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This dissertation consists of three parts. The first part considers the archetypical multiter-
minal source coding problem with logarithmic loss distortion constraints. A single-letter
description of the achievable rate distortion region is given for finite-alphabet sources.
In the course of doing so, the rate distortion region for the m-encoder CEO problem is
also characterized. Several applications and examples are given, and a variety of related

problems are discussed.

The second part of this dissertation considers the combinatorial problem of Coded Co-
operative Data Exchange. In this problem, data which is originally distributed in a network
is exchanged among nodes until universal recovery is achieved (i.e., all terminals recover
all data initially present in the network). This dissertation characterizes the minimum
number of exchanges which must take place in order to permit universal recovery. Explicit

algorithms and tight concentration results are given for several special cases of interest.

Finally, three new lemmas are provided, each of which is interesting in its own right.

Applications to multiterminal information theory are discussed.
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CHAPTER 1

Introduction

The fundamental tradeoff between the level to which data can be compressed, and the
fidelity to which it can later be reproduced, is known as rate distortion!. As with many
of the cornerstone results in information theory, the study of the rate distortion tradeoff
traces its roots back to Claude Shannon. Just over fifty years ago, Shannon proved the first
rate distortion theorem in his 1959 paper [Shab9]. It is surprising then, that apparently
simple extensions of this fundamental tradeoff to multiterminal settings are notoriously

difficult to describe.

To wit, characterizing the rate distortion region — the set of attainable rates and
distortions — for the two-encoder source coding problem depicted in Figure 1.1 is perhaps
the most well-known, long-standing open problem in the field of multiterminal source
coding. Indeed, it is commonly referred to as the multiterminal source coding problem (a
tradition to which we adhere in this dissertation). Although this problem was posed nearly
four decades ago, a complete description of the rate distortion region eluded researchers

for any nontrivial choice of source distribution and distortion measure until very recently.

In their seminal work [WTV08], Wagner et al. characterized the rate distortion region
for jointly Gaussian sources subject to mean square error distortion constraints. Notably,
they showed that the extension of the single-encoder vector quantization scheme to two en-
coders suffices to attain any point in the achievable rate distortion region. We remark that,
as Shannon showed in his 1959 paper, this type of vector quantization encoding scheme

attains any point of the optimal rate distortion tradeoff in the single-encoder setting. The

IThe term rate refers to the compression ratio, while distortion refers to the reproduction fidelity.



Y) — 3 Encoder 1 > >V,
R .
" | Decoder Ed(Y1, Y1) < Dy
Yo — 3 Encoder 2 |3, > ¥,
Ry Ed(Y3, ) < D;

Figure 1.1: The two-encoder lossy source coding network.

two-encoder extension of this scheme (where both encoders perform vector quantization)
is commonly called the Berger-Tung scheme, for the researchers who first proposed and

analyzed it (see [Ber77] and [Tun78]).

While the importance of [WTVO08] is undeniable, the proofs contained therein relied
heavily on the maximum entropy properties of the Gaussian distribution and the vast body
of literature specific to Gaussian multiterminal problems (e.g., [Ooh97, PTR04, Ooh05]).
Due to the inherent dependence on the peculiarities of the Gaussian distribution, the
results in [WTV08] shed little light on the multiterminal source coding problem for other
source distributions and/or choices of distortion measures. Indeed, it was still not clear
from [WTV08] whether the Berger-Tung achievability scheme — a very natural encoding
scheme — would be optimal in other settings of interest. In fact, Wagner et al. later gave
a relatively simple example in [WKA11] which suggested the possibility that the Berger-
Tung achievability scheme might not be optimal for finite-alphabet sources except in very

special cases (e.g., where one source is to be reproduced losslessly).

In the first part of this dissertation, we address this point for the two-encoder set-
ting. Specifically, we show that the Berger-Tung achievability scheme is optimal for all
finite-alphabet sources when distortion is measured under logarithmic loss. To our knowl-
edge, this constitutes the first time that the entire achievable rate distortion region has
been described for the multiterminal source coding problem with nontrivial finite-alphabet

sources and nontrivial distortion constraints. In addition to providing a single-letter char-



acterization of the achievable rate distortion region for the multiterminal source coding
problem under logarithmic loss, we also give a complete characterization of the m-encoder
CEO problem (also under logarithmic loss). The CEO problem, like the multiterminal
source coding problem, is another well-known — and generally open — problem in the field

of network information theory.

For the reader unfamiliar with the distortion measure we consider, we briefly motivate
it here. Logarithmic loss is a widely used penalty function in the theory of learning and
prediction (cf. [CLO6, Chapter 9]), and it has natural interpretations and applications
in gambling and portfolio theory. To be more precise, logarithmic loss is a natural loss
criterion in scenarios where the reconstructions are allowed to be ‘soft’, i.e., probability
measures rather than deterministic decision values. As we demonstrate through several
examples, logarithmic loss has a variety of useful applications and has implicitly appeared
in the source coding literature frequently over the years (popular examples include horse
racing markets and list decoding). However, it was not explicitly introduced in the context

of multiterminal source coding until [CW11a].

In contrast to the lossy setting investigated in the first part of this dissertation, we
restrict our attention to lossless reproduction of data in the second part. In making this
sacrifice, we are able to study networks which are essentially arbitrarily connected, as
opposed to the simple three-terminal network given in Figure 1.1. To be specific, we study
the problem of coded cooperative data exchange. This problem is predominantly motivated
by emerging issues in applied information theory, particularly in distributed storage and
peer-to-peer networks. In our model, we assume that each node in a network starts with a
subset of data. Nodes propagate data through the network by exchanging messages with
their neighbors. We quantify how many such exchanges are required to achieve universal

recovery, i.e., the state where each node recovers all data initially present in the network.

To see the motivation for this work, consider the task of backing up data on servers in

a large data center. One common method to protect data from corruption is replication.



As the name suggests, under replication, large quantities of data are replicated in several
locations so as to protect from various sources of corruption (e.g., equipment failure, power
outages, natural disasters, etc.). As the quantity of information in large data centers
continues to increase, the number of file transfers required to complete a periodic replication
task is becoming an increasingly important consideration due to time, equipment, cost,
and energy constraints. Our work in the second part of this dissertation addresses these

applications.

In addition to distributed storage, there are potential applications to tactical networks.
For instance, consider a scenario in which an aircraft flies over a group of nodes on the
ground and tries to deliver a video stream. Each ground node might only receive a subset
of the packets due to interference, obstructions, and other signal integrity issues. In order
to recover the transmission, the nodes are free to communicate with their neighbors, but
would like to minimize the number of transmissions in order to conserve battery power (or
avoid detection, etc.). How should the nodes share information, and what is the minimum
number of transmissions required so that the entire network can recover the video stream?

These are the essential questions addressed.

The third and final part of this dissertation is of a technical nature. In it, we present
three lemmas, each of which has applications to multiterminal information theory. The
reason for separating these results from the rest of the material in this dissertation is that
we feel each of these results is interesting in its own right. As such, we chose to highlight

them since they may be useful in other areas.

1.1 Summary of Contributions

We briefly outline the contributions of each chapter below. We remark that Chapters 2
and 3 are largely independent from one another, but both require results which are given
in Chapter 4. A background in information theory will be helpful to the reader interested

in Chapter 2, while no specific background is necessary for the material in Chapter 3.



Chapter 2 Contributions

In Chapter 2, we study multiterminal source coding problems under logarithmic loss. We
give a single-letter characterization of the achievable rate distortion region for the m-
encoder CEO problem and the two-encoder lossy source coding problem when distortion
is measured under logarithmic loss. Notably, we make no assumptions on the source
distributions, other than that they have finite alphabets. For each of these problems, we
obtain a strengthened converse in the sense that augmenting the reproduction alphabet

does not enlarge the achievable rate distortion region.

In addition, we give a single-letter description for a fundamental entropy characteri-
zation problem. Specifically, if correlated sources are separately encoded by rate-limited
encoders, we give a precise characterization of the amount of information that can be
revealed about each source given the encoded representations. A consequence of this re-
sult is that relatively simple encoding functions suffice to attain any so-called achievable

information pair for given rates.

Throughout Chapter 2, we give several examples and applications of logarithmic loss
as a distortion measure. Specifically, we prove results related to horse racing markets, list
decoding, estimating a posterior distribution, and the general multiterminal source coding
problem with arbitrary distortion measures. Additionally, we characterize the achievable
rate distortion regions for the multiple description problem and the two-way lossy source

coding problem under logarithmic loss.

Chapter 3 Contributions

Chapter 3 presents our results on coded cooperative data exchange. To begin, we prove
necessary and sufficient conditions for achieving universal recovery in an arbitrarily con-
nected network. When the network has unit diameter (i.e., is fully connected), we provide
an efficient algorithm based on submodular optimization that computes an optimal trans-

mission schedule for the weighted cooperative data exchange problem.



When packets are randomly distributed amongst the nodes and the network topology
satisfies certain regularity conditions, we prove tight concentration results on the number
of transmissions required to achieve universal recovery. The interval of concentration is
independent of the number of packets in the network, and we prove concentration on a
single value in the single-hop setting. Moreover, we show that splitting packets does not

significantly reduce the number of transmissions required to achieve universal recovery.

Finally, we relate our results to the task of distributed secrecy generation amongst
a collection of nodes in the presence of an eavesdropper. Specifically, we show that the
submodular optimization algorithm we present can be used to compute and generate the
theoretical maximum amount of secrecy in a practical manner among nodes in a fully

connected network.

Chapter 4 Contributions

In Chapter 4, we prove three lemmas, each of which has applications to multiterminal
information theory. Roughly speaking, the first lemma shows that there exists an optimum
{1-solution to a linear program with an underdetermined set of constraints which behaves

similarly to the linear least-squares solution to a related linear system.

The second lemma is an existence result which states that, under certain assumptions,
a point-wise inequality relating two different convex combinations can be “amplified” to

yield an apparently stronger set of inequalities.

Finally, the third result in Chapter 4 is a concentration result. Informally, it states that
if n line segments are randomly placed in the unit square, we can typically find a set of c\/n
line segments which don’t intersect (c is an absolute constant). While this result, unlike
the other two, is not used elsewhere in this dissertation, it can be used to characterize
the number of non-intersecting traffic flows in a network described by a random geometric

graph.



CHAPTER 2

Multiterminal Source Coding under Logarithmic Loss

2.1 Introduction

A complete characterization of the achievable rate distortion region for the two-encoder
source coding problem depicted in Figure 2.1 has remained an open problem for over three
decades. Following tradition, we will refer to this two-encoder source coding network as
the multiterminal source coding problem throughout this dissertation. Several special cases

have been solved for general source alphabets and distortion measures:

e The lossless case where Dy = 0, Dy = 0. Slepian and Wolf solved this case in their

seminal work [SW73].

e The case where one source is recovered losslessly: i.e., D; = 0, Dy = Dmax. This
case corresponds to the source coding with side information problem of Ahlswede-

Korner-Wyner [AK75, WynT75].

e The Wyner-Ziv case [WZ76] where Y3 is available to the decoder as side information

and Y; should be recovered with distortion at most D;.

e The Berger-Yeung case [BY89] where D; is arbitrary and Dy = 0. This subsumes

the previous three cases

Despite the apparent progress, other seemingly fundamental cases, such as when D, is

arbitrary and Dy = Dmax, remain unsolved except perhaps in very special cases.



Y, > Encoder 1 > > V;
R y <
" | Decoder Bd(Yi, Y1) < Dy
Y, — 3| Encoder 2 |5 >V,
Ry Ed(Y3, ) < D;

Figure 2.1: The multiterminal source coding network.

Recently, the achievable rate distortion region for the quadratic Gaussian multiterminal
source coding problem was given by Wagner, Tavildar, and Viswanath in [WTV08]. Until
now, this was the only case for which the entire achievable rate distortion region was known.
While this is a very important result, it is again a special case from a theoretical point of

view: a specific choice of source distribution, and a specific choice of distortion measure.

In the present chapter, we determine the achievable rate distortion region of the mul-
titerminal source coding problem for arbitrarily correlated sources with finite alphabets.

However, as in [WTVO08], we restrict our attention to a specific distortion measure.

At a high level, the roadmap for our argument is similar to that of [WTV08|. In par-
ticular, both arguments couple the multiterminal source coding problem to a parametrized
family of CEO problems. Then, the parameter in the CEO problem is “tuned” to yield the
converse result. Despite this apparent similarity, the proofs in [WTVO08] rely heavily on the
calculus performed on the closed-form entropy expressions which arise from the Gaussian
source assumption. In our case we do not have this luxury, and our CEO tuning argument
essentially relies on an existence result to yield the converse result. The success of our
approach is largely due to the fact that the distortion measure we consider admits a lower
bound in the form of a conditional entropy, much like the quadratic distortion measure for

Gaussian sources.



2.1.1 Our Contributions

In this chapter, we characterize the achievable rate distortion region for the multiterminal
source coding problem under logarithmic loss. In the process of accomplishing this, we
also obtain a description of the achievable rate distortion region for the CEO problem, also
under logarithmic loss. In both settings, we obtain a stronger converse than is standard
for rate distortion problems in the sense that augmenting the reproduction alphabet does
not enlarge the rate distortion region. Notably, we make no assumptions on the source
distributions, other than that the sources have finite alphabets. In both cases, the Berger-
Tung inner bound on the rate distortion region is tight. To the best of our knowledge,
this constitutes the first time that the entire achievable rate distortion region has been

described for general discrete alphabets under a non-trivial distortion constraint.

2.1.2 Organization

This chapter is organized as follows. In Section 2.2 we formally define the logarithmic loss
function and the multiterminal source coding problem we consider. In Section 2.3 we define
the CEO problem and give the rate distortion region under logarithmic loss. In Section 2.4
we return to the multiterminal source coding problem and derive the rate distortion region
for the two-encoder setting. Applications to estimation, horse racing, and list decoding
are given in Sections 2.3 and 2.4. In Section 2.5, we discuss connections between our
results and the multiterminal source coding problem with arbitrary distortion measures.
Section 2.6 considers a related source coding problem of compressing information subject
to amplification and equivocation constraints. In Section 2.7, we briefly consider two other
source coding problems under logarithmic loss: the multiple description problem, and the
two-way lossy source coding problem. Section 2.8 delivers our concluding remarks and

discusses directions for future work.



2.2 Problem Definition

Throughout this chapter, we adopt notational conventions that are standard in the lit-
erature. Specifically, random variables are denoted by capital letters (e.g., X) and their
corresponding alphabets are denoted by corresponding calligraphic letters (e.g., X'). We
abbreviate a sequence (Xi, Xs,...,X,) of n random variables by X", and we denote the
interval (X, Xit1,...,X;) by X,Z. If the lower index is equal to 1, it will be omitted when
there is no ambiguity (e.g., X7 = X {) Frequently, random variables will appear with two
subscripts (e.g., Y; ;). In this case, we are referring to the j™ instance of random variable
Y;. We overload our notation here slightly in that Yﬂl is often abbreviated as Y. However,
our meaning will always be clear from context.

Let {(Y1, Y2;)};_, = (¥1",Y3") be a sequence of n independent, identically distributed
random variables with finite alphabets ), and ), respectively and joint pmf p(y;, y2). That
is, (V7" Y3") ~ Ty (Y1, v25)-

In this chapter, we take the reproduction alphabet Y; to be equal to the set of probability
distributions over the source alphabet ); for ¢ = 1,2. Thus, for a vector f/;" € JA}Z-", we
will use the notation Y;;(y;) to mean the j* coordinate (1 < j < n) of ¥ (which is a
probability distribution on );) evaluated for the outcome y; € ). In other words, the

decoder generates ‘soft’ estimates of the source sequences.

We will consider the logarithmic loss distortion measure defined as follows:

1
d(y;, Ui :log<A ) forv=1,2.

In particular, d(y;,9;) is the relative entropy (i.e., Kullback-Leibler divergence) between
the empirical distribution of the event {Y; = y;} and the estimate g;. Using this definition

for symbol-wise distortion, it is standard to define the distortion between sequences as

AT 1 - ~ -
Aly?s97) =~ > dlyi, i) for i =1,2.

J=1

We point out that the logarithmic loss function is a widely used penalty function in

10



the theory of learning and prediction (cf. [CL06, Chapter 9]). Further, it is a particularly
natural loss criterion in settings where the reconstructions are allowed to be ‘soft’, rather
than deterministic values. Surprisingly, since distributed learning and estimation problems
are some of the most oft-cited applications of lossy multiterminal source coding, it does not
appear to have been studied in this context until the recent work [CW1la]. However, we
note that this connection has been established previously for the single-encoder case in the
study of the information bottleneck problem [HT07]. Beyond learning and prediction, a
similar distortion measure has appeared before in the image processing literature [AABO06].
As we demonstrate through several examples, the logarithmic loss distortion measure has

a variety of useful applications in the context of multiterminal source coding.

A rate distortion code (of blocklength n) consists of encoding functions:
g™ yr {1,...,M§”>} for i = 1,2
and decoding functions

D™ {1,...,M1(")} x {1,...,M2(")} Y fori=1,2.

A rate distortion vector (Ry, Ro, D1, Ds) is strict-sense achievable if there exists a block-

length n, encoding functions ¢\™, g{ and a decoder (™, 4{") such that
1 (n) ¢
R; > —logM;"’ fori=1,2
n
D; > Ed(Y;",Y]") for i = 1,2.
Where
yn — (n) ¢ (n) yn (n) Y™ for i = 1.2
7 wz (gl<1>7g2(2)) or ) &

Definition 1. Let RD* denote the set of strict-sense achievable rate distortion vectors and

define the set of achievable rate distortion vectors to be its closure, RD .

Our ultimate goal in the present chapter is to give a single-letter characterization of the

region RD . However, in order to do this, we first consider an associated CEO problem. In

11



this sense, the roadmap for our argument is similar to that of [WTVO08]. Specifically, both
arguments couple the multiterminal source coding problem to a parametrized family of
CEO problems. Then, the parameter in the CEO problem is “tuned” to yield the converse
result. Despite this apparent similarity, the proofs are quite different since the results

in [WTV08] depend heavily on the peculiarities of the Gaussian distribution.

2.3 The CEO problem

In order to attack the general multiterminal problem, we begin by studying the CEO prob-
lem (See [BZV96] for an introduction.). To this end, let {(X;, Y1, Yo )} _, = (X", V", Y35")
be a sequence of n independent, identically distributed random variables distributed ac-
cording to the joint pmf p(z,y1,y2) = p(x)p(y1|z)p(y2|x). That is, Y7 <> X + Y, form a

Markov chain, in that order.

In this section, we consider the reproduction alphabet X to be equal to the set of
probability distributions over the source alphabet X'. As before, for a vector X" e X "
we will use the notation X,(z) to mean the j coordinate of X” (which is a probability
distribution on &') evaluated for the outcome x € X. As in the rest of this chapter, d(-,-)

is the logarithmic loss distortion measure.

A rate distortion CEO code (of blocklength n) consists of encoding functions:
g™ yn {1,...,M§">} for i = 1,2
and a decoding function

MO {1,...,]\/[1(”)} X {1,...,M2(”)} N

A rate distortion vector (Ry, R, D) is strict-sense achievable for the CEO problem if
there exists a blocklength n, encoding functions g%n), gén) and a decoder ¥ such that
1 () ¢
R, > —log M;" fori=1,2
n

D > Ed(X", X™").

12



Where
X =@ (g (v, g5 (Y1),

Definition 2. Let RD{ denote the set of strict-sense achievable rate distortion vectors

and define the set of achievable rate distortion vectors to be its closure, RDgpe-

2.3.1 Inner Bound

Definition 3. Let (Ry, Ry, D) € RDLyo if and only if there exists a joint distribution of
the form

p(@, y1, y2)p(uslyr, @)p(uzly2, ¢)p(q)
where |Uy| < |V, [Us| < V2|, and |Q] < 4, which satisfies
Ry > I(U; Y1|U, Q)
Ry > I(Uy; Yo| Uy, Q)
Ry + Ry > I(Uy, Us; Y1, Y2 Q)
D > H(X|Uy,Us, Q).

Theorem 1. RD%y, € RDppp. That is, all rate distortion vectors (Ry, Ry, D) € RDb g

are achievable.

Before proceeding with the proof, we cite the following variant of a well-known inner

bound:

Proposition 1 (Berger-Tung Inner Bound [Ber77]). The rate distortion vector (Ry, Ra, D)
s achievable if
Ry > I(Uy; Y1|Us, Q)
Ry > ](U2§Y2|U1>Q)
Ry + Ry > I(Uy,Uy; Y1, Y2|Q)

D > E[d(X, f(Uy,Us, Q)]

13



for a joint distribution

p(@)p(y1|z)p(ya|z)p(ui|yr, @)p(usly2, 9)p(q)

and reproduction function

f:Lll XZ/{QXQ—>/‘%.

The proof of this proposition is a standard exercise in information theory, and is there-
fore omitted. The interested reader is directed to the text [EK12] for a modern, detailed
treatment. The proposition follows from what is commonly called the Berger-Tung achiev-
ability scheme. In this encoding scheme, each encoder quantizes its observation Y;" to a
codeword U/", such that the empirical distribution of the entries in (Y;", U*) is very close
to the true distribution p(y;, u;). In order to communicate their respective quantizations
to the decoder, the encoders essentially perform Slepian-Wolf coding. For this reason,
the Berger-Tung achievability scheme is also referred to as a “quantize-and-bin” coding

scheme.

Proof of Theorem 1. Given Proposition 1, the proof of Theorem 1 is immediate. Indeed, if
we apply Proposition 1 with the reproduction function f(Uy, Us, Q) = Pr[X = 2|Uy, Us, Q],

we note that
E [d(Xa f(Uh U27Q)] = H(X|Ul7 U27 Q)7

which yields the desired result. O]

2.3.2 A Matching Outer Bound

A particularly useful property of the logarithmic loss distortion measure is that the ex-
pected distortion is lower-bounded by a conditional entropy. A similar property is enjoyed
by Gaussian random variables under quadratic distortion. In particular, if G is Gaussian,

and @ is such that E(G — G)? < D, then :log(2me)D > h(G|G). The case for logarithmic

14



loss is similar, and we state it formally in the following lemma which is crucial in the proof

of the converse.

Lemma 1. Let Z = (gin)(Yln), gén) (YF")) be the argument of the reproduction function ™.
Then nEd(X", X™) > H(X"|Z).

Proof. By definition of the reproduction alphabet, we can consider the reproduction Xn
to be a probability distribution on X" conditioned on the argument Z. In particular, if
" = ™M (2), define s(a"|z) = [1;_, #;(x;). Tt is readily verified that s is a probability

measure on X". Then, we obtain the following lower bound on the expected distortion

conditioned on Z = z:

E[d(x", X")|Z = z} =3 Y plaf)log

I
[= SI= 3= 3|
p=§
)
_s
X
5 |'
o
7 N
W
—
-
G
~__

zneXm
" 1
2 % parlatog (S5 )  HOONZ =)
i s(z"|2) n
n n 1 n
=D (p(a"]2)]s(2"]2)) + ~H(X"|Z = 2)
1
> —H(X"|Z = z),
n

where p(z"|z) = Pr(X™ = 2™|Z = z) is the true conditional distribution. Averaging both

sides over all values of Z, we obtain the desired result. O

Definition 4. Let (Ry, Re, D) € RD¢ o if and only if there exists a joint distribution of

the form

p(@)p(y1|2)p(yalz)p(wilyr, @)p(usly2, 4)p(q),

15



which satisfies

Ry > I({U;Y1|X,Q)+ H(X|Uy, Q) — D

Ry > I(Uy; Yo|X, Q)+ H(X|Uy, Q) — D 21)
Ri+ Ry, >1(UY1|X, Q)+ I(Us; Y5 X, Q)+ H(X) —D

D > H(X|Uy, Uy, Q). )

Theorem 2. If (Ry,Rs, D) is strict-sense achievable for the CEQO problem, then
(R1, R2, D) € RD¢ o -

Proof. Suppose the point (R;, Ry, D) is strict-sense achievable. Let A be a nonempty
subset of {1,2}, and let F; = gi(")(Yi") be the message sent by encoder i € {1,2}. Define

U; 2 (F, Y™ and Q; 2 (X971, X7,) = X™\X;. To simplify notation, let Y = UjeaY;
(similarly for Uy and Fy).
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With these notations established, we have the following string of inequalities:
n Z R; > Z H(F;)
icA i€A
> H(Fa)

— [(X", Y} Fa|Fae) (2.2)
= I(X"™; Fa|Fae) + Y _I(F;Y"|X™) (2.3)
1€EA

= H(X"|Fpe) = HX"|F o) + )Y I(Yi BIX™ Y]

€A j=1

> H(X"|Fae) + > Y I(Yiji FIX"Y7™") —nD (2.4)

i€A j=1

3

H(Xj|Fae, X771 4> 3 1Yy Fi| X" Y7 ™) = nD

j=1 i€A j=1

=Y H(X;|Fae, X774+ >3 1(Yi3 Uiyl X;,Q;) — nD (2.5)
j=1 icA j=1

> H(X|Uaj, Q) + ) > 1(Yij; UijlX;, Q) — nD. (2.6)
j=1 icA j=1

The nontrivial steps above can be justified as follows:

e (2.2) follows since F4 is a function of Y}.

(2.3) follows since F; is a function of Y;* and Fy <> X™ <+ F5 form a Markov chain

(since Y]" <> X" < YJ" form a Markov chain).

(2.4) follows since nD > H(X™|F}, F;) by Lemma 1.

(2.5) follows from the Markov chain Y;; <+ X™ <> Y/~", which follows from the i.i.d.

7

nature of the source sequences.

(2.6) simply follows from the fact that conditioning reduces entropy.
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Therefore, dividing both sides by n, we have:
I I
> R > - > H(X|Uaej, Qi) + ) - > I(YijiUiylX;, Q) — D.
€A Jj=1 i€EA j=1
Also, using Lemma 1 and the fact that conditioning reduces entropy:
D> Lax" R, B > 1zn:H(X Us5, Uny, Q)
= . 1,42 _nj:1 JI¥ L5y 22,5y %5
Observe that @); is independent of (X;,Y;;,Y5,) and, conditioned on @);, we have the
long Markov chain U, ; <+ Y1 ; <+ X; <+ Y5, <+ Uy ;. Finally, by a standard time-sharing
argument, we conclude by saying that if (R, Ry, D) is strict-sense achievable for the CEO

problem, then

Ry > I(U;; 11| X,Q) + H(X|U, Q) — D
Ry > 1(Uy; Y| X, Q) + H(X|U,,Q) — D
R+ Ry > I(U; V1| X, Q) + I(Uy; Y2| X, Q) + H(X) — D

D Z H<X|U17 U27Q)'

for some joint distribution p(q)p(z, y1, y2)p(u1ly1, @)p(us2|y2, q). O

Proof. We first remark that the cardinality bounds on the alphabets in the definition of
RD.L o can be imposed without any loss of generality. This is a consequence of [Jan09,

Lemma 2.2] and is discussed in detail in Appendix 2.A.

Therefore, we can ignore the cardinality constraints while showing RD% 5, € RDbpo

to prove the theorem. To this end, fix p(q), p(u1|y1,q), and p(us|y2,q) and consider the
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extreme points® of polytope defined by the inequalities (2.1):

P - (o 0, I(Vi: U1, Q) + 1(¥as Ul X. Q) +H<X>)

Py — (zm,w@) 0, 1(Un: Ya| X, Q) + H(X|Ur, O )
P (010 U@ IWiIX, Q) + HIXIU Q)
Py (10 UH1Q), (Vs Ul @), XU, U2, Q) )
P = (1043 U310 Q) TV UalQ) H(X[0, 0. @) ).

where the point P; is a triple (jo), Réj), D). We say a point (Rg ), R2 ) D) ) is dominated
by a point in RDEEO if there exists some (Ry, Ry, D) € RDLp, for which Ry < RY.
Ry < R2 ,and D < DU . Observe that each of the extreme points P, . . ., Ps is dominated

by a point in RDjp0:
e First, observe that P, and Ps5 are both in RDiC Eo- S0 these points are not problematic.

e Next, observe that the point (0,0, H(X)) is in RD% g, which can be seen by setting

all auxiliary random variables to be constant. This point dominates P;.

e By using auxiliary random variables ((71,[72,@) = (Uy,0,Q), the point
(I(Y1; U1]Q), 0, H(X|Uy,Q)) is in RDY o, and dominates the point P;. By a sym-

metric argument, the point P is also dominated by a point in RD% .

Since RDY g, is the convex hull of all such extreme points (i.e., the convex hull of the union

of extreme points over all appropriate joint distributions), the theorem is proved. O

Remark 1. Theorem 3 can be extended to the general case of m-encoders. Details are

provided in Appendix 2.B.

IFor two encoders, it is easy enough to enumerate the extreme points by inspection. However, this can
be formalized by a submodularity argument, which is given in Appendix 2.B.
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2.3.3 A stronger converse result for the CEO problem

As defined, our reproduction sequence X" is restricted to be a product distribution on A™.
However, for a blocklength n code, we can allow X" to be any probability distribution on
X" and the converse result still holds. In this case, we define the sequence distortion as

follows:

1 1
d(gjn,x ) = Elog (.f?n(l'n)) 3

which is compatible with the original definition when X" is a product distribution. The
reader can verify that the result of Lemma 1 is still true for this more general distortion
alphabet by setting s(z"|z) = 2"(2") in the corresponding proof. Since Lemma 1 is the
key tool in the CEO converse result, this implies that the converse holds even if X" s
allowed to be any probability distribution on X™ (rather than being restricted to the set

of product distributions).

When this stronger converse result is taken together with the achievability result, we
observe that restricting X" to be a product distribution is in fact optimal and can achieve

all points in RDrgp.-

2.3.4 An Example: Distributed compression of a posterior distribution

Suppose two sensors observe sequences Y;" and YJ' respectively, which are conditionally
independent given a hidden sequence X™. The sensors communicate with a fusion center
through rate-limited links of capacity R; and R, respectively. Given sequences (Y7",YJ")
are observed, the sequence X" cannot be determined in general, so the fusion center would
like to estimate the posterior distribution p(z"|Y7", Y3*). However, since the communication
links are rate-limited, the fusion center generally cannot compute p(z"|Y}", YJ") exactly. In
this case, the fusion center would like to generate an estimate p(z"|g\" (Y{"), g{ (Y3")) that

should approximate p(z"|Y]",Y5") in the sense that

ED(p(a"|Y}",13)

Plalgf" (V") 957 (¥3) ) < e,
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where, consistent with standard notation (e.g. [CT06]), we define

ED (p(a" 7", 3 |||t (1").98” (47)))

pla"Y, YyY)
plan]g™ (Yr), g5 (Y3))

0o om Py, vz
= > pla" i) log — (n) ’nl fn)) —.
g plamg™ (1), 95" ()

= ]E’p(:c” Y ,yg) log

The relevant question here is the following. What is the minimum distortion ¢ that is

attainable given R, and Ry?

Considering the CEO problem for this setup, we have:

nn)

ED (p(a"[¥7",Y7)

N 1
X7(a")) + —HX|Y ).

A

Identifying p(z"[gi" (Y1"), 95" (Y3) = X" (2"), we have:

ED (p(a" vy, v3") [pla"19i” (07, 687 (13) ) = nEd(X", X") = nH (XY, Ya).

Thus, finding the minimum possible distortion reduces to an optimization problem over

RD¢po- In particular, the minimum attainable distortion €* is given by
& = inf {D . (Ry, Ry, D) € RD,, EO} ~H(X|V, Ya). (2.7)

Moreover, the minimum distortion is obtained by estimating each x; separately. In other

words, there exists an optimal estimate p*(z"|-,-) (which is itself a function of optimal

encoding functions gf(n)(-) and g;‘<”)(-)) that can be expressed as a product distribution

5 (@) = [185 (wloi™ ().65°)
j=1
For this choice of p*(2™|-, ), we have the following relationship:

B (Dlor 07, g5 () ) =",

RS
JLIIOIOEZED(p(%Mj%,j)
j=1
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BSC(a) |——> Encoder —>
R

A

X Decoder —>» X

Y, Ed(X,X) < D
BSC(a) |—> Encoder —
R

Figure 2.2: An example CEO problem where X ~ Bernoulli(3), Pr(Y; = X) = (1 — ),

and both encoders are subject to the same rate constraint.

To make this example more concrete, consider the scenario depicted in Figure 2.2, where
X ~ Bernoulli(%) and Y; is the result of passing X through a binary symmetric channel
with crossover probability « for ¢+ = 1,2. To simplify things, we constrain the rates of each

encoder to be at most R bits per channel use.

By performing a brute-force search over a fine mesh of conditional distributions
{p(ui|ly;)}2;, we numerically approximate the set of (R, D) pairs such that (R, R, D) is
in the achievable region R_DZEO corresponding to the network in Figure 2.2. The lower
convex envelope of these (R, D) pairs is plotted in Figure 2.3 for o € {0.01,0.1,0.25}. Con-
tinuing our example above for this concrete choice of source parameters, we compute the
minimum achievable Kullback-Leibler distance £* according to (2.7). The result is given

in Figure 2.4.

These numerical results are intuitively satisfying in the sense that, if Y, Y5 are high-
quality estimates of X (e.g., « = 0.01), then a small increase in the allowable rate R results
in a large relative improvement of p(z|-,-), the decoder’s estimate of p(z|Y1,Y5). On the
other hand, if Y}, Y> are poor-quality estimates of X (e.g., a = 0.25), then we require a
large increase in the allowable rate R in order to obtain an appreciable improvement of
Pzl -).

One field where this example is directly applicable is machine learning. In this case, X
could represent the class of object j, and Y7 ;,Y5; are observable attributes. In machine

learning, one typically estimates the probability that an object belongs to a particular class
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Figure 2.3: The distortion-rate function of the network in Figure 2.2 computed for

a € {0.01,0.1,0.25}.

given a set of observable attributes. For this type of estimation problem, relative entropy

is a natural penalty criterion.

Another application is to horse racing with conditionally independent, rate-limited side
informations. In this case, the doubling rate of the gambler’s wealth can be expressed
in terms of the logarithmic loss distortion measure. This example is consistent with the
original interpretation of the CEO problem, where the CEO makes consecutive business
decisions (investments) having outcomes X", with the objective of maximizing the wealth

of the company. We omit the details.
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Figure 2.4: The minimum achievable Kullback-Leibler distance computed according to

(2.7), i.e., the curves here are those of Figure 2.3, lowered by the constant H(X|Y;,Ys).
2.3.5 An Example: Joint estimation of the encoder observations

Suppose one wishes to estimate the encoder observations (Y7,Y2). In this case, the rate
region simplifies considerably. In particular, if we tolerate a distortion D in our estimate
of the pair (Y7,Y5), then the achievable rate region is the same as the Slepian-Wolf rate

region with each rate constraint relaxed by D bits. Formally:
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Theorem 4. If X = (Y1,Y2), then RD o consists of all vectors (Ry, Ry, D) satisfying

Ry > HY1|Y2) = D
Ry > H(Y3|Y1) = D
Ri+Ry>HY,Y2) =D

D > 0.

Proof. First, note that Theorem 3 implies that W*CEO is equivalent to the
the union of (Ry, R, D) triples satisfying (2.1) taken over all joint distributions
p(@)p(z, y1,y2)p(utlyr, Q)p(uz|yz, q). Now, since X = (¥1,Y2), each of the inequalities (2.1)

can be lower bounded as follows:

Ry > 1(Y1; Uh|Y1, Y2, Q) + H(Y1, Ya|Us, Q) — D
= H(Y2|U2,Q) + HY1|Yz) — D
> HM|Y:) = D

Ry > 1(Y2;: Un|Y1,Y2,Q) + H(Y1, Y2|U1, Q) — D
= HY1[U1,Q) + H(Y2[Y1) = D
> H(Y2|Y1) = D

Ri+ Ry > I(Ur; Y1 [Y1,Y2,Q) + [(Us; Y2[Y1, Y2, Q) + H(Y1,Y2) — D

=HWY,Y2) =D

D > H(Y1,Y2|Uy, Uy, Q)

> 0.

Finally, observe that by setting U; = Y; for ¢ = 1,2, we can achieve any point in this

relaxed region (again, a consequence of Theorem 3). [

We remark that this result was first proved in [CW1la] by Courtade and Wesel using

a different method.

25



2.3.6 An Example: The Information Bottleneck

If we consider the CEO problem with a single observed source (i.e., Yo = (}), then the
achievable rate distortion region given by Theorem 3 is characterized by all (Ry, D) pairs

satisfying

Ry > I1(Yy;Uh)

D > H(X|Uy)

for some U; satisfying the Markov chain X < Y; <> U;. Alternatively, by making the
substitution 7 = H(X) — D, this tradeoff can be characterized as follows:

Ri(r)=  min  I(Yy;;U)). (2.8)

puily1):I(U; X)>T

Expression 2.8 is known as the Information Bottleneck Function (cf. [GNTO03]). Intuitively,
U, is a description of X which is generated (stochastically) from the observation Y;. The
function R;(7) describes the tradeoff between the complexity and the accuracy of the
description U;. Ideally, U; should capture the relevant information about X present in the

observation Y.

The concept of the Information Bottleneck was first introduced by Tishby et al.
in [TPB99], and the first formal rate distortion theorem on the topic was later proved
by Gilad-Bachrach et al. in [GNT03]. We remark that algorithms motivated by the In-
formation Bottleneck Method have been successfully applied to a wide variety problems.
Examples include word clustering for text classification [ST01], galaxy spectra classifica-
tion [SSTO1], neural code analysis [GCTO01], and speech recognition [HT05]. Since Theorem
3 (and the m-encoder extension given in Appendix 2.B) generalize the tradeoff (2.8) to a
distributed setting, our results could be applied to similar problems. Particularly those for

which processing and computation occurs in a distributed or parallel manner.
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2.4 Multiterminal Source Coding

With Theorem 3 in hand, we are now in a position to characterize the achievable rate
distortion region RD" for the multiterminal source coding problem under logarithmic loss.

As before, we prove an inner bound first.

2.4.1 Inner Bound

Definition 5. Let (Ry, Ry, D1, Dy) € RD' if and only if there exists a joint distribution of
the form
p(y1, y2)p(walyr, @)p(uzly2, 9)p(q)

where [Uy| < |1, [Usz| < V2|, and |Q| < 5, which satisfies

Ry > I(U; 1|02, Q)

Ry > 1(Us; Y2|U1, Q)

Ry + Ry > I(Uy,Us; Y1, Y2|Q)
Dy > HM|U1, Us, Q)
Dy > H(Y2|Uy, U, Q).

Theorem 5. RD' C RD . That 18, all rate distortion vectors in RD" are achievable.

Again, we require an appropriate version of the Berger-Tung inner bound:
Proposition 2 (Berger-Tung Inner Bound [Ber77]). The rate distortion vector
(Ry1, Ry, D1, D5) is achievable if

Ry > I(Uy; Y1|Us, Q)
Ry > I(Us; Y2|U1, Q)

Ry + Ry > I(Uy,Us; Y1, Y5|Q)
Dy > E[d(Y1, f1(Us, Us, Q)]

Dy > E[d(Ya, fo(Ur, Uz, Q)]
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for a joint distribution

(Y1, y2)p(ur|yr, Q)p(u2ly2; ¢)p(q)

and reproduction functions
fiily xUs x Q— Yy, fori=1,2.

Proof of Theorem 5. To prove the theorem, we simply apply Proposition 2 with the repro-
duction functions f;(Uy, Us, Q) := Pr[Y; = y;|Uy, Us, Q). O

2.4.2 A Matching Outer Bound

The main result of this chapter is the following theorem.

Theorem 6. RD' = RD .

Proof. As in the proof of Theorem 3, we note that the cardinality bounds on the alphabets
in the definition of RD’ can be imposed without any loss of generality. This is discussed
in detail in Appendix 2.A. Thus, we do not need to consider these constraints in the proof

of the converse.

Assume (Ry, Ry, D1, Dy) is strict-sense achievable. Observe that proving that
(R1, Ry, D1, Dy) € RD" will prove the theorem, since RD" C RD" and RD" is closed
by definition.

For convenience, define P(R;, Rz) to be the set of joint distributions of the form
Py, y2)p(uilyr, @)p(uslys, )p(q)
with Uy | < |1, |Uz| < Vs, and |Q] < 4 satisfying

Ry > ]<U1§Y1|U27Q)
Ry > I(Us; Y5|Uy, Q)

Ry + Ry > I(Uy, Uy; Y1, Y5|Q).

28



We remark that P(R;, Rs) is compact. We also note that it will suffice to show the existence
of a joint distribution in P(Ry, Rs) satisfying H(Y1|Uy, Uy, Q) < Dy and H(Y3|Uy, Us, Q) <
Dy to prove that (Ry, Ry, D1, Dy) € RD".

With foresight, consider random variable X defined as follows

Y1,1) with probability ¢
v v p y (2.9)
(Y2,2) with probability 1 — ¢.

In other words, X = (Yp, B), where B is a Bernoulli random variable independent of Y7, Y.
Observe that Y} <> X < Y5 form a Markov chain, and thus, we are able to apply Theorem

3.

Since (Ry, Rs, D1, D5) is strict-sense achievable, the decoder can construct reproduc-

tions Yfl, 372” satisfying
1 Z” - ,
— Ed(}/i,jyifi,j) S Dz for 1 = ]_, 2.
n
i=1

Fix the encoding operations and set X; ((y1,1)) = tY1.;(y1) and X; ((y2,2)) = (1—t)Ya, (1)
Then for the CEO problem defined by (X, Y1, Y2):

1 & .
- > Ed(X;, X;)
j=1

—EiElog ! +1_tiE10g .
n = tffl,j(}/l,ﬂ n j=1 (1— t>}>2,j(y2,j)

f — . 1 — 1 — .
= ho(t) + - ZEd(Ym Yi) + - ZEd(Ym Ya,;)

7=1 7j=1

< he(t) +tDy + (1 —t) Dy

where hy(t) is the binary entropy function. Hence, for this CEO problem, distortion
ho(t) + tDy + (1 — t)D, is achievable and Theorem 3 yields a joint distribution? P, €

2Henceforth, we use the superscript (t) to explicitly denote the dependence of the auxiliary random
variables on the distribution parametrized by t.
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P(R1, Rs) satisfying
ha(t) + D1 + (1 — £)Dy > H(X|UY UL QW)
= ho(t) + tH(Y1|UD, US, QW)
+ (1= )HY|U, U, Q).
where the second equality follows by by definition of X in (2.9). For convenience, define

Hi(P) 2 HY U, Ul QW) and Hy(P) 2 H(Y,|UY, U, Q®). Note the following two

facts:

1. By continuity of entropy, the functions H;(-) and H(+) are continuous on the compact

domain P(Ry, Rs).

2. The above argument proves the existence of a function ¢ : [0,1] — P(R;, Ry) which

satisfies

tHL(p(t)) + (1 — ) Ha(p(t)) < tDy + (1 — t)Dy for all t € [0, 1],

These two facts satisfy the requirements of Lemma 17 (see Chapter 4), and hence there

exists Pt1 € P(Rl, RQ), BQ € P(Rl, RQ), and 6 € [0, 1] for which

QHl(Ph) + (1 - H)Hl(PtQ) < Dl

O0Hy(Fy,) + (1 — 0)Hy(Py,) < Ds.

Timesharing® between distributions P;, and P, with probabilities § and (1 —6), respec-
tively, yields a distribution P* € P(R;, Ry) which satisfies H;(P*) < Dy and Ho(P*) < Ds.

This proves the theorem. O

2.4.3 A stronger converse

For the CEO problem, we are able to obtain a stronger converse result as discussed in

Section 2.3.3. We can obtain a similar result for the multiterminal source coding problem.

3The timesharing scheme can be embedded in the timesharing variable @, increasing the cardinality of
Q by a factor of two.
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To be precise, let :)A}f” and :)Aié‘” denote the set of probability measures on Y and V7,

respectively. Let df, d; be the (extended)-log loss distortion measures defined as follows:

k(M AN 1 1
dl(ylayl) = ﬁlog (@"(y"))
1\J1
®(, M AN 1 1
d2(y27y2>:ﬁlog(wz( n >a
2

95 (y3)
where g7 (y7) is the probability assigned to outcome y € YJ' by the probability mea-
sure g7 € V™. Similarly for §2(y2). Note that this extends the standard definition of

logarithmic loss to sequence reproductions.

Definition 6. We say that a tuple (Ry, Ry, D1, D3) is sequence-achievable if, for any e > 0,

there exist encoding functions

fiyp—{1,..., 2"

fo i V= {1,... 2"y
and decoding functions

ori {12y x {1, 2y s

Gy {1,..., 20} x {1, 2nfey o i
which satisfy
E dj(Y]",Y{") < D1 +e
E dZ(}/va%n) < D2 + ¢,
where
Y1n = ¢1(f1(}/1n)af2(}3n)>
Y5 = oo f1(Y7), fo(¥3Y)).

Theorem 7. If (Ry, Ry, Dy, Dy) is sequence-achievable, then (Ry, Ry, D1, Ds) € RD" =

=k

RD .
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Proof. The theorem is an immediate consequence of Theorem 6 and Lemmas 2 and 3,

which are given below. O

We refer to Theorem 7 as the “strengthened converse” of Theorem 6. Indeed, it states
that enlarging the set of possible reproduction sequences to include non-product distribu-
tions cannot attain better performance than when the decoder is restricted to choosing
a reproduction sequence from the set of product distributions. This result has several

interesting implications, which we describe in detail in the following sections.

Lemma 2. If (R, Ry, Dy, D) is sequence-achievable, then there exists a joint distribution

Py, Y2, ur, uz, q) = p(@)p(yr, y2)p(ur |y, Op(uzlys, q)
and a D; < Dy which satisfies
Dy > H(Y1|Uy,Us, Q)
Dy > Dy + H(Y2|Uy, Uz, Q) — HY1|Uy, Us, Q),
and
Ry > H1|U2, Q) — Dr
Ry > I(Y2; Us|Y1, Q) + H(Y1|Uv, Q) — Dy
Ry + Ry > I(Yo; Us|Y1,Q) + H(Y1) — Dy.
Proof. For convenience, let Fy = f1(Y]") and Fy = fo(Y]"), where fi, fo are the encoding

functions corresponding to a scheme which achieves (Rl,RQ,[?l,Dg) (in the sequence-

reproduction sense). Define Dy = L H(Y{"|Fy, F,), so that:

Since nD; > H (Y*|Fy, Fy) by the strengthened version® of Lemma 1, we have D; < D, as

desired. By definition of D;, we immediately obtain the following inequality:

nDy =Y HYUF, B, Y)Y HYUGIR, B, Vs Y ), (2.11)
=1

i=1

4See the comment in Section 2.3.3.
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Next, recall the Csiszar sum identity:

n

D AV Yol Y Fy) = Y (Y YUY, By F).

i=1 i=1
This, together with (2.10), implies the following inequality:
nDy > nDy + En:HG@,JFh Fy, Yy Y0 ) — H(Y By, B Yy Y, (2.12)
i=1
which we can verifiy as follows:
nDy > H(Y)|Fy, Fy) = iH(Ygﬂ-]Fb B, Y3 h
i=1

= ZH(YVQ,’AFD FQ’}/;_17}/17?i+1) + I(Y'IT,Li-&-l;YVQ,AFlvF??YVQi_l)

=1

= H(Yo|Fy, B, Yy L Y ) + T3 Yy Fr, B)

=1

= HYP|F, Fo) + Y H(Yal Py, By, Y3 YY) — H(Yul Fy, B, Y3 V)

i=1

= nDy+ Y H(YaulFy, B, Yy V) — H(Y Py, By, Y37 Y.

i=1

Next, observe that we can lower bound R; as follows:
nRy > H(Fy) > I(Y)"; F1|F)
=Y HYL|F YY) = HOY|FL F)
i=1

> H(Y1|Fo, Y Y3 ) = nDy (2.13)

=1

- Z H(Yy,|F, Yy ™) —nDy (2.14)

i=1

> ZH(K,HF%Y;_lv {41) —nD1. (2.15)

i=1
In the above string of inequalities, (2.13) follows from (2.10) and the fact that conditioning
reduces entropy. Equality (2.14) follows since Y} ; <+ Fp, Yy ' <+ Y{™! form a Markov chain

(in that order).
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Next, we can obtain a lower bound on Rs:

nRy > H(Fy) > H(F3|Fy) = H(Fy|Fy, YY) + T(YY" Fo|Fy)

> 1(Yy"s Fo| Fh, YY) + I(YY"; Fa| FY)

= 1Yy F2[YY") + I(YY"; Fo| Fy) (2.16)
i I(Ya; FolY7, Y570) 4 H (Yol Fy, Yiy) = Dy (2.17)

> iI(Ygﬂ»; BYP, Yy + H(Y|Fy, Yy Y, ,) —nDy
=1

Iif (Yo Fo, Yi~ 1 Y5 Ve, Yy Y ) + HOYi Py Ys Yy ) —nDy (2.18)
=1

= i[(yz,i;FmYz"_llﬁmYJ LY )+ HY YY) — Dy (2.19)

i=1
In the above string of inequalities, (2.17) follows from (2.10) and the chain rule. (2.18)
follows from the i.i.d. property of the sources, and (2.19) follows by monotonicity of mutual

information.

A lower bound on the sum-rate R; + Ry can be obtained as follows:

n(Ry + Ry) > H(FY) + H(Fy) > H(Fy) + H(F\|F)

v

I(Fo; Y, Y + I(Fy; Y| Fy)

(
I(Fo; Y') + 1(Fo; Y3' (YY) + 1 (F; YY" | F3)
(

= [(Fy; YY) + I(Fy, Fy YY)
> (Yo Fo, Y3 Yau Y3 V) + H(Yr,) — nDy. (2.20)
=1

Where (2.20) follows in a manner similar to (2.16)-(2.19) in the lower bound on Rs.

Now, define Uy; £ Fy, Up; £ (F, Y5 "), and Q; = (Y571, Y{% ;). Then we can summa-
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rize our results so far as follows. Inequalities (2.11) and (2.12) become
1 n
1_nizl (Y1i|Usi, Uas, Qi)
1 n
Dy > Dy + - Z H(Y5,;|Uy;,Usi, Qi) — H(Y1,:|Us i, Usi, Qi)
i=1
and inequalities (2.15), (2.19), and (2.20) can be written as:
1 n
Ry > - Zl H(Y1,|Us;, Qi) — Dy
1 n
Ry > - Z I(Ya,i; Uzl Y14, Qi) + H(Y13|Urs, Qi) — Dr
i=1

1 n
Ry + Ry > - Z; I(Ya,;; Ug Y14, Qi) + H(Y1,;) — D

Next, we note that Uy; <> Yi; <> Ya; <> Uy, form a Markov chain (in that order)
conditioned on ();. Moreover, (); is independent of Y} ;, Y5 ;. Hence, a standard timesharing

argument proves the lemma. O]

Lemma 3. Fix (Ry, Ry, D1, Dy). If there exists a joint distribution of the form

(Y1, y2, ur, uz, @) = p(q@)p(y1, y2)p(ur|yr, Q)p(uslys, )

which satisfies

Dy = H(Y1|Uy, Uz, Q) (2.21)
D2ZD1+H(YV2|U17U27Q)_H(}/l|U17U2aQ)7 (222)

and
Ry > H1|U2, Q) — Dr (2.23)
Ry > I(Yo; UslY1, Q) + H(Y1|U1, Q) — Dy (2.24)
R1+R2 Z[(Y&,UQ’Y&,Q)—FH(Y&) —Dl, (225)

then (Ry, Ry, D1, Dy) € RD'.
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Proof. Let P denote the polytope of rate pairs which satisfy the inequalities (2.23)-(2.25).
It suffices to show that if (r1,75) is a vertex of P, then (1,79, D1, Dy) € RD". For conve-

nience, let [x]" = max{x,0}. There are only two extreme points of P:

+
r = |[HM|U,y, Q) — Dy

rY = I(Ya; Ua|V1, Q) + H(Y;) — Dy — 1Y,
and

1"%2) = I(Yy; Us|Y1,Q) + H(Y1) — Dy — r§2),
Jr
ry) = |1(Yy; UafY1,Q) + H(Y1|U1, Q) — Dy

We first analyze the extreme point (r{", r{"):

e Case 1.1: v\ = 0. In this case, we have r{" = I(Y3: Us|Y1, Q) + H(Y1) — Dy. This

can be expressed as:
ry) = (1= 0)I(Ya: U2]Q),

where

_ Dy — I(Y5;UsY1, Q) — H(Y1) + 1(Y2; Us|Q)

’ 105 0510)

Since T%l) = 0, we must have D; > H(Y1|Us, Q). This implies that

0> H(Y1|Usz, Q) — 1(Y2; Us|Y1, Q) — H(Y1) + 1(Y2; U2|Q)

= (Ve 0[Q) =0

Also, we can assume without loss of generality that Dy < H(Y7), hence 6 € [0, 1].

Applying the Berger-Tung achievability scheme, we can achieve the following distor-
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tions:

DY = 0H(Y1) + (1 = 0)H(Y1|Us, Q)
= HY|U2, Q) + 01(Y1; U2|Q)
< HM|Uz, Q) + D1 — I(Ya; Us|Y1, Q) — H(Y1) + 1(Y2; U5|Q) (2.26)
=Dy = 1(Y2; U2|Y1, Q) — I(Y1; 02| Q) + 1(Y2; Ua|Q)

:Dla

where (2.26) follows since I(Y7; Us|Q) < I(Y3; Us|Q) by the data processing inequality.

DY = 6H(Yy) + (1 — ) H(Y3| Uy, Q)
3|Us, Q)+ 01(Y: U5]Q)

Yo|Us, Q) + D1 — I(Y2; Us Y1, Q) — H(Y1) + 1(Ys; Us|Q)

Ya) + Dy — I(Yy; Us|Y1,Q) — H(Y1)

- H
= H
H
H
H(Y,|Y1, U1, Uy, Q) + Dy — H(Y1|Y2) (2.27)
< H(Ya|Y1,U1,Us, Q) + Dy — H(Y1|Y2, Uy, Us, Q)

(Y:
(
(
(Y2|Y1, U2, Q) + Dy — H(Y1[Y2)
(
(
= H(Y,

2|Ur, Uz, Q) + Dy — HY1|Uy, Uz, Q)

IN
S

), (2.28)
where (2.27) follows since Uy <> (Y1, Us, Q) < Ya, and (2.28) follows from (2.22).

o Case 1.2: vV > 0. In this case, we have ri") = I(Ya; Uo|V1, Q) + I(Y1; U5|Q) =

I(Ys; U3|@). Also, we can write 7“51) as:
i = (1= 010U, Q).

where

Dy — H(Y1|U27Q) + I(Y1§ U1|U2,Q)

0:
](3/1’ U1|U27Q)
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Since 7"9) > 0, we must have Dy < H(Y1|Us, Q). This implies that

H(Y1|Us, Q) — HY1|Us, Q) + I(Y1; U1 |Us, Q)

0 <

=1.

Also, (2.21) implies that D; > H(Y;|Uy,Us, @), hence § € [0,1]. Applying the

Berger-Tung achievability scheme, we can achieve the following distortions:

DY = 0H(Y1|Us, Q) + (1 — 0)H (Y1|Uy, Uy, Q)
= HY1|U1,Us, Q) + 01(Y1; U [Us, Q)
= H(Y1|U1,Us, Q) + D1 — H1|U2, Q) + 1(Y1; Uh|U2, Q)
= Dl’

and

DS = 0H(Y5|Uy, Q) + (1 — 0)H (Ya|Uy, U, Q)
= H(Y|U1,Us, Q) + 01(Ya; Ui|Us, Q)
< H(Y:|Up, Uz, Q) + Dy — HY1|U2, Q) + 1(Y1; Un|U2, Q) (2:29)
= H(Y,|U1,Us, Q) + Dy — HY1|UL, Uy, Q)
<D, (2.30)

where (2.29) follows since I(Ya; Up|Us, Q) < I(Y1;Up|Us, Q) by the data processing
inequality, and (2.30) follows from (2.22).

In a similar manner, we now analyze the second extreme point (7"52), réQ)):

e Case 2.1: ) = 0. In this case, we have r\?) = I(Ya; Us|Y1, Q) + H(Y;) — D;. This

can be expressed as:
P =1 -0I1v;U
1 ( J(Y1; U] Q),

where

_ Dy~ I(Y5;U|Y1, Q) — H(Y1) + I(Y1; U4 Q)

’ IV 0,]0)
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Since r$? = 0, we must have D; > HW|Uy, Q) + I(Ys; Us|Y:, @). This implies that

g~ HM|UL Q) + I1(Ye; UaV1, Q) — I(Ye; e[V, Q) — HYY) + 1(V1; Uh|@)

& A) -0

Also, we can assume without loss of generality that D; < H(Y7), hence

H(Y2) — 10V UalY1. Q) — H(YD) + (i Uh]Q) _ |

0= ATAD) ’

and therefore # € [0,1]. Applying the Berger-Tung achievability scheme, we can

achieve the following distortions:

DY = 0H (Y1) + (1 = 0)H(Y1|Uy, Q)
= H(Y1|U1, Q) + 01(Y1; U1|Q)
= H(i[U1,Q) + Dy — I(Ya U3, Q) — H(V:) + I(Vii Uh]Q)
= D, — I(Ya; Us|Y1,Q)

S D17
and

Dj = 0H(Y3) + (1 — 0)H(Y2|U1, Q)
2|U1, Q) + 01(Y2; UL Q)
Yo|Ur, Q) + D1 — I(Y2; UsY1,Q) — H(Y1) + I(Y1; Uh|Q) (2.31)

= H(Y;

< H(

H(Y5|Y1,Uz, Q) + Dy — H(Y1[Y2, U1, Q)

= H(Y,|Y1,U1,Us, Q) + Dy — H(Y;|Ya, Uy, Us, Q) (2.32)
= H(Y;

5|Ur, Us, Q) + Dy — H(Y1|Uy, Us, Q)

IN
=)

2, (2.33)

where (2.31) follows since I(Ys; U1|Q) < I(Y1; U1]Q) by the data processing inequality,
(2.32) follows since Uy <> (Y1,Us, Q) <> Yy and Uy <> (Y5, U1, Q) <> Y7, and (2.33)
follows from (2.22).
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e Case 2.2: {” > 0. In this case, we have ri?) = I(Y1; U1|Q). Also, we can write ri?

as.
) = (1—0)I(Ya; Us| UL, Q),

where

_ Dy — HY1|Uy, Q) — I(Y2; Us| Y1, Q) + 1(Ys; Us|Uy, Q)

0
‘[(3/% U2|U17Q)

Since 7“52) > 0, we must have D; < H(Y1|Uy, Q) + 1(Y2; Us|Yy, Q). This implies that
0 < 1. Also, (2.21) implies that D; > H(Y1|Uy, Uz, @), yielding

0> HY1|U1,Us, Q) — H(Y1|Uy, Q) — I(Yo; Us|Y1, Q) + 1(Ya; Us|Uy, Q)

=0.
I<Yé7 U2|U17 Q)

Therefore, 6 € [0,1]. Applying the Berger-Tung achievability scheme, we can achieve

the following distortions:

D{ = 0H(YA|Uy, Q) + (1 — 0)H (Y:|Uy, Us, Q)
= H(Y1|Uy, Uy, Q) + 01(Y1; Us|Uy, Q)

< HY1|Up,Us, Q) + Dy — HY1|Uv, Q) — 1(Ya; Us| Y1, Q) + I(Ya; Us|Uy, Q)
(2.34)

= Dla
where (2.34) follows since I(Y7;Us|Uy, Q) < I(Ya; Us|Up, @) by the data processing
inequality.
Dy = 9H(Ya|Uy, Q) + (1 = 0)H(Ya|Uy, Un, Q)
= H(Y2|U1, Uz, Q) + 01(Yo; U2|Un, Q)
= H(Y2|U1,Uy, Q) + Dy — HY1|Uy, Q) — I(Yy; Us|Y1, Q) + I(Y; Us|Uy, Q)
= H(Y2|U1,Us, Q) + Dy — H(Y1|Uy, Uz, Q)

<Dy, (2.35)

where (2.35) follows from (2.22).
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Thus, this proves that the Berger-Tung compression scheme can achieve any rate dis-
tortion tuple (r1, 7y, Dy, Dy) for (r1,75) € P. Since RD" is, by definition, the set of rate
distortion tuples attainable by the Berger-Tung achievability scheme, we must have that

(R1, Ry, Dy, Dy) € RD'. This proves the lemma. O

2.4.3.1 A Brief Remark on the Proof of the Strengthened Converse

We note that the proof of Theorem 7 offers a direct proof of the converse of Theorem
6, and as such we do not require a CEO result (Theorem 3) or a “black box” tuning
argument (Lemma 17). At the heart of this alternative proof lies the Csiszar sum identity
(and a careful choice of auxiliary random variables) which provides a coupling between the
attainable distortions for each source. In the original proof of Theorem 6, this coupling is

accomplished by the tuning argument through Lemma 17.

Interestingly, the two proofs are quite similar in spirit, with the key differences being
the use of the Csiszar sum identity versus the tuning argument. Intuitively, the original
tuning argument allows a “clumsier” choice of auxiliary random variables which leads to
a more elegant and intuitive proof, but appears incapable of establishing the strengthened
converse. On the other hand, applying the Csiszar sum identity requires a very careful
choice of auxiliary random variables which, in turn, affords a finer degree of control over
various quantities. Ultimately, this allows us to prove the strengthened converse given by

Theorem 7.

2.4.4 An Example: The Daily Double

The Daily Double is a single bet that links together wagers on the winners of two con-
secutive horse races. Winning the Daily Double is dependent on both wagers winning
together. In general, the outcomes of two consecutive races can be correlated (e.g. due
to track conditions), so a gambler can potentially use this information to maximize his

expected winnings. Let ); and ), be the set of horses running in the first and second
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races respectively. If horses y; and y, win their respective races, then the payoff is o(y1, y2)

dollars for each dollar invested in outcome (Y1, Y2) = (y1, y2).

There are two betting strategies one can follow:

1. The gambler can wager a fraction b (y; ) of his wealth on horse y; winning the first race
and parlay his winnings by betting a fraction by(y,) of his wealth on horse y, winning
the second race. In this case, the gambler’s wealth relative is by (Y7)by(Y2)o(Y1,Y3)
upon learning the outcome of the Daily Double. We refer to this betting strategy as

the product-wager.

2. The gambler can wager a fraction b(y;,yo) of his wealth on horses (y;,y2) winning
the first and second races, respectively. In this case, the gambler’s wealth relative is
b(Y1,Y2)o(Y1,Ys) upon learning the outcome of the Daily Double. We refer to this

betting strategy as the joint-wager.

Clearly the joint-wager includes the product-wager as a special case. However, the product-
wager requires less effort to place, so the question is: how do the two betting strategies

compare?

To make things interesting, suppose the gamblers have access to rate-limited informa-
tion about the first and second race outcomes at rates Ry, Ry respectively. Further, assume
that Ry < H(Y7), Ry < H(Y3), and Ry + Ry < H(Y1,Y2). For (Ry, R2) and p(y,y2) given,
let P(R1, Ry) denote the set of joint pmf’s of the form

(g, Y1, Y2, w1, u2) = p(q)p(y1, y2)p(urlys, @)p(wr|y1, @)

which satisfy

Ry > [(YUUl’U%Q)
RQ 2 I(B;U2’U17Q>

Ry + Ry > I(Y1,Y2; Uy, Us|Q)
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for alphabets U, Us, Q satisfying |U;]| < |V;| and |Q] < 5.

Typically, the quality of a bet in a horse race market is measured by the associated
doubling rate (cf. [CT06]). Theorem 6 implies that the optimal doubling rate for the

product-wager is given by:

Whow (P, 32) = Y pyr, y2) log b5 (1) (y2)0(ur, y2)

Y1,Y2

:ElogO(YVh%)— lnf {H(}/I|U17U27Q)+H(YV2|U17U27Q)}
pEP(R1,2)

Likewise, Theorem 4 implies that the optimal doubling rate for the joint-wager is given by:

W2 (01, 92)) = Y p(y1,y2) 1og b (y1, y2)o(y1, )

Y1,92

=Elogo(Y1,Ys) + min{R; — H(Y1]Y2), Ry — H(Y3|Y1),

Ry + Ry — H(Y1,Y5)}.

It is important to note that we do not require the side informations to be the same for
each type of wager, rather, the side informations are only provided at the same rates. Thus,
the gambler placing the joint-wager receives side information at rates (R, Ry) that maxi-
mizes his doubling rate, while the gambler placing the product-wager receives (potentially
different) side information at rates (R, Ry) that maximizes his doubling rate. However, as
we will see shortly, for any rates (R, Rz), there always exists rate-limited side information

which simultaneously allows each type of gambler to attain their maximum doubling rate.

By combining the expressions for W v (p(y1, y2)) and VVJ-*_W(p(yl, y2)), we find that the
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difference in doubling rates is given by:

ARy, Ry) = Wi (p(y1,92)) = Wpow (p(y1,92))
= min { Ry = Hi|Y2), B2 — H(V[V1), Ry + Ro = H(Y1,Y2) |

+ inf  {HW|UL, Us, Q) + H(Y2|Uy, Us, Q)} (2.36)
pEP(Rl,Rg)

= inf min{R1—I(Yl;U1|U2,Q)+I(Y1;Y2)_I(E;U%Q)"‘H(Yz‘UhUz,QL
pGP(Rl,RQ)

By + By — 1(%i, Ya; Uy, U]Q) + 1(Y3: Yol Uy, U, Q) }

= inf I(Y;Y5|Uy,Us, Q). 2.37
L (Y1;Y2|U1, U, Q) (2.37)
The final equality (2.37) can be deduced by looking at each of the three terms in the

minimum individually. To this end, note that:

e We have Ry > I(Y1;Ui|Us, Q) for any p € P(R1, Ry), and 1(Y;Ys) > 1(Y1;Us, Q) by

the data processing inequality. Hence
Z H(}/Q‘Ula U27 Q)

2 ](Yla}/Q‘UhUQ)Q)

e By a symmetric argument, we can lower bound the second term in a similar fashion:

2 ](}/17}/2‘U17U27Q)

e By Lemma 9 (see Appendix 2.D), the infimum in (2.36) is attained by ap € P(R1, R»)
satisfying Ry + Ry = I(Y1,Y2; U, Us|Q). Therefore, the third term in the minimum

is given by
Rl + R2 - I(Yiv}/é7 U17 U2|Q) + I(}/la}/Q|U17 UQ)Q) = I<}/17}/2|U17 UQa Q)’

and (2.37) follows immediately.
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Let p* € P(R1, Ry) be the distribution that attains the infimum in (2.36) (such a p*

always exists), then (2.37) yields

W:]_iw(p(yl, Y2)) — WS-W(P(?A, Y2))

" * P (Y1, y2|u1, U2, q
= Z p*(ur, uz, q) ZP (Y1, yalu1, uz, q) log — ( | » )
i — p (yl\U1,U2>Q)p (yzful,U%Q)

= ]Ep* logo(}/l7}/2)p*(}/17}/2’U17 UQ?Q)

- ]Ep* 1Og0()/17§/2>p*()/1|U1a U27 Q)p*()/ﬂUla U27 Q)

Hence, we can interpret the auxiliary random variables corresponding to p* as optimal
rate-limited side informations for both betting strategies. Moreover, optimal bets for each

strategy are given by
L. b*(yla y2) =p" (yh y2|u1,uQ, Q) for the joint-wager, and
2. bi(y1) = p*(y1|u, uz, q), b5(y2) = p*(y2|us, ug, q) for the product-wager.

Since P(Ry1, Re) C P(R}, R,) for Ry < R} and Ry < R}, the function A(Ry, Ry) is
nonincreasing in R; and Ry. Thus, the benefits of using the joint-wager over the product-
wager diminish in the amount of side-information available. It is also not difficult to show

that A(Ry, R») is jointly convex in (Ry, Ra).

Furthermore, for rate-pairs (R, Re) and (R}, R)) satisfying Ry < R} and Ry < Rj,
there exist corresponding optimal joint- and product-wagers b*(y;,y2) and b3 (y1)b5(y2),

and b (y1,y2) and b’ (y1)b5 (y2), respectively, satisfying

D" (1,m2)| |61 )5 () < Db (. )| |03 ()3 (02 ). (2:38)

Hence, roughly speaking, the joint-wager and product-wager look “more alike” as the
amount of side information is increased. The proof of the strict inequality in (2.38) can be

inferred from the proof of Lemma 9 in Appendix 2.D.

To conclude this example, we note that A(Ry, Ry) enjoys a great deal of symmetry near

the origin in the sense that side information from either encoder contributes approximately
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the same amount to the improvement of the product-wager. We state this formally as a

theorem:

Theorem 8. Define p,,(Y1,Ys) to be the Hirschfeld-Gebelein-Rényi mazimal correlation
between random variables Yy and Y. Then, A(Ry, Ry) > 1(Y1;Ys) — p2,(Y1,Ys) - (Ry + Ry).
Moreover, this bound is tight as (R, Ry) — (0,0).

Proof. If Ry = 0, then it is readily verified that A(R;,0) can be expressed as follows:

A(R1,0) = I(Y1;Ys) — max I(Uy; Ys).
p(uily1):1(Ur;Y1)=Ru,
Ur—=Y1—=Ys, [U|<|V1]+1

By symmetry:
A0, Ry) = I(Y1;Ys) — max I(Us; Y1).

p(uzly2):I1(U2;Y2)=Ra,
Us—Ye—Y1, |Uz|<|V2|+1

Here, we can apply a result of Erkip [Erk96, Theorem 10] to evaluate the gradient of
A(Rl,Rg) at (Rl,Rg) = (0,0)

0 0

OR, (=00 T2 (1, 72)=(0.0)
Note, since A(Ry,0) and A(0, Ry) are each convex in their respective variable and A(0,0) =
I(Y1;Y3), we have

A(Ry,0) > I(Vy;Ya) — p2, (Y1, Ya) R,

A0, Ry) > I(Y1;Ys) — p2, (Y1, Y2)Ry. (2.40)

Taking this one step further, for 14,5 > 0, we can evaluate the one-sided derivative:

lim A(Avy, Avg) — A(0,0)

im < = —p,(Y1,Y2) - (1 + 1) (2.41)

We remark that (2.41) does not follow immediately from (2.39) since the point at which
we are taking the derivatives (i.e., the origin) does not lie in an open neighborhood of the

domain. Nonetheless, the expected result holds.

46



Since A(Ry, R») is convex, we obtain an upper bound on the one-sided derivative as

follows:

A(Avy, Avy) — A(0,0)

lim < lim
M0 A A0 A
_ llim A(X211,0) — A(0,0) llim A(0, A219) — A(0,0)
2 A0 A A0 A

where the final equality follows by (2.39) and the positive homogeneity of the directional
derivative.
Therefore, to complete the proof of (2.41), it suffices to prove the lower bound

A(/\Vh /\1/2) - A(O, 0)
lim
20 A

> —pp, (Y1, Ya) - (11 + 12).

To this end, fix A\, v1, 5 > 0 and observe that

A(Avy, Avg) — A(0,0)
A

1
X peP e o {1V YalUh, 0]Q) — 1(visva) } (2.42)
1

- Apep&fm {107, Y1 UL, Ul Q) — 102 U, Ul Q) — 1(¥a: Un, U3lQ) }

V1—|—I/2

L (Y1 U1, UslQ) + L (V2: U, U3]Q) (2.43)

>/I>—‘>/I}—*

(1 + 1) = 5 (L (Vi U1 U, Q) + e (43 U5 Q)

+ L (Yo, Us|Uy, Q) + L« (Ya; Ul‘Q))

2 (1/1 + 1/2) - p?n(yla YQ) (2V1 + 21/2)
(=0, Y2))

3 ([p*(m;UﬂUz,Q) +[p*(}/2;U2‘U17Q)) (244)
= —pp (Y1, Y2) (1 + 1) + (1 = pp, (Y1, Y2)) (1 + 1)

_ (A= iY ¥2)) (L (Y1; Up|Us, Q) + Ly (Ya; Us| Uy, Q))

(

> —pp, (Y1, Ya) (1 + 1) (2.45)

In the above string of inequalities
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e (2.42) follows by definition of A(Ry, Rs).

e Equality (2.43) follows since Lemma 9 guarantees that the infimum is attained in
(2.42) for some p* € P(Avy, A\) satistying 1,-(Y1,Ya; Uy, Us|Q) = A(v1 + 15). Here,
we write [p«(Y1,Ys; Uy, Us]@) to denote the mutual information I(Y3,Ys; Uy, Us|Q)

evaluated for the distribution p*.
e To see that (2.44) holds, note that
L (Yo; Us|Q) = Avy + Avy — L= (Y; Ub | Us, Q),
and thus

I(Y1;Ya) — p2,(Y1,Y2) vy + Ay — L (Yi; UL |Us, Q)

S A(O, )\1/1 +/\V2 —Ip*(Yi,U1|U2,Q)) (246)
= I(Y};Y,) — ~ max (U Y7) (2.47)
p(tzly2):1(Y2;U2) <A +Ave— I« (Y1;U1|U2,Q),
UQ(—)YQ<—>Y1
< 1(VisYa) — I (Vi U3lQ), (2.48)

which implies
_,Ofn(}/la }/2) ()\I/l + )\VQ - [p*(}/lv Ul‘U27 Q)) S _[p* (}/17 UQ‘Q)
The above steps are justified as follows:

— (2.46) follows from (2.40).
— (2.47) follows by definition of the function A(0, x).

— (2.48) follows since @ is independent of Y7, Y, (by definition of p*), and thus

Uy = (Us, Q) lies in the set over which we take the maximum in (2.47).

By symmetry, we conclude that

— (I (Y15 U2|Q) + - (Y2; U1]Q))

> —p2,(Y1,Y2) Ay + 22X — L (Y1; Ur|Us, Q) — I (Yo; Ua|UL, Q)

and (2.44) follows.
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o (2.45) follows since A\vy > Ip(Y1;Up|Us, Q) and Ave > 1,(Ya; Us|Up, Q) for p* €
,P()\Vl,)\l@).

2.4.5 An Application: List Decoding

In the previous example, we did not take advantage of the strengthened converse result
(i.e., Theorem 7) which we proved in Section 2.4.3. In this section, we give an application

that requires this strengthening.

Formally, a 2-list code (of blocklength n consists) of encoding functions:
PRI {1,...,M§">} fori =12
and list decoding functions

L. {1,...,M1(”)} X {1,...,]\/[2(”)} NP

Ly . {1,...,M1(”)} X {1,...,]\/[2(”)} o

A list decoding tuple (R, Ro, A1, As) is achievable if, for any € > 0, there exists a 2-list

code of blocklength n satisfying the rate constraints

1
- long(”) < Ri+e
n

1 n
“log M{" < Ry +¢,
n

and the probability of list-decoding error constraints

IN

€,

Pr vy g 1Y (o7, 6" (v )|

Pr vy ¢ 18 (o7, 6" (v )|

IN

€.
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with list sizes
1 n
“log |L"| < Ay + e
n
1 n
—log\Lé )\ < Aj e
n

With a 2-list code so defined, the following theorem shows that the 2-list decoding problem
and multiterminal source coding problem under logarithmic loss are equivalent (inasmuch

as the achievable regions are identical):
Theorem 9. The list decoding tuple (R, Ry, A1, Ay) is achievable if and only if
Ry > I(Uy; Y1|Us, Q)
Ry > 1(Us; Y>|U1, Q)
Ry + Ry > 1(Uy, Ui Y1, Y2|Q)
Ay > HW|U, Us, Q)

Ay > H(Y5|U1, Uz, Q).
for some joint distribution
(Y1, Y2, u1, u2, q) = p(y1, y2)p(uslyr, Q)p(ualy2, )p(q),
where |Uy| < |1, [Us| < |Vs|, and |Q] < 5.

Remark 2. We note that a similar connection to list decoding can be made in the context

of the CEO problem.

To prove the theorem, we require a slightly modified version of [KSC08, Lemma 1]:

Lemma 4. If the list decoding tuple (R, Ro, A1, As) is achieved by a sequence of 2-list
codes {g\™, g LS LY, oo, then

HY g™ (Y1), g5 (V) < |LY] + ne,

H(Y 9! (v, g8 (va) < |LY7| + nen,

where €, — 0 as n — 00.
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Proof. The proof is virtually identical to that of [KSCO08, Lemma 1|, and is therefore

omitted. [

Proof of Theorem 9. First observe that the direct part is trivial. Indeed, for a joint distri-

bution p(y1, ya, U1, u2, ¢) = p(Y1, y2)p(uslyr, ¢)p(uz|ys, ¢)p(q), apply the Berger-Tung achiev-
ability scheme and take Ll(-") to be the set of y' sequences which are jointly typical with the

decoded quantizations (UF, U3). This set has cardinality no larger than 2n(H(ilU1.U2,Q)+e)
which proves achievability.

To see the converse, note that setting

~

¥ = Pr Vg (v, 687 ()

achieves a logarithmic loss of £ H(Y;"| g§n)(Y1”), gén) (Y3")) for source i in the setting where
reproductions are not restricted to product distributions. Applying Theorem 7 together

with Lemma 4 yields the desired result. O]

2.5 Relationship to the General Multiterminal Source Coding

Problem

In this section, we relate our results on logarithmic loss to multiterminal source coding

problems with arbitrary distortion measures and reproduction alphabets.

As before, we let {Y;;,Y>; }?:1 be a sequence of n independent, identically distributed

random variables with finite alphabets ), and s, respectively, and joint pmf p(y1, y2).

In this section, the reproduction alphabets 37,-, 1 = 1,2, are arbitrary. We also consider

generic distortion measures:
dzyz Xyi—>]R+ for 1 = 1,2,

where R* denotes the set of nonnegative real numbers. The sequence distortion is then
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defined as follows:

nvn

yz i)

3I’—‘

207 (Y13 Ti)-

We will continue to let d(-,-) and )A)l, j>2 denote the logarithmic loss distortion measure

and the associated reproduction alphabets, respectively.

A rate distortion code (of blocklength n) consists of encoding functions:
QIR VN {1,...,M§”>} for i =1,2
and decoding functions

1/?1(”):{1,...,]\/[1(“)} X {1,...,M2(n)}—>37? fori=1,2.

A rate distortion vector (Ry, Ry, D1, D) is strict-sense achievable if there exists a block-

length n, encoding functions §§n), ﬁén) and a decoder ( VYL), @Zén)) such that

1

Ri > —log M™ fori=1,2 (2.49)
n

D; > Edy(Y,Y}") for i = 1,2. (2.50)

Where

V= MG (), g (YY) for i = 1,2.

2

For these functions, we define the quantity
B (", 8, o, o) = Z]Elog (Z 2 zYia)) for i = 1,2, (2.51)
yi€Yi

Now, let ;(Ry, Ry, Dy, Dy) be the infimum of the 8 <g§” ,ggn ,1/11”) ¢2 ) s, where the

infimum is taken over all codes that achieve the rate distortion vector (Ry, Ra, D1, D3).

At this point it is instructive to pause and consider some examples.
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Example 1 (Binary Sources and Hamming Distortion). Fori = 1,2, let V=Y = {0,1}

and let d; be the a-scaled Hamming distortion measure:

o . 0 Zf ?jz = Yi,
di(yi, i) = e
o if G # yi-
In this case,
Z Q—Ji(yivf/i,j) — 20 + 2_0" (252)
yi€Vi

so Pi(Ry, Ry, Dy,Dy) = log(l + 27%) for any (Ry, Re,D1,Ds).  This notion that
Bi(Ry, Ry, D1, Dy) is a constant extends to all distortion measures for which the columns

of the || x DVJZ| distortion matriz are permutations of one another.

Example 2 (Binary Sources and Erasure Distortion). For i = 1,2, let V; = {0, 1}, Y, =
{0,1,¢e} and let cil be the standard erasure distortion measure:
0 iy =y
di(ys i) = { 1 ify; =e
so if i € {0,1} and i # .
In this case,

—0o0 0 _ ey
Z 9—di(yi,Vij) — e+ =1 Y, {01} (2.53)
Yi€Yi 27! + 271 =1 Zf Y;:j =e.
s0 Bi(Ry, Ry, D1, D) = 0 for any (R, Ry, Dy, Dy). This result can easily be extended to

erasure distortion on larger alphabets by setting the penalty to log |Y;| when Y =e.

Theorem 10. Suppose (Ry, Ro, D1, Ds) is strict-sense achievable for the general multiter-
manal source coding problem. Then
Ry > I(U;;Y1|Us, Q)
Ry > I(Uy; Ya|Uy, Q)
Ry + Ry > I(Uy,Uy; Y1, Y2|Q) (2.54)
Dy > H(Y1|Uy,Us, Q) — Bi(Ry, Ry, D1, Do)
Dy > H(Y|Uy,Us, Q) — Ba( Ry, Ry, D1, D)

for some joint distribution p(y1, y2)p(q)p(uily1, )p(uzlyz, q) with U] < |Vi| and |Q| <5.
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Proof. Since (Ry, Ry, Dy, Dy) is strict-sense achievable, there exists a blocklength n, en-
coding functions ¢\, 3\ and a decoder (1%"),1;2”)) satisfying (2.49)-(2.50). Given these
functions, the decoder can generate reproductions 17'1”, }V/Q" satisfying the average distortion

constraints (2.50). From the reproduction }v/i", we construct the reproduction f/l” as follows:

Ed(Wﬁ”F—ZEbg(?d R > ZElog ZQd(yww)

UASNY}

= ZEd ,j? + ﬂz <U(n 7§]§n 7&57071;5”))

S Dz + B@ (fﬁn), an 7¢1n)a ,lvan))

= Dz

Thus, (Ry, Rs, Dy, f)g) is achievable for the multiterminal source coding problem with the
logarithmic loss distortion measure. Applying Theorem 6 and taking the infimum over all

coding schemes that achieve (Ry, Ry, D1, Do) proves the theorem. ]

This outer bound is interesting because the region is defined over the same set of
probability distributions that define the Berger-Tung inner bound. While the f;’s can be
difficult to compute in general, we have shown that they can be readily determined for many
popular distortion measures. As an application, we now give a quantitative approximation
of the rate distortion region for binary sources subject to Hamming distortion constraints.

Before proceeding, we prove the following lemma.

Lemma 5. Suppose (R, Rs, Dy, f)g) 18 strict-sense achievable for the multiterminal source
coding problem with binary sources and d; equal to the ay-scaled Hamming distortion

measure, for v = 1,2. Then the Berger-Tung achievability scheme can achieve a point
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(Rb Ry, Dy, D2) satisfying

D, — D; < (% — 1> H; 4 log(1+27%)
for some H; € [0,1], i = 1,2.

Proof. By Theorem 10, (Ry, Ry, D1, D,) satisfy (2.54) for some joint distribution
(Y1, y2)p(@)p(u1|yr, @) p(ualya, ). For this distribution, define the reproduction functions

v

Y:(Uy, Us, Q) = argmax p(y;|Uy, Us, Q) for i =1, 2. (2.55)
Yi

Then, observe that for ¢+ = 1,2:

Edy(Y;,Y:) = ) plur, us,q) {ai’rr;i_np(yi!ul,uz,Q)+0-myaxp(y¢\ul,uz,q)

u1,u2,q

= Z p(ur, uz,q) - H;i_np(inl,U%Q)

u1,u2,q9

Q;
S E Z p(ulaU%Q) : H(Y;’Ula U27Q = u17u27q) (256)

u1,u2,9

Q
= ?H(}/HUIJ U27 Q)

Where (2.56) follows from the fact that 2p < hs(p) for 0 < p < 0.5. Thus, D; =
SH(Y;|U1,Us, @) is achievable for rates (Ri, Ry) using the Berger-Tung achievability
scheme. Combining this with the fact that D; > H(Y;|Uy, Uy, Q) — log(1 + 27%), we

see that

Di—D; < %H(Yiwl, Us, Q) — H(Y:|U1, Us, Q) + log(1 + 27,

[]

Lemma 5 allows us to give a quantitative outer bound on the achievable rate distortion

region in terms of the Berger-Tung inner bound.

Corollary 1. Suppose (Ry, Ro, Dgl), DS)) 18 strict-sense achievable for the multiterminal

source coding problem with binary sources and d; equal to the standard 1-scaled Hamming
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distortion measure, for i = 1,2. Then the Berger-Tung achievability scheme can achieve a

point (Ry, Ry, D\V, DY), where
M _ o L 5 -
D’ —D;’ < §log 1)< 0.161 fori=1,2.

Proof. For rates (Ry, Ry), note that distortions (D;, D,) are strict-sense achievable for
the ay;-scaled Hamming distortion measures if and only if distortions (D§”,D§”)

(ailf)l,a%zf)g) are strict-sense achievable for the 1-scaled Hamming distortion measure.
Likewise, the point (Ry, Ry, D1, D5) is achieved by the Berger-Tung coding scheme for the
a;-scaled Hamming distortion measures if and only if (Ry, Ry, aLth O%Dg) is achieved by

the Berger-Tung coding scheme for the 1-scaled Hamming distortion measure.
Thus, applying Lemma 5, we can use the Berger-Tung achievability scheme to achieve

a point (Ry, Ry, D%l),Dél)) satisfying

3 1 _
pM_ pm — = <Di - Di>

3 3

Q;
1 /o4 1
- —Z—1>H,- ~log(1 427
_ai<2 +ai og(l + )
11 1
— (- =) H+ —log(1+2 2.57
(572 ) i+ 2 os 2 (2.57)

for some H; € [0,1]. We can optimize (2.57) over «; to find the minimum gap for a given
H;. Maximizing over H; € [0, 1] then gives the worst-case gap. Straightforward calculus

yields the saddle-point:

1 1 1
max  inf {(— — _> H, + —JOg(l + 2—a¢)}

H;€[0,1] a;>0 2 Q 3
1 1 1

= inf =~ — ) Hi+ —log(1+ 2
010 Hyel01] { (2 Oéi) T o8l + )}
1 )

=-1 -] <0.161
1oz () <0101

which is achieved for o; = 2 and any H € [0, 1]. O

In the above results, we did not require the strengthening that Theorem 7 provides

over Theorem 6. However, our next result takes this strengthened converse into account.
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To motivate the final results of this section, we begin with a discussion of the two-encoder
quadratic Gaussian source coding problem. To this end, suppose Y7, Y5 are jointly Gaussian
— each with unit variance and correlation p — and distortion is measured under mean square
error. In this setting, the set of achievable rate distortion tuples (Ry, Ry, D1, Ds) is given

by

1 1
Ry > Zlog | — (1—p*+ p*27°12) (2.58)
2 D,
1 1
Ry > —log | — (1 —p*+ p*272"") (2.59)
2 Do
1 (1— PQW(Dl, D)
> —1 2.
R1+R2_2 og( 2D1D2 s ( 60)
where
4,02D1D2

B(Dl;DQ):l—F 1+m

Long before the converse result was completed in [WTV08], it was known that any
(R1, Ry, D1, D5) satisfying (2.58)-(2.60) was achievable. Indeed, (2.58)-(2.60) correspond
to a set of points in the Berger-Tung inner bound [Ber77, Tun78| achieved by Gausian
test channels. Moreover, roughly a decade before the sum-rate lower bound (2.60) was
established in [WTV08], it was proven by Oohama [Ooh97] that (2.58)-(2.59) were neces-
sary conditions for (R, Ry, D1, D) to be achievable. Thus, in the period between [Ooh97]

and [WTVO08], ad-hoc lower bounds on the sum-rate could be established as follows.

Noting that the right hand sides of (2.58) and (2.59) are convex in Ry and Rj, respec-

tively, it is straightforward to establish the necessity of
) 1 1
Ri+p"Ry > §1og - (2.61)
1

> 5 log (D%) (2.62)

in order for (Ry, Ry, D1, D2) to be achievable. Thus, a simple sum-rate lower bound in the
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Sum-Rate Lower Bound (2.63)

Sum-Rate Lower Bound (2.64) ]

n
[$)]
T

- = = Optimal Sum-Rate (2.60)

_;
3] N
T T

Rate (bits per source symbol)
T

0.5

0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
DD,

Figure 2.5: Comparison of Eqns. (2.60), (2.63), and (2.64) for p = 1/5.

quadratic Gaussian setting is given by

1 1 1 1 1
Ry > —— | =1 — —1 — 2.63
ot 1t 2 (1+p?) <2 o8 (Dl) MR (D2>) (2.63)

= L lo< L >
o1+ 2 B\DiD: )"

Furthermore, since the sum-rate is trivially lower bounded by the rate distortion function

of one source plus the Wyner-Ziv rate distortion function of the other source (given the
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former source as side information), we have the necessary condition
1 1 1— p?
1 — -1
Og(D1)+2 Og( Dy )
1 1 1— p?
1 — -1
Og(D2)+2 Og( Dy )
1—p?
1 . 2.64
o8 (D1D2> (2:64)

In Figures 2.5 and 2.6 we have plotted the lower bounds (2.60), (2.63), and optimal sum-

Ry + Ry >

N — DN = DN =

rate (2.64) for p = 1/5 and p = 4/5, respectively. As evidenced by the plots, taking the
maximum of the necessary conditions (2.63) and (2.64) yields a strikingly tight bound on

(2.60) (i.e., the optimal sum-rate constraint).

Unfortunately, our derivation of (2.63) was somewhat ad-hoc and required necessity
of (2.58) and (2.59), which was established by Oohama in [Ooh97] many years after the
multiterminal source coding problem was posed. Thus, it is desirable to establish a gener-
alization of (2.61) and (2.62) to arbitrary sources and distortion measures which does not
require known converse results for the specific problem instance under consideration. This

leads us to state our final result of the section.

Definition 7. Define p,,(Y1,Y2) to be the Hirschfeld-Gebelein-Rényi maximal correlation
(cf. [Ren59]) between random variables Y1 and Ys.

Theorem 11. Suppose (Ry, Ry, D1, D2) is achievable for the general multiterminal source

coding problem. Then

Ry + p%, (Y1, Ya) Ry > I(Y1; Y1, Ya)

Ry + p2%,(Y1,Ya) Ry > I(Ya; Y3, Ya)
for some conditional pmf p(i1, Yo|y1, y2) satisfying

Ed,(Y;,Y:) < Dy

Edy(Y3,Y3) < Ds.
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Sum-Rate Lower Bound (2.63)

Sum-Rate Lower Bound (2.64) ]

N
&

- = = Optimal Sum-Rate (2.60)

_;
3] N

Rate (bits per source symbol)

0.5

0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
DD,

Figure 2.6: Comparison of Eqns. (2.60), (2.63), and (2.64) for p = 4/5.
To see how Theorem 11 relates to the above discussion, we make the following definition.

Definition 8. Let R(D;; cil) denote the rate distortion function for source Y; under distor-

tion measure Jl That 1s,
di Vi x Vi — [0,00) fori=1,2,
and
R(D;; d;) & min  I(Y;;Y;) fori=1,2.
p(¥ilyi):Edi (Y3,Y:)<D;

With this definition in hand, we observe that an immediate corollary of Theorem 11 is
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that any achievable (Ry, R, D1, D) necessarily satisfies

Ry + p2,(Y1,Ys) Ry > R(Dy; dy)

Ry + p%, (Y1, Y2) Ry > R(Da; dy).

Noting that p? (Y1, Ys) = p? for the Gaussian setting described above, we see that Theorem

11 generalizes (2.61) and (2.62) without requiring previously known converse results.

Remarkably, Theorem 11 makes no assumptions on the distortion measures or source
distribution (other than the standard assumption that the source is i.i.d.). Moreover,
the necessary conditions implied by Theorem 11 are easily computable for finite al-
phabet sources. Indeed, the squared maximal correlation p? (Y7, Ys) corresponds to an
eigenvalue of a linear system defined by the joint pmf p(y1,y2) [Renb9], and minimizing
AJ(Y};YG,Y@) + Al (Yo; Yﬁ,%) subject to the desired distortion constraints is a convex

optimization problem for A, Ay > 0.

Another immediate Corollary to Theorem 11 is the following intuitive lower bound on

the sum-rate which extends (2.63) to the general setting.

Corollary 2. If (Ry, R, D1, D) is achievable for the general multiterminal source coding

problem, then

1
Ri+R>————
P 2, Ya)

m

(R(Dl; 671) + R(Dy; Ciz)) .

Corollary 2 gives a rough estimate of the price paid (with respect to sum rate) by
compressing each source separately. Indeed, at most % (R(Dl; 671) + R(Dy; CZQ))
total bits of rate can be saved by exploiting correlation (if any) between sources. Since
pm(Y1,Ys) € [0,1] by definition, the coefficient % can be quite small if the sources
under consideration are not strongly correlated. The practical implication is that com-
pressing each source individually can attain near-optimal performance if the sources are

not strongly correlated. For instance, if p,,(Y1,Y2) = 0.2, then compressing each source

individually requires a sum-rate at most 3.85% in excess of that required by an optimal
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scheme, regardless of which distortion measures are used. One simple example of a source

with p,, (Y1, Y2) = 0.2 is the following: Y, = Yy = {1, 2, 3,4} with joint pmf

1/10 if gy = o
1/20 if y1 # yo.

p(y1,y2) =

We note that the outer bound given by Theorem 11 and Corollary 2 should be tight in
the high-disortion (i.e., low-rate) regime. Therefore, our results complement others which
characterize the rate distortion region in the high-resolution regime (e.g., [ZB99]). This is

concretely demonstrated in Figure 2.6.

Proof of Theorem 11. Fix ¢ > 0 and let (§§"),§§"’,zﬁ§”),&zn)) be a code which attains
distortions Dy + € and D, + € for sources Y; and Y5, respectively. By considering the

log-loss sequence reproductions Y* = Pr[Y = yﬁﬁgn)(lﬂ”),ﬁén)(%”)] for each source

i = 1,2, Theorem 7 immediately implies that there exists a joint distribution p £

(Y1, y2)p(q)p(ui|y1, Q)p(uz|y2, ¢) with || < || and |Q] < 5 which satisfies®:

Ry > I(Y1; Ui|Us, Q)
Ry > (Y R0, Q)
Ry + Ry = I(Y1,Y5; Uy, Us|Q)
LT 07,87 () > HOG UL, U, Q)

]- v(n n v(n n
SHY g (), 357 (V) 2 H(Y2|Us, Uz, Q).

Since the sources are memoryless, the last two inequalities above are equivalent to

—_

I(Yi; Uy, Us|Q) > — 1Y 0 (Y1), 357 (Ye)) (2.65)

_3

[(Ya; Ur, Us|Q) > —I(Yy g\ (Y1), 357 (Ya).

3

SEstablishing the equality in the sum-rate constraint is straightforward. It can be accomplished along
the same lines as Lemma 9.
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By definition of p, we have Ry + Ry = I(Y1, Ys; Uy, U3|@), and hence

Ry = I(Y1,Y3; U1, U5|Q) — Ry
= I(Y2; U2|Q) - (Rl - [(Y1; Ul‘U27Q)>
< I(Ya; U] Q). (2.66)

Recall the following result of Erkip [Erk96, Theorem 10]. For all real x > 0, the
following holds:
max I(Uy; Y1) < p2, (W1, Ya)z. (2.67)

p(ft2|~y2)ZI(Y2;UQ)§$,
UsYoYr

Applying this inequality, we obtain

2 (Y1, Y2)I(Ya; Us|Q) = p2, (Y1, Ya2)1(Ya; Us, Q) (2.68)
> max I(Uy; Y1) (2.69)
p(2ly2):1(Y2;U2)<I(Y2;U2,Q),
Us+>Yo Y]
> 1(Us, Q; Y1) (2.70)
= I(U; Y11Q) (2.71)

where
e (2.68) and (2.71) follow since @ and (Y3, Y2) are independent by definition of p.
e (2.69) follows from (2.67).

e (2.70) follows since Uy = (U, Q) lies in the set over which we take the maximum in

(2.69).
Summarizing the above string of inequalities, we have

I(Y1;U5]Q) < pi, (Y1, Y2) I(Ya; UnQ). (2.72)
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Next, observe that

Rl + R2 == I }/171/27 U17 U2|Q)

-[ }/vlaUlaU2|Q +](Yé7U17U2|Y17 )

)
I(Yy; Uy, Us|Q) + 1(Ya; U2|Q) — 1(Y1; Us|Q)

)+ 1(Yy; U2|Q) — p, (Y1, Y2)I(Ya; U2|Q) (2.73)
)+

)+

v

I(Y1;U1, Us|Q) + (1 = p2, (Y1, Y2)) I (Ya; Ua| Q)

(1= p},(Y1,Y2)) Ry, (2.74)

(
(
(
[(Yy; Uy, Ua|Q
(
(

v

1 }/17 Ul; U2|Q

where (2.73) follows from (2.72), and (2.74) follows from (2.66) and the fact that
pm(Y1,Ys) € [0,1]. Rearranging and applying (2.65), we obtain the inequality

Ry + p2,(Y1,Ya) Ry > 1(Y1; Uy, Uo|Q)

—_

> 1Y g0 (v, 68 (V). (2.75)

S

By a similar argument, we obtain the symmetric inequality:

—_

Ry + i (V1 Vo) R 2 IV 17 (V7). 57 (v1): (2.76)

Next, since )v/J” = J( )( 1Y), g2(Y9Y)) for j = 1,2, the data processing inequality

implies that

1 n. v ny v n n.yn \vn

— 3|~

= n Z I(Y1; }71”7 17'27115/11_”

1 & UV
= E Z](n,i;}/in7}3nayil_l>

=1

] — U
>~ ;Jm,z-;mm.

By a similar argument, we have

n

1 ]_ o 9
n(2a91(1),92(2))_ni21 (Y5 Vi, Yay)
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Also, by definition of (§{", 55", 0\",45"), we note that

I e« v
EZEdl(Yl,z',Yl,i) <Dj+e

=1

R y
~ > Eda(Ya;, Yai) < Date.
i=1

For each j = 1,...,n, define

v

S BN 3 N y
pYi=091,Ys =Y, =y1,Ye; =1y) = EZPT [Yu =41, Yo = Po|Y1: = 41, Yo = 42| -
i=1

Recalling that I(X;Y) is convex in p(z|y) for fixed p(y) and Y}* is i.i.d., we can apply

Jensen’s inequality to obtain
1 n., v ny v n 1 - v, v,
EI<Y1 ;1(Y"), 2(Y5")) > E;I(Yi,ﬁyl,iayé,i)
> LS vy
=0 - 1y 41, L2
= I(Yy;Y1,Y3), (2.77)
where
p(fﬁ = glyf/Q = ,7?2|Y1 =y, Yo = y2) = p(yﬁ = ghY/Q = ﬂ2|Y1,j = y1,Y2,j = y2)-
Similarly,
1 o ny v n O\
S5 0(1"), 8(Y2") 2 1(Yes Y1, Ya). (2.78)
Next, we apply linearity of expectation to obtain

v

Ed;(Y;,Y;) < Dj + ¢ for j = 1,2. (2.79)

Jr =7
Finally, we combine (2.75), (2.76), (2.77), (2.78), and (2.79) to obtain the desired result:
Ry + p2(Y1,Y2) Ry > I(Y1;Y1,Y3)

Ry + p%, (Y1, Ya) Ry > 1(Ya; Y3, Ya)
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for some conditional pmf p(i, ¥o|y1,y2) satisfying

Edl(yljfl) <D;+e

Edy(Yz,Y2) < Dg +e.

Since € can be taken arbitrarily small, the theorem is proved. O

2.6 Information Amplification and Masking

In Section 2.4, we considered the goal of minimizing the attainable distortion for each
source subject to rate constraints at the encoders. However, we can also consider a related
setting where the objective is to minimize one distortion, say D, while simultaneously
maximizing the other distortion D;. In general, there is a tension between these two
objectives which is characterized by the amplification-masking tradeoff. In this section, we
give a single-letter description of this tradeoff. As an application, we apply this result,

together with Theorem 7, to solve a fundamental entropy characterization problem.

The well known source coding with side information problem has an achievable rate

region given by
R, > H(X|U), R,>1I1(Y;U)

as originally shown by Ahlswede and Koérner [AK75], and independently by Wyner
[Wyn75]. In this setting, the side information encoder merely serves as a helper with
the sole purpose of aiding in the recovery of X" at the decoder. However, for given rates
(R4, Ry), there may be many different coding schemes which permit recovery of X™ at the
decoder. In some cases, it may be desirable to select a coding scheme that reveals very
little information about the side information Y™ to the decoder. We refer to this objective

as masking the side information.

To motivate this goal, consider the following example. Suppose X is an attribute of an

online customer that an advertiser would like to specifically target (e.g., gender), and Y is
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other detailed information about the same customer (e.g., credit history). Companies A
and B separately have databases X™ and Y™ corresponding to n different customers (the
databases could be indexed by IP address, for example). The advertiser pays Companies A
and B to learn as much about the database X™ as possible. Now, suppose governing laws
prohibit the database Y™ from being revealed too extensively. In this case, the material
given to the advertiser must be chosen so that at most a prescribed amount of information

is revealed about Y™.

In general, a masking constraint on Y™ may render near-lossless reconstruction of X"
impossible. This motivates the study the amplification-masking tradeoff. That is, the
tradeoff between amplifying (or revealing) information about X™ while simultaneously

masking the side information Y.

Similar problems have been previously considered in the information theory literature
on secrecy and privacy. For example, Sankar et al. determine the utility-privacy tradeoft
for the case of a single encoder in [SRP11]. In their setting, the random variable X is a
vector with a given set of coordinates that should be masked and another set that should
be revealed (up to a prescribed distortion). In this context, our study of the amplification-
masking tradeoff is a distributed version of [SRP11], in which utility is measured by the
information revealed about the database X™. The problem we consider here is distinct
from those typically studied in the information-theoretic secrecy literature, in that the
masking (i.e., equivocation) constraint corresponds to the intended decoder, rather than

an eavesdropper.

We remark that the results presented in this section are inspired in part by the re-
cent, complementary works [KSCO08] and [MS07] which respectively study amplification
and masking of channel state information in the Gel’fand-Pinsker channel. We borrow
our terminology from those works. On a related note, the tension between amplification
and masking of channel state information in the presence of an eavesdropper was studied

recently in [KSV11].
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This section of the dissertation is largely self-contained and is organized as follows.
Section 2.6.1 formally defines the problems considered and delivers the main results of the

section. The corresponding proofs are given in Section 2.6.2.

2.6.1 Problem Statement and Results

Throughout this section we adopt notational conventions that are standard in the liter-
ature. Specifically, random variables are denoted by capital letters (e.g., X) and their
corresponding alphabets are denoted by corresponding calligraphic letters (e.g., X'). We
abbreviate a sequence (X, ..., X,) of n random variables by X", and we let §(¢) represent

a quantity satisfying lim. o d(¢) = 0. Other notation will be introduced where necessary.

For a joint distribution p(z,y) on finite alphabets X x ), consider the source cod-
ing setting where separate Encoders 1 and 2 have access to the sequences X™ and Y™,
respectively. We make the standard assumption that the sequences (X™,Y") are drawn
i.i.d. according to p(z,y) (i.e., X", Y™ ~ [, p(z;,v;)), and n can be taken arbitrarily

large.

The first of the following three subsections characterizes the amplification-masking
tradeoff. This result is applied to solve a fundamental entropy characterization in the
second subsection. The final subsection comments on the connection between information
amplification and list decoding. Proofs of the main results are postponed until Section
2.6.2.
2.6.1.1 The Amplification-Masking Tradeoff

Formally, a (2"« 2" n) code is defined by its encoding functions

fo: X" = {1, 2"} and f,: V" — {1,..., 2"},
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A rate-amplification-masking tuple (R,, R,, Aa, Ayr) is achievable if, for any € > 0, there

exists a (2" 2"Fv n) code satisfying the amplification criterion:

Ba < ST(X™S LX), 1,(0") +e (2380)
and the masking criterion:

Au 2 (V" LX), () — e (2381)

Thus, we see that the amplification-masking problem is an entropy characterization prob-

lem similar to that considered in [CK81, Chapter 15].

Definition 9. The achievable amplification-masking region R is the closure of the set

of all achievable rate-amplification-masking tuples (Ry, Ry, Aa, Apr).

Theorem 12. Ry consists of the rate-amplification-masking tuples (Ry, Ry, Aa, Anr)

satisfying
R, > Aa—I(X;U) \
R, >1(Y;U) (2.82)
Ay >max{[(Y;U,X)+ A, — H(X),I(Y;U)}
Ay < H(X). )

for some joint distribution p(x,y,u) = p(z,y)p(uly), where U] < |Y|+ 1.

Observe that R 4)s characterizes the entire tradeoff between amplifying X™ and masking
Y™, We remark that maximum amplification Ay = H(X) does not necessarily imply that
X" can be recovered near-losslessly at the encoder. However, if an application demands
near lossless reproduction of the sequence X", Theorem 12 can be strengthened to include
this case. To this end, define a rate-masking triple (R,, R,, Ay) to be achievable if, for
any € > 0, there exists a (2"« 2"% n) code satisfying the masking criterion (2.81), and a

decoding function

X" 1,2, 2y w {1,220 5 xm
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which satisfies the decoding-error criterion
Pr | X" # X (£(X"), £,(v")] <e.

Definition 10. The achievable rate-masking region Rys is the closure of the set of all
achievable rate-masking triples (Ry, Ry, Anr).
Corollary 3. Ry consists of the rate-masking triples (R, Ry, Ayr) satisfying

R, > H(X|U)

Ry > 1 (YS U )

Ap = I(Y; X, U)

for some joint distribution p(x,y,u) = p(z,y)p(uly), where |U| < ||+ 1.

2.6.1.2 An Entropy Characterization Result

As we previously noted, the amplification-masking tradeoff solves a multi-letter entropy
characterization problem by reducing it to single-letter form. The reader is directed to
[CK81] for an introduction to entropy characterization problems. Here, we apply our
results to yield a fundamental characterization of the information revealed about X" and

Y™, respectively, by arbitrary encoding functions f, and f, (of rates R, R,).
Definition 11. Define the region R*(R,, R,) as follows. The pair (Ax,Ay) € R*(R;, R,)
if and only if, for any € > 0, there exists a (2" 2" n) code satisfying
‘AX _ %1(}(”; £u(X7). fy(Y”))‘ <e and
Ay = LI L) L) <
Let R*(R,, R,) be the closure of R*(R., R,).
Ultimately we obtain a single-letter description of R*(R,, R,). However, in order to do

S0, we require some notation. To this end, let:

RAM(RZIHRy) = {(AX7AY> : (R.'E?Ry7AX7AY> € 7Q’A]\l} .
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Symmetrically, let R4 be the region where X™ is subject to masking Ax and Y™ is

subject to amplification Ay. Let
RMA(RJ:; Ry) = {(AXa AY) : (Racy Ry7 AX) AY) S RMA} .
Finally, let Ra(R., R,) consist of all pairs (Ay, Ay) satisfying

R, >1 Ua:;X’UyaQ)

R, > I(U;Y|U,,Q)

(

(
R, + R, > I(U,,U,; X,Y|Q)
Ax < I(X;U,,U,|Q)
(

>
>~<

for some joint distribution of the form

(T, Y, s, uy, q) = p(, y)p(uz|x, ¢)p(uyly, Q)0(q),
where |U,| < |X|, [U,| <|Y|, and |Q] < 5.

Theorem 13. The region R*(R,, R,) has a single-letter characterization given by

R*(Ry, Ry) =

Ram(Ry, Ry) N Rara(Re, Ry) N Raa(Ry, Ry).

Moreover, restriction of the encoding functions to vector-quantization and/or random bin-

ning is sufficient to achieve any point in R*(R,, Ry).

The second statement of Theorem 13 is notable since it states that relatively simple
encoding functions (i.e., vector quantization and/or binning) can asymptotically reveal the
same amount of information about X™ and Y™, respectively, as encoding functions that are
only restricted in rate. In contrast, this is not true for the setting of three or more sources,
as the modulo-sum problem studied by Kérner and Marton [KM79] provides a counterex-

ample where the Berger-Tung achievability scheme [Ber77] is not optimal. Thus, obtaining
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a characterization like Theorem 13 for three or more sources represents a formidable chal-
lenge.

We remark that the points in R*(R,, R,) with Ax = H(X) and/or Ay = H(Y) also
capture the more stringent constraint(s) of near-lossless reproduction of X™ and/or Y,

respectively. This is a consequence of Corollary 3.
To give a concrete example of R*(R,, R,), consider the following joint distribution:
Pxy(z,y) |z=0 z=1

y=0 | 1/3 0 (2.83)
y=1 1/6  1/2.

By performing a brute-force search over the auxiliary random variables defining R*(R,, R,)
for the distribution Py y, we have obtained numerical approximations of R*(, -) for several
different pairs of (R,, Ry). The results are given in Figure 2.7.

2.6.1.3 Connection to List Decoding

We briefly comment on the connection between an amplification constraint and list de-
coding. As discussed in detail in [KSCO08|, the amplification criterion (2.80) is essentially

equivalent to the requirement for a list decoder
Ly {1,... 2=} x {1,..., 2"} 5 2"
with list size and probability of error respectively satisfying

log |L,| <n(H(X)— A4+ e€),and

PrX™ ¢ Ln(f(X"), f,(Y"))] < €

Thus maximizing the amplification of X™ subject to given rate and masking constraints

can be thought of as characterizing the best list decoder in that setting.
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Ax

Figure 2.7: The region R*(R,, R,) for joint distribution Pxy given by (2.83) and three
different pairs of rates. Rate pairs (R,, R,) equal to (0.1,0.7), (0.4,0.4), and (0.5,0.6)

define the convex regions bounded by the black, blue, and red curves, respectively.
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2.6.2 Proofs of the Amplification-Masking Results

Proof of Theorem 12. Converse Part: Suppose (R, Ry, Aa, Ay) is achievable. For con-
venience, define F, = £,(X"), F, = £,(Y"), and Uy = (F,,Y"™).

First, note that Ay < H(X) is trivially satisfied. Next, the constraint on R, is given
by:

nR, > H(F,) > H(F,|F,)

=Y H(Xi|F, X" — HX"|F,, F,)
=1

> H(X)|F,, Y™, X"") - HX"|F,, F,)
1=1

(X F )~ 3 (X T (2.84)
>n(Ag—e€) — i I(Xi; Uy). (2.85)

i=1
Equality (2.84) follows since X; <> F,,Y""! < X*~! form a Markov chain, and inequality

(2.85) follows since amplification A4 is achievable.
The constraint on R, is trivial:

nRy > H(F,)) 2 I(F;Y") = ZI(K’SFﬂyi_l)

i=1
= Zn:](yi; F, Y1) = iI(Yi; Ui).
i=1 =1

Similarly, we obtain the first lower bound on A;:

n(Ay +€) > I(Y" F,, F)) > IY™ F,) =Y 1(Y; Uy).

=1
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The second lower bound on Aj; requires slightly more work, and can be derived as follows:

n(Ay +e€) > I(Y" Fy, Fy)
=I(Y"; X", F)+ I(X";F,,F)) — [(X"; F,,Y")
>I(Y™" X" F) +nAs— (X" F,,Y") —ne (2.86)
> zn: IV X" FY"™ ) +nAs— H(X™) — ne
=1

> ZI(Yi§Xi7Ui>+AA_H<Xi) -6
i—1

where (2.86) follows since amplification A 4 is achievable.

Observing that the Markov condition U; <> Y; <> X; is satisfied for each i, a standard
timesharing argument proves the existence of a random variable U such that U <+ Y < X

forms a Markov chain and (2.82) is satisfied.

Direct Part: Fix p(uly) and suppose (R, R,, A4, Ay) satisfy (2.82) with strict in-
equality. Next, fix € > 0 sufficiently small so that it is less than the minimum slack in said
inequalities, and set R = I (Y;U) 4 €. Our achievability scheme uses a standard random

coding argument which we sketch below.

Codebook generation. Randomly and independently, bin the typical 2™’s uniformly
into 2MAa~1(X3U)+e) hins, Let b(2™) be the index of the bin which contains . For [ €

{1,...,2""} randomly and independently generate u"(l), each according to 1T, pu(u;).

Encoding. Encoder 1, upon observing the sequence X", sends the corresponding bin
index b(X™) to the decoder. If X™ is not typical, an error is declared. Encoder 2, upon
observing the sequence Y™, finds an L € {1,...,2"%} such that (Y™, U"(L)) are jointly
e-typical, and sends the unique index L to the decoder. If more than one such L exists,

ties are broken arbitrarily. If no such L exists, then an error is declared.

This coding scheme clearly satisfies the given rates. Further, each encoder errs with
arbitrarily small probability as n — co. Hence, we only need to check that the amplification

and masking constraints are satisfied. To this end, let C be the random codebook. We
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first check that the amplification and masking constraints are separately satisfied when

averaged over random codebooks C.

To see that the (averaged) amplification constraint is satisfied, consider the following:

[(X™; F,, F,|C) = H(X"|C) — H(X"|b(X™), L,C)
> nH(X) = n(H(X) — Ax + () (2.87)
= n(AA - 5(6>)7

where (2.87) follows since X™ is independent of C and, averaged over codebooks, there are

(H(X)—Aa+5(e))

at most 2" sequences " in bin b(X"™) which are typical with U"(L), where

Le{l,.. . 2R,

To see this is true, we appeal to the proof strategy of [EK12, Lemma 22.3] and make
adjustments where necessary. For convenience, define R, = Ay — I (X;U) + € and recall
that e was chosen sufficiently small so that R, < H(X|U). Note that we can express the
random codebook C as a pair of random codebooks C = (Cg, Cy ), where Cp is the “binning

codebook” at Encoder 1, and Cy is the “vector-quantization codebook” at Encoder 2.

Let By = 1if (X", U™L)) ¢ 72" and E; = 0 otherwise, where T2 denotes the set of
e-jointly typical (2", u") sequence pairs. Note that Pr({E; = 1}) tends to 0 as n — oc.

Consider

H(X"|L,b(X"),C)
< H(X" Eq|L,b(X"™),C)
<1+4+nPr{E; =1})H(X)

+ > pl.bevolEy =0) x H(X"|L =1,b(X") =b, Ey = 0,Cvq = cvq.Cp).

(l7bchQ)

Now, let N (I, b, cyq,Cp) be the number of sequences 2™ € B(b) N7 (X |u™(1)), where B(b)
denotes the bin of z-sequences which is labeled by index b and u"(l) is the codeword in

the (fixed) codebook ¢y with index . Note that N(I,b,cyg,Cp) is a binomial random
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variable, where the source of randomness comes from the random codebook Cg. Define

1 ifN(l,b,Cv ,CB) ZQE[N(Z,[),CV ,CB)],
E2<l7b7 CVQacB> = “ N

0 otherwise.

Due to the binomial distribution of N (I, b, cyq,Cp), it is readily verified that

E[N(I,b, cvo,Cp)] = 2"

T (X ()],

Var(N (1, b, evg, Cg)) < 27" [T (X |u"(1))|.

Then, by the Chebyshev lemma [EK12, Appendix B,

< Var(N(l,b,cvg,Cg))
= (E[N(,b,cvo,Cp)])°

PI‘({EQ(Z, b7 CvQ, CB) = ]_}) 2_n(H(X|U)_Rx—5(€))

IN

Y

which tends to zero as n — oo if R, < H(X|U) — 6(¢), which is satisfied for e sufficiently
small. Now consider
H(XH‘L = l, b(Xn) = b, El = O,CVQ = CVQ,CB)

< H(Xn, E2|L = l, b(Xn) = b, E1 = O,CVQ = CVQ,CB)

S 1 + nPr({Eg = 1})H(X) + H(Xn|L = l,b(Xn) = b, E1 = 0, E2 = O,CvQ = CVQ,CB>

<1+nPr({Ey = 1)H(X) +n(H(X|U) — R, + d(¢)),
which implies that

H(X"|L,b(X"),C)
<24 n(Pr({E; = 1}) + Pr({Ey = 1) H(X) + n(H(X|U) — R, + 6(¢))

<24 n(Pr{Ey = 1)) + Pr({Bs = 1) H(X) + n(H(X) — Ay + 5(e)).

Taking n — oo completes the proof of (2.87).
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We now turn our attention to the masking criterion. First note the following inequality:

I(Y" F,, F)|IC) =1(Y™ LIC) + I(Y";b(X™)|L,C)

IN

I(Y™ L|C) + H(b(X™)|C) — H(b(X™)|]Y™",C)

= I(Y™ L|C) + I(X™; Y™) — H(X™) + H(b(X™)|C) — H(b(X™)[Y™,C) + H(X"|Y™)

1

(Y™ LIC) +
( )+1 )+

< I(Y™ LIC) + I(X™;Y™) — H(X™) + H(b(X™)|C) — I(b(X™); X"[Y™,C) + H(X"[Y™)
(Y™ LIC) + 1 )+

LLIC) 4+ I(X™Y™) — H(X™) + H(b(X™)|C) + H(X"|Y",b(X"™),C) (2.88)

Two of the terms in (2.88) can be bounded as follows: First, since L € {1,...,2"%}, we

have
I(Y™ LIC) < nR = n(I(Y;U) + ).

Second, there are 2MAa~I(XiU)+9 hing at Encoder 1 by construction, and hence
H(b(X™)|C) < n(Aas— I(X;U) + €). Therefore, substituting into (2.88) and simplifying,

we have:
(Y™ F,, F,|C) < n(I(Y;U, X) + Aa — H(X)) + H(X"[Y™,b(X"),C) + n2e.  (2.89)
We now consider three separate cases. First, assume Ay < I(U; X). Then,
IV X,U) + Ay — HX) < I(Y; X,U) — HX|U) = [(Y;U) — HX]Y),
and (2.89) becomes
[(Y"™ F,, F,|C) < nI(Y;U) — I(X";b(X™)[Y™,C) +n2¢ < nI(Y;U) + n2e.

Next, suppose that Ay > I(X;U) + H(X]Y). In this case, there are greater than
2nH(XIY)+e) hing in which the X™ sequences are distributed. Hence, knowing Y and
b(X™) is sufficient to determine X" with high probability (i.e., we have a Slepian-Wolf
binning at Encoder 1). Therefore, H(X"|Y",b(X"),C) < ne, and (2.89) becomes

I(Y" F,, F,|C) < n(I(Y;X,U) + Ay — H(X)) + n3e.
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Finally, suppose Ay = I(X;U) + 0H(X|Y) for some 6 € [0,1]. In this case, we can
timeshare between a code C; designed for amplification A’y = I(X;U) with probability 6,
and a code Cy designed for amplification A}y = I(X;U) + H(X|Y') with probability 1 — ¢
to obtain a code C with the same average rates and averaged amplification

I(X™ F,, F)|C) = 01(X™; Fy, Fy|Cy) + (1 — 0)I(X"; Fy, F,|Co)
>n(I(X;U)+0H(X|Y) —0d(e)) = n(Aa —d(e)).
Then, applying the inequalities obtained in the previous two cases, we obtain:
I(Y"™ F,, F)|IC) =01(Y" F,, F,|C1) + (1 = 0)I(Y"; F,, F|Cy)
<OnI(Y;U)+ (1 —-0)n(I(Y; X,U)+ A"y — H(X)) + 3ne

=nI(Y;U) + 3ne.
Combining these three cases proves that
%I(Y”; Fy F)|C) < max{I(Y;U, X) + Aq — H(X),I(Y:U)} + 3¢
< Ay + 3e

To show that there exists a code which satisfies the amplification and masking constraints
simultaneously, we construct a super-code C of blocklength Nn by concatenating N ran-
domly, independently chosen codes of length n (each constructed as described above). By

the weak law of large numbers and independence of the concatenated coded blocks,

Pr <{a: ﬁJ(XN”;FI, FJJC=0¢)> A4~ 5(6)}) > 3/4

1 o
n

for N and n sufficiently large. Thus, there must exist one super-code which simultane-

ously satisfies both desired constraints. This completes the proof that (R, Ry, Aa, Ay)

is achievable. Finally, we invoke the Support Lemma [CK81] to see that |Y| — 1 letters

are sufficient to preserve p(y). Plus, we require two more letters to preserve the values of

H(X|U) and I(Y; U|X). m
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Proof of Corollary 3. By setting Ay = H(X), [AK75, Theorem 2| implies that X" can be
reproduced near losslessly. A simplified version of the argument in the direct part of the
proof of Theorem 12 shows that the masking criterion will be satisfied for the standard

coding scheme. The converse of Theorem 12 continues to apply ]

Proof of Theorem 13. First, we remark that Theorem 7 states that Raa(R,, R,) is the

closure of pairs (Ax, Ay) such that there exists a (2" 27% n) code satisfying

A € ST LX), £ (V) e

Ay < LIV LX), (V) + e

for any € > 0.

Suppose (Ax,Ay) € R*(R;, R,). By definition of R*(R,, R,), Theorem 12, and the
above statement, (Ax, Ay) also lies in each of the sets Ran(Ry, Ry), Ryma(Ry, Ry), and

Raa(Rs, Ry). Since each of these sets are closed by definition, we must have

R*(Rs, Ry) C
RAM<R907 Ry) N RMA(R:m Ry) N RAA(Rxa Ry)

Since each point in the sets Ran (Rs, Ry), Rya(Ry, Ry), and Raa(R,, R,) is achievable
by vector quantization and/or random binning, the second statement of the Theorem is

proved.

To show the reverse inclusion, fix e > 0 and suppose (Ax,Ay) € Ram(Rq, Ry) N

Rua(Ry, Ry) N Raa(Ry, R,). This implies the existence of (2mamfe gnamfy pn .\
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(2rmalls onaaly )0 and (2raafte 2naaly ) codes satisfying:

1
Ax < —— (X" pAM(xman) | paM(ymany) 4 e
nNam
1
Ay > ——[(yma fM(xnan), fAM(YTa)) — e,
nam
1
Ax > —— (X" fMAX )| fMA(YM4)) — ¢,
nypa
1
Ay < ——J(yma; fIAX ) pMAYyma)) e,
nypa
1
Ax < ——I(X"4; fAAX™A4), ALY 4)) + e,
naa
1
Ay < ——T(Y"42; fIX"), fF(Y™)) + e
naa

Also, by taking fMM, fMM to be constants, we trivially have a (2" fe 2manfy py /)

code satisfying

AX > L[(XnMM; szM(XnMM)v fzjwM(YnMM))’

Narm
1
Ay > J(Yy MM . MM X MM MM ynrMmYY
Y = N ( afm ( )7fy ( ))

It is readily verified that, by an appropriate timesharing between these four codes, there

exists a (2" 2" n) code satisfying

1
’AX — EI(X”;fx(X”),fy(Y”))’ < d(€), and
1
‘Ay — EI(YH; fx(X”),fy(Y”))’ < d(e).
This completes the proof of the theorem. O

Remark 3. To conclude this section, we remark that in the state amplification and masking
problems considered in [KSCO8] and [MS07], the authors obtain explicit characterizations of
the achievable regions when the channel state and noise are independent Gaussian random
variables. Presumably, this could also be accomplished in our setting using known results on
Gaussian multiterminal source coding, however, a compete investigation into this matter

is left to future work.
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2.7 Other Multiterminal Problems under Logarithmic Loss

In light of the fact that the CEO and multiterminal source coding problems admit solutions
under logarithmic loss, it is natural to ask whether other open source coding problems can
be solved when distortion is measured under logarithmic loss. It turns out that the answer
is affirmative, and we present two here which have particularly concise solutions. This is
by no means an exhaustive list of problems which can easily be solved under logarithmic

loss.

2.7.1 Multiple Description Coding

The multiple description problem for a discrete memoryless source X is depicted in Figure

2.8. Briefly, a (2", 2772 n) multiple description code consists of two encoders:

g X" My e {1,..., 2"}

g2 X" My € {1,..., 2"},
and three decoders:

¢0 . (Ml,MQ) —> XSL
1/]1 : Ml — X{b

wQIMgHX;L.

A rate distortion tuple (Ry, Rs, Dy, D1, Ds) is achievable if there exists a sequence of

(2nf onB2 n) codes satisfying

limsupE [d(X”,Xf)] < Dj for j=0,1,2.

n—0o0

Although a characterization of the achievable rate distortion region is unknown in

general®, it is readily described when distortion is measured under logarithmic loss.

5The reader is directed to [EK12, Chapter 13] for an introduction to known results for the multiple
description problem.
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My (X7, D)
—>» Encoder 1 > Decoder 1 o=
- Decoder 0 (X5, Do)
— ecoder
—>> >
(X3, Ds)
> Encoder 2 > Decoder 2
M,

Figure 2.8: The multiple description coding network.

Theorem 14. For the multiple description problem, the achievable rate distortion region

under logarithmic loss consists of all tuples (Ry, Ry, Dy, D1, D) satisfying:

where [x]T = maxx, 0.

We remark that the achievable region coincides with the El Gamal-Cover Inner Bound

for multiple description coding (cf. [GC82, EK12]).
Proof. Converse Part. By Lemma 1, we have
nDy > H(X"|M,) = H(X") — I(My; X") >nH(X) — nR;.

In a similar fashion, we can obtain the desired lower bounds on Dy and D.

Direct Part. Let M, be a lossless encoding of the first n; = nR;/H (X)) symbols of X".
By the lossless source coding theorem, this can be achieved with rate R,. Next, let M5 be
a lossless encoding of the last ny = nRy/H(X) symbols of X™. This can be achieved with

rate Rs.
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Ml(}/1n7 Mlil)

Yy — > 3 (V1" Dy)
Node 1 Node 2
(Yq, Dy) <€— < < Y
My (Y3, MY)

Figure 2.9: Two-way lossy source coding.

This scheme allows decoder 1 to achieve distortion H(X) — Ry, since zero distortion
is incurred for the first n; symbols of X" and distortion H(X) is incurred (on average)
for the remaining (n — ny) symbols. By a similar argument, distortions H(X) — Ry and

[H(X) — (R, + Ry)]" are achieved by decoders 2 and 0, respectively. O

2.7.2 Two-Way Lossy Source Coding

The interactive source coding problem illustrated in Figure 2.9 is known as the Two-Way
Lossy Source Coding problem (cf. [EK12, Chapter 20]). As with the multiple description
problem, a characterization of the achievable rate distortion region for the two-way source

coding problem is not known in general.

Without loss of generality, we can assume that the communication takes place in rounds
l=1,2,...,m, where Node 1 transmits during odd rounds, and Node 2 transmits during
even rounds. To be more specific, a (2", ... 2" n) interactive coding scheme can be

described as follows:

e During round [, where [ is odd, Node 1 sends a message M; = M;(Y;"*, M'™1) €
{1,...,2"}. The notation M;(Y*, M'~1) signifies that M, can be a function of Y}

and all previous messages.

e During round I, where [ is even, Node 2 sends a message M; = M;(Y;', M'™1) €
{1,...,2"1}. Again, the notation M;(Yy', M'~1) signifies that M; can be a function

of YJ" and all previous messages.
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e After round m concludes, Node 1 generates a reproduction sequence }72" as a function
of (Y{*, My,..., M,y,). Similarly, Node 2 generates a reproduction sequence }A/l” as a

function of (Y5', My, ..., My,,).

A rate distortion tuple (Ry, Ry, D1, Dy) is achievable if there exists a sequence of

(2mm ..., 2""m n) interactive coding schemes satisfying

IN

Ry

Ty

r < Ry

s 210

(=2
l even

limsup E [d(Yj”,f/J”)] < Dj for j=1,2.

n—oo
Theorem 15. For the two-way lossy source coding problem, the achievable rate distortion

region under logarithmic loss consists of all tuples (Ry, Ra, D1, Do) satisfying:

Ry > HM|Y2) — Dy

Ry > H(Y5]Y1) — Ds.

Proof. Converse Part. To see the converse, enhance Node 1 by providing it with additional
side information Y,'. Clearly, Node 1 does not require multiple transmission rounds in this
enhanced setting, since it can simulate any messages it would receive from Node 2 in
advance. Thus, let M; = M;(Y",Ys") be the message sent by Node 1. Now, Lemma 1

implies that
nDy = H(Y\'|My,Y5") = H(Y"[YS") = I(YY"; My[Y5') = n(H(Y:1[Y2) — Ry)

for this enhanced setting. Therefore, it immediately follows that Ry > H(Y;|Ys) — Dy
for the two-way source coding problem. The inequality Ry > H(Y3|Y7) — D, follows by a

symmetric argument.

Direct Part. Achievability follows by letting each node perform Wyner-Ziv coding (no

interaction is required). O

85



Remark 4. Theorem 15 is due to Yeow Khiang Chia [Chil2].

2.8 Concluding Remarks

One immediate direction for further work would be to extend our results on the multiter-
minal source coding problem to more than two encoders. For the CEO problem, our results
can be extended to an arbitrary number of encoders”. On the other hand, generalizing the
results for the two-encoder source coding problem with distortion constraints on Y; and
Y5 poses a significant challenge. The obvious point of difficulty in the proof is extending
the tuning argument to higher dimensions so that it yields a distribution with the desired
properties. In fact, a “quick-fix” to the tuning argument alone would not be sufficient
since this would imply that the Berger-Tung inner bound is tight for more than two en-
coders. This is known to be false (even for the logarithmic loss distortion measure) since
the Berger-Tung achievability scheme is not optimal for the lossless modulo-sum problem

studied by Kérner and Marton in [KM79].

Another potential direction would be to extend the multiple description result to m > 2
descriptions and 2" —1 decoders. Although the case for m = 2 descriptions is readily solved,

the problem appears nontrivial for m > 2 descriptions.
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"This extension is proved in Appendix 2.B.
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2.A Cardinality Bounds on Auxiliary Random Variables

In order to obtain tight cardinality bounds on the auxiliary random variables used through-
out this chapter, we refer to a recent result by Jana. In [Jan09], the author carefully applies
the Caratheodory-Fenchel-Eggleston theorem in order to obtain tight cardinality bounds
on the auxiliary random variables in the Berger-Tung inner bound. This result extends
the results and techniques employed by Gu and Effros for the Wyner-Ahlswede-Koérner
problem [GEO07], and by Gu, Jana, and Effros for the Wyner-Ziv problem [GJE08]. We

now state Jana’s result, appropriately modified for our purposes:

Consider an arbitrary joint distribution p(v,y1,...,y,) with random variables

V.Y1,...,Y,, coming from alphabets V, Y, ..., ), respectively.

Let d; : VxV, - R, 1<1<0Lbe arbitrary distortion measures defined for possibly

different reproduction alphabets V.

Definition 12. Define A* to be the set of (m + L)-vectors (Ry,..., Ry, D1,...,Dy) sat-

isfying the following conditions:
1. auxiliary random variables Uy, ..., U,, exist such that

ZRi > [(Y7;Uz|Uze), for allT C{1,...,m}, and

€T
2. mappings P, Uy X -+ X Uy, — ]A}l, 1 <1 < L exist such that

]Edl(V7 77/}l(Uv17 ey Um)) S Dl

for some joint distribution

m

P, v, ym) | [ p(uslyy).

j=1
Lemma 6 (Lemma 2.2 from [Jan09]). Every eztreme point of A* corresponds to some

choice of auxiliary variables Uy, ..., U, with alphabet sizes |U;| < |V;], 1 < j <m.
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In order to obtain the cardinality bounds for the CEO problem, we simply let L = 1,
V =X, and V=X, Defining

1
dy(z,z) = log (A ) ,

we see that RD .y = conv (A*), where conv (LA*) denotes the convex hull of A*. Therefore,
Lemma 6 implies that all extreme points of RDj, are achieved with a choice of auxiliary
random variables Uy, ..., U,, with alphabet sizes [U;| < |V;|, 1 < j < m. By timesharing

between extreme points, any point in RD o can be achieved for these alphabet sizes.

Obtaining the cardinality bounds for the multiterminal source coding problem proceeds

in a similar fashion. In particular, let L = m = 2, V = (Y1, Y3), and ]A)j = 3>j, j=1,2.

Defining
1
d;i((y1,92),9;) = log ( ) for j =1, 2,
’ ’ en
we see that RD™ = conv (A*). In this case, Lemma 6 implies that all extreme points of

RD  are achieved with a choice of auxiliary random variables Uy, Uy with alphabet sizes
U] < |¥;], 1 < j <2. By timesharing between extreme points, any point in RD can be

achieved for these alphabet sizes.

In order to obtain cardinality bounds on the timesharing variable (), we can apply
Caratheodory’s theorem (cf. [Wit80]). In particular, if C' C R™ is compact, then any point
in conv(C') is a convex combination of at most n + 1 points of C. Taking C' to be the
closure of the set of extreme points of A* is sufficient for our purposes (boundedness of C

can be dealt with by a standard truncation argument).

2.B Extension of CEO Results to m Encoders

In this appendix, we prove the generalization of Theorem 3 to m encoders, which essentially
amounts to extending Lemma 2 to the general case. We begin by stating the m-encoder
generalizations of Theorems 1 and 2, the proofs of which are trivial extensions of the proofs

given for the two-encoder case and are therefore omitted.
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Definition 13. Let RiC’EO,m be the set of all (Ry,..., Ry, D) satisfying

ZRi > I(Y7; Uz|Uze, Q) for all T C{1,...,m}

ieT
D> H(X|Uy,...,Upny, Q).
for some joint distribution p(q)p(z) [[/~, p(vilz)p(wilyi, q)-
Theorem 16. All rate distortion vectors (Ry, ..., Ry, D) € Ripo,, are achievable.

Definition 14. Let Rg o, be the set of (R, ..., Ry, D) satisfying

Y Ri>> IUsYiX, Q)+ H(X|Uz, Q) — D for all T C {1,...,m} (2.90)
€L €L
D> H(X|Uy,...,Un, Q). (2.91)

for some joint distribution p(q)p(zx) H:’il p(yilz)p(uilyi, q).

Theorem 17. If  (Ry,...,Rn, D) is strict-sense achievable, then
(R17 s >Rm7 D) € R%Eo,m'

Given the definitions of Rfpo ,,, and REpe ., the generalization of Theorem 3 to m

encoders is an immediate consequence of the following lemma:

o i
Lemma 7. R¢po.m € Repom-

Proof. Suppose (Ry, ..., Ry, D) € REpo,,, then by definition there exists p(q) and con-
ditional distributions {p(u;|y;,q)}", so that (2.90) and (2.91) are satisfied. For the
joint distribution corresponding to p(q) and conditional distributions p{(w;|y;, q)}",, de-
fine Pp C R™ to be the polytope defined by the inequalities (2.90). Now, to show
(Ri,...,Rm,D) € Riponm, it suffices to show that each extreme point of Pp is domi-
nated by a point in R, that achieves distortion at most D.
To this end, define the set function f : 2™ — R as follows:
f@) = 1(Yz; Uz|Uze, Q) — (D — H(X|Uy, ..., Un, Q))
=> I(U;Yi|X,Q) + H(X|Uz-, Q) — D.

€T
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It can be verified that the function f and the function f*(Z) = max{f(Z),0} are
supermodular functions (see Appendix 2.C). By construction, Pp is equal to the set of

(Ry,...,R,) which satisfy:
> R > (D).

It follows by basic results in submodular optimization (see Appendix 2.C) that, for a
linear ordering i; < iy < -+ < i, of {1,...,m}, an extreme point of Pp can be greedily

computed as follows:

Rij = f+({i1,. .. ,’ij}) - f+({i1,. .. ,ij_l}) for ] = 1,. .o,

Furthermore, all extreme points of Pp can be enumerated by looking over all linear order-
ings iy < iy < -+ < iy, of {1,...,m}. Each ordering of {1,...,m} is analyzed in the same
manner, hence we assume (for notational simplicity) that the ordering we consider is the

natural ordering i; = j.

Let 7 be the first index for which Rj > (0. Then, by construction,
R = I(U; Yi|Ups1, - ., Up, Q) for all k > ;.

Furthermore, we must have f({1,...,5'}) <0 for all j* < j. Thus, ]%j can be expressed as

J

i=1
= I(Yj;Uj|Uj+1,~-,Um7Q) +f({17"'7j - 1}>

= (1 — G)I(Y}, Ulej+17 SR Uma Q):

where 6 € [0,1) is defined as:

P (LRI Y)
1(Y;;UilUjsay -, U, Q)
_ D—-H(X|Ui,...,Up, Q) = I(Uy,...,.Ui_1; Y1,....Y;1|Uj, ..., Upn, Q)
- 1(Y;;Uj|Ujsa, - U, Q) '
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By the results of Theorem 16, the rates (Ri,...,Ry) permit the following coding
scheme: For a fraction (1 —60) of the time, a codebook can be used that allows the decoder
to recover U}, ..., Uy, with high probability. The other fraction ¢ of the time, a codebook
can be used that allows the decoder to recover UZ,,,..., Uy, with high probability. As

n — oo, this coding scheme can achieve distortion

D=Q0=-0H(X|Uj,...,Un Q)+ 0H(X|Us1,...,Un, Q)

(X, Uj|Uj+17 .. -7Um>Q>
(Y}; Uj|Uj+1, o -7Um7Q)

[D—H(X|U1,...,Um,Q)—I(U17...,Uj_l;lfl,...,)/j_llUj,...,Um,Q)]

I
:H(X|Uj,...,Um,Q)—|—I

<HX|Uj,...,Up, Q)+ D — H(X|Uy,...,Up, Q)

—I(Uy,.. Ui Ve, Y 4|Us, o U, Q) (2.92)
=D+ I(X;U1,...Ua|Us, ... . Un, Q)

— I(Uy, ... U_i;Ya, .. YUy U, Q)
=D—I(Uy,....U1:Ys,....Y; 4| X, Uj, ... . Un, Q)

<D. (2.93)

In the preceding string of inequalities (2.92) follows since U; is conditionally independent

of everything else given (Y}, @), and (2.93) follows from the non-negativity of mutual

information.

Therefore, for every extreme point (Ry,... ,]-:im) of Pp, the point
(Ry,..., Ry, D) lies in R&po.m- This proves the lemma. O

Finally, we remark that the results of Appendix 2.A imply that it suffices to consider
auxiliary random variables Uy, ..., U,, with alphabet sizes [U;| < |V;], 1 < 7 < m. The

timesharing variable @) requires an alphabet size bounded by |Q| < m + 2.
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2.C Supermodular Functions

In this appendix, we review some basic results in submodular optimization that were used
in Appendix 2.B to prove Lemma 7. We tailor our statements toward supermodularity,

since this is the property we require in Appendix 2.B.

We begin by defining a supermodular function.

Definition 15. Let E = {1,...,n} be a finite set. A function s : 28 — R is supermodular
if for all ST C E

s(S)+s(T) <s(SNT)+s(SUT). (2.94)

One of the fundamental results in submodular optimization is that a greedy algorithm
minimizes a linear function over a supermodular polyhedron. By varying the linear function
to be minimized, all extreme points of the supermodular polyhedron can be enumerated. In
particular, define the supermodular polyhedron P(s) C R™ be the set of z € R™ satisfying

> a;>s(T) for all T C E.

i€T
The following theorem provides an algorithm that enumerates the extreme points of P(s).
Theorem 18 (See [Sch03,Fujl0,McCO05]). For a linear ordering e; < e < - -+ < e, of the
elements in E, Algorithm 2.C.1 returns an extreme point v of P(s). Moreover, all extreme

points of P(s) can be enumerated by considering all linear orderings of the elements of E.

Algorithm 2.C.1: GREEDY (s, F, <)

comment: Returns extreme point v of P(s) corresponding to the ordering <.

fori=1...n

Set v; = s({e1,e2,...,¢}) —s({e1,e2,...,€i-1})

return (v)
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Proof. See [Sch03, Fuj10, McCO05]. ]
Theorem 18 is the key tool we employ to establish Lemma 7. In order to apply it, we
require the following lemma.

Lemma 8. For any joint distribution of the form p(q)p(x) [ 1=, p(yilx)p(uilyi, q) and fized
D € R, define the set function f : 2™ — R as:

f(@) = I(Yz; Ur|Uze, Q) — (D — H(X|Uy, ..., Un, Q)) (2.95)
€L

and the corresponding non-negative set function f* : 2" — R as f+ = max{f,0}. The

unctions f and f+ are supermodular.
P

Proof. In order to verify that f is supermodular, it suffices to check that the function
f(Z) = 1(Yz; Ur|Uze, Q) is supermodular since the latter two terms in (2.95) are constant.

To this end, consider sets 7,5 C {1,...,m} and observe that:
f(8) + f(T) = 1(Ys; Us|Use, Q) + 1 (Yr; Ur|Ure, Q)
= H(Us|Use, Q) — H(Us|Ys, Q) + H(Ur|Ure, Q) — H(Ur|Yr, Q)

= H(Us|Use, Q) + H(Ur|Ure, Q)

— H(Usur|Ysur, Q) — H(Usnr|Ysar, Q) (2.96)
= H(Us\r|Use, Q) + H(Usrr|Uisnrye, Q) + H(Ur|Urpe, Q)
— H(Usur|Ysur, @) — H(Usnr|Ysnr, Q) (2.97)

= H(Us\r|Use, Q) + H(Ur|Ure, Q) — H(Usur|Ysur, Q)

+ I(Usnr; Ysor|Uisnrye, Q)
< H{Ugs\r|Usurye, Q) + H(Up|Ure, Q) — H(Usur|Ysur, @)

+ I(Usnr; Ysor|Uisnrye, Q) (2.98)
= I(Usur; Ysur|Uisurye, Q) + I(Usar; Ysar|Uisarye, @)

=f(SNT)+ f(SUT).
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The labeled steps above can be justified as follows:

e (2.96) follows since U; is conditionally independent of everything else given (Y, Q).
e (2.97) is simply the chain rule.
e (2.98) follows since conditioning reduces entropy.

Next, we show that f+ = max{f,0} is supermodular. Observe first that f is monotone
increasing, i.e., if S C T, then f(S) < f(T). Thus, fixing S,7 C {1,...,m}, we can

assume without loss of generality that
FENT) < f(S) < f(T) < f(SUT).

If f(SNT) >0, then (2.94) is satisfied for s = f* by the supermodularity of f. On the
other hand, if f(SUT) <0, then (2.94) is a tautology for s = f*. Therefore, it suffices to

check the following three cases:

e Case 1. f(SNT) <0< f(S)<f(T) < f(SUT). In this case, the supermodularity
of f and the fact that f* > f imply:

fASUT)+ fH(SNT) > f(SUT)+ f(SNT)

> f(S) + f(T) = f7(8) + f1(T).

e Case 2: f(SNT) < f(S) <0< f(T) < f(SUT). Since f is monotone increasing,

we have:
fHSUT)+ fH(SNT)=f(SUT)+0> f(T)+0=fHS) + f(T).

e Case 3: f(SNT) < f(S)< f(T) <0< f(SUT). By definition of f*:

FHSUT)+ fH(SNT)=f(SUT)+0>0+0= fH(S)+ fH(T).

Hence, f* = max{f,0} is supermodular.
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2.D A Lemma for the Daily Double

For a given joint distribution p(y1,y2) on the finite alphabet Y x Vs, let P(R;, Ry) denote

the set of joint pmf’s of the form

p(q, Y1, Y2, w1, u2) = p(q)p(y1, y2)p(uilys, @)p(wi|yr, )

which satisfy

Rl 2 I(}/IaUllU%Q)
Ry > 1(Y5; Us|Uy, Q)

Rl + RQ 2 [(}/17 1/27 U17 U2|Q)
for given finite alphabets U;,Us, O.

Lemma 9. For Ry, Ry satisfying Ry < H(Y1), Re < H(Ys), and Ry + Ry < H(Y1,Y5), the

infimum

inf H(Y,|Uy, U H (YU, U-
pepl(%l,zzg){ MU, Uy, Q) + H(Y2|Ur, Uz, Q) }

is attained by some p* € P(Ry, Re) which satisfies Ry + Ry = I(Y1,Y2; Uy, US|Q"), where

Ui, Us, Q" correspond to the auxiliary random variables defined by p*.

Proof. First, note that the infimum is always attained since P(R;, Rz) is compact and the
objective function is continuous on P(R;, R2). Therefore, let U, U, Q* correspond to the

auxiliary random variables which attain the infimum.

If HW|US, U, Q) + HYsUf,Us, Q) = 0, then we must have
I(Y1, Y2, UT, U3|Q7) = H(Y1,Y2). Thus, Ry + Ry = I(Y1,Y2; U7, U3|Q").

Next, consider the case where H(Y1|Us, Uy, Q*) + H(Ys|Uy,Us, Q%) > 0. Assume for
sake of contradiction that Ry + Ry > (Y1, Ys; Uf, Us|Q*). For any p € P(Ry, Rs):

I1(Y1;U1|Uz, Q) + 1(Ya; Un|Ur, Q) < I(Y1,Y2; Un, Un|Q).
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Hence, at most one of the remaining rate constraints can be satisfied with equality. If none

of the rate constraints are satisfied with equality, then define

(U}, Us) with probability 1 — €
(Y1,Y5)  with probability e.

([717 02) =

For ¢ > 0 sufficiently small, the distribution p corresponding to the auxiliary random

variables Uy, U, Q* is still in P(R1, R2). However, p satisfies
H(Y1|U17 Zj?? Q*) + ‘H(}/Q|Ul7 ﬁ27 Q*) < H(E/I|Ufa U2*7 Q*> + H(}/Q|Uik7 U2*) Q*)7

which contradicts the optimality of p*.

Therefore, assume without loss of generality that
Ry =1V Uf|Us, Q)
Ry + Ry > (Y1, Y2, UL, US |QY).
This implies that Ry > I(Ys; Us|Q*). Now, define

i Us with probability 1 — €
2 pu—
Y, with probability e.

Note that for € > 0 sufficiently small:

[(Yo; U31Q") < I(Ya; U5|Q*) < Ry

and for any € € [0, 1]:

Ry = I(Y;; U|U3, Q") > 1(Y3; Uf|Us, Q)

HW|UT,Us, Q") + H(Ya|U}, U3, Q) = HY|UT, Uz, Q%) + H(Y2|UT, U2, Q7). (2.99)
Since Ry < H(Y5), as € is increased from 0 to 1, at least one of the following must occur:
1. 1(Yy; U5|Q*) = R,.
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2. I(Y1,Y5; Ut Uo|Q) = Ry + Ry.
3. I(Yy; Uh|Us, Q%) < Ry.

If either of events 1 or 2 occur first then the sum-rate constraint is met with equality
(since they are equivalent in this case). If event 3 occurs first, then all rate constraints
are satisfied with strict inequality and we can apply the above argument to contradict
optimality of p*. Since (2.99) shows that the objective is nonincreasing in ¢, there must
exist a p € P(Ry, R2) which attains the infimum and satisfies the sum-rate constraint with

equality. O]
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CHAPTER 3

Coded Cooperative Data Exchange

3.1 Introduction

Consider a connected network of n nodes that all wish to recover k£ desired packets. Each
node begins with a subset of the desired packets and broadcasts messages to its neighbors
over discrete, memoryless, and interference-free channels. Furthermore, every node knows
which packets are already known by each node and knows the topology of the network.
How many transmissions are required to disseminate the k packets to every node in the
network? How should this be accomplished? These are the essential questions addressed.
We refer to this as the Coded Cooperative Data Exchange problem, or just the Cooperative

Data Exchange problem.

This work is motivated in part by emerging issues in distributed data storage. Consider
the problem of backing up data on servers in a large data center. One commonly employed
method to protect data from corruption is replication. Using this method, large quantities
of data are replicated in several locations so as to protect from various sources of corruption
(e.g., equipment failure, power outages, natural disasters, etc.). As the quantity of infor-
mation in large data centers continues to increase, the number of file transfers required to
complete a periodic replication task is becoming an increasingly important consideration
due to time, equipment, cost, and energy constraints. The results presented in this chapter

address these issues.

This model also has natural applications in the context of tactical networks, and we
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give one of them here. Consider a scenario in which an aircraft flies over a group of nodes
on the ground and tries to deliver a video stream. Each ground node might only receive
a subset of the transmitted packets due to interference, obstructions, and other signal
integrity issues. In order to recover the transmission, the nodes are free to communicate
with their neighbors, but would like to minimize the number of transmissions in order to
conserve battery power (or avoid detection, etc.). How should the nodes share information,
and what is the minimum number of transmissions required so that the entire network can

recover the video stream?

Beyond the examples mentioned above, the results presented herein can also be applied
to practical secrecy generation amongst a collection of nodes. We consider this application

in detail in Section 3.4.

3.1.1 Related Work

Distributed data exchange problems have received a great deal of attention over the past
several years. The powerful techniques afforded by network coding [ACR00, RMYO03] have

paved the way for cooperative communications at the packet-level.

The coded cooperative data exchange problem (also called the universal recovery
problem in [CXW10, CW10, CW11b]) was originally introduced by El Rouayheb et al.
in [ECS07,ESS10] for a fully connected network (i.e., a single-hop network). For this spe-
cial case, a randomized algorithm for finding an optimal transmission scheme was given
in [SSB10b], and the first deterministic algorithm was recently given in [SSB10al. In the
concluding remarks of [SSB10a], the weighted universal recovery problem (in which the
objective is to minimize the weighted sum of transmissions by nodes) was posed as an
open problem. However, this was solved using a variant of the same algorithm in [OS11],

and independently by the present authors using a submodular algorithm in [CW11b].

The coded cooperative data exchange problem is related to the index coding problem

originally introduced by Birk and Kol in [BKO06]. Specifically, generalizing the index coding
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problem to permit each node to be a transmitter (instead of having a single server) and
further generalizing so that the network need not be a single hop network leads to a class of
problems that includes our problem as a special case in which each node desires to receive

all packets.

One significant result in index coding is that nonlinear index coding outperforms the
best linear index code in certain cases [L.S09, ALS08]. As discussed above, our problem is a
special case of the generalized index coding problem, and it turns out that linear encoding
does achieve the minimum number of transmissions required for universal recovery and

this solution is computable in polynomial time for some important cases.

In this chapter, we apply principles of cooperative data exchange to generate secrecy
in the presence of an eavesdropper. In this context, the secrecy generation problem was
originally studied in [CNO04]. In [CN04], Csiszar and Narayan gave single-letter character-
izations of the secret-key and private-key capacities for a network of nodes connected by
an error-free broadcast channel. While general and powerful, these results left two prac-
tical issues as open questions. First, (as with many information-theoretic investigations)
the results require the nodes to observe arbitrarily long sequences of i.i.d. source symbols,
which is generally not practical. Second, no efficient algorithm is provided in [CN04] which
achieves the respective secrecy capacities. More recent work in [YNO05, YR10] addressed

the latter point.

3.1.2 Owur Contributions

We provide necessary and sufficient conditions for achieving universal recovery! in arbitrar-
ily connected multihop networks. We specialize these necessary and sufficient conditions
to obtain precise results in the case where the underlying network topology satisfies some

modest regularity conditions.

'In this chapter, we use the term universal recovery to refer to the ultimate condition where every node
has successfully recovered all packets.
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For the case of a fully connected network, we provide an algorithm based on submodular
optimization which solves the cooperative data exchange problem. This algorithm is unique
from the others previously appearing in the literature (cf. [SSB10b,SSB10a,0S11]) in that
it exploits submodularity. As a corollary, we provide exact concentration results when

packets are randomly distributed in a network.

In this same vein, we also obtain tight concentration results and approximate solutions

when the underlying network is d-regular and packets are distributed randomly.

Furthermore, if packets are divisible (allowing transmissions to consist of partial pack-
ets), we prove that the traditional cut-set bounds can be achieved for any network topology.
In the case of d-regular and fully connected networks, we show that splitting packets does

not typically provide any significant benefits.

Finally, for the application to secrecy generation, we leverage the results of [CNO4]
in the context of the cooperative data exchange problem for a fully connected network.
In doing so, we provide an efficient algorithm that achieves the secrecy capacity without

requiring any quantities to grow asymptotically large.

3.1.3 Organization

This chapter is organized as follows. Section 3.2 formally introduces the problem and
provides basic definitions and notation. Section 3.3 presents our main results. Section 3.4
discusses the application of our results to secrecy generation by a collection of nodes in the
presence of an eavesdropper. Section 3.5 contains the relevant proofs. Section 3.6 delivers

the conclusions and discusses directions for future work.

3.2 System Model and Definitions

Before we formally introduce the problem, we establish some notation. Let N =10,1,2, ...

denote the set of natural numbers. For two sets A and B, the relation A C B implies that
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A is a proper subset of B (i.e., A C B and A # B). For a set A, the corresponding power
set is denoted 24 := {B : B C A}. We use the notation [m] to denote the set {1,...,m}.

This chapter considers a network of n nodes. The network must be connected, but it
need not be fully connected (i.e., it need not be a complete graph). A graph G = (V, E)
describes the specific connections in the network, where V' is the set of vertices {v; : i €
{1,...,n}} (each corresponding to a node) and E is the set of edges connecting nodes. We
assume that the edges in F are undirected, but our results can be extended to directed

graphs.

Each node wishes to recover the same k desired packets, and each node begins with
a (possibly empty) subset of the desired packets. Formally, let P; C {p1,...,pr} be the
(indexed) set of packets originally available at node i, and {P;}I, satisfies |J_, P, =
{p1,...,px}. Each p; € F, where F is some finite field (e.g. F = GF(2™)). For our
purposes, it suffices to assume |F| > 2n. The set of packets initially missing at node i is

denoted Pf := {p1,...,px}\ P

Throughout this chapter, we assume that each packet p; € {p1,...,px} is equally likely
to be any element of F. Moreover, we assume that packets are independent of one another.
Thus, no correlation between different packets or prior knowledge about unknown packets

can be exploited.

To simplify notation, we will refer to a given problem instance (i.e., a graph and corre-
sponding sets of packets available at each node) as a network 7 = {G, Py,..., P,}. When
no ambiguity is present, we will refer to a network by 7 and omit the implicit dependence

on the parameters {G, Py, ..., P,}.

Let the set I'(7) be the neighborhood of node 7. There exists an edge e € F connecting
two vertices v;,v; € V iff i € I'(j). For convenience, we put ¢ € I'({). Node 7 sends
(possibly coded) packets to its neighbors I'(7) over discrete, memoryless, and interference-
free channels. In other words, if node i transmits a message, then every node in I'(7)

receives that message. If S is a set of nodes, then we define I'(S) = U;esI'(4). In a similar
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Figure 3.1: For the given graph, a set of vertices S and its neighborhood I'(.S) are depicted.
The set 9(S) (i.e., the boundary of S) consists of the four vertices in I'(S) which are not
in S.

manner, we define 9(5) = I'(S)\S to be the boundary of the vertices in S. An example of
sets S, I'(S), and 9(9) is given in Figure 3.1.

We seek to determine the minimum number of transmissions required to achieve univer-
sal recovery (when every node has learned all k packets). We primarily consider the case
where packets are deemed indivisible. In this case, a single transmission by user ¢ consists
of sending a packet (some z € F) to all nodes j € I'(¢). This motivates the following

definition.

Definition 16. Given a network T, the minimum number of transmissions required to

achieve universal recovery is denoted M*(T).

To clarify this concept, we briefly consider two examples:

Example 3 (Line Network). Suppose T is a network of nodes connected along a line as
follows: V' = {vy,v9,v3}, E = {(v1,02), (v2,v3)}, PL ={p1}, Po =0, and P; = {p,}. Note
that each node must transmit at least once in order for all nodes to recover {p;,p2}, hence
M*(T) > 3. Suppose node 1 transmits p; and node 3 transmits py. Then (upon receipt of
p1 and py from nodes 1 and 3, respectively) node 2 transmits p; @ pa, where @ indicates
addition in the finite field F. This strategy requires 3 transmissions and allows each user

to recover {p1,pe}. Hence M*(T) = 3.
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- Time Instant 1:

P1 D p2
€ —
Node 1 Node 2 Node 3

Figure 3.2: An illustration of the transmission scheme employed in Example 3. During
the first time instant, Nodes 1 and 3 broadcast packets p; and ps, respectively. During
the second time instant, Node 2 broadcasts the XOR of packets p; and ps. This scheme

requires three transmissions and achieves universal recovery.

Example 3 demonstrates a transmission schedule that uses two rounds of communica-
tion. The transmissions by node 7 in a particular round of communication can depend only
on the information available to node i prior to that round (i.e. P; and previously received
transmissions from neighboring nodes). In other words, the transmissions are causal. The

transmission scheme employed in Example 3 is illustrated in Figure 3.2.

Example 4 (Fully Connected Network). Suppose T is a 3-node fully connected network
in which G is a complete graph on 3 vertices, and P; = {p1,p2,p3}\pi- Clearly one trans-
mission s not sufficient, thus M*(T) > 2. It can be seen that two transmissions suffice:
let node 1 transmit py which lets node 2 have Py Upy = {p1,p2, ps}. Now, node 2 transmits
p1 @ ps, allowing nodes 1 and 3 to each recover all three packets. Thus M*(T) = 2. Since
each transmission was only a function of the packets originally available at the correspond-

ing node, this transmission strateqy can be accomplished in a single round of communica-
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tion.

In the above examples, we notice that the transmission schemes are partially charac-
terized by a schedule of which nodes transmit during which round of communication. We

formalize this notion with the following definition:

Definition 17 (Transmission Schedule). A set of integers {b} : i € [n],j € [r],b] € N} is
called a transmission schedule for r rounds of communication if node i makes exactly bg

transmissions during communication round j.

When the parameters n and r are clear from context, a transmission schedule will be
denoted by the shorthand notation {bf }. Although finding a transmission schedule that
achieves universal recovery is relatively easy (e.g., each node transmits all packets in their
possession at each time instant), finding one that achieves universal recovery with M*(7T)

transmissions can be extremely difficult. This is demonstrated by the following example:

Example 5 (Optimal Cooperative Data Exchange is NP-Hard.). Suppose T is a network
with k = 1 corresponding to a bipartite graph with left and right vertex sets Vi, and Vi
respectively. Let P; = py for each i € Vi, and let P; = () for each i € Vi. In this case,
M*(T) is given by the minimum number of sets in {I'(i)}icv, which cover all vertices in
Vr. Thus, finding M*(T) is at least as hard as the Minimum Set Cover problem, which is
NP-complete [Kar72].

Several of our results are stated in the context of randomly distributed packets. Assume
0 < g < 1is given. Our model is essentially that each packet is available independently
at each node with probability q. However, we must condition on the event that each
packet is available to at least one node. Thus, when packets are randomly distributed, the
underlying probability measure is given by

HPEUE

JjeS

1= =gV
R o
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Si

So

Figure 3.3: An example of a sequence (S, S, 92) € S@(G) for a particular choice of graph
g.
for all ¢ € [k] and all nonempty S C V = [n].

Finally, we introduce one more definition which links the network topology with the

number of communication rounds, r.

Definition 18. For a graph G = (V, E) on n vertices, define S™(G) C (2V)™*! as follows:
(So, S1,...,S,) € SY(G) if and only if the sets {S;}_, satisfy the following two conditions:

hcS;cV foreach0<i<r, and

Sic1 ©€85; CI(S;—1) foreach1<i<r.

In words, any element in S (G) is a nested sequence of subsets of vertices of G. More-
over, the constraint that each set in the sequence is contained in its predecessor’s neigh-

borhood implies that the sets cannot expand too quickly relative to the topology of G.

To make the definition of S™)(G) more concrete, we have illustrated a sequence

(Sp, S1,9:) € SP(G) for a particular choice of graph G in Figure 3.3.

3.3 Main Results

In this section, we present our main results. Proofs are delayed until Section 3.5.
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3.3.1 Necessary and Sufficient Conditions for Universal Recovery

First, we provide necessary and sufficient conditions for achieving universal recovery in
a network 7. It turns out that these conditions are characterized by a particular set of

transmission schedules R,(7) which we define as follows:

Definition 19. For a network T ={G, P\, ..., P,}, define the region R,.(T) C N"*" to be

the set of all transmission schedules {b} satisfying:

i Z b£r+1*j) > ﬂ Pic

j=1  ieS5nr(S;-1) i€Sy

for each (Sy,...,S,) € ST(G).

Theorem 19. For a network T, a transmission schedule {b]} permits universal recovery

in r rounds of communication if and only if {b}} € R.(T).

Theorem 19 reveals that the set of transmission schedules permitting universal recovery
is characterized precisely by the region R,.(7). In fact, given a transmission schedule in
R.(T), a corresponding coding scheme that achieves universal recovery can be computed
in polynomial time using the algorithm in [JSC05] applied to the network coding graph
discussed in the proof of Theorem 19. Alternatively, one could employ random linear
network coding over a sufficiently large field size [HMKO06]. If transmissions are made in a
manner consistent with a schedule in R,.(7), universal recovery will be achieved with high
probability.

Thus, the problem of achieving universal recovery with the minimum number of trans-
missions reduces to solving a combinatorial optimization problem over R,.(7). As this
problem was shown to be NP-hard in Example 5, we do not attempt to solve it in its most
general form. Instead, we apply Theorem 19 to obtain surprisingly simple characterizations

for several cases of interest.

Before proceeding, we provide a quick example showing how the traditional cut-set

bounds can be recovered from Theorem 19.

107



Example 6 (Cut-Set Bounds). Considering the constraint defining R.(T) in which the
nested subsets that form ST (G) are all identical. That is, (S,S,...,S) € S"(G) for some
nonempty S C V. We see that any transmission schedule {bf} € R.(T) must satisfy the

familiar cut-set bounds:

T

IPIE

j=1i€d(S)

Ne

i€S

. (3.2)

In words, the total number of packets that flow into the set of nodes S must be greater than

or equal to the number of packets that the nodes in S are collectively missing.

3.3.2 Fully Connected Networks

When 7 is a fully connected network, the graph G is a complete graph on n vertices. This
is perhaps one of the most practically important cases to consider. For example, in a wired
computer network, clients can multicast their messages to all other terminals which are
cooperatively exchanging data. In wireless networks, broadcast is a natural transmission
mode. Indeed, there are protocols tailored specifically to wireless networks which support
reliable network-wide broadcast capabilities (cf. [HCP10, HC10, HH10, BBCO08]). It is for-
tunate then, that the cooperative data exchange problem can be solved in polynomial time

for fully connected networks:

Theorem 20. For a fully connected network T, a transmission schedule requiring only
M*(T) transmissions can be computed in polynomial time. Necessary and sufficient condi-
tions for universal recovery in this case are given by the cut-set constraints (3.2). Moreover,
a single round of communication is sufficient to achieve universal recovery with M*(T)

transmissions.

For the fully connected network in Example 4, we remarked that only one round of
transmission was required. Theorem 20 states that this trend extends to any fully connected

network.
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An algorithm for solving the cooperative data exchange problem for fully connected
networks is presented in Appendix 3.A. We remark that the algorithm is sufficiently
general that it can also solve the cooperative data exchange problem where the objective

is to minimize the weighted sum of nodes’ transmissions.

Although Theorem 20 applies to arbitrary sets of packets P, ..., P,, it is insightful to
consider the case where packets are randomly distributed in the network. In this case, the
minimum number of transmissions required for universal recovery converges in probability

to a simple function of the (random) sets P, ..., P,.

Theorem 21. IfT is a fully connected network and packets are randomly distributed, then

MH(T) = {ﬁDPZﬂ .

with probability approaching 1 as the number of packets k — oo.

3.3.3 d-Regular Networks

Given that precise results can be obtained for fully connected networks, it is natural to ask
whether these results can be extended to a larger class of networks which includes fully
connected networks as a special case. In this section, we partially answer this question in

the affirmative. To this end, we define d-regular networks.

Definition 20 (d-Regular Networks). A network T is said to be d-regular if 0(i) = d for
each i € V and 0(S) > d for each nonempty S C V with |S| < n —d. In other words, a

network T is d-reqular if the associated graph G is d-regular and d-vertez-connected.

Immediately, we see that the class of d-regular networks includes fully connected net-
works as a special case with d = n — 1. Further, the class of d-regular networks includes

many frequently studied network topologies (e.g., cycles, grids on tori, etc.).

Unfortunately, the deterministic algorithm of Theorem 20 does not appear to extend to

d-regular networks. However, a slightly weaker concentration result similar to Theorem 21
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can be obtained when packets are randomly distributed. Before stating this result, consider

the following Linear Program (LP) with variable vector # € R™ defined for a network 7

minimize Zx, (3.3)
i=1
subject to: Z z; > |P§| for each j € V. (3.4)
i€d(j)

Let Mpp(T) denote the optimal value of this LP. Interpreting x; as > _; bl, the constraints
in the LP are a subset of the cut-set constraints of (3.2) which are a subset of the nec-
essary constraints for universal recovery given in Theorem 19. Furthermore, the integer
constraints on the z;’s are relaxed. Thus Mpp(7T) certainly bounds M*(7T) from below.

Surprisingly, if 7 is a d-regular network and the packets are randomly distributed, M*(T)

is very close to this lower bound with high probability:
Theorem 22. If T is a d-reqular network and the packets are randomly distributed, then
M*(T) < MLP(T) +n

with probability approaching 1 as the number of packets k — oo.

We make two important observations. First, the length of the interval in which M*(T)
is concentrated is independent of k. Hence, even though the number of packets k may be
extremely large, M*(7T) can be estimated accurately. Second, as k grows large, M*(T) is
dominated by the local topology of 7. This is readily seen since the constraints defining
Mpp(T) correspond only to nodes’ immediate neighborhoods. The importance of the local
neighborhood was also seen in [RSWO05] where network coding capacity for certain random
networks is shown to concentrate around the expected number of nearest neighbors of the

source and the terminals.

3.3.4 Large (Divisible) Packets

We now return to general networks with arbitrarily distributed packets. However, we now

consider the case where packets are “large” and can be divided into several smaller pieces
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(e.g., packets actually correspond to large files). To formalize this, assume that each packet
can be partitioned into t chunks of equal size, and transmissions can consist of a single
chunk (as opposed to an entire packet). In this case, we say the packets are t-divisible. To
illustrate this point more clearly, we return to Example 4, this time considering 2-divisible

packets.

Example 7 (2-Divisible Packets). Let T be the network of Example 4 and split each packet

( (1) (2))

into two halves: p; — (p; ', p;”’). Denote this new network T with corresponding sets of

packets:

1 1 1 1
= pP s 2 o o N, pP.

Three chunk transmaissions allow universal recovery as follows: Node 1 transmits péQ) D ps

Node 2 transmits pgl) @pé Node 3 transmits pg ) @p . It is readily verified from (3.2)

@

that 3 chunk-transmissions are required to permit universal recovery. Thus, M*(T") = 3.
Hence, if we were allowed to split the packets of Example 4 into two halves, it would suffice
to transmit 3 chunks. Normalizing the number of transmissions by the number of chunks

per packet, we say that universal recovery can be achieved with 1.5 packet transmissions.

Motivated by this example, define M, (7T) to be the minimum number of (normalized)
packet-transmissions required to achieve universal recovery in the network 7 when packets

are t-divisible. For the network 7 in Example 4, we saw above that M;(T) = 1.5.

It turns out, if packets are t-divisible and ¢ is large, the cut-set bounds (3.2) are “nearly
sufficient” for achieving universal recovery. To see this, let Mqyt-set(7) be the optimal

value of the LP:

minimize Z x; (3.5)
subject to: Z xT; > ﬂ P¢| for each nonempty S C V. (3.6)
i€a(S) ics

Clearly Moyt-set(T) < M/ (T) for any network 7 with ¢-divisible packets because the LP

producing Myt-get (7) relaxes the integer constraints and is constrained only by (3.2)
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rather than the full set of constraints given in Theorem 19. However, there exist transmis-

sion schedules which can approach this lower bound. Stated more precisely:

Theorem 23. For any network T, the minimum number of (normalized) packet-

transmissions required to achieve universal recovery with t-divisible packets satisfies

lim My (T) = Meyp-set(T)

t—o0

Precisely how large ¢ is required to be in order to approach Myt-get(7) within a
specified tolerance is not clear for general networks. However, an immediate consequence
of Theorem 21 is that ¢ = n—1 is sufficient to achieve this lower bound with high probability

when packets are randomly distributed in a fully connected network.

Finally, we remark that it is a simple exercise to construct examples where the cut-set
bounds alone are not sufficient to characterize transmission schedules permitting universal
recovery when packets are not divisible (e.g., a 4-node line network with packets p; and py
at the left-most and right-most nodes, respectively). Thus, ¢-divisibility of packets provides

the additional degrees of freedom necessary to approach the cut-set bounds more closely.

3.3.5 Remarks

One interesting consequence of our results is that splitting packets does not significantly
reduce the required number of packet-transmissions for many scenarios. Indeed, at most
one transmission can be saved if the network is fully connected (under any distribution of
packets). If the network is d-regular, we can expect to save fewer than n transmissions if
packets are randomly distributed (in fact, at most one transmission per node). It seems
possible that this result could be strengthened to include arbitrary distributions of packets
in d-regular networks (as opposed to randomly distributed packets), but a proof has not

been found.

The limited value of dividing packets has practical ramifications since there is usually

some additional communication overhead associated with dividing packets (e.g. additional
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headers, etc. for each transmitted chunk are required). Thus, if the packets are very
large, say each packet is a video file, our results imply that entire coded packets can be
transmitted without significant loss, avoiding any additional overhead incurred by dividing

packets.

3.4 An Application: Secrecy Generation

In this section, we consider the setup of the cooperative data exchange problem for a fully
connected network 7, but we consider a different goal. In particular, we wish to generate
a secret-key among the nodes that cannot be derived by an eavesdropper privy to all of the
transmissions among nodes. Also, like the nodes themselves, the eavesdropper is assumed
to know the indices of the packets initially available to each node. The goal is to generate

the maximum amount of “secrecy” that cannot be determined by the eavesdropper.

The theory behind secrecy generation among multiple terminals was originally estab-
lished in [CNO4] for a very general class of problems. Our results should be interpreted as
a practical application of the theory originally developed in [CNO04]. Indeed, our results
and proofs are special cases of those in [CN04] which have been streamlined to deal with
the scenario under consideration. The aim of the present section is to show how secrecy
can be generated in a practical scenario. In particular, we show that it is possible to effi-
ciently generate the maximum amount of secrecy (as established in [CN04] ) among nodes
in a fully connected network 7 = {G, Py, ..., P,}. Moreover, we show that this is possible
in the non-asymptotic regime (i.e., there are no €’s and we don’t require the number of
packets or nodes to grow arbitrarily large). Finally, we note that it is possible to generate

perfect secrecy instead of e-secrecy without any sacrifice.
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3.4.1 Practical Secrecy Results

In this subsection, we state two results on secrecy generation. Proofs are again postponed
until Section 3.5. We begin with some definitions?. Let F denote the set of all transmissions
(all of which are available to the eavesdropper by definition). A function K of the packets
{p1,...,pr} in the network is called a secret key (SK) if K is recoverable by all nodes after

observing F, and it satisfies the (perfect) secrecy condition

I(K;F)=0, (3.7)
and the uniformity condition
1
Pr(K = key) = K for all key € KC, (3.8)

where K is the alphabet of possible keys.

We define Cgi (P, ..., P,) to be the secret-key capacity for a particular distribution
of packets. We will drop the notational dependence on P, ..., P, where it doesn’t cause
confusion. By this we mean that a secret-key K can be generated if and only if L = FEsk,
In other words, the nodes can generate at most Csi packets worth of secret-key. Our first

result of this section is the following:

Theorem 24. The secret-key capacity is given by: Csi(Pi, ..., P,) =k — M*(T).

Next, consider the related problem where a subset D C V of nodes is compromised.
In this problem, the eavesdropper has access to F and P; for ¢ € D. In this case, the
secret-key should also be kept hidden from the nodes in D (or else the eavesdropper could
also recover it). Thus, for a subset of nodes D, let Pp = |J,.p, P, and call K a private-key
(PK) if it is a secret-key which is only recoverable by the nodes in V\ D, and also satisfies

the stronger secrecy condition:

I(K:F, Pp) = 0. (3.9)

ZWe attempt to follow the notation of [CN04] where appropriate.
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Similar to above, define Cpg(Py,..., P,, D) to be the private-key capacity for a particular
distribution of packets and subset of nodes D. Again, we mean that a private-key K can
be generated if and only if K = F¢Px. In other words, the nodes in V\D can generate at
most Cpi packets worth of private-key. Note that, since Pp is known to the eavesdropper,
each node ¢ € D can transmit its respective set of packets P; without any loss of secrecy
capacity.

Define a new network 7p = {Gp, {H(D)}iev\[)} as follows. Let Gp be the complete
graph on V\D, and let Pi(D) = P\ Pp for each i € V\D. Thus, Tp is a fully connected
network with n — |D| nodes and k — | Pp| packets. Our second result of this section is the

following:
Theorem 25. The private-key capacity is given by:

CPK(PI;---7Pn7D> = (k?— |PDD _M*<773)-

The basic idea for private-key generation is that the users in V\ D should generate a

secret-key from {py,...,pr}\Pp.

By the definitions of the SK and PK capacities, Theorem 20 implies that it is possible
to compute these capacities efficiently. Moreover, as we will see in the achievability proofs,
these capacities can be achieved by performing coded cooperative data exchange amongst
the nodes. Thus, the algorithm developed in Appendix 3.A combined with the algorithm

in [JSCO05] can be employed to efficiently solve the secrecy generation problem we consider.

We conclude this subsection with an example to illustrate the results.

Example 8. Consider again the network of Example 4 and assume F = {0, 1} (i.e., each
packet is a single bit). The secret-key capacity for this network is 1 bit. After performing
universal recovery, the eavesdropper knows ps and the parity py @ p3. A perfect secret-key
is K = py (we could alternatively use K = p3). If any of the nodes are compromised by the

eavesdropper, the private-key capacity is 0.
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We remark that the secret-key in the above example can in fact be attained by all
nodes using only one transmission (i.e., universal recovery is not a prerequisite for secret-

key generation). However, it remains true that only one bit of secrecy can be generated.

3.5 Proofs of Main Results

3.5.1 Necessary and Sufficient Conditions for Universal Recovery

Proof of Theorem 19. This proof is accomplished by reducing the problem at hand to an
instance of a single-source network coding problem and invoking the Max-Flow Min-Cut

Theorem for network information flow [ACRO00].

First, fix the number of communication rounds r to be large enough to permit universal
recovery. For a network 7, construct the network-coding graph GN¢ = (Vne, Enc) as

follows. The vertex set, V¢ is defined as:
VNC = {S)ula-"auk}u U{U{a"wv%} U U{w{77w%}
j=0 J=1
The edge set, Enc, consists of directed edges and is constructed as follows:

e For each i € [k], there is an edge of unit capacity® from s to u;.

If p; € P;, then there is an edge of infinite capacity from u; to v?.

For each j € [r] and each i € [n], there is an edge of infinite capacity from v/~ to v?.

For each j € [r] and each i € [n], there is an edge of capacity b} from v/ ™" to w/.

For each j € [r] and each i € [n], there is an edge of infinite capacity from w! to v7,

iff i € I'(i).

The interpretation of this graph is as follows: the vertex wu; is introduced to represent

packet p;, the vertex vf represents node i after the j* round of communication, and the

3An edge of unit capacity can carry one field element z € F per unit time.
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Figure 3.4: The graph GN¢ corresponding to the line network of Example 3. Edges repre-
sented by broken lines have infinite capacity. Edges with finite capacities are labeled with

the corresponding capacity value.
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vertex wf represents the broadcast of node i during the j* round of communication. If the
bf ’s are chosen such that the graph GV¢ admits a network coding solution which supports
a multicast of k units from s to {v],..., v} }, then this network coding solution also solves
the universal recovery problem for the network 7 when node 7 is allowed to make at most
b{ transmissions during the 5% round of communication. The graph GV¢ corresponding to

the line network of Example 3 is given in Figure 3.4.

We now formally prove the equivalence of the network coding problem on GV¢ and the

universal recovery problem defined by 7.

Suppose a set of encoding functions { fij } and a set decoding functions {¢;} describe
a transmission strategy which solves the universal recovery problem for a network 7 in r
rounds of communication. Let bg be the number of transmissions made by node 7 during
the 7" round of communication, and let Il-j be all the information known to node 7 prior to
the j* round of communication (e.g. Z! = P;). The function fz-j is the encoding function
for user i during the j* round of communication (i.e. fJ(Z?) € F%), and the decoding

functions satisfy:
Pi (I{, Ui/er(i){firf(I;)}) ={p1,---, P}

Note that, given the encoding functions and the P;’s, the Iij 's can be defined recursively
as:

" =7u |J (@)

€T (4)

The functions {f/} and {¢;} can be used to generate a network coding solution which

supports k units of flow from s to {v],...,v"} on GN¢ as follows:

For each vertex v € Ve, let IN(v) be whatever v receives on its incoming edges. Let
g, be the encoding function at vertex v, and g,(e,IN(v)) be the encoded message which

vertex v sends along e (e is an outgoing edge from v).

If e is an edge of infinite capacity emanating from v, let g,(e, IN(v)) = IN(v).
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Let s send p; along edge (s,u;). At this point, we have IN(v)) = P, = Z!. For
each i € [n], let g,o((v),w}),IN(v])) = f!(Z}). By a simple inductive argument, defining
the encoding functions gvg((vf Lw! ™), IN(v?)) to be equal to /™ yields the result that
IN(vF) = (Z7,Urer@{f5(Z;)}). Hence, the decoding function ¢; can be used at v} to allow
error-free reconstruction of the k-unit flow.

The equivalence argument is completed by showing that a network coding solution

GNC also solves the

which supports a k-unit multicast flow from s to {v],...,v"} on
universal recovery problem on 7. This is argued in a similar manner as above, and is

therefore omitted.

Since we have shown that the universal recovery problem on 7 is equivalent to a
network coding problem on GN¢, the celebrated max-flow min-cut result of Ahlswede
et. al [ACRO0] is applicable. In particular, a fixed vector {6/} admits a solution to the
universal recovery problem where node ¢ makes at most bf transmissions during the ;"
round of communication if and only if any cut separating s from some v in GN¢ has

capacity at least k.

What remains to be shown is that the inequalities defining R, (7) are satisfied if and

only if any cut separating s from some v} in GV has capacity at least k.

To this end, suppose we have a cut (5, 5¢) satisfying s € S¢ and v} € S for some i € [n].
We will modify the cut (S,5¢) to produce a new cut (S’,5") with capacity less than or

equal to the capacity of the original cut (.S, S¢).

Define the set Sy C [n] as follows: i € Sy iff o] € S (by definition of S, we have that
So # ).

Initially, let S = S. Modify the cut (S’,5") as follows:
M1) If i € T'(Sy), then place w] into S’
M2) If i ¢ I'(Sp), then place w] into S™.

Modifications M1 and M2 are justified (respectively) by J1 and J2:
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J1) If i € I'(Sy), then there exists an edge of infinite capacity from w] to some v}, € S.

Thus, moving w} to &’ (if necessary) does not increase the capacity of the cut.

J2) If i ¢ I'(Sp), then there are no edges from w] to S, hence we can move w; into S

(if necessary) without increasing the capacity of the cut.

Modifications M1 and M2 guarantee that w] € S" iff i € I'(Sp). Thus, assume that
(S5, 57) satisfies this condition and further modify the cut as follows:

M3) If i € Sy, then place v] ! into S’.
M4) If i ¢ T'(Sp), then place v] ! into S’
Modifications M3 and M4 are justified (respectively) by J3 and J4:

J3) If i € Sp, then there exists an edge of infinite capacity from v] ™' to v/ € S. Thus,

moving v/ ! to S’ (if necessary) does not increase the capacity of the cut.
g y y

J4) If i ¢ T'(Sp), then there are no edges from v}~ ' to S’ (since w} ¢ S’ by assumption),

hence we can move v} " into S (if necessary) without increasing the capacity of the

cut.

At this point, define the set S; C [n] as follows: i € S; iff Uf‘l € S’. Note that the
modifications of S’ guarantee that S; satisfies Sy C 57 C I'(.Sp).

This procedure can be repeated for each layer of the graph resulting in a sequence of

sets 0 € Sy C --- C S, C [n] satisfying S; C T'(S;_1) for each j € [r].

We now perform a final modification of the cut (S’, 5"):
M5) If p; € Ujes, P;, then place u; into S’
M6) If p; ¢ U,es, P;, then place u; into S™.

Modifications M5 and M6 are justified (respectively) by J5 and J6:
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J5) If p; € Uies, P, then there is an edge of infinite capacity from u; to S’ and moving

u; into S’ (if necessary) does not increase the capacity of the cut.

J6) If p; & Ujcs, P;, then there are no edges from u; to S, hence moving w; (if necessary)

into S’ cannot increase the capacity of the cut.

A quick calculation shows that the modified cut (S’, 5") has capacity greater than or

equal to k iff:

D SIUASE

J=14eSsnr(S;j-1)

Nn

1€ESy

. (3.10)

Since every modification of the cut either preserved or reduced the capacity of the cut,
the original cut (.5, .5¢) also has capacity greater than or equal to k if the above inequality
is satisfied. In Figure 3.5, we illustrate a cut (5, 5¢) and its modified minimal cut (S’, S")
gNC

for the graph corresponding to the line network of Example 3.

By the equivalence of the universal recovery problem on a network 7 to the network
coding problem on GV and the max-flow min-cut theorem for network information flow,
if a transmission scheme solves the universal recovery problem on 7, then the associated
bf’s must satisfy the constraints of the form given by (3.10). Conversely, for any set of
bf’s which satisfy the constraints of the form given by (3.10), there exists a transmission
scheme using exactly those numbers of transmissions which solves the universal recovery
problem for 7. Thus the constraints of (3.10), and hence the inequalities defining R..(7),
are satisfied if and only if any cut separating s from some v} in GNV¢ has capacity at least

k.

Remark 5. Since ‘ﬂie[n] P¢l =0, constraints where S, = [n] are trivially satisfied. There-

fore, we can restrict our attention to sequences of sets where S, C [n].
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Figure 3.5: The graph GN¢ corresponding to the line network of Example 3 with orig-
inal cut (S5,5¢) and the corresponding modified minimal cut (S’,5¢). In this case,

So = S1 = Sy = {1}. Upon substitution into (3.10), this choice of Sy, Si, Sy yields the
inequality b} + b3 > 1.
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3.5.2 Fully Connected Networks

Proof of Theorem 20. In the case where T is a fully connected network, we have that
S¢NT(Sj-1) = S5 for any nonempty S C V. Therefore, the constraints defining R,.(7)

become:

r

)S)IAEE

j=1ieS5

Nn

1€ESy

. (3.11)

Now, suppose a transmission schedule {b{ } € R,.(T) and consider the modified transmission

schedule {0’} defined by: b} = > i b/ and b = 0 for j < r. By construction, S¢, C S5

in the constraints defining R, (7). Therefore, using the definition of {/}, we have:

Zz)zrzizb:-‘rl—]z ﬂf)zc

eS¢ j=1 i€S¢ i€S,

Thus the modified transmission schedule is also in R,.(7). Since ‘ﬂiesl Pf| >
‘miESr Pf|, when 7 is a fully connected network, it is sufficient to consider constraints

of the form:

for all nonempty S C V. (3.12)

E

1€S¢

N

i€S

This proves the latter two statements of the theorem: that the cut-set constraints are
necessary and sufficient for universal recovery when 7 is a fully connected network, and
that a single round of communication is sufficient to achieve universal recovery with M*(T)

transmissions.

With these results established, an optimal transmission schedule can be obtained by

solving the following integer linear program:

minimize Zbi (3.13)
i=1
subject to: Z b; > m Pf| for each nonempty S C V.
iese i€s

In order to accomplish this, we identify B; «— Pf and set w; = 1 for i € [n] and apply

the submodular algorithm presented in Appendix 3.A. O]
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Now we consider fully connected networks in which packets are randomly distributed
according to (3.1), which is parametrized by q. The proof of Theorem 21 requires the

following lemma:
Lemma 10. If 0 < ¢ < 1 s fized, then there exists some § > 0 such that the following
inequality holds for all € € {2,...,n — 1}:

n—t_(1-q'—(1-q"
n—1" 1-q¢—(1—¢q)

+ 0.

Proof. Applying Jensen’s inequality to the strictly convex function f(z) = (1 — ¢)* using
the convex combination £ =6 -1+ (1 —6) - n yields:

(1-¢f—(1—q" n—t
I—q—(1—g" “n—-1

Taking ¢ to be the minimum gap in the above inequality for the values ¢ € {2,...,n — 1}

completes the proof. n

Proof of Theorem 21. We begin by showing that the LP

minimize » " b; (3.14)
i=1
subject to: Z b; > ﬂ P?| for each nonempty S C V. (3.15)
i€se ics

has an optimal value of ﬁ Yo | Pf| with high probability. To this end, note that the

inequalities

> b > |Pf| for 1< j<n. (3.16)
=4
are a subset of the inequality constraints (3.15). Summing both sides of (3.16) over 1 <

J < n reveals that any feasible vector b € R" for LP (3.14)-(3.15) must satisfy:

ngzgéizyaw (3.17)
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This establishes a lower bound on the optimal value of the LP. We now identify a solution
that is feasible with probability approaching 1 as k& — oo while achieving the lower bound

of (3.17) with equality. To begin note that

n

7 1 c c
b= P~ | (315
=1

is a solution to the system of linear equations given by (3.16) and achieves (3.17) with
equality. Now, we prove that (l~)1, e ,Z;n) is a feasible solution to LP (3.14) with high
probability. To be specific, we must verify that

Sz

1€S°¢ i€S

(3.19)

holds with high probability for all subsets S C V satisfying 2 < |S| < n — 1 (the case
|S| = 1 is satisfied by the definition of {b;}"_,). Substitution of (3.18) into (3.19) along
with some algebra yields that the following equivalent conditions must hold:

_|S| . 1 c 1 c 1 c
(“EN S - = N7

=1 i€5¢ i€S

. (3.20)

To this end, note that for any .5,

Nics Pﬂ is a random variable which can be expressed
as |Nies PY| = Z?Zl X7, where X7 is an indicator random variable taking the value 1 if
P; € [ies P¥ and 0 otherwise. From (3.1) we have:

(1-¢) —(1-q)"

Pr(Xf=1)= g

J

By the weak law of large numbers, for any n > 0:

Pr< ()P

€S
where ¢, — 0 as k — oo. Thus, by the union bound, Lemma 10, and taking 7 sufficiently

(=g =g
1= (1—q)

1
k

> 77) < €, (3.21)
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small, the following string of inequalities holds with arbitrarily high probability as k — oc:

n_‘s‘ - 1 c 1 c
() S e -

=1 1€5¢

G (e
1—q)¥ — (1 —¢)"

> +n
1—(1—gm

> 1 ﬂPC

=L | il -
€S

These steps are justified as follows: for n sufficiently small the first and last inequalities
hold with high probability by (3.21), and the second inequality follows from Lemma 10
with £ = |S|. This proves that (3.20) holds, and therefore (by, ... ,b,) is a feasible solution
to LP (3.14) with high probability. Now, taking Corollary 4 in Appendix 3.A together

with Theorem 20 completes the proof. O]

3.5.3 d-Regular Networks

Lemma 11. Assume packets are randomly distributed in a d-regular network T . For any

e > 0, there exists an optimal solution x* to LP (8.3-3.4) which satisfies

1
- EEHP{:H]IH < ek

[e.e]

with probability approaching 1 as k — oo, where E indicates expectation.

Proof. Let P = (|P¢|,...,|P¢|)T and let A be the adjacency matrix of G (i.e., a;; = 1if
(i,7) € E and 0 otherwise). Observe that A is symmetric and A1l = d1, where 1 denotes

a column vector of 1’'s. With this notation, LP (3.3) can be rewritten as:

minimize 17z (3.22)

subject to: Ax > ]3,

where “a = b” for vectors a,b € R"™ means that a; > b; fort=1,...,n.
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Let AT denote the Moore-Penrose pseudoinverse of A. Observe that the linear least
squares solution to Ax = Pis given by:
Trg=ATP
— A'EP + A" (P -EP)
1_ = _ _
= ZEP + A (P—EP) .
For the last step above, note that EP is an eigenvector of A with eigenvalue d so EP will
also be an eigenvector of A" with eigenvalue é. Hence,
1 = (3 -
lwzs — —EPll> = | 4% (P ~EP) |l

< [|A*||2]| P = EP|l>.
Combining this with the triangle inequality implies that, for any vector ,

1 = _ _ 1 =
Iy = ~EPlloe < lly = Trsle + 25 = ZEP

_ _ 1 -
<|ly = Zrslloo + [|1ZLs — EEPHQ

< lly = Zrsllo + 14T ol| P — EP|2.

Therefore, Lemma 16 (see Chapter 4) guarantees the existence of an optimal solution
x* to LP (3.22) (and consequently LP (3.3)) which satisfies:
* R * — + 3] >3
2" = SEPllec < [l27 = Zrs[loo + [| A7) P — EP
< cal|AZs — Plls + [ A*|)s|| P — EP||5
]_ — — — —
< call ZAEP = Pl + [|AT]|2]| P = EP]5
= cA|EP — Pl + [ A*|ls|| P — EP|),
where ¢4 is a constant depending only on A. By the weak law of large numbers, ||15 —

Eﬁ||2 < ek with probability tending to 1 as k — oo for any € > 0. Noting that EP =
E[|Pf[]1 completes the proof. O
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Proof of Theorem 22. We begin with some observations and definitions:

e First, recall that our model for randomly distributed packets (3.1) implies that

N

€S

(1-¢) = (1—¢g)"

=t 1—(1-qg)

for all nonempty S C V. (3.23)

e With this in mind, there exists a constant ¢, > 0 such that

ol

€S

E[|Pf]] > (14 ¢,)E for all S C V,|S| > 2. (3.24)

e Next, Lemma 10 implies the existence of a constant d, > 0 such that for any S C V'
with 2 <|S] <n—1:

=8l (=08 = (=g | _E[Nes ]

> + 0, = + 9, (3.25)
n—-17" 1-¢g—-010-qg" E [ Pf] !
e The weak law of large numbers implies that
6
€S €S

with probability approaching 1 as k — oo.

e Finally, for the proof below, we will take the number of communication rounds suf-

ficiently large to satisfy

(3.27)

s maX{ 2d 2n(1 —I—cq)}

n5 deg

Fix € > 0. Lemma 11 guarantees that there exists an optimal solution z* to LP (3.3)

satisfying

1
"t — EEHPfH]lH < ek (3.28)

(o]
with probability tending to 1 in k. Now, it is always possible to construct a transmission

schedule {b} which satisfies > b/ = [2*] and |1a7] < v < [127] for each i, j. Observe

7
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that >, . b/ < n 4 >, xf. Thus, proving that {0/} € R.(T) with high probability will

1,j "t

prove the theorem.

Since the network is d-regular, |9(S)| > d whenever |S| < n —d and |0(S})| > n — ||
whenever |Ss| > n —d and S; C S;. We consider the cases where 2 < |S,| < n — d and
n—d < |S,] < n —1 separately. The case where |S,| = 1 coincides precisely with the

constraints (3.4), and hence is satisfied by definition of {b’}.

Considering the case where 2 < |S,| < n—d, we have the following string of inequalities:

Z Z b§r+1j)2i 3 )ExJ (3.29)

Jj=1 zeSCmF 1) j=1 ieSij‘(Sj,l

%Z S oaew (3.30)

>
j=11ie85Nr(S;-1)
:_Z Z I“ > @ (3.31)
Jj=11i€d(S /[,GSTQSS
oL g
Z 5 Z Z E[|Fr]] e Z EEHPH] —nke —nr (3.32)
J 14€a(S i€SrNSG
= gl (Z\a it |—”> —nr(ke+1) (3.33)
7j=1
1+c, | 1/
> rdCQJE (P (Z 10(S;-1) —n) —nr(ke+1)  (3.34)
Llies, 1] \j=1
1
> t g ﬂ Pel| (rd —n) —nr(ke+1) (3.35)
rd ies
= (1 * %) E || Ff|| —nr(ke+1) (3.36)
Llies, |
c
> (1+2)E || Pr (3.37)
( 1 > Llies, |
(7] (3.38)
i€S,

The above string of inequalities holds with probability tending to 1 as k — oo. They can

be justified as follows:
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e (3.29) follows by definition of {b]}.
e (3.30) follows since |1a7| > 127 — 1 and 1S5 NT(Sj-1)] < n.

e (3.31) follows from writing Uj_;S¢ N T(S;_1) as (Uj_;9(S;-1)) \ (S, N S§) and ex-

panding the sum.
e (3.32) follows from (3.28).
e (3.33) is true since |S§ N .S,| < n.
e (3.34) follows from (3.24).

e (3.35) follows from |0(S;_1)| > d by d regularity and the assumption that 2 < |5, | <
n —d.

e (3.36) follows from our choice of r given in (3.27).

e (3.37) follows since 2E [|M;cs, FY|] = nr(ke + 1) with high probability for e suffi-

ciently small.

e (3.38) follows from (3.26).
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Next, consider the case where n —d < |S,| < n — 1. Starting from (3.33), we obtain:

ET: Z b(r—H 7) > E[|P¢]] (Z |0(S;-1)] — n) —nr(ke+ 1) (3.39)

7=14€S¢NT(S;-1) j=1
1d HPCH( (n—|S,|) — n) —nr(ke+1) (3.40)
E[|P|] ( i %) — (ke + 1) (3.41)
E[|P|] <” 'S | ﬁ) — nr(ke + 1) (3.42)
c E |mZ€ r n
E[lP]] ( |ch + 8y — E) —nr(ke+1)  (3.43)
c E |mZ€ r 5‘1
E[|P¢|] ( Ili + 5) —nr(ke+1) (3.44)
> (1 + %) E Q Pe (3.45)
> () P (3.46)
€Sy

The above string of inequalities holds with probability tending to 1 as k — oco. They

can be justified as follows:
e (3.39) is simply (3.33) repeated for convenience.

e (3.40) follows since n—d < |S,| < n—1 and hence d-regularity implies that |0(S;_1)| >
(n = 15:]).

e (3.42) follows since d < n — 1.

o (3.43) follows from (3.25).

e (3.44) follows from from our definition of r given in (3.27).

e (3.45) follows since %E[Pf] > nr(ke+1) with high probability for € sufficiently small.

e (3.46) follows from (3.26).
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Thus, we conclude that, for e sufficiently small, the transmission schedule {b/} satisfies
each of the inequalities defining R,(7) with probability tending to 1. Since the number
of such inequalities is finite, an application of the union bound completes the proof that

{b/} € R,(T) with probability tending to 1 as k — co. O

3.5.4 Divisible Packets

Proof of Theorem 23. Fix any € > 0 and let 2* be an optimal solution to LP (3.5). Put
b; = x + €. Note that b; is nonnegative. This follows by considering the set S\{:} in the
inequality constraint (3.6), which implies z} > 0.

Now, take an integer r > e 'n maxi<i<n b;. If packets are ¢-divisible, we can find a
transmission schedule {b’} such that 1p; < b < 1+ ¢ for alli € [n], j € [r].

Thus, for any (Sp,---,S,) € ST)(G) we have the following string of inequalities:

)OI SR S DD S

J=14essnl(S;-1) J=14eS§NI(S;-1)

:_Z Z b——Zb

Jj=14i€d(S 1€SENSy

SOPIEED WLREES o

J=11i€d(S;_1) 1€S§NSy

—Z M P +e—~ maxb,

7=1 ZESJ 1

7]

i€Sr

| \/

v

Hence, Theorem 19 implies that the transmission schedule {bf } is sufficient to achieve

universal recovery. Noting that
P S L e ¢
ZbiSZbl—i—t SZ:Ui%—n t+e
©,] =1 =1
completes the proof of the theorem. O
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3.5.5 Secrecy Generation

In this subsection, we prove Theorems 24 and 25. We again remark that our proofs can be
seen as special cases of those in [CN04] which have been adapted for the problem at hand.

For notational convenience, define P = {py, ..., pr}. We will require the following lemma.

Lemma 12. Given a packet distribution Py, ..., P,, let K be a secret-key achievable with

communication F. Then the following holds:

H(K|F) = Zx (3.47)

for some vector x = (x1,...,x,) which is feasible for the following ILP:
minimize le (3.48)
subject to: sz > ﬂ Pf| for each nonempty S C V. (3.49)
ieS iese

Moreover, if K is a PK (with respect to a set D) and each node i € D transmits its

respective set of packets P;, then

H(K|F) = H(P|Pp) — > . (3.50)
1€V\D
for some vector x = (x1,...,x,) which is feasible for the ILP:
minimize Z x; (3.51)
ieV\D

subject to: Zx, > for each nonempty S C V\D. (3.52)

€S

N

i€5¢

Remark 6. We remark that (3.49) and (3.52) are necessary and sufficient conditions for
achieving universal recovery in the networks T and Tp considered in Theorems 24 and 25,
respectively. Thus, the optimal values of ILPs (3.48) and (3.51) are equal to M*(T) and
M*(Tp), respectively.
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Proof. We assume throughout that all entropies are with respect to the base-|F| logarithm
(i.e., information is measured in packets). For this and the following proofs, let F =
(Fi,...,F,) and Fjy 5 = (F, ..., F;), where F; denotes the transmissions made by node i.
For simplicity, our proof does not take into account interactive communication, but can
be modified to do so. Allowing interactive communication does not change the results.

See [CN04] for details.

Since K and F are functions of P:

H(P)=H(F,K,P,...,P,) (3.53)
=Y H(FilFji1) + H(K|F) + ) H(P[F, K, Pu ). (3.54)
i=1 1=1

Set x; = H(F;|Fji;-1) + H(B|F, K, Py;-1)). Then, the substituting x; into the above

equation yields:

H(K|F) = H(P) — Zn:x (3.55)

i=1
To show that = = (z1,...,x,) is a feasible vector for ILP (3.48), we write:

Nr

(ISR

= H(Ps|Ps.) (3.56)

= H(F, K, Ps|Ps.) (3.57)

= H(F|Fu1, Pse) + H(K|F, Pse) + > H(P|F, K, Py}, Pserjiv1,n)

i=1 i€S
(3.58)
<Y H(Fi|Fiy)+ Y H(PF, K, Py y) (3.59)
€S €S
=> ;. (3.60)
€S

In the above inequality, we used the fact that conditioning reduces entropy, the fact that
K is a function of (F, Ps.) for any S # V, and the fact that F; is a function of P; (by the

assumption that communication is not interactive).
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To prove the second part of the lemma, we can assume D = {1,...,¢}. The assumption
that each node 7 in D transmits all of the packets in P; implies F; = P;. Thus, for i € D

we have x; = H(P;|Pp-1]). Repeating the above argument, we obtain

H(K|F)=H(P)-H(Pp)— > =z (3.61)
ieV\D
=H(P|Pp)— > (3.62)
ieV\D
completing the proof of the lemma. O

Proof of Theorem 24. Converse Part. Suppose K is a secret-key achievable with commu-

nication F. Then, by definition of a SK and Lemma 12 we have

Csk = H(K) = H(K|F) = H(P) — Zx < H(P)— M*(T)=k—M*(T). (3.63)

Achievability Part. By definition, universal recovery can be achieved with M*(7T) trans-
missions. Moreover, the communication F can be generated as a linear function of P (see
the proof of Theorem 19 and [JSCO05]). Denote this linear transformation by F = LP.
Note that £ only depends on the indices of the packets available to each node, not the
values of the packets themselves (see [JSC05]). Let Pp = {P’ : LP" = F} be the set of all

packet distributions which generate F'.

By our assumption that the packets are i.i.d. uniform from F, each P’ € Pr is equally
likely given F was observed. Since F has dimension M*(T), |Pg| = FF=M"(7), Thus, we
can set I = FFM'(T) and label each P’ € Pp with a unique element in K. The label
for the actual P (which is reconstructed by all nodes after observing F) is the secret-key.

Thus, Csx > k — M*(T).

We remark that this labeling can be done efficiently by an appropriate linear transfor-

mation mapping P to K. [

Proof of Theorem 25. Converse Part. Suppose K is a private-key. Then, by definition of

135



a PK and Lemma 12,
Cpi = H(K) = H(K|F) = H(P|Pp) — ) =
i€V\D

< H(P|Pp) = M*(Tp) = (k — |Pol) = M*(T).

Achievability Part. Let each node ¢ € D transmit P; so that we can update P; <+ P;UPp
for each j € V\D. Now, consider the universal recovery problem for only the nodes in
VAD. M*(Tp) is the minimum number of transmissions required among the nodes in V\ D
so that each node in V\D recovers P. At this point, the achievability proof proceeds
identically to the SK case. O

3.6 Concluding Remarks

In this chapter, we derive necessary and sufficient conditions for achieving universal recov-
ery in an arbitrarily connected network. For the case when the network is fully connected,
we provide an efficient algorithm based on submodular optimization which efficiently solves
the cooperative problem. This algorithm and its derivation yield tight concentration results
for the case when packets are randomly distributed. Moreover, concentration results are
provided when the network is d-regular and packets are distributed randomly. If packets
are divisible, we prove that the traditional cut-set bounds are achievable. As a consequence
of this and the concentration results, we show that splitting packets does not typically pro-
vide a significant benefit when the network is d-regular. Finally, we discuss an application
to secrecy generation in the presence of an eavesdropper. We demonstrate that our sub-
modular algorithm can be used to generate the maximum amount of secrecy in an efficient

manner.

It is conceivable that the coded cooperative data exchange problem can be solved (or
approximated) in polynomial time if the network is d-regular, but packets aren’t necessarily

randomly distributed. This is one possible direction for future work.
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3.A An Efficiently Solvable Integer Linear Program

In this appendix, we introduce a special ILP and provide an efficient algorithm for solving
it. This algorithm can be used to efficiently solve the cooperative data exchange problem

when the underlying graph is fully-connected. We begin by introducing some notation®.

Let E = {1,...,n} be afinite set with n elements. We denote the family of all subsets of
E by 2E. We frequently use the compact notation E\U and U +1 to denote the sets ENU*¢
and U U {i} respectively. For a vector x = (xy,...,2,) € R™ define the corresponding

functional = : 2 — R as:
z(U) = Z%, for U C E. (3.64)

iU

Throughout this section, we let F = 2¥ — {(), E} denote the family of nonempty proper
subsets of E. Let B = {By,...,B,}. No special structure is assumed for the B;’s except

that they are finite.

With the above notation established, we consider the following Integer Linear Program

(ILP) in this section:

minimize Zwixi cx(U) > ﬂ Bi\,YNU € F,x; €7 ;. (3.65)

i€l 1€ E\U
It is clear that any algorithm that efficiently solves this ILP also solves ILP (3.13) by

putting B; - Pf and w = 1.

4We attempt to keep the notation generic in order to emphasize that the results in this appendix are
not restricted to the context of the cooperative data exchange problem.
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3.A.1 Submodular Optimization

Our algorithm for solving ILP (3.65) relies heavily on submodular function optimization.

To this end, we give a very brief introduction to submodular functions here.

A function ¢ : 2¥ — R is said to be submodular if, for all X,Y € 2%,
9(X)+g(Y) = g(XNY)+g(XUY). (3.66)

Over the past three decades, submodular function optimization has received a significant
amount of attention. Notably, several polynomial time algorithms have been developed for

solving the Submodular Function Minimization (SFM) problem
min {g(U) : U C E}. (3.67)

We refer the reader to [McCO05, Fuj10, Sch03] for a comprehensive overview of SFM and
known algorithms. As we will demonstrate, we can solve ILP (3.65) via an algorithm that
iteratively calls a SFM routine. The most notable feature of SFM algorithms is their ability
to solve problems with exponentially many constraints in polynomial time. One of the key
drawbacks of SFM is that the problem formulation is very specific. Namely, SFM routines

typically require the function g to be submodular on all subsets of the set E.

3.A.2 The Algorithm

We begin by developing an algorithm to solve an equality constrained version of ILP (3.65).
We will remark on the general case at the conclusion of this section. To this end, let M be

a positive integer and consider the following ILP:

minimize w’x (3.68)

subject to: x(U) > ﬂ B;| forall U € F, and (3.69)
1€E\U

2(E) = M. (3.70)
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Remark 7. We assume w; > 0, else in the case without the equality constraint we could

allow the corresponding x; — +00 and the problem is unbounded from below.

Algorithm 3.A.1: SOLVEILP (B, E, M, w)

comment: Define f : 2€ — R as in equation (3.71).

z <— COMPUTEPOTENTIALX(f, M, w)
if CHECKFEASIBLE(f, )
then return (z)

else return (Problem Infeasible)

Theorem 26. Algorithm 3.A.1 solves the equality constrained ILP (3.68) in polynomial
time. If feasible, Algorithm 3.A.1 returns an optimal x. If infeasible, Algorithm 3.A.1

returns “Problem Infeasible”.

Proof. The proof is accomplished in three steps:
1. First, we show that if our algorithm returns an z, it is feasible.
2. Second, we prove that if a returned x is feasible, it is also optimal.

3. Finally, we show that if our algorithm does not return an x, then the problem is

infeasible.

Each step is given its own subsection. O

Algorithm 3.A.1 relies on three basic subroutines given below:
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Algorithm 3.A.2: COMPUTEPOTENTIALX(f, M, w)

comment: If feasible, returns x satisfying (3.69) and (3.70) that minimizes w”z.

comment: Order elements of E so that w; > we > -+ > w,,.

for i < n to 2

comment: Define f;(U) := f(U +1i) for U C {i,...,n}.
do

n
T — M — Zi:Q Z;

return ()

Algorithm 3.A.3: CHECKFEASIBLE(f, z)

comment: Check if (U) < f(U) for all U € F with 1 € U.
comment: Define f1(U) := f(U + 1) for U C E.

if SEM(f1, E) <0

then return ( false )

else return ( true )

Algorithm 3.A.4: SEFM(f,V)

comment: Minimize submodular function f over groundset V' (cf. [McCO05]).

v min{f(U): U CV}

return (v)

3.A.3 Feasibility of a Returned z=

In this section, we prove that if Algorithm 3.A.1 returns a vector z, it must be feasible.

We begin with some definitions.
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Definition 21. A pair of sets X, Y C E is called crossing if X NY # (0 and X UY # E.

Definition 22. A function g : 2¥ — R is crossing submodular if
9(X) +9(Y) 2 g(XNY) +g(XUY)
for X, Y crossing.

We remark that minimization of crossing submodular functions is well established,
however it involves a lengthy reduction to a standard submodular optimization problem.
However, the crossing family F admits a straightforward algorithm, which is what we
provide in Algorithm 3.A.1. We refer the reader to [Sch03] for complete details on the

general case.

For M a positive integer, define

U), for U e F. (3.71)

_ﬂBz‘_

icU

Lemma 13. The function f is crossing submodular on F.

Proof. For XY € F crossing:

FX)+ f(Y)=M—|(Bi| —2(X)+ M — |[ | Bi| — (Y
ieX icY
=M —|[\Bi|—a(XNY)+M—|[]Bi]| —x(XUY)
1€X icYy
>M~—| () Bl -a(XnY)+M~| (| Bi|-2(XUY)
i€eXNY ieXUY

=f(XNY)+ f(XUY).
O

Observe that, with f defined as above, the constraints of ILP (3.68) can be equivalently
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written as:

_ﬂBi_

1eU

U)>0forall U € F, and (3.72)

2(E) = M. (3.73)

Without loss of generality, assume the elements of E are ordered lexicographically so

that wy > wy > -+ > w,. At iteration ¢ in Algorithm 3.A.2, z; = 0 for all j <. Thus,
setting

i i i .74

7 min (U} (3.74)

= min {f(U)} (3.75)

UC{i,...,n}eU

B {M— —wU)} (3.76)
UC{i,...,n}eU

and noting that the returned x satisfies x(FE) = M, rearranging (3.76) guarantees that

(15

ieU
as desired. Iterating through i € {2,...,n} guarantees (3.77) holds for 2 <i <mn.

z(E\U) > ,forallU C{i,...,n},ieU (3.77)

Remark 8. In the feasibility check routine (Algorithm 3.A.3), we must be able to evaluate
fi(E). The reader can verify that putting f(E) = 0 preserves submodularity.

Now, in order for the feasibility check to return true, we must have

min {/1(V)} = wmin {f(U)} (3.78)
=, auin {M - DU Bi| — U)} (3.79)
> 0, (3.80)
implying that
2(E\U) > |(Bi|, forall U C E,1 € U. (3.81)
€U

Combining (3.77) and (3.81) and noting that z(E) = M proves that x is indeed feasible.

Moreover, z is integral as desired.
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3.A.4 Optimality of a Returned x

In this section, we prove that if Algorithm 3.A.1 returns a feasible x, then it is also optimal.

First, we require two more definitions and a lemma.

Definition 23. A constraint of the form (3.72) corresponding to U is said to be tight for
U if

J(U) =M~

N

ieU

— 2(U) = 0. (3.82)

Lemma 14. If x is feasible, X,Y are crossing, and their corresponding constraints are

tight, then the constraints corresponding to X NY and X UY are also tight.

Proof. Since the constraints corresponding to X and Y are tight, we have
0=f(X)+fY)>f(XNY)+ f(XUY)>0. (3.83)

The first inequality is due to submodularity and the last inequality holds since x is feasible.

This implies the result. [

Definition 24. A family of sets L is laminar if X,Y € L implies either X NY = 0,
XCY,orY CX.

At iteration k (1 < k < n) of Algorithm 3.A.2, let Uy be the set where (3.76) achieves its
minimum. Note that k € U, C {k,...,n}. By construction, the constraint corresponding
to Uy is tight. Also, the constraint z(E) = M is tight. From the U’s and E we can
construct a laminar family as follows: if U; N Uy # 0 for j < k, then replace U; with
Uj < Up UU;. By Lemma 14, the constraints corresponding to the sets in the newly
constructed laminar family are tight. Call this family £. For each ¢ € E, there is a unique
smallest set in £ containing i. Denote this set L,. Since k € Uy, C {k,...,n}, L; # L; for
© # j. Note that Ly = E and L; C L; only if j < 1.

For each L; € L there is a unique smallest set L; such that L; C L;. We call L; the

least upper bound on L;.
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Now, consider the dual linear program to (3.68):

maximize — Z Ty (M — ﬂ B;

UeF €U
subject to: Z v+ 7T +w;, =0, for1 <i<n (3.85)
UeFieU
my > 0 for U € F, and 7 free. (3.86)

For each L; € L, let the corresponding dual variable 77, = w; —w;, where L, is the least
upper bound on L;. By construction, w7, > 0 since it was assumed that wy; > -+ > w,.

Finally, let 7p = —w; and 7y = 0 for U ¢ L.

Now, observe that:

Y mtmptw=0 (3.87)
UeF:ieU

as desired for each ¢. Thus, 7 is dual feasible. Finally, note that 7y > 0 only if U € L.
However, the primal constraints corresponding to the sets in £ are tight. Thus, (x, )
form a primal-dual feasible pair satisfying complementary slackness conditions, and are

therefore optimal.

3.A.5 No Returned r = Infeasibility

Finally, we prove that if the feasibility check returns false, then ILP (3.68) is infeasible.

Note by construction that the vector z passed to the feasibility check satisfies

ns

icU

M — —x(U) > 0 for all nonempty U C {2,...,n}, (3.88)

and z(E) = M. Again, let Uy be the set where (3.76) achieves its minimum and let £ be
the laminar family generated by these Uy’s and E exactly as before. Again, the constraints
corresponding to the sets in £ are tight (this can be verified in a manner identical to the

proof of Lemma 14). Now, since x failed the feasibilty check, there exists some exceptional
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set T with 1 € T for which

M—[jBi

€T

Generate a set Ly as follows: Initialize Ly < T. For each L; € £L,L; # E, if Ly N L; # 0,

— 2(T) < 0. (3.89)

update Ly < Ly U L;. Now, we can add Ly to family £ while preserving the laminar

property. We pause to make two observations:

1. By an argument similar to the proof of Lemma 14, we have that

Ns

i€l

M — — 2(Ly) < 0.

2. The sets in £ whose least upper bound is F form a partition of . We note that Ly

is a nonempty class of this partition. Call this partition P,.

Again consider the dual constraints, however, let w; = 0 (this does not affect feasibility).
For each L € P, define the associated dual variable 7, = «, and let 7 = —a. All other
dual variables are set to zero. It is easy to check that this 7 is dual feasible. Now, the dual
objective function becomes:

- ((M— M B:

UeF icU

Ns

1€L

—z(L) + x(L)) +aM

)—wﬂ%z—a§:<M—

LeP,

(3.90)

= — (M— ﬂ Bi —l"(LT)) _O‘QJ(E) —l—OzM

(3.91)
= —« (M — ﬂ B;| — :L”(LT)> (3.92)
— +00 as a — 00. (3.93)

Thus, the dual is unbounded and therefore the primal problem must be infeasible.

As an immediate corollary we obtain the following:
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Corollary 4. The optimal values of the ILP:

min {x(E) cx(U) > }ﬂieE\UBi| Ue F,x; € Z}
and the corresponding LP relaxation:

min {z(E) : 2(U) > |NiepwBi| U € F,z; € R}

differ by less than 1.

Proof. Algorithm 3.A.1 is guaranteed to return an optimal z if the intersection of the
polytope and the hyperplane x(FE) = M is nonempty. Thus, if M* is the minimum such
M, then the optimal value of the LP must be greater than M* — 1. O]

3.A.6 Solving the General ILP

Finally, we remark on how to solve the general case of the ILP without the equality

constraint given in (3.65). First, we state a simple convexity result.

Lemma 15. Let pf (M) denote the optimal value of ILP (3.68) when the equality constraint
is x(E) = M. We claim that pl(M) is a convex function of M.

Proof. Let M, and M, be integers and let 6 € [0, 1] be such that My = 6 M;+(1—0)Ms is an
integer. Let () and be 2(?) optimal vectors that attain p%(M;) and p’ (My) respectively.
Let 29 = 2™ 4 (1 — 0)2®). By convexity, 2() is feasible, though not necessarily integer.
However, by the results from above, optimality is always attained by an integral vector.

Thus, it follows that:
Opr (My) + (1 — 0)p;, (M) = w2z + (1-— Q)wa(Q) = wlz@ > P (Mpy). (3.94)

]
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Noting that pf (M) is convex in M, we can perform bisection on M to solve the ILP
in the general case. For our purposes, it suffices to have relatively loose upper and lower
bounds on M since the complexity only grows logarithmically in the difference. A simple

lower bound on M is given by M > max; |B;|.

3.A.7 Complexity

Our aim here is not to give a detailed complexity analysis of our algorithm. This is due to
the fact that the complexity is dominated by the the SFM over the set E in Algorithm 3.A.3.
Therefore, the complexity of Algorithm 3.A.1 is essentially the same as the complexity of
the SFM solver employed.

However, we have performed a series of numerical experiments to demonstrate that
Algorithm 3.A.1 performs quite well in practice. In our implementation, we ran the
Fujishige-Wolfe (FW) algorithm for SFM [FHI06] based largely on a Matlab routine by A.
Krause [KS10]. While the FW algorithm has not been proven to run in polynomial time,
it has been shown to work quite well in practice [FHIO6] (similar to the Simplex algorithm
for solving Linear Programs). Whether or not FW has worst-case polynomial complex-
ity is an open problem to date. We remark that there are several SFM algorithms that
run in strongly polynomial time which could be used if a particular application requires

polynomially bounded worst-case complexity [McCO05].

In our series of experiments, we chose B; C F randomly, where |F| = 50. We let n = |E)|
range from 10 to 190 in increments of 10. For each value of n, we ran 10 experiments. The
average computation time is shown in Figure 3.6, with error bars indicating one standard
deviation. We consistently observed that the computations run in approximately O(n!%)
time. Due to the iterative nature of the SFM algorithm, we anticipate that the computation
time could be significantly reduced by implementing the algorithm in C/C++ instead of

Matlab. However, the O(n'®) trend should remain the same. Regardless, we are able

to solve the ILP problems under consideration with an astonishing 2'*° constraints in
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approximately one minute.
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Figure 3.6: Experimental results. For the red dotted line, the multiplicative constant «

and exponent 3 were chosen to minimize the MSE Y7 | |log(an®) — log(,)|?, where 1,

is the sample mean of the computation times for |E| = n.
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CHAPTER 4

Three Interesting Lemmas

4.1 Introduction

I have always admired results that can be simply stated and appreciated, regardless of
their potential applications. In this chapter, I have compiled three such results which I've
developed over the course of my research. For one reason or another, I find each of the
lemmas presented herein interesting. Therefore, I feel they merit their own chapter instead

of being relegated to an appendix, hidden amongst the gritty details of this dissertation.

Fitting with the common theme, each of the results presented in this chapter has an
application to multiterminal information theory. Indeed, the first two results are crucial
tools employed in Chapters 2 and 3. The final result of this chapter does not appear
elsewhere in this dissertation. However, it has become a favorite problem of mine and I

couldn’t resist the temptation to include it.

Each section of this chapter is self-contained and follows a common format. Specifically,
each section begins with a statement of the lemma, a brief discussion ensues, and a proof

concludes.

4.2 A Linear Programming Approximation

Lemma 16. Let A € R™"™ be a symmetric matriz with nonnegative entries and all column

sums equal to d. Let T, be the vector of minimum Euclidean norm which minimizes || Az, —
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Yll2. There exists an optimal solution x* to the linear program

minimize 17x (4.1)

subject to: Ax =y
which satisfies
27 = Zylloo < callAZy — yll2,

where ¢4 is a constant depending only on A.

4.2.1 Remarks

The lemma is trivial if the matrix A is nonsingular. However, the case where A is singular
is interesting to consider. In this case, any nonzero vector v in the nullspace of A must
satisfy 17v = 0 since 1 is an eigenvector of A corresponding to eigenvalue d. Thus, if z*
is an optimal solution to LP (4.1), then so is * 4+ v. Hence, the set of optimal solutions is
unbounded in the sense that for any B > 0, there exists an optimal solution to LP (4.1)
with entries greater than B and other entries less than —B. Thus, Lemma 16 is useful
because it always guarantees the existence of an optimal solution that is well-behaved in

the sense that it is quantifiably close to the linear least-squares solution to Az ~ y.

In my case, the motivating application was where y = 1 4+ ¢, d = 1, and the vector € is
a small perturbation (see Chapter 3 for details). In this case, it is straightforward to show

that there exists an optimal solution z* to LP (4.1) satisfying
12" = Lo < a([le]]),

where (||]|) — 0 as ||| — 0. Although this seems intuitive, if ¢ is not in the range
of A, then the previous remark demonstrates that there always exists optimal solutions
satisfying ||z* — 1|l > B for any B > 0. Thus, out of infinitely many optimal solutions

to LP (4.1), Lemma 16 allows us to choose one which is suitably well behaved.
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4.2.2 Proof

Proof of Lemma 16. To begin the proof, we make a few definitions. Let A be the absolute
value of the nonzero eigenvalue of A with smallest modulus (at least one exists since d is an
eigenvalue). Define N(A) to be the nullspace of A, and let N'-(A) denote its orthogonal

complement. Finally, let A" denote the Moore-Penrose pseudoinverse of A (see [Lau05]).

Fix z,, € R", and note that z* is an optimal solution to LP (4.1) if and only if 2* — z,

is an optimal solution to the linear program

minimize 17 (z + 7,)

subject to: A(z +z,) =y

with variable x € R”. With this in mind, put z, = ATy and define b = y — Az,.
By definition of the pseudoinverse, Z, is the vector of minimum Euclidean norm which

minimizes ||Az, — y||o. Moreover, b € N'(A).

Thus, in order to prove the lemma, it suffices to show the existence of an optimal

solution x* to the linear program

minimize 17z (4.2)

subject to: Az = b
which also satisfies the additional constraints
|z;| < callb|lz fori=1,...,n,

where ¢4 is a constant depending only on A.

Claim 1. There ezists an optimal solution x* to Linear Program (4.2) which satisfies

zF < (dN)'n|b|lee fori=1,...,n. (4.3)

The proof relies heavily on duality. The reader is directed to [BV04] or any other

standard text for details.
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To prove the claim, consider LP (4.2). By premultiplying the inequality constraint by
d='17 on both sides, we see that 172 > d='17b > —o0o. Thus, the objective is bounded
from below, which implies that strong duality holds. Thus, let Z be an optimal solution to

the dual LP of (4.2):

maximize b’z (4.4)
subject to: Az =1

z>=0

with dual variable z € R".

Next, consider the dual LP of (4.2) with the additional inequality constraints corre-

sponding to (4.3):

maximize b7z — (d\)"'n||b||l 17y (4.5)
subject to: Az =1+y
z>=0

y=0

with dual variables z € R" and y € R". Equivalently, by setting z = Z + Az and observing
that y = AAz, we can write the dual LP (4.5) as

maximize b7 7 4+ b7 Az — (d\) " 'n||bl| 1T AAZ (4.6)
subject to: AAz > 0

Z+Az >0

with dual variables Az € R™. We prove the claim by showing that the dual LPs (4.4) and
(4.6) have the same optimal value. Since strong duality holds, the corresponding primal

problems must also have the same optimal value.

Without loss of generality, we can uniquely decompose Az = Az; + Azy where Az, €

N(A) and Azy € N*(A). Since b € N(A), we have b Azy = 0 and we can rewrite (4.6)
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yet again as

maximize b7Z 4+ b7 Az — (d\) " 'n||b]|e 1T AAz, (4.7)
subject to: AAzy =0
24+ Az + Az =0 (4.8)
Az € N(A), Az, € NE(A).

By definition of A, for any unit vector u € N+(A) with ||ul[; = 1 we have ||Auljs > \.

Using this and the fact that AAz, > 0 for all feasible Azs, we have the following inequality:
1TAA22 = HAAZQHl Z HAAZQHQ 2 )\HAZQHQ
Thus, the objective (4.7) can be upper bounded as follows:

bIZ 4+ b7 Az — (dN) 'n||bl| 1T AAZy < b7 2 + b7 Az — d7'n||b]|so || A 22 ]2 (4.9)

Next, we obtain an upper bound on b Az;. To this end, observe that constraint (4.8)
implies that Z + Az; = —1||Az;||. Motivated by this, consider the following e-perturbed
LP:

minimize — b'v (4.10)
subject to: z 4+ v = —el

veN(A).

with variable v. Let p*(€) denote the optimal value of the e-perturbed problem. First
observe that p*(0) = 0. To see this, note that if Z + v = 0, then v < 0, else we would
contradict the optimality of Z since z = Z 4 v is a feasible solution to the dual LP (4.4) in

this case. Now, weak duality implies

—b"v > p*(e) > p*(0) — elTw™, (4.11)
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where w* corresponds to an optimal solution to the dual LP of the unperturbed primal LP

(4.10), given by:

maximize — 7 (Aw — b) (4.12)

subject to: Aw > b.
Hence, (4.11) implies that
b Az < || Azy||al T w* (4.13)

if Az, Azy are feasible for LP (4.7).

By definition of Z, 22 A = 17 and hence a vector w* is optimal for (4.12) if and only if

it also optimizes:

minimize 17w

subject to: Aw > b.
Combining this with (4.13), we have
V'Az < ||A22||C>Q]lTw>k < ||A22||oo]lTw

for any vector w satisfying Aw = b. Trivially, w = d!||b]|»1 satisfies this, and hence we

obtain:
b Azy < d7'n[b]|oo || A2z oo
Finally, we substitute this into (4.9) and see that

btz <02+ d 7 n||bllol|Aze ]l — A7 n][D]|o | Azl
<02+ dn||blool| Azallz — ™ nl|blool| Az |2

<bv'z

for all vectors z which are feasible for the dual LP (4.5). This completes the proof of Claim
1.
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Claim 2. There ezists an optimal solution x* to Linear Program (4.2) which satisfies
|z;| < callb|lz fori=1,...,n (4.14)
for some constant c4 depending only on A.

First note that ||b]|oc < ||b]|2 for any b € R™, hence it suffices to prove the claim for the
infinity norm. Claim 1 shows that each of the x;’s can be upper bounded by (d\)™'n||b]|«
without affecting the optimal value of LP (4.2). To see the lower bound, let a] be a row
of A with entry aj; > d/n in the i'" coordinate (at least one exists for each 4 since the
columns of A sum to d). Now, the inequality constraint Az > b combined with the upper

bound on each z; implies:
a;iti + (d — aj) A n|b]|oe > af:v > b; > —||b|co- (4.15)
Since aj; > d/n, (4.15) implies:
z; > —A"'n(n — 1)||b]|so-

Hence, we can take ¢4 = A\™'n x max{n —1,d"'}. This proves Claim 2, and, by our earlier

remarks, proves the lemma. O

4.3 Amplifying a Pointwise Convexity Constraint

Lemma 17. Let r1,75 € R be given, and suppose f1 : K — R and fo : K — R are
continuous functions defined on a compact domain K C R™. If there exists a function

h:[0,1] — K satisfying
t(fioh)(t)+ (1 —=1t)(faoh)(t) <tri+ (1 —1t)ry forallt e [0,1], (4.16)
then there exists x5, x5 € K and t* € [0, 1] for which
tfi(z]) + (L= 87) filag) <

t* fa(2]) + (1 = t7) fo(3) < 7o
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4.3.1 Remarks

At first glance, this lemma appears somewhat bizarre. Indeed, the set K need only be
compact (e.g., connectedness is not required) and h can be an arbitrarily complicated
function, as long as it satisfies (4.16). The strange nature of the lemma is echoed by
the proof in that we merely prove the existence of the desired 7, =3 and t*; no further
information is obtained. Stripped to its core, the existence of the desired z7, x5 and t*
essentially follows from the pigeon-hole principle, which manifests itself in the sequential

compactness of K.

Despite its strange nature, Lemma 17 was crucial in establishing the converse result
for the multiterminal source coding problem under logarithmic loss. Specifically, Lemma
17 demonstrates that an appropriately parametrized CEO problem can be tuned to yield
the converse result for the two-encoder source coding problem with separate distortion
constraints (see Chapter 2 for details). In this application, K was a closed subset of a
finite-dimensional probability simplex and f;, fo were conditional entropies evaluated for

probability distributions in K.

Finally, we remark that the Lemma 17 can be generalized to a certain extent. For
example, the function i need only be defined on a dense subset of [0, 1] and the set K can

be a more general sequentially compact space.

4.3.2 Proof

Proof of Lemma 17. Since f1, f» are continuous' and K is compact, there exists M < oo
such that f; and f; are bounded from above and below by M and —M, respectively.
Fix € > 0, and partition the interval [0,1] as 0 = ¢; < to < --- < t,,, = 1, such that

tjy1 —tj| < 57 For convenience define x;; := h(t;) when t; is in the partition.

! Although not required for our purposes, we can assume f; and f; are defined and continuous over all
of R™. This is a consequence of the Tietze extension theorem.
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Now, for i = 1,2 define piecewise-linear functions ¢ (t), g2(¢) on [0,1] by:

(0, if ¢; is in the partition

git) = i) ! P (4.17)
0fi(xy,) + (1 —0)fi(xy,,,) iftisin the interval (t;,%;41),

where 6 € (0,1) is chosen so that t = 6t; + (1 — 0)t;41 when ¢ is in the interval (¢;,%,41).

With ¢ (t) and go(t) defined in this manner, suppose t = 6t; + (1 — 6)t;;; for some j
and 0 € [0,1]. Then some straightforward algebra yields:

tgi(t) + (L= t)ga(t) = (0t; + (1 = O)tj1) (0f1(20,) + (1 = 0) fi(21,,))
+ (1 =0t — (1= 0)tjn) (0fa(ae,) + (1= 0) fa(zy,,))
=07 [t fi(y,) + (1= t)) folw,)]
+ (1= 0) [t file,) + (1= tip) falwe,.,)]
+0(1=0) [(1 =) falweyy,) + (1= tjua) fa(ze,)
i fi(ze) + 4 fi(@y,,)]
<07 [t ful@y,) + (1= ) falzy,)]
+(1=0)? [t fi(me,) + (1= ti) folwy,,)]
+0(1=0) [(1 = ta) fol@ey) + (1= 15) folze,)
i fi(me,) + L fr(me,,)] + €
<0 [tir + (1 — tj)r]
+ (1= 0)" [tjrars + (1= tjp1)ro]
+0(1—0)[(1 —tjp1)ra+ (L —tj)re
i+ tjar] +e
=0t; +(1—=0)tj)ri+(1—0t; — (1 —0)tji)ra+e

=tri+ (1 —t)rs +e,

where the first inequality follows since |¢; 1 —t;| is small, and the second inequality follows

from the the fact that (4.16) holds for each ¢; in the partition. Notably, this implies that

157



(91(1),92(1))

r9+€ - — — — — — — — — — oo

(91(0), g2(0))

\

Figure 4.1: A parametric plot of the function ¢ : t — (g1(¢), g2(t)). Since @(t) is continuous,
starts with g2(0) < Ds + €, ends with g1(1) < D; + ¢, and doesn’t intersect the shaded
area, ¢(t) must pass through the lower-left region.
it is impossible to have

g1(t) >r1+€ and ¢o(t) > 1o+

hold simultaneously for any ¢ € [0, 1], else we would obtain a contradiction. Also, since
we included the endpoints ¢t; = 0 and ¢,, = 1 in the partition, we have the following two

inequalities:

g1(1) <y, and go(0) < ro.

Combining these observations with the fact that g;(¢) and ¢»(¢) are continuous, there

must exist some t* € [0, 1] for which

g1(t") <ri+e€ and got") <rg+e
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simultaneously. An illustration of this is given in Figure 4.1.
Applying this result, we can find a sequence {mgn), :cé”), tM}>  satisfying

n n n ]'
1 fu(al”) + (1 =) fi(ag”) <ot

n n n 1
t fo(a) + (1=t fo(af?) <ot

for each n > 1. Since K x K x [0, 1] is sequentially compact, there exists a convergent
subsequence {n;}?2, such that (xgnj),xénj),t(”j)) — (23,25, t*) € K x K x[0,1]. The

continuity of f; and fy then apply to yield the desired result. O]

4.4 Random Line Segments in the Unit Square

Let @ = [0, 1] x [0, 1] denote the unit square and let £,, be a set of n line segments in Q.
Two line segments are said to be crossing if they intersect at any point. A subset of line

segments is called non-crossing if no two segments in the subset are crossing.

Here, we consider the scenario where the endpoints of the n line segments are randomly
distributed, independently and uniformly, in @. To this end, define N(L,) to be the size

of the largest non-crossing subset of segments:
N(L,) = Inax {|U] : ¢1, €y do not cross for all 1,0, € U},
where || denotes the number of line segments in the subset U.

Lemma 18. There exists some constant ¢ € [1/2,15] such that

N(£Ln)
\/ﬁ

Moreover, N(L,) is tightly concentrated about cy/n in the sense that |N(L,)—cy/n| > n/*

— C G.S.

with probability approaching zero as n — oo.
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4.4.1 Remarks

Unlike the other two results in this chapter, Lemma 18 is not required elsewhere in this
dissertation. However, the toy problem of counting the number of non-crossing line seg-
ments has become a favorite of mine, and as such, I could not resist the temptation to

include it here.

My motivation for this result was the following. Consider a random geometric graph
on m > 2n vertices, and assume n randomly selected pairs of vertices are selected. How
many pairs can be found for which the shortest paths connecting each vertex pair do not
intersect the shortest paths connecting any other vertex pair? It can be shown that, for m
sufficiently large, shortest paths connecting two vertices can be approximated by a straight
line. Thus, Lemma 18 can be applied to estimate the maximum number of vertex pairs
with disjoint shortest paths. The reader is directed to [HCC11] for complete details on this

application.

Regarding the proof, the lower bound N(£,) > 1/2y/n w.h.p. is a relatively standard
application of the probabilistic method (cf. [AS08]). The upper bound N(L,) < 15v/n

w.h.p. is more delicate and requires a recent result by Sharir et al. [SWO06].

Once we have these two bounds, the rest follows with relatively little effort. An applica-
tion of Talagrand’s Inequality [AS08, Section 7.7] reveals that N (L,,) is tightly concentrated
about its median m,, € [\/n/2,15y/n] in an interval of order no larger than n'/4. Further,
by applying the subadditive ergodic theorem (in a manner similar in spirit to [Durl0, Ex-
ample 7.5.2] albeit to a four-dimensional Poisson process), one can show that there exists
some constant ¢ € [1/2,15] such that

N(Ln)
vn

Hence, almost everything is known about asymptotic the behavior of N(L,), except the

— C a.s.

exact value of c¢. This is left as an open problem. This problem is similar in spirit to finding

the length of the longest increasing subsequence in a random permutation. The reader is
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referred to [Ham72, VK77, 1L.S77,BJ95] for more details.

4.4.2 Proof

Proof of Lemma 18. Given the sketch of the complete proof in the remarks above, we will
only prove here that 1/2 < N(L,)/+/n < 15 with probability tending to 1 as n — oc.
Throughout the proof, we make the distinction between left and right endpoints of line
segments. This is somewhat arbitrary, but simplifies the argument significantly. Thus, a
line segment is generated according to the following process: (Step 1) the left endpoint
is chosen uniformly from @, and (Step 2) the right endpoint is chosen independently and

uniformly from Q.

Claim 3. With probability tending to 1 as n — oo, N(L,) > /n/2.

Partition @ into y/n disjoint horizontal strips?, each having height 1/y/n and width 1.
Note that if a line segment ¢ is contained in a single strip, then it will not intersect line
segments contained in any other strip. Then N(£,) > Y, where Y is the number of strips

that contain line segments. Observe that

Pr [Line ¢ in strip j]
= Pr [{left endpoint of ¢ in strip j} A {right endpoint of ¢ in strip j}]

= Prleft endpoint of ¢ in strip j] x Pr[right endpoint of ¢ in strip j]

Where we used the fact that the probability a given point falls in a particular strip is 1/y/n
and points are chosen independently. Then, the probability that a given strip does not

contain any line segments is:

(1—-1/n)" =~ 1/e.

2The idea of partitioning @ into strips to find roughly \/n segments is originally due to Professor
Michael Neely [Neell].
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Further, note that:

Pr [{Line ¢ not in strip i} A {Line ¢ not in strip j}|
=1 — Pr[{Line ¢ in strip i} V {Line ¢ in strip j}]
=1 — (Pr[Line ¢ in strip i| + Pr[Line ¢ in strip j|)

=1-2/n.

Where we used the fact that the events {Line ¢ in strip i} and {Line ¢ in strip j} are dis-
joint. Then for any pair of strips (i,7), the probability that neither strip ¢ nor strip j

contains any line segments is
(1—2/n)" ~1/e*

Let X; be the indicator random variable taking value 1 if strip ¢ contains no line
segments and taking the value 0 otherwise. Note that EX; ~ e™!, Var(X;) ~ e (1 —e™ 1),

and
=(1-2/n)" — (1 —1/n)*
<e?—e?40(1)
=o(1).

Then, letting X = Ez/jl X; be the number of strips that don’t contain any line segments,
and noting that

Var(X) = Z Var(X;) + Z Cov(X;, X;)
i i#]

< Vit (3 (1= 1) +ow) + iy - o)
<Vn+n-o(l),
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Chebyshev’s inequality yields:
Var(X)

vn+n-o(l)

1
Pr||X —EX| > {5v/n| <100 x

< 100 x

— 0.

Therefore, with probability tending to 1,

X < (1+11—0+0(1))@§?.

Hence, Y = y/n — X > /n/2 with probability tending to 1. This proves the claim.

Claim 4. With probability tending to 1 as n — oo, N(L,) < 15y/n.

From [SWO06], there exists an absolute constant ¢ such that for any 2k points in the
plane, the number of non-crossing left-right® perfect matchings is upper-bounded by c-29*.
Consider any realization of n line segments in the plane and further consider the 2k (k
left and & right) endpoints corresponding to any subset S consisting of k line segments.
Conditioned on the locations of the left and right endpoints, every left-right perfect match-
ing of these 2k points is equally likely, and thus the probability that these k segments are
non-crossing is upper bounded by:

c- 29k
k!

Pr[S is non-crossing] <

since there are k! left-right perfect matchings on the 2k endpoints.

Stirling’s formula states

k!
lim ————— =1,
k—oo \/9r (%)

k
c-29% 29-e
<o(1)- :
k! k
3A left-right perfect matching distinguishes between left endpoints and right endpoints in edges. In
other words, an edge is only allowed to match a left endpoint to a right endpoint.

and thus

163



Recalling the crude upper bound (Z’) < (%)k, a union bound gives:

- 29
Pr[3 k non-crossing segments| < (Z) ¢ u

<o(l)- (”%)

Letting k& = 154/n, we have

29 . 62) Lovn

Pr[3 154/n non-crossing segments] < o(1) - ( 5

< o(1) - (.96)""V" = 0.

This proves the claim.
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CHAPTER 5

Conclusion

5.1 Summary of the Results

In this dissertation, we investigated both lossy and lossless source coding problems. In
the former case, we studied source coding problems where distortion is measured under
logarithmic loss. We characterized the achievable rate distortion region for the two-encoder
multiterminal source coding problem and, along the way, we also characterized the rate
distortion region for the m-encoder CEO problem (both under logarithmic loss). We gave
several applications of these results, including betting on correlated horse races, estimation
of a posterior distribution, and list decoding. In addition, we demonstrated that our results
can be applied to obtain quantitative bounds on the general multiterminal source coding

problem with arbitrary distortion measures.

We also derived a single-letter description for a fundamental entropy characterization
problem. Namely, for correlated sources encoded separately by rate-limited encoders, we
precisely characterized the amount of information that can be revealed about each source
by the encoded representations. A consequence of this result is that relatively simple

encoding functions suffice to attain any achievable information pair for given rates.

In the context of lossless coding, we studied the problem of cooperative data exchange.
Here, we gave necessary and sufficient conditions for achieving universal recovery in an ar-
bitrarily connected network. When the network has unit diameter (i.e., is fully connected),

we derived an algorithm based on submodular optimization that can efficiently compute
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an optimal transmission schedule.

When packets are randomly distributed and the network topology satisfies certain reg-
ularity conditions, we proved tight concentration results on the number of transmissions
required to achieve universal recovery. Notably, the concentration interval is independent
of the number of packets in the network. In the special case of a single-hop network, this
concentration is shown to occur at a single, computable value. We also showed in these
settings that splitting packets does not significantly reduce the number of transmissions

required to achieve universal recovery.

As an application, we related our results to the task of distributed secrecy generation
amongst a collection of nodes in the presence of an eavesdropper. Specifically, we showed
that the submodular optimization algorithm we derived can be used to compute and gen-

erate the theoretical maximum amount of secrecy among nodes in a practical manner.

Finally, we gave three technical lemmas, each of which has applications to multiterminal
information theory. We intentionally highlighted these lemmas in their own chapter, as
each appears to be interesting in its own right. Perhaps these results will enjoy additional

applications in information theory and other fields.

5.2 Future Directions

Multiterminal information theory continues to be a rich source of problems, and will con-
tinue to be so for the foreseeable future. We take this opportunity to briefly mention some

potential directions for research specifically related to this dissertation.

In the context of the multiterminal source coding problem, one immediate direction
for further work would be to extend our results to more than two encoders. Indeed, we
have shown for the CEO problem that our results can be extended to an arbitrary number
of encoders. However, generalizing the results for the two-encoder source coding problem

with separate distortion constraints on each source poses a formidable challenge. In fact,
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any extension of our converse alone would not be sufficient since this would imply that the
Berger-Tung inner bound is tight for more than two encoders. This is known to be false
(even under logarithmic loss) since the Berger-Tung achievability scheme is not optimal

for the lossless modulo-sum problem studied by Koérner and Marton in [KM79].

For the cooperative data exchange problem, it seems plausible that an efficient al-
gorithm can be found for computing optimal transmission schedules in other settings of
interest. For example, in the case of regular networks or trees with deterministic packet
distributions. On the other hand, we have seen that minimizing the number of transmis-
sions required to permit universal recovery problem is NP-hard in general. Therefore, an
interesting first step would be to try to find an example demonstrating that this problem

is NP-hard for regular networks.
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