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Abstract

Streaming Source Coding with Delay
by

Cheng Chang

Doctor of Philosophy in Engineering - Electrical Engineeing and Computer Sciences

University of California, Berkeley

Professor Anant Sahai, Chair

Traditionally, information theory is studied in the block coding context — all the source
symbols are known in advance by the encoder(s). Under this setup, the minimum number of
channel uses per source symbol needed for reliable information transmission is understood
for many cases. This is known as the capacity region for channel coding and the rate region
for source coding. The block coding error exponent (the convergence rate of the error

probability as a function of block length) is also studied in the literature.

In this thesis, we consider the problem that source symbols stream into the encoder in
real time and the decoder has to make a decision within a finite delay on a symbol by symbol
basis. For a finite delay constraint, a fundamental question is how many channel uses per
source symbol are needed to achieve a certain symbol error probability. This question, to
our knowledge, has never been systematically studied. We answer the source coding side of
the question by studying the asymptotic convergence rate of the symbol error probability

as a function of delay — the delay constrained error exponent.

The technical contributions of this thesis include the following. We derive an upper
bound on the delay constrained error exponent for lossless source coding and show the
achievability of this bound by using a fixed to variable length coding scheme. We then
extend the same treatment to lossy source coding with delay where a tight bound on the
error exponent is derived. Both delay constrained error exponents are connected to their
block coding counterpart by a “focusing” operator. An achievability result for lossless
multiple terminal source coding is then derived in the delay constrained context. Finally,

we borrow the genie-aided feed-forward decoder argument from the channel coding literature



to derive an upper bound on the delay constrained error exponent for source coding with
decoder side-information. This upper bound is strictly smaller than the error exponent for
source coding with both encoder and decoder side-information. This “price of ignorance”
phenomenon only appears in the streaming with delay setup but not the traditional block

coding setup.

These delay constrained error exponents for streaming source coding are
generally different from their block coding counterparts. This difference has

also been recently observed in the channel coding with feedback literature.

Professor Anant Sahai
Dissertation Committee Chair
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Chapter 1

Introduction

In 1948 Claude Shannon published The Mathematical Theory of Communication [72],
which “single-handedly started the field of information theory” [82]. 60 years later, what
Shannon started in that paper has evolved into what is shown in Figure 1.1. Some of the
most important aspects of information theory are illustrated in this picture such as sources,
noisy channels, universality, feedback, security, side-information, interaction between mul-
tiple agents etc. For trained eyes, it is easy to point out some classical information theory
problems such as lossless/lossy source coding [72, 74], channel coding [72], Slepian-Wolf
source coding [79], multiple-access channels [40], broadcast channels [37, 24], arbitrarily
varying channels [53], relay channels [25] and control over noisy channels [69] as sub prob-
lems of Figure 1.1. Indeed we can come up with some nowvel problems by just changing the
connections in Figure 1.1, for example a problem named “On the security of joint multiple
access channel/correlated source coding with partial channel information and noisy feed-
back” is well in the scope of that picture. And this may have already been published in the

literature.

In this thesis, we study information theory from another dimension— delay. Tradition-
ally, the issue of delay is ignored, as in most information theory problems a message which
contains all the information is known at the encoder prior to the whole communication
task. Or the issue of delay is studied in a strict real time setup such as [58]. We instead
study the intermediate regime where a finite delay for every information symbol is part of
the system design criteria. Related works are found in the networking literature on delay

and protocol [38] and recently on implications of finite delay on channel coding [67]. In



this thesis, we focus on the implications of end-to-end delay on a variety of source coding

problems.

Channel
information

| Encoder A )
Correlation

Source B ™

Feedback —

Encoder B

Decoder 1

Noisy (memory,
varying...) Channel

“side-information”
on source B or

Control

Eavesdropper

channel

Figure 1.1. Sources, channels, feedback, side-information and eavesdroppers



1.1 Sources, channels, feedback and side-information

Instead of looking at information theory as a big complicated system illustrated in
Figure 1.1, we focus on a discrete time system that is consists five parts as shown in
Figure 1.2. We study the source model and the channel model in their simplest forms.
A source is a series of independent identically distributed random variables on a finite
alphabet. A noisy channel is characterized by a probability transition matrix with finite
input and finite output alphabets. The encoder is a map from a realization of the source to
channel inputs and the decoder is a map from the channel outputs to the reconstruction of

the source.

Reconstruction

Source— Encoder Noisy Channel Decoder

Figure 1.2. Shannon’s original problem in [72]

This is the original system setup in Shannon’s 1948 paper [72]. One of the most im-
portant results in that paper is the separation theorem. The separation theorem states
that one can reconstruct the source with a high fidelity ! if and only if the capacity of the
channel is at least as large as the entropy of the source. The capacity of the channel is the
number of independent bits that can be reliably communicated across the noisy channel per
channel use. The entropy of the source is the number of bits needed on average to describe
the source. Both the entropy of the source and the capacity of the channel are defined
in terms of bits. And hence the separation theorem guarantees the validity of the digital
interface shown in Figure 1.3. In this system setup, where the channel coding and source
coding are two separate parts, the reconstruction has high fidelity as long as the entropy
of the source is less than the capacity of the channel. This theorem, however, does not
state that separate source-channel coding is optimal under every criteria. For example, the
large deviation performance of the joint source channel coding system is strictly better than
separate coding even in the block coding case [27]. However, to simplify the problem, we
study source coding and channel coding separately. In this thesis, we focus on the source

coding problems.

Figure 1.3 is the system we are concerned with. It illustrates the separation of source

'For simplicity, we define high fidelity as lossless in this section. The lossy version, reconstruction under
a distortion measure, is discussed in Chapter 3.



coding and channel coding and two other important elements in information theory: channel
feedback and side-information of the source. It is well known that feedback does not increase
the channel capacity [26] for memoryless channels. However, as shown in [61, 47, 85, 70, 67,
68] and numerous other papers in the literature, channel feedback can be used to reduce

complexity and increase reliability.

Another important aspect we are going to explore is source side-information. Intuitively
speaking, knowing some information about the source for free can only help the decoder
to reconstruct the source. In the system model shown in Figure 1.3, the source is modeled
as iid random variables and the noisy channel is a discrete time memoryless channel, the
side-information is another iid random sequence which is correlated with the source in a
memoryless fashion. The problem is reduced to a standard source coding problem if both
the encoder and the decoder have the side-information. In [79], it is shown that with decoder
only side-information the source coding system can operate at the conditional entropy rate

instead of the generally higher entropy rate of the source.

Side-information

r—-—-r—==7"=7="=7==-- - - - - ---------""--""=--""-"-""--""=""="-=""-""=""=""=""=""=""=""=""=""=""=""”"="”"=""”"="=”""=”"”"="”"=-~= A
l l l o
| I ! ]
| | | o=
| | | °
|
| v v £
| Z
|
Source— Source Channel Channel . Source |_, g
Encoder bits | Encoder | Noisy Channel | Decoder bits Decoder o
i T m
| |
| |
| |
| |
| |
| |
l l
| |
L o L L - J
Feedback

Figure 1.3. Separation, channel feedback and source side-information

By replacing the noisy channel in Figure 1.3 with a noiseless channel through which R
bits can be instantaneously communicated, we have a source coding system as shown in
Figure 1.4. In the main body of this thesis, Chapters 2-4, we study the model shown in
Figure 1.4.



Source
Encoder

Side—-information

bits

Noiseless Channel (rate R)

Figure 1.4. Source coding problem
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1.2 Information, delay and random arrivals

A very important aspect that is missing in the model shown in Figure 1.3 is the timing
of the source symbols and the channel uses. In most information theory problems, the
source sequence is assumed to be ready for the source encoder before the beginning of
compression. And hence the source encoder has whole knowledge of the entire sequence.
Similarly, the channel encoder has the message represented by a binary string before the
beginning of communication and thus the channel outputs depend on every bit in that
message. This is a reasonable assumption for many applications. For example this is a
valid model for the transmission of Kong Zi (Confucius)’s books to another planet. However,
there are a wide range of problems that cannot be modeled that way. Recent results in the
interaction of information theory and control [69] show that we need to study the whole
information system in an anytime formulation. It is also shown in that paper that the
traditional notion of channel capacity is not enough. On the source coding side, modern
communication applications such as video conferencing [54, 48] require short delay between
the generation of the source and the consumption by the end user. Instead of transmitting
Kong Zi’s books, we are facing the problem of transmitting Wang Shuo [84)’s writings to
our impatient audience on another planet, while Wang Shuo only types one character per

second in his usual unpredictable “I'm your daddy” [78] manner.

In this thesis, we study delay constrained coding for streaming data, where a finite
delay is required between the realization time of a source symbol (a random variable in a
random sequence) and the consumption time of the source symbol at the sink. Without
loss of generality, the source generates one source symbol per second and within a finite
delay A seconds, the decoder consumes that source symbol as shown in Figure 1.5. We
assume the source is iid. Implicitly, this model states that the reconstruction of the source
symbol at the decoder is only dependent on what the decoder receives until A seconds after
the realization of that source symbol. This is in line with the notion of causality defined
in [58]. The formal setup is in Section 2.1.1. In this thesis, we freely interchange “coding

with delay” with “delay constrained coding”.

Another timing issue is the randomness in the arrival times of the information (source
symbols) to the encoder. As shown in Figure 1.6, Wang Shuo types a character in a random
fashion. The readers may not care about the random inter-arrivals between his typing. But
with a finite delay, a positive rate (protocol information) has to be used to encode the

timing information [38]. If the readers care about the arrival time, the encoding of the



______ ERHECENEF @R EH T — Souc -

Figure 1.5. Wang Shuo types one character per second while impatient readers want to read
his writings within a finite delay. Rightmost character is the first in “I’'m your daddy” [78].
Read from right to left.

timing information might pose new challenges to the coding system if the inter-arrival time
is unbounded. We only have some partial result for geometric distributed arrival times. We
are currently working on Poisson random arrivals but neither of these results is included in
this thesis. Another interesting case is when the channel is a timing channel. Then Wang

Shuo can send messages by properly choosing his typing time [3].

,Eh

i
H

Hit CB MWE T8 3 EHD3 — E‘E{;ﬂ; L .

Figure 1.6. Wang Shuo decides to type in a pattern with random inter-character time.
Rightmost character is the first in “I'm your daddy” [78]. Read from right to left.

We focus on the case where source symbols come to the encoder at a constant rate (no
random arrivals). The problems of interest are summarized in Table 1.1. Each problem is
“coded” by a binary string of length six. A fundamental question is how these six elements
affect the coding problem. This is not fully understood. A brief discussion is given at
the end of the thesis. There are quite a few (< 62) interesting problems in the table.
For example, the ultimate problem in the table is 111111: “Delay constrained joint source
channel Wyner-Ziv coding with feedback and random arrivals”. To our knowledge, nobody
has published anything about this before. There are many other open questions dealing
with the timing issues of the communication system as shown in the table. We leave them

to future researchers to explore.



Random | Non-uniform | Noisy | Feedback Side- Distortion
arrival source channel information

Chapter 2 0 1 0 0 0 0
Chapter 3 0 1 0 0 0 1
Chapter 5 0 1 0 0 1 0
Ongoing work 1 1 0 0 0 0
[15] 0 1 1 0 0 0

[67] 0 0 1 1 0 0
Ultimate 1 1 1 1 1 1

Table 1.1. Delay constrained information theory problems




1.3 Error exponents, focusing operator and bandwidth

From the perspective of the large deviation principle [31], an error exponent is the loga-
rithm of the probability of the exceptionally rare behavior of source or channel. This error
exponent result is especially useful when the source entropy is much lower than the channel
capacity. The channel capacity and the source entropy rate characterize the behavior of the
source and channel in the regime of the central limit theorem. And hence error exponent
results always play second fiddle to channel capacity and source entropy rate. Recently, we
studied the third order problem— redundancy rate in the block coding setup [21, 19]. This

is particularly interesting when the channel capacity is close to the source entropy.

In Shannon’s original paper on information theory [72], he studied the source coding and
channel coding problem from the perspective of the minimum average number of channel
uses to communicate 1 source symbol reliably. The setting is asymptotic in nature— long
block length, where the number of source symbols is big. Reliable communication means
an arbitrary small decoding error. However, it is not clear how fast the error converges to
zero with longer block length. Later, researchers studied the convergence rate problem and
it was shown that the error converges to zero exponentially fast with block length as long
as there is some redundancy in the system, i.e. channel capacity is strictly higher than the
entropy rate of the source. This exponent is defined as the error exponent, as shown in
Figure 1.7. For channel coding, a lower bound and an upper bound on this error exponent
are derived in some of the early works [75, 76] and [41]. A very nice upper bound derivation
appears in Gallager’s technical report [35]. The lossless source coding error exponent is
completely identified in [29], the lossy source coding error exponent is studied in [55]. The

joint source channel coding error exponent was first studied in [27].

In the delay constrained setup of streaming source coding and channel coding problems,
we study the convergence rate of the symbol error probability. As shown in Figure 1.8,
the error probabilities go to zero exponentially fast with delay. We ask the fundamental
question: is delay for delay constrained streaming coding the same as the block length for

classical fixed-length block coding?

In [67], Sahai first answered the question for streaming channel coding. It is shown
that without feedback, the delay constrained error exponent does not beat the block coding
upper bound. More importantly, it is shown that, with feedback, the delay constrained
error exponent is higher than its block coding counterpart as illustrated in Figure 1.9. This

new exponent is termed the “focusing” bound.



S~ block length

log ( decoding error )

Figure 1.7. Decoding error converges to zero exponentially fast with block length given
system redundancy. The slope of the curve is the block coding error exponent.

In this thesis, we answer the question for source coding. For both lossless source coding
and lossy source coding with delay, we show that the delay constrained source coding error
exponents are higher than their block coding counterparts in Chapter 2 and Chapter 3
respectively. Similar to channel coding, the delay constrained error exponent and the block

coding error exponent are connected by a “focusing” operator.
L1
Edelay(R) = g;fo aEblock((l +a)R) (1.1)

where Egeqy(R) and Eyocr(R) are the rate R error exponents of delay constrained and
fixed-length block coding respectively. The conceptual information-theoretic explanation of
this operator is that the coding system can borrow some resources (channel uses) from the
future to deal with the delay constrained dominant error events. This is not the case for
block coding as for fixed length block coding, the amount of resources is given before the

realization of the randomness from the source or the channel.

This thesis is an information-theoretic piece of work. But we also care about applications
(non-asymptotics). Now suppose Wang Shuo’s impatient readers want to know what Wang
Shuo just typed A = 20 seconds ago, but they can tolerate an average P, = 0.1% decoding
error. A natural system design question is: what is the sufficient and necessary bandwidth
R. We give a one line derivation here and will not further study the design issue in this

thesis. The error probability decays to zero exponentially with delay:
Pe ~ 2_AEdelay(R) (12)

Because Egejqy (R) is monotonically increasing with R, the sufficient and necessary condition

10



streaming source data
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Figure 1.8. Decoding error converges to zero exponentially fast with block length given
system redundancy. The slope of the curves are the delay constrained error exponent.

to pleasing our impatient readers is thus:

1

1
R~ delay(A

log(Fe)) (1.3)

An explicit lower bound on R can be trivially derived from (1.3), our recent work on the
block coding redundancy rate problems [21, 19] and a manipulation of the focusing operator

n (1.1). It is left for future researchers.
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Error Exponents

= Sphere packing bound
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0.5

L
capacity

0

Rate

Figure 1.9. Focusing bound vs sphere packing bound for a binary erasure channel with
erasure rate 0.05
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1.4 Overview of the thesis

As discussed in previous sections, there is a huge number of information-theoretic prob-
lems that we are interested in. We only focus on source coding problems with an end to end
decoding delay in this thesis. Technical results of the thesis are developed in Chapters 2-
5. The structure of every chapter roughly follows the same flow: problem setup — main
theorems — examples — proofs — discussion and ideas for future work. Section 2.1 serves
as the foundation of the thesis. Formal definitions of streaming data and delay constrained
encoder and decoder are introduced. Every chapter is mostly presented in a self-contained

fashion.

The organization of the thesis is as follows. We first study the simplest and the most
fundamental problem of all, delay constrained lossless source coding in Chapter 2. In
Chapter 3, we add a distortion measure to the coding system to explore new aspects of delay
constrained problems and give a more general proof. Then in Chapter 4, the achievability
(lower bound on the delay constrained error exponent) of the distributed source coding
problem is studied, no general upper bound is known yet. However, in Chapter 5, we give
an upper bound on the delay constrained error exponent for source coding with decoder

side-information, which is a special case of distributed source coding.

1.4.1 Lossless source coding with delay

In Chapter 2, we study the lossless source coding with delay problem. This is the
simplest problem of all in terms of problem setup. Some of the most important concepts
of this thesis are introduced in this chapter. There is one source that generates one source
symbol per second and the encoder can send R bits per second to the decoder. The decoder
wants to recover every source symbol within a finite delay from when the symbol enters the
encoder. We define the delay constrained error exponent Es(R) as the exponential rate at
which the decoding error decays to zero with delay. The delay constrained error exponent

is the main object we study in this thesis.

An upper bound on this error exponent is derived by a “focusing” bound argument. The
key step is to translate the symbol error with delay to the fixed length block coding error.
From there, the classical block coding error exponent [41] result can be borrowed. This
bound is shown to be achievable by implementing an optimal universal fixed to variable

length encoder together with a FIFO buffer. A similar scheme based on tilted distribution
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coding was proposed in [49] when the encoder knows the distribution of the source. A
new proof for the tilted distribution based scheme is provided based on the large deviation
principle. We analyze the delay constrained error exponent F¢(R) and show that there are
several differences between this error exponent and the classical block source coding error
exponent in Section 2.5. For example, the derivative of the delay constrained error exponent
is positive at the entropy rate instead of 0 for block coding error exponents. Also the delay
constrained error exponent approaches infinity at the logarithm of the alphabet, which is
not the case for block coding. However, they are connected through the focusing operator
defined in (1.1). A similar “focusing” operator was recently observed in streaming channel

coding with feedback [67].

For streaming channel coding with delay, the present of feedback is essential for the
achievability of the “focusing” bound. But for streaming lossless source coding with de-
lay, no feedback is needed. In order to understand for what kind of information-theoretic
problems the focusing operator applies to, we study a more general problem in Chapter 3.
For the delay constrained point-to-point source coding problems in Chapters 2 and 3, the
focusing bound applies because the encoder has full information of the source. However,
for the distributed source coding problems in Chapters 4 and 5 the focusing operator no

longer applies because the encoders do not have the full information of source randomness.

1.4.2 Lossy source coding with delay

In Chapter 2, the reconstruction has to be exactly the same as the source or else a
decoding error occurs. In Chapter 3, we loosen the requirement for the ezactness of the
reconstruction and study the delay constrained source coding problem under a distortion
measure. The source model is the same as that for lossless source coding. We define the
delay constrained lossy source coding error exponent as the exponential convergence rate of
the lossy error probability with delay, where a lossy error occurs if the distortion between

a source symbol and its reconstruction is higher than the system requirement.

Technically speaking, lossless source coding can be treated as a special case of lossy
source coding by properly defining error as a distortion violation. Hence, the results in
Chapter 3 can be treated as a natural generalization of Chapter 2. We prove that the delay
constrained error exponent and the block coding error exponent for peak distortion measure
are connected through the same focusing operator defined in (1.1). The reason is that the

rate distortion function under peak distortion is concave N over the distribution of the
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source. This is a property that average distortion measures do not have. The derivations
in this chapter are more general than in Chapter 2 since we only use the concavity of the
rate distortion function over the distribution. Hence the techniques can be used in other
delay constrained coding problems, for example, channel coding with feedback where the

variable length code is also concave N in the channel behavior.

1.4.3 Distributed lossless source coding with delay

In Chapter 4, we study delay constrained distributed source coding of correlated sources.
The block coding counterpart was first studied by Slepian and Wolf in [79], where they
determined the rate region for two encoders that intend to communicate two correlated

sources to one decoder without cooperation.

In Chapter 2, we introduced a sequential random binning scheme that achieves the
random coding error exponent. This scheme is not necessary in the point-to-point case
because the random coding error exponent is much smaller than the optimal “focusing”
bound. In distributed source coding, however, sequential random binning is useful. By
using a sequential random binning scheme, we show that a positive delay constrained error
exponent can be achieved for both sources as long as the rate pair is in the interior of the
rate region determined in [79]. The delay constrained error exponents are different from the
block coding ones in [39, 29] because the two problems have different dominant error events.
Similar to fixed length block coding, we show that both maximum-likelihood decoding
and universal decoding achieve the same error exponent. This is through an analysis in
Appendix G where tilted distributions are used to bridge the two error exponents. Several
important Lemmas that are used in other chapters are also proved in Appendix G. The
essence of these proofs is to use Lagrange duality to confine the candidate set of distributions

of a minimization problem to a one dimensional exponential family.

Unlike what we observed in Chapter 2 and Chapter 3, the delay constrained error
exponent is smaller than the fixed length block coding counterpart. Is it because the
achievability scheme is suboptimal, or does this new problem have different properties than
the point to point source coding problems studied in the previous two chapters? This
question leads us to the study of the upper bound for a special case of the delay constrained

distributed source coding problem in the next chapter.

Chronologically, this is the first project on delay constrained source coding that I was

involved with. Then a post-doc at Cal, Stark Draper, my advisor Anant Sahai and I worked
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on this problem from December 2004 to October 2006. Early results were summarized in [32]
and a final version has been submitted [12]. Now a professor in Wisconsin, Stark contributed
a lot to this project, especially in the universal decoding part. I appreciate his help in the

project and introducing me to Imre Csiszar and Jénos Korner’s great book [29].

1.4.4 Lossless Source Coding with Decoder Side-Information with delay

What is missing in Chapter 4 is a non-trivial upper bound on the delay constrained error
exponents. In Chapter 5, we study one special distributed source coding problem, source
coding with decoder side-information, and derive an upper bound on the error exponent.
This problem is a special case of the problem in Chapter 4 since the decoder side-information
can be treated as an encoder with rate higher than the logarithm of the size of the alphabet.
It is a well known fact that there is a duality between channel coding and source coding
with decoder side-information [2] in the block coding setup. So it is not surprising that we
can borrow a delay constrained channel coding technique called the feed-forward decoder
that was first developed by Pinsker [62] and recently clarified by Sahai [67] to solve our
problem in Chapter 5. However, the lower bound and the upper bound are in general not

the same. This leaves a great space for future improvements.

We then derive the error exponent for source coding with both decoder and encoder
side-information. This delay constrained error exponent is related to the block coding error
exponent by the focusing operator in (1.1). This error exponent is generally strictly higher
than the upper bound of the delay constrained error exponent with only decoder side-
information. This is similar to the channel coding case, where the delay constrained error
exponent is higher with feedback than without feedback. This phenomenon is called “price
of ignorance” [18] and is not observed in the block coding context. This shows that in
the delay constrained setup, traditional compression first then encryption scheme achieves
higher reliability than the novel encryption first then compression scheme developed in [50],
although there is no difference in reliability between the two schemes in the block coding
setup. The ‘price of ignorance” adds to the series of observations that delay is not the same

as block length.
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Chapter 2

Lossless Source Coding

In this chapter, we begin by reviewing classical results on the error exponents of lossless
block source coding. In order to understand the fundamental differences between classical
block coding and delay constrained coding!, we introduce the setup of delay constrained
lossless source coding problem and the notion of error exponent with delay constraint.
This setup serves as the foundation of the thesis. We then present the main result of this
chapter: a tight achievable delay-constrained error exponent for lossless source coding with
delay constraints. Some alternative suboptimal coding schemes are also analyzed, especially
the sequential random binning scheme which is used as a useful tool in future chapters on

distributed lossless source coding.

2.1 Problem Setup and Main Results

Fixed-length lossless block source coding is reviewed in Section A.l in the appendix.
We present our result in the delay constrained setup for streaming lossless source coding.
2.1.1 Source Coding with Delay Constraints

We introduce the delay constrained source coding problem in this section, system model

and setup and architecture issues are discussed. These are the basics of the whole thesis.

'In this thesis, we freely interchange “coding with delay” with “delay constrained coding”, similarly
“error exponent with delay” with “delay constrained error exponent”.
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System Model, Fixed Delay and Delay Universality

Source X1 X2 X3 X4 X5 X6 .-
Encoding by (x12) bQ(Xil) bs (xf)

Rate limited channel
Decoding x1(4)  X2(5) X3(6) ...

Figure 2.1. Time line of delay constrained source coding: rate R = %, delay A =3

As shown in Figure 2.1, rather than being known in advance, the source symbols enter
the encoder in a streaming fashion. We assume that the discrete memoryless source gener-
ates one source symbol x; per second from a finite alphabet X. Where x;’s are i.i.d from a

distribution py. Without loss of generality, assume py(z) > 0, Vz € X.

The j*" source symbol x;j is not known at the encoder until time j, this is the fundamental
difference in the system model from the block source coding setup in Section A.1. The
coding system also commits to a rate R. Rate R operation means that the encoder sends
1 bit to the decoder every % seconds. It is shown in Proposition 1 and Proposition 2 that

we only need to study the problem when the rate R falls in the interval of [H (py), log |X]].

We define the sequential encoder-decoder pair. This is the coding system we study for

the delay constrained setup.

Definition 1 A fized-delay A sequential encoder-decoder pair £,D is a sequence of maps:
{7 =1,2,... and {D;},5 = 1,2,.... The outputs of &; are the outputs of the encoder £
from time j — 1 to j.

& : X7 — {0, 1}URJ—L(J'—1)RJ

&(w]) = bil

[G-1)R]+1

The output of the fized-delay A decoder D;j is the decoding decision of x; based on the received
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binary bits up to time j + A.

D; - {0, 1} U+MAE __ y

DbV = 235 + A)

Hence T;(j + A) is the estimation of x; at time j+ A and thus there is an end-to-end delay
of A seconds between when x; enters the encoder and when the decoder outputs the estimate
of xj. A rate R = %, fized-delay A = 3, sequential source coding system is illustrated in

Figure 2.1.

In this thesis, we focus our study on the fixed delay coding problem with a fixed delay

A. Another interesting problem is the delay-universal coding problem defined as follows.

The outputs of delay-universal decoder D; are the decoding decisions of all the arrived

source symbols at the encoder by time j based on the received binary bits up to time j.

D; : {0, 1}V — x

Where i/L‘\jl (7) is the estimation, at time j, of xf and thus the end-to-end delay of symbol x;
at time j is j — 7 seconds for ¢ < j. In a delay-universal scheme, the decoder emits revised

estimates for all source symbols so far. This coding system is illustrated in Figure 2.2.

Source X1 X2 X3 X4 X5 X6 .-
Encoding by (x?) ba(xi) bg(x%) ...

Rate limited channel
Decoding (1) X2 B xt@ x((B) x(6) ..

Figure 2.2. Time line of delay universal source coding: rate R = %

Without giving the proof, we state that all the error exponent results in this thesis for

fixed-delay problems also apply to delay universal problems.
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Symbol Error Probability, Delay and Error Exponent

For a streaming source coding system, a source symbol that enters the system earlier
could get a higher decoding accuracy than a symbol that enters the system later. This is
because the earlier source symbol could use more resource— noiseless channel uses. This
is in contrast to block coding systems where all source symbols share the same noiseless
channel uses. Thus for delay constrained source coding, it is important to study the symbol

decoding error probability instead of the block coding error probability.

Definition 2 A delay constrained error exponent Es(R) is said to be achievable if and only
if for all € > 0, there exists K < oo, VA > 0, 3 fized-delay A encoder decoder pairs £, D,
s.t. Vi:

Prlx # %i(i + A)] < K2~ AE(B)=9)

Note: the order of the conditions of this definition is extremely important. Simplistically
speaking, a delay constrained error exponent is said to be achievable (meaning the symbol
error decays exponentially with delay with the claimed exponent for all symbols), if it is

achievable for all fixed-delays.

We have the following two propositions stating that the error exponent is only interesting
if R € [H(px),log|X|]. First we show that the error exponent is only interesting if the rate
R <log|X|.

Proposition 1 E,(R) is not well defined® if R > log |X|

Proof: Suppose R > log |X|, for integer N large enough, we have

2LNR72J > 2Nlog\X| _ |X|N

Now we construct a very simple block coding system as follows.

The encoder first queues up N source symbols from time (k—1)N+1to kN, k=1,2, ...,
those N symbols are z(y_1)n41, -2y Now since oLNE=2] 1 ¥|N use an injective map &£
from XN to {1,2,3,...,2lNE=211 Notice that the encoder can send at least | NR — 2| bits
in the time interval (KN, (k + 1)N). So the encoder can send &(z(x_1)n41,---TkN) to the
decoder within time interval (KN, (k + 1)N). Thus the decoding error for source symbols

?Less mathematically strictly speaking, the error exponent E,(R) is infinite if R > log |X]|.
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T(k—1)N+1,--TkN 18 zero at time (k + 1)N. This is true for all & = 1,2... So the error
probability for any source symbol x,, at time n + A is zero for any A > 2N. Thus the error
exponent Es(R) for R > log|X| is not defined because log 0 is not defined. Or conceptually
we say the error exponent is infinite for R > log|X|. O

The above lemma is for the delay constrained source coding problem in this chapter.
But it should be obvious that similar results hold for the other source coding problems
discussed in future chapters. That is, if the rate of the system is above the logarithm of the
alphabet size, an almost instantaneous error free coding is possible. This implies that the

error exponent is not well defined in that case.

Secondly, the delay constrained error exponent is zero, i.e. the error probability does
not universally converge to zero if the rate is below the entropy rate of the source. This
result should not be surprising given that it is also true for block coding. However, for
the completeness of the thesis, we give a proof. The proof here is to translate a delay
constrained problem to a block coding problem, then by using the classical block coding
error probability result we lower bound the symbol error probability, and thus give a lower

upper bound on the delay constrained error exponent.

Proposition 2 E (R) =0 if R < H(px).

Proof: We prove the lemma by contradiction. Suppose that for some source py the
delay constrained source coding error exponent Es(R) > 0 for some R < H(py). Then from
Definition 2 we know that for any € > 0, there exists K < oo, such that for all A, there

exists a delay constrained source coding system &£, D, and
Prx, # Xu(n+ A)] < K27 AE(R=9) for all n, (2.1)
Notice that (2.1) is true for all n, A. We pick n and A that are big enough as needed.

Now we can design a block coding scheme of block length n, the encoder £ is derived
from the delay constrained source coding system D;, where the output of the block encoder

is the same as the accumulate of the delay constrained encoders.
E(a}) = (Er(ar), Ea(ad), oy Enva (@] t2)) = b A (2.2)
Notice that some of the output of the encoders & (z}) can be empty.

The decoder part is similar. The block code decoder uses the output of all the delay

constrained decoders up to time n + A

DO = (R(1+A), %2+ A), ., Fu(n+ A)) 25 (2.3)
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Now we look at the block error of the block coding system built from the delay con-
strained source coding system. First, we fix the ratio of n and A at A = an, we will choose

a sufficient large n and a small enough « to construct the contradiction.

Prix' #Xx]'] < ZPY[Xz‘ # Xi
i=1

=1
< nK2omE=9 (2.4)

However, from the classical block source coding theorem in [72], we know that
Pr[x{" # x1'] > 0.5 (2.5)

if the effective rate of the block coding system %R is smaller than the entropy rate of

the source H (py). This only requires n be much larger than A, such that %R < H(px).

Now combining (2.4) and (2.5), we have

nk27°"E=9) > 05 (2.6)

Notice that £ > ¢, K < oo is a constant, and a > 0 is also a constant, hence there
exists n big enough such that nK2-**(F=¢) < 0.5. This gives the contradiction we need.

The lemma, is proved. O

These two lemmas tell us that the delay constrained error exponent Eg(R) is only

interesting for R € [H (px), log|X|].

In the proof of Proposition 2, we constructed a block coding system from a delay con-
strained source coding system with some delay performance and then build the contra-
diction. In this thesis, we also use this technique to show other theorems. We borrow
the classical block coding results to serve as the building blocks of the delay constrained

information theory.

The above two lemmas are for the delay constrained lossless source coding problem in
this chapter. But it should be obvious that similar result holds for other source coding
problems discussed in future chapters. That is, delay constrained error exponents are zero,
or the error probabilities do not converge to zero universally if the rate is lower than the
relevant entropy. And if the rate is above the logarithm of the alphabet size of the source,

any exponent is achievable.
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2.1.2 Main result of Chapter 2: Lossless Source Coding Error Exponent
with Delay

Following the definition of the delay-constrained error exponent for lossless source coding
in Definition 2, we have the following theorem which describes the convergence rate of the

symbol-wise error probability of lossless source coding with delay problem.

Theorem 1 Delay constrained lossless source coding error exponent: For source x ~ py,

the delay constrained source coding error defined in Definition 2 is

EL(R) = inf ~E,,((a+ 1)R) (2.7)

a>0

Where Eg(R) is the block source coding error exponent [29] defined in (A.4). This error

exponent Es(R) is both achievable and an upper bound, hence our result is complete.

Recall the definition of delay constrained error exponent, for all € > 0, there exists a finite

constant K, s.t. for all i, A,

Pl"[Xi 75 ?Z(Z + A)] < KQ_A(ES(R)—E)

The result has two parts. First, it states that there exists a coding scheme, such that the
error exponent Fg(R) can be achieved in a universal setup. This is summarized in Propo-
sition 5 in Section 2.4.1. Second, there is no coding scheme can achieve better delay con-

strained error exponent than Eg(R). This is summarized in Proposition 6 in Section 2.4.2.

Before showing the proof of Theorem 1, we give some numerical results and discuss

some other coding schemes in the next two sections.

2.2 Numerical Results

In this section we evaluate the delay constrained performance for different coding
schemes via an example. For a simple source x with alphabet size 3, X = {A,B,C}

and the following distribution

1—a 1—a

5 PO ==

px(A) =a px(B) =
Where a € [0, 1], in this section we set a = 0.65.
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2.2.1 Comparison of error exponents

The error exponents for both block and delay constrained source coding predict the
asymptotic performance of different source coding systems when the delay is long. We
plot the delay constrained error exponent E (R), the block source coding error exponent
E, ,(R) and the random coding error exponent E, (R) in Figure 2.3. As shown in Theorem 1
and Theorem 9, these error exponents tell the asymptotic performance of the two delay
constrained source coding systems. We give a simple streaming prefix-free code at rate %for
this source. It will be shown that, although this prefix-free coding is suboptimal as the error
exponent is much smaller than Es(%), its error exponent is much larger than Er(%) which is
equal to ESJ)(%) in this case. We give the details of the streaming prefix-free coding system

and analyze its decoding error probability in Section 2.2.2.

0.9- to — - Random coding
Block coding

—— Delay optimal coding

0.8 ® Simple prefix coding

0.7F

Error Exponents
o o o
N o (2]
T T T

o
w
T

a 1.5 |
H(px) Rate R 092(3)

Figure 2.3. Different source coding error exponents: delay constraint error exponent E(R),
block source coding error exponent E s’b(R), random coding error exponent E, (R)

In Figure 2.4, we plot the ratio of the optimal delay constrained error exponent over the
block coding error exponent. The ratio tells to achieve the same error probability, how many
times longer the delay has to be for the block coding system that is studied in Section 2.3.1.

The smallest ratio is around 52 at rate around 1.45.
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Figure 2.4. Ratio of delay optimal error exponent F,(R) over block source coding error
exponent E_,(R),

2.2.2 Non-asymptotic results: prefix free coding of length 2 and queueing

delay

In this section we show a very simple coding scheme which use a prefix-free code [26]
instead of the asymptotical optimal universal code studied in Section 2.4.1. The length two

prefix-free code for source x we are going to use is:

AA—0
AB — 1000 AC — 1001 BA — 1010 BB — 1011
BC — 1100 CA — 1101 CB — 1110 CC — 1111

This prefix-free code is obviously sub-optimal because the code length is only 2, also
the code length is not adapted to the distribution. However, it will be shown that even this
obviously non optimal code outperforms the block coding schemes in the delay constrained
setups when a is not too small. We analyze the performance of the streaming prefix-free
coding system at R = % That is, the source generates 1 symbol per second, while 3 bits can

be sent through the rate constrained channel every 2 seconds. The prefix-free stream coding
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system like a FIFO queueing system with infinite buffer which is similar to the problem
studied in [49]. The prefix-free stream coding system is illustrated in Figure 2.5. Following
the prefix code defined earlier, the prefix-free encoder group two source symbols zop_1, Tog
together at time 2k, k = 1,2,... into the prefix-free code. the length of the codeword is
either 1 or 4. The buffer is drained out by 3 bits per 2 seconds. Write the number of bits in
the buffer as By at time 2k. Every two seconds, the number of bits Bj, in the buffer either
goes down by 2 if o _1, xor = AA or goes up by 1 if xor_1x9r # AA. 3 bits are drained out
every 2 seconds from the FIFO queue, notice that if the queue is empty, the encoder can
send random bits through the channel without causing confusion at the decoder because

the source generates 1 source symbol per second.

Source AA AB BA CC AA CA AA AA AA CB AA CC

o o — — o —
. - = —
Prefix code ) o — o — — —
o « - - - o o o o
o o o
Buffer / /| o = — o o / / / o / —

Rate Rbit-stream  w« o= 100 010 101 111 011 010 O 0* 111 00* 11

Decision § 2 é 8 } 6} } } 8?

*

Figure 2.5. Streaming prefix-free coding system (/ indicates empty queue, * indicates

meaningless random bits)

Clearly By, k = 1,2,... form a Markov chain with following transition matrix: By =
Bj;_1 + 1 with probability 1 — a?, B, = Bj_1 — 2 with probability a2, notice that By, > 0
thus the boundary conditions. We have the state transition graph in Figure 2.6. For this
Markov chain, we can easily derive the stationary distribution (if it exists) [33].

—14 /14 )

e = L )" (2.8)

Where ¢ = a? and L is the normalizer, notice that py, is a geometric series and the stationary
distribution exists as long as the geometric series goes to 0 as index goes to infinity, i.e.
4% < 8 or equivalently ¢ > % In this example, we have a = 0.65, thus ¢ = a? = 0.4225 >

%, thus the stationary distribution pj exists.

For the above simple prefix-free coding system, we can easily derive the decoding error
for symbols xor_1, X0 at time 2k + A — 1, thus the effective delay for xor_1 is A. The
decoding error can only happen if at time 2k + A — 1, at least one bits of the prefix-free
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Figure 2.6. Transition graph of random walk By, for source distribution {a, 5%, 5%}, ¢ =a
is the probability that By goes down by 2.

code describing xo_1, X0 are still in the queue. This implies that the number of bits in the

buffer at time 2k, By, is larger than

(2 (A = 1) = k1 08)

where [(xor_1,x2r) is the length of the prefix-free code for xox_1, X0, thus it is 1 with
probability ¢ = a? and it is 4 with probability 1 — ¢ = 1 — a?. Notice that the length of the
prefix-free code for xop_1, X9k is independent with By, we have the following upper bound

on the error probability of decoding with delay A when the system is at stationary state:

Pr[)?zk_l 75 XQk_]_] < Pr[l(ng_l,ng) = 1] Pr[Bk > Lg(A — I)J — 1]

Pr[l(xok_1, xor) = 4] Pr[By > L%(A —1)] — 4]

=q Y wmtl-9 >
=13@-D) =13(a-1)-3
—1+ 1+ 4(1—q) 3
_ T \3(a-1)-3
G( 5 )

The last line is by substituting in (2.8) for stationary distribution p;. Where G is a constant,
we omit the detail expression of G here. Following the last line, the error exponent for this

prefix-free coding system is obviously

With the above evaluation, we now compare three different coding schemes in the non-
asymptotic setups. In Figure 2.7, the error probability vs delay curves are plotted for three
different coding schemes. First we plot the causal random coding error probability. Shown

in Figure 2.3, at R = 3, random coding error exponent E,(R) is the same as the block
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coding error exponent FEs;(R). The block coding curve is for a so called simplex coding
scheme, where the encoder first queues up % symbols, encode them into a length %R binary
sequence and use the next % seconds to transmit the message. This coding scheme gives an

(R)

error exponent EébT As can be seen in Figure 2.3, the slope of the simplex block coding

is roughly half of the block source coding’s slope.
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Error probability (symbol)

10 3

107 L] *—- Block coding
- Causal random coding
[| — Simple prefix coding

1 1
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30
End to end delay

Figure 2.7. Error probability vs delay (non-asymptotic results)

The slope of these curves in Figure 2.7 indicates how fast the error probability goes to
zero with delay, i.e. the error exponents. Although smaller than the delay optimal error
exponent E¢(R), the simple prefix-free coding has a much higher error exponent than both
both random coding and the simplex block coding error exponent. A trivial calculation
tells us that in order to get 10~% symbol error probability, the delay requirement for delay
optimal coding is ~ 40, for causal random coding is around ~ 303, for simplex block
coding is at around~ 374. Here we run a linear regression on the data: ya = log;q Pe(A),
xa = A as shown in Figure 2.3 from A = 80 to A = 100. Then we extrapolate the A, s.t.
logg P.(A) = —6. Thus we see a major delay performance improvement for delay optimal

source coding.
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2.3 First attempt: some suboptimal coding schemes

On our way to find the optimal delay constrained performance, we first studied the
classical block coding’s delay constrained performance in Section 2.3.1, the random tree
code later discussed in Section 2.3.3 and several other known coding systems. These coding
systems in the next three subsections are shown to be suboptimal in the sense that they
all achieve strictly smaller delay constrained error exponents than that in Theorem 1. This
section is by no means an exhaustive study of the delay constrained performance of all
possible coding systems. Our intention is to look at the obvious candidates and help readers

to understand the key issues with delay constrained coding.

2.3.1 Block Source Coding’s Delay Performance

% symbols

Source T T T | erreereeeeeeeens
stream

w| 1
>
%

Bit Stream of rate R 10 10 1
% bits

Figure 2.8. Block coding’s delay performance

We analyze the delay constrained performance for traditional block source coding sys-
tems. As shown in Figure 2.8, the encoder first encode % source symbols, during a period
of % seconds, into a block of binary bits. During the next % seconds, the encoder uses
all the bandwidth to transmit the binary bits through the rate R noiseless channel. After
all the binary bits are received by the decoder at time A, the effective coding system is a
length %, rate R block source coding system. Thus the error probability of each symbol is
lower bounded by 9= 2 550(R) a5 shown in Theorem 9. The delay constrained error exponent
for source symbol x; is

E = —% log{2_%ES*b(R)}

= ES’I’Q(R) (2.9)

This is half of the block coding error exponent. Another problem of this coding scheme
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is that the encoder is delay-specific as A is a parameter in the infrastructure. While the

optimal coding scheme as shown in Section 2.4.1 is not.

2.3.2 Error-free Coding with Queueing Delay

For both the block coding in the previous section and the sequential random coding in
Section 2.3.3, the coding system commits to some none-zero error probability for symbol x;
at time i + A, for any i, A pair as long as the rate R is smaller than log |X|. The next two
coding schemes are different in the sense that the error probability for any source symbol x;
is going to be exactly zero after some finite variant delay A;(x{°). These encoding schemes
have two parts, first part is a zero-error fixed or variable to variable length source encoder,
the second part is a FIFO (first in first out) buffer. The queue in the buffer is drained
out by a constant rate R bits per second. If the queue is empty, the encoder buffer simply
send arbitrary bits through the noiseless channel. The decoder, knowing the rate of the
source, simply discards the arbitrary gibberish bits added by the encoder buffer and now
the the task is only to decode the source symbols by the received bits that describe the
source stream. This coding scheme makes no decoding error on x; as long as the bits that
describe x; are all received by the decoder. Thus the symbol error only occurs if there are
too many bits are used to describe the source block that x; is in and some previous source
symbols. This class of coding schemes are illustrated in Figure 2.9. The error free code can

be either variable to fixed length coding or variable to variable length coding.

Causal Error-Free Source Code
Streaming data

Y

FIFO

Encoder Buffer Rate R bit stream

Y

Decoder

Figure 2.9. Error free source coding for a fixed-rate system
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Prefix-free Entropy Coding with Queueing Delay

Entropy coding [26] is a simple source coding scheme, where the code length of a source
symbol is roughly inversely proportional to the logarithm of the probability of that source
symbol. For example, Huffman code and arithmetic code are two entropy code that are
thoroughly studied in [26]. An important property of the entropy coding is that the average
code length per source symbol is the entropy rate H(py) of the source x if the code block
is long enough. The code length is independent of the rate R. We argue that the simple
prefix-free entropy coding with queueing delay scheme is not always optimal by the following
simple example. Consider a binary source S = {a, b, ¢,d} with distribution py(a) = 0.91,
Px(b) = px(c) = px(d) = 0.03 and the rate of the system is R = 2. Now obviously the best
coding scheme is not to code by just sending the uncompressed binary expressions of the
source across the rate R = 2 system. The system achieves zero error for every source symbol
x; instantaneously. Since rate R match well with the alphabet size log |X|, philosophically
speaking, this statement is the same to Michael Gastpar’s PhD thesis [43] in which the
Gaussian source is matched well with the Gaussian channel. The delay constrained error
exponent is thus infinity or strictly speaking not well defined. One length-2 optimal prefix-
free code of this source is £(a) = 0, £(b) = 10, E(c) = 110, £(d) = 111. And the coding
system using this prefix-free code or entropy codes of any length clearly does not achieve
zero error probability for any delay A for source symbol x; if i is large enough. The error
occurs if the source symbols before ¢ are atypical. For example, a long string of ¢’s. This

case is thoroughly analyzed in Section 2.2.2.

We show in Section 2.4.1 that a simple universal coding with queueing delay scheme is
indeed optimal. This scheme is inspired by Jelinek’s non-universal coding scheme in [49].
We call Jelinek’s scheme tilted entropy coding because the new codes are entropy codes for
a tilted distribution generated from the original distribution. We give a simplified proof of

Jelinek’s result in Appendix B using modern large deviation techniques.

LZ78 Coding with Queueing Delay

In this subsection, we argue that the standard LZ78 coding is not suitable for delay

constrained setup due to the nature of its dictionary construction.

In their seminal paper [88], Lempel and Ziv proposed a dictionary based sequential

universal lossless data compression algorithm. This coding scheme is causal in nature.
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However, the standard LZ78 coding scheme described in [88] and later popularized by
Welch in [83] does not achieve any positive delay constrained error exponent. The reason
why seemingly causal LZW coding scheme does not achieve any positive delay constrained
error exponent is rooted in the incremental nature of the dictionary. If the dictionary is
infinite as original designed by Lempel and Ziv, then for a memoryless source and a fixed
delay A, every word with length 2A will be in the dictionary with high probability at
sufficiently large time ¢. Thus the encoding delay at the LZW encoder is at least 2A for any
source symbol x;, i > t. According to the definition of delay constrained error exponent in

Definition 2, the achievable error exponent is 0 for such a Lempel-Ziv coding system.

On the other hand, with a finite dictionary, the dictionary mismatches with the source
statistics if the early source symbols are atypical. This mis-match occurs with a positive
probability and thus the encoding delay for later source symbols is big and thus no positive
delay constrained error exponent can be achieved. Note: we only discuss the popular LZ78
algorithm here. There are numerous other forms of universal Lempel-Ziv coding, the first
one in [87]. The delay constrained performance for such coding schemes are left for future

studies.

2.3.3 Sequential Random Binning

In [12] and [32], we proposed a sequential random binning scheme for delay constrained
source coding systems. It is the source-coding counterpart to tree and convolutional codes
used for channel coding [34]. This sequential random binning scheme follows our definition of
delay constrained source coding system in Definition 1 with additional common randomness
accessible to both the encoder(s) and decoder. The encoder is universal in nature that it
is the same for any source distribution p, meanwhile the decoder can be ML decoder or
universal decoder which will be discussed in great details later. We define the sequential

random binning scheme as follows.

Definition 3 A randomized sequential encoder-decoder pair (a random binning scheme)
E,D is a sequence of maps: {&;},7 =1,2,... and {D;},j = 1,2,.... The outputs of &; are
the outputs of the encoder £ from time j — 1 to j.

& : X7 — {0, 1}URJ*L(J'*1)RJ

&(w]) = il

LG=DR]+1
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The output of the fized-delay A decoder D; is the decoding decision of x; based on the received

binary bits up to time j + A.

D;: {0, 1} lU+MR Ly

DbV = 23 + A)

Where Z;(j + A) is the estimation of x; at time j + A and thus has end-to-end delay of
A seconds. Common randomness, shared between encoder(s) and decoder(s), is assumed.
Awvailability to common randomness is a common assumption in information theory com-
munity. Common randomness can be generated from correlated data [63]. This is not the
main topic of this thesis in which we assume enough common randomness. Interested read-
ers may read [56, 1]. This allows us to randomize the mappings independent of the source

sequence. In this thesis, we only need pair-wise independence, formally, for all i, n:
Prle(aalyy) = £(a}if,)] = 27 (MRITURD < 9y o= (2.10)
for all x41 # Ti1

(2.10) deserves more staring at. The number of output bits of the encoder for source
symbols from time 4 to time n is |[nR]| — [iR], so (2.10) means that the chance that the
binary representations of two length-n source strings which diverge at time i is 2~ (IRl =iE])
We define bins as follows. A bin is a set of source strings that share the same binary

representations:
Bu(a}) = [} € S": £(@1) = £(a})} (2.11)
With the notion of bins, (2.10) is equivalent to the following equality for z;+1 # Fit1:

PrE(x{70,) € By(ahial )] = 27 (InRIZURD < 9 5 9o=(n=DF (2.12)

In this thesis, the sequential random encoder always works by assigning random parity
bits in a causal fashion to the observed source sequence. That is the bits generated at each
time in Definition 3 are iid Bernoulli-(0.5) random variables. Since parity bits are assigned
causally, if two source sequences 7 and #share the same length-I prefix, i.e. } = #! then

their first [I[R] parity bits must match. Subsequent parity bits are drawn independently.
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At the decoder side, the decoder receives the binary parity check b%nRJ at time n.

Hence the decoder knows the bin number which the source sequence z7 is in. Now the
decoder has to pick one source sequence out of the bin B,(z}) as the estimate of z}. If
the decoder knows the distribution of the source py, it can simply pick the sequence with
the maximum likelihood. Otherwise, which is called universal case, the decoder can use a
minimum empirical entropy decoding rule. We first summarize the delay constrained error

exponent results for both ML decoding and universal decoding.

First the maximum-likelihood decoding where the decoder knows the distribution of the

source py.

Proposition 3 Given a rate R > H(px), there exists a randomized streaming encoder and
mazimum likelihood decoder pair (per Definition 3) and a finite constant K > 0, such that

Prlxi(i + A) # x] < K278 R) for il i, A > 0, or equivalently for alln > A >0

Prfp_a(n) # xa_n] < K2 AF"ER) (2.13)
where EME(R) = sup {pR— (1+ p)log <pr(a;)1ip>} (2.14)
p€[0,1] =

Secondly, if the decoder does not know the distribution, it can use the minimum empiri-
cal entropy rule to pick the sequence with the smallest empirical entropy inside the received
bin. More interestingly, the decoder may prefer not to use its knowledge of the distribution
of the source. The benefit of doing so is due to the uncertainty of the distribution of the
source, for example a source distribution of {0.9,0.051,0.049} may be mistaken as a distri-
bution of {0.9,0.049,0.051} and the decoding may as well be incorrect due to this nature.

We summarize the universal coding result in the following proposition.

Proposition 4 Given a rate R > H(px), there exists a randomized streaming encoder and

universal decoder pair (per Definition 3) such that for all € > 0 there exists finite K > 0

EUN

such that Pr[xi(i + A) # x| < K2~ 8ET (=9 for all n, A > 0 where
EN(R) = inf D(qllpx) + |R = H()| " (2.15)

where q is an arbitrary probability distribution on X and where |z|T = max{0, z}.

Remark: The error exponents of Propositions 3 and 4 both equal random block-coding

exponents shown in (A.5).
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Proof of Propositions 3: ML decoding

To show Propositions 3 and 4, we first develop the common core of the proof in the

context of ML decoding. First, we describe the ML decoding rule.

ML decoding rule:

Denote by z7(n) the estimate of the source sequence x{* at time n.

n
21 (n) = argmax py(Z]) = argmax pr(:i",') (2.16)

Z7 €B(27) ZYEB(27) ;-
The ML decoding rule in (2.16) is very simple. At time n, the decoder simply picks the
sequence Z7(n) with the highest likelihood which is in the same bin as the true sequence
)th

x1). Now the estimate of source symbol n — A is simply the (n — delay)"” symbol of z7(n),

denoted by Z,—a(n).
Details of the proof:

The proof strategy is as follows. To lead to a decoding error, there must be some false
source sequence Z7 that satisfies three conditions: (i) it must be in the same bin (share the
same parities) as a7, i.e., Z € Bg(z]), (ii) it must be more likely than the true sequence,

i.e., px(Z]) > px(2]), and (iii) ; # x; for some [ < n — A.

The error probability can be union bounded as follows which is also illustrated in Fig-

ure 2.10.

Pr{fa(n) # xu-al <PrRp2(n) # X

=Y Prlx A (n) # 2|5 = afIpela?) (2.17)
1 n—A
=373 Pr[3# € Bu(a}) N Full,a}) st pa(@F) > pala})]pala})
z7 =1
(2.18)
n—A
=Y { S P33} € Bo(al) N Fall,f) st pu(@D) = pula)]pe(a]) }
=1 7

n—A
= pall). (2.19)
=1

After conditioning on the realized source sequence in (2.17), the remaining randomness is

only in the binning. In (2.18) we decompose the error event into a number of mutually
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1 n—A n

Figure 2.10. Decoding error probability at n — A can be union bounded by the sum of
probabilities of first decoding error at I, 1 <[ < n—A. The dominant error event p,(n—A)
is the one in the highlighted oval(shortest delay).

exclusive events by partitioning all source sequences Z' into sets F,, (I, z}) defined by the

time [ of the first sample in which they differ from the realized source z7,
Full,a?) = {&7 € x"|3 = 2l 5 # o}, (2.20)
and define F,,(n + 1,27) = {z}'}. Finally, in (2.19) we define

pn(l) = ZPr [3 0 € Bs(x}) N Fu(l, xT) s.t. px(2]) > px(x?)]px(x?). (2.21)

zf
We now upper bound pj, (1) using a Chernoff bound argument similar to [39].
Lemma 1 p,(l) < 2 x 2~ (n=HDEYE(R),

Proof:

pa(l) =) Pr[327 € By(af) N Fall,2}) st px(@F) 2 px(a])]px(a])

Ty
<Y omin |1, S Prfa} € Bo(al)]|pe(at) (2.22)
a4 it € Fn(l, z})s.t.
px(2]) < px(27)
< Y ominfl, D 2x2 TRl ap) (2.23)
1 ! E] 5.t

1
px(2]") < px(2]")

<2x Y minf1, S 20 ”R]px(w?)

i? s.t.

px () < px(27")

=2 Y min [1,Y 1pa (i) > px(x;l)]z—(”—l“)ﬂ pxla) (2.24)

a -y

. . px(’f?)] —(n—l4+1)R n

<2 X min |1, min |1, 12 «(T
= g? ;;L [ (@l px(7')

> Z_ (i)™ ,,

Px(T] ] e (n—l+1)R n

<2 x —_— 2 (@ 2.25
= [px(l‘?) px(a]) ( )



p

=2 x pr(x?)ﬁ Z [px (Z1)] T 9—(n—l+1)pR

- O (n—1+1) ) (n=1+1)p

=2 x | Y pe(a) T lsz(w)”p] g~ (n=l1pR (2.26)
- 1 (14 1) (14p)

=2 X pr(m)fp 9—(n—I+1)pR
L T i )
—(n—1+1) | pR—(1 lo, () T+P

S )[pr-) 108 £ pe0) 7 )| (227

In (2.22) we apply the union bound. In (2.23) we use the fact that after the first symbol
in which two sequences differ, the remaining parity bits are independent, and use the fact
that only the likelihood of the differing suffixes matter in (2.12). That is, if 2}~! = #71,
then py(2) < px(27) if and only if py(2]') < px(Z}). In (2.24) 1(-) is the indicator function,
taking the value one if the argument is true, and zero if it is false. We get (2.25) by
limiting p to the range 0 < p < 1 since the arguments of the minimization are both positive
and upper-bounded by one. We use the iid property of the source, exchanging sums and
products to get (2.26). The bound in (2.27) is true for all p in the range 0 < p < 1.
Maximizing (2.27) over p gives pp(l) < 2 x 9= (n=HDEME(R) where EML(R) is defined in

Proposition 3, in particular (2.14). O

Using Lemma 1 in (2.19) gives

n—A
Pr[%n-a(n) # xo-a] <2 x Y 27 (THEDEYER) (2.28)
=1
n—A
_ Z 9 % 2—(n—l+1—A)EML(R)2—AEML(R)

=1
<K 2 AEMER) (2.29)
In (2.29) we pull out the exponent in A. The remaining summation is a sum over decaying
exponentials, can thus can be bounded by some constant Ky. This proves Proposition 3.

Proof of Proposition 4: Universal decoding

We use the union bound on the symbol-wise error probability introduced in (2.19), but

with minimum empirical entropy, rather than maximum-likelihood, decoding.
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Universal decoding rule:

Zy(n) = wll]; where wl[l]} = arg min H(z}). (2.30)

neBs () 8.b. #7 =71 (n)

We term this a sequential minimum empirical-entropy decoder. The reason for using this
decoder instead of the standard minimum block-entropy decoder is that the block-entropy
decoder has a polynomial term in n (resulting from summing over the type classes) that
multiplies the exponential decay in A. For n large, this polynomial can dominate. Using

the sequential minimum empirical-entropy decoder results in a polynomial term in A.

Details of the proof: With this decoder, errors can only occur if there is some sequence
@} such that (i) &} € By(a}), (il) 277! = 2!=1, and &; # a;, for some | < n — A, and (iii)
the empirical entropy of Z}' is such that H(z}') < H(z}'). Building on the common core of
the achievability (2.17)—(2.19) with the substitution of universal decoding in the place of
maximum likelihood results in the following definition of p, (1) (cf. (2.31) with (2.21),

pn(l) = ZPr (327 € By(at) N Fu(l, 27) s.t. H(Z}) < H(2})]px(a?) (2.31)

n
L1

The following lemma gives a bound on pj,(1).

Lemma 2 For sequential minimum empirical entropy decoding,
pr(l) <2x (n—1+ 2)2|X|27(nfl+1)EUN(R)'

Proof: We define P"~! to be the type of length-(n — [+ 1) sequence z7, and Tpn—: to be

the corresponding type class so that x}' € Tpn—i. Analogous definitions hold for P! and
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i, We rewrite the constraint H(i}) < H(i}) as H(P"™') < H(P"!). Thus,

pa(l) =) Pr (3} € By(al) N Fu(l,2]) sit. H(E7) < H(a})]pu(a])

Ty

<Y min [1, 3 Pr[i? € Bs(xgl)ﬂ Px(z™)
"L"Z,lL 7 € Fn(l,z™) s.t.
H(z}') < H(z}")

<X minfl, Y 2x2 TR (ol ) (2.32)
Ilfl ;7,

i‘zl s.t.

H(&)') < H(a})

<2 x Zmin [1, Z 2_("_l+1)R}px(a:?) (2.33)
a

~mn
Ty s.t.

H(&p') < H(ap')

=2x Y Y min [1, 3 3 2*(”*’+1>R]px(a;?) (2.34)

pn—l x?ETPn,l pr—l gy, f?ETPn,l

H(P"™Yy < H(P™™h

<2 x Z Z min [1, (n—1+ 2)|X‘2_(”_Z)[R_H(Pnil)}]pX(:U?) (2.35)

— n
pr=tap  €Tpn—

<2x (n—1+2)* 3" N gm (o EDIRHETHI

pn—l xlneTpnfl
o—(n—1+1)[D(P™!|[Po)+H(P")] (2.36)
<2 % (n— 1+ 2)¥ Z o—(n—l+1) infy[D(q| Ps)+|R—H(q)|*] (2.37)
pn—l
<2 (n — 14 2)¥lg=(nHEDETN ) (2:38)

To show (2.32), we use the bound in (2.12). In going from (2.34) to (2.35) first note that
the argument of the inner-most summation (over Z}') does not depend on z7. We then
= Tpn| < 2(”*”1)}1(1371_[), which is a standard

bound on the size of the type class [29], (ii) H(P"!) < H(P™!) by the sequential minimum

use the following relations: (i) Zi? €Tpni
empirical entropy decoding rule, and (iii) the polynomial bound on the number of types [28],
{{P"1}| < (n—1+2)I¥]. Tn (2.36) we recall the function definition |-|* £ max{0,-}. We pull
the polynomial term out of the minimization and use py () = 2~ (=HDIDE"[P)+H (")
for all ;' € Tpa—i. It is also in (2.36) that we see why we use a sequential minimum
empirical entropy decoding rule instead of a block minimum entropy decoding rule. If we
had not marginalized out over xll_l in (2.33) then we would have a polynomial term out
front in terms of n rather than n — [, which for large n could dominate the exponential

decay in n — [. As the expression in (2.37) no longer depends on xz}', we simplify by using

|Tpn—1| < 2(n—+DH(P"!) 1y (2.38) we use the definition of the universal error exponent
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EUN(R) from (2.15) of Proposition 4, and the polynomial bound on the number of types.
Other steps should be obvious. O

Lemma 2 and Pr[Xx,-aA(n) # x,-a] < Z}:ﬁ pr(l) imply that:

Pr[X,-a(n) # xp-a] < Z — [+ 2)2¥Ig=(n—H )BT (R

n—A

S Z K12—(n—l+1)[EUN(R)—e} (239)
=1

<K2 AN (R)~d (2.40)

In (2.39) we incorporate the polynomial into the exponent. Namely, for all a > 0, b > 0,
there exists a C such that 20 < C20¢—1 for all z > 1. We then make explicit the delay-
dependent term. Pulling out the exponent in A, the remaining summation is a sum over
decaying exponentials, and can be bounded by a constant. Together with K7, this gives the
constant K in (2.40). This proves Proposition 4. Note that the € in (2.40) does not enter
the optimization because € > 0 can be picked equal to any constant. The choice of € effects

the constant K in Proposition 4.

Discussions on sequential random binning

We propose a sequential random binning scheme, as summarized in Propositions 3 and
4, which achieves the random block coding error exponent defined in (A.5). Although this
error exponent is strictly suboptimal as shown in Proposition 8 in Section 2.5, it provides
a very useful tool in deriving the achievability results for delay constrained coding (both
source coding and channel coding) as will be seen in future chapters where delay constrained
source coding with decoder side-information and distributed source coding problems are
discussed. Philosophically speaking, the essence of sequential random binning is to leave the
uncertainties about the source at the encoder to the future, and let the binning reduce the
uncertainties of the source. This is in contrast to the optimal scheme shown in Section 2.4.1,
where the encoder queues up the fixed-to-variable code and thus for a particular source

symbol and delay, the uncertainties lie in the past.

39



2.4 Proof of the Main Results

In this section we derive the delay constrained source coding error exponent in Theorem
1. We implement a simple universal coding scheme to achieve this error exponent defined in
Theorem 1. As for the converse, we use a focusing bound type of argument which is parallel
to the analysis on the delay constrained error exponent for channel coding with feedback in

[67].
Following the notion of delay constrained source coding error exponent Fq(R) in Defi-
nition 2, we have the following result in Theorem 1.

Ey(R) = inf ~E,y((a+ 1)R)

a>0

In Section 2.4.1, we first show the achievability of Es(R) by a simple fixed to variable length
universal code and a FIFO queue coding scheme. Then in Section 2.4.2, we show that F(R)
is indeed an upper bound on the delay constrained error exponent. This error exponent
was first derived in [49] in a slightly different setup by using a non-universal (encoder needs
to know the distribution of the source, py, and the rate R) coding scheme, we give a simple

proof of Jelinek’s result by using large deviation theory in Appendix B.

2.4.1 Achievability

In this section, we introduce a universal coding scheme which achieves the delay con-
strained error exponent shown in Theorem 1. The coding scheme only depends on the size
of the alphabet of the source, not the distribution of the source. We first describe our
universal coding scheme. The basic idea is to encode a long block source symbols into a
variable-length binary strings. The binary strings first describe the type of the source block,
then index different source blocks with the same type by a one to one map. This is in line
with the Minimum Description Length principle [66, 4]. Source blocks with the same type

have the same length.

Optimal Universal Coding

A block-length IV is chosen that is much smaller than the target end-to-end delays, while
still being large enough. This finite block length N will be absorbed into the finite constant

K. For a discrete memoryless source and large block-lengths IV, the variable-length code

40



Optimal

Streaming data S Fixed to Variable Lenght Encoder
Y
FIFO
Encoder Buffer Rate R bit stream
= Decoder

Figure 2.11. A universal delay constrained source coding system

consists of two stages: first describing the type of the block ? X; using O(|X|log N) bits
and then describing which particular realization has occurred by using a variable N H (X;)
bits. The overhead O(|X|log N) is asymptotically negligible and the code is also universal
in nature. It is easy to verify that the average code length: limy_. w = H(px) This

code is obviously a prefix-free code. Write [(X;) as the length of the codeword for X;, then:
NH(%) <1(%) < |X|log(N + 1) + NH(%) (2.41)

The binary sequence describing the source is fed to the FIFO buffer illustrated in Figure
2.11. Notice that if the buffer is empty, the output of the buffer can be gibberish binary
bits. The decoder simply discards these meaningless bits because it is aware that the buffer

is empty.

Proposition 5 For the iid source ~ pyx using the universal delay constrained code described

above, for alle > 0, there exists K < 0o, s.t. for all t, A:
Prl%, # Ri((t+ A)N)] < K2 ANE(R) =)

Where ?t((t + A)N) is the estimate of X; at time (¢ + A)N. Before the proof, we have the

following lemma to bound the probabilities of atypical source behavior.

Lemma 3 (Source atypicality) for all € > 0, block length N large enough, there exists

K < o0, s.t. for alln, if r <log|X| :
Ko NEp0F9) < Pr(Y " 1(%5) > nNr] < K27V (Fap(r) =) (2.42)
=1

3%, is the 7" block of length N.
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Proof: Only need to show the case for r > H(py). By the Cramér’s theorem|31], for all
€1 > 0, there exists K7, such that:

Pr[) "1(%) > nNr] = Pr[l > (%) > Nr| < K2 ninfeenr Iz)=a) (2.43)
n
=1 =1
And
Pr[) "1(%) > nNr| = Pr[l Y U(%) > Nr| > Ky27nintenr [z)4e) (2.44)
n
=1 =1

where the rate function I(z) is [31]:

I(z) = sup{pz—log( Y pu(#)2”¥)} (2.45)

PER gexN

Here we use this equivalent K — e notation instead of limit superior and limit inferior in the

Cramér’s theorem [31].

Write I(z,p) = pz —log(D_zcxn px(2)2°1®)) 1(2,0) = 0. 2 > Nr > NH(py), for large
N:

By the Holder’s inequality, for all p1, p2, and for all 6 € (0, 1):

(Zpi2p1li)9<zpi2p2li)(l—9) > Z(plﬁzemli)(p£1—9)2(1—9)P21i>

— Zpi2(9P1+(1_0)P2)li

This shows that log(}_zc yn px(7)2°1)) is a convex U function on p, thus I(z, p) is a concave
N function on p for fixed z. Then Vz > 0, Vp < 0, I(z,p) < 0, which means that the p to
maximize I(z, p) is positive. This implies that I(z) is monotonically increasing with z and

obviously I(z) is continuous. Thus inj\f[ I(z) =I(Nr)
z>Nr

For p > 0, using the upper bound on /(%) in (2.41):

log( Z px()271@) < log( Z 9~ ND(llpx) gp(IS|log(N+1)+NH(p))
FexN THeTN
< log((N + 1)l¥lg=Nming{D(pllpx)=pH (p)}+plS| log(N+1))

= N(-min{D(plp<) ~ pH(p)} + ex)
p

_ ()| X[ log(N+1)
N

where en goes to 0 as N goes to infinity.
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For p > 0, using the lower bound on (%) in (2.41):

log( Z p(E)2°@) > log( Z 9~ ND@llpx)+|S|1og(N+1) gpN H(p))

rexN peTN
(2—N min -~ {D(pllpx)—pH (p) }+1S] 10g(N+1))

Y

log

— N(—min{D(p|lpx) — pH(p)} — €)
p

X|log(N+1 . .
where ey = PUENED —in {D(pllp) — pH (p)} + min,ern {D(pllpx) — pH (p)} goes to 0
as N goes to infinity, 7V is the set of all types of X,

Substitute the above inequalities to I(Nr) defined in (2.45):

I(Nr) > N( it;g{mzjn p(r — H(p)) + D(pllpx)} — en) (2.46)
And
I(Nr) < N(ili%{mpin p(r—H(p)) + D(plpx)} + €) (2.47)

First fix p, by a simple Lagrange multiplier argument, with fixed H(p), we know that
the distribution p to minimize D(p||px) is a tilted distribution of p{. It can be verified that

% >0 and 8D(§i”px) = aaHa(gg). Thus the distribution to minimize D(p||px) — pH (p)

is p&. Using some algebra, we have

1
D(plllpx) — pH(pS) = —(1+ p)log Y _ px(x) T+
sES

Substitute this into (2.46) and (2.47) respectively:

1
I(N7) = N(suppr—(1+p)log )  px(x)™ —en)
p>0 seX

= N(Esp(r) —en) (2.48)

The last equality can again be proved by a simple Lagrange multiplier argument.

Similarly:

I(N7) < N(Esp(r)+éy) (2.49)
Substitute (2.48) and (2.49) into(2.43) and (2.44) respectively, by letting €; small enough
and N big enough thus ey and €}, small enough, we get the the desired bound in (2.42). O

Now we are ready to prove Proposition 5.

43



Proof: We give an upper bound on the decoding error on X; at time (¢ + A)N. At
time (¢t + A)N, the decoder cannot decode X; with 0 error probability iff the binary strings
describing X; are not all out of the buffer. Since the encoding buffer is FIFO, this means
that the number of outgoing bits from some time ¢; to (t + A)N is less than the number of
the bits in the buffer at time ¢; plus the number of incoming bits from time ¢; to time ¢/V.
Suppose the buffer is last empty at time tN — n/N where 0 < n < t, given this condition,
the decoding error occurs only if > 7" 1l(xt_z-) > (n+ A)NR. Write lynax as the longest
code length, lmax < |X|log(N + 1) + N|X|. Then Pr[>"}"; V1(%_i) > (n+ A)NR] > 0 only

ifn > (n+ri)XNR > ?HJ]\;]({ A BA
t n—1
Py # Z((t+ A)N)] < > P[> I(%-) > (n+A)NRE) (2.50)
n=BA =0
t
S 3 K2 N —a)
n=pA
—-A mln 7517((1-&-04)1%) €
< Z K2 N (Esp(R)—e2) 4 Z K2 N (min{ }—e2)
n=vyA n=gA

<0 K32 VANEp(R)=€2) 4 |n A — BA| K52~ AN (Es(F)=e2)

<@ K9~ AN(E(R)—¢)

where, K/s and €,s are properly chosen positive real numbers. (a) is true because of

((12)’ in the first part of (b), we only need the fact that E,(R)

is non decreasing with R. In the second part of (b), we write o = % and take the a to

Lemma 3. Define v =

minimize the error exponents. The first term of (¢)comes from the sum of a geometric series.

The second teFrm of (c¢) is by the definition of E5(R). (d) is by the definitions of . [ |

2.4.2 Converse

To bound the best possible error exponent with fixed delay, we consider a block coding
encoder/decoder pair constructed by the delay constrained encoder/decoder pair and trans-
late the block-coding bounds of [29] to the fixed delay context. The argument is analogous

to the “focusing bound” derivation in [67] for channel coding with feedback.

Proposition 6 For fixed-rate encodings of discrete memoryless sources, it is not possible

to achieve an error exponent with fixed-delay higher than

inf l (@ +DR) (2.51)

a>0
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from the definition of delay constrained source coding error exponent in Definition 2, the

statement of this proposition is equivalent to the following mathematical statement:

For any E > infO LEv((a+1)R), there exists an positive real value €, such that for any
a>

K < o0, there existsi >0, A > 0 and

Pr[x; # x;(i + A)] > K9~ AEs(R)—¢)

Proof: We show the proposition by contradiction. Suppose that the delay-constrained
error exponent can be higher than infO éE&b((a—H)R). Then according to Definition 2, there
a>
exists a delay-constrained source coding system, such that for some E > in% éE&b((a—i—l)R),
a>

for any € > 0, there exists K < oo, such that for all ¢ >0, A >0
Pr[x # (i + A)] < K272F=9)
so we choose some € > 0, such that

1
E—¢>inf —F 1 2.52
€> inf — sp((a@+1)R) (2.52)

Then consider a block coding scheme (£,D) which is built on the delay constrained
source coding system. The encoder of the block coding system is the same as the delay-

constrained source encoder, and the block decoder D works as follows:

~

Now the block decoding error of this coding system can be upper bounded as follows,

for any i > 0 and A > 0:

Prixi #x{] < ) Prix(i+A) #x
t=1

< Z K9 AE—e)
t=1
= K27 AFE9 (2.53)
The block coding scheme (£, D) is a block source coding system for i source symbols by

using | R(i + A)] bits hence has a rate M < HAR. From the classical block coding

result in Theorem 9, we know that the source coding error exponent Ej ;(R) is monotonically
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R(i+A)

increasing and continuous in R, so Es,b(LjA)J) < Egp(—5—). Again from Theorem 9,

we know that the block coding error probability can be bounded in the following way:
Prlxi #xi] > 2 iBap(HFEte) (2.54)
where lim ¢; = 0.
71— 00
Combining (2.53) and (2.54), we have:

9=i(Bep (BB 1e)) _ i perg—A(E—e)

A

Now let a = £, a > 0, then the above inequality becomes:
2—i(E51b(R(1+a))+€i) < 2_ia(E_5_9i) and hence:
1
E—c< E(Es,b(R(l +a)+¢€)+0; (2.55)
where lim 6; = 0. Now the above inequality is true for all ¢, « > 0, meanwhile lim 6; =
1—00 100
0, lim ¢; = 0, taking all these into account, we have:
71— 00
1
—e<inf = .

E—e< Clg% aEs’b(R(l +a)) (2.56)

Now (2.56) contradicts with the assumption in (2.52), thus the proposition is proved. W

Combining Proposition 5 and Proposition 6, we establish the desired results summarized
in Theorem 1. For source coding with delay constraints problem, we are able to provide
an accurate estimate on the speed of the decaying of the symbol wise error probability.
This error exponent is in general larger than the block coding error exponent as shown in

Figure 2.3.

2.5 Discussions

We first investigate some of the properties of the delay constraint source coding error
exponent Es(R) defined in (2.7). Then we will conclude this chapter with some ideas for

future work.

2.5.1 Properties of the delay constrained error exponent E,(R)

The source coding with delay error exponent can be parameterized by a single real

number p which is parallel to the delay constrained channel coding with feedback error
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Es‘b(R)

G (P)

Figure 2.12. Gr(p)

exponents for symmetric channels derived in [67]. The parametrization of Fs(R) makes the
evaluations of F4(R) easier and potentially enables us to study other properties of Es(R).

We summarize the result in the following corollary first shown in [20].

Proposition 7 Parametrization of Es(R):

1

Ey(R) = Eo(p*) = (1+ p*) log[ Y _ px(z) 777 (2.57)
1
Eo(p*) (1+p*) log[3 px(w) 1467 ]
where p* satisfies the following condition: R = Opf = ;* , .e. pPFR =

Eo(p*)

Proof: For the simplicity of the notations, we define Gr(p) = pR— Ey(p), thus Gr(p*) =

0 by the definition of p*. And maxGgr(p) = Esp(R) by the definition of the block coding
p

error exponent F ;(R) in Theorem 9. As shown in Lemma 31 and Lemma 22 in Appendix G:

dGR(p)
dp

d*Gr(p) dH (pf)
= — 4 = — <
R—H(p), i T 0

Furthermore, lim %GR(oo) = R —log|X| <0, thus Gr(oo) < 0. Obviously Gr(0) = 0.
pP—00

So we know that Gr(p) is a concave N function with a unique root for p > 0, as illustrated
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in Figure 2.12. Let pr > 0 be such that maximize Gr(p), by the concavity of Gr(p) this is
equivalent to R — H(pk®) = 0. By concavity, we know that pr < p*.
Write:

Fr(,p) = =~ (pfa+1)R— Fo(p))
_ pR+GR(P)

Then Es(R) = inf sup Fr(a, p). And for any a € (0, logifyl - 1),
a>0 >0

OFg(a,p) _ (a4 1R — H(p)

op Q
82FR(06,/)) _ ldH(p)p() <0
Op? o dp T~
Fr(a,0) =0
Fr(a,00) <0 (2.58)

So for any a € (0, % — 1), let p(a) be so Fr(a, p(a)) is maximized. p(«) is thus the

unique solution to:
(a4 1)R—HEL) =0

Define o* = %5) —1,ie (o +1)R— H(pL ) = 0 which implies that,

L HOE) | _HGT) sl
_ _1 x) = 1
«@ R <TR R
H(po H(plR
of = (2)—1>(p)—1:0

Now we establish that o* € (0, % — 1), by the definition of a*, p* maximizes Fr(a*, p)

over all p. From the above analysis:

E(R) = inf ~Ey((a+1)R)

, 1
—»ggzga@m+DR—EMM)

= inf sup Fr(«
Inf sup r( p)

< sup FR(Oé*, p)
p=0

== FR(OC*,p*)
~ R (2.59)

The last step is from the definition of Fr(c, p) and the definition of p*.
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On the other hand:

E(R) = inf sup Fr(a,p)
a>0p20

v

inf F
sup Inf r(a,p)

sup Fr(a”, p)
p=0

Fr(a®, p")
= p'R (2.60)

v

Combining (2.59) and (2.60), we derive the desired parametrization of Es(R). Here we
actually also prove that (a*, p*) is the saddle point for function Fr(«,p). O

Our next proposition shows that for any rate within the meaningful rate region
(H(px),log | X|), the delay constraint error exponent is strictly larger than the block coding

error exponent.

Proposition 8 Comparison of Es(R) and Eg,(R):

VR € (H(px),log|X]),  Es(R) > Esp(R)

Proof: From the Proposition 7, we have: Es(R) = p*R. Also from Proposition 7, we know
that pr < p*, where the block coding error exponent Fs;,(R) = prR — Eo(pr). By noticing
that Eg(p) > 0, for all p > 0, we have:

Es(R) = p'R
> prR
> prR — Eo(pr)
> FEp(R)

O

The source coding error exponent E ;,(R) has a zero right derivative at the entropy rate
of the source R = H (px), this is a simple corollary of Lemma 23 in Appendix G. The delay
constrained source coding error exponent is different from its block coding counterpart as
shown in Figure 2.3. The next proposition shows that the right derivative at the entropy

rate of the source is positive.

Proposition 9 Right derivative of Es(R) at R = H(px):

m dEs(R) 2H (px)
R—H(p)+ dR ZIIPX(OC)[log(px(fv))]2 — H(px)?
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Proof: Proposition 7 shows that the delay constrained error exponent F4(R) can be

parameterized by a real number p as E5(R) = Ey(p) and R(p) = EOT(”). In particular for
R(p) = H(px), p = 0. By Lemma 23 in Appendix G, we have
E dE
d op(/?) _ p é)/gp) _ EO(P)
dp p?
1
= z(PHPL) = Eolp))
1
= ?D(pﬁllpx) (2.61)
dEo(p)
= H(p? 2.62
. (v)) (2.62)
dD(p&|lpx) dH (pk)
— = p—= 2.63
i Ly (2.63)

Now we can follow Gallager’s argument on page 143-144 in [41]. By noticing that both

Eyp(R) and EOT(p) are positive for p € (0,+00). Combining (2.61) and (2.62):

dEs(R) dp
dR dR(p)

= DLl (2.64)

From (2.64), we know the right derivative of E5(R) at R = H (px):
dEs(R) - PPH(pK)

1m = 1m ——F- -
R—H(p)* dR p—0t+ D(pk|lpx)
L 2pH() + pP
- pir(r)l+ de(pf:)

dp

(2.65)

_ 2H (p%)
- p—>0+ dl{d(;;f)
_ 2H (px)
;px(x) [log (px(x )]2 - H(px)2

(2.66)

(2.65) is true because of the L'Hospital rule [86]. (2.66) is true by simple algebra.

By the Cauchy-Schwatz inequality " px(7)[log(px(z))]> — H(px)? > 0 unless py is uni-

form. Thus the right derivative of Es(R) at R = H(px) is strictly positive in general.
U

In Figure 2.13, we plot the positive right derivative of E4(R) at R = H(px) for Bernoulli
() source where o € (0,0.25).
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The most striking difference between the block coding error exponent Ej ¢(R) and the
delay constrained error exponent Es(R) is their behaviors in the high rate regime as illus-
trated in Figure 2.3, especially at R = log|X|. It is obvious that both error exponents
are infinite (or mathematically strictly speaking: not well defined) when R is greater than
log | X| as shown in Proposition 1. The block coding error exponent Ej sR has a finite left
limit at R = log | X[, the next proposition tells us that the delay constrained error exponent,

however, has an infinite left limit at R = log | X|.

Proposition 10 The left limit of the sequential error exponent is infinity as R approaches

log|X|: lim FEs(R)=
og |X| R (R) =00

Proof: Notice that Ep(R) is monotonically increasing for R € [0,log |X|) and E(R) = o0
for R > log|X|. This implies that if Ey((1 4+ «)R) is finite, & must be less than % — 1.
So we have for all R € [0,log|X|):

1
B = inf —Ep((1
(R) = mf ~E((1+a)R)
1
log | X| 1 b(R)
R



Thus the left limit of E5(R) at R = log |X| is:

lim Ey(R) > 1

lim —— E(R
R—log | X| ~  Rolog|X| bgigf"fl 1 ()

= o0

2.5.2 Conclusions and future work

In this chapter, we introduced the general setup of delay constrained source coding and
the definition of delay-constrained error exponent. Unlike classical source coding, the source
generates source symbols in a real time fashion and the performance of the coding system
is measured by the probability of symbol error with a fixed-delay. The error exponent
for lossless source coding with delay is completely characterized. The achievability part is
proved by implementing a fixed-to-variable source encoder with a FIFO queue. Then the
symbol error probability with delay is the same as the probability of an atypical queueing
delay. The converse part is proved by constructing a block source coding system out of the
delay-constrained source coding system. This simple idea can be applied to other source
coding and channel coding problems and is called “focusing bound” in [67]. It was showed
that this delay-constrained error exponent F,(R) has different properties than the classical
block coding error exponent E ,(R). We shown that Eg(R) is strictly larger than E ,(R) for
all R. However, the delay constrained error exponent F(R) is not completely understood.
For example, we still do not know if E5(R) is convex U on R. To further understand the
properties of F4(R), one may find the rich literature in queueing theory [52] very useful.
Particularly, the study of large deviations in queueing theory [42].

We also analyzed the delay constrained performance of the sequential random binning
scheme. We proved that the standard random coding error exponent for block coding
can be achieved using sequential random binning. Hence, sequential random binning is a
suboptimal coding scheme for lossless source coding with delay. However, sequential random
binning is a powerful technique which can be applied to other delay constrained coding
problems such as distributed source coding [32, 12], source coding with side-information [16],
joint source channel coding, multiple-access channel coding [14] and broadcast channel
coding [15] under delay constraints. Some of these will be thoroughly studied in the next
several chapters of this thesis. The decoding schemes have exponential complexity with

time. However, [60] shows that the random coding error exponent is achievable using a
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more computationally friendly stack-based decoding algorithm if the source distribution is

known.

The most interesting result in this chapter is the “focusing” operator, which connects the
delay constrained error exponent and the classical fixed-length block coding error exponent.
A similar focusing bound was recently derived for delay constrained channel coding with
feedback [67]. In order to understand for what problems this type of “focusing” bound

applies to, we study a more general problem in the next chapter.
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Chapter 3

Lossy Source Coding

Under the same streaming source model in Chapter 2, we study the delay constrained
performance of lossy source coding where the decoder only needs to reconstruct the source
to within a certain distortion. We derive the delay constrained error exponent through the
“focusing ” bound operator on the block error exponent for peak distortion measure. The
proof in this chapter is more general than that in Chapter 2 and can be applied to delay

constrained channel coding and joint source-channel coding.

3.1 Lossy source coding

As discussed in the review paper [6], lossy source coding is a source coding model where
the estimate of the source at the decoder does not necessarily have to be exact. Unlike in
Chapter 2, where the source and the reconstruction of the source are in the same alphabet
set X, for lossy source coding, the reconstruction of the source is in a different alphabet
set ) where a distortion measure d(-,-) is defined on X x ). We denote by X the source
alphabet and ) the reconstruction alphabet. We also denote by y; the reconstruction of
x;. This notational difference from Chapter 2 where we use X; as the reconstruction of x;
is to emphasize the fact that the reconstruction alphabet can be different from the source
alphabet. Formally, a distortion measure is a non-negative function d(x,y), * € X and
yey:

d: X x) —[0,00)

The classical fixed length block coding results for lossy source coding are reviewed in
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Section A.2 in the appendix. The core issue we are interested in for this chapter is the impact
of causality and delay on lossy source coding. In [58], the rate distortion performance for a
strictly zero delay decoder is studied, and it is shown that the optimal performance can be
obtained by time-sharing between memoryless codes. Thus, it is in general strictly worse
than the performance of classical fixed-block source coding that allows arbitrarily large
delay. The large deviation performance of the zero delay decoder problem is studied in [57].
Allowing some finite end-to-end delay, [81, 80] shows that the average block coding rate

distortion performance can still be approached exponentially with delay.

3.1.1 Lossy source coding with delay

As the common theme of this thesis, we consider a coding system for a streaming source,
drawn iid from a distribution p, on finite alphabet X'. The encoder, mapping source symbols
into bits at fixed rate R, is causal and the decoder has to reconstruct the source symbols
within a fixed end-to-end latency constraint A. The system is illustrated in Figure 5.3,
which is the almost same as the lossless case in Figure 2.1 in Chapter 2. The only difference
between the two figures is notational, we use y to indicate the reconstruction of the source

x in this chapter, instead of X in Chapter 2.

Source X1 X2 X3 X4 X5 X6 .-
Encoding b1 (x?) b (x1) bs(x9) ...

Rate limited channel
Decoding yi(4)  y2(5)  y3(6) ...

Figure 3.1. Time line of delay constrained source coding: rate R = %, delay A =3

Generalizing the notion of delay constrained error exponent (end-to-end delay perfor-
mance) for lossless source coding in Definition 2, we have the following definition on delay

constrained error exponent for lossy source coding.

Definition 4 A rate R sequential source code shown in Figure 3.1 achieves error (distortion
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violation) exponent Ep(R) with delay if for all € > 0, there exists K < 0o, s.t. Vi, A >0

Pr[d(x;, yi(i + A)) > D] < K2~ AEp(f)=<)

The main goal of this chapter is to derive the error exponent defined above. The above
lossy source coding system, in a way, has a symbol distortion constraint. This lead to an
interesting relationship between the problem in Definition 4 and the lossy source coding
under a peak distortion problem. We briefly introduce the relevant results of lossy source

coding with a peak distortion in the next section.

3.1.2 Delay constrained lossy source coding error exponent

In this section, we present the main result of Chapter 3, the delay constrained error
exponent for lossy source coding. This result first appeared in our paper [17]. We investigate
the relation between delay A and the probability of distortion violation Pr[d(x;, y;(i+A)) >

D], where y;(i+A) is the reconstruction of x; at time i+ A and D is the distortion constraint.

Theorem 2 Consider fived rate source coding of iid streaming data x; ~ px, with a non-
negative distortion measure d. For D € (D, D), and rates R € (R(px, D), Rp), the following

error exponent with delay is optimal and achievable.

Ep(R) £ inf ~Bh((a+ )R) (3.1)

where E%(R) is the block coding error exponent under peak distortion constraint, as defined

i Lemma 6.

D, D and Rp are defined in the next section.

3.2 A brief detour to peak distortion

In this section we introduce the peak distortion measure and present the relevant block

coding result for lossy source coding with a peak distortion measure.
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3.2.1 Peak distortion

Csiszar introduced the peak distortion measure [29] as an exercise problem (2.2.12), for
a positive function d defined on finite alphabet set X' x Y, for x{v e xN, y{v e YN, we

define the distortion between ¥ and yi¥ as d(z),y1") where

d(zy’,yr') £ max d(zi, y;) (3.2)

This distortion measure reasonably reflects the reaction of human visual system [51]. Given

some finite D > 0, we say y is a valid reconstruction of z if d(x,y) < D.

The problem is only interesting if the target peak distortion D is higher than D and
lower than D, where
D £ maxmind(z,
- zeX yey ( y)

D = minmaxd(x,y).
yeY xzeX

If D > D, then there exists a y*, such that for all x € X, d(z,y*) < D, thus the decoder
can reconstruct any source symbol z; by y* and the peak distortion requirement is still
satisfied. On the other hand, if D < D, then there exists an * € X', such that for all y € ),
d(z*,y) > D. Now with the assumption that py(z*) > 0, if N is big enough then with
high probability that for some i, x; = z*. In this case, there is no reconstruction yi¥ € YV,
such that d(x,y) < D. Note that both D and D only depend on the distortion measure

d(-,-), not the source distribution py.

3.2.2 Rate distortion and error exponent for the peak distortion measure

cf. exercise (2.2.12) [29], the peak distortion problem can be treated as a special case of

an average distortion problem. by defining a new distortion measure dp on X x )/, where

1 ifx#y

dp(z,y) = ,
0 otherwise

with average distortion level 0. And hence the rate distortion theorem and error exponent
result follows the average distortion case. In [29], the rate distortion theorem for a peak

distortion measure is derived.

Lemma 4 The rate-distortion function R(D) for peak distortion:

R(px,D) £ min I(py, W) (3.3)

WeWwp
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Source Reconstruction

X y X y X y X y
0

3
3

—H o0—H O0—H O0—0

d(x,y) D € [2,3) D € 1,2) D e[0.2,1)

Figure 3.2. d(x,y) and valid reconstructions under different peak distortion constraints D.
(x,) is linked if d(z,y) < D. D =0.2 and D = 3. For D € [0.2,1), this is a lossless source
coding problem.

where Wp is the set of all transition matrices that satisfy the peak distortion constraint, i.e.

Wp ={W : W(ylx) =0, if d(x,y) > D}.

Operationally, this lemma says, for any ¢ > 0 and 6 > 0, for block length N big enough,
there exists a code of rate R(py, D) + €, such that the peak(maximum) distortion between
the source string #)¥ and its reconstruction y{¥ is no bigger than D with probability at least

1-46.

This result can be viewed as a simple corollary of the rate distortion theorem in Theo-
rem 10. Similar to the average distortion case, we have the following fixed-to-variable length

coding result for peak distortion measure.

To have Pr[d(x{", y{¥) > D] = 0, we can implement a universal variable length prefix-free

code with code length Ip(z]) where
ZD(Z'{V) = n(R(pmiv, D)+ 6n) (3.4)
where Pa is the empirical distribution of z¥, and §y goes to 0 as N goes to infinity.

Like the average distortion case, this is a simple corollary of the type covering lemma

[29, 28] which is derived from the Johnson SteinLovasz theorem [23].
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The rate distortion function R(D) for average distortion measure is in general non-
concave, non-N, in the source distribution p as pointed out in [55]. But for peak distortion,
R(p, D) is concave N in p for a fixed distortion constraint D. The concavity of the rate
distortion function under the peak distortion measure is an important property that that

rate distortion functions of average distortion measure do not have.

Lemma 5 R(p, D) is concave N in p for fized D.
Proof: The proof is in Appendix C. O

Now we study the large deviation properties of lossy source coding under the peak
distortion measure. As a simple corollary of the block-coding error exponents for average

distortion from [55], we have the following result.

Lemma 6 Block coding error exponent under peak distortion:

1
lim inf N log, Prd(xi¥, yi¥) > D] = E%(R)

n—oo

here E%(R) £ i D(q||px 3.5
where Ep(R) L. (axllpx) (3.5)

where le is the reconstruction of X{V using an optimal rate R code.

For lossless source coding, if R > log, |X|, the error probability is 0 and the error exponent
is infinite. Similarly, for lossy source coding under peak distortion, the error exponent is

infinite whenever

R > Rp = sup R(qx, D)
ax

where Rp only depends on d(-,-) and D.

3.3 Numerical Results

Consider a distribution p, = {0.7,0.2,0.1} and a distortion measure on X x ) as shown
in Figure 3.2. We plot the rate distortion R — D curve under the peak distortion measure
in Figure 3.3. The R — D curve under peak distortion is a staircase function because the

valid reconstruction is a 0 — 1 function. The delay constrained lossy source coding error
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exponents are shown in Figure 3.4. The delay constrained error exponent is higher than the

block coding coding error exponent, which is also observed in the lossless case in Chapter 2.

1.157¢

Rate

0.2751

N

0.2
Distortion

Figure 3.3. For Dy € [1,3), R(px, D1) = 0.275 and Rp, = 0.997. For Dy € [0.2,1), the
problem degenerates to lossless coding, so R(px, D1) = H(px) = 1.157 and Rp, = log,(3) =

1.585

3.4 Proof of Theorem 2
In this section, we show that the error exponent in Theorem 2 is both achievable asymp-

totically with delay and that no better exponents are possible.

3.4.1 Converse
The proof of the converse is similar to the upper bound argument in Chapter 2 for

lossless source coding with delay constraints. We leave the proof in Appendix D.

3.4.2 Achievability

We prove achievability by giving a universal coding scheme illustrated in Figure 3.5.
This coding system looks almost identical to the delay constrained lossless source coding

system in Section 2.4.1 as shown in Figure 2.11. The only difference is the fixed to variable
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to °°__ PR Block coding D, [1[1,3)
atR=R; ; | -.- Withdelay D O[1,3) |, "~
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R(p,, D,) Ry R(Pe B o,

1
Rate

Figure 3.4. Error exponents of delay constrained lossy source coding and block source

coding under peak distortion measure

length encoder. Instead of the universal optimal lossless encoder which is a one-to-one map
from the source block space to the binary string space, we have a variable length lossy
encoder in this chapter. So the average number of bits per symbol for an individual block is

roughly the rate distortion function under peak distortion measure rather than the empirical

entropy of that block.

Streaming data
X; Fixed to variable length Encoder}*
ey Xy eenn

FIFO
“Lossy” reconstruction with delay A
Encoder Buffer . .
Rate R bit stream Decoden o yili + A,

Figure 3.5. A delay optimal lossy source coding system.

A block-length N is chosen that is much smaller than the target end-to-end delays!,

while still being large enough. For a discrete memoryless source X', distortion measure

! As always, we are interested in the performance with asymptotically large delays A.
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d(-,-), peak distortion constraint D, and large block-length N, we use the universal variable

length prefix-free code in Proposition 4 to encode the it" block #; = ‘Tzé\il)N-i-l € XN. The
code length [p(%;) is shown in (3.4),
NR(pz;, D) < Ip(%i) < N(R(pg;, D) + 0n) (3.6)

The overhead éy is negligible for large N, since dny goes to 0 as N goes to infinity. The
binary sequence describing the source is fed into a FIFO buffer described in Figure 3.5. The
buffer is drained at a fixed rate R to obtain the encoded bits. Notice that if the buffer is
empty, the output of the encoder buffer can be gibberish binary bits. The decoder simply
discards these meaningless bits because it is aware that the buffer is empty. The decoder
uses the bits it has received so far to get the reconstructions. If the relevant bits have
not arrived by the time the reconstruction is due, it just guesses and we presume that a

distortion-violation will occur.

As the following proposition indicates, the coding scheme is delay universal, i.e. the
distortion-violation probability goes to 0 with exponent Ep(R) for all source symbols and

for all delays A big enough.

Proposition 11 For the iid source ~ py, peak distortion constraint D, and large N, using
the universal causal code described above, for all € > 0, there exists K < 0o, s.t. for all t,

A:
Pr[d(%, 7,((t + A)N)) > D] < K2~ ANEp(R)=¢)

where y,((t + A)N) is the estimate of X, at time (t + A)N.

Before proving Proposition 11, we state the following lemma (proved in Appendix E) bound-

ing the probability of atypical source behavior.

Lemma 7 (Source atypicality) For all € > 0, block length N large enough, there exists

K < o0, s.t. for allm, for allr < Rp:

Pr <Z Ip(%) > nNr) < K2 N EB(r)=9) (3.7)
i=1

Now we are ready to prove Proposition 11.
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Proof: At time (¢t + A)N, the decoder cannot decode X; within peak distortion D
only if the binary strings describing X; are not all out of the buffer. Since the encoding
buffer is FIFO, this means that the number of outgoing bits from some time t;, where
t1 <tN to (t + A)N is less than the number of the bits in the buffer at time ¢; plus the
number of incoming bits from time ¢; to time tN. Suppose the buffer is last empty at time
tN — nN where 0 < n < t, given this condition, the peak distortion is not satisfied only if
Z?:_()l Ip(X%—i) > (n+ A)NR. Write [p max as the longest possible code length.

IDmaz < |X]logy(N + 1) + Nlog, | X|.

Then Pr[Y" ) Ip(%—i) > (n+ A)NR] > 0 only if n > ("+A) R ANR 2 gA Qo

lD,maz

Pr (d(Z:, 5:((t + A)N)) > D)
~1

< Z Pr| Zl Xi—i) > (n+ A)NR] (3.8)

n=GA i=0
t
<@y K27V @t BE) 1)
n=GA
o 'YA
<) Z K2 N(Ep(R)—e2) Z Ko 2—AN(m1na>1{ 1))
n=vyA n=BA

IA

(@ K2 ANELB) 4y A BA| Ko AN ED(B)=er)
<(d) K2 AN(Ep(R)—e)

where Ks and €s are properly chosen real numbers. (a) is true because of Lemma 7. Define
2 Ep(R)
- Ep(R)
with R. In the second part of (b), we write o =

In the first part of (b), we only need the fact that E%(R) is non decreasing
% and take the a to minimize the error
exponents. The first term of (¢) comes from the sum of a convergent geometric series and

the second is by the definition of Ep(R). (d) is by the definition of ~. [ |

Combining the converse result in Proposition 12 in Appendix D and the achievability

result in Proposition 11, we establish the desired results summarized in Theorem 2.

3.5 Discussions: why peak distortion measure?

For delay constrained lossy source coding, a “focusing” type bound is derived which is
quite similar to its lossless source coding counterpart in the sense that they convert the block

coding error exponent into a delay constrained error exponent through the same focusing
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operator. As shown in Appendix E, the technical reason for the similarity is that the length
of optimal variable-length codes, or equivalently the rate distortion functions, are concave
N in the empirical distribution for both lossless source coding and lossy source coding under
peak distortion constraint. This is not the case for rate distortion functions under average
distortion measures [29]. Thus the block error exponent for average distortion lossy source
coding cannot be converted to delay constrained source lossy source coding by the same

“focusing” operator. This leaves a great amount of future work to us.

The technical tools in this chapter are the same as those in Chapter 2, which are the
large deviation principle and convex optimization methods. However, the block coding error
exponent for lossy source coding under a peak distortion measure cannot be parameterized
like the block lossless source coding error exponent. This poses a new challenge to our task.
By only using the convexity and concavity of the relevant entities, but not the particular
form of the error exponent, we develop a more general proof scheme for “focusing” type
bounds. These techniques can be applied to other problems such as channel coding with
perfect feedback, source coding with random arrivals and, undoubtedly, some other problems

waiting to be discovered.
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Chapter 4

Distributed Lossless Source Coding

In this chapter!, we begin by reviewing classical results on the error exponents of the
distributed source coding problem first studied by Slepian and Wolf [79]. Then we introduce
the setup of delay constrained distributed source coding problem. We then present the main
result of this chapter: achievable delay-constrained error exponents for delay constrained
distributed source coding. The key techniques are sequential random binning which was
introduced in Section 2.3.3 and a somewhat complicated way of partitioning error events.
This is a “divide and conquer” proof. For each individual error event we use classical block
code bounding techniques. We analyze both maximum likelihood decoding and universal
decoding and show that the achieved exponents are equal. The proof of the equality of
the two error exponents is in Appendix G. From the mathematical point of view, this
proof is the most interesting and challenging part of this thesis. The key tools we use are
the tilted-distribution from the statistics literature and the Lagrange dual from the convex

optimization literature.
4.1 Distributed source coding with delay
In Section A.3 in the appendix, we review the distributed lossless source coding result

in the block coding setup first discovered by David Slepian and Jack Wolf in their classical

paper [79] which is now widely known as the Slepian-Wolf source coding problem. We then

!The result in this chapter is build upon a research project [12] jointly done by Cheng Chang, Stark
Draper and Anant Sahai. I would like to thank Stark Draper for his great work in the project (especially
the universal decoding part) and for allowing me to put this joint work in my thesis.

65



X1,X2,...,Xxy — Encoder x Ry

I X1y X2y« + oy XN
(Xi» Yi) ~ Dxy Decoder —— R
Yi,¥2,-- - YN

|

y1,¥2,-..-yNn — Encoder y Ry

Figure 4.1. Slepian-Wolf distributed encoding and joint decoding of a pair of correlated
sources.

introduce distributed source coding in the delay constrained framework. Then we give our

result on error exponents with delay which first appeared in [12].

4.1.1 Lossless Distributed Source Coding with Delay Constraints

Parallelling to the point-to-point lossless source coding with delay problem introduced
in Definition 1 in Section 2.1.1, we have the following setup for distributed source coding

with delay constraints.

Source x X1 X2 X3 X4 X5 X6 .-
Encoder z a1(x3) a2 (x) az(xf) ...

Rate limited Channel R,
Decoding x1(4) x2(5) X3(6) ...

Rate limited Channel Ry

o —
_—

Encoder y 1 (y12) b2 (yf)
[ A A N
Source y yi y2 y3 ya Y5 Y6 -

Wl

Figure 4.2. Delay constrained source coding with side-information: rates R, = %, R, =
delay A =3
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Definition 5 A fized-delay A sequential encoder-decoder triplet (£%,EY,D) is a sequence
of mappings, {E5},j = 1,2, ..., {Sf},j =1,2,... and {D;},j = 1,2, ... The outputs of {£]}

y . . .
and {Ej} from time j — 1 to j.

v . i ol (-1)Rs 2 (3]) — gliBe]
&+ A — {0, JRILUTDRS e g £ (a]) = a7 Ry s (4.1)

. . _ . - 'R/
gj?/ . W — o, 1}LJRyJ LG 1)RyJ’ e.qg., g]y(y{) — bﬁj_yf)RyHl,
The output of the fized-delay A decoder D; is the decoding decision of x; and y; based on

the received binary bits up to time j + A.

D; : {0, 1}0R) 5 10,1308 — x x Y

pj(at(jJrA)RzJ’bL(j+A)RyJ) = (T;(j+A), 755 + A))

Where z;(j + A) and y;(j + A) are the estimation of x; and y; at time j+ A and thus has
end-to-end delay of A seconds. A point-to-point delay constrained source coding system is

tllustrated in Figure 2.1.

In this chapter we study two symbol error probabilities. We define the pair of source
estimates of the (n — A)*" source symbols (x,_ A, ¥n_a) at time n as (X,_a(n),Vn_a(n)) =

Dy([1j=; &7, 1=, €), where [}_, £F indicates the full [nR,| bit stream from encoder x

up to time n. We use (X, (n),Yn—a(n)) to indicate the estimate of the (n — A)** symbol
of each source stream at time n, the end to end delay is A. With these definitions the two
error probabilities we study are

PriX,—a(n) # xn—a] and Pry,—a(n) # yn—al.

Parallelling to the definition of delay constrained error exponent for point-to-point source
coding in Definition 2, we have the following definition on delay constrained error exponents

for distributed source coding.

Definition 6 A family of rate R, R, distributed sequential source codes {(E%,EY, D)} are
said to achieve delay error exponent (E,(Ry, Ry), Ey(Ry, Ry)) if and only if for all € > 0,

there exists K < oo, s.t.¥i, VA >0

Pr[R,_a(n) # xp_n] < K27 8EBaR)=) 4ng Pr[y, a(n) # yu_a] < K27 AFy(Bay)=e)
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Remark: The error exponents E (R, R,) and E,(R,, R,) are functions of both R, and
R,. In contrast to (A.9) the error exponent we look at is in the delay, A, rather than
total sequence length, n. Naturally, we define the delay constrained joint error exponent as

follows, joint error exponent Ey,(R,, R,) if and only if for all € > 0, there exists K < oo,

s.t.Vi, VA >0

Pr((Xn-a(n),Yn-a(n)) # (n-a, yn-a)] < K27 8Fe B F) =)
By noticing the simple fact that:
Pr[(Xa-a(n), Yn—a(n)) # (xa—a, Yn—a)] < 2max{Pr[X,—a(n) # xa—al, Pr[yn—a(n) # yn-al}
and
Pr[(xp—a(n), Yn-a(n)) # (xn-a, yn-a)] = max{Prxy—a(n) # xn-al, Pr[yn-a(n) # yn-al}
it should be clear that

Eoy(Re; Ry) = min{ Ey(Ry, Ry), Ey(Ra, Ry)} (4.2)

Following the point-to-point randomized sequential encoder-decoder pair defined in 3,

we have the following definition of randomized sequential encoder-decoder triplets.

Definition 7 A randomized sequential encoder-decoder triplets (E¥,EY,D) is a sequential
encoder-decoder triplet defined in Definition 5 with common randomness, shared between
encoder £, £Y and decoder? D. This allows us to randomize the mappings independent of

the source sequences. We only need pair-wise independence, formally:

PrE™(zhaly) = E5(alah,)] = 2~ (nRel=life)) < 9y p=(n=f (4.3)
where x;41 # Ti+1, and

PrE¥ (i) = €Y (yigha)] = 27l < 95 9= (0= (4.4)

where yit1 # Yit1

2This common randomness is not shared between £ and &Y.
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Recall the definition of bins in (2.11):
By(zy) = {77 € A" : £(77) = E(a7)} (4.5)
Hence (4.3) is equivalent to the following equality for z;+1 # Ziy1:
PriE(z}20,) € By(aial )] = 27 (nBel=lifa]) < 9 9=(n=D)Fe (4.6)
Similar for source y:

PrE(Yi1) € By(yiyry)] = 27 (M-I < 9 o= (=0 (4.7)

4.1.2 Main result of Chapter 4: Achievable error exponents

By using a randomized sequential encoder-decoder triplets in Definition 7, positive delay
constrained error exponent pair (E,, E,) can be achieved if the rate pair (R;, Ry) is in
the classical Slepian-Wolf rate region [79], where both maximum likelihood decoding and
universal decoding can achieve the positive error exponent pair. We summarize the main
results of this chapter in the following two Theorems for maximum likelihood decoding and
universal decoding respectively. Furthermore in Theorem 5, we show that the two decoding

scheme achieve the same error exponent.

Theorem 3 Let (R, Ry) be a rate pair such that R, > H(x|y), Ry, > H(y|x), Ry + Ry >
H(x,y). Then, there exists a randomized encoder pair and mazimum likelihood decoder

triplet (per Definition 3) that satisfies the following three decoding criteria.

(i) For all € > 0, there is a finite constant K > 0 such that

PriX,—A(n) # xp—a] < K2 AEMLswa(FaBy) =€) for gll n, A > 0 where
1
E +(Ry, R,) = mi inf EME(R,,R,.,~), inf ——EMU(R,, R,,7) b.
ML,sWa( y) mm{’yél[hl] e ( ) yér[%),l} 1Y ( v 7)

(ii) For all € > 0, there is a finite constant K > 0 such that

Pr(yn-a(n) # yn-a] < K2~ AEML,sw,y(Ba,Ry)—e) for all ny, A > 0 where

1
E +; Ry) =min{ inf ——EYH(R, inf E)'"(R, :
ML,SVV,?J(R 7Ry) mln{'yg[%),l} 1—~ " (R ’Ry”y)’fyér[%),l] y (R 7Ry77)
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(7ii) For all € > 0 there is a finite constant K > 0 such that

Pr[(Rn-a(n), Yn-a(n) # Xn_n, ynon)] < K27AEMLsway(Be.By)=€) for ]l n, A > 0 where

: : ML : ML
EML,SW,xy(Ra,’a Ry) = Imin { 'yér[%)f:l] Eg: (Rmu Ry: ’Y)? ’yé:[[%]f,'l] Ey (va Rya 7) } .

In definitions (i)—(iii),

EéWL(Rx’Ry7,}/) = SuppE[O,l] [’VEx\y<Ran) + (1 - f}/)EZ‘y(RJ)?Ry7p)]

(4.8)
EZ{,‘/IL(R% Ryv '7) = SUPpe(o,1] [’YEy\r(Rﬂm ,0) + (1 - V)Exy(va Ry, P)]
and
1 ql4p

Euy(Ras Rysp) = pl(Ro+ Ry) —log | Sy, pay(@,9) 7 |

1 ql+p
Ex|y(Rxa P) = pr - log [Zy [Zx pr(xv y) H”’} } (4.9)

1 ql+p

Eyo(Byp) = pRy—=log | ¥, |2, pole,y) | |

Theorem 4 Let (R;, Ry) be a rate pair such that R, > H(x|y), R, > H(y|x), Ry + Ry >
H(x,y). Then, there exists a randomized encoder pair and universal decoder triplet (per

Definition 3) that satisfies the following three decoding criteria.

(i) For all € > 0, there is a finite constant K > 0 such that

Pr[R,_a(n) # xp_a] < K27 AEuNswe(BaBy) =€) for gl n, A > 0 where

1
E +(Ry, Ry) = mi inf EYN(R,,R inf ——EYN(R,,R,, . (4.10
UN,sW,z (R, Ry) mln{ﬂ/ér[%)’l} (R, y7’y)77é1[})71]1_7 Yy ( s ) ( )

(ii) For all € > 0, there is a finite constant K > 0 such that

Pr[yn—a(n) # yn-a] < K2~ AEunsw,y(Be,Ry)—e) for all n, A > 0 where

1
E s Ry) =min{ inf ——E/V(R, inf EJV(R, . (411
UN,SW,y(R aRy) mln{'yér[%),l] 1—~ T (R 7Ry>7)7’yg{6’1] y (R >Ry17) ( )

(iii) For all € > 0, there is a finite constant K > 0 such that

Pr[(Xn_a(n), Yna(n) # (n_n, yn_na)] < K27 2EuNsway(Ba ) =€) for qll n, A > 0 where

o : UN : UN
EUN,SW,xy(Ra:u Ry) = min { 'yél[%]le] Ex (Rxa Rya ’Y)J 'yér[%)f:l] Ey (RZ‘7 Ry7 ’Y) } . (412)
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In definitions (i)—(iii),

EYN(Ry, Ry,y) = _inf yD(pxyllpxy) + (1= 7)D(psyllpsy)

X,y %,y
+[y[Re — HX|7)] + (1 = 7)[Re + Ry — H(x, 7))
BN (Ry, Ry,y) = sinf YD(PxyllPey) + (1= V) D(Pxy[IPxy)
+ Y[Ry — HF[X) + (1 = )[Ra + Ry — H(x,)]|T (4.13)
where the dummy random variables (X,y) and (x,y) have joint distributions pxy and px.y,

respectively. Recall that the function 2|t =z if 2 > 0 and |2|T =0 if 2 < 0.

Remark: We can compare the joint error event for block and streaming Slepian-Wolf
coding, c.f. (4.12) with (A.10). The streaming exponent differs by the extra parameter
~ that must be minimized over. If the minimizing v = 1, then the block and streaming
exponents are the same. The minimization over v results from a fundamental difference in
the types of error-causing events that can occur in streaming Slepian-Wolf as compared to

block Slepian-Wolf.

Remark: The error exponents of maximum likelihood and universal decoding in Theo-
rems 3 and 4 are the same. However, because there are new classes of error events possible

in streaming, this needs proof. The equivalence is summarized in the following theorem.

Theorem 5 Let (R,, R;) be a rate pair such that R, > H(x|y), Ry > H(y|x), and R, +

R, > H(x,y). Then,

Eyvipswae(Re, Ry) = Eyn swe(Re, Ry), (4.14)

and

Evrswa(Re, Ry) = Eun,swa(Re, Ry). (4.15)

Theorem 5 follows directly from the following lemma, shown in the appendix.

Lemma 8 For all v € [0, 1]
E;iWL(RHUaRya’y) = EgN(RxaRyaV)a (416)

and

E)""(Ry, Ry, ) = EJN(Re, Ry, 7). (4.17)
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Proof: This is a very important Lemma. The proof is extremely laborious, so we put the
details of the proof in Appendix G. The main tool used in the proof is convex optimiza-
tion. There is a great deal of detailed analysis on tilted distribution in G.3 which is used

throughout this thesis. |

Remark: This theorem allows us to simplify notation. For example, we can define
Ey(Ry, Ry,7) as Ex(Ry, Ry,y) = EMI(R,, R,,v) = EYN(R,, R,,7), and can similarly
define E, (R, Ry,~). Further, since the ML and universal exponents are the same for the
whole rate region we can define Egw ,(Ry, Ry) as Eswa(Re, Ry) = Envrswa(Rae, Ry) =

Eun,swaz(Re, Ry), and can similarly define Egyw,y (R, Ry).

4.2 Numerical Results

To build insight into the differences between the sequential error exponents of Theorem
3 - 5 and block-coding error exponents, we give some examples of the exponents for binary

sources.

For the point-to-point case, the error exponents of random sequential and block source
coding are identical everywhere in the achievable rate region as can be seen by comparing
Theorem 9 and Propositions 3 and 4. The same is true for source coding with decoder
side-information which will be clear in Chapter 5. For distributed (Slepian-Wolf) source
coding however, the sequential and block error exponents can be different. The reason for
the discrepancy is that a new type of error event can be dominant in Slepian-Wolf source
coding. This is reflected in Theorems 3 - 5 by the minimization over v. Example 2 illustrates

the impact of this v term.

Given the sequential random source coding rule, for Slepian-Wolf source coding at very
high rates, where R, > H(x), the decoder can ignore any information from encoder y and
still decode x with with a positive error exponent. However, the decoder could also choose
to decode source = and y jointly. Fig 4.6.a and 4.6.b illustrate that joint decoding may or
surprisingly may not help decoding source x. This is seen by comparing the error exponent
when the decoder ignores the side-information from encoder y (the dotted curves) to the
joint error exponent (the lower solid curves). It seems that when the rate for source y is
low, atypical behaviors of source y can cause joint decoding errors that end up corrupting

x estimates. This holds for both block and sequential coding.
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Figure 4.3. Rate region for the example 1 source, we focus on the error exponent on source
x for fixed encoder y rates: Ry = 0.71 and R, = 0.97

4.2.1 Example 1: symmetric source with uniform marginals

Consider a symmetric source where |X| = |Y| = 2, p,(0,0) = 0.45, p,,(0,1) =
Pxy(1,0) = 0.05 and py(1,1) = 0.45. This is a marginally-uniform source: x is
Bernoulli(1/2), y is the output from a BSC with input x, thus y is Bernoulli(1/2) as well.
For this source H(x) = H(y) = log(2) = 1, H(x|y) = H(y|x) = 0.46, H(x,y) = 1.47. The

achievable rate region is the triangle shown in Figure(4.3).

For this source, as will be shown later, the dominant sequential error event is on the

diagonal line in Fig 4.8. This is to say that:

Esw,e(Rq, Ry) = ESF°% (Ry, Ry) = EMF (R, Ry, 0) = s%p”[Emqu,Ry,p)]- (4.18)
€0,

Where Egv%,goK(Rx,Ry) = min{ EME(R,, R,,0), EME(R,, Ry, 1)} as shown in [39].

Similarly for source y:

ESW,y<Rm7Ry) = EEI/%/,?/CK(RMR:L/) = Ez]/\/[L(RmaRyaO) = SI[BPH [Emy<Rm7Ry>P)]- (4-19)
pe )
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We first show that for this source Vp > 0, E,,(Ry, p) > Euy(Ry, Ry, p). By definition:

ly

By (R, p) — Ezy(Ra, Ry, p)
= pR, —log [Z [pry(w,y)ﬁlp} 1+p} - (p(Rx + Ry) —log [pry(:c,y)ﬁlp} 1+p)

y
= —pRy, —log [Z[pry(x,O)ﬁp} 1+"} + log [2 pry(l’,O)ﬁ} 14p

= —pRy, —log {2} + log [2] o

= p(log[2] — Ry)

The last inequality is true because we only consider the problem when R, < log|Y|.

Otherwise, y is better viewed as perfectly known side-information. Now

EME(Ry, Ry,v) = Sl[gpl}['yEx\y(Rxap)jL(177>Exy(RxaRy)p)]
pe|0,

sup [Exy(Rx7 Ry7 p)]
p€[0,1]

= Ei\/[L(Rxa Ry70)

v

Similarly EM*(Ry, Ry,v) > EME(Ry, Ry,0) = EM*(R,, Ry, 0). Finally,

v€[0,1] velp,1] 1 — 7y

= Ea]ng(vaRyvO)

1
Eswa(Ry Ry) = min{ inf E,(Rg, Ry,7), inf Ey(Rx,Ry,’y)}

Particularly E, (R, Ry, 1) > E(Rs, Ry,0), so
E§i % (Ry, Ry) = min{EY*(R,, Ry,0), EM*(Ry, Ry, 1)}
= E:va[L(szRwO)
The same proof holds for source y.

In Fig 4.4 we plot the joint sequential/block coding error exponents Egw . (Rs, Ry) =
EEI%/?CCK(RI, R,), the error exponents are positive iff R, > H(xy) — Ry = 1.47 — R,,.
4.2.2 Example 2: non-symmetric source

Consider a non-symmetric source where |X| = |V| = 2, p,,(0,0) = 0.1, py, (0,1) =
Pxy(1,0) = 0.05 and py,(1,1) = 0.8. For this source H(x) = H(y) = 0.42,
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0.25

02

Error exponent for source x

0 0.50 0.76 log(2)

Rate of encoder x

Figure 4.4. Error exponents plot: Egw . (R., R,) plotted for R, = 0.71 and R, = 0.97
ESI/V’z(Rw, Ry) = EEVI[I/?ECK(RQM Ry) = ESW,y(Rx7 Ry) = Egvlf/gCK(Rx, Ry) and Ex(Rx) =0

H(x|ly) = H(y|x) = 0.29 and H(x,y) = 0.71. The achievable rate region is shown
in Fig 4.5. In Fig 4.6.a, 4.6.b, 4.6.c and 4.6.d, we compare the joint sequential er-
ror exponent Egw . (Rz, Ry) the joint block coding error exponent ESBV%,gCK (Rs, Ry) =
min{E,(Ry, Ry, 0), E(Ry, Ry, 1)} as shown in [39] and the individual error exponent for
source X, E;(R;) as shown in Corollary 4. Notice that E;(R;) > 0 only if R; > H(x). In
Fig 4.7, we compare the sequential error exponent for source y: Esw,, (R, Ry) and the block
coding error exponent for source y: Egv%,gCK(Rm, R,) = min{Ey(R,, Ry,0), Ey(Rz, Ry, 1)}

and E,(R,) which is a constant since we fix R,.

For R, = 0.50 as shown in Fig 4.6.a.b and 4.7.a.b, the difference between the block
coding and sequential coding error exponents is very small for both source x and y. More
interestingly, as shown in Fig 4.6.a, because the rate of source y is low, i.e. it is more likely
to get a decoding error due to the atypical behavior of source y. So as R, increases, it is
sometimes better to ignore source y and decode x individually. This is evident as the dotted

curve is above the solid curves.

For Ry, = 0.71 as shown in Fig 4.6.c.d and 4.7.c.d, since the rate for source y is high
enough, source y can be decoded with a positive error exponent individually as shown in
Fig 4.7.c. But as the rate of source x increases, joint decoding gives a better error exponent.

When R, is very high, then we observe the saturation of the error exponent on y as if source
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Achievable
Region

0.71

0.50

Figure 4.5. Rate region for the example 2 source, we focus on the error exponent on source
x for fixed encoder y rates: Ry = 0.50 and R, = 0.71

x is known perfectly to the decoder! This is illustrated by the flat part of the solid curves
in Fig 4.7.c.

4.3 Proofs

In this section we provide the proofs of Theorems 3 and 4, which consider the delay
constrained distributed source coding. As with the proofs for the point-to-point source
coding result in Propositions 3 and 4 in Section 2.3.3, we start by proving the case for

maximum likelihood decoding. The universal result follows.

4.3.1 ML decoding

ML decoding rule

First we explain the simple maximum likelihood decoding rule. Very similar to the ML
decoding rule for the point-to-point source coding case in (2.16), the decoding rule is to

simply pick the most likely source sequence pair under the joint distribution py,.

Denote by (z7(n),y}(n)) the estimate of the source sequence pair (z},y7) at time n.
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R =0.50 R, =071
y

0.25 1 0.25
0.2 0.2
0.15 1 0.15
0.1 0.1
0.05 0.05
- E R
0 - R 0 - x
0 0.52 log(2) " x 0 0.42 0.61 log(2)
(@) (©)
0.7 0.7
0.6 0.6
0.5 0.5
0.4 0.4
0.3 0.3
0.2 0.2
0.1 0.1
0 R, 0 R,
0 log(2) 0 log(2)

() ()

Figure 4.6. Error exponents plot for source = for fixed R, as R, varies:
R, = 0.50:
(a) Solid curve: Egw ;(Ry, Ry), dashed curve ESBI%,’OQECK(RQ;, R,) and dotted curve: E.(R,),

notice that Egw,;(Ry, Ry) < EBEOCK(R,, R,) but the difference is small.

EBLOCK(RI,Ry) i X X .
(b) 1010g10(zvsv$(—w). This shows the difference is there at high rates.

R, =0.71:

(c) Solid curve Egw (R, Ry), dashed curve Egv%,gCK (Rz, Ry) and dotted curve: E,(R,),

again Egw ,(Ry, Ry) < Egv%/gCK (Rz, Ry) but the difference is extremely small.
EBLOC’K(R&“Ry)

(d) 101log;o(—==

W). This shows the difference is there at intermediate low rates.
T x Iy
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0.08} 1 0.08
0.06 1 0.06
0.04} 1 0.04
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0.02f \ 1 0.02
0 : R 0 - R
0 0.52 log(2) 0 0.42 log(2)
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(@ ©
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0.25¢ 1 0.25
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0.15¢} 1 0.15
0.1¢} 1 0.1
0.05} 1 0.05
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0 log(2) log(2)
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Figure 4.7. Error exponents plot for source y for fixed R, as R, varies:

R, = 0.50:

(a) Solid curve: Egsw,(Ry, Ry) and dashed curve EgV%zCK(Rx, Ry), Eswy(Rs, Ry) <
Egv%,gCK (Rz, Ry), the difference is extremely small. Ey(R,) is 0 because R, = 0.50 < H(y).

BECN (Ba,Ry) : T,
(b) 10 loglo(m). This shows the two exponents are not identical everywhere.
y Lz,

R, =0.71:
(c) Solid curves: Egw,y(Rs, Ry), dashed curve Eglﬁ/gCK (Rz, Ry) and Egwy(R:, Ry) <

Egl%/g/CK (Rz, Ry) and E,(Ry) is constant shown in a dotted line.

EBLOCK(RZ,Ry)
(d) 10 loglo(%‘;"’;(—w). Notice how the gap goes to infinity when we leave the Slepian-
Ly Ui, 1

Wolf region.
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(f?(n), /\?(n)) = arg H}aX pxy(‘%?7 Zj?) arg max pry Sis yz 4 20)
EneBy(ah),greBy (y) §1€BL (a1),07 €By (yT) ;=1

At time n, the decoder simply picks the sequence pair z7'(n) and g} (n) with the highest
likelihood which is in the same bin as the true sequence x| and y7 respectively. Now the
estimate of source symbol 7 — A is simply the (n—A)! symbol of 7 (n) and 37 (n), denoted
by (Zn-a(n), yn-a(n)).

Details of the proof of Theorem 3

In Theorems 3 and 4 three error events are considered: (i) [x,—aA # Xp—a(n)], (ii)
Wn-a # Yn-a(n)], and (iii) [(Xn—nA,Yn-a) # Xn—a(n),y¥n—a(n))]. We develop the error
exponent for case (i). The error exponent for case (ii) follows from a similar derivation, and
that of case (iii) is the minimum of the exponents of cases (i) and (ii) by the simple union

bound argument in 4.2.

To lead to the decoding error [x,—a # X,—a(n)] there must be some spurious source
pair (27, §7') that satisfies three conditions: (i) Z} € B, (z7) and g7 € By (y), (ii) it must be

more likely than the true pair p., (27, 91) > pxy (27, yT), and (iii) Z; # ; for some [ < n—A.
The error probability is

Prxu-a # - (n)] < Pr&2(n) # X

= 3 Pr[R"2 # 2" RN = 2l v =y Ipsy (7, 07)

SR
n—An-+1
<> {3 Y
zTyt =1 k=1
Pr [3 (@Y, 97) € Ba(2]) x By(y1') N Full, ky 27, y1') 8-t pry (27, 97) >ny(951ayl)]}
(4.21)
n—An+1

= {3 ol

=1 k=1 =zTy7

Pr [3 (@7, 97) € Bu(z]) x By(y?) NFn(l, k2T, y7) s.t. pxy(j?ag?) > pxy(x?ay?)]}
“Antl
=3 ) pall, k). (4.22)

In (4.21) we decompose the error event into a number of mutually exclusive events by

partitioning all source pairs (Z7,g7) into sets Fp (I, k,z},y]) defined by the times | and k
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at which Z7 and g} diverge from the realized source sequences. The set F, (I, k, 7, y}) is

defined as

Fall. k™ y™) = {(@0,50) € X" x Vst 2t =l 3 # o, g8 = o Ok # k)
(4.23)
In contrast to streaming point-to-point or side-information coding (cf. (4.23) with (2.20)),
the partition is now doubly-indexed. To find the dominant error event, we must search over
both indices. Having two dimensions to search over results in an extra minimization when

calculating the error exponent (and leads to the infimum over v in Theorem 3).

Finally, to get (4.22) we define p, (I, k) as
pa(l k) = Z Py (27, 97) X
oyt

Pr (3 (@, 51) € Bo(a}) x By(yt) N Fall, byt y7) s:b. py (71, 57) = oy (@, 9 .

The following lemma provides an upper bound on p, (I, k):

Lemma 9

po(l k) < 4x g (THDERSREID) <,
(4.24)
pallk) < 4x2 (TRDBESRSGESED g g s g

where E,(Ry, Ry,y) and Ey(Ry, Ry,) are defined in (4.8) and (4.9) respectively. Notice

that I,k < n, forl < k: nﬁl_frl € [0,1] serves as vy in the error exponent Ey(Ry, Ry,7).

Similarly for 1 > k.

Proof: The proof is quite similar to the Chernoff bound [8] argument in the proof of
Proposition 3 for the point to point source coding problem. We put the details of the proof
in Appendix F.1. O

We use Lemma 9 together with (4.22) to bound Pr[x" 2 (n) # x"~2] which is an upper
bound on Pr[x,—a(n) # x,—a] for two distinct cases. The first, simpler case, is when
inf,c(o1) By(Ra, Ry, ) > inf,co1) Ba(Ra, Ry, 7). To bound Pr(x{2(n) # x{'"*] in this
case, we split the sum over the p, (I, k) into two terms, as visualized in Fig 4.8. There are
(n+1) x (n — A) such events to account for (those inside the box). The probability of the
event within each oval are summed together to give an upper bound on Pr[x'=2(n) # xI~2].
We add extra probabilities outside of the box but within the ovals to make the summation

symmetric thus simpler. Those extra error events do not impact the error exponent because
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infcio1) By(Re, Ry, p,7y) = inf g1 Bz(Re, Ry, p,y). The possible dominant error events
are highlighted in Figure 4.8. Thus,

n—An+1 n—An+1
P2 (0) £ 4721 < 30 3 pall )+ 30 D pall) (425)
=1 k=l k=1 I=k
n—An+1
<4 x Z Z 2_(n_l+1) inf.e0,1] Ey(Ra,Ry,y)
=1 k=l
n—An+1
+ 4 X Z Z 2—(n—k;+1) inf’yE[O,l] Ey(Rw,Ry,q/) (426)
k=1 I=k
n—A
=4 % Z (n —1 + 2)2—(n—l+1)inf7€[0’1] Ey(Ra,Ry,)
=1
n—A
+ 4 X Z (n — k _|_ 2)2—(”—]?4—1) inf’yE[O,l] Ey(szRyv’Y)
k=1
n—A
<8 (n—1+2)27 (T nbeion B (fe fy) (4.27)
=1
n—A
<y 2 o B (Resyi) = (4.28)
=1
< CQQ*A[infqe[o,l] E (R, Ry,y)—€| (4.29)

(4.25) follows directly from (4.22), in the first term [ < k, in the second term [ > k.
In (4.26), we use Lemma 9. In (4.27) we use the assumption that inf,c(o 1) By (Rs, Ry, ) >
infc(o,1) Bx(Rey Ry,v). In (4.28) the € > 0 results from incorporating the polynomial into
the first exponent, and can be chosen as small as desired. Combining terms and summing

out the decaying exponential yield the bound (4.29).

The second, more involved case, is when
infci0.1) By(Ra, Ry, p,7y) < infigo1) Bz(Ra, Ry, p,7y). To bound Pr[R12(n) # x4, we
could use the same bounding technique used in the first case. This gives the error exponent
inf (0,1 By(Rz, Ry,y) which is generally smaller than what we can get by dividing the
error events in a new scheme as shown in Figure 4.9. In this situation we split (4.22) into
three terms, as visualized in Fig 4.9. Just as in the first case shown in Fig 4.8, there are
(n+ 1) x (n — A) such events to account for (those inside the box). The error events are
partitioned into 3 regions. Region 2 and 3 are separated by k*(I) using a dotted line. In
region 3, we add extra probabilities outside of the box but within the ovals to make the

summation simpler. Those extra error events do not affect the error exponent as shown in
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Figure 4.8. Two dimensional plot of the error probabilities p,(l,k), corresponding
to error events (I,k), contributing to Pr[xI"2(n) # xP 2] in the situation where

inf'ye[OJ] Ey (va Ry’ P, 7) > inf/yE[O,l] E.’E(R$7 Ry7 Py ’7>
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Figure 4.9. Two dimensional plot of the error probabilities p,(l,k), corresponding
to error events (I,k), contrlbutmg to Prx""2(n) # xP 2] in the situation where
inf'yG[O,l] Ey(Rx,Ry,’y) < mf elo, } (Rx,Ry, )

the proof. The possible dominant error events are highlighted shown in Fig 4.9. Thus,

n—An+1 n—Ak*(1)—1
Pr[x2(n) # Z an (I,k)+ Z Z on(lL k) + Z pn(l, k) (4.30)
=1 k=l =1 k=k*(l =1 k=1

Where 22:1 pr = 0. The lower boundary of Region 2 is k*(I) > 1 as a function of n and :

infwe[o,u E. (R, Ryvfy)-“n 11 l)}
infci0,1) By(Ra, Ry, )
= max{l,n+1-Gn+1-10)} (4.31)

E*(l) = max{l,n—i— 1-—

where we use G to denote the ceiling of the ratio of exponents. Note that when
infcp0,1) By(Re, Ry,7) > infgo1) Bz(Re, Ry,y) then G = 1 and region two of Fig. 4.9
disappears. In other words, the middle term of (4.30) equals zero. This is the first case
considered. We now consider the cases when G > 2 (because of the ceiling function G is a

positive integer).

The first term of (4.30), i.e., region one in Fig. 4.9 where [ < k, is bounded in the same
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way that the first term of (4.25) is, giving

n—An+1
S pull k) < Coz-Antcion Be(Rafiy )~ (4.32)
=1 k=l

In Fig. 4.9, region two is upper bounded by the 45-degree line, and lower bounded by
k*(1). The second term of (4.30), corresponding to this region where [ > k,

- - n—A [-1
Z Z W R)<ax 3 S 2 (kDB (Re Ry )
=1 k=k*( I=1 k=k* (l)
S S R g
=1 k=k*(1)
< 4 X i: i 2_(n_l+1) inf"/E[Oal] ﬁE’y(RZ)R'ny) (434)
=1 k*k*(l)
— 4 % Z l— (n—1+1) inf¢[o,1) ﬁEy(Rz,Ry,’y) (435)

n (4.33) we note that [ > k, so define

1 =7 as in (4.34). Then 7= ’;ill = ﬁ

k:+
The third term of (4.30), i.e., the intersection of region three and the “box” in Fig. 4.9

where [ > k, can be bounded as,

n—Ak*()—1 n+1min{l,k*(n—A)—1}
> D b Z Z pall,k) (4.36)
=1 k=1

k*(n A) 1n+1
= Z Z pu(l k) (4.37)
k=1 I=k

S 4 x Z 22 n— k‘+1 Ey(RzyRyyn k+1)
k=1 =k

E*(n—A)—1n+1
<4 x Z Z 9—(n=k+1)infcjo,1) By (Ra,Ry,7)
k=1 =k

k*(n—A)—1
<4x Z (n — k + 2)2~ (kD infsepo. By (Ra Fy ) (4.38)
k=1

In (4.36) we note that [ < n—A thus k*(n—A)—1> k*(I)—1,alsol > 1,s01 > k*(1)—
This can be visualized in Fig 4.9 as we extend the summation from the intersection of the
“box” and region 3 to the whole region under the diagonal line and the horizontal line

k=k*(n—A)—1. In (4.37) we simply switch the order of the summation.
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Finally when G > 2, we substitute (4.32), (4.35), and (4.38) into (4.30) to give

PrS ™ (n) # ™) < Cp2Anfreton Felfe Ry) =

n—A
+4x Z (1- k*(l))Q—(n—Hl)infve[o,u ﬁEy(Rz,Ryﬁ) (4.39)
=1
k* (n—A)—1
+4x Z (n —k+ 2)27(”7k+1)mfwe[0,1] Ey(Rs,Ry,y)
k=1

S 0227A[inf'y€[0,1] Eqy (szRyv’Y)*d

n—A
FAx 3 (= n =1+ G+ 1= D)2 D e T B )
=1
nt1-G(A+1)
+4 % Z (n — k + 2)2~ (kD infsepo. By (Reo By ) (4.40)
k=1

S 0227A[inf’y€[0,1] EZ(RCMR’%’Y)*E}
+ (G _ 1)032_A[inf~ye[0,1] ﬁEy(Rx,Ryﬂ)—%

+ Cy2™ [AGinf%[O»ll Ey(RwaRyﬁ)—s]

—A |:min { inf’yE[O,l] Ew(Rx,Ry,’y)’inf.ye[O’l] ﬁEy(Rx,Ry,'y)}—e}

< C52 (4.41)

To get (4.40), we use the fact that £*(I) > n+1— G(n+1—1) from the definition of k*(1)
in (4.31) to upper bound the second term. We exploit the definition of G to convert the
exponent in the third term to inf, (1) Ez(Rz, Ry, 7). Finally, to get (4.41) we gather the
constants together, sum out over the decaying exponentials, and are limited by the smaller

of the two exponents.

Note: in the proof of Theorem 3, we regularly double count the error events or add
smaller extra probabilities to make the summations simpler. But it should be clear that

the error exponent is not affected. |

4.3.2 Universal Decoding

Universal decoding rule

As discussed in Section 2.3.3, we do not use a pairwise minimum joint-entropy decoder
because of polynomial term in n would multiply the exponential decay in A. Analogous

¢

to the sequential decoder used there, we use a “weighted suffix entropy” decoder. The

decoding starts by first identifying candidate sequence pairs as those that agree with the

85



encoding bit streams up to time n, ie., Z} € By(z}),y7 € By(yf). For any one of the
|B(x7)||By(yT)| sequence pairs in the candidate set, i.e., (Z{,97) € Bx(a]) x By(y}) we
compute (n + 1) x (n+ 1) weighted entropies:

(n+1-1) _(n—&—l—l))’ =k

Hs(lvk‘)aijllag?) = ( »Yp
n n k—1 A n+1—k Zn on
Hs(l,k,ml,yl):ﬁff(a:f Nt ﬁH( KUk), 1<k
. l—k 1 n+1-0__
Hg(l, k27, 97) = ﬁﬂ(yé Nz +mH($l ), >k

We define the score of (Z7,47) as the pair of integers i, (Z7, y7), iy(Z7, 77) s.t.,

iz(Z7,97) = max{i: Hs(l,k, (Z7,97)) < Hs(l,k, 27, 97)Vk = 1,2, ..n+ 1,Vl = 1,2, ...,
V(@1 91) € Bu(@) x By(y1') N Full, k, 71, 51) } (4.42)
iy(zV,y7) = max{i: Hs(l,k, (z7,97)) < Hs(l, k, 27, 97)Vl =1,2,..n+ 1,Vk = 1,2, .4,
V(@Y 41) € Be(x) x By(y1') N Full, k, 21, 47)} (4.43)

While F, (I, k, 7, y}) is the same set as defined in (4.23), we repeat the definition here for

convenience,

Full k2t ) = {@1,07) € X" x Vst 2y =alh m # w, gl =y Uk # k)
The definition of (i,(Z7,y7),ty(Z],yT)) can be visualized in the following procedure.
As shown in Fig. 4.10, for all 1 <[,k < n + 1, if there exists (27, 97) € Fn(l, k, (Z},757)) N
B.(x}) x By(yy) st. Hs(l,k, 2%, 97) > Hs(l, k, 27, y}), then we mark (I,k) on the plane
as shown in Fig.4.10. Eventually we pick the maximum integer which is smaller than all
marked z-coordinates as i, (Z},y7) and the maximum integer which is smaller than all
marked y-coordinates as i, (Z7, y7). The score of (z7,y1) tells us the first branch(either x

or y) point where a “better sequence pair” (with a smaller weighted entropy) exists.

Define the set of the winners as the sequences (not sequence pair) with the maximum

score:

Wi =A{Z1 € Bo(27) : 31 € By(y1), s.tia(T7,97) = (21, 91), V(ZT, §1') € Ba(a1)xBy(y1)}
Wi =Au1" € By(yr') - 327 € Bu(a1), .14y (T1, 47') = 1y(27, 91), V(ZT, 97') € Bo(7) x By (y7')}
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Figure 4.10. 2D interpretation of the score, (i.(Z7,97),4y(Z7,97)), of a sequence pair

(1, y7). If there exists a sequence pair in Fy(l, k,z7,y}) with less or the same score,

then (I, k) is marked with a solid dot. The score i,(Z},y7) is the largest integer which is
smaller than all the z-coordinates of the marked points. Similarly for i, (z7,y7),

Then arbitrarily pick one sequence from WZ? and one from W, as the decision

(ZT(n),yt(n)) at decision time n.

Details of the proof of Theorem 4
Using the above universal decoding rule, we give an upper bound on the decoding error
Pr[X,-a(n) # x,—a], and hence derive an achievable error exponent.

We bound the probability that there exists a sequence pair in F, (I, k, (x{*, y1")) Bz (z]) X

By (y1) with smaller weighted minimum-entropy suffix score as:

palik) = DY polat,y) PrE@E G1) € Bulat) x By(yi) N Full k2t u1),

n n
1 Y1

st.Hs(l,k, 27, §7) < Hs(l, k, (27, y7))]

Note that the p, (I, k) here differs from the p,, (I, k) defined in the ML decoding by replacing
pr(xrllv y?) < pr('irll? 3711) with HS(Z> ka '%?7 g?) < HS(la ka (397117 y?))
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The following lemma, analogous to (4.22) for ML decoding, tells us that the “suffix

weighted entropy” decoding rule is a good one.

Lemma 10 Upper bound on symbol-wise decoding error Pr[X,—a(n) # xn—a] :

n—An+1
PrfRua(n) # xo-a] < PR M) £ X072 < 303 pal k)
=1 k=1

Proof: The first inequality is trivial. We only need to show the second inequality.
According to the decoding rule, 72 # 27~ implies that there exists a sequence Z} € W?
s.£.3772 #£ 2772, This means that there exists a sequence 97 € By (y}), s.t. i.(Z7,7}) >
io(x7, y?). Suppose that (Z7,77) € Fn(l, k, 27, y7), then | < n — A because 272 # 2774,
By the definition of i,, we know that Hg(l,k,z7,97) < Hg(l,k,z7,y}). And using the

union bound argument we get the desired inequality. O

We only need to bound each single error probability p, (I, k) to finish the proof.

Lemma 11 Upper bound on p,(l,k), | < k: Ve >0, IK; < 00, s.t.

pn(l, k) S 27(nil+1)[Ez(Rz,Ry,)\)fe]
where A= (k —1)/(n —1+1) € [0,1].

Proof: The proof bears some similarity to the that of the universal decoding problem of
the point-to-point source coding problem in Proposition 4. The details of the proof is in

Appendix F.2 O
A similar derivation yields a bound on p, (I, k) for [ > k.

Combining Lemmas 11 and 10, and then following the same derivation for ML decoding
yields Theorem 4. |
4.4 Discussions

We derived the achievable delay constrained error exponents for distributed source cod-

ing. The key technique is “divide and conquer”. We divide the delay constrained error event
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into individual error events. For each individual error events, we apply the classical block
coding analysis to get an individual error exponent for that specific error event. Then by a
union bound argument we determine the dominant error event. This “divide and conquer”
scheme not only works for the Slepian-Wolf source coding in this chapter but also works for
other information-theoretic problems illustrated in [13, 14]. While the encoder is the same
sequential random binning shown in Section 2.3.3, the decoding is quite complicated due to
the nature of the problem. Similar to that in Section 2.3.3, we derived the error exponent
for both ML and universal decoding. To show the equivalence of the two different error
exponents, we apply Lagrange duality and tilted distributions in Appendix G. There are
several other important results in Appendix G. The derivations are extremely laborious but
the reward is quite fulfilling. These results in Appendix G essentially follow the I-projection
theory in the statistics literature [30] and were recently discussed in the context of channel

coding error exponents [9].

We only showed that some positive delay constrained error exponent is achievable as
long as the rate pair is in the interior of the classical Slepian-Wolf region in Figure A.3.
In general, the delay constrained error exponent for distributed source coding is smaller or
equal to its block coding counterpart. This is different from what we observed in Chapters 2
and 3. To further understand the difference, we need a tight upper bound on the error
exponent. A trivial example tells us that this error exponent is nowhere tight. Consider
the special case where the two sources are independent, the random coding scheme in this
chapter gives the standard random coding error exponent for each single source as shown
in (2.13) in Section 2.3.3. This error exponent is strictly smaller than the optimal coding
scheme in Chapter 2 as shown in Proposition 8 in Section 2.5. The optimal error exponent
problem could be an extremely difficult one. It would be interesting to give an upper bound
on it. However, we do not have any general non-trivial upper bounds either. In Chapter 5,
we will study the upper bound on the delay constrained error exponents for source coding
with decoder side-information problem. This is a special case of what we study in this
chapter since the decoder side-information can be treated as an encoder with rate higher
than the logarithm of the alphabet. However, this upper bound is not tight in general.

These open questions are left future research.
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Chapter 5

Lossless Source Coding with

Decoder Side-Information

In this chapter, we study the delay constrained source coding with decoder side-
information problem. As a special case of the Slepian-Wolf problem studied in Chapter 4,
the sequential random binning scheme’s delay performance is derived as a corollary of those
results in Chapters 2 and 4. An upper bound on the delay constrained error exponent is
derived by using the feed-forward decoding scheme from the channel coding literature. The
results in this chapter are also summarized in our paper [18], especially the implications of

these results on compression of encrypted data [50].

5.1 Delay constrained source coding with decoder side-

information

In [79], Slepian and Wolf studied the distributed lossless source coding problems. One
of the problems studied, the source coding with only decoder side-information problem is
shown in Figure 4.1, where the encoder has access to the source x only, but not the side-
information y. It is clear that if the side-information y is also available to the encoder, to
achieve arbitrarily small decoding error for fixed block coding, rate at the conditional en-

tropy H (pX| y) is necessary and sufficient. Somewhat surprisingly, even without the encoder
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side-information, Slepian and Wolf showed that rate at conditional entropy H(pyq,) is still

sufficient.

X1, X9,y ... ———> Encoder Decoder |, Xy, X0, ...

|

(X’L'a Yi) ~ Pxy

|

Yi,Y2, ...

Figure 5.1. Lossless source coding with decoder side-information

We can also factor the joint probability to treat the source as a random variable x and
consider the side-information y as the output of a discrete memoryless channel (DMC) p,,

with x as input. This model is shown in Figure 5.2.

X1, X9,y ... ——> Encoder Decoder |, Xy, %o, ...

l
(DMFD

Yi,Y2, ...

Figure 5.2. Lossless source coding with side-information: DMC

We first review the error exponent result for source coding with decoder side-information
in the fixed-length block coding setup in Section A.4 in the appendix. Then we formally
define the delay constrained source coding with side-information problem. In Section 5.1.2
we give a lower a bound and an upper bound on the error exponent on this problem. These

two bounds in general do not match, which leaves space for future explorations.
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5.1.1 Delay Constrained Source Coding with Side-Information

Rather than being known in advance, the source symbols stream into the encoder in
a real-time fashion. We assume that the source generates a pair of source symbols (x,y)
per second from the finite alphabet X x ). The j* source symbol x; is not known at the
encoder until time j and similarly for y; at the decoder. Rate R operation means that
the encoder sends 1 binary bit to the decoder every % seconds. For obvious reasons (cf.

Proposition 1 and 2), we focus on cases with H,|, < R < log, [X].

Source X1 X2 X3 X4 X5 X6 .-
I
Encoding b1 (x?) ba(xi) bg(x9) ...

Rate limited Channel

Side-info y1,y2,... — Decoding x1(4) x2(5) Xx3(6) ...
Figure 5.3. Delay constrained source coding with side-information: rate R = %, delay
A=3

Definition 8 A sequential encoder-decoder pair £,D are sequence of maps. {&;},j =
1,2,... and {D;},j7 = 1,2,.... The outputs of & are the outputs of the encoder £ from
time 5 —1 to j.
& X7 — {0, 1}LJ'RJ—L(j—1)RJ
i\ _ pliR]
&i(#1) = blii-1yr)+1
The outputs of Dj; are the decoding decisions of all the arrived source symbols by time j
based on the received binary bits up to time j as well as the side-information.
D; : {0, 1}UBR x yi — x
iR j ~ .
D™, yl) = 354 ()
Where Z;_a(j) is the estimation of xj_a at time j and thus has end-to-end delay of A

seconds. A rate R = % sequential source coding system is illustrated in Figure 5.3.
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For sequential source coding, it is important to study the symbol by symbol decoding

error probability instead of the block coding error probability.

Definition 9 A family of rate R sequential source codes {(€, D)} are said to achieve

delay-reliability Es;(R) if and only if for all € > 0, there exists K < oo, s.t. Vi, A >0

Pr[x # Xi(i + A)] < K2~ AFs(f)=¢)

Following this definition, we have both lower and upper bound on delay constrained

error exponent for source coding with side-information.

5.1.2 Main results of Chapter 5: lower and upper bound on the error

exponents

There are two parts of the main result. First, we give an achievable lower bound on the
delay constrained error exponent Fg;(R). This part is realized by using the same sequential
random binning scheme in Definition 3 and a Maximum-likelihood decoder in Section 4.3.1
or a universal decoder in Section 4.3.2. The lower bound can be treated as a simple corollary
of the more general theorems in the distributed source coding setup in Theorems 3 and 4.
The second part is an upper bound on Eg;(R). We apply a modified version of the feed-
forward decoder used by Pinsker [62] and recently clarified by Sahai [67]. This feed-forward
decoder technique is a powerful tool in the upper bound analysis for delay constrained error
exponents. Using this technique, we derived an upper bound on the joint source-channel

coding error exponent in [15].

A lower bound on E;(R)

We state the relevant lower bound (achievability) results which comes as a simpler result

to the more general result proved in Theorems 3 and 4.

Theorem 6 Delay constrained random source coding theorem: Using a random sequential

coding scheme and the ML decoding rule using side-information, for all i, A:

lower (R)

Pr%i(i + A) £ xi] < K270
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Where K is a constant, and
EJ"(R) = B2 (R) = min{D(gxy[pxy) +10, R — H(gxy)| "}
where Ei‘i’fg”(R) is defined in Theorem 13. Another definition is

_1
BT (R) = By () = max pR —10g[} [> " pry () 77]7)
) y T

These two expressions can be shown to be equivalent following the same Lagrange multiplier

argument in [39] and Appendiz G.

Similarly for the universal decoding rule, for all € > 0, there exist a finite constant K,

s.t. for alln and A:

Pr[%;(i + A) # x] < K2 AE(R)—) (5.2)

The encoder is the same random sequential encoding scheme described in Definition 3
which can be realized using an infinite constraint-length time-varying random convolutional
code. Common randomness between the encoder and the decoder is assumed. The decoder
can use a maximum likelihood rule or minimum empirical joint entropy decoding rule which
are similar to that in the point-to-point source coding setup in Chapter 2. Details of the

proof are in Section 5.5.

An upper bound on Eg;(R)

We give an upper bound on the delay constrained error exponent for source coding with
side-information defined in Definition 9. This bound is for any generic joint distribution

Dxy- Some special cases will be discussed in Section 5.2.

Theorem 7 For the source coding with side-information problem in Figure 5.2, if the source
is iid ~ py, from a finite alphabet, then the error exponents Eg(R) with fized delay must

satisfy Egi(R) < E.PP"(R), where

1
EP"(R) = mi inf = D(qy|Ipsy)
PR = i (L E D (@)

1—a

inf {

D +D
UTIORON. . SRS S (axllpx) (@ lIPxy) }}
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5.2 Two special cases

It is clear that the upper bound and the lower bound on the error exponent F;(R)are
not the same thing. There seems to be a gap between the two bounds. But how big or how
small can the gap be? In this section, we answer that question by showing two extreme

cases.

5.2.1 Independent side-information

Consider the case that x and y are independent, or there is no side-information. Then
clearly this source coding with the irrelevant “side-information” at the decoder problem is
the same as the single source coding problem discussed in Chapter 2. So the upper bound
EPP"(R) > E4(R), where E(R) is the delay constrained source coding error exponent
defined in Theorem 1 for source x. So we only need to show that E."“"(R) < Es(R) to
establish the tightness of our upper bound for this extreme case where no side-information

is presented. The proof simply follows the following argument:

EPTR) = min{ o ind (D (g ),
tsesod ot 2 D(gulpe) + Dl Ip)})
< quyazozHgglfyb(Ha)R{;D<qu||pxy>}
SO Byl DX e x )
0l D)
=@ Es(R) (5.3)

(a) is by definition. (b) is because D(gxy|lpxy) > D(gx|lpx). (c) is true because of the
following two observations. First, x and y are independent, so p,, = px X p,. Second, we
take the inf over a subset of all ¢,,: gx X py, i.e. the distributions such that x and y are
independent and the marginal g, = p,. (d) is true because under p and ¢, the two marginals

x and y are independent with y ~ p,. (e) is by definition.

The lower bound on the error exponent E'2%¢"(R) has the following form for independent

95



side-information.

1
BIUTR) = e pR 108} 3 py(e.) 7]

y oz
=) max pR —log[3 [} pel@) H7py () 7))
K y x
1
= max pR— 10g[> " py () px(a) T2]1 17
b y a,/,

R (1+ p)log[Y_ pe(w) 7]
= — X +p
(d) prél[%ﬁ]l) p)1og : bx\T

=) FE.(R) (5.4)

(a) is by definition. (b) is because the side-information y is independent of the source x.

(c) and (d) are trivial. (e) is by definition in (A.5).

From the above analysis, we know that our upper bound E_/**"(R) is tight which can be
achieved as shown in Chapter 2 and our lower bound is the same as the random coding error
exponent for source x only in Section 2.3.3. Which validates our results in Section 5.1.2.
Comparing the upper bound in (5.3) and lower bound in (5.4), we know that the lower
bound is strictly lower than the upper bound as shown in Proposition 8 in Chapter 2 and

illustrated in Figure 2.3.

5.2.2 Delay constrained encryption of compressed data

The traditional view of encryption of redundant source is in the block coding context
in which all the source symbols are compressed first then encrypted!. In the receiver
end, decompression of the source is after the decryption. As the common theme in this
thesis, we consider the end-to-emd delay between the realization of the source and the
decoding/decryption at the sink. The delay constrained compression first then encryption
system is illustrated in Figure 5.5. Without getting into the details of the information-
theoretic security, we briefly introduce the system. The compression and decompression
part is exactly the delay constrained source coding shown in Figure 2.1 in Chapter 2 where
the source is iid ~ ps on a finite alphabet S. The secret keys yi, .... are iid Bernoulli 0.5
random variables, so the output of the encrypter b y is independent with the output of
the compressor l~), thus the name “perfect secrecy”. Here the & operator is sum mod two,

or more generally speaking, the addition operator in the finite field of size 2. Since the

'"We consider the type I Shannon-sense security (perfect secrecy) [73, 46].
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encryption and decryption are instantaneous, the overall system has a delay constrained

error exponent Es(R) defined in Theorem 1, Chapter 2.

Source T Sf sf, Sf Sf sf
Compression by (s?) by(st) 133(516)
Secret key vy, y2,... — Encryption bi=y1 ® by by = Yo @ by by = vz P bs ...
Rate limited public channel
Secret key y1, yo,... — Decryption by = y1 @D by by = Yo @ by by = 3 @ bs ...
Decompression s1(4) s2(5)  S3(6) ...

Figure 5.4. Encryption of compressed streaming data with delay constraints rate R = %,
delay A =3

In the thought provoking paper [50], Johnson shows that the same compression rate
(entropy rate of the source s) can be achieved by first encrypting the source then compressing
the encrypted data without knowing the key, then decompress/decrypt the encoded data
by using the key as the decoder side-information. Recently practical system is build by
implementing LDPC [36, 65] codes for source coding with side-information [71]. The delay

constrained system of the encryption first, then compression system is shown in Figure 5.5.

The source is iid ~ ps on a finite alphabet S, to achieve perfect secrecy, the secret keys
y’s are iid uniform random variables on S. And hence the encrypted data x is also uniformly

distributed in S where
X=s®dy (5.5)

where the @ operator is the addition in the finite field of size |S|. For uniform sources, no
compression can be done. However, since y is known to the decoder and y is correlated
to x, the source x can be compressed to the conditional entropy H(x|y) which is equal to
H(s) because of the relations of x, y and s through (5.5). The emphasis of this section is

the fundamental information-theoretical model of the problem in Figure 5.5, as shown in
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Source S1 Sy S3 Sy Sx Se ...

A

Secret key y1, yo,... — Encryption x; X2 X3 X4 X5 Xg .-
Compression by (x3) ba(x1) bs(x9) ...

Rate limited public channel

Joint decryption
Secret ke S V2, .. — .
T Y2 Decompression

Figure 5.5. Compression of encrypted streaming data with delay constraints: rate R =

1
2
delay A =3

Figure 5.6. A detailed discussion of the delay constrained encryption of compressed data

problem is in [18].

e Encoder Decoder

n) X)

Il
X)
@
<

X
X=sDy
y

Figure 5.6. Information-theoretic model of compression of encrypted data, s is the source, y
is uniformly distributed in S is the secret key. The encoder is facing a uniformly distributed
x and the decoder has side-information y.

Notice that the estimate of x and s are related in the following way:
S=X6y (5.6)

so the estimation problems are equivalent for s and x. The lower bound and the upper bound
on the delay constrained error exponent for x are shown in Theorem 6 and Theorem 7

respectively for general sources x and side information y ~ p,,. For the compression of
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encrypted data problem, as illustrated in Figure 5.6, we have the following corollary for

both lower bound and upper bound.

Corollary 1 Bounding the delay constrained error exponent for compression of encrypted
data: for the compression of encrypted data system in Figure 5.5 and hence the information-
theoretic interpretation as a decoder side-information problem of source x given side-
information y in Figure 5.6, the delay constrained error erponent Eg4(R) is bounded by

the following two error exponents:
ET<R7pS) < Esz<R) S Es,b(Ryps) (57)

where E,(R,ps) is the random coding error exponent for source ps defined in (A.5),
E;p(R, ps) is the block coding error exponent defined in (A.4), both definitions are in Chap-

ter 2.

It should be clear that this corollary is true for any source side-information pair shown

in Figure 5.6, where x = s ® y and y is uniform on S§. The proof is in Appendix I.

5.3 Delay constrained Source Coding with Encoder Side-

Information

In this section, we study the source coding problem for x from a joint distribution
(X,¥) ~ Dxy. Suppose that the side information y is known at both encoder and decoder

shown in Figure 5.7.

X1, X2, ... Encoder Decoder X1, X9, ...
A

(Xiayi) ~ Pxy

|

i, Yo, ...

Figure 5.7. Lossless source coding with both encoder and decoder side-information

We first review the error exponent result for source coding with encoder side information

problem. As shown in Figure 5.7, the sources are iid random variables x{', y* from a finite
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alphabet X x ). Without loss of generality, px(z) > 0, Vo € X and p,(y) > 0, Vy € V. 7 is
the source known to the encoder and y;* is the side-information known to both the decoder
and the encoder. A rate R block source coding system for n source symbols consists of an
encoder-decoder pair (&,,D,,). Where

Ep: X" x YU — {0, 1} 8] Enal, i) = 0"

D, : {0, 1} x yr — xm, D, (™ ) = 7

The error probability is Pr(x{* # X{*) = Pr(x{" # Dn(En(x]"))). The exponent E.;(R) is
achievable if 3 a family of {(&,,Dy)}, s.t.

n—oo

1 ~
lim - logy Pr(x{" #X1') = Eeip(R) (5.8)

As a simple corollary of the relevant results of [29, 39], we have the following lemma.

Lemma 12 E,;,(R) = E."}*"(R) where E.[7" (R) is the upper bound on the source coding

si,b

with decoder only side-information defined in Theorem 13.

EUPPET Ry . D
si,b (R) qu:Hr&ljly)ZR{ (QXprxy)}

1
= suppR —log Z(Z Pxy (T,9) ”p)(Hp)

p=0 y o«

Note: this error exponent is both achievable and tight in the usual block coding way [29].

5.3.1 Delay constrained error exponent

Similar to the previous cases, we have the following notion on delay constrained source

coding with both encoder and decoder side-information.

Definition 10 A sequential encoder-decoder pair £, D are sequence of maps. {&;},j =
1,2,... and {D;},j =1,2,.... The outputs of & are the outputs of the encoder £ from time
j—1toj.

& : X7 x yi— {0, 1}URJ—L(J'—1)RJ

o
&l ) = Bty
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Source )f )f T 14 T IG
Side-info y1,y2,... — Encoding b1(x2, y?) ba(xt, yi) bg(x8,y9) ...
Rate limited Channel
Side-info y1, y2,... — Decoding x1(4) x2(5) Xx3(6) ...

Figure 5.8. Delay constrained source coding with encoder side-information: rate R = %,
delay A =3

The outputs of D; are the decoding decisions of all the arrived source symbols by time j

based on the received binary bits up to time j as well as the side-information.
D; - {0, 1} 0B« yi — x
D; (7™ ) = #j-a())
Where Z;_a(j) is the estimation of xj_a at time j and thus has end-to-end delay of A

seconds. A rate R = % sequential source coding system is illustrated in Figure 5.8.

The delay constrained error exponent is defined in Definition 11. This is parallel to

previous definitions on delay constrained error exponents.

Definition 11 A family of rate R sequential source codes {(£2, D®)} are said to achieve

delay-reliability Ee;(R) if and only if for all € > 0, there exists K < oo, s.t. Vi, A >0

Pr(x; #x;(i+ A)) < Ko~ A(Eei(R)—e)

Following the definition of delay constrained source coding error exponent E.;(R) in

Definition 11, we have the following result in Theorem 8.

Theorem 8 Delay constrained error exponent with both encoder and decoder side-

information

Fui(R) = inf ~Eup((a+1)R)

a>0
Where Ecip(R) is the block source coding error exponent defined in Lemma 12.
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Similar to the lossless source coding in Chapter 2 and lossy source coding in Chapter 3,
the delay constrained source coding error exponent and the block coding error exponent are

connected by the focusing operator.

In Appendix J, we first show the achievability of E.;(R) by a simple variable length
universal code and a FIFO queue coding scheme which is very similar to that for lossless
source coding in Chapter 2. Then we show that E.;(R) is the upper bound on the delay
constrained error exponent by the same argument used in the proof for lossless source coding
error exponent in Chapter 2. Indeed, encoder side-information eliminates all the future ran-
domness in the source and the side-information, so the coding system should have the same
nature as the lossless source coding system discussed in Chapter 2. Although in different
forms, it should be conceptually clear that E.;(R) and Es(R) share many characteristics.
Without proof, we claim that the properties in Section 2.5 for E4(R) can be also found in
Eei(R).

5.3.2 Price of ignorance

In the block coding setup, with or without encoder side-information does not change
the error exponent in a dramatic way. As shown in [29], the difference is only between
the random coding error exponent EL%“"(R) and the error exponent EG)” (R). These
two are the same in the low rate regime, this is similar to the well-known channel coding
error exponent where random coding and sphere packing bounds are the same in the high
rate regime [41]. Furthermore, the gap between with encoder side-information and without

encoder side-information can be further reduced by using expurgation as shown in [2].

However for the delay constrained case, we show that without the encoder side-
information, the error exponent with only decoder side-information is generally strictly

smaller than the error exponent when the encoder side-information is also presented.

Corollary 2 Price of ignorance:
Eei(R) > E.J*"(R)

Proof: D(guy|[pxy) > D(gx|lps) in general n
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5.4 Numerical results

In this section we show three examples to illustrate the nature of the upper bound and

the lower bound on the delay constrained error exponent with decoder side-information.

5.4.1 Special case 1: independent side-information

As shown in Section 5.2.1, if the side-information y is independent with the source x,
the upper bound agrees with the delay constrained source coding error exponent F4(R) for
x and the lower bound agrees with the random coding error exponent FE,(R) for source
x. This shows that our bounding technique for the upper bound is tight in this case. To
bring the gap between the upper bound and the lower bound, the coding scheme should
be the optimal delay coding scheme in Chapter 2. The sequential random binning scheme
is clearly suboptimal. Because it is proved in Section 2.5 that the delay constrained error
exponent E(R) is strictly higher than the random coding error exponent E,(R). This is

clearly shown in Figure 5.9.

The source is the same as it in Section 2.2. Source x with alphabet size 3, X = {A, B, C'}

and the following distribution
Px(A) =0.65 py(B) =0.175 p(C) = 0.175

The side-information is independent with the source, so its distribution does not matter.

We arbitrarily let the marginal p, = {0.420,0.580}.

5.4.2 Special case 2: compression of encrypted data

In Section 5.2.2, we show that the delay constrained error exponent for compression of
encrypted data for source ps is sandwiched by the block coding error exponent Ej (R, ps)
and the random coding error exponent E,(R,ps), in Corollary 1. For source s the stream
cipher is x = s @ y. For the binary case, this stream cipher is illustrated in Figure 5.10.
Where the source ps(0) =1 — € and ps(1) = €, both the key y and the output of the cipher
x are uniform on {0,1}. The bounds on the delay constrained error exponents are plotted
in Figure 5.11. In the example in Figure 5.11, ¢ = 0.1. For this problem the entropy of the
source H(s) is equal to the conditional entropy H(x|y).

For uniform source x and the side-information that is the output of a symmetric channel

with x as the input, it can be shown that the upper bound and lower bound agree at low

103



0.9

0.8

0.7r

0.6

0.5

0.4

Error Exponents

Lower bound (random coding error exponent)

0.3 —— Upper bound ( delay optimal error exponent)
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Figure 5.9. Delay constrained Error exponents for source coding with independent decoder
side-information: Upper bound E!FP*"(R) = E4(R), Lower bound E%%¢"(R) = E,(R)

1—e¢

Figure 5.10. A stream cipher x = s @ y can be modeled as a discrete memoryless channel,
where key y is uniform and independent with source s. Key y is the input, encryption x is
the output of the channel.
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Uniform source with symmetric channel 1
071 = Upper bound
= = Lower bound
0.6

051

0.4

Error Exponent

0.2

0.1

0
H(xly) log(2)
Rate R

Figure 5.11. Delay constrained Error exponents for uniform source coding with symmetric
decoder side-information x = y @ s: Upper bound E.""*"(R) = Fs(R,ps), Lower bound

S

Elewer(R) = E,.(R,ps). These two bounds agree in the low rate regime

rate regime just as shown in Figure 5.11. Note:this is a more general problem than the
compression of encrypted data problem. A uniform source with erasure channel between
the source and the side-information is illustrated in 5.12. The bounds on error exponents

are shown in Figure 5.13.

0 0
X * Y
1 1

1-e

Figure 5.12. uniform source and side-information connected by a symmetric erasure channel
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Uniform source with symmetric channel 2
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Figure 5.13. Delay constrained Error exponents for uniform source coding with symmetric
decoder side-information 2 x and y are connected by an erasure channel: Upper bound
EPP"(R) = E,(R, ps) in the low rate regime

st

5.4.3 (General cases

In this section, we show the upper bound and the lower bound for a general distribution
of the source and side-information. That is, the side-information is dependent of the source
and from the encoder point of view the source is not uniform. The uniformity here includes
the marginal distribution of the source and the side-information. For example the following

distribution is not uniform although the marginals are uniform:

pxy(xa Y) x=1 x=2 x=3
y=1 a b %—a—b
y=2 c d %—c—d
y=3 |i-a—-c|[i-b—d|-i+a+b+tc+d

Table 5.1. A non-uniform source with uniform marignals

Where a,b,c,d,a +b,a+c,d+c,d+b e |0, %], and the encoder can do more than just
sequential random binning. An extreme case where the encoder only need to deal with

x = 2,3 is as follows: let a = % and b = ¢ = 0, then the side information at the decoder can
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be used to tell when x = 1. Without proof, we claim that for this marginal-uniform source,

random coding is suboptimal. Now consider the following 2 x 2 source:

0.1 0.2
DPxy = (5.9)
0.3 04

In Figure 5.14, we plot the upper bound, the lower bound on the delay constrained er-
ror exponent with decoder only side-information. To illustrate the “price of ignorance”
phenomenon, we also plot the delay constrained error exponent with both encoder and de-
coder side-information: Eg;(R). As the lossless source coding with delay constraints error
exponent Fg(R), E.;(R) is related to its block coding error exponent with the focusing
operator.

1.4

- Lower bound
x  Upper bound
R

— ei

o
©
T

Error Exponents
°
(<2}
T

0.4r

0 i
H(xly) log(IX[)
Rate R

Figure 5.14. Delay constrained Error exponents for general source and decoder side-
information: both the upper bound E:¥"*"(R) and the lower bound E'“¢"(R) are plot-
ted, the delay constrained error exponent with both encoder and decoder side information

E.i(R) is plotted in dotted lines

Note: we do not know how to parameterize the upper bound E;"*"(R) as what we did

in Proposition 7 in Section 2. Instead, we brutal forcefully minimize

1
Eupper R) = min inf —D X| X| )
s (1) {qu,a21:H(qX‘y)>(1+a)R{Oé (@ lIpxy) }
. 11—«
inf { D(qx|lpx) + D(axy|lPxy) }

qX}/712a20:H(qx\y)>(1+a)R «

on a 5 dimensional space (gxy, ). This gives a not so smooth plot as shown in Figure 5.14.
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5.5 Proofs

The achievability part of the proof is a special case for that of the Slepian-Wolf source
coding shown in Chapter 4. The upper bound is derived by a feedforward decoding scheme
which was first developed in channel coding context. There is no surprise that we can
borrow the channel coding technique to source coding with decoder side-information since
it has been long known the duality between the two. The upper bound and the achievable

lower bound are not identical in general.

5.5.1 Proof of Theorem 6: random binning

We prove Theorem 6 by following the proofs for point-to-point source coding in Propo-
sitions 3 and 4. The encoder is the same sequential random binning encoder in Definition 3
with common randomness shared by the encoder and decoder. Recall that the key property

of this random binning scheme is the pair-wise independence, formally, for all 7, n:

PrlE(laly) = E(eid)] = 2~ (IPAILRD < g 5 9 (R (5.10)

First we show (5.1) in Theorem 6.

ML decoding

ML decoding rule:

Denote by z7(n) the estimate of the source sequence x{' at time 7.
n
Z}(n) = argmax pyy (7, y1") = argmax | [ pa (&, i) (5.11)
P EBy(ah) FreBy () 1

The ML decoding rule in (5.11) is very simple. At time n, the decoder simply picks the
sequence z7(n) with the highest joint likelihood with the side-information y} while Z%'(n)
is in the same bin as the true sequence z7. Now the estimate of source symbol n — A is

simply the (n — delay)" symbol of 27 (n), denoted by Z,,_a(n).
Details of the proof:

The proof is quite similar to that of Proposition 3, we will omit some of the details of the
proof in this thesis. To lead to a decoding error, there must be some false source sequence

Z that satisfies three conditions: (i) it must be in the same bin (share the same parities)
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as x7, i.e., 1 € By(x7), (ii) it must be more likely than the true sequence given the same
side-information y7, i.e., puy (2T, y7) > pxy (27, yT), and (iii) &; # z; for some | <n — A.
The error probability again can be union bounded as:
Pr{%-a(n) # xu_a]
<Prxp~%(n) # x4
= > Prlxi () # 212 = 2oy (a1, o)
o1t

n—A
=3 Y Pr[3E € Bu(a) N Full,2]) st puy (F1,47) = Py (a7, 47) | 2oy (2, 07)

zyr =1

n—A
=3 D Pr3ar € Bu@h) N Fall,a}) st pay (81, 41) = Doy (@, 50) ]y (2, 01) }
=1

o75y7
n—A
=>_ () (5.12)
=1
Recall the definition of F,(I,z}) in (2.20)
fn(l,l{l) = {"ZJIL € Xnu‘llil = ‘%‘llilai‘l 7£ :L'l}
and we define

pn(l) = Z Pr [El T7 € By(xT) N Fu(l,2f) s.t. pxy (27, 41) = pxy@?’y?)}pxy(x?vy?) (5.13)

z7, Y7

We now upper bound p, (1) using a Chernoff bound argument similar to [39] and in the

proof of Lemma 1. The details of the proof of the following Lemma 13 is in Appendix H.1.

Lemma 13 p,(l) < 2 x 9~ (n—I+1) BV (R)

Using the above lemma, substitute the bound on p,, (1) into (5.12), we prove the ML decoding
part, (5.1), in Theorem 6. [ |

Universal decoding (sequential minimum empirical joint entropy decoding)

In this section we prove (5.2) in Theorem 6.

Universal decoding rule:

= n

Zy(n) = wll]; where w[l|} = arg min H(z), y). (5.14)

neB,(z7) S.t. 7 '=3"1(n)
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We term this a sequential minimum joint empirical-entropy decoder which tightly follows the

sequential minimum empirical-entropy decoder for point-to-point source coding in (2.30).

Details of the proof: With this decoder, errors can only occur if there is some sequence
@7 such that (1) &} € By(x7}), (i) #71 = 2!=1, and Z; # 2y, for some [ < n — A, and (iii)
the joint empirical entropy of &' and y;" is such that H(Z},y;") < H(x},y;"). Building on
the common core of the achievability (5.12) with the substitution of universal decoding in

the place of maximum likelihood results in the following definition of p,(1):

pu(l) = Y Pr[3# € By(af) N Full.af) st HEyf') < H(al',y) | pwy (a7, 91)  (5.15)

7597

The following lemma gives a bound on p, (7). The proof is in Appendix H.2.

Lemma 14 For sequential joint minimum empirical entropy decoding,

Pa(l) <2 x (n— 1 4 2)2XIWlg=(n-LEDEZ " (R)

Lemma 14 and Pr[X,—a(n) # x,—a] < Z?;A pn(l) imply that:

n—A
PriX,—a(n) # xp—a] < Z (n—1+ 2)2|X|D’\2—(n—l+1)Eigwer(R)
=1
n—A
<37 Ky H DB (R)—d
=1
<K AEG (R)—]

where K and K are finite constants. The above analysis follows the same argument of
that in the proof of Proposition 4. This concludes the proof of the universal decoding part,

(5.2), in Theorem 6. [ |

5.5.2 Proof of Theorem 7: Feed-forward decoding

The theorem is proved by applying a variation of the bounding technique used in [67]
(and originating in [62]) for the fixed-delay channel coding problem. Lemmas 15-20 are the
source coding counterparts to Lemmas 4.1-4.5 in [67]. The idea of the proof is to first build
a feed-forward sequential source decoder which has access to the previous source symbols
in addition to the encoded bits and the side-information. The second step is to construct a

block source-coding scheme from the optimal feed-forward sequential decoder and showing
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Causal b \ Delay A z
x \ feed-forward
encoder
decoder 2
Delay A
Feed-forward x _|feed-forward
delay decoder 1 ‘

Yy

—_—

Figure 5.15. A cutset illustration of the Markov Chain x' — (&, " P& yntay - yn)
Decoder 1 and decoder 2 are type I and II delay A rate R feed-forward decoder respectively.
They are equivalent.

that if the side-information behaves atypically enough, then the decoding error probability
will be large for at least one of the source symbols. The next step is to prove that the
atypicality of the side-information before that particular source symbol does not cause the
error because of the feed-forward information. Thus, cause of the decoding error for that
particular symbol is the atypical behavior of the future side-information only. The last
step is to lower bound the probability of the atypical behavior and upper bound the error

exponents. The proof spans into the next several subsections.

Feed-forward decoders

Definition 12 A delay A rate R decoder D™ with feed-forward is a decoder D]A’R that

(J+A)R]

also has access to the past source symbols :c{_l in addition to the encoded bits b% and
side-information y{+A
Using this feed-forward decoder, the estimate of z; at time j + A is :

. AR G+A)R]  G+A -1

75+ A) = Db, ] A (5.16)

Lemma 15 For any rate R encoder £, the optimal delay A rate R decoder DA with

R| j+A -1
)Jyy+ J

feed-forward only needs to depend on b%(jJFA N

Proof: The source and side-information (x;,y;) is an iid random process and the en-

coded bits b%(ﬂA)RJ are functions of 93{+A so obeys the Markov chain: y{_l
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(a:{_l, b%(j +AR] yj+A) — :1:?+A. Conditioned on the past source symbols, the past side-

g

information is completely irrelevant for estimation. O
Notice that for any finite alphabet set X, we can always define a group Zx| on &,
where the operators — and + are indeed —, 4+ mod |X|. So we write the error sequence
of the feed-forward decoder as Z; = z; — 7;. Then we have the following property for the

feed-forward decoders.

Lemma 16 Given a rate R encoder £, the optimal delay A rate R decoder D™ with
feed-forward for symbol j only needs to depend on b%(j+A)RJ,y{+A, i{fl
Proof: Proceed by induction. It holds for j = 1 since there are no prior source symbols.

Suppose that it holds for all j < k and consider 5 = k. By the induction hypothesis,

(b%mA)RJ : y{+A7 i:{*l) giving

since we also know .fclf_l. Thus the decoder

the action of all the prior decoders j can be simulated using

@\116_1- This in turn allows the recovery of xlf_l

is equivalent. O

We call the feed-forward decoders in Lemmas 15 and 16 type I and II delay A rate R
feed-forward decoders respectively. Lemma 15 and 16 tell us that feed-forward decoders can

be thought in three ways: having access to all encoded bits, all side-information and all past

(b%(j +AER] , y{JrA, 1:{71), having access to all encoded bits, a recent window

of side information and all past source symbols, (bg(‘j +AE] , y§+A, x{_l), or having access to

(b%mmm ’ y{+A7 jjl'—l)'

source symbols,

all encoded bits, all side-information and all past decoding errors,

Constructing a block code

To encode a block of n source symbols, just run the rate R encoder £ and terminate
with the encoder run using some random source symbols drawn according to the distribution
of px with matching side-information on the other side. To decode the block, just use the
delay A rate R decoder DAF with feed-forward, and then use the fedforward error signals to
correct any mistakes that might have occurred. As a block coding system, this hypothetical
system never makes an error from end to end. As shown in Figure 5.15, the data processing

inequality implies:
Lemma 17 If n is the block-length, the block rate is R(1 + %), then
H(x(') > —(n+ A)R +nH(x|y) (5.17)
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Proof:

nH(x) =@ H()
= I(x5x")

I(Xl ) 1 9 bL("‘FA)RJ ) yirL+A)

n n n+A)R n
= TOQLyI2) + TO45 Ry + Ty by AR ynta goy
<@ nl(x,y)+H(EP) + H(B)
< nH(x)—nH(x|ly)+ H(X") + (n+A)R

(a) is true because the source is iid. (b) is true because of the data processing

inequality considering the following Markov chain: x{* — ()??7b1L(n+A)Rj’ yit)

thus I(x];x{") < I(x{; 1,bWH_A)RJ yrt2). And the fact that I(xP;x') = H(x!") >

n+A n
I(X17 1,b\1‘( +A)R] Y +A)_

— X{L,
Combining the two equalities we get (b). (c) is the chain
rule for mutual information. In (d), first notice that (x,y) are iid across time, thus
I(x1, yI"JrA) = I(x{;¥") = nl(x,y). Secondly entropy of a random variable is never less
than the mutual information of that random variable with another one, condition on other

random variable or not. Others are obvious. O

Lower bound the symbol-wise error probability

Now suppose this block-code were to be run with the distribution gy, s.t. H (qX|y) >
(1+ %)R, from time 1 to n, and were to be run with the distribution p,, from time n+1 to
n+ A. Write the hybrid distribution as @),. Then the block coding scheme constructed in
the previous section will with probability 1 make a block error. Moreover, many individual

symbols will also be in error often:

Lemma 18 If the source and side-information is coming from qx,, then there ewists

a 6 > 0 so that for n large enough, the feed-forward decoder will make at least

H(Qx\y)_ﬂ -
2logy | X[~ (H (¢x,)— "S5 R)

n symbol errors with probability § or above. § satisfies

A
hs + 6logy(|X] — 1) = nt

S (Hlag) ~ "S5R),

where hs = —dlogy § — (1 — 9) logy(1 — 9).
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Proof: Lemma 17 implies:

n
S H(%) > H(X) > —(n+ AR+ nH(qyy) (5.18)
i=1
The average entropy per source symbol for X is at least H(qy),) — %R. Now suppose that

H(%) > 5(H(qxy) — ntA R) for A positions. By noticing that H(%;) < logy |X|, we have

n

n+ A

S H(5) < Alogy | X] + (n— A) 5 (Hlg,) -
=1

R)

With (5.18), we derive the desired result:

H — AR
A (H(qxy) — "5 31+A
2logy |X| = (H(gxy) — "= R)

n

n (5.19)

Where 2logy | X| — (H(gy)y) — “t2 R) > 2log, |X| — H(gy)y) > 21og, |X| —logy |X] > 0

n

Now for A positions 1 < j1 < j2 < ... < ja < n the individual entropy H(x;) >

%(H (qx)y) — ntAR). By the property of the binary entropy function,

n

PrlX; # xo] = Pr[x; # %] = 0,

where zg is the zero element in the finite group 7y, O
We can pick j* = ja, by Lemma 18, we know that min{j*,n — j*} >
2
1 (H(QX|y)_7HT—LAR)

. A . . . .
2 71og, |X\—(H(qx|y)—%R)n’ so if we fix & and let n go to infinity, then min{j*,n — j*}

goes to infinity as well.

At this point, Lemma 15 and 18 together imply that even if the source and side-
information only behaves like it came from the hybrid distribution @, from time j* to
j* 4+ A and the source behaves like it came from a distribution ¢, from time 1 to j* — 1, the
same minimum error probability ¢ still holds. Now define the “bad sequence” set E;« as
the set of source and side-information sequence pairs so the type I delay A rate R decoder
makes an decoding error at j*. Formally

- = A,R — *+A —
Ejp ={(&,9)|lvj # Dy (E(@),y; "7, 1)}
where to simplify the notation, we write: ¥ = :U{*+A, T = :Ujl.**l, T = m§:+A, y = y§:+A.
By Lemma 18, Q,(E;+) > d. Notice that Ej« does not depend on the distribution of the

source but only on the encoder-decoder pair. Define J = min{n,j* + A}, and = xj*,

114



g = J . Now we write the strongly typical set

AS(ay) ={ (@: §) € X2 X YAV, r5(2) € (g(@) — €,4x(2) + €)
V(2,y) € X XY, gxy(2,y) > 0:755(2,Y) € (02 (7,Y) — €, G5y (7, 9) + €),
V(z,y) € X XY, @xy(2,y) =0:75:(2,y) =0 }

where the empirical distribution of (Z,y) is denoted by rz 5(x,y) = nzﬁfl’?j), the empirical

distribution of Z by rz(z) = 5.

Lemma 19 Q,, (Ej< N A5(qxy)) > § fm" large n and A.

Proof: Fix %, let n go to infinity, then min{j*, n — j*} goes to infinity. By the definition of
J, min{j*, J — j*} goes to infinity as while. By Lemma 13.6.1 in [26], we know that Ve > 0,
if J — j* and j* are large enough, then Qy, (A5(gxy)¢) < . By Lemma 18, Qy, (Ej+) > 6.
So

Qxy (Ej+ N AG(axy)) = Quy (Ej=) — Qxy(A(EJ(qu)c) =

|

Lemma 20 For all e < minxvy:pxy(x,ybo{pxy(x, y)}, V(& y) € A5(axy),

)

Py (7, )) > 9~ (T=3"+1) D@ Ipy)~(5* ~1)Dlas )~ TG

Qxy(fa

|

where G = ma{|XY] + Ty, (o0 0220 + s ¥+ s loma (5 + 1)

Proof: For (Z,y) € A5(qxy), by definition of the strong typical set, it can be easily shown
by algebra: D(rz z[pxy) < D(gxyllpxy) + Ge and D(rz||px) < D(gx|[px) + Ge.

o = _ = = *+A *+A
Pxy\T,Y) (1‘, y) _ pxy( ) Dxy (.%‘, x) (ij—&—l ) y?]+1 )
@y (Z,7) By (Z) @y (T, 9) pye (x?]_:—lA,ytj]_:rlA)

(
9= (J=3"+1)(D(rz 5llpxy ) +H(rz 7)) 90— (5*~1)(D(rzllpx)+H (rz))
9= (J=3*+1)(D(r; ;llgw)+H(rz 5)) 2—(*=1)(D(rzllax)+H(rz))
> 27 (J=3"+1)(D (@0 IPxy)+G )= (5 =) (D(gx[[px) +Ge)

r
— 9= (J=5"+1)D(gxy lIpxy) = (3" =1) D(gxllpx) —J Ge

(a) is true by Equation 12.60 in [26]. O
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Lemma 21 For all € < ming ,{py, (z,y)}, and large A, n:

Py (Bj) > 9= (J=5"+1)D(axy [IPxy) = (7" =1) D(ax|lpx) = J Ge

|

Proof: Combining Lemma 19 and 20:

Py (Eje) = pry(Ejr 0 A7 (Gxy))
> (BN Af](qu))Q*(J*j*H)D(qupry)*(j**1)D(qxllpx)*JG6
> 0o+ 1) Dt 9y ~(5* —1) Dlasllps)— TG

Final touch of the proof of Theorem 7

Now we are finally ready to prove Theorem 7. Notice that as long as H (qX| y) > %R,
we know § > 0 by letting € go to 0, A and n go to infinity proportionally. We have:
Pr(xj-(j* + A) # xj| = pxy(Ej+) > K2~ (J=3"+1)D(gxy lIpxy) — (3" —1) D(gxlIpx)

Notice that D(qxy|lpxy) > D(gx|lpx) and J = min{n,j* + A}, then for all possible

j* € [1,n], we have: for n > A

(J =7+ D) D(gyllpxy) + (7 = 1) D(axllpx) < (A +1)D(gyllpxy) + (0 = A = 1) D(gx[Ipx)

n—A
~ A(D(axyllpxy) + —x—Dlaxllpx))

For n < A
(J = 5"+ 1)D(axyllpxy) + (57 = 1) D(xlipx) < nD(gyllpry) = Al Dlaxy[[pxy))

Write a = %, then the upper bound on the error exponent is the minimum of the above

error exponents over all o > 0, i.e:

1
EYPP"(R) = min inf —D(qxy|lpxy) s
(R SRR o )

. 1-—
inf {
Gxy,1>2a>0:H(qy),)>(1+a) R Q

CD(gxllpe) + D(axy )}

This finalizes the proof. |
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5.6 Discussions

In this chapter, we attempted to derive a tight upper bound on the delay constrained
distributed source coding error exponent. For source coding with decoder only side-
information, we give an upper bound by using a feed-forward coding argument borrowed
from the channel coding literature [62, 67]. The upper bound is shown to be tight in two
special cases, namely independent side-information and the low rate regime in the com-
pression of encrypted data problem. We gave a generic achievability result by sequential
random binning. The random coding based lower bound agrees with the upper bound in
the compression of encrypted data problem. In the independent side-information case, the
random coding error exponent is strictly suboptimal. For general cases, there is a gap be-
tween the upper and lower bounds in the whole rate region. We believe the lower bound can
be improved by using a variable length random binning scheme. This is a difficult problem

and should be further studied.

We also studied delay constrained source coding with both encoder and decoder side-
information. With encoder side-information, this problem resembles lossless source coding,
thus delay constrained coding has a focusing type bound. The exponent with both encoder
and decoder side-information is strictly higher than the upper bound of the decoder only
case. This phenomenon is called the “price of ignorance” [18] and is not observed in block

coding. This is another example that block length is not the same as delay.
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Chapter 6

Future Work

In this thesis, we studied the asymptotic performance bound for several delay con-
strained streaming source coding problems where the source is assumed to be #d with
constant arrival rate. What are the performance bounds if the sources are not iid, what if
the arrivals are random, what if the distortion is not defined on a symbol by symbol basis?
What is the non asymptotic performance bounds for these problems? More importantly,
the main theme of this thesis is to figure out the dominant error event on a symbol by sym-
bol basis. For a specific source symbol with a finite end-to-end decoding delay constraint,
what’s the most likely atypical event that causes error? This is a fundamental question that

is not answered yet for several cases.
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6.1 Past, present and future

“This duality can be pursued further and is related to the duality between past and
future and the notions of control and knowledge. Thus we may have knowledge of the past

but cannot control it; we may control the future but have no knowledge of it.”

— Claude Shannon [74]

What is the past, what is the present and what is the future? In delay constrained
streaming coding problems, for a source symbol that enters the encoder at time ¢, we define
past as time prior to time ¢, present as time ¢, future as time between ¢ and time ¢ + A,
where A is the finite delay constraint. Time after ¢ + A is irrelevant. With this definition,

past, present and future is only relevant to a particular time t as shown in Figure 6.1

0 t t+A
G © © >~
past present future irrelevance

Figure 6.1. Past, present and future at time ¢

6.1.1 Dominant error event

For delay constrained streaming coding, what is the dominant error event (atypical
event) for time ¢? For a particular coding scheme, we define the dominant error event as
the event with the highest probability that makes a decoding error for the source symbol ¢.
For delay constrained lossless source coding in Chapter 2, we discovered that the dominant
error event for optimal coding is the atypical behavior of the source in the past, the future
does not matter! This is shown in Figure 6.2. The same goes for the delay constrained lossy
source coding problem in Chapter 3. However, the dominant error event for the sequential
random binning scheme is the future atypicality of the binning and/or the source behavior
as shown in Section 2.3.3. This illustrates that dominant error events are coding scheme

dependent.

We summarize what we know about the dominant error events for the optimal coding
schemes in Table 6.1. In th table, we put a v' mark if we completely characterized the
nature of the dominant error event, and a ? mark if we have a conjecture on the nature of

the dominant error event. Note:for source coding with decoder only side-information and
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Figure 6.2. Dominant error event for delay constrained lossless source coding is the atypi-

cality of the source between time ¢ — ﬁ and time ¢, a* is the optimizer in (2.7)
Past | Future | Both
Point-to-point Lossless (Chapter 2) v
Point-to-point Lossy (Chapter 3) v

Slepian-Wolf coding (Chapter 4)
Source coding with decoder only side-info (Chapter 5)
Source coding with both side-information (Chapter 5) | v

Channel coding without feedback [67] v
Erasure-like channel coding wit feedback [67] v
Joint source channel coding [15] ?

MAC [14], Broadcast channel coding [13] ?

Table 6.1. Type of dominant error events for different coding problems

joint source channel coding, we derive the upper bound by using the feed-forward decoder
scheme and the the dominant error event spans across past and future. However, the lower
bounds (achievability) are derived by a suboptimal sequential random binning scheme whose

dominant error event is in the future.

6.1.2 How to deal with both past and future?

In this thesis, we develop several tools to deal with different delay constrained streaming
source coding problems. For the lower bounds on the error exponent, we use sequential
random binning to deal with future dominant error events and we see that the scheme is
often optimal as shown in [67]. We use variable length coding with FIFO queue to deal with
past dominant error events as shown in Chapters 2 and 3. For the upper bounds, we use the
feedforward decoding scheme and a simple focusing type argument to translate the delay
constrained error event into a block coding error event and then derive the upper bounds.
Obviously, more tools are needed to deal with more complex problems. At what point can
we claim that we have developed all the needed tools for delay constrained streaming coding

problems in Figure 1.17

For those problems whose dominant error event spans across past and future, we do

not have a concrete idea of what the optimal coding scheme is. The only exception is the
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erasure-like channel with feedback problem in [67], this channel coding problem is a special
case of source coding with delay. For more general cases, source coding with decoder side-
information and joint source channel coding, we believe that the “variable length random
binning” scheme should be studied. This is a difficult problem and more serious research

needs to be done in this area.
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6.2 Source model and common randomness

In this thesis, the sources are always modeled as iid random variables on a finite alphabet
set. This assumption simplifies the analysis and captures the main challenges in streaming
source coding with delay. Our analysis for lossless source coding in Chapter 2 can be easily
generalized to finite alphabet stationary ergodic processes. The infinite alphabet case [59] is
very challenging and our current universal proof technique does not apply. For lossy source
coding in Chapter 3, an important question is: what if the sources are continuous random
variables instead discrete and the distortion measures are Lo distances? Is a variable length
vector quantizer with FIFO queueing system still optimal? Another interesting case is that
we do not have any assumption on the statistics of the source at all. This is the individual
sequence problem [11]. It seems that our universal variable length code and FIFO queue
would work just fine for individual sequences for the same reason that Lempel-Ziv coding is
optimal for individual sequences. A rigorous proof is needed. In our study of lossy source
coding, we focus on the per symbol loss case. What if the loss function is defined as an
average over a period of time? What can we learn from the classical sliding-block source

coding literature [45, 44, 7, 77]?

Another very interesting problem is when multiple sources have to share the same
bandwidth and encoder/decoder. We recently studied the error exponent tradeoff in the
block coding setup. The delay constrained performance for multiple streaming sources is a
more challenging problem. Also, as mentioned in Section 1.2, random arrivals of the source
symbols poses another dimension of challenges. Other than several special distributions of
the inter-symbol random arrivals, we do not have a general result on the delay constrained
error exponent. For the above problems, techniques from queueing theory [42] might be

useful.

In the proofs of the achievabilities for delay constrained distributed source coding in
Chapters 4 and 5 and channel coding [13, 14], we use a sequential random coding scheme.
This assumes that the encoder(s) and the decoder(s) share some common randomness. The
amount of randomness is unbounded since our coding system has an infinite horizon. A
natural question is if there exists a encoder decoder pair that achieve the random coding
error exponents without the presence of common randomness. For the block coding cases,
the existence is proved by a simple argument [26, 41]. However, this argument does not

apply to the delay constrained coding problems because we are facing infinite horizons.
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6.3 Small but interesting problems

In Chapter 2, we showed several properties of the delay constrained source coding error
exponent E¢(R), including the positive derivative of the error exponent at the entropy rate
etc. One important question is whether the exponent E4(R) is convex U. We conjecture
that the answer is yes although the channel coding counter part can be neither convex
nor concave [67]. We also conjecture that the delay constrained lossy source coding error
exponent Fp(R) is convex U. This is a more difficult problem, because there is no obvious
parametrization of Ep(R), thus the only possible way to show the concavity of Ep(R) is
through the definition of Ep(R) and show a general result for all focusing type bounds.
An important question is: what is the sufficient condition for F'(R) such that the following
focusing function E(R) is convex U?

E(R) = inf 2F((1+a)R) (6.1)

a>0

We do not have a parametrization result for the upper bound on the delay constrained
source coding with decoder side-information as shown in Theorem 7. A parametrization

result like that in Proposition 7 can greatly simplify the calculation of the upper bound.

We use the feed-forward coding scheme in upper bounding the error exponents. All
the problems we have studied using this technique are point to point coding with one en-
coder and one decoder. An important future direction is to generalize our current technique
to distributed source coding and channel coding. This should be a reasonably easy prob-
lem for delay constrained Slepian-Wolf coding by modifying the feed-forward diagram in
Figure 5.15.

Lastly, we study the error exponents in the asymptotic regime, i.e. the error exponent
tells how fast the error probability decays to zero when the delay is long as shown in (1.2)
with =~ instead of =. In order to accurately bound the error probability in the short delay
regime, we cannot ignore the often ignored polynomial terms in the expressions of error
probabilities. This could be an extremely laborious problem that lacks the mathematical

neatness. We leave this problem to more practically minded researchers.

I do not expect my thesis be error free. Please send your comments, suggestions, ques-

tions, worries, concerns, solutions to the open problems to chechang@ocf.berkeley.edu
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Appendix A

Review of fixed-length block source

coding

We review the classical fixed-length block source coding results in this Chapter.

A.1 Lossless Source Coding and Error Exponent

b%nRJ

) Encoder | - Decoder |, Z¥

Figure A.1. Block lossless source coding

Consider a discrete memoryless iid source with distribution py defined on finite alphabet
X. A rate R block source coding system for n source symbols consists of an encoder-decoder

pair (&,, D), as shown in Figure A.1, where

Ent X" — {0, 1}B g (am) = pin
D, : {0,138 — xn "y = an

The probability of block decoding error is Pr[x{* # Xi'] = Pr[x{* # Dp(En(x]"))]-
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In his seminal paper [72], Shannon proved that arbitrarily small error probabilities are
achievable by letting n get big as long as the encoder rate is larger than the entropy of the
source, R > H(py), where H(px) = >, —px(x)logpx(z). Furthermore, it turns out that

reX

the error probability goes to zero exponentially in n.

Theorem 9 (From [29]) For a discrete memoryless source x ~ pyx and encoder rate R <

log |X],

Ve >0, K < o0, s.t. Yn >0, 3 a block encoder-decoder pair &,,D,, such that
Pr[x] # X1 < K27 "(Fap(R)=¢) (A1)

This result is asymptotically tight, in the sense that for any sequence of encoder-decoder

pairs En, Dn,

1 ~ ) 1
lim sup - log Prix{" # X{'] = limsup - log Pr(x{" # Dp(En(x7"))] < Esp(R) (A.2)

n—oo n—oo

where Egp(R) is defined as the block source coding error exponent with the form:

FEsp(R)= min D X A3
»(R) i (qllpx) (A.3)
Paralleling the definition of the Gallager function for channel coding [41], as mentioned

as an exercise in [29]:
Esp(R) = sup{pR— Ey(p)} (A.4)

p=0
1

where Eyp(p) = (1+p)10g[sz($)m]

In [29], it is shown that if the encoder randomly assigns a bin number in {1,2, ..., 2l7%]}
with equal probability to the source sequence and the decoder perform a maximum likeli-
hood or minimum empirical entropy decoding rule for the source sequences in the same bin,

the random coding error exponent for block source coding is:

E.(R) = m;n{D(QI\px)JrIR—H(Q)I*}

= zl[tpl]{pR — (1+ p)log]> _ px(z) 0]} (A5)

where |t|T = max{0,¢}. This error exponent is the same as the block coding error exponent

(A.3) in the low rate regime and strictly lower than the block coding error exponent in the
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high rate regime [29]. In Section 2.3.3, we show that this random coding error exponent is
also achievable in the delay constrained source coding setup for streaming data. However,
in Section 2.5.1 we will show that the random coding error exponent and the block coding
error exponent are suboptimal everywhere for R € (H (px),log|X|) in the delay constrained

setup.

A.2 Lossy source coding

Now consider a discrete memoryless iid source with distribution p, defined on X. A rate
R block lossy source coding system for N source symbols consists of an encoder-decoder

pair (En,Dy), as shown in Figure A.2, where
. pyn [nR] ny _ 1 |nR]
En: X" —{0,1} , En(al) = by
D {0, 3R — ym D, ") = gy
Instead of attempting to estimate the source symbols x{¥ exactly as in Chapter 2, in lossy

source coding, the design goal of the system is to reconstruct the source symbols va within

an average distortion D > 0.

blLN R|

X Encoder |, - Decoder |, le

Figure A.2. Block lossy source coding

A.2.1 Rate distortion function and error exponent for block coding under

average distortion

The key issue of block lossy source coding is to determine the minimum rate R such
that the distortion measure d(x{",y{¥) < D is satisfied with probability close to 1. For the
average distortion, we denote by the distortion between two sequence as the average of the

distortions of each individual symbols:
1 N
N Ny _ Z o
d(xl 7y1 ) - N — d(x“yl)
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In [74], Shannon first proved the following rate distortion theorem:

Theorem 10 The rate-distortion function R(D) for average distortion measures:

R(px,D) 2 min I(py, W) (A.6)

Wewp

where Wp is the set of all transition matrices that satisfy the average distortion con-

straint, i.e.
Wp = A{W : Y px(@)W (yla)d(z,y) < D}.
Ty

Operationally, this lemma says, for any ¢ > 0 and 6 > 0, for block length N big enough,
there exists a code of rate R(px, D)+ €, such that the average distortion between the source

string X{V and its reconstruction le is no bigger than D with probability at least 1 — 4.

This problem is only interesting if the target average distortion D is higher than D and

lower than D, where

D2 pe() min d(z, )

D2 min 3 pi(o)dlz ).
The reasoning for the above statement should be trivial. Interested readers may read [6].

For distortion constraint D > D, we have the following fixed-to-variable length coding
result for average distortion measure. To have Pr[d(x{', y{") > D] = 0, we can implement a

universal variable length prefix-free code with code length Ip(2)) where
Ip(x1) = n(R(p,x, D) + on) (A7)

where PN is the empirical distribution of a:{v , and oy goes to 0 as N goes to infinity.

This is a simple corollary of the type covering lemma [29, 28] which is derived from the

Johnson— Stein—Lovész theorem [23].

It is widely know that R(px, D) is convex U on D for fixed py [5]. However, the rate
distortion function R(px, D) for average distortion measure is in general non-concave, non-N,

in the source distribution p, for fixed distortion constraint D as pointed out in [55].

Now we present the large deviation properties of lossy source coding under average

distortion measures from [55],
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Theorem 11 Block coding error exponent under average distortion:

n—oo

1
lim inf _N 10g2 Pr[d(va7 le) > D] _ E%average(R)

b,average .
where B} °(R) = qX:Rgil,%bRD(qXHpX) (A.8)

where le is the reconstruction of x{v using an optimal rate R code.

A.3 Block distributed source coding and error exponents

In the classic block-coding Slepian-Wolf paradigm [79, 29, 39] (illustrated in Figure 4.1),
full length-N vectors! xV and y are observed by their respective encoders before communi-
cation starts. In the block coding setup, a rate-(R;, Ry) length-N block source code consists

of an encoder-decoder triplet (£, EX;, Dn), as we will define shortly in Definition 13.

Definition 13 A randomized length-N rate-(R., R,) block encoder-decoder triplet

(E%,E%,Dy) is a set of maps ?

EL o AN - {01}V e.g., E%(zN)=alVlt=

EL o YN = {0, 13N e.g., EX(yN)=0bN1

Dy : {0,1}VFe x {0,1}VFy — AN x YN eg., Dy(aVBe V) = (2N, 5V)
where common randomness, similar to the point-to-point source coding case in Section 2.3.3,
shared between the encoders and the decoder is assumed. This allows us to randomize the

mappings independently of the source sequences.

The error probability typically considered in Slepian-Wolf coding is the joint error prob-
ability, Pr[(x™,yN) # (XN, 7)) = Pr[(x, yV) # DN (EL(XN), EX(yN))]. This probability
is taken over the random source vectors as well as the randomized mappings. An error
exponent E is said to be achievable if there exists a family of rate-(R,, R,) encoders and
decoders {(EF,EX;, D)}, indexed by N, such that
lim —%logPr[(xN, YN £ &V 5V > E. (A.9)

N—oo

Tn the block coding part, we simply use x” instead of x{¥ to denote the sequence of random variables
X1y eeeey XN«

2For the sake of simplicity, we assume N R, and N R, are integers. It should be clear that this assumption
is insignificant in the asymptotic regime where N is big and the integer effect can be ignored.
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In this thesis, we study random source vectors (xV,y") that are iid across time but

may have dependencies at any given time:

N
Py (2™, ™) = [ [ oo (i 03)-
=1

Without loss of generality, we assume the marginal distributions are non zero, i.e. py(z) > 0

for all z € X, and p,(y) >0 forally € Y,

For such iid sources, upper and lower bounds on the achievable error exponents are

derived in [39, 29]. These results are summarized by the following Lemma.

Theorem 12 (Lower bound) Given a rate pair (Ry, Ry) such that R, > H(x|y), R, >

H(y|x), Ry + Ry > H(x,y). Then, for all
B < min D(psylpwy) + | min{Rs + Ry — H(x,3), Re ~ H(xly), By = H7R)| " (4.10)

there exists a family of randomized encoder-decoder mappings as defined in Definition 13

such that (A.9) is satisfied. In (A.10) the function |z|" =z if 2 >0 and |z|T =0 if 2 < 0.

(Upper bound) Given a rate pair (R, R,) such that R, > H(x|y), R, > H(y|x), Ry +
R, > H(x,y). Then, for all
E > min min D(pxy||pxy ), min D(pxy||pxy ), min D(pxy||px
{ i Dlosslog)  min  Dlosglps). | min  Dipsslin) |
(A.11)

there does not exists a randomized encoder-decoder mapping as defined in Definition 13 such

that (A.9) is satisfied.

In both bounds (X,y) are arbitrary random variables with joint distribution pxy.

Remark: Aslong as (R, Ry) is in the interior of the achievable region, i.e., R, > H(x|y),
R, > H(y|x) and R,+R, > H(x,y) then the lower-bound (A.10) is positive. The achievable
region is illustrated in Fig A.3. As shown in [29], the upper and lower bounds (A.11)
and (A.10) match when the rate pair (R;, R,) is achievable and close to the boundary of
the region. This is analogous to the high rate regime in channel coding, or the low rate
regime in source coding, where the random coding bound (analogous to (A.10)) and the

sphere packing bound (analogous to (A.11)) agree.
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Theorem 12 can also be used to generate bounds on the exponent for source coding with
decoder side-information (i.e., y observed at the decoder), and for source coding without

side information (i.e., y is independent of x and the decoder only needs to decode x).

Corollary 3 (Source coding with decoder side-information) Consider a Slepian- Wolf prob-
lem where y is known by the decoder. Given a rate R, such that R, > H(x|y), then for
all

E < min D(psyllpsy) + [Fa — H(x|y)I", (A.12)

there exists a family of randomized encoder-decoder mappings as defined in Definition 13

such that (A.9) is satisfied.

The proof of Corollary 3 follows from Theorem 12 by letting R, be sufficiently large
(> log|X|). Similarly, by letting y be independent of x so that H(x|y) = H(x), we get the
following random-coding bound for the point-to-point case of a single source x which is the

random coding part of Theorem 9 in Section A.1.

Corollary 4 (point-to-point) Consider a Slepian- Wolf problem where y is independent of

x, Given a rate R, such that R, > H(x), for all
E < min D(px|lpx) + |R: — H(X)|" = Er(Ry) (A.13)

there exists a family of randomized encoder-decoder triplet as defined in Definition 13 such

that (A.9) is satisfied.

A.4 Review of block source coding with side-information

As shown in Figure 5.1, the sources are iid random variables x{*, y{* from a finite alphabet
X x Y with distribution py,. Without loss of generality, we assume that p,(z) > 0, Vo € X
and py(y) > 0, Yy € ). x{" is the source known to the encoder and y{* is the side-information
known only to the decoder. A rate R block source coding system for n source symbols

consists of an encoder-decoder pair (&,,D,,). Where

En: X" — {0,1}1"R)] En(at) = b
D, : {0, 1318 x ym — xm, D, (b yy) = a7
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Achievable
Region
H(y)
H(y|x)

. Ry
H(xly) H(x) log | X|

Figure A.3. Achievable region for Slepian-Wolf source coding

The error probability is Pr{xj* # X['] = Pr[x{* # D (En(x7"), y1')]. The exponent Ej; ,(R)

is achievable if 3 a family of {(&,, D)}, s.t.

1
lim - log, Pr[xi" # X{'| = Egip(R)

n—oo

The relevant results of [29, 39] are summarized into the following theorem.

Theorem 13 E9%¢"(R) < Eg; ,(R) < EYPP"(R) where

si,b st,b

EZ7(R) = min{D(qq lpx) +10. R — H(gq,)|"}

EUPPET Ry . D
si,b (R) quZHI&ljly)ZR{ (QXprxy)}

Where these two error exponents can also be expressed in a parameterized way:

1
ElQ’er’r‘ R — R—1 N , i1, 1+pe
%47(R) = maxp Og[%:[%:p y (2, y) 0]
1
E'P"(R) = max pR—1lo Py (z, y) T2 |17
wp (B) = max p g[%:[g y(z,y) T )14
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It should be clear that both of these bounds are only positive if R > H(p,,). As shown
in [29], the two bounds are the same in the low rate regime. Furthermore, with encoder side-
information, similar to the case in Theorem 9, the block coding error exponent is E:Zp v"(R).
Thus in the low rate regime, the error exponents are the same with or without encoder side-
information. Due to the duality between channel coding and source coding with decoder
side-information, in the high rate regime one can derive an expurgated bound, as done by

Gallager [41] for channel coding, to tighten the random coding error exponent. Interested

readers may read Ahlswede’s very classical paper [2] and some recent papers [22, 64].

139



Appendix B

Tilted Entropy Coding and its

delay constrained performance

In this appendix, we introduce another way to achieve the delay constrained source
coding error exponent in Theorem 1. This coding scheme is identical to our universal
coding scheme introduced in Section 2.4.1, except that we use a non-universal fixed-to-
variable length prefix-free source code based on tilted entropy code. The rest of the system
is identical to that in Figure 2.11. This derivation first appeared in our paper [20] which
is a minor variation of the scheme analyzed in [49]. Just as in the universal coding scheme
in Section 2.4.1 and [49], the queuing behavior is what determines the delay constrained
error exponent. Rather than modeling the buffer as a random walk with and analyze the
stationary distribution of the process as in [49], here we give an alternate derivation by

applying Cramér’s theorem.

B.1 Tilted entropy coding
We replace the universal optimal source code with the following tilted entropy code

first introduced by Jelinek [49]. This code is a Shannon-code! built for a particular tilted

distribution for py.

Definition 14 The A-tilted entropy code is an instantaneous code Cn, for A > —1. It is a

1Code length proportional to the logarithm of the inverse of probability.
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mapping from XN to a variable number of binary bits.
1 N
O (a}') = 5"

where [(z) is the codeword length for source sequence xi¥. The first bit is always 1 and

the rest of the codewords are the Shannon codewords based on the X\ tilted distribution of px

I(z7) = 1+ [—log, —— |
pX(Sjlv)l A
sNexN
N T
< 2 logy ) (B.1)
i=1 px(s)ﬁ

From the definition of I(Z), we have the following fact:

loga( > P2V} <20+ Nlogy[(Y pelw)' ™53 (Y pela) 55)]
zexN x x

= 2X + N(1+A)logy[ px(a) 7]

= 2X\ + NEo()) (B.2)

This definition is valid for any A > —1. As will be seen later in the proof, for a rate
R delay constrained source coding system, the optimal A is A = p*, where p* is defined in
(2.57):
p*R = Eo(p")

From (B.1), the longest code length lj\\, is

1N <2— Nlogy ——=n—— (B.3)
D, Px(s) T
seEX
Where py_.. = minpy(x). The constant 2 is insignificant compared to N.

zeX
This variable-length code is turned into a fixed rate R code as follows that in Sec-
tion 2.4.1. The delay constrained source coding scheme is illustrated in Figure 2.11. At
time kN, k = 1,2, ... the encoder £ uses the variable length code Cy, to encode the kth
source block Ty = :cfév_l)NH into a binary sequence b(k)1,b(k)2, ...b(k)yz,). This codeword
is pushed into a FIFO queue with infinite buffer-size. The encoder drains a bit from the
queue every % seconds. If the queue is empty, the encoder simply sends 0’s to the decoder

until there are new bits pushed in the queue.
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The decoder knows the variable length code book and the prefix-free nature? of the

Shannon code guarantees that everything can be decoded correctly.

B.2 Error Events

The number of the bits 2, in the encoder buffer at time kN, is a random walk process
with negative drift and a reflecting barrier. At time (k + d)N, where dN = A, the decoder
can make an error in estimating X, if and only if part of the variable length code for source

block X, is still in the encoder buffer.

Since the FIFO queue drains deterministically, it means that when the k-th block’s
codeword entered the queue, it was already doomed to miss its deadline of dN = A.
Formally, for an error to occur, the number of bits in the buffer Q; > [dNR = AR)].
Thus, meeting a specific end-to-end latency constraint over a fixed-rate noiseless link is
like the buffer overflow events analyzed in [49]. Define the random time ¢ N to be the
last time before time kKN when the queue was empty. A missed-deadline occurs only if
SF L U&E) > (d+k—ty)NR = (kN — t;, N + A)R.

=t +1

For arbitrary 1 <t¢ < k — 1, define the error event

(Zz (d+Fk—t) NR) (Zz k:N—tkNJrA)R)

Using Cramér theorem|[31], we derive a tight, in the large deviation sense, upper bound

k,d
on Pye(t).

As a simple corollary of the Cramér theorem, we have an upper bound on P]’f]’d(t).
k
Pyi(t) = P ( S UR) = (d+ k- t)NR)

k
1 .. _ (d+k—t)NR
P<k_t-z )= k—t )
i=t+1
< (k- t)|/‘f|N2—EN(CNA R,k—t,d)

Where by using the fact in (B.2) and noticing that the 2\ is insignificant in (B.2), we have

2The initial 1 is not really required since the decoder knows the rate at which source-symbols are arriving
at the encoder. Thus, it knows when the queue is empty and does not need to even interpret the Os it
receives.
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the large deviation exponent:

EN(CNA7R7k_t7d) >

d+k—t)NR o
(k—t) psel;g{p(k_t) - logz(fg;v px(@)2"
(k- TEZONE (37 (@)
TexnN
(k — t)N()\W - % — Eo(N))
ANAR + (k — t)N[AR — Eo(\) — %

(B.4)

B.3 Achievability of delay constrained error exponent F,(R)

We only need to show that for any € > 0, by appropriate choice of N, A, it is possible

to achieve an error exponent with delay of F4(R) — €, i.e. for all i, A,

Pl“[Xj ;é /)?J('] + A)] < KQ_A(ES(R)_E)

From (2.57), we know that Fs(R) = Ey(p*), where p*R = Ey(p*).

Proof: For the tilted entropy source coding scheme of Cy y, the decoding error for the

k" source block at time (k + d)N is® lef,’d. N is the last time before k& when the buffer is

empty.

Prlx; # X;(j + A)]

IN

IN

k

> Py

t=0

k—1 k

Yp (tk =t > (%)= (d+k:—t)NR>

t=0 i=t+1

k—1 k

yor ( > Uz = (d+k—t)NR>

t=0 i=t+1

k—1

(k—t+ 1)|X|N27EN(CNA,R,k7t,d)

t=0
k—1

9—dNAR Z<k it 1)|X\N2f(k7t)N[/\Ron()\)f%]
t=0

The above equality is true for all N, A. Pick A = p* — 5. From Figure 2.12, we know
that AR — Eg(\) > 0. Choose N > sz—2—. Then define

Eo(N))

o0

K(e, R,N) = Z(i + 1)|X\N2—iN[>\R—E0()\)—%] <o

=0

3Here we denote j by kN, and A by dN.
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which is guaranteed to be finite since dying exponentials dominate polynomials in sums.

Thus:
Prx; # %;(j + A)] < K ()27 = K ()27 = K(¢, R, N)2~ A" =9

where the constant K (e, R) does not depend on the delay in question. Since Eyp(p*) = p*R
and the encoder also is not targeted to the delay A, this scheme achieves the desired delay

constrained exponent as promised.
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Appendix C

Proof of the concavity of the rate
distortion function under the peak

distortion measure

In this appendix, we prove Lemma 5 which states that the rate distortion function

R(p, D) is concave N in p.

Proof: To show that R(p, D) is concave N in p, it is enough to show that for any two
distributions pg and p; and for any A € [0, 1],

R(px, D) 2 AR(po, D) + (1 = A)R(p1, D)
where py = Apo + (1 — A\)p1. Define:
W* = argmin I (py, W)
Wewp

From the definition of R(p, D) we know that

R(px,D) = I(px,W")

> M(po, W*) + (1 = NI (p1, W") (C.1)
> X\ min I 1—)\) min I
Z A min (Po, W) + ( )WrreuygD (p1, W)

= AR(po, D) + (1 = A)R(p1, D)

(C.1) is true because I(p, W) is concave N in p for fixed W and py = Apg + (1 — A\)p1. The
rest are by the definition. O

145



Appendix D

Derivation of the upper bound on
the delay constrained lossy source

coding error exponent

In this appendix, we prove the converse of Theorem 2. The proof is similar to that of

the converse of the delay constrained lossless source coding error exponent in Theorem 1.

To bound the best possible error exponent with fixed delay, we consider a block coding
encoder/decoder pair that is constructed by the delay constrained encoder/decoder pair
and translate the block-coding error exponent for peak distortion in Lemma 6 to the delay
constrained error exponent. The arguments are analogous to the “focusing bound” deriva-
tion in [67] for channel coding with feedback and extremely similar to that of the lossless
source coding case in Theorem 1. We summarize the converse of Theorem 2 in the following

proposition.

Proposition 12 For fized-rate encodings of discrete memoryless sources, it is not possible

to achieve an lossy source coding error exponent with fized-delay higher than

inf 2B ((a+ 1)R) (D.1)

a>0
from the definition of delay constrained lossy source coding error exponent in Definition 4,

the statement of this proposition is equivalent to the following statement:

146



For any £ > info éE%((a + 1)R), there exists an positive €, such that for any K < oo,
a>

there exists i > 0, A > 0 and

Prd(x;, y;(i + A)) > D] > K2~ AFp({)=9)

Proof: We show the proposition by contradiction. Suppose that the delay-constrained

error exponent can be higher than inf0 LEY((a+1)R). Then according to Definition 4, there
a>

exists a delay-constrained source coding system, such that for some £ > Olgfo éEbD((a—l—l)R),

for any positive real value €, there exists K < oo, such that for all ¢ > 0, A >0
Prd(x;, yi(i + A)) > D] < K2~ 4(F=9)
so we choose € > 0, such that

E —¢> inf lEﬁ,((a +1)R) (D.2)

a>0

Then consider a block coding scheme (€, D) that is built on the delay constrained lossy
source coding system. The encoder of the block coding system is the same as the delay-

constrained lossy source encoder, and the block decoder D works as follows:

Yi=0n1+A),y22+A), . yi(i + A))

Now the block decoding distortion of this coding system can be upper bounded as

follows, for any ¢ > 0 and A > O:

Prd(xl,y}) > D] = ZPr[max d(xi, yi) > D]
t=1 ’
< ) Prld(xi,yi(i + A)) > D]
t=1
S ZK2—A(E—€)
t=1
= K27 AF9 (D.3)

The block coding scheme (£, D) is a block source coding system for i source symbols
by using | R(i + A)] bits hence has a rate w < Z£AR. From the block coding result
in Lemma 6, we know that the lossy source coding error exponent E]bD(R) is monotonically
increasing in R, so EbD(LR(ZZi)J) < EbD(M) Again from Lemma 6, we know that the
block coding error probability can be bounded in the following way:

R(i+4)

Prld(x!,y!) > D] > 2 {Ep(T57)te) (D.4)
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where lim ¢; = 0.
1—00

Combining (D.3) and (D.4), we have:
271(E%(M)+61) < i K9 AE=
Now let o = %, a > 0, then the above inequality becomes:

o—i(Ep(R(1+a))+e) ~ g—ia(E=e=0i) 411 hence:

E—-e< é(EbD(R(l +a)+e)+b6; (D.5)

log K
i

where 0; = , 50 lim 6; = 0. The above inequality is true for all ¢, « > 0, and

1— 00

lim 0; =0, lim ¢; = 0. Taking all these into account, we have:
71— 00 1— 00

R
—e< — .
E—e< él;f;) aED(R(l +a)) (D.6)

Now (D.6) contradicts with the assumption in (D.2), thus the proposition is proved. [ |
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Appendix E

Bounding source atypicality under

a distortion measure

In this appendix, we prove Lemma 7 in Section 3.4.2

Proof: We only need to show the case for r > R(py, D). By Cramér’s theorem [31], for
all e > 0, there exists K1, such that

n 1 n

Pr[z Ip(X%) >nNr| = Pr[; le()?}) > Nr]
i=1 i=1

< K12—n(zi>n]\f]TI(z)—el)

where the rate function I(z) is [31]:

I(2) = sup{pz —logy( > px(#)27'PD)} (E.1)

p20 (Tex N
It is clear that I(z) is monotonically increasing with z and I(z) is continuous. Thus

Zi>n]\f]rf(z) =I(Nr) (E.2)

Using the upper bound on Ip (%) in (3.6):
log, ( Z px(E)2°P@) < log,( Z 9~ ND(axllpx) 9p(On+NE(ax.D)))

gexN G ETN
10g2(2N6N 2—N minqx{D(QX||Px)—pR(qx,D)—p6N})

IN

= N( - H;in{D(QXpr) — pR(qx, D) — pon} + EN)
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where 7% is the set of types of XV, and 2VN is the number of types in XN, 0 < ey <

%, S0 ey goes to 0 as IV goes to infinity.

Substitute the above inequalities into (E.1):

I(N7) > N(iglg{rr;in p(r — R(qx, D) — 6n) 4+ D(qx|lpx)} — en) (E.3)

Next we show that I(Nr) > N(E%(r) + €,) where € goes to 0 as N goes to infinity. We

show the existence of a saddle point of the function

f(ax; p) = p(r = R(gx; D) = 0n) + D(gx|px)

Obviously, for fixed gx, f(gx,p) is a linear function of p, thus concave N. Also for fixed
p >0, f(gx,p) is a convex U function of g, because both —R(gx, D) and D(gx||px) are

convex U in gy. Write

g(u) = min Sglg(f (ax, p) + pu)
X p>

Showing that g(u) is finite around u = 0 establishes the existence of the saddle point as

shown in Exercise 5.25 [10].

minsup f(g, p) + pu =) minsupp(r — R(gx, D) — 0n +u) + D(gx|[px)

< ; g ~ R(qu.D) — 6x + 5

=(b) qX:R(qX,I)%IZHT_dN_"_u plzllo) P(T (qX ) N U) + (qXHpX)
< . D

_(C) qX;R(q)ﬁg;lZIlT_éN_’_u (qXpr)

<@

(a) is by definition. (b) is true because R(px, D) < r < Rp, thus for very small 65 and u,
R(px, D) < r—3n+u < Rp. Thus there exists a distribution g, s.t. R(qx, D) > r—6n +u.
(c) is because R(qx, D) > r—0n+wu and p > 0. (d) is true because we might as well assume
that py(x) > 0 for all # € X, and r — dy + u < Rp. Thus we proved the existence of the
saddle point of f(q, p).

sup{min f(q, p)} = min{sup f(q, p)} (E.4)
p>0 1 7  p>0

Note that if R(qx,D) < 1 — 0y, p can be chosen to be arbitrarily large to
make p(r — R(qx,D) — dn) + D(qgx||px) arbitrarily large. Thus the gy to minimize

sup p(r — R(gx, D) — dn) + D(gx||px) satisfies r — R(gx, D) — dn > 0. So
p=0
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min{sup p(r — R(qx, D) — 6n) + D(axyllPxy)} =(a) min sup

I p>0 ax:R(gx, D)>r—5N p>0
{p(T - R(QXa D) - 5N) + D(Qx”px)}
= min D(q.||px
®) qx:R(qX,D)zr—M{ (axllpx)}
= Ep(r—on) (E.5)

(a) follows from the argument above. (b) is because r — R(gx, D) — dny < 0 and p > 0,
and hence p = 0 maximizes p(r — R(gx, D) —dn). (c¢) is by definition in (3.5). By combining
(E.3), (E.4) and (E.5), letting N be sufficiently big so that dy is sufficiently small, and

noticing that E%(r) is continuous in 7, we get the desired bound in (3.7). O
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Appendix F

Bounding individual error events

for distributed source coding

In this appendix, we prove Lemma 9 and Lemma 11. The proofs have some similarities

to those for the point-to-point lossless source coding in Propositions 3 and 4.

F.1 ML decoding: Proof of Lemma 9

In this section we give the proof of Lemma 9, this part has the same flavor as the proof
of Proposition 4 in Section 2.3.3. The technical tool used here is the standard Chernoff
bound argument, or “the p thing” in Gallager’s book [41]. This technique is perfected by
Gallager in the derivation of the error exponents for a series of problems, cf. multiple-access

channel in [37], degraded broadcast channel in [40] and for distributed source coding in [39].

The bound depends on whether [ < k or [ > k. Consider the case for [ < k,

pn(lvk) = Z ny(x?ayqf)

TTyr

Pr[3 (27, 97) € Bu(z]) x By(y1') N Full, b, 27, Y1) 8.t ay (27, y7) < Py (T1, 77)]
< ) min [1, > Pr(z} € By (27), 1 € By(y1)]| pxy (21, y7)

z7 Y7 G0 € Full bk, x, yl)

pxy(w?v 7/11) < pxy(‘i?7 17?)

(F.1)
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<Y min [1, ) 4 x 2—(n—l+1)Rx—(n—k+1)Ry]pxy(q;?’yln) (F.2)

n o, m
xl ’yl (-Z] Yy ERS Z/ -1 :llk71

ny(zz Y ) < ny(a_flnagln)
< 4 % § min |:1, E 27(n71+1)RI7(n7k+1)Ry
SR R

k—1 | k—1 ~n -~
1 (B~ 5 ™ Wy T 5 > Py 28,91 oy (2 )

<4x > min [1, $ gl Rkt )Ry

zyr 'k

k—1

k—1 ~n ~n

. Pxy(Z] 0y )Pxy (TR, UR)

min |1, =2 ln Zy a— Py (2, 1)
pxy(xlayl)

< 4x
1

~k—1 k-1 ~n ~n +p | P
n— e Py (E 5y )Py (T U1)
Z [Z e (n—I+1)Ry—(n k+1)Ry[ y\ ] l Y\LEr Ik pxy(:ﬂ?,yln)

xn n
opar Lamgr pxy( 173/1)

(F.3)

P
1
> [Z [ (2L, )pxym,yk)]w] Pry (& ) T
iy LIty

— 4 x 27(n7l+1)psz(n7k+1)pRy

1 e 1 L P
> [pry (@) +”H2pxy(wf Ly ”}
k 1

z &)

(]
Z Py (T1 Ui Hp} Z Pxy xkayk)“'“

IR Tyl
— 4 x 2—(n—l+1)pr—(n—k+1)pRy

> [pry af Ly liprﬂ)] [ 3 plaf yp) T }Hp
1

‘ylk xl TRYp
— 4 x 2—(n—l+1)pr—(n—k+1)pRy

[ [Srten ] ] [Sroten ]
-2

(k1) [pRzlog [Zy [prx,y(z,y)ﬁ} 1+p]]

=4 x2

(k1) [p(Rx+Ry>—<1+p> log [zm,ypxmy)iiﬂ]
2
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=4 % 27(kfl)Ez|y(RI7p)7(n7k+1)EIy(szRyrp) (F5)

=4x2 (F.6)
é 4 « 2—(’)’L—l+1) SuppE[O,l] {niiﬁlEz\y(szp)"rziI;ill Ezy(Rvayvp):| (F?)
— 4 x 2—(n—l+1)E£/1L(Rm,Ry,n’ii?+l1)

—4 % 2—(n—l+1)Ex(vaRyvn57ﬁ_1)' (F.8)

In (F.1) we explicitly indicate the three conditions that a suffix pair (Z}, §;) must satisfy
to result in a decoding error. In (F.2) we sum out over the common prefixes (z'~', 4/ ™!), and
use the fact that the random binning is done independently at each encoder, thus we can use
the inequalities in (4.6) and (4.7). We get (F.3) by limiting p to the interval 0 < p <1, as
in (2.25). Getting (F.4) from (F.3) follows by a number of basic manipulations. In (F.4) we
get the single letter expression by again using the memorylessness of the sources. In (F.5)
we use the definitions of F,, and E, from (4.9) in Theorem 3. Noting that the bound holds
for all p € [0, 1], optimizing over p results in (F.7). Finally, using the definition in (4.8) and
the remark following Theorem 5 that the maximum-likelihood and universal exponents are

equal gives (F.8). The bound on p,(l, k) when [ > k, is developed in the same fashion. [
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F.2 Universal decoding: Proof of Lemma 11

In this section, we prove Lemma 11. We use the techniques called method of types
developed by Imre Csiszar. This method is elegantly explained in [29] and [28]. The proof
here is similar to that for the point-to-point case in the proof of Proposition 4. However,
we need the concept of V-shells defined in [29]. Essentially, a V-shell is the conditional
type set of y sequence given x sequence where x and y are from the alphabet X x ). The
technique of V-shell is originally used in the proof of channel coding theorems in [29]. Due
to the duality of the channel coding and source coding with decoding information, it is no
surprise that it proves a very powerful tool in the distributed source coding problems. That

being said, here is the proof.

The error probability p,(l, k) can be thought as starting from (F.2) with the condition
(k=DH@E MgF") + (n—k+)H@ER,§2) < (k= DH(y Hyf ™) + (n— k+ 1) H (27, y7)
substituted for py, (Z}', §") > pxy (2], y]"), We get

pn(l k) < Z Z Z Z min {1, Z

v —k k—1 v —k k—1 — — — o Skl An—
pn 7P vn 7V ylk e Tpk—la zf e Tvk,l(yf 1), v k, vk l, Pk .
Y € Tpn—k z € Tv"*k(yg) S(Br—k, pk—l -k jk=ly <

S(pn—k7 Pk—l7 Vn—k, Vk—l)

3 ) ST axa DR DR ) (gn )

U €Tpn—k &8 e To oy (yf ) TR €Tgm—k (T7)
(F.9)
In (F.9) we enumerate all the source sequences in a way that allows us to focus on the types
of the important subsequences. We enumerate the possibly misleading candidate sequences
in terms of their suffixes types. We restrict the sum to those pairs (Z7,9}) that could
lead to mistaken decoding, defining the compact notation S(P"~F, Pk—t yn—k yk=l) &
(k — )H(VEY PP 4 (n — k+ 1)H(P" % x V"=%), which is the weighted suffix entropy

condition rewritten in terms of types.

Note that the summations within the minimization in (F.9) do not depend on the

arguments within these sums. Thus, we can bound this sum separately to get a bound on
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the number of possibly misleading source pairs (Z7, 7).

2. 2 2. 2

~ ~ ~ e _ ~k— — ~ ~
prn—k yk=l pn—k gy U €Tpn—k zf IETVk_l(yf 1)$Z€Tvn—k(yﬁ)
S(Isnfk Pk*l ‘“/nfk ‘“/kfl) <
S(Pnfk Pk*l V'n.fk kal)

< > 2. Tty | Torms |
gk ght prkgp €T pnk

S(}“;'\nfk'7pkfl7‘}nfk'7"/kfl) <
S(Pnfk:’ Pk*l’ V'n.fk:’ kal)

Z Ton_s ’2(1%1)11(\7'H |PE=) o (n—k+1) H(V k| Prok)

IN

vk Rl Bk gy
S(pnflC’Pkfl’ank"‘/kfl) <
S(P"ik, Pk*l, Vn—k’ Vk—l)

Z 2(k—l)H(\~/k*l|Pk*l)+(n—k+1)H(15"*’“XV"*’“)

IN

Uk Rl Bk
S(pn7k7pkfl"7n,fk7‘“/k7l) <
S(Pnik’, Pk*l, Vn—k,’ Vk'—l)

< Z 2(kfl)H(Vk—l|Pk—l)+(n7k+1)H(P"—kXV""“)
f/n—k,f/’k—ljﬁn—k
<(n-1+ 2)2\X||y|2(k—l)H(V’“*l\P’“*l)—i—(n—k—&—l)H(P"*kxV"*k)

In (F.10) we sum over all &7 ' € Tou i (yf ")

(F.10)

(F.11)

(F.12)

(F.13)

(F.14)

In (F.11) we use standard bounds, e.g.,

T (] < 2k=DHWEIPEY) g0, yr~! € Tpr-i. We also sum over all 7 € T, (47)
and over all g € 75, in (F.11). By definition of the decoding rule (Z7,7}") can only
lead to a decoding error if (k — )H(VFHP* )] + (n — k + VH(P* % x V' F) < (k —
DH(VEY P 4+ (n — k+ 1)H(P"% x V"), In (F.14) we apply the polynomial bound

on the number of types.

We substitute (F.14) into (F.9) and pull out the polynomial term, giving

pu(lk) < (n—1+22%0 5~ % 3 >

n—k pk—1l 1y n—k \Vk—1 k—1 k—1 k—1
P P |4 ,V Yy € Tpk—1» e € Tyr—1(y; )s
¥k € Tpn—k zp € Tyn—k(yp)

min [1 4 % 2—(k—l)[Rm—H(Vk*l|P’“*l)]—(n—k+1)[Rz—s-Ry—H(V”*kXP"*’“)]]
Ax (-l Y
Pn—kJDk—l Vn—kJ/k—l

max [O,—(k—l)[Rw—H(V’“*l |PE=U)]—(n—k+1)[Re+Ry—H (V" XP”*’“)]:|
X 2

x 9~ (k=) D(VF=Ix PR |Ipay ) = (n—k+1) D(V™F x P~ F[|pyy )
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<ax(n-it2PX Y Y

pn—kypk—l Vn—kJ/k—l

27(n71+1) [,\D(vfH X PRI pyy )+ AD (VP =k X PPk |py )+ | A[Ry — H(VF Y PE=D)| 4 X[Ry + Ry — H(VP—F x Pn=F)] \*

(F.16)
<4 (n—1+22 % >
pr—k ph—l yn—k yk-l
y (D nfi s [AD(m,prxy)HD(px,yIIpxy)+!A[Rw—H(W)]*X[R”Ry_mi’m|+] (F.17)
<4 x (n — | + 2)4XIVIg=(n—1H1) By (Ra, Ry, )
< I, 9~ (=D Ex (Re Ry N =] (F.18)

In (F.15) we use the memorylessness of the source, and exponential bounds on the proba-
bility of observing (:cffl, ylkfl) and (x},y;). In (F.16) we pull out (n—1+1) from all terms,
by noticing that A = (k —1)/(n —1+1) € [0,1]]and A2 1 - A= (n—k+1)/(n -1+ 1).

In (F.17) we minimize the exponent over all choices of distributions px y and pxy. In (F.18)

AD(ps.y||pxy) + | ARz — H(X|y)] + A[Ry + Ry — H()?,j/)]ﬁ} where 0 < A< land A=1-\.
We also incorporate the number of conditional and marginal types into the polynomial
bound, as well as the sum over k£, and then push the polynomial into the exponent since for

any polynomial F, VE, e > 0, there exists C' € (0,00), s.t. F(A)e 2F < Ce=2E-9), O
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Appendix G

Equivalence of ML and universal
error exponents and tilted

distributions

In this appendix, we give a detail proof of Lemma 8. This section also contains some very
useful analysis on the source coding error exponents and their geometry, tilted distributions
and their properties. The key mathematical tool is convex optimization. The fundamental
lemmas which cannot be easily found in the literature in Section G.3 are used throughout
this thesis. For notation simplicity, we change the logarithm from base 2 in the main body

of the thesis to base e in this section.

Our goal in Theorem 5 is to show that the maximum likelihood (ML) error exponent

equals the universal error exponent. It is sufficient to show that for all ~,
ML N
By (Ry, Ry, ) = B (Ra, Ry, 7)

Where the ML error exponent:
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E:]c\/[L(RxaRyv'V) = SL[BP]{’YEﬂy(R p) + (1 —7)Eyy(Ry, Ry, p)}
pE

= sup {pR(’Y) — 'ylog Z pry x y)ﬁ)l"rﬂ)

pel0,1]

( +P IOg Zszy$y

= sup {Ex (Rx;Ry777p)}
p€l0,1]

Write the function inside the sup argument as EME(R,, Ry,v, p). The universal error

exponent:
EYN (R, Ry,7)

= qzlynofzy{VD(qupry) (1- 'Y)D(Oxprxy)

+Hy(Re = H(qy)y)) + (1 =) (Re + Ry — H(oay))| "}

= inf {’YD(qupry) (1- ’Y)D(Oxprxy) + |R(7) - ’YH(Qm|y) —(1- ’Y)H(Oxy)|+}

qzy,0zy

Here we define R = yR, + (1 —v)(R; + R,) > vH (py|y) + (1 —v)H (pxy). For notational
simplicity, we write g, and oy as two arbitrary joint distributions on X x ) instead of pxy

and pzy. We still write py, as the distribution of the source.

Before the proof, we define a pair of distributions that we need.

Definition 15 Tilted distribution of pxy: pky, for all p € [—1,00)

1
pxy(xa y) e

35 by (s, 1) 7
t s

The entropy of the tilted distribution is written as H(p%,). Obviously pf)(y = Dxy-

Py (z,y) =

Definition 16 x — y tilted distribution of pxy,: Py, for all p € [—1,400)

1
S, o]l te 1
SooG@le

22 P s8) 7] Zs:pxy(s,y)ﬁ
Aly vp)x C(x,y,p)

B(p) D(y, p)

Py (r,y) =
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Where

Aly.p) = [3 pals.y) ™74 = Dy, p)'*+*
Blp) = S pyls, )]0 =3 Ay, p)
Cla,y,p) = puola,y) ™

D(y,p) = Y pyls.y)T7 ZCwyp

S

The marginal distribution for y is A]_g( )) Obviously pr = Pxy. Write the conditional

distribution of x given y under distribution p%, as pX| , where px|y( Y) = %, and the

conditional entropy of x given y under distribution p%, as (px‘y). Obviously H(p X|y) =
H (px| y)'

The conditional entropy of x given y for the x — y tilted distribution is

_ _ Gy, Clayp)
H(Fy=) = =2 D(y, p) tog D(y,p) )

We introduce A(y, p), B(p), C(x,y,p), D(y, p) to simplify the notations. Some of their

properties are shown in Lemma 25.

While tilted distributions are common optimal distributions in large deviation theory,
it is useful to contemplate why we need to introduce these two tilted distributions. In the
proof of Lemma 8, through a Lagrange multiplier argument, we will show that {p§, : p €
[—1,+00)} is the family of distributions that minimize the Kullback—Leibler distance to
Pxy with fixed entropy and {p%, : p € [-1,+00)} is the family of distributions that minimize
the Kullback—Leibler distance to p,, with fixed conditional entropy. Using a Lagrange
multiplier argument, we parametrize the universal error exponent EVN (R, R,,7) in terms

of p and show the equivalence of the universal and maximum likelihood error exponents.
Now we are ready to prove Lemma 5: EML(R,, R,,v) = EYN(R,, Ry, 7).

Proof:

G.1 case 1: vH(py,) + (1 — V)H(py) < R < vH(p

v)H (py,)-

Prpy) + (1=

First, from Lemma 31 and Lemma 32:
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aEiwL(Rx) Rya v P)
dp

= RO —yH(@),) — (1 =) H(pE,)

Then, using Lemma 22 and Lemma 26, we have:

O*EML(R,, Ry, v,p)

<0
dp -
So p maximize EéVIL(Rz, Ry,v,p), if and only if:
OEML(R,, R
0= z ( al; yv’)’ap) :R('Y) _’yH(ﬁi‘y)—(l_fy)H(pﬁy) (Gl)

Because R is in the interval [VH (px|y) + (1 =) H(pxy), ’yH(ﬁi‘y) +(1—7)H (py,)] and

the entropy functions monotonically-increase over p, we can find p* € (0, 1), s.t.
YH(p5),) + (1 =) H(pgy) = RV
Using Lemma 29 and Lemma 30 we get:

E}'"(Ru, Ry,y) = vD(B8y lIpxy) + (1 = 7) Dl lIpxy) (G2)

Where vH (p” Ty) + (1 —7)H(pl) = R | p* is generally unique because both H (0° ) and

H(p%y) are strictly increasing with p.

Secondly

EYN(R., R,,7)

= inf {'YD(q:cprxy) + (1 — V) D(0zy||pxy) + ’R(V) - ’YH(Qa:\y) —(1- ’V)H(Omy)’Jr}

dzy,0zy
= inf inf D(qaylpxy) + (1 = ) D (02y|Ipxy ) + R — b)|T
(D) + (=)D (o) + 1R D))
= inf inf YD(qoy||Pxy) + (1 — ) D(0y||px
vaH(px\y)Jr(l—“/)H(pxy){qmy,ow:WH(qz\y)Jr(l—v)H(oxy):b{ (Gayllpy) + JD(0ayllpsy)
+|RY —b)[*} (G.3)
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The last equality is true because, for b < vH (py,) + (1 — 7)H (pxy) < RO,

inf D(quyl|pxy) + (1 = ¥)D(0gy|Ipsy) + |[RO) — b|F
qu:Owy?'YH(Qz\y)+(1*'Y)H(Ozy):b{fy ( ?JH y) ( ’7) ( yH y) ‘ ‘ }
> 0+ R —p
— inf D(ayl[pxy) + (1 = ) D(0xy|pxy) + R — b|
qg:y70zy:H(Qm\y):H(px\y)vH(OIy):H(pr){7 ( yH y) ( 7) ( y|| y) | | }
> inf D Qry||Pxy) + 1—7v)D(o, Dx
QIy,Ozy5H(qz\y):H(px\y)rH(OIy):H(pr){’Y ( yH y) ( 7) ( y|| y)
‘HRW) - 'VH(px|y) + (1 - ’Y)H(pxy)|+}
> inf {’YD(Qxprxy) +(1 - ’Y)D(Oxprxy)

Qay 0wy VH (z)y)+(1=7) H(0wy)=7vH (px|y ) +(1=7) H (pxy)

+HRY — 3 H () + (1= 7)H(pxy) T}

Fixing b > vH (pyjy) + (1 = 7)H(pxy), the inner infimum in (G.3) is an optimization prob-
lem on ggy, 0zy With equality constraints >°, > quy(z,y) = 1, 32, 3" 0zy(z,y) = 1 and
YH (qg|y) + (1 —v)H (0zy) = b and the obvious inequality constraints 0 < guy(z,y) < 1,0 <
ozy(2,y) < 1,Vz,y. In the following formulation of the optimization problem, we relax one
equality constraint to an inequality constraint vH (qy),)+(1—)H (0zy) > b to make the opti-
mization problem convex. It turns out later that the optimal solution to the relaxed problem
is also the optimal solution to the original problem because b > vH (py,) + (1 — 7)H (pxy)-
The resulting optimization problem is:

inf {’)/D(Qxprxy) + (1 - W)D(Owy| |pr)}

qzy,Oxy

S.t.Zqu(m,y) =1
ZZoxy(x,y) =1
oy

b —vH(quy)

_( _’Y)H(Oxy)go
0 < quy(z,y) <1, V(z,y) € X XY

0 S Oﬁ?y(xay) S 17 V(l',y) € X x y (G4)

The above optimization problem is convex because the objective function and the inequality
constraint functions are convex and the equality constraint functions are affine[10]. The

Lagrange multiplier function for this convex optimization problem is:
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L<Q$y70£ﬂy7p7 /’L17/1’27V17V27V37V4)
= YD(qayllpxy) + (1 = 7)D(0ay|[pxy) +
(Y dey(@,y) = 1)+ po ZZOwy z,y) = 1)+
Ty
(b - ’VH(q;dy) - (1 - /7)H(0xy)) +
ZZ {n1(2,9) (= ay (2, 9)) + v2(2,9) (1 = guy(z, )

+V3(x7y)(_0$y(x7y)) + V4(.%',y)(1 - Ory(%y))}

Where p, p1, 12 are real numbers and v; € RIXIVI =123 4.

According to the KKT conditions for convex optimization[10], gy, 05, minimize the con-

vex optimization problem in (G.4) if and only if the following conditions are simultaneously

satisfied for some qgy, 0y, p1, p2, V1, V2, V3, V4 and p:

aL(qmgﬁ O.ry)pa Mluu’Qa Vla V27 V37 V4)

0 =
8%03/(1')3/)
= Y[ 108(pxy (,9)) + (1 + p) (1 +108(ay (7, 9))) + plog(D _ duy(s,v))]
+p1 —vi(z,y) — va(z,y) (G.5)
0 — OL(qzy, Oy, P, 11, 42, V1, V2, V3, V4)
00zy(x,y)
= (1 =9)[=log(pxy(z,y)) + (1 + p)(1 + log(ozy(z,9)))] + p2 — vs3(z,y) — va(z,y)
(G.6)
For all z, y and
Z Z qu(a}, y) =1
Z Z Oxy($a y) =1
P(YH (quly) + (1 —7)H(0zy) —b) =0
p>0
V1 (2, Y) (—4oy(2,y) =0, vo(2,y)(1 — ay(z,y)) =0 Vr,y
v3(2,y)(—0zy(z,y)) =0,  va(z,y)(1 — 0zy(z,9)) =0 Va,y
vi(z,y) >0, Vr,y,i=1,2,3,4 (G.7)
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Solving the above standard Lagrange multiplier equations (G.5), (G.6) and (G.7), we

have:

1
s, T+pp [1+p00 1
[; pxy( y) ] pxy(ﬂ?, y) T+pp

Qxy(xay) = 1 1
DDy (s, t) oo [1Tee S Tps (s, ) e
t s S

_1

Py (T, y) 7o

Oxy(l'ay) = xy( ) 1
22 Pxy(s,t) e
t s

= phy(z,y)
vi(z,y) = 0 Vx,y,i=1,2,3,4
p = P (G.8)

Where py satisfies the following condition

YH(D),) + (1= 9)H(ply) = b > vH(pxy) + (1 —7)H(pxy)

and thus p, > 0 because both H(p, ‘y) and H (p%,) are monotonically increasing with p as

shown in Lemma 22 and Lemma 26.

Notice that all the KKT conditions are simultaneously satisfied with the inequality
constraint vH (qy|,) + (1 — v)H(0zy) > b being met with equality. Thus, the relaxed opti-
mization problem has the same optimal solution as the original problem as promised. The
optimal ¢, and oy, are the x — y tilted distribution p§, and standard tilted distribution

P&y of pyy, with the same parameter p, > 0. chosen s.t.

YH(pf),) + (1 =) H(pfy) = b

Now we have :

EYN(R,, Ry, )

inf { inf
b2y H (puy ) +(1=7)H (Pxy) oy 0wy vH (q)y)+(1=7) H (0zy)=b
YD (qayl|Pry) + (1 = 7)D(0aylpxy) + IR — b7 }}

inf D2 ||pxy) + (1 — ) D (2% ||psy) + |RY) — b|*
b27H<pX\y)+(1—v)H(pxy){7 (P llpxy) + (1 =)Dl [1pxy) + | ™}

= min| inf
p>0:RO) >y H (5] ) +(1—7) H (p%y)
'VD(pngpxy) + (1 — 'Y)D(pxyppry) + R0 — 'YH(ljib,) —(1- ’Y)H(pfiy)}v

inf D(#|pxy) + (1 — ) D(pxy, | Ipx G.9
pzo:RwgvH(ﬁﬁlyH(l—v)H(pﬁy)h (P l1Pxy) + (1 = 1) D(py, |Ipxy)}] (G.9)
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Notice that H(pky), H(ﬁgy

p > 0 as shown in Lemma 22, Lemma 23, Lemma 26 and Lemma 27 later in this appendix.

We have:

), D(D%||pxy) and D(p%y||pxy) are all strictly increasing with

inf D ﬁg Pxy) + (1 —v)D pg Dx
pEO:RWSvH(ﬁﬁ‘y)Jr(l—v)H(pfy)h (D% 1pxy) + (1 =) D(pfy lIpxy) }
= D% |psy) + (1 = 7) D (P2 |Ipxy) (G.10)

where R = ~H (0 Ty) +(1—v)H (pﬁ;) Applying the results in Lemma 28 and Lemma 24,

we get:

inf (YD l1pxy) + (1 = 1) D (Pl |Ipxy) + R
p=>0:RO) >y H (B )+(1—7) H (p%) vy v

—YH(p5),) — (1= v)H(py)}
= YD llpxy) + (L = 1) D0l lIpxy) + B = vH(B),) = (1= 1) H (D) p=pr
= D%y [1xy) + (1 = 7) D(15y |[pxy) (G.11)
This is true because for p : RO > ~vH (" Py )+ (1 —v)H(pky), we know p < 1 because of

the range of R(: RO < 'yH(pX|y) + (1 —~)H(p;,). Substituting (G.10) and (G.11) into
(G.9), we get

EgN(Rxa Ryv ’Y) = ’YD(ﬁﬁ;pry) + (1 - ’Y)D(pﬁ;pry)
where RO = yH(p{) )+ (1 —~)H(p) (G.12)

So for vH(pyjy) + (1 = 7)H(pxy) < R < ~vH(p
the desired property:

X|y) + (1 —7)H(py,), from (G.2) we have

EME(Ry, Ry, ) = EYY(Ry, Ry, )

G.2 case 2: R > ~yH(p Pyy) + (1 =) H(py)-

In this case, forall 0 < p <1

OEML(Ry, Ry, 7, _
o B l) ROy (5~ (1) H(0fy) = RO = ()~ (1=1)H () 2 0

So p takes value 1 to maximize the error exponent Efc\/[ L(RI, Ry,7,p), thus

EM'(Rq, Ry,y) = RO — log Z pry (,9)2)%) — 2(1 — ) log( Zpry (2, ) (G.13)
Yy
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Using the same convex optimization techniques as case G.1, we notice the fact that

> 1 for R =~H(p" )+ (1 —~)H pﬁ* . Then applying Lemma 28 and Lemma 24, we
P X‘ y

have:
And
<
Finally:

inf D(B5, |Ipxy) + (1 = 7) DL |Ip
pZOZR(’Y)ZWH(ﬁfb/)'i_(l_’Y)H(pgy){’Y ( y|| xy) ( 7) ( y|| xy)

+RO) —yH () ) = (1 = 7)H(pxy,)}
= YD(Dyy|Ipxy) + (1 =) D(py |Ipsy) + R = yH (pY,) — (1 — ) H (py,)

inf {vD (D5 |lpxy) + (1 =)D (% [Ipxy) ]
p=>0:RO) <yH (p], ) +(1—7) H (p%y) v v

YD (P |pry) + (1 = 7) D04y [1pxy)
YD Wy Ipsy) + (1 = 1) D0l Ipxy) + R —yH(@L) ) = (1= 1) H(pG,)
YD (Pryllpxy) + (1 = 9) DDyl Ipy) + B = vH(p},) = (1= 1) H (pyy)

EUN(Ry, Ry, )

inf { inf
b2y H (puy ) +(1=7)H (Pxy) oy 0wy vH (q)y)+(1—7) H(0zy)=b
YD (GaylPry) + (1 = 7)D(0aylpxy) + IR — b7 }}

inf D% ||pxy) + (1 — 20 pxy ) + |RY) — b|*
bZVH(Px\y)-‘r(l—W)H(pxy){,y 7 y||p y) ( NP y||p y) | .
min| inf
p20:ROVZYH () )+(1=7) H (py)

YDy |lpxy) + (1 =)Dy llpxy) + BV = yH(5)) — (1 = 7)H (0%},

inf (YD (D% llpxy) + (1 = 7) D (P [[pxy ) }]
p>0:RO) <y H (5] )+(1—7)H (p%y) v v

YD (PrylIpxy) + (1 =) D(pyy lIpsy) + BY = yH(pYy,) — (1 —7)H(pyy)
R — y10g(3" (3" pay(2,9)2)%) — 2(1 — ) log Zszy z,y)?)

T

The last equality is true by setting p = 1 in Lemma 29 and Lemma 30.

Again, EME(R,, Ry, ~v) = EYN(R,, Ry, ), thus we finish the proof.
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G.3 Technical Lemmas on tilted distributions
Some technical lemmas we used in the above proof of Lemma 8 are now discussed:
Lemma 22 2% > ¢

Proof: From the definition of the tilted distribution we have the following observation:

1 1
log(ply (z1,41)) — log(pky (22, y2)) = log(pxy (21, y1) ™7 ) — log(psy (22, y2) T+7)
Using the above equality, we first derive the derivative of the tilted distribution, for all =,y

D (2, 5) 77 108 (Dry (2, 1)) (5 32 Py (5, 1) 757 )

y(,y) -1 £
% A+ (55 Py (s, )77 )2
1 ol@ )T Sy (.77 log(py 5. 0)
(1tp)" (55 Py (s, )72
= T P08ty (20) ) = 3 5 () 08l (5,07
= i e vlostog (7)) ~ 303 pty o) ol (1)
= B Doyt 1) + H ) (G.15)
Then:
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OH (pky) 034, Py () log(phy (2, y))
dp dp

- X +10g(0t (2. ALY

- Z;a +10g(0fy 0, 0)) P2 (o0 (0.0 + H )

= 113 +p pry z,y)log(py (z,)) (log(phy (x,y)) + H(py))
= W)[;pﬁy(x’y)(log(pgy($a y)))2 - H(pﬁy)2]
= +p pry x,y) (log(pf, (2,y)) pry z,y) — H(p5,)?]

> Hlpuzypw,y)1og<p§y<x7y>>> — HL)

- 0 (G.16)
where (a) is true by the Cauchy-Schwartz inequality. O
dD(pfy |lpx OH (p
Lemma 23 (pa};,”p ,V) =p ’d(i y)

Proof: As shown in Lemma 29 and Lemma 31 respectively:

D lpsy) = pH(pE) — (1 + p)1og(>_ puy (2, ) T57)

x,y
1
8(1 + p) 10g(Z pry($a y) 1+p)
H(ph,) = yap
We have:
(1 + p)10g(X X Py (,9) T7)
OD(plyllpy) ) OH (py) I
——= = H(pL,)+p -
dp X op dp
OH (p2
= 1)+ o) - ()
OH (pky)
o (G.17)
O
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Lemma 24 signa[D(pr”ngp)*H(pfy)] = sign(p —1).

Proof: Combining the results of the previous two lemmas, we have:

OD(phyllpxy) — H(Pky) —(p— 1)8H(p>€y)

ap o sign(p — 1)
O
OH (p”
Lemma 25 Properties of BABZ p), Bgl()p)’ 8C(§l’oy’p)7 angg’P) and %
First,
1
8C(x7y7p) 8pxy<37,y)m 1 - 1
ocx,y,p) _ Oy ®,Yy)tre : log(p.
op op 1 +pp y (2, y) 150 iz 0g(pxy (z,y) +¢)
C(z,y,p)
= B
210D 0g(C(r,,p)
1
0 pxy(s,y)THe
8D ) S y ’ 1 L L
cgip) B dp = 1 2P (59) T 08(py (5,4) )
> C(z,y,p)log(C(z,y,p))
e (G.15)

For a differentiable function f(p),

1
O — sy orost i) + 1+ () 2412
So
1
P _ aD(@gZW=D<y,p>1+plog<D<y,p>>+<1+p>D<y,p>PaD§;;p)
= D(y,p)'™(log(D Z D 1082 (C(z,y,p)))
= D)"Y C&;ﬁj) log(%(z;’yf;)p)) )
= Ay, P)H(_Q\y y)
dB(p) DA( Aly,
73; = Xy: 9 p) ZA (.0 H x|y y Zy: B?zp[)) le y)
- B(p)H(fly)
And last:
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x|ly=y
dp
_ _Z[BC%C;F’”) —C(x’y’p)aDa([y)’m]U%—log(CW)]
— D(y.p) D(y, p)? D(y, p)
C(z,y,p) 2 Clsw:p) log(Cls.w:p))
oy ) SO AT o i)y
$ D(y, p) D(y, p)? D(y, p)
1 7} = —
= > [, (z.9)log(Cla.y, p)) — by, (w,9) D 5, (s:9) log(Cls,y. p))]
L+p ly ly ly

[ +log (P, (x,))]

= 1 +/) prb/ z y)[l()g( le(x y - Zﬁgy(svy) lOg(ﬁfz'y(S,y))Hl +10g(ﬁ£|y($,y))]
= T +p pr|y z,y) log(p5, (, y) log (5, (,v) — > %), (s, y) log(Py, (5,))]

1 - _ 2

= 5 +p2px|y z,y)log (i, (2, v)) log (8], (=, 9)) 1er[zpi‘y(av,y) log(p, (,y))]
x

> 0 (G.19)

The inequality is true by the Cauchy-Schwartz inequality and by noticing that

These properties will again be used in the proofs in the following lemmas.

Lemma 26 %ﬁﬁ'y) >0
Proof:
o) 1 0A(y.p) B(p)
o = B ey B~ 5 )
N B(1,0)2 (Aly. ) H (P, ) B(p) = H(B),)B(p)Aly: p)
A(Y.p) -

B B?zp[)) (H(Py,=,) — H(E,)

Now,
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OH (P, ) B}

x|y

Z A(yap) C(CE,y,p) [_ lo (C(xaya ,0) )]

dp dp <= Blp) < D(y,p) D(y, p)
O =AW p) 1
= - (pg — )
dp <= Bl(p) =y
A(y.p)
_ Z A(y,p)a (pzly—y) 9 B?(JP[)) H(pﬂ )
B(p) dp 9 xly=y
Yy Yy
s
P —p
= Z dp ( X\y—y)

= X W 1O

Ay,p y,p _

le y B(p) X\y

)
s (3 Ag&ﬁ)ff@gm))? - H<p§|y>2

where (a) is again true by the Cauchy-Schwartz inequality.

OD (P lpxy) _ OH(P
dp - dp

Lemma 27 1)

Proof: As shown in Lemma 30 and Lemma 32 respectively:

DB lIpwy) = PH(),) — 1083 (3 pay ,9) T57)1 )
Y T

dlog(>2, (32, Py, y) e )Hp)

P\ _
H( x\y) ap
We have:
_ 01 « I+p
N O omppy) VeSS pala) )
— 2 = H(p) ) +p S
ap x|y ap op
_p
_ H( )+ OH pX|y) _H(—P )
- X|y p 8p px|y
B 8H(‘p‘y)
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AID(Wy Ipy)~H(@,,)]

Lemma 28 sign R = sign(p —1).

Proof: Using the previous lemma, we get:

8D(ﬁ§y”]9xy) - H(ﬁi\y) —(p- 1)6H(ﬁ§\y)
B) W B)
P P
Then by Lemma 26, we get the conclusion. U

Lemma 29

PH(G,) — (14 p)10g(3" S by (2,9)™7) = D(0 lIpsy)

Proof: By noticing that log(pxy(z,v)) = (1 + p)[log(pky (z,v)) + log(ztpxy(s,t)ﬁ)]. We

have:
DY llpxy) = —H(p%,) pry z,) 10g(pxy (2, 7))

(T prymy (1+ p)log(fy (2, ) +10g(>_ pay (s, 1))

= —H@E)+ 1 +p)HPE) — (1+)p) Zpﬁy(x, ) log(Zpr(s, t)fp)

= pH(p,) — (1+ p)log(> pry(5.6)77) (G.22)

Lemma 30

pH () —108(> (3 by (,9) 7)) = D(, Ipxy)
Y x
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Proof:

P

_ ZZ A(ya P) C(‘Taya )[log(A(ya p)) +10g(c($7y7p)

$ S AP D)oy, )14) ~10g(C (. 5.0) )

—~ <~ Blp) D(y,p)
= —log(B(p)) — H(p}),) + (1+ p)H(P,)
= —108(3 (Y Py (w,9) 7)) + pH ()

Y

Lemma 31

H(pf,) =

1+ p)log(3_, >, pxy(, y)T7)

dp

Proof:

A1+ p)log(3_, >, Pxy(w, y)T7)
dp

1
1 Dxy (T, y) THe
= 108X Y sy = 305 LB
t s Yy x ; pry(sv t) Lo

1 1
- SRy gy ol
vz 22 Dxy(st)THe D02 Dxy(s,t)THe
t s t s

= H(p)

Lemma 32 )

O10g(S (X pay () 777)'+)

HE,) = ———5,
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IOg(pxy (z,y)TFe)

B(p) D(y,p) B(p) Dy, p) ) = log(pxy (2,9))]
)

(G.23)



1

Proof: Notice that B(p) = > (3" pxy(x,y) )17, and 63572’0) = B(p)H(p”, ) as shown
y

x|y

in Lemma 25. It is clear that:

alog@(;pxy(x,y)liﬂ)l*p)
Op dp

— H@,) (G.24)

174



Appendix H

Bounding individual error events
for source coding with

side-information

In this appendix, we give the proofs for Lemma 13 and Lemma 14. The proofs here are

very similar to those for point-to-point source coding problem in Propositions 3 and 4.

H.1 ML decoding: Proof of Lemma 13

In this section, we prove Lemma 13. The argument resembles the proof of Lemma 9 in

Appendix F.1.

pa(l) = Z Pr [3 T € Be(x) N Fp(l,27) s.t. pxy(j?>y711) > pxy(x?ay?)]pxy(w?a Y1)

z1yr
<> minll, > PiE} € By(ah)]|po (et u) (FL.1)
=17 e Fp(l al)s.t.

Pxy (2T, y7) < Py (2T, 97

175



: —(n—l -1 1-
<Y minfl, Y 25 27 DR @y sy (o o)

-1
vy ) D s.t.

ny(‘Tlna yln) < ny(ilnv yln)

<2x 3 S mnfl, Y 2~ (DR o (o i)
v

iln s.t.

Dxy (275 y1") < Pxy (], y7")

=2 >N min |1, 1l (3, 07) > pay (@', 97))27 TR g (af )
n.opn -

b~y %
&1

<2 x ZZmin 1 Zmln [ AR q 9~ (n—FDER Py (27, y1")
yroap

CHN
Nk p
Pxy\Z;, Y 1+p o
<2 x ZZ Z [Hl] o~ (nHEDR| gy
Py (2, 47")
p
=2 x Z pr}/(xlnay?)ﬁ Z [Dxy (27, yl")]ﬁ 9—(n—l+1)pR
i 1 (n—1+1) (n—141)
1 1
=2 X Z pry(xﬁg)m [pry(x,y)w] 9—(n—1+1)pR
y L | ~
[ 1 (n=1+1)(1+p)
1
=2x D | payl,y) 9—(n—l+1)pR
y L |

1
2*(n*l+1) <pR*10g[Zy s poy(@y) TP ]Hp])

=2 x (H.2)

for all p € [0,1]. Every step of the proof follows the same argument in the proof of Lemma 9.

Finally, we optimize the exponent over p € [0, 1] in (H.2) to prove the lemma. O
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H.2 Universal decoding: Proof of Lemma 14

In this section, we give the details of the proof of Lemma 14. The argument resembles

that in the proof of Lemma 11 in Appendix F.2.

The error probability p,(I) can be thought as starting from (H.1) with the condition
H(z},y') < H(xp',y;') substituted for p., (2], y]") > pxy (2], y]"), We get

pa(l) < Z Z Z Z min [1, Z
pr-tyn—i 7=l
HP L x vl <

H(P =t x ynh

S 2x 2T R (g (H.3)
jlnET"/nfl (gln)

' €Tpn_1 ] € Tva(y;L)

In (H.3) we enumerate all the source sequences in a way that allows us to focus on the types
of the important subsequences. We enumerate the possibly misleading candidate sequences
in terms of their suffixes types. We restrict the sum to those sequences z}' that could lead
to mistaken decoding, defining the notation H(P"~! x V"~!), which is the joint entropy of
the type P"! with V-shell V",

Note that the summations within the minimization in (H.3) do not depend on the
arguments within these sums. Thus, we can bound this sum separately to get a bound on

the number of possibly misleading source sequences Z;'.

> o< S Tl

vl "E?GTVW*Z(@?) VA
H(Pnfl x ‘”/nfl) < H(P"il x ‘7",[) <
H(P™=t xvnh H(P™=l x vty
< Z o(n—l+1)H(V" =t Pt
vnlsit.

H(P"~Lx vn=l) <
H(Pnfl x Vn—l)

S Z 2(n7l+1)H(Vn_l|Pn_l) (H4)
anl
<(n—1+ 2)IX\W\Q(nflJrl)H(V”*llP”*’) (H.5)

Every inequality is obvious by following the same argument in the proof of Lemma 11.
(H.4) is true because H(P" ! x V1) < H(P" ! x V") is equivalent to H(V"* ! P"!) <
H(vn—l|Pn—l)‘
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We substitute (H.5) into (H.3) and pull out the polynomial term, giving

pa(l) S(n—14+2)FPEY= R 3" > min {1,

n—1 yyn—l1
P 1% ' € Tpn—i z} € Tvn,l(y?)

pX)’(x?7 y?)

n— n—l1
<(n—1+ 2>|;’c||y| 9—(n—1+1) max{0,R—H(V"~!|P"~!)}
« 9~ (n=I+1)D(P" ' x V™! |Ipy)

9 % 27(nfl+1)(R7H(V"*l|P"*l))}

<2 x (n— | 4 22V y 9= infi s {D(ps s lIpo ) HR-H(V" ! PP+

9 % (n— 1 + 22XV g-(n-L+ DB (R)

All steps are obvious by following the same argument in the proof of Lemma 11.
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Appendix 1

Proof of Corollary 1

1.1 Proof of the lower bound

From Theorem 6, we know that

Ey(R) > EJ"(R)

= min{Dlgy o) + 1R~ Hlgq,)| "} (L)
= max pR 1083 (3 2,) )1 (12)

where the equivalence between (I.1) and (I.2) is shown by a Lagrange multiplier argument
in [39] and detailed in Appendix G. Next we show that (I.2) is equal to the random source
coding error exponent E,(R,ps) defined in (A.5) by replacing py with ps.

1

B )~ s o= sl )
; T

Py (@]y) 111

= max pR — lo THp |2 TP

(b) pel01] P g[zy:[zx:( ’S| ) ] ]

=(c R—1 )Tes |1t
© eyt T8 mzzps ’

= R—1 )THp P
@ max pR—log Zp T ] 1]

—(e) T(R7 ps)
(a) is by definition. (b) is because the marginal distribution of y is uniform on S, thus

Py (T, Y) = Day(z]y)py (y) = pxy(x]y)ﬁ. (c) is true because x = y @ s. (d) is obvious. (e) is
by the definition of the random coding error exponent in Equation (A.5). O
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1.2 Proof of the upper bound

From Theorem 7, we know that

Esi (R) S(a) EuPPE’r‘ (R)

S

= min inf —
(b) {QXY7a21:H(qx\y)>(1+O‘)R{a
1—
inf {
Gxy,1>a>0:H(qy),)>(1+a)R «
1—
S(c) inf {

qX}/vlzaZO:H(qx\y)>(1+a)R o

< inf
_(d) qu,lzaZOII‘}I(lfIx\y)>(1+a)R
<(e) inf {D(axy lIpxy) }

qX}/:H(QX\y)>R
= Eqp (R)

{D(axy llpxy)

D(qxllpx) + D(axy [Py ) }

D(gx|lpx) + D(qu ||pxy)}

(L3)

where (a) and (b) are by Theorem 7, (c) is obvious. (d) is true because D(qx||px) > 0.

(e) is true because {(qu,O)]H(qX‘y) > R} C {(qu,@)’H(qX|y) >

(1 + «)R}. (f) is by the

definition of the upper bound on block coding error exponent in Theorem 13. By using the

other definition of E/7"(R) in Theorem 13, we have:

E:ippeT(R) :(a) max ,0R log[Z[Z pxy (:Z:a y)ﬁlp]l—ho]
y T

p€E[0,00]
Py (ly) | L 1+
= max pR —lo — =) THp TP
o max g[Eyj[me S
= R—1 § §j )T | L+]
(C) pg[l(?;é]p Og |S| pS P

= max pR —log[[> ps( THP
(d) pe[Ooo]p 5 Z

—(e) s,b(Ryps)

where (a)-(d) follows exactly the same arguments as those in the previous section I.1. (e)

is by the definition of block coding error exponent in (A.4).
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Appendix J

Proof of Theorem 8

The proof here is almost identical to that for the delay constrained lossless source coding
error exponent Es(R) in Chapter 2. In the converse part, we use a different argument which

is genie based [67]. Readers might find that proof interesting.

J.1 Achievability of E.;(R)

In this section, we introduce a universal coding scheme which achieves the delay con-
strained error exponent in Theorem 8. The coding scheme only depends on the size of the
alphabet | X[, ||, not the distribution of the source. We first describe our universal coding

scheme.

A block-length NV is chosen that is much smaller than the target end-to-end delays, while
still being large enough. Again we are interested in the performance with asymptotically
large delays A, For a discrete memoryless source X, side information Y and large block-
length N, the best possible variable-length code is given in [29] and consists of two stages:
first describing the type of the block X;,y; using at most O(]X||)|logy N) bits and then
describing which particular realization has occurred by using a variable NH (X;|y;) bits
where X; is the i*" block of length N and H(&Z;|7;) is the empirical conditional entropy
of sequence Z; given ;. The overhead O(|X||Y|logy N) is asymptotically negligible and
the code is also universal in nature. It is easy to verify that the average code length:
Eny(]\;)?vY)) — H(

limy oo px|y) This code is obviously a prefix-free code. Write I(X;, y;) as
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Streaming side information Y

Y

Streaming data X —{Fixed to variable length Encoder]7

Y

FIFO

Y
Decoder

Encoder Buffer Rate R bit stream

Y

Figure J.1. A universal delay constrained source coding system with both encoder and
decoder side-information

the length of the codeword for X, y;, write 2V¢N as the number of types in XY x YV then:

NH(%ily:) < 1%, ¥i) = N(H(X]yi) + en) (J.1)

][] logy (N+1)
< N

where 0 < ey goes to 0 as N goes to infinity. The binary sequence

describing the source is fed to the FIFO buffer described in Figure J.1. Notice that if the
buffer is empty, the output of the buffer can be gibberish binary bits. The decoder simply

discards these meaningless bits because it is aware that the buffer is empty.

Proposition 13 For the iid source ~ py, using the universal causal code described above,

for all e, there exists K < oo, s.t. for all t, A:

Pr(% # %((t + A)N) < K2 AN Ee(B)=0)

where X,((t + A)N) is the estimate of X; at time (¢t + A)N. Before the proof, we have the

following lemma to bound the probabilities of atypical source behavior.

Lemma 33 (Source atypicality) for all € > 0, block length N large enough, there exists

K < o0, s.t. for alln, if r < logy |X|:

Pr(} " 1(%,7) > nNr) < K2 "N (Fein() =9 (J.2)
=1
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Proof: Only need to show the case for r > H(p,|,). By the Cramér’s theorem|[31], for
all e > 0, there exists K1, such that

Pr(zl()?hyi) >nNr) = Pr(5 Zl()?“%) > Nr) < K12_n(lnfz>N'r I(z)—e1) (J.3)
=1 =1

where the rate function I(z) is [31]:

I(z) = sup{pz—logo( > pul(d§)2"@D)} (J.4)
PER (@) €XN x YN

Write 1(z,p)=pz—logs( Y Dyl §)2""D)
(Z,§)e XN x YN

Obviously I(z,0) = 0, z > Nr > NH(py),) thus for large N: .

0I(z, p)
dp

‘p:() =z Z pxy(fa g‘)l(fa ?j) > 0
(B, 7)ex N x YN

By the Holder inequality, for all p;, p2, and for all 6 € (0,1):

(Zplgmli)9<Zpi2pzli)(1—9) > Z(pfzt‘)mli)(p£1—9)2(1—9)f02l¢>

i

— Zpi2(9P1+(1—9)P2)li

]

This shows that 108, (3_ 7 7)cav xyn Pxy (7, 7)2°1%9)) is a convex function on p, thus I(z, p)
is a concave N function on p for fixed z. Then Vz > 0, Vp < 0, I(z,p) < 0, which means
that the p to maximize I(z, p) is positive. This implies that I(z) is monotonically increasing

with z and obviously I(z) is continuous. Thus

inf I(z) =1I(Nr) (J.5)

z>Nr
Using the upper bound on [(Z, %) in (J.1):
ogs( Y. po@D2ED) < logy( Y. 2 NPlvlp)gplentNHla)

(&)X N x YN Gy €TN
< 9Neng—N minq{D((Ixypry)—PH(qx\y)—PEN})

= N(- min{D(quy[Pxy) = PH (ax)y) = pen} + en)

| ¥]|] logy (N+1)
= N

where 0 < en goes to 0 as N goes to infinity.

TV is the set of all types of XV x YV,
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Substitute the above inequalities to I(Nr) defined in (J.4):

I(Nr) > N(Sgp{mqin p(r — H(qyy) — en) + D(gxy [Psy)} — €n) (J.6)

We next show that I(Nr) > N(Eiy(r) + €) where € goes to 0 as N goes to infinity.
This can be proved by a somewhat complicated Lagrange multiplier method also used in
[12]. We give a new proof based on the existence of saddle point of the min-max function.

Define
flg,p) = p(r — H(Qx\y) —en) + D(qupry)

Obviously, for fixed ¢, f(q,p) is a linear function of p, thus concave N. Also for fixed
ps f(g,p) is a convex function of q. Define g(u) = mingsup,(f(q, p) + pu), it is enough [10]
to show that g(u) is finite in the neighbor of u = 0 to establish the existence of the saddle

point.

o(u) =@ minsup(f(g.p) + pu)

p

=@ 1win sup(p(r — H(gx)y) — €N +u) + D(gxyl|pxy))
p

<(e) min D(qxy |lpxy)

q:H(gy|y)=r—en+u
<@ ©© (J.7)

(a) and (b) are by definition. (c) is true because H(py,) < r < logy|X/|, thus for very
small ey and u, H(py,) < r —en +u < logy [X|. Thus there exists distribution g, s.t.
H(qy|y) = r—en+u. (d) is true because the assumption on py, that the marginal py(x) > 0

for all x € X. Thus we proved the existence of the saddle point of f(q, p).

Sl;p{mqin flg;p)} = mqin{sgp f(g,p)} (J.8)

Notice that if H(qx‘y) % r 4+ €y, then p can be chose to be arbitrarily large or small to
make p(r — H(qy)y) — €x) 4+ D(gxy [pxy) arbitrarily large. Thus the ¢ to minimize sup,, p(r —
H(qy|y) — en) + D(qxyllpxy) satisfies that r — H(qy),) — ex = 0, so:

min{sup p(r — H(qyy) — en) + D(axyllpy)} =@ . min  {D(gyllpx)}
q P q'H(qx\y)—T-l-eN
- min D(q [Py
) qu(qx\y)2r+eN{ (@ llpxy) }
=) Feip(r +en) (7.9)

(a) is following the argument above, (b) is true because the distribution ¢ to minimize

the KL divergence is always on the boundary of the feasible set [26] when p is not in the

184



feasible set. (c) is definition. Combining (J.6), (J.8) and (J.9), and let N be sufficiently big,
thus ey sufficiently small, and notice that E,;(r) is continuous in r, we get the the desired

bound in (J.2). O
Now we are ready to prove Proposition 13.

Proof: We give an upper bound on the decoding error on %; at time (¢t + A)N. At time
(t + A)N, the decoder cannot decode X; with zero error probability iff the binary strings
describing X; are not all out of the buffer. Since the encoding buffer is FIFO, this means that
the number of outgoing bits from some time ¢; to (t+A)N is less than the number of the bits
in the buffer at time ¢; plus the number of incoming bits from time ¢; to time tIN. Suppose
that the buffer is last empty at time tN — n/N where 0 < n < t. Given this condition, the
decoding error occurs only if Z?jol U(Xe—iy Yi—i) > (n+A)NR. Write l 4, as the longest code
length, e < |X]|V]1ogy(N +1)+ N logy | X|. Then Pr(Y7 I(%—i, %i—i) > (n+A)NR) >

n A
0 only if p > FAINE o ANR 2 A
t n—1
Pr(z # & ((t+ AN) < > Pr(> U(%-i,7ii) > (n+ A)NR) (J.10)
n=BA =0
t
n ) (n+A)NR e
Co O Ko
n=pA
"/A AN ez b(O‘R)
<w) Z Ky2~ nN(Eeip(R) Z Ky2~ (mina>1{—2=—1}—e€2)
n=vyA n=pA

S(c) K32*’YAN(Eei,b(R)*62) "YA _ ﬁA’K?)Q*AN(Eez‘(R)*Gz)
K9~ AN(Eei(R)—e)

where, K/s and €,s are properly chosen real numbers. (a) is true because of Lemma 33.

E «(R)
ib(12)”

decreasing Wlth R. In the second part of (b), we write o =

Define v = in the first part of (b), we only need the fact that E.;;(R) is non

”+A and take the a to minimize
the error exponent. The first term of (¢) comes from the sum of a geometric series. The

second term of (c¢) is by the definition of E.;(R). (d) is by the definition of ~. [ |

J.2 Converse

To bound the best possible error exponent with fixed delay, we consider a genie-aided

encoder/decoder pair and translate the block-coding error exponent to the delay constrained
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error exponent. The arguments are analogous to the “focusing bound” derivation in [67]

for channel coding with feedback.

Proposition 14 For fized-rate encodings of discrete memoryless sources, it is not possible

to achieve an error exponent with fized-delay better than

1
inf — F; R J.11
inf ~Eeip((a+1)R) (J.11)
Proof: For simplicity of exposition, we ignore integer effects arising from the finite nature
of AR, etc. For every a > 0 and delay A, consider a code running over its fixed-rate
noiseless channel till time % + A. By this time, the decoder have committed to estimates

for the source symbols up to time i = %. The total number of bits used during this period

is (& + A)R.

Now consider a genie that gives the encoder access to the first ¢ source symbols at
the beginning of time, rather than forcing the encoder to get the source symbols one at a
time. Simultaneously, loosen the requirements on the decoder by only demanding correct
estimates for the first ¢ source symbols by the time % + A. In effect, the deadline for

decoding the past source symbols is extended to the deadline of the i-th symbol itself.

Any lower-bound to the error probability of the new problem is clearly also a bound
for the original problem. Furthermore, the new problem is just a fixed-length block-coding
problem requiring the encoding of ¢ source symbols into (% +A)R bits. The rate per symbol

is

(E+ar) = (Erams
= (a+1)R

Lemma 12 tells us that such a code has a probability of error that is at least exponential
iniEe;p((a+1)R). Sincei = %, this translates into an error exponent of at most w

with block length A.

Since this is true for all a > 0, we have a bound on the reliability function E.;(R) with
fixed delay A:
.1
Eei(R) < inf ~Feip((a+ 1)R)

The minimizing « tells how much of the past (%) is involved in the dominant error event.
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