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Abstract

Concentration-of-measure inequalities are studied in order to gain an
understanding on the fluctuations of complicated random objects.
These inequalities have been considerably developed over the years,
playing a significant role in various fields which include functional
analysis, high-dimensional geometry, high-dimensional probability and
statistics, information theory, machine learning, statistical physics,
stochastic analysis, and theoretical computer science.

This monograph is focused on several key modern mathematical
tools which are used for the derivation of concentration inequalities, on
their links to information theory, and a sample of their applications to
information theory, communications and coding. In addition to serving
as a survey, it also includes new results derived by the authors, and
new information-theoretic proofs of published results.

The first part of the monograph introduces classical concentration
inequalities for martingales, including some of their recent refinements
and extensions. The power and versatility of the martingale approach
is mainly exemplified in the context of coding theory, random graphs,
codes defined on graphs and iterative decoding algorithms.

Its second part introduces the entropy method, an information-
theoretic approach for the derivation of concentration inequalities. The
basic ingredients of the entropy method are discussed in the context of
logarithmic Sobolev inequalities, which underlie the so-called functional
approach to concentration of measure, and then from a complementary
information-theoretic viewpoint which is based on transportation-cost
inequalities and probability in metric spaces. Representative results on
concentration for dependent random variables are briefly summarized,
with emphasis on their connections to the entropy method. We discuss
applications of the entropy method to information theory, which include
the blowing-up lemma and strong converse results in multi-terminal
information theory, empirical distributions of good channel codes, and
an information-theoretic converse to concentration of measures.
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Introduction

1.1 An overview and a brief history

Concentration-of-measure inequalities provide upper bounds on the
probability that a random variable X deviates from its mean, median
or any other typical value T by a given amount. Very roughly speaking,
the concentration of measure phenomenon was stated by Talagrand 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 needs to be clarified rigorously,
but it often means that such a random variable X concentrates around
T in a way that the probability of the event {|X — Z| > ¢} decays
to zero with exponential tails as we let ¢ — oo. Detailed treatments
of concentration of measure phenomena, including historical accounts,
can be found, e.g., in [1, 2 3], 4 [ 6, [7, 8, @, 10].
Concentration-of-measure inequalities are studied in order to gain
an understanding on the fluctuations of complicated random objects.
These inequalities have been considerably developed over the years,
playing a significant role in various fields which include functional
analysis, high-dimensional geometry, high-dimensional probability and



4 Introduction

statistics, information theory, machine learning, statistical physics,
stochastic analysis, and theoretical computer science.

Several remarkable techniques have been developed so far to prove
concentration-of-measure inequalities. These include:

e The martingale approach (see, e.g., [8, 11} 12], [13, Chapter 7],
[14, 15]), and its information-theoretic applications (see, e.g., [16]
and references therein, and [17,[I8] 19, 20, 21]). This methodology
is covered in Chapter [2] focusing on concentration inequalities
for discrete-time martingales with bounded differences, as well
as on some of their applications in information theory, coding
and communications. An interesting avenue which follows from
martingale-based concentration inequalities is their extension to
the setting of random matrices (see, e.g., [10} 22, 23], 24]).

e The entropy method and logarithmic Sobolev inequalities (see,
e.g., [3, Chapter 5] and [5, Chapter 5]). This methodology and its
remarkable links to information theory are studied in Chapter [3

e Transportation-cost inequalities that originated from information
theory (see, e.g., [B, Chapter 6], [25], and references therein). This
methodology, which is closely related to the entropy method and
log-Sobolev inequalities, is considered in Chapter [3] Outside the
scope of Chapter [3| the entropy method is used in [26] 27] to
derive concentration inequalities for random matrices.

e Talagrand’s inequalities for product spaces (see [1], [3, Chapter 7],
[8, Chapter 4], [9], and [28, Chapter 6]) are very useful in high
dimensional geometry and isoperimetric inequalities, in proving
statistical properties of sequences and percolation, in functional
analysis, and in statistical physics. Some of these inequalities can
be recovered by information-theoretic tools (see [29]). We do not
discuss Talagrand’s inequalities in detail.

e Stein’s method (or the method of exchangeable pairs) has been
recently used to prove concentration inequalities (see, e.g., [30,
311, 32, 133, 134], 35}, 36, 37, 38]).

e Concentration inequalities that follow from rigorous methods in
statistical physics (see, e.g., [39, [40], 4], 42, [43| [44], 45] [46]).
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e Sharp bounds for the varentropy of continuous random vectors
with log-concave densities, as well as concentration inequalities
for deviations of the information content from its mean (which
is equal to the differential entropy) are provided in [47] (see also
earlier works in [48] [49] 50, [51]). A follow-up work (see [52] with
earlier results in [53], [54]) extends these concentration results to
the family of convex densities (though, with heavier probability
tails).

The last three items are not addressed in this monograph. We now
give a synopsis of some of the main ideas underlying the martingale
approach (Chapter [2) and the entropy method (Chapter .

Our objective throughout this monograph is to derive tight upper
bounds on the tail probabilities P[U > E[U] + t] and P[U < E[U] — t|,
with ¢t > 0, where U = f(X3,...,X,) is an arbitrary function of the n
random variables X1,...,X,,.

The basic idea behind the martingale method is to start with the
martingale decomposition, where one constructs a suitable filtration of
o-algebras {Z;}I', (i.e., a chain of o-algebras such that % C %y
for all i) on the probability space (Q2,.%,P) that carries U, with the
trivial o-algebras %, = {0,Q} and %, = %. Then, the difference

U — E[U] is decomposed as U — E[U] = > ¢&;, where the sequence of
i=1

increments {¢;} is given by & £ E[U|.%;] —E[U|.%;_1] for all i. The idea
is to try choosing the o-algebras in the filtration {.%;} in a way such
that the differences {¢;} are bounded random variables. The second
ingredient of the martingale approach is the Chernoff bound where the
task of upper bounding the deviation probability P(|U — EU| > t), for
t > 0, is reduced to the analysis of the logarithmic moment-generating
function A(\) 2 InE[exp(A\U)] for A € R. By exploiting the martingale
decomposition and the law of iterated expectations, a factorization of
Elexp(AU)] is facilitated. If the random variables {{;} are bounded,
then it allows one to obtain an upper bound on A(A) (for A € R) by
separately upper bounding each of the terms E[exp(A;)|.%i—1] for all
i €{1,...,n} (see Chapter [2).

The martingale method enables to derive Gaussian concentration
inequalities for the deviation probability P[|U — E[U]| > ¢], with ¢ > 0.
A setting of particular interest, which is applicable by the martingale
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approach, is given as follows. Let U = f(X1,...,X,,) be a real-valued
function of n independent random variables {X;}!" ;. Suppose that
the function f has a bounded differences property, i.e., the value of
f changes by a bounded amount whenever any of its n input variables
is changed while the others are held fixed. A common method which is
used to prove concentration of such a function of n independent random
variables, around E[U], revolves around McDiarmid’s inequality [§]. As
it is introduced in Chapter [2] this inequality was originally proved via
the martingale approach [§].

The Azuma—Hoeffding inequality, which is introduced in Chapter
is a useful tool for establishing concentration results for discrete-time
bounded-difference martingales. This inequality is due to Hoeffding [12],
who proved it for sums of independent and bounded random variables,
and to Azuma [I1], who extended it to bounded-difference martingales.
This inequality was introduced into the computer science literature by
Shamir and Spencer [55], proving the concentration of the chromatic
numberﬂ for ensembles of random graphs. Specifically, they proved in
[55] a concentration result of the chromatic number for the Erdds—Rényi
ensemble of random graphs, characterized by the property that every
pair of vertices in this graph is, independently to all the other pairs of
vertices, connected by an edge in probability p € (0, 1). This approach
has been later imported into coding theory (see, e.g., [16, 56l 57, 58])
to explore concentration of measure phenomena pertaining to codes
defined on graphs (e.g., turbo and low-density parity-check codes) and
their (practical) iterative message-passing decoding algorithms. These
concentration inequalities serve to justify theoretically the ensemble
approach to codes defined on graphs; much stronger concentration of
measure phenomena are, however, observed in practice.

Nice applications of martingale-based concentration inequalities in
discrete mathematics and random graphs, which rely on the Azuma—
Hoeffding and McDiarmid inequalities, are exemplified in [8] [13] 16}, 28].

Although the martingale approach can be used to assert a large
variety of concentration of measure phenomena, as it was pointed out
in [I, p. 10] “for all its qualities, the martingale method has a great

!The chromatic number of a graph is defined as the minimal number of colors
required to color all the vertices of this graph such that no two adjacent vertices
have the same color.
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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.”
Chapter [3] of this monograph focuses on a different set of techniques,
fundamentally rooted in information theory, which provide very strong
concentration inequalities. These techniques, commonly referred to as
the entropy method, have originated in the work of Michel Ledoux [59]
by finding a different route to a class of concentration inequalities for
product measures originally derived by Talagrand [9] using an ingenious
inductive technique. Specifically, Ledoux noticed that the well-known
Chernoff bounding technique, which bounds the deviation probability
of the form P(|X — z| > t), for an arbitrary ¢ > 0, in terms of the
moment-generating function E[exp(AX)] for A € R, can be combined
with the so-called logarithmic Sobolev inequalities, which can be used
to control the moment-generating function.

One of the best known log-Sobolev inequalities, first referred to as
such by Leonard Gross [60], pertains to the standard n-dimensional
Gaussian measure on the Fuclidean space R™. This inequality gives an
upper bound on the relative entropy D(P||G,) from any probability
distribution P on R™ to the standard Gaussian measure G,,, expressed
in terms of an “energy-like” quantity which is related to the squared
norm of the gradient of (a square-root of) the density of P with respect
to G,,. Based on a clever analytic argument which Gross attributed to
an unpublished note by Ira Herbst, he used his Gaussian log-Sobolev
inequality to show that the logarithmic moment-generating function
A(A) 2 InE[exp(AU)] of U = f(X™), where X" ~ G, and f: R" — R
is an arbitrary sufficiently smooth function with ||V f|| < 1, can be
bounded as A(A) < $A% This bound then yields the optimal Gaussian
concentration inequality P (|f(X™) —E[f(X™)]| > ) < 2exp (—% t2)
with X™ ~ G, and t > 0. It is pointed out that the Gaussian log-
Sobolev inequality has a curious history, and it seems to be discovered
independently in various equivalent forms by several people, e.g., by
Stam [61] in the context of information theory, and by Federbush [62]
in the context of mathematical quantum field theory. Through the work
of Stam [61], the Gaussian log-Sobolev inequality has been linked to
several other information-theoretic notions, such as the concavity of
entropy power [63, [64], 65, [66].
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In a nutshell, the entropy method takes this successful idea and
applies it beyond the Gaussian case. In abstract terms, the log-Sobolev
inequalities are functional inequalities that relate the relative entropy
between an arbitrary distribution ) with respect to the distribution
P of interest to some “energy functional” of the density %. If one is
interested in studying the concentration properties of U = f(Z) where
Z ~ P and f is a real function, then the core of the entropy method
consists in applying an appropriate log-Sobolev inequality to the tilted
probability distributions P with dlz(;n x exp(Af) for all A € R.
Provided the function f is well-behaved in the sense of having bounded

“energy,” one can use the Herbst argument to pass from the log-Sobolev
inequality to the bound InE[exp(AU)] < %, where ¢ > 0 depends
only on the distribution P, and C' > 0 is determined by the energy
content of f. While there is no general technique to derive 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 [9] [7, 67, 68, [69], as
well as in recent papers [70} [7T], [72), [73, [74] and references therein.
Around the same time that Michel Ledoux introduced the entropy
method [59], Katalin Marton showed in a breakthrough paper [75]
that one can bypass functional inequalities and work directly on the
level of probability measures (see also [76], written by Marton in the
occasion of her 2013 Shannon Award lecture). More specifically, she
showed that Gaussian concentration bounds can be deduced from the
so-called transportation-cost inequalities. These inequalities, studied in
Section relate information-theoretic measures, such as the relative
entropy, to a 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 a subject of intense research
activity which play a prominent role in probability theory, statistics,
functional analysis, dynamical systems, partial differential equations,
statistical physics, differential geometry, and they have been also used
in information theory (see, e.g., [77, [78] [79] 8O0, [81]). A great deal of
information on the field of optimal transportation can be found in two
books by Cédric Villani — [82] offers a concise and fairly elementary
introduction, while the more recent book [83] is a lot more detailed
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and encyclopedic. Various connections between optimal transportation,
concentration of measure, and information theory are also explored in
[25 29, [84], 85, [86], [87), 88].

The first explicit invocation of concentration inequalities in an
information-theoretic context appears in the work of Ahlswede et
al. [89, 90]. These authors demonstrated that a delicate probabilistic
inequality, which was referred to as the “blowing-up lemma”, and which
we now (thanks to the contributions by Marton [75], [91]) recognize as
a Gaussian concentration bound in the Hamming space, can be used
to derive strong converses for a wide variety of information-theoretic
problems, including multi-terminal scenarios. The importance of sharp
concentration inequalities for characterizing fundamental limitations of
coding schemes in information theory is evident from the recent flurry
of activity on finite-blocklength analysis of source and channel codes
(see, e.g., [92 93], 94, 95 96l 97, 98], [99]). Thus, it is timely to revisit
the use of concentration-of-measure ideas in information theory from
a modern perspective. We hope that our treatment, which, above all,
aims to distill the core information-theoretic ideas underlying the study
of concentration of measures, will be helpful to graduate students and
researchers in information theory and related fields.

1.2 A reader’s guide

This monograph is focused on the interplay between concentration of
measure inequalities and information theory, and on applications of
concentration phenomena to problems related to information theory,
communications and coding. For this reason, it is primarily aimed at
researchers and graduate students working in information theory and
related fields. The necessary mathematical background is real analysis,
a first graduate course in probability theory and stochastic processes,
and elementary functional analysis. As a refresher textbook for this
mathematical background, the reader is referred, e.g., to [100].
Chapter [2]is focused on the derivation of concentration inequalities
for martingales, and the use of these inequalities in communication
and information-theoretic applications. This chapter has the following
structure: Section [2.1]lists key definitions and basic facts pertaining to
discrete-time sub/super-martingales, Section provides the two basic
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ingredients for the derivation of concentration inequalities by using
martingales, Section [2.3] introduces the Efron-Stein-Steele inequalities,
and Section [2.4] presents basic inequalities that form the basis of the
considered approach to concentration of measure. The concentration
inequalities in Section [2.4]include the celebrated Azuma-Hoeffding and
McDiarmid inequalities, and Section is focused on the derivation
of refined versions of the former inequality. Section [2.6] discusses the
connections of the concentration inequalities introduced in Section [2.5
to classical limit theorems in probability theory. Section forms the
second part of Chapter[2] applying earlier concentration inequalities to
problems in information theory, communications and coding. A brief
summary of Chapter [2]is given in Section 2.8

Chapter [3| on the entropy method, log-Sobolev and transportation-
cost inequalities is structured as follows: Section [3.1] introduces the
main ingredients of the entropy method, and it sets up the major
themes that recur 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 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. Thus, Sections and 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 it has received
a great deal of attention since the pioneering work of Marton [75], [91]
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 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. Applications of concentration of measures in information
theory are given in Section [3.6] followed by a summary in Section [3.7]



2

Concentration Inequalities via the Martingale
Approach

This chapter introduces concentration inequalities for discrete-time
martingales with bounded differences, and it provides several of their
potential applications in information theory, digital communications
and coding. It introduces the basic concentration inequalities by Efron-
Stein-Steele, Azuma—Hoeffding, McDiarmid, and several tightened and
refined of these inequalities. It then proceeds to applications, which
include expansion properties of random regular bipartite graphs, and
concentration results for low-density parity-check (LDPC) codes and
orthogonal-frequency-division-multiplexing (OFDM) signals.

2.1 Discrete-time martingales

This section provides a brief review of martingales to set definitions
and notation.

Definition 2.1 (Discrete-time martingales). Consider a probability space
(Q, #,P). A sequence {X;, %}, n € N, where the X;’s are random
variables and the .%#;’s are g-algebras, is a discrete-time martingale if
the following conditions are satisfied:

1. The %#;’s form a filtration, ie., %9 C % C ... C %, C Z;
usually, %y = {0,Q} and .%, is the o-algebra .Z#.

11



12 Concentration Inequalities via the Martingale Approach

2. X; € LYQ, %, P) for every i € {0,...,n}; this means that each
X; is defined on the same sample space €, it is .%#;-measurable,
and E[|X;|] = [ |Xi(w)] dP(w) < oo.

3. For alli e {1,...,n}, the following equality holds almost surely:

X1 = E[Xl‘gl_l] (2.1.1)

In general, relations between random variables suchas X =Y, X <Y
or X > Y are assumed to hold almost surely (a.s.).

Here are some useful facts about martingales.

Fact 1. Since {%;}]" is a filtration, it follows from the law of iterated

expectations that
X; =E[Xi|#;], Vi>j. (2.1.2)

Also E[X;] = E[E[X;|-Zi_1]] = E[X;_1], so, it follows from (2.1.2) that
the expectations of all X;’s of a martingale sequence are equal to E[Xj].
Note that, since X; is .#;-measurable, (2.1.2)) also holds for i = j.

Fact 2. It is possible to generate martingale sequences by the following
procedure: Given a random variable X € L}(€,.%,P) and an arbitrary
filtration {.%;}7, let

X; =E[X|#], VYie{0,1,...n}. (2.1.3)

Then, the sequence Xy, X1, ..., X, forms a martingale (with respect
to the above filtration) since

1. The random variable X; = E[X|.%;] is .#-measurable, and
E[|Xi|] < E[IX]] < oo
2. By assumption, {.%;}7, is a filtration.
3. For every i € {1,...,n}
E[X;|Zi—1] = E[E[X|.%]|-Zi-1] (2.1.4)
= E[XLgﬂfl] (Since 93;71 g jz) (2.1.5)
= X;_1. (2.1.6)
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In the particular case where Z, = {0, Q} and %, = %, we see that
Xo,X1,...,X, is a martingale sequence with

Xo = E[X|Z) =E[X], X, =E[X|Z]=X. (2.1.7)

That is, we get 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, we don’t know anything
about X, so we estimate it 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 2.1. Let Uy,...,U, be independent random variables which
are defined on a common probability space (2,.%#,P), and assume that
E[Ug] = 0 and E[|Ug|] < oo for every k. Let us define

k
Xip=> U;, Vke{l,....n} (2.1.8)
j=1

with Xy = 0. Define the natural filtration where 7%y = {0, Q}, and

o (X1, ..., Xp) (2.1.9)
=o(Uh,...,U), Vke{l,...,n}. (2.1.10)

Note that %, = o(Xi,...,Xk) denotes the minimal o-algebra that
includes all the sets of the form

D(ai,...,a5) = {w e Q: Xj(w) <ai,..., Xpw) <ag}  (2.1.11)

where a; € RU {—o00,+00} for j € {1,...,k}. It is easy to verify
that { Xy, #,}7_, is a martingale sequence; this 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.

If the equality in is relaxed, we obtain sub- and super-
martingales. More precisely, to define sub- and super-martingales, we
keep the first two conditions in Definition and is replaced
by one of the following:

o E[X;|.%#;_1] > X;_1 holds a.s. for sub-martingales.
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o E[X;|%i_1] < X;_1 holds a.s. for super-martingales.
From the law of iterated expectations, it follows that
E[X;|.7;] > X;, Vi>j (2.1.12)
for sub-martingales, and
E[X;|.%] < X;, Vi>j (2.1.13)

for super-martingales. By taking expectations on both sides of
or , it follows that the expectations of the terms of a sub/super-
martingale form, respectively, a monotonically increasing/decreasing
sequence. Clearly, every random process that is both a sub- and super-
martingale is a martingale, and vice versa. Furthermore, {X;,.%;} is
a sub-martingale if and only if {—X;,.%;} is a super-martingale. The
following properties are direct consequences of Jensen’s inequality for
conditional expectations.

Theorem 2.1.1. The following holds for mappings of martingales or
sub/ super martingales:

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

o If {X;, %} is a super-martingale, h is a monotonically increasing
and concave function, and E[|h(X;)|] < oo, then {h(X;), %} is
a super-martingale. Similarly, if {X;,.%;} is a sub-martingale, h
is a monotonically increasing and convex function, and as before
E[|h(X;)|] < oo, then {h(X;), %} is a sub-martingale.

Example 2.2. The following are special cases of Theorem [2.1.1}

o If {X;,.%;} is a martingale, then {|X;|,.%;} is a sub-martingale.

e If {X;,.7;} is a martingale and X; € L%(Q,.%;,P), then {X?, .%;}
is a sub-martingale.

o If {X;,.%,} is a non-negative sub-martingale which satisfies that
X; € L2(Q,.%;,P) (ie., for every i, the random variable X; is
defined on the same sample space €, it is .%#;-measurable, and
E[X?] < 00), then {X?, %} is a sub-martingale.
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2.2 The main ingredients of the martingale method

We now turn to the main topic of the chapter, namely the martingale
approach to proving concentration inequalities, i.e., sharp bounds on
the deviation probabilities P (JU —EU| > r) for all r > 0, where U is
a real-valued random variable with some additional “structure" — for
instance, U may be a function of a large number n of independent
or weakly dependent random variables Xi,...,X,,. In a nutshell, the
martingale approach has two basic ingredients:

1. The martingale decomposition — we construct a suitable
filtration {.%;}7_, on the probability space (€2,.#,P) that carries
U, where % = {0,Q} is the trivial o-algebra, and %, = Z.
Then, we decompose the difference U — EU as

U - EU = BU|%,) - E[U| %) 22.1)
= (E[U|#] - E[U|Fi1]). (2.2.2)
=1

The idea is to choose the o-algebras {.%;} in such a way that the
differences ¢; = E[U|.%;] — E[U|.%#;_1] are bounded in some sense,
e.g., almost surely.

2. The Chernoff bound — using Markov’s inequality, the problem
of bounding the deviation probability P(|U —EU| > r) is reduced
to the analysis of the logarithmic moment-generating function
A(t) £ InE[exp(tU)], t € R. Moreover, exploiting the martingale

decomposition (2.2.1)), we may write

A(t) =tE[U] +InE lﬁ exp(t{i)] . (2.2.3)

Applying the law of iterated expectations to the right side of
allows, if {£;}_; are bounded random variables (a.s.), to
derive an upper bound on the logarithmic moment-generating
function by focusing separately on the behavior of each of the
individual terms E [exp(t§;)|-Zi—1] for i € {1,...,n}. (Details are
later provided in Section .

The logarithmic moment-generating function plays a key role in
the theory of large deviations [I01I], which can be thought of as
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a (mainly) asymptotic analysis of the concentration of measure
phenomenon. Thus, its prominent appearance here is not entirely
unexpected.

There are more sophisticated variants of the martingale approach, some
of which we will have the occasion to see later on, but the above two
ingredients are a good starting point. In the remainder of this chapter,
we will elaborate on these ideas and examine their basic consequences.

2.3 Bounding the variance: Efron-Stein-Steele Inequalities

Let Z = f(X™) where f is a real-valued function, and X3, ..., X, are
independent random variables. The basic idea behind the martingale
method is to start with the Doob martingale decomposition

Z-E[Z] =) &, (2.3.1)
k=1
where
& 2 E[Z| XY - E[Z| X" (2.3.2)
with
Xk 2 (Xy,...,Xp) (2.3.3)

and to exploit any information about the sensitivity of f to local
changes in its arguments in order to control the sizes of the increments
&,. The following inequality was first obtained in a restricted setting
by Efron and Stein [I02], and it was then generalized by Steele [103].

Theorem 2.3.1 (Efron—Stein—Steele inequality). If Z = f(X™) where
f is a real-valued function and Xi,..., X, are independent random
variables, then

Var[Z] < 3 E [Var[Z|X"]]. (2.3.4)
k=1
where, for k € {1,...,n},
XFE2 (X, X, Xy -5 Xn) (2.3.5)

is the vector whose entries are X, ..., X,, with X} being excluded.
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Proof. From , we have
2
(Z fk) ] Z E[&7] +2) E[& &l (2.3.6)

Var(Z
>k

We exploit the fact that {&,}7_; in (2.3.2) is a martingale difference
sequence with respect to X", i.e., for all k € {1,...,n}

E[¢:| X" = 0. (2.3.7)
Hence, for all [ and k such that 1 < k < <n, (2.3.2)) and ( - yield
El&iés] = E | Eléié rX’—l]} (2:3.8)
= E [&Elg | X'1]] (2.3.9)
=E[{-0]=0 (2.3.10)

which, from and (| - m, imply that
Var[Z Z E[£2]. (2.3.11)

The independence of X1,..., X, 1mphes that (2.3.2) can be rewritten
in the form

& =E |2 - E[Z|X*]| x*] (2.3.12)
and, from Jensen’s inequality,
& <E|(Z-E[z|x")*| x*]. (2.3.13)
Using again the independence of X, ..., X, yields
El¢}] <E [(Z - E[2/X")*]

= E |[Var[Z|X*]], (2.3.14)
and substituting (2.3.14)) into (2.3.11)) yields (2.3.4)). O

The Efron—Stein—Steele inequality is our first example of
tensorization: it upper-bounds the variance of Z = f(Xi,...,X,,) by
the sum of the expected values of the conditional variances of Z given all
but one of the variables. In other words, we say that Var[f(X,..., X,)]
tensorizes. This fact has immediate useful consequences. For example,
we can use any convenient technique for upper-bounding variances to
control each term on the right-hand side of , and thus obtain
many useful variants of the Efron—Stein—Steele inequality:
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1. For every random variable U with a finite second moment,

Var[U] = L E[(U - U")?] (2.3.15)

where U’ is an i.i.d. copy of U (i.e., U and U’ are i.i.d.). Thus, if
we let

Zh = F(X1, . X1, Xy Xii 1, -+ Xn), (2.3.16)

where X, is an i.i.d. copy of X}, then Z and Zj, are i.i.d. given
X*. This implies that

Var[Z|X*] = B[ (2 - 2})?| X*| (2.3.17)

for k € {1,...,n}, yielding the following variant of ([2.3.4):

n
Var[Z S%Z (Z - Z;)%. (2.3.18)

Inequality (2.3.18) is sharp: if Z =3 ;_; X}, then
E[(Z — Z},)?] = 2Var[Xy], (2.3.19)

and ([2.3.18]) holds with equality. This therefore shows that for
independent random variables X1, ..., X,,, their sum is the least
concentrated among all functions of X™.

. For every random variable U with a finite second moment and

for all ¢ € R,
Var[U] < E[(U — ¢)?. (2.3.20)
Thus, by conditioning on X*, we let Z, = f,(X¥) for arbitrary
real-valued functions fj (with £ € {1,...,n}) of n — 1 variables
to obtain
Var[Z| X" < E[(Z — Z)?|X"]. (2.3.21)

From (2.3.14]), this yields another variant of (2.3.4):

Var[Z] < > E[(Z — Zi)?). (2.3.22)
k=1
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3. Suppose we know that, by varying just one of the arguments of
f while holding all others fixed, we cannot change the value of
f by more than some bounded amount. More precisely, suppose

that there exist finite constants c1,...,c, > 0, such that
sgp flrr, o X1, Ty X1y -+ 5 T
— igff(a;l, ey Ty Ty Thog 1y ey Tp) < Ck (2.3.23)
forallk € {1,...,n} and all z1,..., 2,1, Tk+1,...,Zn. Then, for
all k,
Var[Z| X" < 13, (2.3.24)

and therefore from ([2.3.4)
Var[Z] < 1 Y . (2.3.25)
k=1

Example 2.3 (Kernel Density Estimation). As an example of the use
of the Efron—Stein—Steele inequalities, the kernel density estimation
(KDE) is considered. It is a nonparametric procedure for estimating an
unknown probability density function (pdf) ¢ of a real-valued random
variable X, based on observing n i.i.d. samples X, ..., X, drawn from
¢ [104, Chap. 9]. A kernel is a function K: R — R, satisfying the
following conditions:

1. It is integrable and normalized:
o0
/ K (u)du = 1. (2.3.26)
—0o0
2. It is an even function: K(u) = K(—u) for all u € R.
3.

1 T\

where 0 denotes the Dirac delta function.

The KDE is given by

bn(z) = —— Zn: K (x ;nX) : (2.3.28)
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where h, > 0 is called the smoothing parameter. From the properties
of the kernel K, for each x € R we have

Eln ()] = 7 / (x - u) é(u) du (2.3.29)

T 9@ (2.3.30)

where ([2.3.30]) follows from (2.3.27)). Thus, we expect the KDE ¢,, to
concentrate around the true pdf ¢ whenever h, | 0. To quantify this,

let us examine the L error
Z = [(X1,... Xn) = [ l6n (2) — d(2)| da. (2.3.31)

A simple calculation shows that

|f(:61,...,xk_l,xk,xk+1,...,xn) —f(asl,...,J:k_l,:cfg,xk+1,...7a:n)|
< — / ’ ( )—K(x;%)’ dz (2.3.32)
< — — { ( > dx +/ ( ) dx] (2.3.33)
:% (2.3.34)

for all zq,...,x5_1, Tk, ), Tpt1, - . ., T € R where follows from
the triangle inequality and ([2.3.28)); (2.3.33)) holds due to another use
of the triangle inequality, and is due to . This implies
that the function f satisfies with

2
p—_ 2.3,
c1 c - (2.3.35)
and, consequently, (2.3.25) and ({2.3.35]) yield
1
Var[Z,] < — (2.3.36)

2.4 Basic concentration inequalities

2.4.1 The Chernoff bounding technique and the Hoeffding lemma

An ingredient of the martingale method is the well-known Chernoff
bounding techniqueEI: Using Markov’s inequality, for every t > 0 and

'H. Chernoff is associated with this bound due to his 1952 paper [105]; however,
its roots go back to S.N. Bernstein’s 1927 textbook in probability theory [106].
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reR,

P(U > r) = P(exp(tU) > exp(tr)) (2.4.1)
< exp(—tr) Elexp(tU)]. (2.4.2)

Equivalently, if we define the logarithmic moment generating function
A(t) £ nElexp(tU)], VtER, (2.4.3)

we can write
P(U >r) <exp (A(t) —tr), vVt > 0. (2.4.4)

To bound the probability of the lower tail, P(U < —r), we follow the
same steps, but with —U instead of U. Now, the success of the whole
enterprize hinges on our ability to obtain tight upper bounds on A(%).
One of the basic tools available for that purpose is the following lemma
due to Hoeffding [12]:

Lemma 2.4.1 (Hoeffding). Let U € R be a random variable, such that
U € [a,b] a.s. for some finite a < b. Then, for every t € R,

E [exp (t({U — EU))] < exp (é t2(b — a)z) : (2.4.5)
Proof. For every p € [0,1] and A € R, let us define the function
Hy(A) 2 In (peX=P) 4 (1 = p)e=7). (2.4.6)

Let £ = U — EU, where ¢ € [a — EU,b — EU]. Using the convexity of
the exponential function, we can write

exp(t§)

:exp<g_a -t(b—EU)—l—l;)_Z-t(a—EU)) (2.4.7)

< <(g_§) exp (t(b —EU)) + <I;)__Z> exp (t(a — EU)). (2.4.8)

Taking expectations on both sides of (2.4.7)) and (2.4.8)) yields

Elexp(t)]

(IEU—a b—EU
<

) exp (t(b— EU)) + ( o ) exp (t(a — EU)) (2.4.9)
— exp (H, () (2.4.10)
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where holds in view of with

EU —a
T b—a
Note that U € [a, b] yields p € [0,1]. In the following, we show that for
every A € R

D and A=t(b—a). (2.4.11)

Hy(\) < :X2, Vpelo,1]. (2.4.12)
From , we have
Hy(\) = —Ap + In(pe + (1 — p)), (2.4.13)
: pe’
H,(A) = —p+ S p— (2.4.14)
HI(\) = pd-pe* (2.4.15)

2
(pe* + (1= p))
From (2.4.13))-(2.4.15), we have H,(0) = H,(0) = 0, and
HJ(A) <%, VAeR, pel0,1] (2.4.16)
where the last inequality holds since ab < 1(a + b)? for all a,b € R.

Using a Taylor’s series expansion, there exists an intermediate value
6 € [0,A] (or 6 € [\, 0] if t < 0) such that

Hy(\) = Hy(0) + H(0)A + § Hp) (6) N? (2.4.17)
so, consequently, (2.4.12f) holds. Substituting (2.4.12)) into (2.4.10)) and
using the definition of A in (2.4.11)), we get (2.4.5]). O

2.4.2 The Azuma—Hoeffding inequality

The Azuma-Hoeffding inequality, stated in Theorem below, is a
useful concentration inequality for bounded-difference martingales. It
was first proved by Hoeffding [12] for sums of independent and bounded
random variables, followed by a short note on the suitability of this
result in the generalized setting of a sum of bounded random variables
which forms a martingale. This inequality was independently obtained
four years later by Azuma [II] in the generalized setting of bounded-
difference martingales. The proof of the Azuma—Hoeffding inequality
that we present below is a nice concrete illustration of the general
approach outlined in Section 2.2 We will have several occasions to
revisit this proof in order to obtain various refinements of the Azuma—
Hoeffding inequality.
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Theorem 2.4.2 (The Azuma-Hoeffding inequality). Let {Xj, #,}7_,
be a real-valued martingale sequence. Suppose that there exist non-
negative reals di,...,d,, such that | X — Xj_1| < di a.s. for all
ke€{1,...,n}. Then, for every r > 0,

742
P(|X, — Xo| > 1) < 2exp [ —=—=— | . 2.4.18

Proof. For an arbitrary r > 0,

P(| X, — Xo| > 1) = P(X, — Xo > 1) + P(Xp — Xo < —7). (2.4.19)

Let & 2 Xj, — Xp_y for k € {1,...,n} denote the differences of the
martingale sequence. By hypothesis, || < di and E[¢) | #r_1] = 0 a.s.
for every k € {1,...,n}.

We now apply the Chernoff bounding technique:

P(X, — Xo >7) <Z Ep > r> (2.4.20)

< exp(—t lexp (t > 5’“)] Vit >0. (2.4.21)

By the law of iterated expectations, the expectation on the right side

of is equal to
[exp( ngﬂ = [ [exp(tzn:gk> ‘ﬂnlﬂ (2.4.22)
=E [exp( Z gk) lexp(t&n) | Fn— 1]1 (2.4.23)
where holds since Y, = exp(t Zz;ll &) is Fp_1-measurable.
We now apply the Hoeffding lemma with the conditioning on %, 1.

Indeed, we know that E[£,|.-#,—1] = 0 and that &, € [—d,,d,] a.s., so
Lemma gives that

t2d2
Elexp(t&,) | Fn-1] < exp ( 5 ") . (2.4.24)
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Continuing recursively in a similar manner, we can bound the quantity

in (2.4.23) by
E[exp (t Z §k)] < H exp (2k> (2.4.25)
k=1 k=1
2 &
= exp (2 > di) : (2.4.26)
k=1

Substituting this bound into (2.4.21]), we obtain
t? &
P(X, — Xo >r) <exp (—tr + 3 Z d%) , Vt>0. (2.4.27)
k=1

Finally, choosing
r

t= — (2.4.28)
k=1 4y
to minimize the right side of ([2.4.27)) yields
r2
PX,—Xo>r)<exp| =5 |- (2.4.29)
" 25

Since {Xj, #r} is a martingale with bounded differences, so is
{—Xk, Zi} with the same bounds on its differences. Hence, the right
side of is also an upper bound on P(X,, — Xy < —r). Using
these bounds in completes the proof of Theorem m O

Remark 2.1. In [8, Theorem 3.13], the Azuma-Hoeffding inequality is
stated as follows: Let {Y}, %}, be a martingale-difference sequence
with Yy = 0 (i.e., Yy is Zg-measurable, E[|Yy|] < co and E[Yy|Zr_1] =0
a.s. for every k € {1,...,n}). Assume that, for every k, there exist some
numbers ag, by € R such that, a.s., ap < Yi < bg. Then, for every r > 0,

n 2
P ( R AR r) < 2exp (— Zi?l(i: — %)2) . (2.4.30)

k=1
Consider a real-valued martingale sequence {Xj,.%;}p_, for which
there exist ag,by € R such that ap < X, — X1 < by a.s. for
all k. Let Y, = X, — Xp_y for every k € {1,...,n}. It is easy
to verify that {Y, #,}}_, is a martingale-difference sequence. Since
S Y = X, — X, it follows from that
272

> =1 bk — ay)?

P (| X, — Xo| > r) < 2exp <— > , ¥Yr>0. (2.4.31)
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Example 2.4. Let {Y;}{°, be i.i.d. binary random variables which take
values +d with equal probability, where d > 0 is some constant. Let
Xp = Yk Y for all k € {0,1,...}, and define the natural filtration
Fo C F1 C Fy... where

Fp=0(Yo,....Ys), VEke{0,1,...} (2.4.32)

is the o-algebra generated by Yp,...,Y). Note that {Xj, #1732, is a
martingale sequence, and (a.s.) | Xy — Xx_1| = |Yix| = d for all k£ > 0.
It therefore follows from the Azuma—Hoeffding inequality that

2
P(|X, — Xo| > av/n) < 2exp (—%2) (2.4.33)

for every a > 0 and n € N. Since the random variables {Y;}5° are i.i.d.
with zero mean and variance d?, the Central Limit Theorem (CLT) says
that \}(X —Xy) = f S°p_1 Y} converges in distribution to N(0, d?).
Therefore, for every o > 0,

Jim P(1X, — Xo| > av/n) =2Q <3> (2.4.34)

where

Q(z) ﬁ\/27/ exp( 2) dt, VzeR (2.4.35)
T

is the complementary standard Gaussian cumulative distribution func-
tion (also known as the Q-function), for which the following exponential
upper and lower bounds hold (see, e.g., [107, Section 3.3)):

1 x z? 1 x?
(2.4.36)

From (2.4.34)) and (2.4.36), it follows that the exponential decay rate
on the right side of (2.4.33)) is exact.

Example 2.5. Fix some 7 € (0, 1]. Let us generalize Example above
by considering the case where the i.i.d. binary random variables {Y;}5°
have the probability law

1
B(Yi=+d) = B(Yi=—d)= . (2:4.37)
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Therefore, each Y; has zero mean and variance o2 = vd?. Define the
martingale sequence {Xy, Z;}72, as in Example By the CLT,
ﬁ (Xn — Xo) = % S 1Y converges weakly to A(0,vd?), so for
every a > 0

Tim P(|X, — Xo| > av/n) = 2@(\/%). (2.4.38)

From the bounds on the @Q-function given in (2.4.36f), it follows that
2

the right side of scales exponentially like 6_237. Hence, the
exponent in this example is improved by a factor of % in comparison
to the Azuma—Hoeffding inequality (which gives the same bound as in
Example[2.4since | X}, — Xj_1| < d for every k € N). This indicates that
a refinement of the Azuma—Hoeffding inequality is possible if additional
information on the variance is available. Refinements of this sort were
studied extensively in the probability literature, and they are the focus

of Section 2.5.2

2.4.3 McDiarmid’s inequality

A prominent application of the martingale approach is the derivation
of a powerful inequality due to McDiarmid, also known as the bounded-
difference inequality (see [108, Theorem 3.1] or [109]). Let X’ be a set,
and let f: X™ — R be a function that satisfies the bounded difference
assumption

sup ’f(xla"'7xi—l7xi7$i+l"'axn)
T yeees T, T, €EX

—f(a;l,...,a:i_l,a:;,xiﬂ,...,xn)‘ < di (2.4.39)

for every i € {1,...,n}, where dy,...,d, are arbitrary nonnegative real
constants. This is equivalent to saying that, for all such ¢, the variation
of the function f with respect to its i-th coordinate is upper bounded
by d;. (We assume that each argument of f takes values in the same
set X mainly for simplicity of presentation; an extension to different
domains for each variable is easy.)

Theorem 2.4.3 (McDiarmid'’s inequality). Let {X}}}_; be independent
(though not necessarily i.i.d.) random variables taking values in a set X
Let f: X™ — R be a measurable function which satisfies the bounded
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difference assumption (2.4.39), and let X™ £ (X1,..., X,,). Then, for
every r > 0,

272

P (|f(X") ~ E[f(X")]| > 1) < 2exp (zkzld,%

) . (2.4.40)

Remark 2.2. The Azuma—Hoeffding inequality can be used for a
derivation of a concentration inequality in the setting of Theorem [2.4:3]
However, it gives a looser bound whose exponent is smaller by a factor

of 4 in comparison to the right side of ([2.4.40)).

Proof. Let Zy = {0, Q} be the trivial o-algebra, and for k € {1,...,n}
let # = o0(X1,...,X}) be the o-algebra generated by X3, ..., X. For
every such k, define

& 2 E[f(X™) | F] —E[f(X™)| Fra]. (2.4.41)

Note that %y C %, ... C %, is a filtration, and

E[f(X")| %] = E[f(X")], (2.4.42)
ELf(X") | %] = F(X™). (2.4.43)
From 7, it follows that
XM —E[F(XM)] = 3 & (2.4.44)
k=1

In the following, we need a lemma:

Lemma 2.4.4. For every k € {1,...,n}, the following properties hold:

1. Ef¢k| Fr—1] = 0 and & is Fp-measurable, so {&, Zi} is a
martingale-difference.

2. |&k| < dj almost surely (a.s.).

3. & € [Ag, Ak + di] a.s. where Ay is a random variable which is both
non-positive and .%;_j-measurable.

Proof. The random variable &, as defined in (2.4.41)), is a difference
of two functions where one is .#p-measurable and the other is #y_1-
measurable; since %1 C %y, it follows that & is .%#p-measurable.
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Furthermore, since {.%;} is a filtration, it follows from and the
law of iterated expectations that E[{ | .#,_1] = 0. This proves the first
item. The second item follows from the first and third items since the
latter two items yield

Ay, = E[Ag| Fk-1]
S E[g|Fr-1] =0
< E[Ay + dy| Fp1]
= Ay +dy

where and hold since Ay is #j_1-measurable. Hence,
0 € [Ag, A + di] which yields [Ag, Ax + di] C [—dk, di]; consequently,
it follows from the third item that || < di.

To prove the third item, note that & = fi(X1,..., X)) holds a.s.
for the .#,-measurable function fi,: X*¥ — R which is given by

fk(.%'l, e ,.’Ek) = E[f(.l‘l, e ,:Uk,X]H_l,. . ,Xn)]
— E[f(.%‘l, e .,xk,l,Xk, e ,Xn)] (2449)

Equality (2.4.49) holds due to the definition of {;} in (2.4.41) with

Fr = o0(X1,...,Xy) for k € {1,...,n}, and the independence of the
random variables { X} }}'_;. Let us define, for every k € {1,...,n},

A 2 inf fi(X1,..., Xp_1,2), (2.4.50)
TeX

Bk = sup fk(le--kafl’x) (2451)
reX

which are ﬁ’k,l—measurableﬂ and by definition

&k € [Ag, Byl (2.4.52)

2This is certainly the case if X is countably infinite. For uncountable spaces, one
needs to introduce some regularity conditions to guarantee measurability of infima
and suprema. We choose not to dwell on these technicalities here to keep things
simple; the book by van der Vaart and Wellner [110] contains a thorough treatment
of these issues.
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For every point (z1,...,25_1) € X*~1, we have

By — A = sup fr(z1,...,2p_1,2) — inf fr(z1,...,26-1,2") (2.4.53)
TEX r'eX

= sup {fe(z1,..., 251, 2) — fr(z1,...,2p—1,2")} (2.4.54)
r,x'€X

= sup {E[f(:rl, ey 1, Ty X1y, X))
rx'eX

—E[f(xl,...,xk,l,x',XkH,...,Xn)]} (2.4.55)

= Sup {E[f(l'lv"'7xk—1aank+1""7Xn)
rx'eX

— f(@1 Tty @ X - - ,Xn)]} (2.4.56)
< dy (2.4.57)

where ([2.4.53)) is due to (2.4.50)) and (2.4.51)); (2.4.55]) is due to (2.4.49)),
and ([2.4.57)) follows from the bounded-difference condition in ([2.4.39)).
Hence, (2.4.52))—(2.4.57)) yield & € [Ax, A + dyi] for all k € {1,...,n}.

Note that the third item of the lemma gives better control on the range
of &, than what we had in the proof of the Azuma-Hoeffding inequality
(i.e., item 2 asserts that & is contained in [—dy, dj] which is twice longer
than the sub-interval [Ay, Ag + di] in the third item). O

We now proceed in the same manner as in the proof of the Azuma—
Hoeffding inequality. Specifically, for k € {1,...,n}, & € [Ak, Ax + di]
a.s., where Ay is F;_1-measurable, and E[¢;|.%;_1] = 0. Thus, we may
apply the Hoeffding lemma (see Lemma [2.4.1)) with a conditioning on
F_1 to get

E {etg’“

2 72
Fr1| <exp (tgk> . (2.4.58)

Similarly to the proof of the Azuma—Hoeffding inequality, by repeatedly
using the recursion in (2.4.23)), the last inequality implies that

(£

t? &
< exp ( > di) (2.4.59)
8 k=1
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and, from ,
P(f(X™) = E[f(X")] =)

—P (2”: & > 1") (2.4.60)
k=1

t? &
< exp (—tT +3 > di) , Yt>0. (2.4.61)
k=1
Setting
4r
t= =05 (2.4.62)
>ho1 di
minimizes the bound in ([2.4.61)), which implies that for all » > 0
B(7(X") - B 20) <o (—tey ). (2463)
> k—1dy

By replacing f with —f in the left side of (2.4.63)), it follows that
the bound in the right side of (2.4.63) is also valid for the probability

P(f(X™) — E[f(X™)] < —r). This proves the bound in (2.4.40). O

Example 2.6. Let g: {1,...,n} — {1,...,n} be a randomly selected
function where all n” such possible functions are equiprobable. Let L(g)
denote the number of elements y € {1,...,n} such that g(z) # y for
all x € {1,...,n}. By the linearity of the expectation, we have

1 n
E[L(g)] = n (1 - n) , (2.4.64)
and consequently, it is easy to show that for every n € N,
—1
o — <E[L(g)] < % (2.4.65)

Construct a martingale sequence { Xy, %}, by (see Fact
X, =E[L(g9)| Zx], VYEke{0,...,n} (2.4.66)

with the natural filtration %, = o(g(1),...,g(k)) which denotes the
o-algebra that is generated by revealing the first & values of the random
function g, for k € {1,...,n}, and % is the minimal o-algebra that
includes the empty set and the sample space. By this construction,
Xo = E[L(g)] and X,, = L(g). Since a modification of one value of g
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cannot change L(g) by more than 1, it follows that | X — Xp_1| < 1
for every k € {1,...,n}. From the Azuma-Hoeffding inequality and

(2.4.65)), it follows that

P (’L(g) ~E[L(g)]| > av/n) < 2exp (-f) , Ya>0. (2.4.67)

The concentration result in (2.4.67)), as given in [I3, Theorem 7.5.1],
can be improved as follows: let f: {1,...,n}" — {1,...,n} be defined
by

flg(1),...,9(n)) = L(g) (2.4.68)

so, the function f maps the n-length vector (g(1),...,g(n)) to the num-
ber of elements y € {1,...,n} where g(x) # y for every x € {1,...,n}.
By assumption g(1),...,g(n) are independent random variables. Since
the variation of f with respect to each of its arguments (while all the
other n — 1 arguments of f are kept fixed) is no more than 1, it follows
from McDiarmid’s inequality that

P(|L(g) ~ E[L(g)]| > avn) < 2exp(-20%), Va >0, (24.69)
which implies that the exponent of the concentration inequality (2.4.67))
is improved by a factor of 4.

Example 2.7. Let B be a normed space, and {v,}}_; be n vectors in
B. Let {©4}7_; be independent Bernoulli(3) random variables with

P(Or =1) =P(©) = —1) = 3, and let X = szzl O ka By setting

n
> Oy,
k=1

the variation of f with respect to its k-th argument is upper bounded
by 2|lui||. Consequently, since {©} are independent, it follows from
McDiarmid’s inequality that for all o > 0

F(Or,....0,) =  V(0,...,0,) € {~1,+1}", (2.4.70)

23 5=y gl
Remark 2.3. Due to the large applicability of McDiarmid’s inequality,
there is an interest to improve this inequality for sub-classes of Lipschitz
functions of independent random variables. An improvement of this

P(|X —E[X]| > o) < 2exp ( O‘2> . (2.4.71)

inequality for separately Lipschitz functions of independent random
variables has been obtained in [IT1] (see also a follow-up paper in [112]).
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2.4.4 Hoeffding’s inequality and its improved versions

The following concentration inequality for sums of independent and
bounded random variables, originally due to Hoeffding [12, Theorem 2],
can be viewed as a special case of McDiarmid’s inequality:

Theorem 2.4.5 (Hoeffding's inequality). Let {Ux}}_; be a sequence of
independent and bounded random variables where, for k € {1,...,n},
Uy € [ag, bg] holds a.s. for some finite constants ag, by, € R (ap < bg).
Let u, = >?_, E[Ug]. Then, for every r > 0,

” 2r?
) ( = ) e (_zz_la)k = ak>2> - 24m)

Z Uk — Hn| 2
Proof. Apply Theorem to the function

u) & Z Uk, Vu" e H [ag, br]. (2.4.73)
k=1

An alternative elementary proof combines the Chernoff bound with
Lemma to get

p<§;Uk_unzr>

k=1

<§n: (U, — E[U]) > 7") (2.4.74)
< exp(—t lexp( i (U, — )] Vit >0 (2.4.75)

= exp(— H {exp( (Uk — E[Uk]))} (2.4.76)
i t2 (b — ak)
< —_ 2.4.77
exp(— ];[ ( 2 (2.4.77)
— exp (—tr + 212 Z(bk — ak)2> . (2.4.78)
k=1
Minimization of the right side of (2.4.78) with respect to ¢ gives
4
t= ! (2.4.79)

> i1 (b — a)?
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and its substitution into (2.4.78]) implies that, for every r > 0,

n 2
P (Z Up — pin > r> < exp <_221(Z: — %)2) . (2.4.80)

k=1

The same bound holds for P (>°;_; Uy — pn, < —7), which leads to the
inequality in (2.4.72]). O

Recall that a key step in the proof of McDiarmid’s inequality is
to invoke Hoeffding’s lemma (Lemma . However, a careful look
at the proof of Lemma [2.4.1] reveals a potential source of slack in the
bound

K [exp (U - E[U)))] < 12(b— a)? (2.4.81)

— namely, that this bound is the same regardless of the location of
the mean E[U] relative to the endpoints of the interval [a,b]. As it
turns out, one does indeed obtain an improved version of Hoeffding’s
inequality by making use of this information. An improved version of
Hoeffding’s inequality was derived by Kearns and Saul [I13], and it
has been recently further improved by Berend and Kontorovich [114].
The following improvement of Hoeffding’s inequality (Lemma is
obtained in [114]:

Lemma 2.4.6 (Berend and Kontorovich). Let U be a real-valued random
variable, such that U € [a, b] a.s. for finite a < b. Then, for every t > 0,

E [exp (t({U — EU))] < exp (CBK(p) t2(b — a)z) (2.4.82)
where
0, if p =
ek (p) = 4111(_12%)’ if0<p<sy (2.4.83)
10(12717)7 if % <p<1
with
p=Ell~a (2.4.84)
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Proof. Recall the definition of H,(\) in (2.4.6). We deviate from the
proof of Lemma at the point where the bound H,(\) < %2 in

(2.4.12)) is replaced by the improved bound
H,(\) <cpk(p) N>, ¥YA>0,pe0,1], (2.4.85)

where cpk (p) is introduced in (2.4.83]); for a proof of (2.4.85]), the reader

is referred to the proofs of [114, Theorem 3.2] and [114, Lemma 3.3]. [

Remark 2.4, The bound in the right side of refines Hoeffding’s
inequality in Lemma by its dependence on the location of E[U]
in the interval [a,b]. The worst case where p = & (i.e., if E[U] = % i
in the middle of the interval [a,b]) coincides however with Hoeffding’s
inequality (since, from (2.4.83), cgk(p) = é if p = 1). The bound on
H,(\) in can be weakened to

Hy(\) < cxs(p) X, VAER, pel0,1] (24.86)

S

where the abbreviation "’KS’ on the right side of (2.4.86)) stands for the
Kearns-Saul inequality in [I13], and it is given by

0, if p=0,1
exs(p) = & ifp=3 (2.4.87)
4;(‘3_%), itpe(0,1)\ {3}
From and , we have
enk (p) = exs(p). vp e [0,3] (2.4.88)
0 < ek (p) < cks(p) < &, Vp e [0,1] (2.4.89)

where the equality cgk(p) = cks(p) = % holds if and only if p = % (see
Figure . Note that

lim cp (p) = lim cks(p) = 3 (2.4.90)

p—35 p—3

which yields the continuity of cpk(-) and ckg(+) over the interval [0, 1].

The improved bound in Lemma (cf. Lemma [2.4.1)) leads to
the following improvement of Hoeffding’s inequality (Theorem [2.4.5)):
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0.14 T
cH(p) =1/8
12t RO ~ 1
0.1r AN B
A}
\
A
‘\
\
0.06 1, -
1
1
|
0.04 1
—_— Hp(}\) < cBK(p) A2 with cBK(p) in Eq. (2.4.83)
0.02} --- Hp()\) < cKs(p) A2 with cKS(p) in Eq. (2.4.87) L
e H ) < () A2 with ¢, (p) = 1/8 in Lemma 2.4.1
0 ! ! ! !
0 0.2 0.4 0.6 0.8 1

p

Figure 2.1: A comparison between upper bounds on the Hoeffding function H,(\)
in (2.4.6)); these bounds are of the type H,(\) < c(p) A* for every p € [0,1] and
A > 0 (see Egs. (2.4.12), (2.4.85) and with ¢(p) = % or ¢(p) in
and ([2.4.87)), respectively; these values of ¢(p) correspond to the dotted, solid and
dashed lines, respectively, as a function of p € [0, 1].)

Theorem 2.4.7 (Berend and Kontorovich inequality). Let {Ux}}_; be
a sequence of independent and bounded random variables such that,
for every k € {1,...,n}, Uy € [ag,bx] holds a.s. for some constants
ap,br € R. Let p, = .7, E[Ug]. Then, for every r > 0,

7"2
P < 4 > 7") < 2exp (422_1 o n = ak)2> (2.4.91)

n
Z Uk — tn
k=1

where ¢, £ cgi(py) (see (2.4.83)) with

E[Ux] — ax
by —ap

Proof. Inequality (2.4.91)) follows from a combination of the Chernoff

bound and Lemma (similarly to the proof of Theorem that
relies on the Chernoff bound and Lemma [2.4.1)). O

PE = (2.4.92)

A loosening of the bound in Theorem [2.4.91] by a replacement of
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cr £ cpk(pr) with ¢ £ cks(pr) (see (2.4.83), (2.4.84) and (2.4.87),
gives the Kearns-Saul inequality in [I13]:

Corollary 2.4.8 (Kearns-Saul inequality). Let {Ux}}_; be a sequence
of independent and bounded random variables such that, for every
ke {l,...,n}, Up € |ag,bx] holds a.s. for some constants ay,b; € R.
Let p, = 3?_; E[Ut]. Then, for every r > 0,

2
P < > > 7“) < 2exp (—427;1 o n = ak)2> (2.4.93)

n
Z Uk — pn
k=1

where
Ck:CKs(pk), VEk e {1,...,n} (2.4.94)

with ckg(-) and pg in and ([2.4.92)), respectively. The bound
in improves Hoeffding’s inequality in (2.4.72) unless pp = %
(i.e., if E[Ug] = %) for every k € {1,...,n}; in the latter case, both
bounds coincide.

An information-theoretic proof of the basic inequality that leads
to the Kearns-Saul inequality is given in Section [3.4.3] Another recent
refinement of Hoeffding’s inequality is provided in [115].

2.5 Refined versions of the Azuma—Hoeffding inequality

The following section considers generalized and refined versions of the
Azuma-Hoeffding inequality (see Sections and|2.5.2). A derivation
of one-sided inequalities for sub and super martingales is considered in

Section 2.5.3]

2.5.1 A generalization of the Azuma—Hoeffding inequality

Theorem 2.5.1 (A generalization of the Azuma-Hoeffding Inequality).
Let { Xy, Z#r}]_, be a real-valued martingale sequence. Suppose that
ai,bi,...,an,b, are constants such that ap < Xp — Xp_1 < bg holds
a.s. for every k € {1,...,n}. Then, for every r > 0,

7,2

43 %=1 ¢k (b — ak)2> (2.5.1)

IP’( max | X — Xo| > r>§ 2 exp (—
ke{l,...n}
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where ¢ = ¢(py) with

ay

pr=— el0,1], Vke{l,...,n}, (2.5.2)

bk — ag
and ¢(-) = cpk(+) is introduced in (2.4.83)).

Remark 2.5. In order to verify that the Azuma-Hoeffding inequality
(Theorem is a special case of Theorem consider the case
where the intervals [ag, bg] in Theoremare symmetric around zero,
i.e., by = —ap = dj, for every k € {1,...,n} and for some non-negative
reals di, ..., dy. In this special case, it follows from Theorem [2.5.1] that
DE = %, and c(pg) = % for every k. Hence, from , we have

P(|X,, — Xo| > r) < IP’<k max
(S

)

IX; — Xo| > r> (2.5.3)

T2

230, d}

which gives the Azuma-Hoeffding inequality in (2.4.18]).

< 2exp (— ) , Vr>0, (2.5.4)

Proof. The proof of the Azuma-Hoeffding inequality is modified in the
following for the derivation of (2.5.1). As a first step, the equality in

(12.4.19) is replaced by the equality

IP’( max | X; — Xo| > T‘>
ke{l,...,n}

= P(ke?%?fn}(xk - Xo) > r) +P<ke?}?§n}(XO - Xi) > r). (2.5.5)
Define & = Xy — Xj—1 for all & € {1,...,n}, which implies that
E[{k’ykfl] =0 and ag S fk S bk hold a.s. for all k.

By Theorem [2.1.1} a convex function of a martingale gives a sub-
martingale with respect to the same filtration. Since { X} — Xo, %}
is a martingale and f;(z) = exp(tz) is a convex function over R for every
t € R, it follows that {exp(t(Xj — XO))7<%%}Z:1 is a sub-martingale
for all ¢. From the maximal inequality for sub-martingales (a.k.a. the
Doob-Kolmogorov inequality), if {Y%, % }}_; is a sub-martingale then

E[Yal]
T

IP’( max Yz > A) <

YA>0 (2.5.6)
1<k<n
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(see, e.g., [100, Theorem 14.3.1]). Hence, for all t > 0

IP’( max (Xk—X0)2r>
ke{l,...,n}

= P(ke?%?.}in} exp(t(Xy — X)) > exp(tr)) (2.5.7)
< exp(—tr)E [exp(t(X) — Xo))] (2.5.8)

= exp(—t [exp (t Z &C)] (2.5.9)

Note that using for sub-martingales, instead of the Chernoff
bound, implies that is replaced with the stronger result in
. Similarly to the proof of the Azuma-Hoeffding inequality, by
the law of iterated expectations, we have from

E[exp(té&c)]: lexp<t25k> [exp(t&n) | Fn 1]] (2.5.10)

In the following, Lemma is applied with the conditioning on .%,,_1.
Based on the information that E[{,|-%#,—1] = 0 and &, € [an, b,] a.s., it
follows that

Elexp(t&,) | Fn-1] < exp(cn n — 2t2) (2.5.11)
where ¢, £ cgk(pn) is given in (2.4.83)) with (see (2.4.84)))
E[§n|ynfl] — an an
n = =— . 2.5.12
p b, —an by, —an (2.5.12)

Continuing recursively in a similar manner, in parallel to (2.4.26]), the
right side of (2.5.10)) satisfies

{exp(t Z£k>] < exp ( éck(bk - ak)2> . (2.5.13)

The combination of this bound with (2.5.9)) gives that, for every r > 0,

P X — Xo) >
(e (= X0) =)

< exp <—tr +12) " ewl(br, — ak)2> , Vt>0. (2.5.14)
k=1
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An optimization with respect to the non-negative parameter t gives

,
t = — 2.5.15
23 h—1 cu(by — ag)? ( )

and its substitution into (2.5.14]) implies that, for every r > 0,

2
P X —Xo) >r )< - . (2.5.16
(o, % = ) 2 7)< o ( S ) #010
The same bound also holds for ]P’(k I{I%ax }(Xo —Xi) > r) . Using these
€l,...,n
two bounds on the right side of (2.5.5)) completes the proof. O

Example 2.8. The advantage of the inequality in Theorem [2.5.1| over
the Azuma-Hoeffding inequality is exemplified in the following.

Let { X} be a real-valued sequence of random variables, defined on
a probability space (2, .#,P), that is generated by the recursion

Xe=Xp 1+&, VkE>1 (2.5.17)

where X3 = 0 for k£ < 0. The differences & = X — Xi_1 are defined
as follows: Let g: R™ — [0, 1] be an arbitrary measurable function, for
m > 1, and let {O} be i.i.d. random variables where for some « € (0, 1]

1 1 «a

and Oy is independent of X;_1, Xi_o,... for every k > 1. Let us define
€ — Ok 9(Xgk—1,-- s Xg—m)
k2 ’
The sequence {X}} is generated by the following feedback scheme:
Let %, = o(Xo,X1,...,Xk), for £ > 0, be the o-algebra that is
generated by the random variables X, X7, ..., X} (recall its definition
in Example[2.1)), so {.#} is a filtration. The random variable X}, is .Z-

measurable for every k > 0, so & = X — Xj_1 is also .Fj-measurable
(since .F,_1 C .Fr). We have X, € LY(Q, %, P) since

2 1
qu()zz::i2

VE > 1. (2.5.19)

k k
@
Bl < Y B[] < ) P00

1= =1
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Xk output

{Xk‘}l’:ﬁl
Xk—l D Xls—l D Xk‘—? Xk7m+1 D \Xk_m
N2 x | 11 1T .
§Is7
g( i)
PO =1) = L
O - e
gk \T g(Xk'*l‘/ B rX]v,fm,) P(@k = ~a) T Ta

Figure 2.2: The feedback scheme in Example (see (2.5.17)—(2.5.19)).

where the last equality holds since ((2) £ Y72, % = %2. Furthermore,

1
E{&k| Fr—1] = k*E[@k 9(Xp—1, - X)) | Fr—1]

2
9 Xp—1s s Xp—m) B[O F 1]
_ -
9 Xk—1y- s Xi—m) E[Of]

= o =0

where the third equality holds since O is independent of the past
inputs Xy_1, X_o,... for & > 1. It therefore follows that {Xg,.Z\}

is a martingale. From ([2.5.17)—(2.5.19)), together with the assumption

that 0 < g < 1, it follows that the differences of the martingale sequence
(i.e., & = X — Xg—1 for k > 1) satisfy the inequality

1 1

-~ Sap <& <b = oL VEk>1. (2.5.20)

From the Azuma-Hoeffding inequality, since || < ﬁ for o € (0, 1]
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(see (2.5.20)), it follows that
22
P ( max | Xj| > r) < 2exp (—)

15ksn 2% g

450212
4

< 2exp (—
0

) , Vr>0 (2.5.21)

where the last inequality holds since ((4) = Y72, 1?14 = g—g. On the
other hand, from Theorem [2.5.1] and (2.5.20)), we have for every k € N

1 1
ar = ———— Y
k w2 kT
Qg 1 1
= - = i), Vv 0,1
Dk bk_ak: 1—{—0&6[2’ )7 OéG( ’ ]a
B (L —pr) a
Cr = C(pk) — 2 — 2(1 +Oé)2’
" 1 &1 (4 m
= b —ag)? = — — < = .
kglc’“(’“ ar) zak;l# 20 180a

Consequently, it follows from (2.5.1)) that

45ar?
> < — . 0.
P(l?l?gxn|Xk| _7“) _2exp< = ), Vr >0 (2.5.22)

A comparison of the bounds in (2.5.21]) and ([2.5.22) shows an improve-

ment by a factor of é in the exponent of the latter bound. This shows
the advantage of the concentration inequality in Theorem [2.5.1] over
the Azuma-Hoeffding inequality, where this improvement is more pro-
nounced as the value of « in becomes closer to zero (which
then enhances the asymmetry of the distribution of {©;} in (2.5.18)).

In the following, we examine numerically the bounds in and
. Let us require that the peak-to-average power ratio of {©}
does not exceed a certain level, e.g., 20 dB = 100. For « € (0, 1],

1 > 1Ok2 _ 1

0o — — — ]E = —

hence, in order to satisfy this requirement, let o = apin = ﬁ. Let us
find the minimal value of r such that each of the bounds in ([2.5.21])

and (2.5.22|) assures that, irrespectively of n,

P ( max |Xj| > r) <e21071.
1<k<n
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The Azuma-Hoeffding inequality in (2.5.21)) gives r = rpin = 716.54,
whereas the improved bound in implies that r = ry;, = 71.654.
The improved value of r is reduced by a factor of \/g = 10, so the
concentration result is strengthened by the use of Theorem [2.5.1]

2.5.2 On martingales with uniformly bounded differences

Example serves to motivate a derivation of an improvement of
the Azuma-Hoeffding inequality with a constraint on the conditional
variance of the martingale sequence. In the following, we assume that
| Xk — Xk—1| < d holds a.s. for every k (note that d does not depend
on k, so it is a global bound on the differences of the martingale). A
new condition is added for the derivation of the next concentration
inequality, where it is assumed that a.s.

var(Xy, | Fi—1) = E[(Xy — Xg-1)? | Fp1] < vd?

for some constant v € (0, 1].

One of the weaknesses of the Azuma—Hoeffding and McDiarmid’s
inequalities (see Theorems and is their insensitivity to the
variance, leading to suboptimal exponents compared to the central limit
theorem (CLT) and moderate deviations principle (MDP). The next
result from [109] (see also [10I), Corollary 2.4.7]) relies on a constraint
on the conditional variance:

Theorem 2.5.2. Let {X}, 7, }]_, be a discrete-time real-valued mar-
tingale. Assume that, for some constants d,o > 0, the following two
requirements are satisfied a.s. for every k € {1,...,n}:

| Xk — Xi—1] < d,
var(Xy| F-1) = E[(X), — Xp—1)? | Fi—a] < 07

Then, for every a > 0,

)
P(|X,, — Xo| > <2 —nH|—||——— 2.5.23
(1%, = %ol 2 am) < 2exp (—n#1( 2| 22 )) 2529
where )
N e
2 =2 2.5.24
VE G 05 (2.5.24)
and

Hpllq) 2 pln(§> +(1=-p) 1n(1 :Z), Vpgel0,1]  (25.25)
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denotes the binary relative entropy. If § > 1, the probability on the left

side of (2.5.23)) is equal to zero.

Proof. The proof of this bound goes along the same lines as the proof of
the Azuma—Hoeffding inequality, up to . The new ingredient in
this proof is the use of the so-called Bennett’s inequality (see, e.g., [I0T]
Lemma 2.4.1]), which improves upon Lemma by incorporating a
bound on the variance: Let X be a real-valued random variable with
7 = E(X) and E[(X —7)?] < 02 for some ¢ > 0. Furthermore, suppose
that X < b a.s. for some b € R. Then, for every A > 0, Bennett’s
inequality states that

e | (b — 5)267% + g2eMb-T)
E[eM] < 2.5.26
7] < (b—7)% + 02 ( )

The proof of (2.5.26) is provided in Appendix for completeness.
We now apply Bennett’s inequality (2.5.26)) to the conditional law of

& given the o-algebra Fy_1. Since E[&].Z_1] = 0, var[&| 1] < 02
and & < d a.s. for k € N, we have

o2 exp(td) + d? exp (—%)
d? +o?

From (2.4.23) and (2.5.27)), for every ¢ > 0,

n o2 exp(td) + d? exp (—%) n—1
slen(r3)] g( Efen (3]
Repeating this argument recursively, we conclude that, for every ¢t > 0,

n o? exp(td) + d? exp (—%) !
E[exp(tkzszﬂ < Z1o? .
Using the definition of v in (2.5.24)), we can rewrite this inequality as

E{exp(tifk)] < (VeXp(td)lie;{p(_W))n, V>0, (2.5.28)
k=1

E [exp(t&) | Fr-1] < , t>0. (2.5.27)

Let # £ td (so z > 0). We can now use (2.5.28) with the Chernoff
bounding technique to get that for every o > 0 (from the definition of
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§ in (2.5.24), at = ox)
P(X,, — Xo > an)
< exp(—ant)E [exp (t Z fkﬂ
k=1

- yexp((1 —d)x) + exp(—(y + 0)x) "
< 157 ;

V>0 (25.29)

Consider first the case where 6 =1 (i.e., @ = d). Then (2.5.29) becomes

v +exp(=(y+ D)
147

n
IP’(XnXOZdn)§< > , Vx>0
and the expression on the right side is minimized in the limit as ¢ — co.
This gives the inequality

,7 n

P(X,—Xo>dn) < |{——| . 2.5.30
S
Otherwise, if 6 € [0,1), we minimize the base of the exponent on the
right side of ([2.5.29)) with respect to the free parameter x > 0. Setting

the derivative of this exponent to zero yields that the optimal value of

1 v+9
= 1 . 2.5.31
o= (57) (i) (2531)
Substituting (2.5.31)) into the right side of (2.5.29) gives that, for every

a >0,
+65 n
(74‘5) 1+'y( —5)7%
v

(o) e

where H(:|-) is introduced in (2.5.25)). Finally, if § > 1 (i.e., if & > d),
the probability in the left side of is equal to zero, and it is also
obtained asymptotically by letting £ — oo in the right side of .
The application of to the martingale {—Xj, 7172, gives
the same upper bound for the tail probability P(X,, — Xo < —an).
Overall, this gives , which completes the proof of Theoremm
O

x is given by

P(X,, — Xo > an) <
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Remark 2.6. The relative entropy from a probability measure P to
a probability measure () is denoted, throughout this monograph, by
D(P||Q). The notation H(p||q) is used in for the relative
entropy in the special case where P and @ are Bernoulli(p) and
Bernoulli(g), respectively.

Here is an illustration of how one can use Theorem for getting
better bounds in comparison to the Azuma—Hoeffding inequality:

Example 2.9. Let d > 0 and € € (0, 1] be some constants. Consider a
discrete-time real-valued martingale {Xj, #,}72, where a.s. Xo = 0,
and for every m € N

I[D()(m_ m—l:d‘ym—l)zgv
ed ’
1—e¢

P(Xm— m—1 — — Lg‘tﬂ%_l):l—e’f.
This implies that E[X,, — X;—1]-Zm-1] = 0 a.s. for every m € N,
and, since X,,_1 is Z,,,—1-measurable, we have E[X,, | Z#,,—1] = Xim-1

almost surely. Moreover, since ¢ € (0, 3],

d
| X — Xm1| < max {d, 15_ } =d as.

so the Azuma—Hoeffding inequality gives

ka2

P(Xy > kz) < exp <_2d2

) . Va>0 (2.5.33)

independently of the value of ¢ (note that Xy = 0 a.s.). However, we
can use Theorem to get a better bound; since for every m € N

2
E[(Xyn — Xno1)? | Fna] = —5 as.

1-¢’
it follows from ([2.5.32)) that

P(Xy > kx) < exp (—kH(lﬂ_g)

- +5H5>>, Yz > 0. (2.5.34)

For x > 0 and k£ € N, the Azuma—Hoeffding inequality in (2.5.33])
provides an upper bound that is strictly positive and bounded away
from zero independently of €. On the other hand, if ¢ — 0, then the

right side of (2.5.34) tends to zero.
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Corollary 2.5.3. Let {X},.%;}}_, be a martingale, and assume that
| Xr — Xk—1| < d holds a.s. for some constant d > 0 and for every
ke {1,...,n}. Then, for every a > 0,

P(| Xy, — Xo| > an) < 2exp (—nf(d)) (2.5.35)
where § £ &
_p (1=
‘o :{ In(2) [1 h2( . )} 0<6<1 2.5.36)
00, 6>1

and ha(x) £ —zlogy(x) — (1 —z)logy(1 —z) for 0 < x < 1 is the binary
entropy function.

Proof. Since there is no constraint on the conditional variance, this
refers to the special case in Theorem where v =1 (i.e., 02 = d?).

The corresponding exponent in ([2.5.23) is equal to
H (%2 ]3) = £0), (2.5.37)
since (2-5.25)) yields H(p||3) = In2[1 — ho(p)] for all p € [0,1]. O

An alternative proof of Corollary providing some insight, is
suggested in the following.

Proof. We first introduce a refined version of Hoeffding’s lemma (cf.

Lemma [2.4.1)).

Lemma 2.5.4. Let U € R be a random variable, such that U € [a, b]
a.s. for some finite a < b, and E[U] = “TH’. Then, for every t > 0,

E [exp (t (U —EU))| < cosh (% (b—a) t) ) (2.5.38)
Proof. This follows from (2.4.9) with E[U] = 2. O

The proof of Corollary [2.5.3] continues by following the proof of
the Azuma—Hoeffding inequality. Recall that & = X — X1 satisfies
|€k| < d and E[£g|-Zk_1] = 0 for all k € N. Using a conditional version

of Lemma the bound in ([2.4.24) is improved to
Elexp(t&,) | #n—1] < cosh(td), Vit >0 (2.5.39)



2.5. Refined versions of the Azuma—Hoeffding inequality 47

and recursively, the quantity in (2.4.23)) is upper bounded by
E [exp (t Z §k>1 < cosh"(td), Vt>0. (2.5.40)
k=1

From (2.5.40)) and Chernoff’s inequality, the following refinement of
(2.4.27)) holds

P(X,, — Xo > an) < exp(—ant) cosh™(td)
= exp(—n[at —In cosh(td)]), Vit>0. (2.5.41)

Due to the bounded differences assumption, we have (a.s.)

n
X — Xo| <D Xk — Xpa| < nd (2.5.42)
k=1
so, if a > d, then P(X,, — Xy > an) = 0. If 0 < a < d, then optimizing
the free parameter ¢ in the right side of givest = 1 tanh™! (2).
Substituting this optimized value of ¢ into , combined with the
following identities for hyperbolic functions:

1
tanh™'(z) = 1 In <1 + x) . Yz| <1, (2.5.43)
-
1
cosh(z) = —————, Vz €R, (2.5.44)
1 — tanh?(x)
yield that the exponent in the right side of (2.5.41)) is equal to

at — In cosh(td)

s (18) rim (-5
=;(1+3>1“(”d> H(1-g)m(1-3)
= In2 {1h2< (1>)]

= f(9) (2.5.45)
where ([2.5.45)) follows from ([2.5.24)) and (2.5.36]). This gives the bound

in Corollary for all @ € [0,d). Letting ¢t tend to infinity in the
right side of (2.5.41)) gives

tli}m (td — Incosh(td)) =In2, Vd>0; (2.5.46)
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consequently,
P(X, — Xo >dn) <277, (2.5.47)

proving Corollary with @ = d. The multiplication by 2 in the right
side of (2.5.35)) is justified as in the proof of Theorem m O

Remark 2.7. Corollary which is a special case of Theorem [2.5.2
with v = 1, tightens the Azuma-Hoeffding inequality when dp = d
for all k. This follows from Pinsker’s inequality, which implies that
f(6) > % for 6 > 0. Figure plots the exponents in the Azuma-
Hoeffding inequality and its improvement in Corollary note that
they nearly coincide if § < 0.4. The exponential bound in Theorem
is improved by reducing the value of v € (0,1) (see Figure since
the additional constraint on the conditional variance in Theorem
has a growing effect by reducing ~.

15F

:Corollary
2.5.3:

)
Theorem 2.5.2: ’

LOWER BOUNDS ON EXPONENTS

0.6
d=a/d

0 0.2 0.4 0.8 1 12

Figure 2.3: Plot of the lower bounds on the exponents in the Azuma-Hoeffding
inequality and the improved bounds in Theorem and Corollary The

pointed line refers to the exponent in Corollary [2.5.3] and the three solid lines for
v = é, i and % refer to the exponents in Theorem

Theorem [2.5.2] can also be used to analyze the probabilities of small
deviations, i.e., events of the form {|X,, — Xo| > ay/n} for a > 0 (in
contrast to large-deviation events of the form {|X,, — Xo| > an}):



2.5. Refined versions of the Azuma—Hoeffding inequality 49

Theorem 2.5.5. Let { X}, %1} be a discrete-time martingale which sat-
isfies the conditions in Theorem [2.5.2] Then, for every a > 0,

2

P(|X,, — Xo| > av/n) < 2exp(—;y> (1+0 <\/15>) (2.5.48)

Remark 2.8. In view of Theorem for an arbitrary a > 0, the
upper bound on P(|X,, — Xo| > ay/n) improves the exponent of the
Azuma—Hoeffding inequality by a factor of %

Proof. Let { Xy, #1172 be a discrete-time martingale that satisfies the
conditions in Theorem From (2.5.23)), for every @« > 0 and n € N,

P(|Xn—X0]2a\/ﬁ)§2eXp(— (5 +7H1+7)) (2.5.49)

1+
where, following ([2.5.24)),

2 o
N a Vn d
£ 5,2t = 2.5.50
7= B i Tn ( )
With these definitions, we have
i) s (R e ()
H = 1+ —)In(l14+——%
<1+7 l+v/ 1+~ W) TVn

n ,1y (1 _ \%) In (1 - \jﬁ> 1 (2.5.51)

Using the power series expansion

(—u)*

- < 5.
o L<ust (2.5.52)

(1+u)ln(1+u):u+i
k=2

in (2.5.51)), it follows that for every n > 5—2

e
_ gfy ‘o (jﬁ) . (2.5.54)

Substituting (2.5.54]) in the right side of ([2.5.49)) gives ([2.5.48)). O
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2.5.3 Inequalities for sub- and super-martingales

Upper bounds on P(X,, — Xy > r) with > 0, derived in this section
for martingales, can be adapted to super-martingales (see, e.g., [14]
Chapter 2] or [I5, Section 2.7]). Alternatively, replacing { Xy, Z,}7_,
with {—X}, % }}_, gives upper bounds on P(X, — Xy < —r) for
sub-martingales. The adaptation of Theorem to sub- and super-
martingales gives the following inequality:

Corollary 2.5.6. Let { X}, .7, }72, be a discrete-time real-valued super-
martingale. Assume that, for some constants d, o > 0, the following two
requirements are satisfied a.s.:

Xi — E[Xy | Fr] < d,
var(X| Fi1) 2 B[ (X, — E[Xy | Fxa))’ | Fa] < 02

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

o+
P(X,, — X > < — 2.5.55
(% Oan)eXp( (1+7H1+7>) ( )
where y and § are defined in ([2.5.24]), and the binary divergence H (p||q)
is introduced in (2.5.25)). If { X}, #1732, is a sub-martingale, then the
right side of (2.5.55|) is an upper bound on P(X,,— Xo < —an). If § > 1,
these two probabilities are zero.

Proof. In view of the proof of Theorem the only difference for a
super-martingale is that

n

Xn—Xo=) (Xp—X3-1) <D & (2.5.56)
k=1 =

a.s., where &, 2 X, — E[X}, | Z,_1] is .Z-measurable. Therefore, we
have P(X,, — Xo > an) < P(X}_; & > an) where, as., & < d,
E[¢ | Fr—1] = 0, and var(& | F_1) < 0. Starting from (2.4.21), the
rest of the proof coincides with the proof of Theorem The result
for sub-martingales holds since if {X}, %)} is a sub-martingale, then
{—X}k, Fr} is a super-martingale. O
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2.6 Relations to classical results in probability theory

2.6.1 The martingale central limit theorem

A relation between Theorem [2.5.5] and the martingale central limit
theorem (CLT) is considered in the following.

Let (£2,.%#,P) be a probability space. Given a filtration {.%#}, we
say that {Yj, %1 }72, is a martingale-difference sequence if, for every
k,

1. Y}, is Z-measurable,

2. E[[%i]] < oo,

3. E[Yi| Fi_1] = 0.

Let
n
k=1
and Sy = 0; then {Sy, Z;}72, is a martingale. Let the sequence of

random variables {Y}} be bounded, i.e., there exists a constant d such
that |Yx| < d a.s., and furthermore, assume that the limit

T IR
e nh_)ngo - ;E[YIE | Pr—1]

exists in probability and is positive. The martingale CLT asserts that,
under the above conditions, {%} converges in distribution (or weakly)
to the Gaussian distribution N'(0,02); we denote this convergence by
% = N(0,0?). (There exist more general versions of this statement
— see, e.g., [116, pp. 475-478)).

Let { X, Fi }72, be a real-valued martingale, and assume that there
exists a constant d such that a.s.

|Xk—Xk_1|§d, VEkeN.
Define, for every k € N,
Vi & Xp, — Xp—1

and Yy = 0. Then {Y}, Fr} is a martingale-difference sequence, and
|Yi| < d as. for every k € NU {0}. Assume also that there exists a
constant o > 0, such that, for all k,

E[Yk2 | Zi—1] = E[(Xk — kal)z | Fr—1] = o2, a.s.
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Consequently, from the martingale CLT, it follows that
X, — Xo

Tn — N(0,0?),

so, for every a > 0,
i 2% 0= 007) =20(2)

where the @-function is defined in (2.4.35)). In terms of the notation in
(2.5.24), we have ¢ = \%, so that
)

Tim P(|X, — Xo| > av/n) = 2Q<ﬁ). (2.6.1)

2
exp <_$2> ) Ve >0

it follows that, for every o > 0,

From the fact that

Q(z) <

N

52
Jim P(1X,, — Xo| > av/n) < exp (—27> :

This inequality coincides with the large-n limit of the inequality in
Theorem [2.5.5] except for the additional factor of 2 in the pre-exponent
(see the right side of (2.5.48))). Note also that the proof of Theorem 2.5.5]
is applicable for finite n, and not only in the asymptotic regime n — co.
Furthermore, from the exponential upper and lower bounds on the Q-
function in and from , it follows that the exponent in the
concentration inequality cannot be improved without imposing
additional conditions on the martingale sequence.

2.6.2 The moderate deviations principle

The moderate deviations principle (MDP) on the real line (see, e.g.,
[101] Theorem 3.7.1]) states the following: Let { X} ; be a sequence of
real-valued i.i.d. random variables such that Ax(A\) £ InE[e*] < oo
in some neighborhood of zero, and also assume that E[X;] = 0 and
o? = var(X;) > 0. Let {a,}5°; be a non-negative sequence such that
an, — 0 and na, — co as n — oo, and let

Zn 2 ,/%" S X, VneN. (2.6.2)
=1
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Then, for every measurable set I' C R,
1 2 .
~552 xlélrfo xt < I%nl)g.}f anInP(Z, €T)
<limsupa, InP(Z, €T)

n—o0

1
< —— inf 22 2.6.3
= Ta it (26
where I'’ and T’ denote, respectively, the interior and the closure of T'.

Let 1) € (3,1) be an arbitrary fixed number, and let {a,}52, be the
non-negative sequence

an=n'""%" VYneN,

which implies that a,, — 0 and na,, - o0 as n — oco. Let a € R4, and
[ £ (—o0, —a] U [a, o). Note that, from ([2.6.2)),

n
P ( > Xi| > om") =P(Z,€T) (2.6.4)
=1
so, by the MDP,
n 012
. 1-2 _
lim 2! InP ( Z;XZ» > om"> = -5 Vaz0 (2.6.5)
1=

We show in Appendix that, in contrast to the Azuma—Hoeffding
inequality, Theorem [2.5.2] provides an upper bound on the left side
of which coincides with the asymptotic limit in . The
analysis in Appendix [2.B] provides another interesting link between
Theorem and a classical result in probability theory, and thus
emphasizes the significance of the refinements of the Azuma-Hoeffding
inequality.

2.6.3 Functions of discrete-time Markov chains

An interesting relation between discrete-time martingales and Markov
chains is the following (see, e.g., [I17, p. 473]): Let {X,}2°, be a
discrete-time Markov chain taking values in a countable state space
S with transition matrix P. Let ¢: S — R be a harmonic function of
the Markov chain, i.e.,

Y pesi(s) =y(s), Vs'es (2.6.6)

SES
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and assume also that 1 is a measurable and bounded function. Let
Y, £ 9(X,) for every n > 0, and let {.%,} be the natural filtration
where %, = o(Xo,...,X,). It is a remarkable fact that {Y,,.%#,} is a
martingale; this property holds since Y, is .%,,-measurable, E[|Y,|] < co
(due to the requirement that 1 is bounded), and from

ElYo | Fnal = px, 1,5 0(8) = ¥(Xno1) =Yp1, VneN.
seS

(2.6.7)

This relation between Markov chains and martingales enables to ap-
ply the concentration inequalities of this chapter to the composition
of a bounded harmonic function and a Markov chain; note that the
boundedness of v implies that the differences of the martingale se-
quence are uniformly bounded (this holds since, for every n, we have
1Y = Y| < 2[[¢][oc < 00).

More generally, let ¢ be a right eigenvector of the transition matrix
P such that ||[¢[|cc < 00, and let A(# 0) be its corresponding eigenvalue.
Let S = {s1, s2,...} be the countable state space of the Markov chain,
and let 1): & — R be a real-valued function such that v (s;) is equal to
the i-th entry of the vector ¢. Then, the following equality holds:

Zps/,sz/;(s) =XyY(s’), VvseS
s€S
which generalizes (2.6.6) (i.e., if A = 1, the function v is harmonic).
Similarly to (2.6.7)), for every n > 1,
E[Y(Xn) | Fna] = Ap(Xn_1).

Defining Y,, = A" ¢(X,,), for n > 0, implies that E[Y,,|%#,_1] = Yn—1.
Since A # 0 and ||| < oo then E[|Y,[] < co. Consequently, {Yy,, %,}
is a martingale sequence.

If |A] > 1, then the differences of the martingale sequence {Y,,}°°,
are uniformly bounded. The latter property holds since, for every n > 1,

‘Yn - Yn—l‘
< AT (X)] + AT (X))
< W}(Xn)‘ + ‘w(Xn—l)’

< 2|Y|oo < 0.
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In the latter case, since {Y,,.%#,} is a discrete-time martingale with
uniformly bounded differences, the concentration inequalities of this
chapter are applicable here as well.

Exponential deviation bounds for an important class of Markov
chains, so-called Doeblin chains, were derived by Kontoyiannis et al.
[118]. These bounds are essentially identical to the Hoeffding inequality
in the special case of i.i.d. random variables (see [I18, Remark 1]).

2.7 Applications in information theory and coding

This section is focused on applications of the concentration inequalities,
derived in this chapter via the martingale approach, in information
theory, communications and coding.

2.7.1 Expansion properties of random regular bipartite graphs

The expansion of a bipartite graph can be used to guarantee an error-
correction capability of the associated linear block code. This approach
has the advantage of applying directly to finite-length codes. We refer
the reader to [16, Chapter 8] and references therein for an introduction
on expander codes and flipping decoding algorithms.

The Azuma—Hoeffding inequality can be used to analyze expansion
properties of random bipartite graphs [58]. The following theorem was
proved by Sipser and Spielman [58, Theorem 25] in the context of bit-
flipping decoding algorithms for expander codes. It is stated, in the
following, in a more precise form that captures the relation between
the deviation from the expected value and the exponential convergence
rate of the resulting probability:

Theorem 2.7.1. Let G be a bipartite graph that is chosen uniformly at
random from the ensemble of bipartite graphs with n vertices on the
left, a left degree [, and a right degree r. Let « € (0,1) and § > 0 be
fixed numbers. Then, with probability at least 1 — exp(—on), all sets
of an vertices on the left side of G are connected to at least

n [1(1—(1—@)) — /2l (h(e) + 6)

vertices on the right side of G, where h is the binary entropy function
to base e (i.e., h(z) = —zln(x) — (1 — z)In(1 — z) for x € [0, 1]).

(2.7.1)




56 Concentration Inequalities via the Martingale Approach

Proof. The proof starts by determining the expected number of vertices
(neighbors) on the right side of G, and then exposing one neighbor at
a time to bound the probability that the number of neighbors deviates
significantly from its expected value.

Let V denote a given set of na vertices on the left side of the selected
bipartite graph G. The set V has nal outgoing edges in G. Let X (G) be
a random variable which denotes the number of neighbors of ¥V on the
right side of G, and let E[X (G)] be the expected value of neighbors of
VY where all the bipartite graphs are chosen uniformly at random from
the ensemble. This expected number is equal to

nl(l—(1—a)")

r

E[X(G)] = (2.7.2)

since, for each of the ”71 vertices on the right side of G, the probability
that it has at least one edge in the subset of na chosen vertices on the
left side of Gis 1 — (1 — «)".

Let us form a martingale sequence for upper bounding, via the
Azuma-Hoeffding inequality, the probability that the actual number
of neighbors deviates by a certain amount from the expected value in
(12.7.2)).

The set of na vertices in V has nal outgoing edges. Let us reveal
the destination of each of these edges one at a time. More precisely,
let S; be the random variable denoting the vertex on the right side of
G which the i-th edge is connected to, where i € {1,...,nal}. Let us
define, for ¢ € {0,...,nal},

X; = E[X(G)|S1,. .., Si1].

Note that this forms a martingale sequence where Xy = E[X (G)] and
Xnat = X(G). For every i € {1,...,nal}, we have |X; — X;_1] <1
since every time only one connected vertex on the right side of G is
revealed, so the number of neighbors of the chosen set V cannot change
by more than 1 at every single time. Hence, from the one-sided Azuma—
Hoeffding inequality in Section [2.4.2]

2

P(E[X(G)] - X(¢) > AWian) < exp (-2) . YA>0.  (2.7.3)

Since there are (n”a) choices for the set V), the event that there exists a
set of size na with less than E[X (G)] — AVIan neighbors occurs with
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n

probability at most (") exp(—%Q), by the union bound. Based on the
inequality () < exp(nh(a)), we get that the probability that there

exists a set of vertices of size na with less than E[X(G)] — AVlian
neighbors on the right side of G is at most exp(nh(a) — ’\2—2) In view of

(2.7.2)), the proof is completed by setting A = {/2n(h(a) + 9). O

2.7.2 On the performance of message-passing iterative decoding
algorithms for LDPC codes

Low-density parity-check (LDPC) codes are linear block codes that are
represented by sparse parity-check matrices [I19]. A sparse parity-check
matrix allows one 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., [16]). As a result of their remarkable performance under practical
decoding algorithms, these coding techniques have revolutionized the
field of channel coding, and 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 characterizing the linear
code are represented by edges connecting each parity-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 (see, e.g.,
[16]), let A; and p; denote the fraction of edges attached, respectively,
to variable and parity-check nodes of degree i. An ensemble of LDPC
codes is denoted by LDPC(n, A, p), where n is its block length, and
AMz) 2 3, Mo~ and p(z) £ 0, piz’ ! represent, respectively, its left
and right degree distributions from the edge perspective.

The following result, due to Richardson and Urbanke [57], concerns
the performance of message-passing iterative decoding algorithms for
LDPC codes.
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Theorem 2.7.2 (Richardson—Urbanke). Let C, a code chosen uniformly
at random from the ensemble LDPC(n, A, p), be transmitted over a
memoryless binary-input output-symmetric (MBIOS) channel. Assume
that the decoder performs ¢ iterations of message-passing decoding, and
let P,(C,¢) denote the resulting bit error probability. Then, for every
0 > 0, there exists some o = (A, p,d,¢) > 0 (independent of the block
length n), such that

P [‘Pb(cvg) —Evppcmap [PH(C,0)]| > 5} <e (2.7.4)

This theorem asserts that the performance of all codes, except for a
fraction which is exponentially small in the block length n, is with high
probability arbitrarily close to the ensemble average. Hence, assuming a
sufficiently large block length, the ensemble average is a good indicator
for the performance of individual codes. It is therefore reasonable to
focus on the design and analysis of capacity-approaching ensembles via
the density evolution technique, which provides a powerful technique
to evaluate the performance of ensembles of sparse graph codes with
an infinite block length under iterative message-passing decoding [57].

Theorem forms a fundamental result in the theory of codes
defined on graphs and iterative message-passing decoding algorithms
since the performance analysis of specific LDPC codes is difficult
whereas the performance analysis of LDPC code ensembles with an
infinite block length is tractable ([16], [57]).

The proof of Theorem[2.7.2)applies the Azuma—Hoeffding inequality
to a certain martingale sequence. We defer this proof to Section [2.7.3]
where a more general concentration result is provided for intersymbol-
interference (ISI) channels.

2.7.3 Concentration theorems for LDPC code ensembles over ISI
channels

Section refers to the concentration analysis of LDPC codes for
memoryless binary-input output-symmetric channels. In [57] and [120],
it was shown that

e At every iteration, the performance of an individual code from the
LDPC code ensemble concentrates around the expected (average)
value over this ensemble for large block lengthes;
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e The average performance of the LDPC code ensemble converges
asymptotically (as n — o0) to the performance in the cycle-
free case. If the bipartite graph which represents a linear block
code contains no cycles, the messages which are delivered by the
message-passing iterative decoder through the edges of the graph
are statistically independent [16].

These concentration results were later generalized in [121] for
intersymbol-interference (ISI) channels. The proofs of [121, Theorems 1
and 2], referring to regular LDPC code ensembles, are revisited in this
section 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 in comparison to [57] and [120]. The following presentation
is based on [122].

The ISI channel and its message-passing decoding

We start by briefly describing the ISI channel and the graph used for
its message-passing decoding. For a detailed description, the reader is
referred to [I2I]. 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

I
;=Y hiX;i +N;, Vj€L

i=0
where { X} is a {—1, +1}-valued input sequence, {h; }._ is the impulse
response of the ISI channel, and {N;} is a sequence of i.i.d. Gaussian
random variables with zero mean and variance o2 (the noise samples).
It is assumed that an information block of length k is encoded by
using a regular (n,dy,d.) LDPC code, and the resulting n coded bits
are converted into a 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 iterative message-passing decoding algorithm, the
reader is referred to [12I] and [123]). 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 message that is
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2W+I+1
<+—symbols

Figure 2.4: Message flow neighborhood of depth 1. This figure corresponds to the
parameters (I, W,dy = L,d. = R) = (1, 1,2, 3).

received from the channel at a variable node is not only a function of
the channel output which corresponds to the considered symbol, but
it is also a function of the 2W neighboring channel outputs and 2W
neighboring variables nodes (as it is illustrated in Fig. .

Concentration

We prove that, for a large n, a neighborhood of depth ¢ of a variable-to-
check node message is tree-like with high probability. Using this result,
in conjunction with the Azuma—Hoeffding inequality, we show 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 the message-passing decoder is highly concentrated
around its expected value. This expected value is shown to converge to
the value of which corresponds to the cycle-free case, denoted by p(©)(s)
(to be explicitly defined in Theorem [2.7.4)).

In the following, we consider an ISI channel and a windowed
message-passing iterative decoding algorithm where the code graph
is chosen uniformly at random from the ensemble with variable and
parity-check node degrees of d, and d., respectively. Let N g) denote
the neighborhood of depth ¢ of an edge & = (v, c) between a variable-
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to-check node, and let Nc(g), N\(,e) and Ne@ denote, respectively, the
total number of check nodes, variable nodes and code-related edges in
this neighborhood. Similarly, let Ng ) denote the number of variable-
to-check node messages in the directed neighborhood of depth ¢ of a
received symbol of the channel (explicit expressions are provided in

Appendix [2.C)).
Theorem 2.7.3. Let Pf(e) denote the probability that the sub-graph

Ng) is not a tree (i.e., it contains cycles). Then there is a positive
constant v = ~(dy, de, £), which does not depend on the block-length
n, such that PE(Z) < 1. More explicitly, this inequality holds with

Y(dv des €) 2 (N)? + (4 N2,

Proof. A proof is available in [122], which is a rather straightforward
generalization of the proof in [57] for binary-input output-symmetric
memoryless channels to binary-input ISI channels. 0

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

Theorem 2.7.4. Let s be the transmitted codeword, and let Z(9)(s) be
the number of erroneous variable-to-check messages after ¢ rounds of
the windowed message-passing decoding algorithm. 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 positive
constants 8 and -y, which do not depend on the block-length n, such
that the following statements hold:

Concentration around the expected value. For any € > 0,

P ( 20(s) _EIZ0(s)

ndy ndy
Convergence of the expected value to the cycle-free case. For

> ;) < 9¢~Fen, (2.7.5)

any € > 0 and n > 2?7, we get a.s.

E[Z“)(s)]

()
ndy P(s)

<z (2.7.6)

N ™

Concentration around the cycle-free case. For any ¢ > 0 and

n > %7,
Z(f)(s)
IP) = (K)
<| nd, Ps)

> 5> < 2e P, (2.7.7)
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More explicitly, the above statements hold for
d3

é dV7dC7E = ?
A ) 8 (4du (N2 + (N2

and
2

O
Y2y, der ) = (NO)* + (%V)

Proof. See Appendix O

The concentration inequalities in Theorem extend the results
in [57] from the special setting of memoryless binary-input output-
symmetric (MBIOS) channels to ISI channels. One can particularize
the above expression for 8 to MBIOS channels by setting W = 0 and
I = 0. Since the proof of Theorem uses exact expressions for N
and N}(,e ), one would expect a tighter bound in comparison to the value
of B in [57], which is given by % = 544d%~1d?. As an example, for
(dy,dc,¢) = (3,4,10), one gets an improvement by a factor of about
1 million. However, even with this improvement, the required size of n
according to the analysis in this section can be too large. This is because
the proof is 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, because
the neighborhood grows with ¢, so each message is a function of many
edges and received output symbols from the channel.

The same concentration phenomena that are established above for
regular LDPC code ensembles can be extended to irregular LDPC code
ensembles as well.

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

The minimum probability of error of X given Y is achieved by the
maximum-a-posteriori (MAP) decision rule. A number of bounds on the
minimum error probability involving the conditional Shannon entropy
H(X|Y) (and the generalized Arimoto-Rényi conditional entropy) have
been obtained in the literature. The interested reader is referred to
[124, Section 1] for a survey of these bounds. In continuation to our
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discussion on concentration phenomena for the performance of LDPC
code ensembles (see Sections [2.7.2 and [2.7.3)), the interplay between
the conditional entropy and the error probability motivates to further

analyze concentration phenomena of the conditional Shannon entropy
for ensembles of codes. This is of particular interest for low-complexity
capacity-approaching LDPC code ensembles.

A large-deviation analysis of the conditional entropy for random
ensembles of LDPC codes was introduced by Méasson, Montanari and
Urbanke in [45, Theorem 1] and [I125, Theorem 4]. The following result
is proved in [I125], based on the Azuma—Hoeffding inequality:

Theorem 2.7.5. Let C be chosen uniformly at random from the code
ensemble LDPC(n, A, p), and let the transmission of the code C take
place over an MBIOS channel. Let H(X|Y) denote the conditional
entropy of the transmitted codeword X given the received sequence Y
at the channel output. Then, for every £ > 0,

P(|H(X|Y) = ELppcmapn [H(XY)]| > £ v/n) < 2exp(—BE?) (2.7.8)

where

1
2(d+ 12(1 -~ Ra)’
d®* is the maximal check-node degree, and R4 is the design rate of
the ensemble.

B2

(2.7.9)

In this section, we revisit the proof of Theorem originally
given in [I125, Appendix I], in order to derive a tightened version of this
bound. To that end, let G be a bipartite graph which represents a code
chosen uniformly at random from the ensemble LDPC(n, A, p). Define
the random variable

7 = Hg(X[Y),

i.e., the conditional entropy when the transmission is over an MBIOS
channel with transition probabilities Pyx(y[x) = [[iZ1 py|x (vil7i),
where (by output symmetry) py|x (y|1) = py|x(—y|0). Fix an arbitrary
order for the m = n(1— Rq) parity-check nodes, where Ry is the design
rate of the LDPC code ensemble. Let {F;}c1o 1,y form a filtration of
o-algebras Fy C #; C ... C Z,, where .%; (for t =0,1,...,m) is the
o-algebra generated by all the subsets of m x n parity-check matrices
that are characterized by the pair of degree distributions (A, p), and
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whose first ¢ parity-check equations are fixed (for ¢ = 0 nothing is
fixed, and therefore %y = {(), 2} where () denotes the empty set, and
is the whole sample space of m x n binary parity-check matrices that are
characterized by the pair of degree distributions (A, p)). Accordingly,
based on Fact [2] in Section let us define the following martingale
sequence:

Zt:E[ZLg\t], tE{O,l,...,m}.

By this construction, Zy = E[Hg(X|Y)] is the expected value of the
conditional entropy with respect to the LDPC code ensemble, and Z,,
is the conditional entropy of the particular code from the ensemble.
Like [I125, Appendix I|, we obtain upper bounds on the differences of
the martingale sequence {|Z;4+1 — Z;|}/," and we then rely on the
Azuma-Hoeffding inequality in Theorem [2.4.2]

Without loss of generality, we can order the parity-check nodes by
increasing degree, as done in [125, Appendix I]. 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)I',
parity-check nodes are of degree r1, the successive ma = n(1 — Rq)I'y,
parity-check nodes are of degree r9, and so on. The (¢ + 1)-th parity-
check will therefore have a well-defined degree, which we denote by r.
From the proof in [125, Appendix 1],

| Zi11 — Zi| < (r+ 1) Hg(X|Y) (2.7.10)

where Hg(X|Y) is a random variable that is equal to the conditional
entropy of a parity-bit X = X;, @ ... ® X, (i.e., 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 [125, Appendix I] was
then completed by upper-bounding the parity-check degree r by the
maximal parity-check degree di*®*, and also by upper-bounding the
conditional entropy of the parity-bit X by 1. This gives

Zyor — Ze| <d™> +1 t=0,1,...,m—1 (2.7.11)

which, together with the Azuma—Hoeffding inequality, completes the
proof of Theorem Note that in the application of Theorem [2.4.2
here, the d;’s are replaced by dg*®* + 1, and n in is replaced by the
length m = n(1 — Rq) of the martingale sequence {{Z;}} (m is also the
number of the parity-check nodes in the graph).
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Based on [126], a refined analysis is provided; it departs from the
analysis in [I125, Appendix I] in two aspects:

e The first one is related to the upper bound on the conditional
entropy Hg(X|Y) in ([2.7.10), where X is the modulo-2 sum of
some 7 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 [125, Appendix I], we derive a simple
upper bound that depends on the parity-check degree r and the
channel capacity C (see Theorem .

e 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 side of with
d?®* 41, we propose to leave it as is, since the Azuma-Hoeffding
inequality applies to the case when the bounded differences of
the martingale sequence are not fixed (see Theorem , and
since the number of the parity-check nodes of degree r is equal to
n(1— Rq)I';. The effect of this simple modification will be shown
in Example

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

Theorem 2.7.6. Let G be a bipartite graph which corresponds to a
binary linear block code used for transmission over an MBIOS channel.
Let X and Y designate the transmitted codeword and received sequence
at the channel output. Let X = X;, ®...@ 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 _205> : (2.7.12)

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

1—[1—-2h"1 -~ C)]r>

(2.7.13)

Ho(XIY) <o :

and
Hg(X|Y)<1-C" (2.7.14)
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respectively, where hy Lin (2.7.13) denotes the inverse of the binary
entropy function to base 2.

Note that if the MBIOS channel is perfect (i.e., its capacity is C' = 1
bit per channel use), then holds with equality (where both sides
of are zero), whereas the trivial upper bound (which is equal
to 1 bit) is attained if the channel is completely useless (i.e., C' = 0).

Proof. Since conditioning reduces the entropy, we have

H(X|Y) < HX|Yi,,...,Y:,).

c Sy

Note that Y;,,...,Y;, are the channel outputs that correspond to the
channel inputs Xj,,...X;,, where these r bits are used to calculate
the parity-bit X. Hence, by combining the last inequality with [127,
Eq. (17) and Appendix I}, it can be shown that

HX|Y)<1 ) 2.7.1
(Xy) <1 2ln2kz::1 21%1 (2.7.15)
where (see [127, Eq. (19)])
o0 l
a2 [Ta@+ et (J)an vEeN  (2716)
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 [127, Lemmas 4 and 5], it follows that g, > C¥ for every

k € N. Substituting this inequality in (2.7.15)) gives

H(X[Y)<1- ! i cr
T 22 & k(2k—1)

— hy (1 20g> (2.7.17)

where the last equality follows from the power series expansion of the
binary entropy function:

1 & (1—2x)%
ha(z) =1 — 0<z<Ll 2.7.18
2(7) 21112,;1 K2k—1) -~ -0= (2.7.18)

This proves the result in (2.7.12)).
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The tightened bound on the conditional entropy for the BSC is
obtained from (2.7.15) and the equality

g =(1—-2h'(1-0)", VkeN
)

C)
that holds for the BSC (see [127 Eq. (97)]). This replaces C on the right
side of (2.7.17) with (1 —2h5'(1 — C))2 thus leading to the tightened

bound in (2.7.13).
The tightened result for the BEC follows from (2.7.15)) where, from

@77.10),
g =C, VkeN
(see [127, Appendix II}). Substituting g into the right side of (2.7.15)

gives (2.7.13) (note that Y72, m = 21In2). This completes the
proof of Theorem O

From Theorem [2.7.6| and (2.7.10)), we get

1-C=2
‘Zt—l-l — Zt‘ < (T+ 1) h2 ( 5 ) s (2719)
where the two improvements for the BSC and BEC are obtained by
replacing the second term, ha(-), on the right side of (2.7.19)) by (2.7.13)
and , respectively. This improves upon the earlier bound of
(d** + 1) in [125, Appendix I]. From and Theorem we

obtain the following tightened version of the concentration inequality
in Theorem 2.7.5t

Theorem 2.7.7. Let C be chosen uniformly at random from the code
ensemble LDPC(n, A, p), and let the transmission of the code C take
place over an 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,

P(|H(X|Y) — ELppcmay) [H(X[Y)]| > &vn)
< 2exp(—B¢?), (2.7.20)

dgax % 2
s [ (2]

where

B2
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d3'®* is the maximal check-node degree, R4 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 side of (2.7.20|) can be
improved (i.e., increased), respectively, to

Bgsc = I ! - -
2(1 - Raq) 2::1 {(i—kl)QFi [hg (1 —1-2 2 (1-0)] )] }
and
N 1
Brec = dmax : (2.7.22)
21— Ra) Y- {(i+ 120 (1- €2}

i=1

Remark 2.9. From (2.7.21)), Theorem indeed yields a stronger

concentration inequality than the one in Theorem [2.7.5]

Remark 2.10. In the limit where C' — 1 bit per channel use, it follows
from that, if d'** < oo, then B — oo. This differs from the
value of B in Theorem [2.7.5] which does not depend on the channel
capacity and is finite. Note that B should indeed be infinity for a perfect
channel, and therefore Theorem [2.7.7]is tight in this case. Moreover, in
the case where d2'** is infinite, we get the following result:

Lemma 2.7.8. If d*** = oo and p/(1) < oo, then B — oo in the limit
where C' — 1.

Proof. See Appendix O

This differs from the value of B in Theorem [2.7.5, which vanishes
when d2®* = co, making it useless in the latter case (see Example|2.11)).

Example 2.10 (Comparison of Theorems and for right-regular
LDPC code ensembles). Consider the case where the communication

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
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BEC, the threshold of the channel bit erasure probability under belief-
propagation (BP) decoding is given by

PEP = L =0.0531,

ety T (1— )1
which corresponds to a channel capacity of C' = 0.9469 bits per channel
use (note that the above calculation of pgp for the BEC follows from
the fixed-point characterization of the threshold in [16, Theorem 3.59]
with the pair of degree distributions A(z) = z and p(x) = z'?). For the
BIAWGNC, the threshold under BP decoding is equal to ogp = 0.4157
(this numerical result is based on a computation that follows from [57,
Example 11]). From [16, Example 4.38] that expresses the capacity of
the BIAWGNC in terms of the standard deviation ¢ of the Gaussian
noise, the minimum 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 over both channels, the capacity of the BEC
and BIAWGNC is set to 0.98 bits per channel use.

Since the code ensemble is right-regular with d. = 20, the value of
B in Theorem [2.7.7) is improved by a factor of

()

For the BEC, the result is improved by a factor of

-2
= 5.134.

(1— %)% =9.051.

This follows from the tightened value of B in ([2.7.22f), which improves
the concentration inequality in Theorem [2.7.5]

Example 2.11 (Comparison of Theorems and for a heavy-tail
Poisson distribution (Tornado codes)). The capacity-achieving sequence
of the so-called Tornado codes for the BEC was introduced in [50]
Section IV], [128] (see also [16, Problem 3.20]).

Suppose that we wish to design Tornado code ensembles that
achieve a fraction 1—¢ of the capacity of a BEC under iterative message-
passing decoding (where € can be set arbitrarily small). Let p denote
the bit erasure probability of the channel. The parity-check degree is
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Poisson-distributed, and therefore the maximal degree of the parity-
check nodes is infinity. Hence, B = 0 according to Theorem [2.7.5]
which renders this theorem useless for the considered code ensemble.
On the other hand, from Theorem [2.7.7]

i 2
3 (i +1)°T; lh2 (1 _202 )]

(a)
<) (i+1)°Ty

(b) i pii+2)

1
| o) dx
0
(c)

= (p'(1) +3)dg"® + 1

@ (YO
A2

+1

+ 3> & 41
() /1
< (+3) 0 4 1
pA2
1
0 (2)
€
with the following justification:

e inequality (a) holds since the binary entropy function to base 2
is bounded between zero and one;

e equality (b) holds since

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);

e equality (c) holds since

avg
di's =

/01 p(x) dx’

where d2'® denotes the average parity-check node degree;
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e cquality (d) holds since A'(0) = Ag;

e inequality (e) is due to the stability condition for a BEC with an
erasure probability p, which states that satisfying the inequality
pN(0)p'(1) < 1 is a necessary condition for reliable communica-
tion under BP decoding (see [16, Theorem 3.65));

e cquality (f) follows from the analysis in [127, Appendix VI] (an
upper bound on Ay is derived in [127, Eq. (120)], and the average
parity-check node degree scales like log %)

It therefore follows from the above chain of inequalities and ([2.7.21])
that, for a small gap to capacity, the parameter B in Theorem [2.7.

B:o<log;®>.

Theorem is therefore useful for the analysis of this LDPC code
ensemble. As is shown above, the parameter B in tends to zero
rather slowly as we let the fractional gap € tend to zero (which therefore
demonstrates a rather fast concentration in Theorem [2.7.7)).

scales (at least) like

Example 2.12. Here, we continue with the setting of Example on
the (n,dy,d.) regular LDPC code ensemble, where d, = 2 and d, = 20.
With the setting of this example, Theorem gives

P(|H(X[Y) — ELppcmap [H(X[Y)]| > &vn)
< 2exp(—0.0113€2), V&> 0. (2.7.23)

As was mentioned already in Example the exponential inequali-
ties in Theorem [2.7.7 achieve an improvement in the exponent of The-
orem [2.7.5] by factors of 5.134 and 9.051 for the BIAWGNC and BEC,
respectively. One therefore obtains from the concentration inequalities
in Theorem that, for every £ > 0,

P(|H(X|Y) — ELppcnap [H(X[Y)]| > &vn)
{zexp(—o.05sog2), (BIAWGNC)
<

(2.7.24)
2exp(—0.1023¢2),  (BEC)
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2.7.5 Concentration results for OFDM signals

Orthogonal-frequency-division-multiplexing (OFDM) is a widely used
modulation scheme that converts a high-rate data stream into a large
number of closely spaced orthogonal sub-carrier signals. These sub-
carriers are used to transmit data steams over parallel narrow-band
channels. OFDM signals are used in various international standards for
digital television and audio broadcasting, DSL internet access, wireless
networks, and the fourth generation (4G) mobile communications. For
a textbook treatment of OFDM, the reader is referred to, e.g., [129,
Chapter 19].

The primary advantage of OFDM signals over single-carrier modu-
lation schemes is in their immunity to severe channel conditions (e.g.,
attenuation of high frequencies in a long copper wire, narrowband inter-
ference and frequency-selective fading due to multipath propagation)
without using complex equalization filters. This important advantage
arises from the fact that channel equalization is significantly simplified
due to the fact that the OFDM modulation scheme can be viewed as
using many slowly-varying modulated narrowband signals rather than
one rapidly-varying modulated wideband signal. Nevertheless, one of
the significant problems of OFDM signals is that the peak amplitude of
such a signal is typically much larger than its average amplitude. The
high peak-to-average power ratio (PAPR) of OFDM signals makes their
transmission sensitive to non-linear devices in the communication path,
such as digital-to-analog converters, mixers and high-power amplifiers.
As a result of this drawback, linear transmitter circuitry is required for
OFDM signals, which suffers from a poor power efficiency. For a recent
comprehensive tutorial that considers this long-lasting problem of the
high PAPR, and some related issues, the reader is referred to [130].

Given an n-length codeword {Xi}?;ol, a single OFDM baseband
symbol is descrlbed by

7 2mit

s(t) = \F Z X; exp( - ), 0<t<T (2.7.25)

Let us assume that Xo, ..., Xn—1 are complex random variables, and
|Xi| =1 a.s. (for the moment, these random variables may be depen-
dent; however, later in this section, some concentration inequalities are
derived for the case where these random variables are independent).
Since the sub-carriers are orthonormal over [0,7], the signal power
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over the interval [0,7] is 1 a.s.:

;/OT |s(t)[2dt = 1. (2.7.26)

The crest factor (CF) of the signal s, composed of n sub-carriers, is
defined as

CF,(s) = Jnax. |s(t)]. (2.7.27)

Commonly, the impact of nonlinearities is described by the distribution
of the CF of the transmitted signal [I31I], but its calculation involves
time-consuming simulations even for a small number of sub-carriers.
From [132] Section 4] and [133], it follows that the CF scales with high
probability like vInn for large n. In [131, Theorem 3 and Corollary 5],
a concentration inequality was derived for the CF of OFDM signals. It
states that, for an arbitrary ¢ > 2.5,

clnlnn 1
IP(‘CFn(s) ~Vinn| < T ) =1 —O<W>.

Remark 2.11. The proof of this rather strong concentration inequality

(see [131, Appendix C]) requires some assumptions on the distribution
of the X;’s (see the two conditions in [I3I, Theorem 3], followed by
[131] Corollary 5]). These requirements are not needed in the following
analysis, and the derivation of the concentration inequalities which are
introduced in this subsection is much simpler and provides some insight
into the problem, although the resulting concentration result is weaker
than the one in [I31], Theorem 3.

The concentration of the crest factor of OFDM signals is studied
in the following via the Azuma—Hoeffding inequality, its refined version
in Theorem and McDiarmid’s inequality. The symbols {X; }?:_01
are assumed to be independent complex-valued random variables with
magnitude 1, attaining the M points of an M-ary PSK constellation
with equal probability. The material in this section relies on [134].

Concentration via the Azuma—Hoeffding inequality: Let us define
the random variables

Y;:E[CF,,Z<S)’X0,,X1_1], ZZO,,TL (2728)
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Based on a standard construction of martingale sequences (see Fact 2
in Section , {Y;, Zi}i is a martingale where .%; is the o-algebra
generated by the first i symbols (Xp,...,X;—1) in (2.7.25). Hence,
o C F C ... C Z, is a filtration. This martingale also has bounded
differences: 9
’}/i_}/i—ﬂg%a ie{lv'--’n}

since revealing the additional i-th coordinate X; affects the CF, as
defined in (2.7.27)), by at most % (see the first part of Appendix . It
therefore follows from the Azuma—Hoeffding inequality that, for every

a >0,

2
P(|CF,(s) — E[CF,(5)]| > @) < 2exp (—2) : (2.7.29)

which demonstrates concentration around the expected value.

Concentration of the crest factor via Theorem [2.5.5 We will now
use Theorem to derive an improved concentration result. For the

martingale sequence {Y;}7, in (2.7.28)), Appendix gives that a.s.

2 2
Yi-Yial < =, E[(Y; - Yi1)*|Fia] <~ (2.7.30)
for every ¢ € {1,...,n}. Note that the conditioning on the o-algebra
F;_1 18 equivalent to conditioning on the symbols Xy, ..., X; o, and
there is no conditioning for i = 1. Further, let Z; = \/nY; for 0 <1i < n.

Theorem [2.5.5] therefore implies that, for an arbitrary a > 0,

B(ICF, (s) — E[CE, (s)]] > a)
— (Y, - Yo| > a)
= IP’(]Zn — Z0] > a\/ﬁ)

< 2exp (—Of (1 + O(%))) (2.7.31)

(since § = § and v = % in the setting of Theorem [2.5.5). Note that the

exponent in the last inequality is doubled as compared to the bound
that was obtained in (2.7.29)) via the Azuma—Hoeffding inequality, and

the term that scales like O (ﬁ) on the right side of (2.7.31)) is expressed

explicitly for finite n (see the proof of Theorem [2.5.5]).
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Establishing concentration via McDiarmid’s inequality: We use in
the following McDiarmid’s inequality (see Theorem in order to
prove a concentration inequality for the crest factor of OFDM signals.
To this end, let us define

U = ma<xT|s(t; X(), ce 7Xi—17Xi; ce ,Xn_l)’

0<t
V£ max [s(6 Xo, o X{g, Xy X )|
where the two n-dimensional vectors (X, ..., X;-1, X, ..., Xp—1) and

(Xo,..., X! 1, Xi,...,X,_1) may only differ in their i-th coordinate.
This then implies that

— < ; i iy _
|U V| = OgltaSXT‘S(t,XO’ 7XZ 17X27 7Xn 1)

—S(t; X(), ey Z(_l,XZ‘, . ,Xn_l)‘

1 , j2mit
= o, 7z (X = X e ()|
_ X =X 2
vn —n’
where the last inequality holds by the triangle inequality, and since
| X;—1] = |X/_4| = 1. Hence, McDiarmid’s inequality in Theorem m
implies that, for every a > 0,

062
P(|CF(s) — E[CFn(s)]| > a) < 26Xp<—2> (2.7.32)

which demonstrates concentration of the CF around its expected value.
The improvement in the exponent of McDiarmid’s inequality is by a
factor of 2 in comparison to the refined version of the Azuma—Hoeffding
inequality in Theorem McDiarmid’s inequality will be proved in
two alternative ways in Chapter [3| by the use of the entropy method
and information-theoretic tools, and it will be further proved useful in
information-theoretic problems.

To conclude, the concentration inequalities for the crest factor of
OFDM signals are derived in this section under the assumption that
the symbols are statistically independent. The first two inequalities
rely on the Azuma—Hoeffding inequality and its refined version (see
Theorem , and the third one relies on McDiarmid’s inequality.
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Although these concentration results are weaker than several existing
results for OFDM signals (see [131] and [I33]), they demonstrate the
concentration of the crest factor in a rather simple way while providing
further insight into the problem.

2.8 Summary

This chapter introduces several classical concentration inequalities for
discrete-time martingales with bounded differences, and it exemplifies
their applications in information theory, communications and coding.

The exposition here starts with the martingale decomposition and
the Chernoff bound (Section , the Efron-Stein-Steele inequalities
(Section [2.3)), and Hoeffding’s Lemma (Section [2.4)); these enable to
derive concentration inequalities via the martingale approach.

This chapter introduces the Azuma-Hoeffding inequality for
discrete-time martingales with bounded differences [I1], [12], followed
by several refined versions of this inequality (see Sections and .
The martingale approach is also applied in this chapter to derive a con-
centration inequality (around the mean) for a real-valued function of
n independent random variables, under the assumption that the value
of this function changes by a bounded amount whenever any of its n
input variables is changed arbitrarily while the other n — 1 variables
are held fixed. A common method for proving concentration of such a
function of independent random variables revolves around McDiarmid’s
inequality, whose original proof in [8] relies on the martingale approach
(Section. Although its derivation has some similarity to the proof
of the Azuma—Hoeffding inequality (Theorem , the assumptions
of McDiarmid’s inequality (Theorem yield an improvement by a
factor of 4 in the exponent of this bound.

The exposition in this chapter is followed by a discussion on the
relation of concentration inequalities for discrete-time martingales to
several selected classical results in probability theory (see Section .
These include the central limit theorem for discrete-time martingales,
the moderate deviations principle, and the suitability of concentration
inequalities in this chapter for functions of discrete-time Markov chains.

Section [2.7]is focused on applications of several of the concentration
inequalities in Chapter [2] to information theory, communications, and
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coding. These include the derivation of expansion properties of random
bipartite graphs, concentration inequalities for low-density parity-check
(LDPC) code ensembles, and concentration results for the crest factor
(or the peak-to-average power ratio) of orthogonal-frequency-division-
multiplexed (OFDM) signals. These inequalities also prove to be useful
for the analysis of polar codes [I7], and for the derivation of achievable
rates and random coding error exponents, under maximum-likelihood
decoding, when the data transmission takes place over linear or non-
linear additive white Gaussian noise channels with or without memory
[18, 19, 20].

Nice applications of these concentration inequalities to discrete
mathematics and random graphs are provided, e.g., in [8, Section 3],
[13, Chapter 7] and |28, Chapters 1-2].

For further reading, refined and tightened versions of several of the
concentration inequalities which are introduced in this chapter were
recently derived in the literature (see, e.g., [2, 111} 112} 135, 136, 137,
138, 139, [140l 141]). A recent interesting avenue that follows from the
inequalities in this chapter is their generalization to random matrices
(see, e.g., [10, 22, 23, 24]). The interested reader is also referred to
[142] 143, 144] for concentration inequalities which refer to martingales
whose differences are not necessarily bounded, followed by applications
in graph theory [142].

2.A Proof of Bennett’s inequality

The inequality in is trivial for A = 0, so we prove it for A > 0.
Let Y 2 A\(X — %) for A > 0. Then, by assumption, Y < (b —T) = by
a.s. and var(Y) < A\202 £ ¢Z. It is therefore required to show that, if
E[Y] =0, Y < by, and var(Y) < o, then

b2 _% o2
Ele¥] < | —X— DN —" E— R 2.A.1
)= (@m@) ¢ <b2/+a,2, ¢ (2A.1)

2
Let Yy be a random variable that takes two possible values —%’ and
by with probabilities

o R s D I[D(Y—b)—i (2.A.2)
7 Ty ) T2 o2 0T T s
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Then inequality (2.A.1)) is equivalent to
E[eY] < E[e¥?], (2.A.3)

which is what we will prove. To that end, let ¢ be the unique parabola
such that the function

fly) = oly) —¢’, VyeR
is zero at y = by, and which satisfies f(y) = f'(y) =0 at y = —%.

2
Since f(—%) = f(by) (by assumption, both are equal to zero), we
2
must have f/(y) = 0 for some y; € (—Z—’Y’, by). By the same argument

2 2
applied to f’ on [—Z—‘Y’,yl], it follows that there exists yo € (—%,yl)
such that f”(yo) = 0. Furthermore, since ¢” is constant, it follows that
f"(y) cannot be zero at more than one value of y, which implies that
f"(y) is equal to zero at the single value yg. The function f is convex
on (—o0, yo| (since, on this interval, f”(y) = ¢"(y) —e¥ > ¢"(y) —e¥0 =
&"(yo) — e’ = f"(yo) = 0), and its minimal value on this interval
is attained at y = —7% (since at this point f’ is zero); this minimal

by
value is zero. Furthermore, the function f is concave on [yg, 00) (since
its second derivative is non-positive on this interval), and it attains
its maximal value on this interval at y = y; (since f'(y1) = 0 and
Y1 > yo). By construction, f(by) = 0; this implies that f > 0 on the
interval (—oo, by |, so E[f(Y")] > 0 for an arbitrary random variable Y
such that Y < by a.s., which therefore gives

E[e"] < E[¢(Y)],

with equality if P(Y € {—%,by}) = 1. Since f"(y) > 0 for y < yo, it
must be the case that ¢"(y) —e¥ = f"(y) > 0 for y < yo, so ¢"(0) =
¢"(y) > 0 (recall that ¢” is constant since ¢ is a parabola). Hence, for
every random variable Y of zero mean, E[¢(Y')], which only depends
on E[Y?], is a non-decreasing function of E[Y2]. The random variable

2
Yy that takes values in {—%, by }, and whose distribution is given in
([2.-A2)), is of zero mean and variance E[Y{] = 0%, so

E[¢(Y)] < E[¢(Y0)].

Note also that
E[¢(Y0)] = E[e™?]



2.B. On the moderate deviations principle 79

2
since f(y) = 0 (ie., ¢(y) =€) if y = —% or by, and Yj only takes
these two values. Combining the last two inequalities with the last
equality gives inequality (2.A.3)), which therefore completes the proof

of Bennett’s inequality in (2.5.26)).

2.B On the moderate deviations principle

Here we show that, in contrast to the Azuma—Hoeffding inequality,
Theorem [2.5.2 provides an upper bound on

P (‘znjx
=1

which coincides with the exact asymptotic limit in under an
extra assumption that there exists some constant d > 0 such that
| Xk < d a.s. for every k € N. Let us define the martingale sequence
{Sk, Fr}i_y where

Zom"), Va>0

k
SkéZXh tg.k‘ég‘()(la"'?)(lﬂ)
i=1
for every k € {1,...,n} with Sy = 0 and %y = {0, Q2}. This martingale
sequence has uniformly bounded differences: | S, —Si_1| = |Xi| < d a.s.
for every k € {1,...,n}. Hence, it follows from the Azuma—Hoeffding
inequality that, for every a > 0,

a2n2n-1
> M < -
]P’(|Sn|_om)_26xp< 52 >

and therefore
2

. ) (07
nh_)rglonl T InP(]Sy| > an’) < o (2.B.1)

This differs from the limit in where o2 is replaced by d?, so the
Azuma-Hoeffding inequality does not provide the asymptotic limit in
(2.6.5) (unless 02 = d?, i.e., | Xi| = d a.s. for every k).

An analysis that follows from Theorem[2.5.% The following analysis
is a slight modification of the analysis in the proof of Theorem [2.5.5]
with the required adaptation of the calculations for n € (%, 1). It follows
from Theorem that, for every a > 0,

5“ f)/
n _ _J
P(|S,| > an )<2exp( nH(1 Hl ))
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where 7 is introduced in (2.5.24), H(p||q) is the divergence in ([2.5.25)

from the Bernoulli(p) to Bernoulli(q) probability measures, and 4, in

(2.5.50)) is replaced with

o
8y 2 nld‘" = on~ =M (2.B.2)

due to the definition of § in (2.5.24)). Following the same analysis as in
the proof of Theorem it follows that for every n € N

2, 2n—1 B
P(|Sn] > an) < 2exp <—5 i {1 + a(; 7) P ) T ])

2y yd

2

and therefore (since, from ([2.5.24)), % =%)

CVZ

1-2n n N,
lim n InP(|S,| > an”) < 552"

Hence, this upper bound coincides with the exact asymptotic result in
(12.6.5)).

2.C Proof of Theorem m

From the triangle inequality, we have

Pﬂﬂmg—ﬂ%$

ndy
_pQZ”@> E[Z)(s)]

> 5) (2.C.1)

>ej2) + ( >dﬁ.

If inequality ([2.7.6) holds a.s., then P Z() 5/ 2

therefore, using (|2 , We deduce that (2.7.7] l follows from (12.7.5] j and
- ) for any € > () and n > 2. We start by proving 1 .5)). For an
arbitrary sequence s, the random variable Z()(s) denotes the number

E[Z0(s)]

o —p¥(s)

ndy ndy

of incorrect variable-to-check node messages among all nd, variable-to-
check node messages passed in the £-th iteration for a particular graph
G, and decoder-input Y. Let us form a martingale by first exposing the
ndy, 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
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random variable Z; £ E[Z(s)|a1, ..., 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 Fact [2| in Section , where
Zy = 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 for proving concentration around the expected
value Zy. To this end, let us 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 of

a2 (dy — 1+ 2Wdy)(d. — 1),

there are a total of
-1
N =1+do(dy —1+2Wdy) > o
i=0
edges related to the code structure (variable-to-check node edges or
vice versa) in the neighborhood N, e@ . By symmetry, the two edges can
affect at most ZNG@ neighbors (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 includes 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, 3 o
i=0

variable-to-check node edges. Therefore, a change of a received out-
put symbol can affect up to Ng ) variable-to-check node messages. We

conclude that \ZH — Z\ < 2Né€) for the first nd, exposures, and
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\ZH — Z] < Nl(/é) for the last n exposures. Applying the Azuma—
Hoeffding inequality, we get

IP’( 20s) E[z<f><s>1| > )

<2exp | —

ndy ndy

(ndye /2)*
2 ) )

and a comparison of this concentration inequality with (2.7.5) gives

that
1 8 (4N + (v)2)
3 = 2 : (2.C.2)
Next, proving inequality relies on concepts from [57] and
[121]. Let IE[Zi(Z) (s)], for i € {1,...,nd,}, be the expected number of
incorrect messages passed along edge e/ after £ rounds, where the aver-
age is with respect to all realizations of graphs and all output symbols

from the channel. Then, by symmetry in the graph construction and

by linearity of expectation, it follows that

nd-

E[ZO(s)] = 3 E[29 ()] = nd E[2"(s)], (2.C.3)
=1

and
E[Z{"(s)]

= E[Z{Z) (s) \./\/;(»() is a tree] Pt(e) + E[Z{Z) (s) \./\/'g) not a tree Pf(g)

where Pt(z) and P{(K) 21— Pt(e) denote the probabilities that the sub-
graph /\/’5(6) is or, respectively, is not a tree. From Theorem we
have Pf(g) < I, where v is a positive constant which is independent of

n. Furthermore, E[Z{Z) (s) | neighborhood is a tree] = p¥)(s), so

E[Z{"(s)] < (1 - P)pP(s) + P < pO(s) + P

E[Z{7(s)] > (1 = PL)p(s) > p(s) — P17 (2.C.4)
Using (2.C.3)), (2.C.4) and the inequality P{(z) < I gives that
E[20)(s)]

O < p® <« T
ndy pls)| = t T n

Hence, if n > 2?7, then (2.7.6]) holds.
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2.D Proof of Lemma m

For proving Lemma one needs to show that, if p'(1) < oo, then

oo i 2
Jim > (i +1)°T; [hQ (1 _202 )] =0 (2.D.1)

=1

which, from (2.7.21), yields that B — oo in the limit where C' — 1.
By the assumption in Lemma since p/'(1) < oo,

[e o]

D ipi=p'(1) +1< o0,
i=1

and it follows from the Cauchy—Schwarz inequality that
=1 =1

Hence, the average degree of the parity-check nodes is finite:

Ve = < E pl) < 00
— g
i=1

and

o0

oo oo
S+ 1)Ti=> Ty +2) il + Y T
i=1 i=1 i=1 i
(e}
= d2'® (Zipi +2> +1<o0

i=1
where I'; denotes the fraction of parity-check nodes of degree ¢ and p;
denotes the fraction of edges that are connected to parity-check nodes
of degree i, and the last equality holds since

o 0i 0

M= o = = dove () Vi N.
S [ o ds l
=

This therefore implies that the infinite series in converges uni-
formly for C' € [0, 1], so the order of the limit and the infinite sum can
be exchanged. Every term of the infinite series in converges to
zero in the limit where C' — 1, so the limit in is zero. This
completes the proof of Lemma, [2.7.8
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2.E Proof of (2.7.30) for OFDM signals

Consider an OFDM signal from Section The sequence in ((2.7.28))
is a martingale. From ({2.7.27)), for every i € {0,...,n},

Y; = E[OgleT|s(t;Xo, . .,Xn,l)” Xo, ... ,XH].

The conditional expectation for the random variable Y;_ ;i refers
to the case where only Xo,...,X; o are revealed. Let X/ ;
and X;_ 1 be independent copies, which are also independent of
Xo0,..., X5-9,X;,...,Xn—1. Then, for every 1 < i < n,

Yio1= E[Oglfg%b(tXOa SERE) 1{—17Xi’ s 7Xn71)| ’X()v s 7Xi72:|
= E[O@fg%’s(t; X5 Xi1, Xiy oo, X)) ‘Xoy - >Xi—2>Xi—1}-

Since |[E(Z)| < E(]Z]), then for i € {1,...,n}

Y= Yial By xoox [[U=VI | Xooo X (2B1)

—1

where
U = 021%}%1|8(t; Xo, v ,Xifl,Xi, N ,Xn,1)|
V £ max |s(t; Xo, ..., X} 1, Xiye ooy Xn1)|-

0<t<T
From ([2.7.25))
|U - V| < OréltaSXT’S(t;XO’ s 7X1717Xi7 cee aanl)

- S(t;Xo,. . 'aXz{—laXia e ,Xn,1)|
j2m’t>’

1 !
T o0<i<r Vi ’(Xi—l - Xi 1) eXp(

_ X — X7
= NG )
By assumption, | X;_1| = |X/_;| = 1, which yields |¥; — Y;_1| < %

We now obtain an upper bound on the conditional variance
var(Y; | Zi_1) = E[(Y; — Yi—1)?| Zi—1]. Since (E(Z))2 < E(Z?) for a
real-valued random variable Z, from (2.E.1), (2.E.2)) and the law of

iterated expectations, it follows that

E[(Y; = Yi1)* | Fica] <+ BExr [ X1 — X[ | Ficd]

(2.E.2)
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where %; 1 is the o-algebra generated by Xj,...,X; 5. Due to
the symmetry in the PSK constellation, and the independence of
Xi—hX{_l in Xo, N ,Xi_g, we have

1
1
E[(Yi — Yi—1)?| Fiq] < - E[|Xi—1 — X]_1* | Xo,. .., Xi—2]
1
= H]E[|Xi,1 — X1

1 in
= ;E{\Xifl — Xi_* [ Xio1 = GJM}

1 Ml i jl1)m |2
= — ‘ eM —e M
20
M-1
4 of Tl 2
= — sin“( — | = —.
n M n

The last equality holds since

M—-1

Z sin? <7d> = 1 _1(1 — cos(m)>
=1 M 2 1=0 M






3

The Entropy Method, Logarithmic Sobolev
Inequalities, and Transportation-Cost Inequalities

This chapter introduces the entropy method for deriving concentration
inequalities for functions of a large number of independent random
variables, and it exhibits its fundamental connections to information
theory. The chapter is structured as follows. Sections (3.1 introduce
the basic ingredients of the entropy method, and the closely related
logarithmic Sobolev inequalities. This underlies the so-called functional
approach for the derivation of concentration inequalities. Section is
devoted to a related viewpoint which is 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. Section briefly summarizes results on concentration
inequalities for functions of dependent random variables, emphasizing
the connections to information-theoretic ideas. Section [3.6] lists several
applications of concentration inequalities and the entropy method to
problems in information theory, including 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.

87
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3.1 The main ingredients of the entropy method

As a reminder, we are interested in the following question. Let
X1,...,X, be independent random variables, each taking values in a
set X. Given a function f: X" — R, we wish to find tight upper bounds
on the deviation probabilities for the random variable U = f(X"), i.e.,
we are interested to bound from above the probability P(|JU —EU| > r)
for r > 0. If U has finite variance, then Chebyshev’s inequality gives

var(U)

72

P(JU —EU| >r) < , Vr>0. (3.1.1)
However, in many instances a bound like (3.1.1) is not nearly as tight
as one would like, so ideally we aim for Gaussian-type bounds

P([U —EU| > r) < K exp (—/17"2) , Vr>0 (3.1.2)

for some constants K,k > 0. Whenever such a bound is available, K
is typically a small constant (usually, K = 2), while x depends on the
sensitivity of the function f to variations in its arguments.

In the preceding chapter, we have demonstrated the martingale
method for deriving Gaussian concentration bounds of the form ,
such as the inequalities of Azuma and Hoeffding (Theorem and
McDiarmid (Theorem [2.4.3). 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 [59] (see
also [0]). In the following, we will always assume (unless it is specified
otherwise) that the following conditions are satisfied by the function
f: X" — R and the probability distribution P of X™:

o U = f(X") has zero mean: EU = Ef(X™) =0
e U is exponentially integrable:
Elexp(AU)] = E [exp (A f(X™))] < oo, vieR  (3.1.3)
[another way of writing this is exp(Af) € L*(P) for all A € R].
In a nutshell, the entropy method has three basic ingredients:

1. The Chernoff bound — using Markov’s inequality, the problem
of bounding the deviation probability P(|U —EU| > r) is reduced
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to the analysis of the logarithmic moment-generating function

A: R — R defined by
A(N) = nE[exp(AU)], A eR. (3.1.4)

(This is also the starting point of the martingale approach, see

Chapter [2])

. The Herbst argument — the function A(\) is related through

a simple first-order differential equation to the relative entropy
(information divergence)

dPA)
D(PM)|P) =Epnp [m 5 (3.1.5)
AP apA)
— Pl 7 P | (3.1.6)

where P = Pxn is the probability distribution of X", and PAf)
is the tilted probability distribution defined by

dpPAX) exp(Af)
= = Af—AN)). 3.1.7
T B — P (M~ AW) (3.1.7)
If the function f and the probability distribution P are such that

2
D(PAD|P) < % (3.1.8)

for some ¢ > 0, then the Gaussian-type bound (3.1.2)) holds with
K =2 and vk = i The standard way to establish (3.1.8) is
through the so-called logarithmic Sobolev inequalities.

. Tensorization of the entropy — it is in general difficult to

derive a bound like directly. Instead, one typically takes
a divide-and-conquer approach: relying on the fact that Px«» is a
product distribution (by the assumed independence of the X;’s),
the divergence D(PM)||P) is bounded from above by a sum of
“one-dimensional” (or “local”) conditional divergencdﬂ terms

(P

X;|X || Px,

A .
P)(?ﬁ), i=1,...,n (3.1.9)

'Recall the usual definition of the conditional divergence:

D(Pyy||Qvv|Pv) £ /D(PVlU:uHQle:u) dPy(u).
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where, for each i, X’ € X"~ denotes the (n — 1)-tuple obtained
from X" by removing the i-th coordinate, i.e.,

X = (X1, ., Xii1, Xig1, .., Xn). (3.1.10)

Despite their formidable appearance, the conditional divergences
in (3.1.9) are easier to handle because, for each given realization
X% = 7%, the i-th such term involves a single-variable function
fi(-]2"): X — R defined by

file|d) & f(z1,.. w2, @040, 1), wEX,  (3.111)

(Af)

and the corresponding tilted distribution PX»|X’i=fi’ where
apM). ext (A £ (|5 ,
xixiat ST i g (3119
dPx;, E [exp (A fi(X;]z?))]
From (3.1.7) and (3.1.12)), it is observed that the conditional
distribution P)(? %1:5& is nothing but the tilted distribution
P)(g\if i('ﬁi)). This simple observation translates into the following:
if the function f and the probability distribution P = Pxn are
such that there exist constants cq,..., ¢, > 0 for which
D(PRFY | Py ) < Lein? (3.1.13)

holds for every i € {1,...,n} and ¢ € X"~ !, then (3.1.8) holds
with ¢ = Y71 ¢; (to be shown explicitly later), which in turn
gives the following bound for all r» > 0:

2
23 ci

Again, one would typically use logarithmic Sobolev inequalities
to verify (3.1.13]). Conceptually, the tensorization step is similar
to “single-letter” techniques which are common in information

P(|f(X") —Ef(X")| > 1) < 2exp (- > . (3.1.14)

theory.

In the following, we elaborate on these three ingredients. Logarithimic
Sobolev inequalities and their various applications to concentration of
measure inequalities are described in detail in Sections and
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3.1.1 The Chernoff bounding technique revisited

The Chernoff bound in Section reduces the problem of bounding
the deviation probability P(U > r) to the analysis of the logarithmic
moment-generating function:

PU >7) <exp (AA) = M), ¥YA>0. (3.1.15)
The following properties of A(-) will be useful later on:
e A(0)=0

e Because of the exponential integrability of U (see (3.1.3))), A(+) is
infinitely differentiable, and one can interchange derivative and
expectation. In particular,

NN = W, (3.1.16)
s E[U%exp(\U)]  (E[Uexp(AU)]\?
N = RGO~ CEeor ) - B

Since we have assumed that EU = 0, we have A’(0) = 0 and
A’(0) = var(U).

e Since A(0) = A’(0) = 0, we get

AN
lim == = 0. (3.1.18)

3.1.2 The Herbst argument

The second ingredient of the entropy method consists in relating the
logarithmic moment-generating function to a certain relative entropy.
The underlying technique is often referred to as the Herbst argument
because its basic idea had been described in an unpublished 1975 letter
from I. Herbst to L. Gross (the first explicit mention of this letter
appears in a paper by Davies and Simon [145]).

Given a function g: X™ — R such that Elexp(g(X™))] < oo with
X" ~ P, let us denote by P9 the g-tilting of P:

dp) exp(g)

= el (3.1.19)
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Then

dpP@
(9) — (9)
D(PY||P) /ann( - )dP

dpP@ dpr@
:/n dP ln( dP )dP

= Elgexp(g)] In Efexp(g)]. (3.1.20)

Elexp(g)]
In particular, if we let g = tf for t € R, then

D(PY|P) = W —InElexp(tf)]

=tN(t) — A(t)
= ﬁg <A(t)> , (3.1.21)

dt t
where in the second line we have used (3.1.16)). Integrating from ¢ = 0
to t = X\ and using (3.1.18)), we get
* D(PUP)
AN = A /0 A (3.1.22)

Combining (3.1.15)) and (3.1.22]), we have proved the following:

Proposition 3.1. Let U = f(X") be a zero-mean random variable that
is exponentially integrable. Then, for every r > 0,

A (tf)
P(U >r) <exp <)\/ W dt — Ar) , VA>0. (3.1.23)
0

Consequently, the problem of bounding the deviation probabilities
P(U > r) is reduced to the problem of bounding the relative entropies
D(P®)||P). In particular, we have
Corollary 3.1.1. If the function f and the probability distribution P
of X" are such that

(th) ct?
D(PY||P) < 50 Vt>0 (3.1.24)

for some constant ¢ > 0, then

P(U >r) <exp (—) ., Vr>0. (3.1.25)
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Proof. Using (3.1.24]) to upper-bound the integrand on the right side
of (3.1.23)), we get

)\2
P(U > r) <exp <62 - Ar) , V> 0. (3.1.26)
Optimizing over A > 0 to get the tightest bound gives A = , and its
substitution in (3.1.26)) gives the bound in (3.1.25). O
From (3.1.22)), we see that, if P and f are such that the inequality
ct?
p(P|p) < L

holds for all ¢ > 0 with some constant ¢ > 0, then A(\) < % for all
A > 0. Up to constants, the converse is also true [146, Problem 3.12]:

Proposition 3.2. If P and f (with Ep[f] = 0) are such that the in-

equality
c\?
AQ%:mH&ﬂgif, YA>0
holds with some constant ¢ > 0, then
ct?
D(PU||P) < - Yt=0.

Proof. Fix t > 0. Let E[-] denote expectation with respect to the tilted
distribution P*f), Then

- dpPr)
D(P(tf)||P):IE[1n dP]
_ [ap®H)
<mi |
_ :etf(X")]

A
[ 2tF(X™) ]

=InE —m

— A(2t) — 20(8),

where the inequality is by concavity of the logarithm. Now, since
Ep[f] = 0, we have

EpleM] > Erlfl =1,
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which implies that A(t) > 0 for all ¢. Consequently, for all ¢ > 0,

2
D(PD|P) < A(2t) < %

3.1.3 Tensorization of the relative entropy

The relative entropy D(P*/)||P) involves two probability measures on
the Cartesian product space X", so bounding this divergence directly
is difficult in general. This is where the third ingredient of the en-
tropy method, the so-called tensorization step, enters the picture. The
name “tensorization” reflects the fact that this step involves bound-
ing D(P)||P) by a sum of “one-dimensional” relative entropy terms,
each involving a conditional distribution of one of the variables given
the rest. The tensorization step hinges on the following simple bound:

Proposition 3.3. Let P and @ be probability measures on the product

space X" where P is a product measure. For every ¢ € {1,...,n}, let
X% denote the (n — 1)-tuple given in (3.1.10]). Then
n
DQIP) <3 D@y x| Px, | Q5.)- (3.1.27)
i=1
Proof.
n
D(Q[P) =) D(Qx,xi- | Px,xi-1 | Qxi1) (3.1.28)
i=1
ZTL
:ZD(QX”XFl || Px, |QX1'71) (3.1.29)

@
Il
—

where (3.1.28]) is due to the chain rule for the relative entropy; (3.1.29)
holds since X7, Xo, ..., X, are independent random variables under P,
implying that Py, x:—1 = Px,). Moreover, for i € {1,...,n},
D@y, x: | Px, | Qx:) — D(Qx,xi—1 | Px, | Qxi-1)
—Fh |In —22 | _ R [ 2l
Q [ " T dpy Q1M TPy,
4Qy, v
=Eg |In —————
N l d@Q x| xi—1

= D(Qx,x | Qx,xi-1 | Q%) = 0. (3.1.30)
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Hence, by combining (3.1.28))—(3.1.30)), we get (3.1.27]). O

Remark 3.1. The quantity on the right side of (3.1.27)) is actually
the so-called erasure divergence D~ (Q||P) between @ and P (see [147,
Definition 4]), which in the case of arbitrary @ and P is defined by

n

D= (Q||P) = ZD(QXZ.E@ I Px”)?i ‘ Qj(z) (3.1.31)
i=1

Because P is assumed to be a product measure in (3.1.27), we can
replace PXi\)?i 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

dQx,|x, _ dQx,|x, _ d@x,.x,
dPXl‘XQ dPX2|X1 dPXl,X2 ’

so, from (3.1.31]),

Di(QXhXQ H PX1,X2)

= D(Qx,x; | Pxy1x, | @x5) + D(Qxy1x, || Pxox, | @x1)

= 2D(QX1,X2 H PX1,X2)'
On the other hand, if X; = X under P and @, then D~ (Q||P) = 0,
but D(Q||P) > 0 whenever P # @, so D(Q|P) > D~ (Q||P) in this

case.

Applying Propositionwith Q = P®f) to bound the divergence in
the integrand in (3.1.23]), we obtain from Proposition the following:

Proposition 3.4. For every r, A > 0, we have
n P || Py, | PYD)

LD
P(U >r) <exp )\Z/ Xl X 2
i=1

dt — M | . (3.1.32)

The conditional divergences in the integrand in may look
formidable, but the remarkable thing is that, for each 7 and a given
X% = z' the corresponding term involves a tilting of the marginal
distribution Py,. Indeed, let us fix some i € {1,...,n}, and for each
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choice of #* € X"~! let the function f;(-|7'): X — R be given in

(3.1.11). Then,

() _
Wrixies e (1) (3.1.33)
dPx;  Elexp (fi(Xi[z"))]
In other words, )((f)‘XZ - 1s the fi(-|z%)-tilting of Px,. This is the

essence of tensorization: the n-dimensional problem of bounding
D(P®)|| P) is effectively decomposed into n one-dimensional problems,
where the i-th problem involves the tilting of the marginal distribution
Px, by functions of the form f;(-|z): X — R. In particular, we get the
following:

Corollary 3.1.2. Let the function f and the probability distribution P

of X" satisfy the condition that there exist constants ci,...,¢, > 0
such that, for every ¢ > 0,
A -t2 .
D(PEED | Py ) < C’2 . Yie{l,...,n}, @ e a1 (3.1.34)

Then
IP’(f(Xn)_Ef(X")Zr)gexp< 222 ), Vr>0. (3.1.35)
16

Remark 3.2. Note the obvious similarity between the bound
and McDiarmid’s inequality . Indeed, as we will show later on
in Section it is possible to derive McDiarmid’s inequality using
the entropy method.

Proof. For every t > 0

PPy < ZD(P%XZ | Px, | PED) (3.1.36)
=1

-3 () (tf) (=i
_;/Xn_l (P 1 Px,) dPEP (@) (3.1.37)
=1

n
<D et (3.1.39)
i=1
which is justified as follows:



3.1. The main ingredients of the entropy method 97

e (3.1.36) follows from the Proposition
e (13.1.37)) holds by the definition of the conditional relative entropy;

e (3.1.38) follows from (3.1.11)) and (3.1.33)), which therefore imply

(tf) _ p(tfi(lzh),
that PXi\)?i::Ei = Py :

e (3.1.39) holds in view of ([3.1.34]).
Finally, (3.1.35) follows from (|3.1.36))—(3.1.39)) and Corollary O

3.1.4 Preview: logarithmic Sobolev inequalities

Ultimately, the success of the entropy method hinges on demonstrating
that the bounds in hold for the function f: X" — R and the
probability distribution P = Pxn» of interest. In the next two sections,
we will show how to derive such bounds using the so-called logarithmic
Sobolev inequalities. Here, we give a quick preview of this technique.
Let 1 be a probability measure on X', and let A be a family of real-
valued functions g: X — R, such that for every a > 0 and g € A, we
also have ag € A. Let F: A — Ry be a non-negative functional that is
homogeneous of degree 2, i.e., for every a > 0 and g € A, we have

E(ag) = a*E(g). (3.1.40)

We are interested in the case where there exists a constant ¢ > 0, such
that the inequality

D(u? ) < § ¢ B(g) (3.1.41)

holds for every g € A. Now suppose that, for each i € {1,...,n},

inequality (3.1.41) holds with ¢ = Px, and some constant ¢; > 0.
Let f: X — R be a function such that, for every z' € X"~ and
ie{l,...,n},

1. fi(]5) € A
2. B(fi(-]z") <1

where f;: X — R is defined in (3.1.11)). Then, the bounds in (3.1.34])
hold, since from (|3.1.41]) and the above properties of the functional F
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it follows that for every t > 0 and z* € A"~}
(tf _ (tfz 1z%)

E(t fi(-17Y)

E(fi(]z"))

l
2 €
<% cit?, Vie{l,...,n}.

| AN

Consequently, the Gaussian concentration inequality in (3.1.35)) follows
from Corollary [3.1.2]

3.2 The Gaussian logarithmic Sobolev inequality

Before turning to general logarithmic Sobolev inequalities in the next
section, we will illustrate the basic ideas in the particular case where
X1,..., X, are ii.d. standard Gaussian random variables. The log-
Sobolev inequality (LSI) in this instance comes from a seminal paper
of Gross [60], and it connects two key information-theoretic quantities,
namely the relative entropy and relative Fisher information. There exist
deep links between Gross’s LSI and other fundamental information-
theoretic inequalities, such as Stam’s inequality and the entropy power
inequality. Some of these links are considered in this section.

For every n € N and for every symmetric and 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,
or simply Gs when n = 1. We will also write G™ for G} when n > 2, and
G for Gi. We will denote by v%, 4, s, v", and 7 the corresponding
Gaussian probability densities.

We first state Gross’s inequality in its (more or less) original form:

Theorem 3.2.1 (Log-Sobolev inequality for the Gaussian measure). For
Z ~ G™ and for every smoot}H function ¢: R™ — R, we have

E[¢*(2) In ¢*(2)] - E[¢*(2) mE[¢*(2)] < 2E [|Vo(2)]?] . (3:2.1)

2Here and elsewhere, we will use the term “smooth” somewhat loosely to mean
“satisfying enough regularity conditions to make sure that all relevant quantities are
well-defined.” In the present context, smooth means that both ¢ and V¢ should be
square-integrable with respect to the standard Gaussian measure G".
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where || - || denotes the usual Euclidean norm on R™.

Remark 3.3. As shown by Carlen [14§], equality in (3.2.1) 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 3.4. There is no loss of generality by assuming in (3.2.1)) that
E[¢?(Z)] = 1. Then, (3.2.1]) can be rewritten as

E[¢*(2)In¢*(Z)] < 2B [[Vo(2)|?] if E[¢*(2)] =1, Z ~ G
(3.2.2)

Moreover, a simple rescaling argument shows that, for Z ~ G and an
arbitrary smooth function ¢ with E[¢?(Z)] = 1,

E[6*(2)In6*(2)] < 25E || Vo(2)|*]. (3.23)

We provide an information-theoretic proof of the Gaussian LSI
(Theorem later in this section; the reader is referred to [149]
for one of the typical proofs using techniques from functional analysis.

From an information-theoretic point of view, the Gaussian LSI
(Theorem relates two fundamental measures of (dis)similarity
between probability measures: the relative entropy (a.k.a. Kullback-
Leibler divergence, KL distance/divergence, information divergence),
and relative Fisher information (a.k.a. Fisher information distance).
The second information measure is defined as follows. Let P; and P
be Borel probability measures on R" with differentiable densities p;
and ps, and suppose that the Radon—Nikodym derivative % = % is
differentiable P»-a.s. Then, the relative Fisher information between P;
and Ps is defined as (see [27, Eq. (6.4.12)])

pi(2) |
p2<z>\ p1(2) dz

dpP;
dpPs

I(P||P) & /Rn va

=Ep, U’VIH

] (3.2.4)

whenever the integral converges. Under suitable regularity conditions,
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I(Py||P;) admits the equivalent form (see [I50), Eq. (1.108)])

2
— p1(2)
1(PP) =4 [ pa() |V (o)

dP ’
1
in

Remark 3.5. A condition under which (3.2.5)) holds is as follows. Let
&: R™ — R™ be the distributional (or weak) gradient of \/% = ,/%,
such that the equality

Oopl(z)'zz_—oo-z z)dz
/oo\/;@w()d = [mfz( )i(z)d (3.2.6)

holds for all # € {1,...,n} and all test functions ¢ € C2°(R") where
0;1 denotes the i-th coordinate of Vi) (see [I51, Section 6.6]). Then,

(3-2.5) holds provided & € L2(P).

Fix a smooth function ¢: R® — R satisfying the normalization
condition [pn »?>dG™ = 1; we can assume w.l.o.g. that ¢ > 0. Let Z
be a standard n-dimensional Gaussian random variable, i.e., Py, = G",
and let Y € R™ be a random vector with distribution Py satisfying

dPy  dPy
dP;  dGn
Then, on one hand, we have
dP dP
2 2 . Y Y
E[¢*(2)n6*(2)] =E | (G (@) 0 (D)) |

= D(Py|Py), (3.2.8)

dz

—4Ep, . (3.2.5)

= @2 (3.2.7)

and on the other hand, from (3.2.5)),
2

E[IVo(2)|2] = E Hv ()
= 1 [(Py||Pz). (3.2.9)

Substituting (3.2.8) and (3.2.9)) into (3.2.2), we obtain the inequality

D(Py|Pz) < 5 I(Py||Pz),  Pz=G", (3.2.10)
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holding for every Py such that Py < G™ and V\/ggi e L*G").

Conversely, for every Py < G satisfying (3.2.10]), we can derive (3.2.2)
by letting ¢ = 4/ 35%, provided V¢ exists (e.g., in the distributional
sense). Similarly, for every s > 0, (3.2.3) can be written as

D(Py||Pz) < §sI(Py|Pz),  Pz=Gl. (3.2.11)

We next apply the Gaussian LSI (see (3.2.1))) to functions of the form
¢ = exp(g/2) for all suitably well-behaved g: R™ — R. Then, we obtain

exp (9(Z))

S 21| < FE IV e (6(2)]

(3.2.12)

E lexp (9(Z2)) In

where Z ~ G™. If we let P = G" and denote by P the g-tilting of
P, the left side of is recognized as E[exp (g(Z))] - D(PY||P).
Similarly, the right side is equal to Elexp (¢9(Z))] -Eg;g.)[HVgHQ] with
Ej(pg)[-] denoting expectation with respect to P9). We therefore obtain
the so-called modified LSI for the standard Gaussian measure:

D(PYW|P) < %Egg) [vaH?} ’ P=Gg" (3.2.13)

which holds for all smooth functions g: R" — R that are exponentially
integrable with respect to G™. Observe that implies
with g = G", ¢ =1, and E(g) = | Vg|%.

In the remainder of this section, we provide an information-theoretic
proof of Theorem and discuss several applications of the modified
LSI for the derivation of Gaussian concentration inequalities
via the Herbst argument.

3.2.1 An information-theoretic proof of Gross’s LSI

In accordance with our general theme, we will prove Theorem [3.2.1] via
tensorization: we first show that the satisfiability of the theorem for
n = 1 implies that it holds for every n > 2 by scaling up to general n
using suitable (sub)additivity properties, and then establish the n =1
case. Indeed, suppose that holds in dimension 1. For n > 2,
let X™ = (Xy,...,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 = Pxn = G" is the product of n copies of the standard
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Gaussian distribution G. If we define a probability measure ) = Qx»
with dQ xn» /dPxn = ¢2, then using Proposition we can write

E 2 X" 2 X" E Q Q:|
P[P g0 =B |20
=D(Q|P)
n
<Y D(Qx,x:1Px.|Q%:). (3.2.14)
i=1
Following the same steps as the ones that led to (3.1.12)), we can define
for each i = 1,...,n and each T = (z1,...,%i_1,Tit1,...,Ty) € R*1
the function ¢;(-|z"): R — R via
¢Z<1“.i'l) = ¢($1, ey L1, X, T 1, - - ,J}n), Ve Rnil, z € R.
Then
Qs _ G
dPx, Epld7 (Xilzt)]

for all i € {1,...,n} and 7' € R"~1. With this, we can write

D(Qxiﬁi Px; 7')
[ dQX X
=FEo |l dPX‘, ]
@ In @ x:
dpP dPx,

BXIXY) ]
Ep[0? (XXX
I B < 7 (Xi| X7)
— Ep |6 X) In [¢2(X|X)|]]
- fo oo g R 4@, o219

Since each X; ~ G, we can apply the Gaussian LSI (3.2.1) to the
univariate functions ¢;(-|z') (note that we currently assume that the
Gaussian LSI holds for n = 1) to get

97 (Xi|7")
Ep[¢7 (Xi|z?)]

=Ep |¢*(X) ln

Ep lqﬁ?(Xi\a_:i)ln ] <2Ep

(dhnlah)’|  (3210)
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for all i = 1,...,n and all ¥ € R, where the prime denotes the
derivative of ¢;(x|z%) with respect to a:
dei(z|z") _ 0¢(2)

/ =1\ __

;=T

Since Xq,..., X, are i.i.d. under P, we can express (3.2.16) as

o7 (Xi|z")
Ep[¢7 (X;|77)]

where 0;¢ denotes the i-th coordinate of the gradient V¢. Substituting

this bound into , we have
2
D(Qx,x Qx:) <2Ep {(3@()( ) } :

Using this to bound each term in the sum on the right side of (3.2.14])
together with the equality Y ;" (8@(3:”))2 = [|[Vo(z™)|?, we get

Ep [62(X;]2") In

<2Ep [(Bio(X™M)* X" = 7],

Px,

Ep [6*(X") In¢*(X")] < 2Ep [[Vo(X™)]*], (3.2.17)

which is precisely the Gaussian LSI (3.2.2)) in R™. Thus, if the Gaussian
LSI holds for n = 1, then it also holds for all n > 2.

In view of the above argument, the Gaussian LSI is next proved for
n = 1. To that end, it is useful to express it in an equivalent form that
relates the Fisher information and the entropy power of a real-valued
random variable with a sufficiently regular density. The Gaussian LSI in
this form was derived by Stam [61], and the equivalence between Stam’s
inequality and was only noted much later by Carlen [148]. We
first establish this equivalence following Carlen’s argument, and then
give a new information-theoretic proof of Stam’s inequality that, unlike
existing proofs [64) [I152], does not directly rely on de Bruijn’s identity
or on the entropy-power inequality.

We first start with some definitions. Let Y be a real-valued random
variable with density py. The differential entropy of Y is given by

[e.e]

W) = h(py) 2 = [ py(y) Inpy()dy. (3218)

—0o0
provided the integral exists, and the entropy power of Y is given by

A exp(?h(Y)) )

N(Y) 2me

(3.2.19)
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Moreover, if the density py is differentiable, the Fisher information is

given by
00 d 2
J(Y) = J(py) = / (dy lnpy(y)> py (y)dy (3.2.20)
—E[R (V)] (3.2.21)
where py (y) = % Inpy(y) = zl’;gg is known as the score function.

Remark 3.6. An alternative definition of the Fisher information of a
real-valued random variable Y is (see [153] Definition 4.1])

JY) 2 sup { (BY/(V))": 9w € C, Blp?(Y)] =1} (3.2.22)

where the supremum in the right side of is taken over the set of
all continuously differentiable functions ¢ with compact support such
that E[1)2(Y)] = 1. Note that this definition does not involve derivatives
of any functions of the density of Y (nor it assumes that such a density
even exists). It can be shown that the quantity defined in exists
and is finite if and only if Y has an absolutely continuous density py,
in which case J(Y) is equal to (3.2.20) (see [I53, Theorem 4.2]).

We will need the following facts:

1. If D(Py||Gs) < oo, then

1 1 1 1 1
D(Py||Gs) = -In —— 4+ -lns— - + —EY?. 2.2
(Py|lGs) 2nN(Y)+2ns 5+ 5 (3.2.23)
This is proved by direct calculation: since D(Py||Gs) < oo, we
have Py < G and dP o = p Y Consequently,

el = [ <wmp(”®

_oo ¥s(y)
——h( )+ 11(2 )+iEY2
- 9 AT T o
1
Y 2 71 1y L gy
( h(Y) —In(2me)) + S Ins 51 95
1 1 1 1
= -In——+4-Ins—= —]EYQ
2 "Ny T2 T o

which is (3.2.23).
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2. If J(Y) < 0o and EY?2 < oo, then for every s > 0

1 2
[(Py||Gs) = J(Y) + 5 EY? = = < oo, (3.2.24)

where I(-||-) is the relative Fisher information (see (3.2.4))). This
equality is verified as follows:

oo 2
116 = [ vt (5 mev) = 5o dy

= /O:Opy(y) (py(y) + z>2dy

= B[R (V)] + 2 B[V py(Y)] + 5 BY?

=J(Y)+ % E[Y py (Y)] + 8—12EY2. (3.2.25)

Since EY? < oo, we have E|Y| < oo, and hence lim ypy (y) = 0.
y—+oo

Furthermore, integration by parts gives

E[Y py (Y)] = /_O:O y oy (v) py (y) dy

:/O:prg,(y) dy
= <y1grgo ypy (y) — ygryooypy(y)> - [ O:OPY(?J) dy
— 1 (3.2.26)

(see [I54, Lemma Al] for another proof). Substituting (3.2.26)
into (3.2.25)), we get ((3.2.24]).

We are now in a position to prove the following result of Carlen [148]:

Proposition 3.5. The following statements are equivalent to hold for
the class of real-valued random variables Y with a smooth density py,
such that J(Y) < oo and EY? < oo:

1. Gaussian LSI, D(Py||G) < & I(Py||G).
2. Stam’s inequality, N(Y)J(Y) > 1.
Proof. We first show the implication 1) = 2). If 1) holds for every
real-valued random variable Y as in Proposition it follows that
D(Py||Gs) < EI(PYHGS), Vs> 0. (3.2.27)
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Inequality can be verified from 7, together with
the equivalence of and (3.2.3). Since J(Y) and EY? are finite
by assumption, the right side of is finite and equal to (3.2.24]).
Therefore, D(Py||Gs) is also finite, and it is equal to ([3.2.23)). Hence,

we can rewrite (3.2.27)) as

1 1 1
—-In——++-Ins—

1 1
27 N(Y) 2 2

J(Y)+%

EY? < EY? —1.

L 1 S
2s 2
Since EY? < 0o, we can cancel the corresponding term from both sides

and, upon rearranging, obtain

1
lnm <sJ(Y)—1Ins—1.
Importantly, this bound holds for every s > 0. Therefore, using the fact
that

1+1Ina = inf(as —Ins), Va>0
>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. Note that it is first required to show that
D(Py||Gs) < oo. Since by assumption J(Y') is finite and 2) holds,

also ﬁ is finite; since both E[Y?] and W are finite, it follows from
(3.2.23)) that D(Py||Gs) is finite. O

Remark 3.7. Carlen’s original derivation in [148] 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 in Proposition [3.5| are much weaker, requiring
only that Py has a differentiable and absolutely continuous density, as
well as a finite second moment.

We now turn to prove Stam’s inequality. Without loss of generality,
we may assume that EY = 0 and EY? = 1. Our proof will exploit the
formula, due to Verdu [I55], that expresses the divergence between two
probability measures 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 1/sY + Z, where
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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,
the minimum MSE (MMSE) at SNR s is defined as

mmse(Y, s) £ inf E[(Y — o(\/sY + Z))?], (3.2.28)

where the infimum is taken over all measurable functions (estimators)
p: R — R. It is well-known that the infimum in (3.2.28)) is achieved by
the conditional expectation u — E[Y|\/sY + Z = u], so

mmse(Y,s) = E [(V ~ E[Y[V5Y + 2])°].

On the other hand, suppose we assume that Y has distribution @) and
therefore use the mismatched estimator u — Eq[Y|\/sY + Z = u],
where the conditional expectation is computed assuming that Y ~ Q.
Then, the resulting mismatched MSE is given by

mseq(V,5) = E |(V — Eq[Y|v/5Y + 2])°], (3.2.29)

where the outer expectation on the right side is computed using the
correct distribution P of Y. Then, the following relation holds for the
divergence between P and @ (see [I55, Theorem 1]):

D(P|Q) = % /O * [mseo(Y; 5) — mmse(Y, )] ds. (3.2.30)

We will apply the formula (3.2.30) to P = Py and Q = G, where Py
satisfies EY = 0 and EY? = 1. In that case it can be shown that, for
every s > 0,

mseg (Y, s) = mseg (Y, s) = Immse(Y s), (3.2.31)

where Immse(Y, s) is the linear MMSE, i.e., the MMSE attainable by
an arbitrary affine estimator u — au +b (a,b € R):

Immse(Y, s) = inf E (Y —a(vsY +2) - b)°]. (3.2.32)
a,be
The infimum in (3.2.32)) is achieved by a* = 1—\{55 and b = 0, giving

1
145

Immse(Y, s) = (3.2.33)
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Moreover, mmse(Y, s) can be bounded from below using the so-called
van Trees inequality [156] (see also Appendix [3.A)):

mmse(Y, s) > J(Yl)ﬂ (3.2.34)
Then
D(Py||G) = %/ (Immse(Y, s) — mmse(Y, s)) ds (3.2.35)
%/ (1+s (Yiﬂ) ds (3.2.36)
%Alinéo/o (1—|—s - J(Yl) —I—s) ds
-4 (S )
=1l J(Y), (3.2.37)

where (3.2.35)) holds by combining (3.2.30) and (3.2.31)) with P = Py
and @ = G} (3.2.36) holds by using (3.2.33) and ([3.2.34)). On the other
hand, using (3.2.23) with s = EY? = 1 yields
1 1
D(P =—-In——. 2.

Combining (3.2.37) and (3.2.38)), we recover Stam’s inequality
N(Y)J(Y) > 1. Moreover, the van Trees bound (3.2.34) is achieved
with equality if and only if Y is a standard Gaussian random variable.

In continuation to Proposition[3.5]and Stam’s inequality, we provide
the following result.

Proposition 3.6. For the class of real-valued random variables Y with
a smooth density py such that J(Y) < oo and EY? = 5 < oo for an
arbitrary s > 0:

1
D(Py||Gs) < 5 n(1+ sI(Py||Gs)). (3.2.39)
Proof. By the above assumptions, it follows that
D(Py||Gs) = 11< i > (3.2.40)
% 5 In N 2.
1
< 5 In(sJ(Y)), (3.2.41)
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where equality (3.2.40)) holds due to (3.2.23)), and since J(Y) < oo and
EY? = 5 < o0; inequality ([3.2.41)) follows from Stam’s inequality. From

(13.2.24]) and our assumptions, we also get
1

I(Py|Gs) =J(Y) — - (3.2.42)

Finally, (3.2.39)) is obtained by combining (|3.2.40))—(3.2.42)). 0

Remark 3.8. Proposition [3.5] shows the equivalence of the Gaussian
LSI and Stam’s inequality, and the proof of Proposition shows an
equivalence of Stam’s inequality and inequality . Combining the
two equivalences gives that is equivalent to the Gaussian LSI.
This shows that the inequality D(Py||Gs) < 5 I(Py||Gs) (see
with n = 1) can be strengthened to (recall that In(1+x) < x for
all z > 0), while the latter strengthened inequality is still an equivalent
version of the Gaussian LSI.

3.2.2 From Gaussian LS| to Gaussian concentration inequalities

We are ready to apply the log-Sobolev machinery to establish Gaussian
concentration for random variables of the form U = f(X"), where
X1,...,X, arei.i.d. standard normal random variables and f: R® — R
is an arbitrary Lipschitz function. This result was originally proved by
Tsirelson, Ibragimov, and Sudakov [I57] using stochastic calculus. We
start by considering the special case where f is also differentiable.

Proposition 3.7. Let Xi,...,X, be i.i.d. N(0,1) random variables.
Then, for every differentiable function f: R®™ — R such that
IV f(X™)] <1 almost surely, we have

]P’(f(Xn) > E[f(X™)] + r) < exp (—i) , Vr>0. (3.2.43)

Proof. Let P = G™ denote the distribution of X", and let Q) be a
probability measure such that P <> @ (i.e., P and @ are mutually
absolutely continuous). Then, every event that has P-probability 1 also
has Q-probability 1 and vice versa. Since f is differentiable, it is finite
everywhere, so P(f) and P are mutually absolutely continuous. Hence,
every event that occurs P-a.s. also occurs P(f-as. for all ¢ € R. In
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particular, |V f(X™)|| <1 P®-as. for all t > 0. Therefore, applying
the modified LSI (3.2.13) to g = tf for some ¢t > 0 gives

penie) < (G0 o] <5 o2

Finally, in view of the Herbst argument, using Corollary with
U= f(X")—Ef(X"™) yields (3.2.43). O

Remark 3.9. Corollary and inequality (3.2.13)) with g = ¢f imply
that, for every smooth function f with [|[Vf(X™)||? < L ass.,

7”2

IP’(f(X”) >E[f(X")] +r) < exp <_2L> , Vr>0. (3.2.45)

Thus, the constant x in the Gaussian concentration bound (3.1.2)) is
controlled by the sensitivity of f to modifications of its coordinates.

Having established a concentration result for a smooth f with a
bounded gradient, we proceed to the more general case where f is
Lipschitz.

Theorem 3.2.2. Let X" be as before, and let f: R" — R be a 1-
Lipschitz function, i.e.,

[f (@) = fy") < lla™ =9"[l,  Va",y" e R™.

Then

7,2

]P(f(Xn) > E[f(X™)] + r) < exp (—2> . Vr>0. (3.2.46)

Proof. By Rademacher’s theorem (see, e.g., [I58, Section 3.1.2]), the
assumption that f: R®™ — R is 1-Lipschitz yields its differentiability
almost everywhere in R” with ||V f|| < 1. Hence, ||V f(X™)]] < 1 almost
surely (since X1, ..., X, arei.i.d. standard Gaussian random variables).

Consequently, (3.2.46|) follows from Proposition O

3.2.3 Hypercontractivity, Gaussian log-Sobolev inequality, and
Rényi divergence

We close our treatment of the Gaussian LSI with a striking result,
proved by Gross [60], that this inequality is equivalent to a very strong
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contraction property (dubbed hypercontractivity) of a certain class of
stochastic transformations. The original motivation behind the work
of Gross [60] 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 [159].

Consider a pair (X,Y’) of real-valued random variables that are
related through the stochastic transformation

Y=e'X+V1-e2Z (3.2.47)

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 for a given t > 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(¢)}2,
indexed by all ¢ > 0 as the Ornstein—Uhlenbeck channel family. We
immediately note the following properties:

1. OU(0) is the ideal channel, Y = X.
2. If X ~ G, then Y ~ G as well, for every t > 0.

3. Using the terminology of [16, Chapter 4], the channel family
{OU(t)}52, is ordered by degradation: for every tq,t2 > 0 we have

OU(tl + tz) = OU(tQ) o OU(tl) = OU(tl) o OU(tQ), (3.2.48)

which is shorthand for the following statement: for every input
random variable X, every standard Gaussian random variable
Z independent of X, and every ti,to > 0, we can always find
independent standard Gaussian random variables Z7, Z5 that are
also independent of X, such that

et X /1 — e=2ti+t2) 7
et [efth +V1—e2 Zl} +V1—e 227,
e e X 4 VTI— e |+ V- ez, (3.2.49)

where < denotes equality of distributions. In other words, we

[le

[E

can always define real-valued random variables X, Y1, Ys, Z1, Zo
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on a common probability space (€2,.%,P), such that Z1, Zs ~ G,
(X, Z1, Z3) are mutually independent,

Y4 x4 iseT,
Yy L e—titt2) x 4 (/1 _ e=2ti+t2) 7, (3.2.50)

and X — Y7, — Y5 is a Markov chain. Even more generally,
given an arbitrary real-valued random variable X, it is possible to

construct a continuous-time Markov process {Y;}$2, with Yj 4x
and ¥, £ et X + V1 — e=2N(0,1) for all t > 0. One way to do
this is to let {Y;}32, be governed by the Itd stochastic differential
equation (SDE)

dy; = -Y;dt +v2dB,, t>0 (3.2.51)
with the initial condition Yy & X , where {B;}:>0 denotes the
standard one-dimensional Wiener process (Brownian motion).

The solution of the SDE (3.2.51)), known as the Langevin equation
[160, p. 75], is given by the so-called Ornstein—Uhlenbeck process

t
Y, = Xet + \/5/ e =9dB,, t>0 (3.2.52)
0

where, by the It6 isometry property, the variance of the zero-mean
additive Gaussian noise is indeed

t 2 t
E l(ﬂ/ o~ (t=5) st) ] — 2/ e—2(t=5) 4
0 0

=1—e2 V>0 (3.2.53)

(see, e.g., [I61), p. 358] or [162, p. 127]). This justifies the name
“Ornstein-Uhlenbeck channel" for the random transformation

B-2.47).

In order to state the main result to be proved in this section, we need
the following definition: the Rényi divergence of order o € (0,1)U(1, 00)
between two probability measures, P and @), is defined as

Da(P)Q) 2 - L - In </ du (‘i)a (‘jﬁ)l_a) . (3.2.54)
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where p is an arbitrary o-finite measure that dominates both P and @)
(e, P,Q < p; e.g., p:= P+ Q). If P < @, we have the equivalent

form
— n(Eo Kjg)]) . (3.2.55)

We recall several key properties of the Rényi divergence (see [163]):

Do(P||Q) =

1. The Kullback-Leibler divergence D(P||Q) is the limit of D, (P||Q)
as « tends to 1 from below:

D(P|Q) = lim Da(P|Q).
In addition,

D(P|Q) = sup Da(PlQ) < inf Da(P|Q)

0<a<

and, if D(P||Q) = oo or there exists some S > 1 such that
Dg(P||Q) < oo, then also

D(P|Q) = lim Da(P]Q). (3.2.56)

2. By defining D;(P||Q) as D(P||Q), the function o — Dy (P||Q) is
nondecreasing.

3. Forall a > 0, Do (-||-) satisfies the data-processing inequality: if we
have two possible distributions P and @ for a random variable U,
then for every channel (stochastic transformation) 7' that takes
U as input we have

Do(P|Q) < Da(PlQ),  Ya>0 (3.2.57)

where P or Q is the distribution of the output of 7' when the
input has distribution P or @), respectively.

4. The Rényi divergence is non-negative for every order a > 0.

Now consider the following set-up. Let X be a real-valued random
variable with distribution P, such that P < G. For every t > 0, let P,
denote the output distribution of the OU(¢) channel with input X ~ P.
Then, using the fact that the standard Gaussian distribution G is left
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invariant by the Ornstein—Uhlenbeck channel family together with the
data-processing inequality (3.2.57)), we have

Do(P/||G) < Do(P|G),  Vt>0, a>0. (3.2.58)

This is a form of the second law of thermodynamics for Markov chains
(see, e.g., [164, Section 4.4] or [159]) applied to the continuous-time
Markov process governed by the Langevin equation (recall
that if X ~ G, then Y; ~ G for every t > 0, so G is a stationary
distribution). We next show, however, that the Gaussian LSI of Gross
(see Theorem implies a stronger statement: for every @ > 1 and
e € (0,1), there exists a positive constant 7 = 7(a, €), such that

Do(P||G) < Do (P||G),  Vt>T. (3.2.59)

By increasing the parameter ¢, the output distribution P, resembles
the invariant distribution G more and more, where the measure of
similarity is given by a Rényi divergence. Here is the precise result:

Theorem 3.2.3. The Gaussian LSI of Theorem [3.2.1] is equivalent to
the following statement: for every «, 8 such that 1 < 8 < a < o0

£3) i v (3
——= ) Dg(P||G), Vt>5In|—). (3.2.60
,6(0(—1) 5( H )7 —2n 6_1 ( )

The proof of Theorem is provided in Appendix[3.B] (it relies on
two formulas, pertaining to the Ornstein-Uhlenbeck semigroup, which

are proved in Appendix [3.C)).

Remark 3.10. The original hypercontractivity result of Gross is stated

as an inequality relating suitable norms of g; = % and g = %; we refer

(0%

Da(PG) < (

the reader to the original paper [60] or to the lecture notes of Guionnet
and Zegarlinski [67] for the traditional treatment of hypercontractivity.

Remark 3.11. To see that Theorem implies (3.2.59), fix o > 1
and ¢ € (0,1). Let

(0%

>

5:6(570‘) =

a—ela—1)

It is easy to see that 1 < 8 < a and gégjg = ¢. Hence, Theorem [3.2.3

implies that

1—
Do(P||P) < eDg(P||G), Vt>iln (1 + O‘(6€)> 2 7(a,¢).
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Since the Rényi divergence D,(+||-) is non-decreasing in the parameter
a,and 1 < B < a, it follows that Dg(P||G) < D (P||G). Therefore,
the last inequality implies that

D, (P||P) < eD,(P|G), Vt=>rT1(a,e).

As a consequence, we can establish a so-called strong data-processing
inequality [165] [166] for the ordinary divergence:

Corollary 3.2.4. In the notation of Theorem we have for every
t>0

D(P||G) < e ™ D(P|G). (3.2.61)

Proof. Let o = 1 4 ee? and B = 1 + ¢ for an arbitrary € > 0. Since
t= %ln (%>’ using Theorem [3.2.3| gives

e 2 4 ¢

Dl—i—ae%(Pt”G) < < 1+e

) Dio(P|G),  Vt>0. (3.2.62)

Taking the limit of both sides of (3.2.62)) as € | 0 and using (3.2.56))
(note that D, (P||G) < oo for a > 1), we get (3.2.61)). 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 [70] and consider a probability space (€2,.%, u)
together with a pair (A, ") that satisfies the following requirements:

e (LSI-1) A is a family of bounded measurable functions on €2,
such that if f € A, then af +b € A for every a > 0 and b € R.

e (LSI-2) I is an operator that maps functions in A to nonnegative
measurable functions on (.

e (LSI-3) For every f € A, a >0, and b € R,

I'(af +b) =alf. (3.3.1)
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We say that p satisfies a logarithmic Sobolev inequality with constant
¢ >0, or LSI(c) for short, if

DPw) < SEP [0f)?],  VfeA (3.3.2)

Here, as before, ulf) denotes the f-tilting of y, i.e.,

dp)_ exp(f) (3.33)

du E, lexp(f)]’

and IE,(Lf ) [-] in the right side of (3.3.2)) denotes expectation with respect

Remark 3.12. We have expressed the LSI using standard information-
theoretic notation. Most of the mathematical literature dealing with the
subject, however, uses a different notation, which we briefly summarize
for the reader’s benefit. Given a probability measure g on Q and a
nonnegative function g: 2 — R, define the entropy functional

Entﬂ(g)é/glngd,uf/gd,u-ln (/gdﬂ)

=E,lglng] —E,[g] nE,[g] (3.3.4)

with the convention that 0In 0 £ 0. Due to the convexity of the function
f(t) =tlnt (t > 0), Jensen’s inequality gives Ent,(g) > 0. The LSI(c)
inequality in (3.3.2) can be equivalently written as (see [70, (1.1)])

c
Ent, (exp(f)) < § [ (T exp(f) dn. (3.3.5)
To see the equivalence of (3.3.2)) and (3.3.5)), note that

Ent, (exp(f)) = /GXP(f) In (m> dys

dul) du )
= Eulexo(N)] [ = 1n< )

— E,fexp(f)] D(uP]|p), (3.3.6)

and
[ @ exp(r) d = Blexp(1)] [0 du?

= Eufexp(£)] B (1] (3:3.7)
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Substituting (3.3.6) and (3.3.7) into (3.3.5)), we obtain (3.3.2)). The

entropy functional in (3.3.4]) is homogeneous of degree 1 since for every
function g such that Ent,(g) < oo, and for every constant a > 0

Y
E,[g]

Ent,(ag) = aE, [g In ] =aEnt,(g). (3.3.8)

Remark 3.13. Strictly speaking, (3.3.2)) should be called a modified (or
exponential) logarithmic Sobolev inequality. The ordinary LSI takes the
form (see [70, (1.2)])

Ent,(¢g*) < 2c / (Tg)? du (3.3.9)

for all strictly positive g € A. If the pair (A,T") is such that pog € A
for every g € A and for every C'* function ¢): R — R, and I obeys the
chain rule

T(og)= | og|Tg VgeA el (3.3.10)

then (3.3.2)) and (3.3.9)) are equivalent. In order to show this, recall the
equivalence of (3.3.2) and (3.3.5) (see Remark [3.12)); the equivalence
of (3.3.5) and (3.3.9) is proved in the following when the mapping I"

satisfies the chain rule in (3.3.10). Indeed, if (3.3.9) holds then using it
with g = exp(f/2) gives

Ent,, (exp(f)) < 20/(F(exp(f/2)))2du
= g/(Ff)zeXp(f) dp

which is (3.3.5)). The last equality in the above display follows from
(3.3.10) which implies that

T'(exp(f/2)) = 5 exp(f/2) - Tf.

Conversely, assume that (3.3.5) holds. Letting f = 21n g, where g is a
strictly positive function, gives

Ent,, (¢°) < g/(F(Nng))Qg2 dp

=2c / (Tg)* dps,
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which is . The last equality in the above display is a consequence
of , which gives I'(2Ing) = 2% for all strictly positive g € A.
In fact, the Gaussian LSI in Section [3.2] is an instance of the LSI in
(3-3-2), for which the transformation I' defined as I'f = ||V f|| satisfies

the chain rule in (3.3.10)).

Recalling the discussion of Section we now show how to pass
from a log-Sobolev inequality to a concentration inequality via the
Herbst argument. Indeed, let 2 = X™ and u = P, and suppose that P
satisfies LSI(c) with an appropriate pair (A, T"). Suppose, furthermore,
that the function of interest f is an element of A and that ||T'f||o < 00
(otherwise, LSI(c) is vacuously true for every ¢ > 0). Then ¢f € A for

every t > 0, so applying (3.3.2]) to g = tf we get

D(PU||P) < S ERY [(0(th)’]

2

= 5 D [y

_ el

< 5 ;
where the second step uses the fact that T'(tf) = tT'f for every f € A
and ¢ > 0. In other words, P satisfies the bound for every g € A
with E(g) = ||Tg||% . Therefore, using the bound together with
Corollary gives

(3.3.11)

T2

P(f(X") > Ef(X") +r) < exp <_2C||Ff||2

) , Vr>0. (3.3.12)

3.3.1 Tensorization of the logarithmic Sobolev inequality

In the above demonstration, we have capitalized on an appropriate LSI
in order to derive a concentration inequality. Showing that an LSI holds
can be very difficult for reasons discussed in Section However,
when the probability measure P is a product measure, i.e., the X-valued
random variables X1, ..., X, are independent under P, we can use once
again the “divide-and-conquer” tensorization strategy: we break the
original n-dimensional problem into n one-dimensional subproblems,
demonstrate that each marginal distribution Py, (i = 1,...,n) satisfies
an LSI for a suitable class of real-valued functions on X, and finally
appeal to the tensorization bound for the relative entropy.
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Let us provide the abstract scheme first. Suppose that, for each
i € {1,...,n}, we have a pair (A;,I';) defined on X that satisfies the
requirements (LSI-1)—(LSI-3) listed at the beginning of Section
Recall that for an arbitrary function f: X" — R, for i € {1,...,n},
and for an arbitrary (n — 1)-tuple & = (21,...,%i_1,Tit1,...,Tn), We
have defined a function f;(-|z%): X — R via f;(z;|z%) = f(z") for every
' € X1, Then, we have the following:

Theorem 3.3.1. Let Xy,..., X, be n independent X-valued random
variables, and let P = Px, ®...® Px,, be their joint distribution. Let A
consist of all functions f: X™ — R such that, for every ¢ € {1,...,n},

fitl7) e A, VE ex" (3.3.13)
Define the operator I that maps each f € A to

n

If= > (Tifi)? (3.3.14)

i=1

which is shorthand for

n 2
L'f(z") = \IZ(FZfZ(xZ|xl)> , Va" e X", (3.3.15)
i=1
Then, the following statements hold:

1. If there exists a constant ¢ > 0 such that, for every i € {1,...,n},
Py, satisfies LSI(c) with respect to (A;,I';), then P satisfies
LSI(¢) with respect to (A, T").

2. For every f € A, and every r > 0,

P(f(X™) > Ef(X")+r) Sexp( 2cHFfH§O> . (3.3.16)
Proof. We first verify that the pair (A,T"), defined in the statement of
the theorem, satisfies the requirements (LSI-1)—(LSI-3). Thus, consider
an arbitrary f € A, choose arbitrary ¢ > 0 and b € R, and define
g = af +b. Then, g;(-|17°) = af;(-|7%) + b € A; for every i € {1,...,n}
and z° € X" !, which relies on and the property (LSI-1) of
the pair (A;,T";). Hence, f € A implies that ¢ = af + b € A for every
a>0and b e R, so (LSI-1) holds. From the definition of I" in
and (3.3.15)), it is readily verified that (LSI-2) and (LSI-3) also hold.
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Next, for every f € A and ¢t > 0, we have

PE)

Px <

i

D) < 3 D(P,
S o) a0
Z/ (P ) art

o Z / B [ (Tafa( Xl ))2} dPED (&)

ct? (t i) 2
= ;E il{ ;XlHFifi(XﬂX )) }}

_ ct?

\ /\

Dy, (3.3.17)
where the first step uses Proposition with Q = P the second
is by the definition of conditional divergence where Py, = Py X the
third is due to (3.1.11)) and (3.1.33)), the fourth relies on the assumptions
that (a) fi(-|z") € A; for all ¥ € X"! and (b) Py, satisfies LSI(c)
with respect to (A;,T;), and the last step uses the law of iterated
expectations, and . We have thus proved the first part of the

theorem, showing that P satisfies LSI(c¢) with respect to the pair (A, T").
The second part follows from the same argument that was used to prove

B.3.12). O

3.3.2 Maurer’s thermodynamic method

Theorem enables to derive concentration inequalities in product
spaces whenever an appropriate LSI 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. This is ordinarily done on a case-by-case basis. As
it was recently shown in an insightful paper by Maurer [167], it is
however 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:

1. A certain “thermodynamic” representation of the divergence



3.3. Logarithmic Sobolev inequalities: the general scheme 121

D(p P || u), f € A, as an integral of the variances of f with respect
to the tilted measures /) for all t € (0, 1).

2. Derivation of upper bounds on these variances in terms of an
appropriately chosen operator I' acting on A, where A and I' are
the objects satisfying the conditions (LSI-1)-(LSI-3).

In this section, we 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 (€,.%, ) and recall the
definition of the g-tilting of u:

dp'® _ exp(yg)
du  Eylexp(g)]

The variance of an arbitrary h: 2 — R with respect to u(g) is then
given by

varl®[h] £ EP (1] — (EQ )

The first ingredient of Maurer’s method is encapsulated in the following
(see [167, Theorem 3)):

Lemma 3.3.2. Let f: Q — R be a function such that E,[exp(Af)] < oo
for all A > 0. Then, the following equality holds:

p || //var fldsdt, YA>0. (3.3.18)

Proof. We start by noting that (see (3.1.16)) and (3.1.17))

t t
Nty =EM[f]  and  A"(t) = var{D[f], (3.3.19)
and, in particular, A’(0) = E,[f]. Moreover, from (3.1.21)), we get

D(A||) = A2 ddA <A(;)> _AN() — AV, (3.3.20)
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Now, using , we get
AAKA):iéAA%Ahﬂ
A A
_/</A%mﬁmm0a
—/ (/ var([f] ds—i—Eu[f]) dt, (3.3.21)

/ AN (t)dt
:/</quHAm0a
_/ (/ var(&9)| ]ds+EM[f]) dt. (3.3.22)

Substituting (3.3.21]) and (3.3.22)) into (3.3.20]), we get (3.3.18)). O

Remark 3.14. The thermodynamic interpretation of (3.3.18)) stems
from the fact that the tilted measures u(tf) can be viewed as the Gibbs

and

measures, 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 a physical
system X, the elements x € Q) are the states (or configurations) of ¥,
i is a base (or reference) measure, and f is the energy function. We
can view p as an 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 €2 that
globally minimizes the free energy functional

Wo(v) 2 B, [f) + 0D (v]1). (3.3.23)

The key observation is that ¥4(v) is uniquely minimized by v* = pu(=t/),
where ¢t = 1/60 is the inverse temperature. To see this, consider an
arbitrary v, where we may assume, without loss of generality, that
v < p. Let ¢ 2 g—z. Then

dv ’l,Z)

dp

“tf) = exp(—tf) = ¢ exp(tf) Eﬂ[exp(_tf)]a

dll E,[exp(—tf)]

dv
du( tf)
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and

Wy(v) = %Ey[tf + In ]
_ %EV [In (4 exp(tf))]
1 dv
= ;}EV {lnd,u(tf) - ( t):|
= - [P@In) ~ A1)

where, as before, A(—t) = In(E,[exp(—tf)]). Therefore, we have

Vo(v) = Wy, (v) > —A(—t)/t with equality if and only if v = pl=th),
We refer the reader to a monograph by Merhav [168], highlighting

interesting relations between information theory and statistical physics.

Now the whole affair hinges on the second step, which involves

bounding the variances var/(ff ) [f] from above, for t > 0, in terms of

expectations IE,(ff ) [(T'f)?] for an appropriately chosen I'. The following

is sufficiently general for our needs:

Theorem 3.3.3. Let (A,T") and {(A;,T;)}; be constructed as in the
statement of Theorem Suppose that for each ¢ € {1,...,n}, the
operator I'; maps each g € A; to a constant (which may depend on g),
and there exists a constant ¢ > 0 such that

vart[g(X,)|X' = 7] < ¢(Tyg)?, V&' exn ! (3.3.24)

foralli € {1,...,n}, s >0, and g € A;, where vargg)[~|)?i = 7'] denotes
)

the (conditional) variance with respect to P)(g Ko Then, the pair
(A, T) satisfies LSI(c) with respect to Pxn.

Proof. Consider an arbitrary function f € A. Then, by construction,
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fi: Xi = Risin A; for each i € {1,...,n}. We can write

)
D<PX |Xi=zi I PXi)
= D(P{! 17| Py ) (3.3.25)
_ / / var D X X)X = 7] ds di (3.3.26)
< c(Dif) / / ds dt (3.3.27)
Lifi
_ ) (3:3.28)
2
where
e (3.3.25)) uses the fact that P(f)‘ _i is equal to the fi(-|z%)-tilting
Of PXi’

e (3.3.26)) holds due to Lemma
e (3.3.27)) uses (3.3.24) with the function g: X — R given by

g() = fil7") € Ai
e (3.3:28) holds s1nce/ / dsdt—/ (1—t)dt = 3.

Hence, for every i € {1,...,n}, the pair (A;,T';) satisfies LSI(c). There-
fore, the pair (A,T") satisfies LSI(¢) by Theorem O

The next two lemmas will be useful for establishing bounds like
(13.3.24]).

Lemma 3.3.4. Let U be a random variable such that U € [a, ] a.s. for
some —o0o0 < a < b < +o00o. Then

var[U] < 1(b—a)*. (3.3.29)

Proof. var[U] is maximized when P(U = a) = P(U = b) = 3, which
attains the bound in the right side of (3.3.29). O

Lemma 3.3.5. [I67] Let f be a real-valued function, for which there
exists d € R such that f —E,[f] < d almost surely. Then, for all t > 0,

var{t9)[f] < exp(td) var,[f]. (3.3.30)
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Proof.
varfff) [f] = var/(ff){f —E,[f] } (3.3.31)
<E [(f - Byl f])ﬂ (3.3.32)
2
~E, [QXP tf exp tfgt][f]) ‘| (3333)
B, {(f — Eulf])*exp [t (f — Eulf]]} (3.3.34)
< exp(td) E [( E, [/])*], (3.:3.35)
where

e (3.3.31) holds since var[f] = var[f + ¢] for ¢ € R;
(3-3-32)) uses the bound var[U] < E[U?;
(3-3-33)) is by definition of the tilted distribution p*);

(13.3.34]) holds by applying Jensen’s inequality to the denominator
in the right side of (3.3.33));

(3.3.35) relies on the assumption that f —E,[f] < d, and the
monotonicity of the exponential function (with ¢ > 0).

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 ¢; € X" denote the binary string that has 1 in
the i-th position and zeros elsewhere. For every f: X" — R, define

i=1

If(z") £ \li(f(:p” @ei) — f(a:”))Q, Va' e X", (3.3.36)

where the modulo-2 addition & is defined componentwise. In other
words, I'f measures the sensitivity of f to local bit flips. We start by
considering the symmetric case, i.e., a function of n i.i.d. binary random
variables which are Bernoulli(3) distributed.
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Theorem 3.3.6 (Discrete log-Sobolev inequality for the symmetric
Bernoulli measure). Let A be the set of all functions f: A" — R with
X = {0,1}, and let I': A — [0,00) be as defined in (3.3.36). Let
X1,..., X, beiid. Bernoulli(%) random variables, and let P be their
joint probability distribution. Then, P satisfies LSI(%) with respect to
(A,T). In other words, for every f: X" — R,

PPy < LY [(1F)]. (3.3.37)

Proof. 1t can be verified that (A,I") satisfies the conditions (LSI-1)—
(LSL-3).

Let Ap be the set of all functions g: {0,1} — R, and let I’y be the
operator that maps every g € Ag to

Log 2 [g(0) — g(1)| = lg(@) — gle @ V)|, Vee{0,1}. (33.38)

For each i € {1,...,n}, let (A;,T;) be a copy of (Ag,T9). Then, each
I'; maps every function g € A; to the constant |g(0) — g(1)|. Moreover,
for every g € A;, the random variable U; = g(X;) is bounded between
9(0) and ¢(1). Hence, by Lemma we have

-i = 2
var®?[g(X;)| X = 7] < L(g(0) — g(1))* = L(Tug)? (3.3.39)
for all g € A;, 2 € X" L. In other words, the condition ([3.3.24)) of
Theorem holds with ¢ = %. In addition, the operator I" constructed
from I'y,...,I',, according to (3.3.14) is precisely the one in (3.3.36)).

By Theorem the pair (A,T) satisfies LSI(1) with respect to P,

which proves (3.3.37)). O
Now let us consider the general case where Xi,...,X, are i.i.d.

Bernoulli(p) random variables with p € (0,1). We will use Maurer’s
method to give an alternative, simpler proof of the following result by
Ledoux [68, Corollary 5.9] (it actually suggests a sharpened version of
the latter result, see Remark .

Theorem 3.3.7. Consider an arbitrary function f: {0,1}" — R with
the property that there exists a constant ¢ > 0 such that

max [f(2" @ e;) — f(a") < e (3.3.40)
ie{1,...,n}
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for all ™ € {0,1}". Let {X;}I"; be i.i.d. Bernoulli(p) random variables
with p € (0,1), and let P be their joint distribution. Then

(gc — 1)(Z>3>2(q0) + 1) e (Tr?],  (33.41)

D(PY||P) SPQ<

where ¢ £ 1 — p.

Proof. Following the usual route, we will establish the n = 1 case first,
and then scale up to an arbitrary n by tensorization. In order to capture
the correct dependence on the Bernoulli parameter p, we will use a
more refined, distribution-dependent variance bound of Lemma [3.3.5]
as opposed to the cruder bound of Lemma[3.3.4] that does not depend on
the underlying distribution. Maurer’s paper [L67] has other examples.
For n =1, let

a=[Lf] =[£(0) = f(1)], (3.3.42)

where I' is defined as in (3.3.38])). Without loss of generality, let f(0) =0
and f(1) = a. Then

E[f] = pa, var[f] = pga®. (3.3.43)
Using (3.3.43)) and Lemma since f—E[f] < a—pa = qa, it follows

that for every t > 0

var[f] < pga exp(tqa).

By Lemma [3.3.2] we therefore have

1 r1
D(P(f)HP) Spqa2/ / exp(sqa) dsdt
0 Jt
2 ((qa — 1) exp(qa) + 1)

(qa)?
(gc — 1) exp(qc) + 1>

(qc)? ’
where the last step follows from the fact that the function

= pgqa

< pga’ ( (3.3.44)

w— w2 [(u — 1) exp(u) + 1]
(defined, by continuous extension, to be % at v = 0) is monotonically
increasing in [0, 00), and 0 < ga < gc due to (3.3.40) and (3.3.42)). Since
a’? = (T'f)?, (3.3.44) gives

D(PV|P) < pg ((qc - 1)(2’32@0) ) ED (7).
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so we have established (3.3.41]) for n = 1.
Now consider an arbitrary n € N. Since the condition in (3.3.40))

can be expressed as | f;(0/z%) — f;(1|z°)] < c for all i € {1,...,n} and
7' € {0,111 we can use (3.3.44)) to write

D (P)((J:i('lrfi)) ||PX1~)

(gc = 1) explge) + 1Y piicle) _iv)2
<pq < (qc)? > EPXZ- [ (Flfz(Xz|x )) }
for every i = 1,...,n and all ' € {0,1}""!. With this, the same
sequence of steps leading to (3.3.17)) can be used to complete the proof
of (3.3.41) for an arbitrary n € N. O

In Appendix 3.D] we comment on the relations between the log-

Sobolev inequalities for Bernoulli and Gaussian measures.

Remark 3.15. Note that (3.3.41]) improves the bound by Ledoux in
[68, Corollary 5.9], which is equivalent to

D(PO)P) <pq (PO 0 [0pp]. o)

The improvement in (3.3.41) follows from a replacement of ¢ on the

right side of (3.3.45) with gc (recall that ¢ € (0,1)); this can be verified
due the fact that the function

u— u 2 [(u—1)exp(u) + 1], u € (0,00)

is monotonically increasing.

3.3.4 The method of bounded differences revisited

As our second illustration of Maurer’s method, we give an information-
theoretic proof of McDiarmid’s inequality in Theorem [2:4.3] Following
the exposition in [I67, Section 4.1], we have the following re-statement
of McDiarmid’s inequality:

Theorem 3.3.8. Let Xi,...,X,, be independent X-valued random
variables. Consider a function f: X" — R with E[f(X")] = 0, and
also suppose that there exist some constants 0 < ¢y, ..., ¢, < 400 such
that, for each i € {1,...,n},

fi(z]z%) — fz(y\:il)‘ < ¢, Ve,ye X, &8 e A" L. (3.3.46)
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Then, for every r > 0,

2
P(f(X”) > r) < exp (—2721742> . (3.3.47)

i=16C

Proof. Let Ay be the set of bounded measurable functions g: X — R,
and let I'y be the operator that maps every g € Ag to

Tog = sup g(x) — inf g(x). (3.3.48)
zEX TeX

It is easy to verify that properties (LSI-1)—(LSI-3) hold for the pair
(Ao, Tp) since in particular

Io(ag+b)=alyg, Ya>0,beR.

For all i € {1,...,n}, let (A;,T;) be a copy of (Ag, o). Then, each T';
maps every function g € A; to the non-negative constant .
Moreover, for every g € A;, the random variable U; = g(X;) is
bounded between ;gig(m) and sup g(x) = ;gfvg(x) +I'; g. Therefore,

zeX
Lemma [3:3.4] yields

varl[g(X)| X = 7] < (T, 9)%,  Vged, ¥ exm, (3.3.49)

i

which implies that the condition (3.3.24) of Theorem holds with

-1
c= 3.

Let A be the set of all bounded measurable functions f: X™ — R.
Then, for every f € A, i€ {1,...,n} and 2" € X",

sup f(x1,..., @iy ..., xy) — inf f(zy, ... 2., %)
T EX; T, €X;
= sup fi(z;|Z) — inf f;(z)|7")
T, €EX; TiEX;
=T f;(-|z"). (3.3.50)

By constructing I': A — [0,00) from I'j,...,T',, according to
and , Theorem can be applied to (A, T"). By Theoremm
and (3.3.49), it follows that (A,I') satisfies LSI(}) for every product
probability measure on X™. Hence, implies that, for every r > 0
and bounded f with E[f(X™)] =0,

7‘2
P(f(X™) > 1) < exp <_H1“2f|!2> . (3.3.51)
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If f satisfies (3.3.46|), then
n

ITfI% = sup 3 (Fifi(wi@))?

"i=1

sup (Tz‘fi(afz‘\i’i))2
1z nexn

I\
=

<

.
I

sup | fizi|@') — fi(y|z")]?

1 TnEXT, yeX

I
™=

%

2. (3.3.52)

IN

.
Il
—

Substituting the bound in the right side of (3.3.52]) into the right side

of ([3.3.51) gives (3.3.47). O

In view of the proof of Theorem [3.3.8] it is realized that Maurer’s
method yields the correct constant in the exponent of McDiarmid’s
inequality; it is instructive to compare it to an earlier approach in
[169] which, by also using the entropy method, gave an exponent that
is smaller by a factor of 8. For the reader’s benefit, we give a more
detailed discussion of this issue in Appendix

3.3.5 Log-Sobolev inequalities for Poisson and compound Poisson
measures

Let P, denote the probability measure of a Poisson random variable
with parameter A > 0, i.e., Py(n) £ ’\ for n € Ng £ {0,1,2,...,}.
Bobkov and Ledoux [71] derlved the followmg LSI: for every functlon
f:Ng = R,

DR IPy) < ABY) [(0f) € — e 4 1], (3.3.53)
where I' is the modulus of the discrete gradient:
Lf(z) £ |f(x) — flz+1)], V. € Np. (3.3.54)

(The inequality can be obtained by combining the LSI in [71]
Corollary 7] with equality (3.3.6).)

Using tensorization of (3.3.53), Kontoyiannis and Madiman [170]
derived an LSI for the compound Poisson distribution. We recall that
a compound Poisson distribution is defined as follows: given A > 0
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and a probability measure u, let N ~ Py and let X1, Xo,... be i.i.d.
random variables with distribution p, which are independent of N; the
compound Poisson distribution, denoted by CP, ,, is the probability
distribution of the random sum

Z=> X (3.3.55)

with the convention that Z = 0 whenever N = 0.
For the purpose of proving the log-Sobolev inequality for compound
Poisson measures in [I70, Theorem 1], we need the following result:

Lemma 3.3.9. If Z ~ CP, , for an arbitrary probability measure p
which is defined on N, then

ZE3 kY, Yi~Pag, VEEN (3.3.56)

where {Y};}72, are independent, and 4 means equality in distribution.

Proof. The characteristic function of Z in (3.3.56|) is equal to

0z(v) 2 Elexp(jr2)] = exp{ <ZM exp(jrk) — 1) } , VveR

which is equal to the characteristic function of Z ~ CP) , as defined in
(13.3.55)). The lemma follows from the fact that equality in distribution
holds if and only if the characteristic functions coincide. O

Theorem 3.3.10 (Log-Sobolev inequality for compound Poisson measures

[170]). For an arbitrary probability measure ¢ on N = {1,2,...} and
an arbitrary bounded function f: Ny — R, and for every A > 0,

D(CPY)||CPy,.) < A Z WESR, [ e — e +1] (3357)

where, for every k € N and = € Ny,

Tpf(z) & [f(z) = f(z + k). (3.3.58)
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Proof. For n € N, let P, be the joint distribution of the independent
random variables Y7, ...,Y,, in (3.3.56)). Consider an arbitrary bounded
function f: Ng — R, and define the function g by

g(y177yn)éf<zkyk>7 V?/17~~,yn€N0‘
k=1

Denote by P, the distribution of the sum S, £ %, kY%, then

= D(PY||F,)

<> D(Pf/zfpk 1Py, | PY)), (3.3.59)
k=1

where the last line uses Proposition [3.3]and the fact that P, is a product
measure. Due to the equality

(9) _
APyive—ge _ exp (gu(15%)) (3:3.60)
dPy, Ep, . [exp (95 (Yi]5%))]

with Py, = Py,), applying the Bobkov-Ledoux inequality (3.3.53) to

Py, and all functions of the form gi(-|y*) gives

DByl P | %)
< (k) Eggn) [(ng(Yk|§7k)) Lo (VilY®) _ (Lo (VilYF) 4 1} (3.3.61)

where I' in (3.3.54)) is the absolute value of the one-dimensional discrete
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gradient. For every y™ € {0,1,2,...}" and k € {1,...,n}, we have

Tor(uelg®) = gn (il 7) = o (e + 115%)|

= ’f (kyk + jyj)
FE{1,-m\{k}

- f (k(yk +D+ ) jyj) ‘
Je{1,..,n\{k}

(S o (S

= T1.(Sh). (3.3.62)

Using this in (3.3.61) and performing the reverse change of measure

from P, to P, we can write
D(PY). | Py, | PE))
< (k) B [(Def(Sp))e el () — eInd(5n) 1] (3.3.63)

The combination of (3.3.59)) and (3.3.63)) therefore gives

D(P{ ) <A [F f) ka—erkf+1}

| /\

B [(Dxf)e™ — e/ 1] (3.3.64)

where the second line follows from the inequality xze® — e* + 1 > 0,
which holds for all > 0.

We next take the limit as n — oo of both sides of . For the
left side, we use the fact that, by , P, converges in distribution
to CPy, as n — oo. Since f is bounded, Pi) — CPY) in distribution.
Therefore, by the bounded convergence theorem, we have

lim D(P{|F,) = D(CPY) || CPy.). (3.3.65)

n—oo
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For the right side of (3.3.64]), we have

S ) B () — e+
=EY) {i 1u(k) [(rk Felnf —elnl 4 1] }
k=1

Z,u (I‘kf ka—er’“f—i-l)

n—>oo

= ZM ER,  [(Tkf) e — el 11 (3.3.66)

where the ﬁrst and last steps follow from Fubini’s theorem, and the
second step follows from the bounded convergence theorem. Putting

(13.3.64])—(3.3.66|) together, we get the inequality in (3.3.57)). 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 Xi,..., X, are key in obtaining tight
bounds on the deviation probabilities P(f(X") > Ef(X") + r) 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")+7r) < Kexp(—xr?), Vr>0

it is possible to derive tight bounds on the variance of f(X™).

In Section [2:3] we rely on the martingale approach for the deriva-
tion of a version of a well-known inequality due to Efron and Stein
[102], with subsequent refinements by Steele [103] (see Theorem [2.3.1)).
We start this subsection in reproducing this important inequality by
using the entropy method and Maurer’s thermodynamic method in

Section 3.3.2

Theorem 3.3.11 (Efron—Stein—Steele inequality [102], [103]). Let
X1,..., X, be independent X-valued random variables. Consider a
function f: X — R whose scaled versions tf, for all sufficiently small
t > 0, are exponentially integrable. Then

var[f(X™)] < iE{var[f(X”)]Xi]}. (3.3.67)
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Proof. Let P = Px, ® ... ® Px, be the joint probability distribution
of Xi,...,X,. By Proposition [3.3] for every ¢ > 0, we have

D(P|P) < ZD PY | Py,

(t5)
oL Py, (3.3.68)

Using Lemma [3.3.2] we can rewrite this inequality as

t ot

//vargf)[f]des

0 Js

<Y E U / var Tff(‘X [f]drds| . (3.3.69)
i=1 X'

Dividing both sides by 2, and passing to the limit as t — 0, we get
from L’Hopital’s rule

}5%752/ / varP fldrds

= jvarp[f] = §var[f(X")], (3.3.70)

and

=1 Zn:ﬂ-z {var[f(x™)|X']} (3.3.71)

where the first equality in is justified by invoking the dominated
convergence theorem (recall the pointwise convergence of P% ) to P,
as t — 0, which holds under the assumption that the scaled functions
tf are exponentially integrable for all sufficiently small ¢ > 0), and the

second equality holds due to L’Ho6pital’s rule. Inequality (|3.3.67)) finally

follows from (3.3.69)—(3.3.71)). O

The following result considers the connection between log-Sobolev
inequalities and another class of functional inequalities, the so-called
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Poincaré inequalities. Consider, as before, a probability space (2, Z, u)
and a pair (A,I") satisfying the conditions (LSI-1)-(LSI-3). Then, we
say that u satisfies a Poincaré inequality with constant ¢ > 0 if

var,[f] < cE, [(r f)ﬂ . VfcA (3.3.72)

Theorem 3.3.12. Suppose that p satisfies LSI(c) with respect to
(A,T). Then p also satisfies a Poincaré inequality with constant c.

Proof. For every f € A and t > 0, we can use Lemma to express
the corresponding LSI(c) for the function ¢f as

/Ot /t var7H[f]dr ds < Ct; E(P [(rf)ﬂ . (3.3.73)

By dividing both sides of (3.3.73) by t? and passing to the limit as
t — 0, we obtain (see (3.3.70))

buar,[f] < § eE, [(Tf)?].

Multiplying both sides by 2, we see that p indeed satisfies (3.3.72). O

The following analogue of Theorem [3.3.1] shows that the Poincaré
inequalities tensorize.

Theorem 3.3.13. Let Xy,...,X,, be independent X-valued random
variables, and let P = Px, ® ... ® Py, be their joint distribution. Let
A consist of all functions f: X" — R, such that for every i € {1,...,n}

[ty € A, V& exn! (3.3.74)

Define the operator I' that maps each f € AtoI'f in . Suppose
that, for every i € {1,...,n}, Px, satisfies a Poincaré inequality with
constant ¢ > 0 with respect to (A;,T';) (see (3.3.72))). Consequently, P
satisfies a Poincaré inequality with constant ¢ with respect to (A,T).

Proof. 1t is conceptually similar to the proof of Theorem which
refers to the tensorization of the logarithmic Sobolev inequality, except
that now we use the Efron-Stein—Steele inequality of Theorem [3.3.11]
to tensorize the variance of f. O
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3.4 Transportation-cost inequalities

We have been looking so far at concentration of measure through the
lens of functional inequalities, 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 with %I(Df) x 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 LSI of Gross [60]). The
common theme underlying these functional inequalities is that every
such measure of sensitivity is tied to a particular metric structure on the
underlying product space X". To see this, suppose that X" is equipped
with a metric d(-,-), and consider the following generalized definition
of the modulus of the gradient of an arbitrary function f: X" — R:

a1 |fa") = F(y")]
\% = 1
‘ f’ <$ ) ym: dl(rilniljl"lgﬁo d(.’L’n, yn)

, Vate X" (3.4.1)

Let also define the Lipschitz constant of f by

2 |f(=™) = f(y")l
[ fllLip = a:il;g/)“ d(z™, ym)

, (3.4.2)

and consider the class A of all functions f with || f||Lip < co. It is easy
to verify that the pair (A,T") with

Lf(z") & |Vfl(z"), Va"eXx™ (3.4.3)

satisfies the conditions (LSI-1)-(LSI-3) in Section Suppose that
a given probability distribution P for a random n-tuple X" € &A™
satisfies LSI(c) with respect to the pair (A,T"). The use of (3.3.12)
and the inequality ||I'f||oo < || f]|Lip, Which follows from (3.4.1)—(3.4.3),

yields the concentration inequality

7“2

P(f(X™) 2 Ef(X") +7) < exp <_2c|yf|y%ip

), Vr>0. (3.4.4)

Some examples of concentration we have discussed so far in this chapter
can be seen to fit this theme. Consider, for instance, the following case:
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Example 3.1 (Euclidean metric). For X = R, equip the product space
X" = R" with the ordinary Euclidean metric:

d(z",y")

2" —y

From (3.4.2) and (3.4.5)), the Lipschitz constant || f||rip of a function
f: X" — R is given by

1l = sup L&D =W

T EYn |z — y™||

, (3.4.6)

and, for every probability measure P on R" that satisfies LSI(c), the

concentration inequality (3.4.4]) holds. We have already seen in (3.2.13|)
an instance of this with P = G, which satisfies LSI(1).

The above example suggests that the metric structure plays the
primary role, while the functional concentration inequalities like (|3.4.4])
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. The key tool underlying this approach
is the notion of transportation cost, which can be used to define a metric
on probability measures over the space of interest in terms of a given
base metric on this space. This metric on distributions can be related
to the divergence via the so-called transportation-cost inequalities. The
pioneering work by Marton in [75] and [91] has shown that one can use
these inequalities to deduce concentration.

3.4.1 Concentration and isoperimetry

We next give 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 Gromov [IT71]. Specifically, we say that a triple
(X,d, p) 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 an arbitrary subset C C X and every r > 0, define the r-blowup
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of C by
Cr & {reXx:dxC) <r}, (3.4.7)
where

d(z,C) = uelfj d(z,y) (3.4.8)
y

is the distance from the point x € X to the subset C. We say that
the probability measure p has normal (or Gaussian) concentration on
(X, d) if there exist positive constants K and k such that

p(@€ >1 — puc,)>1-Ke ™ vr>0. (3.4.9)

Remark 3.16. Of the two constants K and x in , it is k that
is more important. For that reason, sometimes we will say that p has
normal concentration with constant k > 0 to mean that holds
with that value of k and some K > 0.

Remark 3.17. The concentration condition (3.4.9) is often weakened
to the requirement that there exists ro > 0 such that

p(C€) > 1 = () >1— Ke "m0 yp > (3.4.10)

(see, for example, [83, Remark 22.23] or [87, Proposition 3.3]). It is not
hard to pass from (3.4.10) to the stronger statement ({3.4.9)), possibly

with loosened constants (i.e., larger K and/or smaller x). However,
since we mainly care about sufficiently large values of r, with
sharper constants is preferable. In the sequel, whenever we talk about
Gaussian concentration with constant k > 0, we refer to unless
stated otherwise.

Here are three standard examples (see [3, Section 1.1]):

1. Standard Gaussian distribution: if X = R", d(z,y) = ||z — y||
is the Euclidean metric in , and p = G" is the standard
n-dimensional Gaussian distribution, then for an arbitrary Borel
set C C R™ with G™(C) > % and for all r > 0

G"(Cy) > \/% /_T exp (—%) dt
>1-texp(-3), (3.4.11)

i.e., (3:49) holds with K = 1 and k= 1.

=
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2. Uniform distribution on the unit sphere: if
x=s"={zerR™ o] =1}, (3.4.12)

d(-,-) is the geodesic distance on S", and u = o¢” is a uniform
distribution on S™, then for every Borel set C C S"™ with ¢™(C) > %
and for all » > 0

"(C) =1 —exp (=3 (n—1)r?). (3.4.13)
In this instance, (3.4.9) holds with K =1 and k = 1 (n —1).

3. Equiprobable distribution on the Hamming cube: if X = {0,1}",
d(-,-) is the normalized Hamming distance:

d(@,y) =13 120, Va,ye{0,1}7 (3.4.14)
=1

and p = B" is the equiprobable distribution on {0,1}" (i.e.,
B = Bernoulli(3)), then for every C C {0,1}" with B"(C) > 3
and for all » > 0

B"(C,) > 1 — exp(—2nr?), (3.4.15)
which gives (3.4.9) with K =1 and k = 2n.

Remark 3.18. The Gaussian concentration in is often discussed
in the context of the so-called isoperimetric inequalities, which relate
the measure of a set to the measure of its boundary. To be more specific,
consider a metric probability space (X, d, i), and for an arbitrary Borel
subset C C X define its surface measure as (see [5, Section 2.1])

1 (€) 2 timinf GO i g UG = 1(C) (3.4.16)
r—0 r r—0 r

Then, the classical Gaussian isoperimetric inequality can be stated as
follows: If H is a half-space in R, i.e., H = {z € R" : (z,u) < ¢} for

some u € R" with |Ju|| = 1 and some ¢ € R, and if C C R" is a Borel
set with G™(C) = G"(H), then
(G")*(C) = (G (), (3.4.17)

with equality in (3.4.17)) if and only if C is a half-space. In other words,
the Gaussian isoperimetric inequality (3.4.17)) says that, among all
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Borel subsets of R™ with a given Gaussian volume, the half-spaces
have the smallest surface measure. An equivalent integrated version of
says the following (see, e.g., [I72]): consider a Borel set C in
R™ and a half-space H = {z € R" : (z,u) < ¢} with |Ju]| =1, ¢ >0
and G"(C) = G"(H). Then, for every r > 0,

G™(C,) > G™(H,), (3.4.18)

with equality in ((3.4.18)) if and only if C is an n-dimensional half-space.
It can be also shown that, for all » > 0,

G = e [ e (-5 ae

>1-Lexp(-L(r+e)?). (3.4.19)

If G(C) > 1, we can choose ¢ = 0 and get (3.4.11)).

Intuitively, says that if u has Gaussian concentration on
(X, d), then most of the probability mass in X" is concentrated around
any set with probability at least % At first glance, this seems to have
nothing to do with what we have been looking at so far, namely the
concentration of Lipschitz functions around their mean. However, as we
next show, the geometric and functional pictures of the concentration
of measure phenomenon are, in fact, equivalent. To that end, we define
the median of a function f: X — R; we say that a real number m; is
a median of f with respect to p (or a p-median of f) if

Pu(£(X) 2 mp) > 5, Pu(F(X) <my) > (3.4.20)

[N
Do~

(note that a median of f may not be unique). The precise result is as
follows:

Theorem 3.4.1. If (X, d, 1) is a metric probability space, then p has the
normal concentration property (3.4.9)) if and only if for every Lipschitz
function f: X - R

H’I"Z

P,(f(X)>ms+71) < Kexp <_HfH2> , Vr>0  (3.4.21)
Lip

where my is a p-median of f.
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Proof. Let p satisfy (3.4.9)), and fix an arbitrary Lipschitz function f
which can be assumed without loss of generality to satisfy | f||rip = 1.
Let my be a p-median of f, and define the set

¢/ ={zex: fl@)<my}. (3.4.22)

By definition (see (3.4.20)), u(C¥) > 3. Consequently, from (3.4.9), for
all r >0

ulcl) = Bu(d(x,ch) <)

> 1 — K exp(—kr?). (3.4.23)

For every y € Cf
F(X) —my < f(X) — f(y) (3.4.24)
<d(X,y), (3.4.25)

where (3.4.24)) is due to (3.4.22)), and ([3.4.25|) holds by the assumption
that ||f|lLip = 1 (see (3.4.6)). Taking an infimum on the right side of

(3-4.25)) over all y € C/ gives
f(X) —my <d(X,C)). (3.4.26)
Combining (|3.4.23)) and (3.4.26]) implies that for all » > 0
Pu(F(X) —my <7) > P, (d(X,CT) <)
>1— K exp(—kr?),

which is (3.4.21)).

Conversely, suppose that holds for every Lipschitz f.
Choose an arbitrary Borel set C with u(C) > %, and define the function
fe(z) £ d(x,C) for every x € X. Then, fc is 1-Lipschitz since we have
for all x,y € X

[fe(@) = fe(y)| = |inf d(x,u) — inf d(y, u)

< sup |d(z,u) — d(y, u)|
u€eC

< d(z,y),

where the last inequality holds by the triangle inequality. Moreover,
zero is a median of f since

Pu(fe(X) <0) =Py (X €C) > %7 Pu(fe(X)>0) > %7 (3.4.27)
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where the right inequality in (3.4.27]) is obvious since f¢ is non-negative
everywhere. Consequently, with my = 0, it follows that for all » > 0

1= u(Cr) = P (d(X,C) > 7)
= By (fo(X) = my +7)

<K eXp(_HTZ)a

which gives (3.4.9)). O

In fact, for Lipschitz functions, Gaussian concentration around the
mean also yields Gaussian concentration around every median, though
possibly with worse constants [5, Proposition 1.7]:

Theorem 3.4.2. Let (X,d, u) be a metric probability space, such that
for every 1-Lipschitz function f: X — R we have

IP’M(f(X) >E,[f(X)] —i—r) < Koexp (— kor?), Vr >0 (3.4.28)

with some constants Ky, kg > 0. Then, © has the normal concentration
property with K = Ky and £ = “2. Hence, the concentration
inequality in around every p-median of f is satisfied with the
same constants of K and K.

Proof. Let C C X be an arbitrary Borel set with p(C) > %, and fix

some r > 0. Let the function f¢,: X — [0,7] be defined as
fer(x) =min{d(z,C),r}, xe€X. (3.4.29)

It is easy to verify from ([3.4.29)) and the triangle inequality that

I ferlluip < 1, (3.4.30)
and
E,.[fe(X)]
— /X min {d(z,C), r} du(z) (3.4.31)
_ /C min {d(z,C), r} du(z) + /C “min {d(z,C).r} du(z)  (3.4.32)

<ru(C) = (1 u(0))r (3.4.33)
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where (3.4.31)) is due to (3.4.29); (3.4.32) holds since, by (j3.4.8),

d(z,C) = 0 for all € C. This consequently implies that

L= pu(Cy) =Py (d(X,0) > 7) (3.4.34)
=Py (fer(X) > 1) (3.4.35)
Py(fer(X) 2 Bulfer(X)] +u(0)) (3.4.36)

< Koexp (—ro (ru(C))?) (3.4.37)

< Koexp (—1 Fio r2) (3.4.38)

where (|3 is due to (3.4.7 m is due to m 3.4.36)) holds

due to (|3 4 31|) (3.4.32)); (|3 4. 37|) relies on and because fc, is
1-Lipschitz (see (3.4.30))); (3.4.38)) holds by the assumption u(C) > 1.
Consequently, we get with K = Kgand k = i ko. Theorem
implies that the concentration inequality in holds, with the
same constants of Kk and K as above, for every 1-Lipschitz function

f: & = R and for every p-median my of this function. O

For an arbitrary Lipschitz function, the following result provides an
upper bound on the gap between the mean and any median of it under
the assumption of Gaussian concentration.

Theorem 3.4.3. Let (X, d, u) be a metric probability space, and let u
have the Gaussian concentration property with the constants
K and k. Let f: X = R be an arbitrary Lipschitz function. Then, the
distance between the mean and an arbitrary p-median of f satisfies

B0 = mg] < /2 K i (34.39)
Proof. By our assumptions, we get
[Eplf (X)] = my| < By [[f(X) —myl] (3.4.40)
:/O Pu(|f(X) —my| > ) dr (3.4.41)
00 K‘,’I“Q
g/o 2Kexp<—Hf”%ip> dr (3.4.42)

= \Z Kl i (3.4.4%
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where (3.4.41)) holds since the expected value of a non-negative random
variable U satisfies

E[U] = /0 TP > 1) dr, (3.4.44)

with U & |f(X)—my|in (3.4.41). Inequality (3.4.42) holds since ([3.4.9)
is satisfied by our assumption, which (by Theorem [3.4.1)) is equivalent

to (3.4.21)) for any p-median of the Lipschitz function f; consequently,
applying (3.4.21)) to f and —f (both have the same Lipschitz constant)

gives (3.4.42)). O

3.4.2 Marton’s argument: from transportation to concentration

The concentration of measure phenomenon is fundamentally geometric,
as it is captured by the isoperimetric inequality . Once
is established on a given metric probability space (X,d, 1), Gaussian
concentration is obtained for all Lipschitz functions f: X — R by
Theorem [B3.4.1

There is a powerful information-theoretic technique for deriving
concentration inequalities like . This technique, first introduced
by Marton (see [75] and [91]), 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 p on X,
such that

E,[dP (X, x0)] < o0 (3.4.45)
holds for some (and hence all) zp € X.

Definition 3.1. Given p > 1, the LP Wasserstein distance (a.k.a. the
Wasserstein distance of order p) between p, v € Pp(X) is defined as

1
W2 it ([ @epire)’ G4
mell(p,v) \JXxXx

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 3.19. Another equivalent way of writing down the definition

of Wy(u,v) in (3.4.46)) is

Wy(u,v) = inf NV(E[dp(X, v))7, (3.4.47)

D=
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where the infimum in the right side of (3.4.47)) is over all pairs (X,Y")
of jointly distributed random variables taking values in X such that
Px = pand Py = v.

The name “transportation cost” is interpreted as follows: let y and
v represent, respectively, the initial and desired distributions of some
matter (say, sand) in space, such that the total mass in both cases is
normalized to one. Thus, both p 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 z to location y is given
by ¢(x,y) for a non-negative measurable function ¢: X x X — Ry. If
we allow randomized transportation policies, i.e., those that associate
with each location x in the initial sand pile a conditional probability
distribution 7(dy|x) for its destination in the final sand pile, then the
minimum transportation cost is given by

C*(p,v) = inf / c(x,y)dr(x,y). (3.4.48)
mell(py) JXxX

If the cost function is given by ¢ = dP for p > 1 for a metric d defined

on X x X, then it follows from (|3.4.47]) and (3.4.48) that

C*(u,v) = Wh(p,v). (3.4.49)
The optimal transportation problem (3.4.48)) dates back to a 1781 essay
by Gaspard Monge [173] who considered a special case of the problem

Cotur) 2 int { [ elaple)) dute)spo =), (3450

The infimum in the right side of is over all the deterministic
transportation policies, i.e., the measurable mappings ¢: X — X such
that if X ~ p, then Y = ¢(X) ~ v. The problem (3.4.50), known as
the Monge optimal transportation problem, does not necessarily admit a
solution (incidentally, an optimal mapping does exist in the special case
considered by Monge, namely X = R3 and c(z,y) = ||z — y||; see also
the paper by Brenier [I74]). A stochastic relaxation of ([3.4.50)), given
by (3.4.48), was considered in 1942 by Leonid Kantorovich (see [175]
for a recent reprint). The books by Villani [82] 83] are recommended
for a detailed rigorous treatment and historical overview of optimal
transportation.
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Lemma 3.4.4. The following properties are satisfied by the Wasserstein
distances:

1.
2.

For each p > 1, W,(-,-) is a metric on Pp(X).

If 1 <p <gq, then Py(X) D Py(X), and Wp(p,v) < Wy(p,v) for
every fi, v € Py(X).

W, metrizes weak convergence plus convergence of p-th order
moments: a sequence {uy, o in P,(X) converges to p € Pp(X)
in W, i.e., Wp(pin, i) —= 0, if and only if:

(a) {pn} converges to u weakly, i.e.,

By, [] —— Eulel, (3.4.51)

n—oo

for every continuous and bounded function ¢: X — R.

(b) For some (and hence all) zy € X,

/X & (,70) dn(2) —— | @(z,0) dp(z).  (3.4.52)

n—oo X

If the above two statements hold, then we say that {u,, } converges
to pu weakly in Pp(X).

. The mapping (u,v) — Wp(p,v) is continuous on Pp(X), i.e.,

if u, — p and v, — v converge weakly in P,(X), then
Wy (tin, vn) — Wy(u,v). However, it is lower semicontinuous in
the usual weak topology (without the convergence of p-th order
moments): if pu, — p and v, — v converge weakly, then

lim inf W,(pin, vn) > Wy(p, v). (3.4.53)

n—oo

The infimum in (3.4.46)) (or (3.4.47)) is actually a minimum; i.e.,

there exists an optimal coupling m* € II(u,v), such that

Wh(u,v) :/Xxxdp(:n,y) dn*(z,y). (3.4.54)

Equivalently, there exists a pair (X*,Y™*) of jointly distributed
X-valued random variables with Px» = p and Py» = v such that

W2(u,v) = E[d(X*,Y™)]. (3.4.55)
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6. If p =2, X = R with d(z,y) = |z — y|, and p is atomless (i.e.,
wu(xz) = 0 for all x € R), then the optimal coupling between p and
every v is given by the deterministic mapping

Y =F,'oF,(X) (3.4.56)

for X ~ p, where F,, denotes the cumulative distribution function
of u, i.e., Fy(x) =P, (X <x), and F, ! is the quantile function of
v, ie., F ' (a) £ inf {z € R: F,(z) > a}.

Proof. See [83, Chapter 6. O

We next define transportation-cost inequalities, as introduced by
Marton in [75] and [91].

Definition 3.2. We say that a probability measure p on (X, d) satisfies
an LP transportation-cost inequality with constant ¢ > 0, or a T)p(c)
inequality for short, if for every probability measure v < pu we have

Wy (p,v) < \/2¢ D(v||p). (3.4.57)

Example 3.2 (Total variation distance and Pinsker's inequality). Here is
a specific example illustrating this abstract machinery, which should
be familiar territory to information theorists. Let X be a discrete set,
equipped with the Hamming metric d(z,y) = 1{;»,. In this case,
the corresponding L' Wasserstein distance between discrete probability
measures 1 and v on X admits the simple form

Wi(p,v) = XNiﬂn}f/NV}P’[X #Y]. (3.4.58)

As we next show, (3.4.58)) turns out to be the total variation distance

I = vliry 2 sup |u(C) — v(C)]. (3.4.59)
cCx

Proposition 3.8. For the Hamming metric,

Wi, v) = [lp = vl (3.4.60)
=3 > lu(x) —v(z)| (3.4.61)
reX

(we are slightly abusing notation, writing p(x) for the p-probability of
the singleton {xz}).
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Proof. Consider a probability measure 7 € II(u,v). For all z € X,
plx) =Y w(z,2") > n(x,z) and v(z) = > (2, 2) > 7(x,x), so
r'eX z’eX

m(x,z) < min{u(z),v(x)}, VeelX. (3.4.62)

Consequently, we get

Erld(X,Y)] = Eﬂ[l{X;«éY}] (3.4.63)
—P[X #£Y] (3.4.64)
=1-> n(z,z) (3.4.65)
reX
>1- Z min {p(z),v(zr)} (3.4.66)
reX
=1 Z (u(z) +v(x)) — Z min {u(z),v(x)} (3.4.67)
TeX TeEX
— 1Y () - vl (3.4.68)
zeX

where (3.4.68)) holds due to the equality min{a, b} = 3(a+ b — |a — b])
for all a,b € R. From (|3.4.47) and (3.4.63)—(3.4.68)), we get

Wi(p,v) = 5D lulx) —v(z)|. (3.4.69)
zeX

Furthermore, (3.4.66)) holds with equality for the probability measure
™ X x X — R which is defined as follows:

7 (z,y) = min {p(x), v(2)} Lpmy
N (1(x) = v(@) 1 zeey (W (y) — (y)) Liyecey
1(C) = v(C)

(3.4.70)

with C C X defined as
C2{zeX:pulx)>v(x) (3.4.71)
This can be verified by noticing that
7 (z,z) = min{u(z), v(z)}, VeeX

which, due to (3.4.62), is the necessary and sufficient condition for
(13.4.66) to hold with equality. It can be also verified that n* has
marginals p and v. Since the probability measure 7 = 7* € II(p,v)
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achieves (3.4.63))—(3.4.68) with equality, it follows that (3.4.69) holds

with equality.
We next prove (3.4.61)). For an arbitrary C C X,

u(€) —v(C) = (1 —p(C%)) — (1 —v(C))
=v(C°) — u(C% (3.4.72)
and, from the triangle inequality,
1(C) — v(©)] + |u(c?) — ()|
< lul@) = (@) + Y p(r) — v(z)|

zeC zeCe
= Z |(z) — v(z)|. (3.4.73)
zeX
Combining (3.4.72)) and ([3.4.73]) gives that, for every A C X,
1(€) ~ (O] < 3 Y |ula) — vi@). (3.4.74)
zeX

By taking a supremum on the left side of (3.4.74]) over all C C X, we
get from ([3.4.59))

ln—=virv <35 > @) —v(z)]. (3.4.75)
zeX

Conversely, for the subset C given in , we get from
u(€) = (C) = 5 [(u(€) — v(C)) + (v(C) — p(C?))]

! [Z (1(@) — v(@) + 3 (v(a) — )

zeC reCe
=1 Z |u(z) — v(z))|. (3.4.76)
TEX
Hence, from (3.4.59)) and (3.4.76)),
I =viey >3 Y @) — v(z)), (3.4.77)
reX
yielding (3.4.61) by combining (3.4.75)) and (3.4.77]). O

Now that we have expressed the total variation distance ||p — v|tv
as the L' Wasserstein distance induced by the Hamming metric on X/,
the well-known Pinsker’s inequality

ln— vy < /5 DWp) (3.4.78)
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can be identified as a T ( %) inequality that holds for every probability
measure (4 on X.

Remark 3.20. It should be pointed out that the constant ¢ = % in
Pinsker’s inequality is not necessarily the best possible for a
given distribution p. Ordentlich and Weinberger [176] have obtained
the following distribution-dependent refinement of Pinsker’s inequality.
Let the function ¢: (0, 3] — Ry be defined by

o(e) & (1 126) . <1 ; 6) o ifee(03) (3.4.79)

2, ife = 1.

It can be verified that the function ¢ is continuous, monotonically
decreasing and convex on the interval (0, 3], and lig]l p(g) = +o0.
&

Let X be a discrete set, and let P(X) be the set of all probability
distributions defined on the set X. For every P € P(X), let the balance
coefficient be defined as

p = max min{P(A),1 - P(A)}, (3.4.80)

with 7p € (0,1] if P(A) > 0. Then, for every Q € P(X),

1
IP = Qlltv < \/WP) . D(Q||P) (3.4.81)

(see [I76, Theorem 2.1]; related results have been considered in [I77]).
The smaller is the value of the balance coefficient in , the more
significant is the refinement of Pinsker’s inequality in (3.4.81). The
bound in is also optimal for a given P in the sense that

. p@p
Pl =l TP Qb (3:482)

If X ={0,1} and P is the Bernoulli(¢) distribution with ¢ € (0, 1),
then ([3.4.80) gives that mp = min{e,1 — e} € (0, %] From ([3.4.79),

olp) = (1—125)111(1;6)’ ife € (0,4)U(5,1) 083)

2, ife =3,
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and (3.4.81)) gives that for every Q € P({0,1})
(1—2¢) D(Q|P)

\l — , ifee(0,)u(
1P = Qv < = (?> (3.4.84)

[Nl
—_
SN—

$D(Q|P), ife = 1.

Inequality provides an upper bound on the total variation
distance in terms of the relative entropy. Other improved versions of
Pinsker’s inequality , which are independent of the distributions
(unlike (3.4.84)), were studied in [I78], [179], [180], [181], [182].

A bound in the reverse direction (a “reverse Pinsker inequality"),
providing an upper bound on the relative entropy in terms of the total
variation distance, does not exist in general since we can find pairs
of probability distributions that are arbitrarily close in total variation
but with arbitrarily high relative entropy. Nevertheless, it is possible to
introduce constraints under which such reverse Pinsker inequalities can
be obtained ([I178, p. 1012], [183], [184], [185], [I86, Section 6], [187]).

Marton’s procedure for deriving Gaussian concentration from a
transportation-cost inequality [75], [91] can be distilled as follows:

Proposition 3.9. Suppose pu satisfies a Ti(c) inequality. Then, the
Gaussian concentration inequality in (3.4.10]) holds with x = i, K=1,
and rg = V2cln 2.

Proof. Fix two Borel sets C,D C X with u(C), (D) > 0. Define the
conditional probability measures

w(CNE) A MDNE)
pe(€) & ——== and  pup(€) = — =,
AT = )
where £ is an arbitrary Borel subset of X. Then uc, up < p, and
Wi(uc, pp) < Walp, pe) + Wiu, pp) (3.4.85)
< \/2¢ D(clln) + +/2¢ D(pplin), (3.4.86)

where (3.4.85) is by the triangle inequality, while (3.4.86|) is because

satisfies T1(c). Now, for an arbitrary Borel subset £ C X', we have

pe(é) = [ 1:8 (), (3.4.87)
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so it follows that

duc (2) = le()

Voe X, (3.4.88)

dp 7 ()’
with a similar equality for pup. Therefore,
duc | duc 1
D(pc||p) =E [ In } =In—7pr, 3.4.89

and an analogous formula holds for up in place of u¢. Substituting this

into the right side of (3.4.86)) gives
1
Wi(pe, pup) < \/20111 — 4+ \/20111

1
e D) (3.4.90)

We next obtain a lower bound on Wi (uc, up). Since the probability
measures puc and up are supported on C and D, respectively, every
7 € Il(pe, pp) is supported on C x D, which yields [, dm(z,y) = 1.
Consequently, for every such 7,

@y dr@y) = [ day) drla,y)

> _inf d(fv,y)/ dr(z,y)
CxD

zeC,yeD
= d(C,D), (3.4.91)
where, by definition, d(C, D) = eénfepd(gv,y). Since (3.4.91)) holds for
z€C,y

all m € II(ue, up), we can take the infimum over all such 7 to get

Wi(pe, up) > d(C, D). (3.4.92)
Combining ([3.4.90) with (3.4.92f) gives the inequality
1 1
d(C,D) < /2cln — + {[2¢Iln ——, 3.4.93
P ¢ W(©) \/ WD) (3499

which holds for all Borel sets C and D with positive u(C) and u(D).
Let D = (C,)¢, then

w(D)=1—pu(C,), d(C,D) > r. (3.4.94)
Consequently, combining ([3.4.93))—(3.4.94) gives

1 1
r<4/2cln—+,/2cln ———, 3.4.95
V w(C) V = (G (3.4.95)
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which, if r > ,/2¢ ln , is equivalent to

T\ 2
wu(Cr) > 1 —exp ( 20111 ,u(C)) ) . (3.4.96)

If u(C) > % r > +/2¢In2, then ([3.4.96)) implies that
1 2
w(Cr) > 1—exp <_20 (r —V2cln 2) ) . (3.4.97)

Hence, the Gaussian concentration inequality in (3.4.10) holds with
/@:iandKzlforalerrO:\/chnZ ]

Remark 3.21. The exponential inequality has appeared earlier
in the work of McDiarmid [I09] and Talagrand [9]. The major innova-
tion that came from Marton’s work was her use of optimal transporta-
tion ideas to derive a more general symmetric form ([3.4.93]).

Remark 3.22. The formula (3.4.89)), apparently first used explicitly by
Csiszar [188, Eq. (4.13)], is remarkable: it states that the probability
of an arbitrary event can be expressed as an exponent of a divergence.

While the method described in the proof of Proposition [3.9] 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 result that, for p € [1,2], the T), inequalities
tensorize (see, for example, [83, Proposition 22.5]):

Proposition 3.10 (Tensorization of transportation-cost inequalities). If
w satisfies Tp(c) on (X,d) for an arbitrary p € [1,2], then, for every

2
n € N, the product measure p®" satisfies T,(cn? ') on (X", d,,) with
the metric

dpn (2 (Zd xy) , Vgt e X", (3.4.98)

Proof. Suppose p satisfies T}, (c). For n € N, fix an arbitrary probability
measure v on (X", dp ). Let X", Y™ € X" be two independent random
n-tuples, such that

PX”:PX1®PX2|X1®"'®PXn|X”_1:V (3499)
Pyn =Py, @ Py, ®...Q Py, = u®". (3.4.100)
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For each i € {1,...,n}, let the conditional W, distance be defined as
follows:

WP(PXi‘Xi_17P}/-; ‘Pxi—l)

|—

= ( it WI?(PXiIXi—lzxi—l,PYi)dPXi—l(l'i_l)>p (3.4.101)
We next prove that
W3 (v, u®") = WE(Pxn, Pyn)
= i Wy (P, xi-1, Py, | Pxi1), (3.4.102)

i=1
where the LP Wasserstein distance on the left side is computed with
respect to the dp, , metric which is given in (3.4.98). By Lemma m
there exists an optimal coupling of Px, and Py, i.e., a pair (X7, Y]")
of jointly distributed X-valued random variables such that Px; = Px,,
Pyl* = Pyl, and
WP (Px,, Py;) = E[d” (X7, Y7)]. (3.4.103)

For i € {2,...,n} and for every choice of '~! € X'~! again by
Lemma there exists an optimal coupling of Py, xi-1_pi-1 and
Py, ie., a pair (X7 (2'1),Y*(2'1)) of jointly distributed X-valued
random variables such that

PXi*(mifl) = PX¢|X’L*1:mi*1’ Pyi*(mifl) = PY.“ (34104)
and
W2 (Px, | xi 1z 1 Pr) = EIP(X; (7)), Y ()], (3.4.105)

Moreover, since by assumption (X, d) is a Polish space, all couplings
can be constructed in such a way that the mapping

s PI(XF (21, Y (2') e C] (3.4.106)

is measurable for each Borel set C C X x X [83]. In other words, for
each i, we can define the regular conditional distributions

A i—1 i—1
PX:YZ* |X*(i71):azi*1 = PX;‘(:vifl)Yi*(:cifl)’ V' e X’
such that
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is a coupling of Px» = v and Py» = pu®", and for all '~ € X*~! and
ie{l,...,n}

WP(Px, | xi-1=gi-1, Py;) = E[d"(X],¥;") | X*071 = 2771]. (3.4.107)

We have
WP(v, u®") < E[db, (X, Y*")] (3.4.108)
= E[d(X],Y;)] (3.4.109)
=1
= S E[E[@(X;,Y;) | X)) (3.4.110)
i=1
n
=Y WE(Py, xi-1, Py, | Pxi-1), (3.4.111)
=1
where

e ([3.4.108) is due to the facts that W, (v, u®") is the LP Wasserstein
distance with respect to the dj, , metric, and (X*",Y*") is a (not
necessarily optimal) coupling of Pxn = v and Pyn = p®";

e (3.4.109)) is by the definition (3.4.98) of d} n;
e (3.4.110) is by the law of iterated expectations; and

e (3.4.111)) is by (3.4.101)) and (3.4.107]).

We have thus proved (3.4.102)). By hypothesis, p satisfies Tp(c) on
(X,d). Therefore, since Py, = p for every ¢, we can write

W‘,g)(PXAXifl,PYi‘PXi—I)

= i WE(PXilxi—lzmi—l’ PYL) dPXi—l (m’i—l)

P .
S/ (QCD(PXZ_|X'L—1::EZ‘71‘|PY;))2 dPXifl(:L‘Z—l)
yi-1

IS}

2

< (20)2 ( D(PXZ.Xi_lzxi_1||Pn)dPXi_1(xi1)) (3.4.112)
Xi—1
P
= (20)% (D(Py, x| P | Pxim)) (3.4.113)

where (3.4.112)) follows from Jensen’s inequality and the concavity of
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the function t — ¢2 for p € [1,2]. Consequently, it follows that
WP(V M@n)

n b
(208 3" (D(Py, it 1Pl Pin)) (3.4.114)
i=1
p p n g
¢)zn'"2 | 3 D(Px; it || Py;| Pxi-1) (3.4.115)
=1
= (20)2 n'~% (D(Pxa || Pyn))? (3.4.116)

= (208 n'" % (D(]|u®)%, (3.4.117)

where (3.4.114)) is due to (3.4.108))(3.4.113); (3.4.115) follows from
Holder’s inequality; (3.4.116)) is by the chain rule for the divergence
and since Py~ is a product probability measure; (3.4.117) is by (3.4.99))

and (]3.4.100)). This finally gives

) < V2ens ' D(w|pem),

Le., u®™ satisfies the T, (c nﬁ_l) inequality. O

Since the metric W5 dominates W; (see Item 2 of Lemma , a
Ty (c) inequality is stronger than a Tj(c) inequality (for an arbitrary
¢ > 0). Moreover, as Proposition shows, T inequalities tensorize
exactly: if p satisfies To with a constant ¢ > 0, then pu®" also satisfies
Ty for every n with the same constant c. By contrast, if u only satisfies
Ty (c), then the product measure pu®" satisfies T; with the much worse
constant cn. As we shall shortly see, this sharp difference between the
T, and Ty inequalities actually has deep consequences. In a nutshell, in
the next two sections, we show that, for p € {1,2}, a given probability
measure 4 satisfies a Tp(c) inequality on (X, d) if and only if it has
Gaussian concentration with constant k = % Suppose now that we
wish to show Gaussian concentration for the product measure u®" 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 and consequently also
apply Proposition [3.9] If we go through with this approach, we show
that:

o If yu satisfies Ti(c) on (X,d), then u®" satisfies Tq(cn) on
(X", dy,), which is equivalent to Gaussian concentration with
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constant x, = ﬁ Consequently, in this case, the concentration
phenomenon is weakened by increasing the dimension n.

e If, on the other hand, p satisfies To(c) on (X, d), then u®" satisfies
Ts(c) on (X", dy,p), which is equivalent to Gaussian concentration
with the fixed constant x = i independently of the dimension n.

These two results give the same constants in concentration inequalities
for sums of independent random variables: to this end, note that by

(13.4.98) and the Cauchy-Schwarz inequality

n

dl,n(xna yn) = Z d(xh yl)
=1

<vn (i (i, yi))
i=1

= /nday (2", y"). (3.4.118)

Let f: X — R be a Lipschitz function on (X,d), and let f,,: X" — R
be given by

1
2

n
fo(z™) 2 Z x;), " e A (3.4.119)

Then, we can conclude that

fn Lip, £ sup
H || p,1 gt dl,n(l‘nvyn)

TS If) — f)
|f(u) = f(v)]
S s )
_ I flleip
= L, (3.4.120)

and, from (3.4.118)) and ((3.4.120)),

a [fn(@™) = Fuly™)]
I falliipz = sup 2 )

v [fn(2") = fuly")]

< v/n sup
angyn A (2" y")
— i fullips < L ltip. (3.4.121)
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Let Xq,...,X, be ii.d. X-valued random variables whose common
marginal is a probability measure p, satisfying either T1(c) or Ta(c).
In view of (3.4.120)), (3.4.121]), and Corollary in the next section,
both T4(c) and Tay(c) yield

TlTQ

2¢|1f1E;p

for all » > 0. However, in general, the difference between concentration
inequalities that are derived from T and Ty inequalities becomes quite

P (711 S F(X0) > ELF(X0)] + 7«> < exp ( ) L (3.4.122)
=1

pronounced. Note that, in practice, it is often easier to work with Ty
inequalities.

The same strategy as above can be used to prove the following
generalization of Proposition [3.10}

Proposition 3.11. Let u1, ..., u, be n Borel probability measures on a

Polish space (X, d), such that p; satisfies T),(¢;) for some ¢; > 0, for each

i€{l,...,n} Let c = max c;. Then, for an arbitrary p € [1,2], the
<i<n

2
probability measure p = 1 ®. .. ® uy, satisfies T, (c nE_l) on (X", dyn)
with the metric d,,, in (3.4.98).

3.4.3 Gaussian concentration and T inequalities

As we saw in Proposition[3.9] Marton’s argument can be used to deduce
Gaussian concentration from a transportation-cost inequality. As we
demonstrate here and in the following section, in certain cases these
properties are equivalent. We first consider the case where u satisfies
a T inequality. The first proof of the equivalence between T; and
Gaussian concentration was obtained by Bobkov and Gétze [70], and it
relies on the following variational representations of the L' Wasserstein
distance and the divergence:

1. Kantorovich—-Rubinstein theorem [83, Eq. (6.3)]: For every
w,v € P1(X) on a Polish probability space (X, d),

Winv)=  sup  |Bu[f] - E,[f]| (3.4.123)
i lfllip<1

2. Donsker—Varadhan lemma [I0I, Lemma 6.2.13]: For every
two Borel probability measures p, v on a Polish probability space
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(X,d) such that v < pu, the following variational representation
of the divergence holds:

D(v||lp) = GSCUI(?)X){EV[Q] —InE,[exp(g)]} (3.4.124)

where the supremization in (3.4.124)) is over the set Cp,(X') of all
continuous and bounded real-valued functions on X. Moreover,
for every measurable function g such that E,[exp(g)] < oo,

Evlg] < D(v||p) + InEy[exp(g)]- (3.4.125)

(In fact, the supremum in (3.4.124)) can be extended to bounded
Borel-measurable functions ¢ [I89, Lemma 1.4.3].)

The following theorem was introduced by Bobkov and Gotze [70,
Theorem 3.1]:

Theorem 3.4.5. Let 1 € P1(X) be a Borel probability measure, and
suppose that there exists g € X' such that E,[d(X, z¢)] < co. Then, p
satisfies T (c) if and only if the inequality

c 2
E, {exp[tf(X)]} < exp (;) (3.4.126)

holds for all 1-Lipschitz functions f: X — R with E,[f(X)] = 0, and
all t € R.

Proof. The condition E,[d(X, z¢)] < oo, for some zy € X, ensures that
every Lipschitz function f: X — R is p-integrable:

Eu[lf(X)]] < [f (o) + Eu[If(X) — f(zo)]]
< | f(@o)| + [1fllLip By [d(X, 20)] < oc. (3.4.127)

Without loss of generality, we may consider (3.4.126)) only for ¢ > 0
(otherwise, replace f with —f for ¢ < 0).

Suppose first that p satisfies Ti(c), and let v < p. Using the
T1(c) property of u together with the Kantorovich-Rubinstein formula

(13.4.123)), we can write

/X Fdv < Wi(u,v) < \/2¢ D(v]|p)
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for every 1-Lipschitz f: X — R with E,[f] = 0. Next, since

inf (a + bt) = V2ab (3.4.128)

t>0 \ ¢ 2

for every a,b > 0, we see that every such f satisfies

/fd ””“) ; V> 0.

Rearranging terms, we obtain
ct?
/tfdy—7 <DWw|p), Vt>o. (3.4.129)
X

Applying this inequality to v = u(9) (the g-tilting of ) where g £ tf,
and using (3.1.20) gives that

D(M(g)\lu)z/ gdu(g)—ln/ exp(g) du
X X
:/ tde—ln/ exp(tf) du, (3.4.130)
X X
we deduce from (3.4.129)) and ([3.4.130)) that

i ([ explan)an) < %

for all t > 0, and f with || f||rip < 1 and E,[f] = 0, which is (3.4.126).

Conversely, suppose that p satisfies for all 1-Lipschitz
functions f: X — R with E,[f(X)] = 0, and for all ¢ € R. Let v
be an arbitrary Borel probability measure such that v < p. Consider
an arbitrary function of the form g £ ¢f with ¢ > 0. By the assumption

in (3.4.126)), E,[exp(g)] < oo; furthermore, g is a Lipschitz function, so
it is also measurable. Hence, ([3.4.125)) gives

D) > [ tfdv—tn [ exp(ts)dy
x x
ot?
z/tfdu—/tfdu—— (3.4.131)
X 2
where (3.4.131]) relies on (3.4.126]) and the assumption that [, fdu = 0.

Rearranging gives

‘/de” - /X fd“‘ (ZHM) +S V>0 (3.4.132)
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(the absolute value in the left side of (3.4.132)) is a consequence of
the fact that the same argument goes through with — f replaced by f).

Minimizing the right side of (3.4.132)) over ¢t > 0 and applying (3.4.128)),

we get that the inequality

‘/de”/xfdﬂ‘ < \2¢D(v|p) (3.4.133)

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 functions f on the left

side of (3.4.133)) and using the identity in (3.4.123)), we conclude that
Wi (p,v) < \/2cD(v||u) for every v < p, i.e., u satisfies T1(c). O

Theorem [3.4.5] gives us an alternative way of deriving Gaussian
concentration inequalities for Lipschitz functions:

Corollary 3.4.6. Let A be the space of all Lipschitz functions on X,
and let 1 € P1(X) be a Borel probability measure that satisfies T1(c).
Then, the following inequality holds for every f € A and r > 0:

P(f(X) > E,[f(X)] +7) < exp <_2CH7;“||%) . (3.4.134)

Proof. The result follows from the Chernoff bound and (3.4.126). [

As another illustration of the use of Ty inequalities, we provide
an alternative proof of the Kearns-Saul inequality (c.f. [I13], and the
martingale approach used to prove Corollary [2.4.8)):

Theorem 3.4.7. Let X be the Hamming space {0, 1}", equipped with
the Hamming metric

dn (@™, y™) =Y Lgity,y- (3.4.135)
=1

Let Xi,..., X, beii.d. Bernoulli(p) random variables. Then, for every
Lipschitz function f: {0,1}" — R and r > 0,

in(=2) 2 . 1
o (_anliip(l?p)) ) ifp# 3
__2? N
o ( "llfliip> ’ ifp = 3.
(3.4.136)

P(F(X") ~E[f(X")] 2 7) <
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Proof. From Proposition[3.§and the distribution-dependent refinement
of Pinsker’s inequality (3.4.84]), it follows that the Bernoulli(p) measure

satisfies Ty ﬁ(p) with respect to the Hamming metric, where ¢(-) is
defined in (3.4.79). By Proposition the probability measure of a

sum of n independent Bernoulli(p) random variables satisfies T %
with respect to the Hamming metric (3.4.135]). The bound ([3.4.136))

then follows from Corollary [3.4.6] O
Remark 3.23. If || f||Lip < & with ¢ > 0 then (3.4.136) gives that, for
every r > 0,

n n In (1%])> 2
This is the case, for instance, if f(z™) = 2 Y7, f;(x;) for arbitrary

functions fi,..., fn : {0,1} — R which satisfy |f;(0) — fi(1)| < ¢ for
all i € {1,...,n}. More generally, every function f: {0,1}" — R which
satisfies with f; as given in , ¢ = %;, i€ {l,...,n},
for some constants ¢}, ..., ¢, > 0, satisfies for all » > 0 with

¢ = maxc,.
1<i<n

We point out Marton’s coupling inequality, which forms a slightly

stronger form of the original result of Marton [91] (see [3, Theorem 8.2]
for the following stronger statement):

Theorem 3.4.8 (Marton's coupling inequality). Let g = 1 ® ...y, be
a product probability measure of X" € X™, and let v be a probability
measure of Y™ € X™ such that v < p. Then,

min > P*(X; #Y;) < 3 D(v|p), (3.4.138)
well(p,v) i1

where the relative entropy is expressed in nats.
Proof. See [3, p. 241]. O

We provide an alternative proof of McDiarmid’s inequality ,
based on the earlier material in this chapter about transportation-cost
inequalities and Theorem (recall the two earlier proofs of this
inequality in Sections [2.4.3] and [3.3.4] which, respectively, rely on the
martingale approach and logarithmic Sobolev inequalities).
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An alternative proof of McDiarmid’s inequality: For every
n € N, constants ¢y, ..., c, > 0, and a measurable space X, let us equip
the product space X" with the weighted Hamming metric

n
dn (2" y") £ ciliy, 2 (3.4.139)
i=1
Given a function f: X" — R, let us define the Lipschitz constant

1 fllLip = Sup |f(;” ()x; ‘Z% s (3.4.140)
"y n 3

It can be verified that the condition || f||Li, < 1 is equivalent to the
property of bounded differences in .

Let pi,...,u, be arbitrary n probability measures on X, and let
=1 ® ...u, be a product probability measure of X" € X"™. Let v
be an arbitrary (not necessarily a product) probability measure on X™,
where v < p, and let Y™ be a random vector drawn from v. Then

[E,lf] - B 11|

= [E[F(x™) - Frm)| (3.4.141)

< IE(f(X”) - f(Y”)‘ (3.4.142)

< iE[Cz’ Lix,2vi] (3.4.143)
=1

IN

H'M:
I

1 1
2 n 2
c§> <§ E? [Hx#m]) (3.4.144)
=1

( :

1

n 3 n 3

= (Z c§> (ZPQ(XZ- # Yi)> : (3.4.145)
i=1 i=1

where (3.4.141)) holds since, by construction, X" ~ p and Y" ~ v;

(3.4.142) holds since |E[Z]| < E|Z]; (3.4.143)) follows from the bounded
differences condition in (3.3.46]), combined the triangle inequality;

(3.4.144]) holds by using the Cauchy-Schwarz inequality; (13.4.145]) holds

because the expectation of the indicator function of an event is equal to
the probability of the event. By minimizing the right side of (3.4.145))
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over all the couplings 7 € II(y, v), it follows from Theorem that

Bl 11| < J LY@ D). (3.4.146)
=1

By supremizing the left side of (3.4.146|) over all the Lipschitz functions
f: X" — R such that || f|jrip < 1, it follows from the Kantorovich-

Rubinstein theorem (see (3.4.123))) that

Wi(u,v) < \l i Zcf D(v||p) . (3.4.147)
i=1

Hence, from (3.4.147), p satisfies Tq(c) with the weighted Hamming
metric d, in (3.4.139)) and ¢ = iZ?:l c?. From Corollary [3.4.6] this
provides an (original) alternative proof of McDiarmid’s inequality.

3.4.4 Dimension-free Gaussian concentration and T5 inequalities

Our discussion so far has been mostly confined to a probability measure
w 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 [3.10|demonstrates that the transportation-cost
inequalities tensorize, so in principle this property can be used to derive
concentration inequalities for such functions. However, as suggested by
Proposition [3.10]and the discussion following it, T inequalities are not
very useful in this regard, since the resulting concentration inequalities
deteriorate as n increases. Indeed, if p satisfies T (c) on (X, d), then the
product measure p®" satisfies T1(cn) on the product space (X™, d1 ),
which is equivalent to the Gaussian concentration property

2

IP’(f(Xn) >Ef(X™) + 7“) < Kexp <_2Tcn> , Vr>0, (3.4.148)
for every f: X™ — R having Lipschitz constant 1 with respect to di ;.
Since the exponent is inversely proportional to the dimension n, we
need to have r grow at least like \/n in order to guarantee a given value
for the deviation probability. Hence, the higher the dimension n is, the
more we will need to “inflate” a given set C C X™ to capture most of the
probability mass. For these reasons, we seek a direct characterization
of a much stronger concentration property, the so-called dimension-free
Gaussian concentration.
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Once again, let (X, d, 1) be a metric probability space. We say that
1 has dimension-free Gaussian concentration if there exist constants
K,k > 0, such that for every n € N and r > 0,

ccxn, ufre)>1 = p®C)>1-Ke " (3.4.149)

where the isoperimetric enlargement C, of a Borel set C C X™ is defined
in (3.4.7) with respect to the metric da,, in (3.4.98) (with p = 2), i.e.,

n
= {y" € X": 32" € C such that Zd2(azi,yi) < r2}. (3.4.150)
i=1
Remark 3.24. In view of Remark we are mainly interested in the
constant x in the exponent. Thus, it is said that p has dimension-free

Gaussian concentration with constant x > 0 if (3.4.149)) holds with
that k and some K > 0, independently of n € N.

Remark 3.25. In the same spirit as Remark it may be desirable
to relax (3.4.149) to the following: there exists some rg > 0 such that,
for every n € N and r > rg,

ccar, u®e)>1 = p®(A)>1-Ke 00" (3.4.151)

(see, for example, [83, Remark 22.23] or [87, Proposition 3.3]). The same
considerations about (possibly) sharper constants that were stated in
Remark [3.17] also apply here.

In this section, we show that dimension-free Gaussian concentration
and Ty inequalities are equivalent. Before we get to that, here is an
example of a Ty inequality:

Theorem 3.4.9 (Talagrand [190]). Let X = R™ and d(z,y) = ||l — y||.
Then, p = G™ satisfies a T2(1) inequality.

Proof. The proof starts with the one-dimensional case (n = 1): let
p= G, let v € P(R) have density f with respect to p: f = g—z, and let
® denote the standard Gaussian cumulative distribution function, i.e.,

o) = [ vy

—00

= \/%/ exp (—%) dy, VzeR. (3.4.152)
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If X ~ G, then (by Item 6 of Lemma [3.4.4]) the optimal coupling of

i = G and v, i.e., the one that achieves the infimum in
1

Walv,p) = Wa(v,G) = inf (B[(X - v)2)*? (3.4.153)
is given by Y = h(X) with h = F;;! o ®. Consequently,
W3 (v,G) = E[(X — h(X))?]
— [ (@ = h(@)? () du (3.4.154)
Since dv = fdu with u = CC;: and F,(h(z)) = ®(zx) for every z € R, we
have

/; v(y) dy = ®(x)

= Fy(h(z))
h(z)
- [t daty)
h(z)
= [ twn . (3.4.155)
Differentiating both sides of (3.4.155)) with respect to x gives
v(z) = W (z) f(h(z))y(h(z)), VzeR. (3.4.156)
Since h = F,;! o ®, h is a monotonically increasing function, and
xEer h(z) = —o0, Jim. h(z) = oc. (3.4.157)

Consequently, we get

D(|G) = D(vlln)
:/Rdl/ lnj:
:/O:oln (F(x)) dv(x)
~ [ 1@ w (1) duta)
— [ @ (@) 1) do

= [ #h(a) 1o (4 (@) (@) B (z) do
_ / " I (f(h(2))) 7 (x) da, (3.4.158)
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where we have used (3.4.156]) to get the last equality. From (3.4.156]),

we get that for all x € R

In (f(h(z))) = In <m>

)7(h(z))
= W —Ink'(z), (3.4.159)
which implies that

D(vl|p)
= ;/_O:o {h2(x) — CL’Q] v(z) dx — /_o:o Inh'(z) y(z)dz (3.4.160)
= é/_o:o (z— h(:z:))2 v(z)dx + /_O:O z(h(z) — z) y(z)dz (3.4.161)

- /0:0 In A/ (z) y(x) dz
4 [ @)@ et [ (#@) - 1)) do

- /_ T (@) y(x) da (3.4.162)
> %/O:o (z— h(x))2 v(z) dz (3.4.163)
= LW (v, p) (3.4.164)

where (3.4.160)) follows from the substitution of (3.4.159) into (3.4.158));
(3-4.16T) holds since 1 (a® — b?) = 3(a — b)?> + b(b — a) for all a,b € R;
(13.4.162) relies on integration by parts; (3.4.163|) is due to the inequality

Int <t—1fort > 0, and because h: R — R is monotonically increasing
and differentiable; (3.4.164]) holds due to (3.4.154)). This shows that
p = G satisfies To(1), which completes the proof for the special case

where n = 1.

This theorem is finally generalized, for an arbitrary n € N, by the
tensorization property of 75 transportation-cost inequalities with the
Euclidean metric (see Proposition with p = 2). O

We now get to the main result of this section, which states the
equivalence between dimension-free Gaussian concentration and the To
inequalities.
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Theorem 3.4.10. Let (X,d, ) be a metric probability space. Then,
the following statements are equivalent:

1. p satisfies Ta(c).

2. u has dimension-free Gaussian concentration with k = %

Remark 3.26. As we next show, the implication 1) = 2) follows easily
from Propositions and The reverse implication 2) = 1) is a
nontrivial result, which was proved by Gozlan [87], using an elegant
probabilistic approach relying on the theory of large deviations.

Proof. We first prove that 1) = 2). Assume that u satisfies Ta(c) on
(X,d), and consider the metric probability space (X", ds,, u®") where
n € N is fixed, and the metric dy, is defined in (3.4.98) (p = 2).
By Proposition for the tensorization property of transportation-
cost inequalities, the product measure u®" satisfies Ta(c) on (X", da ).
Since the Wasserstein distance of order 2 dominates its order—1 distance
(by item 2 of Lemma , p®" also satisfies T1(c) on (X", day).
Hence, by Proposition u®" satisfies the Gaussian concentration
property with the constants k = %C,K = 1,719 = Vv2cIn2.
Since this holds for every n € N, by definition, x4 has dimension-free
Gaussian concentration with constant x = i

We next prove the converse implication 2) = 1). Suppose that p
has dimension-free Gaussian concentration with constant x > 0, where
for simplicity we assume that ro = 0 (the argument for the general case
of rg > 0 is slightly more involved, and does not contribute much in the
way of insight). Let n € N be fixed, and consider the metric probability

space (X", dg p, p®"). Given 2" € X", let Py be the empirical measure

Pun(u) = Z(Swi (u), Yuedk, (3.4.165)
i=1

where 0,(-) denotes a unit mass concentrated at x € X. Now consider
a probability measure v on X with v <« P.», and define a function
fom: X" — R by

fon(x™) & Wo(Pyn,v), Va™eX™ (3.4.166)
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We claim that f,, is Lipschitz with respect to the metric ds,. This
property is verified as follows: for all 2™, y™ € X",

’fu,n(xn) - fu,n(yn)|

= [Wa(Pgn,v) = Wa(Pyn, V)| (3.4.167)
< Wa(Pyn, Pyn) (3.4.168)
1

— inf & (z,y) dn(z, )2 3.4.169

el (fy Pl antey (34.169)
1

< licﬁp ) 2 (3.4.170)

> n & Zi, Yi 4.
y (",y") (3.4.171)

= = n\T ; 4.
Vi B

where

e (3.4.167)) is by the definition in ([3.4.166));
e (3.4.168)) is by the triangle inequality for the Wasserstein distance;

e (3.4.169)) is by definition of W5 (note that the empirical measure
P,x in (3.4.165) is defined on X);

e (13.4.170) uses the fact that the probability measure that places

mass % on each (z;,v;), for i € {1,...,n}, is an element of

II(Pyn, Pyn) (since, by (3.4.165)), its marginals are Pyn and Pyn);
o (3.4.171)) uses the definition (3.4.98]) of da .

Hence, from (3.4.167)—(3.4.171)), f,, is Lipschitz with respect to the
metric dgp, and its Lipschitz constant (by the definition in (3.4.140))
with d,, := da,,) satisfies

1
Hfl/,n”Lip,Q < % (3.4.172)

Let X1,..., X, beii.d. random variables with X; ~ u, and let m,, be
an arbitrary pu®"-median of f,,. Then, by the assumed dimension-free
Gaussian concentration property of p, Theorem [3.4.1] implies that for
every r >0 and n € N

HT‘2
P(fon(X™) = my + 1) < exp <_Hf|2 (3.4.173)
v,n Llp,2

< exp(—rnr?), (3.4.174)
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where holds due to the upper bound on the Lipschitz constant
in (1172,

We prove that every sequence {m,, }°2; of u®"-medians of the f, ;s
converges to zero. Since by construction X1, Xo, ... are i.i.d. draws from
i, the sequence of empirical distributions {Pxn»}7°, converges almost
surely to p (it is Varadarajan’s theorem [191, Theorem 11.4.1]). Hence,
since W5 metrizes the topology of weak convergence together with the
convergence of second order moments (by Item 3 of Lemma ,
nh_}rgo Wo(Pxn, ) = 0 almost surely. Convergence almost surely yields
convergence in probability, which implies that

lim. P(Wa(Pxn,u) >1t) =0, Vit > 0. (3.4.175)

In view of (3.4.175)), it follows that every sequence {m,} of medians
of the f,,’s converges to zero, as claimed. By combining (3.4.166)),

(13.4.173)) and (3.4.174), it follows that for all » > 0

lim sup 1 lnIP’(Wg(PXn,,u) > 7‘) < —kr?. (3.4.176)
n—oco T

On the other hand, the mapping v — Ws(v, 1) is lower semicontinuous

in the topology of weak convergence of probability measures (see Item 4

of Lemma . Consequently, the set {u: Wa(Pxn,pu) > r} is open

in the weak topology, which implies by Sanov’s theorem (see, e.g., [101],

Theorem 6.2.10]) that for all » > 0

1
liminf—lnP(WQ(Pxn,u) > r) > —inf{D(VH,u): Wa(p,v) > 7’}.

n—oo n
(3.4.177)
Combining and , we get that
inf{D(uHu): Wa(p,v) > r} >k, Vr >0, (3.4.178)
which implies that
D(v|p) > kW2 (p,v). (3.4.179)

Upon rearranging terms, we get Wa(u,v) < \/%D(V”M), which is a

Ts(c) inequality with ¢ = 5. O
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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 log-Sobolev inequalities)
and probabilistic (through transportation-cost inequalities). We next
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 [192], relating three
measures of similarity between probability measures: the divergence,
quadratic Wasserstein distance, and Fisher information distance. In
the literature on optimal transport, the divergence (relative entropy)
between probability measures P and @ is often denoted by H(P|Q)
or H(P,Q), due to its close links to the Boltzmann H-functional of
statistical physics. For this reason, the inequality we alluded to above
is dubbed the HWI inequality, with H standing for the divergence, W
for the Wasserstein distance, and I for the relative Fisher information
(see (3.2.4)) and (3.2.5))).

We first state the strong version of the HWI inequality which

is specialized to the Gaussian distribution, and give a self-contained
information-theoretic proof from [193]:

Theorem 3.4.11 (Gaussian HWI inequality). Let G denote the standard
Gaussian probability distribution on R. Then, the inequality

D(P|G) < Wa(P,G)\/I(P|G) — L W2(P,G), (3.4.180)

where W5 is the quadratic Wasserstein distance with respect to the
absolute-value metric d(z,y) = |x —y| holds for every Borel probability
distribution P on R, for which the right side of (3.4.180)) is finite.

Proof. We first show the following:

Lemma 3.4.12. Let X and Y be a pair of real-valued random variables,
and let N ~ G be independent of (X,Y"). Then, for every ¢t > 0,

1
D(Py, yinlPyiyin) < %Wg(PX,Py). (3.4.181)

Proof. From the chain rule for divergence (see [164, Theorem 2.5.3]),
we have

D(Pyy xsvin Pyyysvin) = D(Pyy il Proviy)  (34.182)
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and

D(PX,Y,X+\/ZN||PX,Y,Y+\/ZN)

= D(PX+\/£N|X,Y || PY+\/EN|X,Y|PX,Y)

=E[DN(X,t) |N(Y,t))| X,Y] (3.4.183)

1

=5 E[(X —Y)?]. (3.4.184)
Note that (3.4.183)) holds since N ~ G is independent of (X,Y’), and
(13.4.184)) is a special case of the identity

D(N(m1,07) || N (m2,03))

1 2 _ 2 2
S Y V) Y (3.4.185)
2 o o5 op
It therefore follows from (3.4.182)) and (3.4.184]) that, for all ¢ > 0,
1
D(Py . jin Py, in) < Q—tE[(X -Y)3. (3.4.186)

The left side of only depends on the marginal distributions
of X and Y (due to the independence of (X,Y) and N ~ G). Hence,
by taking the infimum of the right side of with respect to all
w e II(Px, Py), we get (3.4.181)) (see (3.4.47)). O

We now proceed with the proof of Theorem Let X and YV
have distributions P and @) = G, respectively. For simplicity, we focus
on the case where X has zero mean and unit variance; the general case
can be handled similarly. Let

F(t) 2 D(Py, vl Py yin)s ¥t>0, (3.4.187)
where N ~ G is independent of the pair (X,Y"). Then, we have
F(0) = D(P|G), (3.4.188)
and from (3.4.181))
1 1
F(t) < 5 W3 (Px, Pr) = o, Wi (P.G), Vt>0. (3.4.189)

Moreover, the function F(t) is differentiable, and it follows from a result
by Verdu [155, Eq. (32)] that

F'(t) [mmse(X,t_l) - mseQ(X,t_l)}

T2
1
=52 [mmse(X,t_l) — Immse(X,t_l)}, Vt>0 (3.4.190)
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where mmse(X,-), mseg(X,-) and Immse(X,-) have been defined in
(3.2.28)), (3.2.29) and (3.2.32)), respectively. The second equality in

(3.4.190) holds due to (3.2.31]) with @ = G (recall that in the Gaussian

setting, the optimal estimator for minimizing the mean square error is

linear). For every t > 0,

D(P|G)
= F(0) (3.4.191)
— /0 t F'(s)ds + F(t) (3.4.192)

_1 /Ot 512 (immse(X, s7") — mmse(X,s™")) ds + (1) (3.4.193)

< ;/Ot <5(51+ o S(SJ(;() - 1)> ds+ L W2(P,G)  (3.4.194)
_1 [111 (“(t)i);r 1) 4 Wg(f’ G)] (3.4.195)
- [m( PHtGJr : b+ 1) 4 Wg(f’ G)] (3.4.196)
<3 <tItiH1G WQ (f G)> : (3.4.197)

where

(B-4.191) is (3.4.188);
(3-4.192)) uses the identity i F'(s)ds = F(t) — F(0);

o (3.4.193)) uses (3.4.190));
o (13.4.194)) uses (3.2.33)), the Van Trees inequality (3.2.34]), and
(13.4.189));

I

(13.4.195)) is an exercise in calculus;
(3.4.196)) uses the formula (3.2.24) (so I(P||G) = J(X) — 1 since

X ~ P has zero mean and unit variance; one needs to substitute
s=11n (3.2.24)) to get G5 = G), and the fact that ¢t > 0;

(13.4.197)) uses the inequality Inxz < x — 1 for « > 0.
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Optimizing ¢ to minimize the bound in (3.4.197) yields
; Wa(P,G)
P TPIG) — Wa(P,G)

Note that, due to the celebrated Talagrand quadratic transportation-
cost inequality [190]

(3.4.198)

I(P||G) > WZ(P,G), (3.4.199)

which is obtained by combining the Gaussian LSI in Proposition [3.5]
with (3.4.160)—(3.4.164]), it follows that the optimized value of ¢ in
is indeed positive whenever I(P||G) > 0 (i.e., if P is not the
standard Gaussian measure). Consequently, the substitution of ¢ = tqpt

in (3.4.198) into (3.4.197) gives (B.4.180). O

A stronger version of the Gaussian HWI in Theorem [3.4.11] can
be obtained by optimizing the parameter ¢ > 0 in the right side of

(13.4.196)), which gives

D(P|G) < bi g{ln (t(I(P”tGH D+ 1) 4 Wg(tp’ G)}. (3.4.200)

For comparison, in the proof of Theorem [3.4.11] the Gaussian HWI
(13.4.180)) is derived by optimizing over the free parameter ¢ > 0 in the

right side of (3.4.197)) which is looser than (3.4.196)).
As a benchmark, a possible loosening of inequality (3.4.200) by

replacing the infimum over ¢ > 0 (in the right side of this inequality)
with the limit as we let ¢ — oo gives

D(P|G) < i m(1+I(P|Q)). (3.4.201)

This coincides with Proposition (with s = 1), while improving
Proposition Recall that in view of and , Stam’s
inequality which states that N (X)J(X) > 1 is equivalent to (3.4.201]).

The optimization over ¢ > 0 in the right side of gives the
following closed-form result:

e Suppose that

I(P]G)

T pje S WG S+ 1(P|6).  (3.4.202)
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The rightmost term in is an upper bound on W2(P, G);
this can be obtained by combining and Talagrand’s
quadratic transportation-cost inequality (Theorem which
states that W3 (P, G) < 2D(P||G). The leftmost term in
is less than or equal to the rightmost term in since
r £ I(P||G) > 0, and the inequality In(1 + z) > T45 holds for
all z > 0 (with equality if and only if z = 0). Then, in this
case, t — oo is optimal in the right side of , which gives
inequality as a closed-form expression of .

e Otherwise, if

I(P||G)
0<W2(P,G) < ———~2_, 3.4.203
2(P.G) <7 +I(P||G) ( )
then the optimized t € (0,00) in the right side of (3.4.200) is
given by
b+ Vb2 44
topt = * 7—’_ ac (34204)
2a
with
a=I(P|G) - Wi(P,G) (I(P|G) + 1) > 0, (3.4.205)
b= (I(P|G)+2) Wi(P,G) > 0, (3.4.206)
c=WE(P,G) > 0. (3.4.207)

Consequently, if the condition (3.4.203|) holds, then a tightened
version of the Gaussian HWT ((3.4.180)) is obtained by substituting

(13.4.204)) into the right side of (3.4.196).

Remark 3.27. Note that the HWI inequality (3.4.180)) together with
the Tq inequality for the Gaussian distribution imply a weaker version
of the LST (3.2.10) (i.e., with a larger constant). Indeed, using the Ty

inequality of Theorem on the right side of (3.4.180f), we get
D(P||G) < Wa(P,G)\/I(P|G) (3.4.208)
<\/2D(P|G)\/I(P|G), (3.4.209)

which gives D(P|G) < 2I(P||G). It is not surprising that we end up
with a suboptimal constant here as compared to (3.2.10)): the series of
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bounds leading up to (3.4.197) contributes a lot more slack than the
single use of the van Trees inequality in our proof of Stam’s
inequality (which, due to Proposition is equivalent to the Gaussian
LSI of Gross).

We are now ready to state the HWI inequality in its general form:

Theorem 3.4.13 (Otto—Villani, Theorem 3 in [192]). Let P be a Borel
probability measure on R” that is absolutely continuous with respect
to the Lebesgue measure, and let the corresponding pdf p be such that

V2In (;) - KI, (3.4.210)

for some K € R (where V2 denotes the Hessian matrix, and the matrix
inequality A = B means that A— B is non-negative semidefinite). Then,
every probability measure Q < P satisfies

D(Q|IP) < Wa(@, PVIQIP) - KW@, P).  (34.211)

We omit the proof of Theorem [3:4.13] which relies on some deep
structural properties of optimal transportation mappings achieving the
infimum in the definition of the quadratic Wasserstein distance with
respect to the Euclidean norm in R™. (An alternative simpler proof was
given later by Cordero—Erausquin [194].) We can, however, highlight a
couple of key consequences (see [192)]):

1. Let P, in addition to satisfying the conditions of Theorem (3.4.13

satisfy a Ta(c) inequality. Using this T9 inequality and (3.4.211])
yields

D(Q||P) < \/2cD(QIIP)\/I(QIIP) - K W2(Q.P). (3.4.212)
If the pdf p of P is log-concave, so that (3.4.210) holds with
K =0, then (3.4.212)) implies the inequality

D(Q||P) <2cI(Q]|P) (3.4.213)
where ( < P. This is an Euclidean LSI that is similar to the one
satisfied by P = G™ (see Remark [3.27)). Note, however, that the

coefficient in the right side of (3.4.213]) (i.e., the constant in front
of the Fisher information distance) is suboptimal; this can be
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verified by letting P = G™, which satisfies T5(1). Going through
the above steps, as we know from , the optimal constant
should be %, so the one in is off by a factor of 4. On
the other hand, it is quite remarkable that, up to constants, the
Euclidean log-Sobolev and Ty inequalities are equivalent.

2. If the pdf p of P is strongly log-concave, i.e., if (3.4.210|) holds with
some K > 0, then P satisfies the Euclidean LSI with constant %

Indeed, we have from (|3.4.211))

D(Q|P) < VEW:(Q, P)\/ % I(Q||P) - 5 W3(Q, P) (3.4.214)
< L 1(Q|P), (3.4.215)

N IN

where (3.4.214)) is (3.4.212)), and (3.4.215) relies on the simple

inequality ab < “2'2"“ for all a,b € R. This shows that P satisfies

the Euclidean LSI (%) inequality. In particular, the standard n-
dimensional Gaussian distribution P = G™ satisfies (3.4.210f) with
K =1, so we even get the right constant in . In fact,
the statement that with K > 0 yields the Euclidean
LSI (%) was first proved in 1985 by Bakry and Emery [195] using
very different means.

Introduced independently by Ali-Silvey [196] and Csiszar [197, [198)],
a useful generalization of the relative entropy, which retains some of
its major properties (and, in particular, the data-processing inequality
[199)]), is the class of f-divergences. In [I86], Sason and Verdu study
several approaches to derive f-divergence inequalities. By combining
f-divergence inequalities and the HWI inequality in Theorem [3.4.13]
one can derive upper bounds on various f-divergences as a function of
the relative Fisher information and the quadratic Wasserstein distance.

3.5 Extension to non-product distributions

The current chapter is mostly focused on concentration of measure
inequalities for functions of independent random variables. There is,
however, extensive literature on concentration inequalities for functions
of weakly dependent random variables. In this section, we describe
(without proofs) some results along this direction that explicitly use
information-theoretic methods. The examples we give are by no means
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exhaustive; they only intend to show that, even in the case of dependent
random variables, the underlying ideas are essentially the same as in
the case of independent random variables.

The basic scenario is that Xq,..., X, are random variables 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, ® ...® Px, ), and we are
interested in the concentration properties of a function f(X").

3.5.1 Samson’s approach for dependent random variables

In [200], Samson developed an approach to derive transportation-cost
inequalities for dependent random variables which revolves around a
certain L? measure of dependence. Following Marton [201], Samson
[200] considered a Wasserstein-type distance on the space of probability
measures on X". For every pair of probability measures ) and R on
X" let II(Q, R) denote the set of all probability measures on X™ x X™
with marginals () and R. Then, the following non-negative quantity is
defined in [200]:

do(Q,R) =  inf sup/ZOz, Mz, gy dm (2™, y™), (3.5.1)

Tell(Q,R) «
where sup is a supremum over all vector-valued functions o: X™ — R"™

(0%
where a = («v, ..., ) is a vector of positive functions, and

Er [[la(y™)|?] ‘/ §:a y) < 1. (3.5.2)

Remark 3.28. For every pair of probablhty measures () and R on X",

5 n
d3(Q, R) < weﬁnch {Su /anana ")
/n anl{z#yi} dw(x”,yn)} (3.5.3)

! / Lz, £y,y dm(z", 3.5.4
- 7T€1}IHQ R X’ILXXn Z { iFYi } 7T Yy ) ( )
= reli(Q.R) Janyan 27V (=", y") ( )
=7 e 0, P AYT (3.5.6)

=n[lQ — R|1v, (3.5.7)
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where (3.5.3) holds due to the Cauchy-Schwarz inequality; (3.5.4) is

due to the supremization of Eg [||a(Y™)||?] over vector-valued functions
a: X" — R (with positive components «;) which satisfy (3.5.2); finally,

equality (3.5.7) holds by (3.4.58) and Proposition This gives

d2(Q, R) < \/n|Q — Rrv. (3.5.8)

In particular, d2(Q,Q) = 0 for every probability measure @) on X™.
In general, da(-,-) is clearly not symmetric, nevertheless it satisfies the
triangular inequality [201]. It is therefore not a distance metric, though
it is quite a distance.

Given the distribution P = Pxn of (X,...,X,), consider an upper
triangular matrix A € R™*" which is defined as follows:

° Ai’jZOfOrZ'>j;

° Ai,i =1 for all Z,

e for i < j,
Ai,j = Sup sup \/HPX”Xi:mi,Xilza:il — PX’.l|Xi:w’,,Xi*1:xi*1 .
xi,x; Cci_l J J T TV
(3.5.9)

Let ||A|l denote the operator norm of the matrix A with respect to the
Euclidean topology, i.e.,

PN [Av] (3.5.10)
vER™\{0} o]l
= sup |Av]. (3.5.11)
vERM: |jv||=1

In the special case where P is a product measure, the matrix A is the
n X n identity matrix, and ||Al| = 1 independently of n.
The main result of [200] is the following Pinsker-type inequalities.

Theorem 3.5.1. Let P and ) be probability measures on R” such that
@ < P. Then, the following inequalities hold:

da(Q, P) < [|A]ly/2D(Q] P), (3.5.12)
da(P, Q) < [|Ally/2D(Q]|P), (3.5.13)

where the relative entropy is on base e.

and
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We next examine some implications of Theorem with a special
interest in the case where ||A|| is bounded independently of n.

1. Let P denote the probability measure of X" = (Xi,...,X,)
where X" is bounded in the unit cube [0, 1]". By Theorem [3.5.1]
it follows that for every smooth convex function f: [0,1]" — R,
P satisfies the following Euclidean LSI (see [200, Corollary 1}):

D(PO|P) < 2| AIPED [V F(X™)?], (3.5.14)

where the equivalence of and [200, Eq. (2.13)] is due to
(3.3.6) and (3.3.7)). The same method as the one we used to prove
Proposition [3.7]and Theorem [3.2.2 can be applied to obtain, from
(3.5.14])), the following concentration inequality for every convex
function f: [0,1]" — R with || f||rip < 1:

7'2

P(f(X") >Ef(X") + r) < exp <_8HAH2> , (3.5.15)

for all » > 0. An adaptation of the approach by Bobkov and Gétze
[70] (recall that Theorem and Corollary rely on this
approach) gives the following improved concentration inequality,
which holds for every smooth convex function f: [0,1]" — R with
VIl <1 P-a.s. and for all » > 0 (see [200, Corollary 3]):

7.2

P(f(X") > Ef(X") +7) < exp <_2HAH2> . (3.5.16)

The same inequality in (3.5.16|) also holds for an arbitrary smooth
concave function f: [0,1]" — R such that Ep[||Vf]?] < 1.

2. The operator norm ||A|| in (3.5.12)—(3.5.16) is weakly dependent

on n whenever the dependence between the X;’s is sufficiently
weak. For instance, if X1, ..., X,, are independent then A = I,

and |A|| =1 for all n. In this case, (3.5.12) becomes

d2(Q, P) < 1/2D(Q||P), (3.5.17)

enabling to recover the concentration inequalities for Lipschitz
functions. For examples with dependent random variables, let
Xi,..., X, be a Markov chain; by definition, for each i, X[ is
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conditionally independent of X*~! given X;. In that case, from
(3.5.9), the upper triangular part of A gets the simplified form

Vi< j. (3.5.18)

T,
The norm ||Al| is bounded in n under suitable assumptions on
the Markov chain. For instance, assume that the Markov chain is
homogeneous (i.e., Px, x,_, is independent of 7), and for all k € N

T4, T

with p < 1. A sufficient condition for the satisfiability of
is provided in [200, Proposition 1], which is due to Ueno and
Davydov (see [202, Theorem 1 of Section 2.4, p. 88]). Then, it
can be shown that (see [200, Eq. (2.5)])

n—1
k \/5
1A <V2 Y p2 < : (3.5.20)
k; 1=vp

A general Markov chain {X}} is defined to be contracting if for
every 7 (see [200] (2.7)])

5i é Sup/ ||PXZ-+1‘X7;=.’EZ' - PXi+1‘Xi:$;||TV S 5 < 1 (352]‘)

T4, T

In this case, [|A| < (see [200} (2.8)]).

1
1-V6

3.5.2 Marton’s transportation-cost inequalities for L? Wasserstein
distance

A different approach to obtain concentration of measure inequalities
for dependent random variables, due to Marton ([203], [204]), 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'. These results are set in the Euclidean space R", and center
around a transportation-cost inequality for the L? Wasserstein distance

WH(P,Q) & i VE[ X — Y72, (3.5.22)

where || - || denotes the Euclidean norm.
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We next state a 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 with respect
to the Lebesgue measure. For all 2™ € R" and i € {1,...,n}, denote by
Z* the vector in R"~! obtained by deleting the i-th coordinate of 2"

T = (T1, o BTy T 1y e o Ty (3.5.23)

Following Marton [203], the probability measure P is (1—¢)-contractive,
with § € (0,1), if for every y", 2™ € R”

Y W3 (P, ximgis Py xiza) < (1= 8)[y" — 2" (3.5.24)
=1

Remark 3.29. The contractivity condition (3.5.24]) is closely related to
the so-called Dobrushin—Shlosman’s strong mizing condition [205] from
statistical physics.

Theorem 3.5.2 (Marton [203| 204]). Let P be a probability measure
which is absolutely continuous with respect to the Lebesgue measure
on R™ and let it be (1 — §)-contractive with § € (0,1). Suppose also
that, for all i € {1,...,n}, the following properties hold:

L. The function z" — py. % (z;|7%) is continuous, where pX_‘)—(Z—(-ﬁi)
denotes the univariate probability density function of PX»|)?Z’=:51"

2. For every z¢ € R* 1, PXi\)?izfi—l satisfies Ta(c) with respect to

the L? Wasserstein distance (3.5.22)).

Then, for every probability measure ) on R™, we have

Wa(Q, P) < (f/(g + 1) 2cD(Q|P), (3.5.25)

where K > 0 is an absolute constant. In other words, every P satisfying
the conditions of the theorem admits a To(¢’) inequality with

d= (\I/% + 1>2 c. (3.5.26)

The contractivity criterion ([3.5.24]) is not easy to verify in general.
Let us mention a sufficient condition [203]. Let p denote the probability
density of P, and suppose that it takes the form

1

p(z") = Z exp(—¥(z")) (3.5.27)
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for some C? function ¥: R” — R, where Z is the normalization factor.
For every z",y" € R™, let the matrix B(z",y") € R™*" be defined as

V2 (z; ©F), i#]

3.5.28
0, 1=7 ( )

Bij(a",y") = {

where V?} ;I denotes the (7, j) entry of the Hessian matrix of a function
F € C?(R"), and z; ® &' denotes the n-tuple obtained by replacing the
deleted i-th coordinate in * with x;:

Ty © gl - (yla ey Yi—1, T3 Yi+1y - - )yn) (3529)

For example, if ¥ is a sum of one and two-variable terms of the form

n

(™) = Vilw) + > bijwix; (3.5.30)

i=1 i<j
for smooth functions V;: R — R and constants b; ; € R, which is often
the case in statistical physics, then the matrix B is independent of x™
and y", and it has off-diagonal entries b; ; if i < j or b;; if ¢ > j. In
view of [203, Theorem 2], the conditions of Theorem are satisfied
provided the following holds:

1. Foreachi € {1,...,n} and z' € R"~!, the conditional probability
distributions PXA)?Z’:EZ’ satisfy the Euclidean LSI

c
D(QHPXi‘_)?i:ji) < B I(QHPX”@:@)’ (3.5.31)
where I(||-) is the relative Fisher information (3.2.4)).
2. The operator norms of B(z",y") are uniformly bounded as
1-9
sup || B(z",y")|* < :

xn 7yn C2

(3.5.32)

The reader is referred to follow-up works by Marton [206] 207], which
further elaborate on the theme of studying concentration properties of
dependent random variables by focusing on the conditional probability
distributions Py < for i € {1,...,n}. These works describe sufficient
conditions on the joint distribution P of X1, ..., X, such that, for every
other distribution @,

D(Q||P) < K(P)D~(Q||P), (3.5.33)
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where D~ (-||-) is the erasure divergence (defined in (3.1.31)), and the
P-dependent constant K (P) > 0 is controlled by suitable contractivity
properties of P. At this point, the utility of a tensorization inequality
like should be clear: each term in the erasure divergence

n
D=(Q|P) = ZD(QXi|Xi I PXi|§i | Qi) (3.5.34)
i=1
can be handled by appealing to appropriate log-Sobolev or
transportation-cost inequalities for probability measures on X' (indeed,
one can treat PXi|)?i:fi for each fixed Z! as a probability measure on
X, in just the same way as with Px, before), and then these one-
dimensional bounds can be assembled to derive a concentration result
for the original n-dimensional distribution.

3.56.3 A Unified Approach via the Martingale Method

Recently, Kontorovich and Raginsky [208] developed a generalization
of the martingale method in Chapter [2 Let (X™,d, ) be a metric
probability space where p is not necessarily assumed to be a product
measure, and the metric d has the form

n
d(a",y") £ di(zi,yi), Va',yt € X" (3.5.35)
i=1
for a sequence of metrics di, ..., d, on the underlying coordinate space

X. Given a function f: X" — R, we define its local oscillation in the
t-th coordinate by

T yneXn: dz(xzvyz)
T;=y;,VjFi

(3.5.36)

with the convention that % = 0. It can be easily verified that every
1-Lipschitz function f with respect to d satisfies 0;(f) < 1 for all
i € {1,...,n}. The vector 6(f) £ (61(f),...,0,(f)) provides detailed
information about the sensitivity of f to the local modifications of its
arguments.

In order to state the main result of [208], we need the next two
definitions.

Definition 3.3. A Markov kernel on X" is a mapping 7': X" — P(X")
where P(X™) denotes the set of probability measures defined on X™
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such that, for every Borel set A C X", the mapping
" = T(Alz"),
is measurable, where T'(Alz") = [T'(z")](A).

A Markov kernel T' acts on bounded measurable functions f: X" — R
as follows:

/ FyM AT (y"a™), Va" e x™ (3.5.37)

It can be verified that T'f is also a bounded measurable real-valued
function on X™. Following Follmer [209], we introduce the following
notion:

Definition 3.4. Let T be a Markov kernel on X™. An n X n nonnegative
matrix V = [V, jli<ij<n is a Wasserstein matriz for T if, for every
f: X" = R, we have

5;(Tf) gzn: ),  Vie{l,...,n}, (3.5.38)
=

or, in vector form, 8(Tf) < V(f).

For all i € {1,...,n}, let p;(:|7*"1) be the conditional distribution of
XP = (X;,...,X,) given X*=! = 271 and consider a Markov kernel

(]
T® on X™ which maps a bounded measurable function f: X™ — R to

T@)f(xn)é/ L ET ) du( e ), Yat e X (35.39)
Xn—l

Note that §;(T®) f) = 0 for all i < j < n. Also, define T("*1 to be the
“noiseless” Markov kernel, i.e., TtV f = f for all f.
We can now state the main result of [208].
Theorem 3.5.3. Let ¢; £ ma@di(:n,z’) < oo for every i € {1,...,n}.
r,x' €
Foreach1 <i<n+1,let V() bhe a Wasserstein matrix for T(i)7 and
let I' = [I'; j]1<i j<n be an n X n matrix with entries

Ty =Vt (3.5.40)

Then, for any bounded measurable function f: A — R and ¢t > 0,

n n 2t2
Py [ f(X") = Bu[f(X™)] > ] <exp (—W> . (35.41)
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where || - || is the Euclidean norm, and T'd(f) € R™ is a vector whose
coordinates are given by

j=1

The theorem is proved by expanding f(X") — E,[f(X")] as the sum
n
>~ M; of the martingale differences

i=1
M; 270D p(x™) —TOF(X™), Vie{l,...,n}, (3.5.43)

and then appealing to the Azuma-Hoeffding inequality, where the
Wasserstein matrices VU, ... V@t are used to control the jumps
of the martingale sequence My, ..., M,.

McDiarmid’s inequality arises as a special case of Theorem [3.5.3
To that end, suppose that p is a product probability measure on X",
Le, p=p1 ®uy®...QR uy, where each p; € P(X), and let d;(x,2') =
Cil{z£ey De a metric defined for all (z,2") € X x X and i € {1,...,n}
with some constants ¢y, ..., ¢, > 0. The metric d of the form in
is therefore specialized to the weighted Hamming metric defined in
, and every f: X™ — R which satisfies the bounded differences
property evidently satisfies 0 < §;(f) < 1foralli e {1,...,n}.
Since p is a product measure, it is possible to choose the Wasserstein
matrices V1), ... VD such that I' = diag(ci, . . ., ¢,), and therefore

(13.5.42)) implies that

o2 < 3o e (35.44)
=1

In this case, combining (3.5.41)) and (3.5.44) gives

2t2
Py [ f(X") = B, [f(X™)] > t] < exp (—) (3.5.45)
i=1 G
for all ¢ > 0, which is McDiarmid’s inequality (see Section [2.4.3]).
We refer the reader to [208] for several examples of concentration
inequalities, for functions of dependent random variables, which can be
derived using Theorem [3.5.3



188 The Entropy Method, LSl and TC Inequalities

3.6 Applications in information theory and related topics

3.6.1 The blowing-up lemma

An explicit invocation of the concentration of measure phenomenon in
an information-theoretic context appeared for the first time in the work
by Ahlswede et al. [89}[90]. These papers show that the following result,
known to date as the blowing-up lemma (see, e.g., [210, Lemma 5.4}),
provides a versatile tool for proving strong converses in a variety of
scenarios, including some multiterminal problems. Informally, it says
that if we enlarge any set of not too small probability with a thin layer,
then the enlarged set shall have probability almost one.

In the sequel, let Y be a finite set, n € N, and » > 0. Given a set
B C Y™ and r > 0, the set B, denotes the r-blowup of B, i.e.,

B, £ {y" € V" : dn(y", B) <r} (3.6.1)
where
dn(y", B) = min d,,(y", §") (3.6.2)
yneB

with the Hamming metric
n
da(y" 9" 2 Y Vs VYT E Y™ (3.6.3)
i=1

Lemma 3.6.1 (the blowing-up lemma). For every positive sequence
&, — 0, there exist positive sequences d,, — 0 and 7,, — 0 such that the
following property holds: for every discrete memoryless channel (DMC)
with finite input alphabet X', finite output alphabet ), and transition
probabilities T'(y|x) with (z,y) € X x Y, and for every z € X", and
Bcy",

T"(B|z") > exp(—n&,) = T"(Bns, |z") > 1—n,. (3.6.4)

The proof in [89] of the blowing-up lemma is rather technical, and
makes use of a delicate isoperimetric inequality for discrete probability
measures on a Hamming space, due to Margulis [211]. Later, the same
result was obtained by Marton [91] using purely information-theoretic
methods. We use here a sharper non-asymptotic version of the blowing-
up lemma (see also Marton’s follow-up paper in [75], extending the
result for some non-product measures):
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Lemma 3.6.2. Let X1,..., X, be independent random variables taking
values in a finite set X'. Then, for every B C X™ with Px«(B) > 0,

2
2 1
PXn(Br)Zl—eXp |:—n<7"— ’;Llnpxn(lg)>

/n 1
for allr> §1Hm

Proof. Let P, denote the product measure Pyn = Px, ®...® Px, . By
Pinsker’s inequality, every u € P(X) satisfies T1 (1) on (X,d) where
d = dy is the Hamming metric (see Example . By Proposition
P, satisfies T1(%) on (X", d,) with the Hamming metric d,, in (3.6.3)),
i.e., for all p, € P(A™),

: (3.6.5)

n
Wi (pin, Pn) < §D(UnHPn)~ (3.6.6)
The statement of the lemma follows from the proof of Proposition [3.9

More precisely, applying (3.4.95)) to the probability measure Px» with
c= 12 gives
1

n 1 n 1
< J=-In— 4+, /-In————— VY .6.
' \/2 hl PS(H(B) \/2 lnl—PX‘n(BT')7 r> 0’ (367)

and (3.6.5)) follows by rearranging terms. O

We next prove Lemma [3.6.1

Proof. Given a positive sequence {,}>2; which converges to zero, let
{6,,}52 1 converge to zero such that

S > %" (3.6.8)

2
2 o | - _ &
= exp | —2n ((5n 5 ) — 0 (3.6.9)

These requirements can be satisfied, e.g., by setting

. 1
5, 2 %—H/a 1 yneN, (3.6.10)
n
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where a > 0 is a fixed constant which can be made arbitrarily small,

and from (3.6.9) and (3.6.10)

1

Let T™(-|x™) = Pxn, then (3.6.5) and (3.6.10) yield (3.6.4)). O

Remark 3.30. The sequences {6, } and {7, } in the blowing-up property

(3.6.4)), as specified in (3.6.10)) and (3.6.11]), only depend on {¢,} in the
left side of (3.6.4).

Remark 3.31. The reader is referred to a recent work by Liu et al.
([212], [213]) which capitalizes on reverse hypercontractivity of Markov
semigroups and functional inequalities for the purpose of developing an
alternative method to the blowing-up approach. This new approach is
not limited to finite alphabets, and it leads to second-order converse
results in a variety of information-theoretic problems.

3.6.2 Strong converse for the degraded broadcast channel

We demonstrate here how the blowing-up lemma can be used to obtain
strong converses. Following [210], we use the notation T: U — V for
a DMC with finite input alphabet U, finite output alphabet V, and
transition probabilities T'(v|u) for (u,v) € U x V.

Consider the problem of characterizing the capacity region of a two-
user discrete memoryless degraded broadcast channel (DM-DBC) with
independent messages, defined as follows:

Definition 3.5 (DM-DBC). Let X', ) and Z be finite sets. A DM-DBC
is specified by a pair of DMCs T1: X — Y and To: X — Z where there
exists a DMC T5: Y — Z such that

To(zlz) = > Ti(yle) Ts(zly),  V(z,2) € X x Z. (3.6.12)
yeY

More precisely, this is a stochastically degraded broadcast channel — see,
e.g., [164, Section 15.6] and [214] Section 5.4]; a physically degraded
broadcast channel has the probability law

P(y, z|z) = Th (y|x) T5(zly), VY (z,y,2) e X xY x Z (3.6.13)

so, for every DM-DBC, there exists a physically degraded broadcast
channel with the same conditional marginal distributions.
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Definition 3.6 (Codes). Given n, My, My € N, an (n, My, Ms)-code C
for a broadcast channel consists of the following objects:

1. An encoding map fn: {1,..., M1} x{1,..., Ma} — X"
2. A collection 21 of M disjoint decoding sets for receiver 1:
Dy; Y™, ied{l,..., M},
and a collection %5 of M disjoint decoding sets for receiver 2:
Dy C 2", je{l,...,Ma}.

Given €1,e2 € (0,1), we say that the code C = (fpn, Z1, %) is an
(n, My, M, e1,€2)-code if

1 1.4 ’ ), ] < ..

In other words, the maximal probability of error criterion is used in
Definition 3.6l For general multiuser channels, the capacity region with
respect to the maximal probability of error may be strictly smaller than
the capacity region with respect to the average probability of error
[215]; these two capacity regions are, however, identical for discrete
memoryless broadcast channels [216].

Definition 3.7 (Achievable rates). A pair of rates (R1, R2) (in nats per
channel use) is said to be (e1,e2)-achievable if for every § > 0, there
exists an (n, My, Ma,e1,e2)-code (for a sufficiently large block length
n) such that

LIn My, > R — 6, ke {1,2}. (3.6.15)

Likewise, (R1, Rg) is said to be achievable if it is (e1, e2)-achievable for
all 0 < €1,e9 < 1 (according to the criterion of the maximal probability
of error in Definition [3.6] this is equivalent to the requirement that
(R1, R2) is (e1,&2)-achievable for arbitrarily small values of £1,e2 > 0).
Let R(e1,e2) denote the set of all (¢, e2)-achievable rates, and let R
denote the set of all achievable rates. Clearly,

R= (] Rler,e) (3.6.16)
(e1,62)€(0,1)2

is the capacity region.
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The capacity region of a discrete memoryless broadcast channel
only depends on its conditional marginal distributions (see, e.g., [214]
Lemma 5.1]). This observation implies that the capacity region of a
DM-DBC is identical to the capacity region of a discrete memoryless
physically degraded broadcast channel when both channels have the
same conditional marginal distributions. Consequently, for a DM-DBC,
it can be assumed w.l.o.g. that X — Y7 — Y5 is a Markov chain (see,
e.g., [214) Section 5.4]).

The capacity region of the DM-DBC is fully characterized, and its
achievability was demonstrated by Cover [217] and Bergmans [2I8] via
the use of superposition coding. Weak converses were proved by Wyner
[219], Gallager [220], and Ahlswede and Kérner [221]. A strong converse
was proved by Ahlswede, Gacs and Korner [89].

In the absence of a common message, the capacity region of the
DM-DBC is provided as follows (see, e.g., [214, Theorem 5.2]).

Theorem 3.6.3. A rate pair (R, R2) is achievable for the DM-DBC

(T1,Ty), characterized by (3.6.12) with Py|x = T1 and Py x = Ty, if
and only if

Ry < I(X;Y|U), Ry<I(U;2) (3.6.17)

for an auxiliary random variable U taking its values in U such that
U— X —Y — Zis aMarkov chain, and || < min {|X/|, |V|,|Z]} +1.

The strong converse for the DM-DBC, due to Ahlswede, Gacs and
Korner [89], states that allowing for nonvanishing probabilities of error
does not enlarge the achievable region.

Theorem 3.6.4 (Strong converse for the DM-DBC).
R(61,62) =R, V(61,62) S (0, 1)2. (3.6.18)

Before proceeding with the formal proof of Theorem [3.6.4] we briefly
describe the way in which the blowing-up lemma enters the picture. The
main idea is that, given an arbitrary code, one can “blow up” the decod-
ing sets in such a way that the probability of decoding error can be as
small as desired (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 Definition [3.6] These blown-up sets transform the original
code into a list code with a subexponential list size, and one can use a
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generalization of Fano’s inequality for list decoding (see Appendix |3.F))
to get nontrivial converse bounds.

Proof (Theorem[3.6.4)). Given e1,e2 € (0,1), let C = (fn, %1, Z2) be
an arbitrary (n, My, Ms,e1,e9)-code for the DM-DBC (77, T,) with

N ={Dui}ty,  Zo={Da;}}. (3.6.19)
In view of (3.6.14]), the decoding sets in &; and %, satisfy
min ~ min 17" (D1 | fu(i,))) > 1 — e, (3.6.20a)

1<i<M,y 1<j<M>

min = min 73" (Daj | fn(i,5)) > 1 — €. (3.6.20Db)

1<i<My 1<j<M>

For an arbitrary o > 0, let {d,} be the following positive sequence:

1 1 alnn
op =4 =—1 \— . 6.21
\/Qn n(l—max{el,sg})+ n vnel (3:6:21)

Note that, as n — oo,

n?s, =0, VB<3, (3.6.22)

Vnd, — . (3.6.23)

For each i € {1,..., M1} and j € {1,..., Ms}, define the “blown-up”
decoding sets

D1 £ (D] Daj 2 [Dajls, - (3.6.24)

We rely in the following on the blowing-up lemma (Lemma [3.6.1)) with
(13.6.10) and (3.6.11)). By comparing the condition in the left side of

(3.6.4) with the requirements in (3.6.20)), let us define

()
| . VneN, 3.6.25
& no\1- max{e, e} "e ( )

non

which then gives that lim &, = 0, and for every n
n—oo
exp(—né,) = min{l —e1,1 — e2}.

From (|3.6.20)), the blown-up decoding sets in (3.6.24)) with the sequence
{6, } defined in (3.6.21)) imply that, for every n € N,

. . n (7. C ) > 1,20
JJoln,  min Ty (Dl,z | fn(Z,j)) >1—n"", (3.6.26a)
min  min 7% (ﬁg’j | fn(z,])> >1—n2 (3.6.26b)

1<i<M;y 1<j<Mp>
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~ ~ M ~

Let 24 = {Dl,z‘}._ ,and Yy = {ng} B . We have thus constructed
i=1 j=1

a triple (f,, @1, @2) satisfying ((3.6.20 . ). Note, however, that this new
object is not a code (according to Definition because the blown-up
sets in Z are not disjoint, as well as the blown-up sets in Z5. On the
other hand, each given n-tuple y™ € Y" belongs to a subexponential
number of the D ;’ ;i's, and the same applies to D, j . More precisely, let
us define the sets

Niy™) & {isy" €D}, vy ey, (3.6.27a)
Na(2") = {j: 2" e 152,]-} , V2"e Z™M (3.6.27b)

A simple combinatorial argument (to be explained) shows that there
exists a positive sequence {7, }52; such that n, — 0 as n — oo, and

NVi(y"™)| < exp(nmn),  Vy" e I", (3.6.284)
IN2(2")] < exp(nn,), V2" € 2" (3.6.28b)

In order to get an explicit expression for {n,}, for every y” € Y™ and
r >0, let B,(y™) C Y™ denote the ball of d,-radius r centered at y":

Br(y") £{g" € V" dn(3", ") <7} ={y"}, (3.6.29)

where d,, is the Hamming metric (3.6.3)), and {y"}, denotes the r-
blowup of the singleton set {y"}. Since d,, — 0 as n — oo, there exists
no € N such that 6, < 1 5 for every n > ng. Consequently, it follows that
for all n > ng and y" 6 yr,

N1(y"™)| < |Brs, (y™)] (3.6.30)
[ndn ]

= C‘) V| (3.6.31)
=0

< (ndn] H)(Lné J) || bndn (3.6.32)

< (ndy, + 1) exp (n h(8y,)) | Y|, (3.6.33)

where (3.6.30]) holds due to (3.6.24) and (3.6.27)), and since the original
decoding sets in Z; (before they are blown up) are disjoint; (3.6.31)) is

due to (3.6.29); (3.6.32) holds since, for n > ng, we have [nd,] < |5/,
and the binomial coefficients {(})} are monotonically increasing in k if
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k< [%]; (3.6.33)) holds since

(Z) < exp (nh(i)) , (3.6.34)

where h denotes the binary entropy function. Similarly, we get

IN2(2™)| < (nd, + 1) exp (nh(8y,)) | Z[™n (3.6.35)

for all n > ng and 2" € Z". From ({3.6.28), (3.6.33)) and (3.6.35), the
sequence {7, } can be defined such that for all n > ng

M = m(miz—i_l) + h(én) + 671 In (maX{D}], |Z|}) . (3636)

In view of (3.6.21]) and (3.6.36)), it follows that n,, — 0 as we let n — oo.

We are now ready to apply a generalization of Fano’s inequality for
list decoding [221]. To this end, for every j € {1,..., Ms}, let

T(i) = {falis 4) 10 C &, (3.6.37)

let U be an equiprobable random variable on {1,..., My}, and let
X™ € X™ be an equiprobable random vector on 7 (U). Finally, let
Y" e Y" and Z" € Z" be generated from X" via the DMCs 17" and

5, respectively. Now, consider the error event of the second receiver
(which corresponds to the degraded channel T3'); the error event of a
list decoder for the second receiver refers to the case where U & Nao(Z™).
Let ¢, be the error probability of the list decoder for the blown-up sets
in 9. Consequently, we get

ImM,=1H(U) ( )
[[(U;2") + H(U|Z")] (3.6.39)
LU 2™ 4+ h(G) + Gun M| + (1= Gl (3.6.40)
= L1(U; 2™ + 0(1), (3.6.41)

3= 3

IN

where follows from a modification of Fano’s inequality for list
decoding (see Appendix together with (3.6.28]); (3.6.41)) uses the
fact that i, — 0 and, by , Cn < n2@ for some a > 0, so also
(n — 0 as n — oo. Using a similar argument, we can also prove that

Ly < LI(X™Y™MU) + o(1). (3.6.42)



196 The Entropy Method, LSl and TC Inequalities

By the weak converse for the DM-DBC [221] Section 3.B|, the rate
pair (Ry, Ry) with Ry = L I(X™;Y"|U) and Ry = L I(U; Z") is in the
achievable region R. In view of 7, since every element of
R(e1,e2) can be expressed as a limit of rates %ln My, % In Mz) in the
closed region R, we conclude that R(eq,e2) C R for all e1,e5 € (0,1).
The reverse inclusion is trivial by . O

3.6.3 Lossless source coding with side information

Our second example of the use of the blowing-up lemma for prov-
ing a strong converse is a bit more sophisticated, and it 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 V). The X and Y-valued
parts of this sequence are observed by two independent encoders. An
(n, My, Ms)-code is a triple C = ( 79), f,(f),gn) where

FW {1, MY (3.6.43)
and
F2ym 5 {1, My) (3.6.44)
are the encoding maps, and
gn: {1, ..., My} x {1,..., My} — YY" (3.6.45)
is the decoding map. The decoder observes
SO = FXT P = (20, (3.6.46)

and it wishes to reconstruct Y" with a small probability of error. The
reconstruction is given by

Y = ga (S, ). (3.6.47)
We say that C = (f,(ll), f,(Lz),gn) is an (n, My, My, €)-code if
PY" #£Y") <e. (3.6.48)

A rate pair (R1, R2) is said to be e-achievable if, for every § > 0 and
sufficiently large n € N, there exists an (n, M7, My, ¢)-code C with

LM <Ri+6  LflnM <Ry +6. (3.6.49)
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A rate pair (Ry, R2) is achievable if it is e-achievable for all € € (0, 1).
Again, let R(e) (respectively, R) denote the set of all the e-achievable
(respectively, achievable) rate pairs. Clearly,

R= ()] R (3.6.50)
e€(0,1)
The following characterization of the achievable region was obtained

by Ahlswede and Korner [221].

Theorem 3.6.5. A rate pair (Rj, Ro) is achievable if and only if there

exist random variables U e Y, X € X, Y € Y suchthat U - X - Y

is a Markov chain, (X,Y’) has the given joint distribution Pxy, and
Ry > I(X;U), (3.6.51)
Ry > H(Y|U). (3.6.52)

Moreover, the cardinality of the set U can be restricted to satisfy
Ul < |X|+ 2. (3.6.53)

Our goal is to prove the corresponding strong converse, originally
established by Ahlswede, Gacs and Korner [89], which demonstrates
that allowing for a nonvanishing error probability, as in , does
not asymptotically enlarge the achievable region.

Theorem 3.6.6 (Strong converse theorem for lossless source coding with
side information).

R(e) =R, Ve e (0,1). (3.6.54)

In preparation for the proof of Theorem [3.6.6] we need to introduce
some additional terminology and definitions.

Definition 3.8. [210, Chapter 6] Given two finite sets U/ and V, a DMC
S:U — V, and a parameter 1 € (0,1], we say that a set B C V is a
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 a n-image of u under S:

Dy(B;S) 2 {ueld: S(Blu) > n}. (3.6.55)
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Definition 3.9. Let P be a probability measure on a finite set X', and
n € N. A sequence " € X" is a (P, d)-typical sequence if, for all a € X,
‘lN(a|x”) - P(a)‘ <6 (3.6.56)

n

where N(a|z™) denotes the number of appearances of a in z". The
(P, d)-typical setis the set of all the (P,d)-typical sequences.

Let Pxy € P(X x)), and let T: X — Y be a DMC with the
conditional probability distribution Py|x. For Qy € P(Y) which is
strictly positive, and parameters ¢ > 0 and ¢ € (0,1), let

Tl Qy) (3.6.57)
£ min (A mQyB): Lm Py (D1 o(B;T™) N Tk s,) > )

where Pyx is the marginal distribution of X, and 7‘[}‘( 5] © X"™ denotes
the (Px, d,)-typical set with an arbitrary sequence {4, } that satisfies

6p — 0, V/néd, — occ. (3.6.58)
Theorem 3.6.7. For any ¢ > 0 and any ¢ € (0, 1),
lim Co(c,e;Qy) =T Qy), (3.6.59)
where

P(:Qv) 2~ max {D(PyllQvIPy) : U X =Y, I(X;U) <}
u<|x|+2
(3.6.60)

Moreover, the function ¢ +— I'(¢; Qy) is continuous.

Proof. The proof consists of two major steps. The first one is to show
that holds for a suitable sequence €, — 0, and that the limit
I'(c; Qy) is equal to . We omit the details of this step and refer
the reader to the original paper by Ahlswede, Gécs and Korner [89].
The second step, which relies on the blowing-up lemma, is to show that
for all € € (0,1)

lim [fn(c,g;Qy) —Tle, En;Qy)} — 0. (3.6.61)

n—oo
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To that end, let € be fixed and let {J,,} be chosen to satisfy (3.6.58]).
For a fixed n, let B C Y™ be a set such that 7" (B|z") > 1 — ¢ for some
™ € X", Then, we get from (3.6.58)) that for all sufficiently large n,

2
T"™(Bps, |#™) > 1 — exp l (\Fa —/iln 115> ] (3.6.62)
L21-¢, (3.6.63)

where (3.6.62)) holds by Lemma with r = ndy,; the sequence {e,}

n (3.6.63) converges to zero in view of (3.6.58|) where \/nd, — oo.
Consequently, it follows from (3.6.55)), (3.6.62) and (3.6.63) that for all

sufficiently large n

D1, (Bns,; T") 2 D1 (B; T"). (3.6.64)

On the other hand, since Q)y is strictly positive,

Qv (Bus,) = D Qv (3.6.65)

ynGBnén

< D QF (Bus, (y") (3.6.66)
yeB

< sup QY(—y Z Qv (y (3.6.67)
y”E:)J” ) neB

= sup (—n(yn))Q’{/(B) (3.6.68)
yneyn ( )

Using ([3.6.68)) together with the fact that (see [89, Lemma 5])
Qy (Bns, (¥"))

lim Lln s 0 (3.6.69)
im —1In sup P =0, 6.
noon yneyn  QY(y")
yields
1 (B,
lim sup —In —2——>"2 Q5 (Bns,) =0. (3.6.70)

n=oopcyn n Q- (B)

From ({3.6.64) and (3.6.70)), we get (3.6.61). The bound on || in (3.6.60)

follows from Carathéodory’s theorem [89]. O

We are now ready to prove Theorem [3.6.6
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Proof. Let C = ( T(Ll), f,g2),gn) be an arbitrary (n, My, Ms, €)-code. For
a given index j € {1,..., M1}, we define the set

Vi) 2y eV iyt = a6 FP W)} (3.6.71)

which consists of all the sequences y™ € Y" which are correctly decoded
for all " € X" such that f,gl)(a:”) = j. Using this notation, (3.6.48)
can be expressed as

E [T (" ([ (X)X 21 - (3.6.72)
If we define the set
A2 e e xm T (1 (D) an) 21— VE),  (3.6.73)

then, using the so-called “reverse Markov inequality’ﬂ and (3.6.72), we
see that

PR(A,) =1 — PR(AS) (3.6.74)
—1- P} (T" (M) [ xm) <1 - \/2:> (3.6.75)
<1
L=E [ (w8 (xm) | X))
>1- v (3.6.76)
>1- 1_(%_5) —1- = (3.6.77)

Consequently, for all sufficiently large n, we have

Py (AnNTs,) 21— 2V5. (3.6.78)

This implies, in turn, that there exists some j* € fél)(X ™), such that

. 1-2
Py (Dl—\/é(yn(J ) ﬁT[}ﬁn]) > Ml\/g. (3.6.79)

3The reverse Markov inequality states that if Y is a random variable such that
Y < b a.s. for some constant b, then for all a < b

P(Y <a) < b ;EEE/].
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On the other hand,
My = [ 2] = 137 (7)]. (3.6.80)

We are now in a position to apply Theorem [3.6.7] If we choose Qy
to be the equiprobable distribution on ), then it follows from (3.6.57)),

and that
s My > LIV (57) (3.6.81)
= It QyV"(G") +n |V (3.6.82)
> Dy (~2In(1-2vE) + Ll My, V& Qv ) + 1|V, (3.6.83)
Using Theorem we conclude that the bound
ImMy > T(=2m(1 - 2v2) + L n My; Qv ) + In || +0(1) (3.6.84)

holds for an arbitrary (n, M, Ma,e)-code. If (Ry, R2) € R(e), then
there exists a sequence {C,,}5,, where each C, = ( f,sl), f7s2), gn) is an
(n, My y, M, €)-code, and

Jim L1n My, = Ry, k=1,2. (3.6.85)

Using this in (3.6.84)), together with the continuity of the mapping
c—T'(e;Qy), we get

Ry > T'(R1;Qy) +In Y|, V(R1, R2) € R(e). (3.6.86)

By the definition of I' in (3.6.60)), there exists a triple U — X — Y
such that I(X;U) < R; and

[(R1;Qy) = —D(Pyiyl|Qv|Fu)
— Y|+ H(Y|U), (3.6.87)

where the last equality is due to the fact that U — X — Y is a Markov
chain, and Q)y is an equiprobable distribution on ). Therefore, (3.6.86))

and (3.6.87)) imply that
Ry > H(Y|U). (3.6.88)

Consequently, the triple (U, X,Y) € R by Theorem and hence
R(e) € R for all € € (0,1). The reverse inclusion is trivial by (3.6.50)).
O
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3.6.4 The empirical distribution of good channel codes with non-
vanishing error probability

A more recent application of concentration of measure inequalities to
information theory has to do with the characterization of the stochastic
behavior of output sequences of good channel codes. Conceptually, the
random coding argument, originally used by Shannon [222] and many
times since, to show the existence of capacity-achieving channel codes
over a DMC suggests that the input (respectively, output) sequence
of such a good channel code should resemble a typical realization of a
sequence of i.i.d. random variables sampled from a capacity-achieving
input (respectively, output) distribution of the DMC. For capacity-
achieving sequences of codes with asymptotically vanishing decoding
error probability, this intuition has been rigorously analyzed by Shamai
and Verdd who proved the following statement [223, Theorem 2].

Theorem 3.6.8. Let T: X — Y be a DMC. Then, every capacity-
achieving sequence of channel codes with an asymptotically vanishing
average probability of decoding error has the property that

. 1 N * Oy
Tim % D(Pya|Pf) =0, (3.6.89)

where Py denotes the output distribution on )" induced by the code
(assuming that the messages are equiprobable), and P§, denotes the
product of n copies of the unique single-letter capacity-achieving output
distribution.

In general (see [223, Theorem 2]), (3.6.89) holds not just for DMCs,
but for arbitrary channels satisfying the condition

. 1 n,yn

C nlggopxnset;)p()(n) S I(X™Y™), (3.6.90)
where C' is the channel capacity, and Py, is the unique maximizing
output distribution of I(X";Y™) with Px» € P(X"). (These ideas go
back to the work of Han and Verd\ on approximation theory of output
statistics, see [224, Theorem 15]).

In [79], Polyanskiy and Verdd extended the results of [223] for
codes with nonvanishing probability of error, provided one uses the
maximal probability of error criterion and deterministic encoders. In
[225], sharpened inequalities on the empirical output distribution of
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good channel codes were derived with deterministic encoders and non-

vanishing maximal probability of decoding error. Our analysis in [225]

relies on McDiarmid’s inequality (see Sections [2.4.3] [3.3.4] and [3.4.3)).
In this section, we present some of the results from [79] 225] in the

context of the material covered earlier in this chapter. To keep things
simple, we focus on channels with finite input and output alphabets.
Thus, let X and ) be finite sets, and consider a DMC T': X — Y. The
capacity C' is calculated by solving the optimization problem

C= max I(X:;Y), (3.6.91)
PxeP(X)

where X and Y are related via T. Let Py € P(X) be a capacity-
achieving input distribution (there may be several). It can be shown
[226], 227] that the corresponding output distribution Py € P(Y) is
unique, and for every n € N, the product distribution Py, = (Py)*"
has the key property

where Pyn|xn_gn is shorthand for the product distribution 77(:|2").
From (3.6.92]), we see that the capacity-achieving output distribution

Py, dominates every output distribution Py» induced by an arbitrary
input distribution Pxn € P(X™):

This has two important consequences:

1. The (conditional) relative information

WPy xnan || Pon (47 2 10 d]'% ™) (3.6.93)

is well-defined for every 2™ € X" and y™ € Y".

2. For an input distribution Pxn, the respective output distribution
Pyn satisfies
D(Pyn||Pyn) < nC —I(X™Y™). (3.6.94)
Indeed, by the chain rule for divergence, for every Pxn € P(X™)
I(X™Y") = D(Pyn|xn||Pyn|Pxn)
= D(Pyn|xn||Pyn|Pxn) — D(Pyn||Pyn)
< nC — D(Pyn||Pyn), (3.6.95)
where follows from .
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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 = (f,gn) consisting of an encoding map
fo:A{l,...,M} — X" and a decoding map g,: Y" — {1,..., M}. Given
0 < e <1, we say that C is an (n, M, ¢)-code if

max Pgn(Y™) #i| X" = fn(i)) <e. (3.6.96)

Remark 3.32. Polyanskiy and Verdi use a more precise nomenclature
in [79] and say that every such C = (f,,g,) satisfying is an
(1, M, €)max,det-code to indicate explicitly that the encoding map f,
is deterministic, and that the maximal probability of error criterion is
used. Here, we only consider codes of this type, so we adhere to our
simplified terminology.

Consider an arbitrary (n, M)-code C = (fp, gn) for T, and let J be
a random variable having an equiprobable distribution on {1,..., M}.
We can think of every i € {1...,M} as one of the M equiprobable

messages to be transmitted over 7. Let P(C,2 denote the distribution of

X" = fu(J), and let Px(,c,? denote the corresponding output distribution.

The central result of [79] is that the output distribution PE) of every
(n, M, €)-code satisfies

D(PS||Pfe) < nC —1n M + o(n); (3.6.97)

moreover, the o(n) term was refined in [79, Theorem 5] to O(y/n) for
every DMC, except those that have zeros in their transition matrix. In
the following, we present a sharpened bound with a modified proof, in
which we determine an explicit form of the term that scales like O(y/n).

Just as in [79], the proof of with the O(y/n) term uses the
following strong converse for channel codes due to Augustin [228] (see
also [79, Theorem 1] and [229], Section 2)):

Theorem 3.6.9 (Augustin). Let S: &/ — V be a DMC with finite in-
put and output alphabets, and let Py be the transition probability
induced by S. For every M €e Nand 0 <e <1, let f: {1,.... M} - U
and g: V — {1,..., M} be mappings, such that

jmax P(g(V) # iU =f(i)) <e. (3.6.98)
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Let Qv € P(V) be an auxiliary output distribution, and fix an arbitrary
mapping v: U — R. Then, the following result holds:

exp(E[y(U)])

dPy =y
inf Pyp—y | In ————— —
inf Py (In “g 7=t (V) < () - =

provided that the denominator in the right side of (3.6.99) is strictly
positive. The expectation in the numerator is taken with respect to the
distribution of U = f(J) where J is equiprobable on {1,..., M}.

M < : (3.6.99)

We first establish the bound (|3.6.97) for the case where the DMC
T is such that
C1 £ max D(Py|x—,|Py|x=s) < o. (3.6.100)
r,x'eX
Note that €1 < oo if and only if the transition matrix of T" does not
have any zeros. Consequently,

Py x (ylz)

In ———~
Py x(y'|z)

c(T) £ 2max max

< o0. (3.6.101)
zEX yy' €Y

We can now establish the following sharpened version of the bound in
[79, Theorem 5|, which is given in [225, Theorem 2].

Theorem 3.6.10. Let T: X — Y be a DMC with C' > 0 satisfying
(3.6.100). Then, every (n, M, e)-code C for T with 0 < e < % satisfies

1 1
D(P{)|Py) < nC —n M +In — +¢(T) " n

. .6.102
2 1-—2 (36.102)

Remark 3.33. As it is shown in [79], the restriction to codes with
deterministic encoders and to the maximal probability of error criterion
is necessary both for Theorems [3.6.10] and [3.6.11}

Proof. Fix an input sequence " € X", and consider the function
hzn: Y™ — R defined for the DMC as follows:

Pynixn_gn(y")

hgn (yn) £
PE) (ym)

ny —
ILPY"\XTL:zn | P{S) (¥") =1In (3.6.103)

for every y™ € V", which yields
Elhen (Y™)|X™ = 2" = D(Pynjxn—gn | PS). (3.6.104)
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Moreover, for every i € {1,...,n}, 5,9/ € Y, and 7 € V"', we have

(see the notation used in (3.1.11)))
hian (YIT') — hian (y'[7)
<|In Pyn|Xn=mn(yi717 Y, Y1) — In PYn\anxn (yi717 Yy, Yir1) ‘

C i— n C i— n
+‘1nP(")(y lvyvyi-i—l)_lnp}(/n)(y lvylayi—f—l)‘

©) =i
- Py,jx,—a, (1) Pm?i(y!y)
o R v o | B =
Yil Xi=e; e '7)
P T
< 2max max |In M (3.6.105)
TEX Yy €Y PY‘X(y |z)
=¢(T) < o0 (3.6.106)

where is justified in Appendix [3.G| and (3.6.106) is due to
(3.6.101)). Hence, for every 2™ € X™, the function hyn: Y™ — R satisfies
the bounded differences condition with ¢ = ... = ¢, = ¢(T).
From (3.6.103), (3.6.104) and (3.6.106]), Theorem [3.3.8] (a restatement
of McDiarmid’s inequality) implies that for all » > 0 and z" € X"
Pynxn_gn (Y")
P (ym)

2
< exp <_nc22r(T)> . (3.6.107)

Pyajxn_on (m > D(Pynjxnzpn||PE)) + 7«)

(In fact, the above derivation goes through for every possible output
distribution Pyn, not necessarily the one induced by a code). This is
where we depart in [225] from the original proof by Polyanskiy and
Verdu [79]: we use McDiarmid’s inequality to control the deviation
probability for the (conditional) relative information h,»(Y™) directly,
whereas the authors in [79] bounded the variance of hyn(Y™) using a
Poincaré inequality, and then bounded the deviation probability using
Chebyshev’s inequality. As it is shown in the sequel, the concentration
inequality allows us to explicitly identify the dependence of
the constant multiplying 1/n in on the channel T" and on the
maximal error probability €.

We are now in a position to apply Augustin’s strong converse. To
that end, let U = X™, V = V", consider the DMC T™: U4 — V together
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with an (n, M, e)-code C = (fn, gn), and let

A n 1
Cn = Cn(g) = C(T) 5 In ﬁ, (3.6.108)
¥(@™) £ D(Pynjxnegn | P2) + Ca- (3.6.109)

Using (3.6.99) with the auxiliary distribution Qv = P}(,(i), we get
exp(E[y(X")])

M < _ (3.6.110)
, Pyn|xn_gn (Y") n
e Py (Y™)
where, from (3.6.109)),
n C C
E[y(X™)] = D(Pyajxal P | PED) + Go. (3.6.111)

The concentration inequality in (3.6.107) with (3.6.108) and (3.6.109))
give that, for every ™ € X",

Pyn|xn—gn (Y") n 2
PY”|X":9§” (hl PS(,CTL) (Y”l) > ’)/(.CC ) < exp _TL62<T)

which implies that

<ln Pynjxn_gn (Y™)
C
P& (vn)
Hence, from (3.6.110)), (3.6.111)) and (3.6.113)), it follows that

inf Pyn|xn_gn < ’y(a:”)) > 2. (3.6.113)

zneXn

1 o) | plC
M <~ exp (D(PyuyxaIPE) | PED) +¢a) (3.6.114)
so taking logarithms on both sides, and rearranging terms gives

D(Pynxn |PE | PED) > In M 4+ Ine — ¢,

=InM +1Ine —¢(T) gln1 5
— 2

where (3.6.115) is due to (3.6.108). We now obtain (3.6.102|) as follows:
c *
D(R|P)
— D(Pynixn||Ppn | PE)) = D(Pyayxn [P | PED) (3.6.116)

(3.6.115)

n 1
— In
1—2e

1
<nC—InM+1In-+¢(T) (3.6.117)
€
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where (3.6.116|) uses the chain rule for divergence, and (3.6.117)) relies
on (3.6.92) and (3.6.115)). O

For an arbitrary DMC T with nonzero capacity and zeros in its
transition matrix, we have the following result in [225, Theorem 3],
which forms a sharpened version of the bound in [79, Theorem 6].

Theorem 3.6.11. Let T: X — Y be a DMC with capacity C' > 0, and
let € € (0,1). Every (n, M, e)-code C for T satisfies

D(PS)|[Pfn) <nC =M +0 (v (Inn)?) (3.6.118)
and, more precisely, for every such code

D(PS)||Pg) < nC -t M
+2n (Inn)3 <1+ LIS ><1+1n\y|)

Inn 1-—¢ Inn
+3lnn+1n(2|X]|V)?). (3.6.119)
Proof. Given an (n, M, e)-code C = (fn,gn), let c1,...,car € X™ be its
codewords, and let D1,..., Dy C V" be the respective decoding sets:
Di=g,' () ={y" € V" galy") =i}, i€{l,....M}. (3.6.120)
Define
1 nlnn n 1

(note that nd, is an integer) then, by Lemma the “blown-up”
decoding sets D; £ {ﬁz} 5 satisfy
NOon

2
1 1
n|xXn—c, ) < - n — —1
Pyn x _CZ(DZ)_eXp[ 2n <(5 5 n1_€> ]

1

— Y

where the last inequality holds since, from (3.6.121]),

Vie{l,...,M} (3.6.122)

Inn 1 1
SO Bl By . 6.12
5”—\/2n+ om T 1-e (3.6.123)
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We now complete the proof by a random coding argument. For

M
N&|—e |, (3.6.124)
L(nﬁn) Iyl"‘;"w
let Uy,...,Un be ii.d. random variables which are equiprobable on

{1,...,M}. For each realization V = U™, let Pyn(y) € P(X™) denote
the induced distribution of X™(V) = f,(cs) where J is equiprobable
on the set {Uy,...,Un}, and let Pyn(y) denote the output distribution

1 N
Pyraw) = 57 22 Preixn=cy,- (3.6.125)
=1
We have
C
E|Pyn)| = P, (3.6.126)

which is the output distribution of the code C, where the expectation in
the left side of is with respect to the distribution of V = UN.
For every y™ € V", let Ny (y") denote the list of all those indices in
{Ui,...,Un} such that y™ is included in the blown-up decoding sets
Dy,,...,Duy:

Nvm 2 {je{t,....N}:y" €Dy, }. (3.6.127)
Consider the list decoder Y™ — Ay (Y™), and let
e(V)EPJ & Ny (Y™) | V] (3.6.128)
denote the conditional decoding error probability. Eq. yields
InN>InM —Inn—In ( " ) — ndy In|Y|
noy,
>InM —Inn —nd, (Inn+In|Y|) (3.6.129)

where ([3.6.129) relies on the inequality (}) < n* with k £ nd, (the
gain in using the inequality (5 ) < exp(nh(d,)) is asymptotically
marginal for large n). Moreover, since each y" € Y™ belongs to at most

(3. ) |¥[™" blown-up decoding sets then

n

In [\ (™)) < In (n '

<ndé, (lnn+I|Y), Vy"eI™ (3.6.130)

> + ndy, In | Y|
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Now, for each realization of V', we have

D(Pyn(y)||Pyn)

= D(Pyn(y xn() | Pyn | Pxnvy) = I(X"(V);Y™M(V))  ( )
<nC—I(X"(V);Y"(V)) ( )
<nC—-1(J;Y™(V)) (3.6.133)
=nC —H(J)+ H(JY™(V)) ( )
<nC—InN + (1-¢(V)) y%%%% In [Ny (y™)]

+ne(V)n|X|+1In2 (3.6.135)

with the following reasoning:

e (3.6.131)) is by the chain rule for divergence;

. is by (3.6.92);

° is by the data-processing inequality, and the fact that
J = X"(V)—=Y"™(V) is a Markov chain;

o holds since I(J;Y™(V)) = H(J) — H(J|Y™(V));

o holds due to the generalization of Fano’s inequality

for list decoding (see Appendix , by (3.6.128), and since
(i) N < |X|", (ii) J is equiprobable on {Ui,...,Un}, so
H(J|Uy,...,Uy)=InN and H(J) > InN.

Note that the quantities which are indexed by V' in (3.6.131))—(3.6.135])
are random variables since they depend on the realization V = U,
Assembling (3.6.129)), (3.6.130) and (3.6.135|) yields

D(Pyn(yy||Pyn) <nC —InM +1Inn + 2nd, (Inn +1n |Y|)
+ne(V)In|X| + In2. (3.6.136)

In view of (3.6.125]) and the equiprobable distribution of the messages,
we get

C
E[Pyn()] = P&, (3.6.137)
and, from Jensen’s inequality and the convexity of the relative entropy,

E [D(Pyn)||Pyn)| = D(PS)|[Pn). (3.6.138)
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By taking expectations on both sides of (3.6.136), we get from (|3.6.138)|)

D(P)(/Cn)HP{;n) <nC —InM +Inn+ 2nd, (Inn + In|Y|)

+nE[e(V)] In|X|+1n2, (3.6.139)
and, in view of (3.6.122) and (3.6.128]), we get
1
< n n—ea. C < . U,
Ele(V)] < 12%}1{\4 Pynixn—c, (Df) < " (3.6.140)

Eq. (3.6.119) is finally derived by assembling (3.6.139)), (3.6.140)), and
the following simple bound on 6, (obtained from (3.6.121))):

Inn 1 1 1
0 —-— —1 —. 3.6.141
n<\/2n+ 2nn1—€+n ( )

O]

We next examine some consequences of Theorems[3.6.10jand [3.6.11]

To start with, consider a sequence of codes {C,}°>; where each code
Cn = (fn,gn) is an (n, My, e)-code for a DMC T: X — Y with C > 0
and € € (0,1). We say that {C,,}>2 is capacity-achieving if

lim L InM, = C. (3.6.142)

n—oQ

From Theorem [3.6.11} it follows that every such sequence satisfies
: 1 (Cn) * _
nlggo + D(Py." || Pyn) = 0. (3.6.143)

Moreover, as it is shown in [79], if the restriction to either deterministic
encoding maps or to the maximal probability of error criterion is lifted,
then the convergence in may no longer hold. This is in sharp
contrast to [223, Theorem 2], which states that holds for every
capacity-achieving sequence of codes with vanishing probability of error
(maximal or average).

Another remarkable fact that follows from Theorems
and [3.6.11]is that a broad class of functions evaluated at the output of a
good channel code concentrate sharply around their expectations with
respect to the capacity-achieving output distribution. Specifically, we
have in [225, Theorem 4] the following version of [79, Proposition 11]
(again, we have streamlined the statement and the proof a bit to relate
them to earlier material in this chapter).
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Theorem 3.6.12. Let T: X — )Y be a DMC with C > 0 and C; < >
(see (3-6.100)). Let d: Y™ x Y™ — R, be a metric, and suppose that
there exists a constant ¢ > 0, such that the conditional probability
distributions Pyn|xn_gn, for all 2 € X", as well as Py, satisfy T1(c)
on the metric space (Y",d). For ¢ € (0, %), let

(3.6.144)

with ¢(7") defined in (3.6.101). Then, for every (n, M,¢e)-code C for T'
and every Lipschitz function f: Y"® — R with respect to the metric d,

PO 1F(r™) —Elf(Y™)]| > 1)
7”2
SclfEs

where E[f(Y*")] designates the expected value of f(Y") with respect
to the capacity-achieving output distribution Py, and || f||Lip is the
Lipschitz constant of f as defined in (3.4.2)).

4
gg-exp (nC’lnMJra\/ﬁ >, Vr>0 (3.6.145)

Remark 3.34. Our sharpening of the corresponding result from [79,
Proposition 11] consists mainly in identifying an explicit form for the
constant in front of \/n in the bound (3.6.145)); this provides a closed-

form expression for the concentration of measure inequality.
Proof. For an arbitrary Lipschitz function f: Y™ — R, define

w2 E[F(Y), (3.6.146)
d(x™) 2 E[f(Y™)|X™ = "] (3.6.147)

for 2™ € A™. Since (by assumption) each Pyn|xn_g» satisfies T1(c), by
Corollary

7,,2
QC”fH%Ap

for every " € X™ and r > 0. Now, given C, consider a subcode C’ with
the codewords 2" € X" satisfying ¢(z") > p} + r (for r > 0). The
number of codewords M’ of C’ satisfies

P(|f(Y") = ¢(a™)] > r| X" = 2") < 2exp < ) (3.6.148)

M’ = MPE! (6(X™) >} +7) . (3.6.149)



3.6. Applications in information theory and related topics 213

Let Q = P be the output distribution induced by C’. Then

py+r < % WZEIC ¢(z") (3.6.150)
= Eqlf(Y™)] (3.6.151)
<E[F(V™)] + [ fllip /2 D(Qyr | Pn) (3.6.152)

1
< py + 1 flluip \/2c <nC —In M’ +ayn+1In 6), (3.6.153)
where

e (3.6.150)) is by the definition of C’;

e (3.6.151)) is by the definition of ¢ in (3.6.147));

e (3.6.152) follows from the assumption that Py satisfies Ti(c)
and from the Kantorovich—Rubinstein formula ([3.4.123)); and

e (3.6.153)) holds for the constant a = a(T,¢) > 0 in (3.6.144) due
to Theorem [3.6.10| (see (3.6.102))) and since C’ is an (n, M’ ¢)-
code for T'. The constant ,u} in (3.6.153)) is defined in (3.6.146|).

From (3.6.149)—(3.6.153)), we get

1
r <[ fllip \/20 (nC —In M —n PE) ($(X7) > i +7) +ay/n +In E)
so, it follows that

2
© o B i~
Py, <¢(X ) > Wy +r> < exp (nC’ lnM+a\/ﬁ+1n€ ZCHfH%ip> :

Following the same line of reasoning with — f instead of f, we conclude
that

PE(Jo(X™) = | = 1)
7,2

1
< 2exp (nC’—lnM—i—a\/ﬁ+ln—2
e 2| fllfsp

) . (3.6.154)
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Finally, for every r > 0,
c n *
P17 - ) = )
C n n
< POy (15O = o(X™)

+ PE(|o(x™) -

r2
<2exp| —=——5—
8|l flIEip

1 2
+2exp <nc ~InM +ayn+1In-— ’"2) (3.6.156)
e 8ellfllLip

1
> 57”)

> %r) (3.6.155)

2

1
<4dexp <nC’ —~InM +ayn+In- — 7“2> , (3.6.157)
€ 8C||f||Lip

where (3.6.155)) is due to the triangle inequality; (3.6.156)) is by
(3.6.148]) and (3.6.154)); (3.6.157) follows from the inequality

1
nC —InM + ayn+1In= > D(P||Ps) > 0 (3.6.158)
g

which holds by Theorem [3.6.10| with the constant a in (3.6.144]). This
proves the concentration inequality (3.6.145]). O

As an illustration, let us consider )" with the Hamming metric
do (Y™, 0") =Y Lyitvg}- (3.6.159)
i=1

Then, every function f: Y"® — R of the form

1 n

f") == filws), Yyt ey (3.6.160)
i=1
where fi,..., fn: Y — R are Lipschitz functions on ), satisfies
P L L2 Ay .
£ llip =< — = max | filluip-

Every probability distribution P defined on ) and equipped with the
Hamming metric satisfies T1 (%) (this is simply Pinsker’s inequality); by
Proposition [3.11] every product probability distribution on Y™ satisfies
T (%) with respect to the metric (3.6.159). Consequently, for every
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(n, M,e)-code for T" and every Lipschitz function f: Y™ — R of the

form (|3.6.160[), Theorem [3.6.12| yields the concentration inequality

P (1F(rm) —E[f ()] > 7)
<é exp(nC’—lnM—l—a\/ﬁ—nTQ> (3.6.161)
T e 212 e
for every r > 0. Concentration inequalities like (3.6.145)), or its more
specialized version , can be very useful for assessing 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 a
Lipschitz function f of interest. Then, Theorem guarantees that
F(Y™) concentrates tightly around E[f(Y*")], which is relatively easy
to compute since Py, is a product distribution.

The bounds presented in Theorems [3.6.10] and [3.6.11] quantify the
trade-offs between the minimal blocklength required for achieving a
certain gap (in rate) to capacity with a fixed block error probability,

and normalized divergence between the output distribution induced by
the code and the (unique) capacity-achieving output distribution of the
channel. Moreover, these bounds sharpen the asymptotic O(-) terms in
the results of [79] for all finite blocklengths n.

Remark 3.35. The results in this section are similar in spirit to a lower
bound on the rate loss with respect to fully random block codes (whose
average distance spectrum is binomially distributed) in terms of the
normalized divergence between the distance spectrum of a code and the
binomial distribution. Specifically, a combination of [230, Eqgs. (A17)
and (A19)] provides a lower bound on the rate loss with respect to fully
random block codes in terms of the normalized divergence between the
distance spectrum of the code and the binomial distribution; the latter
result refers to the empirical input distribution of good codes.

3.6.5 Information-theoretic converse for concentration of measure

If we were to summarize the main concept behind the concentration
of measure phenomenon, it would be as follows: 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



216 The Entropy Method, LSl and TC Inequalities

the probability mass. On the other hand, it makes sense to ask whether
a converse of this statement is true, i.e.,

Given a set whose blowups eventually take up most of the
probability mass, how small can the probability of this set
be?

This question was answered precisely by Kontoyiannis [231] using
information-theoretic techniques.

The following setting is considered in [231]: let X be a finite set,
together with a nonnegative distortion function d: X x X — R,
(which is not necessarily a metric) and a strictly positive mass function
M: X — (0,00) (which is not necessarily normalized to one). Let us
extend the single-letter distortion d to d,,: X" x ™ — Ry withn € N|
and

dn (2™, y™) 2 Zd(xi,yi), Vo' yt e &A™ (3.6.162)
i=1

Moreover, let the function M be extended to M™: X™ — (0, 00) with
n € N, and

M™a™) & T M(z:),  Va"ea™ (3.6.163)
i=1
For every set C C &A™, let
M™C) £ > M™(z"). (3.6.164)
zneC
We also define the (closed) r-blowup of an arbitrary set A C X"™:
A &2 {z" € X" dy (2" A) <r}, Vr>0, (3.6.165)
where
dp (2", A) = min dy(z",y"). (3.6.166)
yneA

Fix a probability distribution P € P(X) where we assume without loss
of generality that P is strictly positive on X. We are interested in the
following question:

Given a sequence of sets {A(”)}neN such that A™ C xn
for every n, and

P (AT) —— 1, (3.6.167)

n—o0

for some ¢ > 0, how small can their masses M" (.A(”)) be?
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In order to state and prove the main result of [231] that answers
this question, we need a few preliminary definitions. For every n € N,
every pair (P,,Q,) of probability measures on X", and every ¢ > 0,
we define the set

Hn(PnaQna(S) = {Wn: Pxnyn =7, Pxn = Pna Pyn = Qn;
Er, [do(X™,Y™)] < nd}, (3.6.168)
which is the set of all couplings 7, € P(X" x X") of P, and @,

such that the per-letter expected distortion between X" and Y™ with
(X™Y"™) ~ 7y, is at most 6. With this, we define

InPna na(sé inf DnPn nj)s 6.1
(Po,@n,0) = ik D@l Pn @ Qn) (3.6.169)

and consider the sequence of functions {R,,(-) }nen defined as follows:

R,(8) = R, (0; Py, M™) (3.6.170)
£  inf I,(Py,Qn,6) +Eg [In M™(Y™ 6.171
o, a8 {1 (Pa Qi 0) + E, I M (Y]} (3.6.171)

= inf {I(X";Y”)JrE[lnM"(Y”)]:

Pxn = Py, LE[d,(X",Y")] < 6} (3.6.172)

for § > 0. In the special case where each P, is the product measure
P®" the rate function R(-) is defined by (see [231, Eq. (10)])

R(8) = R(6; P, M) (3.6.173)
= Ii)gfy{I(X; Y) +E[ln M(Y)]:
Px =P, E[d(X,Y)] <d}. (3.6.174)

The rate function is monotonically non-increasing and convex in é > 0,
and it satisfies (see [231, Lemmas 1 and 2])

R(0) = lim_ LR.(0) (3.6.175)
_ 1
= inf & Rn(6). (3.6.176)

We next state the main result of [231]:

Theorem 3.6.13 (Kontoyiannis). Consider an arbitrary set A™ C X",
and denote § £ 1 E[d, (X", A()]. Then,

Lin Mm(A™) > R(5; P, M). (3.6.177)
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Furthermore, the following achievability result holds: for every 6 > 0
and € > 0, there is a sequence of sets {A(”)} N such that A™ C x»

ne
for every n, and

Lin M (A™) < R(8) + ¢ dp(X", A™) < § as.  (3.6.178)

1
n

Proof. We prove in the sequel the converse result in (3.6.177)). Given
A C X7 let 0 X" — A™ be the function that maps each 2™ € X™
to the closest element y™ € A ie

dp (2™, o (2")) = dp (2™, A™), V2" e X" (3.6.179)

(we assume some fixed rule for resolving ties). If X" ~ P®" then
let @, € P(X™) denote the distribution of Y = ¢,(X™), and let
T € P(X™ x X™) be the following joint distribution of X™ and Y™:

7Tn($n,yn) = P®n(xn) 1{yn:@n($n)}, Va yt e X" (3.6.180)

Since P®™ and @,, are the marginal distributions of 7,, and

Er, [dn (X", Y™)] = Er [dn(X™, 0n(X™))] (3.6.181)
= By, [do(X™, A™)] (3.6.182)
—né (3.6.183)

then m, € IL,(P®", Q,,?). Furthermore, we have

M (A™) = > M"(y") (3.6.184)
yne An)
M"(y")
=In Qnly (3.6.185)
L2, O G
M"(y")
> Qn(y™) In e (3.6.186)
y"EZA<n) Qn(y )

= n n ,n 1 Trn(xnay )
x"GX;LeA(n)ﬂ— (x Y ) nP@n(gjn)Qn(yn)
+ > Qu(y") mM™(y") (3.6.187)
yneAln)
I(X™ Y™ +Eg, [In M™(Y™)] (3.6.188)
Rn(9), (3.6.189)

v
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where (3.6.184]) is by (3.6.164); (3.6.185|) is trivial; (3.6.186]) is by
Jensen’s inequality; (3.6.187)) relies on (3.6.180)); (3.6.188)) uses the fact

that the marginal distributions of m, are P®" and Q,, and ([3.6.189)
relies on (3.6.170)—(3.6.172)) and (3.6.183)). Finally, using (3.6.173),
(3.6.175) and (3.6.184)—(3.6.189)), we get (3.6.177).

The reader is referred to [231, Theorem 2] for a proof of the direct

part (achievability result) in (3.6.178)). O

We are now ready to use Theorem [3.6.13] to answer the question
posed at the beginning of this section. Specifically, we consider the case

where M = P. Defining the concentration exponent
R.(r; P) = R(r; P, P), (3.6.190)
we get the following result:

Corollary 3.6.14 (Converse concentration of measure). If A C X" is
an arbitrary set, then

PEM(AM) > exp (n Re(6; P)), (3.6.191)
where
§ = LE[d, (X", A™)]. (3.6.192)
Moreover, if the sequence of sets { A1 | is such that, for some § > 0,
pen (AS?) — 1 as n — oo, then
liminf £ n PE"(A™) > Re(6; P). (3.6.193)

Remark 3.36. A moment of reflection shows that the concentration
exponent R.(d; P) is non-positive. Indeed, from definitions,

R.(5; P)
= R(0; P, P)

= jnf {1(X;Y) + B P(Y)]: Px = P, E[d(X,Y)] <6}

= jnf {H(Y) = H(Y|X) +E[ln P(Y)]: Px = P, E[d(X,Y)] <}
= jnf {~ D(Py||P) - H(Y|X): Py = P, E[d(X,Y)] < 6

= —sup { D(Py|[P) + H(Y|X): Px = P, E[d(X,Y)] <4

Pxy

<0. (3.6.194)
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Remark 3.37. Using the achievability result , which appears
in [231, Theorem 2], one can also prove that there exists a sequence of
sets {AM}2 | such that
Jim PO (A)) =1, Tim % In P (AM) < Re(6; P). (3.6.195)
As an illustration, consider the case where X = {0,1} and d is
the Hamming distortion function d(z,y) = 11;2,. Let P(1) = p and
P(0) = 1 — p with p € [0,2], so P satisfies Ty (L> with respect

2 2¢(p)
to the Hamming metric d, and with ¢(-) as defined in (3.4.79)). By

Proposition [3.10, the product measure P®" satisfies T #(m on the
product space (X", d,). Consequently, it follows from (3.4.96) that for

every A" C X",
pon (42)

1 1 ?
>1—exp (—ngp(p) (5 - \/ngo(p) In P (A ) ) . (3.6.196)

provided that

1 1
> 1 . 3.6.197
_\/W(p) e (3.6.197)
Thus, if a sequence of sets A™ C X", for n € N, satisfies
o1 n( 1(n
liminf - In P (A™) > —(p)?, (3.6.198)
then
Pen(Al)) —— 1. (3.6.199)
n—oo

The converse result, Corollary says that if a sequence of sets
A C X" satisfies (3.6.199), then ([3.6.193) holds. Let us compare the

concentration exponent R.(d; P), where P is the Bernoulli(p) measure,
with the exponent —p(p)é? on the right side of (3.6.198):

Theorem 3.6.15. If P is the Bernoulli(p) measure with p € [0, 3], then
the concentration exponent R.(J; P) satisfies

R(3:P) < —op)? - (1-p)h (1), voel0.1-4]
(3.6.200)
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and
R.(6;P) =lnp, Vée[l—p,1] (3.6.201)
where
h(z) & —zlnz — (1 —2)In(l —2), Yz €|0,1]
is the binary entropy function to base e (with the convention that

0log0 = 0).

Proof. From (3.6.194) with the Hamming metric d(z,y) = 1,4, for
x,y € {0,1}, we have

Re(3; P) = = sup { D(Py||P) + H(Y|X): Px = P, B(X £Y) <6},

(3.6.202)

For a given 0 € [0,1 — p|, let us choose Py so that |Py — P|ryv = 9.

Then, from (3.4.82]),
D(Py|P) _ D(Py|P)

— 6.2
2 P - Py (3.6.203)
DQIP)
> inf o) (3.6.204)
oo PRy
= ¢(p). (3.6.205)

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|lrv = 6. Moreover, using (3.4.70)), it
can be verified that

Pyig—o(1) =1 = Py3_(0) = 1—p (3.6.206)
Pyiz—1(§) = 61(9) = =1y, (3.6.207)

which yields

HY|X)=(1-pHY|X =0)=(1-p) h<6>. (3.6.208)

L=p
From ([3.6.202)), (3.6.205)) and (3.6.208]), we obtain
Re(0;P) < —D(P5||P) — H(Y|X) (3.6.209)
< —p(p)o? — (1—p) h(lfp) (3.6.210)
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To prove ([3.6.201)), it suffices to consider the case where § = 1 — p. If
we let Y be independent of X ~ P, then I(X;Y) = 0, so we have to
minimize Eqg[ln P(Y")] over all distributions @ of Y. But then, we get

inEoln P(Y)] = min In P(y) = min {Inp, In(1 — p)} = Inp,
min Q[In P(Y')] o In (y) = min{lnp, In(1 —p)} =Inp

. . 1
where the last equality holds since p < 5. O

3.7 Summary

This chapter covers the essentials of the entropy method, an
information-theoretic technique to derive concentration inequalities for
functions of independent random variables. As its name suggests, the
entropy method revolves around the relative entropy (or information
divergence), which in turn can be related to the logarithmic moment-
generating function and its derivatives.

A key ingredient of the entropy method is temsorization, or the
use of a certain subadditivity property of the relative entropy in order
to break the original multi-dimensional problem up into more simple
one-dimensional problems. Tensorization is used in conjunction with
various inequalities relating the relative entropy to suitable energy-type
functionals defined on the space of functions for which one wishes to
establish concentration. These inequalities fall into two broad classes:
functional inequalities (typified by the logarithmic Sobolev inequalities)
and transportation-cost inequalities (such as Pinsker’s inequality). We
examined the several deep and remarkable information-theoretic ideas
that bridge these two classes of inequalities, and also exemplified their
applications to problems in coding and information theory.

At this stage, the relationship between information theory and the
study of measure concentration is heavily skewed towards the use of the
former as a tool for the latter. Moreover, applications of concentration
of measure inequalities to problems in information theory, coding and
communications are exemplified in Chapters [2| and [3l We hope that
the monograph may offer some inspiration for information and coding
theorists to deepen the ties between their discipline and the fascinating
realm of high-dimensional probability and concentration of measure.
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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 J(Y') < co.
Our goal is to prove the van Trees inequality and to show that
equality in holds if and only if Y is Gaussian. To this end, we
prove the following statement. Let ¢(U) be an arbitrary estimator of
Y where ¢(+) is a Borel-measurable real-valued function. Then,

1
s+ J(Y)’
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 simple. Define two random variables

E [(Y - @(U))Q] > (3.A.1)

AU,Y) 2 oU) -, (3.A.2)

YY) 2 L oo o)y o)

y=Y

= L[~ Vanpy )

dy v
= Vs(U = VsY) + py(Y)

L

where py (y)
below that

% Inpy (y) for y € R is the score function. We show

E[A(U,Y)Y(U,Y)] = 1. (3.A.4)
Then, in view of , by applying the Cauchy—Schwarz inequality,
1 =FEA(U,Y)Y(U,Y)]
< E[AY(U,Y)] - E[T*(U,Y)]
=E[(p(U) — Y)?] - E[(V5Z + py (Y))?]
=E[(e(U) - Y)?] - (s + J(Y)). (3.A.5)

Upon rearranging, we obtain (3.A.1]). We next prove (3.A.4). The fact
that J(Y) < oo implies that the density py is bounded (see [I54]

(¢
(¢
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Lemma A.1]). Using this and the rapid decay of the Gaussian density
~ at infinity, we have

/ O:o ;y [puiy (uly)py ()] dy

[e.9]

=7(u—Vsy)py (y)

—00

=0, (3.A.6)

and integration by parts gives

[ v o Gl )] ay

= yy(u — Vsy)py (y)

- [ poy(alylpy )y

—00

= —[ puly (uly)py (y)dy
= —pu(u). (3.A.7)
Using (3.A.6)) and ( -, we get

E[A(U,Y)Y(U,Y))

) S oty (uly)py ()] oy (uly)py (y)du dy

2 g

[t
[Let-ng,
o0 d

[pupy (uly)py (y)] dudy

-/
I.
/OO lu (/OO (EJ {PU|Y(U\y)py(y)} dy) du

- /O:o (/O:o yciy oy (uly)py ()] dy> du

=—py (u)
:/ pu(u)du =1,

which establishes the equality in (3.A.4). It remains to establish the
necessary and sufficient condition for equality in (3.A.1). The Cauchy—
Schwarz inequality for the product of A(U,Y) and Y(U,Y) holds if
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and only if A(U,Y) = ¢Y(U,Y) holds almost surely for some constant

c € R. In view of (3.A.2)) and (3.A.3)), the latter equality is equivalent
to

o(U) =Y + ev/5(U — V3Y) + epy (V)
=cysU + (1 —cs)Y +cpy(Y)

for some ¢ € R. In fact, ¢ must be nonzero, as 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

A Pyly) ¢
02 5L (-0

In other words, the score py (y) must be an affine function of y, which
is the case if and only if YV is a Gaussian random variable.

3.B The proof of Theorem m

As a reminder, the LP? norm of a real-valued random variable U is
defined by [|U]|, £ (E[|U|P])"/? for p > 1. It will be convenient to work
with the following equivalent form of the Rényi divergence in :
For every two random variables U and V such that Py <« Py, we have

H dPU

P P
Do (Pyl|Pv) dPV

o> 1. (3.B.1)

[0}

Let g denote the Radon—Nikodym derivative % It is easy to verify
that P, < G for all t > 0, so the Radon-Nikodym derivative g; = Cég
exists. Moreover, go = g (recall that Py = P since, by the definition
of the random transformation in (3.2.47), OU(0) is a perfect channel
with Y = X at ¢t = 0). Also, let the function a: [0,00) — [5,00) be
defined as a(t) = 1+ (8 — 1)e* for some 8 > 1. Let Z ~ G. Using

(3.B.1J), it can be shown that the desired bound (3.2.60|) is equivalent
to the statement that the function F': [0,00) — R, given by

dP,
21 H 4 = 1 gu(2) oo - (3B.2)

alt

is monotonically decreasing. From now on, we adhere to the following
notational convention: we use either dot or % to denote derivatives



226 The Entropy Method, LSl and TC Inequalities

with respect to the “time” ¢, and the prime to denote derivatives with
respect to the “space” variable z. We start by computing the derivative
of F' with respect to t, which gives

F(t) = % {azt) InE [(gt(Z))a(ﬂ}
d a(t)
aft aft T [(gt(Z)) }
s e[+ e [izy®@] Y

To handle the derivative with respect to ¢ in the second term in the right
side of , 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 .

For every ¢t > 0, define a linear operator K; acting on an arbitrary
sufficiently regular (e.g., L'(G)) function h as

Kih(z) 2E [h (e + V1 e2Z)] (3.B.4)
with Z ~ G. The family of linear operators {K;};2, has the following
properties:

1. Ky is the identity operator, Koh = h for every h.
2. Consider the OU(t) channel, for every ¢ > 0, given by the random

transformation (3.2.47). For every measurable function F' such
that E|F(Y)| < oo with ¥ in (3.2.47)), we can write

K F(x) =E[F(Y)|X =z, VzelR (3.B.5)
and
E[F(Y)] = E[K:F(X)]. (3.B.6)

Note that (3.B.5)) holds since by assumption X and Z in (3.2.47)
are independent random variables, and (3.B.6|) holds by taking

expectation on both sides of (3.B.5)).

3. 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 noted before,

P, < G; the corresponding density g, = % satisfies for all ¢ > 0

gt(x) = Kig(x). (3.B.7)
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To prove (3.B.7)), we can either use (3.B.5) and the fact that
gt(x) = E[g(Y)|X = z], or proceed directly from (3.2.47)) to get

gi(x) = \/12? /Rg (e_tx +v1— e_2tz> exp (—%) dz
=E [g (e_taf: + mZﬂ (3.B.8)
with Z ~ G.

4. The family of operators { K;};°, forms a semigroup, i.e., for every
t1,t2 > 0 we have

Kt 11, = Kty 0 Ky, = Ky, 0 Ky, (3.B.9)
which is shorthand for saying that, for every sufficiently regular
function h,

Ky 41,h = Ky (K h) = Ky (K, h). (3.B.10)

Eq. follows from (3.B.5)) and (3.B.6)), and due to the fact
that the channel family {OU(¢)}22, is ordered by degradation as
in (3.2.49). For this reason, the family of linear operators {K;}{2
is referred to as the Ornstein—Uhlenbeck semigroup. If {Y;}92, is
the Ornstein-Uhlenbeck process, then every function F' € L'(G)
satisfies

K,F(z) =E[F(Y})|Yo =], VzeR. (3.B.11)

Two deeper results concerning the Ornstein—Uhlenbeck semigroup,
which will be needed, are as follows: let the second-order differential
operator £ be defined as

Lh(x) & W' (z) — zh/(x) (3.B.12)
for all C? functions h: R — R. Then,

1. The Ornstein—Uhlenbeck flow {h:}$2,, where hy = K¢h with a C?
initial condition hy = h, satisfies the partial differential equation
(PDE)

he = Lhy. (3.B.13)
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2. For Z ~ @G and all C? functions g,h: R — R, we have the
integration-by-parts formula

Elg(2)Lh(2)] = E[MZ)Lg(2)] = —E[g'(2)I'(Z)].  (3.B.14)

We provide the proofs of (3.B.13) and (3.B.14]) in Appendix
We are now ready to tackle the second term in (3.B.3). Noting that

the family of densities {g;}22, forms an Ornstein-Uhlenbeck flow with
initial condition gy = g, we have

%E [(o(2)""]
=& [ 3{@)®)]
= (0 E [0(2)" O mgu(2)] +aO E |((2)" " S 2)]
= &) E [(91(2)" g (2)]
+a(t)E [(gt(Z))““)*lzgt(Z)] (3.B.15)
= &) E [(91(2)" g (2)]
~aE |((@(2)") 5(2)] (3.B.16)

= a(t) E [(0:(2)" " mgu(2)]
—a(t)(a(t) = 1) E[(@(2)"" (6(2))°] (3B17)

where we use (3.B.13]) to get (3.B.15)), and (3.B.14)) to get (3.B.16)).
(Referring back to (3.B.8)), we see that the functions g, for all ¢ > 0,

are C*° due to the smoothing property of the Gaussian kernel, so all
interchanges of expectations and derivatives in the above display are
justified.) If we define the function ¢;(z) = (gt(z))a(t)/Q, then we can

rewrite (3.B.17)) as

B [(2) ) = S0 E [ m ek 2)
4(a(t) — 1) /
- E (@1(2)?].  (3B18)

Using the definition of ¢; and substituting (3.B.18)) into the right side
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of (3.B.3), we get
() E[p}(2)] F(t) = a(t) (E[¢}(2)In6}(2)] - E[6}(2)] nE[¢} (2)])
— 4(a(t) - VE [(¢/(2))7]. (3.B.19)
If we now apply the Gaussian LSI to ¢y, then yields
(1) (63 (2)] F(1) < 2(a(t) — 2(a(t) - ))E [(¢(2))*] . (3.B.20)

Since a(t) = 1+ (8 — 1)e?* then &(t) — 2(a(t) — 1) = 0 for all ¢,
which implies that the right side of 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 where g is a probability
density function), we conclude that F'(t) < 0. Hence, F' is monotonically

decreasing on [0, 00), and from (3.B.2)

F(t) = O‘(;)(]; L Doy (PNG), >0, (3.B.21)

F(0) = 551 Ds(P|G). (3.B.22)
Consequently, for every > 1 and ¢t > 0,

Day(PIG) < (S05=1)) Datrl) (3:5.23

where a(t) = 1+ (B8 — 1)e? for all t > 0. Since the Rényi divergence is
monotonically increasing in its order (see, e.g., [L63, Theorem 3]), the
left side of is greater than or equal to D,(P;||G) as soon as
a < a(t). By the same token, because the function u € (1,00) — 5
is strictly decreasing, the right side of can be upper-bounded

by (gggj;)Dﬁ(PHG) for all @ < «a(t). Putting all these facts together,

we conclude that the Gaussian LSI (3.2.1)) implies (3.2.60)).
We now show that (3.2.60)) yields the LSI of Theorem To that

end, we recall that (3.2.60] is equivalent to the right side of (3.B.19)

being less than or equal to zero for all t > 0 and all 8 > 1. Let us
choose t = 0 and 8 = 2, for which

a(0) =a(0) =2,  do=g.
Using this in for t =0, we get
2(E [¢%(2)Ing*(2)] - E[¢*(2)|mE[g*(2)]) - 4E | (¢'(2))*] <0
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which is precisely the LSI with E[g(Z)] = Eq¢ {%} = 1; recall,
however, that the LSI is invariant to a scaling of the real-valued
function. This completes the proof of Theorem (up to the proofs
of (3.B.13) and (3.B.14)), which are relegated to Appendix |3.C).

3.C Details on the Ornstein—Uhlenbeck semigroup

This appendix proves the formulas (3.B.13)) and (3.B.14]), pertaining to
the Ornstein—Uhlenbeck semigroup. We start with (3.B.13]). Recalling
that

h(x) = Kih(z) = E[h(e ™2 + V1= e72Z))], (3.C.1)
we have
. d
h(z) = — E{h(e*tx +V1-— e—%Z”
dt
=—e'z E[h'(e_tw +V1-— e—2tZ)}
e 1 —t
- . - _ o2t
+ == E[ZK (e™'w+ V1 - eZ)]. (3.C.2)
For an arbitrary sufficiently smooth function A and every m, o € R,
E[ZKW (m + 0Z)] = oE[h (m + 0 Z)], (3.C.3)

which is proved straightforwardly using integration by parts, provided
2
. _zZ oy . . .
that wkglooe 2 h'(m+ ox) = 0. Using (3.C.3|) yields

E[Zh’ (e*tx T mz)}
CVIZeTEW (e VIme 7). (304

Consequently, combining (3.C.2)) and (3.C.4)) yields
hi(x) = —e o Kb/ (z) + e 20 Kb (). (3.C.5)

On the other hand, from (3.B.12)) and (3.C.1)),
Lhiw) = b!(x) — ohi(x)

—e 2 ]E{h” (e_tw +v1 - e—ZtZ)}
—xet ]E[h’ (e*ta: +Vv1-— e—QtZ)}

=e 2 Kb (z) — e o Kb (z). (3.C.6)
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Comparing (3.C.5)) and (3.C.6)), we get (3.B.13).
Proving the integration-by-parts formula (3.B.14)) is more subtle,

and it relies on the fact that the Ornstein—Uhlenbeck process {Y;}52
with Yy ~ G is stationary and reversible in the sense that, for every
tt >0,

(Y2, Vi) £ (Y, V). (3.C.7)

To see this, let

—e—ty)?
P (ylz) £ 27‘(’(11—(3_%) exp <—(2y(1_6_2t))> (3.C.8)

be the transition density of the OU(#) channel. It is easy to show that
P yle)y(@) =p D (@ly)v(y), Va,yeR (3.C.9)

(recall that v denotes the standard Gaussian pdf).
For Z ~ G and every two smooth functions g, h, we get

Elg(Z)Kh(Z)] = E[g(Yo)K:h(Yo)] (3.C.10)
= E[g(Yo)E[A(Y1)[Y0]] (3.C.11)
= E[g(Yo)h(Y?)] (3.C.12)
= E[g(Y;)h(Yo)] (3.C.13)
= E[K:g(Yo)h(Y)] (3.C.14)
=E[Kig(2)h(Z)], (3.C.15)

where (3.C.10) and are due to the assumption that Yy ~ G
and Z ~ G; (3.C.11)) and (3.C.14) rely on (3.B.5)); (3.C.12)) relies on
the law of iterated expectations; holds due to the reversibility
property of the Ornstein—Uhlenbeck process with Yy ~ G (see )
Taking the derivatives with respect to t of the left side in and

the right side in (3.C.15)), we conclude from (3.B.13) that
Elg(Z)Lh(Z)] = E[Lg(Z)h(Z)]. (3.C.16)

In particular, since £1 = 0 (where on the left side 1 denotes the constant
function x — 1), we have

E[Lg(Z)] = E[1Lg(Z)] = E[¢(Z)L1] = 0 (3.C.17)

for all smooth functions g.
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We are now ready to prove (3.B.14]). To that end, let us first define
the operator I' on pairs of functions g, h by

I'(g,h) £ [L(gh) — gLh — hLg]. (3.C.18)
Now, for the specific definition of £ in , we have
L(g,h)(z) = 5 {(gh)"(w) —z(gh)(z) — g(z) (A" (z) — zh/())
— h(z)(¢"(z) — wg'(:l:))}

=g (2) (), (3.C.19)

or, more succinctly, I'(g, h) = ¢’h’. Therefore,

Elg(2)Lh(2)] = 3{Elg(2)Lh(Z)] + E[L(Z)Lg(Z)]}  (3.C.20)
= JE[L(gh)(2)] - E[[(g, h)(2)] (3.C.21)
= —E[¢(2)K(2)), (3.C.22)

where ([3.C.20)) uses (3.C.16)); (3.C.21)) uses the definition (3.C.18|) of T,
and (3.C.22)) uses (3.C.19)) together with (3.C.17)). This proves (3.B.14).

Remark 3.38. If we consider the Hilbert space L?(G) of all functions
g: R — R such that E[g?(Z)] < co with Z ~ G, then expresses
the fact that £ is a self-adjoint linear operator on this space. Moreover,
(3.C.17)) shows that the constant functions are in the kernel of £ (the
closed linear subspace of L?(G) consisting of all g with Lg = 0).

Remark 3.39. The operator in the left side of was introduced
into the study of Markov processes by Paul Meyer under the name
“carré du champ” (French for “square of the field”). In general, £ in
the right side of can be an arbitrary linear operator that serves
as an infinitesimal generator of a Markov semigroup. Intuitively, I' in
the left side of measures how far a given £ 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 every g, h in
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its domain,
L(gh) = gLh + hLg. (3.C.23)

A simple example of a derivation is the first-order linear differential
operator Lg = ¢', for which the Leibniz rule is simply the product rule
of differential calculus.

3.D LSI for Bernoulli and Gaussian measures

The following LSI was derived by Gross [60] for an arbitrary function
g: {0,1} — (0,00) with P standing for the Bernoulli($) distribution:
Entp[g°] < 5 (9(0) — (1)), (3.D.1)

where the entropy functional is defined in (3.3.4). We will now show

that (3.3.37) can be derived from (3.D.1)). Let us define f by e/ = g2,
where we may assume without loss of generality that 0 < ¢(0) < g(1).

Note that
(9(0) = g(1))* = (exp (£(0)/2) — exp (£(1)/2))*
< L [exp (£(0)) + exp (F(1)] (£(0) = £(1)*  (3.D-2)
= 1Ep [exp(f) (Tf)?] (3.D.3)

with T'f £ |£(0) — f(1)| where follows from the inequality
(1-2)* < i(1+2?%)(Inx)? V>0,
applied to z £ % Consequently, we have
) _ Entplexp(f)]
D(PY)||P) Erlexp()] (3.D.4)
_ Entplg7] 2]
Ep[exp(f)} 3D
(9(0) ~9(1))’
< SE0) D0
- Eplexp(f) (T)%
SEp[exp(f)] D0

= LEP[(1)?] (3.D.8)
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where - follows from , ) holds due to the equahty
ef = g% - holds due to - ) follows from , and

- ) holds by definition. We therefore conclude that ( - yields
(3.3.37)).

Gross used and the central limit theorem (CLT) to establish
his Gaussian LSI (see Theorem . We can follow the same steps

and arrive at (3.2.13) from (3.3.37)). 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/2
Fnn . zm) 2 g T+ o+ +xy—n/ _
n/4

If Xy,...,X, are i.i.d. Bernoulli(1/2) random variables, then, by the
CLT, the sequence of probability measures {Pz, }°2; with
Xi+...+ X, —n/2

n/4
converges weakly to the standard Gaussian distribution G as n — oo,

i.e., Pz, = G. By the assumed smoothness properties of g, it follows
that (see (3.3.4) and (3.3.6))

E [exp (f(X"))] - D(PY)| Pxn)

=E [f(X™) exp (f(X"))] = Elexp (f(X™))] InElexp (f(X™))]
=E [9(Zy) exp (9(Zn))] — Elexp (9(Z,))| n Elexp (9(Zn))]
—— E[g(Z) exp (9(2))] — Elexp (9(Z))] InE[exp (9(2))]

n—o0

(3.D.9)

Z, 2

(3.D.10)

= Efexp (9(2))] D(PY | Pz) (3.D.11)

where Z ~ (G is a standard Gaussian random variable. Moreover, using
the definition (3.3.36]) of I' and the smoothness of g, it follows that for

every i € {1,...,n} and 2" € {0,1}"
Fla" @ e) = flam)

B 1+ ...+x,—n/2  (—1) 1+ ...+xn —n/2 ?
P ) o ()

_ % <g' <x1 a “5" - ”/2>> l (3.D.12)
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which implies that

DM =Y (f@" @ e) — f(a™)’
=1
2
_4<g <x1+ +‘“"_”/2>> +0(1).  (3.D.13)
n/4
Consequently,

Elfexp (f(X™)]-EV) [(TF(X™)]

= E |exp (f(X") (DF(X™))’]

= 4E [exp (9(Z0)) ((9'(Z0))” +0(1))]
—— 4E [exp (4(2)) (¢'(2))’]

2
= 4E[exp (9(2))] - EY) [(4/(2))°]. (3.D.14)
Taking the limit of both sides of (3.3.37)) as n — oo and then using
(3.D.11)) and (3.D.14)), we obtain

D(PY||P7) < LEY) [(4'(2))], (3.D.15)

which is (3.2.13). The same technique applies to an asymmetric
Bernoulli measure: given a sufficiently smooth function g: R — R,

define f: {0,1}" — R by

fa") &g (‘Tl - "J%" — np) : (3.D.16)

and then apply (3.3.41)) to it.

3.E On the sharp exponent in McDiarmid’s inequality

It is instructive to compare the strategy used to prove Theorem [3.3.8
with an earlier approach by Boucheron, Lugosi and Massart [169] using
the entropy method. Their starting point is the following lemma:

Lemma 3.E.1. Define the real-valued function ¥ by

Y(u) =exp(u) —u—1, VueR. (3.E.1)
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Consider a probability space (Q,.%,u) and a measurable function
f:Q — R such that tf is exponentially integrable with respect to
p for all t € R. Then, the following inequality holds for every ¢ € R:

D) < B [~ 17 = o). (3E2)
Proof. Recall that

tN||y) = tEE) T
D(p"||p) = tEGV [f] +1 E,[exp(tf)]

— R — Lo
PERDIS] ~ et g ]

Using this together with the inequality Inu < u — 1 for every u > 0,
we can write

te)
DD ) < t R[] — pe 4 P
S neT)
t(f + ) exp(—tf)
=tE[f] —tc+E exp( -1
U ' Eyfexp(tf)]

_ ¢

=t EUD[f] + exp(te) EW [exp(—tf)] — te — 1,
and we get (3.E.2)). This completes the proof of Lemma [3.E.1] O

Notice that, while (3.E.2) is an upper bound on D(u®/)||x), the

thermal fluctuation representation ((3.3.18) of Lemma forms an
ezact expression. Lemma [3.E.T] leads to the following inequality of log-

Sobolev type:

Theorem 3.E.2. 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, ®...® Px,, be the product probability distribution
of X™. Also, let X{,..., X, be independent copies of the X;’s, and
define for each i € {1,...,n}

UD L f(Xy,. . X1, XD Xig1, - Xn). (3.E.3)
Then,
D(P||P)

n

<exp (= A®) S E exp(tl) v(—t(U - UD))], (3.E.4)

i=1
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where 1 is defined in (3.E.1)), A(t) £ InE[exp(tU)] for t € R is the
logarithmic moment-generating function, and the expectation on the
right side is with respect to X™ and (X’)". Furthermore, let the function
7: R — R be defined by 7(u) £ u(exp(u) — 1) for u € R. Then,

D(PD||P)

<exp(—A(t) > E [exp(tU) T(—t(U — U(i))) ].{U>U(i)}:| , (3.E.5)
i=1

and

DD |P)

<exp (—A(t)) zn:IE [exp(tU) T(—t(U — U(i))) 1{U<U(i>}} . (3.E.6)

Proof. Applying Proposition to P and Q = Pt we have

D(p(tf)Hp ZD( X‘XZ | Py, ‘Ptf>
:Z/ (PU o |1 4PL ()
i=1

Fix arbitrary i € {1,...,n}, 2 € X" and 2, € X. Let us apply
Lemma to the i-th term of the summation in the right side of
BET) with

pw="Px,, c=f(z1,. .., 01,7 Tit1,...,Tp) = fl(azﬂfl)

to get
D(PYFCED | Py) < BEECTD [p (= t(fi(Xla) — filalla)) )]

Substituting this into 1) and then taking an expectation with
respect to both X” and (X')", we get (3.E.4] -

To prove and ( -, we write (note that ¥(0) = 0)
exp(tU) (—(U — UD))
= exp(tU) o (—t(U = UD) )1 ps oy
+exp(tU) ¢ (HUD = U)) 1y - (3.E.8)
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Since X; and X/ are i.i.d. and independent of X!, we have (due to a

symmetry consideration which follows from the identical distributions
of U and U®)

E[exp(t) (U = U)) 1iycpioy | X]
= E[GXP tv®) ¢<t(U - U(i))) Liysvan |Xi]
tU) exp(HUD — U)) (U = UD)) 1epoy | X
Using the equality in the last display and (3.E.§), we can write
E [exp(tU) ¢<—t(U - U“)))}

(
= E[exp(

- E[exp(tU) [¢ (t(U“‘) - U)) (3.E.9)

+ exp (t(U@ _ U)) ¥ (t(U — U(i))) ] 1{U>U(i>}}.

Using the equality

P(u) + exp(u) Pp(—u) = 7(u), VYueR, (3.E.10)
we get (3.E.5)). The proof of (3.E.6|) is similar. O

Now suppose that f satisfies the bounded difference condition in
(3.3.46)). Using this assumption together with the inequality that
7(—u) = u(1 — exp(—u)) <u®, VYu>0, (3.E.11)
then, for every ¢ > 0, we can write
D(P|P)

n

<exp (= A1) YE [exp(t0) 7(—tU = UD)) 1oy

i=1

N 2
< exp (= M) S |explt0) (U= U0) 1y
=1

NE

< t?exp (— A1) {012 E [exp(tU) 1{U>U(i)}]}

.

M- L

< t?exp (— A(1)) ¢? T [exp(tU)]

1

=Yt (3.E.12)
=1

.
I
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Applying Corollary we get

2

P(f(X") > Ef(X") +7) < exp <_42§‘:10?

), Vr>0, (3.E.13)

which is weaker than McDiarmid’s inequality (3.3.47]) since the constant
of the exponent in the right side of (3.E.13|) is smaller by a factor of 8.

3.F Generalization of Fano’s inequality for list decoding

The following generalization of Fano’s inequality for list decoding (see,
e.g., [221] or [232] Lemma 1]) has been used in (3.6.40|) for proving

Theorem and in (3.6.135) for proving Theorem |3.6.11

Theorem 3.F.1. Let X and ) be finite sets, and let (X,Y) € X x Y
be a pair of jointly distributed random variables. Consider an arbitrary
mapping £: Y — 2% which maps every y € Y to a set L£(y) C X such
that |[£(Y)| < N as., and let P, = P(X ¢ L(Y)) designate the list
decoding error probability. Then,

H(X|Y)<h(P.)+(1—P)InN + P In|X|. (3.F.1)

Proof. Define the indicator random variable E = Lixg¢r(v)y- Then, the
conditional entropy H(E, X|Y) can be expanded in two ways as

H(E,X|Y)=H(E|Y)+ H(X|E,Y) (3.F.2a)
= H(X|Y)+ H(E|X,Y). (3.F.2b)

Since X and Y uniquely determine F (for a given mapping L), we have

H(E|X,Y) =0, and (3.F.2b) implies that

H(X|Y) = H(E|Y)+ H(X|E,Y) (3.F.3)
< H(E)+ H(X|E,Y) (3.F.4)
= h(P,) + H(X|E,Y). (3.F.5)
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We can upper-bound H(X|E,Y) in the right side of (3.F.5) as follows:
H(X|E,Y)
=Y P(E=0,Y =y)HX|E=0,Y =y)

yeY
+Y P(E=1Y =y HXIE=1Y =y) (3.F.6)
yey
<Y {PE=0Y =y HX|E=0,Y =y)} +PIn|X| (3F7)
yey
=(1-P) Y {P(Y =y|[E=0) H(X|E=0,Y =y)}
yey
+ P.ln|X| (3.F.8)
<(1—P)E[In|L(Y)||E =0] + P.In |X]| (3.F.9)
< ( )lnN+ P.In|X|, (3.F.10)

where and (3.F.9) rely on the standard log-cardinality bound
on the entropy; l) uses the fact that, given £ = 0 and Y = vy, the

random variable X is supported on the set £(y). Finally, combining
BF3)-BF.10) gives BF.1). O

Remark 3.40. Instead of assuming that |£(Y)] is bounded a.s., if we
only assume that it is bounded in expectation (i.e., if E[ln |£(Y)|] < o0),
then
H(X|Y)<E[n|LY)|]+ h(FP.) + Peln|X|. (3.F.11)

To get this, we follow the same steps as before, except (3.F.10|) in the
above series of bounds on H(X|E,Y) is replaced by

(1= P)E[In [£(V)] | E = 0]

<(1-P)E[I[LY)||E=0]+FPE[In|L(Y)||E=1] (3F.12)

=E[n|L(Y)|] (3.F.13)
(we assume, of course, that L£(y) is a nonempty set for all y € V).
Remark 3.41. Arimoto introduced a notion of the Rényi conditional
entropy [233], which generalizes the Shannon conditional entropy while
fulfilling some desired properties of a conditional entropy [234]. An
extension of the generalized version of Fano’s inequality in (3.F.1]) for

list decoding, expressed as a function of the Arimoto-Rényi conditional
entropy, is introduced in [124, Theorem 8|.
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3.G Details for the derivation of (3.6.105|

Let X™ ~ Pxn and Y" € )" be the input and output sequences of
a DMC with transition matrix T: X — ), where the DMC is used
without feedback. In other words, (X", Y") € X" x V" with X" ~ Pxn
and

n
Pynixn (y"2") = [ Prix (wil =),
=1

Vy" e Y*, Va" € X" s.it. Pxn(z") > 0.

Since the channel is memoryless and there is no feedback, the i-th
output symbol Y; € ) depends only on the i-th input symbol X; € X
and not on the rest of the input symbols X . Hence, Y  — X; — Y; is

a Markov chain for every i € {1,...,n}, so we can write
reX
= Y Prxyl) Py g el (3.6.2)
TeEX

for all y € Y and 7' € Y" ! such that Poi (7') > 0. Therefore, for every
v,y € Y, we have

PYiIVi(y‘yi) ‘T;XPY\X(?JW)PXZ,WZ'(%@ )

= - 3.G.3

P wlo) - 2 Prix (o) Py g (2l7) (3G
iy Prix(vlo)
xEZXPY\X(y'WPX”?i(ﬂy ) %

= . (3.G4)

zeZXPY‘X(y,’x)PX”?i (=|7")

where in the last line we have used the fact that Py x(:]-) > 0. This
shows that we can express the left side of (3.G.3)) as the expectation of
Py x (y|X)

Pyix (%) with respect to the (conditional) probability measure

PY\X(Z/’W)PXH?' (z[7")

Qzly',y') = . VzeX. (3.G5
7)==y ) Py @) (3:65)
r'eX il
Therefore,
P, <i(y[y') P
In -2 < max IHM (3.G.6)

Pm?i (y'[y") — wex Y|X(y/|x)'
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Interchanging the roles of y and 1/, we get

P, <i(y'[7) P, dpe
In ¥ 7 7 7 < max In 7Y|X(y [2)

Pyi‘yi (ylg') — =ex " Pyx(ylz)

Combining (3.G.6) and (3.G.7)) with the definition of ¢(T") in (3.6.101]),
it follows that for all 3,3/ € Y

(3.G.7)

P, &i(yl7") P
L/; < max max |In M =5¢T). (3.G38)
PYH? (V' |7) TEX y,y' €Y PY\X(y |z)
Similarly, we have
©) .
P (yly') P
In L < max max |In M = %C(T)v (3.G.9)
p© ' |7) veX yy'ey |  Pyix(y'|z)

V.Y’
since both left sides of (3.G.8|) and (3.G.9)) refer to the same conditional

probability distribution Py |x. Combining (3.G.8) and (3.G.9) yields
(3.6.105)).



Acknowledgments

It is a pleasure to thank several individuals, who have carefully read
parts of the manuscript in various stages and provided constructive
comments, suggestions, and corrections. These include (in alphabetical
order) Tim van Erven, Ronen Eshel, Ziv Goldfeld, Peter Harremoés,
Eran Hof, Nicholas Kalouptsidis, Leor Kehaty, Aryeh Kontorovich,
Toannis Kontoyannis, Mokshay Madiman, Daniel Paulin, Yury Polyan-
skiy, Boaz Shuval, Emre Telatar, Sergio Verdt, Yihong Wu and Kostis
Xenoulis. Among these people, Leor Kehaty is gratefully acknowledged
for a very detailed report on the initial draft of this manuscript, and
Boaz Shuval is acknowledged for some helpful comments on the first
edition. The authors are thankful to the three anonymous reviewers
and the Editor in Chief, Sergio Verdi, for their very constructive and
detailed suggestions, which contributed a lot to the presentation of the
first edition of this manuscript. The authors accept full responsibility
for any remaining omissions or errors.

The hospitality of the Bernoulli inter-faculty center at EPFL, the
Swiss Federal Institute of Technology in Lausanne, during August 2011
is acknowledged by I. Sason. We are thankful to the organizers of the
Information Theory and Applications (ITA) Workshop in San-Diego;
our collaboration in this project was initiated during the successful ITA
workshop in February 2012. We are also grateful to Alet Heezemans and
Mike Casey from the Foundations and Trends in Communications and
Information Theory, Now Publishers, for the assistance in preparing of
the three editions of this monograph (in 2013, 2014 and 2018).

243



244 References

The work of Max Raginsky was supported by the U.S. National
Science Foundation (NSF) under CAREER award no. CCF-1254041.
The work of Igal Sason was supported by the Israeli Science Foundation
(ISF), grant number 12/12.



References

(1]

M. Talagrand. A new look at independence. Annals of Probability,
24(1):1-34, January 1996.

B. Bercu, B. Delyon, and E. Rio. Concentration Inequalities for Sums
and Martingales. Springer Briefs in Mathematics, Springer, 2015.

S. Boucheron, G. Lugosi, and P. Massart. Concentration Inequalities
- A Nonasymptotic Theory of Independence. Oxford University Press,
2013.

E. Carlen, M. Madiman, and E. M. Werner (Editors). Convezity and
Concentration. The IMA Volumes in Mathematics and Its Applications,
Volume 161, Springer, 2017.

M. Ledoux. The Concentration of Measure Phenomenon, volume 89 of
Mathematical Surveys and Monographs. American Mathematical Soci-
ety, 2001.

G. Lugosi. Concentration of measure inequalities - lecture notes, 2009.
Available at http://www.econ.upf.edu/~lugosi/anu.pdf.

P. Massart. The Concentration of Measure Phenomenon, volume 1896
of Lecture Notes in Mathematics. Springer, 2007.

C. McDiarmid. Concentration. In Probabilistic Methods for Algorithmic
Discrete Mathematics, pages 195-248. Springer, 1998.

M. Talagrand. Concentration of measure and isoperimteric inequalities
in product space. Publications Mathématiques de I’I. H.E.S, 81:73-205,
1995.

J. A. Tropp. An introduction to matrix concentration inequalities.
Foundations and Trends in Machine Learning, 8(1-2):1-230, 2015.

245


http://www.econ.upf.edu/~lugosi/anu.pdf.

246

[11]

[12]

References

K. Azuma. Weighted sums of certain dependent random variables. To-
hoku Mathematical Journal, 19:357-367, 1967.

W. Hoeffding. Probability inequalities for sums of bounded random
variables. Journal of the American Statistical Association, 58(301):13—
30, March 1963.

N. Alon and J. H. Spencer. The Probabilistic Method. Wiley Series in
Discrete Mathematics and Optimization, third edition, 2008.

F. Chung and L. Lu. Compler Graphs and Networks, volume 107 of
Regional Conference Series in Mathematics. Wiley, 2006.

F. Chung and L. Lu. Concentration inequalities and martingale in-
equalities: a survey. Internet Mathematics, 3(1):79-127, March 2006.
Available at http://www.math.ucsd.edu/~fan/wp/concen.pdf|

T. J. Richardson and R. Urbanke. Modern Coding Theory. Cambridge
University Press, 2008.

E. Arikan. A packing lemma for polar codes. In Proceedings of the 2015
IEEE International Symposium on Information Theory, pages 2441—
2445, Hong Kong, China, June 2015.

K. Xenoulis and N. Kalouptsidis. On the random coding exponent of
nonlinear Gaussian channels. In Proceedings of the 2009 IEEE Inter-
national Workshop on Information Theory, pages 32—-36, Volos, Greece,
June 2009.

K. Xenoulis and N. Kalouptsidis. Achievable rates for nonlinear Volterra
channels. IEEE Trans. on Information Theory, 57(3):1237-1248, March
2011.

K. Xenoulis, N. Kalouptsidis, and I. Sason. New achievable rates for
nonlinear Volterra channels via martingale inequalities. In Proceedings
of the 2012 IEEFE International Workshop on Information Theory, pages
1430-1434, MIT, Boston, MA, USA, July 2012.

Y. Seldin, F. Laviolette, N. Cesa-Bianchi, J. Shawe-Taylor, and P. Auer.
PAC-Bayesian inequalities for martingales. IEEE Trans. on Information
Theory, 58(12):7086-7093, December 2012.

T. Tao. Topics in Random Matrix Theory. AMS Graduate Studies in
Mathematics 132. American Mathematical Society, 2012.

J. A. Tropp. User-friendly tail bounds for sums of random matri-
ces. Foundations of Computational Mathematics, 12(4):389-434, August
2012.

J. A. Tropp. Freedman’s inequality for matrix martingales. FElectronic
Communications in Probability, 16:262-270, March 2011.


http://www.math.ucsd.edu/~fan/wp/concen.pdf

References 247

[25]

[26]

[27]

[28]

N. Gozlan and C. Leonard. Transport inequalities: a survey. Markov
Processes and Related Fields, 16(4):635-736, 2010.

G. A. Anderson, A. Guionnet, and O. Zeitouni. An Introduction to
Random Matrices. Cambridge Studies in Advanced Mathematics 118.
Cambridge University Press, 2009.

G. Blower. Random Matrices: High Dimensional Phenomena. Lon-
don Mathematical Society Lecture Notes. Cambridge University Press,
Cambridge, U.K., 2009.

J. M. Steele. Probability Theory and Combinatorial Optimization, vol-
ume 69 of CBMS-NSF Regional Conference Series in Applied Mathe-
matics. Siam, Philadelphia, PA, USA, 1997.

A. Dembo. Information inequalities and concentration of measure. An-
nals of Probability, 25(2):927-939, 1997.

S. Chatterjee. Concentration Inequalities with Exchangeable Pairs. PhD
thesis, Stanford University, California, USA, June 2005. Available at
http://arxiv.org/abs/math/0507526.

S. Chatterjee. Stein’s method for concentration inequalities. Probability
Theory and Related Fields, 138:305-321, 2007.

S. Chatterjee and P. S. Dey. Applications of Stein’s method for con-
centration inequalities. Annals of Probability, 38(6):2443-2485, June
2010.

N. Ross. Fundamentals of Stein’s method. Probability Surveys, 8:210—
293, 2011.

S. Ghosh and L. Goldstein. Concentration of measure via size-bias
coupling. Probability Theory and Related Fields, 149:271-278, February
2011.

S. Ghosh and L. Goldstein. Applications of size-biased couplings for
concentration of measures. Electronic Communications in Probability,
16:70-83, January 2011.

L. Goldstein and U. Iglak. Concentration inequalities via zero bias cou-
pling. Statistics and Probability Letters, 86:17—23, January 2014.

L. Mackey, M. I. Jordan, R. Y. Chen, B. Farrell, and J. A. Tropp. Matrix
concentration inequalities via the method of exchangeable pairs. Annals
of Probability, 10(2):906-945, 2014.

D. Paulin. The convex distance inequality for dependent random vari-
ables, with applications to the stochastic travelling salesman and other
problems. FElectronic Journal of Probability, 19(68):1-34, August 2014.


http://arxiv.org/abs/math/0507526

248

[39]

[40]

[43]

[44]

[45]

[46]

[47]

References

E. Abbe and A. Montanari. On the concentration of the number of
solutions of random satisfiability formulas. Random Structures and Al-
gorithms, 45(3):362-382, October 2014.

S. B. Korada and N. Macris. On the concentration of the capacity
for a code division multiple access system. In Proceedings of the 2007
IEEE International Symposium on Information Theory, pages 2801—
2805, Nice, France, June 2007.

S. B. Korada, S. Kudekar, and N. Macris. Concentration of magnetiza-
tion for linear block codes. In Proceedings of the 2008 IEEE Interna-
tional Symposium on Information Theory, pages 1433-1437, Toronto,
Canada, July 2008.

S. Kudekar. Statistical Physics Methods for Sparse Graph Codes. PhD
thesis, EPFL - Swiss Federal Institute of Technology, Lausanne, Switze-
land, July 2009.

S. Kudekar and N. Macris. Sharp bounds for optimal decoding of
low-density parity-check codes. IFEE Trans. on Information Theory,
55(10):4635-4650, October 2009.

S. B. Korada and N. Macris. Tight bounds on the capacity of binary
input random CDMA systems. IEEE Trans. on Information Theory,
56(11):5590-5613, November 2010.

A. Montanari. Tight bounds for LDPC and LDGM codes under
MAP decoding. IEEE Trans. on Information Theory, 51(9):3247-3261,
September 2005.

M. Talagrand. Mean Field Models for Spin Glasses. Springer-Verlag,
2010.

M. Fradelizi, M. Madiman, and L. Wang. Optimal concentration of
information content for log-concave densities. High Dimensional Proba-
bility VII (Editors: C. Houdré, D. M. Mason, P. Reynaud-Bouret, and
J. Rosinski), Part of the Progress in Probability book series, volume 71,
pages 45-60, 2016. Available at https://arxiv.org/abs/1508.04093.

T. Cover and S. Pombra. Gaussian feedback capacity. IEEE Trans. on
Information Theory, 35(1):37-43, January 1989.

S. Bobkov and M. Madiman. The entropy per coordinate of a random
vector is highly constrained under convexity conditions. IEEFE Trans.
on Information Theory, 57(8):4940-4954, August 2011.

S. Bobkov and M. Madiman. Concentration of the information in data
with log-concave distributions. Annals of Probability, 39(4):1528-1543,
2011.


https://arxiv.org/abs/1508.04093

References 249

[51]

[54]
[55]

[56]

[57]

[58]
[59]
[60]
[61]
[62]
[63]

[64]

O. Guédon and E. Milman. Interpolating thin-shell and sharp large-
deviation estimates for isotropic log-concave measures. Geometric and
Functional Analysis, 21(5):1043-1068, November 2011.

M. Fradelizi, J. Li, and M. Madiman. Information concentration for
convex measures, 2019. See https://arxiv.org/abs/1512.01490v2.

J. Li, M. Fradelizi, and M. Madiman. Information concentration for
convex measures. In Proceedings of the 2016 IEEFE International Sym-
posium on Information Theory, pages 1128-1132, Barcelona, Spain, July
2016.

M. Fradelizi, O. Guédon, and A. Pajor. Thin-shell concentration for
convex measures. Studia Mathematica, 223(2):123-148, July 2014.

E. Shamir and J. Spencer. Sharp concentration of the chromatic number
on random graphs. Combinatorica, 7(1):121-129, 1987.

M. G. Luby, Mitzenmacher, M. A. Shokrollahi, and D. A. Spielmann.
Efficient erasure-correcting codes. IEEE Trans. on Information Theory,
47(2):569-584, February 2001.

T. J. Richardson and R. Urbanke. The capacity of low-density parity-
check codes under message-passing decoding. IFEFE Trans. on Informa-
tion Theory, 47(2):599-618, February 2001.

M. Sipser and D. A. Spielman. Expander codes. IEFE Trans. on In-
formation Theory, 42(6):1710-1722, November 1996.

M. Ledoux. On Talagrand’s deviation inequalities for product measures.
ESAIM: Probability and Statistics, 1:63-87, 1997.

L. Gross. Logarithmic Sobolev inequalities. American Journal of Math-
ematics, 97(4):1061-1083, 1975.

A. J. Stam. Some inequalities satisfied by the quantities of information
of Fisher and Shannon. Information and Control, 2:101-112, 1959.

P. Federbush. A partially alternate derivation of a result of Nelson.
Journal of Mathematical Physics, 10(1):50-52, 1969.

M. H. M. Costa. A new entropy power inequality. IEEE Trans. on
Information Theory, 31(6):751-760, November 1985.

A. Dembo, T. M. Cover, and J. A. Thomas. Information theoretic
inequalities. IEEE Trans. on Information Theory, 37(6):1501-1518,
November 1991.

C. Villani. A short proof of the ‘concavity of entropy power. IFEE
Trans. on Information Theory, 46(4):1695-1696, July 2000.

G. Toscani. An information-theoretic proof of Nash’s inequality. Ren-
diconti Lincei: Matematica e Applicazioni, 24(1):83-93, 2013.


https://arxiv.org/abs/1512.01490v2

250

[67]

[68]

[79]

[80]

References

A. Guionnet and B. Zegarlinski. Lectures on logarithmic Sobolev in-
equalities. Séminaire de probabilités (Strasbourg), 36:1-134, 2002.

M. Ledoux. Concentration of measure and logarithmic Sobolev inequali-
ties. In Séminaire de Probabilités XXXIII, volume 1709 of Lecture Notes
in Math., pages 120-216. Springer, 1999.

G. Royer. An Invitation to Logarithmic Sobolev Inequalities, volume 14
of SFM/AMS Texts and Monographs. American Mathematical Society
and Société Mathématiques de France, 2007.

S. G. Bobkov and F. Gétze. Exponential integrability and transporta-
tion cost related to logarithmic Sobolev inequalities. Journal of Func-
tional Analysis, 163:1-28, 1999.

S. G. Bobkov and M. Ledoux. On modified logarithmic Sobolev in-
equalities for Bernoulli and Poisson measures. Journal of Functional

Analysis, 156(2):347-365, 1998.

S. G. Bobkov and P. Tetali. Modified logarithmic Sobolev inequalities
in discrete settings. Journal of Theoretical Probability, 19(2):289-336,
2006.

D. Chafai. Entropies, convexity, and functional inequalities: ®-entropies
and ®-Sobolev inequalities. J. Math. Kyoto University, 44(2):325-363,
2004.

C. P. Kitsos and N. K. Tavoularis. Logarithmic Sobolev inequalities for
information measures. IEEE Trans. on Information Theory, 55(6):2554—
2561, June 2009.

K. Marton. Bounding d-distance by informational divergence: a method
to prove measure concentration. Annals of Probability, 24(2):857-866,
1996.

K. Marton. Distance-divergence inequalities. IEEFE Information Theory
Society Newsletter, 64(1):9-13, March 2014.

R. M. Gray, D. L. Neuhoff, and P. C. Shields. A generalization of
Ornstein’s d distance with applications to information theory. Annals
of Probability, 3(2):315-328, 1975.

R. M. Gray, D. L. Neuhoff, and J. K. Omura. Process definitions of
distortion-rate functions and source coding theorems. IEEE Trans. on
Information Theory, 21(5):524-532, September 1975.

Y. Polyanskiy and S. Verdi. Empirical distribution of good channel
codes with non-vanishing error probability. IEEE Trans. on Information
Theory, 60(1):5-21, January 2014.

Y. Polyanskiy and Y. Wu. Wasserstein continuity of entropy and outer
bounds for interference channels. IEEE Trans. on Information Theory,
62(7):3992-4002, July 2016.



References 251

[81]

[90]

[91]

[92]

Y. Steinberg and S. Verdd. Simulation of random processes and rate-
distortion theory. IEEE Trans. on Information Theory, 42(1):63-86,
January 1996.

C. Villani. Topics in Optimal Transportation. American Mathematical
Society, Providence, RI, 2003.

C. Villani. Optimal Transport: Old and New. Springer, 2009.

P. Cattiaux and A. Guillin. On quadratic transportation cost inequali-
ties. Journal de Matématiques Pures et Appliquées, 86:342-361, 2006.

A. Dembo and O. Zeitouni. Transportation approach to some concen-
tration inequalities in product spaces. Electronic Communications in
Probability, 1:83-90, 1996.

H. Djellout, A. Guillin, and L. Wu. Transportation cost-information in-
equalities and applications to random dynamical systems and diffusions.
Annals of Probability, 32(3B):2702-2732, 2004.

N. Gozlan. A characterization of dimension free concentration in terms
of transportation inequalities. Annals of Probability, 37(6):2480-2498,
2009.

E. Milman. Properties of isoperimetric, functional and transport-
entropy inequalities via concentration. Probability Theory and Related
Fields, 152:475-507, 2012.

R. Ahlswede, P. Géacs, and J. Kérner. Bounds on conditional proba-
bilities with applications in multi-user communication. Z. Wahrschein-
lichkeitstheorie verw. Gebiete, 34:157-177, 1976. See correction in Z.
Wahrscheinlichkeitstheorie verw. Gebiete, vol. 39, no. 4, pp. 353-354,
1977.

R. Ahlswede and G. Dueck. Every bad code has a good subcode: a
local converse to the coding theorem. Z. Wahrscheinlichkeitstheorie
verw. Gebiete, 34:179-182, 1976.

K. Marton. A simple proof of the blowing-up lemma. IEEE Trans. on
Information Theory, 32(3):445-446, May 1986.

Y. Altug and A. B. Wagner. Refinement of the sphere-packing bound:
asymmetric channels. IEEE Trans. on Information Theory, 60(3):1592—
1614, March 2014.

A. Amraoui, A. Montanari, T. Richardson, and R. Urbanke. Finite-
length scaling for iteratively decoded LDPC ensembles. IEEE Trans.
on Information Theory, 55(2):473-498, February 2009.

T. Nozaki, K. Kasai, and K. Sakaniwa. Analytical solution of covari-
ance evolution for irregular LDPC codes. IEEE Trans. on Information
Theory, 58(7):4770-4780, July 2012.



252

[95]

[100]
[101]
[102]
[103]
[104]

[105)

[106]

[107]
[108]

[109]

[110]

References

Y. Kontoyiannis and S. Verdi. Optimal lossless data compression: non-
asymptotics and asymptotics. IEEE Trans. on Information Theory,
60(2):777-795, February 2014.

V. Kostina and S. Verdiu. Fixed-length lossy compression in the finite
blocklength regime. IEEE Trans. on Information Theory, 58(6):3309—
3338, June 2012.

W. Matthews. A linear program for the finite block length converse of
Polyanskiy-Poor-Verdu via nonsignaling codes. IEEE Trans. on Infor-
mation Theory, 59(12):7036-7044, December 2012.

Y. Polyanskiy, H. V. Poor, and S. Verdi. Channel coding rate in finite
blocklength regime. IEEE Trans. on Information Theory, 56(5):2307—
2359, May 2010.

G. Wiechman and I. Sason. An improved sphere-packing bound for
finite-length codes on symmetric channels. IEEFE Trans. on Information
Theory, 54(5):1962-1990, 2008.

J. S. Rosenthal. A First Look at Rigorous Probability Theory. World
Scientific, second edition, 2006.

A. Dembo and O. Zeitouni. Large Deviations Techniques and Applica-
tions. Springer, second edition, 1997.

B. Efron and C. Stein. The jackknife estimate of variance. Annals of
Statistics, 9:586-596, 1981.

J. M. Steele. An Efron—Stein inequality for nonsymmetric statistics.
Annals of Statistics, 14:753-758, 1986.

L. Devroye and G. Lugosi. Combinatorial Methods in Density Estima-
tion. Springer, 2001.

H. Chernoff. A measure of asymptotic efficiency of tests of a hypothesis
based on the sum of observations. Annals of Mathematical Statistics,
23(4):493-507, 1952.

S. N. Bernstein. The Theory of Probability. Gos. Izdat.,
Moscow/Leningrad, 1927. in Russian.

S. Verdu. Multiuser Detection. Cambridge University Press, 1998.

C. McDiarmid. Centering sequences with bounded differences. Combi-
natorics, Probability and Computing, 6(1):79-86, March 1997.

C. McDiarmid. On the method of bounded differences. In Surveys
in Combinatorics, volume 141, pages 148-188. Cambridge University
Press, 1989.

A. W. van der Vaart and J. A. Wellner. Weak Convergence and Empir-
ical Processes. Springer, 1996.



References 253

[111]

[112]

[113]

[114]

[115]

[116]
[117]

[118]

[119]

[120]

[121]

[122]

[123]

E. Rio. On McDiarmid’s concentration inequality. Electronic Commu-
nications in Probability, 18(44):1-11, 2013.

J. Dedecker and X. Fan. Deviation inequalities for separately Lipschitz
functionals of iterated random variables. Stochastic Processes and their
Applications, 125(1):60-90, January 2015.

M. J. Kearns and L. K. Saul. Large deviation methods for approximate
probabilistic inference. In Proceedings of the 14th Conference on Un-
certaintly in Artifical Intelligence, pages 311-319, San-Francisco, CA,
USA, March 16-18 1998.

D. Berend and A. Kontorovich. On the concentration of the missing
mass. FElectronic Communications in Probability, 18(3):1-7, January
2013.

S. G. From and A. W. Swift. A refinement of Hoeffding’s inequality.
Journal of Statistical Computation and Simulation, pages 1-7, Decem-
ber 2011.

P. Billingsley. Probability and Measure. Wiley Series in Probability and
Mathematical Statistics, 3rd edition, 1995.

G. Grimmett and D. Stirzaker. Probability and Random Processes. Ox-
ford University Press, third edition, 2001.

I. Kontoyiannis, L. A. Latras-Montano, and S. P. Meyn. Relative en-
tropy and exponential deviation bounds for general Markov chains. In
Proceedings of the 2005 IEEFE International Symposium on Information
Theory, pages 1563-1567, Adelaide, Australia, September 2005.

R. G. Gallager. Low-Density Parity-Check Codes. PhD thesis, MIT,
Cambridge, MA, USA, 1963.

M. G. Luby, Mitzenmacher, M. A. Shokrollahi, and D. A. Spielmann.
Improved low-density parity-check codes using irregular graphs. IEEE
Trans. on Information Theory, 47(2):585-598, February 2001.

A. Kavci¢, X. Ma, and M. Mitzenmacher. Binary intersymbol inter-
ference channels: Gallager bounds, density evolution, and code perfor-
mance bounds. IEEE Trans. on Information Theory, 49(7):1636-1652,
July 2003.

R. Eshel. Aspects of Convex Optimization and Concentration in Coding.
Technion - Israel Institute of Technology, Haifa, Israel, February 2012.

J. Douillard, M. Jezequel, C. Berrou, A. Picart, P. Didier, and
A. Glavieux. Iterative correction of intersymbol interference: turbo-
equalization. FEuropean Transactions on Telecommunications, 6(1):507—

511, September 1995.



254

[124]

[125]

[126]

[127]

[128]

[129]
[130]

[131]

[132]

[133]

[134]

[135]
[136]

[137]

References

I. Sason and S. Verdd. Arimoto-Rényi conditional entropy and Bayesian
M-ary hypothesis testing. IEEE Trans. on Information Theory,
64(1):4-25, January 2018.

C. Méasson, A. Montanari, and R. Urbanke. Maxwell construction:
the hidden bridge between iterative and maximum apposteriori decod-
ing. IEEE Trans. on Information Theory, 54(12):5277-5307, December
2008.

I. Sason and R. Eshel. On concentration of measures for LDPC code en-
sembles. In Proceedings of the 2011 IEEFE International Symposium on
Information Theory, pages 1273-1277, Saint Petersburg, Russia, August
2011.

I. Sason. On universal properties of capacity-approaching LDPC code
ensembles. IEEE Trans. on Information Theory, 55(7):2956-2990, July
2009.

A. Shokrollahi. Capacity-achieving sequences. In Volume in Mathemat-
ics and its Applications, volume 123, pages 153-166, 2000.

A. F. Molisch. Wireless Communications. John Wiley and Sons, 2005.

G. Wunder, R. F. H. Fischer, H. Boche, S. Litsyn, and J. S. No. The
PAPR problem in OFDM transmission: new directions for a long-lasting
problem. IEEE Signal Processing Magazine, 30(6):130-144, November
2013.

S. Litsyn and G. Wunder. Generalized bounds on the crest-factor distri-
bution of OFDM signals with applications to code design. IEEE Trans.
on Information Theory, 52(3):992-1006, March 2006.

R. Salem and A. Zygmund. Some properties of trigonometric series
whose terms have random signs. Acta Mathematica, 91(1):245-301,
1954.

G. Wunder and H. Boche. New results on the statistical distribution of
the crest-factor of OFDM signals. IEEE Trans. on Information Theory,
49(2):488-494, February 2003.

I. Sason. On the concentration of the crest factor for OFDM signals. In
Proceedings of the 8th International Symposium on Wireless Communi-
cation Systems, pages 784-788, Aachen, Germany, November 2011.

E. Rio. Extensions of the Hoeffding-Azuma inequalities. FElectronic
Commaunications in Probability, 18(54):1-6, 2013.

E. Rio. Exponential inequalities for weighted sums of bounded random
variables. Flectronic Communications in Probability, 20(77):1-10, 2015.

E. Rio. New deviation inequalities for martingales with bounded incre-
ments. Stochastic Processes and their Applications, 127(5):1637-1648,
2017.



References 255

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]
[147]
[148]

[149]

[150]

[151]

I. Sason. Tightened exponential bounds for discrete-time conditionally
symmetric martingales with bounded jumps. Statistics and Probability
Letters, 83(8):1928-1936, August 2013.

X. Fan, I. Grama, and Q. Liu. Hoeffding’s inequality for supermartin-
gales. Stochastic Processes and their Applications, 122(10):3545-3559,
October 2012.

X. Fan, I. Grama, and Q. Liu. Large deviation exponential inequal-
ities for supermartingales. FElectronic Communications in Probability,
17(59):1-8, December 2012.

X. Fan, I. Grama, and Q. Liu. Exponential inequalities for martingales
with applications. Electronic Journal of Probability, 20(1):1-22, January
2015.

A. P. Godbole and P. Hitczenko. Beyond the method of bounded dif-
ferences. In DIMACS Series in Discrete Mathematics and Theoretical
Computer Science, volume 41, pages 43-58. American Mathematical
Society, 1998.

K. Dzhaparide and K. L. van Zanten. On Bernstein-type inequalities for
martingales. Stochastic Processes and their Applications, 93(1):109-117,
May 2001.

X. Fan, I. Grama, and Q. Liu. Martingale inequalities of type Dzha-
paridze and van Zanten. Statistics, 51(6):1200-1213, 2017.

E. B. Davies and B. Simon. Ultracontractivity and the heat kernel for
Schrédinger operators and Dirichlet Laplacians. Journal of Functional
Analysis, 59(335-395), 1984.

R. van Handel. Probability in high dimension. ORF 570 lecture notes,
Princeton University, June 2014.

S. Verdu and T. Weissman. The information lost in erasures. IFEFE
Trans. on Information Theory, 54(11):5030-5058, November 2008.

E. A. Carlen. Superadditivity of Fisher’s information and logarithmic
Sobolev inequalities. Journal of Functional Analysis, 101:194-211, 1991.

R. A. Adams and F. H. Clarke. Gross’s logarithmic Sobolev inequality:
a simple proof. American Journal of Mathematics, 101(6):1265-1269,
December 1979.

O. Johnson. Information Theory and the Central Limit Theorem. Im-
perial College Press, London, 2004.

E. H. Lieb and M. Loss. Analysis. American Mathematical Society,
Providence, RI, 2nd edition, 2001.



256

[152]

[153]

[154]

[155]
[156]

[157]

[158]
[159]
[160]
[161]
[162]

163]

[164]

[165]

[166]

References

M. H. M. Costa and T. M. Cover. On the similarity of the entropy
power inequality and the Brunn—Minkowski inequality. IEEE Trans. on
Information Theory, 30(6):837-839, November 1984.

P. J. Huber and E. M. Ronchetti. Robust Statistics. Wiley Series in
Probability and Statistics, second edition, 2009.

O. Johnson and A. Barron. Fisher information inequalities and the
central limit theorem. Probability Theory and Related Fields, 129:391—
409, 2004.

S. Verda. Mismatched estimation and relative entropy. IEEE Trans. on
Information Theory, 56(8):3712-3720, August 2010.

H. L. van Trees. Detection, Estimation and Modulation Theory, Part I.
Wiley, 1968.

B.S. Tsirelson, I.A. Ibragimov, and V.N. Sudakov. Norms of Gaussian
sample functions. In Proceedings of the Third Japan-USSR Symposium
on Probability Theory (Tashkent, 1975), volume 550 of Lecture Notes in
Mathematics, pages 20-41. Springer, Berlin, 1976.

L. C. Evans and R. F. Gariepy. Measure Theory and Fine Properties of
Functions. CRC Press, 1992.

M. C. Mackey. Time’s Arrow: The Origins of Thermodynamic Behavior.
Springer, New York, 1992.

B. OQksendal. Stochastic Differential Equations: An Introduction with
Applications. Springer, Berlin, 5 edition, 1998.

I. Karatzas and S. Shreve. Brownian Motion and Stochastic Calculus.
Springer, second edition, 1988.

F. C. Klebaner. Introduction to Stochastic Calculus with Applications.
Imperial College Press, second edition, 2005.

T. van Erven and P. Harremoés. Rényi divergence and Kullback-Leibler
divergence. IEEE Trans. on Information Theory, 60(7):3797-3820, July
2014.

T. M. Cover and J. A. Thomas. Elements of Information Theory. John
Wiley and Sons, second edition, 2006.

M. Raginsky. Strong data processing inequalities and ®-Sobolev in-
equalities for discrete channels. IEFE Trans. on Information Theory,
62(6):3355-3389, June 2016.

Y. Polyanskiy and Y. Wu. Strong data-processing inequalities for chan-
nels and Bayesian networks. In E. Carlen, M. Madiman, and E. M.
Werner, editors, Convezity and Concentration, volume 161 of The IMA
Volumes in Mathematics and Its Applications, pages 211-249. Springer,
2017.



References 257

167]

[168]

[169]

[170]

[171]
[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

A. Maurer. Thermodynamics and concentration. Bernoulli, 18(2):434—
454, 2012.

N. Merhav. Statistical Physics and Information Theory, volume 6 of
Foundations and Trends in Communications and Information Theory.

Now Publishers, Delft, the Netherlands, 2009.

S. Boucheron, G. Lugosi, and P. Massart. Concentration inequalities
using the entropy method. Annals of Probability, 31(3):1583-1614, 2003.

I. Kontoyiannis and M. Madiman. Measure concentration for compound
Poisson distributions. Electronic Communications in Probability, 11:45—
57, 2006.

M. Gromov. Metric Structures for Riemannian and Non-Riemannian
Spaces. Birkhauser, 2001.

S. Bobkov. A functional form of the isoperimetric inequality for the
Gaussian measure. Journal of Functional Analysis, 135:39-49, 1996.

G. Monge. Mémoire sur la théorie des déblais et des remblais. Histoire de
l’Académie des Sciences de Paris, avec les Mémoires de Mathématique
et de Physique pour la méme année, pages 666—704, 1781.

Y. Brenier. Polar factorization and monotone rearrangement of vector-
valued functions. Communication on Pure and Applied Mathematics,
44(4):375-417, June 1991.

L. V. Kantorovich. On the translocation of masses. Journal of Mathe-
matical Sciences, 133(4):1381-1382, 2006.

E. Ordentlich and M. Weinberger. A distribution dependent refine-
ment of Pinsker’s inequality. IEEE Trans. on Information Theory,
51(5):1836-1840, May 2005.

T. Weissman, E. Ordentlich, G. Seroussi, S. Verdd, and M. J. Wein-
berger. Inequalities for the L, deviation of the empirical distribu-
tion. Technical Report HPL-2003-97 (R.1), Information Theory Re-
search Group, HP Laboratories, Palo Alto, CA, June 2003.

I. Csiszar and Z. Talata. Context tree estimation for not necessarily
finite memory processes, via bic and mdl. IEEE Trans. on Information
Theory, 52(3):1007-1016, March 2006.

A. A. Fedotov, P. Harremoés, and F. Topsge. Refinements of pinsker’s
inequality. IEEE Trans. on Information Theory, 49(6):1491-1498, June
2003.

G. L. Gilardoni. On pinsker’s and vajda’s type inequalities for csiszar’s
f-divergences. IEEE Trans. on Information Theory, 56(11):5377-5386,
November 2010.



258

[181]

[182]

[183]

[184]

[185)

[186]

[187]

[188]

[189)]

[190]
[191]

[192]

193]

[194]

References

M. D. Reid and R. C. Williamson. Information, divergence and risk for
binary experiments. Journal of Machine Learning Research, 12(3):731—
817, March 2011.

I. Vajda. Note on discrimination information and variation. IEEE
Trans. on Information Theory, 16(6):771-773, November 1970.

S. Verdu. Total variation distance and the distribution of relative infor-
mation. In Proceedings of the 2014 IEEE Information Theory and Appli-
cations Workshop, pages 499-501, San Diego, California, USA, February
2014.

D. Berend, P. Harremoés, and A. Kontorovich. Minimum KL-divergence
on complements of Ly balls. IEEE Trans. on Information Theory,
60(6):3172-3177, June 2014.

I. Sason and S. Verdd. Upper bounds on the relative entropy and rényi
divergence as a function of total variation distance for finite alphabets.
In Proceedings of the 2015 IEEE Information Theory Workshop, pages
214-218, Jeju Island, Korea, October 2015.

I. Sason and S. Verdd. f-divergence inequalities. IEEE Trans. on In-
formation Theory, 62(11):5973-6006, November 2016.

O. Binette. A note on reverse Pinsker inequalities. IEEE Trans. on
Information Theory, 65(7):4094—-4096, July 2019.

I. Csiszar. Sanov property, generalized I-projection and a conditional
limit theorem. Annals of Probability, 12(3):768-793, 1984.

P. Dupuis and R. S. Ellis. A Weak Convergence Approach to the Theory
of Large Deviations. Wiley Series in Probability and Statistics, New
York, 1997.

M. Talagrand. Transportation cost for Gaussian and other product
measures. Geometry and Functional Analysis, 6(3):587-600, 1996.

R. M. Dudley. Real Analysis and Probability. Cambridge University
Press, 2004.

F. Otto and C. Villani. Generalization of an inequality by Talagrand
and links with the logarithmic Sobolev inequality. Journal of Functional
Analysis, 173(2):361-400, June 2000.

Y. Wu. A simple transportation-information inequality with applica-
tions to HWI inequalities, and predictive density estimation. Technical
Report, September 2011.

D. Cordero-Erausquin.  Some applications of mass transport to
Gaussian-type inequalities. Archive for Rational Mechanics and Analy-
sis, 161(3):257-269, February 2002.



References 259

[195]

[196]

[197]

[198]

[199]

200]

201]

[202]

203]

204]

205]

206]

207]

D. Bakry and M. Emery. Diffusions hypercontractives. In Séminaire de
Probabilités XIX, volume 1123 of Lecture Notes in Mathematics, pages
177-206. Springer, 1985.

S. M. Ali and S. D. Silvey. A general class of coefficients of divergence of
one distribution from another. Journal of the Royal Statistics Society,
28(1):131-142, 1966.

I. Csiszar. Eine informationstheoretische ungleichung und ihre anwen-
dung auf den bewis der ergodizitdt von markhoffschen ketten. Publ.
Math. Inst. Hungar. Acad. Sci., 8(8):85-108, 1963.

I. Csiszar. Information-type measures of difference of probability distri-
butions and indirect observations. Studia Scientiarum Mathematicarum
Hungarica, 2:299-318, January 1967.

M. Zakai and J. Ziv. A generalization of the rate-distortion theory and
applications. In G. Longo, editor, Information Theory - New Trends
and Open Problems, pages 87-123. Springer, 1975.

P.-M. Samson. Concentration of measure inequalities for Markov chains
and ¢-mixing processes. Annals of Probability, 28(1):416-461, 2000.

K. Marton. A measure concentration inequality for contracting Markov
chains. Geometric and Functional Analysis, 6:556-571, 1996. See also
erratum in Geometric and Functional Analysis, vol. 7, pp. 609-613,
1997.

P. Doukhan. Mizing: Properties and Examples. Lecture Notes in Statis-
tics 85, Springer, 1994.

K. Marton. Measure concentration for Euclidean distance in the case of
dependent random variables. Annals of Probability, 32(3B):2526-2544,
2004.

K. Marton. Correction to ‘Measure concentration for Euclidean dis-
tance in the case of dependent random variables’. Annals of Probability,
38(1):439-442, 2010.

R. L. Dobrushin and S. B. Shlosman. Completely analytical Gibbs fields.
In Statistical Physics and Dynamical Systems, pages 371-403. Springer,
1985.

K. Marton. An inequality for relative entropy and logarithmic Sobolev
inequalities in Euclidean spaces. Journal of Functional Analysis,

264(1):34-61, January 2013.

K. Marton. Logarithmic Sobolev inequalities in discrete product spaces.
Combinatorics, Probability and Computing. Published online by Cam-
bridge University Press, pages 1-17, June 13, 2019.



260

208

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

References

A. Kontorovich and M. Raginsky. Concentration of measure without in-
dependence: a unified approach via the martngale method. In E. Carlen,
M. Madiman, and E. M. Werner, editors, Convexity and Concentration,
volume 161 of The IMA Volumes in Mathematics and Its Applications,
pages 183-210. Springer, 2017.

Hans Follmer. Tail structure of Markov chains on infinite product
spaces. Z. Wahrscheinlichkeitstheorie und Verw. Gebiete, 50:273-285,
1979.

1. Csiszar and J. Kérner. Information Theory: Coding Theorems for
Discrete Memoryless Systems. Cambridge University Press, 2nd edition,
2011.

G. Margulis. Probabilistic characteristics of graphs with large connec-
tivity. Problems of Information Transmission, 10(2):174-179, 1974.

J. Liu, R. van Handel, and S. Verdd. Beyond the blowing-up lemma:
sharp converses via reverse hypercontractivity. In Proceedings of the
2017 IEEE International Symposium on Information Theory, pages
943-947, Aachen, Germany, 2017.

J. Liu, R. van Handel, and S. Verdd. Second-order converses via reverse
hypercontractivity, December 2018.
Available at https://arxiv.org/abs/1812.10129.

A. El Gamal and Y.-H. Kim. Network Information Theory. Cambridge
University Press, 2011.

G. Dueck. Maximal error capacity regions are smaller than average
error capacity regions for multi-user channels. Problems of Control and
Information Theory, 7(1):11-19, 1978.

F. M. J. Willems. The maximal-error and average-error capacity re-
gions of the broadcast channel are identical: a direct proof. Problems of
Control and Information Theory, 19(4):339-347, 1990.

T. M. Cover. Broadcast channels. IEEE Trans. on Information Theory,
18(1):2-14, January 1972.

P. P. Bergmans. Random coding theorem for broadcast channels with
degraded components. IEEE Trans. on Information Theory, 19(2):197—
207, March 1973.

A. D. Wyner. A theorem on the entropy of certain binary sequences and
applications: Part II. IEEE Trans. on Information Theory, 19(6):772—
777, March 1973.

R. G. Gallager. Capacity and coding for degraded broadcast channels.
Problems of Information Transmission, 10(3):3-14, July-September
1974.


https://arxiv.org/abs/1812.10129

References 261

[221]

[222]

[223]

[224]

[225]

[226]

[227]
[228]

[229]

230]

[231]

[232]

233]

[234]

R. Ahlswede and J. Koérner. Source coding with side information and a
converse for degraded broadcast channels. IEEE Trans. on Information
Theory, 21(6):629-637, November 1975.

C. E. Shannon. A mathematical theory of communication. Bell System
Technical Journal, 27(3, 4):379-423, 623-656, July, October 1948.

S. Shamai and S. Verdi. The empirical distribution of good codes. IEEE
Trans. on Information Theory, 43(3):836-846, May 1997.

T. S. Han and S. Verdi. Approximation theory of output statistics.
IEEFE Trans. on Information Theory, 39(3):752-772, May 1993.

M. Raginsky and I. Sason. Refined bounds on the empirical distribution
of good channel codes via concentration inequalities. In Proceedings of
the 2018 IEEE International Workshop on Information Theory, pages
221-225, Istanbul, Turkey, July 2013.

F. Topsge. An information theoretical identity and a problem involving
capacity. Studia Scientiarum Mathematicarum Hungarica, 2:291-292,
1967.

J. H. B. Kemperman. On the Shannon capacity of an arbitrary channel.
Indagationes Mathematicae, 77(2):101-115, 1974.

U. Augustin. Gedéachtnisfreie Kanéle fir diskrete Zeit. Z. Wahrschein-
lichkeitstheorie verw. Gebiete, 6(1):10-61, March 1966. (In German).

R. Ahlswede. An elementary proof of the strong converse theorem for
the multiple-access channel. Journal of Combinatorics, Information and
System Sciences, 7(3):216-230, 1982.

S. Shamai and I. Sason. Variations on the Gallager bounds, connections,
and applications. IEEE Trans. on Information Theory, 48(12):3029—
3051, December 2002.

Y. Kontoyiannis. Sphere-covering, measure concentration, and source
coding. IEEE Trans. on Information Theory, 47(4):1544-1552, May
2001.

Y. H. Kim, A. Sutivong, and T. M. Cover. State amplification. IEEE
Trans. on Information Theory, 54(5):1850-1859, May 2008.

S. Arimoto. Information measures and capacity of order « for discrete
memoryless channels. In Topics in Information Theory - Second Col-
loquium, Keszthely, Hungary, 1975 (I. Csiszdr and P. Elias editors),
volume 16 of Colloquia Mathematica Societatis Jands Bolyai, pages 41—
52. Amsterdam, Netherlands: North Holland, 1977.

S. Fehr and S. Berens. On the conditional Rényi entropy. IEEE Trans.
on Information Theory, 60(11):6801-6810, November 2014.



	Introduction
	An overview and a brief history
	A reader's guide

	Concentration Inequalities via the Martingale Approach
	Discrete-time martingales
	The main ingredients of the martingale method
	Bounding the variance: Efron-Stein-Steele Inequalities
	Basic concentration inequalities
	Refined versions of the Azuma–Hoeffding inequality
	Relations to classical results in probability theory
	Applications in information theory and coding
	Summary
	Proof of Bennett's inequality
	On the moderate deviations principle
	Proof of Theorem 2.7.4
	Proof of Lemma 2.7.8
	Proof of (2.7.30) for OFDM signals

	The Entropy Method, Logarithmic Sobolev Inequalities, and Transportation-Cost Inequalities
	The main ingredients of the entropy method
	The Gaussian logarithmic Sobolev inequality
	Logarithmic Sobolev inequalities: the general scheme
	Transportation-cost inequalities
	Extension to non-product distributions
	Applications in information theory and related topics
	Summary
	Van Trees inequality
	The proof of Theorem 3.2.3
	Details on the Ornstein–Uhlenbeck semigroup
	LSI for Bernoulli and Gaussian measures
	On the sharp exponent in McDiarmid's inequality
	Generalization of Fano's inequality for list decoding
	Details for the derivation of (3.6.105)

	Acknowledgments

