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Abstract

Distributed source coding is traditionally viewed in the block coding context — all the source
symbols are known in advance at the encoders. This paper instead considers a streaming setting
in which iid source symbol pairs are revealed to the separate encoders in real time and need to
be reconstructed at the decoder with some tolerable end-to-end delay using finite rate noiseless
channels. A sequential random binning argument is used to derive a lower bound on the error
exponent with delay and show that both ML decoding and universal decoding achieve the same
positive error exponents inside the traditional Slepian-Wolf rate region. The error events are
different from the block-coding error events and give rise to slightly different exponents. Because
the sequential random binning scheme is also universal over delays, the resulting code eventually
reconstructs every source symbol correctly with probability 1.

1 Introduction

Traditionally, “lossless” coding is considered using two distinct paradigms: fixed block coding
and variable-length coding'. As classically understood, both consider that the source-symbols are
known in advance at the encoder and that they must be mapped into a string of bits decoded by
the receiver. Fixed-block coding accepts a small probability of error and constrains the length of
the bit-string, while variable-length encoding constrains only the ezpected length of the bit-string in
exchange for keeping the probability of error at zero. In the point-to-point setting, both paradigms
apply generically. In contrast, distributed source coding, has traditionally been explored within
the fixed block context. In [16], Slepian and Wolf even asked:

What is the theory of variable-length encodings for correlated sources?

In the classical context of source realizations known entirely in advance, the answer is simple:
there is no nontrivial sense of variable-length encoding that applies generically while still being
interesting.? This is easiest to see by example (Illustrated in Figure 1 and revisited as Example 2 in
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!There are actually four different traditional cases: fixed to fixed, fixed to variable, variable to fixed, and variable
to variable. However, the last three all achieve a probability of error of zero and so we consider them together.
2 At least at sum rates close to the joint source entropy rate. If the rates of communication are high enough, e.g.,
equaling the log of the cardinalities of the source alphabets, zero-error communication is possible.



X1, X2, ..., xy—> Encoder x Ry

I X1y X2y ooy XN
(Xis ¥i) ~ Dxy Decoder —— R
Y1, Y25+, YN

|

Y1, Y2, - - yN — Encoder yt~

Figure 1: Slepian-Wolf distributed encoding and joint decoding of a pair of correlated sources.

Section 4). Suppose that the first encoder observes the random vector x, which consists of a sequence
of IV iid uniform binary random variables. Suppose further that the second encoder observes y which
is related to x via a memoryless binary symmetric channel with crossover probability p < 0.5. The
Slepian-Wolf sum-rate bound is H(x,y) =1+ H(p) < 2 = H(x) + H(y). But since the individual
encoders only see uniformly distributed binary sources, they do not know when the sources are
behaving jointly atypically. Therefore, they have no basis on which to adjust their encoding rates
to combat joint atypicality. Since all pairs are possible when finite blocklengths are considered,
the individual encoders must use distinct bit-strings for each of them. Since the expected length
depends only on the uniform marginal distributions, this means that the expected length must be
at least N. Thus, variable-length approaches do not, in general®, lead to zero-error Slepian-Wolf
codes for interesting rate-points.

Another view of variable-length coding is as a tool that enables us to achieve meaningful com-
pression despite not knowing the underlying probability distribution? and allowing the rate used to
adapt to the source. If there is a low-rate, but reliable®, feedback link available from the decoder
to the two separate encoders, then this sense of variable-length Slepian-Wolf coding is possible.
[6] gives a fixed-to-variable scheme in which the stopping-time is chosen at the decoder and com-
municated back to the encoders over a low-rate feedback link. The goal of [6] is not achieving a
truly zero probability of error — rather it is willing to accept a very small probability of error in
exchange for using a rate that is as small as possible.

To answer the question posed by Slepian and Wolf in the more classical sense, we instead want to
aim for a probability of error that goes to zero for every source symbol, but at the cost of a variable
delay. To do this, we propose stepping back and eliminating the modeling assumption of encoders
having access to the entire source realization in advance. We argue that a “streaming setting”
is required to discern the system-level analog to variable-length source coding in the distributed
context. The streaming setting abstracts sources that are embedded in time as well as the fact that
all physically realizable encoders/decoders must obey some form of causality. Thus “rate” is not
just measured in bits per source symbol but in both source symbols per second and bits per second.

30ne should note that, in analogy to zero-error channel coding, there are special (non-generic) cases where zero-
error Slepian-Wolf coding is possible [11] since certain symbol pairs cannot occur.

4In the point-to-point case, this is very closely related to achieving a zero-error probability. The same string can
be an atypical realization of one source model while being a typical realization of another source. Encoding all the
typical sequences correctly without knowing the underlying model requires getting all the possible sequences correctly
for any specific model.

5Tt is clear that our techniques from [13, 7] can also be adapted to make the system of [6] work using only noisy
feedback channels.



The source-rate (symbols per second) is specified as a part of the problem while the bit-rate (bits
per second) is something that we get to choose. From an engineering perspective, three desirable
qualities® are:

e Using a low rate bit-pipe(s)
e Low end-to-end latency
e Low probability of error

The theory of source-coding should tell us the tradeoffs between these three desiderata. In addition,
we will be interested in to what extent a streaming code can be made “universal” over a class of
probability distributions.

In the point-to-point streaming setting, regardless of whether block or variable-length compres-
sion is used, the traditional initial step is the same: group symbols into source blocks. To compress
the data blocks, either use a fixed-rate block code, or a variable-length code. The resulting en-
coding is then enqueued for transmission across the bit-pipe. As long as the source entropy rate
is below the data-rate, the queue will remain stable. When block coding is used for compression,
there is a constant delay through the system, and atypical source blocks are received in error. The
probability of error is fixed at the system’s design-time and so is the end-to-end delay.

In contrast, variable-length coding induces a variable system delay. The more unlikely the
source blocks, the longer the delay experienced at run-time. Thus, while asymptotically there are
no errors when variable-length source codes are used (assuming an infinite buffer size), the delay
till a given symbol can be decoded depends on the random source realization. Because atypical
source realizations are large deviation events, the probability that some source symbol cannot be
reconstructed A samples after it enters the encoder decays exponentially” in A. The choice of
acceptable end-to-end delay is left to the receiver/application.

We show that this type of reliability can be achieved in a generic distributed coding context —
the probability of error goes to zero with end-to-end delay and the choice of the acceptable delay
is entirely up to the decoder. Essentially, every source symbol is recovered correctly eventually
with probability® 1. The only difference is that unlike the point-to-point case, the decoder does not
necessarily know when the estimate for the symbol has converged to its final value. Furthermore,
just as in the point-to-point setting?, both the encoding and decoding can be made universal.

In this paper, we formally define a streaming Slepian-Wolf code, and develop coding strategies
both for situations when source statistics are known and when they are not. The new tool is a
sequential binning argument that parallels the tree-coding arguments used to study convolutional
codes. We characterize the performance of the streaming schemes through an error exponent
analysis and demonstrate that the exponents are equal regardless of whether the system is informed
of the source statistics (in which case we use maximum likelihood decoding) or not (in which
case we use universal decoding). The universal decoder we design for the streaming problem is

50f course, “implementation complexity” forms a fourth and very important consideration, but we will be ignoring
that aspect of the problem.

"In [2], we show that variable length codes used in this manner actually achieve the best possible error exponent
with delay. This is also related to the analysis of [10].

8The secret here is that we are considering a probability measure over infinite sequences. While all pairs of finite
strings may be possible, most pairs of infinite strings collectively have probability zero.

9Sliding-window Lempel-Ziv compression is one example where data is naturally encoded sequentially. It is also
universal over sources.



somewhat different from those familiar from the block coding literature, as are the nature of the
error exponents.

1.1 Potential applications and practical motivation

In addition to our core interest in answering some basic questions about Slepian-Wolf coding,
our formulation is also motivated by the diverse emerging application areas for distributed source
coding. Media (e.g. video-conference) sources naturally have a streaming character. Consequently,
we are motivated to explore what sort of streaming Slepian-Wolf technique matches naturally to
such situations.!?

1.2 Outline

Section 2 summarizes the notation used in the paper. Section 3 reviews the classical block-coding
error exponent results for Slepian-Wolf source coding and then we state the main results of this
paper: sequential error exponents for Slepian-Wolf source coding. Section 4 presents a numeric
study of two example sources. We observe that the sequential error exponent is often the same as
the block coding error exponent. Sections 5, 6 and 7 prove the theorems in Section 3. We start with
sequential source coding for single sources in 5. This is the simplest case but it provides insights
to the nature of sequential source coding problem and sequential error events. We show that the
sequential error exponent is the same as the random block source coding error exponent. Section 6
moves on to the case with decoder side-information. Finally, Section 7 presents the proof of the
main result of the paper. We derive the sequential error exponent of distributed source coding
for correlated sources. This error exponent strictly positive everywhere inside the achievable rate
region of [16]. For all these three scenarios in Sections 5, 6 and 7, both ML and universal decoding
rules are studied. The appendix shows that the resulting error exponents are indeed the same.

2 Notation

We use serifed-fonts, e.g., x to indicate sample values, and sans-serif, e.g., x, to indicate random
variables. Bolded fonts are reserved to indicate sample or random vectors, e.g., x = ™ and x = x",
respectively, where the vector length (n here) is understood from the context. Subsequences, e.g.,
Ty, Ti41,- - -, Tp are denoted as x;* where xz £ () if i < j. Distributions are indicated with lower-case
p, e.g., x is distributed according to px(x). Sets and their elements are denoted as, e.g., x € X, and
their cardinality by |X'|. We use calligraphic font to denote sets, X', F, W etc, and reserve £ and D to
denote encoding and decoding functions, respectively. We use standard notation for types, see, e.g.,
[5]. Let N(a;x) denote the number of symbols in the length-n vector x that take on value a. Then,
x is of type P if P(a) = N(a;x)/n. The type-class, or set of length-n vectors of type P is denoted
7Tp. A sequence y has conditional type V given x if N(a,b;x,y) = N(a;x)V(bla) = P(a)V (bla) for
every a,b. The set of sequences y having conditional type V with respect to x is called the V-shell
of x and is denoted by 7y (x). When considered together, the pair (x,y) is said to have joint type

10A secondary aspect in some multimedia settings is a natural multi-scale nature to the source — the high order
bits are more important than the low order bits. To the extent that the high order bits can be made “early” and the
low-order bits can be made “late”, our constructions also naturally give more protection to the early bits as compared
to the later ones. While this interpretation might eventually be important in practice, it is a bit questionable within
the simplified model this paper considers.



V x P. We always use upper-case, e.g., P and V, to denote length-n types and conditional types.
As we often discuss the types of subsequences we add a superscript notation to remind the reader
of the length of the subsequence in question. If, for instance, the subsequence under consideration
is 27 we write 2 € Tpn—i. Similarly we use V"~ for the conditional type of length-(n — [+ 1), and
V=t x P*! for the joint type. Given a joint type V x P, entropies and conditional entropies are
denoted as H(P) and H(V|P), respectively. The KL divergence between two distributions ¢ and p
is denoted by D(q||p).

3 Main Results

In this section, we begin by reviewing classical results on the error exponents of distributed block
coding. We then present the main results of the paper: error exponents for streaming Slepian-Wolf
coding and its special cases: point-to-point coding and source coding with decoder side information.
We analyze both maximum likelihood and universal decoding and show that the achieved exponents
are equal. Leaving numerical examples and proofs for later sections, we here compare the form of
the streaming exponents with their block coding counterparts.

3.1 Block source coding and error exponents

In the classic block-coding Slepian-Wolf paradigm, full length-N vectors x and y are observed
by their respective encoders before communication commences. In this situation a rate-(R;, Ry)
length-N block source code consists of an encoder-decoder triplet (€%,E%, Dn), as we will define
shortly. For the rate-region considerations, the general case of distributed encoders can be con-
sidered by using time-sharing among codes that alternate between sending at rates close to the
marginal entropy and those that correspond to perfectly known side-information. However, it is
easy to see that this results in a substantial loss of error-exponent even in the block-coding case.
To get good exponents, something else is required:

Definition 1 A randomized length-N rate-(R,, Ry) block encoder-decoder triplet (£%,E%,Dn) is
a set of maps

Ex o AN — {0, 1}V e.g., E%(zNV)=alVfe
EL o YN - {0, 1}V e.g., EL(yN) =Nl
Dy : {0,111V x {0, 1}V — xm x Y, e.g., Dy(a™F= pNv) = (N, V)

where common randomness, shared between the encoders and the decoder is assumed. This allows
us to randomize the mappings independently of the source sequences.

The error probability typically considered in Slepian-Wolf coding is the joint error probability,
Pr[(xN,yN) #£ (&N, 9V)] = Pr[(xN,y) # Dn(EL(xN), EX(yN))]. This probability is taken over
the random source vectors as well as the randomized mappings. An error exponent F is said to be
achievable if there exists a family of rate-(R;, R,) encoders and decoders {(£%,EX, D)}, indexed
by N, such that
lim —— log Pr{(x, yV) # (¥, 5V)] > B 1)

N—oo



In this paper, we study random source vectors (x,y) that are iid across time but may have
dependencies at any given time:

N
pX,y(Xa Y) = pr,y(xia yz)
=1

For such iid sources, upper and lower bounds on the achievable error exponents are derived
in [9, 5]. These results are summarized by the following theorem.

Theorem 1 (Lower bound) Given a rate pair (R,, R,) such that R, > H(x|y), R, > H(y|x),
R, + Ry, > H(x,y). Then, for all

E < min D(psyllpsy) + | min[R, + R, — H(x,¥), Re — H(x|y), Ry — H(y|X)]|" (2)

there exists a family of randomized encoder-decoder mappings as defined in Definition 1 such that (1)
is satisfied. In (2) the function |z|T =z if 2 >0 and |2|T =0 if 2 < 0.

(Upper bound) Given a rate pair (R, Ry) such that R, > H(x|y), Ry > H(y|x), Ry + Ry >
H(x,y). Then, for all

E > min min D(px.y , min D(px.y , min D(px.y 3
{ i Dlosslog)  min  Dlosglp). | min,  Dipssli)} ©)
there does not exists a randomized encoder-decoder mapping as defined in Definition 1 such that (1)
is satisfied.

In both bounds (x,y) are dummy random variables with joint distribution pxy.

Remark: As long as (R, Ry) is in the interior of the achievable region, ie., R, > H(xly),
R, > H(y|x) and R, + R, > H(x,y) then the lower-bound (2) is positive. The achievable region is
illustrated in Fig 2. As shown in [5], the upper and lower bounds (3) and (2) match when the rate
pair (R;, Ry) is achievable and close to the boundary of the region. This is analogous to the high
rate regime in channel coding where the random coding bound (analogous to (2)) and the sphere
packing bound (analogous to (3)) agree.

Theorem 1 can also be used to generate bounds on the exponent for source coding with decoder
side information (i.e., y observed at the decoder), and for source coding without side information
(i.e., y is a constant). These corollaries will prove useful as a basis for comparison as we build up
to the complete solution for streaming Slepian-Wolf coding.

Corollary 1 (Source coding with decoder side information) Consider a Slepian- Wolf problem where
y is known by the decoder. Given a rate R, such that R, > H(x|y), then for all

E < nin D(psy|[pxy) + | Ba — H(x|y)I*, (4)

there exists a family of randomized encoder-decoder mappings as defined in Definition 1 such that (1)
is satisfied.

The proof of Corollary 1 follows from Theorem 1 by letting 2, be arbitrarily large. Similarly, by
letting y be deterministic so that H(x|y) = H(x) and H(y) = 0, we get the following random-coding
bound for the point-to-point case of a single source x.



Corollary 2 (point-to-point) Consider a Slepian- Wolf problem where y is deterministic, i.e., y =
y. Given a rate R, such that R, > H(x), for all

E < min D(px||px) + | Re — H(X)|" = Eo(Ra) (5)

there exists a family of randomized encoder-decoder triplet as defined in Definition 1 such that (1)
18 satisfied.
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Figure 2: Achievable region for Slepian-Wolf source coding

3.2 Sequential Distributed Source Coding

We now state our main results for streaming encoding, and contrast them with the block-coding
results of the last section. To begin, we define a streaming encoder.

Definition 2 A randomized sequential encoder-decoder triplet E¥,EY, D is a sequence of mappings,
{&hi=12,.., {Ef},j =1,2,... and {D;},j =1,2,...

SJ‘P : Xj—>{0,1}Rz, e.g., E‘P(xj):aj].%“'

. i & '(ngl)Rerl’ (6)
& 2 VI — {01, eg, EW) =" n

Common randomness, shared between encoders and decoder, is assumed. This allows us to ran-
domize the mappings independently of the source sequence.

In this paper, the sequential encoding maps will always work by assigning random “parity bits”
in a causal manner to the observed source sequence. That is, the R, (or R,)) bits generated at each



time in (6), are iid Bernoulli-(0.5).!? Since parity bits are assigned causally, if two source sequences
share the same length-l prefix, then their first [ R, parity bits must match. Subsequent parities are
drawn independently. Such a sequential coding strategy is the source-coding parallel to tree and
convolutional codes used for channel coding [8]. In fact, we call these “parity bits” as they can be
generated using an infinite constraint-length time-varying random convolutional code.

Definition 3 The decoder mapping

D; : {0, 1} x {0, 1} — X7 x Y7
Dj(a,0/1) = (&1(5), 91 (4))

At each time j the decoder D; outputs estimates of all the source symbols that have entered the
encoder by time j.

Remark: While we state Definition 2 only for Slepian-Wolf coding, it immediately specializes
to source coding with decoder side information (dropping the £, and revealing y™ to the decoder),
and source coding without side information (dropping the £,). We present results for both these
situations as well.

In this paper we study two error probabilities. We define the pair of source estimates at time n
as (X7, §") = Dp([1}=, €7, [1}=1 €), where [T}_, £F indicates the full nRR, bit stream from encoder
x up to time n. We use (X2, y"2) to indicate the first n — A symbols of each estimate, where
for conciseness of notation both the estimate time, n, and the decoding delay, A, are indicated in
the superscript. With these definitions the two error probabilities we study are

Pr[x"~2 £ x""2] and Pr[y" 2 # y" 4.

A pair of exponents £, > 0 and E, > 0 is said to be achievable if there exists a family of rate-
(Ry, Ry) encoders and decoders {(£7,EY,D;)} such that

3770
1
lim lim ——logPr[x"~2 # x""8] > E, (7)
AScon—oo A
. . 1 ~n—A n—A
I >
Aim lim ——log Pr(y™™= # y"77] 2 B, (8)

Remarks: In contrast to (1) the error exponent we look at is in the delay, A, rather than total
observation time, n. The order of the limits is important since the total time-period n is allowed
to go to infinity faster than the delay A. While the definitions of (7)—(8) and of (1) are asymptotic
in nature, the results hold for finite block-lengths and delays as well. Finally, we note that while
in (1) the error exponent of a joint error event on either x or y is considered, we provide a refined

"'We assume that R, and R, are integer. To justify this assumption note that we can always group sets of «
successive symbols into super-symbols. These larger symbols can be encoded at an average rate aR,. Generally,
if we group a symbols together, and transmit 3 bits per super-symbol, we can realize an average rate a/f3, i.e., a
rational rate. If desired, non-integer average rates are easily implemented by a time-varying transmission rate. For
example, say we want to implement an average encoding rate of 5/4 bits per source symbol. Say we generate one new
parity bit per symbol for each symbol observed except for the fourth symbol, eighth symbol, etc, when we generate
two. The average encoding rate is 5/4. As long as the decoding delay A we target is long enough so that the decoder
received an “average” number of encoded bits — R, — before we must make an estimate (e.g., if A > 1/R,), these
small-scale issues even out. In particular, they do not effect the exponents.



analysis specifying potentially different exponents on either decision. The results for joint errors
are found by taking the minimum of the individual exponents, i.e.,

1
lim lim N log Pr[(X"~2, y"2) £ (x" 72, y"™2)] > min{E,, E,}.

A—00 N—00

3.3 Streaming source coding

Our first results concern streaming coding in the point-to-point setting. The first theorem we state
gives random coding error exponents for maximum likelihood decoding where the source statistics
are known, and the second exponents for universal decoding, where they are not.

Theorem 2 Given a rate Ry > H(px), there exists a randomized streaming encoder and mazimum
likelihood decoder pair (per Definition 2) such that for all E < Eyp(Ry) there is a constant K > 0
such that Pr["=2 # x"=2] < K exp{—AEur(Rz)} for all n, A > 0 where

EML(R:J:) = sup pR; — (1 + p) log <2px(l‘)1ip) . (9)

0<p<1

Theorem 3 Given a rate Ry, > H(px), there exists a randomized streaming encoder and universal
decoder pair (per Definition 2) such that for all E < Eyn(Ry) there is a constant K > 0 such that
Pr[x" 2 # x" 8] < K exp{—AFE} for all n, A > 0 where

By(Ry) = inf Dialp:) + |Re = H(@)[*. (10)

where q is an arbitrary probability distribution on X and where |z|* = 2z if z > 0 and |z|" = 0 if
z < 0.

Remark: The error exponents of Theorems 2 and 3 both equal their respective random block-
coding exponents for ML and universal decoders. For example, compare (10) with (5). The main
difference in the formulation is that the error probability decays with delay A rather than block
length N. Furthermore, it is known that (9) and (10) are equal — see [5] exercise 13 on page 44.
Such equality is required by the formal definition of a universal scheme, i.e., for the same source
statistics and coding rates, the universal decoder should asymptotically achieve the same error
exponent as the maximum likelihood decoder. See [12] for a detailed discussion of universal versus
maximum likelihood decoding in the context of channel coding.

3.4 Streaming distributed source coding with decoder side information

This section summarizes our results for distributed streaming source coding when the side infor-
mation is observed at the decoder, but not the encoder:

Theorem 4 Given a rate R, > H(x|y), there ezists a randomized encoder decoder pair (per Defi-
nition 2) such that for all E < Eyrp s1(Ry) there is a constant K > 0 such that Pr[x"~2 # x"~8] <
K exp{—AE} for all n,A >0 where

1

EML,SI(Rx) = 021;21pr — log [zy: [zm:pxy($’ y)ﬁp] 1+p}. (11)



Theorem 5 Given a rate R, > H(x|y), there exists a randomized encoder decoder pair (per Def-
inition 2 ) such that for all E < Eynsi(Ry) there is a constant K > 0 such that Pr[x"~2 #
x""A] < K exp{—AFE} for all n,A > 0 where

Eyn,sr(Re:) = iinny(pi,prxy) + |Re — H(x|y)|", (12)

and (x,y) are random variables with joint distribution psy, H(X|y) is their conditional entropy,
and where |z|T =z if 2 >0 and |2|T =0 if 2 < 0.

Remark: Similar to the point-to-point case, the error exponents of Theorems 4 and 5 both equal
their respective random block-coding exponents. For example, compare (12) with (4). Similarly,
(11) and (12) can be shown to be equal.

3.5 Streaming Slepian-Wolf coding

In contrast to streaming point-to-point coding and streaming source coding with decoder side
information, the general case of streaming Slepian-Wolf coding with two distributed encoders results
in error exponents that differ from their block coding counterparts. In the streaming setting,
fundamentally different error events dominate as compared to the block setting.

Theorem 6 Let (R;, R,) be a rate pair such that R, > H(x|y), Ry > H(y|x), Ry + R, > H(x,y).
Then, there exists a randomized encoder pair and mazimum likelihood decoder triplet (per Defini-
tion 2) that satisfies the following three decoding criteria.

(i) For all E < Enpswa(Re, Ry), there is a constant K > 0 such that Pr[x"~2 # x"~2] <
K exp{—AE} for all n,A >0 where

1
E +(Ry, R,) = mi inf EMY(R,,R,,~), inf ——EMYR, R .
ML,SW, ( ’ y) mm{yéﬂ),l] z ( y Ly 'Y) Vg&)ﬂ 1—~ y ( ) y>7)

(i1) For all E < Enp swy(Re, Ry) there is a constant K > 0 such that Pr[yn=2 # y"= 4]
K exp{—AE} for all n,A > 0 where

IN

1
E . = mi inf ——EME(R, inf EME(R, .
ML sWy(Re; Ry) mm{véﬂll}l—’Y . (R ,Ryw),wghl] v (Ba, Ry, )

(iii) For all E < Enp sway(Re, Ry) there is a constant K > 0 such that Pr[(X"~2, "= 8) #
(x"=2, y" )] < Kexp{—AE} for all n,A > 0 where

o . . ML . ML
EML,SW,xy(Rxa Ry) = min { wéI[%)f;H Ez (Rxa Ry7 ’7)7 yér[lof:u Ey (Rmy Rya '7)}

In definitions (i)—(iii),

EML(Ry,Ry,y) = sup,co1)[VEupy(Ra, p) + (1 — ) Epy(Re, Ry, p)]
EéML(RCCJR:WV) = SuppE[O,l} [’VEyMc(Rxap) + (1 - V)Ezy(RmRyap)]

10



and

1 ql+p
Epy(Re, Ry,p) = p(Ry+ Ry) — log |:Zar;7y Py (2, y) 1+p}
1 ql+p
E:v|y(R:z:a P) = pR; — log [Zy |:ch pxy(‘rv y) 1+p} } (14)
1 714p
Eyu(Ryp) = pRy—log| ¥, [, pole,y)™| ]

Theorem 7 Let (R., Ry) be a rate pair such that R, > H(x|y), Ry, > H(y|x), Ry + R, > H(x,y).
Then, there exists a randomized encoder pair and universal decoder triplet (per Definition 2) that
satisfies the following three decoding criteria.

(i) For all E < Eynswa(Ry, Ry), there is a constant K > 0 such that Pr[x"=2 #£ x"~8] <
K exp{—AE} for all n,A >0 where

1
E +(Ry, R,) = mi inf EYN(R,,R,,~), inf ——EYN(R,,R,.) . 15
o s (e By) mm{yém UN(ResRy2), i BN (Re Ry | (15)

(i1) For all E < Eyn,swy(Rs, Ry), there is a constant K > 0 such that Pr[j/”_A # y”‘A] <
K exp{—AE} for all n,A > 0 where

1
E R,, R,) = mi inf ——EYN(R,,R inf EYN(R,, R . 16
UN,SW,y( ; y) mln{vé%71]1_7 T ( 5 y7’7)7’yé1§),1] y ( ) y7’7) ( )

(iii) For all E < Eyn,sway(Re, Ry), there is a constant K > 0 such that Pr[(x"2,x"2) #
(X"_A,y"_A)] < Kexp{—AFE} for all n,A > 0 where

v€(0,1]

Eun,sway(Re, Ry) = min { inf E;[E]N(Rx, Ry,7), inf
v€[0,1]

EyUN(Rx,Ry,fy)}. (17)

In definitions (i)—(iii),

ExUN(Rﬂm Ry,vy) = )?i;l),fy'YD(piJ Dxy) + (1 — 'V)D(pi,?pry) + [V[Re — H(X|y)] + (1 —7)[Rs + R, — H()?v)_/)”+
EVN(Ry,Ry,v) = _inf yD(psyllpxy) + (1 = V) D(psyllpxy) + W [Ry — H(7|X)] + (1 = )[Re + Ry — H(x, ¥)]|"

X?yix’y
(18)

where the random variables (X,y) and (X,y) have joint distributions pxy and px.y, respectively. The
function |z|T =z if 2 >0 and |2|T =0 if 2 < 0.

Remark: Definitions (i) and (ii) in Theorems 6 and 7 concern individual decoding error events
which might be useful in applications where the x and y streams are decoded jointly, but utilized
individually. The more standard joint error event is given by (iii).

Remark: We can compare the joint error event for block and streaming Slepian-Wolf coding,
c.f. (17) with (2). The streaming exponent differs by the extra parameter v that must be minimized
over. If the minimizing v = 1, then the block and streaming exponents are the same. The
minimization over « results from a fundamental difference in the types of error-causing events that
can occur in streaming Slepian-Wolf as compared to block Slepian-Wolf.

Remark: The error exponents of maximum likelihood and universal decoding in Theorems 6
and 7 are the same. However, because there are new classes of error events possible in streaming,
this needs proof. The equivalence is summarized in the following theorem.
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Theorem 8 Let (R,, R;) be a rate pair such that R, > H(x|y), R, > H(y|x), and Ry, + R, >
H(x,y). Then,

Eyvrswae(Re, Ry) = Eyn,swe(Re, Ry), (19)
and
Eyvrswae(Re, Ry) = Eyn,swe(Re, Ry). (20)

Theorem 8 follows directly from the following lemma, shown in the appendix.

Lemma 1 For all v € [0, 1]
E;{;WL(R:E7RZ/77) = EJ[:JN(R&T?Ryv’y)v (21)

and
EéML(RmyRya'Y) = EZS]N(RM Rya7)~ (22)

Remark: This theorem allows us to simplify notation. For example, we can define E,(R,, Ry,)
as By (Ry, Ry,v) = EMY(R,, R,,v) = EYY(R,, Ry,7), and can similarly define E, (R, R,,v). Fur-
ther, since the ML and universal exponents are the same for the whole rate region we can define
Eswa(Ry, Ry) as Eswz(Ra, Ry) = Envr,swa(Re, Ry) = Eun swa(Rz, Ry), and can similarly de-
fine Esw,y(Re, Ry).

4 Numerical Results

To build insight into the differences between the sequential error exponents of Theorem 2 - 8 and
block-coding error exponents, we give some examples of the exponents for binary sources.

For the point-to-point case, the error exponents of random sequential and block source coding
are identical everywhere in the achievable rate region as can be seen by comparing Theorem 3 and
Corollary 2. The same is true for source coding with decoder side information (cf. Theorem 5 and
Corollary 1). For distributed Slepian-Wolf source coding however, the sequential and block error
exponents can be different. The reason for the discrepancy is that a new type of error event can be
dominant in Slepian-Wolf source coding. This is reflected in Theorem 6 by the minimization over
~. Example 2 illustrates the impact of this v term.

For Slepian-Wolf source coding at very high rates, where R, > H(x), the decoder can ignore
any information from encoder y and still decode = with with a positive error exponent. However,
the decoder could also choose to decode source x and y jointly. Fig 6.a and 6.b illustrate that
joint decoding may or surprisingly may not help decoding source x. This is seen by comparing the
error exponent when the decoder ignores the side information from encoder y (the dotted curves)
to the joint error exponent (the lower solid curves). It seems that when the rate for source y is low,
atypical behaviors of source y can cause joint decoding errors that end up corrupting = estimates.
This holds for both block and sequential coding.

12



0.67 | ...... ...
Achievable
049 | ... N

R.+R,“H

Figure 3: Rate region for the example 1 source, we focus on the error exponent on source = for
fixed encoder y rates: Ry = 0.49 and R, = 0.67

4.1 Example 1: symmetric source with uniform marginals

Consider a symmetric source where |X| = |Y| = 2, p,,(0,0) = 0.45, py, (0,1) = py, (1,0) = 0.05
and py,(1,1) = 0.45. This is a marginally-uniform source: x is Bernoulli(1/2), y is the output
from a BSC with input x, thus y is Bernoulli(1/2) as well. For this source H(x) = H(y) = log(2),
H(x|ly) = H(y|x) = 0.32, H(x,y) = 1.02. The achievable rate region is the triangle shown in
Figure(3).

For this source, as will be shown later, the dominant sequential error event is on the diagonal
line in Fig 9. This is to say that:

Eswa(Re, Ry) = EGFN (Ry, Ry) = EY'H(Ry, Ry, 0) = s?p][Emymm, Ry, p)]. (23)
p€l0,1

Where ESBV%,gCK(Rx, R,) = min{ EML(R,, R,,0), EME(R,, R,,1)} as shown in [9].
Similarly for source y:

Eswy(Re, Ry) = Egv%/gCK(RI’Ry) = E@J/\/IL(R:E,Ry,O) = Sl[t)pl} [Ezy(Raz, Ry, p)]. (24)
pE|0,

13



We first show that for this source Vp > 0, Ey,(Ry, p) > Evy(Re, Ry, p). By definition:

E1’|y(Rm7p) - Ewy(Rx’RwP) = pR; —log [Z {pry(x’y)ﬁrﬂ)]
y T
~(p(Re + By) ~108 [ S py )| )
.,y
= —pR, —log [Q[pry(a:,O)ﬁ}Hp] + log [2 pry(g;’())ﬁ]lﬂ

= —pR, —log [2] + log [2} e

p(log[2] — Ry)
> 0

The last inequality is true because we only consider the problem when R, <log|Y|. Otherwise,
y is better viewed as perfectly known side-information. Now

EML(R,, R,,v) = Sl[lopuhEx\y(Rm,p)Jr(1—7)Exy(szRy7p)]
pell,

> sup [E:ch(Rmv Rya p)]
p€[0,1]

= Ea]:\/[L(R:cvaO)

Similarly E}*(R., Ry,~) > E}'*(R., Ry,0) = EML(R,, Ry, 0). Finally,

v€[0,1] velo,] 1 —~

= EiVIL(Rx,Ry,O)

1
Eswa(Ry Ry) = min{ inf E,(Rg, Ry,7), inf Ey(Rx,Ry,’y)}

Particularly E,(R;, Ry,1) > E;(Rs, Ry,0), so

ESC% (R, Ry) = min{EM!(R,, R,,0), EM*(R,, Ry, 1)}
= Eajs\/[L(RvayvO)

The same proof holds for source y.
In Fig 4 we plot the joint sequential /block coding error exponents Egw,.(Ry, Ry) = EEVI%,%CK (Rz, Ry),
the error exponents are positive iff R, > H(xy) — R, = 1.02 — R,,.

4.2 Example 2: non-symmetric source

Consider a non-symmetric source where |X| = |V| = 2, p,,(0,0) = 0.1, p,y(0,1) = p,,(1,0) =
0.05 and py,(1,1) = 0.8. For this source H(x) = H(y) = 0.42, H(x|y) = H(y|x) = 0.29 and
H(x,y) = 0.71. The achievable rate region is shown in Fig 5. In Fig 6.a, 6.b, 6.c and 6.d, we
compare the joint sequential error exponent Egyw . (R., R,) the joint block coding error exponent
E§y9°" (Ry, Ry) = min{E,(Ry, Ry,0), Ex(Ry, Ry, 1)} as shown in [9] and the individual error

14
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Figure 4: Error exponents plot: Egw ,(Rs, Ry) plotted for R, = 0.49 and R, = 0.67
Eswa(Re, Ry) = EGFC N (Rey Ry) = Eswy(Re, Ry) = EG " (Re, Ry) and Ey(R;) =0

exponent for source X, E;(R;) as shown in Corollary 2. Notice that E,(R;) > 0 only if Ry > H(x).
In Fig 7, we compare the sequential error exponent for source y: Egw (R, Ry) and the block
coding error exponent for source y: EEV%/QICK(RI,Ry) = min{Ey(R;, Ry,0), Ey(Ry, Ry, 1)} and
Ey(R,) which is a constant since we fix R,,.

For Ry, = 0.35 as shown in Fig 6.a.b and 7.a.b, the difference between the block coding and
sequential coding error exponents is very small for both source x and y. More interestingly, as
shown in Fig 6.a, because the rate of source y is low, i.e. it is more likely to get a decoding error
due to the atypical behavior of source y. So as R, increases, it is sometimes better to ignore source
y and decode x individually. This is evident as the dotted curve is above the solid curves.

For R, = 0.49 as shown in Fig 6.c.d and 7.c.d, since the rate for source y is high enough, source
y can be decoded with a positive error exponent individually as shown in Fig 7.c. But as the rate
of source x increases, joint decoding gives a better error exponent. When R, is very high, then we
observe the saturation of the error exponent on y as if source x is known perfectly to the decoder!
This is illustrated by the flat part of the solid curves in Fig 7.c.

5 Streaming point-to-point coding via sequential random binning

In this section we prove Theorems 2 and 3. While the emphasis of the paper is on distributed
source coding, the basic causal random binning ideas and analysis techniques can be more easily
developed in the point-to-point context.
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Achievable
Region

0.49

0.35

Figure 5: Rate region for the example 2 source, we focus on the error exponent on source = for
fixed encoder y rates: R, = 0.35 and R, = 0.49

5.1 Maximum-likelihood decoding

To show Theorems 2 and 3, we first develop the common core of the proof in the context of ML
decoding. The proof strategy is as follows. A decoding error can only occur if there is some
spurious source sequence Z' that satisfies three conditions: (i) it must be in the same bin (share
the same parities) as z™, i.e., " € Bg(z"), (ii) it must be more likely than the true sequence, i.e.,
px(Z™) > px(x™), and (iii) Z; # x; for some | < n — A.

The error probability is

Pr[f(”_A + X"_A] = Z Pr[)?"_A £ 2" B|x" = " px (™) (25)
n—A

= > Pr[3i" € Bu(a™) N Full,2") st pu(E") 2 pe(a™)]px(a")  (26)
™ =1

n—A
= Z { ZPr (32" € By(z") N Fu(l, ") s.b. pe(@™) > px(:z:”)]px(x")}
=1 x

n—A
=> (D). (27)
=1

After conditioning on the realized source sequence in (25), the remaining randomness is only in
the binning. In (26) we decompose the error event into a number of mutually exclusive events (see
Fig 8) by partitioning all source sequences " into sets F,,(l,z") defined by the time [ of the first
sample in which they differ from the realized source z",

Fall,a™) = (3" € X"[# " = o i # ), (28)
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05 05
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0 log(2) 0 log(2)
(b) (d)

Figure 6: Error exponents plot for source x for fixed R, as R, varies:

R, =0.35:

(a) Solid curve: Egw (R, Ry), dashed curve Egv%,gol( (Rz, Ry) and dotted curve: E,(R,), notice
that Egwq(Rs, Ry) < Egvj%,gCK (Rz, Ry) but the difference is small.

EB4OCK (Ru,R)

(b) 1010glo(m)- This shows the difference is there at high rates.
R, = 0.49: ’
(c) Solid curve Egw,q(Ry, Ry), dashed curve EE&OJCCK (Rz, Ry) and dotted curve: E,(R;), again

Esw.(Rz, Ry) < Egv%,gCK (Rz, Ry) but the difference is extremely small.

EEBLOCK (R, ,Ry) . . . . .
(d) 1010g10(%‘;‘$(—w). This shows the difference is there at intermediate low rates.
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R,=0.35 R, =0.49

0.06 0.06
0.05} ] 0.05
0.04} - 0.04
0.03} - 0.03
E (R)
0.02} E,R) : 0.02 MEY
ML
0.01} \ ] 0.01 \
0 R 0 = R
0 0.36 log(2) 0 0.29 log(2)
a
(@) ©
0.25 0.25
0.2} | 0.2 infinity
0.15} : 0.15
0.1} - 0.1
0.05} ] 0.05
0 R 0 R
0 log(2) log(2)

(b) (d)

Figure 7: Error exponents plot for source y for fixed R, as R, varies:

R, = 0.35:

(a) Solid curve: Egwy(Ry, Ry) and dashed curve EEV%ZCK (Rz, Ry), Eswy(Ry,Ry) <
ESBV%/gCK (Rz, Ry), the difference is extremely small. E,(R,) is 0 because R, = 0.35 < H(y).

BSOS (Ra, Ry) : S
(b) 1010g10(m). This shows the two exponents are not identical everywhere.
BACEE D)

R, = 0.49:
(c) Solid curves: Egw,(Rs, Ry), dashed curve Egv%,f;CK(Rx,Ry) and Eswy(Rs, Ry) <

EEV%ZCK (Rz, Ry) and E,(R,) is constant shown in a dotted line.
EBLOCK(RQC,Ry)

(d) IOIOgIO(%;(—W). Notice how the gap goes to infinity when we leave the Slepian-Wolf
. Y Ty
region.
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n—A n

Figure 8: Decoding error probability at n — A can be union bounded by the sum of probabilities
of first decoding error at [, 1 <[ <n — A. The dominant error event p,(n — A) is the one in the
highlighted oval(shortest delay).

and define F,,(n + 1,2") = {z"}. Finally, in (27) we define

pall) = S Pr [33" € Bu(™) N Fu(l, ") s.t. (@) > pe(a™)] pu(a™.

We now upper bound p,(l) using a Chernoff bound argument similar to [9].

Lemma 2 p,(l) <exp{—(n—1+ 1)Eyr(R.)}.

Proof:

pn(l) = ZPr [EI " € By(z™) N Fp(l, ") s.t. pe(2") > px(x”)]px(x”)

X
< Z min [
o

L, Y Pt e Bx(x")]} pe(z™)
™ € Fn(l,z™)s.t.
px(z™) < px(2™)

= Z min [1, Z exp{—(n — 1+ 1)Rx}}px($l_l)px($?)

—1 »n

» Ly

) (n—1+41) .
S DACL B WL

i;” s.t.
px(2") < px(Z")

:1, Z exp{—(n — 1+ 1)Raz}:|px(x?)

] s.t.
px(x") < px(Z]")

LY 1lpul@) > paf)] exp{~(n — L+ DR.} | pe(af)

1, Zmin [1, ]IZEZZ;] exp{—(n — 1+ 1)R;}| px(a])
L x(z | N ,

AT exp{—(n — xy
] et 1 )R | )

exp{—(n — 1+ 1)pR;}

T

] (n—1+1)p

(34)



(n—1+1)(14p)
exp{—(n —1+4+1)pR;}

pR; — (14 p)In <pr(:v)1'1“’>”- (35)

In (30) the union bound is applied. In (31) we use the fact that after the first symbol in
which two sequences differ, the remaining parity bits are independent, and the fact that only the
likelihood of the differing suffixes matter. That is, if /=1 = #/=1, then py(2™) < px(Z") if and only
if px(x]') < px(2}). In (32) 1(-) is the indicator function, taking the value one if the argument is
true, and zero if it is false. We get (33) by limiting p to the range 0 < p < 1 since the arguments
of the minimization are both positive and upper-bounded by one. We use the iid property of the
source, exchanging sums and products to get (34). The bound in (35) is true for all p in the range
0 < p < 1. Maximizing (35) over p gives pp(l) < exp{—(n — 1+ 1)Epnr(R;)} where Eyp(Rg)} is
defined in Theorem 2, in particular (9). [

Using Lemma 2 in (27) gives

_ [Z () T

:exp{—(n—l+1)

n—A

Pr(x"~2 # x" 2] <> exp{—(n — I+ 1)Ex(Ra)} (36)
=1

n—A
= Z exp{—(n —1+1—-A)Eyr(R:)} exp{—AEnL(R:)}
=1

<Ko oxp{—ABy(R.)} (37)

In (37) we pull out the exponent in A. The remaining summation is a sum over decaying exponen-
tials, can thus can be bounded by some constant Ky. This proves Theorem 2.

5.2 Error events and sequential decoding

To better understand the dominant error event in the sum (36), consider constructing the ML
estimate in a symbol-by-symbol sequential manner. The decoder starts by first identifying as
candidates those sequences whose parities match the received bit stream up to time n. If the
encoder observes the length-n sequence x = x, this is {X s.t. X € B(x)}. The lth symbol of the
estimate, x;, is defined as

) =w; where w= arg max pxe (T7')- (38)
%€Bz(x) s.t. zl-1=3zi-1

The estimate thus produced is the maximum likelihood estimate because the decision regarding
which pair of sequences is more likely depends only on which one’s suffix is more likely.

This is a decision-directed decoder. Semi-hard!? estimate are made sequentially for each symbol.
These estimates are then fixed, and taken as true when estimating subsequent symbols. Each such
hard-decision is analogous to a classic block-coding Slepian-Wolf problem. This is because we only
need to decide between sequences that start to differ in the symbol we are trying to estimate—
previous symbols have been fixed, and subsequent symbols are not yet in question. Thus, all

12Decisions are only “hard” for computational time. As soon as the next set of parities arrive and real-time
advances, all the computations are done again.
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sequences that could lead to different estimates of symbol [ are binned independently for the
remainder of the block. This is why the error exponent we derive in (37) equals Gallager’s block
coding exponent [9]. Since the error exponent for each block-decoding problem is the same, the
dominant error event is the hard-decision with the shortest block-length. This symbol is the last
symbol we need to estimate. Its block-length equals the estimation delay A. We revisit this story
in Section 7 when we consider Slepian-Wolf coding. In that context the dominant error event has
some features that do not arise in block coding.

5.3 Universal decoding

In this section we prove Theorem 3. We use the sequential decoder introduced in Section 5.2, but
with minimum-entropy, rather than maximume-likelihood, decoding. That is,

;= wi[l] where w"[l] = arg min H(z}). (39)
zneBy(2n) s.b. zl-1=gl-1

We term this a minimum suffix-entropy decoder. The reason for using this decoder instead of the
standard minimum block-entropy decoder is that the block-entropy decoder has a polynomial term
in n (resulting from summing over the type classes) that multiplies the exponential decay in A.
For n large, this polynomial can dominate. Using the minimum suffix-entropy decoder results in a
polynomial term in A.

With this decoder, errors can only occur if there is some sequence " such that (i) 2" € B, (z"),
(i) X=! = x'=1 and X # x, for some | < n — A, and (iii) the empirical suffix entropy of zy
is such that H(X") < H(xz}'). Building on the common core of the achievability (25)-(27) with
the substitution of universal decoding in the place of maximum likelihood results in the following
definition of p, (1) (cf. (40) with (29),

pu(l) = ZPr [3&" € By(2") N Fn(l,2") s.b. H(Z}) < H(x}) | px(a™) (40)

The following lemma gives a bound on p,(1).
Lemma 3 For minimum suffiz-entropy decoding, p,(1) < (n—1+2)?* exp{—(n—14+1)Eyn(R.)}.

Proof: We define P"~! to be the type of length-(n — [ 4+ 1) sequence z?, and 7pn— to be the
corresponding type class so that z' € Tpn—i. Analogous definitions hold for Pt and ;. We
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rewrite the constraint H(&") < H(2}) as H(P"') < H(P"!). Thus,

(1) :ZPr [3&" € By(2") N Fn(l,2") s.b. H(Z}) < H(x}) | px(a™)

<Sminfl 3 Pl € Bl

= Z min |:17 Z exp{—(n -1+ 1)Rx}:|px($l_1)px($?)

-1 _n 77

Ty T H(:E;?)l ;z(m?)
— Z min [17 Z exp{—(n -1+ 1)Rx}}px(9€?) (41)
n z7" s.t.

H(z}') < H(a7)

DI 1D > ep{-(n- I+ DR pelaf)  (42)

Pl ol €T,y Pl TP €T gn—1
H(PPY < H(PP)

< Z Z min [1, (n—1+ 2)|X| exp{—(n — )[R, — H(P"_l)]}}px(x?) (43)

pn—l $?+1€Tpn7l

<=1+ S exp{—(n—1+1)[|R,—HFP" "]}

Ptz €T
exp{—(n — 1+ 1)[D(P"'|Ipx) + H(P" "]} (44)
<(n = 1+2)* Y7 exp{—(n — 1+ 1)inf(D(gllpx) + |R: ~ H(@)|'T} (45)
Pn—l
<(n—1+42)** exp{—(n—1+1)Eyn(Rs)} (46)

In going from (42) to (43) first note that the argument of the inner-most summation (over z}') does
not depend on x. We then use the following relations: (i) 25?6715 L, = |Tpn| < exp{(n -1+

1)H(P" Y}, which is a standard bound on the size of the type class, (i) H(P"!) < H(P" ") by
the minimum-suffix-entropy decoding rule, and (iii) the polynomial bound on the number of types,
P} < (n — 1+ 2)¥l. In (44) we recall the function definition | - |* £ max{0,-}. We pull the
polynomial term out of the minimization and use px(z}) = exp{—(n—I1+1)[D(P"!|px)+H (P" )]}
for all py(x}') € Tpn—i. It is also in (44) that we see why we use a minimum suffix-entropy decoding
rule instead of a minimum entropy decoding rule. If we had not marginalized out over z!~! in
(41) then we would have a polynomial term out front in terms of n rather than n — [, which for
large n could dominate the exponential decay in n —[. As the expression in (45) no longer depends
on z1', we simplify by using |Zpn—1| < exp{(n — 1 + 1)H(P"!)}. In (46) we use the definition of
the universal error exponent Eyn(R;) from (10) of Theorem 3, and the polynomial bound on the
number of types. |
Lemma 3 and Pr[g"~2 # x"=4] < S8 (1) imply that:
n—A
Prix"™2 £ "8 <> (n— 1+ 2 M exp{—(n — I + 1) Eyn(R,)}

=1
n—A

<Y Kiexp{—(n—1+1)[Eun(R:) =} (47)
=1
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<Ky exp{~A[Eyn(R,) — ]} (48)

In (47) we incorporate the polynomial into the exponent. Namely, for all a > 0, b > 0, there exists
a C such that 2* < C'exp{b(z —1)} for all z > 1. We then make explicit the delay-dependent term.
Pulling out the exponent in A, the remaining summation is a sum over decaying exponentials, and
can be bounded by a constant. Together with K, this gives the constant Ko in (48). This proves
Theorem 3. Note that the 7 in (48) does not enter the optimization because v > 0 can be picked
equal to any constant. The choice of v effects the constant K in Theorem 3.

6 Streaming source coding with side information at the decoder

If a random sequence y™, related to the source x™ through a discrete memoryless channel, is observed
at the decoder, then this side information can be used to reduce the rate of the source code. In this
model pxy (2", y") = [Tis; Pxy (%0, ¥i) = TTiq Px|y (2ilyi)py (yi). The source x™ is observed at the
encoder, and the decoder, which observes y™ and a bit stream from the encoder, wants to estimate
each source symbol x; with a probability of error that decreases exponentially in the decoding delay
A.

We can apply the analysis of Section 5 to this problem with a few minor modifications. For
ML decoding, we need to pick the sequence with the maximum conditional probability given y".
The error exponent can be derived using a similar Chernoff bounding argument as in section 5.
For universal decoding, the only change is that we now use a minimum suffix conditional-entropy
decoder that compares sequence pairs (Z",y") and (z",y™). In terms of the analysis, one change
enters in (25) where we must also sum over the possible side information sequences. And in (42)
the entropy condition in the summation over X changes to H (%}, |y;',) < H(2}|yf;) (or the
equivalent type notation). Since there is no ambiguity in the side information, since y” is observed
at the decoder, this condition is equivalent to H (7, |,y ) < H (2], ¥ y)-

These results are summarized in Theorems 4 and 5. We do not include the full derivation of
these theorems as no new ideas are required.

7 Streaming Slepian-Wolf source coding

In this section we provide the proofs of Theorems 6 and 7, which consider the two-user!® Slepian-
Wolf problem. As with the proofs of Theorems 2 and 3 in Sections 5.1 and 5.3, we start by developing
the common core of the proof in the context of maximum likelihood decoding. This allows us to
develop the results for universal decoding more quickly and transparently. Furthermore, as shown
in Theorem 8, maximum likelihood decoding and universal decoding provide the same reliability
with delay.

7.1 Maximum Likelihood Decoding

In Theorems 6 and 7 three error events are considered: (i) Pr[x"~2 # x"~2], (ii) Pr[y" ™2 # yn=4],
and (iif) Pr[(x"~2,y""2) £ (x»~2,y"2)]. We develop the error exponent for case (i). The error
exponent for case (ii) follows from a similar derivation, and that of case (iii) from an application

13The multiuser case is essentially the same, just with a lot more notation and minimization parameters v, v, . . ..
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of the union bound resulting in an exponent that is the minimum of the exponents of cases (i) and
(i)

To lead to the decoding error Pr[x"~2 # %"~2] there must be some spurious source pair (", §")
that satisfies three conditions: (i) 2" € B;(2") and g™ € B,(y"), (ii) it must be more likely than
the true pair pyy (2", 9") > pxy(2™,y™), and (iii) & # x; for some [ < n — A.

The error probability is

Pr[ n— A#Xn A Z Pr on— A#:En A|X — " ,)/ yn]px,y(znvyn)

xn y"l
n—An+1
S Px,y(l' Y )
™ y" =1 k=1

PI‘ [El (jna gn) € Bm('mn) X By(yn) N fn(la ka xn’ yn) S't' vay(:i,n’ gn) 2 pX,y(xna yn)] }
(49)

Pr [EI (@",9") € By(2™) x By(y") N Fp(l, k, 2", y") s.t. pey(Z",9") > pey(z"”, y")]}
= pn(l7 k) (50)

In (49) we decompose the error event into a number of mutually exclusive events by partitioning
all source pairs (2", 3") into sets F, (I, k, ™, y™) defined by the times [ and k at which z" and g"
diverge from the realized source sequences. The set F, (I, k, 2", y") is defined as

Fn(la kaxnvyn) = {(:’Envgn) € Xn X yn s.t. i‘l_l = xl_lujl 7& ajlvgk_l = yk_lagk 7& yk}u (51)

In contrast to streaming point-to-point or side-information coding (cf. (51) with (28)), the partition
is now doubly-indexed. To find the dominant error event, we must search over both indices. Having
two dimensions to search over results in an extra minimization when calculating the error exponent
(and leads to the infimum over v in Theorem 6).

Finally, to get (50) we define p, (I, k) as

Z pxy "y [El (@",9") € Bw(wn)XBy(yn)mfn(L k,xz™, y") s.t. px,y(jnygn) > px,y(x

7L 7L

The following lemma provides an upper bound on p, (I, k):

Lemma 4
pu(l k) < exp{—(n—1+1)Ey(Ry, Ry, 275 l+1)} if 1<k,

(k) < exp{—(n—k+ 1)Ey(Ry, Ry, -5 k+1)} if 1>k,

where Ey(Ry, Ry,7) cmd Ey(Ry, Ry,v) are defined in (13) and (14) respectively. Notice that
Lk <mn, forl <k: = l+1 € [0,1] serves as vy in the error exponent Ey(Ry, Ry,v). Similarly for
1> k.

(52)
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Proof: The bound depends on whether [ < k or [ > k. Consider the case for [ < k,

Z ny "y")Pr[3 (2", 9") € By(a™) x By(yn) N Full, k2", y") s.t. px,y(xnvyn) < px,y(i“na 7")]

"y
<> min L > Prla" € B,(2"),§" € By(y")]|pry (e ") (53)
zyn @™, 9") € Fn(l k™, y™)
px,y(-rnv yn) < px,y(i’n7gn)
< > min |1, 2 exp{—(n — 1+ 1)Rs — (n — k+ DR} |pey(af’.5f) (54)
x5y CHIORAT gt =gkt

Px y(z[ y1') < pxy (&1, 97")

— 3" min [1, 3" exp{—(n—1+1)Ry — (n—k +1)R,}
oy iy

G Vo VO G/ IS )| G

< min |1, exp{—-(n—Il+1)R, —(n—k+1)R
y
Y, L 209y

i k-1  k—1 ~n o~
1px,y(xl Y, )px,y(:vz,y};”)” (w7 7)

7 Py (2 Y1)

min

~k—1

1
k—1 ~n ~n\ | T+p | P
—(n— —(n— Pxy\T; Y Pxy (T, Y
§ [ E e (n—=Il+1)Rz—(n k-‘rl)Ry[ XY( l l ) XY( k k)] Px,y(l“?,yln) (55)

xn n
apar Lapgr px,y( 1Y )

1P
_1 _1
= - (DR (nmhr Dofty 7 [ 3 [y pay (F TN | Dy (], g 0

IN

aiyt Latyy i
p
_7l+1Rznk+1R kl -1 k-1
= (TL )P p yz [pry l ’yl i||:pr7y l 7yl )1+P]
y;c 1 ~k 1
[ Z Pry(ZE, Uk 1*"] Z Pry (L, yp) T
Yy TYy
1+p 1 1+p
_ _—(n—1+1)pRs—(n—k+1)pR -1 -
=e (n ),0 (n )P Y Z [pry l ,yl P:| ] [ px,y xk7yk ]
—ylk 1 :pl Ty Yk

n—k+1)

_ o~ (-l DpRe—(n—k+1)pR, Z [prjy (2, y) 5 ]1+p] {pry (2,7) 1+p](1+p)(

(56)

= exp {—(k —1)

e [ [ vtert] ] |

p(Re + Ry) — (1 + p) log [pr,y(m,y)l-lkn}] }

z?y

exp{—(n—k+1)
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= exp {—(k — 1) Ey)y(Ro, p) — (n — k + 1) Ezy(Ro, Ry, p) § (57)

k—1 n—k+1
= e {1 0 [ B )+ S Bl Ry o
k—1 n—k+1
< —(n—1+1 — By (Ray p) + ————Eqy(Re, Ry, 59
_exp{ (n )pzt[g)l] [n—H—l y(Ra, p) B u( yp)}} (59)

k—1 k—1
= exp {—(n - l + 1)E§J\4L <R17Ry7 n—l—|—1>} = exp {—(TL - l + 1)E1(R17Ry, m
(60)

In (53) we explicitly indicate the three conditions that a suffix pair (I}, ;) must satisfy to
result in a decoding error. In (54) we sum out over the common prefixes (2!~!,y'~1), and use the
fact that the random binning is done independently at each encoder, see Definition. 2. We get (55)
by limiting p to the interval 0 < p < 1, as in (33). Getting (56) from (55) follows by a number
of basic manipulations. In (56) we get the single letter expression by again using the memoryless
property of the sources. In (57) we use the definitions of £, and E,, from (14) of Theorem 6.
Noting that the bound holds for all p € [0, 1] optimizing over p results in (59). Finally, using the
definition of (13) and the remark following Theorem 8 that the maximum-likelihood and universal
exponents are equal gives (60). The bound on p,(l,k) when | > k, is developed in an analogous
fashion. |

We use Lemma 4 together with (50) to bound Pr[x"~2 # x"~2] for two distinct cases. The first,
simpler case, is when inf, (o 1) By (R, Ry, ) > inf,cpo1) Ez(Rs, Ry, ). To bound Pr[x"=2 #£ x4
in this case, we split the sum over the p,(l, k) into two terms, as visualized in Fig 9. There are
(n+1) x (n — A) such events to account for (those inside the box). The probability of the event
within each oval are summed together to give an upper bound on Pr[8"~2 # x"~2]. We add extra
probabilities outside of the box but within the ovals to make the summation symmetric thus simpler.
Those extra error events do not impact the error exponent because inf. ¢ 1 Ey(Rz, Ry, p,vy) >
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infcp,1) Bz (Rz, Ry, p,7). The possible dominant error events are highlighted in Figure 9 . Thus,

n—An+1 n—An+1
Prix™ 2 £ x" 21 <> pall k) + > > pall k) (61)
=1 k=l k=1 =k
n—An+1 n—An+1
< ZZexp{—(n—l—i— 1) inf E,(Rs, Ry,v }—i—ZZexp{ (n—k+1) inf E, (R, Ry,7)}
=1 k=l v€l0.1] k=1 l=k 7€l0.1]
(62)
n—A
[n—l—i—Q exp{—(n—1+1) inf E (R, Ry,7)}
=1 7€[0,1]
n—A
+ [n—k+2 exp{—(n—k+1) inf E,(Ry,Ry,y)}
1 ~v€[0,1]
n—A
<9 142 —(n—1+1) inf E,(Ru,R,, 63
<23 |-t 2em{-(n =1+ D) i BolRe, Ry ) (63)
n—
< Crexp{—(n —1+2)[ inf FE (R, Ry,7v)— al} (64)
= ~v€[0,1]
< Cyrexp{—A[ inf E (R, Ry,v)— ]} (65)

~v€[0,1]

Equation (61) follows directly from (50), in the first term [ < k, in the second term [ >
k. In (62), we use Lemma 4. In (63) we use the assumption that inf,co 1) Ey(Rz, Ry,y) >
inf cjo1] Bz(Re, Ry,v). In (64) the a > 0 results from incorporating the polynomial into the
first exponent, and can be chosen as small as desired. Combining terms and summing out the
decaying exponential yield the bound (65).

The second, more involved case, is when inf, (o 1) Ey(Rz, Ry, p,7) < inf ecio1) Bx(Ra, Ry, p,7)-
To bound Pr[x"2 # x" 2], we could use the same bounding technique used in the first case.
This gives the error exponent inf. (o 1) Ey(Rz, Ry,y) which is generally smaller than what we can
get by dividing the error events in a new scheme as shown in Figure 10. In this situation we
split (50) into three terms, as visualized in Fig 10. Just as in the first case shown in Fig 9, there are
(n+1) x (n—A) such events to account for (those inside the box). The error events are partitioned
into 3 regions. Region 2 and 3 are separated by k*(I) using a dotted line. In region 3, we add extra
probabilities outside of the box but within the ovals to make the summation simpler. Those extra
error events do not affect the error exponent as shown in the proof. The possible dominant error
events are highlighted shown in Fig 10. Thus,

n—An+1 A 11 —Ak*()-1
Prix" 8 #£x"21< Y 0 pa(l k) + Z > pallk)+ Z > wal (66)
I=1 k=l =1 k=k*(l) =1 k=1

Where 22:1 pr = 0. The lower boundary of Region 2 is k*(1) > 1 as a function of n and I:

inf’yE[O,l] Ex(va Rya 7)
inf'ye[O,l] E, (R$7 R, '7)

k:*(l)zmax{l,n%—l—[ ](n—i—l—l)} =max{l,n+1—-G(n+1-10)}

(67)
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Figure 9: Two dimensional plot of the error probabilities p,(l,k), corresponding to error events
(I,k), contributing to Pr[x"~2 # x""2] in the situation where inf,c(0,1) By( Rz, Ry, p,7) >
inf'yE[O,l} Ex(Rara Rya P 7)'
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Figure 10: Two dimensional plot of the error probabilities p,(l, k), corresponding to error
events (I, k), contributing to Pr[x"~2 # x"~2] in the situation where inf, c(0,1) Ey( Rz, Ry,7) <
inf'yE[O,l} Ex(RJ:a Rya ’Y)‘

where we use G to denote the ceiling of the ratio of exponents. Note that when inf. (o 1] By (R, Ry, ) >
infc(0,1) Bx(Rz, Ry,y) then G = 1 and region two of Fig. 10 disappears. In other words, the middle
term of (66) equals zero. This is the first case considered. We now consider the cases when G > 2
(because of the ceiling function G is a positive integer).

The first term of (66), i.e., region one in Fig. 10 where [ < k, is bounded in the same way that
the first term of (61) is, giving

n—An+1

> pall k) < Coexp{—A[ inf E,(Ra, Ry,7) —al}. (68)
I=1 k= el

In Fig. 10, region two is upper bounded by the 45-degree line, and lower bounded by k*(7). The
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second term of (66), corresponding to this region where [ > k,

— — n—A [-1
Z Z k) < Z Z exp{—(n—k‘—i—l)Ey(Rm,Ry,nl__klj_l)}
=1 k=k*(

I=1 k=k*(l)

n—A [-1

[+1 l—k

_Z Z exp{ n—k—l—l) _l+1Ey(Rz,Ry,m)} (69)

I=1 k=k*(l

. 1

<Z Z exp{— n_l+1)7é1[%]f1]ﬁEy(Rx)Ry7’y)} (70)

I=1 k=k*(l ’

* 1 1

= Z I—k*(1))exp{—(n—1+1) 7&1[%{1] 1_’yEy(Rx7Ry7fY)} (71)

n (69) we note that [ > k, so define = k+1 = as in (70). Then 7~ ]Zj:ll = liw‘

The third term of (66), i.e., the intersection of region three and the “box” in Fig. 10 where
[ > k, can be bounded as,

Ak*(1)—1 n+1 min{l,k*(n—A)—1}

pn Z Z pn(la k) (72)

k=1 =

= Z an (1, k) (73)
k=1 =k

k*(n—A)=1n+1 I_k

; z::eXp{ (n—k+1)E (nyRyym)}

&M*

IN

< Z Zexp{ (n—k+1) inf E (R, Ry,7)}
— = v€[0,1]
k*(n—A)—1
< Y (n—k+2exp{-(n—k+1) inf E,(Re,Ryy)}  (74)

0,1
k=1 v€[0,1]

n (72) we note that I < n — A thus k*(n — A) — 1> k*(I) — 1, also l > 1, so I > k*(I) — 1.
This can be visualized in Fig 10 as we extend the summation from the intersection of the “box”
and region 3 to the whole region under the diagonal line and the horizontal line k = k*(n — A) — 1.
In (73) we simply switch the order of the summation.
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Finally when G > 2, we substitute (68), (71), and (74) into (66) to give

Pr[x" 2 #£ x"8] < Chexp{—A] ir[lfl} E.(Rz, Ry,v) — o}
'YG )

1
(I—k —1+41) inf ——F, (R, Ry, 75
+Z )) exp{—(n + )Wg[%)’” — y( v V) (75)
k*(n A)—
— k49 —(n—k+1) inf E,(R;, Ry,
+ Z (n t2)ep{—(n—k+1) inf By(Rs,Ry7)}

<Oy exp{—A[ i?f }Ex(vaRya’Y) —al}

v€[0,1
n—A 1
+ l—m—14+Gn+1—-10)exp{—-(n—101+1) inf ——F,(R;, Ry,
> (n+ 1= D)expl=(n=1+1)_inf T, (Re. By 7))
n+1-G(A+1)
+ n—k+2)exp{—(n—k+1) inf E,(R;, R,, 76
; ( ) exp{—( )76[01] y( s V) } (76)
< Corexp{—A[ inf E, (R, Ry,7)— al}
~v€[0,1]
1
+(G-1)Cs exp{—A[ inf ——FEy(Ry, Ry,v) — a]}

vel0,1] 1 — 7
+ Cyexp{— [AG 11[1f1]E y(Raz, Ry,7y) — a]}

< Cs exp{ - A[min { vg[%)fl} E.(Rs, Ry, ),’yér[%)f’l] iﬁyEy(Rm,Ry,’y)} - a] }
(77)

To get (76), we use the fact that k*(I) > n+1— G(n+1—1) from the definition of £*(I) in (67) to
upper bound the second term. We exploit the definition of G to convert the exponent in the third
term to inf. (o 1] Bz (Rz, Ry,7). Finally, to get (77) we gather the constants together, sum out over
the decaying exponentials, and are limited by the smaller of the two exponents.

Note: in the proof of Theorem 6, we regularly double count the error events or add smaller
extra probabilities to make the summations simpler. But it should be clear that the error exponent
is not affected.

7.2 Universal Decoding

As discussed in Section 5.3, we do not use a pairwise minimum joint-entropy decoder because of
polynomial term in n would multiply the exponential decay in A. Analogous to the sequential
decoder used there, we use a “weighted suffix entropy” decoder. The decoding starts by first
identifying candidate sequence pairs as those that agree with the encoding bit streams up to time
n, ie., " € By(a"),y" € By(y"). For any one of the |B.(z")||By(y")| sequence pairs in the
candidate set, i.e., (", y") € By(z™) x By(y") we compute (n + 1) x (n+ 1) weighted entropies:
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Hg(l,k, 2", 5") = H(@" 70 gm0y =g

_ _ k—1 _k—1)-k—1 n—"l—k _ _
S(kawr Y ) n+1-—1 (ml ’yl ) n+1-—1 (l'k;;yk), I<k
o I—k o on41-1 .
Hg(l,k, 2", y") = mH(yilwf )+mH($layl), >k

We define the score of (z™,3") as the pair of integers i, (Z", y"), i, (Z",y") s.t

ix(2",y") = max{i: Hg(l,k, (2",y")
v(@", ") € By(z") x By
iy(2",y") = max{i: Hs(l,k, (", y")
V(@ ") € Bo(z™) x B,

< Ho(l,k, @™, §" Wk =1,2,..n+ 1,V = 1,2, ...i,
y") N Full, k7", 5"} (78)
< Hs(L,k,i", "WVl =1,2,..n+1,Vk = 1,2, ...,

y") N F(l, k2", )} (79)

While F,, (I, k, 2™, y™) is the same set as defined in (51), we repeat the definition here for convenience,

fn(l7k7xn7yn) = {(.fn’gn) € X" x yn s.t. jl_l = xl_l7i'l 7é xlayk_l = yk_17gk 7é yk}

The definition of (i,(z",y"), iy(Z",§")) can be visualized in the following procedure. As shown
in Fig. 11, for all 1 <[,k < n + 1, if there exists (2",y") € Fn(l,k, (2", 4")) N By(x™) x By(y") s.t
Hs(l,k,z™, ") > Hs(l, k,z™,y") , then we mark (I, k) on the plane as shown in Fig.11. Eventually
we pick the maximum integer which is smaller than all marked z-coordinates as i,(z",y") and
the maximum integer which is smaller than all marked y-coordinates as i, (z",4"). The score of
(z™,y") tells us the first branch(either z or y) point where a “better sequence pair” (with a smaller
weighted entropy) exists.

Define the set of the winners as the sequences (not sequence pair) with the maximum score:

Wy ={z" € Bo(2") : 3" € By(y"), s.tia(T", §") = i (2", §"),V(Z",§") € Bu(2") x By(y")}

WY ={y" € By(y") : Iz" € By(a"), s.t.iy (2", y") > iy (2", 7"),V(Z",§") € Bx(a") x By(y"™)}

Then arbitrarily pick one sequence from W? and one from W as the decision (2", §").

We bound the probability that there exists a sequence pair in F, (I, k, (x™, y™)) N Bz (x™) x By (y")
with smaller weighted minimum-entropy suffix score as:
Pn ( Zszy ay H(j?vg?) € Biv(xn) X By(yn)mfn(lvkvxnvyn)a

s.t.HS(l,k,a: i) < Hs(l, K, (2", 4")))

Note that the p,(l, k) here differs from the p,(l,k) defined in the ML decoding by replacing

pr(xna yn) < pr('%n7 gn) with HS(Z> ka 'i:na gn) < HS(la ka (;Un’ yn))
The following lemma, analogous to (50) for ML decoding, tells us that the “suffix weighted
entropy” decoding rule is a good one.
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Figure 11: 2D interpretation of the score, (i,(z",9"),iy(Z",y")), of a sequence pair (z",gy"). If
there exists a sequence pair in F, (I, k, ", §") with less or the same score, then (I, k) is marked with
a solid dot. The score i, (Z",y") is the largest integer which is smaller than all the z-coordinates
of the marked points. Similarly for i, (z",3"),
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Lemma 5 Upper bound on symbol-wise decoding error Pe,(k,k + d) :

PI‘[”A#XHASE

TTMJr

Proof: According to the decoding rule, #"~® # 2" 2 implies that there exists a sequence
" € WP s.t.2"2 # g™, This means that there exists a sequence §" € By, (y" ) s te g (2™, g") >
ie(2™, y"). Suppose that (Z",¢§") € Fn(l,k,z™,y"), then | < n — A because z"~> # z" 2. By
the definition of i,, we know that Hg(l,k, 2", 9") < Hg(l,k,2",y"). And using the union bound
argument we get the desired inequality. |
We only need to bound each single error probability p, (I, k) to finish the proof.

Lemma 6 Upper bound on p,(l,k), | < k: ¥y >0, IK; < 00, s.t.
pulls k) < exp{—(n — L+ 1)[Ex(Ray, Ry, N) — ]}
where A= (k —1)/(n —1+1) €[0,1].

Proof: Here the error probability p, (I, k) can be thought as starting from (54) with the condition
(k=DH@NgE D +(n—k+ 1) H (@, §) < (k—0H (@} yr )+ (n—k+1)H(2}, y}) substituted
for p(z', g;") > p(af', y;"), we get

pu(l k) = Z Z Z Z min [1, Z

pn—k pk=lyn—k k-l yf YeTono, zf € Tyn 1yl gk Rl Bk gy
S TPn k NS TV" k(/n) S(Pn—k pk—l yn—k yk=ly o
s(pr—k, pk=1 yn—k yh-1)

Z Z Z exp{—(n—l+1)R; — (n—k + 1)Ry}]pxy(1’n, y")

U €T pn—k &y eTor_i () ) TR €T pn—k (TF)
(50)

In (80) we enumerate all the source sequences in a way that allows us to focus on the types of
the important subsequences. We enumerate the possibly misleading candidate sequences in terms
of their suffixes types. We restrict the sum to those pairs (Z",3") that could lead to mistaken
decoding, defining the compact notation S(P"~*, Pk=l yn=k yk=ly 2 (k — )H(VF P! + (n —
k4 1)H(P" % x V"=*) which is the weighted suffix entropy condition rewritten in terms of types.

Note that the summations within the minimization in (80) do not depend on the arguments
within these sums. Thus, we can bound this sum separately to get a bound on the number of

34



S(ﬁ’"fk, Pk—l’ “'/nflc7 ‘}kfl) <

possibly misleading source pairs (X,y).

2 2 2. 2

PRk PR Bk e €Tk T () TR Ty ()

S(Pnfk, Pkfl’ an,fk7 kal)

< > > Torcir )1 Tonsgp)| (81)

~\7"7}“,\_/}971., 157L7k~s.t. QQETpn,k
S(Pnfkypkfl’vnfk’kal) <
S(P"ik, Pktfl7 Vn—k’ Vk—l)

IN

2 [ Tpn-il exp{(k — DH (VI PO} exp{(n — k + DH(V" | PrH)}

yn—k gkl pn—k gt
S(Pn—k pl-l gn—k -1y ¢
S(pn—k, ph—l yn—k yh=ly

(82)
< > exp{(k — )H(V*YP*) 4 (n —k + 1)H(P" % x V" F)} (83)
yn—k yk—l pn—k gt

s(pn—k pk=l yn—k yk=ly o
S(P717k, Plcfl7 Vn—k’ Vk—l)

< > exp{(k = D)HV* P+ (n—k+ 1D)HP"* x V) (84)

f/n—k,f/k—ljﬁn—k
< (n =1+ 22 XMW exp{(k = VHV* P + (n — k + 1)H(P"* x vk} (85)

In (81) we sum over all 7/ ! € TVk,l(ylk_l). In (82) we use standard bounds, e.g., \Tf/k,l(ylk_l)] <
exp{(k — 1) H(V*~1|P*=1)} since ylk_l € Tpr-1. We also sum over all 7 € T, (7;) and over all
Up € Tpnr in (82). By definition of the decoding rule (x,y) can only lead to a decoding error if
(k—DH(V*UP*D] 4 (n—k+1)H(P" F x V") < (k=D)HV* P+ (n—k+1)H(P" " x
V7=k). In (85) we apply the polynomial bound on the number of types.

We substitute (85) into (80) and pull out the polynomial term, giving

pa(lk) < (n— 1422 %™y > >

_ _ _ - k—1 k—1 k—1
Pk PElynk V-l yEleq | oEle , ofY,
Ui € Tpn—k zp € TV"_k(yZ')

min [1, exp{—(k = )[R, — HV*PF)] = (n =k + DR + Ry = BV x P8 pg o (af', 57)

<(n—1+ 2)2xIYI Z Z

Pnfk’Pkfl ankJ/kfl
exp { max [o, —(k = )[Ry — HV* PN = (n — k+ 1)[Ry + Ry — H(V"* x P”_"’)]] }
exp { = (k = DDVE x P py) = (n =k + 1DV x P"F|lpy) } (86)

<(n—142)%¥ 5 3 exp{ —(n—1+1) [AD(vk—l x P*Ulpy) + AD(V™E x PP |p,,)
Pnfk,Pkfl ankJ/kfl

[ AR — HV PR 4 A(R: + Ry — B x P[] ) (87)
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<(n—14+2)2* 3" > eXP{ —(n—1+1) _inf [AD(pi,prxy) + AD(px,5|IPxy)
pn—k pk—lyn—k k-l Y

Xt
<
B

+ \R. = HEIP) + AR, + B, — HE.9))[" ]} (88)
<(n =1+ 2/ MY exp{—(n — 1+ 1) Ep(Ry, Ryy N} < Kyexp{—(n = 1+ D[Eu(Ra, Ry, A) =}

(89)

(90)

In (86) we use the memoryless property of the source, and exponential bounds on the proba-
bility of observing (:Uffl,ylk*l) and (z},y7). In (87) we pull out (n — 1+ 1) from all terms,
noticing that A = (k —1)/(n -1+ 1) € [0,]] and A £ 1 -\ = (n —k+ 1)/(n — 1 + 1).
In (88) we minimize the exponent over all choices of distributions pzy and pxy. In (89) we define
the universal random coding exponent F(Ry, Ry, \) = infx 5y {A\D(pxy||pxy) + AD (0.5 ||Pxy) +
|MRe — H(x|y)] + A[Rs + Ry — H()‘(,)‘/)HJF} where 0 < A < 1and A = 1 — A\. We also incorporate
the number of conditional and marginal types into the polynomial bound, as well as the sum over
k, and then push the polynomial into the exponent since for any polynomial F', VE e > 0, there
exists C' > 0, s.t. F(A)e 2F < Ce AE—9) [

A similar derivation yields a bound on p, (I, k) for | > k.

Combining Lemmas 6 and 5, and then following the same derivation for ML decoding yields
Theorem 7.

8 Future Directions

8.1 Stationary-ergodic sources and universality

[4] extends the block-coding proofs to the Slepian-Wolf problem for stationary-ergodic sources using
AEP arguments. To have a similar extension to the streaming context, possibly additional regularity
conditions will be required so that error exponents can be achieved. To achieve universality over
sources, it is possible that further technical restrictions will be required. For the case of distributed
Markov sources however, it seems quite clear that all the arguments in this paper will easily
generalize. In that case, following the approach we take in [15], the source can be “segmented” into
small blocks and the endpoints'® of the blocks can be encoded perfectly at essentially zero rate.
Conditioned on these endpoints, the blocks are then iid, with the endpoints representing a third
stream of perfectly known side-information.

8.2 Upper bounds and demonstrating optimal delays

This paper dealt entirely with achievability of certain error exponents. Ideally, we would have
corresponding upper bounds demonstrating that no higher exponents are possible. In the block-
coding case, problem 3.7.1 in [5] provides a simple upper-bound. However, the nature of the error
exponents in the streaming case might be more complicated. [2] provides an upper bound and
matching achievable scheme for point-to-point source-coding with delay and this bound extends
naturally to the case where side-information is known at both the encoder and the decoder. [3]
provides an upper bound for the case of side-information known only at the decoder, and this bound

MFor a Markov source of known order k, the endpoint is just k successive symbols at the end of the block.
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is tight for certain symmetric cases. However, both of these extended single encoder arguments
from [14] that do not immediately generalize to the case of multiple encoders.

8.3 Trading off error exponents for the different source terminals

For multiple terminal systems, different error exponents can be achieved for different users or
sources. For channel coding, the encoders can choose different distributions while generating the
randomized code book to achieve an error exponent trade-off among different users. In [17], the
error exponent region is studied for the Gaussian multiple access channel and the broadcast channel
within the block-coding paradigm. It is unclear whether similar tradeoffs are possible within the
streaming Slepian Wolf problems considered here since there is nothing immediately comparable
to the flexibility we have in choosing the “input distribution” for channel coding problems.

8.4 Adaptation and limited feedback

An interesting extension is to adaptive universal streaming Slepian Wolf encoders. The decoders
we use in this paper are based on empirical statistics. Therefore they can be used even if source
statistics are unknown. The current proposal will work regardless of source and side information
statistics as long as the conditional entropy H(x|y) is less than the encoding rate. Even if there is
uncertainty in statistics, the anytime nature of the coding system should enable the system to adapt
on-line to the unknown entropy rate if some feedback channel is available. The feedback channel
would be used to order increases (or decreases) in the binning rate. An increase (or decrease)
could be triggered by examining the difference between two quantities: the minimal empirical joint
entropy between the decoded sequence and observation, and the empirical joint entropy between
the particular sequence and observation yielding the second-lowest joint entropy. If there is a large
difference between these two entropies, we are using rate excessively, and the rate of communication
can be reduced. If the difference is negligible, then it’s likely we are not decoding correctly. Our
target should be to keep this difference at roughly €. In the current context, this is analogous to
the rate margin by which we choose to exceed the known conditional entropy.

Acknowledgments

The authors wish to acknowledge a desire expressed by Zixiang Xiong and subsequent hallway
discussions during I'TW 2004 that helped precipitate the current line of research. This work was
supported in part by NSF ITR Grant No. CNS-0326503.

A Proof of Theorem 8

In this section we show that the maximum likelihood (ML) error exponent equals the universal
error exponent. We show that for all ~,

EMY(R,, Ry, y) = EYN(Ry, Ry, v)
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Where the ML error exponent:

Ei\/[L(R:mRya’Y) - S%pl]{VEmly(vap) + (1= 7)Euy(Rae, Ry, p)}
pel0,
L 1
_ s‘[gpll{pw — 1083 (O Py (2, 9) ) ) — (1= )1+ p) 1og(O D pay(,9) 7))
pe|0, Y T Yy r
= sup {EC{;WL<R$7RZ/7,7? p)}
p€l0,1]

Write the function inside the sup argument as EML(R,, R,,v, p). The universal error exponent:

EgN<Rx7 Ry, v) = inf {'YD(Qxprxy) +(1— ’Y)D(Orprxy)

qzy,0zy

+max{0,v(Re — H(qy)y)) + (1 —7)(Be + Ry — H(ozy))}}
= inf y{’YD(szHpr) + (1 - ’Y)D(Oa:prxy) + maX{O, R(’Y) - ’YH(ley) - (1 - ’Y)H(Oxy)}}

qzy,0x

Here we define R = yR,+(1—7)(Rs+R,) > YH (pxjy)+(1—=7)H (pxy). For notational simplicity,
we write ¢, and oy as two arbitrary joint distributions on X' x Y instead of psy and pgy. We still
write p,, as the distribution of the source.

Before the proof, we define a pair of distributions that we will need.

Definition 4 Tilted distribution of pyy: pky. for all p € [—1,00)

1

pxy<377 y) 1+e
1
Zt ZS pxy(s’ t)i+e

The entropy of the tilted distribution is written as H(pk,). Obviously pgy = Dxy-

Py (x,y) =

Definition 5 x — y tilted distribution of pxy,: pky, for all p € [—1,400)

1

1 1
oy (5, 9) T ()

pﬁy(x7y) = 1 1
Zt[ZstY(87t)1+p]1+p Zsty<Say>1+”
_ Aly.p)  Clx,y.p)
B(p) D(y, p)
Where
A(.p) = [ po(s.9) 7] = D(y, )"+
Bp) = Y13 pylst) ] =3 Ay, p)
s t )
C(x,y,p) = pxy(l'ay)ﬁ

D(y,p) = pry(s,y)ﬁ=20(w,y7p)
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The marginal distribution for y is AB(}(/;S) . Obviously ﬁgy = pxy. Write the conditional distribution

of x given y under distribution p%, as ]5’; y? where ﬁf: ‘y(:z, y) = %, and the conditional entropy

of x given y under distribution p%, as H(ﬁﬁly). Obviously H(ﬁ%y) = H(py|y)-
The conditional entropy of x given y for the x — y tilted distribution is

_p 0(137 ) ) C(l‘, s )
HPay—) == D(yg,/ps tog D(yi/pgl )

We introduce A(y, p), B(p), C(z,y,p), D(y, p) to simplify the notations. Some of their proper-
ties are shown in Lemma 10.

While tilted distributions are common optimal distributions in large deviation theory, it is
useful to contemplate why we need to introduce these two tilted distributions. In the proof of
Theorem 8, through a Lagrange multiplier argument, we will show that {p%, : p € [-1, +00)} is the
family of distributions that minimize the Kullback—Leibler distance to py, with fixed entropy and
{phy : p € [-1,400)} is the family of distributions that minimize the Kullback—Leibler distance
to pyx, with fixed conditional entropy. Using a Lagrange multiplier argument, we parametrize the
universal error exponent EVN(R,, Ry,7) in terms of p and show the equivalence of the universal
and maximum likelihood error exponents.

Now we are ready to prove Theorem 8: EML(R,, R,,v) = EYN(R,, Ry, 7).

Proof:

A1 case 1: yH(pay) + (1 =) H(py) < RY <yH(pY,) + (1 — ) H(pl,)-

First, from Lemma 16 and Lemma 17:

OEML(R,, Ry, 7,p)
dp

Then, using Lemma 7 and Lemma 11, we have:

— R _ YH(p},,) — (1 =) H(pfy)

OB} (Re, Ry, v, p) _ 0
op -

So p maximize EML(R,, R,,, p), if and only if:

OEML(R,, Ry, v, p)

0= 5

— RO —yH(,) — (1 1) H(pf) (1)

Because R is in the interval [YH (pyy) + (1 — fy)H(pr),'yH(ﬁ)l(‘y) + (1 —v)H(p),)] and the
entropy functions monotonically-increase over p, we can find p* € (0, 1), s.t.

VH(P)) + (1 — D H(pE,) = RO

Using Lemma 14 and Lemma 15 we get:
EY'"(Ry, Ry,y) = vD(By lIpxy) + (1 = %) D(ply lIpxy) (92)
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Where ’yH(ﬁi'*y) +(1—y)H(p5) = RO | p* is generally unique because both H(ﬁﬁ‘y) and H (py)
are strictly increasing with p.

Secondly
BN (Ry, Ry, )

= (3Dl l) + (1 =)D oayl ) + max{0, RO =3 (q) = (1 = 1) H (o)}

= inf inf D(qzy||lpx 1 — 7)D(04y]|pxy) + max(0, R — b
b{qzy,ozywH(qu(l S 7D (Gayllpry) + (1 = 7)D(0aylIpxy) ( )}

= inf inf D(qgzy||px 1 — v)D(0gy||px
b27H<px|y>+<1—v>H(pxy>{qw,ow:w(qm)< Dit(ony=st 1D GevllPr) (1= 7) D0 [py)
+max(0, R — b)}} (93)

The last equality is true because, for b < vH (py),) + (1 — 7)H (pxy) < RO,

inf D(quy||px 1 — 7)D(0ay||pxy) + max(0, R — b
Goys0ry Y H (gay) (1) H(02y)=b {’Y ( yH y) ( 7)D( yH y) ( )3}

0+ RO —p

inf D(quyl|pxy) + (1 = 7) D (04 ||pxy) + max(0, R — b
qzy,ozy:H(qz|y):H(px|y),H(ozy)=H(pxy){’7 (GaylPxy) + (1 = 7) D(0ayl[pxy) ( )3}

inf D Qxy||Px + 1- -D Ozy||Px
qzy,ozy:H(qﬂy):H(pw),H(oly):H(pxy){’Y (Gayllpxy) + (1 = 7)D(0y|lpxy)

+ max(0, RO — YH (pypy) + (1 —7)H(pxy)) } }

inf Dq:r Pxy) + 1—~)D(o, Dx
qzy,oggy:wH(qz‘y)+<1—»y)H(om=w<px‘y>+(1—w>H<pxy>{7 (Gayllpsy) + (1 =7)Dl0y IPsy)

+ max(0, R — YH (pxjy) + (1 = 7)H(pxy)) }}

v

v

Fixing b > vH (py|y)+(1—7)H (pxy), the inner infimum in (93) is an optimization problem on gyy, 0z
with equality constraints 3, >, quy(z,y) =1, 32, >°) 0zy(2,y) = 1 and vH(gy)y) +(1—7)H(0zy) =
b and the obvious inequality constraints 0 < guy(z,y) < 1,0 < 04y(z,y) < 1,Vz,y. In the following
formulation of the optimization problem, we relax one equality constraint to an inequality constraint
YH (qz)y) + (1 — ) H (0zy) > b to make the optimization problem convez. It turns out later that
the optimal solution to the relaxed problem is also the optimal solution to the original problem
because b > vH (py|,) + (1 — 7)H (pxy). The resulting optimization problem is:

inf {vD(quylPxy) + (1 —7)D(0zy|[pxy)}

qay,Oxy

S.t.Zquy(:n,y) =1
Zzoxy(xay) =1
oy

b YH (qyy) — (1~ 7)H(04) < 0
0< guyle.y) <1, ¥(a,y) € X x Y
1,

<
0<ogy(@,y) <1, V(z,y) €X XY (94)
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The above optimization problem is convexr because the objective function and the inequality con-
straint functions are convex and the equality constraint functions are affine[l]. The Lagrange
multiplier function for this convex optimization problem is:

L(Qxyaoxyvp)ﬂlvlLZaVlyy27V3aV4)
= YD(qayllpxy) + (1 —7)D(0zyl[pxy)

+N1(ZZme(xay) - 1) + M2(Zzo$y(x7y) - 1)

+p(b = YH (qz)y) — (1 = 7)H (0zy))

D {ni(@ v)(~ay(2,9)) + va(@, ) (1 = guy (2, ) + va(2, ¥) (—0ry (2, 9)) + vala, y)(1 — ouy(x,7)) }
(95)

Where p, p1, 1o are real numbers and v; € RIXIVI =123 4.

According to the KKT conditions for convex optimization[1], gy, 0z, minimize the convex
optimization problem in (94) if and only if the following conditions are simultaneously satisfied for
SOME (ry, Ogy, 41, 2, V1, V2, V3, V4 and p:

aL(quaOzvyvpv#lv/'@?ylay%V37l/4)

" Ot (5,1)
= = log(psy (2,y)) + (1 + p)(1 +10g(guy(x, 1)) + plog(> _ qey(s,y))] + p1 — va(z,y) — va(z,y)
0 = OL(gay, Oxy, P, 111, B2, V1, V2, V3, V4)
80$?J(x7 y)
= (L =9)[=log(pxy(z,9)) + (1 + p)(1 + log(ozy(z,y)))] + p2 — v3(z,y) — va(z,y) (96)

For all z, y and

ZZQ:py(%Z/) =1
ZZow(w,y) =1
Ty

P(YH (qzpy) + (1 —v)H(0zy) —b) =0
p>0

(2, y) (= gy (2,9)) = 0, va(2,y)(1 = qay(z,9)) =0 Va,y
(—o

v3(x,y)(—0zy(z,y)) =0, va(z,y)(1 —0zy(z,y)) =0 Va,y
Uz(x, y) 2 07 vx? y?i - 17 2? 3?4 (97)

Solving the above standard Lagrange multiplier equations (96) and (97), we have:
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1

3 Dy (5,9) T py (2, ) TP

%ﬁy(xvy) = 1 1
DD pxy (s, ) T J1EPe 57 p (s, ) T
= pylzy)
1
Pxy (T, y) 1+
omy(a:,y) = y( ) 1
Zt Zs pxy(sv t) e
= piy(z,y)
vi(z,y) = 0 Vr,y,i=1,2,3,4
p = p (98)

Where py, satisfies the following condition

YHP,) + (L= 7)H(pSy) =b > vH(pxy) + (1 = 7)H(pxy)
and thus p, > 0 because both H (7 ‘y) and H (p%,) are monotonically increasing with p as shown in
Lemma 7 and Lemma 11.

Notice that all the KKT conditions are simultaneously satisfied with the inequality constraint
YH (qg|y) + (1 —7)H(0zy) > b being met with equality. Thus, the relaxed optimization problem has
the same optimal solution as the original problem as promised. The optimal ¢, and o, are the
x — y tilted distribution pyy, and standard tilted distribution pt} of py, with the same parameter
pp > 0. chosen s.t.

YH(P,) + (L—7)H(py) =b

Now we have :

EYN(R., R,,")

- inf { inf 19Dy lpsy) + (1= ) Doy Ipsy) + max(0, RO — )}}

b2y H (pu)y ) +(1=7)H (Pxy) oy 0wy vH (qg)y)+(1—7) H(0zy)=

= inf D(2||pxy) + (1 —3)D(p2 ||psy ) + max(0, R — b
bz"/H(px\y)""(l_'Y)H(pxy){’y (p pr y) ( ’7) (p pr y) ( )}

= min| inf (YD Ipxy) + (1 = 7) D(pxy, | Ipxy) + R — YHP,),) = (L= 7)H(p5,)}

p=0:RO2yH (5], )+(1—)H (py)

inf D, Ipsy) + (1 — ¥)D(pxy, ||Px
pZOiR(W)S’YH(ﬁzly)Jr(l*’Y)H(pr){’y (D% 1Pxy) + (1 = %) D (pxy, | [Pxy) }]

Notice that H(pk,), H(p" Iy)’ D(py||pxy) and D(pfy||pxy) are all strictly increasing with p > 0 as

shown in Lemma 11, Lemma 12, Lemma 7 and Lemma 8 later in this appendix. We have:

inf DY, |Ipsy) + (1 —v)D(p%,||px
pzo:RWévH(ﬁZW)ﬂl—v)H(pﬁy)ﬁ Prlip) + (1 =)D 1)}
= YD |Ipsy) + (1 = 7) D5 | |pxy) (100)
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where RO = vH (0" Ty) +(1—-v)H (pxy) Applying the results in Lemma 13 and Lemma 9, we get:

inf D(P%, ||pxy) + (1 — V) D(p2 |psy) + R — vH (p 1—~)H(®.
pzo:RmszéEyH(l—v)H(pﬁy)h (PR [[Pxy) + (1 =) D0y Ipxy) YH(P5,) = (L= H (%)}

= YDl lIpxy) + (1 = 1) D@y lIpxy) + B = vH(BE)) = (1= 7) H ()| p=pr
= vD (P |Ipxy) + (1 = 7)D (P l1pxy) (101)

This is true because for p : R0 > 'yH(ﬁi'y) + (1 —~v)H(pky), we know p < 1 because of the range

of R"): R < yH(p ) + (1 —~)H (py,)- Substituting (100) and (101) into (99), we get
E:EUN(Rx’Ryv'Y) = VD@Q;HPX)/)"‘(:[_ v)D (pg;pry)

where R() = ’yH(‘le) + (1 —y)H(p5,) (102)

So for YH (py)y) + (1 =) H(pxy) < RO < ’yH(ﬁ)l(‘y) + (1 —7)H(py,), from (92) we have the desired
property:

EQJCWL(RQH Ry7 7) = E;]N(sz Ry7 ’7)
A.2 case 2: R > YH(py,) + (1 =) H(p,)-

In this case, for all 0 < p <1

OEML(R,, Ry, v, p)
dp

= RO —yH(@, ) — (1 =) H () > RY —vH(p),) — (1 —7)H(pyy,) >0
So p takes value 1 to maximize the error exponent EML(R,, R,, v, p), thus

1 1
EM"(Rq, Ry,7) = RO — ylog Z pry z,9)7)%) —2(1 —7)log Zszy z,y)?)  (103)

Using the same convex optimization techniques as case A.1, we notice the fact that p* > 1 for
RY = ~H(" Py )+ (1 —~)H(p%). Then applying Lemma 13 and Lemma 9, we have:

inf D(%Ipsy) + (1 — %) D (P Ipsy) + R — v H (p 1 — ) H(pyy,)}
pEO:RWsz(zl?ng(l—v)H(px”y)h (P[P ) + (1 =) D0y [[Pxy) YHP,) — (1 =) H(pxy,)}

= D (py |Ipy) + (1 = %) D(pyylIpxy) + R = yH (pyy,) — (1 =) H (py,)

And

inf D 7'; xy) + 1-— D )p( X
pZO:R<v>sw(ﬁﬁ,yH(l—w)H(pﬁy)h (P |1Pxy) + (1 =) D (P 1Py ) }]

= YD(4y [Ipxy) + (1 = ) D(Py |pxy)
=Dy |Ipxy) + (1= 1) D lIpy) + R —yH () ) — (1 = 7)H(pf)
<Dy lIpxy) + (1= 1) D(pyy lIpsy) + RO = yH(py,) — (1 — 1) H(py,)
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Finally:

EYN(R,, Ry, )

= inf inf D(qzyllpxy) + (1 — ) D(02y]||pxy) + max(0, R™ —p
bszoox‘y)+(1—w)H<pxy>{qu,owywH(qm‘y>+<1—v>H<oM,):b{7 (Gayllpoy) (1 = 7)D(0ay IPy) ( H
= inf D » 1— 20 || pyy) + max(0, RO — b
(o 1) H(p) {’Y (D% [Pxy) + (1 —7) D% |[pxy) ( )}
= i f D 7)6 xy) + 1-— X xy) R(’Y) —vH 1- H § ’
mm[pzo:mwz»yH(%Ey)Hl—v)H(pﬁy)h (B llpxy) + (1 = 7) D(05y [[Pxy) YH(PL,) — (L= H (%)}
inf {YD(P% |Ipxy) + (1 = 7)D(p%, |Ipxy) }]

p=0: RO <yH (5] )+(1—7) H (p%y)
= DBy llpsy) + (1 = 1) D(Piy [Ipxy) + R ~ VH(ﬁi|y) (1= 7H (py)

= RO — fylog(Z(Zpr(:c,y)%)2) 7) log Zszy z y)%) (104)

Yy T

The last equality is true by setting p = 1 in Lemma 14 and Lemma 15.
Again, EME(R,, Ry, v) = EYN(R,, Ry, ~), thus we finish the proof. [ |

A.3 Technical Lemmas

Some technical lemmas we used in the above proof of Theorem 8 are now discussed:
: P
Lemma 7 %ﬁxy) >0

Proof: From the definition of the tilted distribution we have the following observation:

1 1
log(p&y (21, 1)) — log(phy (2, y2)) = log(pxy (21, 41) T+ ) — log(pxy (22, y2) T+7)
Using the above equality, we first derive the derivative of the tilted distribution, for all =,y

W (2y) =1 py(,y) T log(pay (2, ) (54 X pay (5,1)757)
dp (1+p)? >, Espxy(s,t)ﬁﬁ
1 () (S, Py (5,1) T log(py (5. 1))
(1+p)? (T2 E ol £)T7 )2
= T3P @ y)llo(py(@.9) )T7) Zszy 5,1) 108 (pay (5,£)757)]
= 1; 0, (2, y) log(pf, (,9)) — D > "l (s, 1) log(p, (s, 1))]
I g 44, 0)) + H ) (105)

Then:
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OH (pfy) 0%y Py (w,y) log(phy (2, 9))
op op

2 i
- —;a+1og<p£y<x,y>>>apxg(p’y>

P X
- Za +10g(08, (2, ) 222D (10g (4 (2,)) + H ()

= 115 +p pry z,y)log(py (2,)) (log(phy (x,y)) + H(py))

= W[Z;pﬁy(%y)(log(p’x’y(x, y)))? = H(ply)’]

= +p pry Z y)(lOg pxy T y pry Z y pxy) ]
7y

> Hlpuzypw,y)log<p§y<x7y>>> — HpL)
S

where (a) is true by the Cauchy-Schwartz inequality.

Lemma 8 oD (gXpyHP) PaHa(iﬁy)

Proof: As shown in Lemma 14 and Lemma 16 respectively:

D lpsy) = pH(pE,) — (1 + p)log(>_ pay (2, ) T57)

.y
_1
H(pP) = O(1 + p)log (22, 225 Py (2, y) +7)
Xy - ap
We have:
_1
D (pryllpy)  _ H(pf )+p8H(p§y) O+ p)log(2, 22 Py (2,y) )
op v 0 op
OH (pk
= 1)+ o) )
_ OHWy)
op
Lemma 9 Signa[D(pfy”ngp)*H(pfy)] — szgn(p _ 1)
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Proof: Combining the results of the previous two lemmas, we have:

8D(p§prxy) - H(p)’ﬂy) 8H(p§y)

=(p—1 = si 1
o (p—1) 9p sign(p — 1)
[
Lemma 10 Properties of aAaz p), 835?, ao(ggy’p), 8Da(z’p) and on (I;Xp‘y )
First,
1
oC(z,y,p) Oy (,y) T+0 1 1 1
T = L ap = _1_'_ppxy(x7y) e log(pxy(x,y)“rﬂ)
__C(z,y,p)
= 11, log(C(,y,p))
OD(y,p) _ 0N, puyls.y) ™ 1 . .
9 - gp = —1+p;pxy(8,y)1+9 1og(pxy (5, y) T+7)
1+p
For a differentiable function f(p),
af(p)'+r 14p af(p)
1 P
op = f(p) "Plog(f(p)) + (1 + p)f(p) op
So
0A(y, dD(y, p)itr o0D(y,
W.p) _ ODW.D T _ by ) +elog(D(y, o) + (1 -+ p)D(y, p)r 220
op ap ap
C(z,y,p)
= D(y,p)'*Pog(D(y, p)) = Y —Zlog(C(z,y,
(y, p) " (log(D(y, p)) " Diy.p) g(C(z,y,p)))
C(z,y,p), Clz,y,p)
= D(y,p)t (- o
S —~ D(y,p) 4 D(y, p)) )
_ =p
= A(y.p)H(p X|y _y)
9B(p) 3A A, ) 7/ _
5 = > ZAyp 7)) =B B(p) 1 Py=y) = BOIH(5,)
) Yy
And last:
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>

x|y
dp
9C(z,y,p) 9D(y,p)
B Z[ B C(z,y,p) 9p I+ log(C(x,y,p) )
— D(y.p) D(y, p)? D(y, p)
CJI 50(57 ) )1 (0(57 ) ))
. Z (1+y p) lOg(C(l', y? p)) + C(xy y7 p)z S pl—‘,—opg or ][1 + log(c(x’ y’ p) )}
D(y, p) D(y, p)? D(y, p)

1+p2[px|y z,y)1og(C(x,y, p)) — Py, (w,y) Y 05, (5,9) log(Cs,y, p))][1 + log (i, (w, 9))]
1+prX|y x,y)log (P}, (x,y)) — Zﬁﬁw(s,y) log(py, (s, y))I[1 + log(p,, (2,7))]
- +prX|y z,y)log(p}, (z,y))log (5, (z,y)) = D by, (5,) log(l, (5,9))]

1+p2px|y z,y)log (5}, (w,y)) log (7}, (=, y)) — 1ip[§p§y(x,y) log(p5), (z, y)))?

0 (109)

The inequality is true by the Cauchy-Schwartz inequality and by noticing that ), px|y (z,y) = 1.

These properties will again be used in the proofs in the following lemmas.

Lemma 11

Proof:

Now,

aAB(E(/;;) 1 0A(y, p) 8B(p)
o0 = B e PV g, AW
B B(IP)Z(A(y’p)H(pily—y)B(p) H( x|y)B(P)A(y p))
- ABEZZX)))( (ﬁil}:y)_ ( \y))
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OH (7, ) QZ Ay, p) x~ Clz, 9, p) o (C(x,y, p))}
dp dp <= Blp) < D(y;p) D(y,p)
O~ AW p) -
= — H(p’, _
80 2« B(p) | Priv=y)
= A(y,p)
_ Z A(ya P) aH(pr’:y) B(p) H(pp )
—~ B(p) dp 0 xly=y
43
> ()
” ap y=y
_ AY,0) 1y
- YR, ) - B, )HG,)
y
_ AW, P) 17/ 2 _p 2
- 2B H{pyy,—,)” = H(py,)
— ( A(y7p) yap _ _p )2
- Blp)  Py=) B(p) )~ Wy
AW, p) 47 _
Z(a) (Z B(p) H(p§|y:y))2 - H(pi|y)2
y
— 0 (110)
where (a) is again true by the Cauchy-Schwartz inequality. |
Lemma 12 2205lps) _ paHg;xw

Proof: As shown in Lemma 15 and Lemma 17 respectively:

D pxy) = pH(p),) — 1083 (3 pry(r,4) 757) 1)
Yy T

dlog(>2, (2, Py, y) e )Hp)

H(ﬁz‘y) = ap
We have:
D (Py|IPxy) = H(p? )+P8H( \y) . 310g(Zy(prxy(ﬂf,y)m)”")
ap xly dp ap

— H H(_p‘y) H —p

= H(p},) +PT - H(p,,)

= pLH( ) (111)

dp

[
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AD(P8y |lpxy)—H (B°
Lemma 13 sign [ (py||pay; Pl _ sign(p —1).

Proof: Using the previous lemma, we get:

OD(By |lpxy) — H(D5),) 0H(py,)
= (p-1)—
dp dp
Then by Lemma 11, we get the conclusion. |
Lemma 14
pH (pf,) — (1+ p)log Zszy ,y)T7) = D(p, ||pxy)

1

Proof: By noticing that log(pxy, (z,v)) = (1 + p)[log(pky (z,y)) + log(>_ ¢ Pxy(s,t)7#7)]. We have:

D(pﬁy”ny) = H pxy pry T y) IOg(pxy(m y))
T,y

= —HL) = >0l (@.y) (L + p)[log(pl (2, ) + log(> " py (5,1)T7)]
z,y s,t

= H)+ L+ PH) = (L4 0) 2 plyl0) 1o8(3 o (s )

x,y s,t
= PH(pY) — (14 p)10g(>_ pry(5,£)757) (112)
[ |
Lemma 15 )
pH(P),) ~108(3 " (3" pay (2.9) 7)) = (% 1psy)
Proof:
D Cle,y.0), B Baosy
D(Pl Ipy) = ZZ D) o8 PERD )
-3 % ””yy;)f) [log<A1§y(;§)> v log(cm> ~ 108(psy (.9))
— —log(B(s)) — H(#, +ZZ oy Dy, )'4#) ~ low(C ) 7)
= —log(B(p)) ~ H(),) + (149G w)
= —IOg(Z(Zpr(xay)ﬁlp)Hp)+PH@§|y)
Yy T
[ |
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Lemma 16

D1+ p)10g(X, X, pay (2, 9) T57)

Py —
H(pg,) ap

Proof:

A1+ p)log(>_, >, Pxy(w, y)T7)
dp

1

= pxy € y 1+p 1
= log Pxy(s,1) T log(pxy (z,y) T+ )
ZZ Z;th ot t)lip

_ Pxy (T, Y) 1+p Lo Pxy (2, y) 1
ZZ th Dxy(s,1) 147 H'p Zt Zspxy(s,t)m

= H(pxy) (113)

Lemma 17

dlo (T, THp )L+
H(,) = g(zy(le(;p( y)e) )

Proof: Notice that B(p) = -, (32, pxy (z,y) ™0 )1+p and 8B£ P B(p)H(ﬁily) as shown in Lemma 10.
It is clear that:

D108(50, (5, P (2, 9) ) H?)  Dlog(B(p))
dp op
1 0B(p)
B(p) 0Op
= H(,) (114)
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