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ABSTRACT

The intractability of many information theoretic problems arises from the meaningful but non-
linear definition of Kullback-Leibler (KL) divergence between two probability distributions. Local
information theory addresses this issue by assuming all distributions of interest are perturbations
of certain reference distributions, and then approximating KL divergence with a squared weighted
Euclidean distance, thereby linearizing such problems. We show that large classes of statistical
divergence measures, such as f-divergences and Bregman divergences, can be approximated in an
analogous manner to local metrics which are very similar in form. We then capture the cost of
making local approximations of KL divergence instead of using its global value. This is achieved
by appropriately bounding the tightness of the Data Processing Inequality in the local and global
scenarios. This task turns out to be equivalent to bounding the chordal slope of the hypercontrac-
tivity ribbon at infinity and the Hirschfeld-Gebelein-Rényi maximal correlation with each other.
We derive such bounds for the discrete and finite, as well as the Gaussian regimes. An application
of the local approximation technique is in understanding the large deviation behavior of sources
and channels. We elucidate a source-channel decomposition of the large deviation characteristics of
i.i.d. sources going through discrete memoryless channels. This is used to derive an additive Gaus-
sian noise channel model for the local perturbations of probability distributions. We next shift our
focus to infinite alphabet channels instead of discrete and finite channels. On this front, existing
literature has demonstrated that the singular vectors of additive white Gaussian noise channels are
Hermite polynomials, and the singular vectors of Poisson channels are Laguerre polynomials. We
characterize the set of infinite alphabet channels whose singular value decompositions produce sin-
gular vectors that are orthogonal polynomials by providing equivalent conditions on the conditional
moments. In doing so, we also unveil the elegant relationship between certain natural exponential
families with quadratic variance functions, their conjugate priors, and their corresponding orthog-
onal polynomial singular vectors. Finally, we propose various related directions for future research
in the hope that our work will beget more research concerning local approximation methods in
information theory.
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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

Information theory is the mathematical discipline which classically analyzes the fundamental limits
of communication. Since communication sources are conveniently modeled as stochastic processes
and communication channels are modeled as probabilistic functions of these processes, hypothesis
testing becomes a natural solution for decoding. As the likelihood ratio test is an optimal decod-
ing rule in both Bayesian and non-Bayesian (Neyman-Pearson) formulations of hypothesis testing,
it is unsurprising that the expected log-likelihood ratio is a fundamental quantity in information
theory. Indeed, the log-likelihood ratio is a sufficient statistic for the source random variable. The
expected log-likelihood ratio is defined as the Kullback-Leibler (KL) divergence or relative entropy,
and several important information measures such as Shannon entropy and mutual information are
known to emerge from it.

Definition 1.0.1 (KL Divergence). Given a probability space, (2, F,P), and distributions P and
@ on this space, the KL divergence between P and @, denoted D(P||Q), is given by:

D(PHQ)é{ B [log ()]« P<Q

400 , otherwise

where P < () denotes that P is absolutely continuous with respect to @, % denotes the Radon-
Nikodym derivative, and Ep[-] denotes the abstract expectation (integration) with respect to the
probability law corresponding to the distribution P.

(Discrete case) If € is finite or countably infinite, then given probability mass functions P and
Q@ on ), the KL divergence between P and @ is given by:

D(PYQ) = X Pla)toe (7 )
e

where we assume that Vq > 0, Olog (%) =0 and Vp > 0, plog (%) = 400 based on continuity
arguments.

(Continuous case) If Q = R™ where n € Z*, then given probability density functions f and g
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on ) corresponding to distributions P and @ respectively, the KL divergence between P and Q, or
f and g, is given by:

D(P||Q) = D(fllg) = {fﬂ (e)10g (£5) dx(@) , A({w € Q: f(@) > 0,g(x) = 0}) = 0

, otherwise

where )\ denotes the Lebesgue measure, the integral over all x € € is the Lebesgue integral, and we

again assume that Vg > 0, 0Olog (% = 0 based on continuity arguments.

Although Definition 1.0.1 is fairly general, in the majority of this thesis we will be interested in
discrete and finite sample spaces. So, only the discrete case of the definition will be pertinent
there. We also point out that log(-) refers to the natural logarithm and unless stated otherwise,
this convention will hold for the entire thesis. To construe the definition of KL divergence, we first
discuss some of its properties. It can be easily verified using Jensen’s inequality that:

D(P||Q) =0 (1.1)

with equality if and only if P = @ a.e. (almost everywhere with respect to an appropriate measure).
This result on the non-negativity of KL divergence is known as Gibbs’ inequality. Moreover, the
KL divergence can be interpreted as a distance between distributions. This intuition becomes
evident from a study of large deviation theory, but is also retrievable from the local approximation
methods that follow. We will defer an explanation until we introduce the local approximation.
As mentioned earlier, the KL divergence gives rise to two of the most fundamental quantities
in information theory: Shannon entropy and mutual information. These are now defined in the
discrete case.

Definition 1.0.2 (Shannon Entropy). Given a discrete random variable X with pmf Py on the
countable set €2, the Shannon entropy (or simply entropy) of X (or its pmf Px) is given by:

H(X)=H (Px) £ -E[log (Px(X))] = = Y _ Px(x)log (Px(x))
€N

where we assume that 0log (0) = 0 based on continuity arguments.

Definition 1.0.3 (Mutual Information). Given discrete random variables X and Y defined on
countable sets X and ) respectively, with joint pmf Px y, the mutual information between X and
Y is given by:

I(X;Y) =1 (Px; Pyix) £ D (Pxy||PxPr) =Y > Pxy(zy 10g< )EY)(;Y?(J)))
zeX yey

Since we use natural logarithms in these definitions, entropy and mutual information are measured
in nats (natural units). We note that the notation H(X) and I(X;Y') is more standard in the
information theory literature, but the notation H(Px) and I(Px; Py|x) (motivated by [1]) conveys
the intuition that these information measures are properties of the distributions and do not change
with values of the random variables.

12



CHAPTER 1. INTRODUCTION

Results in information theory operationally characterize the entropy as the ultimate compression
of a nat of information in an appropriate asymptotic sense. Likewise, mutual information is related
to the maximum number of nats that can be asymptotically sent through a communication channel
per channel use. Hence, entropy and mutual information are of paramount significance in source
and channel coding, respectively. It is trivial to see that for a discrete random variable X, the
entropy is the self-information (or the mutual information with itself):

H(X)=1I1(X;X)=D (Px||P%) . (1.2)

Thus, equation 1.2 and Definition 1.0.3 illustrate that the KL divergence begets both these funda-
mental quantities.

Much that there is to know about KL divergence may be found in classical texts on information
theory such as [2], which provides a lucid exposition of the material, and [1] or [3], which emphasize
deeper intuition. Despite its intuitive elegance, KL divergence is analytically quite intractable even
though the log function imparts useful convexity properties to it. It is asymmetric in its inputs
and hence not a valid metric on the space of probability distributions, non-linear and hence alge-
braically challenging to manipulate, and difficult to estimate due to the non-compactness of the
domain (asymptote at 0) of the log function. [4] and [5] attribute the difficulty of many unsolved
problems in network information theory to these drawbacks in the definition of KL divergence.

The space of probability distributions is a manifold with the KL divergence as the distance measure.
Since the neighborhood around any point in a manifold behaves like a vector space, the neighbor-
hood around any distribution also behaves like a vector space. Compelled by this intuition, [4]
and [5] propose a linearization technique where distributions of interest are assumed to be close to
each other in the KL divergence sense. Under this assumption, second order Taylor approximations
of the log function in the definition of KL divergence localize it into a squared weighted Fuclidean
norm. This transforms information theory problems into linear algebra problems, thereby providing
an accessible geometric structure to such problems. It also makes these problems susceptible to the
potent attack of single letterization which is often a difficult but essential step in determining the
information capacity of various channels. The next sections in this chapter elaborate on this work
in [4] and also introduce much of the notation that will be used in this thesis.

1.1 Local Approximation

The local approximation of KL divergence given in [4] and [5] is introduced next. We assume our
sample space, 2 = {1,...,n}, is discrete and finite, and all probability mass functions (pmfs) on
Q that are of interest are close to each other (in a sense made precise below). In particular, we
consider pmfs P : © — [0,1] and @ : @ — [0,1]. Since |©2] = n, we can represent any pmf on
Q as a column vector in R”. So, we let P = [P(1)---P(n)]" and Q = [Q(1)---Q(n)]" (with a
slight abuse of notation for the sake of clarity). The assumption that P and @ are close to each
other corresponds to () being a perturbation of P, or vice versa. We arbitrarily choose P to be the
reference pmf and precisely have:

Q=P+el (1.3)

13



1.1. LOCAL APPROXIMATION

for some small € > 0 and perturbation vector J = [J(1)---J(n)]’. Note that to be a valid
perturbation, J must satisfy:

> J(x) =0. (1.4)

z€Q

In general, when we define a pmf ) from the reference pmf P, we must also ensure that eJ satisfies:
Ve e Q, 0< P(x)+ed(x) <1, (1.5)

but we will not impose these conditions explicitly and simply assume they hold in all future dis-
cussion since we can make e arbitrarily small.

We now perform the local approximation of KL divergence. From Definition 1.0.1, we have:

D) = - Plos (o)

zeQ

DPPIQ) = - P(x)log <1+e}‘])(é))> (1.6)

el

Recall that the Maclaurin series (which is the Taylor series expansion around 0) of the natural
logarithm, log(1 + ), is:

log(1 + z) = i (—1)mH o (1.7)

m
m=1

for all |x| < 1. From equation 1.7, we see that the second order Taylor approximation of the natural

logarithm, log(1 + x), is:
2

log(14+2z) =2 — %—G—o(:nQ) (1.8)
o (z?)
where o (51:2) denotes that lin% 5~ = 0. Inserting equation 1.8 into equation 1.6 and simplifying
xr— x
produces:
1 J*(x)

D(P||Q) = ~¢ 4. 1.9
(Pl|Q) = 3¢ ;EQ: o) 7o) (1.9)

We note that equation 1.9 implicitly assumes Vx € Q, P(z) > 0. This means that the reference
pmf is not at the edge of the probability simplex. Indeed, as we are considering a neighborhood
of pmfs around the reference pmf, we must require that the reference pmf is in the interior of the
probability simplex. So, this implicit assumption is intuitively sound. Equation 1.9 expresses the
KL divergence as a squared weighted Euclidean norm. To present it more elegantly, we introduce
some new notation and definitions.

Definition 1.1.1 (Weighted Euclidean Norm). Given a fixed vector p = [p1---p,]’ € R" such
that V1 <i <n, p; > 0, and any vector x = [z - - -xn]T € R"™, the weighted Euclidean norm of x
with respect to weights p is given by:

14



CHAPTER 1. INTRODUCTION

Using Definition 1.1.1 and equation 1.9, we have the following definition of local KL divergence.

Definition 1.1.2 (Local KL Divergence). Given a discrete and finite sample space, €2, and a
reference pmf P on € in the interior of the probability simplex, the local KL divergence between
P and the perturbed pmf () = P + ¢J, for some € > 0 and perturbation vector J, is given by:

1
D(P||Q) = 5¢* /|5 + o (¢?) -

In statistics, the quantity, €2 ||.J H?D, is known as the y2-divergence between @ and P. It is straight-
forward to derive using the second order Taylor approximation of log(1 + x) given in equation 1.8
that:

D(PIIQ) = 5¢ 171 +0 () = DQIP) (110)

under the local approximation. Hence, the KL divergence becomes a symmetric weighted Euclidean
metric within a neighborhood of distributions around a reference distribution in the interior of the
probability simplex. In fact, any distribution in this neighborhood may be taken as the reference
distribution without changing the KL divergences beyond the o (62) term. This Euclidean char-
acterization of local KL divergence elucidates why KL divergence is viewed as a distance measure
between distributions.

1.2 Vector Space of Perturbations

We now provide two alternative ways to perceive perturbation vectors and explain their significance.
Given the reference pmf P on = {1,...,n}, in the interior of the probability simplex, we have
already defined the additive perturbation vector, J. To obtain another pmf, Q = P+e¢J, we simply
add P and €J, where J provides the direction of perturbation and € > 0 is the parameter which
controls how close P and () are. This is encapsulated in the next definition.

Definition 1.2.1 (Additive Perturbation). Given the reference pmf P on €2, in the interior of the
probability simplex, an additive perturbation, J, satisfies:

> J(@)=0

e

such that Q = P + eJ is a valid pmf, because € > 0 is small enough so that Vz € Q, 0 < Q(x) < 1.

We briefly digress to introduce some notation which will be used consistently throughout this thesis.
For any vector & = [z1 ---2,])7 € R”, we let [z] denote the n x n diagonal matrix with entries of x
along its principal diagonal. So, we have:

[z]=| + ] (1.11)
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1.2. VECTOR SPACE OF PERTURBATIONS

Furthermore, given any function f : R — R which operates on scalars, for any vector x =
[21---2n]" € R", the notation f(x) denotes the element-wise application of the function:

f(x1)
flx) = : : (1.12)

For example, /z = [\/ﬂ . 1/avn]T.

Returning to our discussion, since the local KLi divergence between P and @) is of the form given
in Definition 1.1.2, we may define an alternative normalized perturbation:

K= [\/13} J (1.13)

which leads to the following formula for Q:

Q=P+e [\/ﬂ K. (1.14)
Using the normalized perturbation K, we may recast Definition 1.1.2 of local KL divergence as:
1
D(P||Q) = 5¢* | K|[* + o (¢?) (1.15)
where ||-|| denotes the standard Euclidean norm. Hence, the adjective “normalized” to describe

perturbations K indicates that the KL divergence can be approximated by a standard Euclidean
norm in terms of K instead of a weighted Euclidean norm in terms of J. The next definition
summarizes the K notation.

Definition 1.2.2 (Normalized Perturbation). Given the reference pmf P on €, in the interior of
the probability simplex, a normalized perturbation, K, satisfies:

> VP@)K(x) =0

e

such that Q = P + ¢ [\/]3} K is a valid pmf, because € > 0 is small enough so that Vz € 2, 0 <
Q(x) < 1.

Finally, we consider the multiplicative perturbation of the form:
L=[P"'J (1.16)
which leads to the following formula for Q:
Q=P+¢e[P|L. (1.17)

Indeed, L is a multiplicative perturbation because Vx € Q, Q(z) = P(z) (1 + eL(x)). Moreover,
it also represents the perturbation of the log-likelihood ratio between @@ and P. The log-likelihood

ratio is:
Vo e Q, log (ggg) = log <P(:1;) (;Z—T;L(x))> =log (14 eL(x)) (1.18)
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CHAPTER 1. INTRODUCTION

using equation 1.17. From equation 1.7, we see that the first order Taylor approximation of the
natural logarithm, log(1 + z), is:

log(14+z) =2+ o0(x) (1.19)
where o (z) denotes that lir% o;a;) = 0. Combining equations 1.18 and 1.19 produces:
z—
Vo € Q, log <gg;) =eL(z)+o(e). (1.20)
In vector notation, we have:
log ([P]f1 Q) =eL+o(e)l (1.21)

where 1 denotes the vector with all entries equal to 1. If @ is not perturbed from P, we have
(@ = P which results in a log-likelihood ratio of 0 for each = € . When Q is perturbed from P
by the multiplicative perturbation L, the direction of perturbation of the log-likelihood ratio from
0 (zero vector) is also L. Hence, the multiplicative perturbation is also the perturbation of the
log-likelihood ratio, and we will address L as the log-likelihood perturbation. This is presented in
the next definition.

Definition 1.2.3 (Log-likelihood Perturbation). Given the reference pmf P on €2, in the interior
of the probability simplex, a log-likelihood perturbation, L, satisfies:

> P(x)L(z) =0

e

such that @ = P + €[P] L is a valid pmf, because € > 0 is small enough so that Vz € Q, 0 <
Q(x) < 1.

Equations 1.13 and 1.16 permit us to translate between these different representations of per-
turbations. As a mnemonic device, we note that the Log-likelihood perturbation is denoted L.

Multiplying [\/ﬁ} with L produces the normalized perturbation K (shifting one letter back from

L in the alphabet). Multiplying [\/173} with K produces the additive perturbation J (shifting one

letter back from K in the alphabet). Throughout this thesis, we will conform to the J, K, and L
notation to indicate the appropriate types of perturbations and use whichever notation simplifies
our arguments. However, it is crucial to realize that J, K, and L all embody the same fundamental
object. J is perhaps the most natural way to view perturbations, K leads to the most polished
notation and algebra, and L is arguably the most meaningful.

As mentioned earlier, we study local perturbations of a reference distribution because the space
of local perturbations is a vector space. The axioms of vector spaces are easily verified for the
different perturbations we have defined. Informally, if we neglect the e factor, the sum of two
perturbation vectors (whether J, K, or L) is also a perturbation vector because it satisfies the
zero sum condition (in Definition 1.2.1, 1.2.2; or 1.2.3). Furthermore, multiplying a perturbation
vector by a scalar also gives a perturbation vector because the zero sum condition is satisfied. So,
the space of perturbations is a vector space and this gives it intuitive linear structure. To add
further geometric structure to it, we may also define a notion of inner product. For example, in
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1.3. LINEAR INFORMATION COUPLING

the additive perturbation vector space, two additive perturbation vectors, J; and .Jy, define two
different distributions on 2, Q1 = P+¢J; and Qo = P+¢€Js for € > 0 small enough, both perturbed
from the same reference pmf P in the interior of the probability simplex. We can then define the
inner product:

J1(z) J2(x)

20 (1.22)

(Ji,Ja)p 2>

z€eQ

This makes the additive perturbation vector space an inner product space, and the associated norm
of this inner product is the local KL divergence (without the constant scaling in front). Equivalent
inner products can be defined in the normalized and log-likelihood perturbation vector spaces. In
fact, an equivalent inner product definition in the normalized perturbation vector space leads to

the Euclidean space, RI®l, with standard Euclidean inner product and norm.

Overall, such definitions of perturbations and their corresponding inner products allow us to per-
ceive the neighborhood of a distribution as an Euclidean inner product space with notions of
orthogonality and bases. This provides considerable geometric structure to an otherwise intri-
cate mathematical system. In the subsequent section, we demonstrate the utility of applying this
linearization technique.

1.3 Linear Information Coupling

Having developed the local approximation technique in the previous sections, we delineate the work
in [4] to illustrate the advantage of viewing problems under this local lens. To this end, we state
some definitions (based on [2]) and recall the well-known information capacity problem for discrete
memoryless channels.

Definition 1.3.1 (Discrete Memoryless Channel). A discrete channel consists of an input random
variable X on a finite input alphabet X, an output random variable Y on a finite output alphabet
Y, and conditional probability distributions Vz € X, Py |x(-|) which can be written as a [J| x |X|
column stochastic transition probability matrix. The notation Px and Py can be used to denote
the marginal distributions of X and Y, respectively.

A discrete channel is said to be memoryless if the output probability distribution is condition-
ally independent of all previous channel inputs and outputs given the current channel input.

Definition 1.3.2 (Channel Capacity). The channel capacity of a discrete memoryless channel
with input random variable X on X, output random variable Y on ), and conditional probability
distributions Py x, is defined as:
C =maxI(X;Y)
Px

where the maximization is performed over all possible pmfs on X.

In 1948, Shannon showed in his landmark paper [6] that the channel capacity represents the
maximum rate at which nats of information can be sent through a discrete memoryless channel.
Prompted by this classic problem (which does not lend itself to the local approximation approach
because nothing guarantees the validity of such approximations), we consider a related problem
called the linear information coupling problem [4].
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Definition 1.3.3 (Linear Information Coupling Problem). Suppose we are given an input random
variable X on X with pmf Px in the interior of the probability simplex, and a discrete memory-
less channel with output random variable Y on ) and conditional probability distributions Py|x.
Suppose further that X is dependent on another discrete random variable U, which is defined on
U such that |U| < oo, and Y is conditionally independent of U given X so that U - X — Y is a
Markov chain. Assume that Vu € U, the conditional pmfs Py, are local perturbations of the
reference pmf Px:

Vu €U, Pyjyey = Px +¢ [\/PX} K,

where Yu € U, K, are valid normalized perturbation vectors, and € > 0 is small enough so that
Vu €U, Px|y—, are valid pmfs. Then, the linear information coupling problem is:

max I(U;Y)
PU,Px‘USU*)X*)Y
1U;X)<ie?

where we maximize over all possible pmfs Py on U and all possible conditional distributions Py,
such that the marginal pmf of X is Px.

We note that Definition 1.3.3 only presents the linear information coupling problem in the single
letter case [4]. Intuitively, the agenda of this problem is to find the maximum amount of informa-
tion that can be sent from U to Y given that only a thin layer of information can pass through
X. Thus, X serves as a bottleneck between U and Y (and the problem very loosely resembles the
information bottleneck method [7]).

The linear information coupling problem can be solved using basic tools from linear algebra when
attacked using local approximations. We now present the solution given in [4]. Without loss of gen-
erality, let X = {1,...,n} and Y = {1,...,m}. Moreover, let the channel conditional probabilities,
Py x, be denoted by the a m x n column stochastic matrix, W:

Pyix(1]1)  Pyx(1]2) -+ Pyx(1ln)
— PYX:(2|1) PYX:(2|2) PY|X.(2|n) (1.23)
Pyx(m|l) Pyx(m|2) -+ Pyx(mln)

W takes a pmf of X as input and produces a pmf of Y as output, where the pmfs are represented as
column vectors. So, W Px = Py, where Px and Py are the marginal pmfs of X and Y, respectively.
From Definition 1.3.3, we know that:

Vu €U, Py, = Px +e¢ [\/PX} K, (1.24)

where Px|7—, are column vectors representing the conditional pmfs of X given U = u, and Vu €
U, K, are valid normalized perturbation vectors. Furthermore, using the Markov property for
U— X —Y, we have:

Yu e U, PY\U:u = WPX|U:u (125)
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where Py |;;—, are column vectors representing the conditional pmfs of Y given U = u. Substituting
equation 1.24 into equation 1.25, we have:

Vuel, Py =W (PX te [\/@] Ku)

Yu €U, Pyy—y =Py +e [\/E} ([\/P*}l W [@]) K. (1.26)

Equation 1.26 makes the implicit assumption that Py is in the interior of the probability simplex. As
we discussed in section 1.1, since we take Py as the reference pmf in the output distribution space,
this assumption is reasonable. Hence, we assume that the conditional distributions, Py |y, satisfy
all the regularity conditions necessary to ensure Py is in the interior of the probability simplex.
For example, the condition that all entries of W are strictly positive is sufficient to conclude that
Yy € Y, Py(y) > 0 because Vx € X, Px(x) > 0 is assumed in Definition 1.3.3. Inspecting
equation 1.26, we notice that the normalized perturbation in the output distribution space is a
channel dependent linear transform applied to the normalized perturbation in the input distribution
space. Thus, when analyzing the linear information coupling problem, we must recognize two
different vector spaces of perturbations; the input perturbation vector space which corresponds to
perturbations of Py, and the output perturbation vector space which corresponds to perturbations
of Py. The linear transform described by the matrix [\/E] w [\/m maps vectors in the input
perturbation space to vectors in the output perturbation space. This matrix is defined as the
divergence transition matrix (DTM) in Definition 1.3.4.

Definition 1.3.4 (Divergence Transition Matrix). Suppose we are given an input random variable
X on X with pmf Px in the interior of the probability simplex, and a discrete memoryless channel
with output random variable ¥ on ) and conditional probability distributions Py |x, such that the
output pmf Py is also in the interior of the probability simplex. Let W be the || x |X]| column
stochastic transition probability matrix, as shown in equation 1.23. The divergence transition
matrix (DTM) of the channel is given by:

e (v

-1

W[@].

Using Definition 1.3.4, we may rewrite equation 1.26 as:

Yu €U, Pyjy—y = Py +e [\/Py} BK,. (1.27)

We now locally approximate the mutual information terms in the linear information coupling prob-
lem. To approximate I(U; X), recall that mutual information can be written as an expectation of
KL divergences:

I(U; X) =Ep, [D (Pxjyl|Px)] =Y _ Pu(u)D (Pxp—ullPx). (1.28)
ueU

Using equation 1.15, the local KL divergence between pmfs Px|y—, and Px for every u € U is:

1
D (Pxjy—ul|Px) = 562 1K+ 0 (e%) (1.29)
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and combining equations 1.28 and 1.29, we get:

[(U: X) = %EQZPU(u)y 1Kl + 0 (). (1.30)
ueUd

So, the constraint I(U; X) < 4¢? in Definition 1.3.3 becomes:

> Pylu) | Kul® < 1. (1.31)
uel

Correspondingly, to locally approximate I(U;Y’), we use equation 1.15 and 1.27 to give:
1
Vu el D (PypullPy) = 3¢ | BE.J* + 0 () (1.32)

which implies that:

I(U;Y) =Ep, [D (PywllPy)] =Y Pu(u)D (Pyiy—l|Py)
uelU

HUY) = 223 Puu) |BEL? +0() (1.33)

2
ueU

Equation 1.33 contains the objective function of the maximization in Definition 1.3.3. Ignoring
the %62 > 0 factor in this localized objective function and neglecting all o (62) terms, the linear
information coupling problem simplifies to:

> Pulu) | BE|I*

uel
subject to: Z Py(u) | K. |I” =1,
ueU

Vueld, /Px Ko=0,
and Y Py(u) [\/ﬂ} K, = 0. (1.34)

uel

max
PU,{Ku ,UEZ/{}

where the second constraint ensures that the normalized perturbations are valid, and the third
constraint guarantees that the marginal pmf of X is fixed at Px:

> Py(u)Pxjy—y = Px. (1.35)
ueU

We note that the inequality constraint in equation 1.31 becomes an equality constraint in statement
1.34; this can be shown using a simple proof by contradiction. Furthermore, equations 1.29 and
1.32 bestow the DTM (which is used in the objective function of statement 1.34) with meaning.
The KL divergence between the input marginal pmf Px and the conditional pmf Py, is given
by the squared Euclidean norm of K, and B transforms K, to BK,, whose squared FEuclidean
norm is the KL divergence between the output marginal pmf Py and the conditional pmf Py y—,.
This explains why B is called the divergence transition matrix.
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1.3. LINEAR INFORMATION COUPLING

The linear information coupling problem in statement 1.34 can be solved using a singular value
decomposition (SVD) of B []. It is readily seen that the largest singular value of B is 1 (as B
originates from the column stochastic channel matrix W), and the corresponding right (input)
singular vector and left (output) singular vector are v/Px and /Py, respectively:

B\/Px = \/Py. (1.36)

Moreover, letting o be the second largest singular value of B, it is well-known that:
IBK.|* < o || K| (1.37)

for any valid normalized perturbation K,, as K, must be orthogonal to /Px. Taking the expec-
tation with respect to Py on both sides of inequality 1.37 produces:

> Pu(u) |BE,|? <0® ) Pulu) || Kull* (1.38)
ueU ueU

Then, employing the constraint: Z Py(u) || Ky|* = 1, on the right hand side of this inequality, we

ueU
get:

> Py(u) | BK.|? < 0. (1.39)
ueU

Unit norm right singular vectors of B which are orthogonal to /Px satisfy the first two con-
straints given in the optimization problem in statement 1.34, and are therefore, valid candidates
for {K,,u € U}. Without loss of generality, let U = {1,...,[U|}, 2 < |U| < co. Observe that
selecting K7 as the unit norm right singular vector of B corresponding to o, Ko = —Kj, and
K3 =--- = Ky = 0, we fulfill all the constraints of the optimization and maximize its objective
function by achieving inequality 1.39 with equality. This shows that the pmf of U is irrelevant to
the optimization, and we may simply assume U is a uniform Bernoulli random variable [4]. Hence,
the SVD solves the linear information coupling problem because we can find Py from { Ky, u € U}.

There are several important observations that can be made at this point. Firstly, the solution
to the linear information coupling problem produces a tighter data processing inequality which
holds under local approximations [4]:

local

I(U;Y) < o*I(U; X) (1.40)

where o < 1 is the second largest singular value of B. This inequality will be crucial in chapter
3, where we will identify o as the Hirschfeld-Gebelein-Rényi maximal correlation. Chapter 3 will
also elucidate many of the subtleties veiled by the “local” notation in equation 1.40, and bound
the performance of these local approximations.

Secondly, as we mentioned earlier, the linear information coupling problem in Definition 1.3.3
is really the single letter case of a more general multi-letter problem. We briefly introduce this gen-
eral problem. For a sequence of random variables, X1,..., X, we use the notation X' to denote
the random vector:

X =(X1,...,Xn). (1.41)
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Consider the Markov chain U — XJ* — Y7", where we assume (for simplicity) that X7* are inde-
pendent identically distributed (i.i.d.) with pmf Px. X7 are inputted into the single letter discrete
memoryless channel (which is used n times). Then, the multi-letter case of the problem is:

Ly (1.42)

max
Py, Pxnjg:U—X{ =Y 1
Liu;xpy<ie

where we maximize over all possible pmfs Py and all possible conditional distributions Pxru, such
that the marginal pmf of X{' is the product pmf Pxr. This problem can also be solved using the
SVD of the corresponding DTM and some tensor algebra after performing local approximations.
In fact, [4] illustrates that the simple tensor structure of the multi-letter problem after employing
local approximations is what allows single letterization. We note the subtle point that problem
statement 1.42 does not explicitly apply any local approximations on its conditional pmfs Pxniu.
However, we implicitly assume that such local approximations are invoked as in the single letter
version of the problem in Definition 1.3.3. Indeed intuitively, the constraint that the mutual infor-
mation %I (U; X7) is small implies that the conditional pmfs Pxn\y are close to Pxp on average in
the KL divergence sense by equation 1.28, and we know that locally perturbing Px» to produce
Pxn gives rise to small KL divergences.

Lastly, the multi-letter linear information coupling problem admits an appealing interpretation
in terms of clustering. We may perceive the binary random variable U as indexing two clusters,
and X7 as the pure data which originates (probabilistically) from either of these clusters. Suppose
we observe the noisy data Y]", and our objective is to identify the cluster it came from. Mathemat-
ically, we have the Markov chain U — X" — Y}*, and we seek to maximize the mutual information
between U and Y]" given that the mutual information between U and X7 is rather small (because
X7 has a lot of redundancy in big data problems). This is precisely the multi-letter linear infor-
mation coupling problem given in statement 1.42.

Therefore, we have provided an example of how the local approximation technique helps solve
information theoretic problems with palpable statistical value. In doing so, we have illustrated
how the technique transforms seemingly complex information theory problems into elementary
problems in linear algebra. This offers an impetus to studying this local approximation technique
further. The next section conveys the general philosophy of this technique and the subsequent
section provides an outline of the thesis.

1.4 Philosophy of Approach

To complement the previous section which portrays how our local approximation technique is used
to solve information theory problems, we now discuss the overarching philosophy of the approach.
On the surface, the raison d’étre of such an approach is to simplify intractable information the-
ory problems so they become easier to solve. As mentioned earlier and evidenced in the previous
section, local approximations transform information theory problems to linear algebra problems
which are straightforward to solve using basic tools like the SVD. However, one may argue that
this alone does not justify a study of the local approach. Although localized information theory
problems admit painless solutions, these solutions often do not address the global problem. This is
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evident from the discourse in section 1.3, where we solved the linear information coupling problem
instead of the classical channel capacity problem. As another example, [8] suggests a novel model
of communication by varying source empirical distributions based on the work in chapter 4 (which
uses local approximations). In contrast, the source empirical distribution is kept (approximately)
fixed in traditional channel codes such as capacity achieving fixed composition codes.

Thus, we champion the local approximation technique by addressing its value in engineering ap-
plications and theory pertaining to data processing. Real world communication or data processing
systems are often much more complex than the mathematical models of theory. So, theoreti-
cal models serve only as toy problems to provide engineers with intuition with which they can
approach their real world problems. This seemingly banal, but legitimate view has long been ac-
knowledged by engineering theorists. For example, models in the theory of stochastic processes
do not correspond to real world queuing problems but provide intuition about them. Likewise,
the local approximation approach offers intuition on difficult (and possibly unsolved) information
theory problems, even though it does not solve them.

From a purely theoretical standpoint, the local approximation method complies with a more pro-
found understanding of the structure of data. When considering stochastic data processing prob-
lems, we must be cognizant of three interrelated spaces: the space of data, the space of distributions,
and the space of random variables. The data originates from realizations of the random variables,
distributions define the random variables, and empirical distributions of the data resemble the ac-
tual distributions as the amount of data increases. The spaces of data and distributions are both
manifolds, and the space of random variables is often modeled as an inner product space with
the covariance serving as an inner product. We restrict our attention to the spaces of data and
distributions, because the actual values taken by random variables do not carry any additional
information from an information theoretic perspective.

Many modern data processing methods, both simple such as principle component analysis (PCA)
or more advanced such as compressive sensing methods, treat the space of data as a linear vector
space instead of a more general manifold. This means that simple non-linear patterns of data,
like clustering, cannot be captured by such methods. On the other hand, traditional algorithms
like the Lloyd-Max algorithm or her sister, the k-means clustering algorithm, from the pattern
recognition and machine learning literature address such non-linear data in a “data-blind” fashion.
They simply try to find a single non-linear structure, like clusters, in the data. As a result, they
perform poorly when the data does not have the non-linear structure they are looking for.

The local approximation method [4] leaves the data space as a manifold and instead imposes a
linear assumption on the space of distributions. Local approximations transform the spaces of
perturbations from reference distributions into vector spaces, and computing the SVD of the DTM
effectively performs PCA in the space of distributions rather than the space of data (where it is
conventionally employed). Since we can derive empirical distributions from the data, this is a viable
method of processing data. Thus, the local approximation technique provides an effective method
of data processing using elementary tools from linear algebra, while simultaneously respecting the
possibly non-linear structure of data. Such considerations make this technique worthy of further
study.
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1.5 Outline of Thesis

This thesis delves into exploring the local approximation technique introduced in the earlier sec-
tions. It is split into four main chapters which address separate aspects of our study. Each chapter
presents some pertinent background from the literature, and then proceeds to derive new results
within its scope. We now provide a brief overview of the chapters.

Chapter 2 considers applying the local approximation technique of section 1.1 to approximate
other statistical divergence measures. We derive that local approximations of f-divergences and
Bregman divergences, which encompass large classes of other statistical divergences, produce local
divergence measures which are remarkably similar in form to that in section 1.1 for KL divergence.

Since the local approximation has now been established, chapter 3 focuses on capturing the cost
of making local approximations of KL divergence instead of using its global value. This is done by
appropriately bounding the tightness of the Data Processing Inequality in local and global scenar-
ios. We find such bounds for the discrete and finite, and Gaussian cases.

Chapter 4 then presents an application of the local approximation technique in understanding
the large deviation behavior of sources and channels. Under the local lens, using well-known large
deviation results such as Sanov’s theorem, we elucidate a source-channel decomposition of the large
deviation characteristics of i.i.d. sources going through memoryless channels in the discrete and
finite regime. This has elegant consequences in modeling the perturbation vector channel.

Since the content of the aforementioned chapters is largely restricted to discrete and finite ran-
dom variables, chapter 5 concentrates on spectral decompositions of infinite alphabet channels
(channels whose input and output random variables have infinite ranges). Past literature provides
examples where the singular value decompositions of such channels lead to singular vectors which
are orthogonal polynomials (scaled by other functions). For example, singular vectors of Gaussian
channels are Hermite polynomials, and singular vectors of Poisson channels are Laguerre polynomi-
als. We characterize the set of infinite alphabet channels for which the singular vectors are indeed
orthogonal polynomials. This unveils the elegant relationship between some natural exponential
families with quadratic variance functions (namely the Gaussian, Poisson, and binomial distribu-
tions), their conjugate priors (namely the Gaussian, gamma, and beta distributions), and related
orthogonal polynomials (namely the Hermite, generalized Laguerre, Meixner, Jacobi and Hahn
polynomials).

Finally, chapter 6 recapitulates our main contributions and concludes the thesis by providing sug-
gestions for future work. The thesis has been written so that basic knowledge of probability theory
and linear algebra is sufficient to follow most of it. Familiarity with information theory can provide
deeper intuition and understanding of the material, but is not essential as the thesis is fairly self-
contained. At times, some real analysis and measure theory are used for rigor in definitions and
arguments. It is also helpful to have some exposure to large deviations theory for chapter 4, and
functional analysis for chapter 5. We hope that the reader finds the ensuing discussion illuminating.
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CHAPTER 2. LOCALLY APPROXIMATING DIVERGENCE MEASURES

Chapter 2

Locally Approximating Divergence
Measures

The use of Taylor expansions to perform local approximations of functions is ubiquitous in mathe-
matics. Indeed, many fundamental results of relevance in probability theory, including the Central
Limit Theorem (CLT) and the Weak Law of Large Numbers (WLLN), are proven using Taylor
approximations of characteristic functions (Fourier transforms). As we saw in chapter 1, [4] and [5]
use Taylor approximations to locally approximate KL divergence in their work. We illustrate that
when we locally approximate much larger classes of divergence measures using Taylor expansions,
the approximations are analogous in form to the approximation of KL divergence in Definition
1.1.2. To this end, we consider two general classes of divergence measures used in statistics: the
f-divergence and the Bregman divergence. Since these divergences generalize many other known
divergences, finding local approximations for them is equivalent to finding local approximations
for all the divergences they generalize. Thus, focusing on these two divergences allows us to make
deductions about large classes of divergence measures with few calculations. The next two sections
locally approximate the f-divergence and the Bregman divergence, respectively.

2.1 f-Divergence

Statistical divergences are used to define notions of distance between two probability distributions
on a space of probability distributions with the same support. They satisfy certain axioms like
non-negativity and vanishing when the two input distributions are equal (almost everywhere). The
space of input distributions is usually a statistical manifold as discussed in section 1.4. This section
is devoted to one such divergence measure, namely the f-divergence, which is also known as the
Csiszar f-divergence or the Ali-Silvey distance in the literature. We now define the f-divergence.

Definition 2.1.1 (f-Divergence). Let f : (0,00) — R be a convex function such that f(1) = 0.
Given a probability space, (2, F,P), and distributions P and @ on this space such that P < @Q,
which denotes that P is absolutely continuous with respect to @), the f-divergence between P and
Q, denoted D(P||Q), is given by:

Ds(P||Q) = Eq [f <flg>]
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where dP denotes the Radon-Nikodym derivative, Eg[-] denotes the abstract expectation (integra-
tion) Wlth respect to the probability law corresponding to the distribution (), and we assume that

£(0) = lim £(0)

(Discrete case) If € is finite or countably infinite, then given probability mass functions P and
Q on €, the f-divergence between P and () is given by:

D(PIQ) = 3 Q) <§§>

e

0
where we assume that 0f (> =0, f(0) = lim f(t), and Vp >0, 0f (E) = hm qf ( )
0 t—0+ 0
(Continuous case) If @ = R"™ where n € Z™, then given probability density functions g and h
on ) corresponding to distributions P and @) respectively, the f-divergence between P and @), or

g and h, is given by:
Dy(PIQ) = Dyialin) = [ wa)f (4 ixGo

where )\ denotes the Lebesgue measure, the integral over all x € Q is the Lebesgue integral, and we

again assume that Of< ) =0, f(0) = tlilgl+ f(t),and Vp >0, Of (g) = lim qf< )

q—0t

Basic definitions and bounds concerning f-divergences can be found in [9]. With appropriate
choices of the function f, they generalize many known divergence measures including KL divergence,
total variation distance, y?-divergence, squared Hellinger distance, a-divergences, Jensen-Shannon
divergence, and Jeffreys divergence. f-divergences satisfy many properties that are desirable for
distance measures between distributions (which is natural since an f-divergence is a statistical
divergence) and more generally for information measures. For example, given two probability
distributions P and @, the f-divergence is non-negative:

Dy(PQ) > 0. (2.1)

D¢(P||Q) is also a convex function on the input pair (P, Q). Moreover, if WP and W@ are the out-
put distributions corresponding to the input distributions P and () after being passed through the
channel (transition probabilities) W, then the f-divergence satisfies the Data Processing Inequality:

Dy(WP[[WQ) < Dy(P||Q). (2.2)

This captures the basic intuition of information loss along a Markov chain. The KL divergence
inherits several such properties from the f-divergence. In fact, the Data Processing Inequality for
KL divergence will be a vital component of our discussion in chapter 3.

We will now locally approximate the f-divergence by re-deriving the local approximations in sec-
tion 1.1 in a more general setting. For simplicity, assume that all distributions of interest are
either discrete or continuous. So, only the discrete and continuous cases of Definition 2.1.1 are
pertinent. Consider a probability space (2, F,P), where € is either countable or Q@ = R™ for some
n € Z*, and let P, Q, and R be some distributions (pmfs or pdfs) on € in this probability space.
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Suppose P and () are “close” to the reference distribution R, where in the discrete case we as-
sume Vz € 0, R(x) > 0, and in the continuous case we assume, R > 0 a.e. (almost everywhere).
These conditions on R are analogous to restricting the reference pmf to reside in the interior of the
probability simplex in section 1.1. Precisely, we write P and () as perturbations of R:

Ve € Q, P(z)= R(x)+ eJp(x) (2.3)

Ve e Q, Q(z) = R(x)+ eJg(x) (2.4)

for some small € > 0 and additive perturbation functions Jp and Jg. Note that a valid perturbation
function, J : Q — R, must satisfy:

Z J(x)=0 (discrete case)
€N

/Q J(x)d\(z) =0 (continuous case) (2.5)

where A denotes the Lebesgue measure, and the integral in the continuous case is the Lebesgue
integral (and J must be a Borel measurable function). Furthermore, € > 0 is chosen small enough
so that:

Ve e Q, 0< P(x),Q(r) <1 (discrete case)
P,Q >0 ae. (continuous case) (2.6)

which ensures P and () are valid pmfs or pdfs. The next theorem presents the local approximation
of the f-divergence between P and @) with R taken as the reference distribution.

Theorem 2.1.1 (Local f-Divergence). Let f : (0,00) — R be a convex function with f(1) = 0
such that f(t) is twice differentiable at t = 1 and f"(1) > 0. Suppose we are given probability
distributions P, Q, and R on the set 0, such that P and Q are perturbations of the reference
distribution R:

Ve € Q, P(z)= R(z)+ eJp(z)
Ve e Q, Q(z)= R(x)+eJg(z)

where € > 0 and Jp, Jg are valid additive perturbations. Then, the f-divergence between P and Q)
can be locally approrimated as:

'0) g 5~ Urle <>> ro(?) = 11 5~ (Pa) - Q)

D;(PIIQ) = o

+o (62)
z€Q €N

in the discrete case, and:

" z) — T 2 " ) — T 2
by(plig) = L /ﬂ(h( )R<;§Q( P o ) - L0 [ >R(xc)2< D ire)o ()

in the continuous case, where A denotes the Lebesgue measure and the integral is the Lebesgue
integral.
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Proof.
We only prove the discrete case as the continuous case is identical if the summations are replaced
with Lebesgue integrals. Using f(1) = 0 and Taylor’s theorem about the point ¢ = 1, we have:

£ = £ = 1)+ 5 /(1) =1 + o0 (1)

0 ((t 1 2)
where lim ———=%+%
t—1 (t——l)

e 1(55) < (A2 0) L (St
o(<*)

2

Mo | ~—

= 0. This gives us:

where lim = 0. Taking the expectation with respect to ) produces:

e—0t €

2
DAPIQ) = e () X2 (r(e) — Jalo) + 5t 32 T o (@)
e

and since Jp and Jg are valid perturbations, by equation 2.5 we have:

f” 2 JP ( ))2 2
(P E +o0(€).

o(x)

Using the Taylor approximation (1 +z)~! =1 — x + o(x), where hH(l) e 0, we get:
xT—r
2
D¢(P||Q) = 22 Ur(z ( ) (leﬁ((;)) +0(6)) +0(e2).

e

Collecting all o (62) terms, we have the desired approximation:

H " ) — P 2
bypIg) = 1 5 U)ol () _ S0 5 (P Q"
z€Q z€Q
where the second equality follows from Vz € Q, P(z) — Q(z) = € (Jp(x) — Jo(z)). O

We remark that for the function f in Theorem 2.1.1, f”(1) > 0 by the convexity of f. The theorem
statement requires f”(1) > 0 to avoid the case f”(1) = 0, which does not lead to any meaningful
local approximation of D(P||Q).

Theorem 2.1.1 is a rather powerful result. Intuitively, it asserts that if we zoom into the statistical
manifold of distributions in the neighborhood of the reference distribution R, the f-divergence be-
tween any two distributions in the neighborhood is a squared weighted Euclidean norm regardless
of the function f. Hence, all f-divergences (with f satisfying the conditions in Theorem 2.1.1) are
locally equivalent to the same divergence measure to within a constant scale factor. Moreover, this
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local f-divergence is symmetric in its inputs P and . It is also evident from the derivation of
the theorem that the choice of reference distribution, R, is unimportant. Indeed, R can be any
distribution as long as P and @ (and other distributions of interest) are local perturbations of it.
So, the local f-divergence depends only on the neighborhood of interest and any distribution in this
neighborhood is a valid reference distribution. In particular, if we set the the reference distribution
R = @, then the local f-divergence becomes:

" z) — Q(x))?
Df(PHQ) _ f 2(1) Z (P( )Q(;)?( )) +o (62) (27)
el
in the discrete case, and:
" z) — Q(x))?
Dy(pliQ) =T [ 0B ) 1o ) (2.5)

in the continuous case. This version of local f-divergence can be recast using the x?-divergence,
which we mentioned after Definition 1.1.2 of local KL divergence in section 1.1. We now formally
define the y?-divergence in the discrete and continuous cases.

Definition 2.1.2 (y2-Divergence). Given a probability space, (€2, F,P), where Q is either countable
(discrete case) or Q = R™ for some n € ZT (continuous case), and distributions (pmfs or pdfs) P
and @ on this space, the y2-divergence between P and @, denoted x?(P,Q), is given by:

XQ(P7 Q) A Z (P(CC) - Q(x))2

€N Q(x)
in the discrete case, and: ,
XZ(P, Q) i/Q (P(w)Q_(;)?(m)) d/\(l')

in the continuous case, where A denotes the Lebesgue measure and the integral is the Lebesgue
integral.

We note that the y2-divergence is in fact an f-divergence with f(t) = (t — 1)2 , t>0. So, it can be
defined for general (neither discrete nor continuous) distributions using the abstract definition of
f-divergence in Definition 2.1.1. However, its definition in the discrete and continuous cases suffices
for our purposes. Using Definition 2.1.2 of y?-divergence, we can rewrite the local f-divergence (in
equations 2.7 and 2.8) as:

_ /")

Dy(Pl|Q) = —=x*(P,Q) + 0 () (2.9)

in both discrete and continuous cases. This means that all f-divergences (with f satisfying the
conditions in Theorem 2.1.1) are in fact locally equivalent to a particular type of f-divergence: the
x2-divergence. It is worth mentioning that the local f-divergence can also be derived from an infor-
mation geometric perspective. In fact, any f-divergence locally behaves like a Fisher information
metric on the statistical manifold; the local f-divergence is exactly the Fisher information metric.
We choose not to introduce local approximations in this manner, because we do not require the
heavy machinery of differential geometry in our analysis. Finally, we note that [10] proves the result
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in equation 2.9 for the discrete case, while our proof (which was derived independently) covers both
the discrete and continuous cases.

The entire former discussion regarding local f-divergence also holds for KL divergence. This is
because KL divergence is an f-divergence with f(t) = tlog(t), t > 0 where f”(1) = 1. The next
corollary explicitly presents the local KL divergence, which trivially follows from Theorem 2.1.1.

Corollary 2.1.2 (Local KL Divergence). Suppose we are given probability distributions P, Q, and
R on the set ), such that P and @) are perturbations of the reference distribution R:

Ve € Q, P(z)= R(z)+ eJp(x)
Ve e, Q(z)= R(x)+eJg(z)

where € > 0 and Jp, Jg are valid additive perturbations. Then, the KL divergence between P and
Q can be locally approximated as:

2 —O(z))?
D(P||Q) = 122 (Jp(z (2)) +0(62):;Z(P($) Q(z)) +o(e)

zeQ € R(l‘)

in the discrete case, and:
2 — O(e))?
D(P||Q) = /Q(JP( )R@J)Q(m)) d\(z) + 0 (¢2) = ;/Q (P(@“)R(;)?( ) INE) +0 ()

in the continuous case, where A denotes the Lebesgue measure and the integral is the Lebesgue
integral.

Corollary 2.1.2 generalizes Definition 1.1.2 to infinite discrete and continuous cases. The local KL
divergence in this corollary is consistent with the approximation derived in [4]; the only difference
is that [4] chooses R = ). Our analysis in the ensuing chapters will hinge upon the local KL
divergence. Fortuitously, these local results will hold for f-divergences as well, as the local KL
divergence is essentially equivalent to the local f-divergence.

2.2 Bregman Divergence

We now turn our attention to the Bregman divergences. Because of their geometrically meaning-
ful definition, these divergences are attractive in algorithmic fields such as machine learning and
computational geometry. We present their definition in the discrete and finite case below.

Definition 2.2.1 (Bregman Divergence). Let g : P — R be a strictly convex function on the
convex set P C R"™ where n € ZT, such that g is differentiable on relint(P), the non-empty relative
interior of P. Given two points p € P and ¢ € relint(P), the Bregman divergence between them,
denoted By(p, q), is given by:

By(p,q) £ 9(p) — 9(a) = Va(@)" (0 — a)
where Vg denotes the gradient of g, which is defined Vo = [z, --- z,]" € relint(P) as:

| 99 dg 1"
Vy(z) = [axl %J
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The technical condition that g is differentiable on relint(P) is perhaps the only aspect of Definition
2.2.1 which requires clarification. Intuitively, we would like g to be differentiable on the entire set
‘P with the possible exception of its boundary. So, it seems as though enforcing g to be differen-
tiable on P°, the interior of the P, suffices. However, when P lives in a subspace of R", P° is
empty. The relative interior of P, relint(P), refers to the interior of P with respect to the subspace
on which P lives. Hence, letting g be differentiable on relint(P) is the right condition in this context.

From Definition 2.2.1, we see that the Bregman divergence is the error in the first order Tay-
lor approximation of the function g around the point ¢ € relint(P), evaluated at the point p € P.
This provides an elegant geometric intuition for it. [I1] provides a comprehensive list of the proper-
ties exhibited by Bregman divergences and illustrates their use in clustering. Bregman divergences
also generalize many known divergence measures including squared Euclidean distance, squared
Mahalanobis distance, Itakura-Saito distance, and KL divergence. Much like the f-divergence,
the Bregman divergence is non-negative due to the convexity of g. Indeed, for any p € P and
q € relint(P):

By(p.q) >0 (2.10)

with equality if and only if p = ¢q. By(p, q) is also convex in its first argument p. Many notable results
from information geometry such as Pythagoras’ theorem for KL divergence can be generalized for
Bregman divergences. [I1] presents a Pythagoras’ theorem for Bregman divergences which can
be used to create concepts like Bregman projections in analogy with information projections (i-
projections). A particularly useful property of Bregman divergences is their well-known affine
equivalence property [I1], which is presented in the next lemma.

Lemma 2.2.1 (Affine Equivalence of Bregman Divergence). Let g : P — R be a strictly convex
function on the conver set P C R™ where n € Z", such that g is differentiable on relint(P), the
non-empty relative interior of P. Let f : P — R, f(z) = a’x + b, be an affine function where
a € R" and b € R are fized. For any two points p € P and q € relint(P), we have:

Byi¢(p,q) = By(p, q).

Proof.
By Definition 2.2.1, for any two points p € P and ¢ € relint(P):

Byiy(p.a) = g(p) + f(p) — 9(a) — f(a) — (Va(q) + V£(a)" (p—a).
Since Vz € P, Vf(z) = a, we get:

Bgrs(p,q) = glp)+a’p+b—g(g)—a"q—b— (Vg(a)+a)" (p—q)
9(p) —9(q) — Vg(@)" (p—q)
= By(p,q)

by Definition 2.2.1. This completes the proof. O

We now consider locally approximating Bregman divergences. This can be done using the multivari-
ate version of Taylor’s theorem. Lemma 2.2.1 will be useful in understanding the intuition behind
this approximation. However, the proof will not use the lemma as it is not trivial to employ the
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2.2. BREGMAN DIVERGENCE

lemma rigorously in the proof. The next theorem presents the local Bregman divergence. We note
that the notation for points in the set P is changed from lower case to upper case letters in Theorem
2.2.2 to permit a smooth transition to the subsequent discussion on probability distributions.

Theorem 2.2.2 (Local Bregman Divergence). Let g : P — R be a strictly convex function on the
conver set P C R"™ where n € Z*, such that g is twice continuously differentiable on relint(P),
the non-empty relative interior of P, and the Hessian matriz of g, V2g, is symmetric and positive
semidefinite:

&g 0% ... 9%
Oz Ox10x2 0110%n
&g o9 .. _9%
VQg _ Ox20x1 83;% O0x20xn i 0.
0%g 2?9 ... g
0rndz1  Oxndzz 0x2

Suppose we are given the points P € P and Q, R € relint(P), such that P and Q are perturbations
of the reference point R:

P=R+eJp

Q=R+elg

for some small € > 0, and Jp and Jg which do not violate P € P and Q € relint(P), respectively.
Then, the Bregman divergence between P and () can be locally approzimated as:

By(P,Q) = 3(Jp — 1) Vg(R)(Jp — Jg) +0 (&) = L (P~ Q)T V*g(R)(P ~ Q) +0 ().

Proof.

By Taylor’s theorem, we can perform a second order Taylor approximation of g around R €
relint(P). Letting any P = R + eJp € P, for some small ¢ > 0, be the input to the Taylor
approximation, we have:

9(P) = g(R) + Vg(R)" (P~ R) + % (P—R)" V2g(R) (P —R)+o0()

where we express the error in the second order Taylor approximation as o (62), which denotes
2
o (€
lim (2 )
e—0t €
hand side of this equation, we have:

=0, because P — R = ¢Jp. Expanding and collecting appropriate terms on the right

oP) = (aR) - V(R R+ JRIVPRIR) + (Volr) - Py(mm) P
+%PTV29(R)P +o0 (). (2.11)

Thus, for any P € P and @ € relint(P), such that P and @ are perturbations of R: P = R+ eJp
and @ = R + eJg for some small € > 0, we have the Bregman divergence:

By(P,Q) = g(P)—g(Q)—Vg(@"(P-Q)
= SPTVA(R)P - JQTV(R)Q + (Vo(R) - V2(R)R)" (P~ Q)
~Vg(@Q)T(P-Q)+o(). (2.12)
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CHAPTER 2. LOCALLY APPROXIMATING DIVERGENCE MEASURES

To evaluate the Vg(Q) term in equation 2.12, we find the first order Taylor approximation of
Vg : relint(P) — R™ around R. Using Taylor’s theorem:

V9(Q) = Vg(R) + V?9(R)(Q — R) + d(c)

0
where 0(€) denotes a vector in R™ whose entries are all o(e), which stands for lim+ (€) = 0. The
e—0 €

error in the Taylor approximation is expressed as 0(€) because @) — R = eJg. We also note that
the Hessian matrix V2g of ¢ is used in the above equation because it is the Jacobian matrix of Vg.
Substituting the Taylor approximation of Vg(Q) into equation 2.12, we have:

B,(P,Q) = §PTv2g<R>P = %QTVQQ(R)Q + (Vg(R) - V2g(R)R)" (P - Q)
— (Vg(R) + V2g(R)(Q — R) + 3(e))” (P - Q) +0(e)

= SPIV(R)P — LQTV(R)Q ~ QTV9(R)(P ~ @)+ o) (P~ Q) + 0 ()

= % (PTV?g(R)P — 2Q"V*g(R)P + Q"V?g(R)Q) + ed(e)” (Jp — Jg) + o ()

— HP-QTVR(P - Q) +0()

- %GQ(JP — JQ)"V?g(R)(Jp — Jq) + 0 (¢%)

as required. This completes the proof. ]

Theorem 2.2.2. and its proof contain some subtle points which require further clarification. Firstly,
while the local approximation of Bregman divergence makes it clear that ¢ must be twice dif-
ferentiable, the reason why g¢ is twice continuously differentiable in the theorem statement is in-
conspicuous. We add the continuity assumption on the second partial derivatives of g because
Clairaut’s theorem states that this is a sufficient condition to conclude that the Hessian matrix
V2g is symmetric (or that the partial derivative operators commute). Clairaut’s theorem can be
found in introductory texts on multivariate calculus like [I2]. The proof of Theorem 2.2.2 uses the
symmetry of V2g several times.

Secondly, Theorem 2.2.2 states that the Hessian matrix V2g is positive semidefinite, although
g is strictly convex. Indeed, positive semidefiniteness of V2g is all we can deduce from the strict
convexity of g; we cannot conclude V2g is positive definite [13]. However, the positive definiteness
of V2g(R) is a very desirable condition even though it is not required for the proof of Theorem
2.2.2. When V2g(R) is positive semidefinite but not positive definite, it has an eigenvalue of 0 and
hence a non-empty nullspace. This means that the local Bregman divergence between P and @)
may be 0 if P — @ € nullspace (VZQ(R)) and P # (). This contradicts our intuition of divergences
which should vanish only when the inputs are equal. If V2g(R) = 0 (positive definite), the local
Bregman divergence is 0 if and only if its inputs are equal. Hence, the condition V2g(R) > 0 causes
the local Bregman divergence to conform to our intuition.

Finally, we provide some intuition on Theorem 2.2.2 by suggesting an alternative non-rigorous
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proof. We first rewrite equation 2.11 in the proof of Theorem 2.2.2 for convenience:
1
oP) = (o8 - Vol R+ SRR + (Volr) - Volr)m)” P
1
+§PTV2g(R)P +o0 (). (2.13)

Notice that the first two terms on the right hand side of this equation form an affine function of P.
Consider an alternative function, h : P — R, which is the non-affine part of g(P) in equation 2.13:

VP e P, h(P)= %PTvzg(R)P (2.14)

where V2g(R) is a fixed matrix and we neglect the o (¢?) term. Assuming that V2g(R) is symmetric
and positive definite, the quadratic form h is strictly convex on P. It is also differentiable on
relint(P). So, for any P € P and @ € relint(P), h can be used to define the Bregman divergence:

Bi(P,Q) = h(P)-h(Q)—VhQ)(P-Q)

= JPTVA(R)P - JQTV(R)Q - QTVg(R)(P - Q)

= % (PTV?g(R)P —2Q"V?g(R)P + Q" V?¢(R)Q)
= (P Q" V(R)(P - Q). (2.15)

By the affine equivalence property of Bregman divergences given in Lemma 2.2.1, we have that:
1
By(P,Q) = 5(P = Q" V?g(R)(P — Q) + 0 (") (2.16)

where we reinsert the o (62) term. While equation 2.16 matches the statement of Theorem 2.2.2,
this is clearly not a rigorous proof of the local Bregman divergence. The positive definite assump-
tion on V2g(R) (which does not hold for all strictly convex g) was essential to ensure h is strictly
convex, which in turn was essential in defining a Bregman divergence associated with h. Moreover,
we neglected a thorough analysis of the o (62) term. On the other hand, this calculation readily
elucidates the intuition behind the local Bregman divergence. The second order Taylor approxi-
mation of g leads to a quadratic function whose affine part does not affect the associated Bregman
divergence. Hence, we locally see the Bregman divergence associated to the quadratic term in the
Taylor approximation of g. This is why the local Bregman divergence resembles a squared Eu-
clidean distance with a symmetric weighting matrix.

In general, given the quadratic form h: P — R, h(z) = 2T Az, where A is symmetric and positive
definite to ensure h is strictly convex and h is differentiable on relint(P), the associated Bregman
divergence between any P € P and @ € relint(P) is given by the derivation preceding equation
2.15:

By(P,Q) = (P - Q)"A(P - Q). (2.17)
This particular Bregman divergence is known as the squared Mahalanobis distance, although the

term is usually reserved for when A is the inverse of a covariance matrix [I1]. The Mahalanobis
distance has many applications in classification methods like linear discriminant analysis. Theorem
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2.2.2 illustrates that much like f-divergences, all Bregman divergences (with g satisfying the con-
ditions of the theorem and V?2¢ being positive definite) are locally equivalent to a particular type
of Bregman divergence: the squared Mahalanobis distance.

On the other hand, unlike the f-divergence, the Bregman divergence does not inherently oper-
ate on probability distributions. However, we may take P to be the probability simplex in R".
This defines Bregman divergences between pmfs in the discrete and finite case (which is the only
case in which Bregman divergences are defined). We now compare the local approximations of
Bregman and f-divergences. Restricting Theorem 2.1.1 to the discrete and finite case, the local
f-divergence between the pmfs P = R+ eJp € P and Q = R+ eJg € relint(P), where € > 0, for
some reference pmf R € relint(P) is:

_ Q)
2
where we use the notation for diagonal matrix defined in section 1.2 in equation 1.11. Restating
the local Bregman divergence in Theorem 2.2.2 for convenience, we have:

D¢ (P[|Q) (P-QTIR ™ (P-Q)+0() (2.18)

By(P,Q) = 3 (P~ Q) V*g(R)(P~ Q) +0(c). (2.19)

Since the Hessian matrix V2g(R) is symmetric and positive semidefinite, we can orthogonally
diagonalize it by the spectral theorem:

V%g(R) =UDUT (2.20)

where U is an orthogonal matrix of right eigenvectors of V2g(R), and D is a diagonal matrix of
eigenvalues (which are all non-negative as V2g(R) is positive semidefinite). Substituting equation
2.20 into equation 2.19, we get:

B,(P.Q) = % (UT(P - Q)" DUT(P-Q) +o(). (2.21)

Comparing equations 2.18 and 2.21, we see that both the local f-divergence and the local Breg-
man divergence are proportional to different squared weighted norms of P — (). In the local
f-divergence, the weights are given by the diagonal matrix [R]_l. In the local Bregman divergence,
we first change the basis of P — @ using U”, and then take its squared norm with respect to the
diagonal weight matrix D. Although the local Bregman and f-divergences are similar, the general
form of the local f-divergence matches that of the local KL divergence (Corollary 2.1.2) while that
of the local Bregman divergence does not. Unfortunately, this means the results we will develop for
local KL divergence in the ensuing chapters will not necessarily generalize for Bregman divergences.

To redirect our discussion to local KL divergence, which will be the focus of the remainder of this
thesis, we verify that the local Bregman divergence formula agrees with that of the local KL diver-
gence. The KL divergence is a Bregman divergence for the strictly convex function H_ : P — R,
where P € R" is the probability simplex, and H_ is the negative Shannon entropy function [I1]
given in Definition 1.0.2:

VP =[p1 -+ pa]’ €P, H.(P)=_pilog(ps). (2.22)
=1
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Noting that H_ is twice continuously differentiable on relint(P), we compute the Hessian matrix
of H_ for any R € relint(P):
V2H_(R)=[R]™" (2.23)

where we use the notation for diagonal matrix defined in section 1.2 in equation 1.11. Using
Theorem 2.2.2, we have for a reference pmf R € relint(P), and any P = R + eJp € P and
Q = R+ eJg € relint(P) for some € > 0:

D(PIIQ) = Bi_(P.Q) = 3 (P~ Q)[R (P~ Q) +0(e). (2:24)

This is consistent with the local KL divergence formula given in Corollary 2.1.2, and Definition
1.1.2 with R = Q. We note that [R]™" is well-defined as R € relint(P). In section 1.1 where
we first introduced the reference pmf, we restricted it to the “interior of the probability simplex”.
This meant that all probability masses of the reference pmf were strictly positive. The discussion
following Definition 2.2.1 explained why we should actually use the concept of relative interior to
correctly define this notion. Although we avoided this additional rigor in the introductory chapter
for simplicity, we will use it from hereon.

Before closing this chapter, we draw attention to the beautiful interpretation of KL divergence
imparted by the geometric definition of Bregman divergence. Writing KL divergence using Defini-
tion 2.2.1 of Bregman divergence, we have for any P € P and @ € relint(P):

D(P||Q) = H-(P)-H_(Q)—~VH_(Q)"(P-Q)
H(Q)+VH(Q)' (P~ Q) ~ H(P) (2.25)

where H : P — R denotes the Shannon entropy function from Definition 1.0.2. Equation 2.25
characterizes the KL divergence between P and () as the non-negative error in the first order
Taylor approximation of the Shannon entropy function around the pmf (), evaluated at the pmf P.
This elegant, albeit uncommon interpretation of KL divergence turns out to be useful in the next
chapter.

38



CHAPTER 3. BOUNDS ON LOCAL APPROXIMATIONS

Chapter 3

Bounds on Local Approximations

In this chapter, we analyze the performance of algorithms which exploit the local approximation
framework introduced in chapter 1. We restrict our attention to algorithms developed from the
study of the linear information coupling problem [4]. [§] provides an example of such an algorithm
for inference on hidden Markov models and illustrates its use in image processing. To shed light on
how we evaluate performance, we first recapitulate the linear information coupling problem given
in Definition 1.3.3 in section 1.3. In this problem, we are given a Markov chain U — X — Y,
where all alphabet sets are discrete and finite, and the marginal pmf Px and channel conditional
probabilities Py x are known. The objective is to maximize the mutual information between U
and Y given that the mutual information between U and X is constrained. This is formally shown
in the statement below:

max I(U;Y) (3.1)
PU’PX|U:U—>X—>Y

I(U;X)< 52

where we maximize over all possible pmfs P and all possible conditional pmfs Px ;. We assume
that the conditional pmfs Py are perturbations of the marginal pmf Px:

Yu €U, Pyjy—y = Px +e [\/PX} K., (3.2)

where U is the alphabet set of U, {K,,u € U} are normalized perturbation vectors, and € > 0 is
small enough so that Vu € U, Pxy—, are valid pmfs. As shown in statement 1.34 in section 1.3,
applying such local approximations transforms the optimization problem in statement 3.1 into:

P BK,|?
(X % v (u) || B, |

subject to: Z Py(u) || Ku|* =1,
uel

T
Yu €U, Px K, =0,

and Y Py(u) [\/@] K, =0. (3.3)

ueU

where B is the DTM, and we only maximize over the vectors {K,,u € U} because Py does not
affect the optimization.
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For purposes which will soon become apparent, we transform the optimization problem in statement
3.3 into another equivalent optimization problem. Recall equation 1.38 from section 1.3:

> Pu(u) |BEL? < 0® ) Pulu) || Kull? (3.4)
ueU ueU

where 0 < ¢ <1 is the second largest singular value of B. Rearranging this, we get:

S Pu) | BE.|?

ek < o2 (3.5)
> Py(u) || Kull?

uel

assuming the denominator on the left hand side is strictly positive. Without loss of generality,
let the alphabet set U = {1,...,|U|} , where 2 < |U| < oo. Recalling from section 1.3 that
choosing K7 to be the unit norm right singular vector of B corresponding to o, Ko = —Kj, and
K3 = --- = Ky = 0 solves the problem in statement 3.3, it is readily seen that this choice of
{Ku,u € U} also achieves inequality 3.5 with equality. Hence, this choice of {K,,,u € U} solves the
optimization problem given below:

> Pulu) | BK.|®

sup uel
(Kowedy Y Py(u) | Kyl
uel
subject to: Z Py (u) || Ku])* >0,
ueld

VueU, /Py K,=0,
and Y Py(u) {\/PX] K, =0. (3.6)
ueU

Once again, note that Py does not affect the optimization. By referring back to section 1.3, where
we derived the different terms and constraints used in problem statement 3.6, we recognize that
problem 3.6 is equivalent to:

(U;Y)
su —_— 3.7
PU,PX‘U:I?HXHY I(U; X) 37
I(U;X)>0

where Px and Py|x are fixed, and we try to find the optimizing Px |y by assuming they are local
perturbations of Px. Moreover, the preceding discussion reveals that:

I(U7 Y) local o

sup — L (3.8)
Py, Py yU—x—y 1(U; X)
I(U;X)>0
under the local approximations of Px|y. This is proven rigorously in section 3.3 where local i

made precise. For now, it suffices to observe that equation 3.8 trivially implies the tighter Data
Processing Inequality (DPI) presented in equation 1.40 in section 1.3:

local

I(U;Y) < o*I(U; X) (3.9)
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which also holds under local approximations. We deduce from this discussion that the linear in-
formation coupling problem (statement 3.3) is equivalent to the problem in statement 3.6, which
corresponds to the tightness of the DPI. Moreover, both problems are solved by computing the
SVD of B.

Our interest in problem 3.7 is twofold. Under local approximations, it is equivalent to the lin-
ear information coupling problem. Furthermore, it is a recognized global problem (without any
approximations) in the information theory literature. Therefore, by comparing the optimal value
of this problem in the local and global scenarios, we can evaluate the performance of algorithms
inspired by the local SVD solution to the linear information coupling problem. The global optimal
value of problem 3.7 is intimately related to the concept of hypercontractivity, and the local opti-
mal value equals the Hirschfeld-Gebelein-Rényi maximal correlation. We first introduce some of the
literature surrounding hypercontractivity and the Hirschfeld-Gebelein-Rényi maximal correlation
in sections 3.1 and 3.2, respectively. Then, we compare these values using bounds for the discrete
and finite, and Gaussian cases, respectively, in sections 3.3 and 3.4.

3.1 Hypercontractivity

Hypercontractivity is a fundamental notion in statistics that has found applications in information
theory, complexity theory, and quantum field theory. This is because hypercontractive inequali-
ties are useful for bounding arguments in probabilistic theorems, and more generally in studying
extremal problems in probabilistic spaces with distance measures. Hypercontractivity often finds
use in information theory due to the tensorization properties it imparts on the quantities derived
from it. Tensorization facilitates single letterization, which is a desirable property in many capacity
determination problems. We introduce hypercontractivity by presenting a famous theorem in the
context of Boolean functions. To this end, we first define some pertinent concepts such as p-norms
of random variables and noise operators.

Definition 3.1.1 (p-Norm of Random Variables). Suppose we are given a probability space
(Q, F,P), and a random variable X : Q — R on this space. For any p € R, p > 1, the p-norm of
X is given by:
1
IX1, = E[IX]P]? .

Intuitively, Definition 3.1.1 [I4] parallels the Euclidean notion of p-norm. To define the noise
operator, consider a discrete memoryless binary symmetric channel (BSC) with flip-over probability
%, p € [-1,1]. Consider passing a Boolean random vector X}* € {—1,1}" (recalling the notation
in equation 1.41 in section 1.3) through this BSC to get the output random vector Y;*. In such a
scenario, we may define an entity known as the noise operator [15], which maps Boolean functions

to other Boolean functions. The noise operator is characterized by the parameter p of the BSC.

Definition 3.1.2 (Noise Operator). Suppose we are given a BSC with parameter p € [—1, 1], with
input Boolean random vector X7, and output Boolean random vector Y;*. Then, for any input
Boolean function g : {—1,1}" — R, the noise operator, denoted 7T}, is defined as:

(Tp9) (X1) 2 Epp o [oV7)|XT]
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where T, takes the Boolean function g as input and produces the Boolean function T,g : {—1,1}" —
R as output.

Operationally, the noise operator smooths out the high frequency components in the Fourier series
of g. Note that here, we refer to Fourier analysis on the hypercube rather than the traditional setting
of periodic functions. The notion of smoothing by a noise operator is concretely characterized by
the hypercontractivity theorem [15].

Theorem 3.1.1 (Hypercontractivity Theorem). Suppose we are given a BSC with parameter p €
[—1,1], with input Boolean random vector X', and output Boolean random vector Y{*. For every
1<q<p,ifp*(p—1) < q—1, then for any Boolean function g: {—1,1}" — R, we have:

1(Tp9) (XT) [lp < llg (Y1) llq-

A proof of this theorem can be found in [I5]. There are generalizations of hypercontractivity be-
yond Boolean functions, and [I5] presents many such generalizations for the interested reader. In
the inequality in Theorem 3.1.1, as ¢ < p, the norm on the left hand side gives more importance
to larger values of (T,g) (X7'). Intuitively, the inequality resembles a Chebyshev or minimax opti-
mization constraint when p is large. The hypercontractivity theorem provides sufficient conditions
for the BSC parameter to ensure that larger values of (T,g) (XT') are forced below an average of
g (Y7"). Hence, the theorem says that noise in a channel distributes out locally clustered peaks of
energy in g. This intuition also gives meaning to the name “hypercontractivity.”

We now generalize the notion of hypercontractivity for any two random variables (X,Y’). In the
remainder of this section, we will assume that we have some probability space, (2, F,P), with the
random variables X and Y defined on this space. X and Y will take values in the discrete and
finite sets X and ), respectively. Moreover, we will denote the joint pmf of (X,Y) as Pxy, and
further assume that Vo € X, Px(x) > 0 and Yy € Y, Py(y) > 0 where necessary. We first define
the hypercontractivity ribbon below [16]. This concept will turn out to be deeply intertwined with
the global case of problem 3.7 described earlier.

Definition 3.1.3 (Hypercontractivity Ribbon). For random variables X and Y with joint pmf
Pxy defined over X x ), we define the hypercontractivity ribbon, denoted R(X;Y), as:

R(X;Y) 2 {(p, q) € R?:1< ¢ <p and for all functions ¢g:) — R, IE[g(Y)|X]], < ||g(Y)||q} .

We consider the hypercontractivity ribbon because it can be used to define a hypercontractive
constant s*(X;Y") [16]. This is the quantity through which hypercontractivity interacts with in-
formation theory. To formally specify this quantity, we follow the exposition of [16] and use their
notation. To this end, for any p > 1, we define:

sP(X;Y) L inf{r eR: (p,pr) € R(X;Y)}. (3.10)

Since sP)(X;Y) is monotonically decreasing in p [16], and bounded below by 0, its limit as p — oo
is well-defined. We call this limit the hypercontractive constant s*(X;Y). For fixed p, s?)(X;Y)
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is the infimum ratio of % such that (p,q) € R(X;Y), where we note that R(X;Y) is a closed and

connected set in R? [I7]. So, (p, ps® (X;Y)) traces the lower boundary of R(X;Y) on the (p, q)-
plane. s*(X;Y) is thus the infimum ratio of % as p — oo, and characterizes the lower boundary
of the hypercontractivity ribbon in the limit as p — oo. For this reason, [14] states that s*(X;Y)
is the chordal slope of the boundary of the hypercontractivity ribbon R(X;Y’) at infinity. We
formally define the hypercontractive constant in the next definition.

Definition 3.1.4 (Hypercontractive Constant). For random variables X and Y with joint pmf
Pxy defined over X x ), we define the hypercontractive constant, denoted s*(X;Y’), as:
s*(X;Y) 2 lim sP(X;Y).

p—o0

The constant s*(X;Y) is a bounded quantity. Indeed, as R(X;Y) C {(p,q) € R* : 1 < ¢ < p}, for
any p > 1, 0 < s®)(X;Y) < 1. Hence, we have:

0<s*(X;Y) <1 (3.11)

Although we promised that the hypercontractive constant would be information theoretically mean-
ingful, there has been little evidence of this so far. Thus, we provide an alternative and equivalent
definition of s*(X;Y’) which is more tangibly meaningful from an information theoretic perspec-
tive [14].

Definition 3.1.5 (Hypercontractive Constant). For random variables X and Y with joint pmf
Pxy defined over X x ), such that Vo € X, Px(z) > 0 and Vy € Y, Py(y) > 0, we define the
hypercontractive constant, denoted s*(X;Y), as:

S*(X7Y) é Sup M
Rx:Rx#£Px D(Rx||Px)

where we optimize over all pmfs Rx on X such that Ry # Px. Note that Px and Py are the
marginal pmfs of Py y, and Ry is the marginal pmf of the joint pmf Rxy = Py|x Rx. Furthermore,
if X or Y is a constant almost surely, we define s*(X;Y) = 0.

The ratio in Definition 3.1.5 resembles problem statement 3.7 introduced earlier. In fact, the ratio
can be changed to one with mutual information terms rather than KL divergence terms. This offers
another characterization of the hypercontractive constant. The next theorem from [I4] presents
this characterization.

Theorem 3.1.2 (Mutual Information Characterization of Hypercontractive Constant). For ran-
dom variables X and Y with joint pmf Pxy defined over X x ), such that Vx € X, Px(z) > 0
andVy € Y, Py(y) >0, we have:

I(U;Y

SXY) = sup I(UX)

PU,PX‘UZU—)X%Y (7)
I(U;X)>0

where U — X — Y is a Markov chain, the random variable U takes values over the discrete and
finite set U, and we optimize over all possible pmfs Py onU and all possible conditional pmfs Px s
so that the marginal pmf of X remains fized at Px.
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In Theorem 3.1.2, we fix the joint pmf Py y and find the optimum Py and Px |y with a constraint
on the marginal Px. Hence, the result of the optimization is truly a function of Pxy, and the
notation s*(X;Y") captures this by not including the U. [14] provides a proof of this theorem using
a geometric characterization of s*(X;Y'), but we omit it here for the sake of brevity. It is worth
noting that a supremum rather than a maximum is needed in both Theorem 3.1.2 and Definition
3.1.5. We must constrain the denominator to be strictly positive in both cases for the ratios to be
well-defined, but the optimal value of the ratio may occur in the limit as the denominator tends to 0.

The characterization of s*(X;Y’) in Theorem 3.1.2 matches the global case of problem 3.7. Hence,
the hypercontractive constant equals the global optimal value of problem 3.7. This was our mo-
tivation to study hypercontractivity all along. Conveniently, the preceding discussion has also
illustrated some of the wider theoretical significance of the hypercontractive constant. In section
3.3, we will compare s*(X;Y) to the local optimal value given in equation 3.8.

We now list a few properties of the hypercontractivity ribbon and the hypercontractive constant.
Many of these properties can be found in [I4], [I6], and [I7]. In each of the ensuing lemmata, all
random variables are defined on the same probability space and take values on discrete and finite
sets. Moreover, all probability masses in the marginal pmfs of these random variables are assumed
to be strictly positive when required (for the hypercontractive constants to be well-defined). To
avoid being pedantic, we do not state these conditions explicitly every time.

Lemma 3.1.3 (Tensorization). If (X1, Y1) and (X2,Y2) are independent, then:
R(X1, X9;Y1,Y2) = R(X1; Y1) N R(X2;Y2) and s™(Xy, Xo;Y1,Ys) = max{s™(X1; Y1), s"(Xo; Y2) }.

Lemma 3.1.4 (Data Processing Inequality). If the random variables W — X —Y — Z form a
Markov Chain, then:

R(X;Y)CR(W:Z) and s*(X;Y) > s*(W; 2).

Lemma 3.1.5 (Vanishing Property). The random variables X andY are independent if and only
if s*(X;Y)=0.

Proof.

(=) If X and Y are independent, then Py|x = Py. By Definition 3.1.5:

s (X;Y)= sup DBy [|Py) .
Rx:Rx#Px D(RXHPX)
For any marginal pmf Rx # Px, Ry is the marginal pmf of Y corresponding to Rxy = Py|x Rx =
Py Rx. This means Ry = Py, which implies D(Ry||Py) = 0. Hence, s*(X;Y’) = 0. This can also
be shown using the characterization of s*(X;Y) in Theorem 3.1.2.
(<) If s*(X;Y) =0, then by Definition 3.1.5:

D(Ry||Py)

Y
D(Rx||Px)
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for every pmf Rx # Px. This implies VRxy # Px, D(Ry||Py) = 0. So, VRx # Px, Ry =
Py. Let X and Y be the finite alphabet sets of X and Y, respectively. For every i € X, let
R% be the pmf such that Ri (i) = 1 and Vo € X\{i}, Ri(z) = 0. Then, Vy € Y, Py(y) =
> wex Pyix(ylz) R () = Py|x(yli). Since this holds for every i € X', Py|x = Py. Hence, X and
Y are independent. ]

To avoid digressions, we do not prove Lemmata 3.1.3 and 3.1.4 here. [I4] provides two proofs for the
tensorization property of s*(X;Y’). The first uses the KL divergence characterization of s*(X;Y),
and the second uses an elegant geometric characterization.

We end this section having identified the hypercontractive constant, s*(X;Y’), as the global opti-
mal solution to problem 3.7, and explored some of its properties. We note that more generally,
hypercontractivity has recently re-emerged as a powerful tool in information theory. It has been
used in [16] to understand the mutual information between Boolean functions; an endeavor which
originates from a conjecture in [I§]. It has also been used in [17] to derive impossibility results
for non-interactive simulation of joint distributions. While such literature is interesting in its own
right, we will not need to delve any further into the depths and subtleties of hypercontractivity for
Our purposes.

3.2 Hirschfeld-Gebelein-Rényi Maximal Correlation

We now consider characterizing the local optimal value of problem 3.7 given in equation 3.8. In
our ensuing discussion along this front, we will require a unique notion of correlation between two
random variables X and Y. Recall that in the zero mean and unit variance case, the Pearson
correlation coefficient is given by E[XY]. Keeping this in mind, we define a stronger notion of
correlation known as the Hirschfeld-Gebelein-Rényi maximal correlation [14], which we will refer
to as the Rényi correlation from hereon.

Definition 3.2.1 (Hirschfeld-Gebelein-Rényi Maximal Correlation). Suppose we are given a prob-
ability space (€2, F,P), and jointly distributed random variables X : @ — X and Y : Q — Y on this
space such that X', )Y C R. Then, we define the Hirschfeld-Gebelein-Rényi maximal correlation, or
simply Rényi correlation, between X and Y as:

p(X;Y) 2 sup E[f(X)g(Y)]
[:X—=R, ¢Y—-R
B[f(X)]=E[g(Y)]=0

E[f2(X)]=E[g*(Y)]=1

where the supremum is taken over all Borel measurable functions, f and g, subject to the zero
mean and unit variance constraints. Furthermore, when one of X or Y is constant almost surely,
there exist no functions f and g which satisfy the constraints, and we define p(X;Y) = 0.

This definition of Rényi correlation naturally extends to cover random vectors or random vari-
ables whose ranges are arbitrary measurable spaces. A compelling aspect of Rényi correlation is
its ability to summarize the dependence between such random vectors or random variables with
non-standard ranges with a single real scalar. We also note that Definition 3.2.1 is characteristic
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of Rényi’s style of generalizing fundamental metrics in probability and information theory using
arbitrary functions. For example, Rényi generalized Shannon entropy to Rényi entropy by looking
at the functional equation which forces the information in independent events to add. He changed
the linear averaging of individual information terms to averaging functions of these terms and then
applying the inverse function. This eventually led to the Rényi entropy family. Correspondingly,
Definition 3.2.1 generalizes the Pearson correlation coefficient by finding alternative representations
of X and Y by applying functions to them, where the functions are chosen to maximize the Pearson
correlation coefficient.

Although we introduce Rényi correlaiton using Definition 3.2.1, in his paper [19], Rényi intro-
duced it by demonstrating that it satisfied seven axioms which “natural” dependence measures
should exhibit. We will not belabor these axioms, but develop them from Definition 3.2.1 when the
need arises. We will however, take a moment to appreciate some properties of Rényi correlation
with the hope that the reader will recognize the tacit parallels with the hypercontractive constant.
We commence by noting that:

0<p(X;Y)<L1 (3.12)

This is Rényi’s third axiom [19]. The upper bound follows from the Cauchy-Schwarz inequality.
The lower bound can be argued by realizing that if p(X;Y) < 0, we may negate f or g (but not
both) to get p(X;Y) > 0, and this contradicts the supremum in Definition 3.2.1. The singular value
characterization of p(X;Y’) (soon to come in Theorem 3.2.4) also trivially implies both bounds,
albeit only in the discrete and finite case for which the characterization is proved. We now list a
few other properties of Rényi correlation (which hold for general random variables, not just discrete
ones). In each of the ensuing lemmata, all random variables are defined on the same probability
space although we do not state these conditions explicitly.

Lemma 3.2.1 (Tensorization). If (X1,Y1) and (X2,Y2) are independent, then:

p(X1, X2; Y1, Ys) = max {p(X1, Y1), p(X2,Y2)} .

Lemma 3.2.2 (Data Processing Inequality). If the random variables W — X —Y — Z form a
Markov Chain, where X andY take values on X and Y, respectively, and W = r(X) and Z = s(Y)
for Borel measurable functions r: X — R and s : Y — R, then:

p(X;Y) > p(W; Z).

Lemma 3.2.3 (Vanishing Property). The random variables X and Y are independent if and only
if p(X;Y) =0.

These lemmata have been collated in [I4] and [I7]. In particular, lemmata 3.2.1 and 3.2.2 are
proven in [20] and [I7], respectively. Lemma 3.2.3 is Rényi’s fourth axiom [19]; its forward
statement is straightforward to derive from Definition 3.2.1. Indeed, if X and Y are indepen-
dent, then f(X) and ¢(Y) are independent for any Borel measurable functions f and g. Thus,
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E[f(X)g(Y)] = E[f(X)|E[g(Y)] = 0, which means p(X;Y) = 0.

We now motivate the singular value characterization of Rényi correlation which will be pivotal
to our arguments in section 3.3. To this end, if we briefly muse on information measures of discrete
random variables, it becomes intuitively apparent that they are independent of the values taken by
the random variables. This property manifests itself in the definition of discrete Shannon entropy
in Definition 1.0.2, for example. Moreover, Definition 3.1.5 makes it clear that the hypercontractive
constant, s*(X;Y'), has this property. The Rényi correlation for discrete random variables shares
this property as well. In fact, the optimization over all functions in Definition 3.2.1 renders the
Rényi correlation independent of the values taken by the random variables in the discrete case.
A more direct approach to illustrating that p(X;Y") is solely a function of the joint distribution
of (X,Y) is to use the singular value characterization of Rényi correlation. This characterization
shows that Rényi correlation is the second largest singular value of the DTM for discrete and finite
random variables. Recall that given discrete and finite random variables (X,Y'), we may interpret
X as the source and Y as the output of a channel. Then, letting W denote the column stochastic
transition matrix of conditional probabilities Py |x as shown in equation 1.23, the DTM is given

by:
B= [\/E]l W [\/E} (3.13)

according to Definition 1.3.4. Assuming without loss of generality that X and Y take values on
X ={1,...,n}and Y = {1,...,m}, respectively, it is easy to derive that:

Pxy(x,y)
Px(z)Py(y)

where By, is the entry in the yth row and xth column of B. Equation 3.14 illustrates how every
entry of B displays a symmetry in X and Y. This offers some credence to the claim that Rényi
correlation is the second largest singular value of B, because Rényi correlation is symmetric in
its inputs X and Y; this is Rényi’s second axiom [19]. The characterization is stated in the next
theorem [I4]. We also prove it here, because the statement is rather counter-intuitive.

Vye Y,Vr € X, By, = (3.14)

Theorem 3.2.4 (DTM Singular Value Characterization of Rényi Correlation). Suppose we are
given a probability space (2, F,P), and random variables X : Q@ — X and Y : Q — ) on this space
such that | X| < 0o and |Y| < co. Given further that the joint pmf, Px )y, is such that the marginals
satisfy Ve € X, Px(z) >0 andVy € Y, Py(y) >0, the Rényi correlation, p(X;Y'), is the second
largest singular value of the divergence transition matriz (DTM) B.

Proof.

We use the notation from equations 1.11 and 1.12 in this proof. Moreover, we represent marginal
pmfs, Px and Py, as column vectors. Let f and g be the column vectors representing the range of
the functions f: X — R and g : Y — R, respectively. From equation 3.13, we have:

-1
B=|VA] wlvA
where the columns of W are conditional pmfs of Y given X.

We first show that the largest singular value of B is 1. Consider M = [\/Py]fl BBT [\/P ]
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On the one hand, M has the same set of eigenvalues as BB, because we are simply using a simi-
larity transformation. As BBT > 0, the eigenvalues of M and BB” are non-negative real numbers
by the Spectral Theorem. On the other hand, we have:

M = [Py] 'wPx)WT =vwT

where V = [Py] ™! W [Px] is the row stochastic reverse transition probability matrix of conditional
pmfs Px|y (i.e. each row of V is a conditional pmf). Since V and W7 are both row stochastic, their
product M = VW7 is also row stochastic. Hence, by the Perron-Frobenius Theorem, the largest
eigenvalue of M (and thus BBT) is 1. It follows that the largest singular value of B is 1. Notice
further that v/Px and /Py are the right and left singular vectors of B, respectively, corresponding
to singular value 1. Indeed, we have:

BVPx = [V W [VPx| VBx = V.
VR B= VR [VR] W VP = VP

Next, note that we can express the expectations in Definition 3.2.1 of Rényi correlation in terms of
B, Px, Py, f, and g.

er e = ([VAv]e) B([VE] /)
(0] = ([VPx]f) VP
e = ([VA]e) VA
2] = |[Veds|
B[rm)] = [vA]d

Letting a = [\/PX fand b= [\/Py] g, we have from Definition 3.2.1:

p(X;Y) = sup ! Ba.
a,b:
aT/Px=bT/Py=0
llall*=[b|[*=1

Since aTy/Px = b'\/Py = 0, a is orthogonal to the right singular vector of B corresponding to
singular value 1, and b is orthogonal to the left singular vector of B corresponding to singular value
1. Hence, the above maximization clearly gives the second largest singular value of B as a and b
are normalized. This completes the proof. O

It is worth mentioning that Rényi correlation is not the only measure of dependence based on sin-
gular values of the DTM. The authors of [2I] define the k-correlation family by taking kth Ky Fan
norms (sum of k largest singular values) of BBT minus the first singular value of 1. In particular,
this means that the squared Rényi correlation and the standard squared Schatten 2-norm minus 1
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are both k-correlations.

Recall from equation 3.8 that the squared second largest singular value of B is the local opti-
mal value of problem 3.7. Theorem 3.2.4 characterizes this local optimal value as the squared
Rényi correlation. So, we have identified both local and global optimal values of problem 3.7 as
fundamental quantities known in the information theory literature. Moreover, like the hypercon-
tractive constant, the Rényi correlation has characterizations in terms of both mutual information
and KL divergence. Equation 3.8 is its mutual information characterization. We now present a
corollary of Theorem 3.2.4, which illustrates that p(X;Y) can also be interpreted as a kind of
second largest singular value of the channel matrix W when appropriate norms are used. This is
essentially the KL divergence characterization. We note that notation from Definition 1.1.1 is used
in the corollary.

Corollary 3.2.5 (Channel Characterization of Rényi Correlation). Suppose we are given a prob-
ability space (2, F,P), and random variables X : Q@ — X and Y : Q — Y on this space such that
|X| < 00 and |Y| < oo, with marginal pmfs satisfying Ve € X, Px(x) >0 andVy € Y, Py(y) > 0.
Letting W by the column stochastic matriz of conditional pmfs Py |x, the squared Rényi correlation
s given by:

Wk,

2
Ix:dx#0 || x|
1T v20 Fx

P(X;Y) =

where 1 denotes the vector of all ones, and we optimize over all valid additive perturbations of Jx .

Proof.
From Theorem 3.2.4, we have:

IBEx|> |V~ w [VPy] Kx |

Kkt [Exl® Ky | VPR [VPx] K|
VP Kx=0 Pt (VP VP K

where we let Jx = [\/PX Kx to get:

P(X;Y) =

W Jx |7,

2
Ix:x#0 [[Jx]]
1T v20 Fx

P(X;Y) =
as required. O

As mentioned earlier, Corollary 3.2.5 is actually a local KL divergence characterization of Rényi
correlation. Under the assumptions of Corollary 3.2.5, let Rx = Px + eJx, where Jx is a valid
additive perturbation and € > 0 is small enough so that Rx is a valid pmf. Moreover, let Ry =
W Rx. Then, from the discussion in chapter 1, we know that:

1
D(Rx||Px) = 552 HJX”?DX +o (62)

1
D(Ry||Py) = 3¢ [WIx|[3, +o(<)
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which means that under local approximations:

2 . local D<RYHPY)

) = L D(Rx|[Py) (3.15)
using Corollary 3.2.5. Notice that the right hand side of equation 3.15 is actually the hypercontrac-
tive constant (without approximations). Hence, under local approximations, the hypercontractive
constant becomes the squared Rényi correlation regardless of whether we use the KL divergence
or mutual information characterization (equations 3.15 and 3.8, respectively). The precise sense in
which equations 3.8 and 3.15 are valid is accentuated in section 3.3. All in all, the singular value
characterizations of Rényi correlation in Theorem 3.2.4 and Corollary 3.2.5 have many advantages.
For example, computing the Rényi correlation is much easier when we find a singular value using
linear algebra tools rather than solving the unnerving maximization in Definition 3.2.1. Moreover,
such characterizations use the representation of singular values as extremal problems. This makes
Rényi correlation a supremum of a ratio, which parallels the hypercontractive constant being a
supremum of a ratio. This observation will be crucial in fulfilling the agenda of the next section:
bounding the Rényi correlation and the hypercontractive constant with each other.

Before we end this section, we present a final theorem which finds necessary conditions on the
optimizing functions f* and g¢g* in the definition of Rényi correlation. This provides a deeper
intuition on how p(X;Y) measures the dependence between random variables.

Theorem 3.2.6 (MMSE Characterization of Rényi Correlation). Suppose we are given a probability
space (0, F,P), and random variables X : Q@ — X and Y : Q — Y with joint distribution Pxy on
this space, and Rényi correlation p(X;Y'). If the optimizing functions of the Rényi correlation are
fF: X =>Rand g*: Y — R, then f* and g* satisfy:

p(XGY)F(X) = Elg"(Y)IX] as.
p(X;Y)g"(Y) = E[f*(X)Y] as.

where the equalities hold almost surely (with probability 1), and p*(X;Y) = E [E [ (X)|[V]?| =
E[Ely(v)|X]].

Note that f* and g* are assumed to satisfy the zero mean, E[f*(X)] = E[¢*(Y)] = 0, and unit
variance, E [f*(X)Q} =E [g* (Y)Q] = 1, conditions as part of the premise of being valid optimizing
functions for the Rényi correlation. A proof of Theorem 3.2.6 can be found in [19]. We provide an
alternative proof using variational calculus techniques rather than statistical methods in Appendix
A. The relation p?(X;Y) = E [E [ f*(X)\Y]Q] —E [IE [g*(Y)\X]Q] can be found in [19] and [I4], but
is derived in the appendix as well for completeness. We construe the above theorem as the minimum
mean-square error (MMSE) characterization of Rényi correlation because E [¢*(Y)|X = z] is the
MMSE estimator of ¢*(Y) given X = z, and E [f*(X)|Y = y] is the MMSE estimator of f*(X)
given Y = y. Hence, the theorem states that the optimizing function f*(x) (or ¢*(y)) is the MMSE
estimator of g*(Y) (or f*(X)) given X = z (or Y = y), normalized to have zero mean and unit
variance. So, it unveils how Rényi correlation elegantly maximizes the correlation using MMSE
estimation. It also illustrates the inherent coupling between the optimizing functions. Finally, we
note that f*(x) and ¢g*(y) may not be unique. Indeed, we may negate both functions to get the
same p(X;Y) > 0. Such intuition from Theorem 3.2.6 will be valuable in section 3.4.
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3.3 Discrete and Finite Case

We next consider assessing the performance of algorithms which employ the local approximation of
KL divergence as in the linear information coupling problem. In this section, we assume that the
random variables U : @ - U, X : Q2 — X, and Y :  — Y are defined on a common probability
space (2, F,P), and that |X|,|)|, |U| < oo, which means the random variables are discrete and take
values on finite sets. Furthermore, we assume that Vo € X, Px(z) > 0 and Yy € ), Py(y) > 0.
This ensures we can use Px and Py as reference pmfs in local analysis, because they are in the
relative interior of their respective probability simplexes. For the sake of clarity, we do not restate
these assumptions in every theorem statement in this section.

Recall from Definition 3.1.5 and Theorem 3.1.2 that the hypercontractive constant can be charac-
terized as:

D(Ry || P; 1(U;Y
s*(X;Y)= sup DiRyI|Py) = sup (7’) (3.16)
Rx:Rx#Px D(Bx[|Px)  pypyyu—x—y 1(U; X)
1(U;X)>0
On the other hand, using equation 3.8, Theorem 3.2.4, and equation 3.15, we have:
oca, D P 1(U;Y
pQ(X; Y) local sup M — sup M (3.17)
thRx;ﬁPX D(RXHPX) PU,PX‘U:U—LX%Y [(UaX)
I(U;X)>0

where the equalities hold under local approximations. Equation 3.17 represents the local optimal
value of problem 3.7. From our discussion at the outset of this chapter, we know that the Rényi
correlation captures the optimal performance of algorithms using the local linear information cou-
pling framework. On the other hand, equation 3.16 corresponds to the global optimal value of
problem 3.7. Hence, comparing the Rényi correlation with the hypercontractive constant will indi-
cate how effectively local algorithms perform. More concretely, we will upper and lower bound the
hypercontractive constant with Rényi correlation to reveal how close the local and global optimal
values are to each other.

3.3.1 Relationship between Hypercontractive Constant and Rényi Correlation

As promised, we will first rigorously establish the sense in which equation 3.17 holds. This analysis
will illustrate that the hypercontractive constant is lower bounded by the squared Rényi correlation.
To this end, we first consider the work in [22] which directly addresses problem 3.7. In part E of
section IV [22], the authors analyze the function:

VR >0, A(R) £ sup I(U;Y) (3.18)
PU,leUZU%X%Y
I(U;X)=R

where Py y is fixed. A(R) has significance in understanding investment in the horse race market.
In Theorem 8 [22], the authors compute the right derivative of this function at R = 0:

Ale) = A(0) IU;Y)

= lim = lim sup 3.19
dR R=o €0t € e—07F Py, Px|y:U—X—Y [(U; X) ( )
I(U;X)=e¢

o1



3.3. DISCRETE AND FINITE CASE

where the first equality holds by definition of right derivative (assuming the limit exists), and the
second equality holds using equation 3.18 and the fact that A(0) = 0. Moreover, we may rewrite
equation 3.19 as:

A I(U:Y I(U:Y
a = lim sup (U:Y) = sup (U:Y) =s"(X;Y)  (3.20)
dR|p_g 1U:X)=0t pypyU—x—y LU X)) py Py po—x—y I(U; X)
I(U;X)>0

where the second equality holds because A(R) is concave in R, A(R) > 0, and A(0) = 0 [22]. This
is illustrated in Figure 3.1. The red line is the tangent to A(R) at R = 0. So, its gradient is given
by equation 3.20. The gradients of the blue lines are various values of:

I(U;Y)
sup
Py, PypU—x—y 1(U; X)
I(U;X)=R
for different values of R. Figure 3.1 portrays that:
dA I(U;Y)
VR >0, — > su ’
dR |p_g PU,PX‘U:Up%XﬁY I(U; X)
I(U;X)=R

which produces equation 3.20 after taking suprema over R > 0 on both sides. Equation 3.20 demon-
strates that the supremum in the mutual information characterization of s*(X;Y) is achieved when
I(U; X) — 0. This is why having a supremum (instead of a maximum) in Theorem 3.1.2 is essential.

A(R)

Vv
~

Figure 3.1: Plot of A(R) illustrating its salient features. The red line indicates the tangent of A(R)
at R = 0, and the gradients of the blue lines are less than the gradient of the red line.
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As correctly deduced in [14], the authors of [22] erroneously conclude that %| R0 = PA(X;Y).
This is because they compute:

dA : I(U;Y)

— = lim su — 3.21

dR|p_y 0t PU‘X:UE:XHY I(U; X) (3:21)
I(U;X)=¢

by optimizing over Pyx (instead of Py, Px|r) since Px y is given. Recall that we have:

¢ = I(U;X) = Y Pu(u)D(Pxjy=l/Px) (3.22)
uelU

= Y Px(@)D(Pyjx=||Pv) (3.23)
TEX

where the additional constraint I(U; X) = € comes from equation 3.21. The authors of [22] show
that the constraint I(U; X) = e is equivalent to assuming the conditional pmfs, P x, are local per-
turbations of P;;. This can be understood from equation 3.23. Since Py is fixed, there is a bound
on how much the KL divergences of equation 3.23 can vary. This bounds how much the conditional
pmfs, Py x, can vary from Py by Pinsker’s inequality (which we will encounter soon). Propelled by
this local perturbation view, the authors of [22] use Taylor approximations of conditional entropy
terms with respect to Py. [14] explains that this is incorrect because Py may not be in the relative
interior of the probability simplex. This may cause the first derivative term to be infinity, thereby
rendering the Taylor approximation invalid.

Our local approximations are fundamentally different. We optimize the ratio in equation 3.21
over Py, Px |y keeping Px fixed. This means that we assume the condtional pmfs, Py, are local
perturbations of Px, as shown in equation 3.2. Since Px is fixed inside the relative interior of the
probability simplex, our Taylor approximations are valid. However, a constraint like I(U; X) = € is
no longer equivalent to our local perturbation assumption. Indeed, from equation 3.22 it is evident
that letting some Py(u) become very small and the corresponding D(Px|y—y||Px) become very
large will not violate the I(U; X) = € constraint. In fact, proving such an equivalence requires
min {Py(u) : w € U, Py(u) # 0} to be well-defined (as can be inferred from [22]). This is no longer
well-defined in our case as Py is not fixed.

The previous discussion should convince the readers that our local approximation technique is
mathematically sound and does not exhibit the pitfalls emphasized in [I4]. Moreover, our local
approximations do produce p?(X;Y’) as the optimal value of problem 3.7. From Theorem 3.1.2, we
have:

I(U:Y I(U:Y
sM(X;Y) = sup 1Y) > sup 10 Y) (3.24)
Py, PypU—x—y 1(U; X) Py, Pxj:U—X—Y I(U; X)
I(U;X)>0 Vu€el, Px|y—,=Px-+e[vVPx|Ku
[(U;X)>0

where {K,,u € U} are valid normalized perturbations, and the inequality follows from the addi-
tional perturbation constraints. Using the expression for local KL divergence in equation 1.15 and
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our derivations in section 1.3, we have:

2 o €2
. 10y) . e Pulw) | BE|? + 45
Py, Pxjp:U—X—Y I(U; X) Py, Pxy:U—X—Y > weu Pu(u) HKUH2 + %22)
Vu€l, Px|y—.=Px+e[VPx|Ky Vu€eU, Px|y—,=Px-+e[vVPx|Ku
I(U;X)>0 Juel, Py (u)>0NKy#0

2
_ wp e P IBEP +o()

Pogiiuety Yuey Puu) [ Kul® +o(1)
Jueld, Py(u)>0AK,#0

(3.25)

where B is the DTM, and the second equality holds because we are only optimizing over valid
normalized perturbations {K,,u € U} and Py such that the marginal pmf Py is fixed. Note that

o(1) denotes functions which satisfy lim o(1) = 0. Letting € — 0 on both sides produces:
e—0

2
) nyy) . > wey Pu(u) | BKy||” + o(1)
lim sup ——— = lim sup 3
e—0+ Py, Py :U—X—Y I(U; X) =0t Py {Ku,uell}: > weu Pu(u) | Kyl]” 4 o(1)
Yuel,Px|y—u=Px+e[VPx| Ky Juel, Py(u)>0AKy#0

I1(U;X)>0

2
. S Po(w) [ BE. 1+ o(1)

Py (Koueuy: 0% 3 q Po(u) [|Kul|* + o(1)
Juel, Py(u)>0AK,#0

Y

2
_ wp Zuew P IBE.

2
PU7{KU7UEM}: Zueu PU(U) HKUH
Juel, Py(u)>0AK,#0

= p(X;Y) (3.26)

where the second line follows from the minimax inequality, and the last equality follows from
inequality 3.5 (which we showed was tight). To see that the second line is indeed the minimax
inequality, we can first replace the lim,_,o+ with liminf,_, o+, and then recognize that liminf,_,q+
is an asymptotic infimum. Note that we also have:

s(X;Y) = lim sup 1U;Y)
0% Py Pyp:U—x—y 1(U; X)
I(U;X)=1¢?
. 1(U;Y)
> lim su —
e—0T PU,PX‘U:Up—>X—>Y I(U§ X)
Vuel, Px|y—u=Px+e[VPx|Ky
I(U;X)>0
> pA(X:Y) (3.27)

where the first equality holds due to equations 3.19 and 3.20, the second inequality holds from
equation 3.24, and the third inequality is the minimax inequality. This precisely characterizes the
sense in which the mutual information based part of equation 3.17 holds. Indeed, to go from the
global optimal solution of problem 3.7 (which is s*(X;Y")) to the local optimal solution (which is
p*(X;Y)), we impose local perturbation constraints under the supremum instead of fixing I(U; X)
to be small, and then take the limit of the ratio of mutual informations before computing the
supremum. We restate equation 3.27 below as a theorem.
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CHAPTER 3. BOUNDS ON LOCAL APPROXIMATIONS

Theorem 3.3.1 (Lower Bound on Hypercontractive Constant). For random variables X and Y
with joint pmf Pxy defined over X x Y, such that Vo € X, Px(x) >0 and Vy € Y, Py(y) > 0,
we have:

s(X;Y) > pA(X5Y).

Proof.

Although we have already proven this theorem in the preceding discussion, we provide a separate
proof using the KL divergence characterization of the hypercontractive constant. By Definition
3.1.5:

IW x|, +o(1)

5 D(Ry||Py)
S (X,Y) = sup —_— 5
Rx:Rx=Px+eJx HJXHPX + +0(1)

Jx#0

>
Rx:Rx#Px D(RXHPX) -

where o(1) denotes functions which satisfy lim+ o(1) = 0, W is the column stochastic channel tran-
e—0

sition matrix as defined in equation 1.23, and we optimize the final expression over all valid additive
perturbations Jx. The inequality holds because we have added the additional local perturbation
constraint. As before, taking limits of both sides gives:

WJx|%. +o(1 WIxl% + ol
s s WPl o) W, o)
e—0T Jx:JJx#0 ||JX”PX + 0(1) JX:JX;AO€—>U+ ||JX”PX + 0(1)

where the second inequality is the minimax inequality. Hence, we have:

Wix|?
s"(X;Y) > sup %:,ﬁ(x’;y)
Ixidx#0 [|x by

using Corollary 3.2.5. This completes the proof. O

This proof clarifies the KL divergence based part of equation 3.17. Theorem 3.3.1 is also proven
in [I7] using perturbation arguments. However, our derivations have a different flavor; they use
the local perturbation concepts pertinent to our context, and clarify why our approximations are
valid while those of [22] are not. We next observe that the inequality in Theorem 3.3.1 is tight
and equality can be achieved. To see this, consider a doubly symmetric binary source (DSBS) with
parameter 0 < o < 1. A DSBS describes a joint distribution of two binary random variables, X and
Y, both defined on {0,1}. In particular, a DSBS(«) represents a uniform Bernoulli input random
variable X passing through a binary symmetric channel with crossover probability « to produce a
uniform Bernoulli output random variable Y. As mentioned in [I6], for (X,Y") ~ DSBS(«):

s*(X;Y) = p(X;Y) = (1 —2a)? (3.28)

where p?(X;Y) = (1 — 2a)? can be readily computed using the singular value characterization of
Rényi correlation in Theorem 3.2.4. As a final remark on Theorem 3.3.1, we explicate why s*(X;Y")
is more appropriately compared with p?(X;Y) rather than p(X;Y). This is because s*(X;Y) is a
ratio between KL divergences and KL divergences behave like squared distances between distribu-
tions, as is evident from Pythagoras’ theorem in information geometry. Thus, a squared correlation
offers the right kind of comparison.
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3.3. DISCRETE AND FINITE CASE

So far, we have characterized the precise sense in which Rényi correlation is the local optimal
solution to problem 3.7, and derived (as expected) that it is less than or equal to the hypercontrac-
tive constant, which is the global optimal solution. We now portray the significance of these two
quantities in terms of the Data Processing Inequality (DPI). To this end, we state the DPIs for KL
divergence and mutual information below [2].

Theorem 3.3.2 (Data Processing Inequality for KL Divergence). For a fized channel transition
probability kernel Py|x, given marginal input distributions Px and Rx, and marginal output dis-
tributions Py = Py|x Px and Ry = Py|xRx, we have:

D(Ry||Py) < D(Rx||Px).

Theorem 3.3.3 (Data Processing Inequality for Mutual Information). Given the random variables
U, X, and Y in a common probability space, such that U — X — Y forms a Markov chain, we
have:

I(U;Y) < I(U; X).

When considering the DPIs, a natural question arises concerning the tightness of the inequalities
when Pxy is kept fixed. We now interpret the operational meanings of the hypercontractive
constant and the Rényi correlation in terms of the tightness of the DPIs. From equation 3.16,
we see that the hypercontractive constant, s*(X;Y), is the tightest factor we can insert into both
DPIs. In other words, tighter DPIs for fixed Py and Py|x are:

D(Ry||Py) < s*(X;Y)D(Rx||Px) (3.29)
for the KL divergence case, and:
HUY) <s"(X;Y)I(U; X) (3.30)

for the mutual information case. Conceptually, this gracefully unifies the two DPIs by characterizing
the hypercontractive constant as the common tightest factor that can be inserted into either of them.
Likewise, using equation 3.17, we see that the squared Rényi correlation is the tightest factor that
can be inserted into both DPIs under local approximations. Hence, for fixed Px and Py|x, we
have:

local
D(Ry||Py) < p*(X;Y)D(Rx||Px) (3.31)
for the KL divergence case, and:

local

I(U;Y) < p2(X;V)I(U; X) (3.32)
local

for the mutual information case, where the precise meaning of < 1is exactly the sense in which
Rényi correlation is the local optimal solution to problem 3.7.

Therefore, the hypercontractive constant depicts the largest fraction of information that can be
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sent down a Markov chain in the global case, and the squared Rényi correlation also depicts this
under local approximations. Furthermore, we know the intuitive fact that s*(X;Y) > p?(X;Y)
from Theorem 3.3.1. By associating the squared Rényi correlation to the optimal performance of
algorithms which use local approximations along the linear information coupling framework, we
effectively measure performance with respect to how well such algorithms preserve information
down a Markov chain. Hence, our performance analysis is based on analyzing the tightness of the
DPIs. s*(X;Y) represents the maximum amount of information that can be preserved, and our
local algorithms evidently fall short of this.

3.3.2 KL Divergence Bounds using y?-Divergence

Having proved Theorem 3.3.1, we now seek to find an upper bound on the hypercontractive con-
stant using the squared Rényi correlation. This will limit how much worse local algorithms can
perform with respect to the globally optimal preservation of information down a Markov chain.
The tightness of this bound will essentially assess the quality of the local approximation of KL
divergence. The central idea to upper bound s*(X;Y") is to begin with Definition 3.1.5, upper and
lower bound the KL divergences with appropriate y2-divergences (which are local KL divergences),
and finally use the singular value characterization of Rényi correlation in Corollary 3.2.5.

We first consider lower bounding KL divergence with the y?-divergence. This can be accomplished
using two different approaches. The first approach is more statistical in flavor. It hinges around
using Pinsker’s inequality, which is perhaps the most well-known lower bound on KL divergence
using a norm. The next lemma presents our first lower bound on KL divergence.

Lemma 3.3.4 (KL Divergence Lower Bound). Given pmfs Px and Rx on the discrete and finite
alphabet X, such that Vx € X, Px(x) > 0 and Rx = Px + Jx, where Jx is a valid additive
perturbation, we have:

Jx || 2
DRy |Py) > — Xlee X (R, Px)

1 1\
2 (ZX PX@)) 2 (ZX PX@))

Proof.
By Pinsker’s inequality, we have:

D(Rx||Px) > 2D%v(Rx, Px)

where Dy (Rx, Px) £ sup |Rx(A) — Px(A)]| is the total variation distance. For a discrete and
AC2¥
finite alphabet X, the total variation distance can be written in terms of the 1-norm:

1 1
Dry(Rx, Px) = 3 [Rx — Pxl|, = B Z |Rx(z) — Px(z)|.
zeX

Hence, we have:

1 1
D(Rx||Px) > 5 17x 15 > 5 1 7x 15
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where the second inequality holds because the 1-norm of a finite dimensional vector is greater than
or equal to its 2-norm. Next, from the Cauchy-Schwarz inequality, we get:

i = | [vA] o < v | wvie= (Z le()> 1712

zeX

where |||/, denotes the Frobenius norm of a matrix. This implies:

I Tx?
x5 > Px
(Z 1)
TEX PX(x)
which gives:
J 2 2 R P
D(Rx||Px) > 17x [y _ X" (Rx, Px)
1 1
2 2
(Srw) *(Sn0)
as claimed. .

The second approach to proving Lemma 3.3.4 has a convex analysis flavor. It involves recognizing
that KL divergence is a Bregman divergence associated with the negative Shannon entropy function.
Then, the convexity properties of the negative Shannon entropy function can be used to bound KL
divergence. This alternative proof of Lemma 3.3.4 is provided next.

Proof.
Without loss of generality, let X = {1,...,n}. Moreover, let P C R"™ be the probability simplex in
R™. Then, recall from equation 2.22 that the negative Shannon entropy function is:

VP=[p ... p|T €P, H(P)=> p;log(p)
=1

and its corresponding Bregman divergence (Definition 2.2.1) is the KL divergence:
VP € P,VQ € relint(P), D(P||Q) = H_(P) - H_(Q) - VH_(Q)T(P - Q).
Next, we recall from equation 2.23 that H_ is twice differentiable on relint(P):
VP e relint(P), VZH_ (P)=[P] ' =1

where > denotes the Lowner partial order on symmetric matrices, I is the identity matrix, and
[P]_1 — I is positive semidefinite because it is a diagonal matrix with non-negative diagonal entries
(as the elements of P are between 0 and 1). From chapter 9 of [13], we know that a twice continu-
ously differentiable convex function f : S — R, where the domain S C R is open, is called strongly
convex if and only if Im > 0 such that Vo € S, V2f(x) = mI. This means that H_ is a strongly
convex function on relint(P). A consequence of strong convexity is the following quadratic lower
bound [13]:

VP € P,VQ € relint(P), H_(P)> H_(Q)+ VH_(Q)"(P - Q)+ % 1P — Q|2

58



CHAPTER 3. BOUNDS ON LOCAL APPROXIMATIONS

where we allow P € P\relint(P) due to the continuity of H_. This gives us:
. 1
VP € P,¥Q € relint(P), D(PI|Q) = 5 [IP - Q3
Hence, for Px € relint(P) and Rx € P, we have:
1
D(Rx||Px) > 5 |l 7x3

which is precisely what we had in the previous proof after loosening Pinsker’s inequality using the
fact that 1-norm of a finite dimensional vector is greater than or equal to its 2-norm. Hence, the
rest of this proof is identical to the previous proof. ]

We note that unfortunately, such a Bregman divergence and convexity based approach cannot be
used to easily derive an upper bound on KL divergence. It is known that if Jr > 0 such that
VP € relint(P), V2H_(P) =< rl, or if VH_ is Lipschitz continuous on relint(P), then a quadratic
upper bound on H_ can be derived [13]. However, the natural logarithm is not Lipschitz continuous
on the domain (0,00). So, such approaches do not work. Returning to our first proof of Lemma
3.3.4, we see that it should be possible to tighten our bound after the use of Pinsker’s inequality.
A variant of Lemma 3.3.4 is presented next, which essentially uses Holder’s inequality instead of
the norm inequality and Cauchy-Schwarz inequality to get a tighter bound.

Lemma 3.3.5 (KL Divergence Tighter Lower Bound). Given distinct pmfs Px and Rx on the
discrete and finite alphabet X, such that Vo € X, Px(x) > 0 and Rx = Px + Jx, where Jx is a
valid additive perturbation, we have:

4
D(RxllPe) > —Wllee (R PO”
2 (max Jx (@) ) 92 <maX‘JX(x> >
zeX | Px(z) zeX | Px(x)

Proof.
As in the first proof of Lemma 3.3.4, from Pinsker’s inequality, we have:

1
D(Rx|[Px) > 5 lx]}

Next, note that:

L x Ix () max Ix(x) z)| = | max Ix(x)
12t = 35 | < (o | 50 ) S et = (e ) ol

This can also be obtained from Hoélder’s inequality:

2 " Jx ()
Ixly = 32 (o)

< x| 1] x|

where p, ¢ € (1,00) are the Holder conjugates which satisfy %4— % = 1. Taking the limit of the right
hand side as p — 17, we have:

2 . -1 . . ~1 -1
< pumy =
[x Iy < ,}E{i [x 1, H[PX] JXHq pligl+ 17x1l, Jm, H[PX] JXHq I Tx Il H[PX] JXHOO
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Hence, we have:

J
2
Il < 1l (ma

x(
Px(x)

)

as before. This gives us:

171,
Jx ()
Px(x)
where the denominator on the right hand side is strictly positive as Rx # Px. Using the above
inequality and the result from Pinsker’s inequality: D(Rx||Px) > 3 |.J x|13, we get:

1 Txly =

max
TeEX

Ix|I; 2(Rx, Px)?
D(Rx||Px) > ey 5 = x” (Bx, P) 3
Jx () Jx ()
2 | max 2 | max
TEX PX(IL‘) TEX PX(l’)
as claimed. n

We now consider upper bounding KL divergence with y?-divergence. To do this, we use a well-
known bound provided in [9] which is actually quite easy to prove using Jensen’s inequality. The
bound is presented in Lemma 3.3.6.

Lemma 3.3.6 (KL Divergence Upper Bound). Given pmfs Px and Rx on the discrete and finite
alphabet X, such that Vx € X, Px(x) > 0 and Rx = Px + Jx, where Jx is a valid additive
perturbation, we have:

D(Rx||Px) < [I7x]5, = X* (Rx, Px).

Proof.
Noting that the natural logarithm is a concave function, using Jensen’s inequality, we have:

o =50 [ (220 s e [ 222

Observe that:

ny [XO] = 5 B 57 B b+ 2ac(e) = L+ Ll

Hence, we have:
D(Rx||Px) < log (1 + HJXH?DX) < |Jx 5, = x* (Rx, Px) (3.33)
where the second inequality follows from: Vax > —1, log(1 + z) < z, which is fondly known as

Gallager’s favorite inequality in MIT. O

We remark that the first bound in equation 3.33 is clearly tighter than the second bound. However,
we will not use this tighter bound, because we will require the y?-divergence term to be isolated in
the proofs that follow.
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3.3.3 Performance Bound

Using the lemmata from the previous section, we can upper bound the hypercontractive constant in
terms of the squared Rényi correlation. Combining Lemmata 3.3.4 and 3.3.6 gives Theorem 3.3.7,
and combining Lemmata 3.3.5 and 3.3.6 gives Theorem 3.3.8. These are presented next.

Theorem 3.3.7 (Upper Bound on Hypercontractive Constant). For random variables X and Y
with joint pmf Pxy defined over X x Y, such that Vo € X, Px(z) >0 and Vy € Y, Py(y) > 0,

we have:
S(XY) <2 (Z p;f@) A(X;Y).

zeX

Proof.

Let W be the column stochastic conditional probability matrix with conditional pmfs Py |x along
its columns, as shown in equation 1.23. For any pmf Rx = Px + Jx on X such that Jx # 0 is a
valid additive perturbation, we have Ry = W Rx. Using Lemmata 3.3.4 and 3.3.6, we get:

DUVIIPY) (5~ 1 IWIxll7,
D(Rx||Px) = "\ Px(@) ) || JxIp,

Taking the supremum over Rx on the left hand side first, and then the supremum over Jx on the
right hand side, we have:

wp D<RY|PY>§2<Z

Rx:Rx#Px D(Rx||Px) =

W Jx|3,
Px ()

2
;;?j;cjé) ||JX”PX
Using Definition 3.1.5 and Corollary 3.2.5, we get:

(x. 1 2y
s*(X;Y) <2 (; PX(x)> P2(X:Y).

This completes the proof. ]

Theorem 3.3.8 (Tighter Upper Bound on Hypercontractive Constant). For random variables X
and Y with joint pmf Px y defined over X X)), such thatVz € X, Px(xz) >0 andVy €)Y, Py(y) >
0, we have:

2

in P
mp x @

s*(X;Y) < P2 (X;Y).

Proof.

Once again, let W be the column stochastic conditional probability matrix with conditional pmfs
Py |x along its columns, as shown in equation 1.23. For any pmf Rx = Px + Jx on & such that
Jx # 0 is a valid additive perturbation, we have Ry = W Rx. Using Lemmata 3.3.5 and 3.3.6, we
get:

D(Ry||Py) _ 2 <m X)Jx(ﬂﬁ)
rEX

)2 W Ix |7,
D(Rx||Px) = ||lJx|/%, Px (z)

—
1 Tx Iy
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As in the proof of Theorem 3.3.7, we take the supremum over Rx on the left hand side first, and
then the supremum over Jx on the right hand side. Moreover, since the supremum of a non-negative
product is less than or equal to the product of the suprema, we have:

1 Jx () [\
sHX;Y) <20%(X;Y) sup ———5— (max‘ (3.34)
J§:Jx#0 ||JXH?3X zeX PX(:I:)
15 Jx=0

using Definition 3.1.5 and Corollary 3.2.5. Furthermore, note that:

T (a)
max ————=
1 <max Jx (x) >2 _ I aex Px(x) _ 1
2 S — B < — .
x|, \eed | Px(x) min Py (z) | Jx|p, ~ minPx(z)
which gives us:
1 < ‘Jx(x) 2 _ 1
sup ———5— ( max <.
. x| P P
it Wxlle At IEx(@)) iy Px(o)
Hence, we get:
sy < [ —2 ) 2y
"7~ | minPx(z) e
rzeX
This completes the proof. O

Theorem 3.3.8 is a tighter upper bound on the hypercontractive constant than Theorem 3.3.7,
because we use the tighter Lemma 3.3.5 to prove it. We note that inequality 3.34 is a tighter bound
than Theorem 3.3.8, but we loosen it to provide a more agreeable form. This loosening can be
understood through the equivalence of norms. For any vector x € R™, the 2-norm is equivalent to
the co-norm, because:

el < llal} < n el (3.35)

where n, which is the dimension of the vector space, is the tightest factor that does not invalidate
the upper bound. In inequality 3.34, we have the term:
> 2

which can be intuitively perceived as the tightest factor that can be inserted when a squared
weighted 2-norm is upper bounded by a squared weighted co-norm. From inequality 3.35, we know
that this tightest factor must correspond to the dimension of the vector space. Indeed, our factor
satisfies:

Jx(x)
Px(x)

1
sup 2<max
Jx:Jx#0 ||JX”PX zeX
1T Jx=0

1

in P
mp x (@)

> ||

and it models the dimension of the vector space. We now present the main result of this section.
The tighter bound in Theorem 3.3.8 is used to conclude this result (rather than Theorem 3.3.7).
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CHAPTER 3. BOUNDS ON LOCAL APPROXIMATIONS

Theorem 3.3.9 (Performance Bound). For random variables X andY with joint pmf Px y defined
over X x ), such that Vx € X, Px(z) >0 andVy € Y, Py(y) > 0, we have:

2

in P,
mp x @)

PPXY) < sM(X;Y) < P(X;Y).

This theorem does not require a proof; it is a direct consequence of writing Theorems 3.3.1 and
3.3.8 together. The lower bound of Theorem 3.3.9 asserts the intuitive fact that local algorithms
perform poorer than global ones in a data processing sense. The upper bound limits how much
worse local optimal algorithms can perform with respect to the global optimal performance. For
this reason, we designate Theorem 3.3.9 as the “performance bound.”
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Figure 3.2: Plots of quantities corresponding to (X,Y’), where X ~ Bernoulli (P(X = 1)) is passed
through a BSC with flip-over probability p to produce Y. (a) Squared Rényi correlation of (X,Y),

p*(X;Y). (b) Hypercontractive constant of (X,Y), s*(X;Y). (c) Comparison of Qg Q (red plot)

) (cyan plot). (d) Performance bound illustrating p?(X;Y)

min(IP’(X:?)),IP(X:I))) p*(X;Y) (green plot).

and its upper bound min(p(ng),p(le

(blue plot), s*(X;Y) (yellow plot), and <

Figure 3.2 illustrates many facets of the performance bound in the special case where X is an
input Bernoulli random variable to a BSC and Y is the corresponding output Bernoulli random
variable. In particular, Figures 3.2(a) and 3.2(b) depict how the squared Rényi correlation and
hypercontrative constant values change with the parameters of the input Bernoulli random variable
and the BSC. Figure 3.2(d) depicts the performance bound itself, and verifies that the upper bound
(green plot) is non-trivial since it remains below 1 for a large subset of the parameter space. In
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3.3. DISCRETE AND FINITE CASE

fact, if we let (X,Y) ~ DSBS(p) for 0 < p < 1 (which is a slice along P(X = 1) = 0.5 in Figure
3.2(d)), we know from equation 3.28 that p?(X;Y) = s*(X;Y) = (1 — 2p)%. The upper bound in
Theorem 3.3.9 is:

mm@%YzowmlenfCﬂYﬁzul_%f

and it satisfies: ) 3
4(1-2p)° <le - <p< .
(1-2p) 1<P<3

So, although the upper bound is loose in this scenario, it is tighter than the trivial bound of 1 for

1 3
1<p<7g.

Simulations displayed in Figure 3.2(c) illustrate that the ratio between s*(X;Y) and p*(X;Y)
increases significantly near the edges of the input probability simplex when one or more of the
probability masses of the input pmf are close to 0. This effect is unsurprising given the skewed
nature of stochastic manifolds at the edges of the probability simplex. It is captured in the upper
bound of Theorem 3.3.9 because the constant increases when one of the probability

2
mianX Px ($)
masses tends to 0. However, the constant e Pr(@) does not tensorize, while both s*(X;Y") and

p*(X;Y) tensorize (Lemmata 3.1.3 and 3.2.1). This can make the upper bound quite loose. For
example, if X ~ Bernoulli (%), then y = 4. If we now consider X7 = (X1,...,X,),

2
mingex Px (z
where X1i,...,X, are i.i.d. Bernoulli(%), then X' has a 2"-point uniform pmf. Here, the con-
stant of the upper bound is: 2 = 2L However, s*(X7;Y") = s*(X1;Y7) and

minge(o,13n Pxn (=)
PA(X Y] = p?(X1;Y1), due to their tensorization properties when the channel is memoryless.
There is a quick fix for this i.i.d. loosening attack, which is presented in the next corollary.

Corollary 3.3.10 (LI.D. Performance Bound). For jointly distributed random vectors X7 and
Y, where (X1,Y1),...,(Xy,Yy) are id.d. with joint pmf Pxy defined over X x )Y, such that
Ve e X, Px(z) >0 andVy €)Y, Py(y) >0, we have:

2

in P
nep ()

PPXTE YY) < 55 (XT3 YY) < PAXT YT

n
where min Py () = < min Pyxn (:U’f)) .
TeX TreXx™ 1

The corollary is trivially seen to be true since Lemmata 3.1.3 and 3.2.1 ensure that s*(X7;Y{") =
s*(X1;Y1) and p? (X7 V") = p?(X1;Y1). This means we may use the factor:
2

min Px (x)
zeX

instead of the looser factor: 5
min Pxn (27
atexn (27)

in our upper bound. Therefore, Theorem 3.3.9 and Corollary 3.3.10 provide appropriate perfor-
mance bounds for our local approximations in the discrete and finite setting. While Corollary
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3.3.10 partially remedies the tensorization issue that ails Theorem 3.3.9, we ideally seek a constant
in the upper bound which naturally tensorizes and does not change blindly with the dimension of
the problem. This is a possible direction of future research.

3.4 Gaussian Case

The local approximation technique of [4] has also been applied to additive white Gaussian noise
(AWGN) channels in [23]. So, we now consider the relationship between the local and global opti-
mal values of problem 3.7 in the Gaussian case. As stated however, this is an ill-defined pursuit.
Indeed, problem 3.7 is only defined for the discrete and finite setting. Moreover, the local approx-
imation set-up in chapter 1 is also for the discrete and finite case. Recall that in section 2.1, we
defined local perturbations and derived the local f-divergence (and hence, local KL divergence)
in the continuous case. Using these definitions, we may define an analogous problem to problem
3.7 for the AWGN channel. For the sake of brevity, we do not explicitly define this problem, but
the ensuing discourse reveals why the hypercontractive constant (to be defined in this scenario)
and Rényi correlation represent the global and local optimal performance values, respectively. Fur-
thermore, for simplicity in this section, we will abstain from unnecessary rigor like appropriately
defining the underlying probability space every time.

We first introduce the AWGN channel. The AWGN channel is a well-known classical channel in
information theory. [2] contains a very accessible introduction to it. The channel is discrete-time,
but at each time instance we assume that the input and output are continuous random variables,
X and Y, respectively. The additive Gaussian noise at each time instance, W ~ N (O,U%V), is
independent of other time instances, and also independent of the input X. The channel model is
given in the next definition.

Definition 3.4.1 (Single Letter AWGN Channel). The single letter AWGN channel has jointly
distributed input random variable X and output random variable Y, where X and Y are related
by the equation:

Y=X+W, X LW ~N(0,07)

where X is independent of the Gaussian noise W ~ N (0, O'IQ/V) , O'%V > 0, and X must satisfy the
average power constraint:
E[X?] <o%

: 2
for some given power o% > 0.

Traditionally, the average power constraint in Definition 3.4.1 is defined over codewords [2], but we
provide an alternative definition to avoid considering channel coding in our arguments. Given the
model in Definition 3.4.1, it is well-known that the information capacity of the AWGN channel is:

2

1 o
o= 5 log (1 + Jg() (3.36)
w

where the capacity achieving input distribution is X ~ A (O, ag().
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We next observe that Definition 3.2.1 of Rényi correlation is valid for continuous random vari-
ables. So, p(X;Y) is a well-defined quantity for the AWGN channel. The DPI for KL divergence in
Theorem 3.3.2 also holds for continuous random variables with pdfs. However, the hypercontractive
constant is defined only for discrete and finite random variables in Definition 3.1.5. Hence, to study
the DPI for AWGN channels, we define a new and analogous notion of s*(X;Y’) for continuous
random variables with a power constraint.

Definition 3.4.2 (Hypercontractive Constant with Power Constraint). For a pair of jointly con-
tinuous random variables X and Y with joint pdf Pxy and average power constraint E [X 2] < og(,
the hypercontractive constant is defined as:

D(Ry|| P
575 (X;Y) = sup 7( vl Py)
X Rx:Rx#Px D(Rx||Px)
Ery [XQ]SUgf
where we take the supremum over all pdfs Rx # Py, which means that the pdfs Ry and Px
must differ on a set with non-zero Lebesgue measure. Moreover, Ry denotes the marginal pdf of
Rxy = Py|xRx, and we assume that Py y is fixed.

Although we call s7, (X;Y) the hypercontractive constant with a power constraint and use similar
X

notation to describe it, the nomenclature and notation do not reflect any deep relation to hypercon-
tractivity. We simply wish to conform to the naming convention in the discrete and finite case. For
the ensuing discussion, we fix the capacity achieving distribution, X ~ N (0, 03() , 03( > 0, as the
input distribution to the AWGN channel with average power constraint E [X 2] < 0%. This defines
a joint distribution Py y for the AWGN channel from which we can compute the hypercontractive
constant with power constraint and the Rényi correlation. Is is easy to observe from Definition
3.4.2 that the hypercontractive constant with power constraint represents the tightest factor that
can be inserted into the DPI for KL divergence (as in equation 3.29) if the power constraint is
imposed on all input distributions Rx. Moreover, it turns out that the squared Rényi correlation
represents the tightest DPI in the local case [23]. Therefore, we explicitly compute the Rényi
correlation, p(X;Y'), and the hypercontractive constant with power constraint, S:;%( (X;Y), of the

AWGN channel for comparison.

3.4.1 Rényi Correlation of AWGN Channel

In order to find the Rényi correlation of the AWGN channel with capacity achieving input dis-
tribution, we first compute the Rényi correlation of two jointly Gaussian random variables. The
strategy for this is to use Theorem 3.2.6, the MMSE characterization of Rényi correlation, to in-
fer the optimizing functions for the Rényi correlation. It is well-known that if (X,Y") are jointly
Gaussian, then the MMSE estimator of X given Y is also the linear least squares error (LLSE)
estimator. Since Theorem 3.2.6 states that the optimizing functions of Definition 3.2.1 of Rényi
correlation satisfy f*(X) o< E[¢*(Y)|X] and ¢*(Y) o< E[f*(X)|Y], we can conjecture that f* and
g* are linear functions of X and Y, respectively, normalized to have zero mean and unit variance.
This is proven in the next theorem.

Theorem 3.4.1 (Gaussian Rényi Correlation). For jointly Gaussian random variables (X,Y) with

2
distribution (X,Y) ~ N <[ Hx ] ) [ 7x UXQY ]>, the following are true:
wy oXy Oy
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1. The Rényi correlation is the absolute value of the Pearson correlation coefficient:

oxy
oxoy |’

p(X;Y) =

2. A pair of optimizing functions of the Rényi correlation, p(X;Y), are:

Fra) =+ and g (y) = 2
gx oy

where the signs of f* and g* are chosen so that their covariance is non-negative. This means
. . 0 1 p(X;Y)
mat (00N~ N ([0 ] oy "5

Proof.

Part 1 of the theorem is Rényi’s seventh axiom [19]. So, the Rényi correlation must satisfy it.

We now prove part 2. Consider a guess of the optimizing function, f(X) = X;% Clearly,
E[f(X)] =0 and E [f*(X)] = 1. We will derive g(Y) from this guess, and show that the resulting
f(X) and g(Y) pair satisfy part 1. (The pair will also satisfy the conditions in Theorem 3.2.6.) To
this end, note that:

XY — HXY} _ OoxYy

ox ox
0 1 2
and hence, (f(X),Y) ~N ([ iy ] , [ zxy ;’2; ]) We now find the MMSE estimator of f(X)
given Y = y:
B[00y =y = S U

ox
For jointly Gaussian (X,Y’), the MMSE estimator is the LLSE estimator, given by E [X|Y = y] =
px + 2% (y — py). Using this, we get:
Y

Ef(X)Y =y = —= (y — py)
oX0y
from which, we have:
EE[f(X)Y]] =E[f(X)] =0,
o2 o2
VAR E(f(XN)YV]) =B [EFCON] = ZOE (v )] = 505

ox%y
Using intuition from Theorem 3.2.6, we normalize E [f(X )|Y = y] to have unit variance and let this
be g(y):

OX0y OXY Yy — py
g(y) =+ 5 (y—py) ==+
OxXyYy O'Xo'Y oy

where the sign of g is chosen such that E[f(X)g(Y)] > 0. Observe that g has the same form as
f. So, starting with g, we may use a similar argument to get f. (This shows that f and g satisfy
the conditions of Theorem 3.2.6, which optimizing functions of Rényi correlation must satisfy.)
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3.4. GAUSSIAN CASE

Hence, f and g are valid candidates for the optimizing functions. In fact, the Pearson correlation
coefficient between them is the Rényi correlation given in part 1 of this theorem as shown below:

s - [(522) (2]

oXYy
0X0y

=p(X;Y)
ox oy

where the absolute values ensure the covariance is non-negative. So, f and g are indeed the
optimizing functions of Rényi correlation: f* = f and g* = g. This proves part 2. O

Using Theorem 3.4.1, we may compute the Rényi correlation of the AWGN channel with capacity
achieving input distribution. This is shown in the next corollary.

Corollary 3.4.2 (AWGN Rényi Correlation). Given an AWGN channel, Y = X+ W, with average
power constraint £ [XQ] < O'g(, X1ULW,and W ~N (0, 0‘2,[,), if X takes on the capacity achieving
distribution X ~ N (0,0'%(), then the Rényi correlation between X and Y is:

ox
PXY) = e
\/03(4-0"24/

Proof.
Using Theorem 3.4.1, we have:
vy - _JCOVEY)_ [ElxY)
VVAR(X)VAR(Y) E[X2]E[Y?]

where the last equality follows from E[X] = E[Y] = 0. Moreover, E[XY] = E[X(X + W)| =
I [XQ] +E[X]E[W] = U?{ and E [Yﬂ = a§< + U‘%V. Hence, we get:

2
o ox
p(X;Y) = X = :
Vox (0% +ai)  \Jok +oiy

O]

We remark that just as in the discrete and finite setting, for the AWGN channel, p(X;Y) is the
second largest singular value of the divergence transition map which takes perturbations of the
Gaussian input along right singular vector directions of Hermite polynomials to perturbations of
the Gaussian output [23]. Hence, it represents the local optimal performance in a linear information
coupling sense. The spectral decomposition of continuous channels will be the agenda of chapter
5, so we do not discuss the Gaussian case in detail here.

3.4.2 Hypercontractive Constant of AWGN Channel

To compute the hypercontractive constant with power constraint for an AWGN channel with ca-
pacity achieving input distribution, we first use the notion of exponential families to estimate it.
The exponential family is a framework for studying large classes of distributions. It unifies many
areas of probability and statistics including efficient estimation and large deviation bounds. We
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find an explicit form of the hypercontractive constant with the additional constraint that all dis-
tributions lie along an exponential family. Then, we prove that this constrained hypercontractive
constant is actually the correct hypercontractive constant using the entropy power inequality [6]
and a variant of Bernoulli’s inequality [24]. We begin by recalling the definition and pertinent
properties of canonical exponential families [25].

Definition 3.4.3 (Canonical Exponential Family). The parametrized family of pdfs with parameter
x, {Py(-;x)}, is called a regular canonical exponential family when the support of the pdfs do not
depend on x, and each pdf in the family has the form:

Py (y;z) = exp [zt(y) — a(z) + B(y)], y€R

where t(y) is the sufficient statistic of the distribution, Py (y;0) = exp [B(y)] is a valid pdf known
as the base distribution, and:

+o00
exp a(2)] = / exp [2(y) + B(y)] dA(y)

is the partition function with a(0) = 0 without loss of generality, where A denotes the Lebesgue
measure and the integral is the Lebesgue integral. The parameter x is called the natural parameter,
and it takes values from the natural parameter space X C R, defined as:

XE{reR:alr) <o}

which ensures that Py (-;x) is a valid pdf when = € X.

While Definition 3.4.3 defines exponential families as pdfs (because this is all we require in this
chapter), the definition can be generalized to pmfs and other distributions [25]. Moreover, Definition
3.4.3 only introduces the one parameter exponential family. In general, exponential families are
defined with any finite number of parameters. We now list some properties of canonical exponential
families in the next lemma. The proofs of these properties are not provided as they can be easily
derived or found in reference texts [25].

Lemma 3.4.3 (Properties of Canonical Exponential Family). For a canonical exponential family
{Py (:;x)} with natural parameter x € R, such that R is the natural parameter space and Py (y; ) =
exp [zt(y) — a(z) + B(y)], y € R, the following statements are true:

1. Complementarity:
Ve €R, D (Py(50)[|Py (-10)) + a(z) = 2B, (o [HY )],
2. Properties of log-partition function:
Ve € R, a(z)=log (EPY(~;0) [eﬂ(y)D
Vo e R, o (x) =Ep, ([t(Y)]
0

Vz € R, o(z) = VARp, () (H(Y)) = VARp, () (S(Y32)) = —%S(Y; x) = Jy(z)
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where under reqularity conditions such that the order of differentiation and integration can be

changed:
2

0
Vz €R, Jy(z) 2 —Epy (i) 5,2 108 (Py(Y;2))

is the Fisher information, and:
A O
Ve eR, SY;z)= p log (Py (Y;x))

is the score function, which can be written as S(Y;x) = t(Y) — Ep, (.0 [t(Y)] for a canonical
exponential family.

3. Derivative of KL divergence:

9D (Py (52) Py (50)) = 20 (x) = 2y (x).

Vz € R, o

Given these properties of canonical exponential families, we compute the hypercontractive constant
with power constraint with an additional constraint on the marginal distributions being canonical
exponential families. Theorem 3.4.4 illustrates that the constant becomes dependent on the Fisher
information of the input and output marginal distributions. Note that once again, we describe the
theorem as “hypercontractive constant” for consistency in nomenclature rather than any deep ties
with hypercontractivity itself.

Theorem 3.4.4 (Hypercontractive Constant with Exponential Family Constraint). For a pair of
jointly continuous random variables (X,Y) with joint pdf Pxy, such that the marginal pdfs are
canonical exponential families:

Px (w; ) = exp [pt(z) — a(p) + B(z)], =R

Py (y; n) = exp [u7(y) — A(p) + B(y)], yeR

with common natural parameter u € R, we have:

wp D CIPY(20) ()

ppzo D(Px (5 p)|[Px (50))  JIx ()

o DB GIB(0)
where jI" = a8 SUD 75 b o) P (20))

Proof.
We prove this by recognizing that p* is also the argsup of:

log (D(Py (-; u)|[ Py (+;0))) — log (D(Px (+; w)||Px (-5 0))) -
Using Lemma 3.4.3, we have:

p* = argsuplog (nA' (1) — A(p)) —log (e (1) — a(p)) -
pp#0
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Differentiating the right hand side expression with respect to p and setting it equal to 0, we have:

pA () — A(p) _ A"(p)
pe! () —a(p)  o(p)

The above equation is satisfied by p = p*. Hence, using Lemma 3.4.3, we get:

D(Py (5 p)[[Py(50) _ Jy ()
D(Px (5 )| Px (50))  Jx(u*)’

This completes the proof. ]

The elegance in the way Fisher information appears in Theorem 3.4.4 is primarily due to the canon-
ical exponential family assumptions. Essentially, the canonical exponential family assumption can
be thought of as locally approximating some arbitrary family of distributions. Under such a local
view, KL divergences begin to look like Fisher information metrics, as mentioned in section 2.1
in chapter 2. This local assumption will in general not give us the global supremum 3:—3( (X;Y).

However, it turns out that in the jointly Gaussian case, the local supremum is also the global
supremum. Intuitively, this is because Gaussian distributions have the fundamental property that
they are completely characterized locally (by only first and second order moments).

Theorem 3.4.4 is used to derive the hypercontractive constant with power constraint for an AWGN
channel with the additional constraint that the input and output marginal distributions are in
canonical exponential families with common natural parameter. This derivation is presented in
the next lemma. Observe that if Jy(u) = Jy and Jx(p) = Jx are constant, then Theorem 3.4.4
implies that:

sup D(Py (5 )Py (50)) _ Jy
i #0 D(PX(HU')HPX(vo)) ‘]X.

Gaussian random variables with fixed variance and exponentially tilted means form a canonical
exponential family with constant Fisher information. This allows a simple derivation of the addi-
tionally constrained hypercontractive constant for the AWGN channel, but we must take care to
ensure that the usual average power constraint is met.

Lemma 3.4.5 (AWGN Hypercontractive Constant with Exponential Family Constraint). Given
an AWGN channel, Y = X + W, with X L W, W ~ N (O,O'IQ/V), and average power constraint
E [X 2] < agf + € for any € > 0, the hypercontractive constant with average power and marginal
canonical exponential family constraints is:

D(Py(;p)|[Pr(50)) 0%
sup D(P . P ) - 2 2
A0 ( X('MU‘)H X('v )) UX+UW
Px (55)=N (p1,0% )
EPX(W)[XZ]SU%"'E

where we fix the marginal distribution of X ~ N (0, O'g(), and restrict the distributions we take the
supremum over to be Px(;u) =N (u, O'g().
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Proof.
Let Px(x;u) = exp [pt(x) — a(p) + B(x)] with natural parameter space R (i.e. p € R) be a canon-
ical exponential family with:

2
exp [B(@)] = N (0.0%) . a(n) = L7

= d t(x) =
207 A (2)

x
o’
It is easily verified that Py (;u) = N (u,0%). We now show that Py (;p) is a canonical ex-
ponential family with natural parameter 4 € R as well. For the AWGN channel, Px(:;pu) =
N(,u,ag() has corresponding output distribution Py (:;pu) = N(u,ag( +012/V). So, Py(y;pu) =
exp [uT(y) — A(p) + B(y)] is also a canonical exponential family with:

12

2(0% +oiy)’

Y

exp [B(y)] =N (0,0% + o), A(p) = ol

and 7(y) =

Using Lemma 3.4.3, we compute the Fisher information of the input and the output models:

1
Ix(p) =" (p) = =,
Ox
() = A"() = ———
Y ag( + O’IQ/V.

Hence, using Theorem 3.4.4, we have:

wp  PEGWIPG0) ok
Px (5)=N (p,0% )

However, we also need to satisfy the average power constraint: Ep, (., [X 2} < O'g( + €, where € > 0
is some small additional power. To this end, notice from Lemma 3.4.3 that for every pu # 0:
D(Py (s m)|[Py (50)) _ pA' (1) — A(p) o%

D(Px(wIPx(50) — pa/(w) —alu) — o% + %y (3.37)

which does not depend on p. Since X ~ Px(-;u) has expectation Ep, (..,)[X] = p and variance
VARp, (.)(X) = 0'%(, the average power constraint corresponds to:

Epy( [X?] =1’ +0k <ok +e & |ul < Ve

As e > 0, Ju # 0 such that |u| < \/e. So there exists p which satisfies the average power constraint.
Such a p also satisfies equation 3.37. Thus, we have:

D(Py(5w|Py(50)) 0%
sup D(P . P ) - 2 2
A0 ( X('MU)H X('v )) UX+UW
Px (551)=N (p1,0% )
EPX(W)[XZ]SU%"'E

as claimed. This completes the proof. O
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We remark that Theorem 3.4.4 is not essential to the proof of Lemma 3.4.5. Indeed, the observation
in equation 3.37 suffices in playing the same role in the proof. Moreover, the proof of Lemma 3.4.5
elucidates why we use the additional slack of € > 0 in the average power constraint: E [X 2] < 03( +e€.
If ¢ = 0 and we take the supremum over Px(-;u) = N (u, ag() for u # 0, then the average power
constraint is never satisfied, and the supremum over an empty set is —oco. Hence, in order to make
the supremum well-defined, we add a slack of € to the average power constraint and use a nearly
capacity achieving input distribution like X ~ A (ﬁ, (J'g() as input to the AWGN channel. We
next prove that the constrained hypercontractive constant in Lemma 3.4.5 equals 5:_3( (X,;Y) for

the AWGN channel.

Theorem 3.4.6 (AWGN Hypercontractive Constant). Given an AWGN channel, Y = X + W,
with X L W, X ~Px =N (07 Ug(), W ~N (0,0‘2,[,), and average power constraint E [XQ] < 03(,
the hypercontractive constant with average power constraint s:

s5 (X;Y) = sup D(Ey||Py) = o
ox Rx:Rx2Px D(Rx||Px) o% +ojy,
Epy [X?]<o%

where Ry = Py|xRx and Py|x(-|z) = N (z,07,), = €R.

Proof.
2
Lemma 3.4.5 shows that the ratio of KL divergences can achieve ggaﬁ if some additional slack of
X w
€ > 0 is allowed in the average power constraint. Since € is arbitrary, this means that the supremum
2
of the ratio of KL divergences should be able to achieve U;ﬁ with effectively no additional slack.
X w

So, it is sufficient to prove that:
D(Ry||Py) _  o%
D(Rx||Px) — O'g( + O'IZ/V
for every pdf Rx # Px (which means that the pdfs Rx and Px must differ on a set with non-zero
Lebesgue measure) satisfying Ep [X 2] < 0'%(. Let Rx and Ry have second moments Eg, [X 2] =
a§< + p and Epg, [Y2] = U§< + 0‘2/1/ + p, for some —ag( < p < 0. Since Px = N(O,a%) and
Py =N (O, O'g( + 012,[,) are Gaussian, we have from Definition 1.0.1 that:

D(Rx||Px) = Egy [log(Rx)] — Epy [log (Px)]
= %log (2mo%) + %ERX [X?] — h(Rx)
ox

(3.38)

1 2 b
= 510g(27T€0'X)+E—h(RX)
_ h(PX)—h(RX)+—2p2
Ox

and in a similar manner:

p

D(Ry||Py) =h(Py)—h(Ry)+ 2% 1 0%)

where for any pdf P: R — R, we define:
h(P) = —Ep [log (P)]
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as the differential entropy of P. Hence, we know from inequality 3.38 that it is sufficient to prove:
2 2 p 2 p
h(Py) — h(R —— | < h(Px) — h(R —
(0% +%) ( (By) — y>+2(0§+0%)) < ok (h(P) = h(rx) + oy )
which simplifies to:
(0% +ofy) (h(Py) = h(Ry)) < 0% (A(Px) — h(Rx)) - (3.39)

We transform this conjectured inequality into one with entropy power terms rather than differential
entropy terms.

(ezh(Py)zh(Ry)>"§<+U€V < (th(PX)Qh(RX))Ugg

2 2 2
L 2m(Py) | X TIW L 2n(Px) \ 7%
2me < 2me
L o2h(Ry) =\ L e2h(Rx)
2me 2me

Introducing entropy powers, we have:

(M) ™ < ()™

where for any pdf P : R — R™, the entropy power of P is defined as:

1

For Px = N (O, O'gf) and Py = N (0, o + 0‘2)[/), the entropy powers are N(Px) = 0% and N(Py) =
ag( + O‘IQ/V. Applying the entropy power inequality [6] to the AWGN channel, we have:

N(Ry) > N(Rx) + N (N(0,0%,)) = N(Rx) + ofy.

Hence, it is sufficient to prove that:

( 0% + 0%, >”§<+”5v<( % )"i
N(Rx) + o3, ~ \ N(Rx) '

Since a Gaussian uniquely maximizes entropy under a second moment constraint and Rx # Py,

we know that h(Rx) < h(Px) = N(Rx) < N(Px) = 0%. We also assume that h(Rx) > —oc. Let

a=0%+0%,b=0% — N(Rx), and ¢ = 0%. Then, we have a > ¢ > b > 0, and we are required

to prove:
a (&
a c
<
which is equivalent to proving:

a>c>b>0:><1—b> §<1—b> .
C a

This statement is a variant of Bernoulli’s inequality proved in equation (r7) in [24]. Thus, we have

shown: s )
< 0’%{ +0'12/V )O’X+O'W _ < O_g{ )UX
N(Rx) + ojy ~ \N(Rx)

which completes the proof. O
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We now derive an interesting corollary of Theorem 3.4.6. The corollary can be regarded as a funda-
mental bound on the deviation of the mutual information from the capacity of an AWGN channel
in terms of the deviation of the differential entropy of the input distribution from the maximum
differential entropy of the capacity achieving input distribution, where the input distributions sat-
isfy the average power constraint. Note that mutual information for continuous random variables
is defined in an analogous manner to Definition 1.0.3 by using integrals and pdfs instead of summa-
tions and pmfs [2]. In fact, the KL divergence characterization of mutual information in Definition
1.0.3 holds for both discrete and continuous random variables.

Corollary 3.4.7 (Mutual Information and Entropy Deviation Bound). Given an AWGN channel,
Y=X+W, withX LW, W~N (0, UIQ/V), and average power constraint E [XQ] < ag(, for any
input pdf Rx satisfying the average power constraint, we have:
c—-1 (RX;Py|X) < i 1log (27rea§() — h(Rx)
- ag( + O’IQ/V 2

2
where C' & %log (1 + (%‘) is the AWGN channel capacity, and Py|x(.|z) = N (m,a%[,) , © €Ris

w
fized.

Proof.

Let Px = N (0,03() be the capacity achieving input pdf; it is also the maximum differential
entropy pdf given the second moment constraint. Let Py = N (0,(7%( + UIQ,V) be the output pdf
corresponding to Px. From Theorem 3.4.6, we have:

D(Ry||Py) _ o%
D(RxHP)() - O‘}—I—O‘IQ/V

for any pdf Rx # Px (which means that the pdfs Rx and Px must differ on a set with non-zero
Lebesgue measure) satisfying Er [X 2] < 0§<. Note that if Rx = Px a.e., then the inequality in
the statement of Corollary 3.4.7 trivially holds with equality. So, we only prove the inequality for
the case when Rx # Px. Following the proof of Theorem 3.4.6, we again get inequality 3.39:

2
o
(h(Py) = h(Ry)) < ——— (h(Px) — h(Rx)).
ox + oy
Now observe that h(X + W, X) = h(X + W|X) + h(X) = h(W) + h(X) by the chain rule [2]
and X 1L W. Moreover, h(X + W, X) = h(X|X + W) + h(X + W) by the chain rule. So,
MX +W)=h(W)+h(X)—h(X|X+W)=h(W)+I(X+W;X). This means:

h(Ry) =h(Rx *N (0,07%)) = h (N (0,0%)) + I (Rx; Py|x)

where x denotes the convolution operator. This gives:

2
o
h(PY) —h (N (07012/1/)) -1 (RX;PY|X) < 27)(2 (h(PX) - h(RX)) .
ox + oy
By definition of channel capacity, C' = h(Py) — h (./\/ (0, 0‘2,[,)). Hence, we have:
C —1(Rx;Pyx) < i 1log (27T602) — h(Rx)
YIX = Ugc + J%V 2 X

as claimed. n
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3.4. GAUSSIAN CASE

Corollary 3.4.7 has a cute analog in the discrete and finite case. Consider a discrete memoryless
channel (Definition 1.3.1) with input random variable X which takes values on a finite alphabet
X, output random variable Y which takes values on a finite alphabet ), and conditional pmfs
Py |x. Let Px be the capacity achieving input pmf, and Py be the corresponding output pmf. If
Ve € X, Px(x) >0, then for every pmf Ry on X

I (Px;Pyx) —1I(Rx;Pyx) = D(Ry||Py) (3.40)

where Ry = Py|xRx. This can be proved using the equidistance property of channel capacity [3]
which states that Py achieves capacity C' if and only if D (Py‘ X:xHPy) = C for every z € X such
that Px(z) > 0 and D (Py|x—,||[Py) < C for every z € X such that Px(z) = 0. Equations 3.29
and 3.40 imply that:

I (PX§PY\X) -1 (RX;PY|X) == D(Ry”Py) S S*(X,Y)D (RxHP)() (341)

where s*(X;Y) is computed using Px and Py x. This parallels Corollary 3.4.7 in the discrete and
finite setting.

We return to briefly discuss Corollary 3.4.7 itself. The inequality in Corollary 3.4.7 is tight and
equality can be achieved. The inequality can also be written in terms of the signal-to-noise ratio,

SNR £ %, as follows:
Tw

C —I(Rx;Pyjx) < % (; log (2mec’ ) — h(RX)> . (3.42)
Intuitively, this says that if SNR — 0, then I (RX;Py|X) — (', which means that any input
distribution satisfying the power constraint achieves capacity. This is because in the low SNR
regime, capacity is also very small and it is easier to achieve it. On the other hand, under moderate
or high SNR regimes, the capacity gap (between capacity and mutual information) is controlled
solely by the input distribution. In particular, the capacity gap is sensitive to perturbations of
the input distribution from the capacity achieving input distribution, and the input distribution
achieves capacity if and only if it is Gaussian.

3.4.3 AWGN Channel Equivalence

In this final subsection, we state the main result we have been developing. The proof is trivial from
Corollary 3.4.2 and Theorem 3.4.6, and is thus omitted.

Theorem 3.4.8 (AWGN Channel Equivalence). For an AWGN channel, ¥ = X + W, with
X U W, X ~ N(O,Jg(), W~ /\/'(0,0‘2,[,), and average power constraint E [Xz] < o*g(, the
hypercontractive constant with average power constraint equals the squared Rényi correlation:

2

g
S (XGY) =2 XGY) =
SU%(( ) ) :0( ) ) U§{+UI2/V

The implications of this theorem are quite profound. Recall that s, (X;Y) represents the tightest
X
factor that can be inserted into the DPI for KL divergence with power constraint. Hence, it
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CHAPTER 3. BOUNDS ON LOCAL APPROXIMATIONS

represents the globally optimal performance in the sense of preserving information down an AWGN
channel. On the other hand, p?(X;Y) represents the locally optimal performance in the same
sense. Theorem 3.4.8 conveys that the local and global optima coincide in the Gaussian case.
This conforms to our understanding of Gaussian distributions, where many local properties become
global ones. We have essentially proved that for AWGN channels, the local approximation approach
performs as well as any global approach in an information preservation sense.
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CHAPTER 4. LARGE DEVIATIONS AND SOURCE-CHANNEL DECOMPOSITION

Chapter 4

Large Deviations and Source-Channel
Decomposition

We have heretofore established the local approximation of KL divergence by constructing perturba-
tion spaces around reference distributions, and assessed the performance of algorithms which might
employ such approximations by examining the tightness of the DPI. Moving forward, we develop
an application of this approximation technique to better understand the large deviation behavior
of sources and channels. Some of this work has been published in [§], and [26] provides a rigorous
development of the pertinent large deviation theory for the interested reader.

In our discussion, we assume that all random variables are defined on a common underlying prob-
ability space (€2, F,P). We will seldom refer to this probability space explicitly. Suppose we are
given a pair of jointly distributed discrete random variables (X,Y") with joint pmf Pxy. Let the
alphabet sets of X and Y be X and ) respectively, where |X| < co and |Y| < co. Moreover, we
assume that the joint pmf satisfies Vo € X,Vy € J, Px y(x,y) > 0. This means the marginal pmfs
satisfy Vo € X, Px(z) > 0and Vy € Y, Py(y) > 0. Then, we can think of X as the source or in-
put random variable to a discrete memoryless channel (Definition 1.3.1) with transition probability
matrix W. W is column stochastic as in equation 1.23; its columns are the conditional pmfs Py x,
and all its entries are strictly positive. The output to the channel is the random variable Y and
its marginal pmf satisfies Py = W Px. We will conform to the notation introduced in sections 1.1,
1.2, and 1.3 of chapter 1. For example, pmfs will be represented as column vectors. The channel
view of (X,Y) is given in Figure 4.1.

Suppose further that we draw i.i.d. (X;,Y;) ~ Pxy fori=1,...,n to get (X1, Y]"). Let us denote
the empirical distribution of a sequence of i.i.d. random variables X{* by ]—:’X{L. We formally define
this below.

Definition 4.0.4 (Empirical Distribution). For a sequence of random variables X', for some
n € Z*, such that Vi € {1,...,n}, X; takes values on X, we define the empirical distribution of
the sequence as:

. 1 &
=1

where I[(X; =2) = [({w € Q: X;(w) = z}), and the indicator function for any event A € F,
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Py

channel Py

Figure 4.1: Channel view of (X,Y).

denoted by I(A), is defined as:

1 ,ifweAd.
H(A)_{O ,ifwg A

If n is large, then I:)Xln and Pyln are “close” to Px and Py, respectively, with high probability by
Sanov’s Theorem [26]. In particular, the empirical distributions, PXIL and Pyln, lie on uniform KL
divergence balls around the theoretical distributions, Px and Py . This is illustrated in Figure 4.2.

Pxil PYln
—_— W >

Figure 4.2: Uniform KL divergence balls.

Since we may think of i.i.d. (X;,Y;) ~ Pxy for i = 1,...,n as inputting i.i.d. X7 into a dis-
crete memoryless channel to get i.i.d. Y{", the fact that the empirical output distribution resides
uniformly on a divergence ball with high probability seemingly contradicts the elegant work in [4].
For large n, PXn can be perceived as a perturbation of Px as it is close to Px: PXn = Px +eJx,
where € > 0 is small and Jx is a valid additive perturbation. [4] portrays that although the input
perturbation can be in any uniform direction around Py, the output perturbation directions are
not uniform because different directions are scaled by different singular values. This is depicted in
Figure 4.3. In particular, the scenario in [4] assumes that pX{L is another theoretical distribution
perturbed from Py, and then finds the theoretical perturbation of Py = WPX? from Py = WPx
using the SVD on the DTM. Since all the singular values of the DTM are less than or equal to 1
(from the proof of Theorem 3.2.4), the input sphere shrinks to the output ellipsoid. The ellipsoidal
shape naturally occurs because certain singular vector directions have larger associated singular
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CHAPTER 4. LARGE DEVIATIONS AND SOURCE-CHANNEL DECOMPOSITION

values than others. The apparent paradox is that the output empirical perturbations should lie on
a uniform sphere as Y|" are i.i.d. random variables. This is resolved by realizing that Py # Pyn.

Py is the theoretical output when pXF is used as the theoretical input distribution, but PY1" is the

actual empirical output distribution. It is fruitful to consider the relationship between Py and P n
more closely. This is pursued in the next section.

AT
2 Wxllpy o }'5
lel Y
s - S 1
w ~IWxli3,
uniform sphere ellipsoid from SVD

Figure 4.3: SVD characterization of output perturbations due to source.

For brevity and notational clarity, we will not write the € factor when using perturbations in
the remainder of this chapter. We will also neglect all o (62) terms. For example, we will use

PX{L = Px + Jx to denote the perturbed empirical distribution instead of the more rigorous
JADXTL = Px + eJx, where Jx is a valid additive perturbation. As another example, we will write:

~ local 1
D(Pxyp||Px) = HJXHPX

instead of the more rigorous statement from Definition 1.1.2:
R 1 )
D(Pyp|Px) = 5 [ xlB, +0(¢).

The notation ‘% will be used throughout this chapter to mean “equality under appropriate local
approximations.”

4.1 Source-Channel Perturbation Decomposition

From the previous discussion, we see that the perturbation between Pyln and Py is located on a

uniform divergence ball. It is caused in part by the perturbation between JSXn and Px, which is
also located on a uniform divergence ball. The effect of the source perturbatlon is presented in the
SVD analysis of [4] and leads to the elhpsmdal perturbation Py — Py. When we compute Py, we
take the perturbation of the source PX{L into account, but assume that the channel is fixed at W.
In reality, the conditional distributions of the channel will also perturb to give empirical conditional
distributions. This channel perturbation also causes a perturbation of the output, and transforms
the ellipsoid (due to the source perturbations) back into a sphere. Hence, the perturbation between
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4.1. SOURCE-CHANNEL PERTURBATION DECOMPOSITION

Py and Py is caused by a combination of source and channel perturbations.

Since empirical distributions are close to theoretical distributions when n is large, we let:

]ADX{L:P)(—FJX (41)
and:
Pyln =Py +Jy (42)

where Jx and Jy are valid additive perturbations. We further let the column stochastic transition
probability matrix be:
W = [W1-~-VV|X‘] (4.3)

where for each x € X', W, is the conditional pmf of Y given X = x written as a column vector. We
define the column stochastic empirical transition probability matrix as:

V=[Vi-Vixg] =W+ Jw (4.4)

where for each x € X, V, = W, + J, is the empirical conditional pmf of Y given X = z, and
Jw = [Jl e X|] is a perturbation matrix whose columns are the valid additive perturbation vec-
tors of the conditional pmfs W,, x € X. Recall that a valid additive perturbation vector has the
properties that the perturbed probability masses are between 0 and 1 (inclusive), and the sum of
all entries in the vector is 0. The former constraint is not imposed in ensuing optimizations because
it can be imposed by inserting the arbitrarily small ¢ > 0 parameter in front of the perturbation
vectors. The latter constraint is always imposed when optimizing.

Using these definitions, we derive the relationship between Py and Pyln. First, we note that:

Y (X =2,Y;=y)

j=1
> I(Xi =)
=1

which correctly extends Definition 4.0.4 for empirical conditional distributions. We have to as-
sume the denominator of equation 4.5 is non-zero for the ratio to be well-defined; this holds with
probability 1 asymptotically as Vo € X, Px(x) > 0. From equation 4.5, it is easily shown that:

Vy ey, Pya(y) = Z Py (2)Va(y)
reX

which simplifies to:
Pyn =V Pxn (4.6)
using matrix-vector notation. Since V =W + Jy,, we have:

Pyln = py + JWPX{L (47)

where f’y = WPX{L. This is the relationship between f’y and Pyln. To see this relationship in
terms of perturbation vectors, we can subtract Py = W Px on both sides of equation 4.7 and use
equations 4.1 and 4.2 to get:

Jy =Wix + JwPx + Jwdx (4.8)
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where Jx and Jy are uniform perturbations around Px and Py respectively, and WJx is the
ellipsoidal perturbation analyzed in [4]. If we neglect the second order term JyJx (as this term
would technically have an €? factor in front of it), we have:

Jy local Wix + JwPx (4.9)

where equality holds under the obvious local approximations. This first order perturbation model is
very elegant because it conveys that Jy is the result of adding the source perturbation going through
the unperturbed channel and the channel perturbation induced by the unperturbed source. Jy is
thus caused in part by the source perturbation, WJx, and in part by the channel perturbation,
Jw Px. This is a source-channel decomposition of the output perturbation Jy. The decomposition
setup engenders several natural questions:

1. If we observe .Jy, what are the most probable source and channel perturbations?
2. If we observe Jy, what is the most probable source perturbation with fixed channel?
3. If we observe Jy, what is the most probable channel perturbation with fixed source?

Analysis of the second question was the subject of [4]. The first and third questions will be explored
in the sections 4.2 and 4.3, respectively. Section 4.4 will use the results of section 4.3 to model
channel perturbations as additive Gaussian noise.

4.2 Most Probable Source and Channel Perturbations

Suppose we only observe the output Y|* of the discrete memoryless channel W as i.i.d. X7 are
inputted into it. We assume we have full knowledge of the theoretical distribution Pxy. All
probabilities in this section will be computed with respect to this distribution. In particular, we
will use the notation Py y- to denote the probability distribution of (X', ¥7"). Observing Y}" tells us

pyln, but there are many possible ]?’X{z and V' which can cause Pyln = VPX?- A pertinent question

is to try to find the most probable PX? and V' which produce Pyln. Our analysis to answer this
question will require a well-established concept from large deviation and information theory. This
concept is defined next.

Definition 4.2.1 (Exponential Approximation). Given two functions f : R - R and g : R — R,
we let = denote the exponential approximation which is defined as:

Fln) = g(n) & Tim log (f(n) = lim ~ log (g(n))

where the limits are assumed to be well-defined.

Let Py be the probability simplex of pmfs on &', and Py be the probability simplex of pmfs on
Y. Using the notation from Definition 4.1.1, simple combinatorial arguments can be used to derive
the probabilities of the following empirical marginal distributions [26]:

Vpx € Px, P%y (pxl" = px) = e PlexllPx) (4.10)
vpy & P:y7 P)’%,Y (Pyln = py> = e*nD(PYHPy) (411)
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and empirical conditional distributions:

Vo € X,Vpx € Px,Vu, € Py, Pyy (Vx =y | Pxp = pX) = ¢ rpx(@D ) (4.12)
where we require the conditioning on PX{L = px in equation 4.12 because we need to know

Yo I(X; =) = npx(z) in order to define V,. Note that equations 4.10, 4.11, and 4.12 are
(rigorously) true when pyx, py, and v, are type classes. However, we do not use a rigorous treat-
ment in this chapter for the sake of brevity. Using equation 4.12, we derive the exponential ap-
proximation of Py - (V = | PX{L = pX), where v = [1)1 e U|X|], and {V = v} denotes the event

{V=v}={MWVi=uv}n---nN {V|X| = UIXI}' For any px € Py, and for any v = [vl---vm] such
that Vo € X, v, € Py, we have:

Py (V — v | Pyp = pX) =11 P&y (Vx — v, | Pxp = pX) (4.13)
rzeX

because the probabilities of empirical conditional distributions for different values of x are con-
ditionally independent given PX{L = px. This can be understood by considering how we infer
information about V5 from V), for example. Let N(X = z) denote the number of samples in X7
which are equal to z. For fixed n, we can infer information about N(X = 1) given Vi = vy, and
this gives information about N(X = 2). This in turn provides information about V5. So, the way
in which different empirical conditional distributions reveal information about a particular V,, is by
narrowing down the possible choices for N(X = x). We cannot get any other information about
the distribution of the Y; within these N(X = z) samples because the samples are drawn i.i.d.
Due to the conditioning in equation 4.13, we know n and PX? = px, which means we also know
N(X =z) for all x € X. Given this information, as the (X", Y{") are drawn i.i.d., the different V,
become conditionally independent.

We slightly digress to point out that asymptotically:

Piy (V=0v)=]] Pty (Vo =)
zeX

is also intuitively true, because the events {V, = v,} are asymptotically independent as n — co.
This is certainly not a trivial observation. For example, if n is fixed, we can infer information
about N(X = 1) from V; and this gives information about N(X = 2). So, we effectively get some
information about V5 from V7, as discussed earlier. However, if we let n — oo, then the laws of
large numbers imply that there are roughly nPx (1) samples where X; = 1 and nPx(2) samples
where X; = 2. Since the samples are drawn i.i.d., the resulting empirical conditional pmfs, V; and
V5, are independent. This result can be rigorously established, but we do not pursue it here.

Returning to our discussion, using equations 4.12 and 4.13, we have:

Pry (v — v | Py = pX) = exp (—n 3 pX(;U)D(vzHWx)) . (4.14)
reX

We can write this expression more elegantly using the notation for conditional KL divergence. This
is defined next.
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Definition 4.2.2 (Discrete Conditional KL Divergence). Given a marginal pmf Px on the count-
able set X', and two sets of conditional pmfs V' and W, representing {V,, : x € X'} and {W, : x € X'}
respectively, such that V,, and W, are conditional pmfs on the countable set ) given x € X, the
conditional KL divergence between V' and W, denoted D(V||W|Px), is given by:

D(V|[W|Px) £ > Px(2)D(Va|[Wy).
rEX

Using the notation from Definition 4.1.2, we rewrite equation 4.14 as:

_ > _ = —nD@||W
Pxy (V =v| Pxyp —px) = ¢ mDlIWipx), (4.15)
Next, we consider P)%’Y (Pyln = py) more closely. From the total probability law, we get:

VPY S Py, P)Té’y (Pyln :py) = Z P)T(L"Y (PXf :px) P)?',Y (V = ’ ]ADX{” :PX>

which using equation 4.10 and 4.15, we can write (non-rigorously) as:

Vpy € Py, PLy (pyln _ py) = Y e PExlIPODE:Wipx))
pPx,v:
UpxX =Py
where the sum indexes over a polynomial in n number of terms, because the number of possible
empirical pmfs px and v = [vl Y X|] which satisfy vpx = py are both polynomial in n for fixed
n. As all the terms in the sum decay exponentially, the term with the slowest decay rate dominates
the sum by the Laplace principle [26]. This gives us:

Vpy € Py, Piy (pyln - py) = exp <—n min D(px]|Px) + D(vuwypx)> . (4.16)

UpX =PY

However, comparing equations 4.11 and 4.16, we have:

Vpy € Py, D(py||Py) = min D(px|[Px)+ D(v[[Wlpx) (4.17)

VpX =PY

where the minimization is over all px € Py and all v, € Py for each z € X'. This is an appealing
decomposition of the output perturbation in terms of the source perturbation and the channel
perturbation. The perturbations are measured in KL divergence and the minimization intuitively
identifies the most probable source-channel decomposition.

We now set up the problem of finding the most probable source and channel empirical pmfs,
]5)*({1 and V*, such that V*]AJ)*({L = py, where Pyln = py is the observed output empirical pmf. As
one would intuitively expect, the problem turns out to equivalent to the right hand side of equation
4.17. We want to maximize P;,Y(PX? =px,V =v| Pyln = py) over all px € Py and all v, € Py
for each z € X such that vpx = py. Using Bayes’ rule, we have:

Py (px?:pX)P)?,Y <V=U|15x?=px>

0 , otherwise

, if vpx = py

85



4.2. MOST PROBABLE SOURCE AND CHANNEL PERTURBATIONS

because:

R R 1 if vpx = py
" = n — = = ’
Pxy (PYl’ =py | Pxp =px,V U) { 0 , otherwise

Hence, assuming that the constraint vpx = py is satisfied, we get:

5 1 ) 1 .

using equations 4.10, 4.11, and 4.15. Note that D(py||Py) is a constant as Pyln = py is given.
Hence, to maximize P)’é’y(ﬁ’X? =px,V=u| Pyln = py), we must minimize the remaining portion

of the exponent in equation 4.18. Our optimization problem to find ]5)*(? and V* is thus:

min - D(px||Px) + D(v][Wlpx) (4.19)
vpx =Py

where pyln = py is known, and the minimization is over all px € Py and all v, € Py for each
x € X. The problem in statement 4.19 is precisely the right hand side of equation 4.17. In fact,
equation 4.17 illustrates that the minimum value of the objective function is D(py||Py). So, we
simply need to recover the optimal arguments, ]5)*(? and V*, which generate this minimum value.

This is equivalent to finding the most probable source and channel perturbations, Jy = ]5)*({1 — Px
and Jj;, = V* — W, when the output empirical distribution is perturbed by Jy = py — Fy. We
note that we mean “most probable” in the exponential approximation sense, as is evident from our
derivation of the problem. The next subsection solves problem 4.19.

4.2.1 Global Solution using Information Projection

For the sake of clarity, in our ensuing derivations, we will use the notation pr, Pyln, and V,
instead of px, py, and v, to mean particular values of the empirical distributions rather than
random variables which represent these empirical distributions. This should not generate any
confusion since we will not compute any large deviation probabilities in this subsection. Using this
notation, we can rewrite the optimization problem in statement 4.19 as:

min  D(Pxp||Px) + D(V||W|Pxy) (4.20)
Pxi’L Ve
VﬁX?,:ﬁyln

where pyln is known, and the minimization is over all empirical pmfs PX{L and all empirical chan-
nels (conditional pmfs) V. The optimizing ]5)*(? and V* are the most probable (in the exponential

approximation sense) source and channel empirical pmfs given the output empirical pmf is I:)yln.

We will globally solve problem 4.20 by setting it up as an information projection (i-projection). The
i-projection is a highly useful notion which imparts elegant geometric structure into many large
deviation theoretic arguments in information theory; [I] and [10] are both wonderful resources
which introduce it. We will assume some familiarity with the i-projection in this chapter. The next
theorem solves problem 4.20 using i-projections.

86



CHAPTER 4. LARGE DEVIATIONS AND SOURCE-CHANNEL DECOMPOSITION

Theorem 4.2.1 (Most Probable Empirical Source and Channel PMFs). The most probable empir-
ical source pmf and empirical channel conditional pmfs, P)*qm and V*, which are global optimizing
arguments of the extremal problem in statement 4.20, are given by:

D* _ o JY(y) an
Ve e X, Pyp(zr) = Px(z) Hy%wz(y)PY(y) , and
Jy (y)
Vee X, Vyel, Vi) = Wi(y) e |
1+ Wa(2) B (o)
ze)

where Jy = lf’yln — Py, and the optimal value of the objective function of problem 4.20 is:
D(Piy||Px) + D(V*[W|Piy) = D(Pyal [ Py).

Proof.
The optimal value of the objective function holds from equation 4.17. To compute the optimizing
arguments, we use the chain rule for KL divergence on the objective function of problem 4.20 to
get:

D(Pxr||Px) + D(V||W|Pxp) = D(Pxp yr||Pxy)-

The constraint VIE’X{L = PY1" is a constraint on the marginal pmf of Y for ]ADXfyln. It can be written
as a linear family of distributions [10]:

L= {QX,Y (Qy = pyln} = {QX,Y Vyel, Eqy, (Y =y)] = PYfl(Z/)}

where () xy denotes any joint pmf on & x V. With this linear family £, problem 4.20 can be recast
as an i-projection:
P)*({L’Yln = ;Lrgmin D(PX{L,Y{LHPX,Y)-
PX{L,Yln cL

Solving this i-projection produces the unique solution:
Ve e X, Vy e, P;(;L,Yln(%y) = Pxy (z]y) Pyy(y)

where we substitute Pyln = Py + Jy to get:

. 5
Vo€ X,Vy €V, Pipyn(w,y) = Pxy(z,y) (1 n Y(@/)) .

Marginalizing this solution gives:

e Bile) = Prle K0\ _p I ()
e Figlo)=Px(o) | 1+ DW= pro) (1w | 2731)
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and the definition of conditional probability gives:

Bro (o) 14 Jy (y)
N xpyp\L: Y P
Ve e X, Vy e, Vi(y) = ]15*17(1,) = W,(y) Y(y?jy(z)
Pt 1+ Z W (z) Pr(2)
z€Y
which are the global optimizing solutions of problem 4.20. O

We note that there is a more elementary (but perhaps less insightful) method of proving Theorem
4.2.1. We can directly derive the optimal value of the objective function of problem 4.20 (or
equation 4.17) using the chain rule for KL divergence. Observe that for any two distributions Q x y
and Px y, the chain rule gives:

D(Qxy|[Pxy) = D(@Qx||Px)+ D(Qyx||Pyx|@x)
= D(Qy||Py) + D(Qxyl|Px)y|Qy)

which by Gibbs’ inequality, implies that:
D(Qy||Py) < D(Qx||Px) + D(Qyx|| Py x|@x)

with equality if and only if D(Qxy||Px|y|Qy) = 0. Suppose we fix Pxy and Qy, and minimize
the right hand side of this inequality over all Qx and Qy|x such that the marginal distribution
of Y of Qxy is Qy. Then, choosing Qx|y = Pxy ensures that D(Qxy||Px|y|Qy) = 0, which
means that:

D@y[lPy) =" min = D(Qx[Px)+ D(Qyx|Pyx|Qx)-

x,Qy|x:
Qy | xQx=Qy
This is precisely equation 4.17 and the optimal value statement in Theorem 4.2.1. Moreover, the
optimizing Q% y has marginal distribution @3- = Qy and conditional distributions Q;qy = Pxyy,
as we saw in the proof of Theorem 4.2.1. Hence, this is an alternative derivation of Theorem 4.2.1.

Although Theorem 4.2.1 states that the minimum value of the objective function of problem 4.20 is
D(Pyln||Py) = D(P)*ql [| Px) —l—D(V*HW\p*?), it is instructive to closely examine what D(P)"q || Px)
and D(V*||W|Ps {”> are. To derive more insight on these quantities, we employ local approxima-
tions of KL divergence and solve problem 4.20 in the local case in subsection 4.2.2. For now, we
form local approximations of the global solution directly. This can be compared to the results of
subsection 4.2.2 later. We first reproduce the solutions in Theorem 4.2.1 by reinserting the € > 0
factor:

Vo e X, Pip(x) = Px(z)+e) Pxy(zly)Jv(y) (4.21)
yeY
L4e Jy (y)
Vee X, Vyel, Vi(y) Wa(y) ) (4.22)
1+4e€ Z W (2) Py ()
z€Y
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from which we see that P)*(? is already in local form because the second term which constitutes it
is a valid additive perturbation:

ZZPXW z|y)Jy (y ZJY )ZPX|Y($‘?J):ZJY(3/)—
reX yey yey TeX yey

The V}, = € X are not in local form because we cannot easily isolate additive, log-likelihood, or
normalized perturbations from them. To locally approximate them, we use the following substitu-

tion:
1 z
=1—e) Wy o (€)
1+e Z W ( (z) zezy Z)

z€Y
) ) ) . o(e)
where o (€) denotes a function which satisfies lim
e—0t €

= 0. The substitution produces:

Vee X, Vyed, Vi) =W, (y)< Z ZW ) (6))

which we rearrange to get:

Vee X,Yye), Vi(y) =Wa(y) +e (Wm(y) Jy E‘Z Z Wa( é)) +o(e) (4.23)
z€Y

;u

where the second term on the right hand side is a valid additive perturbation:

S WL = S Waln) S W) ) = S Waln) e = S Wala) ) =

yey yey z€Y yey z€Y

Hence, equations 4.21 and 4.23 are the local approximations to the global solution in Theorem
4.2.1. We rewrite them below by again neglecting the e factors and terms:

Vo e X, Piu(w) = Px(z)+ Px(x)> Waly) (4.24)
yey
re Xy eV Vi) " Waly) £ Waly ( 3; ZW ’2) (4.25)

where equation 4.24 is identical to the global solution, but equation 4.25 requires local approxima-
tions. Recognizing that P)"}11 = Px + Jx and Vo € X, V] = W, + J}, the most probable local
perturbations are:

Vre X, Ji(z) = Px(x)Y Wil Ty (y) (4.26)
= Py (y)
Ve e XYy e, Jiy) = Wl ( Z N AE) 3) (4.27)
z€Y

using equations 4.24 and 4.25. In the next subsection, we verify that equations 4.26 and 4.27 are
indeed the solutions to the locally approximated problem 4.20.
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4.2.2 Local Solution using Lagrangian Optimization

To locally approximate problem 4.20, we assume that empirical distributions perturb very slightly
from theoretical distributions. This is a sound assumption when n — oco. Recall that we have:

Pxp = Px+Jx
Pyn = Py +Jy
VeekX, Vp, = We+J,

where the additive perturbation vectors have elements that are small (or the e factor which is
understood to be in front of them is small). This means that KL divergences can be approximated
using y?-divergences.

A local 1
D(Pxp|[Px) = | xlIp, (4.28)
~ local 1 2
D(Fypliby) "= 5 lvlp, (4.29)
oca. 1
Ve e X, D(VillWa) = C I, (4.30)

We may also locally approximate the conditional KL divergence, D(VHW|]5X{L). Using Definition
4.2.2 and equation 4.30, we have:

A ~ local 1 1
D(V||W|Pxp) = Y Pxp(@)D(Val[Wa) = 5 Y Px(a) [ Talliy, + 5 > Ix(@) T2,
reX zeX reX
which gives:
A local 1
D(V|[W|Pxp) =5 > Px () Il (4.31)
zeX

where we neglect the third order terms Jx(z) ||J$”%Vz (as they are o (e?) terms when we write

the € factors explicitly). Equations 4.28 and 4.31 can be used to recast the extremal problem in
statement 4.20 in local form:

JX,JWE[?--J\X\} %HJXH?DX " ;;PX(f) el
subject to: JE1 =0,
Ji1=0,
and Wix 4+ JwPx = Jy (4.32)

where 1 denotes the vector of with all entries equal to 1, 0 is a scalar in the first constraint and a
column vector with all entries equal to 0 in the second constraint, and the third constraint imposes
equation 4.9 which ensures that pyln is the observed output empirical pmf. The next theorem solves
the optimization problem in statement 4.32.

Theorem 4.2.2 (Most Probable Local Source and Channel Perturbations). The most probable
local source perturbation and local channel perturbations, which are optimizing arguments of the
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extremal problem in statement 4.32, are given by:

Jy (y)

VreX, Jx(z) = PX@:)%W;U(:U)Py(y), and
e s = (3 SR )
ze)

and the optimal value of the objective function of problem 4.32 is:

1 * (12 1 * (12 1 2
STl + 5 3 Pe(@) 121, = 5 1 I,
rxeX

Proof.
We first set up the Lagrangian, £ (Jx, Jw, A, i, 7), for problem 4.32:

L=J%[Px] ' Ix + > Px(x)J] (Wo] ' T + AT (Wx + JwPx — Jy) + pJxl+ 77 Tl
reX

where p € R, A = [)\1---)\|y|]T e RVl and 7 = [Tl---TM]T e RI* are Lagrange multipliers,
and we omit the factor of % in the objective function. We will take partial derivatives of £ using
denominator layout notation, which means:

B ac( ) Baﬁ( )
Jx (1 Tz (1
% = : and Vz € X, oL = :
0Jx or 0 Jy oL
0Jx (|X]) 0J= (1Y)

Taking partial derivatives and setting them equal to 0, we get:

oL _

= =2 [Px] P Ix +WIA+pu1 =0

0Jx
and: or

Vi€ X, S =2Px() (W]~ Jo + Px(2)A + 7,1 = 0.
Appropriately absorbing constants into the Lagrange multipliers, we have:
Jx = [Px]WTA+ uPx,
Vee X, J, = [Wi| A+ W,

We then impose the constraint, J)T< =0
JE1 =MW [Px]1+uPi1 =Py + =0

which gives:
n = —)\TPy.

We also impose the constraint, Jit,1 =0 (or Vo € X, JI'1=0):

VeeXx, JE1= N [W 1+ 7, W1 ='W, +7,=0
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which gives:
Vo e X, 1 = -NTW,.

Hence, we have:
Jx = ([Px]WT - PxPE) ),
VeeX, J, = ([Wa] -W,WI) A

Finally, we impose the constraint, WJx + JwPx = WJx + Z Px(x)J, = Jy:
TeX

Wx + JwPx =W ([Px] W' = PxPY) A+ > Px(a) (Wa] - WoW]) A= Jy
xeEX

(W [Px]WT — Py P+ [Py] = ) PX(x)WmW:;F) A= Jy
TeX
which is equivalent to:
([Py] = PyPE) X = Jy.

To find A, we must invert the matrix [Py] — Py P}, which is a rank 1 perturbation of the matrix
[Py]. It is tempting to apply the Sherman-Morrison-Woodbury formula to invert [Py | — PyPE , but
we find that 1 — P [Py]™' Py = 0. This means that the Sherman-Morrison-Woodbury formula
cannot invert [Py| — PyPg because it is singular. On the other hand, we observe that:

A=[Py] t Iy
satisfies the constraint ([Py] — PyPg) A= Jy:
(IPy] - Py PL) [Py] ' dy = Jy — Py1TJy = Jy

where we use the fact that 17.Jy = 0, because Jy is a valid additive perturbation. Therefore, the
optimal Jx and J,, x € X are:

Ty = [Px]WT[Ry] " Jy,
VeeX, Ji = (W.]-W,W))[Py] ' Jy.
which we can rewrite as:
Vo X, Jia) = Pxlo) X Wal) s,
yey
J Jy (z
VeeX,Wyel, Jiy) = Wiy (P}Y/g; - ;}Wz(z)ﬂiizo .

This completes the proof of the optimizing arguments.

From Theorem 4.2.1, we have that the global solution satisfies:

D(P§;||Px) + D(V*|IW[PXp) = D(Pypl| Py).
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In analogy with this relation, we would like the local solution to satisfy:
IR, + 5 3 Pre@) Iy, = 5 v,
J?EX

which is clearly equivalent to satisfying:

1750y + Y Px(@) 15115, = v 1[5, - (4.33)
zeX

We now directly prove equation 4.33. Observe that:

x|, = Jy[Py] " WIPx]WT [Py Ly
2
= Yr W, (y) X Y)
3;( x(@ yz;, <y>
_ Jy (Y)
— VAR (E[ Py(y)’XD (4.34)

where the third equality follows from E [E { Jy (V) ‘ X ” =E {L(Y)} = 0. Likewise, observe that:

Py (Y)
) 2

ZPX ||J*||W = ZPX(x)ZWx(Z/) <}§//y ZW z)

reX reX yey W = (2)
2
- = |&5 2 [FHl) |
- xfue(383])
- v () 72 (R ))
= |lJvl}, — VAR <E[gg§’x]> (4.35)

where the third equality holds by the tower property, the fourth equality holds by the law of total

I‘iY 8?) = HJYH p,- Adding equations 4.34 and

4.35 produces equation 4.33. This completes the proof. O

variance, and the last equality holds because VAR (

The most probable source and channel perturbations given in Theorem 4.2.2 are the same as
those in equations 4.26 and 4.27. Thus, the solutions to the locally approximated global problem
are consistent with the local approximations to the global solutions. We next consider explicitly
identifying the local approximations of D( Xn||PX) and D(V*||W|P: n) Using equation 4.28 and
Theorem 4.2.2, we have:

o local 1 _ 2 1 _ _
D(Pxn||Px) = *IleHpX H[PX]WT[PY] lJYprngg[PY] "WPxIWT[Py] Ly
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Recall from section 1.2 in chapter 1 that:

Ky = {ﬁ}_IJY

is the normalized perturbation corresponding to the additive perturbation Jy. Using Ky, we get:
Pk local 1 1
D(Pyl[Px) = 5 175 by = 5 Ky BB Ky (4.36)
where B is the DTM defined in Definition 1.3.4. Likewise, using equation 4.31 and Theorem 4.2.2,
we have:

v local 1 2 1 2 2 1
DV IWIPE) " 237 Pe(@) 13y, = 5 (v Iy, = 1751, ) = 5 (BF Ky — K BB  Ky)
zeX
which simplifies to:
* 5% local 1 N 1
DV W(Py) "2 2 37 (o) 11y, = 57 (1 - BBT) Ky. (4.37)
zeX

Hence, equations 4.36 and 4.37 illustrate local approximations of the KL divergences, D(P)*({L | Px)
and D(V*||W]]3*f) They intuitively convey that in the most probable scenario (under the expo-

nential approximation), BB controls the fraction of local output KL divergence arising from the
source perturbation, and I — BBT controls the fraction of local output KL divergence arising from
the channel perturbations. Hence, under local approximations, BBT determines the exponent of
the large deviation probability of observing ]5)*(?, and I — BBT determines the exponent of the
large deviation probability of observing V*.

Finally, we portray that BBT and I — BB also govern the source-channel decomposition of the
output perturbation. From equation 4.9 and the third constraint of problem 4.32, we have:

Jy = WJx + Jy Px (4.38)
where Jyj;, = {Jf e J‘*X‘], and we neglect all second order terms. We may rewrite this source-
channel decomposition using the normalized perturbation Ky :

Ky = [\/E} Wi+ [\/E}_l i, Px. (4.39)

The source perturbation component of Ky is:

-1 -1
[\/Py} W = [\/P ] W{Px]WT[Py]|"VJy = BBTKy (4.40)
using Theorem 4.2.2. This means the channel perturbation component of Ky is:
-1
{\/Py} JiyPx = (I — BBY) Ky (4.41)

because the proof of Theorem 4.2.2 ensures that equation 4.38 holds, which implies equation 4.39
also holds. Therefore, we may write equation 4.39 as:

Ky = BB"Ky + (I - BB") Ky. (4.42)
This is a source-channel decomposition of the normalized output perturbation Ky, where the

source part is determined by BB”, as shown in equation 4.40, and the channel part is determined
by I — BB as shown in equation 4.41.
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4.3 Most Probable Channel Perturbations with Fixed Source

We now address the third question at the end of section 4.1. Suppose we observe both the i.i.d.
input X7 and the i.i.d. output Y{" of the discrete memoryless channel W. A theoretical example of
this would be a sender in a perfect feedback channel. Once again, we assume we have full knowledge
of the theoretical distribution Px y, and calculate all probabilities with respect to this distribution.
In particular, we again use the notation P}é’y to denote the probability distribution of (X7, Y{").
Observing X{* and Y}" reveals PX{L and Pyln, but there are many possible V' which are consistent
with pyln = VPX{L. In this scenario, the pertinent question is to try and find the most probable V'
which satisfies Pyln = VPX{L.

We want to maximize PY, (V = v | pX{L = pX,Pyln = py) over all v, € Py for each v € X
such that vpx = py, where px and py are any observed input and output empirical pmfs. To this
end, we have using Bayes’ rule:

Py <V=U|l'5)q1 =py>

n » > = -
PX,Y (V = | PX{L =DPXx, PY{” = py> = Py (Pylnzpy‘PX{L:pX)
0 , otherwise

) if Upx =Py

because:

~ ~ 1 if vpx = Py
n = n —_— = = ’
Pxy <PY1 =py [ Pxp =px,V U) { 0 , otherwise

Moreover, P)?Y(Pyln = py | PX? = px) is a constant because PX{L = px and Pyln = py are given.
So, maximizing P¥ (V = v | PX{L = pX,Pyln = py) is equivalent to maximizing its numerator
Py (V= PX{L = px) assuming that the constraint vpx = py is satisfied. Recall from equation

4.15 that:
P)T(L—Y (V = ‘ Pxn :px> = e_nD(v||W|pX)_
’ 1

Hence, maximizing P¥¢ (V = v | PX? = px) is equivalent to minimizing D(v||W |px ) over empirical
channel matrices v, under the exponential approximation. This means our optimization problem
to find the most probable empirical channel conditional pmfs V* is:

min  D(v||W|px) (4.43)

v UpX =Py

where P » = px and P n = py are known, and the minimization is over all v, € Py for each z € X..
Finding V* also delivers us the most probable channel perturbations Jy;, = V* — W when the input
and output empirical pmfs are perturbed by Jx = px — Px and Jy = py — Py, respectively. Jjj,
contains intriguing information regarding which conditional distributions perturb more than others.

Although problem 4.43 is soundly set up, it does not address the title of this section: “most
probable channel perturbations with fixed source.” Indeed, the source is not fixed in the setup of
problem 4.43 as a perturbed empirical source pmf is observed. Another way to perceive this prob-
lem is to think of the fixed PX{L = px as a fixed composition which does not come from i.i.d. X7'.
The sender fixes an empirical distribution PXf = px and sends X' according to this distribution.
Fach X; is sent through the discrete memoryless channel. So, the theoretical input distribution is

95



4.3. MOST PROBABLE CHANNEL PERTURBATIONS WITH FIXED SOURCE

PX{L and the theoretical output distribution is Py =WP n = Wpx; the original Px is meaningless
in this scenario. The receiver observes the output empirical distribution Pyln = py and tries to find
the most probable empirical conditional distributions V' given PX{L = px and Pyln = py. What we
have effectively done is assumed that there is no source perturbation. So, the output perturbation
is only caused by the channel perturbations. This is the opposite scenario of [4] where the channel
did not perturb but the source did.

We now derive the problem of finding the most probable V under this alternative interpreta-
tion. Let the theoretical joint pmf of (X,Y) be Pxy, where Pxy now has marginal pmfs Qx
and Py = W(Qx, and conditional probabilities Py x given by W. Moreover, we assume that
Vo e X,Vy €Y, Pxy(z,y) > 0. We again calculate all probabilities with respect to P¥ -, which
denotes the distribution of (X7, Y)"). Since the empirical input distribution equals the theoretical
input distribution in the fixed composition scenario, we have:

Qx = Pxy. (4.44)

Moreover, we define:
Qv & Pyn =Py +Jy (4.45)

as the empirical output pmf, where Jy is now the additive perturbation of Qy = Pyln from Py.
Note that:

Qy =VQx =W+ Jw)Qx = Py + JwQx

where Jy is the matrix of channel perturbations. Hence, the source-channel decomposition in
equation 4.9 becomes:

Jy = JwQx (4.46)

because the source perturbation is 0. We want to maximize PY,(V = v | Qy = gqy) over all
vy € Py for each x € X such that vQx = gy, where gy is any observed output empirical pmf.
Using Bayes’ rule, we have:

PR
Py (V=v|Qy=gqy)=q Pxy@v=ar) ~ if vQx = qv
0 , otherwise

because:
. 1, if vQx =g
Py (Qy=aqy |V =0)= { 0 otherv)\fise '

where we do not require any conditioning on Pyr in the above equations because we use a fixed

composition Qx = ]ADXIL. Thus, assuming that the constraint vQ)x = qy is satisfied, maximizing
P (V =v | Qy = qy) is equivalent to maximizing P¥ (V' = v), because P¥ (Qy = ¢qy) is
constant since Qy = qy is given.

To compute P)’QY(V = v), we observe that for every x € X and every empirical pmf v,:

Py (Ve = v,) = e Qx(=)D(xW) (4.47)

96



CHAPTER 4. LARGE DEVIATIONS AND SOURCE-CHANNEL DECOMPOSITION

in analogy with equation 4.12. This is because the channel is memoryless:
n
Vo € X" Vy € V", Pynixe (41| 27) = HWIi (yi)
i=1

which means that if we are given the X; values, the Y; values are drawn independently. Once again,
note that we do not need to condition on @ x when computing probabilities of V' (or V,,) because
Qx is a known fixed composition. Furthermore, for any v = [vl e U‘Xd, we have:

P}},Y (V = ’U) = H P)?Y (Vx = Um) (448)
rzeX

which holds because empirical conditional distributions for different values of x € X are independent
for a fixed composition @ x. Indeed, knowing @ x and n implies we know nQ x (z) for all x € X'. This
is the only kind of information that can be inferred about one empirical conditional distribution
from another. The reason for this is no longer because samples are i.i.d. as in equation 4.13 in
section 4.2. In fact, the samples are clearly not i.i.d. However, memorylessness of the channel
implies that Y; is conditionally independent of all Y;, j # i and X;, j # 4, given X;. To find V,
we must collect all X; = x samples, and no other empirical conditional distribution requires these
samples. This means that the corresponding Y; values of the X; = = samples (which determine
V) are independent of all samples with X; # x. Hence, the empirical conditional distributions are
independent of one another. Combining this conclusion in equation 4.48 with equation 4.47, we
have:

Pxy (V =v) =exp (—n > Qx(:v)D(wxlle)>
zeX
which we may write using Definition 4.2.2 as:

PRy (V = v) = e mP0IWIQx) (4.49)

in analogy with equation 4.15.

Using equation 4.49, we see that the most probable V* is given by minimizing the exponent
D(v||W|Qx) over all empirical channel conditional pmfs v, under the exponential approximation.
Hence, the optimization problem which finds V* is:

min  D(v||W|Qx) (4.50)
v vQx=qy
where the empirical pmf of Y, Qy = ¢y, is given, and we use a fixed composition )x. This is ex-
actly the same problem as that in statement 4.43. Therefore, both problems find the most probable
channel perturbations Jj;, = V* — W with fixed source composition @ x given that @y is observed.
The ensuing subsections solve problem 4.50 in the global and local scenarios.

Before delving into the solutions, we draw attention to some miscellaneous observations. Firstly,
it is worth mentioning that the optimal value of problem 4.50 will be greater than or equal to the
optimal value of problem 4.19. Indeed, if we let Qx = Px, then the convexity of KL divergence in
its arguments and Jensen’s inequality imply that:

D(v[[W]Qx) = D(gqv||FPy)
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for every set of empirical channel conditional pmfs v such that vQx = qy, where D(qy||Py) =
D(Pyn||Py) is the optimal value of problem 4.19 according to equation 4.17. This trivially gives
us:

min  D(v||[W|Qx) > min D(px||Qx) + D(v|[[W|px) = D(qv || Fy). (4.51)

vl

On another note, we observe that Problem 4.50 actually finds the maximum a posteriori probablity
(MAP) estimate V* after observing Qy, because it maximizes PY(V = v | Qy = ¢,) under
the exponential approximation. It turns out that we can also perceive V* as the set of dominat-
ing empirical channel conditional distributions which lead to gy. To elucidate this, we first find
P)?’Y(Qy = qy). Unfortunately, we cannot blindly use equation 4.11:

P)%,Y (Qy =qy) = e~ nD(av[|Py)

because the Y{" are no longer i.i.d. Hence, we have from first principles:

P)?,Y(QYZQY): Z P)?,Y(V:”)

v vQx=qy

into which we can substitute equation 4.49 (non-rigorously) to get:

P)T},Y Qy =qv) = Z e~ DIW|Qx)

v vQx=qy

where the sum indexes over a polynomial in n number of terms, because the number of possible
empirical channel conditional pmfs v = [vl Y X|] which satisfy vQ)x = gy is polynomial in n for
fixed n. Then, the Laplace principle [20] gives:

Pyy (Qy = qy) = exp <—n min D(?}|W|Qx)> ) (4.52)
v vQx=qy

The exponent in equation 4.52 is precisely the extremal problem in statement 4.50. Thus, for a
fixed composition QQx, the exponential approximation of the probability of observing Qy = gy
equals the exponential approximation of the probability of the dominating (most probable) V*.
This also agrees with equation 4.16, where letting PX{L = px = Px (which corresponds to fixing
the source composition or allowing no source perturbation) gives the same exponent as equation
4.52, because D(px||Px) = 0 when px = Px. In the next subsection, we find an implicit global
solution for problem 4.50.

4.3.1 Implicit Global Solution

As in subsection 4.2.1, for the sake of clarity, we will alter notation slightly before solving problem
4.50. In our ensuing derivations, we will use the notation of problem 4.50 rather than its equivalent
formulation in statement 4.43. Furthermore, we will use V and Q)y, instead of v and ¢y, to mean
particular values of the empirical distributions rather than random variables which represent these
empirical distributions. This should not generate any confusion since we will not compute any
large deviation probabilities in this subsection. Using this altered notation, we can rewrite the
optimization problem in statement 4.50 as:

' DV W 4.53
o, min D(V|W|Qx) (4.5
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where the source composition @ x is fixed, the empirical pmf Q)y is observed, and the minimization is
over all empirical channels (conditional pmfs) V. The optimizing V* is the most probable empirical
channel with fixed source composition @Qx. We will first attack problem 4.53 using the method of
Lagrange multipliers. The next theorem presents this Lagrangian optimization approach.

Theorem 4.3.1 (Most Probable Empirical Channel PMFs). The most probable empirical channel
conditional pmfs, V*, which are global optimizing arguments of the extremal problem in statement
4.58, are given by:

W (y)etv
Ve X, Yy e, v;(y):L

Z Wa(2)et

z€Y

where the \,, y € Y satisfy the marginal constraint:

Ay
ey, 3 Qxl) | W | _ o).

TEX Wy (2) e
z€Y
Proof.

We seek to minimize D(V||[W|Qx) over all empirical channel conditional pmfs V' subject to the
constraint:

Vyey, Y Qx(@)Valy) = Qv (y)

zeX

by employing the method of Lagrange multipliers. We additionally impose the constraint:
Vo e X, > Valy) =1
yey

to ensure that each V., =z € X is normalized like a valid pmf. However, we do not impose the
non-negativity constraints on V,, x € X as they will turn out to hold naturally. The Lagrangian,
L(V, A, i), for the problem is:

£= 30 Qxl) X Vil ton (72 ) + 00 X QelalValo) + 30 e Vel

zeX yey yey zeX zeX yey

where \ = [)\1 ~~-)\D;‘}T and p = [,ul--~,u|;(|]T are Lagrange multipliers. Taking the partial
derivatives of £ with respect to V(y) and setting them equal to 0, we get:

oL Vi
Ve e X,Vy e, FIAD) = Qx(x) <1 + Ay + log <WI((Z§/)))> + e = 0.

By appropriately absorbing constants into the Lagrange multipliers and rearranging, we have:
Vee XYy el, Vily) = Waly)evHe,

This clearly shows that each empirical conditional distribution, V., is exponentially tilted from the
theoretical conditional distribution W,. The A\,, y € ) are natural parameters corresponding to
indicator sufficient statistics I(Y = y), and the pu,, = € X are the log-partition functions. We will
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provide an alternative proof of Theorem 4.3.1 using i-projections which will make this structure
clear. To find u,, = € X, we impose the valid pmf normalization constraints:

Vo e X, Z Va(y) = e H= Z W, (y)et =1
yey yey

which give:
Ve e X, el = Z Wa(y)e.
yeY

This agrees with the observation that e#*, x € X are partition functions. Using the expressions
for e#=, the optimal V’ have the form:

Wa(y)e
Ve X Wy ey, Viy) = emr

Z Wa(2)et

z€Y

where the )\, y € V must satisfy the the marginal constraint:

ey, Y ox@Vim) = Y Qxle) | W | Z oy,
’ TEX : TEX ZWI(Z)Q)\Z
zeY

Hence, we have found the optimizing V*. Note that the non-negativity constraints on V), = € X
which ensure they are valid pmfs automatically hold. We now justify that the V* is indeed a
minimizer of problem 4.53 (as we have only shown it is a stationary point of the Lagrangian so far).
Observe that our objective function D(V||[W|Qx) is a strictly convex function of V' for fixed Wand
Qx, because Vx € X, Qx(z) > 0, and for each z € X, D(V,||W,) is a strictly convex function
of V,, for fixed W,. Moreover, the constraints VQx = Qy and 17V =17 (where 1 is the column
vector with all entries equal to 1) are affine equality constraints. Theorem 2.2.8 in [27] asserts that
such convex minimization problems (with affine equality constraints) attain their global minimum
at the stationary point of their Lagrangian. This completes the proof. O

Theorem 4.3.1 does not provide an explicit characterization of V*. It only presents an implicit
global solution of problem 4.53 by presenting each V7, x € X as functions of A\, y € ), where the
Ay are implicitly defined by a marginal constraint. In fact, our proof using Lagrange multipliers
does not elaborate upon why such \,, y € Y must exist. We now present an alternative proof of
Theorem 4.3.1 by setting problem 4.53 up as an i-projection. This proof offers more insight into
the existence, uniqueness, and exponential family form of V*.

Proof.
We first set up the extremal problem in statement 4.53 as an i-projection. Observe that:

D(VI[W|Qx) = D(Qxy||Px,y)

where () x,y denotes the empirical joint pmf, with empirical conditional distributions of ¥ given X
given by V, and empirical marginal pmf of X given by @ x (which is both the empirical and the
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theoretical distribution of X in the fixed composition scenario). Note that Px y is the theoretical
joint pmf, with empirical conditional distributions of Y given X given by W, and empirical marginal
pmf of X given by @Qx. The constraint VQ x = Qy is a marginal constraint on ) x y. So, consider
the linear family of distributions:

L= {QX,Y Ve e &, EQX,Y [H (X = ﬂf)] = QX(x) N Yye, EQX,Y []I (Y = y)] = QY(?J)}

which is the set of joint pmfs on X x Y with marginal pmfs Qx and Qy. With this linear family
L, problem 4.53 can be recast as an i-projection:

Q% y = argmin D(Qx,y||Px,y)

Qx,yeLl
where we additionally know that the marginal pmf of X of Pxy is also Qx.

We now solve this i-projection. Let £ be the (|X'| + |V|)-dimensional canonical exponential family
which is “orthogonal” to the linear family L:

Pxy(z,y)e™

Z Z PX,Y (CL, b)eT“+)\b

acX bey

EL{Qxy Ve eX,Wed, Qxyl(z,y) =

for some 7,,\, €R

where () x y denotes any joint pmf on & X ), Px y is the base distribution, 7,2 € X and A\y,y € Y
are the natural parameters, [(X = z),z € X and [(Y = y),y € Y are the sufficient statistics, and
the normalization sum in the denominator is the partition function. We remark that Definition
3.4.3 of canonical exponential families was only for pdfs and had a single parameter. A more general
definition includes £ as a canonical exponential family as well. It is well-known that the optimizing
Q}y of the i-projection exists, and is the unique distribution that is in both £ and £ [10]. Hence,
Qxy € LNE. Since Q% y € &, we have:

Pxy (z,y)e™

- Z Z PX7y(a, b)eTaJr)‘b '

aceX be)

Vee X, Vye), Qxy(z,y)

Furthermore, since Q% y- € £, we have:

Vee X, Y Qky(w,y) = Qx(x),

yey

Vyed, Y Qiy(z,y) =Qv(y).

reX

Imposing the marginal constraint on X gives:

e™ Y Pxy(z,y)e
yey

Z Z PX7y(a, b)eTaJr)\b

aceX be)

Ve e X,

= Qx ()
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where we use the fact that Pxy has marginal pmf Q) x to get:
Ve e X, e™ Z Wa(y)et = Z ZPX’y(a, b)eTa Ao,
yey acX bey

Hence, the solution to the i-projection is:

. PX,Y('Ia y)eky

VeeX,Vye), Qxy(r.y) =S
XY ZWx(z)e)\z

z€Y
where the )\, y € Y satisfy:
N Wiy et
ey, 3 @iyl = 3 Qx| 2| o)
zEX zeX Z Wy (z)e™
ze)Y

which imposes the marginal constraint on Y. Since Vz € X,Vy € ¥, Q% y(7,y) = V' (y)Qx(z),
the optimal empirical conditional distributions are:

W, Ay
Vo€ Xy e, Vily) = —reWer

Z Wa(2)et

z€Y
where the \,, y € Y satisfy:

W e
ey, S ox) | =W _gyy).
rex W, (z)e'
z€y

This completes the proof. O

From this alternative proof of Theorem 4.3.1 using i-projections, we glean a better understand-
ing of the form of V*. The most probable empirical channel conditional pmfs, V*, = € X, are
exponentially tilted versions of the theoretical conditional pmfs, W,, = € X, because we project
the theoretical conditional pmfs along exponential families onto the linear family which represents
the empirical observations. The geometric intuition behind Theorem 4.3.1 is further elaborated in
subsection 4.3.2. It is rather dissatisfying that we cannot find V', x € X" explicitly by solving the
conditions for Ay, y € Y. Thus, the next two corollaries illustrate scenarios where the \,, y € ),

can be found explicitly.

Corollary 4.3.2 (Identical Conditional Distributions). If all the theoretical conditional pmfs of Y
given X are identical:
Ve e X, W, = Py,

then the most probable empirical conditional pmfs of Y given X are also all identical:

Ve e X, V;C*:Qy.
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Proof.
From Theorem 4.3.1 and the assumption Vx € X, W, = Py, we have:
Py (y)e
Ve XYy e, Viy) = %
Z Py (z)e?*
zey
where the \,, y € ) satisfy the marginal constraint:
Py (y)e Py (y)e
Vyed, Y Qx(z) —| = — = Qv(y).
vEX > Py(z)e: > Py(z)e
2€Y z€Y
This marginal constraint can be rearranged to:
Py (y)et
Yy €, Py(z)eM = 2
Z Qy (y)

z€Y
which gives:
Vee X, Vyel, Vi(y) =Qy(y).

]

In Corollary 4.3.2, we essentially determine the \,, y € Y, by how much we exponentially tilt Py
to get )y. Then, as all the theoretical conditional distributions are identical to Py, we tilt them
all by the same amount.

Corollary 4.3.3 (Exponentially Tilted Empirical Output PMF). Suppose we are given that Qy
is exponentially tilted from Py :

Yy e, Qyly) = 1P:@Z)(113+< l); |
Y %)l

z€Y

Ifl = [ll . --l‘y‘]T = v + cl for any constant ¢ € R and any vector v € nullspace (WT), where
1 4s the column vector with all entries equal to unity, then the most probable empirical channel

conditional pmfs are:

veex,wyey, iy = 2@l

1+ > Wa(2)l
z€Y
Proof.
Letting e =1 + iy for each y € Y in Theorem 4.3.1, we have:

Vee X,Vyey, Vi(y) = Wa(y) (1 + py)
L+ Wal2)ps

zeY
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where the p,, y € Y satisfy the marginal constraint:

. W (y) (1 + py)
Yy e, ;QX( ) 1+2Wx(2)uz
zeY

= Qv (y)-

Since Qy is exponentially tilted from Py, we can write this marginal constraint as:

Wm(?J)(l‘i‘My) PY(?J) (1+ly)
v , E x -
yey MQX() 1+ > W2 1+ 5 Pr(z)L
z€EY zey

_ T Wa(y) (1 +1y)
;QX( "1y S Q@) Wbl

acX bey

We can clearly see from this relation that if we have:

Vo e X, Y We(b)lp=c

bey
for some constant ¢ € R, then:
> Qx(a)) Wa(b)ly =c
acX bey

and so, Vy € YV, p, = [, satisfies the marginal constraint:

ly
Ve Y, Qrly) = e

a Z Py (2)el* '

z€Y

Let p = [,ul x ~,u|y|]T denote the vector of p,, y € Y. We have shown that if W7l = cl for some
constant ¢ € R, then y = [ satisfies the marginal constraint. So, if I/ = v+ ¢l for any constant ¢ € R
and any vector v € nullspace (WT), then WPl = WPy + ¢cWT1 = c¢l, which means p = [ satisfies
the marginal constraint and:

Ve X, Vyel, Vi(y) = Wel) U +h)
L4+ Wal(2)l

zeY

In Corollary 4.3.3, we assume that (Qy is exponentially tilted from Py and write:

Pr(y) A+1)
1+ Py(2)l.

z€Y

Vyed, Qv(y) =
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While this equation does not have the form of an exponential tilt, letting 1+1, = e™ for each y € Y
makes it clear that QJy is indeed exponentially tilted from Py. We must be careful and recognize
that Yy € Y, l, > —1. This ensures the 7,, y € ) are well-defined and that Vy € ), Qy(y) > 0.
Corollary 4.3.3 illustrates that we can often explicitly find V* when the dimension of the left
nullspace of W is large. For example, if W is a tall matrix and || is much larger than |X|, Qy is
more likely to satisfy the premise of Corollary 4.3.3.

Since we cannot generally find explicit global solutions to problem 4.53, we will also solve it using
local approximations of KL divergence in subsection 4.3.3. For comparison with those forthcoming
results, we compute local approximations of our global solutions directly. To this end, we reproduce
the solutions in Theorem 4.3.1 with altered form:

Wa(y) (1 + epy)

Vee X,Vye), Vi(y) = (4.54)
I+e Z Wi (2)p
zey
where the u,, y € ), satisfy the marginal constraint:
W, 1+¢
ey, 3 Qxla) | eWtan) o ) (4.55)
TEX I+e Z W (2) 2
zey

Note that we write Yy € ), etv =1+ €fty for some small € > 0. The p, > —1, y € YV, express
the exponential tilting as multiplicative perturbations (without loss of generality). The e factor
enforces the assumption that the perturbed V* is close to W. To complete the local approximation,
we use the following substitution:

—1—GZW 2z + o (€)
l—l-EZWx(Z),u oy
zey

where o (€) denotes a function which satisfies lim o(e) = 0. This gives the locally approximated

e—0t €
global solution:

Ve e X,Vy ey, Vi(y) = Waly) (1+eny) (1 — > Wal2)p. + 0(6))
z€Y

= Wi(y) + eW(y) (,uy - Z Wx(z),uz> +o(e) (4.56)
z€Y
where the p,, y € Y, satisfy:

Vyel, ev(y) = > Qx(x) <1+6uy—6ZW )—Py(y)+0(6)

reX zey

= 3 Qx(n)Waly) (uy - Wmm) +ole) (457)

reX zeY

105



4.3. MOST PROBABLE CHANNEL PERTURBATIONS WITH FIXED SOURCE

because @y = Py + eJy. Neglecting the e factors and terms, equations 4.56 and 4.57 illustrate
that the most probable channel perturbations, J! = V. — W,, z € X (when the global solutions
are locally approximated) are:

VeeX, Ji=[W,](I-1W])u (4.58)

where p = [Ml e ,u|y|]T satisfies:

(Py] =W QxIWT) = Jy (4.59)

where I is the identity matrix, and 1 denotes a column vector with all entries equal to 1. We will
see that solving the locally approximated problem 4.53 will produce these same results.

4.3.2 Geometric Interpretation of Global Solution

Before expounding the solutions to problem 4.53 under local approximations, we take a moment to
appreciate the geometry of its global solutions. From Theorem 4.3.1, we have:

Wa(y)e
Vee X,Vye), Vi(y) = —(y)e
Z W, (z)et

zeY

where the \,, y € ) satisfy the marginal constraint:

Ay
ey, S ox) | =W gy y).

Az
pex We(z)e
z€Y

Figure 4.4 interprets these solutions by considering two spaces of pmfs on ). For simplicity, we
assume that X = {1,2,3}. On the theoretical space, we have the conditional pmfs Wi, Wy, and
W3, which average with respect to @ x to produce the marginal pmf Py. On the empirical space, we
have the empirical conditional pmfs V;, V5, and V3, which average with respect to Qx to produce
some empirical marginal pmf. The most probable empirical channel conditional pmfs, V}, = € X,
are obtained by exponentially tilting the theoretical conditional pmfs, W,, = € X, such that
Vr, x € X average to the observed empirical marginal pmf Q)y. Hence, to get from the theoretical
space to the empirical space, we construct parallel canonical exponential families starting at Wy,
Ws, and W3 (base distributions), and travel along these exponential families by the same amount
Ay, y € Y (natural parameters), until the average of the V,,, z € & with respect to Qx becomes
Qy. Therefore, we are essentially taking the entire theoretical space at Py and shifting it along a
canonical exponential family to align it with Qy.

4.3.3 Local Solution using Lagrangian Optimization

To locally approximate problem 4.53, we once again assume that empirical distributions perturb
very slightly from theoretical distributions, as in subsection 4.2.2. This means we have:

Qv = P+ Jy
V.%’GX, Vo = Wet s
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parallel
exponential
families

4 Ay I%

/ o b
Q}, ; empirical ;

empirical space theoretical space

Figure 4.4: Geometric view of most probable empirical channel conditional pmfs.

where the additive perturbation vectors have elements that are small (or the € factor which is un-
derstood to be in front of them is small). We also approximate KL divergences with y2-divergences:

1
Ve e X, D(VillWa) = JII, (4.60)
local 1
DVIWIQx) = 5> Qx(@) | Tll, (4.61)
zeX

where equations 4.60 and 4.61 are restatements of equations 4.30 and 4.31, respectively. Equation
4.61 can be used to recast the extremal problem in statement 4.53 in local form:

. 1 2
min 5 2 @x(@) 1]l
JW:[Jl"'J‘X\] 2 xze;g We
subject to: JL1=0,
and JwQX = Jy (4.62)

where 1 denotes the column vector of with all entries equal to 1, 0 denotes the column vector with
all entries equal to 0, and the second constraint imposes VQx = Qy as required in problem 4.53.
The next theorem solves the optimization problem in statement 4.62.

Theorem 4.3.4 (Most Probable Local Channel Perturbations). The most probable local channel
perturbations, which are optimizing arguments of the extremal problem in statement 4.62, are given

by:
~1

Vo e X, J = (W] — W,w7) [\/F]fl (1-BB")" |VPy| v

where B = [\/Py]71W [\/QX] is the divergence transition matriz, and T denotes the Moore-
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Penrose pseudoinverse. The optimal value of the objective function of problem 4.62 is:
1 N 1 -1 ¥ -1
5 2 Qx(@) Iy, = 378 VY| (1= BBT)" [VPy| v,

reX

Proof.
We first set up the Lagrangian, £ (Jy, A, 1), of problem 4.62:

2
L= X @ 7+ Y0 Y Qxle) ) + X e X )

reX yey yey reX zeX yey

where \ = [)\1 x -)\M]T and p = [,u,l = -,u|X|]T are Lagrange multipliers. Note that we neglect the

factor of % in the objective function. Taking partial derivatives of £ with respect to J,(y) and
setting them equal to 0, we get:

oL 2J:(y)
Ve e X,Vy € ), =Q x< + Ay ) =0
Ve anw A gy ) e
where we may appropriately absorb constants into the Lagrange multipliers to get:
J.
Vo e X,Vy €, =() =Ny — Ha-

Solving these equations will produce the stationary points of the Lagrangian. Observe that our
objective function is a strictly convex function of Jy, because Vo € X, @Qx(z) > 0 and Vx €
X,Vy €Y, Wy(y) > 0. Furthermore, the constraints Ji,1 = 0 and JywQx = Jy are affine equality
constraints. As in the first proof of Theorem 4.3.1, we may appeal to Theorem 2.2.8 in [27] which
asserts that convex minimization problems with affine equality constraints attain their global min-
imum at the stationary point of their Lagrangian. Hence, we solve the equations derived from the
first derivatives of the Lagrangian to find the global minimizing arguments of problem 4.62.

Recall from section 1.2 in chapter 1 that we can define log-likelihood perturbations:

VeeX, L, = W, 'J,
Ly = [P] 'Jy

using which we can rewrite the Lagrangian stationary conditions as:

where \ = [/\1 e )\m]T, and 1 denotes the column vector with all entries equal to 1. Imposing the
valid perturbation constraints, we have:

Vee X, WIL, =WIX—pu,WIl=0

Vo € X, gy =WIX

which gives:
VeeX, Ly=XA— (WIN1=(I-1W])x (4.63)
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where [ is the identity matrix. Imposing the marginal constraint, we have:

S0 Qe = 32 Qx(@) Wl Lo = 3 Q) W] (T — TWF) A= Jy

TEX TEX reX

which simplifies to:
([Py] =W IQx]WT) X = Jy. (4.64)

Now recall from section 1.2 in chapter 1 that we can define normalized perturbations equivalent to
the additive and log-likelihood perturbations.

VieX, K, — [\/Wz]_le

Ky = [\/PT/F Jy

We now transfer the marginal constraint into the space of normalized perturbations for convenience.
Ky = [VPr] " (1Pv] - WiQx] W) A
(o) w v v o ] ) )
(1- BBT) [VPy| A

where B is the DTM from Definition 1.3.4. This means the most probable normalized channel
perturbations are:

Ve e X, Ki=|VW.] (I-1W])A

where \ satisfies:
(1-BBT) [VP | A = Ky.

The matrix I — BBT is not invertible, because the matrix BB” has an eigenvalue of 1 which means
I — BBT has an eigenvalue of 0. Since we assumed that Vo € X,Vy € ¥, Pxy(z,y) > 0, every
entry of B is strictly positive. So, every entry of BB is strictly positive. By the Perron-Frobenius
theorem, BBT has a unique largest real eigenvalue such that every other eigenvalue of BB” is
strictly smaller in magnitude. We know that this largest Perron-Frobenius eigenvalue of BB” is 1,
and all other eigenvalues are non-negative real numbers less than 1, as BBT is positive semidefinite.
Hence, the algebraic multiplicity of the eigenvalue 0 of I — BB is 1. This means I — BB” has a
nullity of 1. It is known from [4] that for BBT, the eigenvector corresponding to the eigenvalue of
1 is /Py. This means that:

nullspace (I — BBT) = span <\/P ) .
Thus, if we find any particular solution [\/Py] A = z to the marginal constraint:
(I -BB")z =Ky

then all other solutions are of the form [\/Py] A = x4 v, where v € nullspace (I — BBT). We first
argue that such a particular solution = exists. Since Ky is a valid normalized perturbation, Ky is
orthogonal to v/ Py: \/PyTKy = 0. This means we have:

Ky € nullspace (I — BBT)l = range ((I — BBT)T> = range (I — BBT)
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where the first equality holds by the fundamental theorem of linear algebra, and the second equality
holds because I — BBT is symmetric. Hence, a particular solution z exists for (I — BBT) = Ky.
We can find a particular solution using the Moore-Penrose pseudoinverse:

v=(I-BB") Ky
where 1 denotes the Moore-Penrose pseudoinverse. It can be shown that this z is actually the
minimum 2-norm solution to the associated system of equations, which means that it does not

contain any component in the nullspace of I — BB”. So, solutions to the marginal constraint are
of the form:

VP |A = (1-BB") Ky +eV/Py
A= [\/E}_l(l—BBT)TKYer

where ¢ € R is an arbitrary constant, and 1 is a column vector with all entries equal to 1. Now
notice that the most probable normalized channel perturbations are:

VreX, K = (I—le)([\/E}_l (I—BBT)TKy—ircl)
(1 —1w7) [\/T/} TI@H{W} (1—1wh)1

= VW] (1—1wT) [\/E} ) Ky (4.65)

333

which shows that the component of A corresponding to the nullspace of I —BB” vanishes. Therefore,
we are left with a unique solution as we would expect from the strict convexity of the objective
function of problem 4.62. Rewriting equation 4.65 using additive perturbations, we have:

-1

Vo€ X, Jp = (W] - WaWT) [V | (1 BB") VB
as claimed.

We must now find the optimal value of the objective function of problem 4.62:

*ZQX )12y, = ZQX ) I

zeX xEX

Using equation 4.65, we have:

zeX zeX

KY (1 - BB")' [Py | - (Z Qx () (I — W) W] (I — 1W§)> VP Tr-BBN Ky

rzeX
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where we also use the fact that the Moore-Penrose pseudoinverse of a symmetric matrix is sym-
metric. The summation in the middle can be evaluated to be:

> Qx(@) (I =W ") W] (I-1W]) = [Py] =) Qx(a)W, W,

reX zeX
= [Py]-WI[Rx]W"

- [vA] -5 A
which implies that:

Y Qx(@) |K:* = K¥(1-BBT)'(1-BB") (I -BB") Ky
zeX

= KL (1-BB") Ky

where the second equality follows from the definition of the Moore-Penrose pseudoinverse. There-
fore, we have:

> Z Qx (@) |K;|)* = ,K; (1-BB") Ky (4.66)
.IEX

which is equivalent to:

S Qx@ Wzl =3 E VA (- BB [VA]

a;EX

This completes the proof. O

The local solutions in Theorem 4.3.4 match the local approximations to the global solutions of
Theorem 4.3.1. This can be seen by comparing equations 4.63 and 4.64 with equations 4.58 and
4.59, respectively. The next section utilizes Theorem 4.3.4 to model channel perturbations as
additive Gaussian noise.

4.4 Modeling Channel Perturbations as Gaussian Noise

In this section, we conform to the notation set forth in section 4.1. We are given a pair of jointly
distributed discrete random variables (X,Y’) with joint pmf Px y, where the marginal pmfs of X
and Y are Py and Py = W Py, respectively. We perceive X as the input to a discrete memoryless
channel with output Y. Recall from section 4.1 that:

PX{L = Px+Jx (4.67)
Pyn = Py+lJy (4.68)
VeeX, V, = We+J, (4.69)

where Jyx, Jy, and J,,x € X, are additive perturbations of the empirical distributions from their
corresponding theoretical distributions. The empirical distributions are computed from (X7, Y{"),
where X' € A" is some input string which may not be i.i.d., and Y}* € Y" is the output of X7
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through the discrete memoryless channel. We will let Py - denote the probability distribution of
(X7, Y]") in the ensuing derivations. In section 4.1, we derived the source-channel decomposition
of the output perturbation in equation 4.9:

local

Jy = Wix + JwPx (4.70)

where we neglect all second order terms. Although we were assuming that X7 are i.i.d. in section
4.1, equation 4.70 holds without this assumption. Indeed, all we really need to derive it is that
the empirical source and channel conditional distributions are close to the theoretical distributions
(i.e. Jx and Jy have a common € > 0 factor in front of them). Observe that at the sender end,
we can control the empirical source pmf, and hence, the source perturbation Jx. At the receiver
end, we are interested in the output perturbation Jy and the corresponding empirical output pmf.
We neither have control over nor have much interest in the actual channel perturbations Jy Py,
besides their effect on Jy. Hence, we now contemplate modeling the channel perturbations as
additive noise. Specifically, we seek to model Jy Px in some meaningful sense as additive (jointly)
Gaussian noise Z. This changes equation 4.70 into:

Jy =Wlix+2 (4.71)

where we drop the loéal, and it is understood that we are operating under appropriate local approx-

imations. It will be convenient to use normalized perturbations rather than additive perturbations
in our calculations. So, equation 4.71 is transformed into:

Ky = BKx + Z (4.72)

where Kx = [VPx] ' Jx, Ky = [VPy] ' Jy, B is the DTM, and Z = [/Py] " JwPx now
denotes the additive Gaussian noise corresponding to the transformed (but equivalent) model. For
some fixed large n, the source normalized perturbation Kx is a random vector which has a certain
probability distribution associated to it. It can be perceived as the input to a multiple-input
multiple-output (MIMO) channel with output Ky, channel matrix B, and additive Gaussian noise
Z. The next theorem characterizes Z by appropriately approximating the conditional probability
of Ky given Kx.

Theorem 4.4.1 (Gaussian MIMO Channel for Perturbations). For large n, the source-channel
decomposition of the output perturbation can be modeled as a MIMO channel with additive Gaussian
noise:

Ky =BKx+Z

where B is the divergence transition matriz, Z ~ N (0,%) is Gaussian distributed with covariance
matriz X = % (I — BBT), the input K x is independent of Z, and the model holds under exponential
and local approximations.

Proof.
We first appropriately approximate the conditional probability of Ky given Kx. Consider any input
normalized perturbation kx and any output normalized perturbation ky. Let py = Py +e [\/Py] ky
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and px = Px + ¢ [\/PX} kx. Observe that:

Pxy (Ky =ky | Kx =kx) = Pxy (PYF =py | Pxp :px)

= Z P)%,Y<V:U|PX{”ZPX>
v vpx=py
= max Pyy (V =v | Pxp = PX)
v vpx=py
where the summation indexes over a polynomial in n number of terms because the number of
possible empirical channel matrices v which satisfy vpx = py is polynomial in n for fixed n, and
the third equation holds in an exponential approximation sense by the Laplace principle since each
term in the sum is exponentially decaying. We recognize that the right hand side of this equation
is precisely the problem of finding the most probable empirical channel conditional pmfs given the
input and output empirical pmfs. The global case of this problem was identified in statements 4.43,
4.50, and 4.53 of section 4.3. Using these results, we have:

P}éy (Ky =ky | Kx =kx) =exp <n ~ min D(v||W]pX)> .
v vpx=py
The local case of the constrained minimum conditional KL divergence problem in the exponent of
this equation is defined in problem 4.62, and the local optimal value of the exponent can be found in
Theorem 4.3.4. We note that the constraint vpx = py is indeed locally equivalent (neglecting second
order terms) to the last constraint of problem 4.62 when we fix Jy in the constraint appropriately.
Hence, using Theorem 4.3.4, we get:

local n
PYy (Ky =ky | Kx =kx) = exp (‘2 > Px(a) HKJZHQ>
zeX

local
where the notation = implies we apply the exponential approximation and then employ local
approximations to solve the extremal problem in the exponent. The K, = € X, are given in
equation 4.65 in the proof of Theorem 4.3.4:

Ve e X, Ki= VW] (1-1w]) {\/Frl (1 = BB")' (ky — Bkx)

where 1 denotes the Moore-Penrose pseudoinverse, and we fix Ky (corresponding to Jy ) of problem
4.62 to be ky — Bkx. Using equation 4.66 in the proof of Theorem 4.3.4, we have:

local

c n
Py (Ky = ky | Kx = kx) = exp (=5 (by = Bkx)" (1= BB")! (by = Bkx))  (4.73)
which is exactly in the form of a Gaussian pdf without the normalization.

We now illustrate that equation 4.73 also represents an approximation to the probability of Z.
To this end, we argue that Jy is independent of Jx in equation 4.70, which will mean that Z is
independent of Ky in equation 4.72. Notice that knowing Jx is equivalent to knowing Pxr. Given

pX{z, we know that each V, is constructed from nﬁX{r (z) samples. However, the values of V,(y) are
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determined by drawing independently (conditioned on knowing x) from W, by the memorylessness
of the channel. So, the only information Jx provides about each J, is the number of samples used
to construct each V.. As n — oo, the number of samples used to construct each V. also tends
to oo, which means Jy becomes independent of Jy. This means we can model the noise Z as
independent of the source perturbation K x. Hence, for any input normalized perturbation kx and
any output normalized perturbation ky:

Py (Ky =ky | Kx =kx) = Pxy (Z=ky — Bkx | Kx = kx) = Pxy (Z = ky — Bkx)

where the first equality follows from equation 4.72, and the second equality follows from the (asymp-
totic) independence of Z and Kx. From equation 4.73, we get:

local

10 . n T T\t
PXJ/(Z:/-’Jy—Bk'X) = exXp <_§(kY_BkX) (I—BB ) (k‘y—B]{)())

where we can let z = ky — Bkx to give:
local 1 1 T
f&Y@:z)ieq>—2J(U—BBﬁ>z . (4.74)
’ n

From this equation and our earlier argument, we see that it is reasonable to model Z as a jointly
Gaussian random vector independent of Kx. It is evident that the model is more accurate when
n is large, and holds under exponential and local approximations. We let Z have jointly Gaussian
distribution:

with covariance matrix: )
¥ =-(I-BB").
n

To characterize the set of values Z takes on, observe that by virtue of being valid normalized
perturbations, every ky is orthogonal to /Py and every kyx is orthogonal to v/Px. Since B has
right singular vector /Py and left singular vector /Py corresponding to singular value 1 (see proof
of Theorem 3.2.4), Bky is orthogonal to /Py as well. This means the set of values Z takes on is:

T
{zE]R: v/ Py z:O}
which implies:
T
Py Z=0.

We know from the proof of Theorem 4.3.4 that I — BB” is singular and has nullspace:
nullspace (I — BBT) = span <\/P ) .

This is consistent with the linear dependence relation \/ETZ = 0 that Z must satisfy to be a
valid normalized perturbation of Py. It also means that Z is a degenerate jointly Gaussian random
vector. So, we cannot construct a pdf for Z with respect to the Lebesgue measure on R/, However,
Z does have a pdf with respect to the “equivalent” Lebesgue measure on a (|| — 1)-dimensional
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subspace of R, The new measure can be defined using the disintegration theorem from measure
theory, and the pdf of Z with respect to this measure is:

z) = ! ex —lzT Tz
" V(20?1 pdet () p< ’ 2)

where pdet () is the pseudo-determinant (the product of the non-zero eigenvalues). This pdf
matches the form of equation 4.74. The appropriate normalization constant can be inserted into
equation 4.74 to get:

local 1 . , T
PrylZ=2) = ex (—zT ~(1-BBT z)
XY \/(27r)\y\—1pdet (1 (1-BBT)) L <n ( ))

because the exponential approximation causes the constant to vanish. Indeed, we have:

1 1 1 1 1
lim — log = —5 lim — log (pdet ( (I — BBT))>
reen 7\ e pdet (1 (1 - BBT)) nreon n

V| -1 lim log (n)

n—oo n

=0

where the second equality holds because I — BBT has a nullity of 1. This completes the proof. [

Theorem 4.4.1 models channel perturbations as additive Gaussian noise Z under exponential and
local approximations. We illustrate the elegant intuition behind this result with some modest
calculations. Recall from the discussion at the onset of this chapter that drawing i.i.d. X{" engenders
a uniform KL divergence ball of perturbations, Kx, around Px. By the memorylessness of the
channel, Y]" are also i.i.d. and the perturbations, Ky, form a uniform KL divergence ball around
Py. From equations 4.10 and 4.11, we have for any input normalized perturbation kx and any
output normalized perturbation ky:

local

Phy(x=h) = e (=5 (1 VExVEx') hx (4.75)

local

Phy 5y =ty) = oo (<54 (1= VAVET) by ) (4.76)

where we apply local approximations to the KL divergences which normally reside in the exponents.
Note that the Moore-Penrose pseudoinverses in the exponents can be replaced by identity matrices

because \/PXTk‘X = 0 and \/ET]CY = 0. We model Kx and Ky as jointly Gaussian random
vectors:

Ky ~N (oi (I— @@T)) and Ky ~ N (o,i (I— \/E\/ET)) .

The nullspace of the covariance matrix of K x is the span of v/Px and the nullspace of the covariance
matrix of Ky is the span of /Py, because \/PXTKX = 0 and \/PYTKY = 0. Hence, the rank 1
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subtractions in the covariances ensure that Kx and Ky are valid normalized perturbations. On
the other hand, the identity matrices in the covariances portray that Kx and Ky lie on spherical
level sets around Px and Py, respectively. Our Gaussian MIMO channel model for normalized
perturbations is:

Ky =BKx+Z

where Z ~ N (0,% (I - BBT)) is the independent additive Gaussian noise from Theorem 4.4.1.
We verify that:

E[KyKy] = BE|[KxK%]B" +E[z2Z"]
_ %B (I— @@T) BT + % (I—BB")
= % (- BvPxV/Px BT
= Ll vAva)

where the first equality holds by independence of Kx and Z, the second equality holds by substi-
tuting in the covariances, and the final equality holds because B has right singular vector v/Px and
left singular vector /Py corresponding to singular value 1 (see proof of Theorem 3.2.4). Hence,
when we consider the Gaussian MIMO channel model for normalized perturbations, we see that
spherical source perturbation level sets pass through the channel and are warped into ellipsoids gov-
erned by the spectral decomposition of BBT — /Py \/ET. The noise due to channel perturbations
then takes these ellipsoidal level sets and transforms them back into spherical output perturbation
level sets. This is the source-channel decomposition of the large deviation behavior of the output
perturbation when i.i.d. X7' is sent through a discrete memoryless channel.

As a final remark, we briefly examine how the results of this chapter, which culminate in The-
orem 4.4.1, can be used for communications purposes. Envision a scenario where we are given
a discrete memoryless channel which has a random permutation attached to it. In other words,
codewords are randomly permuted before being passed through a classical discrete memoryless
channel. In traditional channel coding, it is known that fixed composition codes achieve capacity.
So, traditional codebooks typically try to fix the empirical distribution of codewords (at least ap-
proximately), and embed information through the permutations (ordering) of symbols within the
codewords. Such coding schemes would fail lamentably in a channel with random permutation,
because all information associated with the ordering of symbols in a codeword is lost. In such
a setting, information must be communicated by varying the empirical distributions of the code-
words. It is conceivable that we would want to use codeword empirical distributions around some
fixed source distribution Px (perhaps the capacity achieving distribution). Then, the normalized
perturbations, Kx, carry the information from the messages. Theorem 4.4.1 allows us to view
the effect of any discrete memoryless channel on normalized perturbations as an additive Gaussian
noise MIMO channel. Therefore, we can select normalized perturbations which maximize the in-
formation sent down the MIMO channel based on the noise statistics. We encourage the interested
reader to refer to [§] for further details regarding the utility of Theorem 4.4.1 in communications.
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Chapter 5

Spectral Decomposition of Infinite
Alphabet Channels

In chapter 1, we delineated a method of analyzing linear information coupling problems on dis-
crete and finite channels using the singular value decomposition (SVD) of the DTM [4]. We then
explored several aspects of this framework in chapters 3 and 4. A natural next step is to consider
channels whose input and output random variables have infinite range. Since theory from linear
algebra specifies how the SVD of a matrix may be calculated, and numerical linear algebra provides
elegant algorithms that carry out this task, finding the SVD of the DTM is a trivial considera-
tion for discrete and finite channels. However, finding the SVD for more general channels requires
powerful analytical tools from functional analysis. Indeed, the spectral theory of linear operators
(which subsumes the SVD) in functional spaces is a deep and subtle subject. In this final discourse,
we turn our attention to the many intricacies of computing the SVD for channels which are not
discrete and finite. Much of the measure theory, integration theory, and functional analysis used
in this chapter may be found in texts on functional analysis like [28] and [29].

Due to the dearth of algorithms which readily compute SVDs in functional spaces, the SVD for
more general channels must be computed on a case by case basis. [23] derives it for AWGN channels
with Gaussian input, and [§] derives it for Poisson channels with exponential input. In this chapter,
we reintroduce the appropriate perturbation spaces and notation for general channels, and then
present a criterion to verify whether the singular vectors of such channels (after transformation)
are orthogonal polynomials. This criterion is used to generalize the spectral decomposition results
for Poisson channels, and also find SVDs for other channels.

5.1 Preliminary Definitions and Notation

In this section, we reiterate and generalize several definitions pertaining to local perturbation spaces
and the divergence transition matrix (DTM) from sections 1.2 and 1.3 in chapter 1. Some of these
generalizations were briefly mentioned in section 2.1 in chapter 2, and implicitly used in section
3.4 in chapter 3. Throughout this chapter, we will be primarily interested in channels whose input
and output random variables have infinite range. We now define the notion of an “infinite alphabet
channel” more precisely.
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Definition 5.1.1 (Infinite Alphabet Channel). Given a probability space, (€2, F,P), an infinite
alphabet channel consists of a discrete or continuous input random variable X : € — X with
infinite range X C R, a discrete or continuous output random variable Y : Q — ) with infinite
range ) C R, and conditional probability distributions Py x(:|z), = € &.

The AWGN and Poisson channels we mentioned earlier are both infinite alphabet channels. They
will be formally defined later as we proceed through our discussion. We will use the notation Px
and Py to denote the probability laws of X and Y, respectively. These are both push-forward
measures of P. Moreover, we will always restrict ourselves to situations where Px is absolutely
continuous with respect to a o-finite measure A\, and Py is absolutely continuous with respect to
a o-finite measure u. The Radon-Nikodym derivative of Px with respect to A is denoted Py,
and the Radon-Nikodym derivative of Py with respect to u is denoted Py. In particular, we will
consider two special cases of A\ and p. If X (respectively Y) is a discrete random variable and X
(respectively ) is countably infinite, then Px (respectively Py ) is a probability measure and A
(respectively ) is the counting measure on the measurable space (X , 2% ) (respectively (y, 2V )),
so that Px (respectively Py ) is a pmf with infinite non-zero mass points. If X (respectively Y) is a
continuous random variable and X (respectively )) is uncountably infinite, then Px (respectively
Py) is a probability measure and A (respectively ) is the Lebesgue measure on the measurable
space (R, B), where B is the Borel o-algebra, so that Px (respectively Py ) is a pdf. The conditional
distributions Py x (-|z), € X, and Px|y(-|y), y € Y, will be regarded as pmfs or pdfs with respect
to p and A, respectively. Finally, we note that all integrals in this chapter will refer to abstract
Lebesgue integrals with respect to general measures. For example, if A\ is the counting measure,
then for any integrable measurable function f : X — R, we have:

E[f(X)] = /X f dPx = /X [Py dx =Y Py(a)f(x).
reX

Likewise, if A is the Lebesgue measure, then for any integrable measurable function f: R — R, we
have:

E[f(X)] = /X f dBy = /X FPx dA

where the second integral is a standard Lebesgue integral.

We now create an analogous picture of perturbation spaces (as in the discrete and finite chan-
nel case) for infinite alphabet channels. Fix a reference pmf or pdf, Px, satisfying:

A{z e X : Px(x)=0})=0

which means Px is not at the edge of the stochastic manifold of distributions on X', and has a
well-defined neighborhood so that local perturbations can exist in all directions around it. The
perturbed input pmf or pdf, Qx, can be written as:

Ve e X, Qx(z) = Px(z)+eJx(x) (5.1)

where the (measurable) additive perturbation function, Jx, satisfies:

/ Jx d\=0 (5.2)
X
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to ensure that (Qx is normalized, and € > 0 is chosen small enough to ensure that:
A({z e X :Qx(z) <0})=0.

As in the discrete and finite channel case, we may also define the (measurable) normalized and
log-likelihood perturbation functions, Kx and Ly, respectively:

Jx(lb)

Vz e X, Kx(z) = N (5.3)
Ve X, Ly(z) 2 gg (5.4)

which are well-defined because A ({z € X : Px(z) =0}
normalized perturbation constraint:

= 0. Note that Kx satisfies the valid

~—

/ VPxKx d\=0 (5.5)
x
and Lx satisfies the valid log-likelihood perturbation constraint:
/ Lx dIP’X:/ PxLx d\=0. (5.6)
x x

The infinite alphabet channel transforms the input marginal pmfs or pdfs, Px and @ x, into output
marginal pmfs or pdfs, Py and Qy, respectively. Formally, we have:

| PrixtulnPx(e) ax@ (57)

Vyel, Py(y)

vyed, Qvly) = /X Pyix (4]2)Qx () dA() (5.8)

where we write the variable x inside the integrals to clarify what we are integrating over. We can
also define output perturbations analogously to input perturbations. The (measurable) additive
output perturbation function, Jy, is defined by:

Yy e, Qy(y) = Py(y)+eJy(y) (5.9)

where € > 0 is chosen small enough to ensure that:

n({y €Y:Qy(x) <0})=0.

Note that the infinite alphabet channel transforms the input additive perturbation Jx into the
output additive perturbation Jy:

Ve, Jly) = /X Pyix (yl2)Jx (2) dA(z). (5.10)

Finally, the (measurable) normalized and log-likelihood perturbation functions, Ky and Ly, cor-
responding to Jy are:

Vye), Ky(y) = \‘/]% (5.11)
Vyey, Ly(y) 2 ;‘;EZ; (5.12)
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where we assume that u({y € Y : Py(y) = 0}) = 0. The perturbations functions Jy, Ky, and Ly
satisfy:

/ Jy dp = 0 (5.13)
y
/\/PyKy dup = 0 (5.14)
Yy
/Ly dPy = /PyLy dup = 0 (5.15)
Yy Yy

to ensure that (Jy normalizes to 1. It is easily verified that the input and output additive, normal-
ized, and log-likelihood perturbations form separate vector spaces.

From equation 5.10, we see that the channel (conditional distributions Py x) transforms any Jx
into Jy. We may also define operators which transform input normalized and log-likelihood pertur-
bations into output normalized and log-likelihood perturbations. The operator which transforms
Kx to Ky is called the Divergence Transition Map (DTM), because 2-norms of normalized per-
turbations are proportional to local KL divergences. The operator which transforms Lx to Ly is
called the Log-likelihood Transition Map (LTM). We formally define these operators below.

Definition 5.1.2 (Perturbation Transition Maps). Consider an infinite alphabet channel with
input random variable X, output random variable Y, and conditional probability distributions
Py|x(-|z), = € X. Suppose the marginal distributions of X and Y satisfy A ({z € X : Px(x) = 0}) =
Oand u({y € ¥V : Py(y) = 0}) = 0, respectively. Then, the channel, denoted A, transforms additive
input perturbation functions into additive output perturbation functions:

Vy ey, A(Jx)(y) = /X Pyix (yla) Tx (2) dA(z) = Jy (y),

the divergence transition map (DTM), denoted B, transforms normalized input perturbation func-
tions into normalized output perturbation functions:

Wy e, BKx)(y) = Jplm /X Pyx (4]a)v/Px () Kx(z) dA(x) = Ky (1),

and the log-likelihood transition map (LTM), denoted C, transforms log-likelihood input pertur-
bation functions into log-likelihood output perturbation functions:

ey, C(Lx)y) = Pyl(y) /X Py x (yla) Ly () dPx(z)
1
- e /X Py x (4]2) P () Lx (x) dA(z)
— /X Pypy(aly) Ly (2) dA()

= Ly(y).

From Definition 5.1.2, it is easily verified that A (channel), B (DTM), and C' (LTM) are linear
operators which transform vectors in an input perturbation vector space to vectors in an output
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perturbation vector space. We are interested in computing the SVD of B. Indeed, this was part
of the analysis in chapter 1 for discrete and finite channels. The first step towards computing an
SVD is to find the spectral decomposition of the Gramian operator; this is in fact the majority of
the computation of the SVD in the matrix case. The Gramian of a linear operator A is A* A, where
A* denotes the adjoint operator of A. We note that referring to A*A as the Gramian operator is
non-standard usage. Typically, this terminology is reserved for matrices, but we use it for operators
on functional spaces for lack of a better name. Regularity conditions which ensure that the spectral
decompositions of self-adjoint Gramian operators exist come from the theory of Hilbert spaces in
functional analysis. We will state and explain the pertinent regularity conditions in the theorem
statements that follow, but a complete discussion of this topic is omitted for the sake of brevity.
Gramian operators for the channel, DTM, and LTM are derived next. Technically, to find the
adjoint operator of a given operator, we must first define the input and output Hilbert spaces
and their inner products precisely. We must also assume that the original operator is bounded so
that Riesz’ representation theorem can be used to guarantee a unique adjoint. (In fact, the term
“operator” is usually reserved for bounded linear maps on Banach spaces.) We will omit the proofs
of boundedness in the next theorem despite the loss in rigor, because the Gramian operators of the
channel and LTM will not be used in our main results. The derivation of the Gramian operator of
B will be done rigorously before it is used.

Theorem 5.1.1 (Gramian Operators of Perturbation Transition Maps). Consider an infinite al-
phabet channel with input random variable X, output random wvariable Y, and conditional prob-
ability distributions Py|x(-|z), = € X. Suppose the marginal distributions of X and Y satisfy
A{xeX :Px(x)=0})=0and p({y € Y: Py(y) =0}) =0, respectively. Then, under appropri-
ate reqularity conditions:

1. The Gramian operator of the channel, A*A, is given by:

(A*A)(Jx)(z) = /XAA(w,t)JX(t) dA(t) a.e. with respect to A

where equality holds for all x € X except a set with measure 0, and the kernel of the operator

i A1) = [ Pl Prx(ole) duty)
2. The Gramian operator of the DTM, B*B, is given by:

(B*B)(Kx)(z) = /XAB(:E,t)KX(t) dA(t) a.e. with respect to A

where equality holds for all x € X except a set with measure 0, and the kernel of the operator

g)fé;))/);PXY(x’y)P”X(ym du(y).

3. The Gramian operator of the LTM, C*C, is given by:

is: Ap(x,t) =

(C*C)(Lx)(z) = /XAC(ac,t)LX(t) dA(t) a.e. with respect to A

where equality holds for all x € X except a set with measure 0, and the kernel of the operator

is: Ao(z,t) :/yPXy(x]y)P)qy(ﬂy) du(y).

121



5.1. PRELIMINARY DEFINITIONS AND NOTATION

Proof.

We only derive the Gramian operator of A. The Gramian operators B and C can be found similarly.
Suppose we are given the Hilbert space H; of measurable, real, A-square integrable functions on
X, and the Hilbert space Hs of measurable, real, u-square integrable functions on ). Let the
associated inner product of H; be:

Vfi, fa € Hi, (fi,fa) é/Xﬁfz a,

and the associated inner product of Hs be:

Vagi,92 € Ha, (91,92)5 = / g192 dj.
Yy

To find the Gramian of the channel, A : H1 — Ha, we first find the adjoint operator, A* : Ho — H;.
By definition of the adjoint operator, for any f € H; and any g € Ho, we have:

(A(f) 90 = (A (9

[ = [ 10w
/y</X Pyix (yle) f(x) dk(w)) 9(y) dp(y) = /Xf(m) (A* (9)) (z) dA\(z)
/Xf(@ </)}PY|x(ylx)g(y) du(y)> dA\(z) = /Xf(x) (A% (9)) (z) dA()

where the second line follows from the definitions of the inner products, the third line follows from
Definition 5.1.2, and the final line follows from the Fubini-Tonelli theorem because A(f)g must be
p-integrable by the Cauchy-Schwarz-Bunyakovsky inequality in Ho. Since the final equality is true
for all f € H; and all g € Ha, the unique adjoint operator (assuming A is bounded or continuous)

A* is:

Vo e X, A*(g)(z) = /y Pyrix(wlz)g(y) du(y) (5.16)

for every function g € Hs. The Gramian operator, A*A : Hy — H;1, is straightforward to derive
once we have the adjoint. For any f € H1, we have:

Vo e X, (4°A)(f) () = /y Py (yl) ( [ Aextins dw)) d(y)
@wHNE = [ ( /y Py (y]) Py x (4]1) du(y)> F(6) dA(E) a.e

where the second equality holds almost everywhere with respect to A, and it can be justified by the

Fubini-Tonelli theorem. Since A*A(f) € H;, we have A*A(f) < oo a.e. with respect to A\. This
means the iterated integral in the first line is finite almost everywhere, which implies:

[ Pxtoie) ([ Pristin 0] xo) dute) <o o

with respect to A. Applying the Fubini-Tonelli theorem to the iterated integral in the first line
produces the second equality. This defines the Gramian operator of A. ]
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The Gramian operators A*A, B*B, and C*C are self-adjoint. It can be checked that their kernels
are symmetric. This is evident for A*A and C*C"

Ve, t € X, Aa(z,t) = Aa(t,x), (5.17)
Ve, t € X, Ac(z,t) = Ac(t, z). (5.18)

It holds for B*B with a little more algebra using Bayes’ rule:

Vo, t € X, Ap(z,t) = \/g?/ny(w!y)an(y!t) du(y)
[ Px( Py|x y|56 PX( z) Pxy (tly) Py (y)
= \/PX )/ 0 du(y)

];X x)) / Pxjy (tly) Pyix (ylz) duly)

= Ap(t, ) (5.19)

These observations parallel the real matrix case, where the Gramian matrix of a matrix is al-
ways symmetric. In the next section, we study the spectral decomposition of compact self-adjoint
Gramian operators, and then specialize these results to find SVDs of DTMs. In particular, we
concentrate on polynomial eigenfunctions because this unveils deeper insights into the fortuitous
results of [23] and [g].

5.2 Polynomial Spectral Decomposition

Before we delve into spectral decompositions of compact self-adjoint operators, we pause to elucidate
our interest in polynomial eigenfunctions. The importance of the spectral decomposition itself
is evident from our discussion regarding linear information coupling problems for discrete and
finite channels; this can be naturally extended to infinite alphabet channels. For infinite alphabet
channels, the type of eigenfunction (for example, decaying exponential, sinusoid, or polynomial)
can make a difference to its practicality in real-world applications. It is a worthwhile endeavor to
find polynomial eigenfunctions because polynomials are easy to evaluate using computers, and this
makes data analysis methods which use the local approximation technique computationally more
efficient. [23] and [§] find that the eigenfunctions of Gramian operators of the DTM of the AWGN
and Poisson channels are (appropriately weighted) orthogonal polynomials. Such results propel us
to try and characterize the class of infinite alphabet channels which have (appropriately weighted)
orthogonal polynomials as eigenfunctions of the Gramian operators of their DTMs.

5.2.1 Orthogonal Polynomial Eigenbasis for Compact Self-Adjoint Operators

The literature on spectral decomposition methods in Hilbert spaces does not offer any systematic
means of computing spectral decompositions of compact self-adjoint operators. So, it is difficult
to methodically derive polynomial spectral decompositions of Gramian operators corresponding to
infinite alphabet channels. In the next theorem, we provide an elementary and intuitive condition
which can be tested to determine if the orthogonal eigenbasis of a compact self-adjoint operator
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in a Hilbert space consists of orthogonal polynomials. To present this theorem clearly, we first
precisely state our assumptions.

Suppose we are given a measurable space (X,G,v) where X C R is an infinite set and v is a
o-finite measure, and a separable Hilbert space H over R:

H=1L?(X,v)2{f: X = R: f measurable and v-square integrable}

which is the space of square integrable functions with domain (X, G) and codomain (R, B), where
B is the Borel o-algebra. The Hilbert space has inner product:

Vi, geM, (f.9) 3/ng dv (5.20)

and induced norm:
VieH, |IfIl = V(D) (5.21)

In such a Hilbert space of functions, equality is defined as equality almost everywhere with respect
to the measure v. Each vector in this space is really an equivalence class of functions that are all
equal almost everywhere. In the remainder of our discussion in this chapter, equality of functions
should be correctly interpreted in this manner. The o-finiteness of v ensures that several convenient
results like the Radon-Nikodym theorem, the Fubini-Tonelli theorem, and Carathéodory’s extension
theorem are valid. Such results will be useful in ensuing derivations. For example, the Fubini-Tonelli
theorem was already used to prove Theorem 5.1.1. On a different note, if X is a compact interval
in R and v is absolutely continuous with respect to the Lebesgue measure on X, then the Radon-
Nikodym derivative of v with respect to the Lebesgue measure can be thought of as a weight function
of the inner product on H. This portrays that equation 5.20 generalizes familiar weighted inner
products which are used to define well-known orthogonal polynomials. The separability of H is
equivalent to the existence of a countable complete orthonormal basis of H. Here, “complete” refers
to the denseness of the span of the vectors in the orthonormal basis. We only consider separable
Hilbert spaces which have a unique countable complete orthonormal basis of polynomials. Assume
that this unique complete orthonormal basis is P = {pg,p1,p2,...} C H, where pr : X — R is
a polynomial with degree k. We can find P by starting with the monomials {1, x, 2, .. } and
applying the Gram-Schmidt algorithm. Note that when we say P is unique, we still allow arbitrary
sign changes for each orthonormal polynomial. The existence of P implies that:

/ |z dv(x) < oo (5.22)
X

for every n € N = {0,1,2,...}. We now define two properties of bounded linear operators on H
(endomorphisms) which will be useful in presenting our results.

Definition 5.2.1 (Closure over Polynomials). A bounded linear operator 17" : H; — Ha between
two Hilbert spaces is closed over polynomials if for any polynomial p € Hj, T(p) € Ha is also a
polynomial.

Definition 5.2.2 (Degree Preservation). A bounded linear operator T' : H; — Ho between two
Hilbert spaces which is closed over polynomials is degree preserving if for any polynomial p € H;
with degree k, T'(p) € Ha is also a polynomial with degree at most k. T is strictly degree preserving
if for any polynomial p € H; with degree k, T'(p) € Hs is also a polynomial with degree exactly k.
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Using the assumptions stated earlier and these definitions, we present an equivalent condition to
determine if the orthogonal eigenbasis of a compact self-adjoint operator consists of orthogonal
polynomials.

Theorem 5.2.1 (Condition for Orthogonal Polynomial Eigenbasis). Let T : H — H be a com-
pact self-adjoint linear operator. Then, the orthonormal eigenbasis of T is the orthonormal basis
of polynomials P = {po,p1,p2,...} of H if and only if T is closed over polynomials and degree
preserving.

Proof.

We first check that there exists a complete orthonormal eigenbasis of T'. Indeed, by the spectral
theorem for compact self-adjoint operators on a separable Hilbert space [28], T has a countable
complete orthonormal eigenbasis with real eigenvalues. Let this complete orthonormal eigenbasis
be Q@ = {qo,q1,42, ...} C H. Hence, we have:

T (qi) = cigi
for every ¢ € N, where a; € R are the real eigenvalues.

If Q = P, then T is trivially closed over polynomials and degree preserving. This is because
any polynomial in H with degree k is a linear combination of {py,...,pr}. So, it suffices to prove
the converse direction.

We prove the converse by strong induction. Suppose T is closed over polynomials and degree
preserving. We need to show that () = P. The first eigenfunction of T is the constant function
(which is an orthonormal polynomial) gy = po # 0, because T is closed over polynomials and degree
preserving. This is the base case. Assume that the first k + 1 eigenfunctions are the first k& + 1
orthonormal polynomials:

gi = pi, for i €{0,...,k}.
This is the inductive hypothesis. We now prove that qx11 = pr+1, which is the inductive step.
Since pg41 is orthogonal to span (po,...,pr) = span(qo,...,qr), where the equality holds by the
inductive hypothesis, we may write:

o0

Prar= 3 (Pres1,4) 45
j=k+1

which means that the partial sums converge to pry1 in the sense of the induced norm in H:

m
Jim e — Y (prerg5) 45 = 0.
j=k+1

Since T is a compact operator, it is bounded by definition. This means 3C' > 0 such that:

VieH, ITNHI<CIfI-
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Hence, we have for any m > k + 1:

m m
T\ Prt1 — Z (Pr+1,45) 45 < Ok — Z (Pr+1,45) 45
j=k+1 J=k+1
m m
Jim (T (pren) = Y e, ) T ()| < C i lprps — ) (Pren 47) 45
j=k+1 J=k+1
m
n%gnoo T (pry1) — Z o (Pr+1,45) 4| = O
j=k+1

where the second line follows from the linearity of 7', and the third line uses the fact that g; are
eigenfunctions of T'. We have shown that:

[e.9]

T(per1) = Y o {per1,a5) 45
j=k+1

where the equality holds in the sense of the induced norm in H (as derived). Note that our
argument is effectively a continuity argument, but we can use boundedness because the two notions
are equivalent for linear operators on Banach spaces. Now observe that for any m > k + 1:

< Z ;i (Pr+1,45) G5 pi>:0 for i € {0,...,k}

j=k+1

which holds by the inductive hypothesis. Hence, for any i € {0,...,k} and any m > k + 1:

m m
<T(Pk+1),pi)—< > o e a) 45 pz‘> = <T(pk+1)— > o (i) 45 pz‘>
j=k+1 j=k+1
m
< |\T@ra) = D @ et ) 45| il
k1

by the Cauchy-Schwarz-Bunyakovsky inequality. This means we can let m — oo to get:

(T (pr+1),pi) =0 for i € {0,...,k}.

We have effectively used the continuity of the inner product to prove this. As T is closed over
polynomials and degree preserving, T (px+1) is a polynomial with degree at most k + 1 that is
orthogonal to all polynomials of degree k or less. Hence, T (pr11) must be a scaled version of the
orthonormal polynomial with degree k + 1:

T (Pk+1) = 5pk+1

for some /3 € R which is possibly zero. This implies (without loss of generality) that aj; = S and
Gk+1 = Pk+1. Therefore, by strong induction, the complete orthonormal eigenbasis of 1" is ) = P.
This proves the converse direction. ]
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Some remarks regarding Theorem 5.2.1 are in order. Firstly, we explain the compactness assumption
on T. A bounded linear operator 1" on a separable Hilbert space is compact if the closure of the
image of the closed unit ball is compact [28]. Intuitively, such operators are a natural extension of
finite rank operators. We impose the compactness assumption on 7', because the spectral theorem
asserts that a complete orthonormal eigenbasis exists for compact self-adjoint operators. Secondly,
we note that although Theorem 5.2.1 holds for any compact self-adjoint operator, we are only
interested in Gramian operators of perturbation transition maps in this thesis. Gramian operators
are positive (or positive semidefinite) self-adjoint operators, and perturbation transition maps are
integral operators (using Theorem 5.1.1). Hence, the compact, positive, self-adjoint operators that
we consider have the form:

Ve X, T() @) 2 [ Mao)f(s) dls)
X
where A : X x X — R is the symmetric kernel of the integral operator.

Finally, we elaborate on the separable Hilbert spaces, H = L2(X,v), by offering particular in-
sight on why countable complete polynomial bases exist for such spaces. Let us restrict ourselves
to the case where X = [a,b] for some —oo < a < b < o0, its associated o-algebra G = B([a, b]) is
the Borel o-algebra on the compact interval, and v is the (uniform) Lebesgue measure on (X, G).
Observe that polynomials are dense in the space of all continuous functions on X in the sup-norm
sense (uniform convergence) by the Stone-Weierstrass theorem [30]. Since convergence in sup-norm
implies convergence in £2(X,v), polynomials are dense in the space of all continuous functions in
the £2(X,v) norm sense as well. Continuous functions on X (a compact interval) are in £2(X,v)
because they are bounded by the boundedness theorem. In fact, £?(X,v) is the completion of
the space of continuous functions with respect to the £2(X,v) norm. So, continuous functions are
dense in £2(X,v). This means polynomials (which are dense in the continuous functions) are also
dense in £2(X,v) in the £2(X,v) norm sense. Hence, orthogonal polynomials form a complete
basis of H = L£2(X,v). As a concrete example, letting a = —1 and b = 1 leads to a complete basis
of Legendre polynomials. On the other hand, when we consider an infinite (unbounded and hence,
non-compact) interval X, polynomials are no longer square integrable with respect to the Lebesgue
measure as the boundedness theorem fails to hold. So, the inner product of H must be weighted,
or more generally, the measure v must be altered to include polynomials in the Hilbert space and
permit them to form a complete basis. For example, letting L = R and v be the Gaussian measure
(Gaussian pdf weight with Lebesgue measure) leads to a complete basis of Hermite polynomials.

Since we have Theorem 5.2.1 at our disposal, our next affair is to determine which Gramian op-
erator (A*A, B*B, or C*C) it applies to. The operator in Theorem 5.2.1 must have the constant
function as an eigenfunction. We check whether this is true for any of our Gramian operators. Let
~v # 0 be the constant function on X:

Ve e X, y(x) =7#0

with slight abuse of notation. Using Theorem 5.1.1, the Gramian operator of the channel, A*A,
applied to v produces:

(A*A)(7)(x) :fy/X/yPy|X(y\x)PYX(y|t) du(y) dA(t) a.e. with respect to A
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which means A*A does not necessarily have a constant eigenfunction. Using Theorem 5.1.1, the
Gramian operator of the DTM, B*B, applied to v produces:

* g .

(B*B)(7y)(x) = / \/PX(t)/ Pxy (z|y) Py x (ylt) du(y) d\(t) a.e. with respect to A
Vv Px(z) Jx Y

which means B*B does not necessarily have a constant eigenfunction. Using Theorem 5.1.1, the

Gramian operator of the LTM, C*C, applied to ~ produces:

Cc*CY(y)(x) = fy/X/yPXW(ﬂy)PXW(t\y) du(y) dA(t) a.e. with respect to A
= ’Y/)}PX|Y($‘?J)//YPX|Y@|?J) d\(t) du(y) a.e. with respect to A

= fy/ Pxy(zly) du(y) a.e. with respect to A
Yy

where the second equality uses Tonelli’s theorem, as all functions involved are non-negative and
measurable, and all measures involved are o-finite. This means C*C' does not necessarily have a
constant eigenfunction. Hence, none of the Gramian operators we are considering lend themselves
to the application of Theorem 5.2.1. The next subsection remedies this dilemma.

5.2.2 Construction of Transformed Gramian Operator of DTM

Propelled by the importance of the DTM in the analysis of discrete and finite channels, we focus
our attention on the DTM B. Recall that we are considering an infinite alphabet channel with
input random variable X, output random variable Y, and conditional probability distributions
Py x(-|z), x € X. Moreover, we are assuming that the marginal distributions of X and Y satisfy
A{r e X :Px(zr)=0}) =0 and p({y €Y : Py(y) =0}) = 0, respectively, where X\ and p are
typically Lebesgue or counting measures. Suppose we are given the separable Hilbert space £2 (X, \)
of measurable, real, A\-square integrable functions on &X', and the separable Hilbert space £2 (), i) of
measurable, real, j-square integrable functions on ). Let the associated inner product of £2 (X, \)
be:

Vi fa € L2(XN), (fi o)y 2 /X ) (5.23)

with induced norm:

Ve L2 (XA, fllx &\ (5.24)
and the associated inner product of £2 (), i) be:

Vai,g2 € L2 (V. p), (g1,92)y é/9192 dp (5.25)
y

Vge L2 (Vu), llgly 2 4/(9,9)y - (5.26)

The DTM, B : £2(X,\) — L£2(Y,u), is a bounded linear operator from L£2 (X, \) to £ (Y, u).
This requires a proof. Recall from Definition 5.1.2 that for any f € £2 (X, \):

vy ey, By /X Pyix (yl2)V/Pr (@) f(z) dA(2). (5.27)

with induced norm:

1
- VPr(y)

The next lemma uses this definition to verify the codomain and boundedness of B.
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Lemma 5.2.2 (DTM is a Bounded Linear Operator). The DTM, B : L2 (X, \) — L2 (Y, ), is a
bounded linear operator.

Proof. The linearity of B follows from its definition as an integral. It suffices to prove that the
operator norm of B is 1:
IB(Hlly _

Py g, (5.28)
rec2ix . Ifllx

This guarantees that B(f) € £2(Y,p) if f € £2 (X, \) (which justifies why the codomain of B is
L£? (Y, 1)), and proves that B is bounded. First observe that /Py € £2 (X, \) because:

V- [ e

1B] =

Furthermore, we have:

ey, B(VE) W= rs | AixloPr) i@ = VA

which means B (v/Px) = /Py € L? (Y, 1) because:
2
H\/PYH - / Py du=1.
Yo Jy

Hence, ||B|| > 1. Now fix any f € £2 (X, ). Then, we have:
2

IBAIE = J;T(y) /X Py x (yla) /Py (2) £ (z) dA(z)

y

2
- |vrw [ Py (aly) 25 ()

Px(x) S
= /PY(?J) <E
Yy

2
f(X) _
m|y—y]> du(y)

2
X
10 |y
VvV Px(X)
[ X)) ‘ H
< E|E Y
- [PX(X )
2
| Px(X)
= / 12 d\
X
where the second equality holds by Bayes’ rule, the inequality follows from the Cauchy-Schwarz
inequality, and the second to last equality holds by the tower property. This gives us:

2 2
IB(HIY < 1f1I% -
Since we have already derived ||B|| > 1, this proves that ||B]| = 1. O

= E|E
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We now derive the Gramian operator of B (already stated in Theorem 5.1.1) by following the
proof of Theorem 5.1.1. To find B*B : £?(X,)\) — £2(X,)), we first find the unique adjoint
operator, B* : £2(Y, u) — L2 (X, )), where the uniqueness of the adjoint is guaranteed by Riesz’
representation theorem as B is bounded. By definition of the adjoint operator, for any f € £2 (X, \)
and any g € £2 (), i), we have:

<B(f)ag>y = f?B*( )>
/y <¢;Ty) /X Pyix (4]2) v/ Px (0) /() dA(az)) o(y) duly) = / f(z) (B* (9)) (z) dA(z)

/y (foy(y) / ny@ryw% dA<x>) o) duty) = [ @) (5 (9) (2) @)

| ( o, P e VA ot) du(y)> ) = [ 1@ 5 6) @) e
where the second line follows from the definitions of the inner products and equation 5.27, the third
line follows from Bayes’ rule, and the final line follows from the Fubini-Tonelli theorem because
B(f)g must be p-integrable by the Cauchy-Schwarz-Bunyakovsky inequality in £2 (), i1). Since the
final equality is true for all f € £2 (X, ) and all g € L2 (), 1), the unique bounded linear adjoint
operator (by Riesz’ representation theorem and the boundedness of B in Lemma 5.2.2) B* is:

Veze X, B (g)(z) = Py(y)g(y) duly) (5.29)

el

——— | Pxy(zly)
Px(x) Jy "

for every function g € £2 (), ). B* is clearly the DTM of the reverse channel from Y to X. The
Gramian operator of the DTM, B*B : L2 (X,)\) — L2 (X, )), is defined as:

) /X Prix (VB (1) dA(t) du(y)  (5.30)

. 1

Vo e X, (B'B)(1) (@) == [ Puvlaly
vV Px(x) Jy

for any input f € £2 (X, ). We can use the Fubini-Tonelli theorem (as in the proof of Theorem
5.1.1) at this point to get an elegant expression for B*B as an integral operator. However, we will
work with equation 5.30 for convenience.

Observe that B*B : L2 (X,)\) — L2(X,)) is a bounded, positive, self-adjoint operator. The
boundedness stems from:

IB*B|| < || B*||[|B]l = 1
because the operator norm of any bounded operator and its adjoint are equal, and equation 5.28
gives ||B|| = ||B*|| = 1. Note that ||B|| = ||B*|| can be proven using Riesz’ representation theorem

in a Hilbert space setting, or by the Hahn-Banach theorem in the more general Banach space
setting. The next lemma proves that B*B has an eigenvalue of 1 with corresponding eigenvector

VPx € L2(X,\).

Lemma 5.2.3 (Largest Eigenvalue and Eigenvector of Gramian of DTM). The largest eigenvalue of
B*B: L2(X,)\) — L2(X,)) is |B*B|| = 1, and the corresponding eigenvector is /Px € L2 (X, \):

B*B (@) —1/Px .
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Proof.
First note that /Py € L2 (X, \) because H‘/PXHX = 1. From equation 5.30, we have:

e, 88 (VEx) @) = s [ Pavtay [ Prxtulopx© axo) duty)

/y Pyyy (aly) Py (y) du(y)

1
V/Px(z)

= VPx(z)

using the total probability law. This means B* B has an eigenvalue of 1 with corresponding eigen-
vector y/Pyx. Since the operator norm of B*B is bounded by 1, |B*B|| < 1, we must have that
|B*B|| = 1. So, ||B*BJ| =1 is the largest eigenvalue of B*B. O

The results of Lemma 5.2.3 parallel those presented in the proof of Theorem 3.2.4 in the discrete
and finite channel case. Indeed, B is derived from a Markov operator, so its largest eigenvalue
should intuitively be 1 (in analogy with Perron-Frobenius theory for Markov matrices).

Since we have formally established the Gramian operator of the DTM, B*B, we turn to trans-
forming this Gramian operator into a self-adjoint operator which has a constant eigenfunction. For
any f € £2 (X, \), manipulating the definition of B*B in equation 5.30 produces:

(B*B) (f) (x) _ 1 f(t)
Px(r)  Px(@) VPx(t)

As B*B(f) € £L?(X,)\), we have B*B(f) < oo a.e. with respect to A\. This means the iterated
integral on the right hand side is finite almost everywhere, which implies:

/yPX|y(az\y)/XPHX(y]t)PX(t)% d\(t) du(y) < oo a.e.

Ve e X,

/ Py (2]y) / Py x (4]t)Px (1) AA(t) dp(y).
Yy X

with respect to A. Applying the Fubini-Tonelli theorem to the iterated integral produces:

(B*B) (f) (=) :/< 1 f(t)
Px(x) PX(CU) Px(t)

[ Py el Prituly dﬂ(@/)) Pe()dA(t) ae.  (531)

where the equality holds almost everywhere with respect to A. Prompted by this equation, consider
the new separable Hilbert space £2 (X,Px) of measurable, real, Px-square integrable functions on
X with associated inner product:

Vg€ L2 (X.Py), (fg)p, 2 //Y fg dPx — /X fgPx dA (5.32)

Vfe L (X, Px), |flpe = \/{f. oy - (5.33)

We now define a transformed Gramian operator of the DTM on this new Hilbert space based on
equation 5.31. The ensuing lemma relates this new operator to the Gramian of the DTM.

and induced norm:
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Definition 5.2.3 (Transformed Gramian Operator of DTM). The transformed Gramian operator
of the DTM (TGDTM), D : L2 (X,Px) — £? (X,Px), is defined for any function f € £2 (X,Px)
by:

vz e X, D(f) (@) é/ Ap(z, ) f () dPx (1)

x
where the kernel, Ap : X x X — R, of the integral operator is:

ADcut>::F&ix)j;faqy<ww>Pyu«yu><uwy»

Lemma 5.2.4 (Isomorphism between Hilbert Spaces). The separable Hilbert spaces £? (X, \) and
L2 (X,Px) are isometrically isomorphic, and the isomorphism between them is given by the map
T:L2(X,)\) = L2(X,Px) which is defined as:

Ve L£2(x,\), T(f)=

3

Furthermore, B*B : L2 (X, \) — L2 (X,)\) and D : L2 (X,Px) — L2 (X,Px) are equivalent opera-
tors on the isomorphic spaces in the sense that:

VfeL£*(X,\), T(B*B(f))=D(T(f)) ae.

with respect to Px .

Proof.
First observe that f € £2(X,\) & T (v/Px) € L? (X,Px) because:
Il = 17 (e = |
X Py Py

which means T is a well-defined map between £2 (X, ) and £? (X,Px). T is clearly linear and
bijective. Moreover, we have:

Vf,g€ L2(X ), (f,9)x = (T().T(9)py

from the definitions of the inner products. Hence, T is an isometric isomorphism between £2 (X', \)
and £2? (X,Px), and the two spaces are isometrically isomorphic to each other by definition. Note
that this is expected since any two infinite-dimensional separable Hilbert spaces are isometrically
isomorphic to each other. Finally, observe that:

: e BB e (N
vres @, 1) =2 e p( L) —paa)

where the second equality holds almost everywhere with respect to Px by equation 5.31 (and the
absolute continuity of Px with respect to \). Note that 7" guarantees that the codomain of D is
indeed £2 (X,Px) since the codomain of B*B is L2 (X, )). O
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For readers unfamiliar with the concept of isomorphisms between Hilbert spaces, we remark that
Lemma 5.2.4 can be interpreted as saying that B*B and D are similarity transformations of each
other (analogous to the matrix sense). This lemma will allow us to translate spectral decomposition
results proven for D to results regarding B*B. We also note that any vector in £2 (X, \) that is
orthogonal to v/Px can be considered a normalized perturbation, because £2 (X, ) is the domain
of the DTM. From equations 5.3 and 5.4, it is evident that T' takes normalized perturbations to
log-likelihood perturbations. Indeed, any vector in £2 (X, Px) that is orthogonal to the constant
function can considered a log-likelihood perturbation. We next present some properties of the
TGDTM which follow from Lemma 5.2.4.

Corollary 5.2.5 (Properties of TGDTM). The TGDTM, D : L2 (X,Px) — L2 (X,Px), is a
positive, self-adjoint, bounded, linear operator with operator norm ||D|| = 1. Moreover, the largest
eigenvalue of D is 1 with corresponding eigenvector v € L2 (X,Px), which is a constant function
such that Ve € X, ~(x) =~ #0:

D) =7

Proof.

The linearity of D is obvious. Since B*B is a positive, self-adjoint, bounded, linear operator
with operator norm || B|| = 1, the isomorphism 7" from Lemma 5.2.4 easily implies that D is also a
positive, self-adjoint, bounded, linear operator with operator norm || D|| = 1. That D has eigenvalue
1 with corresponding eigenvector ~ also follows from the isomorphism 7" and Lemma 5.2.3. We
elaborate this part of the proof to provide an example of how T is used. From Lemma 5.2.4, we
have:

(V) - p(r(7)
r(/m) - o(r(vr)

where the second line follows from B*B (\/P ) = +/Px in Lemma 5.2.3, and 1 denotes the constant
function with value 1 for all x € X in the final line. This proves the eigenvector equation in the
statement of the corollary. Note that v € £2 (X, Px) because H’yH?DX =v? < oo. O

That D is self-adjoint can also be inferred from the symmetry of its kernel. Indeed, observe using
Bayes’ rule that:

Vot e X, Ap(nt) — /y Py (2ly) Pyx (ult) dpu(y)

1 / Py x (ylz)Px (z) Pxy (tly) Py (y)
v Py (y) Px(t)
= w/nyw(tly)an(y!w) du(y)

du(y)

Since the transformed Gramian operator of the DTM, D : £? (X,Px) — L?(X,Pyx), has an
eigenvector that is the constant function, it retains the possibility of being closed over polynomials
and degree preserving. So, we can apply Theorem 5.2.1 to it with additional assumptions.
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5.2.3 Singular Value Decomposition of Divergence Transition Map

This subsection finds the singular value decomposition of the DTM B by first finding the spectral
decomposition of D. In order to apply Theorem 5.2.1 to D, we will assume that £2 (X,Px) has a
countable complete orthonormal basis of polynomials that is unique up to sign changes, and D is a
compact operator. We will denote the orthonormal basis of polynomials as P = {pg,p1,p2,...} C
L£? (X,Px) where py is the orthonormal polynomial with degree k. As mentioned in subsection
5.2.1, the first assumption implies that:

E[X]" / 2" dPx(x (5.35)

for every n € N. So, we only consider channels with input random variable X such that all moments
of X exist. A sufficient condition for all moments existing is if the moment generating function of
X is finite on any open interval that contains 0. On the other hand, a sufficient condition which
ensures D is compact is given in the next lemma. This condition can be found in [31] as well, where
analysis on conditional expectation operators is performed using weak convergence arguments.

Lemma 5.2.6 (Hilbert-Schmidt Condition for Compactness). If the kernel of B : L? (X,)\) —
L2 (Y, ) is square integrable:

// P)%YW J du(y) d\(x) < o0

then B = L2(X,\) — L2(Y, ), its Gramian B*B : L2 (X,\) — L2 (X, ), and its transformed
Gramian D : L2 (X,Px) — L% (X,Px) are all compact.

Proof.

Notice that we only need to find a sufficient condition for the compactness of B. If B is compact,
then its adjoint B* is also compact by Schauder’s theorem [29]; a simple proof of this theorem for
endomorphisms on Hilbert spaces can be found in [28]. So, the Gramian B*B is also compact,
because the composition of compact operators is compact. This means D is compact using Lemma
5.2.4. We now derive the sufficient condition on the compactness of B. Recall from equation 5.27
that for any f € L2 (X, \):

Py x(ylz)/Px (z)
Py (y)

vy ey, B(f)(y) = /X f(x) dA(z).

Such integral operators are called Hilbert-Schmidt operators when their kernel is square integrable
with respect to the product measure of the input and output measures. So, B is a Hilbert-Schmidt

operator if:
P X P X
Y|X y! X( ) I / / xy y (y) d\x) <

LA

Since Hilbert-Schmidt operators are compact [28], the above condition implies that B is compact.
O
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In section 5.3, we will assume that B is compact in each example without explicitly proving it.
These assumptions can be proven using notions like Lemma 5.2.6. We now return to finding the
spectral decomposition of D. The next lemma specifies a criterion using conditional moments which
ensures D is closed over polynomials and degree preserving, and hence its orthonormal eigenbasis
is P by Theorem 5.2.1. To present this lemma, we define £? (), Py) as the separable Hilbert space
of measurable, real, Py-square integrable functions on ) with associated inner product:

Vi.g€ L2 (V.Py), (f.g / fg dBy = / foPy dp (5.36)

with induced norm:

Ve L2 (V.Py), Ifllp, £ \/{f. F)p, - (5.37)

We also assume that £2 (), Py) has a countable complete orthonormal basis of polynomials that is
unique up to sign changes. We denote this basis as @ = {qo, q1,q2, ...} € £?(Y,Py), where ¢ is
the orthonormal polynomial with degree k. Now note that the conditional expectation operators:

E[|Y]: £*(X,Px) — £2(Y,Py) and E[|X]: L*(V,Py) — L (X,Px)

are bounded linear operators. The linearity of these operators trivially holds, and the boundedness
can be justified by the Cauchy-Schwarz inequality and the tower property. For example, for any
Vf e L? (X,]Px):

IELFCON]IE, =E[EFX)IYP] <EE[2ON]] =E [2(X)] = 11},

which shows that E[-|Y] is bounded. We now present the conditions on the conditional moments
which ensure that D has a spectral decomposition with polynomial eigenvectors.

Theorem 5.2.7 (Conditional Moment Conditions for Spectral Decomposition). Suppose the DTM
B: L2 (X, \) — L2(Y,u) is compact. If the conditional expectation operators, E[-|Y] : L2 (X, Px) —
L2 (V,Py) and E[-|X] : L2 (V,Py) — L2 (X,Px), are closed over polynomials and degree preserv-
ing, then D : L?(X,Px) — L2(X,Px) has an orthonormal eigenbasis P = {po,p1,p2,...} C
L2 (X,Px) of orthonormal polynomials, and B*B : L*(X,\) — L2(X,)\) has an orthonormal

eigenbasis \/Px P = {\/PXpo, VPxp1,v/Pxpa, ... } CL2(X,N):
VkeN, D(py) = ouwp
Vk e N, B*B (\/Pka> — o/ Pxpi

where the eigenvalues ay, are real, Vk € N, 0 < ap <1, and ag = 1.

Proof.
Recall from Definition 5.2.3 that for any function f € £2(X,Px), we have:

wex, D@ = [ [ 5 DB ) dt) et

- / / PY|X<yrw>PX|y<t|y>f<t> du(y) dAA(t)
xXJYy
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where the second equality holds using Bayes’ rule. Using the Fubini-Tonelli theorem (whose validity
was justified in the derivation of equation 5.31), we have:

Dmmzéamméammmmmwm>m

where the equality holds almost everywhere with respect to A, and hence, almost everywhere with
respect to Px (as Px is absolutely continuous with respect to \). Equivalently, we have:

D(f)(2) =EE[f(X)]Y]|X =2] ae, (5.38)

where the equality holds almost everywhere with respect to A or Px. Since for every n € N,
E[X"|Y = y] is a polynomial in y with degree at most n and E [Y"|X = z] is a polynomial in x
with degree at most n, if f is a polynomial with degree k, then E[f(X)|Y] is a polynomial in YV
with degree at most k and E [E [f(X)|Y]|X = z] is a polynomial in = with degree at most k. Hence,
if f is a polynomial with degree k, then D(f) is a polynomial with degree at most k. This means
D is closed over polynomials and degree preserving. Since B is compact, D must be compact from
the proof of Lemma 5.2.6. D is also positive and self-adjoint from Corollary 5.2.5. Hence, using
Theorem 5.2.1, the spectral decomposition of D has orthonormal eigenbasis P. The eigenvalues of
D are all non-negative real numbers, because D is positive and self-adjoint. Moreover, Corollary
5.2.5 asserts that all the eigenvalues are bounded above by 1 since ||D| = 1, and ag = 1. The
spectral decomposition of B*B then follows from the isomorphism in Lemma 5.2.4. O

We clarify that Theorem 5.2.7 indeed provides conditions on the conditional moments because the
conditional expectation operators are closed over polynomials and degree preserving if and only if
for every n € N, E[X"|Y = y] is a polynomial in y with degree at most n and E [Y"|X = z] is a
polynomial in x with degree at most n. We now use this theorem to prove the pivotal result of this
chapter. The next theorem presents equivalent conditions on the conditional moments to assure
the existence of the singular value decomposition (SVD) of the DTM B where the singular vectors
are orthogonal polynomials.

Theorem 5.2.8 (Singular Value Decomposition of Divergence Transition Map). Suppose the DTM
of the channel B : L2 (X,\) — L2 (Y, ) is compact. Then, the conditional expectation operators,
E[Y]: £2(X,Px) — L2 (V,Py) and E[|X] : £2 (V,Py) — L2 (X,Px), are closed over polynomi-
als and strictly degree preserving if and only if the DTM of the channel B : L2 (X,\) — L2 (Y, 1)
has right singular vector basis /Px P = {/Pxpo, v Pxp1,v/Pxpa,...} C L*(X,N) and left singu-
lar vector basis /Py Q = {\/qu, VPyqi,V/Pyaa, .. } C L%2(Y,u), and the DTM of the reverse
channel B* : L2 (Y, ) — L2(X,\) has right singular vector basis /Py @ and left singular vector
basis /PxP:

Vk € N, B( Pka> = agy/ Pyqy
Vk € N, B*( PYQk) = ar\/ Pxps

where the singular values /oy satisfy Vk € N, 0 < Jar < 1 and Jag = 1, and ap are the
eigenvalues of B*B : L2 (X, \) — L2 (X, )\).
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Proof.
Recall from Definition 5.1.2 that for any f € £2 (X, \):

Vy €Y, B(f)(y) Pyix (yle)v/ Px () f(x) dA(z)

and from equation 5.29 that for any g € £2 (Y, u1):

Vo e X, B*(g)(x) (¥)g(y) du(y).

Z\/;T(@/JJPXY($|Q) Py

So, B* is indeed the DTM of the reverse channel from Y to X as we noted earlier.

We first prove the forward direction. If the conditional expectation operators are closed over poly-
nomials and strictly degree preserving, then Theorem 5.2.7 guarantees that B* B has orthonormal
eigenbasis /Py P:

Vke N, B*B ( Pka) = arv/ Pxpi

where the oy are real, Vk € N, 0 < o < 1, and ag = 1. Note that the strict degree preservation
of the conditional expectation operators ensures that «j are strictly positive. This is because
D: L?(X,Px) — L2 (X,Px) becomes strictly degree preserving by equation 5.38, which means it
cannot map any polynomial to 0. As is typical in the matrix case, the orthonormal eigenbasis of
the Gramian is the right (input) singular vector basis of the original map. Hence, we input these
vectors into B and analyze the outputs. For any k£ € N, we have:

ey, B(VPxm) @) = | Prxtul Pr(@mi(a) ir)

1
VP ()
= \/T(y)/xpxw(ﬂy)pk(@ dA(z)
= VP )E[p(X)]Y =y

where the second equality follows from Bayes’ rule, and E [px(X)|Y = y] must be a polynomial in
y with degree k. Moreover, for any j, k € N, we have:

<B (\/gpj) B < PXPk:)>y = <\/§pj,B*B ( Pka) >y = ay, <\/§pj, Pka>y = il

where §;;, is the Kronecker delta (which equals 1 if j = £ and 0 otherwise), the first equality follows
from the definition of adjoints, and the second equality uses Theorem 5.2.7. This means that for
any j, k € N:

(8(VExp;).B(VPxm)) = /y E [p;(X)|Y = y|E[pu(X)|Y =] dPy(y) = oy

Hence, Vk € N, E [pr(X)|Y = y] = /arqr are orthogonal polynomials with respect to Py, where
qr € Q is the orthonormal polynomial with degree k. (Note that the sign of each g is chosen to
keep /ay > 0.) This is essentially the SVD of the conditional expectation operator. So, we must
have:

VkeN, B ( Pka) = varv/Pras
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such that the right singular vector basis of B is v/Px P and the left singular vector basis is v/ Py Q.
Now observe that the entire analysis of this chapter can be performed mutatis mutandis for the
reverse channel from Y to X which has DTM B*, where B* is compact because B is compact (by
Schauder’s theorem). So, we must also have:

VkeN, B* ( quk) = Vary/Pxpr

such that the right singular vector basis of B* is /Py Q and the left singular vector basis is
V/PxP. The form of the singular vectors of B* follows from arguments similar to those given
for B, while the equivalence of the singular values is well-known in linear algebra. Indeed, if
B (V/Pxpr) = o/ Pyg, and B* (v/Pyqy) = Bv/Pxpy, with /o, # 8 € R, then by the definition

of adjoints:

<B ( Pka) : PYQk>y < Pxpy, B* ( PY(Ik;) >X
\/@< Py qx, PYQk>y = ﬁ< Pxpy, \/Epk>x
Vag = B

and we get a contradiction. This justifies the equivalence of the singular values, and completes the
proof of the forward direction.

To prove the converse direction, we assume that:

Vk € N, B( Pka) = Vaiv/Pra
Vk € N, B*( quk) = Varv/Pxpr

where the singular values /oy satisfy Vk € N, 0 < /o, < 1 and \/ag = 1. From our earlier
derivation, for any polynomial p with degree n, we have:

ey, B(VPxp) () (#)p() ()

\/];T@) /X PY\X(?/|5U)PX

= VP WEPX)Y =y

which means E [p(X)|Y = y] must be a polynomial in y with degree n. Hence, E [|Y] is closed over
polynomials and strictly degree preserving. An analogous argument using B* conveys that E [-| X]
is also closed over polynomials and strictly degree preserving. This completes the proof. O

The careful reader should observe that the spectral decomposition (eigendecomposition) results
only require degree preservation of conditional expectation operators, while the the singular value
decomposition results require strict degree preservation. We now briefly recapitulate our scheme
for proving the polynomial SVD of the DTM. It closely parallels the proof of the SVD in the matrix
case; this is particularly true in the proof of Theorem 5.2.8. We first define appropriate Hilbert
spaces and the bounded linear operator B (the DTM) on these spaces. Then, we find conditions
which ensure the spectral decomposition of B*B has an orthonormal eigenbasis of polynomials
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(weighted by the square root of the marginal density). Finally, we use the spectral decomposition
results of B*B to prove similar results about the SVD of B.

There are several noteworthy features of Theorem 5.2.8 which are worth commenting on. Firstly,
although Theorem 5.2.8 explicitly characterizes the singular vectors of B, it does not explicitly
calculate the singular values. The singular values can be computed on a case by case basis by
inputting a unit norm right singular vector into B and verifying how much the corresponding unit
norm left singular vector has been scaled. More generally, it can be justified by the spectral the-
orem for compact self-adjoint operators that ap — 0 as k — oo, but we will not explicitly prove
this. Secondly, we can identify the space of valid normalized perturbations from the SVD of B;
this is why we pursued the SVD in the first place. Recall from equations 5.5 and 5.14 that valid
normalized input perturbations Kx € £2 (X, \) satisfy:

/ VPxKx dA\=0
X

and valid normalized output perturbations Ky € £2 (Y, ) satisfy:

/ VPyKy du=0.
y

This means the orthonormal basis of valid normalized input perturbations is:

{ Pxp1,\/ Pxpa, PXP&---}QCZ(X,/\) (5.39)

and the orthonormal basis of valid normalized output perturbations is:

{ Pyq1, v/ Py, PYQ37~~-}Q£2O},M)- (5.40)

Finally, we remark that the proof of Theorem 5.2.8 also computes the SVD of the conditional
expectation operators, E[-|Y] : L2 (X,Px) — £2(),Py) and E[-|X] : L2 (V,Py) — L2 (X,Py).
Definition 5.1.2 states that the LTM C is precisely the conditional expectation operator E [-|Y].
Hence, the SVD of C : L2 (X, Px) — L2 (Y, Py) is:

VkeN, C (pk) = \/@qk. (5.41)

and the orthonormal polynomials P\ {po} and Q\ {go} are the bases for the input and output
log-likelihood perturbations, respectively. This might appear to be puzzling. In our previous
calculations, the Gramian operator of C' (in Theorem 5.1.1) did not necessarily have a con-
stant eigenfunction. This discrepancy can be clarified by realizing that Theorem 5.1.1 computed
the Gramian operator of C' : £2(X,\) — £2(), i), whereas we have now found the SVD of
C:L%(X,Px)— L2(Y,Py). Indeed, P and Q are not orthonormal sets in £2 (X, \) and £2 (), i),
respectively; they may not even belong in these Hilbert spaces. Furthermore, it is straightfor-
ward to show that E[-|Y] and E[-|X] are adjoints of each other, and therefore, the adjoint of
C: L%(X,Px) — L2(Y,Py) is E[-|X]. So, the Gramian operator of C : £L? (X,Px) — L2 (), Py)
is precisely D : £2(X,Px) — L2 (X,Px) from equation 5.38 (which is not the same as C*C' :
L£2(X,\) = L2 (X, )\) calculated in Theorem 5.1.1).
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Theorem 5.2.8 was proven for infinite alphabet channels. However, the result holds mutatis mutan-
dis when X or Y is discrete and finite. For the sake of completeness, we present the result for the
case where X is an infinite set as before, but |Y| = m < oo for some m € Z* i.e. Y is a discrete and
finite random variable. The Hilbert spaces and operators we defined all remain the same. However,
we note that £2 (Y, ) and £2 (), Py) become finite dimensional with dimension m. Thus, the
unique orthonormal basis of polynomials for £2 (), Py) becomes Q = {qo, ..., qm_1} C £L? (Y, Py),
because we are only specifying m points, which means we only require up to degree m — 1 poly-
nomials to complete the space £2(),Py). We also note that the DTM B : £2 (X, \) — £2 (Y, u)
is now a finite rank operator because its range is finite dimensional. Hence, B must be a compact
operator and we do not need to additionally assume compactness anymore. The next theorem
states the analogous SVD result to Theorem 5.2.8.

Theorem 5.2.9 (SVD of DTM in Discrete and Finite Case). Suppose we have that |Y| =m € Z*
and Y is a discrete and finite random variable. Then, the conditional expectation operators, E[-|Y] :
L2 (X, Px) — L2(V,Py) and E[|X] : L2(V,Py) — L2(X,Px), are closed over polynomials and
strictly degree preserving if and only if the DTM of the channel B : L* (X, \) — L2 (Y,u) has
right singular vector basis /PxP = {mpo, vV Pxp1,v/Pxpo, .. } C L2(X,)\) and left singular
vector basis /PyQ = {~/Pyqo,...v/Pram-1} € L* (Y, 1), and the DTM of the reverse channel
B* : L2(Y,u) — L2(X,\) has right singular vector basis /PyQ and left singular vector basis

{VPxpo, ..., VPxpm-1}:
ke {0,....m=1}, B(VPxp) = varv/Prax
VE e N\{0,...,m — 1}, B(@m) ~- 0
Vk e {0,...,m—1}, B (\/Eqk)
where the singular values /oy, satisfy Yk € {0,...,m =1}, 0 < Jay <1 and \/ag = 1, and oy,
are the eigenvalues of B*B : L2 (X, \) — L2 (X, )).

Proof.

First note that the interpretation of strict degree preservation slightly changes as £2 (), Py) is
finite dimensional. E[-|Y] : £2(X,Px) — £2(V,Py) and E[-|X] : £2(V,Py) — L2 (X,Px) are
closed over polynomials and strictly degree preserving if and only if for every n € {0,...,m — 1},
E[X"|Y = y] is a polynomial in y with degree n and E [Y"|X = z] is a polynomial in x with degree
n, and for every n € N\ {0,...,m — 1}, E[X"|Y = y] is a polynomial in y with degree at most n
and E[Y"|X = z] is a polynomial in x with degree at most n.

ap/ Pxpg

We now prove the forward direction. Theorem 5.2.7 turns out to hold without any changes (as
it only requires degree preservation). Hence, if the conditional expectation operators are closed
over polynomials and strictly degree preserving, then Theorem 5.2.7 guarantees that B*B has
orthonormal eigenbasis v/Px P:

Vk € N, B*B( Pka) = apv/Pxpr

where the oy are real, Vk € N, 0 < o < 1, and ag = 1. Following the proof of Theorem 5.2.8, for
any k € N, we have:

vye Y, B(VPxpi) (y) = VP WE[pu(X)|Y =y
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where E [pr(X)|Y = y] is a polynomial in y with degree k if k¥ < m, or a polynomial in y with
degree at most k if kK > m. Moreover, for any j, k € N, we get:

(8(VExp;).B(VPxm)) = /y E[p(X)[Y = ] Elpe(X)|Y =] dPy(y) = axjy.

Hence, Yk € {0,...,m — 1}, E[pp(X)|Y =y|] = \/arq are orthogonal polynomials with respect
to Py, where Vk € {0,...,m — 1}, aj > 0. For any k > m, E [pr(X)|Y = y] is orthogonal to every
¢; € Q (where j < m), which implies that E [p,(X)]Y =y] = 0 as @ is an orthonormal basis of
L2 (V,Py). This also implies that aj = 0 for £ > m. So, we must have:

Vk‘E{O,...,m—l}, B( Pka) = Jarv Pyqgg

Wk e N\{0,...,m 1}, B(VPxp) = 0

such that the right singular vector basis of B is v/ Px P and the left singular vector basis is v/ Py Q.
In a similar manner, we can prove that:

Vk‘G{O,...,m—l}, B*< PYQk): ai\/ Pxpg

such that the right singular vector basis of B* is /Py @ and the left singular vector basis is
{\/Pxpg, e s VPxXPm—1 } This completes the proof of the forward direction. The converse direction
can be proven using exactly the same approach as in Theorem 5.2.8. ]

In prior work such as in [§ and [23], polynomial SVDs of DTMs are calculated on a case by
case basis through a myriad of clever mathematical techniques. To circumvent this cumbersome
process, Theorems 5.2.8 and 5.2.9 offer elementary conditions on the conditional moments which
can be checked to deduce whether or not an SVD with orthogonal polynomial singular vectors
exists. Furthermore, when such an SVD exists, the orthogonal polynomials which form the singular
vectors can be readily identified. It is typically much simpler to determine if the conditional moment
conditions are satisfied (through a survey of the literature or some manageable calculations) rather
than directly computing the SVD of a DTM.

5.3 Exponential Families, Conjugate Priors, and their Orthogonal
Polynomial SVDs

In this section, we illustrate the applications of Theorems 5.2.8 and 5.2.9 by deriving elegant orthog-
onal polynomial SVDs for DTMs of channels. The setup of exponential families and their conjugate
priors turns out to be a convenient method of generating such examples. So, we introduce expo-
nential families and conjugate priors in subsection 5.3.1. We then define the pertinent orthogonal
polynomial families in subsection 5.3.2. The remaining subsections are devoted to computing SVDs
for different channels.
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5.3.1 Exponential Families and their Conjugate Priors

We first define the notion of (one-parameter) exponential families more generally than in Definition
3.4.3 in chapter 3. Since any exponential family can be transformed into canonical form, we
only present the canonical exponential family below [25]. The ensuing definition can be further
generalized to include families with any finite number of parameters, but we will not require this
level of generality in our analysis.

Definition 5.3.1 (Canonical Exponential Family). Given a measurable space (), F) with Y C R,
and a o-finite measure p on this space, the parametrized family of distributions, { Py (-;z) : x € X'},
with respect to u is called a regular canonical exponential family when the support of the distri-
butions do not depend on z, and each distribution in the family has the form:

Vy €Y, Py(y;x) = explat(y) — alz) + B(y)]

where the measurable function ¢ : (Y, F) — (R, B) is the sufficient statistic of the distribution, the
non-negative function Py (y;0) = exp [B(y)] is a valid distribution with respect to p known as the
base distribution, and:

Vo e X, expla(x)] = /yeXp [zt(y) + B(y)] du(y)

is the partition function with «(0) = 0 without loss of generality. The parameter z is called the
natural parameter, and it takes values from the natural parameter space X C R, defined as:

X2 {zeR:afr) <o}

which ensures that Py (-;x) is a valid distribution when x € X.

In Definition 5.3.1, B denotes the Borel g-algebra and F is the appropriate o-algebra correspond-
ing to V. So, if ¥ = R then F = B, and if ) is countable then F = 2¥. Likewise, the measure
w is typically the Lebesgue measure when ) = R and a counting measure when ) is countable.
Definition 5.3.1 generalizes Definition 3.4.3 by incorporating larger classes of distributions like dis-
crete pmfs into the exponential family framework. We now consider a specific class of canonical
exponential families known as natural exponential families with quadratic variance functions (NE-
FQVF). This class of exponential families is studied in [32] where the author asserts that the wide
applicability and utility of certain distributions like Gaussian, Poisson, and binomial stems from
their characterization as NEFQVFs. The next definition formally presents the NEFQVF [32].

Definition 5.3.2 (Natural Exponential Family with Quadratic Variance Function). Given a mea-
surable space (Y, F) with Y C R, and a o-finite measure p on this space, a canonical exponential
family, {Py(-;x) : x € X}, with respect to p is called a natural exponential family (NEF) if the
sufficient statistic ¢ : J) — R is the identity function t(y) = y:

Vo € X,Vy €Y, Py(y;z) = explry — a(z) + B(y)].

For such a natural exponential family, the expected value is given by:

Vr € X, E[Y;x]z/yPy(y;w) du(y) = v
Yy
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where v is a function of x. Let M be the set of values v can take. Then, the variance function,
V : M — RT, is defined as:

V(1) 2 VAR (Y;2) = /y (v — )% Pr(y;z) du(y)

where z € X corresponding to v is used in the definition. A natural exponential family is said to
have a quadratic variance function (QVF) if V' is a quadratic function of ~.

At first glance, the definition of the variance function seems questionable. It is not obvious that
V' can be reproduced only as a function of 4. However, it turns out that v is an injective function
of x [32], and this ensures that the variance function V' is well-defined. The channel conditional
distributions of every example we will consider in this section will be NEFQVFs. Although we will
not explicitly use the NEFQVF form in our calculations, a discussion of these concepts permits the
reader to develop deeper insights into how our examples were constructed. Before we present the
pertinent examples, we introduce the notion of conjugate priors. Conjugate priors are attractive
in Bayesian inference because they lead to computationally tractable algorithms. In Bayesian
inference, the goal is to estimate some random variable X from some observation Y, which is
related to X through likelihoods (conditional distributions) Py |x. The key insight is to associate
a prior to X such that the posterior distribution of X given Y is in the same distribution family
as the prior distribution. This can allow more efficient computation of the posterior distribution
every time new information is observed. Such distribution families are known as conjugate priors.
It is well-known in statistics that (well-behaved) exponential families have conjugate priors that
are themselves exponential families. The next definition presents such conjugate priors for natural
exponential families.

Definition 5.3.3 (Conjugate Prior for NEF). Suppose we are given a measurable space (), F) with
Y C R, a o-finite measure p on this space, and a natural exponential family, {Py(;;z) : z € X'},
with respect to u:

Ve e X, Vy €Y, Py(yz)=explzy —alz) + B(y)].

Suppose further that X C R is a non-empty open interval and (X, G) be a measurable space with
o-finite measure A\. Then, the conjugate prior family of distributions, {Px(-;y',n)}, with respect
to A which are parametrized by the hyper-parameters ¢y € R and n € R is given by:

Vo € X, Px(x;9,n)=exp [y’x —na(z) + T(y',n)]

where exp [—7(y’,n)] is the partition function:

exp [-7(y',n)] = /Xexp (Y2 — na(z)] d\(z)

and we only consider conjugate prior distributions where the partition function is finite.

In Definition 5.3.3, we defined conjugate priors for natural exponential families assuming X is a
non-empty open interval. This means G is the Borel o-algebra on this interval, and A will typically
be the Lebesgue measure. Conjugate priors can be defined more generally as well, but Definition
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5.3.3 suffices for our purposes. The alluring property of conjugate priors is the following. Suppose
we have a channel where the input X is distributed according to the conjugate prior of an NEF
which defines the conditional distributions:

Vo € X, Px(z) =exp [y'z — na(z) +7(y,n)|] = Px(z;y,n), (5.42)

Vo € X,Vy €, Pyx(ylr) =explzy — a(r) + B(y)] = Py (y; x). (5.43)

Then, the posterior distribution of X given Y is:

VyeY Ve e X, Pxy(zly) = exp[(y/ +y)z—(n+1)a(x)+7y +y,n+1)]
= Px(z;y +y,n+1). (5.44)

This property of conjugate priors will be at the heart of our analysis. We will consider channels
with input X and output Y whose conditional distributions (likelihoods), Py |x(:|z), = € X, are
NEFQVFs and input distributions (priors) of X belong to the corresponding conjugate prior fam-
ilies. This will mean that the posterior distributions, Px|y(:ly), y € Y, will also belong to the
conjugate prior families as shown in equation 5.44. Observe that for any m € N:

BIIX =2 = [y Py(uie) duty)
using equation 5.43, and:
ELCMY =) = [ a"Py(asy/ +vnt 1) dA@)
X

using equation 5.44. Hence, to verify that the conditional moments are strictly degree preserving
polynomials (the condition of Theorems 5.2.8 and 5.2.9), we simply need to check that the moments
of the NEFQVF and its conjugate prior are strictly degree preserving polynomials of the param-
eters of the families. This straightforward verification procedure in terms of the parameters (or
stochastic primitives) of classes of distributions is what makes the exponential family and conjugate
prior structure conducive for generating illustrations of Theorems 5.2.8 and 5.2.9.

We now present the channels which will be explored in subsections 5.3.3, 5.3.4, and 5.3.5. The
agenda of these subsections will largely be to establish that the NEFQVF and conjugate prior fam-
ilies have moments that are degree preserving polynomials of their parameters. A comprehensive
list of NEFQVFs can be found in [32], and a list of several corresponding conjugate priors can be
found in [33]. Many of our definitions have been derived from these sources.

Gaussian Likelihood and Gaussian Conjugate Prior

Let X = R and Y = R, so that G = B and F = B are the Borel o-algebra, and A and p are the
Lebesgue measure. The channel conditional pdfs (likelihoods) are Gaussian distirbutions:

)2
Vr,y € R, Pyx(ylr) = exp (—@2)) = Py (y;x) (5.45)

1
2Ty
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where x is the expectation parameter of the Gaussian NEFQVF and v > 0 is some fixed variance.
The conjugate prior of this NEFQVF is also Gaussian:

1 (x —1)? B ‘
Ve € R, Px(x)= NoL exp <_2p> = Px(x;r,p) (5.46)

where the hyper-parameters » € R and p € (0, 00) represent the mean and variance of X, respec-
tively. The posterior distribution Px|y and the output marginal distribution Py are also Gaussian.
If we let » = 0 to begin with, then equations 5.45 and 5.46 resemble an AWGN channel (Defini-
tion 3.4.1) with capacity achieving input distribution. Subsection 5.3.3 will prove the conditional
moment conditions for the AWGN channel to re-derive the SVD results of [23]. Note that the
conjugate prior in equation 5.46 is not in the form of Definition 5.3.3. It is easy to write the prior
in this form, but we will not require this because subsection 5.3.3 will prove the conditional moment
conditions using the alternative notion of translation invariant kernels.

Poisson Likelihood and Gamma Conjugate Prior

Let X = (0,00) and Y = N = {0,1,2,...}, so that G = B is the Borel o-algebra and F = 2¥, and X
is the Lebesgue measure and p is the counting measure. The channel conditional pdfs (likelihoods)
are Poisson distributions:

x¥e "

y!

Vo >0,Vy €N, Pyx(ylr) = = Py (y;z) (5.47)
where z is the rate parameter of the Poisson NEFQVF. The conjugate prior of this NEFQVF is
the gamma distribution:

axa—le—ﬁm

= Px(z;a,) (5.48)
where the hyper-parameters o € (0,00) and § € (0,00) represent the shape and rate of the distri-
bution respectively, and the gamma function, I" : {z € C: R(z) > 0} — C, which is a well-known
generalization of the factorial function, is defined as:

I'(z) é/ z* e da. (5.49)
0

Moreover, for any m € Z*, T'(m) = (m — 1)I. The posterior distribution of X given Y is also
gamma:

Vy € N,V >0, Pxy(zly) = Px(z;a+y,5+1). (5.50)

When « is a positive integer, the gamma distribution becomes the Erlang distribution. Hence,
the gamma distribution generalizes the Erlang distribution (and also the exponential distribution)
to non-integer « values. We next introduce the negative binomial distribution with parameters
p € (0,1) and s € (0, 00) representing the success probability and number of failures, respectively:

Wpyu - (5.51)

When s is a positive integer, the negative binomial distribution is essentially the sum of s geometric
distributions. It models the probability distribution of the number of successes in a Bernoulli process

VyeN, P(y) =
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with s failures. In fact, when s € ZT, the coefficient with gamma functions in equation 5.51 can be
written as a binomial coefficient:

L(s+y) <s+y—1>
L(s)y! y )

The marginal distribution of Y for a Poisson channel with gamma input is negative binomial with

parameters p = ﬁ and s = a:

wel, Friy)= r&m) <ﬁil>y<ﬁi1>a‘ (5:52)

Subsection 5.3.4 proves that the conditional moments of the Poisson and gamma distributions are
polynomials in the their parameters in order to derive the SVD of the DTM of the Poisson channel.

Binomial Likelihood and Beta Conjugate Prior

Let X = (0,1) and Y = {0, ...,n} for some fixed n € Z*, so that G = B is the Borel o-algebra and
F =2Y, and X is the Lebesgue measure and p is the counting measure. The channel conditional
pdfs (likelihoods) are binomial distributions:

Yo € 00 € (0o}, Prxlie) = (1)aL— o)V = Priyia) (559
where z is the success probability parameter of the binomial NEFQVF. The conjugate prior of this
NEFQVF is the beta distribution:

:Ea_l(l _ x)ﬂ—l
B(a, B)

where the hyper-parameters « € (0,00) and 8 € (0, 00) are shape parameters, and the beta function,
B: {(z1,22) € C*: R(21) > 0,R(22) > 0} — C, is defined as:

Vz € (0,1), Px(z)= = Px(z;a, 3) (5.54)

['(21)T(22)
I‘(z1 + 22) '
We note that when o = § = 1, the beta distribution becomes the uniform distribution. The
posterior distribution of X given Y is also beta:

Vy €{0,...,n} Vo € (0,1), Pxy(zly) = Px(z;a+y,B+n—y). (5.56)

The marginal distribution of Y is called the beta-binomial distribution:

with parameters n € Z* (which is fixed in this case), a € (0,00) and 8 € (0,00). Note that the
update of the conjugate prior in equation 5.56 differs from that in equation 5.44. However, the
updated parameters in equation 5.56 are both linear in y. Hence, it suffices to prove that the con-
ditional moments of the binomial and beta distributions are polynomials in the their parameters in
order to derive the SVD of the DTM of the binomial channel. This is carried out in subsection 5.3.5.

1
B(21, 2) é/ 11— )2 dp = (5.55)
0

(5.57)

We note that all the examples presented here use the Lebesgue and counting measures, and deal
with well-behaved functions. Therefore, in the remainder of this chapter, we will omit the measure
theoretic technicalities and simply use summations and Riemann integrals without any loss of rigor.
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5.3.2 Orthogonal Polynomials

In this subsection, we introduce the orthogonal polynomials that are pertinent to the three exam-
ples we are considering. Much of the theory on orthogonal polynomials we will present (with some
modifications) can be found in [34], which offers a concise introduction to the subject, and [35],
which offers a more comprehensive coverage. We will use these sources in the ensuing discussion
without tediously referring back to them in every definition. The overarching idea of orthogonal
polynomials is fairly simple. Suppose we are given a Hilbert space of functions over a common
support equipped with an inner product such that polynomials are valid vectors in this Hilbert
space. Typically, the monomials {1,:[3,952, .. } are linearly independent in this space. So, the
Gram-Schmidt algorithm can be applied to them to produce orthogonal polynomials. These or-
thogonal polynomials are unique up to scaling. This uniqueness is potentially surprising, because
one may conceive of initiating the Gram-Schmidt algorithm with a different linearly independent set
of polynomials. However, a set of orthogonal polynomials is formally defined as a set of polynomials
{po,p1,p2,...} such that each py has degree k, and every polynomial in the set is orthogonal to
every other polynomial in the set. This definition ensures the uniqueness property. If we vary the
support of the functions and the weight function of the inner product, we can derive several classes
of orthogonal polynomials. Such classes of polynomials have been studied extensively, because they
appear in various areas of applied mathematics like perturbation theory, quantum mechanics, and
stochastic processes.

For each channel we stated earlier, we will require two sets of orthogonal polynomials. The first
set includes the polynomials which are orthogonal with respect to the input distribution, and the
second set includes the polynomials which are orthogonal with respect to the output distribution.
Since the Gaussian channel has Gaussian input and output, we only need to define one class of
orthogonal polynomials for it. So, five classes of polynomials are presented next.

Hermite Polynomials

The Hermite polynomials form a family of polynomials on the real line that are orthogonal with
respect to the standard Gaussian pdf. In particular, the Hermite polynomial with degree k € N,
denoted Hj : R — R, is defined as:

2

n, k22 d (2
Vz € R, Hp(z) = (-1) erowle ) (5.58)

Such a formula to generate orthogonal polynomials using repeated derivatives (or repeated finite
differences in the discrete case) is called a Rodrigues formula. The orthogonality relation for
Hermite polynomials is:

1:2
e 2 dx =kl (5.59)

oo
1
Vi, keN / H:(x)H(x
) e J( ) ( )\/ﬂ
Since we will require polynomials that are orthonormal with respect to Gaussian pdfs with arbitrary
variances, we define the normalized Hermite polynomials for any variance p > 0 as:

1

Vk e N,Vz € R, HP(z) 2 N <5ﬁ> . (5.60)
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It can be checked that these polynomials are orthonormal with respect to the Gaussian pdf for any

variance p > 0:
ik eN, / T HP ) HP (2) e di = 6
oo V271

The normalized Hermite polynomials will be used in subsection 5.3.3.

Generalized Laguerre Polynomials

The generalized Laguerre polynomials form a family of polynomials on the positive real line that
are orthogonal with respect to the gamma pdf. In particular, the generalized Laguerre polynomial
with degree k£ € N, denoted L,(f) : (0,00) — R, is defined by the Rodrigues formula:

- k
(@) o2 % d k+a—
Vo >0, L. (z)= 0 ok (x Ye x) (5.61)
where the parameter a € (—1,00). The orthogonality relation for generalized Laguerre polynomials
is:

Vj,k €N, / LY (@)L (z)2% ™ do = W
O .

Ojk- (5.62)
The special case when a = 0 begets the Laguerre polynomials, which are orthogonal with respect
to the exponential pdf. Since we will require polynomials that are orthonormal with respect to
gamma pdfs with arbitrary parameters @ > 0 and 8 > 0, we define the normalized generalized
Laguerre polynomials with parameters a € (0,00) and 8 € (0, 00) as:

kT () L(afl)

Vk € N,Vo >0, L (x) 2 (I

(Bz). (5.63)

It can be checked that these polynomials are orthonormal with respect to the gamma pdf for any
a>0and g8 > 0:

00 a.a—1,—Bx
Vi k €N, / LD @) Lo @) 2

dr = ;1.
o () 7"

The normalized generalized Laguerre polynomials will be used in subsection 5.3.4.

Jacobi Polynomials

The Jacobi polynomials form a family of polynomials on (—1, 1) that are orthogonal with respect
to the beta pdf on (—1,1). Together, the Hermite, generalized Laguerre, and Jacobi polynomials
are often called the classical orthogonal polynomials because they share many common properties.
For example, within a linear change of variables, they are the only orthogonal polynomials whose
derivatives are also orthogonal polynomials [34]. The Jacobi polynomial with degree k € N, denoted

j,ga’b) : (—1,1) = R, is defined by the Rodrigues formula:

(=" d*
2Kkl daxk

Vo e (-1,1), J@) 2 (1-2) " (1+a)" ((1 —x)Fta(1 4 x)k+b> (5.64)
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where the parameters a,b € (—1,00). The orthogonality relation for Jacobi polynomials is:

20H0HIT (k +a+ 1)I(k + b+ 1)
k+a+b+)L(k+a+b+ k7™
(5.65)
The Jacobi polynomials generalize several other orthogonal polynomial families like the Legendre
and Chebyshev polynomials. In particular, letting a = b = 0 produces the Legendre polynomials
which are orthogonal with respect to the uniform pdf. Since we will require polynomials that are
orthonormal with respect to beta pdfs on (0,1) with arbitrary parameters « > 0 and § > 0, we
define the normalized (shifted) Jacobi polynomials with parameters a € (0,00) and 3 € (0, 00) as:

1
Vi k €N, / T (@) T (@) (1 - 2)*(1 + 2)° da =
—1

2k+a+p—1)B(o,B)T(k+a+ 5 —1)k!
I'(k+ a)(k+ B)

Vk € N,Va € (0,1), J P (z) 2 \/( JObe) (90 1),

(5.66)
It can be checked that these polynomials are orthonormal with respect to the beta pdf for any
a>0and g8 > 0:
l‘o‘_l(l _ x)/:?—l
B(a, 8)

The normalized Jacobi polynomials will be used in subsection 5.3.5.

1
Vi, k €N, / T (@) 7P () dr = 6.
0

Meixner Polynomials

The Meixner polynomials form a family of polynomials on the natural numbers N = {0,1,2,...}
that are orthogonal with respect to the negative binomial pmf. This is the first class of polynomials
we have encountered that has discrete (countable) support. Such orthogonal polynomials are often
conveniently defined using hypergeometric series. For any p,q € Z', the hypergeometric series is
defined as:

aly...,a A > (a1)k...(a )ktk
F ) »p ;t) £ Y4 5.67
b q< bi,. ..,y ];) (01)k - - - (Dg) 1! (5.67)

where the argument ¢ € C and the parameters aq,...,ap,b1,...,b4 € C are such that the series
is well-defined. Moreover, for any k € N and any z € C, (2) is the (non-standard) Pochhammer
symbol for the rising factorial, which is defined for £ > 1 as:

I'(z+k)

(e 22+ 1D)(z+2)...(z+k—1)= )

(5.68)

and for k = 0 as (z)o = 1. The Meixner polynomial with degree k € N, denoted M ,is’p ) N > R,
can be defined using the hypergeometric series as:

_ (s -k — 1
weN, M) £am (TH 1) (5.69)

where the parameters s € (0,00) and p € (0,1). The orthogonality relation for Meixner polynomials

1S:
!
p'(1-p)° = p(sﬁfsjb (5.70)

Vi ke N, S MEP ()P (y)
y=0

I'(s+y)
L(s)y!
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These polynomials are already orthogonal with respect to negative binomial pmfs with arbitrary
parameters s > 0 and p € (0,1). So, we define the normalized Meixner polynomials with parameters
s € (0,00) and p € (0,1) as:

: () (s,
Vk €N,y e N, MEP)(y) 2 zf%k!wdsm(y)- (5.71)
Obviously, these polynomials are orthonormal with respect to the negative binomial pmf for any
s> 0andp e (0,1):

T(s+y)

Wik €N Y MM ()

y=0

pY(1 = p)* = dj.
The normalized Meixner polynomials will be used in subsection 5.3.4.

Hahn Polynomials

Finally, the Hahn polynomials form a family of polynomials on the discrete and finite set {0,...,n}
that are orthogonal with respect to the beta-binomial pmf. In particular, the Hahn polynomial with
degree k € {0,...,n}, denoted Q,E:a’b) : {0,...,n} — R, can be defined using the hypergeometric
series as:

(5.72)

(@ kK b+ 1,—
Vye{o,...,n},Q,&"’><y>£3F2( +atbt y;l)

a+1,—n

where the parameters a,b € (—1,00). The orthogonality relation for Hahn polynomials is:

(a+1)y(b+1)n—y  (kt+a+b+1np1(b+1)k 4
-yl (k+a+b+1)(a+ Ly *

(5.73)
The Hahn polynomials generalize several other families of orthogonal polynomials in the limit,
including the Jacobi and Meixner polynomials defined earlier, and the Krawtchouk and Charlier
polynomials which are orthogonal with respect to the binomial and Poisson pmfs, respectively [34].
Since we will require polynomials that are orthonormal with respect to beta-binomial pmfs with
arbitrary parameters o > 0 and 5 > 0, we define the normalized Hahn polynomials with parameters
a € (0,00) and g € (0,00) as:

Vi, ke€{0,...,n}, Zan,b) (?/)Q;(:’b) )
y=0

@B, o [(PYRk+a+B-1)()l'(n+a+p) 5@a-1,6-1)
Yy €10, ok, Q) = \/(k) (k+atB Dua@ilarp = WO

It can be checked that these polynomials are orthonormal with respect to the beta-binomial pmf
for any a« > 0 and 5 > 0:

n>B(a+y,B+n—y) _

.  o(@8) () oah)
Vi, k €{0,...,n}, yz:%Qj )@y, (y)<y B(a, ) —om

The normalized Hahn polynomials will be used in subsection 5.3.5. This completes our introduction
to the relevant orthogonal polynomial families.
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5.3.3 Gaussian Input, Gaussian Channel, and Hermite Polynomials

The SVD of the DTM of the additive white Gaussian noise (AWGN) channel was computed in [23]
in the context of attacking network information theory problems which use additive Gaussian noise
models. This subsection is devoted to providing an alternative derivation of this SVD. We will
find the singular vectors of the DTM of the AWGN channel by directly employing Theorem 5.2.8.
To this end, recall Definition 3.4.1 of the (single letter) AWGN channel. The AWGN channel has
jointly distributed input random variable X and output random variable Y, where X and Y are
related by the equation:

Y=X+W, X I W~N(,v) (5.75)

such that X is independent of the Gaussian noise W ~ N (0, v) with variance v > 0, and X satisfies
the average power constraint, £ [X 2] < p, for some given power p > 0. We assume that we use the
capacity achieving input distribution X ~ N(0,p). Then, the marginal pdf of X is:

Vz € R, Px(ﬂf) =

1 z?

exp | ——

V2T P 2p
which coincides with equation 5.46 in subsection 5.3.1 when r = 0, and the conditional pdfs of Y

given X are:

Vw,y € Rv PY\X(y|x) =

which coincide with equation 5.45 in subsection 5.3.1. Moreover, the marginal pdf of YV is:

IS S S
Yy eR, Py(y) = 1Y) p< 2(p+y>> (5.76)

because Y ~ N (0,p + ). We next define the notion of translation invariant kernels, which will
play a considerable role in computing the SVD of the DTM of the AWGN channel.

Definition 5.3.4 (Translation Invariant Kernel). Suppose we are given an integral operator T,
which is defined for an input function f : R — R as:

vz € R, T(f)(z) = /Oo K(z,0)f(t) dt

where K : R x R — R is the kernel of the integral operator. The kernel K : R x R — R is called a
translation invariant kernel if there exists a function ¢ : R — R such that:

Ve, t € R, K(x,t) = ¢(z+ vt)
for some constant v € R\ {0}.
We remark that the term “translation invariant” is often reserved for kernels where v = —1 in the

above definition. Such kernels with v = —1 are also known as difference kernels and correspond to
the convolution operation. Indeed, the convolution of ¢ : R — R and f: R — R is given by:

vz €R, (¢ f)(x) = /_ T bla—0)f() dt (5.77)
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where x denotes the convolution operation. This operation plays a vital role in the theory of
linear time-invariant (LTT) systems. In Definition 5.3.4, we refer to the kernel K (xz,t) = ¢(x + vt)
as translation invariant because it can be physically interpreted as describing a wave traveling at
constant phase velocity v with a fixed profile. Functions of the form ¢(z 4+ vt) are often encountered
while solving partial differential equations involving the d’Alembert operator (which appears in the
study of wave phenomena). The next lemma presents a crucial observation regarding translation
invariant kernels.

Lemma 5.3.1 (Closure and Degree Preservation of Translation Invariant Kernels). An integral
operator T with a translation invariant kernel K : R x R — R, such that Vx,t € R, K(z,t) =
¢(x + vt) for some v € R\ {0}, is closed over polynomials and degree preserving. Furthermore, T
1s strictly degree preserving if and only if:

0< ‘/OO o(z) dz
Proof.

Suppose T' is an integral operator with translation invariant kernel K : R x R — R such that
Vz,t € R, K(z,t) = ¢(x + vt) for some v € R\ {0}. Consider any polynomial p : R — R with
degree n € N defined by p(t) = ag + a1t + ast® + - - - + a,t", which means a,, # 0. Applying T to p,
we have:

< Q.

Ve eR, T(p / K(x,t)p(t) dt = / o(z +vt)(ao+a1t+a2t2 ...+ant") dt.
We seek to show that T'(p) is a polynomial with degree at most n. Observe that:

Vz eR, T(p)(z) = / ¢(x + vt) (ap + art + agt* + -+ + ant™) dt

=0 -
= sign(v) Z U?J:I (z—2)' ¢(z) dz
i=0 -
a [ [< i\
= sign(v) Z s / Z (—1)J< > Tl | ¢(2) dz
i=0 0\ j=0
. " a; : (1 N i
= sign(v) 2 o 2 (1)’ <]> x) /_OO 2 (z) dz

~ siga(v) : o <—1>ﬂ§ ()i [~ o0 ez

where the third equality follows from a change of variables z = x + vt, the fourth equality follows
from the binomial theorem, and the final equality follows from swapping the order of summations
(which is valid as the summations are finite). Clearly, T'(p) is a polynomial with degree at most n.
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Hence, T is closed over polynomials and degree preserving. Now notice that the coefficient of x™
in the expression for T'(p)(x) is:

sign(v)(—1)" Zn: (;) U?fﬁ /Z 27"(z) dz = sign(v an / o

i=n

(—1)a

—) " is some finite non-zero constant. Therefore, T'(p) has degree n if and only if:
v

0<'/_:¢(z) dz

which means T is strictly degree preserving if and only if the above condition holds. This completes
the proof. O

where

< 00,

The SVD of the DTM of the AWGN channel is presented in the next theorem. Its proof employs
the closure over polynomials and degree preservation properties of translation invariant kernels.

Theorem 5.3.2 (AWGN Channel SVD). Given the AWGN channel:
Y=X+W, X1 W~NO,v)

with input random variable X ~ N(0,p) that is Gaussian distributed with variance p > 0, the SVD
of the DTM, B : £L? (R, \) — L2 (R, ), is given by:

k
Vk € N, B( PXHIEP)) = <p> /Py HP)

ptv

where the singular vectors are normalized Hermite polynomials weighted by the square oot of the
corresponding Gaussian pdfs.

Proof.

It suffices to demonstrate that the conditional expectation operators are strictly degree preserving.
Theorem 5.2.8 will then ensure that the singular vectors have the form given in the theorem state-
ment, and the singular values are strictly positive and bounded by 1, with the first singular value
being exactly equal to 1. The explicit form of the singular values is proven in [23], and we do not
prove it here.

We first show that the conditional expectation operator E[-|X] is closed over polynomials and
strictly degree preserving. For any real (Borel measurable) function f: R — R, we have:

- (—%)) du(y)

where p is the Lebesgue measure and the integrals are Lebesgue integrals. So, E[-|X] is an integral
operator with translation invariant kernel (with v = —1). Moreover, we have:

00 1 2
/ exp (—Z> dz=1
0o V21V 2v
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and hence, E [-|X] is closed over polynomials and strictly degree preserving using Lemma 5.3.1.

We next prove that the conditional expectation operator E[-|Y] is closed over polynomials and
strictly degree preserving. For zero mean jointly Gaussian random variables (X,Y), the condi-
tional expectation of X given Y =y € R is:

E(XY] E[X?]+E[X]E[W] p

E[y? Y~ E[Y2] Y=o (5.78)

E[X]Y =y =

as Y = X + W and X 1L W. This is also the minimum mean-square error (MMSE) estimator of
X given Y. The conditional variance of X given Y =y € R is:
(E[X?] +EX]EW])*  pv

=E[X?] - ENY = (5.79)

E[XY)?
E[Y?]

VAR (XY =y) =E [X?] -

Hence, the conditional pdfs of X given Y are:

2
1 (55 B my)
Vy,z €R, Pxy(zly) = ————=exp | ———F <"

() \ o 2(E)

where the conditional distributions must be Gaussian because (X,Y') are jointly Gaussian. This
means for any real (Borel measurable) function f : R — R, we have:
< 2
x — —y)
_N )y Az)

Y Sy sl W8

where A is the Lebesgue measure and the integrals are Lebesgue integrals. So, E[|Y] is also an
integral operator with translation invariant kernel (with v = —-£-). Moreover, we again have:

pt+v
\/ zﬁfu p+”>

which implies that E[-]Y] is closed over polynomials and strictly degree preserving using Lemma
5.3.1. This completes the proof. ]

(5.80)

exp

E[f(X)|Y =y] = /f 2)Pyyy (n]y) dA(z

dz=1

As mentioned earlier, Theorem 5.3.2 concurs with the SVD result in [23]. The right and left
singular vectors derived in the theorem form complete orthonormal bases of £2 (R, \) and £? (R, 1),
respectively. Moreover, the normalized Hermite polynomials with parameter p form a complete
orthonormal basis of £2 (R,Px), and the normalized Hermite polynomials with parameter p + v
form a complete orthonormal basis of £2 (R,Py). Theorem 5.3.2 illustrates how Theorem 5.2.8
may be used to swiftly and efficiently derive SVDs of DTMs of channels. This is possible because
Theorem 5.2.8 essentially transfers the technical intricacies of computing the SVD in a functional
space into blindly verifying some conditions on the conditional moments.
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5.3.4 Gamma Input, Poisson Channel, and Laguerre and Meixner Polynomials

In this subsection, we find the SVD of the DTM of the Poisson channel introduced in subsection
5.3.1. Recall that the Poisson channel has input random variable X with range X = (0, 00), and
output random variable Y with range )V = N. The channel conditional distributions of Y given X
are Poisson distributions:

x¥e ™™

V> 0,Vy € N, PY\X(Z/|$) = Y

We assume that X is gamma distributed with parameters o € (0,00) and 8 € (0, 00):

al.a—le—ﬁh
Vo > 0, PX(.CU) = 5]_—‘(04)’

and Y is therefore negative binomial distributed with parameters p = ﬁ and s =

VyeN, Py(y) = Fé?;)r;;/) (51 1>y <Bi1>a'

The next theorem derives the SVD of the DTM of this channel using Theorem 5.2.8.

Theorem 5.3.3 (Poisson Channel SVD). Given the Poisson channel with input random variable
X that is gamma distributed with parameters a € (0,00) and € (0,00), the SVD of the DTM,
B: £%((0,00),\) = L2 (N, u), is given by:

vkeN, B(VPxLY) = ak\/EM,S%ﬁ)

for some singular values oy such that Vk € N, 0 < o < 1 and o9 = 1, where the right singular
vectors are normalized generalized Laguerre polynomials weighted by the square root of the gamma
pdf, and the left singular vectors are normalized Meixner polynomials weighted by the square root
of the negative binomial pmyf.

Proof.

From the discussion in subsection 5.3.1, it suffices to show that the moments of the Poisson distri-
bution are strictly degree preserving polynomials of the rate parameter, and the moments of the
gamma distribution are strictly degree preserving polynomials of the parameter a (see equation
5.50). This will imply that the conditional expectation operators are closed over polynomials and
strictly degree preserving, and then Theorem 5.2.8 will beget the SVD presented in the theorem
statement.

We first prove that the moments of the Poisson random variable Z with rate parameter = > 0
are strictly degree preserving polynomials of x. The pmf of Z is precisely the conditional pmf of Y
given X = x € (0,00):

xie *
VzeN, Py(z) = o Py x(z|z),

and Yn € N, E[Z"] = E[Y"|X = z]. The moment generating function (MGF) of Z is:

Vs €R, Myz(s) 2 E[e?] = (7)) (5.81)
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and as the MGF is finite on an open interval around s = 0, the moments of Z are given by
d’n
YneN, E[Z"]

d" s
_ Yy -4 ( (e *1)> . 5.82
T Mz(s) T . (5.82)
To show these moments are polynomials of x, we prove by induction that
Vn e N

Y

— (ex(esq)) oo(e*=1) (Z al(s )
for so P . .

(5.83)
for some infinitely differentiable functions {a : R =R | n € N, 0 < k < n}. For the base case of

z(eS— d" z(e— x(e®—

o 1):@(6( 1))26( Y (a§(s)2?),
U(s) & 1, i

n € N:

dTL

— (ex(esq)) o€ =1) <Z al(s )

inductive step then requires us to prove that

where we take ag(s) = 1, which is infinitely differentiable. We then assume that for some fixed
for some infinitely differentiable functions a}}, 0 < k < n. This is the inductive hypothesis. The

dn+1

n+1
k=0
for some infinitely differentiable functions aZH
have:
dn+1

, 0 <k <n+1. By the inductive hypothesis, we
(e
k=0
_ e;t(es—l) iwkian(s) + xesex(es—l) -
— ds "
— e$

Za}}:(s)wk>
k=0
= (ao +Zx <ak s) + ap_y(s)e 8) + ap(s)e’ nH)
where we define a{™(s) £ aff
ar(s)e’.

ot () = j<(

= (10(8), aZJrl(S) = 4 g
The functions a?**

ds W\ S
k Py

A

(s) +ap_4(s)e® for 1 < k < n, and GZE(S)
functions af}, 0 <k < n, are infinitely differentiable. Hence, we have
dnJrl

, 0 < k < n+ 1, are infinitely differentiable because e® and the

dsn+1

n+1
( z( 1)) _ ex(es—l) <Z CLZ+1($)$]€>
k=0
as required. By induction, we get:

dr . -
“w ( 1) _ (e5—1) n k
Vn e N Jan ( ) e <k_0ak(s)a: )
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for some infinitely differentiable functions {a} : R =+ R | n € N, 0 <k < n}. This implies that:

vneN, E[2"] = % (et =)

=> ap(0)z* (5.84)
s=0 k=0

from equation 5.82. Note that from our recursive definition, aZﬂ(s) = al(s)e® and ad(s) = 1, we

can conclude that Vn € N, a”(0) = aJ(0) = 1. Therefore, ¥n € N, E[Z"] = E[Y"|X = 2] is a
polynomial in x with degree n.

Next, we prove that the moments of a gamma distribution are strictly degree preserving poly-
nomials of a. Let X be a gamma distributed random variable with parameters o € (0,00) and
f € (0,00):

ﬁaxaflefﬁx

Vz > 0, Px(l‘)— F(a)
The MGF of X is: N
8
Mx(s) 2E [e5¥] = { (ﬁ—s) y 8<F (5.85)
0© , s=2p

and as 8 > 0, the MGF is finite on an open interval around s = 0. This means the moments of X
are given by:

d" d" B \“ B\ (@)
vneN, E[X"=—M = — =
new [ } ds™ X(S) s=0 ds™ (/8 - S) s=0 (5 - S) (ﬁ - S)n s=0
where we have used the Pochhammer symbol defined in equation 5.68. This simplifies to:
VneN, E[X"] = (gi" (5.86)
from which it is evident that for every n € N, E[X"] is a polynomial in a with degree n. This
completes the proof. ]

Firstly, we note that the SVD of the DTM of the Poisson channel with exponential input distribution
and geometric output distribution was derived in [8]. This result is a special case of Theorem
5.3.3. Indeed, letting o = 1 causes X to have exponential distribution and Y to have geometric
distribution. Moreover, the generalized Laguerre polynomials become Laguerre polynomials, which
are orthogonal with respect to the exponential distribution. This is precisely the SVD result
in [8]. Furthermore, [8] provides an explicit formula for the singular values in the o = 1 case as
well. Secondly, we remark that there are more insightful avenues to derive that the moments of
a Poisson pmf are strictly degree preserving polynomials of the rate parameter. However, such
methods require a study of combinatorial tools like Bell polynomials and Stirling numbers, and
we avoid developing these concepts for the sake of brevity. Finally, we note that in Theorem
5.3.3, the right and left singular vectors form complete orthonormal bases of £2((0,00),\) and
L2 (N, i), respectively. Moreover, the normalized generalized Laguerre polynomials form a complete
orthonormal basis of £2((0,00),Px), and the normalized Meixner polynomials form a complete
orthonormal basis of £2 (N, Py). Like the SVD of the DTM of the AWGN channel derived earlier,
the result in Theorem 5.3.3 also illustrates the utility of Theorem 5.2.8 in deriving SVDs of DTMs
of infinite alphabet channels.
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5.3.5 Beta Input, Binomial Channel, and Jacobi and Hahn Polynomials

In the final subsection of this chapter, we derive the SVD of the DTM of the binomial channel.
Recall from subsection 5.3.1 that the binomial channel has input random variable X with range
X = (0,1), and output random variable Y with range Y = {0,...,n} for some fixed n € Z*. The
channel conditional distributions of Y given X are binomial distributions:

Vo € (0,1),vy € {0,...,n}, Pyx(ylr) = <Z> /(1 —x)" Y.

We assume that X is beta distributed with parameters a € (0, 00) and 3 € (0, 00):

zo (1 — z)f~1
B(a, B)

This implies that Y is beta-binomial distributed with the same parameters o and j:

vz € (0,1), Px(z)=

at+y,f+n—y)
B(a, B)

The next theorem presents the SVD of the DTM of the binomial channel using Theorem 5.2.9.

Vy e {0,...,n}, Py(y) = (Z) B(

Theorem 5.3.4 (Binomial Channel SVD). Given the binomial channel with input random variable
X that is beta distributed with parameters a € (0,00) and 8 € (0,00), the SVD of the DTM,
B:L£%((0,1),\) = £2({0,...,n}, ), is given by:

Vk € {0,...,n}, B(vq§gyﬂ§ _ o /FQE
Vk € N\{0,...,n}, B(@Jéaﬁ)> — 0

for some singular values o such that Vk € {0,...,n}, 0 < op <1 and o9 = 1, where the right
singular vectors are normalized Jacobi polynomials weighted by the square root of the beta pdf,
and the left singular vectors are normalized Hahn polynomials weighted by the square root of the
beta-binomial pmf.

Proof.

It suffices to show that the conditional expectation operators are closed over polynomials and
strictly degree preserving (in the sense given in the proof of Theorem 5.2.9). Using Theorem 5.2.9,
this will imply the SVD presented in the theorem statement.

We first prove that the conditional moments of Y given X are strictly degree preserving polynomi-
als. From the discussion in subsection 5.3.1, it suffices to show that the zeroth to nth moments of
the binomial distribution are strictly degree preserving polynomials of the success probability pa-
rameter, and the remaining moments are only degree preserving polynomials. Let Z be a binomial
random variable on {0,...,n} with success probability parameter = € (0,1). The the pmf of Z is
precisely the conditional pmf of Y given X =z € (0,1):

VzeN, Py(z) = <:> 2*(1 — 2)""% = Py x(2]z),
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and Vm € N, E[Z™] =E[Y™|X = z]. It is well-known that a binomial random variable is a sum
of i.i.d. Bernoulli random variables. So, let Zy,...,Z, be i.i.d. Bernoulli random variables with
success probability x € (0,1) i.e. P(Z; =1) =z and P(Z; = 0) = 1 — z. Then, we have:

n
Z=Y 7
i=1

(7)

= Z E[Z, - Z;,]

1<t im<n

- ) (kl,.ﬁ,kn)E [Zfl”'Zﬁn}

and the moments of Z are given by:

vmeN, E[Z"] = E

_ 3 _ (klmk) f[lE [Zﬂ (5.87)

where the second equality follows from the linearity of expectation, the third equality follows from
the multinomial theorem, and the fourth equality follows from the independence of Zi,...,Z,.
Note that the multinomial coefficient is defined for any m € N and kq,...,k, € N, such that

k144 kp =m, as:
m a m!
koo k) Eal el

Since the moments of the Bernoulli random variables are E [ZZQ] =landVmeNm>1, E[Z"] =
x, each term in equation 5.87 is given by:

ﬁE [szz} — Nk k)
i=1

where N(ki,...,ky,) represents the number of k; that are strictly greater than 0. Evidently,
N(k1,...,kn) <min(m,n) and N(ki,...,k,) = min(m,n) for at least one of the terms. Hence, for
every m < n, E[Z™] = E[Y™|X = z] is a polynomial in z with degree m, and for every m > n,
E[Z™ =E[Y™|X = z] is a polynomial in z with degree n.

We now prove that the conditional moments of X given Y are strictly degree preserving poly-
nomials. To this end, we compute the moments of X, which is beta distributed with parameters
a € (0,00) and 3 € (0,00):

:Eo‘_l(l - x)ﬂ—l

Vo e (01), Px(@) = —Fr—7
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in order to infer how the moments of a beta distribution depend on « and S.

1 ga—1(] _ p)B-1
VmeN, E[X™] = /0 ™ B((la 5)) dx
_ B(a + m, )
B(a, B)
_ Notmr(ads)
(o tm+ AT(a)
_ (@)m
(et B)m (5.88)

where the second and third equalities follow from the definition of the beta function in equation
5.55, and the fourth equality follows from the definition of the Pochhammer symbol in equation
5.68. Recall from equation 5.56 in subsection 5.3.1 that:

poty—l1 (1-— :U)BJrn—y—l

Vyé{O,,n},VxE(O,l), PX|Y(13’y): B(Oé—|—y ﬁ—i—n—y)

from which we have for any y € {0,...,n} that:

m . o (a+y)m N (a+y)m
YmeN, E[X ‘Y_y]_(a+y+/8+n_y)m_(Ol'i‘ﬁ‘i‘n)m. (5.89)

Notice how y fortuitously cancels in the denominator. Hence, for every m € N, E[X™|Y = y] is a
polynomial in y with degree m. This completes the proof. O

In Theorem 5.3.4, the right and left singular vectors form complete orthonormal bases of £2 ((0, 1), )
and £2({0,...,n}, u), respectively. Furthermore, the normalized Jacobi polynomials form a com-
plete orthonormal basis of £2 ((0,1),Py), and the normalized Hahn polynomials form a complete
orthonormal basis of £2({0,...,n},Py). Since Jacobi and Hahn polynomials generalize various
other orthogonal polynomials, we can specialize Theorem 5.3.4 to obtain SVDs with other orthogo-
nal polynomial singular vectors. For example, when a@ = 8 = 1, the normalized Jacobi polynomials
are reduced to normalized Legendre polynomials. In this case, the input beta distribution becomes
a uniform distribution, and the Legendre polynomials are orthogonal with respect to this uniform
distribution. The binomial channel SVD in Theorem 5.3.4 illustrates the applicability of Theorem
5.2.9 in deriving SVDs of DTMs of channels which have finite alphabet size for the input or output.
This concludes the final example of this chapter.

In closing, we briefly recapitulate the principal result of this chapter. We have determined a set
of intuitively sound equivalent conditions on the conditional moments that ensure that the SVD of
the DTM of a channel contains weighted orthogonal polynomials as singular vectors. Although our
primary focus was on infinite alphabet channels, the result generalizes to channels with discrete
and finite alphabets as well. We portrayed some pertinent examples of applying the conditional
moment conditions by computing SVDs of DTMs of AWGN, Poisson, and binomial channels, and
more generally indicated how such examples may be generated from natural exponential families
with quadratic variance functions (NEFQVF) and their conjugate priors. We note that similar
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work in deriving spectral decompositions of Markov chains was carried out in [36], where the au-
thors were interested in bounding the convergence rate of Gibbs sampling. In fact, [36] presents
a comprehensive list of bivariate distributions which admit polynomial spectral decompositions.
However, we emphasize that our investigation was conducted independently of this work. The
spirit of our investigation was in alleviating the latent technicalities of computing explicit SVDs of
certain channels. We hope that this will engender linear information coupling type of analysis for
such channels.
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Chapter 6

Conclusion

We have explored several topics in this thesis under the common umbrella of local approximations
in information theory. To bring our discourse to an end, the next section summarizes our main
contributions in the preceding chapters. We then propose a few promising directions for future
research in section 6.2.

6.1 Main Contributions

In chapter 1, we introduced the local approximation of KL divergence using Taylor expansions,
defined the local perturbation vector spaces, and delineated the linear information coupling style of
analysis developed in [4] which transforms information theory problems into linear algebra problems.
We then considered two notable classes of statistical divergences in chapter 2: the f-divergences
and the Bregman divergences, both of which generalize the KL divergence. In Theorems 2.1.1
and 2.2.2, we used Taylor expansions to locally approximate the f-divergence and the Bregman
divergence, respectively. The local f-divergence was identical to the local KL divergence up to
a scale factor. However, the local Bregman divergence had a different form which only reduced
to that of the local KL divergence when the original Bregman divergence was itself a KL divergence.

In chapter 3, we identified that the locally optimal performance of data processing algorithms
employing the linear information coupling approach is given by the Rényi correlation, and the
globally optimal performance is given by the hypercontractive constant. In the discrete and finite
setting of section 3.3, we provided an alternative proof that the Rényi correlation lower bounds the
hypercontractive constant in Theorem 3.3.1, and determined upper bounds on the hypercontrac-
tive constant in terms of Rényi correlation in Theorems 3.3.7 and 3.3.8. These results were used to
derive the overall performance bound in Theorem 3.3.9. In section 3.4, we considered the AWGN
channel setting. We proved that the Rényi correlation actually equals the hypercontractive con-
stant (with power constraint) for AWGN channels in Corollary 3.4.2, Theorem 3.4.6, and Theorem
3.4.8. Hence, we validated the intuitive belief that for the Gaussian case, locally optimal perfor-
mance using a linear information coupling approach is globally optimal in the sense of preserving
information down a Markov chain.

Chapter 4 admitted a more communications oriented perspective of local approximations and con-
sidered the scenario of sending codewords (usually drawn i.i.d. from a source distribution) down
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a discrete memoryless channel. We first interpreted the results of [4] as characterizing the most
probable source perturbation under local approximations in a large deviations sense, when the
output empirical distribution is given and the channel is fixed. We then established two com-
plementary counterparts of this result. In Theorems 4.2.1 and 4.2.2, we characterized the most
probable source and channel perturbations in a large deviations sense when the output empirical
distribution is given. Furthermore, in Theorems 4.3.1 and 4.3.4, we characterized the most prob-
able channel perturbations in a large deviations sense when the output empirical distribution is
given and the source composition is fixed. We finally used Theorem 4.3.4 to prove Theorem 4.4.1,
which specifies an additive Gaussian noise MIMO channel model for normalized perturbations un-
der local and exponential approximations. In particular, Theorem 4.4.1 stated that the normalized
output perturbation is a sum of the normalized input perturbation multiplied by the DTM and
some independent additive Gaussian noise, where the noise represented the normalized channel
perturbations. Hence, Theorem 4.4.1 concretely expressed a source-channel decomposition of the
output perturbation under local and exponential approximations.

Finally, chapter 5 considered the problem of computing SVDs of general channels like infinite
alphabet channels (which are not discrete and finite), because this would enable us to perform
linear information coupling style of analysis for such channels in the future. Theorem 5.2.1 pre-
sented necessary and sufficient conditions for a compact self-adjoint linear operator on a separable
Hilbert space to have a complete eigenbasis of orthonormal polynomials. This result was used to
derive Theorem 5.2.7, which specified sufficient conditions on the conditional expectation operators
(associated with the input and output random variables of a channel) to ensure that the Gramian
operator of the DTM of a channel has a complete eigenbasis of orthonormal polynomials. Theorem
5.2.7 was then used to prove the pivotal results of the chapter: Theorems 5.2.8 and 5.2.9. For
infinite alphabet channels, Theorem 5.2.8 gave necessary and sufficient conditions on the condi-
tional expectation operators so that the singular vectors of the SVDs of a DTM and its adjoint
form complete orthonormal bases of weighted orthonormal polynomials. Theorem 5.2.9 presented
the analogous result for channels which have finite alphabets to emphasize the generality of the
result. Theorems 5.3.2, 5.3.3, and 5.3.4 utilized Theorems 5.2.8 and 5.2.9 to compute weighted
orthonormal polynomial SVDs of the DTMs of the AWGN, Poisson, and binomial channels. In a
nutshell, we established that the right and left singular vectors of the AWGN channel with Gaussian
input are normalized Hermite polynomials, the right and left singular vectors of the Poisson channel
with gamma input are normalized generalized Laguerre and normalized Meixner polynomials, and
the right and left singular vectors of the binomial channel with beta input are normalized Jacobi
and normalized Hahn polynomials. These SVD examples were all generated from our discussion
in subsection 5.3.1. Subsection 5.3.1 presented the framework of natural exponential families with
quadratic variance functions and their conjugate priors as a means of constructing channels with
orthonormal polynomial SVDs. This framework unveiled the beautiful relationship between certain
natural exponential families, their conjugate priors, and the corresponding orthogonal polynomials.

We hope that the richness and elegance of many of our results will encourage further research
on the general topic of local approximations in information theory. On this note, the next section
proposes some specific areas for future research that we consider to be interesting and potentially
fruitful.
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6.2 Future Directions

We suggest future directions in a chapter by chapter basis starting with chapter 3. In section 3.3
of chapter 3, we derived (performance) bounds on the hypercontractive constant in Theorem 3.3.9.
In particular, for discrete and finite random variables X and Y with joint pmf Pxy, we showed
that:

2

min Px(x)

PPXY) < s*(X;Y) < PP(X;Y),

Since both the hypercontractive constant and the Rényi correlation tensorize, the upper bound
becomes loose if we consider X{* and Y}", where i.i.d. X' are sent through a discrete memoryless
channel to get Y|". While Corollary 3.3.10 partially remedied this tensorization issue, we ideally
seek a tighter upper bound on the hypercontractive constant using Rényi correlation, such that the
constant in the bound (which is currently a scaled reciprocal of the minimum probability mass of
Px) naturally tensorizes. Proving such a tighter bound is a meaningful future endeavor. Further-
more, in section 3.4 of chapter 3, we showed in Theorem 3.4.8 that the Rényi correlation is equal to
the hypercontractive constant (with power constraint) for an AWGN channel. Hence, using weak
convergence (or convergence in distribution) arguments like the CLT, we may be able to prove that
the local linear information coupling approach is asymptotically globally optimal for any channel
in some appropriate sense. Exploring this is another topic of future research.

The results of chapter 4 may be extended further as well. In chapter 4, we primarily analyzed the
large deviations behavior of i.i.d. sources and discrete memoryless channels under the local lens.
A natural extension is to add memory to the source or the channel. [26] presents several theorems
related to large deviations theory of Markov chains. Hence, as a starting point, we may consider
analyzing a discrete memoryless channel with a Markov chain input (which is a hidden Markov
model). It is nontrivial to compute the large deviations exponent for such hidden Markov models
using techniques in traditional large deviations theory [26]. However, under local approximations,
we can derive such exponents; indeed, local approximations were introduced to make analytically
intractable information theoretic problems tractable. Investigating the large deviations behavior of
hidden Markov models could be a fulfilling future endeavor. We note that [§] already approaches
this problem using basic tensor algebra. However, it would be intriguing to compare this tensor
based approach with the locally approximated large deviations approach.

Since this thesis presents an entirely theoretical set of ideas, we now discuss some potential applica-
tions of our work (which were hinted at throughout the thesis, starting from section 1.4 in chapter
1). From a channel coding perspective, [8] explicates the communication by varying distributions
coding strategy for channels which randomly permute codewords passing through them. In such
channels, we can only send information by varying the empirical distributions of codewords. How-
ever, we cannot vary the empirical distributions too much because only a small set of distributions
will reliably transmit information at high rates (due to the channel noise). We derived an additive
Gaussian noise MIMO channel model for normalized perturbations pertinent to this scenario in
chapter 4. There are ample opportunities to construct and analyze concrete coding strategies for
such channels. Moreover, [8] also presents a message passing algorithm for computing informative
score functions for inference on Ising models (or hidden Markov models) based on linear information
coupling style of SVD analysis. Thus, there are also opportunities for developing such inference
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algorithms and analyzing their performance through bounds like those in chapter 3.

From a data processing standpoint, the elegant MMSE characterization of Rényi correlation in
Theorem 3.2.6 insinuates an alternating projections algorithm for finding the optimizing functions
of Rényi correlation. Moreover, maximizing Rényi correlation is essentially equivalent to solving a
regularized least squares problem to find the “best” linear model between two random variables by
applying arbitrary measurable functions to them. Using such intuition, the authors of [31] derive
the alternating conditional expectations (ACE) algorithm to perform regression (or equivalently,
maximize Rényi correlation) and unearth such models from bivariate (or more general) data. Our
local approximation perspective can be used to understand and further develop this algorithm.
Since the Rényi correlation is the second largest singular value of the DTM when we view the
bivariate data as realizations of the input and output of a channel, its optimizing functions are
weighted versions of the corresponding left and right singular vectors. The proof of Theorem 3.2.4
illustrates this for the discrete and finite case. Moreover, the singular vectors of the DTM associ-
ated to larger singular values carry more information about data (that is generated i.i.d. from a
bivariate distribution). Devising algorithms with strong convergence guarantees that estimate the
informative singular vectors of the DTM empirically from data is a practical direction of future
research. We can perceive such algorithms as performing lossy source coding, because they effec-
tively find compact models for data which is tantamount to data compression. Therefore, the local
approximation method can be employed in both source and channel coding applications.

In light of our discussion on source and channel coding algorithms which estimate or compute
singular vectors of the DTM, we recall that Theorems 5.2.8 and 5.2.9 in chapter 5 characterize the
channels whose DTMs have SVDs with orthogonal polynomial singular vectors. For such channels,
calculating singular vectors is computationally efficient (for inference algorithms like that in [§])
because we are computing values of polynomials. Furthermore, estimating singular vectors for
regression or data processing purposes becomes a much simpler task if the singular vectors are
polynomials. Research can be done to develop alternative algorithms which estimate polynomial
singular vectors from data derived from the channels characterized in chapter 5.

On a related note, even when the DTM of a channel does not admit weighted orthogonal polyno-
mial singular vectors, we may still want to approximate the singular vectors using representative
polynomials. It is usually rather difficult to explicitly compute spectral decompositions or SVDs of
such DTMs because they are bounded linear operators on infinite-dimensional Hilbert spaces. This
leads us to the topic of polynomial approximations of eigenfunctions of the Gramian operators of
DTMs (which is the first step in computing SVDs of DTMs). A promising starting point in the
literature of polynomial approximations of functions is the Weierstrass approximation theorem,
which is presented next. A version of this theorem and its generalization, the Stone-Weierstrass
theorem, can be found in the classic real analysis text [30].

Theorem 6.2.1 (Weierstrass Approximation Theorem). Given a continuous function f : [a,b] — R
on a compact interval, there exists a sequence of polynomial functions py, : [a,b] = R, n € N, that
converge uniformly to f on the interval [a,b]. Formally, we have:

lim sup [pn(z) — f(z)| =0.

=00 rela,b]
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CHAPTER 6. CONCLUSION

There are several proofs of the Weierstrass approximation theorem in the literature, and fortu-
nately, some of these proofs are constructive. For instance, Bernstein polynomials can be used to
uniformly approximate continuous functions on a compact (closed and bounded) interval in R. This
means that although the Weierstrass approximation theorem is an existence theorem, we can easily
find polynomials to approximate continuous functions. However, our problem is more difficult than
this because we do not have the explicit form of the eigenfunctions we wish to approximate. They
are defined implicitly using the Gramian operator of the DTM. To make matters worse, we do not
even know the Gramian operator, because we do not know any theoretical distribution. We simply
have a large volume of data from which we must estimate the eigenfunctions of the Gramian oper-
ator. For simplicity, we consider the problem of estimating the eigenfunctions when the Gramian
operator is known. So, we are essentially given the kernel of a (possibly compact) self-adjoint linear
integral operator, and we seek to approximate the eigenfunctions of the operator with polynomials.
Appealing to the theory of integral equations [37], we see that we must approximate solutions to a
homogeneous Fredholm equation of the second kind. [37] states that computing eigenfunctions of
integral operators is straightforward when we have degenerate kernels. A kernel, A : R x R — R,
of an integral operator is called degenerate if it has the form:

Vo, t € R, Az, t) = Z@(x)wi(t)
i=1

for some n € Z', where without loss of generality, ¢; : R — R are linearly independent and
¥; : R — R are linearly independent. For a degenerate kernel, [37] proves that the eigenfunctions
are linear combinations of ¢;, where the coeflicients of the linear combinations can be found by
solving systems of n linear equations (which is easily done using matrix methods). Moreover, it
can be shown that the Weierstrass approximation theorem can be used to approximate any kernel
using degenerate kernels where ¢; and 1); are polynomials. Chapter 11 of [38] provides a broad
introduction to approximating the eigenfunctions of integral operators with arbitrary kernels by
approximating these kernels with degenerate kernels. Exploring such polynomial approximations
of eigenfunctions of the Gramian operators of DTMs is another viable direction of future research.

Until now, our discussion has entirely been about furthering the work in different chapters of
this thesis. A much broader goal of future research is attempting to expand the horizons of local
information theory. We hope that this can be achieved by relating it to quantum information the-
ory. Quantum information theory studies communication channels which have inherently quantum
attributes. For example, in a classical-quantum channel, the decoder is a positive operator valued
measurement (POVM) which is a generalization of the von Neumann measurement in quantum
mechanics. [39] provides a comprehensive introduction to quantum information theory and [40]
provides a terse summary of its results and open problems.

Recent advances in our understanding of classical bounds on zero error capacity have come from
quantum information theory. When Shannon introduced the zero error capacity problem in [41],
it became apparent to information theorists that the problem had a highly combinatorial flavor.
The best known general upper bound for zero error capacity is the Lovasz theta function. Un-
surprisingly, its proof is combinatorial. [42] correctly observes that there has been a divergence of
techniques in information theory where traditional capacity problems are solved probabilistically
while zero error information theory is attacked using combinatorics. The work in [42] suggests a
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resolution to this divergence by using quantum probability. It provides a long-awaited interpreta-
tion of Lovéasz’s bound and proceeds to prove the quantum sphere packing bound.

Curiously, quantum probability derives its strength from representing and interpreting probability
distributions as unit norm complex vectors. So, while classical probability preserves the £;-norm,
quantum probability preserves the fo-norm and effectively takes us to the domain of linear algebra.
Fortunately, linear algebra is very well understood by the applied mathematics community. [42]
portrays how this approach helps unify many aspects of information theory. On a seemingly dif-
ferent front, we are performing local approximations to solve information theory problems. Recall
that one reason for performing these approximations is to simplify information theoretic problems
meaningfully so that they are solvable using linear algebra techniques. Thus, at a high level, the
quantum probability approach parallels the local approach. Exploring some concrete relations
between the quantum and local information theory frameworks might be a truly fulfilling future
endeavor.
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Appendix A

Proof of MMSE Characterization of
Rényi Correlation

In this section of the appendix, we provide a proof of Theorem 3.2.6. This theorem provides an
MMSE characterization of Rényi correlation. We also restate the theorem below for convenience.

Theorem A.0.2 (MMSE Characterization of Rényi Correlation). Suppose we are given a probabil-
ity space (Q, F,P), and random variables X : Q@ — X and Y : Q — Y with joint distribution Pxy
on this space, and Rényi correlation p(X;Y). If the optimizing functions of the Rényi correlation
are f*: X >R and g* : Y — R, then f* and g* satisfy:

p(XY)F(X) = Elg"(V)IX] a.s.
p(X:Y)g (V) = E[F(XY] as.

where the equalities hold almost surely (with probability 1), and p*(X;Y) = E [E []‘”"(X)|Y]2 =

E[E [y ()IX]].

Proof.

We use variational calculus assuming all appropriate regularity conditions. We also assume that

pmfs or pdfs exist. A more general proof can be found in [I9]. The Lagrangian which represents
the optimization in Definition 3.2.1 of p(X;Y") is given by:

L(f(2),9(y); A1, A2, Az, M) = E [F(X)g(Y)] + ME [£(X)] + AE [9(Y)] + AsE [f2(X)] + ME [¢°(Y)]

where A1, A2, A3, A\ € R are the Lagrange multipliers. We differentiate L(f(x),g(y)) with respect
to f(a) and g(b) for any a € X and b € Y:
oL
9f(a)
oL
89(()) = EPX,Y(‘vb) [

where Ep, | (4, [9(Y)] = fy Px y(a,y)g(y)dA(y) in the continuous case (A denotes the Lebesgue
measure and the integral is the Lebesgue integral), and Ep, | (4,) [9(Y)] = > cy Px,v(a,y)g(y) in

= pry(a’.) [9(Y)] + M Px(a) +2X3f(a)Px(a)

FXO] + A2 Py (b) + 2A49(b) Py (b)
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the discrete case. Replacing a and b with x and y, respectively, and setting these partial derivatives
equal to 0 to find stationary points, we get:

Elg(Y)|X =]+ M +2X3f(z) =0,
E[f(X)]Y =y]+ A2+ 2 9(y) = 0.

Since the Lagrange multipliers are real constants, we rearrange these equations and re-label con-
stants to get:

f(z) = a1 + a:E[g(Y)| X = 7]

9(y) = b1 + LE[f(X)[Y = y]

where the re-labeled Lagrange multipliers a1, as, b1, bo € R have values which satisfy the expectation
and variance constraints in Definition 1. Imposing the constraints E[f(X)] = E[g(Y)] = 0, we have:

E[f(X)] = a1 + a2E[E[g(Y)[X]] = a1 + a2E[g(Y)] = a1 = 0
Elg(Y)] = b1 + b2E[E[f (X)|Y]] = b1 + b2E[f(X)] = b1 = 0

which gives:
f(@) = aE[g(Y)|X = x],

9(y) = BE[f(X)Y =y].
Furthermore, imposing the constraints E [f*(X)] = E [¢*(Y)] = 1 gives:

E [f*(X)] = a3E [E[g(Y)|X]?] =
E [¢*(Y)] = B3E [E[f(X)|Y]’] =
which implies: )
“ T VEEGOXE
1
by = .
E[E[f(X)[Y]?]

Plugging in the values of ay and be into the expressions for f(x) and g(y), and re-labeling the
optimizing functions as f* and g*, respectively, gives the equations:

ve € X, VEE[(VIXPIf (2) = Elg" (V)X = a,
vy ey, VEEF XY (y) = E[f (X)Y = .

Since the uniqueness of the conditional expectation holds when equality between random variables
is defined as equality with probability 1, the above equalities rigorously hold with probability 1.
All that remains is to show that p?(X;Y) = E [E [f*(X)|Y]2] =E [E [g*(Y)]XF]. To this end,

consider:

PPOGY) =E[f (X)g" (V) =EE[/*(X)g"(V)Y]* =E[g"(V)E[f*(X)|Y]]*
which, using /E [E[f*(X)[Y]2]g*(y) = E[f*(X)|Y = y], becomes:

2

POGY) =E [ (v VEEIF OV =B B (O PIE [5°()?) = B B ()]

where the last equality holds because E [¢*(Y)?] = 1. Likewise, p?(X;Y) =E [IE [g* (Y)|X]2}. This
completes the proof. O
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