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Abstract—This work considers an information-theoretic
characterization of the set of achievable rates, costs, and
distortions in a broad class of distributed communication and
function computation scenarios with general continuous-valued
sources and channels. A framework is presented which involves
fine discretization of the source and channel variables followed
by communication over the resulting discretized network.
In order to evaluate the resulting achievable regions, convergence
results for information measures are provided under the
proposed discretization process. Prior works have considered
such convergence results for mutual information quantities
written in terms of univariate functions of random variables,
and sums of independent random variables. These convergence
results have been used to derive achievable regions in point-
to-point communication scenarios and specific multiterminal
scenarios with continuous alphabets. However, the best-known
achievability results for distributed communication and function
computation scenarios, which are based on structured coding
strategies, involve mutual information quantities written in
terms of bivariate functions of random variables, e.g., sum of
two (not necessarily independent) random variables. A main
contribution of this work is to show the convergence of mutual
information quantities written in terms of sums of quantized
random variables. This is an essential step in evaluating
the achievable regions in continuous distributed computation
scenarios by generalizing the structured coding strategies which
have been previously used to derive the best-known achievable
regions in discrete networks. The framework is used to provide
achievability results for the problems of function computation
over multiple-access channels, distributed source coding, function
reconstruction (two-help-one), and multiple-descriptions source
coding. In each scenario, discrete structured coding strategies
along with the aforementioned convergence results are used
to derive inner bounds to set of achievable rates, costs,
and distortions. Furthermore, structured coding strategies
are considered for distributed function computation scenarios
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involving computation of non-additive functions. The techniques
are used to study an example where the objective is to compute
the product of channel inputs over a multiple access channel,
and an inner bound to the achievable rate region is evaluated.
It is shown that, in contrast to many well-studied scenarios in
multiterminal information theory, Gaussian input distribution is
outperformed by the uniform input distribution.

Index Terms— Data communication, information theory, rate
distortion theory, channel capacity, channel coding, source
coding.

I. INTRODUCTION

VER the past several decades, information theory has

provided a framework for the study of the fundamental
limits of communication — such as achievable rates, costs,
and distortions — and the design of source and channel
coding strategies in a wide range of communication scenarios,
particularly over discrete source and channel networks. Many
of the achievability results rely on the concept of strong
typicality, which is based on the frequency of occurrence
of symbols in sequences of discrete random variables [1].
The notion of strong typicality does not extend naturally
to sequences of continuous variables, and hence cannot be
used in studying continuous source and channel networks. To
address this, Wyner [2] proposed a method for the study of
the point-to-point (PtP) source coding with side-information.
Wyner’s method involves fine quantization of the source,
the side-information, and the auxiliary variables to create
a finite-alphabet problem, and then using the achievability
results for the finite-alphabet problem to derive performance
limits for the original problem using convergence properties
of mutual information. In particular, this approach relies
on two important techniques to guarantee convergence of
the associated mutual information terms: the data processing
inequality, and lower semi-continuity of mutual information as
a function of probability distributions [3]. This approach has
been proven to achieve the performance limits in the context of
random unstructured code ensembles in point-to-point source
coding and channel coding problems.

Our primary objective in this work is to characterize inner
bounds to the set of achievable rates, costs, and distortions in
multiterminal communication scenarios involving distributed
communication and function computation in continuous
networks. In contrast to point-to-point communications, in
multi-terminal communication settings such as the broadcast
channel [4], interference channel [5], variations of the MAC
channel [6], [7], distributed source coding problem [8], and
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multiple descriptions source coding problem [9], it has been
observed that the application of random structured coding
ensembles — such as random linear coding ensembles —
yields improved achievability results over random unstructured
code ensembles in the discrete alphabet settings. In fact, it has
been shown that in specific multiterminal communication
scenarios, any optimality achieving sequence of codes muse
be asymptotically algebraically closed (e.g., [10, Lemma
1]). Loosely speaking, the reason is that in these multiuser
communication scenarios, in order to derive the best-known
achievability results, in the discrete case, one needs to
incorporate bivariate function computation at certain terminals
of the system, which is facilitated by using structured codes
which are algebraically closed under the bivariate operation,
as opposed to random unstructured codes which do not
possess such closure properties [6], [11], [12], [13], [14],
[15], [16]. In these characterizations of performance limits,
the mutual information quantities involve bivariate functions
of random variables. For example, I(X; @ X»;Y) appears
in the rate expressions in the problem of computation over
MAC, where X; and X5 are the channel inputs and Y is
the channel output, and & refers to the addition operation of
a finite field [13]. Convergence of such mutual information
quantities is not guaranteed under the fine quantization of the
variables using techniques of [2]. Specifically, these techniques
rely on lower semi-continuity of mutual information and
the data processing inequality to ensure convergence of
mutual information quantities as the quantization step becomes
asymptotically small, however, the data processing inequality
does not guarantee that I(X; & Xo;Y) < I(X1 @ X2;Y),
where X1, X5,Y are the discretized versions of X, Xs,Y,
respectively. In this work, we develop a new discretization
framework and provide a performance analysis to derive
such convergence guarantees. We use the framework to
derive achievability results for distributed communication and
function computation problems with continuous alphabets
via discretization followed by discrete structured coding
schemes. It should be pointed out that we do not introduce
new structured coding strategies, rather, we apply previously
developed structured coding techniques to the discretized
network, and use the aforementioned convergence results to
derive inner bounds to the achievable region. The preliminary
results of this framework appeared in [16] and [17]. In a
related work, this idea of discretizing the continuous random
variables, and then applying discrete coding strategies has
been recently used in the study of the compute-and-forward
communication scenario [18].

The proposed discretization method in this work builds upon
Wyner’s fine quantization technique [2] and our preliminary
work in [16] along with structured coding techniques for
discrete alphabets. To elaborate, our approach involves taking
a collection of jointly continuous random variables with
some Markov chain constraints — enforced by the physical
separation of distributed terminals — and performing three
operations: (a) clipping to produce bounded random variables,
(b) smoothing to produce random variables with continuous
probability density functions (PDFs), and (c) quantization
to produce finite alphabet random variables. Then, we use
the structured coding frameworks, specifically linear codes,

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 70, NO. 3, MARCH 2024

for discrete alphabets developed in the literature to derive
achievable regions written in terms of mutual-information of
discretized random variables and their sums, where the sum
is with respect to some finite field. We show convergence of
mutual information quantities involving random variables and
their sums, as the quantization becomes fine and the clipping
interval becomes large, to their continuous counterparts, where
the sum is with real addition. We further extend this result
to general bivariate functions such as products of pairs of
variables using a novel embedding concept. In order to be
able to apply the discrete coding strategies, one needs to
ensure that the discretized random variables satisfy the Markov
chains which capture the constraints on collaboration among
the various terminals of the given communication problems.
To address this, we preform the three discretization operations
such that the resulting discretized random variables satisfy the
Markov chains which are satisfied by the original continuous
variables (Section III).

There are two main challenges in proving the
above-mentioned convergence results for information
quantities. The first challenge is the presence of Markov chains
which need to be preserved throughout the discretization
process. To explain further, let us focus on the Berger
distributed source coding strategy [19]. Consider a distributed
memoryless source (X,Y) with underlying joint distribution
Pxy. Let U and V be the single-letter random variables
corresponding to the quantization of X and Y, respectively,
in the Berger-Tung coding strategy. Recall that the random
variables must satisfy the Markov chain U-X-Y — V
among the source variables X,Y and the auxiliary variables
U, V. If the Markov chain is not satisfied, one cannot use the
Markov lemma to ensure joint typicality of the compressed
sequences U™ and V™ in the distributed terminals, which
is an essential step in deriving the Berger achievable region
in the discrete alphabet setting [19]. However, one can
see that if the random variables are quantized individually,
then the quantized random variables do not satisfy the
long Markov chain in general (see Example 1). To address
this, we use a novel randomized clipping and discretization
operations for the random variables in the middle of the
chain, i.e., X and Y. The procedure clips and discretizes
the random variables using locally generated independent
noise variables with a carefully constructed distribution.
This is detailed in Section III. The second challenge is to
prove convergence of information quantities involving linear
combinations of random variables under the three Markov-
chain-preserving operations. We develop an analytical
technique to bound mutual information under the clipping
operation by iterative decomposition of the mutual information
and entropy-power inequality (see Appendix C). Additionally,
we develop analytical techniques to prove convergence
under discretization by uncovering new connections between
information quantities and variational distance (see Lemma 6).
Furthermore, we build upon a technique developed in [20]
for bounded and independent random variables, where
convergence of entropies of sums of independent quantized
random variables to that of quantized sum was addressed.
In the present case, the random variables are not independent,
and must maintain the given Markov structure throughout the
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discretization process. This requires new methods for proving
convergence of information measures under discretization.
The contributions of this work are summarized as follows:

« We prove convergence of mutual information terms involv-
ing linear combinations of (not necessarily independent)
random variables, under a discretization scheme involving
clipping, smoothing, and fine quantization that preserves
the underlying Markov chain constraints among the random
variables. The previous known convergence results for
mutual information terms involve univariate functions [2]
and sums of independent random variables [20]. These
convergence results are crucial in generalizing the previously
known structured coding techniques developed for discrete
networks and applying them to continuous networks
to characterize the fundamental performance limits in
multiterminal communication scenarios. (Theorem 1 and
Theorem 2).

e We apply this discretization framework to derive
inner bounds on the performance limits for general
continuous-valued sources and channels in multi-terminal
communication scenarios including computation over MAC,
distributed source coding, lossy two-help-one problem,
and multiple descriptions (MD) source coding, expressed
in terms of single-letter information quantities. The
achievability results are derived by applying the proposed
discretization technique along with previously known
discrete structured coding strategies. That is, structured
coding strategies are applied on the discretized channel and
source variables (Theorems 3-7).

e We provide an embedding technique for evaluating the
achievable regions in multiterminal communication scenar-
ios involving general bivariate functions such as product
of pairs of random variables. We provide an example
of computing such a function over an additive MAC
with Gaussian noise, and derive an inner bound to the
achievable rate region. We observe that in this scenario the
uniform input distribution outperforms the Gaussian input
distribution. (Section IV)

Other Related Work: Other than the aforementioned fine
quantization techniques, a second class of techniques which
has been considered for linear quadratic Gaussian (LQG)
sources and channels is to use subtractive dithered lattice
codes [21], [22]. The drawback of these lattice codes is that
(a) they are very specific to the LQG nature of the problem,
and hence are not amenable to extensions to non-Gaussian
and nonlinear problems, and (b) they are based on the PtP
communication perspective, and hence their applications to
the multiterminal problems such as distributed source coding
and multiple description source coding require a reduction
of the latter problems to a sequence of PtP problems [22],
[23], [24], [25]. However, it might be challenging to find
such reductions for many problems, for example, the multiple
description source coding with Gaussian sources and with
linear distortion criterion studied in this work (see Section VI).
A third approach which has been taken to study PtP
source coding, PtP channel coding, and communication over
MAC, derives performance limits using weak typicality [26]
instead of strong typicality. Weak typicality is based on
the empirical entropy of sequences of random variables,
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and is defined for both discrete and continuous variables.
However, the weak typicality is not applicable in many
multiterminal communication problems such as distributed
source coding, and communication over broadcast channels,
since for instance, the Markov lemma [27] (a crucial step in the
derivation of achievable regions) is not valid for weakly typical
sequences. In [28], an alternative approach was proposed
by defining weak-* typicality which extends the notion of
weak typicality using bounded functions. The Markov lemma
has been shown to hold for weak-* typical sequences. The
results were applied to source compression in the presence of
side-information. The derivations in [2] and [28] are based
on unstructured random code ensembles. The applications
of this approach to multiterminal communication problems
involving function computation, which require structured
coding ensembles to achieve optimality, have not been studied.

The rest of the paper is organized as follows: Section II
provides the preliminaries needed for the rest of the paper.
Section III develops the first set of main results which form
the framework for the analysis of the achievability results in
the sequel. Section IV studies the problem of computation over
MAC. In Section V, we consider the distributed compression
of continuous sources and derive bounds on the fundamental
limits of communication in the lossy two-help-one problem.
Finally, Section VI considers the multiple descriptions source
coding problem. Section VII concludes the paper.

Notation: We represent random variables by capital letters
such as X, U and their realizations by small letters such as
x,u. Sets are denoted by sans-serif letters such as X, U. The
set of natural numbers, and the real numbers are represented
by N, and R respectively. Collections of sets are denoted
by calligraphic letters such as A',{{. The Borel sigma-field
is denoted by B. For n € N, we denote the sigma-field
generated by B"™ as o(B™). The random variable 1g is
the indicator function of the event E. The set of numbers
{1,2,---,m}, m € N is denoted by [m] for brevity. For
a given n € N, the n-length vector (z1,x2,...,2,) is
written as x". The function h(-) denotes the differential
entropy. For the set A C R”, we write cl/(A) to denote
the convex closure. For a pair of distributions Px and Qx
defined on alphabet X, the variational distance is denoted by

TV(Px,Qx) : = 5 Y pex [Px(2) = Qx ()],

II. PRELIMINARIES
A. Source and Channel Models

We consider continuous memoryless source and channel
networks with real-valued inputs and outputs, and without
feedback. Such channel networks (source networks) are
completely characterized by their associated channel transition
probability (source distribution) and input cost functions
(output distortion functions). In this paper, we consider the
following formulation of the transition probability function.

Definition 1 (Transition Probability): A transition proba-
bility is a function P : R x B — R such that:

e For each z € R, P(:|z) : A — P(A|z) is a probability

measure on (R, B).

o For each A € B, P(A|-) : « — P(A|z) is a measurable

function.
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Definition 2 (Memoryless Channel Without Feedback): A
channel is characterized by i) a transition probability Py |x :
R x B — R, and ii) a continuous cost function & : R — RT,
where X and Y are the channel input and output, respectively.

Remark 1: As noted in Definition 2, we assume that the
cost function is continuous. This smoothness condition implies
that x(x) is bounded for all z € R.

We assume that the channel is memoryless and used without
feedback, i.e. the joint probability measure on (R™, o(B™)) is
given by the unique extension of the product measure

") = HPY\X(AJ%% :

i=1

PY;eAien)|X"=x

for all Ay, As,--- A, € B given z" is transmitted over the
channel by using the channel n times.

Definition 3 (Joint Channel Probability Measure): For a
channel (Py|x,x), and given probability measure Px on
(R, B), the joint probability measure Pyy on (R?,o(B?)) is

the unique extension of the measure on product sets

Py (A x B) = /APX(dx)PwX(Bkc)

_ /A Py (dx) /B Py ix (dylo),

We also consider PtP and multiuser source coding scenarios.
An information source is characterized by its associated
probability measure and distortion function as described
below.

Definition 4 (Memoryless Source): A source is character-
ized by i) a probability measure Py : B — R, and ii) a
jointly continuous distortion! function d : R x R — R¥.

Remark 2: As noted in Definition 4, we assume that the
distortion function is a jointly continuous. This smoothness
condition implies that d(z, £) is finite for all z, % € R.

A,B € B.

B. Structured Coding Ensembles

In various multi-terminal communication settings with
discrete alphabets, it has been observed that the application
of random structured coding ensembles — such as random
linear coding ensembles — yields improved achievability
results over random unstructured code ensembles in the
discrete alphabet settings [4], [S], [6], [7], [8], [9]. In the
next sections, we provide a discretization framework which
allows us to discretize continuous networks and use structured
coding techniques developed for these discrete networks, along
with convergence results for the mutual information terms,
to characterize inner-bounds to the achievable regions. In this
section, we briefly define structured coding ensembles. A more
complete description can be found at [13].

Definition 5 (Structured Code): For a given alphabet X,
a code of length n is a subset C of X™. A code is said
to be structured if C is closed under a bivariate function
g: X x X — X applied symbol-wise, i.e., for all 2", y" € C,
we have ¢"(z™,y™) € C. A code which is not structured is
called unstructured.

IR+ denotes the set of non-negative real numbers.
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For example, let X = {0,1}, and g(x1,z2) = 1 @2 x4, for
all x1, x5 € X, where @2 denotes addition modulo-2. Then a
code that is closed under g is called a binary linear code.

Definition 6 (Code Ensemble): A code ensemble is a col-
lection of K codes C = {Cy,...,Cxk} defined on the same
alphabet along with a probability distribution P on the set
{1,2,...,K}. A structured code ensemble is one where all
codes in the ensemble are structured with respect to the shared
bivariate function.

III. FRAMEWORK FOR CONTINUOUS TO DISCRETE
SOURCE AND CHANNEL TRANSFORMATION

This section introduces the components of a discretization
framework which is considered in subsequent sections to study
communication over continuous sources and channel networks.
We prove convergence of mutual information of sums of
discretized random variables to that of their continuous
counterparts. Theorems 1 and 2 are the main results of this
section.

As mentioned in the introduction, many multiterminal
communication problems require the use of structured code
ensembles to achieve the optimal rate region. The use
of generic quantization and clipping functions does not
guarantee convergence of the resulting mutual information
terms involving sums of random variables which characterize
the achievable region of the discretized problem. We consider
jointly continuous random variables X,Y,U and V, with
a joint PDF fxvy fu|xfv|y, so that the variables satisfy
the Markov chain U—X-Y — V, where fyx denote the
conditional PDF of U given X. Furthermore, we consider
a jointly continuous distortion function d : R?> — Rt and
continuous reconstruction function g : R?> — R. This is a
very generic scenario, and the results derived in this section
are applied in multiterminal communication scenarios such
as computation over MAC (Section IV), distributed source
coding (Section V), and multiple descriptions source coding
(Section VI) to derive achievable regions. We denote the joint
probability measure as Pxypy. Considering applications in
distributed source coding, we refer to (X,Y’) as the source
variables, and (U, V') the auxiliary variables.

In order to preserve the Markov chain U-X-Y — V,
we discretize the variables in two steps. In Section III-A,
we quantize the auxiliary variables U and V_to U and V
respectively. We note that the Markov chain U-X-Y -V
holds since U and V are individual transformations of U and
V', respectively. In the next step, in Section III-B, we discretize
the source variables X and Y to X and Y, respectively.
We note that the Markov chain U — X — Y — V may not
necessarily hold if the source variables are simply discretized
without modifying the auxiliary variables. To illustrate this
issue more clearly, we provide the following example:

Example 1: Let X be uniformly distributed over the
interval [—1/2,1/2] and Y = X. Let U = 2X and V = 2Y.
Note that the Markov chain U—X—Y — V holds. Consider a
naive quantization of all variables with grid-size one, centered
at zero. Then, X and Y, the quantized versions of X and
Y, are equal to 0, whereas U and V are non-trivial ternary
variables which are equal to each other with probability one.
So, U — X — Y — V does not hold.

Authorized licensed use limited to: FLORIDA INTERNATIONAL UNIVERSITY. Downloaded on July 20,2024 at 18:07:23 UTC from IEEE Xplore. Restrictions apply.



SHIRANI AND PRADHAN: STRUCTURED CODING FRAMEWORK FOR COMMUNICATION AND COMPUTATION

To address this, we produce new variables U and V,
such that the marginal distribution of (X, U) and (Y,V) is
preserved, and the Markov chain U — X —Y =V is satisfied.
In subsequent sections, we use discrete structured coding
techniques of [8] for source variables (X Y) and auxiliary
variables (U, V) to derive new inner-bound to the achievable
regions of several multi-terminal communication problems.
As the discretrization becomes more fine, the latter distribution
approaches (i.e., convergence in variational distance as shown
in the proof of Theorem 2) the original joint distribution of
the continuous variables.

A. Discretization of Auxiliary Random Variables

Our objective is to provide characterizations of achievable
rate-distortion functions for source coding and achievable
rate-cost functions for channel coding by first clipping,
smoothing, and then quantizing the associated random
variables. We refer to this entire process as discretization.
Generic quantization and clipping operations have been used
in prior literature (e.g., [29]). We modify these operations in
the sequel to develop Markov-chain-preserving discretization
procedures. Some of the prior convergence results available
in the literature that are used in this work are included in
Appendix A for ease of reference. The (generic) quantization
operation is defined below.

Definition 7 (Quantization Function): Let n € N.
quantization function @,, : R — 27"Z is defined as

The

Qn(s) =arg min |s —al, s eR.
a€2— "7
Fix ¢,¢',e > 0, and n € N. We define the clipped variables
Uy, Vy as follows:

. {U fUe[-60 -, {v if Ve [-, 0
U= 140 =

Vo = :

V' Otherwise
where U’, V' are independent of each other and U,V, and
are generated according to fy/ () : = fujwe—eq(-), and
fvi(:) i = fvive[—e e (-), respectively. Note that the clipping
operation described above yields a continuous random variable
as opposed to the generic clipping operation. We take £, ¢
sufficiently large. In general, a continuous random variable U
may not have a continuous PDF. In such scenarios, a useful
technique is to ‘smoothen’ the variable using additive noise.
Remark 3: In this work, we assume that for any continuous
random variable X, the PDF approaches infinity in a finite
number of points, and that the set of points of discontinuity
has (Lebesgue) measure zero. Furthermore, we assume that

the continuous random variables have finite variances.
We define the smoothed random variables Uz . W/ <, Where

Otherwise

Uf,e L= UZ+NZ,67 ‘/E’,e L= Ve +Né’,ea

n € (—¢,¢€),
I | (n')=—, @ €(—¢0),

and the variables N[ ¢ and N@, are mutually independent
of each other, and of X,Y,V,U, U, and Vjs. This smoothing
operation ensures that the variables have a continuous PDF
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which is required in our analysis. Next, we consider quantizing
Uf,e and ‘/Z’, to Ué,e,n - Qn(UE e) and Wen - Qn(%’, )
respectively. Note that by construction the Markov chain
Ugen—X—=Y — Vi ., holds. We have the following theorem
which shows the convergence of information measures under
the above discretization operation. In proving the theorem,
we first develop three important lemmas regarding the
convergence of cost and distortion functions and smoothing
of random variables which are provided in Appendix B.
Theorem 1: For any £ > 0 and all sufficiently large
n, £, ¢ > 0, and sufficiently small € > 0, the following hold:

‘I( nle+Vn2’eyUnie)*I(U+V7U)|Sga (1)
|I( née"i'Vné’eaVnZ’ ) I(U+V,V)|Sf (2)

Proof: For the complete proof please see Appendix C.
We provide an outline of the proof steps and techniques in the
following. In the first step, we consider randomized clipping
and show that for any ¢ > 0, and all sufficiently large ¢, ¢,
we have:

\I(Ug + Ve Up) — I(U + V5 U)| < ¢, 3)
[[(Us + Ve; Vo) — LU + V; V)| < C. 4)

Note that one cannot directly apply the data processing
inequality to show Equations (3) and (4) since U, + Vj is
not a processed version of U + V. As an intermediate step,
we show that

I(f]g;ﬁeJr‘N/e’) SI(U;U+‘~/Z/)+2771 + 71,
where 7y — 0 as £,¢' — oo,

Y=
P(Aye=0,Byy =0)I(U";U" 4+ V'|Ay,=0,Byy = 0)
+ P(Aye =0, By = DI{U U +V[Ay,e = 0, By = 1),

and we have defined Ay, as the indicator of U € [/, /]
and By as the indicator of V' € [—¢',¢']. Next, we bound
from above the term 7; by applying the law of total variance
and using the fact that U + V has finite variance,> and show
that 3 — 0 as ¢,¢' — oo. Finally, we show the desired
result by applying the entropy-power inequality and the law
of total variance. In the second step, we consider smoothing
of the random variables and show that for all v > 0, and all
sufficiently small € > 0 we have:

[(Uee + Ve i Use) = 1T+ Vs Uo) <7 (9)
H(Upe + Vere; Vire) = I(Ue + Virs Ve )| < 7. (6)
The proof uses the lower semi-continuity [30] of information
and a new lemma about convergence of mutual information
for additive channels with peak power constraint approaching
zero (see Lemma 5 given in Appendix B). In the next step,

we consider quantization and show that for any v > 0, and all
sufficiently large n € N, the following hold:

‘I(ﬁé,e,n + ‘/}(’,e,n; ﬁ[,e,n) - I(fjé,e + ‘76’,5; fj@,e” <y
|I(U€,e,n + W’,e,n; W’,e,n) - I(Ué,e + ‘/K’,e; ‘/Z/,e)| < - (8)

*Note that this follows from the fact that Var(U + V) <
4max(Var(U),Var(V)) and the assumptions made in Remark 3.
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The proof of this result is involved and relies on the fact that
fﬁg.g,% . is continuous over a compact support, and hence is
uniformly continuous, which is ensured by the aforementioned
clipping and smoothing operations. We refer the reader to
Step 3 in Appendix C. O

B. Discretization of the Source Variables

In the following, we describe the procedure for discretizing
the source variables while ensuring that the long Markov chain
holds. Let ¢,/ > 0, and Z and W be two independent
random variables that are independent of the source (X,Y)
such that Z € [—¢, ¢] with probability one, W € [—¢', '] with
probability one, and the distribution Pz Py is given by

Py(AN[-£,10) Py(BN[-€,0))
P A = = P B =,
“N="pen 0 TR
for all events A and B in Borel sigma algebra. The PDFs of

the variables Z and W are the truncated versions of that of X
and Y, respectively. Define the clipped source variables as:

~ X ifXel-£4/¢
X = { .[ } )
Z  otherwise
and
_ : _pr ot
7, = Y 1fY€.[ o] (10)
W otherwise.

Furthermore, let n € N, and define the quantized and clipped
source variables X,, ¢ : = Q,(X), and Y;, o : = Qp(Yy).

Theorem 2: Consider a quadruple of random variables
(X,Y,U,V), where i) (X,Y) are jointly continuous with joint
PDF fx y, and ii) U,V are discrete random variables defined
on finite sets U and V, respectively, and iii) the long Markov
chain U—X—-Y — V holds. Then, for any £ > 0 for all
sufficiently large n, ¢, ¢’ > 0, there exist random variables
Un’g and Vn,g/ defined on U x V such that the long Markov
chain U",g — )?n,g — }/;mg/ — Vn’g/ holds, and the following
conditions are satisfied

|I(ﬁn,€ ""Vn,@';Un,Z) - I(U + V; U)| < 57
L(Une +Vie; Vo) = I(U + V5 V)| < €

(1)
12)

Proof: The complete proof is given in Appendix D.
We give a brief outline of the proof here. Given the
quadruple (X,Y,U,V), we use the discretization process
described above to generate (X, ¢,Y,,) from (X,Y) in
a distributed way. Then, we generate the random variables
(Xn’g,Ynyg,Un,l,vnyg) satisfying the long Markov Chain
Un,[ — )?mf — i}mg/ — Vmg/ such that

A TV (P 5, 00, o Provov) =0
This relies on a new Pinsker-type inequality relating the mutual
information with the variational distance under Markov chain
constraints shown in Appendix B (see Lemma 6). Since the
random variables U, V' have finite alphabets, one can use the
continuity of mutual information for finite-alphabet random
variables to complete the proof of the theorem. (]
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Corollary 1: Given a triple of random variables (Y, U, V),
for any & > 0, for all sufficiently large n,n’, ¢, ¢, ¢ > 0, and
all sufficiently small €, the following condition is satisfied

|I(ﬁn,€7e + ?n,ﬂ’,e; }/}n’,ﬁ"; ﬁnl,e) - I(U + V, Y7 U)| S 5?
(13)

where ?n/’gu = Qn/(f/gu), and Yy is defined as in (10).
Proof: First, we apply clipping and quantization of the

random variable Y. Then by the data processing inequality

and the lower semi-continuity of mutual information, we have

(U + VYo 03 U) = LU + V,Y;U)| <€,
for all sufficiently large n’ and ¢”. Next we note that
HU 4V, Y o U) = U + VUV g0) + L(U; Yy g0).

Regarding the first term, since }Afn/,gu is has a finite alphabet,
we can apply Theorem 2 on each I(U 4 V; U\}/}n%// =y) for
each value of i and show convergence. Regarding the second
term, I(Up, ¢.e; Yo o) converges to I(U; Y, p+) due to lower
semi-continuity of mutual information and data processing
inequality. ]

Remark 4: In this section, we have considered the addition
operation as the bivariate function operating on the pair of
variables U and V. The results obtained in this case can be
extended to a large class of bivariate functions by embedding
them into the addition operation, where an embedding is
defined below, and using the fact that mutual information is
invariant under any one-to-one univariate transformation of
its arguments. This is demonstrated through an example in
Section IV. This can potentially be further extended by using
the Kolmogorov representation theorem [31], [32].

Definition 8 (Embedding into Addition Operation):
A bivariate function g R xR — R is said to be
embedable in the addition operation if there exists
a triple of mappings (h(:),P1(-),d2(-)) such that
g(x, y) = h(¢1(17) + ¢2(y)),Vx, yeR

Example 2 (Embedding the Absolute Value of the Product):
Consider the bivariate function g(z,y) = |zy|,z,y € R.
Take ¢1(z) = loglaléa(y) = loglyl.z,y € R and
h(z) = 2%, & € R. Then, (h(-), ¢1(-),P2(-)) provides an
embedding of g(-,-) into the addition operation.

IV. COMPUTATION OVER MAC

In this section, we consider a coding problem about the two-
transmitter MAC. We consider a simple formulation which
is purely a channel coding problem and that captures the
essence of the key concepts. In the standard formulation of the
multiple-access channel coding, the receiver wishes to recover
both the messages reliably. Now consider a variation of this
problem, where the decoder is interested in recovering only
a single-letter bivariate function g(-,-) of the channel inputs
sent by the transmitters reliably. Originally, this problem was
formulated in [33], and has been studied extensively with
applications to interference channels and relay channels [34],
[35], [36]. We demonstrate that structured codes can better
facilitate the interaction between the two transmitters to
ensure that the decoder recovers the desired information while
transmitting information at a larger rate that can be sustained
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by unstructured codes. Formally, a memoryless stationary two-
transmitter MAC, used without feedback, is given by a tuple
(Py|x,,x5, K1, K2), consisting of the transition probability
Py|x,,x, : RxRxB — R, and two continuous cost functions
K1 and R9.

A. Problem Formulation and Main Result

Definition 9: Given a MAC (Py|x, x,,k1,k2), and a
bivariate function g : R x R — R, a transmission system
with parameters (n, ©1, 02) for reliable computation consists
of a pair of encoder mappings and a decoder mapping e; :
{1,2,...,0;} — R"i = 1,2, and f : R" — R". A
quadruple of rates and costs (Ry, Rs,71,72) is said to be
achievable if Ve > 0, and all sufficiently large n, there exists
a transmission system with parameters (n, 01, ©2) such that
fort=1,2,

1 1 &
—log®; > R, — ¢, — ki(ei(§)) <7 +e,
n 0, 4
Jj=1
j=1k=1 ©10;

X PY vy x,x, [F(Y™) # g(e1(h), e2(k))lex(d), e2(k)] <€,

for ¢+ = 1,2. Let the optimal capacity cost region
C(m1,72) denote the set of all rate pairs (R;, R2) such that
(Ry, Ra, 71, 72) is achievable.

From now on, we focus on the class of bivariate functions
g(-,-) that are embeddable in the real addition operation with
the associated triple of functions (h(-), ¢1(-), ¢2(-)). In the
following, we provide an achievable rate region that is based
on linear codes and discretization.

Definition 10: Let P(7i,72) denote the collection of
distributions Pg, v, x, x, defined on Q x R* such that (i)
(U1X1)—Q — (UzX5) form a Markov chain, with Q being
a finite set, and (i) E(x;(X;)) < 7,i € {1,2}. For a
Pov,us,x:x, € P, let ar(Pou,u,x,x,) denote the set of
rate pairs (R, R2) € [0,00)? that satisfy

Ry < I(Uy; Y|UQ) + I(Z; Y |U,U2Q)
= 1(Z; X2|U1U2Q),
Ry < I(Ug; Y[ULQ) + 1(Z; Y [U1U2Q)
—I(Z; X1|U1 U2Q),
Ri+ Ry < I(U1U2;Y|Q) +21(Z; Y |U1U2Q)
—I(Z; X1|U1U2Q) — I(Z; X2|U1U2Q),

where the mutual information terms are evaluated with

PQU1U2X1X2PY\X1X2’ and Z = ¢1(X1) —+ ¢2(X2). Let the
information rate region be defined as

RF(Tl,TQ):Cl U

PQu,Uyxq x5 €P(T1,72)

ar(Pou,v,x, x,)

It should be noted that the standard capacity region of a
multiple access channel is defined by considering the complete
reconstruction of both messages, whereas in computation over
MAC, only a bivariate function of the two input sequences
needs to be reconstructed at the receiver.
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Theorem 3: Given a MAC (Py|x, x,,k1,k2), and a
bivariate function ¢ : R x R — R, the optimal capacity
cost region C(7y,72) contains the information rate region
RF(Tl,TQ), i.e., RF(Tl,TQ) - C(Tl,Tg).

Proof Outline: We have two coding layers associated with
unstructured codes and structured codes. The two layers are
combined using superposition coding. The unstructured codes
yields the standard rate region for MAC. This can be shown
using superposition coding techniques. For the structured
coding layer, we discretize and smoothen the channel input
variables X; and X, first, and then discretize the channel
output Y to yield a discrete version of the problem with
variables X1 ,, ¢ ¢, X2 ».¢ . and Y,/ . Now one can use [13,
Theorem 4.2] to show that the following rates are achievable
for the structured coding layer using nested linear codes
over arbitrarily large finite fields, assuming that the messages
corresponding the unstructured coding layer are decoded
correctly:

R, < H(Xl,n,Z,E|U1U2Q)
- H()A(l,n,e,e + A)?Q,n,f’,eh/}n’,f” U1U2Q)
= I(Xl,n,é,e + 5(:2,11,2’,6; ?n’,l” |U1U2Q)
- I()?l,n,é,e + )?2771,4',6; )A(z,n,e',e|U1U2Q),
and
Ry < H()?Q,n,é’,e U10:Q)
- H()?l,n,f,e + XQ,n,z/,e\?n/,e”U1U2Q)
= I(Xl,n,f,e + )?2771,4',6; i}n’,é"|UlU2Q)
- I()A(l,n,e,e + in,e',e; Xl,n,é,e\mUQQ)-

Now using Corollary 1, we see that the mutual information
terms involving discrete variables converge to the corre-
sponding terms with continuous variables using the following
identity:

I(Xl —|—X27Y;X2) = I(Xl —|— XQ;XQ) + I(Y,X17X2)
— I(Y;Xl + XQ).

The desired result follows by noting that the real addition
is equal to the field addition for the discrete variables with
probability approaching one for asymptotically large /.

B. Computation of Products Over MAC

As mentioned in Remark 4, one can apply the techniques
developed in the prequel to the computation of bivariate
functions of variables other than the addition operation. In the
following, as a proof of concept, we characterize an achievable
rate region for the computation of products of pairs of random
variables over additive MAC with Gaussian noise and with
power constraint k;(x;) = 22 and T, = 1,0 = 1,2,
To elaborate, we let Y = X1+ Xo+ N and Z = g(X1, Xs) =
X1Xs5, where N ~ N(0,02), and the input alphabet is
R\{0}.® Recall that Example 2 provides an embedding of
|X1X3| in the real addition operation. In order to compute
g(X1,X2) we compute the pair (|X;Xo|,sign™ (X1 X3)),

3Note that if the symbol zero is allowed, then recovering the product is
trivial, and an infinite rate is achievable for any signal-to-noise ratio.
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TABLE I

THE ACHIEVABLE SYMMETRIC RATES FOR COMPUTING THE PRODUCT OF
RANDOM VARIABLES OVER THE NOISELESS ADDITIVE MAC

Gaussian | Laplacian | Uniform
Rate | 1.2540 0.8530 1.3161
where we define* sign®(z) : = 1(z > 0), and leverage the

fact that sign™ (X, Xo) = sign™ (X;) @5 sign™ (X3). We then
transmit | X; X,| and sign™(X;X5) separately by using the
coding strategy given in the proof of Theorem 3 twice. For
simplicity, we will restrict our analysis to a structured coding
scheme with trivial auxiliary random variables, i.e., U; =
Uy = 0. We also restrict our attention to symmetric input
distributions for ease of computation. We use a superposition
of two layers of structured codes. In the first layer, we encode
the sign information yielding the rates as follows:

Rs,i :I(ZS§Y) _I(ZS;Sign+(Xj))7 J#
where Z, = sign™ (X;) @5 sign™ (X5). In the second layer,
we encode the information regarding the absolute value of the
random variables yielding rates as follows:

Rp,1:I(ZpaY‘Zs)7I(Zp7‘XJ||ZS)a 17.7: 1727 ]%Za

where Z, = |X1X5|. The resulting rates are B; = R,; +
R ;,7 = 1,2 which can be simplified as given below:

Ri=Ryi+Rsi =1(Z;Y) - 1(Z; X;), i,j=1,2,j#i.

Note that characterizing the set of achievable rates in this
inner bound involves optimizing over the set of distributions
Px, Px, under power constraints. We provide achievable rates
for three choices of random variables, namely the uniform,
Gaussian, and Laplacian variables from the generalized
Gaussian family all having zero mean and unit variance.
Table I provides the set of achievable rates for the noiseless
MAC scenario, i.e. 02 = 0. It is worth noting that the
uniform distribution, achieves the best symmetric rate among
the three distributions. Note that the Gaussian lies between
the Laplacian and the uniform in the family with the shape
parameters being 0 = 2,1 and oo, respectively. As can be
observed, the achievable rates follow a similar order. The
fact that uniform distribution achieves a higher symmetric rate
compared to Gaussian distribution is noteworthy. An outline
of the computational steps is given in Appendix E. For
the additive MAC with Gaussian noise, Figure 1 shows the
achievable rates for the uniform and the Gaussian input
distributions as a function of the channel signal-to-noise
ratio.

Remark 5: Note that when the channel is noiseless, the
capacity to compute the sum is infinite, however to compute
the product, the achievable rates in Table I are finite. This
illustrates the effect of mismatch between the structure in the
channel and the structure in the computational objective.

i,j=1,2,

C. Computation of Sums Over Gaussian MAC Example

Consider the MAC given by Y = X; + Xo + N, where N
is zero-mean Gaussian with variance o3;. The decoder wishes

“Note that this is different from the conventional definition of sign™ (-).

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 70, NO. 3, MARCH 2024

1.4

1.2 I b ,

Uniform Input
77777 Gaussian Input

Symmetric Rate
o o
o o]

o
N

o
o

0 I I I I I I I

10 15 20 25 30 35 40 45 50
Signal-to-noise ratio
Fig. 1. Achievable symmetric rates for computation of products over

an additive MAC with Gaussian noise for Uniform and Gaussian input
distributions as a function of SNR.

to compute the sum of the inputs, i.e., Z = g(X;,X3) =
X1+ X5. We have power constraints on X; and Xo: k1(x1) =
2?2 and ky(xo) = x3, for all 71,22 € R. Let 7; = P; for
i = 1,2. The rates achievable using unstructured code
ensembles is given by the standard MAC capacity region given
[26, Chapter 15] by

1 P1 1 P2
: < - —_— < — —_
{(Rth) R172log <1+012v> ,Re < 210g <1+ 0_12v>7
1 P+ P
Ry + Ry < 1og<1+”;2)}.
2 oN

This is achieved using independent Gaussian inputs X; and
Xo of variances P; and P», respectively. Using the same
distribution, one can achieve the following rates while
employing structured code ensembles.

1 Pl(P1+P2+O']2V)
Ri,Ry): Ry < -1
{( 1, Ra) 155 0g< (P, +P2)012V )

1 PQ(Pl +P2 +O—]2V)
Ry < =1 .
2_2 Og( (P1+P2)U]2V

Comparing the sum-rate we see that the structured coding
scheme performs better than the unstructured coding scheme

when

P, Py P P
1+ — 1+—= )1 <14+ —+ —.
(+P2>(+P1>_ T

For the case when P; = P, = P boils down to the condition
that %~ > 1.5.
N

V. DISTRIBUTED SOURCE CODING

In this section we consider the distributed source coding
problem. Our objective is to derive an inner bound to
the achievable rate-distortion region for the two-help-one
problem [1] with continuous sources using structured codes.
As a first step, in Section V-A, we first prove the achievability
of the Berger-Tung rate-distortion region for the continuous
two-user distributed source coding problem. In Section V-B,
we add a structured coding layer and derive an inner bound.
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A. Two-User Distributed Source Coding

Next, we consider distributed source coding problem
consisting of two correlated and memoryless continuous-
valued sources X and Y, characterized by a probability
measure Pxy, which needs to be compressed distributively
into bits to be sent to a joint decoder. The joint decoder
wishes to reconstruct the sources with respect to two separable
distortion measures d, : R xR — R* and d,, : R xR — R™.
The distributed source coding problem is a lossy version
of the Slepian-Wolf source coding problem. This is a well-
studied problem [19], [37], [38], and we skip the formal
definition for conciseness. Well-known inner and outer bounds
(called Berger-Tung bounds) on the performance limits of this
problem exist in the discrete case [19], [39], [40], [41]. For
the continuous source and reconstruction alphabet case, the
only available results in the literature are for jointly Gaussian
source distributions and quadratic distortion functions [42],
[43]. The results presented in the following are valid for
general distributions and distortion functions.

Let RD denote the set of all achievable rate and distortion
tuples (R, Ro, D1, D2). We denote R(D1, D) as the set of
all rates (R;, R2) such that (Ry, Re, D1, D5) is achievable.

Definition 11: Let P(D1,D3) denote the collection of
pairs of transition probabilities Py x and Py|y, and pairs
of continuous reconstruction functions g; : R? — R for
i = 1,2, such that Ed,(X,X) < D;, Edy, (YY) <
Dy, where the expectations are evaluated with the joint
measure Pxy Py x Py|y, i.e., with the Markov chain U—X —
Y —V,and X = ¢(U,V) and ¥ = g(U,V). For a
(Puix, Pviy,91,92) € P(D1, Ds), let a(Pyx, Pvy, 91,92)
denote the set of rate pairs (Ry, R2) € [0,00)? that satisfy

Ry 2 I(X;U|V), Ry 2 I(Y; V|U), By + Ry 2 I(XY;UV).

Let the information rate region be defined as

Rop(D1,D2) =cl U a(Pyix, Pvy, 91, 92)

(Py|x,Pvy,91,92)€EP(D1,D2)

Theorem 4: For a given source (Pxy,dy,d,), we have
Rop(D1,D2) € R(Dy, Ds).
Proof: Please see Appendix F. O

B. Lossy Two-Help-One Problem

Next, we consider a coding theorem for continuous
correlated sources for the two-help-one problem. Consider
a triple of memoryless continuous-valued sources (X,Y, 7)
characterized by a probability measure Pxy . Let d : R? —
R* be a jointly continuous distortion function. The sources
X and Y act as helpers for the third source Z. The sources
need to be compressed distributively with rates R;, Ry and
R3, respectively, into bits to be sent to a joint decoder.
For simplicity we let R3 = 0. The joint decoder wishes
to reconstruct the source Z with respect to a distortion
function d.

1) Problem Formulation and Main Result:

Definition 12: An (n, 01, O2) transmission system consists
of mappings e; : R" — {1,2,...,0;}, for i = 1,2,
and f : {1,2,...,0:} x {1,2,...,02} — R". A triple
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(R, R, D) is said to be achievable if there exists a sequence
of (n,©1,,Os9,) transmission systems such that for i = 1,2,

log ©;

lim < R;, lim Ed,(Z", f(e1(X™),e2(Y™))) < D,
n—oo mn n—oo

where d,(-,-) is the n-letter average distortion, i.e.,
dp(z",2") = L0 (2, %) for all 2", 5" € R™. Let

R(D) denote the set of rates (Ry, Rz2) such that (Ry, Ry, D)
is achievable.

We provide a coding theorem for the continuous sources.

Definition 13: Let P(D) denote the collection of transition
probabilities Py, v 171,z yy such that (i) (UU1) — (XQ) —
(YQ) — (V1) form a Markov chain, (i) @ is independent of
(X,Y), (iii) Z = g(U1,V1,U + V) for some function g, and
(iv) Ed(Z, Z) < D, where the expectations are evaluated with
distribution PXYZPQUlleVZ|XY' For a PQU1V1UVZ|XY €
P(D), let aF(PQUlleV§|XY> denote the set of rate pairs
(R1, Ry) € [0,00)? that satisfy

Ry > I(X;UUL|QV1) + I(U + V; VIQU, V1)
= I(U; V|QU:1 W),
Ry > I(Y; VV1|QUy) + I(U + V; U|QU, VY )
— I(U; VIQU V)
Ri+ Ry > I(XY;UVU1|Q) + I(U + V; V|QU V4 )
+ I(U 4+ V;U|QUL V1) — I(U; V|QUL VL),

where the mutual information terms are evaluated with

PXYZPQUl\/lUV ZIxy" Let the information rate region be

defined as

Rp(D) =cl U

Pouvyvyuvzixy €P(D)

aF(PQUllev2\Xy)

Theorem 5: For a given source (Pxyz,d) we have
Rr(D) C R(D).

Remark 6: The concept of embedding, described in Defini-
tion 8, has been taken into account in the above rate-distortion
characterization through the function g(-,-,-) and the choice
of auxiliary variables in obtaining the reconstruction.

Proof Outline: We propose a coding scheme involving two
layers to prove the theorem. The first is the Berger-Tung
unstructured coding layer. The second is the structured coding
layer that uses nested linear codes. First we discretize the
auxilliary variables U and V, and then discretize the source
variables X and Y, as described in Section III, to come
up with a discrete version of the problem at hand with
discrete variables U,, ¢, V0, Xpe, and Y, ¢ as stated in
Theorems 1 and 2. The Berger-Tung unstructured coding
rates are derived as in Theorem 4. The structured coding is
accomplished using nested linear codes. The rates associated
with this layer can be understood as follows: for ease of
explanation, assume that the unstructured coding auxiliary
variables Uy, V) and the time-sharing variable () are trivial.
Then, for the discrete communication system, the rates

Ry > HUn+Vr)— HU, i Xns)

= I(Xn,f; Un,é) - I(Uml; Vn,é’)
+ I(Vn,é’ ; ﬁn,ﬁ + V’n,l’)a

Authorized licensed use limited to: FLORIDA INTERNATIONAL UNIVERSITY. Downloaded on July 20,2024 at 18:07:23 UTC from IEEE Xplore. Restrictions apply.



1638

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 70, NO. 3, MARCH 2024

XT’

—

Source 1 Enc 1

Y’n
—

Source 2 Enc 2

Decoder

X yn
X", >Sink

Fig. 2. General distributed source coding problem, where n € N is the blocklength.

and similarly

Ry > H(Upg + Vo) — HU el Vo)
(Yn 23 Vn,é/) - I(Un,é; Vn,[’)

+ I(Unfv Un.[ + Vn,e/)7

can be achieved using nested linear codes (over arbitrarily
large prime fields) along with joint-typical encoding and
decoding as given in [13, Theorem 3.7]. Achievability for
the original problem with continuous variables follows by
Theorems 1, 2, and Theorem 4, and by noting that P(U+V €
[-¢,4]) — 1 as £ — o0, so that the field addition for the
discrete variables U, o and V,, 4 is equal to real addition with
probability approaching one as ¢ — co. The two coding layers
can be combined using the technique of superposition coding.

2) Gaussian Lossy Two-Help-One Example: Consider a
pair of zero-mean, jointly Gaussian, unit-variance correlated
sources X and Y with correlation coefficient p > 0. Let
Z = X — cY for some ¢, and let d(z,2) = (z — 2)2. Let
us evaluate a subset of the inner bound to the achievable
rate-distortion region using a specific test channel. Let us
denote 02 = 1+ ¢? — 2pc, and let D denote the target
distortion. Let us choose Q = ¢, and U; = V; = 0. Moreover
consider

Uv:)(+Q17 and V:CY+Q2,

where (); and () are independent zero-mean Gaussian
random variables that are mdependent of the pair (X,Y).

We take their variances to be ¢; and ——% — ¢;. With this
choice we see that U +V = Z + Q1 + Qz, and we take
Z = E(Z|U +V) = "Z‘D(U + V), which results in

Ed(Z, Z)

= D. Now let us see the achievable rates.

4 4
oz ) RZ > }l 7z
(O’Z D) 2 DO’Z — ql(arZ

Ry log

D)’

Eliminating ¢;, we see that the rate distortion tuple
(R1, R, D) satisfying the following equations is achievable:

i —1
D .

This was obtained in [15] using lattice codes. Here we derived
this using nested linear codes and the convergence of random
variables.

2—2R1 +2—2R2 S (

VL

In this section, we consider the multiple descriptions source
coding problem, where given a source X, the encoder wishes
to construct a set of £ > 2 descriptions of the source, such
that given each subset of descriptions, the source can be
reconstructed with a desired distortion. The scenario has been
studied extensively in the discrete case [9], [44], [45], [46],
[47], [48]. We derive an achievable rate-distortion region for
general continuous sources, and demonstrate that structured
codes achieve a larger rate-distortion region compared to
unstructured codes in an example with Gaussian sources and
test-channels. It should be noted that the achievable region for
the Gaussian multiple descriptions problem with ¢/ = 2 was
derived by [49]. The results presented in the following are
valid for general distributions and distortion functions.

MULTIPLE DESCRIPTIONS SOURCE CODING

A. Problem Formulation and Main Result

Definition 14: Let £ > 2, L =[], L=2"— ¢, n €N, and
0; € N,i € L. A coding system with parameters (n,©; : i €
L) for multiple description coding of a given source (Px, dy :
N € L), consists of ¢ encoder mappings and 2¢ — 1 decoder
mappings:

e : X" = 1[6;], fn: H[G)l] — X",

ieN
where ¢ € L, and N € L. A of rate-distortion tuple (R; : i €
L, Dy : N € £) € (RT)“2~1 is said to be achievable if for
all € > 0, and for all sufficiently large n, there exists a coding

system with parameters (n,©; : i € L) such that

1
Elog@i < R; +e,
Eldn (X", fu((ei(X™))ien))] < Dn+e,  i€L,NEL

The operational rate-distortion region R,,(Dn : N € L) is
given by the set of all achievable rate-distortion tuples (R; :
iel,Dy:NeL).

We use the discretization techniques developed in prior
sections, along with the Sperner’ Set Coding (SSC) strategy
in [13, Theorem 6.2] to derive an achievable rate-distortion
region for multiple descriptions coding with continuous
sources. The SSC strategy is a generalization of the
Zhang-Berger strategy [44] to multiple descriptions scenarios

SA family of sets is called a Sperner family of sets if none of its elements
is a subset of another element. For instance {{1},{2,3}} is a Sperner set,
but {{1},{1,3}} is not.
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Fig. 3. The SSC codebooks for (a) £ = 2 and (b) £ = 3.

involving more than two descriptions and three decoders.
In the Zhang and Berger strategy, a common codebook C; o
is used to encode the common information decoded at the
Decoder 1 and Decoder 2. The scheme uses a total of four
codebooks, corresponding to information decoded at all three
decoders, each of the individual decoders, and only the joint
decoder, respectively. In the SSC strategy, for each subset M of
decoders, one codebook Cy is generated, which encodes the
common information decoded among this subset of decoders.
It is shown in [9] that only codebooks for which M is a Sperner
set are non-redundant. To elaborate more, we explain the
random variables decoded at each decoder for the SSC strategy
for the three-descriptions problem, i.e. £ = 3 (See Figure 3).
Note that in this case, we have 7 decoders corresponding to the
7 non-empty subsets of {1,2,3}. The complete explanation of
the scheme is provided in [9]. Let S| be the Sperner set for
£ = 3. It is known that S| has 17 elements. Let Upq, M € S|
be a vector of random variables with whose joint distribution
with source X is given by Px y,, mes,. The SSC strategy
generates 17 independent random codebooks Cyq, M € S,
with blocklength n, where C is generated based on the single
letter distribution Py, for M € S. Each codebook is binned
independently ¢ times, once per description. Given a source
sequence X", the encoder finds codewords U}, € Cpq, M €
S_ which are jointly typical with each other and the source
sequence and sends the corresponding bin numbers on each
description. Each decoder decodes a subset of the codewords.
To elaborate, decoder N € 2% — ¢ recovers Up, based on
the received bin numbers if N C M. Let My be the set of
indices of random variables whose corresponding codewords
are decoded at decoder N, and let My be the indices of those
which are decodable if we have access to strict subsets of the
descriptions received by N. Furthermore, for the collections
of families My, My and M3, we write [U, V, W], M, Ms)
to denote the unordered collection of random variables
{Um,, VM, Wm,}. The following theorem provides an
achievable region for the multiple descriptions problem using
the discretization process developed in the previous sections
along with the SSC strategy with unstructured random codes
developed in [13, Theorem 6.2] for discrete sources and test-
channels.

Definition 15: Given a source (Px,dy N € L), let
P(Dn : N € L) denote the collection of pairs (P, gr)
of (a) joint distribution P on random variables X and
Up, M € S| with X-marginal distribution Px and (b) a set
of reconstruction functions g, : = (gn : Upny — X,N € £)

(b)

such that Edn(X,gn(Usny)) < Dn, YN € L, where the
expectations are evaluated with the distribution P. For a
(P,gz) € P(Dn : N € L), define agg(P,gc) as the set of
rate tuples (R; : ¢ € L) satisfying the following constraints for
some non-negative real numbers (paq,q, rM)z‘e/W,MeSL:

T(Um) + I(UM; X) < Y rm, ¥ MC Sy,

MeM
(14)
Do =Y pmi) < 1Uni womn)
MeMy\(LUMy) ieM
+I(UMN\(LUM);ULUM),VL C Mn,VN € L,
(15)
(16)

Ri = Zp./\/l,ia
M

where we have defined I(Z*) : = Z?:l I(Zy; ZF=1) for a
random vector Z*, My is the set of all codebooks decoded
at decoder N, that is My : = {M € S |3N" C N,N" € M},
and My denotes the set of all codebooks decoded at decoders
Np & N which receive subsets of descriptions received by N,
that is My : = Uy cn Mn,. The mutual information terms
are evaluated with the distribution P. Define the Sperner Set
Coding rate-distortion region as

Rss(Dn:NeL):=¢dl U ass(P,gc)
(P,gL)G'P(DN:NEL:)
Theorem 6: Given a source (Px,dy N € L), the

operational rate-distortion region contains the information rate-
distortion region, i.e., Rss(Dn: N € £) CRyp(Dn : N € L).

Proof Outline. Given the random variables X and Up¢, M €
S| described in the theorem statement, the transmission system
first discretizes the source using techniques developed in
the prior sections and then uses the discrete SSC strategy
introduced in [13, Theorem 6.2] to achieve the rate-distortion
vector in (14), (15), and (16). The mutual-information terms
in (14), (15) for the discretized variables converge to that of
the continuous variables as the clipping limits are increased
asymptotically and the quantization step approaches zero by
similar arguments as in the prior sections.

The following theorem provides an achievable region for the
multiple descriptions problem using the discretization process
developed in the previous sections along with the SSC strategy
with both unstructured and structured random codes developed
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n [13, Theorem 6.8] for discrete sources and test-channels.
It should be noted that in [13, Theorem 6.8], the information
inequalities are stated in terms of the entropy terms. Whereas
in order to be able to apply the results of Theorems 1 and 2,
one needs to express the achievable region in terms of mutual
information quantities. The following theorem provides such
a representation.

Definition 16: Given a source (Px,dy : N € L), let
P(Dn : N € L) denote the collection of pairs (P, gr) of
(a) joint distribution P on random variables X, Up, M €
St, Vauw, Vagu VAwm» With X-marginal distribution Py,
where A; € Si,j € {in,out,sum}, are three distinct
families, and all the auxiliary random variables take values

in R, and (b) a set of reconstruction functions g, =
{on = Uy — X,N € L}, such that Vg . = Vg, +
Vi and Edn(X,gn(Ufyy)) < Dn YN € L, where
U{N} L= (U{N}7VN) and N : = {.A1|.Az € Mpy,i €

{in, out,sum}}, and the expectations are evaluated with P.

For a (P,gr) € P(Dy : N € L), define ar(P,g.) as the set

of rate tuple (R;,i € L) satisfying the following constraints

for some non-negative real numbers (paq,i, 7o, M)
ap.Am 7,7@ S Alns TA t7p.A(mt z;z S Aout

1) Covermg Constraints: for all M C S,E C A and

a,B €T,

St Y vk 21U, Vi) + I(Um Vi X),
MeM EcE
> A, ZT(UM, Vag,) + I(UMWa,, a8 X)
MeM
—I(Wa, 0.8V,

’LEM,MESL’

a7)

UM) + ](VAin’ Aout ‘UM) (18)
Asum ¢ MN,

Z (Tls - ZPo,S,g‘)

£eMy\MyUL jeE
MN{A;lie{in,out}}

<T(UV Wl wtyon) H UV W

ii) Packing constraints: for all L C My,

Z (TM Z M J)
MEMN\MNUL JEM

UVW]MNuL)

19)
and for all L C My, Asum € M, Ain € My, Aous & My

> (rM -3 PM,j) T g Z Po, Asum.J

MEeMy\MyUL JEM jE€Asum
< T(Umy, Va.,,) + IUMWau 1.1 [UVW]

sum Ly )

= I(Wa 1,15 Vin[Uny) + 1 (Vin; V;utIUMN), (20)

where (a) R; SomPmi ) A = {An, Aout )
(©0 My : = (Mn.{A4;,i € {in,out}fd; €
MN}’ {( surnv 1, 1)‘ASUIH € MN}) (d MN = UN’CN MN'
€ 1y, <ty and () Wayap: = aVa, +5Va,,,.° The
mutual informatlon terms are evaluated with the distribution
P. Define information rate-distortion region as

M \MNUL’[

out

Re(Dy:NeL): = U
(P,gc)eP(Dn:NEL)

OéF(P7 gl:)

%The collection {As, a, B} is used as the subscript for W since the random
variable is defined using « and (.
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Theorem 7: For a given source (Px,dy : N € L), the
operational rate-distortion region contains the information rate-
distortion region, i.e., Rp(Dy : N € L) CR(Dy : N € L).

Proof Outline. Given the random variables X and Upq, M €
SL, Vs VAo s VA, described in the theorem statement,
the transmission system first discretizes the source using
techniques developed in the prior sections, and then uses a
coding scheme based on nested linear codes considered in
[13, Theorem 6.8]. Next, we rewrite the entropy terms in [13,
Theorem 6.8] in terms of mutual information terms using the
fact that for any triple U, V, X the following holds

H(aU + pVIX) - HU|X) = H(aU + pVI|X)
~H(U,V|X) + H(V|X,U)
=H(aU + pV|X) - H(aU + BV, V|X)+ H(V|X,U)
= —H(V|X,aU + V) + H(V|X,U)
=I(aU + pV;V|X) - I(U;V|X).

The resulting mutual-information terms in the covering bounds
given in (17),(18) and packing bounds given in (19),(20) for
the discretized variables converge to that of the continuous
variables as the clipping limits are increased asymptotically
and the quantization step size approaches zero by similar
arguments as in the prior sections.

B. Linear Quadratic Gaussian Examples

1) Vector Gaussian Example: We proceed to show through
an example that using structured codes gives gains in terms
of the achievable rate-distortion. In this example, we evaluate
inner bounds to the achievable rate-distortion region of
a vector Gaussian example. The vector Gaussian multiple
descriptions problem has been studied extensively in prior
works [50], [51], [52]. We consider a specifically tailored
vector Gaussian problem which allows for an analytical proof
of strict sub-optimality of the unstructured coding scheme
as compared to the structured coding scheme (Propositions
1 and 2). The set-up is shown in Figure 4. Here X and Z
are independent zero-mean, unit-variance, Gaussian sources.
The distortion function for the individual decoders is the mean
squared error. Decoder 1 and 2 want to reconstruct X and Z,
respectively, with mean squared error less than or equal to P,
and Decoder 2 wants to reconstruct Y = X + Z with distortion
less than or equal to 2P. Each of the joint decoders wish to
reconstruct X and Z with distortion, given by the mean square
error, less than or equal to P’

Proposition 1: The rate triple (Ry, Ra, R3) =
(3log(5), 3 log($), 5log(%)) is achievable using the
SSC strategy with structured codes, i.e. (R, R, R3) € Rp.

Proof: The proof follows by taking A;, = {1}, Aous =
{2}, and Agym = {3} with V{l} =X+ Np, V{Q} = Z+N1’3
and Vi3 = Vi1) + Vg, in Theorem 7, where Np and Np are
independent Gaussian variables with zero mean and variance
P, and all other variables are taken to be trivial. O

Proposition 2: For P < 1/2, the rate triple (R1, Ra, R3) =
(3log(5), 2 log(5), 4 log(%)) is not achievable with SSC

"Note that here we have considered multiple distortion constraints at the
joint decoders. The arguments in Theorems 6 and 7 can be extended to the
scenario with multiple distortion constraints in a straightforward manner.
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Fig. 4. Example with the Vector Gaussian Source.
e nstructured SSC
sl == = Structured SSC
HB
A
5l N
3 ~
P
P SSC Unstructured | SSC Structured
0.01 6.643 2.649
0.114 3.130 1.431
0.218 1.816 1.107
0.322 1.425 0.912
0.426 1.11 0.772
0.531 0.858 0.663
0.635 0.631 0.573
0.739 0.427 0.497
0.843 0.245 0.431
0.947 0.0772 0.373
1 0.00 0.346
Fig. 5. Achievable rates R3 in Example 1 using the SSC strategy with

unstructured codes (red curve) and structured codes (blue curve).

strategy using unstructured codes with jointly Gaussian test
channels, i.e. (Ry, Ra, R3) is not in Rgg restricted to jointly
Gaussian test channels.

Proof: The achievable rates are shown in Figure 5. The
details of the proof are provided in Appendix G. (]
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Note that in the above example, as a result of the
independence between the two source components X and Z,
the extra covering bound in (18) is redundant. However, this
is not always the case, to illustrate this point we investigate
the following example.

2) Scalar Gaussian Example: Consider a three-descriptions
problem where the source X is a scalar zero-mean unit-
variance Gaussian random variable and the distortion is
measured with respect to mean squared error at every decoder.
We derive a set of achievable rate-distortions using the
expressions in Theorem 7 and jointly Gaussian test channels.

Consider the random variables U and V' which are jointly
Gaussian with X and have the following covariance matrix
(3 <P<2):

1 1-P 1-P

Cov([X,U,V])=| 1—-P 1-P 0
1-P 0 1-P
We intend to transmit U on the first description

(i.e. Vi1 = U), V on the second description (i.e. Vig; = V)
and U + V on the third description (i.e. Vizy = U + V).
In this case the covering bound (18) is not redundant. To see
this, note that the covering bound is non-redundant if I(U +
V;VIX) — I(U;V|X) < 0. Simplifying the inequality, the
bound is non-redundant if Var(V|X,U) < Var(V|X,U + V).
Also,

P(1-P 1-P
Var(V|X,U)=%7 Var(V|X,U+V):T
2
= Var(V|X,U) < Var((V|X,U+V) < P< 3’

which shows that the bound is non-redundant in this setting.
We calculate the achievable rates using Fourier—-Motzkin
elimination yielding:

I : X
R1 :R2 = Ina)({(U‘;")7
I(U; X) — I(aU + pV; V|X) +I(U;V|X)},
Rs=R,—HWU)+HU+YV).
We have

1.1
)s I(U;X):glog

1 1
I(UV;X):§log(ﬁ P’

I(U; V|X) — I(aU + BV; V| X)

_11 o?P
3 °g<a2+52(a+5)2(1p)>'

Hence the rates

1 p? 1 1
Ry =Ry = Zlog(———). =1
1 2 max{2 Og(P+(1—P)2)’40g(2P—1)}7
R3 = Ry + %, and the distortions Dy = Dy = P,
D3 = 2P, D13 = D13 = Doz = (2P — 1) are achievable.

VII. CONCLUSION

A new framework for deriving the fundamental performance
bounds of continuous source and channel networks was
introduced. The framework involves fine discretization of the
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source and channel variables followed by communication
over the resulting discretized network. Convergence results
for information measures under the proposed discretization
process were provided, and these results were used to
derive the fundamental limits of computation over MAC,
distributed source coding with distortion constraints, the
function reconstruction problems (two-help-one), and the
multiple-descriptions source coding problem.

APPENDIX A
PRELIMINARIES ON CONVERGENCE OF DISTRIBUTIONS
AND COST/DISTORTION FUNCTION

A. Convergence of Distributions and Information Measures

In this appendix, we present several known results on
convergence of information measures which are used in the
subsequent sections.

Definition 17 (Convergence of Probability Measures):
Consider a sequence of probability measures P,,n € N,
defined on the probability space (2, F),

¢ Strong Convergence: P,,n € N is said to converge

strongly to P if

lim P,(A) = P(A), forall Ae F.

« Convergence in Total Variation: P,,n € N is said to
converge in total variation to P if

lim TV (P,,P) =0,

where TV (P,Q) : = supa |[P(A) — Q(A)| is the total
variation between P and Q.

Remark 7: It can be noted convergence in total variation
guarantees strong convergence, which in turn guarantees
convergence in distribution.

Lemma 1 (Lower Semi-Continuity of Mutual Information
[3]): Consider a sequence of pairs of random variables
(Sn,Tp),n € N, defined on (R% o(B x B)). If Ps, 1,
converges strongly to Pg 7, then

I(S;T) < liminf I(Sy; Ty,).

Intuitively, if we take n — oo, then the discrete random
variable (),,(S) converges to the continuous random variable
S in distribution, and hence by Lemma 1, for variables S
and T, the mutual information I(Q,(S);Q.(T)) converges
to I(S;T). This is stated formally in the following lemma.

Lemma 2 (Convergence of Discretized Variables [30]):
For any two random variables (S,7), the sequence
(Qn,(S),Qn,(T)) converges in distribution to (S5,T)
as ny,ng — o0o. Consequently, if 7(S;T) < oo, we have

lim _ T(Qu,(S): Qu, (T)) = 1(S:T).

ny,n2—

Lemma 3 (Convergence of Clipped Variables): Let
l1,03,u1,us > 0, then for any two random variables
(S,T) with I(S;T) < oo, we have

lim TV (Pz = P =0
01,02 ,11 ;U2 —00 ( Selwu1’T12»U27 ST)
and hence

lim I(Sél,ul;ng,uz) = I(S,T)
Z],Zz,ul,UQ—)OO
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Proof: The lemma follows by noting that the total

variation between Psr and Ps, , 7, ., IS given by

TV(Pg, . g, . Psr) =

[1 — P[(—€1 é S S Ul) n (—82 S T S UQ)H

APPENDIX B
NEW AUXILIARY RESULTS ON CONVERGENCE OF
DISTRIBUTIONS AND COST/DISTORTION FUNCTIONS

A. Convergence of Cost/Distortion Functions and Smoothing
of Random Variables

The following lemma is used in evaluating the distortion
and cost of communication strategies in continuous networks
in the subsequent sections.

Lemma 4 (Convergence of Cost Functions and Distortion
Functions): Let S and T be two random variables. For any
continuous function x : R — RT such that E(k(S)) < oo,
there exist two increasing (and approaching co) sequences of
lengths [,,, u,, such that

lim Ex(S, ., ) = Ex(S).
For any jointly continuous function d : R? — R* such that
E(d(S,T)) < oo, there exist four increasing (and approaching
o0) sequences of lengths [,,, u,, and [,,, u,, such that

lim lim Ed(S, u,,T0,, w,) = Ed(S,T).

n—oo m—00

n,Un)

Proof: Let us fix € > 0 and let oy = liminf, o K(s)
and ag = liminf,_, k(—s). Since E(x(S)) < oo, we have

/ k(s)dPs(s) <€, and / dPs(s) <e (21)
[—f,u]‘: [—E,u]c

for all u > U(e) and ¢ > L(¢) for some U(e) and L(e).
First consider the case when a1 < oo and ag < oo. In this
case, there exists U (€) such that for all w > Uj(€), we have

a>u

a1+ 26> a1 +€> (infﬁ;(ﬂ)) > qp — €.

This implies that for all w > Uj(e) there exists u* > wu
such that oy + 2¢ > &k(u*). Hence, by choosing u >
max{U; (€),U(¢)}, we obtain a u* > u such that

K(u")P(S > u") < (a1 +26)P(S > u)
:(a1—6+3e)/ dps(s)g/

u* u*

oo oo

#(s)dPs(s) + 3¢,

Similarly, there exists ¢* such that

K(—L)P(S < —1*) < / #(s)dPs(s) + 3¢2.

— 00

Now using the above results, consider

Er(Spe ur) = /_ ; k(5)dPs(s) + r(u”) P(S > u*)

+ Kk(—€F)P(S < 0*) < 662 + Ex(S).  (22)
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Moreover,

Er(Spe - k(s)dPs(s)

o
> /n(s)dPs(s) — 2e = —2¢ + Ex(S).

Next consider the case when a; = co. Define

uw* = arg min k(u
g{ >U(e)} ().
We have
(u)P(S > u”) g/ 1 (5)dPs(s).

Using a similar argument for as we get the desired result
(second statement) for the cost function. The second statement
follows by similar arguments. Note that there exists a
T-measurable function d; such that]Ed(S T) =Ed(T).

This follows because [ [, d(s,t)dPsp(s,t) is a finite
measure on A for every A € B, and is absolutely continuous
with respect to Pp, and d; is the corresponding Radon-
Nikodym derivative. It follows by similar arguments as in the
proof of the statement for the cost function that there exists a
sequence of lengths /,,,, u,, such that

lim Ed(S,T;, ., ) =Ed(S,T).
Similarly, it follows that there exists a sequence of lengths

£, U, such that

lim Ed(Se, u Tt ) =

n—oo

Ed(S, sz wm )

for every ¢,,, u,,. This completes the proof. (]
Lemma 5 (Smoothing of Random Variables): Consider

a bounded continuous random variable U defined on the

probability space ([—M, M],B[—M, M], Py), such that

h(U) < oo and M > 0, and let N, be uniformly distributed

over [—e, €],e > 0. Assume that U and N, are independent.

Then,

lim I(Ne; U + Ne) = 0.

Proof LetU.:= U + N..

I(N:U.) = h(U.) — h(V)

— [ fotw)og futu)du — [ fu.(u)log fu. (u)du
The integral [ fy.(u)log fu.(u)du  converges  to
[ fu(w))log fu(w)du as ¢ — 0 by Fatow’s Lemma [53].

To see this, take gc(u) : = fu.(u)log fu. (u)+1,u € [-M —
e, M+e] and g(z) : = fu(u)log fu(u)+1,u € [-M, M], and
note that g.(u) is non-negative for u € [—M —¢, M + €] since
fu.(w)log fu.(u) = —Lloge > —1,u € R. So, by Fatou’s
lemma [ _.g(u)du < liminfc o [, o ge(u)du since by
construction g.(u) converges to g(u) in a pointwise manner
almost everywhere as ¢ — 0. The last statement follows by
noting that fy () converges to fy () in a pointwise manner
almost everywhere as ¢ — 0 using the assumptions made
in Remark 3. This implies that [ fy(u)log fu(u)du <
liminf. .o [ fu.(u)log fu. (u)du. Also, note that

[ fu(u)log fu(u)du > [ fu.(u) log fu.(u)du ,e > 0 since

1643

(NE,UE) > 0. So, [ fu(u)log fu(u)du > limsup,._,
J fu.(u)log fu, (u)du. Consequently, I(N;U.) — 0 as
e— 0. ]

Lemma 6: For any quintuple of random variables
A,B,C,D and E with a joint distribution that satisfies
the Markov chain (A, B)—C — (DE), consider a pair of
random variables A E that are correlated with (B D) such
that Ppa = Pg3, PoE = Ppg. and A—B—C— D E, then

I(A;C|\B)+ I(E;C|D) > h12TV (Poap, Pozg)-
Proof: We have the following inequalities:
I(A;C|B) + 1(E;C|D)
> Pco(c)Ppic(ble) Ppjc(d|e) Pajse(alb, c)
a,b,c,d,e
x Pgpc(eld,c)lo

- Z Pc(c)Pgjc(blc)

b,c,d
x Ppc(d|e) D(Pajpc (b, ¢) Peipc(d, ¢)||Paj(0) Peip(d))

Py pc(alb, ¢)Pgipc(eld, )
Pap(alb) Pgp(eld)

2 > PP (Pazic (9)1Ps gic(10)

2 i3 X PeOTVAPasic10) P o)

9 L@ Po(&)TV (Pa pic((10), Py 5 (10)?
21r12Tv2(PA 2.0 Pige):

where (a) follows from the convexity of relative entropy,
(b) follows from Pinsker’s inequality and (c) follows from
Jensen’s inequality. (]

APPENDIX C
PROOF OF THEOREM 1

Proof: Step 1 (Clipping): In this step, we show that for
any ¢ > 0, and all sufficiently large ¢, ¢, we have:

(U + Vers Up) = 1(U + V3 U)| <,

(U + Vers Vo) = I(U + V3 V)| < .

First, note that I(U; + V3 Uy) — I(U + V; U) is bounded

from below in the limit as ¢,/ — oo by 0 due to lower

semi-continuity of mutual information. Next, we show that the

term is bounded from above by (. Define Ay ¢ as the indicator

of U € [—¢, (] and By as the indicator of V' € [—¢, ¢]. Fix

an arbitrary small positive number 7. Consider the following
arguments:

(U U+ Vi) < I(Au, Us; Ue + Vi)

< H(Auy) + P(Aye = 0)I(Uy; Up + Vir|Ap g = 0)

+ P(Ay, = 1)I(U U + VZ’|AU,[ =1)

< H(Au,e) + P(Avg = 0)I(Us; Ue + Vir, Bvpr|Aue = 0)
+ P(Aye = 1)I(Up; Uy + Vor| Ay = 1)

< H(Ay,s) + H(By)

(23)
(24)
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+ P(By,y = 0[Ay, = 0)
x P(Aye = 0)I(Ug; Uy + V| Ay = 0, Byp = 0)
+ P(Byy = 1|Ays = 0)P(Ap, = 0)
x I(Up; Ug 4+ Vr|Ayy = 0, Bypr = 1)
+ P(Aye = D)I(Ug; U + Vir|Ape = 1)
= H(Auy) + H(By,)
+ P(By,p = 0|Ays = 0)P(Ay, = 0)
x (U U+ V'|Ape = 0, By, = 0)
+ P(By,y = 1|Ay = 0)P(Ay, = 0)
x I(U;U' +V|Ays =0, Byp = 1)
+ P(Aye = DIU;U + Ve |Ayy = 1)

Y P(Byy = 01Ay = 0)P(Aus = 0)
X I(U’; U + V’|AU7g = O,vi = 0)
+ P(Bv,gr = 1|AU,4 = O)P(AU,g = O)
X I(U’; U + V]IAye=0,Bypr =1)
+ P(Aye=1)
X I(U;U + Vu|Ape = 1) + 2

(b) ~
< IU;U+VplApe=1)+2m +m

(c) ~ -
< I(Au,; U+ Vy) + P(Aue = 1)I(U; U + Vi |Aye = 1)

<
+ P(Ape = 0)I(U; U + Vir|Ape = 0) + 3m +m
=I(U;U + Vi) +2m +m.,
where in (a) we have taken ¢ and ¢’ large enough such that
H(Ayy) <m and H(By,) < 11, in (b), we have defined
Y1 = P(AU,Z = O,ij/ = 0)
X [(U/; U’ + V/|AU75 =0, Bv)gl = 0)
+ P(Aye=0,Bye =1)
X I(U/, U/ + V|AU7£ = O7 BV,g/ = 1)
and in (c), we have taken /, ¢ large enough such that
P(Aye = 0)I(U;U 4+ Vi|Aye = 1) < n1. We show in the
following that such £, ¢ always exists. It suffices to show that
I(U;U+WI|AU7g = 1) < 00
I(U;U 4 Vp|Ayy = 1) < I(U; Byp, U + Vi [Ayp = 1)
< H(Bv}z/) + P(Bv’g/ = 1|AU’5 =1)
x I({U3U + V|Ayy = 1, By = 1)
+ P(Byy =0|Ay,e =1)
x I(U;U + Vu|Aye = 1, By = 0)
= H(By,)+ P(Byy = 1|Ay, = 1)
X I(U, U + VlAU7g = 1, BV,Z’ = 1)
+ P(Byy =0/Ay,=1)
X I(U, U+ VI‘AUJ = 1vBV,Z’ = 0)

Note that I(U;U 4+ V|Ay,e = 1,Byr = 1) < o0, since

0o > I(U;U 4 V) > I(U; U + V|Ape, Buy)
— H(AU75) - H(BV,Z’)
> I(U;U +V|Au,e, Bue) — 2m

Authorized licensed use limited to: FLORIDA INTERNATIONAL UNIVERSITY.
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> P(Aye =1,By, = 1)I(U;U +V|Aye =1,By, = 1)
—2m

Z I(U;U—FVlAUJ = 1,BU7g = 1) — 27’]1,

N | =

for large enough ¢ and ¢'. Furthermore, we have using the
entropy power inequality [26],

I(U, U+ VI|AU’g =1, BV,Z’ = 0)
= h(U + VI|AU’5 = 1,Bv,g/ = 0)
— h(V/|AU’g =1,Byy = 0)

=h(U + V'|Aus = 1,Bye = 0) — (V")
1
S 5 log 27T€Var(U =+ V/|AU7K = 1, ij/ = O)
1
+ §| log 2meVar(V')|
(@) 1 1
< -log2 Var(U + V'
S Qs s 1, By — o) AV
1
+ §| log 2meVar(V')|
1 1
< —log?2 Var(U) + Var(V'
=2 8 DUy, = 1, Byg —y (Var(U) + Var(V7)
1
+ §| log 2meVar (V)]
(2) 11 2 L
=2 7TeP(AU,e =1,Bye =0) *
Var(V) 1 Var(V)
Var(U) + —————=) + z|log2re —5—"—|,
WOt BBy, =1) 2 By, = 1)
1 1 Var(V)
< —log2me Var(U) +
2 % P(AU,ZZLBV,Z’:O)( ©) 1—771)
1 Var(V)
—|log 2
+ 2| og Wel—m l,

where in (a) and (b) we have used the law of total variance.
As a result,

P(By,» =0|Ay, = 1)I(U;U + V'| Ay = 1, By,p =0) < o0,

for sufficiently large ¢,¢, since Var(U), Var(V) < oo by
assumption as explained in Remark 3.

Next, we show that ; can be made arbitrarily small for
large enough ¢, ¢'. We consider the first mutual information
term in ~; as follows.

I(U" U+ V'|Ay,e = 0,By,e =0)
= I(U/;U/ + V/) = h(U/ + V/) — h(V/)

‘We have:
h(V') = h(V|Bye =1)
1
= m(h(v) — P(By,er = 0)h(V|By, = 0)

— H(Bv,)),

and h(V|By, = 0) can be bounded from above as follows:

1
h(V[By,ey =0) < 3 log 2weVar(V|By,» = 0)

(@) 1 1
< —log2re—————Var(V
< 5log WeP(BV,g/:O) ar(V)
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where in (a) we have used the law of total variance. This where in (a) we have used the fact that by construction V' has
implies that (V') > (V) —m as £ — oo. So, h(V') is PDF fyp -1 and used the law of total variance to conclude
bounded from below. Next, we bound h(U’ + V') from above: that

WU +V') < Liog 2reVar(U' + V'), Var(V'| By, = 0) = Var(V') = Var(V|By,»» = 1)
) ‘2 Var(V) Var(V)
and using law of total variance, we have: = P(Byy = 1) ST
Var(U" + V') = Var(U") + Var(V") and that
=Var(U|Ayy=1)+ Var(V|Byy =1
( _LL oe=1)+ Var(V] " ) Var(U) > E(Var(U|By.¢')) > P(By.¢ = 0)Var(U|By.¢ = 0)
<—Var(U) + ——Var(V
P(AU/ = 1) ( ) P(BV,(/ = 1) ( ) = L((]) 2 Var(U|Bv4/ — 0)
< Var(U) + Var(V)) PlBve=0) |
—(Var + Var .
-1 —7]1( ( SO, P(Bv’g/ = O)h(U + V/|BV’¢/ = 0) — 0 as &gl — 0Q,
As a result, we have and in turn using the arguments used above regarding h(V”)

. ) we infer that v — 0 as £, ¢ — oo.
P(Auy = 0,Bye =0)I(U3U" + V'[Ay, = 0, By =0) Next, consider P(By,» = 1)I(U;U + Vz'|Bve/ =1) a

< P(Amg = 0, ij/ = 0) X follows:
1 1 ~
(2 log 2me - (Var(U) + Var(V)) — h(V)) -0 P(Bv,y =1)I(U;U + Vi |Bye = 1)
' = P(Byy = )I(U;U + V|Byy = 1)
as £ — oo. SI(U'U+VBVZI)

Next, we consider the second mutual information term

( I; U/ + V|AU7g = O,Bv,gl = 1) in Y1- Note that: S (U u + V) + H(BVé,)
<IU;U+V)+mn.
h(U"+V|Ay,e =0,Byy = 1) ( )+ m
1 , Step 2 (Smoothing): In this step, we show that for all v > 0,
= 5 log 2meVar(U" + V| Ay, = 0, By = 1) and all sufficiently small € > 0, we have:
1 - -~ o~~~
=3 log 2me(Var(U’) + Var(V|Aye = 0, Byy = 1)) [ (Up,e +Vo,e;Use) = I(Up + Vs Up)| <, (25)
1 IUpe + Vi Vi) — IUy + Vi Vi)| < . 26
= 5 log 2me(Var(U]Av,e = 1) + Var(V|Ap = 0, Bvp = 1)) HUee+ Ve Vo) = 1Ue+ Vi Vo)l <. (26)
<1 log 2me ( Var(U) Var(V) ) s grg\l;\?e ;Eitvvtszmgr)incexfé(]ﬁ“ﬁw ETh: coiiz(e’f’gi{gé fii
= T €— =
=2 P(Aye=1) P(Aye=0,Byy =1) : s

the joint distribution follows by 51m11ar arguments. To show
So, P(Au,e = 0, By,er = 1)h(U'+V[Aye = 0,Byp = 1) —  this, let u € [, /] be a point of continuity of Fy; (-). Then,
0 as £, — oo. Also, P(Ay¢ = 0,Bv,¢ = 1)h(V|Ay,e = by construction, we have Fy (u) — Fp,(u) as € — 0 as
0,Bye =1) = 0 as £,{/ — oo following similar arguments shown below: 1
as above. Hence, P(Ay, = 0, By, = )I(U; U +V|Ap, =
0,By =1) — 0as ¢, — co and consequently v; — 0 as P(Ur<u—e¢) < P(Ufe <u) < P(Ur<u+e)
£, 0" — oo N = P(U; < u—¢) — Fg,(u)

Next we focus on I(U;U + Vyr): < Pl < u)— Fs, (u)

I(U;U + Vo) < I(U;U + Vir, Bug) <PU, <u+e) — Fx ()
< H(Bvy)+ P(By,y =0)I(U;U + V'| By, = 0) - - Ue

+P(BV,€/ = 1)I(U;U+‘7@/|vag/ = 1) = P(EJZ <u-— 6) _F~ (u+6) < P(Uf,e < u) - Fﬁe(u)
< P(Byy = DI(U;U + Vo |Byo = 1) + 7, SPUr<su+e)—Fy (u—e)
where :>|F[j£7€(u)— Fg,(u)| < Plu—e<U<u+e).

o i = H(By.p) + P(Byy = 0)I(U;U + V’\Bv,e/ =0). Towards showing (25), note that

Note that: I(ﬁe; 174 + %) = I(l}g; (7@ + %U’\\//vg’e, ]\7!5,6)
1 — (T, -T7 v, IN, N
h(U+V/|BV,Z’ = 0) S 510g27reVar(U+V’|BV,g/ = 0) - I(U@ G’UéG +WE|£V€ eaNé 6) _ _ _
1 U€7N 67N5’U 6+V€ - N eang;U.e+V.e
< > log2re(Var(U| By = 0) + Var(V'| By = 0)) = [Ue Nee N Ure - Vee) = I(Nees Nei Ure + Vee)
2 (Uf €7N€ FaN[ eaU€E+WG) - (Nﬁ,eaN[ge;Ué,eaw,e)
(2) L loeome Var(U) Var(V) ’
=2 TN\ PByy =0)  P(Bre=1) = (U, No N Ut 4 Vi)

I
< Log 2me ( Var(U) Var(V>> ~I(Nee, Ny i Use) = I(Nee, Nj s Vee|Ur.e)
2 P(BV’Z/ = 0) 1= m ](U&m Nf,ey Nf,eﬂ ﬁé,e + %,e)
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I(N€ eaUZ e) - (Ng eaﬁée;%s|ﬁ€ e)
I(U[€7U€F+WF)+I(NZE)N€57U€E+WF|U€€)

I(NZ €3 Ul e) - (NZ EaNZ ea Ve 5|UZ e)
I(UK €3 UE et Vz E) - (NZ,d Uf,6)7

and I(N&e;Ug,e) — 0 as ¢ — 0 by Lemma 5. The
proof of (25) follows by lower semi-continuity of mutual
information. Equation (26) can be proved using a similar
argument. For later convenience, note that the joint PDF of
(Ug,e, Vi,e) is jointly continuous on a compact support, and
hence uniformly continuous. o

Step 3 (Quantization): In this step, we discretize Uy ¢, Vp . to
ﬁg,EJ“ IA/g’m by applying @Q,,(-). We show that for any v > 0,
and all sufficiently large n € N, the following hold:

‘[(ﬁf,@n + ‘//\vf,e;n; ﬁ&e,n) - I<[7€7e + ‘7(,6; ﬁv&e)l < Y (27)
|I(UZ,e,n + w,e,n; ‘/Z,e,n) - I(UZ,E + ‘/Z,e; W,s)| < - (28)

We will show Equation (27) using the approach taken in [20]
to study entropy of linear combinations of independent
continuous variables. The proof of (28) follows by a similar
argument. We drop the subscript on @, (-) when there is no

ambiguity. N _ R N
Define mOdQ(Uﬁ e) L= UZ € U£ en and mon(w 5) :
V/e Viens and the variables C' : = Q(Ur,c + Vi),

- UZE’RJ’_WE’I’L, E Q( mOdQ(UZe)+ mOdQ(We))
Note that E € {=+,0, 1} by construction, where N : = 2".
We will show that i) H( )—H(D) — 0as N — oo, and ii)

(Uhn,C’) - (Ug,eﬁ, D) — 0 as N — oo. This implies
that I(UZ,e,n; Ué,e,n + w,e,n) - (UZ €ens Q(UZ € + W e))
0 as n — oo. Consequently, by data processing inequality
and lowerA semi- cont1nu1ty of mutual information, we have

(UéenyUZE'n +‘/€sn) - (Uf,ele,e +w,e) — 0.

First, we will show that H(C) — H(D) — 0 as N —
0o. Note that C' = D + E using the distributive property of

lattices [54]. As a result,
H(C)—-H(D)=I(C;E)—I(D;E).
First, let us consider I(D; E) as follows:
(D B) = (D + Voean Q mod () + mod(Vi.0)))
<I(Uen + Vien; modg(Use) + modg(Ve,e))
< I(Utyems Visens mod(Ur,e), modo(Ve,c)),

which goes to 0 as N — oo using Lemma 5 in [20]. Next, let
us consider I(C; E). Using Proposition 12 in [55], we have:

I(C: E) < (log 3 — V)T(E; C) + hy(T(E; C)),

where h;, is the binary entropy function, and T'(F;C)
= TV (Pg,c,PePc), where Py is the probability mass
function of the pair (E,C). So, it suffices to show that
T(E;C) — 0 as N — oo. Note that

TV (Pg,c, PePc)

Z P(E =¢e)TV(Pc, Pcie(-le))
ee{ 5.0, }

S

ec{=,0,4}

TV (Pc, Poie(-le))
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< Z TV (Pog(le'), Poi(-le))
6,6’6{%,07%
- > > |Ppip(d—€|e') — Ppjp(d — ele)|
ee’€{ 7,0, %} d
< Z > |Ppip(d—€|¢') = Ppjp(d — €'|e)|
e,e’e{%,0,%} d
+ |Ppe(d — /\ e) — Ppe(d —€| )l
= Z Z |Ppp(dle’) — Ppg(dle)]
ee’€{x to, 4 ~ 1 d
+ |Ppip(d — €'le) — Ppjp(d — ele)|. (29)
We investigate the first term in the summation in
Equation (29).
Z Z|PD\E(d|6/) — Ppe(dle)]
ee’€{ 50,4} ¢
< > Y IPpe(dle’) — Pp(d)]
6,6/6{%,0,%} d
+[Pp(d) — Ppg(dle)],

which goes to 0 as N — oo due to Pinsker’s inequality. To see
this, fix 7 > 0, and let N be large enough so that [(D; E) < n.
Note that such NV exists since limy_,o I(D; E') = 0 as shown
above. Due to Pinsker’s inequality, we have:

ZP
2(In 2 ZP

> 2(In 2)P(E =€ )TV?*(Pps(-|¢'), Pp),

n>I1(D;E) D(Ppr(-le)||Pp)

e)TV?(Ppg(-le), Pp)

for all ¢ e {F.0,% } Furthermore we show that |P(E
0) — 3| — 0 and |P( +)— %l —0,and |P(E = F) —
5l — O as N — oo:

1
P(E=—=)= / f5, 5, (u,v)dudv
N u,v:Q(mod g (u)+modg (v)))=+

N

X

1/ u,vEE; X Ej:Q(mod g (u)+modg (v))=4

VA

N

zz / o7, ()
i=1 j=1 u,vEl; X Ej:utv>e; +eJ+2N ! !

N

=1 i— /u'ueE X Ejutv<e;+ej—

1
where in the last inequality we have used the fact that fﬁ[ 7,
is continuous over a compact support, and hence uniformly
continuous, to argue the existence of d such that y — 0 as

fUp L (u, v)dudv

[, .7, (wv)dudv+iy
1 0 ey Vi e

2N

:P(E:

N — 0. Similarly P(E = F}) < P(E = &%) + 6n.

Furthermore,

P(E = 0) :/ fﬁe ‘72 (u,v)dudv
u,v:Q(mod @ (u)+mod ¢ (v)))=0 erthe
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N

7:J-_l/u,vGE,; x E;:Q(mod ¢ (u)+mod ¢ (v)))=0

N

= / fUZ 7. (u, v)dudv

Q=1 u,vEE; X Ej:e; +(>J+2N<u+v<(’ +e; +2N ’
N

<6

f, E,%,E(va)dudv-mN

2N

ij=1 /T,L,UEEq', X Ejutv<e;+ej—

~1
—6P(E = —) +6n.

N
Similarly. 6P(E = ) < P(E = 0) + dx. So, |P(E
0) — 2| < 0y and |P(E = %) — %] < dn, and |P(E =
) — | < 6n. Consequently, TV(PD‘E( le'), Pp) — 0 as

N — oo forall € € {F},0, &
Next, we consider the second term in Equation (29). Fix
ee € {‘Wl,O, +}. Note that

D+e—¢
= Q(ﬁZ’E) + Q(vﬂe) +e—¢
= Q(ﬁé,s + 8) + Q(%,e - 6/),

So,

Z |Ppp(d —€'le) — Ppip(d — ele)|

d
= Z |Pp|(d+ e — €'le) — Ppe(d|e)|
d
=D 1PQUee+e)+Q(Vie —€) =d|E =)

— P(Q(Ui,e) + Q(Va,e) = d)|E = )|

(30)
< 25w By, g, pA+ e ~eNe) P, 5, (A
= 2800 Py, p, (A4 (e~ N {E = e})
Py, g (AN{E=c})]

(b)

1 /
= 25w 5510, (Ao, =) = Py, 7, (Al

1
P(E=e¢)

></ \fa,. 7 (wtev—e)=fg, g (uv)dudv,

€2y

where in (a) we have used the data processing inequality for
variational distance, and in (b) we have used the fact that
the supremum over A is larger than that over A N {E = e}.
Note that the last term goes to 0 as N — oo due to uniform
continuity of fU,; Ve

We have thus shown that T(C;E) — 0 as N — oo
and hence I(C; E) — 0, and consequently, H(C) — H(D
as N — oo. Next, we will show that H (U, C)
H (175767,“ D) — 0. Similar to the previous part, we have:

H(Up,en, C) — H{Up,e.n, D)
= I(ﬁf,e,nz C; E) - I(fjf,e,na D; E)

~—

fﬁz,g,%,e (u, v)dudv

1647

The second term I(ﬁas,n,D;E) goes to 0 as N — oo by

a similar argument as in the previous case. For
the first term, similarly it suffices to show that
TV (Py ¢ 0.0 PePcp, . ) — 0 as N — oo. We have:
TV(Pgc0,, PEPcﬁ“n)
- Z P(E - e)TV( C, U, Pcﬁz,e,n\E(.k»
e€{F 0%
< Y. TV(Peg,. .6l Pop,. 6(1e)

ee’€{=,0,%}

2. 2.2 1Pop,. e

e.e’ {5 10 } d u

- PD,@,EME(d — e, ule)]

< S 3P pwd = —ule)
eorelz 0L} ¢ u

(uadf

— ¢, ule)

e’ —ule)]

u,d —

N Pﬁ[,e,n"/}[,e,nlE
+1Pg, . 0l e —ule)

= Pg,. . 0. plwd—e—ule)
= X XX gl
ee’e{ 30,5} v U
-y, . 0. n|E(“a vle)|
+1Pg, . v ptsv —€le)

—ele)|.

We will focus on the first term in equation (32):
Z Z| sz,e,n,"}g,é’n‘E(u7’U|e/)

e.e/€{=,0,L} wv

sl vle)]

PU? €,m> |E( (32)

PUF(W»

D>

e,e’E{;l L

1Po,. 0 pvle) = Pg, g, (u,0)]

(u,v) — P5

+‘ Ut,eonsVe,eon Ugfn,\A/gEn\E(u’U‘e)‘?

where the last two terms go to 0 as N — oo due to Pinsker’s
inequality and the fact that I(Ug em, Dy E) — 0 as N — oo.
Next we note the second term in (32) goes to 0 by a similar
argument as in Equation (31) and uniform continuity of
er.e.,Nz As a result, H(Ug em, C) — (U[ ens D) — 0. This
completes the proof. O

APPENDIX D
PROOF OF THEOREM 2

We provide a proof of Equation (11). The proof of
Equation (12) follows by symmetry.

Step 1 (Clipping X and Y, and Generating Ugand Vy): Let
Z, W, Xg, and Yy be as defined in Section I1I-B. Let (U, V)
be random variables that are correlated with (X,Y, Z,W) such
that the distribution of U, given X, is given by

Pmp?z('\x) = Pyix(-lz), x €[4/
and the distribution of V, given Yy is given by
Py 5, Cly) = Priy(ly), ye[-0,0]
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One can check that the following Markov chain holds:
Uy — Xy — (X,Y,Z,W) — Yy — V. Furthermore, for any
quadruple of events A,B,C, and D, the random variables
(X0, Yy, Uy, V) have the following distribution:

Pg, v, 7.7, (AB,CD)
=P%, 5, 0.7, xy(AB,CDRR)
= P)?e,%,ﬁe,ﬂl,x,Y(A’ B,C,D,RN[—£ ¢, RN[-£ ¢])
—i—P)?[,f,ﬂ,m’V%X,Y(A,B,C,D,Rﬂ[ 00RO [0, 0)
+Pg, v, 7,7, xy A B CDRA[-LRO [, L]
+Pg, v, 7,7, xyAB CDRA[=£ (RN [, L])
=Pxyuv(AN[=£4,BNn[-¢,¢],C,D)
"’P)?g,?z,,m,vg,,x,y(A B,C,D,RnN[-£4 0 RN[-¢, 1)
+Pg£y// TV, XY(A B,C,D,RN [~ ¢, RN[-¢, )
+Pg, v, 7,7, xyAB CDRA[-£(RN [, £])
Note that
0< Pge,%m@/’X’Y(A, B,C,D,RN[-£4°RN[-£,1])
+Pg, v, 0,7, xy(ABCDRN [, RN [, 0]
+Pg, v, 7,7, xyABCDRN[=(,4%RN [, 1]°)

<1-—PxyRN[-4LL,RN[-L, 1),

which approaches 0 as £,¢ — co. As a result,

Z,leigloo PX@,Y’LN,UAV@/ (A7 B7 C7 D) = PX,YVU,V(A7 B7 C7 D)’
(33)
for all A/B,C,D. Hence as ¢, ¢ — oo, PX; Y, UV

converges strongly to Py y,y7,v. Recalling that U, and V4, have
finite alphabets and using the continuity of mutual information
for finite alphabet variables we have

hm I(V@l Ug—|—Vg/)—I(V U+V).

2,0 =00
__Step 2 (Discretizing X and Y'): Next we quantize X ¢ and
Yy into X,, ¢ and Y,, o and enforce the Markov chain. Now
using

I(X YoV, Ul X)) = 1(Xe, Yo Vir; Ug) — 1( X5 U),

and Theorem 2 we have

lim I[(XYpVe;UelXne) = I(Ye Vi UelXe) =0, (34)

and similarly,

7}1_{20 I(X YUV Vo) =X, U Vi|Ye) =0. (35

Define U,L ¢ and V,, ¢ as random variables having the same
alphabet as U ¢ and ng and that are jointly correlated with
(X0, Xo, Yg/, Yn ) according to the probability distribution
that satisfies (i) the Markov chain V, o= Yn’zl — 374 - X ¢ —
Xmg* n,¢» (i1) the pair (Xn ¢, Un,¢) has the same distribution
as the pair (X, s, Uy), and (iii) the pair (f/n,g/,vmg/) has the
same distribution as the pair (?n,g,,w). We use Lemma 6 as
follows. From Equations (34) and (35), by taking the quintuple
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A = U@a B = )/(\VTL,K’ C =
we have

(5(:@,57@), D= ?"75" and £ = V@/,

lim V

n—oo

(P Xn Z?n,ﬂ/ﬁn,evn,ﬂ,/ ’ P)Eef’wﬁbvw) =0,
and using the continuity of mutual information for finite
alphabets, we have
im [(Une;Unp+ Vi) =IUgs U+ Vi),

n—oo

lim I(Vn,é’ 5 Un,@ + Vn,ﬂ/) = I(VZ’ ) U@ + V@/).

n—oo

This completes the proof.

APPENDIX E
COMPUTATIONAL STEPS FOR COMPUTING
ProODUCTS OVER ADDITIVE MAC

In this appendix we will provide some of the details
regarding the computational steps for computing the product
of pairs of uniform, Gaussian, and Laplacian random variables
over additive MAC with Gaussian noise. We wish to
compute two mutual information quantities: I(Z;Y) and
I(Z; X1). We describe the steps in computing I(Z;Y’). The
steps to compute [(Z; X;) follow by similar techniques.
We estimate the mutual information empirically estimating
E(log %) by averaging over randomly generated
samples Z and Y. That is, we generate X; and X, randomly
and independently, based on their underlying distribution, e.g.
zero-mean and unit-variance uniform, Gaussian, or Laplacian
distribution. Then, we compute Z = X1 X5 and ¥ = X; +
Xo+ N, where N is a zero-mean Gaussian noise with variance
107 0-1SNR Next, we compute the joint PDF fzy(Z,Y) and
the marginals f7(Z) and fy (Y). For Gaussian and Laplacian
pairs of variables, analytical expressions for fz(-) are given
in [56] and [57]. In order to find fzy and fy, we use the
analytical expressions for fzy|n(2,y[n) = fz,x,+x,(2,y —
n) and fy|n(y|n) = fx,+x,(y —n), given in [56] and [57],
and empirically estimate fzy = E(fzyn) and fy =
E(fy|n), respectively. We estimate the information quantities
based on 5 x 10° Monte-Carlo trials, and the PDFs based on
105 Monte-Carlo trials.

APPENDIX F
PROOF OF THEOREM 4

Proof: We first prove the following lemma which shows
the convergence of expected distortion under the discretization
procedure.

Lemma 7: Under the discretization procedure of the
auxiliary variables U and V' considered in Theorem 1, for any
£ > 0, and all sufficiently large n,¢,¢ > 0, and sufficiently
small € > 0, the following hold:

[E(dy (X, 1 (Unpc, Vi o)) — E(dy (X, g1 (U, V)] <&,

(36)
[E(d2 (Y, g2(Un.tc, Vo o)) — Eda (Y, g2 (U, V)| < €.
(37)

Proof: The lemma follows by convergence in distribution
of (X, Ungé,Vng/ o) to (X,U, V) and (Y, Unh, 0 .c) to
(Y,U,V), which was shown in Appendix C, along with the
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Portmanteau theorem [58], [59] and the arguments in the proof
of Lemma 4. O

Lemma 8: Under the discretization procedure of the sources
X and Y considered in ThAeorem A2, and for a fixed finite
alphabet auxiliary variables U and V' with the Markov chain,
for any ¢ > 0, and all sufficiently large n,¢,¢ > 0, and
sufficiently small € > 0, the following hold:

[E(ds (X6, 1 (Ut Vo)) = B (X, 02 (T, V)] < €
(38)

~E(dy(Y, 2T V)| < €
(39

Proof: Note that using Equation (33) in Appendix D,

along with the Portmanteau Theorem, for the clipped variables,
we have:

lim [Ed(X, g1(Ug, Ver))

L4 — o0

| (dQ( n Eag2(Un Z;Vn,é’)))

—Ed(X,0:(U,V))| = 0. (40)

For the quantized variables, since convergence in variational
distance, shown in Appendix D, implies convergence in dis-
tribution, the lemma follows using Portmanteau theorem [58],
[59] and Lemma 4. [l

Fix £ > 0, and define d}(z,u,v) : = dyi(z,g(u,v)) and
dy(y,u,v) : = da(y, g(u,v)) for all z,y,u,v,€ R* Using
the procedure described in Section III, we perform clipping,
smoothing, and discretization of random variables (U, V) into
U, v 0. and v, v ¢/« by choosing the parameters (n', ¢ ¢)
appropriately. Furthermore, using the procedure described
in Section III, we perform clipping, and discretization
of the source variables (X,Y’) to produce the quadruple
()?mg,}Afnl,U;,.Z”e,,v;,,@,,e,) by choosing the parameters
(n, ) appropriately. For ease of notation, we will drop
the subscripts from the random variables when there is no
ambiguity. Using the data-processing inequality, the lower
semi-continuity of mutual information and Theorems 1 and 2
and Lemmas 7 and 8, we have:

I(X;0) - I(X;U)| <26, [I(Y;V) - I(Y;V)] < 2,
[I(U;V)—I(U;V)| < 25, 41)
Ed\ (X, U, V) + &> ]Ed’( X,U, V)

Ed’z(Y, UV)+¢> Ed, (Y U, V). 42)

We can use the coding theorem in [19] to show that the
rate-distortion tuple given by

R, >I(X:U) -

Ry >1T (Y V) - (
Ri+ Ry > I( O+ 1(Y;V) = 1(U; V)
D, > Edll()?7ﬁa V)v
is achievable for the finite-alphabet source (X, Y, d, da).
Based on Equations (41) the rates are within 2¢ of the ones
in the theorem statement. To show that the claimed distortions
for the reconstruction of continuous source are achievable,

consider a transmission system with parameter (m,©;,O2)
for compressing the finite-alphabet source such that

1 & S o P
Y E4(XLULV) SEGXTV)+E @)
i=1
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where (U™, V™) © = f(e1(X™),e2(Y™)), and e; and
eo denote the encoders and f the decoder.

For the source (X,Y,d;,dz) we obtain an (m,©],0%)
transmission system TS. as follows. We assume that the
encoder and decoder share common randomness. From (X, Y’)
we create (X,Y) and use TSy. Let Ty = lixe[—g,¢}- The
encoder of X in TS, sends igformation to the decoder in
two parts. The first part is e(X™) and the second part is a
compressed (almost lossless) version of 77". If the sequence
T7" is typical, the encoder sends the index of the sequence
in the typical set, otherwise, it sends the index 0. This
extra piece of information requires hy(Px ([—¢,¢]) + & bits
per sample. Similar encoding strategy is used at the other
encoder. The decoder is constructed as follows. Let (U™, V™)
denote the reconstruction vector. If the decoder receives index
0 in the second part from either of the encoders, then it uses
an arbitrary constant c as a reconstruction, i.e., Ui =c, VZ =
for all i. Otherwise, it can reconstruct (77",74") reliably/.

If Ty; = 15 = 1, then the reconstruction is U; = U,
and V; = V,, otherwise it is arbitrary constants (c, '), i.e.,
U, = c, Vi=¢.

Assume that the parameters of the transmission system that

of the discrete source are such that

« ho(Px([=£,0))) < & and hy(Py ([0, 1)) < ¢

. P(A(')Edll(X“C, C/|Ac) < g, and
P(A9)Ed, (Y, e, d|A°) < & for all 1 < i < m,
where A denotes the event that (77",74%") is jointly
typical.

o P(BS)Ed|(X;,c,c|BS) < g, and
P(BSEd, (Y, e, d|BS) < & for all 1 < i < m,
where B; denote the event (X;,Y;) € [—£, (] x [—¢,4].

. |dll(l'1,b1,b2) — dll(xg,bl,bQ)‘ é 5, for all (a) x1,To €
[—¢4,£], (b) by € [—€', 0], (c) by € [, ¢'], and (d) |1 —

o |d5(y1,01,b2) — d5(ya, b1, b2)| <&, for all (a) 2,22 €
[-¢,0), (b) by € [0, 0], (c) by € [-¢,¢], and

(d) |z1 — 22| < 2%
Note that the constants ¢, ¢’ satisfying the conditions in the
second and third bullets exist by the assumption that the
expected distortion is finite so that there exist ¢, ¢’ such that
E(dy(X,¢,c')) < ooand E(dy(Y, ¢, c')) < oo. Let Px, v, |aB,
denote the probability distribution of (X;,Y;) given the event
A and B;. Consider for any i € {1,2,...,m},

Edy (X;,U;, Vi)

< P(A°)Ed; (X, c,c'|A°) + P(BS)Ed, (X, ¢, c'|BS)
+ P(ANB;)Ed; (X;,U;, Vi|A, By)

< 26 + P(AN B,)Ed, (X:, Us, Vi|AN By)

=2 + P(ANB,)Ed, (X, U, V,|ANB))

< 26+ P(B)Ed; (X, T3, Vi[B)

o+ P®B) S PO YIC) / d, (2,5, 1)

i,b,b

dPx, (x)
()

<o+ P(B)) [Ed’ (X, U, V) +§] ,

where we have following arguments: (a) follows from third
and fourth bullets from the previous page. In (b) we have
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denoted the conditional probability of U;,V; given X; as
P;. (c) follows from the fifth bullet from the previous page.
Finally, we have

1 & o PO
EZIEd’l()Q,Ui,V;-)§2£+ Ed’1<X,U,V))+2E]
i=1
< B¢+ Ed, (X, U, V).

The proof for the distortion for reconstructing Y follows by
similar arguments. This completes the desired proof. (]

APPENDIX G
PROOF OF PROPOSITION 2

The proof follows similar steps as the one given in
[9, Example 3]. We provide an outline in the following.
Note that Decoders {1},{2} and {1,2} operate at optimal
PtP rate-distortion. So by the same arguments as in steps
one through five in [9, Example 3], all codebooks except
C{l}’{;;},0{2}’{3},0{1},0{2}70{3} can be eliminated. For
ease of notation, we denote the corresponding random
variables for these codebooks as U3, Us3,Ur,Us,Us,
respectively. Note that due to optimality at Decoders {1}, {2}
and {1, 2}, we must have: (U1 3,U1)—X—Z — (Us,3, Ua).

In order to evaluate the achievable rates using Gaussian
test channels, let Uyz = X + Q13 and Uz = Z +
(2,3, where Q1,3,(Q23 are two Gaussian variables which
are independent of each other and of X,Z with variances
61,02 > 0, respectively. Note that E(X|U; 3) = TlglUl,B
and E(Z|Us3) = ﬁUzg. In order to achieve the desired
distortion at Decoders {1} and {2}, we must have U; =
X — TlaﬁUl-,?) + Q1 and Uy = Z — ﬁUQ,?, + @2, where
@1 and ()5 are Gaussian variables with zero mean and variance
P, independent of each other and all other variables. Then,
the reconstructions X = Uis + U; and 7 = Uss +
U, satisfy the distortion constraints at Decoder {1} and
Decoder {2}, respectively. The Gaussian variable Us can be
decomposed in terms of X, Z, Q1 3,Q2.3,Q1,Q2, @3, where
Qs is an independent Gaussian variable with zero mean and
unit variance, so that Us = a1 X + 0o Z + a3Q1 3+ aaQ23+
asQ1 + agQ2 + a7Q3 for some «o; € R,i € [7]. Then, the
reconstruction at Decoder {3} of X + Z which minimizes the
distortion is given by:

(X + Z)S = E(X + Zlle’;g7 Ug,g, Ug)
_ T
= SX 4201502505 50, 5 0s 5,05 UL3 Uzs Us]
1 1 a1 + Qo
= w. —U.
T+0; " 2 Vo) ¥
where Xx 4z, 40,450, = E(X + Z)[U13,U23,Us))
and Xy, ,,U,.5,U; 1S the covariance matrix of U; 3,Us 3, Us.
Similarly, the reconstructions at Decoder {1, 3} are:

)?1,3 : = E(X|Uy,3,Uz,3,U1,U3)

_ T
= EX,Ul,s.Uz,sUlU;sEU11,3,U213,U1,U3 [Ul,?) U2,3 Uy U3] y
21,3 : = E(Z|Uy3,Uz3,U1,Us)

— —1 T
_EZvU1«3U2w3U1U3EU1,37U2,37U17U3 [ULS U2,3 U1 U3] .

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 70, NO. 3, MARCH 2024

The reconstructions )?273, 22,3 at Decoder {2,3} can be
written in a similar fashion. Furthermore, using the covering
and packing bounds in Theorem 6, we have:

Rs > I(X,Z;Us,Uy 3,Us,3)+1(U1,Us; Us|Uy 3,Us 3, X, Z)

_ 11 |EX,ZHEU1,3U2,3U3|
= 5 og

|EX,Z7U1,3,U2,3U3|
+ I(Q1, Q2; a5Q1 + Q2 + a7 Q3)

1 Dy 1
= log 1201402 03| + ~log (a2P 4+ a2P + a2).
2 7 Bxz015.02,505] 2

Computer-assisted optimization over «;,i € [7],601,02 for
P = 0.5 yields the value 0.9317 which is strictly less

than %log % = 1. The achievable rates for other values of
P €]0,1] are plotted in Figure 5. O
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