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ABSTRACT

Shannon propounded a theoretical framework (collectively
called information theory) that uses mathematical tools to
understand, model and analyze modern mobile wireless com-
munication systems. A key component of such a system is
source coding, which compresses the data to be transmitted
by eliminating redundancy and allows reliable recovery of
the information from the compressed version. In modern
5G networks and beyond, finite blocklength lossy source
coding is essential to provide ultra-reliable and low-latency
communications. The analysis of point-to-point and multi-
terminal settings from the perspective of finite blocklength
lossy source coding is therefore of great interest to 5G system
designers and is also related to other long-standing problems
in information theory.

In this monograph, we review recent advances in second-
order asymptotics for lossy source coding, which provides
approximations to the finite blocklength performance of op-
timal codes. The monograph is divided into three parts. In
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Part I, we motivate the monograph, present basic definitions,
introduce mathematical tools and illustrate the motivation
of non-asymptotic and second-order asymptotics via the
example of lossless source coding. In Part II, we first present
existing results for the rate-distortion problem with proof
sketches. Subsequently, we present five generations of the
rate-distortion problem to tackle various aspects of practical
quantization tasks: noisy source, noisy channel, mismatched
code, Gauss-Markov source and fixed-to-variable length com-
pression. By presenting theoretical bounds for these settings,
we illustrate the effect of noisy observation of the source,
the influence of noisy transmission of the compressed in-
formation, the effect of using a fixed coding scheme for an
arbitrary source and the roles of source memory and variable
rate. In Part III, we present four multiterminal generaliza-
tions of the rate-distortion problem to consider multiple
encoders, decoders or source sequences: the Kaspi problem,
the successive refinement problem, the Fu-Yeung problem
and the Gray-Wyner problem. By presenting theoretical
bounds for these multiterminal problems, we illustrate the
role of side information, the optimality of stop and transmit,
the effect of simultaneous lossless and lossy compression, and
the tradeoff between encoders’ rates in compressing corre-
lated sources. Finally, we conclude the monograph, mention
related results and discuss future directions.
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1

Introduction

1.1 Motivation

Shannon [104] developed a theoretical framework (collectively called
information theory) that uses mathematical tools to understand, model
and analyze digital communication systems over noisy channels. A basic
digital communication system includes blocks for source and channel
encoding at the transmitter and blocks for source and channel decoding
at the receiver. Source coding, also known as data compression, aims
to remove the redundancy of information and allows reliable recovery
of the information from its compressed version. In contrast, channel
coding aims to counter the noise in the transmission channel between the
transmitter and the receiver and allows reliable recovery of a message.

For discrete memoryless sources (DMS), Shannon showed that the
asymptotic minimal compression rate that ensures accurate recovery
with vanishing error probability is the entropy of the source, provided
that the blocklength of the source sequence to be compressed tends to
infinity. However, lossless source coding does not apply to continuous
sources since it requires an infinite number of bits to describe a real
number. Furthermore, practical image and video compression systems
usually tolerate some imperfection. To resolve these issues, Shannon



Full text available at: http://dx.doi.org/10.1561/0100000134

1.1. Motivation 5

studied the lossy source coding problem [105] (also known as the rate-
distortion problem) and derived the asymptotic minimal achievable
rate.

For discrete memoryless channels (DMC), Shannon showed that
the maximal asymptotic message rate to ensure reliable recovery with
vanishing error probability at the receiver is the capacity of the noisy
channel, provided that the blocklength (the number of channel uses)
tends to infinity. In other words, Shannon showed that, at rates be-
low the channel capacity, there exist good channel coding strategies
with arbitrarily low probability of error. The above results for source
coding and channel coding are collectively known as Shannon’s coding
theorems [19]. These results are very insightful and set benchmarks for
practical code design in the last seventy years.

In practical communication systems, especially 5G and beyond,
low-latency is desired and dictates the use of short blocklength codes.
However, Shannon’s coding theorems cannot provide exact theoretical
benchmarks for low-latency communication since these theorems hold
under the assumption that the blocklength tends to infinity, which
leads to undesired arbitrarily large latency. To tackle this problem,
information theorists have developed the theory of finite blocklength
analyses and second-order asymptotics. This line of research dates back
to Strassen [109] in 1962, who derived the dominant backoff term of the
coding rate of an optimal code from the maximum asymptotic trans-
mission rate—the capacity C'(Py|x) of a noisy channel while tolerating
a non-vanishing error probability when the blocklength increases. The
result was recently rediscovered by Hayashi [50] and by Polyanskiy et
al. [92]. In particular, Hayashi [50] named the result as second-order
asymptotics since the dominant backoff term is exactly the second
largest term in the expression of the maximal achievable rate of any
code for the asymptotic case when the blocklength becomes large. In
addition to the second-order asymptotics, the authors of [92] derived
finite blocklength upper and lower bounds and showed that the bounds
match the second-order asymptotics for blocklengths of hundreds for
various types of point-to-point channels. Therefore, the results in [50],
[92], [109], and especially [92], establish the critical role of second-order
asymptotics in characterizing the finite blocklength performance of
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optimal codes and have been generalized to various channel models.
Readers can refer to [112] for a systematic review of such advances.
Finite blocklength analyses and second-order asymptotics have also
been derived for source coding. The simplest such example is the lossless
source coding problem. In this problem, one aims to recover a random
source sequence X" exactly from its compressed version that takes
values in a finite set of M elements. The performance metric is the
error probability in reproducing the source sequence and the rate is
defined as R, := logn M where the unit is bits per source symbol when
the logarithm is base 2. In second-order asymptotics for lossless source
coding, one is interested in characterizing the dominant backoff term of

the coding rate R,, from the minimum asymptotic compression rate—
the entropy of the source H(Py), while tolerating a non-vanishing error
probability when the blocklength increases. Second-order asymptotics
for lossless source coding was first shown by Yushkevich for sources
with Markovian memory [142] and rediscovered by Strassen [109] and
later Hayashi [49].

As noted by Shannon [105], lossless source coding is not possible
for continuous sources and lossy source coding with imperfect recovery
is thus important. Shannon’s rate-distortion theory [105] forms a core
part of modern quantization theory and is usually known as vector
quantization. For a complete survey of various aspects of quantization,
readers may refer to the seminal paper by Gray and Neuhoff [44]. For
the rate-distortion problem that deals with point-to-point lossy data
compression, the second-order asymptotics for DMS were derived by
Ingber and Kochman [54], and both finite blocklength bounds and
second-order asymptotics were derived by Kostina and Verdu [70] for
DMS and Gaussian memoryless sources (GMS). The results in [54],
[70] were further generalized to various scenarios in the point-to-point
case [67], [71], [72], [117], [126], [152] and to problems in network
information theory [82], [147]-[151], usually for DMS.

However, despite the undeniable importance of lossy source cod-
ing and its diverse applications beyond low-latency communications
in various domains including privacy utility tradeoff [101], machine
learning [39] and image/video compression [46], [86], [110], there is no
publication that systematically summarizes recent advances for finite
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blocklength analyses and second-order asymptotics of lossy source cod-
ing problems, especially the multiterminal cases. One might argue that
[112] covers these topics. Specifically, [112, Chapter 3] focuses on the
point-to-point setting by presenting non-asymptotic and refined asymp-
totics bounds for both lossless and lossy source coding problems, [112,
Chapter 4.5] briefly presents the results for joint source-channel coding
without proof sketches while [112, Chapter 6] studies a lossless multiter-
minal source coding problem named the Slepian-Wolf problem [107]. It
is important to note that recent advances of lossy source coding (e.g.,
[67], [72], [150], [152]) and the multiterminal cases [82], [147]-[151] are
not included in [112]. Our monograph aims to fill the missing piece of
finite blocklength analyses by summarizing recent theoretical advances
for finite blocklength lossy source coding problems. Furthermore, for
point-to-point lossless and lossy source coding problems, we present
proof techniques different from those covered in [112, Chapter 3].

1.2 Organization

The rest of this monograph is organized as follows. In the rest of this
section, we present the notation used throughout the monograph and
recall critical mathematical theorems on sums of i.i.d. random variables
including the Berry-Esseen theorem [12], [32]. In Section 2, we illustrate
the meaning of finite blocklength analysis, first-order asymptotics, and
second-order asymptotics via the example of lossless source coding.
We also recall other refined asymptotics including large and moderate
deviations and explain why we focus on second-order asymptotics.

Part II of this monograph is devoted to the rate-distortion problem
and its five generalizations to consider various aspects of practical
quantization tasks. Based on [54], [70], Section 3 reviews existing results
on the rate-distortion problem. Specifically, we formulate the problem
of finite blocklength analysis of the rate-distortion problem, define
the distortion-tilted information density, present non-asymptotic and
second-order asymptotic theorems, and finally provide detailed proof
sketches.

Based on [72], Section 4 deals with the noisy lossy source coding
problem, where the encoder can only access a noisy version of the source



Full text available at: http://dx.doi.org/10.1561/0100000134

8 Introduction

sequence. This problem is also known as quantizing noisy sources and
is motivated by practical compression of speech signals distorted by
environmental noise or images corrupted by camera imperfections. The
non-asymptotic and second-order asymptotic results for this problem
reveal the role of noisy observations in the finite blocklength regime,
which is not apparent in asymptotic analyses [29], [100], [130].

Based on [71], [126], Section 5 deals with the lossy joint source-
channel coding problem, where the output of the encoder is passed
though a noisy channel and then provided to the decoder. This problem
is also known as quantization for a noisy channel. The classical separa-
tion theorem of Shannon establishes that it is asymptotically optimal
to separate lossy source coding and channel coding. However, non-
asymptotic and second-order asymptotic results suggest that, at finite
blocklengths, separate source-channel coding is strictly suboptimal.

Based on [152], Section 6 deals with mismatched compression of
Lapidoth [76, Theorem 3|, where a fixed code with an i.i.d. Gaussian
codebook and minimum Euclidean distance encoding is used to compress
an arbitrary memoryless source. This problem is motivated by the fact
that the distribution of the source to be compressed is usually unknown
and thus the matched coding scheme where the source distribution is
assumed perfectly known is impractical. Theoretical results demonstrate
that both i.i.d. Gaussian and spherical codebooks achieve the same
finite blocklength performance.

Based on [117], Section 7 deals with the Gauss-Markov source,
where the source sequence forms a first-order Markov chain and thus
has memory. This problem is motivated by practical applications where
the source sequence, such as sensor data, is usually not memoryless. The
non-asymptotic and second-order results for the Gauss-Markov source
is the first for a source with memory and reveal the role of memory on
the finite blocklength performance of optimal codes.

Based on [67], Section 8 deals with fixed-to-variable length compres-
sion, where the encoder’s output to each source sequence is a binary
string with potentially different lengths. The motivation is to further
reduce the average coding rate based on the intuition that more frequent
symbols should be assigned codewords with fewer bits, an idea captured
in the Huffman code. The theoretical results reveal the role of flexible
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rates on the finite blocklength performance and demonstrate a stark
difference with the fixed-length counterpart.

Part III deals with four multiterminal extensions of the rate-distor-
tion problem with increasing complexity and also includes a conclusion
section. Based on the first part of [147], Section 9 deals with the Kaspi
problem [56], which is a lossy source coding problem with one encoder
and two decoders. This problem generalizes the rate-distortion problem
by providing side information at the encoder and adding one additional
decoder that accesses the same side information. Both decoders share
the same compressed information of the source sequence and the decoder
with side information is required to produce a finer estimate of the
source sequence. Through the lens of this problem, we reveal the impact
of side information on the finite blocklength performance of optimal
codes.

Based on [82], [151], Section 10 deals with the successive refinement
problem [95]. This problem generalizes the rate-distortion problem by
having one additional encoder and decoder pair. The additional encoder
further compresses the source sequence and the additional decoder uses
compressed information from both encoders to produce a finer estimate
of the source sequence than the other decoder that only has access
to the original encoder. We present results under two performance
criteria: the joint excess-distortion probability (JEP) and the separate
excess-distortion probabilities (SEP). Under JEP, we reveal the tradeoff
between the coding rate of the two encoders and, under SEP, we revisit
the successively refinability property, from a second-order asymptotic
perspective. A key message from this section is that considering a joint
excess-distortion probability enables us to characterize the tradeoff of
rates of different encoders in second-order asymptotics.

Based on the second part of [147], Section 11 deals with the multiple
description problem with one deterministic decoder [34]. In this problem,
two encoders compress the source sequence and three decoders aim
to recover the source sequence with different criteria: two decoders
aim to recover the source sequence in a lossy manner with different
distortion levels and the other decoder aims to perfectly reproduce a
function of the source sequence. This problem generalizes the successive
refinement problem by having one additional lossless decoder. Under
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1 Basics

1. Introduction
I Basics 1I Point to Point Compression 2. Lossless Compression

/3\ 11 Point to Point Compression
3. Rate Distortion
Noisy Source

IIT Multiterminal Compression

< I Multiterminal Compression
@ @ @‘ 9. Kaspi Problem

10. Successive Refinement

Joint Source-Channel Coding
Mismatch
The Gauss-Markov Source

® Nk

Variable Length Compression

11. Fu-Yeung Problem
12. Gray-Wyner Problem

Figure 1.1: Relationship among the sections of this monograph.

the joint excess-distortion and error probability criterion, we reveal the
tradeoff among encoders and decoders in simultaneous lossless and lossy
compression in second-order asymptotics.

Based on [150], Section 12 deals with the lossy Gray-Wyner prob-
lem [43]. In this problem, three encoders compress two correlated source
sequences and each of the two decoders aims to recover one source
sequence. This is a fully multiterminal lossy compression problem with
multiple encoders, multiple decoders and multiple correlated source
sequences. It significantly generalizes the rate-distortion problem by hav-
ing one more source sequence, two more encoders and one more decoder.
Under the joint excess-distortion probability criterion, we reveal the
tradeoff among the coding rates of the three encoders in second-order
asymptotics.

Finally, in Section 13, we conclude the monograph and discuss future
research directions. The relationship among sections of this monograph
is illustrated in Figure 1.1.

1.3 Preliminaries

In this section, we set up the mathematical notation used throughout
the monograph and review definitions of basic information theoretical
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quantities, key properties in method of types and mathematical theorems
central to our analyses.

1.3.1 Notation

The set of real numbers, non-negative real numbers, and natural numbers
are denoted by R, R, and N, respectively. For any two natural numbers
(a,b) € N?, we use [a : b] to denote the set of all natural numbers between
a and b (inclusive) and use [a] to denote [1 : a]. For any (mq,ms) € N2,
we use 0, to denote the length-m; vector of all zeroes and use 1, m,
to denote the my X mo matrix of all ones. For any real number a € R,
we use |a|T to denote max{a,0}.

Random variables and their realizations are in capital (e.g., X)
and lower case (e.g., x) respectively. All sets (e.g., alphabets of random
variables) are denoted in calligraphic font (e.g., X'). We use X to denote
the complement of X. Let X" := (X,...,X,) be a random vector of
length-n and z" = (z1,...,x,) be a particular realization. We use

2™l = \/2Ziem z? to denote the f3 norm of a vector z™ € R™. Given
two sequences " and y", the quadratic distortion measure (squared

Euclidean norm) is defined as d(z™,y") := L{|z" —y"||? = %Zie[n] (x; —
yi)?.

The set of all probability distributions on an alphabet X is denoted
by P(X) and the set of all conditional probability distribution from X
to ) is denoted by P(Y|X). Given P € P(X), we use supp(P) to denote
the support of distribution P, i.e., supp(P) = {x € X : P(z) > 0}.
Given a conditional distribution Py x € P(Y|X) and x € X, we use
Py, to denote the conditional distribution Py |x(:|r). Given P € P(X)
and V € P(Y|X), we use P x V to denote the joint distribution induced
by P and V. Given a joint probability distribution Pxy € P(X x ),
let m = |supp(Pxy)| and let I'(Pxy) be the sorted distribution such
that for each i € [m], I';(Pxy) = Pxy (x;,y;) is the i-th largest value of
[Pxy(a,y) ¢ (5,y) € X x ).

We use standard asymptotic notations such as ©(-), O(-) and
o(+) (cf. [18]). We use 1(-) as the indicator function and we use log(-) with
base e unless otherwise stated. We let Q(t) := [ \/%6_13/2 du be the
complementary cumulative distribution function of the standard Gaus-
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sian. Let Q! be the inverse of Q. We use Wy (1, ..., 2x; i, 2) to denote
the multivariate generalization of the Gaussian cumulative distribution
function (cdf), i.e., ¥(x1,..., 250, 2) = [TL ... [T N(x;p; ) dx,
where N (x; u; ) is the probability density function (PDF) of a k-
variate Gaussian with mean vector p and covariance matrix 3.

1.3.2 Basic Definitions

To smoothly present the results in this monograph, we recall necessary
information theoretical definitions. Given any distribution Px € P(X)
defined on a finite alphabet X', the entropy is defined as

H(X)=H(Px):= Y  —Px(z)logPx(x). (1.1)
zesupp(Px)

Note that the notation H(X) is used in classical textbooks as [19] and
the notation H(Py) that clarifies the dependence of the entropy on the
distribution is used in [22]. We use both notations for the entropy and
other information theoretical quantities interchangeably. Specifically,
when we need to specify the distribution of a random variable, we use
the distribution dependence version H(Px); when the distribution of
the random variable is clear, we use H(X) for its simplicity. Analogously,
given a joint probability mass function (PMF) Pxy € P(X x )) defined
on a finite alphabet X x ), the joint entropy is defined as

H(X,Y)=H(Pxy) = > —Pxy(z,y) log Pxy (z,y), (1.2)
(z,y)€supp(Pxy)
and the conditional entropy of Y given X is defined as

(z,y)€supp(Pxy)
(1.3)

where (Py| x, Px) are the induced conditional and marginal distributions
of Pyy. The conditional entropy H(Py|x|Px) of X given Y is defined
similarly.

Furthermore, the mutual information that measures dependence of
two random variables (X,Y") with distribution Pxy is defined as

I(X;Y) = I(Px, Pxy) = H(Px) — H(Px|y|Py), (1.4)
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where Pxy is also induced by Pxy. Note that mutual information
I(X;Y) is symmetric so that I(X;Y) = I(Y; X). Similar to the defini-
tion of entropy, we use I(X;Y") and the distribution dependence version
I(Px, Px|y) interchangeably. Analogously, given the joint distribution
Pxvy 7 of three random variables (X, Y, Z) defined on a finite alphabet
X x Y x Z, define the conditional mutual information I(X;Y|Z) as

I(X;Y|Z) = I(Px |z, Px|yz|Pz) = H(Px|z|Pz) — H(Px|y z| Py z),
(1.5)

where all distributions are induced by the joint distribution Pxy z.

Another critical quantity that we use frequency is the Kullback-
Leibler (KL) divergence, also known as the relative entropy. Given any
two distributions (Px,Qx) defined on the finite alphabet X', the KL
divergence D(Px||Qx) is defined as

Px(l')
% Qx(@)

D(Px[lQx)= Y  Px(z)]

z€supp(Px)

. (1.6)

Note that D(Px||@x) measures closeness of two distributions Px and
Qx and equals zero if and only if Py = Qx. For any two distributions
Pxvy and Qxy defined on a finite alphabet X x ), the KL divergence
D(Pxy||Qxy) is defined similarly; when the marginal distributions
Px = Qx, the conditional KL divergence is defined as

D(Pyix|QvixIPx) = Y.  Px(z)D(Prix(|2)|Qyx(|2)). (1.7)

x&supp(Px)

1.3.3 The Method of Types

Since we focus on DMS, the method of types plays a critical role in our
analyses. Thus, we also recall definitions and results in this domain [21]
(see also [19, Chapter 11] and [22, Chapter 2]). Given a length-n discrete
sequence z" € A", the empirical distribution Tyn is defined as

Tpn(a) = % > Yai=a}, VaeX. (1.8)
i€[n]

The set of types formed from length-n sequences in X is denoted by
Pn(X). Given a type Px € P,(X), the set of all sequences of length-n
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with type Px is the type class denoted by 7p,. For any n € N, the
number of types satisfies

Pa(X)] < (n+ 1)1 (1.9)
For any type Py € Pp(X), the size of type class T} satisfies
(n+1)"*lexp(nH (Px)) < |T3.| < exp(nH(Px)). (1.10)

For any sequence z™ that is generated i.i.d. from a distribution Px €
P(X), its probability satisfies

PR(a") = exp(—n(D(Tun | Px) + H(Ton)). (L.11)

Thus, for any type Qx € P,(X), the probability of the type class Tox
satisfies

(n+1)"1* < Fx(74,) <1 (1.12)
~ exp(—nD(Qx|Px)) T '
Given any two sequences (z",y") € X" x V" for any (a,b) € X x Y,
the joint empirical distribution Txn n is defined as
Tynyn (a, b) Z H{(z,y:) = (a,b)}. (1.13)
ze [n]

Given any z" € A" and conditional distribution Vy|x € P(Y|X), the
set of all sequences y” € V" such that Txnyn = Tan X Vy|x is the
conditional type class denoted by Tvs, (z"). For any 2™ € Tp, , the set
of all conditional distributions Vyx € P(Y|X) such that the conditional
type class TVY‘ (2™) is not empty is the set of conditional types given
the marginal type Py and is denoted by V"(Y; Px).

The following results hold. For any Px € P,(X), the number of
conditional types is upper bounded by

V*(V; Px)| < (n+ 1)IXIV, (1.14)

For any z" € T/ , the size of the conditional type class Ty, (")

satisfies

(n+ 1) Plexp(nH (Vyx)|Px) < |Tvyx (2")] < exp(nH (Vyx)|Px).
(1.15)
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Given any 2" € TJ, , Wy |x € P(Y|X) and Vyx € V*(Y; Px), for any
y” S TVYIX(xn),

Wy x (y"|z") = exp(—n(H (Vy|x) + D(Vy|x [Wy|x)|Px)).  (1.16)
Thus, it follows from (1.15) and (1.16) that

WY x (Tvy  (27))
n =XV YiXA TVrix )
(n+1) = eXP(—”D(VY|X||WY|X)|PX)) =1 (L.17)

1.3.4 Mathematical Tools

In this section, we present the mathematical tools used to prove second-
order asymptotics, which are essentially the generalization of central
limit theorems. Let X™ = (X1,..., X,,) be a collection of n i.i.d. random
variables with zero mean and variance o2 and let the normalized sum
of these n random variables be

1
Sy, = - Z X;. (1.18)
i€[n]

We first recall the weak law of large numbers [33], which states that

the normalized sum S, converges in probability to its mean.

Theorem 1.1 (The Weak Law of Large Numbers). For any positive real
number § € Ry,

Jim Pr{S, >} =0. (1.19)
In the proofs of many theorems, the Markov inequality is used.

Theorem 1.2 (The Markov Inequality). For any non-negative real number
0 € R, and any positive real number ¢,

exp(6.Sy,)] .

Pr{S, >t} < E[exp(w) (1.20)

The Berry-Esseen Theorem for i.i.d. random variables [12], [32] is
critical in deriving second-order asymptotics.
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Theorem 1.3 (The Berry-Esseen Theorem). Assume that the third abso-
lute moment of X is finite, i.e., T := E| X1 |> < co. For each n € N,

Pr{Sn Zt\/f} — Q)] < L

sup (1.21)

teR

~ o3y/n’
The Berry-Esseen theorem states that the probability that the
normalized sum S,, deviates from its mean by a sequence which scales

as @(ﬁ) is well approximated by the same probability for a standard
normal variable, with the difference in the order of O <ﬁ) that depends

on the variance o2 and the third absolute moment 7'. The assumption
that T is finite is satisfied for DMS. It is the mathematical theorem
that one applies in the analysis of second-order asymptotics for source
and channel coding problems that involve a single encoder.

To tackle certain problems, we need to consider independent but not
identically distributed (i.n.i.d.) random variables. Let X™ = (X1,...,
X,,) be a sequence of random variables, where each random variable
X; has zero mean, variance o? := E[X?] > 0 and finite third-absolute
moment T} := E[| X;|?]. Define the average variance and third-absolute
moment as follows:

o? = ! Z o2, (1.22)
" 1€[n]

7=t ST; (1.23)
" 1€[n]

The Berry-Esseen theorem for i.n.i.d. random variables states as follows.

Theorem 1.4. For each n € N,
6T
<

Pr{Snzt\/f}—Q(t) < S

To derive results for multiterminal lossy source coding problems with

sup (1.24)

teR

multiple encoders, we need the following multivariate generalization
of the Berry-Esseen theorem [40]. Given d € N, for each i € [n], let
X; = (Xi1,...,Xik) be a k-dimensional random vector with zero mean
vector and covariance matrix 3. Let the normalized sum vector be

= 1L x.
S, = \/EXZ.
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Theorem 1.5 (Vector Version of the Berry-Esseen Theorem). Let the
third absolute moment of X; be T := E[||X;]|*]. For each n € N, we
have

sup (1.25)

K(d)T
Pr{S, <t} - ‘I’k(h,---,tk;ok,z)‘ < K1)
(t1,.5ta) ERE

S =

where > refers to elementwise comparison and K(d) is a constant
depending on the dimension d only (see [7], [94] for explicit bounds).
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Lossless Compression

This section focuses on lossless source coding, the notably simplest
problem in vector quantization. In his seminal 1948 paper [104], Shannon
showed that the minimal compression rate for reliable lossless source
coding is the entropy of the discrete memoryless source, assuming that
the blocklength of the source to be compressed tends to infinity. Inspired
by the low-latency requirement of practical communications systems, one
wonders what the performance degradation is if one operates at a finite
blocklength. This question was answered by Yushkevich [142] and by
Strassen [109] who derived the second-order asymptotic approximation
to the finite blocklength performance, revived by Hayashi [50] who
rediscovered the result using the information spectrum method and
further refined by Kontoyiannis and Verdua [59] and by Chen et al. [16]
who improved the previous bounds.

In this section, we present finite blocklength and second-order asymp-
totic bounds for lossless source coding, demonstrate the tightness of
the second-order asymptotics and discuss the relationship of second-
order asymptotics and other refined asymptotic analyses. This section
is largely based on [50], [109].

18
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2.1 Problem Formulation and Shannon’s Result

Consider any length-n source sequence X" that is generated i.i.d. from a
probability mass function (PMF) Px € P(X). In lossless source coding,
one is interested in perfectly recovering the source sequence X" from
its compressed version. Formally, a code is defined as follows.

Definition 2.1. Given any (n, M) € N2, an (n, M)-code for source
coding consists of

o an encoder f: X" — M :=[1: M],
e a decoder ¢ : M — X™.

For simplicity, we use X" to denote the reproduced source sequence
at the decoder, i.e., X™ = ¢(f(X™)). The performance metric for lossless
source coding is the error probability, i.e.,

Pen :=Pr{o(f(X")) # X"} (2.1)
=Pr{X" # X"}. (2.2)

In the above definition, n is the blocklength of the source sequence and
M is the number of codewords that encoder can use.

To achieve zero error, M should be chosen such that M > |X|"
to allow one to one mapping. However, this means no compression is
done. Thus, to compress the source, we need to tolerate a non-zero
error probability. For efficient compression, one hopes M is as small as
possible given any blocklength n and error probability P ,. To capture
the fundamental limit of lossless source coding, for any n € N, let
M*(n,e) be the minimum number of codewords such that there exists
an (n, M)-code satistying Pe, < ¢, i.e.,

M*(n,e) :==1inf {M : Jan (n, M)—code s.t. Pe, <e}. (2.3)

Ideally, one would like to exactly characterize M*(n,¢) for each finite
n € N and any tolerable error probability € € (0,1). But this is very
challenging and information theorists instead derived approximations
to M*(n,¢).
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The most famous such approximation for lossless source coding was
provided by Shannon [104], which states that

1
lim lim —log M*(n,e) = H(Px). (2.4)

e—>0n—oon

The above result means that to achieve vanishing error probability with
respect to the blocklength n, the average minimal number of bits that
one should use to compress a source symbol equals the entropy H (Py) of
the source. The above result is also known as the first-order asymptotics
since it characterizes the first dominant term in the expansion of the
non-asymptotic rate R(n, ) := 2 log M*(n,e) of an optimal code when
e — 0. In fact, the above result holds for any € € (0, 1), which is known
as strong converse and implied by second-order asymptotics.

2.2 Non-Asymptotic Bounds

Second-order asymptotics provides approximation to the finite block-
length performance M*(n,¢e), which demonstrates a deeper understand-
ing for the interplay among the blocklength, the error probability and
the coding rate. Usually, to obtain second-order asymptotics, one first
derives non-asymptotic achievability and converse bounds for any finite
blocklength n and next apply the Berry-Esseen theorem to the derived
bounds appropriately.

In [112, Sections 3.1-3.2], the non-asymptotic and second-order
asymptotic bounds by Strassen [109] were presented and in [112, Section
3.3], an alternative proof of second-order asymptotic using the method of
types [21], [22] was given. In this section, we present the non-asymptotic
bounds of Han [48] based on the information spectrum method and
provide an alternative proof of second-order asymptotics using Han’s
results.

Given any x € X, define the entropy density (z|Px) as

1(x|Px) := —log Px (). (2.5)

We first recall a finite blocklength achievability bound [48, Lemma
1.3.1].
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Theorem 2.1. For any (n, M) € N2, there exists an (n, M)-code whose
error probability is upper bounded by

Py < Pr{ 3 o(Xi|Px) > log M }. (2.6)
i€[n]
The proof of Theorem 2.1 is simple and elegant. For completeness,
we present the proof here.
Proof. For any n € N, define a set
Api={a" e Xm 3 (x| Px) < log M}, (2.7)
1€[n]

Note that if 2™ € A™, we have

P(a™) = [] Px(x:) (2.8)
i€[n]
= H exp(—u(z;|Px)) (2.9)
i€[n]
=exp(— Y_ o(i|Px)) (2.10)
i€[n]
> % (2.11)
It follows that
1> > Pga") (2.12)
xneAn
1
> — (2.13)
_ A
= (2.14)

Thus, |A,| < M. Then we can construct an (n, M)-code where the
encoder f encodes each element of 4,, to a unique number in [|.4,]]
and declares an error otherwise. This way, the number of codewords
required is | A, | < M and the error probability satisfies (2.6). O

We next recall the finite blocklength converse bound [48, Lemma
1.3.2], which presents a lower bound on the error probability of any

(n, M)-code.
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Theorem 2.2. For any (n, M) € N? and v € Ry, any (n, M)-code
satisfies

Pepn > Pr{ Z 1(X;i|Px) > log M + n’y} — exp(—ny). (2.15)
i€[n]
The proof of Theorem 2.2 is similar to that of Theorem 2.1 and is
also recalled here.

Proof. Analogously to A™ in (2.7), for any v € R, define a set
B,(7) :== {mn cXx™: Z 1(xi|Px) > log M + n’y}. (2.16)
i€[n]
Furthermore, define the set of correctly decoded source sequences as
Cp:={a"€X": ¢(f(z")) =2a"}. (2.17)
Then,
Pr{X" € Bu(v)}
=Pr{X" € (Bn(7) NCy)} + Pr{X"™ € (Bn(7) NCn)} (2.18)
<Pr{X"e€C} +Pr{X" € (Bn(v)NCp)} (2.19)
< Pe,n + Pr{Xn € (Bn(’)/) N Cn): (2-20)

where (2.20) follows from the definition of the error probability Pe .
Similar to (2.11), if 2™ € B, (v),

Px(a") =exp (= 3 o(wi|Px)) (2.21)
1€[n]
exp(—n7)
<= 7 2.22
S (2.22)
It follows that
Pr{X" € (Bn(y)NCn)} = > P (2.23)
"€ (Bn(v)NCn)
exp(—n7)
< -
< > i (2.24)
" €(Bn(v)NCh)
|Cn| exp(—ny)
<= U :
< i (2.25)

< exp(—n7), (2.26)
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where (2.26) follows since for any (n, M)-code, the number of corrected
decoded source sequences is no greater than M. O

In subsequent sections, the proofs of Theorems 2.1 and 2.2 are
generalized to obtain finite blocklength bounds for lossy source coding
problems, which are also known as lossy vector quantization [44].

2.3 Second-Order Asymptotics

Applying the Berry-Esseen theorem to the finite blocklength bounds
in Theorems 2.1 and 2.2, one can obtain the second-order asymptotics,
which provides a finer characterization of M*(n,e) in (2.3) beyond
Shannon’s classical first-order asymptotic result. To present the result,
define the dispersion of the source Px as

V(Px) := Var[—log Px (X)]. (2.27)
Theorem 2.3. For any ¢ € (0, 1),
log M*(n,e) = nH(Px) 4+ /nV(Px)Q () + O(logn). (2.28)

We remark that Theorem 2.3 was first obtained by Yushkevich [142]
for a Markov source and by Strassen [109] for DMS. Hayashi [49]
rediscovered Theorem 2.3. The O(logn) term was found to be —3 log n+
O(1) by Kontoyiannis and Verdu [59] and was recently further refined
by Chen et al. [16, Theorem 5] with explicit lower and upper bounds
on the O(1) term.

Furthermore, the achievability part of Theorem 2.3 can also be
proved using the method of types [19, Chapter 11], as demonstrated
in [112, Chapter 3.3]. The achievability proof of second-order asymp-
totics based on the method of types finds applications in many other
problems, including the point-to-point and multiterminal settings of
lossy source coding problems to be discussed in this monograph.

To illustrate the tightness of the second-order asymptotic bound
in Theorem 2.3, in Figure 2.1, we plot the second-order asymptotic
approximation in Theorem 2.3 and compare the approximation with
finite blocklength bounds in Theorems 2.1 and 2.2 for a Bernoulli source
with parameter 0.2 with the target error probability of ¢ = 0.01. As
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Figure 2.1: The second-order asymptotic bound in Theorem 2.3 and non-asymptotic
bounds in Theorems 2.1 and 2.2 for a Bernoulli source with parameter 0.2 and a
target error probability of € = 0.01.

observed from Figure 2.1, for n moderately large, the second-order
asymptotic bound provides rather tight approximation to the finite
blocklength performance. Furthermore, the gap between the second-
order asymptotic result and the first-order asymptotic result of Shannon
is significant unless n — oco.

Note that Theorem 2.3 is known as the second-order asymptotic re-
sult because it characterizes the second dominant term in the expansion
of log M*(n,e). An equivalent presentation of Theorem 2.3 is to char-
acterize the so called second-order coding rate coined by Hayashi [49],
[50]. For lossless source coding, the second-order coding rate is defined
as follows.

Definition 2.2, Given any € € [0,1), a real number L € R is said to be
a second-order achievable rate if there exists a sequence of (n, M)-codes
such that

1
li —(log M —nH(Py)) < L, 2.29
im sup \/ﬁ(og nH(Py)) < (2.29)

limsup P, <e. (2.30)

n—o0
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For any ¢ € [0, 1), the infimum of all second-order achievable rates is
called the optimal second-order coding rate and denoted by L*(¢).

We remark that L*(¢) has the unit of nats per square root number
of source symbols. With this definition, Theorem 2.3 is equivalent to
the following statement.

Theorem 2.4. For any ¢ € [0, 1), the optimal second-order rate coding
is

L*(e) = /V(Px)Q ' (o). (2.31)

In second-order asymptotics, by allowing a non-vanishing error
probability € € (0, 1), we observe that the backoff of the non-asymptotic
coding rate R*(n,e) := Llog M*(n,e) from Shannon’s asymptotic rate
H(Px) is in the order of @(ﬁ) with the coefficient determined by a
function of the tolerable error probability and the source dispersion.

2.4 Proof of Second-Order Asymptotics

We next present the proof of Theorem 2.3 by illustrating how one can
apply the Berry-Esseen theorem (cf. Theorem 1.3) to the non-asymptotic
bounds in Theorems 2.1 and 2.2,

For the smooth presentation of the proof steps, let

T(Px) = E[Jl(X|Px) — H(Px)|*]. (2.32)

2.4.1 Achievability

Given any € € (0,1), let
(2.33)

log M = nH(Px) +/nV(Px)Q ! (en). (2.34)
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It follows from Theorem 2.1 that the error probability of the code
satisfies

Pep < Pr{ > ((Xi|Px) — H(Px)) > \/nV(Px)Q'(e)}  (2.35)

i€[n]
e LS e - e 2 V0] o)
i€[n]
T(Px)
<ot ) (27)
=e, (2.38)

where (2.37) follows from the Berry-Esseen theorem for i.i.d. random
variables in Theorem 1.3 since the random variables {u(X;|Px) —
H(Px)}ic[n are a sequence of ii.d. random variables with mean 0
and the identical variance V(Px).

Thus, using the Taylor expansion of Q!(g,) around ¢ that states
Q 1(en) = Q7 e) + O(e — &p), we have

log M*(n,e) < nH(Px) + /nV(Px)Q '(¢) + O(1). (2.39)

2.4.2 Converse

For any ¢ € (0,1), let

o T(Px) l
=t T (2.40)
log M = nH(Px) + /nV(Px)Q *(c},) — logn. (2.41)

Invoking Theorem 2.2 with v = logn and using the Berry-Esseen
theorem, the error probability of any (n, M )-code satisfies

Pe,n

> Pr{ 3 ((Xi|Px) — H(Px)) > \/nV(Px)Q ' (e},) | — % (2.42)

i€[n]

> e. (2.43)
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Therefore,
log M*(n,e) > nH(Px) +1/nV(Px)Q(g],) — %logn +0(1) (2.44)
=nH(Px) + /nV(Px)Q (¢) + O(logn). (2.45)

The converse proof is now completed.

2.5 Other Refined Asymptotics

Besides second-order asymptotics, there are also other refined asymp-
totics beyond Shannon’s source coding theorem. Two examples are the
large and moderate deviations analyses.

In large deviations, one characterizes the decay rate of the error
probability Pe,, for any asymptotic rate greater than H(Px).

Definition 2.3. A non-negative number F is said to be a rate-R achiev-
able error exponent if there exists a sequence of (n, M)-codes such
that

1
limsup — log M < R, (2.46)
n—oco T
1
liminf ——log Pe,, > E. (2.47)
n—00 n

The supremum of all rate-R achievable error exponents is called the
optimal error exponent and denoted by E*(R).

The exact characterization of E*(R) was given by Gallager [36] and
by Csiszar and Longo [23].

Theorem 2.5. The optimal error exponent for the lossless source coding
problem is

E*(R) = max (pR — (14 p)log (IESUZ)%PX) P;(%” (x))) (2.48)

= min D Px). 2.49
ot (Qx|Px) (2.49)

As a result of Theorem 2.5, we conclude that the error probability
decays exponentially fast for any rate above the first-order coding
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rate, i.e., R > H(Px). The characterization in (2.48) was proved by
Gallager using the maximum likelihood decoding with the p trick and
the characterization in (2.49) was proved by Csiszar and Longo [23]
using the method of types. The equivalence of the two characterizations
is hinted in [22, Problem 2.14].

The moderate deviations regime interpolates between the large
deviations and second-order asymptotic regimes. In this regime, one is
interested in a sequence of (n, M)-codes whose rates approach H (Px)
and whose error probabilities decay to zero simultaneously.

Definition 2.4. Consider any sequence {&, },en such that &, — 0 and

n&, — 0o as n — oo. A non-negative number v is said to be an
achievable moderate deviations constant if there exists a sequence of
(n, M)-codes such that

log M — nH(Px)

li <1, 2.50

e S (250)
1

liminf —— log Pe , > v. (2.51)

The supremum of all moderate deviations constants is called the optimal
moderate deviations constant and is denoted by v*.

Note that in moderate deviations, the speed of the rate approaching
H(Px) is in the order of &,, which is slower than O(ﬁ) in second-order
asymptotics and the decay rate of the error probability is subexponential,
which is slower than the exponential decay in large deviations. This
is precisely the reason why moderate deviations is said to interpolate
second-order and large deviations asymptotics.

The optimal moderate deviations constant for the lossless source
coding problem was obtained by Altug, Wagner and Kontoyiannis in
[4].

Theorem 2.6. The optimal moderate deviations constant is
vt = # (2.52)
2V(Px)
Theorem 2.6 states that the sequence of optimal codes approaches
H(Py) at the speed of &, with the error probability decaying subexpo-

nentially fast, which can be proved by applying the moderate deviations
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—n =50

08}

- -n =200 ;
071 | ey = 1000 Second-Order
06} R — H(Px) 1
Pep, >0

Large Deviations
R > H(Px)

Moderate Deviations

Pey — 0 iy

Error Probability P,

0.1}

0 1 1 1 Sal
0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85

Rate R

Figure 2.2: Illustration of refined asymptotics for lossless source coding of a binary
memoryless source. Note that both large and moderate deviations asymptotics
provide tight characterization when n is sufficiently large and violates the low
latency requirement of practical communication systems. In contrast, second-order
asymptotics provides approximations to the performance of optimal codes with finite
blocklength.

theorem [28, p. 3.7.1] to the non-asymptotic bounds in Theorems 2.1
and 2.2.

To illustrate the relationship between second-order, large and mod-
erate deviations to the non-asymptotic bounds, we plot the relationship
between the error probability and coding rate for different blocklengths
for a binary memoryless source distributed according to a Bernoulli
distribution with parameter 0.3 in Figure 2.2, using the second-order
asymptotic bound in Theorem 2.3 as the approximation. Note that both
large and moderate deviations theorems are tight for sufficiently large
blocklength and thus violate the low-latency requirement of practical
communication systems. In this monograph, for all lossy source coding
problems to be covered, we focus on the second-order asymptotics that
provide good approximations to the performance of optimal codes at
finite blocklengths (cf. [16, Fig. 1]), and we also present non-asymptotic
bounds from which the second-order asymptotics are derived.
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Kaspi Problem

In this section, we study the lossy source coding problem with one
encoder and two decoders, where side information is available at the
encoder and one of the two decoders. We term the problem as the
Kaspi problem since this problem was first introduced by Kaspi, who
derived the asymptotically optimal achievable rate to ensure reliable
lossy reconstruction at both decoders [56, Theorem 1]. Analogous to the
rate-distortion problem, we term the asymptotic optimal achievable rate
as the Kaspi rate-distortion function. The Kaspi problem generalizes the
rate-distortion problem by adding one additional decoder and allowing
the encoder and the additional decoder to access to some correlated
side information.

Kaspi’s asymptotic results were recently refined by Zhou and Motani
in [147], [148], in which the authors derived non-asymptotic and second-
order asymptotics bounds for the Kaspi problem. In this section, we
present the results in [147], [148] and illustrate the role of side in-
formation on lossy data compression in the finite blocklength regime.
Specifically, we first present a parametric representation for the Kaspi
rate-distortion function. Subsequently, we generalize the notion of the
distortion-tilted information density for the rate-distortion problem in

120
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Section 3 to the Kaspi problem and present a non-asymptotic converse
bound. Finally, for DMS under bounded distortion measures, we present
second-order asymptotics and illustrate the results via two numerical
examples.

Since the Kaspi problem generalizes the rate-distortion problem,
the results for the Kaspi problem generalize those in Section 3. Fur-
thermore, another special case of the Kaspi problem is the conditional
rate-distortion problem where side information is available to both the
encoder and decoder in the rate-distortion problem. Thus, the results for
the Kaspi problem generalize those for the conditional rate-distortion
problem [77] as well.

9.1 Problem Formulation and Asymptotic Result

The setting of the Kaspi problem is shown in Figure 9.1. There are
one encoder f and two decoders ¢1, ¢s. The side information Y is
available to the encoder f and the decoder ¢o but not to the decoder
¢1. The encoder f compresses the source X™ into a message S given the
side information Y. Decoder ¢; aims to recover source sequence X"
within distortion level D; under distortion measure d; using the message
S. Decoder ¢9 aims to recover X" within distortion level Do under
distortion measure dy using the message S and the side information
Y™, Consider a correlated memoryless source with distribution Pxy
defined on the alphabet X x ). Assume that the source sequence and
side information (X", Y™) is generated i.i.d. from Pxy. Furthermore,
assume that the reproduction alphabets for decoders ¢ and ¢4 are 2?1
and Xs respectively.

Xn. D
xn—— s b, AR
yn (X5L7D2)

> ¢2 ———

Figure 9.1: System model for the Kaspi problem of lossy source with side information
at the encoder and one of the two decoders [56, Theorem 1].
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Definition 9.1. An (n, M)-code for the Kaspi problem consists of one

encoder
[ A" XY - M= [M], (9.1)
and two decoders
b1 M — X7, (9.2)
Byt M x YV — X (9.3)

For simplicity, let X = ¢1(f(X",Y™)) and X3 = ¢o(f(X", Y™,
Y™). For i € [2], let d; : X x &; — [0,00] be two distortion measures.
For any 2" € X™ and &7 € X, let the distortion between 2" and 7
be additive and defined as d; (2", 2}) := %Zje[n} di(zj,Zi ).

Following [56], the rate-distortion function of the Kaspi problem is
defined as follows, which characterizes the asymptotically minimal rate
to ensure reliable lossy compression at both decoders as the blocklength
tends to infinity.

Definition 9.2. A rate R is said to be (Dy, D3)-achievable for the Kaspi
problem if there exists a sequence of (n, M )-codes such that

log M
lim sup o8 <R, (9.4)
n— 00 n
and
limsup E[d; (X", X")] < Dy, i € [2]. (9.5)

n—o0
The minimum (D1, Ds)-achievable rate is called the Kaspi rate-distor-
tion function and denoted as R*(Dy, Da).

Define
R(Pxy, D1, Do)
::PA min I(PXY’PXYle)+I(PX\YXl’PX|X1X2Y‘PYX1)’

% 1xy Prylxyy
Eld) (X,X1)]<D1,
E[d2(X™,X3)]<D2

(9.6)
where the distributions (ny| Xl’PX\YXpP)q % XQY) are induced by

(Pxy, PXl\XY’ PX2|XYX1 :
Kaspi [56, Theorem 1] derived the following result.
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Theorem 9.1. The minimum (D;, D2)-achievable rate for the Kaspi
problem satisfies

R*(D1, D2) = R(Pxy, D1, D3). (9.7)

We refer to R(Pxy, D1, D2) as the Kaspi rate-distortion function.
Note that R(Pxy, D1, D2) is convex and non-increasing in both D; and
Dy. We remark that the explicit formulas of the Kaspi rate-distortion
function was derived by Perron, Diggavi and Telatar for GMS under
quadratic distortion measures [89] and a binary memoryless erasure
source under Hamming distortion measures [90].

To derive non-asymptotic and second-order asymptotic bounds,
instead of using the average distortion criterion, we adopt the following
joint excess-distortion probability as the performance criterion:

Pey(D1, Dy) := Pr{di(X", X]) > Dy or dy(X", X3) > D} (9.8)

Note that the probability in (9.8) is calculated with respect to the
distribution of the source sequences for a fixed (n, M )-code. For bounded
distortion measures, the asymptotically minimal rate to ensure vanishing
joint excess-distortion probability Pe (D1, D2) is also R(Pxy, D1, D3).
The justification is similar to the case of the rate-distortion problem
below Theorem 3.1.

The Kaspi rate-distortion function R(Pxy, D1, D2) equals the rate-
distortion function R(Px, Ds) if D is large enough, and equals the con-
ditional rate-distortion function R(Pxy, D1|Py) if Do is large enough
where

R(Px|Y,D1|Py) = min I(PX|Yupx|X1y|PY)7 (9.9)
Py ixy Eldi (X, X1)]<Ds

with PX|X1Y induced by (PY7PXIY7PX1|XY)'

Note that the conditional rate-distortion function R(Px |y, D1|Py) is
the minimal achievable rate of lossy compression when side information
is available at both the encoder and the decoder, which is also known
as the conditional rate-distortion problem. Similarly, for second-order
asymptotics, the results for the Kaspi problem specialize to either the
rate-distortion problem or the conditional rate-distortion problem.
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9.2 Properties of the Rate-Distortion Function

We first present the properties of the Kaspi rate-distortion function,
which allows us to define the distortions-tilted information density for
the Kaspi problem and derive a non-asymptotic converse bound that
generalizes the non-asymptotic converse bound for the rate-distortion
problem in Theorem 3.4 of the rate-distortion problem.

Given any (conditional) distributions (PX1| xvo Py xvx,): et Pg
PXXQ and PYXl’ PX2|YX1’ PYX1X2 be induced by Pxy, PX1|XY
and Pf(g\ XY X, Consider the distortion levels (Dy, D9) such that R(Pxy,
Dy, Dy) is finite and there exists test channels (P)"i(1| . P;QI XYXl)
that achieve R(Pxy,Di,Ds). Note that R(Pxy, D1, D2) (see (9.6))

corresponds to a convex optimization problem and the dual problem is

PXXl’

given by

sup min
(Al,Ag)ERi PXl\XY’PX2|XYX1

(I(PXY’ PXY\Xl) + I(PX|YX17PX\X1X2Y’PYX1) (9.10)
+ M(E[di (X, X1) = Di]) + Mo (Eldy(X", X3) = D). (9.11)

For any given distortion levels (Dj, D), the optimal solutions to the
dual problem of R(Pxy, D1, D2) are

__ OR(Pxy,D, Dy)

A b ‘D:DJ (9.12)
% 8R(ny, Dl, D)
= . 1
A2 oD ‘D:Dz (9-13)

Given any (z,y,#1) € X x Y x X} and distributions (QleQXﬂYXl) €
P(Xy) x P(Xo|V, K1), let

a2($7y7i'1|QX2|YX1)
N N —1
= {IEQXWX1 [exp(—Asda(X™, X;‘))‘Y =y Xi=a]} , (914)

a(r,y|Qx,, Qx,yx,)
1

= {EQXI [eXp (= 2idi(z, X)) ] }_ . 9.15)

az(z,y, X11Qx, v x,)
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Lemma 9.2. A pair of conditional distributions (P)*?ll Xy,P)’ﬁ<2| <y Xl)
achieves R(Pxy, D1, D2) if and only if

o For all (z,y,21),

P;(1|Xy(i'l’$vy)
_alnlP Py )Py G (X))
a2($7y)j1|P;22‘yX1) ’

o For all (z,y,#1,22) such that P)’i(1 (z1) >0,

P;Q‘XyXl('%Q‘xayai‘l) = 052(1'7yail’P;Q‘yXI)P;€2|YX1(@2‘y7"%1)

x exp(—Msda (X", X3)). (9.17)

Furthermore, if the pair of distributions (P;i(1| o P)*A(Q‘ v X1) achieves
R(Pxy, D1, Ds),

R(Pxy, D1, Do)

= E[log oz(:n,y\P;‘»(l,P;( )] — A1D1 — A3Ds. (9.18)

2|V Xy

The proof of Lemma 9.2 is similar to [69, Properties 1-3] for the
rate-distortion problem that mainly uses the KKT conditions for convex
optimization problems. Lemma 9.2 paves the way for the definition of
the distortions-tilted information density for the Kaspi problem and also
implies critical properties for the Kaspi distortions-tilted information
density that parallel Lemma 3.2 for the rate-distortion problem.

We remark that for any pair of optimal test channels (P;im v
), similar to [127, Lemma 2], one can verify that the values of

* *
) and a(z, y|PX1’PX2\YX1

sk
P Xo| XY X,

oz (z,y, 21| P ) remain the same. Hence,

2|V X3
for simplicity, we define

aQ(xay7£‘1) = a2(x>y7£1|P;i(2‘yj(1)a (919)
OZ(ZL',y) = a(x7y|P;217P;22|yXl)‘ (920)
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Furthermore, for any & € X, and distribution QX2|YX1 € P(Q?QDJ, /'?1),
define the following function:
V(fclv QX2|YX1) = ]EPXYXQXQD/Xl [O‘(Xv Y)
x exp(=\jdi(X, X1) = Asda(X, Xo))|[ %1 = #1]. (9.21)
The following lemma holds.

Lemma 9.3. For any #; and arbitrary distribution Q |y Xy We have

V((f‘l,QX—QIYXl) § 1. (9.22)

We remark that Lemma 9.3 holds for both discrete and continuous
memoryless sources. The proof of Lemma 9.3 is inspired by [20, Lemma
1.4], [120, Lemma 5] and [68] and available in [147, Appendix A].
Invoking Lemma 9.3, we prove a non-asymptotic converse bound for
the Kaspi problem in Theorem 9.5.

9.3 Distortions-Tilted Information Density

Now we introduce the distortions-tilted information density for the
Kaspi problem that generalizes distortion-tilted information density for
the lossy source coding problem [54], [70]. Recall the definition of a(-)
in (9.20).

Definition 9.3. For any (z,y) € X x Y, the (D1, Ds)-tilted information
density for the Kaspi problem is defined as

)z, y|D1, Do, Pxy) :=loga(x,y) — A]D1 — A;Ds. (9.23)

The properties of the (Dj, D2)-tilted information density follows
from Lemma 9.2. For example, invoking (9.16) and (9.17), we conclude
that for all (z,y, &1, &2) such that P;i(1 (i.l)P;(ﬂYXl (Z2ly, 1) > 0,
)(x,y|D1, D2, Pxy)

P;(l‘Xy(jﬂl‘?y) P;22|nyl(i2|$’y7§31)

Py (1) P3 v, (B2ly,21)

+ Ni(dy (2, 21) — D1) + N3(do(X™, X5) — Dy). (9.24)

= log
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Furthermore, it follows from (9.18) that
R(Pxy, D1, Ds) = E[3(X,Y|Dy, Dy, Pxy)]. (9.25)

Finally, we have the following lemma that further relates the dis-
tortions-tilted information density with the derivative of the Kaspi
rate-distortion function with respect to the distribution Pxy. Given a
joint probability mass function Pxy, recall that m = | supp(Pxy )| and
I'(Pxy) is the sorted distribution such that for each ¢ € [m], I';(Pxy) =
Pxy (x;,y;) is the i-th largest value of {Pxy (z,y) : (z,y) € X x V}.

Lemma 9.4. Suppose that for all @ xy in the neighborhood of Pxy,
supp(Q}l)zQ) = supp(P;i(lXQ). Then, for each i € [m — 1],

OR(Qxy, D1, Do) ‘
8Fi(QXY) Qxy=Pxy
= )(zs,yi| D1, D2, Pxy) — )(%m, ym|D1, D2, Pxy). (9.26)

The proof of Lemma 9.4 is available in [147, Appendix I]. Lemma
9.4 parallels Claim (iv) in Lemma 3.2 for the rate-distortion problem
and is critical in the achievability proof of second-order asymptotics.

9.4 A Non-Asymptotic Converse Bound

Invoking Lemma 9.3, we obtain the following non-asymptotic converse
bound for the Kaspi problem that generalizes Theorem 3.4 for the
rate-distortion problem.

Theorem 9.5. Given any v > 0, the joint excess-distortion probability
of any (n, M)-code for the Kaspi problem satisfies

Pen(D1, Do) > Pr{ " 5(Xi, Yi| D1, Do, Pxy) > log M +ny |

i€[n]
— exp(—ny). (9.27)

We remark that Theorem 9.5 plays a central role in the converse proof
the second-order asymptotics and holds for any memoryless sources.
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Proof. The proof of Theorem 9.5 is similar to that of Theorem 3.4. Given
any (n, M)-code with encoder f and decoders (¢1, ¢2), let S = f(X™)
be the compressed index that takes values in M, let Pgx» be the
conditional distribution induced by the encoder f and let Py nis and
let the conditional distributions P, 1S and Py A be induced by the
decoders ¢1 and ¢9, respectively. Furthermore let Qs be the uniform
distribution over M and let

QXn Z QS X"|S |S)7 (9'28)
seM
Do Qs(s) Xn\s(xl )P)‘(g\syn(fc%s’yn)

Qy v (BB1y") = (9.29)

QX{L (5171 )
For ease of notation, we use C(D1, D2) to denote the non-excess-distor-
tion event, i.e., the event that {dy (X", X}) < Dy, da(X", XJ) < Dy}
and use £(Dy, D2) to denote the excess-distortion event {d; (X", X7) >
Dy or do(X™, X3) > Dy}. For any > 0, it follows that

Pl"{ > J(Xi,Yi|Dy, Do, Pxy) > log M —|—n7}

i€[n]
Pl"{ > J(Xi,Yi|Dy, Do, Pxy) > log M + ny and C(DlvDZ)}
i€[n]
+Pr{&(D1,Dy)}, (9.30)

where the second term in (9.30) is exactly the joint excess-distortion
probability Pe (D1, D2).
The first term in (9.30) can be upper bounded as follows:

Pr{ >~ 5(X;,Yi|Dy, D2, Pxy) > log M +ny, C(Di1, D)}
i€[n]
= Pr{M <exp (Y J(X;,Yi| Dy, D3, Pxy) = ny) L(C(D1, D2)) }
1€[n]
(9.31)

ME{GXP (" 2(X:,Y;| Dy, Dy, Pxy))L(C(Dx, Dz))} (9.32)

< (
- M .
1€[n]
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exp(—n
< WE[GXP( > 3(X4,Y;|Dy, Do, Pxy)
i€[n]
+ 3" AH(D; - di(X" X”)))} (9.33)
1€[2]

= exp(—ny Z Z Z Qs(s)Pxy(z",y )PS|X”( s|z™) X"|S( 27s)

s (znyn) 27,8y

X Pgnjyn g (@51y",s) 1T ewi, va)
1€[n]

X exp(—A*d(azi,:ﬁl z) — )\3( (xl', {i‘g 1))) (934)
<exp(=m7) D D0 Qip(@1)Qgp 5y (B11ET) PRy (2", y")

(z™,y™) 27,25

x [ alwi,yi) exp(=Afd(zi, 1) — N5(d(wi, £2,4))) (9.35)
i€[n]
= exp(—n7) Y. Qe (B1)| T] #(816,Qx, v, (9.36)
oy i€[n]
< exp(—n7y), (9.37)

where (9.32) follows from the Markov inequality and (9.33) follows since
Af >0 for ¢ € [2], (9.34) follows from the definitions of «(-) in (9.20)
and j(-) in (9.23), (9.35) follows from the fact Pgxn(s|z") < 1 and
the definitions of distributions (QX{H QX;\X{H QXSIY”)’ (9.36) since we
define QXz,i\Yin,i as the marginal distribution QX2,1‘|Y:L of QX;\Yn and
use the definition of v(-) in (9.21) and (9.37) follows from the result in
(9.22).

The proof of Theorem 9.5 is completed by combining (9.30) and
(9.37). O

9.5 Second-Order Asymptotics

In this section, we define and present second-order asymptotics of
the Kaspi problem for DMS under bounded distortion measures. In
other words, we assume that X', ), 2?1, Xy are all finite sets and
maxy z, di(x, ;) ,i € [2] is finite.
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9.5.1 Definition, Main Result and Discussions

Let € € (0,1) be fixed.

Definition 9.4. A rate L is said to be second-order (Dy, D2, €)-achievable
for the Kaspi problem if there exists a sequence of (n, M )-codes such
that

. logM—nR(ny,Dl,Dg)
lim sup

<L, 9.38
n—o0 Vn - ( )

and

limsup Pe (D1, D2) < . (9.39)
n—oo
The infimum second-order (D1, D3, £)-achievable rate is called the opti-
mal second-order coding rate and denoted as L*(D1, Do, ¢).

Note that in Definition 9.2 of the rate-distortion region, the average
distortion criterion is used, while in Definition 9.4, the excess-distortion
probability is considered. The reason is that for second-order asymp-
totics, second-order asymptotics always companies with the probability
of a certain event. To be specific, the excess-distortion probability plays
a similar role as error probability for the lossless source coding prob-
lem [49] or channel coding problems [50], [91]. Let V(D;, Da, Pxy) be
the distortions-dispersion function for the Kaspi problem, i.e.,

V(D1, Dy, Pxy) := Var[)(X,Y|Dy, Do, Pxy)]. (9.40)
We impose following conditions:

1. The distortion levels are chosen such that R(Pxy, D1, D2) > 0 is
finite;

2. Qxy — R(Qxy, D1, D7) is twice differentiable in the neighbor-
hood of Pxy and the derivatives are bounded.

Theorem 9.6. Under conditions (1) and (2), the optimal second-order
coding rate for the Kaspi problem is

L*(D1, Dy,e) = \/V(D1, D2, Pxy)Q 7 (e). (9.41)
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The converse proof of Theorem 9.6 follows by applying the Berry-
Esseen Theorem to the non-asymptotic bound in Theorem 9.5. In the
achievability proof, we first prove a type-covering lemma tailored for
the Kaspi problem. Subsequently, we make use of the properties of
J(z,y|D1, Dy, Pxy) in Lemma 9.2 and appropriate Taylor expansions.

We remark that the distortions-tilted information density for the
Kaspi problem j(x,y|D1, D2, Pxy) reduces to the distortion-tilted in-
formation density for the lossy source coding problem [70], or the
distortion-tilted information density for the lossy source coding problem
with encoder and decoder side information [77] for particular choices of
distortion levels (Dy, Dy). Hence, our result in Theorem 9.6 is a strict
generalization of the second-order coding rate for the lossy source coding
problem [70] and the conditional lossy source coding problem [77] for
DMS under bounded distortion measures. We also illustrate this point
in Section 9.5.2 via a numerical example for the doubly symmetric
binary source.

In the next two subsections, we illustrate Theorem 9.6 via two numer-
ical examples by calculating the second-order coding rate L*(D1, Ds,¢)
in close form.

9.5.2 Numerical Examples
Asymmetric Correlated Source

In order to illustrate our results in Lemma 9.2 and Theorem 9.6, we
consider the following source. Let X = {0,1}, Y = {0,1,e} and Px(0) =
Px(1) = % Let Y be the output of passing X through a Binary Erasure
Channel (BEC) with erasure probability p, i.e., Py|x(ylz) = 1 —p
if z = y and Py|x(e|z) = p. The explicit formula of the Kaspi rate-
distortion function for the above correlated source under Hamming
distortion measures was derived by Perron, Diggavi and Telatar in [90].
Here we only recall the non-degenerate result, i.e., the case where the

distortion levels (D, D2) are chosen such that A} > 0 and A3 > 0.
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Define the set
1
Dbec = {(D17D2) € R%,- : Dl < 57

1 —

Dy — Tp <Dy <pDi}. (9.42)
Lemma 9.7. If (Dy, D3) € Dyec, then the Kaspi rate-distortion function
for the above asymmetric correlated source under Hamming distortion
measures is

D~ D
R(Pxy, D1, Do) = log2 = (1 —p)Hb<i_pz)

—pr <D2> (943)

Hence, for (Dy, D3) € Dpec, using the definitions of A} in (9.12) and
A5 in (9.13), we obtain

(1—p)— (D1 — Do) Dy — D,

A =1 —1 9.44
i = log T 08— (9.44)
(1—p)— (D1 — Do)
=1 4
og D - Dy , (9.45)
- D Dy —D
A5 = logp 2 4 log bt
1-p
1—-p)—(Dy—D D
—log( p) = (D 2)—10g—2 (9.46)
1-p D
* p_-D2
— 1 4
1 T log Dy (9.47)

Then, using the definitions of aa(+) in (9.19) and «(-) in (9.20), we have

a2(0,0,0) = a2(0,0,1) = az(1,1,0) = a(1,1,1)
= a3(0,e,0) = as(l,e,1) =1, (9.48)
a2(1,0,0) = a2(1,0,1) = a2(0,1,0) = a2(0,1,1)
= az(1,e,0) = az(0,e,1) = exp(A3), (9.49)
and )
a(0,0) = «a(1,1) = T op—X)’ (9.50)
a(0,e) = a(l,e) = 2 (9.51)

14 exp(—=Af — A5’
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It can be verified easily that (9.16), (9.17), (9.18) hold. In the
following, we will verify that (9.22) holds for arbitrary @ S|y, and 1.
As a first step, we can verify that for any (y, &1, #2), we have

Z PXY(xa y)Oé(]I, y) exp(—/\“fdl(x, i,l) - )‘;dZ(Xn7 X;L))

az,y)

_ -\ 1)). .52
a7, 51) exp(—Ajdi(z, 21)) (9.52)

<> Pxy(z,y)

Then, for any distribution Q ¢, , using the definition of v(-)in (9.21),
multiplying Q¢ y %, (Z2|y, 1) over both sides of (9.52), and summing
over (y,Z2), we obtain that

V(L%MQXﬂyXl) <L (953)
Using the definition of j(-) in (9.23), we have

2(0,0|D1, Do, Pxy) = 5(1,1|D1, D2, Pxy) (9.54)
—loga(0,0) = Dy — \iDy,  (9.55)

and
2(0,e|D1, Dy, Pxy) = j(1,e|D1, D2, Pxy) (9.56)
=log a(0,e) — AT D1 — \5Ds. (9.57)

Furthermore, using the definition of the distortion-dispersion function
V(Dl, DQ, ny) in (9.4()), we have

V(Dy, D2, Pxy)

= Var[](X,Y\Dl,DQ,PXy)] (958)
:p(1_p)<1ogp_pD2—1og (1=p) 1__(21_172)) (9.59)

Thus,
L*(Dy, Do, ) = \/V(Dl,Dg,PXy)Q_l(e). (9.60)

Doubly Symmetric Binary Source (DSBS)

In this example, we show that under certain distortion levels, the Kaspi
rate-distortion function reduces to the rate-distortion function [105] (see
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also [38, Theorem 3.5]) and the conditional rate-distortion function [38,
Eq. (11.2)]. We consider the DSBS where X =Y = {0, 1}, Pxy(0,0) =
Pxy(1,1) = 1%1” and Pxy(0,1) = Pxy(1,0) = § for some p € [0, %]

Lemma 9.8. Depending on the distortion levels (Di, D), the Kaspi
rate-distortion function for the DSBS with Hamming distortion measures
satisfies

e« Dy >Zfand Dy >p

R(Pxy, D1, Ds) = 0. (9.61)

e D1 < % and Do > min{p, D1}
R(Pxy, D1, D2) =1log2 — Hy(D1), (9.62)

where Hy(z) = —xlogz — (1 — x)log(1 — x) is the binary entropy
function.

o D12D2+%andD2<p

R(PXy, Dl,DQ) = Hb(p) — Hb(DQ) (963)

When Dy < % and Dy < pDq, the Kaspi rate-distortion function
reduces to the rate-distortion function for the lossy source coding
problem. Thus, the distortion-tilted information density for the Kaspi
problem reduces to the Dj-tilted information density in (9.64), i.e.,

J(z,y|D1, Da, Pxy) = log 2 — Hy(D1). (9.64)

Hence, L*(Dy, D1|Pxy) = 0. When Dy > Dy + % and Dy < p, the
Kaspi rate-distortion function reduces to the conditional rate-distortion
function. Under the optimal test channel, we have X, = 0/1 and
X — X, — Y forms a Markov chain. In this case, the distortion-tilted
information density for the Kaspi problem reduces to the conditional
distortion-tilted information density [69, Definition 5] (see also [77]),
ie.,

J(w,y| D1, D2, Pxy) = —log Pxy (z|y) — Hp(D2). (9.65)
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Hence,
V(D1, Da, Pxy) = Var[—log Pxy (X[|Y)] (9.66)
= (1 —p)(—1log(1 — p) — Hy(p))*
+p(—logp — Hy(p))” (9.67)
= V(p), (9.68)
and

L D17D27 \/ Q (969)

9.6 Proof of Second-Order Asymptotics

9.6.1 Achievability

We first prove a type covering lemma for the Kaspi problem, based on
which we derive an upper bound on the excess-distortion probability.
Subsequently, using the Berry-Esseen theorem together with proper
Taylor expansions, we manage to prove the desired achievable second-
order coding rate.

To present our type covering lemma, define the following constant:

¢ = (81X V]| %] |B| +6). (9.70)
Lemma 9.9. There exists a set B C 2\?1” such that for each (z",y") €
TQxy - if
(2")* = argmind; (=", 27), (9.71)
aneB

then the following conclusion hold.

1. The distortion between z™ and (z")* is upper bounded by Dj,
ie.,

Cl1 (l‘n, (Zn)*> S Dl, (9.72)

2. there exists a set B((2")*,y") C X} such that

in  do(a",#%) < D, 9.73
el g P H8) < D2 (573)
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3. and the size of the set BU B((2")*,y") satisfies

log [BUB((2")",y")]
<nR(Qxy, D1, D2) + clog(n + 1). (9.74)

The proof of Lemma 9.9 is similar to the proof of type covering
lemmas for rate-distortion problem.

Invoking Lemma 9.9, we can upper bound the excess-distortion
probability of an (n, M)-code. To do so, for any (n, M) € N2, define

1 log(n + 1
Ry = nlogM—(c+|X|-\y|)g(n). (9.75)

Lemma 9.10. There exists an (n, M)-code whose excess-distortion
probability satisfies

Pen(D1,Dy) < Pr {Rn < R(Txnyn, Dy, DQ)}. (9.76)

Proof. Consider the following coding scheme. Given source sequence
pair (2", y™), the encoder first calculates the joint type Txnyn, which
can be transmitted reliably using at most |X| - |)Y|log(n + 1) nats.
Then the encoder calculates R(T znyn, D1, Do) and declares an error if
nR(Tynyn, D1, Do) +clog(n+1)+|X|-|Y|log(n+1) > log M. Otherwise,
the encoder chooses a set B satisfying the properties specified in Lemma
9.9 and sends the index of (2")* = arg mingnep di (2", 21). Subsequently,
the decoder chooses a set B((z")*,y™) satisfying the properties specified
in Lemma 9.9 and sends the index of arg mingncp((nyx yn) d2(2", 23).
Lemma 9.9 implies that the decoding is error free if nR(Tynyn, D1, Da) +
clog(n+1) 4+ |X] - |Y|log(n + 1) < log M. The proof of Lemma 9.10 is

now completed. O

Given any distribution Pxy on the finite set X x ), define the
typical set

I
An(Pxy) := {QXY € Pu(X x D)+ |@xy = Pxylloo < O"g%n}'

(9.77)
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It follows from [119, Lemma 22] that

A 2| XY
If we choose
1 B L log(n + 1)
log M = R(Pxy, D1, Da) + =+ (c+ 1] 1Y) 2552, (9.79)
then
R, = R(Pxy,D D)—i—i (9.80)
n = Xy, D1, D2 NG .

For any (2", y™) such that T znyn € An(Pxy ), since the mapping
Qxy — R(Qxy,D1,D>) is twice differentiable in the neighborhood
of Pxy and the derivative is bounded, applying Taylor expansion of
R(Txnyn7 Dy, Dy) around T$nyn = Pxy and using Lemma 9.4, we have

A 1 logn
R(Tynyn, D1, Da) = - > y(@i, yi| D1, Da, Pxy) + O( i ) (9.81)
i€[n]
Define &, = loi Tt follows from Lemma 9.10 that
Pe (D1, Do)
<Pr {Rn < R(Txnyn, D1, Da), Txnyn € An(PXY)}
+ Pr{Txnyn ¢ Au(Pxy)} (9.82)
< Pr{R(P Dy, D L
< r{ (Pxy, Dy, 2)+ﬁ
1 2|x||Y
< - Z J(X;,Y5| D1, Do, Pxy) + O(fn)} + | ng | (9.83)
i€[n]
1
< Pr{ J(X;,Y;| Dy, Dy, Pxy)
\/ﬁiez[n] (
21Xy
- R(ny, Dy, DQ)) > L+ O(fn\/g)} + |n|2|| (984)
L+ 0 6T(D;, Do| P 21X
VV(D1, Dy Pxy) VnV3/2(Dy, Dy|Pxy) n
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where (9.83) follows from the results in (9.78) and Lemma 9.81 and

(9.85) follows from Berry-Esseen theorem, where T(D1, D2|Pxy) is the

third absolute moment of j(X,Y|Dy, D2, Pxy ), which is finite for DMS.
Therefore, if L satisfies

L > \/V(Dy, Ds| Pxy)Q ' (e), (9.86)
by noting that O(&,v/n) = O(logn//n), it follows that

limsup P (D1, D2) < . (9.87)

n—oo

Thus, the optimal second-order coding rate satisfies that L* (e, D1, D) <
VV(D1, D2[Pxy)Q ! (e)-

9.6.2 Converse

The converse part follows by applying the Berry-Esseen theorem to the
non-asymptotic converse bound in Theorem 9.5. Let

1
log M := nR(Pxy, D1, D2) + Ly/n — 7 logn. (9.88)
Invoking (9.27) with e = 102gn " we obtain
Pon(D1, D) + ——
en 1, 72 \/ﬁ
> Pr{ 3" )(z,y|D1, D3, Pxy) > nR(Pxy, D1, D) + Ly/n) (9.89)
i€[n)
L T(Dy, Do| P
ZQ( )— 6 3(21’ elPxy) (9.90)
VV(D1, Do[Pxy)/)  /nV¥2(Dy, Do| Pxy)
where (9.90) follows from the Berry-Esseen theorem. If
L < \/V(D1, Do|Pxy)Q ' (2), (9.91)
then
limsup Pe (D1, D2) > €. (9.92)

n—oo

Hence, the optimal second-order coding rate satisfies L*(e, D1, D3) >
VV(D1, D2[Pxy)Q (o).
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Successive Refinement

In this section, we study the successive refinement problem with two
encoders and two decoders, which generalizes the rate-distortion problem
by introducing an additional pair of encoders and decoders. Based on
the encoding process of the original encoder, the additional encoder
further compresses the source sequence and the additional decoder uses
compressed information from both encoders to produce a finer estimate
of the source sequence than the first decoder that only accesses the
original encoder. The optimal rate-distortion region for DMS under
bounded distortion measures was derived by Rimoldi in [95], which
collects rate pairs of encoders with vanishing joint excess-distortion
probabilities.

Successive refinement is the first lossy source coding problem with
multiple encoders studied in this monograph. The successive refinement
problem is an information-theoretic formulation of whether it is possible
to interrupt a transmission to provide a finer reconstruction of the source
sequence without any loss of optimality for lossy compression. For such
a problem, in order to derive the second-order asymptotics, we need
to study the backoff of the encoders’ rates from a boundary rate-point
on the rate-distortion region, analogous to the study of the backoff of

139



Full text available at: http://dx.doi.org/10.1561/0100000134

140 Successive Refinement

the encoder’s rate from the rate-distortion function in second-order
asymptotics for the rate-distortion problem. For DMS under bounded
distortion measures, we derive the optimal second-order coding region
under a joint excess-distortion probability (JEP) criterion [151]. We
also recall the second-order asymptotics under the separate excess-
distortion probabilities (SEP) criteria by No, Ingber and Weissman [82].
For successively refinable discrete memoryless source-distortion measure
triplets [31], [64], under SEP, the second-order region is significantly
simplified and the notion of successive refinability [31], [64] is generalized
to the second-order asymptotic regime. This section is largely based on
[82], [151].

There are several new insights on the second-order coding region
that we can glean when we consider the joint excess-distortion probabil-
ity (cf. Section 10.3.4). For example, under the joint excess-distortion
probability criterion, the second-order region is curved for successively
refinable source-distortion triplets, which implies that if one second-
order coding rate is small, the other is necessarily large. This reveals a
fundamental tradeoff that cannot be observed if one adopts the separate
excess-distortion probability criterion. Therefore, in subsequent sections
that involve more complicated multiterminal lossy source coding prob-
lems, we only consider the joint excess-distortion probability criterion
that better captures the rate tradeoff of multiple encoders.

10.1 Problem Formulation and Asymptotic Result

10.1.1 Problem Formulation

The successive refinement source coding problem [31], [63]-[65], [95] is
shown in Figure 10.1. There are two encoders and two decoders. For each
i € [2], encoder f; has access to a source sequence X" and compresses
it into a message S;. Decoder ¢; aims to recover source sequence X"
under distortion measure d; and distortion level D with the encoded
message S1 from encoder fi. The decoder ¢o aims to recover X under
distortion measure do and distortion level Do with messages S and So.

We consider a memoryless source with distribution Px supported
on a finite alphabet X'. Thus, X" is an i.i.d. sequence where each X
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S1 (XILv Dl)
> f1 > ¢
X L
So (ng: DZ)
S o T e

Figure 10.1: System model for the successive refinement problem [95].

is generated according to Px. We assume the reproduction alphabets
for decoder ¢1, ¢o are respectively alphabets X7 and Xs. We follow the
definitions in [95] for codes and the achievable rate region.

Definition 10.1. An (n, M;, Ms)-code for successive refinement source
coding consists of two encoders:

f1: X" = My = [My], (10.1)
fa: X" = My = [My], (10.2)
and two decoders:
¢1: My — X7, (10.3)
by 1 My x My — X (10.4)
For each i € [2], define a distortion measure d; : X x X; — [0, 00)

and let the distortion between z™ and &}' be defined as d;(2",2}) :=

% > icn] di(xj,2;;). Define the joint excess-distortion probability as

Pen(D1, D) i=Pr{di(X", X7) > Dy or dy(X", X3) > Ds}, (10.5)
where X7 = ¢ (f1(X™)) and X3 = ¢o(f1(X™), f2(X™)) are the recon-
structed sequences.

Definition 10.2. A rate pair (Ry, Rg) is said to be (D1, Dy)-achievable
for the successive refinement problem if there exists a sequence of
(n, My, Ms)-codes such that

1
lim sup — log M1 < Ry, (10.6)
n—oo N
1
lim sup — log(M;Ms) < Ry + Ro, (10.7)
n—oo T
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and
nl1_>rgo Pen(D1,D2) = 0. (10.8)

The closure of the set of all (D1, Dy)-achievable rate pairs is called
optimal (D1, Da)-achievable rate region and denoted as R(Px, D1, D2).

Note that in the original work by Rimoldi [95], the rate Ry corre-
sponds to the sum rate R; + Ro. In this monograph, to be consistent
with other sections, we use Ry to denote the rate of message S in

Figure 10.1.

10.1.2 Rimoldi’s Rate-Distortion Region

The optimal rate region for DMS with arbitrary distortion measures
was characterized in [95]. Let P(Px, D1, D2) be the set of joint distribu-
tions Py ¢ ¢, such that the X-marginal is Px, E[di (X, X1)] < Dy and
E[d2(X, X3)] < Dy. Given Py ¢ ¢ € P(Px, Dy, Dy), let

R(Px %, %,)
= {(Rl,RQ) PRy > I(Px, Pyg), Rat Ry > I(PX,PXlXLXQ)}.
(10.9)
Theorem 10.1. The optimal (D;, D2)-achievable rate region for DMS

with arbitrary distortion measures under successive refinement source
coding is
R(Px, D1, Ds) = U R(Py %, %,)- (10.10)
PXXlXQ EP(PX ,D1 ,D2)
Now we introduce an important quantity for subsequent analyses for
DMS. Given a rate Ry and distortion pair (D1, D3), let the minimal sum
rate Ry + R2 such that (Rl, Rg) € R(P_}(, Dy, Dg) be R(Rl‘Px, Dy, Dg),

ie.,

R(RI‘PXaDlaDZ)

:=min{R; + Ry : (R, R2) € R(Px,D1,D2)} (10.11)
- o I(Px, Py %, %,): (10.12)
PXle\X:E[dl(val)]SDl X[ X1,X2

E[d2 (X, X2)]<D2,I(Px Py 5, )<R1

where (10.12) follows from [55, Corollary 1].
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Let R(Px, D;) and R(Px, D3) be the rate-distortion functions [38,
Chapter 3] (see also (3.7)) when the reproduction alphabets are X; and
Xy respectively, i.e., for each i € [2],

R(Px,D;) = inf I(Px, Py z,). (10.13)

Pxi\xiE[di(XXi)}SDi

Note that if Ry < R(Px, D1), then the convex optimization in (10.12) is
infeasible. Otherwise, since R(R1|Px, D1, D) is a convex optimization
problem, the minimization in (10.12) is attained for some test channel
Py Xa|X satisfying

Y Px(2) Py, g, x (%1, &2]2)di(x,21) = D, (10.14)
x7y7z
Z Px(l')PXlXﬂX(.@l,.@2|x)d2($,.@2) = Dz, (10.15)
m’y:Z

I(Px, Pg, x) = Ri. (10.16)

Therefore, a rate pair (R}, R3) lies on the boundary of the rate-distortion
region R(Px, D1, D2) if and only if R} = R(Px,D1) and R} + RS >
R(RT‘P)(, Dl, Dg) or RT > R(P_)(, Dl) and RT-I—R; = R(RﬂPX, Dl, Dg).

10.1.3 Successive Refinability

Next we introduce the notion of a successively refinable source-distortion
measure triplet [31], [64]. We recall the definitions with a slight general-
ization in accordance to [82, Definition 2].

Definition 10.3. Given distortion measures di, ds and a source X with
distribution Px, the source-distortion measure triplet (X, d;, ds) is said
to be (D1, Dy)-successively refinable if the rate pair (R(Px, D1), R(Px,
D»)) is (D1, Dy)-achievable. If the source-distortion measure triplet is
(D1, Dy)-successively refinable for all (D, D2) such that R(Px, D;) <
R(Px, Dg), then it is said to be successively refinable.

For a successively refinable source-distortion measure triplet, the
minimal sum rate R; + Ry given R; in a certain interval is exactly
the rate-distortion function (see (10.27) to follow). This reduces the
computation of the optimal rate region in (10.10).
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Koshelev [64] presented a sufficient condition for a source-distortion
measure triplet to be successively refinable while Equitz and Cover [31,
Theorem 2| presented a necessary and sufficient condition which we
reproduce below.

Theorem 10.2. A memoryless source-distortion measure triplet is suc-

cessively refinable if and only if there exists a conditional distribution
*
XX such that

R(Px,Dl) = I(PX’PEIX)’ EPXXP;(I

X (X, X)) < Dy, (10.17)

\
R(Px,Dy) = I(Px,P%L ), Epyxpy [dy(X, X2)] < Do, (10.18)

Xo|X %
and
P;(1X2|X = P;21|XP;22|X‘ (1019)

In [31], it was shown that DMS with Hamming distortion measures,
GMS with quadratic distortion measures, and Laplacian sources with
absolute distortion measures are successively refinable. Note that in the
original paper of Equitz and Cover [31], the authors only considered
the case where both decoders use the same distortion measure, i.e.,
dy = do = d. Interestingly, as pointed out in [82, Theorem 4], the result
still holds even when d; # do. This can be verified easily for DMS by
invoking [95, Theorem 1].

10.2 Rate-Distortions-Tilted Information Density

Throughout the section, we assume that R(Px,D;) < R} < R(Px, D2)
and R(Px, D1, D2) is smooth on a boundary rate pair (R}, R3) of our
interest, i.e.,

_ R(u|Px, D1, Ds)

¢ = , (10.20)
OR R=R}

is well-defined. Note that £ > 0 since R(Ri, D2, D2) is convex and
non-increasing in R;. Further, for a positive distortion pair (D1, D2),
define
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R(Px,Ri1,D,D
V= — (Px. Fi1, D, D) : (10.21)
9D D=D,
R(Px,Ri,D1,D
Vi = — (Px. Fi1, Dy, )‘ . (10.22)
oD D—D»

Note that for a successively refinable discrete memoryless source-dis-
tortion measure triplet, from (10.27), we obtain £* = 0 and v = 0.
Let P)’i(1 RalX be the optimal test channel achieving R(R;|Px, D1, D2)
. . o s . 1 * % * *
in (10.11) (assuming it is unique)'. Let PXXl’PXXz’ PXng’ PXl’ and
P)’i(1|  be the induced (conditional) marginal distributions. We are now
ready to define the tilted information density for successive refinement
source coding problem.

Let (R}, R%) be any boundary rate pair of the rate-distortion region

R(Px, D1, D2).

Definition 10.4. For any = € X, the rate-distortions tilted information
density for the successive refinement problem is defined as

](xaRﬂDl’D%PX)

P)*A(”X(Xl’.%') R*>
- U

= _lOgEP;?le (exp{ —¢ <log D (X1>
X1

vt dy (2, 1) — Dv) — v (da(z, Xa) — Dg))}>. (10.23)
The properties of j(z, Rj|D1, D2, Px) are summarized in the follow-
ing lemma.
Lemma 10.3. The following claims hold.
1. For any (21, #2) such that P;(l)i'z (Z1,22) >0,
J(x, R|D1, D2, Px)

P (.fl,iﬁzpi) P (i%1|.1‘)

X1Xo|X * X11X *

— log ];*2‘ G T log X 7 —— R
XXy 1,42 1

— I/f(dl(l‘,.’il) — Dl) - V;(dg(l‘,fg) - Dg) (1024)

If optimal test channels are not unique, then following the proof of [127, Lemma
2], we can argue that the tilted information density is still well defined.
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2. The minimal sum rate R(R]|Px, D1, D2) equals the expectation
of the rate-distortions-tilted information density, i.e.,

R(Ri|Px, D1, D2) = Ep, [3(X, R{|D1, D2, Px)]. (10.25)

3. Suppose that for all @Qx in the neighborhood of Px, supp( }1 Xg)
= supp(P)f(lXQ). Then for all a € X,
OR(R}|Qx, D1, Do)
9Qx(a) Qx=Px
= j(a, R|D1, Do, Px) — (1 +£%). (10.26)

Lemma 10.3 generalizes the properties of the distortion-tilted infor-
mation density for the rate-distortion problem in Lemma 3.2, which are
also available in [69, Properties 1-3] and [66, Theorems 2.1-2.2].

For a successively refinable discrete memoryless source-distortion
measure triplet, it follows from Definition 10.3 that if R(Px,D;) <
Ry < R(Px, D3),

R(R1|Px, D1, D3) = R(Px, Dy). (10.27)

In this case, £ = 0, v] = 0. The rate-distortions-tilted information
density j(x, Rf|D1, D2, Px) reduces to the distortion-tilted information
density j(z|D2, Px) in (3.17) for the rate-distortion problem, where

J(&|D, Px) = ~log Ep: lexp(~Xi(d(@, X) - D)), (10.28)
!/
A= _9R(Px,D") ] (10.29)
oD’ D'=D

10.3 Second-Order Asymptotics

10.3.1 Definitions and Discussions

Recall that for the rate-distortion problem with only one encoder, the
second-order coding rate is defined as the backoff from the minimal
achievable rate, i.e., the rate-distortion function R(Px, D) (cf. Definition
3.6). Analogously, for a multiterminal lossy source coding problem such
as successive refinement, in order to derive the second-order asymptotics,
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we need to study the backoff of the rates of encoders from a boundary
point on the rate-distortion region, which is a minimal achievable rate
pair and takes role of the rate-distortion function for the rate-distortion
problem.

Formally, let (R}, R3) be a rate pair on the boundary of the rate-
distortion region R(Px, D1, D2). The second-order coding region for
the successive refinement problem is defined as follows.

Definition 10.5. Given any ¢ € (0,1), a pair (L1, L9) is said to be

second-order (R}, R3, D1, Dy, )-achievable if there exists a sequence of

(n, My, Ms)-codes such that

1

limsup — (log M1 — nRY) < L, (10.30)

n—00 n

1
lim sup —= (log(M; M) — n(R} + R3)) < Lo, (10.31)
n—o0 n
and
limsup Pe (D1, D2) < €. (10.32)
n—oo

The closure of the set of all second-order (R}, R3, D1, Da, €)-achievable
pairs is called the second-order (R, R, D1, D2, ¢) coding region and
denoted as L(R], R3, D1, Ds,¢).

We emphasize that the JEP criterion (10.32) is consistent with
original setting of successive refinement in Rimoldi’s work [95] and the
error exponent analysis of Kanlis and Narayan [55]. In contrast, Tuncel
and Rose [121] considered the separate excess-distortion events and
probabilities and derived the tradeoff between exponents of two excess-
distortion probabilities. Note that the rate-distortion region remains
the same [31], [95] regardless whether we consider vanishing joint or the
separate excess-distortion probabilities. In the study of second-order
asymptotics, the second-order coding region can also be defined under
the SEP criterion [82]. Specifically, the second-order coding region
Lsep(RY, R3, D1, D, €1, €2) is defined similar to Definition 10.5, except
that (10.32) is replaced by
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lim sup Pr {dy (X", X7') > D1} <y, (10.33)

n—oo
lim sup Pr {dx(X", X3) > D} < e, (10.34)

n—oo

for some fixed (g1,£2) € (0,1)? and the boundary rate-pair (R}, R})
is fixed as R} = R(Px,D1) and R} + RS = R(R(Px, D)|Px, D1, D2),
which corresponds to the case where both encoders respectively use
their own optimal (i.e., minimum possible) asymptotic rates.

The main content of this section is the characterization of L(R], Rj,
Dy, Dy,¢) and Leep(R7, RS, D1, D2, e1,¢2) for DMS under bounded dis-
tortion measures, e.g., a binary source with Hamming distortion mea-
sures. We note that £L(R1, R2, D1, Da, ) can, in principle, be evaluated
for rate pairs that are not on the boundary of the first-order region
R(Px, D1, D2). However, this would lead to degenerate solutions.

We next explain some advantages of using the JEP criterion over
the SEP criterion in second-order asymptotics.

1. The JEP criterion is consistent with recent works in the second-
order literature [78], [113], [127]. For example, in [78], Le, et
al. established the second-order asymptotics for the Gaussian
interference channel in the strictly very strong interference regime
under the joint error probability criterion. If in [78], one adopts
the separate error probabilities criterion, one would not be able
to observe the performance tradeoff between the two decoders.

2. In Section 10.3.4, we show, via different proof techniques com-
pared to existing works, that the second-order region is curved for
successively refinable source-distortion triplets. This shows that
if one second-order coding rate is small, the other is necessarily
large. This reveals a fundamental tradeoff that cannot be observed
if one adopts the separate excess-distortion probability criterion.

10.3.2 General DMS

Recall that W(x1, x9; p, X) is the bivariate generalization of the Gaussian
cdf. Given each i € [2], let V(D;|Px) := Var[3(X|D;, Px)] be the
rate-dispersion function (cf. (3.57)). Given a rate pair (R}, R3) on the
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boundary of R(Px, D1, D3), also define another rate-dispersion function
V(RT’P)(, Dl, Dg) := Var [](X, RT’DL DQ, Px)] Let V(RT‘P)(, Dl, DQ)
> 0 be the covariance matrix of the two-dimensional random vector
[7(X|D1, Px), 7(X, R§| D1, D2, Px)]", i.e., the rate-dispersion matrix.

We impose the following conditions on the rate pair (R}, R3), the
distortion measures (di, d2), the distortion levels (D1, D2) and the source
distribution Px:

1. R(RT’P)(,Dl,DQ) is ﬁnite;

2. & > 01in (10.20) and v/, i = 1,2 in (10.21), (10.22) are well-
defined;

3. (Qx,D}) — R(Qx, D)) is twice differentiable in the neighborhood
of (Px,D;) and the derivatives are bounded (i.e., the spectral
norm of the Hessian matrix is bounded);

4. (Ry, D}, D5, Qx) — R(R1|Qx, D}, Db) is twice differentiable in
the neighborhood of (R}, Di, Dy, Px) and the derivatives are
bounded;

Note that similar regularity assumptions were made on second-order
asymptotics for the rate-distortion and Kaspi problems.

We first present the second-order asymptotics under the JEP crite-
rion.

Theorem 10.4. Under conditions (1) to (4), depending on the values of
(R, R3), for any € € (0,1), the second-order coding region satisfies:

o Case (i): R(Px,D1) < R} < R(R}|Px,D1,D3) and R} + RS =
R(R}|Px, D1, Ds)

L(RY, R5, D1, Da,¢)

= {(L1,L2) : €Ly + Lo > /V(R{| Px, D1, D2)Q7'(e) }.
(10.35)

e Case (11) RT = R(Px,Dl) and RT -+ R; > R(RT’P)(,Dl,DQ)
ﬁ( I,R;,Dl,DQ,E)

~{tr)n = WD O 1030)
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o Case (iii): Ry = R(Px,D1), R} + R5 = R(R}|Px, D1, D2)
and rank(V(Rj|Px, D1, D)) > 1,

L(R1, Ry, D1, Dy, ¢)
= {(L1,Ls) : W(L1, "Ly + Lo 0, V(R}|Px, D1, Dy)) > 1 — e}
(10.37)

The proof of Theorem 10.4 is provided in Section 10.4. In the
achievability part, we leverage the type covering lemma [82, Lemma
8]. In the converse part, we follow the perturbation approach proposed
by Gu and Effros in their proof for the strong converse of Gray-Wyner
problem [45], leading to a type-based strong converse. In the proofs
of both directions, we leverage the properties of appropriately defined
rate-distortions-tilted information densities and use the (multi-variate)
Berry-Esseen theorem. An alternative converse proof of Theorem 10.4 is
possible by applying the Berry-Esseen theorem to the non-asymptotic
converse bound in [68, Corollary 2] (see also Lemma 11.6 from our
analysis of the Fu-Yeung problem), analogous to the converse proof of
second-order asymptotics for the rate-distortion and Kaspi problems.
We omit the alternative converse proof of Theorem 10.4.

In both Cases (i) and (ii), the code is operating at a rate pair
bounded away from one of the first-order fundamental limits. Hence,
a univariate Gaussian suffices to characterize the second-order be-
havior. In contrast, for Case (iii), the code is operating at precisely
the two first-order fundamental limits. Hence, in general, we need
a bivariate Gaussian to characterize the second-order behavior. Us-
ing an argument by Tan and Kosut [113, Theorem 6], we note that
this result holds for both positive definite and rank deficient rate-
dispersion matrices V(R}|Px, D1, D2). However, we exclude the de-
generate case in which rank(V(Rj|Px,D1,D2)) = 0. Note that if
the rank of V(R}|Px, D1, D7) is 0, it means that the dispersion ma-
trix is all zeros matrix, i.e., Cov[)(X|D1, Px), (X, Rj|D1, D2, Px)| =
0, V(Px,D;) = 0, and V(Rj|Px,D1,D2) = 0. This implies that
J(xz|Dy, Px) and j(x, Ri|D1, D2, Px) are both deterministic. In this
case, the second-order term (dispersion) vanishes, and if one seeks re-
fined asymptotic estimates for the optimal finite blocklength coding
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rates, one would then be interested to analyze the third-order or ©(logn)
asymptotics (cf. [70, Theorem 18]).

We next present inner (achievability) and outer (converse) bounds
on the second-order coding region under the SEP criterion.

Theorem 10.5. Under conditions (1) to (4), for any (e1,£2) € (0,1)2,
the second-order coding region Leep(R7, RS, D1, D2, €1, €2) satisfies that
when R} = R(Px,D;) and R} + R5 = R(R(Px, D1)|Px, D1, D3),
{(L1, L)+ Ly = /V(Px, D1)Q ! (min{ey, 2),
Ly > \V(R{|Px, D1, D2)Q}(minfe1, 5}) }
ﬁsep( Ta R§7 Dla D27 €1, 52)
c {(Ll,Lz) : L1 > /V(Px,D1)Q (1),

L > \/V(R{|Px, D1, D2)Q }(e2)}. (10.38)

The achievability proof of Theorem 10.5 was proved by No et al.
using the type covering lemma for the successive refinement problem [82,
Section V] and the converse part follows by applying the Berry-Esseen
theorem to the non-asymptotic converse bound by Kostina and Tun-
cel [68, Theorem 3]. The inner bound could also be obtained similar to
the proof Case (iii) of Theorem 10.4 with ¢ replaced by min{eq,e2}.

The inner and outer bounds match when €1 = 9. It was claimed
by No et al. [82] that the outer bound was achievable for any (e1,¢2) €
(0,1)2. However, a careful check suggests that it is impossible. This is
because, in order not to incur an excess-distortion event at decoder ¢9
for a sequence z", decoder ¢; should not incur an excess-distortion event
since otherwise, “correct” decoding of decoder ¢ is not guaranteed.

10.3.3 Successively Refinable DMS

In this subsection, we specialize the results in Theorem 10.4 to succes-
sively refinable discrete memoryless source-distortion measure triplets.
Note that for such source-distortion measure triplets, R(R}|Px, D1, D2)
= R(Px,Dg) if R(Px,Dl) < RT < R(Px,DQ). Hence, g* =0, I/i< =
0 and j(X, Ri|D1, Dy, Px) = j(X|D2, Px). The covariance matrix
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V(R;|Px, D1, Ds) is also simplified to V(Px, D1, D2) with diagonal
elements being V(Px, D1) and V(Px, D2) and off-diagonal element be-
ing the covariance Cov[j(X|D1, Px), 3(X|D2, Px)]. The conditions in
Theorem 10.4 are also now simplified to: (Qx, D}) — R(Qx, D)) and
(Qx,D5) — R(Qx, D) are twice differentiable in the neighborhood of
(Px, D1, D) and the derivatives are bounded.

Corollary 10.6. Under the conditions stated above, depending on
(R, R3), the optimal second-order (R7, R5, D1, Ds,¢) coding region for
a successively refinable discrete memoryless source-distortion measure
triplet is as follows:

e Case (i): R(Px,Dl) <R < R(Px,DQ) and Ri+R5 = R(Px,Dg)
E( LR;»DlaD%E)

= {(Ll,Lg) Ly > V(PX,DQ)Q_I(s)}. (10.39)

o Case (ii): Rf = R(Px, D2) and R} + RS > R(Px, D3)
L(RY, R5, D1, Do, ¢)
- {(Ll,Lg) Ly > V(PX,Dl)Q_l(s)}. (10.40)
o Case (ili): R} = R(Px,D2) and R} + RS = R(Px, D2)
and rank(V(Px, D1, D)) > 1,
L(R],R5,D1,Ds,¢)
= {(L1, Ly) - W(L1, L5;0,V(Px, Dy, Dy)) > 1=}, (1041)

Specifically, if V(Px, D1, Ds) = V(Px, D1) - ones(2,2), or equiva-
lently (X |D1, Px) — R} = 3(X|D2, Px) — R% almost surely,

L(RY, R3, D1, Da,¢)
= {(L1, Ly) s min{Ly, Ly} > \/V(Px, D1)Q7} ()} (10.42)

Corollary 10.6 results from specializations of Theorem 10.4. The
special case in (10.42) is proved in Section 10.4.3. We notice that the
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expressions in the second-order regions are simplified for successively
refinable discrete memoryless source-distortion measure triplets. In par-
ticular, the optimization to compute the optimal test channel P;Zl Sl
in R(Ry, D1, D3| Px), defined in (10.11)—(10.12), is no longer necessary
since the Markov chain X — Z —Y holds for P)’i(1 2|X [31].

Furthermore, in Section 10.4.4, we provide an alternative converse
proof of Corollary 10.6 by generalizing the one-shot converse bound
of Kostina and Verdu in [69, Theorem 1]. We remark that the alterna-
tive converse proof is also applicable to successively refinable continu-
ous memoryless source-distortion measure triplets such as GMS with
quadratic distortion measures.

The case in (10.42) pertains, for example, to a binary source with
Hamming distortion measures. For such a source-distortion measure
triplet, V(Px, D1, D) is rank 1 and proportional to the all ones matrix.
See Section 10.3.4. The result in (10.42) implies that both excess-
distortion events in (10.5) are perfectly correlated so that the one
consisting of the smaller second-order rate L;, i = 1,2 dominates,
since the first-order rates are fixed at the first-order fundamental limits
(R(Px,D1), R(Px, D3)). In fact, our result in (10.42) specializes to the
scenario where one considers the separate excess-distortion criterion [82]
in (10.33)*(10.34) with €1 =& =¢ and V(P)(, Dl) = V(Px, Dg). More
importantly, the case in (10.41) when V(Px, D1, Ds) is full rank pertains
to a source-distortion measure triplets with more “degrees-of-freedom”.
See Section 10.3.4 for a concrete example. Thus our work is a strict
generalization of that in [82].

The result under the SEP criterion follows from Theorem 10.5.

Corollary 10.7. Under conditions (1) to (4), for any (e1,e2) € (0,1)2,
the second-order coding region Lgep (R, R3, D1, D2, €1, €2) satisfies that
when R} = R(Px,D1) and R} + RS = R(Px, D2),
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{(Ll,Lg)i Ly > /V(Px, D1)Q ' (min{ey, e2}),

Ly > \/V(Px, D2)Q " (minfer, 2}) }

‘C ( R27D17D2)€17€2)
{Ll, . Ly > \/V(Px,D1)Q (1),

Ly > ,/V(PX,DQ)Q*(EQ)}. (10.43)

The converse part also follows from the converse proof of second-
order asymptotics for the rate-distortion problem in Theorem 3.5.
Corollary 10.7 implies that when €1 = e9, for successively refinable
DMS, under the SEP criterion, the second-order coding rates are also
successively reﬁnable since the pair Ly = /V(Px,D1)Q (1) and

= /V(Px, D2)Q 7 !(e9) is second-order achievable for the boundary
rate pair (R}, R3) = (R(Px, D1), R(Px, D3)). Such a result implies that
it is optimal to interrupt a transmission to provide a finer reconstruc-
tion of the source sequence without any loss in terms of second-order
asymptotics, which is stronger than the original definition of succes-
sively refinability in terms of first-order asymptotics and coined “strong
successive refinability” in [82].

10.3.4 Numerical Examples

Recall that any discrete memoryless source with Hamming distortion
measures is successively refinable [31]. In this subsection, we consider two
such numerical examples originated in [70] to illustrate Corollary 10.6.
We use the logarithm with base 2 in this subsection.

A Binary Memoryless Source with Hamming Distortion Measures

Fix p € [0,1]. We consider a binary source with Px(0) = p. For any
distortion levels Dy < D; < p, it follows from (3.28) that for each
i€ [2],

J(x|Ds, Px) = o(z|Px) — Hp(D;). (10.44)
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V(D|Px)
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Figure 10.2: Rate-dispersion function V(Px,D) for the source Px =
[1/3,1/4,1/4,1/6] [70, Section VIL.B] as a function of the distortion D.

Hence,

V(Px,D1) = V(Px, D) = p(1 — p)log? (1;}7) ; (10.45)
and the rate-dispersion matrix is

V(Px, Dy, Ds2) = V(Px, D;) - ones(2, 2) (10.46)

= p(1 — p) log® (

p) - ones(2, 2), (10.47)

which does not depend on (Dj, Ds). From the above considerations,
we see that a binary source with Hamming distortion measures is an
example that falls under (10.42) in Corollary 10.6.

A Quaternary Memoryless Source with Hamming Distortion Measures

We next consider a more interesting source with the joint excess-
distortion probability upper bounded by £ = 0.005. In particular,
we consider a quaternary memoryless source with distribution Px =
[1/3,1/4,1/4,1/6]. This example illustrates Case (iii) of Corollary 10.6
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Figure 10.3: Boundaries of the second-order coding region L(R], R3, D1, D2,¢) for
Case (iii) in Corollary 10.6. The regions are to the top right of the boundaries.

and is adopted from [70, Section VIL.B]. The expressions for the rate-
distortion function and the distortion-tilted information density are
given in [70, Section VIL.B] (and will not be reproduced here as they
are not important for our discussion). Since j(x|D1, Px) = j(z|D2, Px)
when Dy = Dy = D, we use j(x|D, Px) to denote the common value of
the distortion-tilted information density. Similarly, let V(Px, D) be the
common value of V(Px, D;) and V(Px, D) when D; = Dy = D. As
shown in Figure 10.2 (reproduced from [70, Section VII.B, Figure 4]),
the rate-dispersion function V(Px, D) is dependent on the distortion
level D, unlike the binary example in Section 10.3.4.

In this numerical example, we fix Dy = 0.3, which is denoted by
the circle in Figure 10.2. Then we decrease D; from 0.6 to 0.55 and
finally to 0.5. These points are denoted respectively by the diamond, the
pentagram and the square in Figure 10.2. Given these values of (Dy, D2),
we plot the second-order coding rate for Case (iii) of Corollary 10.6 in
Figure 10.3.

From Figure 10.3, we make the following observations and conclu-
sions.
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¢ The minimum L; converges to \/V(Px,D1)Q 1(g) as Ly 1 oo.
This is because as Lo increases, the bivariate Gaussian cdf asymp-
totically degenerates to the univariate Gaussian cdf with mean 0
and variance V(Px, D). A similar observation was made for the
Slepian-Wolf problem in [113].

o As we decrease the value of Dy, the second-order coding region
shrinks. We remark that there is a transition from (10.41) with
rank(V(D1|Px, D2)) = 2 to (10.42) (where rank(V(D;|Px, D2))
= 1) as we decrease Dy with the critical value of Dy being 0.5.

o When Dy < D; < 0.5, the rate-dispersion matrix V(Px, Dy, Ds) is
rank 1 (and proportional to the all ones matrix). Correspondingly,
the result in (10.42) applies. Here, the second-order region is a
(unbounded) rectangle with a sharp corner at the left bottom
since the smaller L;, ¢+ = 1,2 dominates. The second-order region
remains unchanged as we decrease D towards Do for fixed Dy =
0.3.

e When 0.5 < D; < 2/3, the result in (10.41) applies. In this
case, neither L1 nor Ly dominates. The second-order coding rates
(L1, Lg) are coupled together by the full rank rate-dispersion
matrix V(Px, D1, Ds), resulting the smooth boundary at the left
bottom.

We conclude that depending on the value of the distortion lev-
els, the rate-dispersion matrix is either rank 1 or rank 2, illustrating
Case (iii) of Corollary 10.6. These interesting observations cannot be
gleaned from the work of No et al. [82] in which the separate excess-
distortion criteria are employed for the successive refinement problem.
When V(D;|Px, D) is rank 1, exactly one excess-distortion event dom-
inates the probability in (10.5) entirely; when V(D;|Px, D) is rank 2,
both excess-distortion events contribute non-trivially to the probability
and a bivariate Gaussian is required to characterize the second-order
fundamental limit.
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10.4 Proof of Second-Order Asymptotics

10.4.1 Achievability

We make use of the type covering lemma [82, Lemma 8|, which is
modified from [55, Lemma 1]. Leveraging the type covering lemma,
we can then upper bound the excess-distortion probability. Finally, we
Taylor expand appropriate terms and invoke the Berry-Essen theorem
to obtain an achievable second-order coding region.

Define two constants

1 = 4|X|| 2| + 9, (10.48)
cg 1= 6|X|| X1 |Xa| + 2|X|| Xy | + 17. (10.49)

We are now ready to recall the discrete type covering lemma for succes-
sive refinement.

Lemma 10.8. Given type Qx € P,(X), for all Ry > R(Qx, D;), the
following holds:

« There exists a set By C X7 such that

1
log Bi| < Ry + 12" (10.50)
and the type class is Di-covered by the set Bl, ie.,
Tox € U {a":di(=",27) < Dy} (10.51)

zreB

« For each 2™ € T and each 27 € By, there exists a set By (#7) C A%
such that

logn

log ( > IBa(at ) < R(E1|Qx, D1, D2) + c2 (10.52)

and the Di-distortion ball N7 (27, D) := {a" : dq (2", 27) < D1}
is Da-covered by the set Ba(27) i.e.,

M@, D)y c | {a™:do(a™,2%) < Do} (10.53)
EREBa(27)
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Invoking Lemma 10.8, we can then upper bound the excess-distortion
probability for some (n, My, Ms)-code. Given any (n, My, Ms)-code,
define

1
Ry, = - (log M — cilogn — |X]log(n + 1)), (10.54)

1
Ry, = - (log(MlMg) — ¢ logn> — Rip. (10.55)

Lemma 10.9. There exists an (n, My, Ms)-code such that
Pen(D1, Dy) < Pr{Ri, < R(Txn, Dy) or
Rip + Rop < R(Rip, D1, Da|Txn) ). (10.56)

The proof of Lemma 10.9 is similar to [127, Lemma 5] and available
in [151, Appendix D].
Recall the definition of the typical set in (3.87) and the result in
(3.88) that
2|
n?

Pr{Txn ¢ Au(Px)} < (10.57)

For a rate pair (R], R3) satisfying the conditions in Theorem 10.4, we

choose
1 « L1 cilogn+|X|log(n+1)
—log My = — 10.58
n 0g My 1t \/ﬁ + n 5 ( )
L log(M1M) = B} + R + 22 4 ¢, 108" (10.59)
—lo = — +ec ) .
p CBVHLAL ! 27 n n
Hence,
., I
Rin=Ri+ (10.60)
., L2
le, + R27n = RT + R2 + ﬁ (1061)

From the conditions in Theorem 10.4, we know that the second derivative
of R(Qx,D1) is bounded in the neighborhood of Px, and that the
second derivative of R(R;|Qx, D1, D2) with respect to (R1, R, @x) is
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bounded around a neighborhood of (R}, Px). Hence, for any 2" such
that Tp» € A, (Px), applying Taylor’s expansion and invoking Lemmas
3.2 and 10.3, we obtain

R(Tyn, Dy)
. logn
= R(Px,D1) + Z (Txn(az) — PX(LB)) J(z|D1, Px)+ O < i )
(10.62)
1 1
=~ 3" j(a;|Dy1, Px) + O ( Og”) , (10.63)
n . n
i€[n]
and
R(R177’L7D17D2|T1’n)
. . L logn>
= R(R!, D1, Dy| Pyxy) — & —%
(R;. Dy, DofPxy) — €' 2L +0 (<2
+ 3 (Tun (@) = Px(x)) s(x, Ri|D1, Ds, Px) (10.64)
1 . . L1 logn
_1 o R} Dy, Dy, Px) — €L .o
ni;[n]j(x Ri|D1, Dy, Px) g\/ﬁ+o< 3 ) (10.65)
logn

Define n,, =

n
In subsequent analyses, for ease of notation, we use j(x, R}) and

J(x, R{| D1, Dy, Px) interchangeably. It follows from Lemma 10.9 that

Pe,n(Dh DQ)

< Pr{Ri, < R(Tx~, D1) or Ry + Rop < R(Rin, Dy, Da[Txn) }
(10.66)

< Pr {le < R(Txn, Dl) or le + Rgm < R(le, Dy, Dg”fxn),

and Txn € Ap(Px)} + Pr{Txn ¢ Au(Px)} (10.67)
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<P{*+L1<1§:@Xm Px)+0 () o
= Fr - < = A4 DL, X n) OT
: \/ﬁ nze[n]
L2 1 Ll }
R +R5+ —= < — X, R}) =& O(ny
1+ 2+\/ﬁ<”¢ez[n]]< 1) f\/ﬁ‘f‘ (1)
2|X|
= (10.68)
}){R*+‘M’<]'§:(XWD Px)+0 () o
=rr = - AP, X Tln) OT
' \/ﬁ nze[n}
* * *Ll L2 1 «
Ry + Ry +¢ %‘f’% < niez[;ﬂJ(Xile)‘f‘O(ﬂn)}
2|X
N #ﬁ (10.69)

Thus,
1-— Pe,n(Dh DQ)

1 L
> Pr{ S (XD Py) < Ri+ S5+ O ().

1 " e
- § . < L 4 =
2| X
- 22 (10.70)

We first consider Case (i) where R(Px, D) < R < R(Rj|Px, D1,
Dy) and R} + R5 = R(R}|Px, D1, D2). Using the weak law of large
numbers in Theorem 1.1, we obtain

1 Ly
Pr<— X;|D1,Px) < R} + — 1. 10.71
r{niez[nﬂ( IDLP) < Ri+ T +0@m) =1 (07)

Invoking the Berry-Esseen Theorem in Theorem 1.3, we obtain
1 x Ry N 2
Pr {ﬁ iez[%]](Xi,Rl) SR+ Ry +¢ Jn + 7n + O(Un)}
E*Ll —G—LQ—{—O(\/ﬁ’nn) B 6T(RT|P)(,D1,D2)
Vi Py Dy, Dy) ) VAVYP(RIIPx, Dy, D)

(10.72)

>1-Q
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where T(R}|Px, D1, D2) is the third absolute moment of 3(X, Rj|D1, Da,
Px), which is finite for DMS. Hence,

Pe (D1, Do)

<Q § Ly + La + O(y/nnn) 6T(R:|Px, Dy, Do)

=\ V@®RiIPx.D1,Dy) | VAVYA(RIIPx, Dy, Do)
2|X|
n?

Hence, if (Lq, L) satisfies

(10.73)

€Ly + Ly > \/V(R|Px, D1, D2)Q " (e), (10.74)

then limsup,, ,., Pen (D1, D2) < e. The proof of Case (ii) is omitted
since it is similar to Case (i).

The most interesting case is Case (iii) where R} = R(Px, D1) and
Ry + R5 = R(R}|Px, D1, D2). If V(R}|Px, D1, D9) is positive definite
we invoke the multi-variate Berry-Esseen Theorem in Theorem 1.5 to

obtain
Pe,n(DlaDQ)
<1—=V (L1 +0 ), L1+ L2+ O (1) ;0, V(RT| Px, D1, D2))
1
— . 10.
+0 (ﬁ) (10.75)

Note that if V(R}|Px, D1, D2) is rank 1, we can use the argument
(projection onto a lower-dimensional subspace) in [113, Proof of Theorem
6] to conclude that (10.75) also holds. Now if we choose (L1, La) such
that

U (L1, & L1+ L2;0, V(R;|Px, D1, D2)) 2 1 — ¢, (10.76)

then limsup,, o, Pen(D1, D2) < €. The achievability proof is now com-
pleted.
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10.4.2 Converse

We first prove a type-based strong converse. Define d; := max, , di(z, 2;)
for each i € [2]. Given a type Qx € P,(X), define

9(Qx)
:= Pr{dy (X", X") < Dy, and do(X", X3) < Do | X" € Toy }-
(10.77)

Lemma 10.10. Fix o > 0 and a type Qx € Pp(X). If the excess-
distortion probability satisfies

9(Qx) > exp(—na), (10.78)

then there exists a conditional distribution @ X1 %X such that

logM1 ZnI(QX’QXl\X) —19”, (1079)
10g(M1M2) > TLI(Q)(, QX1X2|X) - 197“ (1080)

where 9, := |X|log(n + 1) + logn + na, and the expected distortions
are bounded as

N d

, d
EQuxQy, sy 42X, X2)] < Do+ 2 =: Doy (10.82)

The proof of Lemma 10.10 is inspired by [45], which generalizes
Lemma 3.8 for the rate-distortion problem and is available in [151,
Appendix E|.

Invoking Lemma 10.10 with o = 105", we can lower bound the
excess-distortion probability for any (n, Mi, Ms)-code. Define f,, =
|X|log(n 4+ 1) + 2log n. Define

1n

1
! = —log My + By, (10.83)
n

R, = %log(MlMg) + B, — R (10.84)

2.n 1n:
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Lemma 10.11. For any (n, M1, M2)-code, we have

Pe,n(DlvDQ)
> Pr {R;,n < R(Txn, Dy) or Ry, + R, < R(Rin, D17n,D27n|Txn)}
1
_1 10.85
: (10.85)

Choose log M1 = nR} + Li\/n+ B, and log(M1 M) = n(R} + R5) +
Lay/n + B, Recall the shorthand notation 7, := lo%. Now for z"
such that Tyn € A, (Px), applying Taylor’s expansion in a similar
manner as (10.63) and (10.65), invoking Lemma 10.11 and noting that
Pr{F NG} > Pr{F} — Pr{G°}, we obtain

1— Pen(DlaDQ)

L
SPI"{ Z]X|D1,PX)<R1+T+O(%)
nle[n}

L2
ng[;ﬂ‘] XiBi) € Ri+ By +6 L+ —2 4 0(n)}
2|x
—I- + J@2| (10.86)
Note that in (10.86), we Taylor expand R(Txn, Dy ,,) around the source
distribution Px and distortion level D;. We also Taylor expand the min-
imal sum rate function R(Ry ,,, D1, Dg]TXn) at (Px, D1, D). The resid-
ual terms when we Taylor expand with respect to the distortion levels
are of the order O(L), which can be absorbed into O(n;,). Furthermore,
recall that we use j(x, R]) and j(x, R|D1, D2, Px) interchangeably.
The rest of converse proof can be done similarly as the achievability
part in Section 10.4.1 by using the uni- or multi-variate Berry-Esseen
Theorem for Cases (i), (i) and (iii).

10.4.3 Proof of a Special Case

We now present a proof for the special case where the source-distortion
measure triplet is successively refinable. Recall that for this case, £* = 0,
l/f =0, and j(l‘,RﬂDl,DQ,PX) = j(x’DQ,Px) for R(Px,Dl) < RT <
R(Px, D3). For the achievability part, invoking (10.70), we obtain
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1-— Pe,n(Dh DQ)

1 L
> prf S (OGP PY) - ) < S0 ),

L
=Y D2, Py) = (B + F)) < 2+ 0l
ze[n]
21|
-2 (10.87)

According to the assumption in (10.42) of Corollary 10.6, we have
)(Xi| D1, Px)— R} = 3(X;| D2, Px)— (R} + R3). Given a random variable
X and two real numbers a < b, we obtain Pr{X < a and X < b} =
Pr{X < a}. Hence,

1 = Pen(D1, Do)

>pe{ 0 0o P - ) < PEURE o) )

i€[n]

(10.88)

The rest of the proof is similar to Case (i) in Section 10.4.1.
Using (10.86), similar to the achievability part, we complete the
proof of converse part.

10.4.4 Alternative Converse Proof

We next present an alternative converse proof of Corollary 10.6 using the
finite blocklength converse bound in [151, Lemma 15] that generalizes
Theorem 3.4 for the rate-distortion problem.

Lemma 10.12. Given any (vy1,72) € R2, any (n, My, M>)-code for the
successive refinement problem satisfies

Pen(D1, D2) > Pr{ 3 5(Xi|D1, Px) > log M; + 4 or
i€[n]
> 3(Xi|Da, Px) > log(MyMy) + 72}
1€[n]

—exp(—nvy1) — exp(—ny2). (10.89)
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Choose 71 = v = 102%. Let log M1 = nRj + Li\/n — 3 logn and
log(M1Ms) = n(R; + R}) + Lay/n — 3 log n. Invoking Lemma 10.12, we
obtain

1-— Pen(DlaD2)

< 7 +Pr{ 3 )(Xi[Dy, Px) < nRj + Livn
1€[n]
and Y )(Xi| Do, Px) < n(Ri + B3) + Lov/n}.  (10.90)

i€[n]

The rest of the proof is similar to the converse proof of Corollary 10.6
in Section 10.4.3. We remark that this alternative converse proof also
applies to continuous memoryless sources, such as GMS under quadratic
distortion measures and a Laplacian source with absolute distortion
measures [146].

A stronger non-asymptotic converse bound is provided in [68, Corol-
lary 2], which holds for any memoryless source and yields an alternative
converse proof of Theorem 10.4. The same bound is also presented in
Lemma 11.6 in the next section, which is obtained as a special case of
the non-asymptotic converse bound in Theorem 11.5 for the Fu-Yeung
problem.
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Fu-Yeung Problem

In this section, we study a special case of the multiple descriptions
problem [1], [37], [122], [123], [132], [143], [144] with two encoders and
three decoders proposed by Fu and Yeung [34] and thus we term the
problem as the Fu-Yeung problem. The Fu-Yeung problem generalizes
the successive refinement problem by adding an additional decoder that
aims to recover a deterministic function of the source sequence losslessly.
The rate-distortion region was characterized by Fu and Yeung [34,
Theorem 1], which collects rate pairs to ensure reliable lossy compression
at two decoders and reliable lossless data compression at the other
decoder. For this special case of multiple descriptions, the El Gamal-
Cover inner bound [37] was proved optimal.

Through the lens of the Fu-Yeung problem, this section reveals the
tradeoff between encoders for simultaneous lossless and lossy compres-
sion. We will present a non-asymptotic converse bound and second-order
asymptotics for the Fu-Yeung problem. Specifically, we first present
properties of the minimal sum rate function given the rate of one encoder.
Subsequently, we generalize the rate-distortions-tilted information for
the successive refinement problem to the Fu-Yeung problem and present
a non-asymptotic converse bound. This non-asymptotic bound, when

167
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specialized to the case where |Y| = 1, gives a stronger non-asymptotic
converse bound for the successive refinement problem than Lemma
10.12. Finally, we present the second-order asymptotics for DMS under
bounded distortion measures and illustrate the results with numerical
examples. This section is largely based on [149] and the second part of
[147].

11.1 Problem Formulation and Asymptotic Result

11.1.1 Problem Formulation

The setting for the Fu-Yeung problem is shown in Figure 11.1. There
are two encoders and three decoders. Each encoder f;, i = 1,2 has
access to the source sequence X™ and compresses it into a message
S;, 1 = 1,2. Decoder ¢ aims to recover X" with distortion level D,
using the encoded message S from encoder fi. Decoder ¢5 aims to
recover X" with distortion level Dy using encoded messages S; and Ss.
Decoder ¢3 aims to recover Y", which is a symbolwise deterministic
function of the source sequence X".

S1 (Xille)
f o
X (X3, Dy)
1o
S ye
f2 2 > ¢3 [

Figure 11.1: System model for the Fu-Yeung problem of multiple descriptions with
one Semi-deterministic decoder [34].

Consider a memoryless source X™ generated i.i.d. from a probability
mass function Px supported on a finite alphabet X. Let reproduction
alphabets for decoders ¢1, ¢2 be ./‘31 and /‘32 respectively. Fix a finite set
Y and define a deterministic function g : X — Y. Let Y; = ¢g(Xj), i €
[1 : n]. Note that Py is induced by the source distribution Px and
the deterministic function g, i.e., for y € ¥, Py (y) = > 5.g(a)=y Px ().
We assume that for each y, Py (y) > 0. Decoder ¢3 is required to
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recover Y" = g(X") = (9(X1),...,9(X,)) losslessly and the decoded
sequence is denoted as Y. We follow the definitions of codes and the
rate-distortion region in [34].

Definition 11.1. An (n, M1, Ms)-code for the Fu-Yeung problem con-
sists of two encoders:

f1: X" = My = [M], (11.1)

fo : X" — Mgy = [My], (11.2)
and three decoders:

b1 My — AT, (11.3)

bo s My X My — X, (11.4)

3 Mg — Y™, (11.5)

Using the encoding and decoding functions, we have Xn = o1(f1
(X™), X5 = ¢o(f1(X™), f2(X™)) and Y™ = ¢5(f2(X™)). Let di denote
the Hamming distortion measure in (3.1) and let the average distortion
between y" and its reproduced version §" be defined as dy (Y™, 17") =
%Zie[n] du(Y;,Y;). For each i € [2], let the distortion function d; :
X x X; — [0,00) be a bounded distortion measure and let d;(z", ') =
% > jen) di(j, j). The rate-distortion region for the Fu-Yeung problem
is defined as follows.

Definition 11.2. A rate pair (R;, Rg) is said to be (D1, Dy)-achievable
for the Fu-Yeung problem if there exists a sequence of (n, M7, Ms)-codes
such that

limsup 22 M < R0, (11.6)
n—o00 n
and
lim sup Eld;(X™, X")] < D;, i =1,2, (11.7)
lim Eldu(Y™,Y™)] = 0. (11.8)

The closure of the set of all (D1, Dy)-achievable rate pairs is called the
first-order (D, D2)-coding region and denoted as R (D1, Da|Px).
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11.1.2 Rate-Distortion Region

The first-order coding region R (D1, D2|Px) was characterized by Fu
and Yeung in [34] for DMS. In particular, Fu and Yeung [34] showed
that the El-Gamal-Cover inner bound [37] for the multiple description
coding problem is tight.

To present the result, let P(Px, D1, D2) be the set of all pairs of
conditional distributions (Pg x, Px, xx,) € P X) x P(Xy|X X))
such that E[d;(X, X1)] < D; and E[dy(X, X3)] < Ds. Given a pair of
conditional distributions (PXI\ x Py x %) let R(PX1| x Piyx %,) be
the collection of rate pairs (R1, R2) € R2 such that

Ry = I(Px, Py £,), (11.9)
Ry > H(Py), (11.10)
Ry + Ry > H(Py) + I(PXl’PXl\Y) + I(PX|Y’PX|YX1X2‘PY)' (1111)

Theorem 11.1. The rate-distortion region for the Fu-Yeung problem
satisfies

R(D1, D2|Px)

- U R(PX1|X’PX2|XX1)' (11.12)
(PXI‘X’PXQ\XXl)GP(vaDlyDZ)

When the Y is a constant, i.e., |Y| = 1, the rate-distortion region
in Theorem 11.1 reduced to the rate-distortion region of the successive
refinement problem. The rate-distortion function of the Kaspi problem
can also be recovered from Theorem 11.1 as the minimal rate R; by
setting Ro = H(Y') and choosing the source as X = (51, 52) and the
side information as Y = S5 for correlated discrete random variables
(51,52).

Although Theorem 11.1 was derived under the average distortion
criterion, the same rate-distortion region holds when one considers
a vanishing joint excess-distortion and error probability Pe, (D1, D2)
defined as follows:

Pey(D1, D) i= Pr{di(X", X]) > Dy or dy(X", X3) > Dy

or ¥ £ v, (11.13)
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The reason is analogous to why Theorem 3.1 derived under the average
distortion criterion still holds under the excess-distortion probability
criterion for the rate-distortion problem.

11.1.3 Boundary Rate Pairs

We next discuss conditions for a rate pair (R}, R3) to be on the boundary
of the rate-distortion region R (D1, D2|Px ), which enables our definition
and analyses of second-order asymptotics.

Given any distributions (Pf(l\X7 PX2|XX1)’ let Pxy, Pxy, Pg,;
PYXN PXXl’ PXXQ’ PXYX1’ PXl\XY and PX2|YX1 be induced by Px,
PX1| X PX2| XX and the deterministic function g : X — ). Recall the
definition of P(Px, D1, D2) above Theorem 11.1. Given any rate R; of

encoder fi, define the following function:

R(R:1|Px, D1, D3)
= min I(PXl’PXllY)+I(PX\Y’PX\YX1X2|PY)'
(PXI\XaPXQ\xXI)

€P(Px,D1,D2):R1>1(Px,Px %)
(11.14)

It follows from the rate-distortion region in Theorem 11.1 that given a
rate R; of encoder fi, the minimal achievable sum rate is

R(R1|Px, D1, D2) + H(Py). Furthermore, the minimal achievable rate
R, for encoder fi is the rate-distortion function R(Px, D) [19] and the
minimal achievable rate Ry for encoder f5 is the entropy H(Py). When
Ry = R(Px, D;), the minimal achievable rate Ry is

R3(Px, D1, Do)
:= H(Py) + R(R(Px, D7), D1, Ds|Px) — R(Px, D1), (11.15)
and when Rs = H(Py), the minimal achievable rate Ry is

Ri(Px, D1, D7)

I(Pg, Py y) + I(Pxjy, Pxjy £, 5,1 Py ),
(11.16)

since R} (Px, D1, D2) is the solution to R; = R(R1|Px, D1, D2). With
these observations, we find all cases of boundary rate pairs and illustrate

min
PX1 \X’PX2|XX1 €P(Px,D1,D2)



Full text available at: http://dx.doi.org/10.1561/0100000134

172 Fu-Yeung Problem

Figure 11.2: Illustration of boundary rate pairs on the rate-distortion region of the
Fu-Yeung problem, where Ry = R(Px, D), R1 = R{(Px,D1,D2), Ry = H(Py) and
Ry = R3(Px, D1, D>).

it in Figure 11.2. Note that the Curve from case (ii) to Case (iv) is
drawn as a line segment for ease of plot. In fact, it should be a convex
curve.

11.2 Minimal Sum Rate Function and Its Properties

11.2.1 Definitions

Note that (11.14) is a convex optimization problem. Assume that
(R1, D1, Dy) is chosen such that R(R;|Px, D1, D2) is finite. Therefore,
there exist test channels achieving R(R;|Px, D1, D2). Let (£*, A}, A3) be
the optimal solutions to the dual problem of R(R;|Px, D1, D2), i.e.,

OR(R, Dy, Ds|Px)
= — 11.17
R=R;
«  OR(Ry,D,Ds|Px)
Al =— 3D , (11.18)
D=D;
OR(R1, Dy, D|Px)
y = — 11.19

D=D>
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Given distributions (Q PR Q ly Xl) and (z,y, 1), define the follow-
ing two functions:

62(377 Y, i.1|C-2)2'2‘Y)2'1)

= {Eqy, vy, | OD(N3da(a, Ko))[Y =y, X1 =)} (11.20)
B(xvy’QX17QX2‘YX1)

-1

(11.21)

11.2.2 Properties

We first present the properties of the optimal test channels that achieve
(11.14).

Pz

. *
Lemma 11.2. A pair of test channels (P ol X X1

X ) achieves
R(R1|Px, D1, Ds) if and only if

o For all (z,y, &1, E2) such that y = g(z),

Py, (@1le) = 8o,y Py Py )Py, (31)
Nidy(x, &1) 4 log Ba(x, y, &1| P
xXexp| —

14 &

2'YX1)>, (11.22)

o For all (z,y,#1,&2) such that y = g(z) and P)’ﬁ(llX(ﬁ:l]x) >0

P;E'2|XX1 (‘%2‘1’7‘%1) = /62(‘7:7 Y, jl‘P;(ﬂYXl)

X P;Zz'YXl(ﬁg]y,@l)exp(—)édg(x,a?g)). (11.23)

o For all (z,21,22) such that P;21|X(£1’x) =0, P;22‘XX1(.’1"£.1) can
be arbitrary distribution.

Furthermore, if a pair of channels (P} P3 ) achieves R(Ry, D1,

XX 7 XXX,
Dy), the following claims hold.
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o The parametric representation of R(R1|Px, D1, Ds) is

(R1|PX5D17D2)
(14’5 )EPXy[logﬁ(X }/|P>k ) XQ\YX*)]
— &Ry — \;Dy — \;Ds. (11.24)

o For (z,y,&1,%2) such that y = g(z) and
P;i(l(i‘l)P;(ﬂyXl(iﬂg(x)?ill) > Oa

(1+&7) log Bz, y|Pg Py iy x,)

P @nw
= (14 &) log 2~ 4 Ntdy(x,49)
Py (21)

Py e, (@2le, 1)

+10g +)\;d2(x,§72). (11.25)

*

oY Xy (5732|%5AU1)

The proof of Lemma 11.2 is similar to [20, Lemma 1.4}, [127, Lemma
3], Lemma 9.3 for the Kaspi problem and Lemma 10.3 for the successive
refinement problem.

Similar to [127], we can show that, for any pair of optimal test

channels (P% X |X,P)*( X%, ), the value of f(z, y|P* , )*( e ) and

Ba(z,y, 1| P: Zalv %1 ) remain the same. From now on fix a pair of test

channels ( )*( ‘X,P)*( X5 ) such that that i) (11.22), (11.23) hold; ii)

for any (y,&;) such that P;Xl (y,Z1) = 0, the induced distribution
defined as P% (Z2ly, 1) == >, Px(2)1(y = g(x))P% (Za]z, 21)

XY X, Xa|X Xy
satisfies
P;(2|YX argsup EPX|y B(X y)ﬁ 1+§ (X7y7£.1’QX2|YX1)
Xa|Y Xy
Al

———di(X, 2 . 11.26

xewp (- HEd )] (1126)

Note that the choice of P)*( X%y satisfying (11.26) is possible since the

set {z : g(x) = y} is disjoint for each y € V.
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For simplicity, given any (z,y,21), let

Ba(x,y, 81) = Ba(@,y, 21| P% 1y ¢ ), (11.27)
Bw,y) = P, ylP s Py v x,)s (11.28)

A 1 R
’Ll(il?,y,.'lfl) = logﬁ(m,y) - 1+ &+ 10g,82($,y,$1), (1129)
w(e,y,21) = log f(z,y) + log fa(x, y, 1). (11.30)

1+ &
Furthermore, given any #; and arbitrary conditional distribution
QXQ\YXl’ define

. . Nidi (X, 2
wi(Z1) = Epyy {exp (zl(X, Y, &) — 111:_5*1)”7 (11.31)
wa(21, Qv x,)
. Al .
= EPXYXQX2\YX1 [exp (ZQ(Xv Y,l'l) - 1 +1£*d1(X,IL‘1)
— Nda(X, %2))| X1 = :@1} . (11.32)

In the following, we present an important property of the quantities
in (11.31) and (11.32).

. * *
Lemma 11.3. Given any (PX1|XY’ PX2|XX1

and (11.26), for any & € X, and arbitrary distribution QXQ\Yle

) satisfying (11.22), (11.23),

’LUQ(.CIAZLQ)AQ'YXI) S wl(i“l) S 1. (11.33)

The proof of Lemma 11.3 is inspired by [120, Lemma 5], [68, Theorem
2] and omitted due to similarity to Lemma 9.3 for the Kaspi problem.
We remark that Lemmas 11.2 and 11.3 hold for any memoryless source,
not restricted to DMS. As we shall show, the result in Lemma 11.3
leads to a non-asymptotic converse bound for the Fu-Yeung problem.

11.3 Rate-Distortions-Tilted Information Density

Recall that Pxy is induced by Px and the deterministic function
g: X =Y.
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Definition 11.3. For any (z,y) € X x ) such that y = g(x), the
rate-distortions-tilted information density for the Fu-Yeung problem is
defined as

]($7y‘R1>D11D27PX) = (1 +§*)10g5($7y) - £*R1
— XDy — A3Ds, (11.34)

where 3(-) was defined in (11.28).

The properties of j(z,y|R1, D1, D2, Px) follow from Lemma 11.2.
For example, it follows from (11.24) that

R(R1|Px, D1, D>)
= Epyy D(X, Y[Ry, D1, Dy, Px)] (11.35)
= Ep, (X, 9(X)|Ry, Dy, Do, Px)). (11.36)

Let j(z| D1, Px) be the Dj-tilted information density in (3.17), i.e
(x| Dy, Px)
— —log (ZP ) exp(—X*(di (2, 31) — D1))), (11.37)

where P* is induced by the source distribution Px and the optimal
test channel PL X for the rate-distortion function R(Px, D1) (cf. (3.7))

OR(Px,
and \* = —(375|D:D1.

Furthermore, similar to the proofs Lemma 9.4 for the Kaspi problem
and Claim (iii) in Lemma 10.3, we have the following lemma that further
relates the rate-distortions-tilted information density with the derivative
of the minimum sum rate function with respect to the distribution Px
for the Fu-Yeung problem.

Lemma 11.4. Suppose that for all Qx in the neighborhood of Px,
supp(Q}lXQ) = supp(P)*leQ). Then for any a € supp(Px),
OR(R1|Qx, D1, D2)
0
QX(G) Qx=Px
= j(,g(z)|R1, D1, D2, Px) — (1 + s%). (11.38)
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11.4 A Non-Asymptotic Converse Bound

We next present a non-asymptotic converse bound for the Fu-Yeung
problem. Given any v € R, define the following three sets:

Ap = {(@",y") = Y (@il Dr, Px) > log My + v}, (11.39)
i€[n]
Ay = { @ y") = Y log Py (i) > log My + nv}, (11.40)
i€[n]
Ay = {(SC ™)+ > g(wi, yi|Ri, D1, Dy, Px) > log M1 M,
i€[n]

+ &*log My + (1 +§*)m}. (11.41)

Lemma 11.5. Any (n, My, Ms)-code for the Fu-Yeung problem satisfies
that for any v > 0,

Pen(D1, Dy) > Pr{(X™,¥") € |J AP} —dexp(—7).  (11.42)
1€[3]

We remark that Lemma 11.3 plays an important role in the proof of
Lemma 11.5. This can be made clear by the following definitions. Given
(x,y,21,%2), using the definitions of #;(-) in (11.29) and u2(-) in (11.30),
we define

(29,31, D) = (@, y, 1) — L (11.43)
z,y, % =u(r,y,21) — —— .
JI\T, Y, X1, 1 1T, Y, L1 1 +§*7

R R XD .
J2(x,y, &1, D1, D) :=19(x,y, 1) — 1 il-ﬁl* — A5Ds. (11.44)

Using the definition of the rate-distortions-tilted information density in
(11.34), we conclude that

J(z,y|R1, D1, Do, Px) = £ (2, y, 21, D1)
+]2(x7y)i'17D17D2)_§*R1. (1145)

In the proof of Lemma 11.5, we make use of (11.45) and the fact that
Pr{A+ B > c+d} <Pr{A > ¢} + Pr{B > d} for any variables (A, B)
and constants (c, d).

Recall the setting of the Fu-Yeung problem in Figure 11.1. Note
that when Y is a constant, i.e. |Y| = 1, we recover the setting of
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the successive refinement problem [95]. Recall the definitions of an
(n, M1, Msy)-code for the successive refinement problem Definition 10.1,
the definition of the joint excess-distortion probability Pg%(Dl,DQ)
in (10.5), the definition of the minimal sum rate Rgg (R1|Px, D1, D2|)
in (10.11) and the definition of the rate-distortions tilted information
density jsr(z, Ri|D1, D2, Px) in (10.23). When |Y| = 1, it follows that

Rsr(R1|Px, D1, Da|) = R(R1|Px, D1, Da), (11.46)
Jsr(z, R1|D1, Do, Px) = 3(x, g(x)|Ra, D1, D2, Px). (11.47)

We remark that although the definition of the rate-distortions-tilted
information density for the successive refinement problem in the right
hand side of (11.47) appears different from (10.23), the two quantities
share same properties (cf. [151, Lemma 3]) and are thus essentially the
same. Invoking Lemma 11.5 with J = {1}, we obtain the following
non-asymptotic converse bound for the successive refinement problem.

Lemma 11.6. Any (n, M;, Ms)-code for the successive refinement prob-
lem satisfies that for any v > 0,
P (D1, Dy)

n
> Pr{ > J(Xi|Dy, Px) = log My + ny or
i€[n]
> 3sr(Xi, R1| D1, D2, Px) > log M1 M,
1€[n]

+ & log My + (14 5*)717} — 4exp(—ny). (11.48)

Lemma 11.6 was also derived by Kostina and Tuncel [68, Corollary
2]. We remark that the non-asymptotic converse bound in (11.48) can
be used to establish converse results for second-order asymptotics for
any memoryless source, including the results in Theorem 10.4 for DMS.
Invoking Lemma 11.6, for the successive refinement problem, we have the
potential to establish tight second-order asymptotics for non-successively
refinable continuous memoryless sources, e.g., symmetric GMS under
quadratic distortion measures [17].
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11.5 Second-Order Asymptotics

11.5.1 Preliminaries

Let € € (0,1) be fixed and let (R}, R5) be a boundary rate pair on the
rate-distortion region D(D;, D2|Px) of the Fu-Yeung problem.

Definition 11.4. Given any € € (0,1), a pair (L, L2) is said to be
second-order (R}, R5, D1, Do, ¢)-achievable for the Fu-Yeung problem if
there exists a sequence of (n, M1, Ms)-codes such that

log M; — nR; .
limsup 227 Z Y 1,2, (11.49)
n—00 vn
and
limsup Pe (D1, D2) < €. (11.50)
n—o0

The closure of the set of all second-order (R}, R3, D1, D2, €)-achievable
pairs is called the second-order (R, R, D1, Dy, ¢) coding region and
denoted as L(R;, R, D1, Ds,¢).

To present characterization of L(R}, R5, D1, Da, ), we need several
definitions. Recall that Pxy and Py are induced by Px and the deter-
ministic function g : X — ) and the definition of the source dispersion
function (cf. (2.27)), i.e.,

V(Py) =" Py(y)( —log Py (y) — H(Py))* (11.51)
=" Px(2)(—log Py(g(x)) — H(Py))". (11.52)

Recall that V(Px, D) = Var[y(X|D1, Px)] is the distortion-dispersion
function (cf. (3.57)). Let the rate-distortion-dispersion function be

V(R1|PX7 D17D2)
= Var (X, g(X)|R1, D1, Da, Px) —log Py (Y)]. (11.53)
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Define two covariance matrices:
Vi(R:1|Px, D1, D2)
= Cov([s(X, g(X)[Ry, D, Ds, Px) —log Py (g(X))] ",
J(X|Dy, Px)), (11.54)
Va(R1|Px, D1, D2)
= Cov([s(X, g(X)|R1, D1, Ds, Px) — log Py (g(X)),

~log Py (g(X))|"). (11.55)

Finally, recall that WU (z1, z2; pu, ) is the bivariate generalization of the
Gaussian cdf.

11.5.2 Main Result and Discussions
Suppose the following conditions hold:

1. (Qx, D)) = R(Qx, D}) is twice differentiable in the neighborhood
of (Px, D;) and the derivatives are bounded;

2. (Qx, R}, D}, D)) — R(R}|Qx, D}, Db) is twice differentiable in
the neighborhood of (Px, R, D1, D2) and the derivatives are
bounded;

3. The functions R(PX, Dl), RT (D1, DQ‘PX), R;(Dl, Dg’PX) are pos-
itive and finite;

4. The dispersion functions V(Px, D1) and V(Py) are positive and
the dispersion function V(R}|Px, D1, Ds) is positive for
R(Px,Dl) < RT < RT(PX,Dl’DQ);

5. The covariance matrices V(R(Px, D1)|Px, D1, D2) and
Va(R}(Px, D1, Dy)Px, D1, D2|) are positive semi-definite.

Conditions (i) and (ii) concern the differentiability of rate-distortion
functions and have been discussed in detail by Ingber and Kochman in
[54, Section III.A]. Condition (iii) can easily verified by calculating the
values of rate-distortion functions using convex optimization tools such
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as [14]. In order to verify conditions (iv) and (v), in general, one needs
to develop specialized Blahut-Arimoto-type algorithms [22, Chapter 8]
to solve for the optimal test channels.

Theorem 11.7. Under conditions (1) to (5), depending on (Rj, R3), for
any ¢ € (0, 1), the second-order coding region satisfies

o Case (i): Ry = R(Px, D1) and R5 > R5(Px, D1, D2)

L(R}, R, D1, Da,e) = {(L1,La) : Ly > /V(Px,D1)Q ' (e)}.
(11.56)

o Case (ii): Ry = R(Px,D1) and R; = R5(Px, D1, D2)

E( T?R;7D17D27€) = {(Ll,LQ) :
U(Ly, (14 &)Ly + L2;09; Vi(R]|Px,D1,D2)) > 1 — 5}.
(11.57)

e Case (iii): R(Px,Dl) < Rik < R’f(Px,Dl,Dg) and
R; = R*(Rj|Px,D1,Dy) + H(Py) — Rj,

£( T?R;aDlaD%E) = {(LlaLQ) :
(1+€)Ly + Ly > \/V(R}|Px, D1, D2)Q (e)}.  (11.58)

o Case (iv) R} = Rj(Px, D1,D3) and Ry = H(Py)

‘C(RTaRgaDl,DQag) = {(L17L2) :
\P(Ll + LQ,LQ;OQ,VQ(RT’PX,Dl,DQ)) >1-— 6}. (1159)

o Case (v) R} > Rj(Px, D1, D) and R = H(Py)

L(R}, Ry, D1, Da,¢) = {(L1,La) : Ly > /V(Py)Q () }.
(11.60)

The proof of Theorem 11.7 is provided in Section 11.6. The achiev-
ability part follows by the method of types, where we first prove a
type-covering lemma tailored to the Fu-Yeung problem, and subse-
quently apply Taylor expansions of the rate-distortion function and the
minimal sum rate function of empirical distributions around the source
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distribution Px, and finally apply the Berry-Esseen theorem for each
case. The converse part follows by deriving a type-based strong converse
analogously to the converse proof the successive refinement problem in
Theorem 10.4 and proceeding similarly to the achievability proof.

Since the successive refinement problem is special case of the Fu-
Yeung problem when Y = ¢g(X) is a constant, the second-order asymp-
totics for the successive refinement problem for DMS under bounded
distortion measures in Theorem 10.4 is recovered by cases (i)-(iii) in
Theorem 11.7.

11.5.3 An Numerical Example

We consider the numerical example inspired by [90] and calculate the
dispersion function for cases (iii) and (iv) in Theorem 11.7. Let &1 =
{0,1} and S2 = {0, 1, e}. Let S; take values in S; with equal probability
and let Pg, s, (s2]s1) = (1—p)1(s1 = s2)+pl(s2 = e). Let the source be
X = (57, S2) and the deterministic function be Y = g(X) = ¢g(S1, S2) =
Sy. Let X1 = Xy = {0,1} and the distortion measures be di(z, &) =
1(s1 = 21) and da(x,Z2) = 1(s2 = &2). Choose (p, D1, D2) such that
D, < % and Dy — 1-p < Dy < pD;. For this case, using the definitions

2
of & in (11.17), A} in (11.18) and A} in (11.19), we have

& =0, (11.61)
X = log (1~ p)/(Dy — D) — 1), (11.62
A5 = =A] +log (p/Dy — 1). (11.63)

Recall that Hy(+) is the binary entropy function. Let
ao :=log (2/(1 4 exp(—=A}))) — A]D1 — A3 Do, (11.64)
a:=log (2/(1+exp(—=A] — A3)) — A]D1 — A\5Dq, (11.65)

91(p, D1, D2) :=log2 — (1 — p)Hp((D1 — D2)/(1 - p))

— pHy(D2/p), (11.66)
92(p, D1, D2) := p(1 —P){ log(1 — D2/p)
~log(1 = (D1=Do)/(1-p)} s (1167)

2 1
93(p: D1, D2) := (1 = p)ag log ;— + parlog 5- (11.68)

-p
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Then, it can be verified that
H(Py) = (1—p)log2+ Hy(p), (11.69)

V(Py) = p(1 - p)(log 12_”p)2. (11.70)

Thus,
V(R1|Px, D1, D2) = ga2(p, D1, D2) 4+ V(Py)

+ 2(93(]?, D1, Ds) — H(Py)g:1(p, D1, D2)>- (11.71)

11.6 Proof of Second-Order Asymptotics

11.6.1 Achievability

In this subsection, we first present a type covering lemma tailored to
the Fu-Yeung problem, using which we derive an upper bound on the
joint excess-distortion and error probability. Finally, invoking Taylor
expansions and the Berry-Esseen Theorem, we derive an achievable
second-order coding region.

Define
1= |X]- |V -]+ 2, (11.72)
co = T|X| - |V | X - |Aa| + 4. (11.73)

We are now ready to present the type covering lemma.

Lemma 11.8. Consider any type Qx € P,(X). Let Qy be induced by
@ x and the deterministic function g : X — ), and let Ry > R(Qx, D1).
The following conclusions hold.

1. There exists a set B € X" such that for each 2" € Tg,
di(a™, (2")*) < Dy where (2")* := argmin, g d;i (2", 2).

2. Given (2")*, there exists a set B((2")*) € X3 such that

min  do(z",2%) < Do. 11.74
sy Bty 2 #2) < D2 (1L.74)

3. There exists a set By € )" satisfying that Llog|By| < H(Qy)
and there exists §" € By such that " = g(z™).
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4. The sizes of sets B and B((2")*) satisfy
1
Elog]B\ < Ri+cilog(n+1), (11.75)

1 n\*
- log(IB] - [B((="))]) = R(I1|@x, D1, D2)
+ (c1 + o) log(n + 1). (11.76)
The proof of Lemma 11.8 is similar to the type covering lemma for

the successive refinement problem [82].
Let

Ry = —(log My — (c1 + |X]) log(n + 1)), (11.77)

SI=3=

Ry = (logMQ — (c2 + |Y]) log(n +1)). (11.78)

)

Invoking Lemma 11.8, we can upper bound the joint excess-distortion
and error probability for an (n, M1, Ms)-code.

Lemma 11.9. There exists an (n, My, M3)-code such that

Pe,n(Dla DZ)

calog(n+1)
n

< Pr {le < R(Txn7D1) or R27n + < H(Tg(xn))

of Rin + Ran < R(Ryn|Txn, D1, Ds) + H(Tg(xn))}. (11.79)

Proof. Set (Ri,R2) = (Rin,R2,). Consider the following coding
scheme. Given a source z™, the encoder f; calculates its type
Tyn. Then, the encoder fo obtain y™ using the deterministic func-
tion y; = g(x;) and its type Tyn. Now encoder fo calculates
R(Tyn, D1) and R(Ry | Tyn, Dy, Dy). If log My < nR(Tywn, D1) + (c1 +
|X])log(n + 1) or log My < nH(Tyn) + |[Y]log(n + 1) or log My M <
nR(Ry | Ty, D1, Do) +nH (Tyn) + (01 +co+ | X+ |Y|) log(n + 1), then
the system declares an error. Otherw1se, the encoder f; sends the type of
z™ with at most |X'|log(n+ 1) nats and the encoder fs sends the type of
y™ using at most |)|log(n + 1) nats. Furthermore, the encoder f; sends
the index of ¥y = g(2™) in the type class ’7'Tyn Now, choose B € A" in

Lemma 11.8 and let (2™)* = argmin, gz di(2", z). Given (2")*, choose
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B((2")*) in Lemma 11.8 and let z3 = argmin,cp((.n)«) d2(z", 22). Fi-
nally, we use the encoder f; to send the index of z] and use either
f1 or fa to send out the index of z5. Invoking Lemma 11.8, we con-
clude that no error will be made if log My > nR(Txn,Dl) + (1 +
|X])log(n 4 1), log My > nH(Tyn) + |Y|log(n + 1) and log My My >
nR(Ry | Tyn, D1, Do) +nH(Tyn) + (c1 + o + |X| 4+ |V]) log(n + 1). The
proof is now complete.

O

Recall that (R, R3) is a boundary rate-pair on the rate-distortion

region of the Fu-Yeung problem. Choose (M7, M2) such that

log M1 = nR} + Liv/n + (c1 + |X|) log(n + 1), (11.80)

log My = nRS + Lav/n + (c2 + |Y|) log(n + 1). (11.81)
It follows from (11.77) and (11.78) that
L;
Vi
Recall the definition of the typical set A, (Px) in (3.87). The result in
(3.88) states that

Rin =R + i=1,2. (11.82)

Pr{Txn ¢ Au(Px)} < 21#" (11.83)

Recall that Py is induced by the source distribution Py and the deter-
ministic function g : X — Y. Thus, given any x™, for each y € ),

Ty (y) = Py (y) = Tyamy () — Pr () (11.84)
= Y (Tunlo) - Px(@)). (11.85)
zg(@)=y
Thus, if Txn € An(Px),
logn

ITyn — Py oo < | X] (11.86)
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For 2™ such that Tjn € A, (Px), applying Taylor’s expansions and
noting that y” = g(x™), we obtain

H(Ty(emy) = H(Tyn) (11.87)

—H(Py)+Y (Tyn (y) — Py(y)) (—log Py (y))

O(ITy — Pr|?) (11.88)
o 1
=Y —Tyn(y)log Py (y) +O< 05”) (11.89)
Yy
1 logn
=— ) —logPy(y:) + 0O ; (11.90)
n i€[n] n

and
R(Rl,n|Tx"7 D].u DQ)

= R(R}|Px,D1,D3) — s % + O(| Ry — RI‘Q)

+Z( v = Px(2))s(z, g(x)| R}, D1, D, Px)

+O(|| T — Px|?) (11.91)

s*L logn
—Z 9(wi, 9(xi)| R}, D1, Da, Py) — \/ﬁl+0( i ). (11.92)
26[ ]

where (11.91) follows from Lemma 11.4. Furthermore, for 2™ such that
Tyn € An(Px), it follows from (3.90)that

R(Tyn, D) = % S (@i D, Px) + O(log">. (11.93)

1€[n] "
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Recall that &, = k’%. Therefore, invoking Lemma 11.9, we obtain

Pem,(Dl’ DQ)

colog(n+1) < H(T

< Pr {Rl,n < R(TXn,Dl) or R2,n +
n

or Riy+ Roy < H(Tyxn)) + R(Ryu|Tyn, D1, D)
and TXn S .A PXY }
+ Pr{Txn ¢An(PXy)} (11.94)

Ly
< Pr{R1+ =< Z J(Xi| D1, Px) + O(6n)
\/ﬁ 1€[n}

1
or Ry < — log

(1 + s*)L1 + Lo
n

+0(&n)

or Ry + Ry +

1
<= > (](Xiag(Xi”RbDlaDQ,PX) - 10gPY(Yi))

1€[n]
0(€n)} + 25;‘ (11.95)

Subsequently, we upper bound (11.95) for different cases of boundary
rate pairs (R}, R3) in Theorem 11.7. For simplicity, let j(xz|R}) denote
J(x*, g(=*)| R}, D1, Dy, Px) for each z € X.

e Case ( ) R* = R(Px,Dl) and R; > R;(Px,Dl,Dg)

In this case R3 > H(Py). Thus, it follows from the weak law of
large numbers in Theorem 1.1 that

Fin = Pr{R; < Z log (Y) +0(&) } - (11.96)
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and

N N 1+s*)L1+ L
I{Q,nZ:PI‘{ 1+R2—|—( )nl 2

<3 (SR ~log By (¥)) + O(6)} = 0.
i€[n]

(11.97)
It follows from (11.95) that

Pe,n(Dly DZ)

2

2|1X
+ 1|12| + Kin+ Kap (11.98)

L1+ O(v/n&,) 6T(Px,D1)
= Q( V(Px. D) ) FUav(Py, D)

2|
+ L2| + K1 + K2, (11.99)

where T(Px, D;) is the third absolute moment of j(X|D1, Px)
(which is finite for DMS) and (11.99) follows by applying the
Berry-Esseen theorem to the first term in (11.98). If we choose

(L1, L2) such that
Ly > /V(Px,D1)Q ' (¢), (11.100)

then lim sup,, oo Pen (D1, D2) < € as desired.

« Case (ii) Rt = R(Px, D1) and R} = R3(Px, D1, Dy)

In this case, R > H(Py) still holds. Hence, invoking (11.95), we
obtain
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1- Pe,n(Dla DQ)

. Ly
> Pr{ RN > ”zez[:}] (Xi|D1, Px) + O(&n),
. . (1+s)L1+ Lo
>
R + Rs + NG >
oY (—logPy(¥) + (IR + O(6)}
ze[n]
21X
"L;|"“Ln (11.101)
>1— V(L1 +O(&),(1+ 8Ly + Lo + O(&);
05 V1 (Rj| Px, D1, D)) (11.102)
2| X| 1
__75,_ﬁLn+(K;%), (11.103)

Hence, if we choose (Li, L) such that

\I’(Ll, (1 + 8*)L1 + LQ;OQ;Vl(RﬂPX,Dl,DQ)) >1—e,
(11.104)

lim sup,, oo Pen(D1,D2) < e.

o Case (iii) R(Px,D1) < R} < R{(Px, D1, D), and
R5 =R} (Px,D1,D9) + H(Py) — R}
In this case, R5 > H(Py) holds again. The analysis is similar to
Case (i). It can be verified that if we choose (Lj, L2) such that

(1+5")L1 + Ly > \/V(R{|Px, D1, D2)Q ' (e),  (11.105)
lim sup,, oo Pen(D1,D2) < e.
e Case (lV) RT = RT(Px,Dl,DQ) and R; = H(Py)
The analysis is similar to Case (ii). It can be verified that if

U((1+s")L1 + Lo, L2; 02; Vo(R], D1, Do|Px)) > 1 —¢,
(11.106)

limsup,,_,o Pen(D1,D2) < e
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e Case (V) Ry > RT(Px,Dl,DQ) and R; = H(Py)

The analysis is similar to Case (i). It can be verified that if
Ly > /V(Py)Q ' (e), (11.107)
we have limsup,, ,., Pen(D1, D2) < €.
The achievability proof of Theorem 11.7 is now completed.

11.6.2 Converse

The following type-based strong converse lemma is critical in the con-
verse proof.

Lemma 11.10. Fix ¢ > 0 and a type Qx € P,(Px). For any (n, M,
M>)-code such that

Pr{di(X", X]) < D1, do(X", X3) < Dy, ¥ = Y"|X" € Toy |
> exp(—nc), (11.108)

there exists a conditional distribution ) X1 %X such that
1
—log My = I(Qx, Q% x) — &uns (11.109)
1
- log Mz > H(Qy) — &2n, (11.110)

log MiMy > H(Qy) + 1(Qv, Qs )
T 1(Qxy: @, %, xy|Qv) = &1n — &2, (11.111)

where
1 = [X]log(n + 1) +logn + ne. (11.112)
Con = 210 + 2(10g7;bl +ne) + |2{ Y|log(n + 1)
v J;hb(l/n). (11.113)

and Qx|y, QX1|Y’ QX1X2|XY are induced by Qx, QX1X2|X and the
deterministic function y = g(z).
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Furthermore, the expected distortions are bounded as
E hx. <o+ b
QxxQu, 1y [ (X X1)] < Dy + — i= Dy, (11.114)

N d
EQuxQs, 5y [62(X, X2)] < Dy + 2 := Do (11.115)

The proof of Lemma 11.10 is similar to Lemma 3.8 for the rate-
distortion problem and Lemma 10.10 for the successive refinement
problem. The main technique is the perturbation approach by Gu and
Effros [45] and the generalization with method of types [127].

Let ¢ = 10%, then we have

_ |X|log(n +1) +2logn

§in - , (11.116)
¢ 8logn + (|X| - [V] + 2[X]) log(n + 1)
2n —
n
+ log |V + hb(l/n). (11.117)
n
Define
1
Rijn = —(log M; + 1), i € [2]. (11.118)

Invoking Lemma 11.10, we can prove the following lower bound on
the joint excess-distortion and error probability for any (n, M, Mas)-
code.

Lemma 11.11. Any (n, My, Ms)-code satisfies that
Pe,n(Dla D2)
> Pr {RLn < R(Txn, D1n) or Ray < H(Ty(xn)) or
Rip+ Bop < R(Rin|Txn, Dy, Do) + H(Tyxen) ). (11.119)

The rest of the converse proof is omitted since it is analogous to the
achievability proof where we use Taylor expansions similar to (11.90) to
(11.93) and apply (multi-variate) Berry-Esseen theorems for each case
of boundary rate pairs (R}, R3) in Theorem 11.7.
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Gray-Wyner Problem

This section studies the lossy Gray-Wyner problem where three en-
coders cooperatively compress two correlated source sequences so that
each of the two decoders could recover a source sequence reliably in
a lossy manner. The lossy Gray-Wyner problem is a paradigm of the
multiterminal lossy source coding problem where there exist multiple
source sequences, multiple encoders and multiple decoders. The problem
significantly generalizes the rate-distortion problem by introducing one
more source sequence, two more encoders and one more decoder.

The rate-distortion region for the problem was derived by Gray
and Wyner [43] and this is why the problem is so named. An auxiliary
random variable is needed to characterize the rate-distortion region of
the lossy Gray-Wyner problem, which makes it significantly different
from all problems discussed in previous sections. The second-order
asymptotics for the lossless version of the Gray-Wyner problem was
derived by Watanabe [127]. This section presents the generalization of
[127] to the lossy case, analogous to the generalization of second-order
asymptotics from lossless source coding in Section 2 (cf. [49], [109]) to
the rate-distortion problem in Section 3 (cf. [54], [70]).

192
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The Gray-Wyner problem is interesting beyond data compression. In
the Gray-Wyner problem, there is an encoder who transmits messages
to both decoders and its rate is known as the common rate. Given
rates of the other two encoders, the minimal common rate equals a
measure of common information of two correlated random variables [125].
Leveraging results on lossy common information by Viswanatha et al.
[125] and considering rate triples on the Pangloss plane where the sum
rate is constrained, the second-order asymptotic result is simplified and
numerically illustrated. This section is largely based on [150].

12.1 Problem Formulation and Asymptotic Result

12.1.1 Problem Formulation

The lossy Gray-Wyner source coding problem [43] is shown in Figure
12.1. There are three encoders and two decoders. Encoder f; has access
to a source sequence pair (X", Y") and compresses it into a message S;.
Decoder ¢; aims to recover source sequence X" under fidelity criterion
di and distortion level D; with the encoded message Sy from encoder
fo and Sy from encoder f;. Similarly, the decoder ¢9 aims to recover Y
with messages Sy and So. We consider a correlated memoryless source
(X™ Y"™) generated i.i.d. from a joint distribution Pxy defined on a
finite alphabet X x ).

X" D
f S1 . b ‘ ( 1)
(){’H/7 Y’!L)
fo %
. Y™, D
o So -~ o ‘ ( 2)

Figure 12.1: System model for the lossy Gray-Wyner source coding problem [43].
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Definition 12.1. An (n, My, M1, M3)-code for lossy Gray-Wyner source
coding consists of three encoders:

fo: X" x Y — Mg = [My], (12.1)
f1: X" x Y — My = [M], (12.2)
fo: X" X YT — Mg = [My], (12.3)
and two decoders:
b1 Mo x My — X", (12.4)
$2 1 Mo x My — Y™ (12.5)
Let di : X x X — [0,00) and dy : Y x Y — [0,00) be two
bounded distortion measures. Let d; := max,;di(z,2) and d; :=

ming ;.4 (z,2)>0 d1(z, #) denote the maximal and minimal distortion, re-
spectively. Similarly, we define dy and ds. Furthermore, let the average
distortion between 2" and 2" be defined as dy (2", 2") := 1 37" dy (=,

#;) and the average distortion da(y™, ™) be defined similarly.

12.1.2 Rate-Distortion Region

The rate-distortion region of the lossy Gray-Wyner problem is defined
as follows.

Definition 12.2. A rate triplet (Rg, R1, Re) is said to be (D1, Do)-
achievable if there exists a sequence of (n, My, M1, Ms)-codes such that

1
lim sup — log My < Ry, (12.6)
n—oco T
1
limsup — log My < Ry, (12.7)
n—oo T
1
lim sup — log My < Ry, (12.8)
n—oo T
and
limsupE [dl(X",f(”)} < Dy, (12.9)
n—oo
limsupE |da (Y™, ¥7)] < Ds. (12.10)
n—oo

The closure of the set of all (D, Ds)-achievable rate triplets is the
(D1, Dy)-optimal rate region and denoted as R(Pxy, D1, D2).
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Gray and Wyner characterized the (D;, Dy)-achievable rate region
in [43]. Let P(Pxy) be the set of all joint distributions Pxyw € P(X x
Y xW) such that the X x Y-marginal of Pxyyy is the source distribution
Pxy and [W| < |X||Y| + 2. Denote the X x W marginal distribution
as Pxw and the Y x W marginal distribution as Pyyy.

Theorem 12.1. The (D, Dy)-achievable rate region for lossy Gray-
Wyner source coding is

R(Pxy, D1, Ds)

— U {(Ro,Rl,Rg) : Ro > I(Pxy, Pxyw)
Pxyw€P(Pxy)

Ry > Ryw (Pxw, D1), Ry > Ryyw(Pyw, Da)},  (12.11)

where Ry w (Pxw, D1) and Ry (Pyw, D2) are conditional rate-dis-
tortion functions [38, pp. 275, Chapter 11], i.e.,

RX\W(PXW7D1): min N I(PX\W7PX\WX’PW)7 (12.12)
PX‘XW:E[dl(X,X)}ng

and Ry w (Pyw, D2) is defined similarly.

Similar to the rate-distortion and the Kaspi problems, the rate-
distortion region in Theorem 12.1 still hold under the vanishing joint
excess-distortion probability criterion, i.e., when lim,,_,oc Pe n (D1, D2) =
0, where

Pen(D1, D) i= Pr{di(X", X") > Dy or dy(Y", V") > Dy . (12.13)

An equivalent form of the first-order coding region for Gray-Wyner
problem was given in [38, Exercise 14.9] and states that

R(Pxy,D1,Ds) = U
PW|XY’PX1\XW’PY|YW:
E[d1 (X,X)]<D1, Eld2(Y,Y)]<Ds

{(Rle,Rz) : Ro > I(Pxy, Pxy|w),

Ry > I(Pxw, Py Pw), Ba > 1Py, Py | Pi) | (1214)
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Given any rates (R1, R2), let the minimal common rate be defined
as

Ro(R1, R2|Pxy, D1, D2)

= min{Ry : (Ro, R1, R2) € R(Pxy,D1,D2)} (12.15)
= min I(Pxy, P 12.16
oy, (Pxy, Pxyw) ( )

Ri>Rxyw(Pxw,D1)

Ro> Ry 1w (Pyw,D2)
PW\XWPXI\XWPY\YW:
E[d1 (X, X)]<D1, E[da(Y,Y)]<Do
I(Px|w Py x |Pw) <R
I(Pyw Py |y |1Pw ) <Rz

where (12.16) follows from Theorem 12.1 and (12.17) follows from
(12.14). Given distortion levels (Dy, D2), a rate triple (Rf, R, R5) lies
on the boundary of the rate-distortion region if and only if Rj =
Ro(R;, R, D1, D3), which is of interest in the study of second-order
asymptotics.

12.2 Rates-Distortions-Tilted Information Density

Analogous to the derivation of second-order asymptotics for the rate-
distortion problem, the definition of a tilted information density is
critical and is usually related to the rate-distortion function (region).
For the lossy Gray-Wyner problem, a slight obstacle is encountered on
whether to define the rates-distortions-tilted information density using
the formula of the minimal common rate in (12.16) that follows from
Theorem 12.1 or the formula in (12.17) that follows from the equivalent
form of the rate-distortion region in (12.14). This section shows that
the latter is more amenable since it does not involve optimization in
the conditional rate-distortion function in (12.12).

We now introduce the rates-distortions-tilted information density for
the lossy Gray-Wyner problem. Since R(Pxy, D1, D2) is a convex set
[43], the minimization in (12.16) is attained when Ry = Ry w (Pxw, D1)
and Ry = Ry|W(wa,D2) for some optimal test channel Py xy un-
less Ro(R1, Re|Pxy,D1,D2) = 0 or co. To avoid degenerate cases,
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assume that Ro(R1, R2|Pxy, D1, D2) > 0 is finite and R(Pxy, D1, D2)
is smooth at a boundary rate triplet (R, R}, R3) of our interest, i.e.,

51* _ _8R0(R17R2’PXY7D17D2) , (1218)
OR; (R1,Ra)=(R},R})
/ /
o _8R0(R1,R2(9|11';)I<Y,D17D2) , (12.19)
i (D4, D5)=(D1,D2)

are well-defined for i € [2]'. Note that &, A¥ > 0 since

Ro(R1, R2|Pxy, D1, D2) is non-increasing in (R1, Re, D1, D). Assume
that all derivatives (£7,&5, AT, \3) are strictly positive, which holds for
all rate triplets (R, R], R3) such that R = Ro(R}, R3|Pxy, D1, D2) is
positive and finite.

Let (P;‘V‘XYP;('XWP;'YW) be a tuple of optimal test channels? that
achieves Ro(R}, R5|Pxy, D1, D2) in (12.17). Let P;(‘W,P;;‘W,Pﬁ, be
the induced (conditional) distributions. Given any (z,y,w) € X x ) X
W, define the following two conditional distortion-tilted information

densities:

1
J(@, Dy|w) := log = . (12.20)
s Py (o) exp (3H(D1 = di (s, 2)))
1
1y, D2|w) := log (12.21)

35 Py (Glw) exp (F(D2 = da(y, 9)))

The rates-distortions-tilted information density for the lossy Gray-
Wymner problem is defined as follows.

Definition 12.3. For a boundary rate triplet (R{, R}, R3), given any
(D1, D2), the rates-distortions-tilted information density for lossy Gray-
Wyner source coding is defined as

'Due to these regularity conditions, our result in Section 2 does not hold for
some singular points (e.g., where the derivatives do not exist) of the rate-distortion
region, as in the lossless case by Watanabe in [127].

2The following tilted information density is still well-defined even if the optimal
test channel is not unique due to similar arguments as [127, Lemma 2].



Full text available at: http://dx.doi.org/10.1561/0100000134

198 Gray-Wyner Problem

) (w9l Ry, 5, D1, D) : log<ZPW )exp (& (R} — o, Dalw))

685~ 505 Dalu) ). (12:22)

Recall that there are two equivalent characterizations of the Gray-
Wymner region, one defined in terms of conditional rate-distortion func-
tions in Theorem 12.1 and the other defined solely in terms of (con-
ditional) mutual information quantities in (12.14). For the lossless
Gray-Wyner problem [127], the two regions are exactly the same. The
tilted information densities derived based on these two regions are subtly
different. We find that the tilted information density derived from the
second region in (12.14) is more amenable to subsequent second-order
analyses on the Pangloss plane (Lemma 12.6). Thus the “correct” non-
asymptotic fundamental quantity for the lossy Gray-Wyner problem is
the rates-distortions-tilted information density in (12.22).

The rates-distortions-tilted information density for lossy Gray-Wyner
source coding has the following properties.

Lemma 12.2. The following properties hold.

1. The minimal common rate function equals the following expecta-
tion of the rate-distortions-tilted information density, i.e.,

Ro(R7, R5|Pxy, D1, D2)
= Epy, (X, Y|R], R3, D1, Do, Pxy)], (12.23)
2. For (w, %, 9) such that PITV(“J)P)*;-‘W( Z|w) Y|W(y|w) > 0,

]($7y|RT, R;v DlvDZa PXY)

zlogMJr@ M — &R
Py () Py (@)
P @ly, w)
N Viyw * o
+ &5 log f|’*—(A|w) — &R
VW

+ Al(di(z, &) — D1) + A3(da(y, §) — D2). (12.24)
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Lemma 12.2 generalizes [127, Lemma 1] for the lossless Gray-Wyner
problem and [20, Lemma 1.4] for the rate-distortion problem.

In the following lemma, we relate the derivative of the minimum
common rate function with the rates-distortions-tilted information
density. Recall that given a joint probability distribution Pxy € P(X X
V), m = |supp(Pxy)| and I'( Pxy) be the sorted distribution such that
for each i € [m], I';(Pxy) = Pxvy(zi,v;) is the i-th largest value of
[Pxy(@,y): (2,y) € X x V}. For any Qxv, let Qi xy Q@i yow
be the optimal test channel for Ro(R}, R5|I'(Qxy), D1, D2) in (12.17).
Let Qjy, §(|W’ Q*Y|W be the corresponding induced distributions.

Lemma 12.3. Suppose that for all Q) xy in some neighborhood of Pxy,
supp(Qiy) C supp(Fyy), supp(Q%, ) C supp(F% ;) and supp(Qg, )

C supp(P;i(‘W). Then for i € [1:m — 1],

ORo(R7, B5|T(Qxy), D1, D2)
li(Qxy) Oxy=Pyy
= j(x;,yi| R}, R5, D1, D2, T'(Pxy))
= )@, ym|RT, RS, D1, D2, T'(Pxy))- (12.25)

Lemma 12.3 generalizes [127, Lemma 3] for the lossless Gray-Wyner
problem and [66, Theorem 2.2] for the rate-distortion problem.

12.3 Second-Order Asymptotics

12.3.1 Result

Let (R, R}, R3) be a boundary rate triplet on the rate-distortion region
of the lossy Gray-Wyner problem.

Definition 12.4. Given any € € (0, 1), a triplet (Lg, L1, L2) is said to be
second-order (Rf, R, RS, D1, D2, €)-achievable if there exists a sequence

of (n, My, My, My)-codes such that
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. 1
lim sup 7 (log My — nRy) < Ly, (12.26)
n—oo
1
limsup — (log M1 — nR;) < Ly, (12.27)
n—00 n
1
lim sup — (log My — nR3) < Lo, (12.28)
n—00 n
and
limsup Pe (D1, D2) < e. (12.29)
n—oo

The closure of the set of all second-order (R{, R}, RS, D1, D2, €)-achiev-
able triplets is called the second-order coding region and denoted as
ﬁ(RS, T, R;, Dl, DQ, 6).

Note that in Definition 12.2 of the rate-distortion region, the ex-
pected distortion measure is considered, whereas in Definition 12.4,
the excess-distortion probability is considered. This is consistent with
other lossy source coding problems studied in previous sections and
the joint-excess-distortion probability allows us to derive second-order
asymptotics that provides deeper understanding of the tradeoff among
encoders beyond the rate-distortion region.

Let the rates-distortions-dispersion function be

V(R1, R3|Pxy, D1, D2)
:= Var [3(X,Y|R], R5, D1, Dy, Pxy)]. (12.30)

For any boundary rate triplet (R, R}, R3) € R(Pxy, D1, D2), we im-
pose the following conditions:

1. Ry = Ro(R}, R5|Pxy, D1, D2) is positive and finite;

2. For i € [2], the derivatives & in (12.18) and A} in (12.19) are
well-defined and positive;

3. (R1,R2,Qxy) — Ro(R1, R2|Qxy, D1, D2) is twice differentiable
in the neighborhood of (Rj, R;, Pxy) and the derivatives are
bounded;

4. The dispersion function V(R], R3|Pxy, D1, D2) is finite.
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Theorem 12.4. Under conditions (1) to (3), given any ¢ € (0,1), the
second-order coding region satisfies

‘C(REk)7 T?RSaDhDQ?g)
= {(LO,L1,L2) c Lo+ & L1+ & Lo
2 \/V( ’LR;IPXY,Dl,Dz)Q‘l(e)}. (12.31)

Theorem 12.4 is proved in Section 12.4. In the achievability proofs,

we derive a type covering lemma (cf. Lemma 12.7) designed specifically
for the lossy Gray-Wyner source coding problem. While the proof of this
type covering lemma itself hinges on various other works, e.g., [79], [82],
[127], piecing the ingredients together and ensuring that the resultant
asymptotic results are tight is non-trivial. One of the main challenges
here in proving the type covering lemma is the requirement to establish
the uniform continuity of the conditional rate-distortion function in both
the source distribution and distortion level. The converse proof is done
similarly to the successive refinement or the Fu-Yeung problem where
we first derive a type-based strong converse, then use Taylor expansions
of the minimal common rate function of empirical distributions and
finally apply the Berry-Esseen theorem (cf. Theorem 1.3).

12.3.2 Specialization to the Pangloss Plane

In general, it is not easy to calculate L(R§, R}, R5, D1, Da,¢). Here we
consider calculating L(R, R}, RS, D1, Da,¢) for a rate triplet (Rg,
R3) on the Pangloss plane [43]. It is shown in Theorem 6 in [43] that
(Ro, R1, R2) is (D1, Dy)-achievable if

Ry + R1 + Ry > R(Pxy, D1, D), (12.32)

Ry + Ry > R(Px,D»), (12.33)

Ry + Ry > R(Py, Dy), (12.34)

where R(Px,D1), R(Py,D2) are rate-distortion functions (cf. (3.7))

and R(Pxy, D1, D) is the following joint rate-distortion function
(PXYv Dy, Dy)

‘min ) I(Pxy, Py 5v)- (12.35)
PXY‘XY:E[dl (X,X)]<D1, Elda(Y,Y)]<Ds XY|XY
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The set of (D, D2)-achievable rate triplets (R, R1, R2) satisfying Ro +
Ry + Ry = R(Pxy, D1, D>) is called the Pangloss plane, denoted as
Rpgp(PXYa Dl, Dg), i.e.,

Rpgp(Pxy, D1, D2)
= {(Ro,Rl,Rz) : (Ro, R1, R2) € R(Pxy, D1, Dy),
Ro+ Ri+ Ry = R(Pxy, Dy, D) }. (12.36)

Let P)*AQA,| <y be an optimal conditional distribution that achieves

R(Pxy, Dy, D2). Let P;(Y be induced by P)*”(Y/|XY and Pxy. Define the
following distortions-tilted information density:

vxy (2, y|Pxy, D1, D2)

= —togBr;[exp (1(D1 — i, %) + 13(D2 — dafu. 7)) |

(12.37)
where
i . _OR(Pxy,D, D) (12.38)
' oD D=y '
y*-:_aR(PXY’Dl’D)' (12.39)

Lemma 12.5. The properties of 1xy (:|Pxy, D1, D2) include

e The joint rate-distortion function is the expectation of the joint
tilted information density, i.e.,

R(ny,Dl, Dg) = EPXY [lxy(X,Y‘ny, Dl,DQ)] . (1240)

*

o For each (Z,9) € SUPP(PXY) )

1xy (2, y|Pxy, D1, D) = log
+ vi(di(z,2) — D1) + v3(d2(y,9) — D2).  (12.41)

Lemma 12.5 can be proved similarly to [127, Lemma 1] for the
lossless Gray-Wyner problem and [20, Lemma 1.4] for the rate-distortion
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problem. By considering a fixed rate triplet on the Pangloss plane, we
can relate jx,y|Ry, R3, D1, D2, Pxy) to ixy (z,y|Pxy, D1, Da).

Lemma 12.6. When a boundary rate-triple lies in the Pangloss plane,
ie., (R, Ry, R3) € Rpep(Pxy, D1, D2) and the common rate R§ > 0,

J(z,y|RY, B3, D1, D2, Pxy)
=(x,y|D1, D2, Pxy) — R — R3. (12.42)
The proof of Lemma 12.6 invokes Lemma 12.2. Besides, we use an
idea from [125] in which it was shown that the following Markov chains

hold for the optimal test channels Py, v achieving R(R;, R3|Pxy, D1,
D5) and P;Z' w88 well as P)ijlyw achieving conditional rate-distortion

functions Rx|w (Pxy, D1) and Ry |y (P, D2):

X Wy, (12.43)

(X, Y) — (X,Y) =W, (12.44)
— (X, Y, W)=Y, (12.45)

— (X, W) =Y, (12.46)

— (Y, W) — (12.47)

Invoking Lemma 12.6, for a rate triplet (R{, R}, R3) on the Pangloss
plane, the expression of the second-order coding region is simplified as
follows.

Proposition 12.1. When (R{, R}, R3) € Rpep(Pxy, D1, D2) and the
conditions in Theorem 12.4 are satisfied, we have

E(Rav TaRéyDlaD%E)
= {(LO,L17L2) i Lo+ L1+ Lo

> \JV(R}, B3| Pxy, D1, D2)Q ' (e)}, (12.48)

where the rate-dispersion function [70] is
V(R, By|Pxy, D1, D2)
= Var[j(X,Y’RT,RS,Dl,DQ,ny)] (12.49)
= Var[t(X,Y|D1, Da, Pxy)]. (12.50)



Full text available at: http://dx.doi.org/10.1561/0100000134

204 Gray-Wyner Problem

12.3.3 A Numerical Example for the Pangloss Plane

Consider a doubly symmetric binary source (DSBS), where X =) =
{0,1}, Pxy(0,0) = Pxy(1,1) = 152 and Pxy(0,1) = Pxy(1,0) = 2
for p € [0,3]. We consider X =Y = {0,1} and Hamming distortion
for both sources, i.e., di(x,2) = 1(z = &) and da(y,9) = 1(y = 7).
Furthermore, let Ry = Ry = R and D; = Dy = D. Recall that Hy,(0) =
—dlog(d) — (1 — &) log(1 — d) is the binary entropy function. Define
f(z) := —zlogx. Let py := § — /T —2p. It follows from [9, Exercise
2.7.2] that

R(Pxy, D, D)
:{ 1+ Hy(p) — 2Hy,(D) 0< D <pi,
fl=p) =5 (f(2D —p)+ f(2(1 = D) —p)) p1 <D< 3.

(12.51)

It was shown in [43, Example 2.5(A)] that for 0 < D < A < py, if
Ry = R(ny, A,A), R =Ry = Hb(A) — Hb(D), then (Ro,R1,R2) S
Rpep(Pxy, D, D). When D < pq, the joint (D, D)-tilted information
density satisfies

1xy (0,0|Pxy, D, D)

= ny(l, 1’PX}/,D,D) (12.52)
1

— 1o — 2H,(D), 12.53
Sr-DD-@p-npiifa—p P (1299

1xy (0,1|Pxy, D, D)

= ny(l,()’ny,D,D) (12.54)

1
= log — 2Hy, (D). (12.55)

(2p—1)D%— (2p—1)D + &p
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Hence, the joint dispersion function satisfies

Var[lxy(X,Y|ny,D,D)]
=" Pxy(z,y) (xy(z,y|Pxy,D,D) — R(Pxy,D,D))>  (12.56)

Y )
1
-0y (log (2p—1)D—(2p—1)D2+ [(1-p) - Hb(p))
2
1
+p <log 21D — (2 —1)D+ 1p -1- Hb(p)> . (12.57)

12.4 Proof of Second-Order Asymptotics

12.4.1 Achievability

We first prove that for any given joint type Qxy € Pn(X x )), there
exists an (n, My, M1, Ms)-code such that the excess-distortion proba-
bility is mainly due to the incorrect decoding of side information W.
To do so, we present a novel type covering lemma for the lossy Gray-
Wyner problem. Using this result, we then prove an upper bound of the
excess-distortion probability for the (n, My, M7, Ma)-code. Finally, we
establish the achievable second-order coding region by estimating this

probability.
Define four constants
co = BIX|[YIWV] +4), (12.58)
ch = co+ | XV, (12.59)
11d, N
= T\XHJ/HW\—HS\XHWHX\+5 , (12.60)
ay
11d N
o = (CZZXHyHW + 3V +5>. (12.61)
a

The following type covering lemma is critical for second-order analysis
for the lossy Gray-Wyner problem.

Lemma 12.7. Let n satisfy (n + 1)* > nlog|X||Y|, logn >

|X||W\|/'§')|110g|X|d1, logn > |yHW||yD|210g|7y|d2’ and logn > log % Given
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a joint type Qxy € Pn(X x Y), for any rate pair (R1, R2) € Ri such
that Ro(R1, R2|Qxy, D1, D2) is achievable by some test channel, there
exists a conditional type Q| xy € Vn(W, Q@xy) such that the following
holds:

o There exists a set C,, C Tqy, (Qw is induced by Qxy and Qw|xy)
such that

— For any (z",y") € Tg, , there exists a w™ € C,, whose joint
type with (z™,y") is Qxyw, i.e., (", y", w") € TQxyw-
— The size of C,, is upper bounded by

1 log(n +1
Elog‘cn‘ < Ro(R1, R2|Qxy, D1, D2) +Cog(n)-

(12.62)
o For each w" € Tq,, 1, (2", y"), there exist sets By (w") € X" and
By (w") € V" satisfying

— For each (z",y") € TQXYlW(w”), there exists 2" € B¢ (w™)
and 9" € By(w") such that di(z",2") < D; and
dQ(yn’gn) < D2a

— The sizes of B¢ (w™) and By (w™) are upper bounded as

logn

1
“log|Byg ()] < 12.

- 0g|Bg(w")] < Ry + ¢ m— (12.63)
1 1

~log By (w")| < Ry + e Oi”. (12.64)

Lemma 12.7 is proved by combining a few ideas from the literature:
a type covering lemma for the conditional rate-distortion problem
(modified from Lemma 4.1 in [22] for the standard rate-distortion
problem and Lemma 8 in [82] for the successive refinement problem),
a type covering lemma for the common side information for the Gray-
Wyner problem (Lemma 4 in [127]) and finally, a uniform continuity
lemma for the conditional rate-distortion function (modified from [82],
[88]). The proof of Lemma 12.7 adopts similar ideas as the proof of the
first-order coding region [43] and is available in [150, Appendix F|. The
main idea is that we first send the common information via the common
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link carrying Sy and then we consider two conditional rate-distortion
problems on the two private links carrying 57, S2 using the common
information as the side information.

Invoking Lemma 12.7, we show that there exists an (n, My, M1, Ms)-
code whose excess-distortion probability can be upper bounded as
follows. Recall the definitions of ¢ in (12.59), ¢; in (12.60) and ¢y in
(12.61). Define three rates

1 1 1

Ry, = —log My — cow, (12.65)
n n
1 1

Ry, = - —log My — ¢ ogn (12.66)
1 1

Ron = - —log My — c2 ogn (12.67)

Lemma 12.8. There exists an (n, My, My, Mg)—code such that
Pen(D1, D2) < Pr{Rop < Ro(Rin, Rop|Txnyn, D1, Do)} (12.68)

The proof of Lemma 12.8 is similar to [127, Lemma 5] and available
in [150, Appendix J].

Recall the definition of the typical set A, (Pxy) in (9.77) and the
result in (9.78) that

A 21X
Pr {TX"Y” ¢ -An(PXY)} < ‘ngy‘ (12.69)

For a rate triplet (R{, R, R3) satisfying conditions in Theorem 12.4, let

%log My = Ro(R%, RS|Pxy, D1, Da) + \Lfo be l(”g(tfl) (12.70)
%log M, = Ry + \Lfl logn (12.71)
%logMg R+ Lf logn (12.72)

It follows that
Rin =R + \% i=0,1,2. (12.73)

In subsequent analyses, for ease of notation, we use j(X;,Y;) to
denote j(X;,Yi|RY, RS, D1, D2, Pxy). From the conditions in Theo-
rem 12.4, the second derivatives of the minimal sum rate function
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Ro(R1, Ra2|Pxy, D1, D2) with respect to (Rj, Rg, Pxy) are bounded
around a neighborhood of (Rf, R5, Pxy). Hence, for any Tznyn €
A, (Pxy), for large n, invoking Lemma 12.3 and applying Taylor’s
expansion for Ro(Ry p, R27n|Tznyn, Dy, Dy), we obtain:

RO(Rl,na RZ,n’Tm"yna Db D2)

* * * Ll 2
= Ro(R7, R5|Pxy,D1,D2) — 51% - 52%

+ i ()\,-(Txnyn) - )\i(PXY)) (](551', Yi) = 9(@m, ym)>
i=1

+ 0 ([MTanyn) = T(Pxy)|?)
+0 (R — R))?+ (Ro — B3)?) (12.74)

I L . L logn
= Ro( 17R2|PXY,D1,D2)—51\/%—52\/%%—0( i )

+ Z ( — Pxy(x y)) 2, y) (12.75)

< T Qv ey - gl = g2 2y o(£%)  (z79)

1 - logn
= n;]( zayz 51\/> 52\/* ( >’ (12'77)

where (12.76) follows from Lemma 12.2 and the definition of the typical
set An(ny) in (977)

Define n,, = 105 . Invoking Lemma 12.8, we can upper bound the
excess-distortion probability as follows:
Pe,n(Dla DZ)

< Pr {Ro,n < Ro(Rin, ,Dl,Dg)} (12.78)

<Pr {Txnyn € An(Pxy), Ron < Ro(Rin, Ron|Txnyn, D1, DQ)}

+ Pr {TXW" ¢ A, (PXY)} (12.79)

L L
<Pr{ROn< ZJXz,Y) 51‘\/%—55‘\/%+0(nn)}
=1

2|x
, 21

- (12.80)
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Ly 1 &
=Pr{+§+€+0 <= (Xi,Y;)
NN - ; (
* Pk 2|1X|1Y
- RO(R17R2|PXY7D17D2)>} + | n|2| | (12.81)

<Q Lo+ &L+ &Ly + O (V) 6T (R}, R, D1, Do)
B \/V( 1, B3| Pxy, D1, Da) VV32(RY, B, D1, Dy)
21XV

n2
where (12.82) follows from the Berry-Esseen Theorem and T(R7, R3, D1,
Dy) is third absolute moment of the rates-distortions-tilted information
density 7(X,Y), which is finite for DMS from the conditions in Theorem

12.4. Therefore, if (Lo, L1, L2) satisfies

+

: (12.82)

Lo+ &Ly + &Ly > V(R Ry Pxy, D1, D2)Q 7 (), (12.83)

then lim sup,,_, o Pen(D1,D2) <e.

12.4.2 Converse

We follow the method of types, similar to the proof of the lossless case
in [127] and to the converse proof of the successive refinement and
Fu-Yeung problem in previous sections. We first establish a type-based
strong converse and use it to derive a lower bound on excess-distortion
probability Pe (D1, D2). Subsequently, we use a Taylor expansion and
apply the Berry-Esseen Theorem to obtain an outer region expressed
essentially using V(R], R3|Pxy, D1, D2).

We now consider an (n, My, M1, Ms)-code for the correlated source
(X", Y™) with joint distribution Uz, (2", y") = [Ty |71, the uniform
distribution over the type class 7g . .

Lemma 12.9. If the non-excess-distortion probability satisfies
Pr{di (X", X") < Dy, do(Y", V") < D (X", ¥Y") € Topxy |
> exp(—na) (12.84)
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for some positive number «, then for n large enough such that logn >
max{dy, da}log |X|, there exists a conditional distribution Qyy|xy with
IW| < |X||Y] + 2 such that

(121171 + 1) log(n + 1)

1

- log My > I(X,Y; W) — - - a, (12.85)
1 logn

~log M1 > R (Qxw, D1) - fL , (12.86)
1 logn

—log Mz 2 Ryw (Qyw, D2) — i : (12.87)

where (X, Y, W) ~ Qxy x Qw|xy-

The proof of Lemma 12.9 is similar to the lossless Gray-Wyner
problem [127, Lemma 6] but we need to also combine this with the
(weak) converse proof for lossy Gray-Wyner problem under the expected
distortion criterion in [43]. Readers could refer to [150, Appendix K]
for details.

We then prove a lower bound on the excess-distortion probability
Pen(D1,D2) in (12.13). Define the constant ¢ = W and the three
quantities

1 1 1

Ron = — log My + CM, (12.88)
n n
1 1

Rin =~ log My + —2= (12.89)
n n
1 1

Ry = = log My + —20. (12.90)
n n

Lemma 12.10. Consider any n € N such that logn > max{d,ds}
log |X|. Any (n, Mo, My, Ma)-code satisfies

Pen(D1, D2)

A 1
> Pr {RO,n < RQ(RLn, RQ’n’Txnyn,Dl, DQ)} — E (12.91)

The proof of Lemma 12.10 is similar to [127, Lemma 7] and available
in [150, Appendix L].
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Choose (Mg, M1, Ms) such that

1 Ly log(n + 1)
—logMy =R+ — —c———= 12.92
n og Mo 0o+ \/ﬁ c n ’ ( )
1 Ly  logn
“log My = R} + —%= — 12.93
n og My 1+ \/ﬁ n ( )
1 Ly logn
—log My = RS + —F= — . 12.94
n og Ma 2+ \/ﬁ n ( )
Hence, according to (12.88) to (12.90) in Lemma 12.10, for ¢ € [0 : 2],
o, Li
Rin =B + . (12.95)

Recall that we use j(X;,Y;) to denote 3(X;, Yi| R}, R5, D1, D2, Pxy).
Invoking Lemma 12.10, similar to the achievability proof,

Pe,n(DlaDZ)
. 1
> Pr{Ron < Ro(Rin Ren|Txcryn, D1, Do)} =~ (12.96)
> Pr {Ro,n < RO(Rl,naRQ,n|TX"Y”7D17D2)7 Txnyn € An(PXY)}
1
_1 (12.97)
n
LO 1 & Ll L2
> 0t —F= <~ X Yi) -G —F#=-6&—F+ n
2 Pr{R L < ST~ 6 - 6+ O
. 1
LO 1 & Ll L2 }
>PriRy+—F= < — Xi,Yi) =& —F=—&—F—=+ 0
> T{Ro+\/ﬁ<n;J( )= 6~ G2 +0(n)
A 1
— Pr{Txnyn n(P - — 12.99
r{ Xnyn & An( XY)} - ( )
Lo Ly Ly 1
Fgh R B Ol < 3 (%Y
£ ok 2| XY 1
_RO(R17R2|PXY7D17D2)}— |n’2| |_n (12.100)
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> L()—FfikLl—Flf;LQ-i-O(\/’ﬁ?]n) B 6T( T,R;,Dl,Dg)
\/V(RT7R§‘PXY7D17D2) VnV32(Ry, Rs, Dy, Ds)
Xyl 1
n2 n
where (12.99) follows from the fact that Pr{€ N F} > Pr{&} — Pr{F*°}.
Hence, if (Lo, L1, L) satisfies

: (12.101)

Lo+ &1L+ &L < \/V( i R3|Pxy, D1, D2)Q 7 (e),  (12.102)

then liminf, o Pe (D1, D2) > €. Therefore, for sufficiently large n,
any second-order (Rf, R}, RS, D1, D2, €)-achievable triplet (Lo, L1, L2)
must satisfy

Lo+ &L+ &Ly > \/V( 1 R3|Pxy,D1,D2)Q (). (12.103)
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Reflections, Other Results and Future Directions

13.1 Reflections

In this monograph, we reviewed recent advances in the second-order
asymptotics for lossy source coding, which provides approximation to the
finite blocklength performance of optimal codes. Specifically, in Section
1, we introduced the notation and critical mathematical background. In
Section 2, we illustrated non-asymptotic and second-order asymptotic
analyses via lossless source coding. Subsequently, in Section 3 of Part
II, we presented the generalization of the results from lossless source
coding to the rate-distortion problem of lossy source coding, highlighted
the role of the distortion-tilted information density and introduced two
proof sketches. One proof method to yield second-order asymptotics is
applying the Berry-Esseen theorem to carefully derive non-asymptotic
achievability and converse bounds, where the achievability part uses
random coding and minimal distortion encoding while the converse
part relies on the properties of the distortion-tilted information density.
Although this method is simple and elegant, it is not always possible to
derive the desired non-asymptotic bounds for multiterminal lossy source
coding problems. Thus, we also introduced another proof technique using
the method of types, where the achievability part uses the type covering

213
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lemma tailored to the rate-distortion problem and the converse part
depends on a type-based strong converse analysis. The first proof sketch
using the non-asymptotic bounds usually applies to any memoryless
source while the method of types is valid only for DMS. In the rest
of Part II, the results and proofs for the rate-distortion problem are
generalized to account for noisy sources, noisy channels, mismatched
compression, sources with memory and variable length compression in
Sections 4 to 8.

In Part I11I, the two proof methods for the rate-distortion problem are
generalized in combination to derive non-asymptotic and second-order
asymptotic bounds for four multiterminal lossy source coding problems
in the increasingly complicated order: the Kaspi problem in Section 9;
the successive refinement problem in Section 10; the Fu-Yeung problem
in Section 11; and the Gray-Wyner problem in Section 12. For the
Kaspi problem, we introduced the distortions-tilted information density,
illustrated the role of side information and showed that the conditional
rate-distortion problem is a special case of the Kaspi problem. For
the successive refinement problem, we defined a rate-distortions-tilted
information density, showed its connection to the minimal sum rate
subject to the rate of one encoder, demonstrated the tradeoff between
second-order coding rates of two encoders, and validated the joint
excess-distortion probability as the “correct” performance criterion. For
the Fu-Yeung problem, we presented a non-asymptotic converse bound
which yielded tight second-order converse result when specializing to
the successive refinement problem and presented tight second-order
asymptotics for simultaneous lossless and lossy compression. Finally,
for the Gray-Wyner problem in which an auxiliary random variable
is required in the characterization of the rate-distortion region, we
presented a second-order asymptotic result, where the achievability part
follows by deriving a type covering lemma tailored to the problem which
uses the continuity of conditional rate-distortion function with respect
to the distortion level and the distribution.
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13.2 Other Results

This monograph mainly focused on fixed-length compression of DMS
under bounded distortion measures with the excess-distortion probabil-
ity as the performance criterion. For GMS under quadratic distortion
measures, the second-order asymptotics for the rate-distortion problem
was derived by Ingber and Kochman [54, Theorem 2] and by Kostina and
Verdu [70, Theorem 40], and the second-order asymptotics for the suc-
cessive refinement problem was derived by No, et al. [82, Theorem 7] and
by Zhou et al. [151, Theorem 20], and the second-order asymptotics for
a Laplacian source under the magnitude-error distortion measure could
be derived using the type-covering lemma in [146] for the achievability
result and using the non-asymptotic converse bound in [68, Corollary 2].
When the distortion measure is the logarithm loss, the non-asymptotic
analysis for the rate-distortion and the multiple descriptions problem
was derived by Shkel and Verdud [106] and the successive refinement
problem was studied by No [81]. When the excess-distortion probability
is replaced by the average distortion, a non-asymptotic analysis of the
rate-distortion problem was done by Moulin [80] and by Elkayam and
Feder [30].

Besides second-order asymptotics, the large and moderate deviations
asymptotic analyses also provide deeper understanding beyond Shannon
theory analyses, as illustrated in Figure 2.2 for lossless source coding.
For simplicity, we call the rate-distortion function or the rate-distortion
region the Shannon limit. Large deviations, also known as the error
exponent analysis, focuses on deriving the exponential decay rate of
excess-distortion probabilities for rates beyond the Shannon limit in lossy
source coding problems. For the rate-distortion problem, the error expo-
nent was derived by Marton for DMS [79], by Thara and Kubo [53] for
GMS under the quadratic distortion measure and by Zhong et al. [146]
for a Laplacian memoryless source under the magnitude-error distortion
measure. For the successive refinement problem with DMS, the error
exponent region was derived by Tuncel and Rose [121] under the sepa-
rate excess-distortion probabilities criterion and by Kanlis and Narayan
under the joint excess-distortion probability criterion [55]. For DMS,
the error exponent (region) for the Kaspi problem was derived in [147,
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Theorem 7], for the Fu-Yeung problem was derived in [147, Theorem
16] and for the Gray-Wyner problem was derived in [150, Theorem 12].

Moderate deviations asymptotics [3], [15], [51] compromise between
large deviations and second-order asymptotics by deriving the subexpo-
nential decay rates, also known as the moderate deviations constants,
of excess-distortion probabilities while allowing rates to approach the
Shannon limit. The moderate deviations constant for the rate-distortion
problem was derived by Tan [111] for DMS. For the successive refine-
ment problem, the moderate deviations constants were derived by Zhou,
Tan and Motaini for both DMS and GMS [151, Theorems 6 and 15]. For
DMS, the moderate deviations asymptotics was derived for the Kaspi
problem in [147, Theorem 8], for the Fu-Yeung problem was derived
in [147, Theorem 17] and for the Gray-Wyner problem was derived
in [150, Theorem 13].

13.3 Future Directions

We briefly discuss possible future research directions for lossy source
coding beyond the results covered in this monograph.

13.3.1 Higher-Order Asymptotics

For the rate-distortion problem and its five generalizations in Part II
of this monograph, we present a second-order asymptotic approxima-
tion to the finite blocklength performance. It was recently shown by
Yavas et al. [140] that for channel coding, the third-order asymptotic
approximation in the moderate deviations regime could provide a rather
accurate approximation to the performance of an optimal code for
blocklengths as small as n = 100 with error probabilities as small as
10710, This high-order approximation is of great interest for beyond 5G
communication networks where enhanced ultra-reliable and low-latency
communication is required. However, to the best of our knowledge, in
general, no tight third-order asymptotic results have been established
for the rate-distortion problem. It would be worthwhile to derive higher-
order asymptotic results to complement the second-order asymptotics
for the problems presented in this monograph.
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13.3.2 Multiterminal Compression of GMS

Although the second-order asymptotics results of the rate-distortion
and the successive refinement problems have been established for GMS
under quadratic distortion measures, the second-order asymptotics of
many other multiterminal lossy source coding for GMS is generally
unknown. For the Kaspi problem, the non-asymptotic converse bound
in Section 3 is valid for GMS, but the achievability analysis is non-trivial
despite the rate-distortion function was derived by Perron et al. [89].
For the multiple descriptions problem [132], the rate-distortion region
for GMS was derived by Ozarow [87]. Both achievability and converse
analyses of non-asymptotic and second-order asymptotic bounds require
novel ideas. For the Gray-Wyner problem, although the rate-distortion
region is known [43] and the exact formula for GMS is recently derived
by Yu [141], the second-order asymptotics are challenging.

13.3.3 Mismatched Multiterminal Compression

Most contents in this monograph concerned matched compression, where
the distribution of the source sequence is assumed perfectly known. Such
an assumption is invalid in practice because one is not able to know the
exact distribution of a source to be compressed. Thus, it is important
to use mismatched coding schemes ignorant of the exact source distri-
bution to compress any memoryless sources. In Section 6, we presented
the second-order asymptotics by Zhou, et al. [152], who analyzed the
mismatched compression scheme proposed by Lapidoth [76, Theorem 3],
where the minimum Euclidean distance encoding with the i.i.d. Gaus-
sian codebook is used to compress an arbitrary memoryless source.
However, the non-asymptotic and second-order asymptotic analyses
for more complicated multiterminal lossy source coding remain largely
unexplored. Some attempts have been made very recently by Bai et al.
[5], Bai et al. [6], and Wu et al. [133] in the achievability analysis of the
mismatched successive refinement problem.
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13.3.4 Variable-Length Multiterminal Compression

This monograph focused on fixed-length lossy source coding. Motivated
by the need to reduce the codeword length of frequently appeared
symbols, fixed-to-variable length (FVL) source coding has also been
widely studied for the point-to-point case [47], [57], [67], [96], [97], [99].
In particular, Kostina and Verdu derived the second-order asymptotics
for average codeword length of the FVL rate-distortion problem subject
to a non-vanishing excess-distortion probability, which was presented in
Section 8. Saito et al. [96], [97] studied the FVL rate-distortion problem
under constraints on both the excess-distortion probability and the
excess-length probability. However, no results have been established for
FVL multiterminal lossy source coding. It would be worthwhile to derive
non-asymptotic and second-order asymptotic bounds on the average
codeword length for a multiterminal lossy source coding problem such
as the successive refinement problem.

13.3.5 Decoder Side Information Problems

Although we have presented results for several multiterminal lossy
source coding problems, many more remain open, such as the Wyner-
Ziv problem [136], the Kaspi-Heegard-Berger problem [56, Theorem
2], [52], and the Berger-Tung problem [10]. A common feature of these
problems is that in the asymptotic rate-distortion function (region),
there exists an auxiliary random variable that forms a Markov chain with
the source sequences and/or the side information. For the Wyner-Ziv
problem, some attempts in characterizing the second-order asymptotics
have been made in the achievability part by Watanabe et al. [128] and
by Yassaee et al. [139] and the converse part by Oohama [85]. However,
the achievability and converse bounds do not match even in the sign of
the second-order term. Novel ideas and mathematical tools are required
to establish second-order asymptotics.

13.3.6 Rate-Distortion-Perception Tradeoff

As evidenced in many applications of image compression, optimal
schemes achieving the rate-distortion function lead to low performance
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due to the ignorance of the distribution of the reproduced sequences.
The perceptual quality of an image is shown to be determined by the
distribution of the reproduced sequences. However, this information is
omitted in the design of codes described in this monograph. To solve this
problem, recent studies on rate-distortion-perception tradeoff [13], [116]
revisit the rate-distortion problem by constraining that the distribution
of the output of the decoder is either identical or approximately identical
to the distribution of the source sequence. All these results are asymp-
totic Shannon theoretical analysis on the rate-distortion function for the
point-to-point case. It would be of interest to conduct a non-asymptotic
and second-order asymptotic analysis of the rate-distortion-perception
problem and also generalize it to multiterminal lossy source coding
problems.
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