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Abstract

The impact of causality on information-theoretic source and channel coding problems
by
Harikrishna R. Palaiyanur
Doctor of Philosophy in Engineering — Electrical Engineering and Computer Sciences
University of California, Berkeley
Professor Anant Sahai, Chair

This thesis studies several problems in information theory where the notion of causality
comes into play. Causality in information theory refers to the timing of when information is
available to parties in a coding system.

The first part of the thesis studies the error exponent (or reliability function) for several
communication problems over discrete memoryless channels. In particular, it studies an
upper bound to the error exponent, or equivalently, a lower bound to the error probability
of general codes, called the Haroutunian exponent. The Haroutunian exponent is the best
known upper bound to the error exponent for two channel coding problems: fixed blocklength
coding with feedback and fixed delay coding without feedback. For symmetric channels like
the binary symmetric channel and the binary erasure channel, the Haroutunian exponent
evaluates to the sphere-packing exponent, but for asymmetric channels like the Z-channel,
the Haroutunian exponent is strictly larger than the sphere-packing exponent. The reason for
the presumed looseness of the Haroutunian exponent is that it assumes, despite the inherent
causality of feedback, a code might be able to predict future channel behavior based on
past channel behavior and accordingly tune its input distribution. Intuitively, this kind of
noncausal information should not be available to an encoder when the channel is memoryless.
While we have not been able to tighten the Haroutunian exponent to the sphere-packing
exponent for fixed blocklength codes with feedback, we describe some attempts made at
bridging the gap. Additionally, we describe how to tighten the upper bound for two cases
when the encoder is somehow limited: if the encoding strategy is constrained to use fixed
type inputs regardless of output sequence and if there is a delay in the feedback path. The
latter of these results leads to the insight that the Haroutunian exponent of a parallel channel
constructed of independent uses of the original asymmetric channel approaches the sphere-
packing exponent of the original channel after normalization. This fact can then be used to
show that the error exponent for fixed delay codes is upper bounded by the sphere-packing
exponent.

The second part of the thesis studies lossy compression of the arbitrarily varying sources
introduced by Berger in his paper entitled ‘The Source Coding Game’. An arbitrarily varying



source is a model for a source that samples other subsources under the control of an agent
called a switcher. Motivated by compression of active vision sources, we seek upper and lower
bounds for the rate-distortion function of an arbitrarily varying source when the switcher
has noncausal knowledge about the realizations of the subsources it samples from. We find
that when the subsources are memoryless, noncausal knowledge of subsource realizations is
strictly better than information about past subsource realizations only.
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Chapter 1

Introduction

In a theory of information, it is not surprising that the idea of causality naturally arises.
This is because the utility of knowledge is based on many factors: what is learned, how much
it costs, who learns it (i.e., what actions can they carry out with the information) and when
the knowledge is learned. The last factor, the timing of when knowledge is learned, is the
subject of this thesis.

In the popular vernacular, the concept of causality is about cause and effect. In the social
and physical sciences, effects are observed and correlated with hypothetical causes, and one
of the goals of science is to show that a hypothesized cause is actually causative of the effect.
A related meaning is the idea that before one event happens, a different one must occur first.
This meaning of causality is related to the causality in the information theoretic problems
in this thesis. We will study source and channel coding problems where actions of agents in
the problems are taken with varying levels of knowledge of the realizations of certain random
variables in the problems. The amount of knowledge available before these actions are taken
will determine whether we think of the problems as having a causal or noncausal nature.

The first part of the thesis continues the study of error exponents for point-to-point
channel coding. In point-to-point channel coding, as shown in Figure 1.1, an encoder wishes
to communicate a message over a noisy communication medium called a channel to a decoder.
The message is assumed to be uniformly random from a finite set and the encoder maps the
message to input symbols for the channel. The channel randomly (noisily) maps the channel
input symbol to a channel output symbol according to a known conditional probability
distribution, W (y|x). The encoder has a certain number of uses of the channel (called
blocklength) to communicate the message to the decoder reliably (with low probability of
error). Shannon, in his seminal paper [1] launching the field of information theory, showed
that there is a critical quantity called the capacity of the channel, C'(W), that determines
how much information can be communicated reliably across the channel. He showed the
capacity can be calculated as

cw) = max I(P,W),
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Figure 1.1: Fixed blocklength coding over a discrete memoryless channel W (y|z). The rate
of communication is R bits per channel use, and the blocklength is n, so the message is
uniformly drawn from one of exp(nR) possibilities.

where P is a distribution on the input of the channel and I(P,W) denotes the mutual
information between the input and output of the channel W when the input distribution is P.
The operational meaning of the capacity of the channel is that if the rate of communication
(measured in bits communicated per use of the channel) is less than the capacity, there are
codes that communicate the message with arbitrarily low probability of error in the limit of
large blocklengths.

Because large blocklengths also correspond to large delay, one would also like to know
how large a blocklength is needed to achieve a desired reliability while communicating at a
given rate over the channel. The study of error exponents seeks to answer this question by
analyzing the probability of error for optimal codes with a given blocklength and rate. It
can be shown that for optimal codes,

P(Error) ~ e’"E(R),

where n is the blocklength and E(R) is the error exponent at rate R. One finds lower bounds
to E(R) by proving upper bounds to error probability for specific codes and upper bounds
to E(R) by finding lower bounds to error probability for general codes.

The first part of the thesis explores the noncausal interpretation of one upper bound,
called the Haroutunian bound, to the error exponent for several variants of the communica-
tion problem just described. The original problem where the Haroutunian exponent appears
is channel coding with casual output feedback. Shannon showed [2] that even if the en-
coder is given knowledge of the realizations of previous channel outputs before choosing a
channel input at each time, the capacity of the (discrete, memoryless) channel is unchanged.
Haroutunian [3] proved an upper bound to the error exponent for fixed blocklength codes
with feedback that suffers from a technical weakness: it assumes that causal feedback allows
the encoder to predict future channel behavior based on past channel behavior. The bound
assumes that this knowledge can then be acted on by the encoder to improve error perfor-
mance by optimizing its input distribution using this noncausal knowledge of the channel
behavior it will face. This fact only makes the bound weak for asymmetric channels (chan-
nels for which the uniform input distribution is not optimal in some sense). The weakness
of the bound lies in the fact that for memoryless channels, past channel behavior cannot be
used to predict future channel behavior. Thus, the Haroutunian bound appears to grant the



encoder with feedback a power it does not in reality possess. A more precise introduction
to the problem is given in Chapter 2, but suffice to say for now that Chapters 2 and 3 are
devoted to disallowing this possibliity that such noncausal knowledge could be learned by
the code in several channel coding problems where the Haroutunian bound arises.

The second part of the thesis deals with lossy compression of arbitrarily varying sources
(AVSs). Arbitrarily varying sources are used to model sources which output data that is
actually a processed or dynamically sampled version of other ‘subsources’, as shown in Figure
1.2. An agent with some knowledge about the realizations and distributions of the subsources
controls the processing or sampling operation. The concept of an arbitrarily varying source
was introduced by Berger in his paper “The Source Coding Game” [4]. The source coding
game is a game played between two players, a coder and a switcher. The coder is trying
to lossily compress the output of the AVS to a specified distortion. The switcher is the
agent in control of which subsource is sampled at each time, and in the game, is trying to
make life difficult for the coder by forcing the coder to use as high a rate as possible. In
this version of the game, the switcher is an adversary to the coder. Berger characterizes the
rate-distortion function when the switcher is adversarial and has strictly causal knowledge of
the realizations of memoryless subsources. That is, the switcher must set the switch position
before learning of the subsource realizations at the current time. Berger asks the question
of whether ‘noncausal’ knowledge of the subsource realizations can be used by the switcher
to increase the rate-distortion function. It is this question that we answer in Chapter 4,
both for the adversarial model of the switcher studied by Berger and a ‘helpful’ model we
introduce, where the switcher is actually trying to help the coder use less rate.

In both parts of the thesis, we will model subsources and channels as discrete, memoryless
systems. The impact of causality will then come through by how varying levels of knowledge
for the agent in the two problems can shape the relevant controlled distributions. In the
channel coding problem, the encoder is the agent in control of the output of the channel by
using its input distribution as a ‘control” input. In the source coding problem, the switcher
is the agent in control of the output distribution of the AVS by using its knowledge of the
subsource realizations and distributions to decide how to sample the subsource.

1.1 What could noncausal feedback do?

To get a glimpse of what can happen when we look at differing levels of causality in an
information-theoretic problem, let us think of channel coding with feedback. The main
weakness of the Haroutunian bound is that it assumes that causal output feedback can allow
the encoder to tune its input distribution by predicting future channel behavior (because
it is difficult to prove otherwise). Thus, the causal output feedback is giving some kind of
‘precognitive’ knowledge of future channel behavior. Why is this something to be afraid of
to begin with, from the point of view of understanding fundamental behavior of optimal
codes? One might guess that knowledge of the channel behavior at the encoder only is not
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Figure 1.2: An arbitrarily varying source whose output symbol at each time is the output of
one of a finite number of ‘subsources’. In Berger’s paper [4] and this thesis, the subsources are
assumed to be discrete, memoryless and stationary. The switcher decides which subsources’
symbol will be output based on the knowledge it has, which may be noncausal.
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Figure 1.3: The binary symmetric channel with crossover probability §. The output Y is the
input X with probability 1 — § and is 1 — X with probability §.

enough to improve performance because the decoder is still unaware of the channel noise the
encoder faced, and therefore the lack of synchronicity might render the noncausal knowledge
useless. To dispel this notion, we look into some models of feedback that appear aphysical
and are noncausal, but do have applications in problems involving interference and storage
on memories.

How does one begin to think of precognitive knowledge of channel behavior? For example,
take the binary symmetric channel (BSC), shown in Figure 1.3, which flips its input with
probability § < 1/2. The capacity of the BSC (without feedback or with causal output
feedback) is 1 — hy(6), where hy(0) is the binary entropy function hy(d) = —dlogd — (1 —
) log(1 —0). One model for the BSC is that the output Y is the modulo-2 sum of the input
X an an independent Bernoulli random variable Z with parameter 6, ¥; = X; ® Z;. In
this model, if the encoder knows the value of Z; in a procognitive way before inputting X;,
clearly the capacity is 1 bit per channel use, which is larger than 1 — h;(J). But this is not



the only model for noise in the BSC. Consider a ‘noisy packet drop’ model for the BSC. Let
Z; be a Bernoulli process with parameter 20 and Y; an independent Bernoulli process with
parameter 1/2. Then, let the output of the channel be

Y, = Xi(1— Z,) + YiZ..

This channel outputs the input X; with probability 1 — 2§ and disconnects the output from
the input and outputs a random bit with probability 25. The effective channel, without
knowledge of the Z;, is a BSC with crossover probability 4. It can be shown, however,
that even if the encoder knows the value of the Z; (but not the Y;), the capacity under
this model is still 1 — hy(d). So we have two models of channel noise that appear the
same to the coding system without noncausal knowledge, but are different with noncausal
knowledge. It is unclear how to generalize these two models to anything other than additive
noise channels, so let us consider a model that is analogous to the switching model for source
coding developed by Berger.

In channel coding, the agent capable of acting on feedback information is the encoder. In
a sense, the goal of the encoder is to use the knowledge it has of the conditional distributions
of the channel output given the channel inputs to ‘control’” the output of the channel and
convey the message. One can then think of the channel output as being the switched output
of |X| memoryless ‘subchannel’ outputs with distributions {W(-|z) : x € X'}, as shown in
Figure 1.4. With causal output feedback, where the encoder learns Y; immediately before
deciding on the switch position X;, 1, the capacity of the channel is unchanged, as shown by
Shannon [2].

What might a more general model that includes ‘precognitive’ feedback look like? In
the traditional setup, there is only one channel output Y; whose conditional distribution is
W (Y;|X;). We propose that precognitive feedback give the encoder advance knowledge of
the realizations of the |X’| subchannels. We will think of two cases of precognitive feedback:
barely precognitive feedback if X; is decided with knowledge of the realizations of the |X|
subchannels up to and including time i, and fully precognitive feedback if X; is decided with
knowledge of the realizations of the |X| subchannels over the entire blocklength of n time
steps. We are simply interested in knowing if this advance knowledge can be used by the
encoder to increase capacity. Further, if it does increase capacity, does fully precognitive
feedback increase capacity even more than barely precognitive feedback?

Luckily for us, these questions have already been answered if we transform the problem
from one where the encoder has feedback to one where the encoder has advance knowledge
of a channel ‘state’. At time ¢, we let the state s; be the realizations of the |X| subchannels,
s; = (yi[x] : © € X). That is, the channel state tells the encoder exactly what the output
of the channel will be if the input x is chosen for each input symbol. The probability the
channel is in each state will be

Ps(s) = P(s = (yla] s x € X)) = [ [ W(yla]l),

zeX
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Figure 1.4: A way of thinking of channels analogous to the arbitrarily varying source. The
channel is composed of |X| subchannels, each of which produce symbols from the output
alphabet IID according to distributions {WW(:|z)}. The encoder then chooses which symbol
is the output of the channel by selecting the input symbol. Without feedback, or with causal
feedback, the channel appears to the encoder and decoder to be a DMC with transition
probabilities W (y|z). This model allows for a notion of ‘precognitive feedback’, where the
encoder would be aware of the outputs of each of the subchannels before making a decision
on the input symbol.

where for simplicity, we have made the assumption that the subchannels are independent
of each other. We note that other models for a DMC can be recovered by making the
subchannels correlated with each other (but independent over time). For example, the
additive noise model for the BSC has fully correlated subchannels, where either both inputs
are flipped or neither input is flipped.

Without any feedback or only causal knowledge of the channel state, the encoder appears
to be facing a channel with conditional distribution W, because its knowledge of the output
of the channel for a given input symbol is just the conditional distribution. With precogni-
tive feedback, it knows the state and therefore the output of the channel deterministically
given the input. Barely precognitive feedback then means that the encoder decides X; with
knowledge of (sq,...,s;) and fully precognitive feedback means the encoder chooses X; with
knowledge of (s1,...,S,). The capacity for these ‘state knowledge’ problems was determined
by Shannon [5] in the barely precognitive case and Gelfand and Pinsker [6] in the fully pre-
cognitive case. These are also called channel side-information problems because the encoder
gets side-information about the state of the channel before deciding on the input letter.
However, in this precognitive feedback instance, the side-information is very special because
given the side-information of the channel state, the output is a deterministic function of the
input. The key insight of [5] is that, rather than thinking of inputs as being letters from
X, we think of inputs as being ‘strategies’, i.e., functions mapping an observed state to a
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Figure 1.5: The possible states the BSC can be in for the model in Figure 1.4.

channel input letter,
t:§— X.
In the case of barely precognitive feedback, the capacity as determined by Shannon is

Crp =max [(T;Y),
Pr

where the joint distribution is

P(s,t,y) = Ps(s)Pr(t)L(y[t(s)] = v),

and I(T;Y) is the mutual information between the random variables T"and Y. The notation
y[x] denotes the component of s corresponding to the input z, which has marginal distribu-
tion W (:|z). In the fully precognitive case, Gelfand and Pinsker showed that the capacity
is

Crp=max [(TY) — I(T;95),

Prs

where the joint distribution is
P(s,t,y) = Ps(s)Pris(t]s)1(y[t(s)] = y)

and the optimization is over conditional distributions of the strategy T, conditioned on the
state S.

Let us evaluate these capacities for two simple binary input, binary output channels: the
binary symmetric channel (BSC) and the Z-channel. For the BSC, at each time, the channel
can be in one of four states: flip both inputs with probability 2, don’t flip the inputs with
probability (1—4§)?, output only 0 with probability 6(1—¢), or output only 1 with probability
d(1 — 0) as shown in Figure 1.5.

When the state of the channel is ‘flip both inputs’ or ’don’t flip the inputs’, the encoder
with advance knowledge of the state can make the output of the channel be either 0 or 1. In
the other states, the encoder is constrained to output the symbol that occurs as the realization
of both subchannels. It is inconsequential what a strategy does in these constrained states



Capacity (bits/channel use)

0 011 012 0:3 014 0.5
Crossover probability of BSC

Figure 1.6: Capacity of the BSC with no feedback, barely precognitive feedback and fully
precognitive feedback as a function of the crossover probability § € [0,1/2]. Fully precog-
nitive feedback increases capacity over barely precognitive feedback, which in turn is larger
than capacity without feedback.

as it cannot affect the output of the channel. It can be shown that, with barely precognitive
feedback, the capacity of the channel is the capacity of a BSC with crossover probability
d(1 — ), which is less than 6. Thus

Cbp =1- hb(5(1 — 5)) >1-— hb(é)

In a paper that studies storage in memories with known defects, Heegard and El Gamal [7]
show that with fully precognitive feedback, the encoder can communicate a bit for every
time instant that the state allows the output of the channel to be chosen, even though the
decoder does not know when these time instants occur. Thus,

Cfp =1- 25(1 — (5) > Cbp >1-— hb(é)

Hence, we find that noncausal knowledge of channel behavior can indeed be used to increase
capacity. In the example of the BSC, the difference between barely precognitive feedback
and fully precognitive feedback is also an increase in capacity, as shown in Figure 1.6.

As another example, consider the Z-channel, a channel which faithfully transmits 0’s as
0’s, but flips 1’s to 0’s with probability §. Without feedback, or with causal output feedback,
the capacity of the Z-channel with crossover probability ¢ is

Cz(0) = hy (p™(6)(1 = 0)) — p"(9)w(9),
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Figure 1.7: The states that a Z-channel can be in. A 0 is always transmitted as a 0, but a 1
can either be transmitted as a 1 or flipped to a 0.

p*(0) = {(1 ) (1 + exp (f{?))} B .

With precognitive feedback, the encoder is made to know in advance whether the channel
will flip an input of 1 to 0 or not, as shown in Figure 1.7. With barely precognitive feedback,
it can be checked that the capacity is unchanged, i.e., Cy, = Cz(0). With fully precognitive
feedback, the capacity actually increases to C'r, = 1 — ¢ (bits per channel use), the fraction
of time the channel output can be freely chosen to be either 0 or 1. Hence, for the Z-
channel, knowledge of the channel state immediately before deciding the input does not
increase capacity (as shown in Figure 1.8), but knowledge of all future channel behavior
does increase capacity. These examples show that:

where

1. Noncausal knowledge can have a large impact on the fundamental limits of performance
in information theoretic problems.

2. The degree of noncausality can also have an impact for some problems, but not for
others, even when the underlying randomness is memoryless.

Jafar [8] has shown that for encoders with channel side-information, even one bit of side-
information about the channel state given to the encoder before choosing the input can
increase capacity by an unbounded amount. So we see that in terms of increasing capacity,
the future can start now (as in the BSC example) or later (as in the Z-channel example) and
knowledge of the future can increase capacity by an unbounded amount.

The purpose of these examples is to foreshadow that causality can indeed have a big on
information-theoretic problems. We will see this quite clearly in the source coding problem
by the impact on the rate-distortion function. For the Haroutunian exponent, we want to
rule out that a code with causal feedback might be able to improve its error performance by
tuning its input distribution to future channel behavior. To avoid confusion, we note that
the Haroutunian exponent does not assume that the encoder knows future channel behavior
and thus can increase capacity. Rather, it can be interpreted as assuming that when the
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Figure 1.8: Capacity of the Z-channel with no feedback, barely precognitive feedback and
fully precognitive feedback as a function of the crossover probability. Barely precognitive
feedback does not increase the capacity, but fully precognitive feedback does.

channel behaves atypically, the encoder knows this in advance and can change the input
distribution according to an optimal one (in a sense to be described in Chapter 2). The fact
that the optimal input distribution changes with the channel is only true for asymmetric
channels, where the uniform input distribution is not optimal.

1.2 Contributions

While we detail the contributions of the thesis precisely in the chapters where the results are
given, here we briefly highlight those results. Chapter 2 studies the Haroutunian exponent
as the upper bound to the error exponent for fixed blocklength codes with causal output
feedback. The goal, as has been the case since the bound was first proved, is to show that the
sphere-packing exponent, which is tighter than the Haroutunian exponent for asymmetric
channels, is an upper bound to the error exponent. The sphere-packing exponent is also an
upper bound for fixed blocklength codes without feedback, and is tight at rates near capacity,
so this problem is really about showing that causal output feedback does not improve the
asymptotic reliability of fixed blocklength codes.

Unfortunately, we have not succeeded in proving that the sphere-packing bound holds
for fixed blocklength codes with feedback. Chapter 2 chronicles some of the attempts made
and what technical obstacles were faced. We then show that tightening the error exponent
from the Haroutunian exponent is possible in two restricted cases. First, if the encoder
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is constrained to use a fixed input distribution regardless of the feedback information it
receives, the sphere-packing bound holds. Second, if there is a delay in the feedback path,
the sphere-packing bound holds in the limit as the delay gets large. This result essentially
makes the feedback even more causal and shows that the more stale the feedback information,
the more we can prove that feedback cannot be used to optimally change the channel input
distribution according to future channel behavior. We then reinterpret the delayed feedback
result as applying to parallel channels with instantaneous feedback rather than the original
channel with delayed feedback. This reinterpretation leads to the surprising result that
the Haroutunian exponent of the parallel channel is not the addition of the Haroutunian
exponent of the original channels for asymmetric channels W. In fact, after normalization,
the Haroutunian exponent of the parallel channel approaches the sphere-packing exponent
of W in the limit as the parallelization of the channels gets large. While this insight is
not useful for proving stronger results for block codes with feedback, it can be applied to
another problem where the Haroutunian exponent appears in Chapter 3. In fixed delay
coding, bits arrive at the encoder in a streaming fashion as opposed to the message being
known fully in advance for fixed blocklength codes. Each bit is then to be decoded within a
fixed delay of the time it arrives at the encoder. The error exponent for fixed delay codes is
taken with respect to delay, analogous to the blocklength for fixed blocklength codes. The
Haroutunian exponent appears as the best known upper bound to the error exponent for
fixed delay codes without feedback. While there is no feedback, the previously employed
proof technique could not disallow the possibility that the encoder might be able to predict
when the channel behavior is bad enough so that reliably communicating any given bit is
hopeless. Using the insight for parallel channels developed in Chapter 2, we are able to
tighten the upper bound to the sphere-packing exponent for fixed delay codes.

In Chapter 4, we are motivated by the field of computer vision and Berger’s paper
to study the arbitrarily varying source with new models of knowledge and intentions for
the switcher. Extending the work of Berger, we first study the rate-distortion function
of the AVS when the switcher is adversarial and has knowledge of the realizations of the
memoryless subsources either immediately before selecting the switch position or fully in
advance. This rate-distortion function is characterized completely as the maximum of the
IID rate-distortion function over distributions the switcher can simulate at the output of the
AVS. In this problem, the level of noncausality does not matter: the rate-distortion function
increases when going from causal knowledge to barely noncausal, but no further increase
occurs when the switcher receives fully noncausal knowledge of subsource realizations. We
then characterize the rate-distortion function if the switcher is adversarial and has noisy
and noncausal access to the subsource realizations. The next step is to then consider what
happens if the switcher is actually helpful, the opposite of adversarial. If the switcher is
helpful and has fully noncausal knowledge of subsource realizations, we fully characterize the
rate-distortion function as the IID rate-distortion function for an associated source. With
other levels of causality in knowledge, we give upper bounds on the rate-distortion function
for helpful switching. Finally, to show that brute force computation of the R(D) function
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of an AVS can be provably done in a finite amount of time, we prove a technical lemma
about the uniform continuity of the IID rate-distortion function that may be of independent
interest.

While the statements here may seem vague, we invite the reader to proceed to the chapter
introductions for a more precise description of the contents of the thesis.
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Chapter 2

The Haroutunian exponent for block
coding with feedback

2.1 Introduction

This chapter explores a particular problem that arises in the classical information-theoretic
study of block coding for discrete memoryless channels (DMCs). A DMC is a communication
medium with a finite input space X and finite output space ) for which, at any time, if the
input to the channel is z € X, the output of the channel is y € } with probability W (y|z),
where W is a probability transition matrix. Block coding refers to the assumption that the
entire message to be communicated is known before transmission is commenced for a fixed
(pre-determined) amount of time'. The duration of transmission for a (message) block, in
number of channel uses, is called the blocklength.

For this problem, Shannon [1] showed that the capacity of the channel, C'(W), is a
fundamental quantity that determines quite precisely the number of bits per channel use that
can be reliably communicated in the limit of long blocklengths. In this first-order notion of
reliable communication, all that is required is that the probability of incorrect decoding of
the message goes to 0 with longer and longer blocklengths. Soon after the first rigorous proof

'In the anytime coding chapter, we study communication systems where the message to be communicated
is causally revealed to the transmitter. There are also notions of variable-length codes ( [9], [10], [11]) that
allow for the transmission duration to depend on the quality of the channel. In this thesis, we do not consider
variable-length codes, only fixed-length codes.

Y A

M- Enc |2l W] Dec | >

Figure 2.1: Fixed-length block coding with feedback is the problem considered in this chapter.
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by Feinstein [12] that C'(W) was the highest rate one could reliably communicate messages
over W, it was also proved by Feinstein [13] that the reliability, or probability of error, decays
exponentially to 0 with the blocklength for any rate below capacity. This result set afire the
study of the reliability function for communication over DMCs, a second-order notion of the
quality of the channel W for communication purposes.

Around the same time as the reliability function was being investigated, there was also
heavy interest in understanding the fundamental information-theoretic limits on communica-
tion when the additional resource of feedback is available. In many practical communication
situations, the receiver may be able to send information to the transmitter while the trans-
mitter is attempting to send a message to the receiver. In order to simplify the practical
aspects of the problem (i.e., the feedback is noisy, rate-limited and/or delayed), efforts were
concentrated on understanding what can happen when the transmitter is made aware of
the channel outputs (received symbols) at the same time that the receiver is made aware of
them. This is the case of perfect feedback; perfect because the received symbol is available
to the transmitter both noiselessly and without delay.

Shannon himself [2] showed that for DMCs, feedback does not increase the capacity of
the channel. The natural question at this point was

Does feedback increase the reliability function of a DMC?

The answer to this question is not as simple as the answer that Shannon provided for capacity.
It turns out that if the channel is symmetric (e.g. the binary symmetric channel or binary
erasure channel), in a sense to be defined later, feedback does not increase the reliability
function much. However, if the channel is asymmetric, the answer to this question is still
unknown. This leaves us with one of two possibilities: either feedback does not improve
reliability for asymmetric channels and this is difficult to prove, or feedback can improve
reliability only by exploiting asymmetry of the channel.

In order to get to the point where we can more meaningfully discuss the contents of this
chapter, a brief review of the literature on the reliability function (also known as the error
exponent) is in order.

2.1.1 A brief history of error exponents for block coding over
DMCs

If we let P.(n, R) denote? the lowest error probability of all block codes without feedback
of blocklength n and rate at least R that can be used for communicating over W, the error

2The notation, for now, suppresses the dependence of the error probability on the channel W.
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exponent or reliability function is defined as?

E(R) £ lim —llogPe(n, R).
n—oo N

As noted earlier, Feinstein [13] showed that F(R) is positive for all R < C(W). If we let

P. 1y(n, R) denote the lowest error probability for all block codes with feedback of blocklength

n and rate at least R that can be used for communicating over W, the error exponent or

reliability function with feedback is defined as

) 1
En(R) 2 T}Lrgo —Elog P. sp(n, R).

Because a code with feedback can simply choose to ignore the feedback, it trivially follows
that P. s,(n, R) < P.(n, R), and therefore,

E(R) < Ep(R).

We will say that feedback does not improve reliability if E(R) = Ef(R), even though it
might be possible that P.(n, R) can be strictly larger then P, s,(n, R) in this case. More
precisely, what we mean is that feedback does not improve the reliability function.

As an aside, the notion of an error exponent or reliability function is only useful if
—(1/n)log P.(n, R) approaches E(R) fairly quickly (and similarly for E,(R)). The results
discussed in this chapter typically have a ‘convergence rate’ of O(y/log(n)/n), meaning that
if £;(R) is a lower bound to F(R) and E,(R) is an upper bound to E(R), we can say that

exp (—n E.R)+ O ( 10;3;71)]) < P.(n,R) < exp (—n E(R)—-0 ( loin>]> :

Error exponents without feedback

In order to determine F(R), researchers set out to find upper and lower bounds to P,.(n, R)
(yielding lower and upper bounds to F(R) respectively). One of the first ways to find lower
bounds to the error exponent* was to analyze the performance of random codes. Upper

3Throughout this chapter and Chapter 3, the log and exp functions are taken to the base e, but in plots
the units may be to the base 2 (as noted in each plot). Also, we note that the limit is presumed to exist,
but it is not known for sure at some rates if it does. In seeking bounds to the error exponent, bounds to the
liminf and limsup are sought.

4The term error exponent refers both to the reliability function E(R) and to exponents that serve as upper
or lower bounds to E(R). When we say ‘the error exponent’, we are referring to the reliability function, but
when we say ‘an error exponent’ or ‘error exponents’, we mean upper and lower bounds to the reliability
function. Hopefully, this distinction is clear from context.
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Figure 2.2: Error exponents without feedback for a BSC with crossover probability 0.1.
The capacity for this channel in bits is 0.53 bits per channel use. The random coding
exponent FE,(R), expurgated exponent F..(R), straight line exponent Fy(R) and sphere-
packing exponent E,,(R) are shown (they are individually denoted by color, but can be
identified also by the ordering E,(R) < E.,(R) < E4(R) < E(R)). For this channel,
R.. = 0.1881 bits per channel use, R, = 0.0452 bits per channel use and FE.,(0) = 0.3685,
which is much less than E,(0) = 0.737. Thus, the straight line bound is significantly tighter
for rates between 0 and R, = 0.13 bits per channel use.
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bounds to the error probability of random codes yielded the random coding exponent, F,.(R),
where

E(R) > E.(R)
E.(R) & pme[zg)lc] max Eo(p, P) — pR (2.1)

Eo( :—logz

with P denoting a distribution (probability mass function) on X. Elias [14] showed that
E(R) > E.(R) if W is a binary symmetric channel (BSC) or binary erasure channel (BEC),
while Fano [15] showed that E(R) > E,(R) for a general DMC. Gallager [16] gave a simple
derivation of the random coding exponent bound and derived most of the useful properties
of the function E,.(R).

Since any realization of a random code can be bad because the codewords drawn could
be identical to each other or otherwise ‘too close’, Gallager ( [16], [17]) improved on ran-
dom codes by expurgating these ‘bad’ codewords and showed that the resulting expurgated
exponent, E..(R), is a lower bound to E(R), where

1+p
SLCUEEI 22)

E..(R) £ supmax E,(p, P) — pR
p>1 P

1/p

E,(p,P) = —plog Y _ P(x)P(x) | Y /W(ylz)W (ylz')

z,x'€X

In general, there is an R, € [0, C(W)] for which,

Er(R) = Eem(R>7 if B e [R:ra C(W)}
E.(R) < E..(R), if R € [0, R,),

so E..(R) improves on E,.(R) only for low rates.
For upper bounding the reliability function, the most fundamentally important upper
bound is the sphere-packing exponent®; F,(R),

Ey(R) £ sup max Eo(p, P) — pR,

p>0
where Ey(p, P) is defined in (2.2). The sphere-packing bound was first shown to hold by
Elias [14] for rates close to capacity if W is a BSC or a BEC, and discovered by Fano [15]

for general DMCs. The first rigorous proof of the sphere-packing bound for general DMCs
was given by Shannon, Gallager and Berlekamp [18]. It was later independently recognized

5For a quick reminder of important notation, please flip ahead to Tables 2.1 and 2.2 in Section 2.2.



18

by Haroutunian [19] and Blahut [20] that the sphere-packing exponent could be expressed
another way, as

Ey(B) =mgx min_ D(V|[WIP), (23)
= max E. (R, P) (2.4)

where I(P,V) denotes the mutual information across the channel V' when the input distri-
bution is P and D(V||W|P) denotes the conditional divergence between the two channels
V and W when the input distribution is P. The form of the sphere-packing exponent above
lends itself to a simple interpretation. One can prove the sphere-packing bound by the fol-
lowing process. Since the code is a block code with codewords fixed ahead of time, there is
a subcode of rate nearly R whose codewords are all of some type P. Then, for this subcode
and a test channel V' that have a low mutual information, the error probability must be high
(actually convergent to 1). The exponent that governs® the probability of the channel W
‘acting like’ channel V' when the input type is P is D(V||W|P).

From the so-called parametric-p form of Ey,(R) and E,(R), and the properties of Ey(p, P)
derived by Gallager in [16], it can be shown that there is a critical rate, R.. € [0,C(W)],
such that E.(R) = E,,(R) if R is at least R... Therefore, for R > R.,, the reliability
function is pinned down to be E(R) = E.(R) = Es(R). For R < R, we see that the
reliability function is sandwiched between the random coding exponent and the sphere-
packing exponent, E,(R) < E(R) < E,(R).

Another interesting fact about the error exponent for block codes without feedback can
be deduced by studying the parametric p-form of E,,(R) for rates below R, ( [17], Problem
5.20). If we relax the notion of decoding to allow a fixed number, L, of decoded messages
(called list decoding), one can show that random codes with maximum-likelihood decoding
to lists of size L achieves the following error exponent:

E, L(R)= prél[a}L(] max Ey(p, P) — pR.

By the properties of maxp Ey(p, P) as a function of p, it also follows that E, (R) = E,,(R)
for R > R and R., = Rery > Rero > Rep3 > ... Further, one can show that for each
R > 0, there is an L' such that if L > L', E, (R) = E,,(R). Therefore, the sphere-packing
bound is achievable with random codes and list decoding for a large enough (but finite and
not growing with blocklength) list size. Hence, the gap between E,;(R) = E,(R) and the
sphere-packing exponent is caused by the decoder being uncertain of the message up to just
a few bits.

6This intuition is reminiscent of the analysis of the optimal asymptotic error probability for hypothesis
testing between two distributions. In the limit as the number of observations go to infinity, the exponent
of the error probability (say of deciding on P’ when the true distribution is P) is the divergence D(P’||P).
This result is known as Stein’s Lemma (Theorem 12.8.1 of [21]) and can be interpreted as forcing an error
by making a random variable with distribution P behave like distribution P’.
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Around the same time that the sphere-packing bound was being rigorously proved, a
related upper bound to F(R) called the straight-line bound, F(R), was derived by Shannon,
Gallager and Berlekamp ( [18], [22]). The straight-line bound takes any non-increasing upper
bound to the reliability function, call it E,(R), and shows that for all 0 < Ry < Ry < C(W)
and A € [0, 1],

E (AR, + (1= M Ry) < AEL(R1) + (1 — \) B,y (Ry). (2.5)

The straight-line bound is generally used with

B(R) =max— 3" P(e)P(a')log 3 /W) W(yl+')

rx'eX

= Eex(o)

The result that E.,(0) is an upper bound to the error exponent for zero-rate communication
(i.e., the reliability function for codes with a fixed number of messages, as the number
of messages goes to infinity) is also derived in [22]. Then, because it can be shown that
E..(0) < E,(0), and E,,(R) is convex-U in R, there is some R, € [0,C(W)] for which
Ry = Ry and Ry = 0 gives the best upper bound to F(R) from (2.5), so

Rg—R R
Esl(R)_{ - Em(g) TR?ESP(RSQ, RRE >[oj;zsl]
sp 7 Sl‘

Note that because E(R) = E,,(R) for R € [R.,C(W)], Ry < R... Unfortunately, the
straight-line bound does not have an intuitive interpretation like the sphere-packing bound
(other than the obvious geometric interpretation).

For block codes without feedback, since 1968, the state of affairs has been that E(R) =
E.(R) = E,(R) if R > R, and E,.(R) < E(R) < E4(R) for R € [0, R.] with Ey(0) =
E..(0). The four exponents discussed in this section are plotted in Figure 2.2 for a BSC
with crossover probability 0.1.

Error exponents with feedback

While our focus is on upper bounds to Ey(R), we will briefly discuss lower bounds to E s, (R)
that are different from the lower bounds to F(R). Clearly, because a code with feedback can
choose to ignore the feedback, E(R) < Ep(R).

An important coding scheme with feedback is called posterior matching. When posterior
matching is used, the transmitter calculates the posterior probabilities of each message based
on the received symbols and groups them in a particular way to determine the next input
symbol. Zigangirov [23] showed that the error exponent of the posterior matching scheme
with feedback, E,,(R), when used over BSCs has the property that E,,(R) = E,,(R) for
R > R tp, where R, sy < Rer. Therefore, posterior matching has a better error exponent
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than the best known schemes for codes without feedback: random coding and expurgation.
Also, it was shown that E,,,(0) > E.,(0) for the BSC, so feedback at least improves the
reliability function for very low rates. Further extensions of this result followed by Dyachkov
[24] (showing how to perform posterior matching for arbitrary DMCs and analyzing its
performance for a larger class of symmetric channels), Burnashev (adapting his two-phase
approach for variable-length codes with feedback [9] to fixed-length codes with feedback
for the BSC [25]) and Nakiboglu (extending the schemes of Dyachkov and Burnashev and
improving their analyses).

Meanwhile, for upper bounds to Ey,(R), Dobrushin [26] had shown that Ey,(R) < Ej,(R)
if the channel is symmetric at both the input and output”. This result showed that E,(R) =
E(R) for R > R, for symmetric channels, so it seemed that feedback did not increase
reliability (at least for ‘high’ rates).

Intuitively, the Dobrushin’s result says that when dealing with ‘additive noise’ channels
like the BSC, the important factor in determining the quality of the channel is the ‘variance’
or ‘power’ of the noise and not really what is happening at the input. From a coding theory
perspective, the sphere-packing bound is looking at points in the input space and puts noise
spheres around the ‘codewords’. When the channel is augmented with feedback, the noise-
spheres still determine the minimum distance needed between codewords and hence the
sphere-packing bound still holds provided the channel looks like an ‘additive noise’ channel.

At this point, the steady march of progress in this area took an interesting turn. In 1970,
Haroutunian presented ( [27], [28]) an upper bound to E(R) valid for all DMCs, which is
presently called the Haroutunian exponent. The Haroutunian exponent is denoted Ej(R)
and defined as

En(R) = min max D(V||W|P). (2.6)
V:C(V)XR P

He also showed that Ej,(R) = E,(R) if W is output-symmetric®, recovering the upper
bound proved by Dobrushin, but in general E,(R) > E,,(R) for asymmetric channels. Some-
what disturbed by the gap between E,(R) and E,,(R) for asymmetric channels, Haroutunian
waited five years to submit his result to a journal [3], at which time he wrote

The result derived here was included in [27] and [28]. The author, however, was
in no hurry to have it published in full. The whole point lies in that in the widely
adopted hypothesis, the lower bound of error probability for channels with feedback

"A DMC W is symmetric at both the input and the output if the rows are permutations of each other
and the columns are also permutations of each other. A BSC is symmetric at both the input and the output,
but a BEC is not.

8 A channel is output-symmetric if the output set can be partitioned into subsets such that in each subset
the matrix of transition probabilities (from all inputs to this subset of the output) has the property that
each row is a permutation of every other row and each column is a permutation of every other column.
Output-symmetric channels include BSCs and BECs.
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or with no feedback is the bound for packing of spheres.... The author has tried
for some time to improve the proof so that the hypothesis is valid for any discrete
channels, although up until now without success. A related question also arises: is
it possible to construct block codes with feedback possessing an error probability
for unsymmetric channels which would be exponentially lower than the bound for
packaging a sphere?

There are two points in the above paraphrasing of Haroutunian that are important to
note here. First is the point that it is widely believed that Ey,(R) < E,(R) for all DMCs.
That is, even with feedback, ‘almost everyone’ believes that one cannot beat the sphere-
packing bound. The reason for this intuition is that the output feedback is available only
causally. The major difference between the Haroutunian exponent (2.6) and the sphere-
packing exponent (2.3) is that the order of the max and min is interchanged. The sphere-
packing bound knows the strategy of the code (P) and chooses a test channel (V') that will
cause error with high probability. The Haroutunian bound, on the other hand, fixes a test
channel (V') that will cause error with high probability and the code chooses a strategy
(P) that makes the error less likely. However, because feedback is in reality, only available
causally, the code should not be able to ‘predict’ what channel will occur and pick its input
distribution accordingly.

The second point, which is much more provocative is that perhaps the sphere-packing
bound does not hold for asymmetric channels when feedback is available. If this were the
case, then it leaves open the possibility that Es(R) > Eg(R) = E.(R) for R > R, if
the channel is asymmetric. What makes this idea so provocative (and likely far-fetched) is
that the channel W is not handed down from Nature with no possibility of change. Rather,
W is a probabilistic model of a designed communication system that can involve/require
modulation, time and phase synchronization, equalization, etc. For the simple case of BPSK
modulation, it is generally assumed that the modulation and demodulation operations should
be symmetric irrespective of whether the symbol to be sent is 0 or 1. However, it could easily
be designed that the energy used to send a 1 be less than the energy used to send a 0 for
example. This redesigned BPSK modulation might have the dual advantage of lowering
power consumption and increasing reliability. While we don’t believe this to be the case, it
is an important reason to verify the sphere-packing bound is still an upper bound on the
reliability function for all DMCs with feedback®.

For completeness, we should also mention that the straight-line bound of (2.5) also holds
for codes with feedback provided the second error exponent (which is the sphere-packing
exponent in codes without feedback) applies to codes with feedback using list decoding. The
Haroutunian bound applies to codes with feedback using list decoding, but FE..(0) is no
longer a proven upper bound to Ef;(0), so the lowest left endpoint of the straight-line bound

9 Additionally, W may be asymmetric even though it was intended to be symmetric due to imperfections
in the physical components in the communication system.
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Figure 2.3: A Z-Channel is a binary input, binary output channel with a one-sided crossover
probability, denoted here by §. A 0 is always perfectly received, while a 1 is received as a 0
with probability ¢.

(to our knowledge) that has been proved is Ej(0). This straight line is always looser than
Er(R) because Ej(R) is convex.

2.1.2 The simplest family of asymmetric channels: the Z-channel

For now, let us investigate a bit more closely the bound of Haroutunian:

En(R) < Ep(R) = V:é{l‘l/r)lngng(V||W|P). (2.7)
The first thing to note is that because D(V||W|P) is linear in P, it is maximized by a P
that places all its mass on a single x € X', so

En(R) = min_ max D(V(-|z)[[W(-|z)),

where D(V (-|x)||W (-|x)) denotes the divergence between the distributions on Y: V(-|z) and
W (-|x). In order to prove that the Haroutunian exponent upper bounds E(R) for block
codes with feedback, one takes a test channel V' with capacity lower than the rate of the
code. The weak or strong converse can be used to show that the error probability under
the ‘test’ channel V' is high. Then, the probability that an error occurs under channel W
is governed by D(V||W|P) where P can be thought of as the input distribution during the
error event for channel V.

Unfortunately, because the code has feedback!?, the input distribution for the error event
under channel V' need not be the same as the distribution under channel W, and hence the
max in (2.7) is taken as a worst-case bound. The conditional divergence is linear in the input
distribution however, so the resulting optimizing input distribution places all its mass on one
letter. Of course, no good code could do such a thing without dooming itself to error, but
the bound of (2.7) essentially assumes that because the code has feedback, it can somehow
realize that the channel is behaving like V' and use this maximizing letter repeatedly.

10When a code has feedback, the input symbols depend on past output symbols, so the input distribution
can depend nontrivially on the probabilistic description of the channel.
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Figure 2.4: Capacity of the Z-Channel for all crossover probabilities 6 € [0, 1]. The capacity
is a monotone strictly decreasing function of ¢, and also convex-U in 4.

Let us now see what this all means for the simplest asymmetric channel: the Z-channel,
shown in Figure 2.3. A Z-channel with crossover probability ¢ € [0,1] sends a 0 to a 0 with
probability 1 and flips a 1 with probability . The capacity of the Z-channel as a function
of §, denoted C%(d), is shown in Figure 2.4.

The most fundamental property of asymmetric channels that separate them from sym-
metric channels is that the capacity achieving distribution depends quite a bit (and varies)
with the channel W. Figure 2.5 shows the capacity achieving distribution (the probability of
inputting 1) for a Z-channel with crossover probability J. The capacity achieving probability
ranges from 0.5 at § = 0 (a noiseless one-bit pipe) to approximately 0.36 as 6 — 1. Contrast
this to the BSC, for which the capacity achieving distribution inputs 1 with probability 1/2
for all crossover probabilities. Perhaps even more striking is Figure 2.6, which plots the
sphere-packing optimizing probability of inputting 1 for the Z-channel with crossover proba-
bility § = 0.5 as a function of the rate. That is, the optimizing P in (2.3) changes for a fixed
channel as a function of the rate, from 1 to the capacity achieving P(1). Again, for the BSC
or BEC, the sphere-packing optimizing P is uniform on the input for all rates.

Fix a 0 and assume that W is a Z-channel with crossover probability §. Although it
is somewhat repetitive, for clarity, we want to interpret the Haroutunian bound for the
Z-channel. Now, if a test channel V' is not a Z-channel (meaning that V(1|0) > 0) and
P(0) > 0, D(V||W]|P) = oo, so the only test channels that are feasible in the optimization
of 2.7 are other Z-channels. If V and W are Z-channels with crossover probabilities 5 and ¢
respectively,

DV|[W|P) = P()D(V(-[)[[W(-[1))
= P(1)Dy(B1]9),



24

0 0.2 04 05 06 0.8 1

5

Figure 2.5: The capacity achieving distribution p*(J) for a Z-channel with crossover proba-
bility § € [0,1). Note how p*(0) = 1/2 and for increasing §, p*(d) is decreasing, requiring
a different capacity achieving distribution for each channel in the family, as opposed to
symmetric channels like the BSC or BEC.

Capacity achieving p

0 0.05 0.1 0.15 0.2 0.25 0.3
Rate (bits/channel use)

Figure 2.6: The sphere-packing optimizing p as a function of R for a Z-channel with crossover
probability § = 0.5. Note that pf,(R,§) ranges from 1 down to p*(§) and has a non-zero
slope when it reaches p*(9).
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Figure 2.7: The sphere-packing exponent, E,,(R), and the Haroutunian exponent, Ej,(R),
for a Z-channel with crossover probability 1/2. The capacity of the channel is 0.32 bits per
channel use.

where Dy(5]]6) = ﬁlog% + (1= 4)log % is the binary divergence between  and 6. The
Haroutunian exponent for the Z-channel therefore evaluates to

En(R) = B:Crzrl(lﬁr)lnggxP(l)Db(ﬁ|l5)

= min D 0),
smin_, Del(B119)

where the maximizing P(1) is 1 because divergence is non-negative. Now, presumably
R < Cy%(6) (otherwise reliable communication is not possible). Therefore, any S for which
Cz(B) < R will be larger than 6. Because Dy(/]|d) is increasing in 5 if 8 > §, and Cz(3)
has an inverse function, it follows that

Ew(R) = Dy (C;'(R)|16).

This means that for the Haroutunian bound, the best ‘test’ channel to bound the error
probability with is the Z-channel with rate (slightly less than) R. The probability that
W ‘behaves like’ V is exponential in n with exponent P(1)Dy(C,*(R)||6), where P(1) is
the probability the code with feedback inputs the symbol 1 during the error event. The
unsatisfactory part of the Haroutunian bound is that it assumes (because it is difficult
to prove otherwise) that the code only inputs 1 during the error event. The reason this
assumption is unsatisfactory is the causal nature of feedback. By definition, the input
symbol to the channel is decided by the transmitter before the output symbol is revealed
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Figure 2.8: The ratio of the Haroutunian exponent to the sphere-packing exponent,
Ew(R)/Egp(R), for a Z-channel with crossover probability 1/2. The ratio tends to a value
greater than 2 as the rate approaches capacity.

to the receiver and fed back to the transmitter. It stands to reason, therefore, that the
transmitter does not know that the error event will definitely occur until at least partway
through the block because there are output sequences that lead to error as well as those
that do not, which share the same common initial sequence. By memorylessness of the
channel and causality of feedback, the transmitter cannot only input the symbol 1 without
‘abandoning’ those output sequences that do not lead to error.

Figure 2.7 plots the sphere-packing and Haroutunian exponents for a Z-channel with
crossover probability 1/2. They are equal at rates 0 and C'(W) but there is a sizable gap for
all rates in between. Figure 2.8 shows the ratio of the two exponents. Interestingly, the ratio
of the exponents is always larger than 2 (for the Z-channel) as the rate approaches capacity.

2.1.3 An alternate view of the rate-reliability tradeoff

The reliability function characterizes the relationship between rate, blocklength and error
probability for optimal codes by fixing a rate and blocklength and asking the (approximate)
error probability of the optimal code of that rate and blocklength. This error probability
turns out to be exponential in blocklength, so one can invert this relationship to get bounds
on the required blocklength to achieve a given rate and desired error probability. There is
an alternate view of the tradeoff between these fundamental performance parameters. This
view looks at the maximum achievable rate for a given blocklength n, and allowable error
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probability e. For block codes without feedback, let this quantity be defined as
R*(n,e¢),

while the same quantity for block codes with feedback is denoted R}(n,e¢). We know from
the channel coding theorem and converse (with feedback), that for a DMC W,

lim R*(n,¢e) = lim Rj(n,e) = C(W).

n—0o0 n—oo

Polyanskiy, et. al. [29] have built on prior work and shown that

R'(n,e) = C(W) — @Q—%e) +0 (105”) ,

where o2, is a channel dependent constant called the channel dispersion and Q™! is the inverse
of the standard Gaussian () function. This view of the rate-reliability tradeoff is derived from
the central-limit theorem perspective of the limiting distribution for mutual information, as
opposed to the large-deviations perspective that gives rise to error exponents. For symmetric
channels, they have also shown that [11]

Ri(n,e) = C(W) — %Q_l(e) +0 (105 ”) (2.8)

even though feedback is available. Therefore, for symmetric channels, feedback does not
significantly improve the rate-reliability tradeoff from this perspective either. As noted
in [11], this should not be surprising because the sphere-packing exponent is the governing
error exponent for block codes with and without feedback. Further, the behavior of the
sphere-packing exponent around capacity is given by

(CW) - R)*

ESP(R) = 20.2
w

)

a fact possibly due to moment generating functions being at the heart of proofs of both
the central-limit theorem and large-deviations theorems. Unfortunately, it is not known if
for asymmetric channels like the Z-channel, whether the approximation of (2.8) still holds,
leaving the door open for an improvement in the rate-reliability tradeoff from this perspective
with feedback for asymmetric channels. Again, this may incidentally be due to the fact that
the Haroutunian bound has significantly different behavior around capacity than the sphere-
packing bound, as seen in Fig. 3.3. The hope is that if one can even prove an upper bound to
E(R) that has the same behavior around capacity as E,,(R), then feedback can be shown
to be useless for improving rate for a fixed reliability over asymmetric channels from this
alternative point of view.
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2.1.4 Contributions

Unfortunately, we have not been able to show that the sphere-packing bound holds with
feedback (i.e., Epp(R) < Egp(R)) for general DMCs. The main contribution of this chapter
is a documentation of the progress made in our understanding of this difficult problem. This
progress was made both by succeeding in proving partial results towards sphere-packing in
special cases as well as by failing to get to there in general through what looked to be several
promising methods. A minor contribution is a description of why the proof in a paper by
Sheverdyaev [30] claiming that Es,(R) < E,(R) for general DMCs has serious flaws, which
can be read in Appendix A.7.

First, the failures (presented in Section 2.4) are described. Upon seeing Haroutunian’s
exponent and its change-of-measure approach to error exponents, the first exploratory at-
tempt at the problem might be to try Fano’s inequality. At first glance, the restriction on
capacity in (2.6) is useful because we know that if the capacity of V is too small, the error
probability will be bounded away from 0. We do not require the capacity of V' to be too
small to reach this conclusion however. By Fano’s inequality, we need only that the mutual
information across the channel is too low. If Py is the input distribution for a given code
with feedback when'! the channel is V and I(Py,V) < R — ¢ (for some small € > 0), the
error probability under channel V' is bounded away from 0 (even if the capacity of V' is larger
than the rate). The exponent of the error probability for a given code can then be shown to
be upper bounded by

min  D(V||W|Pry), (2.9)

V:I(Py,V)<R—e

where Pry is the distribution of the input restricted to the error causing output sequences
for each message. Through our interactions with Baris Nakiboglu at MIT, we knew that
(somewhat surprisingly)

. _ B |
V:I(Pg,l‘l/r)lngeD(vHWw‘/) < Eg(R —e), (2.10)

but such a conclusion is difficult to reach in (2.9) because nothing is known about P;y. For
example, without more information, FPry could place all its mass on the x that maximizes
D(V(:|z)||W (-|x)) for each V. Further, without more information, the only V' for which we
definitively know that I(Py,,V) < R — € are those V for which C'(V) < R —e. So without
information to refute these last two points, the exponent of (2.9) reduces to

min D(V||W|Pry) < min  maxD(V(-|z)||W(|x))

V:I(Py,V)<R—¢ V:C(V)<R—e

= Eh(R - 6),

HTf the code has feedback, the input distribution depends on the probability measure on the output
sequences, which in turn depends on the channel.
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which is of course the Haroutunian exponent.

At this point, one might think that in order to make use of (2.10), we should try to show
that Pry ~ Py. One way of showing that Py ~ Py is to show that under channel V', the
error probability is very close to 1. If C'(V) < R — ¢, this conclusion is called the strong
converse, but we want to show that the error probability is close to 1 even if I(Py, V) < R—e.
This conclusion actually turns out to be untrue, and we give a basic counterexample showing
that this kind of ‘refined’ strong converse does not hold.

Following this development, we stepped back and thought about what makes codes with
feedback different from codes without feedback. The only reason that codes with feedback
could conceivably beat the sphere-packing bound is that they might learn that the channel
is behaving atypically and change their input distribution accordingly. Causality of feedback
and memorylessness of the channel should imply that the Haroutunian bound is unattainable,
but perhaps doing better than sphere-packing is not out of the question. The last failure
attempted to combat this reasoning by allowing the test channel V' to also adapt according
to the strategy of the code. Essentially, we let the test channel have memory, i.e., at each
time, the test channel depends on the output sequence received so far. For each time instant
in the block and received sequence at that time, the received channel is chosen optimally
(i.e., the sphere-packing test channel) depending on the posterior input distribution. Due to
some technical difficulties we had with convergence of random variables, we were not able
to show that this choice of test channel yields the sphere-packing bound, but we conjecture
that it does.

Finally, we worked backwards. We assumed that the sphere-packing bound holds with
feedback and attempted to reduce this fact to a simple condition on codes with feedback and
their encoding trees. This approach does not appear to be very illuminating, but provides
an alternative statement to aim to prove, and is described in Section 2.6.

In terms of partial results, our first one came out of bridging from codes without feedback
to codes with feedback. The natural candidate for a code that uses feedback but does not
change its “strategy” during the block is a code composed of what we term ‘fixed-type
encoding trees’. In a fixed-type encoding tree (an encoding tree is the encoding function
for one message in a code), the type (or composition or empirical distribution) of the input
sequence is the same for every received sequence. This restriction does not preclude the code
from using the feedback in a non-trivial way. We show that in this special case, the code
appears to not be using feedback at all. What is meant by this is that, for any conditional
type that relates input sequences to output sequences, the number of output sequences
with that conditional type is exactly the same as when the code does not have feedback
(but instead uses a codeword of the same input type). This can be used to prove that the
sphere-packing bound holds by the usual combinatorial approach. What is interesting about
this result is not that the sphere-packing bound continues to hold (which can be shown by
change-of-measure and Fano’s inequality), it is that the sizes of the conditional shells are
exactly the same as they would be if the code did not use feedback. This insight is described
in Section 2.5.
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The second partial result moves in the direction of making the feedback model more
realistic. When proving upper bounds to E,(R), we assume that the feedback is noiseless
and delay-free, as this is the best that one could hope for in practice. In reality, however,
for the same reasons that noise and delay impair the forward channel W, they also impair
the output feedback. Our partial result in Section 2.7 shows that if the output feedback is
delayed by 7' symbols, the error exponent is upper bounded by

Epr(R) < B, (R ) (loiT)) +0 (k)?T) . (2.11)

In the limit as T tends to infinity, we see that the sphere-packing bound must hold. This
result shows that feedback information about the very far past is useless for improving the
error exponent. It also complements recent results of Baris Nakiboglu and Giacomo Como
(which are commented on in Section 2.9), who showed that the sphere-packing bound holds
for codes with feedback if the encoders are restricted to hold information about the very
near past only.

The result of (2.11) naturally leads into the question of what the Haroutunian exponent
behaves like for parallel channels. The reason is that, instead of thinking of using the channel
W one symbol at time with a delay of 7" symbols in the feedback path, we can think of using
W T symbols at a time with a delay of 1 supersymbol (a block of 7" symbols from )), with
each use of W being independent of the others. If we let W) denote this T-wise parallel
channel, we show in Section 2.8 that

X
Ey(TR,WT) < TE,, (R — % log(T + 1); W) ,

where the left hand side denotes the Haroutunian exponent for the parallel channel at rate
TR and the right hand side denotes T' times the sphere-packing exponent for W evaluated
at rate R — O((logT)/T). Thus, in the limit as T" gets large, the normalized Haroutunian
exponent for the parallel channel approaches the sphere-packing exponent of W. This is a
rather surprising discovery when compared to the analogous statements about capacity and
sphere-packing exponents for the parallel channel. Namely, the capacity of W) is TC(W)
and the sphere-packing exponent of W) at rate TR is TE,(R;W). As described in Section
2.8, the parallel channel W) starts to look more and more symmetric as T gets large. While
this development is not of further use for block coding with feedback, it is used in Chapter
3 to show that the Haroutunian exponent can be tightened to sphere-packing for fixed delay
codes.

To conclude the chapter, we discuss the current state of affairs for the error exponent
with feedback for general DMCs. As a final introductory remark, we note that much of the
work in this chapter came out of discussions with Baris Nakiboglu and Giacomo Como at
MIT on the paper of Sheverdyaev [30]. We use two results of theirs in this chapter and cite
them accordingly. The result on delayed feedback appears in [31].
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2.2 Definitions and notation

For those familiar with channel coding in information theory, the notation used in this section
is introduced in Tables 2.1 and 2.2. For a further description of notation, please see Appendix
Al

2.3 The sphere-packing and Haroutunian bounds

To understand the motivation for our failed approaches to proving that Ey(R) < Eg,(R),
it is important to know how the sphere-packing bound is proved for codes without feedback
and how the Haroutunian bound is proved for codes with feedback. We should mention here
that much of the work in this thesis uses the method of types [32] to prove and get intuition
about discrete, memoryless systems. Knowledge of the method of types will make it much
easier to understand the material.

Theorem 1 (Sphere-packing for block codes without feedback). Fiz a § > 0. There is a
finite ngp(W,0) such that for n > ngp(W,0), any block code of length n and rate R without
feedback has

1
——log P.(W) < Ey(R—6) +0.

Proof: There are two conceptually different proofs that we will consider. The first is
a combinatorial proof by the method of types and the second is a proof motivated by the
strong converse and involves the use of a ‘change-of-measure’. In both proofs, however, a
‘pre-processing’ step must be performed. Given any code without feedback of blocklength
n, there is a subcode whose codewords are all of the same type and the rate of this subcode
is at least R — |ni| log(n + 1). So fix this subcode and the common type of its codewords P.
We give here an outline of the two proofs.

e Method of types For a full proof, see Appendix A.2. Given P, we choose the V €
V,,(P) that is ‘closest’ to the sphere-packing optimizer, that is
V € arg min D(U||W|P).
UV, (P):I(P,V)<R—25

Consider the V-shells around each z™(m),m € M. These V-shells have cardinality at
least exp(nH (V|P))/(n + 1)V and for every m € M, Ty (z™(m)) C Tpy, with

X
Tpy| < exp(nH(PV)) < exp <n (R _ 1A

n

log(n+1) + H(V|P)))

because we chose V so that I(P,V) < R — 2§ and we can assume for large enough n,
% log(n 4+ 1) < §. Therefore, there must be significant overlap in the V-shells around
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Notation | Description
log, exp Logarithm and exponential to the base e unless otherwise specified
X Finite channel input alphabet
y Finite channel output alphabet
w ‘True’ channel
V “Test’ channel
Ry maxg o.v(y|lz)>0 — log V(Z/W)
Ty min, , V(y|z)
w Set of channel transition matrices with input/output alphabets X and )
P Set of distributions on X
Q Set of distributions on Y
P Set of types of length n for alphabet X
V,(P) Set of conditional types of length n for input type P
Q. Set of types of length n for alphabet )
" Vector notation for 2™ = (z1,...,x,) (non-random)
X" Vector notation for X™ = (X,..., X,,) (capital letters for random variables)
Tp Type class of vectors with type P for some P € P,
Ty (z") Conditional V-shell of vector a2
H(P) Entropy of distribution P
H(V|P) Conditional entropy of output of channel V' when input has distribution P
PV Distribution on Y when input distribution is P and channel is V
(P, V) Joint distribution in X x ) when input distribution is P and channel is V'
I(P,V) Mutual information between input and output of channel V'
when input has distribution P
I(X;Y) | Mutual information between random variables X and Y’
c(V) Capacity of channel V
D(P||P) | Divergence between distributions P and P
D(V||W|P) | Conditional divergence between V' and W when input distribution is P
|P — P'||y | £, distance between P and P’
hy(9) Binary entropy —dlogd — (1 —0)log(1 — 0)
Dy(6]|3) | Binary divergence between § and /3
En(R) Haroutunian exponent at rate R
E.,(R) Sphere-packing exponent at rate R

Table 2.1: Definitions for distributions, channels, types and functions of distributions.




33

Notation | Description
n Blocklength
M Message set
|IM| Message set size
R Rate of code, + log | M|
o(m) Codeword for message m (for block code without feedback)
x™(m) Codeword for message m (for block code without feedback)
x;(m) i-th input letter for message m (for block code without feedback)
z™(m,y") | Codeword for message m when received output is y"
(for block code with feedback)
x;(m, 1) | i-th input letter for message m when received output is y~*
(for block code with feedback)
P(m,y") | Type of 2"(m,y")
V(m,y™) | Conditional type that y" is in if input is 2" (m, y")
B(m, P,U) | y™ for which P(m,y") = P and V(m,y") =U
D Decoding region for message m (all block codes)
P.(V) Average error probability under channel V'
P.(V) Average correct reception probability under channel V'
Py Average input distribution under channel V' (block code with feedback)
Pry Average input distribution under error event for channel V'

Table 2.2: Block coding definitions.
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each of the messages. The overlap implies that when those sequences lying in overlapping
V-shells are output, an error occurs with high probability because each sequence can
only be decoded to one message. For each message, the probability of the output being
in the V-shell around its codeword is approximately exp(—nD(V||W|P)). The exponent
of the error probability is thus approximately

min D(V||W|P).
VeV, (P):I(P,V)<R-26§
The set of conditional types for P, V,,(P), gets ‘close’ to all of W as n gets large, so for
large n,

min D(V||W|P) ~ min D(V||W|P)

VeV, (P):I(P,V)<R—25 VEW:I(P,V)<R—26

£ E,(R— 26, P).
Because Ey,(R) = maxp E,,(R, P), the proof is complete.

e Change of measure For a full proof, see Appendix A.3. Given P € P, directly choose
the sphere-packing optimizing V. That is, let

V € arg min D(V||W|P).
UeW:I(P,U)<R—25

Because all the codewords are of type P, and I(P,V) < R — 2§, one can prove a
strong converse for this subcode'? and show that if n is large, P.(V) ~ 1. We want
to show that P.(W) is lower bounded by the sphere-packing bound, so we perform a
change of measure from V to W. The change of measure says that, approximately up
to subexponential terms,

> exp (=nD(V||W|P))

= exp(—nEs,(R — 26, P))
> exp(—nFEg,(R — 20)).

Because P.(V) ~ 1, we get that the sphere-packing bound holds.

Now, moving to codes with feedback, the type of the input over the blocklength depends
on both the message and the output sequence. The first idea for extending the sphere-
packing proofs to codes with feedback might be to group message and output sequence pairs
(m,y"™) according to the type of the input sequence P(m,y"), and concentrate on the P
with the largest representation. Unfortunately, there is no guarantee that if we look at

12The usual strong converse says that if C(V) < R, P.(V) tends to 1 as n — oc.
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a sphere-packing optimizing V' and its conditional shell B(m, P,V') around each message,
|B(m, P, V)| is large enough to cause errors with high probability. This is the impediment
that prevented the original proof of the sphere-packing bound from going through for codes
with feedback, as noted by Shannon, Gallager and Berlekamp [18]. Therefore, Haroutunian
looks at channels V' that he knows will cause errors: those that have a capacity lower than
the rate.

Theorem 2 (Haroutunian bound for block codes with feedback). For any § > 0, there
exists a finite n,(W, R,0) such that any fixved-length code with feedback of rate R and length
n > n,(W, R, 6) has

1
—ElogPe(W) < Ep(R—0)+0.

Proof: For a full proof, see Appendix A.4. This proof also proceeds by a strong converse
and then a change of measure. Fix the Haroutunian optimizing V',

V € arg min {maxD(UHW|P)} .
UeW:C(U)<R—5 | PEP

Because C'(V) < R — 6, the strong converse with feedback says that P.(V) ~ 1. A change
of measure shows that, up to subexponential terms,

(W)
Fe(V)

> exp(—nD(V||W|Prv)),

where Py y is the distribution of the input ‘during the error event’. This distribution could be
anything, so to get a bound for all codes, we take the maximum over Py y to get Haroutunian’s
exponent.

2.4 Failed Approaches to proving the sphere-packing
bound for codes with feedback

After being interested in the reliability function with feedback problem for some time, we
were made aware by Baris Nakiboglu at MIT of a paper by Sheverdyaev [30] that claimed
to prove that Es(R) < Eg,(R) for all DMCs that have no 0’s. After examining the paper,
we found two major flaws (which are described in more detail in Appendix A.7). One flaw
was a claim (without proof and stated to be obvious) that

inf  D(V||W|Py) <max min D(VI||W|P) (2.12)
ViI(Py,V)<R P V:I(PV)<R

= E,,(R), (2.13)
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where Py is the average input distribution of a given code when the channel is V. It is not at
all obvious how to show (2.12) is true (or whether it is true at all). The problem is the lack
of information available about the distribution Py as a function of V. In particular, what if
Py is the capacity achieving distribution for V' with C'(V) > R and is a point mass on the
Haroutunian exponent maximizing = for V' with C'(V) < R? The left hand side of (2.12)
would then evaluate to Ej(R). Of course, such a Py is not possible because we know that the
input distribution must be continuous as a function of the channel. Using this information,
Nakiboglu [33] was able to prove the following lemma.

Lemma 1. Let Py be any continuous function from W to P, and let for any V € W,
Ky = MaXg v (yle)>0 10g(1/V (y|x)). Then, for all R > 0,e > 0,

' <
V:I(}gg,fv)gRD(vHW’PV) + emax {ry, K} < ESP(R) + e(kw + log |V]).

The proof of the lemma can be found in Appendix A.5 as it is not available in the
literature and Nakiboglu currently has no plans to publish it. The proof involves considering
a special family of parametrized test channels and using the intermediate value theorem.
The fact that max{rkw, kv } < kw + log|Y| for this family of channels is useful in bounding
for change of measure.

Lemma 1 closes one gap in the proof of Sheverdyaev, but there is a second flaw in the
paper involving Taylor expansions (as detailed in Appendix A.7). This flaw can be exposed
by showing that a claim derived by Sheverdyaev (after taking Taylor expansions and using
‘uniformly bounded’ constants for the error terms in the expansion) can be refuted by a
counterexample. It is our feeling that one philosophical reason why the Sheverdyaev proof
does not work is because it does not use causality of feedback in a serious way. We believe that
any proof of sphere-packing with feedback must crucially use causality and memorylessness
of the channel.

Imre Csiszar informed us at ISIT 2010 that it was known within the community of
researchers interested in this problem that there are flaws in the proof of [30]. He also
pointed us to a manuscript of Augustin [34] that was never published in a peer-reviewed
format which claims™ to show that Fp(R) < FEg,(R) for all channels. We cannot make
a definitive statement about the correctness of Augustin’s proof because of the quality of
the translation (from German) as well as lack of detail in the proof. See Appendix A.8 for
further comments.

We now give three of our attempts to prove Ey,(R) < E,,(R) for general DMCs, starting
with the simplest idea of using Fano’s inequality to induce errors.

13Csiszar noted that he had never reviewed the proof due to the length of the manuscript and did not
know if it was correct.
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2.4.1 A first attempt via Fano’s inequality

For any V € W, and a given block code with feedback, let the input distribution under
channel V' be

1 4

VeeX, Py(x Z ZPV —y"|M:m)—Zl(Q:i(m,yZ’1) =z) (2.14)
|M’ memM y» n =1

and let the incorrect input distribution under channel V' be

IM] Z Z e _y ‘j\/l m>nzl(%’(m’yi_l):x). (2.15)

meM yn¢Dy, =1

VZEGX P[v

To recap, we have just defined two input distributions of the code with feedback as
a function of the channel V it faces. The reason new definitions are required is because
the input distribution of a code with feedback critically depends on the channel behavior.
The input distribution of the code can be used to select a channel that we know (by Fano’s
inequality) will induce errors because the mutual information of the input distribution (under
V') over channel V' is too low. When, we change the measure from V' to W, we will see that
the input distribution that shows up in the divergence is the incorrect input distribution.

Lemma 2 (Not quite sphere-packing via Fano’s inequality). Fiz an R > 0 and § € (1/n, R).
For any block code with feedback of rate R and length n,

2max{Ky, kK }

1
——log P.(W) < inf D(VI||W|P,
n 0g ( )— V:I(PVI,IXI/)SR—J ( H ’ LV)+ L ((5_ %)

1 1
e (00)
2
B(n, |X],|V]) = igge—i- (n+ 1) exp (—n%) =0 (\/ w> :

This lemma is proved by using Fano’s inequality for channel V' and then performing a
change of measure from V' to W. The full proof is in Appendix A.6.1. The important term
above (that does not decay to 0 as n — o0) is the divergence term.

Bn, [ X[, [V])+

where

2.4.2 A refined strong converse

It looks as though the approach given by Fano’s inequality will not yield the sphere-packing
bound because we do not know enough about Pry as a function of V. In fact, the best we
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can say without further information is that Py might be a point mass for a given V' (it
cannot simultaneously be a point mass that changes for each V' because it must at least be
continuous). Therefore, we cannot apply Lemma 1 to get a relation between the exponent
in Lemma 2 and the sphere-packing exponent. Seeing this, we posit a property of codes
with feedback that, if it held, would ensure that the sphere-packing bound would hold.
Unfortunately, we will show that the condition we posited does not hold and altering it to
one that likely does hold would not allow us to prove that the sphere-packing holds.

Definition 1. We say the refined strong converse holds for block codes with feedback if
Vo >0,V € W,n > 1, there exists a function yrsc(n,d, R, ky) such that for any length n
block code with feedback of rate R, if I(Py,V) < R —§, then

Pc(v) S VRSC(nv 57 R7 KV)
and if 0, R,V are fized,
11_>m ’}/Rsc<n, (5, R, liv) — 0.

This is called the refined strong converse because the standard strong converse requires that
the probability of error goes to 1 if C(V) < R, while this refined condition requires only
that I(Py,V) < R, where Py is the average input distribution under channel V. Also, we
require that the dependence on V' be through ky (and |X| and |Y|, which are suppressed in
the notation), with a smaller ky leading to a smaller upper bound on the error probability.

Lemma 3. If the refined strong converse holds, then for any R > 0, § € (0,R), there
is a finite nrsc(W, R, d) such that for any block code with feedback of rate R and length
n 2 nRSC<W7 R7 5);

1
- log P.(W) < Eg,(R —6) + 0.

Hence, if the refined strong converse holds, so does the sphere-packing bound.

For the proof of this lemma, see Appendix A.6.2. Essentially, it uses the refined strong
converse assumption to show that if [(Py,V) < R -6, ||Prv — Py||1 =~ 0 and so

inf D Pry) ~ inf D Py)<E
V:I(Pvlf‘l/)SRfé VIWiFry) V:I(Pvlgl/)SRfé VIIWIPy) < Eq(R),

where the inequality is from Lemma 1.
While Lemma 3 is correct, the assumption that the refined strong converse holds is not.
In fact, the refined strong converse does not even hold for codes without feedback.
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Example 1. Consider a binary code without feedback with 1/8 its codewords in the type
(1/2,1/2) and the rest being all zero codewords. So 1/8 of the code can be considered a good
code, while 7/8 is a bad code that communicates nothing. The average input distribution of
the code is Py = (15/16,1/16) for all V- € W (where W is the set of binary input, binary
output channels). Suppose the rate of this code is R =1 — hy(1/3) ~ 0.082 bits per symbol.

Now let V' be a binary symmetric channel with crossover probability 1/4, so C(V) =
1 — hy(1/4) ~ 0.19 bits per symbol. Now, I(Py,V) = 0.046 < R = 0.082. However, the
subcode composed of type (1/2,1/2) codewords can be a very good code and its rate is about
0.082 for large n. The channel V' has capacity 0.19 > 0.082, so this good subcode can have a
very low error probability (say about 0). Hence, the probability of error for large n is upper
bounded by approximately 7/8 and does not approach closer to 1 in the limit. Therefore the
refined strong converse does not hold.

With this example in mind, what is likely to be true is a weaker refined strong converse,
a condition that we define below.

Definition 2. We say the refined strong converse with message selection holds if for
n > nys(R,0,|X],|V]),0 > 0,R >0,V €W, there is a yys(n,0, R, ky) such that for all
length n, rate R codes with feedback, if I(Py,V) < R — 0, there is a subcode (a subset of
messages) of rate at least R — %ﬁ log(n + 1) with

PC(V) S ’}/MS(TL, 67 Ra K/V)
and Yys(n, o, R, ky) — 0 as n — oo with the other parameters fized.

The refined strong converse with message selection certainly holds for codes without
feedback. In fact, it is how the sphere-packing bound for codes without feedback is proved.
Additionally, intuition suggests that it is also true for codes with feedback. Unfortunately,
if we assume that the refined strong converse with message selection holds for codes with
feedback, it does not immediately follow that the sphere-packing bound holds as in Lemma 3.
The reason is that Lemma 1 requires that the input distribution P, be continuously varying
with V. When the strong converse only holds for a subset of messages, it is possible that the
subset can depend on the test channel V. Therefore P, will vary discontinuously with V'
if that subset changes (as the subset must change discontinuously with V| being a discrete
object). It is unclear if an additional argument on top of this can be made to somehow
‘smooth out’ the discontinuity with V' by adding in terms from different messages according
to how far the messages are from lying in the ‘bad’ subcode guaranteed by Definition 2.

2.4.3 A test channel with memory

As mentioned earlier, another approach we took was to step back and give ourselves a wider
choice of test channels to force errors for a code with feedback. We will do so by allowing
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the test channel to depend on the received sequence (essentially using a test channel with

memory). For a given block code with feedback, let V denote a probability measure on
M x X" x Y™ with

Py (m, 2", y") H zi(m,y' ™) = ) V1 (vl ),

where ‘71# eWfori=0,...,n—1,y" € V' Let P, € P denote the input distribution under
measure V after the channel output 3° has been received. That is,

=y IM m) -
VrelX, P 1(z; ) =
= IP’;, (M = m|YZ = y")(zi1(m,y') = 2), (2.16)
meM
where
P (Y = Z P (Y' = ¢'|M = m).
mGM

Note that the P, are defined recursively. That is, first define for y° = 0,

Y
@ !M!Z ot

meM

Then, set a Vj € W. The choice of Vy now induces the measure Py (Y = y'|M = m) for
each m through the code, which in turn induces the input distribution P, for each y* € Y*

through (2.16). Now, for each y' € V!, set a \7y1 € W. Thereafter, an input distribution P
is induced for each y* € Y?, and so on. Hence, if just choose Vi for each y*, i =0,...,n—1,
the measure V is well defined. The channel Vi depends on the received sequence y* and

hence the test channel V is a channel with memory. Additionally, like the test channel used
in the proof of the sphere-packing bound, it should depend on the code to give a good lower
bound to the probability of error. This attempt at least tries to use causality of feedback in
a nontrivial way in order to prove a lower bound for the error probability. For each time and
with each received sequence, we are attempting to see what happens if the best (in terms of
divergence), bad (in terms of mutual information) channel shows up.

The intuition for attempting this approach is that a code with feedback can potentially
change its coding strategy according to how 'good’ or ’bad’ the channel is. Indeed, this is
exactly the reason why Haroutunian’s bound contains the maximization over input distribu-
tions inside the minimization over channels. However, we know that even though the code
can adaptively change its input, it cannot ‘predict’ whether the channel will be good or bad.
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At best, it can only react to whether the channel has been good or bad up to the present
time because of the causal nature of feedback. Therefore, allowing the channel to depend on
the past received symbols might allow us to tailor the error inducing channel to the part of
the encoding tree we are in. With that in mind, we will make the following choice for V,::

V, € arg min { D (V|[W|Fy) : I (P, V) <R =20}, ¥i=0,....n—1,y €y (217)

for some small § > 0.

At this point, we will do two things with this test channel with memory. First, we will
show that if two statements about the code used over this test channel with memory are
true, then the sphere-packing bound holds. Second, we will consider the technical obstacles
in showing that those two technical statements are true for the choice of V' in (2.17).

First, we will show that the sphere-packing bound must hold for channel W provided
two statements can be made with high probability. This approach is adapted from the
information-spectrum literature [35].

Lemma 4 (Information Spectrum Converse). Let V be a measure™ on M x Y. Fiz a
§>0. Let®?

1 P (Y™ = y"|M =
A& {(m,y") ; Elog V<P~(Yg—‘y") m) SR—(S} (2.18)
. —
1 P (Y™ = y*|M = m)
B = ") 1 =log =¥ < E,(R—2 2.1
{mary: Doy I IUEE < pr-as)4) (2a9)
E2{(m,y"):y" & Dpn}.
Then,
P.(W) > exp (—n [Eg,(R — 26) + 6]) [1 — exp(—nd) — Py(B°) — Pp(A%)] .
Hence,
P.(W) > exp(—n[Eg(R — 25) + 26])
for large n provided
1. Ps(Y"|M)
Po ( —log—%“——~ < R— 1 2.2
V(nog P (v <R 5)—> , T — 00 (2.20)
1 Ps (Y™ M)
P | =log—Y“———"~ < F -2 1 . 2.21
V(n Og]P’W(Y”]M)_ (R 5)+(5)—> , M — 00 (2.21)

1 Of course, this measure is induced from one on M x X™ x J™.
I5Recall that capital letters are used to denote random variables while lower case vectors denote nonrandom
realizations.
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A proof of the lemma can be found in Appendix A.6.3. Our task now would be to show
that with the choice of V' in (2.17), statements (2.20) and (2.21) hold. Unfortunately, this

task is harder than in the case when V' does not have memory and the code does not have
feedback. First, note that

Py (Y| M)
Py (Y™)

1 P~ (Y;| M, Y1
_ Zlog V( ‘ i )
B (YY)

| Froa (VXM YY)
Z Pyis (z)Vyina (Vi)

1
72 —log
n

P (Y| M, Y1)
Py (Yi[Y*=)

(2.22)

Similarly,

5ol IP’V(Y"IM)
(Y"|M)
B Zl (Y| M, YY)
IPW Y;|M, Y1)

Voo (Vi Xa(M, Y1)
‘Zl WYX, (M. Y1)

:ﬁ;Zi

Py (Y| M, Y )

Z: 21 .
8 By (Vi M, Y )

(2.23)

{Z;}_, and {Z }*, are random variables whose normalized sums are equal to Z and Z
respectively. Now, we have two claims that amount to nothing more than algebraic book-
keeping (the proofs can be found in Appendix A.6.3).

Proposition 1. With the choice of V in (2.17) and the definitions of Z; and Z; in (2.22)
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and (2.23) respectively, we have for i =1,...,n,

EglZ]= > Ppy)I(Py—, V) <R—25 (2.24)
yi—leyi—l

Ep(Z]= > Ppy™")Ep(R—20,Pyo1) < Egp(R —20). (2.25)
yi—leyi—l

Therefore, by linearity of expectation,

E[Z] <R—26<R—0
Ey [2} < Ey(R— 28) < Ey(R — 20) + 6.

Proposition 1 shows the rationale behind setting V as in (2.17). The random variables we
want to converge with high probability in (2.20) and (2.21) have expectations on the proper
side of R — § and E,,(R — 2§) + 0 respectively at least. Now, this is a good start, but at
this point all standard ways of proving convergence in probability of a normalized sum of
random variables fail because of one crucial point. The point is that the expectations in
(2.24) and (2.25) are averaged over both M and Y". Necessarily, any ‘off-the-shelf’ proof
of convergence will require the Z; to be independent or weakly dependent in some sense,
otherwise convergence does not hold in general. Unfortunately, while that may be the case
if M is held random while Z; is averaged over, it cannot be the case for general codes once
we fix M = m. That is, the course of %2?21 Z; strongly depends on M and information
about M may be revealed in Z.

For example, consider forming a martingale sequence as follows. Let the filtration be

defined as F; = o(M,Y"), and let

Then, T is a martingale because the T; are zero mean martingale differences by construc-
tion. So with appropriate boundedness restrictions on 7;, we know that 7" — 0 with high
probability (w.h.p.). Notably, however, this only implies that

1 1 <
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But,
Ey [ZFim1] = Eg [ZM, Y]

Py (Y| M, Y1)

—E; ‘
TR

M, Yifl

log

Po(Y; = ylM. Y
PolY: = )

=Y Py(Y; = y|M, Y log
Y

Vo (g (M, YY)
(Pyi—l Vy¢—1 ) (y)

=) Vi (Y1 Xi(M, Y1) log
Yy

A1 (Prior, Vi)

o Vyi-1(ylz))
= Py¢71 T yi—-1 x))lo = .
Ex ( )Ey Vyisi(ylz)) g(PvayH)(y)

We see that Ey[Z;] # I(Pyi-1, Vyrio1) and therefore, it is difficult to say much about what Z
converges to except that the average of what it converges to over M, Y™ is less than R — 0.
The same problem arises when we attempt to analyze the convergence of Z.

This argument, of course, does not preclude one from using more information about the
Z and Z processes to obtain convergence results in probability. Indeed, it is our opinion
that the event when Z is below R — ¢ and Z is below Ej,(R — 2J) + ¢ has non-negligible
probability for large n.

Conjecture 1. With the choice 0f‘7 as in (2.17), it is true that for some g(8§) > 0,

1. Ps(Y"M 1
Py (ElogM>R—5> <=-—=9(), n—> o0

Py (V™) -2
L, Er(Y"[M)
(ﬁ o8 Py (Y| M)

—_

P~

7 >Esp(R—25)+5>§—— (6), n — oo.

\)

Thus, while there may not be true convergence for the two events, there should at least
be non-negligible overlap of the complementary events.

2.4.4 The back-story bound

One of the unsatisfying elements of the Haroutunian exponent is that it leaves open the
possibility that one should #ry to design the channel W to be asymmetric in order to beat
the sphere-packing exponent with feedback. However, we know that for output-symmetric
channels, the sphere-packing bounds holds (because Ej(R) = E,,(R) for those channels).
This fact suggests a possible strategy to show that Ej,(R) is not achievable for some asym-
metric channels. The idea is, given a symmetric channel such as a BEC, the decoder can add
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noise to the output symbols to simulate an asymmetric channel. The upper bound on the
error exponent for the symmetric channel then also is an upper bound for the asymmetric
channel because the contraposition leads to a contradiction.

Suppose that the error exponent for the simulated asymmetric channel is indeed larger
than the error exponent for the symmetric channel. Then we can code over the symmetric
channel by adding noise at the decoder and simulating the asymmetric channel. We thus
have a contradiction if the error exponent for the asymmetric channel is larger than the error
exponent for the symmetric channel. We call this the back-story bound. Unfortunately, in
the examples we have tried, the resulting bound is weaker than the Haroutunian bound.
Appendix B.2 shows how a Z-channel simulated by a BEC followed by collapsing the erasure
and 0 symbols does not give a better bound than the Haroutunian exponent for the Z-
channel.

2.5 Sphere-packing holds when the fixed type encoding
tree condition holds

Thus far, we have attempted to show that Ey,(R) < E,(R) by looking at feedback codes
at a high level. In Section 2.4.3, we attempted to use memoryless of the channel to choose
the test channel optimally at each time (and received sequence). Calculating bounds on the
relevant probabilities turn out to be difficult, however. We turn our attention now to some
analyses that look at codes with feedback in more detail.

In this section, we will show that the sphere-packing bound holds for a restricted class of
codes with feedback. The restricted class of codes is said to have encoding trees that satisfy
the ‘fixed type encoding tree’ condition. In these codes, the input codewords all have the
same type regardless of the received sequence. The fact that sphere-packing holds for this
restricted class of codes with feedback can be proved analogously to Haroutunian’s bound
for codes without feedback, by first proving a strong converse and then analyzing the error
probability after a change-of-measure. We will, however, prove it in a combinatorial manner,
analogous to Theorem 1. This approach will illuminate a somewhat surprising fact: that if
one is restricted to using a fixed type P (with feedback) for a given message, at the output,
it looks as if feedback is not being used at all. The precise meaning of this statement will be
given later.

Definition 3 (Fixed type encoding tree condition). An encoding tree of an arbitrary message
m € M for a fived-length code with feedback is said to satisfy the fixed type encoding tree
condition if there exists a P € P, such that for all y" € Y™, P(m,y") = P. Recall that
P(m,y") denotes the type of the input codeword for message m along a received sequence y™,

i'e" the typ@ Of (Il(m),xz(m,yl), cee 7xn(m7 yn—1>>.

Note that an encoding tree satisfying the fixed type encoding tree condition need not give
up the use of feedback. That is, the channel input codeword can still depend non-trivially
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on the received sequence. For example consider the encoding tree in Figure 2.9. The channel
input codewords along different received sequences are not necessarily the same.

Proposition 2. Suppose an encoding tree for a message m € M satisfies the fized type
encoding tree condition with type P € P,. Then, for all V € V,(P),

[B(m, P,V)| = |Tv(2")|
exp(nfl(V|P))
= T+ )T

where x™ € Tp is arbitrary because | Ty (xz™)| depends only on the type of z".

This proposition says that if the types of the input vectors are the same for all ™, then
the conditional V-shells have the same size as for a code without feedback. This may be
somewhat surprising, because in some sense, even though the encoding tree can use feedback
nontrivially, it appears at the output (through the conditional relationship between input and
output) as if feedback had not been used at all. Before proving the proposition rigorously,
we give some intuition for why this result might hold. First, note that

B(m,P,V)={y": P(m,y") = P,V(m,y") =V}

= {y” Yoy, Y Wa(m,y'™) =2,y = y) = nP(l‘)V(ylx)}

i=1
= {y” Yo,y > wilm,y ) = x,y = y) < nP(:v)V(ylx)} :
i=1
The last line follows because if

n

> Uzi(m,y ™) =2,y = y) # nP()V(y|r),

=1

then there is at least one x,y with >_7" | 1(z;(m,y"™ ) = x,y; = y) > nP(2)V (y|x) because

DY ailmy ™) =y =y) =D _nP@)V(ylr) =n

T,y =1

and all terms in the sum are non-negative.

Consider the encoding tree for a message in a code with feedback as shown in Figure
2.9. We wish to count sequences y" that end up in B(m, P,V). Since P(m,y") = P for all
y" € Y™, we need to verify that V(m,y") =V for a given y™ to be in B(m, P,V'). Consider
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Figure 2.9: A nontrivial encoding tree for a code with feedback, n =3, X =Y = {0,1}. A
symbol at a node denotes a channel input and a symbol on an edge denotes a channel output.
The type of z3(m,y?) is (2/3,1/3) for all y*> € Y3, so this encoding tree satisfies the fixed
type encoding tree condition. It uses feedback nontrivially, however, as x*(m, (0,0,0)) =
(0,0,1) # 23(m, (1,1,1)) = (0,1,0).
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marching along a received sequence from left to right in Figure 2.9. If y" ¢ B(m, P, V),
there is some minimal &k such that
k
Vo, v, Z i (m,y™) = 2,95 = y) < nP(2)V(y|z)
i=1
and
k41
3 7,y such that Z Lzi(m,y"™) =7,y = §) > nP@)V(y|7).
i=1
In other words, we are marching along 3" from left to right and at time 0, y° = ( still
has children in B(m, P,V), y' still has children in B(m, P,V),..., y* still has children in
B(m, P, V), but y**! has no children in B(m, P, V). On the graph of the encoding tree, with
nodes corresponding to channel inputs and edges corresponding to channel outputs, we can
visualize this by pruning the tree at the edge corresponding to y**'. The rule for whether
or not to prune an edge does not change whether a code has feedback or not, and in some
sense the pruning of an edge in one part of the tree does not affect any other part of the tree
that is not a child. Therefore, one might intuitively deduce that B(m, P, V') should have at
least the same size as Ty (2™) for some 2" in Tp.

The proposition is proved rigorously (in Appendix A.9.1) by showing that given any
x™ € Tp, there must exist a one-to-one mapping 7 from Y™ to " that has the following
property. For all y" € Y, if y" € Ty (2") for some V € V,(P), then 7(y") € B(m,P,V).
Therefore, it is not possible via feedback to move sequences into ‘good’ V-shells (those
with high mutual information) from ‘bad’ ones (those with low mutual information) if the
fixed type condition holds. Using Proposition 2, one can prove that the sphere-packing
bound holds analogously to the method of types proof of sphere-packing for codes without
feedback.

Theorem 3 (Sphere-packing holds if fixed type encoding tree condition holds). Fiz a 6 >
0,R > 0. There exists a finite npp(W, R, ) such that for any fized-length code with feedback
of length n > npr(W, R,0) and rate R with encoding trees for all messages satisfying the
fized type encoding tree condition,

—% log P.(W) < Eg,(R —6) + 0.

For a proof, see Appendix A.9.2.

2.6 What needs to be proved for sphere-packing to
hold for fixed-length codes with feedback?

This section addresses the question of what is needed to prove the sphere-packing bound for
fixed-length block codes with feedback. There are many potential answers to that question,
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but here we give one take on what sets apart the case with feedback from the case without
feedback. To that end, we will define two ‘assertions’. The first assertion, call it A, is that
the sphere-packing bound holds for codes with feedback. The second assertion, call it B,
roughly says that encoding trees for codes with feedback are not so different from input
codewords for codes without feedback in the way that output sequences are related back to
them.

In this section, we show that if B holds, then so must A. It would be tempting to also
claim that if A holds, then so does B, as we would then have an equivalent statement about
encoding trees that would both imply and be implied by the assertion that sphere-packing
holds for codes with feedback. Rather, what we can show holds is a much weaker condition,
call it C', on all the encoding trees in an arbitrary code of length n and rate R. We will show
that A implies C' and C' implies A, and hence B also implies C'. All in all, we will have

B=AsC.

Definition 4 (SP holds with feedback). We say that sphere-packing holds for fized-length
codes with feedback, or SP holds with feedback for short, if for all 6 > 0, R > 0 and
W e W, there is a finite ngp (0, R, W) such that any fized-length code with feedback of rate
at least R and length n > ngp (5, R, W) has

1
——log P.(W) < Eyy(R = 8) +6.

Definition 5 (SP Encoding Tree Condition). We say that the sphere-packing encoding
tree condition holds, if for all § > 0,R > 0,W € W, there is a finite ngr (0, R, W) such
that the following is true. Given any encoding tree for a fixed-length code with feedback of
length n > ngr (6, R, W), there exists a P € P,, V € V,,(P) (dependent on the encoding
tree) such that

|B(m, P, V)| > exp(n(H(V|P) —d)) (2.26)
D(V||W|P) < B, (R 25) + 26 (2.27)
I(P,V)<R— (2.28)

where the m in B(m, P,V') is an indicator of the encoding tree in a code.

Whether the sphere-packing encoding tree condition is a true assertion is unproven cur-
rently. The impetus behind its definition is to look at the proof of the sphere-packing theorem
for block codes without feedback. In both the case with and without feedback, showing the
existence of a P € P,, and channel V with I(P,V) < R—¢§ and D(V||W|P) < Egp(R—0)+6
is straightforward for large n. In the case without feedback, we have good estimates for
the size of the ‘typical’ output under channel V for a given message with codeword type
P, namely it is exponential in H(V|P). This allows us to prove the part of the statement
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(0,0,0,0,0)
(1,0,0,0,0)
(1,1,0,0,0)
(1,1,1,0,0)
(1,1,1,1,0)

(1,1,1,1,1)

Time

Figure 2.10: The encoding tree of Example 2 that inputs X; =1 and X;,; =Y; for 1 <7 <4,
with n = 5. Nodes in the tree represent input symbols, while edges represent channel output
symbols. Only paths in the tree that occur with non-zero probability when W is a Z-channel
are shown.

in (2.26) after selection of a P,V that satisfy (2.27) and (2.28). In the case of codes with
feedback, however, the portion of the statement in (2.26) certainly does not hold for an
arbitrary P,V because we do not know much about the types of the input codewords along
different received sequences. We look at a simple example to explore the difficulty in proving
the sphere-packing encoding tree coding in general.

Example 2. Suppose X =Y = {0,1} and W is a Z-channel with crossover probability 0.5.
Consider the encoding tree for which (for arbitrary n),
X =1
Xipn=Y,i2> 1

For this example (the encoding tree is shown in Figure 2.10), there are only n + 1 strings
y" that occur with non-zero probability (because once a 0 is output, the rest of the output



ol

symbols will be O with probability 1). The strings and their type and conditional types are:

v 2" (m, y") P(m,y") V(m,y") — H(V|P)
(0,0,0,...,0,0)  (1,0,0,...,0) (2= 1) Z(1) 0
(1,0.0,....0,0)  (1,1,0,...,0) (222 4) 20102 hy(1/2)
(171707' '7070) (171717"‘7()) (anB’%) Z(l/3> %hb(1/3)
(1,1,1,...,1,0) (LL1,....1) (0,1) Z(1/n) hy(1/n)
(1,1,1,...,1,1) (1,1,1,...,1) (0,1) Z(0) 0

(2.29)

where Z(p) is shorthand for the Z-channel with crossover probability p and hy(p) = —plogp—
(1 —p)log(1l — p) is the binary entropy function.

This is an important example to keep in mind because, for almost every P € P, (except
for P = (1,0)), there is a y* € Y" such that P(m,y") = P. Furthermore, for every
P € P, that occurs, there is exactly one y™ with P(m,y") = P. So, in this example, if
P e P,V eV, (P) and D(V||W|P) < oo, either |B(m,P,V)| =0 or |B(m,P,V)| =1. It
appears in this example as if the sphere-packing encoding tree condition will not hold because
none of the |B(m, P,V)| are exponential in n. A closer inspection, however, is in order for
the right hand side column above showing H(V|P) for all B(m, P,V') that are not empty.
The mazimum H(V|P) there is, for a given n,

1
k, £ max mhb (—)

2<m<n N m
m 11 +m—11 m
= max — | —logm 0
2<m<n n \m & m gm—l
1 m
= s, (losm (0 Do )
1
= max (mlogm — (m — 1) log(m —1)).

The function xlogx is convex-U, so the mazimum above occurs when m = n and hence,

ky, = %(nlogn —(n—1)log(n —1))

-1
=logn — n log(n — 1)
n 1
=1 —1 -1
1

1
< + —log(n —1).
n

n—1
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Figure 2.11: This plot shows the sphere-packing exponent when W is a Z-channel with
crossover probability 0.5. Also shown is a scatter plot of D(V||W|P) versus I(P,V) for the
first 150 (P, V) = (P(m,y"), V(m,y")) in (2.29) when n = 2,000. The plot highlights the
fact that as n — oo, there are pairs (P, V') in (2.29) such that the point (I(P, V), D(V||W|P))
is arbitrarily close to (0,0). Therefore, for this encoding tree, there is a (P, V') that satisfies
(2.26), (2.27) and (2.28).

Therefore, k, = O((1/n)logn) and for every 6 > 0, for large enough n, H(V|P) < § for
every P,V with |B(m, P,V)| = 1. So for a fized 6 > 0 and large enough n, every P,V with
|B(m, P,V')| satisfies (2.26). In order to check that there is a P,V such that (2.27) and
(2.28) hold as well, we plot I(P,V') versus D(V||W|P) for n = 2,000 in Figure 2.11. For
this example encoding tree, for large enough n, there are (P, V') that are arbitrarily close to
(0,0), so the sphere-packing encoding tree condition holds almost trivially. This corresponds
to using the sequences with just a few 1’s at the beginning in order to prove error bounds.

Currently, it seems difficult to prove the sphere-packing encoding tree condition holds
except in special cases (like an encoding tree without feedback or one that satisfies the fixed
type encoding tree condition). This example shows the core difficulty. If we fixate on one P
for which we know that there are sequences with P(m,y") = P, it is difficult (and untrue)
to say that B(m, P,V) is large for arbitrary V' € V,(P). All we can say is that there exists
at least one V' € V,(P) for which B(m, P,V) can be quantified in some way. This V' may
have D(V||W|P) > E,(R) or I(P,V) > R however and cannot be used to prove the sphere-
packing bound. That said, if the sphere-packing encoding tree condition holds (i.e., it can be
proved for all codes with feedback), the sphere-packing bound also holds for all codes with
feedback used over general DMCs.
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Proposition 3 (SP Encoding Tree condition implies SP holds). If the sphere-packing en-
coding tree condition holds, then sphere-packing for fized-length codes with feedback holds.

For a proof of the proposition, see Appendix A.11.1. One might be tempted to say that if
sphere-packing holds for fixed-length codes with feedback, then the sphere-packing encoding
tree condition also must hold. Unfortunately, this seems difficult to prove as well. What can
be shown to hold is a much weaker condition.

Definition 6 (Intermediate SP Condition). We say that the intermediate sphere-packing
condition holds, if for all 6 > 0,R > 0,WW € W, there is a finite ngpr (5, R, W) such
that the following s true. Given any fized-length code of rate at least R and length n >
nspr (0, R, W), there exists a P € P, and V € V,,(P) such that

D(V||W|P) < Ey,(R — 8) + 26 (2.30)
1

T > |B(m,P,V)NDL|| = H(V|P) — [Ey(R — 6) + 25 — D(V|[W|P)].

1
—log
n meM

(2.31)

Note that if (2.31) holds, then (2.30) also holds by properties of B(m,P,V') (Proposition
14). However, (2.30) reinforces the intuition that (P,V') are such that error probability
under channel W s at least the probability prescribed by the sphere-packing bound.

The intermediate sphere-packing condition turns out to be equivalent to sphere-packing
holding for codes with feedback. For a proof of this result, see Appendix A.11.2. The
intermediate sphere-packing condition is quite un-intuitive, however, so it does not seem
promising to attempt to prove that it must hold in general.

Proposition 4 (Equivalence of SP and Intermediate SP condition). If SP holds with feed-
back, then the intermediate SP condition holds. Conversely, if the intermediate SP condition

holds, SP holds with feedback.

2.7 Delayed feedback is not useful for very large delays

This section gives an upper bound to the error exponent for block codes used over DMCs
with noiseless feedback, where the feedback is delayed by some fixed number of symbols. It is
interesting to consider this problem, because in modern, high rate communication systems,
the number of symbols that must be encoded before the encoder receives a previous channel
output (or more likely, a function of the channel output) can be potentially large. Two
possible reasons for this gap between sending a channel input and receiving information
about the channel output come to mind: propagation delays and the inherent processing
time for demodulation and other processing at the decoder.
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Consider communicating 20 symbols per microsecond on a 20 MHz channel over a distance
of 1.5 km (round trip 3km). Even without accounting for processing time, the delay for an
electromagnetic signal to travel to and fro would be 10 microseconds, meaning at least
200 symbols should have been transmitted before feedback can be received. Additionally,
many communications systems have a half-duplex constraint, meaning they cannot listen and
transmit at the same time. Thus, feedback information may not return until the transmitter
is finished transmitting some appropriate ‘block’ of symbols.

Suppose that information about the channel outputs is delayed by 7' symbols. Then, the
result of this section is that the error exponent for rate R codes used with noiseless feedback
delayed by T' symbols is upper bounded by

Eo(R — 0(log T/T)) + O(log T/T),

where the constants hidden in the big-O notation depend on the channel transition matrix
W. Hence, for large delays in the feedback path, the sphere-packing bound is essentially
an upper bound on the error exponent for fixed-length block codes. To avoid confusion,
the result applies to a fixed delay in the feedback path (77), as the blocklength (n) goes to
infinity. Before giving the result, some definitions germane to this section are in order.

2.7.1 Problem Setup
A rate R, blocklength n coding system is an encoder-decoder pair (€, D).

Definition 7 (Type 1 Encoder - Delay T feedback). A rate R, blocklength n encoder £ used
with feedback delayed by T symbols is a sequence of maps {¢p;}, with for 1 <i < T,

¢ i {1,2,...,2"} - &,
and fori > T,
¢i s {1,2,..., 2"y x YT 5 x.
Note that T = 1 s the usual perfect-feedback setting where the encoder is aware of the channel
output immediately before the next channel input must be selected.

Definition 8 (Type 2 Encoder - T block feedback). This is a more powerful class of encoding
systems than the ‘Delay T feedback’ encoders. Here feedback is provided to the encoder in
blocks of T symbols at a time. That is, (Y1,...,Yr) is given to the encoder before the encoder
chooses Xry1 and in general, the received symbol block (Yiryi1, . .. ,Y(z‘+1)T) 1s provided to the
encoder at time (i + 1)T before the encoder must choose X(i+1)r+1- Hence a blocklength n
type 2 encoder with rate R is a sequence of maps {¢;}1—y,

g {1,..., 2"} x YLE-D/TIT _y 5

Note that a type 1 encoder is a restricted type 2 encoder that does not use all possible symbols

that have been fed back.
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Figure 2.12: Block coding for a DMC W with delayed feedback.

A blocklength n decoder D is a map
Y = {1,2,...,2"F},

The decoding regions for each message are then D,, = ¥~ (m) = {y" : ¥(y") = m} for
m € {1,...,2"%}. The average probability of error for a rate R, blocklength n coding
system (€, D) is thus defined as

onR

P.(n,£,D) = ZHLR SR £ mlM = m).

m=1

If we let C(n, R, T') be the appropriate set of blocklength n coding systems with rate at
least equal to R used with delay T' feedback type 2 encoders, we define the relevant error
exponent at rate R to be

1
E(R,T) =1 ——1 i P.(n,E,D).
(R,T) =limsup —"rlog min ) Fe(n, €, D)

Haroutunian’s bound applies to codes without any delay in the feedback path, so it also
applies for any 7" > 1, hence for all T > 1, E(R,T) < E,(R).

2.7.2 Error exponent bound for delayed feedback

We prove a bound on type 2 encoding systems, which immediately becomes a bound on type
1 encoders as well. Without loss of generality, we restrict attention to n that are multiples
of T, that is n = NT for some N > 1 (i.e., there are N total blocks of size T' symbols each).

Lemma 5. Define a channel independent constant

a(T) A |X|(2 + |y210g(T 4 1).




o6

Fiz an € > a(T). Then, for any blocklength n = NT (with N > 1) rate R coding system
with a type 2 encoder,

1
———1log P.(NT.E,D) < Egyr(R—€) +a(T) +v(N,T,¢),

NT
where
E.,r(R) £ max min D(VI||W|P), (2.32)
PEPr Vevr(P):I(PV)<R
and
(N.T,¢) I !
€) = 0 .
T NT 871° exp(—NT(e — a(T)))

The proof of this lemma is given in Appendix A.12.1. The proof chooses the test channel
V' within each block of length T according to the most used type of the input during that
block. Notice how in (2.32), we have already interchanged the order of the max and min
in the Haroutunian exponent, but the set of V' is restricted to have low mutual information
over length T. We now give an inequality relating the ‘sphere-packing bound for length-7"
with the sphere-packing bound (proved in Appendix A.12.2).

Lemma 6. For any T > 2|X||Y|, for all P € Pr,

2|X[|Y|log T rw |||
_Z2elIs” p W IS
T ’ + T *
| X[ V[1og(T/|X])
T Y

Uevr(P):I(PU)<R

min D(U||W|P) < E, (R

where'®

A .
Eo(RP)2  min  D(V[WIP)

max lo :
z,y:W (y|z)>0 gW(y|ZL')

K

Putting the two lemmas together, we get

16The constant xy can be arbitrarily large, but is finite for a given W. It is our opinion that the appearance
of Ky in our bound is an artifact of the proof method, and not intrinsic to the problem. However, to our
knowledge, such a term appears in most, if not all, proofs of the sphere-packing bound where an explicit
lower bound to probability of error as a function of blocklength is given. For example, see Theorem 5.8.1
of [17] or Theorem 1 and 2 of [36].
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Figure 2.13: A plot of the bound on E(R,T') from Theorem 4 for the Z-channel with 7" =
5,000 (all quantities are base 2). The bound is only approaching the usefulness of the
Haroutunian bound (which works for all 7' > 1) at this point.

Theorem 4. For any T > 2|X||YV|,

rw| XY XYL T
log — T).
T + T o8 x| + a(T)

In other words, for type 1 and type 2 coding systems with feedback delay T and rate R,
E(R,T) < Egp(R—0(ogT/T))+ O(logT/T).

E(R,T)< E, (R —a(T) - mXTwlogT) +

Proof: The result of Lemma 5 is monotonic in the rate, so we need only that Ry > R
and bound using R. We have just combined the results of the two lemmas together and
taken the limit as IV tends to oo. The only thing that needs to be checked is that the term

1 1
log (2.33)

NT = 1—expy(—NT(e —a(T)))

converges to 0 as N — oo for any € > «(7T'), which is readily seen. Therefore, we can take €
arbitrarily close to a(T") and since E), is continuous for all R expect possibly the R at which
E,, becomes infinite, we substitute a(7’) for e.

Figures 2.13 and 2.14 show the resulting bound on E(R,T) for the Z-channel when
T = 5,000 and 50, 000 respectively. As can be seen, even at T' = 5,000, the constants in the
bound for E(R,T’) do not bring it close enough to Ej, to be much more useful than Ej(R),
so this problem is not necessarily ‘practically’ solved either.
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Figure 2.14: A plot of the bound on E(R,T') from Theorem 4 for the Z-channel with 7" =
50,000 (all quantities are base 2). At this point, the upper bound is ‘essentially’ the same
as sphere-packing. If a system has a delay in its feedback path this large for the Z-channel,
the feedback does not help increase the error exponent for all practical purposes.
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Figure 2.15: The parallel channel W) obtained by using W L times. Each use of W
is independent. The capacity of W) is LC(W) and the scaled sphere-packing exponent
E,(LR; WD) for W) at rate LR is equal to LE,,(R; W).

2.8 The Haroutunian exponent for a parallel channel

In this section, we interpret the result of Section 2.7 and arrive at a surprising conclusion. We
will think of the block-T" feedback coding systems of Section 2.7 (where the encoder receives
output symbols in blocks of size T') as having instantaneous feedback when used over a
parallel channel. Shifting notation a bit, let L > 1 be an integer. A block-L feedback system
receives feedback in increments of L symbols at a time, so consider the parallel channel one
gets by using L symbols from X at a time, as shown in Figure 2.15. The block-L feedback
system can then be viewed as a code with instantaneous feedback used over the DMC W)
with input alphabet X”, output alphabet Y* and transition probabilities

J(y*|z") HW ED)

It is straightforward to show that C'(W ) = LC(W), and with a bit more effort, it can be
shown that E.,(LR; W) = LE,,(R; W) where Ey,(LR; W©)) denotes the sphere-packing
exponent for channel W& evaluated at rate LR and E,(R; W) denotes the sphere-packing
exponent for channel W at rate R. Theorem 4 then shows that

log(L + 1
Ep(LR; W) < LE,(R;W) + O (%) .

Another upper bound on Ej,(LR; W) can be had by applying the Haroutunian bound
to the channel W) vielding Ep,(LR; W) < E,(LR; W), where Ey(LR; W®)) is the
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Haroutunian exponent for W) evaluated at rate LR . Considering that C(W®) =
LC(W) and Eg,(LR; W) = LE,,(R; W), it wouldn’t be much of a stretch to guess that
En(LR; W) = LE,(R;W). If W is an asymmetric channel such as the Z-channel, then

LE,(R;W) > LE,(R;W)+ O <w> for large enough L. This means that we have the

following interesting dichotomy: either (a) or (b) below must be true.

(a) We have shown that Ep,(LR; WD) < By (LR; W) for some asymmetric channel W (£)
(W L) is still asymmetric if W is for all L > 1). That is, we have shown a class of channels
for which the Haroutunian exponent is strictly loose, which would partially confirm our
hypothesis that sphere-packing is a valid upper bound on the error exponent for block
codes with feedback for asymmetric channels as well.

(b) The Haroutunian exponent for the parallel channel Ej,(LR; W) does not decompose
like the sphere-packing exponent and capacity, i.e.,

Ey(LR; W)Y < LE,(R; W).

Surprisingly, it turns out that (b) is true'”. In the optimizations that characterize
C(W®) (maximization over distributions on X*) and E,,(LR; W) (maximization over
distributions on X* and minimizations over channels from XZ to Y1), it suffices to consider
product distributions due to the concavity and convexity properties of mutual informa-
tion and divergence. This causes the optimizations to decompose into optimizations over
L individual symbols, resulting in the multiplicative scaling. In the optimization for the
Haroutunian exponent, it turns out that it is not sufficient to consider channels V from X*
to Y that are independent over time, i.c., V(y%|z¥) = [T, Vi(yi|z:).

Lemma 7. For the parallel channel WE) with input alphabet X%, output alphabet Y& and
transition probabilities

L
WE ey = TT W (wilaa),

i=1
we have

X
En(LR, W) < LE,, (R - % log(L + 1); W) .

Thus, in the limit as L — oo (because Ej, is left-continuous),

1
Jlim. ZEh(LR; W) < B, (R;W).

1"While (a) may be true in the sense that the Haroutunian exponent is strictly loose for some class of
asymmetric channels, we have not shown it to be true by the result in Section 2.7.
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Note that for all L,

1 1
+ En(LE; Wby > + B (LE; W) = By, (R; W).
The proof of this result is given in Appendix A.13, but we will describe here the test

channel V' that is used to prove the result. Fix e, = % log(L + 1) and for each P € Py, let

Up € arg min D(U||W|P),
U:I(P,U)<R—e¢yp,

and define V(-|21) according to the type of 2. If 2% € Tp, let for all y*-

V(e = T Upyilz).

i=1

Note that V is a product channel only when restricting the type of 2. The fact that V
depends on the type of x” makes it a non-product channel. In Appendix A.13, it is shown
that for this V, C(V) < LR, so it is included in the minimization for the Haroutunian
exponent. It is also shown that the maximal divergence between V and W) is at most
LE (R — e ; W).

The intuitive reason for this lemma is that the channel W) is becoming ‘more symmetric’
as L gets large. The channel {W (-|z%)},Lcr, for any given type P € Py, is output symmetric,
and the number of types is at most (L + 1)I*!, which is inconsequential with respect to the
size of the channel input alphabet (which is growing exponentially with L) in the limit. This
lemma can also be used to prove the result in the delayed feedback section by applying the
Haroutunian bound to the parallel channel. In Section 3.5, we show how the lemma can be
used to prove that fixed delay codes without feedback cannot have an error exponent larger
than the sphere-packing exponent.

2.9 Limited memory at the encoder means the sphere-
packing bound holds

There are two results in this section that chip away at the notion that feedback might be
able to beat the sphere-packing bound. They are both due to Baris Nakiboglu and Giacomo
Como of MIT, coming out of their interaction with us (HP and Anant Sahai) on the problem
of proving sphere-packing for fixed-length codes with feedback. The first result was suggested
as an exercise by Anant Sahai to Baris and Giacomo to investigate what sort of degradation
to the assumption of delayless, noiseless feedback allows one to prove the sphere-packing
bound.
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2.9.1 An encoder that dumps its memory is bound by the sphere-
packing exponent
Consider the class of feedback encoders that empty their memory (of received symbols) every

k symbols. So for all i,y !, X; is a function of the message m and the previous (i—1)— |1k
received symbols,

zilm,y ) = @i (moyh L)

k

That is, the encoder stores at successive times, 0, then 1, then 2 received symbols, and so
on, until it reaches k — 1, at which point it erases its memory. We will see that this class of
codes is bound by the sphere-packing exponent. This will be done by viewing blocks of &
symbols for the original channel as supersymbols and inputs to a new channel. Let

X=X x XV PP s X
y/ — yk

be the input and output alphabets for the new super channel. Let P’ be the set of distri-
butions on X', Q" the set of distributions on )’ and W’ the set of probability transition
matrices from X’ to ). The input letter for a message on one super symbol is actually a
vector of k functions from the received symbols available to the encoder to the X space.
That is,

reX =2 = (x, fo, .., fr)
z € X
fi: V=X i=2,... k.

So, xi(m,y" ') = fi(y") for i = 2,... k and z; for s = 1 if 2/ is the supersymbol for the
first k£ symbols of message m. Now, the channel for the supersymbols induced by W is

Wl(Z/‘x/) = W/(y17 R 7yk‘x17 f27 cee 7fk:)
= W (ys|z0)W (yal fa(y1) - - W (| fu ("))

For this superchannel W', the sphere-packing bound holds because the code with supersym-
bols does not use feedback (all the feedback used has been hidden in the choice of feedback
functions f in the supersymbol). Therefore, the sphere-packing bound for codes without
feedback (Theorem 1) holds for this superchannel. Let E (R) denote the sphere-packing
exponent for this superchannel at rate R,

E,,(R) = max min D(V'||W'|P").
P'EP! VIEW!I(P'V')<R
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Proposition 5. The following relationship between Eg,(R) and E,(R) holds for all k > 2
(i.e., all interesting k ):

BL(m) = k5 ()

This result is due to Baris Nakiboglu and Giacomo Como [35].

The proof of this proposition does not appear in the literature, so it is included in Ap-
pendix A.10. The proof shows that within the supersymbols, the sphere-packing optimization
decomposes into k individual sphere-packing optimizations for rate R/k.

Now, we see that the sphere-packing exponent for a k-block supersymbol is at most k
times the sphere-packing exponent at rate R/k for the original channel. Note that the new
length of the code (in superblocks) is n/k and the new rate is thus £log |M| = £nR = kR.
Hence, the asymptotic bound is still

1 1
limsup —log P.(W) < —E! (kR) < E,(R).
n—oo TN kP
Of course, the asymptotics hide the terrible dependence of the bound on the memory length
k. The size of the input alphabet grows doubly exponentially in k, as

k—1

log || =) |V|'log| X
=0

log || = klog |V

Hence, this bound does not scale well, but it does show that having access to only the recent
past does not allow us to beat the sphere-packing bound with feedback (in an exponential
sense).

2.9.2 Finite state memory encoders cannot beat the sphere-packing
bound

The following result of Giacomo Como and Baris Nakiboglu is a philosophical extension of the
idea that forcing the encoder to forget feedback symbols renders it unable to beat the sphere-
packing bound asymptotically. Instead of encoders that forget all memory periodically, it
applies to encoders that can only hold on to all received information in a summarized way
through a finite state. Hence, it smooths out the periodic dumping of all memory from the
previous problem setup to a dumping of individual symbols at each time.

Define the class of finite memory encoders with feedback as follows. For each ¢ > 1, the
input at time 7 is a function of the message m and a state s; € S where § is a finite state
alphabet. That is,

zi(m,y' ) = ®;(m, s;)
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and
Si+1 = Fi(5i7 Z/z‘)

for some state update functions I'; : § x Y — S. If S were infinite, we could simply store
all the past received symbols, but by keeping it finite, the encoder has limited memory of
all the received symbols, summarized by the state. Assume that there exists a finite k& such
that for all + > 1, for all s,s' € S,

Fytt € Vo Dk (Cigmn (- - (Diga (8, Y1) Yi2)s -+ ) Yiens) = 8- (2.34)

This is a reachability constraint on the encoder’s state update mechanism. Essentially, it
also enforces that eventually (i.e., after k symbols) every received symbol is forgotten at the
encoder. Furthermore, assume that

T = min W (y|z) > 0.
x7y

Theorem 5. [36] Fiz a channel W with Ty > 0 and suppose the encoder with feedback is
as described above with k as in (2.34). Then,

_% log P.(W) < min FEg (R —a(l)) + «(l)

T le{l,...,n}

N 2k10g% l
a(l) = W + E(logél—i- |S]| log | X )+

log(L /1) o (111 1og |S] + o X))

Note that as n — o0, [ can scale slightly sub-logarithmically with n and we will have
a(l) — 0 as n — oo. So, again, for this restricted class of encoders with feedback used over
channels with no zero elements, we see that the sphere-packing bound holds asymptotically.
The proof in [36] uses the reachability condition on the encoder to show that certain proba-
bilistic terms relating to mutual information and divergence converge to their average. This
is done by a mixing argument for Markov chains.

2.10 Concluding remarks

In this chapter, we have presented a collection of mini-results that we hope has advanced
understanding of the error exponent problem for block codes with feedback. The partial
results showing that having feedback information from only the very far past or only the
near past does not allow codes to beat the sphere-packing bound seem to suggest that the
question is not far from begin ‘practically’ solved (meaning solved for any case one might
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see in practice, due to limited memory at the encoder or delay in the feedback path). The
partial result for fixed type encoding trees, however, shows that in some cases, we can
precisely show the same sphere-packing bound holds for codes with feedback and without.
In the general case, the sphere-packing bound that holds for codes with feedback may turn
out to be slightly looser than the bound for codes without feedback, but only polynomially
looser in the blocklength n. In our estimation, the most promising paths to showing that
sphere-packing holds with feedback are coming up with a refined analysis for the ‘optimized’
test-channel with memory (Section 2.4.3) and proving the sphere-packing encoding tree
condition holds (Section 2.6). If these proofs can be made to go through, they may resolve
the uncertainty about asymmetric channels from the perspective of Polyanskiy et al., as
discussed in Section 2.1.
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Chapter 3

Tightening to sphere-packing for fixed
delay coding without feedback

3.1 Introduction

For communicating information over a noisy channel, capacity is the first-order description
of how much information we can communicate reliably. A refined understanding can be
gained through studying the error exponent for a channel. The error exponent governs the
exponential decay with which the optimal error probability decays as more and more channel
‘resources’ (e.g. block length, expected block length, delay) are provided while maintaining
a given rate of information transmission. If d is the number of channel ‘uses’ and P.(d, R)
is the optimal error probability for a rate R that ‘uses’ the channel d times, then the error
exponent is generally defined to be

1
E(R) = lim —-log P.(d, R).
d—oo  d
In Chapter 2, we have discussed at length the problem of upper bounding the error
exponent for fixed-length block codes with and without feedback. For the reader who is
reading this chapter independently, we briefly summarize the relevant discussion. Recall
that for block codes without feedback, the sphere-packing bound,
Ey(R) = mngj(leVn)SRD(VHWIP),
is an upper bound to the error exponent (with respect to blocklength). For codes with
feedback, the Haroutunian exponent,
En(R) = min maxD(V||W|P) (3.1)
V:C(V)<R P

= . hin_ | max D(V (-|x)||[W(-|z))
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is the best known upper bound to the error exponent (with respect to blocklength). Recall
also that, except for symmetric channels such as the BSC and BEC, E,,(R) < Ej(R) in
general. The reason for this gap is believed to be the proof technique and not a fundamental
advantage gained with feedback when communicating over asymmetric channels. In order to
lower bound the error probability for codes with feedback, Haroutunian’s bound calculates
the probability that the ‘true’ channel W behaves like a ‘test’ channel V' with a capacity
less than the rate (which automatically induces a non-negligible error probability by the
strong converse). The exponent of this probability is the conditional divergence D(V'||W|P)
where P is the average input distribution under channel V' during the error event. It is
quite difficult to prove anything useful about this input distribution, so a worst-case bound
is taken, hence the inner max in (3.1).

In other words, the bound of (3.1) essentially assumes that because the code has feed-
back, it can somehow noncausally realize that the channel is behaving like V' and use the
exponent maximizing letter repeatedly. Intuition strongly suggests that, because the channel
is assumed to be memoryless, a code could not tell in advance that future channel behavior
will not be able to support the desired rate and pursue this strategy successfully. In fact,
one might conjecture that the following exponent should be an upper bound to the error
exponent for block codes with feedback,

E(R)= min max D(V||W|P).
V:C(V)<R P:I(P,W)>R
The idea here is that for an optimal code to be reliable over W, the input distribution under
other channels must still support a rate that is high enough if the channel were W because
the code cannot ‘predict’ that the memoryless channel will behave like V' and not W.

This new exponent E(R) is easily seen to be sandwiched between Ej,(R) and E,,(R), and
therefore is equal to both for symmetric channels. However, for general asymmetric channels,
E.(R) < E(R) < E,(R) (as shown in Figure 3.1 for the Z-channel). The improvement in
the new exponent over Haroutunian is pronounced at rates near capacity (as shown in Figure
3.2). This is because any distribution that has a mutual information I(P, W) near capacity
must be ‘close’ to a capacity achieving distribution, and hence far away from the degenerate
distribution that achieves the inner maximization in Fj(R).

Perhaps even more interesting though, is that the ratio of E (R) to E,,(R) approaches
1 as R tends to capacity, at least for the Z-channel (as shown in Figure 3.3), while the
ratio of E,(R) to E,(R) approaches a constant greater than 2 as R tends to capacity for
the Z-channel. While this fact may not seem interesting in itself, it has an interesting
connection to another view of the rate-reliability tradeoff for block codes. As discussed in
the introduction of Chapter 2, there is a connection between the second-order derivative
of the error exponent at capacity and the other view of the rate-reliability tradeoff studied
recently by Polyanskiy ( [11], [29]) through the channel dispersion. The fact that E(R)
and E,,(R) have the same second-order derivatives at capacity (at least for the Z-channel)
suggests that if E (R) can be shown to be an upper bound to the error exponent for block
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Figure 3.1: A plot of E,,(R) (sphere-packing), E;(R) (Haroutunian) and E(R) (the new
exponent) for a Z-channel with crossover probability 1/2. The new exponent is sandwiched
in between the sphere-packing and Haroutunian exponents.
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Figure 3.2: A plot of Ey,(R), E,(R) and E(R) for the Z-channel with crossover probability
1/2 for rates near capacity. The new exponent seems to approximate the sphere-packing
exponent much better that the Haroutunian exponent near capacity.
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Figure 3.3: A plot of Ej(R)/E,(R) compared to E(R)/E.,(R). As the rate approaches
capacity, the ratio of the new exponent to the sphere-packing exponent approaches 1 for
the Z-channel, while the ratio of Haroutunian to sphere-packing approaches a value greater
than 2 for the Z-channel. This is equivalent to the new exponent’s second-order derivative at
capacity being equal to the sphere-packing exponent’s second-order derivative at capacity.

codes with feedback, then feedback does not significantly improve the maximum achievable
rate for a given error probability and block length for all channels W. Such a conclusion can
only be drawn for symmetric channels such as the BSC and BEC today [11].

Regrettably, we have not been able to prove that E(R) is an upper bound to E(R)
for block codes with feedback precisely because it is difficult to get a handle on the input
distribution when the channel W behaves like an arbitrary test channel V. The Haroutunian
exponent, however, also appears as an upper bound to the error exponent in the context of
fixed delay codes [37] and neighborhood decoding of message-passing decoders [38]. The
common tie between all these problems is that the input distribution is not known for
the test channel V' when the error event is happening. Therefore, a change-of-measure
argument using V' as the test channel ends up making a worst-case assumption on the input
distribution.

3.2 Fixed delay coding and anytime codes

In order to make further progress in understanding asymmetric channels, we turn our atten-
tion to fixed delay codes. In many communication scenarios, data arrives in a steady stream
at a transmitter to be sent to a receiver and the communication process must begin before
the transmitter knows all the data to be sent to the receiver. One reason for this might be
that the message is actually composed of many individual submessages, each of which must
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Figure 3.4: A fixed delay code differs from a block code in that bits stream into the encoder
causally as time elapses. The decoder must produce an estimate of each bit within a fixed
delay of when the bit arrives at the encoder.

be received within a fixed delay, e.g. interactive voice communication. A fixed delay code
(as shown in Figure 3.4) can be modelled as taking an infinite stream of message bits that
are causally revealed (at a uniform rate) to the encoder and communicating them across a
channel, with each bit being decoded correctly with high probability within some fixed delay
of arriving at the encoder.

In [37], the Haroutunian exponent is shown to be an upper bound for the error exponent
of fixed delay codes (with respect to delay d). This is done by showing that for a test
channel V' with capacity lower than the rate, some bit must have non-vanishing error. An
argument in [37] shows that the channel need only behave like V' for the d uses between when
the bit arrives at the encoder and when it is decoded for the error to occur with the same
probability. The exponent with which this error happens is D(V'||W|P), where P is the input
distribution during the error event for the d symbols before the bit’s deadline. Again, we
run into the issue of not being able to say anything about the input distribution P during
this time span because only the bit with non-vanishing error probability is both revealed
and decoded within this window. For the purposes of the proof, the code can pretend it
has already decoded all previous bits before this bit arrives and it can pretend that it will
reliably decode all bits arriving after this one after the deadline for this bit. Therefore using
only the Haroutunian optimizing input symbol over the d symbols only adversely affects the
error probability of this one bit (at least we cannot prove this to be untrue).

Near the completion of this thesis, the result of Section 2.8 was derived, showing that
the Haroutunian exponent for an L-wise parallel channel constructed from using W L times
independently at rate LR is at most LE,,(R — O(logL/L); W), where E,,(R;W) is the
sphere-packing exponent of W at rate R. Thus, by grouping uses of the channel together
into large blocks, the error exponent one gets (after properly normalizing) approaches the
sphere-packing exponent. This fact can be used to obtain the main result of this chapter in
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Section 3.5: if Egeqy(R) denotes the error exponent for fixed delay coding without feedback,
Eaetay(R) < Egp(R).

This result shows that there is nothing special about asymmetric channels, especially without
feedback, that allows codes used over them to predict when they will commit errors and
‘give up’ in that event. However, the proof does not give a sense of the true nature of
the communication process in fixed delay codes and how individual bits are forced to share
channel resources in any d-length decoding window. For this reason, we also will present a
result for a more restricted class of fixed delay codes that will be more intuitive.

While we cannot prove that non-trivial communication is happening over the length d
decoding window, there is an extended notion of fixed-length codes that this chapter will also
focus on, called anytime codes, for which this property! will be shown to hold (an example
of an anytime code is shown in Figure 3.5). Anytime codes differ from fixed delay codes
in that at ‘any time’, the decoder produces estimates of all message bits that have arrived
at the encoder at that point. The natural fixed delay codes: tree codes and convolutional
codes, all have the anytime property that is needed here. As time elapses, the delay between
when a bit arrives at the encoder and the current time also becomes large, and we evaluate
the probability of error with respect to each delay for each bit?. The error exponent for an
anytime code is then the error exponent with respect to delay. Note that for any delay d, an
anytime code can be made into a delay-d fixed delay code by only providing the estimate for a
bit when exactly d channel uses have elapsed since the bit arrived at the encoder. Therefore,
the Haroutunian exponent is also an upper bound to the error exponent for anytime codes
without feedback.

As just mentioned, good anytime codes enforce the requirement that nontrivial commu-
nication is happening within any (large) given window of channel uses. If it were not, some
bit would arrive within the window and a smaller (than the window) delay estimate of that
bit would be too unreliable. This anytime property has the consequence of forcing the input
distribution during the large window to be nondegenerate. In fact, because reliable commu-
nication over W must happen for moderate delays, this implies that the input distribution
over large delays must have mutual information over channel W of at least the rate. This
intuition can be formalized to give the second result of this chapter, which is that if E,,,(R)
denotes the optimal error exponent for anytime codes without feedback,

Eany(R) < E(R).

This result is strictly weaker than the result that shows that Egeq,(R) < Es,(R), but it
was obtained first and is more intuitively understood.

Tn [39], the authors assume a similar ‘steady progress in communication’ condition for a different error
exponent problem.

2In a fixed delay code, once a bit’s deadline has passed, there is no reason to ensure that the bit’s
probability of error continues to get lower.
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Figure 3.5: An anytime code with a universal delay decoder. Message bits arrive in a steady
stream at the encoder. At each time, the decoder outputs estimates of all bits that have
arrived at the encoder. The longer the delay between when a bit arrives at the encoder and
the current time, the better the estimate of that bit is expected to be. In particular, we are
interested in codes that achieve an exponentially decaying error probability with delay.

3.3 Control and anytime coding

Another important reason to study anytime codes is that they turn out to be of fundamental
importance in the study of control and estimation over noisy channels for particular metrics®
on the estimation or control error [40]. Rather than going into an in-depth exposition
of control and its relation to anytime communication, which would vastly overstate the
contribution of the result in this chapter to control theory, we will describe the specific
control problem this result has application to. For those interested in the broader context
of control and where anytime coding fits in it, see [40].

Consider the problem of controlling a scalar, linear unstable plant over a noisy DMC W,
as shown in Figure 3.6. The plant state starts at Z; = 0 and updates at integer times ¢ as

Zt+1 — AZt + Ut + St (32)
Q Q
St S [—E, §:| . (33)

The state evolution depends on the unstable eigenvalue of the plant, |A| > 1, real-valued
control inputs {U;} and real-valued noise process {S;}, which is assumed to be bounded by
|St| < /2 almost surely. The state observer and controller are separated, but the observer
may communicate to the controller through a DMC W, with one channel use per unit time.
At each time t, the observer inputs a channel symbol X; € X based on the current as well
as past plant states {Zy}r<;. The controller receives Y; € Y with probability W (Y;|X;) and
chooses the control input U; based on the current as well as past channel outputs {Y}r<:.
The plant state then evolves according to (3.2).

3For control of unstable systems under a bounded moment condition on the error, anytime capacity is
the relevant quantity, while for other requirements such as asymptotically almost sure controllability, first-
order notions such as capacity turn out to be sufficient. Even for these other asymptotic controllability
requirements, however, anytime decoding turns out to be required, but the probability of error can decrease
to 0 subexponentially [40].
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Figure 3.6: Control of an unstable plant over a noisy channel. The observer and controller of
the plant are separated, but have the use of a noisy communication medium. The observer
must also then perform some channel encoding to communicate information about the plant
state and the controller must decode that information to decide its control input.

For any n > 0, we say that the channel W is sufficient to n-stabilize the plant if there
exists an observer and controller pair and K < oo such that

supE[|Z|"| < K

t>1

for every noise process {S;}:>¢ that obeys the bound in (3.3). According to [40], if there is
an R > log A for which the anytime error exponent without feedback is at least nlog A, i.e.,
Euny(R) > nlog A, then W is sufficient to n-stabilize the plant. This sufficiency character-
ization, however, is not the fundamental relationship between control of (3.2) and anytime
communication. Rather, the true relationship is between control of (3.2) and anytime com-
munication with noiseless feedback, as shown in Figure 3.7. The main results of [40] show
that a channel W with perfect output feedback is sufficient to n-stabilize the plant if and
only if there is a rate R > log A such that the anytime error exponent with feedback is at
least nlog A, i.e., Egpny in(R) > nlog A

The result of this chapter says only that E,,,(R) < E(R), so it does not necessarily rule
out that a channel is sufficient to n-stabilize the plant without feedback. It merely says when
a channel W without feedback is not automatically sufficient to n-stabilize the plant without
feedback.
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Figure 3.7: Control of an unstable plant over a noisy channel W. In addition to the noisy
channel from the observer to the controller, there is a feedback path from the controller to
the observer that carries the channel output symbols noiselessly and without delay.

3.4 Problem setup

Some of the notation used in Chapter 2 will continue to be used. Please refer to Tables 2.1
and 2.2 if some notation seems unfamiliar and it does not appear in this section.

We have an infinite sequence of IID equiprobable bits { B;}°, that will be communicated
over a noisy channel. The bits are revealed to the encoder in a steady stream, at rate R bits
per channel use (one channel use per unit of time). At time j, the encoder has access to?

BURl = (B, By, ..., Bjjr)).

The communication medium is a discrete memoryless channel (DMC) induced by a proba-
bility transition matrix W from a finite input alphabet X to a finite output alphabet ). If
the input to the channel at time j is X; = 2 € X, the probability that the output at time j
isY,=ye)is

Pw (Y; = ylX; = x) = W(ylx).

A rate-R streaming encoder without feedback is a sequence of encoders € = {&;};°, with

& {0, 1317 - x.

4We will use capital letters to denote random variables and lower case letters to denote realizations
of those random variables. Superscripts and subscripts will be used to denote vectors, for example z] =
(i, Tit1, ..., x;). For the special case of ¢ = 1, we drop the subscript, i.e., 7 = (z1,...,z;).



75

At time 7, the input to the channel with encoder & is X; = &;(BU).

3.4.1 Fixed delay codes

A rate-R, delay-d fixed delay code is a pair C = (£, D) where £ is a rate-R streaming encoder
and D is a rate-R delay-d decoder. The decoder is a sequence of maps D = {D;}°, with

D, . YIVEIFL 10 13,

The fixed delay code’s estimates of the bits are E,(d) = D,;(YI/Fl+d=1) Let Cp 4 denote the
set of rate-R, delay-d fixed delay codes C = (€, D). Define the error probability of C € Crq
to be

~

Pe<d7c) = Sup PW(B’L(d) 7é B’L)
The error exponent for fixed delay codes without feedback is defined to be

1
Eelay(R) = lim sup —Elog [ inf P,(d, C)} )

d—00 CeCr,a

It was shown by Sahai [37] that

Edelay(R) S Eh<R) = VCI,I(l‘}r)LRm]E}XD(VHW’P)

By constructing random tree-codes with maximum-likelihood decoding, it can be shown that
the random-coding exponent is achievable, so

Edelay (R> Z Er (R> .

3.4.2 Anytime codes
A rate-R anytime decoder D is a set of maps D = {D; 4}i>1.4>0, With

Dy YR {0, 1},

D; 4 is called the delay-d decoder for bit ¢ since d channel uses after bit ¢ arrives at the
encoder are allowed before decoding bit i. We let B;(d) = D, o(YT/EI+d=1) " A rate-R anytime
(universal delay) code without feedback is a pair C = (€, D), where £ is a rate-R streaming
encoder and D is a rate-R anytime decoder. Let Cr denote the set of all possible rate-R
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anytime codes without feedback. For a fixed anytime code C, define the error performance
metrics®

P.,(d,C) = Py (Ei(d) ”; BZ»)
P.(d,C) = sup P.(d,C)

1
E(C) £ liminf —= log P,(d, C).
d—o0 d

The anytime error exponent without feedback, at rate R, is defined to be

Eony(R) £ sup E(C).
R

A fixed delay code can be created by an anytime code for any delay d by just using the delay
d decoder from the anytime decoder, so it immediately follows that

Eany(R) < Egeiay(R) < Ep(R).

3.5 Tightening to sphere-packing for fixed delay codes

In order to show that the sphere-packing exponent upper bounds the error exponent for fixed
delay codes, we will use the result proved by Sahai along with the parallel channel lemma
about the Haroutunian exponent (Lemma 7 of Section 2.8).

Theorem 6 (Sahai [37], Theorem 3.1). For all 6 > 0 and rates R > 0, there is a finite
dp (8, R, W) such that any fized delay code C of rate R and delay d > dp(6, R,W) has

_é log P.(d,C) < En(R — 8: W) + 6, (3.4)

where En(R; W) is the Haroutunian exponent for channel W evaluated at rate R.

Theorem 7. For all 6 > 0, R > 0, there is a finite ds,(3, R, W) such that for any fized delay
code C of rate R and delay d > dg,(6, R, W),

—é log P.(d,C) < Egp(R—0; W) + 9,

where Es,(R; W) is the sphere-packing exponent for channel W evaluated at rate R.

®The sup in the definition of P.(d,C) can be replaced by limsup without affecting the result in this
chapter.
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Proof: Consider a large L and W), the parallel channel of W used L times indepen-
dently within one symbol (as in Lemma 7), with input alphabet X and output alphabet
Y. Let CLra be the set of rate LR, delay d' fixed delay codes for W@ By Theorem 6

applied to W) | there is a finite dj, (5, LR, W")) such that if d’ > d,,(6, LR, W),
1
—EkgRﬂﬂU)gEMLR—éﬂV@)+6

for any C' € Cyp 4. Let us construct a code Cp » for some d’ by using a code in Cgg4. For
some d large to be specified later, let
d
d=|-|+1

We will use ¢ to denote the symbol number for C (in terms of symbols from X’) and s to denote
the symbol number for C’ (in terms of supersymbols from X*). Let X, = (X(s-1)141,- - - > XsL)
and Y, = (Ys—1)z41,---,Ysr) for s > 1. Consider the encoder for C' one gets by using the
encoder from C. That is, &' = {£€/}2°, with

E {0, 1} LR 5 pL
where
5;(BLSLRJ> _ (5(5—1)L+1 (BL((sfl)L+1)RJ) e 753L (BLSLRJ>) .

That is, £ uses the encoder £ by giving the encoder knowledge of the bits in blocks of
time of length L. Now, we want to use the delay d decoder from C to construct a delay
d'" decoder for C'. In order to use this decoder, we must ensure that C' has the necessary
channel outputs to run D. Bit ¢ arrives at the encoder &£’ at time (in supersymbols) [£=].
Bit ¢ arrives at encoder £ at time (in regular symbols) [i/R]. It is decoded by D at time (in
regular symbols) [i/R]| + d — 1. We need to ensure that if ' = [d/L] + 1, the supersymbol

Y[’Z. JLR]4+a—1 contains Y7i/gy4q—1. This is guaranteed if

(2] [2]) 2 [R] -

because the last regular symbol in Y/ is Y. Now, using the fact that L [z/L]| > 2 and

(2] <z + 1 yields
(|2l +[2]) = a] 4

Py 2L
) e

> (i/R)+ 1+ (d—1)

=

v
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Therefore, simply by running the original rate-R delay-d code C over channel W, we get a
code C' of rate LR and delay d’ for channel W(¥). The estimates for these codes are the
same, SO

P.(d,C) = P.(d,C").
Now, if d' > dj,(6, LR, W), it follows by Theorem 6 that
1 1 .
~7 log P.(d,C) = ~7 log P.(d',C’)
< E, (LR -6 WW) 4.

Therefore, using Lemma 7 to bound the Haroutunian exponent of the parallel channel,

1
————1log P.(d,C) < By (LR — 6; W) +4
(7] +1
< LE, (R - % - %log(lj + 1);W) + 0.

Rescaling to d yields

—élogPe(d,(/’) < WESP (R —~ % —~ %log(l/+ 1);W) +4 (—WL; i 1)

X
< E,, <R—%—%log(L—l—1);W) +

2L 5 |X ' 12

By first making L large enough, then ¢ small enough, followed by d large enough, and at
least as large as dj,(6, LR, W), it follows that for all € > 0, there is a finite d,(e, R, W)
such that

1
—7 log P.(d,C) < Egp(R— ;W) + ¢

for every C € Crq with d > dy, (e, R, W).

3.6 A weaker result for anytime codes

This result, guided largely by intuition about anytime codes, was obtained earlier than the
stronger result for fixed delay codes. It is included in the thesis for completeness and because
it may be useful in think about the problem of fixed blocklength coding with feedback.
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Figure 3.8: Constructing a block code of length n by using C for the first n channel uses.
Only bits arriving at the encoder by time n — d + 1 are expected to be decoded.

Theorem 8. Fiz a channel W € W. Then,

Euny(R) < E(R)
= min max  D(VI||W|P). (3.5)
Vew:C(V)<R PeP:I(P,W)>R
The theorem also holds if common randomness is provided to the encoder and decoder.
This is because the error probability bounds will hold for any fixed realization of the common
randomness. To avoid cluttering notation, however, we will assume that common randomness
is not present. In order to prove the theorem, we will show that for any C € Cg, for any
e >0, E(C) < E(R —¢€). Since € > 0 can be made arbitrarily small, we will show that the
theorem holds by left continuity of the exponent E (R) in R. We will give here an outline of
the proof, and make it rigorous in Appendix B.1. B
First, fix an € € (0, R) and a C € Cgr. We will show that E(C) < E(R —¢€). Let V denote
an E(R — €) optimizing channel, that is

V € arg min { max D(U||W|P)} .

Uew:C(U)<R—e | P:I(P,W)>R—e¢
We will show that

E(C) < max D(V||W|P)
P:I(PW)>R—¢

in several steps.

1. We will take two integer sequences, dl,glvl, going to infinity, with d; /givl approximately
fixed (up to integer effects), 1 < d, < d; in the limit. Now, fix a d and Elv(that is, drop
the subscript [). First, we will construct a random block code of length n > d by using
the encoder £ for the first n channel uses. The message bits will be those bits that have
arrived at the encoder by time n —d+ 1. The block decoder will use the delay-d decoder
for each of the message bits.

If n is large enough, then the rate of this code is at least R — €¢/2 since the number of
wasted bits at the encoder can be made arbitrarily small relative to the length of the
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block. Using arguments already made in [37], we can say that there are ‘genie-aided’
feedforward decoders, D7, that use only the past d received channel outputs as well as
the true message bits up to the one being decoded that perform at least as well as D. Let
this feedforward decoder be denoted Dl{ 4 for each 7, d of interest and, more concretely,
they are maps

Dgfd {0,137 x ¥4 — {0,1}

nf _nf i—1 v/ [i/R]+d-1
Bl(d) =D, (B v ).

These maps are as good as D for the channel W, namely for all ¢, d,
Pu (B/(d) # B:) < Pw (Bild) # B;)

Now, the channel V' has capacity at most R—e and the rate of the code is at least R—¢/2,
so we should expect errors in some of the bits when the channel is V. Then, [37] shows
that under channel V, if we let B/ (d) = B; & Ezf (d) be the errors made by these genie-
aided feedforward decoders,

[(n—d+1)R|

> H(B/() > ng.

i=1

Therefore, since entropy is non-negative, there is at least one i such that H(B{(d)) >
¢/2R. For this 1,

Py (Bl@) # B:) 20" (1) (3.6)

where hb_1 is the inverse of the binary entropy function. We now note that in order for
the channel W to behave like V' and induce an error when the decoder is sz 4> 1t only
needs to behave like V for the d channel uses after bit i is available to the encoder,
as opposed to the full n channel uses that were needed to construct a block code of
sufficient rate.

. To show that the error probability of our actual decoder under W is not too small, we
will study another block code’s performance. Figure 3.9 shows the relevant times that
we use C to construct this second block code. We wish to make a statement about the
type of the input during the d channel uses that are of importance in (3.6). So, we use
C to communicate over the channel W starting at time [i/R] (the first channel use that
bit 7 is available to the encoder) for a total of d channel uses. We have a fixed d < d, so
the message bits are

M = <BZ'7BZ'+17 .. "BL(H/R.H-d—J)RJ) .
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Figure 3.9: A random block code constructed to show that the type of the input during
the period when bit i’s error event happens must have a large enough mutual information.
The block code uses C starting from the time bit 7 arrives at the encoder for a total of d
channel uses. The delay-d decoder for C is used to yield a code with low error probability
for large enough d. Randomness in the form of the bits before ¢ and those that arrive after
time [i/R]| + d — d is given to the encoder.

The rate of this code, can be made arbitrarily close to R provided that Elv/ d is made

small enough. To decode the message, we use for each bit in the message, the delay-d
decoder from Df. That is,

A7 — ( R nf
M = (Bi @) Bl (i) (d)> .

Now, assume that E(C) > 2E(R)/3, as otherwise there is nothing to prove. Then, there
is a d large enough so that the error probability of the block code, using the union bound
over the bits, is upper bounded as

pu (1 4 1) < [0~ e 24
< dRexp <—J@>

= exp (—d iE(R) — —logdR

< exp (—d EE'(R)

where the last statement holds for d large enough. Now, we have used the bits arriving
before bit ¢ and those arriving after time [i/R]| 4+ d — d as common randomness. Since
the error probability is averaged over all values of this common randomness, Markov’s
inequality tells us that with high probability, any particular realization of the block code
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will have error probability upper bounded by

exp (—d ) (3.7)

for large enough d. Now, provided that d and d are large enough, while the ratio c?/ d is
small enough, we have that for most realizations of the block code of rate nearly R, the
error probability is very small (crucially, exponential in d), as in Eqn. (3.7).

5
@E(R)

At this point, we prove a lemma that shows that if the error probability of a block code
is exponentially decaying in the block length, the type of the input must have mutual
information across the channel W high enough to support nearly the rate. Using this
lemma, we can show that for our encoding system, for ¢ > 0 small,

P(Type of X[/HI*=1 = P I(P,W) >R—5) ~1, (3.8)

where the above means that the probability® tends to 1 with parameters d,glv chosen
properly. Therefore, the type of the input during the error event in (3.6) supports rate
R — § with high probability.

3. At this point, we perform a change-of-measure argument to get a lower bound on P, ;(d).
We already know from the arguments in [37] that

Pu (B(d) # B)) > Pw (B/(d) # B;)
P, (é{(d) ” Bi> > h;! (i%) .

Using (3.8) and a straightforward change of measure argument, we can show that

S R e )

Taking, limits as d, d get large and Elv/ d gets small (less than €/2) yields that

E(C)< max D(V|W|P),
P:I(PW)>R—e

which completes the proof.

SNote that since the code does not have feedback, the channel inputs depend only on the bits arriving at
the encoder. Therefore, probability statements about the type of the input do not depend on the channel.
For codes with feedback, probability statements about the input to the channel necessarily also depend on
the channel, and hence this proof cannot be used to prove the same result for codes with feedback.



83

3.6.1 The relationship between £, E and E), for the Z-channel

We have the following properties, which were alluded to earlier, of E (R) when W is a Z-
channel.

Proposition 6. If W is a Z-channel with crossover probability § € (0, 1),

. En(R) 1
lim > > 2, 3.9
R=Cz(5) Esy(R) — p*(0) — (3:9)
where p*(9) is the capacity achieving distribution’s probability on 1 and Cz(0) is the capacity
for W. Meanwhile,
E(R
lim (R)

=1.
R—Cz(5) Egy(R)

Equivalently, since both Eg,(R) and E(R) have zero first derivative at Cz(6),

d*E,,(R) _ PE(R) (3.10)
AR p_c,e) AR |pecy) '

The proofs of these two results can be found in the appendix on Z-channels (Appendix
B.2). We conjecture that (3.10) holds for any asymmetric DMC that has a unique capacity
achieving distribution. The lower bound of 2 for the family of Z-channels in (3.9) does
not extend to all asymmetric channels. One can see this by considering binary asymmetric
channels as the crossover probabilities go to the same value.

3.7 Concluding remarks

To conclude, we would like to reflect on why E (R) seems to be a good approximation to
E,(R) for rates very near capacity (at least for the Z-channel), but is much closer to Ej,(R)
for most rates. The improvement in E(R) from Ej,(R) is coming entirely from restricting the
set of P in the inner maximization of (3.1) to those that satisfy I(P,W) > R. When R is
very near capacity, the only P allowed are very close to the capacity achieving distribution
(which usually are far from degenerate). However, because mutual information is concave-N
in P, the derivative (or gradient) around the capacity achieving distribution is 0, and hence
any increase in the separation of R from capacity (at least initially) yields a large increase
in the set of allowable P. This issue is seen clearly in the form of a plot for the Z-channel,
as shown in Figure 3.10.
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Figure 3.10: A plot of I(P,W) when W is a Z-channel with crossover probability 1/2. The
capacity achieving P has P(X = 1) = 0.4 and C(WW) = 0.322 bits per channel use. Even if
R = 0.3, the set of P such that I(P,W) > Ris already any P with P(X = 1) € [0.267,0.545].
This is the reason why E(R) is a much better bound than E,(R) only for rates very near
capacity.
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Chapter 4

Lossy compression of arbitrarily
varying sources

4.1 Introduction

4.1.1 Motivation

The arbitrarily varying source (AVS) was introduced by Berger [4] as a source that samples
other ‘subsources’ under the control of an agent called a switcher. The AVS was used in
the model of an information-theoretic ‘source coding game’ between two players, the afore-
mentioned switcher and a coder. The goal of the coder was to encode the output of the
AVS to within a specified distortion, and the goal of the switcher was to make the coder use
as large a rate to attain the specified distortion as possible. Berger studied the adversarial
rate-distortion function (the rate the coder needs to achieve a target distortion regardless of
switcher strategy) under certain rules for the switcher. Primarily, [4] gives the rate-distortion
function when the switcher is not allowed to observe present or future subsource realizations.

The purpose of this chapter is to deepen understanding of the source coding game by
looking into variations where the capabilities of the switcher are enhanced. In [4], Berger
himself asks what happens to the rate-distortion function when the switcher is allowed to
‘cheat’ and observe present or future realizations of the subsources. In addition to tackling
this question, we further study scenarios where the switcher receives noisy observations of
the subsources or the switcher is not adversarial, but helpful.

As a motivation for studying the source coding game, Berger mentions that the results
might have application to situations where multiple data streams are multiplexed into a
single data stream. Another potential application is in the field of active sensing or active
vision [41], a subfield of computer vision in which sensors actively explore their environment
using information they have previously sensed.
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4.1.2 Active sources and causality

Active vision/sensing/perception [41] is an approach to computer vision, the main principle
of which is that sensors choose to explore their environment actively based on what they
currently sense or have previously sensed. As Bajcsy says it in [41], “We do not just see, we
look.” The contrast to passive sensors can be seen by comparing a fixed security camera (non-
active) to a person holding a camera (active). Even if the person is otherwise stationary, they
may zoom the camera into any part of their visual field to obtain a better view (e.g. if they see
a trespasser). Perhaps more concretely, cameras autonomously operated by algorithms and
principles developed in the field of computer vision fit into the category of ‘active sources’.
Another example of active sensing is a sequence of sensor-measurements that are dynamically
sampled by a distributed sensor network. Yet another is the case of measurements taken
by an autonomously moving sensor that chooses where to go in part based on what it is
observing.

Suppose one were to design a system which required compressing the output of an active
source. Standard rate-distortion theory [42] tells us that if we can model the source as a
stochastic process with suitable probabilistic structure (e.g. stationary and ergodic), we can
find its rate-distortion function and are guaranteed the existence of codes with rates that
approach the information-theoretic limit. However, for many active sources, such probabilis-
tic structure is difficult to establish because of the difficulty in precisely modelling the inner
workings of the source. This difficulty may arise, for example, due to the active source mak-
ing decisions using a complex algorithm that introduces memory in ways that are hard to
quantify (and hence make the source nonergodic). Alternatively, this difficulty might occur
because the entity controlling the active source has some degree of free will?.

At this point, we might relax the assumption of a known distribution for the source’s
output and turn to universal coding over some class of sources with limited structure (e.g. the
class of m-th order Markov processes). Going further, we could give up hope of specifying a
possible distribution for the source process and instead take an individual-sequence approach
to compression. Here, we are guaranteed the existence of universal coding algorithms such
as those based on the Lempel-Ziv algorithm ( [43], [44]) that asymptotically approach the
compression rate required for any particular individual sequence, as measured by the best
one can do with (arbitrarily large) finite-state coding systems.

The individual sequences/universal coding framework gives an answer to the algorithmic
question of how we might optimally encode and decode the source. In this paradigm, how-
ever, we cannot know in advance the actual number of bits per symbol needed to represent
the source output until the time of encoding. This lack of a priori knowledge would be
unacceptable to, e.g., the designer of a distributed control system in which rate must be pro-

'We use the terms active sensors, vision/video and sources interchangeably, but strictly speaking active
sensors and active vision are types of active sources.

2As an extreme example, consider accurately probabilistically modelling the output stream of a camera
operated by a human, even assuming a simple probabilistic model of the environment being filmed.
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visioned. For example, if we were to provision enough rate for reconstructing all individual
sequences with zero distortion, the required rate would be the log of the alphabet size. It
seems that requiring every individual sequence be accounted for gives high model generality
at the cost of excessive provisioning of rate.

In order to answer the question of how much rate to provision for an active source, while
allowing for flexibility in the model of the source, we propose to model it as an arbitrarily
varying source (AVS) and study its rate-distortion function. Bounds on the fixed-length
block coding rate-distortion function of an AVS give usable estimates for the designer of
a system wishing to know how much rate to provision for the transmission or storage of
a compressed active source. The key strength of an AVS model is that it allows for a
tradeoff between model generality and the corresponding tightness of the rate bounds for
compression provided by the model. Two basic ways to model the goals of the source are
worst case (adversarial) and helpful (joint optimization of active source and coding system),
which respectively correspond to upper and lower bounds to the rate needed to compress
the output of an active source.

We start with the notion that knowledge allows the switcher to use the switching mech-
anism to gain freedom from ambient distributions. In developing a suitable model for an
active source as an AVS, we would like to have simple ways of restricting the knowledge of
the switcher. This restriction should align with how the active source makes its decisions on
sampling from the environment. Causality of the decision making is an important restriction,
as there is the possibility that the source has noncausal information about the environment.
For example, a cameraman at a sporting event generally has only causal knowledge of the
environment. A cameraman on a movie set, however, has noncausal information about the
environment through the script. The noncausal information can be advantageous to the cam-
eraman in (actively) capturing the important features of a scene. Additionally, it may be
that the entity controlling the source does not have perfect knowledge of the subsources, i.e.,
it observes the sources noisily. In general, the more power/knowledge given to the switcher,
the larger the gap between the upper and lower bounds on the rate-distortion function.
These various ways of modelling the switcher allow us to quantify this intuition through a
tradeoff between model generality and potential conservatism in rate provisioning.

There are many issues to consider in the study of lossy compression for active sources,
but we concentrate here entirely on the simplest aspect of the problem: what is the impact
on the rate-distortion function of having the source being actively sampled by an entity that
knows something about the realizations of the environment? Thus, we assume a simplified
traditional rate-distortion setting with known finite alphabets and bounded distortion mea-
sures. The goal is the traditional block-coding one: meet an average distortion constraint
using as little rate as possible. Admittedly, the most interesting practical problems involve
subsources with memory, but following tradition® and for simplicity, we first focus in this

3See ( [42], Section VIL.) for an account of the slow pace that rate-distortion theory impacted practical
compression applications during its first 25 years.
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Switcher model R(D)
Strictly causal (adversarial) | Berger [4]
Noncausal (adversarial) Section 4.3
Noncausal noisy .
observations (adversarial) Section 4.4
Noncausal (helpful) Section 4.5

chapter on memoryless subsources to understand the basic differences between active and
non-active sources for lossy compression.

4.1.3 Contributions

Intuitively, a strictly causal adversary switching amongst memoryless sources is no more
threatening than a switcher that randomly switches. This intuition was proved correct in [4]
by Berger as he determined the rate-distortion function for memoryless subsources and a
strictly causal adversarial model. Section 4.3 gives the rate-distortion function for an AVS
when the adversary has noncausal access to realizations of a finite collection of memory-
less subsources and can sample among them. As shown in Theorem 9, the rate-distortion
function for this problem is the maximization of the rate-distortion function over the IID
sources the adversary can simulate. The adversary requires only causal information to im-
pose this rate-distortion function. This establishes that when the subsources are memoryless,
the rate-distortion function can strictly increase when the adversary has knowledge of the
present subsource realizations, but no further increase occurs when the adversary is allowed
knowledge of the future realizations.

In order to give more ways to restrict the knowledge of the switcher, we then extend
the AVS model to include noisy or partial observations of the subsource realizations and
determine the rate-distortion function for this setting in Section 4.4. As shown in Theorem
10, the form of the solution is the same as for the adversary with clean observations, with the
set of attainable distributions essentially being related to the original distributions through
Bayes’ rule.

Next, Section 4.5 changes the perspective from the traditional adversarial setting to a
cooperative setting. It explores the problem when the goal of the switcher is to help the coder
achieve a low distortion. Theorem 11 gives a characterization of the rate-distortion functions
if the helper has access to future realizations in terms of the rate-distortion function for an
associated lossy compression problem. As a corollary, we also give bounds for the cases of
causal observations and noisy observations. However, for most helpful switcher settings, a
tight characterization of the rate-distortion function is lacking.

Simple examples illustrating these results are given in Section 4.6. In Section 4.7, we
discuss how to compute the rate-distortion function for arbitrarily varying sources to within
a given accuracy using the uniform continuity of the IID rate-distortion function. This task
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needs some discussion because of the fact that the IID rate-distortion function is generally
nonconcave as a function of the distribution [45]. The main tool there is an explicit bound on
the uniform continuity of the IID rate-distortion function that is of potentially independent
interest, as we use it to quickly analyze the behavior (in probability) of a simple rate-
distortion estimator for IID sources. Finally, we conclude in Section 4.8. The results of
this chapter appear in [46], which is to be published in IEEE Transactions on Information
Theory.

4.2 Problem Setup

4.2.1 Notation

Let X and X be the finite source and reconstruction alphabets respectively. Let x" =
(x1,...,2,) denote a vector from X" and X" = (71, ...,T,) a vector from X", When needed,
x* = (z1,...,z;) will be used to denote the first k symbols in the vector x".

Letd: X x X — [0, d*] be a distortion measure on the product set X’ x X with maximum
distortion d* < co. Let

d= min  d(z,7 4.1
(z,7): d(z,2)>0 ( ) ( )

be the minimum nonzero distortion. Define d,, : X™ x X™ — [0, d*] for n > 1 to be

d x" An Zd xk,xk

Let P(X) be the set of probability distributions on X, let P,(X) be the set of types
(see [21], [47]) of length-n strings from X, and let W be the set of probability transition
matrices from X to X. Let pxn € Pn(X) be the empirical type of a vector x". For a
p € P(X), let

Dinin( Zp )mind(z, )

zeX zeX

be the minimum average distortion achievable for the source distribution p. The (functional)
IID rate-distortion function of p € P(X) at distortion D > Dy, (p) with respect to distortion
measure d is defined to be

R(p, D) = womn I(p,W),

where W(p, D) is a set of admissable probability transition matrices,

W(p, {W DY p(@)W (@) (,@)gD}

TE€EX e ¥
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and I(p, W) is the mutual information?

Y ﬂm[mmq
S W)G)
with (pW)(Z) = > crp(@)W(Z]2). Let B = {x"(1),...,X"(K)} be a codebook with K
length-n vectors from X", Define

d,(x"; B) = min d,(x",X").

xneB

If B is used to represent an IID source with distribution p, then the average distortion of
B is defined to be

> st [ [on) = By ldntos B

For n > 1, D > Dyuin(p), let K(n, D) be the minimum number of codewords needed
in a codebook B C X" so that d(p; B) < D. By convention, if no such codebook exists,
K(n,D) = co. Let the (operational) rate-distortion function® of an IID source be R(D) =
limsup,, = In K'(n, D). Shannon’s rate-distortion theorem ( [48], [49]) states that for all n,
LInK(n,D) > R(p, D) and

1
limsup —In K (n, D) = R(D) = R(p, D).

n—oo T

4.2.2 Arbitrarily varying sources

As mentioned earlier, the AVS is a model of a source in the ‘source coding game’ introduced
by Berger in [4]. The two players are called the ‘switcher’ and ‘coder’. In a coding context,
the coder corresponds to the designer of a lossy source code and the switcher corresponds to
a potentially malicious adversary selecting symbols to be encoded.

Fig. 4.1 shows a model of an AVS. There are m IID ‘subsources’ with common alphabet
X. In [4], the subsources are assumed to be independent, but that restriction turns out not
to be required®. There can also be multiple subsources governed by the same distribution. In
that sense, the switcher has access to a list of m subsources, rather than a set of m different
distributions. The marginal distributions of the m subsources are known to be {p;}}", and

4We use natural log, denoted In, and nats in most of the chapter. In examples only, we use bits.

®We define R(Dmin(p)) = limpp,,.p») R(D). This is equivalent to saying that a sequence of codes
represent a source to within distortion D if their average distortion is tending to D in the limit. The only
distortion where this distinction is meaningful is Dy (p).

6In [4], the motivation was multiplexing data streams and independence is a reasonable assumption, but
the proof does not require it.
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Figure 4.1: A class of models for an AVS. The switcher can set the switch position according
to the rules of the model.

we let G = {p1,...,pm}. Let P(x11,...,2y,1) be the joint probability distribution for the
IID source {(214,...,Tmx)}k>1. Fix an n > 1 and consider a block of length n. We let
71 denote the output of the [ subsource at time k. We will use x? to denote the vector
(11, ..., x1n). At each time k, the AVS outputs a letter z; which is determined by the
position of the switch inside the AVS. The switch positions are denoted s™ = (s1,...,55)
with s, € {1,2,...,m} for each 1 < k <n. With this notation, x; =z, ; for 1 <k <n.

The switcher can set the switch position according to the rules for the AVS. In the next
few sections, we will discuss different rules for the switcher, particularly different levels of
causality in knowledge of the subsource realizations. The switcher may or may not have
knowledge of the codebook, but this knowledge turns out to be inconsequential for the
worst-case rate-distortion function.

The coder’s goal is to design a codebook B of minimal size to represent x" to within
distortion D on average. The codebook must be able to do this for every allowable strategy
for the switcher according to the model. Define

Eld,(x";B)] < D
M(n,D) =min< |B|: for all allowable
switcher strategies

Here, E[d, (x"; B)] is defined to be > _. (D> .. P(s",x")) d,(x"; B), where P(s",x") is an
appropriate probability mass function on {1,...,m}™ x X™ that agrees with the model of
the AVS. We are interested in the exponential rate of growth of M (n, D) with n, and so we
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define the rate-distortion function of an adversarial AVS to be

1
R(D) = limsup — In M(n, D).
n—oo N
In every case considered, it will also be clear that R(D) = liminf, . 1 InM(n, D). For
notational convenience, we only refer to the rate-distortion function as R(D), removing its
dependence on the subsource distributions as well as all the different cases of switcher power.

4.2.3 Literature Review

Before presenting the results of this chapter, let us consider some of the relevant results
about rate-distortion for arbitrarily varying sources, starting with IID sources.

One IID source Suppose m = 1. Then there is only one IID subsource p; = p and
the switch position is determined to be s, = 1 for all time. This is exactly the classical
rate-distortion problem considered by Shannon [48], and he showed

R(D) = R(p, D).

Computing R(p, D) can be done with the Blahut-Arimoto algorithm [47], and also falls under
the umbrella of convex programming.

Compound source Now suppose that m > 1, but the switcher is constrained to choose
s =s €{l,...,m} for all k. That is, the switch position is set once and remains constant
afterwards. Sakrison [50] studied the rate-distortion function for this class of compound
sources and showed that planning for the worst subsource is both necessary and sufficient.
Hence, for compound sources,

R(D) = R(p. D).
(D) max (p, D)

Recall that G = {p1,...,pm} is the set of marginal distributions of the m subsources. This
result holds whether the switch position is chosen with or without knowledge of the realiza-
tions of the m subsources. Here, R(D) can be computed easily since m is finite and each
individual R(p, D) can be computed.

Strictly causal adversarial source In Berger’s setup [4], the switcher is allowed to
choose s; € {1,...,m} arbitrarily at any time & , but must do so in a strictly causal manner
without access to the current time step’s subsource realizations. More specifically, the switch
position sy is chosen as a (possibly random) function of (sy, ..., sx_1) and (xy,..., 25 1). The
conclusion of [4] is that under these rules,

R(D) = max R(p, D), (4.2)

peg
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where G is the convex hull of G. Tt should be noted that this same rate-distortion function
applies in the following cases [4]:

e The switcher chooses s at each time k£ without any observations at all.
e The switcher chooses s, as a function of the first £ — 1 outputs of all m subsources.

Note that in (4.2), evaluating R(D) involves a maximization over an infinite set, so the
computation of R(D) is not trivial since R(p, D) is not necessarily a concave-N function. A
simple, provable, approximate (to any given accuracy) solution is discussed in Section 4.7.

4.3 R(D) for the cheating switcher

In the conclusion of [4], Berger poses the question of what happens to the rate-distortion
function when the rules are tilted in favor of the switcher. Paraphrasing Berger:

As another example, suppose the switcher is permitted to observe the candidates
for x), generated by each [subsource] before (randomly) selecting one of them. Then
it can be shown that [R(D) (except in certain special cases) strictly increases]. The
determination of R(D) under these rules appears to be a challenging task.

Suppose that the switcher were given access to the m subsource realizations before having
to choose the switch positions; we call such a switcher a ‘cheating switcher’. In this chapter,
we deal with two levels of noncausality and show they are essentially the same when the
subsources are IID over time:

e The switcher chooses s based on the realizations of the m subsources at time k. We
refer to this case as 1-step lookahead for the switcher.

e The switcher chooses (si,...,s,) based on the entire length-n realizations of the m
subsources. We refer to this case as full lookahead for the switcher.

Theorem 9. Define the set of distributions

> ey p(x) > P(Y iz €V)
C=<p : V'V such that : (4.3)
yCcXx

where the event {V l,x; € V} is shorthand for {(x1,...,xy) 2, € V,l =1,...,m}. Also,
define B
R(D) £ max R(p, D).
peC
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For a general set of distributions Q@ C P(X), let Dinin(Q) = suppcg Dmin(p). Suppose the
switcher has either 1-step lookahead or full lookahead. In both cases, for D > Dpyin(C),

For D < Dyin(C), R(D) = oo by convention because the switcher can simulate a distri-
bution for which the distortion D 1is infeasible for the coder.

Remarks:

e In non-degenerate cases, G is a strict subset of C, and thus R(D) can strictly increase
when the switcher is allowed to look at the present subsource realizations before choosing
the switch position.

e As a consequence of the theorem, we see that when the subsources within an AVS are
IID, knowledge of past subsource realizations is useless to the switcher, knowledge of
the current step’s subsource realizations is useful, and knowledge of future subsource
realizations beyond the current step is useless if 1-step lookahead is already given.

e Note that computing E(D) requires the further discussion given in Section 4.7, just as
it does for the strictly causal case of Berger.

Proof: We give a short outline of the proof here. See Appendix C.1 for the complete
proof. To show R(D) < R(D), we use the type-covering lemma from [4]. It says for a fixed
type p in P,(X) and € > 0, all sequences with type p can be covered within distortion D
with at most exp(n(R(p, D) + €)) codewords for large enough n. Since there are at most
(n + 1)I*! distinct types, we can cover all n-length strings with types in C with at most
exp(n(R(D) + %'ln(n + 1) + €)) codewords. Furthermore, we can show that types not
in C occur exponentially rarely even if the switcher has full lookahead, meaning that their
contribution to the average distortion can be bounded by d* times an exponentially decaying
term in n. Hence, the rate needed regardless of the switcher strategy is at most R(D) + ¢
with € > 0 arbitrarily small.

Now, to show R(D) > R(D), we describe one potential strategy for the adversary. This
strategy requires only 1-step lookahead and it forces the coder to use rate at least E(D)
For each subset V C X with V # 0 and |V| < m, the adversary has a random rule f(-|V),
which is a probability mass function (PMF) on V. At each time k, if the switcher observes
a candidate set {1 ,...,Tm}, the switcher chooses to output z € {z14,..., Ty} with
probability f(z[{z1 ..., Zmz}). If BOV) = P{x1p ... Tmi} = V), let

p(-) =22y BV f(V),
D2 peP : f(:]V)isaPMF onV, : (4.4)
VVst. VCX, [V <m
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D is the set of IID distributions the AVS can ‘simulate’ using these memoryless rules requiring
1-step lookahead. It is clear by construction that D C C. Also, it is clear that both
C and D are convex sets of distributions. Lemma 28 in Appendix C.1 uses a separating
hyperplane argument to show D = C. The adversary can therefore simulate any IID source
with distribution in C and hence R(D) > R(D).

Qualitatively, allowing the switcher to ‘cheat’ gives access to distributions p € C which
may not be in G. Quantitatively, the conditions placed on the distributions in C are precisely
those that restrict the switcher from producing symbols that do not occur often enough on
average. For example, let V = {1} where 1 € X, and suppose that the subsources are
independent of each other. Then for every p € C,

p(1) = [ ()

[T, pi(1) is the probability that all m subsources produce the letter 1 at a given time. In
this case, the switcher has no option but to output the letter 1, hence any distribution the
switcher mimics must have p(1) > [[;%, mi(1). The same logic can be applied to all subsets
V of X.

4.4 Noisy observations of subsource realizations

A natural extension of the AVS model of Fig. 4.1 is to consider the case when the adversary
has noisy access to subsource realizations through a discrete memoryless channel. Suppose
we let the switcher observe y; at time k, which is probabilistically related to the subsource
realizations through a discrete memoryless multiple access channel W by

W(yk|f1,k, Toky - ,$m,k)-

Since the subsource probability distributions are already known, through an application
of Bayes’ rule, this model is equivalent to one in which the switcher observes a state, ¢ = yy,
noiselessly. Namely,

Pr(zig =1, .., Tmp = Tty = 1) =
P(xy,...,x;m)W(tlzy, ..., zm)
S Wil )P )

Conditioned on the state, the m subsources emit symbols independent of the past according
to a conditional distribution. This model is depicted in Fig. 4.2.

The overall AVS is comprised now of a ‘state generator’ and a ‘symbol generator’ that
outputs m symbols at a time. The state generator produces the state t; at time k£ from a finite
set 7. We assume the states are generated 11D across time with distribution «(¢). At time k,
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Xy 1, X500
t, .. | T Ton X1, Xopees
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Generator “|Generator

Switch
Selection|

Figure 4.2: A model of an AVS encompassing both cheating and non-cheating switchers. Ad-
ditionally, this model allows for noisy observations of subsource realizations by the switcher.

the symbol generator outputs (1, ..., Tmy) according to P(z1,. .., Tmi|te). This model
allows for correlation among the subsources at a fixed time. Let p;(-|t),l = 1,...,m, be the
marginals of this joint distribution so that conditioned on ¢, ;) has marginal distribution
pi(-|tr). For afixed t € T, let G(t) = conv(pi(-[t), ..., pm(:[t)).

The switcher can observe states either with full lookahead or 1-step lookahead, but these
two cases will once again have the same rate-distortion function when the switcher is an
adversary. So assume that at time k, the switcher chooses the switch position s, with
knowledge of t", x5 ... x%1 The strictly causal and 1-step lookahead switchers with
noiseless subsource observations can be recovered as special cases of this model. If the
conditional distributions p;(z|t) do not depend on ¢, the strictly causal switcher is recovered.
The full lookahead switcher with noiseless subsource observations is recovered by setting
T = X™ and letting p;(z|t) = 1(z = t(I)) where the state ¢t is an m dimensional vector
consisting of the outputs of each subsource.

With this setup, we have the following extension of Theorem 9.

Theorem 10. For the AVS problem of Fig. 4.2, where the adversary has access to the states
either with 1-step lookahead or full lookahead,

R(D) = max R(p, D), (4.5)

peDstutes

where
() = e a@)f()
D=\ " S T ) (46)

Proof: See Appendix C.2.

One can see that in the case of the cheating switcher of the previous section, the set D of
(4.4) equates directly with Dgates of (4.6). In that sense, from the switcher’s point of view,
D is a more natural description of the set of distributions that can be simulated than C.
Again, actually computing R(D) in (4.5) falls into the discussion of Section 4.7.
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4.5 The helpful switcher

Arbitrarily varying sources and channels have generally been associated with adversarial
source and channel coding, but in this section, we consider the helpful cheating switcher to
more thoroughly explore the information-theoretic game established in [4]. The goal of the
helpful switcher is to help the coding system achieve low distortion. The model is as follows:

e The coder chooses a codebook that is made known to the switcher.

e The switcher chooses a strategy to help the coder achieve distortion D on average with
the minimum number of codewords. We consider the cases where the switcher has full
lookahead or 1-step lookahead.

As opposed to the adversarial setting, a rate R is now achievable at distortion D if there exist
switcher strategies and codebooks for each n with expected distortion at most D and the
rates of the codebooks tend to R. The following theorem establishes R(D) if the cheating
switcher has full lookahead.

Theorem 11. Let X* = {V C X :V £0,[V| <m}. Let p: X* x X — [0,d*] be defined by

p(V, ) = min d(z,T).
Let Vi = {14, ..., Tmpi} for all k. Note that V;,i = 1,2, ... is a sequence of IID random vari-
ables with distribution B(V) = P({z11,...,2m1} = V). Let R*(B3, D) be the rate-distortion
function for this new IID source with distribution [ at distortion D with respect to the dis-
tortion measure p(-,-). For the helpful cheating switcher with full lookahead,

R(D) = R*(3, D). (4.7)

Proof: Rate-distortion problems are essentially covering problems, so we equate the
rate-distortion problem for the helpful switcher with the classical covering problem for the
observed sets V;. If the switcher is helpful, has full lookahead, and knowledge of the codebook,
the problem of designing the codebook is equivalent to designing the switcher strategy and
codebook jointly. At each time k, the switcher observes a candidate set V), and must select an
element from V. For any particular reconstruction codeword X", and a string of candidate
sets (V1, Vs, ..., V,), the switcher can at best output a sequence x™ such that

SN I -
dn(xn7X ) = ﬁ Zp<vk737k)
k=1



98

Hence, for a codebook B, the helpful switcher with full lookahead can select switch positions
to output x” such that, at best

n

1 .
d,(x";B) = min— » mind(z,Ty)
=B 1 £ zeV)

1 ~
=m0 B
Therefore, for the helpful switcher with full lookahead, the problem of covering the X space
with respect to the distortion measure d(-, -) now becomes one of covering the X* space with
respect to the distortion measure p(-,-).

Remarks:

e Computing R(D) in (4.7) can be done by the Blahut-Arimoto algorithm [21].

e In the above proof, full lookahead was required in order for the switcher to align the
entire output word of the source with the minimum distortion reconstruction codeword
as a whole. This process cannot be done with 1-step lookahead and so the R(D) function
for a helpful switcher with 1-step lookahead remains an open question, but we have the
following corollary of Theorems 9 and 11.

Corollary 1. For the helpful switcher with 1-step lookahead,
R*(8.D) < R(D) < min R(p, D)
pE

Proof: If the switcher has at least 1-step lookahead, it immediately follows from the
proof of Theorem 9 that R(D) < minyec R(p, D). The question is whether or not any lower
rate is achievable. We can make the helpful switcher with 1-step lookahead more powerful
by giving it n-step lookahead, which yields the lower bound R*(j, D).

An example in Section 4.6.2 shows that in general, we have the strict inequality R*(5, D) <
min,ec R(p, D).

One can also investigate the helpful switcher problem when the switcher has access to
noisy or partial observations as in Section 4.4. This problem has the added flavor of remote
source coding because the switcher can be thought of as an extension of the coder and
observes data correlated with the source to be encoded. However, the switcher has the
additional capability of choosing the subsource that must be encoded. For now, this problem
is open and we can only say that R(D) < min,ep,,,,.. R(p, D).

4.6 Examples

We illustrate the results with several simple examples using binary alphabets and Hamming
distortion, i.e., X = X = {0,1} and d(z,7) = 1(x # ). Recall that the rate-distortion
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function of an IID binary source with distribution (1 — p, p), p € |0, %] is

where hy(p) is the binary entropy function (in bits for this section).

Bernoulli Xi1 X2+
1/4 *
X1y Xypeun
—
Bernoulli X510 %20+ o
1/3
2y Zyy-e |"T"| tll tzr-- Switch
Selection

Figure 4.3: Two independent Bernoulli subsources, which produce 1’s with probabilities 1/4
and 1/3.

4.6.1 Bernoulli 1/4 and 1/3 sources

Consider the example shown in Fig. 4.3 where the switcher has access to two independent 11D
Bernoulli subsources. Subsource 1 outputs 1 with probability 1/4 and subsource 2 outputs 1
with probability 1/3, so p; = (3/4,1/4) and py = (2/3,1/3). At time 4, the switcher is given
access to an observation t, = T'(xyx, T2k, 2x) Where T is a function and zj is independent
noise (that is, the switcher observes a potentially noisy version of the subsource realizations).

First, we consider the switcher as an adversary in the traditional strictly causal setting
of [4] and the 1-step lookahead setting, where switcher has the subsource realizations t; =
(21, xa ) before choosing the switch position. For any time £,

3 2 1
P — — — _— — = —
1 1 1
(T1h = 220 = 1) 4 3 12
1 1 )
P = 1 = l-c-=5==
({IL’“ [EQ’k} {07 }) 2 12 12

If the switcher is allowed 1-step lookahead and has the option of choosing either 0 or
1, suppose the switcher chooses 1 with probability f;. The coder then sees an IID binary
source with a probability of a 1 occurring being equal to:

1 5}
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By using f; as a parameter, the switcher can produce 1’s with any probability between
1/12 and 1/2. The attainable distributions are shown in Fig. 4.4. The switcher with
lookahead can simulate a significantly larger set of distributions than the strictly causal
switcher, which is restricted to outputting 1’s with a probability in [1/4,1/3]. Thus, for the
strictly causal switcher, R(D) = hy(1/3) — hy(D) for D € [0,1/3] and for the switcher with
1-step or full lookahead, R(D) =1 — hy(D) for D € [0,1/2].

We now look at several variations of this example to illustrate the utility of noisy or
partial observations of the subsources for the switcher. In the first variation, the switcher
observes the mod-2 sum of the two subsources ¢, = x1 ; ® 2 ;. Theorem 10 then implies that
R(D) = hy(1/3) — hy(D) for D € [0,1/3]. Hence, the mod-2 sum of these two subsources
is useless to the switcher in deciding the switch position. This is intuitively clear from the
symmetry of the mod-2 sum. If ¢, = 0, either both subsources are 0 or both subsources are
1, so the switch position doesn’t matter in this state. If £, = 1, one of the subsources has
output 1 and the other has output 0, but because of the symmetry of the mod-2 function,
the switcher’s prior as to which subsource output the 1 does not change and it remains that
subsource 2 was more likely to have output the 1.

In the second variation, the switcher observes the second subsource directly but not the
first, so t; = xo,; for all k. Using Theorem 10 again, it can be deduced that in this case
R(D) = 1—hy(D) for D € [0,1/2]. This is also true if ¢, = x; , for all 7, so observing just one
of the subsources noncausally is as beneficial to the switcher as observing both subsources
noncausally. This is clear in this example because the switcher is attempting to output as
many 1’s as possible. If ¢ = 1, the switcher will set the switch position to 2 and if ¢ = 0, the
switcher will set the switch position to 1 as there is still a chance that the first subsource
outputs a 1.

For this example, the helpful cheater with 1-step lookahead has a rate-distortion function
that is upper bounded by hy(1/12) — hy(D) for D € [0,1/12]. The rate-distortion function
for the helpful cheater with full lookahead can be computed from Theorem 11. In Fig. 4.5,
the rate-distortion function is plotted for the situations discussed so far.

Finally, consider an example where an adversarial switcher observes only the second
subsource through a binary symmetric channel with crossover probability § € [0,1/2], i.e.,
ty = X2, @ 2 Where z;, is a Bernoulli sequence that produces 1’s with probability 6. Applying
Theorem 10 again, it can be shown that if § € [0,2/5],

1 5) 1 5)
)= (- 30) oy, pe fo - 2
and if § € [2/5,1/2],

R(D) = hy G) (D), D€ [o, %] |

Here, increasing ¢ decreases the switcher’s knowledge of the subsource realizations. Some-
what surprisingly, the utility of the observation is exhausted at § = 2/5, even before the state
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0Strictly causal knowledge 1
1/4|1/3

IP(X=1)

1/12 / 1/2
Noncausal knowledge

Figure 4.4: The binary distributions the switcher can mimic. G is the set of distributions

the switcher can mimic with strictly causal access to subsource realizations, and C is the set
attainable with noncausal access.

R == Adversarial Cheating, R(D) = 1—hb(D)
0.9k - Adversarial Strictly Causal, R(D) = hb(1/3) - hb(D)
‘,‘ oo Helpful Strictly Causal, R(D) = hb(1/4) - hb(D)
0.8 AW Helpful 1-Step, R(D) = h, (1/12) - h, (D), upper bound
ol Y. = Helpful Full Lookahead

Rate (bits)
o o
S (&)

e
w

0.4 0.5

Figure 4.5: R(D) for the cheating switcher and the non-cheating switcher with Bernoulli 1/4
and 1/3 subsources. Also, the rate-distortion function for the examples of Fig. 4.3 where
ty = 1k D a2y and t, = To .
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and observation are completely independent at § = 1/2. This can be explained through the
switcher’s a posteriori belief that the second subsource output was a 1 given the state. If the
switcher observes ¢, = 1 and § < 1/2, p(xex = 1|t = 1) > 1/3 > 1/4 so the switch position
will be set to 2. When the switcher observes t; = 0, if § < 2/5, p(xoy = 1|t;, = 0) < 1/4, so
the switch will be set to position 1. However, if 6 > 2/5, p(xo) = 1|ty = 0) > 1/4, so the
switch position will be set to 2 even if t = 0 because the switcher’s a posteriori belief is that
the second subsource is still more likely to have output a 1 than the first subsource. Fig. 4.6
shows R(D) for this example as a function of ¢ for two values of D.

0.2
0.18f

0.16}f

R(D), D = 1/4

Ooosf~ = ===l
0.06} T
s ~
0.04} Ts
) . R(D),D=1/3
.,
0.02} N
.,
G -
0 0.1 02 0.3 04 05

Figure 4.6: R(D) as a function of the noisy observation crossover probability ¢ for D = 1/3
and D = 1/4 for the example of Fig. 4.3 with t; = z2 & 2 and 2z, ~ B(9).

4.6.2 Two Bernoulli 1/2 subsources

Suppose m = 2, and the subsources are independent Bernoulli 1/2 IID processes. For this
example, the rate-distortion function is R(D) = 1 — hy(D) for D € [0,1/2] whether the
adversarial switcher is strictly causal, causal or noncausal. When the helpful switcher has
1-step lookahead, R(D) < Ry(D) = hy(1/4) — hy(D) for D € [0,1/4]. One can also think
of this upper bound as being the rate-distortion function for the helpful switcher with 1-
step lookahead that is restricted to using memoryless, time-invariant rules. Using Theorem
9.4.1 of [17] and Theorem 11, one can show that when the switcher has full lookahead with

te = (T1k, T2k), .

R(D) = R*(8,D) = 5 [1 - (2D)], D € [0,1/4].
The plot of these functions in Fig. 4.7 shows that the rate-distortion function can be sig-
nificantly reduced if the helpful switcher is allowed to observe the entire block of subsource
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realizations. It is also interesting to note how the switcher with full lookahead helps the coder
achieve a rate of R*(f, D). In this example X* = {{0},{1},{0,1}}, p({0},2) = 1(0 # Z),
p({1},7) = 1(1 # ), p({0,1},7) = 0 and B = (1/4,1/4,1/2). The R*(8, D) achieving
distribution on X is (1/2,1/2), but R*(8, D) < 1— hy(D). The coder is attempting to cover
strings with types near (1/2,1/2) but with far fewer codewords than are needed to actually
cover all such strings. This problem is circumvented through the aid provided by the switcher
in pushing the output of the source inside the Hamming D-ball of a codeword. This is in
contrast to the strategy that achieves Ry(D), where the switcher makes the output an IID
sequence with as few 1’s as possible and the coder is expected to cover all strings with types

near (3/4,1/4).

Helpful with full lookahead

Helpful with 1-step lookahead,
upper bound

Adversarial

0 0.1 0.2 0.3 0.4 0.5

Figure 4.7: The R(D) function for an AVS with two Bernoulli 1/2 sources when the switcher
is helpful with full lookahead. For 1-step lookahead, the upper bound is shown.

4.7 Computing R(D) for an AVS

The R(D) function for an adversarial AVS with either causal or noncausal access to the
subsource realizations is of the form

R(D) = . R(p, D), (4.8)

where Q is a set of distributions in P(X). In (4.2), (4.3), and (4.6) Q is defined by a
finite number of linear inequalities and hence is a polytope. The number of constraints in
the definition of Q is exponential in |X| or |7T| when the adversary has something other
than strictly causal knowledge. Unfortunately, the problem of finding R(D) is not a convex
program because R(p, D) is not a concave-N function of p in general. In fact, R(p, D) may
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not even be quasi-concave and may have multiple local maxima with values different from
the global maximum, as shown by Ahlswede [45].

Since standard convex optimization tools are unavailable for this problem, we consider the
question of how to approximate R(D) to within some (provable) precision. That is, for any
e > 0, we will consider how to provide an approximation R, (D) such that |R,(D)—R(D)| < e.
Note that for fixed p, R(p, D) can be computed efficiently by the Blahut-Arimoto algorithm
to any given precision, say much less than e. Therefore, we assume that R(p, D) can be
computed for a fixed p and D. We also assume D > D, (Q) since otherwise R(D) = oo.
Checking this condition is a linear program since Q is a polytope and D, (p) is linear in p.

We will take a ‘brute-force’ approach to computing R(D). That is, we wish to compute
R(p, D) for (finitely) many p and then maximize over the computed values to yield R,(D).
Since R(p, D) is uniformly continuous in p, it is possible to do this and have |R,(D)—R(D)| <
€ provided enough distributions p are ‘sampled’. Undoubtedly, there are other algorithms to
compute R(D) that likely have better problem-size dependence. In this section, we are only
interested in showing that R(D) can provably be computed to within any required precision
with a finite number of computations.

4.7.1 Uniform continuity of R(p, D)

The main tool used to show that the rate-distortion function can be approximated is an
explicit bound on the uniform continuity of R(p, D) in terms of |[p—ql|[y = >, c» [p(z) —q(z)]
for distortion measures that allow for O-distortion to be achieved regardless of the source.
In [21], a bound on the continuity of the entropy of a distribution is developed in terms of

P — qlli-

Lemma 8 (Uniform continuity of entropy, [21]). Let p and q be two probability distributions
on X such that ||p — qlly < 1/2, then

|X]
|H(p) — H(q)| < [p— qlliIn ———.
Ip —allx

In the following lemma, a similar uniform continuity is stated for R(p, D). The proof
makes use of Lemma 8.

Lemma 9 (Uniform continuity of R(p, D)). Let d: X x X — [0, d*] be a distortion function.
d is the minimum nonzero distortion from (4.1). Also, assume that for each x € X, there is
an Zo(x) € X such that d(z,20(x)) = 0. Then, for p,q € P(X) with ||p — q||; < %, for any
D >0, R
X1 X

Td*
R(p,D) — R(q,D)| < —=|lp —q|i In ———.
| B(p, D) — R(q, D)| p I — alls ip—dlh

(4.9)
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Proof: See Appendix C.3.

The restriction that d(x,-) has at least one zero for every x can be relaxed if we are
careful about recognizing when R(p, D) is infinite. For an arbitrary distortion measure
d: X x X — [0,d*], define another distortion measure dy : X' x X — [0, d*] by

do(z,7) = d(z,7) — mind(x, 7).
Tex
Now let df = max, ; do(z,7) and c?o = MiN(y 5).dy(2,7)>0 do(7, 7). We have defined do(z, ) so
that Lemma 9 applies, so we can prove the following lemma.

Lemma 10. Let p,q € P(X) and let D > max(Duin(p), Dmin(q))- If |lp — gl < do/4d",

11d* X[ X
|R(p, D) = R(q, D)| < —=—|lp = gl In 7 ——~.
do lp = qllx
Proof: See Appendix C.4.
As ||p — q]|1 goes to 0, —In ||p — ¢||1 goes to infinity slowly and it can be shown that for
any ¢ € (0,1) and v € [0,1/2],

XX X||xN°
ln||H§(||| )

v ed

(4.10)

In the sequel, we let f(7) =~In % for v € [0,1/2] with f(0) = 0 by continuity. It can
be checked that f is strictly monotonically increasing and continuous on [0, 1/2] and hence
has an inverse function g : f([0,1/2]) — [0,1/2], i.e., g(f(y)) = 7 for all v € [0,1/2]. Note
that g is not expressible in a simple ‘closed-form’, but can be computed numerically. Also,
by inverting (4.10), we have a lower bound on g¢(r) for any r € [0, f(1/2)] and § € (0, 1),

1/(1-6)

g(r) = S — : (4.11)

(12112)"

4.7.2 A bound on the number of distributions to sample

Returning to the problem of computing R(D) in (4.8), consider the following simple algo-
rithm. Without loss of generality, assume X = {1,2,...,|X|}. Let v € (0,1) and let yZ*I~*
be the |X| — 1 dimensional integer lattice scaled by 7. Let O = [0, 1]*1=1 N ~yZ!¥I~-1. Now,
define _
dqeOst.
O=qq€ePX): qi) =q@),i=1,...,|X -1,
q(|X]) =1 - Eyﬂlﬂ)zo
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In words, sample the |X| — 1 dimensional unit cube, [0,1]¥/=! uniformly with points
from a scaled integer lattice. Embed these points in RI*! by assigning the last coordinate of
the new vector to be 1 minus the sum of the values in the original point. If this last value
is non-negative, the new point is a distribution in P(X). The algorithm to compute R, (D)
is then one where we compute R(p, D) for distributions ¢ € O that are in or close enough

to Q.

1. Fix a g € O. If minyeq ||p — ¢lli < 2|X|y, compute R(q, D), otherwise do not compute
R(q, D). Repeat for all ¢ € O.

2. Let R,(D) be the maximum of the computed values of R(q, D), i.e.,
R.,(D) = max {R(q, D):qe O,

il — all, <21x~ Y.
ggg”p qlly <2 Iv}

Checking the condition min,eg ||p — ¢lj1 < 72| X| is essentially a linear program, so it can be
efficiently solved. By setting v according to the accuracy € > 0 we want, we get the following
result.

Theorem 12. The preceding algorithm computes an approzimation R,(D) such that |R,(D)—

R(D)| <eif
< 1 Ed(]
T=9x? \11a )

The number of distributions for which R(q, D) is computed to determine R(D) to within
accuracy € is at most’

|¥]-1

Proof: The bound on N(e) is clear because the number of points in O is at most
([1/~] + 1)*I=1 and every distribution in O is associated with one in O, so |O] < |O].

Now, we prove |R,(D)— R(D)| < ¢. For this discussion, we let v = ﬁg <1€1dc(l)* ) First, for

all p € Q, thereisa g€ O with |[p—q|1 < g <1€f§§) = 2|X|y. To see this, let ¢(i) = L@J”y

"This is clearly not the best bound as many of the points in the unit cube do not yield distributions
on P(X). The factor by which we are overbounding is roughly |X|!, but this factor does not affect the
dependence on e.
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fori=1,...,|X| —1. Then § € O, and we let (i) = §(i) for i = 1,...,|X| — 1. Note that

|X]-1 |X]-1

alx) = 1= ai)=1-" V@J7

i=1 i=1 v
|X|-1

> 1—Zp p(|X]) >

Therefore ¢ € O and furthermore,

|1

lp—alli < [1=> (G- -p(X]) |+

i=1
|1

> (v |%7)5)

ed,
2(|X|—1)7§2|X|7§g< 0>'

11d*

By Lemma 10, R(q,D) > R(p,D) — e. This distribution ¢ (or possibly one closer to
p) will always be included in the maximization yielding R,(D), so we have R,(D) >
max,co R(p, D) —e = R(D) —e.

Conversely, for a ¢ € O, if min,eq ||p — ¢|l1 < 2|X|7y, Lemma 10 again gives

R(g, D) < max R(p, D) + ¢ = R(D) + ¢
pe

Therefore, |R,(D) — R(D)| < e. To get a sense of how N (¢) scales as € goes to 0, we can use

the bound of (4.11) with an arbitrary value of § € (0,1). For example, with 6 = 1/2, the
scaling becomes

|x|—1

2|X 1
ad P42

— O((1/€)2(|X\—1)>'

4.7.3 Estimation of the rate-distortion function of an unknown
I1ID source
An explicit bound on the continuity of the rate-distortion function has other applications.

Recently, Harrison and Kontoyiannis [51] have studied the problem of estimating the rate-
distortion function of the marginal distribution of an unknown source. Let py» be the
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(marginal) empirical distribution of a vector x™ € X™. They show that the ‘plug-in’ estimator
R(pxn, D), the rate-distortion function of the empirical marginal distribution of a sequence,
is a consistent estimator for a large class of sources beyond just IID sources with known
alphabets. However, if the source is known to be IID with alphabet size |X|, estimates of
the convergence rate (in probability) of the estimator can be provided using the uniform
continuity of the rate-distortion function.

Suppose the true source is IID with distribution p € P(X) and fix a probability 7 € (0, 1)
and an € € (0,In]X|). We wish to answer the question: How many samples n need to be
taken so that |R(pxn, D) — R(p, D)| < e with probability at least 1 —7? The following lemma
gives a sufficient number of samples n.

Lemma 11. Let d: X x X — [0, d*] be a distortion measure for which Lemma 9 holds. For
any p € P(X), 7 € (0,1), and € € (0,In]X]),

1
n>—~2(1n—+|X|1n2>. (4.12)
ed T
o (#)

Proof: From Lemma 9, we have

Td*

~\ 2
< 9 exp _gg (;j)

The last line follows from Theorem 2.1 of [52]. This bound is similar to, but a slight im-
provement over, the method-of-types bound of Sanov’s Theorem. Rather than an (n + 1)!*!
term, we just have a 21*! term multiplying the exponential. Taking In of both sides gives the
desired result.

We emphasize that this number n is a sufficient number of samples regardless of what the
true distribution p € P(X) is. The bound of (4.12) depends only on the distortion measure
d, alphabet sizes |X'| and |X|, desired accuracy € and ‘estimation error’ probability 7.

P(IR(px, D) — R(p.D)| > ¢) < P (prn ol ( c ))

4.8 Concluding remarks

In this chapter, we have seen how the rate-distortion function for an AVS is affected by
various constraints on the switcher’s knowledge involving causality and noise in observa-
tions (see Table 4.1). Several other natural constraints come to mind. First, there might
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Switcher model R(D)
Time-invariant (adversarial) [50] max,eg R(p, D)
Strictly causal (adversarial) [42] max,.g R(p, D)
Causal or noncausal (adversarial) max,ec R(p, D)

Casual or noncausal
noisy observations (adversarial)
Noncausal (helpful) R*(B8,D)

maXPED.states R(p’ D)

Table 4.1: Summary of results.

be a constraint on how much information the switcher has when making its decisions on
subsampling. This could be handled by performing an optimization in Theorem 10 over all
channels from the subsources to the state observations that satisfy a mutual information
constraint. Secondly, one might be interested in studying the rate-distortion function if the
switching speed is fixed or constrained in some way. Another interesting area to study might
be ‘mismatched objectives” where the switcher is trying to be helpful for some particular
distortion metric but the source is actually being encoded with a different metric in mind.
Here, some understanding of how the rate-distortion function behaves with continuity of the
metric might prove useful.

Finally, if the active sensor and coding system are part of a tightly delay-constrained
control loop, we would want to study these issues from the causal source code perspective
of [53]. It seems likely that the adversarial results of Theorems 9 and 10 would follow
straightforwardly with the same sets of distributions C and D, with the IID rate-distortion
function for noncausal source codes replaced by the IID rate-distortion functions for causal
source codes.
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Chapter 5

Conclusion

Let us now briefly look back on the contributions of this thesis and look forward to the
many interesting questions that remain. Chapters 2 and 3 focused on an upper bound to
the error exponent for two channel coding problems: fixed blocklength coding with feed-
back and fixed delay coding without feedback. The upper bound, called the Haroutunian
bound, has a noncausal interpretation. It assumes that a code may be able to predict future
channel behavior and adjust its input distribution accordingly, even though the channel is
memoryless. The Haroutunian exponent luckily evaluates to the sphere-packing exponent
for symmetric channels, but is strictly larger for asymmetric ones. It has been presumed
for both problems that the sphere-packing exponent is a valid upper bound to the error
exponent for all channels, but proving so ran into difficulty because little can be said about
the local input distribution used by an arbitrary code during the error event.

For block codes with feedback, the core difficulty is that the input distribution depends
on the channel behavior faced over the block through the feedback. However, the feedback
is causal, in the sense that an output is only produced after an input is put into the channel.
In Chapter 2, we documented several failed attempts made at circumventing this issue to
prove that sphere-packing must hold for block codes with feedback. Unable to make progress
for general codes, we then considered codes with feedback for which the input type is fixed
regardless of the output sequence. We showed that for these ‘fixed-type encoding tree’ codes,
the code appears to have the same input-output profile as a code without feedback when
one considers the conditional relationship between input and output sequences. This result
solidified the intuition that the only way a code with feedback could beat the sphere-packing
bound is by changing its input distribution according to the channel behavior it sees. Next,
we showed that if the feedback information is delayed, the sphere-packing exponent holds in
the limit of large delays in the feedback path. This result was reinterpreted by looking at
the Haroutunian exponent for a parallel channel constructed by using the original channel
T times independently. We showed that, surprisingly, the Haroutunian exponent for the
parallel channel converges to the sphere-packing exponent for the original channel as T' gets
large after normalization. In essence, this means that when grouping asymmetric channel
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uses together, the resulting channel looks more and more symmetric.

Ultimately, we were not able to show that the sphere-packing exponent holds for block
codes with feedback without placing restrictions on the encoder. Why is this? Perhaps it
is because beating the sphere-packing bound is possible with feedback over an asymmetric
channel, although we think it unlikely. In our estimation, more needs to be understood
about encoding trees with feedback. If they are not constrained to use fixed type inputs,
is it possible that they can recognize when an error is unavoidable and ‘give up’ to yield
something like the Haroutunian exponent? This seems unlikely because the Haroutunian
exponent minimizing channel will be a channel V' for which the capacity, C(V) is (almost)
equal to the rate R due to the convexity of capacity and conditional divergence. So, even if
part of the way through the block, the encoder realizes the channel W is behaving like V', it
cannot give up on decoding properly because for the rest of the block, the channel is likely
to behave like W. Because W has a capacity larger than R, a good code will make up for
poor channel behavior earlier in the block by using good channel behavior later in the block.
After all, the whole point of channel coding is to smooth out channel noise over long periods
of time. So we should not expect that the a good code will behave in such a way to yield
anything like the Haroutunian exponent.

Additional progress in the practical problem could be made by studying noisy feedback.
Much like delay, noise is an unavoidable hindrance in the feedback path of most systems. It
would be interesting to know if small amounts of noise in the feedback path can be used to
prove an upper bound to the error exponent much closer to the sphere-packing exponent for
asymmetric channels.

In Chapter 3, we studied fixed delay coding without feedback, another problem where
the Haroutunian exponent was the best known upper bound to the error exponent. In
fixed delay coding without feedback, there is no conceivable method by which a code could
tailor its input distribution for the channel behavior it faces because there is no feedback
information. Rather, the Haroutunian exponent comes up because little is known about
the input distribution over short periods of communication between when an individual bit
arrives at the encoder and when it is decoded. Using the result about the Haroutunian
exponent for parallel channels, we were able to show that the sphere-packing exponent holds
for fixed delay codes. While this is exactly what we wanted to prove, we should hope for
more. The proof of Section 3.5 yields only an asymptotic result. Ideally, we would like a
lower bound to the error probability for fixed delay codes with good constant factors, i.e.,

something of the form
log d log d
E — .
(o)) o (V)

Such a lower bound could then be turned around to give an upper bound on the maximum
rate of information that can be communicated for a given error probability and delay, akin
to the perspective of Polyanskiy et al. [11] for block coding.

P.(d,R) > exp (—d
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Finally, the Haroutunian exponent shows up as the best known upper bound to the error
exponent for message-passing decoding on VLSI circuitry [38]. Once again, like fixed delay
coding, one gets the Haroutunian bound because the local input type for the ‘neighborhood’
of channel outputs that a bit’s decoder sees is not known. The parallel channel trick used
for fixed delay codes does not work in this case, so it would seem that a new approach to
proving the sphere-packing bound for asymmetric channels must be devised.

The second part of the thesis continued the study of the source coding game and arbi-
trarily varying sources. In Berger’s paper [4], the question was asked of what happens to
the rate-distortion function for the adversarial arbitrarily varying source if the switcher has
noncausal knowledge of the memoryless subsources’ realizations. In Chapter 4, we character-
ized the R(D) function for this case, and extended it to allow for the switcher to have both
noisy and noncausal knowledge of subsource realizations. The characterization showed that
noncausal knowledge allowed the switcher to enlarge the set of distributions the output of
the AVS could ‘simulate’. We saw that knowledge of the future does not increase the R(D)
function any more once knowledge of present subsources realizations are given to the switcher
before deciding the switch position. We also studied the helpful switcher, who is trying to
help the coder use the lowest possible rate to achieve a specified distortion. There, we could
only characterize the R(D) function if the switcher was given fully noncausal knowledge of
subsource realizations. Finally, as an aside used for the computation of the R(D) function,
we proved a result about the uniform continuity of the rate-distortion function analogous to
one for entropy.

The big question for the future pertaining to arbitrarily varying sources is what happens
when the subsources have memory. Subsources with memory are of practical interest because
the sources that motivate the consideration of AVSs the most are video streams in active
vision. Dobrushin [54] has analyzed the case of the non-anticipatory AVS composed of in-
dependent subsources with memory with different distributions when the switcher is passive
and blindly chooses the switch position. In the case of subsources with memory, additional
knowledge will no doubt increase the adversary’s power to increase the rate-distortion func-
tion. If we let R*®)(D) be the rate-distortion function for an AVS composed of subsources
with memory and an adversary with k step lookahead, one could imagine that in general,

RO(D) < RY(D) < RP(D) < --- < R™)(D).

Results that can be evaluated with finite dimensional optimizations are especially desirable,
but it is not clear if they are attainable.
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Appendix A

Block coding appendix

A.1 Definitions and notation for Chapter 2

This section introduces the notation used throughout Chapter 2. However, for those familiar
with information theory, a glance through Tables 2.1 and 2.2 might suffice to read through
the chapter.

A.1.1 Alphabets, channels and distributions

The finite channel input and output alphabets are X and ) respectively. We let 2" =
(71,...,2,) denote a length n vector! from X" and similarly for y™. Uppercase versions
of symbols are generally meant to denote random variables. For example X" is a random
vector, while 2" is a fixed deterministic vector. We let P denote the set of distributions
(probability mass functions) on X and Q the set of distributions on ). A distribution P on
X is a vector of non-negative real numbers such that ) P(z) = 1.

A channel, or more formally, a channel transition matrix W, from X to ) is a non-
negative real matrix with X rows and ) columns with values denoted by W (y|z) for each
z € X,y €Y. The rows of W are distributions on Y, that is, >, W(y[z) =1 for all z € X.
We let W denote the set of channel transition matrices from X to ). Occasionally, we will
write V(:|z) to refer to the distribution on Y given by fixing x.

A.1.2 Types and conditional types

The concept and properties of types and conditional types is explained quite well in the
textbook of Csiszar and Korner [47], as well as the survey article on the method of types by

!Throughout the thesis, when we speak of vectors from X or ), we mean only tuples from the alphabet,
no formal algebraic vector space definition is implied. The only vector spaces in this thesis are real vector
spaces corresponding to the native spaces of distributions on X and ).
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Csiszar [32]. Here, we only define the notation as used in this thesis, assuming the reader is
familiar with the terms. We let P, C P be the set of types of X", i.e. the set of types of
length n vectors from X. For a type P € P,, Tp denotes the type class of P, i.e. the set of
vectors in X" with type P. Similarly, Q, C Q denotes the set of types of length n for ).

For a type P € P,, we let V,(P) denote the set of conditional types of length n ‘com-
patible’ with P. That is, if for each « that P(z) > 0, V(:|z) € Q,p), then V € V,(P).
Together, the pair (P, V') defines a joint type on X" x Y". For a vector =" of type P € P,
and conditional type V' € V,(P), define the V-shell around z", Ty (z™), to be the set of y™
such that

Vo, y, e : (s :;Z’yi = Y} = nP(z)V(y|x).

The V-shell for conditional types is analogous to the type class for types.

A.1.3 Functions on distributions and channels

Throughout this thesis, we will use log to denote the logarithm to base e, but the results can
apply to any base so long as the exponential function and logarithm are taken to the same
base. For a distribution P on an alphabet? X, we define the entropy of P to be

ZP log )

The conditional entropy of a channel V' and input distribution P is defined to be
1
HVIP) = 30 Pa) SV ole) g s = 3 P HIV ()
Yy T

The mutual information of input distribution P over channel V' is defined to be I(P,V) =
H(PV)— H(V|P) where PV denotes the distribution on ) given by

Vyel, ( ZP V(y|x).

If X and Y are random variables on X and ) respectively, the mutual information 7(X;Y)
is equal to the mutual information (P, V) where P is the distribution of X and V(y|z) =
P(Y = y|X = z) is the conditional probability. Throughout the thesis, the symbol P denotes
a relevant probability measure, which should be clear from context. The divergence® between
two distributions P and P on X is

D(P||P) = ZP ) log L)

P(z)

2The alphabet in these definitions is arbitrary, so long as it is finite.
By continuity, 0log 8 = 0,0log § = c0,0log 2 = 0.
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The conditional divergence between two channels V' and W when the input distribution is
P is

Viylz)

D(VI||W|P) P(x ) ||[W(-|x P(z)V(y|x)log .

(VIWIP) = 32 PO W () = 32 Plo)V o) o 0

The £, distance between two distributions P, P’ € P is

|1P =Py =) |P(x) = P'(x)].

A.1.4 Fixed blocklength channel codes

In our model, the communication medium is assumed to be a stationary discrete memoryless
channel (DMC) W. That means that at any time j € N,

VeeX,yel, Py(Y; =ylX; =) =W(ylz),

where the subscript in Py, is used to denote that the channel is W. Further the memoryless
portion of the definition can be taken to mean that for any 7 € N,

VeeX,yel,y eV PuY;=ylX;=2,Y " =y ") = W(yl|o).

A fixed blocklength channel code can either have feedback or not have feedback. In
either case, a fixed blocklength code has a blocklength n, message set M and decoding
regions {D,, }mem. Without loss of generality (WLOG), M = {1,...,|M|}, where |[M] is

referred to as the message set size or code size. The rate of the code is

1
R = —log|M|.
n

The decoding regions, D,,,m € M, are disjoint subsets of Y™ that cover Y". If Y" = y",
the decoder is assumed to produce a ‘decoded message’ of M = m, where y" € D,,.

A fixed blocklength n code without feedback consists of |[M| codewords in X™. The
codeword for message m is denoted by ¢(m) € X™ or equivalently, ¢(m) = x™(m) =
(x1(m),x2(m), ..., x,(m)), where x;(m) denotes the input symbol at time ¢ when the mes-
sage is m. For a given fixed blocklength n code without feedback, message m, and channel
output vector y",

n

Py (Y" = y"|M =m) = [[ W(y;|a;(m)),

j=1

where M = m denotes conditioning on the event that the random message M is equal to m.
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A fixed blocklength n code with (noiseless, delayless output) feedback? consists of | M|
encoding functions or encoding trees, which tell the encoder what input symbol to use
depending on the message and received channel outputs. For each m, at time i, if the past
received channel symbols are ¢!, then input is denoted z;(m,y*"!). For the whole block,
we use "(m,y") = (x1(m), zo(m,y'), ..., z,(m,y" ")) to denote the input vector when the
message is m and the output vector is y™ (note that the input vector does not actually
depend on the last received symbol y,, with this notation). We let P(m,y™) denote the type
of the input a™(m,y") when the message is m and received output vector is y™. We let
V(m,y™) denote the conditional type whose V-shell y™ lies in when the input is z"(m, y").
For a P € P,, U € V,(P), let for each m € M,

B(m,P,U) ={y" : P(m,y") = P,V(m,y")=U}.

For a fixed blocklength n code with feedback, channel output vector " and message m,

n

Pw (Y" =y"|M =m) = HW(yi‘xi(ma y' ).

i=1

Note that the definitions of P(m,y"), V(m,y") and B(m, P,U) are well defined for fixed-
length block codes without feedback as well. If the code does not have feedback, P(m,y")
and V (m,y") do not depend on y".

In the remainder of the thesis, we will refer to fixed blocklength channel codes as block
codes and fixed-length codes interchangeably. We will generally qualify if a result applies to
block codes with or without feedback. Of course, any block code without feedback is trivially
also a block code with feedback. For a given block code (either with or without feedback),
the (average) error probability” under channel V' is

1

Pe(v) = M

> Py (Y" ¢ Dy|M=m),
meM

and the (average) probability of correct reception under channel V' is

1

> Py (Y" €D, |M=m).
meM

4Later in the chapter, we will discuss the notation for fixed blocklength codes with noiseless, delayed
feedback.

5All the results for block codes in this thesis pertain to average error probability. Maximum error
probability is another criterion that leads to the same error exponent results for the block coding problems
studied in this thesis.
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A.2 Sphere-packing without feedback via method of
types

Theorem 1 (first part) of Section 2.3: Fix a 6 > 0. There is a finite ngp(W, J) such
that for n > ngp(W, d), any block code of length n and rate R without feedback has

! log P.(W) < Eg,(R —6) + 0.
n

Proof: By basic properties of types, we know that |P,| < (n + 1)I*l. We have

U MP)| =D IM(P)

PePy, PeP,

M| =

where M(P) = {m € M : ¢(m) € Tp}. By the pigeon-hole principle, there must then exist
a P € P, (depending on the code) such that

M|
M(P)| = CESIL
Now, we have
1 N n
Po(W) = Y PY" ¢ Dyl X7 = ¢(m))
| | meM
@ 1
> T P(Y"™ ¢ D, X" = ¢(m)) (A1)
meM(P)
1
7 Y Ryt = gm)
meM(P) VeV, (P) yn €Ty (¢(m))NDS,
o 1
© " 3 S exp (—n [D(V||W|P) + H(V|P)])
meM(P) VEVn(P) y" €Ty (¢(m))NDg,
1
g 2 e DVIWIPFHEIP) 3 3 1
VEVL(P) meM(P) yreTy (¢(m))NDE,
e ]- C
© T exp (—=n[D(V|IWIP)+ H(VIP)]) > [Tv(é(m)ND;,|. (A2)
VeV, (P) meM(P)

In the above, (a) is due to the sum being over fewer non-negative terms, (b) expands the
probability by summing over individual output vectors, (c) follows from the properties of
V-shells, (d) interchanges sums and (e) notes that the innermost sum in (d) is simply the
size of a set. Now, we need to understand when the term 3, vy (py [Tv(¢(m)) N Dy, | is large.
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Now, V. m € M(P), we know | Ty (¢p(m))| = | Ty (¢(m)) D, + Ty (¢(m)) NDE, |, so it follows
that

Yo Tv@m) Dyl = Y |Tv(é(m)| = [Ty (¢(m)) N Dy

meM(P) meM(P)
@ IM(P)[exp(nH(V|P))
= (n + 1)1XIY] a

Y [Tv(¢(m) N Dyl (A3)

meM(P)

In the above line, (a) follows by standard properties of V-shells. At this point, note that for
all m € M(P), Ty(¢(m)) N D, are disjoint sets because D,, are disjoint. Furthermore, if
m € M(P), y* € Ty(¢(m)) implies that y" € Tpy also, where Tpy is the type class of y”
vectors that have type PV. Therefore, we have

Y. Tv@m)NDul=| |J Tv(é(m)NnD,

meM(P) meM(P)
<|Tpv|
< exp(nH(PV)).

Hence, plugging the above inequality into (A.3), we have

> irtom) g = HUENSBEEHIIN — oxpum(py))

meM(P)

U;) exp(n(R+ H(V|P)))
e N

Yexp (n (74 11v1P) - B by 1)) )

o (o () - OB )]

In the above, (a) follows from the fact that |[M(P)| is almost as large as | M| (at least
exponentially), and (b) follows by the fact that I(P,V) = H(PV) — H(V|P). We want the
term in brackets above to be close to 1, so we restrict the choice of V' to those V' that have

—exp(nH(PV))
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I(P,V) < R — ¢ for some small § > 0. Plugging this into (A.2) gives

B(W) > —— > exp (—n (D(VHW|P) ~ R+ M log(n + 1))) x

M| VEVn(P):I(PV)<R—§

1 oxp (o o= g 1))

- > exp (—n (D(VIIWIP) + Mlog(n + 1))) x

VeV, (P):I(P,V)<R—§
1o (5 D )] »

Now, for n large enough, depending on |X|,|)| and §, we have that
X|(1
(n 4 1)~ 110+HYD [1 — exp (—n {5 _ XA+ ) log(n + 1)] )] > exp(—nd),
n

so plugging into (A.4), we have that for n large enough,

P.(W) > exp <—n [ min D(V||W|P) + 6])
VeV, (P):I(P,V)<R—8

(@)
> exp (—n {max min D(V||W|P) + 5}) .
PEPy VeV, (P):I(PV)<R—3

In the above, (a) follows because we do not know the most populous codeword type a priori,
so we take the most optimistic one in terms of the exponent. Now, we have a term that
depends on n that looks like the sphere-packing exponent. Lemma 6 of Appendix A.12.2
tells us that

max min D(VI||W|P) < max min D(VI||W|P)
PeP, VEVn(P):I(P,V)SR—(S PeP VGW:I(P,V)SR*(S*HXJD}‘ log(n)

X X

+KW| 191, IIyllog n
n n | X

2|X

:ESP(R—é—Mlogn)—i—

n

X
NN AY
n n | X

where

1

Kw = max log———.
W z,y:W (y|z)>0 gW(y|I)
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Hence, for n large enough depending® on sy, |X|,|Y| and 6, we have

P.(W) > exp (—n [Esp(R — 20) + 26]) .

A.3 Sphere-packing without feedback via change of mea-
sure

Theorem 1 (second part) of Section 2.3: For any § > 0, there exists a finite ng,(W, J)
such that any block code without feedback of rate at least R and length n > ng,(W, ) has

Liog P (W) < B, (R—6) + 6.
n

Proof: We will use a change-of-measure approach to prove that a high error probability
under channel V' implies an error probability under channel W involving a divergence term
that is exponentially decaying with the sphere-packing exponent after proper selection of
V. To do so, we will use Lemma 12 in this Appendix and a lemma about what happens
to the error probability when we change measures. First, restrict attention to the largest
fixed-type subcode of the code being bounded. That is, assume that there is a P € P, such
that ¢(m) € Tp for all m € M. We know from Lemma 12 that if all codewords have the
same type P and R—I(P,V) > > 0,

PC(V) S 75’0(”7& |X|7 |y|)

with yg¢ being defined in Lemma 12. The critical feature of yg¢ is that vsco(n, 0, | X1, |V]) — 0
as n — oo. Now we can apply Lemma 18 of Appendix A.14 to get (since all codewords are
assumed to be of type P € P,),

POV) 2 RAV)exp (= | DO/AWIP) + e s, 11, ) ).

where
2
B(n,|X],|Y|) = inf e + (n+ D) exp (—n%) :
€>

Therefore,
P.(W) > (1 = vse(n, o, |X],|Y]))x

e (- [P i)+ R e 0| )

SNote that |X|, || and Ky are all quantities that can be derived from W.
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At this point, we remove the restriction that all message codewords have to be of the
same type. Since there are at most (n + 1)I*! types of length n for X", there is at least one
type P that has at least |M|/(n + 1)I*¥! codewords. We can apply the previous argument to
lower bound P,(W) for this subset of messages. This adds a penalty of |X|log(n + 1)/n to
the probability term (to account for the thinning of the code in order to make the preceding
argument). Furthermore, we must assume that R — |X|log(n + 1)/n — I(P,V) =§ > 0
in order to apply Lemma 12. In the limit as n — oo, however, these two penalties can be
absorbed into slack parameters in the exponent. Taking these two points into consideration
yields

(1 B 750(7%67 |X|7 ’y|))
(n+ 1)l
max{ky, Ky }
exp | —n |D(VI||W]|P) + ﬁn,X,y]),
(- [pomwiey+ 2 s R e o
where implicitly, we are now restricted to choices of V' such that (P, V) < R—§—|X|log(n+
1)/n. Optimizing over such V (i.e. setting V' to be the sphere-packing optimizing V* for
type P at rate R —§ — % log(n + 1)) yields

P(W) >

RY) 2 oxp (< By (=5 = Phiogtn 1)) + 2t s, )

1— 750(”757 ’X’7 ‘yl)
(1 — 750(”7 67 |X|> ‘y‘))
(n+ 1) .

Lemma 1 shows that ky+ < ky +log|Y|, and we know that g(n, |X|,|Y|) = O < log"), so

|X| ) kw + log || logn
Ey|R—-6—-"log(n+1)) + 0 x
P ( n g( ) I- VSC(nv 57 |X|7 |y|> n

(1 B 750(”757 |X|7 |y‘))
CESS .

Pe(W) > exXp <—77,

Since Llog(n + 1) — 0 and ysc(n,d, |X],|Y|) — 0, it follows that for n large enough,
depending on ky, | X[, || and 4,

1
——log P.(W) < Eyy(R — 26) + 26.

Lemma 12 (Strong converse without feedback). Fiz a block code without feedback of length
n. Suppose there is a P € P, such thatV m € M, ¢(m) € Tp. Fiz an € € (0,1/2). Then,
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for any W e W,

12| ”y‘ 1og(n+1)D 4

exp <—n [R — I[(P,W) — 2¢log X)L % log(n + 1)1) :

€

w|”‘w

P.(W) < exp (—n {

Therefore, we have
PC<W) S 750(”7 R — I(Pa W)? |X‘> D}‘)a

where

€c(0,1/2) n

(- 5 0 B2 Dl ]|

Note that ysc(n, R — I(P,W),|X|,|Y|) = 0 as n — oo for a fivzed R — I(P,W) > 0.

2
1sc(n, 811, V) = inf [exp(—n[%—'X”y'log<n+1>D+

Proof: Fix an € € (0,1/2). For each m, define a typical set
A (W) ={y" - y" € Ty(¢(m)),V € Vu(P), (P, V) € J(W)}
JE(W):{(P,V)GPXW:ZP Z|V ylr) — y|x)\<e}

By Lemma 19 of Appendix A.14, we know that for each m,

Piy (Y" ¢ Ao (W)[X" = ¢(m)) < (n+ 1)¥ M exp(—ne?/2).
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Now,
P(W) = W % w (Y™ € Dyl X" = ¢(m))
_ ﬁ m% Py (Y" € Dy N Ao (W)X = () +

¥ |W;4IP’W (Y™ € Dy N A e (W)°|X™ = $(m))

W%PW (Y™ € Dy N A o (W) X" = ¢(m))+
‘M| mEZM]PW (Y" € Ap (W)X = $(m))

’ | mEZMIPW (Y™ € Dy N Ay (W) X" = p(m))+
(n+ 1)¥V exp <_n§) : (A.5)

Considering just the first term in the bound above, we have

Tl |M| ZPW Y" €D, ﬁAﬂm( )|Xn:¢(m))

DI D Bw(Y" =y X" = ¢(m))

MEM VEV,(P):(PV)ET(W) y"€DmNTy (¢p(m))

_ %‘ Z Z Zexp( n[D(V|[W|P)+ H(V|P)])

mEM VEV,, (P):(PV)ET(W) y"€DmNTy (¢p(m))

ST Y X DunTeemles (—n[DVIWIP)+ H(VIP))
meM VeV, (P):(P,V)eJ (W)

- 3 exp (—n [D(V||[W|P) + H(V|P)+ R]) Y D N Ty (¢(m))]

VeV, (P):(PV)ET(W) meM

< > oxp (—n[H(V|P) + R]) Y [P N Ty (¢(m))].

VeV, (P):(PV)eT(W) meM

Now, we note that for all V' such that (P,V) € J.(W), H(V|P) is close to H(W|P), as
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shown in Proposition 15, so we have

ne S e (= [rov1P) = o2 R ) 5 2,7y 000

VeV (P):(PV)eT (W meM

X
= exp (_n [H(W|P)—elog| I —l—R}) Z Z Dy, N Ty (p(m))|
¢ VEVL(P):(PV)eT (W

—oxp (—n |BWIP) — ctog I LRI 14 00 o
(-n [zroviP) Py r]) 14

where we have defined the union of the message-typical sets to be

- U Am,e(W)

meM

From Proposition 7, we know that

|A(W)] < (n+ 1) exp (n [H(PW) + elog %'} ) .

Hence,

Ty < (n+1)Pexp (—n [H(W|P) — H(PW) — 2¢log |X|€|y| + RD

= (n+ 1) exp (—n {R I(P,W) — ‘ qu)

Plugging the bound above back into equation (A.5) gives the result of the lemma.

Proposition 7. Let PW denote the distribution induced on Y by the distribution P on X
with channel W, that is (PW)(y) = >_, P(x)W (y|z). Then,

|A.(W)| < (n+ 1) exp <n {H(PW) + elog ’yq)
Proof: If y" € A, (W), then y" € Ty (¢(m)) for some V' € V,,(P) with

> Pz ZW ylz) — W(ylz)| <e.

This also implies that y™ € Tpy, C V", where PV € Q,,. Now, since V is not far from
W, we can show that PV is not far from PW.

> UPV)(y) - Z ZP V(ylz) — P(z)W (yl|z)
< ZP Z |V (yla) — W (y|a)|

< e.
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Since we have assumed that € € (0,1/2), we can apply Lemma 20 of Appendix A.14 to
deduce that

|H(PV) — H(PW)| < elog R
€
Hence, if y* € A (W), we also have y" € Ty for some ) € Q, with |H(Q) — H(PW)| <

¢log 1Yl

€

. Therefore, by standard properties of types,

[A(W)| = U AM,E(W)
meM

< | Imal

QEQn

< (n+1)Pexp <n [H(PW) + elog MD .

A.4 Haroutunian exponent for fixed-length codes with
feedback

Theorem 2 of Section 2.3: For any ¢ > 0, there exists a finite n, (W, R, ) such that any
fixed-length code with feedback of rate R and length n > n,(W, R, J) has

1
—ElogPe(W) < Ep(R—0)+0.

Proof: We will use Lemma 13 of this Appendix to show that if the capacity of a test
channel V' is too small, the error probability will be high. Then, we will use a change-of-
measure argument to show that the error probability under channel W will be the error
probability under V' multiplied by an exponentially decaying divergence term that corre-
sponds to the Haroutunian exponent. Fix a test channel V. We know from Lemma 13 that
if R—C(V)=46>0,

P.(V) < vscp(n, 6, [X], | V])
with ysc f» being defined in Lemma 13. The critical feature of vsc, s is that ysc (0, 6, | X], |V]) —
0 as n — oo. At this point, we apply Lemma 18 to get

P.(W) < P.(V)exp (—n [mng(V||W|P) + %Vv’)’m’g(n, X, |y|)D ,

where

2
3. 1] V1) = inf e+ (n -+ DY exp (—ng) |
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If we let V' be V*, where

V*e€arg min  max D(V||[W|P),
V:C(V)<R-5 P

then

max{Ky+, K }
Pe(W) Z exp (—TL |:Eh(R — 5) + 1— ’YSC,fb(n,dg ’Xl, D}Dﬂ(na ‘Xa |y‘):|) X

(1 - /7507fb(n76a |X|> |y|))

Now, B(n,|X|,|Y]) = O (\/1°§”>, and vsc p(n, 6, |X],]Y]) — 0, so for n large enough
depending on W, R and 6,
1
- log P.(W) < E,(R —§) + 0.

Lemma 13. Let C(W) = maxpep I(P,W) be the capacity of W. Then, for a fized-length
block code used with feedback of length n and rate R, and any € € (0,1/2),

Pc<w>§exp(—n[§ ¥ togtn + )| ) +

oo (~n 1) -2008 M2 B Y

Therefore,
PC<W) < IVSC,fb(na R — C(W)7 |X|> |y|)>

where

. €2 XY
’YSC,fb(n, 9, ’X‘v D}D £ ee(l(?lf/Q) exp (—n {5 ’ H ‘ log(n + 1):|> +

exp <—n [5 — 2¢elog |X‘€|y| |X||))| og(n + 1)})

Note that ysc,fo(n, R—C(W),|X],|Y|) = 0 asn — oo if R—C(W) > 0 is fized, and hence
the probability of correct reception goes to 0 if R < C(W).

Proof: Fix an € € (0,1/2). Define for each m, a typical set for the encoding tree of
message m,

Ame(W) £ {y" : (P(m,y"), V(m,y")) € T(W)}

.Z(W)é{(P,V)EPxW:ZP ) IV(yle) - y|$)|<e}

TEX yey
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Recall that P(m, y™) € P, is the type of input for message m along the output sequence’ y".
That is, P(m,y") is the type of 2™(m,y") £ (z1(m), zo(m, y*), z3(m, 3?), ..., zn(m,y" 1)),
where y* denotes the first k entries of the vector y™. Accordingly, V' (m,y") is the conditional
shell that y™ lies in when viewed from the input z™(m,y"), i.e. y" € Ty (@™ (m,y")).
Now,

P(W) = |M|ZIP>WY”ED|M m)
meM
= Py (Y™ € Dy N Ay o(W)|M =m
WM; w (WM = m)
Py (Y™ € Dy 0 Apy o (W)S|M =
|M|Z w( (W)l m)
meM
g Z (Y™ € Dy N A e (W) M = m)
meM
+ o Y Pw(Y" € Ap (W) |M = m)
’MlmEM
2
< > Py (Y" € Dy N A d(W)[M =m) | + (n+ 1)*Plexp <—n%)

|M!

meM
where the last line is arrived at by Lemma 19. Restricting attention to the first term above,

T, & > Pw(Y" €Dy N A o(W)|M =m)
|M|m€M

=exp(—nR) Y Pw(Y" € Dy N Ay o (W)|M = m). (A.6)
meM

For each m and P € P,, V € V,(P), recall the ’conditional shell with feedback’

B(m, P,V) = {y": P(m,y") = P,V(m,y") = V}.

"When feedback is available, the channel input codeword and hence the channel input type depends on
both the message and the received channel symbols.
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Bounding further using this definition,

Ty 2 Y Pw(Y" € Dy N Ay (W) | M = m)
meM

=> Y Pw(Y"€B(mPV)ND,|M=m)
meM (P,V)eT(W)

@ > > IB(m,P,V)NDylexp(—n[D(V||[W|P)+ H(V|P)))
meM (PV)eTJ (W)

S e (- DVIWIP) + HVIP)) S [B(m, P,V) 1D,

(P7v)e;76(W) mEM

(b)

< Y exp(—n[D(V[|W|P)+ H(V|P))) exp(nH(PV))

(PV)eT(W)

(c)

< > enmI(PV)), (A7)
(PV)ET(W)

where in the above, (a) follows from Proposition 14b, (b) follows from Proposition 14a and
the fact that the decoding regions are disjoint, and (c) follows from divergence being non-
negative and I(P,V) = H(PV) — H(V|P). From Proposition 15, we know that I(P,V) <
I(P, W)+ 2elog(|X]|V|/e) for (P, V) € J.(W), so plugging (A.7) into (A.6), and taking the
max over P € P yields

Ty <(n+ 1)|X||yl exp (—n [R — f]glgg[(ﬂ W) — 2¢elog &!MD
= exp (—n {R — C(W) —2¢log |X|€|y| - |X7|l|y| log(n + 1)]) :

So, for any € € (0,1/2), we have shown that

P(W) <exp (—n E - ’ngl log(n + 1)D +

exp (—n [R — C(W) — 2¢log ]X!M — ‘ng’ log(n + 1)}) :

Optimizing over € € (0,1/2) yields the desired result.

A.5 A special family of test channels

Lemma 1 of Section 2.4:
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Let P(V') be any continuous function from W to P, and let for any V' € W,

ky = max log(1/V(ylz)).
v=_ mex g(1/V(ylz))

Then, for all R > 0,¢ > 0,

: B |
V:I(ng{v)SRD<V“W’P(V)) + emax {ry, i} < Eg(R) + e(kw + log|V])

Proof: This result is due to Baris Nakiboglu. It can be used to fill in an apparent gap in
the proof of Sheverdyaev’s result (although there is another issue with that paper, as noted
in Appendix A.7). Recall that the sphere-packing exponent has two forms ( [18], [47]):

Ey(R) =max min D(VI||[W|P)
PEP V:I(P,V)<R

Esp<R> = sup EO(p) —pR
p=0
14+p
Eo(p) = max — logz (ZP W (y|az)¢ ”p)>
14p
= logmmz (ZP W (y|a) Y H"))

= —logmin f (P, p)

f(Pp) = Z (ZP W (ylz)"¢ 1+p)> :

Let
* A :
P, = argmin f(P, p).

It is known that f(P,p) is convex in P [16] and therefore, for each p > 0, P} is either a
unique distribution in P or a convex region of distributions in P. Further, for every p, it
can be shown ( [47], Problem 2.5.23(iv)) that P € P; if and only if, for all z € X,

1+p
ZWy\x /) ZP W (yl«') ““*p] >Z<ZP W (yl2') !/ >) . (AS)

with equality for all x such that P(z) > 0.

Proposition 8. There exists a parametrized family of distributions
{P 6}520 cP

and a continuous, monotone nondecreasing map g : [0,00) — [0,00) such that
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(a) Ps is continuous as a function of o
(b) Pj satisfies the condition in (A.8) for p = g(0)
(¢) g(0) =0, and lims_,o g(9) = 00

The idea is that for each p, there is either a unique optimizer or a convex set of optimizers
for f(P,p). The problem is to make sure that we get a continuous family of Py that are each
optimizers for a p. This is a subtle issue because a priori we have no information about how
many p have optimizers which are actually sets and not unique elements. We will see that
this distinction is equivalent to the fact that Ey(p) may be nondifferentiable at some points.

First, define for p,e > 0,

Ppag = {(P,s) e Px[0,00) : |[f(P,s) — Eo(p)| < eI P € Py st |[(Ps)— (P,p)|l <e}.

Although f(P, p) is convex in P and p, it is not necessarily convex in both at the same time.
Therefore, when taking the minimum over P, it may not be differentiable in p. Therefore,
even though FEy(p) is continuous, monotone nondecreasing and concave [16], it can be non-
differentiable in places. However, there is a way to bridge optimizers when this happens.
Define the sets

Poas 2P| (1 P

s€(p—7.p)
LA _
Py = I 0 Pl
Similarly, for the other side, define 77:. By continuity of f(P,p), we know that both 73;
and P are non empty. If their intersection is nonempty, we will choose one element from
the intersection and call it Ps for some 4§ that will be clear with ¢g(d) = p. If not, we will
take one element from each, call them P; and P and construct a convex combination
BP + (1 - B)Pf = P,s. Note that by convexity, P, € P,. Also, when the intersection
between P;r and P is nonempty, P, is continuous, and when the intersection is empty, we
can construct an arbitrary positive length continuous segment going from P, to P; . We
use the monotonically nondecreasing function g to account for these gaps.

Now, the only thing that remains to be checked is that the number of points at which
Ey(p) is nondifferentiable is countable so that such a function g exists. To see this, we
recall that Fy(p) is continuous and concave. Therefore, its derivative is monotonic and
nonincreasing where it exists (assign it to be the upper derivative at points of discontinuity).
It is easy to see however, that the set of discontinuities for a monotonic function is countable
(otherwise the jumps add up too fast). Therefore, a function g as the proposition requires
exists to map the & to p parametrically and in a monotonic way. Note that g will not be
one-to-one if Fy(p) is ever nondifferentiable.
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From now on, for a given 6 > 0, let p = ¢g(J) be parametrically defined through ¢ and g.
Define, for each § > 0, a channel

W ()00 (3, Ps()W (yla’)/(+0)"

v £ A9
é(y‘x) Ey’ W(y/‘x)l/(ler) (Zx, Pg(l’/)W(y/|x'>1/(1+p))p ( )

p

ZW y'|) Y/ (Fe) (Zp5 W (y/ ")/ 1+p)> ‘

Note, by (A.8), we have for all z, 9,
1+p
r(z,8) > Z (Z Py(")W (y|) 1/(1+p)>

— exp (~ Eolp)) (A.10)

where the last line follows because F; is a member of P;. Also, r(x,d) = exp(—FEoy(p)) for =
such that Ps(z) > 0. Now, fix a 6 > 0 and consider D(Vj||W|P) for an arbitrary P € P.

Vs (y|r)
W(ylz)

D(V4||W|P) =ZP )WVi(ylz) log

Vs(ylz)
ZP Ws(yl2) log — s e s B )

(Zx Ps (m/)W(ylz/)l/(1+p))P(1+P)

(%)ZP(:C)%(MSL’) log [<(Zx Py ()W (y|l’)1/ ) +p) eEo(P)] ’

Vilylw)e P

where (a) follows by inversion of (A.9) and (b) from (A.10).

(le Pg(x/)W(y|$/)l/(l+p)) 1+p
Vs(ylz)e=Fole)

Vilylz) (PV5s)(y)e o)
<PV6>(> (3, Ps(x)W (y|a/)1/Qtr)) 7

D(V5||W|P) < Eo(p +pZP )Vs(ylz) log

= Eo(p) = pY_ P(x)Vs(y|z) log

= Eo(p) — pl(yP, Vs)—
(PVs)(y)
E P(x)Vs(y|r)lo :
p - ( ) 5(y| ) & ((Z$/ P(;(ZE,)W(y|x/)1/(1+p))l+p /G_EO(P))

(A.11)
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Now, let Qs(x|y) be the conditional distribution defined by

_ P(x)Vs(y|x)
Then, picking up from (A.11),
D(V5||[W|P) < Eo(p) — p(1(P,Vs))—
Qs(z[y) (PV5)(y)
P(z)Vs(ylz)lo .
pzz,y: bl g<Q6(I|y) (2 Pé(ﬁf’)W(y|$’)1/(1+”))l+p/e_EO(”))

Now, note that

1+p
Therefore,

(3, Psla)W (y|a)H/ e 1*7

e*EO(p)

is a distribution on ) since for each y, it is nonnegative and sums to one over ). Call this
distribution Q5 € Q. Then, we have

D(V5|[W|P) < Eo(p) — p(I(P,V5))—
P> P)Vs(yl) log(

$7y

= Eo(p) — p(I(P,V5))—
0> Pa)Va(ylr) log (

x?y

Q(;(x\y)(PV;;)(y))
Qs(xly)Qs(y)

P(z)Vs(y|z) )
Qs(r|y)Qs(y)

(©)
< Ey(p) — pI(P,Vs)

< sup Ey(p) — pI(P, V5)
p=0

where (c) follows because the term that was eliminated was a divergence and hence nonneg-
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ative. Now,
inf  D(V||W|Py) < it D(Vs||[W|Py)
V:iI(Py,V)SR Vs,6>0:1(Pyg,Vs)<R
(d)
< inf Eyp(I1(Pyy, Vs))

V5,620:I(PV6,V5)§R

(e)
S Esp sup [(PV57 ‘/5) )
Vg,JZOII(P\/&,Vg)SR

where (d) is true because of (A.12) and (e) follows because E,(R) is a monotonically non-
increasing function of R. Now, Vj is continuous in § by Proposition 8 and (A.9). By
assumption, Py is continuous in V', so Py, is continuous in J. Further, I(P, V') is continuous
in the pair P, V', so I(Py,, Vs) is continuous in §. Note that Vi = W by definition. As § — oo,
it follows that (because p = g(d) — oo, Vs — V* where for each z,

o 1
VWl = s oy

We claim that
lim C(Vs) = C(V™)
d—00
=inf{R : E;,(R) < oco}.

That the limit of capacities is equal to the capacity of the limit is clear because capacity is
a continuous function of the channel and Vj converges to V* for a suitable norm (such as £4
norm). Also, note that these Vs are the channels that are sufficient to upper bound for the
sphere-packing exponent ( [47], Problem 2.5.23a), so lims_,o, C(V5s) < inf{R : Es,(R) < oc}.
Conversely, if Ey,(R) = 0o, since D(V*||W|P) < oo for all P € P, it follows that C(Vs) > R.
Therefore lims_,o C'(Vs) = inf{R : E;,(R) < oo}.

Now, returning to the quantity of interest sups~qI(Py;, Vs), by the intermediate value
theorem applied to the continuous function I(Py,, V), whose endpoints are at I(P, W) and
inf{R : E,(R) < oo}, we must have one of two things.

(i) I(Py,,Vs) < Rforalld >0
(ii) There is a 6* such that I(Py,.,Vs) = R

In case (i), it is true that I(P,W) < R, so by Fano’s inequality, the error exponent is as
small as desired for large enough n. In case (ii), we have

inf  D(V||W|Py) < Egp(R) + emax {Kvy,., kw} -

V:I(Py,V)<R
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Now, note that if Oy = ming ,.w(ye)>0 W(y|z), and z,y is such that W(y|xz) > 0, we have
for any 6 > 0

1/(1+p) / N1/(1+p) )P
V6<y’96) £ W(y|$/) 1/(1+()z:xl Pé(x )‘j‘/(ym/) / 1/(12 NP
>y W |x)/0te) (37 P(a )W (y' /) 1/ (1+0))
p/(1+p)
> Dl
>, 1
_w
V|
Ky, < kw + log |V

which concludes the proof of the lemma. .

A.6 Failed Approaches to proving the sphere packing
bound for codes with feedback

A.6.1 A first attempt via Fano’s inequality

Lemma 2 of Section 2.4.1: Fix an R > 0 and § € (1/n,R). For any block code with
feedback of rate R and length n,

1
—ElogPe(W) < inf D(V||W|Prv)+

T V:(Py,V)<R-§

2max{ky, kw } 1 1 1
Ton e+ s (5 (53 ).

where
. €2
B | XL Y]) = if e + (n + DR exp <—n§> .

Proof: Fix a V such that I(P,,V) < R — 6, with 6 € (1/n, R). From Proposition 9, we
know that

PV) > % (5 _ %) | (A.13)

Then, from Lemma 18 in Appendix A.14,
Fe(W) = Pe(V) exp (—nd(V,W)) ,
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where

(v,

IP’VY— M=m V(yila;(m, yi=t
33 y! )nzlog (yili(m, y))

. X 1—1 :
|M| ey e (V) LB W (yila(m,y )

Now, recalling that B(m, P,U) = {y" : P(m,y") = P,V (m,y") = U}, we have

1 Py (Y™ = y"|M = m)
WW =g 2 2 vy
meM,PEP,,UEV,(P) y"EDfnﬁB(m,P,U)
(y\:v)
1 Py (Y™ = y"|M = m)
T M Z 2 F.(V) g

meM,PeP,, UV, (P) yreDs,NB(m,P,U)

DWV|[WIP) + 3 P(e)(Ulyle) — V (ylz)) log —VVV<(Z“§>>

w?y

A little bit of algebra and linearity of D(V||WW|P) in P shows that

1 Py (Y™ = y"|M =m)
M2 > e (VIIWIP) = D(V|[W|Pry)
meM,PeP,, UV, (P) y»€DE,NB(m,P,U)

so we need to control the difference term. For € > 0, let

ﬂ(V):{(P,U)GPXW:ZP Z|U ylx) — y|:p)|<e}
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Then, splitting the difference term into ‘typical’ and ‘atypical’ parts gives

a 1 Py (Y™ = y"|M = m)
TEm 2 2 (V) g

meM,PeP,, UV, (P) yreDE,NB(m,P,U)

> P0G - V(yla)) log A

W(y|x)
=T+ T
a 1 Py (Y™ = y*|M = m)
VT 2 2 V)

meM,PEP,, UV, (P):(P,U)eT(V) yr€Ds,NB(m,P,U)

ZP Ulyle) - V(yla)) log U]

W (y|x)
Py (Y" =y"|M =
T, 2 b Z Z 4 PyV‘ m) X

M MEM,PEPy,, UEV, (P):(P,J)¢Je(V) y»€DE,NB(m,P,U) (V)

V(y|z)

P(z)(U(y|x) ylr))log ————=.

3 P Ule) = V(o) log 5

Now, by Proposition 13, if (P, U) € J(V), we have
Viylz)
P(x 1 <

Z y|$ (y|l‘)) og W(yym) = EmaX{/{‘/, KW}7

for all the terms in 7; that contribute something non-zero to the sum. That is, if P(Y" =
y"|M = m) = 0, then it does not matter if the difference is infinite. Hence,

T, < emax{ky, Ky }.

As for term Ty, since D(V'[|W|Pry) < oo by assumption, > P(z)(U(ylz)—V (y|z))log v‘[//(é'ﬁ;))

oo for all terms in the sum that are not 0. By Lemma 19, we know that for each m €
2
3 Py (Y™ € B(m, P,U)|M =m) < (n+ 1) exp ( %) .
PeP, UEVL(P):(PU)ET(V)
Therefore, because > |U(y|z) — V(y[z)| <2 for all z and U,V € W,
2max{Ky, Ky } € |X||y|
T, < —n | = — 1 1
h < (V) exp | —n |3 " og(n+1)

Combining the bounds for 77 and 75 tells us that

T&mengXHW}{e+(n+1ﬁﬂyemp(—n§>}.

Optimizing over € > 0 gives us the result of the lemma with 5(n, |X|,|V|).
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Proposition 9 (Fano’s inequality for codes with feedback). If for some Ve W, I(Py,V) <
R — 6 for a rate R length n block code with feedback, then

PV > % (5— %) |

Proof: First, we will show that if I(Py,V) < R—§, then 21(M;Y™) < R—§ also®. For
two random variables A, B on the product set A x B, recall that the mutual information is

P(A = a, B = b)
(a,b)galeMA =B =Dt R B =)
= H(A) — H(A|B),

where H(A) denotes the entropy of A and H(A|B) denotes the conditional entropy of A
given B. Using standard properties of the mutual information of a collection of random
variables (see [21]),

%I(M; Y™ = % (H(Y™) = H(Y"|M))

:—Z Y[V — H(Y;|M,Y"™))

==Y I(M;v;|y"!
Ly ranvay

=1

© 1
ZI (X;; VYY),

where (a) follows because given Y*~!, M and Y; are conditionally related through X;. That
is,
Py(M=mX;=2Y,=ylY' ' =¢y7) =Py(M =m|Y"" =y'")x
[L(@i(m,y' ™) = )V (yila)] -

8The probabilities in this proposition are all with respect to the measure induced by V.
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Continuing and expanding the conditional mutual information,

1 1 & .
SIM Y < =Y (XYYt
(MY < 53 TG YY)

n
:_ZZP XZ,Y;|YZ 1 _ i—l)

=1 y’ 1
D) DTN
=1 yL 1
VaoeX, Pii(x) £ Z Py (M = m|Yifl - yiil)l(.fi(m,yiil) = 1).
meM

At this point, we can use concavity of mutual information in the input distribution to show

1 n
~I(M;Y™) < ZZ]P Py, V)

rL]_yzl

DRI

However, noting that
LSRR =
=1 yl 1

we have shown that £I(M;Y™) < I(Py,V) < R — ¢ for a code with feedback. Now, by
Fano’s inequality (see [21], Theorem 2.11.1), we have

H(MY™) < hy(Fe(V)) + log(|M] = 1) (V)
<1+nRP.(V).

Now, we also have that

H(M|Y™) = H(M) — I(M;Y™)
>nR—n(R—9§) =nd.

Therefore,

n8 <1+ nRP,(V)
1 1
P.(V)> = <5 - ﬁ)
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A.6.2 A refined strong converse

Lemma 3 of Section 2.4.2: If the refined strong converse holds, then for any R > 0,
d € (0, R), there is a finite nrsc(W, R, §) such that for any block code with feedback of rate
R and length n > nrsc(W, R, 9),

1
——log P.(W) < Eyy(R = 8) +6.

Hence, if the refined strong converse holds, so does the sphere-packing bound.
Proof: Fix a V such that I(Py,V) < R— 0. From the proof of Lemma 2, we know that

PV) 2 PAVyexp (—n [ DIVIWIPL) + 225 v o)),

where Py is defined in (2.15) and

2
B(n,|X],|Y|) = igge + (n+ 1)¥¥exp <—n%> :

From the assumption that the refined strong converse holds, we have
Pe(v) Z 1— ’YRSC(na 67 Ra ﬁV)-

Now, we claim that since the error event has high probability as yrsc(n,d, R, ky) — 0, it
must be that Py is close to Pry and hence D(V||W/|Py) is close to D(V||W Py v ).

1Py = Prylli =Y [Pv(z) — Py ()]

_ QCGZ: (B(V) Poy () + Po(V) Py (z)) — Pry()]
- mGZX |P.(V)Poy(x) — Po(V)Pry(z)]
- g; V) |Poy(@) — Pry(z)|
xeipcv )+ Pryv(x)
< 2PC(V;Z{ 2vrsc(n, 0, R, kv ), (A.14)

where the ‘correct input distribution’ is

Pov(z \./\/l| Z Z Py (¥ —y ’;M = %Zl (zi(m,y" ") = x). (A.15)

meM y*EDy,
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Now,

Viylx Viylx
D(V|[W|Pry) — DV||W|Py) = ZPIV V(yle) log LU _ gy (1) log £ I2)

W (ufe) W (yf)
= S (Pur(a) = PV Gl g e
< Z |Pry(z (@)|V (y|z) max {rv, kw }

= HPI,V — Ple maX{liv,liw}
< 2yrsc(n, 0, R, ky ) max {ky, kw }

provided that V (y|z) = 0 whenever W (y|z) = 0. Therefore,
D(VHW’P]7v) < D(VHW‘P\/) + 2"}/350(71, 5, R, /'iv) max {/iv, /‘iw} .
So, if I(Py,V) < R -,

2max{/£v, /‘iw}
1- ’}/RSO(na 57 Ra /QV)
(1 - ’YRSC'(nv 57 R7 K’V))'

PW) > exp (—n [D<V||W|P> n (B(n. X, [Y]) + 2ysc(n,6. R, HV»]) x

Now, we optimize over all V' such that I(Py,V) < R—§. From Lemma 1, we know that
for the family of sphere-packing optimizing Vs, ky < ky + log|Y|, so

1 1
——10gP(W) VI(PVH\I/f)<R SLWVIWIEy) +510g(1 — Yrsc(n, 6, R, kv))+

2max{Ky, Ky}

n;ny +2 ’]’]/75’R7I€
1_7350(72,(5,}2,,1‘/)(5( X[, V1) + 27Rsc( v))

1
S Esp<R - 6) + E log(]- - 7RSC’(n7 67 Ra Rw + IOg |y‘))+
2(kw + log|Y)
1 —vrsc(n, 0, R, kw + log|Y|)
(ﬁ(n) |X|7 |y|) + 2’7RSC(na 67 Ra Kw + 10g |y|))

Since S(n, |X],|Y]) = 0 asn — oo, and ygsc(n, o, R, kw +1log |V]) — 0 as n — oo (assuming
the refined strong converse holds), it follows that for large enough n (depending on W, R
and ¢),

! log P.(W) < Eg,(R —6) + 0.
n
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A.6.3 A test channel with memory
Lemma 4 of Section 2.4.3: Let V be a measure® on M x V*. Fix a § > 0. Let!®

AL {(m, y") %log PV%Z g/fn:“\z; ™) < g 5} (A.16)
B2 {(m, g - L ~log g((}; — Zn% = ”ﬂ?) < B, (R —26) + 5} (A.17)
E£{(my"):y" ¢ Du}.
Then,
P.(W) > exp (—n [Eg(R — 26) + 8]) [1 — exp(—nd) — Pyp(B°) — Py(A9)] .
Hence,
P.(W) > exp(—n[Es,(R — 26) + 25))
for large n provided
IP};(%logWSR—é)—M,n—n)o (A.18)
P~<1Ig%§E (R—25)+5>—>1,n—>oo. (A.19)

Proof: The proof of this lemma is essentially the same as the proof of the information-
spectrum converse. The only difference is the addition of the set B to make sure that
the error event under channel V' has a high enough probability under channel W. In the
information spectrum vernacular, log(Py (Y™ |M)/Py(Y™)) would be the information density
random variable and log(Py(Y™|M)/Pw (Y"|M)) would be the divergence density random
variable. Now,

Fo(W) = Pw(E)

w(E
w(E N B)

>P
LBy (v =y |M = m)
= —_— W = =
(m,yn)eENB |M|
(a) 1
>y TP (V" = "M = m) exp(—n(Ey(R - 20) + )
(m,y")EENB | |
= exp(—n(Ep(R—0)+0))Py (M,Y") e BNE). (A.20)

90f course, this measure is induced from one on M x X" x Y.
10Recall that capital letters are used to denote random variables while lower case vectors denote nonrandom
variables.
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In the above, (a) follows from the definition of B in (2.19). Now,

Po(BNE)=1-Ps ((BNE))
—1-P; (B°UE")
> 1 - Py (B°%) — Py (E°). (A.21)

Now,

1
Pr(B) = D gPe’im)
(mym)eke
1 1
= —P=(y"|m) + Py (y"|m
> Prim) A Ev ' m)

(m,ym)eE°NA (m,y")eE°NASC

() exp(n(R — ¢ 1
D D e et ( AR D et

(m,yn)eE°NA (m,y")eE°NAC

= exp(—nd) Z Py (y") + Z LIP’;,(yﬂm)

n cNA n cNAc M|
(myn)eEen (m,y™)EEN

© 1 .
<exp(—nd)+ > WPv(y Im)
(m,y™)eE°NA®

< exp(—nd) + Py (A°), (A.22)

where (b) follows from the definition of A in (A.16) and (c¢) follows because each y" appears
in at most one D,, by the definition of decoding regions. Plugging (A.22) into (A.21) and
(A.21) into (A.20) completes the proof.

Proposition 1 of Section 2.4.3: With the choice of V in (2.17) and the definitions of
Z; and Z; in (2.22) and (2.23) respectively, we have for i = 1,...,n,

EplZ]= > Py )I(Py-, V) <R—25 (A.23)
yifleyifl
EpZ]= Y Ppy)Ey(R—20,Py1) < Eg(R —20). (A.24)

yifl Eyifl
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Proof: Starting with the definition of Z;,

Py (Y| M YH)}
E-[Z;] = Ec |log —% —
V[ ] V|: PV(Y”YZ_l)

1 i i— PN(yi|mayi71)
= > TR m)Pg (yi|m, y' ") log —%

(|1
meM,yi-leyi-1 ey ‘M Pv(yz|y )
i i— i— i— Pz (y; m,yi_l
=D Pp(y )Y Pp(M =mY"™ =y )Py (yilm,y ) log v (i v )
yi—l m,y; P\7<yi|?/ )
(A.25)
Now,
Py (yilm, y' 1) = Vs (gilza(m, y'™))
Pyuily™) = Y Pp(M =m|Y™" =y )V (glai(m, ')
meM
= > D BpM = mlYT =y ) @i(m,y ) = 1)V (wile)
meM zeX
- Z V-1 (yilz) Z Py(M =m|Y" ' =y "1(z;(m,y" ") = z)
reX meM
(a) ~
=D Vi (wilz) Py (o)
reX
— <Pyi—l‘/;ji—1> (y) (A26)

where (a) follows from the definition of the input distribution conditioned on y*~! in (2.16).
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Plugging (A.26) into (A.25) yields

i— i— i—1I\T7 Vyzfz muy -1
= SR S B (M =l = 5 ) (i, 1)) dog LTy )
3 my; Pyz 1‘/;/7, l)
= " Po )Y 1(@i(m,y' ) = 2)Pp(M = m|VT = i) x

yi—1 m,y; c€X

‘N/(yz'|a7)

Pyifl f/;i—l) (@/z)

~1(yiz)) log
(

- ~ ‘7(%|$)
= Pv( ¢ ) ‘/yifl( z|LE’>>10 —
?; Y ;mezx y i (Pyifl‘/yifl) (yl)
> Pe(M = mlY! =y H)1(ai(m,y ) = )
meM

PRI D IR uyzm)log( L

Y; TEX
© ZIP’ i-1) ( Ve )
<Z]P’ )(R—20) < R — 2,

where again (b) follows from the definition of the input distribution in (2.16), (c) is from the
definition of mutual information and (d) comes from the choice of V' in (2.17). An entirely
analogous sequence of equations shows that

E [2] = > Poy ) min {DVIIW|Py) : 1 (P, V) < R — 26}
yi—l
— Z Py (y" ") Esp (R — 20, Pic1)
< ZIP’ E(R —20).

A.7 Sheverdyaev’s proof

In 1978, Sheverdyaev submitted a paper to Problemy Peredachi Informatsii (Problems of
Information Transmission), entitled ‘Lower bound for error probability in a discrete mem-
oryless channel with feedback.” The paper was published by PPI in 1982 [30] and a fairly
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good English translation is available at research university engineering libraries. There are
two results claimed in the paper about block codes with feedback:

1. The average probability of correct reception is exponentially decaying in the block length
n for rates R greater than the capacity C(W). It is shown in this paper that this
exponent is the same as the case for block codes without feedback, where there is a
matching lower and upper bound. Hence, the ‘correct reception’ exponent is determined
for communication with feedback at all rates above capacity over a DMC (no zero
transition probabilities are allowed in ).

2. The error exponent for block codes with feedback at rates R below capacity C (W) is
upper bounded by the sphere-packing exponent Eg,(R) (for W with no zero transition
probabilities), as is the case for block codes without feedback.

Of these two results, the first is certainly true, while the second’s proof has serious issues.
While we believe that the result is true (i.e. that the sphere-packing exponent is actually an
upper bound to the error exponent for block codes with feedback at rates below capacity),
we are not convinced the proof in [30] is complete. In this section, we will outline the proof
and detail its shortcomings (as we perceive them).

Claim 1. Fiz a DMC W that has no zero probability transitions, i.e. Ty = min, , W (y|z) >
0. Let

P. (W, R,n) £ sup {P.(W) : code is at least rate R and blocklength is n}
Be,fb(W7 Ra n) = 11— qub(W? Ra n) (AQ?)

be the optimal code correct reception and error probabilities for block codes with feedback of
length n and rate at least R. Then,

1
hgl—igp - log P, (W, R,n) < Eg(R) max V:I(levn)SRD(V [|W|P),

so the sphere-packing exponent is an upper bound to the error exponent for block codes with

feedback.

Proof outline: A series of lemmas are proved to come to the conclusion of the claim.
We will state these lemmas and arrive at the point in the proof at the end where the
justifications of two steps are not obvious. This is not to say that there are counterexamples
to these justifications, but rather they are the same sticking points where Haroutunian could
not tighten his bound, and the justifications are hand-waving of not-so-obvious points. With
that in mind, the first lemma is intuitively straightforward and claims that non-randomized
encoders and decoders are optimal.
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Lemma 14. We need only consider deterministic encoders and decoders with feedback. That
is, randomized codes are not needed to achieve the performance in (A.27). This lemma is
intuitively truel' because of the absence of any adversarial agents such as in arbitrarily
varying channel coding [55].

The next lemma initiates the bounding of the error probability by using a reverse Holder’s
inequality to get an inequality involving correct reception and error probabilities under two
channels. Fix a test channel V' € W and also a set of conditional distributions!?

{q('lyi_l) €eQ:Vi=1,... ,n’yi_l c yi—l}

that determine a measure on M x Y" by
n n 1 - i—1
Py(M =m,Y" =y") = WHQ(%!@J ).
i=1

Similarly,

1

]Pv(M = m,Y" = yn> = W]P)V

(Y" =y"|M =m).

Lemma 15. Fix an o € R, a > 1. For an arbitrary deterministic encoder and decoder pair
of rate at least R and length n,

V) (ﬁ) LRV (1 - ﬁ) < S E R ) (429

Po(V)*Po(W)' = 4 P(V)*PA(W)' ™ < Y PR (m,y" )Py (m, ™). (A.29)

Lemma 15 is proved by Reverse Holder’s inequality.

Proposition 10 (Reverse Holder’s Inequality). Suppose for each i =1,...,n, a; > 0,b; >
0,¢, >0, and >, ¢; > 0. Fora>1,

« 11—
Za?bil_o‘cl- Z (Z CZZ'CZ'> (Z blcl> .

1Tt is always good to verify this though given that randomization is generally required to obtain the
optimal performance in hypothesis testing.
12Equivalently, one can straightaway define a distribution on J™ and deduce the conditional distributions.
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Reverse Holder’s inequality can be proved by using the usual Hélder’s inequality [56].
The restriction that 7 > 0 is due to the use of Reverse Holder’s inequality where the

channel transition probabilities are used as the b; in Proposition 10. Now, we will define the

‘tilted” measures (distributions)
Po(m,y") £ P (m, y" )P~ (m,y") exp(—p())

pla) £ log > Py (m, y™ )Py (m,y")

m7yn

and
B (m, y") 2 P (m, y" )Py (m, y") exp(—fi())

i) £log > P (m, y" )Py (m,y").

m,y™
Lemma 16. With the definitions above, which are used to continue bounding the bounds in

Lemma 15, we have

pla) < D Palmoy™) 3 log | 3 V(ylui(m, y“))“q(y!y“)”‘] (A.30)
i) < Z@a(m,y”)zlog ZV(ylxi(m,yi‘l))aW(ylxi(m,yi‘l))l‘a] . (A3

m’yﬂ,
At this point, Sheverdyaev makes a specific ‘optimal’ choice in setting ¢ = ¢* which
induces P, = IP%,. For this choice of ¢*, he proves the following lemma.

Lemma 17.
% < AMa) £log ) qu*,a(x)va(ym] " (A.32)
Peole) & S By > o) = )
’77‘” <v(a) 21og > Prale) |3 W(y\x)vvl-a(y!x)] (A.33)
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At this point, we start to see the input distribution induced by different channels coming
into play, because P , is the input distribution under the tilted measure P, when ¢ = ¢* and

PVa is the input distribution under the tilted measure IP’ Note that for both cases, asa — 1,
the input distributions under the tilted measure converge to Py, the input distribution under
channel V.

Cascading the bounds of (A.28), (A.30) and (A.32) yields

) (o) < epluta) < explan(a)

P(V) < |M|5" exp(n(a))

< exp (—n (—)\(a) 1 ;QR)> ,

where we have used that the rate of the code is at least R. Hence,

11—«

—% log P,(V) > ~A(a) — - — R (A.34)

1/a
= —logz (Z V“(y|x)> — 1 ;&R.

If we let p = (1 — a)/a, we have

1+p

1

—Zlog P(V ] 2)V e ( — R
~log (V) > — ogE (E + y\ﬂf)) p

1+p
> 1nf —logz (ZP V1+p y|x)> —pR, ¥V pe (—1,0].

Hence, if we just let V = W, we get the first result given in the paper regarding correct
reception for rates above capacity:

1
—Elog P.(W)> sup [mf Eo(P,W,p) — pR}

pE(—1,0]

Eo(P, W, p) = —1ogZ<ZP W1+Py]x)> .

Hence,

lim 1nf—— log P so(W, R,n) > sup [mf Eo(P,W,p) — pR] £ E.(R).

n—00 pe( 1 0]
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It can be shown that E.(R) > 0 for all R > C(W) [47], so the strong converse holds with
feedback and exponentially decreasing probability of correct reception. Further, this bound
is the same as for block codes without feedback operating above capacity ( [47], Problem
2.5.16(a,b)).

Now, returning to the case for R < C(W), from (A.34), we know that

Jr— - [—%loch(V) —1—)\(04)]

o —

= b )|+ S [ N O - 0Y). (A)

a—1

where we have taken a Taylor expansion'® of A\(«) about @ = 1 and noted that A\(1) = 0.
From (A.29), we have

PX(V)P,~*(W) < exp(nv(a))
alog P.(V) — (o — 1) log P.(W) < nv(a).

Therefore, a little rearranging gives

_%logpe(w) = :(f)l = 1_7110gPe(V)
= (0@ 0 - 1) + Tl Rv). (A30)

where we have taken a Taylor expansion of v(a) about a = 1 and noted that v(1) = 0. A
bit of differentiation shows that

N(1) = I(Py,V)
V(1) = D(V[|W|Pv),

where Py is the input distribution under channel V. Plugging these values into (A.35) and
(A.36) yields

R <

o —

(—% log PC(V)> +al(Py,V)+g(V,a—1) (A.37)
—% log P,(W) < % (—% log Pe(V)) + D(V|W|Py) +5(V,a — 1), (A.38)

where the g(V,a — 1) and g(V,« — 1) are constants depending on V' (through the second-
order derivatives of A\ and v respectively). For a fixed V', g and g can be made arbitrarily

13The notation O((a — 1)?) is meant to apply for a — 1.



150

small if o — 1 is arbitrarily small. However, it is unclear'® if there are uniform (over V
and n) constants that bound them. This is the first main issue with the proof of this claim.
Especially for the second derivative of v, a uniform constant must be justified.

At this point, Sheverdyaev makes a choice of & =1+ 1/y/n and considers only channels
V such that I(Py,V) < R — € for some € > 0. Then, since mutual information is bounded
by log|Y|, (A.37) becomes

log |V
NG

€

<R- (1+ %) I(Py,V)

< i+ 1) (~Liog V) ) + gtV /v

From this, we can deduce that

P.(V) < exp (— ﬁ”+ - [e - k’gn'y g, 1/%)})

P.(V) ~ 1, for large n provided I(Py,V) < R —¢

Note that this conclusion is dubious because we have a counterexample (Example 1) showing
that the ‘refined strong converse’ does not hold, even for codes without feedback. That is,
having a mutual information lower than the rate is not enough to force the error probability to
1. Although Fano’s inequality can be used, this only shows the probability of error is bounded
above some non-vanishing constant. Forging ahead, however, plugging this information into
(A.38) gives

1
—ﬁlogﬂwcb(VV7 R,n) < D(V||W|Py) + f(n,e,V),

where the function f incorporates g and the log P.(V') term in (A.38). By choice of V' that
have a low mutual information, we also have

1
——log P, (W, R,n) < inf D(V||W|P) + su n,e V).
—log P g ) v (V]IW|P) V:I(PWI;SR%J“( )

It is then claimed that f(n, €, V') can be bounded uniformly over V', but as mentioned earlier,
it is unclear how to verify this point. In the next step, he claims that “a fortiori” (obviously),

inf D(V||W|Py) < sup inf D(V||W|P). (A.39)

V:I(Py,V)<R—e pep V:I(PV)<R—¢

While this step might seem obvious, as it apparently did to Sheverdyaev and reviewers of the
paper, it suffers from a subtle logical error. One might think that by taking the supremum

14This is something that both we along with Giacomo Como and Baris Nakiboglu of MIT could not verify.
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over P, and then infimizing over V', we are only weakening the bound. However, we cannot
apply the error probability bound to all pairs (P,V) € P x W that have I(P,V) < R —e.
Rather the bound only applies to (Py, V) that have I(Py,V) < R —e. That is, if there is a
V such that Py = P, there is no guarantee that I(Py,,V) < R—e. So the infimizing channel
V for a given P is not necessarily available to use for bounding purposes. Hence, the RHS
of (A.39) contains more channels in the infimum than it should. There is a potential fix to
this issue as developed by Baris Nakiboglu (and reproduced in Lemma 1), but the necessity
of this bridge in the proof was not anticipated by Sheverdyaev, at least as can be reasonably
concluded from the paper.

A.8 Augustin’s manuscript

Augustin [34] claims that the sphere-packing bound holds for fixed-length block codes with
feedback. His Habilitationschrift, entitled Noisy Channels, from Universiat Erlangen-Niirenberg
was submitted to Springer Lecture Notes in 1978, but appears to be unpublished as it seems
to be unavailable in the literature!®.

Our brief inspection of the contents of the manuscript indicate that it is a rigorous
treatment of point-to-point channel coding for channels with input and output spaces that
are not required to be finite or real-valued. Measurability is the main requirement for many
of the results, while stationarity of channels is sometimes assumed. One result of note is
an extension of the sphere-packing bound to these abstract input-output space channels,
inspired by the original proof of Shannon, Gallager and Berlekamp [18], without requiring a
fixed composition or type assumption. Of particular importance to us is one result located
towards the end of the manuscript. It is a result that claims that the sphere-packing exponent
is an upper bound on the error exponent for fixed-length block codes with feedback used
over finite-alphabet DMCs. In this section, we will discuss the result in question.

Unfortunately, we are not able to ascertain that the result was correctly proved nor say
for sure that the result has not been rigorously proved due to two reasons. First, the original
manuscript was written in German and translated to English. However, the phrasing used
in the translation makes it difficult to follow in many places. The second reason is that the
proof of the result is not explained in sufficient detail in several places where it is different
from the proof of sphere-packing for block codes without feedback (as done in [34]). With
that said, our observations in this section are much less formal than those made of the
Sheverdyaev paper.

Claim 2 (Theorem 41.7 of [34]). We are restricting here to what the theorem says about
stationary DMCs. The actual theorem applies in a more general form to finite input, sta-
tionary channels and list codes with feedback. For a DMC'W , and length n, rate R code with

15We received a photocopy of the Springer Lecture Notes submission in Summer 2010 from Professor Fady
Alajaji of Queens University, Canada after being informed by Professor Imre Csiszar of its existence.
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feedback,

—% log P.(W) < sup Ey(p) — p <R -0 (k;glsz))) +0 <1<;g1(/2))

p=0

-5, (10 (128)) o ()

Note that the convergence of the error exponent involves terms of the order of log(n)/n'/3.
This is much slower than the convergence of the error exponent for block codes without
feedback, where the ‘slack’ terms are of the order of log(n)/n for the argument within the
sphere-packing exponent and 1/4/n for the additive term outside.

Augustin’s proof, as might be expected considering the history of this problem, is pri-
marily concerned with ‘mutual information’ terms of the form

O S Viplolasm ) tog TS (A.40)

and ‘divergence’ terms of the form

1y o Vil
- V;, Y| m7yl ! log £ i )
w2 2 om0 og A )

i—1

(A.41)

for appropriately chosen ‘tilted’” channels and distributions V;, and @),. His proof of the
sphere-packing bound for codes without feedback proves probabilistic statements about terms
like (A.40) and (A.41) when there is a measure over the tilting parameter p. He then
uses a pigeon-hole argument to claim that those probability statements also hold for an
exponentially-equivalent-rate subcode, for a small range of p of size ©(1/n?), with a slightly
smaller probability. Then, he proves some continuity statements to show that since the range
of p is now very small, we get terms close to Ey(p) from (A.41). Since we don’t know a priori
which p will come out of the pigeon-hole argument, a sup over all p > 0 is taken.

For the proof with feedback, he notes that he will choose p depending not only on the
message, but also the input letter at a given time. He claims that a selection process to
refine down to a small range of p after this yields a probability that decays faster than
exponentially (as the p depend on too many factors now). The claimed fix to this problem
is to group instants of time into blocks of length & = O(n'/3), but not k = o(n'/?). The p
are then selected based on the message and received symbols up to those in the last block of
length k. Augustin claims that the resulting probability bounds, after thinning out to get
to a small range of p, are not sub-exponential anymore, but some bounding power is lost in
this process, resulting in the log(n)/n'/? terms.

Unfortunately, this proof is only sketched and it is unclear how allowing the p to depend
on blocks of length k received symbols leads to a pigeon hole argument over a sub-exponential
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number of holes (as we understand it, this still leads to a super-exponential number of possible
holes). If the p’s do not depend on past histories but only the number of the sub-block in
the whole block, it is unclear how the probability statements are being made. Hence, we can
neither verify, nor refute this claim and proof.

A.9 Sphere packing holds when the fixed type encod-
ing tree condition holds

A.9.1 Proof of fixed type proposition

Proposition 2 of Section 2.5: Suppose an encoding tree for a message m € M satisfies
the fixed type encoding tree condition with type P € P,.. Then, for all V' € V,(P),

[B(m, P, V)| = |Tv(2")|
exp(ntl (V| P))
= T+ )T

where 2" € Tp is arbitrary because |Ty (2™)| depends only on the type of z™.
Proof:

Definition 9 (Canonical sequence for type P). For an integer n > 1 and a type P € Py,
we define the canonical sequence of type P (and implicitly of length n) as follows. First,
without loss of generality, assume that X = {1,2,...,|X|}. The canonical sequence of type
P is denoted T and is the ‘lexicographically’ ordered sequence in type P. That is, it is a
string with nP(1) 1’s, followed by nP(2) 2’s, followed by nP(3) 3’s, and so on until it is
ended by nP(|X|) |X|’s.

For example, if X = {1,2,3,4,5},n = 10 and P = (2/10,3/10,0/10,4/10,1/10), then
7= (1,1,2,2,2,4,4,4,4,5).

To warm up, we recall the reason that |1y (Z}h)| = |Ty (z™)] for all ™ € Tp. Because x"
has type P, there is a permutation o that rearranges z'5 to result in 2". That is,

o:{1,...,n} —={1,...,n}
is a permutation (so it is one-to-one and onto) such that
Tpi = To(i)-

The fact that o is a permutation means that the type of 2" is the same as the type of .
Now, fix a V € V,(P). We want to show that |7y (2")| = |Tv(Z}%)|, and we can do so
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by coming up with a one-to-one map from )" to " that preserves the input-output pair
counts. Since we have a o that maps indices and rearranges z" to get T, it turns out doing
the same for y" sequences preserves the conditional shell relationship. More rigorously, let

7:Y" — V" be defined by

T(W") =7 (Y1, Yn)) = We1), Yo2)s - - - Yo(n))-

Clearly 7 is a permutation map of )". All that needs to be checked is that it preserves
the (z,y) counts between sequences. Fix a y" € Ty (z") and any x € X,y € ). Because
y" € Ty (z"),

n

nP(@)V(yle) =D 1z =2,y = y)

i=1

ZZ Z Wz =2,y =)

i=1 i=o(j)
n

= Z L Zo@) = 2, Yoi) = V)

=1

= Z L(Tpi = 2, Yoti) = Y)-
i1

3 |l

Therefore, we have that if y" € Ty (2"), 7(y") € Tv(Tp). Also, if y" & Ty (2"), y™ € Ty (a")
for some other V' € V,(P) and hence 7(y") € Tv/(Z}) and 7(y") ¢ Tv(T%). Therefore,
Ty (2™)| = Ty (Tp)].

Now, if the code has feedback, a simple permutation of the indices does not work as a
map to show that |B(m, P,V)| = Ty (T%). A bit more work needs to be done, and we start
with several definitions.

Definition 10 (Encoding tree (with feedback)). An encoding tree of length n, £, is a set
of channel input maps with feedback (with a dummy message index m),

&= {in(m,yi—l) cX 1= 17..,7n’yi—1 c yi_l} ‘

The tree is visualized with nodes being labeled with channel inputs and edges being labeled
with channel outputs as in Figure 2.9.

Definition 11 (Canonical encoding tree). For a length n and type P € P,, the canonical
encoding tree of type P (and implicitly of length n), denoted by Ep is

Ep & {xi(m,yifl) =Tpi:i=1,...,n, y e y“}.

The canonical encoding tree uses the feedback trivially and uses the canonical sequence of
type P as the input.
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The result that we wish to prove in this proposition is that if £ is an encoding tree
that satisfies the fixed-type encoding tree condition with type P, then for any V' € V,(P),
|B(m, P,V)| = |Ty(Z})|. We will prove this proposition by starting with the canonical
encoding tree for type P and performing a finite number of changes to the tree (in labeling
of the inputs at the nodes) to arrive at the given encoding tree £. Each of these changes
will be shown to keep |B(m, P,V)| = |Tv(Z})|. We will be working with several encoding
trees, so to avoid confusion, let Be(P, V) denote the output sequences (leaves in the tree)
that have conditional type V' when seen from the input sequence for encoding tree £.

So, assume that £ satisfies the fixed type encoding tree condition with type P. Start with
the canonical encoding tree Ep. If z1(m) = Tpy, then £ and Ep agree at the first letter and
we don’t need to modify Ep. Suppose, however that x;(m) # Tp; so that £ and Ep disagree
on the symbol at the root node of the tree. We claim that we can modify £p to get a new
encoding tree & = {z/(m,y"™ ') : i =1,...,n,y""' € Y"1} such that z{(m) = z1(m) and
for each y € ), the encoding tree of length n — 1 that is the child of ' = y is the canonical
encoding tree Eps for the type P’ with

o nP(z)/(n—1) if x # x1(m)
PO ={ p Ly e

That is, P’ is the type for length n—1 one gets by taking type P for length n and removing one
use of the symbol z1(m). This is done by using Proposition 11 repeatedly. The proposition
says that the input symbol at a node and the input symbol of its immediate children can be
interchanged without affecting the number of sequences in Bg, (P, V') (although the actual
sequences themselves will change) provided that the input symbols for children further down
do not depend on any more received symbols (only the depth in the tree). Therefore, we can
modify Ep to £ by repeatedly applying Proposition 11. We simply slide the first occurrence
of symbol z1(m) in the canonical encoding tree (such an occurrence must exist because of
the fixed type encoding tree assumption) back to the root node (interchanging symbols as
we go) and the children of the root node are all canonical trees of type P’ and length n — 1.
Proposition 11 ensures that for each V' € V,(P), |Be, (P, V)| = |Be/ (P, V)|

Now, £ can use the feedback from y! nontrivially, so z(m,y') can be different for each
y! € ). This is fine, however, because we can repeat the process for each child of the root
node separately to get another encoding tree £ of length n such that £ and £ agree for the
first two levels and the children after two levels are all canonical encoding trees of length n—2
(however, the types of canonical trees will be different if the encoding tree uses the feedback
at time 2 nontrivially), and |Bgz(P, V)| = |Bg, (P, V)| for all V' € V,,(P). The process can be
continued until we have modified £p to get £. We crucially use the fixed type encoding tree
condition because we require that along every sequence y™ the number of x’s is the same for
each z € X.

To finish off the proof, we need only recognize that |Be, (P, V)| = |Tv(Z}%)| since the
canonical encoding tree does not use feedback.
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Proposition 11. Let £ be an encoding tree of length n and suppose there is a k € {0,1,... ,n—
2} and 7* € Y* such that' for alli € {k+1,...,n}, for all y"=17F zi-1-k ¢ yi-1-k

xi(m, (yk7 yi—l—k)) — xi(m, (yk7 yi—l—k))'

That is, if the received sequence up through time k was §*, the input symbol is independent
on any of the received symbols after time k. Consider the following modified encoding tree
E={Ti(m,y ) ri=1....ny "t ey}

xi(m,yzj_l), if i <k

xi(m,y™ ), ifi > k,y* £7"

xk+1(m7yk)7 Zfl =k + 2, yk = yk
xk-i-?(m? (yka 1)) ZfZ =k+ 17 yk = yk

Zii(ma yiil) =

E is the encoding tree one gets if we interchange the symbols of the input for encoding tree
E at time k + 1 and k + 2 when the received sequence after time k is *. By the assumption
that feedback is not used after time k when the received sequences is §*, xpya(m, (Y5, y)) is
independent of y € Y, so in the above definition of T, we have used the dummy symbol 1 € ).
Then, for all P € P, and V € V,(P),

|Be(P, V)| = |Bg(P,V)].

Proof: Figure A.1 depicts how £ is modified to get £. Tn order to prove this proposition,
we will construct a mapping 7 : Y" — V" that is one-to-one and onto (i.e. a permutation)
that preserves the (z,y) counts for the £ after the modification. Let

T(y") = y" if y* # 7"
(yla o Yk Yk+2, Yk+1, Y435 - - - ,yn) if yk = gk

Hence, 7 performs the same interchanging to y" as was done to modify &£. It is clear
that 7 is a permutation of )™ because it is one-to-one and onto (the inverse permutation is
actually 7 as well). Now, fix a P € P,,V € V,(P), and y" € Bg(P,V). We wish to show
that 7(y") € Bg(P, V). If y* # 3", it is clear that y" = 7(y") € Bg(P, V) still because the

161f k = 0, Y* = () and y* is the null string.
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X

P P

k+1 k+2 k+1 k+2
Time Time

Figure A.1: The interchange of inputs for times £+ 1 and k£ + 2 as described in Proposition
11. The encoding tree is assumed to have inputs that only depend on the time i after time
k when the received sequence is 7*. The original tree is modified by interchanging the input
at time k + 1 with the input at time k + 2, only for the nodes along the branch *. All parts
of the encoding tree that are not shown remain unchanged. The resulting modified tree has
the same number of sequences in its conditional shells with feedback as the original tree.
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encoding tree along 3™ has not changed. So suppose that y* = 7*, and let 2" = 7(y"), so

nP(z)V (ylz) = Z zi(m,y'™") = x5 = y)

=1

e

=Y Uazi(m,y"™ ") =2,y = y) + Ve (m, y") = 2, 41 = y)+
=1

Lapea(m, ') = 2, gpp = 9) + Y Lai(m,y'™") = 2,y = y)
i=kt3

k
(a) ~ i—
=Y U@(may ) =2y = y) + g (m, oY) = 2,900 = y)+
=1

Haksa(m, o) = 2ogrs = )+ 3 1E(m,y'™) = 2. = )
i=k+3

k
(®) . . _
=) 1@ (my' ) =2,y =) + L@ (m,y") = 2, 5042 = y)+

n

1(§k+2(m7 yk+1) =T, Yk+1 = y) + Z 1(51(?77,, yiil) =,V = y)
i=k+3

= 1(z;(m, zi_l) =x,2=1),
i=1

where in (a) we have used the fact that z; does not change for times other than i = k41, k+2
and in (b), we have interchanged both the z; and y; for i = k+ 1,k + 2. Hence, 2" = 7(y") €
Bz(P,V). Hence, 7 maps Be¢(P,V) into Bg(P,V) for each P € P,,V € V,(P). Therefore,
since these are disjoint sets, |Bg(P, V)| = |Bg(P, V)| for each P € P,,V € V,(P).

A.9.2 Proof of theorem

Theorem 3 of Section 2.5: Fix a 6 > 0, R > 0. There exists a finite npr(W, R,0) such
that for any fixed-length code with feedback of length n > npp(W, R, ) and rate R with
encoding trees for all messages satisfying the fixed type encoding tree condition,

1
——log P.(W) < By (R = 6) +0.

Proof: For now, assume that the fixed type encoding tree condition holds for all messages



in the code with the same P € P,, so V y" € V", P(m,y") = P. With that in mind,

P(W) > Pw(Y" ¢ DM =m)

|M| meM

‘ ~

= > Y Pw(Y"eD,NB(m, PV)M=m)
| |m€M VEVL(P)

2 2 2 Byt =yiM=m)

meM(P VeV, (P) yreB(m,P,V)NDE,

_ Z %Z|DfnﬂB(m,P,V)!eXp(—n[D(VHW|P)+H(V|P)])

VEVL(P) M| meM

= Y exp(—n[D(V|[W|P)+ H(V|P)+R]) Y |B(m, P,V)ND;,|
Vev,(P) meM

= > exp(—n[D(V|[W|P)+ H(V|P)+ R]) x
VeVn(P)

[Z |B(m, P,V)| — |B(m, P,V) N\ Dy,
meM

—
Ve

> exp(—n[D(V|[W|P)+ H(V|P) + R])
VeV, (P)

> exp(—n[D(V||[W|P)+ H(V|P) + R]) x
VeV, (P)

[(Z |B(m, P, v>|> — exp(nH(PV))

meM

meM

v

(Zmev >—|TPV|
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where (a) follows from Proposition 14. From Proposition 2, we know that |B(m, P,V)| >
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exp(nH (V|P))/(n + 1)V for all m € M | so for any 6 > 0, we have

P.(W)> > exp(—n[D(V||[W|P)+ H(V|P)+ R]) x
VEV(P)

[exp (n [H(V|P) R log(n + 1)} ) _ exp(nH(PV))}

3 exp(—n[D(V||W|P) ‘X”Mlog( 1)D><

Vev,(P)

[1—exp(—n[R—H(PV)+H(V|P) |||y|10g( 1)D]
> x ew (o pwimie)+ TR g )] )

VEV,(P):I(P,V)<R—5
[1 — exp (—n [R — H(PV)+ H(V|P) — |ng| log(n + 1)] )]

Rding
n

IXW!

> exp (—n [ min D(V||W|P) +
VEV,(P):I(P,V)<R-3

log(n + 1) + 7(n, 4, | X|, |y|)}> )
where

7(n,0,|X|,|YV]) & —%log (1 — exp <—n [5 - ’Xl—gﬂlog(n + 1)])) :

Note that 7(n, 9, |X|,|Y|) = 0 as n — oo and is O(1/n). From Lemma 6, we know that

I LI
n

X
D(V||W|P) < E, (R -4 — 2|7|lﬁlogn> + Kkw

Vevn(P)rrrfl(llg,V)gR—a n 0g m
Therefore,
1 X X
—Zlog P.(W R—o—olXI ”y’ PR 7] | P
n n n | X

H)f\

og(n +1) +7(n, 6, |X],|V]).

Now, the above is true when we assume that the fixed type encoding tree condition holds
with the same P for all messages. Removing the requirement that the condition holds with
the same P for all messages means we need to thin the code before applying the argument
that got us to the point above. Since there are at most (n+ 1)|X | types P that the condition
can hold with for each message, we have
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4 XY
——1 1 log
- og(n+1) |+ . |X|+

o(n + 1) + 7008, 121, V1) + ' log(n + 1)

1 X
~Zlog B(W) < E,, (R 5ol XIM
n n

RETTNEI TR

n

Since log(n)/n — 0 as n — oo, we have for large enough n depending on §, R and W that

—% log P.(W) < Eu)(R — 26) + 26.

A.10 Limited memory at the encoder means the sphere
packing bound holds

Proposition 5 of Section 2.9: The following relationship between E,,(R) and E,(R)
holds for all & > 2 (i.e. all interesting k):

B = k5 (1)

This result is due to Baris Nakiboglu and Giacomo Como [33].
Proof: We will show this for the case of £ = 2 and argue the rest by induction. First,
let S’ be the set of test channels V' € W of the form

V'(y1, 9211, fo) = Vilyalzn) Va(yal f2(01))

for some Vi,V € W. So, V' is a succession of two possibly different DMCs. Then, for
VieS cWwW,

V(ylay2|$1,f2)
w’ (y173/2|$€1, 2)

D(V'||W'|P") = Z Z P'(x1, fo)V' (31, y2|1, f2) log

z1,f2 Y1,92
) . ) VAl lr)Vaal )
—Z;Zm 1 B IVinle) Vel folon)) log g simeE 1SS
:ZZP (21, fo)Vi(yi]z1) Va(yal f2(y1)) log E |‘ 1))
x1,f2 y1,92
Va(yalf2(41))

SN Pla, ) Vilyilen)Valsl fo(y1)) log

x1,f2 Y1,Y2

W (yalfa(y1))
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Now, for the first term above,

T, = Z Z P’(xl,f2)‘/1(y1|x1)1/'2(y2|f2(y1))logM

x1,f2 Y1,¥2 W(y1|x1)
/ V T
=D |2 Plan f2) D Valwel folw)) %(yllxl)log%
x1,Y1 f2 Yo yl 1
@ / Vi(yr|@)
= P(xy, |% log ~\ILTL)
= D(V1||W|Px,) (A.42)

Px, 2 P'(z1, f),
f2

where (a) follows because for each fq,y1, >_,, V(y2|f2(y1)) = 1. Note that Px, depends only
on P’. For the second term,

1,23 Pla )Vilyled) Valye| fz(ymbg%

x1,f2 Y192
- Z Z Zl(f2<yl) = x2)Pl(~”C1,f2)V1(1/1|x1)V2(y2|f2(y1))1Og%

z1,f2 Y142 T2

' V2(y2|$2)

N Pz, f2)Vi(yilz1) | Valyelf2(y1)) log ———=

| S Pl Vil | Vsl s
= V2(l/2|$2)
— xQZyQ Py, (22)Va(yal| f2(y1)) log m
= D(V2||W|Px,) (A43)

Py, (1) £ Z P'(x1, f2)Vi(yi]21),

z1,91,f2: f2(y1) =2

where we note that Py,(-) is a distribution because it is nonnegative and sums to 1. Note
that Py, depends on P’ and V; but not on V5. Combining (A.42) and (A.43) yields

DV[W!|P") = DVA|IW|[Px,) + D(Va|[W|Px,). (A.44)
Now, it is well known [47] that for P € P,V € V,

I(P,V) = D(VI]|(PV)|P)
= min D(V]|QIP),
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where the divergence between a conditional distribution V' and a distribution @) on ) con-
ditioned on P is

Viylx)

D(V[|Q|P) )1 .
1QIP) ZP Vigla)log =5 05

With this property in mind,
Vi(ya]z1)Va(y2|f2(y1))
Q(yh yQ)

Vi(yi|21) Va(yal f2(11))
(PX1‘/1>(y1)<PX2‘/2)<y2)
Vi(yi|z1)
(Px, Vi) (y1)
(

Va(yalf2(y1))
(Px,V2)(y2)

1P V) = min > P, L)Valyilen) Valyel folsn) log

z1,f2,91,Y2

< Z P'(z1, f2)Vi(yr]o1)Va(yal f2(y1)) log

z1,f2,91,Y2

= Y Plar, )Villz)Valyel f2(01)) log

z1,f2,91,92

Z Pz, f2)Vi(yilz)Va(yel f2(y1)) log

z1,f2,Y1,Y2

_ / Vi(yi|z:)
_ZIZ,yl J;yzp(x1>f2)v2(y2\f2(y1)) %(yl\xl)log—<Plel)(yl)+

Va(yalf2(y1))

Z P'(x1, fo)Vi(yi]z1)Va(yel fa(y1)) log (Px,V2)(y2)

x1,f2,91,Y2

= Z Px, (z1)Vi(y1]21) log

Z1,Y1

Vi(yi|zy)
(Px, V1) (1)

Z P'(a1, fo)Vi(yi]z1)Va(yel fa(y1)) log

z1,f2,Y1,Y2

= I(Px,,V1) + Z P'(x1, f2)Vi(yi|21)Va(ye| f2(y1)) log

z1,f2,Y1,Y2

Va(yalf2(y1))
(Px,V2)(y2)

Va(ya| f2(y1))
(PXQ‘/Q)(yQ)

=I(Px,, V1) + ZZ Z P'(x1, fo)Vi(yi|z1) | Valyz|zz) log Va(1a]2)

y2 22 | z1,y1,f1:f2(y1) =2 (PX2V2)(y2)

— 1P Vi) + 30 X Pl Vil log cp )

I(P', V') < I(Px,, Vi) + I(Px,, Va). (A.45)
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Using the above bound for V' € &', we can upper bound E{ (R) as

E' (R) = i D(V'||W'|P’
Sp( ) Jrﬂrflg}?(/\//el/v’:r}%}?r},v')gz% (Vw12
< max min D(V'||W'|P")
P'eP' VIeS:I(P',V')<R
(a)
< max min D(V'||W'|P")
P'eP! V'eS"I(Px, ,Vi)+I(Px,,V2)<R

INE

max min D(V'||W'|P") (A.46)

P'eP' V'eS":I(Px, V1)<R/2, I(Px,,V2)<R/2

—

c

= max min D(Vi||W|Px,) + D(V5||W|Pxs,),
PIeP! VIS :I(Px, Vi)<R/2, I(Px,,Va)<R/2

N2

where (a) is due to reducing the set of admissible V', (b) follows from (A.45) and (c) follows
from (A.44). Now, we have

Egp(R) < max min D(V4||W|Px,) + D(V5||W|Px,)
PepP’ V1,V2:I(PX1,V1)§R/2, I(PX2,V2)§R/2
(d)
< max min D(W1||W|Px,) + min D(V5||W|Px,)
Px,,Px, Vi:I(Px, ,Vi)<R/2 Va:I(Px,,Vo)<R/2
= 2FE,,(R/2),

where (d) follows because while Py, is induced by P’ and V;, allowing it to be arbitrary can
only make the max larger.

The above proof can be extended to k& symbols as follows. First, note that we never
used anywhere explicitly that the first and second symbol within the supersymbol are from
the same alphabet, so for example we can have X’ = X x X*~! and similarly for ) and
W'. Secondly, the bound from the line above (A.46) to (A.46) does not have to be an R/2,
R/2 split in the mutual information. We can just as well require I(Px,, V1) < R/k and
I(Px,,V3) < (k—1)R/k. In the end, we would have

B, (R) < Egpa(R/K) + Egp2((k = 1)R/K), (A.47)

where Eg,; denotes the sphere packing bound of the first channel and Ej,s denotes the
sphere packing bound for the second channel. So to prove the proposition by induction,
assume that we have shown for all [ < k (we have already done the base case of k = 2),

EO(R) < IE,(R1),

sp

where ES(Q (R) denotes the sphere packing bound of the superchannel composed of [ symbols
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from X. Then, using (A.47),
ES(R) < By(R/(k + 1)) + BES (kR/(k + 1))

(2 Ep(R/(k+1)) + kEg,(R/(k+1))
= (k+1)Egy(R/(k+1)),

where (e) follows from the inductive hypothesis. As for the lower bound that Ef,(R) >
kE,,(R/k), it follows obviously from the fact that the codes do not have to use feedback at
all, that is P’ can be a product distribution on X*, in which case the optimization turns into
k independent optimizations over test channels. Using the fact that both mutual information
and divergence are convex in the channel V' yields the desired lower bound. We only outline
this portion because we actually only need the upper bound for our purposes.

A.11 Equivalent statements

A.11.1 S-P encoding tree condition implies SP holds with feed-
back

Proposition 3 of Section 2.6: If the sphere-packing encoding tree condition holds, then
sphere-packing for fixed-length codes with feedback holds.

Proof: Fixad > 0, and block code with feedback of rate R and length n > ngr (5, R, W).
If the sphere-packing encoding tree condition holds, we know that for each message encoding
tree, there exists a P € P,,V € V,(P) such that (2.26), (2.27) and (2.28) hold. Now, the
(P, V) can be different for different messages, but there are at most (n + 1)*!1¥l joint types
(P,V), so there must be at least one (P, V') such that (2.26), (2.27) and (2.28) hold for at
least |M|/(n + D)I¥IPl of the messages. Fixing this P, V, and letting M’ C M be the set of
messages for which (2.26), (2.27) and (2.28) hold, we have

P.(W) = T meZ/\/lPW (Y" € D, |M = m)
W%ZMPW (Y™ € B(m,P,V)ND|M = m)
‘ ZA:A | B(m, P,V) N Dy [exp(—n(D(V|[W|P) + H(V|P)))
Z (m, P, V) N Dy [exp(=n(D(V[|W|P) + H(V|P)))
= exp(— Z% D(V||W|P)+ H(V|P)) Y _ |B(m,P,V)ND;,|. (A.48)

meM’
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At this point, we can use the properties of |B(m, P,V)|, D(V||W|P) and I(P, V) that are
provided by the sphere-packing encoding tree condition.

> IB(m,P,V)ND;|= > |B(m,P,V)|—|B(m,P,V)N Dy

meM’ meM’
> 3" |B(m, P,V)| ~ Tv]
meM’
> Y |B(m, P,V)| — exp(nH(PV))
meM’
> A SR H(VIP) - 9) ~ explu (PV)

= exp (n {H(V|P)+R 121 ||y| og(n+1) — 6]>><
{1 —exp <—n [H(vua) CH(PV)+R—-6— 7|L|y| log(n + 1)})]
~exp (n [H(V|P) LR 'XW log(n + 1) — 5}) «

1o (< R 1Ry -0 - R g 1))

Zexp(n [H(V|P)+R 12| Hy‘ log(n + 1) Dx
)

{1_exp<_n [25_5 |/"€H37|log ] ]

o (o 012 4 7 g ] )
{1 ~exp <_n [5 g + 1>] )}
> % Xp <n [H(V!P) +R— % log(n+1) — 5]) , (A.49)

where the last line holds large enough n depending on ¢, |X| and |Y|. Plugging the

for
A.48) yields that for large enough n,

inequality of (A.49) into (
PV) 2 gexp (=n | DOVIWIP) 6+ P g4 1) )
> % exp (—n [ESP(R —20)+d+ |X7|1|y| log(n + 1)D :

Since § > 0 can be made arbitrarily small and log(n 4+ 1)/n — 0 as n — oo, sphere-packing
then holds with feedback.
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A.11.2 Intermediate S-P condition and S-P holding with feedback
are equivalent

Proposition 4 of Section 2.6: If SP holds with feedback, then the intermediate SP

condition holds. Conversely, if the intermediate SP condition holds, SP holds with feedback.
Proof: First, assume that SP holds with feedback. Fix a § > 0 and a block code with

feedback of rate R and length n > ngp (0, R, W). Now, because SP holds with feedback,

PA(W) = exp (=n(Ey(R — 6) + ).

Expanding the error probability,

Pe(W):W > Pw(Y" ¢ Dp|M =m)
meM

Z > Pw(Y"€B(m,PV)ND.|M =m)
meM PeP,,VEV,(P)

@ W > > B, PV)NDL exp(—n(D(V]|W|P) + H(V|P)))

me./\/l PePn VeV, (P)

=Y LS Bm P V) D5 exp(—n(D(VIWIP) + H(V|P))
PePn,VEVL(P ’ ‘ meM
= Y  K(PV)
PePp,VEVL(P)
K(P.V)£ o L ’ S™ 1B(m, P,V) ND%, | exp(—n(D(V|[W|P) + H(V|P))), (A.50)
meM

where in the above, (a) follows from Proposition 14. Note that all the steps above are
equalities. Hence, we know that

Y K(PV)>exp(—n(Ey(R—0)+9)).
PePn,VEVL(P)

Since all the K (P, V) are non-negative, and there are at most (n+41)*1?! joint types of length
n, it follows by the pigeonhole principle that there is at least one P € P, and V € V,(P)
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such that
K(P,V) = ﬁ > IB(m, P,V) N D, exp(—n(D(V||W|P) + H(V|P)))
meM
> et BBy (R =) +)

1 1
—log K(P,V)=—-D(V||W|P) — H(V|P) + log
n

|M| Z\BmPV)mDC|]

meM

XY IIyI

> —FEg,(R—6)—0— log(n + 1).

Rearranging yields

1
A c
(= —log ’M‘Z\BmPV)ﬂD | (A.51)
meM
B o XY
> H(V|P)— |Ew(R—9)— D(V||W|P) +d + " log(n + 1)
> H(V|P) — [Esp(R —0) — D(V||W|P) + 2] (A.52)
for n large enough, as log(n + 1)/n goes to 0 as n — oo. Now,
l1og > IB(m, P, V)N D] <llog -—Z|B(mPV)\
n ‘M’ meM on ‘ meM o
(b)
! ~log Z p(nH(V|P))
ML
= H(V|P) (A.53)

where (b) comes from Proposition 14. Plugging the inequality of (A.53) into (A.52) implies
that additionally,

D(V|[W|P) < Ey(R — 6) + 26.

Hence, the intermediate sphere packing condition holds.

Now, suppose the intermediate sphere packing condition holds. That is, for n > ngps (6, R, W)
there exists a P € P,,V € V,(P) such that (2.30) and (2.31) hold. Then, plugging (2.31)
into (A.50) and working backwards through the inequalities gives us that the sphere-packing
bound holds with feedback.
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A.12 Delayed feedback

A.12.1 Error probability bound

Lemma 5 of Section 2.7: Define a channel independent constant

a(T) A |X|(2+ |y210g(T + 1).

Fix an € > (7). Then, for any block length n = NT (with N > 1) rate R coding system
with a type 2 encoder,

1
———10g P.(NT,E,D) < Egp7(R—€) + a(T) + v(N, T,e¢),

NT
where
E.,r(R) £ max min D(V||W|P), (A.54)
PEPr VeVr(P):I(PV)<R
and
(N, T,e) 1 !
TS = NT 8 T Zexp(—NT(e — a(T)))

Proof: The argument begins, as with the sphere-packing proof for codes without feed-
back, by showing that there is a subcode of approximate rate R for which most codewords
have the same input types. This is normally done by whittling down the messages to those
whose codewords belong to the largest common type, by message population. The challenge
is that now we have feedback every T" symbols, so we need to carefully show in what sense
messages have the same input types. We do this by induction on N, the total number of
T-length blocks.

First, for N = 1, there has been no feedback. Let P;(m) denote the type of 27(m) £
(¢1(m),...,¢r(m)). Now, group messages according to their type P;(m). Since |Pr| is at
most (T + 1)!*!, there exists a P, € Pr such that

QnR

{m : Py(m) = P }| > m

This is the usual argument for fixing the composition of a high-rate subcode in the proof of the
sphere-packing bound for codes used without feedback. After this, we choose a Vi € Vr(P)
such that I(P;,V;) < R — €. The choice of V] is made so as to minimize D(V;||[W|P)
amongst those Vi € Vp(Py) that have I(P,V;) < R — €. The existence of a V; such that
I(P1, V1) < R — € is not immediately obvious for channels in which E,,(R) can be infinite,
even if E,,(R) is not infinite for the given R. If no such V; exists, the result of the lemma
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is meaningless if we take the convention that min over the null set is co. Hence, if the
optimization in the right hand side of (2.32) evaluates to something finite, we can safely
assume the existence, for each Py, of a V; with I(P;,V;) < R — e. For the rest of the proof,
we assume we are in this case.

Without feedback, the selection at this point would be enough to show that for a high-rate
subcode with the same type, a substantial portion of the selected V;-shells (as defined in [47])
around the codewords for these messages overlap to cause a significant error. However, we
now have feedback every T symbols, so we will iterate this selection process N times. We
will prove a claim showing that the messages are not thinned too much and there are many
y" sequences which must ‘overlap’. We will do this by selecting N input types Py, ..., Py
and N channel shells Vi, ..., Vy sequentially by induction. Let, for 1 <k < N,

(k—1)T (k—1) (k=1)TY _
B("‘)(m) L )T Y " €B (m)];TPk<m7y (k)l)T P, |
Y1 € v (Tl nyrpa (my )

(k:—l)T)

where Py(m,y is the type of w?g_l)T+1(m, y* =T which is itself defined as

(Sge—vyrs1 (m,y* D7), e (m,y D7)
Now, let for 1 < k < N,

40 {m: B0y > 22T T H<w|a>>}

(T + 1)F(XFXY]

where H(V|p) = >_,  p(x)V (y|z)log(1/V (y|lz)) denotes conditional entropy. Note the de-
pendence of both the A®) and B®)(m) sets on P, and V;. We drop the dependence in the
notation for convenience. In words, we are breaking the transmission length into blocks of
length 7', and then coming up with a set of messages that have common types within each
block as long as the output sequence being fed back lies exactly in a certain V-shell. The
set B®(m) keeps track of how many of these output sequences lead to the common type
for each message and the set A®) keeps track of how many of the messages have the desired
lower bound on size for B®)(m).

Claim 3. For a block length n = NT, rate R type 2 encoder, there exist Py,..., Py € Pr
and Vi, ..., Vx, with V; € argminy ey, (p,).1(p,v)y<r—e D(V||W|F;) such that

onR
Proof: We proceed by induction with the base case of N =k = 1. As we have seen there

is a P, € Pr such that at least 2" /(T + 1)I*| messages have P;(m) = P;. We then choose
Vi € Vr(Py) such that I(P;, V1) < R —e. Tt is clear that for those m with P;(m) = Py,

|A(N)| >

[BY(m)| = |Tv; (P)] >

= m expy(TH (V1| 1)),
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where [Ty (p)| denotes the number of vectors in a V-shell around a vector of type p (i.e.
Ty (2T)] if 2T is of type p). Hence, the claim is true for N = 1.

Now for N = k > 1, assume the claim is true for k — 1. For each m € A®*~=Y_ group
the y ¢~ ¢ B*=D(m) according to Py(m,y* V7). At least |[B*~Y(m)|/(T + 1)I*! of the
y*=DT ¢ BE=1)(m) have a common type Py (m,y* Y7) = P,(m). Now, group the messages
in A®=1 according to Py(m). At least |A*~D|/(T +1)*! have a common type Py(m) = P.
Now select a Vi € Vr(Py) such that I(FPy, V) < R —e. It is now readily seen that for the
m € A®V with P,(m) = P,

(k=1)

B9 ) = G T T ()
exp, (T Y1, H(VIP))

=TT 1 AR

This holds for at least |A®=V|/(T + 1)1 > 2n% /(T 4 1)k¥] messages, hence the claim is
true.

Now, note that for all y* € B™)(m) with m € AN, we also have yfinl)TH € Tp,y, for all
1 <1 < N. Hence,

i m, B(N)(m) C TP1V1 X -+ X TPNVN
N Upeawy BN (m)| < [Tpy,| x -+ % [Tpyvy]

< exp, (TZH(HW)) , (A.55)

i=1
where H(PV') is the entropy of the distribution (PV)(y) = >, p(z)V(y|z). Focusing our
attention on these output sequences,

onR

PnED) =5z Y 3 Hw(yl

m= 1y"¢'¢ m)’L 1

Y Y A=)

mEAM) yn e =T(mNBW) (m)

) €XDa —TZ£\;1(D(Vz‘||W|Pi)+H(W|B‘))
o % i ) 5 o s

meAN)

é: (m yu/TJT))

v

—
N

exp, (~T S, (DWVIWIR) + H(ViIP)))

- 2nR X

Y (1BM(m)] = BN (m) Ny~ (m)),

meAN)
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where in (a), we have noted that the probability for all y” € B")(m) is equal to

exp2< TZ (Vi||W|P,) +H(V|P))>
Continuing, we have

exp, (=1 S, (DVIIWIP) + H(VIP))

Pe(nag7D) Z onR X
Yo BMm| - U B™m)
meAW) meAW)
exp, (~T LA (DVIIWIP) + H(VI|P))
> X
gnR
N)|oT SN H(V;|P;
ae iltfl I/"(fly)) B U B(N)<m
+
(T+ 1) meAW)
O expy (=T 31, D(VlIWIR)

2nR
=1

| AN N
(T + 1)NIX+HxI) CXP2 TZ I(P;, V;)

S

expy(~T' S D(VAIIWIP) :

=1 [(T Ve P2 (—NTG)]

N
_ expy (—T Zi:l D(V;HW’PZ)) [1 _ 2—NT(€—OC(T))] ]

expy(NTe(T))

In inequality (b), we have used the inequality of equation (A.55). Claim 3 is used in
inequality (¢). In the selection process of the claim, for each P; € Pr, we choose a V; € Vp(p)
with I(P;,V;) < R — € that minimizes the average divergence. Then, since we can’t say
anything about the P;, we bound by the worst-case P to take a max over all P € Pr. Taking
logs and dividing by NT' gives the result of the lemma.

A.12.2 Length T sphere-packing exponent
Lemma 6 of Section 2.7: For any T' > 2|X||Y|, for all P € Pr,

2|X||Y|log T X
min  D(U||W|P) < E,, (R_ %’P) N /awlTHJ/\+

Uevr(P):I(PU)<R
| X[ Y[ log(T'/|X])
T )
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where

é .
E,(RP)2  min  D(V|W|P).

1
max log ————.
z,y:W (y]z)>0 & W (y|x)

Rw

Proof: First, write P € Pr as P(x) = k,/T where k, are nonnegative integers that sum
to T'.

Claim 4. Let U be an arbitrary channel for which |U(y|x) —V (y|x)| < 1/k, for all x,y, and
U(ylz) = V(y|lx) =0 when W(y|z) = 0. Then,
kw + log(T/|X])

| DU[IW[P) = D(V[[W[P)] < [X||Y] T :

Proof: First, note that |rlogr — slogs| < —|r — s|log |r — s| whenever 7, s € [0, 1]. This
can be seen by noting that the function f(r) = —rlogr,r € [0,1] is concave and maximal
absolute slope at = 0, where the derivative is unbounded above. Hence, |f(r) — f(0)] =
—rlogr,r € [0,1] is a bound to the difference between two points on the curve at distance
r. Now, keeping in mind that U(y|z) = V(y|z) = 0 whenever W (y|xz) = 0, a little algebra
shows that

Ulylz)
W (ylz)

Viylx)

- V(ylz) 10gW

DWIWIP)— DVIWIP) < 3 P) Y ‘U(ylw) log

Y

< 30 S U le) log Uyle) — V(gle) log Vi) |+

k. |
;7 > U(vle) = Vylo)|log s

y: W (ylz)>0
k. 1 1
S I I P
x Y

X[ Vlsw Y
< S > logk,

T
@ [ XPlew | X||Y|log T/ X]
T T

In (a), we are also using the fact that since log is a symmetric, concave (N) function, so

T
log k, < |X|log —-.
el 2 N0k < 1] lo8 5
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Now, for an € > 0, pick V' to be in argminy.;pyr<p—e D(V'||W|P). We will find a
U € Vr(P) such that I(P,U) < I(P,V) + e < R. First, we show that there exists a
U € Vr(P) such that |U(y|z) — V(y|z)| < é for all z,y.

For each z,y, let U(y|z) = |k,V (y|z)]/ks. Note that U is missing some mass to be a
transition matrix if the entries of V' (+|z) are not multiples of 1/k,. The missing mass can be
bounded, for a fixed z,

1= Ulylr) = > V(yle) - Uylz)

<y : kV(yle) & Z}|/ ks

Now, the missing mass must be a multiple of 1/k, for each z because U(-|z) has terms that
are multiples of 1/k,. Therefore, the missing mass can be distributed amongst the y that
have k,V (y|z) ¢ Z in multiples of 1/k, in such a way so that no y has more than 1/k, mass
added to it. We let U(y|z) be the resulting transition matrix. Since U(y|z) = |k, V (y|x)]/kz
and either 0 or 1/k, is added to get to U(y|z), it follows that |V (y|x) — U(y|z)| < 1/k,.
Also, U(y|z) = 0 when V (y|z) = 0.

Note that

xT

S p@) S Ulyle) — Viyle)| < Z%Z,}z . |X¥y|.

If T'> 2|X||Y|, we can use the continuity lemma for entropy (Lemma 20). By using this
lemma twice after expanding mutual information, we get
[I(P,U) = I(P,V)| < [H(PU) = H(PV)| + [H(P,U) — H(P,V)]
21X
T

< logT.

Hence,

2|x
wlogTﬁR

I(PU <R—¢+

provided

2|x
| ;'y’ logT <.

Therefore, there exists a U € Vr(P), with I(P,U) < R such that

D(U|IWIP) = Eq(R — €, P) + DU|W|P) = D(V||W|P)
2% 1Y) kXY XYL T
T

T T %Al

< E, (R - log T, P) +
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A.13 The Haroutunian exponent of a parallel channel

Lemma 7 of Section 2.8: Fix a W € W and integer L > 1. Let W) denote the
probability transition matrix from X to Y* obtained by using L independent copies of W .
That is, for (zy,...,z) = 2% € XL and (yy,...,yr) = y* € V¥,

'(y" ") HW (yilz:)-

Let Ey(LR; W) denote the Haroutunian exponent for W) at rate LR and let E,,(R; W)
denote the sphere-packing exponent for W at rate R. Then,

X
Ey(LR, W) < LE,, (R - % log(L + 1); W) :
Proof: First note that C(W ")) = LC(W) because the copies of W in W) are independent.

Let W) denote the set of probability transition matrices from X* to Y*. Then,

En(LR; W) = min max D(V (-|z5)|[W D (-|z5)). (A.56)
Vew).C(V)XLR zt

For each length L type P € Py, fix e, = % log(L + 1) and

Up € arg min D(V'||W|P). (A.57)
VIEW:I(PV/)<R—ey,

Then, for each ¥ € Tp,y* € V¥, define
L
V(y*lat) = H Up(yilzi)- (A.58)
i=1

V is a legitimate probability transition matrix in W) because it is clearly nonnegative and
for each fixed z* € XL,

ZV(yL|JI ZHUP yz|xz
yL

yL =1

-3 S [ Unlle)

yLzl

S Unlyila:)

1y, €y

i
I
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where P is the type of z¥. Tt is shown in Proposition 12 that C'(V) < LR. Therefore, V is
included in the minimization for Ej,(LR; W®)). Now, fix an * and let P be the type of a7,

so x” € Tp. Then,

D(V (-|z")[[w®)

ZVy |z%) log (L‘I>

B y*|at)

L
= 5 | TT 0wt 10 ol
(2 K3 L
oL Li=1 i j 13

_ - s - - 0} m
= yz H Up (vil %>_ [Zl & W (y;l|z;) ]

L j=1
L L
Up(yi|x
=SS | TT Ul | o V;(%' 4
j=1 yL Li=1 YilT

=> (> HUP il )D(Up<-|xj>||w<~rxj>>

sp(R — €L; W)a

where (a) follows because the term that disappears is 1, (b) follows because the type of xt
is P and (c) follows by the choice of Up as a sphere-packing optimizing channel in (A.57).
This upper bound is independent of z’, therefore

max D(V (-|25)|[W ) (-[2")) < LE, (R — er; W),

which proves the lemma because V' is included in the minimization of (A.56).

Proposition 12. For the channel V' defined in (A.57) and (A.58), C(V) < LR.

Proof: Note that by definition'”, C(V) = maxpw)yz) [(X*;Y") where PE)(XE) is a

probability mass function on X* and P(Y*|XT) =

V(YLIXT). Let Z be the random variable

I"Recall that in our notation capital letters such as X denote random variables.



177

which takes values in Py, which takes the value of the type of X;. That is, if X, € Tp, Z = P.
Note that Z is a deterministic function of X*. Now, for any distribution P(")(X¥*),

I(XE Z.vEy = (XEYyh) + 1(Z; YH X5
(x5 Y,

where the first equality follows by chain rule for mutual information and the second equality
follows because Z is a function of X* and therefore independent of Y* given X*. Now, if
we expand the other way,

I(XE 2, Y8 = 1(Z; Y E) + 1(XE Y| 2)
< H(Z)+ (X" Y5 2)
< [X[log(L + 1) + I(X*; Y| 2),

where the last line follows by the fact that Z takes its values in the set of types and |Pp| <
(L + 1)I*. By definition,

(X" YH2z)= > P(Z=PI(X"Y"Z=P)
PePr,
(Xt Yyl Z=P)=HY"Z=P)-HY"Z=P X").
Now, because Z = P specifies that X* € Tp,

HY"Z =P X" = > PX"=2"2Z=PHY"X"=2"2=P)

:ELETP
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For any z* € Tp, because we have the Markov property Z — X — Y%,
LivL _ L o _
HYY Xt =4t Zz=P) = ZV (y*|z") log ——— i L|$L)

(a) 1
= Up(yi|z:) | log
%: g 15 Up(yjlz)

=Z ﬁm:(yi\xz] [Zlog ijx»]
®) ZZ -

HUP yz‘xz
j=1 4L =1
L

=D [UP(ZJH%)lOg Ur(y)] JJ > [ Urtile)

J=1 y; YiiFJ 1F£]

. 1
=23 vtk Wl
913 p( ZUP yle) log 77 <y| )

— LH(Up|P),

log

Up(yjl;)

where (a) follows by the definition of V for xl € Tp, (b) follows by the interchange of sums
and products, and (c) follows by the fact that z¥ € Tp and y; is just a dummy variable for
y € Y. Now, by chain rule for entropy,

L
H(Y'Z=P)= Z (Y| Z =P Yi,...,Yi)

H(Y}|Z = P)

IIMh I¥

because conditioning can only reduce entropy. For this fixed P, let P; be the distribution of
X; conditioned on Z = P. That is Pj(x) = P(X; = z|Z = P). Because we have conditioned
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Z = P, it follows that %Zle P, = P. Now, by the Markov property Z — X; — Y},

1
H(Y;|Z = P) ZIP C=ylZ = P)logp( V7= D)
1
"2 |2 Rl y'ﬂ“"]log >, P@)Un(yle)
:H(PiUP)-
Hence,
H(Y*|Z=P)<) H(Yi|Z=P)
:LZ%H<PiUP)
L)
© LH(PUp),

where (d) follows by concavity (N) of entropy and (e) follows by linearity and the fact that
T S P, = P. Therefore,
(XM Y Z=P)=H(Y*Z=P)-HY*Z=P X"

< LH(PUp) — LH(Up|P)

= LI(P,Up)

< L(R —e€p),
where the last inequality follows by the definition of Up in (A.57). Hence, for any distribution
P®) on XL,

I(XEYh) < 1(XE Y Z) + | X log(L + 1)
< L(R —€r) +|X|log(L + 1)
=LR

because Leg, = |X|log(L + 1). Therefore, C(V) < LR.

A.14 Lemmas for block codes

The lemmas in this appendix are used in results elsewhere in the thesis. They are lemmas
on typicality as well as continuity of information measures.
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Lemma 18. Fix a block code of length n, either with or without feedback. Then,
P(W) > P(V) exp(—nd(V, W)),

where

AL v(Y" —y MM =m) 1~ VigdimyT)
AW = |§%§; B 0 2 Wy )

1=1

(a) If the code is a block code without feedback and there is a P € P, such that ¥V m € M,
¢(m) € Tp, then

max{ Ky, kw } (

d(V, W) < D(V[|W|P) + P.(V) Bn, | X1, 1Y),

where

2
Bln, | X, |V]) 2 mfe+(n+1)|”exp< 62)

(b) If the code is an arbitrary block code with feedback,

max{ky, kw } (

(V. W) < s D(VIIWIP) + =57 5, |1 19,

where the constant $(n,|X|,|Y|) is defined above.

Note that by setting € = 2% log(n + 1), we immediately have

mmwwm=0( E%Q-

Proof: Assume for now that the code has feedback. In the case that it does not (i.e. part
(a) of the lemma), we will specialize the result along the way. Also assume that D(V||[W|P) <
oo in the non-feedback case and maxp D(V||W]P) < oo in the case with feedback, otherwise
there is nothing to prove.
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From the definition of P,(WV), we have

P.(W) = Z Py (Y" € DS, |M = m)

mGM

M|
W >y > Pw(Y =y M =m)

meM PeP,,UEV,(P) y»€Ds,NB(m,P,U)

Z ) >, Py (v = | M = ) = 0| M = m)

mEM PeP,,UeV,(P) y»€Dg,NB(m,P,U)

ﬁz )SIND SR VICPRITER) | LACC
meM

i\

1—1
M PEPw,UEV(P) yn€De, NB(m,P,U) i Vwilzi(m, 1)
W(y|x) nP(z)U (y|z)
P (Y" =y M = —
D INED DU SR TCe ) ) (L ,
meM PeP,, UV, (P) yreDs,NB(m,P,U) z,y

where the last line follows from the definition of B(m, P,U). Note that in the above, by
the finite conditional divergence assumptions, if Py (Y™ = y*|M = m) = 0, then Py (Y™ =
y"|M = m) = 0 also. Continuing, and multiplying and dividing by P,(V'), we have

P.(W) Py (Y" =y"|M =m) W (ylz)
P(V) !M! 22 2 P(V) 11 V(ylz)
mEM PEP,, UEV,(P) y"€DE,NB(m,P,U) € T,y

Py (Y" = y"|M =m)
|M| 22 2 P.(V) .

meM PeP,, UV, (P) yreDs,NB(m,P,U)

exp (—n ZP U(y|z)log %])
@ Py (Y" = y"|M =m)
>exp<—n[|M|Z Z Z V) X

meM PeP,, UV, (P) yreDs,NB(m,P,U)

_ Py(Y" =y |M =m) 1
_eXp< [WZ 2. 2 (V) n”

mEM PeP,, UV, (P) yneDg,NB(m,P,U)

Zl y$|xlmy ))])7

yl|xz (m,y=1))

] (@)U (ylz)

V(ylx)
2 PV vl los g7, 0

where (A) follows by Jensen’s inequality applied to the function f(¢) = €' and the last line
follows by the definitive property of y™ € B(m,P,U). Fix an € > 0. We can focus our
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attention on d(V, W) by splitting it into two terms,

Py(Y" =y"|M =m)
UAUET VDYDY 2 EV)

meM PeP, UV, (P) yreDs,NB(m,P,U)

V(y|w)
P(z)U(y|z)log ———=
2 PV vl log g, 1
=T+ 1
1 Py (Y™ =y"|M =m)
A v
= M| Z Z Z P.(V) X
mEM PEP,, UEV, (P):(P,U)eT(V) yr€DE,NB(m,P,U) ¢
\%
ZP U(y|z)log (lz)
W (y|x)
1 Py (Y™ =y"|M =m)
s v
L= M| Z Z P.(V) X
M PeP,,UV,(P):(PU)¢T(V) y*€DE,NB(m,P,U) €

Vgl
P )

where

JV) = {(PU)erw > P@)U(yle) - <y|a:>|s€}.

T,y

For the (P,U) € J.(V) in T}, Proposition 13 tells us that

Vi(ylx
Z P(z)U(y|x) log W%J\x)) < D(V||W|P) + emax{ry, kw }.

For T, Lemma 19 tells us that for all m € M,

2
> Py (Y™ € B(m, P,U)|M =m) < (n+ 1)¥ exp ( %) . (A59)
PePr,UEV,L(P):(PU)¢T(V)

Now, if W(y|z) = 0, and U(y|z) > 0 for some 3™ in the sum for Ty, then we are also
guaranteed that Py (Y™ = y"|M = m) = 0, so that y™ does not change the sum. Hence, for
all 4™ that have non-zero terms in the sum for 75,

Viy|lx
Z P(z)U(y|x) log W((y||x)) < K.
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So, we have

1 Py (Y" =y"|M =
1< S > e
| ’ meM PP, UeVy(P):(PU)ET(V) yneDg,NB(m,P,U) 6( )
[D(V||W]|P) + emax{ry, K }] (A.60)
1
S B M 2 Py(Y" € Blm, P.U) N D}, |M = m)
(V) M MEM PEP,,UEVL(P):(PU)ETe(V)
1
< RATM 2 Pe(" € Blm, P,U)|M = m)
(V) |IM] MEM PEP,UEVn(P):(PU)ET (V)
= P.(V) 2)"

where the last line follows from averaging over the bound in (A.59), which holds uniformly
for all m € M. Now, if the code does not have feedback and all codewords have type P as
is assumed in part (a) of the lemma, then

Ty < [D(V||W|P) + emax{ky, kw }] X

: Py(Y" € D5, 1 B(m, P,U)M = m)
M2 e S
meM UEV, (P):(PU)eT(V)
1 Py (Y™ € DS, N B(m, P,U)|M =
< [D(V|[WIP) + emaxf{ry, kw s > v( ¢ N B(m, P,U)|M = m)
M i Uevn(P) P.(V)
1 Pv(YnEDC ’M:m)
= [D(V||w|P , i
([DVI[WIP) + emax{sy, sw o

= [D(V||W|P) + emax{ky, kw }|.
Therefore, for part (a) of the lemma,

dV,W) <Ty+ Ty

< [DV||WP) + emax{ry, mw }] + P’:(V‘V/) (n+ 1) e (_n%)

< D(V||W|P) + % e+ (n+ 1)*Wexp (—né)} :

Optimizing over € > 0 gives the result of part (a) of the lemma. As for part (b), if the code
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does have feedback, we can continue bounding 7} in (A.60) below to get

Py(Y" =y"|M =m)
]/\/ll 2 2. 2 P.(V) -

meM PeP,, UV, (P):(P,U)eT(V) y*€Ds,NB(m,P,U)
[D(V||W|P) + emax{ky, kw }]

<
< [I;lg%(D(VHW]P) —|—€HlaX{liv,l<Lw}:| X

1 3 3 Py (Y™ € B(m, P,U) N DS |M = m)

| | meM PePpn,UeVn(P):(PU)ET(V) Pe(V)

<
< |:I1£1€E%7))(D(V||W’P)+€maX{/iv,Hw}:| X

Py (Y™ € B(m,P,U)NDE|M =m)
2 AV)
Py (Y" € (DE |M = m)
Pe(V)

IM\

meEM PeP,,UEV(P)

1
— {IES%D(VHW|P) + emax{/iv,/ﬁw}} M W;A

_ {rgggp(vuwyp) +emax{ﬁv,mw}] |

Combining this with the bound on T3, we have for part (b),

dV,W) <Ty+ 1T,
2

< ‘/ H}

max{ Ky, Ky } XY €
< il W AL —n—]1.
< rlglggD(V||W|P) + P.(V) [6 +(n+1) exp ( —n

Once again, optimizing over € > 0 gives the result of part (b).

Lemma 19. Fiz an € > 0 and a block code of length n either with or without feedback. For
a given m € M,V € W, define the typical set under channel V,

Ame(V) 2 {y": (P(m,y™),V(m,y™) € T(V)},

where

x(V)é{(P,U)erW;ZP ) > U (yle) y’x)|<e}

zeX yey
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Then,

2
Note that for a block code that does not have feedback, if 2™ (m) € Tp for some type P € P,
Ame(V) ={y" - y" € Ty(2"(m)), U € Vu(P), (P, U) € Fe(V)}.

Proof: For now, assume that the code has feedback. Any code without feedback can be
thought of as having feedback and not using it.

For a (P,U) ¢ J.(V),
D||v|P) ¥ ZP (U(C|)[V(]2))

>3 () (eryrx ym\)Q

Py (Y" ¢ A (V)M =m) < (n—l—l)X”y'eXp( f)

In the above, (a) follows by the definition of conditional divergence, (b) follows by Pinsker’s
inequality [47], (¢) from an application of Jensen’s inequality to the function f(t) = * and
(d) follows from the assumption that (P,U) € J.(V).

Recall the definition of B(m, P,U) for P € P,, U € V,(P),

B(m,P,U) = {y" : P(m,y") = P,V(m,y") =U}.

Using the fact that there are no more than (n 4 1)¥IY joint types (P, U), we have
Py(Y" ¢ Ap(V)IM=m)= > Py(Y" € B(m,P,U)|M =m)
(PU)ET(V)

(a)

< >, exp(-nD(V||W[P))
(PU)ET(V)

2
< (n+ D) exp (—n%) :

where (a) follows by Proposition 14.

For a block code without feedback, it is clear that y™ € B(m, P,U) if and only if y™ €
Ty(z™(m)), hence

Am (V) ={y" - y" € Ty(2"(m)), U € Vu(P), (P, U) € Fe(V)}.
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Proposition 13. Let P € P,U,V,W € W and recall that ky = max, y.v(yz)>0 log 1/V (y|x)
(similarly for kw ). Assume that V(y|lz) = U(y|lx) = 0 whenever W(y|z) = 0. If for some
e>0, (PU)e J(V), that is,

> Px Z\U ylz) = V(ylr)| <e,

then

V(ylz)
Zw: P(z) Zy: U(y|z)log W < D(V||W|P) + emax {ky, kw } .

Proof: Forgive the excessively slow pace of this proof, but several times I thought that
I had proved that the discrepancy from D(V||W|P) was bounded by k€, when that is not
the case. First,

V(ylz

;P ZUyL'B log ZP ;V(y|x)log%+
Viylz)
ZP Z (ylz) — (y\x))logm

= DV|IW|P)+>_ P(x) }_(Ulylz) — V(ylx)) log %



Now, splitting the ‘extra’ term above into different cases yields

ESMEINCIEE Vol g 5

Vylz)
- P(x)(U(ylr) — V(y|r)) log
z,y:U(y§>V(y|m) W(y|£(])

+

> P@WU) V(o) log A0

z,y:U(ylz) <V (y|z) W(ylz)
2 PGl - Vi)t

z,y:U(y|z)>V (y|z)

S P@)Ule) - Vgle)) log LU

|44
z,y:U (y|z)<V (y|z) (y|l’)

- Z P(z)(U(ylz) — V(ylz))sw+

z,y:U (y|z)>V (y|z)

> POk - Volo)lor gt
z,y:U (y|z) <V (ylz)<W (y|z) 4
V(y|x)
P(x)(U(ylr) — V(y|r)) log ———=
m,y:U<yw><V<y%W<y|x><V<yx) W(ylz)
= > P(x)(U(ylx) — V(ylz))rw+
24U (gle)=V (yl)
> PEVi) - Ul log 1
242U (yl) <V (gl2) <W (y]) Y
W (y|x)
> P(x)(V(ylx) — U(ylz)) log Vo)

z,y:U (ylz) <V (y|z), W (y|z)<V (y|z)

> P@)(Uyle) - Vyle))sw+

z,y:U (y|z) >V (y|z)

IN

> P()(V(ylz) — Uyle))rv+

z,y:U (y|z) <V (ylz)<W (y|z)

> P(x)(V(ylz) — U(yla))0

z,y:U (ylz) <V (y|z), W (y|z)<V (y|z)

< ZP NU (ylz) — V(y|x)| max {kw, kv }

< emax{kw, Ky},

187
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where (a) follows because V (y|z) < 1 and log 1/W (y|z) < ky for the x,y where (U(y|z) —
V(y|z)) # 0. Similar reasoning yields the other inequalities above.

Proposition 14. For a fized blocklength code with feedback, for each message m and P € P,
V €V, (P), recall the ‘conditional shell with feedback’

B(m, P,V) = {y"*: P(m,y") = P,V(m,y") = V}.
Some properties of B(m, P,V) are
(a) B(m,P,V) C Tpy CY"
(b) If y* € B(m, P,V),
Py (Y" = y"|M = m) = exp (—n [D(V|[W|P) + H(V|P)])
(¢c) |[B(m, P,V)| < exp(nH (V|P))
(d) Py (Y™ € B(m, P,V)|M =m) < exp(=nD(V|[W|P)).
Proof: Item (a) is true for the same reason that if y" € Ty (P), y* € Tpy C Y". As for
(b), if y* € B(m, P, V),

Pw(Y" =y"|M =m) = HW(yi|$i(mayi_1))

i=1

- H W(y|x)2?:1 Uwi(my'~")=z,yi=y)

1 « -
=exp | —n Zog W Zl(%(m,y’ 1)=:v>yi=y)]>
=exp | —n ZlogW

= eX —N xr (o) M (o) ;
o ZP Vi) (lgmym“gwmx))])

= exp (—n[D (VIIWIP) +H(V|P)]).

To prove (c), we can apply item (b) with the ‘true channel” being set to V' to get a bound as
follows.

1> Py(Y" € B(m, P,V)|M = m)
= > PY"=yM=m)
yneB(m,PV)
= [B(m, P,V)|exp(—n[D(V|[V|P) + H(V|P)])
= |B(m, P,V)|exp(—nH(V|P)).
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Therefore, |B(m, P,V)| < exp(nH (V|P)). Finally, we can combine (b) and (c) to get (d):

Pw(Y" € B(m,P,V)IM=m)= >  Py(Y"=y"|M=m)
y*eB(m,P,V)
= > exp(—n[D(V|W|P)+ H(V|P)])
y*eB(m,P,V)

— [B(m, P,V)|exp (—n [D(V|[W|P) + H(V|P))
< exp (~nD(V|[WIP)).

Proposition 15. Suppose P € P and V,W € W with 3, P(x)>_, [V(ylr) — W(y|z)| <
€ <1/2. Then,

(a) H(VIP) ~ HV|P)| < clog T

X IIyI

(b) |[I(P,V)—I(P,W)| < 2elog

Proof: Consider the distribution (P, V') on X x Y with (P, V)(z,y) = P(z)V (y|z). Then,

[H(V|P) = H(W|P)| = |H(P)+ H(V|P) = H(P) = H(W|P)|
= |H(P,V) = H(P,W)|
<elog‘X”y‘

In the above, (a) follows from Lemma 20 applied to joint distributions (P, V') and (P, W),
while noting that

D PV)(x,y) = (PW)(a,y)| =) Pz ZIV ylo) = W(ylz)| <e

As for part (b) of the proposition, note that

[I(P,V) — I(P,W)| = |H(PV) — H(V|P) — H(PW) + H(W|P)|
< |H(PV) = H(PW)| + |H(V|P) — HW|P)|

\yy !XHyI

< elog — + elog ———

< QdogM,
€
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where the bound on |H(PV') — H(PW)| follows from Lemma 20 and noting that

S I(PV)(y) - (PW Z ZP V(ylz) — W(y|z))
< ZP Z |V (yla) — W (y|e)|

< e.

Lemma 20 (Uniform continuity of entropy, [21], Theorem 16.3.2). Suppose P and P’ are
distributions on a finite alphabet X and ||P — P'||y = > .4 |P(x) — P'(x)| < 1/2, then

X
H(P)— H(PHl <||P—- Pl 1o —‘ .
| ( ) ( )| = || ||1 gHP P/H1

Lemma 21 (Pinsker’s Inequality, [21], Lemma 12.6.1). Suppose P and P’ are distributions
on a finite alphabet X. Then, with all logarithms and exponentials to the base e,

D(P||P') > %(Zyp y)z.
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Appendix B

Fixed delay coding appendix

B.1 Proof of Theorem 8

We will now rigorously prove Theorem 8 following the outline given in Section 3.6. The goal
is to show that for a given rate R > 0,

sup E(C) < E(R) = min max D(V||W]P).
CeCr V:C(V)<R P:I(P,W)>R

We will show that E(C) < E(R — ¢) for all € > 0, and therefore, E(C) < lim. o E(R — ¢),
provided the limit exists. In Lemma 25, it is shown that E(R) = lim. o E(R — €) for all
R > 0, which will complete the proof.

B.1.1 Inducing error by forming a block code

So first, fix an € € (0, R), a V' € W such that C(V) < R—eand aC € Cp. Fixad,d > 1. The

required properties of d, d will be described later in the proof. The first step is to construct
a random block code of length n > d as shown in Fig. 3.8. The message bits are

M = (Bi,...,B|n-a+1)r)) -

The encoder randomizes the code using the bits that arrive after time n — d + 1, that is the
common randomness is

U = (B{n—d+1)R|+1+ - - - » Blnr)) -

The encoder for this block code is the encoder for C. The decoder for this block code is the
delay-d decoder from D applied to all the bits in the message,

M = <§1<d)7 s Bln-drv)r) (d)>.
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The rate of the code is

n

> (n—d+1)R—-1
n

_p_ W@=DE+L

n
It follows that R > R — ¢/2 if
n> [2[(d - 1R+ 1]—‘ | (B.1)

€

So for n large enough depending on d, R and ¢, the rate of the block code is at least R —¢€/2.

Definition 12. A rate-R decoder with feedforward information D is set of decoders
D= {Di,d}pl 4> that have access to both all received channel outputs as well as all the past
message bit realizations. So,

D;q:{0,1}71 x YI/RIFL 4 £0 1},

Clearly, any regular decoder D is also a feedforward decoder since the feedforward decoder
can choose to ignore the past message bits.

For any feedforward decoder, [37] shows that there is a feedforward decoder that uses
only the d recent channel outputs since the bit arrived at the encoder as well as the past

message bits, which performs at least as well as the original feedforward decoder for channel
Ww.

Lemma 22. [Lemma 4.1 of [37]] For a memoryless channel, a rate-R encoder £ and a rate-
R feedforward decoder D, there is another feedforward decoder Df = {sz d} using

i>1,d>0
only the past d channel outputs and the past message bits that performs at least as well as

D. That 1s,
Dfy: {0,117 x V' = {0, 1}
Bl(d)=DL, (B v i)
Pur (B: # DLy (B Y{7)) < B (B # Dua (B, v 1/10)
< Py (B; # Dy (YI/RIH71))

The intuition behind this lemma s that if the channel is memoryless, the past message bits
provide us with more information about the inputs coming after bit i has entered the encoder
than the past channel outputs.
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Lemma 22 tells us that if we can prove a lower bound to the error probability for the
class of feedforward decoders that use only recent channel outputs, then we can also lower
bound the error probability to our actual decoder. The upshot is that a change-of-measure
argument applied to these feedforward decoders using recent channel outputs only requires
the ‘true’ channel W to act like a ‘test’ channel V' for d time units, as opposed to the full n
symbols of the block code.

Define B/ (d) = B/(d) ® B; to be the error sequence for decoder D/. Now, Lemmas 4.2
and 4.3 of [37] show that, provided n is large enough as in Eqn. (B.1),

H (EW*MRJ (d)) > n(R—e/2) — (X" Y™,

where I(X™;Y™) denotes the mutual information between the random variables X™ and Y™
(e.g. as in the textbook of Cover and Thomas [21]). It is straightforward to check (it is a
part of the converse to the channel coding theorem in [21]) that under a channel V' with
C(V) S R — €,

I(X™Y™) <nC(V) <n(R—¢)

H (Efzun—d“)RJ (d)) > ne/2.

The sum of the marginal entropies is at least the entropy of all the error bits, so

|(n—d+1)R]

3 H(E{(d)) > ne/2
=1
| lo—dtDR|

— Z; H (E{(d)) > ¢/2R.

1=

Since entropy is non-negative and |[(n — d + 1)R] < nR, it follows that there is at least one
i such that H(B/(d)) > ¢/2. Then, for this i, it follows from the monotonicity of the binary
entropy function hy(t) = —tlogt — (1 —t)log(1 —t),t € [0, 1], that

) f i—1 v [i/R]+d—1 1 €
By (B # DL, (BLY[ 7)) = 0 (55)- (B.2)

For each b" € {0, 1}, denote the error set for sz,d to be
i o [ [i/R]+d-1 oS (rie1 | [i/R]+d—1
A(b') £ {yﬁ/m e’ D, (b 1ame ) # bi} .

Combining this definition of the error set with (B.2) gives

_1/( € 1
y (ﬁ) = ) oL/ R +d-1)R]
bL(fi/l'ﬂer*l)RJ6{071}L([i/1ﬂ+d*1)1ﬂ

Py (A(bi)

BLTi/RI+d-1R] _ bL(fi/RHd—l)RJ) . (B.3)
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Define the set G as

G2 {buwmm—l)m Py (A(bi)

. _ i » _ €
BLUi/RI+d=DR] _ pl([i/R]+d I)RJ) > fyl (_)}
2R
It is easily verified that
P(GQ) > hit <—€ )
(G) = hy 2R

as assuming the contraposition leads to a contradiction of (B.3). At this point, we diverge
from the proof in [37]. We will now use the assumption that C is a good anytime code to
show that the type of the input over the d time steps of interest must be able to support a
rate close to R over the channel W.

B.1.2 The second block code construction

We wish to study the type of the input during the d time steps after bit ¢ arrives at the
encoder. In order to do so, we will construct a second randomized block code as shown in
Fig. 3.9. The length of the block code is d and the message bits are

M= (B Bl ymsa_ain)

The rate of the block code is therefore

|([i/R) +d—d)R| —i+1 (iRl +d-dR—i
d = d

d
> R—--R.
- d

Fix a v > 0. The rate of this block code is at least R — ~ provided that d < [yd/R]|. The
randomness used at the encoder is

U= (Bh ++s Bicts B (rim) ya-dyr) 110+ -vBL(fi/RHd—l)RJ) :

that is, both the bits that come before ¢ and the ones that arrive at the encoder after time
[i/R] +d — d. The decoder used will be the feedforward delay-d decoder that uses past
message bits as well as recent channel outputs D/ from Lemma 22. So, the decoded message
is

V= (Bl B @)
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Since we have used the feedforward decoder, the performance of this block code, averaged
over the randomness in U is bounded by

" | ([i/R]+d—d)R]| N
Pw(M M) < > Pw(BId) #By)

< drsupPy (B/(d) # By)

< dRisup Py (E’L,(Ei) # Bi’) :

where (A) follows by union bound. By assumption, E(C) > 2E(R)/3, otherwise there is

nothing to prove for this C. Therefore, there is some dy such that if d > do(C),

sup Py ( By(d) < By ) < exp(—dE(R)/2),

So for Eivz dy,

d ~ 1
CE(R) - -1
54 (R) ogdR

Py (M # M) < dRexp(—dE(R)/2) = exp (—d y

)

and for d > dy(d/d), log(dR)/d < E(R)d/4d, so

d ~

Py (M # M) < dRexp(—dE(R)/2) = exp <—d 1 E (@)

Letting IP’W(]\//T # M|U) denote the error probability conditioned on a value of the common
randomness, we have by Markov’s inequality that

) e (_d

So for (1 — exp (—d [8%@ (R)} )) fraction of the realizations of U, the error probability of

d d ~ d ~
SE(R) E(R)

iE(R)

P <IPW(M7A M|U) > exp (d <

) |

the deterministic block code for that value of U is at most exp (—d [8%@ (R)]) provided that
d > max(dy(d/d), do(C)). Let U be the set of u for which the bound

d ~

IP’W(]\//77é M|U = u) < exp (—d @E(R)
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holds. For these realizations of the block code, we will apply Lemma 23 with the tuple
(n,d,a, R) in Lemma 23 being the parameters (d,v,dE(R)/8d, R — ) here. The lemma
then says that if d is large enough, depending on 7, dF(R)/8d, |X| and |)|, then

_— X
P (Type of X[Ipl" ™ = P I(P,W) < R - 27‘U € u) < exp (—d B - %log(d%— 1)D :

Therefore, unconditioned on the common randomness,

P (Type of X[/ = P I(P,W) > R - 27)

> P (Type of X[/HH 1 = P I(P,W) > R —2y,U € u)

>P (Type of X[/E*1 _ p [(PW) > R—24|U € u) X

[i/R] N
(1 — exp (—d 8idE(R) ))
> (1 — exp <—d B _ %hog(d—i— 1)})) X
(1 — exp (—d S%;E(R) )) :
for d and d large enough. Define the set
G, 2 {buwm+d—1>m Type of 27151 = p1(P,W) > R - 27}‘

So, we have that

P(G,) > (1 — exp (—d B - % log(d + 1)D> (1 — exp (—d [%E(R)

for large enough d and d. Recall the set

)

BLi/RI+d-1)R] _ bL(WRHd—l)RJ) > ! (L)}

é L([¢/R]+d—1)R] . 7
G {b . Py (A(b ) =

and that
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P(GNG,) =1-P(GUGY)
>1-P(G°) —P(GY)

where the last line holds for all d larger than some finite dy(¢/2R, C,~,d/d, d, E(R), |X/|,|Y])
since the exponents are all positive in the second to last line above. When we take the limit
of d going to infinity, we will particularly need d/d to not decay too fast (i.e. keep it is
a small constant, take the limit as d — oo, and repeat the entire argument for a smaller
ratio d/d). So, we have succeeded in showing that the type supports a rate near R for large
enough d. At this point, we can finish the proof with a change of measure argument.

B.1.3 Finishing with a change of measure argument

Lemma 24 shows that if an event has a non-vanishing error probability under channel V,
and the type of the input is known to have high mutual information, the probability of the
event under W can be lower bounded with a divergence term that is constrained by the
input distribution. In particular, if oL/ El+d=DE] = G A G.,, this means that

Py (f?if(d) £ Bi‘bL(fz‘/RHd—l)RJ) =Py (Y(E%;Hd_l e A®bY)

bt(fi/RHd—l)RJ)

> —h,! (i) X exp (—d [ max D(V||W|P)+

2R P:I(P,W)>R—2vy

\/@ log(d + 1) max{/iv, KW}] ) )
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provided that d is larger than some finite number depending on h, '(¢/2R),|X| and ||
Using the above, we have

¢ £ Py (By(d) # B)
> Pyw(B] (d) # B))

i _ i/R]|+d—1 7
= > P (pLEEDRN Py <Yf£//m1+ e A(b)
pL([1/R1+d—1)R]

pLi/R] +d—1)RJ>

i/R]+d-1)R [i/R]+d—1 i i/R]+d-1)R
> 3 P (pL(7/RI+4-DR) p (ywm € A(bH|pLri/I+a- J)
bL(i/ RI+d-1)R| eGNG.
L, (€ i/R]+d-1)R
> <h; (27%) | 3 P (plT/RI+A-DR]Y
pL(Ti/R1+d=1) Rl eGNG.
aading
- D P 1 1
exp( d R (V]|[W] )—i—\/ g og(d + 1) max{xy, Ky }

1 2
> = — D P
- 4h (2R> P ( d |:P:I(PIII/1V%)><R—2 (VIW|P)+

\/| ||y| og(d + 1>HlaX{/iv,/<Lw}]>.

Now, if we let v < min{e/2, and let d and d tend to oo while the ratio d/d is at most v (while
not being much smaller, up to integer effects), we can take log and the limit as d — oo to
get

1
I _Zlog P.(d,C) < D P).
msup —; log (d,C) P (VIw|P)
If V is an optimizing channel for E(R — ¢), this shows that E(C) < E(R —¢). Lemma

25(c) shows that lim, o E(R—¢) = E(R), so it follows that E(C) < E(R), so the theorem is
proved.

B.1.4 Input types for good block codes

In this section, we show that if a sequence of block codes has an exponentially decaying
probability of error, most of the codewords in the codes eventually have types that ‘support
enough rate’ across the channel.

Lemma 23. Suppose we have a sequence of deterministic block codes of length n going to
oo and rate at least R for each n. Suppose that there is an o > 0 so that for all n greater
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than some finite n(a),

PM(W) < exp(—na),

e

where Pe(n)(W) denotes the error probability of the length n code over channel W. Fix a
d € (0,2at). There exists some finite n'(9, v, |X|,|V]|) such that for all n > n'(0, o, | X|, |V]),

Urep,rpmy<rs {m € Myt ¢n(m) € TP}‘ < || ) !
7 <o (o [~ st 0] ).

where ¢, (m) is the codeword for message m in the length n code, M,, is the message set for
the length n code and P, is the set of types of length n for X. Hence, the probability that the
type of the input supports rate less than R — 6 is decaying exponentially (albeit with a small
exponent).

Proof: Fix an n in the sequence and the block code for length n and drop the subscript
n from M,,. For each P € P,, let M(P) = {m € M : ¢(m) € Tp}, where Tp is the type
class for type P [47]. Define

IM(P)|
M|

1
Cp=——log
n

Consider the subcode one gets from only taking messages in M(P) and using the maximum
likelihood (ML) decoder for the thinned out subcode. Let P.(W; P) denote the (average)
error probability of this subcode. The rate of this subcode is at least Rp = R — Cp. Let
P.(W; P) denote the error probability of this subcode with ML decoding over channel W,
and let P.(W;P)=1— P, (W;P). For any 7 € (0,1/2), we can apply Lemma 12 to get

XY

P.(W; P) < exp (—n { 5

log(n + 1)] ) +
X
exp (—n |:Rp —I(P,W) —27log 2L %’ log(n + 1)}) . (B.5)
T
Now, if we let D,,, denote the decoding set for each message in the code, we see that

P(W) = Wll ST Pu (Y ¢ DulXT = 6(m)

PEP, meM(P)

meM

- Ml IM(P
> exp(—nCp)Fe(W; P) (B.6)
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for any P € P,. Now, fix ad > 0. Suppose we focus on a P € P, such that I(P,W) < R—4.
Then, from (B.5), we can say that

2 X
P.(W; P) < exp (—n {% _ Xl log(n + 1)]) +
n
X
exp (—n [5 —Cp— QTIOgM _M log(n + 1)}) .
T n
Now, there exists a finite n;(d,|Y|) such that if n > n;, we also have,
2 X
P.(W;P) <exp (—n [% — % log(n + 1)1) +
X
exp (—n [35/4 — Cp —27log M}) :
T
If we let
’ (Xl _ 0
51X, 1Y) & su {T—:QTIO §—},
98,11, (Y1) w2 g — <=7
noting that ¢(0,|X|,|Y|) > 0 for all 6 > 0, we also have
. _ _ XY nis/2—
R P) < exp (—n 966,12, 191) — 2 og(n 1) ) + exp (= 572 - )

by the appropriate choice of 7. Further, there exists a finite ny (0, |X|, |V|) (WLOG, ny > ny),
such that if n > no, we also have

Pe(W; P) < exp (=ng(6, | X[, [V])/2) + exp (—n[0/2 = Cp]).
Therefore, for any P € P, with I(P,W) > R — 6 and n > ns(9,|X],|Y]),
E(W) 2 exp(=nCp) [1 — exp(=ng(0, |X], |V])/2) = exp(=n(d/2 = Cp))],

where ¢(d,|X[,|Y|) > 0 for all 6 > 0. Now, assume that for all n > ng(a), P.(W) <
exp(—na), where o > 0. So for n > max(ng(«),n2(9, |X|,|V])), P € P, with I(P,W) <
R -9,

exp(—na) = P(W) = exp(—nCp) [I — exp(—ng(d, [X|, |V])/2) — exp(—n(6/2 — Cp))] .
Now, further suppose that Cp < §/4, so we would have

exp(—na) = exp(—nd/4) [l — exp(—ng(d, |X],|V])/2) — exp(—nd/4)]
exp(—na/2) = [1 — exp(=ng(6,|X], |V[)/2) — exp(—nd/4)],
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where the last line holds since § < 2a. Now the LHS above is decaying exponentially in
n, while the RHS is converging to 1, this is a contradiction for n greater than some finite
n3(0, a, | X1, |V]) > max(ng(a), n2(d, | X|,]Y|)). Therefore, for n > ng, there is no P € P, for
which I(P,W) < R—6 and Cp < d/4. The number of types of length n for X is at most
(n + 1)*! so we have for n > ns,

Yo IMP) < (0 D) exp(—n(R - §/4)),

P:I(P,W)<R—§

which completes the proof of the lemma, with n’ = nj.

B.1.5 Another change of measure lemma

Lemma 24. Let A be a set of vectors in Y¢ and let v% € Tp C X9 for some type P € Py
with I(P,W) > R — 2v. Suppose, that for some 3 > 0,

Py (Y7 € A|X?=2%) > 8.
Then,

Py (Y4 € AIX? =2) >

IV e

exp (—d l max D(V||W|P)+
P:I(P,W)>R—2y

\/ X Hy’l g(d+ 1)max{/£v,/‘fw}]> )

for all d at least some finite dy(53,|X|,|Y|), where Ky = max, v (yz)>0 —1log V(y|r) and
similarly for ky .

Proof: For 6 > 0, define a typical set under channel V',

Ty = {yd:ydETU( ), U € V(P ZP WV (ylz) — Uly|x)] SQ}.

Then, as shown in Lemma 19,
Py (Y4 ¢ Ty| X = 2%) < (d + 1) Wlexp(—df?/(2)).
Now,
Py (Y e ANTy|X? =2%) =1 -Py(Y? € A°UT5|X? =27

>1—(1—8)— (d+1)*exp(—dp?/(2))
=p—(d+ 1)|X‘|y| exp(—db?/(2)). (B.7)
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Now, for y¢ € Ty,

Py (Y4 =y X = a?) 15 W(|z)
Py (Yd = yd| Xd = xd

V yl’xl

e )

where U € Vy(P) is some conditional type such that > P(x)|V(y|z) — U(y|z)| < 0,y €
Ty (x?). Hence,

Viylz) V(y|r)
ZP Ulyl) log 70 5 < %P(JIW(W) log ey T

ZP U (ylz) =V (yla)| max{ry, mw}

=1

Viylx)

YU (yl|z) 105’;W

D(VI||W|P) + Omax{/iv, Kw }.
Therefore,
(& Py (Y€ AIXY = 2%
> Py (Y€ ANTH X = 2%)

= Y Pu(yt = ylx = o)

ydEAﬂTg
Py (V! = y?|X¢ = 2)
- Z ]P)V(Yd:yled:xd) d_ divd — d
STy Py (Y = yd| X4 = 24)
> 3 PV = yUX? = 2%) exp (~d [D(V|[W|P) + § max{ry, ki }])
yi€e ANTy

= exp (—d [D(V||W|P) + 0 max{xy, s }]) Py (Y? € ANTy| X = %)
> exp (—d [D(V||W|P) + 0 max{rv, kw}]) (8 — (d + 1)I*IV exp(—d6*/2)) ,
where the last line follows from (B.7). By setting
0 —

_\/! g1 1),

41X
D[P+

we get

Py (Y4 € AIX? = 2%) > (—d

log(d 4+ 1) max{ky, nW}] > X

(8 — (d+1)~1*IP)

and hence the lemma holds for d large enough depending on §,|X| and |)|, since we can
trivially take a max over all P such that I(P,WW) > R — 2.
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B.1.6 Left continuity of E(R)
Lemma 25. Fix a W and R > 0. Recall that

E(R) = min max  D(V||W|P).

V:C(V)<R P:I(P,W)>R
For R> C(W), let E(R) =0 by convention'. Then,
(a) E(R) is a monotone nonincreasing function of R.
(b) For all R > 0,E,,(R) < E(R) < E,(R).
(¢) For all R >0, E(R) is left continuous, that is E(R) = lim, o E(R —e).
Proof: Let Vg ={V € W: C(V) < R} and Pp = {P € P : I(P,W) > R}. Then,

Vg is increasing and Ppg is decreasing as a set with increasing R. Therefore, F(R) is a
monotone nonincreasing function of R, proving (a). For (b), note that E(R) < E,(R)
obviously because the inner maximization’s feasible set in F(R) is expanded to give E,(R).
Recalling the definition of the sphere-packing exponent,

E.,(R) Z=max min D(V||W|P)

P V:I(PV)<R
=  max min  D(V||W|P)
P:I(P,W)>RV:I(PV)<R
(B)
<

max min  D(V||W|P)
P:I(PW)>RV:C(V)<R

(©)

< min max D(V||[W|P)
V:C(V)<R P:I(P,W)>R

= E(R),

where (A) follows because if I(P,W) < R, W is included in the minimization, (B) follows

because we are making the feasible set in the minimization smaller and (C) follows because

max-min is smaller than min-max. As for the proof of (¢), we need to be careful about

discontinuities in E (R), which really can only happen when the divergence jumps to oco.
For real vector spaces, define a set ‘distance’ d(\A, B) between two sets A, B to be

= inf ||a — b inf ||a —b
i, B) = max {supint o 0l sup int [la o]

IThere is no feasible P in the inner maximization if R > C(W) and V = W is feasible for the outer
minimization for R = C(W).
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where || - ||; denotes the £; norm. We say that Vj is continuously increasing with R because
for all R € (0,C(W)),e > 0, there is a 6 > 0 such that if |[R' — R| < §, d(Vg, Vr) < €.
This is due to the fact that capacity is continuous (and convex-U) with the channel V' with
respect to £ norm. Similarly, Pg is a continuously decreasing set with R. So, we have

E(R) = min max D(V||W|P).
VeVr PEPRr
Now, for R € (0,C(W)), let

XR:{:BEX:maXP(:r)>O}.

PePR

We claim that Xz is independent of R, i.e. there is a X’ C X such that X’ = Xg for all
R € (0,C(W)). To see this, fix an R, R € (0,C(W)) with R’ < R. Since Pg is shrinking
with increasing R, X’g is shrinking with increasing R, so Xr C Xr. Now, suppose © € Xg.
There is a P' € Pg with P'(z) > 0. Let P* € Powy be a capacity achieving distribution
and for € (0,1), let P, = aP*+ (1 — «)P’. The mutual information I(P, W) is concave-N
in the input distribution P, so

[(Py, W) > aI(P*,W) + (1 — a)I(P',W)
>aC(W)+(1—-a)R.

For «a close enough to 1, but strictly smaller, P, € Pg, and P,(z) > 0. Therefore, z € X.
Hence, Xr C Xg also. So now, let X’ be X for R € (0,C(W)). Let

VEVeW: VeeX VyeY W(ylz)=0= V(ylx) =0}
Y, éVRﬂV/.

Then, in the definition of E(R) for R € (0,C(W)), we can restrict attention to V € V},
because if V' ¢ V},, there is a P € Py that causes the inner maximization to be infinite.

E(R) = min max D(V||W|P)
VeVy, PEPR

= min g(V, R)
Vevy

g(V,R) = max D(V||W|P).

Now, restricting to the domain of V', g(V, R) is continuous in V for a fixed R because

D(V||W|P) is continuous in V. Similarly, g(V, R) is continuous in R for a fixed V' provided
that V' in V' because D(V||W|P) is continuous in P and Pp is continuously decreasing in
R. Now, if E(R) = oo, monotonicity guarantees left continuity at R. If E(R) < oo, this
means that V}, is not empty. E,,(R) and Ej,(R) become infinite at the same R, both are
left continuous, and E (R) is sandwiched between the two, so for small enough ¢ > 0, this
means that Vj_; is also not empty. Since Vj, is continuously varying with R, and ¢(V, R) is
continuous in R and V/, it follows that E(R) is left continuous.
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Figure B.1: Mutual information I7(p,1/2) for a Z-channel with crossover probability 1/2.
The mutual information is strictly concave-N on (0,1) and 0 at the endpoints, so there is a
unique maximizing p and the capacity is Iz evaluated at that p.

B.2 The Z-Channel

B.2.1 Capacity and capacity achieving distribution

In this section, we will derive simple expressions for E(R), Ey(R) and E,,(R) when W is in
the family of Z-channels. A Z-channel (shown in Fig. 2.3) is an asymmetric binary input,
binary output (X =) = {0,1}) channel for which

10
W:{é 1—5]’

where ¢ is called the crossover probability. The Z-channel is particularly amenable to compu-
tation and visualization of error exponents because it is a one-parameter family of channels
and the input distributions for the channel can also be described with one parameter. For
the remainder of this section, we will let p denote the probability that an input distribution
P places on 1, so P(1) = p.

Define the mutual information for a Z-channel of crossover probability 0 and input dis-
tribution p to be Iz(p,d), and note that

I7(p,6) = ho (p(1 = 0)) — phs(9).
Similarly, let Cz(0) be the capacity of a Z channel with crossover probability 4,

Cz(8) = max Ix(p,?).

p€(0,1]
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Since Iz(p,d) is strictly concave-N (see Fig. B.1) for ¢ € [0,1), it follows that there is a
unique capacity achieving p for each 9.

Proposition 16. Let p*(d) denote the capacity achieving p for a Z-channel with crossover
probability 5. Then, for all § € [0,1),

p(6) = {(1 —0) (1 + exp (?b@;))] R : (B.8)

Cz(0) = hy (p*(0)(1 = 8)) — p*(8)h(9)

(e ()] ) -ty

and

1-5
A plot of p*(6) is shown in Fig. 2.5 and a plot of Cz(0) is given in Fig. 2.4.
Proof: Assume that all log’s and exponentials are base e. Then, for t € (0,1),

dhoft) | 1t

a vt
and hence,
% - a% [l (p(1 — 6)) — phy(5)]
= (1—0)log % — 1 (9).

Now, I(p,d) is strictly concave-N in p, nonnegative and I(0,d) = Iz(1,d) = 0, so we can
set the derivative to 0 and solve for p to yield the capacity achieving p*(d) in (B.8). Then
Cz(0) = I7(p*(6),9), yielding (B.9).

B.2.2 Evaluating error exponents

The mutual information Iz(p,d) is convex-U in § for a fixed p and the capacity, Cz(J) is
convex-U in d as it is the maximum of a set of convex-U functions. It is easy to see as well
that both are strictly decreasing in d. The range of Cz(6) is [0, 1], so let it’s inverse function
be, for R € [0, 1],

f(R) 2 C,H(R) =min{B € [0,1] : C4(8) < R}. (B.10)
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Figure B.2: I4(p,d) is a strictly decreasing, convex-U function of § for all p € (0,1). It is
plotted here for p = 0.1. The left endpoint is hy(p).

Similarly, for a fixed p € [0, 1], the range of Iz(p,d) is [0, hy(p)] (see Fig. B.2), so for
R € [0, hy(p)], let the inverse function be denoted

9(R,p) = I (p, R) = min{B € [0, 1] : Iz(p, B) < R}. (B.11)

Both f(R) and g(R, p) are well defined, convex-U and strictly monotonically decreasing with
R (for all p € (0,1) for g(R,p)).

We will evaluate the three exponents Ej(R), E(R) and E,,(R) when W is a Z-channel
with crossover probability d. For all three exponents, it will be sufficient to consider test
channels V' that are also Z-channels. The reason is that if a binary input, binary output
channel V' has V(0[1) > 0, then D(V||W|P) = oo if P(1) > 0. Therefore, no such channel
would be included in the minimizations over channels V for the exponents. Now, if V' is a
Z-channel with crossover probability 3, then

DIVIWIP) = % Pl)V ol los i,
z,y€{0,1} Y
= P(0) x 0+ P(1) {Blog? +(1—8)log 11:/5

= P(1)Dy(519),

where Dy(B||0) denotes the binary divergence

DY) 2 Blog s + (1~ 6)log 1.
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Proposition 17. If W is a Z-channel with crossover probability 0, then, for R € [0,Cz(d)],
En(R) = Dy (f(R)]]5)
E(R) = p-(R. ) Dy (f(R)|[9)
Eo(R) = max pDy(g(Rp)ll9),
where g and f are defined in (B.11) and (B.10) respectively and
pr(R,6) £ max{p € [0,1] : Ir(p,6) > R}.
Proof: First,

Ey(R) = i D J).
M) = o e <nati PP
The inner maximization is independent of 5, and D, is nonnegative so p = 1 is the maximizer.
Also, since Cz(f) is monotonically decreasing and R < C(6), and D,(3||0) is increasing in
B for B > 0, it follows that the minimizing 3 is f(R).
Second,
E(R) = i D ).
B) = e demr<nenitimssr PP Pl10)
Similarly to the argument for Ej,(R), the maximizing p in the inner max is the largest p such
that I(p,d) > R, which we denote p,.(R,d), and the minimizing  is f(R).
Finally,
E,(R)= max min D )
p(R) = max  min _pDy(5]]0)

= max min D 5
PE[O,l]:Iz(M)zR,B:IZ(p,g)ng v(8119)

= Eq,(R
peloaitnayzn P

N .
Esp(R7 p) - ﬁ:[z%}g)SRpr(ﬁ‘ |5)

= pDy (9(R, p)||9) ,

where we may as well remove p such that I(p,d) < R because E,,(R,p) evaluates to 0
for those p (as Dy(6||0) = 0). Similarly to Cz(p), for a fixed p, Iz(p,5) is monotonically
decreasing in 3. For those p that have Iz(p,d) > R, the set of § that have I,(p, ) < R all
lie to the right of §, hence the minimizing 5 is g(R, p).

Obtaining an analytical expression for the maximizing p in Ey,(R) seems to be difficult.
Fig. B.3 shows a plot of E,(R, p), and it can be seen to be non-concave-N, but quasi-concave
(M) in p. Define the sphere-packing optimizing p to be

*(R,6) & E,(R,p).
Po(R,0) Sarg  max  pDo(Fop)
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Figure B.3: A plot of E,,(R,p) in base 2 for R = 0.2 (bits/channel use), when § = 0.5,
Cz(6) = 0.322 bits/channel use. As a function of p, E,(R,p) is not concave-N, but is
quasi-concave.

Figure 2.6 shows a plot of p},(R,d) for 6 = 0.5 and R near capacity. As can be seen from
the figure, p},(R, ) approaches p*(§) from above as R — Cz(0) with a non-zero slope.

The expressions in Proposition 17 can be used to quickly plot the three exponents, as
shown in Fig. 3.1, because evaluating the inverse functions of C'; and Iz can be done in
logarithmic time as the accuracy desired tends to 0. Evaluating the max over p for Ej, is
done by brute force.

B.2.3 Exponents near capacity

Proposition 18. If W is a Z-channel of crossover probability § € (0,1),

. EL(R)
lim > 2.
R—Cz(6) Egp(R) — p*(6) —

Proof: We know that E,(R) = Dy(f(R)||6). Now, since Cz(f(R)) = R, this means that
for all p € [0,1], Iz(p, f(R)) < R, hence we can upper bound FEg,(R) as

Ey(R) < max  pDy(f(R)||6)

~ pel0,1]:1z(p,8)>R

= pr(R,0)Dy(f(R)][0).
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Using the fact that limpg_,c, 5 pr(R,0) = p*(d) yields

. Eu(R) : Dy(f(R)[]9)
] > ]
R=Cy(6) Egp(R) = RC2(0) pr(R, 0)Do(f(R)[]3)
1
B hmR—>Cz(6) pr<R7 5)
B 1
p*(6)

For all values of 6 € [0, 1), p*(0) < 1/2.

With regards to E(R), it can be seen from a plot (Fig. 3.3) that

E(R)

i = 1.
R—%E(a) E.,(R)

This fact can also be proved by looking at Taylor expansions of the two exponents around
capacity.

Proposition 19. If W is a Z-channel with crossover probability § € (0, 1),

Proof: First, fix a 6 and let C' = Cz(9). It is straightforward to check that the second-
order expansion of Dy(J + €||d) around € = 0 is

62

Dy6+€lld) = 35—

+0(€),
where the notation O(e*) means that there are constants K > 0 and ex > 0 such that if
le| < ek,
O(N)] < Klel*.
Now, recall that
E(R) = p,(R, ) Dy(f(R)]19).

where p,.(R,0) is the largest p such that Iz(p,d) > R and f(R) is the inverse function of
Cz(B) defined in (B.10). By continuity? of Iz(p,d) there is a real valued function k(-) such
that

pr(R,0) = p*(0) + k(R - C),

2I7(p,d) has a derivative of 0 at p = p*(J), hence the first derivative of p,.(R,d) at C is undefined, i.e.
—o0. That does not prevent us from using continuity however.
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and lim;_,o k() = 0. Note also that f(R) has a Taylor expansion about R = C', which is
f(R) =0+ f(C)(R—=C)+O(IR-C").
Using these expansions, we have

E(R) = (v"(6) + k(R = C)) x Dy (84 f'(C)(R = C) + O(IR = CP)]|9)
(f(ONR=C)+O(R-CP)" |

= (p*(8) + k(R — C)) x %15 O(|R - CT)
— () + [25f_0>+mm—mﬂ
255(>1f/(§)) (R=CF+ 350 _)5) (R=C)’k(R-C)+O(R-CP).  (B.12)

Now, we already know that Ej,(R) < E(R) for all R, so we want a lower bound on Ey,(R),
because a simple expression for the sphere-packing optimizing pzp(R, 9) is lacking. Hence,
we take the lower bound

Ey(R) = max  pDy(g(Rp)[o)
= p*(0) Dy(g(R, p*())119)-
Having fixed p = p*(§) for all R, we can define the function of one variable,
9(R) £ g(R,p*(9)).
We can take a Taylor expansion of g to yield
g(R)=0+7(C)(R—C)+O((R-C)).
Plugging this into the lower bound for Ey,(R) gives

Ey(R) = p*(0)Dy (0 + G (C)(R = C) + O((R — C)*)||0)

:ﬁ@)<<>< %F%gR—“%>+mm_cm
_ p*<5)§,<C)2(R—C)2+O(|R—C‘3)- (B.13)

- 26(1—9)
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At this point, we would like to show that f'(C') = ¢'(C). Since f(R) is the inverse function
of Cz(pB), it follows that

dCy(B) ‘
B |yes

(@) =

Now, C2(8) = I(p*(8), B), s0 by chain rule,

dp*(7)
dr

C7(8) = Viz(p,7)

1]
=5

] _ [dp*(T) 1]
p=p*(B) =0 dr =0

where - denotes dot product in the above. Since p*(/3) is the capacity achieving p for 3, it
follows by concavity of Iz(p, 5) in p that

olL.(p, )
Ip p=p*(B)
Olz(p*(6),7)
or _s

Now, g(R) = g(R,p*(9)) is the inverse function of I (p*(é), f) when viewed as a function of
(. Therefore,

(p,7)=(p*(8),B) [

a[Z(p*(B)a T)
or

oL.(p, B)
dp

C7(0) =

SRy —
g (R) _ 0B 3 Iz(p*(a),ﬁ):R]
e h
C’ =
() op 56]
_ _dC’z(ﬁ)‘ h
I B |s_s
= f'(C)

Therefore, using the fact that f'(C) = ¢’'(C) and the expansions of (B.12) and (B.13),
B . BRLE(R- 0+ L9 (R- C)%h(R—C)+ O(|R - CP)
m

1< lim im 2020 iy
= R0 Ey(R) — RoC ERTEE(R - C)? + O(|R — CP)
_ iy LTHRE-C)/p7(8) + O(|R — C)
= 111m
R—C 1+O(|R_C|)
=1,

where the last line follows because k(R — C) — 0 as R — C.
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8 € — 8
l<=7—1—73—1 i e

Figure B.4: Simulating a Z-channel by using a BEC and collapsing the erasure symbol into
0.

B.2.4 The back-story bound for the Z-channel

Let Ep(R; Z(5)) denote the error exponent with feedback for the Z-channel with crossover
probability . and let E,(R; BEC(9)) denote the sphere-packing exponent for the BEC
with erasure probability d. It is readily seen that for R € [0,1 — §],

E.,(R: BEC(5)) = Dy(1 - R|5)
and we have already seen that
Ep(R; 2(9)) < En(R; 2(9)) = Dy(C (R)|]9).

Now, one can simulate Z(J) with BEC(J) as shown in Figure B.4 by collapsing the erasure
symbol and 0 into 0 at the output of the BEC. We know from the ‘back-story’ bound that

En(R; 2(6)) < Eo(R; BEC(3)).

The question then becomes whether E,(R; BEC(6)) < En(R; Z(5) or not. From the plot of
Cz(9) in Figure 2.4, we know that Cz(8) < 1— g for all 5 € [0, 1] (with strict inequality for
B € (0,1)). Therefore, 1 — R > C,*(R) > ¢ if § € (0,1). Therefore

Ey(R; BEC(0)) = Dy(1 — RJ|9)
> Dy(C5 ' (R)|]6)
= Eh(RSZ(‘S))-

So the back-story bound is not tighter than Haroutunian if we use a BEC as the back-story
for a Z-channel. It seems unlikely to get a different result by using a larger channel than the
BEC as the back-story to the Z-channel. Numerical evaluations of the BSC followed by a
Z-channel as the back-story to a binary asymmetric channel have also not yielded anything
tighter than the Haroutunian bound.
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Appendix C

Arbitrarily varying sources appendix

C.1 The cheating switcher with clean observations

Theorem 9 of Section 4.3: Define the set of distributions

>y p(x) > P(V Lz €V)
C=<p : vV V such that ,
VX

where the event {V [, x; € V} is shorthand for {(z1,...,z,) : 2, € V,l =1,...,m}. Also,
define B
R(D) £ max R(p, D).
peC

For a gencral set of distributions Q C P(X), let Dynin(Q) £ sup,co Dmin(p). Suppose the
switcher has either 1-step lookahead or full lookahead. In both cases, for D > D, (C),

R(D) = R(D)

For D < Dpin(C), R(D) = oo by convention because the switcher can simulate a distri-
bution for which the distortion D is infeasible for the coder.

C.1.1 Achievability for the coder
The main tool of the proof is:

Lemma 26 (Type Covering). Let Sp(X") = {x" € X" : d,(x",X") < D} be the set of
X™ strings that are within distortion D of a given xn string X". Fiz an e > 0. Then for
all n > ny(d, €), for any p € P,(X), there exists a codebook B = {X"(1),X"(2),...,X" (M)}
where M < exp(n(R(p, D) +€)) and

' c | SpE™),

xneB
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where T)7 1s the set of X™ strings with type p.

Proof: See [47], Lemma 2.4.1. Note that ny(d, €) is independent of both p and D.
We now show how the coder can get arbitrarily close to E(D) for large enough n. For a
0 >0,
Yoweyp(@) > P(NVlLr €V) =46
=S peP V V such that
yCc&iX

Lemma 27 (Converse for switcher). Let € > 0. For all n sufficiently large

1 -
—InM(n,D) < R(D) +e.
n

Proof: Fixa A > 0 and A < A(¢) < D — Dy,in(C) to be defined later. We know R(p, D —
A) is a continuous function of p ( [47]). It follows then that because Cs is monotonically
decreasing (as a set) with 0 that for all € > 0, there is a § > 0 so that

max R(p,D —)\) < max R(p,D — \) +¢/3.
pECs
We will have the coder use a codebook such that all ™ strings with types in Cs are covered

within distortion D — A. The coder can do this for large n with at most M codewords in the
codebook B, where

M < (n+1)*exp (n (2%%? R(p,D —\) + e/3))
< exp(n(max R(p, D — A) +¢)).

Explicitly, this is done by taking a union of the codebooks provided by the type-covering
lemma and noting that the number of types in P, (X) is less than (n + 1)*!. Next, we will
show that the probability of the switcher being able to produce a string with a type not in
Cs goes to 0 exponentially with n.

Consider a type p € P, (X) N (P(X) —Cs). By definition, there is some V C & such that
Y owevP(®) < Plr; € V,1 <1 <m)—4. Let (x(V) be the indicator function

ﬁl xlkGV
=1

() indicates the event that the switcher cannot output a symbol outside of V at time k. Then
(x(V) is a Bernoulli random variable with a probability of being 1 equal to (V) £ P(z; €
V,1 <1 < m). Since the subsources are IID over time, (x(V) is a sequence of IID binary
random variables with distribution ¢’ £ (1 — x(V), k(V)).
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Now for the type p € P,,(X)N(P(X)—Cs), we have that for all strings x™ in the type class
Ty, 230 1(z; € V) < 5(V) — 4. Let p’ be the binary distribution (1 — (V) + 6, k(V) — 4).
Therefore ||p’ — ¢||1 = 26, and hence we can bound the binary divergence D(p'||¢’) > 262 by
Pinsker’s inequality. Using standard types properties [21] gives

1 n
P(3Y G <x0)-3) < (u+ Dep(-aDpli)
k=1
< (n+1)exp(—2nd?).
This bound holds for all V € X,V # (), so we sum over types not in Cs to get

P(pgn ¢ Cs5) < Z (n + 1) exp(—2nd?)

PEPA(X)N(P(X)—C;5)
< (n+4 1) exp(—2nd?)

= exp (—n(252 — |X|w>) :

Then, regardless of the switcher strategy,

E[d(x";B)] < D — XA+ d* x exp (—n<2(52 — ]X\M)>

n

So for large n we can get arbitrarily close to distortion D — A while the rate is at most
max,ec R(p, D — ) + €. Using the fact that the IID rate-distortion function is continuous in
D (uniformly over p such that Dy, (p) < D, see (C.8)) gives us that the coder can achieve
at most distortion D on average while the asymptotic rate is at most R(D) + 2¢ (provided
A < Ae) is small enough). Since € is arbitrary, R(D) < R(D).

C.1.2 Achievability for the switcher

This section shows that R(D) > R(D) when the switcher has 1-step lookahead. We will
show that the switcher can target any distribution p € C and produce a sequence of 11D
symbols with distribution p. In particular, the switcher can target the distribution that
yields max,ec R(p, D), so R(D) > R(D).

The switcher will use a memoryless randomized strategy. Let V C X and suppose that
at some time k the set of symbols available to choose from for the switcher is exactly V), i.e.
{214, Tst = V. Recall B(V) & P({x11,...,Zm1} = V) is the probability that at any
time the switcher must choose among elements of V and no other symbols. Then let f(x|V)
be a probability distribution on X with support V, ie. f(z|V) >0, Vx € X, f(z|V) =0
if v ¢V, and ) ., f(z|V) = 1. The switcher will have such a randomized rule for every
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nonempty subset V of X such that |V| < m. Let D be the set of distributions on X’ that
can be achieved with these kinds of rules,

p(-) = ngx,|v|gm B f(V),
D=< p : VVst. VCX, |V <m,
f(:|V) is a PMF on V

It is clear by construction that D C C because the conditions in C are those that only
prevent the switcher from producing symbols that do not occur enough on average, but put
no further restrictions on the switcher. So we need only show that C C D. The following
gives such a proof by contradiction.

Lemma 28 (Achievability for switcher). The set relation C C D is true.

Proof: Without loss of generality, let X = {1,...,|X|}. Suppose p € C but p ¢ D. It is
clear that D is a convex set. Let us view the probability simplex in R!*!. Since D is a convex
set, there is a hyperplane through p that does not intersect D. Hence, there is a vector
(a1,...,ay|) such that Zlﬂ a;p(i) = t for some real t but ¢t < mingep Z‘Zﬂ a;q(i). Without
loss of generality, assume a; > as > ... > ajx| (otherwise permute symbols). Now, we will
construct f(-|V) so that the resulting ¢ has Zlﬂ a;p(i) > Zlﬂ a;q(7), which contradicts the
initial assumption. Let

V) 2 { (1) if 4 :el:zaX(V)

so for example, if V = {1,5,6,9}, then f(9]V) =1 and f(i|]V) = 0if i # 9. Call ¢ the
distribution on X induced by this choice of f(:|V). Recall that x(V) = P(z; € V,1 <1 < m).
Then, we have

Y

Zaz-q(i) = ak({1}) + a2[s({1,2}) — ({1})] +
e g |KL X = AL ] - 1))

By the constraints in the definition (4.3) of C, we have the following inequalities for p:

r({1}) = q(1)
r({1,2}) = q(1) + q(2)

g
=
VIV

|X]-1 |¥]-1

R({1,. X =11 = > q(d).

i=1 =1

(]
’E\
Vv
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Therefore, the difference of the objective is

¥ ¥

;ai(p(i)—q(i)) - “m{zp i }

(a1x-1 = ajx) { ; 1
<+ (a1 — ag) [P(l) - 9(1)}

_ lle(ai — i) [Z p(j) — Z q(j)}

=1 7=1 7j=1
> 0.

The last step is true because of the monotonicity in the a; and the inequalities we derived
earlier. Therefore, we see that ZL a;p(i) > Z‘ | a;q(i) for the p we had chosen at the be-

ginning of the proof. This contradicts the assumption that Z‘Z:g a;p(1) < mingep Zz 1 aiq(7),
therefore it must be that C C D.

C.2 Adversarial switching with noisy observations

Theorem 10 of Section 4.4: For the AVS problem of Fig. 4.2, where the adversary has
access to the states either with 1-step lookahead or full lookahead,

R(D) = max R(p, D),

peDstates

_ ), p0) =2era®) ()
Dstatas—{p~ f(,t)egé—)’vte,]- }

Proof: It is clear that R(D) > maxpep,,,.. R(p, D) because the switcher can select
distributions f(-|t) € G(t) for all ¢ € T and upon observing a state t, the switcher can
randomly select the switch position according to the convex combination that yields f(:|t).
With this strategy, the AVS is simply an IID source with distribution p(-) = >, a(t) f(-[t).
Hence, R(D) > maxpep,,,,.. R(p, D).

We will now show that R(D) < max,ep,,,,.. R(p, D). This can be done in the same way
as in Appendix C.1. We can use the type covering lemma to cover sequences with types in
or very near D, and then we need only show that the probability of x™ having a type
e-far from Dyyqes goes to 0 with block length n.

where
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Lemma 29. Let pyn be the type of x™ and for € > 0 let Dgiates e be the set of p € P(X) with
L1 distance at most € from a distribution in Dsieres. Then, for e > 0,

P(pxn ¢ Dstates.e) < 4T || X]exp(—n&(e)),
where £(€) > 0 for all e > 0. So for large n, pxn is in Dgates,e with high probability.

Proof: Let t" be the n-length vector of the observed states. We assume that the switcher
has advance knowledge of all these states before choosing the switch positions. First, we show
that with high probability, the states that are observed are strongly typical. Let N(¢[t™) be
the count of occurrence of t € T in the vector t". Fix a d > 0 and for ¢ € T, define the event

AL = { Nte") > 5}. (1)

n
Since N(t[t") = >, 1(t; = t) and each term in the sum is an IID Bernoulli variable with
probability of 1 equal to a(t), we have by Hoeffding’s tail inequality [57],

P(A%) < 2exp(—2n6?).

Next, we need to show that the substrings output by the AVS at the times when the
state is t have a type in or very near G(t). This will be done by a martingale argument
similar to that given in Lemma 3 of [4]. Let t> denote the infinite state sequence (t1,ta, .. .)
and let Fy = o(t>) be the sigma field generated by the states t=. For i = 1,2,..., let
F; =o(t>®,s",x},...,x",). Note that {F;}32, is a filtration and for each i, z; is included in
Fi trivially because z; = x5, ;.

Let C; be the |X'|-dimensional unit vector with a 1 in the position of z;. That is, C;(z) =
1(z; = z) for each x € X'. Define T; to be

Ty = C; — E[Ci|F 1]

— af(t)

and let So = 0. For k > 1,

We claim that S, k > 1is a martingale! with respect to the filtration {F;} defined previously.
To see this, note that E[|Si|] < oo for all k since S}, is bounded (not uniformly). Also, Sy € F
because T; € F; for each 7. Finally,

E[Skt1|Fe] = E[Tky1 + SklFil

1S}, is a vector, so we show that each component of the vector is a martingale. For ease of notation, we
drop the dependence on the component of the vector until it is explicitly needed.
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Now, define for each t € T,

and analogously,

It can be easily verified that Si is a martingale with respect to JF; for each ¢ € T.
Expanding, we also see that

1 1 "
St = Til(t; =t
O N 2 T =)

1
NI 2,

N 2 FCHR) (©2)

i ti=t

The first term in the difference above is the type of the output of the AVS during times
when the state is t. For any ¢ such that ¢; = ¢,

m

E[C)|Fima] = Y PUF—)milt) € G(t).

=1

In the above, P(I|F;_1) represents the switcher’s possibly random strategy because the
switcher chooses the switch position at time ¢ with knowledge of events in F;_;. The symbol
generator’s outputs, conditioned on the state at the time are independent of all other ran-
dom variables, so Y | P(I|F;_1)pi(-|t) is the probability distribution of the output at time
1 conditioned on F;_;.

Thus, the second term in the difference of (C.2) is in G(t) because it is the average of
N(t|t") terms in G(¢) and G(¢) is a convex set. Therefore, St /N (t|t") measures the difference
between the type of symbols output at times when the state is ¢ and some distribution
guaranteed to be in G(t).

Let pyxn be the empirical type of the string x", and let p’. be the empirical type of the
sub-string of x™ corresponding to the times ¢ when t; = ¢t. Then,

N(t|t"
po = N
teT

Let G(t) be the set of distributions at most € in £; distance from a distribution in G(t).
Recall that for |X| dimensional vectors, ||p — ¢l|c < €/|X| implies ||p — ¢||1 < €. Hence, we
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have

P (u (Pl ¢ aa»}) <P (U v > ﬁ})
ZZ (‘Nﬂt” Snl) ‘>|76|> 9

Let (A%)¢ denote the complement of the event A%. So, for every (¢, z) we have

IN

t ¢ < PAYH+P Al
P (|| > ) < P+ (’Ntlt” @] > g (A
< 2exp(—2nd?) +
1
P Al
(‘N(tlt” )] ).
In the event of (A%)¢, we have N(t|t"™) > n(«a(t) — 9),

>|7€|,(A§)C) < P(|S;(:c>|>n<a(t) )m (At>>

€

<P (|s;(x)| > n(a(t) — 5)W) .

]‘ t
d ( OO

Si(x) is a martingale with bounded differences since |S; (z) — Si(z)| = [T} (z)] < 1.
Hence, we can apply Azuma’s inequality [58] to get

P ( N(tl‘tn)SZ(x)‘ > ﬁ (Afs)c) < 2exp (—n%> - (C.4)

Plugging this back into (C.3),
P (U {Phr ¢ g(t)e}) < 27X (exp(—2n(52) +

teT
(a, — §)%€?
o <_HW) )
< 4JX||T|exp(—né(e, )

where

£(€,0) = min {252, %}

lI>

in ().
pet

o
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We assume without loss of generality that a, > 0 since T is finite. We will soon need that
d <€/|T], so let

E(e) = max &(e,0)

n 0<d<min{e/|T|,ox}

and note that it is always positive provided € > 0, since £(¢,d) > 0 whenever ¢ € (0, a).
Hence,

P (U (e ¢ E(t>e}> < 41T exp(—né(e))
teT

We have shown that with probability at least 1 — 4|X[|T]exp(—n§(e)), for each t € T
there is some p’ € G(t) such that ||py. — p'|li < € and (Af )¢ occurs. Let

p=> alb)yp.

teT

By construction, p € Dgyares- To finish, we show that ||pxn — pll1 < 2e.

Ipxr =i = Y Ipxr(z) — p(a)]

5 M ) — o' (2)

N(t!t")pﬁ(n (z) — a(t)p' ()

N(t")
na(t) Pacr

n

(z) —p'(z)

DIT)S

t

Zoz(t) Z |Phn () = P'(2)] + '% —1

IA

Pin ().

From (C.1), we are assumed to be in the event that

Nt | 5
na() ’ =

a(t)

Hence,

I =2l < D al®) (*%)

t

= €+ |70 < 2e

We have proved P(pxn & Dstates2e) < 4|X||T| exp(—né(€)), so we arrive at the conclusion of
the lemma by letting £(e) = £(€/2).
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C.3 Uniform continuity of R(p, D)

Lemma 9 of Section 4.7.1: B
Let d : X xX — [0, d*| be a distortion function. d is the minimum nonzero distortion from
(4.1). Also, assume that for each z € X, there is an Z¢(z) € & such that d(z,Z¢(z)) = 0.

Then, for p,q € P(X) with |[p — ¢|l; < %, for any D > 0,

7d* X[ X
R(p,D)— R(q,D)| < —|lp — q|i1 In ———.

Proof: Let W, € argminy ey, py!(p, W). Then

Consider d(p, |4 p), the distortion of source p across ¢’s distortion D achieving channel.

d(p7 q*,D) S d(Qa W;,D) + |d<p7 q*,D> - d(Q7 ;,D)|
< D+ |lp—qld".

By definition, W, is in W(p, d(p, W;D)), so R(p,d(p, W;D)) < I(p, W;D).

Expanding mutual informations yields

(0. Wy p) — I(a,Wyp)l < [H(p) — H(@)|+ [HEW,p) — H(aWyp)| +
‘H(%WJD)_H(%W;D)"

Above, for a distribution p on X and channel W from X to X , H(pW) denotes the entropy
of a distribution on X with probabilities (pW) (&) = > . p(x)W(z|z). H(p, W) denotes the
entropy of the joint source on X x X with probabilities (p, W)(z,z) = p(x)W(Z|z). It is
straightforward to verify that ||[pW — qW |1 <||p —q|l1 and ||(p, W) — (¢, W)|l1 < |lp — ql|1-
So using Lemma 8 three times, we have

XX
3llp — gl In A IEL
lp — qllx

IN
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Now, we have seen d(p, Wy p) < D + d*||p — ¢|l;. We will use the uniform continuity of
R(p, D) in D to bound |R(p, D) — R(p, D + d*||p — ¢||1)|. This will give an upper bound on
R(p, D) — R(q, D) as seen through (C.5), namely,

R(p,D) — R(q,D) < |I(p,W;p)—1(a, Wy p)|+
R(p, D) — R(p (p,Wq*D))
< |I(p>W;D) I(q, Wq*D)|+
R(p, D) — R(p, D+ d*|lp — ql[1), (C.6)

where the last step follows because R(p, D) is monotonically decreasing in D. For a fixed p,
the rate-distortion function in D is convex-U and decreasing and so has steepest descent at
D = 0. Therefore, for any 0 < Dy, Dy < d*,

Hence, we can restrict our attention to continuity of R(p, D) around D = 0. By assumption,
W(p,0) # 0 Vp € P(X). Now consider an arbitrary D > 0, and let W € W(p, D). We will
show that there is some W, € W(p, 0) that is close to W in an £;-like sense (relative to the
distribution p). Since W € W(p, D), we have by definition

D > Zp(a: ZW&?\xdw%

z: d(z,z)>0

> dY pe) Y W), (1)

Z: d(x,2)>0

Now, we will construct a channel in W(p,0), denoted Wy. First, for each z,x such that
d(z,z) = 0, let V(Z|z) = W(Z|x). For all other (x,7), set V(Z|x) = 0. Note that V' is not
a channel matrix if W ¢ W(p,0) since it is missing some probability mass. To create Wy,
for each x, we redistribute the missing mass from V' (:|z) to the pairs (z,z) with d(z,z) = 0.
Namely, for (x,Z) with d(z,7) = 0, we define

> i d(z,3')>0 W (#'|z)
{2 d(x,3) =0}

For all (z,7) with d(z,z) > 0, define Wy(Z|x) = 0. So, W, is a valid channel in W(p,0).

Wo(zle) = V(Z[r)+
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Now for a fixed z € X,

Z|W(fv\\w)—Wo(5ﬂfC)! = Y W@+ Y W(@le) - Wo(@le)l

#: d(z,z)=0

8
=3
®
B
Vv
o

_ ~ Zi’: d(z,3')>0 W(a'|z)
T 2, W@+ >, i s =

z: d(z,z)>0 z: d(z,x2)=0
=2 > W(@k).
z: d(z,2)>0

Therefore, using (C.7)

~ N 2D
> (@) ) [W(@Elz) — Wo(@lz)| < —
So, for W = W) 1, there is a Wy € W(p,0) with the above ‘modified £, distance’ with respect

to p between W and Wy being less than 2D /d. Going back to the bound on |R(p, 0)— R(p, D)|,

|R(p,0) — R(p, D)| = winin T (p, W) = 1(p, Wy p)
< I(p,Wo) = I(p,W, p)
< [H(pWo) — HpW,p)| + [H(p, Wo) — H(p, Wy p)|-

It can be easily verified that |[pWo — pWjpll1 is at most 2D/d. Similarly, |(p, W) —
(0. Wyp)li <2D/d
Now, assuming D < d/4, we can again invoke Lemma 8 to get
2D d|X| 2D, d|Xx||X]
| R(p, 0) — R(p, )I_d nop T 5p
4D d|X||X|

<=1 . .
< n—— (C.8)

Going back to (C.6), we see that if ||p —ql[1 < 35,

Ad*|lp — d|Xx||xX
\R(p, D+ d*|lp — q|,) — R(p, D)| < lp—all, —dlX]|]

d 2d*||p — qlx
4d*|lp — qllx In | X[| X

d lp—alli
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The last step follows because d/d* < 1. Substituting into (C.6) gives

XX dr x| X

R(p, D) — R(¢, D) < 3||p—q||11n—||L)l|q|;l+4§||p—q||1ln |||p_||q|||1
< T g AL
-~ 4 ! HP—QHf

Finally, this bound holds uniformly on p and ¢ as long as the condition on ||p—q||; is satisfied.
Therefore, we can interchange p and ¢ to get the other side of the inequality

wa—ﬂlniﬂgl
d e =l

R(QaD)_R<p7D) <

C.4 Proof of Lemma 10

We now assume d: X x X — [0,d*] to be arbitrary. However, we let
do(z,7) = d(z,T) — mind(z, T)
FeX
so that Lemma 9 applies to dy. Let Ry(p, D) be the IID rate-distortion function for p € P(X)
at distortion D with respect to distortion measure do(x, 7). By definition, R(p, D) is the 11D

rate-distortion function for p with respect to distortion measure d(z,z). From Problem 13.4
of [21], for any D > Dyin(p),

R<p7 D) = Rﬂ(p7 D — Dmin<p))'
Hencea fOI‘ b, q € P(X)7 D Z ma‘X(Dmin(p>7 Dmin(q))a

‘R(p7D> - R<q7 D)‘ = ’RO(paD - Dmin(p)) - R()(qa D — Dmin(Q)’
S |R0(p7 D — Dmin(p)) - Ro(p, D — Dmll’l(Q))| +
‘Ro(p, D — Dmin(Q)) - RO(Q> D — Dmin(q))|’ (C,Q)

Now, we note that | Dyin(p) — Dimin(¢)| < d*||p—q||1. The first term of (C.9) can be bounded
using (C.8) and the second term of (C.9) can be bounded using Lemma 9. The first term
can be bounded if ||p — ¢||; < do/4d* and the second can be bounded if ||p — gl < do/Ad.
Since di < d*, we only require ||p — q||1 < do/4d".

Adr do| X|| X

R(p,D)— R(q, D < —lp—qliln ————

R(p.D) = Rla. D) < —llp—alhln gz
7d; X[ X

p—qliln ——
do P —qll
11d*|| R B4iE4
—||P —q||1 N7/
do P —qllx

IA
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