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Preface

This book is devoted to the theory of probabilistic information measures
and their application to coding theorems for information sources and
noisy channels, with a strong emphasis on source coding and stationary
codes. The eventual goal is a general development of Shannon’s mathe-
matical theory of communication for single user systems, but much of
the space is devoted to the tools and methods required to prove the
Shannon coding theorems, especially the notions of sources, channels,
codes, entropy, information, and the entropy ergodic theorem. These
tools form an area common to ergodic theory and information theory
and comprise several quantitative notions of the information in ran-
dom variables, random processes, and dynamical systems. Examples are
entropy, mutual information, conditional entropy, conditional informa-
tion, and relative entropy (discrimination, Kullback-Leibler information,
informational divergence), along with the limiting normalized versions
of these quantities such as entropy rate and information rate. In addi-
tion to information we will be concerned with the distance or distortion
between the random objects, that is, the accuracy of the representation
of one random object by another or the degree of mutual approximation.
Much of the book is concerned with the properties of these quantities,
especially the long term asymptotic behavior of average information and
distortion, where both sample averages and probabilistic averages are of
interest.

The book has been strongly influenced by M. S. Pinsker’s classic Infor-
mation and Information Stability of Random Variables and Processes and
by the seminal work of A. N. Kolmogorov, I. M. Gelfand, A. M. Yaglom,
and R. L. Dobrushin on information measures for abstract alphabets and
their convergence properties. The book also has as a major influence the
work of D.S. Ornstein on the isomorphism problem in ergodic theory,
especially on his ideas of stationary codes mimicking block codes im-
plied by the entropy ergodic theorem and of the d-bar distance between
random processes. Many of the results herein are extensions of their
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generalizations of Shannon’s original results. The mathematical mod-
els adopted here are more general than traditional treatments in that
nonstationary and nonergodic information processes are treated. The
models are somewhat less general than those of the Russian school of
information theory in the sense that standard alphabets rather than com-
pletely abstract alphabets are considered. This restriction, however, per-
mits many stronger results as well as the extension to nonergodic pro-
cesses. In addition, the assumption of standard spaces simplifies many
proofs and such spaces include as examples virtually all examples of
engineering interest.

The information convergence results are combined with ergodic the-
orems to prove general Shannon coding theorems for sources and chan-
nels. The results are not the most general known and the converses
are not the strongest available in the literature, but they are sufficiently
general to cover most sources and single-user communications systems
encountered in applications and they are more general than those en-
countered in most modern texts. For example, most treatments confine
interest to stationary and ergodic sources or even independent identi-
cally distributed (IID) sources and memoryless channels; here we con-
sider asymptotic mean stationary sources, both one-sided and two-sided
sources, and nonergodic sources. General channels with memory are
considered, in particular the class of d-bar continuous channels.

Perhaps more important than the generality of the sources and chan-
nels is the variety of code structures considered. Most of the literature
and virtually all of the texts on information theory focus exclusively on
block codes, while many codes are more naturally described as a station-
ary or sliding-block code — a time-invariant possibly nonlinear filter,
generally with a discrete output. Here the basic results of information
theory are described for stationary or sliding-block codes as well as for
the traditional block codes and the relationships between the two coding
structures are explored in detail. Stationary codes arose in ergodic the-
ory in the context of Ornstein’s proof of the isomorphism theorem in the
1970s, and they arise naturally in the communications context of clas-
sical information theory, including common coding techniques such as
time-invariant convolutional codes, predictive quantization, sigma-delta
coding, and wavelet transform based techniques that operate as sliding-
window or online filters rather than as block operations. Mathematically,
stationary codes preserve many of the statistical properties of the source
being coded such as stationarity, ergodicity, and mixing. In practice, sta-
tionary codes avoid the introduction of blocking artifacts not present in
the original source.

This book can be considered as a sequel to my book Probability, Ran-
dom Processes, and Ergodic Properties [58], as the first edition of this
book was a sequel to the first edition [56]. There the prerequisite re-
sults on probability, standard spaces, and ordinary ergodic properties
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may be found along with a development of the general sources consid-
ered (asymptotically mean stationary, not necessarily ergodic) and of the
process distortion measures used here. This book is self contained with
the exception of common (and a few less common) results which may
be found in the first book. Results quoted from the first book are cited
for both first and second editions as the numbering system in the two
editions differs.

It is my hope that the book will interest engineers in some of the
mathematical aspects and general models of the theory and mathemati-
cians in some of the important engineering applications of performance
bounds and code design for communication systems.

What’s New in the Second Edition

As in the second edition of the companion volume [58], material has been
corrected, rearranged, and rewritten in an effort to improve the flow of
ideas and the presentation. This volume has been revised to reflect the
changes in the companion volume, and citations to specific results are
given for both the first and second editions [55, 58]. A significant amount
of new material has been added both to expand some of the discussions
to include more related topics and to include more recent results on old
problems.

More general distortion measures are considered when treating the
process distance and distortion measures, consistent with extensions or
results in [55] on metric distortion measures to powers of metrics (such
as the ubiquitous squared-error distortion) in [58].

Three new chapters have been added: one on the interplay between
distortion and entropy, one on the interplay between distortion and in-
formation, and one on properties of good source codes — codes that are
either optimal or asymptotically optimal in the sense of converging to
the Shannon limit.

The chapter on distortion and entropy begins with a classic result
treated in the first edition, the Fano inequality and its extensions, but
it expands the discussion to consider the goodness of approximation of
codes and their relation to entropy rate. Pinsker’s classic result relat-
ing variation distance between probability measures and the divergence
(Kullback-Leibler) distance is now treated along with its recent extension
by Marton comparing Ornstein’s d-bar process distance to divergence
rate. The chapter contains a preliminary special case of the coding the-
orems to come — the application of the entropy ergodic theorem to the
design of both block and sliding-block (stationary) almost lossless codes.
The example introduces several basic ideas in a relatively simple context,
including the construction of a sliding-block code from a block code in a
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way that preserves the essential properties. The example also serves to
illustrate the connections between information theory and ergodic the-
ory by means of an interpretation of Ornstein’s isomorphism theorem —
which is not proved here — in terms of almost lossless stationary coding
— which is. The results also provide insight into the close relationships
between source coding or data compression and rate-constrained simu-
lation of a stationary and ergodic process, the finding of a simple model
based on coin flips that resembles as closely as possible the given pro-
cess.

The chapter on distortion and information adds considerable mate-
rial on rate-distortion theory to the treatment of the first edition, specif-
ically on the evaluation of Shannon distortion-rate and rate-distortion
functions along with their easy applications to lower bounds on per-
formance in idealized communications systems. The fundamentals of
Csiszar’s variational approach based on the divergence inequality is de-
scribed and some of the rarely noted attributes are pointed out. The
implied algorithm for the evaluation of rate-distortion functions (origi-
nally due to Blahut [18]) is interpreted as an early example of alternating
optimization.

An entirely new chapter on properties of good codes provides a devel-
opment along the lines of Gersho and Gray [50] of the basic properties
of optimal block codes originally due to Lloyd [110] and Steinhaus [175]
along with the implied iterative design algorithm, another early exam-
ple of alternating optimization. An incomplete extension of these block
code optimality properties to sliding-block codes is described, and a sim-
ple example of trellis encoding is used to exemplify basic relations be-
tween block, sliding-block, and hybrid codes. The remainder of the chap-
ter comprises recent developments in properties of asymptotically opti-
mal sequences of sliding-block codes as developed by Mao, Gray, and
Linder [117]. This material adds to the book’s emphasis on stationary
and sliding-block codes and adds to the limited literature on the subject.

Along with these major additions, I have added many minor results ei-
ther because I was annoyed to discover they were not already in the first
edition when I looked for them or because they eased the development
of results.

The addition of three new chapters was partially balanced by the
merging of two old chapters to better relate information rates for finite
alphabet and continuous alphabet random processes.

Errors

Typographical and technical errors reported to or discovered by me dur-
ing the two decades since the publication of the first edition have been
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corrected and efforts have been made to improve formatting and ap-
pearance of the book. Doubtless with the inclusion of new material new
errors have occurred. As I age my frequency of typographical and other
errors seems to grow along with my ability to see through them. I apolo-
gize for any that remain in the book. I will keep a list of all errors found
by me or sent to me at rmgray@stanford.edu and I will post the list at
my Web site, http://ee.stanford.edu/~gray/.
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Introduction

Abstract A brief history of the development of Shannon information the-
ory is presented with an emphasis on its interactions with ergodic the-
ory. The origins and goals of this book are sketched.

Information theory, the mathematical theory of communication, has
two primary goals: The first is the development of the fundamental
theoretical limits on the achievable performance when communicating
a given information source over a given communications channel us-
ing coding schemes from within a prescribed class. The second goal is
the development of coding schemes that provide performance that is
reasonably good in comparison with the optimal performance given by
the theory. Information theory was born in a remarkably rich state in
the classic papers of Claude E. Shannon [162, 163] which contained the
basic results for simple memoryless sources and channels and intro-
duced more general communication systems models, including finite-
state sources and channels. The key tools used to prove the original re-
sults and many of those that followed were special cases of the ergodic
theorem and a new variation of the ergodic theorem which considered
sample averages of a measure of the entropy or self information in a
process.

Information theory can be viewed as simply a branch of applied prob-
ability theory. Because of its dependence on ergodic theorems, however,
it can also be viewed as a branch of ergodic theory, the theory of in-
variant transformations and transformations related to invariant trans-
formations. In order to develop the ergodic theory example of principal
interest to information theory, suppose that one has a random process,
which for the moment we consider as a sample space or ensemble of
possible output sequences together with a probability measure on events
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composed of collections of such sequences. The shift is the transforma-
tion on this space of sequences that takes a sequence and produces a
new sequence by shifting the first sequence a single time unit to the
left. In other words, the shift transformation is a mathematical model
for the effect of time on a data sequence. If the probability of any se-
quence event is unchanged by shifting the event, that is, by shifting all
of the sequences in the event, then the shift transformation is said to
be invariant and the random process is said to be stationary. Thus the
theory of stationary random processes can be considered as a subset of
ergodic theory. Transformations that are not actually invariant (random
processes which are not actually stationary) can be considered using sim-
ilar techniques by studying transformations which are almost invariant,
which are invariant in an asymptotic sense, or which are dominated or
asymptotically dominated in some sense by an invariant transformation.
This generality can be important as many real processes are not well
modeled as being stationary. Examples are processes with transients,
processes that have been parsed into blocks and coded, processes that
have been encoded using variable-length codes or finite-state codes, and
channels with arbitrary starting states.

Ergodic theory was originally developed for the study of statistical
mechanics as a means of quantifying the trajectories of physical or dy-
namical systems. Hence, in the language of random processes, the early
focus was on ergodic theorems: theorems relating the time or sample av-
erage behavior of a random process to its ensemble or expected behav-
ior. The work of Hoph [77], von Neumann [190] and others culminated
in the pointwise or almost everywhere ergodic theorem of Birkhoff [17].

In the 1940’s and 1950’s Shannon made use of the ergodic theorem in
the simple special case of memoryless processes to characterize the op-
timal performance possible when communicating an information source
over a constrained random medium or channel using codes. The ergodic
theorem was applied in a direct fashion to study the asymptotic behav-
ior of error frequency and time average distortion in a communication
system, but a new variation was introduced by defining a mathematical
measure of the entropy or information in a random process and charac-
terizing its asymptotic behavior. The results characterizing the optimal
performance achievable using codes became known as coding theorems.
Results describing performance that is actually achievable, at least in
the limit of unbounded complexity and time, are known as positive cod-
ing theorems. Results providing unbeatable bounds on performance are
known as converse coding theorems or negative coding theorems. When
the same quantity is given by both positive and negative coding the-
orems, one has exactly the optimal performance achievable in theory
using codes from a given class to communicate through the given com-
munication systems model.
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While mathematical notions of information had existed before, it was
Shannon who coupled the notion with the ergodic theorem and an in-
genious idea known as “random coding” in order to develop the coding
theorems and to thereby give operational significance to such informa-
tion measures. The name “random coding” is a bit misleading since it
refers to the random selection of a deterministic code and not a coding
system that operates in a random or stochastic manner. The basic ap-
proach to proving positive coding theorems was to analyze the average
performance over a random selection of codes. If the average is good,
then there must be at least one code in the ensemble of codes with per-
formance as good as the average. The ergodic theorem is crucial to this
argument for determining such average behavior. Unfortunately, such
proofs promise the existence of good codes but give little insight into
their construction.

Shannon’s original work focused on memoryless sources whose prob-
ability distribution did not change with time and whose outputs were
drawn from a finite alphabet or the real line. In this simple case the
well-known ergodic theorem immediately provided the required result
concerning the asymptotic behavior of information. He observed that
the basic ideas extended in a relatively straightforward manner to more
complicated Markov sources. Even this generalization, however, was a
far cry from the general stationary sources considered in the ergodic
theorem.

To continue the story requires a few additional words about measures
of information. Shannon really made use of two different but related
measures. The first was entropy, an idea inherited from thermodynamics
and previously proposed as a measure of the information in a random
signal by Hartley [75]. Shannon defined the entropy of a discrete time
discrete alphabet random process {X, }, which we denote by H (X) while
deferring its definition, and made rigorous the idea that the the entropy
of a process is the amount of information in the process. He did this by
proving a coding theorem showing that if one wishes to code the given
process into a sequence of binary symbols so that a receiver viewing
the binary sequence can reconstruct the original process perfectly (or
nearly so), then one needs at least H (X) binary symbols or bits (converse
theorem) and one can accomplish the task with very close to H(X) bits
(positive theorem). This coding theorem is known as the noiseless source
coding theorem.

The second notion of information used by Shannon was mutual infor-
mation. Entropy is really a notion of self information — the information
provided by a random process about itself. Mutual information is a mea-
sure of the information contained in one process about another process.
While entropy is sufficient to study the reproduction of a single process
through a noiseless environment, more often one has two or more dis-
tinct random processes, e.g., one random process representing an infor-
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mation source and another representing the output of a communication
medium wherein the coded source has been corrupted by another ran-
dom process called noise. In such cases observations are made on one
process in order to make decisions on another. Suppose that {X;,, Y,,} is
a random process with a discrete alphabet, that is, taking on values in
a discrete set. The coordinate random processes {X,} and {Y;,} might
correspond, for example, to the input and output of a communication
system. Shannon introduced the notion of the average mutual informa-
tion between the two processes:

I(X,Y)=H(X)+H(Y)-H(X,Y), (1)

the sum of the two self entropies minus the entropy of the pair. This
proved to be the relevant quantity in coding theorems involving more
than one distinct random process: the channel coding theorem describ-
ing reliable communication through a noisy channel, and the general
source coding theorem describing the coding of a source for a user sub-
ject to a fidelity criterion. The first theorem focuses on error detection
and correction and the second on analog-to-digital conversion and data
compression. Special cases of both of these coding theorems were given
in Shannon’s original work.

Average mutual information can also be defined in terms of condi-
tional entropy H(X|Y) = H(X,Y) — H(Y) and hence

I(X,Y)=H(X)-HX|Y)=H() -H(XIY). (2)

In this form the mutual information can be interpreted as the informa-
tion contained in one process minus the information contained in the
process when the other process is known. While elementary texts on
information theory abound with such intuitive descriptions of informa-
tion measures, we will minimize such discussion because of the potential
pitfall of using the interpretations to apply such measures to problems
where they are not appropriate. (See, e.g., P. Elias’ “Information theory,
photosynthesis, and religion” in his “Two famous papers” [37].) Infor-
mation measures are important because coding theorems exist imbuing
them with operational significance and not because of intuitively pleas-
ing aspects of their definitions.

We focus on the definition (1) of mutual information since it does not
require any explanation of what conditional entropy means and since it
has a more symmetric form than the conditional definitions. It turns out
that H(X,X) = H(X) (the entropy of a random variable is not changed
by repeating it) and hence from (1)

I(X,X) = H(X) (3)
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so that entropy can be considered as a special case of average mutual
information.

To return to the story, Shannon’s work spawned the new field of in-
formation theory and also had a profound effect on the older field of
ergodic theory.

Information theorists, both mathematicians and engineers, extended
Shannon’s basic approach to ever more general models of information
sources, coding structures, and performance measures. The fundamen-
tal ergodic theorem for entropy was extended to the same generality
as the ordinary ergodic theorems by McMillan [123] and Breiman [20]
and the result is now known as the Shannon-McMillan-Breiman theorem.
Other names are the asymptotic equipartition theorem or AEP, the er-
godic theorem of information theory, and the entropy theorem. A variety
of detailed proofs of the basic coding theorems and stronger versions of
the theorems for memoryless, Markov, and other special cases of random
processes were developed, notable examples being the work of Feinstein
[39] [40] and Wolfowitz (see, e.g., Wolfowitz [196].) The ideas of measures
of information, channels, codes, and communications systems were rig-
orously extended to more general random processes with abstract alpha-
bets and discrete and continuous time by Khinchine [87], [88] and by Kol-
mogorov and his colleagues, especially Gelfand, Yaglom, Dobrushin, and
Pinsker [49], [104], [101], [32], [150]. (See, for example, “Kolmogorov’s
contributions to information theory and algorithmic complexity” [23].)
In almost all of the early Soviet work, it was average mutual information
that played the fundamental role. It was the more natural quantity when
more than one process were being considered. In addition, the notion
of entropy was not useful when dealing with processes with continuous
alphabets since it is generally infinite in such cases. A generalization
of the idea of entropy called discrimination was developed by Kullback
(see, e.g., Kullback [106]) and was further studied by the Soviet school.
This form of information measure is now more commonly referred to
as relative entropy, cross entropy, or Kullback-Leibler number, or infor-
mation divergence and it is better interpreted as a measure of similarity
or dissimilarity between probability distributions than as a measure of
information between random variables. Many results for mutual infor-
mation and entropy can be viewed as special cases of results for relative
entropy and the formula for relative entropy arises naturally in some
proofs.

It is the mathematical aspects of information theory and hence the
descendants of the above results that are the focus of this book, but the
developments in the engineering community have had as significant an
impact on the foundations of information theory as they have had on ap-
plications. Simpler proofs of the basic coding theorems were developed
for special cases and, as a natural offshoot, the rate of convergence to
the optimal performance bounds characterized in a variety of important
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cases. See, e.g., the texts by Gallager [47], Berger [11], and Csiszar and
Korner [27]. Numerous practicable coding techniques were developed
which provided performance reasonably close to the optimum in many
cases: from the simple linear error correcting and detecting codes of
Slepian [171] to the huge variety of algebraic codes that have been imple-
mented (see, e.g., [12], [192],[109], [113], [19]), the various forms of con-
volutional, tree, and trellis codes for error correction and data compres-
sion (see, e.g., [189, 81]), and the recent codes approaching the Shannon
limits based on iterative coding and message passage ideas [126, 156],
codes which have their roots in Gallager’s PhD thesis on low density
parity check codes [48]. Codes for source coding and data compres-
sion include a variety of traditional and recent techniques for lossless
coding of data and lossy coding of realtime signals such as voice, au-
dio, still images, and video. Techniques range from simple quantization
to predictive quantization, adaptive methods, vector quantizers based
on linear transforms followed by quantization and lossless codes, sub-
band coders, and model coders such as the linear preditive codes for
voice which fit linear models to observed signals for local synthesis. A
sampling of the fundamentals through the standards can be found in
[50, 160, 144, 178].

The engineering side of information theory through the middle 1970’s
has been well chronicled by two IEEE collections: Key Papers in the De-
velopment of Information Theory, edited by D. Slepian [172], and Key
Papers in the Development of Coding Theory, edited by E. Berlekamp [13]
and many papers describing the first fifty years of the field were col-
lected into Information Theory: 50 Years of Discovery in 2000 [184]. In
addition there have been several survey papers describing the history of
information theory during each decade of its existence published in the
IEEE Transactions on Information Theory.

The influence on ergodic theory of Shannon’s work was equally great
but in a different direction. After the development of quite general er-
godic theorems, one of the principal issues of ergodic theory was the
isomorphism problem, the characterization of conditions under which
two dynamical systems are really the same in the sense that each could
be obtained from the other in an invertible way by coding. Here, how-
ever, the coding was not of the variety considered by Shannon — Shan-
non considered block codes, codes that parsed the data into nonover-
lapping blocks or windows of finite length and separately mapped each
input block into an output block. The more natural construct in ergodic
theory can be called a sliding-block code or stationary code — here the
encoder views a block of possibly infinite length and produces a single
symbol of the output sequence using some mapping (or code or filter).
The input sequence is then shifted one time unit to the left, and the same
mapping applied to produce the next output symbol, and so on. This is
a smoother operation than the block coding structure since the outputs
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are produced based on overlapping windows of data instead of on a com-
pletely different set of data each time. Unlike the Shannon codes, these
codes will produce stationary output processes if given stationary input
processes. It should be mentioned that examples of such sliding-block
codes often occurred in the information theory literature: time-invariant
convolutional codes or, simply, time-invariant linear filters are sliding-
block codes. It is perhaps odd that virtually all of the theory for such
codes in the information theory literature was developed by effectively
considering the sliding-block codes as very long block codes. Sliding-
block codes have proved a useful structure for the design of noiseless
codes for constrained alphabet channels such as magnetic recording de-
vices, and techniques from symbolic dynamics have been applied to the
design of such codes. See, for example [3, 118].

Shannon’s noiseless source coding theorem suggested a solution to
the isomorphism problem: If we assume for the moment that one of the
two processes is binary, then perfect coding of a process into a binary
process and back into the original process requires that the original pro-
cess and the binary process have the same entropy. Thus a natural con-
jecture is that two processes are isomorphic if and only if they have the
same entropy. A major difficulty was the fact that two different kinds of
coding were being considered: stationary sliding-block codes with zero
error by the ergodic theorists and either fixed length block codes with
small error or variable length (and hence nonstationary) block codes with
zero error by the Shannon theorists. While it was plausible that the for-
mer codes might be developed as some sort of limit of the latter, this
proved to be an extremely difficult problem. It was Kolmogorov [102],
[103] who first reasoned along these lines and proved that in fact equal
entropy (appropriately defined) was a necessary condition for isomor-
phism.

Kolmogorov’s seminal work initiated a new branch of ergodic theory
devoted to the study of entropy of dynamical systems and its applica-
tion to the isomorphism problem. Most of the original work was done
by Soviet mathematicians; notable papers are those by Sinai [168] [169]
(in ergodic theory entropy is also known as the Kolmogorov-Sinai invari-
ant), Pinsker [150], and Rohlin and Sinai [157]. An actual construction of
a perfectly noiseless sliding-block code for a special case was provided
by Meshalkin [124]. While much insight was gained into the behavior of
entropy and progress was made on several simplified versions of the
isomorphism problem, it was several years before Ornstein [138] proved
a result that has since come to be known as the Ornstein isomorphism
theorem or the Kolmogorov-Ornstein or Kolmogorov-Sinai-Ornstein iso-
morphism theorem.

Ornstein showed that if one focused on a class of random processes
which we shall call B-processes, then two processes are indeed isomor-
phic if and only if they have the same entropy. B-process are also called
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Bernoulli processes in the ergodic theory literature, but this is potentially
confusing because of the usage of “Bernoulli process” as a synonym of
an independent identically distributed (IID) process in information the-
ory and random process theory. B-processes have several equivalent def-
initions, perhaps the simplest is that they are processes which can be
obtained by encoding a memoryless process using a sliding-block code.
This class remains the most general class known for which the isomor-
phism conjecture holds. In the course of his proof, Ornstein developed
intricate connections between block coding and sliding-block coding. He
used Shannon-like techniques on the block codes, then imbedded the
block codes into sliding-block codes, and then used the stationary struc-
ture of the sliding-block codes to advantage in limiting arguments to ob-
tain the required zero error codes. Several other useful techniques and
results were introduced in the proof: notions of the distance between
processes and relations between the goodness of approximation and the
difference of entropy. Ornstein expanded these results into a book [140]
and gave a tutorial discussion in the premier issue of the Annals of Prob-
ability [139]. Several correspondence items by other ergodic theorists
discussing the paper accompanied the article.

The origins of this book lie in the tools developed by Ornstein for the
proof of the isomorphism theorem rather than with the result itself. Dur-
ing the early 1970’s I first become interested in ergodic theory because
of joint work with Lee D. Davisson on source coding theorems for sta-
tionary nonergodic processes. The ergodic decomposition theorem dis-
cussed in Ornstein [139] provided a needed missing link and led to an
intense campaign on my part to learn the fundamentals of ergodic the-
ory and perhaps find other useful tools. This effort was greatly eased by
Paul Shields’ book The Theory of Bernoulli Shifts [164] and by discussions
with Paul on topics in both ergodic theory and information theory. This
in turn led to a variety of other applications of ergodic theoretic tech-
niques and results to information theory, mostly in the area of source
coding theory: proving source coding theorems for sliding-block codes
and using process distance measures to prove universal source coding
theorems and to provide new characterizations of Shannon distortion-
rate functions. The work was done with Dave Neuhoff, like me then an
apprentice ergodic theorist, and Paul Shields.

With the departure of Dave and Paul from Stanford, my increasing in-
terest led me to discussions with Don Ornstein on possible applications
of his techniques to channel coding problems. The interchange often
consisted of my describing a problem, his generation of possible avenues
of solution, and then my going off to work for a few weeks to understand
his suggestions and work them through.

One problem resisted our best efforts-how to synchronize block codes
over channels with memory, a prerequisite for constructing sliding-block
codes for such channels. In 1975 I had the good fortune to meet and talk
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with Roland Dobrushin at the 1975 IEEE/USSR Workshop on Information
Theory in Moscow. He observed that some of his techniques for handling
synchronization in memoryless channels should immediately generalize
to our case and therefore should provide the missing link. The key ele-
ments were all there, but it took seven years for the paper by Ornstein,
Dobrushin and me to evolve and appear [68].

Early in the course of the channel coding paper, I decided that hav-
ing the solution to the sliding-block channel coding result in sight was
sufficient excuse to write a book on the overlap of ergodic theory and
information theory. The intent was to develop the tools of ergodic the-
ory of potential use to information theory and to demonstrate their use
by proving Shannon coding theorems for the most general known in-
formation sources, channels, and code structures. Progress on the book
was disappointingly slow, however, for a number of reasons. As delays
mounted, I saw many of the general coding theorems extended and im-
proved by others (often by J. C. Kieffer) and new applications of ergodic
theory to information theory developed, such as the channel modeling
work of Neuhoff and Shields [133], [136], [135], [134] and design methods
for sliding-block codes for input restricted noiseless channels by Adler,
Coppersmith, and Hasner [3] and Marcus [118]. Although I continued
to work in some aspects of the area, especially with nonstationary and
nonergodic processes and processes with standard alphabets, the area
remained for me a relatively minor one and I had little time to write.
Work and writing came in bursts during sabbaticals and occasional ad-
vanced topic seminars. I abandoned the idea of providing the most gen-
eral possible coding theorems and decided instead to settle for coding
theorems that were sufficiently general to cover most applications and
which possessed proofs I liked and could understand.

Only one third of this book is actually devoted to Shannon source
and channel coding theorems; the remainder can be viewed as a mono-
graph on sources, channels, and codes and on information and distortion
measures and their properties, especially their ergodic properties. The
sources or random processes considered include asymptotically mean
stationary processes with standard alphabets, a subject developed in de-
tail in my earlier book Probability, Random Processes, and Ergodic Prop-
erties, which was published by Springer-Verlag in 1988 [55] with a second
edition published by Springer in 2009. That books treats advanced prob-
ability and random processes with an emphasis on processes with stan-
dard alphabets, on nonergodic and nonstationary processes, and on nec-
essary and sufficient conditions for the convergence of long term sam-
ple averages. Asymptotically mean stationary sources and the ergodic
decomposition are there treated in depth and recent simplified proofs
of the ergodic theorem due to Ornstein and Weiss [141] and others are
incorporated. The next chapter of this book reviews some of the basic
notation of the first one in information theoretic terms, but results are



XXVi Introduction

often simply quoted as needed from the first book without any attempt
to derive them. The two books together are self-contained in that all sup-
porting results from probability theory and ergodic theory needed here
may be found in the first book. This book is self-contained so far as its
information theory content, but it should be considered as an advanced
text on the subject and not as an introductory treatise to the reader only
wishing an intuitive overview. The border between the two books is the
beginning of the treatment of entropy.

Here the Shannon-McMillan-Breiman theorem is proved using the cod-
ing approach of Ornstein and Weiss [141] (see also Shield’s tutorial paper
[165]) and hence the treatments of ordinary ergodic theorems in the first
book and the ergodic theorems for information measures in this book
are consistent. The extension of the Shannon-McMillan-Breiman theo-
rem to densities is proved using the “sandwich” approach of Algoet and
Cover [7], which depends strongly on the usual pointwise or Birkhoff
ergodic theorem: sample entropy is asymptotically sandwiched between
two functions whose limits can be determined from the ergodic theorem.
These results are the most general yet published in book form and differ
from traditional developments in that martingale theory is not required
in the proofs.

A few words are in order regarding topics that are not contained in
this book. I have not included the increasingly important and growing
area of multiuser information theory because my experience in the area
is slight and I believe this topic can be better handled by others.

Traditional noiseless coding theorems and actual codes such as the
Huffman codes are not considered in depth because quite good treat-
ments exist in the literature, e.g., [47], [1], [122]. The corresponding er-
godic theory result — the Ornstein isomorphism theorem — is also not
proved, because its proof is difficult and the result is not needed for the
Shannon coding theorems. It is, however, described and many techniques
used in its proof are used here for similar and other purposes.

The actual computation of channel capacity and distortion rate func-
tions has not been included because existing treatments [47], [18], [11],
[25] [57] are quite adequate. New to the second edition, however, is
a partial development of Csiszar’s [25] rigorous development of the
information-theoretic optimization underlying the evaluation of the rate-
distortion function.

This book does not treat code design techniques in any depth, but
in this second edition properties of optimal and asymptotically optimal
source codes are developed and these properties provide insight into the
structure of good codes and can be used to guide code design. The tra-
ditional Lloyd optimality properties for vector quantizers are described
along with recent results for sliding-block codes which resemble their
block coding cousins.
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J. C. Kieffer developed a powerful new ergodic theorem that can
be used to prove both traditional ergodic theorems and the extended
Shannon-McMillan-Brieman theorem [96]. He has used this theorem to
prove strong (almost everywhere) versions of the source coding theorem
and its converse, that is, results showing that sample average distortion
is with probability one no smaller than the distortion-rate function and
that there exist codes with sample average distortion arbitrarily close to
the distortion-rate function [99, 100].






Chapter 1
Information Sources

Abstract An information source or source is a mathematical model for a
physical entity that produces a succession of symbols called “outputs”
in a random manner. The symbols produced may be real numbers such
as voltage measurements from a transducer, binary numbers as in com-
puter data, two dimensional intensity fields as in a sequence of images,
continuous or discontinuous waveforms, and so on. The space contain-
ing all of the possible output symbols is called the alphabet of the source
and a source is essentially an assignment of a probability measure to
events consisting of sets of sequences of symbols from the alphabet. It
is useful, however, to explicitly treat the notion of time as a transforma-
tion of sequences produced by the source. Thus in addition to the com-
mon random process model we shall also consider modeling sources by
dynamical systems as considered in ergodic theory. The material in this
chapter is a distillation of [55, 58] and is intended to establish notation.

1.1 Probability Spaces and Random Variables

A measurable space (Q,B) is a pair consisting of a sample space Q to-
gether with a o-field B of subsets of Q (also called the event space). A
o-field or o-algebra B is a nonempty collection of subsets of Q) with the
following properties:

Qe B (1.1)
If Fe B, then F = {w:w ¢ F} € B. (1.2)
If F; € B;i=1,2,..., then | JF; € B. (1.3)

1

From de Morgan’s “laws” of elementary set theory it follows that also
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An event space is a collection of subsets of a sample space (called events
by virtue of belonging to the event space) such that any countable se-
quence of set theoretic operations (union, intersection, complementa-
tion) on events produces other events. Note that there are two extremes:
the largest possible o-field of Q is the collection of all subsets of Q
(sometimes called the power set) and the smallest possible o-field is
{Q, @}, the entire space together with the null set @ = Q¢ (called the
trivial space).

If instead of the closure under countable unions required by (1.3), we
only require that the collection of subsets be closed under finite unions,
then we say that the collection of subsets is a field.

While the concept of a field is simpler to work with, a o-field pos-
sesses the additional important property that it contains all of the limits
of sequences of sets in the collection. That is, if F,, n = 1,2,--- is
an increasing sequence of sets in a o-field, that is, if F,,—; C F, and if
F = U;_, Fn (in which case we write F,, t F or lim,,_., F, = F), then also F
is contained in the o-field. In a similar fashion we can define decreasing
sequences of sets: If F,, decreases to F in the sense that F,;; C F,, and
F = (\,,_; Fn, then we write F,, | F.If F,, € B for all n, then F € B.

A probability space (2, B, P) is a triple consisting of a sample space
Q , a o-field B of subsets of O, and a probability measure P which
assigns a real number P (F) to every member F of the o-field B so that
the following conditions are satisfied:

o Nonnegativity:
P(F) >0, all F € B; (1.4)

e Normalization:
P(Q) =1; (1.5)

o Countable Additivity:

If F; e B,i=1,2,--- are disjoint, then

P(JF) = > P(F. (1.6)
i=1 i=1
A set function P satisfying only (1.4) and (1.6) but not necessarily (1.5)
is called a measure and the triple (Q, B, P) is called a measure space.
Since the probability measure is defined on a o-field, such countable
unions of subsets of Q) in the o-field are also events in the o-field.
A standard result of basic probability theory is that if G,, | & (the
empty or null set), that is, if G,+1 C Gy, for all n and (;,_, G, = @ , then
we have
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o Continuity at @:
7llilﬂoqu(G,aL) =0. (1.7)

similarly it follows that we have

e (Continuity from Below:

If F, 1 F, then 7lllzn P(Fn) = P(F), (1.8)

and

e Continuity from Above:

If F,, | F, then %%P(F”) = P(F). (1.9)

Given a measurable space (Q,B), a collection G of members of B is
said to generate B and we write 0 (G) = B if B is the smallest o-field
that contains G; that is, if a o-field contains all of the members of G,
then it must also contain all of the members of B. The following is a
fundamental approximation theorem of probability theory. A proof may
be found in Corollary 1.5.3 of [55] or Corollary 1.5 of [58]. The result is
most easily stated in terms of the symmetric difference A defined by

FAG = (FnG°) U (F°nG).

Theorem 1.1. Given a probability space (2, B,P) and a generating field
F, that is, F is a field and B = o (/F), then given F € B and € > 0, there
exists an Fy € F such that P(FAFy) < €.

Let (A, B4) denote another measurable space. We will also use B(A)
as a synonym for B . A random variable or measurable function defined
on (Q, B) and taking values in (A,B4) is a mapping or function f: Q — A
with the property that

if F € By, then f"1(F) = {w: f(w) € F} € B. (1.10)

The name “random variable” is commonly associated with the special
case where A is the real line and B the Borel field, the smallest o-field
containing all the intervals. Occasionally a more general sounding name
such as “random object” is used for a measurable function to implicitly
include random variables (A the real line), random vectors (A a Euclidean
space), and random processes (A a sequence or waveform space). We will
use the terms “random variable” in the more general sense. Usually A will
either be a metric space or a product of metric spaces, in which case the
o-field will be a Borel field B4 or B(A) of subsets of A. If A is a product
of metric spaces, then B4 will be taken as the corresponding product
o-field, that is, the o-field generated by the rectangles.
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A random variable is just a function or mapping with the property that
inverse images of “output events” determined by the random variable are
events in the original measurable space. This simple property ensures
that the output of the random variable will inherit its own probability
measure. For example, with the probability measure Py defined by

P¢(B) =P(f1(B)) = P(w: f(w) € B); B € By,

(A, Ba, Pr) becomes a probability space since measurability of f and el-
ementary set theory ensure that Py is indeed a probability measure. The
induced probability measure Py is called the distribution of the random
variable f. The measurable space (A, B4) or, simply, the sample space
A, is called the alphabet of the random variable f. We shall occasion-
ally also use the notation Pf~! which is a mnemonic for the relation
Pf~Y(F) = P(f~'(F)) and which is less awkward when f itself is a func-
tion with a complicated name, e.g., IT5_ .

It is often convenient to abbreviate an English description the of a
probability of an event to the pseudo mathematical form Pr(f € F),
which can be considered shorthand for Py(F) = P(f~!(F)) and can be
read as “the probability that f is in F.”

If the alphabet A of a random variable f is not clear from context, then
we shall refer to f as an A-valued random variable. . If f is a measurable
function from (Q,B) to (A, B,), we will say that f is B/B,-measurable
if the o-fields might not be clear from context.

Given a probability space (Q, B, P), a collection of subsets G is a sub-
o-field if it is a o-field and all its members are in B. A random variable
f : Q — Ais said to be measurable with respect to a sub-o-field G if
f~Y(H) e Gforal H € Ba.

Given a probability space (Q, B, P) and a sub-o-field G, for any event
H € B the conditional probability m(H|G) is defined as any function,
say g, which satisfies the two properties

g is measurable with respect to G (1.11)

L;gth =m(G(H); allG € G. (1.12)

An important special case of conditional probability occurs when study-
ing the distributions of random variables defined on an underlying prob-
ability space. Suppose that X : Q — Ay and Y : Q — Ay are two ran-
dom variables defined on (Q, B, P) with alphabets Ax and Ay and o-
fields Ba, and Ba,, respectively. Let Pyy denote the induced distribu-
tion on (Ayx X Ay,BAX X BAY), that is, Pxy(F X G) = P(X € F,Y € G)
=PX Y F)NY1(G)). Let o(Y) denote the sub-o-field of B generated
by Y, that is, Y1 (B4,). Since the conditional probability P(F|o (Y)) is
real-valued and measurable with respect to o (Y), it can be written as
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gY(w)), w € Q, for some function g(y). (See, for example, Lemma
5.2.1 of [55] or Lemma 6.1 of [58].) Define P(F|y) = g(v). For a fixed
F € By, define the conditional distribution of F given Y = y by

Pxy(Fly) = P(X 1 (F)|y); ¥ € Ba,.

From the properties of conditional probability,
ny(F X G) = JGPXW(FL’)/)dPy(_)/);F S BAX,G S BAy. (1.13)

It is tempting to think that for a fixed y, the set function defined by
Px|y(F|y); F € Ba, is actually a probability measure. This is not the case
in general. When it does hold for a conditional probability measure, the
conditional probability measure is said to be regular. This text will focus
on standard alphabets for which regular conditional probabilities always
exist.

1.2 Random Processes and Dynamical Systems

We now consider two mathematical models for a source: A random pro-
cess and a dynamical system. The first is the familiar one in elementary
courses, a source is just a random process or sequence of random vari-
ables. The second model is possibly less familiar — a random process
can also be constructed from an abstract dynamical system consisting
of a probability space together with a transformation on the space. The
two models are connected by considering a time shift to be a transfor-
mation.

A discrete time random process or, simply, a random process is a se-
quence of random variables {X, }ner or {X;;;n € T}, where T is an in-
dex set, defined on a common probability space (Q2, B, P). We define a
source as a random process, although we could also use the alternative
definition of a dynamical system to be introduced shortly. We usually
assume that all of the random variables share a common alphabet, say
A. The two most common index sets of interest are the set of all inte-

gers Z = {---,-2,—-1,0,1,2,- - - }, in which case the random process
is referred to as a two-sided random process, and the set of all nonneg-
ative integers Z,. = {0,1,2,- - -}, in which case the random process is

said to be one-sided. One-sided random processes will often prove to be
far more difficult in theory, but they provide better models for physical
random processes that must be “turned on” at some time or which have
transient behavior.

Observe that since the alphabet A is general, we could also model
continuous time random processes in the above fashion by letting A
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consist of a family of waveforms defined on an interval, e.g., the random
variable X, could in fact be a continuous time waveform X(t) for t €
[nT,(n+1)T), where T is some fixed positive real number.

The above definition does not specify any structural properties of the
index set T . In particular, it does not exclude the possibility that T be
a finite set, in which case “random vector” would be a better name than
“random process.” In fact, the two cases of T = Z and T = Z, will be
the only important examples for our purposes. Nonetheless, the general
notation of T will be retained in order to avoid having to state separate
results for these two cases.

An abstract dynamical system consists of a probability space (Q, B, P)
together with a measurable transformation T : Q — Q of Q into itself.
Measurability means that if F € B, then also T~1F = {w : Tw € F}e B.
The quadruple (Q,B,P,T) is called a dynamical system in ergodic the-
ory. The interested reader can find excellent introductions to classical
ergodic theory and dynamical system theory in the books of Halmos
[73] and Sinai [170]. More complete treatments may be found in [16],
[164], [149], [30], [191], [140], [46]. The term “dynamical systems” comes
from the focus of the theory on the long term “dynamics” or “dynam-
ical behavior” of repeated applications of the transformation T on the
underlying measure space.

An alternative to modeling a random process as a sequence or family
of random variables defined on a common probability space is to con-
sider a single random variable together with a transformation defined on
the underlying probability space. The outputs of the random process will
then be values of the random variable taken on transformed points in the
original space. The transformation will usually be related to shifting in
time and hence this viewpoint will focus on the action of time itself. Sup-
pose now that T is a measurable mapping of points of the sample space
Q) into itself. It is easy to see that the cascade or composition of measur-
able functions is also measurable. Hence the transformation T" defined
as T?w = T(Tw) and so on (T"w = T(T" 'w)) is a measurable function
for all positive integers n. If f is an A-valued random variable defined
on (Q, B), then the functions fT" : QO — A defined by fT"(w) = f(T"w)
for w € Q will also be random variables for all n in Z,. Thus a dynam-
ical system together with a random variable or measurable function f
defines a one-sided random process {X; }nez, by Xp(w) = f(T"w). If it
should be true that T is invertible, that is, T is one-to-one and its inverse
T-! is measurable, then one can define a two-sided random process by
Xn(w) = f(T"w), all n in Z.

The most common dynamical system for modeling random processes
is that consisting of a sequence space Q) containing all one- or two-sided
A-valued sequences together with the shift transformation T, that is,
the transformation that maps a sequence {x;} into the sequence {x; 1}
wherein each coordinate has been shifted to the left by one time unit.
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Thus, for example, let Q = A%+ = {all x = (xg,x1,---) with x; € A for
all i} and define T : Q — Q by T(xo,x1,Xx2,---) = (x1,X2,Xx3,---). T
is called the shift or left shift transformation on the one-sided sequence
space. The shift for two-sided spaces is defined similarly. The sequence-
space model of a random process is sometimes referred to as the Kol-
mogorov representation of a process.

The different models provide equivalent models for a given process
— one emphasizing the sequence of outputs and the other emphasis-
ing the action of a transformation on the underlying space in producing
these outputs. In order to demonstrate in what sense the models are
equivalent for given random processes, we next turn to the notion of the
distribution of a random process.

1.3 Distributions

While in principle all probabilistic quantities associated with a random
process can be determined from the underlying probability space, it is
often more convenient to deal with the induced probability measures or
distributions on the space of possible outputs of the random process. In
particular, this allows us to compare different random processes with-
out regard to the underlying probability spaces and thereby permits us
to reasonably equate two random processes if their outputs have the
same probabilistic structure, even if the underlying probability spaces
are quite different.

We have already seen that each random variable X, of the random
process {X,} inherits a distribution because it is measurable. To de-
scribe a process, however, we need more than just probability measures
on output values of separate individual random variables; we require
probability measures on collections of random variables, that is, on se-
quences of outputs. In order to place probability measures on sequences
of outputs of a random process, we first must construct the appropriate
measurable spaces. A convenient technique for accomplishing this is to
consider product spaces, spaces for sequences formed by concatenating
spaces for individual outputs.

Let T denote any finite or infinite set of integers. In particular, T =
Zn) ={0,1,2,---,n—=1}, T = Z or T = Z,. Define xT = {x;};er. For
example, xZ = (---,x_1,X0,X1, - -) is a two-sided infinite sequence.
When T = Z(n) we abbreviate x¢™ to simply x" . Given alphabets
Aj, i € T, define the cartesian product space

x A;j={all xT:x;,€ A; all i in T}.
ieT
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In most cases all of the A; will be replicas of a single alphabet A and
the above product will be denoted simply by AT . Thus, for example,
Atmm=+l--n} jg the space of all possible outputs of the process from
time m to time n; A% is the sequence space of all possible outputs of a
two-sided process. We shall abbreviate the notation for the space AZ™),
the space of all n dimensional vectors with coordinates in A, by A" .

To obtain useful o-fields of the above product spaces, we introduce
the idea of a rectangle in a product space. A rectangle in AT taking values
in the coordinate o-fields B;, i € J, is defined as any set of the form

B={xTe AT: x; € B;; all i in J}, (1.14)

where J is a finite subset of the index set T and B; € B; for all i € J.
(Hence rectangles are sometimes referred to as finite dimensional rect-
angles.) A rectangle as in (1.14) can be written as a finite intersection of
one-dimensional rectangles as

B=(i{x"e€AT:x; € B} =) Xi ' (By) (1.15)

ie] ieJ

where here we consider X; as the coordinate functions X; : AT — A
defined by X;(xT) = x;.

As rectangles in AT are clearly fundamental events, they should be
members of any useful o-field of subsets of AT. Define the product o-
field BT as the smallest o -field containing all of the rectangles, that is,
the collection of sets that contains the clearly important class of rect-
angles and the minimum amount of other stuff required to make the
collection a o-field. To be more precise, given an index set T of integers,
let RECT(B;,i € T) denote the set of all rectangles in AT taking coordi-
nate values in sets in B;,i € T . We then define the product o -field of AT
by

Ba" = 0(RECT(B;,i € T)). (1.16)

Consider an index set T and an A-valued random process {X,}ner
defined on an underlying probability space (Q, B, P). Given any index
set J C T , measurability of the individual random variables X, im-
plies that of the random vectors X7 = {X,;;n € J}. Thus the measur-
able space (AY, B4?) inherits a probability measure from the underlying
space through the random variables X?. Thus in particular the measur-
able space (AT,B4T) inherits a probability measure from the underly-
ing probability space and thereby determines a new probability space
(AT, BAT, Pxr), where the induced probability measure is defined by

Pxr(F) = P((XT)"Y(F)) = P(w: XT(w) € F); F € BA". (1.17)
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Such probability measures induced on the outputs of random variables
are referred to as distributions for the random variables, exactly as in the
simpler case first treated. When T = {m,m + 1,--- ,m + n — 1}, e.g,,
when we are treating X, = (X, -+, Xm+n-1) taking values in A", the
distribution is referred to as an n-dimensional or nth order distribution
and it describes the behavior of an n-dimensional random variable. If T
is the entire process index set, e.g., if T = Z for a two-sided process or
T = Z, for a one-sided process, then the induced probability measure is
defined to be the distribution of the process. Thus, for example, a proba-
bility space (Q, B, P) together with a doubly infinite sequence of random
variables {X,}ncz induces a new probability space (A%, B4%,Pyz) and
Py: is the distribution of the process. For simplicity, let us now denote
the process distribution simply by m. We shall call the probability space
(AT, BA", m) induced in this way by a random process {X,}ncz the out-
put space or sequence space of the random process.

Since the sequence space (AT, BAT, m) of a random process {Xy,}nez
is a probability space, we can define random variables and hence also
random processes on this space. One simple and useful such definition
is that of a sampling or coordinate or projection function defined as
follows: Given a product space AT, define the sampling functions II,, :
AT — A by

I, (x"™) = xp,xTe AT, n e T. (1.18)

The sampling function is named IT since it is also a projection. Observe
that the distribution of the random process {II,}ner defined on the
probability space (AT, B4T, m) is exactly the same as the distribution of
the random process { Xy, }ner defined on the probability space (Q, B, P).
In fact, so far they are the same process since the {II,;} simply read off
the values of the {X;}.

What happens, however, if we no longer build the IT,, on the X;,, that
is, we no longer first select w from Q according to P, then form the se-
quence xT = XT(w) = {Xu(w)}ner, and then define IT,, (xT) = X, (w)?
Instead we directly choose an x in AT using the probability measure m
and then view the sequence of coordinate values. In other words, we are
considering two completely separate experiments, one described by the
probability space (Q, B, P) and the random variables {X,,} and the other
described by the probability space (AT, BT, m) and the random vari-
ables {I1,,}. In these two separate experiments, the actual sequences se-
lected may be completely different. Yet intuitively the processes should
be the “same” in the sense that their statistical structures are identical,
that is, they have the same distribution. We make this intuition formal
by defining two processes to be equivalent if their process distributions
are identical, that is, if the probability measures on the output sequence
spaces are the same, regardless of the functional form of the random
variables of the underlying probability spaces. In the same way, we con-
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sider two random variables to be equivalent if their distributions are
identical.

We have described above two equivalent processes or two equiva-
lent models for the same random process, one defined as a sequence
of random variables on a perhaps very complicated underlying proba-
bility space, the other defined as a probability measure directly on the
measurable space of possible output sequences. The second model will
be referred to as a directly given random process or a the Kolmogorov
model for the random process.

Which model is “better” depends on the application. For example, a
directly given model for a random process may focus on the random
process itself and not its origin and hence may be simpler to deal with.
If the random process is then coded or measurements are taken on the
random process, then it may be better to model the encoded random
process in terms of random variables defined on the original random
process and not as a directly given random process. This model will
then focus on the input process and the coding operation. We shall let
convenience determine the most appropriate model.

We can now describe yet another model for the above random process,
that is, another means of describing a random process with the same dis-
tribution. This time the model is in terms of a dynamical system. Given
the probability space (AT, B4T,m), define the (left) shift transformation
T:AT — AT by

T(XT) =T({xntner) = yT = {Yn'tner,

where
Yn =Xn+1,n €T.

Thus the nth coordinate of yT is simply the (n + 1)st coordinate of xT.
(We assume that T is closed under addition and hence if n and 1 are in
T, then so is (n + 1).) If the alphabet of such a shift is not clear from
context, we will occasionally denote the shift by T4 or T4r. The shift can
easily be shown to be measurable.

Consider next the dynamical system (AT, B,T,P,T) and the random
process formed by combining the dynamical system with the zero time
sampling function Iy (we assume that O is a member of T ). If we define
Yu(x) =o(T"x) for x = xT € AT, or, in abbreviated form, Y, = IIoT",
then the random process {Yy,}ner iS equivalent to the processes de-
veloped above. Thus we have developed three different, but equivalent,
means of producing the same random process. Each will be seen to have
its uses.

The above development shows that a dynamical system is a more fun-
damental entity than a random process since we can always construct an
equivalent model for a random process in terms of a dynamical system
— use the directly given representation, shift transformation, and zero
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time sampling function. Two important properties of dynamical systems
or random processes can be defined at this point, the implications will
be developed throughout the book. A dynamical system (AT, B,™, P, T)
is said to be stationary (with respect to T) if the distribution P is invari-
ant with respect to P, that is,

P(T7'F) = P(F), all F € B4". (1.19)

In other words, probabilities of process events are unchanged by shift-
ing. The dynamical system is said to be ergodic if

If T"'F=F, then P(F) =0or1, (1.20)

that is, all invariant events are trivial. Note that neither definition implies
or excludes the other.

The shift transformation on a sequence space introduced above is the
most important transformation that we shall encounter. It is not, how-
ever, the only important transformation. When dealing with transforma-
tions we will usually use the notation T to reflect the fact that it is often
related to the action of a simple left shift of a sequence, yet it should
be kept in mind that occasionally other operators will be considered and
the theory to be developed will remain valid, even if T is not required to
be a simple time shift. For example, we will also consider block shifts.

Most texts on ergodic theory deal with the case of an invertible trans-
formation, that is, where T is a one-to-one transformation and the in-
verse mapping T-! is measurable. This is the case for the shift on A%,
the two-sided shift. It is not the case, however, for the one-sided shift
defined on A%+ and hence we will avoid use of this assumption. We will,
however, often point out in the discussion what simplifications or special
properties arise for invertible transformations.

Since random processes are considered equivalent if their distribu-
tions are the same, we shall adopt the notation [A, m, X] for a random
process {Xy;n € T} with alphabet A and process distribution m, the
index set T usually being clear from context. We will occasionally abbre-
viate this to the more common notation [A, m |, but it is often convenient
to note the name of the output random variables as there may be several,
e.g., a random process may have an input X and output Y. By “the asso-
ciated probability space” of a random process [A,m, X] we shall mean
the sequence probability space (AT, BAT, m). It will often be convenient
to consider the random process as a directly given random process, that
is, to view X,, as the coordinate functions IT,, on the sequence space AT
rather than as being defined on some other abstract space. This will not
always be the case, however, as often processes will be formed by coding
or communicating other random processes. Context should render such
bookkeeping details clear.
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1.4 Standard Alphabets

A measurable space (A, B,) is a standard space if there exists a sequence
of finite fields Fy,; n = 1,2, - - - with the following properties:

(1)Fn C Fns1 (the fields are increasing).

(2)B4 is the smallest o-field containing all of the F, (the F, generate
Baor Ba = o (Un_1 Fn))-

(3)An event G,, € F,, is called an atom of the field if it is nonempty and
and its only subsets which are also field members are itself and the
empty set. If G, € Fn;n=1,2,--- are atoms and G,+1 C Gy, for all
n, then

() Gn + @.
n=1

Standard spaces are important for several reasons: First, they are a gen-
eral class of spaces for which two of the key results of probability hold:
(1) the Kolmogorov extension theorem showing that a random process
is completely described by its finite order distributions, and (2) the ex-
istence of regular conditional probability measures. Thus, in particular,
the conditional probability measure Px|y (F|y) of (1.13) is regular if the
alphabets Ax and Ay are standard and hence for each fixed y € Ay the
set function Px|y (F|y); F € Ba, is a probability measure. In this case we
can interpret Px|y (F|y) as P(X € F|Y = ). Second, the ergodic decom-
position theorem of ergodic theory holds for such spaces. The ergodic
decomposition implies that any stationary process is equivalent to a mix-
ture of stationary and ergodic processes; that is, a stationary nonergodic
source can be viewed as a random selection of one of a family of sta-
tionary and ergodic sources. Third, the class is sufficiently general to in-
clude virtually all examples arising in applications, e.g., discrete spaces,
the real line, Euclidean vector spaces, Polish spaces (complete separable
metric spaces), etc. The reader is referred to [55] or [58] and the refer-
ences cited therein for a detailed development of these properties and
examples of standard spaces.

Standard spaces are not the most general space for which the Kol-
mogorov extension theorem, the existence of conditional probability,
and the ergodic decomposition theorem all hold. These results also hold
for perfect spaces which include standard spaces as a special case. (See,
e.g., [161],[174],[155], [114].) We limit discussion to standard spaces,
however, as they are easier to characterize and work with and they are
sufficiently general to handle most cases encountered in applications. Al-
though standard spaces are not the most general for which the required
probability theory results hold, they are the most general for which all
finitely additive normalized measures extend to countably additive prob-
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ability measures, a property which greatly eases the proof of many of the
desired results.

Throughout this book we shall assume that the alphabet A of the in-
formation source is a standard space.

1.5 Expectation

Let (Q,B,m) be a probability space, e.g., the probability space of a di-
rectly given random process with alphabet A, (AT, B,*, m). A real-valued
random variable f : QO — R will also be called a measurement since it
is often formed by taking a mapping or function of some other set of
more general random variables, e.g., the outputs of some random pro-
cess which might not have real-valued outputs. Measurements made on
such processes, however, will always be assumed to be real.

Suppose next we have a measurement f whose range space or alpha-
bet f(Q) c R of possible values is finite. Then f is called a discrete
random variable or discrete measurement or digital measurement or, in
the common mathematical terminology, a simple function.

Given a discrete measurement f, suppose that its range space is
f(Q) = {b;,i = 1,---,N}, where the b; are distinct. Define the sets
F; = f1(b;)) = {x: f(x) = bi},i=1,---,N. Since f is measurable,
the F; are all members of B. Since the b; are distinct, the F; are disjoint.
Since every input point in QQ must map into some bj;, the union of the
F; equals Q. Thus the collection {F;; i = 1,2,---,N} forms a partition
of Q. We have therefore shown that any discrete measurement f can be
expressed in the form

M
F(x) =D bilp(x), (1.21)
i=1
where b; € R, the F; € B form a partition of Q, and 1f, is the indicator
function of F;, i = 1,- - - , M. Every simple function has a unique repre-
sentation in this form with distinct b; and {F;} a partition.
The expectation or ensemble average or probabilistic average or mean
of a discrete measurement f : Q — R as in (1.21) with respect to a
probability measure m is defined by

M
Emf =D bim(F). (1.22)
i=0

An immediate consequence of the definition of expectation is the sim-
ple but useful fact that for any event F in the original probability space,

Enlp = m(F),
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that is, probabilities can be found from expectations of indicator func-
tions.

Again let (Q, B, m) be a probability space and f : QO — R a measure-
ment, that is, a real-valued random variable or measurable real-valued

function. Define the sequence of quantizersq,: R - R, n=1,2,---,as
follows:
n n<r
(k—1)2™m™ (k-12"<r<k2 ™ k=1,2,---,n2"
) =1 (k12 koM <y < —(k—1)2" k= 1,2, - ,n2"
-n Y < —n.

We now define expectation for general measurements in two steps. If
f =0, then define
Enmf = %%Em(chl(f)) (1.23)

Since the g, are discrete measurements on f, the g, (f) are discrete mea-
surements on Q (g, (f)(x) = qn(f(x)) is a simple function) and hence
the individual expectations are well defined. Since the g, (f) are nonde-
creasing, so are the E,, (g, (f)) and this sequence must either converge
to a finite limit or grow without bound, in which case we say it converges
to . In both cases the expectation E,, f is well defined, although it may
be infinite.

If f is an arbitrary real random variable, define its positive and neg-
ative parts f*(x) = max(f(x),0) and f~(x) = —min(f(x),0) so that
f(x) =f"(x) - f(x) and set

Emf = Emf* —Emf~ (1.24)

provided this does not have the form +o — oo, in which case the expec-
tation does not exist. It can be shown that the expectation can also be
evaluated for nonnegative measurements by the formula

Emf = sup Emg.
discrete g:g=<f

The expectation is also called an integral and is denoted by any of the
following:

Enf = dem = jf(x)dm(x) = Jf(x)m(dx).

The subscript m denoting the measure with respect to which the expec-
tation is taken will occasionally be omitted if it is clear from context.

A measurement f is said to be integrable or m-integrable if E,, f exists
and is finite. A function is integrable if and only if its absolute value is
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integrable. Define L!(m) to be the space of all m-integrable functions.
Given any m-integrable f and an event B, define

JB fam = [ f601500 dm(x).

Two random variables f and g are said to be equal m-almost-everywhere
or equal m-a.e. or equal with m-probability one if m(f = g) = m({x :
f(x)=g(x)}) = 1. The m- is dropped if it is clear from context.

Given a probability space (€, B, m), suppose that G is a sub-o-field
of B, that is, it is a o-field of subsets of Q and all those subsets are
in B (G C B). Let f : Q — R be an integrable measurement. Then the
conditional expectation E(f1G) is described as any function, say h(w),
that satisfies the following two properties:

h(w) is measurable with respect to G (1.25)

J hdm = J fdm;al G eq. (1.26)
G G

If a regular conditional probability distribution given G exists, e.g., if
the space is standard, then one has a constructive definition of condi-
tional expectation: E(f|G)(w) is simply the expectation of f with re-
spect to the conditional probability measure m(.|G)(w). Applying this
to the example of two random variables X and Y with standard alpha-
bets described in Section 1.2 we have from (1.26) that for integrable
f tAx X Ay - R

E(f) = jf(x,ympxy(x,y) - Mf(x,ympxw(xw))dpy(y). (1.27)

In particular, for fixed vy, f(x, ) is an integrable (and measurable) func-
tion of x.

Equation (1.27) provides a generalization of (1.13) from rectangles to
arbitrary events. For an arbitrary F € Ba, x4, we have that

Per () = [ ([ 166, 00dPxy (x13) ) dPr(3) = | Priy (Ey L)y (),
(1.28)
where F,, = {x : (x,y) € F} is called the section of F at y.If F is measur-
able, then so is F, for all y. Alternatively, since 1r(x,y) is measurable
with respect to x for each fixed y, F, € B4, and the inner integral is
just

j APxiy (x17) = Pxiy (Fy ).
x:(x,y)EeF
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1.6 Asymptotic Mean Stationarity

Recall that a dynamical system (or the associated source) (Q,B,P,T) is
said to be stationary if P(T~1G) = P(G) for all G € B. It is said to be
asymptotically mean stationary or, simply, AMS if the limit

n-1
P(G) = lim ~ > P(T*G) (1.29)
[y war

exists for all G € B. The following theorems summarize several impor-
tant properties of AMS sources. Details may be found in Chapter 6 of
[55] or Chapter 7 of [58].

Theorem 1.2. If a dynamical system (Q, B, P, T) is AMS, then P defined in
(1.29) is a probability measure and (Q, B, P, T) is stationary. The distribu-
tion P is called the stationary mean of P. If an event G is invariant in the
sense that T~1G = G, then

P(G) = P(G).

If a random variable g is invariant in the sense that g(Tx) = g(x) with
P probability 1, then
Epg = Epg.

The stationary mean P asymptotically dominates P in the sense that if
P(G) =0, then
limsup P(T™"G) =0.
Nn— oo

Theorem 1.3. Given an AMS source {X,} let 0 (X, Xn+1, - - - ) denote the
o -field generated by the random variables X,,, - - -, that is, the smallest
o -field with respect to which all these random variables are measurable.
Define the tail o-field F by

[oe)

Fo =) 0Xn,- - ).

n=0

If G € Fo and P(G) = 0, then also P(G) = 0.

The tail o-field can be thought of as events that are determinable by
looking only at samples of the sequence in the arbitrarily distant fu-
ture. The theorem states that the stationary mean dominates the original
measure on such tail events in the sense that zero probability under the
stationary mean implies zero probability under the original source.
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1.7 Ergodic Properties

Two of the basic results of ergodic theory that will be called upon exten-
sively are the pointwise or almost-everywhere ergodic theorem and the
ergodic decomposition theorem We quote these results along with some
relevant notation for reference. Detailed developments may be found in
Chapters 6-8 of [55] or Chapters 7-10 of [58]. The ergodic theorem states
that AMS dynamical systems (and hence also sources) have convergent
sample averages, and it characterizes the limits.

Theorem 1.4. If a dynamical system (Q, B, m,T) is AMS with stationary
mean m and if f € L' (), then with probability one under m and m

' 1 n-1 .
Jim i:ZofT = Em(f12),
where 7 is the sub-o-field of invariant events, that is, events G for which
T-1G = G.

The basic idea of the ergodic decomposition is that any stationary
source which is not ergodic can be represented as a mixture of stationary
ergodic components or subsources.

Theorem 1.5. Ergodic Decomposition Given the standard sequence space
(Q,B) with shift T as previously, there exists a family of stationary er-
godic measures {px; x € Q}, called the ergodic decomposition, with the
following properties:

(@prx = Px-
(b)For any stationary measure m,

m(G) = JPx(G)dm(x); all G € B.

(c)For any g € L' (m)

Jgdm = J (Jgdpx) dm(x).

It is important to note that the same collection of stationary ergodic com-
ponents works for any stationary measure m. This is the strong form of
the ergodic decomposition.

The final result of this section is a variation on the ergodic decompo-
sition. To describe the result, we need to digress briefly to introduce a
metric on spaces of probability measures. A thorough development can
be found in Chapter 8 of [55] or Chapter 9 of [58]. We have a standard se-
quence measurable space (2, B) and hence we can generate the o-field B
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by a countable field F = {F,; n = 1,2, - - - }. Given such a countable gen-
erating field, a distributional distance between two probability measures
p and m on (Q, B) is defined by

[e9)

d(p,m) = > 27"|p(Fn) — m(Fp)|.

n=1

Any choice of a countable generating field yields a distributional dis-
tance. Such a distance or metric yields a measurable space of probability
measures as follows: Let A denote the space of all probability measures
on the original measurable space (Q, B). Let B(A) denote the o-field of
subsets of A generated by all open spheres using the distributional dis-
tance, that is, all sets of the form {p : d(p,m) < €} for some m € A
and some € > 0. We can now consider properties of functions that carry
sequences in our original space into probability measures. The following
is Theorem 8.5.1 of [55] and Theorem 10.1 of [58].

Theorem 1.6. A Variation on the Ergodic Decomposition Fix a standard
measurable space (Q,B) and a transformation T : QO — Q. Then there
are a standard measurable space (A, L), a family of stationary ergodic
measures {my; A € A} on (Q,B), and a measurable mapping @ : Q — A
such that

(a)y is invariant (Y (Tx) = @ (x) all x);

(b)if m is a stationary measure on (Q, B) and Py, is the induced distribu-
tion; that is, Py (G) =m(p~1(G)) for G € A (which is well defined from
(a)), then

m(F) = Jdm(x)m(,,(X)(F) = dew(A)mA(F), all F € B,
and if f € LY (m), then so is [ fdm, Py-a.e. and

Enf = | dm (0B f = [ APy En, f.

Finally, for any event F, my (F) = m(F|y), that is, given the ergodic
decomposition and a stationary measure m , the ergodic component A
is a version of the conditional probability under m given @ = A.

The following corollary to the ergodic decomposition is Lemma 8.6.2
of [55] and Lemma 10.4 of [58]. It states that the conditional probability
of a future event given the entire past is unchanged by knowing the
ergodic component in effect. This is because the infinite past determines
the ergodic component in effect.

Corollary 1.1. Suppose that {X,} is a two-sided stationary process with
distribution m and that {my;A € A} is the ergodic decomposition and
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the ergodic component function. Then the mapping @ is measurable with
respectto o (X_1,X_»,---) and

m((X(),Xl, e ') €F|X_1,X_2, .. .) =
my ((Xo, X1, +) €FIX_1,X_2,-++); m—ae.



Chapter 2

Pair Processes: Channels, Codes, and
Couplings

Abstract We have considered a random process or source {X,} as a se-
quence of random entities, where the object produced at each time could
be quite general, e.g., a random variable, vector, or waveform. Hence se-
quences of pairs of random objects such as {X;, Y5} are included in the
general framework. We now focus on the possible interrelations between
the two components of such a pair process. First consider the situation
where we begin with one source, say {X,}, called the input and use ei-
ther a random or a deterministic mapping of the input sequence {X,}
to form an output sequence {Y,}. We generally refer to the mapping as
a channel if it is random and a code if it is deterministic. Hence a code
is a special case of a channel and results for channels will immediately
imply corresponding results for codes. The initial point of interest will
be conditions on the structure of the channel under which the result-
ing pair process {X;, Y, } will inherit stationarity and ergodic properties
from the original source {X;}. We will also be interested in the behavior
resulting when the output of one channel serves as the input to another,
that is, when we form a new channel as a cascade of other channels. Such
cascades yield models of a communication system which typically has a
code mapping (called the encoder) followed by a channel followed by
another code mapping (called the decoder). Lastly, pair processes arise
naturally in other situations, including coupling two separate processes
by constructing a joint distribution. This chapter develops the context
for the development in future chapters of the properties of information
and entropy arising in pair processes.

2.1 Pair Processes

A common object throughout this book and the focus of this chapter
is the idea of a pair process. The notation will vary somewhat depend-
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ing on the specific application, but basically a pair process is a ran-
dom process with two components, e.g., a sequence of random variables
{(Xn, Yn);n € T} with alphabets A and B and process distribution p on
(AT x BT, B(AT x BT). When we wish to emphasize the names of the sepa-
rate component random variables and processes, we will often write Ay
for A and Ay for B and pxy for p. The process X or {X,,} will often have
the interpretation of being the input of a code or channel or a cascade of
such operations and Y or {Y,} the output. A pair process induces two
“marginal” process {X,} with process distribution, say u, and {Y} }, with
process distribution n. When we wish to emphasize the random variables
we might write px or ux instead of u and py or uy or ny instead of n. All
of these notations have their uses, and the added subscripts often help
sort out which random process or variables are important. Often we will
use X,, as the second component instead of Y when it is viewed as an
approximation to the first component Xj,.

2.2 Channels

A channel converts one information source - typically called the input
to the channel - into another - called the output. In general the opera-
tion is random and is specified by a conditional probability measure of
output sequences given an input sequence. The combination of an input
distribution with the channel yields a pair process, a process with an
input component and an output component. If the channel is determin-
istic rather than random, the operation is called a code. In this section
the basic definitions of channels and codes are introduced.

A fundamental nuisance in the development of channels and codes is
the notion of time. So far we have considered pair processes where at
each unit of time, one random object is produced for each coordinate of
the pair. In the channel or code example, this corresponds to one output
for every input. Interesting communication systems do not always easily
fit into this framework, and this can cause serious problems in notation
and in the interpretation and development of results. For example, sup-
pose that an input source consists of a sequence of real numbers and
let T denote the time shift on the real sequence space. Suppose that the
output source consists of a binary sequence and let S denote its shift.
Suppose also that the channel is such that for each real number in, three
binary symbols are produced. This fits our usual framework if we con-
sider each output variable to consist of a binary three-tuple since then
there is one output vector for each input symbol. One must be careful,
however, when considering the stationarity of such a system. Do we con-
sider the output process to be physically stationary if it is stationary
with respect to S or with respect to $3? The former might make more
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sense if we are looking at the output alone, the latter if we are looking
at the output in relation to the input. How do we define stationarity for
the pair process? Given two sequence spaces, we might first construct
a shift on the pair sequence space as simply the cartesian product of
the shifts, e.g., given an input sequence x and an output sequence 7y
define a shift T* by T*(x,vy) = (Tx,Sy). While this might seem nat-
ural given only the pair random process {X;, Yy}, it is not natural in
the physical context that one symbol of X yields three symbols of Y. In
other words, the two shifts do not correspond to the same amount of
time. Here the more physically meaningful shift on the pair space would
be T’ (x,v) = (Tx,S3y) and the more physically meaningful questions
on stationarity and ergodicity relate to T’ and not to T*. The problem
becomes even more complicated when channels or codes produce a vary-
ing number of output symbols for each input symbol, where the num-
ber of symbols depends on the input sequence. Such variable rate codes
arise often in practice, especially for noiseless coding applications such
as Huffman, Lempel-Ziv, and arithmetic codes. While we will not treat
such variable rate systems in any detail, they point out the difficulty that
can arise associating the mathematical shift operation with physical time
when we are considering cartesian products of spaces, each having their
own shift.

There is no easy way to solve this problem notationally. We adopt the
following view as a compromise which is usually adequate for fixed-rate
systems. We will be most interested in pair processes that are station-
ary in the physical sense, that is, whose statistics are not changed when
both are shifted by an equal amount of physical time. This is the same
as stationarity with respect to the product shift if the two shifts corre-
spond to equal amounts of physical time. Hence for simplicity we will
usually focus on this case. More general cases will be introduced when
appropriate to point out their form and how they can be put into the
matching shift structure by considering groups of symbols and different
shifts. This will necessitate occasional discussions about what is meant
by stationarity or ergodicity for a particular system.

The mathematical generalization of Shannon’s original notions of
sources, codes, and channels are due to Khinchine [87] [88]. Khinchine’s
results characterizing stationarity and ergodicity of channels were cor-
rected and developed by Adler [2].

Say we are given a source [A, X, u], that is, a sequence of A-valued
random variables {X,;n € T} defined on a common probability space
(Q, F,P) having a process distribution y defined on the measurable
sequence space (BT, B,T). We shall let X = {X,;n € T} denote the
sequence-valued random variable, that is, the random variable taking
values in AT according to the distribution u. Let B be another alphabet
with a corresponding measurable sequence space (AT, BzT). We assume
as usual that A and B are standard and hence so are their sequence
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spaces and cartesian products. A channel [A, v, B] with input alphabet
A and output alphabet B (we denote the channel simply by v when these
alphabets are clear from context) is a family of probability measures
{ve;x € AT} on (BT, Bg") (the output sequence space) such that for
every output event F € BpT vy (F) is a measurable function of x. This
measurability requirement ensures that the set function p specified on
the joint input/output space (AT x BT), BT x Bp") by its values on rect-
angles as

p(G X F) = JG Au(x)vx (F);F € By, G € BAT,

is well defined. The set function p is nonnegative, normalized, and count-
ably additive on the field generated by the rectangles G x F, G € B,",
F € Bp". Thus p extends to a probability measure on the joint in-
put/output space, which is sometimes called the hookup of the source u
and channel v. We will often denote this joint measure by uv. The cor-
responding sequences of random variables are called the input/output
process.

Thus a channel is a probability measure on the output sequence space
for each input sequence such that a joint input/output probability mea-
sure is well-defined. The above equation shows that a channel is simply
a regular conditional probability, in particular,

Vx(F) = p((x,y):y € F|x);F € Bg",x € A".

We can relate a channel to the notation used previously for con-
ditional distributions by using the sequence-valued random variables
X={Xy;nmeTlandY = {Y,;n € T}:

vx (F) = Pyx (F|x). (2.1)

Eq. (1.28) then provides the probability of an arbitrary input/output
event:

p(F) = jdu(x)vxwx),

where Fy = {yv : (x,y) € F} is the section of F at x.
If we start with a hookup p, then we can obtain the input distribution
u as
u(F) = p(F x B");F € By".

Similarly we can obtain the output distribution, say n, via
n(F) = p(AT x F);F € Bg".

Suppose one now starts with a pair process distribution p and hence
also with the induced source distribution u. Does there exist a channel v
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for which p = pv? The answer is yes since the spaces are standard. One
can always define the conditional probability v« (F) = P(F x AT|X = x)
for all input sequences Xx, but this need not possess a regular version,
that is, be a probability measure for all x, in the case of arbitrary alpha-
bets. If the alphabets are standard, however, we have seen that a regular
conditional probability measure always exists.

2.3 Stationarity Properties of Channels

We now define a variety of stationarity properties for channels that are
related to, but not the same as, those for sources. The motivation be-
hind the various definitions is that stationarity properties of channels
coupled with those of sources should imply stationarity properties for
the resulting source-channel hookups.

The classical definition of a stationary channel is the following: Sup-
pose that we have a channel [A, v, B] and suppose that T4 and Ty are the
shifts on the input sequence space and output sequence space, respec-
tively. The channel is stationary with respect to T4 and Tp or (T4, Tg)-
stationary if

V(T 'F) = vi,x(F),x € A", F € Bp". (2.2)

If the transformations are clear from context then we simply say that the
channel is stationary. Intuitively, a right shift of an output event yields
the same probability as the left shift of an input event. The different
shifts are required because in general only Tox and not T, Ix exists since
the shift may not be invertible and in general only Tz 'F and not TgF
exists for the same reason. If the shifts are invertible, e.g., the processes
are two-sided, then the definition is equivalent to

Viux (TgF) = vy (T 'F) = v (F), all x € A", F € B" (2.3)

that is, shifting the input sequence and output event in the same direc-
tion does not change the probability.

The fundamental importance of the stationarity of a channel is con-
tained in the following lemma.

Lemma 2.1. If a source [ A, u], stationary with respect to T4, is connected
to channel [A, v, B], stationary with respect to T4 and Tg, then the result-
ing hookup uv is stationary with respect to the cartesian product shift
T = Taxp = Ta X Tp defined by T(x,y) = (Tax,Tgy).

Proof: We have that

uv(T1F) = jdu(x)vx((rllf),c).
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Now

(T7'F)x = {y: T(x,y) € F} = {y : (Tax, Tpy) € F}
={y:Tgy € Fryx} = Ty 'Fr,x

and hence
uv(T-1F) = Jdu(x)vx(TglFTAx).

Since the channel is stationary, however, this becomes

uv(T-1F) = jdu(x)vm (Frox) = JduTgl(x)vx (Fy),

where we have used the change of variables formula. Since u is station-
ary, however, the right hand side is

jdu(x)vxm,

which proves the lemma. O

Suppose next that we are told that a hookup pv is stationary. Does it
then follow that the source y and channel v are necessarily stationary?
The source must be since

p(T{'F) = uv((Ta x Tg) "' (F x BT)) = uv(F x BT) = u(F).

The channel need not be stationary, however, since, for example, the
stationarity could be violated on a set of u measure 0 without affecting
the proof of the above lemma. This suggests a somewhat weaker notion
of stationarity which is more directly related to the stationarity of the
hookup. We say that a channel [A, v, B] is stationary with respect to a
source [ A, u] if uv is stationary. We also state that a channel is stationary
u-a.e. if it satisfies (2.2) for all x in a set of u-probability one. If a channel
is stationary p-a.e. and p is stationary, then the channel is also stationary
with respect to . Clearly a stationary channel is stationary with respect
to all stationary sources. The reason for this more general view is that
we wish to extend the definition of stationary channels to asymptotically
mean stationary channels. The general definition extends; the classical
definition of stationary channels does not.

Observe that the various definitions of stationarity of channels imme-
diately extend to block shifts since they hold for any shifts defined on
the input and output sequence spaces, e.g., a channel stationary with re-
spect to TY and TX could be a reasonable model for a channel or code
that puts out K symbols from an alphabet B every time it takes in N
symbols from an alphabet A. We shorten the name (TY, TX)-stationary
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to (N, K)-stationary channel in this case. A stationary channel (without
modifiers) is simply a (1,1)-stationary channel in this sense.

The most general notion of stationarity that we are interested in is
that of asymptotic mean stationarity We define a channel [A, v, B] to be
asymptotically mean stationary or AMS for a source [A, u] with respect
to T4 and T if the hookup uv is AMS with respect to the product shift
T4 x Tp. As in the stationary case, an immediate necessary condition is
that the input source be AMS with respect to T4. A channel will be said
to be (T4, T)-AMS if the hookup is (T4, Tg)-AMS for all T4-AMS sources.

The following lemma shows that an AMS channel is indeed a gen-
eralization of the idea of a stationary channel and that the stationary
mean of a hookup of an AMS source to a stationary channel is simply
the hookup of the stationary mean of the source to the channel.

Lemma 2.2. Suppose that v is (Tx, Tg)-stationary and that u is AMS with
respect to T. Let 1 denote the stationary mean of u and observe that v
is stationary. Then the hookup v is AMS with stationary mean

v = fv.
Thus, in particular, v is an AMS channel.
Proof: We have that

(T7'F)x = {y: (x,¥) € T 'F} = {y: Ti(;c,y) € F}
={y:(Tix,Tgy) e F} ={y:Tgy € Fzj}

_ Toip .
_TB Tix

and therefore since v is stationary
U (TF) = [ duovs T3 )
= Jdu(x)vTAX(FTAX) = JduTgi(x)vX (F).

Therefore

lnf V(TT'F) = lnzlfd Ty (x) vy (F)
n izou - n = KLy X

o | eV < v )

from Lemma 6.5.1 of [55] or Lemma 7.9 if [58]. This proves that uv is
AMS and that the stationary mean is uv. |

A final property crucial to quantifying the behavior of random pro-
cesses is that of ergodicity. Hence we define a (stationary, AMS) channel
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v to be ergodic with respect to (T4, Tp) if it has the property that when-
ever a (stationary, AMS) ergodic source (with respect to T4) is connected
to the channel, the overall input/output process is (stationary, AMS) er-
godic. The following modification of Lemma 6.7.4 of [55] or Lemma 7.15
of [58] is the principal tool for proving a channel to be ergodic.

Lemma 2.3. An AMS (stationary) channel [ A, v@] is ergodic if for all AMS
(stationary) sources p and all sets of the form F = Fo X Fz, G = G4 X Gp
for rectangles Fa,Ga € By and Fg,Gp € By we have that for p = uv

1 n-1 o o B -
lim = > p(TypF(16) = P(F)pG), (2.4)
i=0

where p is the stationary mean of p (p if p is already stationary).

Proof: The proof parallels that of Lemma 6.7.4 of [55] or Lemma 7.15
of [58]. The result does not follow immediately from that lemma since
the collection of given sets does not itself form a field. Arbitrary events
F,G € Bj,p can be approximated arbitrarily closely by events in the
field generated by the above rectangles and hence given € > 0 we can
find finite disjoint rectangles of the given form F;, G;,i =1,-- - ,L such
that if Fo = U_, F; and Go = U%_, Gy, then p(FAFy), p(GAGy), P(FAF),
and p(GAGy) are all less than €. Then

n-1
LS T EN6) - BEIPG) <
h k=0
1 n-1 1 n—1
= > p(T*F(G) - = > p(T*Fy(Go)l+
n,> n o
n-1
% S p(T*Fy () Go) — B(Fo)p(Go)| + 1P (Fo)p(Go) — BIF)p(G)I.
k=0

Exactly as in Lemma 6.7.4 of [55], the rightmost term is bound above by
2¢€ and the first term on the left goes to zero as n — . The middle term
is the absolute magnitude of

n—

% p(T*UENUG) -a(JFp(UG)) =
i J i J

1
k=0
1 n-1
> (n > p(T*F (G —;o(ﬂ)p(cj)).

i,j k=0

Each term in the finite sum converges to 0 by assumption. Thus p is
ergodic from Lemma 6.7.4 of [55] or Lemma 7.15 of [58]. O
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Because of the specific class of sets chosen, the above lemma con-
sidered separate sets for shifting and remaining fixed, unlike using the
same set for both purposes as in Lemma 6.7.4 of [55] or Lemma 7.15
of [58]. This was required so that the cross products in the final sum
considered would converge accordingly.

2.4 Extremes: Noiseless and Completely Random Channels

The first two examples of channels are the simplest, the first doing noth-
ing to the input but reproducing it perfectly and the second being use-
less (at least for communication purposes) since the output is random
and independent of the input. Both extremes provide simple examples
of the properties of channels, and the completely random example will
reappear when applying channel structure ideas to sources.

Noiseless Channels

A channel [A, v, B] is said to be noiseless if A = B and

1 xeF
VX(F):{O x ¢F

that is, with probability one the channel puts out what goes in, it acts as
an ideal wire. In engineering terms, it is discrete-time linear system with
impulse response equal to an impulse.

A noiseless channel is clearly stationary and ergodic.

Completely Random Channels

Suppose that n is a probability measure on the output space (BT, Bz")
and define a channel

vy (F) = n(F),F € Bg",x € A".
Then it is easy to see that the input/output measure satisfies
p(G X F) =n(F)u(G);F € Bg",G € Ba",

and hence the input/output measure is a product measure and the in-
put and output sequences are therefore independent of each other. This
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channel is called a completely random channel or product channel be-
cause the output is independent of the input.

This channel is quite useless because the output tells us nothing of the
input. The completely random channel is stationary (AMS) if the measure
n is stationary (AMS). Perhaps surprisingly, such a channel need not be
ergodic even if n is ergodic since the product of two stationary and er-
godic sources need not be ergodic. (See, e.g., [22].) We shall later see that
if n is also assumed to be weakly mixing, then the resulting channel is
ergodic.

A generalization of the noiseless channel that is of much greater in-
terest is the deterministic channel. Here the channel is not random, but
the output is formed by a general mapping of the input rather than being
the input itself.

2.5 Deterministic Channels and Sequence Coders

A channel [A, v, B] is said to be deterministic if each input string x is
mapped into an output string f(x) by a measurable mapping f : AT —
BT. The conditional probability defining the channel is

1 fx)eaG

vx(6) = S(o Fx) 6.

Note that such a channel can also be written as
Vi (G) = 1f—1 (G) (X)

A sequence coder is a deterministic channel, that is, a measurable map-
ping from one sequence space into another. It is easy to see that for a
deterministic code the hookup is specified by

p(FxG)=uF(f1G)
and the output process has distribution
n(G) = u(f1(G).

A sequence coder is said to be (T4, Tg)-stationary (or just stationary)
or (TY, TK)-stationary (or just (N,K)-stationary) if the corresponding
channel is. Thus a sequence coder f is stationary if and only if f(Tyx) =
Tgf(x) and it is (N, K)- stationary if and only if f(TYx) = Tx f(x).

Lemma 2.4. A stationary deterministic channel is ergodic.

Proof: From Lemma 2.3 it suffices to show that
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1 n-1 )
lim — 3 p(Ti{pF()G) = p(F)P(G)
i=0

for all rectangles of the form F = Fy x Fg, Fa € Bg", F € BA"T and
G = G4 X Gg. Then

p(TiipF()G) = p((Ty'Fa(|Ga) X (T5'Fg () Gp))
= u((Ty'Fa[Ga) [\ N(T5'Fs[ ) Gp))-
Since f is stationary and since inverse images preserve set theoretic op-

erations,

SN T Fg(\Gp) = Ti' f 1 (Fp) ().f " (Gp)

and hence

S|

1 n-1 )
n > p(TipF(1G) =
i=0

n-1
ST FA( Y E) (Ga[ ) H(Gr))
=0

= H(Fa (S 1 FEp))p(Ga[)fH(Gp))
= p(FaxFp)p(Ga X Gp)

n

since u is ergodic. This means that the rectangles meet the required con-
dition. Some algebra then will show that finite unions of disjoint sets
meeting the conditions also meet the conditions and that complements
of sets meeting the conditions also meet them. This implies from the
good sets principle (see, for example, p. 14 of [55] or p. 50 in [58]) that
the field generated by the rectangles also meets the condition and hence
the lemma is proved. O

2.6 Stationary and Sliding-Block Codes

A stationary deterministic channel is also called a stationary code, so
it follows that the output of a stationary code with a stationary input
process is also stationary. A stationary code has a simple and useful
structure. Suppose one has a mapping f : AT — B, that is, a mapping
that maps an input sequence into a single output symbol. We can define
a complete output sequence y corresponding to an input sequence x by

yn=f(Tix);neT, (2.5)

that is, we produce an output, then shift or slide the input sequence
by one time unit, and then we produce another output using the same
function, and so on. A mapping of this form is called a sliding-block code
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because it produces outputs by successively sliding an infinite-length
input sequence and each time using a fixed mapping to produce the out-
put. The sequence-to-symbol mapping implies a sequence coder, say f,
defined by f(x) = {f(T{x);n € T}. Furthermore, f(Tax) = Tgf(x),
that is, a sliding-block code induces a stationary sequence coder. Con-
versely, any stationary sequence coder f induces a sliding-block code f
for which (2.5) holds by the simple identification f(x) = (f(x))o, the
output at time 0 of the sequence coder. Thus the ideas of stationary
sequence coders mapping sequences into sequences and sliding-block
codes mapping sequences into letters by sliding the input sequence are
equivalent. We can similarly define an (N, K)-sliding-block code which
is a mapping f : AT — BK which forms an output sequence y from an
input sequence x via the construction

ny = f(TA]\\]nx)-

By a similar argument, (N, K)-sliding-block coders are equivalent to
(N, K)-stationary sequence coders. When dealing with sliding-block codes
we will usually assume for simplicity that K is 1. This involves no loss in
generality since it can be made true by redefining the output alphabet.

The following stationarity property of sliding-block codes follows
from the properties for stationary channels, but the proof is given for
completeness.

Lemma 2.5. If f is a stationary coding of an AMS process, then the process
{fn = fT"} is also AMS. If the input process is ergodic, then so is { f,}.

Proof: Suppose that the input process has alphabet Ax and distribution
P and that the measurement f has alphabet Ay. Define the sequence
mapping f : AY — A} by f(x) = {fu(x); n € T}, where fu(x) =
Sf(T"x) and T is the shift on the input sequence space A%. Lf T also
denotes the shift on the output space, then by construction f(Tx) =
T F(x) and hence for any output event F, f  (T-1F) = T-1F ' (F). Let m
denote the process distribution for the encoded process. Since m(F) =

P(ffl(F )) for any event F € B(Af)® , we have using the stationarity of
the mapping f that

n-1

n-1
lim — > m(T7'F) = lim 1 S P(F (T
e mn o NS
n-1
= Jim = > P ) = PG ),
i=0

where P is the stationary mean of P. Thus m is AMS. If G is an in-
1 ——1
variant output event, then f (G) is also invariant since T-!f (G) =
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-1 P . . .

f (T71G). Hence if input invariant sets can only have probability 1 or
0, the same is true for output invariant sets. O

Finite-length Sliding-Block Codes

Stationary or sliding-block codes have a simple description when the
sequence-to-symbol mapping characterizing the code depends on only a
finite number of the sequence values; that is, the mapping is measurable
with respect to a finite number of coordinates. As a particularly simple
example, consider the code depicted in Figure 2.1, where an IID process
{Zy} consisting of equiprobable coin flips is shifted into a length 3 shift
register at the completion of the shift the table is used to produce one
output value given the three binary numbers in the shift register. For

ZnZn-1Zn-2 Yn
{Zpy—» Zn | Zn-1 | Zn-2 shift register 000 0.7683
001 -0.4233
010 -0.1362
011 1.3286

100 0.4233

(& Vo= $(Zn a1, 20 01 [0.1362

110 -1.3286

function, table 111 0.7633

Fig. 2.1 A length 3 stationary code

the curious, this simple code tries to map coin flips into a sequence that
looks approximately Gaussian. The output values correspond to eight
possible values of an inverse cdf for a 0 mean Gaussian random variable
with variance 3/4 evaluated at 8 equally spaced points in the unit inter-
val. The values are “scrambled” to reduce correlation, but the marginal
distribution is an approximation to Shannon optimal distribution when
simulating or source coding an IID Gaussian sequence with mean 0 and
variance 1. All of these ideas will be encountered later in the book.

More generally, suppose that we consider two-sided processes and
that we have a measurable mapping

D
(I): :>EMAL'—>B

1

and we define a sliding-block code by

f(x)=¢p(x_pm,---,X0," " ,XD),
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so that the output process is
Yn = ¢(X’VL—M! e !X’l’ly' " an+D)J

a mapping of the contents of a shift register as depicted in Figure 2.2.
Note that the time order is reversed in the shift-register representa-

Xn—>Xn+p e Xn T Xn-Mm

Yn :f(X‘H.+D!' e X, ,anM)

Fig. 2.2 Stationary or sliding-block code

tion since in the shift register new input symbols flow in from the
left and exit from the right, but the standard way of writing a se-
quence is - -+, Xn-2, Xn-1, Xn, Xn+1, Xns2, - - - with “past” symbols on
the left and “future” symbols on the right. The standard shift is the left
shift so that shifting the above sequence results in the new sequence
e Xn-1, X, Xnt1, Xnt2, Xne3, - - . Rather than adding to the nota-
tional clutter by formally mapping sequences or vectors into a reversed-
time form, we shall suffer the minor abuse of notation and follow tra-
dition by using the first format (time increases to the left) for shift-
registers, and the second notation (time increases to the right) when
dealing with theory and stationary mappings. Context should make the
usage clear and clarification will be added when necessary.

The length of the code is the length of the shift register or dimension
of the vector argument, L = D + M + 1.

The mapping ¢ induces a sequence-to-symbol mapping f and a cor-
responding stationary sequence coder f. The mapping ¢ is also called a
sliding-block code or a finite-length sliding-block code or a finite-window
sliding-block code. M is called the memory of the code and D is called
the delay of the code since M past source symbols and D future symbols
are required to produce the current output symbol. The window length
or constraint length of the code is M + D + 1, the number of input sym-
bols viewed to produce an output symbol. If D = 0 the code is said to be
causal. If M = 0 the code is said to be memoryless.
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There is a problem with the above model if we wish to code a one-
sided source since if we start coding at time 0, there are no input sym-
bols with negative indices. Hence we either must require the code be
memoryless (M = 0) or we must redefine the code for the first M in-
stances (e.g., by “stuffing” the code register with arbitrary symbols) or
we must only define the output for times i > M. For two-sided sources
a finite-length sliding-block code is stationary. In the one-sided case it
is not even defined precisely unless it is memoryless, in which case it is
stationary.

While codes that depend on infinite input sequences may not at first
glance seem to be a reasonable physical model of a coding system, it is
possible for such codes to depend on the infinite sequence only through
a finite number of coordinates. In addition, some real codes may indeed
depend on an unboundedly large number of past inputs because of feed-
back.

Sliding-Block Codes and Partitions

Codes mapping sequences (or vectors) into discrete alphabets have an al-
ternative representation in terms of partitions and range spaces or code-
books. Given a sliding-block code f : A* — B where B is discrete, suppose
that we index the members of the set B as B = {b;;i € I} where I is a
finite or infinite collection of positive integers. Since codes are assumed
to be measurable mappings, the sets P; = {x : x € A® : f(x) = b;} =
F~Y(by), i €1, collectively form a measurable partition P = {P;,i € I} of
A®; that is, they are disjoint and collectively exhaustive. The sets P; are
referred to as the atoms of the partition. The range space B = {b;;i € I}
is called the codebook of the code f or output alphabet and it will be as-
sumed without loss of generality that its members are distinct. The code
f can be expressed in terms of its partition and codebook by

f(x) =Y bilp(x), (2.6)
i
where 1p(x) is the indicator function for a set P. Conversely, given a
partition and a codebook, (2.6) describes the corresponding code.
B-Processes

One use of sliding-block codes is to provide an easy yet powerful gen-
eralization of the simplest class of random processes. IID random pro-
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cesses provide the simplest nontrivial example of a random process, typ-
ically the first example of a random process encountered in introductory
courses is that of sequence of coin flips or rolls of a die. IID processes
have no memory and are generally the easiest example to analyze. Sta-
tionary or sliding-block coding of an IID process preserves many of the
most useful properties of the IID process, including stationarity, ergodic-
ity, and mixing. In addition to providing a common mathematical model
of many real processes, processes formed this way turn out to be one of
the most important classes of processes in ergodic theory in a way that
is relevant to this book — the class of stationary codings of IID processes
is exactly the class of random processes for which equal entropy rate is
both necessary and sufficient for two processes to be isomorphic in the
sense that one can be coded by a stationary code into the other in an
invertible way. This result is Ornstein’s isomorphism theorem, a result
far beyond the scope of this book. But the importance of the class was
first recognized in ergodic theory, and adds weight to its emphasis in
this presentation of entropy and information theory.

A process is said to be a B-process if it can be represented as a finite-
alphabet stationary coding of an independent identically distributed (IID)
process, where the IID process need not have a finite alphabet. Such pro-
cesses are also called or Bernoulli processes in ergodic theory, but in in-
formation theory that name usually implies IID processes (often binary)
and not the more general case of any stationary coding of an IID pro-
cess, so here the name B-process will be used exclusively. The definition
also extends to continuous alphabet processes, for example a stationary
Gaussian autoregressive processes is also a B-process since it can be rep-
resented as the result of passing an IID Gaussian process through a sta-
ble autoregressive filter, which is a stationary mapping [173]. The empha-
sis here, however, will be on ordinary finite-alphabet B-processes. There
are many other characterizations of this class of random processes, but
the class of stationary codings of IID processes is the simplest and most
suitable for the purposes of this book.

Let u denote the original distribution of the IID process and let n
denote the induced output distribution. Then for any output events F
and G

nENT"6) = u(F  FNT6) = u(F E N TiF (6,

since f is stationary. But u is stationary and mixing since it is IID (see
Section 6.7 of [55] or Section 7.7 of [58]) and hence this probability con-
verges to

u(F EWuF (6)) = n(F)nG)

and hence n is also mixing. Thus a B-process is mixing of all orders and
hence is ergodic with respect to Tg for all positive integers n.
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B-processes can be thought of as the most random of random pro-
cesses since they have at their heart an IID process such as coin flips or
dice rolls.

2.7 Block Codes

Another case of sequence coding arises when we have a measurable map-
ping « : AN — BX and we define a sequence coder f(x) = y by

Ve = nks ka1, Yenk-1) = a(xhy),

that is, the input is parsed into nonoverlapping blocks of length N and
each is successively coded into a block of length K outputs without re-
gard to past or previous input or output blocks. Clearly N input time
units must correspond to K output time units in physical time if the
code is to make sense. A code of this form is called a block code and it
is a special case of an (N, K) sliding block code so that such a code is
(T¥, TX)-stationary.

Block Independent Processes

As sliding-block coding of an IID process leads to a more general class
of random processes, one can also apply a block code to an IID pro-
cess to obtain a more general class of random processes including IID
processes as a special case (with blocklength = 1). The resulting process
will be block independent in the sense that successive K-blocks will be
independent since they depend on independent input N blocks. Unlike
B-processes, however, the new processes are not in general stationary or
ergodic even if the input was. The process can be modified by inserting
a random uniformly distributed start time to convert the K-stationary
process into a stationary process, but in general ergodicity is lost and
sample functions will still exhibit blocking artifacts.

Sliding-Block vs. Block Codes

We shall be interested in constructing sliding-block codes from block
codes and vice versa. Each has its uses. The random process obtained in
the next section by sliding-block coding a stationary and ergodic process
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will provide a key tool in constructing stationary codes and channels
from block-stationary ones.

2.8 Random Punctuation Sequences

This section develops an example of a sliding-block coding of a station-
ary and ergodic process to obtain a special random process called a ran-
dom punctuation sequence which can be used to imbed a block structure
into a stationary process in a way that preserves ergodicity and mixing
properties in codes and channels. Any stationary and ergodic process
can be used in the construction, but if the initial process is a B-process,
then the resulting puncutation process will also be a B-process.

The results are a a variant of a theorem of Shields and Neuhoff [167]
as simplified by Neuhoff and Gilbert [131] for sliding-block codings of
finite-alphabet processes.

Lemma 2.6. Suppose that {X,,} is a stationary and ergodic process. Then
given N and 6 > 0 there exists a stationary (or sliding-block) coding
f: AT — {0,1, 2} yielding a ternary process {Z,} with the following prop-
erties:

(a) {Z,} is stationary and ergodic.

(b) {Z,} has a ternary alphabet {0, 1,2} and it can output only N-cells
of the form 011 - - -1 (0 followed by N — 1 ones) or individual 2’s. In
particular, each 0 is always followed by at exactly N — 1 1’s.

(c) For all integers k

1-6
N

1
< —
N

<Pr(z} =011---1)

and hence for any n
Pr(Z, isinan N —cell) > 1 - 9.

Comment: A process {Z,} with these properties is called an (N,0)-
random blocking process or punctuation sequence {Z,}. As a visual aid,
a segment of a typical punctuation sequence might look like

---111]J{011---1]J[011---1][011---1][011---1]2[011---1][011---1]
[— —_— [ — —_— —_—— —_—
N-11's N-11's N-11's N-11's N-11's N-11's
[011---1][011---1][011---1][012---1][011---1]222[011---1]0111-~--
—— —— —— — —_—— —_—
N-11's N-11's N-11's N-11's N-11's N-11's

with the most of the sequence taken up by N-cells with a few 2’s inter-
spersed.
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Proof. A sliding-block coding is stationary and hence coding a station-
ary and ergodic process will yield a stationary and ergodic process
(Lemma 2.4), which proves the first part. Pick an € > 0 such that eN < 9.
Given the stationary and ergodic process {X,} (that is also assumed to
be aperiodic in the sense that it does not place all of its probability on a
finite set of sequences) we can find an event G € B," having probability
less than €. Consider the event F = G~ Ui, TG, that s, F is the collec-
tion of sequences x for which x € G,but Tix ¢ Gfori=1,--- ,N —1.
We next develop several properties of this set.

First observe that obviously u(F) < u(G) and hence u(F) < € The
sequence of sets T~'F are disjoint since if y € T~'F, then Ty € F C G
and T"*'y ¢ G forl = 1,---,N — 1, which means that 77y ¢ G and
hence T/y ¢ F for N —1 > j > i. Lastly we need to show that although F
may have small probability, it is not 0. To see this suppose the contrary,
that is, suppose that u(G — UY;' T-IG) = 0. Then

N-1 N-1
nGU 17°6) =u(G) —u(Gc (Y T7'6)°) = u(G)
i=1

i=1

and hence p(UY,' T-IG|G) = 1. In words, if G occurs, then it is certain
to occur again within the next N shifts. This means that with probability
1 the relative frequency of G in a sequence x must be no less than 1/N
since if it ever occurs (which it must with probability 1), it must there-
after occur at least once every N shifts. This is a contradiction, however,
since this means from the ergodic theorem that u(G) > 1/N when it was
assumed that u(G) < € < 1/N. Thus it must hold that u(F) > 0.

We now use the rare event F to define a sliding-block code. The general
idea is simple, but a more complicated detail will be required to handle
a special case. Given a sequence x, define n(x) to be the smallest i for
which Tix € F;that s, we look into the future to find the next occurrence
of F. Since F has nonzero probability, n(x) will be finite with probability
1. Intuitively, n(x) should usually be large since F has small probability.
Once F is found, we code backwards from that point using blocks of
a 0 prefix followed by N — 1 1’s. The appropriate symbol is then the
output of the sliding block code. More precisely, if n(x) = kN + [, then
the sliding-block code prints a 0 if [ = 0 and prints a 1 otherwise. This
idea suffices until the event F actually occurs at the present time, that is,
when n(x) = 0. At this point the sliding-block code has just completed
printing an N-cell of 0111 - - - 1. It should not automatically start a new
N-cell, because at the next shift it will be looking for a new F in the
future to code back from and the new cells may not align with the old
cells. Thus the coder looks into the future for the next F; that is, it again
seeks n(x), the smallest i for which Tix e F. This time n(x) must be
greater than or equal to N since x is now in F and T~'F are disjoint for
i=1,---N-1.After finding n(x) = kN + [, the coder again codes back
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to the origin of time. If [ = 0, then the two codes are aligned and the
coder prints a 0 and continues as before. If [ # 0, then the two codes
are not aligned, that is, the current time is in the middle of a new code
word. By construction I < N — 1. In this case the coder prints [ 2’s (filler
poop) and shifts the input sequence [ times. At this point there is an
n(x) = kN for such that T"®)x € F and the coding can proceed as
before. Note that k is at least one, that is, there is at least one complete
cell before encountering the new F.

By construction, 2’s can occur only following the event F and then no
more than N 2’s can be produced. Thus from the ergodic theorem the
relative frequency of 2’s (and hence the probability that Z,, is not in an
N-block) is no greater than

1 n-1 ) 1 n-1 ) 5
lim — > 15(Zo(T'x)) < lim = > 1x(T'x)N = Nu(F) < N =g,
e m i e mn i N
(2.7)
that is,
Pr(Z,isinan N —cell) > 1 - §.

Since Z, is stationary by construction,
Pr(Zy =011---1) =Pr(Z) =011---1) for all k.

Thus
1 N-1
Pr(Z) =011---1) == > Pr(Z} =011---1).

N k=0

The events {Z{Q’ =011---1}, k = 0,1,...,N — 1 are disjoint, however,
since there can be at most one 0 in a single block of N symbols. Thus

N-1
NPr(zN =011---1) = > Pr(Z =011---1)
k=0
N-1
=Pr(|J{zy =011---1}). (2.8)
k=0

Thus since the rightmost probability is between 1 — 6 and 1,

1
N

1-6
N

>Pr(z) =011---1) >

which completes the proof. O

The following corollary shows that a finite-length sliding-block code
can be used in the lemma.
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Corollary 2.1. Given the assumptions of the lemma, a finite-length sliding-
block code exists with properties (a)-(c).

Proof. The sets G and hence also F can be chosen in the proof of the
lemma to be finite dimensional, that is, to be measurable with respect
to o(X_g, - --,Xg) for some sufficiently large K. Choose these sets as
before with 6/2 replacing 6. Define n(x) as in the proof of the lemma.
Since n(x) is finite with probability one, there must be an L such that if

Br = {x:n(x) > 1L},

then
(Br) <§
Hiby, 5

Modify the construction of the lemma so that if n(x) > L, then the
sliding-block code prints a 2. Thus if there is no occurrence of the de-
sired finite dimensional pattern in a huge bunch of future symbols, a 2
is produced. If n(x) < L, then f is chosen as in the proof of the lemma.
The proof now proceeds as in the lemma until (2.7), which is replaced by

1 n-1 ) 1 n-1 ) 1 n-1 )
lim = > 1,(Zo(T'x)) < lim = > 15 (T'x) + lim — > 1p(T'x)N <.
n—o N - n—o N n—oo N :
i=0 i=0 i=0
The remainder of the proof is the same. O

Application of the lemma to an IID source and merging the symbols 1
and 2 in the punctuation process immediately yield the following result
since coding an IID process yields a B-process.

Corollary 2.2. Given an integer N and a 6 > 0 there exists an (N, 0)-
punctuation sequence {Zy,} with the following properties:

(a) {Zy} is B-process (and hence stationary, ergodic, and mixing).

(b) {Z,} has a binary alphabet {0,1} and it can output only N-cells of
the form 011 - - - 1 (0 followed by N — 1 ones) or individual ones; that
is, each zero is always followed by at least N — 1 ones.

(c) For all integers k

1-6
N

1
Si
N

<Pr(Z} =011---1)

and hence for any n
Pr(Z, isinan N —cell) > 1 - §.

Random punctuation sequences are closely related to the Rohlin-
Kakutani theorem, a classic result of ergodic theory. The language and
notation is somewhat different and we shall return to the topic at the
end of this chapter.
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2.9 Memoryless Channels

Suppose that gqx,(-) is a probability measure on B; for all xo € A and
that for fixed F ,qx, (F) is a measurable function of x¢. Let v be a channel
specified by its values on output rectangles by

VX(ié]IFi) = HQX,-(Fi),

i€]

for any finite index set J C T. Then v is said to be a memoryless channel.
Intuitively,
Pr(Y; € Fi;i € JIX) = [ [Pr(Y; € FilXy).
i€]

In fact two forms of memorylessness are evident in a memoryless
channel. The channel is input memoryless in that the probability of an
output event involving {Y;;i € {k,k + 1,--- ,m}} does not involve any
inputs before time k, that is, the past inputs. The channel is also input
nonanticipatory since this event does not depend on inputs after time m,
that is, the future inputs. The channel is also output memoryless in the
sense that for any given input x, output events involving nonoverlapping
times are independent, i.e.,

V(Y1 €F1 (Y2 € F2) = v (Y1 € F1)vx (Y, € F).

2.10 Finite-Memory Channels

A channel v is said to have finite input memory of order M if for all
one-sided events F and all n

Ve (Y, Yns1,- - +) €F) = v (Y, Yns1,+ - ) €F)

whenever x; = x; for i = n — M. In other words, for an event involving
Y;’s after some time n, knowing only the inputs for the same times and
M time units earlier completely determines the output probability. Sim-
ilarly v is said to have finite anticipation of order L if for all one-sided
events F and all n

Ve ((- -, Yp) €EF) = vy ((---,Yy) €F)

provided x; = x; for i < n + L. That is, at most L future inputs must
be known to determine the probability of an event involving current and
past outputs.

Channels with finite input memory were introduced by Feinstein [41].
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A channel v is said to have finite output memory of order K if for all
one-sided events F and G and all inputs x, if k > K then

Val(-+, Yn) € F(\(Ynuk, - +) €G) =
V(- -+, Yn) € F)vy((Ypik,---) € G);

that is, output events involving output samples separated by more than
K time units are independent.

Channels with finite output memory were introduced by Wolfowitz
[195].

Channels with finite memory and anticipation are historically impor-
tant as the first real generalizations of memoryless channels for which
coding theorems could be proved. Furthermore, the assumption of finite
anticipation is physically reasonable as a model for real-world communi-
cation channels. The finite memory assumptions, however, exclude many
important examples, e.g., finite-state or Markov channels and channels
with feedback filtering action. Hence we will emphasize more general no-
tions which can be viewed as approximations or asymptotic versions of
the finite memory assumption. The generalization of finite input mem-
ory channels requires some additional tools and is postponed to the next
chapter. The notion of finite output memory can be generalized by using
the notion of mixing.

2.11 Output Mixing Channels

A channel is said to be output mixing (or asymptotically output indepen-
dent or asymptotically output memoryless) if for all output rectangles F
and G and all input sequences x

1/111—1:{}0 |Vx(T7nFﬂG) - Vx(TinF)Vx(GH =0.

More generally it is said to be output weakly mixing if

n-1
m = > [ve(T-F()G) = va(T-F)vx(G)| = 0.
[ L

Unlike mixing systems, the above definitions for channels place con-
ditions only on output rectangles and not on all output events. Output
mixing channels were introduced by Adler [2].

The principal property of output mixing channels is provided by the
following lemma.
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Lemma 2.7. If a channel is stationary and output weakly mixing, then it
is also ergodic. That is, if v is stationary and output weakly mixing and if
u is stationary and ergodic, then also uv is stationary and ergodic.

Proof: The process uv is stationary by Lemma 2.1. To prove that it is
ergodic it suffices from Lemma 2.3 to prove that for all input/output
rectangles of the form F = Fg X Fa, Fg € Ba", F4 € Bg"T,and G = Gy X G4
that

n-1

lim — Z pv(T'F(G) = pv(F)uv(G).

We have that

%i pv(T'F () G) - m(F)m(G) =

>_‘

uv((Tz'Fp ﬂGB) X (TAIFAﬂGA)) — UV (Fp X FA)uv(Gp X Ga) =
i=0
n-1

1 .
S| auGova(Ty () Ga) — MV (F X Ea (G X Ga) =
n i=0 TA"FAﬂGA

15
n

% Z (JT;iFAﬂGA dp(x)vx(Ty 'Fy () Gp)

J du<x)vx<rgiFB>vx<GB>) +
TiiFANGa

1 - .
E Z (JTiF ne dH(X)Vx(T];lFB)Vx(GB) — uv(Fg X FA)uv(Gp X GA)) )

i—0

The first term is bound above by
= Ap () Ve (T3 Fs () Ga) — v (Ty Fi) v (Gp)| <
n Ty FANGa

jdu(x); S Iva (T3 Fy () Ga) — va (T~ Fp) v (Ga)
i=0

which goes to zero from the dominated convergence theorem since the
integrand converges to zero from the output weakly mixing assumption.
The second term can be expressed using the stationarity of the channel
as

j Apx) Ve (Gy) 5 1y (T4) Vi (Fi) = pv (F)Uv(G).
i=0
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The ergodic theorem implies that as n — o the sample average goes to
its expectation

Jdu(X)lFA (x)vx (Fg) = uv (F)

and hence the above formula converges to 0, proving the lemma. O
The lemma provides an example of a completely random channel that
is also ergodic in the following corollary.

Corollary 2.3. Suppose that v is a stationary completely random channel
described by an output measure . If n is weakly mixing, then v is ergodic.
That is, if u is stationary and ergodic and n is stationary and weakly
mixing, then uv = u x n is stationary and ergodic.

Proof: If n is weakly mixing, then the channel v defined by vy (F) = n(F),
all x € AT, F € BT is output weakly mixing. Thus ergodicity follows
from the lemma. O

2.12 Block Independent Channels

The idea of a memoryless channel can be extended to a block memo-
ryless or block independent channel. Given integers N and K (usually
K = N) and a probability measure g~ (-) on B for each xN € AN such
that g, (F) is a measurable function of xN for each F € BX. Let v be
specified by its values on output rectangles by

3]
vx(¥iyi€Gii=m,- - m+n—1) = [[aw (G,
i=0

where G; € Bg, all i, where | z] is the largest integer contained in z, and
where
m+(i+1)K-1
Gi= X Fj
Jj=m+iK

with F; = B if j = m + n. Such channels are called block memoryless
channels or block independent channels.. A deterministic block indepen-
dent and block stationary channel is a sequence coder formed by a block
code.

The primary use of block independent channels is in the construction
of a channel given finite-dimensional conditional probabilities; that is,
one has probabilities for output K-tuples given input N-tuples and one
wishes to model a channel consistent with these finite-dimensional dis-
tributions. The finite-dimensional distributions themselves may be the
result of an optimization problem or an estimate based on observed
behavior. An immediate problem is that a channel constructed in this
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manner may not be stationary, although it is clearly (N, K)-stationary.
In Section 2.14 it is seen how to modify a block independent channel
S0 as to produce a stationary channel. The basic idea is to occasionally
insert some random spacing between the blocks so as to “stationarize”
the channel.

Block independent channels are a special case of the class of condi-
tionally block independent channels, which are considered next.

2.13 Conditionally Block Independent Channels

A conditionally block independent (CBI) channel resembles the block in-
dependent channel in that for a given input sequence the outputs are
block independent. It is more general, however, in that the conditional
probabilities of the output block may depend on the entire input se-
quence (or at least on parts of the input sequence not in the same time
block).

A channel is CBI if its values on output rectangles satisfy

L&)
vy yi€Fzi=m,--- ,m+n-1) =[[v(y: ¥\ €G.

i=0

where as before
m+(i+1)K-1
Gi = X F;
j=m+iK
with F; = Bif j = m +n. Block memoryless channels are clearly a special
case of CBI channels.
These channels have only finite output memory, but unlike the block

independent channels they need not have finite input memory or antici-
pation.

2.14 Stationarizing Block Independent Channels

Block memoryless channels (and CBI channels) are both block stationary
channels. Connecting a stationary input to a block stationary channel
will yield a block stationary input/output pair process, but it is some-
times desirable to have a stationary model. In this section we consider
a technique of “stationarizing” a block independent channel in order to
produce a stationary channel. Intuitively, a stationarized block indepen-
dent (SBI) channel is a block independent channel with random spacing
inserted between the blocks according to a random punctuation process.
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That is, when the random blocking process produces N-cells (which is
most of the time), the channel uses the N-dimensional conditional dis-
tribution. When it is not using an N cell, the channel produces some
arbitrary symbol in its output alphabet. We now make this idea precise.
Let N, K, and g~ (-) be as in block independent channel of Section 2.12.
We now assume that K = N, that is, one output symbol is produced for
every input symbol and hence output blocks have the same number of
symbols as input blocks. This is done for simplicity as the more general
case adds significant notational clutter for minimal conceptual gain.

Given 6 > 0 let y denote the distribution of an (N, §)-random punc-
tuation sequence {Z,}. Let u X y denote the product distribution on
(AT x {0,1}7, B}y x Bj;); that is, u x y is the distribution of the pair
process {X;, Z,} consisting of the original source {X;} and the random
punctuation source {Z,} with the two sources being independent of one
another. Define a regular conditional probability (and hence a channel)
Tty 2 (F), F € {Bg}T, x € AT, z € {0,1}" by its values on rectangles as
follows: Given z, let J>(z) denote the collection of indices i for which
z; = 2 and hence for which z; is not in an N-cell and let Jo(z) denote
those indices i for which z; = 0, that is, those indices where N-cells be-
gin. Let g* denote a trivial probability mass function on B placing all of
its probability on a reference letter b*. Given an output rectangle

F={y:yjeFjjel}= xFj
jel

define ‘
mF) = 1 a*E) [] aw( X F,
i€1NJ2(2) el I

where we assume that F; = B if i ¢ J. Connecting the product source
U X y to the channel 1t yields a hookup process {X,, Z,, Y, } with distri-
bution, say, r, which in turn induces a distribution p on the pair process
{Xn, Yn} having distribution p on {X;}. If the alphabets are standard, p
also induces a regular conditional probability for Y given X and hence
a channel v for which p = uv. A channel of this form is said to be an
(N, 0)-stationarized block independent or SBI channel.

Lemma 2.8. An SBI channel is stationary and ergodic. Thus if a stationary
(and ergodic) source u is connected to an SBI channel v, then the output
is stationary (and ergodic).

Proof: The product source u X y is stationary and the channel 7T is sta-
tionary, hence so is the hookup (u x y)m or {X;,, Z,, Yy }. Thus the pair
process {X;, Y, } must also be stationary as claimed. The product source
u X y is ergodic from Corollary 2.3 since it can be considered as the in-
put/output process of a completely random channel described by a mix-
ing (hence also weakly mixing) output measure. The channel 1t is output
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strongly mixing by construction and hence is ergodic from Lemma 2.4.
Thus the hookup (u X y)m must be ergodic. This implies that the coor-
dinate process {X,, Y} must also be ergodic. This completes the proof.
O

The block independent and SBI channels are useful primarily for prov-
ing theorems relating finite-dimensional behavior to sequence behavior
and for simulating channels with specified finite-dimensional behavior.
The SBI channels will also play a key role in deriving sliding-block cod-
ing theorems from block coding theorems by replacing the block distri-
butions by trivial distributions, i.e., by finite-dimensional deterministic
mappings or block codes.

The SMB channel was introduced by Pursley and Davisson [29] for
finite-alphabet channels and further developed by Gray and Saadat [70],
who called it a randomly blocked conditionally independent (RBCI) chan-
nel. We opt for the first name because these channels resemble block
memoryless channels more than CBI channels.

2.15 Primitive Channels

Primitive channels were introduced by Neuhoff and Shields [136, 133]
as a physically motivated general channel model. The idea is that most
physical channels combine the input process with a separate noise pro-
cess that is independent of the signal and then filter the combination in
a stationary fashion. The noise is assumed to be IID since the filtering
can introduce dependence. The construction of such channels strongly
resembles that of the SBI channels. Let y be the distribution of an IID pro-
cess {Z,} with alphabet W, let u x y denote the product source formed
by an independent joining of the original source distribution u and the
noise process Z,, let 7t denote the deterministic channel induced by a
stationary sequence coder f : AT x WT — BT mapping an input sequence
and a noise sequence into an output sequence. Let ¥ = (u X y) 1 denote
the resulting hookup distribution and {X,, Z,, Y,} denote the result-
ing process. Let p denote the induced distribution for the pair process
{Xn, Yn}. If the alphabets are standard, then p and u together induce
a channel vy (F), x € AT, F € Bp". A channel of this form is called a
primitive channel.

Lemma 2.9. A primitive channel is stationary with respect to any station-
ary source and it is ergodic. Thus if u is stationary and ergodic and v is
primitive, then uv is stationary and ergodic.

Proof: Since p is stationary and ergodic and y is IID and hence mixing,
u X v is stationary and ergodic from Corollary 2.3. Since the determin-
istic channel is stationary, it is also ergodic from Lemma 2.4 and the
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resulting triple {X,, Z,, Yy} is stationary and ergodic. This implies that
the component process {X;, Y,} must also be stationary and ergodic,
completing the proof. O

2.16 Additive Noise Channels

Suppose that {X,} is a source with distribution y and that {W,} is a
“noise” process with distribution y. Let {X,, W,} denote the induced
product source, that is, the source with distribution u X y so that the two
processes are independent. Suppose that the two processes take values
in a common alphabet A and that A has an addition operation +, e.g., it is
a semi-group. Define the sliding-block code f by f(x,w) = xo + wo and
let f denote the corresponding sequence coder. Then as in the primitive
channels we have an induced distribution v on triples {X;,, W, Y,} and
hence a distribution on pairs {Xj, Y,,} which with py induces a channel v
if the alphabets are standard.

Example 2.1. A channel of this form is called a additive noise channel or
a signal-independent additive noise channel.

If the noise process is a B-process, then this is easily seen to be a spe-
cial case of a primitive channel and hence the channel is stationary with
respect to any stationary source and ergodic. If the noise is only known
to be stationary, the channel is still stationary with respect to any sta-
tionary source. Unless the noise is assumed to be at least weakly mixing,
however, it is not known if the channel is ergodic in general.

2.17 Markov Channels

We now consider a special case where A and B are finite sets with the
same number of symbols. For a fixed positive integer K, let P denote the
space of all K x K stochastic matrices P = {P(i,j);i,j = 1,2,--- ,K}.
Using the Euclidean metric on this space we can construct the Borel
field 7 of subsets of P generated by the open sets to form a measur-
able space (P, 7). This, in turn, gives a one-sided or two-sided sequence
space (PT,PT),

A map ¢ : AT — PT is said to be stationary if ¢T4 = Tpp. Given a
sequence P € PT, let M(P) denote the set of all probability measures
on (BT, BT) with respect to which Yy, Yins1, Yimso, - - - forms a Markov
chain with transition matrices Py, P11, - - - for any integer m, that is,
A € M(P) if and only if for any m
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n-1
AlYm = Ym, -+, Yn = ynl = AlYm = ym] H Pi(yi, Yit1),
i=m

n>m,ym,"',yn€B-

In the one-sided case only m = 1 need be verified. Observe that in general
the Markov chain is nonhomogeneous.

A channel [A, v, B] is said to be Markov if there exists a stationary
measurable map ¢ : AT — P7 such that vy € M(¢p(x)), x € AT.

Markov channels were introduced by Kieffer and Rahe [98] who proved
that one-sided and two-sided Markov channels are AMS. Their proof is
not included as it is lengthy and involves techniques not otherwise used
in this book. The channels are introduced for completeness and to show
that several important channels and codes in the literature can be con-
sidered as special cases. A variety of conditions for ergodicity for Markov
channels are considered in [69]. Most are equivalent to one already con-
sidered more generally here: A Markov channel is ergodic if it is output
mixing.

2.18 Finite-State Channels and Codes

The most important special cases of Markov channels are finite-state
channels and codes. Given a Markov channel with stationary mapping ¢,
the channel is said to be a finite-state channel (FSC) if we have a collection
of stochastic matrices P, € P; a € A and that ¢(x),, = Py, that is, the
matrix produced by ¢ at time n depends only on the input at that time,
Xn. If the matrices P;; a € A contain only 0’s and 1’s, the channel is
called a finite-state code. There are several equivalent models of finite-
state channels and we pause to consider an alternative form that is more
common in information theory. (See Gallager [47], Ch. 4, for a discussion
of equivalent models of FSC’s and numerous physical examples.) An FSC
converts an input sequence x into an output sequence y and a state
sequence s according to a conditional probability

Pr(Yy =y, Sk = sk k=m,--- ,nlX; =x,Si=s;; i <m) =

n
[TP,silxi,si-1),

i=m

that is, conditioned on Xj, S;_1, the pair Y;, S; is independent of all prior
inputs, outputs, and states. This specifies a FSC defined as a special
case of a Markov channel where the output sequence above is here the
joint state-output sequence {vy;j, s;}. Note that with this setup, saying the
Markov channel is AMS implies that the triple process of source, states,
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and outputs is AMS (and hence obviously so is the Gallager input-output
process). We will adapt the Kieffer-Rahe viewpoint and call the outputs
{Yy} of the Markov channel states even though they may correspond to
state-output pairs for a specific physical model.

In the two-sided case, the Markov channel is significantly more gen-
eral than the FSC because the choice of matrices ¢(x); can depend on
the past in a very complicated (but stationary) way. One might think that
a Markov channel is not a significant generalization of an FSC in the one-
sided case, however, because there stationarity of ¢ does not permit a
dependence on past channel inputs, only on future inputs, which might
seem physically unrealistic. Many practical communications systems do
effectively depend on the future, however, by incorporating delay in the
coding. The prime example of such look-ahead coders are trellis and
tree codes used in an incremental fashion. Such codes investigate many
possible output strings several steps into the future to determine the
possible effect on the receiver and select the best path, often by a Viterbi
algorithm. (See, e.g., Viterbi and Omura [189].) The encoder then outputs
only the first symbol of the selected path. While clearly a finite-state ma-
chine, this code does not fit the usual model of a finite-state channel or
code because of the dependence of the transition matrix on future inputs
(unless, of course, one greatly expands the state space). It is, however, a
Markov channel.

2.19 Cascade Channels

We will often wish to connect more than one channel in cascade in order
to form a communication system, e.g., the original source is connected
to a deterministic channel (encoder) which is connected to a commu-
nications channel which is in turn connected to another deterministic
channel (decoder). We now make precise this idea. Suppose that we are
given two channels [A,v(D, C] and [C,v?, B]. The cascade of v} and
v is defined as the channel [A, v, B] given by

vy (F) = LT v (F)dvi (u).

In other words, if the original source sequence is X, the output to the
first channel and input to the second is U, and the output of the second
channel is Y, then v,(cl)(F) = Pyix(Flx), vu(G) = Pyjy(Glu), and vx (G) =
Py|x(Glx). Observe that by construction X — U — Y is a Markov chain.

Lemma 2.10. A cascade of two stationary channels is stationary.

Proof: Let T denote the shift on all of the spaces. Then
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vx(T*IF)zj V{LZ)(T’IF)dv,(})(u):J viZ2(F)dviV T (u).
CcT CT

But vi" (T-1F) = vrx (W (F), that is, the measures vy’ T1 and vy are
identical and hence the above integral is

[ Vv (F) dvil) (w) = vrx (),
CT

proving the lemma. O

2.20 Communication Systems

A communication system consists of a source [A, u], a sequence encoder
f + AT — BT (a deterministic channel), a channel [B,v,B’], and a se-
quence decoder g : B'" — AT. The overall distribution 7 is specified by
its values on rectangles as

7 (Fy X F2 X F3 X F. :J Ap(x) V() (F “L(Fy)).
(FixFpxFyxF)=| | du)veeo Fs (197 (Fa)

Denoting the source by {X,}, the encoded source or channel input pro-
cess by {U,}, the channel output process by {Y,}, and the decoded pro-
cess by {X,}, then 7 is the distribution of the process {Xy, U, Yn, Xn}. If
we let X,U,Y, and X denote the corresponding sequences, then observe
that X - U — Y and U — Y — X are Markov chains. We abbreviate a
communication system to [u, f,v,g].

It is straightforward from Lemma 2.10 to show that if the source,
channel, and coders are stationary, then so is the overall process.

A key topic in information theory, which is a mathematical theory of
communication systems, is the characterization of the optimal perfor-
mance one can obtain for communicating a given source over a given
channel using codes within some available class of codes. Precise defini-
tions of optimal will be based on the notion of the quality of a system as
determined by a measure of distortion between input and output to be
introduced in Chapter 5.

2.21 Couplings

So far in this chapter the focus has been on combining a source [A, u]
and a channel [A, v, B] or a code which together produce a pair or in-
put/output process [A X B, 1], where 1t = uv. The pair process in turn
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induces an output process, [B, n]. Given a pair process [A X B, 1], the in-
duced input process [A, u] and output process [B, n] can be thought of
as the marginal processes and u and n the marginal distributions of the
pair process [A X B, 1] and its distribution. From a different viewpoint,
we could consider the two marginal processes [A, u] and [B, n] as being
given and define a coupling or joining of these two processes as any pair
process [A X B, 1r] having the given marginals. Here we can view 7t as a
coupling of y and n.

In general, given any two processes [A, u] and [B, n], let P(u,n) de-
note the class of all pair process distributions corresponding to cou-
plings of the two given distributions. This class is not empty because,
for example, we can always construct a coupling using product mea-
sures. This corresponds to the pair process with the given marginals
where the two processes are mutually independent or, in other words,
the example of the completely random channel given earlier.

When it is desired to place emphasis on the names of the random pro-
cesses rather than the distributions, we will refer to a pair process dis-
tribution 7rx,y with marginals 1rx and 1ry. If we begin with two separate
processes with distributions py and py, say, then P (uy, py) will denote
the collection of all pair processes with marginals 1ty = ux and 1ty = uy.
Occasionally y,y € P(ux, uy) will be abbreviated to mx,y = ux, ty.

If one is given two sources and forms a coupling, then in the case
of processes with standard alphabets the coupling implies a channel
since the joint process distribution and the input process distribution
together imply a conditional distribution of output sequences given in-
put sequences, and this conditional distribution is a regular conditional
distribution and hence describes a channel.

Couplings can also be defined for pairs of random vectors rather than
random processes in a similar manner.

2.22 Block to Sliding-Block: The Rohlin-Kakutani Theorem

The punctuation sequences of Section 2.14 provide a means for convert-
ing a block code into a sliding-block code. Suppose, for example, that
{X,} is a source with alphabet A and yy is a block code, yn : AN — BN,
(The dimensions of the input and output vector are assumed equal to
simplify the discussion.) Typically B is binary. As has been argued, block
codes are not stationary. One way to stationarize a block code is to use
a procedure similar to that used to stationarize a block independent
channel: send long sequences of blocks with occasional random spac-
ing to make the overall encoded process stationary. Thus, for example,
one could use a sliding-block code to produce a punctuation sequence
{Z,} as in Corollary 2.1 which produces isolated 0’s followed by KN 1’s
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and occasionally produces 2’s. The sliding-block code uses yy to encode
a sequence of K source blocks XY, X3 .- -+, XN, x_)y if and only if
Zyn = 0. For those rare times [ when Z; = 2, the sliding-block code pro-
duces an arbitrary symbol b* € B. The resulting sliding-block code inher-
its many of the properties of the original block code, as will be demon-
strated when proving theorems for sliding-block codes constructed in
this manner. This construction suffices for source coding theorems, but
an additional property will be needed when treating the channel cod-
ing theorems and other applications. The shortcoming of the results of
Lemma 2.6 and Corollary 2.1 is that important source events can de-
pend on the punctuation sequence. In other words, probabilities can be
changed by conditioning on the occurrence of Z,, = 0 or the beginning of
a block code word. In this section we modify the simple construction of
Lemma 2.6 to obtain a new punctuation sequence that is approximately
independent of certain prespecified events. The result is a variation of
the Rohlin-Kakutani theorem of ergodic theory [157] [83]. The develop-
ment here is patterned after that in Shields [164]. See also Shields and
Neuhoff [167].

We begin by recasting the punctuation sequence result in different
terms. Given a stationary and ergodic source {X,} with a process dis-
tribution p and a punctuation sequence {Z,} as in Section 2.14, define
the set F = {x : Zy(x) = 0}, where x € A% is a two-sided sequence
x = (---,x_1,X0,X1,---). Let T denote the shift on this sequence
space. Restating Corollary 2.1 yields the following.

Lemma 2.11. Given § > 0 and an integer N, an L sufficiently large and a

set F of sequences that is measurable with respect to (X_p,- - - ,X1) with
the following properties:
(A) ThesetsT'F,i=0,1,---,N —1 are disjoint.
® 1-6 1
——~ < u(F) < =.
N u(F) N
©)
N-1
1-6<puCl TF).
i=0

So far all that has been done is to rephrase the punctuation result in
more ergodic theory oriented terminology. One can think of the lemma
as representing sequence space as a “base” F together with its disjoint
shifts T'F; i = 1,2,---,N — 1, which make up most of the space, to-
gether with whatever is left over, a set G = A® — UN;' T'F, a set which
has probability less than 6 which will be called the garbage set. This pic-
ture is called a tower or Rochlin-Kakutani tower. The basic construction
is pictured in Figure 2.3.
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Fig. 2.3 Rohlin-Kakutani Tower

We can relate a tower to a punctuation sequence by identifying the
base of the tower, the set F, as the set of sequences of the underlying
process which vield Zy = 0, that is, the punctuation sequence at time 0
yields a 0, indicating the beginning of an N-cell.

Partitions

We now add another wrinkle — consider a finite partition P = {P;; i =

0,1,---,[|P|]| — 1} of A®. One example is the partition of a finite-
alphabet sequence space into its possible outputs at time 0, that is,
P; = {x:x9=ai} fori=0,1,---,||A]| — 1. This is the zero-time par-

tition for the underlying finite-alphabet process. Another possible parti-
tion would be according to the output of a sliding-block coding of x, the
zero-time partition of the sliding-block coding (or the zero-time partition
of the encoded process). In general there is a finite collection of impor-
tant events that we wish to force to be approximately independent of the
punctuation sequence and 2 is chosen so that the important events are
unions of atoms of 2.
Given a partition P, we define the label function



56 2 Pair Processes: Channels, Codes, and Couplings

IP1-1

labelp(x) = > ilp,(x),
i=0

where as usual 1p is the indicator function of a set P. Thus the label of
a sequence is simply the index of the atom of the partition into which it
falls.

As P partitions the input space into which sequences belong to atoms
of P, T~P partitions the space according to which shifted sequences
Tix belong to atoms of P, that is, x € T"'P, € T~'P is equivalent to
Tix € P; and hence labely(Tix) = l. The join

N-1 )
PN =\/ TP
i=0

partitions the space into sequences sharing N labels in the following
sense: Each atom Q of PN has the form

Q = {x:labelp(x) = ko, labelp(Tx) =ki,- - - ,labelp(TN"'x) = ky — 1}
N-1
= ﬂ T_iPki
i=0
for some N tuple of integers k = (kg, - - - , ky — 1). In the ergodic theory

literature k is clled the P-N-name of the atom Q. For this reason we
index the atoms of PN = Q as Q. Thus PN breaks up the sequence
space into groups of sequences which have the same labels for N shifts.

Gadgets

In ergodic theory a gadget is a quadruple (T, F, N, ) where T is a trans-
formation (for us a shift), F is an event such that T'F;i = 01,...,N—1 are
disjoint (as in a Rohlin-Kakutani tower), and 2 is a partition of JN ;! T*F.
For concreteness, suppose that P is the zero-time partition of an under-
lying process, say a binary IID process. Consider the partition induced in
F, the base of the gadget, by PN = {Qx}, that is, the collection of sets of
the form Qx N F. By construction, this will be the collection of all infinite
sequences for which the punctuation sequence at time zero is 0 (Zp = 0)
and the P-n label of the next N outputs of the process is k, in the binary
example there are 2V such binary N-tuples since ||P|| = 2. The set QxNF
together with its N — 1 shifts (that is, the set UY' T!(Qx n F)) is called
a column of the gadget.

Gadgets provide an extremely useful structure for using a block code
to construct a sliding-block code. Each atom Qk N F in the base partition
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contains all sequences corresponding the next N input values being a
given binary N-tuple following a punctuation event Z, = 0.

Strengthened Rohlin-Kakutani Theorem

Lemma 2.12. Given the assumptions of Lemma 2.11 and a finite partition
P, L and F can be chosen so that in addition to properties (A)-(C) it is also
true that

(D)
p(Pi|F) = p(P;|T'F); L=1,2,--- ,N -1, (2.9)
N-1
u(P;|F) = u(Pi| |J T*F) (2.10)
k=0
and .
uPi(VF) = Zu(Po. (2.11)

Comment: Eq. (2.11) can be interpreted as stating that P; and F are ap-
proximately independent since 1/N is approximately the probability of
F. Only the upper bound is stated as it is all we need. Eq. (2.9) also im-
plies that u(P; (N F) is bounded below by (u(P;) — 6)u(F).

Proof: Eq. (2.10) follows from (2.9) since

u(P'INL_J1 ripy - HPNUL TP 35 uPi O T'F)
120 p(Uiy! TUF) SN U(TIF)

SN eI T R (T ) 1

- Nu(F) N

= u(P; | F)

N-1
>, u(Pi|T'F)
=0

Eq. (2.11) follows from (2.10) since

N-1
u(Pi(F) = pu(P|F)u(F) = u(P;| |J T*F)u(F)

k=0
N-1 1 N-1
= uPil J TPy guUJ T4F)
k=0 k=0
N-1

_ L p kpy < Lo,
= Nu(PlﬂkszoT F) < SH(P)

since the TXF are disjoint and have equal probability, The remainder of
this section is devoted to proving (2.9).
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We first construct using Lemma 2.11 a huge tower of size KN > N,
the height of the tower to be produced for this lemma. Let S denote the
base of this original tower and let € by the probability of the garbage
set. This height KN tower with base S will be used to construct a
new tower of height N and a base F with the additional desired prop-
erty. First consider the restriction of the partition PV to F defined by
PNNF = {QxNF; all KN-tuples k with coordinates taking values in
{0,1,---,|IP|l = 1}}. PN F divides up the original base according to
the labels of NK shifts of base sequences. For each atom Qx () F in this
base partition, the sets {T'(QxNF); k =0,1,--- ,KN — 1} are disjoint
and together form a column of the tower {T'F; k =0,1,--- , KN —1}. A
set of the form T!(Qx N F) is called the Ith level of the column containing
it. Observe that if y € T{(QxNF), then v = T'u for some u € QxNF
and T'u has label k;. Thus we consider k; to be the label of the column
level TL(Qx N F). This complicated structure of columns and levels can
be used to recover the original partition by

U thaxNBH NP6, (2.12)

Lkk;=j

that is, P; is the union of all column levels with label j together with that
part of P; in the garbage. We will focus on the pieces of P; in the column
levels as the garbage has very small probability.

We wish to construct a new tower with base F so that the probability
of P; for any of N shifts of F is the same. To do this we form F dividing
each column of the original tower into N equal parts. We collect a group
of these parts to form F so that F will contain only one part at each level,
the N shifts of F will be disjoint, and the union of the N shifts will almost
contain all of the original tower. By using the equal probability parts the
new base will have conditional probabilities for P; given T equal for all
[, as will be shown.

Consider the atom Q = QxS in the partition PV (S of the base of
the original tower. If the source is aperiodic in the sense of placing zero
probability on individual sequences, then the set Q can be divided into

N disjoint sets of equal probability, say Wy, Wy, - - - ,Wy_1. Define the
set Fo by
(K-2)N (K-2)N (K-2)N
FQ = ( U TlNWO) U( U T1+1NW )U - ( U TN—1+1'NWN71)
i=0 i=0 i=0
N-1(K-2)N

U U Tl+lNWl

Fq contains (K — 2) N shifts of Wy, of TWy,--- of T'W,,--- and of
TN-1Wy_1. Because it only takes N-shifts of each small set and because
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it does not include the top N levels of the original column, shifting Fo
fewer than N times causes no overlap, that is, TlFQ are disjoint for
j=0,1,--- ,N — 1. The union of these sets contains all of the origi-
nal column of the tower except possibly portions of the top and bottom
N — 1 levels (which the construction may not include). The new base F
is now defined to be the union of all of the Fy, s. The sets T'F are
then disjoint (since all the pieces are) and contain all of the levels of the
original tower except possibly the top and bottom N — 1 levels. Thus

N-1 (K-1)N-1 ) (K-1)N-1
u(J T =pc J TS = > us)
=0 i=N i=N
S K2 l1-e¢ 1-¢ 2

KN N KN’
By choosing € = /2 and K large this can be made larger than 1 — 6.

Thus the new tower satisfies conditions (A)-(C) and we need only verify
the new condition (D), that is, (2.9). We have that

H(PiNT'F)
p(F) -
Since the denominator does not depend on [, we need only show the

numerator does not depend on [l. From (2.12) applied to the original
tower we have that

P (T'F) = > (T QS T'F),

j,k:k‘,’:i

p(P;|T'F) =

that is, the sum over all column levels (old tower) labeled i of the proba-
bility of the intersection of the column level and the [th shift of the new
base F. The intersection of a column level in the jth level of the original
tower with any shift of F must be an intersection of that column level
with the jth shift of one of the sets Wy, - - - , Wy_1 (Which particular set
depends on I). Whichever set is chosen, however, the probability within
the sum has the form

u(T QxS (N T'F) = u(T7(Q () () T/ W)
= u((Qx[S) (Y Wm) = u(W),

where the final step follows since W,, was originally chosen as a subset
of Qk(S. Since these subsets were all chosen to have equal probability,
this last probability does not depend on m and hence on [ and

U QN TE) = cuQxS)
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and hence 1
pPTF) = > Su(Qi()S),

jkkj=i

which proves (2.9) since there is no dependence on l. This completes the
proof of the lemma. O



Chapter 3
Entropy

Abstract The development of the idea of entropy of random variables
and processes by Claude Shannon provided the beginnings of informa-
tion theory and of the modern age of ergodic theory. Entropy and related
information measures will be shown to provide useful descriptions of
the long term behavior of random processes and this behavior is a key
factor in developing the coding theorems of information theory. Here the
various notions of entropy for random variables, vectors, processes, and
dynamical systems are introduced and and there fundamental properties
derived. In this chapter the case of finite-alphabet random processes is
emphasized for simplicity, reflecting the historical development of the
subject. Occasionally we consider more general cases when it will ease
later developments.

3.1 Entropy and Entropy Rate

There are several ways to introduce the notion of entropy and entropy
rate. The difference between the two concepts is that entropy is relevant
to a single random variable or random vector or, equivalently, to a parti-
tion of the sample space, while entropy rate describes a limiting entropy
per time unit is we look at sample vectors with increasing dimensions
or iterates of a partition. We take some care at the beginning in order to
avoid redefining things later. We also try to use definitions resembling
the usual definitions of elementary information theory where possible.
Let (Q,B,P,T) be a dynamical system. Let f : QO — A be a finite-alphabet
measurement (a simple function) defined on Q) and define the random
process f, = fT";n € T. For the moment we focus on one sided pro-
cesses with T = {0, 1, 2,...}. If the transformation T is invertible, we can
extend the definition to all integer n and obtain a two-sided process with
T = Z. This process can be viewed as a coding of the original space, that
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is, one produces successive coded values by transforming (e.g., shifting)
the points of the space, each time producing an output symbol using the
same rule or mapping. If Q is itself a sequence space and T is a shift,
then f is a sliding-block code as considered in Section 2.6 and it induces
a stationary sequence code f = {fT";n € T}.

In the usual way we can construct an equivalent Kolmogorov model
of this process. Let A = {a;,a»,...,a|4)} denote the finite alphabet of f
and let (A%+, Bi*) be the resulting one-sided sequence space, where B4
is the power set. We abbreviate the notation for this sequence space to
(A*®,BY). Let T4 denote the shift on this space and let X denote the time
zero sampling or coordinate function and define X, (x) = X(T{x) = xy.
Let m denote the process distribution induced by the original space and
the fT", ie., m = Pr = Pf ' where f(w) = (f(w), f(Tw), f(T2w),...).

Observe that by construction, shifting the input point yields an output
sequence that is also shifted, that is,

F(Tw) = Taf (w).

Sequence-valued measurements of this form are called stationary or in-
variant codings (or time-invariant or shift-invariant codings in the case
of the shift) since the coding commutes with the transformations. Sta-
tionary codes will play an important role throughout this book and are
discussed in some detail in Chapter 2. If the input space Q) is itself a se-
quence space and T is a shift, then the code is also called a sliding-block
code to reflect the fact that the code operates by shifting the input se-
quence (sliding) and applying a common measurement or mapping to it.
Both the sequence-to-symbol mapping f and the sequence-to-sequence
mapping f are referred to as a sliding-block code, each implies the other.

The entropy and entropy rates of a finite-alphabet measurement de-
pend only on the process distributions and hence are usually more easily
stated in terms of the induced directly given model and the process dis-
tribution. For the moment, however, we point out that the definition can
be stated in terms of either system. Later we will see that the entropy of
the underlying system is defined as a supremum of the entropy rates of
all finite-alphabet codings of the system.

The entropy of a discrete alphabet random variable f defined on the
probability space (€, B, P) is defined by

Hp(f) =~ > P(f=a)InP(f = a). (3.1)

acA

We define 0InO to be 0 in the above formula. We shall often use loga-
rithms to the base 2 instead of natural logarithms. The units for entropy
are “nats” when the natural logarithm is used and “bits” for base 2 log-
arithms. The natural logarithms are usually more convenient for mathe-
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matics while the base 2 logarithms provide more intuitive descriptions.
The subscript P can be omitted if the measure is clear from context. Be
forewarned that the measure will often not be clear from context since
more than one measure may be under consideration and hence the sub-
scripts will be required. A discrete alphabet random variable f has a
probability mass function (PMF), say p ¢, defined by pr(a) = P(f = a) =
P({w: f(w) = a}) and hence we can also write

H(f)=- > ps@)npg(a).

acA

It is often convenient to consider the entropy not as a function of
the particular outputs of f but as a function of the partition that f
induces on Q. In particular, suppose that the alphabet of f is A =
{ai,az,...,a)4)} and define the partition @ = {Q;;i = 1,2,..., A}
by Q; = {w: f(w) = a;} = f~1({a;}). In other words, Q consists of dis-
joint sets which group the points in Q together according to what output
the measurement f produces. We can consider the entropy as a function
of the partition and write

LAl

Hp(Q) = - > P(Q))InP(Qy). (3.2)

i=1

Clearly different mappings with different alphabets can have the same
entropy if they induce the same partition. Both notations will be used
according to the desired emphasis. We have not yet defined entropy for
random variables that do not have discrete alphabets; we shall do that
later.

Return to the notation emphasizing the mapping f rather than the
partition. Defining the random variable P(f) by P(f)(w) = P(A: f(A) =
f(w)) we can also write the entropy as

Hp(f) = Ep(=InP(f)).
Using the equivalent directly given model we have immediately that
Hp(f) = Hp(Q) = Hn(Xo) = Em (—Inm(Xp)). (3.3)

At this point one might ask why we are carrying the baggage of nota-
tions for entropy in both the original space and in the sequence space. If
we were dealing with only one measurement f (or X,), we could confine
interest to the simpler directly-given form. More generally, however, we
will be interested in different measurements or codings on a common
system. In this case we will require the notation using the original sys-
tem. Hence for the moment we keep both forms, but we shall often focus
on the second where possible and the first only when necessary.
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The nth order entropy of a discrete alphabet measurement f with re-
spect to T is defined as

HYV (f) = n *Hp(f™)

where f" = (f, fT, fT?,...,fT" ') or, equivalently, we define the dis-
crete alphabet random process X, (w) = f(T"w), then

S =X"=Xo,X1,..., Xn-1.
As previously, this is given by
H(X) = n" ' Hyy (X™) = n7 Epy (- Inm(X™)).

This is also called the entropy (per-coordinate or per-sample) of the ran-
dom vector f™ or X". We can also use the partition notation here. The
partition corresponding to f™ has a particular form: Suppose that we
have two partitions, @ = {Q;} and P = {P;}. Define their join Q \/ P
as the partition containing all nonempty intersection sets of the form
Qi P;. Define also T~'Q as the partition containing the atoms T-'Q;.
Then f™ induces the partition

n-1 )
V172
i=0
and we can write
n-1 ]
HYY (f) = HP(Q) = n ' Hp(\/ T71Q).
i=0

As before, which notation is preferable depends on whether we wish to
emphasize the mapping f or the partition 9.

The entropy rate or mean entropy of a discrete alphabet measurement
f with respect to the transformation T is defined by

Hp(f) = limsup Hy” (f)
— Hp(Q) = limsup H" (Q)

=Hn,(X) = limsupH,(#)(X).
Nn—o0o
Given a dynamical system (Q, B, P, T), the entropy H(P,T) of the sys-
tem (or of the measure with respect to the transformation) is defined
by
H(P,T) = supHp(f) = sgpﬁp(Q), (3.4)
f C
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where the supremum is over all finite-alphabet measurements (or cod-
ings) or, equivalently, over all finite measurable partitions of Q. (We em-
phasize that this means alphabets of size M for all finite values of M.)
The entropy of a system is also called the Kolmogorov-Sinai invariant
of the system because of the generalization by Kolmogorov [102] and
Sinai [168] of Shannon’s entropy rate concept to dynamical systems and
the demonstration that equal entropy was a necessary condition for two
dynamical systems to be isomorphic.

Note that the entropy rate is well-defined for a continuous-alphabet
random process as the supremum over the entropy rates over all finite-
alphabet codings of the process. Such an entropy rate is usually infinite,
but it is defined.

Suppose that we have a dynamical system corresponding to a finite-
alphabet random process {X;}, then one possible finite-alphabet mea-
surement on the process is f(x) = xo, that is, the time 0 output. In
this case clearly Hp(f) = Hp(X) and hence, since the system entropy is
defined as the supremum over all simple measurements,

H(P,T) = Hp(X). (3.5)

We shall later see in Theorem 6.1 that (3.5) holds with equality for fi-
nite alphabet random processes and provides a generalization of entropy
rate for processes that do not have finite alphabets.

3.2 Divergence Inequality and Relative Entropy

Many of the basic properties of entropy follow from a simple result
known as the divergence inequality. A slight variation is well-known as
the log-sum inequality). The divergence or relative entropy is a variation
on the idea of entropy and it crops up often as a useful tool for proving
and interpreting results and for comparing probability distributions. In
this section several fundamental definitions and results are collected to-
gether for use in the next section in developing the properties of entropy
and entropy rate.

Lemma 3.1. Given two probability mass functions {p;} and {q;}, that is,
two countable or finite sequences of nonnegative numbers that sum to

one, then '
> piln Piip
i ai

with equality if and only if q; = pi, all i.

Proof: The lemma follows easily from the elementary inequality for real
numbers
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Inx <x-1 (3.6)
(with equality if and only if x = 1) since

ZPilnq*iASZPi @—1)=ZQi—ZPi=0
i pl i pl i i

with equality if and only if g;/p; = 1 all i. Alternatively, the inequality
follows from Jensen’s inequality [74] since In is a convex () function:

qdi di
iIn— <1In i— | =0
Zi: pi i (Zl: pi Pi)
with equality if and only if q;/p; = 1, all i. O
The inequality has a simple corollary that we record now for later use.
Corollary 3.1. The function xIn(x/y) of real positive x,y is convex in
(x, ).
Proof. Let (xi,Vyi), i = 1,2, be pairs of real positive numbers, 0 < A < 1,
and define x = Ax;+(1-A)x2 and v = Ay;+(1—A)y2. Apply Lemma 3.1
to the probability mass functions p and q defined by

_ AXl
P1= Ax] + (1 = A)x»
_ (l — A)Xz
p2 = Axy + (1 = A)xo
a1 = Ay
Ayr+ (1 =A)y
_ (1-2A)y>
az =
Ayr+ (1 —=A)y»
yields
0=<
A (1-A)
Axy In ( SRV ) (1 -2A)x In ( ETERNENEE )
_ Ay _ a-0)y :
Ax1 + (1= A)x» 7/\y1+(11/\)yz Axy+ (1 —A)xo Ay1+(1—2\2)y2

Cancelling the positive denominator and rearranging

X
x2S

AxiIn XL + (1= A)AxoIn
Y1 2

Axy + (1 —=A)xo
(Ax1+ (1 =A)x2)1In (20/1 T A)y2> ,

proving the claimed convexity. O



3.2 Divergence Inequality and Relative Entropy 67

The quantity used in Lemma 3.1 is of such fundamental importance
that we introduce another notion of information and recast the inequal-
ity in terms of it. As with entropy, the definition for the moment is only
for finite-alphabet random variables. Also as with entropy, there are a
variety of ways to define it. Suppose that we have an underlying measur-
able space (2, B) and two measures on this space, say P and M, and we
have a random variable f with finite alphabet A defined on the space and
that Q is the induced partition {f~!(a);a € A}. Let Py and My be the
induced distributions and let p and m be the corresponding probability
mass functions, e.g., p(a) = Pr({a}) = P(f = a). Define the relative en-
tropy of a measurement f with measure P with respect to the measure
M by

[TAll
Hpin(f) = Hope(Q) = S p@in 2%~ S pgyn
i=1

acA m(a) -

P(Q;)
M(Q;)’

Observe that this only makes sense if p(a) is 0 whenever m(a) is, that
is, if Py is absolutely continuous with respect to My or My > Py. Define
Hp M (f) = o if Py is not absolutely continuous with respect to My. The
measure M is referred to as the reference measure. Relative entropies
will play an increasingly important role as general alphabets are con-
sidered. In the early chapters the emphasis will be on ordinary entropy
with similar properties for relative entropies following almost as an af-
terthought. When considering more abstract (nonfinite) alphabets later
on, relative entropies will prove indispensible.

Analogous to entropy, given a random process {X, } described by two
process distributions p and m, if it is true that

Mxn > Pxn, n=12,...,

then we can define for each n the nth order relative entropy n='Hpjjm (X™)
and the relative entropy rate

—= . 1
Hyim(X) = lim sup ﬁHp“m(Xn).
n—oo

When dealing with relative entropies it is often the measures that
are important and not the random variable or partition. We introduce
a special notation which emphasizes this fact. Given a probability space
(Q,B,P), with Q a finite space, and another measure M on the same
space, we define the divergence of P with respect to M as the relative
entropy of the identity mapping with respect to the two measures:

P(w)

D(PIM) = > P(w)In 70

we
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Thus, for example, given a finite-alphabet measurement f on an arbitrary
probability space (€, B, P), if M is another measure on (2, B) then

Hpym(f) = D(PrlIMy).

Similarly,
Hym(X™) = D(Pxn|[Mxn),

where Px»n and Mx» are the distributions for X" induced by process
measures p and m, respectively. The theory and properties of relative
entropy are therefore determined by those for divergence.

There are many names and notations for relative entropy and diver-
gence throughout the literature. The idea was introduced by Kullback
for applications of information theory to statistics (see, e.g., Kullback
[106] and the references therein) and was used to develop information
theoretic results by Perez [145] [147] [146], Dobrushin [32], and Pinsker
[150]. Various names in common use for this quantity are discrimina-
tion, discrimination information, Kullback-Leibler (KL) number , directed
divergence, informational divergence, and cross entropy.

The lemma can be summarized simply in terms of divergence as in
the following theorem, which is commonly referred to as the divergence
inequality. The assumption of finite alphabets will be dropped later.

Theorem 3.1. Divergence Inequality Given any two probability measures
P and M on a common finite-alphabet probability space, then

D(P|M) =0 (3.7)

with equality if and only if P = M.

In this form the result is known as the divergence inequality. The fact
that the divergence of one probability measure with respect to another is
nonnegative and zero only when the two measures are the same suggest
the interpretation of divergence as a “distance” between the two prob-
ability measures, that is, a measure of how different the two measures
are. It is not a true distance or metric in the usual sense since it is not a
symmetric function of the two measures and it does not satisfy the tri-
angle inequality. The interpretation is, however, quite useful for adding
insight into results characterizing the behavior of divergence and it will
later be seen to have implications for ordinary distance measures be-
tween probability measures.

The divergence plays a basic role in the family of information mea-
sures all of the information measures that we will encounter — entropy,
relative entropy, mutual information, and the conditional forms of these
information measures — can be expressed as a divergence.

There are three ways to view entropy as a special case of divergence.
The first is to permit M to be a general measure instead of requiring it to
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be a probability measure and have total mass 1. In this case entropy is
minus the divergence if M is the counting measure, i.e., assigns measure
1 to every point in the discrete alphabet. If M is not a probability mea-
sure, then the divergence inequality (3.7) need not hold. Second, if the
alphabet of f is Ay and has ||Af|| elements, then letting M be a uniform
PMF assigning probability 1/]|A|l to all symbols in A yields

D(PIM) =In[|Afll = Hp(f) =2 0

and hence the entropy is the log of the alphabet size minus the diver-
gence with respect to the uniform distribution. Third, we can also con-
sider entropy a special case of divergence while still requiring that M be
a probability measure by using product measures and a bit of a trick. Say
we have two measures P and Q on a common probability space (Q, B).
Define two measures on the product space (Q x Q, B(Q x Q)) as follows:
Let P X Q denote the usual product measure, that is, the measure spec-
ified by its values on rectangles as P x Q(F x G) = P(F)Q(G). Thus, for
example, if P and Q are discrete distributions with PMF’s p and q, then
the PMF for P x Q is just p(a)q(b). Let P’ denote the “diagonal” mea-
sure defined by its values on rectangles as P'(F x G) = P(F()G). In the
discrete case P’ has PMF p’(a,b) = p(a) if a = b and 0 otherwise. Then

Hp(f) =D(P'|[P X P).

Note that if we let X and Y be the coordinate random variables on our
product space, then both P’ and P X P give the same marginal proba-
bilities to X and Y, that is, Px = Py = P. P’ is an extreme distribution
on (X,Y) in the sense that with probability one X = Y; the two coordi-
nates are deterministically dependent on one another. P X P, however,
is the opposite extreme in that it makes the two random variables X
and Y independent of one another. Thus the entropy of a distribution P
can be viewed as the relative entropy between these two extreme joint
distributions having marginals P.

3.3 Basic Properties of Entropy

For the moment fix a probability measure m on a measurable space
(9, B) and let X and Y be two finite-alphabet random variables defined
on that space. Let Ax and Ay denote the corresponding alphabets. Let
Pyy, Px, and Py denote the distributions of (X,Y), X, and Y, respectively.
First observe that since Px(a) < 1, all a, —InPx(a) is positive and

hence
H(X) =- > Px(a)InPx(a) = 0. (3.8)

acA
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From (3.7) with M uniform as in the second interpretation of entropy
above, if X is a random variable with alphabet Ay, then

H(X) <In|lAx]l.

Since for any a € Ax and b € Ay we have that Px(a) > Pxy(a,b), it
follows that

H(X,Y) = - > Pxy(a,b)InPxy(a,b)
a,b

— > Pxy(a,b)InPx(a) = H(X).
a,b

v

Using Lemma 3.1 we have that since Pyy and PxPy are probability mass
functions,

Px(a)Py(b)

H(X,Y) - (HX)+H(Y)) = ZP)(Y((/‘L,b)ln Pxy(a, D)

a,b

< 0.

This proves the following result.

Lemma 3.2. Given two discrete alphabet random variables X and Y de-
fined on a common probability space, we have

0<H(X) (3.9)

and
max(H(X),H(Y)) <H(X,Y)<H(X)+H(Y) (3.10)

where the right hand inequality holds with equality if and only if X and
Y are independent. If the alphabet of X has ||Ax| symbols, then

Hx(X) <Inl|lAxl. (3.11)

There is another proof of the left hand inequality in (3.10) that uses an
inequality for relative entropy that will be useful later when considering
codes. The following lemma gives the inequality. First we introduce a
definition. A partition R is said to refine a partion Q if every atom in Q
is a union of atoms of R, in which case we write 9 < R.

Lemma 3.3. Suppose that P and M are two measures defined on a com-
mon measurable space (Q,B) and that we are given a finite partitions
Q <R. Then

Hpim(Q) < Hpym(R)

and
Hp(Q) < Hp(R).
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Comments: The lemma can also be stated in terms of random variables
and mappings in an intuitive way: Suppose that U is a random variable
with finite alphabet A and f : A — B is a mapping from A into another
finite alphabet B. Then the composite random variable f(U) defined by
fU)(w) = f(U(w)) is also a finite alphabet random variable. If U in-
duces a partition R and f(U) a partition Q, then Q@ < R (since knowing
the value of U implies the value of f(U)). Thus the lemma immediately
gives the following corollary.

Corollary 3.2. If M > P are two measures describing a random variable
U with finite alphabet A and if f : A — B, then

Hpm(f(U)) < Hpym(U)

and
Hp(f(U)) < Hp(U).

Since D(P¢|[My) = Hpym(f), we have also the following corollary which
we state for future reference.

Corollary 3.3. Suppose that P and M are two probability measures on a
discrete space and that f is a vandom variable defined on that space, then

D(Pf|IMy) < D(P|IM).

The lemma, discussion, and corollaries can all be interpreted as saying

that taking a measurement on a finite-alphabet random variable lowers
the entropy and the relative entropy of that random variable. By choos-
ing U as (X,Y) and f(X,Y) = X or Y, the lemma yields the promised
inequality of the previous lemma.
Proof of Lemma: If Hp |y (R) = +oo, the result is immediate. If Hpjy(Q) =
+00, that is, if there exists at least one Q; such that M(Q;) = 0 but
P(Q;j) # O, then there exists an R; ¢ Q; such that M(R;) = 0 and
P(R;) > 0 and hence Hpy(R) = +co. Lastly assume that both Hpp (R)
and Hp|p(Q) are finite and consider the difference

B 1 P(Ri) 1 2Q))
Hpim(R) = Hpym (L) = %P(RI)IDM(R» %P(Qj)lnM(Qj)

B e PR P(Q))

-5 S PR)In MRy PGS

Jj LR CQ;

We shall show that each of the bracketed terms is nonnegative, which
will prove the first inequality. Fix j. If P(Q;) is O we are done since then
also P(R;) is O for all i in the inner sum since these R; all belong to Q;.
If P(Q;) is not 0, we can divide by it to rewrite the bracketed term as
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P(R;) . P(R;)/P(Qj)
) I
PQy) (i:RiZqu P(Q) nM(R»/M(Qj)) ’

where we also used the fact that M(Q;) cannot be 0 since then P(Q ;)
would also have to be zero. Since R; CQ,P(R;)/P(Qj) =P (R; N Qj)/P(Q;)
= P(R;|Q;) is an elementary conditional probability. Applying a similar
argument to M and dividing by P(Q), the above expression becomes

P(R;1Q;)

> P(Ri|Qj)1nM(Ri|Qj)

L:R;CQ;

which is nonnegative from Lemma 3.1, which proves the first inequality.
The second inequality follows similarly. Consider the difference

) L PQ))
Hp(R) — Hp(Q) = % LR%QJP(RJ N5 R, ]

= > P(Q)) [— > P(Ri|Qj)1nP(Ri|Qj):|
J

i:RiCQj

and the result follows since the bracketed term is nonnegative since it is
an entropy for each value of j (Lemma 3.2). O

Concavity of Entropy

The next result provides useful inequalities for entropy considered as a
function of the underlying distribution. In particular, it shows that en-
tropy is a concave (or convex () function of the underlying distribution.
The concavity follows from Corollary 3.5, but for later use we do a little
extra work to obtain an additional property. Define the binary entropy
function (the entropy of a binary random variable with probability mass
function (A, 1 — A)) by

hp(A) = =AlnA — (1 - A)In(1 - A).

Lemma 3.4. Let m and p denote two distributions for a discrete alphabet
random variable X and let A € (0,1). Then for any A € (0,1)

AHpm (X) + (1 = A)Hp(X) < Ham+a-a)p (X)
< AHm(X) + (1 = M) Hp(X) + h2(A). (3.12)
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Proof: Define the quantities

— Zm(x) In(Am(x) + (1 —A)p(x))

and
J = Hans-0p(X) = =2 > m(x) In(Am(x) + (1 = A)p(x))-

(1-2)> px) In(Am(x) + (1 - A)p(x)).

First observe that
Am(x) + (1 - A)p(x) = Am(x)
and therefore applying this bound to both m and p

I<-InA->m(x)Inm(x) =—-InA + Hp(X)

J=-A> mx)nm(x) —(1-2A) > p(x)Inp(x) + ha(A)
X X
= AHp(X) + (1 = A)Hp(X) + ha(A). (3.13)
To obtain the lower bounds of the lemma observe that

~ S mGo)mmx) QA+ (1 - )%)

- S meolnmx) - S me) @+ (1 - 02X,

m(x)
Using (3.6) the rightmost term is bound below by

(x)

—Zm(x)((A+(1—A) p( -

D=-A-1+A> p(X=a)+1=0.

acA

Thus for all n
I2-> m(x)Inm(x) = Hu(X). (3.14)

and hence also
J=-A> mx)Inm(x) - (1-24) > p(x)Inp(x)

= AHyn (X) + (1 = A)H,p (X).
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Convexity of Divergence
Relative entropy possesses a useful convexity property with respect to
the two probability measures, as described in the following lemma.

Lemma 3.5. D(P||M) is convex in (P,M) for probability measures P, M
on a common finite-alphabet probability space, that is, if (P;,M;),i=1,2
are pairs of probability measures, all of which are on a common finite-
alphabet probability space, and (P, M) = A(P,M;) + (1 —A) (P2, M>), then

D(P[M) < AD(P1[|M1) + (1 = A)D(P2[[M>).

Proof. The result follows from the convexity of aln(a/b) in (a, b) from
Corollary 3.1. O

Entropy and Binomial Sums

The next result presents an interesting connection between combina-
torics and binomial sums with a particular entropy. We require the fa-
miliar definition of the binomial coefficient:

ny n!
k) kl(n-k)!

Lemma 3.6. Given 6 € (0, %] and a positive integer M, we have

> (Af) < eMh2(9), (3.15)

i<oM

If0<dé<p<1,then

> (M)pi(l - p)MT < e MR20lp), (3.16)
i<6M t
where 5 16
ho(8llp) =6In— + (1 — §)In ——.
p 1-p

Proof: We have after some simple algebra that

e*hz((s)M — 55M(1 _ 5)(1*5)M_

If § < 1/2, then 8%(1 — §)M~* increases as k decreases (since we are
having more large terms and fewer small terms in the product) and hence
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if i < M¢,
SOM(1 - )M < 511 — §5)M1,

Thus we have the inequalities
MmN\ . M\ . .
> ( ,)51(1 —oMt Y ( ,)51(1 —§)M-t
i=0 t i<6M t

M
—h2(8)M
o s ()

i<oM

—
Il

v

which completes the proof of (3.15). In a similar fashion we have that

eMh2(8llp) — (é)éM( 1 - 6)(175)M.
p -p

Since 6 < p, we have as in the first argument that for i < Mo

(é)(iM(ﬂ)(lf&M < (é)i(ﬂ)Mﬂ'
p 4 p 1-p
and therefore after some algebra we have that if i < M then

pi(1 = p)M-i < §i(1 — §)M-ie-Mha(6lp)

and hence
s <M> (1 p)Mi < g MhGlp) S (M)éi(l _ M-
i<oM \ 1 i<om \ 1

& (M
< o~ h2(8llp) Z ( i)5i(1 — §)M-i = p~Mh2(Sllp)
i=0

which proves (3.16). O
The following is a technical but useful property of sample entropies.
The proof follows Billingsley [16].

Lemma 3.7. Given a finite-alphabet process {X, } (not necessarily station-
ary) with distribution m, let X! = (Xi, Xx+1,...,Xk+n-1) denote the ran-
dom vectors giving a block of samples of dimension n starting at time
k. Then the random variables n=! Inm(X}') are m-uniformly integrable
(uniform in k and n).

Proof: For each nonnegative integer v define the sets
E, (k,n) = {x: —%lnm(x,?) elr,r+1)}

and hence if x € E, (k,n) then
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1
¥ < —ﬁlnm(x,?) <r+1

or
- “nr+1
e > m(xp) > e D,

Thus for any

J (—llnm(X,’f)) dm < (r + 1)m(E,(k,n))
Ey(kn) n

=(r+1) > mxHs@r+1)>e™

xp €Er (kn) xi

=r+1De™JAI" < (r+1)e ",

where the final step follows since there are at most ||A||" possible n-
tuples corresponding to thin cylinders in E, (k,n) and by construction
each has probability less than e "".

To prove uniform integrability we must show uniform convergence to
0 as r — o of the integral

yy(k,n)=J

L1 n
xi— - Inm(xy)=r

(—llnm(x,?))dm=zj (—llnm(X,?))dm
n i=0 Eypii(kn) n

o]

(o)
< S r+it De MAIT < S (r 4 i+ 1)e M HIIAD,
=0 i=0

Taking v large enough so that v > In||Al|, then the exponential term is
bound above by the special case n = 1 and we have the bound

(o)

yrik,n) < > (r+i+1)e rri-iniab
i=0

a bound which is finite and independent of k and n. The sum can easily
be shown to go to zero as ¥ — o« using standard summation formulas.
(The exponential terms shrink faster than the linear terms grow.) O

Variational Description of Divergence

Divergence has a variational characterization that is a fundamental prop-
erty for its applications to large deviations theory [182] [31]. Although
this theory will not be treated here, the basic result of this section pro-
vides an alternative description of divergence and hence of relative en-
tropy that has intrinsic interest. The basic result is originally due to
Donsker and Varadhan [35].
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Suppose now that P and M are two probability measures on a com-
mon discrete probability space, say (£, B). Given any real-valued random
variable ® defined on the probability space, we will be interested in the
quantity

Epe®. (3.17)

which is called the cumulant generating function of ® with respect to M
and is related to the characteristic function of the random variable ® as
well as to the moment generating function and the operational transform
of the random variable. The following theorem provides a variational
description of divergence in terms of the cumulant generating function.

Theorem 3.2.

D(P||M) = sup (Epcb —ln(EM(ed’))). (3.18)
®

Proof: First consider the random variable ® defined by
¢(w) =In(P(w)/M(w))

and observe that

P(w) P(w)
M(e0) —ln<%M(w)—)

Ep® — In(Ep (e?)) = %P(w)ln M)

=D(P|M) -Inl = D(P|M).

This proves that the supremum over all ® is no smaller than the diver-
gence.

To prove the other half observe that for any bounded random variable
o,

. . et ) M?(w)
Ep® —InEpy(e®) = Ep (mEM(eq))) = %P(w) <ln M) )

where the probability measure M? is defined by

® - M (w)e®@)
M™(w) = ZXM(X)Q(D(X)-

We now have for any ® that
D(PIIQ) - (Ep® — In(En(e®))) =
P(w) M®(w)\ _
%P(w) (mm) - > P(w) (ln M) ) =

P(w)
%P(w) <ln Mq’(w)) >0
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using the divergence inequality. Since this is true for any @, it is also true
for the supremum over ® and the theorem is proved. O

3.4 Entropy Rate

For simplicity we focus on the entropy rate of a directly given finite-
alphabet random process {X,}. We also will emphasize stationary mea-
sures, but we will try to clarify those results that require stationarity and
those that are more general.

As areminder, we recall the underlying structure. Let A be a finite set.
Let QO = AZ+ and let B be the sigma-field of subsets of Q generated by the
rectangles. Since A is finite, (A, B,4) is standard, where B, is the power
set of A. Thus (Q, B) is also standard by Lemma 2.4.1 of [55] or Lemma
3.7 of [58]. In fact, from the proof that cartesian products of standard
spaces are standard, we can take as a basis for B the fields F, generated
by the finite dimensional rectangles having the form {x : X" (x) = x" =
a} for all a™ € A™ and all positive integers n. (Members of this class of
rectangles are called thin cylinders.) The union of all such fields, say F,
is then a generating field.

Again let {X;;;n = 0,1,...} denote a finite-alphabet random process
and apply Lemma 3.2 to vectors and obtain

H(X()!Xl’---’X‘VL*l) =<
H(Xo, X1,...,.Xm-1) + HXm, Xms1,.-,Xn-1); 0 <m <n. (3.19)

Define as usual the random vectors X;' = (Xi, Xk+1,..., Xk+n-1), that
is, X} is a vector of dimension n consisting of the samples of X from k to
k +n — 1. If the underlying measure is stationary, then the distributions
of the random vectors X;' do not depend on k. Hence if we define the
sequence h(n) = H(X") = H(Xp,...,Xn-1), then the above equation
becomes

h(k +n) <h(k) + h(n); all k,n > 0.

Thus h(n) is a subadditive sequence as treated in Section 7.5 of [55] or
Section 8.5 of [58]. A basic property of subadditive sequences is that the
limit h(n)/n as n — « exists and equals the infimum of h(n)/n over n.
(See, e.g., Lemma 7.5.1 of [55] or Lemma 8.5.3 of [58].) This immediately
yields the following result.

Lemma 3.8. If the distribution m of a finite-alphabet random process
{Xn} is stationary, then

Hon(X) = Jim = Hyn (X") = inf -~ Hp (X").
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Thus the limit exists and equals the infimum.

The next two properties of entropy rate are primarily of interest be-
cause they imply a third property, the ergodic decomposition of entropy
rate, which will be described in Theorem 3.3. They are also of some in-
dependent interest. The first result is a continuity result for entropy rate
when considered as a function or functional on the underlying process
distribution. The second property demonstrates that entropy rate is ac-
tually an affine functional (both convex |J and convex (1)) of the under-
lying distribution, even though finite order entropy was only convex ()
and not affine.

We apply the distributional distance described in Section 1.7 to the
standard sequence measurable space (Q, B) = (AZ+,B§*) with a o-field
generated by the countable field F = {F,;; n = 1,2,...} generated by all
thin rectangles.

Corollary 3.4. The entropy rate H,,(X) of a discrete alphabet random
process considered as a functional of stationary measures is upper semi-
continuous; that is, if probability measures m and m,, n = 1,2,... have
the property that d(m,my,) — 0 as n — oo, then

Hp(X) = limsup Hp, (X).

n—oo

Proof: For each fixed n

Hp(X™) =- > mX"=a"nm(X" =a")

aneAn

is a continuous function of m since for the distance to go to zero, the
probabilities of all thin rectangles must go to zero and the entropy is
the sum of continuous real-valued functions of the probabilities of thin
rectangles. Thus we have from Lemma 3.8 that if d(my,m) — 0, then

H,,(X) = inlem(X") = infl lim Hy,, (XM
n n n MNk-o
> lim sup (i%f %Hmk (X")) = lim sup Hp, (X).

k— oo k— oo

O
The next lemma uses Lemma 3.4 to show that entropy rates are affine
functions of the underlying probability measures.

Lemma 3.9. Let m and p denote two distributions for a discrete alphabet
random process {X,}. Then for any A € (0,1),

Ay (X™) + (1 = A)Hp (X™) < Hame(1-0p (X™)
< AHp(X™) + (1 = A)Hp(X™) + ha2(A), (3.20)
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and

limsup(—Jdm(x)%ln()\m()("(x)) + (1 -A)p(X"(x))))

n—oo

= lim sup — dm(x)%lnm(X"(x))zﬁm(X). (3.21)

Nn— o0
If m and p are stationary then
Ham+1-0p(X) = AHm(X) + (1 — A)Hp (X) (3.22)

and hence the entropy rate of a stationary discrete alphabet random pro-
cess is an affine function of the process distribution.

Comment: Eq. (3.20) is simply Lemma 3.4 applied to the random vectors
X" stated in terms of the process distributions. Eq. (3.21) states that
if we look at the limit of the normalized log of a mixture of a pair of
measures when one of the measures governs the process, then the limit
of the expectation does not depend on the other measure at all and is
simply the entropy rate of the driving source. Thus in a sense the se-
quences produced by a measure are able to select the true measure from
a mixture.
Proof: Eq. (3.20) is just Lemma 3.4. Dividing by n and taking the limit
as n — oo proves that entropy rate is affine. Similarly, take the limit
supremum in expressions (3.13) and (3.14) and the lemma is proved. O
We are now prepared to prove one of the fundamental properties of
entropy rate, the fact that it has an ergodic decomposition formula simi-
lar to property (c) of Theorem 1.5 when it is considered as a functional on
the underlying distribution. In other words, the entropy rate of a station-
ary source is given by an integral of the entropy rates of the stationary
ergodic components. This is a far more complicated result than property
(c) of the ordinary ergodic decomposition because the entropy rate de-
pends on the distribution; it is not a simple function of the underlying
sequence. The result is due to Jacobs [80].

Theorem 3.3. The Ergodic Decomposition of Entropy Rate

Let (A%+,B(A)%+,m, T) be a stationary dynamical system correspond-
ing to a stationary finite alphabet source {X,}. Let {px} denote the er-
godic decomposition of m. If Hp, (X) is m-integrable, then

Hp(X) = Jdm(x)ﬁpx (X).

Proof: The theorem follows immediately from Corollary 3.4 and Lemma 3.9
and the ergodic decomposition of semi-continuous affine funtionals as
in Theorem 8.9.1 of [55] or Theorem 8.5 of [58]. O
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3.5 Relative Entropy Rate

The properties of relative entropy rate are more difficult to demonstrate.
In particular, the obvious analog to (3.19) does not hold for relative en-
tropy rate without the requirement that the reference measure be memo-
ryless, and hence one cannot immediately infer that the relative entropy
rate is given by a limit for stationary sources. The following lemma pro-
vides a condition under which the relative entropy rate is given by a
limit. The condition, that the dominating measure be a kth order (or
k-step) Markov source will occur repeatedly when dealing with relative
entropy rates. A discrete alphabet source is kth order Markov or k-step
Markov (or simply Markov if k is clear from context) if for any n and any
N=>k

P(Xn = xnlXn-1=xXn-1,..., Xn-N = Xn-n)
=P(Xp =xnlXn-1=%xXn-1,..., Xn-k = Xn-t);

that is, conditional probabilities given the infinite past depend only on
the most recent k symbols. A 0-step Markov source is a memoryless
source. A Markov source is said to have stationary transitions if the above
conditional probabilities do not depend on n, that is, if for any n

P(Xn =xnlXn-1=%Xn-1,....,.Xn-N =Xn-nN) =
P(Xy = xn|Xk-1 = xXpn-1,...,X0 = Xn—k).

Lemma 3.10. If p is a stationary process and m is a k-step Markov process
with stationary transitions, then

Hpim (X) = Jim =y (X") = ~Hp(X) ~ Ep[Inm (Xe| X4)],

where E,[Inm(Xy|X¥)] is an abbreviation for

Ep[Inm(Xp| X9 = > pyea (XK1 Inmy xe (x| x*).
Xk+1

Proof: If for any n it is not true that mx» > pxn, then Hpjm (X") = o
for that and all larger n and both sides of the formula are infinite, hence
we assume that all of the finite dimensional distributions satisfy the
absolute continuity relation. Since m is Markov,

n-1
myn (x™) = [ | my,xe (xrlxhmy (x
I=k

k).

Thus
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1 1 1
—Hpm (X™) = =~ Hp (X") — — XZ pxn (x™) Inmxn (x™)
1 n 1 k k
= ——Hp(X") — = > pxr(x*) Inmxe (x*)
n nx
n- k

— > pxee (XK Inmyg xx (xk [ x5).
xk+1

Taking limits then yields

Hpim(X) = =Hp — > pxear (x¥1) Inmy, e (xx [ x5),
xk+l

where the sum is well defined because if ka|Xk(Xk|Xk) = 0, then so
must p k1 (x**1) = 0 from absolute continuity. O

Combining the previous lemma with the ergodic decomposition of en-
tropy rate yields the following corollary.

Corollary 3.5. The Ergodic Decomposition of Relative Entropy Rate

Let (A%+,B(A)%+,p, T) be a stationary dynamical system correspond-
ing to a stationary finite alphabet source {Xy,}. Let m be a kth order
Markov process for which mxn > pxn for all n. Let {px} denote the er-
godic decomposition of p. If Hp,jm (X) is p-integrable, then

Hppm (X) = [ dp(x)Hp, 1 ().

3.6 Conditional Entropy and Mutual Information

We now turn to other notions of information. While we could do without
these if we confined interest to finite-alphabet processes, they will be
essential for later generalizations and provide additional intuition and
results even in the finite alphabet case. We begin by adding a second
finite-alphabet measurement to the setup of the previous sections. To
conform more to information theory tradition, we consider the measure-
ments as finite-alphabet random variables X and Y rather than f and
g. This has the advantage of releasing f and g for use as functions de-
fined on the random variables: f(X) and g(Y). It should be kept in mind,
however, that X and Y could themselves be distinct measurements on a
common random variable. This interpretation will often be useful when
comparing codes.

Let (Q,B,P,T) be a dynamical system. Let X and Y be finite-alphabet
measurements defined on Q with alphabets Ax and Ay. Define the con-
ditional entropy of X given Y by
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H(X|Y)=HX,Y)-H(Y).

The name conditional entropy comes from the fact that

H(X|Y)=-> P(X=a,Y =b)InP(X =alY = b)
Xy
= - > pxy(x,y) Inpxy(x]y)
Xy

- > py() [Z pxy (x| y)lnpxy(XIy)} ,
y x

where pyx y(x,y) is the joint PMF for (X,Y) and

pxiy(xly) = pxy(x,¥)/py(y)

is the conditional PMF. Defining

H(X|Y =) == > pxy(x|») Inpxy(x]y)

we can also write

HXIY) =Y py(WHXIY = ).
y

Thus conditional entropy is an average of entropies with respect to con-
ditional PMF’s. We have immediately from Lemma 3.2 and the definition
of conditional entropy that

0<HXIY) <H(X). (3.23)

The inequalities could also be written in terms of the partitions induced
by X and Y. Recall that according to Lemma 3.2 the right hand inequality
will be an equality if and only if X and Y are independent.

Define the average mutual information between X and Y by

I(X;Y)=H(X)+H(Y) -H(X,Y)
= H(X)-H(X|Y)=H(Y) - H(Y|X).

In terms of distributions and PMF’s we have that
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P(X=x,Y=y)
P(X =x)P(Y =)

I(X;Y)= > P(X=x,Y=y)ln

X,y
px,y(x,y) pxyy(xly)
= y)In PXYY) 3y In PRIY(X1Y)
%PX.Y(X ) )Py () gylox,y(x ) In 2y 0
pyix(yIx)
= L] 1 - . .
%PX,Y(X ¥)n ()

Note also that mutual information can be expressed as a divergence by
I(X;Y) = D(Px,yl|Px X Py),

where Px X Py is the product measure on X,Y, that is, a probability
measure which gives X and Y the same marginal distributions as Pyy,
but under which X and Y are independent. Entropy is a special case of
mutual information since

H(X) = I(X;X).

We can collect several of the properties of entropy and relative en-
tropy and produce corresponding properties of mutual information. We
state these in the form using measurements, but they can equally well
be expressed in terms of partitions.

Lemma 3.11. Suppose that X and Y are two finite-alphabet random vari-
ables defined on a common probability space. Then

0<I(X;Y) <min(H(X),H(Y)).
Suppose that f : Ax - A and g : Ay — B are two measurements. Then
I(f(X);9(Y)) <I(X;Y).

Proof: The first result follows immediately from the properties of en-

tropy. The second follows from Lemma 3.3 applied to the measurement

(f,g) since mutual information is a special case of relative entropy. O
The next lemma collects some additional, similar properties.

Lemma 3.12. Given the assumptions of the previous lemma,
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H(f(X)|X) =0,
H(X, f(X)) = H(X),
H(X) = H(f (X)) + H(X|f(X),
I(X; f(X)) = H(f (X)),
H(X|g(Y)) = H(X|Y),
I(f(X);9(Y)) < I(X;Y),
H(X|Y) = HX, f(X,Y))|Y),

and, if Z is a third finite-alphabet random variable defined on the same
probability space,
H(X|Y) = HX|Y, Z).

Comments: The first relation has the interpretation that given a random
variable, there is no additional information in a measurement made on
the random variable. The second and third relationships follow from the
first and the definitions. The third relation is a form of chain rule and
it implies that given a measurement on a random variable, the entropy
of the random variable is given by that of the measurement plus the
conditional entropy of the random variable given the measurement. This
provides an alternative proof of the second result of Lemma 3.3. The fifth
relation says that conditioning on a measurement of a random variable
is less informative than conditioning on the random variable itself. The
sixth relation states that coding reduces mutual information as well as
entropy. The seventh relation is a conditional extension of the second.
The eighth relation says that conditional entropy is nonincreasing when
conditioning on more information.

Proof: Since g(X) is a deterministic function of X, the conditional PMF
is trivial (a Kronecker delta) and hence H(g(X)|X = x) is 0 for all x,
hence the first relation holds. The second and third relations follow from
the first and the definition of conditional entropy. The fourth relation
follows from the first since I(X;Y) = H(Y) — H(Y|X). The fifth relation
follows from the previous lemma since

H(X) -H(X|g(Y)) =1(X;9(Y)) <I(X;Y) = H(X) - H(X]Y).
The sixth relation follows from Corollary 3.3 and the fact that
I(X;Y) = D(Px,yl[Px X Py).
The seventh relation follows since

HX, f(X, YY) = HX, f(X,Y)),Y) - H(Y)
= H(X,Y) -H(Y) = HX|Y).
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The final relation follows from the second by replacing Y by Y, Z and
setting g(Y,Z) =Y. O

In a similar fashion we can consider conditional relative entropies.
Suppose now that M and P are two probability measures on a common
space, that X and Y are two random variables defined on that space, and
that Mxy > Pxy (and hence also My > Py). Analagous to the definition
of the conditional entropy we can define

Hpym(X|Y) = Hpym (X, Y) — Hpm (Y).

Some algebra shows that this is equivalent to

pxiy(x|y)
Hpip (X]Y) = In_ = i
pim(X]Y) }%Px,y(x’y)nmxw(xly)

pxy(xly)
mxy (x|y)

=2 pr(¥) (vaw(xly)ln ) (3.24)
y X

This can be written as

Hpim(X1Y) = > py () D(pxiy 1) Imxy (-13),
BY

an average of divergences of conditional PMF’s, each of which is well
defined because of the original absolute continuity of the joint measure.
Manipulations similar to those for entropy can now be used to prove the
following properties of conditional relative entropies.

Lemma 3.13. Given two probability measures M and P on a common
space, and two random variables X and Y defined on that space with
the property that Mxy > Pxy , then the following properties hold:

Hpm (f(X)1X) =0,
Hpym (X, f(X)) = Hpym(X),
Hpym(X) = Hpym (f (X)) + Hpym (X1 (X)), (3.25)

IfMxy = Mx XMy (that is, if the PMFs satisfy mx y(x,y) = mx(x)my(y)),
then
Hpm(X,Y) = Hpym(X) + Hpm (Y)

and
Hpym (X1Y) = Hpym (X).

Eq. (3.25) is a chain rule for relative entropy which provides as a corollary
an immediate proof of Lemma 3.3. The final two inequalities resemble
inequalities for entropy (with a sign reversal), but they do not hold for
all reference measures.



3.6 Conditional Entropy and Mutual Information 87

The above lemmas along with Lemma 3.3 show that all of the informa-
tion measures thus far considered are reduced by taking measurements
or by coding. This property is the key to generalizing these quantities to
nondiscrete alphabets.

We saw in Lemma 3.4 that entropy was a convex [ function of the un-
derlying distribution. The following lemma provides similar properties
of mutual information considered as a function of either a marginal or a
conditional distribution.

Lemma 3.14. Let u denote a PMF on a discrete space Ay, u(x) = Pr(X =
x), and let v be a conditional PMF, v(y|x) = Pr(Y = y|X = x). Let uv de-
note the resulting joint PMF uv(x,y) = p(x)v(y|x). Let Iy = I (X;Y)
be the average mutual information. Then I, is a convex |J function
of v; that is, given two conditional PMF’s vi and v», a A € [0,1], and
v =Avy + (1 — A)vy, then

Iuv < AIHVI + (1 - A)I[,IVZJ

and 1, is a convex (| function of u, that is, given two PMF’s py and po,
A €[0,1], and p = Apy + (1 = Az,

Iy = Ay + (1 = NI,y

Proof. First consider the case of a fixed source u and consider condi-
tional PMFs vy, vo, and for 0 < A < 1 define v = Avy + (1 — A)wvo.
Denote the corresponding input/output pair processes by p; = uv;,
i =12 and p = Ap; + (1 — A)p2 Let n (respectively, ny, n2, n) de-
note the PMF for Y resulting from v (respectively vy, vz, v), that is,
n(y) =Pr(Y = y) = >, u(x)v(ylx). Note that p;, p2, and p all have a
common input marginal PMF p. We have that

uxXn=auxny+ 1 -=A)uxn
so that from Lemma 3.5

Iiv = D(uvllpxn) =DAp1 + (1 = A)p2llAp X n1 + (1 = A)p X n2)
< AD(pillugxn1) + (1 =A)D(p2llp X n2)
= Ay, + (1 = D)y,

proving the convexity of mutual information with respect to the channel.
The author is indebted to T. Linder for suggesting this proof, which is
much simpler than the one in the first edition.

Similarly, let u = Au; + (1 — A)up and let ny, n2, and n denote the
corresponding induced output PMF’s. Then
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(\/(ylx) ni(y) v(yIX))
n(y) vylx) my)

(v(ylx) n2 () v(ylx)>
ny) viylx) n2(y)

Ly = A D i (x)v(ylx)log
X,y

+(1-A) X p2(x)v(ylx)log

Xy
(»)
= Ay, + (1 = My — A%ul(x)v(ylx) log 1;71()3//)
o n()
(1 A)gyuz(X)V(ylx)lognz(y)

= Ay + (1 = A)Iy,y + AD(N1lIn) + (1 = A)D(n2lln)
> Ay + (1= M),y (3.26)

from the divergence inequality. O

We consider one other notion of information: Given three finite-
alphabet random variables X, Y, Z, define the conditional mutual infor-
mation between X and Y given Z by

I(X;Y|Z) = D(PxyzllPxxy|z) (3.27)
where Pxyy|z is the distribution defined by its values on rectangles as

Pxyyiz(FXGXD) = Z P(XeF|Z=z)P(Y €G|Z=2)P(Z = 2z).
zeD
(3.28)
Pxyv|z has the same conditional distributions for X given Z and for Y
given Z as does Pxyz, but now X and Y are conditionally independent
given Z. Alternatively, the conditional distribution for X, Y given Z under
the distribution Pxxy|z is the product distribution Py|Z X Py|Z. Thus

Pxyz(x,¥,2)
x,v,z)In
I e P P p P e

Pxyiz(x,y|z)
= X,Y,z)In .
x%‘:szYZ( Y Pxiz(x|2)py|z(¥|z)

I(X;YZ)

(3.29)

Since

Pxyz _ Pxyz % Px _ Pxyz % Py

pxizPyizPz  PxPyz  Pxiz PxzPy  Pyiz
we have the first statement in the following lemma.

Lemma 3.15.
I1X;Y|Z)+1(Y;Z)=1(Y; (X, Z2)), (3.30)

I(X;Y|Z) =0, (3.31)
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with equality if and only if X and Y are conditionally independent given
Z, that is, pxv|z = Px|zPy|z- Given finite valued measurements f and g,

I(f(X);9(V)|Z) < (X;Y|Z).

Proof: The second inequality follows from the divergence inequality (3.7)
with P = Pxyz and M = Pxxy|z, i.e., the PMF’s pxyz and px|zpy|zpz. The
third inequality follows from Lemma 3.3 or its corollary applied to the
same measures. O
Comments: Eq. (3.30) is called Kolmogorov’s formula. If X and Y are con-
ditionally independent given Z in the above sense, then we also have that
Px|yz = Pxy|z/Py|z = Px|z, iIn which case Y — Z — X forms a Markov
chain — given Z, X does not depend on Y. Note thatif Y - Z — X is
a Markov chain, then so is X — Z — Y. Thus the conditional mutual in-
formation is O if and only if the variables form a Markov chain with the
conditioning variable in the middle. One might be tempted to infer from
Lemma 3.3 that given finite valued measurements f, g, and r
I(f(X); D,
;9(Y)|r(Z)) - I(X;Y|Z).

This does not follow, however, since it is not true that if Q is the partition
corresponding to the three quantizers, then D (Py(x),4(v),r(2)[1Pf(x)xg(Y)r(2))
iS Hpyy ;1Pxyyz (f (X),g9(Y),7(Z)) because of the way that Pyxy|z is con-
structed; e.g., the fact that X and Y are conditionally independent given
Z implies that f(X) and g(Y) are conditionally independent given Z,
but it does not imply that f(X) and g(Y) are conditionally indepen-
dent given 7 (Z). Alternatively, if M is Pxxz|y, then it is not true that
Prxyxg(v)r(z) equals M(fgr)~'. Note that if this inequality were true,
choosing 7 (z) to be trivial (say 1 for all z) would result in I(X;Y|Z) >
I(X;Y|r(Z)) = I(X;Y). This cannot be true in general since, for exam-
ple, choosing Z as (X, Y) would give I(X;Y|Z) = 0. Thus one must be
careful when applying Lemma 3.3 if the measures and random variables
are related as they are in the case of conditional mutual information.

We close this section with an easy corollary of the previous lemma and
of the definition of conditional entropy. Results of this type are referred
to as chain rules for information and entropy.

Corollary 3.6. Given finite-alphabet random variables Y, Xy, Xo, ..., Xy,

n
H(X1,X2,...,Xn) = > HXi|X1,...,Xi-1)

i=1

n
Hypjm (X1, X2, ..., Xn) = > Hpjm (Xil X1, ..., Xi-1)

i=1
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I(Y; (X1, X2, ., Xn)) = D> I(Y; X1 X1, ..., Xim1).
i=1

3.7 Entropy Rate Revisited

The chain rule of Corollary 3.6 provides a means of computing entropy
rates for stationary processes. We have that

1 1 n-1 )
SH(X™) == > H(X;|X").
n i

First suppose that the source is a stationary kth order Markov process,
that is, for any m > k

Pr(Xpy =xulXi=x41=0,1,...,m—1)
=Pr(Xp=xulXi=xi;i=n-k,...,n—1).

For such a process we have for all n > k that
H(XplX") = H(Xn| X}y ;) = H(Xg|X5),

where X" = Xj,..., Xitm-1. Thus taking the limit as n — o of the nth
order entropy, all but a finite number of terms in the sum are identical
and hence the Cesaro (or arithmetic) mean is given by the conditional
expectation. We have therefore proved the following lemma.

Lemma 3.16. If {X,,} is a stationary kth order Markov source, then
H(X) = H(X|X%).

If we have a two-sided stationary process {X,}, then all of the previ-
ous definitions for entropies of vectors extend in an obvious fashion and
a generalization of the Markov result follows if we use stationarity and
the chain rule to write

1 1 n-1

—H(X") == > H(XolX-1,...,X_¢).

n n =
Since conditional entropy is nonincreasing with more conditioning vari-
ables ((3.23) or Lemma 3.12), H(Xp|X-1,...,X_;) has a limit. Again using
the fact that a Cesaro mean of terms all converging to a common limit
also converges to the same limit we have the following result.
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Lemma 3.17. If {X,,} is a two-sided stationary source, then

H(X) = lim H(Xo|X-1,..., X-n).

It is tempting to identify the above limit as the conditional entropy
given the infinite past, H(Xy|X_1,...). Since the conditioning variable is a
sequence and does not have a finite alphabet, such a conditional entropy
is not included in any of the definitions yet introduced. We shall later
demonstrate that this interpretation is indeed valid when the notion of
conditional entropy has been suitably generalized.

The natural generalization of Lemma 3.17 to relative entropy rates un-
fortunately does not work because conditional relative entropies are not
in general monotonic with increased conditioning and hence the chain
rule does not immediately yield a limiting argument analogous to that
for entropy. The argument does work if the reference measure is a kth
order Markov, as considered in the following lemma.

Lemma 3.18. If {X,,} is a source described by process distributions p and
m and if p is stationary and m is kth order Markov with stationary tran-
sitions, then for n = k Hym (Xo|X_1,...,X_y) is nondecreasing in n and

Hpjm(X) = %%le\m(xﬂx—l,---,xfn)
= —Hp(X) — Ep[Inm(Xg|X*)].

Proof: For n > k we have that

Hpjjm (XolX-1,...,X_n) =
- Hp(XolX-1,...,X yn) — Z pXkH(XkH)lnka‘Xk(xk|xk)_

xk+1

Since the conditional entropy is nonincreasing with n and the remaining
term does not depend on n, the combination is nondecreasing with n.
The remainder of the proof then parallels the entropy rate result. a

It is important to note that the relative entropy analogs to entropy
properties often require kth order Markov assumptions on the reference
measure (but not on the original measure).

3.8 Markov Approximations

Recall that the relative entropy rate H |, (X) can be thought of as a dis-
tance between the process with distribution p and that with distribution
m and that the rate is given by a limit if the reference measure m is
Markov. A particular Markov measure relevant to p is the distribution
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p®) which is the kth order Markov approximation to p in the sense that
it is a kth order Markov source and it has the same kth order transition
probabilities as p. To be more precise, the process distribution p® is
specified by its finite dimensional distributions
P (k) = pye (k)
n-1
pi (™) = px () [ Prxk (X n=kk+ 1,
I=k

so that
(k)y
pXlek = P x| xk-
Itis natural to ask how good this approximation is, especially in the limit,

that is, to study the behavior of the relative entropy rate ﬁp” pt (X) as
k — oo.

Theorem 3.4. Given a stationary process p, let p denote the kth order
Markov approximations to p. Then

,lim Hpup(k) (X) = il;(lfﬁpupm (X) =0.

Thus the Markov approximations are asymptotically accurate in the sense
that the relative entropy rate between the source and approximation can
be made arbitrarily small (zero if the original source itself happens to be
Markov).

Proof: As in the proof of Lemma 3.18 we can write for n > k that

Hyjpwo (XolX-1,. ., Xop)
= —Hp(XolX-1,-..,Xn) = 2 pyeer (X" 1) Inp e (k)

xk+1

= Hp(Xo|X_1,...,X_) — Hp(Xo|X_1,..., X_p).

Note that this implies that pgﬁf > pxn» for all n since the entropies are
finite. This automatic domination of the finite dimensional distributions
of a measure by those of its Markov approximation will not hold in the
general case to be encountered later, it is specific to the finite alphabet
case. Taking the limit as n — o gives

H,jpto (X) = }Lil'l;loHp”p(k) (XolX-1,..., Xn)
= Hp(X()'X—ly e IX—k) - HP(X)
The corollary then follows immediately from Lemma 3.17. O

Markov approximations will play a fundamental role when consider-
ing relative entropies for general (nonfinite-alphabet) processes. The ba-
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sic result above will generalize to that case, but the proof will be much
more involved.

3.9 Relative Entropy Densities

Many of the convergence results to come will be given and stated in
terms of relative entropy densities. In this section we present a sim-
ple but important result describing the asymptotic behavior of relative
entropy densities. Although the result of this section is only for finite
alphabet processes, it is stated and proved in a manner that will extend
naturally to more general processes later on. The result will play a fun-
damental role in the basic ergodic theorems to come.

Throughout this section we will assume that M and P are two process
distributions describing a random process {X,}. Denote as before the
sample vector X" = (Xy, X1,...,Xn-1), that is, the vector beginning at
time O having length n. The distributions on X" induced by M and P
will be denoted by M,, and P,, respectively. The corresponding PMF’s
are myn and px». The key assumption in this section is that for all n if
mxn (x™) = 0, then also px»(x") = 0, that is,

M, > P, for all n. (3.32)
If this is the case, we can define the relative entropy density

pxn(x™)

hy(x) =1n
myn (x™)

=1In fun(x), (3.33)

where

(3.34)

) = DO if mxn (x™) £ 0
" 0 otherwise

Observe that the relative entropy is found by integrating the relative
entropy density:

n (X
Hpipa (X") = D(PallMy) = 3 pn (") In P20
X"
pxn(X™M)
Jl o OX) dap (3.35)
Thus, for example, if we assume that
Hpjm(X™) < o0, all n, (3.36)

then (3.32) holds.
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The following lemma will prove to be useful when comparing the
asymptotic behavior of relative entropy densities for different probabil-
ity measures. It is the first almost everywhere result for relative entropy
densities that we consider. It is somewhat narrow in the sense that it
only compares limiting densities to zero and not to expectations. We
shall later see that essentially the same argument implies the same re-
sult for the general case (Theorem 7.4), only the interim steps involving
PMF’s need be dropped. Note that the lemma requires neither stationar-
ity nor asymptotic mean stationarity.

Lemma 3.19. Given a finite-alphabet process {X,,} with process measures
P, M satisfying (3.32), Then

lim sup lhn <0, M- a.e. (3.37)
n-o N

and .
liminf Ehn >0, P—-a.e. (3.38)

n—oo

If in addition M > P, then

lim lhn =0, P —a.e. (3.39)

n—o N
Proof: First consider the probability

EM(fn)

ene ’

M(%hnze) =M(f, =e") <

where the final inequality is Markov’s inequality. But

B B ny Pxn(x™)
EM(fn) - Jden - X”:M%X”)%Omxn (x )mxn (Xn)

Z pxn(x™) <1

XM myn (x")#0

and therefore )
M(ﬁhn >¢€) <27 M€

and hence
(o] 1 [o¢]
D M(=hp>€)< > e " <o,
n
n=1 n=1

From the Borel-Cantelli Lemma (e.g., Lemma 4.6.3 of [55] or Lemma 5.17
of [58]) this implies that M(n~1h, = €i.0.) = 0 which implies the first
equation of the lemma.

Next consider
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1
P(=—hy > €) = > pxn(x™)
x”:—%lnpxn(x”)/mxn (x")>e€
= > pxn(x™)
x":—%lnpxn (xM)/myn (x")>€ and Myn (x")#0
where the last statement follows since if mx»(x"™) = 0, then also

pxn(x™) = 0 and hence nothing would be contributed to the sum. In
other words, terms violating this condition add zero to the sum and
hence adding this condition to the sum does not change the sum’s value.
Thus

1
P(——hy > €
( I )
n(x™)
- 2 s Gy M ()
x":—%lnpxn(x")/mxn (xn)>e and mxn (x")#0 X
= J aMf, < J dMe "€
Sfn<ene Sfn<e ne

=e "M(fy < e ") < e "€,

Thus as before we have that P(nth, > €) < e "¢ and hence that
P(n~'h, < —ei.0.) = 0 which proves the second claim. If also M > P,
then the first equation of the lemma is also true P-a.e., which when cou-
pled with the second equation proves the third. O



Chapter 4
The Entropy Ergodic Theorem

Abstract The goal of this chapter is to prove an ergodic theorem for
sample entropy of finite-alphabet random processes. The result is some-
times called the ergodic theorem of information theory or the asymp-
totic equipartition (AEP) theorem, but it is best known as the Shannon-
McMillan-Breiman theorem. It provides a common foundation to many
of the results of both ergodic theory and information theory.

4.1 History

Shannon [162] first demonstrated the convergence in probability of sam-
ple entropy to the entropy rate for stationary ergodic Markov sources.
McMillan [123] proved L! convergence for stationary ergodic sources and
Breiman [20] [21] proved almost everywhere convergence for stationary
and ergodic sources. Billingsley [16] extended the result to stationary
nonergodic sources. Jacobs [79] [78] extended it to processes dominated
by a stationary measure and hence to two-sided AMS processes. Gray and
Kieffer [62] extended it to processes asymptotically dominated by a sta-
tionary measure and hence to all AMS processes. The generalizations to
AMS processes build on the Billingsley theorem for the stationary mean.

Breiman’s and Billingsley’s approach requires the martingale conver-
gence theorem and embeds the possibly one-sided stationary process
into a two-sided process. Ornstein and Weiss [141] developed a proof
for the stationary and ergodic case that does not require any martingale
theory and considers only positive time and hence does not require any
embedding into two-sided processes. The technique was described for
both the ordinary ergodic theorem and the entropy ergodic theorem by
Shields [165]. In addition, it uses a form of coding argument that is both
more direct and more information theoretic in flavor than the traditional
martingale proofs. We here follow the Ornstein and Weiss approach for

R.M. Gray, Entropy and Information Theory, DOI 10.1007/978-1-4419-7970-4_4, 97
© Springer Science+Business Media, LLC 2011
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the stationary ergodic result. We also use some modifications similar to
those of Katznelson and Weiss for the proof of the ergodic theorem. We
then generalize the result first to nonergodic processes using the “sand-
wich” technique of Algoet and Cover [7] and then to AMS processes using
a variation on a result of [62].

We next state the theorem to serve as a guide through the various
steps. We also prove the result for the simple special case of a Markov
source, for which the result follows from the usual ergodic theorem.

We consider a directly given finite-alphabet source {X,,} described by
a distribution m on the sequence measurable space (Q,B). Define as
previously X' = (X, Xi11,- -+, Xk+n-1). The subscript is omitted when
it is zero. For any random variable Y defined on the sequence space
(such as X}!) we define the random variable m(Y) by m(Y)(x) = m(Y =
Y(x)).

Theorem 4.1. The Entropy Ergodic Theorem

Given a finite-alphabet AMS source {X,} with process distribution m
and stationary mean m, let {m;x € Q} be the ergodic decomposition of
the stationary mean m. Then

_ n
lim Inm (X™)

Nn— o0 n

=h; m—ae. andin L' (m), 4.1)

where h(x) is the invariant function defined by
h(x) = He, (X). 4.2)

Furthermore,
Eph = Jim - Hyy (X") = o () @3)

that is, the entropy rate of an AMS process is given by the limit, and
Hum(X) = Hn(X). (4.4)

Comments: The theorem states that the sample entropy using the AMS
measure m converges to the entropy rate of the underlying ergodic com-
ponent of the stationary mean. Thus, for example, if m is itself stationary
and ergodic, then the sample entropy converges to the entropy rate of
the process m-a.e. and in L' (m). The L' (m) convergence follows imme-
diately from the almost everywhere convergence and the fact that sam-
ple entropy is uniformly integrable (Lemma 3.7). L! convergence in turn
immediately implies the left-hand equality of (4.3). Since the limit exists,
it is the entropy rate. The final equality states that the entropy rates of
an AMS process and its stationary mean are the same. This result follows
from (4.2)-(4.3) by the following argument: We have that H,,(X) = E;,h
and H#(X) = Eszh, but h is invariant and hence the two expectations are
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equal (see, e.g., Lemma 6.3.1 of [55] or Lemma 7.5 of [58]). Thus we need
only prove almost everywhere convergence in (4.1) to prove the theorem.

In this section we limit ourselves to the following special case of the
theorem that can be proved using the ordinary ergodic theorem without
any new techniques.

Lemma 4.1. Given a finite-alphabet stationary kth order Markov source
{Xn}, then there is an invariant function h such that

_ n
lim Inm((X™)

n—oo

where h is defined by

=h; m—ae.andin L' (m),

h(x) = —Em, Inm (X | X%), (4.5)

where {m,} is the ergodic decomposition of the stationary mean m. Fur-
thermore, o
h(x) = Hm, (X) = Hm, (X X5). (4.6)

Proof of Lemma: We have that

—llnm(X") = -
n

S\H

Z Inm (X;|XY).
Since the process is kth order Markov with stationary transition proba-
bilites, for i > k we have that

mXil XY = m(Xi|Xik, - -+, Xi-1) = m(X X Tk

The terms — Inm(X;|X?),i=0,1,-- -,k — 1 have finite expectation and
hence are finite m-a.e. so that the ergodic theorem can be applied to
deduce

n k-1 n-1
w -1 =3 Inm (XX (x) - - Z In m (Xi | X¥) (T ¥ x)
i=0 i=k
1 k-1 ) 1 n-k—-1 )
= = > InmX|XH(x) - = > Inm(Xp|X*)(Tx)
n i=0 n i=0

T (- Inm (X X5)),

proving the first statement of the lemma. It follows from the ergodic
decomposition of Markov sources (see Lemma 8.6.3 of [55] or Lemma
10.5 of [58]) that with probability 1, 7, (Xx|X*) = m(Xx|y(x), X*) =
m(Xx|X*), where  is the ergodic component function. This completes
the proof. O
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We prove the theorem in three steps: The first step considers station-
ary and ergodic sources and uses the approach of Ornstein and Weiss
[141] (see also Shields [165]). The second step removes the requirement
for ergodicity. This result will later be seen to provide an information
theoretic interpretation of the ergodic decomposition. The third step ex-
tends the result to AMS processes by showing that such processes inherit
limiting sample entropies from their stationary mean. The later exten-
sion of these results to more general relative entropy and information
densities will closely parallel the proofs of the second and third steps
for the finite case.

In subsequent chapters the definitions of entropy and information will
be generalized and corresponding generalizations of the entropy ergodic
theorem will be developed in Chapter 11.

4.2 Stationary Ergodic Sources

This section is devoted to proving the entropy ergodic theorem for
the special case of stationary ergodic sources. The result was originally
proved by Breiman [20]. The original proof first used the martingale con-
vergence theorem to infer the convergence of conditional probabilities
of the form m(Xy|X_1,X_2, -+ ,X_x) to m(Xo|X_1,X_2,---). This re-
sult was combined with an an extended form of the ergodic theorem
stating that if gy — g as k — « and if gy is L'-dominated (supy |gk| is in
LY), then 1/n Y}~ gk T* has the same limit as 1/n Y}~ gTX. Combining
these facts yields that that

1 1 n-1
SInm(X") = = > Inm(Xk|X¥) =
n n =

S|

n-1
> Inm(Xo|X*,)T*
k=0

has the same limit as

1 n-1
— > Inm(XolX-1,X-2,- - ) T*
n>o

which, from the usual ergodic theorem, is the expectation
E(Inm(Xo|X™) = E(Inm(Xo|X_1,X 2, -)).

As suggested at the end of the preceeding chapter, this should be minus
the conditional entropy H (Xy|X_1,X_2, - - - ) which in turn should be the
entropy rate Hy. This approach has three shortcomings: it requires a re-
sult from martingale theory which has not been proved here or in the
companion volume [55] or [58], it requires an extended ergodic theo-
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rem which has similarly not been proved here, and it requires a more
advanced definition of entropy which has not yet been introduced. An-
other approach is the sandwich proof of Algoet and Cover [7]. They show
without using martingale theory or the extended ergodic theorem that
1/n Y™ Inm(Xo |X®,)T* is asymptotically sandwiched between the en-
tropy rate of a kth order Markov approximation:

1 n-1 )
— 2 Inm(Xo| X*)T" ~ Em[Inm(XolX%)] = —H(XolX"})
i=k

and

S|

n-1
> Inm(XolX-1, X2, )T" — Em[lnm(XolX1,- )]
i=k

= —H(XolX_1,X_2,---).

By showing that these two limits are arbitrarily close as k — oo, the re-
sult is proved. The drawback of this approach for present purposes is
that again the more advanced notion of conditional entropy given the
infinite past is required. Algoet and Cover’s proof that the above two en-
tropies are asymptotically close involves martingale theory, but this can
be avoided by using Corollary 7.4 as will be seen.

The result can, however, be proved without martingale theory, the
extended ergodic theorem, or advanced notions of entropy using the
approach of Ornstein and Weiss [141], which is the approach we shall
take in this chapter. In a later chapter when the entropy ergodic theorem
is generalized to nonfinite alphabets and the convergence of entropy
and information densities is proved, the sandwich approach will be used
since the appropriate general definitions of entropy will have been de-
veloped and the necessary side results will have been proved.

Lemma 4.2. Given a finite-alphabet source { X, } with a stationary ergodic
distribution m, we have that

_ n
lim % =h; m—a.e.,

n—oo
where h(x) is the invariant function defined by
h(x) = Hn(X).

Proof: Define
hn(x) = -Inm(X")(x) = —Inm(x")
and

— n
h(x) = liminflhn(x) _ liminf — 2"
n—o N g
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Since m((xg, - - - ,Xn-1)) < m((x1,---,Xn_1)), we have that
huy(x) > hy,1(Tx).

Dividing by n and taking the limit infimum of both sides shows that
h(x) = h(Tx). Since the n~'h,, are nonnegative and uniformly inte-
grable (Lemma 3.7), we can use Fatou’s lemma to deduce that h and
hence also hT are integrable with respect to m. Integrating with respect
to the stationary measure m yields

Jdm(x)@(x) _ jdm(x)h(Tx)

which can only be true if
h(x) = h(Tx);m — a.e.,

that is, if & is an invariant function with m-probability one. If h is invari-
ant almost everywhere, however, it must be a constant with probability
one since m is ergodic (Lemma 6.7.1 of [55] or Lemma 7.12 of [58]).
Since it has a finite integral (bounded by H, (X)), h must also be finite.
Henceforth we consider h to be a finite constant.

We now proceed with steps that resemble those of the proof of the
ergodic theorem in Section 7.2 of [55] or Section 8.1 or [58]. Fix € > 0.
We also choose for later use a 6 > 0 small enough to have the following
properties: If A is the alphabet of Xy and ||A| is the finite cardinality of
the alphabet, then

oln||All <€, 4.7)

and
-0In6-(1-6)In(1 —6) = hy(d) <e. (4.8)

The latter property is possible since hy(6) — 0 as 6 — 0.

Define the random variable 7 (x) to be the smallest integer n for which
n~'h,(x) < h + €. As in the proof of the ergodic theorem, n(x) in gen-
eral will be large in order to well approximate the limit infimum, but by
definition of the limit infimum there must be infinitely many » for which
the inequality is true and hence n(x) is everywhere finite, but it is not
bounded. Still mimicking the proof of the ergodic theorem, define a set
of “bad” sequences B = {x : n(x) > N} where N is chosen large enough
to ensure that m(B) < §/2. Define a bounded modification of n(x) by

A(x) = n(x) x¢&¢B
M= xE€B

so that 71(x) < N for all x € B€. We now parse the sequence into variable-
length blocks. Iteratively define ny(x) by
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no(x) =0
ni(x) = n(x)
Nna(x) = n1(x) + (T Yx) = ny(x) + 1 (x)

N1 (x) = Np(x) + AT N x) = ng(x) + Le(x),
where [ (x) is the length of the kth block:

L (x) = A(T™X) ).

We have parsed a very long sequence xt = (xq,---,xr_1), where
L > N, into long blocks Xy, (x), ", Xnp(x)=1 = xifk((’;)) which begin
at time ng(x) and have length Iy (x) for k = 0,1, - - - . We refer to this

parsing as the block decomposition of a sequence. The kth block, which
begins at time ny(x), must either have sample entropy satisfying

- lnm(xffk((’;)))
— Tm _pie 4.9
e (x) h 9

or, equivalently, probability at least

Lk (x)
ng(x)

mx,) = e k(x)hre) (4.10)
or it must consist of only a single symbol. Blocks having length 1 (I = 1)
could have the correct sample entropy, that is,

—Inm(x! _
~Inm X, ) <h+e,
1
or they could be bad in the sense that they are the first symbol of a
sequence with n > N; that is,

n(T™ X x) > N,

or, equivalently,
T x e B.

Except for these bad symbols, each of the blocks by construction will
have a probability which satisfies the above bound.
Define for nonnegative integers n and positive integers [ the sets

S, 1) = {x:m(Xk(x)) = e lhte)}

that is, the collection of infinite sequences for which (4.9) and (4.10)
hold for a block starting at n and having length [. Observe that for such
blocks there cannot be more than e!®+€) distinct I-tuples for which the



104 4 The Entropy Ergodic Theorem

bound holds (lest the probabilities sum to something greater than 1). In
symbols this is
11S(n,1)|] < e!Bre), (4.11)

The ergodic theorem will imply that there cannot be too many single
symbol blocks with n(T"™ ) x) > N because the event has small proba-
bility. These facts will be essential to the proof.

Even though we write 71(x) as a function of the entire infinite se-
quence, we can determine its value by observing only the prefix xN of
x since either there is an n < N for which n ! Inm(x"™) < h + € or
there is not. Hence there is a function 7(x") such that 7(x) = 7 (xN).
Define the finite length sequence event C = {xN : 7A(x"N) = 1 and
—Inm(x') > h + €}, that is, C is the collection of all N-tuples xV that
are prefixes of bad infinite sequences, sequences x for which n(x) > N.
Thus in particular,

x € B if and only if xN € C. (4.12)
Recall that we parse sequences of length L > N and define the set G,
of “good” L-tuples by

L-N-1
Gr=(x: e Yl <,
N i=0

that is, Gy is the collection of all L-tuples which have fewer than 6 (L —
N) < 6L time slots i for which xf] is a prefix of a bad infinite sequence.
From (4.12) and the ergodic theorem for stationary ergodic sources we
know that m-a.e. we get an x for which

1 n-1 1 n-1 ) S
lim — > 1c(x)) = lim = > 15(T'x) = m(B) < . (4.13)
enD en D 2

From the definition of a limit, this means that with probability 1 we get
an x for which there is an Ly = Lo(x) such that

L-N-1
> 1c(xN) < 6; forall L > Lo. (4.14)
i=0

L
L-N

This follows because if the limit is less than 6/2, there must be an L
so large that for larger L the time average is at least no greater than
26/2 = 6. We can restate (4.14) as follows: with probability 1 we get
an x for which xt € Gi for all but a finite number of L. Stating this
in negative fashion, we have one of the key properties required by the
proof: If xI € G; for all but a finite number of L, then xt cannot be in
the complement Gf infinitely often, that is,
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m(x:x! € G§io.) =0. (4.15)

We now change tack to develop another key result for the proof. For
each L we bounded above the cardinality ||G.|| of the set of good L-
tuples. By construction there are no more than 6L bad symbols in an
L-tuple in G and these can occur in any of at most

> (i) < L (4.16)

k<dL

places, where we have used Lemma 3.6. Eq. (4.16) provides an upper
bound on the number of ways that a sequence in Gy can be parsed by
the given rules. The bad symbols and the final N symbols in the L-tuple
can take on any of the ||A|| different values in the alphabet. Eq. (4.11)
bounds the number of finite length sequences that can occur in each of
the remaining blocks and hence for any given block decomposition, the
number of ways that the remaining blocks can be filled is bounded above
b

y 1—[ k() (h+e) _ pXplk(x)(h+e) — pL(h+e) (4.17)

k:T™ ™) x¢&B

regardless of the details of the parsing. Combining these bounds we have
that

1G]] < ehz(é)L X ||A||6L % ||A||N % eL(h+€) _ eh2(5)L+(5L+N)lIl|\A||+L(ﬁ+£)

or

[|GLI| < eLUrerha(8)+@+T)nlAl),

Since ¢ satisfies (4.7)-(4.8), we can choose L; large enough so that
NlIn|/All/L; < € and thereby obtain

[|GLI| < et B+, [ > [y, (4.18)

This bound provides the second key result in the proof of the lemma.
We now combine (4.18) and (4.15) to complete the proof.

Let B; denote a collection of L-tuples that are bad in the sense of hav-
ing too large a sample entropy or, equivalently, too small a probability;
that is if xL € B;, then

m(XL) < e*L(h+5€)

or, equivalently, for any x with prefix x’

hr(x) = h + 5e.

The upper bound on ||Gr|| provides a bound on the probability of
BL ﬂ GLZ
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m@Br(\G) = > mxh) < > e tlre

xleB NGy xleGp
< ||GL||e—L(ﬂ+5€) < e—eL_

Recall now that the above bound is true for a fixed € > 0 and for all
L > L. Thus

) Li—1 o0
> m(BL(\Gr) = > m(B.[\GL) + > m(B(Gr)
L=1 L=1 L=L,

(o]
<L+ > e¥<w
L=L

and hence from the Borel-Cantelli lemma (Lemma 4.6.3 of [55] or Lemma
5.17 of [58]) m(x : xL € B, G i.0.) = 0. We also have from (4.15),
however, that m(x : x! € Gf i.0.) = 0 and hence x' € G, for all but a
finite number of L. Thus x € B; i.o. if and only if xL € B; N G; i.0. As
this latter event has zero probability, we have shown that m(x : xt € By
i.0.) = 0 and hence
limsup hy(x) < h + 5e.
L—oco
Since € is arbitrary we have proved that the limit supremum of the
sample entropy —n ! Inm(X") is less than or equal to the limit infimum
and therefore that the limit exists and hence with m-probability 1
n
im —mXD (4.19)
n—oo n
Since the terms on the left in (4.19) are uniformly integrable from
Lemma 3.7, we can integrate to the limit and apply Lemma 3.8 to find
that

hz%izrgojdm(x) = Hp(X),

—Inm(X"(x))
n
which completes the proof of the lemma and hence also proves Theo-
rem 4.1 for the special case of stationary ergodic measures. O

4.3 Stationary Nonergodic Sources

Next suppose that a source is stationary with ergodic decomposition
{my; A € A} and ergodic component function ¢ as in Theorem 1.6. The
source will produce with probability one under m an ergodic component
my and Lemma 4.2 will hold for this ergodic component. In other words,
we should have that
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lim —% Inmy (X") = Hp,, (X); m — ace, (4.20)

n—oo

that is, o
m({x: —rllizglolnmw(x)(x") =Hm,, (X)}) = 1.

This argument is made rigorous in the following lemma.

Lemma 4.3. Suppose that {X,} is a stationary not necessarily ergodic
source with ergodic component function . Then

m({x: - lim Inmy ) (x™) = Hiy, (X)}) = 1; m —ae.. 4.21)
Proof: Let o
G={x:- lim Inmyx) (X™") = Hum,yp (X))
and let G denote the section of G at A, that is,

Gy =1{x: —%%olnmA(x") = Hpm, (X)}.

From the ergodic decomposition (e.g., Theorem 1.6 or [55], Theorem
8.5.1, [58], Theorem 10.1) and (1.28)

m(G) = Jde)mA(G),

where
mA(G) = m(Gly = A) = m(G [ {x:@(x) =A@ =A)

=m(Grly = A) = myp(Gy)

which is 1 for all A from the stationary ergodic result. Thus
m(G) = Jde(A)mA(GA) = 1.

It is straightforward to verify that all of the sets considered are in fact
measurable. O

Unfortunately it is not the sample entropy using the distribution of
the ergodic component that is of interest, rather it is the original sample
entropy for which we wish to prove convergence. The following lemma
shows that the two sample entropies converge to the same limit and
hence Lemma 4.3 will also provide the limit of the sample entropy with
respect to the stationary measure.

Lemma 4.4. Given a stationary source {X,}, let {my); A € A} denote the
ergodic decomposition and y the ergodic component function of Theo-
rem 1.6. Then
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1 my(X™)
%151010 n In m(X"n)
Proof: First observe that if m(a™) is 0, then from the ergodic decompo-
sition with probability 1 my (a™) will also be 0. One part is easy. For any
€ > 0 we have from the Markov inequality that

=0; m — a.e.

1 m(X™") . m(X") ne m(X™") —ne
m(ﬁlnm>€)—m(7mw()(n) > e )SEm(gmw(Xn))e

The expectation, however, can be evaluated as follows: Let Aif\) = {a":
may(a™) > 0}. Then

me). man .
E’"(mw(Xm) JdP‘P"‘)a% i am Mala >—Jde<A>m<An ) <1,

where Py, is the distribution of . Thus

1, m&x* _ne
m(nlnmw(X")>€)$e .

and hence

* n

> m(llnLXZ > €) < 00

oo o n my(XM)

and hence from the Borel-Cantelli lemma
m(X™)

m(ﬁlnm >¢€ion.) =0

and hence with m probability 1

lim su llnM <E€.
n—»ocpn my (X")

Since € is arbitrary,

. 1. mX")
1 —In——— <0; — a.e. 4.22
1r7rL1qsololpn nmw(X”) <0; m-—ae ( )

For later use we restate this as

> 0; m — a.e. 4.23)

Now turn to the converse inequality. For any positive integer k, we
can construct a stationary k-step Markov approximation to m as in Sec-
tion 3.7 that is, construct a process m¥) with the conditional probabili-
ties
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m® (X, € FIX") =m® (X, € FIXX_,) = m(X,, € FIXK_,)

and the same kth order distributions m® (X* € F) = m(X* e F). Con-
sider the probability

(k) (yn (k) (yn (k) (yvn
m(%mw > 6) = m(M &Y | ney _p (MEEXY)

mxn) mxn) o e

The expectation is evaluated as
(k) (4m
> O mxm) = 1
o om(xn)

and hence we again have using Borel-Cantelli that

limsup L 1 M XM
n—»oop n m(Xn)

Apply the usual ergodic theorem to conclude that with probability 1 un-
der m
1

. 1 1 B B X
hr;?f;lpnlnm(xn) S}L@}onln (X = Em, [ Inm (X |X®)].

Combining this result with (4.20) and Lemma 3.10 yields

X‘I’L
lim sup 1 In M

msup - In = o < —Hpm, (X) = Eg, [Inm(Xg |X¥)]. = Hopp,) o (X).

This bound holds for any integer k and hence it must also be true that
m-a.e. the following holds:

X‘VL
lim sup 1 In M

msup - In = s < fHpy oo (X) = 2. (4.24)

In order to evaluate € we apply the ergodic decomposition of relative
entropy rate (Corollary 3.5) and the ordinary ergodic decomposition to
write

JdPWC = Jdpw ll;(lfﬁmwum(k) (X)
< irklf,[ dPll’Hmw\ im (X) = irklfﬁm‘ im (X).
From Theorem 3.4, the right hand term is 0. If the integral of a nonneg-

ative function is 0, the integrand must itself be 0 with probability one.
Thus (4.24) becomes
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Xn
lim sup L In My (X7)

Noo N m(X™n) =0,

which with (4.23) completes the proof of the lemma. O

We shall later see that the quantity

. 1. my(X")
in(X" @) =—In——F1—
n(X" @) w o xm
is the sample mutual information (in a generalized sense so that it ap-
plies to the usually non-discrete ) and hence the lemma states that
the normalized sample mutual information between the process outputs
and the ergodic component function goes to 0 as the number of samples
goes to infinity.

The two previous lemmas immediately yield the following result.

Corollary 4.1. The conclusions of Theorem 4.1 hold for sources that are
stationary.

4.4 AMS Sources

The principal idea required to extend the entropy theorem from station-
ary sources to AMS sources is contained in Lemma 4.6. It shows that an
AMS source inherits sample entropy properties from an asymptotically
dominating stationary source (just as it inherits ordinary ergodic proper-
ties from such a source). The result is originally due to Gray and Kieffer
[62], but the proof here is somewhat different. The tough part here is
handling the fact that the sample average being considered depends on
a specific measure. From Theorem 1.2, the stationary mean of an AMS
source dominates the original source on tail events, that is, events in
F. We begin by showing that certain important events can be recast as
tail events, that is, they can be determined by looking at only samples
in the arbitrarily distant future. The following result is of this variety: It
implies that sample entropy is unaffected by the starting time.

Lemma 4.5. Let {X,,} be a finite-alphabet source with distribution m. Re-
call that X;} = (Xi, Xk+1, - -+ , Xk+n—1) and define the information density

m(X™)

(XK xR =1 :
XS XE™) nm(Xk)m(X,?‘k)

Then 1
lim —i(X*X2%) = 0; m - a.e.
Nn—o N
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Comment: The lemma states that with probability 1 the per-sample

mutual information density between the first k samples and future sam-
ples goes to zero in the limit. Equivalently, limits of n~! In m (X™) will be
the same as limits of n~! Inm(X}* %) for any finite k. Note that the re-
sult does not require even that the source be AMS. The lemma is a direct
consequence of Lemma 3.19.
Proof: Define the distribution p = my«xXmy, x,.,,.--, thatis, a distribution
for which all samples after the first k are independent of the first k
samples. Thus, in particular, p(X") = m(Xk)m(X,Z‘). We will show that
p > m, in which case the lemma will follow from Lemma 3.19. Suppose
that p(F) = 0. If we denote X} = Xi, Xx+1, - - -, then

0=p(F) = m@x ) my; (Fu),

xk

where F,« is the section {x} : (x¥,x}) = x € F}. For the above relation
to hold, we must have my: (Fy) = 0 for all x* with m(x*) £ 0. We also
have, however, that

m(F) = > m(X* = a*, X{ € F)

ak

= > m(Xk = ak| X € Faoom(X) € Fo).

ak

But this sum must be 0 since the rightmost terms are 0 for all a*
for which m(X* = ak) is not 0. (Observe that we must have m(X* =
ak|X; € Fu) = 0if m(X; € Fu) # 0 since otherwise m(X* = ak)
> m(Xk = ak, X € Fx) > 0, yielding a contradiction.) Thus p > m and
the lemma is proved. O

For later use we note that we have shown that a joint distribution is
dominated by a product of its marginals if one of the marginal distribu-
tions is discrete.

Lemma 4.6. Suppose that { X} is an AMS source with distribution m and
suppose that m is a stationary source that asymptotically dominates m
(e.g., m is the stationary mean). If there is an invariant function h such
that

lim —%an(X”) =h; m — a.e.,

Nn— 00
then also,
lim —%lnm(X”) =h; m — a.e.

Nn—oo

Proof: For any k we can write using the chain rule for densities
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L nmeem + llnm(X,Z"k) ! = Inm(X* X
n n n

—li(xk;x,’g*k) ~ D nmxh.
n n

From the previous lemma and from the fact that Hy, (X¥) = —E,,, Inm (X*)
is finite, the right hand terms converge to 0 as n — o and hence for any
k

lim ——lnm(Xle" ky =

n—oo

lim (-~ Inm(x") + l1nnfL(X,1l—’<)) =0; m—ae. (4.25)
Nn—oo n n
This implies that there is a subsequence k(1) — o such that

—1nm(x’< XN = —%lnm(X")——lnm(Xk k() - 0; m-ae.

(4.26)
To see this, observe that (4.25) ensures that for each k there is an N (k)
large enough so that N(k) > N(k — 1) and

m(| - ﬁlnm(XleN(k )| >27k) <27k, (4.27)

Applying the Borel-Cantelli lemma implies that for any e,
m(l - 1/N(k) InmX* xYF® %) > eio) =0
Now let k(1) = k for N(k) <n < N(k +1). Then
m(| - 1/nnm (X" X7 5)| > eio) =0

and therefore

lim (——mm(xn) + —lnm(X m)) = 0; m - ae.
as claimed in (4.26).
In a similar manner we can also choose the sequence so that

Nn—o

lim ( = Inm(X") + —1nm(x,?(n’<<" )) = 0; M — a.e.,

that is, we can choose N (k) so that (4.27) simultaneously holds for both
m and m. Invoking the entropy ergodic theorem for the stationary m
(Corollary 4.3) we have therefore that

lim ——lnm(Xk n) Ky _ - m — ae.. (4.28)

n—o
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From Markov’s inequality (Lemma 4.4.3 of [55] or Lemma 5.8 of [58])

__ 1 n 1, n — m(X, ) one
m(—ﬁlnm(Xk) < —Elnm(Xk)—e) (*(X = )
-ne 7m(XItL_k)

N "X
k
e T(Xi; D)
skt e0 M)

< e*‘}’LE-

Hence taking k = k(n) and again invoking the Borel-Cantelli lemma we
have that

7~ —lnm(Xk o ">)<——1nm(xk Sy —€i0) =0

or, equivalently, that

llmlnf—*l —I:’Li(—nlzm) > 0, m — a.e. (429)
o n m(Xk(n) )
Therefore from (4.28)
hyrlrlioglf—— Inm (X} ,5™) = h; m - ae. (4.30)
The above event is in the tail o-field Fo = (), 0 (Xn, Xn+1, - - ) since it
can be determined from Xy, - - for arbitrarily large n and since h

is invariant. Since 71 dominates m on the tail o-field (Theorem 1.3), we
have also

liminf - lnm(Xk ") = m - ae.

n—oo

and hence by (4.26)
hariglf——lnm(X") > h; m—ae.
which proves half of the lemma. Since
W(vllggo —%lnm(xn) #h)=0

and since m asymptotically dominates m (Theorem 1.2), given € > 0
there is a k such that

m(lim —llnm(x,’f) =h)>1-¢.
n-o N
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Again applying Markov’s inequality and the Borel-Cantelli lemma as in
the development of (4.28) we have that
m(X;')
m(Xy)

liminf—l In >0; m — a.e,
Nn—o0 n

which implies that

m(limsup—%lnm(X,’f) <h)=1-¢€

n—oo

and hence also that

m(limsup—%lnm(X”) <h)>1-e€.

Nn— oo
Since € can be made arbitrarily small, this proves that m-a.e.

limsup —n ' Inm(X") < h,

n— oo
which completes the proof of the lemma. O
The lemma combined with Corollary 4.3 completes the proof of The-
orem 4.1. O

Theorem 4.1 and Lemma 2.5 immediately yield the following corollary
stating that a stationary coding of an AMS process has a well defined
entropy rate given by a limit, as in the case of a stationary process.

Corollary 4.2. Theorem 4.1 If f is a stationary coding of an AMS process,
then

— 1 .
H(f) = lim —H(f™).

4.5 The Asymptotic Equipartition Property

Since convergence almost everywhere implies convergence in probabil-
ity, Theorem 4.1 has the following implication: Suppose that {X;} is an
AMS ergodic source with entropy rate H. Given € > 0 there is an N such
that for all n > N the set

Gn = {x": I hy(x) —H| = €} = {x": e "H) < p(x™) < e MH-0)}

has probability greater then 1 — €. Furthermore, as in the proof of the
theorem, there can be no more than e"+€ n-tuples in G. Thus there
are two sets of n-tuples: a “good” set of approximately e n-tuples
having approximately equal probability of e~ and the complement of
this set which has small total probability. The set of good sequences are
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often referred to as “typical sequences” or “entropy-typical sequences”
in the information theory literature and in this form the theorem is called
the asymptotic equipartition property or the AEP.

As a first information theoretic application of an ergodic theorem, we
consider a simple coding scheme called an “almost noiseless” or “almost
lossless” source code. As we often do, we consider logarithms to the base
2 when considering specific coding applications. Suppose that a random
process {X,} has a finite alphabet A with cardinality ||A| and entropy
rate H. Suppose that H < log||Al|, e.g., A might have 16 symbols, but the
entropy rate is slightly less than 2 bits per symbol rather than log 16 = 4.
Larger alphabets cost money in either storage or communication appli-
cations. For example, to communicate a source with a 16 letter alphabet
sending one letter per second without using any coding and using a bi-
nary communication system we would need to send 4 binary symbols
(or four bits) for each source letter and hence 4 bits per second would be
required. If the alphabet only had 4 letters, we would need to send only
2 bits per second. The question is the following: Since our source has
an alphabet of size 16 but an entropy rate of less than 2, can we code
the original source into a new source with an alphabet of only 4 = 22
letters so as to communicate the source at the smaller rate and yet have
the receiver be able to recover the original source? The AEP suggests a
technique for accomplishing this provided we are willing to tolerate rare
errors.

We construct a block code of the original source by first picking a
small € and a § small enough so that H + § < 2. Choose a large enough
n so that the AEP holds giving a set G, of good sequences as above with
probability greater than 1 — €. Index this collection of fewer than 27(H+9)
< 22" gsequences using binary 2n-tuples. The source Xj is parsed into
blocks of length n as Xp}, = (Xkn, Xkn+1,* -+, Xk+1)n) and each block
is encoded into a binary 2n-tuple as follows: If the source n-tuple is in
Gy, the codeword is its binary 2n-tuple index. Select one of the unused
binary 2n-tuples as the error index and whenever an n-tuple is not in
Gy, the error index is the codeword. The receiver or decoder than uses
the received index and decodes it as the appropriate n-tuple in G,. If
the error index is received, the decoder can declare an arbitrary source
sequence or just declare an error. With probability at least 1 — € a source
n-tuple at a particular time will be in G, and hence it will be correctly
decoded. We can make this probability as small as desired by taking n
large enough, but we cannot in general make it 0.

The above simple scheme is an example of a block coding scheme as
considered in Section 2.7. If considered as a mapping from sequences
into sequences, the map is not stationary, but it is block stationary in
the sense that shifting an input block by n results in a corresponding
block shift of the encoded sequence by 2n binary symbols.



Chapter 5
Distortion and Approximation

Abstract Various notions of the distortion between random variables,
vectors, and processes as well as between different codings of a com-
mon source are quantified in this chapter. A distortion measure is not a
“measure” in the sense used so far — it is an assignment of a nonnega-
tive real number which indicates how bad an approximation one symbol
or random object or coding is of another. The smaller the distortion,
the better the approximation. If the two objects correspond to the in-
put and output of a communication system, then the average distortion
provides a measure of the performance or fidelity of the system. Small
average distortion means high fidelity and good performance, while large
average distortion means low fidelity and poor performance. Distortion
measures generalize the idea of a distance or metric and they need not
have metric properties such as the triangle inequality and symmetry, but
such properties can be exploited when available and unsurprisingly the
most important notions of distortion are either metrics or simple func-
tions of metrics. We shall encounter several notions of distortion and
a diversity of applications, with the most important application being
the average distortion between input and output as a measure of the
performance of a communications system. Other applications include
extensions of finite memory channels to channels which approximate
finite memory channels, geometric characterizations of the optimal per-
formance of communications systems, approximations of complicated
codes by simpler ones, and modeling random processes.

5.1 Distortion Measures

Given two measurable spaces (A, B,) and (B, Bg), a distortion measure
on A X B is a nonnegative measurable mapping p : A X B — [0, o) which
assigns a real number p(x,y) to each x € A and v € B which can be
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thought of as the cost of reproducing x and . The principal practical
goal is to have a number by which the goodness or badness of commu-
nication systems can be compared. For example, if the input to a com-
munication system is a random variable X € A and the outputis Y € B,
then one possible measure of the performance or quality of the system
is the average distortion Ep(X,Y). A distortion measure is essentially
the same as a loss, risk, or cost function in statistics.
Ideally one would like a distortion measure to have three properties:

e It should be tractable so that one can do useful theory.

e It should be computable so that it can be measured in real systems.

e It should be subjectively meaningful in the sense that small (large)
distortion corresponds to good (bad) perceived quality.

Unfortunately these requirements are often incompatible and one is
forced to compromise between tractability and subjective significance
in the choice of distortion measures. Among the most popular choices
for distortion measures are metrics or distances, but some practically
important distortion measures are not metrics in that they are not sym-
metric or do not satisfy the triangle inequality.

Two specific examples are by far the most important in information
theory, signal processing, communications, and statistics: the per sym-
bol Hamming distortion and squared-error distortion. While neither pro-
vides a panacea, the Hamming distortion is the most common distortion
measure for discrete alphabets and the squared-error for continuous al-
phabets for several reasons. Both are tractable and simple and easy to
compute. The Hamming distortion is arguably the most unforgiving dis-
tortion measure possible since the maximum distortion is assigned to
every pair unless they two match exactly. Average closeness with respect
to any distortion measure with a maximum value can be assured by en-
suring average closeness in the Hamming sense. The Hamming distance
is primarily used with discrete alphabet variables. Squared-error does
not play a similar “worst case” role, but it is an intuitive measure since
its average is the energy of the error between two variables. Variations
allowing linear weightings of variables and signals before evaluating the
average of a quadratic error yield a variety of distortion measures that
have proved useful in speech, voice, audio, image, and video processing,
especially in techniques incorporating “perceptual coding” where distor-
tion is measured according to its estimated impact on human perception.

Suppose that A, B ¢ R. The Hamming distance is defined by

0 x=y

plx,y)=du(x,y) = {1 Xy

The Hamming distance is a distortion measure which is also a metric.
Given a probability measure p on (A X B, B(A X B)) let X and Y denote
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the coordinate random variables X (x, yv) = x, Y(x,y) = v, then
Epdy =Pr(X #7Y).
The squared-error distortion is defined by

px,y)=lx-yI*.

Squared error is not a metric, but it is the square of the metric | x — y |,
which means it inherits properties of a metric: it is symmetric and its
square root satisfies the triangle inequality. The average squared error
E[(X — Y)?] is often interpreted as the energy in the error signal.

The Hamming distance is well-defined if we consider vector alphabets
A,B C R": dp(x",y") = 0 if x™ = y™ and 0 otherwise. A far more
useful extension from scalars to vectors, however, is construction of the
vector distortion from the scalar Hamming distance in an additive or

linear fashion:
n—1

p(x™,y™) = > d(xi,yi), (5.1)
i=0
which is the number of coordinates in which the two vectors differ. This
distortion measure is referred to as the average Hamming distance or
mean Hamming distance.
Extending the squared-error distortion in a similar additive fashion to
vector spaces yields a squared-error distortion

n-1

px™,y™) = > I xi—yil?. (5.2)
i=0

This is not a metric, but it is the square of the Euclidean or ¥» distance:
p(x™, y™) = [Ix" = yull3.

These examples typify distortion measures and are the most important
special cases, but most of the results hold more generally and the devel-
opment will focus on distortion measures formed as a positive power of
a metric. Many of the results developed here will be for the case where
A is a Polish space, a complete separable metric space under a metric 4,
and B is either A itself or a Borel subset of A. The distortion measure is
assumed to be a positive power of d. In this case the distortion measure
is fundamental to the structure of the alphabet and the alphabets are
standard since the space is Polish.
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5.2 Fidelity Criteria

It is often of interest to consider distortion between sequences as well as
between scalars and vectors. One approach to a distortion between se-
quences is to define a family of distortion measures between vectors of
all dimensions and consider limits. This is the idea behind a fidelity cri-
terion as defined by Shannon [162, 163]. Given “scalar” spaces A and B,
a fidelity criterion p,, n = 1,2, - - -, is a sequence of distortion measures
on A™ x B". A candidate for the distortion between infinite sequences is
then the limit supremum of the per symbol distortion

. 1
Po(x,y) = limsup —p, (x™, ¥y™).

n-oo N
If one has a pair random process, say {X,, Y,,} with process distribution
p, then it is of interest to find conditions under which there is a limiting
per symbol distortion in the sense that the limit exists with p probability
1:

— 3 l n n
Poo(Xx,y) —}}l?onp"(x ™). (5.3)

As one might guess, the distortion measures in the sequence need to
be interrelated in order to get useful behavior. The simplest and most
common example is that of an additive or single-letter fidelity criterion
which has the form

n-1

pn (X, ¥™) = > pi(xi, i)
i=0

Here if the pair process is AMS and p; satisfies suitable integrability
assumptions, then the limiting per-symbol distortion

n-1

1 1
Epn(x",y") = ig() p1(xi, Yi).

will exist and be invariant from the ergodic theorem.
If the pair process is stationary rather than only AMS, then one can
consider the more general case where p,, is subadditive in the sense that

Pn(X™, ¥ < pr(xK, y%) + ok (PR p 0.

In this case then stationarity of the pair process and integrability of p;
will ensure that n=!p,, converges from the subadditive ergodic theorem.
For example, if d is a distortion measure (possibly a metric) on A X B,
then
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n-1 1p
Pn(x™, y") = (Z d(xi,yi)”)
i=0
for p > 1 is subadditive from Minkowski’s inequality.

By far the bulk of the information theory literature considers only
additive fidelity criteria and we will share this emphasis. The most
common examples of additive fidelity criteria involve defining the per-
letter distortion p; in terms of an underlying metric d. For example,
set p1(x,y) = d(x,y), in which case p, is also a metric for all n, or
pi1(x,y) = dP(x,y) for some p > 0.1If 1 > p > 0, then again p, is a
metric for all n. If p > 1, then p,, is not a metric, but pﬁ/ P is a metric. We
do not wish to include the 1/p in the definition of the fidelity criterion,
however, because what we gain by having a metric distortion we more
than lose when we take the expectation. For example, a popular distor-
tion measure is the expected squared error, not the expectation of the
square root of the squared error.

The fidelity criteria introduced here all are context-free in that the dis-
tortion between n successive input/output samples of a pair process
does not depend on samples occurring before or after these n-samples.
Some work has been done on context-dependent distortion measures
(see, e.g., [107]), but we do not consider their importance sufficient to
merit the increased notational and technical difficulties involved. Hence
we shall consider only context-free distortion measures.

5.3 Average Limiting Distortion

Suppose that {X,, Y} is an AMS pair process with alphabet A X B. Let
p denote the corresponding distribution of the pair process. One mea-
sure of the quality (or rather the lack thereof) of approximation of X
by Y is given by the average limiting distortion with respect to a fi-
delity criterion. Given two sequences x and y and a fidelity criterion
pn; = 1,2,-- -, define the limiting sample average distortion or se-
quence distortion by

_ 1
P (x,y) = limsup ;pn(xn.y”)

n—oo

and define the average sequence distortion

n-co N

A(p) = Eppe = Ep <limsup1pn(X”,Y")> .
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We focus on two important special cases. The first and most impor-
tant is that of AMS pair processes and additive fidelity criteria. We also
consider the case of subadditive distortion measures and systems that
are either two-sided and AMS or are one-sided and stationary. Unhappily
the overall AMS one-sided case cannot be handled as there is not yet a
general subadditive ergodic theorem for that case (from Theorem 8.5 of
[58] there is a theorem if in addition p is absolutely continuous with re-
spect to its stationary mean p ). In all of these cases we have that if p; is
integrable with respect to the stationary mean process p, then

1
Po(x,y) = lim ;pn(xn,y"); p —a.e, (5.4)
and p. is an invariant function of its two arguments, i.e.,

Poo(Tax, Tpy) = poo(x,y); p —a.e.. (5.5)

When a process distribution and fidelity criterion are such that (5.4)
and (5.5) are satisfied (at least with probability 1) we say that we have
a convergent fidelity criterion. This property holds, for example, by an
underlying assumption that p is AMS and that the fidelity criterion is
additive and the single-letter distortion is integrable with respect to the
stationary mean.

Since p. is invariant, we have from Lemma 6.3.1 of [55] or Corollary
7.10 of [58] that

A(p) = Eppe = EppPeo. (5.6)

If the fidelity criterion is additive, then we have from the stationarity
of p that the average limiting distortion is given by

A(p) = Epp1(Xo, Yo). (5.7)

If the fidelity criterion is subadditive and the processes stationary,
then this is replaced by

1
A(p) = inf —E XN, YN). )
(p) inf = pPN (X, YT) (5.8)
Assume for the remainder of this section that p,, is an additive fidelity
criterion. Suppose that we know that p is N-stationary; that is, if T =

T4 x Tg denotes the shift on the input/output space AT x BT, then the
overall process is stationary with respect to TV. In this case

1
A(p) = Eppn (XN, YY), (5.9)

We can also consider the behavior of the N-shift more generally when
the system is only AMS This will be useful when considering block codes.
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Suppose now that p is AMS with stationary mean p. Then from The-
orem 7.3.1 of [55] or Theorem 8.2 of [58], p is also TN-AMS with an
N-stationary mean, say p . Applying the ergodic theorem to the N shift
then implies that if py is py-integrable, then

. 1 n-1 .
lim = > oy (e, XD = P8 (5.10)
i=0

exists py (and hence also p) almost everywhere. In addition, pf,oN ) is N-
invariant and .
EpplN) = E5 pN) = E5 pn (XN, XN). (5.11)

Comparison of (5.4) and (5.11) shows that pgoN) = Np« p-a.e. and hence
1 . 1 . _
Ap) = SEpyon (XY, XY) = TEppY) = Eppi(Xo, Xo) = A(P). (5.12)

The key point here is that the measure of the quality or fidelity in
terms of one component of an AMS pair process approximating the other
is the same as that of the induced stationary mean, which can be de-
scribed in terms of the time 0 samples of the two random processes.

5.4 Communications Systems Performance

The primary application of the idea of distortion is to the quantifica-
tion of quality or fidelity in a communications system. Suppose that
[u, f,v,g] is a communications system with overall input/output pro-
cess is {Xn,X,} and alphabet A x A. Let p denote the corresponding
distribution of the pair process comprised of the input and output. As
in Section 5.3, a natural measure of the (lack of) quality of the output
or reproduction signal X as an approximation to the original input sig-
nal X is given by the average limiting distortion A(p), which in the
case of a communications system we call the performance of the sys-
tem. In this case there is much going on between the original input and
the final output, but it is still the pair process {X,,, X} that determines
the performance of the system. Note that in the communications exam-
ple, the input/output process can be N-stationary if the source source
is N-stationary, the first sequence coder (N, K)-stationary, the channel
K-stationary (e.g., stationary), and the second sequence coder (K,N)-
stationary. It is the overall properties that matter when looking at the
performance.

If the source and codes are such that the input/output process is AMS,
then the results of Section 5.3 show that the performance satisfies
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1

~ 1 A
~N o v (XN, XYY = SEppi”) = Epp1 (Xo, Xo). (5.13)

Alp) =

5.5 Optimal Performance

Given a notion of the performance of a communication system, it makes
sense to define the optimal performance achievable when communicat-
ing a source {X,} with distribution y over a channel v. Suppose that £
is some class of sequence coders f : AT — BT. For example, £ might
consist of all sequence coders generated by block codes with some con-
straint or by finite-length sliding-block codes. Similarly let D denote a
class of sequence coders g : B'T — AT. Define the operational distortion-
rate function (DRF) for the source u, channel v, and code classes F and
D by

A(u,v,E, D)= inf Au,f,v,9). (5.14)

fEE,geD

When the code classes E,D are clear from context, the notation is sim-
plified to A(u,v). When the channel is assumed to be noiseless with
alphabet B with ||B]| letters, then all that will matter when considering
block and sliding-block codes is the channel rate R = log||B|| and the
notation is simplified to

O(R, 1) = A(u,v) = A(u, v, E, D). (5.15)

When the class of codes being considered is that of sliding-block codes,
the operational DRF 6 (R, u) will be subscripted as dsgc (R, u).

The goal of the coding theorems of information theory is to relate
the operational DRF of a source, channel, and code class to (hopefully)
computable functions of the source and channel. We will do this in stages
in later chapters: first we will focus on the source coding by assuming a
noiseless channel, then we will focus on reliable communication over a
noisy channel, and lastly we will combine the two.

5.6 Code Approximation

Suppose that {X,} is an information source with process distribution
u and suppose that f and g are two sliding-block codes which share
a common reproduction alphabet B. For the moment assume for sim-
plicity that the source is stationary. Let 7 and @ be the corresponding
partitions of sequence space, e.g., P = {P;;i € I} where P; = f~1(b;).
Average distortion can be used to measure how good an approximation
one code is for another. This is of interest, for example, if one code is
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nearly optimal in some sense, but too complicated to be practical. If an-
other, simpler, code has approximately the same behavior, then it may
be a better choice for implementation. Given a distortion measure p, the
distortion between two codes f, g applied to a common source with dis-
tribution u can be defined as

A(f,9) = Eup(f,9). (5.16)

In the case where both f and g have discrete output alphabets, then a
natural distortion is the Hamming distortion and this becomes

Ag(f,g) = Eydu(f,g) =Pr(f # g) = P, (5.17)

where P, is a common notation for error probability, the probability that
the two discrete random variables f and g differ. This distance between
codes can be related to the partition distance of ergodic theory between
the two partitions P and Q which is defined by

| P -9 |=> u(PAQy). (5.18)

iel
We have that

1-Pr(f =9)
1-> uPinQy)

5 S (P + Qi) ~ p(P; 0 Q)

S uPaQ) =3 172 (5.19)

So far we have considered only a single output of the code, which suffices
if the source is stationary. In general, however, we may wish to consider
AMS sources and an additive fidelity criterion based on the Hamming
distance, in which case the mean distortion is given by

n—

=
— Z Pr(fun # gn),
n

i=0
where as usual f,, = fT", and its limit as n — o are of interest. Since
stationary codings of an AMS source are jointly AMS, this average con-
verges and we can define a code distance

n-1

Mn(f,9) = Pe = Jim = 3" Pr(fu + gn). (5.20
i=0
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If the source is stationary, then from the stationarity of sliding-block
codes this simplifies to P, = Pr(f + g).

The next lemma and corollary provide tools for approximating com-
plicated codes by simpler ones.

Lemma 5.1. Given a probability space (), B, P) suppose that F is a gen-
erating field: B = o (/F). Suppose that B-measurable Q is a partition of
Q and € > 0. Then there is a partition Q' with atoms in F such that

Q - Q' <e.

Proof: Let ||A|| = K. From Theorem 1.1 given y > 0 we can find sets
R; € F such that P(Q;AR;) <y fori=1,2,---,K — 1. The remainder
of the proof consists of set theoretic manipulations showing that we
can construct the desired partition from the R; by removing overlapping
pieces. The algebra is given for completeness, but it can be skipped. Form
a partition from the sets as

i-1
Qi=Ri-JRji=12,--- ,K-1
j=1

K-1
Q'x = (JQoe.

i=1
Fori <K

P(QiAQ'y) = P(Q:|JQ')) -P(Qi[1Q")
< P(Qi|JR) - P(Qi[Ri = [JR))). (5.21)
J<i
The rightmost term can be written as
PQi(Ri— R =PQiR) - (IJQiRi[R))

Jj<i Jj<i
=P(Qi[\R) - P(JQiNRi[(R), (5.22)

Jj<i

where we have used the fact that a set difference is unchanged if the
portion being removed is intersected with the set it is being removed
from and we have used the fact that P(F — G) = P(F) — P(G) if G C F.
Combining (5.21) and (5.22) we have that
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P(QiAQ"y) = P(Qi|JR) —P(Qi(R) +P(JQi(Ri[R))

Jj<i
= P(Q:AR) + P(J Qi RiNR))
Jj<i
<y+ > PQi[\R)).

j<i
For j # i, however, we have that
P(Qi[\Rj) = P(Qi[1R;[1Q$ < P(R;()Q5)
< P(R;AQj) <,
which with the previous equation implies that
P(QiAQ’;) <Ky;i=1,2,--- ,K—1.

For the remaining atom:

P(QxAQ'x) = P(Qk Q' U0 Qk). (5.23)
We have

ekQx=exNUJaQy=axNUQ;Nae9,

Jj<K J<K

where the last equality follows since points in Q’; that are also in Q;
cannot contribute to the intersection with Qg since the Q; are disjoint.
Since Q' Q; C Q'jAQ; we have

Qk()Q'x c k(U Q' ;40 c | Q';a0Q;.

Jj<K Jj<K
A similar argument shows that

Qi Q'kx c U Q';aQ;

j<k
and hence with (5.23)

P(QkAQ'y) = P(|J Q;AQ")) = D>\ P(Q;AQ’;) <K?y.

J<K j<K
To summarize, we have shown that
P(Q;AQ’;) <K?y;i=1,2,--- K.

Choosing y so small that K°y < €/K, the lemma is proved. O
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Corollary 5.1. Let (Q,B,P) be a probability space and F a generating
field. Let f : Q — A be a finite alphabet measurement. Given € > 0 there
is a measurement g : Q — A that is measurable with respect to F (that
is, g ' (a) € F foralla € A) for which Ay (f,g) =Pr(f # g) <e.

Proof: Follows from the previous lemma by setting @ = {f~!(a); a € A},
choosing Q' from the lemma, and then assigning g for atom Q’; in Q'
the same value that f takes on in atom Q; in Q. Then

Pr(f£9) = 5 S PQAQY) =5 12-Q I<c.

O

A stationary code f is a scalar quantizer if thereisamap q: Ax — Ay

such that f(x) = q(xgp). Intuitively, f depends on the input sequence

only through the current symbol. Mathematically, f is measurable with

respect to o (Xp). Such codes are effectively the simplest possible and
have no memory or dependence on the future.

Lemma 5.2. Let {X,,} be an AMS process with standard alphabet Ax and
distribution u. Let f be a stationary coding of the process with finite al-
phabet Ay. Fix € > 0. If the process is two-sided, then there is a scalar
quantizer q : Ax — Aq, an integer N, and a mapping g : A{z\[ — Ay such
that

n-1

1
lim — > Pr(fi £ 9(@(Xi-n),a(Xions1), -+, a(Xien)) < €.
i=0

If the process is one-sided, then there is a scalar quantizer q : Ax — Ag,
an integer N, and a mapping g - qu\’ — Ay such that

1 n-1
Jim — > Pr(fi # 9(@(Xi),a(Xis1), - - ,d(Xisn-1))) < €.
i=0

Comment: The lemma states that any stationary coding of an AMS pro-
cess can be approximated by a code that depends only on a finite number
of quantized inputs, that is, by a coding of a finite window of a scalar
quantized version of the original process. In the special case of a finite
alphabet input process, the lemma states that an arbitrary stationary
coding can be well approximated by a coding depending only on a finite
number of the input symbols.

Proof: Suppose that m is the stationary mean and hence for any mea-
surements f and g

n-1
m(fo # go) = 111151010% > Pr(fi # gi).
n=0
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Let g, be an asymptotically accurate scalar quantizer in the sense that
0 (qn(Xp)) asymptotically generates B(Ax). (Since Ay is standard this
exists. If Ay is finite, then take g(a) = a.) Then the finite fields

fnZO_(Qn(XL)JZOsLZ; 1n_1) (524)
asymptotically generates B(Ax)* for one-sided processes and
Fn=0@n(Xi); i=-n,---,n) (5.25)

does the same for two-sided processes. Hence from Corollary 5.1 given
€ we can find a sufficiently large n and a mapping g that is measurable
with respect to F, such that m(f # g) < €. Since g is measurable with
respect to ‘Fj, it must depend on only the finite number of quantized
samples that generate 7. (See, e.g., Lemma 5.2.1 of [55] or Lemma 6.1
of [58].) This proves the lemma. O

5.7 Approximating Random Vectors and Processes

The material in this section draws heavily on Section 9.2 of [58], where
proofs and further details may be found.

In the previous sections it was pointed out that if one has a distortion
measure p on two random objects X and Y and a joint distribution on
the two random objects (and hence also marginal distributions for each),
then a natural notion of the difference between the random objects or
the poorness of their mutual approximation is the expected distortion
Ep(X,Y). We now consider a different question: What if one does not
have a joint probabilistic description of X and Y, but instead knows only
their marginal distributions. What then is a natural notion of the distor-
tion or poorness of approximation of the two random objects? In other
words, we previously measured the distortion between two random ob-
jects whose stochastic connection was determined, possibly by a chan-
nel, a code, or a communication system. We now wish to find a similar
quantity for the case when the two random objects are only described
as individuals. One possible definition is to find the smallest possible
distortion in the old sense consistent with the given information, that
is, to minimize Ep (X, Y) over all couplings of the marginal distributions
ux and uy; that is, the minimization over all joint distributions consis-
tent with the given marginal distributions. Note that this will necessarily
give a lower bound to the distortion achievable when any specific joint
distribution is specified.

To be precise, suppose that we have random objects X and Y with
distributions uy and py and alphabets A and B, respectively. Let p be a
distortion measure on A X B. Define the p-distortion (pronounced p-bar
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and also written as “rho-bar”) between the random objects X and Y by

p(ux, py) = inf Epp(X,Y), (5.26)
mTeP

where P = P(ux, Uy) is the collection of all measures on (A X B, Ba X Bg)
with puy and py as marginals; that is, if m € P, then

TM(AXF) = uy(F); F € Bg;m(G X B) = ux(G); G € Ba. (5.27)

As observed in Section 2.21, P is not empty since, for example, it con-
tains the product measure Ly X Uy, so the optimization is well defined.

The above notation emphasizes that rho-bar measures the distortion
between two probability distributions ux and uy. As with the various no-
tations for entropy and entropy rate, it is often convenient to consider
the distortion as a measure of the difference of the random variables
rather than their distributions and write p(X,Y) for p(ux, uy). The ran-
dom variable notation has the advantage of economy, but both forms
will be used.

This definition is more suited to random variables and vectors than
to random processes, but before extending the definition to processes
some historical remarks are in order.

The above formulation dates back to Kantorovich’s minimization of
average cost over couplings with prescribed marginals [85]. Kantorovich
considered compact metric spaces with metric cost functions. The mod-
ern literature considers cost functions that are essentially as general
as the distortion measures considered in information theoretic coding
theorems. Results exist for general distortion measures/cost functions,
but stronger and more useful results exist when the structure of met-
ric spaces is added by concentrating on distortion measures which are
positive powers of metrics.

The problem for Kantorovich arose in the study of resource allocation
in economics, work for which he later shared the 1974 Nobel prize for
economics. The problem is an early example of linear programming, and
Kantorovich is generally recognized as an inventor of linear program-
ming. Kantorovich later realized [86] that his problem was a generaliza-
tion of a 1781 problem of Monge [125], which can be described in in the
current context as follows. Fix as before the marginal distributions puy,
Uy. Given a measurable mapping f : A — B, define as usual the induced
measure puxf~! by

pxf HG) = ux(f1(G)); G € B. (5.28)

Define
plux,py) = inf  Eup(X, f(X)). (5.29)
Siux f~t=py
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In this formulation the coupling of two random objects by a joint mea-
sure is replaced by a deterministic mapping of the first into the second.
This effectively constrains the optimization to the special case of deter-
ministic mappings and the resulting optimization is no longer one with
linear constraints, which results in increased difficulty of analysis and
evaluation.

The problem of (5.26) is widely known as the Monge/Kantorovich op-
timal transportation or transport problem, and when the cost function
is a metric the resulting minimum average distortion has been called the
Monge/Kantorovich distance. There is also a more general meaning of
the name “Monge/Kantorovich distance,” as will be discussed. While it is
the Kantorovich formulation that is most relevant here, the Monge for-
mulation provides an interesting analogy when coding schemes are in-
troduced since the mapping f can be interpreted as a coding of X into Y.
A significant portion of the optimal transportation literature deals with
conditions under which the two optimizations yield the same values and
the optimal coupling is a deterministic mapping.

When the idea was rediscovered in 1974 [137, 66] as part of an ex-
tension of Ornstein’s d-distance for random processes [138, 139, 140]
(more about this later), it was called the p or “rho-bar distance.” It was
recognized, however, that the finite dimensional case (random vectors)
was Vasershtein’s distance [183], which had been popularized by Do-
brushin [34], and, in [137], as the transportation distance. In the optimal
transportation literature, the German spelling of Vasershtein, Wasser-
stein, also caught on as a suitable name for the Monge/Kantorovich dis-
tance and remains so.

The Monge/Kantorovich optimal cost provides a distortion or dis-
tance between measures, random variables, and random vectors. It has
found a wide variety of applications and there are several thorough
modern books detailing the theory and applications. The interested
reader is referred to [153, 154, 185, 186, 187] and the enormous num-
ber of references therein. The richness of the field is amply demon-
strated by the more than 700 references cited in [187] alone! Many ex-
amples of evaluation, dual formulations, and methods for constructing
the measures and functions involved have appeared in the literature.
Names associated with the distance include Gini [51], Fréchet [45], Vaser-
shtein/Wasserstein [183], Vallender [181], Dobrushin [34], Mallows [116],
and Bickel and Freedman [15]. It was rediscovered in the computer sci-
ence literature as the “earth mover’s distance” with an intuitive descrip-
tion close to that of the original transportation distance [159, 108].

Because of the plethora of contributing authors from different fields,
the distortion presents a challenge of choosing both notation and a
name. Because this book shares the emphasis on random processes with
Ornstein and ergodic theory, the notation and nomenclature will gener-
ally follow the ergodic theory literature and the derivative information
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theory literature. Initially, however, we adopt the traditional names for
the traditional setting, and much of the notation in the various fields is
similar.

5.8 The Monge/Kantorovich/Vasershtein Distance

Assume that both uyx and uy are distributions on random objects X and
Y defined on a common Polish space (A, d). Define the distortion mea-
sure p = d? for p > 0. The p = 0 case is shorthand for the Hamming
distance, that is,

A’(x,y) =du(x,y) =1 - 5y 5. (5.30)

Define the collection of measures P, (A, B(A)) as the collection of all
probability measures u on (A, B(A)) for which there exists a point a* €
A such that

Jd”(x,a*)du(x) < oo, (5.31)

The point a* is called a reference letter in information theory [47].
Define

o (ux, hy) 0<p<l1

C (5.32)
PP (ux,py) 1<p

dp (px, Hy) = p(px, gy)™nE1P) = {

The following lemma is Lemma 9.4 from [58]. It shows that H,,, is indeed
a metric on Py (A, B(A)).

Lemma 5.3. Given a Polish space (A,d) with a Borel o-field B(A), let
Py (A, B(A)) denote the collection of all Borel probability measures on the
Borel measurable space (A, B(A)) with a reference letter. Then for any
p =0, dy is a metric on P, (A, B(A)).

5.9 Variation and Distribution Distance

Two other notions of distance between random vectors or their distri-
butions uy and uy are useful for comparisons: the variation distance (or
variation or variational distance) and the distribution distance. Unfortu-
nately the notation in the literature is not consistent, with a factor of 2
often being present or not.

Pinsker [150] defined the variation of uyx with respect to uy by
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var(x, py) = sup > L ux(P) — py (Py) | (5.33)

where the supremum is over all partitions 7 = {P;}. This is often called
the variation distance between the two probability distributions, but un-
fortunately the usage is not uniform. In the case of discrete distributions,
the variation distance specializes to the distribution distance defined as
the £, norm between the probability mass functions

| px —py |= D | ux(x) = py(x) |

xXe€A

This is easy to see since the partition of the space into points yields

var (Ux, Hy) Slgljpz | ux (Pi) — py (Py) |
i

%

Dl ux(x) = py (x) [=] ux — py |

X€EA

and, conversely, given any atom P of any partition,

| ux(P) —py(P) | = | > px(a) = > py(a) |
acP aceP
= > (ux(a) — py(a)) |
acsP
< > lux(a) —py(a) | .
acsP

Unfortunately a slightly different notion of distance is often given the
same name of variation or variational distance. It also has a separate
name of total variation or total variation distance, which we will adopt:

tvar(ux, Hy) = sgp | ux (G) — py (G) |, (5.34)

where the supremum is over all events G. The total variation distance
quantifies the notion of the maximum possible difference between what
two measures can assign to a single event. The variation and total vari-
ation distances are related by a factor of 2, as is made precise in the
following lemma.

Lemma 5.4. Given two probability measures M, P on a common measur-
able space (Q,B),
var(P,M) = 2 tvar(P,M). (5.35)

Proof. First observe that for any set F we have for the partition Q =
{F,F¢} that
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var(P,M) = > |P(Q) - M(Q)| = 2|P(F) — M(F)|
QeQ

and hence

var(P,M) > 2sup |P(F) — M(F)| = tvar(P,M)
FeB

Conversely, suppose that Q is a partition which approximately yields the
variational distance, e.g.,

> IP(Q) - M(Q)| = var(P,M) — ¢
QeQ

for € > 0. Define a set F as the union of all of the Q in @ for which
P(Q) = M(Q) and we have that

> IP(Q) —M(Q)| = P(F) — M(F) + M(F®) — P(F) = 2(P(F) — M(F))
QeQ

and hence
var(P,M) — € < sup2|P(F) — M(F)|.
FeB
Since € is arbitrary, this proves the first statement of the lemma. O

The reader should be wary of the factor of 2 in the two definitions
of “variation distance” as it results in different statements of Pinsker’s
inequality in the literature.

5.10 Coupling Discrete Spaces with the Hamming Distance

Dobrushin [34] developed several interesting properties for the special
case of the transportation or Monge/Kantorovich distance, which he
called the Vasershtein distance [183], with a Hamming distortion. The
properties prove useful when developing examples of the process dis-
tance, so they are collected here.

For this section we consider probability measures puyx and puy on a
common discrete space A. We will use uy to denote both the measure
and the PMF, e.g., ux (G) is the probability of a subset G C S and u(x) =
u({x}) is the probability of the one point set {x}. Specifically, X and Y
are random objects with alphabets Ay = Ay = A. Let (X,Y) denote the
identity mapping on the product space A X A and let X and Y denote the
projections onto the component spaces given by X (x,y) = x, Y(x,y) =
. Denote as before the collection of all couplings 1 satisfying (5.27) by
P(ux, Hy).

The Hamming transportation distance is given by
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du(ux,uy) = inf  dy(X,Y)= inf mwX=Y).
TeP (ux,uy) meP(ux,My)

The following is Lemma 9.5 of [58] stated in the vocabulary adopted
here.

Lemma 5.5. For discrete distributions Ly, Uy

- 1 1
du (px, py) = tvar(uy, Hy) = Evar(ux,uy) =5 | ux —py | .

5.11 Process Distance and Approximation

In information theory, ergodic theory, and signal processing, it is im-
portant to quantify the distortion between processes rather than only
between probability distributions, random variables, or random vectors.
This means that instead of having a single space of interest, one is
interested in a limit of finite-dimensional spaces or a single infinite-
dimensional space. In this case one needs a family of distortion mea-
sures for the finite-dimensional spaces which will yield a notion of dis-
tortion and optimal coupling for the entire process. We have seen in
Section 5.3 one way to do this when measuring distortion between two
components of a pair random process. In this section the topic is ex-
plored further with the goal of finding a useful measure of distortion or
distance between two random processes.

We shall focus on additive fidelity criteria which define the per-letter
distortion p; in terms of an underlying metric d. The most commonly oc-
curring examples are to set py(x,y) = d(x, ), in which case p, is also
a metric for all n, or p;(x,y) = d”(x,y) for some p > 0.If 1 > p > 0,
then again p, is a metric for all n. If p > 1, then p, is not a metric, but
pyll/ P is a metric. We do not wish to include the 1/p in the definition of
the fidelity criterion, however, because what we gain by having a metric
distortion we more than lose when we take the expectation. For example,
a popular distortion measure is the expected squared error, not the ex-
pectation of the square root of the squared error. Thanks to Lemma 5.3
we can still get the benefits of a distance even with the nonmetric dis-
tortion measure, however, by taking the appropriate root outside of the
expectation.

A small fraction of the information theory and communications liter-
ature consider the case of p; = f(d) for a nonnegative convex function
f, which is more general than p; = d? if p > 1. We will concentrate on
the simpler case of a positive power of a metric.

For the time being we will make the following assumptions:
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o {pn;m=1,2,...} is an additive fidelity criterion defined by

n-1

pn (X", y™) = > dP (xi, 1), (5.36)
i=0

where d is a metric and p > 0. We will refer to this as the 4”-
distortion. We will also allow the case p = 0 which is defined by

p1(x,y) =d%x,y) =du(x,y),

the Hamming distance dy(x,y) =1 — 0x,y.

e The random process distributions u considered will possess a ref-
erence letter in the sense of Gallager [47]: given a stationary u it is
assumed that there exists an a € A for which

Id”(x,a*)dul(x) < oo, (5.37)

If the process is not stationary, we assume that there exists an a € A
and p* < oo such that for all marginal distributions u},

Jd” (x,a*)dul(x) < p* (5.38)

so that one reference letter works for all times n. This is trivially sat-
isfied if the distortion is bounded.

Define P, (A, d) to be the space of all stationary process distributions
uon (A, B(A))T satisfying (5.37), where both T = Z and Z, will be con-
sidered. Note that previously 7, (A, d) referred to a space of distribu-
tions of random objects taking values in a metric space A. Now it refers
to a space of process distributions with all individual component ran-
dom variables taking values in a common metric space A, that is, the
process distributions are on (A, B(A))T.

In the process case we will consider Monge/Kantorovich distances on
the spaces of random vectors with alphabets A" for all n = 1,2, ..., but
we shall define a process distortion and metric as the supremum over all
possible vector dimensions.

Given two process distributions py and upy describing random pro-
cesses {X,} and {Yy}, let the induced n-dimensional distributions be
Uxn, uyn. For each positive integer n we can define the n-dimensional
or n-th order optimal coupling distortion as the distortion between the
induced n-dimensional distributions:

Py (Uxn, pyn) = inf Enpn(X™,Y™) (5.39)

TEP (Uxn,pHyn)



5.11 Process Distance and Approximation 137

The process optimal coupling distortion (or p distortion) between puyx
and uy is defined by

_ 1_
p(ux, Uy) = sup Epn(IJX",IJY”)- (5.40)
n

The extension of the optimal coupling distortion or transportation
cost to processes was developed in the early 1970s by D.S. Ornstein
for the case of p; = dy and the resulting process metric, called the d
distance or d-bar distance or Ornstein distance, played a fundamental
role in the development of the Ornstein isomorphism theorem of er-
godic theory (see [138, 139, 140] and the references therein). The idea
was extended to processes with Polish alphabets and metric distortion
measures and the square of metric distortion measures in 1975 [66] and
applied to problems of quantizer mismatch [60], Shannon information
theory [63, 132, 64, 52, 67, 53], and robust statistics [142]. While there
is a large literature on the finite-dimensional optimal coupling distance,
the literature for the process optimal coupling distance seems limited to
the information theory and ergodic theory literature. Here the focus is
on the process case, but the relevant finite-dimensional results are also
treated as needed.

The key aspect of the process distortion is that if it is small, then
necessarily the distortion between all sample vectors produced by the
two processes is also small.

The d,-distance

The process distortion is a metric for the important special case of an
additive fidelity criterion with a metric per letter distortion. This subsec-
tion shows how a process metric can be obtained in the most important
special case of an additive fidelity criterion with a per letter distortion
given by a positive power of a metric. The result generalizes the special
cases of process metrics in [139, 66, 179] and extends the well known
finite-dimensional version of optimal transportation theory (e.g., Theo-
rem 7.1 in [186]).

Theorem 5.1. Given a Polish space (A,d) and p > 0, define the additive
fidelity criterion p, : A" x A" = R.;n=1,2,... by
n-1
Pr(x™, y™) = > dP (xi, yi),

n=0

where d° is shorthand for the Hamming distance dy;. Define
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—1—=min(1,1

dp (ux, py) = sup o™ P (Uen, pyn) = pPOUP) (e iy, (5.41)
n

Then Ep is a metric on Py, (A, d), the space of all stationary random pro-
cesses with alphabet A.

The theorem together with Lemma 5.3 says that if p; = d”, then Ep =
p'/? is a metric for both the vector and process case if p > 1,and d,, = p
is a metric if 0 < p < 1. The two cases agree for p = 1 and the p = 0
case is simply shorthand for the p = 1 case with the Hamming metric.
In the case of p = 0, the process distance dy is Ornstein’s d-distance
and the notation is usually abbreviated to simply d to match usage in
the ergodic theory literature. It merits pointing out that do(uxn, pyn) is
not the transportation distance with a Hamming distance on A", it is
the transportation distance with respect to the distance d(x",y") =
Z?:_Ol dpn(xi, vi), the sum of the Hamming distances between symbols.
This is also n times the average Hamming distance. The two metrics on
A™ are related through the simple bounds

n-1

L
> dp(xi, yi) = dp(x", y") = = E dp(xi, yi). (5.42)
n
i=0 i=0

The next theorem collects several more properties of the Hp distance
between stationary processes, including the facts that the supremum
defining the process distance is a limit, that the distance between IID
processes reduces to the Monge/Kantorovich distance between the first
order marginals, and a characterization of the process distance as an
optimization over processes.

Theorem 5.2. Suppose that ux and py are stationary process distributions
with a common standard alphabet A and that py = d” is a positive power
of a metric on A and that p,, is defined on A™ in an additive fashion as
before. Then

(@) limy_on='p, (uxn,uyn) exists and equals sup, n='p, (uxn, tyn).
Thus dp (px, py) = limp o 0100 P (i, pryn).

(b) If ux and py are both IID, then p(ux, uy) = p1(Ux,, Uy,) and hence
dp (x, py) = PP (s, payy)

(c) Let?Ps = ’PS(uX, Uy) denote the collection of all stationary distribu-
tions txy having ux and upy as marginals, that is, distributions on
{Xn, Yn} with coordinate processes {X,} and {Y,} having the given
distributions. Define the process distortion measure p’

p' (ux,py) = inf  Ern,, p(Xo, Yo).
Ttxy €Ps

Then
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p(ux, uy) =P (ux, py);

that is, the limit of the finite dimensional minimizations is given by a
minimization over stationary processes.

(d) Suppose that ux and py are both stationary and ergodic. Define
P = Po(Ux, Uy) as the subset of Ps containing only ergodic processes,
then

p(ux,puy) = inf  Eqy, p(Xo, Yo).
'lTxyETg

(e) Suppose that ux and py are both stationary and ergodic. Let Gx
denote a collection of frequency-typical or generic sequences for py
in the sense of Section 8.3 of [55] or Section 7.9 of [58]. Frequency-
typical sequences are those along which the relative frequencies of a
set of generating events all converge and hence by measuring relative
frequencies on frequency-typical sequences one can deduce the under-
lying stationary and ergodic measure that produced the sequence. An
AMS process produces frequency-typical sequences with probability 1.
Similarly let Gy denote a set of frequency-typical sequences for Ly. De-
fine the process distortion measure

. . . 1
p(ux,uy) = inf  limsup — > pi(x0,Y0).
xeGx,yeGy n—oo 0
Then
p(ux, 1y) =p" (ux, Hy).

that is, the p distortion gives the minimum long term time average
distance obtainable between frequency-typical sequences from the two
processes.

Proofs of these results can be found in Section 9.4 of [58], but the
proof of part (c) is not correct. For completeness the proof is presented
here.

Proof. (c)

(c) Given € > 0 let T € Pg(uy,uy) be such that E;p;(Xo,Yy) <
p (ux, uy) + €. The induced distribution on {X", Y"} is then contained
in P, (uxn, uyn), and hence using the stationarity of the processes

D (pxn, pyn) < Epp(X™, Y™) = nEp1(Xo, Yo) < n(p’ (ux, uy) + €,

and therefore p’ > p since € is arbitrary.
Let " € P,, n = 1,2,... be a sequence of measures such that

Emn[pn (X", Y"M)] <D, +€n

where €, > 0 and €, — 0 as n — . Let g, denote the product (block
independent) measure (AT, B(A)T)? induced by the 1" as explained
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next. Let G denote a countable generating field for the standard space
(A,B(A)). For any N and N-dimensional rectangle or cylinder of the
form F = x;crF; with all but a finite number N of the F; being A% and
the remainder being in G define

qn(F) = 1—[ .n.n(an X Fipy1 X+« X Fjnyn-1).
jeT

Thus g, assigns a probability to rectangles in a way that treats succes-
sive n-tuples as independent. Next “stationarize” q,, to form a measure
on rectangles by averaging over n-shifts to form

1 n-1 » 1 n-1
T (F) = P > an(T7F) = P S ] (FjnsixFinsic1 X - -XFjnsiin-1).
i=0 i=0 jeT

This measure on the rectangles extends to a stationary pair process dis-
tribution. For any m = 1,2,...,n we can relate the mth marginal re-
strictions of 71, to the corresponding original marginals. For example,
consider the Y marginal and let G = x}* ! G; € G™. Then

dn{x,y :xM e AM™ yM e G) = T (A" X (G x A" ™))
= pyn (G X A™™™) = pym (G)

and similarly if G € B(A)™ then

dn{x,y :x™ € G,y™ € B™}) = uxm (G).

Thus
T, (A" X G) (5.43)
=1, ({(x,y) : x™ e AM, y™ e G})
n-m+1 m-1

1 —i i
= =y (G) Dy R Ay (G Gr) - (5.44)
i=1

with a similar expression for G x A™,.

Since there are a countable number of finite dimensional rectangles
in BT with coordinates in G, we can use a diagonalization argument to
extract a subsequence 11, of 1, which converges on all of the rectan-
gles. To do this enumerate all the rectangles, then pick a subsequence
converging on the first, then a further subsequence converging on the
second, and so on. The result is a limiting measure 1t on the finite-
dimensional rectangles, and this can be extended to a measure also de-
noted by 1 on (A, B(A))?, that is, to a stationary pair process distribu-
tion. Eq. (5.44) implies that for each fixed m
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rlllgglo M (A™ X G) = m(A™ X G) = pym (G)
%15510 T (G X A™) = "M (G X A™) = uxm (G)

and hence for any cylinder F € B(A) that

(A" X F) = py (F)
(F x AT) = px(F)

Thus 1T induces the desired marginals and hence ™ € P and

p'(ux, Hy) < Ernp1(Xo,Yo) = lim Er, p1(Xo, Yo)
ng—1
= lim nct > Eq,, p1(Xi, Vi) = i (P, + €n) = P (b, iy).
o i=0 o

a

Evaluating Process Distortion

Evaluation of the rho-bar distortion or d-bar distance can in general
be difficult analytically. Theorem 5.2 provides an important exception,
if both of the processes are IID then the process distance is given by
the distance between the zero-time samples, the first-order coupling dis-
tance. From Lemma 5.5, if the distance is with respect to the Hamming
distance, this in turn is given by half the variation distance. In [66] the
distance between Gaussian processes was shown to be the L, distance
between the square roots of their power spectral densities.

5.12 Source Approximation and Codes

In Section 5.6 the approximation of the output of two codes applied to a
common source was considered. A natural variation on this idea is to fix
a code and look at the approximation of the two outputs resulting from
different sources. We again focus on the d-bar distance.

Lemma 5.6. Let ux and uy be distributions of two stationary random pro-
cesses on a common discrete alphabet, let f be a sliding-block code of
length N, and let s x) and g yy denote the corresponding output distri-
butions of coding ux or py with f. Then

A(prox, Mey)) < Nd(px, py).
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Proof. If f is a sliding-block code of length N then it depends only on
XN = (Xm,Xm+1,---,Xmsn-1) for some fixed m. Choose a coupling of
the two processes yielding Pr(Xg # Yy) = d(uy, ty). We have not shown
that d-bar can be hit with equality like this, but it turns out to be the
case (and the following argument works with the addition of a small
€ > 0). This coupling of input processes implies a coupling of the output
processes, so that with a slight abuse of notation we have from the union
bound that

A(upoo, Hr) < Pr(f(XN) = £YN))
m+N-1
<Pr(Xpy #Ym) < > Pr(X;#Y))
i=m

= NPr(Xo # Yo) = Nd(ux, py).

O

Thus in particular the output of a finite-length sliding-block code is a

continuous function of the input in d-bar distance (with respect to the
Hamming distance).

5.13 d-bar Continuous Channels

The d distance can be used to generalize some of the notions of discrete-
alphabet channels by weakening the definitions. The first definition is
the most important for channel coding applications. We confine interest
to the d-bar or dy distance, the p-distortion for the special case of the
Hamming distance:

0 ifx=
pr(x,¥) = di(x,7) = 5“ ifxaé;

Suppose that [A, v, B] is a discrete alphabet channel and let v denote
the restriction of the channel to B", that is, the output distribution on
Y™ given an input sequence x. The channel is said to be d-continuous if
for any € > 0 there is an ny such that for all n > ng dy(Vy,vy) < €
whenever x; = x’; fori = 0,1, - - - ,n. Alternatively, v is d-continuous if

limsup sup sup dn(v®vh) =0,
Nn—o0  gnheAn x x’'cc(am)

where c(a™) is the rectangle defined as all x with x; = a; i =
0,1, -+ ,n—1.d-continuity implies the distributions on output n-tuples
Y™ given two input sequences are very close provided that the input
sequences are identical over the same time period and that n is large.
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This generalizes the notions of 0 or finite input memory and anticipa-
tion since the distributions need only approximate each other and do
not have to be exactly the same.

More generally we could consider p-continuous channels in a similar
manner, but we will focus on the simpler discrete d-continuous channel.

d-continuous channels possess continuity properties that will be use-
ful for proving block and sliding-block coding theorems. They are “con-
tinuous” in the sense that knowing the input with sufficiently high prob-
ability for a sufficiently long time also specifies the output with high
probability. The following two lemmas make these ideas precise.

Lemma 5.7. Suppose that x, x € c(a™) and
dvi, vy < 52

This is the case, for example, if the channel is d continuous and n is chosen
sufficiently large. Then

VI(Gs) = V(G) - §

and hence

inf v(Gs) = sup v}(G)-9.
xec(am) xec(an)

Proof: Again we assume that the infima defining the d distance are actu-
ally minima and hence there is a pmf p on B" x B"™ such that

> py™ b = vi(y™)
b‘n,eBn

and
> pbt Y™ = vEO™M);
bneBn

that is, p has vI and vZ as marginals, and

1

EEpdn(Y",Yn) =d(vE,vh).

As previously done, this is true within € > 0 and the proof follows in the
same way with inequalities. Using the Markov inequality we can write

VIH(Gs) = p(Y" € Gs) = p(Y" € Gand d, (Y™, Y") < 1)
=1- p(?" ¢ Gord,(Y',Y") > nd)
>1-pY" ¢G) —pdn(Y'Y") > nd)
> vI(G) - %E(n—ldn(Y",?”)) >vz(G) -6
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proving the first statement. The second statement follows from the first.
|

Next suppose that [G, u,U] is a stationary source, f is a stationary
encoder which could correspond to a finite length sliding block encoder
or to an infinite length one, v is a stationary channel, and g is a length m
sliding-block decoder. The probability of error for the resulting hookup
is defined by

Pe(p, v, f,9) = Pr(Up # Up) = puv(E) = JdU(u)Vf(u)(Eu)a

where E is the error event {u,y : uy # gm(Y-q¢™)} and E, = {y :
(u,y) € E} is the section of E at u.

Lemma 5.8. Given a stationary channel v, a stationary source [G, u, U],
a length m sliding-block decoder, and two encoders f and ¢, then for any
positive integer r

|Pe(I«l:V;fsg) _Pe(U,V,q5sg)| <

m —
— +vPr(f#¢)+mmax sup d,(vi,vL).
r areAr x,x'ec(ar)

Proof: Define A = {u: f(u) = ¢p(u)} and

r—1
Ay ={u: f(T'u) = $(T'u); i=0,1---,r -1} = (| T'A.
i=0
From the union bound
H(AL) < YU(AS) =7Pr(f # ). (5.45)

From stationarity, if g = gim (Y"}) then

Pe(u,v,f,9) = Jdu(u)vm) (v 1 gm (YY) # uo)

1 r—1
7 % Jd”(u)vf(u)(y :gm(yﬁlq) # uo)

m
< —
r

1 = v v m C
. zq jAV AUAOVE ) (Y 5 G (V) £ 1) + H(AS). (5.46)

Fix u € Ay and let py yield dr (Vi) 4q,); that is, Sor pu (7, w") =
V}(u)(y"')’ zy” Iﬂu(yr, w') = V(;;(u)(wr), and
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N |-

r—1
> pu(Y Wy w) = dr (Vi p)- (5.47)
i=0

We have that

1’
~ 2 Vi Ot gm (i) # ui)
i=q
1S
=2 2 Pu Wi gm (V%) # u)
i=q
1 r-q 1 r—q
< = 2 P W i gm ) F W)+ D pu (YW g (W) # i)
i=q i=q
1’
= ; z pu(yr’wr :yz:q :l.é wl?lq) + Pe(U,V,¢,g)
i=q
1 r—qi-q+m
220 2 pu Wiy Fw)) + Pe(u, v, b, 9)
i=q j=i-q
= mar(v}/(u), Vg)(u)) + Pe(p,v,,9),
which with (5.45)-(5.47) proves the lemma. |

The following corollary states that the probability of error using
sliding-block codes over a d-continuous channel is a continuous func-
tion of the encoder as measured by the metric on encoders given by the
probability of disagreement of the outputs of two encoders.

Corollary 5.2. Given a stationary d-continuous channel v and a finite
length decoder g, : B™ — A, then given € > 0 thereis a 6 > 0 so that if f
and ¢ are two stationary encoders such that Pr(f + g) < 6, then

|Pe(IJ,V:f,9) —Pe(IJ,V,(P,g” < €.

Proof: Fix € > 0 and choose 7 so large that

— €

max sup d,(ve,vh) < 5—

a’  x x'ec(ar) 3m
m €
r =3

and choose 6 = €/(3r). Then Lemma 5.8 implies that

|Pe(N,V:fyg) —Pe(IJ,V,(I),g” < €.



146 5 Distortion and Approximation

Given an arbitrary channel [A, v, B], we can define for any block length
N a closely related CBI channel [A, v, B] as the CBI channel with the same
probabilities on output N-blocks, that is, the same conditional probabil-
ities for Y,i\]]\, given x, but having conditionally independent blocks. We
shall call v the N-CBI approximation to v. A channel v is said to be con-
ditionally almost block independent or CABI if given € there is an Ny such
that for any N > Ny there is an My such that for any x and any N-CBI
approximation v to v

dvM vMy <€, all M = M,

where v¥ denotes the restriction of vy to 3g , that is, the output distri-
bution on YV given x. A CABI channel is one such that the output dis-
tribution is close (in a d sense) to that of the N-CBI approximation pro-
vided that N is big enough. CABI channels were introduced by Neuhoff
and Shields [133] who provided several examples alternative characteri-
zations of the class. In particular they showed that finite memory chan-
nels are both d-continuous and CABI. Their principal result, however,
requires the notion of the d distance between channels. Given two chan-
nels [A,v,B] and [A, V', B], define the d distance between the channels
to be - -
d(v,v') = limsupsupd(vZ, v’g).
n—oo P

Neuhoff and Shields [133] showed that the class of CABI channels is
exactly the class of primitive channels together with the d limits of such
channels.



Chapter 6
Distortion and Entropy

Abstract Results are developed relating the goodness of approximation
as measured by average Hamming distance between codes and and the
d-bar distance between sources to the closeness of entropy rate. A few
easy applications provide important properties of entropy rate.

One might suspect that if two codes for a common source closely ap-
proximate each other, then the resulting output entropies should also
be close. Similarly, it seems reasonable to expect that if two random pro-
cesses well approximate each other, than their entropy rates should be
close. Such notions of continuity of entropy with respect to the good-
ness of approximation between codes and processes are the focus of
this chapter and are fundamental to to the development and extensions
to follow. A few easy applications are collected in this chapter.

6.1 The Fano Inequality

A classic result of this type, showing that closeness in the average Ham-
ming distance between two codes forces the entropy to be close, was
first proved by Fano and is called Fano’s inequality [38]. The result has a
variety of extensions and applications.

Lemma 6.1. Given two finite alphabet measurements f and g on a com-
mon probability space (Q, B, P) having a common alphabet A or, equiv-
alently, given the corresponding partitions @ = {f Y(a);a € A} and
R = {g ' (a);a € A}, define the error probability P, = |Q — R| =
Pr(f + g). Then

H(f19) < h2(Pe) + PeIn([|All — 1)

and
|H(f) —H(g)| < h2(P,) + P.In(||A]| = 1)

R.M. Gray, Entropy and Information Theory, DOI 10.1007/978-1-4419-7970-4_6, 147
© Springer Science+Business Media, LLC 2011
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and hence entropy is continuous with respect to partition distance for a
fixed measure.

Proof: Let M = ||A|| and define a measurement
r:AxA-{0,1,--- ,M—1}

by r(a,b) =0if a = b and v(a,b) = i if a # b and a is the ith letter
in the alphabet A, = A — b. If we know g and we know »(f,g), then
clearly we know f since either f = g (if v (f, g) is 0) or, if not, it is equal
to the v (f, g)th letter in the alphabet A with g removed. Since f can be
considered a function of g and v (f, g),

H(f|g,7’(f,g)) =0

and hence

H(f,g9,v(f,9)) =H(flg,v(f,9)) + H(g,v(f,g)) =H(g,v(f,g)).

Similarly

H(f!gsr(fig)) = H(f’g)
From Lemma 3.2
H(f,g) =H(g,v(f,g)) <H(g) +H(r(f,9))

or

H(f,9) -H(g) = H(flg) <H(r(f,9))
M-1
=-P(r=0)InP(r=0)— > P(r=1)InP(r =1).
i=1

Since P(r = 0) = 1 — P, and since >;,o P(¥ = i) = P,, this becomes

M-1 . iy
H(flg) = —(1-P)In(1 —P,) =P, > P(”P‘ £) lnP(TP_ D _p,inp,
i=1 e e

since the entropy of a random variable with an alphabet of size M — 1 is
no greater than In(M — 1). This proves the first inequality. Since H(f) <
H(f,g) = H(f|g) + H(g), this implies

H(f)-H(g) < hy(P,) + P.In(M —1).

Interchanging the roles of f and g completes the proof. O



6.1 The Fano Inequality 149

The lemma can be used to show that related information measures
such as mutual information and conditional mutual information are also
continuous with respect to the partition metric.

The following corollary extends the the lemma to repeated measure-
ments. Similar extensions may be found in Csiszar and Korner [27].

Again let f and g denote finite-alphabet measurements on a common
probability space, but now interpret them as sliding-block codes as in
Section 2.6; that is, let T denote a transformation on the common space
(e.g., the shift on a sequence space) and define f; = fT!, g = gT" so that
{fn,gn} is a pair process with a common finite alphabet. Define the nth
order per-symbol or mean probability of error

n

pow — L3 Z Pr(f; # g)

and observe that this is simply the normalized average of the additive
fidelity criterion corresponding to the Hamming distance:

1 n—1
pmW = —E (2 dH(xi,yi)) :
n i=0

If the transformation (or the pair process) is stationary, then Pe(") =

:Pe.

Corollary 6.1. Given two sequences of measurements { f,,} and {gy} with
finite alphabet A on a common probability space,

1
—H(f"g") = P In(J|All - 1) + ha(P{™)

and
1 1
IEH(f") - EH(g")' < P™In(|All - 1) + ha(P{).

If {fn,gn} are also AMS and hence the limit

= hmP

N—o00

exists, then if we define

H(flg) = lim H(f" lg") = lim —(H(f” - H(g")),

where the limits exist since the processes are AMS, then

H(f1g) < PeIn(JAll = 1) + h2(P,)
|H(f) = H(g)| < PeIn(llAll = 1) + h2(Pe).
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Proof: From the chain rule for entropy (Corollary 3.6), Lemma 3.12, and
Lemma 6.1

n-1 n-1 n-1
H(f"g™ = > H(filff,g™) < > H(filgh < > H(filg)

i=0 i=0 i=0
n-1

< > (Pr(fi # g9 In(IAll - 1) + ho (Pr(fi # 1))
i=0

from the previous lemma. Dividing by n yields the first inequality which
implies the second as in the proof of the previous lemma. If the pro-
cesses are jointly AMS, then the limits exist and the entropy rate results
follows from the continuity of h, by taking the limit. O

6.2 Code Approximation and Entropy Rate

Corollary 6.1 has two simple but extremely important implications sum-
marized in the next corollary. The first part is immediate, that two
sliding-block codes which closely approximate each other in the code
distance must have approximately the same entropy rate. The second
part applies this observation to draw the similar conclusion that entropy
rate of a source is a continuous function with respect to the Ornstein
d-bar distance.

Corollary 6.2. For a fixed AMS source, entropy rate of a sliding-block en-
coding of the source is a continuous function of the (Hamming) code dis-
tance.

Entropy rate is a continuous function of the source with respect to the
Ornstein d-bar distance.

Proof. The first part follows since P, in Corollary 6.1 is the code distance
between sliding-block codes f and g.

For the second part, if we can make dy between two processes {f,}
and {gy} arbitrarily small, then there is a coupling which yields an av-
erage Hamming distortion P, as small as we would like, which in turn
implies from Corollary 6.1 that the two entropy rates are small. O

Combining Lemma 5.2 and Corollary 6.1 immediately yields the fol-
lowing corollary, which permits us to study the entropy rate of general
stationary codes by considering codes which depend on only a finite
number of inputs (and hence for which the ordinary entropy results for
random vectors can be applied).

Corollary 6.3. Let f be a stationary code of an AMS process X. As in
(5.24-5.25) define for positive integers n define F,, = o (Xo, X1, -+, Xn)
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in the one-sided case and o (X_y,- - - ,Xy) in the two-sided case. Given
€ > 0 there exists for sufficiently large n a code g measurable with re-
spect to Fy such that

| H(f) —H(g) |<e.

Corollary 6.3 can be used to show that entropy rate, like entropy, is
reduced by coding. The general stationary code is approximated by a
code depending on only a finite number of inputs and then the result
that entropy is reduced by mapping (Lemma 3.3) is applied.

Corollary 6.4. Given an AMS process {X,,} and a stationary coding f of
the process, then B B
H(X) = H(f),

that is, stationary coding reduces entropy rate.

Proof: For integer n define F,, = 0 (Xo, X1, - - - , X3 ) in the one-sided case
and 0 (X_4, - - - ,Xy) in the two-sided case. Then ¥, asymptotically gen-
erates B(Ax)®. Hence given a code f and an € > 0 we can choose using
the finite alphabet special case of the previous lemma a large k and a
Fr-measurable code g such that |[H(f) — H(g)| < €. We shall show that
H(g) < H(X), which will prove the lemma. To see this in the one-sided
case observe that g is a function of X* and hence g" depends only on
X"+k and hence
H(g") < H(X"K)

and hence
H(g) = lim “~H(g") < lim ~—"—H(x"**) = H(X)
n—o N Tntemnmn+k ’

In the two-sided case g depends on {X_g,---,Xx} and hence g, de-
pends on {X_g, - --,X,,x} and hence

H(gn) =< H(X_kl e !X_1!X0! e !X‘Vl+k) < H(X—ka T aX—1)+H(Xn+k)-

Dividing by n and taking the limit completes the proof as before. a

Dynamical Systems and Random Processes

It is instructive to apply Corollary 6.4 to relate the idea of the entropy
of a dynamical system with the entropy rate of a random process. The
result is not required for later coding theorems, but it provides insight
into the connections between entropy as considered in ergodic theory
and entropy as used in information theory. In addition, the development
involves some ideas of coding and approximation which are useful in
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proving the ergodic theorems of information theory used to prove cod-
ing theorems.

Let {X,} be a random process with alphabet Ay. Let AY denote
the one or two-sided sequence space. Consider the dynamical system
(Q,B,P,T) defined by (A%, B(Ax)®,P,T), where P is the process dis-
tribution and T the shift. Recall from Section 3.1 and Section 2.6 that
a stationary coding or infinite length sliding-block coding of {X,} is a
measurable mapping f : AY — Ay into a finite alphabet which produces
an encoded process {f,} defined by

fulx) = f(T"x); x € AR.
The entropy H (P, T) of the dynamical system was defined in (3.4) by

H(P,T) = Sl}pﬁp(f),

the supremum of the entropy rates of finite alphabet stationary codings
of the original process. We shall show that if the original alphabet is
finite, then the entropy of the dynamical system is exactly the entropy
rate of the process.

Theorem 6.1. Let {X,,} be a random process with finite alphabet Ax. Let
A% denote the one or two-sided sequence space. Consider a dynamical sys-
tem (Q, B, P, T) defined by (A%, B(Ax)®,P,T), where P is an AMS process
distribution and T is the shift. Then

H(P,T) = H(X).

Proof: From (3.5), H(P, T) = H(X). Conversely suppose that f is a code
which yields H(f) = H(P,T) — €. Since f is a stationary coding of
the AMS process {X,}, Corollary 6.4 implies that H(f) < H(X). Thus
H(P,T) — € < H(X), which completes the proof since € is arbitrary. O

6.3 Pinsker’s and Marton’s Inequalities

Fano’s inequality shows that small probability of error between two pro-
cesses implies that the entropy rates of the processes must be close. A
converse of sorts for the special case where one of the two processes is
IID follows from an inequality of Marton, which in turn follows from an
inequality of Pinsker. In this section these inequalities are derived and
discussed.

The following inequality provides an upper bound to the variation
distance between to probability measures in terms of the divergence (see
[151], p. 58 of [27], (13) of [166]).
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Lemma 6.2. Pinsker’s Inequality
Given two probability measures M and P, the variation distance and
divergence satisfy the inequality

var(P,M) < +/2D(P||M).

Proof. Assume that M > P since the result is trivial otherwise because
the right-hand side is infinite. The inequality will follow from the first
statement of Lemma 5.4 and the following inequality: Given 1 > p, m >
0,

1-p
1-m
To see this, suppose the truth of (6.1). Since F can be chosen so that
2(P(F) — M (F)) is arbitrarily close to d(P,M), given € > 0 choose a set F
such that [2(P(F) = M(F))]? = d(P,M)? — 2¢. Since {F,F¢} is a partition,

pln%Jr(l—p)ln -2(p-m)? = 0. 6.1)

d(P,M)?

D(PIM) - =5~ =
P(F) 1-P(F) - -
P(F)In 375+ (1= P(P) In Sy = 2(P(F) = M(P))? — €.

If (6.1) holds, then the right-hand side is bounded below by —e, which
proves the lemma since € is arbitrarily small. To prove (6.1) observe that
the left-hand side equals zero for p = m, has a negative derivative with
respect to m for m < p, and has a positive derivative with respect to
m for m > p. (The derivative with respect to m is (m — p)[1 — 4m(1 —
m)]/[m(1 — m).) Thus the left hand side of (6.1) decreases to its mini-
mum value of 0 as m tends to p from above or below. O
The lemma together with Lemma 5.5 yield the following corollary.

Corollary 6.5. Given two probability measures M and P, the transporta-
tion with respect to the Hamming distance (the first order Ornstein’s d-bar
distance) and divergence satisfy the inequality

- D(P|M
2u(p, a0 = [P,

Marton extended Pinsker’s inequality to vectors produced by pro-
cesses when one of the processes is memoryless and thereby obtained
in the limit an inequality between Ornstein’s d-bar distance between pro-
cesses and the relative entropy rate of an arbitrary process with respect
to the IID process [120]. She subsequently extended this result from IID
to a class of Markov processes [121], but we shall concentrate on the
IID result, which is stated in the following lemma. The proof follows
Shields [166].
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Lemma 6.3. Marton’s Inequality Suppose that X" and Y™ are random
vectors with a common finite alphabet and probability mass functions
uxn and pyn and that Y™ is memoryless (uyn is a product pmf). Then the
d-bar distance (mean Hamming) satisfies

D (pxn || pryn)
2n '

Alux, py) < \/D(“Xf”““ 6.3)

Proof. Suppose that the common finite alphabet for X;, and Y;, is A. First
note that for the case n = 1 Marton’s inequality and Pinker’s inequality
are the same so that

1—
%dn(llx", Hyn) < (6.2)

and hence in the limit

D (px, |l uy,)

5 . (6.4)

di (px,, Hy,) <

Denote by p™ (xg, o) the coupling yielding (with the usual caveat)
the Hamming transportation distance di (ux,, Hy,), that is, the pmf on
A x A with marginals py, and py, yielding the smallest E (dy (Xo, Yo)) =
PI‘(X() * Yo).

For n > 2 consider Pinsker’s inequality applied to the distributions P
and M corresponding to the probability mass functions py, ,|xn-1(xn—1 |
x"1) and py, | (Yn-1):

aH(i‘lX,n,ﬂX”*l ( | Xn_l)l“Yn—l) =

\/D(IJXn_nxnl(' | x"1) ||y, )
2

,x"e A" (6.5)

Let p™ (xp-1,¥n—1 | x™!) denote the coupling (on A x A) between
the pmfs py, | x»-1(- | x™ 1) and py, , on A yielding dp(py, ,jxn-1(- |
x" 1), uy, ,) (these exist from Theorem 5.2).

Taking expectations in (6.5) vields

Z pxn-t (X D dp (py, xn-1 (LX), py, ) <

xn-1

no1v | Dy, ixnr (L XD lluy, )
> pynei(x )\/ 5 . (6.6)

xn-1

Use these pmfs to construct a new pmf ™ (x", y") on A" x A" de-
fined by
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n
™ (x™, y™) = pM(x0,30) [ [ PP (xic1, yic1 [ xTH).
i=2

This joint pmf has as its marginals px» and py» and hence is a coupling
of these two distributions. This implies that

Eon (dn(X™,Y™)) = dn(pxn, pyn). (6.7)
We also have that

Eqom (dp(X™,Y™))

n-1 n-1 n-1
= Eqm (Z dH<Xi,Yi)> = > Epo (dp(Xi, Y1) = > Eqw (dg (X, Y5))
i=0

i=0 i=0
= > > pW(x0,0)dn(Xo, Yo)
X0 Yo
n . . .
+3 D g (x> p Dy, yic | XY dy (xio1, vie1)
i=2 xi-1 Xi-1,Yi-1
—_ n . —_— .
= du(Uxy, Hyy) + 2. > Hxiot (XD dy (px, x| x771), Yiog).
i=2 xl’fl

Apply Pinsker’s inequality from (6.4) and (6.6) and use (6.7) to write
dn (pxn, Hyn)

n
< du(Hx, Hyy) + 2. > Hxiot (XU D dp (x| x5, Y1)

i=2 xi-1

n i1 (- i-1 :
<\ liD(uXOZHHY") + >0 D Hxin (xi‘l)\/D(ux”lxl ( 2' X )”“Y”l).

i=2 xi-1

Use the concavity of the square root twice to obtain

dn(uxn, pyn) 1 /D(IJX0||HYO)+
n n 2

1 i\/zxil pxi-t (XD (pyx, xio (- | x =) lpy, )
n; 2

IA

=2

1 n _ _
= o (D(uxolluyo) + Z Z pxi-1 (xt=1)D (py, || xi-1(- |xll)||uyil))_

i=2 xi-1

The following string of equalities shows that the term in parentheses is
D (uxn| | uyn), which completes the proof of (6.2):
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D (pxn |l pyn)

= S (e I

_ XZnan (x™) In B0 Lio ()ygﬁffl ;y( (xyii|) =

- inum (x™)In (Ziﬂ gg; ﬁ = Z;fic;il))(i))

_ ;uxn(x”)ln “XOE;(O)) nzi Znuxn(x”)lnw

= D (ux, |l py,) +7:211§u)0(x )Zuxlua(xl | x')In W
= D (ux, lluy,) + "Z‘ll 2 Hxs (XHD (s (- 1 X 1y,

O

While Fano’s inequality deals with conditional entropy at its most ba-

sic level, Marton’s inequality deals with relative entropy. Just as Fano’s

inequality results in a relationship between the d-bar distance and the

difference of entropy rates, Marton’s inequality also has an implication

for entropy rates. If Y is IID and equiprobable as in the case of fair coin
flips, Marton’s inequality immediately yields the following corollary.

Corollary 6.6. Suppose that ux and py are distributions of two stationary
processes with a common finite alphabet and that Y is both IID and has
equiprobable marginals. Then

H(Y)-H(X)

adX,Y) < >

Thus if an arbitrary stationary process has entropy rate close to that of
an IID equiprobable source with the same finite alphabet, then it must
be also close in Ornstein’s d-bar distance.

6.4 Entropy and Isomorphism

The results derived thus far in this chapter have as an easy application
one of the most important results of ergodic theory, the Kolmogorov-
Sinai theorem demonstrating that a necessary condition for two dynam-
ical systems to be isomorphic is that they have the same entropy rate.



6.4 Entropy and Isomorphism 157

Roughly speaking, two random processes are isomorphic if each can be
coded into the other in a stationary and invertible way. The primary dif-
ficulty in making this result precise is developing the necessary defini-
tions, which will be related to the coding language used here. The focus
is on dynamical systems rather than on random processes because the
latter are more general and form the traditional context for treating iso-
morphic processes. The initial material follows [58].

There are several notions of isomorphism: isomorphic measurable
spaces, isomorphic probability spaces, and isomorphic dynamical sys-
tems. Isomorphic random processes are a special case of the latter.

Isomorphic Measurable Spaces

Two measurable spaces (Q,B) and (A, S) are isomorphic if there exists
a measurable function ¢ : Q — A that is one-to-one and has a measur-
able inverse ¢~!. In other words, the inverse image ¢~ (A) of a point
A € A consists of exactly one point in Q and the inverse mapping so
defined, say y : A — Q, y(A) = ¢p~1(A), is itself a measurable mapping.
The function ¢ (or its inverse y) with these properties is called an iso-
morphism. An isomorphism between two measurable spaces is thus an
invertible mapping between the two sample spaces that is measurable in
both directions.

Isomorphic Probability Spaces

Two probability spaces (Q2, B, P) and (A, S, Q) are isomorphic if there is
an isomorphism ¢ : Q — A between the two measurable spaces (Q, B)
and (A, S) with the added property that

Q=Ppand P = Qg1
that is,
Q(F) = P(¢p 1 (F));F € S;P(G) = Q(¢p(6)); G € B.

Two probability spaces are isomorphic

1. if one can find for each space a random variable defined on that space
that has the other as its output space, and

2. the random variables can be chosen to be inverses of each other; that
is, if the two random variables are ¢ and y, then ¢(y(A)) = A and
y(p(w)) = w.
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Note that if the two probability spaces (Q,B,P) and (A, S, Q) are iso-
morphic and ¢ : Q — A is an isomorphism with inverse y, then the
random variable ¢y defined by ¢py(A) = ¢p(y(A)) is equivalent to the
identity random variable i : A — A defined by i(A) = A.

Isomorphism Mod 0

A weaker notion of isomorphism between two probability spaces is that
of isomorphism mod 0 . Two probability spaces are isomorphic mod 0
or metrically isomorphic if the mappings have the desired properties on
sets of probability 1, that is, the mappings can be defined except for
null sets in the respective spaces. Thus two probability spaces (Q, B, P)
and (A, S, Q) are isomorphic (mod 0) if there are null sets Qy € B and
Ao € S and a measurable one-to-one onto map ¢ : Q — Qp - A - Ag
with measurable inverse such that Q (F) = P(¢p~1(F)) for all F € S. This
weaker notion is the standard one in ergodic theory.

Isomorphic Dynamical Systems

Roughly speaking, two dynamical systems are isomorphic if one can be
coded or filtered onto the other in an invertible way so that the coding
carries one transformation into the other, that is, one can code from one
system into the other and back again and coding and transformations
commute.

Two dynamical systems (), B,P,S) and (A, S, m, T) are isomorphic if
there exists an isomorphism f : Q — A such that T$p(w) = p(Sw);w €
Q. As with the isomorphism of probability spaces, isomorphic mod 0
means that the properties need hold only on sets of probability 1, but
we also require that the null sets in the respective spaces on which the
isomorphism is not defined to be invariant with respect to the appropri-
ate transformation. Henceforth isomorphism of dynamical systems will
be taken to mean isomorphism mod 0 with this constraint.

Isomorphic Random Processes

Suppose that the probability space (A, S, m) is the sequence space of a
directly given finite-alphabet random process, say (A%, BTAX, Ux), T is the
shift on this space, and Iy the sampling function on this space, then the
random process X, = IIgT™" defined on (A, S, m) is equivalent to the ran-
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dom process Ily(¢pS™) defined on the probability space (Q, B, P). More
generally, any random process of the form gT™ defined on (A, S, m)
is equivalent to the random process g(¢S") defined on the probabil-
ity space (Q, B, P). A similar conclusion holds in the opposite direction.
Thus, any random process that can be defined on one dynamical system
as a function of transformed points possesses an equivalent model in
terms of the other dynamical system and its transformation. In addition,
not only can one code from one system into the other, one can recover
the original sample point by inverting the code (at least with probability
1).

Isomorphism provides a variety of equivalent models for random pro-
cesses. The models can be quite different in appearance, yet each can be
transformed into the other by coding (for discrete alphabet processes)
or filtering (for continuous alphabet processes).

If X = {X,}and Y = {Y,} are two finite-alphabet random processes
and they are isomorphic, then each is equivalent to a random process
formed by a stationary or sliding-block coding of the other. Equivalent
processes have the same process distributions and hence the same en-
tropy rates. Suppose that Y is equivalent to a stationary coding f of
X and that X is equivalent to a stationary coding g = f~! of Y. From
Corollary 6.3, H(X) = H(f(X)) = H(Y) and H(Y) = H(g(X)) = H(X)
and hence H(X) = H(Y). This yields the random process special case
of one of the most famous results of ergodic theory, originally due to
Kolmogorov and Sinai. It is summarized in the following theorem.

Theorem 6.2. Kolmogorov-Sinai Theorem A necessary condition for two
AMS random processes to be isomorphic is that they have the same en-
tropy rates.

In the 1970s, Donald Ornstein proved in a remarkable series of papers
that were summarized in [139, 140] that equal entropy was also a suffi-
cient condition for two processes to be isomorphic if the processes were
B-processes, stationary codings or filterings of IID processes. This result
is now known as Ornstein’s isomorphism theorem or as the Kolmogorov-
Sinai-Ornstein isomorphism theorem. The general result is beyond the
scope of this book and no attempt at a proof will be made here. On the
other hand, stating the result reinforces the importance of the concept
of entropy and entropy rate beyond the domain of information and cod-
ing theory, and the result is useful for obtaining and interpreting results
relating source coding and simulating random processes, results which
have not yet yielded to simpler proofs. For reference we state without
proof the Ornstein theorem and a related result due to Sinai which is
used in the proof of Ornstein’s theorem. Excellent accessible (with re-
spect to the original papers) treatments of the Ornstein theory and the
Sinai theorem can be found in books by Shields [164] and by Kalikow
and McCutcheon [84].
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Theorem 6.3. Ornstein Isomorphism Theorem Two B-processes are iso-
morphic if and only if they have the same entropy rate.

Theorem 6.4. Sinai’s Theorem Suppose that {U,} is a stationary and er-
godic process with entropy rate H(U), that {X,} is a B-process with dis-
tribution ux and entropy rate H(X), and that H(X) < H(U). Then there
is a sliding-block coding of U that has distribution py.

Sinai’s theorem implies half the Ornstein theorem by showing that a
specified B-process can always be obtained by stationary coding of any
stationary and ergodic process having equal or greater entropy rate. The
hard part, however, is the other half — the demonstration that if the
entropy rates are equal and the process being encoded is also required
to be a B-process, then the stationary code can be made invertible. The
usual statement of the Sinai theorem is less general and considers the
case where {Xj} is IID rather than a B-process. The more general result
quoted here can be found, e.g., as 636 Theorem in [84], p. 141.

6.5 Almost Lossless Source Coding

The Ornstein and Sinai theorems at the heart of modern ergodic theory
are difficult to prove and require intricate and long arguments. Source
coding ideas using the properties of entropy and the Rohlin theorem,
however, yield approximate versions of the Ornstein results with proofs
that are germane to the present development and provide a relatively
simple example of techniques to be used in proving coding theorems in
later chapters. The results also provide useful interpretations of the Orn-
stein and Sinai results as idealized source coding and simulation, and of
almost lossless source coding as an approximation to isomorphism and
the Sinai theorem. To simplify the notation and the presentation, this
section concentrates on an archetypal problem of almost lossless source
coding, that is, of converting a stationary and ergodic discrete-alphabet
source with an arbitrary alphabet and known entropy rate into bits in
a way that is almost lossless in that the coding allows recovery of the
original sequence with small probability of error. This is a special case
coding for small average distortion with respect to a Hamming distance
on symbols. For simplicity and clarity, for the time being only the special
case of a source with entropy rate of 1 bit per symbol is considered. The
goal is to characterize the behavior of sliding-block codes. More general
results will be developed later.

Suppose that {X;,} is a stationary and ergodic source with a discrete
alphabet A, process distribution uy, and entropy rate H(X) = H(uyx) =
1, where base 2 logarithms will be used throughout this section.
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Almost-Lossless Block Codes

The first step is a slight variation of the block code constructed using the
asymptotic equipartition property (AEP) of Section 4.5. Given € > 0, there
is an n sufficiently large so that for all n > n( the set of entropy-typical
sequences

Gn = {xn . 2—n(ﬁ(X)+e) < IJX"(Xn) < 27n(ﬁ(X)—e)}

satisfies
Mxn (G,C,L) <E€.

As outlined in Section 4.5, an initial approach to coding source n tu-
ples into binary n-tuples is to index the length n sequences in G, by
binary n-tuples, encode each input vector into the index if the vector is
in G, and some arbitrary binary n-tuple otherwise, and then decode the
binary n-tuple into the corresponding x™. With high probability (greater
than 1 — €) the decoded vector will be the input vector, which in turn
implies the symbols will be correct with high probability. An immediate
problem, however, is that in general there will be too many vectors in
Gy. Observe that the number of vectors Gy, ||Gxll, can be bound above
using the inequality

1>Pr(X" € Gp) = > Hxn(x™)

x"eGy

> z 27n(H(X)+e) _ ||Gn||27n(l+e)

x"heGy

so that |G|l < 21+ but there are only 2" available binary n-tuples as
indices. Since there can be more than 2" entropy-typical sequences of a
source with entropy rate 1, there can be too few indices in {0, 1}" for G,,.
We could avoid this problem by requiring that the source have entropy
rate H(X) strictly less than 1, but it is desirable to consider the case
where the source has the maximal entropy rate that can be squeezed
through the binary encoded process, which is the 1 bit per sample of
fair coin flips. So instead we modify the scheme.

One possible modification is as follows. We will use a slightly larger
blocklength N for the code than the vector dimension n of the entropy-
typical vectors. Toward this end choose 6y > 0 and set

k=k(N)=[16oN|+1=[6pN], (6.8)

where as usual |7 ] is the greatest integer less than or equal to . and
n = N — k so that N = n + k. Note for later use that
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O0oN <k <6ygN +1 (6.9)
(1-60)N—-1<n=<N(1-20p). (6.10)

IA

A

The encoder ignores the first k symbols of each input block. If the
n-tuple following the first k symbols is in G4, it will be coded into the
binary N-tuple index. Map all n-tuples not in G, into a fixed binary n-
tuple, say the all 0 n-tuple. We need to reserve 2"1+€) indices as above,
and we have 2V binary N-tuples, so there will be enough indices for all
of the entropy-typical N-tuples if (N — k)(1 +€) < N or

Ne
T+ e <k =[6oN].

This will be true if 69 = €/(1 + €), so choose
50 = €.

The decoder will map the first k ~ eN symbols of each block into an
arbitrary k-tuple such as an all 0 k-tuple. The remaining n ~ N(1 —€) bi-
nary symbols will be viewed as an index into G, and the vector indexed
by the binary n-tuple will be the output. Note that if the corresponding
input n-tuple was in fact in Gy, all of the n corresponding output sym-
bols will be decoded correctly. Let X; denote the resulting reconstruction
symbols. The average error probability over a block satisfies

1 N-1 R k ni k+n—1 R
PN = N Z Pr(Xi = Xi) = 5+ 1 Z Pr(X; = X;).
i=0 i=k
Since the event {X; # X;} for some i € {k,k +1,....,k +n — 1} is a

subset of the event {X}' = X'}, Pr(X; # X;) < Pr(X}' ¢ Gy) so that with
stationarity,

k n
PR + PR

PN <
¢ N N

1
uxn(Gy) <€+ Nt uxn (Gy,), (6.11)

where we have used (6.9). Invoking the AEP of Section 4.5 with N satis-
fying N(1 — 69) = ng we have

1
PN < 2¢ + N (6.12)

Thus there is an Ny such that
PN) < 3¢, all N = Np.

so the average probability of error can be made as small as we would like
by choosing a sufficiently large blocklength for the block code. Note that
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PN = N z (dH(Xi,Xi)),
the average Hamming distortion for the block.

In the limit of large block length, block codes can be used to achieve
small average distortion in the sense that a discrete alphabet source with
entropy rate 1 bit per symbol can be coded into a binary sequence from
which we can recover the original source with asymptotically vanishing
mean per symbol error probability. As previously discussed, however, a
problem with the reproduction sequence X, in a block coding system
is that it will be neither stationary nor ergodic in general, and hence the
reconstructed sequence lacks important statistical properties of the orig-
inal source. In practical terms, there might (and often will) be artifacts
in the reproduction due to the blocking, and these artifacts can be ob-
jectionable perceptually even if the average distortion is small. The end
goal of this section will be to construct a sliding-block code with similar
average distortion, but having the property that the reproduction (and
the binary encoded sequence) is both stationary and ergodic.

Asynchronous Block Code

Essential to the operation of an ordinary block code is the synchroniza-
tion between the decoder and encoder — the decoder knows a priori
where the code blocks begin so it knows how to interpret binary N-tuples
as indices. When the block code is stationarized to form a sliding-block
code, this synchronization is lost. As the next step towards constructing
a sliding-block code we again modify the block code so that the binary
codewords can be located even if the decoder does not know a priori
where the block boundaries are. Before synchronizing the code, assume
that € is fixed as before and that the encoder blocks are divided as be-
fore into an initial k = Ne symbols which will be ignored, followed by

~ N(1 — €) source symbols to be block coded using G,. Now focus
on the binary index codebook containing a subset of {0,1}" and on the
decoder.

A classic method for accomplishing the goal of self-synchronization
of binary N-tuples is to initiate each binary code block of length N with
a synchronization sequence (or sync sequence, for short), a binary se-
quence of length, say, m that identifies the beginning of a code block.
Each binary N-tuple codeword will consist of a common sync sequence
of length m followed by a binary K-tuple with K = N — m. To ensure
that the sync sequence always identifies the first m symbols of a binary
code block, we no longer allow the remaining K binary symbols to be
unconstrained — we now prohibit the appearance of the sync sequence
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anywhere within the binary K-tuple that follows a sync sequence. Fur-
thermore, for any £ = 1,2, ..., m — 1 we cannot allow the final £ symbols
of a sync m-tuple followed by the first m — £ binary symbols of any al-
lowed binary K-tuple (that is, any binary K-tuple appearing in the last
K positions of an allowed binary N-tuple index) to equal the sync se-
quence. This last problem is easy to avoid. If m is even, then choose the
first m /2 symbols of the sync sequence to be 0s and the remainder 1s.
If m is odd, then choose the first (m — 1)/2 symbols to be 0s and the
remainder 1s. If £ is greater than m/2 for m even or (m — 1)/2 if m
is odd, then it is not possible for an overlap of sync and codeword to
be mistaken for a sync since the possible false alarm begins with a 1
while a real sync must begin with a 0. if £ falls in the first half of a true
sync, there will be insufficient Os in the k-tuple to be mistaken for a sync.
Thus we need only be concerned about avoiding a sync sequence inside
a binary K-tuple following a sync.

A sync sequence can occur in any of K — m = N — 2m positions in a
binary K-tuple, and all of the 2N~2™ binary K tuples containing a sync in
any of the N — 2m possible positions are disallowed from the index set.
After removing all of these disallowed sequences there will be at least
2K — (N — 2m)2N=2m K-tuples remaining for indexing the codebook G,.
Note that we have overcounted the number of sequences removed so
that we have at least M remaining since K-tuples with two or more sync
sequences within them get removed multiple times. Thus the condition
required for ensuring that there are enough indices for the words in G,
is

oK _ (N — Zm)ZN—Zm > on(l+e) (6.13)

To relate €, n, k chosen previously to parse the encoder block, we now
derive the necessary conditions for K and m for obtaining arbitrarily
small average probability of error. Analogous to the synchronous case,
fix 6; > 0 to be chosen shortly and define the sync sequence length
similarly to (6.8) by

m=m(N) =[61N] (6.14)

and set K = N — m. As earlier,

OIN<m=<IN+1
1-61)N-1<K<N(1-56y1).

From (6.13) and the definitions we have the inequalities

2K (N —2m)2N-2m > pN(=61) _ (N — 2§, N — 2)2N-281N-2
2(1-e)N(1+€) 5 on(l+e)

and hence (6.13) will be satisfied and there will be sufficient indices for
all of the vectors in G, if
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oN(1-61) _ (N — 25N — 2)2N—251N—2 > 2(1752)N

or
27NO1L 2 2N 4 (N = 28N — 2)2720IN=2

or
1>201-€ON L [N(1 = 25,N) — 2]2-9N-2,

If we choose §; < /€, then the term on the right goes to zero with N
and hence for sufficiently large blocklength N there are sufficient binary
N tuples in a self-synchronized code for all vectors in G,. The analysis
of the mean probability of error follows exactly as before. Note that d¢
yields the fraction of symbols k in the initial and ignored symbols in
the input source word, while §; yielded the fraction of initial symbols
constituting the sync sequence in the output or encoded binary word.

Sliding-Block Code

Let N and € > 0 remain as before, where now N is chosen large enough
to ensure that ux»(Gy,) < € in the previous subsections and construct an
asynchronous block code of blocklength N as there described. The sym-
bols k and m retain their meaning as the length of the input and output
prefixes. Fix 6, > 0, and use Lemmas 2.11-2.12 to construct a Rohlin
tower with base F, height N, and ux(G) < > having the properties of
the lemmas. In particular assume that the finite partition considered is

N-1 )
P=\/ TPy,
i=0

where Py is the zero-time partition for the finite-alphabet source, that
is, if the stationary random process {X,} has alphabet A = {a;;i =
0,1...,JJAll =1} Py = {{x : Xo(x) = x0 = a;};i = 0,1...,||Al]| — 1}.
Thus the atoms of P correspond to all sequences having initial N co-
ordinates xN = a¥, for some a¥ € AVN. In other words, the atoms are
N-dimensional thin cylinders.

The sliding-block encoder operates as follows to map a sequence x
into a binary symbol. If x € F, then use the asynchronous block code to
map x¥ into a binary N-tuple n¥ and put out the first symbol by. This
will be the first symbol in the sync sequence. If x € TF, then T"1x € F.
Apply the block code to xﬂ = (x_1,X0,...,XN—2) to obtain b and put
out the second symbol b;. Continue in this way: if x € T'F for i =
0,1,...,N—1,then T ix € F and apply the block code to x]_‘]l- to produce
bN and put out the ith symbol b;. Lastly, if x € G, put out a 0 (that is, an
arbitrary symbol). This defines a stationary encoder for all infinite input
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sequences x. Since F is measurable with respect to a finite window and
block codes are used, the stationary code is described by a finite-length
sliding-block code.

The sliding-block decoder operates essentially in the same manner as
the asynchronous block code decoder. Suppose that the sync sequence
is a binary m-tuple s™. Given a received sequence b, look for an i =
0,1,...,N — 1 for which b™, = s™ (there can be at most one). If there is
no such i, put out an arbitrary fixed reference symbol, say b*. If there
is a match with a sync, form the binary N-tuple loﬂVi and use the block
decoder to map this into a reproduction vector XV. Put out X;. Recall
that XN will be a concatenation of k Os followed by an n-tuple in G, the
collection of entropy-typical source vectors.

In a nutshell, the encoder uses the base of the Rohlin tower to initiate
a block coding, and usually the block code will be used repetitively until
eventually some spacing is thrown in to make things stationary. The re-
sulting binary codewords all have a unique prefix that can occur only at
the beginning of a code block.

Consider the error probability resulting from this sliding-block code.
Let X, denote the process resulting from encoding and decoding as
above and let {Xy + Xo} be short hand for the set of sequences {x :
Xo(x) = Xo(x)}, where Xo(x) = xo is just the coordinate function, and
Xo(x) is the output at time 0 of the cascade of the sliding-block encoder
and decoder. Then using total probability

Pe = Pr(Xo # Xo) = ux({Xo = Xo})

N-1
= ux({Xo # Xo} N G) + > ux({Xo # Xo} N T'F).
i=0
Since i
Hx ({Xo # Xo} N G) < ux(Gy) < 62
and

px({Xo = Xo} N T'F) = px({x : Xo(x) = Xo(x)} N T'F)
= ux(T7H{x : Xo(x) # Xo(x)} N F)
= ux({x : Xo(T'x) # Xo(T'x)} N F)
= ux({X; = Xi} nF)

using the stationarity of the process distribution and codes, we have that
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N-1
P. <82+ > pux({Xi # Xi} N F)
i=0
k-1 . N-1 R
<82+ > uxUXi = X} nF)+ > ux({X; # X;} n F)
i=0 i=k
k—1 N-1 ~
<82+ > ux(F) + D pux({XP = X! nF)
i=0 i=k
k N-1
&+t > ux({XP € Gp} nF)
i=k
1 N-1
S52+€+N+ > ux({XP & Gn} N F).
i=k

Lemma 2.12 implies that for any xV,
1
ux (XN = x"P 0 F) = S (XY = x™)

and hence

px ({XI ¢ Gn} NF) > ux({XN =x"}nF)

xN:x EGy
1
= 2 (XN =x"p
xNxPEGy
1 n 1 n €
= Nﬂx({Xk ¢ Gnt) = N“X({X ¢ Gnl) < N’
Thus 1
Po<8r+€+—+——€<8+2¢,

N N

which can be made as small as desired by suitable choices of €, §>.

Summarizing, given any finite-alphabet stationary and ergodic source
X with entropy rate 1 bit per sample and € > 0, a sliding-block en-
coder with binary outputs and a sliding-block decoder mapping binary
sequences into the source alphabet (both of finite length) can be con-
structed so that P, < €. This implies that asymptotically optimal en-
coders f,, and decoder g, can be constructed with resulting probability
of error P, (fn,gn) going to 0 as n — oo.

This solves the theoretical problem of showing that a stationary and
ergodic process with entropy rate 1 can be coded into bits and decoded
in a stationary way so that the original source can be reconstructed with-
out error. This can be viewed as a stationary coding analog of Shannon’s
noiseless or lossless source coding theorem for variable-length block
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codes (which are not stationary). The stationary coding leads to some
additional properties, which are explored next.

6.6 Asymptotically Optimal Almost Lossless Codes

Continuing with the almost lossless codes of the previous section, sup-
pose that X is a stationary and ergodic finite-alphabet source with en-
tropy rate 1 bit per symbol. Suppose that we construct a sequence of
finite-length sliding block encoders f;, and decoders g, which result in
encoded processes U™ and decoded reproduction processes X ™. Since
coding can only reduce entropy rate, we have immediately that

HX)=1=HU™) = HX™M). (6.15)
Since the codes are asymptotically optimal,

lim Pr(Xo + X3") = 0. (6.16)

The codes form a coupling between the input and output, and the prob-
ability of error is simply the expected Hamming distortion between the
pair. This distortion is bound below by Ornstein’s d-bar distance between
the processes, which means that

lim dx,Xmy =o. (6.17)

Thus the output process converges in d-bar to the original source.
Eq. (6.16) implies from the process version of the Fano inequality that

lim HXM™)=HX) =1. (6.18)
From (6.15), this forces o
lim H(U™) =1. (6.19)

This suggests that the binary encoded process is looking more and more
like coin flips as n grows. Marton’s inequality as in Corollary 6.6 provides
a rigorous proof of this fact. Suppose that Z is the fair coin flip process,
an IID binary equiprobable process. Then from Corollary 6.6

awm, z) < ﬁ(H(m _H(Um))

which goes to 0 as n — o. Thus the encoded process converges to fair
coin flips in d-bar if the codes are asymptotically optimal, and the output
of the decoder converges to the original source in d-bar.
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Together these facts provide an approximate variation on the Orn-
stein isomorphism and Sinai theorems of ergodic theory. The isomor-
phism theorem states that a B-process with entropy rate 1 can be coded
into coin flips in an invertible manner. We have just seen that we can
map the original process into a process that is very close to coin flips in
d-bar, and then we can “invert” the mapping by another mapping which
produces a process very close to the original in d-bar. Thus almost loss-
less source coding can be interpreted as an approximate version of the
isomorphism theorem, and the isomorphism theorem can be interpreted
as a limiting version of the lossless coding result. The source coding re-
sult holds generally for stationary and ergodic processes, but turning it
into the vastly stronger isomorphism theorem requires B-processes. The
Sinai theorem states that we can model a process with prescribed distri-
butions and entropy rate 1 by a stationary coding of coin flips. We have
shown that a stationary coding of something d-bar close to coin flips can
be used to obtain something d-bar close to a prescribed process. This
can be interpreted as a simulation result, generating a desired process
from coin flips.

6.7 Modeling and Simulation

Random processes and dynamical systems can be used to model real
world phenomena in the sense that one can use statistical methods to fit
a probabilistic description to observed measurements. Such models are
based on an assumption that observed relative frequencies of measure-
ments predict future behavior, the fundamental idea of the ergodic the-
orem and the notion of AMS processes. Often models can be of a specific
form, such as Gaussian or Poisson, based on the observed or assumed
physics describing the production of the measured quantities. It also of-
ten occurs that the form of a model is assumed simply for convenience,
and its suitability for the signals in question may be controversial. In
some situations one might wish to place constraints on the model, but
not assume particular distributions. For example one might wish to al-
low only models of a particularly simple form with useful properties
such as B-processes, processes formed by stationary coding or filtering
of IID processes, or autoregressive processes, processes formed by lin-
ear filtering an IID process using a poles-only or autoregressive filter.
We shall later see (in Lemma 14.13) that a source can be communicated
with arbitrarily small distortion through a noisy channel if the source
has entropy rate less than a quantity determined by the channel (called
the channel capacity) and if the source is totally ergodic. This fundamen-
tal result of information theory implies that a particularly useful class
of models is the class with an entropy constraint. Furthermore, totally
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ergodic sources such as B-processes are amenable to reliable communi-
cation and hence a natural choice of model.

This raises the issue of how good a model is as a fit to a “real” pro-
cess, and process distortion measures provide a means of quantifying
just how good a model approximates a target process. This situation can
be idealized by a process distortion between a “true” distribution and the
model distribution, but this assumes the existence of the former. Theo-
rem 5.2 provides a practical means of estimating a process distortion by
finding the best match between a sequence produced by the target pro-
cess (which will produce a frequency-typical sequence with probability 1)
and the model’s collection of frequency-typical sequences. A minimum
distortion selection between a fixed sequence and a member of a col-
lection of sequences resembles the encoder we will encounter in source
coding in Chapter 12, so that the considerations of this section will shed
insight on the source coding problem.

With this introduction we formalize two optimization problems de-
scribing the fitting of a model from an interesting class of processes
to a target process so as to minimize a process distortion between the
target and the class. It is assumed that the target process distribution
exists, but it should be kept in mind that in the case of stationary and
ergodic processes, the process distortion can be estimated by finding
the best match between an example target sequence and the collection
of frequency-typical model sequences.

Suppose that uy is the distribution of a stationary source {X,}. For
some class of random processes P define

p(ux,P) = inf p(ux, uy). (6.20)
Hy €P

The previous discussion suggests the classes

PR) = {uy : H(Y) <R} (6.21)
Pg(R) = {B-processes uy : H(Y) < R} (6.22)

where R > 0.

The first optimization problem originated in [65] and will be seen in
Chapter 12 to provide a geometric interpretation of Shannon source cod-
ing. The second originated in [53], where it was dubbed the “simulation
problem" because of its goal of generating a good model of a target pro-
cess as a sliding-block coding of a simple finite alphabet IID process
such as fair coin flips. The sliding-block simulating code was shown to
provide a good decoder in a source coding system. Both of these results
will be considered later. They are introduced here as a natural combi-
nation of distortion and entropy considerations. Since Pz(R) C P(R),
p(ux,Pp(R)) = p(ux,P(R)).
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Of more practical interest than simply modeling or simulating a ran-
dom process as a B-process is the possibility of using a stationary en-
coding of a particular IID process such as fair coin flips or dice rolls. For
example, suppose that one is given an IID process Z with distribution uy
and entropy rate H(Z) and one wishes to simulate a random process X
with distribution ux by applying a stationary code f to Z to produce a
process X = f(Z) with entropy rate H(X) < H(Z) which is as close as
possible to X in rho-bar:

Ax|z = irflfb(ux,ufm). (6.23)

From the definitions,

Axz = p(ux, Pp(H(Z))) (6.24)

since the optimization over B-processes formed by stationary codings
of Z is a more constrained optimization. Suppose, however, that X is
itself a B-process and that X is a B-process approximately solving the
minimization of p(uy, Pg(H(Z))) so that X is a B-process with H(X) <
H(Z) and pux,ux) < € for some small € > 0. Then Sinai’s theorem
implies that X (or rather a process equivalent to X) can be obtained as a
stationary coding of Z and hence

Axiz = p(ux, Pg(H(Z))).
If R = H(Z), this means that
Ax|z = p(ux,Pg(R)) = Ax(R), (6.25)

a quantity that depends only on R and not on the structure of Z other
than its entropy rate!



Chapter 7
Relative Entropy

Abstract A variety of information measures have been introduced for
finite alphabet random variables, vectors, and processes: entropy, mu-
tual information, relative entropy, conditional entropy, and conditional
mutual information. All of these can be expressed in terms of divergence
and hence the generalization of these definitions and their properties to
infinite alphabets will follow from a general definition of divergence. In
this chapter the definition and properties of divergence in this general
setting are developed, including the formulas for evaluating divergence
as an expectation of information density and as a limit of divergences of
finite codings. We also develop several inequalities for and asymptotic
properties of divergence. These results provide the groundwork needed
for generalizing the ergodic theorems of information theory from finite
to standard alphabets. The general definitions of entropy and informa-
tion measures originated in the pioneering work of Kolmogorov and his
colleagues Gelfand, Yaglom, Dobrushin, and Pinsker

7.1 Divergence

Given a probability space (Q, B, P) (not necessarily with finite alphabet)
and another probability measure M on the same space, define the relative
entropy or divergence of P with respect to M by

D(P|M) = SSPHPIIM(Q) = Sl}pD(Pflle), (7.1)

where the first supremum is over all finite measurable partitions Q of Q
and the second is over all finite alphabet measurements on Q. The two
forms have the same interpretation: the divergence is the supremum of
the relative entropies or divergences obtainable by finite alphabet cod-
ings of the sample space. The partition form is perhaps more common
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when considering divergence per se, but the measurement or code form
is usually more intuitive when considering entropy and information. This
section is devoted to developing the basic properties of divergence, all of
which will yield immediate corollaries for the measures of information.

The first result is a generalization of the divergence inequality that
is a trivial consequence of the definition and the finite alphabet special
case.

Lemma 7.1. The Divergence Inequality:
For any two probability measures P and M

D(P|M) =0
with equality if and only if P = M.

Proof. Given any partition @, Theorem 3.1 implies that

> PP

>0
0co M(Q)

with equality if and only if P(Q) = M(Q) for all atoms Q of the parti-
tion. Since D (P||Q) is the supremum over all such partitions, it is also
nonnegative. It can be 0 only if P and M assign the same probabilities to
all atoms in all partitions (the supremum is O only if the above sum is 0
for all partitions) and hence the divergence is 0 only if the measures are
identical. O

As in the finite alphabet case, Lemma 7.1 justifies interpreting diver-
gence as a form of distance or dissimilarity between two probability mea-
sures. It is not a true distance or metric in the mathematical sense since
it is not symmetric and it does not satisfy the triangle inequality. Since
it is nonnegative and equals zero only if two measures are identical, the
divergence is a distortion measure on probability distributions as con-
sidered in Chapter 5. This view often provides interpretations of the ba-
sic properties of divergence. We shall develop several relations between
the divergence and other distance measures. The reader is referred to
Csiszar [26] for a development of the distance-like properties of diver-
gence.

As the supremum definition of divergence in the general case permits
an easy generalization of the divergence inequality, it also permits an
easy generalization of the basic convexity property of Corollary 3.5.

Lemma 7.2. The divergence D(P||M) is a convex function of the pair of
probability measures (P, M).

The lemma can also be proved using the integral representation of di-
vergence as in Csiszar [25].
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The following two lemmas provide means for computing divergences
and studying their behavior. The first result shows that the supremum
can be confined to partitions with atoms in a generating field. This will
provide a means for computing divergences by approximation or limits.
The result is due to Dobrushin and is referred to as Dobrushin’s theo-
rem. The second result shows that the divergence can be evaluated as
the expectation of an entropy density defined as the logarithm of the
Radon-Nikodym derivative of one measure relative to the other. This re-
sult is due to Gelfand, Yaglom, and Perez. The proofs largely follow the
translator’s remarks in Chapter 2 of Pinsker [150] (which in turn follows
Dobrushin [32]).

Lemma 7.3. Suppose that (QQ,B) is a measurable space where B is gen-
erated by a field F, B = o(F). Then if P and M are two probability
measures on this space,

D(P|IM) = sup Hpjm(9Q).
ocF

Proof. From the definition of divergence, the right-hand term above is
clearly less than or equal to the divergence. If P is not absolutely con-
tinuous with respect to M, then we can find a set F such that M(F) = 0
but P(F) # 0 and hence the divergence is infinite. Approximating this
event by a field element Fy by applying Theorem 1.1 simultaneously to
M and G will yield a partition {Fo, F§} for which the right hand side of
the previous equation is arbitrarily large. Hence the lemma holds for this
case. Henceforth assume that M > P.

Fix € > 0 and suppose that a partition Q = {Qq,---,Qg} vields a
relative entropy close to the divergence, that is,

P(Q;)
M(Q;)

K
Hpm(Q) = > P(Qi)In > D(P|IM) —€/2.
i=1

We will show that there is a partition, say Q’ with atoms in F which
has almost the same relative entropy, which will prove the lemma. First
observe that P(Q) In[P(Q)/M(Q)] is a continuous function of P(Q) and
M (Q) in the sense that given €/(2K) there is a sufficiently small 6 > 0
such thatif |[P(Q) — P(Q")| <d and IM(Q) —M(Q')| < 6, then provided
M(Q) #0

P(Q") €

PQ B
M) Tyt = ok

If we can find a partition Q" with atoms in F such that

IP(Q)In

IP(Q;) —P(Qi)I =0, IM(Q) ~M(Qi)| <6,i=1,---,K, (7.2)

then
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o P PQ))
[Hpm(Q") — Hpym(Q)1] < ; [P(Q;)In MQ;) P(Q;)In M(Q’i)|
€ €

=K3xk =2

and hence
Hpm(Q') = D(PIIM) —€

which will prove the lemma. To find the partition Q" satisfying (7.2), let
m be the mixture measure P/2 + M /2. As in the proof of Lemma 5.1,
we can find a partition Q" c F such that m(Q;AQ;) < K?y for i =
1,2, -, K, which implies that

P(Q;AQ)) < 2K?y and M(Q;AQ)) < 2K?y; i=1,2,---,K.

If we now choose y so small that 2K?y < §, then (7.2) and hence the
lemma follow from the above and the fact that

|[P(F) — P(G)| < P(FAG). (7.3)
O

Lemma 7.4. Given two probability measures P and M on a common mea-
surable space (Q,B), if P is not absolutely continuous with respect to M,
then

D(P||M) = oo.

If P < M (e.g., if D(P||M) < o), then the Radon-Nikodym derivative
f =dP/dM exists and

D(P|M) = jlnf(w)dp(w) - Jf(w)lnf(w)dM(w).

The quantity In f (if it exists) is called the entropy density or relative
entropy density of P with respect to M.

Proof. The first statement was shown in the proof of the previous
lemma. If P is not absolutely continuous with respect to M, then there is
a set Q such that M(Q) = 0 and P(Q) > 0. The relative entropy for the
partition Q = {Q, Q¢} is then infinite, and hence so is the divergence.

Assume that P < M and let f = dP/dM. Suppose that Q is an event
for which M(Q) > 0 and consider the conditional cumulative distribu-
tion function for the real random variable f given that w € Q:

MUF<wiNQ).
MQ) S

Observe that the expectation with respect to this distribution is

Fo(u) =
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[ o1 _P@Q)
Ex(£1Q) —JO wdFo(u) = 1o Llf(w)dM(w) o
We also have that
© 1
jo wlnwu dFq(u) = quf(w)lnf(w)dM(w),

where the existence of the integral is ensured by the fact that ulnu >
-1
—e 1.
Applying Jensen’s inequality to the convex |J function ulnu yields
the inequality

1
WQ)Janf(‘”)dP(‘”) M(Q) J £ (@) In f(w) dM(w)

J ulnu dFg(u)
0

[\

[J udFgo(u)l ln[J'0 udFgo(u)l

_P@Q, PQ
MQ) "M@

We therefore have that for any event Q with M(Q) > 0 that

PQ)

MQ) (7.4)

J In f(w)dP(w) = P(Q)In

Let Q = {Q;} be a finite partition and we have

Jlnf(w)dP(w) zj rlnf(w) dP(w)

Y

> | nfl@dp)
i:P(Q)#0

S P(Q) In 11QY)

M(Qy)’

where the inequality follows from (7.4) since P(Q;) # 0 implies that
M(Q;) # 0 since M > P. This proves that

D(P|M) < Jlnf(w) dP(w).

To obtain the converse inequality, let g, denote the asymptotically
accurate quantizers of Section 1.5. From (1.23)

[ (@ ar) = lim [ aain f(w) dp(w),
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For fixed n the quantizer g, induces a partition of Q into 2n2" + 1
atoms Q. In particular, there are 2n2" — 1 “good” atoms such that for
w, w’ inside the atoms we have that |In f(w) —In f(w’)| < 2-™=D, The
remaining two atoms group w for which In f(w) = n or In f(w) < —n.
Defining the shorthand P(In f < —n) = P({w : In f(w) < —n}), we have
then that

P(Q) P(Q)
> P(QIn—=-= > PQh +
= MQ 5. M(Q)
Pnf >=n) P(nf < -n)
P(].nf > n) lnm + P(lnf < -n) lnm
The rightmost two terms above are bounded below as
P(Inf=n) Pnf < -n)
P(lnf > n)lnm +P(].nf < —n)lnm

>P(Inf=n)nP(Inf=n)+PInf <-n)InP(Inf < -n).

Since P(In f > n) and P(Inf < —n) — 0 as n — o and since xInx — 0
as x — 0, given € we can choose 1 large enough to ensure that the above
term is greater than —e. This yields the lower bound

P(Q)
> P(QIn—=-> > P(Q)lnm—e.

Fix a good atom Q and define h = sup weq Inf(w)and h = infyeq In f(w)
and note that by definition of the good atoms

h—h<2 (D),
We now have that

P(Q)h = JQ In f(w) dP(w)

and

MQe! < | flw)dMiw) = P@.
Combining these yields

P(Q) PQ)
P(Q)IHWQ) = P(Q)IHW =P(Q)h

> P(Q)(h—2"""1)
> J In f(w)dP(w) — P(Q)2~ "1,
Q
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Therefore
P(Q) P(Q)
> P(QIn—=-> > PQ)h
o MQ) ", MQ)
> > J Inf(w)dpP —2-""D _¢
good Q
={ In f(w)dP(w)—-2"""D _¢
w:|Inf(w)|<n

Since this is true for arbitrarily large n and arbitrarily small €,

DPIQ) = [In f(w)dp(w),
completing the proof of the lemma. O

It is worthwhile to point out two examples for the previous lemma. If
P and M are discrete measures with corresponding PMF’s p and g, then
the Radon-Nikodym derivative is simply dP/dM(w) = p(w)/m(w) and
the lemma gives the known formula for the discrete case. If P and M are
both probability measures on Euclidean space R™ and if both measures
are absolutely continuous with respect to Lebesgue measure, then there
exists a density f called a probability density function or pdf such that

P(F) = Lf(x)dx,

where dx means dm(x) with m Lebesgue measure. (Lebesgue measure
assigns each set its volume.) Similarly, there is a pdf g for M. In this case,

f(X)
g(x)

The following immediate corollary to the previous lemma provides a
formula that is occasionally useful for computing divergences.

D(P|M) = J f(x)In——= (7.5)

Corollary 7.1. Given three probability distributions M > Q > P, then

_ 4Q
D(P|[M) = D(PIIQ) + Ep(In =)

Proof. From the chain rule for Radon-Nikodym derivatives (e.g., Lemma
5.7.3 of [55] or Lemma 6.6 of [58])

dP _ dP dQ

aMm ~ dQ dM
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and taking expectations using the previous lemma yields the corollary.
O

The next result is a technical result that shows that given a map-
ping on a space, the divergence between the induced distributions can
be computed from the restrictions of the original measures to the sub-
o-field induced by the mapping. As part of the result, the relation be-
tween the induced Radon-Nikodym derivative and the original derivative
is made explicit.

Recall that if P is a probability measure on a measurable space (Q, B)
and if F is a sub-o-field of B, then the restriction P of P to F is
the probability measure on the measurable space (Q,F) defined by
Py(G) = P(G), for all G € F. In other words, we can use either the prob-
ability measures on the new space or the restrictions of the probability
measures on the old space to compute the divergence. This motivates
considering the properties of divergences of restrictions of measures, a
useful generality in that it simplifies proofs. The following lemma can be
viewed as a bookkeeping result relating the divergence and the Radon-
Nikodym derivatives in the two spaces.

Lemma 7.5. (a) Suppose that M,P are two probability measures on a
space (Q, B) and that X is a measurement mapping this space into (A, A).
Let Px and Mx denote the induced distributions (measures on (A, A)) and
let Py (x) and My (x) denote the restrictions of P and M to o (X), the sub-
o -field of B generated by X. Then

D(Px|IMx) = D(Pox)IMg(x))-

If the Radon-Nikodym derivative f = dPx/dMx exists (e.g., the above
divergence is finite), then define the function f(X) : Q — [0, ) by

_ _ 4Px .
FX) (@) = f(X (@) = Z7- (X (w));

then with probability 1 under both M and P

APy (x)

X) = :
S(X) My x)

(b) Suppose that P < M. Then for any sub-o -field ‘F of B, we have that

APy

ap
aMy —EM(dfMLT)-

Thus the Radon-Nikodym derivative for the restrictions is just the condi-
tional expectation of the original Radon-Nikodym derivative.

Proof. The proof is mostly algebra: D(Py(x)||[Mg(x)) is the supremum
over all finite partitions Q with elements in o (X) of the relative entropy
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Hp, 1My x, (2). Each element Q € Q C o (X) corresponds to a unique
set Q' € A via Q = X 1(Q’) and hence to each @ C o (X) there is a
corresponding partition Q" C A. The corresponding relative entropies
are equal, however, since

7 ’ PX(Q,)
H - P ]
PyliMy (27) Q%Q’ r(Q7) nMx(Q’)
_ , P(X~1(Q")
= P(x ! In—=2 < ’/7
o2 T @I G o)
Px(Q)
-Sp 1
Q%Q QI 0)

= HPO'(X)HMU(X) (Q).

Taking the supremum over the partitions proves that the divergences
are equal. If the derivative is f = dPx/dMy, then f(X) is measurable
since it is a measurable function of a measurable function. In addition, it
is measurable with respect to o (X) since it depends on w only through
X(w).Forany F € o (X) thereisa G € A such that F = X }(G) and

L FX)AMoy ) = L FX)dM = L FdMy

from the change of variables formula (see, e.g., Lemma 4.4.7 of [55] or
Lemma 5.12 of [58]). Thus

Lf(X)de — Px(G) = Poiy (X1(G)) = Py (F),

which proves that f(X) is indeed the claimed derivative with probability
1 under M and hence also under P.

The variation quoted in part (b) is proved by direct verification using
iterated expectation. If G € ¥, then using iterated expectation we have
that

[EM( \F) dMy = jEMuG Zmde.

Since the argument of the integrand is ‘F-measurable (see, e.g., Lemma
5.3.1 of [55] or Lemma 6.3 of [58]), invoking iterated expectation (e.g.,
Corollary 5.9.3 of [55] or Corollary 6.5 of [58]) yields

jEM< F) dMy = jEM(lc F) dM

_ E(lcd—P> ~ P(G) = P4 (G),

proving that the conditional expectation is the claimed derivative. O
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Part (b) of the lemma was pointed out to the author by Paul Algoet.

Having argued above that restrictions of measures are useful when
finding divergences of random variables, we provide a key trick for treat-
ing such restrictions.

Lemma 7.6. Let M > P be two measures on a space (), B). Suppose that
F is a sub-o -field and that Py and My are the restrictions of P and M to
F Then there is a measure S such that M > S > P and

dP _ dP/dM
ds — dPy/dMy’

ds _ dpy
dM ~ dMy’

and
D(P|S) + D(PglIMy) = D(PIIM). (7.6)

Proof. If M > P, then clearly My > Py and hence the appropriate
Radon-Nikodym derivatives exist. Define the set function S by

sF) = [ 257 am - jEM< \F) dM,

J, iy

using part (b) of the previous lemma. Thus M > S and dS/dM =
dPy/dMy. Observe that for F € ¥, iterated expectation implies that

S(F) = EM(EM(lF |f))—EM<1F P)
— P(F) = Pfuf); FeF

and hence in particular that $(Q) is 1 so that dPy/dM r is integrable and
S is indeed a probability measure on (Q, B). (In addition, the restriction
of S to F is just P¢.) Define

_ dP/aM
- dPy/dMy’

This is well defined since with M probability 1, if the denominator is 0,
then so is the numerator. Given F € B the Radon-Nikodym theorem (e.g.,
Theorem 5.6.1 of [55] or Theorem 6.2 of [58]) implies that

apr/dM

def/dedM = P(F),

J gdS leg aM = J'lp

thatis, P < S and
dP  dP/dM

ds — dPy/dMy’
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proving the first part of the lemma. The second part follows by direct
verification:

apP/dM
D(P|M) = Jln apP = Jl dedP Jl de/dedP

Jl APy AP+ Jln—dP
- D(PfIIMf) +D(PS).

O

The two previous lemmas and the divergence inequality immediately

yield the following result for M > P. If M does not dominate P, then the
result is trivial.

Corollary 7.2. Given two measures M,P on a space (0, B) and a sub-o -
field F of B, then
D(P|M) = D(Py|[My).

If f is a measurement on the given space, then
D(P|IM) = D(P¢||My).

The result is obvious for finite fields F or finite alphabet measure-
ments f from the definition of divergence. The general result for arbi-
trary measurable functions could also have been proved by combining
the corresponding finite alphabet result of Corollary 3.2 and an approx-
imation technique. As above, however, we will occasionally get results
comparing the divergences of measures and their restrictions by com-
bining the trick of Lemma 7.6 with a result for a single divergence.

The following corollary follows immediately from Lemma 7.3 since
the union of a sequence of asymptotically generating sub-o-fields is a
generating field.

Corollary 7.3. Suppose that M, P are probability measures on a measur-
able space (), B) and that F,, is an asymptotically generating sequence
of sub-o -fields and let P,, and M,, denote the restrictions of P and M to
Fn (e.g., Pn = Py, ). Then

D(Pnl[Mpn) 1 D(P|IM).

There are two useful special cases of the above corollary which follow
immediately by specifying a particular sequence of increasing sub-o-
fields. The following two corollaries give these results.

Corollary 7.4. Let M,P be two probability measures on a measurable
space (Q,B). Suppose that f is an A-valued measurement on the space.
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Assume that q,, - A — A, is a sequence of measurable mappings into fi-
nite sets A,, with the property that the sequence of fields Ty = F(qn(f))
generated by the sets {q,'(a); a € An} asymptotically generate o (f).
(For example, if the original space is standard let ‘F,, be a basis and let q,
map the points in the ith atom of F,, into i.) Then

D(PyliMy) = lim D(Pg,, (1) IMay(1))-

The corollary states that the divergence between two distributions of
a random variable can be found as a limit of quantized versions of the
random variable. Note that the limit could also be written as

lim Hpg i, (dn)-

In the next corollary we consider increasing sequences of random vari-
ables instead of increasing sequences of quantizers, that is, more ran-
dom variables (which need not be finite alphabet) instead of ever finer
quantizers. The corollary follows immediately from Corollary 7.3 and
Lemma 7.5.

Corollary 7.5. Suppose that M and P are measures on the sequence space
corresponding to outcomes of a sequence of random variables Xy, X1, - - -
with alphabet A. Let Ty, = 0(Xo, - - - ,Xn-1), which asymptotically gener-
ates the o-field o (Xo, X1, - ). Then

lim D (Pxn[[Mxn) = D(P[IM).

We now develop two fundamental inequalities involving entropy den-
sities and divergence. The first inequality is from Pinsker [150]. The sec-
ond is an improvement of an inequality of Pinsker [150] by Csiszar [24]
and Kullback [105]. The second inequality is more useful when the diver-
gence is small. Coupling these inequalities with the trick of Lemma 7.6
provides a simple generalization of an inequality of [54] and will provide
easy proofs of L' convergence results for entropy and information den-
sities. Recall from Section 5.9 that given two probability measures M, P
on a common measurable space (Q, B), the variation distance between
them is defined by

var(P,M) =sup > [P(Q) - M(Q)l,
2 Qe

where the supremum is over all finite measurable partitions. We will pro-
ceed by stating first the end goal — the two inequalities involving diver-
gence — as a lemma, and then state a lemma giving the basic required
properties of the variational distance. The lemmas will be proved in a
different order.
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Lemma 7.7. Let P and M be two measures on a common probability space
(Q,B) withP < M. Let f = dP/dM be the Radon-Nikodym derivative and
let h = In f be the entropy density. Then

D(P|M) sJIhIdPsD(PIIM)nL%, (7.7)

JIhIdPsD(PIIM) ++/2D(P|IM). (7.8)

Lemma 7.8. Recall from Lemma 5.4 that given two probability measures
M, P on a common measurable space (Q2,B),

var(P,M) = 2sup |P(F) — M(F)| = 2tvar(P,M). (7.9)
FEB

If S is a measure for whichP <« S and M < S (S = (P + M)/2, for
example), then also

var(P,M) = J|dP d—MldS (7.10)

and the supremum in (5.35) is achieved by the set
ap
F={w: d—S( w) > ——(w)}.

Proof of Lemma 7.8: Suppose that a measure S dominating both P and
M exists and define the set

_dpP aM
={w: ?S(w) > TS(w)}

and observe that

dapP dM dP dM dP dM
j S - Slas = [ et

4y ds - J G5~ 7504
=P(F) M(F) (P(F€) — M(F°))
=2(P(F) — M(F)).

From the definition of F, however,
P(F) = L s> J aM s — M(F)
so that P(F) — M(F) = |P(F) — M(F)|. Thus we have that

—IdS =2|P(F) —M(F)| <2sup|P(G) — M(G)| = var(P,M).

J |dP amM
GeB
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To prove the reverse inequality, assume that Q approximately yields the
variational distance, that is, for € > 0 we have

> IP(Q) - M(Q)| = var(P,M) — €.

Qe
Then
ap dm
S IP@-M@I= 31 (5 -Sds
Q<9 Qeg "¢
apP dm
< ¥ [ 155 - T51ds
0072 as ds
aP dM
- 15 a5 1S
which, since € is arbitrary, proves that
dP dm
Var(P,M) < J |d75 — Ts|ds,

Combining this with the earlier inequality proves (7.10). We have already
seen that this upper bound is actually achieved with the given choice of
F, which completes the proof of the lemma. O
Proof of Lemma 7.7: The magnitude entropy density can be written as

[h(w)| = h(w) + 2h(w)” (7.11)

where a- = —min(a, 0). This inequality immediately gives the trivial left-
hand inequality of (7.7). The right-hand inequality follows from the fact
that

Jh‘dP - Jf[lnf]‘dM

and the elementary inequality alna > —1/e.
The second inequality will follow from (7.11) if we can show that

2 J h™dP <+2D(P|M).

Let F denote the set {h < 0} and we have from (7.4) that

ZJh*dP =-2 L hdp < —2P(F)ln%

and hence using the inequality Inx < x — 1 and Lemma 5.4

M(F)
P(F)

ZJh’dPSZP(F)ln <2(M(F) - P(F))
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<d(P,M) <+2D(P|M),

completing the proof. O
Combining Lemmas 7.7 and 7.6 yields the following corollary, which
generalizes Lemma 2 of [62].

Corollary 7.6. Let P and M be two measures on a space (Q,B). Suppose
that F is a sub-o-field and that Py and My are the restrictions of P and

M to F. Assume that M > P. Define the entropy densities h = IndP /dM
and h' = IndPy/dMy. Then

J“’L_h,'dPSD(P”M)_D(Pf”Mf)'f'%, (7.12)
and

th—h'ldPs

D(P|M) — D(Py||My) + 2D (P|M) — 2D (P |Mg). (7.13)

Proof. Choose the measure S as in Lemma 7.6 and then apply Lemma 7.7
with S replacing M. O

Variational Description of Divergence

As in the discrete case, divergence has a variational characterization that
is a fundamental property for its applications to large deviations theory
[182] [31]. We again take a detour to state and prove the property without
delving into its applications.

Suppose now that P and M are two probability measures on a common
probability space, say (2, B), such that M > P and hence the density

poar

aM
is well defined. Suppose that @ is a real-valued random variable defined
on the same space, which we explicitly require to be finite-valued (it can-
not assume o as a value) and to have finite cumulant generating func-
tion:
Ey(e®) < oo,

Then we can define a probability measure M? by
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[

e

M®(F =J — 7.14

(F) v Exr(e®) ( )
and observe immediately that by construction M > M® and

am®  e®
dM ~— Ey(e®)’

The measure M? is called a “tilted” distribution. Furthermore, by con-
struction dM®/dM # 0 and hence we can write

I S fodM® )
J,F e®/En(e?) Q = JF e /Ep(e®) dM aM = LfdM = P(F)

and hence P <« M?® and

ar f
dM® — eP/Ey(e®)’

We are now ready to state and prove the principal result of this section,
a variational characterization of divergence.

Theorem 7.1. Suppose that M > P. Then

D(P||M) = sup (Ep(b - ln(EM(eq)))) , (7.15)
[}

where the supremum is over all random variables ® for which ® is finite-
valued and e® is M-integrable.

Proof. First consider the random variable ® defined by ® = Inf and
observe that

Ep® — In(Eyp(e?)) = JdPlnf - ln(Jde)
= D(P|M) - andP = D(P|M).

This proves that the supremum over all ¢ is no smaller than the diver-
gence. To prove the other half observe that for any &,

H(P|M) — (Epcp —lnEM(e‘I’)) = Ep (ln aP/dM )

dpP/dM®

where M? is the tilted distribution constructed above. Since M > M? >
P, we have from the chain rule for Radon-Nikodym derivatives that

=D(P|M®) >0

dpP
H(PIM) — (Ep® ~InEn () = EpIn oy
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from the divergence inequality, which completes the proof. Note that
equality holds and the supremum is achieved if and only if M® = P. O

7.2 Conditional Relative Entropy

Lemmas 7.5 and 7.6 combine with basic properties of conditional prob-
ability in standard spaces to provide an alternative form of Lemma 7.6
in terms of random variables that gives an interesting connection be-
tween the densities for combinations of random variables and those for
individual random variables. The results are collected in Theorem 7.2.
First, however, several definitions are required. Let X and Y be random
variables with standard alphabets Ax and Ay and o-fields B, and Ba,,
respectively. Let Pxy and Myy be two distributions on (Ax X Ay, Bayxay)
and assume that Mxy > Pxy. Let My and Py denote the induced
marginal distributions, e.g., My (F) = Mxy(Ax X F). Define the (nonnega-
tive) densities (Radon-Nikodym derivatives):

dPxy
dMxy’

dPy

fxy = My

fr =

so that
Pxy(F) = L SfxydMxy; F € Bayxay
Py(F) = L:fydMy; F BAy-

Note that Mxy > Pxy implies that My > Py and hence fy is well defined
if fxy is. Define also the conditional density

fxy(x,v).
Sxiy(x|y) = { oy i fy(y) >0

1; otherwise.

Suppose now that the entropy density
I’ly = h’lfy

exists and define the conditional entropy density or conditional relative
entropy density by
hxyy =In fxy.

Again suppose that these densities exist, we (tentatively) define the con-
ditional relative entropy
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Hpm(X1Y) = Eln fx)y = JdPXY(ny)lanIY(xb/)
= JdMXY(X;y)fXY(Xsy)lanIY(xb’)-

if the expectation exists. Note that unlike unconditional relative en-
tropies, the above definition of conditional relative entropy requires the
existence of densities. Although this is sufficient in many of the applica-
tions and is convenient for the moment, it is not sufficiently general to
handle all the cases we will encounter. In particular, there will be situa-
tions where we wish to define a conditional relative entropy Hpm (X|Y)
even though it is not true that Myy > Pxy. Hence at the end of this
section we will return to this question and provide a general definition
that agrees with the current one when the appropriate densities exist
and that shares those properties not requiring the existence of densi-
ties, e.g., the chain rule for relative entropy. An alternative approach to a
general definition for conditional relative entropy can be found in Algoet
[6].

The previous construction immediately yields the following lemma
providing chain rules for densities and relative entropies.

Lemma 7.9.

fxy = fxiv fy

hxy = hx)y + hy,

and hence
D(Pxyl|I[Mxy) = Hpym(X1Y) + D (Pyl|My), (7.16)

or, equivalently,
Hpym(X,Y) = Hpym (Y) + Hpym (X[Y), (7.17)

a chain rule for relative entropy analogous to that for ordinary entropy.
Thus if Hppm(Y) < oo so that the indeterminate form oo — oo is avoided,
then

Hpm(X|Y) = Hpym (X, Y) — Hpym (Y).

Since the alphabets are standard, there is a regular version of the con-
ditional probabilities of X given Y under the distribution Myy; that is,
for each v € B there is a probability measure My (F|y); F € B4 for
fixed F € Ba, Mx|y(F|y) is a measurable function of y and such that
for all G € Ba,

Myy (F % G) = E(1(Y)Myy (F|Y)) = jG Myy (F1y)dMy (7).
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Lemma 7.10. Given the previous definitions, define the set B € Bg to be
the set of v for which

JAJCX\Y(XD/)dMX\Y(XD/) =1.
Define Px|y for y € B by
Pxyy (Fly) = fow(xly)dew(xly); F € B,

and Ietp_)ﬂy(. |y) be an arbitrary fixed probability measure on (A, By) for
all y ¢ B. Then My (B) = 1, Px|y is a regular conditional probability for X
given Y under the distribution Pxy, and

Px|y < Mx|y; My — a.e.,

that is, My ({y : Px\y(-|_‘)/) < Mx\y(-|_’)/)}) = 1. Thus if Pxy < Myy, we
can choose regular conditional probabilities under both distributions so
that with probability one under My the conditional probabilities under P
are dominated by those under M and

dPX\Y dPX\Y(|y)
x|y) = ———=
My )= Ay ()

(x) = fxiy (xly); x € A.
Proof. Define for each y € B the set function

Gy (F) = ijX\y<x|y>dew<x|y); FeBa

We shall show that G, (F), ¥ € B, F € By is a version of a regular con-
ditional probability of X given Y under Pxy. First observe using iterated
expectation and the fact that conditional expectations are expectations
with respect to conditional probability measures ([55], Section 5.9) that
for any F € Bp

J [j Frw () dMyy (x15) ] dMy ()
F JA

Sxy

= E(Lp(Y)E[14(X) fxy|Y]) = EQF(Y)1a(X) fYY 15,50)

1 1
= J leFﬁl{f;oO}fXY dMyxy = JAxF El{fy>0} dPxy

1 1
= =1 dap J — dPy,
L Sy VO g

where the last step follows since since the function being integrated de-
pends only on Y and hence is measurable with respect to o(Y) and
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therefore its expectation can be computed from the restriction of Pxy
to o (Y) (see, for example, Lemma 5.3.1 of [55] or Lemma 6.3 of [58]) and
since Py (fy > 0) = 1. We can compute this last expectation, however,
using My as

which yields finally that

j U fX|y<x|y>de<x|y>] AMy () = My (F); all F € By
F A

If
Lg(y)dMy(y) = L 1dMy(y), all F € B,

however, it must also be true that g = 1 My-a.e. (See, for example, Corol-
lary 5.3.1 of [55] or Corollary 6.1 of [58].) Thus we have My-a.e. and hence
also Py-a.e. that

Lfm<x|y>de<x|y>]dMy<y> 1

that is, My(B) = 1. For y € B, it follows from the basic properties of
integration that G, is a probability measure on (A, B4) (see Corollary
4.4.3 of [55] or Corollary 5.4 of [58]).

By construction, Pxy(-|y) < Mxy(-|y) forall y € B and hence this
is true with probability 1 under My and Py. Furthermore, by construction

dPxy(-|y)
dMxy (-|y)
To complete the proof we need only show that Px|y is indeed a version

of the conditional probability of X given Y under Pxy. To do this, fix
G € B4 and observe for any F € Bg that

(x) = fxiv(x1y).

J Pyy (Gly) dPy (v) = J [j Friy (x1)dMyy (x13) ] dPy ()

F F JG
- JF[JG Fay (x13) dMxiy (x19) 1fy () dMy ()
= E[1p(Y)fyE[1c(X) fxiv1Y] = Em[16xrfxv],

again using iterated expectation. This immediately yields

prly(GD/) aPy(y) = LxF SxydMxy = J

GX

dPxy = Pxy (G X F),
F
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which proves that Px|y (G|y) is a version of the conditional probability
of X given Y under Pxy, thereby completing the proof. O

Theorem 7.2. Given the previous definitions with Mxy > Pxy, define the
distribution Sxy by

Sxy(Fx G) = JG Myy (F1y)dPy (»), (7.18)

that is, Sxy has Py as marginal distribution for Y and Mxy as the condi-
tional distribution of X given Y. Then the following statements are true:

1. Mxy > Sxy > Pxy.

2. dSxy/dMxy = fy and dPxy/dSxy = fxy.

3. D(PxyllMxy) = D(Py||My) + D(Pxy|lSxy), and hence D (Pxy||Mxy) ex-
ceeds D (Py||My) by an amount D(Pxy||Sxy) = Hpym (X1Y).

Proof. To apply Lemma 7.6 define P = Pxy, M = Mxy, F = o(Y), P’ =
Ps(y), and M’ = M (y). Define S by

S(FxG) = J MdMXY;

FxG dMg(v)

for F € B4 and G € Bp. We begin by showing that S = Sxy. All of the
properties will then follow from Lemma 7.6.
For F € B4, and G € By,

S(FxG) = J Pov)

FxG AMg(y)

APy (v) )
dMxy =E |1 ,
XY ( FXGdMg-(Y)

where the expectation is with respect to Myy. Using Lemma 7.5 and iter-
ated conditional expectation (c.f. Corollary 5.9.3 of [55] or Corollary 6.5
of [58]) yields

APy (v) _ dPy
E(lFxchU(Y)) —E(1F<X)1G(Y)dMy<Y>)
B APy
- E(16<Y>dMy<Y>E[1F(x>|Y])
B dPy
—E<IG(Y)dMy(Y)MX|y(F|Y))
jM F1) 2P (v) dny ( )=jM (Fly) dPy(y)
XY ydMy vy GXIY y y(¥V),

proving that S = Sxy. Thus Lemma 7.15 implies that Mxy > Sxy > Pxy,
proving the first property.

From Lemma 7.5, dP'/dM' = dPs(y)/dMgy) = dPy/dMy = fy, prov-
ing the first equality of property 2. This fact and the first property imply
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the second equality of property 2 from the chain rule of Radon-Nikodym
derivatives. (See, e.g., Lemma 5.7.3 of [55] or Lemma 6.6 of [58].) Al-
ternatively, the second equality of the second property follows from

Lemma 7.6 since
dPxy  dPxy/dMxy  fxy

dSxy  dMxy/dSxy  fy '

Corollary 7.1 therefore implies that D(Pxy||Mxy) = D(Pxy|lSxy) +
D (Sxy||[Mxy), which with Property 2, Lemma 7.4, and the definition of
relative entropy rate imply Property 3. O

It should be observed that it is not necessarily true that D (Pxy||Sxy) >
D (Px||Myx) and hence that D(Pxy||Mxy) = D(Px||Mx)+D(Py|My) as one
might expect since in general Sy # Mx. These formulas will, however, be
true in the special case where Myy = Mx X My.

We next turn to an extension and elaboration of the theorem when
there are three random variables instead of two. This will be a crucial
generalization for our later considerations of processes, when the three
random variables will be replaced by the current output, a finite number
of previous outputs, and the infinite past.

Suppose that Mxy; > Pxyy are two distributions for three standard
alphabet random variables X, Y, and Z taking values in measurable
spaces (Ax,Bay), (Ay,Ba,), (Az,Ba,), respectively. Observe that the
absolute continuity implies absolute continuity for the restrictions, e.g.,
Myy > Pyxy and My > Py. Define the Radon-Nikodym derivatives fxyz,
fyz, fy, etc. in the obvious way; for example,

dPxyz
dMxyz'

fXYZ =

Let hxyyz, hyz, hy, etc., denote the corresponding relative entropy den-
sities, e.g.,
hxyz =In fxyz.

Define as previously the conditional densities

_ Jxvz, _ Jxy
fxiyz = Frg Sxyy = o

the conditional entropy densities
hxyyz =In fxiyz; hxyy = In fxy,
and the conditional relative entropies
Hpm(X[Y) = E(In fxy)

and
Hpm(X1Y,Z) = E(In fx|yz).
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By construction (or by double use of Lemma 7.9) we have the following
chain rules for conditional relative entropy and its densities.

Lemma 7.11.

fxvz = fxiyvzfvizfz,

hxyz = hx)yz + hy|z + hz,
and hence
Hpym(X,Y,Z) = Hpym(X|YZ) + Hpym (Y1 Z) + Hpym (Z).

Corollary 7.7. Given a distribution Pxy, suppose that there is a product
distribution Mxy = Mx X My > Pxy. Then

Mxy > Px X Py > Pxy,

dPxy _ Sxy :fXIY
d(Px xPy)  fxfyr  fx'
d(Px X Py) _
T AMyy Sxfr,

D(Pxyl|Px x Py) + Hpym(X) = Hpym(X1Y), and
D(Px X Pyl|[Mxy) = Hpym(X) + Hpym (Y).

Proof. First apply Theorem 7.2 with Mxy = Mx X My. Since Myy is a
product measure, Mx|y = My and Mxy > Sxy = Mx X Py > Pxy from
the theorem. Next we again apply Theorem 7.2, but this time the roles
of X and Y in the theorem are reversed and we replace My in the theo-
rem statement by the current Sxy = Mx X Py and we replace Sxy in the
theorem statement by

S'xy(F x G) = L Syix(Glx) dPx (x) = Px(F)Py(G);

that is, Syy = Px X Py. We then conclude from the theorem that Sy, =
Px X Py > Pyxy, proving the first statement. We now have that

Mxy = Mx X My > Px X Py > Pxy

and hence the chain rule for Radon-Nikodym derivatives (e.g., Lemma
5.7.3 of [55] or Lemma 6.6 of [58]) implies that

_ dPXY _ dPXY d(PX X Py)
B dMXY B d(PX X Py) d(MX X My) )

Sxy

It is straightforward to verify directly that
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d(Px X Py) _ dPx dPy

d(MX X My) B dMX dMy - foY
and hence 4P
_ XY
Sxy = APx < Py) ) xSy,
as claimed. Taking expectations using Lemma 7.4 then completes the
proof (as in the proof of Corollary 7.1.) O

The lemma provides an interpretation of the product measure Px X
Py. This measure yields independent random variables with the same
marginal distributions as Pxy, which motivates calling Px x Py the inde-
pendent approximation or memoryless approximation to Pyy. The next
corollary further enhances this name by showing that Px X Py is the best
such approximation in the sense of yielding the minimum divergence
with respect to the original distribution.

Corollary 7.8. Given a distribution Pxy let M denote the class of all prod-
uct distributions for XY ; that is, if Mxy € M, then Mxy = Mx X My. Then

inf D(PxyllMxy) = D(Pxy|lPx X Py).
Mxyej\/l

Proof. We need only consider those M yielding finite divergence (since if
there are none, both sides of the formula are infinite and the corollary is
trivially true). Then

D (PxyllMxy) = D(PxyllPx X Py) + D(Px X Py|[Mxy)
= D(Pxy|lPx X Py)

with equality if and only if D(Px X Py||[Mxy) = 0, which it will be if
Mxy = Px X Py. O

Recall that given random variables (X,Y, Z) with distribution Myy,
then X — Y — Z is a Markov chain (with respect to Myyy) if for any event
F € B4, with probability one

Mziyx(Fly,x) = Mz iy (Fly).
If this holds, we also say that X and Z are conditionally independent
given Y. Equivalently, if we define the distribution Mxz|y by
Mty (Fx x Fz x Fy) = [ Mty (F|3)Maziy (F2 ) dMy ()
y
Fx € BAX; F; € BAZ; Fy € 3AY;

then Z — Y — X is a Markov chain if Mxxz|y = Mxyz. (See Section 5.10 of
[55] or Section 6.10 of [58].) This construction shows that a Markov chain
is symmetric in the sense that X - Y — Zifand onlyif Z - Y — X.
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Note that for any measure Myyz, X — Y — Z is a Markov chain under
Mx 7y by construction.

The following corollary highlights special properties of the various
densities and relative entropies when the dominating measure is a
Markov chain. It will lead to the idea of a Markov approximation to an ar-
bitrary distribution on triples extending the independent approximation
of the previous corollary.

Corollary 7.9. Given a probability space, suppose that Mxyz > Pxyz are
two distributions for a random vector (X,Y,Z) with the property that
Z — Y — X forms a Markov chain under M. Then

Mxyz > Pxxz)y > Pxyz

and
dPxyz fxiyz
= (7.19)
dPxxziy  fx|y
APxxz|y
—— = . (7.20)
AMyyy Srzfxy
Thus
dPxyz
In————=—+h =h
APrry XY X|YZ
APxxz|y
Ip 2EXxZlY _
n dMXYZ hyz + ]’Lx\y

and taking expectations yields

D (Pxyz|IPxxz)y) + Hpym (X|Y) = Hpym(X1Y Z)
D(PxxziylIMxyz) = D(PyzII[Myz) + Hpym (X|Y).

Furthermore,
Pxxz)y = Px|yPyz, (7.21)
that is,
Py (Bx X Ez X Fy) = [ Pay(Bxly)dPay(z,y). (722)

FyxFz

Lastly, if Z — Y — X is a Markov chain under M, then it is also a
Markov chain under P if and only if

hxyy = hxyz (7.23)

in which case
HpHM(X|Y) = Hpm (XY Z). (7.24)
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Proof. Define

Fxiyz(xly,z) _ Sxvz(x,¥,2)  fr(y)
Fxiy(xly) frz(v,2)  fxv(x,¥)

g(x!yiz) =

and simplify notation by defining the measure Q = Pxxz|y. Note that
Z — Y — X is a Markov chain with respect to Q. To prove the first
statement of the corollary requires proving the following relation:

Pxyz(Fx X Fy X Fz) = J 9daQ;
FxXFyXxFz
all Fx € BAX,FZ S BAZ,FY S BAy.

From iterated expectation with respect to Q (e.g., Section 5.9 of [55] or
Section 6.9 of [58])

E(G1r (X)1F,(Z)1F, (Y)) = E(1p, (Y) 15, (Z)E(g1p (X) Y Z))

= J lFY(y)lFZ(Z)(L g(x,y,2)d0Qxyz(x|y,2)) dQyz(y, 2).

Since Qyz = Pyz and Qx|yz = Pxjy Q-a.e. by construction, the previous
formula implies that

J gdqQ = dPsz gdPx|y.
FxXFyXFyz FyxFyz Fx

This proves (7.21. Since Mxyz > Pxyz, we also have that Mxy > Pxy
and hence application of Theorem 7.2 yields

J gaqQ = J dPYZJ 9fxiydMxy
FxxXFyXxFy FyXFyz Fx

= J dPYZJ SxiyzdMx\y.
FyXFyz Fx

By assumption, however, My|y = Mx|yz a.e. and therefore

J gdqQ = J AdPyz J Sxiyz dMx\yz
FxXFyXxFz FyxFyz Fx

= J dPYZJ dPxyz
FyxFz Fx

= Pxyz(Fx X Fy X Fz),

where the final step follows from iterated expectation. This proves (7.19)
and that Q > Pxyy.

To prove (7.20) we proceed in a similar manner and replace g by
fxivfzy and replace Q by Mxyz = Mxxy|z- Also abbreviate Pxyy|z to
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P. As in the proof of (7.19) we have since Z — Y — X is a Markov chain
under M that

J gdaqQ = J dMYZJ g dMxy
FxXFyXxFy Fy xFz Fx
= J fzy dMyz (J Fxiy dMXY)
FyXFy Fx

= J dPyz (J Fxiy dMXY) .
FyXFyz Fx

From Theorem 7.2 this is
J Pxy (Fx|y) dPyz.
FyXFyz

But Py; = pyz and

Px|y(Fx|y) = Px|y (Fx|y) = Pxjyz(Fx|y2)

since P yields a Markov chain. Thus the previous formula is P (Fy x Fy x
Fz), proving (7.20) and the corresponding absolute continuity.

If Z - Y — X is a Markov chain under both M and P, then Pxxz)y =
Pxyz and hence

dPxyz _ 1= fxiyz
APxxz|y Sxiy

which implies (7.23). Conversely, if (7.23) holds, then fx|yz = fx|y which
with (7.19) implies that Pxyz = Pxxz|y, proving that Z - Y - X is a
Markov chain under P. O

The previous corollary and one of the constructions used will prove
important later and hence it is emphasized now with a definition and
another corollary giving an interesting interpretation.

Given a distribution Pxyz, define the distribution Pxyz|y as the Markov
approximation to Pxyz. Abbreviate Pxxzy to P. The definition has two
motivations. First, the distribution P makes Z — Y — X a Markov chain
which has the same initial distribution Py = Py and the same con-
ditional distribution Pxy = Px|y, the only difference is that P yields a
Markov chain, that is, Py|zy = Px|y. The second motivation is the fol-
lowing corollary which shows that of all Markov distributions, P is the
closest to P in the sense of minimizing the divergence.

Corollary 7.10. Given a distribution P = Pxyyz, let M denote the class of
all distributions for XY Z for which Z — Y — X is a Markov chain under
Mxyz (Mxyz = Mxxz|y). Then

inf D(PxyzIIMxyz) = D(PxyzIlPxxz|y);

MxyzeM
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that is, the infimum is a minimum and it is achieved by the Markov ap-
proximation.

Proof. If no Mxy in the constraint set satisfies Myy, > Pxyz, then both
sides of the above equation are infinite. Hence confine interest to the
case Myyz > Pxyz. Similarly, if all such Myy  yield an infinite diver-
gence, we are done. Hence we also consider only Myy, yielding finite
divergence. Then the previous corollary implies that Mxyz > Pxxz|y >
Pxyz and hence

D(PxyzIIMxyz) = D(PxyzllPxxz)y) + D(Pxxz)ylIMxyz)
> D(PxyzlPxxz|y)

with equality if and only if
D(PxxziylIMxyz) = D(PyzIIMyz) + Hpym(X|Y) = 0.

But this will be zero if M is the Markov approximation to P since then
Myz; = Py; and Mx|y = Px|y by construction. O

Generalized Conditional Relative Entropy

We now return to the issue of providing a general definition of condi-
tional relative entropy, that is, one which does not require the existence
of the densities or, equivalently, the absolute continuity of the underly-
ing measures. We require, however, that the general definition reduce to
that considered thus far when the densities exist so that all of the results
of this section will remain valid when applicable. The general definition
takes advantage of the basic construction of the early part of this sec-
tion. Once again let Mxy and Pyy be two measures, where we no longer
assume that Mxy > Pxy. Define as in Theorem 7.2 the modified measure
Sxy by

Sxy(F X G) = JG Mxy (Fly)dPy(y); (7.25)

that is, Sxyy has the same Y marginal as Pxy and the same conditional
distribution of X given Y as Mxy. We now replace the previous definition
by the following: The conditional relative entropy is defined by

Hpm(X1Y) = D(Pxy |ISxy)- (7.26)

If Mxy > Pxy as before, then from Theorem 7.2 this is the same quan-
tity as the original definition and there is no change. The divergence of
(7.26), however, is well-defined even if it is not true that Mxy > Pxy and
hence the densities used in the original definition do not work. The key
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question is whether or not the chain rule
Hpym (Y) + Hpym (X1Y) = Hpm (XY) (7.27)

remains valid in the more general setting. It has already been proven in
the case that Myy > Pxy, hence suppose this does not hold. In this case,
if it is also true that My > Py does not hold, then both the marginal and
joint relative entropies will be infinite and (7.27) again must hold since
the conditional relative entropy is nonnegative. Thus we need only show
that the formula holds for the case where My > Py but it is not true that
Myxy > Pxy. By assumption there must be an event F for which

My (F) = jMmey)dMY(y) 0
but
Pxy(F) = JPX\Y(Fy)dPY(_)’) # 0,

where F,, = {(x,¥y) : (x,y) € F} is the section of F at F,. Thus
Myxy (Fy) = 0 My-a.e. and hence also Py-a.e. since My > Py. Thus

Sxy(F) = JMXIY(Fy)dPY(y) =0

and hence it is not true that Sxy > Pxy and therefore
D (PxyllSxy) = o,

which proves that the chain rule holds in the general case.
It can happen that Pxy is not absolutely continuous with respect to
Myy, and yet D (Pxy||Sxy) < o and hence Pyy < Sxy and hence

dPxy
dSxy’

Hppn(X]Y) = JdPXy In

in which case it makes sense to define the conditional density

_ dPxy
Sxiy = ASxy

so that exactly as in the original tentative definition in terms of densities
(7.16) we have that

Hpm(X1Y) = Jdnylan‘y_

Note that this allows us to define a meaningful conditional density even
though the joint density fyy does not exist! If the joint density does ex-
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ist, then the conditional density reduces to the previous definition from
Theorem 7.2.
We summarize the generalization in the following theorem.

Theorem 7.3. The conditional relative entropy defined by (7.26) and (7.25)
agrees with the definition (7.16) in terms of densities and satisfies the
chain rule (7.27). If the conditional relative entropy is finite, then

Hpm (X|Y) = JdPXY In fxy,

where the conditional density is defined by

dSxy’

Sxiy =

If Mxy > Pxy, then this reduces to the usual definition

_Sxy
Faw =5

The generalizations can be extended to three or more random variables
in the obvious manner.

7.3 Limiting Entropy Densities

We now combine several of the results of the previous section to obtain
results characterizing the limits of certain relative entropy densities.

Lemma 7.12. Given a probability space (Q,B) and an asymptotically
generating sequence of sub-o-fields T, and two measures M > P, let
Py = Pg,, My = My, and let hy, = IndP,,/dMy, and h =1IndP/dM denote
the entropy densities. If D(P||M) < oo, then

%izrgojlhn—hldP:O,
that is, hy, — h in L'. Thus the entropy densities h,, are uniformly inte-

grable.

Proof. Follows from the Corollaries 7.3 and 7.6. O
The following lemma is Lemma 1 of Algoet and Cover [7].

Lemma 7.13. Given a sequence of nonnegative random variables {f,}
defined on a probability space (Q, B, P), suppose that

E(fn) <1; alln.
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Then )
lim sup P Inf, <O0.

n—oo

Proof. Given any € > 0 the Markov inequality and the given assumption
imply that
1’L€) < Lf‘n) < e_ne_

e'VLE

P(fn>e

We therefore have that
P(%lnfn >€) <e "€

and therefore

o0 1 (o) B
ZIP(;lnfnZE) < > et = T <
n=

n=1

Thus from the Borel-Cantelli lemma (Lemma 4.6.3 of [55] or Lemma 5.17
of [58]), P(n~'h, = € i.0.) = 0. Since € is arbitrary, the lemma is proved.
O

The lemma easily gives the first half of the following result, which
is also due to Algoet and Cover [7], but the proof is different here
and does not use martingale theory. The result is the generalization of
Lemma 3.19.

Theorem 7.4. Given a probability space (2, B) and an asymptotically
generating sequence of sub-o -fields Ty, let M and P be two probability
measures with their restrictions M, = My, and P, = Pg,. Suppose that
M,, > P, for all n and define f,, = dP,/dM,, and hy, = In f,. Then

1

limsup —h, <0,M — a.e.
n—-o N

and

liminflhn >0,P —a.e..
n—o N

If it is also true that M > P (e.g., D(P||M) < ), then

lim lhn =0,P —a.e..
n

n—oo

Proof. Since
Emfn = Em,fn =1,

the first statement follows from the previous lemma. To prove the sec-
ond statement consider the probability
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1 dP, 1
P(_ﬁln# >¢€) = Pn(—ﬁlnfn > €) = Pp(fn <e ")

n
= J dPn = J fn dMn
Sfn<e ne Sfn<e ne

< e M€ LC AMy, = e "M, (f, < e ") < e "€,
L <e~ne

Thus it has been shown that
1 _
P(—h, < —€) <e "¢
n

and hence again applying the Borel-Cantelli lemma we have that
Pnth, < -€i0) =0

which proves the second claim of the theorem.
If M > P, then the first result also holds P-a.e., which with the second
result proves the final claim. O

Barron [8] provides an additional property of the sequence h, /n. If
M > P, then the sequence h, /n is dominated by an integrable function.

7.4 Information for General Alphabets

We can now use the divergence results of the previous sections to gener-
alize the definitions of information and to develop their basic properties.
We assume now that all random variables and processes are defined on
a common underlying probability space (Q, B, P). As we have seen how
all of the various information quantities-entropy, mutual information,
conditional mutual information-can be expressed in terms of divergence
in the finite case, we immediately have definitions for the general case.
Given two random variables X and Y, define the average mutual infor-
mation between them by

I(X;Y) = D(PxyllPx X Py), (7.28)

where Pxy is the joint distribution of the random variables X and Y and
Px X Py is the product distribution.
Define the entropy of a single random variable X by

H(X) = I1(X;X). (7.29)

From the definition of divergence this implies that
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I(Xj Y) = Sgp Hny”PxXPy (Q)

From Dobrushin’s theorem (Lemma 7.3), the supremum can be taken
over partitions whose elements are contained in generating field. Letting
the generating field be the field of all rectangles of the form F X G, F €
Ba, and G € By, we have the following lemma which is often used as a
definition for mutual information.

Lemma 7.14.
I(X;Y) =supl(q(X);r(Y)),
q,v

where the supremum is over all quantizers q and v of Ax and Ay. Hence
there exist sequences of increasingly fine quantizers q, : Ax — A, and
*n : Ay — B, such that

IX;Y) = lim I(gn (X); 7 (Y)).

Applying this result to entropy we have that

H(X) = sng(OI(X)),

where the supremum is over all quantizers.

By “increasingly fine” quantizers is meant that the corresponding par-
titions 9, = {g,'(a); a € A,} are successive refinements, e.g., atoms
in 9, are unions of atoms in 9. (If this were not so, a new quantizer
could be defined for which it was true.) There is an important draw-
back to the lemma (which will shortly be removed in Lemma 7.18 for
the special case where the alphabets are standard): the quantizers which
approach the suprema may depend on the underlying measure Pxy. In
particular, a sequence of quantizers which work for one measure need
not work for another.

An immediate corollary of Lemma 7.14 extends an inequality known
for the finite case to general alphabets. It is useful when one of the ran-
dom variables has finite entropy.

Corollary 7.11.
I(X;Y) <H(Y).

Proof. Let quantizers g and » be quantizers of X and Y as previously.
The finite alphabet result of Lemma 3.11 implies that I(g(X);r(Y)) <
H(7r(Y)). Taking the supremum over the quantizers yields the corollary.
O

Given a third random variable Z, let Ax, Ay, and Az denote the alpha-
bets of X, Y, and Z and define the conditional average mutual informa-
tion
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I(X;Y|Z) = D(Pxyz|lPxxy|z)- (7.30)

This is the extension of the discrete alphabet definition of (3.27) and
it makes sense only if the distribution Px«y)|z exists, which is the case if
the alphabets are standard but may not be the case otherwise. We shall
later provide an alternative definition due to Wyner [197] that is valid
more generally and equal to the above when the spaces are standard.

Note that I(X;Y|Z) can be interpreted using Corollary 7.10 as the
divergence between Pyy; and its Markov approximation.

Combining these definitions with Lemma 7.1 yields the following gen-
eralizations of the discrete alphabet results.

Lemma 7.15. Given two random variables X and Y, then
I(X;Y)=0

with equality if and only if X and Y are independent. Given three random
variables X, Y, and Z, then

I(X;Y|Z) =0
with equality if and only if Y — Z — X form a Markov chain.

Proof. The first statement follow from Lemma 7.1 since X and Y are
independent if and only if Pxy = Px X Py. The second statement follows
from (7.30) and the fact that Y — Z — X is a Markov chain if and only if
Pxyz = Pxxy|z (see, e.g., Corollary 5.10.1 of [55] or Corollary 6.7 of [58]).
|

The properties of divergence provide means of computing and ap-
proximating these information measures. From Lemma 7.4, if I(X;Y) is
finite, then

I(X;Y) = Jln 7d(PX % Py) dPxy (7.31)
and if I(X;Y|Z) is finite, then
[(X;Y|Z) = Jln@ dPxyz. (7.32)
dPxxy|z

For example, if X,Y are two random variables whose distribution
is absolutely continuous with respect to Lebesgue measure dxdy and
hence which have a pdf fxy(x,y) = dPxy(xy)/dxdy, then

Jxy(x,y)

1Y) = dedyf”(xy)lnm’

where fx and fy are the marginal pdf’s, e.g.,
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_ dPy(x)

fx(X)=JfXY(X,y)dy dx

In the cases where these densities exist, we define the information
densities

i —ln_9Pxy
XY = APy x Py)
(7.33)
i —qn APxvz.
xviz dPxyxy|z’

The results of Section 7.2 can be used to provide conditions under
which the various information densities exist and to relate them to each
other. Corollaries 7.7 and 7.8 combined with the definition of mutual
information immediately yield the following two results.

Lemma 7.16. Let X and Y be standard alphabet random variables with
distribution Pxy. Suppose that there exists a product distribution Mxy =
My X My such that Mxy > Pxy. Then

Mxy > Px X Py > Pxy,

ixyy = In(fxy/fxfy) = In(fxyy/fx)

and
I(X;Y) + Hpym (X) = Hpm (X|Y). (7.34)

Comment: This generalizes the fact that I(X;Y) = H(X) — H(X]|Y) for
the finite alphabet case. The sign reversal results from the difference in
definitions of relative entropy and entropy. Note that this implies that
unlike ordinary entropy, relative entropy is increased by conditioning, at
least when the reference measure is a product measure.

The previous lemma provides an apparently more general test for the
existence of a mutual information density than the requirement that Px X
Py > Pyy, it states that if Pxy is dominated by any product measure,
then it is also dominated by the product of its own marginals and hence
the densities exist. The generality is only apparent, however, as the given
condition implies from Corollary 7.7 that the distribution is dominated
by its independent approximation. Restating Corollary 7.7 in terms of
mutual information yields the following.

Corollary 7.12. Given a distribution Pxy let M denote the collection of all
product distributions Mxy = Mx X My. Then

I(X;Y) = inf Hpm(X|Y) = inf D(PxyllMxy).
MxyeM MxyyeM
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The next result is an extension of Lemma 7.16 to conditional infor-
mation densities and relative entropy densities when three random vari-
ables are considered. It follows immediately from Corollary 7.9 and the
definition of conditional information density.

Lemma 7.17. (The chain rule for relative entropy densities) Suppose that
Myyz > Pxyz are two distributions for three standard alphabet random
variables and that Z — Y — X is a Markov chain under Mxyz. Let fx|yz,
fx\y, I’lx\yz, and hx|y be as in Section 7.2. Then PXXz\y > Pxyz,

hxiyz = ix;ziy + hx)y (7.35)

and
Hpy\m(X|Y,Z) = 1(X; Z|Y) + Hpm (X|Y). (7.36)

Thus, for example,
Hpym(X|Y,Z) = Hpym(X1Y).

As with Corollary 7.12, the lemma implies a variational description
of conditional mutual information. The result is just a restatement of
Corollary 7.10.

Corollary 7.13. Given a distribution Pxyz let M denote the class of all
distributions for XY Z under which Z — Y — X is a Markov chain, then

I(X;Z1Y) = inf Hpm(X|Y,Z)= inf D(PxyzII[Mxyz),
MxyzeM MxyzeM

and the minimum is achieved by Mxyz = Pxxz|y-

The following corollary relates the information densities of the vari-
ous information measures and extends Kolmogorov’s equality to stan-
dard alphabets.

Corollary 7.14. (The chain rule for information densities and Kolmogorov'’s
formula.) Suppose that X,Y, and Z are random variables with standard
alphabets and distribution Pxyz. Suppose also that there exists a distri-
bution Mxyz = Mx X Myyz such that Mxyz; > Pxyz. (This is true, for
example, if Px X Pyz > Pxyz.) Then the information densities ix.z|y, ix.y,
and ix,yz) exist and are related by

ix;zly +ix;y = ix;(v,2) (7.37)

and
I(X;Z1Y)+I(X;Y) =1(X;(Y,2)). (7.38)
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Proof. If Mxyy = Mx X Myyz, then Z — Y — X is trivially a Markov chain
since Mx|yz = Mx|y = Mx. Thus the previous lemma can be applied to
this Mxyz to conclude that Pxyxzy > Pxyz and that (7.35) holds. We
also have that Mxy = Mx X My > Pyy. Thus all of the densities exist.
Applying Lemma 7.16 to the product measures Myxy = Mx X My and
Mx(yz) = My X Myz in (7.35) YiEIdS

ix.zly = hxiyz — hxyy =In fxjyz —In fxy

fxiyz fxiy . )
=In=—7= -In=— =ixyz — ix;y.
c ; XYz — lxyy

Taking expectations completes the proof. O

The previous corollary implies that if Py x Pyy; > Pxyyz, then also
Pxyxzly > Pxyz and Px X Py > Pxy and hence that the existence of
ix;(v,z) implies that of ix.zjy and iy.y. The following result provides a
converse to this fact: the existence of the latter two densities implies
that of the first. The result is due to Dobrushin [32]. (See also Theorem
3.6.1 of Pinsker [150] and the translator’s comments.)

Corollary 7.15. If Pxxz|y > Pxyz and Px X Py > Pxy, then also Px X

Pyz > Pxyz and
dPxyz dPxy

d(Px x Pyz)  d(Px X Py)’
Thus the conclusions of Corollary 7.14 hold.

Proof. The key to the proof is the demonstration that

dPXY _ dPXxZIY
d(Px x Py) d(Px XPygz)’

(7.39)

which implies that Px X Pyz > Pxxz|y- Since it is assumed that Pxxz|y >
Pxyz, the result then follows from the chain rule for Radon-Nikodym
derivatives.

Eq. (7.39) will be proved if it is shown that for all Fx € Ba,, Fy € Ba,,
and F7 € fBAZ,

dP
Pxyxz)y (Fx X Fz X Fy) :J XY

roxbor, APy x Py) FEX X Prz). - (7.40)

The thrust of the proof is the demonstration that for any measurable
nonnegative function f(x, z)

Fx,9) d(PyxPyz) (x, v, 2) = Jf(X,y)PZ\Y(FzW)d(PxXPY)(X,y)-
(7.41)

z€Fy

The lemma will then follow by substituting
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flx ) =+ dPxy

m(x,y)lpx(mlpy(y)

into (7.41) to obtain (7.40).

To prove (7.41) first consider indicator functions of rectangles: f(x,y) =
1, (x)1F, (). Then both sides of (7.41) equal Px (Fx)Pyz(Fy X Fy) from
the definitions of conditional probability and product measures. In par-
ticular, from Lemma 5.10.1 of [55] or Corollary 6.7 of [58] the left-hand
side is

J . 1r, (X)1p, (¥) d(Px X Pyz)(x,¥,2) = (J 1dePX)(J LpyxF, dPyz)
= Px(F)Pyz(Fy X Fz)

and the right-hand side is

J 1r (X) 1, (¥)Pz1y (Fzly) d(Px X Py)(x,Y) =
(j 1r, (%) dPX(x))(j 1r, (¥) P2y (Fz|) dPy () = Px(F)Pyz (Fy X Fz),

as claimed. This implies (7.41) holds also for simple functions and hence
also for positive functions by the usual approximation arguments. O

Note that Kolmogorov’s formula (7.36) gives a formula for computing
conditional mutual information as

I(X;Z|Y) = I(X; (Y, Z)) = 1(X;Y).

The formula is only useful if it is not indeterminate, that is, not of the
form oo — oo, This will be the case if I(Y; Z) (the smaller of the two mutual
informations) is finite.

Corollary 7.5 provides a means of approximating mutual information
by that of finite alphabet random variables. Assume now that the random
variables X, Y have standard alphabets. For, say, random variable X with
alphabet Ax there must then be an asymptotically generating sequence
of finite fields Fx(n) with atoms Ax(n), that is, all of the members of
Fx (n) can be written as unions of disjoint sets in Ax(n) and Fx(n) 1
Ba,; thatis, Ba, = 0(U, Fx(n)). The atoms Ax(n) form a partition of
the alphabet of X.

Consider the divergence result of Corollary 7.5. with P = Pxy, M =
Px x Py and quantizer g™ (x, y) = (q{" (x),q\" (7)). Consider the limit
n — oo. Since Fx(n) asymptotically generates B4, and Fy(n) asymp-
totically generates B4, and since the pair o-field Ba,xa, is generated
by rectangles, the field generated by all sets of the form Fyx x Fy with
Fx € Fx(n), some n, and Fy € Fy(m), some m, generates Ba,xa,.
Hence Corollary 7.5 yields the first result of the following lemma. The
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second is a special case of the first. The result shows that the increas-
ingly fine quantizers of Lemma 7.14 can be chosen in a manner not de-
pending on the underlying measure if the alphabets are standard.

Lemma 7.18. Suppose that X and Y are random variables with standard
alphabets defined on a common probability space. Suppose that q&"), n=
1,2, - - is a sequence of quantizers for Ax such that the corresponding
partitions asymptotically generate Ba,. Define quantizers for Y similarly.
Then for any distribution Pxy

1Y) = lim I(a§"” (X);ay" ()

and
H(X) = lim H(ay" (X));

that is, the same quantizer sequence works for all distributions.

The following lemma generalizes Lemma 3.14 to standard alphabets.
The concavity with respect to the source follows in a manner similar to
the entropy result of Lemma 7.18 by combining the finite-alphabet result
of Lemma 3.14 with limiting quantization. The convexity with respect to
the channel does not readily follow in the same way because a channel
can not be quantized without using an input distribution to form a joint
distribution. The proof instead mimics the corresponding proof of the
finite case based on the convexity of divergence of Lemma 7.2, which in
turn follows from the finite alphabet result.

Lemma 7.19. Let X and Y be random variables with standard alphabets
Ax and Ay. Let u denote a distribution on (Ax,Ba,), and let v be a regu-
lar conditional distribution v (F|x) = Pr(Y € FIX = x), x € Ax, F € By,.
Let p = puv denote the resulting joint distribution. Let 1, = I, (X;Y) be
the average mutual information. Then 1, is a convex | function of v and
a convex () function of L.

Proof. The proof of convexity was suggested by T. Linder. Consider a
fixed source uy and consider channels vq, v2, and v = Avy + (1 — A)vo.
Denote the corresponding input/output pair processes by p; = uv;, i =
1,2,and p = Ap; + (1 — A)p and the corresponding output processes by
niand n = Any + (1 — A)ne, e.g., n(G) = p(AX X G) for all output events
G. Note that pi, p2, and p all have a common input distribution u. We
have that
puxn=2Auxn;+ 1 -=A)uxn

so that from Lemma 7.2
Iy = D(puvlluxn) =D@Ap1 + (1 = )p2llAp xny + (1 = A)p X n2)

< AD(pillpxn1) + (1 =A)D(p2llu X n2)
= AIUVI + (1 - A)I[JVQJ
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proving the convexity of mutual information with respect to the channel
in direct imitation of the proof for the finite case.

The concavity with respect to the source distribution follows from the
proof of the corresponding finite alphabet result, specifically the rep-
resentation of (3.26), coupled with a sequence of asymptotically accu-
rate quantizers for the input and output. As the quantization becomes
asymptotically accurate, all of the terms in (3.26) converge upward to
their limiting values, proving that (3.26) holds for the general distribu-
tions.

O

Next consider the mutual information I(f(X),g(Y)) for arbitrary
measurable mappings f and g of X and Y. From Lemma 7.15 applied
to the random variables f(X) and g(Y), this mutual information can be
approximated arbitrarily closely by I(q;(f(X));q2(g(Y))) by an appro-
priate choice of quantizers g; and g». Since the composition of g; and
f constitutes a finite quantization of X and similarly g»>g is a quantizer
for Y, we must have that

I(f(X);9(Y)) = I(q1(f(X));q2(g(Y)) < I(X;Y).
Making this precise yields the following corollary.

Corollary 7.16. If f is a measurable function of X and g is a measurable
function of Y, then
I(f(X),g(Y)) <I(X;Y).

The corollary states that mutual information is reduced by any mea-
surable mapping, whether finite or not. For practice we point out an-
other proof of this basic result that directly applies a property of diver-
gence. Let P = Pxy, M = Px X Py, and define the mapping »(x,y) =
(f(x),g(»)). Then from Corollary 7.2 we have

I(X;Y) = D(PIIM) = D(Py|IMy) = D(Prix). gy IMrx),9(v))-

But Mf(X)’g(y) = Pf(X) X Pg(y) since

My(x),g(v)(Fx X Fz) = M(f ' (Fx) (g~ (Fy)
= Px(f 1(Fx)) x Py(g ' (Fy))
= Prx)(Fx) X Pg(y) (Fy).

Thus the previous inequality yields the corollary. O

For the remainder of this section we focus on conditional entropy and
information.

Although we cannot express mutual information as a difference of
ordinary entropies in the general case (since the entropies of nondis-
crete random variables are generally infinite), we can obtain such a
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representation in the case where one of the two variables is discrete.
Suppose we are given a joint distribution Pxy and that X is discrete.
We can choose a version of the conditional probability given Y so that
pxiy(x|ly) = P(X = x|Y = y) is a valid PMF (considered as a function of
x for fixed y) with Py probability 1. (This follows from Corollary 5.8.1
of [55] since the alphabet of X is discrete; the alphabet of Y need not be
even standard.) Define

1
HX|Y =y)=> In——
(X| y) i pxy (x|y) anly(xm

and
HX]Y) = jH(Xw — ) dPy(»).

Note that this agrees with the formula of Section 3.6 in the case that both
alphabets are finite. The following result is due to Wyner [197].

Lemma 7.20. If X,Y are random variables and X has a finite alphabet,
then
I(X;Y) =H(X) - H(X|Y).

Proof. We first claim that px|y(x|y)/px(x) is a version of dPxy /d(Px X
Py). To see this observe that for F € B(Ax x Ay), letting F, denote the
section {x : (x,y) € F} we have that

pX\Y(XD’) pX\Y(XD/)
P 4 (Py X Py) = »
e paGe APxx<PY) jxé () PX)APY ()

jdmy) S paiy (x19)

X€EF,
_ [dpy<y>PX(Fy|y> — Pyy(F).

Thus

pxy(xly)
px(x)

— HX) + j APy (») S pxiy (x 1) In pxjy (x] 7).

I(X;Y) = Jln( ) dPxy

|

We now wish to study the effects of quantizing on conditional infor-
mation. As discussed in Section 3.6, it is not true that I(X;Y|Z) is always
greater than I(f(X);q(Y)|r(Z)) and hence that I(X;Y|Z) can be written
as a supremum over all quantizers and hence the definition of (7.30)
and the formula (7.32) do not have the intuitive counterpart of a limit of
informations of quantized values. We now consider an alternative (and
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more general) definition of conditional mutual information due to Wyner
[197]. The definition has the form of a supremum over quantizers and
does not require the existence of the probability measure Pxyy|z and
hence makes sense for alphabets that are not standard. Given Pxy; and
any finite measurements f and g on X and Y, we can choose a version
of the conditional probability given Z = z so that

pz(a,b) =Pr(f(X) =a,g(Y)=b|Z = 2)

is a valid PMF with probability 1 (since the alphabets of f and g are finite
and hence standard a regular conditional probability exists from Corol-
lary 5.8.1 of [55] or Corollary 6.2 of [58]). For such finite measurements
we can define

pz(a,b)
Sa pz(a,b) Xy pz(a,b)’

I(f(X);9(N)Z=2)= > > pz(a,b)ln

acAyrbeA,

that is, the ordinary discrete average mutual information with respect to
the distribution p;.

Lemma 7.21. Define

I'(X;Y|Z) = icudePz(z)I(f(X);g(Y)IZ - 2),
9

where the supremum is over all quantizers. Then there exist sequences of
quantizers (as in Lemma 7.18) such that

I'(X;Y1z) = lim I'(qm (X);rm (Y) | Z).

I' satisfies Kolmogorov’s formula, that is,
I'(X;YZ) = 1((X,Z2);Y) - 1(Y; Z).
If the alphabets are standard, then
I(X;Y|Z)=T'(X;YI|Z).

Comment: The main point here is that conditional mutual information
can be expressed as a supremum or limit of quantizers. The other results
simply point out that the two conditional mutual informations have the
same relation to ordinary mutual information and are (therefore) equal
when both are defined. The proof follows Wyner [197].

Proof. First observe that for any quantizers q and r of Ay and A, we
have from the usual properties of mutual information that

1q(f(X);r(@g(Y)IZ =2) <I(f(X);9(Y)|Z = z)
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and hence integrating we have that

I @(f(X));r(g())|2) = Jl(q(f(X));r(g(Y))IZ — 2)dP,(2)
< jl(f(X);g<Y>|z _2)dPs(z)  (7.42)

and hence taking the supremum over all g and » to get I’ (f(X);g(Y)|Z)
yields

I(FX0:90012) = [ I (X5g(N1Z = 2) dpz(2). (7.43)
so that (7.42) becomes
I'(a(f(X));r(g(Y)IZ) <T'(f(X);9(Y)|Z) (7.44)
for any quantizers g and + and the definition of I’ can be expressed as

I'(X;Y|Z) =Sfup1’(f(X);g(Y)|Z), (7.45)
9

where the supremum is over all quantizers f and g. This proves the first
part of the lemma since the supremum can be approached by a sequence
of quantizers. Next observe that

I'(f(X);9(Y)|Z) = JI(f(X);g(Y)IZ _ 2)dP;(2)
— H(g(Y)|Z) - Hg(V)|f(X), 2).

Since we have from Lemma 7.20 that
I(g(Y);Z) =H(g(Y)) - H(g(Y)|Z),
we have by adding these equations and again using Lemma 7.20 that

I(g(Y);2) + I'(f(X);9(Y)|Z) = H(g(Y)) - H(g(Y)|f(X), Z)
=1((f(X),Z);9(Y)).

Taking suprema over both sides over all quantizers f and g yields the
relation
I(X;2) +I'(X;YZ) =1((X,Z2);Y),

proving Kolmogorov’s formula. Lastly, if the spaces are standard, then
from Kolmogorov’s inequality for the original definition (which is valid
for the standard space alphabets) combined with the above formula im-
plies that

I'(X;Y1Z) =1((X,Z2);Y) - 1(X; Z) = 1(X;Y|Z).
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d

7.5 Convergence Results

We now combine the convergence results for divergence with the def-
initions and properties of information densities to obtain several con-
vergence results for information densities. Unlike the results to come
for relative entropy rate and information rate, these are results involv-
ing the information between a sequence of random variables and a fixed
random variable.

Lemma 7.22. Given random variables X and Y1,Y», - - - defined on a com-
mon probability space,

%%I(X;(YllYZJ e yY’Vl)) = I(X;(Yl,YZ, -t )).

If in addition I(X; (Y1, Y2, - -)) < co and hence Px X Py, y,,... > Pxy, v, -
then

TR CHIR (IOl > O (R ERIS
int!.

Proof. The first result follows from Corollary 7.5 with X, Y7, Y>,- - - , Y, 1
replacing X", P being the distribution Py y, ..., and M being the product
distribution Px X Py, y,..... The density result follows from Lemma 7.12.
O

Corollary 7.17. Given random variables X, Y, and Z,Z>, - - - defined on
a common probability space, then

%lmI(X;Y|ZI!ZZ1"' 1Z7L) :I(X;Y|Zl1ZZy"')'
If
I((X, Zy,- -+ );Y) < oo,

(e.g., if Y has a finite alphabet and hence I((X,Z1,---);Y) < H(Y) < o),
then also
IX:Y |20, Zn e iX:Y|2Z), (7.46)

inL.
Proof. From Kolmogorov’s formula

I(X;Y|Zlyz,2) e ,ZT’L) =
I(X;(Yl 211221 e 1ZYL)) _I(X;le e ,Zn) = 0- (7'47)
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From the previous lemma, the first term on the left converges as n — o
to I(X; (Y, Z;,---)) and the second term on the right is the negative of
a term converging to I(X;(Zy,- - -)). If the first of these limits is finite,
then the difference in (7.5) converges to the difference of these terms,
which gives (7.46). From the chain rule for information densities, the
conditional information density is the difference of the information den-
sities:
LX0Y 121, Zn = UXY, 20, Zn) — X620, Z0)

which is converging in L'x to
Ly zy, - = DGV, 21,0) = IXi(Z1,o0 )

again invoking the density chain rule. If I(X;Y|Z;,- - -) = o then quan-
tize Y as q(Y) and note since g(Y) has a finite alphabet that

I(X;Y|ZIJZ.21 e ’Z’}’l) = I(X,q(Y)|Zl,ZZ, e 1Zn)n:’m1(XyQ(Y)|Zl, " )

and hence
lij\l}ﬁan(X;YIZl,- ) = 1(X;q9(Y) |2y, - - -).

Since the right-hand term above can be made arbitrarily large, the re-
maining part of the lemma is proved. O

Lemma 7.23. If
Px x Pyl,yz‘... > PX,Yl,Yz,"'

(e.g., I(X;(Y1,Ys, -+ +)) < ), then with probability 1.
im ~i(X; (Y, - -, Y)) = O.
n-on

Proof. This is a corollary of Theorem 7.4. Let P denote the distribution
of {X,Y1,Y2,---} and let M denote the distribution Px X Py, .... By as-
sumption M > P. The information density is

dapPy
dM n ’

l(X!(Yli e ’YT’L)) = ln

where P, and M,, are the restrictions of P and M to o (X, Yy, - -Yy).
Theorem 7.4 can therefore be applied to conclude that P-a.e.

which proves the lemma. O
The lemma has the following immediate corollary.

Corollary 7.18. If {X,,} is a process with the property that
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I(Xp;X1,X 2,-++) < o0,

that is, there is a finite amount of information between the zero time
sample and the infinite past, then

1
lim —i(Xo; X1, -+ ,X_n) =0.
n—o N
If the process is stationary, then also

lim li(Xn;X”) =0.
n—o N



Chapter 8
Information Rates

Abstract Definitions of information rate for processes with standard
alphabets are developed and a mean ergodic theorem for information
densities is proved. The relations among several different measures of
information rate are developed.

8.1 Information Rates for Finite Alphabets

Let {(X;, Y,)} be a one-sided random process with finite alphabet A X B
and let ((Ax B)%+, B(A x B)?+) be the corresponding one-sided sequence
space of outputs of the pair process. We consider X;,, and Y, to be the
sampling functions on the sequence spaces A* and B® and (X, Yy)
to be the pair sampling function on the product space, that is, for
(x,¥) € A% X B®, (Xpn, Yn)(x,¥) = (Xn(x),Yn(¥)) = (xn,yn). Let p
denote the process distribution induced by the original space on the
process {X;, Y,}. Analogous to entropy rate we can define the mutual
information rate (or simply information rate) of a finite alphabet pair
process by
I(X,Y) = limsup %I(X”, Y™).

n—oo

If the finite alphabet pair process is AMS, then
I(X;Y)=HX)+H(Y)-H(X,Y) (8.1)

and from Theorem 4.1 the entropy rates with respect to the AMS distri-
bution equal those with respect to the stationary mean. These facts to-
gether with the properties of entropy rates of Theorems 3.3 and 4.1 yield
the following lemma, where analogous to Theorem 4.1 we define the ran-
dom variables p (X", Y") by p(X™",Y")(x,y) = p(X" = x™", Y = y"),
p(X™) by p(X™) (x,y) = p(X" = x™), and similarly for p(Y™).

R.M. Gray, Entropy and Information Theory, DOI 10.1007/978-1-4419-7970-4_8, 219
© Springer Science+Business Media, LLC 2011
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Lemma 8.1. Suppose that {X,,, Yy} is an AMS finite alphabet random pro-
cess with distribution p and stationary mean p. Then the limits supremum
defining information rates are limits and

I,(X,Y) =I5(X,Y).
I, is an affine function of the distribution p. If p has ergodic decomposi-
tionp,.,, then
I,(X,Y) = Jdﬁ(x,y)fﬁxy(X, Y).
If we define the information density

p X", Y™

P I o p vy

then .
lim —i, (X", Y") = Tg (X,Y)
n—oo N Xy

almost everywhere with respect to P and p and in L' (p).

The L! results are extensions of the results of Moy [127] and Perez [148]
for stationary processes, which in turn extended the Shannon-McMillan
theorem from entropies of discrete alphabet processes to information
densities. See also Kieffer [97].

The following lemmas follow either directly from or similarly to the
corresponding results for entropy rate of Section 6.1.

Lemma 8.2. Suppose that {X,, Yn, X' n, Y n} is an AMS process and

_ 1 n-1
P=1lim — > Pr((X;,Yi) # (X',Y'i) <€
nmenD

(the limit exists since the process is AMS). Then
1(X;Y) -1(X';Y")| < 3(eln(][All = 1) + h2(€)).
Proof: The inequality follows from Corollary 6.1 since
1(X;Y) -1(X;Y)| <
H(X)-H(X")|+[H(Y)-HY")|+|H(X,Y)-HX',Y)|

and since Pr((X;, Yi) # (Xi',Y:)) = Pr(X; # X;" or Y; # Y;') is no smaller
than Pr(X; # X;') or Pr(Y; # Y;'). O

Corollary 8.1. Let {X;,, Yy} be an AMS process and let f and g be station-
ary measurements on X and Y, respectively. Given € > 0 there is an N suf-
ficiently large, scalar quantizers q and v, and mappings f' and g’ which
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depend only on {q(Xo),---,q(Xn-1)} and {r(Yy),--- ,v(Yn_1)} in the
one-sided case and {q(X_n),---,q(XnN)} and {v(Y_N),---,v(YN)} Iin
the two-sided case such that

I(f;9) —1(f;9)| <e.

Proof: Choose the codes f' and g’ from Lemma 5.2 and apply the previ-
ous lemma. O

Lemma 8.3. If {X,,,Y,} is an AMS process and f and g are stationary
codings of X and Y, respectively, then

I(X;Y) = 1(f;9)-

Proof: This is proved as Corollary 6.4 by first approximating f and g by
finite-window stationary codes, applying the result for mutual informa-
tion (Lemma 3.12), and then taking the limit. O

8.2 Information Rates for General Alphabets

Suppose that we are given a pair random process { Xy, Y, } with distribu-
tion p. The most natural definition of the information rate between the
two processes is the extension of the definition for the finite alphabet
case:
I(X;Y) = limsup lI(X"; Y™).
n-o N

This was the first general definition of information rate and it is due to
Dobrushin [32]. While this definition has its uses, it also has its problems.
Another definition is more in the spirit of the definition of information
itself: We formed the general definitions by taking a supremum of the
finite alphabet definitions over all finite-alphabet codings or quantizers.
The above definition takes the limit of such suprema. An alternative defi-
nition is to instead reverse the order and take the supremum of the limit
and hence the supremum of the information rate over all finite-alphabet
codings of the process. This reversal of supremum and limit provides
a definition of information rate similar to the definition of the entropy
of a dynamical system. There is a question as to what kind of codings
we permit, that is, do the quantizers quantize individual outputs or long
sequences of outputs. We shall shortly see that it makes no difference.
Suppose that we have a pair random process {X,, Y, } with standard al-
phabets Ax and Ay and suppose that f : AY — Ay and g : A} — Ay
are stationary codings of the X and Y sequence spaces into a finite al-
phabet. Let {f, gn} be the induced output process, that is, if T denotes
the shift (on any of the sequence spaces) then f,(x,y) = f(T"x) and
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gn(x,y) = g(T"y). Recall that f(T"(x,y)) = fu(x,y), that is, shifting
the input n times results in the output being shifted »n times.

Since the new process {fn,dn} has a finite alphabet, its mutual in-
formation rate is defined. We define the information rate for general
alphabets by

I"(X;Y) = sup 1(f;9)
sliding-block codes f.g
= sup lim sup %I(f”;g").

sliding-block codes f,g "~*

We now focus on AMS processes, in which case the information rates
for finite-alphabet processes (e.g., quantized processes) is given by the
limit, that is,

I*(X;Y) sup I(f;9)
sliding-block codes f.,g

= sup lim lI(f";gn)-
sliding-block codes f,g" "> ™

Note for later use the following simple inequality which follows from the
the above facts and Corollary 7.11. As with that corollary, the result is
useful if the entropy rate of one component of the process is finite.

Lemma 8.4. Given an AMS pair process (X,Y) with standard alphabets,
I*(X;Y) <H(Y).

The following lemma shows that for AMS sources I'* can also be eval-
uated by constraining the sliding-block codes to be scalar quantizers.

Lemma 8.5. Given an AMS pair random process { Xy, Yn} with standard
alphabet,

I*(X;Y) =supl(q(X);r(Y)) = suplimsup %I(q(X)”;r(Y)”),

a,v a,r Nn-—o

where the supremum is over all quantizers q of Ax and v of Ay and where
a(X)" =q(Xo), -+ ,q(Xn-1).

Proof: Clearly the right hand side above is less than I'* since a scalar
quantizer is a special case of a stationary code. Conversely, suppose
that f and g are sliding-block codes such that I(f;g) = I*(X;Y) — €.
Then from Corollary 8.1 there are quantizers q and + and codes f’ and
g’ depending only on the quantized processes q(Xy) and v (Y;,) such
that I(f";g’) = I(f;g) — €. From Lemma 8.3, however, I(q(X);7(Y)) =
I(f";g’) since f' and g’ are stationary codings of the quantized pro-
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cesses. Thus I(q(X);7(Y)) = I*(X;Y) — 2¢, which proves the lemma.
O

Corollary 8.2. -
I*(X;Y) <I(X;Y).

If the alphabets are finite, then the two rates are equal.

Proof: The inequality follows from the lemma and the fact that

IX™Y™) = Iq(X)™r(Y)")

for any scalar quantizers g and » (where q(X)"™ is q(Xo), - - - ,q(Xn-1)).
If the alphabets are finite, then the identity mappings are quantizers and
yield I(X™; Y™) for all n. O

Pinsker [150] introduced the definition of information rate as a supre-
mum over all scalar quantizers and hence we refer to this information
rate as the Pinsker rate. The Pinsker definition has the advantage that
we can use the known properties of information rates for finite-alphabet
processes to infer those for general processes, an attribute the first def-
inition lacks.

Corollary 8.3. Given a standard alphabet pair process alphabet Ax X Ay,
there is a sequence of scalar quantizers q., and vy, such that for any
AMS pair process {Xy,, Yn} having this alphabet (that is, for any process
distribution on the corresponding sequence space)

I(X"y") = Y}Ligrgof(qm(X)";Tm(Y)")
I"(X;Y) = r}ligrgj(qm(X);rm(Y)).

Furthermore, the above limits can be taken to be increasing by using finer
and finer quantizers.

Comment: It is important to note that the same sequence of quantizers
gives both of the limiting results.

Proof: The first result is Lemma 7.18. The second follows from the pre-
vious lemma. O

Observe that
I'*(X;Y) = lim limsup lI(olm(X);rm(Y))
M- p .00 N

whereas !
I(X;Y) = limsupnlliggo EI(Qm(X);Vm(Y))-

n—oo

Thus the two notions of information rate are equal if the two limits can
be interchanged. We shall later consider conditions under which this is
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true and we shall see that equality of these two rates is important for
proving ergodic theorems for information densities.

Lemma 8.6. Suppose that {X,, Y,} is an AMS standard alphabet random
process with distribution p and stationary mean p. Then

L5 (XGY) = (X Y),

Iy is an affine function of the distribution p. If p has ergodic decomposi-
tion Py, then

[ OGY) = [ dpee I, (6Y).

If f and g are stationary codings of X and Y, then

Iy (f;9) = Jdﬁ(x,y)lﬁ*xy (f39)-

Proof: For any scalar quantizers q and » of X and Y we have that
Ip(q(X);7(Y)) = Iy(q(X);r(Y)). Taking a limit with ever finer quan-
tizers yields the first equality. The fact that I* is affine follows sim-
ilarly. Suppose that p has ergodic decomposition p,,,. Define the in-
duced distributions of the quantized process by m and my,, that is,
m(F) = p(x,y : {q(x;),r(yi); i € T} € F) and similarly for my,. The
My, are stationary and ergodic since they are stationary codings of sta-
tionary ergodic processes and together they form an ergodic decompo-
sition of m, which must also be stationary. Let X;,,Y,, denote the co-
ordinate functions on the quantized output sequence space (that is, the
processes {q(Xn),r(Yy)} and {X,,, Y, } are equivalent), then using the er-
godic decomposition of mutual information for finite-alphabet processes
(Lemma 8.1) we have that

Iy (@(X);7(Y)) = Tn(X;Y') = jfmx/y/ (X5Y) dm(x’, »")
_ Jfgxy(q(X);T(Y)) ap(x,v).

Replacing the quantizers by the sequence g,,, " the result then fol-
lows by taking the limit using the monotone convergence theorem. The
result for stationary codings follows similarly by applying the previous
result to the induced distributions and then relating the equation to the
original distributions. O

The above properties are not known to hold for I in the general case.
Thus although I may appear to be a more natural definition of mutual
information rate, I** is better behaved since it inherits properties from
the discrete alphabet case. It will be of interest to find conditions under
which the two rates are the same, since then I will share the properties
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possessed by I'*. The first result of the next section adds to the interest
by demonstrating that when the two rates are equal, a mean ergodic
theorem holds for the information densities.

8.3 A Mean Ergodic Theorem for Densities

Theorem 8.1. Given an AMS pair process { Xy, Yy} with standard alpha-
bets, assume that for all n

Pxn X Pyn > Pxnyn
and hence that the information densities

dPXnyn

i n-yn — lni
A™Y d(Pxn X Pyn)

are well defined. For simplicity we abbreviate ixn.yn to i, when there is
no possibility of confusion. If the limit

ylgl}o —I(X” Y™ =1(X;Y)
exists and B
I(X;Y)=T"(X;Y) < o,

then n1i,, (X™;Y"™) converges in L' to an invariant function i(X;Y). If
the stationary mean of the process has an ergodic decomposition p .,
then the limiting density is I *% (X;Y), the information rate of the ergodic
component in effect.

Proof: Let qm and 7, be asymptotically accurate quantizers for Ax and
Ay. Define the discrete approximations X, = qm (Xn) and Yy, = ¥ (Yy).
Observe that Pxn X Pyn > Pxnyn implies that Pgn, X Pyn > Pgapn and
hence we can define the information densities of the quantized vectors
by

o dPg on

= G (P % Pyn)”

For any m we have that
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1
[ 1t = 15, (V)L dp (3 <
1. N. AN _l7 n. n
[ 12 i) = @m0 ()™ (3, )+
[ 12 fa@m (s P )™) = T (@ (X057 (V) i (, )+
| 50y @n (30 7m (V) = 15, (1) [ dp (3, (82)

where
Am (X)" = (@m(x0), " -+, qm(xXn-1)),
Tm ()" = (rm (o), -+, Ym(Yn-1)),
and Tp (qm(X);rm (Y)) denotes the information rate of the process

{am(Xn), "m(Yn);n=0,1,---,}

when p is the process measure describing {X,, Y, }.
Consider first the right-most term of (8.2). Since I'’* is the supremum
over all quantized versions,

J g, @m(X);vm (V) =I5 (X;Y)|dp(x,y) =
J(Iﬁ*xy(xiy) — I, (@m(X);rm(Y))) dp (x, ¥).

Using the ergodic decomposition of I* (Lemma 8.6) and that of I for
discrete alphabet processes (Lemma 8.1) this becomes

| 1y (@n (X037 (00) ~ 1 (XY A (x, 7) =

Iy Y) = Tp(@m(X);1m(Y)). (8.3)

For fixed m the middle term of (8.2) can be made arbitrarily small by
taking n large enough from the finite alphabet result of Lemma 8.1. The
first term on the right can be bounded above using Corollary 7.6 with
F=o@X)r(Y)") by

% (I(X"; Y™ - [(X™ Y™ + %)

which as n — o« goes to I(X;Y) —I(qm (X);7m (Y)). Thus we have for any
m that
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1
limsup | [—in(x™y") — I (XGY)dp(x,y) <

n—oo

I(XGY) —1(gam(X); rm(Y) + I (X;Y) = 1(@m (X); i (Y))

which as m — o becomes I(X;Y) — I'*(X;Y), which is 0 by assumption.
O

8.4 Information Rates of Stationary Processes

In this section we introduce two more definitions of information rates for
the case of stationary two-sided processes. These rates are useful tools
in relating the Dobrushin and Pinsker rates and they provide additional
interpretations of mutual information rates in terms of ordinary mutual
information. The definitions follow Pinsker [150].

Henceforth assume that {X;,Y,} is a stationary two-sided pair pro-
cess with standard alphabets. Define the sequences y = {y;;i € T} and
Y ={Y;;i e T}

First define

I(X;Y) = limsup lI(X"; Y),
n—-o N
that is, consider the per-letter limiting information between n-tuples of
X and the entire sequence from Y. Next define

I"(XY) =1(Xo; Y[IX-1, X2, -+ +),

that is, the average conditional mutual information between one letter
from X and the entire Y sequence given the infinite past of the X process.
We could define the first rate for one-sided processes, but the second
makes sense only when we can consider an infinite past. For brevity we
write X~ = X_1,X _»,--- and hence

I(X;Y) =1(Xp; YIX7).

Theorem 8.2.
I(X;Y)=21(X;Y) =T*(X;Y) =1 (X;Y).
If the alphabet of X is finite, then the above rates are all equal.

Comment: We will later see more general sufficient conditions for the
equality of the various rates, but the case where one alphabet is finite is
simple and important and points out that the rates are all equal in the
finite alphabet case.
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Proof: We have already proved the middle inequality. The left inequality
follows immediately from the fact that I(X™;Y) > I(X™;Y") for all n.
The remaining inequality is more involved. We prove it in two steps. First
we prove the second half of the theorem, that the rates are the same if X
has finite alphabet. We then couple this with an approximation argument
to prove the remaining inequality. Suppose now that the alphabet of X
is finite. Using the chain rule and stationarity we have that

1 n-1
> I(X; Y™ Xo, - -+, Xio1)

lI(X”; Y") =
n :
i=0

n
1 n-1
— z I(XO,Y111|X71, e ’X—i)’
n i=0

where Y, is Y_;, - - - , Y_i 51, thatis, the n-vector starting at —i. Since X
has finite alphabet, each term in the sum is bounded. We can show as in
Section 7.4 (or using Kolmogorov’s formula and Lemma 7.14) that each
term convergesasi — o, n — oo, andn—1i — oo to [(Xo; Y |X_1,X_2,--+)
or I~ (X;Y). These facts, however, imply that the above Cesaro average
converges to the same limit and hence I = I~. We can similarly expand T
as

1 n-—1 1 n-1
= > IX5YXo, -+, Xic1) == D I(Xo; YIXo1, -+, X0,
no nio

which converges to the same limit for the same reasons. Thus [ =T = I~
for stationary processes when the alphabet of X is finite. Now suppose
that X has a standard alphabet and let g,, be an asymptotically accurate
sequences of quantizers. Recall that the corresponding partitions are
increasing, that is, each refines the previous partition. Fix € > 0 and
choose m large enough so that the quantizer «(Xy) = gm (Xo) satisfies

IH(ax(Xp);YIXT)=2I(Xp;Y|X™) —€.
Observe that so far we have only quantized X, and not the past. Since
Fm =0 (x(X0),Y,qm(X_i); 1 =1,2,---)
asymptotically generates
o(x(Xo), Y, X_;1=1,2,---),

given € we can choose for m large enough (larger than before) a quan-
tizer f(x) = qm (x) such that if we define S(X~) tobe B(X_1), B(X_-2),- - -,
then

T (x(Xo); (Y, B(X7))) = I(x(Xo); (Y, X)) <€
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and
[I(x(X0); B(X7)) —I(x(X0); X )| <e.

Using Kolmogorov’s formula this implies that
I(x(X0); YIXT) — I(x(X0); YIB(X7))| < 2€
and hence that
I(x(X0); YIB(XT)) = I(x(Xo0); YIXT) — 2€ = [(Xo; YIX ) — 3e.

But the partition corresponding to S refines that of « and hence in-
creases the information; hence

I(B(X0); YIB(XT)) = I(ex(Xo); YIB(XT)) = I(Xo; Y|XT) — 3e.

Since B(Xy) has a finite alphabet, however, from the finite alphabet re-
sult the left-most term above must be I(B(X);Y), which can be made
arbitrarily close to I'*(X;Y). Since € is arbitrary, this proves the final
inequality. O

The following two theorems provide sufficient conditions for equality
of the various information rates. The first result is almost a special case
of the second, but it is handled separately as it is simpler, much of the
proof applies to the second case, and it is not an exact special case of
the subsequent result since it does not require the second condition of
that result. The result corresponds to condition (7.4.33) of Pinsker [150],
who also provides more general conditions. The more general condition
is also due to Pinsker and strongly resembles that considered by Barron
[8].

Theorem 8.3. Given a stationary pair process { Xy, Yo} with standard al-
phabets, if
I(Xo; (X1, X2, ++)) < oo,

then
[(X:Y)=1(X:Y)=I*(X:Y) =" (X:Y). (8.4)

Proof: We have that
1 1 _ 1 _ 1 _
—I(X"Y) < —I(X" (Y, X)) =—=I(X" X" )+ —1(X;Y|X7), (8.5
n n n n

where, as before, X~ = {X_1,X_»,- - -}. Consider the first term on the
right. Using the chain rule for mutual information
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n-1

lI(X";X*) _ 1L > I(X; X71XY (8.6)
n n i=0
n-—1

= % > U(Xg (XL X7)) = I(Xi; XD). (8.7)
i=0

Using stationarity we have that

n-1

1 1
SIXXT) = D> U(Xo; X7) = I(Xo; (X1, -+, X-9)- (8.8)
i=0
The terms I(Xo; (X_1,---,X_;)) are converging to I(Xo; X ), hence the
terms in the sum are converging to 0, i.e.,
lim I (X;; X~ |X%) = 0. (8.9)
1—o00

The Cesaro mean of (8.7) is converging to the same thing and hence
1
EI(X";X‘) - 0. (8.10)

Next consider the term I(X™;Y|X ™). For any positive integers n,m we
have
(XM Y|XT) = 1(X"YIX7) + (XM Y|X, XM, (8.11)

where X" = Xy, - - -, Xn4m—1. From stationarity, however, the rightmost
term is just I(X™;Y|X ") and hence
I(X™"MY|IXT)=1(XSY X))+ IX™Y|X). (8.12)

This is just a linear functional equation of the form f(n + m) = f(n) +
f(m) and the unique solution to such an equation is f(n) = nf(1), that
is,

%I(X";YIX‘) =I1(Xp;YIX7) =1 (X;Y). (8.13)

Taking the limit supremum in (8.5) yields
I(X;Y) <17 (X;Y), (8.14)
which with Theorem 8.2 completes the proof. O

Intuitively, the theorem states that if one of the processes has finite
average mutual information between one symbol and its infinite past,
then the Dobrushin and Pinsker information rates yield the same value
and hence there is an L' ergodic theorem for the information density.

To generalize the theorem we introduce a condition that will often
be useful when studying asymptotic properties of entropy and informa-
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tion. A stationary process { Xy} is said to have the finite-gap information
property if there exists an integer K such that

I(Xg: X7 1X5) < oo, (8.15)

where, as usual, X~ = (X_1,X_», - - - ). When a process has this property
for a specific K, we shall say that it has the K-gap information property.
Observe that if a process possesses this property, then it follows from
Lemma 7.17

I(Xg; (Xoq, -, XD IXE) <03 1=1,2,- - (8.16)
Since these informations are finite,
P& > pw;n=1,2,..., (8.17)
where P)(ﬁ) is the Kth order Markov approximation to Pxn.

Theorem 8.4. Given a stationary standard alphabet pair process { Xy, Yn},
if {X,} satisfies the finite-gap information property (8.15) and if, in addi-
tion,

I(XKY) < o, (8.18)

then (8.4) holds.

If K = 0 then there is no conditioning and (8.18) is trivial, that is, the
previous theorem is the special case with K = 0.

Comment: This theorem shows that if there is any finite dimensional fu-
ture vector (Xg, Xx+1, - - - , Xk+~—1) Which has finite mutual information
with respect to the infinite past X~ when conditioned on the intervening
gap (Xo,---,Xk-1), then the various definitions of mutual information
are equivalent provided that the mutual information betwen the “gap”
XX and the sequence Y are finite. Note that this latter condition will
hold if, for example, I(X;Y) is finite.

Proof: For n > K
1 n 1 K 1 n-K K
—I(X"Y) = =I(X%Y) + =I(Xg % YIXD).
n n n

By assumption the first term on the left will tend to 0 as n — o and
hence we focus on the second, which can be broken up analogous to the
previous theorem with the addition of the conditioning:

Lrxp ks (v, x-1x5))
n

1 1
EI(X{{K;X‘ | XK) + ZI(X}FK; Y|X~, xK).

IA

1
—I(XF K v |XK)
n
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Consider first the term

1 1 n-1 )
SIXPER X 1XE) = = D I(Xs XX,
n n ik

which is as (8.7) in the proof of Theorem 8.3 except that the first K terms
are missing. The same argument then shows that the limit of the sum is
0. The remaining term is

lI(X};—K;Wr,XK) = lI(X”;YIX*)
n n

exactly as in the proof of Theorem 8.3 and the same argument then
shows that the limit is I~ (X;Y), which completes the proof. O

One result developed in the proofs of Theorems 8.3 and 8.4 will be
important later in its own right and hence we isolate it as a corollary.
The result is just (8.9), which remains valid under the more general con-
ditions of Theorem 8.4, and the fact that the Cesaro mean of converging
terms has the same limit.

Corollary 8.4. If a process {X,,} has the finite-gap information property
I(Xg; X 1XK) < o0

for some K, then
TILLm I(Xy; X7|1X™) =0

and )
lim —I(X™;X") =0.
n—o N

The corollary can be interpreted as saying that if a process has the the
finite gap information property, then the mutual information between a
single sample and the infinite past conditioned on the intervening sam-
ples goes to zero as the number of intervening samples goes to infinity.
This can be interpreted as a form of asymptotic independence property
of the process.

Corollary 8.5. If a one-sided stationary source {X,} is such that for some
K, I(X; X" K IX,{f_K) is bounded uniformly in n, then it has the finite-gap
property and hence

I(X;Y) =I"(X;Y).

Proof: Simply imbed the one-sided source into a two-sided stationary
source with the same probabilities on all finite-dimensional events. For
that source

IXnm; XX ) = TIXK X1, Xk X5 = T(Xp X7 1XE).
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Thus if the terms are bounded, the conditions of Theorem 8.3 are met
for the two-sided source. The one-sided equality then follows. O

The above results have an information theoretic implication for the
ergodic decomposition, which is described in the next theorem.

Theorem 8.5. Suppose that {X,} is a stationary process with the finite-
gap property (8.15). Let @ be the ergodic component function of Theo-
rem 1.6 and suppose that for some n

I(X™; @) < oo (8.19)

(This will be the case, for example, if the finite-gap information property
holds for 0 gap, that is, 1(Xy; X~) < oo since @ can be determined from
X~ and information is decreased by taking a function.) Then

s ]‘ n. —
lim —1(X"; ) = 0.

Comment: For discrete alphabet processes this theorem is just the er-
godic decomposition of entropy rate in disguise (Theorem 3.3). It also
follows for finite-alphabet processes from Lemma 4.3. We shall later
prove a corresponding almost everywhere convergence result for the cor-
responding densities. All of these results have the interpretation that the
per-symbol mutual information between the outputs of the process and
the ergodic component decreases with time because the ergodic compo-
nent in effect can be inferred from the process output in the limit of an
infinite observation sequence. The finiteness condition on some I (X™; y)
is necessary for the nonzero finite-gap case to avoid cases such as where
Xy, = @ for all n and hence

I(X" ) =1(y; @) = H(Y) = oo,

in which case the theorem does not hold.

Proof:

Define @, =  for all n. Since  is invariant, {X,, /,,} is a station-
ary process. Since X,, satisfies the given conditions, however, I(X;y) =
I'*(X;y). But for any scalar quantizer q, I(q(X);y) is 0 from Lemma 4.3.
I*(X; ) is therefore 0 since it is the supremum of I(q(X);y) over all
quantizers q. Thus

0=T069) = lim SI(X" 9™ = lim (X" 9). O
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8.5 The Data Processing Theorem

The following is a basic property of a communication system. If a com-
munication system is stationary, then the mutual information rate be-
tween the overall input and output cannot exceed that over the channel.
The result is often called the data processing theorem.

Lemma 8.7. Suppose that a communication system is stationary in the
sense that the process { Xy, Uy, Yn, Xn} is stationary. Then

[(U:;Y) = T(X;Y) = 1(X; X). (8.20)

If {Uy} has a finite alphabet or if it has has the K-gap information prop-
erty (8.15) and I(UX,Y) < o, then

I(X:X) <1(U;Y).

froof;' Since {X,} is a stationary deterministic encoding of the {Y}
I(XGX) <1 *(X;Y). From Theorem 8.2 the right hand side is bounded
above by I(X;Y). For each n

IX™Y™) < I(X™, U); ™)
=I1(Y"U) + (XYM U) = 1(Y™U),

where U = {U,,n € T} and we have used the fact that X — U — Y is a
Markov chain and hence so is X — U — YX and hence the conditional
mutual information is 0 (Lemma 7.15). Thus

I(X;Y) < lim I(Y™;U) = I(y;v).
Applying Theorem 8.2 then proves that
I(X; X) < [(Y;U).

If {U,} has finite alphabet or has the K-gap information property and
£(UK,Y) < oo, then from Theorems 8.2 or 8.4, respectively, I(Y;U) =
I((Y;U), completing the proof. O

The lemma can be easily extended to block stationary processes.

Corollary 8.6. Suppose that the process of the previous lemma is not
stationary, but is (N, K)-stationary in the sense that the vector process
(XD, UK YK, XN Y s stationary. Then

T .Y Kﬁ .
I(X; X) SNI(U,Y).
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Proof: Apply the previous lemma to the stationary vector sequence to
conclude that B A B
I(XN; XN) < T(UK; YK).

But
TXN; &) = Tim 2 1(x"™; £"V) = lim E [n*lanN W] ,
n—-o N n— oo ’
which is N times the limiting expectation of a subsequence of the densi-
ties n‘lixn,;gn, whose expectation converges to I(X;Y). Thus
I(xXN; XN) = NT(X; X).

A similar manipulation for I(UX; YX) completes the proof. O

8.6 Memoryless Channels and Sources

A useful inequality is developed in this section for the mutual informa-
tion between the input and output of a memoryless channel. For contrast
we also describe the corresponding result for a memoryless source and
an arbitrary channel.

Lemma 8.8. Let {X,,} be a source with distribution u and let v be a chan-
nel. Let {X,, Y, } be the hookup with distribution p. If the channel is mem-
oryless, then for any n

n-1
I(X™Y™) < > (X3 Yy)
i=0
If instead the source is memoryless, then the inequality is reversed:
n-1
IX™ Y™ = > I(X3; o).
i=0
Thus if both source and channel are memoryless,
n-1
I(X™Y™) = > (X3 Yy).
i=0
Proof: First suppose that the process is discrete. Then
I(X™Y™) =HY") -H(Y"X").

Since by construction
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n-1
Pynixn (py"™x™) = 1_[ Py, 1x, (vilxi)
i=0
an easy computation shows that
n-1
H(Y™X™) = > H(YilX;).
i=0
This combined with the inequality
n-1
H(Y") < > H(Yy)
i=0

(Lemma 3.2 used several times) completes the proof of the memoryless
channel result for finite alphabets. If instead the source is memoryless,
we have

n-1
I(X™Y") = H(X™) -HX"|Y") = Z H(X;) - H(X™[Y™).
i=0
Extending Lemma 3.2 to conditional entropy yields
n-1
H(X™Y™) < > H(X;|Y™)
i=0

which can be further overbounded by using Lemma 3.12 (the fact that
reducing conditioning increases conditional entropy) as

n-1
H(X"Y") < > H(X;|Y:)
i=0
which implies that
n-1 n-1
I(X™Y™) = > H(X;) - HXi|Y) = D I(Xi;Yy),
i=0 i=0

which completes the proof for finite alphabets.

To extend the result to standard alphabets, first consider the case
where the Y" are quantized to a finite alphabet. If the Yj are condi-
tionally independent given XX, then the same is true for q(Yy), k =
0,1,---,n — 1. Lemma 7.20 then implies that as in the discrete case,
I(X™Y"™) = H(Y") — H(Y"|X") and the remainder of the proof follows
as in the discrete case. Letting the quantizers become asymptotically ac-
curate then completes the proof. O



Chapter 9
Distortion and Information

Abstract A pair random process (X,Y) = {Xy,Y,} can be generated
by a source and a channel, a source and a code, a combination of a
source, channel, encoder, and decoder, or two sources and a coupling.
We have developed in some detail the properties of two quantities char-
acterizing relations between the two components of a pair process: the
average distortion between the components and their mutual informa-
tion rate. In this chapter relations are developed between distortion and
rate, where rate is measured by mutual information. The primary results
concern the Shannon distortion-rate function and its dual, the Shannon
rate-distortion function, which will be seen to provide bounds on the
relationships between distortion and entropy and to characterize the
optimal performance in source coding and rate-constrained simulation
systems.

9.1 The Shannon Distortion-Rate Function

Given a source [A, u] and a fidelity criterion p,; n = 1,2,... defined on
Ax A, where A is the reproduction alphabet, the Shannon dlstortlon rate
function (DRF) is defined in terms of a nonnegative parameter called rate
by
1
D(R,p) = limsup —Dn(R, uV)
N—oco N
where
DNQR,pY) = inf  Epnpn (XN, YY)
pNERN (R,uN)
where Ry (R, uV) is the collection of all distributions p" for the coordi-
nate random vectors XN and YV on the space (AN x AN, BY x .’Bﬁ{ ) with
the properties that
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238 9 Distortion and Information

(1) p" induces the given marginal pV; that is, pN (F x AN) = uN(F) for
all F € BY, and
(2) the mutual information satisfies

1 A
N 1e~ (XN, XNy < R.

Dy is called the Nth order distortion-rate function.If Ry (R, uV) is empty,
then Dy (R, ) is .

Readers familiar with the rate-distortion theory literature may notice
that the definition is not the one usually encountered, which is an in-
fimum over N and not a limit supremum. This is simply because the
infimum is most useful for stationary processes, while the limit supre-
mum turns out to be the right form in the general AMS case eventually
considered here. It will be seen shortly that the two definitions are equal
if the source is stationary.

Various other notations are used for the distortion-rate function in the
literature and here when convenience suggests it. The distribution y may
be dropped if it is fixed, writing D (R) instead of D (R, u). Sometimes the
random variable is used instead of the distribution, e.g., writing Dx (R)
for D(R, u).

An alternative approach to minimizing over joint distributions with
a constrained input marginal is to minimize over test channels or regu-
lar conditional probabilities v which induce a joint distribution by the
hookup pv. This is equivalent since we are considering only standard
alphabets and hence any joint distribution p with input marginal distri-
bution u will induce a regular conditional probability distribution v for
which p = uv.

One can also define the dual or inverse function to the distortion-rate
function, Shannon’s rate-distortion function, by

R(D, ) = limsup lRN(D,uN) 9.1)
N—o0 N

RyD,pN) = inf  Iw(XY;XN), 9.2)
pNeDN(D,uN)

where Dy (D, uV) is the collection of all distributions ;gN for the coordi-
nate random vectors XV and Y¥ on the space (AN x AN with the prop-
erties that

(1) p" induces the given marginal pV; that is, pN (F x AN) = uN(F) for
all F € BY, and
(2) the average distortion satisfies

1

NE,,NpN(XN,YN) <D.
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In his original development of source coding subject to a fidelity cri-
terion or rate-distortion theory, Shannon considered the rate-distortion
function rather than the distortion-rate function [162, 163]. We empha-
size the distortion-rate function because it is a better match to the for-
mulation of source coding considered here. In particular, in communi-
cations applications it is usually the rate that is constrained by a com-
munications or storage medium such as a noisy channel or a limited
memory. The theory and algorithms for the evaluation of rate-distortion
tradeoffs are usually simpler if stated using the rate-distortion viewpoint
rather than the distortion-rate viewpoint, and most of the evaluation lit-
erature uses the rate-distortion approach. Hence we shall focus on the
distortion-rate function for most of the development, the corresponding
properties for rate-distortion functions follow similarly. For the discus-
sion of bounding and evaluating the functions, we shall use the rate-
distortion viewpoint.

9.2 Basic Properties

Lemma 9.1. Dy (R, u) and D(R, 1) are nonnegative, nonincreasing, and
convex | functions of R and hence are continuous in R for R > 0.

Proof: Nonnegativity is obvious from the nonnegativity of distortion.
Nonincreasing follows since if Ry > Ry, then Ry (R, uV) € Ry (R2, uN)
and hence a minimization over the larger set can not yield a worse
(larger) result. Suppose that p; € Ry(R;, uN); i = 1,2 yields

Ep,pn(XN,YN) < Dn(Riy 1) + €.

From Lemma 7.19 mutual information is a convex | function of the con-
ditional distribution and hence if p = Ap; + (1 — A)p2, then

Iz < Al + (1 = A)Ip, <AR; + (1 = A)R>
and hence p € Ry(AR; + (1 — A)R») and therefore

DN(AR; + (1 — A)Ry) < Ezpn (XN, YN)
= AEp, pn (XN, YN) + (1 = A)Ep, pn (XN, YN)
< ADN(Ry, ) + (1 — A)Dn(R2, ).
Since D (R, u) is the limit of Dy (R, u), it too is nonincreasing and convex.

It is well known from real analysis that convex functions are continuous
except possibly at their end points. O



240 9 Distortion and Information

The following lemma shows that when the underlying source is sta-
tionary and the fidelity criterion is subadditive (e.g., additive), then the
limit defining D (R, ) is an infimum.

Lemma 9.2. If the source u is stationary and the fidelity criterion is sub-
additive, then

) el
Proof: Fix N and n < N and let p"™ € R, (R, u") yield

Epnpn(X",Y") < Du(R, ") + 5

and let pN™" € Ry_n (R, uN~") yield

Epvnpn-n (XN, YNT1) < Dy (RN ™) + 5.

pn together with u™ implies a regular conditional probability q(F|x"),
F e iBg. Similarly py_, and uN~" imply a regular conditional probability
r(G|xN~"). Define now a regular conditional probability t(-|xN) by its
values on rectangles as

L(F x GlxN) = q(FIx™)7(Glx™); F € B%,G € BY .

Note that this is the finite dimensional analog of a block memoryless
channel with two blocks. Let pN = uNt be the distribution induced by u
and t. Then exactly as in Lemma 8.8 we have because of the conditional
independence that

Iv (XN, YN) < v (XY™ + Iv (XN YN
and hence from stationarity
Ion (XN YY) < Ipn (X Y™) + Ipn-n (XN YN
<nR+ (N-n)R=NR
so that pV € Ry (R, uN). Thus

DN (R, V) < Epnpn (XN, YN)
< Epv (0 (X" Y™) + pyon (XN YY)
= Epnpn(X",Y") + Epv-npn-n (XN, YN™)
<DuR,u™) + Dy _n(R,uN™™) + €.

Thus since € is arbitrary we have shown that if d,, = D, (R, u™), then
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dy <dn +dN_n;, n <N,

that is, the sequence d,, is subadditive. The lemma then follows immedi-
ately from the convergence of subadditive functions (e.g., Lemma 7.5.1
of [55] or Lemma 8.5.3 of [58]). O

IID Sources

If the source is IID, then the evaluation of the distortion-rate function
becomes particularly simple.

Lemma 9.3. If a source p is IID, then N 'Dy(R,uN) = Di(R,u') =
D(R,u) for all N.

Proof. Suppose that the distribution pV for (XN,YN) approximately
yields Dy (R, uN), that is, pN has uV as input marginal, I(pN) < NR,
and

Epn [dn (XN, YN) | < Dy(R, V) + €

for small € > 0. Let p; denote the induced distribution for (Xj, Y;). Since
X is IID, all the p; have p as input marginal. From Lemma 8.8, since pu is

111D)
N-1 N-1

NR = I(pM) =I1(XN;YN)) = > I(Xi; Vi) = > I(py)
i=0 i=0

which implies with the convexity of D; (R, u) in R that

%

L [dn(xN, YY)

1 N
N(DN(R,u ) +¢€) N

1 N-1 1 N-1
N ZO Ep, [d(Xi,Y)] = & ZO Dy(I(pi), 1)
1 N-1
= Dil5; > I(pi),u) =2 D1(R,p),
i=0

where the final step used the fact that D; (R, i) is nonincreasing in its
argument. This proves that Dy (R, ) = ND; (R, u). If p! approximately
achieves D, (R, u) in the sense that I(p!) < R and Epr [d(Xo,Y0)] <
D1 (R, u) + €, then from Lemma 8.81(p") = NI(p;) < NR and hence

Dy (R, 1) < Epv [pn (XN, YN ]
= NEp1 [p(Xo,Y0)] < N[D1(R, ') + €]

which implies that Dy (R,u) < ND;(R,ul) since € is arbitrary. Thus
Dn(R,p) = ND1 (R, ut) O
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The corresponding result is true for the rate-distortion function.

9.3 Process Definitions of the Distortion-Rate Function

As with the p distance, there are alternative characterizations of the
distortion-rate function when the process is stationary. The remainder
of this section is devoted to developing these results. The idea of a sta-
tionarized block memoryless (SBM) channel will play an important role
in relating nth order distortion-rate functions to the process definitions.
We henceforth assume that the input source u is stationary and we con-
fine interest to additive fidelity criteria based on a per-letter distortion
p = p1.
The basic process DRF is defined by

PER(R,1)

where R (R, u) is the collection of all stationary processes p having
p as an input distribution and having mutual information rate I, =
I,(X;Y) < R. The original idea of a process rate-distortion function was
due to Kolmogorov and his colleagues [101] [49] (see also [23]). The idea
was later elaborated by Marton [119], Gray, Neuhoff, and Omura [63], and
Hashimoto [76].

Recalling that the L! ergodic theorem for information density holds
whenl, =1 5 that s, the two principal definitions of mutual information
rate yield the same value, we also define the process DRF

Dy (R,u)= inf E,p(Xo,Yo),
pERE (R,u)

where R¥ (R, p) is the collection of all stationary processes p having u as
an input distribution, having mutual information rate Tp < R, and having
I, = I;‘;. If u is both stationary and ergodic, define the corresponding
ergodic process DRF’s by

PER(R,p)

DJ(R,u) = inf E,p(Xo,Yo),
pPERE (R,1)

where R, (R, i) is the subset of R;(R, ) containing only ergodic mea-
sures and R (R, u) is the subset of R¥ (R, u) containing only ergodic
measures.

Theorem 9.1. Given a stationary source which possesses a reference letter
in the sense that there exists a letter a* € A such that
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E p(Xo,a*®) < p* < oco. (9.3)
FixR > 0.If D(R,u) < oo, then
D(R,p) = Ds(R, 1) = D (R, W).
If in addition u is ergodic, then also
D(R,p) = De(R,u) = D (R, ).

The proof of the theorem depends strongly on the relations among
distortion and mutual information for vectors and for SBM channels.
These are stated and proved in the following lemma, the proof of which
is straightforward but somewhat tedious. The theorem is proved after
the lemma.

Lemma 9.4. Let u be the process distribution of a stationary source {X,}.
Let py; m = 1,2,--- be a subadditive (e.g., additive) fidelity criterion.
Suppose that there is a reference letter a* € A for which (9.3) holds. Let
pN be a measure on (AN x AN, BY x BY) having pN as input marginal;
that is, pN (F x AN) = uN(F) for F € BY. Let q denote the induced condi-
tional probability measure; that is, g~ (F), xN € AN, F € BAN , is a regular
conditional probability measure. (This exists because the spaces are stan-
dard.) We abbreviate this relationship as pN = uNg. Let XN, YN denote
the coordinate functions on AN x AN and suppose that

EpN%pN(XN , YNy <D (9.4)
and !
Nl (XN;YN) <R. (9.5)

If v isan (N, ) SBM channel induced by q as in Section 2.14 and if p = uv
is the resulting hookup and { Xy, Y, } the input/output pair process, then

1
NEppN(XN,YN) <D+ p*s (9.6)

and
T,,(X; Y) = I;,k (X;Y) <R; (9.7)

that is, the resulting mutual information rate of the induced stationary
process satisfies the same inequality as the vector mutual information
and the resulting distortion approximately satisfies the vector inequality
provided 6 is sufficiently small. Observe that if the fidelity criterion is ad-
ditive, the (9.6) becomes

Epp1(Xo,Yy) <D + p*é.
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Proof: We first consider the distortion as it is easier to handle. Since the
SBM channel is stationary and the source is stationary, the hookup p is
stationary and

CEppn(X" Y™ = [ dimz(2)Ep, pu (X", Y1),

where p; is the conditional distribution of {X,, Y} given {Z,}, the punc-
tuation process of Section 2.14. Note that the above formula reduces to
Epp(Xo, Yo) if the fidelity criterion is additive because of the stationar-
ity. Given z, define Ji(z) to be the collection of indices of z" for which
z; is not in an N-cell. (See the discussion in Section 2.14.) Let J'(z) be
the collection of indices for which z; begins an N-cell. If we define the
event G = {z : zo begins an N — cell}, then i € J}'(z) if T’z € G. From
Corollary 2.2 mz(G) < N~L. Since u is stationary and {X,} and {Z,} are
mutually independent,

nElﬂzpn(Xn, Yn) = Z Epzp(Xi’a*) +N Z Epzp(Xi\]’ YlN)

ieJi(z) ieJi(z)
n—1 ) n-1 )

= > 16 (T'2)p* + > Epnpnlc(Ti2).
i=0 i=0

Since my is stationary, integrating the above we have that
Eypp1(Xo, Yo) = p*mz(G) + NmZ(G)EprN <p*o+ Epnpn,
proving (9.6). A
Let 7y, and t,, denote asymptotically accurate quantizers on A and A;
that is, as in Corollary 8.2 define
X" =1 (X)" = (rm(Xo), - -, Ym(Xn-1))
and similarly define Y" = t,,(Y)". Then

Irm (X)) tn(V)) = TX™YT™)

and
I(rm (X); tm(Y)) — I*(X Y).

We wish to prove that

I(X;Y) = lim hm —I(Tm(X)” tm (Y)™)

n—oom

= lim lim —I(Tm(X)” b (Y)™)

m-—oon—oo N

I*(X;Y)
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Since I > I'*, we must show that

lim hm —I(rm(X)" tm(Y)") < hm 11m —I(rm(X)” tm (Y)™).

oo 11—
We have that
I(X™ Y™ = I(X™, Z");¥") - 1(Z", Y X™)

and

T(X™, ZM); Y = [(X™ Y™ ZM) + 1(Y™ Z7) = [(X™ Y™ 27
since X" and Z" are independent. Similarly,

I(Z™ Y™ X" = H(Z™|X™) — H(Z™| X", T™)

= H(Z™) — H(Z"|X™, Y") = [(Z" (X", Y™)).

Thus we need to show that

lim lim (%I(rm(xw;tmw)ﬂz") - %Hznmrm(X)",tm(Y)”))) <

Nn—00 Mm—oo

lim lim (%I(Tm(X)";tm(Y)"IZ") - %I(Z", (i (O™, tmm"))) .

m—o00 N—o

Since Z, has a finite alphabet, the limits of n=11(Z", (rm (X", tn (Y)™))
are the same regardless of the order from Theorem 8.2. Thus I will equal
I* if we can show that

I(X;Y|2) = lim lim lI(Vm(X)";tm(Y)"IZ")

< lim lim —I(Tm(X)" tn (V)™M Z™) =" (X;Y(Z).. (9.8)

mMm—00 N—o0o

This we now proceed to do. From Lemma 7.21 we can write
Hrm (X" (VM2 = [ 10 (0" £ (V)27 = 27) AP (21).

Abbreviate I(v,,(X)"; t,, ()| Z" = z™) to L(X™; Y™). This is simply
thAe nqutual information between X" and Y" under the distribution for
(X", Y") given a particular random blocking sequence z. We have that

L(X™Y™) = Ho(Y™) — Ho (Y™ X™).

Given z, let Jif(z) be as before. Let J3'(z) denote the collection of all
indices i of z; for which z; begins an N cell except for the final such
index (which may begin an N-cell not completed within z"). Thus J3(z)



246 9 Distortion and Information

is the same as Ji'(z) except that the largest index in the latter collection
may have been removed if the resulting N-cell was not completed within
the n-tuple. We have using standard entropy relations that

L&Y = Y (HA%IP) - Ho (%191, %)
ieJi(z)
+ 3 (HNP) - H: NP EN) L (9.9)
ieJ}(z)
For i € J{'(z), however, Y; is a* with probability one and hence

H(Yi|Y?) < H,(Y;) < H,(Y;) =0

and o A
H(Y;|Y', X"y < H,(Y;) < H.(Y;) = 0.

Thus we have the bound

LSy = Y (Hz(?f\jlf’i) _Hz(f/iNWi’XnN))_
iejy(z)
= > (LAN;@LX+N) - LN, TY)
ieJy(2)
= X (LAYRN - LN TY), 9.10)
ieJ}(z)

where the last inequality follows from the fact that I(U;(V,W)) =
I(U;V).
For i € J3'(z) we have by construction and the stationarity of u that

L(XN;YN) = v (XN, YN). (9.11)

171

As before let G = {z : zo begins an N — cell}. Then i € J}(z) if T'z € G
and i < n — N and we can write

1

n
1 R R n-N-1 ) 1n—N—l ~ . )
EI,,N(XN;YN) > 16(T'2) - > LYY YH1e(T'2).
i=0 i=0

All of the above terms are measurable functions of z and are nonneg-
ative. Hence they are integrable (although we do not yet know if the
integral is finite) and we have that
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1 vNn. vn
—I (XYY" >
n
1 AN A .
Ipn (XN; YN)Ymy (G)T " > Jdmz(z)IZ(YiI\’;Yl)lg(T‘z).
i=0

To continue we use the fact that since the processes are stationary, we
can consider it to be a two-sided process (if it is one-sided, we can imbed
it in a two-sided process with the same probabilities on rectangles). By
construction '

LN, YY) = I, (VY (Yo, -+, Y2)

and hence since my is stationary we can change variables to obtain

n-N

%I(X"; Y = L (XN; YN)mz(G)
n-N-1 )
Z Jdmz(z)lz(yév, (Feiy- - T 16(2).

We obtain a further bound from the inequalities

LYY (Yogy -+, Y1) < (YR (Yog, - -+, Y1) < (YY)
where Y~ = (---,Y_»,Y 7). Since IZ(Y(I)V; Y ) is measurable and nonneg-
ative, its integral is defined and hence

n—oo N

lim I(X" Y Z™) = In (XN; YN)Mz(G) - j dmz(z)L(YY;Y7).
G
We can now take the limit as m — o to obtain
I*(X;Y|Z) = In(XN; YN)mz(G) —J dmz(2)I(Y}Y;Y7).  (9.12)
G

This provides half of what we need.
Analogous to (9.9) we have the upper bound

LRASYY < Y (LAY L) LN Ph). 9.13)
ie]i(z)

We note in passing that the use of J; here assumes that we are dealing
with a one-sided channel and hence there is no contribution to the in-
formation from any initial symbols not contained in the first N-cell. In
the two-sided case time O could occur in the middle of an N-cell and
one could fix the upper bound by adding the first index less than O for
which z; begins an N-cell to the above sum. This term has no affect on
the limits. Taking the limits as m — oo using Lemma 7.14 we have that
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Lxmym s Y (LN o X)) - L vh).

ieJ'(z)

Given Z" = z" and i € J}'(2), (X!, Y?) — XN — YN forms a Markov chain
because of the conditional independence and hence from Lemma 7.15
and Corollary 7.14

LYN, (YLX"N)) = LXY; YN) = Lv(XN; YN).

Thus we have the upper bound

1 1 n-1 ] 1 n-1 ) )
SLXYNY") < SLv(XNYN) D 16(T2) — = D) L(YN; YD 16(T 2).
n n i=0 n i=0

Taking expectations and using stationarity as before we find that
1
—I(X™Y"Z") <
n
1 n-1
I (XN YN m(6) -+ S JG Amz (LYY (Y_iy -+ Yo1)).
i=0

Taking the limit as n — o using Lemma 7.22 yields
I(X;Y|Z) < In(XN; YN)mz(G) - J dmz(2)I(YY;Y7). (9.14)
G

Comlgim'ng this with (9.12) proves that I(X;Y|Z) < I'*(X;Y|Z) and hence
that I(X;Y) = I*(X;Y). It also proves that
I(X;Y) =1(X;Y|Z) -I(Z;(X,Y)) <I(X;Y|Z)
< In(XN;YN)mz(G) < %IPN(XN;YN)
using Corollary 2.2 to bound my (G). This proves (9.7). O
Proof of the theorem: We have immediately that

RY(R, 1) CRER, 1) CRg(R, 1)

and o o
R; (R, p) C Re(R,u) C Rs(R, ),

and hence we have for stationary sources that
Dg(R, 1) <D¥(R, ) (9.15)

and for ergodic sources that
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Ds(R, 1) < DF (R, 1) < DF (R, ) (9.16)

and

We next prove that -
Ds(R, 1) = D(R, p). (9.18)

If Dg(R, p) is infinite, the inequality is obvious. Otherwise fix € > 0 and
choose a p € Rs(R, ) for which E,p;(Xo,Yo) < Ds(R,u) + € and fix
0 > 0 and choose m so large that for n > m we have that

n L (X" Y") <T,(X;Y) +5 <R+ 6.
For n > m we therefore have that p™ € R, (R + 6, u™) and hence
Ds(R,u) + € = Epnpn = Dp(R+ 6,14) = D(R + 6, ).

From Lemma 9.1 D (R, u) is continuous in R and hence (9.18) is proved.
Lastly, fix € > 0 and choose N so large and pV € Ry (R, uV) so that

Epvpn < Dy(R, i) + g <D(R,p) + %

Construct the corresponding (N, 6)-SBM channel as in Section 2.14 with
60 small enough to ensure that 6p* < €/3. Then from Lemma 9.2 we
have that the resulting hookup p is stationary and that I, = I » <Rand
hence p € R} (R, u) C Rg(R, ). Furthermore, if u is ergodic then so is
p and hence p € R}(R,u) C Re(R, ). From Lemma 9.2 the resulting
distortion is

Epp1(Xo,Yo) < Epnpn +p*0 < D(R, 1) + €.

Since € > 0 this implies the exisitence of a p € R¥(R,u) (p € R¥(R, )
if p is ergodic) yielding E, p1 (Xo, Yo) arbitrarily close to D (R, u. Thus for
any stationary source D (R,u) < D(R,u) and for any ergodic source
Dj (R, u) < D(R, ).

With (9.15)-(9.18) this completes the proof. O

The previous lemma is technical but important in proving source cod-
ing theorems. It permits the construction of a stationary and ergodic pair
process having rate and distortion near that of that for a finite dimen-
sional vector described by the original source and a finite-dimensional
conditional probability.
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9.4 The Distortion-Rate Function as a Lower Bound

The Shannon distortion-rate function provides a simple lower bound to
the performance in source coding systems and in constrained rate sim-
ulation systems. Both results will follow from from a simple inequality
which we now develop.

Suppose that X is a stationary source with process distribution u.
Suppose also that X is encoded and then decoded in order to obtain
a reproduction process X, but we do not know the details of the code
structures except that the resulting pair process (X, X) with distribution
p is AMS and the X process has a finite entropy rate H(X) < R. Let
n denote the distribution of X. Let p denote the stationary mean with
marginals g = y, since u is stationary, and 1. From Theorem 4.1,

H(X) =H(n) = H®). (9.19)

For example, in a source coding system the codes might be stationary
codes or block stationary codes, or block codes, or possibly even variable
length codes, but the cascade of the operations must be AMS and yield a
finite entropy rate reproduction. If, for example, there is a common finite
alphabet for the output of the encoder and input to the decoder with 2%
letters, then since the decoder can not increase entropy rate, it must have
entropy rate no greater than R. In the constrained simulation problem,
the goal is to produce a process X as a coding of an IID process Z such
that H(X) < R and the process X is as close as possible to X with respect
to the p distance. The simulation problem was earlier formulated for
stationary coding, but for the moment we allow other coding structures
provided they yield an AMS process X. We assume an additive fidelity
criterion for which the single letter distortion is integrable with respect
to the stationary mean (so that the fidelity criterion is convergent in the
sense of Chapter 5). In this case the limiting distortion is

1 n-1 R 1 n-1 R
Po = limsup — z p1(Xi, Xi) = lim — Z p1(Xi, Xi)
Nn-oo N n—-o N
i=0 i=0
where the limit exists p-a.e. and p-a.e. and
A(p) = Eppw = Epp1(Xo, Xo) = A(P)
I*(p) = 1" (p).

From Lemma 8.4, o
I*(p) <H(n).

Putting all of this together, we have that
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A(p) = A(P) = Ezp1(Xo, Xo)
I*(p) = I*(ﬁ) <R

and hence that
A(p) = Ds(u,R). (9.20)

The equation boils down to simply this: given any AMS pair process with
a given performance with respect to a fidelity criterion and an entropy
rate constraint on one component, then the average distortion can be
no smaller that the stationary process distortion-rate function for the
given constraint because the entropy rate of one component process
overbounds the mutual information rate between the two components.

Corollary 9.1. As in Section 5.4, consider a stationary source |, a channel
v, and code classes E, D for which if f € E, g € D, then the pair process
Py x consisting of the input and output of the cascade p fvg is AMS. Then
the operational DRF of (5.14) is bound below by the stationary process
Shannon DRF:

A(U,V,faﬂ)) = f lnf @A(I«l:f,V,g) = bs(u,ﬁ(p)?))

ekt ge

If there exists a reference letter and H(py) < oo, then also A(u, v, E, D) >
D(u,R).

For example, if the channel v is noiseless with input alphabet A equal to
the output alphabet, then H(p3) < R = log ||Al| and the bound becomes

S(R,u) = A(u,v,E,D) = Ds(R, ), (9.21)

which is one form of the classic converse source coding theorem since
from Theorem 9.1 the stationary process definition and the Shannon
definitions are equal under the assumed conditions, that is, D¢ (R, u) =
D(u,R).

Consider next the constrained rate simulation problem of Section 6.7
of the best coding of an IID process Z with entropy rate H(Z). Suppose
that X is a process with distribution py for which

Plux, ug) < Axjz + €

for a small € > 0, which implies that there is a coupling 7t with marginals
pux and pg with H(ug) < H(Z) and distortion

A(TT) < Ax| 7+ €
which from the lemma implies that

A(1r) < Ds(H(Z), ).
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Since € was arbitrary, we have the following corollary.

Corollary 9.2. Given an IID process Z with entropy rate H(Z) and an
additive fidelity criterion p,, and a stationary process X, then

Ax|z = il}lfpl(llx,l«lf(Z)) > D;(H(Z),p).

Thus the constrained rate problem also has the Shannon distortion-rate
function as an unbeatable lower bound.

9.5 Evaluating the Rate-Distortion Function

The goal of this section is to consider an alternative characterization
of the optimization that defines the RDF given by R(D) = Rx(D) =
RN (D, ux). The Shannon DRF and RDF are defined by information-
theoretic optimization problems. Since average distortion is linear in
terms of the joint distribution describing the random vectors and mu-
tual information is a convex U function of the conditional probability
distribution of output given input — called the test channel, the tech-
niques of convex optimization provide an approach to evaluating the
DRF or RDF for specific sources and distortion measures of interest.
Shannon [163] provided the first examples of evaluation of the RDF for
memoryless sources with Hamming and squared-error distortion. Kol-
mogorov [101] considered the case of Gaussian vectors and processes
with respect to a squared error distortion. Gallager [47] provided gen-
eral Kuhn-Tucker conditions providing a variational approach to finding
the RDF (see also Berger [11]). A key aspect of the variational approach
is that the optimization over the test channel or pair distribution with
constrained input marginal leads to an optimization of a reproduction
distribution, the distribution of the output marginal of the pair distri-
bution or source/test-channel hookup. Blahut [18] found an alternative
formulation of the optimization in terms of relative entropy or diver-
gence and an iterative algorithm for numerical solution, and Csiszar [25]
extended these results and provided an elegant and rigorous develop-
ment for general alphabets.

For the rest of this section, we consider the finite-order Shannon rate-
distortion function (RDF) for vectors X = XN with distribution px. We
drop the superscripts for the dimension as it is assumed fixed. We will
often drop the random variable subscript on a distribution if it is clear
from context, so that u = uy throughout. We pause to summarize the
notational shortcuts for this section.

We consider joint distributions mxy and px,y for a pair of random
vectors (X,Y) with alphabet (Ay X Ay, Ba, X Ba,)). Given a joint dis-
tribution 1ryy, denote the induced marginal distributions by rx and Ty,
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that is,

x(G) = Txy (G X Ay); G € Bay
Ty (G) = Tixy (Ax X G); G € Bay.

The marginals px and py are similarly defined. If we are focusing only on
joint distributions, the subscripts indicating the random variables will be
dropped, that is, T = 1rx,y and p = px,y. Throughout this section 1y =
ux = u and px = ux = U, either by assumption or by demonstration.
This constraint on the input distribution will be denoted by

™€ P(ux).

We will use n to denote a distribution on the reproduction Y, but it is
not fixed. It is used simply as shorthand for an output marginal, which
might be induced or optimized over. In particular, given a reproduction
distribution n, we will construct a special joint distribution p which will
be denoted pj,. This admittedly takes liberties with notation, but p, will
mean a joint distribution constructed using a given reproduction distri-
bution n. The construction will be such that p, need not have n as its
marginal output distribution — n is simply used in the construction and
the form of p, depends on n.

We can express the RDF as

R(D) = inf I(Tl'xy) (922)
Txy:Txy €P(ux),p (Ttxy) <D
where
pUITxy) = Emy (p(X,Y)) = [ drmy (x, 700 (x,3) 9.23)

Tixy (X,))
Tx X Ty ) (X, )

I(mtxy) = I1(X;Y) = Jdnxy(x,y)log T (9.24)

For simplicity it is assumed that R(D) < o for D > 0 and that R(D) — 0
as D — oo. These assumptions reflect typical behavior and the details
required for removing these simplifying assumptions may be found in
Csiszar [25].

The most basic properties of the RDF parallel those for the DRF in
Lemma 9.1 as summarized in the following lemma. The proof is omitted
since it is a minor variation of the DRF case.

Lemma 9.5. The Shannon RDF R (D) is a honnegative convex nonincreas-
ing function of D.

Note that convexity implies that R(D) can not be a constant other than
0 over an interval of D given our assumption that R (D) must go to zero
as D grows.
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Lemma 9.6. An equivalent definition for the RDF is

R(D) = inf I(1Txy); (9.25)

Txy Txy €P(ux),p (Ttxy)=D

that is, the inequality constraint can be replaced by an equality constraint.

Proof. Suppose the contrary and hence there is a Dy < D such that we
can do better than D, that is for any € > 0 we can find a 7 with D (1) <
Dy and I(mr) < R(D) + €. But then I(1r) > R(Dg) and hence, since €
is arbitrary, R(Dg) < R(D). But R(D) is nonincreasing in D and hence
R(Dy) = R(D), which violates the convexity of R(D). O

The constrained optimization over all distributions is traditionally
handled as an unconstrained minimization over distributions by focus-
ing on the function

F(s) = inf (I(mtxy) + sp(mxy));s = 0.
mxy €P(ux)

The function can be thought of as a variational or Lagrange multiplier
formulation to remove the distortion constraint and incorporate it into
the functional being minimized, but we will not use calculus to accom-
plish the minimization as was done in the original derivations. Instead
we follow Csiszar’s [26] approach and use the divergence inequality re-
peatedly to find conditions for global optimality.

We have easily that

R(D) I(mtxy)

m
Tixy Txy €P(ux),p(Ttxy) <D

inf I(mtxy) + sp(mxy) —sp(Ttxy)
Txy :Txy €P(Ux),p (Ttxy) <D —
>—-sD
(I(mtxy) + sp(1txy)) — sD
Tixy :Trxy €P(ux),p(Ttxy) <D

inf (I(mtxy) + sp(mrxy)) — sD = F(s) — sD.

Txy Txy €P(ux

[\

[\

Thus for any fixed D,
R(D) +sD > F(s) forall s > 0. (9.26)

Consider a plot of R(d) with rate on the vertical axis (the y axis) and
distortion on the horizontal axis (the x axis). If s is fixed and d allowed
to vary over nonnegative numbers, F(s) — sd traces out a straight line
v = a—sx of slope —s in the plot with vertical axis intercept a = F(s). If
we fix a value of d = D, then for any value of s we have seen that it must
be true that R(D) > F(s) —sD. But R(D) is a convex function, and hence
at any point (D,R)=(D,R(D)) lying on the R(D) curve there must exist
a straight line passing through the point with no points above the R(D)
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curve. Hence given a fixed D > 0, there must exist a slope —sp (perhaps
more than one) and a straight line y (x) = a — spx with slope —sp which
passes through the point (D, R) such that y(D) = a — spD = R(D) so
that the y axis intercept of the straight line is at a = R(D) + spD. We say
that such an s is associated with D. Since this is a tangent line and no
points on the R(D) curve can lie below it, for any D’ we must have that

R(D') = y(D') =a —spD’ = R(D) + spD — spD’
or, for all D’
R(D") + spD’ = R(D) + spD. (9.27)

Suppose that m € P(uy) approximately yields F(sp) so that for small
€>01I(1mr) + spp (1) < F(s) + €. Then from (9.27) and (9.26)

F(sp) + € = R(p(1)) + spp(1r) = R(D) + spD = F(sp), (9.28)
which since € can be made arbitrarily small implies
F(sp) =R(D) +spD, (9.29)

showing that the lower bound of (9.26) is achieved if sp is associated
with D.

Conversely, suppose that if instead of starting with D, we fix s, and
% achieves a minimum in F(s), that is,

F(s) =I(mt*) +sp(mt*) = inf (I(1m1) + sp(1T)).
TmeP(ux)

Define D; = p(1t*) and R; = I(1t*), then

F(s) =Rs + sDs > inf I(1t) + sDs = R(Ds) + sDs.
meP(ux);p (1) <Ds

It is also true that

F(s) = inf (I(1r) + sp(1T))
TEP (ux);p (1) <Ds

< inf (I(1T) + sDy)
meP(ux);p (1) <Ds

= inf I(1r) + sD;
meP(ux);p (1) <Ds

and hence F(s) = R(Ds) + sD;, which means that s is associated with Dy
and R(Ds) = F(s) = sD;.
Summarizing the preceding development yields the following result.

Lemma 9.7.
R(D) = maOX(F(S) —sD).
=
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The maximum is attained iff s is associated with D. If Tt achieves a mini-
mum in F(s), then s is associated with D = p(1t) and R(D) = I(11).

The implication of the lemma is that the R(D) curve can be thought
of as being parametrized by s, the slope of the tangent to points on the
curve. For each value of s we try to minimize F(s) over all joint distribu-
tions 1t with marginal fixed by the source. If the minimizing distribution
is found, its mutual information and average distortion yield a point on
the rate-distortion curve. Thus the problem is to minimize F(s). This
topic is tackled next.

Recall from (7.28) the average mutual information can also be written
as a divergence as

I(ttxy) = D(1txy|TTx X TTY),
so the problem is to find

F(s) = inf (D(mxyllmtx X mMy) + sp(1xy)) .
Tixy €P(Ux

A useful approach both for the mathematics of the solution and for
suggesting an algorithm for computing the solution was introduced by
Blahut [18]. The math and the algorithm have interesting parallels with
the optimality properties of actual codes to be considered later and they
provide an early example of an alternating optimization (AO) algorithm,
an optimization that alternates between two steps, each of which opti-
mizes one component of the function being optimized for the other [14].
To set up the method we make a change in the target function by in-
troducing another distribution. This apparent complication will lead to
several useful results. Define the functional

J(ttxy,n,s) = D(mxyllTtx X n) + sp(1xy) (9.30)

and note that it differs from the function being optimized in F (s) only by
the replacement of the actual marginal 7ty in the divergence by a sepa-
rate distribution n. Corollary 7.12 implies an immediate relation between
the two:

D(mtxyllmtx X 11y) = iInlfD(TFXY||7TX xn). (9.31)

If D(mrxy||1Tx X 1) is finite, then 1rxy will be absolutely continuous with
respect to the product measure 1ty X n.

Given a distribution n, we construct a new joint distribution pxy as
follows. If p(7Txy) is finite, then {x,y : p(x,y) < o} has positive prob-
ability and hence

Yn,s(x) < 00, Ux — a.e..

1
~ Jertedn(y)
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Given a reproduction distribution n, define a joint distribution p, by its
density or Radon-Nikodym derivative with respect to the product mea-
sure Ly X n by

dpn(x1y)
d(pux xn)(x,y)

= y,,,s(x)e*”’("’y),

In other words, the distribution is specified by its values on rectangles
as

pn(F X G) = L s GO E d (i x ) (x, 7).

Intuitively, the density is constructed so that if the logarithm is taken,
the result is the negative average distortion multiplied by s plus a nor-
malization term. This will be shortly seen to be useful in expressing
J(1Txy,n, s) as a combination of simple terms. The X marginal of p = p,
is easily found using Fubini’s theorem to be

px(F) = py(F x Ay)
:J dpy(x,y)
FxAy d(px X n)(x,y)

= J Yn.s ()e P d(uy x n)(x,y)
FxAy

a(ux x n)(x,y)

_ J; dpx (x) (Yn,f (x) Je*fﬂ(x,y)d”)(y))
= J;T dux(x) = ux(F),

the source distribution. The output distribution py, however, is not eas-
ily found in general and, perhaps surprisingly, need not equal n.

The introduction of the additional distribution n and the construction
of the implied joint distribution p, allows the following representations
of the functional J(1txy,n, s).

Lemma 9.8. The functional J(1txy,n,s) = D(1txy||Ttx X n) + sp(1rxy) can
be expressed as

J(txy,n,s) = J(1txy, y, s) + D(1tylln) (9.32)
= [dux 108 yys(x) + Dlmyrlipg) 933
= J(pn,n,s) + D(mtxyllpy). (9.34)

Proof. Csiszar [26] observes in his Lemma 1.3 that the equalities follow
from the chain rule for Radon-Nikodym derivatives. We provide more de-
tail to add insight. As in (9.31), Corollary 7.12 with My = Px = 1ty = uy
yields (9.32) and (9.35) . The second equality is a result of rewriting
J(1txy, n, s) by replacing the average distortion as an expectation involv-
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ing the specially constructed joint distribution pj:

J(1txy,n,s)
= D(mxyllTtx X n) + sp(1xy)

JdTTXY(X y)logmL(x y) - Jdﬂxy(x y)logesPxY)

xn)

= Jdmy(x,y)log%( )

- Jdnxy(x, v)log (yn,s(X)e’”’(x'y)) - Jdnxy(x, ¥)10g yy.s(x)

d
= Jdnxy(x,y)log d(ni(x y)

xn)

d
—JdWXY(X,J’)longlm

_ _dnyxy _dpy
= [dnxy(x,y)log [(d(ux <1 (x,y)> / (d(ux ) (x,y))]

+ J dux(x)logyn,s(x)

(x,y) + J dux(x)logyn,s(x)

jdvm(x ) log 4TXY d Y (x,y) + Jdux(x)logy,,s(x)

— D(mxyllpy) + jdmx) 108 Y (%),

which shows explicitly the Radon-Nikodym derivative chain rule applica-
tion. We have that

Jdux(x) log yn,s(x)

= [dpa, 30108 yn0(0) = [ dpy(x, ) 108 (ys ()00 ¥ et

dp
Jdpn(x y) Ogm +s

=D(pyllpx xn) +sp(py) = J(py,n,s),

Jdvn(x,y)p(x,y)

which completes the proof. O

The representations of the lemma imply immediate lower bounds to
J(1txy, n,s) with obvious conditions for equality, as summarized in the
following corollary.
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Corollary 9.3.

J(mtxy,n,s) = J(mxy, Ty, S) with equality if n = Tty (9.35)

J(1txy,n,$) = JdUX(X)IOgYn,S(X) (9.36)
= J(pn, n,s) with equality if Txy = py (9.37)
F(s) = nn_i}Tlf:“ J(m,n,s) (9.38)
= inf [ diux (x) log s (x)
. 1
_ 1%fjdux(x)log Erenereet (9.39)

Proof. The inequalities and conditions for equality (9.35-9.37) follow di-
rectly from the lemma and the divergence inequality. Eq. (9.38) follows
from the definition of F(s) since

inf nJ(Tr,n.s) = n:n?li;xn [D(mtllux x n) +sp ()]

T =[x

m;ngu [D(mltx X 1Ty) + Sp(17)] = F(5)

and (9.39) follows since if we choose a reproduction distribution n within
€ of the infimum, then using p, yields J(py, n, s) within € of the infimum,
and hence F(s) can be no farther than € from the infimum. Since € is
arbitrary, F(s) must equal the infimum.
O
The corollary suggests a numerical algorithm for evaluating the rate
distortion function. Given the input distribution uy, pick some repro-
duction distribution n‘®. This n‘® together with uy implies a joint dis-
tribution p'¥ = p, 0 with input marginal py resulting in J (p,0,n'?, ).
Replace n© by n® = pi”’, which yields J (p,0,n",s) < J(ppo,n©,s),
that is, J can not increase. Then use the new reproduction marginal n‘!)
to form a new joint distribution p(1), which results in J(p),n',s) <
J(pyo,nY,s). Continue in this matter, alternatively picking the best
joint distribution for the reproduction and vice versa. Since J is mono-
tonically nonincreasing and nonnegative, this is a descent algorithm and
hence it must converge. This is the idea behind Blahut’s algorithm [18]
for computing the rate-distortion function. Blahut discretizes the prob-
lem by quantizing the input and output spaces to make the algorithm
amenable to numerical solution. As discused by Rose [158], the algo-
rithm can be sensitive to the nature of the discretization. In particular,
a fixed quantization of source and reproduction can yield a suboptimal
support for the reproduction distribution
The corollary shows that F(s) can be stated as a optimization over
the reproduction distribution as in (9.39). If an optimal reproduction
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distribution n* exists, then from Corollary 9.3 it must be true that the
optimal joint distribution is 1ty y with

Ty = P (9.40)
n* =my (9.41)

since otherwise either D (1ryyllpy+) or D(mylln*) would be nonzero and
hence J(rmrx,v,n,s) could be further decreased towards its infimum by
substituting the appropriate joint or reproduction distribution. If the
optimal reproduction distribution exists, it is called the Shannon opti-
mal reproduction distribution. If these optimal distributions exist, then
together they induce a regular conditional probability measure P(X €
F | Y = y) given by

P(XEF|Y=1y)= J AU ye s (x) @50,
F

so that yp« s(x)e5P*2>) has the interpretation of being the backward
test channel of the input given the output.

The following theorem summarizes the results developed in this sec-
tion. It comprises a combination of Lemma 1.2, corollary to Lemma 1.3,
and equations (1.11) and (1.15) in Csiszar [25].

Theorem 9.2. IfR(D) < oo, then

R(D) = m>aox (F(s) —sD) (9.42)
F(s) = inf (I(m) + sd (1)) (9.43)
TTeP(ux)
. 1
= 151ny dux(x)log [ dpy ()e—sdt) (9.44)

where the final line defines F(s) as an infimum over all distributions
on A. There exists a value s such that the straight line of slope —s
is tangent to the rate-distortion curve at (R(D),D), in which case s is
said to be associated with D. If 1t achieves a minimum in (9.43), then
D =d(m),R(D) = I(17).

Thus for a given D there is a value of s associated with D, and for this
value the evaluation of the rate-distortion curve can be accomplished by
an optimization over all distributions py on the reproduction alphabet.
If a minimizing 1 exists, then the resulting marginal distribution for
Uy is called a Shannon optimal reproduction distribution. In general this
distribution need not be unique.

Csiszar [25] goes on to develop necessary and sufficient conditions for
solutions to the optimizations defining F(s) and R(D), but the above re-
sults suffice for our purpose of demonstrated the role of the divergence
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inequality in the optimization, and sketching the basic ideas underly-
ing numerical algorithms for computing the rate-distortion function and
the properties of optimal distributions in the Shannon sense. Conditions
for the existence of solutions and for their uniqueness are also devel-
oped in [25]. We here state without proof one such result which will be
useful in the discussion of optimality properties of source codes. The
result shows that under the assumptions of a distortion measure that is
a power of a metric derived from a norm, there exists a 1t achieving the
minimum of (9.2) and hence also a Shannon optimal reproduction distri-
bution. Both the lemma and the subsequent corollary are implied by the
proof of Csiszar’s Theorem 2.2 and the extension of the reproduction
space from compact metric to Euclidean spaces discussed at the bottom
of p. 66 of [25]. In the corollary, the roles of distortion and mutual in-
formation are interchanged to obtain the distortion-rate version of the
result.

Lemma 9.9. Given a random vector X with an alphabet A which is a finite-
dimensional Euclidean space with norm || x|, a reproduction alphabet A =
A, and a distortion measure d(x,vy) = ||x — y||", v > 0, then there exists
a distribution Tt on A X A achieving the the minimum of (9.2). Hence a
Shannon N-dimensional optimal reproduction distribution exists for the
Nth order rate-distortion function.

Corollary 9.4. Given the assumptions of the Ien]ma, suppose that ™,
n = 1,2,... is sequence of distributions on A X A with marginals ux and
Uyw for which forn =1,2,...

I(m™) = 1(X,Y™) <R, (9.45)
lim E[d(X, Y™)] = Dx(R). (9.46)

Then uym has a subsequence that converges weakly to a Shannon optimal
reproduction distribution. If the Shannon distribution is unique, then Uy m)
converges weakly to it.

The result is proved by showing that the stated conditions imply that
any sequence of distributions ™ has a weakly converging subsequence
and that the limiting distribution inherits the properties of the individual
(™ If the Shannon optimal distribution is unique, then we can assume
that u(y’;) converges weakly to it.

Note that if there is a unique Shannon optimal reproduction distribu-
tion, then any sequence of 7™ for which (9.45-9.46) hold must converge
weakly to the optimal distribution.
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Support of Shannon Optimal Distributions

We close this chapter with a discussion of some of the interesting as-
pects of the Shannon optimal distribution. It is rare that an analytical for-
mula is known for the distribution, one of the notable exceptions being
a Gaussian IID source with variance o 2. In this case the N-dimensional
Shannon optimal reproduction distributions are known to be the prod-
uct of N Gaussian distributions with variance o2 — D. In particular, the
reproduction distribution is continuous. This turns out to be an excep-
tion, a fact which has had an effect on the evaluation of rate-distortion
functions in the past. Some of the history and issues are discussed here.
The discussion follows that of [117].

The basic ideas behind Blahut’s algorithm were described in Sec-
tion 9.5. The algorithm works quite well for discrete sources, but his-
torically it has been applied to continuous sources in a way that often
provided incorrect or misleading results. In particular, the standard ap-
proach in the literature was to first quantize the source and reproduction
alphabet and then run the algorithm on the resulting discrete source. As
pointed out by S. Fix [43], the reproduction alphabet chosen in this way
was arbitrary and unchangeable by the algorithm itself. Fix proved that
in the case of the squared error distortion measure, it is often the case
that the optimal reproduction alphabet has finite support, that is, is con-
centrated on a specific finite set. If the initial quantization prior to the
Blahut algorithm does not take this into account, the subsequent opti-
mization can yield a poor solution to the original problem. This is not
an uncommon problem since, as Fix showed, the optimal reproduction
algorithm has finite support whenever a lower bound to the RDF due to
Shannon [163], the Shannon lower bound, does not hold with equality.
This occurs often for common sources and distortion measures. In fact
the IID Gaussian source with a squared error distortion and IID discrete
sources with a Hamming distortion are the only commonly encountered
cases where the Shannon lower bound does hold with equality. A clas-
sic example of the problem is with the simple uniform IID source and
a squared error distortion. Here the optimum reproduction alphabet is
not only finite, but it can be small — only three letters for a rate of 1 bit
per symbol. Inaccurate values for the RDF for this case based on Blahut’s
algorithm have been reported in the literature. A similar problem arises
with discrete sources if one is given the option finding an optimal recon-
struction alphabet instead of assuming that it is the same as the input al-
phabet. Early work on this problem was considered by T. Benjamin [9]. In
such cases the Blahut algorithm only adjusts the probabilities assigned
to the assumed reproduction alphabet, it does not seek an optimum al-
phabet. As pointed out by Fix, the general optimization problem can be
formulated, but it is a nonlinear optimization and no one approach is
clearly best. K. Rose [158] extended Fix’s result showing finite support



9.5 Evaluating the Rate-Distortion Function 263

of the optimal reproduction distribution when the Shannon lower bound
is not met. He developed a deterministic annealing algorithm with sup-
porting arguments and impressive experimental evidence showing that
the algorithm found the optimal reproduction alphabets and the best
existing estimates of the RDFs for several examples of IID sources.

Regrettably Fix’s fascinating work was never formally published out-
side of his dissertation, and the mathematical details are long and com-
plicated. His arguments are based on Csiszar’s [25] careful development,
which is partially developed in Section 9.5. Csiszar considered in depth
the issues of the existence of solutions and the asymptotics and his pa-
per is the definitive reference for the most general known results of this
variety. The results of Fix and Rose, however, add an important aspect
to the problem by pointing out that the choice of the support of the
reproduction distribution must be considered if accurate results are to
be obtained. This is important not only for the evaluation of the rate-
distortion functions, but to the characterization of approximately opti-
mal codes, as will be considered in Chapter 13.



Chapter 10
Relative Entropy Rates

Abstract Many of the basic properties of relative entropy are extended to
sequences of random variables and to processes. Several limiting proper-
ties of entropy rates are proved and a mean ergodic theorem for relative
entropy densities is given. The principal ergodic theorems for relative
entropy and information densities in the general case are given in the
next chapter.

10.1 Relative Entropy Densities and Rates

Suppose that p and m are two AMS distributions for a random process
{Xn} with a standard alphabet A. For convenience we assume that the
random variables {X,} are coordinate functions of an underlying mea-
surable space (€, B) where Q is a one-sided or two-sided sequence space
and B is the corresponding o-field. Thus x € Q has the form x = {x;},
where the index i runs from 0 to o for a one-sided process and from
—oo to +oo for a two-sided process. The random variables and vectors of
principal interest are X, (x) = x,, X"(x) = x" = (xg0,- -+ ,Xn-1), and
Xlk(x) = (X1, - - ,X1+k-1)- The process distributions p and m are both
probability measures on the measurable space (Q, B).

For n = 1,2,... let Mx» and Px» be the vector distributions induced
by p and m. We assume throughout this section that Mx» > Pyn and
hence that the Radon-Nikodym derivatives fxn = dPxn/dMxn» and the en-
tropy densities hyx» = In fx» are well defined for all n = 1, 2,... Strictly
speaking, for each n the random variable fx» is defined on the measur-
able space (A", B4n) and hence fx» is defined on a different space for
each n. When considering convergence of relative entropy densities, it
is necessary to consider a sequence of random variables defined on a
common measurable space, and hence two notational modifications are
introduced: The random variables fx»(X™) : Q — [0, ) are defined by

R.M. Gray, Entropy and Information Theory, DOI 10.1007/978-1-4419-7970-4 10, 265
© Springer Science+Business Media, LLC 2011
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Sxn(X™)(x) = fxn (XM (x)) = fxn(x™)

for n = 1,2,.... Similarly the entropy densities can be defined on the
common space (Q, B) by

hxn(X™) =In fxn (X™).

The reader is warned of the potentially confusing dual use of X™ in this
notation: the subscript is the name of the random variable X™ and the ar-
gument is the random variable X" itself. To simplify notation somewhat,
we will often abbreviate the previous (unconditional) densities to

Sn = fxn(X™); hy = hxn (X™).
For n =1, 2,... define the relative entropy by
Hpm(X™) = D(Pxn|[Mxn) = Epyhxn = Ephxn(X™).

Define the relative entropy rate by
_ ) 1
Hpm(X) = imsup —Hpm (X").
n-oco N
Analogous to Dobrushin’s definition of information rate, we also define

Hp)jp (X) = Sgpﬁpnm(q(X)),

where the supremum is over all scalar quantizers q.
Define as in Chapter 7 the conditional densities

fX xn = fX'n+1 _ dPXM+1/den+1 _ dPXn|X"
" Sxn dPxn [dMxn dMyx, | xn

(10.1)

provided fx» # 0 and fx,|x» = 1 otherwise. As for unconditional den-
sities we change the notation when we wish to emphasize that the den-
sities can all be defined on a common underlying sequence space. For
example, we follow the notation for ordinary conditional probability den-
sity functions and define the random variables

n Sxna (X1
w (X, | X7 = XA )
Sxpixn (Xnl X™) Fon (XT)

and
hx, xn (XnlX™) = 1In fx, xn (Xn|X")

on (9, B). These densities will not have a simple abbreviation as do the
unconditional densities.
Define the conditional relative entropy
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Hpiom (XalX") = Epgy (In fx0) = [ dpIn fi oo (XalX™). (102

All of the above definitions are immediate applications of definitions of

Chapter 7 to the random variables X, and X". The difference is that

these are now defined for all samples of a random process, that is, for

all n = 1,2,.... The focus of this chapter is the interrelations of these

entropy measures and on some of their limiting properties for large n.
For convenience define

Dy = Hyjm (Xl X™); n=1,2,...,
and Do = Hp|m(Xo). From Theorem 7.2 this quantity is nonnegative and
Dy + D (Pxn ||Mxn) = D(Pynet |[Myn1).
If D(Pxn||Mxn) < oo, then also
Dy = D(Pxn1||[Mxns1) — D(Pxn||[Mxn).

We can write D,, as a single divergence if we define as in Theorem 7.2
the distribution Sy»+1 by

an+1 (F X G) = J MXn\Xn(F|Xn)dPXn(Xn); F € By; G € Byn. (].03)
F

Recall that Sy»+1 combines the distribution Px» on X™ with the condi-
tional distribution My, x» giving the conditional probability under M for
X, given X™. We shall abbreviate this construction by

Sxni1 = Mx, |xnPxn. (10.4)

Then
Dy, = D(Pxn+1||Sxn+1). (10.5)

Note that Sy»+1 is not in general a consistent family of measures in the
sense of the Kolmogorov extension theorem since its form changes with
n, the first n samples being chosen according to p and the final sam-
ple being chosen using the conditional distribution induced by m given
the first n samples. Thus, in particular, we cannot infer that there is a
process distribution s which has Sx»;, n = 1,2,... as its vector distribu-
tions.
We immediately have a chain rule for densities

n-—1
Fxn =[] fxxi (10.6)

i=0
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and a corresponding chain rule for conditional relative entropies similar
to that for ordinary entropies:

n-1 n-1
D (Pxn|[Mxn) = Hpjm (X") = > Hpm(Xi|X") = > D;. (10.7)
i=0 i=0

10.2 Markov Dominating Measures

The evaluation of relative entropy simplifies for certain special cases
and reduces to a mutual information when the dominating measure
is a Markov approximation of the dominated measure. The following
lemma is an extension to sequences of the results of Corollary 7.13 and
Lemma 7.17.

Theorem 10.1. Suppose that p is a process distribution for a standard
alphabet random process {X,} with induced vector distributions Pxn;
n =1,2,.... Suppose also that there exists a process distribution m with
induced vector distributions Mx» such that

(a)under m {X,} is a k-step Markov source, that is, for alln = k, X" % —

Xfl_k — Xy is a Markov chain or, equivalently,

MXn\X” = Manxk

n-k’

and
(b)Mxn > Pxn, n = 1,2,... so that the densities

fn =

are well defined.
Suppose also that p'® is the k-step Markov approximation to p, that is,
the source with induced vector distributions P)((]i) such that

k
P = Py

and for alln = k
(k) .
Py ixn = PXn|X§,k'

that is, p'® is a k-step Markov process having the same initial distribution
and the same kth order conditional probabilities as p. Then for alln > k

Mxn > P)((’fq > Pxn (10.8)
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and o
APy
dMxn - Xn = fxr 1_[ fX”Xl % (10.9)
dpf‘k’; = ff,f) (10.10)
dPXVl Xxn
Furthermore
hx,ixn = Ry, xk  + i oonigxk (10.11)
and hence
Dy = HﬁHm(Xn|Xn)
= Iy (Xn; X" FIXE_) + Hpjm (Xn] XE_).
Thus
n-1
hxn = th + lzI:( <hX1|XlI<—k + in;Xl’kIXl’ik) (10.12)
and hence
D (Pxn||Mxn) =
n-1
Hpjm (X%) + > (I (X XK XE ) + Hppon (X1 XE ). (10.13)
1=k

Ifm=p'™), then for alln = k we have that hy v« = 0 and hence

p||p (Xn|Xn k) (1014)
and
Dy = Ip(Xn; X" K1 XK _)), (10.15)
and hence
n-1
D(Pxn|IPS) = > 1, (X X5 XK ). (10.16)
1=k

Proof: If n = k + 1, then the results follow from Corollary 7.9 and
Lemma 7.17 with X = X,,, Z = X¥, and Y = Xx. Now proceed by induc-
tion and assume that the results hold for n. Consider the distribution
Q xm+1 specified by Qxn = Pxn and Qx,,|x» = PXnIX,ﬁ_k' In other words,

anﬂ = X IXk PXVL

Application of Corollary 7.7 withright-hand Z = X"k v = Xk _x» and
X = X, implies that Myn+1 > Q xn+1 > Pyn+1 and that
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d,Pxn+1 _ an | Xn
dQ xn+ an‘kak

This means that we can write

_ dPXH+1 _ dPXn+1
PX‘nH (F) = F dQXyHl dQX‘VL+l = F dQXyHl d,QXMXn dQXn
dpxnﬂ
N JF aQ xn+ dPX'”XfL—k dPxr.

From the induction hypothesis we can express this as

AdPxn+1 dPxn
F dQxnn dp(k)
- J dPxni1 dPxn
B F dQXn+1 dp(k

PX”"‘I (F) =

dPX Xk, AaPy

dP n+11

proving that P Xn+1 > Pyn+1 and that

dPXn+1 _ dpxn+1 d,PXn an|Xn d,Pxn
ap®, ~ dQxnt dp® T fy xk  dp®

Xxn+l n- k

This proves the right-hand partAof (10.9) and (10.10).
Next define the distribution Px» by

Pxn (F) = L f)(ﬁl) dMxn,

where f)(ﬁ) is defined in (10.9). Proving that Px» = P)((’ﬁl) will prove both
the left hand relation of (10.8) and (10.9). Clearly

dAMxn X

and from the definition of f*) and conditional densities

(k)
Faan = Fenxe - (10.17)

From Corollary 7.7 it follows that xn-k _, Xk _x — Xn is a Markov
chain. Since this is true for any n > k, Px» is the dlstrlbutlon of a k-step
Markov process. By construction we also have that

(k)
fxmxﬁ,k = Fxaxt (10.18)

and hence from Theorem 7.2
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(k) _
PXn |Xﬁ,k - PX”‘XIn(—k :

Since also f)((',ﬁ) = fyx, Pxn = P)((’;) as claimed. This completes the proof of
(10.8)-(10.10). Eq. (10.11) follows since

Sxulxn
Jx,1xn :an\Xk,k X * .
" an‘Xi(lfk

Eqg. (10.12) then follows by taking expectations. Eq. (10.12) follows from
(10.11) and

n-1
fxn = fxe [ frxts
=k

whence (10.13) follows by taking expectations. If m = p¥), then the
claims follow from (7.23)-(7.24). O

Corollary 10.1. Given a stationary source p, suppose that for some K
there exists a K-step Markov source m with distributions Mxn > Pxn,
n=12,.... Then for allk > K (10.8)-(10.10) hold.

Proof: If m is a K-step Markov source with the property Mx» > Pxn,
n=1,2,..., then it is also a k-step Markov source with this property for
all k > K. The corollary then follows from the theorem. O
Comment: The corollary implies that if any K-step Markov source dom-
inates p on its finite dimensional distributions, then for all k > K the
k-step Markov approximations p %) also dominate p on its finite dimen-
sional distributions.
The following variational corollary follows from Theorem 10.1.

Corollary 10.2. For a fixed k let Let M¥ denote the set of all k-step Markov
distributions. Then infy;c o« D (Pxn ||M) is attained by P®¥) | and

n—1
inf D (Pxn||M) = D(PxnlIPS) = > Iy (X3 XK xF ).
MeMk I=k

Since the divergence can be thought of as a distance between proba-
bility distributions, the corollary justifies considering the k-step Markov
process with the same kth order distributions as the k-step Markov ap-
proximation or model for the original process: It is the minimum diver-
gence distribution meeting the k-step Markov requirement.
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10.3 Stationary Processes

Several of the previous results simplify when the processes m and p
are both stationary. We can consider the processes to be two-sided since
given a stationary one-sided process, there is always a stationary two-
sided process with the same probabilities on all positive time events.
When both processes are stationary, the densities fyn and fx» satisfy

_ dPxn
"~ dMxn

dPxn
fxy =

- ™,
dMxn

= fxnT™

and have the same expectation for any integer m. Similarly the condi-
tional densities fx, x», fx,xp ,» and fxox_,,x,, -, x_, satisfy

Sxaixn = Fxe, TV5 = fxox X X, T" (10.19)
for any k and have the same expectation. Thus

1 1 n-1
~Hpjm(X™) = — > Hpjm(Xo| X1, - -, X_). (10.20)
n i

Using the construction of Theorem 7.2 we have also that

Di = Hpjm(XilX") = Hpjm (XolX-1,- - -, X_1)
= D(Pxyx_1, X I1Sx0,x 1, . X_1)>
where now
SXO,X—l,"',X—i = MXO\X,I,---,X,iPX,l,---,X,,'; (10.21)
that is,

SX():X—I,"',X,I' (F X G) =
LMXOlX'l"”‘X*‘(ﬂXi)dPX—lr"-Xfi (x");F € Ba;G € Bai.

As before the Sx» distributions are not in general consistent. For ex-
ample, they can yield differing marginal distributions Sy,. As we saw in
the finite case, general conclusions about the behavior of the limiting
conditional relative entropies cannot be drawn for arbitrary reference
measures. If, however, we assume as in the finite case that the reference
measures are Markov, then we can proceed.

Suppose now that under m the process is a k-step Markov process.
Then forany n > k (X 4, , X k2, X k1) — ka — Xp is a Markov
chain under m and Lemma 7.17 implies that
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HPHm(XO|X—1, e ,X*Tl) =
Hypjm (Xl X*) + I (Xp5 (X1, -+ -, X ) [X5)(10.22)
and hence from (10.20)

Hpjim (X) = Hpjm (Xl X5) + I, (Xp; X7 | X5). (10.23)

We also have, however, that X~ — X% — Xj is a Markov chain under
m and hence a second application of Lemma 7.17 implies that

Hpm (X0l X™) = Hpjm (Xi| X*) + I (Xis X 71X, (10.24)
Putting these facts together and using (10.2) yields the following lemma.

Lemma 10.1. Let {X,,} be a two-sided process with a standard alphabet
and let p and m be stationary process distributions such that Mxn > Pxn
alln and m is kth order Markov. Then the relative entropy rate exists and

_ 1
Hypjm (X) = lim — Hpjm (X™)
%%le‘m(x()'X—l, et )X—?’l)
= Hpm(XolX™)

= Hpjm (X X*) + I, (Xp; X1 X5)
= Ep[In fy xc (Xe| X®) 1 + Ip (Xa; X7 X5).

Corollary 10.3. Given the assumptions of Lemma 10.1,
HpHm(XN|X_) = NHpHm(XO|X_)-

Proof: From the chain rule for conditional relative entropy (equation
(10.7),

n-1
Hpjm (XN|X7) = > Hpjm (XiI1 XL, X 7).
=0

Stationarity implies that each term in the sum equals Hym (XolX™),
proving the corollary. O

The next corollary extends Corollary 10.1 to processes.

Corollary 10.4. Given k and n = k, let M* denote the class of all k-step
Stationary Markov process distributions. Then

inf Hpym(X) = Hpjpw (X) = Ip(Xp; X1 X5).
meMk
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Proof: Follows from (10.22) and Theorem 10.1. O

This result gives an interpretation of the finite-gap information prop-
erty (8.15): If a process has this property, then there exists a k-step
Markov process which is only a finite “distance” from the given process
in terms of limiting per-symbol divergence. If any such process has a
finite distance, then the k-step Markov approximation also has a finite
distance. Furthermore, we can apply Corollary 8.4 to obtain the general-
ization of the finite alphabet result of Theorem 3.4

Corollary 10.5. Given a stationary process distribution p which satisfies
the finite-gap information property,

il;clfmiéljfvzk Hp”m (X) = il;(lfﬁpuwk) (X) = %{I{lo Hp”p(k) (X)=0.
Lemma 10.1 also yields the following approximation lemma.

Corollary 10.6. Given a process { Xy} with standard alphabet A let p and
m be stationary measures such that Pxn < Mxn for allm and m is kth or-
der Markov. Let q be an asymptotically accurate sequence of quantizers
for A. Then

Hpm(X) = nyngHm(Qk(X)),

that is, the divergence rate can be approximated arbitrarily closely by that
of a quantized version of the process. Thus, in particular,

Hpm(X) = HY,, (X).

plim

Proof: This follows from Corollary 7.3 by letting the generating o-fields
be Fn = 0(qn(Xj); i = 0,-1,...) and the representation of conditional
relative entropy as an ordinary divergence. O

Another interesting property of relative entropy rates for stationary
processes is that we can “reverse time” when computing the rate in the
sense of the following lemma.

Lemma 10.2. Let { Xy}, p, and m be as in Lemma 10.1. Ifeitherﬁpum(X) <
co or Hpm (XolX™) < o0, then

Hpm(XolX_1,-+ -, X n) = Hyym(Xol X1, -+, Xpn)
and hence

Hpm (Xo!X1, X2, - +) = Hpym (XollX-1,X_2,- - - ) = Hpm(X) < co.
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Proof: If Hpm(X) is finite, then so must be the terms Hpjm(X") =
D (Pxn||Mxn) (since oglerwise all such terms with larger n would also
be infinite and hence H could not be finite). Thus from stationarity

Hpim(XolX-1, -+, X n) = Hppm (Xn|X™)
= D(PX11+| ||MXVI.+]) - D(PXn||MXn)
D (Pxn+1 [Myn1) — D(Pxn [Myy) = Hpjm (XoIX1, - - -, Xn)

from which the results follow. If on the other hand the conditional
relative entropy is finite, the results then follow as in the proof of
Lemma 10.1 using the fact that the joint relative entropies are arith-
metic averages of the conditional relative entropies and that the condi-
tional relative entropy is defined as the divergence between the P and S
measures (Theorem 7.3). |

10.4 Mean Ergodic Theorems

In this section we state and prove some preliminary ergodic theorems
for relative entropy densities analogous to those first developed for en-
tropy densities in Chapter 4 and for information densities in Section 8.3.
In particular, we show that an almost everywhere ergodic theorem for
finite alphabet processes follows easily from the sample entropy ergodic
theorem and that an approximation argument then yields an L' ergodic
theorem for stationary sources. The results involve little new and closely
parallel those for mutual information densities and therefore the details
are skimpy. The results are given for completeness and because the L!
results yield the byproduct that relative entropies are uniformly inte-
grable, a fact which does not follow as easily for relative entropies as it
did for entropies.

Finite Alphabets

Suppose that we now have two process distributions p and m for a ran-
dom process {X;,} with finite alphabet. Let Px» and Mx» denote the in-
duced nth order distributions and px» and mx=» the corresponding prob-
ability mass functions (pmf’s). For example, pxn(a™) = Pxn ({x™ : x™ =
a}) = p({x : X"(x) = a"}). We assume that Pxyn < Mx=. In this case
the relative entropy density is given simply by

pxn(x™)

hpn(x) = hxn(X")(x) =In————,
Mxn (X™)
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where x™ = X" (x).

The following lemma generalizes Theorem 4.1 from entropy densi-
ties to relative entropy densities for finite alphabet processes. Relative
entropies are of more general interest than ordinary entropies because
they generalize to continuous alphabets in a useful way while ordinary
entropies do not.

Lemma 10.3. Suppose that {X,} is a finite alphabet process and that p
and m are two process distributions with Mxn > Pxn for all n, where p is
AMS with stationary mean p, m is a kth order Markov source with station-
ary transitions, and {px} is the ergodic decomposition of the stationary
mean of p. Assume also that Mx» > Pxn for all n. Then

lim lhn =h; p-ae andinL'(p),

n—o N
where h(x) is the invariant function defined by

h(x)

~Hp, (X) - E, Inm(Xg|X¥)

1 ++
lim —Hp, jm (X™) = Hp, jm (X),
n—-o N

where ol
k _ mxk+1(x + ) _ k
m(Xk|X )(X) = W = MXk‘Xk(XkDC )
Furthermore,
— . 1
Eph =Hpim(X) = }Lg’glo EHPHm(Xn)’ (10.25)

that is, the relative entropy rate of an AMS process with respect to a
Markov process with stationary transitions is given by the limit. Lastly,

Hpjm(X) = Hpjm (X); (10.26)

that is, the relative entropy rate of the AMS process with respect to m is
the same as that of its stationary mean with respect to m.

Proof: We have that

1, . 1 o1 17 '
“h(X") = =Inp(X") - —Inm(X*) + = > Inm(X;|XF,)
n n n n

i=k
1 1 n-1 )
—Inp(X™) - Elnm(Xk) — = > Inm(X| X)) T,
i=k

S|

where T is the shift transformation, p (X™) is an abbreviation for Py» (X™),
and m(Xg|X*) = My, xx (Xg|X¥). From Theorem 4.1 the first term con-
verges to —Hp_(X)p-a.e. and in L' (p).
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Since Myx > Pxx, if Mxx(F) = 0, then also Px«(F) = 0. Thus Pxx and
hence also p assign zero probability to the event that My« (X¥) = 0. Thus
with probability one under p, Inm(X¥) is finite and hence the second
term in 10.27 converges to 0 p-a.e. as n — co.

Define « as the minimum nonzero value of the conditional probability
m(xi|x¥%). Then with probability 1 under Mx» and hence also under Pxn
we have that

1 1 1

= Z In————<In—

nio mXilXi) o
since otherwise the sequence X" would have 0 probability under Mxn
and hence also under Px» and 0In 0 is considered to be 0. Thus the right-
most term of (10.27) is uniformly integrable with respect to p and hence
from Theorem 1.6 this term converges to Ep, (Inm (X[ X k)). This proves
the leftmost equality of (10.25).

Let pxn|x denote the distribution of X" under the ergodic component
Px. Since Myn > Pyn and Pxn = [ dp(x)pPxn|x, if Mxn(F) = 0, then
Pxn|x(F) = 0 p-a.e. Since the alphabet of X,, if finite, we therefore also
have with probability one under p that Mx» > pxn|x and hence

o ian
1n PX Ix(a™)

Hp jm(X"™) = > Pxnix(a™) Mpn (@)

an
is well defined for p-almost all x. This expectation can also be written as
n-1 )
—Hp (X") — Ep [Inm(X*) + > Inm(Xx|X*)T7F]
i=k
—Hp (X™) — Ep [Inm(X*)] — (n - k)Ep, [Inm(Xg | XX)],

Hp, m (X™)

where we have used the stationarity of the ergodic components. Dividing
by n and taking the limit as n — oo, the middle term goes to zero as
previously and the remaining limits prove the middle equality and hence
the rightmost inequality in (10.25).

Equation (10.25) follows from (10.25) and L' (p) convergence, that is,
since n~'h,, — h, we must also have that E, (n"'h,(X™) =n"'Hpm(X™)
converges to E,h. Since the former limit is ﬁpHm(X), (10.25) follows.
Since py is invariant (Theorem 1.5) and since expectations of invariant
functions are the same under an AMS measure and its stationary mean
(Lemma 6.3.1 of [55] or Lemma 7.5 of [58]), application of the previous
results of the lemma to both p and p proves that

Hpjm (X) = j dp () Hpjm(X) = j AP () Hp, jm (X) = Hpm (X),

which proves (10.27) and completes the proof of the lemma. O
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Corollary 10.7. Given p and m as in the Lemma, then the relative entropy
rate of p with respect to m has an ergodic decomposition, that is,

Hpjm(X) = J dp (X)Hp, |jm (X).

Proof: This follows immediately from (10.25) and (10.25). O

Standard Alphabets

We now drop the finite alphabet assumption and suppose that {X,} is
a standard alphabet process with process distributions p and m, where
p is stationary, m is kth order Markov with stationary transitions, and
Mxn > Pxn are the induced vector distributions for n = 1,2, ... . Define
the densities f,, and entropy densities h,, as previously.

As an easy consequence of the development to this point, the ergodic
decomposition for divergence rate of finite alphabet processes combined
with the definition of H* as a supremum over rates of quantized pro-
cesses yields an extension of Corollary 8.2 to divergences. This yields
other useful properties as summarized in the following corollary.

Corollary 10.8. Given a standard alphabet process {X,} suppose that p
and m are two process distributions such that p is AMS and m is kth
order Markov with stationary transitions and Mxn > Pxn are the induced
vector distributions. Let p denote the stationary mean of p and let {py}
denote the ergodic decomposition of the stationary mean p. Then

Hyjm (X) = J dp COHp | (X). (10.27)
In addition,
Hpp (X) = Hp 3y (X) = Hpm (X) = Hpjm (X); (10.28)

that is, the two definitions of relative entropy rate yield the same values
for AMS p and stationary transition Markov m. and both rates are the
same as the corresponding rates for the stationary mean. Thus relative
entropy rate has an ergodic decomposition in the sense that

Hpm(X) = J dp(xX)Hp,jm(X). (10.29)

Comment: Note that the extra technical conditions of Theorem 8.3 for
equality of the analogous mutual information rates I and I* are not
needed here. Note also that only the ergodic decomposition of the sta-
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tionary mean p of the AMS measure p is considered and not that of the
Markov source m.

Proof: The first statement follows as previously described from the finite
alphabet result and the definition of H*. The left-most and right-most
equalities of (10.28) both follow from the previous lemma. The middle
equality of (10.28) follows from Corollary 10.4. Eq. (10.29) then follows
from (10.27) and (10.28). O

Theorem 10.2. Given a standard alphabet process {X,} suppose that p
and m are two process distributions such that p is AMS and m is kth order
Markov with stationary transitions and Mx» > Pxn are the induced vector
distributions. Let {p} denote the ergodic decomposition of the stationary
mean p. If

.1 7
lim *Hp”m(Xn) = HpHm(X) < 0,
Nn-o N

then there is an invariant function h such that n=‘h,, — h in L'(p) as
n — . In fact, B
h(x) = Hp,ym(X),

the relative entropy rate of the ergodic component p, with respect to
m. Thus, in particular, under the stated conditions the relative entropy
densities h,, are uniformly integrable with respect to p.

Proof: The proof exactly parallels that of Theorem 8.1, the mean ergodic
theorem for information densities, with the relative entropy densities
replacing the mutual information densities. The density is approximated
by that of a quantized version and the integral bounded above using the
triangle inequality. One term goes to zero from the finite alphabet case.
Since H = H* (Corollary 10.8) the remaining terms go to zero because
the relative entropy rate can be approximated arbitrarily closely by that
of a quantized process. O

It should be emphasized that although Theorem 10.2 and Theorem 8.1
are similar in appearance, neither result directly implies the other. It
is true that mutual information can be considered as a special case of
relative entropy, but given a pair process {X;, Y} we cannot in general
find a kth order Markov distribution m for which the mutual information
rate I(X;Y) equals a relative entropy rate Hp|,. We will later consider
conditions under which convergence of relative entropy densities does
imply convergence of information densities.



Chapter 11
Ergodic Theorems for Densities

Abstract This chapter is devoted to developing ergodic theorems first
for relative entropy densities and then information densities for the gen-
eral case of AMS processes with standard alphabets. The general results
were first developed by Barron using the martingale convergence theo-
rem and a new martingale inequality. The similar results of Algoet and
Cover can be proved without direct recourse to martingale theory. They
infer the result for the stationary Markov approximation and for the infi-
nite order approximation from the ordinary ergodic theorem. They then
demonstrate that the growth rate of the true density is asymptotically
sandwiched between that for the kth order Markov approximation and
the infinite order approximation and that no gap is left between these
asymptotic upper and lower bounds in the limit as k — . They use mar-
tingale theory to show that the values between which the limiting density
is sandwiched are arbitrarily close to each other, but in this chapter it is
shown that martingale theory is not needed and this property follows
from the results of Chapter 8.

11.1 Stationary Ergodic Sources

Theorem 11.1. Given a standard alphabet process {X,}, suppose that p
and m are two process distributions such that p is stationary ergodic and
m is a K-step Markov source with stationary transition probabilities. Let
Mxn > Pxn be the vector distributions induced by p and m. As before let

dPxn
hy =1In fxn(X™) =In (XmM).
n f X d Myn
Then with probability one under p
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Jim hn = Hp|m(X).
Proof: Let p'®) denote the k-step Markov approximation of p as defined
in Theorem 10.1, that is, p®¥) has the same kth order conditional prob-

abilities and k-dimensional initial distribution. From Corollary 10.1, if
k = K, then (10.8)-(10.10) hold. Consider the expectation

£ (x">> ( ;(’;)) J < “‘>>
Ey,|—=——— | =Ep,n = AdPxn.
8 (fxn (xm) ) =P fn fan )
Define the set A, = {x™: fx» > 0}; then Pxn(A,) = 1. Use the fact that
fxn = dPxn/dMxn to write

£ (xm) £
Ep ( o (xn)) an ( ) fon b _J K M.

From Theorem 10.1,

k) _ APy
X dAMxn
and therefore
(k) (yvn
o XM [ dPy pk)
Ep (an(Xn)) - An den dMXn = Xn (An) < 1

Thus we can apply Lemma 7.13 to the sequence fxn) (X™)/ fxn(X") to
conclude that with p-probability 1

fyw (XM

hm—l )_0

n—o N fxn (X1

and hence
hm —lnf (X™ < 11m1nf fxn (X™). (11.1)

The left-hand limit is well-defined by the usual ergodic theorem:

n-1

1 1
lim ﬁlnf Y (x™) = lim — Z In fy e (XiIX[ ) + lim —1ank (X5).

Since 0 < fxx < oo with probability 1 under Myx and hence also un-
der Py, then 0 < fyx(X¥) < o under p and therefore n=1In fyr (X*)
— 0 as n — oo with probability one. Furthermore, from the pointwise er-
godic theorem for stationary and ergodic processes (e.g., Theorem 7.2.1
of [55] or Theorem 8.1 of [58]), since p is stationary ergodic we have with
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probability one under p using (10.19) and Lemma 10.1 that

n-1

1 .
i & Sy it
1 n-1
= lim = > I fxg oy, x (Xo | Xy X T
1=k
=EpIn fxox - x, (XolXo1, -+, X k)
= HPHm(XO|X—1, T 1X7k) = ﬁp(k)“m(x)-

Thus with (11.1) it follows that
lirl’LIliolojlfill’len(X") > Hp||m(X()|X,1, e X k) (11.2)

for any positive integer k. Since m is Kth order Markov, Lemma 10.1 and
the above imply that

o1 L
liminf I fxr (X™) = Hpjm (Xol X ™) = Hpjm (X), (11.3)

which completes half of the sandwich proof of the theorem.

If Hyym(X) = oo, the proof is completed with (11.3). Hence we can
suppose that Hpjm(X) < oo. From Lemma 10.1 using the distribution
Sxo.x_1,x_2,... constructed there, we have that

D (Pxy,x_y,-- ISx0,x_1,---) = Hpym (Xo|X™) = JdPXo,X‘ In fx,x-

where
APxy x_,,---

Sxolx- = FI

It should be pointed out that we have not (and will not) prove that
Fxolx_1,--.x.n — fxo1x-; the convergence of conditional probability den-
sities which follows from the martingale convergence theorem and the
result about which most generalized Shannon-McMillan-Breiman theo-
rems are built. (See, e.g., Barron [8].) We have proved, however, that the
expectations converge (Lemma 10.1), which is what is needed to make
the sandwich argument work.

For the second half of the sandwich proof we construct a measure Q
which will be dominated by p on semi-infinite sequences using the above
conditional densities given the infinite past. Define the semi-infinite se-
quence

Xy = Xno1)

for all nonnegative integers n. Let B} = o(X}) and B, = o(X}) =
o(---,Xk_1) bethe o-fields generated by the finite dimensional random
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vector X;' and the semi-infinite sequence X, , respectively. Let Q be the
process distribution having the same restriction to o (X}, ) as does p and

the same restriction to o (X, X1, - - -) as does p, but which makes X~
and X;! conditionally independent given X k for any n; that is,
QX]; = PX];’
QX Xpor,+ = PxiXpsr, o

and X~ — Xk — X! is a Markov chain for all positive integers n so that
QX € FIX;) = Q(XJ € FIXX).
The measure Q is a (nonstationary) k-step Markov approximation to

P in the sense of Section 7.2 and

Q= PX’X(Xk,XkH,"' )Xk

(in contrast to P = Px-xkx~). Observe that X~ — Xk — X} is a Markov
chain under both Q and m.
By assumption,
Hpjjm (XolX™) < o

and hence from Lemma 10.1
Hpjim (X{1Xp) = nHpm (X' 1X)) < 0
and hence from Theorem 7.3 the density inl‘ x; is well-defined as

dsxw;rk

Sxpixg = (11.4)

n+k

where -
Sx;., = MxpxePx, (11.5)

and

[ ap.,nfigi = Dey; B8y )
= NHpm (XX ) < oo.
Thus, in particular,
Sx-., > Px- .
Consider now the sequence of ratios of conditional densities
B Fxpxe (X

tn = Ixpixg (Ko)
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We have that

[ art- |

Gn=1{x: fX}le,; (X4 0) > 0}

since G, has probability 1 under p (or else (11.6) would be violated).
Thus

where

S x (XTHR)
{dpgn = JVdPX;+k (k ]‘{fx'ltl‘xlz>0}

fX,?|X,;

Fxpixe (X
= JdSX;+kfX£IX; (ml{fxmw}

= J dSX;kaXka (XK hfx}?"“l: >0}
< J dSX;lJrkfXI? |Xk (Xn+k).

Using the definition of the measure S and iterated expectation we have
that

Jde” = JdMX,?\X,;dPX,;fx,:'\Xk (XK
= JdMX,Z‘\XdeXk’fX,Z‘\Xk (XK,

Since the integrand is now measurable with respect to o (X"*¥), this
reduces to

J dpl_:n < J dMXIkadpxkszl‘Xk.
Applying Lemma 7.10 we have

dPX;(qu

Jdpl_:n < JdMXIZLledPXkéM(Wc

= JdPXdeX,’:\Xk = ].

Thus
Jden <1

and we can apply Lemma 7.12 to conclude that p-a.e.

P _ o (11.6)

limsup ¢, = lim suplln
n—oo n-co N fX,?\X,;
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Using the chain rule for densities,

Sxpixe  fyn 1
= T B —
fX,’f\X,; Sxx Hiik fxnx;

Thus from (11.6)

lim su llnf llnf lnillnf <0
pve T B R

Invoking the ergodic theorem for the rightmost terms and the fact
that the middle term converges to 0 almost everywhere since In fy« is
finite almost everywhere implies that

) 1 _
lim sup Ell’lfxn < Ep(In fx,x;) = Ep(In fxox-) = Hpym (X).  (11.7)

n—oo

Combining this with (11.3) completes the sandwich and proves the
theorem. O

11.2 Stationary Nonergodic Sources

Next suppose that the source p is stationary with ergodic decomposition
{pa; A € A} and ergodic component function ¢ as in Theorem 1.6. We
first require some technical details to ensure that the various Radon-
Nikodym derivatives are well-defined and that the needed chain rules
for densities hold.

Lemma 11.1. Given a stationary source {X,}, let {px; A € A} denote the
ergodic decomposition and y the ergodic component function of Theo-
rem 1.6. Let Py denote the induced distribution of . Let Pxn and Pf}n
denote the induced marginal distributions of p and py. Assume that { Xy}
has the finite-gap information property of (8.15); that is, there exists a K
such that

I, (X; X7 1XK) < o0, (11.8)
where X~ = (X_1,X_», - - -). We also assume that for some n
I(X™; @) < . (11.9)

This will be the case, for example, if (11.8) holds for K = 0. Let m be a
K -step Markov process such that Mxn > Pxn for all n. (Observe that such
a process exists since from (11.8) the Kth order Markov approximation
p®) suffices.) Define Mxn 4 = Mxn X Py. Then
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MX",([/ > Pxn XP(IJ > Pxn’(p, (11.10)
and with probability 1 under p

Mxn > Pxn > P}ﬁ’n.

Lastly,
apry, dPxn
AMxr I S G X Py)’ (111)
and therefore
AdPxn  dPxn/dMxn fxn )
Proof: From Theorem 8.5 the given assumptions ensure that
li lE (X" ) = i lI(X"' )=20 (11.13)
ngl;lon pl 1(11 _nl—I'IOlon ,(I/— .

and hence Px» X Py > Pxn  (since otherwise I(X"; ) would be infinite
for some n and hence infinite for all larger n since it is increasing with
n). This proves the right-most absolute continuity relation of (11.10).
This in turn implies that Mx» X Py > Pyn . The lemma then follows
from Theorem 7.2 with X = X", Y = ¢ and the chain rule for Radon-
Nikodym derivatives. |

We know that the source will produce with probability one an ergodic
component p, and hence Theorem 11.1 will hold for this ergodic com-
ponent. In other words, we have for all A that

1 —
7kn(r)lo ﬁlnfxnw,(X”I?\) = Hp, (X); pa — a.e.
This implies that
1 —
}l@}oﬁlnfx"\w(X”W/) =Hp,(X); p —a.e. (11.14)

Making this step precise generalizes Lemma 4.3.

Lemma 11.2. Suppose that {X,} is a stationary not necessarily ergodic
source with ergodic component function . Then (11.14) holds.

Proof: The proof parallels that for Lemma 4.3. Observe that if we have
two random variables U,V (U = Xp,X1,--- and Y = ¢ above) and a
sequence of functions g, (U,V) (n=! fxnj, (X)) and a function g (V)
(Hp, (X)) with the property

lim g, (U,v) = g(v), Pyjy-v —ae,
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then also
}}P}ogn(U,V) =g(V); Pyv — a.e.

since defining the (measurable) set G = {u, v : limy—~o gn(u,v) = g(v)}
and its section G, = {u: (u,v) € G}, then from (1.28)

Puv(G) = JPU|V(Gv|v)de(v) 1

if Pyjv(Gylv) = 1 with probability 1. O

It is not, however, the relative entropy density using the distribution
of the ergodic component that we wish to show converges. It is the origi-
nal sample density fx». The following lemma shows that the two sample
entropies converge to the same thing. The lemma generalizes Lemma 4.3
and is proved by a sandwich argument analogous to Theorem 11.1. The
result can be viewed as an almost everywhere version of (11.13).

Theorem 11.2. Given a stationary source {X,}, let {pr; A € A} denote
the ergodic decomposition and @ the ergodic component function of Theo-
rem 1.6. Assume that the finite-gap information property (11.8) is satisfied
and that (11.9) holds for some n. Then

fixnwj =0; p —a.e.

Sx

Proof: From Theorem 7.4 we have immediately that

lim li(X”;(,U) = lim lln
n—-o n n—o N

hglglfin(Xn;(IJ) >0, (11.15)

which provides half of the sandwich proof.

To develop the other half of the sandwich, for each k > K let p®
denote the k-step Markov approximation of p. Exactly as in the proof
of Theorem 11.1, it follows that (11.1) holds. Now, however, the Markov
approximation relative entropy density converges instead as

1 1
rlllzglo Elnf)(g,i) (X™) = %lz{)lo P > Fruxk (Xel X9 Tk = Ep, fxy1x* (X | X5).
1=k

Combining this with (11.14 we have that

n
lim sup l In 7fx o (X2 g)

H k
Nnoo N fX.,,(Xn) SHPwHM(X)_Epwka‘xk(XHX ).

From Lemma 10.1, the right hand side is just Iy, (Xg; X~ | X ky which from

Corollary 10.4 is just H & (X). Since the bound holds for all k, we have
that
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: Lo fxmp(X™y) . — _

hlgllasolélp ﬁ In W < ll'klprpr(k) (X) = C
Using the ergodic decompostion of relative entropy rate (Corollary 10.7)
that and the fact that Markov approximations are asymptotically accu-

rate (Corollary 10.5) we have further that

J apP,C = J apPy H]gfﬁl’w“lﬂ(” (X)
< il;clfj dpwﬁpq}“p(k) (X)

= irlgfﬁlﬂulﬂ“‘) (X)=0

and hence € = 0 with Py, probability 1. Thus

Sxnjp (X" @) -

limsuplln <0, (11.16)

N— o0 n fX"(Xn)

which with (11.15) completes the sandwich proof. O

Simply restating the theorem yields and using (11.14) the ergodic the-
orem for relative entropy densities in the general stationary case.
Corollary 8.3.1: Given the assumptions of Theorem 11.2,

.1 _
lm —In fion (X™) = Hp, jm (X), p — a.e.

The corollary states that the sample relative entropy density of a pro-
cess satisfying (11.8) converges to the conditional relative entropy rate
with respect to the underlying ergodic component. This is a slight ex-
tension and elaboration of Barron’s result [8] which made the stronger
assumption that Hpym (XolX™) = ﬁp”m(X) < oo, From Corollary 10.5
this condition is sufficient but not necessary for the finite-gap informa-
tion property of (11.8). In particular, the finite gap information property
implies that

Hypjpwo (X) = Iy (Xi; X 1X¥) < oo,

but it need not be true that Hpj, (X) < . In addition, Barron [8] and
Algoet and Cover [7] do not characterize the limiting density as the en-
tropy rate of the ergodic component, instead they effectively show that
the limit is Ep,, (In fx,x- (Xo|X™)). This, however, is equivalent since it
follows from the ergodic decomposition (see specifically Lemma 8.6.2 of
[55] or Lemma 10.4 of [58]) that fx,x- = fx,/x-,¢ With probability one
since the ergodic component ¢/ can be determined from the infinite past
X
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11.3 AMS Sources

The following lemma is a generalization of Lemma 4.5. The result is due
to Barron [8], who proved it using martingale inequalities and conver-
gence results.

Lemma 11.3. Let {X;,} be an AMS source with the property that for every
integer k there exists an integer | = (k) such that

I (X% (Xieot, Xiat1, - -+ ) 1X) < oo, (11.17)

Then )
Jim (X5 (X + L X 1XD) = 05 p - e

Proof: By assumption

I (X% (Xieat, Xiewt1, - - ) 1XE) =
ka|Xk,Xk+1,---(Xk|Xk’Xk+11 T )
ka|XIl<(Xk|X]l<)

E,In < 00.

This implies that
Py (x40, - yIxL > Pxo.x,,--

with
dPx, x, ... B Fxkixexest, XK Xp, X + 1,0 +)
APy (xy 41, )IXL ka|X}((X"|X;l<)-

Restricting the measures to X" for n > k + [ yields

dPxn B Sk XXt 1 X XK Xp, Xp + 1,00 +)
dPka(XHl,---,X")lX,Q ka\x}((xk|xll<)
= iX5 X+ 1L X)X,

With this setup the lemma follows immediately from Theorem 7.4. O

The following lemma generalizes Lemma 4.6 and will yield the general
theorem. The lemma was first proved by Barron [8] using martingale
inequalities.

Theorem 11.3. Suppose that p and m are distributions of a standard al-
phabet process { Xy} such that p is AMS and m is k-step Markov. Let p be
a stationary measure that asymptotically dominates p (e.g., the station-
ary mean). Suppose that Pxn, Pxn, and Mx» are the distributions induced
by p, p, and m and that Mx» dominates both Px» and Px» for all n and
that fxn and f yn are the corresponding densities. If there is an invariant
function h such that



11.3 AMS Sources 291
lim l1n? X" =h;p
% xn =n; p — a.e.

then also ]
: Ny _ 1y. _
}lel;lo nlann (X") =h; p-a.e.

Proof: For any k and n > k we can write using the chain rule for densities

1 1 1
Elnfxn — Elnfxl?—k . %lnkalxzz—k.
Since fork <l <mn
1 1 1. . !
E lanle’?’k = E ll’l.]c‘}(k‘)(ll< + EI(X ) (Xk-i-l’ T ’X'Vl—l)|Xk)!

Lemma 11.3 and the fact that densities are finite with probability one
implies that

n—oo

1 )
lim > In fyi xne = 0; p —ae.

This implies that there is a subsequence k(n) — o such that
—lnfxn (XM — —lann i (Xk( k. . 0,p —ae.
To prove this, for each k chose N (k) large enough so that

pl—== lnka‘XN(m r (XK |Xk (k) k )| >27k) <27k

N(k)

and then let k(n) = k for N(k) < n < N(k + 1). Then from the Borel-
Cantelli lemma we have for any € that

(= 1nka‘XN(k>k(Xk|XN(k )| >€io) =0

N(k)
and hence
lim flnfxn (X") = hm 1nfx" ki (Xk 5™); p-ae

n—-oo N

In a similar manner we can also choose the sequence so that
lim —lann(X”) = lim —lann ko (Xiom) Ky 7 —ae.

From Markov’s inequality
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1 1. —
P (Eln Frpe(XETH) = ~In Fape (X5 + e)
_ fx,?*k (Xl?_k)
P ze
Fxpe(XEH

J an k(Xk )
pfx" k(X;: k)

1’L€)

I/\

Jdmfxn (XK = eme,

Hence again invoking the Borel-Cantelli lemma we have that
— 1 n—k 1 s n—k ;
p(ﬁlnfxzkk(Xk ) = Elnfngk(Xk ) +€io0.) =0

and therefore

lim sup —lann (X} &y <h,p-ae. (11.18)
n—oo
The above event is in the tail o-field ", 0 (Xn, X,41, - - - ) since h is in-

variant and p dominates p on the tail o-field. Thus

hmsup—lnfxn k(n)(Xk n) Ky <y p—ae.

n—oo

and hence
hmsup—lnfxn(X") <h;p-ae.

n—oo

which proves half of the lemma.
Since p asymptotically dominates p, given € > 0 there is a k such that

p(lim nlfXP ) =h)>1-¢

Again applying Markov’s inequality and the Borel-Cantelli lemma as pre-
viously we have that

xn- k(n))
fx,:ln’g Xi(n)
hmmf— In = R = 0; p —a.e.
Nn—oo N fX —k(n) (Xk(n) )
k(n)

which implies that
| _
piminf — fynon (XK >h)>e
and hence also that

N | n
}f)(h%lllol;lfﬁfxn(x )>h)=¢€.
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Since € can be made arbitrarily small, this proves that p-a.e.liminfn-'h,, >
h, which completes the proof of the lemma. O
We can now extend the ergodic theorem for relative entropy densities
to the general AMS case.
Corollary 8.4.1: Given the assumptions of Theorem 11.3,

.1 o
lim H1ann(X") = Hp, (X),

where p, is the ergodic component of the stationary mean p of p.
Proof: The proof follows immediately from Theorem 11.3 and Lemma 11.1,
the ergodic theorem for the relative entropy density for the stationary
mean. O

11.4 Ergodic Theorems for Information Densities.

As an application of the general theorem we prove an ergodic theorem
for mutual information densities for stationary and ergodic sources. The
result can be extended to AMS sources in the same manner that the
results of Section 11.2 were extended to those of Section 11.3. As the
stationary and ergodic result suffices for the coding theorems and the
AMS conditions are messy, only the stationary case is considered here.
The result is due to Barron [8].

Theorem 11.4. Let {X,, Y} be a stationary ergodic pair random process
with standard alphabet. Let Pxnyn, Pxn, and Pyn denote the induced dis-
tributions and assume that for all n Pxn X Pyn > Pxnyn and hence the
information densities

dpxn yn

. n. n — -
(XY = T n % Pym)

are well-defined. Assume in addition that both the {X,} and {Y,} pro-
cesses have the finite-gap information property of (11.8) and hence by the
comment following Corollary 10.1 there is a K such that both processes
satisfy the K-gap property

I(Xg; X71X5) < o0, I(Yr; YT YK) < 0.
Then )
lim —i,(X™;Y") =1(X;Y); p —a.e..
n—-o N
Proof: Let Z, = (Xu,Yn). Let Mxn = P)((E) and My» = Pyﬁ) denote the

Kth order Markov approximations of {X,} and {Y,}, respectively. The
finite-gap approximation implies as in Section 11.2 that the densities
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_ dPxn dPyn
" dMxn dMyn

fxn and fyn =

are well-defined. From Theorem 11.1

® (XolX7) = I(Xp; X~ |X¥) < oo,

xllpx

5 1 n —
%@oﬁlnfxn(X ) —Hp
lim %mfyn(yn) =1(Yi; Y IY¥) < co.

Define the measures Mz» by Mx» X Myx. Then this is a K-step Markov
source and since

Mxn X Myn > Pxn X Pyn > Pxn,yn = Pyn,

the density
APzn

fan = dMzn
is well-defined and from Theorem 11.1 has a limit

.1 _
%Lnoloﬁlnfzn(zn) = Hpym(ZolZ7).

If the density i, (X", Y™) is infinite for any n, then it is infinite for all
larger n and convergence is trivially to the infinite information rate. If it
is finite, the chain rule for densities yields

1 1 1 1
—iy (XYY" = —1 n(Z™) — —1 n(X") — —1 n (Y™
I (XY oy I fzn (Z7) = — I fn (XT) — - In fyn (YT)
o Hplipto (ZolZ7) = Hpjpo (XolX™) = Hyjpuo (Yol Y7)
= H,pw (X,Y) = Hpjpw (X) = Hyjpw (V).

The limit is not indeterminate (of the form oo — o) because the two sub-
tracted terms are finite. Since convergence is to a constant, the constant
must also be the limit of the expected values of n1i, (X", Y"), that is,
I(X;Y). O



Chapter 12
Source Coding Theorems

Abstract The source coding theorems subject to a fidelity criterion are
develped for AMS sources and additive and subadditive distortion mea-
sures. The results are first developed for the classic case of block coding
and then to sliding-block codes. The operational distortion-rate function
for both classes of codes is shown to equal the Shannon distortion-rate
function.

12.1 Source Coding and Channel Coding

In this chapter and in Chapter 14 we develop the basic coding theorems
of information theory. As is traditional, we consider two important spe-
cial cases first and then later form the overall result by combining these
special cases. In the first case in this chapter we assume that the channel
is noiseless, but it is constrained in the sense that it can only pass R bits
per input symbol to the receiver. Since this is usually insufficient for the
receiver to perfectly recover the source sequence, we attempt to code the
source so that the receiver can recover it with as little distortion as pos-
sible. This leads to the theory of source coding or source coding subject
to a fidelity criterion or data compression, where the latter name reflects
the fact that sources with infinite or very large entropy are “compressed”
to fit across the given communication link. In Chapter 14 we ignore the
source and focus on a discrete alphabet channel and construct codes
that can communicate any of a finite number of messages with small
probability of error and we quantify how large the message set can be.
This operation is called channel coding or error control coding. We then
develop joint source and channel codes which combine source coding and
channel coding so as to code a given source for communication over a
given channel so as to minimize average distortion. The ad hoc division
into two forms of coding is convenient and will permit performance near
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296 12 Source Coding Theorems

that of the operational distortion-rate function function for the single-
user or point-to-point communication systems and codes considered in
this book.

The Shannon coding theorems quantify the optimal performance that
can be achieved when communicating a given source through a given
channel, but they do not say how to actually achieve such optimal perfor-
mance. The Shannon theorems are at heart existence theorems and not
constructive. There is a huge literature on constructing channel codes
for reliable communication and source codes for analog-to-digital con-
version and data compression. Coding theory in the sense of a rigorous
approach to designing good codes is not treated or even surveyed here,
but there are a collection of results which use the information theoretic
techniques developed in this book to provide necessary conditions that
optimal or asymptotically optimal source codes must satisfy. Such con-
ditions highlight implications of the underlying theory for the behav-
ior of good codes and provide insight into the structure of good codes
and thereby suggest design techniques that can improve existing codes.
These results are developed in Chapter 13.

12.2 Block Source Codes for AMS Sources

We first consider a particular class of codes: block codes. For the time
being we also concentrate on additive distortion measures. Extensions
to subadditive distortion measures will be considered later. Let {X,,} be
a source with a standard alphabet A. Recall that an (N, K) block code of
a source {X,} maps successive nonoverlapping input vectors {X,]:]N} into
successive channel vectors UKy = a(XDy), where o : AN — BX is called
the source encoder. We assume that the channel is noiseless, but that it
is constrained in the sense that N source time units corresponds to the
same amount of physical time as K channel time units and that

Klog|[BI| _

R,
N

where the inequality can be made arbitrarily close to equality by taking
N and K large enough subject to the physical stationarity constraint. R
is called the source coding rate or resolution in bits or nats per input
symbol. We may wish to change the values of N and K, but the rate is
fixed.

A reproduction or approximation of the original source is obtained by
a source decoder, which we also assume to be a block code. The decoder
is a mapping « : BK — AN which forms the reproduction process {X,}
via XNy = a(UK;); m = 1,2,.... In general we could have a reproduction
dimension different from that of the input vectors provided they corre-
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sponded to the same amount of physical time and a suitable distortion
measure was defined. We will make the simplifying assumption that they
are the same, however.

Because N source symbols are mapped into N reproduction symbols,
we will often refer to N alone as the block length of the source code. Ob-
serve that the resulting sequence coder is N-stationary. Our immediate
goal is now the following: Let £ and D denote the collection of all block
codes with rate no greater than R and let v be the given channel. What is
the optimal achievable performance A(u,E,v,D) for this system? Our
first step toward evaluating the operational DRF is to find a simpler and
equivalent expression for the current special case.

Given a source code consisting of encoder o« and decoder 8, define the
codebook to be

C = { all B(uX);uX e BX},

that is, the collection of all possible reproduction vectors available to the
receiver. For convenience we can index these words as

C={yi;i=1,2,...,M},

where N~'log M < R by construction. Observe that if we are given only a
decoder B or, equivalently, a codebook, and if our goal is to minimize the
average distortion for the current block, then no encoder can do better
than the encoder «* which maps an input word xV into the minimum
distortion available reproduction word, that is, define «*(xN) to be the
uK minimizing px (xN, B(uX)), an assignment we denote by

«* (xN) = argminpy (xV, B(uX)).

The fact that no encoder can yield smaller average distortion than a mini-
mum distortion encoder is an example of an optimality property of block
codes. Such properties are the subject of Chapter 13. Observe that by
construction we therefore have that

pon (xXN, B(a* (xN))) = min pn (xN, »)
yeC

and the overall mapping of xV into a reproduction is a minimum distor-
tion or nearest neighbor mapping. Define

pn(xN,C) = minpy (XN, y).
yeC

To prove that this is the best encoder, observe that if the source u is
AMS and p is the joint distribution of the source and reproduction, then
p is also AMS. This follows since the channel induced by the block code
is N-stationary and hence also AMS with respect to TV. This means that
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p is AMS with respect to TN which in turn implies that it is AMS with
respect to T (Theorem 7.3.1 of [55] or Theorem 8.2 of [58]). Letting p
denote the stationary mean of p and py denote the N-stationary mean,
we then have from (5.12) that for any block codes with codebook C

A= Ep on (XN, YY) = By (XY, ),

with equality if the minimum distortion encoder is used. For this reason
we can confine interest for the moment to block codes specified by a
codebook: the encoder produces the index of the minimum distortion
codeword for the observed vector and the decoder is a table lookup pro-
ducing the codeword being indexed. We will be interested later in look-
ing at possibly nonoptimal encoders in order to decouple the encoder
from the decoder and characterize the separate effects of encoder and
decoder on performance.

A block code of this type is also called a vector quantizer or block
quantizer. Denote the performance of the block code with codebook C
on the source u by

p(C,u) =A=Eppe.

Lemma 12.1. Given an AMS source u and a block length N code book
C, let iy denote the N-stationary mean of u (which exists from Corol-
lary 7.3.1 of [55] or Corollary 8.5 of [58]), let p denote the induced in-
put/output distribution, and let p and py denote its stationary mean and
N -stationary mean, respectively. Then

1
p(C,u) = Egp1(Xo, Yo) = NEngN(XN, YN)

1 _
= NEprN(XN,C) =p(C,uy).
Proof: The first two equalities follow from (5.12), the next from the use
of the minimum distortion encoder, the last from the definition of the
performance of a block code. O

It need not be true in general that p(C, u) equal p(C, ). For example,
if u produces a single periodic waveform with period N and C consists of
a single period, then p(C,u) = 0 and p(C, ) > 0. It is the N-stationary
mean and not the stationary mean that is most useful for studying an
N-stationary code.

We now define the operational distortion-rate function (DRF) for block
codes to be

O(R,u) = A(u,v,E,D) = i%f(SN(R;U); (12.1)

ON(R,p) = inf p(C, ), (12.2)
C:y loglIClI=R
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where v is the noiseless channel described earlier and Z and D are
classes of block codes for the channel. 6 (R, u) is called the operational
block coding distortion-rate function (DRF).

Corollary 12.1. Given an AMS source p, then for any positive integer N
SN(R,uT™Y) = Sn(R,ENT Y);i=0,1,...,N - 1.

Proof: For i = 0 the result is immediate from the lemma. For i # 0 it
follows from the lemma and the fact that the N-stationary mean of 7"
is Uy T~ (as is easily verified from the definitions). O

Reference Letters

Many of the source coding results will require a technical condition that
is a generalization of the reference letter condition of Theorem 9.1 for
stationary sources. An AMS source u is said to have a reference letter
a* € A with respect to a distortion measure p = p; on A x A if

sup Eyr-np(Xo,a*) = supEyp(Xp,a*) = p* < oo, (12.3)
n n

that is, there exists a letter for which E,p (X", a*) is uniformly bounded

above. If we define for any k the vector a*® = (a*,a*,---,a*) consist-
ing of k a*’s, then (12.3) implies that

1
supEuanpk(Xk,a*k) < p* < o, (12.4)
n

We assume for convenience that any block code of length N contains
the reference vector a*". This ensures that pn(xN, C) < pN(xN,a*N)
and hence that py(xV,C) is bounded above by a p-integrable function
and hence is itself p-integrable. This implies that

O(R, 1) <Sn(R,u) <p*. (12.5)

The reference letter also works for the stationary mean source pu since

1 n-1
g - ) Xy k
i=0
Hf-a.e. and p-a.e., where a* denotes an infinite sequence of a*. Since p«
is invariant we have from Lemma 6.3.1 of [55] or Lemma 7.5 of [58] and
Fatou’s lemma (Lemma 4.4.5 of [55] or Lemma 8.5 of [58]) that
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- 1 n-1
Egp(Xo,a™) = Ey (}Lljrolon > P(Xi,a*))

i=0
< liminflnil]i p(Xi,a*) < p*
T n-o nm = H b - ’

Performance and Distortion-Rate Functions

We next develop several basic properties of the performance and the
operational DRFs for block coding AMS sources with additive fidelity
criteria.

Lemma 12.2. Given two sources u; and pp and A € (0,1), then for any
block code C

p(C, Ay + (1 =) =Ap(C, 1) + (1 = A)p(C, p2)
and for any N
ON(R, Ay + (1 = A)pz) = AoN(R, 1) + (1 = A)ON (R, p2)

and
O(R,Apr + (1 =A)pp) = AS(R, 1) + (1 = A)S(R, p2).

Thus performance is linear in the source and the operational DRFs are
convex () in R. Lastly,

Sn(R + %,Aul F (1= A)p2) < ASy (R, 1) + (1= N)En (R, w2).

Proof: The equality follows from the linearity of expectation since p(C, u) =
Eup(XN,C). The first inequality follows from the equality and the fact
that the infimum of a sum is bounded below by the sum of the infima.
The next inequality follows similarly. To get the final inequality, let C;
approximately yield (R, u;); that is,

p(Ci,ui) < ON(R, p;) + €.

Form the union code C = C; | C> containing all of the words in both of
the codes. Then the rate of the code is
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1 1
N loglICll = S log(ICull + [IC211)
1
< —log(2NR 4 2NK
<y 10g (27" +277)
1
—R+N.

This code yields performance

p(C,Apy + (1 = A)uz)

= Ap(C, 1) + (1 =A)p(C, u2)

< Ap(Cr,u1) + (1 = A)p(Co, p2)

< ASN(R, 1) + A€ + (1 —A)Sn(R, 12) + (1 — A)e.

Since the leftmost term in the above equation can be no smaller than
ON(R+1/N,Au; + (1 — A)up), the lemma is proved. |

The first and last inequalities in the lemma suggest that oy is very
nearly an affine function of the source and hence perhaps ¢ is as well.
We will later pursue this possibility, but we are not yet equipped to do
So.

Before developing the connection between the distortion-rate func-
tions of AMS sources and those of their stationary mean, we pause to
develop some additional properties for operational DRFs in the special
case of stationary sources. These results follow Kieffer [91].

Lemma 12.3. Suppose that u is a stationary source. Then

(R, p) = ]y}}go ON(R, ).

Thus the infimum over block lengths is given by the limit so that longer
codes can do better.

lfroof: Fix an N and an n < N and choose codes C, ¢ A" and Cn_n C
AN-7 for which

p(Cny ) < 6n(R,u) + g
P(CN-n, M) < ON-n(R, 1) + %

Form the block length N code C = C;, X Cy—_5n. This code has rate no
greater than R and has distortion
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Np(C,u) = Eminpy (XN, y)
yeC

= Ey"ecnpn(xnayn) + EvN*"eCN,nPN—n(ij\ljin, vNin)

= Eyncc,Pn(X™, ¥™) + Eynoncey PN-n (XN 0N 1)
=np(Cp, 1) + (N =n)p(CN-n, M)

<népn(R,u) + (N —n)on-_n(R,u) +¢€, (12.6)

where we have made essential use of the stationarity of the source. Since
€ is arbitrary and since the leftmost term in the above equation can be
no smaller than N6y (R, u), we have shown that

NON(R, 1) = non(R,u) + (N —=n)On-n(R, 1)

and hence that the sequence Néy is subadditive. The result then follows
immediately from Lemma 7.5.1 of [55] or Lemma 8.5.3 of [58]. O

Corollary 12.2. If u is a stationary source, then 6 (R,u) is a convex J
function of R and hence is continuous for R > 0.

Proof: Pick Ry > Ry and A € (0,1). Define R = ARy + (1 —A)Ry.For large n
define n; = [An] be the largest integer less than An and let no = n—n;.
Pick codebooks C; ¢ A™ with rate R; with distortion

p(Ci,u) < 6p, (Ri, p) + €.
Analogous to (12.6), for the product code C = C; x C> we have

np(C,u) = nip(Cy, 1) + npp(Co, 1)
< N16n, (R1, 1) + N2y, (R2, 1) + ne.

The rate of the product code is no greater than R and hence the leftmost
term above is bounded below by 16, (R, i). Dividing by n we have since
€ is arbitrary that

S (R ) < 28, (Ru, ) + 226, (Ray ).
Taking n — o we have using the lemma and the choice of n; that
O(R, 1) < A6(Ry, 1) + (1 = A)6(R2, 1),
proving the claimed convexity. O
Corollary 12.3. If u is stationary, then 6 (R, u) is an affine function of p.

Proof: From Lemma 12.2 we need only prove that

O(R,Au1 + (1 = A)u2) < AS(R,u1) + (1 = A)O(R, u2).
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From the same lemma we have that for any N
SN(R + - Apr + (1= D) < AN (R ) + (1= MR, )
For any K < N we have since 6y (R, u) is nonincreasing in R that
BN (R + = At + (1= A)pi2) < A8 (R, an) + (1= N)BN(R, o).
Taking the limit as N — oo yields from Lemma 12.3 that
SR +2,1) = AB(R, i) + (1~ (R, o).

From Corollary 12.2, however, ¢ is continuous in R and the result follows
by letting K — oo. O

The following lemma provides the principal tool necessary for relating
the operational DRF of an AMS source with that of its stationary mean.
It shows that the DRF of an AMS source is not changed by shifting or,
equivalently, by redefining the time origin.

Lemma 12.4. Let u be an AMS source with a reference letter. Then for
any integer i 6(R,u) = 6(R, uT™1).

Proof: Fix € > 0 and let Cy be arate R block length N codebook for which
p(Cn,u) <O0(R,u)+€/2.For 1 <i < N —1 choose J large and define the
block length K = JN code Ck (i) by

) w Jj-2 .
Cx (i) = a*NV70 x X Cn xa*,
Jj=

where a*! is an [-tuple containing all a*’s. Cx (i) can be considered to
be a code consisting of the original code shifted by i time units and
repeated many times, with some filler at the beginning and end. Except
for the edges of the long product code, the effect on the source is to use
the original code with a delay. The code has at most (2VR)J/—1 = 2KRp-NR
words; the rate is no greater than R.

For any K-block xX the distortion resulting from using CI(J) is given by

Kpk (xX,Cx (i) = (N = i) pn_i (6N 5 a* N ) 4ipy(xk . a*h). (12.7)

Let {X;,} denote the encoded process using the block code Ck(i).If n
is a multiple of K, then
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npn (X" X" = 3 (N = Dpn-iGa ', a* M)+ ipi (i x_ipa™h)
k=0
lglJ-1
+ > NpN(XN_ins CN)-
k=0

If n is not a multiple of K we can further overbound the distortion by
including the distortion contributed by enough future symbols to com-
plete a K-block, that is,

npn(x",X") < nyn(x,x)
Lg1+1 . .
= > (N =Dpn-ibect,a* ™) +ipi(xly,yk nath)
k=0
(lgl+DJ-1
+ > NpN(XN_ikn CN).

k=0
Thus
Noi 1 K
pnlxX", &) < = Z pn-i(XNTHT*E x), a* N0y
. Lgl+1
I’“{ }K Z pi (XL(T(kJrlK lX a*i)
1 AR 1+1J-1
4+ — Z pN(XN(T(Nfi)JrkNx),CN).
n/N =

Since u is AMS these quantities all converge to invariant functions:

N-i 1" N—i (kK s« (N—1)
lim — > py-i (XN TH(Tx),a* )

3 n on
lim py (x™, X™) < K dm

1 "< , : ;
% Z i(Xl(T(k+1)K71x’a*l)
1 m-1
+ lim — Z pN (XN (TWN=DFKN x) ).
k 0

We now apply Fatou’s lemma, a change of variables, and Lemma 12.1
to obtain
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SR, uT™ 1) < p(CK(i),uT‘i)

< NK hmsup Z Eyr-ipn—i (XN iTkK g (N=1)y

m-co M7,

m
Z E“T—ipi(XiT(k+1)K7i,a*l)

0
m-—
z pN(XNT(N l+kN) CN)

1ml
L= +E, hm— > pn(XNTKNCy)
m;

N -
< p+

K K

N *
< gP + p(Cn, ).

Thus if J and hence K are chosen large enough to ensure that N/K < €/2,
then '
O(R,uT™") < 6(R, ),

which proves that §(R, uT~%) < §(R, u). The reverse implication is found
in a similar manner: Let Cy be a codebook for uT-* and construct a
codebook Cg (N — i) for use on u. By arguments nearly identical to those
above the reverse inequality is found and the proof completed. a

Corollary 12.4. Let u be an AMS source with a reference letter. Fix N and
let i and iy denote the stationary and N-stationary means. Then for
R>0

SR, 1) = SR, uNTH);i=0,1,...,N - 1.

Proof: Tt follows from the previous lemma that the §(R, iy T~?) are all
equal and hence it follows from Lemma 12.2, Theorem 7.3.1 of [55] or
Theorem 8.2 of [58], and Corollary 7.3.1 of [55] or Corollary 8.5 of [58]
that

N-1
SR = 3 SR ANT™) = 3(RFiy).
i=0

To prove the reverse inequality, take y = [y in the previous lemma and
construct the codes Ck (i) as in the previous proof. Take the union code
Ck = Uf]:_ol Ck (i) having block length K and rate at most R + K~!logN.
We have from Lemma 12.1 and (12.7) that

N-1

_ 1
p(Ck.T) = 5 > p(Ck,ANT ™)
i=0
N-1

Z p(Ck (i), By T™) = 2p* + p(Ca,Tiy)

I/\
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and hence as before

1 _ _
6(R + ﬁlogN,u) < (S(R,[JN)

From Corollary 12.1 6(R, ) is continuous in R for R > 0 since [ is
stationary. Hence taking J large enough yields 6 (R, H) < O(R,Uy). This
completes the proof since from the lemma 6 (R, iy T~ ") = 6(R,y). O

We are now prepared to demonstrate the fundamental fact that the
block source coding operational distortion-rate function for an AMS
source with an additive fidelity criterion is the same as that of the sta-
tionary mean process. This will allow us to assume stationarity when
proving the actual coding theorems.

Theorem 12.1. If u is an AMS source and {p,} an additive fidelity crite-
rion with a reference letter, then for R > 0

6(R, ) = 6(R, ).
Proof: We have from Corollaries 11.2.1 and 11.2.4 that
O(R, i) <6(R,Hy) < ON(R,fiy) = ON(R, p).
Taking the infimum over N yields
O(R, 1) < 6(R, ).

Conversely, fix € > 0 let Cy be a block length N codebook for which
p(Cn, 1) < O0(R, ) +€. From Lemma 12.1, Corollary 12.1, and Lemma 12.4

N-1
_ _ 1 g
SR, +€ = p(Cn,) = 1= >, p(Cn,INT )
i=0
1 N=1 ' 1 N=l '
-l -7 -1y _ & —-i
2y 2 ONRENT = Z Sn(R,uT™)
i=0 i=0
1 N=1 '
= = 6(R1“Til) = 6(R1“)!
N
i=0
which completes the proof since € is arbitrary. O

Since the DRFs are the same for an AMS process and its station-
ary mean, this immediately yields the following corollary from Corol-
lary 12.2:

Corollary 12.5. If u is AMS, then 6(R, u) is a convex function of R and
hence a continuous function of R for R > 0.



12.3 Block Source Code Mismatch 307

12.3 Block Source Code Mismatch

In this section the mismatch results of [66] for metric distortion mea-
sures are extended to additive distortion mesures that are a power of
a metric, the class of fidelity criteria considered in Section 5.11. The
formulation of operational distortion-rate functions for block codes in
terms of the decoder or reproduction codebook alone can be combined
with the process metric using the same distortion to quantify the dif-
ference in performance when a fixed code is applied on two distinct
sources. The topic is of primary interest in the case where one designs
a codebook to be optimal for one source, but then applies the codebook
to actually code a different source. This can happen, for example, if the
codebook is designed for a source by using an empirical distribution
based on a training sequence, e.g., a clustering or learning algorithm is
used on data to estimate the source statistics. The code so designed is
then applied to the source itself, which results in a mismatch between
the distribution used to design the code and the true, but unknown, un-
derlying distribution. Intuitively, if the sources are close in some sense,
then the performance of the code on the separate sources should also
be close.

Suppose that {p,} is an additive fidelity criterion with per-symbol
distortion that is a positive power of a metric, py(x,Vy) = d(x,y)P, p >
0, as considered in Section 5.11. Fix a blocklength N, an N-dimensional
reproduction codebook C, and two stationary sources with distributions
ux and py. Recall from (5.40) that the rho-bar distortion between the two
sources is

D (Hxn, pyn) = inf  Eppn(XN,YN)

TEP(UyN ,HUyN)

_ 1_
p(ux,Uy) = sup NPN(I«‘XN: HyN).
N

We assume the existence of a reference letter so that all of the expec-
tations considered are finite. Fix N and suppose that 7 approximately
yields py(ux~, Hyn) in the sense that it has the correct marginals and
for small € > 0

Enpn (XN, YN) < Dy (pxn, pyn) + €.

For any xV, N, zN we have that

N-1 N-1
pn (XN, ZN) = > pi(xg,zi) = D d(xq, zi)P. (12.8)
i=0 i=0
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If d is a metric and 0 < p < 1, then py(xN,zN) is also a metric, in
particular it satisfies the triangle inequality. Thus in this case we have
that

p(C,px) = By (min (XY, 2%)) = Er (min pr (XY, 2 )
zNeC zNeC
= Er (min [ oy (XY, YY) + o (YN, 29)] )
zNeC
= En (pN(XN,YN)) + En (min pN(YN,zN))
zNeC
< PN (uxn, pyn) + € + pn(C, py).

Since € is arbitrary,

PN (C,ux) < pn(C,uy) + py(UxN, HyN). (12.9)

Reversing the roles of X and Y in (12.9) and using the fact that the pro-
cess distortion is an upper bound for the normalized vector distortion
implies the following bound on the mismatch in performance resulting
from applying the same block code to different sources:

| N“pn(Coux) = N7 1pn(Copy) |< plux, Hy) (12.10)

Taking the infimum of both sides (12.10)over all codes C with N ~!log||C|| <
R, normalizing the distortion, and using the fact that the process rho-bar
distortion is an upper bound for all vector distortions yields

N7 'Sn(R,pux) = N71SN(R, py) < P (ux, Hy).
Reversing the roles of X and Y yields
| N"'on (R, ux) = N“'ON (R, py) 1< P (ux, Hy) (12.11)

which yields the conclusion that the N-th order operational distortion-
rate functions are continuous functions of the source under the rho-bar
distortion, which in this case of 0 < p < 1 is the rho-bar distance. Since
the sources are assumed stationary, the limits as N — oo exist so that

| 6(R, ux) — 6(R, py) |< p(ux, uy) (12.12)

so that the operational block coding DRF is continuous with respect to
rho-bar.

Now consider the case where p > 1 so that py does not satisfy a
triangle inequality. Now, however,

N-1
pon (N, ZN) = dl (N, 2N) = > d(xq, z)P
i=0
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is the pth power of a metric dy, the £, norm on the vectors of the indi-
vidual distortions. Analogous to the previous case consider

Py (Cottx) = By ( min py (XN, 2))
zNeC

En (min dN(XN,zN)p>
zNeC

En (min[dNocN, ¥N) ¢ dN<YN,zN>]r’)
zNeC
- En ([min(dN<XN,YN) ; dN<YN,zN>>]P)
zNec

since f(x) = x¥ is monotonically increasing for positive p and hence the
minimum of the pth power of a quantity is the p power of the minimum.
Continuing,

pn(Copix) < En ([dN(XN, YNy ¢ Zr;}ielg(dN(YN,zN))]P)

and hence application of Minkowski’s inequality yields

1/p
N (Coux) VP < [En ([dN<xN, YN + ﬂmieré(deN,zN))]f’)]

< [En (dN(XN,YN)P)]l/p i [E" (l’gil’édN(YN,zN)p)]l/p

]1/P

< [Pn(uxy, uyn) + €]7 + pn (Cuy) VP,

which since € > 0 is arbitrary,

pn(Cux)VP < [ﬁN(IJXN,HYN)]l/p + pn(C,uy)t'P

which in a similar fashion to the previous case results in

| (NTLon (Copux)) Y = (NTLpn (Couy DY | < Dy, uy) P
| (NTLSN (R, pux))YP — (NTISN (R uy DY | < p(ux, uy) /P
| SR, ux) VP — (R, uy) VP | < D (ux, uy) P

so that again the rho-bar distortion provides a bound on the perfor-
mance mismatch of a single codebook used for different sources and
the block source coding operational distortion-rate functions are contin-
uous with respect to the rho-bar distortion.

This completes the proof of the following lemma.

Lemma 12.5. Assume an additive fidelity criterion with per-letter distor-
tion p1 = dP, a positive power of a metric, ux and py two station-
ary process distributions, and C a reproduction codebook of length N.
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If0<p <1, then

| N“'pn(Coux) = N~ 1pn(Copy) | < P (ux, Hy) (12.13)
| N8N (R, ux) = N71SN (R, py) | < plpx, ty) (12.14)
| (R, ux) —O6(R, uy) | < p(ux, Hy) (12.15)

and if 1 < p, then

| (NTLon (Copux)) P — (NTLpn (Couy)YP | < Dy, py) P (12.16)
| (NTLSN (R, ux)) P — (NTLSN (R, uy )Y | < p(ux, py) P (12.17)
| SR, ux)Y?P — SR, uy)Y? | < pux, uy) /P (12.18)

Thus the block source coding operational distortion-rate functions dn (R, )
and 6(R, u) are continuous functions of u in the rho-bar distortion (and
d, distance).

These mismatch results can be used to derive universal coding re-
sults for block source coding for certaom classes of sources. Universal
codes are designed to provide nearly optimal coding for a collection of
sources rather than for one specific source. The basic idea is to carve up
the class using the rho-bar distortion (or the corresponding d,-distance)
and to design a code for a specific representative of each subclass. If the
members of a subclass are close in rho-bar, then the representative will
work well for all sources in the subclass. The overall codebook is then
formed as the union of the subclass codebooks. Provided the number of
subclasses is small with respect to the block length, each subclass code-
book can have nearly the full rate in bits per symbol and hence provide
nearly optimal coding within the class. A minimum distortion rule en-
coder will find the best word within all of the classes. This approach to
universal coding is detailed in [66, 132]. A variety of other approaches
exist to this problem of source coding with uncertainty about the source,
see for example [92, 198, 199].

12.4 Block Coding Stationary Sources

We showed in the previous section that when proving block source cod-
ing theorems for AMS sources, we could confine interest to stationary
sources. In this section we show that in an important special case we can
further confine interest to only those stationary sources that are ergodic
by applying the ergodic decomposition. This will permit us to assume
that sources are stationary and ergodic in the next section when the ba-
sic Shannon source coding theorem is proved and then extend the result
to AMS sources which may not be ergodic.



12.4 Block Coding Stationary Sources 311

As previously we assume that we have a stationary source {X,} with
distribution y and we assume that {p;} is an additive distortion measure
and there exists a reference letter. For this section we now assume in
addition that the alphabet A is itself a Polish space and that p;(+,y) is
a continuous function of » for every y € A. If the underlying alphabet
has a metric structure, then it is reasonable to assume that forcing input
symbols to be very close in the underlying alphabet should force the
distortion between either symbol and a fixed output to be close also.
The following theorem is the ergodic decomposition of the block source
coding operational distortion-rate function.

Theorem 12.2. Suppose that u is the distribution of a stationary source
and that {p,} is an additive fidelity criterion with a reference letter. As-
sume also that p1(-,y) is a continuous function for all y. Let {uy} denote
the ergodic decomposition of u. Then

5(R, ) = jdu(x)é(R,ux),

that is, 6 (R, i) is the average of the operational DRFs of its ergodic com-
ponents.

Proof: Analogous to the ergodic decomposition of entropy rate of Theo-
rem 3.3, we need to show that 6 (R, u) satisfies the conditions of Theorem
8.9.1 of [55] or Theorem 8.5 of [58]. We have already seen (Corollary 12.3)
that it is an affine function. We next see that it is upper semicontinuous.
Since the alphabet is Polish, choose a distance dg on the space of sta-
tionary processes having this alphabet with the property that G is con-
structed as in Section 8.2 of [55] or Section 9.8 of [58]. Pick an N large
enough and a length N codebook C so that

N M

pn(xN,y) is by assumption a continuous function of xV and hence so
is pn(xN,C) = minyec p(xN,y). Since it is also nonnegative, we have
from Lemma 8.2.4 of [55] or Lemma 9.3 of [58] that if u,, — u then

limsup E,,, py (XN, C) < Eypn (XN, C).
N— o0

The left hand side above is bounded below by

limsup on (R, uy,) = limsup 6(R, py).

Nn— o0 Nn— o0
Thus since € is arbitrary,

limsup 6 (R, un) < 5(R, u)

n—oo
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and hence 6(R, u) upper semicontinuous in y and hence also measur-
able. Since the process has a reference letter, 6 (R, iy ) is integrable since

O(R, pux) < ON(R, tx) < Ep, p1(Xo,a™)

which is integrable if p; (xg,a*) is from the ergodic decomposition theo-
rem. Thus Theorem 8.9.1 of [55] or Theorem 8.5 of [58] yields the desired
result. O

The theorem was first proved by Kieffer [91] for bounded continuous
additive distortion measures. The above extension removes the require-
ment that p; be bounded.

12.5 Block Coding AMS Ergodic Sources

We have seen that the block source coding operational DRF of an AMS
source is given by that of its stationary mean. Hence we will be able to
concentrate on stationary sources when proving the coding theorem.

Theorem 12.3. Let u be an AMS ergodic source with a standard alphabet
and {p,} an additive distortion measure with a reference letter. Then

O0(R,u) = D(R, ),
where [ is the stationary mean of u. If u is stationary, then
O(R,u) = D(R, ).

Comment: Coupling the theorem with Lemma 12.5 shows that if the per-
symbol distortion is a positive power of a metric, d” , then the Shannon
distortion rate function is a continuous function of the source distri-
bution u in terms of the corresponding rho-bar process distortion or
the corresponding H,,-distance. This has the same flavor of Corollary 6.2
showing that entropy was a continuous function of the d-bar distance,
which assumed a mean Hamming distortion. The dual result to shows
that the Shannon rate-distortion function is a continuous function of
the source with respect to the rho-bar distortion.

Proof: From Theorem 12.1 6(R,u) = 6(R,u) and hence we will be done
if we can prove that

O0(R, ) = D(R, ).

This will follow if we can show that 6 (R, u) = D(R, u) for any stationary
ergodic source with a reference letter. Henceforth we assume that u is
stationary and ergodic.

The negative or converse half of the theorem follows from Corol-
lary 9.1. As the specific case is simpler and short, a proof is included.
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First suppose that we have a codebook C such that

pn(C,u) = Eugleircle(XN,y) =ON(R,p) + €.

If we let Xy denote the resulting reproduction random vector and let
pN denote the resulting joint distribution of the input/output pair, then
since X™ has a finite alphabet, Lemma 7.20 implies that

I(XN; XNy < H(XN) < NR
and hence pN € Ry (R, u") and hence
SN(R, 1) + € = Epnpn(XN; XN) = Dy (R, ).
Taking the limits as N — oo proves the easy half of the theorem:
O(R,u) =D (R, ).

Recall that both operational DRF and the Shannon DRF are given by limits
if the source is stationary.

The fundamental idea of Shannon’s positive source coding theorem is
this: for a fixed block size N, choose a code at random according to a dis-
tribution implied by the distortion-rate function. That is, perform 2% in-
dependent random selections of blocks of length N to form a codebook.
This codebook is then used to encode the source using a minimum dis-
tortion mapping as above. We compute the average distortion over this
double-random experiment (random codebook selection followed by use
of the chosen code to encode the random source). We will find that if
the code generation distribution is properly chosen, then this average
will be no greater than D (R, u) + €. If the average over all randomly se-
lected codes is no greater than D(R, u) + €, then there must be at least
one code such that the average distortion over the source distribution
for that one code is no greater than D (R, u) + €. This means that there
exists at least one code with performance not much larger than D (R, u).
Unfortunately the proof only demonstrates the existence of such codes,
it does not show how to construct them.

To find the distribution for generating the random codes we use the
ergodic process definition of the Shannon distortion-rate function. From
Theorem 9.1 (or Lemma 9.4) we can select a stationary and ergodic pair
process with distribution p which has the source distribution y as one
coordinate and which has

Epp(Xo, Yo) = X Epvon (XN, ¥N) < DR ) + ¢ (12.19)

and which has
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I,(X;Y)=1*(X;Y) <R (12.20)

(and hence information densities converge in L' from Theorem 8.1). De-
note the implied vector distributions for (XV,YN), XN and YN by pV,
uN, and nV, respectively.

For any N we can generate a codebook C at random according to n™v
as described above. To be precise, consider the random codebook as a
large random vector C = (Wo, Wy, - - - , Wy ), where M = | eNR+6) | (where
natural logarithms are used in the definition of R), where Wj is the fixed
reference vector a*" and where the remaining W, are independent, and
where the marginal distributions for the W,, are given by n". Thus the
distribution for the randomly selected code can be expressed as

N

M
x n.

Pc =
i=1
This codebook is then used with the optimal encoder and we denote the
resulting average distortion (over codebook generation and the source)
by

By = Ep(C,p0) = [ dPe(W)p (W, 0 (12.21)
where
1 N 1 N N N
pOW. 1) = S Epw (XN, W) = - [ i (Vo (e, W),
and where

pn(xN,C) = min py (xN, ).
yeC
Choose 6 > 0 and break up the integral over x into two pieces: one

over a set Gy = {x : N"lpny(xN,a*N) < p* + §} and the other over the
complement of this set. Then

1
AN < JGC NPN(XN,Q*N)dIJN(XN)
+ inPC(W)J duN xMpn(xN, W), (12.22)
N GN y y

where we have used the fact that py (xN, mW) < py(xN,a*"). Fubini’s
theorem implies that because

JduN(xN)pN(xN,a*N) <o

and
on (XN, W) < py(xN,a*),
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the limits of integration in the second integral of (12.22) can be inter-
changed to obtain the bound

1
AN <~ L% pn (XN, a* ™M) duMN (xN)
l N N N
+NJGN au™ (x )JdPC(W)pN(x , W) (12.23)

The rightmost term in (12.23) can be bound above by observing that

1 N ()N N
NJGNdu (x )[dec(W)pr W)

1
- Nj N (x| dPc(W)py (XN, W)
GN C:pN(xN,C)<N(D+6)

1
N JW:ipn (xN,W)>N(D+5)

1
< AuN(xN)[D +8 + =(p* + 6 dpc(W
LN i (M) [ AN ISR e 10}

APc(W)pn (xN, W)]

where we have used the fact that for x € G the maximum distortion is
given by p* + 6. Define the probability

P(N"'py(xN,C) > D + 61xV) :j dpc(W)
Wipn (XN, W)>N(D+5)

and summarize the above bounds by
AN <D+ 6+

(p* + 5)%JduN(xN)P(N*1pN(xN, C) > D+ 6|x™N)

+ij duN (xN)pn (XN, a*N).  (12.24)
N Jegg

The remainder of the proof is devoted to proving that the two inte-
grals above go to 0 as N — o and hence

limsup Ay <D + 6. (12.25)
N—oo

Consider first the integral
ay = < | A oMo N,aN) = [ () 16 (6N Cow (N, at).
G N

We shall see that this integral goes to zero as an easy application of the
ergodic theorem. The integrand is dominated by N~ pn (xV, a*N) which
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is uniformly integrable (Lemma 4.7.2 of [55] or Lemma 5.23 of [58]) and
hence the integrand is itself uniformly integrable (Lemma 4.4.4 of [55]
or Lemma 5.9 of [58]). Thus we can invoke the extended Fatou lemma
(Lemma 4.4.5 of [55] or Lemma 5.10 of [58]) to conclude that

limsupaNsjduN(xN)hmsup<1GN(x) pn(xN, a* ))
N—oo N—-oo

JduN(xNﬂhmsup e ) (imsup o (e, ™)),
N—oo

We have, however, that limsupy_, 1¢g (x) is 0 unless xV € Gf, i.o. But
this set has measure 0 since with uy probability 1, an x is produced so

that
N-1

Jim =3 plxia®) =
i=0

exists and hence with probability one one gets an x which can yield
N-lpny(xN,a*N) > p* + 6

at most for a finite number of N. Thus the above integral of the product
of a function that is 0 a.e. with a dominated function must itself be 0
and hence
limsupay = 0. (12.26)
N—-oo

We now consider the second integral in (12.24):
b = (0% + 8% [ AN (OPIN oy (x,€) > D+ 51xY).

Recall that P(pn(xN,C) > D + 6|xN) is the probability that for a fixed
input block xV, a randomly selected code will result in a minimum dis-
tortion codeword larger than D + §. This is the probability that none of
the M words (excluding the reference code word) selected independently
at random according to to the distribution " lie within D + 6 of the fixed
input word x». This probability is bounded above by

P(xon(xY,€) > D+ 81x™) = [1- 0¥ (Lpn(x, ™) < D + )"

where

1
N(Zpn(xN, YNy <D +6 =J an™ (™).
n (NPN( ) ) YN Loy (N, yN) <D +6 e

Now mutual information comes into the picture. The above probability
can be bounded below by adding a condition:
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N (L oy (N, YY) < D + 6)

N
> nN(%pN(xN,YN) <D+ 6 and %iN(xN,YN) <R+9),

where . .

i N LNy _ & N N

NlN(x V) Nlan(x YY),
where JoN (xN N

x™,
fneN, Ny = px,y7)

d(uN x nN) (xN, yN)’

the Radon-Nikodym derivative of p~ with respect to the product mea-
sure uN x nN. Thus we require both the distortion and the sample infor-
mation be less than slightly more than their limiting value. Thus we have
in the region of integration that

%iN(xN;yN) _ %lan(xN,yN) <R+

and hence
nn(pn (XN, YN) <D +6)
dn"(yN)

v

JyN:pN(XN,yN)sD+6,fN(XN,yN)SeN(R+‘5)

> o N(R+6) J an™ (yN) fn (xN, yN)

yN:pN(XN,yN)SD-%—(S,fN(xN,yN)SeN(R*‘s)
which yields the bound
1
P(NPN(XN, C) > D +6|x")
1
<[1- nN(ﬁpN(xN, YN) <D +6)M

< [1 - e NR+6) j dn™ (yN) fi (XN, yN) M,

yN:ﬁpN(xN,yN)sDJré,ﬁiN(xN,yN)sRJré
Applying the inequality
(1-axBf)M<1—-B+e M

for &, B € [0, 1] yields
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1
P(NPN(xN,C) >D+6|xN) <

1 _J dn™ (V) x fy (N, yN)
yN ~ PN (XN, yN)<D+6 ~IN (XN, yN)<R+6

" e[_Me—N(RHS)].
Averaging with respect to the distribution p yields
N (N N
= [N Py (6, 0) > D+ 81xY)
< JduN(xN) (1 - J dn™ (yN)
YN:pn (xN,yN)<N(D+6), + NiIN (N YN)<R+6

— N(R+6)
s (N, yN) 4 e MeE)

AN x nN)y(xN, yN)

—Me~ N(R+6)

—1- J
yN: 1pN(xN yN)<D+6 ~in(xN,yN)<R+6

X fn(xeN,yN) +e

_Me-NR+5)
=1+eMe —J dp™ (N, yN)
YN pN (XN YN) <D +8, 4 in (XN, yN) <R+§

_ 1 4 p-MeN®D)

POV NN, YN D+ 6, v, 9N S R+ 8). (12.27)
Since M is bounded below by eV ®+€) _1 the exponential term is bounded
above by

e[fe(N(RJre)e—N(RJr()')+e—N(R+5)] _ e[ieN(e—(S)+e—N(R+6)]

If € > 6, this term goes to 0 as N — co.

The probability term in (12.27) goes to 1 from the mean ergodic theo-
rem applied to p; and the mean ergodic theorem for information density
since mean convergence (or the almost everywhere convergence proved
elsewhere) implies convergence in probability. This implies that

limsupby =0

n—oo

which with (12.26) gives (12.25). Choosing an N so large that Ay < §, we
have proved that there exists a block code C with average distortion less
than D (R, u) + 6 and rate less than R + € and hence

O(R+¢€,u) <D(R,u) + 6. (12.28)

Since € and 6 can be chosen as small as desired and since D (R, u) is a
continuous function of R (Lemma 9.1), the theorem is proved. O
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The source coding theorem is originally due to Shannon [162] [163],
who proved it for discrete IID sources. It was extended to stationary
and ergodic discrete alphabet sources and Gaussian sources by Gallager
[47] and to stationary and ergodic sources with abstract alphabets by
Berger [10] [11], but an error in the information density convergence re-
sult of Perez [148] (see Kieffer [89]) left a gap in the proof, which was
subsequently repaired by Dunham [36]. The result was extended to non-
ergodic stationary sources and metric distortion measures and Polish
alphabets by Gray and Davisson [59] and to AMS ergodic processes by
Gray and Saadat [70]. The method used here of using a stationary and er-
godic measure to construct the block codes and thereby avoid the block
ergodic decomposition of Nedoma [129] used by Gallager [47] and Berger
[11] was suggested by Pursley and Davisson [29] and developed in detail
by Gray and Saadat [70].

12.6 Subadditive Fidelity Criteria

In this section we generalize the block source coding theorem for station-
ary sources to subadditive fidelity criteria. Several of the interim results
derived previously are no longer appropriate, but we describe those that
are still valid in the course of the proof of the main result. Most impor-
tantly, we now consider only stationary and not AMS sources. The result
can be extended to AMS sources in the two-sided case, but it is not known
for the one-sided case. Source coding theorems for subadditive fidelity
criteria were first developed by Mackenthun and Pursley [111].

Theorem 12.4. Let u denote a stationary and ergodic distribution of a
source {Xyn} and let {pn} be a subadditive fidelity criterion with a refer-
ence letter, i.e., there is an a* € A such that

Ep1(Xo,a*) = p* < 0.

Then the operational DRF for the class of block codes of rate less than R
is given by the Shannon distortion-rate function D (R, u).

Proof: Suppose that we have a block code of length N, e.g., a block en-
coder « : AN — BK and a block decoder B : BK — AN, Since the source
is stationary, the induced input/output distribution is then N-stationary
and the performance resulting from using this code on a source pu is

1 ~
AN = Eppe = NEppMXN,XN),

where {XV} is the resulting reproduction process. Let Sy (R, i) denote
the infimum over all codes of length N of the performance using such
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codes and let 6(R,u) denote the infimum of Sy over all N, that is,
the operational distortion rate function. We do not assume a code-
book/minimum distortion structure because the distortion is now ef-
fectively context dependent and it is not obvious that the best codes will
have this form. Assume that given an € > 0 we have chosen for each N a
length N code such that

ON(R, 1) = AN — €.
As previously we assume that

Klog|IBI| _

R
N )

where the constraint R is the rate of the code. As in the proof of the
converse coding theorem for an additive distortion measure, we have
that for the resulting process I(XV; XN) < RN and hence

AN = DN (R, ).
From Lemma 9.2 we can take the infimum over all N to find that

Since € is arbitrary, 6 (R, u) < D(R, u), proving the converse theorem.

To prove the positive coding theorem we proceed in an analogous
manner to the proof for the additive case, except that we use Lemma 9.4
instead of Theorem 9.1. First pick an N large enough so that

Dn(R, 1) < D(R, ) +g

and then select a pN € Ry (R, uVN) such that

1 o
EVNN,DN(XN, YN) < DN(R, u) + 5= D(R,u) + 6.
Construct as in Lemma 9.4 a stationary and ergodic process p which
will have (10.6.4) and (10.6.5) satisfied (the right Nth order distortion
and information). This step taken, the proof proceeds exactly as in the
additive case since the reference vector yields the bound

lPN(XN a*Ny < l]\]27:1[)1(961' a*)
N N o

which converges, and since N~!py(xN, ¥N) converges as N — oo with
p probability one from the subadditive ergodic theorem. Thus the exis-
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tence of a code satisfying (12.28) can be demonstrated (which uses the
minimum distortion encoder) and this implies the result since D (R, u) is
a continuous function of R (Lemma 9.1). O

12.7 Asynchronous Block Codes

The block codes considered so far all assume block synchronous com-
munication, that is, that the decoder knows where the blocks begin and
hence can deduce the correct words in the codebook from the index rep-
resented by the channel block. In this section we show that we can con-
struct asynchronous block codes with little loss in performance or rate;
that is, we can construct a block code so that a decoder can uniquely
determine how the channel data are parsed and hence deduce the cor-
rect decoding sequence. This result will play an important role in the
development in the next section of sliding-block coding theorems. The
basic approach is that taken in the development of asynchronous and
sliding-block almost lossless codes in Section 6.5.

Given a source u let dasync(R, u) denote the operational distortion
rate function for block codes with the added constraint that the decoder
be able to synchronize, that is, correctly parse the channel codewords.
Obviously

Oasync (R, 1) = 6(R, )

since we have added a constraint. The goal of this section is to prove the
following result:

Theorem 12.5. Given an AMS source with an additive fidelity criterion
and a reference letter,

Sasync(R, ) = 6(R, p),

that is, the operational DRF for asynchronous codes is the same as that
for ordinary codes.

Proof: A simple way of constructing a synchronized block code is to
use a prefix code: Every codeword begins with a short prefix or source
synchronization word or, simply, sync word, that is not allowed to appear
anywhere else within a word or as any part of an overlap of the prefix
and a piece of the word. The decoder then need only locate the prefix in
order to decode the block begun by the prefix. The insertion of the sync
word causes a reduction in the available number of codewords and hence
a loss in rate, but ideally this loss can be made negligible if properly
done. We construct a code in this fashion by finding a good codebook of
slightly smaller rate and then indexing it by channel K-tuples with this
prefix property.
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Suppose that our channel has a rate constraint R, that is, if source
N-tuples are mapped into channel K-tuples then

Klog|IBI| _

R
N )

where B is the channel alphabet. We assume that the constraint is achiev-
able on the channel in the sense that we can choose N and K so that
the physical stationarity requirement is met (N source time units corre-
sponds to K channel time units) and such that

||B||X =~ ek (12.29)

at least for large N.

If K is to be the block length of the channel code words, let § be small
and define k(K) = | 6K ] + 1 and consider channel codewords which have
a prefix of k(K) occurrences of a single channel letter, say b, followed
by a sequence of K — k(K) channel letters which have the following con-
straint: no k(K)-tuple beginning after the first symbol can be b¥K), we
permit b’s to occur at the end of a K-tuple so that a k(K)-tuple of b’s
may occur in the overlap of the end of a codeword and the new prefix
since this causes no confusion, e.g., if we see an elongated sequence of
b’s, the actual code information starts at the right edge. Let M (K) de-
note the number of distinct channel K-tuples of this form. Since M (K) is
the number of distinct reproduction codewords that can be indexed by
channel codewords, the codebooks will be constrained to have rate

_ In M (K)

Rk N

We now study the behavior of Rx as K gets large. There are a total of
||B||K=k(K) K-tuples having the given prefix. Of these, no more than (K —
k(K))||B||X-2k(K) have the sync sequence appearing somewhere within
the word (there are fewer than K — k(K) possible locations for the sync
word and for each location the remaining K — 2k(K) symbols can be
anything). Lastly, we must also eliminate those words for which the first
i symbols are b for i = 1,2,...,k(K) — 1 since this will cause confusion
about the right edge of the sync sequence. These terms contribute

k(K)-1
Z ||B| |K—k(K)—i
i=1

bad words. Using the geometric progression formula to sum the above
series we have that it is bounded above by

[[BI[K-+5) 1
1= 1/11BIT
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Thus the total number of available channel vectors is at least

MK) = [[BIEHE) — (i — k(i 3] K-k - LB
- 1-1/IBII
Thus
R = I 1BIKH0 4 Cn (1 (K = k(KDIBIHO - )
N N [|IB]| — 1
K- k(K) 1 (||B||—2_ _ —k(K))
=S B+ I (= — (K= k() 1]
> (1 -9)R +0(N),

where 0(N) is a term that goes to 0 as N (and hence K) goes to infinity.
Thus given a channel with rate constraint R and given € > 0, we can
construct for N sufficiently large a collection of approximately eN(R—€)
channel K-tuples (where K ~ NR) which are synchronizable, that is, sat-
isfy the prefix condition.

We are now ready to construct the desired code. Fix 6 > 0 and then
choose € > 0 small enough to ensure that

S(R(1—€), 1) < 6(R, 1) + g

(which we can do since 6 (R, u) is continuous in R). Then choose an N
large enough to give a prefix channel code as above and to yield a rate
R — € codebook C so that

)
pN(C,u) < ON(R —€,u) + 3

<0(R-€,u)+ ? <O(R,u) + 6. (12.30)

The resulting code proves the theorem. O

12.8 Sliding-Block Source Codes

We now turn to sliding-block codes. For simplicity we consider codes
which map blocks into single symbols. For example, a sliding-block en-
coder will be a mapping f : AN — B and the decoder will be a mapping
g:BX — A. In the case of one-sided processes, for example, the channel
sequence would be given by

Un = f(XY)
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and the reproduction sequence by
Xn = g(UL).

When the processes are two-sided, it is more common to use memory
as well as delay. This is often done by having an encoder mapping f :
A2N+1 . B a decoder g : B2L*! — A, and the channel and reproduction
sequences being defined by

U‘I’l :f(X—N!' " )X0!' " aXN)!
X‘VL :g(U*L"" ’UO"" ’UN)

We emphasize the two-sided case.
The final output can be viewed as a sliding-block coding of the input:

Xn=9(fXn-r1-N, , Xn-L+N)s* s f(XnsL-N»* * + » Xn+L+N))
= gf(Xn—(N+L)a ot ,Xn+(N+L)),

where we use gf to denote the overall coding, that is, the cascade of
g and f. Note that the delay and memory of the overall code are the
sums of those for the encoder and decoder. The overall window length
is2(N+L)+1

Since one channel symbol is sent for every source symbol, the rate of
such a code is given simply by R = log ||B|| bits per source symbol. The
obvious problem with this restriction is that we are limited to rates which
are logarithms of integers, e.g., we cannot get fractional rates. As previ-
ously discussed, however, we could get fractional rates by appropriate
redefinition of the alphabets (or, equivalently, of the shifts on the corre-
sponding sequence spaces). For example, regardless of the code window
lengths involved, if we shift | source symbols to produce a new group of
k channel symbols (to yield an (I, k)-stationary encoder) and then shift a
group of k channel symbols to produce a new group of k source symbols,
then the rate is

R = %log [1BI]
bits or nats per source symbol and the overall code fg is I-stationary.
The added notation to make this explicit is significant and the general-
ization is straightforward; hence we will stick to the simpler case.
We can define the sliding-block operational DRF for a source and chan-
nel in the natural way. Suppose that we have an encoder f and a decoder
g. Define the resulting performance by

p(fg,1) =Eyfgpe,

where pfg is the input/output hookup of the source p connected to
the deterministic channel fg and where p. is the sequence distortion.
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Define
dspc (R, 1) = ifnfp(fg,u) =AW, E,v,D), (12.31)
9

where F is the class of all finite-length sliding-block encoders and D is
the collection of all finite-length sliding-block decoders. The rate con-
straint R is determined by the channel.

Assume as usual that p is AMS with stationary mean . Since the cas-
cade of stationary channels fg is itself stationary (Lemma 2.10), we have
from Lemma 2.2 that u fg is AMS with stationary mean f f g. This implies
from (5.12) that for any sliding-block codes f and g

Eupgpo = EgpgPeo

and hence
Ospc (R, 1) = Ospc(R, ).

A fact we now formalize as a lemma.

Lemma 12.6. Suppose that u is an AMS source with stationary mean f
and let {p,} be an additive fidelity criterion. Let dsgc(R, u) denote the
sliding-block coding operational distortion-rate function for the source
and a channel with rate constraint R. Then

Osec(R, 1) = Ospc(R, ).

The lemma permits us to concentrate on stationary sources when
quantifying the optimal performance of sliding-block codes.
The principal result of this section is the following:

Theorem 12.6. Given an AMS and ergodic source u and an additive fi-
delity criterion with a reference letter,

Ospc(R, 1) = 0(R, 1),

that is, the class of sliding-block codes is capable of exactly the same per-
formance as the class of block codes. If the source is only AMS and not
ergodic, then

Ospc(R, 1) = 8(R, ), (12.32)

Proof: The proof of (12.32) follows that of Shields and Neuhoff [167] for
the finite alphabet case, except that their proof was for ergodic sources
and coded only typical input sequences. Their goal was different because
they measured the rate of a sliding-block code by the entropy rate of its
output, effectively assuming that further almost-noiseless coding was to
be used. Because we consider a fixed channel and measure the rate in
the usual way as a coding rate, this problem does not arise here. From
the previous lemma we need only prove the result for stationary sources
and hence we henceforth assume that u is stationary. We first prove
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that sliding-block codes can perform no better than block codes, that is,
(12.32) holds. Fix 6 > 0 and suppose that f : A*N*! — Band g : B2L*1 —
A are finite-length sliding-block codes for which

p(fg,m) < ospc(R, 1) + 6.

This yields a cascade sliding-block code fg : A2N+D+1 . A which we
use to construct a block codebook. Choose K large (to be specified later).
Observe an input sequence x™ of length n = 2(N + L) + 1 + K and map it
into a reproduction sequence X" as follows: Set the first and last (N + L)
symbols to the reference letter a*, that is, x) " = xN*L | = a*N*D),
Complete the remaining reproduction symbols by sliding-block coding
the source word using the given codes, that is,

Xi=fao N i=N+L+1,--- K+ N +L.

Thus the long block code is obtained by sliding-block coding, except at
the edges where the sliding-block code is not permitted to look at pre-
vious or future source symbols and hence are filled with a reference
symbol. Call the resulting codebook C. The rate of the block code is less
than R = log||B|| because n channel symbols are used to produce a re-
production word of length n and hence the codebook can have no more
that ||B||™ possible vectors. Thus the rate is log ||B|| since the codebook
is used to encode a source n-tuple. Using this codebook with a minimum
distortion rule can do no worse (except at the edges) than if the original
sliding-block code had been used and therefore if X; is the reproduc-
tion process produced by the block code and Y; that produced by the
sliding-block code, we have (invoking stationarity) that

np(C,u)
N+L-1 K+N+L K+2(L+N)

<E( Y pXya*)+E( Y pXy,Y))+EC > p(Xia*))
i=0 i=N+L i=K+N+L+1

<2(N+L)p* + K(dspc(R, 1) + 9)
and hence

SRy < 2WNHD K

- mp + m(5SBC(R,U) +0).

By choosing 6 small enough and K large enough we can make make the
right hand side arbitrarily close to dsgc (R, u), which proves (12.32).
We now proceed to prove the converse inequality,

O0(R, 1) = Ospc(R, p), (12.33)

which involves a bit more work.
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Before carefully tackling the proof, we note the general idea and an
“almost proof” that unfortunately does not quite work, but which may
provide some insight. Suppose that we take a very good block code, e.g.,
a block code C of block length N such that

p(C,u) <6(R, 1) +6

for a fixed 6 > 0. We now wish to form a sliding-block code for the
same channel with approximately the same performance. Since a sliding-
block code is just a stationary code (at least if we permit an infinite win-
dow length), the goal can be viewed as “stationarizing” the nonstationary
block code. One approach would be the analogy of the SBM channel. Since
a block code can be viewed as a deterministic block memoryless chan-
nel, we could make it stationary by inserting occasional random spacing
between long sequences of blocks. Ideally this would then imply the ex-
istence of a sliding-block code from the properties of SBM channels. The
problem is that the SBM channel so constructed would no longer be a de-
terministic coding of the input since it would require the additional input
of a random punctuation sequence. Nor could one use a random coding
argument to claim that there must be a specific (nonrandom) punctua-
tion sequence which could be used to construct a code since the deter-
ministic encoder thus constructed would not be a stationary function
of the input sequence, that is, it is only stationary if both the source
and punctuation sequences are shifted together. Thus we are forced to
obtain the punctuation sequence from the source input itself in order to
get a stationary mapping. The original proofs for this result [65, 67] used
a strong form of the Rohlin-Kakutani theorem of Section 2.22 given by
Shields [164]. The Rohlin-Kakutani theorem demonstrates the existence
of a punctuation sequence with the property that the punctuation se-
quence is very nearly independent of the source. Lemma 2.12 is a slightly
weaker result than the form considered by Shields.

The code construction described above can therefore be approximated
by using a coding of the source instead of an independent process.
Shields and Neuhoff [167] provided a simpler proof of a result equiv-
alent to the Rohlin-Kakutani theorem and provided such a construction
for finite alphabet sources. Davisson and Gray [28] provided an alterna-
tive heuristic development of a similar construction. We here adopt a
somewhat different tack in order to avoid some of the problems arising
in extending these approaches to general alphabet sources and to non-
ergodic sources. The principal difference is that we do not try to prove
or use any approximate independence between source and the punctu-
ation process derived from the source (which is code dependent in the
case of continuous alphabets). Instead we take a good block code and
first produce a much longer block code that is insensitive to shifts or
starting positions using the same construction used to relate block cod-
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ing performance of AMS processes to that of their stationary mean. This
modified block code is then made into a sliding-block code using a punc-
tuation sequence derived from the source. Because the resulting block
code is little affected by starting time, the only important property is
that most of the time the block code is actually in use. Independence of
the punctuation sequence and the source is no longer required. The ap-
proach is most similar to that of Davisson and Gray [28], but the actual
construction differs in the details. An alternative construction may be
found in Kieffer [93].

Given 6 > 0 and € > 0, choose for large enough N an asynchronous
block code C of block length N such that

%logllCllsR—Ze

and
p(C,u) <6(R,u) + 0. (12.34)

The continuity of the block operational distortion-rate function and the
theorem for asynchronous block source coding ensure that we can do
this. Next we construct a longer block code that is more robust against
shifts. For i = 0,1,...,N — 1 construct the codes Cg (i) having length
K = JN as in the proof of Lemma 12.4. These codebooks look like J —
1 repetitions of the codebook C starting from time i with the leftover
symbols at the beginning and end being filled by the reference letter. We
then form the union code Cx = |J; Cx (i) as in the proof of Corollary 12.4
which has all the shifted versions. This code has rate no greater than
R —2¢ + (JN) 'log N. We assume that J is large enough to ensure that

1
J—NlogN <€ (12.35)

so that the rate is no greater than R — € and that

%p* < 0. (12.36)

We now construct a sliding-block encoder f and decoder g from the
given block code. From Corollary 2.1 we can construct a finite length
sliding-block code of {X;,} to produce a two-sided (N J, y)-random punc-
tuation sequence {Z, }. From the lemma P(Zy = 2) < y and hence by the
continuity of integration (Corollary 4.4.2 of [55] or Corollary 5.3 in [58])
we can choose y small enough to ensure that

J p(Xg,a™) < 6. (12.37)
X:Zp(x)=2
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Recall that the punctuation sequence usually produces 0’s followed by
NJ — 1 1’s with occasional 2’s interspersed to make things stationary.
The sliding-block encoder f begins with time 0 and scans backward N J
time units to find the first O in the punctuation sequence. If there is no
such 0, then put out an arbitrary channel symbol b. If there is such a
0, then the block codebook Ck is applied to the input K-tuple xX, to
produce the minimum distortion codeword
uX = min ' pg (xX,,, »)
yeCk

and the appropriate channel symbol, u,, produced by the channel. The
sliding-block encoder thus has length at most 2NJ + 1.

The decoder sliding-block code g scans left N symbols to see if it finds
a codebook sync sequence (remember the codebook is asynchronous and
begins with a unique prefix or sync sequence). If it does not find one,
it produces a reference letter. (In this case it is not in the middle of a
code word.) If it does find one starting in position —n, then it produces
the corresponding length N codeword from C and then puts out the
reproduction symbol in position n. Note that the decoder sliding-block
code has a finite window length of at most 2N + 1.

We now evaluate the average distortion resulting from use of this
sliding-block code. As a first step we mimic the proof of Lemma 9.4 up
to the assumption of mutual independence of the source and the punc-
tuation process (which is not the case here) to infer that if a long source
sequence of length n yields the punctuation sequence z, then

Pu(x™ X" = > p(xga*)+ > ony (7, 23,

ieJ}(2) ieJi(2)

where J3'(z) is the collection of all i for which z; = 2 and hence z; is not
in an N J-cell (so that filler is being sent) and J/ (z) is the collection of all
i for which z; is 0 and hence begins an N J-cell and hence an NJ length
codeword. Each one of these length NJ codewords contains at most N
reference letters at the beginning and N reference letters at the end the
end and in the middle it contains all shifts of sequences of length N
codewords from C. Thus for any i € J{'(z), we can write that

L& 1+IN-1
NJ ~N, N N
png (T &N < pn (N, @) + oy (N g oy @t > (Y, 0.
i=l%]

This yields the bound
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1 l
“pn(x™, %" <= > p(xja*)+
n n ieJ(z)
ﬁ Z (pN(Xi ,a*") + pN(xi+NJ_N7 ) E Z N(xjN’C)
ie]i(z Jj=0
1 n-1
== > La(zi)p(xia*)+
n i=0

1

— Z Lo(z¢)

3

1 L)
(pN(xf’,a*N)+pN(xﬁNJ_N,a*N)> ﬁ Z N(X?IN,C)

where as usual the indicator function 1,(z;) is 1 if z; = a and 0 other-
wise. Taking expectations above we have that

Lo gm) < LS
E(;mx X ) EZ [12(Z0)p(Xi,a*)]

S\H

i E[10(Z) (on XN, a*™) + py (XN ) noa*™))) ]

iE[m XN, 0)].

j=0

S\H

Invoke stationarity to write

E(5-pu(X", §) = E(12(Z0)p(Xo,a*))+

1 ON+1) 1
—E(10(Z x2N+1 * ( - XN ]
NJ (10(Zo)pan+1( ,a ) + NPN( ,C)

The first term is bounded above by 6 from (12.37). The middle term can
be bounded above using (12.36) by

J—NEuo(zo)pZNH(XZN“ a* Ny

) < TNEpzNH(XZN“ a* PNy

72N+1 < +1p*$5.
I'hus we have from the above and (12.34) that

Ep(Xo,Yo) < p(C,u) + 30.
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This proves the existence of a finite window sliding-block encoder and a
finite window length decoder with performance arbitrarily close to that
achievable by block codes. O

The only use of ergodicity in the proof of the theorem was in the se-
lection of the source sync sequence used to imbed the block code in a
sliding-block code. The result would extend immediately to nonergodic
stationary sources (and hence to nonergodic AMS sources) if we could
somehow find a single source sync sequence that would work for all er-
godic components in the ergodic decomposition of the source. Note that
the source synch sequence affects only the encoder and is irrelevant to
the decoder which looks for asynchronous codewords prefixed by chan-
nel synch sequences (which consisted of a single channel letter repeated
several times). Unfortunately, one cannot guarantee the existence of a
single source sequence with small but nonzero probability under all of
the ergodic components. Since the components are ergodic, however, an
infinite length sliding-block encoder could select such a source sequence
in a simple (if impractical) way: proceed as in the proof of the theorem
up to the use of Corollary 2.1. Instead of using this result, we construct
by brute force a punctuation sequence for the ergodic component in ef-
fect. Suppose that G = {G4; i = 1,2,...} is a countable generating field
for the input sequence space. Given 6, the infinite length sliding-block
encoder first finds the smallest value of i for which

1 n-1
0 < lim — > 1¢,(T*x),

L

and
”l‘r*r"l""kzo 6 (TEx)p(xk,a™) <9,

that is, we find a set with strictly positive relative frequency (and hence
strictly positive probability with respect to the ergodic component in ef-
fect) which occurs rarely enough to ensure that the sample average dis-
tortion between the symbols produced when G; occurs and the reference
letter is smaller than 6. Given N and 6 there must exist an i for which
these relations hold (apply the proof of Lemma 2.6 to the ergodic com-
ponent in effect with y chosen to satisfy (12.37) for that component and
then replace the arbitrary set G by a set in the generating field having
very close probability). Analogous to the proof of Lemma 2.6 we con-
struct a punctuation sequence {Z,} using the event G; in place of G. The
proof then follows in a like manner except that now from the dominated
convergence theorem we have that
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n-1
E(12(Zo)p(Xo,a*)) = lim — Z E(12(Z)p(Xi,a*)
i=0
1 n-—1
= E(lim — Z 1,(Z)p(Xi,a*)) <6
i=0

by construction.

The above argument is patterned after that of Davisson and Gray [28]
and extends the theorem to stationary nonergodic sources if infinite win-
dow sliding-block encoders are allowed. We can then approximate this
encoder by a finite-window encoder, but we must make additional as-
sumptions to ensure that the resulting encoder yields a good approxi-
mation in the sense of overall distortion. Suppose that f is the infinite
window length encoder and g is the finite window-length (say 2L + 1)
encoder. Let G denote a countable generating field of rectangles for the
input sequence space. Then from Corollary 5.1 applied to G given € > 0
we can find for sufficiently large N a finite window sliding-block code
v : A?N+1 . B such that Pr(r # f’) < €/(2L+1), that is, the two encoders
produce the same channel symbol with high probability. The issue is
when does this imply that p(fg, u) and p(rg, u) are therefore also close,
which would complete the proof. Let 7 : A7 — B denote the infinite-
window sliding block encoder induced by 7, i.e., 7 (x) = v (x2N!). Then

p(fa.m) = E(p(Xo, Xo) = 3 L du)p (0,9 (b)),

beB2L+1

where
Vi(b) = {x: f(x)**! = b}

and f(x)%L+! is shorthand for f(x;),i = —L,...,L, that is, the channel
(2L + 1)-tuple produced by the source using encoder x. We therefore
have that

p(Tg,u) < > J  dux)p(x0,9(b))

beB2L+1 xeV J

+
beB2L+1

ot S jev 1y WP 30,9 ()

bep2L+1

<pfi+ S j Ap(x)p(x0,g ().

pepzle1 JXEVE(D)AV) ()

j dp(x)p(x0, g (b))
x€Vr(b)-V, (b)

By making N large enough, however, we can make
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u(VF(f)AVg(b))

arbitrarily small simultaneously for all b € A2l + 1 and hence force all
of the integrals above to be arbitrarily small by the continuity of inte-
gration. With Lemma 12.6 and Theorem 12.6 this completes the proof of
the following theorem.

Theorem 12.7. Theorem 11.7.2: Given an AMS source u and an additive
fidelity criterion with a reference letter,

Ospc(R, 1) = 6(R, 1),

that is, the class of sliding-block codes is capable of exactly the same per-
formance as the class of block codes.

The sliding-block source coding theorem immediately yields an alter-
native coding theorem for a code structure known as trellis encoding
source codes wherein the sliding-block decoder is kept but the encoder
is replaced by a tree or trellis search algorithm such as the Viterbi algo-
rithm [44]. Details can be found in [53] and an example is discussed in
Section 13.3.

12.9 A Geometric Interpretation

We close this chapter on source coding theorems with a geometric inter-
pretation of the operational DRFs in terms of the p distortion between
sources. Suppose that u is a stationary and ergodic source and that {p;,}
is an additive fidelity criterion. Suppose that we have a nearly optimal
sliding-block encoder and decoder for u and a channel with rate R, that
is, if the overall process is {X,, X,,} and

Ep(Xo,Xo) < (R, 1) + 6.

If the overall hookup (source/encoder/channel/decoder) yields a distri-
bution p on {X,,X,} and distribution n on the reproduction process
{X,}, then clearly

p(u,n) <o6(R,u) + 6.

Furthermore, since the channel alphabet is B the channel process must
have entropy rate less than R = log||B|| and hence the reproduction
process must also have entropy rate less than B from Corollary 6.4. Since
0 is arbitrary,

O(R,p) = inf  p(u,n).
n:H(n)<R
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Suppose next that p, p and n are stationary and ergodic and that H(n) <
R. Choose a stationary p having p and n as coordinate processes such
that

Epp(Xo,Yo) < p(u,v) + 9.

We have easily that I(X;Y) < H(n) < R and hence the left hand side is
bounded below by the process distortion rate function D (R, u). From
Theorem 9.1 and the block source coding theorem, however, this is just
the operational distortion-rate function. We have therefore proved the
following result [63].

Theorem 12.8. Let u be a stationary and ergodic source and let {py} be
an additive fidelity criterion with a reference letter. Then

O(R,u) = _inf p(u,n), (12.38)
n:H(n)<R

that is, the operational DRF (and hence the distortion-rate function) of a
Stationary ergodic source is just the “distance” in the p sense to the nearest
stationary and ergodic process with the specified reproduction alphabet
and with entropy rate less than R.



Chapter 13
Properties of Good Source Codes

Abstract Necessary conditions for a source code to be optimal or a se-
quence of source codes to be asymptotically optimal for a stationary
source are developed for block and sliding-block codes.

13.1 Optimal and Asymptotically Optimal Codes

In Eq. 5.14 the operational distortion-rate function (DRF) for the source
u, channel v, and code classes F and D was defined by

A(u,v,E,D) = inf A, f,v,9). (13.1)
fEE,geD

This chapter considers only source codes and hence the channel v is
assumed to be noiseless. A source code (f,g) is said to be optimal if it
achieves the infimum, that is, if f € £, g € D, and

Ay, f,v,g) = A(u, v, E, D). (13.2)

Optimal codes might not exist, but from the definition of infimum we
can always get close. Hence we define a sequence (f,,gn), n = 1,2,...
to be asymptotically optimal or a.o. if

7139; AU, fn, V,gn) = AU, v, E, D). (13.3)

This chapter is concerned with developing the implications of a code be-
ing optimal or a sequence of codes being asymptotically optimal (which
can be interpreted as looking at good or nearly optimal codes). Note that
any property obtained for a.o. codes implies a result for optimal codes if
they exist by setting f,, = f and g, = g for all n. We usually consider op-
timal and asymptotically optimal separately since the former is simpler
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when it is applicable. These implications are in terms of necessary con-
ditions for optimality or asymptotic optimality. The conditions describe
attributes of encoders, decoders, and the distributions of the encoded
and reproduction sequences. In the special case of squared-error distor-
tion, the behavior of second order moments of the reproduction and the
error sequence are quantified. We confine interest to stationary sources
in order to keep things relatively simple.

In (12.1-12.2) the definition of operational rate-distortion function was
specialized to the case of block codes of dimension N and code rate R
and to block codes of arbitrary dimension and code rate R, definitions
which we repeat here to have them handy:

O(R,u) = A(u,v,E,D) = igféw(R,u),

5 R, = i f Cy )
N(R, ) CEJI(r}N’R)p( u)

where v is a noiseless channel as described in Section 12.2, Z and D are

classes of block codes for the channel, and K (N,R) is the class of all
block length N codebooks C with

%IOgIICII <R. (13.4)

It was there argued that given a decoder of block codes of length N, an
optimal encoder in the sense that no encoder could do better is given
by a minimum distortion search of the decoder codebook. This observa-
tion is the original example (in Shannon [163]) of an optimality property
of a source code — a necessary condition for a block code to be opti-
mal is that the encoder be a minimum distortion (or “nearest neighbor”)
mapping, at least with probability 1. Shannon defined his source codes to
have this property. Here we allow a more general definition of an encoder
to show how a decoder can be optimized for a fixed (but not necessarily
optimum) encoder, but observe a necessary condition for overall opti-
mality is that the encoder have this property, that is, that the encoder
be a minimum distortion search matched to the decoder. The introduc-
tion of this extra degree of freedom results in several useful properties,
analogous to the introduction of the extra distribution n in the evalu-
ation of rate-distortion functions which led to useful conditions for an
optimization and an alternating optimization algorithm in Section 9.5.
Block codes have other such optimality properties, many of which were
first observed in the scalar (quantization) case by Lloyd [110] and in the
vector case by Steinhaus [175].
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13.2 Block Codes

Block source codes are also called block quantizers, multidimensional
quantizers, and vector quantizers since they discretize or quantize a
continuous (or large discrete) space into a relatively small discrete index
set, and the indices are then decoded into approximations of the original
input vector. While the emphasis of this book is on sliding-block codes,
we treat the well-known optimality properties for block codes for two
reasons. First, one way to prove sliding-block coding theorems is to em-
bed a block code into a Rohlin tower to construct a stationarized version
of the block code with approximately the same per-symbol average dis-
tortion. Thus having a good block code can lead to a good sliding-block
code. Some proofs of the sliding-block coding theorems avoid directly
using block codes by taking advantage of results from ergodic theory,
but the ergodic theory results usually use block constructions in their
proofs as well. Second, the optimality properties of block codes are sim-
pler to state and prove and they provide some interesting comparisons
with the stationary code results of the next section.

This section treats well-known properties and methods for developing
the properties for vector quantizers with notational changes as needed
to be consistent with the book. The reader is referred to [50, 71] for
further discussion. The usual formulation for a block source coder for a
source X with alphabet Ay involves two mappings, an encoder « : Aﬁ -
I, where I is an index set of size M = ||I||, and a decoder B :1 — C, where
it is usually assumed that I is either a set of integers {0,1,...,M — 1}
(common when the block code is considered outside the context of a
communications channel) or is a sequence space of channel symbols I =
AE, where Ay = {0,1} for binary channel codes or Ay is some other
finite set of the form {0, 1,...,#m — 1}, in which case M = ||Ay|/X.

The collection of reproduction words C is called the reproduction
codebook (or simply codebook if the usage is clear from context) and
it is usually assumed for convenience that the decoder is a one-to-one
mapping of indices into distinct reproduction codewords so that

C={B(i);ieC}

so that ||C|| = M. The code rate or transmission rate of the code is defined
by
R =logM,

where the units are bits per input vector if the logarithm is base 2 and
nats per vector if it is base e. It is common to consider the normalized
or per-symbol code rate of

1
R = —log M.
N %8
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Context should make clear if it is the normalized or unnormalized rate
being considered. In this section we emphasize a fixed N and hence usu-
ally do not normalize. If I = AK then the normalized rate is

K
R = logllAull.

In the important simple special case where the code is binary and ||Ay || =
2,then R = K/N, the number of binary channel symbols produced by the
encoder for each N channel symbols put into it.

We simplify the vector notation in this section by dropping the sub-
scripts N and assume that X is a random vector with sample values x
chosen in a vector alphabet Ax. Rates will not be normalized and the
dimension will be implicit.

An encoder « is equivalent to a partition of the vector input space Ay
defined by 7 = {P;;i € I}, where

P ={x e Ax:x(x)=1}.

The partition notation provides a useful representation of the encoder
as
x(x) = > 1p,(x).
iel

Similarly a decoder B is described by its reproduction codebook C.

Assuming that no errors are made in the transmission of the channel
codeword, then for most properties the specific nature of the index set
I is unimportant and all that matters is the number of elements M and
the codewords in C.

The combined operation of an encoder and decoder is often referred
to simply as a quantizer or vector quantizer. We will use Q to denote
both the pair Q = («, B) and the overall operation defined by

Q(x) = Blax(x)).

Two quantizers will be said to be equivalent if they have the same index
set I and yield the same overall mapping Q. The rate of the quantizer
(unnormalized) is given by R = R(Q) = log(x(Ayx)), the log of the size
of the index set (or reproduction codebook).

The principal goal in the design of vector quantizers is to find a code-
book (decoder) and a partition (encoder) that minimizes an average dis-
tortion with respect to a distortion measure d. The average distortion
for a vector quantizer Q = (&, ) applied to a random vector X with
distribution p is

Ale, B) = E[p(X,Q(X))] = JP(X,Q(X))dIJ(X)- (13.5)
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Define as earlier the operational distortion-rate function A(u) by

A(R) = inf A, B). (13.6)
o,B:R(x) <R
A code is optimal if
Ao, B) = A(R).

Recall that at present everything is for a fixed dimension N and that
the clutter of more notation will be necessary to make N explicit when
it is allowed to vary, for example if we wish to quantify the long term
performance when the block code is applied to an AMS source as in
Lemma 12.1.

The most fundamental of the conditions for optimality of a quantizer
(x, B) follows from the obvious inequality

Ao, B) = E[p(X,Q(X))] = Jp(x@(x))du(x)
> Jminp(x,y)du(x), (13.7)
yeC

where the minimum exists since the codebook is assumed finite. This
unbeatable lower bound to the average distortion for a quantizer with
reproduction codebook C and hence for a given decoder is achieved with
equality if the encoder is defined to be the minimum distortion encoder:

x(x) = argmin p (x, X;), (13.8)
iel
where C = {Xi;i € I}. The encoder is not yet well defined in a strict
sense because there can be ties in distortion, in which case the encoder
has to chose among multiple indices yielding the same distortion. In this
case any tie-breaking rule can be used without affecting the distortion,
for example choose the index lowest in lexicographical order. It can be
assumed that the optimal encoder is of this form since, if it were not,
changing to a minimum distortion encoder can not increase the average
distortion. In the classic paper on source coding with a fidelity crite-
rion [163], Shannon assumed that encoders were of this form. We do
not make that assumption since it is useful to consider performance of
a quantizer as a function of decoder (codebook) and encoder (partition)
separately, but when all is said and done the best choice for an encoder
(in terms of minimizing average distortion) is the minimum distortion
encoder.
An alternative means of describing an optimal encoder is in terms of
the encoder partition by

PiCix:p(x,X;i) < p(x,Xj); ]+ 1},
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where again some tie-breaking rule is needed to assign an index to points
on the border.

Next suppose that the encoder « or its partition 2 is specified. Given
any subset S ¢ Ax of probability u(S) > 0, the point z € A (if it exists)
for which

E[d(X,z) | X e S]=inf E[d(X,y) | X € S]
yeA
is called the centroid of S and denoted by cent(S). If the set S has zero
probability, then the centroid can be defined in an arbitrary fashion. The
name reflects the origins of the word as the centroid or center of gravity
of a set in Euclidean space with respect to the squared-error distortion
and Lebesgue measure. If the centroid exists, then

cent(S) = argminE[d(X,y) | X € §].
yeA

Centroids exist for many distortion measures and sets of interest. For
example, if the Ax = RN and the distortion is additive squared error
(the square of the £> norm of the vector difference), then the centroid is
given by the conditional expectation E[X | X € §], the minimum mean-
squared estimate of the source vector given the event X € S. Other inter-
esting distortion measures with centroids are considered in [50]. If the
appropriate centroids exist, then the properties of conditional expecta-
tion yield the inequality

E[d(X,Q(X))] = > E[d(X,%i)1p,(X)]
il
= > E[d(X, %) | X € Pu(P;)
iel
> > cent(P)u(Py), (13.9)

i€l

which holds with equality if the decoder output or reproduction code-
word assigned to i is the centroid of P;. In the squared error case this
has the intuitive interpretation of being the minimum mean-squared es-
timate of the input given the received index.

These two conditions were developed for squared error for vectors by
Steinhaus [175] and in the scalar case for more general distortion mea-
sures by Lloyd [110] and they have since become known as the Lloyd
conditions and quantizers which satisfy the conditions are sometimes
referred to as Lloyd-optimal quantizers, although satisfaction of the two
conditions does not ensure global optimality. Each condition, however,
ensures conditional optimality given the other component of the quan-
tizer and hence, as both Lloyd and Steinhaus observed, they provide
an iterative algorithm for improving the quantizer performance. Begin-



13.2 Block Codes 341

ning with a distribution, distortion measure, and initial reconstruction
codebook, the optimal encoder is a minimum distortion mapping. The
decoder can then be replaced by the centroids. Each step can only de-
crease or leave unchanged the average distortion, hence the algorithm is
a descent algorithm with respect to average distortion. The distribution
can be an empirical distribution based on a training set of data, which
makes the algorithm an early example of clustering and statistical (or
machine) learning. The idea has been rediscovered in many fields, per-
haps most famously a decade later as the “k-means” clustering algorithm
of MacQueen [112]. This was one of the first examples of what has since
become known as an alternating optimization (AO) algorithm, where a
complicated optimization (e.g., nonconvex) can be broken down into two
separate simpler optimizations [14]. Taken together, the conditions
yield the following lemma.

Lemma 13.1. Lloyd Quantizer Optimality Properties An optimal quan-
tizer must satisfy the following two conditions (or be equivalent to a quan-
tizer which does):

Optimum encoder for a given decoder Given a decoder with repro-
duction codebook C = {x;;i € 1}, the optimal encoder satisfies

o(x) = argmin p (x, X;). (13.10)
iel
Optimum decoder for a given encoder Given an encoder «, the opti-
mal decoder satisfies

B(i) = cent({x : x(x) = i}). (13.11)

The implications of these optimality properties for the design of vec-
tor quantizers are explored in depth in the literature. For example, see
[50, 61, 115, 128, 152, 71]. Two observations merit making. The decoder
for a block code is simple in principal, it is simply a table lookup. A
channel codeword provides an index and the output is the reproduc-
tion codeword in the codebook with that index. The encoder, however,
requires a minimum distortion search of the reproduction codebook to
find the best fit to the observed input vector. Search can be costly, how-
ever, especially as the dimension grows. There is a large literature on
techniques for avoiding a full search of a codebook, from forcing a struc-
ture on the codebook (such as a tree or trellis or as a linear combination
of basis vectors) to performing only a partial or approximate search. See,
e.g., [71].
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Moment Properties

In the special case of the squared-error distortion where
N-1
dx,y) =lx-yI> = > (xi—¥i)?,
i=0

where N is the dimension of the vectors x, y, optimal quantizers have
several additional interesting properties in terms of their moments. In
fact, the quantizers need not be optimal to have these properties, the
only requirement is that they satisfy the centroid condition so that the
codewords are given by

Xi=E[X|a(X)=i],iel

The following lemma collects these conditions. The results are simple
consequences of basic properties of vector linear prediction. The lemma
follows [50] Lemma 11.2.2. See also the scalar special case in Lemma
6.2.2.

Lemma 13.2. A vector quantizer which satisfies the centroid condition for
the squared-error distortion measure has the following properties:

1. E(Q(X)) = E(X)

2.E(X'Q(X)) = E(IQX)1I*)

3 E(X-QX)NfQ(X)) =0

4. ENQX)%) = E(IX1I*) = E(IX = Q(X)[I1%).

Proof. Let P = {P;,i € I} denote the partition associated with the parti-
tion and C = {Xj;i € I} the reproduction codebook. By assumption, the
X; are the centroids of the the partition cells P;, which for squared error
are the conditional expectations of X given X € P;. Using conditional
expectation,

EX) =2 (XZ 1p, (X)) = > E(X1p,(X))

E iel iel

= > ux(PHE(X | X € ;) = > ux(P)x; = E[Q(X))],

iel iel
proving the first property. Since

Q(X) = > %ilp,(X),

iel

we have that
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E(X'Q(X)) = E(X! (Z Xilp, (X))) = > (EQp (X)XH%:)
iel iel
= > (ux(POE(X' | X € P)%;) = 3 (ux (P)X!%)
iel iel
= > ux(PYREZ; = QX113

iel

proving the second property. The third property follows from the sec-
ond. The final property follows from expanding the left hand side and
using the second and third properties

E(IX - QX)) = E((X - QX)) (X - QX))
= E(X'(X - QX)) - E(QO'(X - QX))
= E(IIXII*) - E(X'Q(X)) - 0
= E(IXI%) = EQQMX) ).

O
The lemma has the intuition that the centroid condition is sufficient to
ensure that the quantizer is an unbiased estimator of the input given the
index (or the quantized value itself). The second property shows that the
correlation of the quantizer output and the input equals the energy in
the quantizer output. In particular, the input and output are not uncor-
related. and hence can not be independent. This conflicts directly with
the frequently assumed model in the communications and signal pro-
cessing literature where quantizer error is treated as signal-independent
white noise. The third property shows that the error and the estimate
quantizer output (which is an estimate of the input given the quantizer
index) have O correlation, which is simply an example of the orthogonal-
ity property since, for a fixed encoder, Q (X) is an optimal linear estimate
for X given Q (X).

13.3 Sliding-Block Codes

A sliding-block code (f, g) for source coding is said to be optimum if it
yields an average distortion equal to the operational distortion-rate func-
tion, A(f,g) = Ax(R). Unlike the simple scalar quantizer case (or the
nonstationary vector quantizer case), however, there are no simple con-
ditions for guaranteeing the existence of an optimal code. Hence usually
it is of greater interest to consider codes that are asymptotically optimal
in the sense that their performance approaches the optimal in the limit,
but there might not be a code which actually achieves the limit. Before
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considering asymptotic optimality, consider the natural extensions of
the quantizer optimality properties to a sliding-block code. Sliding-block
decoders do have a basic similarity to quantization decoders in that one
can view the contents of the decoder shift register as an index i in an
index set I and the decoder is a mapping of I into a single reproduction
symbol g(i) € A, say. Usually in practical systems the decoder has fi-
nite length, in which case the index set I is finite. If the encoder is given,
then the mapping of inputs into indices at a particular time is fixed, and
hence the centroid condition must still hold if the centroids exist for the
distortion measure being used. This yields the following lemma.

Lemma 13.3. If the encoder f in a sliding-block source coder is fixed and
results in decoder shift register contents U € 1 at time 0, then a necessary
condition for the decoder g to be optimal with respect to the encoder is
that

g(i) =cent(Xg | U = i) = argminE (p(Xo,y) | U = 1) (13.12)
yeA

The lemma follows in the same manner as the quantizer result, and
as in that case it implies for the squared-error distortion case that g (i)
be the conditional expectation of the input at the same time given the
contents of the shift register and knowledge of the encoder mapping
of inputs into indexes. The application of Lloyd’s centroid condition for
quantizers to sliding-block decoders was first treated by Stewart [176,
177]. This property can be used to tune a decoder to a training sequence
using an empirical conditional expectation.

Unfortunately the corresponding result for the encoder — that the
minimum distortion rule is the optimal encoder for a fixed decoder —
does not have a simple extension to sliding-block codes. There is, how-
ever, a hybrid system that couples a sliding-block decoder with a block
encoder which does resemble the Lloyd alternating optimization for vec-
tor quantization, and it has the added advantage that the minimum dis-
tortion search required of the encoder does not require computational
complexity increasing exponentially with the block length of the code.
The trick is that the sliding-block coder structure allows a low complex-
ity minimum distortion search. The technique is known as trellis source
encoding and it was introduced by by Viterbi and Omura [188] and the
connections with sliding-block codes and the Lloyd iteration were devel-
oped by Stewart et al. [53, 176, 177]. A brief overview is presented here
to illustrate the similarities among the Lloyd conditions, sliding-block,
and block codes. Details can be found in the cited references.

To keep things simple, we focus on one bit per symbol codes so
that the noiseless channel alphabet is binary and one reproduction sym-
bol is produced for each channel bit. Consider the simple sliding-block
code of Figure 2.1 with a more general decoder function g as in Fig-
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ure 13.1. The temporal operation of the decoder can be depicted as in

{Un}—> Un |Un-1|Un-2

Xn = g(Un, Un-1, Un—Z)

Fig. 13.1 A simple sliding-block decoder

Figure 13.2, a directed graph called a trellis. The decoder is viewed as a
finite-state machine where at time n the state consists of received chan-
nel symbols in the shift register except for the most recent — in this case
Sn = (Up-1,Upn—2) so that there are four possible states {00,01,10,11}.
The states at a particular time are represented by the darkened circles
stacked vertically and labeled on the far left. If at time »n the shift regis-
ter is in state s, = (un_1,uUn-2) and a channel symbol u, is received,
then the output will be g(uy,un—1,un-2) and the state will change
to Sp+1 = (Un,un—1). Thus the next-state rule given the current state
and the current received channel symbol can be described in a state
transition table as in Table 13.1. In general there is a next state rule

Sp |11 10 01 00 11 10 00 01
up, {11110 0 0 O
Sp+1|11 11 10 10 01 01 00 00

Table 13.1 State transition table

Sn+1 = ¥(Un, Sp). The state transistions are noted in the trellis by con-
necting the states between times by a branch which is labeled by the
decoder output produced by the transition between the two states con-
nected by the branch. In the figure the upper branch shows the transition
if the channel symbol is a 1, the lower branch shows the transition if the
channel symbol is a 2. The picture for time n is replicated at every time
instant. The leftmost column of states can be considered as time 0 and
the trellis continues to replicate to the right. Continuing with this simple
example, suppose that the decoder g is fixed, and we want to design a
good encoder. While the end goal may be another sliding-block code to
match the theoretical emphasis, suppose for the time being that a block
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g(000) g(000)

Fig. 13.2 Trellis diagram of sliding-block code

encoder is to be used. In that case, the trellis provides a picture of all of
the reproduction sequences available to the decoder, so the general prin-
cipal would be to observe an input sequence of length, say, L, and find
the best possible sequence of trellis branch labels through the trellis for
L steps, that is, find the minimum distortion path through the trellis. An
immediate issue how to initiate the encoding algorithm. In particular, if
we allow the search algorithm to consider all possible initial states, then
at the beginning of the block the decoder must be told what state to be-
gin in, that is, what paths through the trellis are allowed. The optimal
choice might be to place no constraint on the start, but this means that
many bits would need to be sent at the beginning of a block, while only
one bit per input sample would be required thereafter. The usual prac-
tical solution is to pick an arbitrary initial state, say the all-zero state,
to begin with. Then the path through the trellis can be sent with one bit
per branch for the current and future blocks. Hopefully the effects of an
arbitrary and possibly bad initial state will wash out with time.

Given that the encoder and decoder initialize their states to a common
state, say 0y, then as in the block source code case, the optimal encoder
for a source block x! of length L will choose the sequence of bits u’ that
drives the decoder through the trellis so as to yield the smallest possible
total distortion; that is, the encoder will find

-1
argmin > p (x4, g(ui, $i)).

L ‘
u i=0
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where the s; are computed from the previous states and the inputs using
Table 13.1. What makes this structure so useful is that instead of having
to compute the distortions for all 2L possible reproduction L tuples with
respect to an observed input tuple, the minimum distortion path can be
found sequentially in time by a simple algorithm, as will be seen. An
immediate point is that if the decoder is a good sliding-block code, then
a natural choice for an encoder is a minimum distortion search through
all possible decoder sequences, that is, find the binary channel sequence
that will drive the decoder through the sequence of outputs that provide
a good match to an observed input sequence.

The 2L possible reproduction L-tuples correspond to the 2L possible
sequences of reproduction symbols or branch labels resulting from the
2L possible binary path maps through the trellis from the initial state
to one of the possible final states. A brute force minimization would be
to compute for each of these 2L path maps and their distortion with
respect to the input x and choose the binary sequence which results in
the minimum distortion sequence of branch labels. The trellis structure
decreases the work, however, by eliminating the need for computing the
distortion for all possible paths through the trellis. Many of the paths are
bad and can not be candidates for the best path. Suppose that we know
the best paths into each of the 2X-1 possible states at time n = L — 1
along with the resulting total distortion resulting from the associated
sequence of reproductions/branch labels. Suppose that

-1
of = argmin > p(x,g(ui, $;))
ut -

is the best binary path map and that the resulting distortion is

L-1 L-1
Ar= > p(xi,g((u")i,s)) =min > p(xi, g(ui, i),
i=0 U iso

where as always the state sequence is determined from the path map. As
the notation is cluttered enough already, this dependence is not shown
explicitly. Consider a time n < L. An optimal overall path map vf must
have resulted in the decoder being in some particular state, say s, at time
n, and in a binary path map v"(s) that resulted in the decoder being in
the state s at time n, and in a running distortion of

n-1

An(s) = D plxi,g((0F)g,50),
i=0

with s, = 5 = ¥(Uy-1, Sn—1). Furthermore, this path must have been the
best path from the initial state oy through the state s at time n; that is,
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n-1
(v, 0h, .. (V) p-1) = 0™(s) = argmin > p(xi, g(ui, si))
LS
n-1 n-1
An = p(xi,g((Wh)is0)) =min 3 p(xi, g (Ui, si)).
i=0 i=0

This follows from the additive nature of distortion since if the length n
prefix of vf, ((vh)g, (VL) 1,..., (U),_1), were not the minimum distortion
path from the intitial state to state s at time n, then there would be
another path into this node with strictly smaller distortion. Were that the
case, however, that other path would be a better prefix to the overall path
and it would yield smaller total distortion by yielding smaller distortion
in the first n-tuple and no worse distortion for the remainder of the path.
The remainder of the path is not changed because the choices from time
n on depend only on the state of the decoder at time n. This argument
assumes that we know the state through which the optimal path passes.
In general we can only say before the optimal path is known that at
time n the decoder must be in some state. This implies, however, that
at time n at each state all we need track is what the best path so far
into that state is and what the corresponding distortion is. All inferior
paths into the state can be discarded as no longer being candidates for
prefix of an optimal path map. This yields a search algorithm for finding
the minimum distortion path through the trellis, which can be described
informally as follows.

Step 0 Given: input sequence xV, length K sliding-block decoder g,
initial state oy. State space S = all 2K~! binary (K — 1)-tuples. Next
state mapping: If the old state is s = (bob;---,bg_2,bg-1) and
the received channel symbol is u, then the next state is v (u,s) =
(u,bg, b1, -+ ,bk_>). Define v°(s) to be the empty set for all s € S.
Define A, (s) =0 forall s € S. Set n = 1.

Stepl ForeachseS:

There can be at most two previous states s,_; = 0p and oy, say,
for which s,, = s = v(0,0¢) = v(1,0;) and for which s,_; is reach-
able from the initial state. (For n > K — 1 all states at time n are
reachable from the initial state.) If there are two such states, compare
00 = Ap—1(00) + p(xn,g(0,00)) with 61 = Ap_1(01) +p(xXn,g(1,01)).
If 6o < 61, then set

0" (s) = (L™ (09),0)

Ap(s) = Ap_1(00) + p(xn,g(0,00)),

otherwise set
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v (s) = (L o), 1)

Ap(s) = Ap_1(01) + p(xn,g(1,01)).

That is, choose the minimum distortion path available from the choice
of two paths entering state s at time n. This extends one of the two
candidate paths of length n — 1 available at the two allowed previous
states and extinguishes the other, which can not be the suffix of an
optimal path.

If there is only one allowed previous state o, choose the path from
that single state using the update formula above. If there is no al-
lowed previous state, do nothing (there is no update to a best path or
associated distortion to the given state at time n).

Setn — n+ 1.

Step2 If n < L, go to Step 1. If n = L, we have the best path maps
vl (s) and corresponding distortions Ay (s) at time L — 1 for all states
seS. Set

s* = argmin Ay (s)
ses
and finish with binary path map vl (s*) as the encoded bit sequence
to be communicated to the receiver to drive the decoder to produce
the reproduction.

Instead of computing 2L separate distortions for L-tuples, the algo-
rithm computes 2X-1 incremental distortions at each time (level in the
trellis) and does the corresponding addition to maintain and store the
cumulative distortion up to that time. This is done for each of the L lev-
els of the trellis. Thus the algorithm complexity grows roughly linearly
and not exponentially in the encoder block size L, but it does grow with
the state space size and hence exponentially with the decoder shift reg-
ister length. Thus a relatively small decoder shift register length with a
large block length can yield an overall reasonable complexity. As of this
writing (2010) shift register lengths of over 20 and block lengths of a
million are reasonable. Decoding is of minimal complexity.

The basic optimality principle used here as that of dynamic program-
ming, and its applications to channel coding and source coding were
introduced by Andrew Viterbi. The algorithm is widely known as the
Viterbi algorithm in communications and signal processing. See, e.g.,
[44].

At this point we have a hybrid code with a sliding block decoder and
a block encoder. The block encoder can be made stationary using oc-
casional input-dependent spacing as in the theoretical constructions of
sliding-block codes from block codes, but in practice the Viterbi algo-
rithm is usually run on very long blocks. There are many variations on
the basic approach.
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Asymptotically Optimal Sliding-Block Codes

This subsection largely follows Mao, Gray, and Linder [117, 72]. A se-
quence of rate-R sliding-block codes f,,gn, n = 1,2,..., for source cod-
ing is asymptotically optimal (a.o.) if

lim A(fn, gn) = Ax(R) = Dx(R). (13.13)

An optimal code (when it exists) is trivially asymptotically optimal and
hence any necessary condition for an asymptotically optimal sequence
of codes also applies to a fixed code that is optimal by simply equating
every code in the sequence to the fixed code.

Similarly, a simulation code g is optimal if p(ux, pg(z)) = A(X|Z) and
a sequence of codes g, is asymptotically optimal if

}liggoﬁ(ux,uyn<z>) = Ax|z. (13.14)

Process approximation

The following lemma provides necessary conditions for asymptotically
optimal codes. The results are a slight generalization and elaboration of
Theorem 1 of Gray and Linder [72] as given in [117].

Lemma 13.4. Given a real-valued stationary ergodic process X, suppose
that fn,gn n = 1,2,... is an asymptotically optimal sequence of station-
ary source codes for X with encoder output/decoder input alphabet B of
size |B|| = 2R for integer rate R. Denote the resulting reproduction pro-
cesses by X and the B-ary encoder output/decoder input processes by
U™, Then

}L%ﬁ(“x’”w” = Dx(R)
yle H(X(")) — }Lm H(U(”)) =R
lim d(U™, 2) =0,

where Z is an IID equiprobable process with alphabet size 2X.
These properties are quite intuitive:

e The process distance between a source and an approximately opti-
mal reproduction of entropy rate less than R is close to the Shannon
distortion rate function. Thus frequency-typical sequences of the re-
production should be as close as possible to frequency-typical source
sequences.
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e The entropy rate of an approximately optimal reproduction and of the
resulting encoded B-ary process must be near the maximum possible
value in order to take advantage of all possible available information.

e The sequence of encoder output processes approaches an IID equiprob-
able source in the Ornstein process distance. If R = 1, the encoder
output bits should look like fair coin flips.

Proof. The encoded and decoded processes are both stationary and er-
godic since the original source is. From (12.38) and the source coding
theorem,

A(fr,gn) = E[d(Xo, X§™)]1 = D (ux, tgom)

> inf p(ux,v)=A(u,R) =Dx(R).
v:H(V)<R

The first inequality follows since the p distance is the minimum average
distortion over all couplings yielding the marginal distributions for X
and X(()"). The second inequality follows since stationary coding reduces
entropy rate so that R = H(U™) = H(X™)). Since the leftmost term
converges to the rightmost, the first equality of the lemma is proved.
From Lemma 8.4

R=HX™) > I1(x,X™).

From the process definition of the rate-distortion function, the dual to
the process definition of the distortion-rate function (the rate-distortion
formulation can be found in [119, 63, 76]), I(X, X™) = Rx(A(fn,gn)).
Taking the limit as n — o, Rx(A(fn,gn)) converges to R since the
code sequence is asymptotically optimal and the Shannon rate-distortion
function is a continuous function of its argument except possibly at D =
0, the dual of Lemma 9.1. Thus lim,,_... H({U™) = limy_. H(X™) = R.
proving the second equality of the lemma.
From Marton’s inequality of Corollary 6.6,

13 In2 N 172
N=dn(pyn, pzn) < W(NR—H(U )

and taking the limit as N — co using property (a) of Theorem 5.2 yields

B 1/2
Ay, piz) < [1“72(12 - H(U))] .

Applying this to U™ and taking the limit using the previous part of the
lemma completes the proof. O

If X is a B-process, then a sequence of a.o. simulation codes g, yield-
ing a reproduction processes X ™ satisfies limy, . p (Ux, Ugm) = Ax|z =
Dx(R) and a similar argument to the proof of the previous lemma im-
plies that limy,.. H(X™) = H(Z) = R.
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Moment conditions

The next set of necessary conditions concerns the squared-error distor-
tion and resembles the standard result for scalar and vector quantizers
described in Lemma 13.2. The proof differs, however, in that in the quan-
tization case the centroid property is used, while here simple ideas from
linear prediction theory accomplish a similar goal. Define in the usual
way the covariance COV(X,Y) = E[(X — E(X))(Y —E(Y))].

Lemma 13.5. Given a real-valued stationary ergodic process X, suppose
that fy,gn is an asymptotically optimal sequence of codes (with respect
to squared error) yielding reproduction processes X with entropy rate
H(X™) <R, then

lim E(X{™) = E(Xo) (13.15)
OV(Xo, X"
fim COVX0XoT) (13.16)
N Osm
Xo
lim 0%, = 0%, = Dx(R). (13.17)

Defining the error as e(()") = Xé") — Xo, then the necessary conditions be-
come

lim E(eg”) = 0 (13.18)
mﬂeg%gm)) -0 (13.19)
lim 02,, = Dx(R). (13.20)

n—oo EO

The results are stated for time k = 0, but stationarity ensures that they
hold for all times k.

Proof: For any encoder/decoder pair (fy,gn) vielding a reproduction
process XM

A(fu, gn) = ill;lfRA(fn,agn +Db)
> Dx(R) =infA(f,g)
f.a

where the second inequality follows since scaling a sliding-block decoder
by a real constant and adding a real constant results in another sliding-
block decoder with entropy rate no greater than that of the input. The
minimization over a and b for each n is solved by standard linear pre-
diction techniques as
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COV(Xp, X\
ay = SV X0 X0 ) (13.21)
O—le)
0

bn = E(Xo) — anE(X™), (13.22)
angA(fn,agn +b) = A(fn,angn + bn)

= 0%, - a,%o;ém. (13.23)

Combining the above facts we have that since ( fy, g») is an asymptot-
ically optimal sequence,

Dx(R) = 7111{1;10 A(fn, gn) = }Llf[;lo A(fn, angn + bn)
> Dx(R) (13.24)

and hence that both inequalities are actually equalities. The final inequal-
ity (13.24) being an equality yields

lim aia)gén,) = 0%, - Dx(R). (13.25)
Application of asymptotic optimality and (13.21) to
A(fnrgn) = E ((Xo = X§™)?)
= E (X0 - E(Xo)] - [X§" = E(X§™)]
+ [E(Xo) — E(X{™)1)?)
= 0%, + 05 — 2C0V(Xo, X")
+ [E(Xo) — E(X{")1?

results in
Dx(R) = lim (a§0 + (1= 2an) 050 + [E(Xo) - E(Xé"))]2> . (13.26)
m ¢
Subtracting (13.25) from (13.26) yields

lim ((1 —an)?0,, + [E(Xo) - E(xgm)]Z) = 0. (13.27)
oo S
Since both terms in the limit are nonnegative, both must converge to
zero since the sum does. Convergence of the rightmost term in the sum
proves (13.15). Provided Dx (R) < 0,2(0, which is true if R > 0, (13.25) and
(13.27) together imply that (a,, — 1)?/a3 converges to 0 and hence that
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X, X(n)
lim a, = lim M = 1. (13.28)
e n-—eo Ocm
0

This proves (13.16) and with (13.26) proves (13.17) and also that
lim COV(Xo, X§™) = 0, - Dx(R). (13.29)
N— 00

Finally consider the conditions in terms of the reproduction error.
Eq. (13.18) follows from (13.15). Eq. (13.19) follows from (13.15)-(13.29)
and some algebra. Eq. (13.20) follows from (13.18) and the asymptotic
optimality of the codes. O

If X is a B-process so that Ay|z = Dx(R), then a similar proof yields
corresponding results for the simulation problem. If g, is an asymptoti-
cally optimal (with respect to p, distortion) sequence of stationary codes
of an IID equiprobable source Z with alphabet B of size R = log||B]|
which produce a simulated process X then

lim E(Xy") = E(Xo)

: 2 2
lim o3 = 0%, ~ Axiz:
Itis perhaps surprising that when finding the best matching process with
constrained rate, the second moments differ.

Finite-order distribution Shannon conditions for IID
processes

Several code design algorithms, including randomly populating a trel-
lis to mimic the proof of the trellis source encoding theorem [188], are
based on the intuition that the guiding principle of designing such a
system for an IID source should be to produce a code with marginal
reproduction distribution close to a Shannon optimal reproduction dis-
tribution [193, 42, 143]. The following result from [117] formalizes this
intuition.

Lemma 13.6. Given a real-valued IID process X with distribution uy, as-
sume that {fn,gn} is an asymptotically optimal sequence of station-
ary source encoder/decoder pairs with common alphabet B of size R =
log || B|| which produce a reproduction process X . Then a subsequence
of the marginal distribution of the reproduction process, Hgwm converges

weakly and in quadratic transportation distortion (p-bar distortion with
respect to squared error distortion) to a Shannon optimal reproduction
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distribution. If the Shannon optimal reproduction distribution is unique,
then Hxwm converges to it.

Proof: Given the asymptotically optimal sequence of codes, let 11, de-
note the induced process joint distributions on (X , X)), The encoded
process has alphabet size 28 and hence entropy rate less than or equal
to R. Since coding cannot increase entropy rate, the entropy rate of the
reproduction (decoded) process is also less than or equal to R. Since the
input process is IID, Lemma 8.8 implies that for all N that

1 1 A N-1 (
) = I, XY = < ZO 10X, X{™)
= I(Xo, X§") = I(mt}). (13.30)

The leftmost term converges to the mutual information rate between the
input and reproduction, which is bound above by the entropy rate of the
output so that

I(Xo, X§™) <R, all n. (13.31)

Since the code sequence is asymptotically optimal, (13.13) holds. Thus
the sequence of joint distributions rr,, for (Xo,f((()")) meets the condi-
tions of Corollary 9.4 and hence Hxm has a subsequence which con-

verges weakly to a Shannon optimal distribution. If the Shannon opti-
mal distribution py, is unique, then every subsequence of of ugm has

a further subsequence which converges to py,, which implies that Hgm
converges weakly to py,. The moment conditions (13.15) and (13.17))

of Lemma 13.5 imply that E[(Xé"))z] converges to E[(X()?]. The weak
convergence of a subsequence of pgm (or the sequence itself) and the
convergence of the second moments imply convergence in quadratic
transportation distortion (p-bar distortion with respect to squared error
distortion) [187]. |

Since the source is IID, the N-fold product of a one-dimensional Shan-
non optimal distribution is an N-dimensional Shannon optimal distribu-
tion. If the Shannon optimal marginal distribution is unique, then so is
the N-dimensional Shannon optimal distribution. Since Csiszar’s [25] re-
sults as summarized in Corollary 9.4 hold for the N-dimensional case,
we immediately have the first part of the following corollary.

Corollary 13.1. Given the assumptions of the lemma, for any positive inte-
ger N let u R denote the N -dimensional joint distribution of the reproduc-
tion process X . Then a subsequence of the N-dimensional reproduction
distribution pugm converges weakly and in quadratic transportation dis-
tortion to the N-fold product of a Shannon optimal marginal distribution
(and hence to an N-dimensional Shannon optimal distribution). If the one
dimensional Shannon optimal distribution is unique, then Ligw converges
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weakly and in quadratic transportation distortion to its N-fold product
distribution.

Proof: The moment conditions (13.15) and (13.17)) of Lemma 13.5 imply
that E[(X"”)2] converges to E[(Xy)?] for k = 0,1,...,N — 1. The weak
convergence of the N-dimensional distribution of a subsequence of pgwm)
(or the sequence itself) and the convergence of the second moments im-
ply convergence in quadratic transportation distortion [187]. O

There is no counterpart of this result for optimal codes as opposed
to asymptotically optimal codes. Consider the Gaussian case where the
Shannon optimal distribution is a product Gaussian distribution with
variance 0')2(—D x(R).If a code were optimal, then for each N the resulting
Nth order reproduction distribution would have to equal the Shannon
product distribution. But if this were true for all N, the reproduction
would have to be the IID process with the Shannon marginals, but that
process has infinite entropy rate.

If X is a B-process, then a small variation on the proof yields sim-
ilar results for the simulation problem: given an IID target source X,
the Nth order joint distributions pigm of an asymptotically optimal se-
quence of constrained rate simulations X ™ will have a subsequence that
converges weakly and in quadratic transportation distortion to an N-
dimensional Shannon optimal distribution.

Asymptotic Uncorrelation

Define as usual the covariance function of the stationary process X
by Kgm (k) = COV()A(E"),)A(l.(f‘)) for all integer k. The following theorem
states and proves an intuitive property nearly optimal codes for IID
sources must yield approximately uncorrelated reproduction processes.
The result is implied by the convergence of joint distributions to the
Shannon optimal distribution along with a technical moment condition
proved in the subsequent lemma.

Theorem 13.1. Given a real-valued IID process X with distribution Ly,
assume that f,,gn is an asymptotically optimal sequence of station-
ary source encoder/decoder pairs with common alphabet B of size R =
log || B|| which produce a reproduction process X™. For all k + 0,

Tim Ko (k) = 0 (13.32)

and hence the reproduction processes are asymptotically uncorrelated.

Proof. If the Shannon optimal distribution is unique, then pgm con-
verges in quadratic transportation distortion to the N-fold product of the
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Shannon optimal marginal distribution by Corollary 13.1. Lemma 13.7
which follows shows that this implies the convergence of K (k) =
COV(X,((”),X(()")) to O for all k = 0. O

Taken together these necessary conditions provide straightforward
tests for code construction algorithms.

Lemma 13.7. Let Y denote the N-fold product of a probability distribu-
tion p on the real line such that [ x?du(x) < c. Assume {v,} is a se-
quence of probability distribution on RN such that lim,, .. oy (uN,vy) =

0.1f Y™, vi" ..., Y\ are random variables with joint distribution v,,
then for all i # j, lim, . E[ (Y — E(Y\™)) (Y}”) - E(Y;")))]z 0.

Proof. The convergence of v, to uV in quadratic transportation distor-
tion implies that there exist IID random variables Yi,..., Yy with com-
mon distribution y and a sequence or N random variables Y\, Y, ...,
Yﬁ,") with joint distribution v, all defined on the same probability space,
such that

lim E[(Y;" = Y)?*1 =0, i=1,...,N. (13.33)

First note that this implies for all i

lim EL(Y{")?] = E[Y]]. (13.34)

Since rllll’l;lo E IYi(") —Yj| = 0, the Cauchy-Scwartz inequality implies that

for all i
lim E(Y") = E(Y)). (13.35)

The statement is a direct consequence of the fact that in any inner
product space, the inner product is jointly continuous. Letting (X,Y) =
E(XY) and ||X|| = [E(X?)]'/? for random variables X and Y with finite
second moment defined on this probability space, we have the bound

A

Y Yy =Y Y | o< [y =y |+ [ - v, Y|
Y™ = Yyl + 1Y = Vil ;.

IA

Since IIYi(") || converges to ||Y;| by (13.34) and IIYi(") — Y|l converges to
zero by (13.33), we obtain that (Yim), Y;”)) converges to (Y;,Y;), i.e,

lim E(Y,""Y") = E(Y;Y}) = E(Y;))E(Y})

n—oo

since Y; and Y; are independent if i # j. This and (13.35) imply the
lemma statement. O



Chapter 14
Coding for Noisy Channels

Abstract Reliable communication over a noisy channel is the focus of
this chapter. The chapter begins with a development of the classic fun-
damental results of Feinstein regarding reliable communication of block
codes and the relation of operational channel capacity to Shannon ca-
pacity for discrete channels. A technique of Dobrushin is used to extend
Feinstein’s results for channels with no input memory or anticipation
by making codes robust to small changes in the conditional distribu-
tions describing channels. This leads in turn to the extension of block
coding theorems to d-bar continuous channels, discrete noisy channels
where the noise distribution within a block can be well approximated
in a d-bar sense with only finite knowledge of past and future inputs.
Traditional channel coding theorems for block codes assume knowl-
edge of synchronization — when the blocks begin. Another technique of
Doburshin is used to synchronize block codes through noisy channels.
Combining synchronized block codes with the Rohlin-Kakutani theorem
yields a coding theorem for sliding-block channel coding. Finally, com-
bining the source coding theorems with channel coding theorems yields
joint-source and channel coding theorems.

14.1 Noisy Channels

In the treatment of source coding the communication channel was as-
sumed to be noiseless. If the channel is noisy, then the coding strategy
must be different, some form of error control is required to undo the
damage caused by the channel. The overall point-to-point communica-
tion problem is usually broken into two pieces: A source coder is de-
signed for a noiseless channel with a given resolution or rate and an
error correction code is designed for the actual noisy channel in order
to make it appear almost noiseless. The combination of the two codes
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then provides the desired overall code or joint source and channel code.
This division is natural in the sense that optimizing a code for a particu-
lar source may suggest quite a different structure than optimizing it for
a channel. The structures must be compatible at some point, however,
so that they can be used together. This division of source and channel
coding is apparent in the subdivision of this chapter. We begin with a
fundamental lemma due to Feinstein [39] which is the basis of tradi-
tional proofs of coding theorems for channels. It does not consider a
source at all, but finds for a given conditional distribution the maximum
number of inputs which lead to outputs which can be distinguished with
high probability. Feinstein’s lemma can be thought of as a channel cod-
ing theorem for a channel which is used only once and which has no
past or future. The lemma immediately provides a coding theorem for
the special case of a channel which has no input memory or anticipa-
tion. The difficulties enter when the conditional distributions of output
blocks given input blocks depend on previous or future inputs. This dif-
ficulty is handled by imposing some form of continuity on the channel
with respect to its input, that is, by assuming that if the channel in-
put is known for a big enough block, then the conditional probability
of outputs during the same block is known nearly exactly regardless of
previous or future inputs. The continuity condition which we shall con-
sider is that of d-continuous channels. Joint source and channel codes
have been obtained for more general channels called weakly continuous
channels (see, e.g., Kieffer [94] [95]), but these results require a variety of
techniques not yet considered here and do not follow as a direct descen-
dent of Feinstein’s lemma.

Block codes are extended to sliding-block codes in a manner simi-
lar to that for source codes: First it is shown that asynchronous block
codes can be synchronized and then that the block codes can be “sta-
tionarized” by the insertion of random punctuation. The approach to
synchronizing channel codes is based on a technique of Dobrushin [33].

We consider stationary channels almost exclusively, thereby not in-
cluding interesting nonstationary channels such as finite state channels
with an arbitrary starting state. We will discuss such generalizations and
we point out that they are straightforward for two-sided processes, but
the general theory of AMS channels for one-sided processes is not in a
satisfactory state. Lastly, we emphasize ergodic channels. In fact, for the
sliding-block codes the channels are also required to be totally ergodic,
that is, ergodic with respect to all block shifts.

As previously discussed, we emphasize digital, i.e., discrete, channels.
A few of the results, however, are as easily proved under somewhat more
general conditions and hence we shall do so. For example, given the back-
ground of this book it is actually easier to write things in terms of mea-
sures and integrals than in terms of sums over probability mass func-
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tions. This additional generality will also permit at least a description of
how the results extend to continuous alphabet channels.

14.2 Feinstein’s Lemma

Let (A, B4) and (B, Bg) be measurable spaces called the input space and
the output space, respectively. Let Py denote a probability distribution on
(A,Ba) and let v(F|x), F € Bp, x € B denote a regular conditional prob-
ability distribution on the output space. v can be thought of as a “chan-
nel” with random variables as input and output instead of sequences.
Define the hookup Pxv = Pxy by

Pyy (F) = jdpx(x>v(Fx|x>.

Let Py denote the induced output distribution and let Py x Py denote the
resulting product distribution. Assume that Pxyy << (Px X Py) and define
the Radon-Nikodym derivative

_ dPxy
f= 7&1(1"){ < Py) (14.1)

and the information density
i(x,y) =1Inf(x,y).

We use abbreviated notation for densities when the meanings should be
clear from context, e.g., f instead of fxy. Observe that for any set F

j APy (x) (Jdmy)f(x,y)) _ j A(Py % Py) (x, ).f(x, V)
F FxB
- J dPxy (x,y) = Px(B) < 1
FXB

and hence
JdPy(y)f(x,y) <1; Py —a.e. (14.2)

Feinstein’s lemma shows that we can pick M inputs {x; € A; i =
1,2,...,M}, and a corresponding collection of M disjoint output events
{Ii € Bg; i = 1,2,...,M}, with the property that given an input Xx;
with high probability the output will be in Ij. We call the collection
C={x;Ij; i=1,2,...,M} a channel code or, simply, a code when the
meaning is clear from context, with codewords x; and decoding regions
I;. We do not require that the I exhaust B.



362 14 Coding for Noisy Channels

The generalization of Feinstein’s original proof for finite alphabets to
general measurable spaces is due to Kadota [82] and the following proof
is based on his.

Lemma 14.1. Given an integer M and a > 0 there exist x; € A; i =
1,...,M and a measurable partition F = {I3; i = 1,...,M} of B such that

v(rf|xl-) <Me ?+Pxyy(i <a).

Proof: Define G = {x,y :i(x,y) > a} Set € = Me @ + Pxy(i < a) =
Me=% + Pxy(G°). The result is obvious if € > 1 and hence we assume
that € < 1 and hence also that

ny(Gc) <e<l1

and therefore that

ny(i >qa) = ny(G) = Jdpx(X)V(GxLX) >1-€>0.

This implies that the set A = {x : v(Gx|x) > 1 —€ and (14.2) holds} must
have positive measure under Px We now construct a code consisting of
input points x; and output sets Iy,. Choose an x; € A and define Ty, =
Gx,. Next choose if possible a point x» € A for which V(Gy, — Iy, 1x2) >
1 — €. Continue in this way until either M points have been selected or
all the points in A have been exhausted. In particular, given the pairs

{x;,Ij}; j=1,2,...,1— 1, satisfying the condition, find an x; for which
V(Gx, — Ty Ixi) > 1 - €. (14.3)
Jj<i

If the procedure terminates before M points have been collected, denote
the final point’s index by n. Observe that

v(Iy,SIxi) < v(Gx Ixi) <€ i=1,2,...,n

and hence the lemma will be proved if we can show that necessarily n
cannot be strictly less than M. We do this by assuming the contrary and
finding a contradiction.

Suppose that the selection has terminated at n < M and define the set
F = UL, Iy, € Bg. Consider the probability

Pxy (G) = Pxy (G (A X F)) + Pxy (G (A X F9)). (14.4)

The first term can be bounded above as

Pxy(G(J(AXF)) < Pxy(AXF) = Py(F) = > Py(Iy,).
i=1
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We also have from the definitions and from (14.2) that
X,y
o) = [ aron < [ arvon = | TEEapyy)

< e*“JdPy(y)f(xi,y) <e™®

and hence
Pxy(G[ (A X F)) < ne™. (14.5)

Consider the second term of (14.3):
Pyy (G (A x F9)) = jdmx)v((G (A X FE))|x)

= JdPX(x)v(GX (Flx)
n
= JdPX(x)v(GX - U Tilx). (14.6)
i=1
We must have, however, that
n
v(Gx— JTilx) =1-¢
i=1
with Px probability 1 or there would be a point x, ., for which

n+1

V(Gxyor — U Tilxni1) > 1 —¢,
i=1

that is, (14.3) would hold for i = n + 1, contradicting the definition of n
as the largest integer for which (14.3) holds. Applying this observation
to (14.6) yields

Pxy(G[J(AXF®) <1-¢

which with (14.4) and (14.5) implies that
Pxy(G) <me™®+1—¢€. (14.7)
From the definition of €, however, we have also that
Pxy(G) =1 —-Pxy(G°) =1—-€+Me 4

which with (14.7) implies that M < n, completing the proof. O
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14.3 Feinstein’s Theorem

Given a channel [A,v,B] an (M, n,€) block channel code for v is a col-
lection {w;,I;}; i = 1,2,...,M, where w; € A", I; € Bg, all i, with the
property that

sup max vy(l;) <€, (14.8)

xec(w;) i=1,..M

where c(a™) = {x : x"™ = a"} and where v is the restriction of vy to Bj.
The rate of the code is defined as n~!logM. Thus an (n, M, €) channel
code is a collection of M input n-tuples and corresponding output cells
such that regardless of the past or future inputs, if the input during
time 1 to n is a channel codeword, then the output during time 1 to
n is very likely to lie in the corresponding output cell. Channel codes
will be useful in a communication system because they permit nearly
error free communication of a select group of messages or codewords.
A communication system can then be constructed for communicating a
source over the channel reliably by mapping source blocks into channel
codewords. If there are enough channel codewords to assign to all of the
source blocks (at least the most probable ones), then that source can be
reliably reproduced by the receiver. Hence a fundamental issue for such
an application will be the number of messages M or, equivalently, the
rate R of a channel code.

Feinstein’s lemma can be applied fairly easily to obtain something that
resembles a coding theorem for a noisy channel. Suppose that [A, v, B] is
a channel and [A, u] is a source and that [A X B, p = uv] is the resulting
hookup. Denote the resulting pair process by {X,, Y} For any integer
K let pX denote the restriction of p to (AK x BK, BX x BX), that is, the
distribution on input/output K-tuples (XX, YX). The joint distribution
pX together with the input distribution pX induce a regular conditional
probability VK defined by VK (F|xKX) = Pr(YX € F| XK = xK). In particu-
lar,

vE(GlaX) = Pr(YX e G| XK = aX)

1 K
= Kk L(aK) v (G)du(x). (14.9)
where c(aX) = {x : xX = aK} is the rectangle of all sequences with a
common K-dimensional output. We call VX the induced K-dimensional
channel of the channel v and the source p. It is important to note that
the induced channel depends on the source as well as on the channel,
a fact that will cause some difficulty in applying Feinstein’s lemma. An
exception to this case which proves to be an easy application is that of a
channel without input memory and anticipation, in which case we have
from the definitions that
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vE(F|aX) = v (YK € F); x € c(aX).

Application of Feinstein’s lemma to the induced channel yields the
following result, which was proved by Feinstein for stationary finite al-
phabet channels and is known as Feinstein’s theorem:

Lemma 14.2. Suppose that [A x B, uv] is an AMS and ergodic hookup of
a source U and channel v. Letfuv = TW (X;Y) denote the average mutual
information rate and assume that I, = I, is finite (as is the case if
the alphabets are finite (Theorem 8.2) or have the finite-gap information
property (Theorem 8.4)). Then for any R < I, and any € > O there exists
for sufficiently large n a code {w};T;; i = 1,2,...,M}, where M = |e"R ]|,
w/' € A", andT; € Bg, with the property that

VI W) < €i=1,2,...,M. (14.10)

Comment: We shall call a code {w;,I;; i = 1,2,...,M} which satisfies
(14.10) for a channel input process u a (u, M, n, €)-Feinstein code. The
quantity n 1 log M is called the rate of the Feinstein code.

Proof: Let n denote the output distribution induced by y and v. Define
the information density

in=
" d(um x nn)
and define B
Iy —R
0= —5 > 0.

Apply Feinstein’s lemma to the n-dimensional hookup (uv)™ with M =
le"R | and a = n(R + &) to obtain a code {w;,[;}; i =1,2,...,M with

max V" (If |[w]")
1
< Me "R+ 4 pn(j, <n(R+J))
= |e"R e n(R+0) p(%in(X"; Y") <R +6) (14.11)
and hence

max V(I |wh) <e ™ + p(%in(X"; Y™ <1y —0). (14.12)
1

From Theorem 8.1 n~'i, converges in L' to I, and hence it also con-
verges in probability. Thus given € we can choose an n large enough to
ensure that the right hand side of (14.11) is smaller than €, which com-
pletes the proof of the theorem. O
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We said that the lemma “resembled” a coding theorem because a real
coding theorem would prove the existence of an (M, n, €) channel code,
that is, it would concern the channel v itself and not the induced channel
v, which depends on a channel input process distribution u. The differ-
ence between a Feinstein code and a channel code is that the Feinstein
code has a similar property for an induced channel which in general de-
pends on a source distribution, while the channel code has this property
independent of any source distribution and for any past or future inputs.

Feinstein codes will be used to construct block codes for noisy chan-
nels. The simplest such construction is presented next.

Corollary 14.1. Suppose that a channel [A,v,B] is input memoryless
and input nonanticipatory as defined in Section 2.9. Then a (u,M,n,€)-
Feinstein code for some channel input process i is also an (M, n, €)-code.

Proof: Immediate since for a channel without input memory and antici-
pation we have that vZ(F) = v} (F) if x™ = u". O

The principal idea of constructing channel codes from Feinstein codes
for more general channels will be to place assumptions on the channel
which ensure that for sufficiently large n the channel distribution v and
the induced finite dimensional channel v"(-|x") are close. This general
idea was proposed by McMillan [123] who suggested that coding theo-
rems would follow for channels that were sufficiently continuous in a
suitable sense.

The previous results did not require stationarity of the channel, but
in a sense stationarity is implicit if the channel codes are to be used
repeatedly (as they will be in a communication system). Thus the imme-
diate applications of the Feinstein results will be to stationary channels.

The following is a rephrasing of Feinstein’s theorem that will be use-
ful.

Corollary 14.2. Suppose that [A X B,uv] is an AMS and ergodic hookup
of a source p and channel v. Let I, = I,,(X;Y) denote the average
mutual information rate and assume that I, =1y}, is finite. Then for any
R < 1,, and any € > 0 there exists an ny such that for all n > ng there
are (u, | e™® |, n, €)-Feinstein codes.

As a final result of the Feinstein variety, we point out a variation that
applies to nonergodic channels.

Corollary 14.3. Suppose that [A X B, uv] is an AMS hookup of a source u
and channel v. Suppose also that the information density converges a.e.
to a limiting density
i = lim lin(X”;Y”).
n—oo N

(Conditions for this to hold are given in Theorem 11.4.) Then given € > 0
and 6 > 0 there exists for sufficiently large n a [u,M,n,€ + uv(ic <
R + 8)] Feinstein code with M = | e™R ],
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Proof: Follows from the lemma and from Fatou’s lemma which implies
that

limsupp(%in(X";Y") <a) £ plic < a).

n—oo

14.4 Channel Capacity

The form of the Feinstein lemma and its corollaries invites the question
of how large R (and hence M) can be made while still getting a code of
the desired form. From Feinstein’s theorem it is seen that for an ergodic
channel R can be any number less than I(uv) which suggests that if we
define the quantity

Camse = sup Iy, (14.13)
AMS and ergodic p

then if I, = I}, (e.g., the channel has finite alphabet), then we can con-
struct for some p a Feinstein code for p with rate R arbitrarily near
Cams,e- Cams,e is an example of a quantity called an information rate
capacity or, simply, capacity of a channel. We shall encounter a few
variations on this definition just as there were various ways of defin-
ing distortion-rate functions for sources by considering either vectors
or processes with different constraints. In this section a few of these
definitions are introduced and compared.
A few possible definitions of information rate capacity are

Cams = sup Iy, (14.14)
AMS u
CS = Sup Tuy, (].4.15)
stationary p
Cs’e = Sup Tuv, (14.16)
stationary and ergodic u
Cns = sup Iy, (14.17)
n—stationary u
Cos = sup Iy = sup sup Tyv. (14.18)
block stationary p N n-stationary p

Several inequalities are obvious from the definitions:
Cams = Cps = Cns = Cs = Cs e (14.19)

CAMS = CAMS,e = Cs,e- (14.20)
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In order to relate these definitions we need a variation on Lemma 12.3.1
described in the following lemma.

Lemma 14.3. Given a stationary finite-alphabet channel [A, v, B], let u be
the distribution of a stationary channel input process and let {u,} be its
ergodic decomposition. Then

Iy = Jdu(x)fuxv. (14.21)

Proof: We can write B
Iuv = hl(“) - hZ(IJ)
where .
My () = Hy(Y) = inf -~ Hy (Y")

is the entropy rate of the output, where n is the output measure induced
by u and v, and where

ho(u) = Hyy (Y1X) = rllll'l;lo EH[JV(Y”'|X”)

is the conditional entropy rate of the output given the input. If uy — pon
any finite dimensional rectangle, then also nx — n and hence Hp, (Y") —
H,(Y™) so that it follows as in the proof of Corollary 3.4 that hi(u) is
an upper semicontinuous function of p. It is also affine because H,(Y)
is an affine function of n (Lemma 3.9) which is in turn a linear function
of u. Thus from Theorem 8.9.1 of [55] or Theorem 8.5 of [58]

ha () = jdu(x)hlwx).

h(u) is also affine in p since hy(p) is affine in y and I, is affine in p
(since it is affine in puv from Lemma 8.6). Hence we will be done if we can
show that hy (u) is upper semicontinuous in u since then Theorem 8.9.1
of [55] will imply that

ha(u) = Jdu(X)hz(Hx)

which with the corresponding result for h; proves the lemma. To see
this observe that if yy — u on finite dimensional rectangles, then

Hypo (Y X™) — Hpp (Y7 XM). (14.22)

Next observe that for stationary processes
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H(Y™|X™) < H(Y™X™) + H(Y), ™X™)
< HY™|X™) + H(Yr’ﬁl’le;‘q’m)
= H(Y™|X™)+H(Y"mxnm

which as in Section 2.4 implies that H(Y"|X™") is a subadditive sequence
and hence

1 1
lim —H (Y™ X") =inf —H(Y"|X™).
n—o N nn
Coupling this with (14.22) proves upper semicontinuity exactly as in the
proof of Corollary 3.4, which completes the proof of the lemma. a

Lemma 14.4. If a channel v has a finite alphabet and is stationary, then
all of the above information rate capacities are equal.

Proof: From Theorem 8.2 I = I* for finite alphabet processes and hence
from Lemma 8.6 and Lemma 2.2 we have that if u is AMS with stationary
mean g, then
Iy = Igv = Iy

and thus the supremum over AMS sources must be the same as that over
stationary sources. The fact that Cs < Cs follows immediately from the
previous lemma since the best stationary source can do no better than to
put all of its measure on the ergodic component yielding the maximum
information rate. Combining these facts with (14.19)-(14.20) proves the
lemma. |

Because of the equivalence of the various forms of information rate
capacity for stationary channels, we shall use the symbol C to represent
the information rate capacity of a stationary channel and observe that
it can be considered as the solution to any of the above maximization
problems.

Shannon’s original definition of channel capacity applied to channels
without input memory or anticipation. We pause to relate this definition
to the process definitions. Suppose that a channel [A, v, B] has no input
memory or anticipation and hence for each n there are regular condi-
tional probability measures v*(G|x"); x € A", G € Bj, such that

vHG) = VvM(G|x™).
Define the finite-dimensional capacity of the v by

Cn(V™) = sup Iynpn (X YM),
un

where the supremum is over all vector distributions u™ on A™. Define
the Shannon capacity of the channel u by

. 1 n
Cshannon = %111;10 ﬁcn 0%
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if the limit exists. Suppose that the Shannon capacity exists for a channel
v without memory or anticipation. Choose N large enough so that Cy is
very close to Cshannon and let u¥ approximately yield Cy. Then construct
a block memoryless source using uN. A block memoryless source is AMS
and hence if the channel is AMS we must have an information rate

Iiv(X;Y) = %15?0 %I”V(X";Y") = 11152 %IHV(XkN;YkN)_

Since the input process is block memoryless, we have from Lemma 8.8

that
k

TXMNYANY = 3" TG YD,
i=0

If the channel is stationary then {X,, Y} is N-stationary and hence if
L, XN;YN) = ¢
N uN\”/N( ) ) = Cshannon — €,

then )
mI(XkN; YkN) > Cshannon — €.

Taking the limit as k — co we have that
- 1
Caws = C = 1(X;Y) = lim =T (X¥Y; YY) > Conannon — €

and hence
C = Cshannon-

Conversely, pick a stationary source p which nearly yields C = Cs, that
is,
Tuv = Cs — €.

Choose ng sufficiently large to ensure that
%IHV(X”; Y™ =1, —€>=Cs — 2e.
This implies, however, that for n > ng
Cn = Cs — 2¢,
and hence application of the previous lemma proves the following lemma.

Lemma 14.5. Given a finite alphabet stationary channel v with no input
memory or anticipation,

C= CAMS = Cs = Cs,e = CShannon-
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The Shannon capacity is of interest because it can be numerically com-
puted while the process definitions are not always amenable to such
computation.

With Corollary 14.2 and the definition of channel capacity we have the
following result.

Lemma 14.6. If v is an AMS and ergodic channel and R < C, then there
is an ngy sufficiently large to ensure that for all n > ng there exist
(1, Le™® |, n, €) Feinstein codes for some channel input process .

Corollary 14.4. Suppose that [A,v,B] is an AMS and ergodic channel
with no input memory or anticipation. Then if R < C, the information
rate capacity or Shannon capacity, then for € > 0 there exists for suffi-
ciently large n a (| e™® |, n, €) channel code.

Proof: Follows immediately from Corollary 14.3 by choosing a stationary
and ergodic source p with I, € (R, C). O

There is another, quite different, notion of channel capacity that we
introduce for comparison and to aid the discussion of nonergodic sta-
tionary channels. Define for an AMS channel v and any A € (0,1) the
quantile

C*(A) = sup sup{r: uv(ie <7r) <A)},
AMS u

where the supremum is over all AMS channel input processes and i is
the limiting information density (which exists because uv is AMS and
has finite alphabet). Define the information quantile capacity C* by

C* =lim C*(A).
A—0

The limit is well-defined since the C*(A) are bounded and nonincreasing.
The information quantile capacity was introduced by Winkelbauer [194]
and its properties were developed by him and by Kieffer [90]. Fix an R <
C* and define 6 = (C*—R)/2. Given € > 0 we can find from the definition
of C* an AMS channel input process u for which puv(ic < R + 6) < €.
Applying Corollary 14.3 with this é and €/2 then yields the following
result for nonergodic channels.

Lemma 14.7. If v is an AMS channel and R < C*, then there is an ny
sufficiently large to ensure that for all n > ng there exist (u, fe™ f,n, €)
Feinstein codes for some channel input process U.

We close this section by relating C and C* for AMS channels.
Lemma 14.8. Given an AMS channel v,

C=C*.
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Proof: Fix A > 0. If r < C*(A) there is a p such that A > pv(ic <7) =
1-—pv(ie >7) =21 —-14/7, whege we have used the Markov inequality.
Thus for all ¥ < C* we have that I,, = (1 — uv(i. < 7)) and hence

C2Tp = CT M1 -A) = C*.

O

It can be shown that if a stationary channel is also ergodic, then

C = C* by using the ergodic decomposition to show that the supremum

defining C(A) can be taken over ergodic sources and then using the fact

that for ergodic p and v, i equals I, with probability one. (See Kieffer
[90].)

14.5 Robust Block Codes

Feinstein codes immediately yield channel codes when the channel has
no input memory or anticipation because the induced vector channel is
the same with respect to vectors as the original channel. When extending
this technique to channels with memory and anticipation we will try to
ensure that the induced channels are still reasonable approximations to
the original channel, but the approximations will not be exact and hence
the conditional distributions considered in the Feinstein construction
will not be the same as the channel conditional distributions. In other
words, the Feinstein construction guarantees a code that works well for
a conditional distribution formed by averaging the channel over its past
and future using a channel input distribution that approximately yields
channel capacity. This does not in general imply that the code will also
work well when used on the unaveraged channel with a particular past
and future input sequence. We solve this problem by considering chan-
nels for which the two distributions are close if the block length is long
enough.

In order to use the Feinstein construction for one distribution on an
actual channel, we will modify the block codes slightly so as to make
them robust in the sense that if they are used on channels with slightly
different conditional distributions, their performance as measured by
probability of error does not change much. In this section we prove that
this can be done. The basic technique is due to Dobrushin [33] and a sim-
ilar technique was studied by Ahlswede and Gacs [4]. (See also Ahlswede
and Wolfowitz [5].) The results of this section are due to Gray, Ornstein,
and Dobrushin [68].

A channel block length n code {w;,I3; i = 1,2,...,M will be called 6-
robust (in the Hamming distance sense) if the decoding sets I; are such
that the expanded sets
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()5 = (" 5 -du(Y™,T0) < 5}

are disjoint, where
dn (™ Ti) = min dn (y™, u")

and
n—-1

dn (¥ u™) = > du(yi, ui)
i=0
and dgy(a, b) is the Hamming distance (1 if a # b and 0 if a = b). Thus
the code is 6-robust if received n-tuples in a decoding set can be changed
by an average Hamming distance of up to 6 without falling in a different
decoding set. We show that by reducing the rate of a code slightly we can
always make a Feinstein code robust.

Lemma 14.9. Let {w;",I}; i = 1,2,...,M'} be a (u,e™R’ n,€)-Feinstein
code for a channel v. Given 6 € (0,1/4) and

R <R —h2(256) — 25log(llBIl — 1),

where as before h(a) is the binary entropy function —aloga — (1 —
a)log(1l — a), there exists a 5-robust (u,|e"® |, n, e,)-Feinstein code for
v with

€ < € + e MR ~R-h2(20)-2610g(|B|-1)=3/n)
Proof: For i = 1,2,...,M’ let r;()»"™) denote the indicator function for
(I7)2s. For a fixed y™ there can be at most

2§ <n>(IIBII ~1i= ||B||"2§ <">(1 _ Ly By
i \1 o\ IBII” 1B

n-tuples b™ € B" such that n='d, (y",b") < 25.Set p =1 - 1/||B|| and
apply Lemma 3.6 to the sum to obtain the bound

26n n 1 — ’
IBII™ Z <k>(1 — m)l(m)nil < ||B||ne*nh2(25Hlﬂ)
i=0

= o nh2(26]p)+nlogliBll

where
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251n2’75+(1—25)1 —20

h2(2611p)

1]
—hy(6) +261In +(1-296)In||B
2(8) -1t (20 Bl

—h2(8) + In||B|l — 26 In(||B]| — 1).

Combining this bound with the fact that the I; are disjoint we have that

M’ 206m n ’
ZTL'(J/") < Z ( ,>(||B|| — 1)t < e n(h2(28)+25In(IBI-1)
i=1 izo \!
Set M = | e™® | and select 2M subscripts ky, - - - , koy from {1, - -+ , M’}
by random equally likely independent selection without replacement so
that each index pair (kj, kw); j,m = 1,...,2M; j # m, assumes any

unequal pair with probability (M’ (M’ — 1))~!. We then have that

2M
(ZMZ Z V(I ﬂ(r,;m)mw,;,))

j=lm= 1m94J

2M M’ M’
= 2 2 Z 2 MM 1) > Y Mwpri(™)
J 1 m=1m+jk=1i=1,i ynery
Jﬁ S S s S
= v v(y"lwy) ri(y™)
j=lm=1m+jk=1 M (M 1) ynrely « i=1,i#k '

2M _ nha(26)+25108(1BI-1)
M-1
< 4o~ MR’ -R-h2(26)-261og(IBl-1) = A,

where we have assumed that M’ > 2 so that M' —1 > M'/2. Analogous to
a random coding argument, since the above expectation is less than A,,
there must exist a fixed collection of subscripts i, - - - , ipp such that

Z Z \7(r{jﬂ(r{m)25|wi})$7\n-

j 1 m=1,m+j

Since no more than half of the above indices can exceed twice the ex-

pected value, there must exist indices ky,--- ,ky € {j1,-- -, jom} for
which
M
>, VI @, )eslwy,) < 2Ap; i=1,2,..., M.
m=1,m#j ‘

Define the code {w;,I;; i=1,...,M} by w; = w,’q and
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"
L=n.- U @

m=1m+i

The (I7)s are obviously disjoint since we have removed from 1",;_ all words
within 26 of a word in any other decoding set. Furthermore, we have for
alli=1,2,...,M that

1 €< V(I lwy,)

= V(I ) ( U (r,;m)za) lwg) + V(T () ( U (r,;mm) lwy.)

m#i m#i

IA

> V(I (@, Deslwy,) + V(Tilwy)
m#i
< 2An + V(I lwy)

and hence

\'}(l—”wl) >1—€— 8e—n(R'—R—h2(25)—2510g(||BH—1)
which proves the lemma. O

Corollary 14.5. Let v be a stationary channel and let C,, be a sequence of
(Un, Le™R" |, n, €/2) Feinstein codes for n = ngy. GivenanR > 0 and § > 0
such thatR < R"—h»(26) —261log(||B|| — 1), there exists for n, sufficiently
large a sequence C,; n > ny, of 5-robust (i, | e™R |, n, €) Feinstein codes.

Proof: The corollary follows from the lemma by choosing n; so that

o~ (R'=R-h2(28)-25In(|BIl-1)-3/n1) < €
2
O
Note that the sources may be different for each n and that n; does
not depend on the channel input measure.

14.6 Block Coding Theorems for Noisy Channels

Suppose now that v is a stationary finite alphabet d-continuous chan-
nel. Suppose also that for n > n; we have a sequence of d-robust
(Un, Le™ |, n, €) Feinstein codes {w;,I;} as in the previous section. We
now quantify the performance of these codes when used as channel
block codes, that is, used on the actual channel v instead of on an in-
duced channel. As previously let v"* be the n-dimensional channel in-
duced by p;,, and the channel v, that is, for ulf(a™) > 0
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vi(Gla™) =Pr(Y" € G| X" = vHG) du(x),

(14.23)
where c(a") is the rectangle {x : x € AT; x" = a"}, a” € A", and where
G € Bjy. We have for the Feinstein codes that

1
a) = 7J
un(am) Jeam

max V" (If |w;) < €.
1

We use the same codewords w; for the channel code, but we now use
the expanded regions (I;)s for the decoding regions. Since the Feinstein
codes were S-robust, these sets are disjoint and the code well-defined.
Since the channel is d-continuous we can choose an n large enough to
ensure that if x" = X", then

dp (VI v < 52,
Suppose that we have a Feinstein code such that for the induced channel
v(Iilwi) =1 —e.

Then if the conditions of Lemma 5.7 are met and p,, is the channel input
source of the Feinstein code, then

1
v (I[ilw;) = vIT) du(x) < sup v*HI;)
v pn (Wi) Jew;) i aH xGC(E,:) o
< inf vH(T)s) +0
xec(wj)
and hence

inf V;?((ri)(s) > O"(l"ilwi) -0=1-€-06.
xec(w;g)

Thus if the channel block code is constructed using the expanded decod-
ing sets, we have that

max sup Vi ((I;})§) <€+ ;
L xec(w;)

that is, the code {w;, (I})s} is a (|e™®],n, e + &) channel code. We have
now proved the following result.

Lemma 14.10. Let v be a stationary d-continuous channel and C,; n =
Nno, a sequence of S-robust (iy, | e"™® |, n,€) Feinstein codes. Then for n;
sufficiently large and each n > n there exists a ([e"R],n,e + §) block
channel code.

Combining the lemma with Lemma 14.6 and Lemma 14.7 yields the
following theorem.
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Theorem 14.1. Let v be an AMS ergodic d-continuous channel. If R < C
then given € > 0 there is an ngy such that for all n > ng there exist
(Le™®],n, €) channel codes. If the channel is not ergodic, then the same
holds true if C is replaced by C*.

Up to this point the channel coding theorems have been “one shot”
theorems in that they consider only a single use of the channel. In a
communication system, however, a channel will be used repeatedly in
order to communicate a sequence of outputs from a source.

14.7 Joint Source and Channel Block Codes

We can now combine a source block code and a channel block code of
comparable rates to obtain a block code for communicating a source
over a noisy channel. Suppose that we wish to communicate a source
{X,} with a distribution p over a stationary and ergodic d-continuous
channel [B, v, B]. The channel coding theorem states that if K is cho-
sen to be sufficiently large, then we can reliably communicate length K
messages from a collection of |eXR| messages if R < C. Suppose that
R = C — €/2. If we wish to send the given source across this channel,
then instead of having a source coding rate of (K/N)log|BJl bits or
nats per source symbol for a source (N, K) block code, we reduce the
source coding rate to slightly less than the channel coding rate R, say
Rsource = (K/N)(R —€/2) = (K/N)(C — €). We then construct a block
source codebook C of this rate with performance near the operational
DRF 6 (Rsource, 4) defined in (12.1). Every codeword in the source code-
book is assigned a channel codeword as index. The source is encoded by
selecting the minimum distortion word in the codebook and then insert-
ing the resulting channel codeword into the channel. The decoder then
uses its decoding sets to decide which channel codeword was sent and
then puts out the corresponding reproduction vector. Since the indices
of the source code words are accurately decoded by the receiver with
high probability, the reproduction vector should yield performance near
that of 6 ((K/N)(C — €), u). Since € is arbitrary and 6 (R, u) is a continu-
ous function of R, this implies that the optimal achievable performance
for block coding u for v is given by 6 ((K/N)C, u), that is, by the opera-
tional distortion-rate function for block coding a source evaluated at the
channel capacity normalized to bits or nats per source symbol. Making
this argument precise yields the block joint source and channel coding
theorem.

A joint source and channel (N,K) block code consists of an encoder
« : AN — BX and decoder B : BK — AN, It is assumed that N source
time units correspond to K channel time units. The block code yields
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sequence coders & : AT — BT and 8 : BT — AT defined by

®(x) = {a(xly); all i}
B(x) = {B(xN,); all i}.

Let £ denote the class of all such codes (all N and K consistent with the
physical stationarity requirement). Let A* (u, v, E) denote the block cod-
ing operational distortion-rate function function and D(R, u) the Shan-
non distortion-rate function of the source with respect to an additive
fidelity criterion {p,}. We assume also that p,, is bounded, that is, there
is a finite value pmax such that

1 N
Epn(xn,x") =< Pmax

for all n. This assumption is an unfortunate restriction, but it yields a
simple proof of the basic result.

Theorem 14.2. Let {X,} be a stationary source with distribution u and
let v be a stationary and ergodic d-continuous channel with channel ca-
pacity C. Let {pn} be a bounded additive fidelity criterion. Given € > 0
there exists for sufficiently large N and K (wWhere K channel time units
correspond to N source time units) an encoder « : AN — BX and decoder
B : BK — AN such that if & : AT — BT and B : BT — AT are the induced
sequence coders, then the resulting performance is bounded above as

A, &, v,B) = Epn (XN, XN) < 5(§C.u) +€.
Proof: Given €, choose y > 0 so that

K K €
5(N(C_ y),u) < 5(NC’“) + 3

and choose N large enough to ensure the existence of a source codebook
C of length N and rate Rsource = (K/N)(C — y) with performance

€
p(C, 1) < 6(Rsource, M) + g

We also assume that N (and hence also K) is chosen large enough so
that for a suitably small 6 (to be specified later) there exists a channel
(LeXR|,K,5) code, with R = C — y/2. Index the | eNRsource | words in the
source codebook by the |eX(€~¥/2] channel codewords. By construction
there are more indices than source codewords so that this is possible.
We now evaluate the performance of this code.

Suppose that there are M words in the source codebook and hence
M of the channel words are used. Let X; and w; denote corresponding
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source and channel codewords, that is, if X; is the minimum distortion
word in the source codebook for an observed vector, then w; is transmit-
ted over the channel. Let I; denote the corresponding decoding region.
Then

i=1
M M

AN Ap(x)vE I pn (xN, %))
i=1j=1,j4i x:x(xN)=w;

M
< zJ dp(x)pn (xN, %)
im0 xaxN)=w;

Au()vET@) pn (XN, %)
SJxix(xN)=w;

The first term is bounded above by 6 (Rgource, U) + €/3 by construction.
The second is bounded above by pmax times the channel error probabil-
ity, which is less than 6 by assumption. If 6 is chosen so that pmax0 is
less than €/2, the theorem is proved. O

Theorem 14.3. Let {X,,} be a stationary source source with distribution u
and let v be a stationary channel with channel capacity C. Let {py} be a
bounded additive fidelity criterion. For any block stationary communica-
tion system (u, f,v,g), the average performance satisfies

A, £,v,9) < L dT(x)D(C, Tiy),

where 1 is the stationary mean of U and {[1,.} is the ergodic decomposition
of U, C is the capacity of the channel, and D (R, i) the Shannon distortion-
rate function.

Proof: Suppose that the process {Xpy, Uk, Yax, Xpy} is stationary and
consider the overall mutual information rate I(X; X). From the data pro-
cessing theorem (Lemma 8.7)

- N K- K

I(X;X) < =I(U;Y) < =C.

(X; )<N U;Y) NC
Choose L sufficiently large so that

lI(X";f(") < EC e
n N
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and K I
Dn(ﬁc +€,U) = D(NC+ € u)—0

for n > L. Then if the ergodic component p, is in effect, the performance
can be no better than

Eun (X" XN = inf N (XY, RY) 2 Dy(C 6 n)

pNeRy (K Crend)

which when integrated yields a lower bound of

Jdu(x)D(%C + €, Ux) — 0.

Since 6 and € are arbitrary, the lemma follows from the continuity of the
distortion rate function. O

Combining the previous results yields the block coding optimal achiev-
able performance for stationary sources and stationary and ergodic d-
continuous channels.

Corollary 14.6. Let {X,,} be a stationary source with distribution u and let
v be a stationary and ergodic d-continuous channel with channel capac-
ity C. Let {pn} be a bounded additive fidelity criterion. The block coding
operational DRF of (5.14) is given by

Alu,v,E,D) = Jdﬂ(x)D(C,ﬁx).

14.8 Synchronizing Block Channel Codes

As in the source coding case, the first step towards proving a sliding
block coding theorem is to show that a block code can be synchronized,
that is, that the decoder can determine (at least with high probability)
where the block code words begin and end. Unlike the source coding
case, this cannot be accomplished by the use of a simple synchroniza-
tion sequence which is prohibited from appearing within a block code
word since channel errors can cause an unintended appearance of the
sync word at the receiver. The basic idea still holds, however, if the codes
are designed so that it is very unlikely that a non-sync word can be con-
verted into a valid sync word. If the channel is d-continuous, then good
robust Feinstein codes as in Corollary 14.5 can be used to obtain good
codebooks . The basic result of this section is Lemma 14.11 which states
that given a sequence of good robust Feinstein codes, the code length
can be chosen large enough to ensure that there is a sync word for a
slightly modified codebook; that is, the synch word has length a speci-
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fied fraction of the codeword length and the sync decoding words never
appear as a segment of codeword decoding words. The technique is due
to Dobrushin [33] and is an application of Shannon’s random coding
technique. The lemma originated in [68].

The basic idea of the lemma is this: In addition to a good long code,
one selects a short good robust Feinstein code (from which the sync
word will be chosen) and then performs the following experiment. A
word from the short code and a word from the long code are selected
independently and at random. The probability that the short decoding
word appears in the long decoding word is shown to be small. Since this
average is small, there must be at least one short word such that the
probability of its decoding word appearing in the decoding word of a
randomly selected long code word is small. This in turn implies that if
all long decoding words containing the short decoding word are removed
from the long code decoding sets, the decoding sets of most of the orig-
inal long code words will not be changed by much. In fact, one must
remove a bit more from the long word decoding sets in order to ensure
the desired properties are preserved when passing from a Feinstein code
to a channel codebook.

Lemma 14.11. Assume that € < 1/4 and {C,;n > ng} is a sequence of
e-robust {T,M(n),n,e/2} Feinstein codes for a d-continuous channel v
having capacity C > 0. Assume also that h,(2¢) + 2elog(||Bll - 1) < C,
where B is the channel output alphabet. Let 6 € (0,1/4). Then there exists

an n, such that for all n > n, the following statements are true.

A) If C, = {vi,I;; i = 1,...,M(n)}, then there is a modified code-
book ‘W, = {wiyWi; i = 1,...,K(n)} and a set of K(n) indices
Kn = {k1,- - ,kxkmy € {1,---,M(n)} such that w; = vy, W; C
(Ii)e2; i=1,...,K(n), and

max  sup vi(W;) <e. (14.24)

1<j<K(n) xec(wj)

(B) There is a sync word o € A", v = vr(n) = [on] = smallest integer
larger than 6n, and a sync decoding set S € By such that

sup vi(S°) <e. (14.25)

xec(o)

and such that no r-tuple in S appears in any n-tuple in W;; that is, if
G(b") = {y": ¥yl =b" somei=0,...,n—r}and G(S) = Upres G(b),
then

GES)(\Wi=2,i=1,...,K(n). (14.26)

(C) We have that
I{k:k & Ky}l < €M (n). (14.27)
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The modified code W,, has fewer words than the original code Cj,, but
(14.27) ensures that W,, cannot be much smaller since

K(n) = (1-€ed)M(n). (14.28)

Given a codebook W,, = {w;, Wi;i=1,...,K(n)},asyncword o € A",
and a sync decoding set S, we call the length n ++ codebook {o X w;, S X
Wi;i=1,...,K(n)} a prefixed or punctuated codebook.

Proof: Since v is d-continuous, n» can be chosen so large that for n > n»

max  sup dn(vx,vx,)<( ) (14.29)

aeA" x x ec(an)

From Corollary 14.5 there is an n3 so large that for each r > nj
there exists an €/2-robust (1, J,r,€/2)-Feinstein code Cs = {s;,S5;: j =

L J}; J = 2"Rs where Rs € (0,C — h»(2€) — 2elog(||B|| — 1)). Assume
that n, is large enough to ensure that 611 > ny; 6n, > n3, and n; > ny.
Let 1 denote the indicator function of the set F and define A, by

An

M(n)

> VUGS (Tilve)
i=1

M(n)

Z SN VM) lew) (™)

i=1 bre(S))e yel;

1 M(n) J
o 2 X VoMo | X Y Tewn (™) |- (1430)

1 yrel; Jj=1b"€(S))e

J—l

M-
<[

(n)

j=1

Il
%
M\

.
Il
—

Since the (S;), are disjoint and a fixed y" can belong to at mostn—» <n
sets G(b"), the bracket term above is bound above by n and hence

1 M(n)
— <n2 "R <270k
M) =

n

Vi y"vi) <

~I3

so that choosing n; also so that 112 9"% < (§€)? we have that A,, <
(85€)? if n = ny. From (14.30) this implies that for n > n; there must
exist at least one j for which

M(n)
> VUGS (Tilvi) = (5€)?

i=1

which in turn implies that for n > n; there must exist a set of indices
Knc{l,---,M(n)} such that
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VUGS e) (Tilve) < 8€,i € Ky, [{izi & Kn}ll < Se.

Define 0 = 5;; S = (Sj)ej2, Wi = Vi, and Wy = (I, (N G((Sj)e))ess; 1 =
1,...,K(n). We then have from Lemma 14.10 and (14.29) that if x €
c(0), then since €6 < €/2

VI(S) = VI((Sj)er2) = V7 (Sjlor) — g >1-¢,

proving (14.25). Next observe that if y™ € (G((Sj)e)¢)es, then there is a
b"™ € G((Sj)e)€ such thatd, (y",b"™) < ed and thusfori =0,1,...,n-7r
we have that 5
ne €

dy(y{,b}) < P < >
Since b™ € G((Sj)¢)¢, it has no r-tuple within € of an r-tuple in S; and
hence the r-tuples y; are at least €/2 distant from S; and hence y"
€ H((S)e2)¢). We have therefore that (G((Sj)e))es € G((Sj)e)¢ and
hence

GS) (Wi =G((S)e) (T, [V G((S)Ne))se
C G((Sj)er2) [NGU(S)He))se = D,

completing the proof. O

Combining the preceding lemma with the existence of robust Fein-
stein codes at rates less than capacity (Lemma 14.10) we have proved
the following synchronized block coding theorem.

Corollary 14.7. Le v be a stationary ergodic d-continuous channel and fix
€ >0 andR € (0,C). Then there exists for sufficiently large blocklength
N, a length N codebook {0 x w;i,SxWi; i=1,...,M}, M = 2NR g € A",
w; € A", v + n = N, such that

sup vi(S¢) <ge,

xec(o)
ig}g&v,’}(wf) <k,
Wi(G(S) = @.

Proof: Choose 6 € (0,€/2) so small that C — h(26) — 26log(||B|| — 1) >
(1 + 8)R(1 —1log(1 — 62)) and choose R" € ((1 + §)R(1 — log(1 — 62)),
C—-h(265) —281log(||Bl| —1). From Lemma 14.10 there exists an 1y such
that for n > ng there exist 6-robust (T, u,n,o) Feinstein codes with
M(n) = 2"R" From Lemma 14.11 there exists a codebook {w;, Wi; i =
1,...,K(n)}, a sync word o € A", and a sync decoding set S € B,
v = [6n] such that
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max sup vy(Wj) <26 <g,
J  xec(wj)
sup vy (S) <26 <¢,

xec(o)

GS)NW; = J; j=1,...,K(n), and from (14.28) M = K(n) = (1 -
62)M (n). Therefore for N = n +r

N~'logM = (n[ns1)~'log((1 — §2)2"K")
_ nR +log(1-6°) R +nllog(l-6°%)

n+nod 1+6
’ _S2
ZR +log(1 6)2R,
1+6
completing the proof. O

14.9 Sliding-block Source and Channel Coding

Analogous to the conversion of block source codes into sliding-block
source codes, the basic idea of constructing a sliding-block channel code
is to use a punctuation sequence to stationarize a block code and to use
sync words to locate the blocks in the decoded sequence. The sync word
can be used to mark the beginning of a codeword and it will rarely be
falsely detected during a codeword. Unfortunately, however, an »-tuple
consisting of a segment of a sync and a segment of a codeword may be
erroneously detected as a sync with nonnegligible probability. To resolve
this confusion we look at the relative frequency of sync-detects over a
sequence of blocks instead of simply trying to find a single sync. The idea
is that if we look at enough blocks, the relative frequency of the sync-
detects in each position should be nearly the probability of occurrence
in that position and these quantities taken together give a pattern that
can be used to determine the true sync location. For the ergodic theorem
to apply, however, we require that blocks be ergodic and hence we first
consider totally ergodic sources and channels and then generalize where
possible.

Totally Ergodic Sources

Lemma 14.12. Let v be a totally ergodic stationary d-continuous channel.
Fix €,60 > 0 and assume that Cy = {0 X wi;S xWi; i =1,...,K} is a
prefixed codebook satisfying (14.24)-(14.26). Let y,, : GN — Cy assign an
N-tuple in the prefixed codebook to each N-tuple in GN and let [G, u, U]
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be an N -stationary, N -ergodic source. Let c(a™) denote the cylinder set or

rectangle of all sequencesu = (- -+ ,u_1,Uug, U1, - - - ) for whichu™ = a™.
There exists for sufficiently large L (which depends on the source) a sync
locating function s : BN — {0,1,...,N — 1} and a set ® € B, m =

(L + 1)N, such that if u™ € & and yn(UYy) = 0 X w;, then

inf  ve(y:s™N)=6,0=0,....N-1;yin€SXxW;) >=1-3e.
xec(ym(um))
(14.31)

Comments: The lemma can be interpreted as follows. The source is
block encoded using yy. The decoder observes a possible sync word
and then looks “back” in time at previous channel outputs and calcu-
lates s(vIN) to obtain the exact sync location, which is correct with
high probability. The sync locator function is constructed roughly as fol-
lows: Since y and v are N-stationary and N-ergodic, if y : A® — B*
is the sequence encoder induced by the length N block code yy, then
the encoded source uy ! and the induced channel output process n
are all N-stationary and N-ergodic. The sequence z; = n(Tic(S))); j =
...,—1,0,1,... is therefore periodic with period N. Furthermore, z; can
have no smaller period than N since from (14.24)-(14.26) n(T/c(S)) <€,
j=r+1,...,n—rand n(c(S)) = 1 — €. Thus defining the sync pattern
{z;; j = 0,1,...,N — 1}, the pattern is distinct from any cyclic shift of
itself of the form {zy,---,zn-1,20," - - ,Xk-1}, Where k < N — 1. The
sync locator computes the relative frequencies of the occurrence of S
at intervals of length N for each of N possible starting points to ob-

tain, say, a vector 2N = (2¢,21,- - - ,2n-1). The ergodic theorem implies
that the Z; will be near their expectation and hence with high proba-
bility (Zo,- -+ ,2n-1) = (20,2041, - ,ZN-1,Z0," - * ,Z0-1), determining

0. Another way of looking at the result is to observe that the sources
nT’; j = 0,...,N — 1 are each N-ergodic and N-stationary and hence
any two are either identical or orthogonal in the sense that they place all
of their measure on disjoint N-invariant sets. (See, e.g., Exercise 1, Sec-
tion 6.7 of [55] or Section 8.2 of [58].) No two can be identical, however,
since if nT! = nTJ fori # j; 0 <i,j < N — 1, then n would be periodic
with period |i — j| strictly less than N, yielding a contradiction. Since
membership in any set can be determined with high probability by ob-
serving the sequence for a long enough time, the sync locator attempts
to determine which of the N distinct sources nT/ is being observed.
In fact, synchronizing the output is exactly equivalent to forcing the N
sources nT/; j =0,1,...,N — 1 to be distinct N-ergodic sources. After
this is accomplished, the remainder of the proof is devoted to using the
properties of d-continuous channels to show that synchronization of the
output source when driven by y implies that with high probability the
channel output can be synchronized for all fixed input sequences in a
set of high u probability.
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The lemma is stronger (and more general) than the similar results of
Nedoma [130] and Vajda [180], but the extra structure is required for
application to sliding-block decoding.

Proof: Choose T > 0 so that € < €/2 and

1 .
C< gijr_rzl_larélzlzi—zjl. (14.32)
2JZit <L)

For « > 0 and @ = 0,1,...,N — 1 define the sets ¢ (0,x) € B5" and
W(0,x) € BY, m = (L+1)N by

L-2
1 .
WO, 00 = {y™N il 2 1s(Vj i) — 20+l < & j=0,1,...,N = 1}
i=0
P(0, ) = B x w(0,x) x BN-?.

From the ergodic theorem L can be chosen large enough so that

N-1 N-1
n(() T-%(w(0,0)) =n™([] ¢(0,0) =1 - (14.33)
6=0 6=0
Assume also that L is large enough so that if x; = x}, i = 0,...,m — 1
then
dm (VI VI < (%)2. (14.34)
From (14.33)
N-1 N-1

2= n™(([) ¥(0,2)°) > J( m)du(u)vgfu)(( () #(0,0)%))
cla 0=0

0=0 ameGm

N-1
S @™ v() #0,0)¢ lym(@™)

ameGm 0=0

and hence there must be a set ® € B}j* such that

N-1
V() @0, D) lym(a™) < C,a™ € @, (14.35)
0=0
ym (@) < C. (14.36)
Define the sync locating function s : BtV — {0,1,---,N — 1} as fol-

lows: Define the set ¢(0) = {y*N € (¢(0,C))2c/n} and then define

0 yNew)
1 otherwise

s(ytN) ={
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We show that s is well-defined by showing that ¢(0) C y(60,4C), which
sets are disjoint for 6 = 0,1,...,N — 1 from (14.32). If ¥V € w(0),
there is a b'™N € @ (0, C) for which dyn(yEN,bIN) < 2 /N and hence for
any j € {0,1,---,N — 1} at most LN(2C/N) = 2CL of the consecutive
nonoverlapping N-tuples yﬁiN, i=0,1,...,L — 2, can differ from the

corresponding b¥, ., and therefore

J+l

1 L-2 1 L-2
|7 Z ls(yJ“N) Zo+jl < | Z 1S(bJHN) Zg+jl +2C < 3C

and hence YN e ¢(0,4C). If ¢(0) is defined to be BY x y(0) x BN-9
Bg', then we also have that

ﬂ (0,0)g)N C ﬂ @(0)

0=0 0=0

since if y" € (Ny_g ¥(0,C))¢)n, then there is a b™ such that b
w(0,0);0=0,1,...,N-1land dy, (y™,b™) < C/Nfor0 =0,1,...,N—1.
This implies from Lemma 14.10 and (14.34)-(14.36) that if x € y™(a™)
and a™ € &, then

- N-1

ﬂ (0)) = vI'(([) #(0,0)g)N)

0=0 0=0

(Pﬂ

> m 0,01y @™) -

1—;—521—6. (14.37)

[\

z

To complete the proof, we use (14.24)-(14.26) and (14.37) to obtain
for a™ € ® and y., (anyLYN) = o x w; that

vx(y:s(yléN) = 9,0=0,1,...,N—1;y£]N e S x W)
N-1
> V() w(0) = v\ (S XWE) =1 —¢€ - 2e.
6=0
O
Next the prefixed block code and the sync locator function are com-
bined with a random punctuation sequence of Lemma 2.12 to construct
a good sliding-block code for a totally ergodic source with entropy less
than capacity.

Lemma 14.13. Given a d-continuous totally ergodic stationary channel v
with Shannon capacity C, a stationary totally ergodic source [G, u, U]
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with entropy rate H(u) < C, and 6 > 0, there exists for sufficiently large
n, m a sliding-block encoder f : G" — A and decoder g : B™ — G such
thatpe(l«l,vsf,g) = 5-

Proof: Choose R, H < R < C, and fix ¢ > 0 so that ¢ < §/5 and
€ < (R—H)/2.Choose N large enough so that the conditions and conclu-
sions of Corollary 14.7 hold. Construct first a joint source and channel
block encoder yy as follows: From the asymptotic equipartition property
(Lemma 4.2 or Section 4.5) there is an n( large enough to ensure that for
N > ng the set

Gy = {u:IN“Thy(u) — H| = €}
= {(uN: e NH+) < (yN) < o NH-0)y (14.38)

has probability
Hun(GN) = 1 — €. (14.39)

Observe thatif M’ = ||Gy||, then
NWH=€) < M’ < pN(H+e) < HN(R-€) (14.40)

Index the members of Gy as Bi; i = 1,...,M". If uy = Bi, set yn(uy) =
o xw;. Otherwise set yny (Un) = 0 Xwy 1. Since for large N, 2NR-6) 1] <
2NR vy is well-defined. yn can be viewed as a synchronized extension of
the almost noiseless code of Section 3.5. Define also the block decoder
yn(YN) = Biif YN € S x Wy; i = 1,...,M’. Otherwise set yy(yN) =
B*, an arbitrary reference vector. Choose L so large that the conditions
and conclusions of Lemma 14.12 hold for C and yy. The sliding-block
decoder g, : B™ — G, m = (L + 1)N, yielding decoded process Uy =
m(Y"y) is defined as follows: If s(yx-niz,- - -, Yk —1) = 0, form bN =
WN(Vk-0," -+, Yk-0-~n) and set Ux(y) = gm(Yk-NL," -+, Vk+N) = Do,
the appropriate symbol of the appropriate block.

The sliding-block encoder f will send very long sequences of block
words with random spacing to make the code stationary. Let K be a large
number satisfying Ke > L + 1 so that m < €eKN and recall that N > 3
and L > 1. We then have that

1 1

—— =< =<

€
N 3K § (14.41)

Use Corollary 2.1 to produce a (KN, €) punctuation sequence Z, using a
finite length sliding-block code of the input sequence. The punctuation
process is stationary and ergodic, has a ternary output and can produce
only isolated 0’s followed by KN 1’s or individual 2’s. The punctuation
sequence is then used to convert the block encoder yy into a sliding-
block coder: Suppose that the encoder views an input sequence u =

- ,U_1,Uy, U, - - - and is to produce a single encoded symbol x. If 1
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is a 2, then the encoder produces an arbitrary channel symbol, say a*.
If x¢ is not a 2, then the encoder inspects 1y, u_1, u_» and so on into
the past until it locates the first 0. This must happen within KN input
symbols by construction of the punctuation sequence. Given that the
first 1 occurs at, say, Z; = 1, the encoder then uses the block code yy to
encode successive blocks of input N-tuples until the block including the
symbol at time O is encoded. The sliding-block encoder than produces
the corresponding channel symbol x(. Thus if Z; = 1, then for some J <
Kxo = (yN(U1+jN) )1 mod N Where the subscript denotes that the (I mod
N)th coordinate of the block codeword is put out. The final sliding-block
code has a finite length given by the maximum of the lengths of the code
producing the punctuation sequence and the code imbedding the block
code yy into the sliding-block code.

We now proceed to compute the probability of the error event {u,y :
Uo(y) # Up(u)} = E. Let E, denote the section {y : Uy(y) # Uo(u)}, f
be the sequence coder induced by f, and F = {u : Zy(u) = 0}. Note that
if u € T7'F, then Tu € F and hence Zo(Tu) = Z;(u) since the coding
is stationary. More generally, if uT~'F, then Z; = 0. By construction any
1 must be followed by KN 1’s and hence the sets T~'F are disjoint for
i=0,1,...,KN — 1 and hence we can write

P, = Pr(Uy + 00) =uv(E) = Jd“(u)"?(u)(Eu)

LN-1 KN-1

< ¥ | duovy, @ + Py | vy, £

+ du(u
J’< KN-1 T,I'F)C u( )

i=0
KN-1
= LNu(F) + > J dp(u)vy,, (Ey) +€a < 2¢
i=tN *TF
KN-1

PIEDI

i=LN gkNcGkN

J | AU )V (v Upu') # o)),
w eT-H(FNc(akN)) ‘

(14.42)

where we have used the fact that u(F) < (KN)~! (from Corollary 2.1)
and hence LNu(F) < L/K <e€.Fixi=kN+j;0<j<N-1and define
u = T/*Ny and y = T/*LNy’ and the integrals become
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apu ) ve.,, (v 1 Ug(u’ Yym !
Ju’eT—i(Fﬂc(aKN)) Hw) f(u)(-y o )#gm( 7NL(y )

J du(u’)x
ueT-k-LN(FNc(akN))

Vi (7 2 Uo (TN 4 gy (Y-NL™(TTHNEy)))

’ - ) ) ) m
s iy V000 0 g # G ()

= J duu’)
uET*(k*L)N(Fﬂc(aKN))

X V- (VS Uiy = Wn(Viy) or s(viN 4 7). (14.43)

If uly = B; € Gy, then uly = wn(yy) if ¥y € SxWi. If u €
T-k-DN¢(akN), then u™ = afi_;,y and hence from Lemma 14.12 and
stationarity we have for i = kN + j that

Ap(u) vy, (Ey)
akNcGKN JT’i(C(a"’\’)mr) flu)\V-u

< 3ex > p(T~ BN (¢ (akN) (VF))
aKN c GKN

af_pn € PNGHN x Gy)
+ Z H(T*(ka)N(C(aKN) mF))
aKN c GKN
ame)N 611— (I) ﬂ(GLN X GN)

<3ex > plc@NyNF)

akN e GKN

+ > u(c@™Ny(MF))

kN EPCU(GINXGN)C
< 3€p(F) + p(c(@) (F) + p(c(Gn) [ F). (14.44)

Choose the partition in Lemmas 2.11-2.12 to be that generated by the
sets ¢(®¢) and ¢ (GV) (the partition with all four possible intersections of
these sets or their complements). Then the above expression is bounded
above by

3¢ e e €

NK NK NK  ~NK
and hence from (14.42) P, < 5€ < §, which completes the proof. O

The lemma immediately yields the following corollary.

Corollary 14.8. If v is a stationary d-continuous totally ergodic channel
with Shannon capacity C, then any totally ergodic source [G, u, U] with
H(u) < C is admissible.
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Ergodic Sources

If a prefixed blocklength N block code of Corollary 14.8 is used to block
encode a general ergodic source [G, u, U], then successive N-tuples from
u may not be ergodic, and hence the previous analysis does not apply.
From the Nedoma ergodic decomposition [129] (see, e.g., [55], p. 232, or
[58], p. 253), any ergodic source u can be represented as a mixture of N-
ergodic sources, all of which are shifted versions of each other. Given an
ergodic measure py and an integer N, then there exists a decomposition
of pinto M N-ergodic, N-stationary components where M divides N, that
is, there is a set I € B¢ such that

™M =1
p(TTL()T/TD) = 0; i,j < M,i # j
M-1 )
pClJ 1) =1
i=0
1

such that the sources [G, u;, U], where
(W) = p(WIT'TD) = Mp(W (") T'TD)

are N-ergodic and N-stationary and

1 M-1 1 M-1 ]
uw) = o > m(W) = i > u(W(\TT). (14.45)
i=0 i=0

This decomposition provides a method of generalizing the results for
totally ergodic sources to ergodic sources. Since u(-|I1) is N-ergodic,
Lemma 14.13 is valid if u is replaced by u(-|II). If an infinite length
sliding-block encoder f is used, it can determine the ergodic component
in effect by testing for T~'IT in the base of the tower and insert i dummy
symbols and then encode using the length N prefixed block code. In
other words, the encoder can line up the block code with a prespeci-
fied one of the N-possible N-ergodic modes. A finite-length encoder can
then be obtained by approximating the infinite-length encoder by a finite
length encoder. Making these ideas precise yields the following result.

Theorem 14.4. If v is a stationary d-continuous totally ergodic channel
with Shannon capacity C, then any ergodic source [G, u, U] with H(u) <
C is admissible.

Proof: Assume that N is large enough for Corollary 14.7 and (14.38)-
(14.40) to hold. From the Nedoma decomposition
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1 M=l '
a2 HYGNITTD = pN(Gh) = 1 - €
i=0

and hence there exists at least one i for which uN(Gy|TII) = 1 — ¢

that is, at least one N-ergodic mode must put high probability on the
set Gy of typical N-tuples for u. For convenience relabel the indices so
that this good mode is p(-|IT) and call it the design mode. Since p(-|IT)
is N-ergodic and N-stationary, Lemma 14.12 holds with u replaced by
u(-|IT); that is, there is a source/channel block code (yy, ¢n) and a sync
locating function s : BN — {0,1,---,M — 1} such that there is a set
® € Gy; m = (L + 1)N, for which (14.31) holds and ™ (®|I1) = 1 —
€. The sliding-block decoder is exactly as in Lemma 14.12. The sliding-
block encoder, however, is somewhat different. Consider a punctuation
sequence or tower as in Lemma 2.12, but now consider the partition
generated by ®, Gy, and TI, i = 0,1,...,M — 1. The infinite length
sliding-block code is defined as follows: If u ¢ Uffo’l TkF, then f(u) =
a*, an arbitrary channel symbol. If u € TH{(F(T/II) and if i < j, set
f(u) = a* (these are spacing symbols to force alignment with the proper
N-ergodic mode). If j <i < KN — (M — j), theni = j+ kN + r for some
0<k=<(K—-1)N,r <N - 1. Form GN(u]}QkN) = aV and set f(u) = a,.
This is the same encoder as before, except that if u € T/II, then block
encoding is postponed for j symbols (at which time u € II). Lastly, if
KN - (M —j) <i<KN -1, then f(u) =a*.

As in the proof of Lemma 14.13

Po(t, v, fr ) = jdu(u)vfm)(y  Uo(w) # gm (Y™ (1))
KN-1 ) R
<2e+ Z Ju € T'Fdu(w)vea (v : Up(u) + Up(y))
i=LN
KN-1M-1

24> S S

i=LN j=0 akNeGKN

J , dpu)vea (v Ug(w) # U (y))
ueTi(c(akN)NFNOT-ITI)

M-1KN—-(M-j)

<2+ > > >

j=0 i=LN+j aKNecGKN
| Apvian (v Uo(w) # Uo(3)
ueTi(c(akN)NFNT-J1)
M-1 )
+ > Mu(F()T1), (14.46)
j=0
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where the rightmost term is

M-1 M
M > pF(NT) < —
Jj=0 N

N\H
IA
m

Thus

M-1KN-(M-j)

Pe(p, v, frgm) <3+ > > >

j=0 i=LN+j aKNeGKN

j | AuW vy (v Uo(w) £ To(y)).
ueTi(c(akN)yFNT-/1I)

Analogous to (14.43) (except that here i = j + kN + v, u = T~ IN+)y)

u)v Up(u) = ym
Ju’eTi(c(aKN)ﬂFﬂT—jn) A ) v (v Uo (') = gm (YN (7))

< J du(u)x
Tj+(k—L)N (C(aKN) mF m T‘jH)

Verisinu (V- upy # Wn(Viy) or s(vfN) 7).

Since u € T/+**-LIN(c(aKNyNF (N T~/TI implies u™ = a1y analo-
gous to (14.44) we have that fori = j + kN +r

J | ARV (7 Uo) £ gm(Y-LN™(37))
Ti(c(akN)yNFNT-J1I)

=€ > p(TI+*=LN (c(aXN) (Y F( T/TD))

KN.,m
atfiagl N EP

+ > p(TIE=LN ( (gKNy (Y F () T/T1))

KN.gm
akVaf o N EP

=€ > p(c(@®Ny(F( 17711

KN:gm
atN:ai o pnEP

+ > p(c(@®Ny(\F( T/

akN:all 1 NED
= EIJ(Tf(j*(k*L)N)C(CID) ﬂ}:ﬂ TﬁjH)
+ (T~ U E=DN) o (@) (VF () T/TD).

akN e GKN

From Lemma 2.12 (the Rohlin-Kakutani theorem), this is bounded
above by
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MTHEEN (@) AT | p(T-VUH DN e (@) N T7/TD)

KN KN

eu(T-Wk DN) ¢ (@) | T=ITT) pu (IT) LT (k=LIN) ¢ ()| T~ITI) p(T1)

B KN KN
p(ID) ¢ (H) 2¢
—Eu(C(<1>)|H) u( c(P) IH) < MEN"
With (14.45)-(14.46) this yields
MKN?2e

Pe(u,V,f,gm) < 3€e+ W < 5¢, (14.47)

which completes the result for an infinite sliding-block code.

The proof is completed by applying Corollary 5.2, which shows that
by choosing a finite length sliding-block code f; from Lemma 5.2 so that
Pr(f # fo) is sufficiently small, then the resulting P, is close to that for
the infinite length sliding-block code. O

The theorem can be combined with the sliding block source coding
theorem to prove a joint source and channel coding theorem similar to
Theorem 14.2, that is, one can show that given a source with distortion
rate function D(R) and a channel with capacity C, then sliding-block
codes exist with average distortion approximately D (C).

We have considered only discrete channels, which is less general than
the continuous additive Gaussian noise channels considered in many
classic information theory texts. On the other hand, we have considered
more general memory structures than are usually encountered, and we
have followed the common thread of the book to develop coding theo-
rems for sliding-block codes as well as block codes.
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