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This book, composed of the collection of papers that have appeared in the Special Issue of the
Entropy journal dedicated to “Information Theory for Data Communications and Processing”, reflects,
in its eleven chapters, novel contributions based on the firm basic grounds of information theory.
The book chapters [1-11] address timely theoretical and practical aspects that carry both interesting
and relevant theoretical contributions, as well as direct implications for modern current and future
communications systems.

Information theory has started with the monumental work of Shannon: Shannon, C.E.
“A Mathematical Theory of Communications”, Bell System Technical Journal, vol. 27, pp. 379-423,
623-656, 1948, and it provided from its very start the mathematical/theoretical framework which
facilitated addressing information related problems, in all respects: starting with the basic notion of
what is information, going through basic features of how to convey information in the best possible way
and how to process it given actual and practical constraints. Shannon himself not only fully realized
the power of the basic theory he has developed but further in his profound contributions addressed
practical constraints of communications systems, such as bandwidth, possible signaling limits (as peak
limited signals), motivating from the very start to address practical constraints via theoretical tools,
see, for example: Jelonek, Z. A comparison of transmission systems, In Proc. Symp. Appl. Commun.
Theory, E.E. Dep., Imperial College, Buttenvorths Scientific Press, London, September 1952, pp. 45-81.
Shannon has contributed fundamentally also to most relevant aspects as source coding under a fidelity
(distortion) measure, finite code lengths (error exponents) as well as network aspects of information
theory (the multiple-access channel), see: Sloane, N.J.A. and Wyner, A.D., Eds., Collected Papers of
Claude Elwood Shannon. IEEE Press: New York, 1993.

While at its beginning and through the first decades, information theory, as is reflected in the basic
1948 work of Shannon, was a mathematical tool that pointed out the best that can be achieved (as channel
capacity for point-to-point communications), which with past technology could not even be imagined
to be approached. Now, the power of information theory is way greater as it is able to theoretically
address network problems and not only point out the limits of communications/signal processing,
but with current technology, those limits can, in general, be decently approached. This is classically
demonstrated by the capacity of the point-to-point Gaussian channel, which is actually achieved within
fractions of dB in signal-to-noise (snr) ratio by advanced coding techniques (Low-Density-Parity-Check,
Turbo and Polar codes). In our times, current advanced technology turns information theory into a
practical important tool that is capable also to provide basic guidelines how to come close to ultimate
optimal performance.

Modern, current and future communications/processing aspects motivate in fact basic information
theoretic research for a wide variety of systems for which we yet do not have the ultimate theoretical
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solutions (for example a variety of problems in network information theory as the broadcast/interference
and relay channels, which mostly are yet unsolved in terms of determining capacity regions and the
like). Technologies as 5/6G cellular communications, Internet of Things (IoT), Mobile Edge Networks
and others place in center not only features of reliable rates of information measured by the relevant
capacity, and capacity regions, but also notions such as latency vs. reliability, availability of system state
information, priority of information, secrecy demands, energy consumption per mobile equipment,
sharing of communications resource (time/frequency/space) and the like.

This book focuses on timely and relevant features, and the contributions in the eleven book
chapters [1-11], summarized below, address the information theoretical frameworks that have important
practical implications.

The basic contributions of this book could be divided into three basic parts:

(1) The first part Chapters [1-5] considers central notions such as the Information Bottleneck,
overviewed in the first chapter, pointing out basic connections to a variety of classical information
theoretic problems, such as remote source coding. This subject covering timely novel information
theoretic results demonstrates the role information theory plays in current top technology.
These chapters, on one hand, provide application to ‘deep learning’, and, on the other, they present
the basic theoretical framework of future communications systems such as Cloud and Fog
Radio Access Networks (CRAN, FRAN). The contributions in this part directly address aspects
such as ultra-reliable low-latency communications, impacts of congestion, and non-orthogonal
access strategies.

(2) Thesecond part of the contributions in this book Chapters [6-8] addresses classical communications
systems, point-to-point Multiple-Input-Multiple-Output (MIMO) channels subjected to practical
constraints, as well as network communications models. Specifically, relay and multiple access
channels are discussed.

(3)  The third part of the contributions of this book Chapters [9-11] focuses mainly on caching, which,
for example, is the center component in FRAN. Information theory indeed provides the classical
tool to address network features of caching, as demonstrated in the contributions summarized
below (and references therein).

Chapter 1: “On the Information Bottleneck Problems: Models, Connections, Applications and
Information Theoretic Views” provides a tutorial that addresses from an information theoretic viewpoint
variants of the information bottleneck problem. It provides an overview emphasizing variational inference,
representation learning and presents a broad spectrum of inherent connections to classical information
theoretic notions such as: remote source-coding, information combining, common reconstruction,
the Wyner-Ahlswede—Korner problem and others. The distributed information bottleneck overviewed in
this tutorial sets the theoretical grounds for the uplink CRAN, with oblivious processing.

Chapter 2: “Variational Information Bottleneck for Unsupervised Clustering: Deep Gaussian
Mixture Embedding” develops an unsupervised generative clustering framework that combines the
variational information bottleneck and the Gaussian mixture model. Among other results, this approach
that models the latent space as a mixture of Gaussians generates inference-type algorithms for exact
computation, and generalizes the so-called evidence lower bound, which is useful in a variety of
unsupervised learning problems.

Chapter 3: “Asymptotic Rate-Distortion Analysis of Symmetric Remote Gaussian Source Coding:
Centralized Encoding vs. Distributed Encoding” addresses remote multivariate source coding, which is
a CEO problem and, as indicated in Chapter 1, connects directly to the distributed bottleneck problem.
The distortion measure considered here is minimum-mean-square-error, which can be connected to the
logarithmic distortion via classical information—estimation relations. Both cases—the distributed and
joint remote source coding (all terminals cooperate)—are studied.

Chapter 4: “Non-Orthogonal eMBB-URLLC Radio Access for Cloud Radio Access Networks with
Analog Fronthauling” provides an information-theoretic perspective of the performance of Ultra-Reliable
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Low-Latency Communications (URLLC) and enhanced Mobile BroadBand (eMBB) traffic under both
Orthogonal and Non-Orthogonal multiple access procedures. The work here considers CRAN based on
the relaying of radio signals over analog fronthaul links.

Chapter 5: “Robust Baseband Compression against Congestion in Packet-Based Fronthaul
Networks Using Multiple Description Coding” also addresses CRAN and considers the practical
scenario when the fronthaul transport network is packet based and it may have a multi-hop
architecture. The timely information theoretic concepts of multiple description coding are employed,
and demonstrated to provide advantageous performance over conventional packet-based multi-route
reception or coding.

Chapter 6: “Amplitude Constrained MIMO Channels: Properties of Optimal Input Distributions
and Bounds on the Capacity” studies the classical information theoretic setting where input signals
are subjected to practical constraints, with focus on amplitude constraints. Followed by a survey of
available results for Gaussian MIMO channels, which are of direct practical importance, it is shown
that the support of a capacity-achieving input distribution is a small set in both a topological and a
measure theoretical sense. Bounds on the respective capacities are developed and demonstrated to be
tight in the high amplitude regime (high snr).

Chapter 7: “Quasi-Concavity for Gaussian Multicast Relay Channels” addresses the classical
model of a relay channel, which is one of the classical information theoretic problems that are not yet
fully solved. This work identifies useful features of quasi-concavity of relevant bounds (as the cut-set
bound) that are useful in addressing communications schemes based on relaying.

Chapter 8: “Gaussian Multiple Access Channels with One-Bit Quantizer at the Receiver” investigates
the practical setting when the received input is sampled and here it employs a zero-threshold one-bit
analogue-to-digital converter. It is shown that the optimal capacity achieving signal distribution is discrete,
and bounds on the respective capacity are reported.

Chapter 9: “Efficient Algorithms for Coded Multicasting in Heterogeneous Caching Networks”
addresses crucial performance-complexity tradeoffs in a heterogeneous caching network setting,
where edge caches with possibly different storage capacities collect multiple content requests that
may follow distinct demand distributions. The basic known performance-efficient coded multicasting
schemes suffer from inherent complexity issues, which makes them impractical. This chapter
demonstrates that the proposed approach provides a compelling step towards the practical achievability
of the promising multiplicative caching gain in future-generation access networks.

Chapter 10: “Cross-Entropy Method for Content Placement and User Association in Cache-Enabled
Coordinated Ultra-Dense Networks” focuses on ultra-dense networks, which play a central role for
future wireless technologies. In Coordinated Multi-Point-based Ultra-Dense Networks, a great
challenge is to tradeoff between the gain of network throughput and the degraded backhaul
latency, and caching popular files has been identified as a promising method to reduce the backhaul
traffic load. This chapter investigated Cross-Entropy methodology for content placement strategies
and user association algorithms for the proactive caching ultra-dense networks, and demonstrates
advantageous performance.

Chapter 11: “Symmetry, Outer Bounds, and Code Constructions: A Computer-Aided Investigation
on the Fundamental Limits of Caching” also focuses on caching, which, as mentioned, is a fundamental
procedure for future efficient networks. Most known analyses and bounds developed are based on
information theoretic arguments and techniques. This work illustrates how computer-aided methods
can be applied to investigate the fundamental limits of the caching systems, which are significantly
different from the conventional analytic approach usually seen in the information theory literature.
The methodology discussed and suggested here allows, among other things, to compute performance
bounds for multi-user/terminal schemes, which were believed to require unrealistic computation scales.

In closing, one can view all the above three categories of the eleven chapters, in a unified way,
as all are relevant to future wireless networks. The massive growth of smart devices and the advent
of many new applications dictates not only having better systems, such as coding and modulation
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on the point-to-point channel, classically characterized by channel capacity, but a change of the
network/communications paradigms (as demonstrated for example, by the notions of CRAN and
FRAN) and performance measures. New architectures and concepts are a must in current and future
communications systems, and information theory provides the basic tools to address these, developing
concepts and results, which actually are not only of essential theoretical value, but are also of direct
practical importance. We trust that this book provides a sound glimpse to these aspects.
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Abstract: This tutorial paper focuses on the variants of the bottleneck problem taking an
information theoretic perspective and discusses practical methods to solve it, as well as its
connection to coding and learning aspects. The intimate connections of this setting to remote
source-coding under logarithmic loss distortion measure, information combining, common
reconstruction, the Wyner—Ahlswede-Korner problem, the efficiency of investment information,
as well as, generalization, variational inference, representation learning, autoencoders, and others
are highlighted. We discuss its extension to the distributed information bottleneck problem with
emphasis on the Gaussian model and highlight the basic connections to the uplink Cloud Radio
Access Networks (CRAN) with oblivious processing. For this model, the optimal trade-offs between
relevance (i.e., information) and complexity (i.e., rates) in the discrete and vector Gaussian frameworks
is determined. In the concluding outlook, some interesting problems are mentioned such as the
characterization of the optimal inputs (“features”) distributions under power limitations maximizing
the “relevance” for the Gaussian information bottleneck, under “complexity” constraints.

Keywords: information bottleneck; rate distortion theory; logarithmic loss; representation learning

1. Introduction

A growing body of works focuses on developing learning rules and algorithms using information
theoretic approaches (e.g., see [1-6] and references therein). Most relevant to this paper is the
Information Bottleneck (IB) method of Tishby et al. [1], which seeks the right balance between data
fit and generalization by using the mutual information as both a cost function and a regularizer.
Specifically, IB formulates the problem of extracting the relevant information that some signal X € X
provides about another one Y ¢ ) that is of interest as that of finding a representation U that
is maximally informative about Y (i.e., large mutual information I(U;Y)) while being minimally
informative about X (i.e., small mutual information I(U; X)). In the IB framework, I(U;Y) is referred
to as the relevance of U and I(U; X) is referred to as the complexity of U, where complexity here
is measured by the minimum description length (or rate) at which the observation is compressed.
Accordingly, the performance of learning with the IB method and the optimal mapping of the data are
found by solving the Lagrangian formulation

,CIﬁB’* = max I(U;Y) - BI(U; X), (1)
ujx

Entropy 2020, 22, 151; doi:10.3390/e22020151 5 www.mdpi.com/journal/entropy
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where Pyx is a stochastic map that assigns the observation X to a representation U from which Y
is inferred and f is the Lagrange multiplier. Several methods, which we detail below, have been
proposed to obtain solutions Py x to the IB problem in Equation (4) in several scenarios, e.g., when the
distribution of the sources (X, Y) is perfectly known or only samples from it are available.

The IB approach, as a method to both characterize performance limits as well as to design
mapping, has found remarkable applications in supervised and unsupervised learning problems such
as classification, clustering, and prediction. Perhaps key to the analysis and theoretical development
of the IB method is its elegant connection with information-theoretic rate-distortion problems, as it
is now well known that the IB problem is essentially a remote source coding problem [7-9] in which
the distortion is measured under logarithmic loss. Recent works show that this connection turns out
to be useful for a better understanding the fundamental limits of learning problems, including the
performance of deep neural networks (DNN) [10], the emergence of invariance and disentanglement in
DNN [11], the minimization of PAC-Bayesian bounds on the test error [11,12], prediction [13,14], or as
a generalization of the evidence lower bound (ELBO) used to train variational auto-encoders [15,16],
geometric clustering [17], or extracting the Gaussian “part” of a signal [18], among others. Other
connections that are more intriguing exist also with seemingly unrelated problems such as privacy
and hypothesis testing [19-21] or multiterminal networks with oblivious relays [22,23] and non-binary
LDPC code design [24]. More connections with other coding problems such as the problems of
information combining and common reconstruction, the Wyner-Ahlswede-Korner problem, and the
efficiency of investment information are unveiled and discussed in this tutorial paper, together with
extensions to the distributed setting.

The abstract viewpoint of IB also seems instrumental to a better understanding of the so-called
representation learning [25], which is an active research area in machine learning that focuses on
identifying and disentangling the underlying explanatory factors that are hidden in the observed data
in an attempt to render learning algorithms less dependent on feature engineering. More specifically,
one important question, which is often controversial in statistical learning theory, is the choice of a
“good” loss function that measures discrepancies between the true values and their estimated fits.
There is however numerical evidence that models that are trained to maximize mutual information,
or equivalently minimize the error’s entropy, often outperform ones that are trained using other
criteria such as mean-square error (MSE) and higher-order statistics [26,27]. On this aspect, we also
mention Fisher’s dissertation [28], which contains investigation of the application of information
theoretic metrics to blind source separation and subspace projection using Renyi’s entropy as well as
what appears to be the first usage of the now popular Parzen windowing estimator of information
densities in the context of learning. Although a complete and rigorous justification of the usage of
mutual information as cost function in learning is still awaited, recently, a partial explanation appeared
in [29], where the authors showed that under some natural data processing property Shannon’s
mutual information uniquely quantifies the reduction of prediction risk due to side information.
Along the same line of work, Painsky and Wornell [30] showed that, for binary classification problems,
by minimizing the logarithmic-loss (log-loss), one actually minimizes an upper bound to any choice of
loss function that is smooth, proper (i.e., unbiased and Fisher consistent), and convex. Perhaps, this
justifies partially why mutual information (or, equivalently, the corresponding loss function, which
is the log-loss fidelity measure) is widely used in learning theory and has already been adopted in
many algorithms in practice such as the infomax criterion [31], the tree-based algorithm of Quinlan
[32], or the well known Chow-Liu algorithm [33] for learning tree graphical models, with various
applications in genetics [34], image processing [35], computer vision [36], etc. The logarithmic loss
measure also plays a central role in the theory of prediction [37] (Ch. 09) where it is often referred to as
the self-information loss function, as well as in Bayesian modeling [38] where priors are usually designed
to maximize the mutual information between the parameter to be estimated and the observations. The
goal of learning, however, is not merely to learn model parameters accurately for previously seen data.
Rather, in essence, it is the ability to successfully apply rules that are extracted from previously seen
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data to characterize new unseen data. This is often captured through the notion of “generalization
error”. The generalization capability of a learning algorithm hinges on how sensitive the output of the
algorithm is to modifications of the input dataset, i.e., its stability [39,40]. In the context of deep learning,
it can be seen as a measure of how much the algorithm overfits the model parameters to the seen data.
In fact, efficient algorithms should strike a good balance between their ability to fit training dataset and
that to generalize well to unseen data. In statistical learning theory [37], such a dilemma is reflected
through that the minimization of the “population risk” (or “test error” in the deep learning literature)
amounts to the minimization of the sum of the two terms that are generally difficult to minimize
simultaneously, the “empirical risk” on the training data and the generalization error. To prevent
over-fitting, regularization methods can be employed, which include parameter penalization, noise
injection, and averaging over multiple models trained with distinct sample sets. Although it is not yet
very well understood how to optimally control model complexity, recent works [41,42] show that the
generalization error can be upper-bounded using the mutual information between the input dataset
and the output of the algorithm. This result actually formalizes the intuition that the less information a
learning algorithm extracts from the input dataset the less it is likely to overfit, and justifies, partly, the
use of mutual information also as a regularizer term. The interested reader may refer to [43] where
it is shown that regularizing with mutual information alone does not always capture all desirable
properties of a latent representation. We also point out that there exists an extensive literature on
building optimal estimators of information quantities (e.g., entropy, mutual information), as well as
their Matlab /Python implementations, including in the high-dimensional regime (see, e.g., [44-49]
and references therein).

This paper provides a review of the information bottleneck method, its classical solutions,
and recent advances. In addition, in the paper, we unveil some useful connections with coding
problems such as remote source-coding, information combining, common reconstruction, the
Wyner-Ahlswede-Korner problem, the efficiency of investment information, CEO source coding
under logarithmic-loss distortion measure, and learning problems such as inference, generalization,
and representation learning. Leveraging these connections, we discuss its extension to the distributed
information bottleneck problem with emphasis on its solutions and the Gaussian model and highlight
the basic connections to the uplink Cloud Radio Access Networks (CRAN) with oblivious processing.
For this model, the optimal trade-offs between relevance and complexity in the discrete and vector
Gaussian frameworks is determined. In the concluding outlook, some interesting problems are
mentioned such as the characterization of the optimal inputs distributions under power limitations
maximizing the “relevance” for the Gaussian information bottleneck under “complexity” constraints.

Notation

Throughout, uppercase letters denote random variables, e.g., X; lowercase letters denote
realizations of random variables, e.g., x; and calligraphic letters denote sets, e.g., X. The cardinality
of a set is denoted by |X|. For a random variable X with probability mass function (pmf) Py,
we use Px(x) = p(x), x € X for short. Boldface uppercase letters denote vectors or matrices,
e.g., X, where context should make the distinction clear. For random variables (Xj, Xp,---) and
a set of integers £ ¢ IN, Xx denotes the set of random variables with indices in the set £, i.e.,
X ={Xy:keK}. If K =0, X =@. Fork e K, we let X)C/k = (X1, Xg-1, Xgs1, -+, Xk), and assume
that Xy = Xg41 = @. In addition, for zero-mean random vectors X and Y, the quantities Zx, Zxy and
gy denote, respectively, the covariance matrix of the vector X, the covariance matrix of vector (X,Y),
and the conditional covariance matrix of X, conditionally on Y, i.e., Iy = E[XXH ] Exy = E[XYH], and
Zyy = Zx— Zx,y):&l}:y,x. Finally, for two probability measures Px and Qx on the random variable
X € X, the relative entropy or Kullback-Leibler divergence is denoted as Dkp.(Px|Qx). That is, if Px is
absolutely continuous with respect to Qx, Px « Qx (i.e., for every x € X, if Px(x) > 0, then Qx(x) > 0),
Dy (Px[Qx) = Epy[log(Px(X)/Qx(X))], otherwise Dxy (Px [Qx) = co.
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2. The Information Bottleneck Problem

The Information Bottleneck (IB) method was introduced by Tishby et al. [1] as a method for
extracting the information that some variable X ¢ X’ provides about another one Y € ) that is of interest,

as shown in Figure 1.
. XexXx U= ¢(X) N

Figure 1. Information bottleneck problem.

Ye)y

Specifically, the IB method consists of finding the stochastic mapping Pyx : X — U that from
an observation X outputs a representation U ¢ U/ that is maximally informative about Y, i.e., large
mutual information I(U; Y'), while being minimally informative about X, i.e., small mutual information
I(U; X) (As such, the usage of Shannon’s mutual information seems to be motivated by the intuition
that such a measure provides a natural quantitative approach to the questions of meaning, relevance,
and common-information, rather than the solution of a well-posed information-theoretic problem—a
connection with source coding under logarithmic loss measure appeared later on in [50].) The auxiliary
random variable U satisfies that U -e- X -e- Y is a Markov Chain in this order; that is, that the joint
distribution of (X, U, Y) satisfies

p(x,u,y) = p(x)p(ylx) p(ulx), 2

and the mapping Pyx is chosen such that U strikes a suitable balance between the degree of relevance
of the representation as measured by the mutual information I(U;Y') and its degree of complexity as
measured by the mutual information I(U; X). In particular, such U, or effectively the mapping Py x,
can be determined to maximize the IB-Lagrangian defined as

LP (Pyjx) = LW;Y) - pI(U; X) ®)

over all mappings Py x that satisfy U o- X oY and the trade-off parameter f is a positive Lagrange
multiplier associated with the constraint on I(U;Y).

Accordingly, for a given  and source distribution Py y, the optimal mapping of the data, denoted
by P;’I’i, is found by solving the IB problem, defined as

LB max [(U;Y) - BI(U; X)., @)
p Pyx

over all mappings Py that satisfy U -e- X o Y. It follows from the classical application of
Carathéodory’s theorem [51] that without loss of optimality, U can be restricted to satisfy [U/| < |X|+ 1.

In Section 3 we discuss several methods to obtain solutions Pi;l’i to the IB problem in Equation (4)
in several scenarios, e.g., when the distribution of (X, Y) is perfectly known or only samples from it
are available.

2.1. The Ib Relevance—Complexity Region

The minimization of the IB-Lagrangian L4 in Equation (4) for a given f > 0 and Px,y results
in an optimal mapping P&& and a relevance-complexity pair (A, Rg) where Ag = I(Ug, X) and
Rg = I(Ug,Y) are, respectively, the relevance and the complexity resulting from generating Ug with

the solution P&’; By optimizing over all § > 0, the resulting relevance-complexity pairs (Ag, Rg)
characterize the boundary of the region of simultaneously achievable relevance-complexity pairs for a
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distribution Py y (see Figure 2). In particular, for a fixed Py y, we define this region as the union of
relevance—-complexity pairs (A, R) that satisfy

A<I(U,Y), R>I(X,U) (5)

where the union is over all Py x such that U satisfies U -e- X -e- Y form a Markov Chain in this order.
Any pair (A, R) outside of this region is not simultaneously achievable by any mapping Py x-

9 T T T T T T T T T

sl 1vV;X) 7 ]

Non-feasible

Feasible

Relevance I(Y;U)

{
:
]
2t 1
" max I(Y;U) — BI(U; X) 1

Pyix

o 2 4 6 8 10 12 14 16 18 2
Complexity I(X;U)

Figure 2. Information bottleneck relevance—complexity region. For a given f, the solution P&@ to the
minimization of the IB-Lagrangian in Equation (3) results in a pair (Ag, Rg) on the boundary of the IB

relevance-complexity region (colored in grey).
3. Solutions to the Information Bottleneck Problem

As shown in the previous region, the IB problem provides a methodology to design mappings
Py x performing at different relevance-complexity points within the region of feasible (A, R) pairs,
characterized by the IB relevance-complexity region, by minimizing the IB-Lagrangian in Equation (3)
for different values of f. However, in general, this optimization is challenging as it requires
computation of mutual information terms.

In this section, we describe how, for a fixed parameter §, the optimal solution PE’&, or an efficient
approximation of it, can be obtained under: (i) particular distributions, e.g., Gaussian and binary
symmetric sources; (ii) known general discrete memoryless distributions; and (iii) unknown memory
distributions and only samples are available.

3.1. Solution for Particular Distributions: Gaussian and Binary Symmetric Sources

In certain cases, when the joint distribution Py y is know, e.g., it is binary symmetric or Gaussian,
information theoretic inequalities can be used to minimize the IB-Lagrangian in (4) in closed form.

3.1.1. Binary IB

Let X and Y be a doubly symmetric binary sources (DSBS), i.e., (X,Y) ~ DSBS(p) for some
0<p<1/2. (ADSBS s a pair (X, Y) of binary random variables X ~ Bern(1/2) and Y ~ Bern(1/2) and
X @Y ~Bern(p), where & is the sum modulo 2. That is, Y is the output of a binary symmetric channel
with crossover probability p corresponding to the input X, and X is the output of the same channel
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with input Y.) Then, it can be shown that the optimal U in (4) is such that (X, U) ~ DSBS(q) for some
0<g<1. Sucha U can be obtained with the mapping Py x such that

U=XeQ, withQ~DSBS(q). (6)
In this case, straightforward algebra leads to that the complexity level is given by
I(U; X) =1-hy(q), (7)

where, for 0 < x < 1, hy(x) is the entropy of a Bernoulli-(x) source, i.e., ha(x) = —xlog,(x) - (1 -
x)log,(1 - x), and the relevance level is given by

I(U;Y) =1-hy(pq) ®)

where p « g = p(1-q) +q(1 - p). The result extends easily to discrete symmetric mappings ¥ — X
with binary X (one bit output quantization) and discrete non-binary Y.

3.1.2. Vector Gaussian IB

Let (X,Y) € CNx x CNv be a pair of jointly Gaussian, zero-mean, complex-valued random vectors,
of dimension Ny >0 and N, > 0, respectively. In this case, the optimal solution of the IB-Lagrangian in
Equation (3) (i.e., test channel Py x) is a noisy linear projection to a subspace whose dimensionality
is determined by the tradeoff parameter B. The subspaces are spanned by basis vectors in a manner
similar to the well known canonical correlation analysis [52]. For small §, only the vector associated to
the dimension with more energy, i.e., corresponding to the largest eigenvalue of a particular hermitian
matrix, will be considered in U. As f increases, additional dimensions are added to U through a series
of critical points that are similar to structural phase transitions. This process continues until U becomes
rich enough to capture all the relevant information about Y that is contained in X. In particular, the
boundary of the optimal relevance-complexity region was shown in [53] to be achievable using a test
channel Pyx, which is such that (U, X) is Gaussian. Without loss of generality, let

U=AX+¢ )

where A € My, n,(C) is an Ny, x Ny complex valued matrix and & € CN is a Gaussian noise that is
independent of (X, Y) with zero-mean and covariance matrix I,. For a given non-negative trade-off
parameter §, the matrix A has a number of rows that depends on § and is given by [54] (Theorem 3.1)

[OT;..,;OT], 0<B<pg
T.nT T c c
avy; 00,50 ], Bi<B<B
Al [uvi 1 2 (10)
[uclvlT; zxzva;OT;...;OT] , BS<B< B

where {v],v], ., VIT\,Y} are the left eigenvectors of ZX‘YZ;(I sorted by their corresponding ascending

eigenvalues Ay, Ay, -, An,. Furthermore, fori =1, Ny, ‘Bf = 1%)‘1 are critical B-values, a; = |/ %
with r; = viT):Xv,-, 07 denotes the Ny-dimensional zero vector and semicolons separate the rows of
the matrix. It is interesting to observe that the optimal projection consists of eigenvectors of ZX‘YZ)’(I,
combined in a judicious manner: for values of B that are smaller than B, reducing complexity is of
prime importance, yielding extreme compression U = ¢, i.e., independent noise and no information
preservation at all about Y. As § increases, it undergoes a series of critical points {¢}, at each of which
a new eignevector is added to the matrix A, yielding a more complex but richer representation—the
rank of A increases accordingly.

10
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For the specific case of scalar Gaussian sources, that is Ny = N, = 1, e.g., X = \/snrY + N where
N is standard Gaussian with zero-mean and unit variance, the above result simplifies considerably.
In this case, let without loss of generality the mapping Py x be given by

X=vaX+Q (11)

where Q is standard Gaussian with zero-mean and variance [7;. In this case, for I(U; X) = R, we get
1 1
I(WY) = 5 log(1+snr) - 5 log (1 + snrexp(—ZR)). (12)

3.2. Approximations for Generic Distributions

Next, we present an approach to obtain solutions to the the information bottleneck problem for
generic distributions, both when this solution is known and when it is unknown. The method consists
in defining a variational (lower) bound on the IB-Lagrangian, which can be optimized more easily
than optimizing the IB-Lagrangian directly.

3.2.1. A Variational Bound

Recall the IB goal of finding a representation U of X that is maximally informative about Y while
being concise enough (i.e., bounded I(U; X)). This corresponds to optimizing the IB-Lagrangian

L (Pyx) = I(U;Y) - BI(U; X) (13)

where the maximization is over all stochastic mappings Pyx such that U -e- X oY and U] < | X[+ 1.
In this section, we show that minimizing Equation (13) is equivalent to optimizing the variational cost

LXIB(Pupo Qvyju, Su) = Epyy [log Qyju(YIU)] - BDxw (Puix|Su), (14)

where Qyy(y|u) is an given stochastic map Qyjy = U — [0,1] (also referred to as the variational
approximation of Py; or decoder) and Sy (u) : U — [0,1] is a given stochastic map (also referred to as
the variational approximation of Py), and D (Pyx|Su) is the relative entropy between Pyyjx and Sy

Then, we have the following bound for a any valid Py x, i.e., satisfying the Markov Chain in
Equation (2),

C;B(wa) > EXIB(me, Qviu Su), (15)

where the equality holds when Qyjy = Py and Sy = Py, i.e., the variational approximations
correspond to the true value.

In the following, we derive the variational bound. Fix Pyx (an encoder) and the variational
decoder approximation Qyyy;. The relevance I(U;Y') can be lower-bounded as

I(U;Y) = i;elxl,yey Py y(u,y)log Pl/]‘)iig‘)u)dydu (16)
© et yey Pu,y(u,y)log lej‘ili((;)‘bl)dydu + D(Py”Qy|u) 17)
(? jud/{,yﬁy Py y(u,y)log %(yy)‘wdydu (18)
S HO Y o P () Tog Quu(yl)dyds (19)
¥ );eu,ysy Pu,y (#,y)1og Qyju (y|u)dydy (20)

11
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D Yoy P P (4100 Pu () 108 Quus (v ey, @1
where in (a) the term D(PyHQy|U) is the conditional relative entropy between Py and Qy, given Py;
(b) holds by the non-negativity of relative entropy; (c) holds by the non-negativity of entropy; and (d)
follows using the Markov Chain U & X =Y.

Similarly, let Sy; be a given the variational approximation of Py;. Then, we get

) Pyx (ulx)
(U; X) = ;;M/M Pux(i,x) log — - dad 22)
Pyyix (ulx)
%, Pux(u)log SlTu)dxdu -D(PulSu) (23)
< ;f P (1) log UX ) 4 (24)
© Tuel, xex XA & Su(u) v

where the inequality follows since the relative entropy is non-negative.
Combining Equations (21) and (24), we get

1Y) - I X) > I

et xex, gy P (x) Py|x (ylx) Pyyx (u]x) log Qyyu (ylu)dxdydy

Pyyjx (ulx)
B log WX, 4 ,
B Yot e Pux ) log Su(u) dxdy (25)

The use of the variational bound in Equation (14) over the IB-Lagrangian in Equation (13) shows
some advantages. First, it allows the derivation of alternating algorithms that allow to obtain a solution
by optimizing over the encoders and decoders. Then, it is easier to obtain an empirical estimate of
Equation (14) by sampling from: (i) the joint distribution Py y; (ii) the encoder Pyx; and (iii) the prior
Su. Additionally, as noted in Equation (15), when evaluated for the optimal decoder Qyy; and prior Sy,
the variational bound becomes tight. All this allows obtaining algorithms to obtain good approximate
solutions to the IB problem, as shown next. Further theoretical implications of this variational bound
are discussed in [55].

3.2.2. Known Distributions

Using the variational formulation in Equation (14), when the data model is discrete and the joint
distribution P y is known, the IB problem can be solved by using an iterative method that optimizes
the variational IB cost function in Equation (14) alternating over the distributions Py x, Qy|y, and Su.
In this case, the maximizing distributions Pyx, Qyju, and Sy can be efficiently found by an alternating
optimization procedure similar to the expectation-maximization (EM) algorithm [56] and the standard
Blahut-Arimoto (BA) method [57]. In particular, a solution Pyix to the constrained optimization
problem is determined by the following self-consistent equations, for all (u,x,y) et x X x Y, [1]

Pue(ul) = 7450 exp (- s (Prix (o) Py ) (262)
Py(u) = ZXPX(X)PU\X(H\X) (26b)
Py (ylu) = Z)(Pv\x(y\x)Px\u(x\u) (26¢)

where Py (x[u) = Pyjx(ulx)Px(x)/Pu(u) and Z(B,x) is a normalization term. It is shown in [1]
that alternating iterations of these equations converges to a solution of the problem for any initial
Py x. However, by opposition to the standard Blahut-Arimoto algorithm [57,58], which is classically
used in the computation of rate-distortion functions of discrete memoryless sources for which

12
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convergence to the optimal solution is guaranteed, convergence here may be to a local optimum
only. If B =0, the optimization is non-constrained and one can set U = @, which yields minimal
relevance and complexity levels. Increasing the value of § steers towards more accurate and more
complex representations, until U = X in the limit of very large (infinite) values of  for which the
relevance reaches its maximal value I(X;Y).

For discrete sources with (small) alphabets, the updating equations described by Equation (26)
are relatively easy computationally. However, if the variables X and Y lie in a continuum, solving
the equations described by Equation (26) is very challenging. In the case in which X and Y are joint
multivariate Gaussian, the problem of finding the optimal representation U is analytically tractable
in [53] (see also the related [54,59]), as discussed in Section 3.1.2. Leveraging the optimality of Gaussian
mappings Py to restrict the optimization of Py x to Gaussian distributions as in Equation (9), allows
reducing the search of update rules to those of the associated parameters, namely covariance matrices.
When Y is a deterministic function of X, the IB curve cannot be explored, and other Lagrangians have
been proposed to tackle this problem [60].

3.3. Unknown Distributions

The main drawback of the solutions presented thus far for the IB principle is that, in the exception
of small-sized discrete (X, Y for which iterating Equation (26) converges to an (at least local) solution
and jointly Gaussian (X, Y) for which an explicit analytic solution was found, solving Equation (3)
is generally computationally costly, especially for high dimensionality. Another important barrier in
solving Equation (3) directly is that IB necessitates knowledge of the joint distribution Px y. In this
section, we describe a method to provide an approximate solution to the IB problem in the case
in which the joint distribution is unknown and only a give training set of N samples {(x;,y;)}Y,
is available.

A major step ahead, which widened the range of applications of IB inference for various learning
problems, appeared in [48], where the authors used neural networks to parameterize the variational
inference lower bound in Equation (14) and show that its optimization can be done through the classic
and widely used stochastic gradient descendent (SGD). This method, denoted by Variational IB in [48]
and detailed below, has allowed handling handle high-dimensional, possibly continuous, data, even
in the case in which the distributions are unknown.

3.3.1. Variational IB

The goal of the variational IB when only samples {(x;,y;) 1’\:’ , are available is to solve the IB
problem optimizing an approximation of the cost function. For instance, for a given training set
{(xi,y;)}¥,, the right hand side of Equation (14) can be approximated as

N Pu\x(”\xi))d ] )

1
Liow & 5 l; [ieu (Pup((ulxi) log Qyqu (vilu) - BPux (ulx;) log OR

However, in general, the direct optimization of this cost is challenging. In the variational IB
method, this optimization is done by parameterizing the encoding and decoding distributions Py x,
Qy|u, and Sy that are to optimize using a family of distributions whose parameters are determined by
DNNs. This allows us to formulate Equation (14) in terms of the DNN parameters, i.e., its weights, and
optimize it by using the reparameterization trick [15], Monte Carlo sampling, and stochastic gradient
descent (SGD)-type algorithms.

Let Py(u|x) denote the family of encoding probability distributions Py x over U for each element
on X, parameterized by the output of a DNN fy with parameters §. A common example is the family
of multivariate Gaussian distributions [15], which are parameterized by the mean y9 and covariance
matrix %, i.e., 9 == (4, Z%). Given an observation X, the values of (u?(x),Z(x)) are determined
by the output of the DNN fy, whose input is X, and the corresponding family member is given by

13
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Py(ulx) = N'(u; 4% (x),£%(x)). For discrete distributions, a common example are concrete variables [61]
(or Gumbel-Softmax [62]). Some details are given below.

Similarly, for decoder Qyy; over ) for each element on U, let Qy(y|u) denote the family of
distributions parameterized by the output of the DNNs fy, . Finally, for the prior distributions Sy;(u)
over U we define the family of distributions S, (1), which do not depend on a DNN.

By restricting the optimization of the variational IB cost in Equation (14) to the encoder, decoder,
and prior within the families of distributions Py(u|x), Qy(y|u), and Sy (u), we get

max max LY P(P ,OQviu, Su > max L3N8, ¢, ¢), (28)
R (Puix, Qyju, Su) max Lp 60,9, 9)

where 6, ¢, and ¢ denote the DNN parameters, e.g., its weights, and the cost in Equation (29) is given by
LENO, ¢, 9) = Bp, (B, i)y | 108 Qpeviuny (YIU) | - BDKwL(Po(UIX) Sy (D). (29)

Next, using the training samples {(x;,;)}Y,, the DNNs are trained to maximize a Monte Carlo
approximation of Equation (29) over 6, ¢, ¢ using optimization methods such as SGD or ADAM [63]
with backpropagation. However, in general, the direct computation of the gradients of Equation (29) is
challenging due to the dependency of the averaging with respect to the encoding Py, which makes
it hard to approximate the cost by sampling. To circumvent this problem, the reparameterization
trick [15] is used to sample from Py(U|X). In particular, consider Py(U|X) to belong to a parametric
family of distributions that can be sampled by first sampling a random variable Z with distribution
P7(z), z € Z and then transforming the samples using some function gy : X x Z — U parameterized
by 6, such that U = gg(x,Z) ~ Py(U|x). Various parametric families of distributions fall within this
class for both discrete and continuous latent spaces, e.g., the Gumbel-Softmax distributions and the
Gaussian distributions. Next, we detail how to sample from both examples:

1. Sampling from Gaussian Latent Spaces: When the latent space is a continuous vector space
of dimension D, e.g., U = RP, we can consider multivariate Gaussian parametric encoders of
mean (yg, and covariance Ze), ie., Py(ulx) = N(u;ye,):e), To sample U ~ N(u;,ug,)le), where
w(x) = f,e(x) and Z%(x) = ez/e(x) are determined as the output of a NN, sample a random
variable Z ~ N'(z;0,1) ii.d. and, given data sample x € X, and generate the jth sample as

uj = flo(x) + fop(0)z; (30)

where z; is a sample of Z ~ N(0,1) , which is an independent Gaussian noise, and f¥(x) and
fZ(x) are the output values of the NN with weights 0 for the given input sample x.

An example of the resulting DIB architecture to optimize with an encoder, a latent space, and a
decoder parameterized by Gaussian distributions is shown in Figure 3.
2. Sampling from a discrete latent space with the Gumbel-Softmax:

If U is categorical random variable on the finite set ¢/ of size D with probabilities 71 :=
(m11,...,mp)), we can encode it as D-dimensional one-hot vectors lying on the corners of
the (D - 1)-dimensional simplex, Ap_1. In general, costs functions involving sampling from
categorical distributions are non-differentiable. Instead, we consider Concrete variables [62] (or
Gumbel-Softmax [61]), which are continuous differentiable relaxations of categorical variables on
the interior of the simplex, and are easy to sample. To sample from a Concrete random variable
U € Ap_; at temperature A € (0, o), with probabilities 7 € (0,1)7, sample G; ~ Gumbel(0, 1) i.i.d.

14
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(The Gumbel(0,1) distribution can be sampled by drawing u ~ Uniform(0,1) and calculating
g =-log(-log(u)). ), and set for each of the components of U = (U, ..., Up)

Uy = —SPWUoB(ma+C/N) | p @31)

5P, exp((log(7; + G))/1)’

We denote by Qa4 the Concrete distribution with parameters (77(x),A). When the
temperature A approaches 0, the samples from the concrete distribution become one-hot
and Pr{lim,_oU;} = 71y [61]. Note that, for discrete data models, standard application of
Caratheodory’s theorem [64] shows that the latent variables U that appear in Equation (3) can be
restricted to be with bounded alphabets size.
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Figure 3. Example parametrization of Variational Information Bottleneck using neural networks.

The reparametrization trick transforms the cost function in Equation (29) into one which can be
to approximated by sampling M independent samples {1}, ~ Pa(ulx;) for each training sample
(xi,yi), i = 1,...,N and allows computing estimates of the gradient using backpropagation [15].
Sampling is performed by using u; ,, = gp(x;,zm) with {zm}M | iid. sampled from Pz. Altogether, we
have the empirical-DIB cost for the ith sample in the training dataset:

L3P (0,9,9) = — Z [ 108 Qg (yiltti ) ~ BDKL(Pa(Uilx:) | Qu (U)) )| (32)
m 1
Note that, for many distributions, e.g., multivariate Gaussian, the divergence Dy ( Py (Ui|x;)[ Qp(U;))
can be evaluated in closed form. Alternatively, an empirical approximation can be considered.
Finally, we maximize the empirical-IB cost over the DNN parameters 0, ¢, ¢ as,

Ién(;’ix — Z Lemp(ﬂ ¢, 9). (33)

By the law of large numbers, for large N, M, we have 1/N M, L;?P(G, ¢, ) —~ LEN((M]J, ?)
almost surely. After convergence of the DNN parameters to 6*,¢*, ¢*, for a new observation X,
the representation U can be obtained by sampling from the encoders Pg’: (Ug|Xy). In addition, note
that a soft estimate of the remote source Y can be inferred by sampling from the decoder Q-+ (Y|U).
The notion of encoder and decoder in the IB-problem will come clear from its relationship with lossy
source coding in Section 4.1.
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4. Connections to Coding Problems

The IB problem is a one-shot coding problem, in the sense that the operations are performed
letter-wise. In this section, we consider now the relationship between the IB problem and (asymptotic)
coding problem in which the coding operations are performed over blocks of size n, with 7 assumed
to be large and the joint distribution of the data Pxy is in general assumed to be known a priori.
The connections between these problems allow extending results from one setup to another, and to
consider generalizations of the classical IB problem to other setups, e.g., as shown in Section 6.

4.1. Indirect Source Coding under Logarithmic Loss

Let us consider the (asymptotic) indirect source coding problem shown in Figure 4, in which Y
designates a memoryless remote source and X a noisy version of it that is observed at the encoder.

0 ypn Un = pm(xn

Figure 4. A remote source coding problem.

A sequence of 1 samples X" = (Xy,...,X,) is mapped by an encoder ¢ : X" » {1,...,2"%}
which outputs a message from a set {1,..., Z”R}, that is, the encoder uses at most R bits per sample to
describe its observation and the range of the encoder map is allowed to grow with the size of the input
sequence as

9] < nR. (34)

This message is mapped with a decoder q')(") :{1,.. .,Z"R} > Yto generate a reconstruction of
the source sequence Y" as V" € Y. As already observed in [50], the IB problem in Equation (3) is
essentially equivalent to a remote point-to-point source coding problem in which distortion between
Y™ as V" € " is measured under the logarithm loss (log-loss) fidelity criterion [65]. That is, rather
than just assigning a deterministic value to each sample of the source, the decoder gives an assessment
of the degree of confidence or reliability on each estimate. Specifically, given the output description
m =\ (x™) of the encoder, the decoder generates a soft-estimate " of " in the form of a probability
distribution over Y", i.e., §" = ISW‘ M (). The incurred discrepancy between y" and the estimation 7"
under log-loss for the observation x" is then given by the per-letter logarithmic loss distortion, which
is defined as

log(y,9) =log — (y) (35)

for y € Y and i € P()) designates here a probability distribution on ) and §(y) is the value of that
distribution evaluated at the outcome y € Y.

That is, the encoder uses at most R bits per sample to describe its observation to a decoder which
is interested in reconstructing the remote source Y to within an average distortion level D, using a
per-letter distortion metric, i.e.,

E[40) (Y",¥")] < D (36)

where the incurred distortion between two sequences Y" and Y is measured as

Z Zlog (]/zryz (37)

i=1

UGAOE

S\H

and the per-letter distortion is measured in terms of that given by the logarithmic loss in Equation (53).
The rate distortion region of this model is given by the union of all pairs (R, D) that satisfy [7,9]

R > I(U;X) (38a)
D> H(Y|U) (38b)
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where the union is over all auxiliary random variables U that satisfy that U -e- X - Y forms a Markov
Chain in this order. Invoking the support lemma [66] (p. 310), it is easy to see that this region is not
altered if one restricts U to satisfy [U/| < |X|+ 1. In addition, using the substitution A := H(Y) - D, the
region can be written equivalently as the union of all pairs (R, H(Y) — A) that satisfy

R>I(U;X) (39a)
A<I(U;Y) (39b)

where the union is over all Us with pmf Py x that satisfy U -e- X =Y, with [U/| < |X] + 1.

The boundary of this region is equivalent to the one described by the IB principle in Equation (3)
if solved for all 3, and therefore the IB problem is essentially a remote source coding problem in which
the distortion is measured under the logarithmic loss measure. Note that, operationally, the IB problem
is equivalent to that of finding an encoder Py;x which maps the observation X to a representation
U that satisfies the bit rate constraint R and such that U captures enough relevance of Y so that the
posterior probability of Y given U satisfies an average distortion constraint.

4.2. Common Reconstruction

Consider the problem of source coding with side information at the decoder, i.e., the well
known Wyner—Ziv setting [67], with the distortion measured under logarithmic-loss. Specifically, a
memoryless source X is to be conveyed lossily to a decoder that observes a statistically correlated side
information Y. The encoder uses R bits per sample to describe its observation to the decoder which
wants to reconstruct an estimate of X to within an average distortion level D, where the distortion is
evaluated under the log-loss distortion measure. The rate distortion region of this problem is given by
the set of all pairs (R, D) that satisfy

R+D>H(X[Y). (40)

The optimal coding scheme utilizes standard Wyner-Ziv compression [67] at the encoder and the
decoder map ¢ : U xY - X is given by

Y(U,Y) =Pr[X = x|U,Y] (41)
for which it is easy to see that
Ellog(X, (U, Y))] = H(X|U,Y). (42)

Now, assume that we constrain the coding in a manner that the encoder is be able to produce an
exact copy of the compressed source constructed by the decoder. This requirement, termed comimon
reconstruction constraint (CR), was introduced and studied by Steinberg [68] for various source coding
models, including the Wyner-Ziv setup, in the context of a “general distortion measure”. For the
Wyner-Ziv problem under log-loss measure that is considered in this section, such a CR constraint
causes some rate loss because the reproduction rule in Equation (41) is no longer possible. In fact, it
is not difficult to see that under the CR constraint the above region reduces to the set of pairs (R, D)
that satisfy

R < I(U; X]Y) (43a)
D> H(X|U) (43b)
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for some auxiliary random variable for which U - X - Y holds. Observe that Equation (43b) is
equivalent to I(U; X) > H(X) — D and that, for a given prescribed fidelity level D, the minimum rate is
obtained for a description U that achieves the inequality in Equation (43b) with equality, i.e.,

R(D) = i I(U; X|Y). m
(D) PU\xil(UI;I)l(l)rlH(X)—D( ) (44)

Because U e X e Y, we have
I(W;Y) = I(U; X) - I(U; X]Y). (45)

Under the constraint I(U; X) = H(X) - D, it is easy to see that minimizing I(U; X|Y) amounts to
maximizing I(U;Y'), an aspect which bridges the problem at hand with the IB problem.

In the above, the side information Y is used for binning but not for the estimation at the decoder.
If the encoder ignores whether Y is present or not at the decoder side, the benefit of binning is
reduced—see the Heegard—Berger model with common reconstruction studied in [69,70].

4.3. Information Combining

Consider again the IB problem. Assume one wishes to find the representation U that maximizes
the relevance I(U;Y') for a given prescribed complexity level, e.g., I(U; X) = R. For this setup, we have

I(XU,Y) = I(U; X) + I(Y; X) - I(U;Y) (46)
=R+1(Y;X) - I(L;Y) (47)

where the first equality holds since U - X - Y is a Markov Chain. Maximizing I(U;Y) is then
equivalent to minimizing I(X; U, Y). This is reminiscent of the problem of information combining [71,72],
where X can be interpreted as a source information that is conveyed through two channels: the channel
Py|x and the channel Pyjx. The outputs of these two channels are conditionally independent given
X, and they should be processed in a manner such that, when combined, they preserve as much
information as possible about X.

4.4. Wyner—Ahlswede—Korner Problem

Here, the two memoryless sources X and Y are encoded separately at rates Ry and Ry, respectively.
A decoder gets the two compressed streams and aims at recovering Y losslessly. This problem was
studied and solved separately by Wyner [73] and Ahlswede and Korner [74]. For given Ry = R, the
minimum rate Ry that is needed to recover Y losslessly is

Ry(R) = min H(Y|U). (48)
Pypx: I(U;X) <R
Thus, we get
I(U;Y) = H(Y) - Ry(R),
o T LU = HOO) = Ry (R)

and therefore, solving the IB problem is equivalent to solving the Wyner—Ahlswede-Korner Problem.

4.5. The Privacy Funnel

Consider again the setting of Figure 4, and let us assume that the pair (Y, X) models data that a
user possesses and which have the following properties: the data Y are some sensitive (private) data
that are not meant to be revealed at all, or else not beyond some level A; and the data X are non-private
and are meant to be shared with another user (analyst). Because X and Y are correlated, sharing the
non-private data X with the analyst possibly reveals information about Y. For this reason, there is a
trade off between the amount of information that the user shares about X and the information that he
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keeps private about Y. The data X are passed through a randomized mapping ¢ whose purpose is to
make U = ¢(X) maximally informative about X while being minimally informative about Y.

The analyst performs an inference attack on the private data Y based on the disclosed information
U.Letl: YxY — Rbean arbitrary loss function with reconstruction alphabet Y that measures the
cost of inferring Y after observing U. Given (X,Y) ~ Px y and under the given loss function /, it is
natural to quantify the difference between the prediction losses in predicting Y € ) prior and after
observing U = ¢(X). Let

C(L,P) = infEp[£(Y,9)] - inf Ep[l(Y,Y)] (49)
9ey T(p(X))

where 7 € D is deterministic and Y(¢(X)) is any measurable function of U = ¢(X). The quantity
C(¥, P) quantifies the reduction in the prediction loss under the loss function ¢ that is due to observing
U = ¢(X), i.e., the inference cost gain. In [75] (see also [76]), it is shown that that under some mild
conditions the inference cost gain C(¢, P) as defined by Equation (49) is upper-bounded as

C(¢4,P) <2V2L\/I(U;Y) (50)

where L is a constant. The inequality in Equation (50) holds irrespective to the choice of the loss
function ¢, and this justifies the usage of the logarithmic loss function as given by Equation (53) in the
context of finding a suitable trade off between utility and privacy, since

L(U;Y) = H(Y) - Q?J)Epmogw,m (51)

Under the logarithmic loss function, the design of the mapping U = ¢(X) should strike a right
balance between the utility for inferring the non-private data X as measured by the mutual information
I(U; X) and the privacy metric about the private date Y as measured by the mutual information
I(W;Y).

4.6. Efficiency of Investment Information

Let Y model a stock market data and X some correlated information. In [77], Erkip and Cover
investigated how the description of the correlated information X improves the investment in the stock
market Y. Specifically, let A(C) denote the maximum increase in growth rate when X is described to
the investor at rate C. Erkip and Cover found a single-letter characterization of the incremental growth
rate A(C). When specialized to the horse race market, this problem is related to the aforementioned
source coding with side information of Wyner [73] and Ahlswede-Korner [74], and, thus, also to the
IB problem. The work in [77] provides explicit analytic solutions for two horse race examples, jointly
binary and jointly Gaussian horse races.

5. Connections to Inference and Representation Learning

In this section, we consider the connections of the IB problem with learning, inference and
generalization, for which, typically, the joint distribution Py y of the data is not known and only a set
of samples is available.

5.1. Inference Model

Let a measurable variable X € X’ and a target variable Y € ) with unknown joint distribution
Px y be given. In the classic problem of statistical learning, one wishes to infer an accurate predictor
of the target variable Y € ) based on observed realizations of X € X. That is, for a given class F of
admissible predictors ¢ : X — Y and a loss function £: ) — Y that measures discrepancies between
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true values and their estimated fits, one aims at finding the mapping i € F that minimizes the expected
(population) risk
Cryy (9, 0) = Epy, [(Y, (X)) (52)

An abstract inference model is shown in Figure 5.

Xex ~

Figure 5. An abstract inference model for learning.

The choice of a “good” loss function /() is often controversial in statistical learning theory. There
is however numerical evidence that models that are trained to minimize the error’s entropy often
outperform ones that are trained using other criteria such as mean-square error (MSE) and higher-order
statistics [26,27]. This corresponds to choosing the loss function given by the logarithmic loss, which is
defined as

bog (v, 9) :=log —— A( ) (53)

for y € Y, where § € P()) designates here a probability distribution on Y and §(y) is the value of
that distribution evaluated at the outcome y € Y. Although a complete and rigorous justification
of the usage of the logarithmic loss as distortion measure in learning is still awaited, recently a
partial explanation appeared in [30] where Painsky and Wornell showed that, for binary classification
problems, by minimizing the logarithmic-loss one actually minimizes an upper bound to any choice of
loss function that is smooth, proper (i.e., unbiased and Fisher consistent), and convex. Along the same
line of work, the authors of [29] showed that under some natural data processing property Shannon’s
mutual information uniquely quantifies the reduction of prediction risk due to side information.
Perhaps, this justifies partially why the logarithmic-loss fidelity measure is widely used in learning
theory and has already been adopted in many algorithms in practice such as the infomax criterion [31],
the tree-based algorithm of Quinlan [32], or the well known Chow-Liu algorithm [33] for learning
tree graphical models, with various applications in genetics [34], image processing [35], computer
vision [36], and others. The logarithmic loss measure also plays a central role in the theory of
prediction [37] (Ch. 09), where it is often referred to as the self-information loss function, as well
as in Bayesian modeling [38] where priors are usually designed to maximize the mutual information
between the parameter to be estimated and the observations.

When the join distribution Px y is known, the optimal predictor and the minimum expected
(population) risk can be characterized. Let, for every x € X, (x) = Q(-|x) € P(Y). It is easy to see that

Erollos(, Q1= 5 Pxx(vy) log ( (y‘x)) (542)
Pyx(ylx)

- Pyy(x,y)log(~———— Py y(x,y)log (272 54b

xexz,:yey X’Y(x y) Og(PY\X(y‘x) ) ! xeXz,:yey X’Y(x y) Og( Q(y'x) ) ( )

= H(Y|X) + D(Pyx[ Q) (54c)

> H(Y|X) (54d)

with equality iff the predictor is given by the conditional posterior (x) = Py(Y|X = x). That is, the
minimum expected (population) risk is given by

rrgnCPX,y(lprélog) = H(Y|X). (55)
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If the joint distribution Py y is unknown, which is most often the case in practice, the population
risk as given by Equation (56) cannot be computed directly, and, in the standard approach, one usually
resorts to choosing the predictor with minimal risk on a training dataset consisting of 7 labeled samples
{(xi,yi)}}L; that are drawn independently from the unknown joint distribution Py y. In this case, one
is interested in optimizing the empirical population risk, which for a set of ni.i.d. samples from Py y,
Dy = {(x,y;i)}1Lq, is defined as

Cry (9000) = 3£ $5)). 6)

The difference between the empirical and population risks is normally measured in terms of the
generalization gap, defined as

genPXry (4’/ £, Dy ) = CPX/Y (l/)/ Elog) - C\Px/y (lnb/ £, Dy ) . (57)

5.2. Minimum Description Length

One popular approach to reducing the generalization gap is by restricting the set 7 of admissible
predictors to a low-complexity class (or constrained complexity) to prevent over-fitting. One way
to limit the model’s complexity is by restricting the range of the prediction function, as shown in
Figure 6. This is the so-called minimum description length complexity measure, often used in the
learning literature to limit the description length of the weights of neural networks [78]. A connection
between the use of the minimum description complexity for limiting the description length of the
input encoding and accuracy studied in [79] and with respect to the weight complexity and accuracy
is given in [11]. Here, the stochastic mapping ¢ : X — U is a compressor with

l¢l <R (58)

for some prescribed “input-complexity” value R, or equivalently prescribed average description-length.

Figure 6. Inference problem with constrained model’s complexity.

Ye)y

Minimizing the constrained description length population risk is now equivalent to solving

CpyypLc(R) = H}Pm Epyy [log (Y, p(U"))] (59)
st ¢(X™)| < nR. (60)

It can be shown that this problem takes its minimum value with the choice of y(U) = Py);; and
Cpy,pLc(R) = PinH(Y|LI) s.t. R> I(U; X), (61)

! u|x

The solution to Equation (61) for different values of R is effectively equivalent to the IB-problem
in Equation (4). Observe that the right-hand side of Equation (61) is larger for small values of R; it is
clear that a good predictor ¢ should strike a right balance between reducing the model’s complexity

and reducing the error’s entropy, or, equivalently, maximizing the mutual information I(U;Y) about
the target variable Y.
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5.3. Generalization and Performance Bounds

The IB-problem appears as a relevant problem in fundamental performance limits of learning.
In particular, when Pxy is unknown, and instead n samples ii.d from Pxy are available, the
optimization of the empirical risk in Equation (56) leads to a mismatch between the true loss given
by the population risk and the empirical risk. This gap is measured by the generalization gap in
Equation (57). Interestingly, the relationship between the true loss and the empirical loss can be
bounded (in high probability) in terms of the IB-problem as [80]

Cpx,y (lpf ‘elog) < épx,y (11[]/ [’ Dn) + genPX/Y (ll), fl Dn)

N B\/A(Pux, Py, Pyyyy)
oy (Y1) + A\ 1(BY; Pry) - 2B bl o +0(—l°g”)
XY

n vn n
—_—
CAPX,Y (9,0, Dy) Bound on genp, | (9,0, D)

where pu\X and pylu are the empirical encoder and decoder and PY\U is the optimal decoder.

H 50 (Y|U) and 1(P{" ; Pujx) are the empirical loss and the mutual information resulting from the
dataset Dy and A(Py X,py‘u, PY|U) is a function that measures the mismatch between the optimal
decoder and the empirical one.

This bound shows explicitly the trade-off between the empirical relevance and the empirical
complexity. The pairs of relevance and complexity simultaneously achievable is precisely characterized
by the IB-problem. Therefore, by designing estimators based on the IB problem, as described in
Section 3, one can perform at different regimes of performance, complexity and generalization.

Another interesting connection between learning and the IB-method is the connection of the
logarithmic-loss as metric to common performance metrics in learning:

e The logarithmic-loss gives an upper bound on the probability of miss-classification (accuracy):

evx(Qyx) = 1~ Epy, [Qyx] < 1-exp (-Eny, [fiog (Y, Qyix)])

e The logarithmic-loss is equivalent to maximum likelihood for large n:
1 I oo
—;1081’}/"\}(”@ |x )=—; > log Pyjx (yilx;) — Ex,y[-log Pyjx(Y|X)]
i=1

¢ The true distribution P minimizes the expected logarithmic-loss:

Py|x = argminEplog and minE[{g(Y, QY|X)] = H(Y|X)
Qyx Vix Qyx
Since for nn — oo the joint distribution Pxy can be perfectly learned, the link between these common
criteria allows the use of the IB-problem to derive asymptotic performance bounds, as well as design
criteria, in most of the learning scenarios of classification, regression, and inference.

5.4. Representation Learning, Elbo and Autoencoders

The performance of machine learning algorithms depends strongly on the choice of data
representation (or features) on which they are applied. For that reason, feature engineering, i.e.,
the set of all pre-processing operations and transformations applied to data in the aim of making them
support effective machine learning, is important. However, because it is both data- and task-dependent,
such feature-engineering is labor intensive and highlights one of the major weaknesses of current
learning algorithms: their inability to extract discriminative information from the data themselves

22



Entropy 2020, 22, 151

instead of hand-crafted transformations of them. In fact, although it may sometimes appear useful
to deploy feature engineering in order to take advantage of human know-how and prior domain
knowledge, it is highly desirable to make learning algorithms less dependent on feature engineering
to make progress towards true artificial intelligence.

Representation learning is a sub-field of learning theory that aims at learning representations of
the data that make it easier to extract useful information, possibly without recourse to any feature
engineering. That is, the goal is to identify and disentangle the underlying explanatory factors that
are hidden in the observed data. In the case of probabilistic models, a good representation is one
that captures the posterior distribution of the underlying explanatory factors for the observed input.
For related works, the reader may refer, e.g., to the proceedings of the International Conference on
Learning Representations (ICLR), see https:/ /iclr.cc/.

The use of the Shannon’s mutual information as a measure of similarity is particularly suitable
for the purpose of learning a good representation of data [81]. In particular, a popular approach
to representation learning are autoencoders, in which neural networks are designed for the task of
representation learning. Specifically, we design a neural network architecture such that we impose a
bottleneck in the network that forces a compressed knowledge representation of the original input, by
optimizing the Evidence Lower Bound (ELBO), given as

1

N
L5500, ¢, 9) = 5 3. [ 1og Qp (xilus) - D (Po(Uilxi)| Qg (L)) ] (62)

i=1

over the neural network parameters 0,¢, . Note that this is precisely the variational-IB cost in
Equation (32) for f =1and Y = X, i.e., the IB variational bound when particularized to distributions
whose parameters are determined by neural networks. In addition, note that the architecture shown in
Figure 3 is the classical neural network architecture for autoencoders, and that is coincides with the
variational IB solution resulting from the optimization of the IB-problem in Section 3.3.1. In addition,
note that Equation (32) provides an operational meaning to the 3-VAE cost [82], as a criterion to design
estimators on the relevance—complexity plane for different § values, since the B-VAE cost is given as

N
LFVAR(9,9,9) = % > [ 10g Qp(xil1ts) - BDL(Po(Uilx) | Qp (L)) ), (63)

which coincides with the empirical version of the variational bound found in Equation (32).

5.5. Robustness to Adversarial Attacks

Recent advances in deep learning has allowed the design of high accuracy neural networks.
However, it has been observed that the high accuracy of trained neural networks may be compromised
under nearly imperceptible changes in the inputs [83-85]. The information bottleneck has also found
applications in providing methods to improve robustness to adversarial attacks when training models.
In particular, the use of the variational IB method of Alemi et al. [48] showed the advantages of the
resulting neural network for classification in terms of robustness to adversarial attacks. Recently,
alternatives strategies for extracting features in supervised learning are proposed in [86] to construct
classifiers robust to small perturbations in the input space. Robustness is measured in terms of the
(statistical)-Fisher information, given for two random variables (Y, Z) as

2

d
PZIY) =By z |5 logp(ZIY)| - (64)

The method in [86] builds upon the idea of the information bottleneck by introducing an additional
penalty term that encourages the Fisher information in Equation (64) of the extracted features to be
small, when parametrized by the inputs. For this problem, under jointly Gaussian vector sources
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(X,Y), the optimal representation is also shown to be Gaussian, in line with the results in Section 6.2.1
for the IB without robustness penalty. For general source distributions, a variational method is
proposed similar to the variational IB method in Section 3.3.1. The problem shows connections with
the I-MMSE [87], de Brujin identity [88,89], Cramér-Rao inequality [90], and Fano’s inequality [90].

6. Extensions: Distributed Information Bottleneck

Consider now a generalization of the IB problem in which the prediction is to be performed in a
distributed manner. The model is shown in Figure 7. Here, the prediction of the target variable Y € J
is to be performed on the basis of samples of statistically correlated random variables (X, -+, Xk ) that
are observed each at a distinct predictor. Throughout, we assume that the following Markov Chain
holds for all k € € := {1,---,K},

Xk-e-Y—e—XK:/k. (65)

The variable Y is a target variable and we seek to characterize how accurately it can be predicted
from a measurable random vector (Xj,--, Xx) when the components of this vector are processed
separately, each by a distinct encoder.

Figure 7. A model for distributed, e.g., multi-view, learning.
6.1. The Relevance—Complexity Region

The distributed IB problem of Figure 7 is studied in [91,92] from information-theoretic grounds.
For both discrete memoryless (DM) and memoryless vector Gaussian models, the authors established
fundamental limits of learning in terms of optimal trade-offs between relevance and complexity,
leveraging on the connection between the IB-problem and source coding. The following theorem states
the result for the case of discrete memoryless sources.

Theorem 1 ([91,92]). The relevance—complexity region TRpyp of the distributed learning problem is given by
the union of all non-negative tuples (A, R1,...,Ri) € RK*1 that satisfy

A< S [Re=I(Xs UrlY, T)] + I(Y; Use|T), VS <K (66)
keS

for some joint distribution of the form PrPy 1_[sz1 Py v 1_[sz1 Puyx,, T

Proof. The proof of Theorem 1 can be found in Section 7.1 of [92] and is reproduced in Section 8.1
for completeness. [

For a given joint data distribution Py, y, Theorem 1 extends the single encoder IB principle
of Tishby in Equation (3) to the distributed learning model with K encoders, which we denote
by Distributed Information Bottleneck (DIB) problem. The result characterizes the optimal
relevance-complexity trade-off as a region of achievable tuples (A, R, ..., Rg) in terms of a distributed
representation learning problem involving the optimization over K conditional pmfs Pj, |, r and a pmf
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Pr . The pmfs Py, x, v correspond to stochastic encodings of the observation X to a latent variable,
or representation, U which captures the relevant information of Y in observation X;. Variable T
corresponds to a time-sharing among different encoding mappings (see, e.g., [51]). For such encoders,
the optimal decoder is implicitly given by the conditional pmf of Y from Uy, ..., Uk, i.e., Pyjy, -

The characterization of the relevance—complexity region can be used to derive a cost function for
the D-IB similarly to the IB-Lagrangian in Equation (3). For simplicity, let us consider the problem of
maximizing the relevance under a sum-complexity constraint. Let Rsym = ZkK:l Ry and

K
RIEm 7{(A, Reum) € B2 : 3(Ry, ..., Rg) e RK st kz Ri = Reum and (A, Ry, ..., Rg) € RZDIB}.
=

We define the DIB-Lagrangian (under sum-rate) as
K
Ls(P) = ~H(Y|Ux) - Z [H(Y|U) + 1(X; Ug) - (67)

The optimization of Equation (67) over the encoders Py, x, r allows obtaining mappings that
perform on the boundary of the relevance-sum complexity region RZ}§. To see that, note that it is
easy to see that the relevance-sum complexity region RZ5 is composed of all the pairs (A, Reum) € R2
for which A < A(Rsum, Px,.,y), with

K
A(Rsum,PX)C,Y) = mlflxmin {I(Y; Ux), Rsum — Z I(Xy; UkY)} , (68)
k=1

where the maximization is over joint distributions that factorize as Py ]'Illle Py, v ]'I,lfz1 Py, x,- The pairs
(A, Rsum) that lie on the boundary of RZ5 can be characterized as given in the following proposition.

Proposition 1. For every pair (A, Rsum) € R2 that lies on the boundary of the region RI{, there exists a
parameter s > 0 such that (A, Rsum) = (As, Rs), with

As = ulfs)[(1+sK)H(Y)+sRs+mIe’ax,C5(P)], (69)
K

Re=1(Y;Ug) + Y [I(Xi Ui ) - I(Y; U], (70)
k=1

where P* is the set of conditional pmfs P = { Py, x,,+ Puy|x, } that maximize the cost function in Equation (67).
Proof. The proof of Proposition 1 can be found in Section 7.3 of [92] and is reproduced here in

Section 8.2 for completeness. [J

The optimization of the distributed IB cost function in Equation (67) generalizes the centralized
Tishby’s information bottleneck formulation in Equation (3) to the distributed learning setting. Note
that for K = 1 the optimization in Equation (69) reduces to the single encoder cost in Equation (3) with
a multiplier s/(1+5).

6.2. Solutions to the Distributed Information Bottleneck

The methods described in Section 3 can be extended to the distributed information bottleneck
case in order to find the mappings Py, |x, 1, Pug|x, 7 in different scenarios.
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6.2.1. Vector Gaussian Model

In this section, we show that for the jointly vector Gaussian data model it is enough to restrict
to Gaussian auxiliaries (Uy,--, Ug) in order to exhaust the entire relevance-complexity region.
In addition, we provide an explicit analytical expression of this region. Let (Xj,...,Xk,Y) be a
jointly vector Gaussian vector that satisfies the Markov Chain in Equation (83). Without loss of
generality, let the target variable be a complex-valued, zero-mean multivariate Gaussian Y € C" with
covariance matrix Zy, i.e,, Y ~ CN(y;0,Zy), and X; € C"* given by

X = HYY + N, (71)

where Hy € "~ models the linear model connecting Y to the observation at encoder k and Ny € C"
is the noise vector at encoder k, assumed to be Gaussian with zero-mean, covariance matrix Xy, and
independent from all other noises and Y.

For the vector Gaussian model Equation (71), the result of Theorem 1, which can be extended
to continuous sources using standard techniques, characterizes the relevance—complexity region of
this model. The following theorem characterizes the relevance-complexity region, which we denote
hereafter as RISIB. The theorem also shows that in order to exhaust this region it is enough to restrict
to no time sharing, i.e., T = @ and multivariate Gaussian test channels

U = AXje + Zye ~ CN (ug; AgX, Iz ), 72
where Ay € C"*" projects X; and Zj is a zero-mean Gaussian noise with covariance Z, .

Theorem 2. For the vector Gaussian data model, the relevance—complexity region RISIB is given by the union
of all tuples (A, Ry, ...,Ry) that satisfy

A< Y (Re+log[1-T 204z ?|) +1og

keS

1+ Y 5P HIOHE)?|, vsck,
keS¢

for some matrices 0 < O < X

Proof. The proof of Theorem 2 can be found in Section 7.5 of [92] and is reproduced here in Section 8.4
for completeness. [

Theorem 2 extends the result of [54,93] on the relevance—complexity trade-off characterization of
the single-encoder IB problem for jointly Gaussian sources to K encoders. The theorem also shows that
the optimal test channels Py x, are multivariate Gaussian, as given by Equation (72).

Consider the following symmetric distributed scalar Gaussian setting, in which Y ~ AV(0,1) and

X1 =snrY + Np (73a)
Xy =+/snrY + Ny (73b)

where N; and N, are standard Gaussian with zero-mean and unit variance, both independent of Y. In
this case, for I(Uy; X1) = R and I(U; X5) = R, the optimal relevance is

A*(R,snr) = % log (1 + 25nrexp(—4R)( exp(4R) +snr - \/snr2 + (1 +2snr) exp(4R))), (74)

An easy upper bound on the relevance can be obtained by assuming that X; and X, are encoded
jointly at rate 2R, to get

Aup(R,snr) = % log(1+2snr) — % log (1 + ZSnrexp(—4R)). (75)
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The reader may notice that, if X; and X, are encoded independently, an achievable relevance
level is given by

A (R, snr) = %log(l +2snr —snrexp(-2R)) — %log (1 +snr exp(—ZR)). (76)

6.3. Solutions for Generic Distributions

Next, we present how the distributed information bottleneck can be solved for generic
distributions. Similar to the case of single encoder IB-problem, the solutions are based on a variational
bound on the DIB-Lagrangian. For simplicity, we look at the D-IB under sum-rate constraint [92].

6.4. A Variational Bound

The optimization of Equation (67) generally requires computing marginal distributions that
involve the descriptions Uy, ---, Uk, which might not be possible in practice. In what follows, we derive
a variational lower bound on £;(P) on the DIB cost function in terms of families of stochastic mappings
Qv|uy,.., uy (a decoder), {Qyy, ,’le and priors {Qy, } ,’;1. For the simplicity of the notation, we let

Q= {Qyuy,...ur Ay -+ Qs Quiy -+ Quig I (77)

The variational D-IB cost for the DIB-problem is given by

K
£Y®(P, Q) = E[log Qyju (YUic)] +s Y. (Ellog Quju, (YIUK)] - Diw (Puyx, 1Qu,)) - (78)
—_— k=1
av. logarithmic-loss
regularizer
Lemma 1. For fixed P, we have
Ls(P) > LYB(P,Q),  forall pmfs Q. (79)

In addition, there exists a unique Q that achieves the maximum maxg LYB(P,Q) = Ls(P), and is given
by, Vk e K,

Q5 = Py, (80a)
QViu, = Py, (80b)
Q¥ = Py, s (80¢)

where the marginals Py, and the conditional marginals Py, and Py, ., are computed from P.

Proof. The proof of Lemma 1 can be found in Section 7.4 of [92] and is reproduced here in Section 8.3
for completeness. [

Then, the optimization in Equation (69) can be written in terms of the variational DIB cost function
as follows,
mﬁlxﬁs(P) = mPamexﬁyB(P,Q). (81)

The variational DIB cost in Equation (78) is a generalization to distributed learning with
K-encoders of the evidence lower bound (ELBO) of the target variable Y given the representations
Uy, -, Ug [15]. If Y = (X, ..., Xk), the bound generalizes the ELBO used for VAEs to the setting of K > 2
encoders. In addition, note that Equation (78) also generalizes and provides an operational meaning to
the B-VAE cost [82] with § =s/(1+s5), as a criteria to design estimators on the relevance—complexity
plane for different  values.
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6.5. Known Memoryless Distributions

When the data model is discrete and the joint distribution Py y is known, the DIB problem can be
solved by using an iterative method that optimizes the variational IB cost function in Equation (81)
alternating over the distributions P, Q. The optimal encoders and decoders of the D-IB under sum-rate
constraint satisfy the following self consistent equations,

)

pLalye) = 7 exp (-, 90,

p(xlug) = > p(ylug) p(xlyx)
YkeVk

pxluy, ..., ug) = Zy p(yx)p(uxlyc) p(xlyrc) /p(ux)
YV

where s (1, yic) = DL(Pxy, 1Qx1) * Yt oy [DKL (Pt | QX1 o)) -
Alternating iterations of these equations converge to a solution for any initial p(uy|xy), similarly
to a Blahut-Arimoto algorithm and the EM.

6.5.1. Distributed Variational IB

When the data distribution is unknown and only data samples are available, the variational DIB
cost in Equation (81) can be optimized following similar steps as for the variational IB in Section 3.3.1
by parameterizing the encoding and decoding distributions P, Q using a family of distributions whose
parameters are determined by DNNs. This allows us to formulate Equation (81) in terms of the DNN
parameters, i.e., its weights, and optimize it by using the reparameterization trick [15], Monte Carlo
sampling, and stochastic gradient descent (SGD)-type algorithms.

Considering encoders and decoders P, Q parameterized by DNN parameters 6, ¢, ¢, the DIB cost
in Equation (81) can be optimized by considering the following empirical Monte Carlo approximation:

n

1 K
max > [10g Qo Wilttrij - - ttgif) +5 Y (log Qg (Wiluki,j)—Dxr(Po, (Ug,i
P 1 k=1

50)| Qg (Ui))] 82

where uy; i = g, (Xx,i, 2x,j) are samples obtained from the reparametrization trick by sampling from K
random variables Pz, . The details of the method can be found in [92]. The resulting architecture is

shown in Figure 8. This architecture generalizes that from autoencoders to the distributed setup with
K encoders.

Decoder Qy‘,;A
DNN | M1
Encoder P, 1x, ) Latent Space —
2~ N(O.1) Representation ™ %
‘ =
DNN [ M1 — P

Ui=m+5"%2

2
=
X, g o B
S & Decoder Qy v, v,
1

[
L | DNN H12
I
Encoder Py, =
ValXa N > o

DNN uz o T ~1/2 ::7 .
& fi2
o DNN

Figure 8. Example parameterization of the Distributed Variational Information Bottleneck method
using neural networks.
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6.6. Connections to Coding Problems and Learning

Similar to the point-to-point IB-problem, the distributed IB problem also has abundant connections
with (asymptotic) coding and learning problems.

6.6.1. Distributed Source Coding under Logarithmic Loss

Key element to the proof of the converse part of Theorem 3 is the connection with the Chief
Executive Officer (CEO) source coding problem. For the case of K > 2 encoders, while the
characterization of the optimal rate-distortion region of this problem for general distortion measures
has eluded the information theory for now more than four decades, a characterization of the optimal
region in the case of logarithmic loss distortion measure has been provided recently in [65]. A key step
in [65] is that the log-loss distortion measure admits a lower bound in the form of the entropy of the
source conditioned on the decoders’ input. Leveraging this result, in our converse proof of Theorem 3,
we derive a single letter upper bound on the entropy of the channel inputs conditioned on the indices
Jic that are sent by the relays, in the absence of knowledge of the codebooks indices F. In addition,
the rate region of the vector Gaussian CEO problem under logarithmic loss distortion measure has
been found recently in [94,95].

6.6.2. Cloud RAN

Consider the discrete memoryless (DM) CRAN model shown in Figure 9. In this model, L users
communicate with a common destination or central processor (CP) through K relay nodes, where
L>1and K >1. Relay node k, 1 < k < K, is connected to the CP via an error-free finite-rate fronthaul
link of capacity Ci. In what follows, we let £ := [1: L] and K := [1: K] indicate the set of users and
relays, respectively. Similar to Simeone et al. [96], the relay nodes are constrained to operate without
knowledge of the users’ codebooks and only know a time-sharing sequence Q", i.e., a set of time
instants at which users switch among different codebooks. The obliviousness of the relay nodes to the
actual codebooks of the users is modeled via the notion of randomized encoding [97,98]. That is, users or
transmitters select their codebooks at random and the relay nodes are not informed about the currently
selected codebooks, while the CP is given such information.

Q Fi,... . FL,Q
¥
et vy o |
my, F1,Q —| User 1 Relay 1 .
p(y1,.- -, yK|T1,...,2L) CP -’4
3
X7l YTL C
mp, Fr,Q —|User L ‘ s Relay K K :
[
Q

Figure 9. CRAN model with oblivious relaying and time-sharing.

Consider the following class of DM CRANSs in which the channel outputs at the relay nodes are
independent conditionally on the users” inputs. That is, for all k € L and all i € [1:n1],

Yiie Xrie Y, (83)

forms a Markov Chain in this order.
The following theorem provides a characterization of the capacity region of this class of DM
CRAN problem under oblivious relaying.
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Theorem 3 ([22,23]). For the class of DM CRANs with oblivious relay processing and enabled time-sharing
for which Equation (83) holds, the capacity region C(Cx) is given by the union of all rate tuples (Ry,...,Rr)
which satisfy

> R < 3 [Co ~ I(Ye; Us| X, Q)1+ I(X7; Use| X7, Q),
teT seS

for all non-empty subsets T < L and all S ¢ IC, for some joint measure of the form

L K K
P(q)lelP(Xz\q)}[[lp(yk\xz)gP(uklyk,q) (84)

The direct part of Theorem 3 can be obtained by a coding scheme in which each relay node
compresses its channel output by using Wyner-Ziv binning to exploit the correlation with the channel
outputs at the other relays, and forwards the bin index to the CP over its rate-limited link. The CP
jointly decodes the compression indices (within the corresponding bins) and the transmitted messages,
i.e., Cover-El Gamal compress-and-forward [99] (Theorem 3) with joint decompression and decoding
(CF-JD). Alternatively, the rate region of Theorem 3 can also be obtained by a direct application of the
noisy network coding (NNC) scheme of [64] (Theorem 1).

The connection between this problem, source coding and the distributed information bottleneck
is discussed in [22,23], particularly in the derivation of the converse part of the theorem. Note also the
similarity between the resulting capacity region in Theorem 3 and the relevance complexity region of
the distributed information bottleneck in Theorem 1, despite the significant differences of the setups.

6.6.3. Distributed Inference, ELBO and Multi-View Learning

In many data analytics problems, data are collected from various sources of information or
feature extractors and are intrinsically heterogeneous. For example, an image can be identified by
its color or texture features and a document may contain text and images. Conventional machine
learning approaches concatenate all available data into one big row vector (or matrix) on which a
suitable algorithm is then applied. Treating different observations as a single source might cause
overfitting and is not physically meaningful because each group of data may have different statistical
properties. Alternatively, one may partition the data into groups according to samples homogeneity,
and each group of data be regarded as a separate view. This paradigm, termed multi-view learning [100],
has received growing interest, and various algorithms exist, sometimes under references such as
co-training [101-104], multiple kernel learning [104], and subspace learning [105]. By using distinct encoder
mappings to represent distinct groups of data, and jointly optimizing over all mappings to remove
redundancy, multi-view learning offers a degree of flexibility that is not only desirable in practice but is
also likely to result in better learning capability. Actually, as shown in [106], local learning algorithms
produce fewer errors than global ones. Viewing the problem as that of function approximation, the
intuition is that it is usually not easy to find a unique function that holds good predictability properties
in the entire data space.

Besides, the distributed learning of Figure 7 clearly finds application in all those scenarios in
which learning is performed collaboratively but distinct learners either only access subsets of the entire
dataset (e.g., due to physical constraints) or access independent noisy versions of the entire dataset.

In addition, similar to the single encoder case, the distributed IB also finds applications in
fundamental performance limits and formulation of cost functions from an operational point of view.
One of such examples is the generalization of the commonly used ELBO and given in Equation (62) to
the setup with K views or observations, as formulated in Equation (78). Similarly, from the formulation
of the DIB problem, a natural generalization of the classical autoencoders emerge, as given in Figure 8.
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7. Outlook

A variant of the bottleneck problem in which the encoder’s output is constrained in terms of its
entropy, rather than its mutual information with the encoder’s input as done originally in [1], was
considered in [107]. The solution of this problem turns out to be a deterministic encoder map as
opposed to the stochastic encoder map that is optimal under the IB framework of Tishby et al. [1],
which results in a reduction of the algorithm’s complexity. This idea was then used and extended to
the case of available resource (or time) sharing in [108].

In the context of privacy against inference attacks [109], the authors of [75,76] considered a dual
of the information bottleneck problem in which X € X represents some private data that are correlated
with the non-private data Y € ). A legitimate receiver (analyst) wishes to infer as much information as
possible about the non-private data Y but does not need to infer any information about the private
data X. Because X and Y are correlated, sharing the non-private data X with the analyst possibly
reveals information about Y. For this reason, there is a trade-off between the amount of information
that the user shares about X as measured by the mutual information I(U; X) and the information that
he keeps private about Y as measured by the mutual information I(U;Y), where U = ¢(X).

Among interesting problems that are left unaddressed in this paper is that of characterizing
optimal input distributions under rate-constrained compression at the relays where, e.g., discrete
signaling is already known to sometimes outperform Gaussian signaling for single-user Gaussian
CRAN [97]. It is conjectured that the optimal input distribution is discrete. Other issues might relate
to extensions to continuous time filtered Gaussian channels, in parallel to the regular bottleneck
problem [108], or extensions to settings in which fronthauls may be not available at some radio-units,
and that is unknown to the systems. That is, the more radio units are connected to the central unit, the
higher is the rate that could be conveyed over the CRAN uplink [110]. Alternatively, one may consider
finding the worst-case noise under given input distributions, e.g., Gaussian, and rate-constrained
compression at the relays. Furthermore, there are interesting aspects that address processing constraints
of continuous waveforms, e.g., sampling at a given rate [111,112] with focus on remote logarithmic
distortion [65], which in turn boils down to the distributed bottleneck problem [91,92]. We also mention
finite-sample size analysis (i.e., finite block length 1, which relates to the literature on finite block
length coding in information theory). Finally, it is interesting to observe that the bottleneck problem
relates to interesting problem when R is not necessarily scaled with the block length 7.

8. Proofs

8.1. Proof of Theorem 1

The proof relies on the equivalence of the studied distributed learning problem with the
Chief-Executive Officer (CEO) problem under logarithmic-loss distortion measure, which was studied
in [65] (Theorem 10). For the K-encoder CEO problem, let us consider K encoding functions
o X~ M,E") satisfying nRy > log|¢x(X}')| and a decoding function ¢ : Mg") X e X /Vl,(<n) -,
which produces a probabilistic estimate of Y from the outputs of the encoders, i.e., " is the set of

distributions on Y. The quality of the estimation is measured in terms of the average log-loss.

Definition 1. A tuple (D, Ry, ..., Rg) is said to be achievable in the K-encoder CEO problem for P,y for
which the Markov Chain in Equation (83) holds, if there exists a length n, encoders ¢y for k € K, and a decoder
§, such that

1

! log

D>E| - log - , (85)
n 7 Pynpp (Y1 (XT), - pr (X))
Ri > %log|¢k(X}:)\ forall kelk. (86)
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The rate-distortion region RDcgo is given by the closure of all achievable tuples (D, Ry, ..., Rg).

The following lemma shows that the minimum average logarithmic loss is the conditional entropy
of Y given the descriptions. The result is essentially equivalent to [65] (Lemma 1) and it is provided for
completeness.

Lemma 2. Let us consider Px, y and the encoders Ji = ¢p(X}}), k € KC and the decoder Y" = ¢(Jxc). Then,
E[liog(Y", Y")] > H(Y"|J), (87)
with equality if and only if p(Jxc) = {Pyn)j (y"|Jxc) }yreyn-

Proof. Let Z := (], ..., Jx) be the argument of ¢y and P(y"|z) be a distribution on ). We have for
Z =2z

n \n _ _ n 1
Bllg(V" ¥7)Z =21 52 P71 og ) )
_ n P(y"|z) 0y
_yg;}n P(y lZ)lOg(P(y”|z))+H(Y |Z =z) (89)
= D (P(y"|2) |P(y"|2)) + H(Y"|Z = 2) (90)
>H(Y"Z =z), (91)

where Equation (91) is due to the non-negativity of the KL divergence and the equality holds if and
only if for P(y"|z) = P(y"|z) where P(y"|z) = Pr{Y" = y"|Z = z} for all z and y" € J"". Averaging over Z
completes the proof. [

Essentially, Lemma 2 states that minimizing the average log-loss is equivalent to maximizing
relevance as given by the mutual information I (Y” ; lIJ((])l (X1), ¢k (Xlré))) Formally, the connection
between the distributed learning problem under study and the K-encoder CEO problem studied in [65]
can be formulated as stated next.

Proposition 2. A tuple (A,Ry,...,Rx) € RZpip if and only if (H(Y) - A, Ry, ...,Rk) € RDcgo.

Proof. Let the tuple (A, R, ..., Rk) € RZpip be achievable for some encoders ¢y. It follows by Lemma 2
that, by letting the decoding function §(Jx) = {Pynp (v"|Jic)}, we have E[£156 (Y", Y] = HY"|Jx),
and hence (H(Y)-A,Ry,...,Rk) € RDcgo-

Conversely, assume the tuple (D, Ry, ...,Rk) € RDcgo is achievable. It follows by Lemma 2 that
H(Y)-D < H(Y")-H(Y"|Jx) = I(Y"; ]Jxc), which implies (A, Ry,...,Rg) € RIpp with A = H(Y) -
D. O

The characterization of rate-distortion region Rcgo has been established recently in [65] (Theorem
10). The proof of the theorem is completed by noting that Proposition 2 implies that the result in [65]
(Theorem 10) can be applied to characterize the region RZpyp, as given in Theorem 1.

8.2. Proof of Proposition 1

Let P* be the maximizing in Equation (69). Then,

(1+8)As = (1+sK)H(Y) +sRs + Ls(P*) 92)
= (1+sK)H(Y) +sRs + (—H(Y|u;g) -s i[H(Y\Uk*) +1(Xy; Uk*)]) (93)

k=1
=(1+sK)H(Y) +sRs + (-H(Y|Ug) —=s(Rs - I(Y; Ux) + KH(Y))) (94)
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=(1+s)I(Y;Ug) (95)
< (1+S)A(RS/PX)C,Y)I (96)

where Equation (94) is due to the definition of £s(P) in Equation (67); Equation (95) holds since
Z,’le [I(Xe; Uy ) + HOY|U )] = Rs = I(Y; Ug) + KH(Y) using Equation (70); and Equation (96) follows
by using Equation (68).

Conversely, if P* is the solution to the maximization in the function A(Rsum, Px,.,y) in Equation
(68) such that A(Rsum, Px,.,y) = As, then As < I(Y; Uy-) and As < R - 25:1 I(Xi; UZ[Y) and we have, for
any s > 0, that

A(Rsum/ PX;C,Y) = A (97)
K
<A (A= 1(Y;UR)) -5 (As ~Rsum + ) I(Xy; le*Y)) (98)
k=1
K
= I(Y;Uj) = $As +SReum —s Y I(Xi; UF|Y) (99)
k=1

= H(Y) = sA + sRum - H(Y|U}) - s f (X Up) + HYUS)] +sKH(Y)  (100)

k=1
<H(Y) - 5As + SReum + LI + sKH(Y) (101)
=H(Y)-5As +sRsum + SKH(Y) = ((1+sK)H(Y) +sRs - (1+5)As) (102)
= As +5(Rsum — Rs), (103)

where in Equation (100) we use that Zszl I( X UklY) = -KH(Y) + Zﬁzl I(Xy; Ug) + H(Y|Uy). which
follows by using the Markov Chain Uy -e- X o Y - (Xjcu, Uxck); Equation (101) follows since
L; is the maximum over all possible distributions P (possibly distinct from the P* that maximizes
A(Rsum, Px,.y)); and Equation (102) is due to Equation (69). Finally, Equation (103) is valid for any
Rsum 20 and s > 0. Given s, and hence (As, Rs), letting R = R; yields A(Rs, Px, y) < As. Together with
Equation (96), this completes the proof of Proposition 1.

8.3. Proof of Lemma 1

Let, for a given random variable Z and z € Z, a stochastic mapping Qyz(-|z) be given. It is easy
to see that

H(Y|Z) = E[-1og Qy|z(Y]Z)] - DxL(Pyz|Qyz)- (104)

In addition, we have

I(X; Uy) = H(Uy) - H(Ug| Xx) (105)
= D (P, x, 1Qu, ) = Dx.(Py, [ Qu,)- (106)

Substituting it into Equation (67), we get

K
Ls(P) = LI (P, Q) + Dxr (Pyjy, Qv ) +5 kZ (Dxe(Pyj, [1Qy(u,) + Dx(Pul|Qu, ) (107)
1
> £Y*(P,Q), (108)

where Equation (108) follows by the non-negativity of relative entropy. In addition, note that the
inequality in Equation (108) holds with equality iff Q* is given by Equation (80).
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8.4. Proof of Theorem 2

The proof of Theorem 2 relies on deriving an outer bound on the relevance-complexity region, as
given by Equation (66), and showing that it is achievable with Gaussian pmfs and without time-sharing.
In doing so, we use the technique of [89] (Theorem 8), which relies on the de Bruijn identity and the
properties of Fisher information and MMSE.

Lemma 3 ([88,89]). Let (X,Y) be a pair of random vectors with pmf p(x,y). We have
log |(7te)) " H(X]Y)| < i(X|Y) < log |(7re)mmse(X]Y)), (109)
where the conditional Fischer information matrix is defined as
J(XY) := E[V log p(X|Y) ¥ log p(X|Y)'] (110)
and the minimum mean square error (MMSE) matrix is
mmse(X|Y) := E[(X - E[X]Y])(X - E[X|Y])"]. (111)
For t € T and fixed I'[kK:1 p(ug|xg, t), choose Oy, k= 1,..., K satisfying 0 < O, < Z,?l such that
mmse(Y|X, Uy, t) = I — Ty 1 Iy (112)

Note that such € ; exists since 0 < mmse(Xy|Y, Uy, t) < Z,:l, forallte7,and k € K.
Using Equation (66), we get

I(X; UklY, 1) 2 log|E| - log [mmse(Xy[Y, Uy, )]
= ~log[1-£}”2qy,21/?, (113)
where the inequality is due to Lemma 3, and Equation (113) is due to Equation (112).
In addition, we have

I(Y; Useg[t) <log [Ey| ~log I (Y[Use s, )| (114)
-log| . =y HIQ HE 41|, (115)
keS¢

where Equation (114) is due to Lemma 3 and Equation (115) is due to to the following equality, which
relates the MMSE matrix in Equation (112) and the Fisher information, the proof of which follows,

J(Y|Usep, t) = 3 HiQy Hy+Z3 (116)
keS¢

To show Equation (116), we use de Brujin identity to relate the Fisher information with the MMSE
as given in the following lemma, the proof of which can be found in [89].

Lemma 4. Let (V1,Vy) be a random vector with finite second moments and N~CN (0, L) independent of
(Vlr Vz) Then,
mmse(Vz\Vl,V2+N) =ZN—ZNJ(V2+N‘V1)ZN. (117)

From the MMSE of Gaussian random vectors [51],

Y =E[YXse]+Zgsc = Z G Xy +Zse, (118)
keS¢
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where Gy = ), . HIE:! and Zse ~ CN(0,Zy)x, ), and
-1 -1 ty-1
L. =Zy +k§Sj HIZ'Hy. (119)
eS¢

Note that Zgsc is independent of Ysc due to the orthogonality principle of the MMSE and its
Gaussian distribution. Hence, it is also independent of Usc 4.
Thus, we have

mmse( Y GeXilY, Usc,t,t) = > Gymmse (X¢|Y, Usc, t) Gl (120)
keS¢ keS¢
t (g1
= Zyjxse st: Hj (I - ) HkZyp (121)
hy

where Equation (120) follows since the cross terms are zero due to the Markov Chain (Uy;, Xy) &Y &
(UK/k,trXIC/k) (see Appendix V of [89] ); and Equation (121) follows due to Equation (112) and Gy.
Finally, we have

J(Y|Usey, ) = z;‘lxsc - ):;ﬁxsc mmse (kzs GiXt|Y, Use s, t) Z;ﬁ(sc (122)
€ c
Thse ™ P Hf (5 - 0 ) Hy (123)
€, (s
=I'+ Y HO H, (124)

where Equation (122) is due to Lemma 4; Equation (123) is due to Equation (121); and Equation (124)
follows due to Equation (119).

Then, averaging over the time sharing random variable T and letting Q) := Y1 p(£)Q ;, we get,
using Equation (113),

1/2 1/2
IXUY, T) 2 - 3 p(t) log |1 - 272y 2,7
teT

> ~log[1- £,y 277, (125)
where Equation (125) follows from the concavity of the log-det function and Jensen’s inequality.
Similarly, using Equation (115) and Jensen’s Inequality, we have

I(Y;Uge|T) <log| 3 £y/HIOH,Z)? +1/. (126)
keS¢

The outer bound on RZpyp is obtained by substituting into Equation (66), using Equations (125)
and (126), noting that Q = Y7 p(t) Qg < ):];1 since 0 < (Y ; < Z,:l, and taking the union over
satisfying 0 < ) < Z;l,

Finally, the proof is completed by noting that the outer bound is achieved with T = @ and
multivariate Gaussian distributions p* (ug|xg, ) = CN(xg, ):,1(/ Z(Qk - I)Zi/ 2).
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Abstract: In this paper, we develop an unsupervised generative clustering framework that combines
the variational information bottleneck and the Gaussian mixture model. Specifically, in our approach,
we use the variational information bottleneck method and model the latent space as a mixture of
Gaussians. We derive a bound on the cost function of our model that generalizes the Evidence
Lower Bound (ELBO) and provide a variational inference type algorithm that allows computing
it. In the algorithm, the coders’ mappings are parametrized using neural networks, and the bound
is approximated by Markov sampling and optimized with stochastic gradient descent. Numerical
results on real datasets are provided to support the efficiency of our method.

Keywords: clustering; unsupervised learning; Gaussian mixture model; information bottleneck

1. Introduction

Clustering consists of partitioning a given dataset into various groups (clusters) based on some
similarity metric, such as the Euclidean distance, L; norm, L, norm, L norm, the popular logarithmic
loss measure, or others. The principle is that each cluster should contain elements of the data that
are closer to each other than to any other element outside that cluster, in the sense of the defined
similarity measure. If the joint distribution of the clusters and data is not known, one should operate
blindly in doing so, i.e., using only the data elements at hand; and the approach is called unsupervised
clustering [1,2]. Unsupervised clustering is perhaps one of the most important tasks of unsupervised
machine learning algorithms currently, due to a variety of application needs and connections with
other problems.

Clustering can be formulated as follows. Consider a dataset that is composed of N samples
{x;}},, which we wish to partition into |C| > 1 clusters. Let C = {1,...,|C|} be the set of all possible
clusters and C designate a categorical random variable that lies in C and stands for the index of the
actual cluster. If X is a random variable that models elements of the dataset, given that X = x; induces
a probability distribution on C, which the learner should learn, thus mathematically, the problem is
that of estimating the values of the unknown conditional probability Pc|x(-|x;) for all elements x; of
the dataset. The estimates are sometimes referred to as the assignment probabilities.

Examples of unsupervised clustering algorithms include the very popular K-means [3] and
Expectation Maximization (EM) [4]. The K-means algorithm partitions the data in a manner that
the Euclidean distance among the members of each cluster is minimized. With the EM algorithm,
the underlying assumption is that the data comprise a mixture of Gaussian samples, namely a Gaussian
Mixture Model (GMM); and one estimates the parameters of each component of the GMM while
simultaneously associating each data sample with one of those components. Although they offer
some advantages in the context of clustering, these algorithms suffer from some strong limitations.
For example, it is well known that the K-means is highly sensitive to both the order of the data and

Entropy 2020, 22, 213; doi:10.3390/e22020213 41 www.mdpi.com/journal/entropy



Entropy 2020, 22,213

scaling; and the obtained accuracy depends strongly on the initial seeds (in addition to that, it does not
predict the number of clusters or K-value). The EM algorithm suffers mainly from slow convergence,
especially for high-dimensional data.

Recently, a new approach has emerged that seeks to perform inference on a transformed domain
(generally referred to as latent space), not the data itself. The rationale is that because the latent space
often has fewer dimensions, it is more convenient computationally to perform inference (clustering) on
it rather than on the high-dimensional data directly. A key aspect then is how to design a latent space
that is amenable to accurate low-complexity unsupervised clustering, i.e., one that preserves only
those features of the observed high-dimensional data that are useful for clustering while removing all
redundant or non-relevant information. Along this line of work, we can mention [5], which utilized
Principal Component Analysis (PCA) [6,7] for dimensionality reduction followed by K-means for
clustering the obtained reduced dimension data; or [8], which used a combination of PCA and
the EM algorithm. Other works that used alternatives for the linear PCA include kernel PCA [9],
which employs PCA in a non-linear fashion to maximize variance in the data.

Thisby’s Information Bottleneck (IB) method [10] formulates the problem of finding a good
representation U that strikes the right balance between capturing all information about the categorical
variable C that is contained in the observation X and using the most concise representation for it.
The IB problem can be written as the following Lagrangian optimization:

min [(X;U) —sI(C;U), 1)
Pyx

where I(-; -) denotes Shannon’s mutual information and s is a Lagrange-type parameter, which controls
the trade-off between accuracy and regularization. In [11,12], a text clustering algorithm is introduced
for the case in which the joint probability distribution of the input data is known. This text
clustering algorithm uses the IB method with an annealing procedure, where the parameter s is
increased gradually. When s — 0, the representation U is designed with the most compact form, i.e.,
|| = 1, which corresponds to the maximum compression. By gradually increasing the parameter
s, the emphasis on the relevance term I(C; U) increases, and at a critical value of s, the optimization
focuses on not only the compression, but also the relevance term. To fulfill the demand on the relevance
term, this results in the cardinality of U bifurcating. This is referred as a phase transition of the system.
The further increases in the value of s will cause other phase transitions, hence additional splits of U
until it reaches the desired level, e.g., [U/| = |C].

However, in the real-world applications of clustering with large-scale datasets, the joint probability
distributions of the datasets are unknown. In practice, the usage of Deep Neural Networks (DNN) for
unsupervised clustering of high-dimensional data on a lower dimensional latent space has attracted
considerable attention, especially with the advent of Autoencoder (AE) learning and the development
of powerful tools to train them using standard backpropagation techniques [13,14]. Advanced forms
include Variational Autoencoders (VAE) [13,14], which are generative variants of AE that regularize
the structure of the latent space, and the more general Variational Information Bottleneck (VIB) of [15],
which is a technique that is based on the information bottleneck method and seeks a better trade-off
between accuracy and regularization than VAE via the introduction of a Lagrange-type parameter
s, which controls that trade-off and whose optimization is similar to deterministic annealing [12] or
stochastic relaxation.

In this paper, we develop an unsupervised generative clustering framework that combines VIB
and the Gaussian mixture model. Specifically, in our approach, we use the variational information
bottleneck method and model the latent space as a mixture of Gaussians. We derive a bound on the cost
function of our model that generalizes the Evidence Lower Bound (ELBO) and provide a variational
inference type algorithm that allows computing it. In the algorithm, the coders’ mappings are
parametrized using Neural Networks (NN), and the bound is approximated by Markov sampling and
optimized with stochastic gradient descent. Furthermore, we show how tuning the hyper-parameter s
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appropriately by gradually increasing its value with iterations (number of epochs) results in a better
accuracy. Furthermore, the application of our algorithm to the unsupervised clustering of various
datasets, including the MNIST [16], REUTERS [17], and STL-10 [18], allows a better clustering accuracy
than previous state-of-the-art algorithms. For instance, we show that our algorithm performs better
than the Variational Deep Embedding (VaDE) algorithm of [19], which is based on VAE and performs
clustering by maximizing the ELBO. Our algorithm can be seen as a generalization of the VaDE,
whose ELBO can be recovered by setting s = 1 in our cost function. In addition, our algorithm also
generalizes the VIB of [15], which models the latent space as an isotropic Gaussian, which is generally
not expressive enough for the purpose of unsupervised clustering. Other related works, which are of
lesser relevance to the contribution of this paper, are the Deep Embedded Clustering (DEC) of [20] and
the Improved Deep Embedded Clustering (IDEC) of [21,22]. For a detailed survey of clustering with
deep learning, the readers may refer to [23].

To the best of our knowledge, our algorithm performs the best in terms of clustering accuracy
by using deep neural networks without any prior knowledge regarding the labels (except the usual
assumption that the number of classes is known) compared to the state-of-the-art algorithms of the
unsupervised learning category. In order to achieve the outperforming accuracy: (i) we derive a cost
function that contains the IB hyperparameter s that controls optimal trade-offs between the accuracy
and regularization of the model; (ii) we use a lower bound approximation for the KL term in the
cost function, that does not depend on the clustering assignment probability (note that the clustering
assignment is usually not accurate in the beginning of the training process); and (iii) we tune the
hyperparameter s by following an annealing approach that improves both the convergence and the
accuracy of the proposed algorithm.

Throughout this paper, we use the following notation. Uppercase letters are used to denote
random variables, e.g., X; lowercase letters are used to denote realizations of random variables,
e.g., x; and calligraphic letters denote sets, e.g.,, . The cardinality of a set X is denoted by
|X|. Probability mass functions (pmfs) are denoted by Px(x) = Pr{X = x} and, sometimes,
for short, as p(x). Boldface uppercase letters denote vectors or matrices, e.g., X, where context
should make the distinction clear. We denote the covariance of a zero mean, complex-valued,
vector X by Iy = E[XX'], where ()t indicates the conjugate transpose. For random variables X
and Y, the entropy is denoted as H(X), i.e.,, H(X) = Ep,[—logPx], and the mutual information
is denoted as I(X;Y), ie, I(X;Y) = H(X) — H(X]Y) = H(Y) — H(Y|X) = Ep, , [log If;—lfy] Finally,
for two probability measures Px and Qx on a random variable X € X, the relative entropy or
Kullback-Leibler divergence is denoted as Dxp.(Px||Qx), i-e., Dxi.(Px||Qx) = Epy [log %]

2. Proposed Model

In this section, we explain the proposed model, the so-called Variational Information Bottleneck
with Gaussian Mixture Model (VIB-GMM), in which we use the VIB framework and model the latent
space as a GMM. The proposed model is depicted in Figure 1, where the parameters 7., p., Z¢, for all
values of ¢ € C, are to be optimized jointly with those of the employed NN as instantiation of the
coders. Furthermore, the assignment probabilities are estimated based on the values of latent space
vectors instead of the observations themselves, i.e., Pcjx = Qcjy- In the rest of this section, we elaborate
on the inference and generative network models for our method.
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Encoder

Figure 1. Variational Information Bottleneck with Gaussian mixtures.

2.1. Inference Network Model

We assume that observed data x are generated from a GMM with |C| components. Then, the latent
representation u is inferred according to the following procedure:

1. One of the components of the GMM is chosen according to a categorical variable C.
2. The data x are generated from the cth component of the GMM, i.e., Pxc ~ N (x; fi,, o).
3. Encoder maps x to a latent representation u according to Pyjx ~ N (¢, Zg)-

3.1. The encoder is modeled with a DNN f, which maps x to the parameters of a Gaussian
distribution, i.e., [py, Zg] = fo(x).
3.2. The representation u is sampled from N (py, Zy).

For the inference network, shown in Figure 2, the following Markov chain holds:

C-eX-U. 2)

@ Pxc @ Pyix @

Figure 2. Inference network.

2.2. Generative Network Model

Since the encoder extracts useful representations of the dataset and we assume that the dataset
is generated from a GMM, we model our latent space also with a mixture of Gaussians. To do so,
the categorical variable C is embedded with the latent variable U. The reconstruction of the dataset is
generated according to the following procedure:

1. One of the components of the GMM is chosen according to a categorical variable C, with a prior

distribution Qc.
2. The representation u is generated from the cth component, i.e., Quic ~ N (w1, Zc)-
3. The decoder maps the latent representation u to X, which is the reconstruction of the source x by

using the mapping QX\U~
3.1 The decoder is modeled with a DNN g, that maps u to the estimate %, i.e., [X] = g¢(u).

For the generative network, shown in Figure 3, the following Markov chain holds:

C-U-X. 3)

@ Quic @ Qxu @

Figure 3. Generative network.
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3. Proposed Method

In this section, we present our clustering method. First, we provide a general cost function for the
problem of the unsupervised clustering that we study here based on the variational IB framework;
and we show that it generalizes the ELBO bound developed in [19]. We then parametrize our
model using NNs whose parameters are optimized jointly with those of the GMM. Furthermore,
we discuss the influence of the hyperparameter s that controls optimal trade-offs between accuracy
and regularization.

3.1. Brief Review of Variational Information Bottleneck for Unsupervised Learning

As described in Section 2, the stochastic encoder Pyx maps the observed data x to a representation
u. Similarly, the stochastic decoder Qx|y assigns an estimate X of x based on the vector u. As per
the IB method [10], a suitable representation U should strike the right balance between capturing all
information about the categorical variable C that is contained in the observation X and using the most
concise representation for it. This leads to maximizing the following Lagrange problem:

Ls(P) = I(C;U) —sI(X;U), 4)

where s > 0 designates the Lagrange multiplier and, for convenience, P denotes the conditional
distribution Pyx.

Instead of (4), which is not always computable in our unsupervised clustering setting, we find it
convenient to maximize an upper bound of £;(P) given by:

£y(P) = I(U) - sI(X;U) 2 H(X) — H(X|U) — s[H(U) — H(U|X)], ®)

where (a) is due to the definition of mutual information (using the Markov chain C -e- X —e- U, it is
easy to see that £s(P) > L(P) for all values of P). Noting that H(X) is constant with respect to Pyx,
maximizing L (P) over P is equivalent to maximizing;

L((P) : = —H(X|U) — s[H(U) — H(U|X)] (6)
— Ep, [IEPU‘X [log Py + slog Py — slog pU‘X]] . @)

For a variational distribution Qu on U (instead of the unknown Py) and a variational stochastic
decoder Qx|y (instead of the unknown optimal decoder Pyy), let Q := {Qxjy, Qu}. Furthermore, let:

L{?(P,Q) := Ep, []EPU‘XUOg Oxjul = SDKL(PU\XHQU)] . (8
Lemma 1. For given P, we have:
LYB(P,Q) < LL(P), forall Q.
In addition, there exists a unique Q that achieves the maximum maxq LYB(P, Q) = L.(P) and is given by:
Qxu=Pxqu, Qu="ru.
Proof. The proof of Lemma 1 is given in Appendix A. [

Using Lemma 1, maximization of (6) can be written in term of the variational IB cost as follows:

max LL(P) = maxmax LYB(P,Q). ©)
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Next, we develop an algorithm that solves the maximization problem (9), where the encoding
mapping Pyx, the decoding mapping Qxy, as well as the prior distribution of the latent space
Qu are optimized jointly.

Remark 1. As we already mentioned in the beginning of this section, the related work [19] performed
unsupervised clustering by combining VAE with GMM. Specifically, it maximizes the following ELBO bound:

LYPE .= Ep, [EPU‘X [log Qxju] — Dkr(Pcixl|Qc) — Erqx [DKL(PU\XHQUlC)]] . (10)

Let, for an arbitrary non-negative parameter s, LY*F be a generalization of the ELBO bound in (10) of [19]
given by:

LYPE = Bp, [Ep,,[log Qxju] — 5Dk (Peixl|Qc) = sEr [P (Puix | Quic)] | - (11
Investigating the right-hand side (RHS) of (11), we get:
LY(P,Q) = LYPE + sEp, [EPU‘X[DKL(PC\XHQC\U)” , (12)

where the equality holds since:

LIPF = Ep, {EPU\X [log Qxjul — sDxr.(Peix[1Qc) — sEee [DKL(PU\XHQUW)]] (13)
@ Ep, [EPU\X [log Qxju] — sDxe(Pyjx||Qu) — sEpy [DKL(PC\XHQC\U)] (1)
) LYB(P,Q) —sEp, {IEPU‘X [DKL(PC\XHQC\U)H , (15)

where (a) can be obtained by expanding and re-arranging terms under the Markov chain C -~ X - U (for a
detailed treatment, please look at Appendix B); and (b) follows from the definition of LYB(P, Q) in (8).

Thus, by the non-negativity of relative entropy, it is clear that LI*PF is a lower bound on LYB(P, Q).
Furthermore, if the variational distribution Q is such that the conditional marginal Qcy is equal to Pc|x,
the bound is tight since the relative entropy term is zero in this case.

3.2. Proposed Algorithm: VIB-GMM
In order to compute (9), we parametrize the distributions Py x and Qxy using DNNs. For instance,
let the stochastic encoder Pyjx be a DNN fj and the stochastic decoder Qx|y be a DNN gg. That is:
Py(ulx) = N (u;pg, Zg) ,  where [ug, Zg] = fo(x) ,
. (16)
Qp(xu) = gp(u) = [%],

where 0 and ¢ are the weight and bias parameters of the DNNs. Furthermore, the latent space is

modeled as a GMM with |C| components with parameters ¢ := {7, pt,, ):C}‘Ccz‘l, ie.,
Qp(u) = Z”c ACH 17)
c
Using the parametrizations above, the optimization of (9) can be rewritten as:
max LNN(9, ¢, (18)
max £ (0,9,)
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where the cost function LNN(6, ¢, ¢) is given by:
LN(8,9,) = Epy [Ep, ujx) 0 Qp(X|U)] = sDic (Po(U[X) | Q (1)) - (19)

Then, for given observations of N samples, i.e., {x,}l 1, (18) can be approximated in terms of an
empirical cost as follows:

N
max Eemp 0, (20)
ax N L o),

1

where E:I?p (6, ¢, ¢) is the empirical cost for the ith observation x; and given by:

LP(6,0,9) = Ep,(u,x;) [10g Qp (Xi[U;)] — sDxr. (Ps(U;|X;) [ Qy (Uy)) - (21)

Furthermore, the first term of the RHS of (21) can be computed using Monte Carlo sampling and
the reparametrization trick [13]. In particular, Py(u|x) can be sampled by first sampling a random
variable Z with distribution Pz, i.e., Pz = N'(0,1), then transforming the samples using some function
fo: X x Z —U,ie,u= fy(x,z). Thus,

1
EPG U;|X;) [log QtP X ‘U Z logq xl‘ulm) Wim = My,i + 292,,' “€m,  €m ™~ N(O/I) ’

m 1
where M is the number of samples for the Monte Carlo sampling step.
The second term of the RHS of (21) is the KL divergence between a single component multivariate
Gaussian and a Gaussian mixture model with |C| components. An exact closed-form solution for the

calculation of this term does not exist. However, a variational lower bound approximation [24] of it
can be obtained as:

€]
Dxi(Po(Ui|X;)[[Qy(Uy)) = —1log Y e exp <—DKL(N(F9,,» Zo) IV (p, Ec)) . (22)
c=1

In particular in the specific case in which the covariance matrices are diagonal, ie., Ly; :
dlag({%” ) and I := diag({c? it i), with n, denoting the latent space dimension, (22) can
be computed as follows:

Dy (Po(UiX:)[|Qyp (U3))

€] (g i — poj)?
*floancexp< 22{%+10g
c j=1 %) 9,1,;' Cr]

2

]) , @3)

where 14 ; ; and 1792,1-, j are the mean and variance of the ith representation in the jth dimension of the
latent space. Furthermore, i ; and ‘Tcz, j represent the mean and variance of the cth component of the
GMM in the jth dimension of the latent space.

Finally, we train NNs to maximize the cost function (19) over the parameters 6, ¢, as well as those
1p of the GMM. For the training step, we use the ADAM optimization tool [25]. The training procedure
is detailed in Algorithm 1.
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Algorithm 1 VIB-GMM algorithm for unsupervised learning.

. input: Dataset D := {x;}Y,, parameter s > 0.
: output: Optimal DNN weights 6%, ¢* and GMM parameters ¢* = {71, p7, Z:}‘Ccz‘l
. initialization Initialize 0, ¢, ¢.

: repeat

Draw m random i.i.d samples {z]-}]m: ; from Pz.

Compute m samples u;; = fp(x;, z;)

For the selected mini-batch, compute gradients of the empirical cost (20).
Update 6, ¢, ¢ using the estimated gradient (e.g., with SGD or ADAM).

10: until convergence of 0, ¢, .

1
2
3
4
5. Randomly select b mini-batch samples {x;}!_, from D.
6
7
8
9

Once our model is trained, we assign the given dataset into the clusters. As mentioned in Section 2,
we do the assignment from the latent representations, i.e., Qcjy = Pc|x. Hence, the probability that
the observed data x; belongs to the cth cluster is computed as follows:

_ Ay ()ay+(uile) N (wis g, X (1)

plelx:) = q(clu;) gp(w) Lo N(uppi,ED)

where * indicates the optimal values of the parameters as found at the end of the training phase.
Finally, the right cluster is picked based on the largest assignment probability value.

Remark 2. It is worth mentioning that with the use of the KL approximation as given by (22), our algorithm
does not require the assumption Pcjy = Qcju to hold (which is different from [19]). Furthermore, the algorithm
is guaranteed to converge. However, the convergence may be to (only) local minima; and this is due to the
problem (18) being generally non-convex. Related to this aspect, we mention that while without a proper
pre-training, the accuracy of the VaDE algorithm may not be satisfactory, in our case, the above assumption is
only used in the final assignment after the training phase is completed.

Remark 3. In [26], it is stated that optimizing the original IB problem with the assumption of independent
latent representations amounts to disentangled representations. It is noteworthy that with such an assumption,
the computational complexity can be reduced from O(n2) to O(ny). Furthermore, as argued in [26],
the assumption often results only in some marginal performance loss; and for this reason, it is adopted in
many machine learning applications.

3.3. Effect of the Hyperparameter

As we already mentioned, the hyperparameter s controls the trade-off between the relevance
of the representation U and its complexity. As can be seen from (19) for small values of s, it is the
cross-entropy term that dominates, i.e., the algorithm trains the parameters so as to reproduce X as
accurately as possible. For large values of s, however, it is most important for the NN to produce
an encoded version of X whose distribution matches the prior distribution of the latent space, i.e.,
the term Dy (Po(U|X)[|Qy(U)) is nearly zero.

In the beginning of the training process, the GMM components are randomly selected; and so,
starting with a large value of the hyperparameter s is likely to steer the solution towards an irrelevant
prior. Hence, for the tuning of the hyper-parameter s in practice, it is more efficient to start with a small
value of s and gradually increase it with the number of epochs. This has the advantage of avoiding
possible local minima, an aspect that is reminiscent of deterministic annealing [12], where s plays the
role of the temperature parameter. The experiments that will be reported in the next section show that
proceeding in the above-described manner for the selection of the parameter s helps in obtaining higher
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clustering accuracy and better robustness to the initialization (i.e., no need for a strong pretraining).
The pseudocode for annealing is given in Algorithm 2.

Algorithm 2 Annealing algorithm pseudocode.

1: input: Dataset D := {x;}"_;, hyperparameter interval [Smin, Smax]-

2: output: Optimal DNN weights 6%, ¢*, GMM parameters ¢* = {7}, u, ):;}‘C‘

=1
assignment probability P |x.

3: initialization Initialize 6, ¢, 1p.

4: repeat

5 Apply VIB-GMM algorithm.

6: Update 4,6, ¢.

7: Updatess, e.g., s = (1 + €5)so1q-

8: until s does not exceed Smax.

Remark 4. As we mentioned before, a text clustering algorithm was introduced by Slonim et al. [11,12], which
uses the IB method with an annealing procedure, where the parameter s is increased gradually. In [12], the
critical values of s (so-called phase transitions) were observed such that if these values were missed during
increasing s, the algorithm ended up with the wrong clusters. Therefore, how to choose the step size in the update
of s is very important. We note that tuning s is also very critical in our algorithm, such that the step size €,
in the update of s should be chosen carefully, otherwise phase transitions might be skipped that would cause a
non-satisfactory clustering accuracy score. However, the choice of the appropriate step size (typically very small)
is rather heuristic; and there exists no concrete method for choosing the right value. The choice of step size can
be seen as a trade-off between the amount of computational resource spared for running the algorithm and the
degree of confidence about scanning s values not to miss the phase transitions.

4. Experiments

4.1. Description of the Datasets Used

In our empirical experiments, we applied our algorithm to the clustering of the following datasets.

MNIST: A dataset of gray-scale images of 70,000 handwritten digits of dimensions 28 x 28 pixel.

STL-10: A dataset of color images collected from 10 categories. Each category consisted of
1300 images of size of 96 x 96 (pixels) x3 (RGB code). Hence, the original input dimension 7,
was 27,648. For this dataset, we used a pretrained convolutional NN model, i.e., ResNet-50 [27],
to reduce the dimensionality of the input. This preprocessing reduced the input dimension to 2048.
Then, our algorithm and other baselines were used for clustering.

REUTERSI10K: A dataset that was composed of 810,000 English stories labeled with a category
tree. As in [20], 4 root categories (corporate/industrial, government/social, markets, economics) were
selected as labels, and all documents with multiple labels were discarded. Then, tf-idf features were
computed on the 2000 most frequently occurring words. Finally, 10,000 samples were taken randomly,
which were referred to as the REUTERS10K dataset.

4.2. Network Settings and Other Parameters

We used the following network architecture: the encoder was modeled with NNs with 3 hidden
layers with dimensions 1y — 500 — 500 — 2000 — 1, where n, is the input dimension and n,, is the
dimension of the latent space. The decoder consisted of NNs with dimensions 7, — 2000 — 500 —
500 — ny. All layers were fully connected. For comparison purposes, we chose the architecture of the
hidden layers, as well as the dimension of the latent space 7, = 10 to coincide with those made for the
DEC algorithm of [20] and the VaDE algorithm of [19]. All except the last layers of the encoder and
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decoder were activated with the ReLU function. For the last (i.e., latent) layer of the encoder, we used
a linear activation; and for the last (i.e., output) layer of the decoder, we used the sigmoid function for
MNIST and linear activation for the remaining datasets. The batch size was 100, and the variational
bound (20) was maximized by the ADAM optimizer of [25]. The learning rate was initialized with
0.002 and decreased gradually every 20 epochs with a decay rate of 0.9 until it reached a small value
(0.0005 in our experiments). The reconstruction loss was calculated by using the cross-entropy criterion
for MNIST and the mean squared error function for the other datasets.

4.3. Clustering Accuracy

We evaluated the performance of our algorithm in terms of the so-called unsupervised clustering
Accuracy (ACC), which is a widely used metric in the context of unsupervised learning [23].
For comparison purposes, we also present those of algorithms from the previous state-of-the-art.

For each of the aforementioned datasets, we ran our VIB-GMM algorithm for various values of the
hyper-parameter s inside an interval [Smin, Smax), Starting from the smaller valuer sy, and gradually
increasing the value of s every nepocn epochs. For the MINIST dataset, we set (Smin, Smax, ”epoch) =
(1,5,500); and for the STL-10 dataset and the REUTERS10K dataset, we chose these parameters to be
(1,20,500) and (1,5,100), respectively. The obtained ACC accuracy results are reported in Tables 1
and 2. It is important to note that the reported ACC results were obtained by running each algorithm
ten times. For the case in which there was no pretraining (in [19,20], the DEC and VaDE algorithms
were proposed to be used with pretraining; more specifically, the DNNs were initialized with a stacked
autoencoder [28]), Table 1 states the accuracies of the best case run and average case run for the
MNIST and STL-10 datasets. It was seen that our algorithm outperformed significantly the DEC
algorithm of [20], as well as the VaDE algorithm of [19] and GMM for both the best case run and
average case run. Besides, in Table 1, the values in parentheses correspond to the standard deviations
of clustering accuracies. As seen, the standard deviation of our algorithm VIB-GMM was lower than
the VaDE; which could be expounded by the robustness of VIB-GMM to non-pretraining. For the
case in which there was pretraining, Table 2 states the accuracies of the best case run and average
case run for the MNIST and REUTERS10K datasets. A stacked autoencoder was used to pretrain
the DNNSs of the encoder and decoder before running algorithms (DNNs were initialized with the
same weights and biases of [19]). It was seen that our algorithm outperformed significantly the DEC
algorithm of [20], as well as the VaDE algorithm of [19] and GMM for both the best case run and
average case run. The effect of pretraining can be observed comparing Tables 1 and 2 for MNIST.
Using a stacked autoencoder prior to running the VaDE and VIB-GMM algorithms resulted in a higher
accuracy, as well as a lower standard deviation of accuracies; therefore, supporting the algorithms
with a stacked autoencoder was beneficial for a more robust system. Finally, for the STL-10 dataset,
Figure 4 depicts the evolution of the best case ACC with iterations (number of epochs) for the four
compared algorithms.
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Table 1. Comparison of the clustering accuracy of various algorithms. The algorithms are run without
pretraining. Each algorithm is run ten times. The values in (-) correspond to the standard deviations
of clustering accuracies. DEC, Deep Embedded Clustering; VaDE, Variational Deep Embedding; VIB,
Variational Information Bottleneck.

MNIST STL-10
Best Run  Average Run Best Run  Average Run
GMM 44.1 405 (1.5) 78.9 733 (5.1)
DEC 80.6
VaDE 91.8 78.8(9.1) 85.3 74.1 (6.4)
VIB-GMM 95.1 83.5(5.9) 93.2 82.1 (5.6)

* Values are taken from VaDE [19].

Table 2. Comparison of the clustering accuracy of various algorithms. A stacked autoencoder is used
to pretrain the DNNs of the encoder and decoder before running algorithms (DNNss are initialized with
the same weights and biases of [19]). Each algorithm is run ten times. The values in (-) correspond to
the standard deviations of clustering accuracies.

MNIST REURTERS10K
Best Run  Average Run Best Run  Average Run
DEC 84.3% 7224
VaDE 94.2 93.2(1.5) 79.8 79.1(0.6)
VIB-GMM 96.1 95.8 (0.1) 81.6 81.2(0.4)

¥ Values are taken from DEC [20].

0.9 g v iy !
| M '
. A =
= VIB-GMM
0.5 — VaDE 3y
=~ DEC
— GMM
0.4 | | | | | | | I I
0 50 100 150 200 250 300 350 400 450 500

Epochs

Figure 4. Accuracy vs. the number of epochs for the STL-10dataset.

Figure 5 shows the evolution of the reconstruction loss of our VIB-GMM algorithm for the STL-10
dataset, as a function of simultaneously varying the values of the hyperparameter s and the number
of epochs (recall that, as per the described methodology, we started with s = spin, and we increased
its value gradually every n1epoch = 500 epochs). As can be seen from the figure, the few first epochs
were spent almost entirely on reducing the reconstruction loss (i.e., a fitting phase), and most of
the remaining epochs were spent making the found representation more concise (i.e., smaller KL
divergence). This was reminiscent of the two-phase (fitting vs. compression) that was observed for
supervised learning using VIB in [29].
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Figure 5. Information plane for the STL-10 dataset.

Remark 5. For a fair comparison, our algorithm VIB-GMM and the VaDE of [19] were run for the same
number of epochs, e.g., Nepocy- I the VaDE algorithm, the cost function (11) was optimized for a particular value
of hyperparameter s. Instead of running nepecy, epochs for s = 1 as in VaDE, we ran nypoc, epochs by gradually
increasing s to optimize the cost (21). In other words, the computational resources were distributed over a range
of s values. Therefore, the computational complexity of our algorithm and the VaDE was equivalent.

4.4. Visualization on the Latent Space

In this section, we investigate the evolution of the unsupervised clustering of the STL-10 dataset
on the latent space using our VIB-GMM algorithm. For this purpose, we found it convenient to
visualize the latent space through application of the t-SNEalgorithm of [30] in order to generate
meaningful representations in a two-dimensional space. Figure 6 shows 4000 randomly chosen latent
representations before the start of the training process and respectively after 1, 5, and 500 epochs.
The shown points (with a - marker in the figure) represent latent representations of data samples
whose labels are identical. Colors are used to distinguish between clusters. Crosses (with an x marker
in the figure) correspond to the centroids of the clusters. More specifically, Figure 6a shows the initial
latent space before the training process. If the clustering is performed on the initial representations,
it allows ACC as small as 10%, i.e., as bad as a random assignment. Figure 6b shows the latent space
after one epoch, from which a partition of some of the points starts to be already visible. With five
epochs, that partitioning is significantly sharper, and the associated clusters can be recognized easily.
Observe, however, that the cluster centers seem not to have converged yet. With 500 epochs, the ACC
accuracy of our algorithm reached %91.6, and the clusters and their centroids were neater, as is visible
from Figure 6d.

52



Entropy 2020, 22,213

100 _— 100

80 80

60 601

—100

L
100 80 60 —40 —20 0 20 40 60 80 100 80y

100 T T T T T T T 80

80+ 60
60 |-

40 |-
20

—80 L L - L L
i80 —60 —40 20 0 20 40 60 80 U—SO —60 —40 20 0 20 40 60 80

(c) Fifth epoch, accuracy = %66 (d) Final, accuracy = %91.6

Figure 6. Visualization of the latent space before training; and after 1, 5, and 500 epochs.

5. Conclusions and Future Work

In this paper, we proposed and analyzed the performance of an unsupervised algorithm for
data clustering. The algorithm used the variational information bottleneck approach and modeled
the latent space as a mixture of Gaussians. It was shown to outperform state-of-the-art algorithms
such as the VaDE of [19] and the DEC of [20]. We note that although it was assumed that the
number of classes was known beforehand (as was the case for almost all competing algorithms in its
category), that number could be found (or estimated to within a certain accuracy) through inspection
of the resulting bifurcations on the associated information-plane, as was observed for the standard
information bottleneck method. Finally, we mention that among the interesting research directions in
this line of work, one important question pertains to the distributed learning setting, i.e., along the
counterpart, to the unsupervised setting, of the recent work [31-33], which contained distributed IB
algorithms for both discrete and vector Gaussian data models.
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Appendix A. The Proof of Lemma 1

First, we expand £} (P) as follows:
£1(P) =~ H(X|U) - sI(X;U) = —~H(X|U) — s[H(U) — H(U[X)]
- //u p(u,x) log p(x|u) dudx + s /up(u) log p(u) du — s //u p(u,x) log p(ulx) dudx.
Then, LYB(P, Q) is defined as follows:
LYB(P,Q) : // (u,x) log g(x|u) dudx + s / p(u)logg(u) dufs'/./l;xp(u,x) log p(ulx) dudx . (A1)
Hence, we have the following relation:
Li(P) — LI*(P,Q) = Ep,[Dkr(PxullQxju)] + sDkL(PulQu) > 0

where equality holds under equalities Qxjy = Pxjy and Qu = Py. We note that s > 0.
Now, we complete the proof by showing that (A1) is equal to (8). To do so, we proceed (A1) as
follows:

L£Y8(P,Q) =/p X / p(u|x)log g(x|u) dudx
+s/p / (ulx)logg(u du—s/p / p(ulx)log p(u|x) dudx
=Ep, {EPU‘X [log Qxjul — SDKL(PU|X||QU)} .

Appendix B. Alternative Expression £YPE

Here, we show that (13) is equal to (14).
To do so, we start with (14) and proceed as follows:

LYPE = Ep []EPU‘X [log Qxju] — sDxe (Pujx[Qu) — sEpy [DKL(PC\XHQC\U)]

= By [Ery o Qxul) == [ p(x) [ pluix)tog 21 duax
fs'/xp(x) / 0 (el log ple “"i dudx

5 s sl 6t 22
fs// L p(p(ule,x) (\x)log%dudx

=Ep, [EPU\X[IOgQXIU —s// Zp u,c X log%dudx

5[5, log Q] [ Kt e iog PP P g

= Ep, [Er,xllog Qxul] —s [ Y ple,x)log ”;fo) =

—s//l;xzclp(x)p(c\x)p(uk,x) log Zgz}:)) dudx
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© Epy []EPU‘X [log Qx|ul — sDkw(Peix|1Qc) — SEPC‘X[DKL(PWX”QU\C)]] ,

where (a) and (b) follow due to the Markov chain C - X -~ U.
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Abstract: Consider a symmetric multivariate Gaussian source with ¢ components, which are
corrupted by independent and identically distributed Gaussian noises; these noisy components
are compressed at a certain rate, and the compressed version is leveraged to reconstruct the source
subject to a mean squared error distortion constraint. The rate-distortion analysis is performed for
two scenarios: centralized encoding (where the noisy source components are jointly compressed) and
distributed encoding (where the noisy source components are separately compressed). It is shown,
among other things, that the gap between the rate-distortion functions associated with these two
scenarios admits a simple characterization in the large ¢ limit.

Keywords: CEO problem; mean squared error; multiterminal source coding; rate-distortion; remote
source coding

1. Introduction

Many applications involve collection and transmission of potentially noise-corrupted data. It is
often necessary to compress the collected data to reduce the transmission cost. The remote source
coding problem aims to characterize the optimal scheme for such compression and the relevant
information-theoretic limit. In this work we study a quadratic Gaussian version of the remote source
coding problem, where compression is performed on the noise-corrupted components of a symmetric
multivariate Gaussian source. A prescribed mean squared error distortion constraint is imposed on
the reconstruction of the noise-free source components; moreover, it is assumed that the noises across
different source components are independent and obey the same Gaussian distribution. Two scenarios
are considered: centralized encoding (see Figure 1) and distributed encoding (see Figure 2). It is worth
noting that the distributed encoding scenario is closely related to the CEO problem, which has been
studied extensively [1-18].

The present paper is primarily devoted to the comparison of the rate-distortion functions
associated with the aforementioned two scenarios. We are particularly interested in understanding
how the rate penalty for distributed encoding (relative to centralized encoding) depends on the target
distortion as well as the parameters of source and noise models. Although the information-theoretic
results needed for this comparison are available in the literature or can be derived in a relatively
straightforward manner, the relevant expressions are too unwieldy to analyze. For this reason, we
focus on the asymptotic regime where the number of source components, denoted by /, is sufficiently

Entropy 2019, 21, 213; doi:10.3390/e21020213 57 www.mdpi.com/journal/entropy
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large. Indeed, it will be seen that the gap between the two rate-distortion functions admits a simple
characterization in the large ¢ limit, yielding useful insights into the fundamental difference between
centralized encoding and distributed coding, which are hard to obtain otherwise.

The rest of this paper is organized as follows. We state the problem definitions and the main
results in Section 2. The proofs are provided in Section 3. We conclude the paper in Section 4.

x;’—»@—» S1— X7

z

xS—»@—» Sy —m > i

z;

x;—»@—» — L

Figure 1. Symmetric remote Gaussian source coding with centralized encoding.

Encoder
A
Decoder

z!

X?—>®—> S]—  Encoder 1

Z;

X24>®—> S; —®  Encoder2 > X!

Z;

x;4>®—> Si—w»|  Encodert - .

Figure 2. Symmetric remote Gaussian source coding with distributed encoding.

\ 4
B

Decoder

Notation: The expectation operator and the transpose operator are denoted by E[-] and ()7,
respectively. An (-dimensional all-one row vector is written as 1,. We use W" as an abbreviation of
(W(1),---,W(n)). The cardinality of a set C is denoted by |C|. We write g(¢) = O(f(¢)) if the absolute
value of }Eg is bounded for all sufficiently large £. Throughout this paper, the base of the logarithm

function is e, and log+ x & max{log x,0}.
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2. Problem Definitions and Main Results

LetS = (Sy,---,S;)T be the sum of two mutually independent ¢-dimensional (¢ > 2) zero-mean
Gaussian random vectors, source X £ (X1, Xg)T and noise Z £ (Z1,---, Z({)T, with

1) X i=]
E[X;X]] {vax, i

Yz, i=],
E[Z:Z] =
7.2 { IS
where vx > 0, px € [;1,1], and 7z > 0. Moreover, let {(X(t), Z(t),S(t))}2, be iid. copies of
(X,2,9).

Definition 1 (Centralized encoding). A rate-distortion pair (r,d) is said to be achievable with centralized
encoding if, for any € > 0, there exists an encoding function ¢\ : RO" — C(") such that

1log\C(")\ <r+e,

ZZE[ - X)) <d+e,

i=1t=
where X;(t) £ E[X;(1)|(¢\"™ (S™))]. For a given d, we denote by r(d) the minimum r such that (r,d) is
achievable with centralized encoding.

Definition 2 (Distributed encoding). A rate-distortion pair (r,d) is said to be achievable with distributed
encoding if, for any € > 0, there exist encoding functions cpf”) (R — C1.("), i=1,---,¢ such that

4
Y loglc| < r+e,

1
n i=1

1

i E[(X;(h) = Xi(1)’] <d +e,

i=1

B

s
=
Il
LA

where X;(t) £ E[X;(t)] ((]Ji") (s),--- ,gb;") (8}))]. For a given d, we denote by 7(d) the minimum r such that
(r,d) is achievable with distributed encoding.

We will refer to r(d) as the rate-distortion function of symmetric remote Gaussian source coding
with centralized encoding, and 7(d) as the rate-distortion function of symmetric remote Gaussian
source coding with distributed encoding. It is clear that r(d) < 7(d) for any d since distributed
encoding can be simulated by centralized encoding. Moreover, it is easy to show that r(d) = 7(d) = 0
for d > 7x (since the distortion constraint is trivially satisfied with the reconstruction set to be zero)
and r(d) = 7(d) = oo for d < dmin (since dpin is the minimum achievable distortion when {S(t)}; is
directly available at the decoder), where (see Section 3.1 for a detailed derivation)

_(=Drxrz — ;

M?ﬁw_lz\vzl —1)A =
dmin 2 ZE(X —~ E[X|S)T(X — BIX|S])] = { Alexmeelons | (g oy e (- Ao,

YXVZ i i ox = =1,

byx+vz’ X

with Ax £ (1 — px)vx. Henceforth we shall focus on the case d € (dpin, 7x)-
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Lemma 1. For d € (dmin, 7x),

(-1 L(=1)7% 1
G (T N e i ¥
_ 1 (boxyx+Ax)? -1 A 1
r(d) = Elog (fvaif/\xf’m)@ + Tlog (/\x+)’(rz)5’ px € (7ﬁ’1)'
1
zlog (57x+’72)d X772’ px =1,
where

. (CoxTx+Ax)* )

d — dmin, d< mm{MiAX%, iy } + donin,

z A L(d—dmin) _ (boxrx+Ax)? d> (Loxrx+Ax)* +d
=1 (=D (loxyx+Ax+7z)’ /PX'YX+AX+’YZ min
{—T1)A
0~ dmin) — 2, d > 55 + dmin

Proof. See Section 3.1. [

The following result can be deduced from ([19] Theorem 1) (see also [11,15]).

Lemma 2. Ford € (dmin, x),

10 ePX’Yx+)tx+’Yz+)\Q -1 )lx+“rz+)\Q

7(d) = 21 g o 5 log P
where
ro 2 —b+ V* — dac
2a
with

Hl>

Llyx —4d),
(Loxvx +Ax)(Ax +27z) + (£ = DAx(Loxyx + Ax +27z) — L(lpxyx +2Ax +277)d,
L(loxyx +Ax +7z2) (Ax +72) (dmin — ).

Hl>

Hl>

The expressions of r(d) and 7(d) as shown in Lemmas 1 and 2 are quite complicated, rendering
it difficult to make analytical comparisons. Fortunately, they become significantly simplified in the
asymptotic regime where ¢ — oo (with d fixed). To perform this asymptotic analysis, it is necessary
to restrict attention to the case px € [0,1]; moreover, without loss of generality, we assume d €

(dglz, rx), where

Axvz
[ee] . 7 6 0/ 1 7
dfnn)m £ éhr?o dmin = { Sxﬂz Zi [1 )

Theorem 1 (Centralized encoding).

1. px=0:Forde (dfrﬁ, rx),

J4 'yX
rd)=-log—————
o) =3 Blx+r2)d—1x72°
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2. px €(0,1]: Ford e (dﬁﬁfr)l, rx),

‘ o 1 1
Elogm+flog€+g+0(z), d <Ay,
1

2
r(d) =\ Flogl+ log I 4 1 0(}), d = Ax,
1log sf}i +0(4), d> Ay,
where
a1 pxvx(Ax +72) 75
a=-lo + .
£72%8 A% 2((Ax +vz)d — Ax7z)

Proof. See Section 3.2. [
Theorem 2 (Distributed encoding).

1 px=0:Forde (d),vx),

_ 1 3
7(d) = Elog 0 X

Yx +vz)d —rxvz

2. px €(0,1): Ford e (df;:;)l, x)s

Vi A% _
ilogm+%log€+a+0(%), d <Ay,
7(d) = (AX;K) ‘) ilogf%-%loglf’;x _ (/\xﬂi;(;\;%;pxwz) ""O(ﬁ)' d= Ay,
110 £x7x | (Ax+77)(vx=d) 1
2108 5+ i O, d > Ax,
where
72 Lliog pxrx(Ax —d) (Ax +72)d>

2 A 2(Ax —d)(Ax +vz)d = Axyz)
Proof. See Section 3.3. [
Remark 1. One can readily recover ([20] Theorem 3) for the case m = 1 (see [20] for the definition of parameter
m) and Oohama’s celebrated result for the quadratic Gaussian CEO problem ([3] Corollary 1) by setting vz = 0
and px = 1, respectively, in Theorem 2.

The following result is a simple corollary of Theorems 1 and 2.

Corollary 1 (Asymptotic gap).

o)

1. px=0:Forde (dfnin, x),

7(d) —r(d) = 0.
2. px €(0,1]: Ford e (dﬁr)l, rx),
1 Ax—d z+d
2log 5357 + gy 4 < Ax
lim 7(d) — r(d) = p(d) £ { oo, d=Ax,
e (Ax+97)(rx—d) i> Ay

20x7x(d—Ax)
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Remark 2. When px = 0, we have p(d) = %, which is a monotonically decreasing function over
(0, vx), converging to oo (here we assume 7z > 0) and 0 as d — 0 and yx, respectively. When px € (0,1), it is
clear that the function (d) is monotonically decreasing over (A, 'yX) converging to coand 0asd — Ax and

x, respectively; moreover, since ' (d) = (77 + 7 >0 ford € (

T Ax), the function (d) is monotonically

min’/

increasing over (dfmr)l, Ax), converging to T(yz) = 1log (Ax+n)2 + 2/\X77+72 and oo as d — d 1')1 and A,
X
respectively. Note that T'(7yz) = % > 0 for vz € [0,00); therefore, the minimum value of T(vyz) over

[0, 00) is 0, which is attained at vz = 0. See Figures 3 and 4 for some graphical illustrations of {(d).

—— py=0.3
- A =px=05|
==@==px=0.7

P(d)

Figure 3. Illustration of {(d) with yx = 1 and 7z = 0.1 for different px.

- A =y=01]
=== 7=0.2

Figure 4. Illustration of (d) with yx = 1 and px = 0.5 for different .
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3. Proofs

3.1. Proof of Lemma 1
It is known [21] that r(d) is given by the solution to the following optimization problem:

(P;) minI(S;X)
Px|s
subjectto  E[(X — X)T(X — X)] < /d,
X < S <+ X form a Markov chain.

Let X £ @X, Z £ ©®Z, and S £ ©S, where @ is an arbitrary (real) unitary matrix with the first

row being 1 7 1¢- Since unitary transformations are invertible and preserve the Euclidean norm, we can

write (P1) e qulvalently as

(P,) minI(§;X)

Px|s
subjectto E[(X — X)T(X - X)] < 4d,
+ X form a Markov chain.

For the same reason, we have

ldmmin = E[(X — E[X]S])T(X ~ E[X|3])]- @

Denote the i-th components of X,7Z,and S by Xi, Z,', and S~i, respectively,i = 1,--- ,£. Clearly,
S;=X;+7Z;,i=1,---,(. Moreover, it can be verified that X,--- , X, Z1,--- , Z, are independent

zero-mean Gaussian random variables with

E[(X1)%] = foxrx +Ax, @)
E[(X)?] =Ax, i=2,---,4, (3)
E[(Zl Z]Z’yz, iil,'“,f.
Now denote the i-th component of S4 IE[)~(|S~] by §i, i=1,---,0. We have
g, :E[X,'|§i], i=1, ,é,
and
A 0/ ox = — 11
E[($1)%] = { (Coxyx+A 1 @)
@;ﬁlﬁ/\xiw px € (1.1,
)\2
E[(§)2) = { miz PElE D o )
0, px =1,

Note that
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which, together with (1)—(5), proves

(=1)rx7z _ 1
1 T T, (-1)A e
= ¥ _ ¢ ¥ _ 8] — loxYX+AX)T12 - 4 _ 1
in = GEIX =) (X =9 =\ ayqerixrrg T et Px € Gl
IXYZ ox = 1.
lyx+vz’

Clearly, § is determined by $; moreover, for any ¢-dimensional random vector X jointly distributed
with (X, §) such that X <+ § <> X form a Markov chain, we have

Therefore, (P, ) is equivalent to
(P3) mix}I(g;X)
subject to  E[($ — X)T(8 — X)] < 4(d — dmin)-

One can readily complete the proof of Lemma 1 by recognizing that the solution to (P3) is given
by the well-known reverse water-filling formula ([22] Theorem 13.3.3).

3.2. Proof of Theorem 1

Setting px = 0 in Lemma 1 gives

@)= Log
- 28 (yx +72)d — 1x12

ford € ( 71’3352 ,7x)- Setting px = 1in Lemma 1 gives

1 0292
r(d) = = lo X
i@ =3 8 ltrx +72)d — 1x1z

ford € (%, 7x); moreover, we have

1. Pk _ 1 ax
28U byx+12)d—rx1z 2

IXVZ 0
and Traies —0asl — oo.

It remains to treat the case px € (0,1). In this case, it can be deduced from Lemma 1 that

1 (Loxrx+Ax)*Ax+12) | ¢ A A% )
r(d) = 218 M (bpxrx+Ax+7z) +3log (Ax+72))(<d*dmin)' dc (dml;’ AXJi(Wz + diinl,
=) 1 (Loxrx+rx)*(Ax+77) Ax .

2198 o) O 1 i dma -5y 4 € (T Amin 1),

and we have

g — _Upxrx+Ax)rz - (E=DAx7z
T L(loxyx +Ax +z) - L(Ax +z)

_ Mx7z PXTXTS ©)
Ax+vz  (boxrx +Ax +7z)(Ax +7z)
Axvz % 1 @

= +0(5).
Ax+vz  (Ax+z2)0 (fz)
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Consider the following two subcases separately.

A -
° de (AXXJJWZZM\X]

It can be seen from (6) that dmin is a monotonically decreasing function of ¢ and converges to

Axvz A3
AXXJF;Z as { — oo. Therefore, we have d € (din, ﬁ + dmin) and consequently

/\2
X
Ax + ’Yz)(d — dmj_n)/

1 (pxrx +Ax)*(Ax+72) ¢
r(d) = - lo +-lo
r(d) = log A (loxyx +Ax+7z) 2 &

®)

when / is sufficiently large. Note that

1 (boxyx +2Ax)* 1 1 1
2108 Gt Ax 7y 2108 T3 108lex 1) +0(7) ©)

and
1 1 A7z 7 1
2 log(d — dmin) = = log [ d — - —0(= 1
2 1080~ dmin) =3 108 <d Atz Oatrl 0@ o
1. (Ax+792)d—Axyz 7% 1
=_1lo — +0(—), 11
28 Ax +vz 2((Ax +vz)d — Axyz)l (ﬁ) 4y

where (10) is due to (7). Substituting (9) and (11) into (8) gives

¢ A2

~log —— A — pxx(Ax +77)
2% (Ax +7z)d — Axvz

Z(d) = 22
X

1 1
+ Elog€+§10g

4 1
+ +0(5).
2((Ax +vz)d = Axvz) @

In particular, we have

1 1. pxrx(Ax+72) | 7% 1
r(Ax) = 5 logl + S log ==——"—F—">+ 5+ 0(7).

2 2 A% 20% l
° de (Ax,’)/x)

2
Since dmin converges to /C(XJVZZ as { — oo, it follows that d € (Ax/\f’%z + dmin, Yx) and consequently

r(d) = llog (boxvx + Ax)*(Ax +72)
N 2% (boxyx + Ax +72) (U(Ax + 72) (d — dmin) — (£ = 1)A%)

(12)

when / is sufficiently large. One can readily verify that

llog (boxrx + Ax)?
277 (oxyx + Ax +72) (U(Ax + v2)(d = dmin) — (£ —1)A%)

1 PXYX 1
= _log — 2 +0(5). 13
28 (Ax +72)(d = Ax) * (f) 13

Substituting (13) into (12) gives

1

r(d) =5

1
log dpf’t\xx +O(Z).
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This completes the proof of Theorem 1.

3.3. Proof of Theorem 2

One can readily prove part one of Theorem 2 by setting px = 0 in Lemma 2. So only part two of
Theorem 2 remains to be proved. Note that

b= g]€2 -+ gzé,
¢ =P+ hyt,
where
81 = pxyx(Ax —d),
82 & A% +27x7z = 2(Ax +712)d,
h1 £ pxyx(Ax + "rz)(dino?r)l —d),
hy £ px1x77 + Axrz(Ax +72) — (Ax +72)%d.
We shall consider the following three cases separately.
° d < )\X
In this case g7 > 0 and consequently
N —b+by /1%
0=

= aw (14)

when { is sufficiently large. Note that

[ 4ac 2ac 2a%c? 1

Substituting (15) into (14) gives

It is easy to show that

C I’ll glhz_g2h1 1

— o=l el L (), 17
ac? (yx —d)n2 1

- = 7T+O(ﬁ)' (18)
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where
s I
m P
"2  gtha — 18l + (vx —d)ig

3
81
Moreover, it can be verified via algebraic manipulations that

"= Ax +72)d = Axvz
1 p— ,
A3.d?
=X

(Ax —d)

Now we write 7(d) equivalently as

1 fpx’)/x-‘r)\x-‘r’yz-‘r/\Q_i_ﬂ Ax +7z+Ag

7(d) = 2 log Ax +7z +AQ 2 log Ag
Note that
1. Loxyx+Ax+vz+Ag 1 1 PXTX 1
—1 = -logl+ -log—————— +0(=
28 A+ 2+ 40 28l gl ey PO
_1 1. pxyx(Ax —4) 1
7210g€+210g 2 +O(g)
and

llog)\XJF”YZJF)\Q
1, Ax+rz+m  (Ax+v2)m O(l)
2 m 2(Ax +yz + 1)l 2
_ llog % n (Ax +77)d?
2 (Ax+yz)d—Axyz  2(Ax —d)(Ax +rx)d — Axrz)¢

= - log

1

Substituting (20) and (21) into (19) gives

7(d) = glo #
T2 B OxFr2)d - Axrz
(Ax +7z)d? 1
+0(=).

(Ax —d)((Ax +7x)d — Ax7z) (5)

pxrx(Ax —d)

1 1
+§10g€+ Elog 2

T3

° d:)\X

In this case g = 0 and consequently

&t \/83 —4(yx — Ax)(hil +hy)

A
Q 2(yx —Ax)
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+O(€2).

(19)

(20)

21

(22)
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Note that
2 1
\/Sz —4(rx —Ax)(Inl+hy) = \/*4(7X —Ax)hl+ O(W)- (23)
Substituting (23) into (22) gives
1
Ao =mVi+p+0(—),
Q=Mhm H2 (\/Z)
where
s oM
i Tx —Ax’
a__ &
27 ok — Ax)
Moreover, it can be verified via algebraic manipulations that
M1 = /\X/
_ (1—=px)*rx — 2077
H2 = > .
0x
Now we proceed to derive an asymptotic expression of 7(d). Note that
1 fPX'YX‘F/\XJr’szr/\Q 1 1 OXYX 1
~lo = —log/+ - 1lo +0(—
2 & Ax+7z+ g 4 & 2 & I (\/Z)
1 1 px 1
=—logl+ -log—"—+0(— 24
glogl+glogg— - +0(7) (24)
and
1. Ax+1z+Ag  Ax+7z  (Ax+72)? 1
~lo = — +0(—~
2%, 20 47 2
_Axtrz . Ax+rz)(Ax oz +20) 1
- - 2 + O(T)
211Vl 4pgl 0
Ax+trz  (Ax+v2)(Ax —px77) 1
= - +O(—)- 25
2AxV/1 4px A%l (g% ) (@5)
Substituting (24) and (25) into (19) gives
~ Ax+r2)VE 1 1 Px (Ax +72)(Ax — px7z) 1
Ax) = ————+ - logl+ =1 - O(——=).
7(Ax) 2y ae8ttalsr T 40x\% * (\/z)
° d> Ax
In this case g; < 0 and consequently
—b—by/1— e
R (26)

AQ - 2a
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when /¢ is sufficiently large. Note that

1—%:1+0(%). @7)
Substituting (27) into (26) gives
/\Q:*Z‘i’o(l). (28)
It is easy to show that
b Px“rx(d—/\X)EJro(l). 29)

Combining (28) and (29) yields

pxyx(d —Ax)L
A= 22 +0(1).
Q Po— (1

Now we proceed to derive an asymptotic expression of 7(d). Note that

1. Lloxyx+Ax+vz+Ag 1 PXYTX 1
28T izt ae 2% aay 09 0
and
1, Ax+vz+Ag  Ax+9z 1
28T T ;g 9@
Ax+12)(rx —4) 1
= Wxrrz)x —4) 57 31
20xyx(d = Ax)L @) G

Substituting (30) and (31) into (19) gives

o 1o pxyx | (Ax+z)(rx —d) 1
dd)iZlOgd—/\x 20xyx(d — Ax) o)

This completes the proof of Theorem 2.

4. Conclusions

We have studied the problem of symmetric remote Gaussian source coding and made a systematic
comparison of centralized encoding and distributed encoding in terms of the asymptotic rate-distortion
performance. It is of great interest to extend our work by considering more general source and
noise models.
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Abstract: This paper considers the coexistence of Ultra Reliable Low Latency Communications
(URLLC) and enhanced Mobile BroadBand (eMBB) services in the uplink of Cloud Radio Access
Network (C-RAN) architecture based on the relaying of radio signals over analog fronthaul links.
While Orthogonal Multiple Access (OMA) to the radio resources enables the isolation and the
separate design of different 5G services, Non-Orthogonal Multiple Access (NOMA) can enhance
the system performance by sharing wireless and fronthaul resources. This paper provides an
information-theoretic perspective in the performance of URLLC and eMBB traffic under both OMA
and NOMA. The analysis focuses on standard cellular models with additive Gaussian noise links and
a finite inter-cell interference span, and it accounts for different decoding strategies such as puncturing,
Treating Interference as Noise (TIN) and Successive Interference Cancellation (SIC). Numerical results
demonstrate that, for the considered analog fronthauling C-RAN architecture, NOMA achieves higher
eMBB rates with respect to OMA, while guaranteeing reliable low-rate URLLC communication with
minimal access latency. Moreover, NOMA under SIC is seen to achieve the best performance, while,
unlike the case with digital capacity-constrained fronthaul links, TIN always outperforms puncturing.

Keywords: network slicing; RoC; URLLC; eMBB; C-RAN

1. Introduction

Accommodating the heterogeneity of users’ requirements is one of the main challenges that
both industry and academia are facing in order to make 5G a reality [1]. In fact, next-generation
wireless communication systems must be designed to provision different services, each of which
with distinct constraints in terms of latency, reliability, and information rate. In particular, 5G is
expected to support three different macro-categories of services, namely enhanced Mobile BroadBand
(eMBB), massive Machine-Type Communications (mMTC), and Ultra-Reliable and Low-Latency
Communications (URLLC) [2-4].

eMBB service is meant to provide very-high data-rate communications as compared with current
(4G) networks. This can be generally achieved by using codewords that spread over a large number
of time-frequency resources, given that latency is not an issue. mMTC supports low-rate bursty
communication between a massive number of uncoordinated devices and the network. Finally,
URLLC is designed to ensure low-rate ultra-reliable radio access for a few nodes, while guaranteeing
very low-latency. As a result, URLLC transmissions need to be localized in time, and hence URLLC
packets should be short [5].

The coexistence among eMBB, mMTC and URLLC traffic types can be ensured by slicing the
Radio Access Network (RAN) resources into non-overlapping, or orthogonal, blocks, and by assigning
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distinct resources to different services. With the resulting Orthogonal Multiple Access (OMA), the target
quality-of-service guarantees can be achieved by designing each service separately [6,7]. However,
when URLLC or mMTC traffic types are characterized by short and bursty transmissions at random
time instants, resources allocated statically to these services are likely to be unused for most of time,
and thus wasted. A more efficient use of radio resources can be accomplished by Non-Orthogonal
Multiple Access (or NOMA), which allows multiple services to share the same physical resources.

By enabling an opportunistic shared use of the radio resources, NOMA can provide significant
benefits in terms of spectrum efficiency, but it also poses the challenge of designing the system so
that the heterogeneous requirements of the services are satisfied despite the mutual interference.
The objective of this paper is to address this issue by considering a Cloud-RAN (C-RAN) architecture
characterized by analog fronthaul links, referred to as Analog Radio-over-X, which is introduced in
the next section.

1.1. C-RAN Based on Analog Radio-over-X Fronthauling

The advent of 5G is introducing advanced physical layer technologies and network deployment
strategies such as massive MIMO, mmWave, small-cell densification, mobile edge computing,
etc. (see [8,9] for an overview). C-RAN is an enabling technology that is based on the colocation
of the Base Band Unit (BBU) of Edge Nodes (ENs) that are densely distributed in a given indoor or
outdoor area. This solution has the advantages of allowing for centralized BBU signal processing,
providing network scalability, increasing spectral efficiency, and reducing costs.

The most typical C-RAN architecture relies on digital optical fronthaul links to connect ENs
to BBUs. This solution, known as Digital Radio-over-Fiber (D-RoF), is adopted in current 4G
mobile networks, and is based on the transmission of in-phase and quadrature baseband signals,
upon digitization and packetization according to the CPRI protocol [10].

Over the last years, several alternative C-RAN architectures have been proposed that redistribute
the RAN functionalities between BBU and ENs, obtaining different trade-offs in terms of bandwidth
and latency requirements, advanced Cooperative Multi-Point processing capabilities, and EN cost and
complexity [11]. For scenarios with stringent cost and latency constraints, a promising solution is to
use analog fronthauling.

With analog fronthauling, focusing on the uplink, the ENs directly relay the radio signals to
the BBUs after frequency translation and, possibly, signal amplification. This has the advantages
of avoiding any bandwidth expansion due to digitization; guaranteeing ENs synchronization;
minimizing latency; reducing hardware cost; and improving energy efficiency [12-14]. A C-RAN
architecture based on analog fronthauling is also known in the literature as Analog Radio-over-X
(A-RoX), where X depends on the technology employed for the fronthaul, which can be either Fiber
(A-RoF [12]), Radio (A-RoR [15]), or Copper (A-RoC [13]), as depicted in Figure 1.

In particular, A-RoF provides an effective example of analog fronthauling, due to its capability
to support the transport of large bandwidths [12,16]. However, A-RoF requires the deployment
of a fiber optic infrastructure whose installation is not always feasible, e.g., in dense urban areas.
In such scenarios, a possible solution is to rely on the A-RoR concept, thus employing point-to-point
wireless links, mainly based on mmWave or THz bands, with several advantages in terms of flexibility,
resiliency, hardware complexity and cost [15,17]. Another application scenario where the installation of
fiber links may be too expensive to provide satisfactory business cases is indoor coverage. For indoor
deployments, A-RoC [18-20] has been recently proved to be an attractive solution, especially from
the deployment costs perspective [21], since it leverages the pre-existing Local Area Network (LAN)
cabling infrastructure of building and enterprises. Moreover, LAN cables are equipped with four
twisted-pairs with a transport capability up to 500 MHz each, or 2 GHz overall, for radio signals,
thus providing enough bandwidth for analog fronthaul applications [22]. Over the last years,
A-RoC based on LAN cables has become a standard solution for in-building commercial C-RAN
deployments, allowing to extend the indoor coverage over distances longer than 100 m [23].
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(a) D-RoF-

/ © \

N/

Figure 1. C-RAN architecture overview for uplink direction: (a) Digital Radio-over-Fiber, (b) Analog
Radio-over-Fiber, (c) Analog Radio-over-Radio, (d) Analog Radio-over-Copper.

In this paper we study the coexistence of URLLC and eMBB services under both OMA and
NOMA assuming a C-RAN multi-cell architecture based on analog fronthauling (see Figure 1) by
using information theoretical tools.

1.2. Related Works

The concept of NOMA is well-known from the information theoretic literature [24], and its
application to 5G dates back to [25], where authors demonstrated for a single-cell scenario that
superimposing multiple users in the same resources achieves superior performance with respect
to conventional LTE networks, provided that the resulting interference is properly taken care of.
The extension of NOMA to multi-cell networks is presented in [26], which addresses several multi-cell
NOMA challenges, including coordinated scheduling, beamforming, and practical implementation
issues related to successive interference cancellation.

In contrast with most of the works on NOMA, which deal with homogeneous traffic
conditions (see [27] for a recent review), here the focus is on NOMA techniques in the context of
heterogeneous networks, such as the forthcoming 5G wireless systems, as discussed in [28-30].
In fact, NOMA represents an attractive solution to meet the distinct requirements of 5G services,
as it improves spectral efficiency (eMBB), enables massive device connectivity (mMTC), and allows for
low-transmission latency (URLLC) [31].

In [29] a communication-theoretic model was introduced to investigate the performance trade-offs
for eMBB, mMTC and URLLC services in a single-cell scenario under both OMA and NOMA.
This single-cell model has been later extended in [32] to the uplink of a multi-cell C-RAN architecture,
in which the BBU communicates with multiple URLLC and eMBB users belonging to different cells
through geographically distributed ENs. In the C-RAN system studied in [32], while the URLLC
signals are locally decoded at the ENs due to latency constraints, the eMBB signals are quantized and
forwarded over limited-capacity digital fronthaul links to the BBU, where centralized joint decoding
is performed.

None of the aforementioned works considers the coexistence of different 5G services in a C-RAN
architecture based on analog fronthaul links which is the focus of this paper.

1.3. Contributions

In this paper we study for the first time the coexistence between URLLC and eMBB services in the
uplink of a C-RAN system with analog fronthauling in which the URLLC signals are still decoded
locally at the EN, while the eMBB signals are forwarded to the BBU over analog fronthaul links.
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In particular, the main contributions of this paper are three-fold:

e We extend the uplink C-RAN theoretic model proposed in [32] to the case of analog fronthaul,
assuming that the fronthaul links are characterized by multiple, generally interfering, channels that
carry the received radio signals;

e By leveraging information theoretical tools, we investigate the performance trade-offs between
URLLC and eMBB services under both OMA and NOMA, by considering different interference
management strategies such as puncturing, considered for the standardization of 5G New
Radio [33,34], Treating Interference as Noise (TIN), and Successive Interference Cancellation (SIC);

e  The analysis demonstrates that NOMA allows for higher eMBB information rates with respect
to OMA, while guaranteeing a reliable low-rate URLLC communication with minimal access
latency. Moreover, differently from the case of conventional digital C-RAN architecture based
on limited-capacity fronthaul links [32], in analog C-RAN, TIN always outperforms puncturing,
while the best performance is still achieved by NOMA with SIC.

1.4. Organization

The remainder of the paper is organized as follows. The considered system model is introduced
in Section 2. Section 3 details the fronthaul signal processing techniques employed to cope with
the impairments of the A-RoC fronthaul links. The eMBB rand URLLC information rates are
discussed in Sections 4 and 5 for OMA and NOMA, respectively. Numerical results are presented in
Section 6. And Section 7 concludes the paper.

1.5. Notation

Bold upper- and lower-case letters describe matrices and column vectors, respectively. Letters R,
and C refer to real and complex numbers, respectively. We denote matrix inversion, transposition and
conjugate transposition as (-) ', (-)7, (-)". Matrix I,, is an identity matrix of size n and 1, is a column
vector made by n “1s”. Symbol ® denotes the Kronecker operator, vec(-) is the vectorization operator,
and E[] is the statistical expectation. Notation diag(Aj Ay, ..., A,) denotes a diagonal matrix with
elements Ay, Ay, ..., A, on the main diagonal. The Q-function Q(-) is the complementary cumulative
distribution function of the standardized normal random variable, and Q~1(-) is its inverse.

2. System Model

The C-RAN architecture under study is illustrated in Figure 2. In this system, the BBUs
communicate with multiple user equipments (UEs) belonging to M cells through M single-antenna
Edge Nodes (ENs). The BBUs are co-located in the so-called BBU pool so that joint processing can
be performed, while the ENs are geographically distributed. In particular, we assume here that cells
are arranged in a line following the conventional circulant Wyner model ([35], Chapter 2), and each
cell contains two single-antenna UEs with different service constraints: one eMBB user and one
URLLC user.

Due to the strict latency constraints of URLLC traffic, the signal for the URLLC UEs is decoded
on-site at the EN, while the eMBB signals are forwarded to the BBU through a multi-channel analog
fronthaul. In this hybrid cloud-edge architecture, the mobile operator equips the EN with edge
computing capabilities in order to provision the services required by the URLLC user directly from the
EN. Following the A-RoX concept, the end-to-end channel from the eMBB UEs and the BBU pool is
assumed to be fully analog: the EN performs only signal amplification and frequency translation to
comply with fronthaul capabilities and forwards the signals to the BBU, where centralized decoding
is performed. In practice, as detailed later in the paper (see Sections 4 and 5), we assume that
each EN hosts a digital module, responsible for URLLC signal decoding, and an analog module,
responsible for the mapping of received radio signal over the analog fronthauling, which is identified
as Analog-to-Analog (A/A) mapping.
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Figure 2. Model of the uplink of C-RAN system based on Analog Radio-over-Copper (A-RoC) fronthauling.

While the technology used for the analog fronthauling can be either fiber-optics (A-RoF),
wireless (A-RoR) or cable (A-RoC), the system model proposed in this paper reflects mainly the last
two solutions. Furthermore, we will focus on A-RoC, and we will use the corresponding terminology
to fix the ideas (see Figure 2).

2.1. RAN Model

We consider the same Wyner-type radio access model of [32], which is described in this subsection.
The Wyner model is an abstraction of cellular systems that captures one of the main aspects of such
settings, namely the locality of inter-cell interference. The advantage of employing such a simple model
is the possibility to obtain analytical insights, which is a first mandatory step for the performance
assessment under more realistic operating conditions [35]. As illustrated in Figure 3, the direct channel
gain from the eMBB UE and the EN belonging to the same cell is set to one, while the inter-cell eMBB
channel gain is equal to « € [0, 1]. Furthermore, the URLLC UEs have a channel gain equal to § > 0.
The URLLC user is assumed to be in the proximity of the EN, and thus it does not interfere with the
neighboring cells. The eMBB user, instead, is assumed to be located at the edges of the cell in order to
consider worst-case performance guarantees. As a result, each eMBB user interferes with both left and
right neighboring cells, following the standard Wyner model [35]. All channel gains are assumed to be
constant over the considered radio resources shown Figure 3, and known to all UEs and ENs.

(a) nF

T

Zlemee || URLLC [ eMBB + URLLC

Figure 3. Time-frequency resource allocation: (a) Orthogonal Multiple Access (OMA) and
(b) Non-Orthogonal Multiple Access (NOMA). Downwards arrows denote arrival of URLLC packets.
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As illustrated in Figure 3, we assume that the time-frequency plane is divided in nt minislots,
indexed as t € [1,n7]|, where each minislot is composed of np frequency channels, indexed as
f € [1,n], for a total of npny time-frequency radio resources. Each radio resource accommodates
the transmission of a single symbol, although generalizations are straightforward. The eMBB UEs
transmit over the entire np x nr time-frequency frame. In contrast, due to the latency constraints of the
URLLC traffic, each URLLC transmission is limited to the nr frequency channels of a single minislot,
and URLLC packets are generally small compared to the eMBB frame, which requires the condition
nt > 1. As illustrated in Figure 3, each URLLC UE generates an independent packet in each minislot
with probability q. This packet is transmitted at the next available transmission opportunity in a
grant-free manner.

In the case of OMA, one minislot is exclusively allocated for URLLC transmission every Li;
minislots. Parameter L(; is considered here as the worst-case access latency. Accordingly, if more than
one packet is generated within the L;; minislots between two transmission opportunities, only one of
those packets is randomly selected for transmission and all the remaining are discarded. The signal
YI{ (t) received at the k-th EN at the f-th frequency under OMA is

f {ﬁAk(t)U,{(t) N AGY ift = Ly, 2Ly, ..
Yl (t) = (©)

Xﬁ(t) + aX,{il(t) + ch{H (t)+ Z{(t), otherwise

where X{ (t) and U}{ (t) are the signals transmitted at time ¢ and subcarrier f by the k-th eMBB UE
and URLLC UE, respectively; Z{ (t) ~ CN(0,1) is the unit-power zero-mean additive white Gaussian
noise; and Ax(t) € {0,1} is a binary variable indicating whether or not the URLLC UE is transmitting
at time .

In case of NOMA, the URLLC UE transmits its packet in the same slot where it is generated by
the application layer, so that the access latency is always minimal, i.e., L;; = 1 minislot. Under NOMA,
the signal Y,{ (t) received at the k-th EN at the f-th frequency is

Y/ (1) = X[(6) + ax]_, (1) +aX], | (t) + BALOUL (1) + ZL(t). @)

According to the circulant Wyner model, in (1) and (2), we assume that [k — 1] = M for k = 1 and
[k+1] =1 for k = M, in order to guarantee symmetry.

For both OMA and NOMA, the power constraints for the k-th eMBB and URLLC users are defined
within each radio resource frame respectively as

1 XT; i E Uxf(t)ﬂ < P, %)
NENT 125 55 k B
and | e
)TZ]E“U;(U)’ } < Py, 4)
Ff=1

where the temporal average are taken over all symbols within a codeword.
Models (1) and (2) can be written in matrix form as

Y(t) = X(t)H + BU(t)A(t) + Z(1), ()

where matrix Y(t) = [y1(£), ya(t), -, ym(t)] € C"*M gathers all the signals received at all the M
ENs over all the nf frequencies, and the k-th column yj(t) € C"¥*! denotes the signal received across
all the radio frequencies at the k-th EN. The channel matrix H € RM*M ig circulant with the first
column given by vector [1, «, 0, ..., 0, &]T; matrices U(t) € C"**M and X(t) € C"**M collect the
signals transmitted by URLLC and eMBB UEs, respectively; and Z(t) € C"*M is the overall noise
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matrix. Finally, A(t) is a diagonal matrix whose k-th diagonal element is a Bernoulli random variable
distributed as Ag(t) ~ B(q), Vk =1, 2, ..., M.

2.2. Space-Frequency Analog Fronthaul Channel

In the considered analog fronthaul architecture, the k-th EN forwards the signal yj(t) received by
the UEs to the BBU over a wired-access link in a fully analog fashion. As depicted in Figure 2, we focus
our attention on a multichannel link that is possibly affected by inter-channel interference. While the
model considered here can apply also to wireless multichannel links, as in Figure 1, we adopt here
the terminology of Analog Radio-over-Copper (A-RoC) as an important example in which A-RoX
is affected by fronthauling inter-link interference. Accordingly, each of the cables employed for the
fronthaul contains /5 twisted-pairs, i.e., g space-separated channels, indexed as ¢ € [1,1s]. Each pair
carries a bandwidth equal to Iy < np frequency channels of the RAN, indexed as f’ € [1,1f], so that
a total of IglF space-frequency resource blocks are available over each cable, as shown in Figure 4.
Furthermore, we assume that each analog fronthaul link has enough resources to accommodate the
transmission of the whole radio signal at each EN, i.e., Iglf > np.

B

Bandwidth (Frequency)

>
4

«—— S——>

Twisted-Pairs (Space)
Figure 4. Space-frequency cable resource allocation.

The fronthaul channel between each EN and the BBU is described by the matrix H. € Rlsxls,
which accounts for direct channel gains on each cable, given by the diagonal elements [H.];;, and for
the intra-cable crosstalk, described by the off-diagonal elements [H.];;, with i # j. We assume here
that the channel coefficients in H. do not depend on frequency f’. Furthermore, in keeping the
modeling assumptions of the Wyner model, we posit that the direct channel gains for all the pairs
are normalized to 1, while the crosstalk coefficients between any pair of twisted-pairs are given by a
coupling parameter y > 0. It follows that the fronthaul channel matrix can be written as

He = 71 1f + (1 - 1)L, 6)

where 1,, denotes a column vector of size 1 of all ones and I, is the identity matrix of size n. We note
that, in case of wireless fronthaul links such as in A-RoR, the coefficient ¢ accounts for the mutual
interference between spatially separated radio links. As a result, one typically has v > 0 when
considering sub-6 GHz frequency bands, while the condition ¢y = 0 may be reasonable in the mmWave
or THz bands, in which communication is mainly noise-limited due to the highly directive beams [36].
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For a given time ¢, the symbols y () received at EN k-th over all the np radio frequency channels
are transported to the BBU over the /gl cable resource blocks, where the mapping between radio and
cable resources is to be designed (see Section 3.1) and depends on the bandwidth I available at each
twisted-pair.

In this regards, we define the fraction y € [1/1g,1] of the radio bandwidth 1 that can be carried
by each pair, referred to as normalized cable bandwidth, as

IF
TZF.

B= @)

As a result, the quantity
n=pu-ls 8)

expresses the bandwidth amplification factor (or redundancy) over the cable fronthaul, as # > 1.
To simplify, we assume here that both 1/ and 7 are integer numbers. The two extreme situations with
u=1,0ry =Is,and p = 1/Ig, or § = 1, are shown in Figure 5 for Ig = 4 twisted-pairs and np = 8
subcarriers. For the first case, one replica of the whole radio signal y(t) can be transmitted over all of
the [g pairs, and the bandwidth amplification over cable is 7 = Is. In the second case, disjoint fractions
of the received bandwidth can be forwarded on each pair and the bandwidth amplification factor is

n=1

Fronthaul Cable

111711 Fronthaul Cable
2|2|2|2
@ 3[3[a3

4lafala 7

yi() neos
5/5(5|5 1l2]af6[8]
6/6/6]6 s
7|7]7]7
8|8|8ls|

!
1

Figure 5. Mapping of radio resources over cable resources: (a) maximum normalized cable bandwidth
(full redundancy), # = 1, or 5 = Ig; (b) minimal normalized cable bandwidth (no redundancy),
u=1/Ils,orn=1.

We now detail the signal model for fronthaul transmission. To this end, let us define the Iy x Ig
matrix Y, containing the signal to be transmitted by the EN k-th to the BBU over the copper cable as

Y = 716, 93 (1), . (1), )

where the k-th column y(t) € ClP*1 denotes the signal transmitted on twisted-pair c across all the Ir
cable frequency resources. The signal Ry, € C'¥*!s received at the BBU from the k-th EN across all the
cable space-frequency resources is then computed as

Ri(t) = Yi(t)He + Wi(t), (10)
where Wi(t) = [W}{(t),wi(t),...,wff(t)] € Clr*ls is the additive white Gaussian cable noise

uncorrelated over cable pairs and frequencies, i.e., W (t) ~ CN(0,1;,) for all pairsc =1, 2, ..., Is.
As commonly assumed in wireline communications to control cable radiations [37], the power

of the cable symbol [§§(t)] 7 transmitted from ENj over twisted-pair ¢ at frequency f/ is

constrained to P. by the (short-term: One can also consider the “long-term” power constraint
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nyt ZtEH[S’i(t)]f’ ] < P, Ve € [1,1s], f € [1,1F] with minor modifications to the analysis and
final results) power constraint

||,

2} <P. Veellg), f €1l t€[L,nT]. (11)

In the following, we will omit the time index ¢, when no confusion arises.

2.3. Performance Metrics

The performance metrics used to evaluate the interaction between eMBB and URLLC services in
the considered A-RoC-based C-RAN architecture are detailed in the following.

2.3.1. eMBB

Capacity enhancement is the main goal of the eMBB service, which is envisioned to provide very
high-rate communication to all the UEs. Therefore, for eMBB UEs, we are interested in the per-UE rate

defined as
_ logy(Mp)

R
P nrng

(12)
where Mp is the number of codewords in the codebook of each eMBB UE.

2.3.2. URLLC

Differently from eMBB, URLLC service is mainly focused on low-latency and reliability aspects.
Due to the short length of URLLC packets, in order to guarantee ultra reliable communications,
we need to ensure that the error probability for each URLLC UE, denoted as Pr[Ey;], is bounded by a
predefined value e (typically smaller than 10~%) as

Pr[Ey] < ey. (13)

Concerning latency, we define the maximum access latency Li; as the maximum number of
minislots that an URLLC UE has to wait before transmitting a packet. Finally, although rate
enhancement is not one of the goals of URLLC service, it is still important to evaluate the per-UE
URLLC rate that can be guaranteed while satisfying the aforementioned latency and reliability
constraints. Similarly to (12), the per-UE URLLC rate is defined as

log, (M
Ry = BMu) (14)
np
where M;; is the number of URLLC codewords in the codebook used by the URLLC UE for each
information packet.

3. Analog Fronthaul Signal Processing

The analog fronthaul links employed in the C-RAN system under study pose several challenges
in the system design, which are addressed in this section. Firstly, the radio signal received at each
EN needs to be mapped over the corresponding fronthaul resources in both frequency and space
dimension. Secondly, the signal at the output of each fronthaul link needs to be processed in order
to maximize the Signal-to-Noise Ratio (SNR) for all UE signals. Finally, the power constraints in (11)
must be properly enforced. All these requirements are to be addressed by all-analog processing in
order to meet the low-complexity and latency constraints of the analog fronthaul. In the rest of this
section, we discuss each of these problems in turn.
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3.1. Radio Resource Mapping over Fronthaul Channels

To maximize the SNRs for all the signals forwarded over the fronthaul by symmetry, we need to
ensure that: (i) all the received signals are replicated # times across the cable twisted-pairs, where we
recall that 7 is the bandwidth amplification factor defined in (8); and (ii) cable cross-talk interference
among different radio frequency bands is minimized. In fact, as the transmitted power at the cable
input is limited by the constraints in (11), a simple and effective way to cope with the impairments of
the analog fronthaul links using the only analog-processing capability is by introducing redundancy in
the fronthaul transmission. To this end, without loss of generality, we assume the following mapping
rule between the np radio signals at each EN and the /s/r cable resources.

Let us consider the radio signal y;, = [Y}, Y2, ..., Y] T received at the k-th EN. For a given
normalized cable bandwidth y, the np frequency channels of the radio signal y can be split into 1/u
sub-vectors of size [r = unr as

Vi
Yi
Ye= 1| : |~ (15)

1
Vi
where each vector y{( contains a disjoint fraction of the radio signal bandwidth nr. Each vector y{( can
be transmitted over 5 twisted-pairs, where we recall that 7 is the fronthaul redundancy factor. To this
end, each signal y{( in (16) is transmitted over # consecutive cable twisted-pairs.

To formalize the described mapping, the first step consists in reorganizing the signal yj into a
Ip x % matrix as

1
Y, = vec; Hyp) = vl 2 wl, (16)
ORI

qix 1 . o
where the operator vec; !(+) : C"F — C"F"” ¥ acts as the inverse of the vectorization operator vec(-),

"
with the subindex 1/ denoting the number of columns of the resulting matrix. Then, the overall cable
signal Yy transmitted by EN k-th in (9) can be equivalently written as

1ol 1 2 2 2 - H
Y, = Ye Yo - Yoo Yo Yo oo Yoo oo y;f Y,i e Y/i , 17)
Ul n 7
or, in compact form, as
Y =Ye®1y, (18)

where ® denotes the Kronecker product (for a review of Kronecker product properties in signal
processing we refer the reader to [38]). Notice that in case of full normalized cable bandwidth,
i.e., = 1 (corresponding to 7 = I5), the signal Y transmitted over the fronthaul cable simplifies to
Yi=ywn® 117;, which implies that the radio signal y; is replicated over all the [s twisted-pairs. On the
contrary, when the normalized cable bandwidth is minimal, i.e., 4 = 1/l (corresponding to n = 1),
the signal Yy does not contain any redundancy, and disjoints signals are transmitted over all pairs, so
that the cable signal Y; equals the matrix radio signal in (16) as Yy = Y.

Remark—Practical Implementation Issues. The easiest practical implementation of the proposed analog
radio resource mapping at the EN is by grouping the subcarriers onto a specific frequency portion of the cable,
as described in [18-20,22]. As an example, let us assume that the EN is equipped with 5 antennas, that each
antenna receives a 20-MHz radio signal, and that the analog fronthauling disposes of 4 links with 100 MHz
bandwidth each. In this case, the above references have shown that it is possible to freely map, or to replicate, in
an all-analog fashion the 5 x 20 MHz bands onto the overall 4 x 100 MHz = 400 MHz fronthaul bandwidth.
This example corresponds to a special case of the model studied in this paper, obtained by setting u = 1,
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i.e., the whole radio signal bandwidth received at the ENs is mapped/replicated over the analog fronthauling.
More generally, this paper posits the possibility to carry out the fronthaul mapping at a finer granularity, i.e., at a
subcarrier level. In this case, filtering operations would in practice be mandatory in order to extract groups
of subcarriers. This operation can be implemented in principle still by analog filters, whose design is left as
Sfuture works.

3.2. Signal Combining at the Fronthaul Output

As discussed, depending on the fronthaul bandwidth, a number # of noisy replicas of the radio
signals received at each EN are relayed to the BBU over 5 different twisted-pairs. Hence, in order
to maximize the SNRs for all signals, Maximum Ratio Combining (MRC) [39] is applied at the cable
output as

R; = RsG, (19)

1 1
where Ry € C'P* ¥ is the signal received at BBU from the k-th EN after the combiner and G € R'S*¥ is
the MRC matrix. Under the assumptions here, MRC coincides with equal ratio combining and hence
matrix G can be written as

1
G= y (1% ®1,7> . (20)

As an example, in the case of maximum redundancy, i.e., 7 = Ig, the MRC matrix G = Ig 1115
combines the analog signals received over all pairs, since they carry the same information signal.
On the contrary, in the case of minimal normalized bandwidth y = 1/Ig or # = 1, the matrix G equals
the identity matrix as G = Ij,, since no combining is possible.

The signal r, € C"F received at the BBU from EN}, across the np subcarriers is thus obtained by
vectorizing matrix Ry in (19) as

1, = vec(Ry). (21)

The relationship between the signal ry (21) obtained at the output of the combiner and the radio
received signal yy in (15) is summarized by the block-scheme in Figure 6, and it is

I = vec K(vecj (y1) ® 15) H. + Wk> Gk} . (22)
13
E Analog E  processing Analog ronthauling ! Digital BB processing | BB
Yk o—~[ vecil(~)]—l—[(~) ® 15 ]—J—[ H. ]—@—LA[ Gy, ]—l—[ vec(+) ]——»rk
Wy

Figure 6. Relationship between the signal r; (21) obtained at the output of the combiner and the radio
received signal yj in (15).

Finally, we collect the overall signal R € C"#*M received at the BBU from all ENs across all
frequencies in the matrix
R =[ry, 12, ..., 1] (23)

After some algebraic manipulations, it is possible to express Equation (23) in a more compact
form, which is reported in the following Lemma 1.
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Lemma 1. In the given C-RAN architecture with analog fronthaul links, for a given bandwidth amplification
factor > 1, the signal R € C"F*M yeceived at the BBU from all ENs across all radio frequencies after MRC
can be written as

R= (HZ ® I,F) Y+ W, (24)

where
(25)

H! = y1:1] + (1 -7

Hou "
is the equivalent fronthaul channel matrix; Y is the signal received at all ENs across all frequency radio channels
in (5); and W = [wq, Wy, ..., Wy] is the equivalent cable noise at the BBU after MRC, with the k-th column

distributed as wi ~ CN (0, %Inp) forallk =1,2,.., M.
Proof. see Appendix A. [

To gain some insights, it is useful again to consider the two extreme cases of maximum redundancy,
ie., 7 = Is, and no redundancy, i.e., 7 = 1. In the former case, the equivalent channel (25) equals
the scalar H! = 1+ (Is — 1). This demonstrates the effect of transmitting a replica of the whole
radio signal over all pairs. In fact, the useful signal is received at the BBU not only through the
direct path, which has unit gain, but also from the remaining /s — 1 interfering paths, each with gain
7, which constructively contribute to the overall SNR after the combiner. More precisely, it can be
observed that, in case of full redundancy, the SNR of the radio signal Y at the BBU is increased by
the analog fronthaul links by a factor of (1 +y(Is —1))2/(1/7) = Is(1+y(Is —1))%. As a result,
in this case, for a coupling factor v > 0, the SNR at the BBU increases with the cube of the number
of fronthaul links /5. In contrast, for y = 1/Ig, the equivalent fronthaul channel reflects the fact
that signals forwarded over the different pairs interfere with each other, and is equal to H = H..
The beneficial effect of redundantly transmitting radio signals over different pairs is reflected also in the
power of the noise after the combiner, which is reduced proportionally to the bandwidth amplification
factor 7.

3.3. Fronthaul Power Constraints

To enforce the cable power constraints in (11), it is necessary to scale the radio signal Y in (24) by
a factor of A prior to the transmission over the fronthaul. This is given as

j— PC
A= \/ 0Pg(1+2a2)+1’ (26)

where § is equal to § = (1 - L&l) ' for OMA, accounting for the fact that only Li; — 1 minislots are
devoted to the eMBB UE, while it equals § = 1 for NOMA, since the eMBB transmission spreads over
all Ly minislots. To simplify the notation, in the following we will account for the gain A by scaling
the noise over the cable after MRC in Equation (25) accordingly as

wi(t) ~ CA' <0, ﬂ%l) . @7)

4. Orthogonal Multiple Access (OMA)

As described in Section 2.1, under OMA over the radio channel, one minislot every L is
exclusively allocated to URLLC UEs, while eMBB UEs transmit over the remaining minislots. In this
way, URLLC UEs never interfere with eMBB transmissions. If more than one URLLC packet is
generated at a user between two URLLC transmission opportunities, only one of such packets
(randomly selected) is transmitted, while the others are discarded, causing a blockage error. Due to
the latency constraints, URLLC signals are digitized and decoded locally at the ENs, while the
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eMB signals are first mapped over the fronthaul lines, and then analogically forwarded to the BBU,
as mathematically summarized in Figure 7. In this section, we derive the expressions for the eMBB
and URLLC rates under OMA for a given URLLC access latency Ly; and, in the case of URLLC, for a
fixed URLLC target error probability ;.

M wired

{ ADC H Ui } fronthaul links
decoding
‘ |
EN ‘ A/A ‘
b cable Y5 ()

Yk( ) . ‘ mapping ‘ ‘ . eMBB

EN : decoding
C Yr() —

(_ENy

Figure 7. Block diagram of the operation of the ENs and BBU for Orthogonal Multiple Access (OMA).
A/ A stands for Analog-to-Analog.

BBU Pool

4.1. URLLC Rate

To evaluate the per-UE URLLC rate under OMA and for a given URLLC target error probability
ey, we follow the approach in [32], which is reviewed here. URLLC packets are generally short due
to the strict latency constraints, and the maximum achievable rate can be computed by leveraging
results from finite blocklength information theory. To this end, fix a given blocklength 7y and URLLC
error decoding probability €. Notice that this probability is different from the general URLLC target
error probability €y, as detailed later in this section. According to [40], the URLLC rate can be well
approximated by

Ry = log,(1+ *Py) — \/ZQl (eD), (28)

where 5
B~Pu
V= 29
1+ B2Py @)
is the channel dispersion and Q~!(-) is the inverse Q-function (see Section 1.5).

The error probability for URLLC packets is the sum of two contributions. The first represents the
probability that an URLLC packet is discarded due to blockage, given that only one URLLC packet can
be transmitted within the required L;; worst-case latency; while the second is the probability that the
packet is transmitted but not successfully decoded. Accordingly, the overall error probability can be

computed as
PlEa] = & p00 "+ 8 oo, el (30)
W= L nt+l ' & n+1 v

where p(n) = Pr[Ny(Ly) = n] is the distribution of the binomial random variable Ny (Ly) ~
Bin(Ly; — 1, q) representing the number of additional packets generated by the URLLC UE during the
remaining minislots between two transmission opportunities. The decoding error probability e} in
(28) can be obtained from the URLLC reliability constraint in (13), i.e., Pr[Ey| = ey.

4.2. eMBB Rate

The eMBB signals received at the ENs are forwarded over the analog fronthaul to the BBU,
where centralized digital signal processing and decoding are performed. In the case of OMA, the eMBB
signal is free from URLLC interference, hence signal Y received by all ENs over all radio channels in
(5) can be written as

Y=XH+Z (31)
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By substituting (31) in (24), it is possible to compute the expression for the eMBB per-UE rate under
OMA, as shown in Lemma 2. Notice that, unlike the case of URLLC packets, the npnt blocklength of
eMBB packets allows for the use of standard asymptotic Shannon theory in the computation of eMBB
information rate.

Lemma 2. In the given C-RAN architecture with analog fronthaul links, for a given bandwidth amplification
factor 1 > 1, the eMBB user rate under OMA is given as

Ry =p Lfflzog (det (I + PBR;;HeqH;)), (32)

M

where Pg = Pg (1 — Lﬁl) ~1is the transmission power of eMBB users under OMA, He; = H® H! is the

overall channel matrix comprising both the radio channel H and the equivalent cable channel H! defined in
Lemma 1, and Rz, = Iy ® H/H] + ﬁl M is the overall wireless plus cable noise at the BBU.
"

Proof. see Appendix B. [

As a first observation, the eMBB rate (32) linearly scales with the normalized bandwidth .
This shows that a potential performance degradation in terms of spectral efficiency can be incurred in
the presence of fronthaul channels with bandwidth limitations, i.e., with y < 1. This loss is pronounced
in the presence of significant inter-channel interference, i.e., for large <. In fact, a large -y increases
the effective noise power as per expression of matrix R;,,. It is also important to point out that in the
considered C-RAN system based on the analog relaying of radio signals, the overall noise at the BBU
is no longer white as it accounts both for the white cable noise and the wireless noise, where the latter
is correlated when there is some bandwidth redundancy, i.e., when y > 1/Ig or > 1.

5. Non-Orthogonal Multiple Access (NOMA)

In NOMA, URLLC UEs transmit in the same minislot where the packet is generated, and hence
the access latency is minimal and limited to Ly; = 1 minislot. However, the URLLC signals mutually
interfere with the eMBB transmission, which spans the whole time-frequency resource plane. Due to
URLLC latency constraints, the eMBB signals necessarily need to be treated as noise while decoding
URLLC packets at the ENs. On the contrary, several strategies can be adapted in order to deal with
the interfering URLLC signal. Beside puncturing, considered for 5G NR standardization [33,34],
this work considers two other techniques, namely Treating Interference as Noise (TIN) and Successive
Interference Cancellation (SIC), as detailed in the rest of this section.

5.1. URLLC Rate under NOMA

The URLLC per-UE rate for NOMA can be computed by leveraging results from finite blocklength
information theory similarly to the OMA case, but accounting for the additional eMBB interference [41].
The URLLC per-UE rate under NOMA is thus well approximated by [32]

v
Ry = log,(1+ Sy) — EQ LePy,

_ B*Pu

T 14 (1+4242)Pg
is the Signal-to-Interference-plus-Noise Ratio (SINR) for the URLLC UE, and the channel dispersion V'
is given as

where

Su (33)

Su

V= .
1+Su

(34)
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Notice that in NOMA the incoming URLLC packet is always transmitted, and hence an URLLC error
occurs only if the decoding of such packet fails, which happens with probability €. This implies that
under NOMA, the probability of URLLC error is given by

Pr(Ey] = €, (35)
hence imposing the condition eB < ey by the requirement (13).

5.2. eMBB Rate by Puncturing

To carry out joint decoding at the BBU of the eMBB signals under NOMA, the standard approach
is to simply discard at the eMBB decoder those signals that are interfered by URLLC. As shown in
Figure 8, this technique, referred to as puncturing, is based on the detection of URLLC transmissions at
the BBU: if a URLLC transmission is detected in the signal received from ENy, such signal is discarded.
Otherwise, the interference-free eMBB signals are jointly decoded at the BBU.

M wired URLLC
wired

detector
[ ADC URLLC J :

fronthaul links
decoding

+
Yk( ) c/:{)/?e Y ( ) l —
‘ mapping J o . eMBB
ENy YM( ) ! | . decoding
k.”KENM

Figure 8. Block diagram of the operation of the ENs and BBU for Non-Orthogonal Multiple Access
(NOMA) by puncturing and Treating Interference as Noise (TIN). A/A stands for Analog-to-Analog.

Considering the aforementioned assumptions, the signal model for puncturing can be equivalently
described by assuming that if the signal Y]{ received at the ENy on frequency f is interfered by
an URLLC transmission, then such signal is discarded, and the BBU receives only noise. This is
mathematical described by

Y, = Bu(X] +axX[,, +ax] ) +Z], (36)
where the Bernoulli variable By = 1 — Ay ~ B(1 — q) indicates the absence (B, = 1) or presence
(B = 0) of URLLC transmissions in the given minislot. The signal in (36) received across all ENs and
frequencies can be written in matrix form as

Y = XHB + Z, (37)

with definitions given in Section 2 and with B = diag(B], By, ...,By). The rate for the eMBB UE
under NOMA by puncturing is reported in Lemma 3 and can be derived by substituting signal (37) in
Equation (24).

Lemma 3. In the given C-RAN architecture with analog fronthaul links, for a given bandwidth amplification
factor 7 > 1, the eMIBB user rate under NOMA by puncturing yields

Rp = %EB [log <det (I + PBR;;HBrfﬂng/fq)>] ! e

where R, is defined as in Lemma 2; Hp oy = BH® HY is the equivalent wireless plus cable channel in case of
puncturing; and we have B = diag(Bq, By, ..., Bp) , with By being i.i.d. B(1 — q) variables .
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Proof. Lemma 3 can be proved by following similar steps as for the proof of Lemma 2 with two minor
differences: (i) the radio channel matrix H is right multiplied by the random matrix B and (ii) the
capacity is computed by averaging over the distribution of B. [

Differently from the rate (32) achieved by OMA, under NOMA, the eMBB transmission spreads
over all the minislots, so that there is no scaling factor 1 — L&l in front of the rate expression (38)
to account for the resulting loss in spectral efficiency. In case of NOMA by puncturing, the noise
covariance is exactly as the one in the eMBB OMA rate in Equation (32), since the eMBB signal, if not
discarded at the BBU, is guaranteed to be URLLC interference-free. The overall rate is computed by
averaging over all the possible realizations of the random matrix B, which left-multiplies the radio
channel matrix H and accounts for the probability that the entire signal is discarded due to an incoming
URLLC packet.

In the case of C-RAN with digital limited-capacity fronthaul links, as discussed in [32], it is
advantageous to carry out the operation of detecting and, eventually, discarding the eMBB signal at the
ENs. In fact, with a digital fronthaul, only the undiscarded minislots can be quantized, hence devoting
the limited fronthaul resources to increase the resolution of interference-free eMBB samples [32].
The same does not apply to the analog fronthaul considered here, as signals are directly relayed to the
BBU without any digitization.

5.3. eMBB Rate by Treating Interference as Noise

In the case of analog fronthaul, an enhanced strategy to jointly decode the eMBB signals under
NOMA at the BBU is to treat the URLLC interfering transmissions as noise at the eMBB decoder,
instead of discarding the corresponding minislot as in puncturing. The block diagram is the same as
for puncturing and shown in Figure 8. Accordingly, based on the signals received over the fronthaul
links, the BBU first detects the presence of URLLC transmission so as to properly select the decoding
metric. Then, based on this knowledge, joint decoding is performed by TIN.

Lemma 4. In the given C-RAN architecture with analog fronthaul links, for a given bandwidth amplification
factor 7 > 1, the eMBB user rate under NOMA by treating URLLC interference as noise yields

Ry = %IEA {log (det (I + PBRK}quHeqH;))] ! e

where R Azy = Ry + ,BZPU <A @ HY! HZ) is the overall noise plus URLLC interference at the BBU; matrix A
is as in (5); and matrices R;, and Heg are the same as in Lemma 2.

Proof. see Appendix C. [

Differently from the two previous cases, in the case of NOMA under TIN, the noise covariance
matrix Ry ;,, needs to account also for the interfering URLLC transmissions, whose packet arrival
probability is described by matrix A. The achievable rate is then computed by taking the average over
the random matrix A. This average reflects the long-blocklength transmissions of the eMBB users.

5.4. eMBB Rate by Successive Interference Cancellation

Finally, a more complex receiver architecture can be considered at the BBU, whereby interference is
cancelled out from the useful signal. This technique, referred to as Successive Interference Cancellation
(SIC), is based on the idea that, if an URLLC signal is successfully decoded at the ENj, it can be
cancelled from the overall received signal yj prior to the relaying over the cable, so that an ideally
interference-free eMBB signal is forwarded to the BBU. We also assume that, if the URLLC signal is not
successfully decoded, signal yy is discarded.

As a practical note, SIC must be performed in the analog domain, thus complicating the system
design. Practical complications are not considered in the analysis here. As shown in Figure 9, if the
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URLLC signal is successfully decoded at EN, this needs first to be Digital-to-Analog Converted (DAC)
and then cancelled from the analog signal yj. Therefore, signal y; needs to be suitably delayed in order
to wait for the cascade of ADC, decoding, and DAC operations to be completed at the URLLC decoder.
Being latency not an issue for eMBB traffic, in this work we assume to employ ideal ADC/DAC, so that
the delay in Figure 9 is assumed as ideally zero.

f \ M wired
ADC URLLF L _\ fronthaul links
decoding ™
' BBU Pool
A/A
cable Y (
mapping . eMBB
. decoding
=Y (
\EN )
L= y
LENy Y,

Figure 9. Block diagram of the operation of the ENs and BBU for Non-Orthogonal Multiple Access
(NOMA) by Successive Interference Cancellation (SIC). A/A stands for Analog-to-Analog.

To account for imperfect SIC, the amplitude of the residual URLLC interference on eMBB signal is
assumed to be proportional to a factor p € [0,1]. Accordingly, perfect SIC corresponds to p = 0, and no
SICtop =1.

The signal received at the BBU from EN} can be thus written as

Y/ = (1 A (X[ +ax],, +aX] ) +ppA(1— EQU/ +Z], (40)

where the Bernoulli variable E; ~ B(geP) indicates whether there has been an error in decoding the
URLLC packet (i.e., Ex = 1), or it has been successfully decoded (i.e., Ex = 0), and Ay is the same as
above. It is easy to show that the factor (1 — A;Ey) multiplying the eMBB signal indicates that the
eMBB signal (40) is discarded only when the two following events simultaneously happen: (i) there is
a URLLC transmission (i.e., Ay = 1, whose probability is g), and (ii) such URLLC transmission is not
successfully decoded (E; = 1, whose probability is €]). In turn, the factor Ay(1 — E;) multiplying the
URLLC signal implies that, if there is a URLLC transmission (i.e., Ay = 1) and such transmission is
successfully decoded at the ENj (i.e., Ex = 0), then the URLLC signal is mitigated by analog SIC so
that only a p-fraction of it is forwarded to the BBU and impairs the eMBB transmission.

The signal in (40) received across all ENs and frequencies in the case of NOMA by SIC can be
equivalently written in matrix form as

Y = XH (I - AE) + ppUA (1 - E) + Z, 1)

where E = diag(Ej, E, ..., Ep). The eMBB UE rate for NOMA by SIC can thus be computed by
substituting signal (41) in (24) and the final result is in Lemma 5.

Lemma 5. In the given C-RAN architecture with analog fronthaul links, for a given bandwidth amplification
factor 1 > 1, the eMBB user rate under NOMA by SIC yields

Rp = %EA/E [log (det (I + PBRZ}E,ZH,HAEHZ‘;E))] ’ “
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where Hyy = ((1—AE)H) ® H] is the equivalent wireless plus cable channel in case of SIC;
E = diag(Ey, Ey, ..., Em) is a diagonal matrix whose k-th entry Ey ~ B(qel)) accounts for the probability that

the URLLC signal is not successfully decoded at ENy; and Rag,z,, = Rz, + 0*B*Py ((A(I —-E)® H?HZ)
is the overall noise plus residual URLLC interference.

Proof. Lemma 5 can be proved by following similar steps as for the proofs of the previous Lemmas. [

SIC describes a more complex ENs architecture in which the URLLC signals, if successfully
decoded, are successively canceled from the eMBB signals at the EN. However, in the case of imperfect
interference cancellation, i.e.,, p > 0, the eMBB signal is still impaired by some residual URLLC
interference, which is accounted for by the overall noise covariance R 4 E/zeq in (42), similarly to TIN.
The URLLC arrival probability and the probability of successful decoding of the URLLC packets are
reflected by random matrices A and E, respectively.

6. Numerical Results

Numerical results based on the previous theoretical discussion are shown in this section with
the aim of providing some useful intuitions about the performance of C-RAN systems based on
analog RoC in the presence of both URLLC and eMBB services. Unless otherwise stated, we consider
the following settings: M = 6 ENs, np = 60 subcarriers (This choice is motivated by the fact that,
while still resembling the properties of URLLC short-packet transmissions, nr = 60 is a sufficiently long
packet size to ensure tight lower and upper bounds for the limited-blocklength channel capacity [5]),

= 7dB, Py = 10dB, URLLC channel gain /52 =1, Pc =7dB, ls = 4, and, conventionally, e;; = 10-3.
In the case of OMA, the worst-case access latency for URLLC users is set to Li; = 2 minislots.

Figure 10 shows URLLC and eMBB per-UE rates for both OMA and NOMA by varying the
fronthaul crosstalk interference power 2. We consider two values for the normalized bandwidth y of
each copper cable, namely 4 = 1/Is = 1/4 and p = 1. Please note that the first value corresponds to
the minimal bandwidth, while the latter enables each twisted-pair to carry the whole signal bandwidth.
For reference, the eMBB rates obtained in the case of ideal fronthaul are shown for both OMA and
NOMA. The inter-cell interference power is set to a> = 0.2, and the URLLC arrival probability to
q= 10~3. For NOMA, we consider here only puncturing.

3.5

4 |deal fronthaul (NOMA) ’,

)
I
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Q
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© 4 |deal fronthaul (OMA)
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Figure 10. URLLC and eMBB per-UE rates as a function of fronthaul crosstalk interference power >

for OMA and NOMA with puncturing.
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The URLLC rates do not depend on cable crosstalk interference 72, since URLLC packets are
decoded at the EN and thus never forwarded to the BBU over the fronthaul. Furthermore, with NOMA,
the access latency of URLLC is minimum, i.e., Ly; = 1, while for OMA it equals L; = 2. However,
Figure 10 shows that the price to pay for this reduced latency is in terms of transmission rate, which is
lower than in the OMA case. On the contrary, in the case of eMBB, NOMA allows for a communication
at higher rates than those achieved by OMA, thanks to the larger available bandwidth when g is
small enough.

On the subject of eMBB rates, it is interesting to discuss the interplay between the normalized
cable bandwidth y and crosstalk power 7. For y = 1, the same signal is transmitted over all the /5 = 4
fronthaul twisted-pairs, and hence the four spatial paths sum coherently over the cable, thus turning
crosstalk into a benefit. Hence, the eMBB rates under both OMA and NOMA increase with 72 and
ultimately converge to those achieved over the ideal fronthaul (In this work, we consider the same
interference gain v for all fronthaul links. In practice, the performance boost shown in Figure 10
for increasing 7 and for = 1 would still be present, albeit to a different extent dependent on the
channel realization, even if considering complex channel gain. However, this would require the use of
more complex precoding techniques, such as Tomlinson-Harashima [37], which require an estimate
of the fronthaul channel. Since for wired fronthauling the channel is nearly static and time-invariant,
channel state information can be easily obtained [42]). For ¢ = 1/4 instead, disjoint portions of the
radio signal are transmitted over different interfering twisted-pairs, and the performance progressively
decrease with 72. The leftmost portion of Figure 10 suggests that for mild cable interference, even
when the cable bandwidth is small (i.e., u = 1/4), it is still possible to provide communication with
acceptable performance degradation, i.e., with a = 1 bps/Hz loss from the ideal fronthaul case for
NOMA, and an even smaller loss for OMA. However, when the cable crosstalk increases, the rate
degradation is severe, and fair performance are achieved only if the cable bandwidth is large enough
to accommodate the redundant transmission of radio signals over all pairs, i.e., y = 1.

Figure 11 shows URLLC and eMBB rates as a function of the URLLC packet arrival probability 4.
eMBB rates under OMA are compared with those achieved by NOMA under puncturing, TIN and SIC.
We consider here full cable bandwidth availability = 1 and 9* = 1, so that, as in Figure 10, the rates
achieved for both OMA and NOMA for low g (say, q < 10~2) coincide with those achieved over the
ideal fronthaul. Inter-cell interference is set to a2 = 0.2. As noted in [32], under OMA, when q increases,
the probability of an URLLC packet to be dropped due to blockage becomes very high, preventing
URLLC transmission from meeting the strict reliability constraints, and results in a vanishing URLLC
rate. This is unlike in NOMA, whereby the URLLC rate is not affected by g, and the access latency is
minimal, i.e., Ly = 1. For eMBB under NOMA, TIN always outperforms puncturing. This is because
TIN does not discard any received minislot, thus contributing to the overall eMBB rate. The result is
in contrast with the conventional digital capacity-constrained fronthaul considered in [32]. In fact,
in the latter, for sufficient low g, it is preferable not to waste fronthaul capacity resources by quantizing
samples received in minislots affected by URLLC interference in order to increase the resolution of the
interference-free samples. Additional gains are achieved by SIC, which takes advantages of the high
reliability, and thus high probability to be cancelled, of the URLLC signal at the EN.

Implementing SIC in a fully analog fashion is practically not trivial, and there is generally some
residual URLLC interference. The effect of residual interference on the achievable eMBB rate is
investigated in Figure 12 for 4 = 0.3, a2 =04,9* =05, u = 1 and for different power of URLLC
UE Py;. Once again, in case of perfect interference cancellation, i.e., p = 0, SIC approaches the ideal
fronthaul performance, while for more severe values of the residual interference power p, the eMBB
performance progressively decreases. Nevertheless, even in the worst-case SIC scenario, i.e.,, p =1,
the achievable rates are never worse than those achieved by TIN irrespective of the value of Py;. This is
once again due to the high reliability of URLLC transmission. It is in fact easy to prove that for p =1
and low values of eB, the SIC eMBB rate in (42) converges to the one of TIN in (39).

89



Entropy 2018, 20, 661

eMBB NOMA

n
3
T

n

o

Per-UE rate [bps/Hz]

O

0.5

0
103 102 107 10°
Probability of URLLC arrival, g

Figure 11. URLLC and eMBB rates vs. probability of URLLC arrival 4 for OMA and NOMA by
puncturing, treating interference as noise (TIN), and successive interference cancellation (SIC).

240 m m === - Ideal Fronthaul (NOMA) = — — = = — — =

N
w

N
o

n

Per-UE rate [bps/Hz]

0 0.2 0.4 0.6 0.8 1
power of residual interference, pz

Figure 12. eMBB rates for NOMA by SIC vs. power of residual URLLC interference p2.

For completeness, Figure 13 shows the trade-off between eMBB and URLLC per-UE rates as a
function of the access latency Li; for OMA and NOMA with puncturing, and considering g = 1073,
a? = 0.2 and 92 = 0.5. The behavior of the RoC-based C-RAN system versus the access latency Ly is
similar to the one observed for digital capacity-constrained fronthaul [32] for both 4 = 1 and p = 1/4.
While under OMA it is not possible to achieve a non-zero URLLC rate at even relatively low access
latency such as Ly > 3, NOMA provides a reliable communication with constant minimal Li; = 1
access latency, but with lower rate. For eMBB, NOMA achieves an higher per-UE rate regardless of the
value of the normalized bandwidth y.
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Figure 13. URLLC and eMBB per-UE rates as a function of access latency Li; for OMA and NOMA
with puncturing.

7. Conclusions

This paper considers the coexistence of eMBB and URLLC services in the uplink of an analog
C-RAN architecture from an information theoretic perspective. The rate expressions for URLLC and
eMBB users under Orthogonal and Non-Orthogonal Multiple Access (OMA and NOMA, respectively)
have been derived considering Analog Radio-over-Copper (A-RoC) as a sample scenario, although
the proposed model can be easily adapted to other analog fronthaul technologies. For eMBB signals,
performance have been evaluated in terms of information rate, while for URLLC we also took into
account worst-case access latency and reliability. In case of NOMA, different decoding strategies have
been considered in order to mitigate the impact of URLLC transmission on eMBB information rate.
In particular, the performance achieved by puncturing, considered for 5G standardization, have been
compared with those achieved by Treating URLLC Interference as Noise (TIN), and by Successive
URLLC Interference Cancellation (SIC).

The analysis showed that NOMA allows for higher eMBB information rates with respect to
OMA, while guaranteeing a reliable low-rate URLLC communication with minimal access latency.
Furthermore, numerical results demonstrated that, differently from the digital C-RAN architecture
based on limited-capacity fronthaul links, for analog C-RAN, TIN always outperforms puncturing,
and SIC achieves the best performance at the price of an higher decoder complexity.

As work in progress, the theoretical model can be extended to account for fading channels or
geometric mmWave-link channel models.

Similarly, a frequency-dependent cable channel can be considered by making the cable crosstalk
coefficient -y increase with cable frequency [22]. Another interesting research direction is to consider
the case in which the BBU has no knowledge about the incoming signal, i.e., it is not able to detect the
URLLC transmissions, so that it is impossible for the BBU to choose the proper metric for joint signal
decoding [43,44]. Finally, the overall system can be extended to the case of multiple users per-cell,
where both ENs and users are equipped with multiple antennas.
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Appendix A. Proof of Lemma 1

The proof of Lemma 1 is structured in two main steps detailed in the following: (i) MRC at the
cable output, (ii) cable signal vectorization.

Appendix A.1. Maximum Ratio Combining at the Cable Output
The signal Ry € C'¥* ¥ after the MRC at the cable output is

R, = R,G

= (Y4He + W) G, (A1

where the definitions of Ry, G, Yj and H, follow from and (10), (20), (18) and (6), respectively. Thus,
Equation (A1) can be rewritten as

Ry = (Yk ® 1;) (7115117; +(1- 7)115) G+ W;iG

:7(Yk®1;> 110G+ (1-1) (Yk®1§) G+ WG, (A2)
N
R/ R// Wk

k k

where Wy = WG is the noise post MRC. The first term in (A2) can be rewritten as

r_ T
R, = (Y®1])1.1] <I1 ®1 >

k= i ( ) slg U
(a)
2. (Yk ® 15) 1,17 (A3)
(b)
= 1Yl 11,

@)
where = comes from the fact that 1T <11 @1, | = 1T ®1T <Il ®1,7> = 517 due to the
1 1

i
mixed-product property of Kronecker product operator (A ®B)(C®D) = AC® BD (see [38],
Chapter 2), and, 51m11arly, 1s obtained by (Yk ® 1T) 1151? = (Yk ® 1T> (1 1T ® 1,7> =Y 1:117.

Hou
Using similar arguments, the second term in (A2) s1mphf1es to

" 1-— Y T ( >
R =—(Y®1 I 1
(= (et (e, (A9
=(1-7)Y
Finally, substituting (A3) and (A4) in (A2) we obtain
R = Y H! + W, (A5)

where
H! = 1117 + (1 - ) (A6)
o H

is the equivalent cable channel matrix accounting for the bandwidth amplification factor over cable 7,
and Y/ is the radio signal reorganized in matrix form as in (16).
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Appendix A.2. Cable Signal Vectorization

The vector signal r; € C"*1 received at the BBU from the k-th EN over all the radio frequency
channels can be obtained by vectorizing matrix Ry in (A5) as

Ty = vec(YkHZ + Wk)
= (HZ ® Ilp> vec(Yy) + vec(Wy) (A7)
= (H:;] & 11F> Yi + Wy,
where y is the radio signal received at EN k-th. The overall cable noise vector wy can be rewritten as

wy = vec(Wy)
= vec(W;G)
= (GT ® IIF> vec(Wy) (A8)

1 T _
= ﬁ (I% ®1,7 ®IZF> Wig.

It is important to notice that since the cable noise Wy, is white Gaussian and uncorrelated over
cable pairs (see (10)), Wy = vec(Wj) is also white Gaussian distributed as wj ~ CN(0, Ij;, ). Hence,
the covariance Ry, of the overall cable noise vector wy yields

Rw:IE[wkw,Ij]
1 T T !
= ? <I% ®1,7 ®Ilp> <I;17 ®1,7 ®Il;>

i (13m)

1

= 7171}:/

(A9)

[

where the equality (?) comes again from the mixed-product property of Kronecker product.
Equation (A9) shows that the MRC allows to take advantages from the signal redundancy over
the cable, which results in a reduction of the cable noise power by a factor of 7.
The proof is completed by gathering the signals r; (A7) received at the BBU from all ENs as
R = [rl, r,.., I‘M]

= (H? ® Izp) Y1, y2, - Y] + [W1, W, ..., wi] (A10)
= (H? ®Izp) Y+ W,

where Y is the signal received by all ENs over all radio channels in (5).

Appendix B. Proof of Lemma 2

By substituting signal Y in (31) received by all ENs over all radio channels in case of OMA in
Equation (24), we obtain
R— <HZ®I,F> XH+( ?®I,F>Z+W, (A11)
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To compute the per-UE eMBB rate, a further vectorization is needed, leading to

r = vec(R)

= vec ((Hg ® I,F) XH) + vec ((HZ ® I/F) Z) + vec(W) Al
:(HT®HZ®I,F)x+(IM®H'C7®IIF)z+w (A2

= HeqX + Zeg,

where Heq = H' @ H! ® I}, is the overall equivalent channel comprising both cable and radio
channels over all ENs, and Zeq = (I MOH!® 11F> z + w is the overall noise vector comprising both
the vectorized radio noise z = vec(Z) ~ CN(0,1,,») and the vectorized cable noise w = vec(W) ~
CN (0, A%qI”F M), where we recall that the scaling A is due to the cable power constraints. Hence,
the covariance of the equivalent noise Zq yields

R, =E [zeng]
7 7 B 1
= (menler,) (erler,) + oyl (A13)
1
=IyoH/H! oL, + /\T”I,,FM.
The eMBB per-UE rate under OMA is computed by

(1-Ly')
Rg=-——u’
B HFM
_(17L&1) Rl @l

= o (det (1+ PoRZ FegfL, ) ).

I(r,x)
(A14)

where Hqu:IeTq =HH®H/H! ® I;,. Finally, using the determinant property of the Kronecker product
|A®@B| =|A|" |B|", Equation (A14) simplifies to

Ry = lls(zij\ial)log (det (1+ PpRZ! HegHL ) )

71 (A15)
1-1;

=u log (det (I + pBRz:;Hequq)> ,

where Heg = H® H! and Ry =IM® H/H! + A%ql M, thus concluding the proof.
"

Appendix C. Proof of Lemma 3

By substituting the signal (5) received at the k-th EN under NOMA into (A10) and by following
similar steps as for the proof of Lemma 2, the overall vector signal received at the BBU comprising
both cable and radio channels over all ENs under NOMA by treating interference as noise yields

r = HegX + BAcqu + Zeq, (A16)

where the definitions of I:qu and Zeq are the same as in (A12), Aeq =AQH!® I), accounts for the
relay of URLLC signal over the cable, and u is the vectorization of the URLLC signal matrix U in (5).
Similarly to the proof of Lemma 2, the eMBB per-UE rate under NOMA by treating URLLC interference
as noise can be computed by
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1
Rp=—+1I(r,x|A)
neM (A17)

= %EA [log (det (I + PBRZ}zequqHz‘l))]

where the average is taken over all the possible values of matrix A, Pp is the power of the eMBB user
under NOMA and Heq is defined as in (A15). Finally, the covariance Ry ;,, of the noise plus URLLC
interference yields

RA,Zecl = ,32Pu AquZ;q + Rzeq/

where Aeg = A® HZ and RZeq is the same as in (A15). The proof is completed by noticing that
Aqugq = (Ao H!)(A®H)" = A ® H!H], since matrix A is idempotent and H! symmetric.
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Abstract: In modern implementations of Cloud Radio Access Network (C-RAN), the fronthaul
transport network will often be packet-based and it will have a multi-hop architecture built
with general-purpose switches using network function virtualization (NFV) and software-defined
networking (SDN). This paper studies the joint design of uplink radio and fronthaul transmission
strategies for a C-RAN with a packet-based fronthaul network. To make an efficient use of multiple
routes that carry fronthaul packets from remote radio heads (RRHs) to cloud, as an alternative to
more conventional packet-based multi-route reception or coding, a multiple description coding
(MDC) strategy is introduced that operates directly at the level of baseband signals. MDC ensures
an improved quality of the signal received at the cloud in conditions of low network congestion,
i.e.,, when more fronthaul packets are received within a tolerated deadline. The advantages of the
proposed MDC approach as compared to the traditional path diversity scheme are validated via
extensive numerical results.

Keywords: robust compression; congestion; packet-based fronthaul; multiple description coding;
cloud radio access network; broadcast coding; eCPRI

1. Introduction

In a Cloud Radio Access Network (C-RAN) architecture, a cloud unit, or baseband processing unit
(BBU), carries out baseband signal processing on behalf of a number of radio units, or remote radio
heads (RRHs), that are connected to the cloud through an interface referred to as fronthaul links [1].
The C-RAN technology is recognized as one of the dominant architectural solutions for future wireless
networks due to the promised reduction in capital and operational expenditures and the capability of
large-scale interference management [2]. A major challenge of C-RAN deployment is that high-rate
baseband in-phase and quadrature (IQ) samples need to be carried on the fronthaul links of limited
data rate. The design of signal processing strategies, including fronthaul compression techniques,
for C-RAN was widely studied in the literature [3-6].

The mentioned works [3-6] and references therein assume a conventional fronthaul topology,
whereby there are dedicated point-to-point fronthaul links from the cloud to each RRH as in Common
Public Radio Interface (CPRI) specification [7]. However, in modern implementations of C-RAN,
as illustrated in Figure 1, the fronthaul transport network will often be packet-based and it will have
a multi-hop architecture built with general-purpose switches using network function virtualization
(NFV) and software-defined networking (SDN) [8,9]. Packet-based fronthaul network can leverage the
wide deployment of Ethernet infrastructure [10].

Entropy 2019, 21, 433; doi:10.3390/e21040433 99 www.mdpi.com/journal/entropy
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Figure 1. Illustration of the uplink of a Cloud Radio Access Network (C-RAN) with a packet-based
fronthaul transport network.

Packet-based multi-hop networks are subject to congestion and packet losses. The traditional
path diversity approach repeats the same packet on the multiple routes in order to mitigate these
issues [11,12]. This approach can successfully reduce the packet loss probability at the cost of increasing
the overhead in the fronthaul network. A limitation of these traditional schemes is that, when multiple
packets arrive at the cloud within the tolerated delay, the signal quality utilized for channel decoding
at the cloud is the same as if a single packet is received. To make a more efficient use of the multiple
routes, in this paper, we propose a multiple description coding (MDC) scheme that operates directly
on the baseband signals. Thanks to MDC, a better distortion level is obtained as more packets arrive at
the cloud within the deadline. We refer to [13] for an overview and for a discussion on applications
of MDC. In addition, the work [14] proposed the use of MDC to improve the achievable rate of a
multicast cognitive interference channel.

Since, thanks to MDC, the signal quality varies depending on the number of packets arriving at
the cloud, we propose that user equipments (UEs) leverage the broadcast approach in order to enable
the adaptation of the transmission rate to the effective received signal-to-noise ratio (SNR) [15,16].
The broadcast approach defines a variable-to-fixed channel code [17] that enables the achievable
rate to adapt to the channel state when the latter is known only at the receiving end. The broadcast
approach splits the message of each UE into multiple submessages that are encoded independently,
and transmitted as a superposition of the encoded signals. With the proposed MDC-based solution,
based on the packets received within a given deadline, the cloud performs successive interference
cancellation (SIC) decoding of the UEs’ submessages with a given order so that the achievable rate can
be adapted to the number of delivered packets. Therefore, the number of received packets determines
the quality of the channel state known only at the receiver. Related methods were introduced in [18]
and [19], where broadcast coding with layered compression [20] was applied to the uplink of C-RAN
systems with distributed channel state information [18] and with uncertain fronthaul capacity [19].

More specifically, in this work, we study joint radio and fronthaul transmission for the uplink of a
C-RAN with a packet-based fronthaul network. In the system, the uplink received baseband signal of
each RRH is quantized and compressed producing a bit stream. The output bits are then packetized
and transmitted on the fronthaul network. Following a standard approach to increase robustness
to network losses and random delays (see, e.g., [11,12]), we assume that the packets are sent over
multiple paths towards the cloud as seen in Figure 2. This can be done by using either conventional
packet-based duplication [11,12] or the proposed MDC approach. The packets may be lost due to
network delays or congestion when they are not received within a tolerable fronthaul delay dependent
on the application. Based on the packets that have arrived within the delay, the cloud carries out
decompression and channel decoding.
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Figure 2. Illustration of the multiple description coding (MDC) and packet-based transport network.

The rest of the paper is organized as follows. In Section 2, we describe the system model for the
uplink of a C-RAN with packet-based fronthaul network. In Section 3, we present the proposed MDC
scheme which operates in a combination with the broadcast coding. The optimization of the proposed
scheme is discussed in Section 4, and the advantages of the proposed scheme are validated with
extensive numerical results in Section 5. We discuss extension to general cases in Section 6, and the
paper is concluded in Section 7.

We summarize some notations used throughout the paper as follows. The mutual information
between random variables X and Y conditioned on Z is denoted as I(X;Y|Z), and h(X) denotes
the differential entropy of X. We define CN (p, X) as the circularly symmetric complex Gaussian
distribution with mean g and covariance X. The expectation, trace, determinant and Hermitian
transpose operations are denoted by E(-), tr(-), det(-) and (-), respectively, and CM*N represents the
set of all M x N complex matrices. We denote as Iy an identity matrix of size N, and ® represents the
Kronecker product. A = 0 indicates that the matrix A is positive semidefinite.

2. System Model

We consider the uplink of a C-RAN in which Ni; UEs communicate with a cloud unit through
Nr RRHs. To emphasize the main idea, we first focus on the case of Ng = 1 and discuss extension to
a general number of RRHs in Section 6. Also, for convenience, we define the set A; £ {1,..., Ny}
of UEs, and denote the numbers of antennas of UE k and of the RRH by ;7 and ng, respectively.
The key novel aspect as compared to the prior work reviewed above is the assumption of packet-based
fronthaul connecting between RRH and cloud.

2.1. Uplink Wireless Channel

Each UE k encodes its message to be decoded at the cloud and obtains an encoded baseband signal
x; ~ CN(0, Ly, ) € C"uk*1 which is transmitted on the uplink channel toward the RRH. Assuming
flat-fading channel, the signal y € C"r*! received by the RRH is given as

y = Z Hixy +z = Hx+z, (1)
keNu

where H, € C"®R*"uk is the channel transfer matrix from UE k to the RRH, z ~ CN(0,Z;,) is the
additive noise vector, H = [H; - - - Hy,] is the channel matrix from all the UEs to the RRH, and x =
xH ... xﬁu]H ~ CN (0, Z) is the signal transmitted by all the UEs with Zy = diag({Zx, }ens, ). We
define the covariance matrix Iy = HXH" + %, of y.

The RRH quantizes and compresses the received signal y producing a number of packets.
As detailed next, these packets are sent to the cloud on a packet-based fronthaul network, and
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the cloud jointly decodes the messages sent by the UEs based on the signals received within some
maximum allowed fronthaul delay.

2.2. Packet-Based Fronthaul Transport Network

As discussed in Section 1, in modern implementations of C-RAN, the fronthaul transport network
is expected to be packet-based and to have a multi-hop architecture built with general-purpose switches
using NFV and SDN [8,9]. As a result, upon compression, the received signals need to be packetized,
and the packets to be transmitted on the fronthaul network to the cloud. Packets may be lost due to
network delays or congestion when they are not received within a tolerated fronthaul delay dependent
on the application.

A standard approach to increase robustness to network losses and random delays is to
send packets over multiple paths towards the destination (see, e.g., [11,12]). As seen in Figure 2,
following [11], we model transmission on each such path, or route, as a queue. Furthermore, as seen in
Figure 3, transmission on the fronthaul transport network is slotted, with each slot carrying a payload
of Br bits. The duration of each wireless frame, of Lyy symbols, encompasses Tr fronthaul slots. Due to
congestion, each fronthaul packet sent by the RRH on route j takes a geometrically distributed number
of time slots to be delivered. Accordingly, transmission is successful independently in each slot with
probability 1 — ef,; on the jth route.

L, symbols
wireless f -
transmission cte rame
fronthaul
transmission ct slot 1 | slot2 |« «« slot 7; ttt
< > <«
By bits By bits B bits

Figure 3. Illustration of wireless frame and fronthaul slotted transmission.

3. Robust Compression Based on Multiple Description Coding

In this section, we propose a robust compression technique based on MDC, which, in combination
with broadcast coding, enables the achievable rate to be adapted to the number of packets collected by
the cloud, and hence to the current network congestion level. To highlight the idea, we assume that the
RRH has available two paths to the cloud. Extensions will be discussed in Section 6. The traditional
path diversity approach repeats the same packet on the two routes [11]. More sophisticated forms of
packet-based encoding, such as erasure coding studied in [12], are not applicable to the case of two
paths. Accordingly, if one or two packets are received by the fronthaul deadline of T slots, the signal
is decompressed and decoding is carried out at the cloud. Note that, if both packets are received,
the signal quality is the same as if one packet is received. In contrast, we propose to adopt MDC as
seen in Figure 2. With MDC, if one packet is received by the deadline Tr, we obtain a certain distortion
level, while we obtain a better distortion level if both packets are received ([21] Ch. 14).

In the MDC approach, the RRH first quantizes and compresses the received signal y to produce
quantized signals ¢, §1 and . Packets §; and §, are sent on two separate paths to the cloud, with y;
sent on route . By the properties of MDC, if only a single packet I € {1,2} arrives at the cloud within
deadline Tr, the MDC decoder can recover the quantized signal §;, while the signal §( can be recovered
if the both packets are received in time.
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Denote as Rr the number of bits per symbol used to represent the signal for each of the quantized
packets y; and y,. We refer to Rr as the compression output rate. As shown in ([21] Ch. 14), the rate
Rp should satisfy the conditions

Rp = 1(y;91), )
Rp > 1(y;¥2), 3)
and 2Rp > 1 (y; {f’z}ze{m,z}> +1(91:92)- 4

To evaluate (2)-(4), as in, e.g., [3-6], we assume standard Gaussian quantization codebooks, so that the
quantized signals can be modeled as

Vi=yta, (©)
for I € {0,1,2}, where the quantization noise q; is independent of the signal y and distributed as
q ~ CN(0,Q) for I € {1,2} and qp ~ CN (0, Q). The right-hand sides (RHSs) of (2)—(4) can hence
be written as

81 (2, Q) =1 (y; 91) (6)
=log, det (Zy + Q) —log, det (Q0), I € {1,2},
and gsum (Q, Qo) =I <Y;{§’I}Ie{0,1,2}> +1(91;92) )

=h (y) +h ({7ihepiay) =1 (v T hep12)
+h(§1) + 1 (92) =R (§1,92)
=log, det (Zy) + log, det (A3ZyA§I + ())
—log, det <A4ZyAf + diag (05, ()))
+2log, det (Zy + 0) — log, det (AZ,AF + L Q)
where we have defined the notations Q = diag(Qp, I, ® Q) and Ay, = 1, ® I, with 1,, € Cmx1
denoting a column vector of all ones.
We now discuss the derivation of the probability that a packet [ is delivered to the cloud within

the given deadline Tr. The number N of fronthaul packets that need to be delivered within the time
Tr to the cloud for the Ith description is given as

®)

since Ly Rr is the number of bits per description and B is the number of available bits per frame. Note
that Nr increases with the compression output rate Rr and decreases with the size of the fronthaul
packet Br. Then, the probability that description I € {1,2} sent on route [ is received at the cloud
within the deadline Tf is given as

N
Pf(Tf) = Pr [Z Tim < Tp} , ©)

m=1

where {T; ,, } ZF: ; are independent and geometrically distributed random variables with parameter
1 — ep such that the sum ZZF: 1 Ti,m is a negative binomial random variable with parameters 1 — er
and N ([22] Ch. 3). Therefore, the probability (9) can be written as

PIC(TF) =1- Igm (TF — NF +1, Np) , (10)
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where I, (a, b) is the regularized incomplete beta function defined as

_ B(x;a,b)
L(ab) = B(L;a,b)’ 11)
with B(x;a,b) f t2=1(1 — £)b=1dt. For simplicity of notation, we also define the probabilities

Po(Tr) = (1— PC(TF))(l - PC(TF)) and P,
at the cloud within the deadline.

Define as M € {0,1,2} the number of descriptions that arrive at the cloud within the given
deadline Tr. The probability distribution pps(m) = Pr [M = m] can then be written as

(Tr) = P{(Tr)P5(Tr) that no or both descriptions arrive

Pé(Tp), m=0
pa(m) = { Y2, PE(Tr) (1 - PZ-C(TF)) L om=1, 12)
Pe,(Tp), m=2

with the notation T = 2and 2 = 1.

Broadcast Coding

With MDC, the quality of the information available at the cloud for decoding the transmitted
signals {Xy }rc 7, is determined by the number M of descriptions that arrive at the cloud. Since the
state M € {0,1,2} is not known to the UEs, the rate cannot be a priori adapted by the UEs depending
on the congestion level. To handle this issue, we propose that each UE k adopts a broadcast coding
strategy [15-18] as

Xk = X1+ Xk, (13)

where the signals x; ; and x; » encode independent messages of UE k, and the decoder at the cloud is
required to reliably recover only the signals {x} ;}rcp;, with j < m when M = m descriptions arrive
at the cloud. We denote the rate of the signal x ,, as Ry, for k € Ny and m € {1,2}. We make the
standard assumption that the jth signal x; ; of each UE k is distributed as x; j ~ CN(0, Py L, ), where
the powers P j need to satisfy the power constraint Py; + P;» = P. Under the described assumption,
the covariance matrix Zy of all the transmitted signals x is given as Xy = Pl with ny = Yreay, Mu-

The signal r;; collected at the cloud when M = m descriptions have arrived at the cloud is given as

0, m=0
=4y, m=1. (14)
5\70, m=2

For the case of m = 1, the cloud receives r; = §; or r; = ¥». In (14), we set r; = §; without loss of
generality, since §; and ¥, are statistically equivalent.

When no description arrives at the cloud (i.e., M = 0), the cloud has no information received from
the RRH, and none of the signals {xi o, X1 }xeA;, can be decoded by the cloud. When only a single
description arrives at the cloud (M = 1), the cloud jointly decodes the first-layer signals {x 1 }xeny,
based on the received quantized signal 11. Therefore, the achievable sum-rate Ry, 1 = Yt p;, Ry,1 of the
first-layer signals is given as

Ry1 = f1(P,Q, Q) = I(X;11) (15)
= log, det (HEH" + X, + Q) — log, det (HP,H" + £, + 0},

where we have defined the vector X, = [xf{m e xf\,{u’m}H ~ CN (0, Py,) that stacks the layer-m signals

of all the UEs, and the notations P = { Py j}renr, jef1,2} and P = diag({ Pem breny)-
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If both descriptions arrive at the cloud (i.e., M = 2), the cloud first jointly decodes the first-layer
signals {Xi 1 }reAy, from the recovered quantized signal rp, and cancels the impact of the decoded signals
from 1y, ie., ¥ ¢ 12 — Yreny, Hixk1- Then, the cloud decodes the second-layer signals {xi2}rens,
based on #;. Thus, the achievable sum-rate Ry, > = Y tca;, Rk 2 of the second-layer signals is given as

RZ/Z = fz (P, Q, Qo) =1 ()_(2,' 1‘2‘)_(1) (16)
= log, det (HI_’ZHH +X,+ QO) —log, det (X2 + Q) .

In summary, the whole system operates as follows. The cloud first obtains the channel state
information and optimizes the variables related to broadcast coding and MDC coding. The optimization
will be discussed in Section 4. After the optimization algorithm is finished, the cloud informs the UEs
and the RRH of the optimized variables. The UEs perform broadcast coding and uplink transmission,
and the RRH compresses the received signal obtaining two descriptions which are packetized and sent
on fronthaul paths to the cloud. Based on the received packets, the cloud performs MDC decoding of
the quantized signals and SIC decoding of the UEs” messages. We provide a flowchart that illustrates
the described operations of the proposed system in Figure 4.

Channel information { | Cloud gets information of H. |
acquisition
Optimization at cloud { | Cloud optimizes P,Q,Q,,R,. |

Broadcasting optimized | Cloud informs UEk of {F, . R, ,},cn00 K € A
parameters to RRH and UEs Cloud informs RRHof Q,Q, R,
¥

| UE k performs broadcast coding (13), k € A/,. I

Broadcast coding and
uplink transmission at UEs

| UE k transmits signal x, on uplink, k € /4/,. |

| RRH compresses signal y obtaining descriptions y,,¥,.

Robust MDC coding and
packetized fronthaul 9 |
transmission at RRH

RRH packetizes each description into N, packets. |

| RRH sends packets for y, on path / to cloud, / € {1,2}.|

<>
<>

M: Number of descriptions arriving
at cloud within deadline

Cloud decompresses Cloud decompresses
Decompression quantized signal r,. quantized signal r,.
and decoding — ¥ v
at cloud Cloud jointly decodes Cloud jointly decodes
signals {X, },.y, - signals {x, ;. -
v

Cloud jointly decodes

Signals {x,.,},.., -

Figure 4. A flowchart that illustrates the operations of the proposed uplink system based on broadcast
coding and multiple description coding (MDC).

4. Problem Definition and Optimization

For fixed instantaneous channel states {Hy }re a7, we aim at jointly optimizing the compression
output rate Rr, the power allocation variables P and the quantization noise covariance matrices
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{Q, Oy} with the goal of maximizing the expected sum-rate denoted as Ry. Here the expectation is
taken with respect to the random variables { T, } ;¢ {12}, menr With N7 = {1,2,..., Nr}, which depend
on the current congestion level of the packet network. The expected sum-rate Ry is hence given as

Ry = pm(1)Rs1 + pm(2) (Rg;1 + Ry ) 17)
= pm(1)Rx1 + pm(2)Rx 2,

with the notations (1) = ppm(1) + pm(2) and ppr(2) = pa(2). The expected sum-rate Ry can be
expressed as a function of Rg, P and {Q, O }:

RZ = f): (RF, P,Q, Qo) (18)
= pm(D)f1 (P, Q, Q) + pm(2) 2 (P, Q, Qo) .

We note that increasing the compression output rate Rr has conflicting effects on the expected
sum-rate Ry. On the one hand, the probability of timely reception of all fronthaul packets decreases
with Rr due to the increased number Nr of packets in (8). On the other hand, once the packets have
arrived at the cloud, a better sum-rate can be achieved with larger R, since the quantization noise
signals have smaller powers.

The problem mentioned above can be stated as

maximize fs (Rg, P, Q2, O) (19a)
st. Rp > ¢1(Q,0), (19b)

2RF > gsum (2, Do), (19¢)

Q=0 0 >0, (19d)

Dy + P =P, ke Ny, (19¢)

D1 >0, Pp >0, ke Ny. (19f)

To tackle the problem (19), we first note that, if we fix the compression output rate variable R,
the problem becomes a difference-of-convex (DC) problem as in [23]. Therefore, we can find an efficient
solution by adopting the concave convex procedure (CCCP) approach (see, e.g., [24,25]). The detailed
algorithm that tackles (19) with the CCCP approach is described in Algorithm 1, where we have defined
the functions fi (R, P, Q, O, P1), 1), 0l)), 5, (Q,00,00,0) and gam (0, 0y, 0V, 0) as

log, det (HZXHH +X,+ Q)
i (RF, P, 0, Q, P<f>,n<f>,nfj>) —pm() | HP,HP 1+ £, +Q,
HPYHF + £, + Q)

. log, det (HP,HY + X, + Q)
AU N (z+00z,+0f) )’

21 (0,00,00,00) = (£, + 0, +00) —log, det (02),
and Zum (Q,00,00,0f) =log, det (Zy) + ¢ (AsEyAY + 0, Az Al + Q)
—log, det (A4ZyAf + diag(0y, ()))

+2¢ (Ey+ 0,2, + 00) ~ log, det (A:E,Af + L2 ),
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with the function ¢ (A, B) defined as

¢ (A, B) = log, det(B) + ﬁtr <B’1(A - B)) .

Algorithm 1 CCCP algorithm for problem (19) for fixed R

1. Initialize the variables P(1), (1), Q(()l) to arbitrary matrices that satisfy the constraints (19b), (19¢)
and (19d), and set t < 1.

2. Update the variables P("1), (1), Q(()Hl) as a solution of the convex problem:

s F ® bt ol
maximize fs (Rp, P,0,00,P", 00, 0f ) (20a)
st. Rp > & (n QO,Q“),Q(S”), (20b)
2Rr = Feam (0,00, 00, 0f), (200)
Q=0 Q=0 (20d)
P +P=P, (20e)
P >0, P,>0. (20f)

3. Stop if a convergence criterion is satisfied. Otherwise, set t <— t + 1 and go back to Step 2.

We have discussed the optimization of the power allocation variables P and the quantization noise
covariance matrices {Q, Qo } for fixed compression output rate Rg. For the optimization of R, we
propose to perform a 1-dimensional discrete search over Rp € R = {Ag,,2Ag,, ..., NrmaxAg, } with
AR, = Br/Lw and Nf max = Tr + 1. Here we have excluded the values TAg, with non-integer T from
the search space R. This does not cause a loss of optimality, since we can increase the compression
output rate, hence improving the compression fidelity to [T] Ag, without increasing the number N of
packets in (8) that needs to be delivered to the cloud.

Optimization of Traditional Path-Diversity Scheme

In this subsection, we discuss the optimization of the traditional path-diversity (PD) scheme,
in which the RRH repeats to send the same packet on the available two routes [11]. Accordingly,
the RRH produces only a single quantized signal § = y + q, where the quantization noise q is
independent of y and distributed as q ~ CN(0,Q2) under the assumption of standard Gaussian
quantization codebooks. Denoting as Rr the compression output rate for the quantized signal §,
the rate Rr should satisfy the condition

Rp 2g(Q) = 1(y;¥) (1)
= log, det (Zy + Q) — log, det ().

To evaluate the achievable sum-rate, we define the binary variable D € {0,1}, which takes 1 if
at least one packet arrives at the cloud, and 0 otherwise. The probability distribution of D can be
written as
P&(TF), d=0

. (22)
1-P5(TF), d=1

Pr[D=d] = {

If both packets sent on two routes are lost (i.e., D = 0), the cloud cannot decode the signals sent

by the UEs. If the cloud receives at least one packet (D = 1), the cloud can perform decoding of the
signals x based on the received quantized signal §, and the achievable sum-rate can be written as
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Ry = f2(Q) = 1(x9) (23)
= log, det (HZXHH +X,+ Q) —log, det (X, 4+ Q).
The expected sum-rate Ry can be expressed as

Ry = fx (Rp, Q) = Pr[D = 1] fz(Q). (24)

The problem of maximizing the expected sum-rate Ry, with the traditional PD scheme can hence
be stated as

mal%(;%lze f= (RE, Q) (25a)
s.t. Rp > g(Q), (25b)
Qso. (25¢)

We can tackle the problem (25) in a similar approach to that proposed for addressing (19).

5. Numerical Results

In this section, we provide numerical results that validate the advantages of the proposed robust
baseband compression technique based on MDC coding scheme. We consider a system bandwidth of
100 MHz and assume that each wireless frame consists of Ly = 5000 channel uses. We also assume
that each fronthaul packet has By = 6000 bits (i.e., 750 bytes) which corresponds to a half of the
maximum payload size per frame defined in Ethernet [10]. Denoting as Cr the fronthaul capacity in
bit/s, each fronthaul packet has the duration of Br/Cr. If we define the maximum tolerable delay
on fronthaul network as Tmax s, the deadline T in packet duration is given as Tr = | Tmax/ (Br/Cr) |-
In the simulation, we set Trhax = 1 ms. For simplicity, we assume that all paths have the same error
probability e ; = er forall I € {1,2}. Regarding the channel statistics, we assume that the positions of
the UEs and the RRH are uniformly distributed within a circular area of radius 100 m. The elements
of the channel matrix Hy are independent and identically distributed (i.i.d.) as CA/(0, px). Here the
path-loss py is modeled as o = 1/ (1 + (dx/do)?), where d; represents the distance between the RRH
and UE k, and dj is the reference distance set to dy = 30 m. We set the noise covariance to Z, = Nol;;,
and the SNR is defined as P/ Nj.

5.1. Fixed Compression Output Rate Rp

We first evaluate the expected sum-rate performance E[Rsym| when only the power allocation
variables P and the quantization noise covariance matrices ) are optimized according to Algorithm
1 for fixed compression output rate Rg. In Figure 5, we plot the expected sum-rate E[Rgum| versus
the compression output rate Rp for various values of path error probability e with Niy = 2, ng = 2,
iy = 1, Cp = 100 Mbit/s and 25 dB SNR. We observe that, for both the MDC and PD schemes,
the optimal compression output rate R increases as the fronthaul error probability ey decreases. This
suggests that, with smaller er, the packet networks become more reliable and hence more packets can
be reliably delivered to the cloud within the deadline. Furthermore, the figure shows that, with MDC,
it is optimal to choose a lower compression output rate with respect to PD. This is because, as the
fronthaul quality improves in terms of the error probability ef, the PD scheme can only increase the
sum-rate by increasing the quality, or the compression output rate R, of each individual description,
since it cannot benefit from reception of both descriptions. In contrast, the MDC scheme can operate at
a lower Ry, since the quality of the compressed signal is improved by reception of both descriptions.
Receiving both descriptions tends to be more likely if the compression output rate is lower and hence
the number of fronthaul packets per frame is reduced.
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Figure 5. Expected sum-rate E[Rgum] versus the compression output rate Ry for various values of ef €
{0.1,0.3,0.5,0.7,0.9} (Ny = 2, ng = 2, ny = 1, Cp = 100 Mbit/s and 25 dB signal-to-noise ratio (SNR)).

In Figure 6, we depict the expected sum-rate E[Rgum| versus the compression output rate Rr for
various SNR levels with e = 0.4, Niy = 3, ng = 3, nyyx = 1 and Cr = 100 Mbit/s. The figure shows
that, as the SNR increases, the optimal compression output rate R slightly increases for both MDC
and PD. This is because, while the SNR level does not affect the reliability of the packet fronthaul
network, it is desirable for the RRH to report better descriptions of the uplink received signals to the
cloud when the received signals carry more information on the UEs” messages.

1200 F —+&— Multiple description coding
—¥— Path-diversity
=
=
5 1000 [ 20 dB SNR 7
=
S‘r 800 q
S
2 15 dB SNR
& 600 q
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3
=3 L 4
g 400 5 dB SNR
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Compression output rate Rp [bit/symbol]

Figure 6. Expected sum-rate E[Rsum] versus the compression output rate Ry for various SNR levels (ef = 0.4,
Ny =3,ng =3, ny, = 1and Cr = 100 Mbit/s).

Figure 7 plots the expected sum-rate E[Rgum] with respect to the compression output rate Rr for
various fronthaul capacity Cr with e = 0.6, Ny = 2, ng = 2, nyy, = 1 and 25 dB SNR. Since more
packets, and hence more bits, can be transferred to the cloud within the deadline Tr with increased
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fronthaul capacity Cr, the optimal compression output rate Ry grows with Cr for both the MDC and
PD schemes.

1500
—+&— Multiple description coding
—¥— Path-diversity
Cp =200 Mbit /s
1000 b

500
' = 100 Mbit /s

Expected sum-rate E[Rgy,] [Mbit/s]

5 10 15 20 25
Compression output rate Rp [bit/symbol]

Figure 7. Expected sum-rate E[Rqum] versus the compression output rate R for various fronthaul capacity Cp
(er = 0.6, Ny =2,ng =2, ny = 1and 25 dB SNR).

5.2. Optimized Compression Output Rate Rp

In this subsection, we present the expected sum-rate E[Rsum| achieved when the power allocation
variables P, the quantization noise covariance matrices () and the compression output rate Ry are
jointly optimized as discussed in Section 4. In Figure 8, we plot the expected sum-rate E[Rsum] versus
the SNR for Ny = 3, ng =3, ny, =1, ep € {0.4,0.6} and Cr = 100 Mbit/s. We observe from the
figure that the MDC scheme shows a larger gain at a higher SNR level. This suggests that, as the SNR
increases, the overall performance becomes limited by the quantization distortion which is smaller for
the MDC scheme than for PD.
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Wireless SNR [dB]

Figure 8. Expected sum-rate E[Rqum] versus the SNR (Ny = 3, ng = 3, nyx = 1, e € {0.4,0.6} and Cr =
100 Mbit/s).
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In Figure 9, we plot the expected sum-rate E[Rgum) versus the fronthaul capacity Cr for Ny = 3,
ng =3, nyr=1,ep € {04,0.6} and 25 dB SNR. The figure illustrates that the MDC scheme shows
relevant gains over the PD scheme in the intermediate regime of Cr. This is because, when the fronthaul
capacity Cr is sufficiently large, the whole system has a performance bottleneck in the wireless uplink
rather than in the fronthaul network, and the sum-rate converges to 0 as Cr approaches 0.
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Figure 9. Expected sum-rate E[Rsum| versus the fronthaul capacity Cr (Ny = 3, ng =3, nyx =1, er € {0.4,0.6}
and 25 dB SNR).

6. Extension to General Numbers of RRHs and Fronthaul Paths

In this section, we briefly discuss the application of MDC to the case of general number Ny of
RRHs and Np fronthaul paths. Each RRH i sends Np descriptions §;;, | € {1,..., Np}, one on each of
the routes to the cloud, where ¥;, is a quantized version of the received signal y; defined as

Vii=yit+qi- (26)

As in (5), under Gaussian quantization codebook, the quantization noise q;, is independent of y; and
is distributed as q;; ~ CN (0, ;). With MDC, the cloud can recover the signal ;; if only the packets
for the Ith description §;; arrive at the cloud within the deadline. If a subset of descriptions from RRH
i arrive in time, the cloud can obtain a better signal from RRH i, whose quality increases with the size
of the subset. Generalizing (2)-(4), conditions relating the resulting quantization noise covariance
matrices and the output compression rate R can be found in [26].

We define as M; € {0,1,...,Np} the number of descriptions of RRH i that arrive at the cloud
within the deadline Tr. The probability distribution py, (1) = Pr[M; = m] of M; is then given as

Np Np B
pum;(m) = Y= m> 112(TF), (27)
=1

1 (
(61,“4,CNP)E{O,1}NP I=1

where 1(+) is an indicator function that outputs 1 if the input statement is true and 0 otherwise; and
the probability £;(Tr) is defined as P,(Tg) = 1(c; = 1)Pf (Tg) + 1(¢c; = 0)(1 — Pf(Tg)).

As discussed, with MDC, the quality of the information available at the cloud depends on the
numbers of descriptions that arrive at the cloud. This means that there are (Np + 1) distinct states
depending on the current congestion level of the packet network. In principle, the broadcast coding
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can be applied in such a way that each UE k sends a superposition of (Np + 1)k layers. However,
this approach does not scale well with respect to Ng, and it is not straightforward to rank all the
(Np + 1)Nk states.

To adopt a broadcast coding strategy with a scalable complexity, a possible option is to fix the
number of layers, denoted as L, as in, e.g., [27]. Accordingly, the transmit signal x; of each UE k
is given by a superposition of L independent signals xi; ~ CN(0,PLy,,), I € £ = {1,...,L},
ie, Xy = Yyer Xk with the power constraint ) ;. » P,; = P. We then partition the (Np + 1)Nk congestion
states into L groups, denoted as Sj, ..., Sp, so that the layer-I signals {x}rca;, can be decoded by
the cloud for all congestion states in S; with j > I. Since we can evaluate the probability of all the
states using (27), the expected sum-rate can be expressed as a function of the compression output rate,
the power allocation variables and the quantization covariance matrices. Therefore, we can tackle the
problem of jointly optimizing these variables in a similar approach to that proposed in Section 4. We
leave the evaluation of the impacts of the numbers of RRHs Ny and fronthaul paths Np to future work.

7. Conclusions

In this paper, we have studied the joint design of uplink radio and fronthaul packet transmission
strategies for the uplink of C-RAN with a packet-based fronthaul network. To efficiently use multiple
fronthaul paths that carry fronthaul packets from RRHs to cloud, we have proposed an MDC scheme
that operates directly on the baseband signals. Since the signal quality available at the cloud depends
on the current network congestion level, a broadcast coding strategy has been investigated with MDC
in order to enable variable-rate transmission. The advantages of the proposed MDC scheme compared
to the traditional PD technique have been validated through extensive numerical results. Among
open problems, we mention the analysis in the presence of imperfect channel state information [28],
the impact of joint decompression of the signals received from multiple RRHs at the cloud [3,23],
and design of downlink transmission for C-RAN systems with packet-based fronthaul network.
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Abstract: In this work, the capacity of multiple-input multiple-output channels that are subject
to constraints on the support of the input is studied. The paper consists of two parts. The first
part focuses on the general structure of capacity-achieving input distributions. Known results are
surveyed and several new results are provided. With regard to the latter, it is shown that the support
of a capacity-achieving input distribution is a small set in both a topological and a measure theoretical
sense. Moreover, explicit conditions on the channel input space and the channel matrix are found such
that the support of a capacity-achieving input distribution is concentrated on the boundary of the
input space only. The second part of this paper surveys known bounds on the capacity and provides
several novel upper and lower bounds for channels with arbitrary constraints on the support of the
channel input symbols. As an immediate practical application, the special case of multiple-input
multiple-output channels with amplitude constraints is considered. The bounds are shown to be within
a constant gap to the capacity if the channel matrix is invertible and are tight in the high amplitude
regime for arbitrary channel matrices. Moreover, in the regime of high amplitudes, it is shown that
the capacity scales linearly with the minimum between the number of transmit and receive antennas,
similar to the case of average power-constrained inputs.

Keywords: MIMO; channel capacity; amplitude constraint; input distrbution; capacity bounds

1. Introduction

While the capacity of a multiple-input multiple-output (MIMO) channel with an average power
constraint is well understood [1], there is surprisingly little known about the capacity of the more
practically relevant case in which the channel inputs are subject to amplitude constraints. Shannon
was the first who considered a channel that is constrained in its amplitude [2]. In that paper,
he derived corresponding upper and lower bounds and showed that in the low-amplitude regime,
the capacity behaves as that of channel with an average power constraint. The next major contribution
to this problem was a seminal paper of Smith [3] published in 1971. Smith showed that, for the
single-input single-output (SISO) Gaussian noise channel with an amplitude-constrained input,
the capacity-achieving inputs are discrete with finite support. In [4], this result is extended to
peak-power-constrained quadrature Gaussian channels. Using the approach of Shamai [4], it is shown
in [5] that the input distribution that achieves the capacity of a MIMO channel with an identity channel
matrix and a Euclidian norm constraint on the input vector is discrete. Even though the optimal input

Entropy 2019, 21, 200; doi:10.3390/e21020200 115 www.mdpi.com/journal/entropy



Entropy 2019, 21, 200

distribution is known to be discrete, very little is known about the number or the optimal positions of
the corresponding constellation points. To the best of our knowledge, the only case for which the input
distribution is precisely known is considered in [6], where it is shown for the Gaussian SISO channel
with an amplitude constraint that two point masses are optimal if amplitude values are smaller than
1.665 and three for amplitude values of up to 2.786. Finally, it has been shown very recently that the
number of mass points in the support of the capacity-achieving input distribution of a SISO channel is
of the order O(A?) with A the amplitude constraint.

Based on a dual capacity expression, in [7], McKellips derived an upper bound on the capacity of
a SISO channel that is subject to an amplitude constraint. The bound is asymptotically tight; that is,
for amplitude values that tend to infinity. By cleverly choosing an auxiliary channel output distribution
in the dual capacity expression, the authors of [8] sharpened McKellips” upper bound and extended
it to parallel MIMO channels with a Euclidian norm constraint on the input. The SISO version of
the upper bound in [8] has been further sharpened in [9] by yet another choice of auxiliary output
distribution. In [10], asymptotic lower and upper bounds for a 2 x 2 MIMO channel are presented and
the gap between the bounds is specified.

In this work, we make progress on this open problem by deriving several new upper and lower
bounds that hold for channels with arbitrary constraints on the support of the channel input distribution
and then apply them to the practically relevant special case of MIMO channels that are subject to
amplitude-constraints.

1.1. Contributions and Paper Organization

The remainder of the paper is organized as follows. The problem is stated in Section 2. In Section 3,
we study properties of input distributions that achieve the capacity of input-constrained MIMO
channels. The section reviews known results on the structure of optimal input distributions and
presents several new results. In particular, Theorem 3 shows that the support of a capacity-achieving
input distribution must necessarily be a small set both topologically and measure theoretically.
Moreover, Theorem 8 characterizes conditions on the channel input space as well as on the channel
matrix such that the support of the optimal input distribution is concentrated on the boundary of the
channel input space.

In Section 4, we derive novel upper and lower bounds on the capacity of a MIMO channel
that is subject to an arbitrary constraint on the support of the input. In particular, three families
of upper bounds are proposed, which are based on: (i) the maximum entropy principle (see the
bound in Theorem 9); (ii) the dual capacity characterization (see the bound in Theorem 10); and (iii)
a relationship between mutual information and the minimum mean square error that is known as
the I-MMSE relationship (see the bound in Theorem 11). On the other hand, Section 4 provides
three different lower bounds. The first one is given in Theorem 12 and is based on the entropy
power inequality. The second one (see Theorem 13) is based on a generalization of the celebrated
Ozarow—-Wyner bound [11] to the MIMO case. The third upper bound (see Theorem 14) is based on
Jensen’s inequality and depends on the characteristic function of the channel input distribution.

In Section 5, we evaluate the performance of our bounds by studying MIMO channels with
invertible channel matrices. In particular, Theorem 17 states that our upper and lower bounds are
within 7 log,(p) bits, where p is the packing efficiency and n the number of transmit and receive
antennas. For diagonal channel matrices, it is then shown (see Theorem 18) that the Cartesian product
of simple pulse-amplitude modulation (PAM) constellations achieves the capacity to within 1.64n bits.

Section 6 is devoted to MIMO channels with arbitrary channel matrices. It is shown that,
in the regime of high amplitudes, similar to the case of average power-constrained channel inputs,
the capacity scales linearly with the minimum of the number of transmit and receive antennas.

In Section 7, our upper and lower bounds are applied to the SISO case, which are then compared
with bounds known from the literature. Finally, Section 8 concludes the paper. Note that parts of the
results in this paper were also published in [12].
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1.2. Notation

Vectors are denoted as bold lowercase letters, random vectors as bold uppercase letters,
and matrices as bold uppercase sans serif letters (e.g., x, X, X). For any deterministic vector x € R",
n € N, we denote the Euclidian norm of x by ||x||. For some random X € supp(X) € R" and any p > 0,
we define

Ity = (E0XI7) ", W

where supp(X) denotes the support of X. Note that for p > 1, the quantity in Equation (1) defines
anorm and for n = 1 we simply have HXH? = E[|X|7].
The norm of a matrix H € R"*" is defined as

Hy|
M = sup 1P
x:x#0 HX”

whereas Tr(H) is denoting its trace. The n x n identity matrix is represented as ;.
Let S be a subset of R”. Then,

Vol(S) = /8 dx

denotes its volume. Moreover, the boundary of S is denoted as 9S.
Let Ry := {x € R: x > 0}. We define an n-dimensional ball or radius r € R centered at x € R"
as the set
By(r) = {y e R": Ix —y|| < r}.

Recall that, forany x € R" and r € R,
Vol(Bx(r)) = ———1",

where I'(z) denotes the gamma function.
For any matrix H € R¥*" and some S C R", we define

HS = {y e R*:y = Hx, x € S}.
Note that for an invertible H € R"*", we have
Vol(HS) = |det(H)|Vol(S)

with det(H) the determinant of H. We define the maximum and minimum radius of a set S C R" that
contains the origin as

rmax(S) ==min{r e Ry : § C By(r)},
Tmin(S) = max{r € Ry : By(r) C S}.

For a given vector a = (a1,...,a,) € R, we define
Box(a) = {x e R": |x;| <a;,i=1,...,n}
and the smallest box containing a given set S C R" as
Box(S) := inf{Box(a) : S C Box(a)},

respectively.
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The entropy of any discrete random object X is denoted as H(X), whereas h(X) (i.e., the differential
entropy) is used whenever X is continuous. The mutual information between two random objects X and
Y is denoted as I(X; Y) and A/ (m, C) denotes the multivariate normal distribution with mean vector
m and covariance matrix C. Finally, log! (x) := max{log,(x),0}, for any base 2 > 0, Q(x), x € R,
denotes the Q-function, and dx(y) the Kronecker delta, which is one for x = y and zero otherwise.

2. Problem Statement

Consider a MIMO system with n; € N transmit and 7, € N receive antennas. The corresponding
n,-dimensional channel output for a single channel use is of the form

Y =HX+2Z,

for some fixed channel matrix H € R"*" (considering a real-valued channel model is without loss of
generality). Here and hereafter, we assume Z ~ N(0,1,,) is independent of the channel input X € R™
and H is known to both the transmitter and the receiver.

Now, let X C R™ be a convex and compact channel input space that contains the origin
(i-e., the length-n; zero vector) and let Fx denote the cumulative distribution function of X. As of the
writing of this paper, the capacity

C(X,H) := max I(X;Y) = max I(X;HX+Z), )
Fx:XeX Fx:XeX
of this channel is unknown and we are interested in finding novel lower and upper bounds.
Even though most of the results in this paper hold for arbitrary convex and compact X, we are
mainly interested in the two important special cases:

(i) per-antenna amplitude constraints, i.e., X = Box(a) for some givena = (Ay,...,Ay,) € Ri’ ;and
(i) n-dimensional amplitude constraint, i.e., X = By(A) for some given A € R_.

Remark 1. Note that determining the capacity of a MIMO channel with average per-antenna power constraints
is also still an open problem and has been solved for some special cases only [13-17].

3. Properties of an Optimal Input Distribution

Unlike the special cases of real and complex-valued SISO channels (i.e., n; = n, = 1), the structure
of the capacity-achieving input distribution, denoted as Fy, is in general not known. To motivate why
in this paper we are seeking for novel upper and lower bounds on the capacity (Equation (2)) instead of
trying to solve the optimization problem directly, in this section we first summarize properties optimal
input distributions must posses, which demonstrate how complicated the optimization problem
actually is. Note that, whereas an optimal input distribution always exists, it does not necessarily need
to be unique.

3.1. Necessary and Sufficient Conditions for Optimality

To study properties of an optimal input distribution, we need the notion of a point of increase of
probability distribution.

Definition 1. (Points of Increase of a Distribution) A point x € R", n € N, is said to be a point of increase of
a given probability distribution Fx if for any open set A C R" containing x, Fx(A) > 0.

The following result provides necessary and sufficient conditions for the optimality of a channel
input distribution.
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Theorem 1. Let Fx be some given channel input distribution and let £(Fx) C X denote the set of points of
increase of Fx. Then, the following holds:

e Fx is capacity-achieving if and only if the Karush—Kuhn-Tucker (KKT) conditions

h(x; Fx) <h(HX+Z), x € X, (3a)
h(x;Fx) = h(HX+Z), x € E(Fx) C X, (3b)
are satisfied [3,18], where
1 lly=Hx|?
h(x; F ::—/ —e 2 lo d
(% Fx) R (2m) % 8 (fy(y))dy

with fy being the probability density of the channel output induced by the channel input X ~ Fx.
o Fx is unique and symmetric if H is left invertible [18].
e Fy(ie., the channel output distribution) is unique [18,19].

3.2. General Structure of Capacity-Achieving Input Distributions

Theorem 1 can be used to find general properties of the support of a capacity-achieving input
distribution, which we will do in this subsection.

Remark 2. Fully characterizing an input distribution that achieves the capacity of a general MIMO channel
with per-antenna or an ni-dimensional amplitude constraint is still an open problem. To the best of our
knowledge, the only general available for showing that discrete channel inputs are optimal was developed by
Smith in [3] for the amplitude and variance-constrained Gaussian SISO channel. Since then, it has been useful
to also characterize the optimal input distribution of several other SISO channels (see, for instance, [4,20-24]).
The method relies on the following series of steps:

1. Towards a contradiction, it is assumed that the set of points of increase € (Fx) is infinite.

2. The assumption in Step 1 is then used to establish a certain property of the function h(x; Fx) on the input
space X. For example, by showing that h(x; Fx) has an analytic continuation to C. Then, by means of the
Identity Theorem of complex analysis and the Bolzano—Weierstrass Theorem [25], Smith was able to show
that h(x; Fx) must be constant.

3. By using either the Fourier or Laplace transform of h(x; Fx) together with the property of h(x; Fx)
established in Step 2, a new a property of the channel output distribution Fy is established. For example,
Smith was able to show that Fy must be constant.

4. A conclusion out of Step 3 is used to reach a contradiction. The contradiction implies that £ (Fx) must be
finite. For example, to reach a contradiction, Smith was using the fact that the channel output distribution
Fy results from a convolution with a Gaussian probability density, which cannot be constant.

Remark 3. Under the restriction that the output space, ), of a Gaussian SISO channel is finite and the
channel input space, X, is subject to an amplitude constraint, Witsenhausen has shown in [26] that the
capacity-achieving input distribution is discrete with the number of mass points bounded as |X| < |Y|.
The approach of Witsenhausen, however, does not use the variational technique of Smith and relies on arguments
from convex analysis instead.

According to Remark 2, assuming in the MIMO case that £(Fx) is of infinite cardinality does
not help (or at least it is not clear how this assumption should be used) in showing that the
capacity-achieving input distribution is discrete and finite. However, by using the weaker assumption
that £(Fx) contains a non-empty open subset in conjunction with the following version of the Identity
Theorem, we can show that the support of the optimal input distribution is a small set in a certain
topological sense.
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Theorem 2. (Identity Theorem for Real-Analytic Functions [27]) For some n € N let U be a subset of R"
and f,g : U — R be two real-analytic functions that agree on a set A C U. Then, f and g agree on R™ if one of
the following two conditions is satisfied:

(i) Adis an open set.
(ii)  Adis a set of positive Lebesgue measure.

Furthermore, for n = 1, it suffices for A to be an arbitrary set with an accumulation point.
We also need the definitions of a dense and a nowhere dense set.

Definition 2. (Dense and Nowhere Dense Sets) A subset A C X is said to be dense in the set X if every
element x € X either belongs to A or is an accumulation point of A. A subset A C X is said to be nowhere
dense if for every nonempty open subset U C X, the intersection A N U is not dense in U.

With Theorem 2 at our disposal, we are now able to prove the following result on the structure of
the support of the optimal input distribution.

Theorem 3. The set of points of increase £ (Fy) of an optimal input distribution Fy is a nowhere dense subset
of X that is of Lebesgue measure zero.

Proof. It is not difficult to show that i(x; F¥) is a real-analytic function on R™ ([18] Proposition 5).
Now, in order to prove the result, we follow a series of steps similar to those outlined in Remark 2.
Towards a contradiction, assume that the set of points of increase £ (Fg) of Fy is not a nowhere dense
subset of X'. Then, according to Definition 2, there exists an open set i/ C X such that £(F{) NU is
dense in .

By using the KKT condition in Equation (3b), we have that /1(x; F{) is constant on the intersection
E(F) NU. Thus, as £(F{) NU is dense in U, it follows by the properties of continuous functions
(real-analytic functions are continuous) that /i(x; Fy) is also constant on I/. Moreover, as I{ is an open set,
Theorem 2 implies that /1(x; F{) must also be constant on R". This, however, leads to a contradiction
as h(x; F§) cannot be constant on all of R, which can be shown by taking the Fourier transform of
h(x; F) and solving for the probability density fy(y) of the channel output (the reader is referred to
[3] for details). Therefore, we conclude that £(Fy) is a nowhere dense subset of X'

Showing that £(F{) has Lebesgue measure zero follows along similar lines by assuming that
E(Fg) is a set of positive measure. Then, Property (ii) of Theorem 2 can be used to conclude that
h(x; F) must be zero on all of /. This again leads to a contradiction, which implies that £ (F{) must be
of Lebesgue measure zero. [

Remark 4. Note that if X = By(A) for some A € Ry and h(x; F) is orthogonally equivariant (i.e., it only
depends on ||x||), then E(FK) can be written as a union of concentric spheres. That is,

e(5) =Jc(ay) @
]

with C(A;) = {x € R" : ||x|| = A;} for some A; € R.. To see this, let
g(x) = h(x; Fx) —h(HX +Z)

and observe that ifx € E(F), then g(x) = 0. Combining this with the symmetry of the function ||x|| — g(||x||),
we have that (We know that it is abuse of notation to use the same letter for the functions x — g(x) and ||x|| —
g(||x||) even if they are different. It is an attempt to say in a compact way that g is orthogonally equivariant.)

Vixl =iyl : x € £(F) =y € E(F)-

120



Entropy 2019, 21, 200

Moreover, this implies that
E(F) =4y,
jeT
where T is possibly of infinite cardinality. In fact, I has finite cardinality. To see this, note that, if g(x) is
real-analytic, then so is g(||x||). However, as ||x|| — g(||x||) is a non-zero real-analytic function on R, it can
have at most finitely many zeros on an interval.

As an example consider the special case n, = ny = n with H = \,,. Then, the union in Equation (4) implies
that the cardinality of £(FY) is uncountable and that discrete inputs are in general not optimal. Therefore,
Theorem 3 can generally not be improved in the sense that for n > 1, statements about the cardinality of £ (F§)
cannot be made. Note, however, that the magnitude of X is discrete. An example of the corresponding optimal
input distribution for the case of n = 2 is given in Figure 1.

X2
o
T
|

X1
Figure 1. An example of a support of an optimal input distribution for the special case ny = n, = n = 2.

Even though Theorem 3 does not allow us to conclude that the optimal input distribution of
an arbitrary MIMO channel is discrete and finite, for the special case of a SISO channel we have the
following partial result.

Theorem 4. (Optimal Input Distribution of a SISO Channel [3,6,28]) For some fixedh € Rand A € R,
consider the SISO channel Y = hX + Z with input space X = [—A, A]. Let F§; be an input distribution that
achieves the capacity, C(X, h), of that channel. Then, Fy satisfies the following properties:

e Fy is unique.

o Fy is symmetric.

o F is discrete with the number of mass points being of the order O( A?).
o F contains probability mass points at {—A, A}.

Moreover, binary communication with mass points at {—A, A} is optimal if and only if A < A, where A =~
1.665.

Theorem 4 can now be used to also address the special cases of multiple-input single output
(MISO) and single-input multiple output (SIMO) channels.
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Theorem 5. Let Y = hTX* 4 Z be a MISO channel with channel matrix hT € R and some optimal input
X* € X C R™. Then, the distribution of W X* is discrete with finitely many mass points. On the other hand,
let Y = hX* + Z be a SIMO channel with channel matrix h € R". Then, the optimal input X* € X C R has
a discrete distribution with finitely many mass points.

Proof. For the MISO case, the capacity can expressed as

C(X,hT) = max I(X;hTX +2)

F:XeX
= max I(hTX;hTX + Z)
Fx:XeX
= max I(5;S+2Z)
Fs:Seh’x
= max 1(S;5+2). (5)

Fs:[S|<rmax(h" X)

Using Theorem 5 we have that the maximizing distribution in Equation (5) F%, where S := hTX,
is discrete with finitely many mass points.

For the SIMO case, the channel input distribution is discrete as a SIMO channel can be transformed
into a SISO channel. Thus, let A € R be finite. Then, the capacity of the SIMO channel can be
expressed as

C(X,h) = max I(X;hX+Z)
Fx:|X|<A

max I(X;|h||X+ Z). (6)
Fxi|X|<A

Again, it follows from Theorem 5 that the mutual information in Equation (6) is maximized
by a channel input distribution, Fy, that is discrete with finitely many mass points. This concludes
the proof. [

Remark 5. Note that in the MISO case, we do not claim F§ to be discrete with finitely many points. To illustrate
the difficulty, let hT = [1, —1] so that

hTX* _ hT XT — Xr — XX
- XE - A1 2

As X{ and X3 can be arbitrarily correlated, we cannot rule out cases in which X; = X — D and
X3 = X — 2D, with D a discrete random variable and X of arbitrary distribution. Clearly the distribution of
X* is not discrete.

Note that in general it can be shown that the capacity-achieving input distribution is discrete
if the optimization problem in Equation (2) can be reformulated as an optimization over one
dimensional distributions. This, for example, has been done in [5] for parallel channels with a total
amplitude constraint.

3.3. Properties of Capacity-Achieving Input Distributions in the Small (But Not Vanishing) Amplitude Regime
In this subsection, we study properties of capacity-achieving input distribution in the regime of

small amplitudes. To that end, we will need the notion of a subharmonic function.

Definition 3. (Subharmonic Function) Let f be a real-valued function that is twice continuously differentiable
on an open set G C R™. Then, f is subharmonic if V2f > 0 on G, where V? denotes the Laplacian (if f is

twice differentiable, its Laplacian is given by V2 f(x1,...,x,) = Y1, 'ZZTJ;).
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We use the following Theorem, which states that a subharmonic function always attains its
maximum on the boundary of its domain.

Theorem 6. (Maximum Principle of Subharmonic Functions [29]) Let G C R" be a connected open set.
If f + G — Ris subharmonic and attains a global maximum in the interior of G, then f is constant on G.

In addition to Theorem 6, we need the following result that has been proven in [30].

Lemma 1. Let the likelihood function of the output of a MIMO channel be defined as

R — R, g(y) — fY(Y)H B
1o

7 €

(2m)2
and let Ay denote the Hessian matrix of log, (¢(y)). Then, the Laplacian (or the trace of Ay) is given by
V2log, (£(y)) = Tr(Ay) = E[JHX|[¥ = y]  [E[HX]Y = y]|" )
Theorem 7. Suppose that r%,, (HX') < log,(e). Then, x — h(x; Fx) is a subharmonic function for every F.

Proof. Let Fy be arbitrary and observe that

h(x; Fx) = —E[log, (fy(Hx+2))]

o 1 o \\Hx;zuz
82\ 2%

Hx + Z|]2 n,,
M] log,(e) + log2<(27r) 2 )

~E[{(Hx+Z)] -E

= -E[((Hx+Z)] —HE{

[Hx|[? + n,
2

= -E[{(Hx+Z)] + log, (e) + logz((zn)%’)

With this expression in hand, the Laplacian of h(x; Fx) with respect to x can be bounded from
below as follows:

2 nr
V2h(x F) = VZ(fEWHHzﬂ + I 0, 0) 10, (2% )
2
~E[V2(Hx + Z)] + V21— IH x” log, (e)
@ IHtz

= —E[Tr(HHTApyi7)] +v2| log, (e)

~E[Tr(HHT Ay, 2)] +Tr(HHT) log, (e)

|v§

E[Tr(HH) Tt (Apy;z)] + Tr(HHT) log, (e)
TT(HHT) (—E[Tr(Anxiz)] +1log(e))

C

> Te(HHT) (=12 (HX) +log(e) ), ®)

Vv

where (a) follows from Equation (7) and the chain rule for the Hessian; (b) from using the
well-known inequality
Tr(CD)? < Tr(C)?Tr(D)?
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that holds for C and D positive semi-definite; and (c) from using the inequality

Tr(Ay) = E[[IHX|?]Y = y] — [E[HX]Y = y]|
< E[|HX]2]Y = y]
< Thax(HX).

Thus, according to the assumption that 12, (HX') < log,(e), the right-hand side of Equation (8)
is nonnegative, which proves the result. [

Now, knowing that h(x; Fx) is a subharmonic function allows us to characterize the support of an
optimal input distribution of a MIMO channel provided that the radius of the channel input space, X,
is sufficiently small.

Theorem 8. Let F§ be a capacity-achieving input distribution and r3,,, (HX) < log,(e). Then, £(Fy) C 0.X.

Proof. From the KKT conditions in Equation (3), we know that, if x € £(F¥), then x is a maximizer
of h(x; F§). According to Theorem 7, we also know that h(x; F) is subharmonic. Hence, from the
Maximum Principle of Subharmonic Functions (i.e., Theorem 6), it follows £(F5) € oX. O

Combining Theorem 8 with the observations made in Remark 4 leads to the following corollary.
Corollary 1. Let X = By(A) and A < ﬁ log,(e). Then,
E(F) € C(4),
where C(A) == {x € R" : ||x|| = A} denotes a sphere of radius A.

We conclude this section by noting that for the special case n; = n, = n with H = I, the exact
value of A such that £(Ff) = C(A) has been characterized in terms of an integral equation in [31],
which is approximately equal to 1.51/7.

4. Upper and Lower Bounds on the Capacity

The considerations in the previous section have shown that characterizing the structure of
an optimal channel-input distribution is a challenging question in itself that we could only partially
answer. A full characterization, however, is a necessary prerequisite to narrow down the search
space in Equation (2) to one that is tractable. Except for some special cases (i.e., special choices of
&), optimizing over the most general space of input distributions that consists of all continuous
n;-dimensional probability distributions Fx with X € X, is prohibitive (Note that Dytso et al. [32]
summarized methods of how to optimize functionals over the space of probability distributions that
are constrained in there support). Thus, up to the writing of this paper, there is little hope in being able
to solve the problem in Equation (2) in full generality so that in this section we are proposing novel
lower and upper bounds on the capacity C(X, H). Nevertheless, these bounds will allow us to better
understand how the capacity of such MIMO channels behaves.

Towards this end, in Section 4.1, we provide four upper bounds. The first is based on an upper
bound on the differential entropy of a random vector that is constraint in its pth moment, the second
and third bounds are based on duality arguments, and the fourth on the relationship between mutual
information and the minimum mean square error (MMSE), I-MMSE relationship for short, known
from [33]. The three lower bounds proposed in Section 4.2, on the other hand, are based on the
celebrated entropy power inequality, a generalization of the Ozarow-Wyner capacity bound taken
from [11], and on Jensen’s inequality.
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4.1. Upper Bounds
To establish our first upper bound on Equation (2), we need the following result ([11] Th. 1).

Lemma 2. (Maximum Entropy Under pth Moment Constraint) Let n € Nand p € (0, 00) be arbitrary.
Then, for any U € R" such that h(U) < oo and ||U||, < oo, we have

1(U) < nlog, (kn,pn% |\U\|p>,

where

==
=

_ Vmer(h)
r(3+1)

r(2 1)

K p =

o=

Theorem 9. (Moment Upper Bound) For any channel input space X and any fixed channel matrix H,
we have

B} kn 1
C(X,H) < Cy(X,H) := inf n, lo P _w %+ Z, |,
( ) m( ) p0 r 108, ((2719)% Al ”P)

where X € HX is chosen such that ||X|| = rmax(HX).
Proof. Expressing Equation (2) in terms of differential entropies results in

C(X,H) = F,g}(aexx h(HX+Z) —h(Z)

(a) k 1
< max_n,log, BPnl | HX 4 Z|,
FxXeX (27te)2

(b) knp 3
= 1,1 v HX + Z , 9
ny Og2<(2ne)% ny F)IB?GXX [HX +Z]|, )

where () follows from Lemma 2 with the fact that #(Z) = % log, (27re); and (b) from the monotonicity
of the logarithm.

Now, notice that || HX + Z||, is linear in Fx and therefore it attains its maximum at an extreme point
of the set Fx := {Fx : X € X'} (i.e., the set of all cumulative distribution functions of X). As a matter
of fact [26], the extreme points of Fx are given by the set of degenerate distributions on X’; that is,
{Fx(y) =d(y),y € X}xcx- This allows us to conclude

max_|[HX 4 Z||, = max [[Hx + Z[| ..
Fx:XeX xeX

Observe that the Euclidian norm is a convex function, which is therefore maximized at the
boundary of the set HX. Combining this with Equation (9) and taking the infimum over p > 0
completes the proof. [J

The following Theorem provides two alternative upper bounds that are based on duality arguments.

Theorem 10. (Duality Upper Bounds) For any channel input space X' and any fixed channel matrix H

Vol (Bo(d)) )

10
(Zne)% (10)

C(Xr H) < C_Dual,l(')(r H) = logz <Cn7 (d) +
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where < )
ny—1 T n—1
o [y — 1) 2 i
d=r HX), ¢y, (d) = . 4,
B0 0@ = (") et
and
_ 2A;
C(X,H) < Cpuaia(X, H) Zlogz< ﬁ) n

where a = (Ay, ..., An,) such that Box(a) = Box(HX).
Proof. Using duality bounds, it has been shown in [8] that for any centered n-dimensional ball of

radiusr € R

VO](B()(V))
16X +2Z) <1 —— | 12
popax 1XiX+2) < 0g2<cn(r)+ 2r0)’ (12)

where ¢, (r) = 21 ("7 );S;i)) 7

Now, observe that
C(X,H) = max h(HX+ Z) — h(HX + Z|HX)
Fx:XeXx
= max I[(HX;HX+Z)

FXeX

= max I(X;X+2Z) (13)
Fg:XeHX

(a) o

< max I(X; X+ Z)
Fy:X€By(d),d:=rmax(HX)

(b) Vol B
< log, (Cnr (d) + 0 old >
27Te

where (a) follows from enlarging the optimization domain; and (b) from using the upper bound in
Equation (12). This proves Equation (10).

To show the upper bound in Equation (11), we proceed with an alternative upper bound
to Equation (13):

C(X,H)= max I(X;X+2)
FgXeHX

INE

“max  I(X;X+Z)
Fg:XeBox(HY)

INE
=

max 1(X; X + Z;
FXXEBOX(HX)Z ( v Z)
(0 .o
= max I(X; X+ Z;)
i—1 FX,:\Xi\gA,-

(d n 2A;
< 1 1+
lZl 0g2< e )

where the (in)equalities follow from: (a) enlarging the optimization domain; (b) single-letterizing
the mutual information; (c) choosing individual amplitude constraints (As, ..., Ay,) = a € R} such
that Box(a) = Box(HX); and (d) using the upper bound in Equation (12) for n = 1. This concludes
the proof. [
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As mentioned at the beginning of the section, another simple technique for deriving upper bounds
on the capacity is to use the I-MMSE relationship [33]

1(x;x+z):%/ﬂﬁ[”x-mmﬁwrzmz] dy. (14)

For any 7 > 0, the quantity E [||X — E[X |/7X + Z]||?] is known as the MMSE of estimating X
from the noisy observation /79X + Z. An important fact that will be useful is that the conditional
expected value E[X |,/7X + Z] is the best estimator in the sense that it minimizes the mean square
error over all measurable functions f : R" — R™; that is, for any Y € R and X € R™

E[IX-EXY]]?] = inf E[IX=fV)]]. (1s)

f is measurable

Theorem 11. (I-MMSE Upper Bound) For any channel input space X and any fixed channel matrix H

- %+ Zlog, 7“’*("”() , 12 (HX >n
C(X,H) < C_mmse(X, H) = log,(e) (HX) ( h ) e '
L rmax(HX) <ny
Proof. Fix some € € [0,1] and observe that

2
log, (e)

I(X;HX +Z) & log%I(HX; HX + Z)
2

/01 E[|[HX — E[HX|/7HX + Z]|2] dy

. /OEIE[HHX — E[HX|/THX + Z]|*] dy

=

1

n / E[|[HX — E[HX|/7HX + Z]||*] dy
€

©)

< /S]E[HHX— 0[2]dy
+/ “HX— = (VAHX +2) H }
B[IHx2) + [ 1E(lZI?
B[IWXI?] + [z loge(é)
B(IHXI) + nrlog, 1),
where the (in)equalities follow from: (a) using that I(HX; HX + Z) = I(X;HX + Z) for any fixed
H; (b) using the I-MMSE relationship in Equation (14); and (c) using the property that conditional

expectation minimizes mean square error (i.e., (15)).
Now, notice that

It
max I(X;HX+Z) < max logy(€) eE[||HX|?] + n,log 1
F:XeX IXex 2 c\e

1
<12 -
<€ r)_(r&a)z( L nrloge<€>)

1
2
@ %(erﬁmx(HX) +n,loge(%)>, (16)
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where (1) follows from maxg,.xex E [||HX||?] = maxzey |HX|? (the same argument was used in the
proof of Theorem 9); and (b) from the definition of 12, (HX).

Since € is arbitrary, we can choose it to minimize the upper bound in Equation (16). Towards this
end, we need the following optimization result

) 1\\ _ | b+blog(§), a>b
612[(1)%]<ea+blog(e>> —{ . a<b (17)

which is easy to show. Combining Equation (16) with Equation (17), we obtain the following upper
bound on the capacity

ne g ony Thax (HX) 2 >
max I(X; HX+Z) < 2 + 2 103( ny >' rmax(HX) Z Ny
Bexex Tmax(HY), Tmax(HX) < 1,

This concludes the proof. [

Corollary 2. For any channel input space X and any fixed channel matrix H

H|?r2 ., (X
IR D), I H| 212 0 (X) =

ny
IHIrfa () < ny

, %+ % log
Ci-mmse(X, H) < log,(e) HZH‘Z}lZ (X)e(

max
2

Proof. The corollary follows by upper bounding Equation (16) using the fact that 2, (HX) <
IHlrfax (). O

Remark 6. In the proof of Theorem 11, instead of using sub-optimal estimators f(Y) = 0 and f(Y) = %Y,
we could have used an optimal linear estimator of the form f(Y) = nyK{{lY, where Kxy denotes the
cross-covariance matrix between X and Y and Ky the covariance matrix of Y. This choice would result in the
capacity upper bound

C(X,H) < max 1

KX, 3 1082 (det(b, + HIKHT) ) (18)

with Ky the covariance matrix of the channel input. While Equation (18) is a valid upper bound, as of the
writing of this paper, it is not clear how to perform an optimization over covariance matrices of random variables
with bounded support. One possibility to avoid this is to use the inequality between arithmetic and geometric
mean and bound the determinant by the trace:

det(lm + HKXHT> <

Tr(1,, + HKHT) ) 2\ ™
n + HKx _ <|Z+HX2> 19

ny ny

However, combining Equation (19) with Equation (18) is merely a special case of the moment upper bound
of Theorem 9 for p = 2. Therefore, the estimators in Theorem 11 are chosen to obtain a non-trivial upper bound
avoiding the optimization over covariance matrices.

In Section 5, we present a comparison of the upper bounds of Theorems 9-11 by means of
a simple example.

4.2. Lower Bounds

A classical approach to bound a mutual information from below is to use the entropy power
inequality (EPI).
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Theorem 12. (EPI Lower Bounds) For any fixed channel matrix H and any channel input space X with X
absolutely continuous, we have

n, 2%h(Hx)
C(X, H) > CEPl(XV H) = Fr%(aexx 7 10g2 1+ W . (20)
X:

Moreover, if ny = n, = n, H € R"*" invertible, and X uniformly distributed over X, then

@1

2 2
n det(H)|# Vol(X)n
C(X,H) Z QEPI(Xr H) = Elogz (1 + |()27_[e()>

Proof. By means of the EPI
5 h(HX+Z) > i h(HX) + 2%;1(2),

we conclude
) 2 max_ h(HX)
ZVTVC(X’H) > 14 (27‘[6)712 Fx:XeX

7

which finalizes the proof of the lower bound in Equation (20).
To show the lower bound in Equation (21), all we need is to recall that

h(HX) = h(X) + log, |det(H)],

which is maximized for X uniformly distributed over X'. However, if X is uniformly drawn from &,
we have
2

25 (HX) — Vol (HX) 7 = |det(H)|7Vol(X) 7,
which completes the proof. [

The considerations in Section 3 suggest that a channel input distribution that maximizes
Equation (2) might be discrete. Therefore, there is a need for lower bounds that unlike the bounds in
Theorem 12 rely on discrete inputs.

Theorem 13. (Ozarow-Wyner Type Lower Bound) Let Xp € supp(Xp) C R™ be a discrete random vector
of finite entropy, g : R" — R™ a measurable function, and p > 0. Furthermore, let K, be a set of continuous
random vectors, independent of Xp, such that for every U € K, we have h(U) < oo, ||U||, < oo, and

supp(U +x;) Nsupp(U +x;) = @ (22)
for all x;,x; € supp(Xp), i # j. Then,

C(X,H) > Cow (X, H) = [H(Xp) — gap] ",

where
gap:=  inf  (G1,(UXp,g)+ Gap(U))
gmeasur’able
p>0
with
IU+Xp —g(Y)llp
Gp(U,Xp, ) = nylog, [ — D8, (23)
Ul
1
X knz,p ”tp HUHV
GZ,p (U) = ntlogz (W , (24)
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and ky,,p as defined in Lemma 2, respectively.

Proof. The proof is identical to ([11] Theorem 2). To make the manuscript more self-contained,
we repeat it here.
Let U and Xp be statistically independent. Then, the mutual information I(Xp;Y) can be lower
bounded as
(a)
I(Xp;Y) > I(Xp + UY)
h(Xp +U) — h(Xp + UJY)

< H(Xp) + h(U) — h(Xp + U]Y). (25)

Here, (a) follows from the data processing inequality as Xp + U — Xp — Y forms a Markov
chain in that order; and (b) from the assumption in Equation (22). By using Lemma 2, we have that the
last term in Equation (25) can be bounded from above as

1
h(Xp +U|Y) < n;log, <kn[,p n! |Xp +U —g(Y) H,,).
Combining this expression with Equation (25) results in

I(Xp;Y) > H(Xp) — (G1,,(U,Xp, g) + Go,p(U)),

with Gy, and Gy as defined in Equations (23) and (24), respectively. Maximizing the right-hand side
over all U € K, measurable functions ¢ : R"* — R"™, and p > 0 provides the bound. [

Interestingly, the bound of Theorem 13 holds for arbitrary channels and is therefore not restricted
to MIMO channels. The interested reader is referred to [11] for details.

We conclude the section by providing a lower bound that is based on Jensen’s inequality and
holds for arbitrary inputs.

Theorem 14. (Jensen’s Inequality Lower Bound) For any channel input space X and any fixed channel
matrix H, we have

2\ ¥
> = + - -1
C(X,H) e QJensen(XrH) &q;(aEXXlogz <<e> l/] (X,H)) (26)

o afon( M) (7).

where X' is an independent copy of X and ¢x denotes the characteristic function of X.

with

Proof. To show the lower bound, we follow an approach of Dytso et al. [34]. Note that by
Jensen’s inequality

h(Y) = ~Ellog, fy(Y)] > ~log, E[f(Y)] = ~log, [ Ax(y)fr(y)dy. @)

Now, evaluating the integral in Equation (27) results in

S A f(y)dy = ﬁ /R E[efw]E{e*W}dy
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(@ 1 ly=HX|2+ly—Hx'|2
= (27‘()’”1[4:{/11{»” e 2 dy
1Y 12 —x!
®) 1 E{e* X HX'| / oy HXX') szy}
Rnr

(0 1 {e, HH<X;X’>H2 } )

(28)

where (a) follows from the independence of X and X' and Tonelli’s Theorem ([35] Chapter 5.9);
(b) from completing a square; and (c) from the fact that [p,, e*”yfwuzdy = Jgm e I¥Pdy = 7%,
Combining Equation (27) with Equation (28) and subtracting /1(Z) = % log,(27re) completes the proof
of the first version of the bound.

To show the second version, observe that

_ IHx=x)|2
E[e H(X-X } (:)E{(PH(T/EX/) (z)]
VE[pux (2)9_uy (2)]
2 V2
¥ H'z), (_Hz
=E ¢X< \/E )‘PX/ \/Q >
@ [ [(HTZ H'Z
=K — =
()%
(h) HTzZ\ . (H'Z
Y 0z b
() (%)
wAYE
—E 0z
{CPx( NG ) ] ,
where (d) follows from Parseval’s identity ([35] Chapter 9.5) by noting that exp(—|| - ||>/2)

!
is a characteristic function of Z and ¢y x/ (+) is a characteristic function of H()f/ix ) ; (e) from using

the property that the characteristic functizon of a sum of random vectors is equal to the product of its
characteristic functions; (f) from using the fact that a characteristic function is a linear transformation;
(g) from using that X and X’ have the same characteristic function; and (h) from the fact that the
characteristic function is Hermitian. This completes the proof. [

Remark 7. As is evident from our examples in the following sections, in many cases, the Jensen’s inequality
lower bound of Theorem 14 performs remarkably well. The bound, however, is also useful for MIMO channels
that are subject to an average power constraint. For example, evaluating Equation (26) with X ~ N (0, Kx)

results in
1 2 min(n,,n;)
I0GHX+2) >  log] (E) det(I,, + HKxHT) |.

Note that this bound is within % log, (%) bits of the capacity of the power-constrained channel.

In Section 3, we discuss that the distributions that maximize mutual information in 7;-dimensions
are typically singular, which means that they are concentrated on a set of Lebesgue measure zero.
Singular distributions generally do not have a probability density, whereas the characteristic function
always exists. This is why the version of Jensen’s inequality lower bound in Theorem 14 that is
based on the characteristic function of the channel input is especially useful for amplitude-constrained
MIMO channels.
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5. Invertible Channel Matrices

Consider the symmetric case of n; = n, = n antennas with H € R"*" being invertible. In this
section, we evaluate some of the lower and upper bounds proposed in the previous section for the
special case of H being also diagonal and then characterize the gap to the capacity for arbitrary
invertible channel matrices.

5.1. Diagonal Channel Matrices
Suppose the channel inputs are subject to per-antenna or an n-dimensional amplitude constraint.

Then, the duality upper bound Cp,a12(X, H) of Theorem 10 takes on the following form.

Theorem 15. (Upper Bounds) Let H = diag(hy1, ..., hun) € R™*" be fixed. If X = Box(a) for some
a=(Aq,...,Ay) € R, then

2|hyi| A
Cpbual 2(Box(a Z 10g2< j/% > (29)

Moreover, if X = By(A) for some A € R, then

L) 0

Vn2me

Proof. The bound in Equation (29) immediately follows from Theorem 10 by observing that
Box(HBox(a)) = Box(Ha). The bound in Equation (30) follows from Theorem 10 by the fact that

Cbual2(Bo(A) Z log, <1 +

Box(HBy(A)) C Box(HBox(By(A))) = Box(h),

where h == \%(\hn |,.-., |hun|). This concludes the proof. [

For an arbitrary channel input space &, the EPI lower bound of Theorem 12 and Jensen’s inequality
lower bound of Theorem 14 take on the following form.

Theorem 16. (Lower Bounds) Let H = diag(hy, ..., hun) € R"*" be fixed and X arbitrary. Then,

n

gt () L
gJensen(X/H) - 10g2 <<e> l[)(H,b*)) (31)
with .
$(H/b7) = min [ T (i[5,

whereb = (By,...,By) and ¢ : Ry — Ry,

(x) = % (e — 1+ vax(1-2Q(vax)) ). (32)
Moreover, R
2 [TT hyi| ™

Cepi(X,H) = 10gz <1+V01( )’H’;Te) (33)
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Proof. For some given values B; € R, ,i = 1,...,n, let the ith component of X = (X1,...,Xn) be
independent and uniformly distributed over the interval [—B;, B;]. Thus, the expected value appearing
in the bound of Theorem 14 can be written as

HX—X)|12 2 (X X)2 n W2 (X;—X])2 W2 (X;-X1)2
E|:67H(4)H:|:E|:eilln4x i :|:E T A} i ii 14

I1e 4} =}j[€{e’7i)}. (34)

i=1

Now, if X’ is an independent copy of X, it can be shown that the expected value at the right-hand
side of Equation (34) is of the explicit form

711121.(,(‘-—1:;)2
Ble | = gz

with ¢ as defined in Equation (32). Finally, optimizing over all b = (B, ..., B,) € X results in the
bound (31). The bound in Equation (33) follows by inserting |det(H)| = |[T\_; ;| into Equation (21),
which concludes the proof. [

In Figure 2, the upper bounds of Theorems 9 and 15 and the lower bounds of Theorem 16 are
depicted for a diagonal 2 x 2 MIMO channel with per-antenna amplitude constraints. It turns out that
the moment upper bound and the EPI lower bound perform well in the small amplitude regime while
the duality upper bound and Jensen’s inequality lower bound perform well in the high amplitude
regime. Interestingly, for this specific example, the duality upper bound and Jensen’s lower bound are
asymptotically tight.

14 | | === Moment upper bound, Cy
=== Duality upper bound, Cpyal2
12 | | === MMSE upper bound, C,_mmsE

@ Jensen'’s lower bound, C jensen
2 10 || == EPIlower bound, Cpy
o}
e '
g 8| <
E 0.5
2 | i
g °
2
Z |
| i
- -
0 — —-m—-— : ‘
0 5 10 15 20 » %

Amplitude Constraint, A, in dB

Figure 2. Comparison of the upper and lower bounds of Theorems 9, 11, 15, and 16 evaluated for
a2 x 2 MIMO system with per-antenna amplitude constraints A; = Ay = A (i.e,a = (A, A)) and
channel matrix H = (0(')3 O(.jl ) The nested figure represents a zoom into the region 0dB < A < 5dB to

visualize the differences between the bounds at small amplitude constraints.

5.2. Gap to the Capacity

Our first result provides and upper bound to the gap between the capacity in Equation (2) and
the lower bound in Equation (21).
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Theorem 17. Let H € R™*" be of full rank and

B Vol(Bg (rmax(HX)))
- Vol(HX)

p(X,H):

Then, "
1 2
C(X, H) — Cepi(, H) < 7 log, ((om) Tp(, H) ).
Proof. For notational convenience, let the volume of an n-dimensional ball of radius r > 0 be
denoted as
st

r(4+1)

Now, observe that, by choosing p = 2, the upper bound of Theorem 9 can further be upper
bounded as

Viu(r) == Vol(Bo(r)) = Vu(1)r" =

_ k
Cm (X, H) < nlog, | "2 n7 % +Z]5
(2me)2

a

1 0
log2<EE[Hx+ZH2}>
1o
togs (1+ %12,

where (a) follows since k,, = 4/ 2% ; and (b) since E[||Z||?] = n. Therefore, the gap between
Equation (21) and the moment upper bound of Theorem 9 can be upper bounded as follows:

NS NI

. n 1+ 1yx|2
Cm (X, H) = Cepi (X, H) = 7 log, nil‘”;
1+w

2me

&
=
=
+
=
/~
<=
CE)
N

2
1 ( o(XH)Vol(HX) \ #
1+ﬁ(p V(1) )
2

Vol(HX) 7
2me

2o e (AE10))

1
n

n
> log,
1+

INE

INS

n 2
5 log, ((7on) T p (X, H)T).
where (a) is due to the fact that ||x|| is the radius of an n-dimensional ball; (b) follows from the

inequality 111‘; < cforc > 1land x € Ry; and (c) follows from using Stirling’s approximation to

2

: 1\ 1 1+1

obtain (—) < L _ylta. O
V(1) = 2enlw

The term p(X, H) is referred to as the packing efficiency of the set HX'. In the following proposition,
we present the packing efficiencies for important special cases.
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Proposition 1. (Packing Efficiencies) Let H € R"*" be of full rank, A € Ry, and a = (A;,..., A;) €
R’ Then,

P(BO(A)/IH) =1, (35)
p (o), H) = (36)
' |det(H)]’
ntal”
Box(a),l;) = ——— , 37
P = Ty, & @
2 [H]["[la]"
Box(a),H) < . 38
(B W) < £y 1) Jae (W T A o9
Proof. The packing efficiency in Equation (35) follows immediately. Note that
rmax (HBo(A)) = (Sax | [IHx]| = [H]| 4.
Thus, as H is assumed to be invertible, we have Vol(HBy(A)) = |det(H)|Vol(By(A)),

which results in Equation (36). To show Equation (37), observe that

n
2

Vol (o (rmae(11Box(a)))) = Vol (a(al)) = " lal"

The proof of Equation (37) is concluded by observing that Vol(1,Box(a)) = [/, A;. Finally,
observe that Box(a) C By(]|al|) implies rmax(HBox(a)) < rmax(HBo(||a]|)) so that
Vol (Bo([[HIl[[]l)) ad [H]["[la]"

p(H,Box(@)) < Vol(HBox(a))  T(4 +1) [det(H)[ T A;’

which is the bound in Equation (38). O

We conclude this section by characterizing the gap to the capacity when H is diagonal and the
channel input space is the Cartesian product of n# PAM constellations. In this context, PAM(N, A)
refers to the set of N € N equidistant PAM-constellation points with amplitude constraint A € R
(see Figure 3 for an illustration), whereas X ~ PAM(N, A) means that X is uniformly distributed over
PAM(N, A) [11].

o - } o o =
—A 0 A X
-
2A

Figure 3. Example of a pulse-amplitude modulation constellation with N = 4 points and amplitude
constraint A (i.e., PAM(4, A)), where A :== A/(N — 1) denotes half the Euclidean distance between two
adjacent constellation points. In the case N is odd, 0 is a constellation point.

Theorem 18. Let H = diag(li1,..., ) € R™" be fixed and X = (Xq,...,Xy). Then, if X; ~
PAM(N;, A;),i=1,...,n, for some given a = (Aq, ..., An) € R, it holds that

Cpual2(Box(a), H) — Cow(Box(a), H) < ¢ nbits, (39)
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where N; := {1 + zjﬁlJ and

e
1 e 1 6
ci=1+;logy(75") + 5 log <1 + 7Te> ~ 1.64.
Moreover, if X; ~ PAM(N;, A), i =1,...,n, for some given A € R, it holds that

Cpual2(Bo(A), H) — Cow(Bo(A),H) < c - nbits, (40)

- 2A ]| J
where N; := {1 + NIk
Proof. Since the channel matrix is diagonal, letting the channel input X be such that its elements X;,
i=1,...,n, are independent, we have that

n
IOGHX+2Z) = Y I(X;; higX; + Z)).
=

Let X; ~ PAM(N;, A;) with N; == {1 + 2\’;"%% and observe that half the Euclidean distance
between any pair of adjacent points in PAM(N], A;) is equal to A; == A;/(N; — 1) (see Figure 3),
i=1,...,n. Tolower bound the mutual information I(X;; h; X; + Z,'), we use the bound of Theorem 13
for p = 2 and n; = 1. Thus, for some continuous random variable U that is uniformly distributed over
the interval [—A;, A;) and independent of X;, we have that

mey 1 E[(U+X; —g(¥))?]
[(Xg; hisXi + Zi) > H(X;) — 1og2( ) - zlogz( £ . (41)
Now, note that the entropy term in Equation (41) can be lower bounded as
2A; || 2A; \h |
H(X;) =1o 1+#J>>1 <1+ i) + 1o 42
(X;) 22 < \‘ J2re = 1og, V2re 82( ) (42)

where we have used that [x| > J for every x > 1. On the other hand, the last term in Equation (41)
can be upper bounded by upper bounding its argument as follows:
E[(U+X;—g(¥))*]

994 BE[(X; — g(¥i))?]
E[U?] A?
3E[Z7](N; — 1)
AZ|hy|?
3(N; —1)?
A?|h;|?

b)
<1+
=1+

2A|h|
2 1 + ( V2rme )
B AF |t
6
=1+ — 4
* e (43)
2

where (a) follows from using that X; and U are independent and E[U?] = A3' ; (b) from using the
estimator g(Y;) = ;TY and (c) from N; = {1 + Z%‘%‘J <1+ zjﬁl Combining Equations (41), (42),
and (43) results in the gap in (39).

The proof of the capacity gap in Equation (40) follows along similar lines, which concludes
the proof. [
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We are also able to determine the gap to the capacity for a general invertible channel matrix.

Theorem 19. For any X and any invertible H

12, 12
C(X,H) — Cow(X,H) <log,(nn) +glog2 <1+4n(4+4n) (H rH mj{;)( 1) + ”r!H(XH) >>

mln( min

Proof. Let X be uniformly distributed over a set constructed from an n-dimensional cubic lattice with
the number of points equal to N = [ ||x + Z||4 |, where X € HX is chosen such that ||X|| = rmax(HX),
and scaled such that it is contained in the input space X'. Note that the minimum distance between
point in X are given by
"min (X )
Amin (SUPP(X)) =1
N

Now, we compute the difference between the moment upper bound of Theorem 9 and the

Ozarow-Wyner lower bound of Theorem 13:

_ (a)
Cm (X, H) — Cow (X, H) < log,([Ix+Z|2) — H(X) +gap
= nlog, (X + Z||2) — log, (|[x + Z||3]) + gap
(b)
< log,(2) + gap, (44)

where (a) follows from Theorem 9 by choosing p = 2; and (b) by using the bound |x] > 3 for x > 1.
The next step in the proof consists in bounding the gap term, which requires to upper bound the terms
in Equations (23) and (24) individually. Towards this end, choose p = 2 and let U be a random vector
that is uniformly distributed over a ball of radius dp,;, (X). Thus, for (23) it follows

U+X—¢g(Y
G12(U, X, g) = nlog, (W)

[U—H"Z],
= n10g2< IGIE

IH'Z|33
1+ —*=
2( [U]13

(b) 4+4n )IH™1Z|3
0 o1+ 2
m|n SUPP(X))
(© (4+4n)|H 'z z
on 2<1+ +an)|H2 ||2>
Trnin (X)
@ e (14 (4+4n)||H'Z|3 (rhax(HX) + 1)
2 82 ANEY
14 4(4+4n) [HPIZIE (rhax(HX) + 1)
2
rmln(X)

Taoin(X)

min

<1+ (4-+4n) [H |21 (R (HX) + ))_

137



Entropy 2019, 21, 200

2 Amin(supp(X))
r — min
o where r = "SRR s

the radius of an n-dimensional ball; (¢) from dropping the floor function in the expression for the
minimum distance, i.e.,

where (a) follows by choosing g(Y) = H™'Y: (b) by using ||U||3 =

L 1
B N Lx+2Z]5]" _ [x+Z]2

1 = = S /
dmln (SUPP(X)) ‘r‘min(‘)() Tmin (X) N rmi"(X) '

(d) follows by expanding ||% + Z||3 using that ||X|| = rmax(HX); and (e) from using the bound
IH7'Z]2 < [IH7H(]]1Z]|2.
On the other hand, the term G, (U) can be bounded from above as follows ([36] Appendix L):

1
kn,p n? |[U]] 1
Ga,p(U) = nlog, (pzlh(U)P < nlogz((rm)n>.

Combining these two bounds with the one in (44) provides the result. [

6. Arbitrary Channel Matrices

For an arbitrary MIMO channel with an average power constraint, it is well known that the
capacity is achieved by a singular value decomposition (SVD) of the channel matrix (i.e., H = UAVT)
along with considering the equivalent channel model

Y=NAX+2Z,

where Y := UTY, X := VTX, and Z := UTZ, respectively.
To provide lower bounds for channels with amplitude constraints and SVD precoding, we need
the following lemma.

Lemma 3. For any given orthogonal matrix V€ R™*"™ and constraint vector a = (A1, ..., Ay,) € R, there
exists a distribution Fx of X such that X = VX is uniformly distributed over Box(a). Moreover, the components
X1, ..., Xn, of X are mutually independent with X; uniformly distributed over [—A;, A;], i =1,...,nt.

Proof. Suppose that X is uniformly distributed over Box(a); that is, the density of X is of the form

fx(%)

1 g
= 7\/01(]30)(@)) , X € Box(a).

Since V is orthogonal, we have VX = X and by the change of variable Theorem for x € VBox(a)

1

1 1
fx(x) = Wf)‘((VTX)

- |det(V)|Vol (Box(a)) - Vol (Box(a))

Therefore, such a distribution of X exists. [

Theorem 20. (Lower Bounds with SVD Precoding) Let H € R"™*"™ be fixed, nyi, = min(n,,ny),
and X = Box(a) for somea = (Ay,..., Ay,) € ]Rﬁ':. Furthermore, let 0;,i = 1,..., nyin, be the ith singular
value of H. Then,

CJensen (Box(a), H) = log; <(i) ’ 1> (45)

P(H,b*)
and
no. |Hf’min A0-|ﬁ
Cepi(Box(a), H) = %logz 1+% , (46)
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where .
Hb*):= min ]| o(cB:
#(H,b") bergég(a)gw( iB;)

with b := (B, ..., By,) and ¢ as defined in Equation (32).

Proof. Performing the SVD, the expected value in Theorem 14 can be written as

[HX=X)|2 JuavT (x-x')|2 IAvT (x=x") |12 [IAX=X")?
E{e’ 3 }:E{e’ I =Ele” i =Ele” T .

By Lemma 3, there exists a distribution Fx such that the components of X are independent and
uniformly distributed. Since A is a diagonal matrix, we can use Theorem 16 to arrive at Equation (45).

Note that by Lemma 3 there exists a distribution on X such that X is uniform over Box(a) C R™
and AX is uniform over ABox(a) C R'min, respectively. Therefore, by the EPI lower bound given in
Equation (20), we obtain

. zﬁh(l\f()
Cepi(Box(a), H) = =3 log, | 1+ = ——

27te

_2
— "7in log, (1 . Yol(ABox(a)) "mi )

27me

2
n

h ) _2_
_ Mo o (1 i A T o )
e

2

which is exactly the expression in Equation (46). This concludes the proof. [

Remark 8. Notice that choosing the optimal b for the lower bound in Equation (45) is an amplitude allocation
problem, which is reminiscent of waterfilling in the average power constraint case. It would be interesting to
study whether the bound in Equation (45) is connected to what is called mercury waterfilling in [37,38].

In Figure 4, the lower bounds of Theorem 20 are compared to the moment upper bound of
Theorem 2 for the special case of a 3 x 1 MIMO channel. Similar to the example presented in Figure 2,
the EPI lower bound performs well in the low amplitude regime, while Jensen’s inequality lower
bound performs well in the high amplitude regime.

We conclude this section by showing that for an arbitrary channel input space X, in the large
amplitude regime the capacity pre-log is given by min(n,, n;).

Theorem 21. Let X be arbitrary and H € R™*™ fixed. Then,

C(X,H)

lim ————2 2 ——— = min(n,,n).
Tmin (X)—00 10g2 (l + 727\7;%‘”) ’

Proof. Notice that there always exists a € R’} and ¢ € R such that Box(a) C X C cBox(a). Thus,
without loss of generality, we can consider X = Box(a), a = (4, ..., A), for sufficiently large A € R..
To prove the result, we therefore start with enlarging the constraint set of the bound in Equation (11):

Box (HBox(a)) € Bo(rmax(HBox(a)))
c Bo(rmax(HBO(\/VTfA)))
= Bo(rmax (UAVT Bo(\/11:A)))
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Bo (rmax (UABy(/111A)))
Bo(rmax(ABO \/7A)))
By(r)
Box(a'),

NN

where r := \/mAy /Y™ 0% and a’ := ( V;f,. .., =) € RI™". Therefore, by using the upper bound
in Equation (11), it follows that

A /anmo-
C(Box(a),H) < Z:log2 <1 + i) < Npmin log, [ 1+ 2 v

i—1 V2rme V2re v min
Moreover,
2 VAL o
C(Box(a), H) B
lim < Nppjn lim = Mmin-
A—oo log, (1 + Tne) A—roo log, (l + ﬁ>

Next, using the EPI lower bound in Equation (46), we have that

Heninn | 2
1o (1 + —A‘Hi:mlm ;| Mmin )
lim 7CEP|(BOX( AN _ Npmin Im 2 e =n
A—o0 ~min A—o0 ~min
10g2(1+ \/ﬁ) 10g2<1+ \/ﬁ)

This concludes the proof. [

3.5 T T T

= Moment upper bound
3| |=="Jensen’s lower bound + SVD
= =+ EPI lower bound + SVD

Rate in bits/channel use

-
oE=== =" I I I I I

0 2 4 6 8 10 12 14 16
Amplitude Constraint, A, in dB

Figure 4. Comparison of the upper bound in Theorem 2 with the lower bounds of Theorem 20 for
a3 x 1 MIMO system with amplitude constraints Ay = Ay = A3 = A (i.e, a = (A, A, A)) and channel
matrix h = (0.6557,0.0357,0.8491).
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7. The SISO Case

In this section, we apply the upper and lower bounds presented in the previous sections to the
special case of a SISO channel that is subject to an amplitude constraint (i.e., X = [—A, A] for some
A € Ry) and compare them with the state-of-the art. More precisely, we are interested in upper and
lower bounds to the capacity

C([-A,ALh) = sz)ggﬁXA A I(X;hX+Y). (47)

Without loss of generality, we assume / = 1 in all that follows.

7.1. Upper and Lower Bounds

As a starting point for our comparisons, the following Theorem summarizes bounds on the
capacity (47) that are known from the literature. The bounds are all based on the duality approach that
we generalize in Section 4 to the MIMO case.

Theorem 22. (Known Duality Upper Bounds) Let A > 0 be arbitrary. Then, the following are valid upper
bounds to the capacity of the amplitude-constrained SISO channel defined in Equation (47).

e McKellips upper bound [7]:

C([=A, A],1) < Cyex ([—A, A],1) == log, <1 + Zz‘jre) 48)

o Thangaraj—Kramer—Bocherer upper bound ([8] Theorem 1):

C(1~A A1) < Crig([-4,A)1) = { platos,(\/ZA) + Hu((4), 42 < 6304am

Cuek ([—A, AL D), else,
(49)
where B(A) =  — Q(2A) and Hy, denotes the binary entropy function.
e Rassouli—Clerckx upper bound [9]:
C([*A, A], 1) S C_Rc([fA, A}, 1) = C_TKB([fA, A], 1) + W(A), (50)
where . . . (24)
1 2 _ 2 g
W(A) = 5 (loge(a (A)) + (A 1) (2 +Q(2A)> + 202(A)’
29(2A
204 — 8(24)
(A =1+ 15604y
and . )
2 _x%
x) = x"Q(x) — ——e~ 7.
§(x) = 2°Q0) — o=
Now, we apply the moment upper bound of Theorem 9 to the SISO case.
Theorem 23. (Moment Upper Bound) Let A > 0 be arbitrary. Then,
= . kl P 1
C([-A, Al 1) < Cu([—A,A]1) = inf log, “—E[A+Z[P]7 ], (51)
p>0 (2me)2
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where the expected value is of the explicit form
pr(p+l
2hr (1) 1A
Pl — _p.-.
E[lA+2p] = — 2 m( P2 2)
with 1 Fy (a; b; z) being the confluent hypergeometric function of the first kind ([39] Chapter 13).

Proof. First, note that rmax([—A, A]) = A. Then, by using the expression for the raw absolute moment
of a Gaussian distribution given in [40], we have that

P (ptl

221‘(%> 1 a?

max Efla+ Z|P] = max — 1 F <73;7;7—>.
a€l0,4] [ "= acl0,A] /T 7272

The proof is concluded by observing that f(a) := 1Fl(f§; %;fg

inag. O

) is an increasing function

The following theorem establishes the EPI and the Jensen lower bound of Section 4.2 assuming
the channel input symbols are uniformly distributed.

Theorem 24. (Lower Bounds with Uniform Inputs) Let A > 0 be arbitrary and the channel input X be
uniformly distributed over [—A, A]. Then,

C(I=A, A1) > Cep(1=4,4)1) = Flogy 1+ 225 e
and
_ _ _ V24?2
C([ A,A},l) > gJensen([ A,A],l) 1082 (e% (e,AZ 1+ \/EA <1 — 2Q(\/§A)>) ) : (53)

Proof. The lower bound in Equation (52) follows from Theorem 12 by observing that Vol(X') = 2A.
To show the lower bound in Equation (53), consider Theorem 14 and let X and X' be independent and
uniformly distributed over [— A, A]. Then, we have

E{e ‘XW} 4A2// 5

- % (¥ 1+ v7a (1-20(v24))),

which concludes the proof. [

Restricting the channel inputs to be discrete allows for another set of lower bounds
on Equation (47).

Theorem 25. (Lower Bounds with Discrete Inputs) Let A > 1 be arbitrary, Xg € {—A, A} equally likely,

and Xp ~ PAM(N) with N = [1+ 2. Then,
C([ A A] 1) |nary([_ArA]r1) = I(XB;XB +Z) (54)

N\‘N

= log:(Z) (Az‘/i 108 (cosh(4” - y))dy), (55)
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1 (xDl,—xD.)z

e _
C-A ALY 2 Chan(-A, AL = —logs |5 L e | 6o
(xDi,xDl.)EPAM(N)Z

and
C([-A AL, 1) > Cow([-A, Al 1) = Cmek ([~ A4, A], 1) - 2. (57)

Proof. The expression of the mutual information in Equation (54) for a uniform binary input Xp €
{—A, A} is found in [41] by using the I-MMSE relationship. The bound in Equation (56) follows from
using Theorem 14 and the bound in Equation (57) from Theorem 13, respectively. This concludes
the proof. [

Figure 5 compares the upper and lower bounds presented in this section in dependency of
the amplitude constraint A. Observe that for values of A smaller than ~1.665 (i.e., to the left of
the gray vertical line), the lower bound (55) is in fact equal to the capacity. Up to constraints of
A =~ 1, the moment upper bound in Equation (51) is the best after which the bound in Equation (50)
becomes the tightest. The best lower bound for constraint values smaller than A ~ 10 is the bound in
Equation (56) after which the lower bound in Equation (53) becomes the tightest. Note that all lower
and upper bounds are asymptotically tight (i.e., for A — c0).

1006

10044

100.2

100

Rate in bits/channel use

Amplitude Constraint, A, in dB

= Upper Bound (48) Upper Bound (49) = Upper Bound (50)
== Upper Bound (51) === Upper bound (51), p = 2 = = Lower Bound (52)
= = Lower Bound (53) Lower Bound (55) = = Lower Bound (56)

Figure 5. Comparison of upper and lower bounds on the capacity of a SISO channel with amplitude
constraint A. The capacity of this channel is known for amplitudes smaller than A ~ 10log;(1.665) =
2.214dB only (i.e., to the left of the gray vertical line) and unknown elsewhere. The nested figure
represents a zoom into the region —1.9dB < A < —1.88dB to highlight the differences between the
Moment upper bound (51), the Rassouli-Clerckx upper bound in Equation (50), and the lower bound
with binary inputs in Equation (56).
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7.2. High and Low Amplitude Asymptotics

In this subsection, we study how the capacity in Equation (47) behaves in the high and low
amplitude regimes. To this end, we need the following expression

= 1
Cawen([=4, 4], 1) = S log, (1 + Az),

which is either the capacity of a SISO channel with an average power constraint A2 or the moment
bound in Equation (51) evaluated for p = 2.

Theorem 26. (SISO High and Low Amplitude Asymptotics) It holds

c-AAL1)  _| 58
A Cawen(—A4, 4, 1) ~ " 9
. C([-AALY)
AT Gk A, ALT) &)
and
lim C([-4,4,1) - Cawen([-4,4],1) = 7log2 (” ) ~ 1.044. (60)

Proof. The capacity of an amplitude-constrained SISO channel in the regime of low amplitudes
(i.e., for amplitudes smaller than A ~ 1.655) was given by Guo et al. [41]

N‘<

C([-A, A],1) = 10g1(2) (Az :’o rloge(cosh( Ay))dy).

Now, observe that

lim 1 © e 'T
4=0 L log, (1 + Az) /27
2 /°° % log, (cosh(A? — Ay))
" logy(e) oo v2rr  log,(1+ A2)

y2

2 © o= 7 y loge(cosh(A2—Ay))

loge<cosh(A —Ay)) y

~logs(e) /- T AIEB log (1 +47)
lo / NoT 2 dy
gz
1082( e)
Therefore, the limit in Equation (58) is given by
i C=AALY) A? B 1
40 Cawen([—4, A], 1) A-01og,(2) L log,(1+ A2)  log,(2) log,(e)
_ 2log(2) 1
loge (2) loge (2) 10g2(e)
=2-1=1

144



Entropy 2019, 21, 200

The limit in Equation (59) follows from comparing the EPI lower bound Cgpi([—A4, A],1) =
1log, (1+ %) in (52) with the McKellips upper bound Cyck ([—4, A], 1) = log, (1 + %) given in
Equation (48).

Finally, to show Equation (60), observe that

lim C([-A4, A],1) — Cawen([—A, A], 1) = Jim Cumek ([—4, A, 1) = Cawen ([—A, AL, 1)

A—oc0
2A 1
= lim log,( 1+ ——= | — = log, (1 + A?
Jim gz( Tm) 5 108, ( )
1 e
=3lon( )
This concludes the proof. [

8. Conclusions

In this work, we studied the capacity of MIMO channels with bounded input spaces. Several
new properties of input distributions that achieve the capacity of such channels have been provided.
In particular, it is shown that the support of a capacity-achieving channel input distribution is a set
that is small in a topological and measure theoretical sense. In addition to that, it is shown that, if the
radius of the underlying channel input space, X, is small enough, then the support of a corresponding
capacity-achieving input distribution must necessarily be a subset of the boundary of X'. As the
considerations on the input distribution have demonstrated that determining the capacity is a very
challenging problem, we proposed several new upper and lower bounds that are shown to be tight in
the high amplitude regime. An interesting future direction would be to study generalizations of our
techniques to wireless optical MIMO channels [42] and other channels such as the wiretap channel [43].
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Abstract: Standard upper and lower bounds on the capacity of relay channels are cut-set (CS),
decode-forward (DF), and quantize-forward (QF) rates. For real additive white Gaussian noise (AWGN)
multicast relay channels with one source node and one relay node, these bounds are shown to be
quasi-concave in the receiver signal-to-noise ratios and the squared source-relay correlation coefficient.
Furthermore, the CS rates are shown to be quasi-concave in the relay position for a fixed correlation
coefficient, and the DF rates are shown to be quasi-concave in the relay position. The latter property
characterizes the optimal relay position when using DF. The results extend to complex AWGN channels
with random phase variations.

Keywords: capacity; decode-forward; multicast; relaying

1. Introduction

A multicast relay channel (MRC) is an information network with a source node, a relay node,
and two or more destination nodes, and where one message originating at the source should be received
reliably at the destinations. We consider additive white Gaussian noise (AWGN) MRCs and show
that certain information rate expressions are quasi-concave in the receiver signal-to-noise ratios (SNRs),
the squared source-relay correlation coefficient, and the relay position. In particular, we study cut-set (CS),
decode-forward (DF), and quantize-forward (QF) rates. Quasi-concavity suggests that efficient algorithms
can optimize signaling and the relay position. However, the main motivation of this work is not practicality,
but simply to provide better understanding of the problem.

Relay positioning has been studied by many authors, with a focus on rate enhancement (e.g., [1,2]),
range extension (e.g., [3,4]), and outage probability (e.g., [1,5,6]). We study the problem of placing a relay
to maximize the multicast rate by extending results of [7-10]. A preliminary version of this paper without
proofs appeared in [11]. Our focus is on real alphabet channels. However, our main results also apply to
complex alphabet channels if there are random phase variations so that beamforming is not useful.

This paper is organized as follows. Section 2 presents the MRC model and reviews the CS, DF, and QF
rates. Section 3 develops quasi-concavity results in the squared source-relay correlation coefficient o> and
the channel SNRs. Section 4 introduces a distance dependence for the channel gains and shows that the CS
rate is quasi-concave in the relay position when p is fixed. We further show that the DF rate is quasi-concave
in the relay position. Section 5 illustrates quasi-concavity for one-, two-, and three-dimensional networks,
and compares the performance of two DF strategies. Section 6 discusses complex AWGN channels and
a sum (source plus relay) power constraint. Section 7 concludes the paper. Appendices A and B review
useful results on concavity and quasi-concavity, and prove a few new results.

Entropy 2019, 21, 109; doi:10.3390/21020109 www.mdpi.com/journal/entropy
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2. Model and Information Rates

2.1. Model
An MRC has three types of nodes:

e asource node s that generates a message W and transmits the symbols X = X, 1, X;,..., X5
e arelay node r that receives and forwards symbols Y, ; and X, y, respectively, fork =1,2,--- ,n;
e destinationnodes j = 1,2,..., N where node j receives Y]-” = Yj,l/ Y]-,Q, ., Y]-,n and estimates W as VA\/]

We denote the destination node setas 7 = {1,2,...,N}. The classic relay channel has N = 1 and
Figure 1 shows an MRC with N = 2.

Relay

Destination 1 F——

— Source Channel

i Destination 2 [
2 Wa

Figure 1. Multicast relay channel (MRC) with two destinations.

A memoryless MRC has a function /() and a noise random variable Z so that for every time instant
the N + 1 channel outputs Y = (Y; Y ... Yy) are given by

Y = h(Xs, X,, Z).

The noise Z is statistically independent of X and X, and the noise variables at different times are
statistically independent.
An encoding strategy for M messages has

e W uniformly distributed over {1,2,..., M};

e anencoding function e;(-) such that X! = es(W);

e relay functions e, i (-) with X, x = e,k (Ys1,..., Yy k—1), wherek =1,2,...,n;
e decoding functions d;(-) such that dj(Yj”) = Wj, jeT.

The error probability at destination jis P, ; = Pr [17\/] # W] . The multicast rate is R = (log, M)/n
bits/use. The rate R is achievable if, for any € > 0 and sulfficiently large 1, there is an encoding strategy
with P, ; < e forall j € 7. The capacity C is the supremum of the achievable rates.

2.2. Information Rates

The following bounds were given in [12] for the relay channel (N = 1). Their extensions to MRCs
are straightforward.

e (CSRate: C < Rcg where

RCS =max {122\/ min (I(X_s,erY]), I(Xs; Y7Y]|Xr)) } (1)
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and where the maximization is over all X;X,.
e  Direct-Transmission (DT) Rate: C > Rpr where

Rpr = max{lg}iglNI(Xs;Yj‘Xr =x*)} 2

and where the maximization is over all x* and Xj.
e DF Rate: C > Rpfr where

Rpr = max {él}iSnNmin (I(Xs X3 Y}), 1(Xs; Yo  Xr)) } 3)

and where the maximization is over all X;X,.
e QF Rate: C > Rgr where

Ror =max {lrgr}iSnNmin (I(szr;y,) — 1Y Y |X X, Y), I(XS;Y,Y,|X,)) } )

where 17, is an auxiliary random variable, and where the maximization is over all X X,)A’r such that X
and X, are independent and X — X, Y; — Y, forms a Markov chain.

2.3. Real Alphabet AWGN MRC
The real alphabet AWGN MRC has real channel symbols and
Y, = a5, Xs + Z; ©)
Yj = a5;Xs +a, ;X + Z; (6)

where j € T. The as,, a5, and a, ; are channel gains between the nodes (see Figure 2). We later relate
these gains to distances between the nodes. The Z, and Zi,j=12,...,N,are independent and identically
distributed Gaussian random variables with zero mean and unit variance. We may alternatively write (5)
and (6) in vector form as

Y =AX+Z; @)

where X = (X, X)T,Y; = (Y, Y))T,Z = (Z, Z;)T, and

A= (% 0. ®)
as,]‘ a,,]‘
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Figure 2. AWGN MRC with two destinations.

We consider individual average block power constraints

E

n
Y X2
k=1

n
<nP, E {Z xﬁk} < nP,. )
k=1

The SNR and the capacity of the link from node u (with transmit power P,) to node v are the respective
SNRy,o = a2 P, (10)

1
C(SNRy0) = Elog(l +SNRy0) - (11)

We simplify the above rate bounds for the AWGN MRC.

CS Rate:
Res = max Lg}ignw min (C (SNR, ; + SNR,,; + 2p, /SNRS,]-SNR,,]-> ,
C (1= p*)(SNRy; +SNR,,)) )| (12)

where the correlation coefficient p satisfies [p| < 1. One can restrict attention to non-negative p.
DT Rate:

Ror = min C(SNR,,). (13)
DF Rate:
— : : 2
Rpr = max |:1IS1}1§I'Ilen (C(SNRS/]- +SNR, ; + 20, /SNR, SNR, ), C((1 - p )SNRS,,))} . a8

One can again restrict attention to non-negative p.

QF Rate: Optimizing X; X,)A/, seems difficult. Instead, we choose X and X, to be zero-mean Gaussian
with variances Ps and P,, respectively. We further choose 17, =Y, + Z, where Z, is zero-mean Gaussian
with variance N,. Optimizing N, gives (see [13], pp. 336-337)

(15)

NN SR SNR, ;SNRs,
oF = 55N sit :

SNRSJ + SNR,‘J‘ + SNRS,T +1
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3. Quasi-Concavity in SNRs and p?

3.1. CS Rate

We consider two characterizations of Rcg. First, letal = (as,j a,,j) be the second row of Aj, let Qx be
the covariance matrix of X (see Appendix A), and let det M be the determinant of the square matrix M.
The CS rate (12) can be expressed as the maximum of

detQ yr y \1
. (1 1 (Y] Xr)
Rcs(Qx) = min min (210g (a/-T Qxa; + 1) , Elog <f>> (16)

1<j<N P;

over the convex set of Qx with diagonal entries Ps and P,. The first logarithm in (16) is clearly concave in
Qx. The second logarithm is concave in Q(YT X)T (see Appendix A) and Q(YT X,)T is linear in Qx. To prove
j o jor

the latter claim, observe that

~ T 12 0
Quyr x,)r = AjQxA; + ( 0 0 a7

where AJ.T = (A]T [0 1]T) and I is the 2 x 2 identity matrix. Hence Rcs(Qx) is concave in (the convex set
of) Qx because it is the minimum of 2N concave functions.

Suppose next that we wish to consider p and the SNRs individually rather than via Qx. Define
the vector

S = (SNRs,,SNR; 1, - - ,SNRy N, SNR; 1, - -+, SNR, n) (18)

and the functions

fi(p,S) = SNRy,; + SNR, ; + 20, /SNR ;SNR, ; (19)

8i(p,S) = (1—p?) (SNRy; + SNR,) (20)
Res(p,S) = in min (C(fi(0.9)), C(gj(p,S))) - 1)

We establish the following results. We restrict attention to 0 < p < 1 and positive S.
Lemma 1. f;(p,S) and gj(p, S) are concave in p, concave in S, and quasi-concave in (p*,S).

Proof. Concavity with respect to p is established by observing that f;(p, S) is linear in p, and g;(p, S) is
linear in —p? which is concave in p.

Consider next concavity with respect to S. The Hessian of f;(p, S) with respect to S has only one
non-zero eigenvalue

2 2
_p SNR; +SNR}, )
3/2 3/2°
2 SNR/*SNR

Thus, f;(p, S) is concave in S for non-negative p and positive S. The function g;(p, S) is linear in S, and thus
concavein S.

Now consider quasi-concavity with respect to (p?,S). Substituting a = SNR;j,b = SNR; j,c = 0?
into the fifth function of Lemma A6 in Appendix B, we find that fj(p, S) is quasi-concave in (p?,S). For
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the gj(p, S), observe that ab is quasi-concave for non-negative (a,b), see the first function of Lemma A6.
This implies (see (A7))

(Aay + Aap)(Aby + Aby) > min (a1by, axbs) (23)

for0 < A < 1, and where A = 1 — A. Substituting a; = 1 — plz and b; = SNR;;; + SNR,; fori = 1,2,
we find that g;(p, S) is quasi-concave in (p?,8). O

Theorem 1. Rcs(p, S) is concave in p, concave in S, and quasi-concave in (pz, S).

Proof. Rcs(p, S) involves taking logarithms and minima of (quasi-) concave functions. The results thus
follow by applying Lemma 1 above and Lemma A5, Parts 2 and 3, in Appendix B. O

Corollary 1. Consider S as a function of P = (Ps, P;). Then Res (o, S(P)) is quasi-concave in (o2, P).

Proof. The proof follows from the proof of Theorem 1 and because S is a linear function of P. [

To illustrate the quasi-concavity, consider one relay and the channel gains a5, = 5/2, 451 = 1,
and a, 1 = 5/3. This scenario corresponds to the geometry in Section 5.1 with r = 0.4. Figure 3 shows a
contour plot of Res(p, S(P)) when P; = 1. Observe that the contour lines form convex regions, as predicted
by Corollary 1.
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Figure 3. Contour plot of Rcg(p, S(P)) when Ps = 1.
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3.2. DF Rate
Consider the functions

i (0,8) = (1 - p*)SNRs, (24)
Ror(p,S) = min min (C(fj(p,)), Cg} (+,5)) - @5)

As above, we restrict attention to 0 < p < 1 and positive S.

Theorem 2. Rpr(p, S) is concave in p, concave in S, and quasi-concave in (02, S).

Proof. The proof is similar to that of Theorem 1. [J

Corollary 2. Rpr(p,S(P)) is quasi-concave in (2, P).

Proof. See the proof of Corollary 1. [

3.3. DT Rate

The DT rate (13) is clearly concave in S and P.

3.4. QF Rate

Consider the functions

hi(S) = SNR,; + SRy /SNRsr (26)
P27 SNR 4+ SNR, j + SNR» + 1
RQF(S) = II’SI}ISI’lNC(hJ(S)) (27)

We establish the following results. We restrict attention to non-negative S.
Lemma 2. 1;(S) is quasi-concave in (SNR,;, SNRg ).

Proof. Substitute a = SNRT/]-,b = SNRy,, k = SNRS/]- + 1 into the second function of Lemma A6 in
Appendix B, and apply Lemma A5, Part 1. [J

Theorem 3. EQF(S) is quasi-concave in S if the SNRg ;, j = 1,2,...,n, are held fixed.
Proof. Apply Lemma 2 above and Lemma A5, Parts 2 and 3, in Appendix B. [

4. Quasi-Concavity in Relay Position

Suppose the channel gain for the node pair (i, ) is

aij = \/g/D"‘/2 (28)
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where §; ; is a “fading” gain, D;; = ||i — j|| is the Euclidean distance between the positions i and j of nodes
i and j, respectively, and « > 2 is a path-loss exponent. We thus have

oNR., = ol _ Gijb
YDy il

We establish quasi-concavity results in p? and r, where r is the position of the relay node.

4.1. CS Rate

Consider the functions (19)-(21) but relabeled as f;(p, ), gj(p, 1), and Rcs(p, 1) to emphasize the
dependence on the considered parameters. We again consider 0 < p < 1 and positive S.

Lemma 3. fi(p,r) and g;(p, r) are quasi-concave in t for fixed p. Furthermore, f;(p, ) is quasi-concave in (02, 1).

Proof. Consider the functions

‘:s,jps ‘:r,jpr

f](pra)_ Dlx_ D« +2 Dtx_ D« (29)
s, s/

~ Csjps ésrps

g'(p,D“)—(lpz)< St The (30)

] D;j D«

which are quasi-linear in D* for fixed p since they are decreasing in D*. However, D j is a convex function
of r for « > 1, and thus Lemma A5, Part 5, in Appendix B establishes that f]-(p, r) is quasi-concave in r for
fixed p. Similarly, D¢, is a convex function of r for &« > 1, and we find that g;(p, r) is quasi-concave in r for
fixed p.

Next, substitutea = D* and b = p2 into the third function of Lemma A6, and use Lemma A5, Part 1,
to show that f;(p, D*) is quasi-concave in (p?, D*). However, f; is decreasing in D* and Dy, is convexinr,
so Lemma A5, Part 5, establishes that fj(p, r) is quasi-concave in (p?,1). O

Unfortunately, §; is quasi-convex (and not quasi-concave) in (0%, D%). To see this, substitute a = D*

and b = p? into the fourth function of Lemma A6. Quasi-concavity would have been useful since it would
have permitted using Lemma A5, Parts 2 and 4, to establish the quasi-concavity of

Rcs(r):mpax @iSnNmin(C(ﬁ(p,r)),c(gj(p,r))) . @31

However, we have been unable to prove this, and our numerical results suggest that Rcg(p, r) is not
quasi-concave in (p?, r). Nevertheless, Lemma 3 suffices to establish an intermediate result which is useful
in Section 5 when we study p = 0.

Theorem 4. Rcs(p, ) is quasi-concave in t for fixed p, 0 < p < 1.

Proof. Rcs(p, r) is the minimum of functions that are quasi-concave in r. Lemma A5, Part 2,
thus establishes the theorem. [J
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4.2. DF Rate

The quasi-convexity of §;(p, D*) relaxes for the DF rate (25). Consider the negative of the fourth
function of Lemma A6 in Appendix B with k; = 0:

fla,b) = (1-b)ky/a. 32)

This function is quasi-linear in (4, b) since both its superlevel and sublevel sets are convex. This result
implies the following theorem. We again consider the functions (24)-(25) but relabeled as g/’-‘(p, r) and
Rpr(p, ). We further define

80 DY) = (1- )22 @)
Ros(r) = max | min min (C(5(0,1), €5} (0.1)) (34

As above, we consider 0 < p < 1 and positive S.
Theorem 5. Rpr(p, t) is quasi-concave in (0%, 1), and Rpp(r) is quasi-concave in r.

Proof. g;‘(p, D*) is quasi-linear in (p?, D*) and decreasing in D*. Furthermore, D¢, is convex in r, and
thus Lemma A5, Part 5, in Appendix B establishes that g}k(p, r) is quasi-concave in (0?,t). Rpr(p, 1) is
therefore quasi-concave in r, as it is the minimum of quasi-concave functions (see Lemma A5, Part 2).
Furthermore, Rpr(r) is concave in r by Lemma A5, Part4. [0

5. DF Performance

This section presents numerical results for the DF strategy and compares them to results from [7-9].
We consider 1-, 2-, and 3-dimensional MRCs with different numbers N of destination nodes. For simplicity,
we consider the low SNR or broadband regime where

C(SNR) = %log(l +SNR) — %SNR. (35)

In other words, we consider the CS and DF rates without the logarithms. This approach is valid
not only in the limit of low SNR, but more generally because we proved our quasi-concavity results
without taking logarithms. Furthermore, in the low SNR regime the rates of full-duplex and half-duplex
transmission are the same under a block power constraint.

We choose Ps = P, =P =1, 0 = 2, and ¢, = 1 for all node pairs (u,v). We study both coherent
transmission where p is optimized and non-coherent transmission with p = 0. The rates are in nats/channel
use. Alternatively, suppose we use sync pulses sampled at 2W samples per second, where W is the
(one-sided) signal bandwidth. Suppose further that the (one-sided) noise power spectral density is
1 Watt/Hz. Then at low SNR the rates in nats/channel use are the same as the rates in nats/sec.
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5.1. One Dimension

Consider a relay channel (N = 1) where the source is at the origin (s = 0) and the destination is at
point 1 (1 = 1). Figure 4 shows the low SNR CS rates, DF rates, and the routing-based DF (RDF) rates
developed in [7], which are given by

2 7 Pspy s s s;rls
RC5—>1min< GaPs | Gl P\/E1Cra PPy (1_p2)<‘f;,w LGP )) 36

2 ls =2~ fle =12~ ls = 1f|*/2][r — 1|22’ ls=1f|* * [ls —[®

éslps grlpr ZP Cslgrlpspr 2 csrps
' . Aor, (1= p?) s 37
Ts—1l5 " Te—1F " s —1[/2x — 1772 O ¢ ) s 2o @7

Grabr ﬁ&J€>+(Y*M§ﬂ&].

e—=1f*" [Is —r[|* lIs — 1]

1
Rpr — Emin (

1] .
Rrpr — Orélﬁagl 5 {mm ( (38)

3 T T T
— — Cut-Set Bound (Coherent)
—_—~ — — Cut-Set Bound (Non-Coherent)
P N DF Strategy (Coherent)
2.5 ——— DF Strategy (Non-Coherent)
—— RDF Strategy

Multicast Rate [nats/channel use]

0.5

Il Il Il
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0 I I I

Relay Position

Figure 4. Relay channel rates for low signal-to-noise ratio (SNR) and P = 1.

Observe that all curves are quasi-concave (but not concave) in r. Theorems 4 and 5 predict the
quasi-concavity for all curves except for the coherent CS rates. Observe also that the curves for the coherent
and non-coherent rates merge for relay positions exceeding a certain value (r = 0.5 and r ~ 0.47 for the
respective CS and DF rates). The reason for this behavior is that p = 0 is optimal for the coherent CS and
DF rates beyond these positions, see the p curve in [1] (Figure 16). Furthermore, the non-coherent CS rates
coincide with the non-coherent DF rates for a large range of r.

The best relay positions for the two strategies are different. For example, r = 0.5 maximizes Rrpr
while the r maximizing Rpr is closer to the source. This is because when the source transmits, the relay
and the destination listen, and the destination “collects” information. The relay can thus be positioned
closer to the source while maintaining the same information rate from the source to the relay, and from
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the source-relay pair to the destination. At the optimal positions, we compute Rpr ~ 2.26P nats/sec and
Rrpr = 2P nats/sec, so the DF gain is ~13%.

Finally, we illustrate that Rpr(p, r) is quasi-concave in (0% r) in Figure 5. The contour lines form
convex regions, as predicted by Theorem 5.

1

o o o
“ % o
T T T

¢
(=)}
T

Squared Correlation Coefficient
o o o
W £ W
T T T

=]
NS}
T

o
—_
T

Il Il Il
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Relay Position

(=1

Figure 5. Contour plot of Rpg(p, r) in (37).
5.2. Two Dimensions

Consider N = 5 destinations positioned on a square in the two-dimensional Euclidean plane with
the source node at the origin. Figure 6a plots the node positions as circles, and the non-coherent Rpr as a
function of the relay position. The best relay position is shown by a circle labeled rj, and the corresponding
rate is Rpr ~ 0.011P nats/sec. Figure 6¢ plots the low SNR two-hop rate

.1 . gs,rp s gr, iP r
Ras = i 3 min (2275 i) )
as a function of the relay position. The best relay position is shown by a circle labeled r3;; and the
corresponding two-hop rate is Ry = 0.01P nats/sec. The non-coherent DF gain is thus ~10%.
Figure 6b,d shows contour plots for Rpr and Ryp. The contours form convex regions, as predicted
by Theorem 5. Again, the relay position maximizing Rpr lies closer to the source than the relay position
maximizing Roy.
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Figure 6. (a) Rpr for N = 5; (b) Rpr contour plot; (c) Ryp for the same network; (d) Roy contour plot.
5.3. Three Dimensions

Consider N = 5 destinations positioned in 3-dimensional Euclidean space as in Figure 7. The figure
also shows the convex hull (a polyhedron) of the points. The points r,; and 13;; denote the relay positions
that maximize the non-coherent Rpr and Ry, respectively. We remark that ry,; and r3p; remain unchanged
if more destinations are positioned inside the polyhedron. This is because the points in the polyhedron
receive at least the same rate as the worst of the five nodes at the corner points.
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Figure 7. N = 5 destination geometry in three dimensions.

6. Discussion

6.1. Complex AWGN Channels

For complex-alphabet AWGN channels, we could replace (5) and (6) by adding phases ¢; ; fori = s, r
andj=1,2,...,N as follows:

Y, = as, e X + Z, (40)
Y; = ay ;e X, +a, ;e X, + Z; (41)

where the noise variables Z, and Z;, j = 1,2,..., N, are independent, identically distributed, circularly
symmetric, complex, Gaussian random variables with zero mean and unit variance. The distance
dependence of 4;; can be chosen as in (28) and the phase dependence as

4),'/]‘ = 27‘(D,‘,j/)\ (42)

where A = ¢/ f, is the wavelength, c is the speed of light, and f, is the carrier frequency.
For example, the DF rate (14), normalized by the number of real dimensions, is

Rpp = max { mi<n min (C(SNR,; + SNR, ;+

P l1<j<N

2R {pej("’s/f_%rf)} . /SNRS/]-SNRT/]-) ,C((1— |p\2)SNRS,,))} (43)

where the complex correlation coefficient p satisfies 0 < |p| < 1. Observe that for a classic relay channel,
with N = 1 destination, one can choose p to make # { pej (4’5/1*4"‘/1)} real and non-negative, as for real
alphabet AWGN channels. However, for N > 2 one must choose complex p in general. Furthermore,
the quasi-concavity in r will not be valid in general because the phases ¢, ; change with r, and we cannot
optimize p for each destination node separately. However, we remark that this effect is “local” in the sense
that for large carrier frequencies the phase variations are sensitive to changes in r. A pragmatic approach
would then be to optimize r for non-coherent transmission (0 = 0) even if beamforming is permitted.
Furthermore, if the channel exhibits random phase variations, then the best approach is to choose p = 0
(see [1], Figure 18) in which case we have quasi-concavity for both the CS and DF rates. Finally, we remark
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that it might be interesting to consider quasi-concavity in the correlation coefficients for problems where
the source and relay have sufficiently many antennas to overcome the problem outlined above.

6.2. Sum-Power Constraint

For some applications, it is interesting to consider a sum-power constraint

E < nPr. (44)

n
Yo IXIZ + X2
=

As is usually done, we set P, = Pr — Ps and consider P, 0 < P; < Pr as a new optimization parameter.
One might now hope that Reg(Ps, r) or Rpr(Ps, r) are quasi-concave in (Ps, r) for fixed p, or at least for
o = 0. Unfortunately, we have found counterexamples that show this is not the case. The rate functions do
seem to have interesting properties, however, and these deserve further exploration.

7. Conclusions

Various quasi-concavity results were established for AWGN MRCs. In particular, the CS rates are
quasi-concave in the relay position for a fixed correlation coefficient (Theorem 4) and the DF rates are
quasi-concave in the relay position (Theorem 5).
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Appendix A. Covariance Matrices and Concavity

The covariance matrix of a real-valued random column vector V is
Qu=E[(V-E[V))(V-E[V])T]. (A1)

A useful property of covariance matrices is as follows (see [14], p. 684). If Q% is a principal minor of Qy,
then the following function is concave in Qy:

det QV
detQy”

f(Qv) =log (A2)

Appendix B. Concave and Quasi-Concave Functions

We review results on quasi-concavity, and then establish quasi-concavity for several functions.

Appendix B.1. Definitions

Consider the following sets. The domain Dy of a real-valued function f : R" — R is the set of
arguments for which f is defined. The hypograph and hypergraph of f are the respective

He={(xply<fx}  Hr={xyly=fx} (A3)
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The superlevel and sublevel sets of f with respect to f € R are the respective

Spp=1{xIf(x) =B}, Spp={xIf(x) <B}. (A4)

Concave and quasi-concave functions can be defined via the convexity of these sets. Recall that a set
S, S C R%, is convex if for any two points x; and x; in S and for any A satisfying 0 < A < 1 we have

Axq + Axp €S (A5)

where A = 1 — A. Suppose that Dy is convex. The function f is concave over Dy if and only if its hypograph
H s is convex. Similarly, f is convex over Dy if and only if H  is convex. The function f is quasi-concave over
Dy if and only if all its superlevel sets are convex, and f is quasi-convex over Dy if and only if all its sublevel
sets are convex. A function that is quasi-convex and quasi-concave is called quasi-linear. For example, any
non-increasing or non-decreasing function is quasi-linear.

Appendix B.2. Basic Properties

Two properties of concave and quasi-concave functions are as follows; these properties are often used
as the definitions of such functions. Similar properties exist for convex and quasi-convex functions.

Lemma A1. The function f is concave if and only if

f(Ax1+2Ax) = Af(x1) +Af (x2) (A6)
for all x1 and x3 in Df and forall 0 < A < 1.
Lemma A2. The function f is quasi-concave if and only if

f(Ax1 +Ax2) > min(f(x), f(x2)) (A7)
for all x1 and x3 in Df and forall 0 < A < 1.

The next two properties assume that f is twice differentiable and that Dy is convex. Let Hy(x) and
B (x) be the respective Hessian and bordered Hessian of f at x.

Lemma A3. (see [15], Section 3.1.4) f is concave if and only if Hy(x) is negative semidefinite for all x € Dy.

Lemma A4. (see [16], p. 771) f is quasi-concave on the open and convex set D ¢ if the determinants Dy, D3, ..., Dy,
of the respective second to nth leading principal minors of B¢(x) satisfy (—1)*¥Dy < 0fork =2,3,...,n and for all
X e Df

Appendix B.3. Compositions Preserving Quasi-Concavity

The following compositions preserve quasi-concavity.

Lemma A5. Suppose f and f;, 1 < i < n, are quasi-concave, then so are the functions

1.  h=kif +ky, whereky > 0and ky € R;
2. h= min f;
11%11’1?71 f’
3. h = go fuwhere f is quasi-concave and g is non-decreasing;
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4. h(a) = supyp f(a,b) where B is a convex set;
5. h(a,b) = f(g(a),b) where g is convex and f(a,b) is non-increasing in a for fixed b.

Proof. Properties 1)—4) are standard (see [15], Section 3.4). For property 5), observe that

h(/\a1 + /_\az,)tbl + }Lbz)
= f(g(Aa; + Aap), Aby + Aby)

(a) - -
> f(Ag(al) + Ag(az),/\bl + /\bz)

(b)
2 min (f(g(a1), by), £(3(a2), b2)) (A8)

where (1) follows because g(Aa; + Aap) < Ag(a;) + Ag(az) and f(4, b) is non-increasing in a. Step (b)
follows because f is quasi-concave. [

Appendix B.4. Examples of Quasi-Concave Functions

We establish quasi-concavity for several useful functions.

Lemma A6. The following functions are quasi-concave for x = (a b) with non-negative entries.

flx) =

f(x) = 11+b+k for a positive constant k

f(x) = ki/a +2y/kab/a for positive constants ky, ko

f(x) = =(1 = b)(ky + ka/a) for positive constants ky, kp, and b < 1

Furthermore, the following function is quasi-concave for x = (a b ¢) with non-negative entries.

5. f(x) =a+b+2Vabc

o=

Proof. We consider positive x, and we use bordered Hessians B¢ (x) and the derivatives Dy of their kth
leading principal minors, k = 2,3, ..., n. The results extend to non-negative x by using continuity at zero
values, except for the third and fourth functions where 2 = 0 makes the functions undefined.

1.  Wehave D; < 0and D3 > 0 for

0 b a
Bf(X) =|b 0 1
a 1 0
2. Wehave D, < 0and D3 > 0 for
0 b(b+k) a(a+k)
(a+b+k)? (a+b-+k)?
B/ (x) = b(b+k) —2b(b+k) 2ab-+(a+b+k)k
)= Garp+k)? (a+b+k)? (a+b+k)
a(a+k) 2ab+(a+b+k)k —2a(a+k)
(a+b-+k)? (a+b+k)3 (a-+b-+k)3
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3. Wehave D; < 0and D3 > 0 for
0 Kk +\ékW ky
a ab
B]r(x) _ _k1+\ék27h 4k]+3\3/W Ak
a 20 243/2,/b
ky R/ N/ °)
ab a3/2\/b 203/2\/a
4. Ifb <1,wehave D, < 0and D3 > 0 for
0 (]j‘# k1 + %2
Bf(x) — (1*’12’)](2 _2(1*3b)k2 _% .
ki + I%Z *% 0
5. Wehave D, < 0, D3 > 0and D4 < 0 for
0 1y 14/ 2
ey W e
Brlx) = 14 fac ;\/Z _vae 1 [a (49)
b 2\/ ab 21372 2\ be
ab 1 /b 1 /o  _ Vab
c 2\ ac 21/ be 20372
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Abstract: The capacity region of a two-transmitter Gaussian multiple access channel (MAC) under
average input power constraints is studied, when the receiver employs a zero-threshold one-bit
analogue-to-digital converter (ADC). It is proven that the input distributions of the two transmitters
that achieve the boundary points of the capacity region are discrete. Based on the position of a
boundary point, upper bounds on the number of the mass points of the corresponding distributions
are derived. Furthermore, a lower bound on the sum capacity is proposed that can be achieved by
time division with power control. Finally, inspired by the numerical results, the proposed lower
bound is conjectured to be tight.

Keywords: Gaussian multiple access channel; one-bit quantizer; capacity region

1. Introduction

The energy consumption of an analogue-to-digital converter (ADC) (measured in Joules/sample)
grows exponentially with its resolution (in bits/sample) [1,2]. When the available power is limited,
for example, for mobile devices with limited battery capacity, or for wireless receivers that operate
on limited energy harvested from ambient sources [3], the receiver circuitry may be constrained to
operate with low resolution ADCs. The presence of a low-resolution ADC, in particular a one-bit ADC
at the receiver, alters the channel characteristics significantly. Such a constraint not only limits the
fundamental bounds on the achievable rate, but it also changes the nature of the communication and
modulation schemes approaching these bounds. For example, in a real additive white Gaussian noise
(AWGN) channel under an average power constraint on the input, if the receiver is equipped with a
K-bin (i.e., log, K-bit) ADC front end, it is shown in [4] that the capacity-achieving input distribution
is discrete with at most K + 1 mass points. This is in contrast with the optimality of the Gaussian input
distribution when the receiver has infinite resolution.

Especially with the adoption of massive multiple-input multiple-output (MIMO) receivers
and the millimetre wave (mmWave) technology enabling communication over large bandwidths,
communication systems with limited-resolution receiver front ends are becoming of practical
importance. Accordingly, there has been a growing research interest in understanding both the
fundamental information theoretic limits and the design of practical communication protocols for
systems with finite-resolution ADC front ends. In [5], the authors showed that for a Rayleigh fading
channel with a one-bit ADC and perfect channel state information at the receiver (CSIR), quadrature

Entropy 2018, 20, 686; doi:10.3390/e20090686 167 www.mdpi.com/journal/entropy
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phase shift keying (QPSK) modulation is capacity-achieving. In case of no CSIR, [6] showed that
QPSK modulation is optimal when the signal-to-noise ratio (SNR) is above a certain threshold, which
depends on the coherence time of the channel, while for SNRs below this threshold, on-off QPSK
achieves the capacity. For the point-to-point multiple-input multiple-output (MIMO) channel with
a one-bit ADC front end at each receive antenna and perfect CSIR, [7] showed that QPSK is optimal
at very low SNRs, while with perfect channel state information at the transmitter (CSIT), upper and
lower bounds on the capacity are provided in [8].

To the best of our knowledge, the existing literature on communications with low-resolution
ADCs focuses exclusively on point-to-point systems. Our goal in this paper is to understand the impact
of low-resolution ADCs on the capacity region of a multiple access channel (MAC). In particular,
we consider a two-transmitter Gaussian MAC with a one-bit quantizer at the receiver. The inputs to
the channel are subject to average power constraints. We show that any point on the boundary of the
capacity region is achieved by discrete input distributions. Based on the slope of the tangent line to the
capacity region at a boundary point, we propose upper bounds on the cardinality of the support of
these distributions. Finally, based on numerical analysis for the sum capacity, it is observed that we
cannot obtain a sum rate higher than is achieved by time division with power control.

The paper is organized as follows. Section 2 introduces the system model. In Section 3, the capacity
region of a general two-transmitter memoryless MAC under input average power constraints is
investigated. The main result of the paper is presented in Section 3, and a detailed proof is given
in Section 4. The proof has two parts: (1) it is shown that the support of the optimal distributions
is bounded by contradiction; and (2) we make use of this boundedness to prove the finiteness of
the optimal support by using Dubins’ theorem [9]. Section 5 analyses the sum capacity, and finally,
Section 6 concludes the paper.

Notations: Random variables are denoted by capital letters, while their realizations with lower
case letters. Fx(x) denotes the cumulative distribution function (CDF) of random variable X.
The conditional probability mass function (pmf) py|x, x, (y|x1,%2) will be written as p(y|x1, x2).
For integers m < n, we have [m : n] = {m,m+1,...,n}. For 0 < t < 1, Hy(¢t) e —tlog, t —
(1 —t)log, (1 — t) denotes the binary entropy function. The unit-step function is denoted by s(-).

2. System Model and Preliminaries

We consider a two-transmitter memoryless Gaussian MAC (as shown in Figure 1) with a one-bit
quantizer I at the receiver front end. Transmitter j = 1,2 encodes its message W] into a codeword X]?’
and transmits it over the shared channel. The signal received by the decoder is given by:

Y = F(Xlli —+ XZ,i + Z[), l c [1 N i’l],

where {Z;}" , is an independent and identically distributed (i.i.d.) Gaussian noise process, also
independent of the channel inputs X} and X} with Z; ~ N(0,1),i € [1 : n]. T represents the one-bit
ADC operation given by:

1 x>0

r(x):{o x<0

This channel can be modelled by the triplet (X} x X3, p(y|x1,x2),Y), where X3, X, (= R) and Y
(= {0,1}), respectively, are the alphabets of the inputs and the output. The conditional pmf of the
channel output Y conditioned on the channel inputs X; and X, (i.e., p(y|x1, x2)) is characterized by:

p(0[x1,x2) =1 — p(1]x1, x2) = Q(x1 + x2), (€))

2
where Q(x) £ ﬁ et
We consider a two-transmitter stationary and memoryless MAC model (X x Xa, p(y|x1,x2),Y),

where X1 = &, =R, Y = {0,1}, p(y|x1, x2) is givenin (1).
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w, X! z"
—p»| Encoder 1

r —» Decoder [—»

w, X,
—»| Encoder 2

Figure 1. A two-transmitter Gaussian multiple access channel (MAC) with a one-bit analogue-to-digital
converter (ADC) front end at the receiver.

A (2"R1,2mR2 1) code for this channel consists of (as in [10]):

e  two message sets [1: 2"R1] and [1 : 2"R2],
e two encoders, where encoder j = 1,2 assigns a codeword ¥ (w;) to each message w; € [1: 2"%j], and

e adecoder that assigns estimates (1, @,) € [1 : 2"R1] x [1 : 2"R2] or an error message to each
received sequence y".

The stationary property means that the channel does not change over time, while the memoryless
property indicates that p(y;|x}, xb, ' =1, w1, w2) = p(yi|x1,, x2,;) for any message pair (wy, wy).

We assume that the message pair (W, W,) is uniformly distributed over [1 : 2"R1] x [1 : 2""R2].
The average probability of error is defined as:

P & Pr {(Wy, Wa) # (Wy, Wa) } . @

Average power constraints are imposed on the channel inputs as:

3

1 o
= 2i(w) < Py, Vwj € [1:2"N], j e {1,2}, ®3)

Il
-

1

where x;;(w;) denotes the i-th element of the codeword x% (w;).

A rate pair (Ry,Ry) is said to be achievable for this channel if there exists a sequence of
(2"R1,2"R2 1) codes satisfying the average power constraints (3), such that limy e p§”> = 0.
The capacity region € (Py, P») of this channel is the closure of the set of achievable rate pairs (Ry, Rp).
3. Main Results

Proposition 1. The capacity region € (Py, Py) of a two-transmitter stationary and memoryless MAC with
average power constraints Py and Py is the set of non-negative rate pairs (R1, Ry) that satisfy:

Ry < I(Xy;Y|Xp, U),
Ry < I(X2;Y|Xy, U),
Ry + Ry < I(Xy, Xp; Y[U), 4

for some Fu(u)Fy, jy (x1|u) Fx,u (x2|u), such that ]E[XJZ} < P;, j = 1,2. Furthermore, it is sufficient to
consider U] < 5.

Proof of Proposition 1. The proof is provided in Appendix A. [

The main result of this paper is provided in the following theorem. It bounds the cardinality of
the support set of the capacity-achieving distributions.

Theorem 1. Let | be an arbitrary point on the boundary of the capacity region € (Py, Py) of the memoryless
MAC with a one-bit ADC front end (as shown in Figure 1). | is achieved by a distribution in the form of

169



Entropy 2018, 20, 686

FLII (u)F}I(l‘u(xl ‘“)Fplgz\u(XZ |u). Furthermore, let I} be the slope of the line tangent to the capacity region at this

point. For any u € U, the conditional input distributions F?]QIU(xl 1) and F!Q‘u(xz\u) have at most ny and ny
points of increase (a point Z is said to be a point of increase of a distribution if for any open set Q) containing Z,
we have Pr{Q} > 0), respectively, where:

(3,5) l] < -1
(n,m2) =4 (3,3) lj=-1. ®)
(5,3) l] > —1

Furthermore, this result remains unchanged if the one-bit ADC has a non-zero threshold.

Proof of Theorem 1. The proof is provided in Section 4. [

Proposition 1 and Theorem 1 establish upper bounds on the number of mass points of the
distributions that achieve a boundary point. The significance of this result is that once it is known that
the optimal inputs are discrete with at most a certain number of mass points, the capacity region along
with the optimal distributions can be obtained via computer programs.

4. Proof of Theorem 1

In order to show that the boundary points of the capacity region are achieved, it is sufficient to
show that the capacity region is a closed set, i.e., it includes all of its limit points.
Let U be a set with |U/| < 5 and Q) be defined as:

Q2 {Fux,x|UcU, Xy —U—Xy, B[X;] < P, j=1,2}, (©6)

which is the set of all CDFs on the triplet (U, X1, X»), where U is drawn from ¢/, and the Markov chain
X1 — U — X5 and the corresponding average power constraints hold.

In Appendix B, it is proven that () is a compact set. Since a continuous mapping preserves
compactness, the capacity region is compact. Since the capacity region is a subset of RR?, it is closed
and bounded (note that a subset of R¥ is compact if and only if it is closed and bounded [11]).
Therefore, any point P on the boundary of the capacity region is achieved by a distribution denoted by
FL () Ff (k1) F g (e ).

Since the capacity region is a convex space, it can be characterized by its supporting hyperplanes.
In other words, any point on the boundary of the capacity region, denoted by (R, R}), can be written as:

RY,Rb) = ar: max Ry + ARy,
(RERS) =18, o ke

for some A € (0, 00). Here, we have excluded the cases A = 0 and A = oo, where the channel is not
a two-transmitter MAC any longer, and boils down to a point-to-point channel, whose capacity is
already known.

Any rate pair (Rq,Rp) € %(P;,P,) must lie within a pentagon defined by (4) for some
FuFx, uFx,u that satisfies the power constraints. Therefore, due to the structure of the pentagon, the
problem of finding the boundary points is equivalent to the following maximization problem.

max I(Xy; Y| X, U) + AI(Xp Y|U) 0<A<1

max I(Xy; Y| X1, U) + AI(X; Y|U)  A>1 7 @)

max Ri+ ARy =
(R1,Rp) €€ (Py,Py)

where on the right-hand side (RHS) of (7), the maximizations are over all Fi;Fx, | Fx, |y that satisfy the
power constraints. It is obvious that when A = 1, the two lines in (7) are the same, which results in the
sum capacity.

For any product of distributions Fx, Fx, and the channel in (1), let I be defined as:
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I(X3;Y|Xa) + AI(X2;Y) 0<A<1

I(Xg; Y|Xq) + AI(Xy;Y)  A>1 ®

I\(Fx,Fx,) £ {

With this definition, (7) can be rewritten as:

5
max Ry + ARy = max u;)I, (F x1|u;)F xa|u;)),
L 2 ;Pu( D) I (Fxju (3 [ui) Fxyu (x2|ui)

where the second maximization is over distributions of the form py(u)Fx, |y (x1|u)Fx,u(x2|u),
such that:

g

pu(u)EXF U = u] <Py, j=1,2.
i=1

Proposition 2. For a given Fx, and any A > 0, I, (Fx, Fx, ) is a concave, continuous and weakly differentiable
Sfunction of Fx,. In the statement of this proposition, Fx, and Fx, could be interchanged.

Proof of Proposition 2. The proof is provided in Appendix C. [
Proposition 3. Let P, P} be two arbitrary non-negative real numbers. For the following problem:

max I)\ (FXIFXZ)’ (9)
FX] FXZ:
IE[X]Z]SP]’, =12

the optimal inputs Fg and Fy, , which are not unique in general, have the following properties,

(i) The support sets of Fy and Fy, are bounded subsets of R.
(ii) Fy, and Fy are discrete distributions that have at most ny and ny points of increase, respectively, where:

(53) 0<A<1
(Vll,nz) = (3,3) A=1
(3,5) A>1

Proof of Proposition 3. We start with the proof of the first claim. Assume that0 < A <1, and Fy, is
given. Consider the following optimization problem:

I, = sup Iu(FxFro). (10)
X11
E[X}]<P]

Note that I;X < 400, since for any A > 0, from (8),
2
L <A+1H(Y) < (14A) < Hoo.

From Proposition 2, Iy is a continuous, concave function of Fx,. Furthermore, the set of all
CDFs with bounded second moment (here, P)) is convex and compact. The compactness follows
from Appendix I in [12], where the only difference is in using Chebyshev’s inequality instead of
Markov’s inequality. Therefore, the supremum in (10) is achieved by a distribution Fg, . Since for
any Fx, (x) = s(x — xp) with |x|?> < Pj, we have E[X?] < Pj, the Lagrangian theorem and the
Karush-Kuhn-Tucker conditions state that there exists a 6; > 0 such that:

I, =sup {IA(FX1 Fx,) — 61 </ x2dFy, (x) — Pl’) } ) (11)
Fx,
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Furthermore, the supremum in (11) is achieved by F)"<1 , and:

6, ( / *2dFg, (x) - P{) —0. (12)

Lemma 1. The Lagrangian multiplier 0y is non-zero. From (12), this is equivalent to having E[X2] = P], i..,
the first user transmits with its maximum allowable power (note that this is for A < 1, as used in Appendix D).

Proof of Lemma 1. In what follows, we prove that a zero Lagrangian multiplier is not possible. Having a
zero Lagrangian multiplier means the power constraint is inactive. In other words, if ; = 0, (10) and (11)
imply that:

sup I (Fx, Fx,) = sup I (Fx, Fx,)- (13)
Fx, Fy,
E[X2]<P

We prove that (13) does not hold by showing that its left-hand side (LHS) is strictly less than one,
while its RHS equals one. The details are provided in Appendix D. [

I\ (Fx,Fx,) (0 < A < 1) can be written as:

oo oo 1
p(ylx1, x2)
I\ (Fx, Fx :/ / ( X ,Xz)lO = dFx (xl dFx (x2
(Bl = | [ Ly PO 2108 [ty Bl B, 2 0 )P0
+oo _
= /_oo 1,\(x1;FX1\FX2)dFX1(x1) (14)
+00
= /700 iy (x2; Fx, |Fx, )dFx, (x2), (15)

where we have defined:

o g ) 273D (ol 5l lp(0i By o)) + (1= 1) g i 32 tog 20 i ), (16)
and:
ir(x2i P, | Fx,) 2 72 D (p(ylxy, x2)| p(y; Fx, Fx,)) dFx, (x1) = (1= A)D (p(y; Fx, [x2) || p(v; Fx, Fx,)) - (17)

p(y; Fx, Fx, ) is nothing but the pmf of Y with the emphasis that it has been induced by Fx, and Fy,.
Likewise, p(y; Fx, |x2) is the conditional pmf p(y|x2) when X; is drawn according to Fy,. From (14),
iy (x1; Fx, |Fx,) can be considered as the density of I, over Fx, when Fy, is given. i) (xy; Fx,|Fx, ) can
be interpreted in a similar way.

Note that (11) is an unconstrained optimization problem over the set of all CDFs. Since f xzdFX1 (x)
is linear and weakly differentiable in Fx,, the objective function in (11) is concave and weakly
differentiable. Hence, a necessary condition for the optimality of Fy, is:

J e B [Bxy) +00(Pf = ) bb, () < B, VEx,. (8)

Furthermore, (18) can be verified to be equivalent to:

in(x1; Fx, [Fx,) + 61(P] — x7) < I, Vx1 €R, (19)
i(x1; F |Fx,) + 0,(P] —x%) = II’SXZ, if x1 is a point of increase of Fg, . (20)

The justifications of (18)-(20) are provided in Appendix E.

In what follows, we prove that in order to satisfy (20), Fy, must have a bounded support by
showing that the LHS of (20) goes to —oco with xq. The following lemma is useful in the sequel for
taking the limit processes inside the integrals.

172



Entropy 2018, 20, 686

Lemma 2. Let Xy and X, be two independent random variables satisfying E[X?] < P| and E[X3] < P},
respectively (P, Py € [0,4-c0)). Considering the conditional pmf in (1), the following inequalities hold.

‘D (p(ylx1, %) 1p (s Fx, Fx,) ’ <1-21ogQ(\/P{ +/P) @)
Py P Jv2) > Q (/P + 2l 22)

! p(y; Fx, Fx,)

L plylnexa)log e ) < 2logQ(f+\f>—210gQ(\f+|le) 23)

Proof of Lemma 2. The proof is provided in Appendix F. O

Note that

timy, o0 [55 D (p(vl, %)l [p (i Fy, Fr) ) Py (x2) = [ limsy oo D (plylxr, ) [P0 By, Fi) ) dF (v2) - (24)

—log py(1; Fx, Fx,) (25)

10 Q(/P} +/)), (26)

where (24) is due to the Lebesgue dominated convergence theorem [11] and (21), which permit the
interchange of the limit and the integral; (25) is due to the following:

IN

p(ylx1, x2)

1
li D X1, X ;s Fy F = 1 x1,%2) 1
im D (plylx, x)lp(v; F, Fr,) ) Jim, L plax) % )i i

X1—>+00
= —log py(1; Fx, Fx,),

since p(0|x1, x2) = Q(x1 + x2) goes to zero when x1 — +oo and py (y; Fy, Fx,) (v = 0,1) is bounded
away from zero by (A34) ; (26) is obtained from (A34) in Appendix F. Furthermore,

Py, Fxy)

p(yiF; )
thHerJ - Zy o P(ylx1, x2>IOngFXz x2) *] hmxﬁﬂozv o P(ylx1, XZ)IOgﬁdFXz(XZ) (27)

=log py (1; 5, Fx,) — [ 75 log p(1; Ff, |x2)dFx, (x2)

<—1ogQ(\/F{+\/F§), 28)

where (27) is due to the Lebesgue dominated convergence theorem along with (23) and (A39) in
Appendix F; (28) is from (22) and the convexity of log Q(a + v/#) in t when & > 0 (see Appendix G).
Therefore, from (26) and (28),

im 7 (0 [Fx,) < —(2 - A)log Q(y/Pf + /B)) < +oo. 29)

X1+

Using a similar approach, we can also obtain:

lim 7 (0 [Fx,) < —(2 = A)log Q(y/Pf +/P}) < +eo. (30)

X1——

From (29) and (30) and the fact that 6; > 0 (see Lemma 1), the LHS of (19) goes to —co when |x1| — +o0.
Since any point of increase of Fy must satisfy (19) with equality and I ;Xz = 0, itis proven that Fy has

a bounded support. Hence, from now on, we assume X; € [—Aj, Az] for some Aq, A; € R (note that
A1 and A; are determined by the choice of F,).

173



Entropy 2018, 20, 686

Similarly, for a given Fy,, the optimization problem:

I;le = sup IA(FleXz)r
FXZZ
E[X3]<P;

boils down to the following necessary condition:

in(x2; Fx, |Fx, ) + 62(Py — x3) < I, , VX2 €R, (31)
ir(x2; Fx, |Fx,) + 62(P; — K3) = If,ﬁxl , if xp is a point of increase of Fy,, (32)

for the optimality of Fy, . Hov:/ever, there are two main differences between (32) and (20). First is
the difference between i, and i,. Second is the fact that we do not claim 6, to be nonzero, since the
approach used in Lemma 1 cannot be readily applied to 6. Nonetheless, the boundedness of the
support of Fy can be proven by inspecting the behaviour of the LHS of (32) when |xo| — +o0.

In what follows, i.e., from (33)—(38), we prove that the support of F;‘(z is bounded by showing
that (32) does not hold when |x;| is above a certain threshold. The first term on the LHS of (32) is
i (x2; Fg, |Fx, ). From (17) and (21), it can be easily verified that:

lim iy (x2; F, [Py, ) = —Mog py(L; Fx, Fy,) < ~Alog Q(y/Pf + /),

Xp—>—+00

leerlmiA(xz;F§2|FX1) = —Alogpy(0; Fx, Fx,) < —Alog Q(y/P] + 1/ P3) (33)

From (33), if 6, > 0, the LHS of (32) goes to —oo with |x,|, which proves that XJ is bounded.

For the possible case of 6, = 0, in order to show that (32) does not hold when |x;| is above a
certain threshold, we rely on the boundedness of Xj, i.e., X1 € [—Aj, Az). Then, we prove that
iy approaches its limit in (33) from below. In other words, there is a real number K such that
ir(x2; F;z\Fxl) < —Alog py(l;FXlF)*(z) when x, > K, and iA(xz;F)*(2|FX1) < —Alogpy(0; Fx, F%,)
when x < —K. This establishes the boundedness of X3. In what follows, we only show the former, i.e.,
when x; — +oo. The latter, i.e., x; — —oo, follows similarly, and it is omitted for the sake of brevity.

By rewriting i), we have:

ir(x2; Fx, |Fx,) = —Ap(1; Fx, |x2) log py (1; Fx, Fx,)
Az
— [ Hi(Qn + x2))Ex (x1) + (1= 2) HY|X, = x5)
—41 ——
Hy ([ Q(x1+x2)dFx, (x1))
— A p(0; Fx, |x2) log py(0; Fx, Fj}z). (34)
———
J Q(x1+x2)dFy, (x1)
It is obvious that the first term on the RHS of (34) approaches —Alog py(1; Fx, F, ) from below
when x; — +oo, since p(1; Fx, |x2) < 1. It is also obvious that the remaining terms go to zero when

xp — +oo. Hence, it is sufficient to show that they approach zero from below, which is proven by
using the following lemma.

Lemma 3. Let X be distributed on [— Ay, Az] according to Fx, (x1). We have:

b 7R QG+ )R () )

Xp—+00 Hb(fffh Qx + xz)del(x1)>

174



Entropy 2018, 20, 686

Proof of Lemma 3. The proof is provided in Appendix H. [

From (35), we can write:

[ (@ +x)ab, (x0) = )y ([

1

Q(x1 + x2)dEx, <x1>) , (36)

where 7(x2) < 1 (due to the concavity of Hy(+)), and (x2) — 1 when x; — o0 (due to (35)).

Furthermore, from the fact that lim,_,o Hiiw = 400 (c > 0), we have:

Ay Ay
Hy, (/7,4 Qx1 + x2)dFX1(x1)> = —1(x2)log py(0; Fx, Fx,) /7A Q(x1 + x2)dFx, (x1),  (37)

where 77(x2) > 0 and 7(xz) — +o0 when x, — +o0. From (36)—(37), the second and the third line
of (34) become:

<1 —y(x) + —A) (—n(xz)logpy(O;FX1F§z)/j:l Q1 + x2)dFy, (x1)>. (38)

>0

A
1(x2)

Since y(x2) — 1 and #(xp) — oo as xp — 400, there exists a real number K such that
1—v(x2) + ﬁ — A < 0 when x; > K. Therefore, the second and the third line of (34) approach zero
from below, which proves that the support of X3 is bounded away from +c0. As mentioned before,
a similar argument holds when x, — —oco. This proves that X3 has a bounded support.

Remark 1. We remark here that the order of showing the boundedness of the supports is important. First, for a
given Fx, (not necessarily bounded), it is proven that Fy, is bounded. Then, for a given bounded Fx, , it is shown
that F is also bounded. Hence, the boundedness of the supports of the optimal input distributions is proven by
contradiction. The order is reversed when A > 1, and it follows the same steps as in the case of A < 1. Therefore,
it is omitted.

We next prove the second claim in Proposition 3. We assume that 0 < A < 1, and a bounded
Fy, is given. We already know that for a given bounded Fx,, F, has a bounded support denoted by
=By, By]. Therefore,

I, = sup I(Fx Fx,)
FXZ:
E[X3]<P;

Ifxl = sup I)L(FX]FXZ)V (39)
FXZG,VZ:
ElX3I<P,

where .%5 denotes the set of all probability distributions on the Borel sets of [—By, By]. Let p; =
py (0; Fx, Fy, ) denote the probability of the event Y = 0, induced by F, and the given F,. Furthermore,
let P; denote the second moment of X, under F;‘(Z. The set:

By

. x3dFx, (x2) = Pz*} (40)
1

By
Fr = {FXZ el [ pOlx)dbx(x) = pi, [
gt
is the intersection of .75 with two hyperplanes (note that .# is convex and compact). We can write:

Ig, = sup L(Fx,Fx,). 1)
FXZG,%
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Note that having Fy, € .%,, the objective function in (41) becomes:

AH(Y) + (1= AMH(Y[X2) — H(Y|Xy, X2). (42)
N——
constant linear in Fy,

Since the linear part is continuous and .%; is compact (The continuity of the linear part follows
similarly the continuity arguments in Appendix C. Note that this compactness is due to the closedness
of the intersecting hyperplanes in .%;, since a closed subset of a compact set is compact [11].
The hyperplanes are closed due to the continuity of x% and p(0[x2) (see (A16)).), the objective function
in (41) attains its maximum at an extreme point of .%,, which, by Dubins’ theorem, is a convex
combination of at most three extreme points of .#5. Since the extreme points of .75 are the CDFs having
only one point of increase in [—By, By], we conclude that given any bounded Fx,, F%, has at most three
mass points.

Now, assume that an arbitrary F, is given with at most three mass points denoted by {x2,i}13:1~
It is already known that the support of Fy is bounded, which is denoted by [—Aj, Ay]. Let . denote
the set of all probability distributions on the Borel sets of [—Aj, A;|. The set:

= {Fxl €A

A " . A
J24, pOlxy, xp)dFyx, (x1) = p(0;F |xa), j € [1:3], [} xjdFx, (x1) = P{}, (43)

is the intersection of .77 with four hyperplanes. Note that here, since we know 6; # 0, the optimal
input attains its maximum power of Pj. In a similar way,

Ig,, = sup {L\(FxFx,)}, (44)
Fxlef/’l

and having Fx, € .71, the objective function in (44) becomes:

3
Iy=AH(Y) + (1= A) ) px, (x2i) H(Y| X2 = x5,1) = H(Y| Xy, X2) (45)

linear in Fy,
constant
Therefore, given any F, with at most three points of increase, Fy has at most five mass points.
When A = 1, the second term on the RHS of (45) disappears, which means that .%; could be
replaced by:

Ay Ay
{Fxl € %\/A p(0lx1)dFx, (x1) = P, / xidFx, (x1) :P{}f
—41] 1

where i = py(0; X Fx, ) is the probability of the event Y = 0, which is induced by Fy, and the given
Fx,. Since the number of intersecting hyperplanes has been reduced to two, it is concluded that Fg,
has at most three points of increase. [

Remark 2. Note that, the order of showing the discreteness of the support sets is also important. First, for a
given bounded Fx, (not necessarily discrete), it is proven that Fy, is discrete with at most three mass points.
Then, for a given discrete Fx, with at most three mass points, it is shown that Fy, is also discrete with at most
five mass points when A < 1 and at most three mass points when A = 1. When A > 1, the order is reversed,
and it follows the same steps as in the case of A < 1. Therefore, it is omitted.

Remark 3. If Xy, X, are assumed finite initially, similar results can be obtained by using the iterative
optimization in the previous proof and the approach in Chapter 4, Corollary 3 of [13].
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5. Sum Rate Analysis
In this section, we propose a lower bound on the sum capacity of a MAC in the presence of a
one-bit ADC front end at the receiver, which we conjecture to be tight. The sum capacity is given by:

Csum = sup (X3, Xp; Y|U), (46)

where the supremum is over FiiFy, |y Fx,ju (4| < 5), such that ]E[ij] < Pj, j = 1,2. We obtain a
lower bound for the above by considering only those input distributions that are zero-mean per any
realization of the auxiliary random variable U, i.e., ]E[Xj\ll =u]=0,Yuel,j=1,2 Let P{ and P} be
two arbitrary non-negative real numbers. We have:

sup  I(Xy,XpY) < su I(X;Y) (47)
FXl FXZ: Fy:
B[XF|<P] B[X?]<P{+P;
E[X]]=0, j=12

—1-H, (Q (,/P{+P§)) (48)

where in (47), X £ X1 + Xa, Py (0]%) = Q(); (48) follows from [4] for the point-to-point channel.
Therefore, when E[X;|U = u] = 0,Yu € U, j = 1,2, we can write:

5
I(Xy, X, Y|U) = Y pu(ui) (X, X, YU = ;)

i=1

<1 fl_:i;pu(ui)m, (o (VErgiu=ul+Engiu=u))

<1-H, (Q ( E[X}] + E[Xﬁ)) (49)
<1-H,(Q(VP+R)), (50)

where (49) is due to the fact that H, (Q(y/x +y)) is a convex function of (x,y), and (50) follows from
E[X}] <P,j=1,2.

The upper bound in (50) can be achieved by time division with power control as follows.
Letd = {0,1} and py(0) = 1 —py(1) = ﬁ Furthermore, let Fy, | ;;(x[1) = Fy,y(x]0) = s(x),
where s(-) is the unit step function, and:

1 1
Fy,ju(x|0) = Fy,y(x|1) = ES(X+ VP + Do) + ES(X — /P +P,).

With this choice of iy Fx, |1Fx,|u, the upper bound in (50) is achieved. Therefore,

Csum > 1— H, (Q (VP 12)). (51)

A numerical evaluation of (46) is carried out as follows (the codes that are used for
the numerical simulations are available at https://www.dropbox.com/sh/ndxkjt6h5a0yktu/
AAAmMfHkuPxe8rMNV1KzFVRgNa?dl=0). Although ]E[XJZ} is upper bounded by P; (j = 1,2),
the value of E[X]z|u = u] (Yu € U) has no upper bound and could be any non-negative
real number. However, in our numerical analysis, we further restrict our attention to the
case ]E[X]Z\U: u] <20P;,VYu € U,j=1,2. Obviously, as this upper bound tends to infinity,
the approximation becomes more accurate (This further bounding of the conditional second moments
is justified by the fact that the sum capacity is not greater than one, which is due to the one-bit
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quantization at the receiver. As a result, I(Xy,Xp; Y|U = u) increases at most sublinearly with
E[X}Z|U = u],j = 1,2, while py () needs to decrease at least linearly to satisfy the average power
constraints. Hence, the product py(u)I(Xy, Xo; Y|U = u) decreases with ]E[X]z|u = u] when
IE[X]Z|U = u] is above a threshold.). Each of the intervals [0,20P;] and [0,20P,] are divided into

201 points uniformly, which results in the discrete intervals 1[0 : 200] and 22 [0 : 200], respectively.
Afterwards, for any pair («,p) € %[O : 200] x %[0 : 200], the following is carried out for input
distributions with at most three mass points.

max 1(Xq,X2;Y) (52)
FXl FXZ:
E[X})<aE[X3]<p

The results are stored in a 201 x 201 matrix accordingly. In the above optimization, the MATLAB
function fmincon is used with three different initial values, and the maximum of these three
experiments is chosen. Then, the problem boils down to finding proper gains, i.e., the mass probabilities
of U, that maximize I(X3, Xp; Y|U) and satisfy the average power constraints ]E[X]Z} < P;. This is done
via a linear program, which can be efficiently solved by the linprog function in MATLAB. Several cases
were considered, such as (P, ) = (1,1), (P, P,) = (1,2), (P, P,) = (3,1), etc. In all these cases,
the numerical evaluation of (46) leads to the same value as the lower bound in (51). Since the problem
is not convey, it is not known whether the numerical results are the global optimum solutions; hence,
we leave it as a conjecture that the sum capacity can be achieved by time division with power control.

6. Conclusions

We have studied the capacity region of a two-transmitter Gaussian MAC under average input
power constraints and one-bit ADC front end at the receiver. We have derived an upper bound on
the cardinality of this auxiliary variable, and proved that the distributions that achieve the boundary
points of the capacity region are finite and discrete. Finally, a lower bound is proposed on the sum
capacity of this MAC that is achieved by time division with power control. Through numerical analysis,
this lower bound is shown to be tight.
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Appendix A

The capacity region of the discrete memoryless (DM) MAC with input cost constraints has been
addressed in Exercise 4.8 of [10]. If the input alphabets are not discrete, the capacity region is still the
same because: (1) the converse remains the same if the inputs are from a continuous alphabet; (2) the
region is achievable by coded time sharing and the discretization procedure (see Remark 3.8 in [10]).
Therefore, it is sufficient to show the cardinality bound |U/| < 5.

Let 2 be the set of all product distributions (i.e., of the form Fy, (x1)Fx,(x2)) on R2 Letg: & —
IRS be a vector-valued mapping defined element-wise as:

81(Fxyju (1) Fxyu(-|u)) = I(Xy; Y| X2, U = u),

82(Fyy ju([0) Fxyu(+1u)) = I(X2; Y[ X1, U = u)

83(Fyy ju([0) Fxyu(-lu) = 1(X1, Xo; YU = u),

8a(Fxy u ([ Fyyu (+1u)) = BIXF|U = u],

85(Fxju (1) Fxyu (1)) = E[X3|U = u]. (A1)

Let 4 C R® be the image of & under the mapping g (i.e., 4 = g(#)). Given an arbitrary
(U, Xy, X2) ~ FyFy, |uFx,|u, we obtain the vector r as:

= 1(X;; Y| X, U) = /M (X, Y|Xo, U = u)dFy (u),
ry = I(Xa; Y| X0, U) = /MI(XZ;Y\Xl,u — w)dFy(u),
= 10X, Xp YIU) = [ 1(X, Xa; Y|U = u)dFu (),
r = E[X?] = /Z;{]E[X%\U — uldFy(u),

rs=EDG) = [ XU = uldFu(w).

Therefore, 1 is in the convex hull of 4 C R5. By Carathéodory’s theorem [9], r can be written as a
convex combination of six (= 5 + 1) or fewer points in ¢, which states that it is sufficient to consider
|| < 6. Since 2 is a connected set (2 is the product of two connected sets; therefore, it is connected.
Each of the sets in this product is connected because of being a convex vector space.) and the mapping
g is continuous (this is a direct result of the continuity of the channel transition probability), ¢ is a
connected subset of R%. Therefore, the connectedness of ¢ refines the cardinality of U to |U/| < 5.

It is also important to note that for the boundary points of ¢ (P, P;) that are not sum-rate
optimal, it is sufficient to have [/| < 4. The proof is as follows. Any point on the boundary of the
capacity region that does not maximize Ry + R; is either of the form (I(Xy;Y|Xp, U), I(Xp; Y|U)) or
(I(X1; Y[U), I(X2; Y| X1, U)) for some FyyFy, iy Fx,u that satisfies ]E[ij} < Pj,j = 1,2. In other words,
it is one of the corner points of the corresponding pentagon in (4). As in the proof of Proposition 1,
define the mapping g : & — R* where ¢; and g, are the coordinates of this boundary point
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conditioned on U = u, and g3, g4 are the same as g4 and g5 in (A1), respectively. The sufficiency of
|U] < 41in this case follows similarly.

Appendix B

Since |U| < 5, we assume U = {0, 1,2,3,4} without loss of generality, since what matters in the
evaluation of the capacity region is the mass probability of the auxiliary random variable U, not its
actual values.

In order to show the compactness of (), we adopt a general form of the approach in [12].

First, we show that Q) is tight (a set of probability distributions ® defined on R, i.e., the set of
CDFs F, x,,...x,, is said to be tight, if for every € > 0, there is a compact set K. C RF such that [14]:

Pr{(X1,Xa,..., X¢) € R\Kc} <€, VFx, x,,..x, € ©.
Choose Tj, j = 1,2, such that T; > 4/ @. Then, from Chebyshev’s inequality,
poe .
Pr{|X;| > T;} STTZ<§,]:1,2. (A2)

Let Ke = [0,4] x [~Tq, T1] x [~ T2, T2] C R3. Ttis obvious that K¢ is a closed and bounded subset of R3
and, therefore, compact. With this choice of K, we have:

Pr{(U, X1, X2) € R3\Ke} <Pr{U ¢ [0,4]} + Pr{X; & [~Ty, T1]} + Pr{Xs & [~ To, T»]}

<0+:+1=¢ (A3)
where (A3) is due to (A2). Hence, () is tight.

From Prokhorov’s theorem [14] (p. 318), a set of probability distributions is tight if and only if
it is relatively sequentially compact (a subset of topological space is relatively compact if its closure
is compact). This means that for every sequence of CDFs {F,} in (), there exists a subsequence
{F,, } that is weakly convergent (the weak convergence of {F,} to F (also shown as F,(x) % F(x)) is
equivalent to:

lim /R P(x)dE, (x) = /H.&lp(x)dF(x), (A4)

n—00

for all continuous and bounded functions (-) on R. Note that F,(x) = F(x) if and only if
dr(F.,, F) — 0.) to a CDF Fj, which is not necessarily in Q. If we can show that this F is also
an element of (), then the proof is complete, since we have shown that ) is sequentially compact and,
therefore, compact (Compactness and sequential compactness are equivalent in metric spaces. Note
that () is a metric space with Lévy distance.).

Assume a sequence of distributions {F, (-, -,-)} in Q) that converges weakly to Fy(-, -, -). In order
to show that this limiting distribution is also in ), we need to show that both the average power
constraints and the Markov chain (X; — U — X5) are preserved under Fy. The preservation of the
second moment follows similarly to the argument in (Appendix I, [12]). In other words, since x? is
continuous and bounded from below, from Theorem 4.4.4 in [15]:

/x]zd3F0(u, x1,%) < liminf/x2d3Fn(u, X1, X2)
n—00 ]

<P, j=12, (A5)

Therefore, the second moments are preserved under the limiting distribution F,.
For the preservation of the Markov chain X; — U — X, we need the following proposition.
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Proposition Al. Assume a sequence of distributions {F,(-,-)} over the pair of random variables (X,Y') that
converges weakly to Fy(-,-). Furthermore, assume that Y has a finite support, i.e., Y = {1,2,...,|Y|}.
Then, the sequence of conditional distributions (conditioned on Y) converges weakly to the limiting conditional
distribution (conditioned on'Y), i.e.,

Fa(-ly) 5 Fo(tly), Yy € Y, po(y) > 0. (A6)

Proof of Proposition Al. The proof is by contradiction. If (A6) is not true, then there exists y' € Y,

such that po(y') > 0 and F,(-|y’ );Z/ Fy(+]y’). This means, from the definition of weak convergence, that
there exists a bounded continuous function of x, denoted by g,/(x), such that:

[ 8y Rl [ gy (x)dFo(xly)- (A7)

Let f(x,y) be any bounded continuous function that satisfies:

f(xy) {gy,(x) AR (A8)

With this choice of f(x,y), we have:

| FC @)= [ f )R ), (49)

which violates the assumption of the weak convergence of F, (-, -) to Fy(+, -). Therefore, (A6) holds. [
Since {Fy,(,+,-)} in Q converges weakly to Fy(+, -, -) and U is finite, from Proposition A1, we have:
Fo(e, ) B Fo(-,-|u), Yu e U, (A10)

where it is obvious that the arguments are x; and x,. Since F, € Q, we have F,(x,x2|u) =
Fy(x1|u)Fy(x2|u) Vu € U. Furthermore, since the convergence of the joint distribution implies the
convergence of the marginals, we have (Theorem 2.7, [16,17]),

Fo(x1, x2|u) = Fo(xy|u)Fo(xa|u) Vu € U, (A11)

which states that under the limiting distribution Fy, the Markov chain X; — U — X, is preserved
(Alternatively, this could be proven by the lower-semicontinuity of the mutual information as follow:

IFO (Xl;X2|u = u) < li]f]linf[[:n (Xl;X2|U = Ll) (A12)
n—o00
=0, Vuel, (A13)

where Ir denotes the mutual information under distribution F. The last equality is from the conditional
independence of X; and X, given U = u under F,. Therefore, I, (X1; Xz|U = u) = 0, Vu € U, which
is equivalent to (A11).). This completes the proof of the compactness of ().

Appendix C

Appendix C.1. Concavity

When 0 < A < 1, we have:

IV(Fx, Fx,) = AH(Y) + (1 = A)H(Y|X2) — H(Y|X1, X3). (A14)
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For a given Fx,, H(Y) is a concave function of Fy,, while H(Y|X,) and H(Y|Xj, X3) are linear
in Fx,. Therefore, I, is a concave function of Fx,. For a given Fx,, H(Y) and H(Y|X;) are concave
functions of Fy,, while H(Y|X;, X) is linear in Fx, . Since (1 — A) > 0, I, is a concave function of Fy,.
The same reasoning applies to the case A > 1.

Appendix C.2. Continuity

When A < 1, the continuity of the three terms on the RHS of (A14) is investigated. Let {Fx, , } be
a sequence of distributions, which is weakly convergent to F,. For a given Fx,, we have:

lim p(y; Fx,|x2) = lim(J Q(x1 4 x2)dFx, (x1)

X2—>Xg X2 X5
= [ lim Q(x1 +x2)dFx, (x1) (A15)
Xp—rXy
= p(y; Fx,[9), (A16)

where (A15) is due to the fact that the Q function can be dominated by one, which is an absolutely
integrable function over Fx, . Therefore, p(y; Fx, |x2) is continuous in x5, and combined with the weak
convergence of {Fx, ,}, we can write:

Jim p(y; P Fg) = lim [ p(s i [x2)dFn(x2)
[ (0 Ex, B (x2)

= p(¥; Fx, Fx,)-

This allows us to write:
1 1
Jim — ) p(y; Fx, Fxyn) 10g p (v Fxy Fxon) = = ) p(¥; Fx Fxy) 10g p(y; Fxy Py )
y=0 y=0

which proves the continuity of H(Y) in Fx,. H(Y|X, = x3) is a bounded (€ [0,1]) continuous
function of x,, since it is a continuous function of p(y; Fx, |x2), and the latter is continuous in x,
(see (A16)). Therefore,

nlg{}o/ H(Y[Xa = x2)dFx, n(x2) = / H(Y|Xy = x2)dFx, (x2),

which proves the continuity of H(Y|X;) in Fx,. In a similar way, it can be verified that
JH(Y|Xq = x1, X = xp)dFx, (x1) is a bounded and continuous function of x», which guarantees the
continuity of H(Y[Xy, X») in F,, since:

H(Y|X1,Xp) = / (/ H(Y|X; =x1, X2 = xz)del(x1)> dFy, (x2) (A17)

Therefore, for a given Fx,, I) is a continuous function of Fy,. Exchanging the roles of Fx, and Fy,,
also the case A > 1 can be addressed similarly, so they are omitted for the sake of brevity.

Appendix C.3. Weak Differentiability

For a given Fy,, the weak derivative of I at ng is given by:

L(Fx, (1= B)FY, + BFx,)) — I (Fx, FY)
1 (Fx Py = lim (2B, + Phe)) W B, (A18)

0+ B ’
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if the limit exists. It can be verified that:
I/I\(FX1FX2)‘F§J(
2

oy Jia(x2; (1= B)FY, + BFx, |Fx, )d((1 — B)FR, (x2) + BFx, (x2)) — [ia(x2; F |Fx, )dFg (x2)
~ phor /5

- /iA(xz;F9(2|FX1)dFX2(x2) . /i/\(xg; FY, |Fx, )AFY, (%)

_ / i (x2; Y, [P, JAFx, (32) — Iy (Fx, FS, ),

where i) has been defined in (17). In a similar way, for a given Fy,, the weak derivative of I, at Fgl is:

Iﬁ(Fxlszﬂpg] :/{A(xliFgﬁ‘FXz)dFXl(xl) — I\(FY, Fx,), (A19)

where i) has been defined in (16). The case A > 1 can be addressed similarly.

Appendix D
We have:

sup I}L(FX‘lFXZ) S sup IA(FX1FX2)

Fxl : Fxl FXZ:
E[X2]<P] ]E[X]?]SP].’, j=1,2
< sup I(Xy, X)) (A20)
Fxl FXZ:

IE[X]Z]ng’, j=1.2

< sup  H(Y)— inf  H(Y|Xy,X)
Fx, Fxy: Fxy Py
E[X2]<P, j=12 EX}|<P), j=12
—1- it [ [ Hy Qx4 x2)) dFx, (n)dFy (x2)
FxlFXZ:

JE[XZ]SP!, j=1,2

=1t // H, <Q (\/;%+ \/xE)) dFy, (x1)dFy,(x2)  (A21)
[X2]<P’j 1,2

<1- Fxl]rg(2 // ( ) dFx, (x1)dFx, (x2) (A22)
[X2]<P’ =12

~1-0(y/r+/n) (A23)

<1, (A24)

where (A20) is from the non-negativity of mutual information and the assumption that 0 < A < 1;
(A21) is justified since the Q function is monotonically decreasing and the sign of the inputs does
not affect the average power constraints; X; and X, can be assumed non-negative (or alternatively
non-positive) without loss of optimality; in (A22), we use the fact that Q (\/x? + \/;% ) < %, and for
t € [0, 1], Hy(t) > t; (A23) is based on the convexity and monotonicity of the function Q(v/u + /v) in
(u,v), which is shown in Appendix G. Therefore, the LHS of (13) is strictly less than one.
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Since X, has a finite second moment (E[X2] < P}), from Chebyshev’s inequality, we have:

P/
P(|Xp| > M) < ﬁzz YM > 0. (A25)

Fix M > 0, and consider X; ~ Fx, (x1) = }[s(x1 +2M) +s(x; — 2M)]. By this choice of Fy,, we get:

IA(FxlFXz) = I(Xl;Y|X2) =+ /\I(Xz;Y)
> (X1 Y|X2) (A26)

400

_ [ I(X1; Y| Xz = x2)dFx, (x2)
M

> /44 1(X1; Y| Xz = x2)dFx, (x2)

. +M +M
>inf [ H(Y|Xy = x2)dFy, (x2) — sup / | H(YIX), Xa = x2)dFx, (x2)
Fx, /-

Fx, J-M
> (1- 1 ) (3 - 5(00M) + (M) ) - Hy (Q2M)), (A27)

where (A27) is due to (A25) and the fact that H(Y|X, = xp) = H;,(%Q(2M +x2) + %Q(—ZM +x7))
is minimized over [—-M, M| at x, = M (or, alternatively at x, = —M) and H(Y|Xy, Xz = xp) =
%Hb(Q(ZM +x2)) + %Hb(Q(—ZM + xp)) is maximized at x, = 0. (A27) shows that I (< 1) can
become arbitrarily close to one given that M is large enough. Hence, its supremum over all distributions
Fx, is one. This means that (13) cannot hold, and 6; # 0.

Appendix E. Justification of (18), (19) and (20)

Let X be a vector space and Z be a real-valued function defined on a convex domain D C X.
Suppose that x* maximizes Z on D and that Z is Gateaux differentiable (weakly differentiable) at x*.
Then, from (Theorem 2, p. 178, [18]),

Z' (%)) <0, (A28)

where Z’(x)|,+ is the weak derivative of Z at x*.
From (A19), we have the weak derivative of I, at F)"(1 as:

(P P, = [ 7a(ens By [P )P (x1) = I (F, F)- (A29)

Now, the derivation of (18) is immediate by inspecting that the weak derivative of the objective of (11)
at Fy, is given by:

I/A(1DX1FX2)|F;(1 — 6 (/ x}dFx, (x1) f/x%dF)’k(l(x])) = /ZA(xl;F§1|FX2)dFX1 (x1) — I (Fx, Fx,)

_ o, ( / 2Py, (x1) — / x%dP;gl(xl)) (A30)

Letting (A30) be lower than or equal to zero (as in (A28)) results in (18).
The equivalence of (18) to (19) and (20) follows similarly to the proof of Corollary 1 in (p. 210, [19]).
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Appendix F
Equation (21) is obtained as follows.
1

pylx1, x2)
x1,X) log =
y;op(yl vR)los L )

D(p(yl1, 22 (3P ) | =

< ‘H(Y|Xl =x, Xy =x)|+

1
Y p(ylxy, x2) log p(y; Fx, Fx,)
y=0

1

ZO log p(y; Fx, Fx,)
=

1

<1+ (A31)

=1- log p(y; Fx, Fx,)

y=0

<1-2min { log py (0; Fx, Fx, ), log py (1; FXIFXZ)}

<1-21ogQ(\/P} +1/P}) (A32)
< 00

where (A31) is due to the fact that the binary entropy function is upper bounded by one. (A32) is
justified as follows.

min{pY(O;FX1FXz)/pY(1;FX1FXz)} > Fir}:f . min{pY(O;FX1FX2)/pY(1;FX1sz)}
X1 FXy
]E[le]gzp;

I
5
=8

=
=
2

P
o

3

|

e
=8
5

—

\

©

A/~

2t \/?g> dFy, (x1)dFy, (v2)  (A33)

= (yr+n), (A39)
where (A34) is based on the convexity and monotonicity of the function Q(v/u + /v), which is shown

in Appendix G.
Equation (22) is obtained as follows.

plus g ) = min { p (0 ), p(1: g ) |
> Qx|+ |xal) dF, (1)
= [ o (it + bl e
> Q (/P +1xl), (A35)

where (A35) is due to the convexity of Q(a + /x) in x for & > 0.
Equation (23) is obtained as follows.
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PWiFx; Fx)
Z;:O p(ylx1, x2) log p(y;p); ‘fzz)

< = Lyoo pylx1, x2) log p(y; Fx, |x2) — Ty—o p(ylx1, x2) log p(y; Fx, Fx,)

1 1
< = ) logp(y; Fx,|x2) — )_ log p(y; Fx, Fx,) (A36)
y=0 y=0
g—zlogQ<\/17{+ \/PZ> —210gQ (/P + x2l), (A37)

where (A36) is from p(y|x1, x2) < 1; and (A37) is from (A35) and (A34).
Note that (A37) is integrable with respect to Fx, due to the concavity of —log Q(& + /x) in x for
« > 0 as shown in Appendix G. In other words,

[re (—ZlogQ (\/171’-# \/172’) —2logQ (\/F{+ \xz\)) dFy,(x2) < —4logQ (\/F{+ \/1?2’) (A38)

< +oo. (A39)

Appendix G. Two Convex Functions

Let f(x) = log Q(a + v/x) for x,a > 0. We have,

o
fl(x) = "It Vo)
and: g 1
F'0) = e T (@ vE+ v ~glatv®), (a0
where ¢(x) = %e’%. Note that:
(1+at+2)Q(a+1) +apa+t) > (1+(a+ t)z) Qa+t) (A41)

> (a+t)p(a+t), Va,t>0, (A42)

where (A41) and (A42) are, respectively, due to ¢(x) > xQ(x) and (1 + x2)Q(x) > x¢(x) (x > 0).
Therefore,

(a+vx+ %)Q(LH V) > ¢(a+Vx),

which makes the second derivative in (A40) positive and proves the (strict) convexity of f(x).
Let f(u,v) = Q(v/u + +/v) for u,v > 0. By simple differentiation, the Hessian matrix of f is:

_ Wutyo)? 1, Vur/e Vo

_¢ 2 2ur/u 4u 4\/u\/v
H= /o f\/mﬁ 1 f\\/fﬁﬂﬁ ’ (A43)

NG RN

It can be verified that det(H) > 0 and trace(H) > 0. Therefore, both eigenvalues of H are positive,
which makes the matrix positive definite. Hence, Q(1/u + v/v) is (strictly) convex in (1, v).

Appendix H
Let A 2 max{Aj, As}.
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A
Hy(Quz— A) === m o s e o
/’ ’ ‘
L7 ()
Be .7 |
gat” 1
e \
. -’ | |
. 1/ 4 I
,/ A:Hz“ (f Q<11’/2+11){1FX.(1‘”1)>
(4 —A
Hy Qs+ A) [ == N }
| B= JH (@ +2) dFx, ()
| - |
| | |
| €= BH, (@Q(ea + 4)) + (1~ B)H, Qs - 4))
1 1 1 -
0 Q@A) QA+ (- Qs A) Qas—A) e

Figure Al. The figure depicting (A46) and (A48). Note that in the statement of Lemma 3, x, — +o0.
Hence, we have assumed x, > A in the figure.

It is obvious that:
Qxy + A) < /j: Q(x1 + x2)dEx, (x1) < Q(x2 — A). (A44)
Therefore, we can write:
[ Qa2 (1) = QG2 + 4) + (1 - B2~ 4), (a%5)

for some B € [0, 1]. Note that  is a function of x,. Furthermore, due to the concavity of Hy(-), we
have:

Hb</:: Q(x1+x2)dFX1(x1)> > /j‘ Hy(Q(x1 + x2))dFy, (x1). (A46)

From the fact that:

> 22 (x —a)+ Hy(a), Vx € [a, p], Va,p € [0, 1](a < p), (A47)

we can also write:

S H(QUxr + x2))dFy, (1) > HlQaa AP (QUas ) (14 (2 4+ x3)dPy, (31) ~Q(x2 + A) )

+Hy(Q(x2 + A))
= BHp(Q(x2 + A)) + (1 = B)Hyp(Q(x2 — A)), (A48)

where (A45) and (A47) have been used in (A48). (A46) and (A48) are depicted in Figure A1.
From (A45) and (A48), we have:

BHy(Q(x2 + 4)) + (1 = B)H(Q(x2 — 4)) _ J4 Hy(Q(x1 + x2))dFx, (x1)
Hy </3Q(x2 +A)+(1-B)Q(x2 — A)) Hy ( S, Qa1 + x2)dFy, (xl))

<1 (A49)
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Let:
) 5 2 argmin BH(Q( £ 4)) 4 (1= P)H,(Q(xa = 4)) 50
P (ol A)+ (- HQG - 4)
This minimizer satisfies the following equality:
4 | BQUs )+ 1= || _g s
Hj (ﬁQ(xz +A)+(1-B)Q(x2 — A)) P
Therefore, we can write:
BHp(Q(x2+ A)) + (1 - B)Hp(Q(x2 — A)) > B Hp(Q(x2 + A)) + (1 - B*)Hyp(Q(x2 — A)) (A52)

H, (5Q(x2 +A)+(1—B)Qxa — A)) H, (ﬁ*Q(xz +A)+(1—B)Q(x2 — A))

Hy (Qx2—A)) —Hy (Q(x2+A))
_ Q(x2—A4)-Q(x2+A) (A53)

H, (ﬁ*Q(Xz T A+ (- BQ A))

Hb(QQ(?z*AX;*ng(Q(JZTA))
> x2—A)—Q(x2+ , A54
= TTH(Q + A) (A3

where (A52) is from the definition in (A50); (A53) is from the expansion of (A51), and H(t) = log(¥) is
the derivative of the binary entropy function; (A54) is due to the fact that Hy (t) is a decreasing function.
Applying L'Hospital’s rule multiple times, we obtain:

Hy(Qxy =)~ Hy(Qxy +4) Hy(Q(x2-4)) (17%>
i Qlry—A)—Q(xp+A) -k LA
1My, — +o0 T H(QmtA) 1My — 0
b2 Ay [ 1- Queata) ) oo 1-Qley+4)
Q=M \ 1= g ) 108( gty a7 )
Y _ Hy(Q(x2—A))
= lim, s+ — o= ) log (@740
—A)
e xzi log(Q(xp—A)) (A55)

= limy, ;o RC=

2
e 2 log(Q(xa+A))+
1 log(Q(x2—4))
= 1My o0 foglgr )41
— i Qxp+A)e™2
= Mot oy~ A)e A

=1

Qlp—A) - (4 A)7 ;A)Z
QMp+A)¢

From (A49), (A54) and (A55), (35) is proven. Note that the boundedness of X; is crucial in the
proof. In other words, the fact that Q(x, — A) — 0 as x; — +oo is the very result of A < +o0.
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Abstract: Coded multicasting has been shown to be a promising approach to significantly improve the
performance of content delivery networks with multiple caches downstream of a common multicast
link. However, the schemes that have been shown to achieve order-optimal performance require content
items to be partitioned into several packets that grows exponentially with the number of caches, leading
to codes of exponential complexity that jeopardize their promising performance benefits. In this paper,
we address this crucial performance-complexity tradeoff in a heterogeneous caching network setting,
where edge caches with possibly different storage capacity collect multiple content requests that may
follow distinct demand distributions. We extend the asymptotic (in the number of packets per file)
analysis of shared link caching networks to heterogeneous network settings, and present novel coded
multicast schemes, based on local graph coloring, that exhibit polynomial-time complexity in all the system
parameters, while preserving the asymptotically proven multiplicative caching gain even for finite file
packetization. We further demonstrate that the packetization order (the number of packets each file is
split into) can be traded-off with the number of requests collected by each cache, while preserving the
same multiplicative caching gain. Simulation results confirm the superiority of the proposed schemes
and illustrate the interesting request aggregation vs. packetization order tradeoff within several practical
settings. Our results provide a compelling step towards the practical achievability of the promising
multiplicative caching gain in next generation access networks.

Keywords: caching networks; random fractional caching; coded caching; coded multicasting;
index coding; finite-length analysis; graph coloring; approximation algorithms

1. Introduction

Recent information-theoretic studies [1-49] have characterized the fundamental limiting performance
of several caching networks of practical relevance, in which throughput scales linearly with cache
size, showing great promise to accommodate the exponential traffic growth experienced in today’s
communication networks [50]. In this context, a caching scheme is defined in terms of two phases: the cache

Entropy 2019, 21, 324; doi:10.3390/e21030324 www.mdpi.com/journal/entropy
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placement phase, which operates at a large time-scale and determines the content to be placed at the network
caches, and the delivery phase, during which user requests are served from the content caches and sources
in the network. Some of the network topologies studied include shared link caching networks [1,2,8-14],
device-to-device (D2D) caching networks [17-19,33,34], hierarchical caching networks [24], multi-server
caching networks [29], and combination caching networks [36—42].

Consider a network with one source (e.g., base station) having access to m files, and n users
(e.g., small-cell base stations or end user devices), each with a cache memory of M files. In [17], the authors
showed that if the users can communicate between each other via D2D communications, a simple
distributed random caching policy and TDMA-based unicast D2D delivery achieves the order-optimal
throughput © (max{ %, %, % ) whose linear scaling with M when Mn > m exhibits a remarkable
multiplicative caching gain, in the sense that the per-user throughput grows proportionally to the
cache size M for fixed library size m, and it is independent of the number of users 7 in the system.
Moreover, in this scheme each user caches entire files without the need for partitioning files into packets,
and missing files are delivered via unicast transmissions between neighbor nodes, making it efficiently
implementable in practice. We recall that order-optimality refers to the fact that the multiplicative gap
between information-theoretic converse and achievable performance can be bounded by a constant number
when m, n — oo.

In the case that users cannot communicate between each other, but share a multicast link from
the content source, the authors in [8,9] showed that the use of coded multicasting (also referred to as
index coding [51]) allows achieving the same order-optimal worst-case throughput as in the D2D caching
network. In this case, however, in order to create enough coding opportunities during the delivery phase,
requested files are required to be partitioned into a number of packets that grows exponentially with the
number of users, leading to coding schemes of exponential complexity [8,9,21].

In [10,12], the authors considered the same shared link caching network, but under random demands
characterized by a probability distribution, and proposed a scheme consisting of random aggregate
popularity (RAP) placement and chromatic number index coding (CIC) delivery, referred to as RAP-CIC,
proved to be order-optimal in terms of average throughput. The authors further provided optimal
average rate scaling laws under Zipf [52] demand distributions, whose analytical characterization
required resorting to a polynomial-time approximation of CIC, referred to as greedy constrained coloring
(GCCQ). Using RAP-GCC, the authors further established the regions of the system parameters, in which
multiplicative caching gains are potentially achievable. While GCC exhibits polynomial complexity in
the number of users and packets, the order-optimal performance guarantee still requires, in general,
the packetization order (number of packets per file) to grow exponentially with the number of users,
as showed in [21].

It is then key to understand if the promised multiplicative caching gain, shown to be asymptotically
achievable by the above-referenced schemes, can be preserved in practical settings of finite packetization
order. In this context, we shall differentiate between coded multicast schemes that assume a deterministic
vs. a random cache placement phase. Deterministic placement policies determine where to store file
packets according to a deterministic procedure that takes into account the ID of each packet. In contrast,
random placement policies, after determining the number of packets to be cached of each file at each
cache, choose the exact packet IDs uniformly at random. While the increased structure of deterministic
placement policies can be exploited to design more efficient coded multicast algorithms, random placement
policies are desirable in practice, as they provide increased robustness by requiring less cache configuration
changes under system dynamics.

The seminal work of [21] showed that all previously proposed schemes (based on both deterministic
and random cache placement) required exponential packetization, and that under random placement,
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no graph-coloring-based coded multicast algorithm can achieve multiplicative caching gains with
sub-exponential packetization. Since the fundamental results of [21], several works have studied the now
central problem in caching of finite file packetization. The authors in [53] connect the caching problem to
resolvable combinatorial designs and derive a scheme that while improving exponentially over previous
schemes [8,9,21], still requires exponential packetization. In [54], the authors introduce the combinatorial
concept of Placement Delivery Array (PDA) and derive a caching scheme where the packetization
scales super-polynomially with the number of users. The work in [22] establishes a connection with
the construction of hypergraphs with extremal properties, and provides the first sub-exponential (but still
intractable) scheme. Somewhat surprisingly, some of the authors of [21] introduced a new combinatorial
design based on Ruzsa-Szeméredi graphs in [30] and showed that a linear scaling of the number of packets
per file with 1 can be achieved for a throughput of @(1n~%), where § can be arbitrarily small. However,
all the above studies focus on coded multicast algorithms that assume a deterministic cache placement
phase. Under random cache placement, several coded multicast algorithms have been proposed in the
context of homogenous shared link caching networks [55-60], including our previous work that serves as
the basis for this paper.

In this work, we address the important problem of finite-length coded multicasting under random
cache placement, focusing on a more general heterogeneous shared link caching network, in which caches
with possibly different sizes collect possibly multiple requests according to possibly different demand
distributions (see Figure 1). As shown in Figure 1, this scenario can be motivated by the presence of both
end user caches and cache-enabled small-cell base stations or WLAN access points sharing a common
multicast link. In this case, each small-cell base station can be modeled as a user cache placing multiple
requests. In addition, multiple requests per user also arise in the presence of delay-tolerant content
requests (e.g., file downloading). While there have been several information-theoretic studies of shared
link caching networks with distinct cache sizes [61-63], and with multiple per-user requests [13,14,34,64,65],
none of these works considered the finite-length regime nor addressed the joint effect of random demands,
heterogenous cache sizes, and multiple per-user requests.

A

Single Request Multicast medium
wireless backhaul

Multiple Requests

Served by the Macro Base Served by Small Cell Base Stations
Station

Figure 1. An example of the network model, which consists of a source node (base station in this figure)
with access to the content library and connected to the users via a shared (multicast) link. Each user (end
users and small-cell base stations) may have different cache size and request a different number of files
according to their own demand distribution.
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The contributions of this paper are as follows:

1. We provide a generalized model for heterogeneous shared link caching networks, in which users
can have different cache sizes and make different number of requests according to different demand
distributions.

2. We design two novel coded multicast algorithms based on local graph coloring, referred to as Greedy
Local Coloring (GLC) and Hierarchical Greedy Local Coloring (HgLC) that exhibit polynomial-time
complexity in both the number of caches and the packetization order. In combination with the
Random Aggregate Popularity (RAP) placement policy of [10,12], we show that the overall schemes
RAP-GLC and RAP-HgLC are order-optimal in the asymptotic file-length regime.

3. Focusing on the finite-length regime, in which content items can be partitioned into a finite number of
packets, we show how the general advantage of local graph coloring is especially relevant when the
number of per-user requests grow. We validate via simulations the superiority of RAP-GLC, especially
with high number of per-user requests. We then show how RAP-HgLC, with a slight increase in
the polynomial complexity order, further improves the caching gain of RAP-GLC, remarkably
approaching the multiplicative gain that existing schemes can only guarantee in the asymptotic
file-length regime.

4. We demonstrate that there is a tradeoff between the required packetization order and the number
of requested files per user. In particular, for a given target gain, if the number of requests increases,
then the number of packets per file can be reduced, while preserving the target gain. We further
quantify the regime of per-user requests for which a caching scheme with unit packetization
order (i.e., a scheme that treats only whole files) is order-optimal. Our analysis illustrates the
key impact of content request aggregation in time and space on caching performance. That is, if edge
caches can wait for collecting multiple requests over time and/or aggregate requests from multiple
users, the same performance can be achieved with lower packetization order, and hence lower
computational complexity.

The paper is organized as follows. Section 2 introduces the network model and problem
formulation. Section 3 describes the construction of coded multicast algorithms using graph coloring,
with special focus on the advantages of local graph coloring. Section 4 presents novel polynomial-time
local-graph-coloring-based coded multicast schemes. Section 5 analyzes the effect of request aggregation
on the performance—complexity tradeoff. Section 6 presents simulation results and related discussions.
Finally, concluding remarks are given in Section 7.

2. Network Model and Problem Formulation

We consider a caching network formed by a source node with access to a content library,
connected to several caching nodes/users via a single shared (multicast) link. Similar to previous
works [8-10,12-14,21,22,30], we define a caching scheme in terms of two phases:

e Placement phase, which operates at a large time-scale and determines the content to be placed at the
caching nodes,

e Delivery phase, during which users requests are served from the content caches and sources in
the network.

However, differently from previous works, we generalize the model to a heterogeneous system in
which each caching node has a possibly different cache size and requests a possibly different number of
files. A practical example of our setting can be represented by a macro base station connected to several
cache-enabled small-cell base stations, and a number of user devices served either by the macro base
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station or by the small-cell base stations. In this setting, each small cell acts as a super user requesting
multiple files resulting from the requests of the users it serves.

Specifically, the heterogeneous caching network consists of a single source node storing a library
of files ¥ = {1,...,m}, each with entropy F bits, and n user nodes U = {1,...,n}, each with a cache of
storage capacity M, F bits (i.e., each user caches up to M, files). Each user u can requests L, (1 < L, < m)
different files according to its individual request probability distribution. We assume that the library files
have finite length and consequently a finite packetization order. Our main objective is to design a caching
scheme that minimizes the number of transmissions required to satisfy the demands of all users.

In a homogeneous network setting with infinite packetization order, recent works [8-10,12-14]
have shown that it is possible to satisfy a scaling number of users with only a constant number of
multicast transmissions. The achievable schemes configure user caches with complementary (side)
information during the caching phase, such that the resulting coded multicasting opportunities that
arise during the delivery phase can be used to minimize the transmission rate (or load) over the shared
multicast link. Specifically, reference [12] showed that under Zipf file popularity, a properly optimized
random fractional placement policy, referred to as Random Aggregate Popularity (RAP) caching, achieves
order-optimality when combined with a graph-coloring-based coded multicast scheme. Unfortunately,
even in the homogenous setting, it was shown in [21] that a central limitation of all previous works is that
they require infinite packetization order: all existing caching schemes achieve at most a factor of two gain
when the packetization order is finite.

In this work, inspired by the fundamental throughput-delay-memory tradeoff derived in [21], our goal
is to design computationally efficient schemes that provide good performance in the finite packetization
regime. For the caching phase, (1) we restrict our placement policies to the class of random fractional
schemes described in [9,10,12-14], proved to be order-optimal in the homogeneous setting. For the delivery
phase, (2) we focus on the class of graph-coloring-based index coding schemes, and design two novel
polynomial-time algorithms that employ local graph coloring on the (index coding) conflict graph [51].

2.1. Random Fractional Cache Placement
The class of random fractional placement schemes is described as follows:

1. Packetization: Each file is partitioned into B packets of equal-size F/ B bits, where the integer B is
referred to as the packetization order. Each packet is represented by a symbol in finite field Fy,z,
where we assume that F/B is large enough.

2. Random Placement: Each user u caches py , My B packets independently at random from each file f,

where p fu is the probability that file f is cached at user u, and satisfies 0 < p fu <1/M,VfeF
such that Z}?:l Pru=1YueU.

We introduce a caching distribution matrix P = [ps,] € R}", where f € F and u € U. Please
note that the number of packets of file f cached at user u, ps, M,B, can be directly determined from
the caching distribution matrix P. As described in [10,12-14], the caching distribution must be properly
optimized to balance the gains from local cache hits (where requested packets are served by the local
cache) and coded multicast opportunities (where requested packets are served by coded transmissions
that simultaneously satisfy distinct user requests). When this is the case, we refer to the cache placement
scheme as Random Aggregate Popularity (RAP) caching (see e.g., [10,12-14]). Given the number of packets
to be cached of a given file, the actual indices of the packets to be cached are chosen uniformly at random,
and independently across users. We use C, ; to denote the set of packets of file f cached at user u and
C={C, s} withu € U and f € F to denote the packet-level cache placement realization.

The goal of the placement phase is to configure the user caches to create coding opportunities
during the delivery phase that allow serving distinct user requests via common multicast transmissions.
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Compared to deterministic placement [8], random placement schemes allow configuring user caches with
lower complexity and increased robustness, i.e., changes in system parameters (e.g., number of users,
number files, file popularity) require less changes in users’ cache configurations [12].

Recall that the placement phase operates at a much larger time-scale than the delivery phase,
and hence is unaware of the requests in the subsequent delivery rounds. Therefore, the placement phase
can be designed according to the demand distribution, but must be independent of the requests realizations.

2.2. Random Multiple Requests

Each user u € U requests L, (1 < L, < m) files independently from other users, following
a probability distribution gy, with g5, € [0,1] and }¥' ; 45, = 1 (i.e., for each request of user u, file f is
chosen with probability g ,). We introduce a demand distribution matrix Q = [q¢,] € R, where f € F
and u € U. In the following, we use W = {W, ¢}, with u € U and f € F, to denote the packet-level
demand realization where W,  denotes the packets of file f requested by user u.

The multiple-request parameters {L,} have a key operational meaning, in that it captures the
possibility of edge caches to collect requests across time and space. That is, L, may represent the amount
of requests collected over time (given the delay tolerance of some content requests) as well as the amount
of requests collected across space from users served by the given edge cache (e.g., when edge caches are
located at helper nodes or small-cell base stations serving multiple individual users).

2.3. Performance Metric

For given realizations of the random fractional cache placement and the random multiple requests,
the goal is to design a delivery scheme that minimizes the rate over the shared multicast link required to
satisfy all user requests. Since one placement phase is followed by an arbitrarily large number of delivery
rounds (each characterized by a new independent request realization), the rate (or load) of the system
refers only to the delivery phase (i.e., asymptotically the cache placement costs no rate). Furthermore,
it makes sense to consider the average rate, where averaging with respect to the users request distribution
takes on the meaning of a time-averaged rate, invoking an ergodicity argument.

At each request round, let F = {fj,f5,---,f,} be the demand realization, where f, =
{frus four- s frout, 4 € U. The source node computes a multicast codeword as a function of the library
and the demand realization F. We assume that the source node communicates to the user nodes through
an error-free deterministic shared multicast link.

Given the demand realization F, let the total number of bits transmitted by the source node be J(F).
We are interested in the average performance of the coded multicast scheme, and hence define the average
rate (or load) as the number of transmitted bits normalized by the file size:

E [J(F)]

R= =V M

where the expectation is over the random demand distribution.

3. Graph-Coloring-Based Coded Multicast Delivery

It is important to note that for given cache placement and demand realizations, the delivery phase
of a caching scheme reduces to an index coding problem with a twist. The only difference with the
conventional index coding problem introduced in [51] is that the cache information may contain part of
(as opposed to entire) requested files, and that users may request multiple (as opposed to single) files.
Nevertheless, as in index coding, the problem can still be represented by a conflict graph [10,12-14],
where vertices represent requested packets, and an edge between two vertices indicates a conflict, in the
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sense that the packet represented by one vertex is not present in the cache of the user requesting the
packet represented by the other vertex. By construction, packets with no conflict in the graph can be
simultaneously transmitted via an XOR operation. Performing graph coloring on the conflict graph
and transmitting the packets via proper XOR operations, according to the graph coloring, results in an
achievable linear index coding scheme, which we refer to as a coded multicast scheme.

In the following, we first illustrate how to construct the conflict graph, we then review classical linear
index coding schemes, and then describe our proposed graph-coloring-based coded multicast schemes.

3.1. Conflict Graph Construction

Given cache placement realization C and demand realization W, the directed conflict graph
Hdc,w = (V, &) can be constructed as follows:

e  Vertices: For each packet request in W, there is a vertex in Hé/W' Each vertex v € V is uniquely
identified or labeled by a packet-user pair {p(v), t(v)}, where p(v) denotes the identity of the packet,
and j(v) the user requesting it. Hence, if a packet is requested by multiple users, such a packet is
represented in as many vertices as the number of users requesting it. Such vertices have the same
packet label p(v), but different user label y(v).

e  Arcs: For any v1,v; € V, there is an edge (v2,v1) € € with direction from v to vy if and only if
p(v1) # p(v2) and packet p(v1) is not in the cache of user yi(v;).

To better understand the rationale behind the conflict graph and its construction, note that for any
two vertices v1 and v, that are labeled as {p(v1), t(v1)} and {p(v2), t(v2)}, respectively, we have the
following three possible cases:

o p(v1) # p(v2) and p(v1) = p(v): This indicates that two different packets are requested by the same
user. Then, v; and v, are mutually conflicting, in the sense that if sent within the same time-frequency
resource they interfere with each other. Hence, in the conflict graph, they are connected with two
directed edges, (v1,v2) € € and (v, v1) € &;

o p(v1) =p(v2) and p(v1) # p(v2): This indicates that the same packet is requested by two different
users. Then, v1 and v; are not conflicting, and hence not connected in the conflict graph; i.e., (v1,v2) ¢
Eand (vy,v1) ¢ &;

o p(v1) # p(v2) and p(v1) # p(v2): This indicates that two different packets are requested by two
different users. In this case, if packet p(v1) is in the cache of user y(vz), then, even if p(v71) and
p(v2) are sent within the same time-frequency resource, user y(v;) will not suffer from interference,
since, using its cache information, it can cancel out the undesired packet p(v;) from the received
signal. On the other hand, if packet p(v7) is not in the cache of user j(v;), then v; conflicts with vy,
and a directed edge is drawn from v, to v;. Similarly, (vy,v2) € € if and only if p(v;) ¢ Cii(o))-

Based on the above construction, it follows that the number of interference dimensions faced by
a given node is at most the number of its outgoing neighbors.
To illustrate the construction of the directed conflict graph ’H‘é w- we present the following example.

Example 1. We consider a network with n = 3 users denoted as U = {1,2,3} and m = 3 files denoted
as F ={A,B,C}. We assume M, = 1,Yu € U and partition each file into three packets. For example,
A ={A1, Ay, A3}, Let pay = ppu = Pcu = 3 for u € U, which means that one packet from each of A, B, C
is stored in each user’s cache. For the sake of notational convenience, we assume a symmetric caching realization,
where the caching configuration C is given by Cya = {Ay}, Cyp = {Bu}, Cyuc = {Cu}). That is, the cache
configuration of each user u € U is C,, = {A,, By, Cy }. We let each user make two requests, i.e., L, =2 (VYu € U).
Specifically, we let user 1 request A, B, user 2 request B,C, and user 3 request C, A, i.e., f; = {A,B},f, =
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{B,C},f3 = {C,A}), such that W1 = {Az, A3,By, B3}, Wy = {By,B3,Cy,C3}, W3 = {A1,A,Cq,Ca}.
The associated directed conflict graph is shown in Figure 2.

Figure 2. An example of the construction of the directed conflict graph (this figure needs to be viewed in
color). The color of each circle in this figure represents the coloring of each vertex.

3.2. Code Construction

Let w, denote the content (or realization) of packet p(v), v € V), represented by a symbol in F,.
In general, in a linear index coding scheme of length ¢, every vertex v is associated with a “coding"
vector g, € ]FSXI wherev € [1: [V|]. Let G = [g1,...gjy)] and w = [wy, .. .,w‘v‘]T. Then, the transmitted

codeword, x € Fg“, is built as follows:

x= ) wogy = Guw, (2)

veY

Let N(v) = {w : (v,w) € £} be the out-neighborhood of v. For any feasible scalar linear index
coding scheme of the form (2), the following interference alignment condition is necessary: For every
vertex v, the coding vector g, should be linearly independent of all the coding vectors assigned to the
out-neighborhood of v.

In the following, we describe how to construct coding vectors satisfying the interference alignment
condition for every vertex. For ease of notation, we use H? to denote the directed conflict graph, and H
to represent its underlying undirected skeleton, where the direction of edges is ignored. Recall that an
undirected skeleton of a directed graph #“ is an undirected graph where there is an undirected edge
between v and v; if, between vy and vy, there is a directed edge in either or both directions in HA.

3.2.1. Graph Coloring and Chromatic Number

A well-known procedure to construct the coding vectors {g,, v € N(v)} is the coloring of H*.
In the following, when used without any qualification, a coloring of a directed graph is considered to be
a proper (vertex) coloring of its underlying undirected skeleton #, where a proper coloring is a labeling
of the graph’s vertices with colors, such that no two vertices sharing the same edge have the same color.
Please note that by definition, any subset of nodes with the same color in a proper coloring form an
independent set (i.e., a subset of nodes in a graph, no two of which share the same edge). A coloring
using at most k colors is called a (proper) k-coloring. The smallest number of colors needed in a proper
coloring of H is called its chromatic number, and is denoted by x(H?). In the following, we explain
why a coloring of H¢ provides a way to design the coding vectors {g,, v € N (v)}. Let & be the total
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number of colors in a given coloring of H?. Let e; be the i-th unit vector in the space ]FSXI, with { = ¢,
ie,e;=1[0,0,---,1,---,0, O}T, where the 1 is in the i-th position. Now, if vertex v is colored with color
i, then, its coding vector is g, = e;. Making this choice for the coding vectors, the associated achievable
rate is given by %. Since neighbors are assigned different colors, the interference alignment condition is
satisfied for every vertex. Recalling the definition of X(Hd) it is immediate to see that the best achievable

rate due to conflict graph coloring is given by £ ( 9 , and, according to the construction of the conflict
graph, it is loosely bounded by:

Z( pfuMu S < Z Z PfuMu (3)

fefy u=1 fef,

indicating that the achievable rate is a constant with regards to B. A much tighter bound will be given
in Section 4.1.

3.2.2. Local Graph Coloring and Local Chromatic Number

More efficient sets of coding vectors can be constructed using the approach proposed in [66], which
exploits the direction information in H{ y, resulting in the following advanced coding scheme:

Definition 1 (Local Coloring Number). Given a proper coloring c of 1, the associated local chromatic number
is defined as:

Gie(e) = max (N (0))] )

where Nt (v) is the closed out-neighborhood of vertex v (i.e., vertex v and all its ongoing neighbors N (v)) and
|c(NT(v))] is the total number of colors in N (v) for a given proper color assignment c.

The minimum local coloring number over all proper colorings is referred to as the local chromatic
number and is formally defined as follows:

Definition 2 (Local Chromatic Number). The directed local chromatic number of a directed graph H¢ is
defined as:

Xie(H") = mingic(c) 5)

where C denotes the set of all proper coloring assignments of H¢, N+ (v) is the closed out-neighborhood of vertex v,
and |¢(N(v))] is the total number of colors in N (v) for a given proper color assignment c.

Encoding Scheme: For a given realization of the cache placement (C) and user requests (W), let us
consider the conflict graph Héw as in Section 3.1. Given a (proper) ¢-coloring (i.e., a proper coloring of
graph "H,dc w With & colors), we compute the associated local coloring number ¢j.. Set £ = i and p = C.
Then, con/sider the columns of the generator H of an ¢ x p Maximum Distance Separable (MDS) [67]
code over the field IF; : g > p . If the color of a vertex v is 7, then the coding vector g, assigned to vertex v
is given by i-th column h; of H. Then, the transmitted multicast codeword, x € Fé“, is given by (2).

Decoding Scheme: In any closed out-neighborhood, there are at most ¢ different colors (from the
definition of local coloring). Since every ¢ columns of H are linearly independent (from the defining
property of MDS codes), the coding vectors in any closed out-neighborhood have full rank, satisfying
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the interference alignment condition. The message w, at vertex v is obtained at user v as follows: (1)
Using side information at user v, cancel out message parts corresponding to all vertices outside Nt (v),
ie,x' =x— NZ wygu. This is possible because, by the definition of the conflict graph H4, the messages
ug¢gN+*(v

{wu}ugn+ (o) are a<v>ailable as side information at user v and the encoding mechanism is known to all the
users. (2) Find a vector z in the dual space of {gu },c Ar+(0)\ {0} Such that zTx' # 0 (this is possible since g,
is linearly independent of {gu},cr+ (o) (v} Pecause of the local chromatic number-based construction).
Now, z'x' = (zTgv)wv. Therefore, user v recovers its own message. It follows that all users can recover all
the requested packets employing such linear scheme.

Achievable Rate: The coding scheme constructed as described above achieves a rate given by ¢;./ B,
where B is the number of packets per file.

Example 2. We consider an example shown in Figure 3. First, we assign colors to each vertex such that the total
number of colors ¢ = 5, and count the local coloring number, which is . = 4. Then, we construct the generator
matrix A of a (¢ =5, &) = 4) MDS code, which is given by

0
0
) ©)
0

o o O =
o O = O
- o o O
T

After that, we assign the columns of A to g,, corresponding from the left to the right to the vertices with the
packets { Ay, Az, By, By, A1}, as shown in Figure 3. Finally, the transmitted codewords can be generated which are
the rows of the right-hand side of (2)

X(1) = A1 ® Ay, X(2) = A1 B A3 @)

X(3):A1@B1,X(4):A1@B2 (8)

where the length of the code is §). /B = 4/3 file units. It can be easily verified that every user can decoded its desired
packets with the cached ones.

Figure 3. An illustration of coded multicast codewords construction based on local coloring (this figure
needs to be viewed in color). The total number of colors is { = 5, and the local coloring number is §). = 4.

It is immediate to see that the best achievable rate due to local coloring is obtained by computing the
local chromatic number of H¢. ,, and using its associated coloring to design the coding vectors, yielding
arate x1./B. However, note that to compute xj., we must optimize over all proper colorings to find the
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local chromatic number. As with the chromatic number, this can be cast as an Integer Program and it is
hence an NP-hard problem. To overcome this limitation, in Section 4, we propose a greedy approach
that (i) exhibits polynomial-time complexity in all the system parameters, (ii) achieves close to optimal
performance for finite packetization order, and (iii) is asymptotically (i.e., for infinite packetization order)
order-optimal.

3.3. Benefits of Local Coloring

Consider the following relation established for general directed graphs in [66]:
xe(H) < x(H') < xe(H")O(log n). ©)

Focusing on the conflict graph of interest ’H‘é/w, the number of vertices can be as large as BY,, ;s Lu.
It then follows from (9) that the gap between the local chromatic number and the chromatic number
can be as large as log(BY_, ;s Lu). Please note that this multiplicative factor grows with the number of
packets per file B and the number of per-user requests L,, supporting the extra benefit of local coloring
in the multiple-request scenario. In addition, the higher the number of per-user requests, the higher
the directionality of the conflict graph, which is the main factor exploited by local coloring to reduce
the achievable rate (see Section 3.2.2), further supporting the suitability of local coloring in increasingly
practical settings where there is some form of spatial or temporal request aggregation.

4. Proposed Algorithms and Performance Analysis

As stated earlier, computing the local chromatic number is NP-hard. To circumvent this challenge,
in this section, we propose two greedy coded multicast schemes, which together with the cache
placement described in Section 2.1, yield the following two caching schemes: Randomized Aggregate
Popularity-Greedy Local Coloring (RAP-GLC) and Randomized Aggregate Popularity-Hierarchical
greedy Local Coloring (RAP-HgLC). In both cases, the steps for obtaining the coded multicast scheme are
as follow:

i.  Given a realization of the cache placement (C) and of the user requests (W), build the conflict graph
H[é,w as in Section 3.1.

ii.  Use any of the above algorithms (GLC or HgLC) to compute a proper coloring. Let ¢ denote the
number of colors used by either of the above algorithms to color H’é,w- Let &) be the associated local
coloring number.

iii. ~ Consider a (¢, {;c) MDS code and compute the corresponding coded multicast scheme as described in
Section 3.2.2.

4.1. Randomized Aggregate Popularity-Greedy Local Coloring (RAP-GLC)

The RAP-GLC algorithm generalizes the RAP-GCC (Random Aggregate Popularity-Greedy
Constrained Coloring) algorithm introduced in [12]. RAP-GCC is a caching scheme based on random
fractional caching for the placement phase and a coded multicast scheme built on greedy-graph-coloring
-based linear index coding [51,68] for the delivery phase. RAP-GLC is more general than RAP-GCC
in two aspects: (1) conventional coloring is replaced by local coloring to leverage possible gains in the
multiple-request scenario, as described in Sections 3.2.1 and 3.3, and (2) RAP-GLC adaptively (depending
on the demand realization) chooses between naive or coded multicasting according to a threshold
parameter, instead of sticking to one of them (as in RAP-GCC).
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4.1.1. RAP-GLC Algorithm Description

The algorithm associates to each vertex v a label or tag, composed of two fields
e., Ky = (Tp(v), Tc(v)) with Tc(v) denoting the subset of users caching the packet associated with
vertex v, i.e.,

Te(w) 2 {uel:plv) € C}, (10)

and 7p(v) denoting the subset of users requesting the packet associated with vertex v, i.e.,
To(0) 2 {uctd:p(v) € W,}, 1)

which includes the user itself j(v) who requests p(v) and all the others requesting p(v). Please note that
the cardinality of 7p(v) indicates the popularity of packet p(v). Furthermore, let

To = {u(v)} U Tc(o).

Given a vertex v, if the cardinality of 7p(v) is higher than a predetermined threshold parameter
t € {0---,n}ie, |Tp(v)| > t, then all vertices v’ such that p(v) = p(v’) are colored with the same
color, leading to a naive multicast transmission scheme. If | 7p (v)| < t, then RAP-GLC greedily looks for
a maximal set of vertices with the same 7, (Algorithm 1, Line 14) and colors them with the same color
if there is no conflict among the vertices (Algorithm 1, Line 15). The threshold parameter t is subject to
optimization, as described in Section 4.1.2.

Doing this, RAP-GLC computes a valid coloring of the conflict graph 7. Finally, the algorithm
computes its associated local coloring number (Algorithm 1, Line 24). The coding scheme employed is
based on the MDS code described in Section 3.2.1 associated with the above local coloring.

Algorithm 1 RAP-GLC

1: LetC = ©;
2: Letc = ©;
3: while V # @ do

4 Pick an arbitrary vertex vin V; Let T = {v};
50 LetV' =V\ {v{;

6: if {|Tp(v)| >t} then
7.
8

forall v’ € V' with p(¢v') = p(v) do

: I=TUv;

9: end for
10: Color all the vertices in Z by ¢ ¢ C;
11: Letc[Z'] = ¢;
12: V=V\7.
13:  else
14: forall o' € V' with Ty = T, do
15: if {There is no edge between v and Z} then
16: I=7TU7;
17: end if
18: end for
19: Color all the vertices in Z by ¢ ¢ C;
20: Letc[Z] =¢;
21: V=V\Z
22:  endif

23: end while
24: return the local coloring number maxyey |¢(N*(v))| and the corresponding color assignment ¢(N " (v)) for

each v;
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Time Complexity: In Algorithm 1, both the outer while-loop starting at Line 3, and the inner for-loop
starting at Line 6 iterate at most || times, and all other operations inside the loops take constant time.
Therefore, the complexity of RAP-GLC is O(|V|?) or, equivalently, O(n?B?), since |V| < nB, which is
polynomial in |V| (or 1, B).

4.1.2. RAP-GLC Performance Analysis

In the following, we quantify the performance of RAP-GLC in the asymptotic regime when the
number of users and files is kept constant while the packetization order is sent to infinity. Denoting
by E[RRAP-CLC(P, Q, )] the asymptotic average achievable rate of RAP-GLC for a fixed threshold ¢,
the threshold parameter f is optimized to minimize E[RRAP=GLC(P, Q, t)]. Hence, denoting by RRAP~GLC
the average rate achieved by RAP-GLC with optimized ¢, i.e.,

RRAP-GLC _ mtinIE[RRAP’GLC(P, Q,t)],

we have that
RRAP-GLC < min {E[RRAP-CLE (p, Q, )], E[RRAP-CLC (P, , 0)].

Since E[RRAP-GLC(P,Q,0)] is just the rate achieved via naive multicasting, then, an upper
bound on the average asymptotic performance of RAP-GLC can be obtained by upper bounding
E[RRAP-GLE(P, Q,1)] which can be obtained by generalizing the asymptotic performance analysis
of RAP-GCC derived in [10,12] using conventional graph coloring in the homogeneous shared link
caching network to the case of using local coloring in the heterogeneous caching network. Specifically,
we extend the order-optimality analysis under single per-user requests (L = 1) in the asymptotic regime of
B — 0 [10,12], to that under multiple L > 1 per-use requests [13,14]. These theoretical results will serve
as rate lower bounds for the finite-length performance of our proposed algorithms.

Let L = max, L, and order L, u € U as a decreasing sequence L[l] > L[z] > L[3]’ ey, L[n], where L[i]
is the i-th largest L, and [i] = u for some u € Y. It can be seen that L[l] = maxy L, and L[,, = miny L.
Letn; = ¥ 1{Lj —j = 0} > 0, where 1 < j < Ly and 1{-} is the indicator function. Let ¢4, = {[i] € U :
1{Ljj —j = 0}}. In the next theorem, we provide a performance guarantee of the RAP-GLC algorithm.

Theorem 1. For any given m, n, M,,, the random caching distribution P and the random request distribution Q,
the average achievable rate of the RAP-GLC algorithm, RRAP=GLC satisfies

RRAP=GLC < min{y(P,Q), i — M}, (12)

when B — oo, where,
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with U denoting a set of users with cardinality £,

M, fu, U = (1 =ppaMu) < TT (preMe) TT (1= pp M) (15)
ke \{u} keu\u*

and

A ¢
14 =P(f = m Au, f,,UY)),
ot (f argf“ef?gﬁ) ( fu ))

denoting the probability that f is the file whose py,,, maximizes the term A(u, fu, Uy among £(U) (the set of files
requested by U°).

Proof. See Appendix A. [

Using the explicit expression for RRAP=CLC in Theorem 1, we can optimize the caching distribution
for a wide class of heterogeneous network models to minimize the number of transmissions. We use P* to
denote the caching distribution that minimizes RRAP~GLC,

Remark 1. For the sake of the numerical evaluation of (q, p), it is worthwhile to note that the probabilities p o
can be easily computed as follows. Given the subset of users, U' of cardinality €, let ], . .., Ju, denote £ i.i.d. random
variables each of them distributed over F with pmf qu,;, withi =1, ..., (. Since )\(ul,]ml/{[), <, AMug, ]u/,l/lf)

are i.id., the CDF of Y; 2 max{A(uy, Ju, U°), - -+, Alutg, Ju, U")} is given by

‘
Py, <y) = H]P’ (A(u,', ]ui,l/{/) < y)
i=1

(16)
Z Tuij | -
jeF:Mujul)<y

~

i=

—_

Hence, it follows that

Ofuut = Py, = /\(“/ffué))

¢ ¢ 17)
= H Z Guijj | — H Z Guij | #
=1 \jeFg(j) <A(ufU) =1\ jeFug () <A(uful)

which can be easily computed by sorting the values {A(u;, j,U") 1 j € F,u; € U'}.

Nevertheless, as shown in [21], when B is finite or is not exponential in n, the performance of
RAP-GLC can degrade significantly, compromising the promising multiplicative caching gain, although it
is already an improved version of RAP-GCC in [12]. This brings us to the other main contribution where
we propose a new algorithm that preserves the gain due to coded multicasting even when B is finite.

4.2. Randomized Aggregate Popularity-Hierarchical Greedy Local Coloring ( RAP-HLC) for
Finite-Length Packetization

Similarly to RAP-GLC, RAP-HgLC has a predetermined parameter t € {0, -- ,n} that is optimized
to minimize its associated average achievable rate. However, in the RAP-HgLC algorithm, we arrange
the vertices in a hierarchy and use this to design a more careful coloring algorithm. The key idea of
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RAP-HgLC is to exploit the labeling of each vertex more efficiently. More specifically, as in RAP-GLC,
RAP-HgLC associates to each vertex v a label or tag, composed by the two fields K, = (Tp(v), Tc(v)),
defined in (10) and (11).

4.2.1. RAP-HgLC Algorithm Description
Before jumping into the algorithm, we introduce the following useful notations and their definitions.

e  G;: The i-th layer, G; is initialized with the set of vertices {v : |T;| = i} and at any point in the
algorithm contains only vertices with |Ky| > i. G; is updated continuously in the algorithm. Therefore,
higher numbered layers contain vertices with greater popularity.

e W C G;: asubset of G; consists of all the vertices with |K,| = i as well as a certain number of vertices
with higher popularity (if available at any iteration), defined as

Wy = {v € G; :min |[Ky| < |Ky| < min |Ky] + {a <max\l€v| fmin|le|>J}, (18)
veg; veG; veG; veG;

where a € [0,1] is a design parameter and W), is updated with every iteration.
Q; (see Algorithm 2): another subset of §; that is updated every iteration.
W, C Q;: a subset of vertices in Q; defined as:

Wy = {v’ € Q;: min |Ky| < |[Ky| < min [Ky| + {b <max |Ky| — min lKU,')J}' (19)
v'eQ; 'eQ; v'eQ; veQ;

where b € [0, 1] is another design parameter.

Based on the above definitions, it follows that the total set vertices V forms an n-layer hierarchy with
the i-th layer composed of the set of vertices ;.

Key Idea: Starting from layer n, at any layer i < n, the RAP-HgLC algorithm attempts to form an
independent set of size at least i; when there are no more such independent sets, all remaining packets are
dropped to layer i — 1, and transmission actions on those packets are deferred to later layers. This is the key
difference between RAP-HgLC and RAP-GLC. That is, RAP-HgLC makes an extra effort to place nodes
with large labels into large independent sets.

We will now describe how the above key idea is implemented in RAP-HgLC. The RAP-HgLC
algorithm forms large independent sets in a “top-down” fashion, starting with the highest layer,
and iteratively moving to lower layers until layer 1. The following two steps are performed at each layer:

1.  Step I: The first step is similar to that in RAP-GLC algorithm. Given a vertex v, the algorithm first
checks if the cardinality of 7p(v) is higher than ¢, i.e., |7p(v)| > t then all the vertices v’ such
that p(v) = p(v’) are colored with the same color. If | T (v)| < t then the algorithm greedily finds
independent sets of size i, where every vertex v in the independent set (Algorithm 2, Line 20) has the
same K, (Algorithm 2, Line 19). After removing these vertices, the rest of the vertices in G; are left for
the second step.

2. Step II: A candidate pool of vertices Wy C G; is created. This set contains vertices v such that ||
being close to the smallest available |XC,|’s. We randomly pick a vertex v from W (Algorithm 2,
Line 31). The design parameter a determines how close is the picked |K;| to the smallest available
ones. We gradually form an independent set of size i with v included as follows: Form another set
W, (Algorithm 2, Line 34), excluding v, whose vertices have || that is bigger but closer to that of
v determined by b, sample repeatedly with replacement from it to grow the independent set. If an
independent set of size at least i cannot be formed, we drop the vertex v to the lower layer G;_;,
and take it into account in the next layer iteration. Otherwise, we assign a color to the independent set.
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W) is repeatedly formed and random sampling from W), repeated till every vertex in G; is dropped

or colored.

Algorithm 2 HgL.C

1. C=0Q;

2: c=0Q;

3: choosea € [0,1

4: choose b € [0,1

5. foralli=n,n—1,...,2,1do

6: forallv € G;and |Ky| =i do

7: I ={v};

8: LetV' =V \ {v};

9: if { |7p(v)| >t} then
10: forall o’ € V' with p(v') = p(v) do
11: I=TUv;
12: end for
13: Color all the vertices in Z by ¢ ¢ C;
14: Letc[Z] =¢;
15: foralli=n,n—-1,...,2,1do
16: gl' = g,‘ \Z,
17: end for
18: else
19: forall v’ € G;\ Z with K,y = K, do
20: if {There is no edge between v’ and Z} then
21: I=7TUv;
22: end if
23: end for
24: if |Z| =i then
25: Color all the vertices in Z by ¢ ¢ C;
26: c[Z]=¢,C=CUc
27: Gi=G\T;
28: end if
29: end if
30:  end for
31:  forall v € G; with v randomly picked from W; C G; do
32: Z = {v};
33: Qi=G\T;
34: forall v’ € Q; with v/ randomly picked from W, C Q;. do
35: if {y D Ky } N {No edge between v’ and Z} then
36: I=TUv;
37: Q=9 \{v};
38: else
39: Qi =9\ {v'};
40: end if
41: end for
42: if |Z| > i then
43: Color all the vertices in Z by ¢ ¢ C;
44: c[Z]=¢,C=CUg
45: Gi=G\I;
46: else
47: Gi=Gi\{v},Gi1=Gi1U{v};
48: end if
49:  end for
50: end for

51: ¢ =LocalSearch(Hc,w,¢,C);
52: return the local coloring number max,cy |¢(N " (v))| and the corresponding color assignment ¢(N " (v)) for each v;
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Remark 2. Please note that RAP-GLC goes through the same Step I as RAP-HGLC, and then simply assigns
a different color to each remaining uncolored vertex. On the other hand, Step 11 in RAP-HgLC tries to find further
independent sets among the remaining uncolored vertices. It is this extra step that guarantees the performance of
RAP-HgLC to be no worse than that of RAP-GLC.

The RAP-HgLC algorithm, when operating on the i-th layer, always colors at least i vertices with the
same color. Please note that if there are remaining vertices when reaching layer 1, all such vertices will be
colored, each with a different color.

To further reduce the required number of colors, we use a function called LocalSearch (Algorithm 2,
Line 51), which is described in Algorithm 3. It works in an iterative fashion by replacing the current
solution with a better one if there exists. It terminates when no better solutions can be found. In particular,
the local search algorithm has the purpose of checking the redundancy of each color ¢ € C, to eventually
decrease the current objective function value |C|. In more detail, the local search computes, iteratively for
each color ¢ € C, the set J. of all vertices colored with color ¢, and performs the following steps:

1. For each vertex i € J, if there is a color ¢’ € C, ¢’ # c that is not assigned to any adjacent vertex
j € Adj(i), then assign vertex i with color ¢’;

2. Color c is removed from the set C if and only if in the previous step it has been possible to replace ¢
with some color ¢’ # c for all vertices in 7.

Finally, in Algorithm 2, Line 52, we compute the local coloring number.

Algorithm 3 LocalSearch(Hc,w, ¢,C)
1: forallc € C do

2 Let J; be the set of vertices whose color is ¢;
3 Let B=0Q;
4: Lete=c¢
5. foralli € J. do
6 A=0Q;
7 forall j € N (i) do
8: A= AUc[f];
9: if C\ A # @ then
10: ¢’ is chosen uniformly at random from C \ A;
11: ei]=;
12: B=BU{i};
13: end if
14: end for
15: if |B| = | J;| then
16: c=¢;
17: C=C\¢
18: end if
19:  end for
20: end for

21: return c;

To illustrate the RAP-HgLC algorithm, we present the following example.

Example 3. Consider a shared link network with n = 3 users: U = {1,2,3}, and m = 3 files: F = {A,B,C}.
Each file is partitioned into 4 packets. For example, A = {A1, A, A3, Ay}. For the caching part, let user 1
cache {A1,B1, By, B3, By, Co }, user 2 cache { A1, Ay, As, Ay, B1,Co, Cs}, user 3 cache {A1, Ay, Az, Cq, By, B3}
Then, let users {1,2,3} request files {A,B,C} respectively. Equivalently, user 1 requests Ay, Az, Ag; user 2
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requests By, B, By, user 3 requests Co,Cz, Cy. Then, we have Ka, = {1,2 3}; Ka, = {1,2 3}; Ka, = {1,2};
K, ={2,13}; Kg, = {2,13}; Kp, = {2,1}; K, = {3,1 2}; K¢, = {3,2}; K¢, = {3} (here Cy is requested
by user 3 and not cached anywhere).

The RAP-HGLC algorithm works as follows. Fori = n =3, Gz = {Ay, A3, By, B3, Ca}, let v = Ay, then it
can be found that By and Cp would be in T, hence T = {Ay, By, Cp}. Now since |Z| = n = 3, we color Ay, By, Ca
by black (see Figure 4). Then G; = G; \ T = {As,Bs}. In the following loop, since we cannot find a set I with
|Z| = n = 3, we move to Line 19. Then since we cannot find a T with |Z| > n = 3, then we do G, = Gy U {As},
and then Gy = G U {Bg}. Therefore, we obtain G, = {As, A4, B3, By, C3}. Now we go to Line 5 (start next loop).
Fori=n—1=2,in this loop, we first pick v = Ay, then we can find T = {A4,By}. We color { Ay, B4} by blue
(see Figure 4). Now Gy = Gy \ {A4, By} = {A3,Bs,Cs}. Then in Line 19, we find the vertex with smallest length
of ICy (let a = 0), which is C3 with K¢, = {3,2}, then we have T = {Cz} and Q, = {A3, B3}, then in the next
loop, we can find T = {Cs, Bz }. We color T = {Cs,Bs} by red (see Figure 4). Now G, = G \ {C3,Bz} = {As3}.
Since there is no Z with |Z| > 2, then we do Gy = Gy U {A3} = {Cy, Az}. Then we go to next loopi =n —2 =1.
Then we can see that T = {Cy}, and we color {Cy4} by purple (see Figure 4). Then Gy = Gy \ {Cs} = {A3}.
Hence, we can find T = {As} and we color { Az} by brown.

According to Figure 4, the total number of required colors is 5, while the maximum number of colors required
locally by each user is 4. For the naive multicasting, since it only allows the vertices represented the same packet
to be colored by the same color, the total number of required colors is 9. The corresponding rate is given by 9/4.
Hence, the final rate achieved by RAP-HZLC with local coloring is no more than min{4/4,9/4} = 1. For the
interested reader, it can be verified that if the GCC algorithm, designed for B — oo, as proposed in [10], is used, the
corresponding number of required colors is 6.

Figure 4. One example for the RAP-HgLC algorithm (this figure needs to be viewed in color).

The complexity of RAP-HgLC can be computed as follows. For the hierarchical coloring procedure
(Line 5-50 in Algorithm 2), the complexity is O(1|V|?), and the complexity of local search procedure is
O(|€]). Therefore, the running time complexity of RAP-HgLC is given by O(n|V|*> + |€]) = O(n|V|?).
Since |V| < 1B, the running time complexity of RAP-HgLC is O (n3B2).

4.2.2. RAP-HgLC Performance Analysis

For the general heterogeneous network setting, tight upper bounds on the asymptotic (B — o)
average achievable rate of RAP-HgLC are quite complex to derive, even though a simple (but not
necessarily tight) upper bound on the asymptotic performance can be obtained considering the asymptotic
average rate of RAP-GLC (see Remark 2).
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Regarding the finite-length regime, in [21] we derived a tight upper bound on the performance
of RAP-HgLC for the simpler case of homogenous networks under worst-case demands. Specifically,
the bound in [21], requires B to be O ((%)g +2> (where O hides some poly log terms) to achieve a worst-case

rate of at most g. This approximately matches a lower bound of O( (%) %) derived in the same work for any
coloring algorithm, showing, for the simpler homogenous network setting, the optimality of RAP-HgLC
among all graph-coloring-based algorithms.

For the more complex setting where demands arise from popularity distributions and every user
requests multiple files, the finite-length performance of RAP-HgLC is investigated in Section 6 via
numerical analysis, where we show how the RAP-HgLC is able to recover most of the multiplicative
caching gain even with very moderate packetization order.

5. Tradeoff between Number of Requests and Code Length

As mentioned earlier, in the simpler homogenous scenario, the authors in [21] showed that under
worst-case demands, to achieve a gain g over conventional naive multicasting, it is necessary for B to
grow exponentially with g. Intuitively, this is because a sufficiently large B is needed to create coded
multicast transmissions that are useful for multiple users. However, when each user makes multiple
requests, the number of requests L, = L can play a similar role to that of B, such that the requirement for
B, and hence the resulting computational complexity can be reduced. For ease of analysis, in this section,
we assume that all users place the same number of requests (L, = L).

In the following, under either worst-case or uniform demands, we show the sufficient conditions on
B and L that guarantee achieving a gain ¢ = M. From this result, we can obtain the regime where B and
L are interchangeable (L plays an equivalent role to B). Note that it can be shown that the number of file
transmissions under both worst-case and uniform demands have the same order.

We consider two cases for the range of B: the case of B = 1, and the case of B = w (). The regime
where 1 < B = O (%) is out of the scope of this paper.

When B = 1, the cache placement algorithm becomes scalar uniform cache placement (SUP), in which
each user caches M entire files chosen uniformly at random. For simplicity, we let M be a positive integer.
Then, as shown in [14], letting L — oo as a function of 1, m, M, we obtain the following theorem.

Theorem 2. When B = 1and M = w(1), for the shared link caching network with n users, library size m, storage
capacity M, and L distinct per-user requests (nL < m), if (i) M < 1 and

B ﬂ m n 1 (nM)Z(H)
L = w | max (M) (1_%), (%71) (17 <17%)n) ’ (20)
or (ii) % > %ﬂ,und
_ ' (nM) 03
L = w | max ( 7M) , (%71) (17< ,My) , (21)

where € is an arbitrarily small number,
then, the achievable rate of RAP-GLC is upper bounded by

lim P (RSUP=CLC < (14 0(1)) min {L (% ~1),Lnm— M}) =1

n,1m—00
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Proof. See Appendix B. [J

From Theorem 2, we can see that when L and M are large enough, instead of requiring a large B and
packet-level coding, a simpler file-level coding scheme is sufficient to achieve the same order-optimal rate.
We remark, however, that the range of the parameter regimes in which this result holds is limited due
to the requirement of a large M and L. Next, we focus on another parameter regime, when B = w (%),
and find the achievable tradeoff between B and L.

Theorem 3. When B = w (1), for the shared link caching network with n users, library size m, storage capacity
M, and L distinct per-user requests (nL < my), if (i) % < %, and

1
1 pi=)
B = w | max % (%)n T\ (nM) T ’ (22)
(-4) -0 (- (-2
or (ii) % > ﬁ, and
1
n 2(1—¢)
B = w | max % (minM> , (nM) 7 , (23)
L= (1= (1-5))
where € is an arbitrarily small number,
Then, the achievable rate of RAP-GLC is upper bounded by
: SUP—GLC . m _
n,}'llIE}OOP(R < (1+o(1))mm{L(ﬁ71),Ln,me}) =1 (24)

Proof. See Appendix C. [

If we particularize Theorem 1 to the homogenous network setting under uniform demands, we see
that the rate achieved by RAP-GLC is upper bounded by the same expression given in (24). Hence,
from Theorem 2, we can see that when L is large enough, instead of requiring a very large B, an intermediate
value of B = w (%) is sufficient to achieve the same order-optimal rate. In practice, it is important to
find the right balance and tradeoff between B and L given the remaining system parameters. In Section 6,
we show via simulation that a similar tradeoff holds also for RAP-HgLC.

6. Simulations and Discussions

In this section, we numerically evaluate the performance of the two polynomial-time algorithms
described in Section 4, RAP-GLC and RAP-HgLC, in the finite-length regime characterized by the number
of packets per file B.

Recall that the caching distribution P* is to be optimized to minimize the number of transmissions.
Since the distribution P* resulting from minimizing the right-hand side of (12) may not admit
an analytically tractable expression in general, in the following numerical results, we restrict the caching
distribution to take the form of a truncated uniform distribution p,, as described in [12]:

~ 1 _
Pfu= = f <y
mu (25)

ﬁf,u:O/ f2ﬁ+l
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where the cut-off index 717, > M is a function of the system parameters that is optimized to minimize the
right-hand side of (12). The intuition behind the form of p,, in (25) is that each user caches the same fraction
of (randomly selected) packets from each of the most 711, popular files, and does not cache any packet from
the remaining m — 1, least popular files. We point out that when 71, = M, this cache placement coincides
with the LFU (Least Frequently Used) caching policy. Thus, this cache placement is referred to as Random
LFU (RLFU) [12], and the corresponding caching algorithms as RLFU-GLC and RLFU-HgLC. Recall that
LFU discards the least frequently requested file upon the arrival of a new file to a full cache of size M,
files. In the long run, this is equivalent to caching the M, most popular files [69].

In Figures 5 and 6, we plot the average achievable rate, i.e., the average number of transmissions
(normalized by the file size) as a function of the cache size for RLFU-GLC and RLFU-HgLC. For comparison,
we also simulate the following algorithms:

LFU, which has been shown to be optimal in single cache networks;
RLFU-GLC with infinite file packetization (B — o0), whose performance guarantee is given in
Theorem 1, and it is shown to be order optimal.

Regarding the LFU algorithm, the average achievable rate is given by
LFU S L
ER™]= L 1= [T (=gt (26)
f=min, {M, }+1 u€Upy, <y

where Uy, < 1 denotes the set of users with M, < f.
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Figure 5. Average number of transmissions in a heterogeneous shared link caching network with m = 1000.
(@n=40,L=1,7v=0.5;(b)yn =40,L =10,y = 0.5.

For simplicity, and to better illustrate the effectiveness of the proposed algorithms, especially under
multiple per-user requests, we consider a scenario in which all users request files according to a Zipf
demand distribution with parameter v € {0.2,0,4,0.5}, and all caches have size M files. Under Zipf

demands, file f is requested with probability %
We consider two types of users. In Figures 5a and 6a, users represent end devices requesting only one
file each (L = 1); while in Figures 5b and 6b, they represent helpers/small-cells, each serving 10 end user

devices, and consequently collecting L = 10 requests.
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In Figure 5a,b, we fix the total number of users  and the product between L and B (L x B = 1000).
Figure 5a plots the average rate for a network with n = 40 users, v = 0.5, L = 1, and B = 1000.
It is immediate to observe the impact of finite packetization on the multiplicative caching gain. In fact,
as predicted by the theory (see [21]), the significant caching gain (with respect to LFU) quantified by the
asymptotic performance of RAP-GLC (GLC with B = c0) is completely lost when using RAP-GLC with
finite packetization (GLC with B = 1000). On the other hand, RAP-HgLC remarkably preserves, at the
expense of a slight increase in computational complexity, most of the multiplicative caching gain for the
same value of file packetization. For example, in Figure 5a, if M doubles from M = 200 to M = 400,
then the rate achieved by RAP-HgLC reduces from 15 to 5.7. Furthermore, RAP-HgLC can achieve a factor
of 3.5 rate reduction from LFU for M = 500. For the same regime, it is straightforward to verify that
neither RAP-GLC nor LFU exhibit this property. Note from Figure 5a that to guarantee a rate of 10,
RAP-GLC requires a cache size of M = 500, while RAP-HgLC can reduce the cache size requirement to
M = 250, a 2x cache size reduction. Furthermore, while LFU can only provide an additive caching gain,
additive and multiplicative gains may show indistinguishable when M is comparable to the library size m.
Hence, one needs to pick a reasonably small M (% < M < m) to observe the multiplicative caching gain
of RAP-HgLC.

Figure 5b shows the average rate for a network with # = 40 helpers/small-cells, each serving 10 users
making requests according to a Zip distribution with v = 0.5. Hence, the total number of distinct requests
per helper is up to L, = 10,Vu € {1,...,20}. In this case, we assume B = 100 (instead of B = 1000 in
Figure 5a). In order to make easier the comparison with Figure 5a, we normalize the achievable rate
(number of transmissions) by the file size and the number of requests.

Note from Figure 5a,b that as predicted by Theorem 3, when L, increases (from L, =1 to L, = 10),
almost the same multiplicative caching gain can be achieved with a smaller B (from B = 1000 to B = 100).
In fact, from Figure 5a,b, we see that under RAP-HgLC, the average rate per request for B = 100 and
L = 10 is almost the same as the average rate per request for B = 1000 and L = 1. This confirms the
interesting tradeoff between B and L established in Theorem 3.

We can observe a similar behavior in Figure 6a,b. Figure 6a plots the average rate for a network with
n = 80 users, ¥ = 0.4, L = 1,and B = 200. RAP-HgLC is able to preserve most of the multiplicative
caching gain for the same values of file packetization. For example, in Figure 6a, if M doubles from
M = 200 to M = 400, then the rate achieved by RAP-HgLC essentially halves from 20 to 10. Furthermore,
RAP-HgLC can achieve a factor of 5 rate reduction from LFU for M = 500. Note from Figure 6a that to
guarantee a rate of 20, RAP-GLC requires a cache size of M = 500, while RAP-HgLC can reduce the cache
size requirement to M = 200, a 2.5x cache size reduction.

Figure 6b plots the average rate for a network with n = 20 helpers/small-cells, each serving 10 users
making requests according to a Zip distribution with y = 0.2. Hence, the total number of distinct requests
per helper is up to L, = 10,Vu € {1,...,20}. In this case, we assume B = 100. Differently from Figure 5b,
here we plot the average rate without normalizing it by the number of requests.

Note from Figure 6a,b that, as predicted by Theorem 3, when L, increases (from L, = 1 to L, = 10),
almost the same multiplicative caching gain can be achieved with a smaller B (from B = 200 to B = 100).
In fact, from Figure 6a,b, we see that under RAP-HgLC , the average rate per request for B = 100 and
L = 10 is almost the same as the average rate per request for B = 200 and L = 1. For example, for M = 200,
B =100, and L = 10, the per request average rate achieved by RAP-HgLC is 0.3, while for M = 200 and
B =200, is 0.25. This again confirms the tradeoff between B and L stated in Theorem 3.
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Figure 6. Average number of transmissions in a heterogeneous shared link caching network with 1 = 1000.
(@n=80,L=1,7=04;(b)n=20,L=10,7 =02

Furthermore, from Figures 5 and 6, we notice that increasing the Zip parameter reduces the gains
with respect to LFU. This is explained by the fact that when aggregating multiple requests, there is a higher
number of overlapping requests, which increases the opportunities for naive multicasting (as clearly
characterized in [13]). Note, however, that RAP-HgLC can remarkably keep similar gains with respect to
LFU in this multiple-request setting, and approach the asymptotic performance even with just B = 100
packets per file, confirming the effectiveness of the local graph coloring and extra processing procedures
in RAP-HgLC.

7. Conclusions

Coded multicasting has been shown to be a promising approach to significantly reduce the traffic
load in wireless caching networks. However, most existing schemes require the number of packets per file
to grow exponentially with the number of users. To address this challenge, in this paper we focused on
a heterogeneous shared link caching network model and designed novel coded multicast algorithms based
on local graph coloring that exhibit polynomial-time complexity in all the system parameters, and preserve
the asymptotically proven multiplicative caching gain for finite file packetization. We also demonstrated
that the number of packets per file can be traded-off with the number of requests collected by each cache,
such that the same multiplicative caching gain can be preserved. Simulation results confirm the superiority
of the proposed schemes and illustrate the tradeoff between request aggregation and computational
complexity (driven by the packetization order), shedding light into the practical achievability of the
promising multiplicative caching gain in next generation wireless networks.
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Appendix A. Proof of Theorem 1

To analytically characterize the performance of RAP-GLC, we consider two specific cases, where t = n
(i.e., the coded multicast only scheme) and f = 0 (i.e., the naive multicasting only scheme), and refer to these
schemes as RAP-GLC; and RAP-GLC,, respectively. In the following, we will compute the performance of
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these two cases respectively and take the minimum rate between these two cases. Obviously, this rate can
serve as an upper bound of RAP-GLC.

Appendix A.1. Average Total Number of Colors for RAP-GLCy

To compute the average total number of colors provided by RAP-GLC;, we first see that forallv € 7
obtained in this algorithm, 7, are identical. Based on Algorithm 1, by construction the independent sets
Z C V generated by RAP-GLC; have the same (unordered) label of users requesting or caching the packets
{p(v) : v € T}. We shall refer to such unordered label of users as the user label of the independent set.
Hence, we count the independent sets by enumerating all possible user labels, and upperbounding how
many independent sets Z Algorithm 1 generates for each user label. Consider a user label U’ C U of
size £, and let Z(U', £, i) the i-th independent set generated by Algorithm 1 with label /¢ and while let
TJUE) = {ZWU",£,i) : Vi)

Following Algorithm 1, for each I/ ¢ the number of used colors is |T U ¢ f)|. Given f, we can see that
|7 (U, £)] is a random variable which is a function of C. Let the indicator 1{7; o =U ‘} denote the event
that vertex v, from file f,, requested by user u € U * is available in all the users in 2/ but u and the rest of
the vertices U \ U, then 1{T; L =U “} follows a Bernoulli distribution with parameter

M fu) = A=ppaM) [T (reMe) TT (1= ppaMi) (A1)
kel \{u} keu\u’

such that its expectation is A(, f,,). Then, we can see that given f, Y, fa oy, =U Y = A(u, fu)B+0(B)
with high probability [70]. Thus, as B — oo, we have that with high probability,

ut, )| = HTs
7@ D)= max, VUZf {Toy, =}

= ,fu)B+0o(B),
ff?f?% AMu, fu) B+ o(B)

(A2)

where £(U’) represent the set of files requested by /"
Then, by averaging over the demand’s distribution, we obtain that with high probability:

(A3)
L n
Oy E[ max A(u, B +o(B)

fuef(U")

L n m
izz L L T o M) +0(8)
: /=1 u :

uey’

where (a) is by using (A2) and (b) is obtained by computing the probability that the requested file f, in f()

maximizes A(u, f). 61(B) denotes a smaller order term of Z]-Lzl Yie1 Yutcu, Z};l Yueut Py wut M, ).
J )

For any U', we obtain that f Lueut Pyt = 1,and pg 100 denotes the probability that file f is the file
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with memory assignment py,, such that o, A P(f = arg max A, f,), where (') denotes the set
o fuctU')

of files requested by a subset users U’. Thus, we normalize (A3) by B and obtain that

RRAP-GLC; _ Ex(Hmw)]

if oy Y ouur(, f), (A4)

‘CZ,{,, f=lueut

-
I
—_
o~
1
—
<

which is the first term inside the minimum in (12).

Appendix A.2. Average Total Number of Colors for RAP-GLCy

As described in Section 4.1, RAP-GLC; computes the minimum coloring of Hc w subject to the
constraint that only the vertices representing the same packet can have the same color. In this case, the total
number of colors is equal to the number of distinct requested packets, and the coloring can be found
in O(|V|?). Starting from this valid coloring, GCLC, computes max,cy |¢(N T (v))|. To show that the
performance of GCLC; are upper bounded by 77t — M with 1 and M given as in (13) and (14) respectively,
we note that:

max| c(NT(v)) 2 (qu )il{fef}Bf
F=1
=Y x (ﬁlqm> 1{f € £}By,

(A5)
P(file f is requested)(B — mum Pu,fMuB)

n Ly
= (11—1 (17%',14) ) (1fn}linpu,fMu)B/
=

u=1

where B 17 is number of chucks that are going to be transmitted of file f given that the demand vector is

equal to f, and (a) is due to the observation that given a file f ,

X (ﬁ le,u> 1{f e f} =E[1{f € f}]

feFn \u= (A6)
= P(file f is requested).
Normalizing (A5) by B, we obtain that:
m n Lu
RRAP-GLC; <y (1 -T1 (l - qf/l,) )
=1 =1
e (a7)

: (1 - n’binpu,fMu)

=m-M,
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which is the second term inside the minimum in (12).

Appendix B. Proof of Theorem 2

In this section, we prove Theorem 2. Recall that for each U, the number of used colors is given by
|7 (U, )|, then we have we have |7 (U, )| = max, Yo, UTop, = Uy, where £(U") represent the
set of files requested by ’. In this case, it is clear that

1-1 n—I+1
RONE

Y, 217U’ f)| - E

E|Y YT, =u'}

A

Then let

Y YT, =u'}

Yo fu

(A9)

The goal is to find a condition of L such that

EYi]| =0 <L (%)H (1 - I\W/ZI);”H) , (A10)

E[|7@", )] < 1 +o)L (%)H (1 - M>1H+1. (A11)

m

which implies

Then following the similar step from Theorem 1 in [12], we can obtain the concentration result shown
1
(n M) 2(1—¢)

(F-D(1-0-30)")

in Theorem 2, where we require L = w and € > 0is an arbitrarily small number.

To compute |E[Y;]|, we have

(EM])? <E[(Y)?)

2
=E (|j(uf,f)| ~-E {Z YTy, = u‘}} )

Yo

Y YT, =u"}

uell’ \ vor, Vg,

=E (max (Z HTop, =U'}-E

))
Y YTy, =U'}

2 (A12)
va” )
) 2

-1 n—Il+1 -1 n—I+1
S O (R

ue! Yoy,

<Y E (21{7'% =U'}-R

vv/ll vvfu

=IE (Z YT, =U'} —E {2 YTy, =U'}
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where (1) is because M = w(1) such that ; is a smaller order term compared to the first term in (A12) and
use the variance for the Binomial distribution. Then, we let

()7 0= (- 0 e () 0.

then, we can obtain

(A14)
<l— (%)1—1( _%)U*Z+1>
= %<%)171( 7%>n71+1
For sufficient condition, let
L=w ! (A15)

m m
M M -1 M n—I1+1
s (150 () (3)
-1 —I+1
_ (M LMy (Al6)
2 \m m
M

1 M 1-1 M n—I+1
zl°g< A,,f)(m) (-%)

e  When M < 2, then we have ( ) < 0. Hence, s(I) is a decreasing function such that the minimum
value of s(I) take place when l = n. Thus, by using (A15), we obtain the sufficient condition is

given by
Lo (mE (M1
L= ( - ) (m (35) (1_M>>. (A17)
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ds(1)

e  When % > 1%, then we have TI > 0. Hence, s(!) is an increasing function such that the minimum

value of s(I) take place when I = 1. Thus, by using (A15) we obtain the sufficient condition is given by

L=w (1—1%)" :w((ﬁ)n). (A18)

Thus, we finished the proof of Theorem 2.

Appendix C. Proof of Theorem 3

In this proof, we follow the similar procedure in the proof of Theorem 2 in Appendix B, and obtain

o B M -1 B M n—I+1
E L%ll{n/u =U'}| =LB (m> - . (A19)
Then let
Y 2T -E | Y T, =u'} (A20)
Vo,

The goal again is to find a condition of B and L such that
-1 n—I+1
El| = o <LB () (-3 ) : (a2)
m m

E[l7@" 0[] < (1+0(1))LB <M>H (1 - %)HH. (A22)

m

which implies

Then following the similar step from Theorem 1 in [12], we can obtain the concentration result shown
1

(nM)20-¢)
(G- (1-0-4)")

Similar to (A12), to compute |E[Y]]|, we have

in Theorem 2, where we require LB = w and € > 0 is an arbitrarily small number.

(EM])? <E[(M)?]

. -1 n—I+1 -1 n—I+1 A23
SO () I (R O I A R

where (a) is because B = w (%) such that ¢, is a smaller order term compared to the first term in (A23)
and use the variance for the Binomial distribution. Then, we let

N R (N N R))
“o( ()03,

(A24)
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then, we can obtain

LB = — —
(% 1 1(1_%)71 1+1 -
-1 n—I+1
(-G-8
= %<%)1—1 (1_%)n—1+1
For sufficient condition, let
LB=w ! . (A26)

1 (M)171 (17M)nfl+l
I \m m

Then following the similar steps as the proof of Theorem 2 in Appendix B, we fished the proof

of Theorem 3.
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Abstract: Due to the high splitting-gain of dense small cells, Ultra-Dense Network (UDN) is
regarded as a promising networking technology to achieve high data rate and low latency in 5G
mobile communications. In UDNs, each User Equipment (UE) may receive signals from multiple
Base Stations (BSs), which impose severe interference in the networks and in turn motivates the
possibility of using Coordinated Multi-Point (CoMP) transmissions to further enhance network
capacity. In CoMP-based Ultra-Dense Networks, a great challenge is to tradeoff between the gain
of network throughput and the worsening backhaul latency. Caching popular files on BSs has been
identified as a promising method to reduce the backhaul traffic load. In this paper, we investigated
content placement strategies and user association algorithms for the proactive caching ultra dense
networks. The problem has been formulated to maximize network throughput of cell edge UEs under
the consideration of backhaul load, which is a constrained non-convex combinatorial optimization
problem. To decrease the complexity, the problem is decomposed into two suboptimal problems.
We first solved the content placement algorithm based on the cross-entropy (CE) method to minimize
the backhaul load of the network. Then, a user association algorithm based on the CE method
was employed to pursue larger network throughput of cell edge UEs. Simulation were conducted
to validate the performance of the proposed cross-entropy based schemes in terms of network
throughput and backhaul load. The simulation results show that the proposed cross-entropy
based content placement scheme significantly outperform the conventional random and Most
Popular Content placement schemes, with with 50% and 20% backhaul load decrease respectively.
Furthermore, the proposed cross-entropy based user association scheme can achieve 30% and 23%
throughput gain, compared with the conventional N-best, No-CoMP, and Threshold based user
association schemes.

Keywords: ultra dense network; cross-entropy; proactive caching; user association; CoMP

1. Introduction

Inspired by the development of intelligent terminal such as smart phones, the demand for
data traffic in mobile communication systems is exponentially growing. To cater for this demand,
a 1000-fold improvement of capacity per area in the next generation of mobile communication system
(5G) compared to 4G is required. An Ultra-Dense Network (UDN) is capable of significantly improving
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the capacity per area under the limited spectrum resource due to the high splitting-gain of densely
located small cells and is widely considered as one of the most promising techniques in the coming 5G.
It also benefits load balance between Base Stations (BSs) since Small Base Stations (SBSs) can offload
data traffic of Macro Base Stations (MBSs). Nevertheless, due to the short distance between BSs,
the intercell interference in UDNSs is severe, therefore making the user experience unsatisfactory.
Coordinated Multi-Point (CoMP) transmissions technique is widely studied in academia and the
industry, which can leverage the cooperation of multiple BSs to enhance the signal to interference and
noise ratio (SINR), to counteract intercell interference and to enhance network capacity in UDNS.

Despite remarkable performance gain in network capacity, congestion on backhaul links caused by
CoMP risks the mobile communication systems. In order to cooperatively serve users, BSs need to fetch
more files from the Core Network (CN) via backhaul links in a CoMP-employed system, which brings
heavy load to backhaul links between BSs and the CN and probably results in congestion. One way
to alleviate backhaul load is to cache popular files on BSs. When BSs cache files requested by users,
it does not need to fetch files from the CN, so the backhaul load can be dramatically reduced. In [1],
an architecture based on distributed caching of content in SBSs was presented. Works on proactive
caching in UDNs concentrate on two major issues: Content placement and content distribution.

Content placement focuses on how to distribute popular and hotspot files to the BSs” caching
unit whose capacity is limited. In [2], an optimal content placement strategy is proposed to maximize
the hit rate. In [3], the problem of content placement is studied to maximize energy efficiency. In [4],
an approximation algorithm is proposed to jointly optimize routing and caching policy to maximize
the fraction of requested files cached locally. In [5], a distributed algorithm is proposed to investigate
content placement and user association jointly. In [6], a content placement strategy is investigated
based on reinforcement learning. In [7], a content placement strategy is proposed under cooperation
schemes of maximum ratio transmission (MRT) and zero-forcing beamforming (ZFBF). In [8], a caching
space allocation scheme is proposed to improve the hit rate based on the categories of contents and UEs.

Content distribution is the study of how to associate UEs and BSs to improve the hit rate. In [9],
the user association problem is modeled as an one-to-many game problem, based on which algorithm
is proposed to maximize the average download rate under a given content placement strategy. In [10],
an user association algorithm under a given content distribution in a CoMP enabled network is
proposed to minimize the backhaul load under a guaranteed rate requirements of UEs. In [11],
the content caching and user association schemes are proposed on two different scales: The caching
algorithm operates in a long time scale and the user association algorithm operates frequently. In [12],
user association is investigated to tradeoff between load balancing and backhaul savings in UDN.

To the best of our knowledge, related works on the content placement caching and user association
have been investigated separately in small-scale networks. We are thus motivated to jointly investigate
the tasks of caching and user association in more realistic large-scale UDNs. The main contributions of
this paper are summarized as follows.

e  The problem of content placement and user association is investigated jointly in large-scale
cache-enabled coordinated ultra dense networks. We formulate the problem as a constrained
non-convex combinatorial programming problem to maximize network throughput of cell edge
UEs under the consideration of the backhaul load;

e A two-step heuristic algorithm based on the cross-entropy (CE) method is proposed to solve
the problem: A content placement strategy is first proposed based on cross entropy under the
assumption of the conventional N-Best scheme; given the proposed content placement strategy,
a user association algorithm is then proposed based on the cross-entropy method. Extensive
simulations are conducted to evaluate the performance of the proposed approach. Simulations
are conducted to validate the performance of the proposed cross-entropy based schemes in terms
of network throughput and backhaul load. Simulation results show that the proposed caching
and user association algorithms can reduce backhaul load and improve network throughput of
cell edge UEs simultaneously.
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The rest of this paper is organized as follows. The system model is established in Section 2
with some basic assumptions. In Section 3, we formulate the problem and propose the algorithms.
In Section 4, simulation results are presented and the system performance is evaluated. Section 5
concludes this paper.

2. System Model

2.1. Network

In this paper, we consider a heterogeneous Ultra-Dense Network consisting of Nyigs Macro
BSs (MBS) and Nsps Small Base Stations (SBS). The Macro BSs are uniformly distributed to provide
coverage and to support capacity. The small BSs are randomly distributed within the covering area,
following a Poisson Point Process (PPP) with a density of Asps. Let B = {b|b =1,2,- - - ,|B®|} denote
the set of BSs consisting of both Macro BSs and Small BSs, where |B®| = Nyps + Nsps is the total
number of BSs.

UEs are randomly distributed following a PPP with density of Ay. The set of UEs is denoted
by M? = {m|m = 1,2,---,|M?|}. UEs located at the edges of cells usually suffer from severe
intercell interference and low capacity. To reduce the interference and enhance peak data rates of
cell edge users, joint transmission Coordinated Multi-Point (termed as JT CoMP) is considered in the
network architecture, which allows multiple BSs in the neighborhood to cooperatively serve a specific
UE simultaneously.

The association relationship between UEs, m, and BS, b, is denoted by a bit number x,, ,(m €
MOb e BQ) defined as:

1 UE m is associated with BS b
Fmb = { 0 otherwise @

Thus, the entire association result between BSs and UEs in the considering network can be
presented by:

X1,1 X1,2 Xy, BO|
X2,1 X2,2 o xz/ BQ‘
X= ) (e
Hmap Xmala o FMa) |0

The SINR of a specific UE in a downlink transmission can be presented in terms of x,, ;, as follows,

r xm,bpbgm,b
beBQ
,
Y (1= Xpp) Py &ump + 02
b eBQ

Iy = (3)

where P, is the transmit power of BS b, g,,,, is the channel gain between BS b and UE m, and ¢ is
the variance of additive white Gaussian noise (AWGN). Equation (3) suggests that the more BSs are
associated with UE m, the better service it can obtain. However, the necessary overhead to accomplish
a JT CoMP transmission involving too much BSs is unacceptable. Thus, it is better to narrow the
associating BSs of a UE into N BSs in close proximity.

As in 4G LTE and 5G NR (New Radio) wireless standards, resource block (RB) is considered the
unit of time and spectrum resource for allocation in this paper. Assume that the bandwidth of each RB
is W and the total number of RBs is Ngg. Each UE in the network can occupy a part of resource for
transmission. Let 8, denote the proportion that the resource assigned to UE m out of all. Then the
data rate of a downlink transmission to UE m can be given by:

Ry = W|BmNrg] log, (1+Tn), (4)
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where | x| is the minimum integer smaller than or equal to x; T, is defined by Equation (3).

Let B} C B denote the set consisting of BSs associated with UE m, ie., B = {b|b <
BY, and x,,;, = 1}. Similarly, let M} C M denote the set consisting of UEs associated with BS
b, ie., Mg) = {m|m € M?, and x,,;, = 1}. The resource that BS b can assign to UE m should be no
more than W, where | M{}| represents the total number of UEs associated with BS b. In the case where
JT CoMP is employed, the resource that UE m can be obtained is restricted by the most heavy-loading
BS among those associated with UE m. As a result, the proportion f,; can be given by:

M}

1
ﬁmmin{MO,berg}. 5)

2.2. Caching

UDNSs can benefit from caching popular files on BSs in terms of throughput, delay, and traffic load
on backhaul links. It is obvious that the more files cached on BSs, the better performance a network
can achieve. The cache-enabled heterogeneous UDN we considered in this paper is illustrated as
Figure 1. For simplicity, we assume that the files requested by all UEs in the networks are restricted
into the set of F = {f|f = 1,2, - -,|F|}, and each file is in the same size of Fax bits. We assume
the popularity of files follows Zipf distribution [13]. Let p; denote the probability mass function of
popularity random variable F. The probability that file f is requested can be given by:

Py = B T (©)
where v is the Shape Factor (SF) indicating the correlation between requests of UEs [13]. It is seen

that the larger the shape factor v is, the smaller the probability mass function p; would be, the lower
probability file f is requested out of the caching set F©*.

of | O L L o

|
o

Figure 1. System model of caching-enabled Ultra-Dense Network (UDN) with joint transmission
Coordinated Multi-Point (JT CoMP).

Define a caching index vector y, = [yp,1,Yv2, " Yo,/ Yy FO\L where yj, ¢ indicates whether

BS b caches file f in the caching set F? or not. More specifically,

@)

)1 file f is cached on BS b
Yof =1 0 otherwise '
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Then the File-BS caching matrix can be denoted by:

Y11 iz Yo

Y21 Y22 e y|30|/‘pn‘
Y= , , ®)

el Jselz o]
As for UEs, we define a row vector qm = [qu1,9m2, " ,qmf, -], Where q,, ¢ represents the

request of UE m to file f, i.e.,
)1 file f is requested by UE m ©)
mf =1 0  otherwise ’

Suppose a UE can request one and only one file at each time, then we have } ¢ q,,, s =1, Vm € MO,
Then gy represents whether the file requested by UE m is caching on BS b, where 07 represents
the transpose of the vector v.

(10)

r_J1 file f requested by UE m is on BS b
AmYe 0 otherwise

If UE m is associated with BS b (i.e., x,,;, = 1), we say that BS b misses a file if file f requested by
UE m is not cached in it.

If BSs miss a file, they need to fetch the file from the Core Network (CN). We assume a centralized
deployment of the considered UDN, where each BS is directly connected to the CN via backhaul links.
The backhaul load is defined as the traffic carried by backhaul links between BSs and the CN [14].
In the case that BS b misses a file requested by UE m, BS b have to fetch the file from the CN through
the backhaul link, which aggravates the backhaul load of BS b inevitably. In reality, the capacity of
backhaul links is usually limited. Congestion occurs when the backhaul load of BS b exceeds the
backhaul capacity C;"**.

Let Uy, i represent the increase of backhaul load due to fetching a file from the CN. The backhaul
load caused by UE m can be given by:

Vin = Z (1 - qmylj;)uback' (11)
beBY

It is obvious that the more files BSs cache (i.e., the less files BSs miss), the less heavier the backhaul
load will be.

2.3. Delay

In addition to reducing backhaul load, caching also benefits from reducing the time delay of
transmissions . In this paper, we consider the average time delay of UEs , which consists of two major
parts: Wireless propagation delay and backhaul delay. Let d; denote the average wireless propagation
delay of a UDN which is related to the size of a file Finax and the data rate of transmission.

1 Frnax

dy = .
LT MO Ry

(12)

meM

Backhaul delay, denoted by d», is related to whether the files are hit by the associating BSs of
UEs. Due to joint transmission of CoMP, the backhaul delay for a specific UE m occurs when the
requested file is not cached on all its associated BSs. That is, the minimum operation should be
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applied on backhaul delays due to file transmission between the associated BSs and the core network.
More specifically, d can be represented as follows,

. Fmax T Fmax
dy = —— min{ ——, 1-— —_— . 13
? |MQ‘ Z ( { uback bz ( Am ) uback }) ( )

€BQ
As a result, the total time delay of the network is:
D =d +ds. (14)
3. Problem Formulation

3.1. Mathematical Formulation

In this paper, we aim to develop the optimal solution of content placement and user association
that balances network throughput and the backhaul load simultaneously. Considering the fairness of
UEs, the network throughput of cell edge UEs is used as the performance metric. Thus the objective
function is a tradeoff between network throughput of cell edge UEs and backhaul load.

Ymemo Vi

HX'lfiYX Z loglo(Rm) —A |MQ|

meM®
st. Cl: 1<|B} <N,¥me M®
C2: Y xpp < Ngp, Vb € B2, ¥m € MO
m

C3: me,b(l - qmylj;)uback < Clrjnax, Vb € B2
m

(15)

where the constraint C1 indicates that a specific UE m should be served by at least one BS, meanwhile
the total number of BSs that cooperatively serve a specific UE should not be more than a given number
N by considering the tradeoff between throughput gain and backhaul load due to the joint transmission
of CoMP; C2 indicates that the total number of RBs allocated to UEs associating with a specific BS is
limited to the maximum Ngp; C3 indicates that aggregate backhaul load of BS m should not be over
the backhaul capacity C;"®*.

A > 0in Equation (15) is a coefficient that influences the balance between network throughput
and backhaul load. A larger A suggests that we prefer improving network throughput than reducing

(
backhaul load, and vice versa. Let }_,, . y0 log, (R,(fl))) and % denote sum of logarithm of data

rate and averaged load on backhaul links when A = 0, respectively. We define A with }_, -0 log, (Rf:,] ) )

)
Vin .
and Zmel]"\’fdino‘ as benchmarks, and then A can be given by:

Z:mEMQ 10g2(R£7?)) }MQ‘ M

A=
ZmGMQ VTSI(D

(16)

where y € [0,1] is a weight factor used for adjusting A.

The problem in Equation (15) is a constrained non-convex combinatorial optimization problem,
which requires extraordinary high complexity to trace its optimal solution. To obtain a practical
solution, we decompose the problem into two steps based on the cross-entropy (CE) method. In this
paper, the CE method is chosen because it is a simple, efficient, and general method for solving a great
variety of estimation and optimization problems, especially NP-hard combinatorial deterministic and
stochastic problems [15]. First, we minimize the backhaul load of the system under the assumption of
the conventional N-Best user association strategy (By N-Best user association strategy, a CoMP UE will
associate with Nmax BSs which have N best SINRs [16]) and propose a content placement algorithm
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based on cross entropy, which is termed as the CPCE algorithm. Subsequently, under the given content
placement strategy, we propose an user association algorithm based on cross entropy, which is referred
to as UACE in the rest of this paper.

3.2. Cross-Entropy Method

The CE method was originally used in the context of rare event simulation [17] and has been
extended as a Monte Carlo method for importance sampling and optimization [17,18].

The principle behind the CE method is to get as close as possible to the optimal importance
sampling distribution by using the Kullback--Leibler (KL) distance as a measure of closeness.
By repeatedly updating the Probability Density Function (PDF) of generated samples, the PDF of the
samples can finally converge with the obtained optimal strategy solution [19]. Another method with
a similar idea is logarithmic loss distortion measure [20,21], where logarithmic loss is also known as
cross-entropy loss. The logarithmic loss distortion measure has been recently used in the study of
Deep Neural Networks (DNNs) to approach an accurate classifier by minimizing the logarithmic loss.
It also performs well on tradeoff between complexity and relevance in representation learning [22].

The main steps of the CE method can be depicted as follows:

STEP 1: (Encode Strategy Space). Consider a UDN constituted by B BSs, where each BS b is
a decision-making entity. Suppose that each BS b can make a decision out of N, possible strategies,
then the strategy set at BS b can be expressed as S, = [Sll,, S%, ce, ng !]. For a specific decision-making
entity BS b, S;; is one strategy that belongs to S. The strategy set of B BSs entities in a UDN can
be represented as Sga = [S1,S2, -+, ] BQ‘], which is termed as the strategy space of the CE method.
Then the samples of the strategy space of the CE method correspond to the strategies at all BSs in
a UDN in current iteration.

Let Py, = [Py1, Pyp, -+, Pb,Nb] denote the probability distribution of sample strategies at BS b.
Let P,; denote as the probability of strategy i at a specific BS b. First, P is initialized to be equal
as follows,

Np
D, = i, and ) Py, =1,(Vi=1,---,Np). (17)
N i=1

STEP 2: (Generate Samples According to the Probability). In the second step of the CE method,
sufficient strategy samples should be generated according to the given probability distribution.
Denote the zth generated sample by A(z) = [AlT(z),AzT(z), o, Al(z), 'A\g‘ll (z)] , where Aj(z) is
the subsample set generated by decision-making entity element b. More specifically, the subsample
Ay(z) can be represented as:

Ab(z) = [D‘b,l (Z)r ‘xb,Z(Z)/ e /D‘b,i(z)/ e /ab,N;, (Z)} ’ (18)

where a;,;(z) is a binary number. For each Aj(z), only one aj;(z) is “1” and others are “0”
(ie., Zfi’l ap; = 1), indicating that only one strategy out of all can be selected at each decision
epoch. The probability of subsample A; is Py ; € Py, with ay,; = 1and ay,; = 0(j # ).

STEP 3: (Performance Evaluation). Fitness values of strategy samples can be calculated according
to the result of the strategy in the current iteration. Let F(z) denote the fitness value of strategy sample
z, which can be expressed as:

F(Z) = - szmh(l - qmyg-)ubﬂck' (19)
b m
Rearrange F(z) in descending order as F(1) > F(2) - - - F(Z), where Z is the maximum number

of strategy samples. Then calculate the p-quantile of the strategy samples in current iteration F, and
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weed out the unexpected samples. The samples with fitness value F(i) > F, are selected for probability
updating in the next iteration.

STEP 4: (Probability Updating). According to samples selected in the performance evaluation
step, the probabilities of each strategy can be updated as follows,

Z
- Zl Ir(z)>£,0,i(2)
update _ z=
pupde _ 2=t 7T T 20)
zgl IF(Z)ZFV
where [ is defined as,
1 ifx>y
L = - . 21
¥y { 0 others @1)

Go back to STEP 2, regenerate the samples based on the updated probability distribution and
repeat STEP 2 to STEP 4.

STEP 5: (Convergence Conditions). The algorithm will come to an end when the fitness
value reaches convergence or the algorithm reaches the maximum iteration number set in advance.
The cross-entropy method is a global random search procedure, and asymptotical convergence can be
achieved to find the optimal solution with probability arbitrarily close to 1 [23,24].

3.3. Content Placement Algorithm Based on the Cross-Entropy Method (CPCE)

Before joining in a network, a specific UE will measure Channel State Information (CSI) and
choose the candidate BSs with the biggest reference signal received power (RSRP). To investigate the
content placement strategies of BSs, we assume the conventional N-Best scheme for user association
in the first place. BSs in the network are modeled as decision-making entities in the CE method,
and feasible content placement candidates are strategies of each entity. The CPCE algorithm can be
depicted as Algorithm 1.

The optimized content placement strategy Y can be given by Algorithm 1, under the assumption
of the N-best user association scheme. User association results can be further optimized with the
obtained Y.

Algorithm 1 Content Placement based on CE method (CPCE)

1: User association under N-Best strategy.

2: Generate content placement request samples of UEs g, based on Zipf distribution. Map BSs «+—

Decision-making entities in CE method.
3: Map the content placement strategy set <— Strategies in CE method.
4: Map the sum backhaul load <+— Fitness value in CE method.
5: Execute CPCE.

6: Map the obtained solution into the best content placement strategies of BSs and output Y.

3.4. User Association Algorithm Based on the Cross-Entropy Method (UACE)

By Algorithm 1, we obtain the optimal content placement strategy of each BS under the N-Best
user association scheme. However, the N-Best user association scheme does not take into account load
balancing and interference management. Under the obtained content placement result, we can further
optimize the user association algorithm.
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The user association problem is a constrained non-convex integer programming problem,
which can also be solved by the CE method [15,19]. Considering that the maximum number of
BSs associated with a UE is N, the amount of association strategies of a UE will be no more than 2N _ 1,
Similarly, the steps of the proposed UACE method is as follows.

STEP 1: (Encode Strategy Space). In UACE, the decision-making entities are UEs in the network.
Suppose that each UE m can make a decision out of N, possible strategies, then the strategy set at UE
m can be expressed as Sy, = [S}, 92, - - -, SN"]. Let Py = [Py1, Py, - -+, Pyn,,] denote the probability
distribution of sample strategies at UE m, where P, ; denote the probability of strategy i at a specific
UE m. P,,; can be initialized to be equal as follows,

N

1 .
Pm,i: Nir and Epm,i:L (vz:lr"' /Nm)- (22)
m i=1

STEP 2: (Generate Samples According to the Probability). Samples are generated in this step
in a similar way described in STEP 2 of Section 3.2.
STEP 3: (Encode Strategy Space). The fitness value of strategy samples in UACE is

Z:rnEMO Vin

2 logyo(Rm) — A M|

meM

(23)

STEP 4 (Probability Updating) and STEP 5 (Convergence Conditions) of UACE are also similar
to STEP 4 and STEP 5 in Section 3.2. Then the proposed UACE algorithm can be depicted as in
Algorithm 2.

By applying Algorithms 1 and 2, we can obtain suboptimal solutions to problem (15). With the
obtained results, optimized performance of the considered UDN in terms of both throughput and
backhaul load is achieved.

Algorithm 2 User Association based on Cross-Entropy Algorithm (UACE)

1: Execute the proposed CPCE Algorithm 1 under popular contents’ statistics.

2: Map UEs «+— Decision-making entities in CE method.

3: Map association strategy set for a specific UE <— Strategies in CE method.

4: Map network throughput of all the cell edge UEs <— Fitness value in CE method.
5: Execute UACE.

6: Map the obtain solution into optimal user association solution and output X.

3.5. Complexity Analysis of the Cross-Entropy Method

From the description in the previous subsection, the computational complexity of the proposed
CE algorithm is made up of 5 parts.

(1) Initialize the probability distribution of sample strategies. According to the size of encode
strategy space and Equation (17), the computational complexity is O(|B?|);

(2) Generate samples according to the probability. According to Equations (18) and (19), there are Z
samples at most, and the size of each sample is Nj, x |B|. Hence, the computational complexity
is O(Z x N x |B2|);

(3) Performance Evaluation. According to Equation (20), we should calculate the fitness value of
each strategy sample according to Equation (20), and the computational complexity is O(Z x
MO x [BY));

(4) Probability Updating. According to Equation (21) and the size of the probability distribution of
the sample strategy, the computation complexity is O(Z x N, x |B?|);
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(5) Iteration. The proposed algorithm will come to an end when the maximal iteration number V is
reached. Hence, the computation complexity is V times the sum of the computation complexity
from Equations (1)-(4),i.e.,, O(V x Z x N, x |[M?| x |[B2|).

According to the analysis above, the total computation complexity of the proposed algorithm
based on the CE method is computable in polynomial time.

4. Simulation and Analysis

Extensive simulations are conducted to evaluate the performance of the proposed content
placement and user association algorithm. In the simulation, 7 MBSs are uniformly distributed
in the considered area, while SBSs and UEs randomly drops, the maximum number of BSs that a UE
can be associated is 3 [25]. Major parameter settings are listed in Table 1.

Table 1. Parameters setting.

Parameters Value
Plane of Topology 1.5 x 1.5 km?
Number of MBSs 7
Number of SBSs 40
Number of UEs 50-200
Channel Model WINNER
Transmit Power of MBS 40W
Transmit Power of SBS 2W
Number of Available RB 100
Total Number of Files 20
Backhaul Capacity of MBS 1 Gbps
Backhaul Capacity of SBS 100 Mbps
Maximal Number of Caching Files on each BS 10
Upack 10 Mbps
N 3

4.1. System Performance under Different Content Placement Schemes

For content placement strategies, we compared the performance of the proposed CECP scheme to
that of random scheme and Most Popular Content (MPC) scheme under different SFs (7y) of popularity
of files. Network performance in terms of backhaul load and normalized time delay is shown in
Figures 2 and 3 respectively.

When v = 0.2, the backhaul load of the proposed CPCE scheme is two-times less than that of the
MPC scheme and the random scheme. As the shape factor increases, the backhaul load and time delay
decrease sharply for both the proposed CECP scheme and the MPC scheme. This is because as the
shape factor increases, popular files tend to be prone to fewer files, thus more gain can be obtained
by selecting proper caching strategies. When y becomes larger and larger (7 > 0.2 in the simulation),
the backhaul load and time delay of the CPCE scheme are comparable to that of the MPC, being about
more than 13 times smaller than the Random scheme as shown in Figures 2 and 3.
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4.2. System Performance of CPCE with Different Numbers of UEs

A simulation was also conducted to evaluate the performance of the proposed CPCE scheme
under different network scales with v = 1. As expected, the proposed CPCE algorithm outperforms
the MPC and random caching scheme in terms of the backhaul load under different scales of the
network, as shown in Figure 4. When UEs are sparsely distributed in the network, the backhaul load
of the CPCE scheme is almost ignorable. Even if the number of UEs increases up to 200, the backhaul
load of CPCE is still a great deal lower than that of the random scheme and MPC. Figure 5 shows the
normalized time delay of each content placement scheme under different network scales. It is observed
that CPCE can achieve the lowest time delay compared to the MPC and random caching scheme.
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4.3. System Performance of CPCE under Different Storage Capacity of BSs

Figures 6 and 7 show the impact on network performance of the BSs’ different storage capacity. It is
clear that the more files that BSs can cache, the more possibility that BSs hit required files. We assume
the total number of files is 20. When the storage capacity of BSs is half of total files, both backhaul load
and time delay of the proposed CPCE is as a third as that of MPC. Even when storage capacity is very
limited (for example, only 1 file can be cached), the backhaul load of CPCE is acceptable, as shown
in Figure 6. Meanwhile, as shown in Figure 7, time delay decreases as the storage capacity increases,
and the proposed CPCE outperforms the other two.

The performance of Random and MPC comparing with the proposed CPCE in terms of time delay
and backhaul load is listed in Table 2.
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Table 2. Comparison of algorithms in terms of delay and backhaul load.

Time Delay  Backhaul Load

Random high high
MPC low to high low to high
CPCE low low

4.4. System Performance of CPCE-UACE under Different Weight Factor

The performance of the entire CPCE-UACE algorithm is evaluated in the simulation and compared
with N-best, No-CoMP, and Threshold user association schemes. No-CoMP scheme means each UE,
no matter where it is located, can be associated only to the BS with the best RSRP. Threshold scheme
allows a specific UE to be associated with multiple BSs whose RSRP is better than a given threshold [16].
We also assess backhaul load and network throughput of CPCE-UACE algorithm under a different
weight factor y (increases from 0 to 1 by step of 0.5). Generally speaking, the more BSs each UE in the
network can be associated with, the better throughput can be achieved, while heavier the backhaul
load will be. Fortunately, the proposed CPCE-UACE algorithm can balance backhaul load and network
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throughput by carefully selecting a weight factor y. As shown in Figures 8 and 9, network throughput
and backhaul load of CPCE-UACE decreases as the weight factor y grows. When y is very small
(less than 0.05), throughput of CPCE-UACE is significantly better than the others, but the load of it
is also outstandingly heavy. On the other hand, when y is as large as 0.5, both throughput and the
backhaul load of CPCE-UACE is lowest in the four schemes considered in the simulation. As a result,
we can narrow the range of an optimal y that perfectly balances network performance in terms of the
two aspects into [0.05,0.5]. We consider y = 0.1 as the almost optimal weight factor due to relatively
high throughput, as well as the low backhaul load, of CPCE-UACE as shown in Figures 8 and 9.

o X1 08
8.5 h
8 |
hi] —#— No-CoMP
2 75 —v— N-Best B
ao) Threshold
T —6—CE
- 7
©
©
& 65
Q
=
6
5.5
5
0 0.05 0.1 0.15 0.2
14
Figure 8. Network throughput under different .
8
10 P10 . . . . . , , .
—%— No-CoMP
—— N-Best b
Treshold
—6—CE
m 4
Q.
=)
e}
o ]
o
|
=
3 ]
<
x
Q
[ 4
o
¥ ¥ ¥ ¥ ¥ ¥ ¥ N
2r 4

1 L L L L L L L L L
0 005 01 015 02 025 03 035 04 045 05
Iz

Figure 9. Backhaul load under different .
4.5. System Performance of CPCE-UACE under Different Numbers of UEs

In this subsection, we evaluated the proposed CPCE-UACE algorithm jointly in terms of
throughput and backhaul load under different network scales with u = 0.1. The number of UEs
in the network is set to be from 50 to 200 with an interval 50.
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As shown in Figure 10, the average data rate of each UE decreases as the number of UEs in
the network grows. It is obvious that the proposed CPCE-UACE algorithm can always achieve
an outstanding performance compared to the No-CoMP and N-Best scheme, and 40% performance
gain is obtained if |M?| < 150. Despite the threshold scheme being comparable to the CPCE-UACE
algorithm in terms of the average data rate, the threshold scheme has the heaviest backhaul load as
shown in Figure 11. It is observed that the proposed CPCE-UACE algorithm has the better performance
of the backhaul load compared to the N-Best scheme and threshold scheme, as shown in Figure 11.
Furthermore, the proposed CPCE-UACE algorithm is comparable with the No-CoMP scheme under
a small number of UEs (|Mq| < 50) and outperforms the other schemes in large scale networks
(1Mo > 100).
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Figure 10. Network throughput under different numbers of UEs.
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Figure 11. Backhaul load under different numbers of UEs.

The performance of No-CoMP, N-best, and Threshold compared with the proposed CPCE-UACE
in terms of data rate and backhaul load is listed in Table 3.
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Table 3. Comparison of algorithms in terms of data rate and backhaul load.

Data Rate Backhaul Load

No-CoMP low low to medium

N-best low low to medium
Threshold medium to high high
CPCE-UACE high low

5. Conclusions

This paper considered a problem involving content placement and user association in UDNs
where proactive caching and CoMP are enabled. To alleviate the backhaul load and improve network
performance, the CPCE-UACE algorithm was proposed to solve the problem. Simulation results
demonstrated that the proposed algorithm was capable of decreasing the necessary backhaul traffic
and improving network throughput simultaneously. Simulation results showed that the proposed
cross-entropy based content placement scheme significantly outperformed the conventional random
and MPC placement schemes, with a 50% and 20% backhaul load decrease respectively. Furthermore,
the proposed cross-entropy based user association scheme could achieve 30% and 23% throughput gain,
compared with the conventional N-best, No-CoMP, and Threshold based user association schemes.
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Abstract: We illustrate how computer-aided methods can be used to investigate the fundamental
limits of the caching systems, which are significantly different from the conventional analytical
approach usually seen in the information theory literature. The linear programming (LP) outer
bound of the entropy space serves as the starting point of this approach; however, our effort goes
significantly beyond using it to prove information inequalities. We first identify and formalize the
symmetry structure in the problem, which enables us to show the existence of optimal symmetric
solutions. A symmetry-reduced linear program is then used to identify the boundary of the
memory-transmission-rate tradeoff for several small cases, for which we obtain a set of tight outer
bounds. General hypotheses on the optimal tradeoff region are formed from these computed data,
which are then analytically proven. This leads to a complete characterization of the optimal tradeoff
for systems with only two users, and certain partial characterization for systems with only two files.
Next, we show that by carefully analyzing the joint entropy structure of the outer bounds for certain
cases, a novel code construction can be reverse-engineered, which eventually leads to a general class
of codes. Finally, we show that outer bounds can be computed through strategically relaxing the LP
in different ways, which can be used to explore the problem computationally. This allows us firstly to
deduce generic characteristic of the converse proof, and secondly to compute outer bounds for larger
problem cases, despite the seemingly impossible computation scale.

Keywords: computer-aided analysis; information theory

1. Introduction

We illustrate how computer-aided methods can be used to investigate the fundamental limits of
the caching systems, which is in clear contrast to the conventional analytical approach usually seen in
the information theory literature. The theoretical foundation of this approach can be traced back to the
linear programming (LP) outer bound of the entropy space [1]. The computer-aided approach has been
previously applied in [2-5] on distributed data storage systems to derive various outer bounds, which
in many cases are tight. In this work, we first show that the same general methodology can be tailored
to the caching problem effectively to produce outer bounds in several cases, but more importantly,
we show that data obtained through computation can be used in several different manners to deduce
meaningful structural understanding of the fundamental limits and optimal code constructions.

The computer-aided investigation and exploration methods we propose are quite general;
however, we tackle the caching problem in this work. Caching systems have attracted much research
attention recently. In a nutshell, caching is a data management technique that can alleviate the
communication burden during peak traffic time or data demand time, by prefetching and prestoring
certain useful content at the users’ local caches. Maddah-Ali and Niesen [6] recently considered the
problem in an information theoretical framework, where the fundamental question is the optimal
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tradeoff between local cache memory capacity and the content delivery transmission rate. It was
shown in [6] that coding can be very beneficial in this setting, while uncoded solutions suffer a
significant loss. Subsequent works extended it to decentralized caching placements [7], caching with
nonuniform demands [8], online caching placements [9], hierarchical caching [10], caching with random
demands [11], among other things. There have been significant research activities recently [12-21]
in both refining the outer bounds and finding stronger codes for caching. Despite these efforts,
the fundamental tradeoff had not been fully characterized except for the case with only two users
and two files [6] before our work. This is partly due to the fact that the main focus of the initial
investigations [6-9] was on systems operating in the regime where the number of files and the number
of users are both large, for which the coded solutions can provide the largest gain over the uncoded
counterpart. However, in many applications, the number of simultaneous data requests can be small,
or the collection of users or files need to be divided into subgroups in order to account for various
service and request inhomogeneities; see, e.g., [8]. More importantly, precise and conclusive results
on such cases with small numbers of users or files can provide significant insights into more general
cases, as we shall show in this work.

In order to utilize the computational tool in this setting, the symmetry structure in the problem
needs be understood and used to reduce the problem to a manageable scale. The symmetry-reduced
LP is then used to identify the boundary of the memory-transmission-rate tradeoff for several cases.
General hypotheses on the optimal tradeoff region are formed from these data, which are then
analytically proven. This leads to a complete characterization of the optimal tradeoff for systems
with two users, and certain partial characterization for systems with two files. Next, we show that
by carefully analyzing the joint entropy structure of the outer bounds, a novel code construction can
be reverse-engineered, which eventually leads to a general class of codes. Moreover, data can also be
used to show that a certain tradeoff pair is not achievable using linear codes. Finally, we show that
outer bounds can be computed through strategically relaxing the LP in different ways, which can be
used to explore the problem computationally. This allows us firstly to deduce generic characteristic
of the converse proof, and secondly to compute outer bounds for larger problem cases, despite the
seemingly impossible computation scale.

Although some of the tightest bounds and the most conclusive results on the optimal
memory-transmission-rate tradeoff in caching systems are presented in this work, our main focus
is in fact to present the generic computer-aided methods that can be used to facilitate information
theoretic investigations in a practically-important research problem setting. For this purpose, we
will provide the necessary details on the development and the rationale of the proposed techniques
in a semi-tutorial (and thus less concise) manner. The most important contribution of this work is
three methods for the investigation of fundamental limits of information systems: (1) computational
and data-driven converse hypothesis, (2) reverse-engineering optimal codes, and (3) computer-aided
exploration. We believe that these methods are sufficiently general, such that they can be applied to
other coding and communication problems, particularly those related to data storage and management.

The rest of the paper is organized as follows. In Section 2, existing results on the caching problem
and some background information on the entropy LP framework are reviewed. The symmetry structure
of the caching problem is explored in detail in Section 3. In Section 4, we show how the data obtained
through computation can be used to form hypotheses, and then analytically prove them. In Section 5,
we show that the computed data can also be used to facilitate reverse-engineering new codes, and also
to prove that a certain memory-transmission-rate pair is not achievable using linear codes. In Section 6,
we provide a method to explore the structure of the outer bounds computationally, to obtain insights
into the problem and derive outer bounds for large problem cases. A few concluding remarks are
given in Section 7, and technical proofs and some computer-produced proof tables are relegated to
the Appendices A-I.
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2. Preliminaries

2.1. The Caching System Model

There are a total of N mutually independent files of equal size and K users in the system.
The overall system operates in two phases: in the placement phase, each user stores in his/her
local cache some content from these files; in the delivery phase, each user will request one file, and the
central server transmits (multicasts) certain common content to all the users to accommodate their
requests. Each user has a local cache memory of capacity M, and the contents stored in the placement
phase are determined without knowing a priori the precise requests in the delivery phase. The system
should minimize the amount of multicast information, which has rate R for all possible combinations
of user requests, under the memory cache constraint M, both of which are measured as multiples
of the file size F. The primary interest of this work is the optimal tradeoff between M and R. In the
rest of the paper, we shall refer to a specific combination of the file requests of all users together as
a demand, or a demand pattern, and reserve the word “request” as the particular file a user needs.
Figure 1 provides an illustration of the overall system.

central server
has N=3 files

multicasted message
in the delivery phase

cached contents in
users' memory of size M

Y v v v
14 Wy W W

Figure 1. An example caching system, where there are N = 3 files and K = 4 users. In this case, the
users request files (1,2,2,3), respectively, and the multicast common information is written as X122,

Since we are investigating the fundamental limits of the caching systems in this work, the notation
for the various quantities in the systems needs to be specified. The N files in the system are denoted
as W & {Wy,Wa, ..., Wn}; the cached contents at the K users are denoted as Z £ {Z1,25,...,72x};
and the transmissions to satisfy a given demand are denoted as Xy, 4, .4, i-€., the transmitted
information Xy, 4, . a4, When user k requests file W;,, k = 1,2,...,K. For simplicity, we shall write
(W1, Wa, ..., Wy) simply as Wit/ and (dq,dy,...,dk) as d[l:K]/' when there are only two users in the
system, we write (X;1, Xi2, ..., X;;) as Xi [1:j)- There are other simplifications of the notation for certain
special cases of the problem, which will be introduced as they become necessary.

The cache content at the k-th user is produced directly from the files through the encoding function
fr, and the transmission content from the files through the encoding function g4, ., i-e.,

Zk = frOWuNp)r - Xapg = 8dpg (W)

the second of which depends on the particular demands dj;.x. Since the cached contents and
transmitted information are both deterministic functions of the files, we have:

H(ZWy, Wy,...,WN) =0, k=12,...,K, 1)
H(X4, dy,.. W1, Wo, ..., WN) =0, dpe€{1,2,...,N}. 2
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It is also clear that:
H(Wy, Zi, Xy do,...d) = 0, 3)

i.e, the file Wy,_is a function of the cached content Z; at user k and the transmitted information when
user k requests Wy, . The memory satisfies the constraint:

M>H(z), i€{1,2,...,K}, )
and the transmission rate satisfies:
R > H(Xg dy,.de)r 4 €1{1,2,...,N}. (%)

Any valid caching code must satisfy the specific set of conditions in (2)-(5). A slight variant of the
problem definition allows vanishing probability of error, i.e., the probability of error asymptotically
approaches zero as F goes to infinity; all the outer bounds derived in this work remain valid for this
variant with appropriate applications of Fano’s inequality [22].

2.2. Known Results on Caching Systems

The first achievability result on this problem was given in [6], which is directly quoted below.

Theorem 1 (Maddah-Ali and Niesen [6]). For N files and K users each with a cache size M &
{0,N/K,2N/K,...,N},

. 1 N
R:K(lfM/N)-mln{m,f} (6)

is achievable. For general 0 < M < N, the lower convex envelope of these (M, R) points is achievable.

The first term in the minimization is achieved by the scheme of uncoded placement together
with coded transmission [6], while the latter term is by simple uncoded placement and uncoded
transmission. More recently, Yu et al. [19] provided the optimal solution when the placement is
restricted to be uncoded. Chen et al. [15] extended a special scheme for the case N = K = 2 discussed
in [6] to the general case N < K, and showed that the tradeoff pair (%, w
were also several other notable efforts in attempting to find better binary codes [16-18,21]. Tian and
Chen [20] proposed a class of codes for N < K, the origin of which will be discussed in more details in
Section 5. Gémez-Vilardeb6 [21] also proposed a new code, which can provide further improvement in
the small cache memory regime. Tradeoff points achieved by the codes in [20] can indeed be optimal
in some cases. It is worth noting that while all the schemes [6,15-19,21] are binary codes, the codes
in [20] use a more general finite field.

A cut-set outer bound was also given in [6], which is again directly quoted below.

) is achievable. There

Theorem 2 (Maddah-Ali and Niesen [6]). For N files and K users each with a cache size0 < M < N,

sM
> P —— 7
- se{l,Z,.?lxgiﬁ{N,K}} (S [N/s] ) @

Several efforts to improve this outer bound have also been reported, which have led to more
accurate approximation characterizations of the optimal tradeoff [12-14]. However, as mentioned
earlier, even for the simplest cases beyond (N, K) = (2,2), complete characterizations was not available
before our work (firstly reported in [23]). In this work, we specifically treat such small problem cases,
and attempt to deduce more generic properties and outer bounds from these cases. Some of the most
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recent work [24,25] that were obtained after the publication of our results [23] provide even more
accurate approximations, the best of which at this point of time is roughly a factor of 2 [24].

2.3. The Basic Linear Programming Framework

The basic linear programing bound on the entropy space was introduced by Yeung [1], which
can be understood as follows. Consider a total of 1 discrete random variables (X1, Xy, ..., X,;) with a
given joint distribution. There are a total of 2" — 1 joint entropies, each associated with a non-empty
subset of these random variables. It is known that the entropy function is monotone and submodular,
and thus, any valid (2" — 1) dimensional entropy vector must have the properties associated with
such monotonicity and submodularity, which can be written as a set of inequalities. Yeung showed
(see, e.g., [26]) that the minimal sufficient set of such inequalities is the so-called elemental inequalities:

H(Xi{X,k#i}) >0, i€{L2,...,n} ®
I(Xj; Xi{ Xy, k € @}) > 0, where @ C {1,2,...,n} \ {i,j}, i # . ©)

The 2" — 1 joint entropy terms can be viewed as the variables in a linear programming (LP)
problem, and there is a total of n + (3)2”*2 constraints in (8) and (9). In addition to this generic set
of constraints, each specific coding problem will place additional constraints on the joint entropy
values. These can be viewed as a constraint set of the given problem, although the problem might also
induce constraints that are not in this form or even not possible to write in terms of joint entropies.
For example, in the caching problem, the set of random variables are {W;,i =1,2,..., N} U{Z;,i =
1,2,..., K} U{Xg, 4, d¢ :dx € {1,2,...,N}}, and there is a total of 2N+K+NK 1 Variables in this LP;
the problem-specific constraints are those in (2)-(5), and there are N + K + NX + (N+K2+N K)2N +KANK-2
elemental entropy constraints, which is in fact doubly exponential in the number of users K.

2.4. A Computed-Aided Approach to Find Outer Bounds

In principle, with the aforedescribed constraint set, one can simply convert the outer bounding
problem into an LP (with an objective function R for each fixed M in the caching problem, or more
generally a linear combination of M and R), and use a generic LP solver to compute it. Unfortunately,
despite the effectiveness of modern LP solvers, directly applying this approach on an engineering
problem is usually not possible, since the scale of the LP is often very large even for simple settings.
For example, for the caching problem, when N = 2, K = 4, there are overall 200 million elemental
inequalities. The key observation used in [2] to make the problem tractable is that the LP can usually be
significantly reduced, by taking into account the symmetry and the implication relations in the problem.

The details of the reductions can be found in [2], and here, we only provide two examples in the
context of the caching problem to illustrate the basic idea behind these reductions:

e  Assuming the optimal codes are symmetric, which will be defined more precisely later, the joint
entropy H(W, Zs, X2,33) should be equal to the joint entropy H(Ws, Z3, X1 2). This implies that
in the LP, we can represent both quantities using a single variable.

e  Because of the relation (3), the joint entropy H(W,, Z3, X5 3,3) should be equal to the joint entropy
H(Wy, Ws, Z3, X2,33). This again implies that in the LP, we can represent both quantities using a
single variable.

The reduced primal LP problem is usually significantly smaller, which allows us to find a lower
bound for the tradeoff region for a specific instance with fixed file sizes. Moreover, after identifying
the region of interest using these computed boundary points, a human-readable proof can also be
produced computationally by invoking the dual of the LP given above. Note a feasible and bounded
LP always has a rational optimal solution when all the coefficients are rational, and thus, the bound
will have rational coefficients. More details can again be found in [2]; however, this procedure can be
intuitively viewed as follows. Suppose a valid outer bound in the constraint set has the form of:
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Y apH(Xp ke ®) >0, (10)
dC{1,2,..,n}

then it must be a linear combination of the known inequalities, i.e., (8) and (9), and the problem-specific
constraints, e.g., (2)—(5) for the caching problem. To find a human-readable proof is essentially to find
a valid linear combination of these inequalities, and for the conciseness of the proof, the sparsest linear
combination is preferred. By utilizing the LP dual with an additional linear objective, we can find
within all valid combinations a sparse (but not necessarily the sparsest) one, which can yield a concise
proof of the inequality (10).

It should be noted that in [2], the region of interest was obtained by first finding a set of fine-spaced
points on the boundary of the outer bound using the reduced LP, and then manually identifying the
effective bounding segments using these boundary points. This task can however be accomplished
more efficiently using an approach proposed by Lassez and Lassez [27], as pointed out in [28].
This prompted the author to implement this part of the computer program using this more efficient
approach. For completeness, the specialization of the Lassez algorithm to the caching problem, which is
much simplified in this setting, is provided in Appendix A.

The proof found through this approach can be conveniently written in a matrix to list all the linear
combination coefficients, and one can easily produce a chain of inequalities using such a table to obtain
a more conventional human-readable proof. This approach of generating human-readable proofs has
subsequently been adopted by other researchers [5,29]. Though we shall present several results thus
obtained in this current work in the tabulation form, our main goal is to use these results to present the
computer-aided approach, and show the effectiveness of our approach.

3. Symmetry in the Caching Problem

The computer-aided approach to derive outer bounds mentioned earlier relies critically on the
reduction of the basic entropy LP using symmetry and other problem structures. In this section,
we consider the symmetry in the caching problem. Intuitively, if we place the cached contents in
a permuted manner at the users, it will lead to a new code that is equivalent to the original one.
Similarly, if we reorder the files and apply the same encoding function, the transmissions can also be
changed accordingly to accommodate the requests, which is again an equivalent code. The two types
of symmetries can be combined, and they induce a permutation group on the joint entropies of the
subsets of the random variables WU Z U X

For concreteness, we may specialize to the case (N, K) = (3,4) in the discussion, and for this case:

W= {Wi, Wo, W3}, Z=1{21,22,23,24}, X =1{Xa,minas k€ {1,2,3}}. (11)

3.1. Symmetry in User Indexing

Let a permutation function be defined as 77(-) on the user index set of {1,2, ..., K}, which reflects a
permuted placement of cached contents Z. Let the inverse of 77(-) be denoted as 7~ 1(-), and define the
permutation on a collection of elements as the collection of the elements after permuting each element
individually. The aforementioned permuted placement of cached contents can be rigorously defined
through a set of new encoding functions and decoding functions. Given the original encoding functions
frand 8y the new functions f[* and gf}[ - associated with a permutation 77 can be defined as:

Zi = FEWiny) = Fam Wiaw) = Zago,

(12)
8dpg Wieny) £ 8d, 1) Winen)) = Xa

Xd[l:K]

[I>

A=1([1K)

To see that with these new functions, any demand d (.} can be correctly fulfilled as long as the original
functions can fulfill the corresponding reconstruction task, consider the pair (£ (Wiy.nj), ggu-;q Winp),

which should reconstruct Wy, . This pair is equivalent to the pair (fz k) (W[1.n]), 84 ) (W:np)), and
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in the demand vector d1;.x)), the 7(k) position is in fact dz1(z(x)) = dk, implying that the new
coding functions are indeed valid.

We can alternatively view 7(-) as directly inducing a permutation on Z as 77(Z;) = Zz 1), and a
permutation on & as:

(X o) = Xa_ d . (13)

a1y da-1) A1 k)
For example, the permutation function 77(1) = 2, 7(2) = 3,7(3) = 1, 7(4) = 4 will induce:
(d1,d2, d3,dy) — (d1,da,d3,dy) = (d3,dv, 2, ds). (14)

Thus, it will map Z; to 72(Z1) = Z», but map X135 to X3,122, X323 t0 X1323,and X1,122 t0 X1,1,-
With the new coding functions and the permuted random variables defined above, we have the
following relation:

(Wﬁ/ZﬁrXﬁ):(W/ fL’(Z), ﬁ(X))r (15)

where the superscript 7 indicates the random variables induced by the new encoding functions.
We call a caching code user-index-symmetric, if for any subsets W, C W, 2, C Z, &, C &, and
any permutation 7, the following relation holds:

H(W,, 2o, Xo) = HW,, T(2,), T(X,))- (16)

For example, for such a symmetric code, the entropy H(W,, Z, X1 23,) under the aforementioned
permutation is equal to H(W,, Z3, X3122); note that W; is a function of (Zp, Xj37), and after the
mapping, it is a function of (Z3, X3125).

3.2. Symmetry in File Indexing

Let a permutation function be defined as 7(-) on the file index set of {1,2,..., N}, which reflects
a renaming of the files W. This file-renaming operation can be rigorously defined as a permutation of
the input arguments to the functions f and 8k Given the original encoding functions f and Sdjxr

the new functions f]? and gg[ - associated with a permutation 7t can be defined as:

Zi 2 W) 2 frWaorang)s

i . a7)
8di Winen)) = 8a(dpag) Wam1(uvy) )-
We first show that the pair ( ff Wy, gg[m (Wpi.n7)) can provide reconstruction of Wy, . This pair
by definition is equivalent to (fk(Wﬂfl([lzND),gﬁ(d[lzk])(Wﬁfl([lzN]))), where the k-th position of the
demand vector 7(d|y.) is in fact 72(dy). However, because of the permutation in the input arguments,
this implies that the 7(dy)-th file in the sequence W41 (jy.y))) can be reconstructed, which is indeed Wy, .

Alternatively, we can view 7(-) as directly inducing a permutation on /(W) = Wy, and it also
induces a permutation on X’ as:

AKXy o) = Xie(dy), (o) o t(di)- (18)

For example, the permutation function #(1) = 2,7(2) = 3,7(3) = 1 maps W, to A(W,) = W;,
but maps X123 to X313, X323 10 X1321, and Xy122 t0 Xp233.

With the new coding functions and the permuted random variables defined above, we have the
following equivalence relation:
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W, 27, Xx7) = (W([lzzv])/fu;k](Wﬁ—l(u;m))/ {gﬁ(d[ltkl)(wﬁfl([l:N])) dpk) € NK})

(Wﬁ([lzl\l])rf[lzk](W[l:N])f {gﬁ(d“:m)(w[lzl\l]) tdpk) € /\/K}) 19)
(AW), Z,71(X)),

[I=

where £ indicates equal in distribution, which is due to the the random variables in WV being
independently and identically distributed, thus exchangeable.

We call a caching code file-index-symmetric, if for any subsets W, C W, Z, C Z, X, C X, and
any permutation 7, the following relation holds:

H(WOerXo) = H(f[(Wo),Zg, ﬁ(Xo))- (20)

For example, for such a symmetric code, H(W3, Z3, X1 232) under the aforementioned permutation is
equal to H(W1, Z3, X531,3); note that Wj is a function of (Z3, X1232), and after the mapping, W is a
function of (Z3, X2/3/1’3).

3.3. Existence of Optimal Symmetric Codes

With the symmetry structure elucidated above, we can now state our first auxiliary result.

Proposition 1. For any caching code, there is a code with the same or smaller caching memory and transmission
rate, which is both user-index-symmetric and file-index-symmetric.

We call a code that is both user-index-symmetric and file-index-symmetric a symmetric code.
This proposition implies that there is no loss of generality to consider only symmetric codes. The proof
of this proposition relies on a simple space-sharing argument, where a set of base encoding functions
and base decoding function are used to construct a new code. In this new code, each file is partitioned
into a total of N!K! segments, each having the same size as suitable in the base coding functions.
The coding functions obtained as in (12) and (17) from the base coding functions using permutations 77
and # are used on the i-th segments of all the files to produce random variables W77 U 277 y X 77,
Consider a set of random variables (W, U Z, U &) in the original code, and denote the same set of
random variables in the new code as (W, U 2] U X)). We have:

HW,UZuX)) = Y HWS T UZFTuUX]™) = Y HAW.) UR(Z,) Urt - #(X,)),  (21)

’

because of (15) and (19). Similarly, for another pair of permutations (7, '), the random variables

AW)) U (Z])) Ui’ - 7' (X)) in the new code will have exactly the same joint entropy value. It is now
clear that the resultant code by space sharing is indeed symmetric, and it has (normalized) memory
sizes and a transmission rate no worse than the original one. A similar argument was used in [2]
to show, with a more detailed proof, the existence of optimal symmetric solution in regenerating
codes. In a separate work [30], we investigated the properties of the induced permutation 7 - 7, and
particularly, showed that it is isomorphic to the power group [31]; readers are referred to [30] for
more details.

3.4. Demand Types

Even for symmetric codes, the transmissions to satisfy different types of demands may use
different rates. For example in the setting N, K = (3,4), H(Xj 22,) may not be equal to H(Xj122),
and H(Xj,37) may not be equal to H(X3232). The transmission rate R is then chosen to be the
maximum among all cases. This motivates the notion of demand types.
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Definition 1. In an (N, K) caching system, for a specific demand, let the number of users requesting file n
be denoted as my, n = 1,2,..., N. We call the vector obtained by sorting the values {my,my, ..., my} ina
decreasing order as the demand type, denoted as T

Proposition 1 implies that for optimal symmetric solutions, demands of the same type can
always be satisfied with transmissions of the same rate; however, demands of different types may
still require different rates. This observation is also important in setting up the linear program in the
computer-aided approach outlined in the previous section. Because we are interested in the worst case
transmission rate among all types of demands, in the symmetry-reduced LP, an additional variable
needs to be introduced to constrain the transmission rates of all possible types.

For an (N, K) system, determining the number of demand types is closely related to the integer
partition problem, which is the number of possible ways to write an integer K as the sum of positive
integers. There is no explicit formula, but one can use a generator polynomial to compute it [32].
For several small (N, K) pairs, we list the demand types in Table 1.

Table 1. Demand types for small (N, K) pairs.

(N,K) Demand Types

2,3) (3,0), (2,1)

24) (4,0), 3,1), (2,2)

(3,2) (2,0,0), (1,1,0)

3,3) (3,0,0), (2,1,0), (1,1,1)
(34) (4,00),(3,1,0),(220),(21,1)
(4,2) (2,0,0,0), (1,1,0,0)

(43)  (3000),(21,0,0),(1,1,1,0)

It can be seen that when N < K, increasing N induces more demand types, but this stops when
N > K; however, increasing K always induces more demand types. This suggests it might be easier
to find solutions for a collection of cases with a fixed K and arbitrary N values, but more difficult
for that of a fixed N and arbitrary K values. This intuition is partially confirmed with our results
presented next.

4. Computational and Data-Driven Converse Hypotheses

Extending the computational approach developed in [2] and the problem symmetry, in this section,
we first establish complete characterizations for the optimal memory-transmission-rate tradeoff for
(N,K) = (3,2) and (N, K) = (4,2). Based on these results and the known result for (N, K) = (2,2),
we are able to form a hypothesis regarding the optimal tradeoff for the case of K = 2. An analytical
proof is then provided, which gives the complete characterization of the optimal tradeoff for the case of
(N, 2) caching systems. We then present a characterization of the optimal tradeoff for (N, K) = (2,3)
and an outer bound for (N,K) = (2,4). These results also motivate a hypothesis on the optimal
tradeoff for N = 2, which is subsequently proven analytically to yield a partial characterization. Note
that since both M and R must be nonnegative, we do not explicitly state their non-negativity from
here on.

4.1. The Optimal Tradeoff for K = 2
The optimal tradeoff for (N, K) = (2,2) was found in [6], which we restate below.

Proposition 2 (Maddah Ali and Niesen [6]). Any memory-transmission-rate tradeoff pair for the (N, K) =
(2,2) caching problem must satisfy:

2M+R >2, 2M+2R >3, M+2R >2. (22)
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Conversely, there exist codes for any nonnegative (M, R) pair satisfying (22).

Our investigation thus starts with identifying the previously unknown optimal tradeoff for
(N,K) = (3,2) and (N, K) = (4,2) using the computation approach outlined in Section 2, the results
of which are first summarized below as two propositions.

Proposition 3. Any memory-transmission-rate tradeoff pair for the (N, K) = (3,2) caching problem must satisfy:
M+R>2, M+3R>3. (23)

Conwversely, there exist codes for any nonnegative (M, R) pair satisfying (23).
Proposition 4. Any memory-transmission-rate tradeoff pair for the (N, K) = (4,2) caching problem must satisfy:
3M+4R>8, M+4R > 4. (24)

Conwversely, there exist codes for any nonnegative (M, R) pair satisfying (24).

The proofs for Propositions 3 and 4 can be found in Appendix B, which are given in the
tabulation format mentioned earlier. Strictly speaking, these two results are specialization of Theorem 3,
and there is no need to provide the proofs separately; however, we provide them to illustrate the
computer-aided approach.

The optimal tradeoff for these cases is given in Figure 2. A few immediate observations are
as follows
e For (N,K) = (3,2) and (N, K) = (4,2), there is only one non-trivial corner point on the optimal

tradeoff, but for (N, K) = (2,2), there are in fact two non-trivial corner points.

e  The cut-set bound is tight at the high memory regime in all the cases.

e  The single non-trivial corner point for (N,K) = (3,2) and (N,K) = (4,2) is achieved by the
scheme proposed in [6]. For the (N, K) = (2,2) case, one of the corner point is achieved also by
this scheme, but the other corner point requires a different code.

Given the above observations, a natural hypothesis is as follows.
Hypothesis 1. There is only one non-trivial corner point on the optimal tradeoff for (N, K) = (N, 2) caching
systems when N > 3, and it is (M, R) = (N/2,1/2), or equivalently, the two facets of the optimal tradeoff
should be:
3M+NR>2N, M+NR>N. (25)

We are indeed able to analytically confirm this hypothesis, as stated formally in the
following theorem.

Theorem 3. For any integer N > 3, any memory-transmission-rate tradeoff pair for the (N,K) = (N, 2)
caching problem must satisfy:

3M+ NR >2N, M+ NR > N. (26)

Conversely, for any integer N > 3, there exist codes for any nonnegative (M, R) pair satisfying (26).
For (N,K) = (2,2), the memory-transmission-rate tradeoff must satisfy:

2M+R>2, 2M+2R >3, M+2R > 2. (27)

Conwversely, for (N,K) = (2,2), there exist codes for any nonnegative (M, R) pair satisfying (27).

250



Entropy 2018, 20, 603

Case (N,K)=(2,2) Case (N,K)=(3,2) Case (N,K)=(4,2)

0o 05 1 15 2 25
M

Figure 2. The optimal tradeoffs for (N, K) = (2,2), (N,K) = (3,2) and (N, K) = (4,2) caching systems.
The red solid lines give the optimal tradeoffs, while the blue dashed-dotted lines are the cut-set outer
bounds, included here for reference.

Since the solution for the special case (N, K) = (2,2) was established in [6], we only need to
consider the cases for N > 3. Moreover, for the converse direction, only the bound 3M + NR > 2N
needs to be proven, since the other one can be obtained using the cut-set bound in [6]. To prove the
remaining inequality, the following auxiliary lemma is needed.

Lemma 1. For any symmetric (N, 2) caching code where N > 3, and any integer n = {1,2,...,N — 2},
(N =m)H(Z1, W)y Xnnt1) = (N =1 =2)H(Zy, Wipew) + (N +n). (28)

Using Lemma 1, we can prove the converse part of Theorem 3 through an induction; the proofs of
Theorem 3 and Lemma 1 can be found in Appendix C, both of which heavily rely on the symmetry
specified in the previous section. Although some clues can be found in the proof tables for the cases
(N,K) = (3,2) and (N, K) = (4,2), such as the effective joint entropy terms in the converse proof
each having only a small number of X random variables, finding the proof of Theorem 3 still requires
considerable human effort, and was not completed directly through a computer program. One key
observation simplifying the proof in this case is that as the hypothesis states, the optimal corner point
is achieved by the scheme given in [6], which is known only thanks to the computed bounds. In this
specific case, the scheme reduces to splitting each file in half, and placing one half at the first user, and
the other half at the second user; the corresponding delivery strategy is also extremely simple. We
combined this special structure and the clues from the proof tables to find the outer bounding steps.

Remark 1. The result in [12] can be used to establish the bound 3M + NR > 2N when K = 2, however
only for the cases when N is an integer multiple of three. For N = 4, the bounds developed in [12-14] give
M + 2R > 3, instead of 3M + 4R > 8, and thus, they are loose in this case. After this bound was initially
reported in [23], Yu et al. [24] discovered an alternative proof.

4.2. A Partial Characterization for N = 2

We first summarize the characterizations of the optimal tradeoff for (N,K) = (2,3), and the
computed outer bound for (N, K) = (2,4), in two propositions.

Proposition 5. The memory-transmission-rate tradeoff for the (N, K) = (2,3) caching problem must satisfy:
2M+R>2, 3M+3R>5 M+2R>2. (29)

Conversely, there exist codes for any nonnegative (M, R) pair satisfying (29).
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Proposition 6. The memory-transmission-rate tradeoff for the (N, K) = (2,4) caching problem must satisfy:
2M+R >2,14M +11R > 20, 9M +8R > 14,3M +3R > 5, 5M +6R > 9, M+2R > 2.  (30)

For Proposition 5, the only new bound 3M + 3R > 5 is a special case of the more general result of
Theorem 4, and we thus do not provide this proof separately. For Proposition 6, only the second and the
third inequalities need to be proven, since the fourth coincides with a bound in the (2, 3) case, the fifth
is a special case of Theorem 4, and the others can be produced from the cut-set bounds. The proofs
for these two inequalities are given in Appendix E. The optimal tradeoff for (N, K) = (2,2),(2,3) and
the outer bound for (2,4) are depicted in Figure 3. A few immediate observations and comments are
as follows:

e  There are two non-trivial corner points on the outer bounds for (N, K) = (2,2) and (N, K) = (2,3),
and there are five non-trivial corner points for (N, K) = (2,4).

e  The outer bounds coincide with known inner bounds for (N, K) = (2,2) and (N, K) = (2,3), but
not (N, K) = (2,4). The corner points at R = 1/K (and the corner point (1,2/3) for (N, K) = (2,4))
are achieved by the scheme given in [6], while the corner points at M = 1/K are achieved by the
scheme given in [15]. For (N, K) = (2,4), two corner points at the intermediate memory regime
cannot be achieved by either the scheme in [6] or that in [15].

e The cut-set outer bounds [6] are tight at the highest and lowest memory segments; a new bound
for the second highest memory segment produced by the computer-based method is also tight.

Case (NK)=(2,2) Case (N,K)=(2,3) Case (N.K)=(2,4)
E- X 21\
15 15 15 (1/4,32)
3
\Q (6/13,16/13)
R R R O\
1 1 1 \ KNI
.
LA
‘* \,  ,23)
(23,23) N
05 05 05 .
N
K K % 05 1 1.5 b4
M

Figure 3. The optimal tradeoffs for (N,K) = (2,2), (N,K) = (2,3) and computed outer bound
(N, K) = (2,4) caching systems. The red solid lines give the optimal tradeoffs for the first two cases,
and the red dotted line gives the computed outer bound (N, K) = (2,4); the blue dashed-dot lines are
the cut-set outer bounds, and the black dashed line is the inner bound using the scheme in [6,15].

Remark 2. The bounds developed in [12-14] give 2(M + R) > 3 for (N,K) = (2,3) and (N,K) = (2,4),
instead of 3M + 3R > 5, and thus, they are loose in this case. When specializing the bounds in [24], it matches
Proposition 5 for (N,K) = (2,3), but it is weaker than Proposition 6 for (N, K) = (2,4).

From the above observations, we can hypothesize that for N = 2, the number of corner points
will continue to increase as K increases above four, and at the high memory regime, the scheme [6] is
optimal. More precisely, we can establish the following theorem.

Theorem 4. When K > 3 and N = 2, any (M, R) pair must satisfy:

K(K+1)M +2(K — 1)KR > 2(K — 1)(K + 2). 31)
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As a consequence, the uncoded-placement-coded-transmission scheme in [6] (with space-sharing) is optimal
when M > @,for the cases with K > 4 and N = 2.

The first line segment at the high memory regime is M + 2R > 2, which is given by the cut-set
bound; its intersection with (31) is indeed the first point in:

(M l) and <M L) (32)

K 'K K ’'K-1

The proof of this theorem now boils down to the proof of the bound (31). This requires a
sophisticated induction, the digest of which is summarized in the following lemma. The symmetry of
the problem is again heavily utilized throughout the proof of this lemma. For notational simplicity, we
use X, to denote X1 1, 12,1,.1,1.e., when the j-th user requests the second file, and all the other users
request the first file; we also write a collection of such variables (X_,;, X 11, ..., X_x) as X_, [j:k]-

Lemma 2. For N = 2 and K > 3, the following inequality holds for k € {2,3,..., K —1}:

(K=k+1)(K=k+2)H(Z1, W1, X_ 2.

(33)
> [(K=k)(K—k+1) = 2]H(Z1, Wy, Xy o)) + 2H(W1, Xy pqp) + 2(K = k+ 1) H(Wy, Wa),
where we have taken the convention H(Zy, W1, X_, 1)) = H(Z1, Wy)

The proof of Lemma 2 is given in Appendix F. Theorem 4 can now be proven straightforwardly.

Proof of Theorem 4. We first write the following simple inequalities:
H(Zy) + H(X2) > H(Zy, X 2) = H(Z1, Wy, X 52). (34)
Now, applying Lemma 2 with k = 2 gives:
(K= DK[H(Zy) + H(X_)] > [K? — 3K]H(Z1, Wy) + 2H(Wy) + 2(K — )H(W,, W), (35)
Observe that:

H(Zy,W1) = HW1Zy) + H(Z1) > sH(Wy, WaZy) + H(Z) = %H(WLWZ) + %H(Zl)r (36)

N[ =

where in the first inequality the file index symmetry H(W;Z;) = H(W,Z;) has been used. We can
now continue to write:

(K= OK[H(Z) + ) 2 S5 K, o) 4 Bz om0 20 DO W), 67)

which has some a common term H(Z;) on both sizes with different coefficients. Removing the common
term and multiplying both sides by two lead to:

K(K+1)H(Zy) +2(K — 1)KH(X_;»)
> [(K=2)(K=1) =2+ 4(K = 1)]H(Wy, Wy) + 4H(W) (8)
=2K*+2K — 4,

where the equality relies on the assumption that W; and W, are independent files of unit size.

Taking into consideration the memory and transmission rate constraints (4) and (5) now completes
the proof. [
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Lemma 2 provides a way to reduce the number of X variables in H(Z1, X_,5,1), and thus is the
core of the proof. Even with the hypothesis regarding the scheme in [6] being optimal, deriving the
outer bound (particularly the coefficients in the lemma above) directly using this insight is far from
being straightforward. Some of the guidance in finding our derivation was in fact obtained through
a strategic computational exploration of the outer bounds. This information is helpful because the
computer-generated proofs are not unique, and some of these solutions can appear quite arbitrary;
however, to deduce general rules in the proof requires a more structured proof instead. In Section 6, we
present in more detail this new exploration method, and discuss how insights can be actively identified
in this particular case.

5. Reverse-Engineering Code Constructions

In the previous section, outer bounds of the optimal tradeoff were presented for the case
(N,K) = (2,4), which is given in Figure 3. Observe that the corner points:

2 6 16
(§,1> and (E’ ﬁ) , (39)

cannot be achieved by existing codes in the literature. The former point can indeed be achieved with a
new code construction. This construction was first presented in [20], where it was generalized more
systematically to yield a new class of codes for any N < K, the proof and analysis of which are more
involved. In this paper, we focus on how a specific code for this corner point was found through
a reverse-engineering approach, which should help dispel the mystery on this seemingly arbitrary
code construction.

5.1. The Code to Achieve (,1) for (N,K) = (2,4)

The two files are denoted as A and B, each of which is partitioned into six segments of equal size,
denoted as A; and B, respectively, i = 1,2,...,6. Since we count the memory and transmission in
multiples of the file size, the corner point (%, 1) means the need for each user to store four symbols,
and the transmission will use six symbols. The contents in the cache of each user are given in Table 2.
By the symmetry of the cached contents, we only need to consider the demand (A, A, A, B), i.e., the
first three users requesting A and User 4 requesting B, and the demand (A4, A, B, B), i.e., the first two
users requesting A and the other two requesting B.

Table 2. Caching content for (N, K) = (2,4).

Userl Ay+By Ay+By Asz+Bs Aj+ Ay+ Az+2(By+ By + Bs)
User2 Ay+By Ay+By As+Bs Aj+ Ag+ As+2(By+ By + Bs)
User3 Ay+By Ay+By Ag+Bs Ax+ Ag+ Ag+2(By+ By+ Bg)
User4d A3+ B; As+Bs A¢+Bs Asz+ As+ Ag+2(Bs+ Bs+ Bg)

Assume the file segments are in F5 for concreteness.

e  For the demands (A, A, A, B), the transmission is as follows,

Step 1: By, By, By;
Step 2: Az 4+ 2As5 +3A¢, A3 + 3A5 + 4As;
Step 3: A] + AZ + A4.

After Step 1, User 1 can recover (Aj, Ay); furthermore, he/she has (As + Bs, A3 + 2B3) by
eliminating known symbols (A;, Ay, By, B2), from which Az can be recovered. After Step 2,
he/she can obtain (2As5 + 3A¢, 3As5 + 4A¢) to recover (As, Ag). Using the transmission in Step 3,
he/she can obtain A4 since he/she has (A1, Az). User 2 and User 3 can use a similar strategy to
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reconstruct all file segments in A. User 4 only needs B3, Bs, By after Step 1, which he/she already
has in his/her cache; however, they are contaminated by file segments from A. Nevertheless,
he/she knows A3 + As + Ag by recognizing:

(A3+As+As) =2 Y (Aij+Bi) —[A3+ As+ A +2(Bs + B5 + Bs)]. (40)
i=3,5,6

Together with the transmission in Step 2, User 4 has three linearly independent combinations
of (As, As, Ag). After recovering them, he/she can remove these interferences from the cached
content for (Bs, Bs, Bg).

e  For the demand (A, A, B, B), we can send:

Step 1: By, Ag;
Step 2: Ay +2A4, A3+ 2As5,By +2B3, By + 2Bs.

User 1 has Ay, By, Ag after Step 1, and he/she can also form:
By + B3 =[Aa + A3 +2(By + B3)] — (A2 + B2) — (A3 + B3),

and together with By + 2B3 in the transmission of Step 2, he/she can recover (B, Bs), and
thus Ay, A3. He/she still needs (A4, As), which can be recovered straightforwardly from the
transmission (A + 2A4, A3 + 2As) since he/she already has (A, A3). Other users can use a
similar strategy to decode their requested files.

5.2. Extracting Information for Reverse-Engineering

It is clear at this point that for this case of (N, K) = (2,4), the code to achieve this optimal corner
point is not straightforward. Next, we discuss a general approach to deduce the code structure from
the LP solution, which leads to the discovery of the code in our work. The approach is based on the
following assumptions: the outer bound is achievable (i.e., tight); moreover, there is a (vector) linear
code that can achieve this performance.

Either of the two assumptions above may not hold in general, and in such a case, our attempt
will not be successful. Nevertheless, though linear codes are known to be insufficient for all network
coding problems [33], existing results in the literature suggest that vector linear codes are surprisingly
versatile and powerful. Similarly, though it is known that Shannon-type inequalities, which are the
basis for the outer bounds computation, are not sufficient to characterize rate region for all coding
problems [34,35], they are surprisingly powerful, particularly in coding problems with strong symmetry
structures [36,37].

There are essentially two types of information that we can extract from the primal LP and dual LP:

e  From the effective information inequalities: since we can produce a readable proof using the dual
LD, if a code can achieve this corner point, then the information inequalities in the proof must hold
with equality for the joint entropy values induced by this code, which reveals a set of conditional
independence relations among random variables induced by this code;

e  From the extremal joint entropy values at the corner points: although we are only interested in the
tradeoff between the memory and transmission rate, the LP solution can provide the whole set of
joint entropy values at an extreme point. These values can reveal a set of dependence relations
among the random variables induced by any code that can achieve this point.

Though the first type of information is important, its translation to code constructions appears
difficult. On the other hand, the second type of information appears to be more suitable for the purpose
of code design, which we adopt next.

One issue that complicates our task is that the entropy values so extracted are not always unique,
and sometimes have considerable slacks. For example, for different LP solutions at the same operating
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point of (M, R) = (3,1), the joint entropy H(Z;, Z») can vary between one and 4/3. We can identify
such a slack in any joint entropy in the corner point solutions by considering a regularized primal LP:
for a fixed rate value R at the corner point in question as an upper bound, the objective function can be
set as:

minimize: H(Z1) + vH(Z1,Z,) (41)
instead of:
minimize: H(Z;), (42)

subject to the same original symmetric LP constraints at the target M. By choosing a small positive
7 value, e.g., v = 0.0001, we can find the minimum value for H(Z;, Z,) at the same (M, R) point;
similarly, by choosing a small negative 7 value, we can find the maximum value for H(Z;, Z,) at the
same (M, R) point. Such slacks in the solution add uncertainty to the codes we seek to find and may
indeed imply the existence of multiple code constructions. For the purpose of reverse-engineering the
codes, we focus on the joint entropies that do not have any slacks, i.e., the “stable” joint entropies in
the solution.

5.3. Reverse-Engineering the Code for (N, K) = (2,4)

With the method outlined above, we identify the following stable joint entropy values in the
(N,K) = (2,4) case for the operating point (3,1) listed in Table 3. The values are normalized by
multiplying everything by six. For simplicity, let us assume that each file has six units of information,
written as Wy = (Ay, Ay, ..., Ag) = Aand W, = (By, By, ..., Bg) £ B, respectively. This is a rich set of
data, but a few immediate observations are given next.

e The quantities can be categorized into three groups: the first is without any transmission;
the second is the quantities involving the transmission to fulfill the demand type (3,1); and the
last for demand type (2,2).

e  The three quantities H(Z; W), H(Z1, Z;W1) and H(Z4, Z5, Z3W; ) provide the first important clue.
The values indicate that for each of the two files, each user should have three units in his/her
cache, and the combination of any two users should have five units in their cache, while the
combination of any three users should have all six units in their cache. This strongly suggests
placing each piece A; (and B;) at two users. Since each Z; has four units, but it needs to hold
three units from each of the two files, coded placement (cross files) is thus needed. At this point,
we place the corresponding symbols in the caching, but keep the precise linear combination
coefficients as undetermined.

e  The next critical observation is that H(Xj0,W1) = H(Xj112W1) = H(X112,W1) = 3.
This implies that the transmission has three units of information on each file alone. However, since
the operating point dictates that H(X1222) = H(X1,1,12) = H(X1,1,22) = 6, it further implies that
in each transmission, three units are for the linear combinations of W5, and 3 units are for those of
Wjy; in other words, the linear combinations do not need to mix information from different files.

e  Since each transmission only has three units of information from each file, and each user has only
three units of information from each file, they must be linearly independent of each other.

The observation and deductions are only from the perspective of the joint entropies given in
Table 3, without much consideration of the particular coding requirement. For example, in the last
item discussed above, it is clear that when transmitting the three units of information regarding a
file (say file W>), they should be simultaneously useful to other users requesting this file, and to the
users not requesting this file. This intuition then strongly suggests each transmitted linear combination
of W, should be a subspace of the W, parts at some users not requesting it. Using these intuitions
as guidance, finding the code becomes straightforward after trial-and-error. In [20], we were able to
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further generalize this special code to a class of codes for any case when N < K; readers are referred
to [20] for more details on these codes.

Table 3. Stable joint entropy values at the corner point (%, 1) for (N,K) = (2,4).

Joint Entropy Computed Value

H(ZyWr)
H(Zy,Z,W1)
H(Zy,25,Z3Wy)

H(X1222W1)
H(Z1, X1222W1)
H(X1,1,12W1)
H(Z1, X1,1,12W1)
H(Z1,Z3,X1,1,1,2W1)

H(X1,1,22W1)
H(Z1, X1,1,22W1)
H(Zy,72,X1,1,22W1)

Tl W | U Wk WUl W

5.4. Disproving Linear-Coding Achievability

The reverse engineering approach may not always be successful, either because the structure
revealed by the data is very difficult to construct explicitly, or because linear codes are not sufficient
to achieve this operating point. In some other cases, the determination can be done explicitly. In the
sequel, we present an example for (N, K) = (3, 3), which belongs to the latter case. An outer bound for
(N,K) = (3,3) is presented in the next section, and among the corner points, the pair (M, R) = (3, %)
is the only one that cannot be achieved by existing schemes. Since the outer bound appears quite strong,
we may conjecture this pair to be also achievable and attempt to construct a code. Unfortunately,
as we shall show next, there does not exist such a (vector) linear code. Before delving into the data
provided by the LP, readers are encouraged to consider proving directly that this tradeoff point cannot
be achieved by linear codes, which does not appear to be straightforward to the author.

We shall assume each file has 3m symbols in a certain finite field, where m is a positive integer.
The LP produces the joint entropy values (in terms of the number of finite field symbols, not in
multiples of file size as in the other sections of the paper) in Table 4 at this corner point, where only the
conditional joint entropies relevant to our discussion next are listed. The main idea is to use these joint
entropy values to deduce structures of the coding matrices, and then combining these structures with
the coding requirements to reach a contradiction.

Table 4. Stable joint entropy values at the corner point (%, %) for (N,K) = (3,3).

Joint Entropy Computed Value
H(lel) 2m
H(ZyWy, Wy) n
H(Zy, ZyW1, W) 2m
H(Zy1,25,Z3W1, Wy) 3m
H(X123) 4m
H(X123W1) 3m
H(X1,3W1, Wa) 2m

The first critical observation is that H(Z;W;, W,) = m, and the user-index-symmetry implies
that H(Z,Wy, W,) = H(Z3Wy, W) = m. Moreover H(Zy,Z,, Z3Wy, W) = 3m, from which we can
conclude that excluding file W; and W,, each user stores m linearly independent combinations of the
symbols of file W3, which are also linearly independent among the three users. Similar conclusions
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hold for files Wy and W,. Thus, without loss of generality, we can view the linear combinations of
Wi cached by the users, after excluding the symbols from the other two files, as the basis of file W;.
In other words, this implies that through a change of basis for each file, we can assume without loss of
generality that user k stores 2m linear combinations in the following form:

WA [(k—1)m-+1:km]
Vier | Wo[(k—1)m-+1:km] (43)
W3 (k1) m-+1:km]

where W), ; is the j-th symbol of the n-th file and Vj is a matrix of dimension 2m x 3m; Vi can be
partitioned into submatrices of dimension m x m, which are denoted as Vk;i,j/ i=12andj=1,23.
Note that symbols at different users are orthogonal to each other without loss of generality.

Without loss of generality, assume the transmitted content Xj , 3 is:

Wi, 1:3m)
G- | Wousm (44)

W3 11:3m)
where G is a matrix of dimension 4m x 9m; we can partition it into blocks of m x m, and each block

is referred to as Gz-,j, i=12,...,4and j = 1,2,...,9. Let us first consider User 1, which has the
following symbols:

Vk;l,l 0 0 Vk;l,Z 0 0 Vk;1,3 0 0
Vior 0 0 Vigy 0 0 Vios O 0
k2,1 k2,2 k2,3 W1, [1:3]

Gi1 Gip Gio | | Wo3m] (45)

: : : . W3,[1:3m]
Gy Gyo - Gy

The coding requirement states that X; 5 3 and Z; together can be used to recover file Wy, and thus,
one can recover all the symbols of W; knowing (45). Since W; can be recovered, its symbols can be
eliminated in (45), i.e.,

Viizg 0 0 Vikys 0 0
Viga 0 0 Vias 0 0

Wy 1.
Gia Gis Gio | | [2liam )
. : : . W3,[1:3m]

G4,4 G4,4 G4/9
in fact becomes known. Notice Table 4 specifies H(Z;W;) = 2m, and thus, the matrix:

Ve Vias

(47)
Vizo Vi3

is in fact full rank; thus, from the top part of (46), W 1.,,) and Wj |;.,,) can be recovered. In summary,
through elemental row operations and column permutations, the matrix in (45) can be converted into
the following form:
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Up U Wz 0O 0 Wa 13m

Upy Upp Uz O 0 Wo o

U1 Uzp Uz O 0 ' Wz’[l""] (48)
0 0 0 Uy Uy 0 0 0 0 W St}

0 0 0 Uy Uy 0 0 0 0 2,[m+1:3m]

0 0 0 0 0 Uss Usg Ugs Ugg W o+ 1:3m]

where diagonal block square matrices are of full rank 3m and 2m, respectively, and Uj ;’s are the
resultant block matrices after the row operations and column permutations. This further implies that
the matrix [Ug s, Ug 6, Us s, Ug 9] has maximum rank 1, and it follows that the matrix:

Gi5 Gie Gis Gio
S 49
Gys5 Gue Gus Guo

i.e., the submatrix of G by taking thick columns (5, 6,8,9) has only maximum rank m. However, due to
the symmetry, we can also conclude that the submatrix of G taking only thick columns (1,3,7,9) and
that taking only thick columns (1,2,4,5) both have only maximum rank m. As a consequence, the
matrix G has rank no larger than 3m, but this contradicts the condition that H(Xj 5 3) = 4m in Table 4.
We can now conclude that this memory-transmission-rate pair is not achievable with any linear codes

Strictly speaking, our argument above holds under the assumption that the joint entropy values
produced by LP are precise rational values, and the machine precision issue has thus been ignored.
However, if the solution is accurate only up to machine precision, one can introduce a small slack
value ¢ into the quantities, e.g., replacing 3m with (3 & 6)m, and using a similar argument show that
the same conclusion holds. This extended argument however becomes notationally rather lengthy,
and we thus omitted it here for simplicity.

6. Computational Exploration and Bounds for Larger Cases

In this section, we explore the fundamental limits of the caching systems in more detail using a
computational approach. Due to the (doubly) exponential growth of the LP variables and constraints,
directly applying the method outlined in Section 2 becomes infeasible for larger problem cases. This is
the initial motivation for us to investigate single-demand-type systems where only a single demand
type is allowed. Any outer bound on the tradeoff of such a system is an outer bound for the original
one, and the intersection of these outer bounds is thus also an outer bound. This investigation further
reveals several hidden phenomena. For example, outer bounds for different single-demand-type
systems are stronger in different regimes, and moreover, the LP bound for the original system is
not simply the intersection of all outer bounds for single-demand-type systems; however, in certain
regimes, they do match.

Given the observations above, we take the investigation one step further by choosing only a small
subset of demands instead of the complete set in a single demand type. This allows us to obtain results
for cases which initially appear impossible to compute. For example, even for (N, K) = (2,5), there is
a total of 2 + 5 + 2° = 39 random variables, and the number of constraints in LP after symmetry
reduction is more than 10!!, which is significantly beyond current LP solver capability (the problem
can be further reduced using problem specific implication structures as outlined in Section 2, but our
experience suggests that even with such additional reduction the problem may still too large for a
start-of-the-art LP solver). However, by strategically considering only a small subset of the demand
patterns, we are indeed able to find meaningful outer bounds, and moreover, use the clues obtained in
such computational exploration to complete the proof of Theorem 4. We shall discuss the method we
develop, and also present several example results for larger problem cases.
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6.1. Single-Demand-Type Systems

As mentioned above, in a single-demand-type caching systems, the demand must belong to a
particular demand type. We first present results on two cases (N, K) = (2,4) and (N, K) = (3,3), and
then discuss our observations using these results.

Proposition 7. Any memory-transmission-rate tradeoff pair for the (N,K) = (2,4) caching problem must
satisfy the following conditions for single-demand-type (4,0):

M+2R > 2, (50)

and conversely any non-negative (M, R) pair satisfying (50) is achievable for single-demand-type (4,0); it must
satisfy for single-demand-type (3,1):

2M+R>2, 8M+6R>11, 3M+3R>5 5M+6R>9, M+2R>2, (51)

and conversely any non-negative (M, R) pair satisfying (51) is achievable for single-demand-type (3,1); it must
satisfy for single-demand-type (2,2)

2M+R>2, 3M+3R>5 M+2R >2, (52)
and conversely any non-negative (M, R) pair satisfying (52) is achievable for single-demand-type (2,2).

The optimal (M, R) tradeoffs are illustrated in Figure 4 with the known inner bound, i.e., those
in [6,15], and the one given in the last section, and the computed out bound of the original problem
given in Section 4. Here, the demand type (3,1) in fact provides the tightest outer bound, which
matches the known inner bound for M € [0,1/4] U [2/3,2]. The converse proofs of (51) and (52) are
obtained computationally, the details of which can be found in Appendix G. In fact, only the middle
three inequalities in (51) and the second inequality in (52) need to be proven, since the others are due
to the cut-set bound. Although the original caching problem requires codes that can handle all types of
demands, the optimal codes for single-demand-type systems turn out to be quite interesting by their
own right, and thus, we provide the forward proof of Theorem 7 in Appendix H.

== = Known inner bound
----- Cutset outer bound
= == == Outer bound: Demand type (4,0)
=—6— Outer bound: Demand type (3,1)
= = Quter bound: Demand type (2,2)

Figure 4. Tradeoff outer bounds for (N, K) = (2,4) caching systems.
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The computed outer bounds for single-demand-type systems for (N, K) = (3,3) are summarized
below; the proofs can be found in Appendix I.

Proposition 8. Any memory-transmission-rate tradeoff pair for the (N, K) = (3,3) caching problem must
satisfy the following conditions for single-demand-type (3,0,0):

M+3R >3, (53)

and conversely any non-negative (M, R) pair satisfying (53) is achievable for single-demand-type (3,0,0);
it must satisfy for single-demand-type (2,1,0):

M+R>2, 2M+3R>5 M+3R >3, (54)

and conversely any non-negative (M, R) pair satisfying (54) is achievable for single-demand-type (2,1,0);
it must satisfy for single-demand-type (1,1,1):

BM+R >3,6M+3R>8 M+R>2,12M+ 18R > 29, 3M 4 6R > 8, M+ 3R > 3. (55)

These outer bounds are illustrated in Figure 5, together with the best known inner bound by
combining [6,15], and the cut-set outer bound for reference. The bound is in fact tight for M €
[0,1/3] U [1,3]. Readers may notice that Proposition 8 provides complete characterizations for the first
two demand types, but not the last demand type. As we have shown in Section 5, the point (3, 1) in
fact cannot be achieved using linear codes.

== = Known inner bound i
----- Cutset outer bound

= = = = Quter bound: Demand type (3,0,0)
—6— Outer bound: Demand type (2,1,0)
—6— Outer bound: Demand type (1,1,1)
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Figure 5. Tradeoff outer bounds for (N, K) = (3,3) caching.

Remark 3. The bound developed in [13] gives 6M + 3R > 8 and 2M + 4R > 5, and that in [14] gives
(M + R) > 2 in addition to the cut-set bound.

We can make the following observations immediately:

e  The single-demand-type systems for few files usually produce tighter bounds at high memory
regimes, while those for more files usually produce tighter bounds at low memory regimes.
For example, the first high-memory segment of the bounds can be obtained by considering
only demands that request a single file, which coincidentally is also the cut-set bound; for
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(N,K) = (3,3), the bound obtained from the demand type (2,1,0) is stronger than that from

(1,1,1) in the range M € [1,2].

e  Simply intersecting the single-demand-type outer bounds does not produce the same bound as
that obtained from a system with the complete set of demands. This can be seen from the case
(N,K) = (2,4) intherange M € [1/4,2/3].

e The outer bounds produced by single-demand-type systems in many cases match the bound
when more comprehensive demands are considered. This is particularly evident in the case
(N,K) = (2,4) intherange M € [0,1/4] U [2/3,2].

These observations provide further insights on the difficulty of the problem. For instance,
for (N,K) = (2,4), the demand type (3,1) is the most demanding case, and code design for this
demand type should be considered as the main challenge. More importantly, these observation
suggests that it is possible to obtain very strong bounds by considering only a small subset of demands,
instead of the complete set of demands. In the sequel, we further explore this direction.

6.2. Equivalent Bounds Using Subsets of Demands

Based on the observations in the previous subsection, we conjecture that in some cases, equivalent
bounds can be obtained by using only a smaller number of requests, and moreover, these demands
do not need to form a complete demand type class; next, we show that this is indeed the case.
To be more precise, we are relaxing the LP, by including only elemental inequality constraints that
involve joint entropies of random variables within a subset of the random variables WU Z U &,
and other constraints are simply removed. However, the symmetry structure specified in Section 3
is still maintained to reduce the problem. This approach is not equivalent to forming the LP on a
caching system where only those files, users and demands are present, since in this alternative setting,
symmetric solutions may induce loss of optimality.

There are many choices of subsets with which the outer bounds can be computed, and we only
provide a few that are more relevant, which confirm our conjecture:

Fact 1. In terms of the computed outer bounds, the following facts were observed:

e  Forthe (N,K) = (2,4) case, the outer bound in Proposition 6 can be obtained by restricting to the
subset of random variables WU Z U {X1112, X1,122}-

e For the (N,K) = (2,4) case, the outer bound in Proposition 7 in the range M € [1/3,2] for
single-demand-type (3, 1) can be obtained by restricting to the subset of random variables WW U
ZU{X2111, X1211, X1,121, X112}

e  For the (N,K) = (3,3) case, the intersection of the outer bounds in Proposition 8 can be obtained
by restricting to the subset of random variables WU Z U {X511, X311, X321 }-

e  For the (N,K) = (3,3) case, the outer bound in Proposition 8 in the range M € [2/3,3] for
single-demand-type (2,1) can be obtained by restricting to the subset of random variables VW U
ZU{X211, X311}

These observations reveal that the subset of demands can be chosen rather small to produce
strong bounds. For example, for the (N,K) = (2,4) case, including only joint entropies involving
eight random variables WU Z U {Xj 112, X112} will produce the strongest bound as including all
22 random variables. Moreover, for specific regimes, the same bound can be produced using an even
smaller number of random variables (for the case (N,K) = (3,3)), or with a more specific set of
random variables (for the case (N, K) = (2,4), where in the range [1/3,2], including only some of the
demand type (3, 1) is sufficient). Equipped with these insights, we can attempt to tackle larger problem
cases, for which it would have appeared impossible to produce computationally meaningful outer
bounds. In the sequel, this approach is applied for two purposes: (1) to identify generic structures in
converse proofs, and (2) to produce outer bounds for large problem cases.
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6.3. Identifying Generic Structures in Converse Proofs

Recall our comment given after the proof of Theorem 4 that finding this proof is not
straightforward. One critical clue was obtained when applying the exploration approach discussed
above. When restricting the set of included random variables to a smaller set, the overall problem is
relaxed; however, if the outer bound thus obtained remains the same, it implies that the sought-after
outer bound proof only needs to rely on the joint entropies within this restricted set. For the specific
case of (N, K) = (2,5), we have the following fact.

Fact 2. For (N, K) = (2,5), the bound 15M + 20R > 28 in the range M € [6/5,8/5] can be obtained by
restricting to the subset of random variables WU Z U {X51111, X121,1,1, X1121,1, X1,11,21, X1,1,1,1,2}-

Together with the second item in Fact 1, we can naturally conjecture that in order to prove the
hypothesized outer bound, only the dependence structure within the set of random variables WU Z U
X_,[1:x) needs to be considered, and all the proof steps can be written using mutual information or joint
entropies of them alone. Although this is still not a trivial task, the possibility is significantly reduced,
e.g., for the (N,K) = (2,5) case to only 12 random variables, with a much simpler structure than that
of the original problem with 39 random variables. Perhaps more importantly, such a restriction makes
it feasible to identify a common route of derivation in the converse proof and then generalize it, from
which we obtain the proof of Theorem 4.

6.4. Computing Bounds for Larger Problem Cases

We now present a few outer bounds for larger problem cases, and make comparison with other
known bounds in the literature. This is not intended to be a complete list of results we obtain, but
these are perhaps the most informative.

In Figure 6, we provide results for (N,K) = (4,3), (N,K) = (5,3) and (N, K) = (6,3). Included
are the computed outer bounds, the inner bound by the scheme in [6], the cut-set outer bounds,
and for reference, the outer bounds given in [12]. We omit the bounds in [13,14] to avoid too much
clutter in the plot; however, they do not provide better bounds than that in [12] for these cases. It can
be seen that the computed bounds are in fact tight in the range M € [4/3,4] for (N,K) = (4,3),
M € [5/3,5] for (N,K) = (5,3), and tight in general for (N, K) = (6,3); in these ranges, the scheme
given in [6] is in fact optimal. Unlike our computed bounds, the outer bound in [12] does not provide
additional tight results beyond those already determined using the cut-set bound, except the single
point (M, R) = (2,1) for (N, K) = (6,3).

Case (N.K)=(4.3) Case (N,K)=(5.3) Case (NK)=(6.3)

Figure 6. The computed outer bounds for (N, K) = (4,3), (N,K) = (5,3) and (N, K) = (6,3) caching
systems. The red dotted lines give the computed outer bounds; the blue dashed-dot lines are the cut-set
outer bounds; the black dashed lines are the inner bound using the scheme in [6]; and the thin blue
lines are the outer bounds given in [12]. Only nontrivial outer bound corner points that match inner
bounds are explicitly labeled.
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In Figure 7, we provide results for (N, K) = (3,4), (N,K) = (3,5) and (N, K) = (3,6). Included
are the computed outer bounds, the inner bound by the code in [6] and that in [20], the cut-set outer
bound, and for reference, the outer bounds in [12]. The bounds in [13,14] are again omitted. It can be
seen that the computed bounds are in fact tight in the range M € [0,1/4] U [3/2,3] for (N, K) = (3,4),
M € [0,1/5]U[6/5,3] for (N,K) = (3,5),and M € [0,1/6] U [3/2,3] for (N,K) = (3,6). Generally,
in the high memory regime, the scheme given in [6] is in fact optimal, and in the low memory regime,
the schemes in [15,20] are optimal. It can be see that the outer bound in [12] does not provide additional
tight results beyond those already determined using the cut-set bound. The bounds given above in
fact provide grounds and directions for further investigation and hypotheses on the optimal tradeoff,
which we are currently exploring.

Case (N,K)=(3,4) Case (N,K)=(3,5) Case (N,K)=(3,6)

25 25

(174, 974) (1/5, 12/5)

0.5 0.5

0 0.5 1 2 25 3 0 05 1 2 25 3 0 0.5 1 2 25

15 15 15
M M M

Figure 7. The computed outer bounds for (N,K) = (3,4), (N,K) = (3,5) and (N, K) = (3,6) caching
systems. The red dotted lines give the computed outer bounds; the blue dashed-dot lines are the cut-set
outer bounds; the black dashed lines are the inner bound using the scheme in [6,20]; and the thin blue
lines are the outer bounds given in [12]. Only nontrivial outer bound corner points that match inner
bounds are explicitly labeled.

7. Conclusions

We presented a computer-aided investigation on the fundamental limit of the caching problem,
including data-driven hypothesis forming, which leads to several complete or partial characterizations
of the memory-transmission-rate tradeoff, a new code construction reverse-engineered through the
computed outer bounding data and a computerized exploration approach that can reveal hidden
structures in the problem and also enables us to find surprisingly strong outer bounds for larger
problem cases.

It is our belief that this work provides strong evidence of the effectiveness of the computer-aided
approach in the investigation of the fundamental limits of communication, data storage and data
management systems. Although at first sight, the exponential growth of the LP problem would prevent
any possibility of obtaining meaningful results on engineering problems of interest, our experience
in [2,3] and the current work suggest otherwise. By incorporating the structure of the problem, we
develop more domain-specific tools in such investigations and were able to obtain results that appear
difficult for human experts to obtain directly.

Our effort can be viewed as both data-driven and computational, and thus, more advanced
data analysis and machine learning technique may prove useful. Particularly, the computer-aided
exploration approach is clearly a human-in-the-loop process, which can benefit from more automation
based on reinforcement learning techniques. Moreover, the computed generated proofs may involve
a large number of inequalities and joint entropies, and more efficient classification or clustering of
these inequalities and joint entropies can reduce the human burden in the subsequent analysis. It is
our hope that this work can serve as a starting point to introduce more machine intelligence and

264



Entropy 2018, 20, 603

the corresponding computer-aided tools into information theory and communication research in
the future.
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Appendix A. Finding Corner Points of the LP Outer Bounds

Since this is an LP problem, and also due to the problem setting, only the lower hull of the outer
bound region between the two quantities M and R is of interest. The general algorithm in [27] is
equivalent to the procedure given in Algorithm 1 in this specific setting. In this algorithm, the set P
in the input is the initial extreme points of the tradeoff region, which are trivially known from the
problem setting. The variables and constraints in the LP are given as outlined in Section 2 for a fixed
(N, K) pair, which are populated and considered fixed. The output set P is the final computed extreme
points of the outer bound. The algorithm can be intuitively explained as follows: starting with two
known extreme points, if there are any other corner points, they must lie below the line segment
connecting these two points, and thus, an LP that minimizes the bounding plane along the direction of
this line segment must be able to find a lower value; if so, the new point is also an extreme point, and
we can repeat this procedure again.

In the caching problem, the tradeoff is between two quantities M and R. We note here if there are
more than two quantities that need to be considered in the tradeoff, the algorithm is more involved,
and we refer the readers to [27,28] for more details on such settings.

Algorithm 1: An algorithm to identify the corner points of the LP outer bound.
Input :N,K, P = {(N,0),(0,min(N,K))}
Output: P
n=2i=1;
while i < n do
Compute the line segment connecting i-th and (i 4 1)-th (M, R) pairs in P, as M+ aR = B;
Set the objective of the LP as M + aR, and solve LP for solution (M*, R*) and objective g*;
if * < B then
Insert (M*, R*) in P between the i-th and (i + 1)-th (M, R) pairs;
n=n+1;
else
‘ i=i+1;
end
end
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Appendix B. Proofs of Proposition 3 and Proposition 4

The proof of Proposition 3 is given in the Tables A1 and A2, and that of Proposition 4 is given
in the Tables A3 and A4. Each row in Tables A2 and A4, except the last rows, are simple and known
information inequalities, up to the symmetry defined in Section 3. The last rows in Tables A2 and
A4 are the sum of all previous rows, which are the sought-after inequalities, and they are simply
the consequences of the known inequalities summed together. When represented in this form,
the correctness of the proof is immediate, since the columns representing quantities not present
in the final bound cancel out each other when being summed together. The rows in Table A2 are
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labeled, and it has more details in order to illustrate the meaning and usage of the tabulation proof in
the example we provide next.

As mentioned previously, each row in Table A2 is an information inequality, which involves
multiple joint entropies, but can also be represented in a mutual information form. For example,
Row (2) is read as:

2Ty —Tys—Tyo 20, (A1)

and in the last, but one column of Table A2, an information inequality is given, which is an equivalent
representation as a mutual information quantity:

I(Zl}Zzwl) Z O, (AZ)
which can be seen by simply expanding the mutual information as:

1(Z1; ZoWh) = H(Z1,W1) + H(Zy, W1) — H(W1) — H(Z1, Zo, Wy)
ZZH(Zl,Wl)7H(W1)7H(Zl,Z2,W1) (A3)
= 2Tg — Ty — Thp.

Directly summing up these information inequalities and canceling out redundant terms will directly
result in the bound 2R + 2H(Z,) — 4F > 0, which clearly can be used to write 2R + 2M — 4F > 0.

Using these proof tables, one can write down different versions of proofs, and one such example
is provided next based on Tables A1 and A2 for Proposition 3 by invoking the inequalities in Table A2
one by one.

1 (3)
2M +2R > 2H(X1,) +2H(Zy) > 2H(Z1, X12)

(5
> 2H(Zy,X12) — 21(X12; ZoZ1, Wh)
=2H(Zy, X1, W) = 21(X1,2; Z2Z1, W1)

Y 2H(2y, 25, Wh, X1.0) + 2H(Z1, Wy) — 2H(Zy, Zo, Wy)

(2 A4
> 2H(Zy, 722, Wy, X12) +2H(Z1, W1) — 2H(Z1, Zp, Wy ) — 1(Z1; Z2W1) (A

=2H(Zy, 2y, W1, X1,2) — H(Z1, Z2, W) + H(W1)

(4)
> 2H(Zy, 22, Wy, X1,2) — H(Z1, Zo, W) + HWq) — I(X12; X132Z1, Zo, Wh)
= H(W1) + H(Wy, W,, W3)
(67)
> 4F,

where the inequalities match precisely the rows in Table A2, and the equality labeled (c) indicates the
decoding requirement is used. In this version of the proof, we applied the inequalities in the order of
(1)-(3)-(5)-(2)-(4)-(6,7), but this is by no means critical, as any order will yield a valid proof. One can
similarly produce many different versions of proofs for Proposition 4 based on Tables A3 and A4.
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Table Al. Terms needed to prove Proposition 3.

T
T,
T3
Ty
Ts
T
I7
Ty
Ty
Tyo

F
R
H(X17)
H(Wh)
H(Wlf WZ: W3)
H(Zy)
H(Z1,X1)
H(le Wl)
H(Zy,7Z5,X1)
H(le ZZI Wl)

Table A2. Proof by Tabulation of Proposition 3, with terms defined in Table A1.

hh n T3 Thu Tz Toe T Ts To T
2 2 2R-H(X12) 20 (1)
—1 2 —1 (Zy;Z3Wy) >0 )
2 2 2 21(X12;71) 2 0 3)
1 2 =1 I(X12;X13Z1,Z2,W1) >0 (4)
2 -2 -2 2 2I(X],2,' Zzz],W]) 2 0 (5)
-1 1 H(W;)—F>0 (6)
-3 1 H(Wy, Wy, W3) =3F >0 (7)
-4 2 2 2R +2H(Z1) — 4F > 0

Table A3. Terms needed to prove Proposition 4.

T
T,
T
Ty
Ts
T
T7
Tg
Ty
Tyo
Ty

T3

F
R
H(X17)
H(Wy)
H(Wy, X1 )
H(Wy, X13,X21)
H(Wy, Wa)
H(Wy, W3, X1)
H(Wy, Wa, W3, Wy)
H(Zy)
H(Z1,X1,2)
H(Z1,X13,X2,1)
H(Zy,X1,4,X23)
H(Zy,Wy)
H(Z1,W3,X1,2)
H(Z1, Wy, X1,2)
H(Zy, Wi, W2)
H(Z1,Wp, W3, X12)
H(er ZZr Xl,Z)
H(Zy,72,X13,X2,1)
H(Z1,Z5,W3,X1)
H(er ZZ/ er WZ)
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Table A4. Proof by Tabulation of Proposition 4, with terms defined in Table A3.

hhn nh Tz Tu Tz T, T, Tg To Ty Tu Tz Tias Tu Tis Twe Tiy Tis Tio Too Tx T2

1 -1
8 -8
8 8 -8
-2 4 -2
-1 -1 2
-2 4 -2
-2 2 2 -2
-1 1 1 -1
2 -2 -2 2
1 -1 -1 1
-2 2 2 -2
-1 1 1 -1
-2 2 -2 2
-2 2
-2 1
—12 3
-16 8 6

Appendix C. Proofs of Lemma 1 and Theorem 3

Proofs of Lemma 1. We first write the following chain of inequalities:

(N = n)H(Z1, Wir.), X)) = (N — 1) {H(lew[l:n]) + H(Xn/nJrlZl/W[l:n])]

a

N
= (N- n)H(ZI/W[l:n]) + E H(Xn,izll W[l:n])

i=n+1 (AS)
2 (N =n)H(Z1, W) + H (X5, 1.8 21, Winen))
= (N —n—1)H(Z1, Wi1p)) + H(Xy1 jn41:N], Z1 Witin))
where () is because of the file-index-symmetry. Next, notice that by the user-index-symmetry:
H(Zy, W[l:n]) = H(Z,, W[l:n])f (A6)
which implies that:
H(Zlf W[l:n]) + H(Xn,[n+1:N]/ Zy, W[l:n]) = H(Zz, W[l:n]) + H(Xn,[n+1:N]/ W[l:n])
()
> HWip)) + H(X fn1:8), Z2, Wi A7)

(c)
= H(Wj1) + H(Xy, pnr1:87, Z2, Wiiny)

= H(W[lzn]) + H(W[l;N]) =N-+n,

where (b) is by the sub-modularity of the entropy function, and (c) is because of (3). Now, substituting
(A7) into (A5) gives (28), which completes the proof. [

We are now ready to prove Theorem 3.

Proof of Theorem 3. For N > 3, it can be verified that the three corner points of the given tradeoff
region are:

N 1

(55): (N,0), (A8)

(0,2),
which are achievable using the codes given in [6]. The outer bound M 4+ NR > N can also be obtained

as one of the cut-set outer bounds in [6], and it only remains to show that the inequality 3M + NR > 2N
is true. For this purpose, we claim that for any integer n € {1,2,..., N —2}:
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3M+NR>3Y N+]]‘[ —E2 ] N Ut2)

=1 Nﬁ]z N—i N — H(lew[lzn])

1 = (A9)
=N +2
+IN= 2 [T D ),
=1 N7
which we prove next by induction.
First, notice that:

3M+ NR > 3H(Zy) + NH(X2)
>3H(Zy,X12) + (N —3)H(X1,2)

H(Zy, Wy, X12) + (N = 3)H(X12) (A10)

3N+1)

(Z],Wl) G N -1

+ (N =3)H(X12),
where we wrote (3) to mean by Equation (3), and (d) is by Lemma 1 with n = 1. This is precisely the
claim when 1 = 1, when we take the convention [} (-) = 1 when n < k in (A9).

Assume the claim is true for n = n*, and we next prove it is true for n = n* + 1. Notice that the
second and third terms in (A9) have a common factor:

N—(n*+2)"=' N - (]+2) I"_*IN (j+2) (A11)
N —n* i N-—j i N-—j ’

and using this to normalize the last two terms gives:

BH(er W[l:n*]) + (N - n*)H(Xl,Z)

e

3[H(Z1, Wiie)) + H(Xi 41,00 42)] + (N = 1" = 3)H(X12)
3[H(Z1, Wi}, X +1,me+2)] + (N — n* = 3)H(Xq 2)

[\

(A12)

C

3[H(Z1, Wirews 1, X 41me42)] + (N —n™ = 3)H(X1 2)

N—-n*"-3
ﬁH(ZLWU:n*JA]) +3

>

N+n*+1
N-—-n*-1

\Y

3 + (N —n* —3)H(X12),

where (e) is by the file-index-symmetry, and (f) is by Lemma 1. Substituting (A11) and (A12) into (A9)
for the case n = n* gives exactly (A9) for the case n = n* + 1, which completes the proof for (A9).

It remains to show that (A9) implies the bound 3M + NR > 2N. For this purpose, notice that
when n = N — 2, the last two terms in (A9) reduce to zero, and thus, we only need to show that:

N+jfﬁN—(i+z)

il G o Il (A13)
i=1

For each summand, we have:

N+]H z+2)_N+j N-3N—-4N-5 N-j-1
N—ji7 " N—j|[N-1IN-2N-3"""'N—-j+1
_(N—j—1)(N+))
(N=1)(N=-2) °

(A14)
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Thus, we have:
3 N-2
e — i1 =2
QN) = =gy & (N i~ DN +j) =2N,
j=1
where we have used the well-known formula for the sum of integer squares. The proof is

thus complete. [

Appendix D. Proof of Proposition 5

We first consider the achievability, for which only the achievability of the following extremal
points needs to be shown because of the polytope structure of the region:

(M,R) € {(0,2), (%%) , (%%) ,(2,0)}. (A15)

Achieving the rate pairs (0,2) and (2,0) is trivial. The scheme in [6] can achieve the rate pair
(%, %) The rate pair <%, %) can be achieved by a scheme given in [15], which is a generalization of a
special scheme given in [6]. To prove the converse, we note first that the cut-set-based approach can
provide all bounds in (29) except

3M+3R > 5, (Ale6)

which is a new inequality. As mentioned earlier, this inequality is a special case of Theorem 4 and there
is no need to prove it separately.

Appendix E. Proof of Proposition 6

The inequality 14M + 11R > 20 is proven using Tables A5 and A6, and the inequality 9M + 8R > 14
is proven using Tables A7 and AS.

Table A5. Terms needed to prove Proposition 6, inequality 14M + 11R > 20.

Ty F

T R

T3 H(X1,1,12)
Ty H(X1,122)
Ts H(Wr)

Ts H(Wy, X1,1,12)
T; H(Wy, X1,122)
Ts H(Wyi, Wa)
Ty H(Zy)

Tio H(Z1,X11,1,2)
Ti H(Z1,X1122)
Ti2 H(Z4, X11,1,2)
Ti3 H(Zy, W)

Ty H(Z1,7Z2,X11,12)
Tis H(Z1,22,X1,1,22)
Ti6 H(Zy,Z2, W)
Ti;  H(Zy,22,23,X11,,2)
Tig  H(Zy,2Z5,73,Wr)
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Table A6. Tabulation proof of Proposition 6 inequality 14M + 11R > 20, with terms defined in Table A5.

hh »n Tzs T, Tz To T, Ts To T Tunu Te Ty Ths T Tz T
2 -2
8§ -8
3 -3
6 6 —6
4 4 —4
4 4 —4
—4 8 —4
-2 4 -2
-1 2 -1
-2 4 -2
-2 2 -2
-2 2
-2 2 -2 2
-2 2 -2
-2 2
—18 9
-20 11 14

Table A7. Terms needed to prove Proposition 6, inequality 9M + 8R > 14.

T
T
T3
Ty
Ts
Te
T;
Ty
Ty
Tyo
T
Tip
T3
Ty
Tis

F
R
H(X1,1,1,2)
H(X1,122)
H(Wy)

H(W1, X1,112)
H(Wi, X1,122)
H(Wy, X1211, X11,22)
H(W1, W»)
H(Zy)
H(Z1,X1,11,2)
H(Z1,X1,122)
H(Z1,X1211,X1122)
H(Zy,Wh)
H(Zy,Z2,X11,12)
H(Zy,Z,X1122)
H(Zy,Z5,Wy)
H(Z1,2Z,Z3,X1,112)
H(Zy,Z5,Z3,Wy)

Table A8. Tabulation proof of Proposition 6 inequality 9M + 8R > 14, with terms defined in Table A7.

hh » Tz Th T3 To Tr Ts To T Tn T2 Tis Tu Tis Twe Ty Tis T
1 -1
4 —4
4 —4
-1 1
4 4 —4
5 5 -5
-2 4 -2
-1 2 -1
-1 2 -1
-1 2 -1
-2 2 -2 2
-1 1 -1 1
1 1 -1 -1
-1 1 -1 1
-1 1 -1 1
-2 2
—-12 6
—-14 8 9
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Appendix F. Proof of Lemma 2

Proof of Lemma 2. We prove this lemma by induction. First, consider the case when k = K —1,
for which we write:

2H(Z1, Wi, X pik—1))

w H(Zy, Wh, X5 1)) + H(Z1, Wi, X ok 2), X5k)

(A17)
= H(Xok-12Z1, Wi, X,k —2)) + H(X5kZ1, Wa, X jpix—2) +2H(Z1, Wi, X ko))
> H(Zy, Wy, X, p.x)) + H(Z0, Wi, X o)),
where (a) is by file-index symmetry. The first quantity can be lower bounded as:
H(Zy, W1, X k) =2 HW1, X i) (A18)
which leads to a bound on the following sum:
H(Zy, Wh, X, o) + H(Z1, W, X k1))
> H(Wy, X k) + H(Z1, Wi, X ppix—1))
= H(X kWi, X k1) + H(ZOW, X pgqy) + 2H(Wa, X k1))
)
= H(XxWi, X k1) + H(ZkWa, X picg) + 2H(Wh, X k) (A19)

H
> H(Zy, XskWh, X ok 1)) + 2H(Wa, X 1))
(Z, X5, Wa W, X pix—1)) + 2H(W, X k1))
(W1, Wa) + H(W1, X, k1)),

where (b) is by the user index symmetry, (c) is because Zg and Xj 1, » can be used to produce W5, and
(d) is because all other variables are deterministic functions of (W, W). Adding H(Z1, W1, X_,;p.x—1))
on both sides of (A17), and then applying (A19) lead to:

3H(Zy, W1, Xy pix—1)) 2 H(Z1, Wy, X o)) + H(Wy, X pk1)) + H(Wi, W)

g H(Zk—1, W1, X, pixc-2)) + H(W1, X 1)) + H(Wy, Wa)

) A2
2 H(Zk—1, W1, X 1)) + HWy, X o)) + H(W1, W) (420)

= H(Zk-1, W1, X, px—1), Wa) + HW1, X ik —2)) + H(W1, W)
= H(Wy, X, p.x ) +2H(W1, W2),
which (e) follows from the user-index symmetry, and (f) by the sub-modularity of the entropy function.
This is precisely (33) for k = K — 1.
Now, suppose (33) holds for k = k* + 1; we next prove it is true for k = k* for K > 4, since when

K = 3 there is nothing to prove beyond k = K — 1 = 2. Using a similar decomposition as in (A17),
we can write:

2H(Z1, W1, X)) 2 H(Z1, Wa, X0 e 1)) + H(Zy, Wi, Xy e 1)) (A21)
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Next, we apply the supposition for k = k* + 1 on the first term of the right hand side, which gives:

2H(W1, X_, )
K= K=k +1)

[(K = k* — 1) (K — k*) — 2] H(Z1, Wy, X, [y
2H(Zy, Wi, X)) = (ka*)(ka*Jrll) L id 20|
2(K —k*)H(Wy, Wp)
K=F) K~k +1)

(A22)

+ + H(Z1, Wi, X e 1))

Notice that the coefficient in front of H(Wi, X_,5,+]) is always less than one for K > 4 and k* €

{2,3,...,K —1}, and we can thus bound the following sum:

2H(Wi, X e])
K=k K-k +1)

_ 2[H(Wi, X o)) + H(Z1, Wi, X g 1))

+ H(Z1, Wi, X 00 —1))

(K—K)(K—k*+1) -2

K—k)(K—k 11
() 2(H(W;, Wa) + H(W;, X, 1))

(K= k) K-k +1) -2

(K—k*)(K,k*+1) H(Zl/Wl,X‘)[z:k*il])

- K—F) Kk +1)

where (g) follows the same line of argument as in (A19). Substituting (A23) into (A22) and canceling
out the common terms of H(Z1, Wi, X_,p,4+]) on both sides now give (33) for k = k*. The proof is

thus complete. [

K—k)K—Fk+1)

H(Zy, Wi, X e —1))s

Appendix G. Proof for the Converse of Proposition 7

The inequalities 8M + 6R > 11, 3M 4 3R > 5 and 5M + 6R > 9 in (51) can be proven using
Tables A9-A14, respectively. The inequality 3M + 3R > 5 in (52) is proven using Tables A15 and Alé.

All other bounds in Proposition 7 follow from the cut-set bound.

Table A9. Terms needed to prove Proposition 7, inequality 8M + 6R > 11.

Ty F

T R

T3 H(X1,11,)

Ty H(Wy)

Ts H(Wy, X1,112)
Ts H(Wy, Wy)

17 H(Zy)

Ty H(Zy, X1,1,,2)
Ty H(Zy,Wr)
T H(Z1,Z2,X1102)
Tn H(Z1,Zy, Wh)
Tia  H(Z1,25,23,X1112)
Tis  H(Z1,25,23,Wh)

Table A10. Tabulation proof of Proposition 7 inequality 8M + 6R > 11, with terms defined in Table A9.

hn h Tz T, Ts

Te T, Tg Tn T T T2 Tis

1 -1
6 —6
2 2 -2
6 6 —6
-3 6 -3
-1 2 -1
-3 3 -3 3
-1 1 -1 1
-1 1 -1 1
-1 1
-10 5
-1 6 8
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Table A11. Terms needed to prove Proposition 7, inequality 3M + 3R > 5 in (51).

T F

T R

T3 H(X1,11,)

Ty H(Wy)

Ts H(Wy, X1,11,2)

Te  H(Wi, X112 X1121)
T; H(Wy, Wa)

Tg H(Zy)

Ty H(Z1,X1,11,2)

Tio  H(Zi, X112 X1,121)
Tn H(Zy,Wr)

Table A12. Tabulation proof of Proposition 7 inequality 3M + 3R > 5 in (51), with terms defined
in Table A11.

h I, Tz Thu Ts To T Tg To T Tn

3 -3
-1 1
3 3 -3
2 -1 -1
-1 1 -1 1
-1 1 -1 1
-1 1
—4 2
-5 3 3

Table A13. Terms needed to prove Proposition 7, inequality 5M + 6R > 9.

T1 F

T, R

T3 H(X1,11,2)

Ty H(Wy)

Ts H(Wi, X1,1,12)

Te H(Wy, X112, X1121)

T, H(W1, X111,2 X1,121,X12,1,1)
Ts H(W;, Wa)

Ty H(Zy)

Tho H(Z1, X11,12)

Tn H(Z1, X1,112, X11,21)

Tio  H(Z1, X110 X112,1, X1211)
T1s H(Zy,Wr)

Table A14. Tabulation proof of Proposition 7 inequality 5M + 6R > 9, with terms defined in Table A13.

h ' mn s Ta Ts Te T Ty To Too Tn Tz Tis

6 —6
-1 1
-1 -1 2
6 6 —6
6 -3 -3
-1 2 -1
-1 1 -1 1
-1 1 -1 1
-1 1 -1 1
-1 1
-8 4
-9 6 5




Entropy 2018, 20, 603

Table A15. Terms needed to prove Proposition 7, inequality 3M + 3R > 5 in (52).

Ty F

T R

T3 H(Xq,12)

Ty H(Wh)

Ts H(Wy, X1,122)

Te  H(Wy, X122 X121,2)
T; H(Wy, Wa)

Tg H(Zy)

Ty H(Z1,X112)

Tio  H(Zy, X1122 X1212)
Ti H(Zy,Wy)

Table A16. Tabulation proof of Proposition 7 inequality 3M + 3R > 5 in (52), with terms defined
in Table A15.

h . s Ta Ts5 Te T; Ts To Tio Tin

3 -3
-1 1
3 3 -3
2 -1 -1
-1 1 -1 1
-1 1 -1 1
-1 1
—4 2
-5 3 3

Appendix H. Proof for the Forward of Proposition 7

Note that the optimal tradeoff for the single demand type (3,1) system has the following

corner points:
13 17 2 31
(M,R) = (0,2), <Z’ 5) , (E'E) , (1, 5) , (E’Z) ,(2,0).

The corner points (1, %) and (%, %) are achievable using the Maddah-Ali-Niesen scheme [6]. The point
(i, %) is achievable by the code given in [15] or [20]. The only remaining corner point of interest is

thus <%, %) , in the binary field. This can be achieved by the following strategy in Table A17, where the
first file has six symbols (A1, Ay, ..., Ag) and the second file (By, B, ..., Bg).

Table A17. Code for the tradeoff point (%, %) for demand type (3,1) when (N, K) = (2,4).

Userl Ai+By Ay+By, As3+Bs
User2 A1+By A4+By As5+Bs
User3 A;+B, A4+By A¢+Bg
User4 A3+Bs As5+Bs Ag+Bg

By the symmetry, we only need to consider the demand when the first three users request A and
the last user request B. The server can send the following symbols in this case:

A3z, As, Ag, B1, By, By, A1 + Ay + Ay
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Let us consider now the single-demand-type (2,2) system, for which the corner points on the

optimal tradeoff are:
14 41
R =02, (33) (53) @0

Let us denote the first file as (A1, Ay, As), and the second file as (Bj, By, B3), which are in the binary
field. To achieve the corner point (%, %) , we use the caching code in Table A18.

Table A18. Code for the tradeoff point (%, %) for demand-type (2,2) when (N, K) = (2,4).

User 1 A1+ By
User 2 Ay + By
User 3 Az + B3

User4d Ai;+Ay+A3+By+By+Bs

Again due to the symmetry, we only need to consider the case when the first two users request A,
and the other two request B. For this case, the server can send:

By, By, Az, A1 + Az + As.

or the other corner point | 3, 5 e followin acement in Table can be used. ain for the case
For the oth point (£, 1) the following pl in Table A19 can be used. Again for th

when the first two users request A, and the other two request B, the server can send:

A1 — Az + By.

Table A19. Code for the tradeoff point (%, %) for demand-type (2,2) when (N, K) = (2,4).

User 1 Aq Ay By B,
User 2 A2 A3 Bz 33
User 3 Aq Az By B3

User4 A;+Ay Ay+A; Bi+By By+B3

Appendix I. Proof of Proposition 8

The inequalities M + R > 2 and 2M + 3R > 5 in (54) are proven in Tables A20-A23, respectively.
The inequalities 6M + 3R > 8, M+ R > 2, 12M + 18R > 29 and 3M + 6R > 8 in (55) are proven
in Tables A24—A31, respectively. All other bounds in Proposition 8 can be deduced from the cut-set
bound, and thus do not need a proof.

Table A20. Terms needed to prove Proposition 8, inequality M + R > 2in (54).

T F
T R

T3 H(X11,2)
Ty H(Wr)

Ts H(W,, X112)
Ts  H(Wi, Wp, W3)

T; H(Zy)
Ty H(Z3,X1,1)
Ty H(Zy,W1)

Tio  H(Zy, W2, X11)
Tu  H(Zy,7Z3,X1,12)
Tia  H(Z1,Z2, W)
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Table A21. Tabulation proof of Proposition 8 inequality M + R > 2 in (54), with terms defined
in Table A20.

h » Tz Thw T3 T T, Ts To Tw Tu Toe

2 =2
2 2 =2
-1 2 -1
-1 1 1 -1
1 -1 -1 1
-1 1 1 -1

-1 1
-3 1
-4 2 2

Table A22. Terms needed to prove Proposition 8, inequality 2M + 3R > 5in (54).

Ty F

T R

T3 H(X122)

Ty H(X233,X2,12)
T5 H(Wr)

Ts H(Wy, X122)

T; H(W2, X12)

Ts H(W3, X133, X2,33)
Ty H(Wy, X133, X2,1,1)
Tio H(W1, Wa)

Tn H(W, W3, X122)
Ti2 H(Wy, Wp, W3)
T13 H(Zy)

Tiy H(Z2,X122)
Tis H(Zy,X122)
T16 H(Z3,X1,33,X233)
Ty H(Zy,X1,33,X2,1,1)
Tig H(Zy, X233, X2,1,2)
Ti9 H(Z1,X533,X2,1,2)
T H(Zy, X233, X311, X21,2)
T H(Zy,Wy)

Ty H(Zy, Wy, X122)
To3 H(Zy, W3, X122)
Toy H(Z, Wy, X122)
Tos H(Z3, W3, X122)

Tos  H(Z1,W3, X233, X2,12)
Ty;  H(Z1, W1, X233, X2,1,2)

Tog H(Z1, Wy, W,)
Ta9 H(Z2,73,X12)
T30 H(Zy,72,X122)

Tsn  H(Z2,Z3, X133, X233)
T,  H(Zy,73,X233,X2,12)
Ts3 H(Zy,Z2,Wh)

T3y H(Zy,73,W3,X122)
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Table A24. Terms needed to prove Proposition 8, inequality 6M + 3R > 8 in (55).

T, F
T R

T3 H(Xip3))
Ty H(Wy, Wy)

Ts  H(Wi, Wy, X123)
Te  H(Wi, Wy, W)
17 H(Zy)

Ty H(Z1,X123,))
Ty H(Zy,Wp,X123)
Tio  H(Zy, Wi, Wa)
T H(Zi,Z5,X103)
Tz H(Zy,Zy, Wi, Wp)

Table A25. Tabulation proof of Proposition 8 inequality 6M + 3R > 8 in (55), with terms defined
in Table A24.

h h Tz Ty Ts To T, Tg To Ty Ta T

1 -1
3 -3
-1 1
-2 2
6 6 —6
-3 6 -3
-1 1 -1 1
-1 1 -1 1
-2 1
-6 2
-8 3 6

Table A26. Terms needed to prove Proposition 8, inequality M + R > 2 in (55).

Ty F

Ty R

T3 H(X103)
Ty H(Wh)

Ts H(Wy, X1,23)

Te  H(Wy, X123 X1,32)
17 H(Wy, Wy, W3)

Ty H(Zy)

Ty H(Zy,X123)
Tio  H(Z1, X123 X132)
Tn H(Z1,W1)

Ty H(Zy, Wz, X123)

Table A27. Tabulation proof of Proposition 8 inequality M + R > 2 in (55), with terms defined
in Table A26.

h' T, s Th Ts To T Ts To Tio Tin Taz

2 -2
-1 1
2 2 =2
2 -1 -1
-1 1 1 -1
-1 1 -1 1
-1 1
-3 1
-8 3 6
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Table A28. Terms needed to prove Proposition 8, inequality 12M + 18R > 29 in (55).

Ty F

T R

T3 H(X123)

Ty H(X123,X132)

Ts H(X123, X132, X2,1,3)
Ts H(Wr)

T H(Wy, X123)

Tg H(Wy, X123, X1,32)
Ty H(Wyi, Wa)

Tio H(Wyi, Wa, X123)
Tn H(Wy, Wa, X132, X2,1,3)
Ti2 H(Wp, W3, X123, X132)
Tis  H(Wy, Wa, X123, X132, X2,13)
Tia H(Wy, Wp, W3)

T15 H(Zy)

T1e H(Zy,X123)

Thz H(Z1, X132, X2,1,3)
Tig H(Zy, X123, X1,32)
Tig H(Z1, X123, X1,32)
Ty H(Z1, X123, X132, X2,1,3)
Ty H(Zy,Wr)

Ty H(Z1, W, X13)
Tos H(Z1, W2, X123, X1,32)
Ty H(Z1, Wy, Wa)

Table A29. Tabulation proof of Proposition 8 inequality 12M + 18R > 29 in (55), with terms defined
in Table A28.

Th n Tz Ta Ts Te T; Tg To Tao Tin Tz Tis Tha Tis Tae Taz Tis Tag Tao To1 T2z T2z Toa

2 -1
18 —18
-1 1
-3 3
17 17 —-17
-2 4 -2
-3 6 -3
2 -1 -1
6 -3 -3
-1 2 -1
-3 3 3 -3
-1 1 -1 1
2 -2 -2 2
-3 3 3 -3
-1 1 -1 1
2 2 -2 -2
-1 1 1 -1
-3 3 -3 3
-3 3 -3 3
-3 3
-2 1
—24 8
—-29 18 12
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Table A30. Terms needed to prove Proposition 8, inequality 3M + 6R > 8 in (55).

T, F
T, R

T3 H(X123)

Ty H(Wy, Wa)

Ts H(Wyi, Wy, X13)

T H(W2, W3, X103, X132))
T;  H(Wi,Wp, X123, X132, X2,13)

Ts H(Wi, Wa, W3)

Ty H(Zy)

Tio H(Z1,X13)

Ti H(Z2, X123, X1,32)
T12 H(Z1, X132, X2,1,3)
T3 H(Z1, X123, X132, X2,1,3)
Ty H(Zy, Wy, X123)

T15 H(Z1, W1, Wa)

Table A31. Tabulation proof of Proposition 8 inequality 3M + 6R > 8 in (55), with terms defined
in Table A30.

h . Tz Tua T3 To T; Ts To Tw Tu Tz Tz T T

1 -1
6 —6
-1 1
-1 1
6 6 6
-2 4 =2
-1 2 -1
-1 1 -1 1
1 1 -1 -1
-1 1 -1 1
-2 1
-6 2
-8 6 3
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