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Abstract

The output of a discrete Markov source is to be encoded instantaneously by a variable-rate encoder and decoded
by a finite—state decoder. Our performance measure is a linear combination of the distortion and the instantaneous
rate. Structure theorems, pertaining to the encoder and next—state functions are derived for every given finite—state

decoder, which can have access to side information.

I. INTRODUCTION

We consider the following source coding problem. Symbols produced by a discrete Markov source are
to be encoded, transmitted noiselessly and reproduced by a decoder which can have causal access to side
information (SI) correlated to the source. Operation is in real time, that is, the encoding of each symbol
and its reproduction by the decoder must be performed without any delay and the distortion measure does
not tolerate delays.

The decoder is assumed to be a finite—state machine with a fixed number of states. With no SI, the
scenario where the encoder is of fixed rate was investigated by Witsenhausen [1]. It was shown that for a
given decoder, in order to minimize the distortion at each stage for a Markov source of order k, an optimal
encoder can be found among those for which the encoding function depends on the & last source symbols
and the decoder’s state (in contrast to the general case where its a function of all past source symbols).
Walrand and Varaiya [2] extended this finding to a joint source—channel setup with noiseless feedback.
Teneketzis [3] used ideas from both [1] and [2] and considered the joint source—channel setup for a given
finite state decoder without feedback. A causal variant of the Wyner Ziv problem [4] was also considered
by Teneketzis [3]. It is shown in [3] that the optimal (fixed rate) encoder for this case is a function of the
current source symbol and the probability mass function of the decoder’s state for the symbols sent so
far. Borkar, Mitter and Tatikonda [5] derived structure theorems of a similar spirit when the cost function
is a linear combination (Lagrangian) of the conditional entropy of the reproduction sequence and the
mean square error of the reproduction. The scenario where the encoder is also a finite state machine was
considered by Gaarder and Slepian in [6]. In some cases, the minimization of the distortion (or cost)

can be cast as a stochastic control problem. In this case, tools developed for Markov decision processes



are employed to either solve the optimization problem or to get insights on the structure of the optimal
solution. Examples of this technique include [2],[3],[5],[7],[8].

When the time horizon and alphabets are finite, there is a finite number of possible deterministic
encoding, decoding and memory update rules. In principle, a brute force search would yield the optimal
choice. However, since the number of possibilities increases doubly exponentially in the duration of the
communication and exponentially in the alphabet size, it is not trackable even for very short time horizons.
Recently, using the results of [3], Mahajan and Teneketzis [9] proposed a search frame that is linear in
the communication duration and doubly exponential in the alphabet size.

Real time codes are a subclass of causal codes, as defined by Neuhoff and Gilbert [10]. In [10], entropy
coding is used on the whole sequence of reproduction symbols, introducing arbitrarily long delays. In the
real time case, entropy coding has to be instantaneous, symbol-by—symbol (possibly taking into account
past transmitted symbols). It was shown in [10], that for a discrete memoryless source (DMS), the optimal
causal encoder consists of time—sharing between no more than two memoryless encoders. Weissman and
Merhav [11] extended [10] to the case where SI is also available at the decoder, encoder or both. Error
exponents for real time coding with finite memory for a DMS where derived in [12].

This work extends [1] in several directions: The first is extending the result of [1] from fixed—rate
coding to variable-rate coding, where accordingly, the cost function is redefined so as to incorporate both
the expected distortion and the expected coding rate. Secondly, we allow the decoder access to causal
side information. Unlike [1] and [3], we do not a-priori restrict the encoders to be deterministic and thus
the encoders can be any stochastic function of all causally available data. While in [1] and [3], it is
quite clear that deterministic encoders are a—priori optimal, it is not immediately clear in our case, as
we discuss in the sequel. We show that structure theorems, in the same spirit as those of Witsenhausen
[1] and Teneketzis [3], continue to hold in this setting as well. Moreover, the structure can be simplified
when the decoder has infinite memory. Finally, we upper bound the loss incurred by using a suboptimal
next—state function which uses a “sliding—window” over the past decoder inputs. We refer to such memory
update functions as Markov memory update functions. The upper bound is given in terms of the original
state alphabet and the window length. The suboptimal system that uses Markov memory update functions
is analytically more tractable and its optimization is easier since in order to find the best sub—optimal
system, effectively, as discussed in the sequel, only the encoders need to be optimized.

In contrast to [1] and [3], where fixed—rate coding was considered, and hence the performance measure
was just the expected distortion, here, since we allow variable-rate coding, our cost function incorporates
both rate and distortion. This is done by defining our cost function in terms of the Lagrangian

(distortion) 4+ A - (code length).

where A > 0 is a fixed parameter that controls the tradeoff between rate and distortion. In [1], the proof of
the structure theorem relied on two lemmas. The proofs of the extensions of those lemmas to our case are
more involved than the proofs of their respective original versions in [1]. To intuitively see why, remember
that the proof of the lemmas in [1], relied on the fact that for every decoder state, source symbol and
a given decoder, since there is a finite number of possible encoder outputs (governed by the fixed rate),

we could choose the one minimizing the distortion. However, in our case, such a choice might entail a



large expected coding rate, and although minimizes the distortion, it will not minimize the overall cost
function (especially for large \). Furthermore, unlike the case of [1], in our setting, the cost in future
stages depends non-linearly on the choices of earlier encoders and in contrast to [1] and [3], there is no
reason, as we discuss in the sequel, to a—priori assume that deterministic encoders are optimal.

The remainder of the paper is organized as follows: In Section II, we give the formal setting and
notation used throughout the paper. In Section III, we start with the simpler setting without SI. Structure
theorems regarding the encoder are derived for both the finite and infinite memory models. In Section
IV, we upper bound the loss incurred when Markov memory functions are used instead of the optimal
next—state functions. In Section V, we exend the setting of Section III by allowing the decoder access to
SI. We begin each section by stating and discussing its main result. Finally, we conclude this work in
Section VI.

II. PRELIMINARIES

We begin with notation conventions. Capital letters represent scalar random variables (RV’s), specific
realizations of them are denoted by the corresponding lower case letters, and their alphabet — by calli-
graphic letters. For ¢ < j (¢, j - positive integers), a:f will denote the vector (z;,...,x;), where for i =1
the subscript will be omitted. Py(-) will denote a probability measure over X'. When there is no room
for ambiguity, we will use P(z) instead of Px(x). 1{A} will denote the indicator of the event A.

We consider a Markov source producing a random sequence Xy, Xs,..., Xy, X, € X, t =1,2,...,T.
The cardinality of X, as well as those of other alphabets in the sequel, is finite. The probability mass
function of X, P(z) and the transition probabilities, denoted by P(x¢|z;—1), t = 2,3,...,T are known.

Let ) denote the index set {1,2,..., M} for some finite M. A variable-length stochastic encoder
is a sequence of functions { ft}thl. At stage t, a stochastic encoder uses all the causally available data,
(X, Yt 1), to choose a probability measure over ) from which Y; is drawn. After drawing Y;, the encoder
noiselessly transmits an entropy—coded codeword of Y;. A deterministic encoder is a stochastic encoder
which draws a specific Y; € ) with probability 1 (i.e., Y; is a deterministic function of (X*, Y*~1)). Unlike
the fixed rate regime in [1],[3], where log, |)| (rounded up) was the rate of the code at stage ¢, here the
subset of ) used at each stage, along with the length of the binary representation of Y;, will be subject
to optimization.

The encoder structure is not confined a—priori, and at each time instant ¢, Y; may be given by
an arbitrary (possibly stochastic) function of (X* Y*1) as described above. The decoder, however, is
assumed, similarly as in [1] and [3], to be a finite—memory device, defined as follows: At each stage, ¢,
the decoder updates its current state (or memory) and outputs a reproduction symbol X,. We assume that
the decoder state, Z;, is updated by

Z :Tl(Yl)
thrt(}/taztfl)u t:2737"'7T (1)

Since the transmission is noiseless, Z; can be tracked by the encoder. Note that this model also includes

infinite memory, i.e., Z; = Y*. The reproduction symbols are produced by a sequence of functions {g;},



g Y X Z— X as follows

Xi=a)
thgt(Yt,Zt—l), t=23,...,T )

Since at the beginning of stage ¢, Z; 1 is known to both encoder and decoder, the entropy coder at
every stage needs to encode the random variable Y; given Z;, ; = z,_;. We define A to be the set of all
instantaneously uniquely decodable codes for ), i.e., all possible length functions [ : J — Z, U oo that
satisfy Kraft’s inequality:

A= {l(-) Dy 2w < 1}. (3)

yey

Note that we allow infinite—length codewords. We will return to this technical issue after properly defining
the cost function. The average codeword length at stage ¢, for a specific decoder state z;_;, will be given

by:
I () Al O if maxy,ecy P(y]zi-1) =1 @
Yi|Z_1\Bt—1) = . .
it ming(.ye 4 {Zyte)} P(yt|zt,1)l(y)} otherwise
re., if given Z; 1 = 21, Y; is deterministically known, there is no need to transmit any informa-

tion, otherwise Ly,z, ,(%-1) is obtained by designing a Huffman code for the probability distribution
Py, z,_.(-|z—1). Note that for given encoders and state update functions, Ly, |z, ,(2—1) is a function of
2—1 only. Also, Ly, z,_,(2:—1) is discontinuous around 0 in the distribution Py, ,(-|2:—1) since if given
Zy_1 = 21, Yy is not deterministically known, then Ly, 7, ,(z-1) > 1.

The average codeword length of stage ¢, denoted Ly, z, ., is defined as ELy,z_,(Z;—1), where the
expectation is with respect to Z;_;. Our system model is depicted in Figure 1.

Encoder Decoder
X’[ t t-1 Yt L (Z ) Y i )2
= Entropy YilZ g \Tt-L Entropy t | Reproduction t
— | F.(X',YT) Coder bits Decoder Function |

Fig. 1: System model

We are given a sequence of distortion measures {pt}thl, pr s X X X — R*. At each stage, the cost

function is a linear combination of the average distortion and codeword length Ly, z,_,, i.e.,

Jy = E {Pt(Xt, Xt) + >\LYt\Zt_1(Zt—1)} ) &)

where A > 0 is a fixed parameter that controls the tradeoff between rate and distortion. Our goal is to



minimize the average cost

Al
J= = > (6)

t=1
A sequence of encoders, fi,..., fr, is said to be optimal if for a given sequence of decoders and
memory update functions, f1,..., fr attains inf .J, where the infimum is over the set of all sequences of

stochastic encoders, which are functions of all causally available data.

A stage—t encoder is said to be optimal if given the future stages encoders and decoders, it attains
inf ZZT:t J;, where the infimum is over the set of stochastic stage—t encoders (which are functions of
(Xt YEh).

Note that for large enough A, for some z; 1, the optimal encoders might use only a small subset of
Y (thus attaining higher distortion but smaller overall cost). Technically, this means that there will be a
subset B C Y such that P(y;|z:—1) = 0 if y, € B°. We therefore need that A will contain good codes
for subsets of ). By allowing infinite length codewords, we make sure that A contains codes which are
uniquely decodable for all subsets of ) (and satisfy Kraft’s inequality for alphabet ))). Needless to say
that with this definition, a code for B C ) will be used iff P(y;|z,_1) = 0 for all y, € B¢, where we use
0-00=0.

III. STRUCTURE THEOREMS - NO SIDE INFORMATION
A. Main results

We start by briefly stating and discussing the main contributions of this section. The proofs of the
following theorems are found in the following subsections.
The first contribution of this paper is the following theorem, which basically states that the results of

[1] continue to hold in this setting as well.

Theorem 1. For a Markov source and any given sequence of memory update functions {r}, reproduction
functions {g;} and distortion measures {p;}, there exists a sequence of deterministic encoders Y; =
fi(Xy, Z;_1) which is optimal.

The addition of the variable-rate coding and allowing a larger class of encoders compared to [1], makes
the proof of this result considerably more involved than its counterpart in [1], as was discussed at the end
of Section I.

While Theorem I covers the infinite decoder memory (Z; = Y) setting, in this case, when optimal
reproduction functions are used (see Section III-E), we have the following theorem, which refine Theorem
I for this case:

Theorem II. For a Markov source and any sequence of distortion measures {p,;} and optimal infinite
memory decoders, there exists a sequence of deterministic encoders Y; = (X, PXt‘yt71(-|yt‘1)) which

is optimal.

We will show that Py, y+1(:|y"~") can be recursively updated. Theorem II is a refinement of Theorem
I since, in the setup of Theorem II, there is no need to store the whole history of encoder outputs, Y, as



the statement of Theorem I, but instead, Py,y+1(-|y*~") is recursively updated. (given that a probability
measure can be stored).

In the remainder of this section, we will prove Theorems I and II, starting with Theorem I. In order to
prove Theorem I, we need a few supporting lemmas, as in [1]. In the following two subsections, we state
and prove the supporting lemmas and then prove Theorem I in Subsection III-D. Theorem II is proved
in Subsection III-E.

B. Two—stage lemma

We start by analyzing a system with two stages only, where the first encoder is known.

Lemma 1. For any two-stage system (1" = 2), there exists a deterministic second stage encoder Yo =
f2(Xa, Z1), which is optimal.

Proof: Note that f1, g1, go,m are fixed, and so, J; is unchanged by changing f;. We need to show that a
second stage encoder, that minimizes .J,, can be a deterministic function of (X, Z;). Denote the set of
stochastic encoders which are functions of (X7, X5,Y}) by { f§<2Y1}. For every joint probability measure
over the quadruple (X, X»,Y5, Z;), Jo is well defined and our objective is to find the optimal encoder
that attains:

inf Jy=inf E{psy(Xs,92(Ya, Z1)) + ALyyz,(Z1)} - )

1Y }(2}/1} X2Y1

Consider the random quintuple (X;, X5, Y, Y, Z1) which takes part in the expectation of (7). From the

structure of the system, we know that

P(x1, 29,91, Y2, 21) = P(21)P(x2|21) P(y1|21) P(y2|21, X2, y1) L {r1(v1) = 21}, (8)

where we used the fact that z; is a deterministic function of y;. Everything but the second stage encoder,
which directly affects P(ys|1,22,41) is fixed. Note that the optimization affects Ly,|z, (Z1) since

Lyyiz,(21) = mm ZZP 2|21) P(yz2|2, 21)1(y2) (€))

and P(ys|xe, z1) depends on P(ys|z1,x2,y1) as we will show shortly.

Let {f%,,, } denote the subset of stochastic encoders which are functions of (X5, Z;). Also, let {f%_, }
denote the subset of deterministic encoders which are functions of (X5, Z;). Since Z; is a function of
Vi, {f,2.} € {fkz} C {f%2y,}. We prove Lemma I in two steps. First, we show that it is enough
to search in the (infinite) subset {f%,, }. In the second step, we show that among {f%,,, }, the optimal
encoder is a member of {f% , }.



Step 1: We rewrite (7) as follows:

inf Jo = inf Z P(22,y2,21) [02@2792(92721)) ‘i‘)\LYg\Zl(Zl)}
{2y} {3

X217 29,90,

= inf Z P(xg,ya, 21) %
{Fi2yy)

r2,Y2,%1

pa(w2: g2(y2: 1)) + A min ZZP whlz1) P75, 20)1(ys) | - (10)

Now, given that the first stage encoder and decoder are known, P(x9, z1) is well defined since

P(x27zl) = Z P(-Tl,xQ,yl,Zl)

Z1,Y1

- Z P(xz1)P(x2|x1)P(y1]x1) L {r1(y1) = 21} (11)

T1,Y1

and P(x), P(xa]z1),1{r1(y1) = 21} are determined by the known source and first stage next—state
function, P(y;|z,) is directly determined by the first stage encoder. Also, by the Bayes rule, we have, for

any second stage encoder:

P(x27y2721) = P(Z/2’$2721)P(952721)- (12)

Therefore,

inf J2 = inf ) Z P(ygymg,zl)P(l’z,Zl)X

s s
{fX2Y1} {fX2Y1 Z2,Y2,71

p2(22, 92(y2, 1)) +)\ mln ZZP wylz1) Pyslay, 20)U(ys) | - (13)

The only term that is affected by the optimization is P(yg|x2, 2z1). Observe that by (8), we have

P(x1,29, 91,92, 2
Ploles ) = 3 Pl s
T1,Y1 2, ~1
= P(x1)P(x9|21) Py |21) P(ya|ay, 22, y1)1 {r1(y1) = 21} »
Z1,Y1 P(Z’2721) .

From (13), (14), it is evident that the role of the second stage encoder in a two stage system is to select
Pyyjay i (|72, 21) for every (72, 21) so as to minimize the cost. To see this, note that every fa € {f5»y, } is
mapped by (14) (through P(ys|z1,x2,y1) for every (z1,x9,71)) to a point on the simplex of probability
measures on ) for every (r3,21). Namely, every fo € {f%y,} is mapped to fr e { f%,z} and the
optimization is affected only by f,. If instead of using a specific fo we will use f5 that results from it
through (14), the joint probability P(xs,y2, z1) will remain the same and therefore, also the second stage
cost. Also note that we cannot gain anything from optimizing only over {f%, } and not { 5.y, } since

{f%,2} is completely covered by {52y, } through (14). Therefore, since the optimization over {f%.y. }



is mapped to an optimization over {f%,, }, we have

inf Jo= inf Jy (15)
{f52y, ) gzt

which completes the fist step of the proof.
Step 2: To complete the proof of the two—stage lemma, we need to show that it is enough to search in the
finite space of deterministic encoders which are functions of (X, Z;). Observe that the set of stochastic
encoders is a convex set. The extreme points of this set (the points that are not convex combinations
of other points) are deterministic encoders, namely, the set { f}i(g Zl}' To complete the proof, we use the
following lemma, proved in Appendix A.

Lemma IL. The stage t loss function is concave in {f%,, .}

Using Lemma II, we conclude that since we minimize a concave function over a convex set, the
minimizer will be one of the extreme points of the set, i.e., a member of {f¢,, }. We thus showed that

inf Jy,= min J, (16)
{f52y, } {/%,2,}

This completes the proof of the two—stage lemma. Note that no assumptions on the statistics of the
source were made in the proof and therefore, the two—stage lemma holds for any source.l

Discussion:
1. Observe that the actual optimal encoding function for each (x9, z;) depends on the encoder of the first
stage through P(z5,z1) (which also governs P(z3|z1)), as seen from (13). This is true in general and
not only in a two—stage system. The joint distribution Py, 7, ,(:,-) can be thought of as the state of the
system, governed by the choices of previous encoders (note however, that this state is static in the sense
that it is not influenced by the actual realization of the source sequence). Therefore, the role of the stage
t encoder, besides greedily minimizing the stage ¢ cost (given the state Px, 7, ,(-,-)), is to control the
future states so that they will allow minimal costs in future stages. This is true for all but the last encoder,
which does not affect future cost, as seen for the second stage encoder in a two stage system. We will
come back to this issue in Subsection III-E when we deal with infinite memory decoders and apply tools
of stochastic control.
2. It is not surprising that the optimal second stage cost is attained by a deterministic encoder. Since the
second stage is the last stage, the last encoder does not affect future costs and therefore, instead of using
a convex combination of deterministic encoders (i.e., a stochastic encoder), use only the one with the
best performance. However, in a system with more stages, it is not immediately clear that deterministic
encoders in intermediate stages are optimal. In fact, this is also true for the first stage of a two stage
system. We saw that the first stage affects the second stage cost through P(xs, 21). Specifically, it affects
the second stage cost through P(xs|z1), (as seen in (10)) which is non linear in the first stage encoder
P(y1]z1) since

thyl P(z1, 22) P(y1]o1) L {ri(y1) = 21}
le,m,yl P(l’h Iz)P(y1|I1)]1 {Tl(yl) = 21}'

If the first-stage encoder is deterministic, there is only a finite number of possible Px,|z (-,-). Assume

P(Z'Q‘Zl) = (17)



that we use a stochastic first-stage encoder, f;. Although by Lemma II, f; is sub—optimal for .J;, can it
allow us to reach a P)’m 2,(+,+), unreachable by deterministic encoders, that will be favorable in terms of
Jo and yield a lower overall cost? We show in the sequel that the answer is negative and that the optimal
first—stage encoder is deterministic as well. We will show that the stage t cost is a concave functional in
the choices of the previous stages encoders. The proof of the last statement is much more involved than
the proof of Lemma II and it is discussed in the next subsection. In [1], [3], the stage ¢ distortion is linear
in the choice of the encoders at all previous stages (since the expectation is linear and the non-linear
element of the codeword length was not present). Therefore, there was no loss of optimality in a-priori
confining the encoders to be deterministic. We further address this issue in the following subsection which

deal with a more complex system.

Corollary 1. In any T-stage system (1" > 2) there exists a deterministic last stage encoder Y =
fr(Xr, Zr_1), which is optimal.

5 A 5 A A 5. . .
Proof: Let X; = (X1, X, ..., Xp 1), Xo = Xp, Z1 = Zp_1, where Z; is calculated recursively according
the the encoding functions that operate on X and the resulting Y7, ..., Yr_;. We now apply the two—stage
lemma to this system to conclude that the last stage encoder is a deterministic function of (X;, Zr_;). B

C. Three—stage lemma

Lemma IIL In a three-stage system (T = 3) with a Markov source, if the third—stage encoder is a
deterministic function of (X3, Zs), then there exists a deterministic second stage encoder Ys = fo( Xo, Z1),

which is optimal.

Proof of Lemma III: We define, as in Subsection III-B, { f §(2Y1} to be the set of all possible stochastic
second—stage encoders. Let { f%, 7, } C {f%2y,} be the set that contains all stochastic second stage encoders
that are functions of (X5, Z;) and finally, let { /% , } C {f%,,, } denote the set of deterministic encoders
which are functions of (X3, Z;). Since the first-stage is fixed, J; is unaffected by changing the second
stage encoder. Our goal is to jointly optimize (.J; + .J3) with respect to the second stage encoder and show
that

ignf (J2 + Jg) = Iglin (JQ + Jg) . (18)

}(2Y1 {fx221
Since the third stage encoder is known, the expected third stage cost for any second stage encoder is
given by
Js = E{p(Xs,9(Y3,Z2)) + Ly, 2,(Z2) }
= Z P(x3, 20) P(ys|xs, 22) [p(23, 9(ys, 22)) + Lyy 2, (22)]

T3,Y3,22
= Y Plas, 20)1{fs(xs, 22) = ys} p(ws, g(ys, 22)) + ZP(Zz)l?}ieI}l L{fs(xs, 22) = ys} P(w3|22)l(y3).
x3,Y3,22 22 x3,Y3

(19)

The second—stage encoder affects the last expression through P(z3, 25) (and thus also through P(z5) and



P(x3]22)) since

P(‘T‘B?Z?) = Z P($27«'E3792,21721)

r2,Y2,21
= > Plas, 21)P(yalra, 21) P(3]22) 1 {ra(ya, 21) = 2} (20)

Z2,Y2,21
where P(x9, 21) is the result of the first—stage and we used the fact that the source is Markov and that 2z,
is a deterministic function of (ys, z1). Therefore, as we saw in Subsection III-B, the optimization affects
the third—stage only through P(ys|xo, z1) for all (zs, 99, 2z1). We saw in (13) that the second stage cost

can be written as:

Jy = Z P(ya|wa, 21) P22, 21) X

r2,Y2,21

p2(2, G2(Y2, 1)) +)\l(1“1€11jzsz2|zl (yalah, z0)U(ys) | - 21

where P(xs,21) and thus P(x5|z1) are the result of the first—stage encoder. We see that the optimization
in the Lh.s of (18) affects both the second and third stage costs only through the conditional probabilities
P(ys|z2, 21), for all (z9,ys, 21). Repeating the arguments used in the proof of Lemma I, instead of using
a specific fo € {f%2y,}, we can use fred [%,7, ) that results from it through (14), to draw Y5. Since
P(x9, s, z1) will remain the same,

P(953722) = Z P<$2721)P(y2’9€27Zl)P(iﬂs’@)ﬂ{7“2(y2721) = 22} (22)

z2,Y2,21

will also remain the same and (J> + J3) will not be affected by this step. We therefore have

iﬂf (JQ + Jg) = lnf (JQ + Jg) . (23)
X2y X221
As in the two stage lemma, we need to show that it is enough to search in the space of deterministic
encoders, { f§<2 2z, 1 Here, we have to show that both the second stage cost and the third stage cost are
concave in {f%,, }. We know that the second stage cost is concave in {f%,, } from Lemma II. The

following lemma asserts that the third stage cost is concave in {f%,,, }.
Lemma IV. The third stage cost, Js, is concave functional of { f%,, }-

The proof Lemma IV is much more involved than the proof of Lemma II and can be found in Appendix
B.

Using lemma IV, we conclude that (J5 + J3), which is the sum of two concave functionals, is concave
in {f%, }. Therefore, the minimizer will be one of the extreme points of the convex set of {f%,, }.

namely, a member of {f¢,, }. We showed that

isnf (JQ + Jg) = rgnn (JQ + Jg) (24)

XoZq fX221

Using (23), we arrive at (18) which completes the proof of Lemma III. B



D. Proof of Theorem I

With the two— and three—stage lemmas, we can prove Theorem I by using the method of [1], used for
fixed rate encoding. Theorem I is proven by backward induction. First apply Corollary I to any system
to conclude that the optimal fr is a deterministic function of (X7, Z7_1). Now assume that the last m
encoders fr_,1, ..., fr are deterministic functions of (X741, Zr—m), ..., (X1, Zr_1), respectively. We
will show that the encoder at time (7"—m) also has this structure and continue backwards until t = 2. The

first encoder is trivially a function of X; and by lemma IV (with Z; as a constant) it is also deterministic.
Let

Xl - <X17X2a "'7XT—m—1)a
}A/l = (}/17}/27 "'aYT—m—1)7

Zl - fl(ﬁ)?
X2 = XT*TTL?
}A/Z = YT—m7

22 = TT—m(YQ, 21);
X = (X7r—ms1, XTomt2, oy XT),
Vs = (Yr—met, Yroma2s oo Y1), (25)

where Z; is recursively calculated from Y; and it represents the state of the decoder after (7' — m — 1)
stages. Using this new notation, the encoder that produces Y; is a deterministic function of (Xg, Zz)
(since, by assumption, the last m encoders have the desired structure). The source is Markov since Xg
is independent of X, given X, (since the original source is Markov). Now, by the three—stage lemma,
Yo =Yr_ = fT,m(Xg, Zf ) = fr—m(Xr—m, Zr_m—1). Thus, the induction step is proved. This completes
the proof of Theorem 1L.W

Remark: Theorem I can be extended to a k-order Markov source using Witsenhausen’s method [1].
Namely, for a k-order Markov source, define X; = (X1, Xo, .o, Xk, X, = (Xo, X3, ..., Xpy1) and so
on. Now, Xt is a Markov source. Using Theorem I, we can conclude that the optimal encoder is a function
of the last k£ source symbols and the state of the decoder.

E. Infinite memory decoder - proof of Theorem II

In this section, we deal with the case where the decoder has infinite memory, i.e., Z; = Y*. The memory
update functions {r;} in this case are only appending the new received index Y; to Z; ;. Note that this
scenario is covered by Theorem I, however, in this case we can be more specific regarding the role of Y
at the encoder. While Theorem I was true for any decoding rule, Theorem II is true only for the optimal
reproduction function. We define the Bayes Envelope as

B(Px,ye) £ min y_ Plaidy')pi(we, ). (26)

The minimizer of the last expression is called the Bayes—response and will be denoted by X Bayes(PXt|Yt).
Clearly, X Bayes(Px,|yt) is a function of Px,y+(-|y*) and the cost function, p;. The fact that the optimal



reproduction function is the Bayes—response was shown in many places, for example [3],[8, Lemma 3].

When infinite memory is available, we can use tools from Markov decision processes (MDP’s) in order
to derive a structure theorem. In Appendix C, we provide a brief background on MDP’s. By Theorem I,
we know that we can confine the discussion to deterministic encoders without loss of optimality. We need
to show that our original problem can be represented as a MDP. The proof of Theorem II will follow
immediately from Theorem A.l, given in Appendix C. In order to show that we have an MDP, as we

discuss in Appendix C, we need to show that:

« We can a find a sequence of deterministic functions {7;}, along with two finite spaces, S, A, such that
the average cost, defined by (5),(6), can be written as J = %E Zthl Ye(s¢, ar), where s, € S,a, € A
are the system state and the action taken by the decision maker at stage ¢, respectively.

« The next state is chosen according to P(s;y1]s',a’) = P(sii1]se,a¢), i.e., the state is Markov
conditioned on ay.

We define our state as s, = Px,y+-1(-|y'!) and our actions a, : X — ). We note that for every history
2!, the general deterministic encoder (which is a function of z%) is a mapping from z; to y;. Our action,
at, 1s this mapping. Since there is only a finite number of mappings from X; to Y;, our action space is
finite. Our state space is also finite. This is true since we consider only deterministic encoders, from which
there is only a finite number. Therefore, at each stage, there is only a finite number of possible Py, |y+-1.
This means that the cardinality of the state alphabet, grows with the time horizon 7'. Note however, that
the decoder’s state alphabet, Z, = ), grows as well in this case. We start by showing that the cost
function can be written as a function of the current state and action. Treating the codeword length first:
Ly,ye1(y'™") = min » P(yely'™")l(y:)
I()eA

Yt

_ . P t—1 l
lf.r)uer}4 (e, 2y ) (ye)

Yt, Tt

= min Py " Pyelze, vy ) (we)
I(-)eA

Yt,Tt

= min P(xt|yt_1)1 {ae(we) = v} U(ye)
I(eA

Yt,Tt

2 sy, ar), 27)

where the equation preceding the last one is true since we know the function from z; to y;. We now move
on to the average distortion. We first show that the optimal reproduction function, X Bayes(PXtD/t), s a
function of (ay, s, y;). To see this note that

Pz, yely'™)

P(l’t|yt) = th P($t7yt!yt‘1)
_ Py )1 {ai(2) = yi}
> e, Plody=1) 1 {ar(xe) = yi }
£ f(se, a0, 20, 91)- (28)

Therefore, the optimal reproduction function, which is a function of Px,y+(:|y"), is a function of (s, as, y:),



ie., XBayes(Ptht) = g7 (8¢, at,yr). Using this notation we have

FE p(Xt, gf(Sn Gy, Yé))

Ytil = yt1:| = Z P(l’t,yt‘ytil)p(fﬂt;g:(sta at>yt))

Tt,Yt

= Z Pay ™) Pyl e, y* =) o, g7 (st an, u))

Tt Yt

= Pladdy'™ )1 {ar(zs) = yi} plas, 7 (50, ar, 1r)

Tt,Yt

2 By(se, ar). (29)

Denoting 5, (s, ar) + Aoy (se, a;) = Y4(s¢, ar), our optimality criterion can be written as % Zthl E~ (s, a).
We move on to show that the state sequence is Markov conditioned on the action, namely, P(s;,1|s’,a’) =
P(si41]st, ;). We start by noting that s,41 = Px,,,yvt(-|y") is a function of (at, sy, y:). For every 41,

we have
o th P(xy1, 2, ye|y'™)
Pleenly) = th,xmﬂ P(wypr, o, yeyt—1)
B thP($t|yt_1)P($t+1|Itayt_1>P<yt’$t7xt+layt_1>
B th,sz P(zypr, o, yeyt=)
20, Py Plapa o) 1 {an(2:) = yi}
B Dvemnny (Tt xe, gyt ™1)
3 Py ) P |z 1 {ay(wr) = yi}
Yo Pyt P |e) 1 {a(20) = ui}
= flar, s, T, m)- (30)

Therefore, s;.1 = h(ay, s¢,y:), for a function h that uses (30) for every x;,;. Now,

P(sp1 =v|s',ad") = Z 1{h(as, s, ye) = v} 1{ag(zs) =y} Plaly'™")

Yt, Tt

= P(St+1 == V|St,a/t), (31)

since the current prior on x; is given. We showed that our system can be represented as an MDP. By
invoking Theorem A.1, we know that the optimal action at each stage, a;, is a deterministic function of the
state. Namely, The mapping from z, to y; can be chosen deterministically as a function of Py, y+-1(- lyt=1h).
Therefore, Y; is a deterministic function of (X, Px,jy+1(-]y"~")), which concludes the proof of Theorem
II. Since the state can be recursively calculated (see eq. (30)), the encoder does not need to store y'~!

but rather a probability measure (a vector in RIY)).

IV. MARKOV MEMORY UPDATE FUNCTIONS
A. Preliminaries and main result

In Section III, we showed that for given memory update, distortion and reproduction functions, there
is no loss of optimality if the encoders use the current source symbol and the state of the decoder, which



they track. We will refer to this class of encoders as tracking encoders. In the overall optimization of
the system, there is still the task of finding the best memory update and reproduction functions at each
stage. When the memory update functions and encoders are fixed, as we discussed in Section III-E, the
reproduction function should output the X, that minimizes the average distortion for a given (Y}, Z; 1),
i.e., the Bayes response of Px,|y, z,_,. This is simple since the reproduction function has no influence on
the future costs (cost to go) and it affects only the present distortion (in a way, for the same reasons,
the two—stage lemma was simpler than the three—stage lemma). However, similarly to the encoders, the
memory update function at stage ¢ affects all future costs. In this section, we show that for a “small”
cost at each stage, one can take Markov memory update functions, defined as sliding windows over the
received symbols at the decoder and avoid the search for the | Z|-states optimal memory update functions.
The extra cost is a function of |Z| and the sliding window size only and it vanishes as the window size
is increased.
Let

T
Az = {Z (Xt, 9:(Ye, Zi-1)) + )\LYtZt_l(Zt—l)]}
=1

min
{Tt}{ft}v{gt}
(32)

where the minimization is over all next state functions {r,} with a state set of size | Z| and all decoders and
tracking encoders that use. Note that we choose here the whole sequence of next—state functions, encoders
and decoders for ¢t = 1,2,...,T. We say that the state is Markov of length [, if Z, = {Y,,...,Yi 1},
i.e., a sliding window of length [ on the encoder outputs. Let

A= min E~ Z[ (X2 Ge(Ye, YD) + ALy y (V51 | (33)
{fetAae} —1

where here, the minimization is with respect to all decoders and tracking encoders that use a Markov

state of length [.

Theorem II1. For any source statistics, when considering only tracking encoders, we have for any [ that
divides T':

- log | Z
AZZAZ—AOgH

(34)

The significance of this theorem is more conceptual than operational. The system on the r.h.s might
require more memory than the system on the l.h.s. and the search for the optimal encoders becomes more
complex as [ increases. However, the system on the r.h.s is conceptually simpler and analytically more
tractable since the memory structure is simple.

Combining Theorem III with Theorem I we have the following theorem:

Theorem IV. For a Markov source, there exists a system with deterministic encoders Y; = fi(Xy, Z;_1)
. . log | Z
and Markov memory update functions with a performance loss no greater than A% per source symbol,

compared to the optimal system.

Theorem III can be extended to the case where instead of our Lagrangian cost function, we would look



for the minimal average distortion subject to an average length constraint. Let

>

T
1
Az(R)= min FE<{— X, 0:(Ys, Zy_
z( ) Goes i) {T;P( tgt< ts Lt 1))}

s.t E{%ZLE(Ztl)} <R

t=1

T
~ A 1
A(R)= min E{ — X, g:(YE
1(R) {f%’l{gt} {T ZP( t g (Y l))}

5.t B2 ZLYt(Ytt_‘ll)} <R (35)

where the minimization is over all tracking encoders that use X; and the decoder’s state, reproduction
functions and state update functions (in Az(R) only). We have the following theorem:

Theorem V. In the constrained setting, for any | that divides T we have

As(R) > A (R i logT'Z’) (36)

Note that here we do not have a theorem in the spirit of Theorem IV since we did not show that in
this case, tracking encoders are optimal.

In the next subsection, we prove Theorem III. Theorem IV is a direct consequence of Theorem I and
Theorem III combined. Theorem V is proven exactly in the same manner as Theorem III and its proof is
therefore, omitted. Theorem III is valid even without taking expectations in (32),(33) and therefore, it is
also valid for individual sequences (see [13]). Theorems III-V will also hold in the setting of the Section

V, where SI is available to the decoder.

B. Proof of Theorem III:

The ideas in the proof rely on some ideas from [13]. Fix the optimal encoders, state update and
reproduction functions of A|z|. We start by focusing on the codeword length element of Az, using the

fact that conditioning reduces the length element (see Appendix D), we have

T
A1
RZ - ; ELy, 7, (Zi1)

T
1 p—
= T Z Eant:f,ztfl(}ﬁt—f? Zi-1) (37)
t=1

Since we will always deal with the expected codeword length, in order to simplify the notation, we
will use from now ELy, 7z, ,(Zi—1) 2 Ly,|z,_, (as defined in Section II). We now add conditioning on
Zo, 2y, Loy, - . . which will further reduce the last expression. Z; is added to the first [ summands of (37),
Z; to the summands indexed by [ + 1,...,2l, and so on. This conditioning makes the conditioning on
Z;_1 redundant since if we know the state in the past and the encoder outputs up to the present, we know



the current state as well. We continue by assuming that [ divides 7":

1 T
Rz T Z Lyiivist 2o
t=1

T/ -1 jl+l

> Lz,

j=0 t=jl+1
Now there are two types of terms:

1) (Yji41,Z;;) appear together in the conditioning.
2) Yji41 1s conditioned on Zj; and the previous block: Yj(ll 141

We rewrite the sum of (38) as two sums, pertaining to the above two types:

T/l 1 ji+l

Z > Ly,vi= 2,

7=0 t=jl4+1
T/l 1 gl T/l 1

= = L E .
Z Z Yt|Y l’ J - l+1‘Y(l 1)+1,Z

7=0 t=jl+2

We now use the following inequality, which is proved in Appendix D:

> L il —log|Z
lerl‘ ](l 1)+lzz - Y}l+1zzjl‘yt7?(l_1)+1 g | |
Substituting (40) in (39), we have:
T/l 1 i+l T/l 1
Rz Y Z
- T L)/t‘Y l+1‘Y(l 1)+1,Z
7=0 t=jl42
T/l 1 gl T/l 1
3 DIPOPHEPRE DIP 5
I Y L Y 2l l
=j
T/l 1 i+l 1 T/l 1
> — E E L E L - —
— T Yt‘Y 17 Zji T Yjiyr, Jl‘Y(l 1)+1° Zj(-1)

J=0 t=jl+2 Jj=0

Regarding the distortion element of Az, we have:

Xugt Yt,Zt 1))

IIM’%

| DAL g | T
=T Z Z Ep(Xi, 9:(Ys, Zi-1)) + T Z Ep(Xjis1, 9:(Yjier, Zjt))
J=0 t=jl+2 3=0
1 T/l-1 ji+l T/1-1
> fr{r;i? Z Z EP(Xugt(Y;t_l,Zjl)) + Z EP(XJ‘1+1>9(Y(Z 1)+1>ZlaZj(l71)))

J=0 t=ji+2 =0

(38)

(39)

(40)

(41)

(42)

In the last inequality, we used the fact that with the same encoders (same {Y;}), optimal decoders that use

more data will do at least as well as the original decoders. Note that in the above derivation, (

1+1, Zj1)



always appear together. Therefore, we set for all j = 0,1,...,n/l = 1Y}, .y = (Y1, Z;) and for all

other indexes we set Y, = Y;. Using this notation, we have for (41):

’ 10g|Z|
> =) Ly (Y, - —=—. 43
R Z v ( l (43)
and for (42)
1 & 1l y
T ; Ep(Xy, 0:(Ys, Z11)) > min ; Ep(Xi, g:(Y.)). (44)

and each Y/ is a function of X;,Y,*;*. Note that although the size of the alphabet of Y" is now || x |Z|,
the size of the alphabet was not a constraint on the system and was introduced so it will be convenient
to define .A. The fact that it is now larger does not change any of the results obtained in the previous
sections. We have

log |Z
Ag>m1n—ZEpXt,gt(tl +>\< ZELYWM (Y5 — %) (45)

{gt}

The r.h.s of the above equation was calculated with the optimal encoders of the 1.h.s. with a scheme that

appends the original decoder state once every block. This is, of course, only one of the possible schemes

for Markovian states and therefore if we optimize the r.h.s over all encoders that use a Markovian state

of length [ we get

log | Z|
l

Az > A=\ (46)

V. SIDE INFORMATION AT THE DECODER
A. Preliminaries and main result

In this section, we assume that the decoder has access to SI. The SI sequence, Wy, Wy, ..., Wy, W, € W,
is generated by a discrete memoryless channel (DMC), fed by X, Xs, ..., X1t

P(wy,...,wrlzy,...a7) = Hp(wt|$t)-

For simplicity, we assume that P(w|x) > 0 for all X € X and W € W. Our results, however, will
continue to hold without this assumption with minor changes to the length function (see [14]). The SI
is used both in the reproduction function and in the state update function. We assume that the state now
consists of two sub-states. The first, Z}/ € ZY, is independent of the SI and is updated as in Section IL.
The second, Z;* € Z, is updated by

Ziﬂ :riu(WhYl%
ZZ“U:T’;U(Wt,Y;,Z;Jil), t=2,3,...,T. @7
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The reproduction symbols are produced by a sequence of functions {g;}, g: : Y x W x Z% x ZY — X
as follows:

Xl :gl(WhYl)a
X, =g(W,Y, 2", 20 ), t=23,.. . T (48)

Since Z;” is not known at the encoder, it cannot be used by the variable-length encoder and thus the cost

function is now given by
Jt =FE {pt(Xta gt<Wt7 Y;f7 ZZU—D Zg/—l)) + )\LYt(ZgJ—l)} (49)

A A ) w . .
Let B; = Pgzuix:(-|X") and by = Pyw x:(-|2"), i.e, b € R®" is a probability measure over the sub—state
of the decoder, Z;”, which is not known to the encoder. Note that since the decoder does not have access

to ', b; is not known to the decoder. Our system model with SI is depicted in Figure 2.

Encoder Decoder
X, o | (XY Y, Entropy LY[|zty_1(Zty—12 Entropy | Y Reproduction >A(t I
! Coder bits Decoder Function
A
» P(W | X) W,

Fig. 2: System model with SI.

The following two theorems are the contribution of this section.

Theorem V1. For a Markov source and any given sequence of memory update functions {r.}, reproduction
functions {g;} and distortion measures {p;}, there exists a sequence of deterministic encoders Y; =
fi(Bi_1, Xy, Z! ), which is optimal.

The last theorem basically states that the results of [3] continue to hold in this setting as well.
As in Section III, When Z/ = Y, we have the counterpart of Theorem II for the SI setting when the

optimal reproduction functions are used:

Theorem VII. For a Markov source and any given sequence of SI memory update functions {ry’} and
distortion measures {p;}, when Z! = Y"' and the optimal reproduction function are used, there exists a

sequence of deterministic encoders Y; = fi(Px, zw |v,_,(-,-[y"""), Xy) which is optimal.

Note that unlike the result of Theorem VI, in the setting of Theorem VII, the encoder does not need
to store B;_; which is a function of X*~1. Instead it stores the joint conditional probability measure of
(Xt, Z ,), which is a function of Y"1, There is no contradiction between the theorems since the setting

of Theorem VII is different both in the use of the optimal reproduction functions and in the SI independent
sub—state of the decoder.



The proof of Theorem VI follows the lines of the proof of Theorem I after Lemmas I-IV are extended
to the setting of this section. The changes to Lemmas II, IV are quite simple (roughly speaking, instead of
x; write (b;_1, z;) everywhere in the proof). The extension of the two— and three—stage lemmas (Lemmas
LIIT) is more involved and is given in the next two subsections. After these lemmas will be proven, the
remainder of the proof is the same as in the previous section and therefore, will be omitted. Theorem VII
is proved in Subsection V-C.

B. Theorem VI proof outline

We redefine B, b, to be B, = Pguxty (-] X", Y?") and b = PZtvv‘Xt7yt(-]xt, y"). Since Theorem VI states
that the encoders can be deterministic, the conditioning on Y in the definition of B; is redundant since
the sequence of encoder outputs Y is a deterministic function of the source symbols X*. However, in
the proof of Theorem VI, since we are allowing stochastic encoders a-priori, Y adds information to X*
and therefore, this conditioning is needed. We precede the proof of this theorem with a short discussion
regarding its significance. Since b;_; is a deterministic function of (z'~!,4'~!), one may argue that this
theorem does not simplify the structure of the general encoder, which is, anyway, a function of zf, 3.
However, it turns out that the encoder can update b, recursively using only the data that is available to it
at each stage (i.e., Xy, Y:, B;_1). To see why this is true, observe that

bi(z) = P(z = zl2',y") = P(ri (s, wi, 524) = 22", y)
= Z P<wt7ztw—1|xt7yt>

we, 2" 1 (Ye,we, 28 1) =2

= >, Plwila’, y" ) P(z2 w2, y')
we, 2 i (ye,we 23 )=%
= > P(wp|z) P(22 2 y' ™)
we, 2 (ye,we 28 )=2
A
= h(b—1, 71, Y1, 2) (50)

Since this is true for any z € Z", we showed that b, is a function of (b;_1, 2y, y;). Therefore, the encoder
can recursively update b; at the end of each encoding stage using its knowledge of (b;_1,z;) and its last
output ;.

1) Two-stage lemma: We start by analyzing a system with only two stages, where the first encoder is
known.

Lemma V. In a two-stage system (T = 2), there exists a deterministic second—stage encoder, Yo =
fa(B1, Xo, Z]) which is optimal.

Proof of Lemma V: Note that J; is unchanged by changing the second stage encoder. Denote the set
of stochastic encoders which are functions of (X, X5,Y1) by {f%2y, }. The minimization of .J; can be
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written as
Js = inf E{E [py(Xa, 0:(Wa, Y2, Z}', 2{)) + ALyy 20 (Z})| X1, X5, Y1, Y2, Z1] }

fX2Y1

- {finf }E {)\LYQ‘Z%(Z%) +F [pQ(XQLQt(WQ?}/Q? Z?’ Z%))|X17X27Y'17}/27 Z%}} . (51)
X2y

Focusing on the inner conditional expectation, we have

E [PQ(X279t(W2,3/§> Ziua Z%))leaX%YVva?v Z%I] =
= Y P(wa| Xa) P(2}'| X1, Y1) p2(Xa, gi(wa, Ya, 21, ZY))
wa,27”

A
= pa(B1, Xo, Y5, ZY) (52)

where B 2 Pywje, 4, (-] X1, Y1) is a probability measure on Z} that represents the encoder’s belief on the
decoder’s unknown state. Note that B; is a deterministic function of (X7,Y7) and the modified distortion
measure (52) depends on (X7,Y}) only through B;. Combining (51) and (52) we have
Jy = inf E{py(Xy,Ys, Bi, Z)) + ALy, 2 (2}) } (53)
X2y

where the expectation is with respect to P(by, xa, Y2, 27 ). Consider the quadruple of RV’s (By, X5, Y3, Z7).
We have

P<b17‘r27y27z%> - P(b17x27Z%)P(y2|blax272%)' (54)

While P(by, x2, 2]), which depends on the first stage design and the source, remains fixed in the opti-
mization in (53) (it can be thought of a state of the system, governed by the choice of the first stage

design), P(y2|b1,x2,2}) depends on the second stage encoder since

P(yz|b1,9€272’31}) =

Zml,yl P(zy, 29, y1) P(y2| 71, 2, 1) P(b1]71, 1) P21 [y1)
P(bl,IQ,Z%’)

(55)

in the last expression, P(bi|zq,y;) = 1 for all xq, 1, that yield the same specific conditional distribution,
by, over Z¥ and zero otherwise. P(ys|x1, z2,41) is governed by the second stage stochastic encoder, which
maps (x1,z2,y;) to a probability measure on ). Let us now look at the expectation in (53):

E {p2(X2,Ya, B1, Z{) + Ly, 29 (Z})} =

Z P(blvaaZ%)P(y2|b1>$27221/){ﬁQ(anyQablazly)+

y
b1,72,y2,27

Jmin, P(ysby, 25, Z?)P(b’17x’2|z31’)l(y§)}- (56)
bll,x/27y’2

As in the proof of Lemma I, from (56) we see that the optimization will be affected by the choice of the

second stage encoder through P(y5|b, z, 2z}) for all (b}, 2}, z{). Denote the subset of stochastic second
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stage encoders that are functions of (b1, 2, 27{) by {f}, X2Zi,}. Since (b1, z{) are functions of (z1, ),
{5, x, Zf} C {f%,x,v, - From (55) we see that every specific fo € f%, y,y, is mapped to some specific
f2 € 5 x, 7 SinceA the optimization is affected only by P(y2|by, x2, 2{), if instead of using a specific
f2, we would use f, that result from it, we would not change the joint probability of the quadruple
(B1, X2,Ys, Z{) and thus the second stage cost will not be changed. Therefore we conclude that

inf Jy= inf . (57)

{f§(1X2Y1} {ffleQZ}J}

To complete the proof, we need to show that it is enough to search in the finite subset of deterministic

functions of (by, 22, 2{), which we denote by { fgl X3 Z%,}. This is done by repeating the arguments we used
below (15) in the end of the proof of Lemma I. B

2) Three-stage Lemma:

Lemma VI In a three-stage system (I' = 3) with a Markov source, if the third—stage encoder is
a deterministic function of (Bq, X3, Z3), then there exists a deterministic second stage encoder Y =
fa(B1, Xo, Z]) which is optimal.

Proof of Lemma VI: We define, as in we did in Subsection V-B1, { f% x,y,} to be the set of all possible
stochastic second stage encoders. Let { IB.x, 2} C {f% x,v,} be the subset that contains all stochastic
1
second stage encoders that are functions of (B, X, Z}) and finally, let {f, . Zf} C{f3.x, Zi’} denote
the set of deterministic encoders which are functions of (B, X, Z7). Since the first stage is fixed, J; is
unaffected. Our goal is to jointly optimize (J> + J3) with respect to the second stage encoder and show
that

inf Jo+J3) = min (Jy+ J3). 58
G ) = i () (58)

B1Xo2Y
We start by focusing on the third stage cost.
Js = E {ps(X3,93(Ys, Ws, Z5', Z3)) + ALyy 23 (Z3) }
= E{)\LY3|Z§/(Z§/) +E {P:;(Xs,g:s(yé, Ws, Zy, Zé’))‘X?’, Y2, Zg} } (59)

Focusing on the inner expectation of (59), we have

B {p3<xg,gg<n,wg,z;”,zg>>

X?’,Y%Z%}

{ X?)ag?) Y?)’W3,Z£U,Zy>>‘X3,Y3,Zg}

Z (ws| X3) P (25| X2, Y?) p3( X3, g3(Y3, ws, 25, Z3))

p3(Ba, X3, Y3, Z3) (60)

1>
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where the first equality is true since Y3 is a function of (B, X3, Z) and B is a deterministic function
of (X?2,Y?). Therefore,

Jg = Z P<b27x37zg)P(y3|b27x3’Zg>><

ba,x3,y3,25

[93(ba, w3, 3, 25) + )\Lyg\zg(zg)] - (61)

In the last expression, P(y3|bs, x3, 23) will not be affected by the optimization of the second stage encoder
since, under the assumptions of Lemma VI, the third encoder is a fixed deterministic function of (by, x3, 23)
(i.e., P(ys|ba, x5, 23) = 1{f3(ba, x3,25) = y3}). Thus, the second stage encoder affects the last expression
only through P(bs, x3, 2) since

P(by, x5, 23) = Z P(by, w2, 21 ) P(y2|b1, %2, 2) X

b1,72,y2

P(x3|za) 1 {h(br, z2,y2) = ba} 1 {7"3(2%7?42) = Zg}, (62)

where h(by, z2,y2) was defined in (50) and we used the fact that the source is Markov. As in subsection
V-BI1, P(by, s, 2}) is the result of the first stage design and the source. Note that 1 {h(b1, 22,92) = b},
1{rf(z,y2) = 24} are not affected by the choice of the second stage encoder since they represent
known deterministic functions of (b1, 2, y2) and (27, y2) respectively. Focusing on the third stage average
codeword length for Z3 = zJ, we have

LYg\Zg(Zg) = min P(ba, x3,y3]25) 1 (ys3)
I(-)eA
ba,r3,y3
:l%iel}é‘ P(ba, z3]28) P(ys|b2, x3, 25)(ys3)- (63)
b2,23,y3

Again, the second-stage encoder affects only P(bs, 3, z5) (and thus P(bs, 3|23 )). In (55),(56) we showed
that the second—stage encoder affect the second stage cost only through P(ys|b1, 22, 2{). In (61),(62),(63)
we showed that the third stage cost depends on the second stage cost only through P(ys|bi, xa, 2}).
Therefore, we conclude that the optimization of the second stage encoder affects (J, + J3) only through
P(ys|by, 22, 2Y). Repeating the arguments we used in the proof of Lemma V, if we use f, € fo.x, 7
that result from a specific f, € f%, x,y, (through (55)) instead of using that specific f,, we would not
change the joint probability of (B* X? Y3 Z¥ ZY) and therefore will not change the value of (J; + J3).
Therefore we have

min (JQ + Jg) = Smin (J2 + Jg) . (64)

S
{fX1X2Y1 flegzil

From here, the same arguments we used after (23) in the proof of Lemma III will complete the proof.

C. Infinite memory decoder - proof of Theorem VII

As in the case without SI, when Z! = Y, we can use the tools of MDP to derive a structure theorem.
We will need to redefine the state to s; = Px, zw |y+-1(-, -|y*~1). The action is defined in the same manner

as in the case without SI, i.e., a; : X — ). The optimal reproduction function, Z; = g*(wy, y', 2/ ;) is
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the Bayes response to Px,w, vt zw  (-lwe, y, 21 1):

:%;k — al"gmgXZP(xt|wt,yt,zzu_1)Pt($tai')- (65)

Tt
As in Subsection III-E, in order to use the tools of MDP, we need to show that we can write the cost

function as a function of (s, a;) and that the state is conditionally Markov, given «;.

The optimal reproduction function is a function of Px,w, vt ze (-|ws,y', 2" ). Note that
_ Plw, gy 2000y

S, Pl at g 2y )

_ Plag 2|y T Pwila) 1 {ar(ze) = e}

S Pl g ) Plul ) a(w) = u)

AN w
= f(5t7a’t7wt7xtuytvztfl) (66)

P(xt’whytv ZZU—1>

Therefore, the optimal reproduction function is a function of (s, as, we, ¥4, 2;° ), which we denote by
97 (8¢, ag, wy, Yy, 2% 1 ). We now move on to show that the cost function can be written as a function of the
state and action. As in Subsection III-E, we deal with the distortion and codeword length elements of the
cost separately. Treating the expected codeword length first we have:

Ly,y+1(y'™") = min Pyly"™")(ye)

I()eA
Yt

— : P w t—ll
min, > Planye 2aly ™))

w
Tt Yts2p_q

= ll(f_f)liefjl > Plan 2y {an(x) = wi} l(w)

Yt,Tt,21" 1
yAN
= (84, a), (67)

When using the optimal reproduction function, the average distortion is given by:

E [p(Xt,gf(St,at,Y%,Wt>ZZU—1))

Yt—l — yt—1:|

= Z P(xtaytaZ;U—l|yt_l)p(xt7g:(st?atthaytvzzu—l))

W, Tt,Yt 24 1

= Z Py, 27 [y Plwil ) 1 {ae(e) = ye} (e, 97 (50, a, wr, yr, 22 ))

Wi, Tt,Yt,2¢
A
= Bi(se, ). (%)

Denoting [, (s, ar) + Aoy (se, a;) = Y4(se, ar), our optimality criterion can be written as % Zthl Evy(st,aq).
We move on to show that the state process is Markov conditioned on the action, namely, P(s;1|s", a’) =
P (844151, a:). We start by noting that s,y = Px,,, zwy¢ (", ‘|y*) is a function of (s, as,y;). For every
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(w441, 2") we have
D ez, DT Terr, we v, 24200, 20y )
Zwt,xt,zm,z;v_l P(x, Toq1, we, Yo, 2471, 24|y 1)
D ez D@, 20|y ) P2 |ze) P(wile) 1 {ar(ze) =y} 1 {z1" = r"(we, ye, 2% 1) }
D wanwessey, L@ 20 [y ) P o) Plw|e) 1 {a(ze) = 3} 1 {2t = r*(we, n, 2%1) }
= f(St, a8, Tei1, Ye, 2°) (69)

P(ze, 2°ly") =

and therefore, s;.1 = h(s;, as,y;) for a function, h, that uses (69) for every pair (211, 2;*). Now,

P(sp1 =v|s',a") = Z 1 {N(as, 51,90) = v} V{ag(zs) = yo} Plae, 2241y ™)

w
Yt Tt,24_q

= P(s111 = V|sy, ap). (70)

We showed that our system can be represented as a MDP. By invoking Theorem A.1, we know that the
optimal action at each stage, a; is a deterministic function of the state. Namely, the mapping from z; to
Y can be chosen deterministically as a function of PXt,Zgﬂ Lyt (+,-]y*1). Therefore, Y; is a deterministic

function of (Xy, Px, z» v+ (-, -|y"")), which concludes the proof of Theorem VIIL By (69), the encoder
does not need to store y'~', but rather a probability measure (a vector in RP/*I1Z*]),

VI. CONCLUSION

This work extended the setting of [1] to include both variable rate coding and SI. It was shown that
structure theorems, in the spirit of [1] and [3], continue to hold in this setting as well. These theorems
are further refined when the decoder has infinite memory. We were able to show that the cost function
is concave in the choices of past encoders (Lemmas II, IV) and therefore, the optimal encoders are
deterministic. It was also shown that in order to simplify the overall system optimization, one can use
sliding—window next—state functions and the excess loss incurred by this suboptimal choice vanishes as
the window size increases (Theorems III, IV). However, in the finite horizon setting we investigated, the
window size is always upper bounded by the time horizon.

Extensions to this work would include investigating the infinite horizon setting. While Theorem III
carries over verbatim to the infinite horizon setting, it is not necessarily true for the other theorems, which
were proved using dynamic programming. Another extension would be to investigate the constrained
setting (briefly mentioned in Theorem V). In this case, relying on results from constrained MDPs, we do
not expect the optimal encoders to be deterministic (see [15]).

APPENDIX
A. Proof of Lemma 11

We start by focusing on the average codeword length element of the cost function and show that
Ly,(Z;_1) is concave in {f)SQ,thl}' For0 <a<1and fi, f, € {ff(t,ztfl}, let

fa=afi+ (1 -a)fe
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This means that for any (z, z;_1) we have

P (y|ze, ze-1) = aPi(ye|me, ze-1) + (1 — @) Po(ye|xt, 26-1) (A.1)

Let LQ(Zt_l), LQ(Zt_l), L{%(Zt_l) denote the length function calculated with f,, fi, fo respectively.
We have

L%(Z't ) = mm {ZP (Y] 2e-1) yt)}
= min { Z [OéP1(yt’£Et>Zt—1)

I(-)eA

Yt,Tt

T (1— a)Paller 1) P(xtrmuyt)}

>« mm {ZPI Yilwe, 1) (-Tt’Ztl)l(yt)} +(1—a) mln {ZP2 Yilwe, 21) (xt’Ztl)l(yt)}

Yt, Tt Yt,Tt

- aLQ(zt_l) +(1—a)LP () (A.2)

where we used the fact that the sum of minima is smaller than the minimum of a sum. Since the distortion
part of the cost is linear in P(y;|z;, 2;_1) (through the expectation), we have that the overall stage ¢ cost

function is concave in {f%, ,, | }.

B. Proof of Lemma IV

Fix any third stage encoder which is a deterministic function of (X3, Z5). We showed in (19) that the
second stage encoder affects J; only through P(z3,29) (and thus also through P(zy) and P(x3|22)). Let
f1, fo € {f%,z,} be two second stage stochastic encoders which are functions of (X5, Z1). Let

P, (23, 29) = Z P(xy,21) [yP1(y2|72, 21) + (1 — ) Pa(ya| o, 21)] P(22|21, y2) P(x3|72),

r2,Y2,21

= ")/Pl(l'g, 22) + (1 — "y)P2<.’L'3, 22), (A3)

where Pj(x3, 22), Pa(3, 22) are calculated with Py (yz|x2, 21), Pa(y2|xe, 21)} that result from fi, fo respec-
tively. Similarly, for i = 1,2,+, define P;(23), and P;(x3|z9) as the marginal and conditional distribution,
respectively, resulting from the probability measures in (A.3). We now show that P, (z3|22) can be written
as a convex combination of P;(3]z), Pa(x3]22).

P’Y<x3a 22)

P, (22)
P, 22) + (1 — ) Pa(ws, 22)
2 YR, ) + (1= ) Pao(ah, 22)

Py (z3]220) =

_ VP (3, 22) n (1 =) Py(x3, 22)
Do, VP, 2) + (L= ) Pa(ah, 22) Xy vPi(ah, 22) + (1 — ) Pa(as, 22)
P1($3722) P2($3722)

. n (A4)
Zxé P1<.Tg,22) Z:pg PQ(xg7Z2>
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with,

N 15, Pl 2) P
Dy VP15, 22) + (1 =) Pa(a, ) Py(22)
5 (1 =) 2y, Pola, 22) _ (L=)Ps(2) AS)
>, VP15, 22) + (1 = ) Pa(af, 22) Py(z) '
Note that 0 < o, 5 < 1 and o + 3 = 1. We showed that
P, (x3]22) = aP(x3]22) + (1 — ) Pa(z3]22) (A.6)

We are now ready to prove the lemma. For any given third stage encoder, let J3(P;), i = 1,2, , denote
the third stage cost as a function of the joint probability of (X3, Z5), where the dependence on the second

stage encoder was shown in (20),(A.3). In order to prove the lemma, we need to show that:
J3(Py) = vJ3(P1) + (1 — ) J3(P). (A.7)

We now focus on the codeword length element of the cost function. Let L3(F;), i = 1,2,+, denote the
third stage average codeword length as a function of the joint probability of (X3, Z5)

ZP ) mlﬂ Py (ys|22)l(ys)
JeA

_ZP () mm ZP (y3, 73]22)1(y3)

—ZP ZQ ]TIIIEI./I4 P(l’g’ZQ) (y3’$3722)l(y3)
Y3,T3

= ZP (22) mln Z aPi(xs]z2) + (1 — o) Pa(w3|22)] P(ys|zs, 22)1(ys) (A.8)

Z/S 3

> ZP7 29 Oél%-r)uer.»l‘l Z P1 $3|22 y3\$3,22)l(343)+
29 Y3,

ZP'Y<ZQ)(]_ —a) mln Z Py(x3|29) P(ys|xs, 22)(ys) (A9)
- h e i, 3 Pl Pl )i+
7z2 l(_)eA 1(Z3]%2 313, 22)0(Ys3
P2 22
Z P T DN Z Py(x3]22) P(ys|xs, 22)l(y3) (A.10)
=7d3(P1) (1 —W)dg(Pz), (A.11)

where in (A.8) we used (A.6), (A.9) is true since the minimum of a sum is greater than the sum of minima
and finally, in (A.10) we substituted « given in (A.5). Thus, we showed that the codeword length element
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of the cost function is concave in the choice of the second stage encoder. We have

Js(Py) = Y Plysles, 20) Py (3, 22)p(ws, 9(ys, 22)) + ALs(P,)

x3,Y3,22
= Z VP (ys|zs, 22) Pr (23, 22) p(3, 9(y3, 22)) +
Z3,Y3,22
(1 =) P(ys|ws, 22) Pa(xs, 22) p(ws, 9(ys, 22)) + ALs(P)
> v J3(P1) + (1 =) J5(P) (A.12)

where in the last step we used (A.11) and the lemma is proven. B

C. Markov decision processes - short overview

In a Markov decision process, a decision maker is influencing the behavior of a Markov probabilistic
system through his actions, as the system evolves in time. Formally, a discrete time, finite horizon Markov
decision process is defined by {7, S, A, {FP;(:|s,a)}, {p:(s,a)}}, where,

e T is the time horizon, t = 1,2,...,T.

« S is the state space.

« A is the action space.

e P,(:|s,a) is the transition probability to the systems’s next state, given the previous system state
and action. The transition probabilities obey P;(-|s,a') = Pi(-|st, a;), namely, the next state, S;,1,
distribution depends on the history only through (s, a;).

« Fy(-) is the probability measure over the initial state.

e pi(s,a) is the cost incurred when at stage ¢ and state s, action a is taken.

In our case, the goal of the decision maker is to minimize the expected average cost E % Zthl pe(St, Ay).
The history of the process at stage ¢ is hy = (s1,a1, S2,a2,...,S-1,a1,St), 1.e., all previous actions
taken by the decision maker and the system states, up to stage t. Note that h, = {h;_1,a;_1, 5;}.

A decision rule, d;, prescribes the procedure for action selection in a given state at stage t. Decision
rules can range from deterministic functions of the current state to randomized functions that depend on
the whole history of states and actions, up to stage ¢. A decision rule that is a deterministic function
of the current state will be called a Markovian deterministic (MD) decision rule. A policy specifies the
decision rules to be used at all stages, i.e., a policy 7 is a sequence of decision rules dy,...,dr. We say
that a policy is MD if all its decision rules are MD.

In Sections III-E,V-C, the state space is finite, however, it grows as the system evolves, i.e., at each
stage the stage space is S;. We set S = UL, S;. The action space is the set of deterministic functions
f X — Y, which is finite.

We will use the following theorem which is the key to the results of section III-E.
Theorem A.1. ([16, Proposition 4.4.3]): There exist an MD policy which is optimal.

We outline the proof here for completeness.
Proof of Theorem A.1 (outline): Define for policy 7, u] (h;) = E {ZiT:t pi(si, ai)]ht}, where the actions
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a; are prescribed by the policy m. Note that

ug (he) = pi(se, ar) + Zpt(j|8t7 ap)ugy (he, J, ar) (A.13)
jes
Let u;(h;) = inf, u] (h;). We start by showing the u;(h;) depends on the history only through s;. We will
use backwards induction. Note that u}.(hy) = minge4 p(sr, a), so the claim is valid for the last stage.
Now assume that the claim is valid forn =t+ 1,¢t+ 2,...,T. We have

ug (hy) = min {pt(st, a) + Y pililsr, )iy, (e, J, a)}

JES

= miy {pxst, @)+ 3 pilse a)u:;l(j)} (A.14)

acA -
JES

where the last equation is due to the induction hypothesis. Since the term in brackets depends on the
history only through s;, the induction step is proven. Now, define the decision rule at each stage for every
s; € S as the minimizer of (A.14). By construction, this decision rule is MD and the policy constructed

from these decision rules is optimal.

D. Properties of the length function

Let W, Y, Z be finite alphabets.
1) Conditioning reduces the length: We have

LY|Z—ZP mm P(yl2)l(y)

yey
:ZPZ mmZZP@sz w|2)l(y)
yEY WEW
>ZZP P(w|z) mlnzpy\wz)()
z2€Z weW
= Ly\w,z (A.15)

where the inequality is true since the minimum of a sum is greater than the sum of minima.

2) Proving that Ly|w,z > Ly zw — log |Z|: The intuition behind this is simple: given W, the average
optimal code length for the pair (Y, Z) can not be larger than coding Z separately and concatenating a
codeword that describes Y and is decodable when Z is known. The optimal scheme for coding the pair
can not be worse, otherwise, this scheme can be used. To see this mathematically, for each y € ),z € Z,
let I*(y),l*(z) be the length functions optimized for the distributions P(y|w, z) and P(z|w) respectively.
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Using the fact that L < log|Z| we have:

Lyjgw +1og |2 > Y " P(w,2) Y Plylw, 2)l"(y) + Y _ P(w) Y P(z|w)l*(2)

w7Z y

=Y Pw)) _P(zlw) [{ Y Pylw,2)I*(y) | +1°(2)
=> P(w)> P(zlw) > P(ylw, 2)[I*(y) + I"(2)]
>3 P(w) min > Py, 2w)l(y, 2)

= Ly zw (A.16)

where A is defined as in Section II with Y x Z replacing ).
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