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Abstract

Data processing lower bounds on the expected distortion are derived in the finite—alphabet
semi—deterministic setting, where the source produces a deterministic, individual sequence, but
the channel model is probabilistic, and the decoder is subjected to various kinds of limitations,
e.g., decoders implementable by finite-state machines, with or without counters, and with or
without a restriction of common reconstruction with high probability. Some of our bounds are
given in terms of the Lempel-Ziv complexity of the source sequence or the reproduction se-
quence. We also demonstrate how some analogous results can be obtained for classes of linear
encoders and linear decoders in the continuous alphabet case.

Index Terms: Data processing theorem, finite-state machine, Lempel-Ziv algorithm, redun-
dancy, delay, common reconstruction.

1 Introduction

In a series of articles from the seventies and the eighties of the twentieth century, Ziv [10],[11],[12],
and Ziv and Lempel [3], [13], have created a theory of universal source coding for individual se-
quences using finite-state machines. In particular, the work [10] focuses on universal, fixed-rate,
(almost) lossless compression of individual sequences using finite-state encoders and decoders,
which was then further developed to the famous Lempel-Ziv algorithm [3], [13]. In [11], the frame-
work of [10] was extended to lossy coding for both noiseless and noisy transmission (subsections IT.A
and I1.B of [11], respectively), and later further extended in other directions, such as incorporation

of side information in the context of almost lossless compression, where the side information data



is also modeled as an individual sequence [12], in other words, an individual-sequence counterpart

of Slepian-Wolf coding [8] was studied in [12] (see also a later extension to the lossy case [7]).

The main trigger for this paper stems from the coding theorem for noisy transmission in [11,
Subsection II.B]. We begin by revisiting the assertion and the proof of the converse part of this
theorem (Theorem 3 and egs. (12) and (13) in [11]), which provides a lower bound on the distortion
in a semi—deterministic setting, where the source emits a deterministic (individual) sequence, but
the channel model is probabilistic as usual (in particular, it is a discrete memoryless channel) and
the encoder and decoder are limited to be finite—state machines with no more than s states and a
given overall delay, which we shall denote by d. While this theorem is essentially correct, it turns
out that there are certain imprecise steps in its proof (see Appendix for details) and moreover, in
relation to our corrections to this proof, the assertion of the theorem itself can be strengthened
and sharpened. The revisited converse theorem imposes no limitations on the encoder,' and allows
the decoder to be equipped with a modulo—¢ counter (¢ — positive integer) in addition to its s
states of memory, which means that within each period of length ¢, the decoder is allowed to be
time-varying, as opposed to the time-invariant model used in [11] and in related papers.? Also,
our lower bound on the distortion depends, not only on the number of states s (as in [11]), but also

on the allowed delay d (as well as on some additional redundancy terms).

Beyond the above described revisit of Theorem 3 of [11], we also derive additional lower bounds
on the expected distortion in the semi—deterministic setting. One of them is associated with a
restriction of a common reconstruction (with high probability) at both encoder and decoder, which
is a setup that has recently received some attention in other contexts, like the Wyner—Ziv problem
(see e.g., [9]), with motivations in medical imaging, etc. In addition, some of our bounds are
given in a more explicit form, in terms of the Lempel-Ziv complexity of the source sequence or
the reproduction sequence. This may be interesting in the sense that the Lempel-Ziv complexity
usually arises when the finite—state structure is imposed on the encoder, whereas in our case, it is

imposed on the decoder. Finally, we demonstrate how some analogous results can be obtained for

!The assumption that the encoder is a finite-state machine is not really used in [11] either,

2One might argue that a finite-state machine with s states and a modulo—¢ counter is just a particular finite-state
machine with a total number of s - £ states. While this argument is true, in principle, the idea is that this partition
of the total number of allowed states between those that are allocated to implement a clock (the counter) and those
that are allocated to memory of past input data (the remaining s states) give us more detailed and more refined
results.



classes of linear encoders and linear decoders in the continuous alphabet case.

It should be emphasized that our focus in this paper is primarily on lower bounds and converse
theorems, and not quite on achievability schemes. Most of our bounds can be asymptotically
approached by conceptually simple, separation—based schemes, in the spirit of the one proposed in

[11] or with certain modifications and variations on the same ideas.

The outline of this paper is as follows. In Section 2, we establish notation conventions and for-
malize the semi—deterministic setting under consideration. In Section 3, we derive a lower bound
on the distortion without the common reconstruction requirement, and in Section 4, we derive the
parallel lower bound under common reconstruction. In both sections, we also derive the aforemen-
tioned alternative lower bounds, which can be calculated more easily. Finally, in Section 5, we
give an outline of an analogue of the main result of Section 2 for continuous alphabets and linear

encoders and decoders.

2 Problem Formulation and Notation Conventions

Throughout the paper, random variables will be denoted by capital letters, specific values they may
take will be denoted by the corresponding lower case letters, and their alphabets will be denoted
by calligraphic letters. Similarly, random vectors, their realizations, and their alphabets, will
be denoted, respectively, by capital letters, the corresponding lower case letters, and calligraphic
letters, all superscripted by their dimensions. For example, the random vector Y = (Y1,...,Y},),
(n — positive integer) may take a specific vector value y" = (y1,...,yn) in V", the n—th order
Cartesian power of ), which is the alphabet of each component of this vector. For i < j (i, j —
positive integers), xf will denote the segment (z;,...,x;), where for i = 1 the subscript will be

omitted.

Let w = (uy,us9,...) be an individual source sequence of symbols in a finite alphabet U of
cardinality [U| = J. The sequence u is encoded using a general encoder, whose output at time ¢ is

r; € X, where X is another finite alphabet? of size |X| = K. The sequence & = (21,2, ...) is fed

3In the general formulations of the joint source—channel coding problem, the source and the channel are allowed
to operate at different rates, and then, in the case of block codes, source blocks of a given length may be mapped into
channel blocks of a different length. This degree of freedom, however, is essentially available here too, by redefining
U and X to be superalphabets of the appropriate sizes.



into a discrete memoryless channel (DMC), characterized by the matrix of single-letter transition
probabilities {P(y|z), x € X, y € Y}, where the output alphabet ) is a finite alphabet of size
|Y| = L. The channel output y = (y1,¥2,...) is in turn fed into a finite-state decoder, which is

defined by the following recursive equations:

vieg = f(z6,yt)s t=d+1,d+2,... (1)
ziv1 = 9(2,Yt), t=1,2,... (2)

where z; € Z is the decoder state at time ¢, Z being a finite set of states of size s, v;_4 € V is
the reconstructed sequence, delayed by d time units (d — positive integer) and f : Z x ) — V and
g: Zx)Y — Z are the output function and the next—state function, respectively. The reconstruction

alphabet V of size M.

A slightly more sophisticated model allows the decoder to be equipped with a modulo—¢ counter,
in addition to its state variable. This means that the functions f and g are allowed to be time—
varying within each period of length ¢. In particular, in this case, the decoding equations would

admit the form:

T = tmod/, t=1,2,... (3)
Vi—a = fr(zt,0t)s t=d+1,d+2,... (4)
Zt+1 = g‘l‘(zt) ?/t), t= 17 27 cee (5)

In some applications, one may be interested in a common reconstruction at both the encoder
and decoder (with high probability). In our context, this means that for a certain positive integer,

which we will choose to be ¢, there is a deterministic function ¢ : U¢ — V¢ such that

n/l—1
Jim =S Pr{Vi ' # q(ui (1)} =0, (6)
=0

where here and throughout the sequel, probabilities and expectations are defined with respect to

(w.r.t.) the randomness of the channel. This means that there is a target reconstruction 0",

obtained by n /¢ successive applications of ¢(-), i.e., 6fﬁf = q(u%ﬁ), i=20,1,2,...,n/¢ — 1, such

that V"™ is very close to 9™ in the sense of eq. (6). For example, in the traditional coding theorem of

joint source—channel coding, this is achieved by separate source— and channel coding, where @fﬁf

are rate—distortion reproduction codewords of u%ﬁ, respectively.



For a given distortion measure p : U4 x V — IR, we are interested in deriving lower bounds
on the minimum achievable expected distortion, 2 37, E{p(us, V;)}, as functions of the alphabet
sizes, the number of stated s, the allowed delay d, and the period ¢, if applicable, with/without
a modulo—¢ counter at the decoder, and with/without the requirement of common reconstruction

with high probability.

Throughout our assertions and derivations, we will make heavy use of the following additional
notation. Assume, without essential loss of generality, that £ divide n and consider the segmentation

of each n—vector to n/¢ non-overlapping blocks of length ¢, that is,

u" = (U'O?ula"'aun/f—l)) U; = (uif-i-lvuiﬁ-l—Qw")uif-i—f)v izoylv"'an/gilv

and similar definitions for z", y”

, and v", where v,_g4+1, Upn—d+2,-- -, Un (which are not yet recon-
structed at time ¢ = n) are defined as arbitrary symbols in V. Let us define the empirical joint

probability mass function
n/l—1

Pyexeyeyeg(uf,at,yf ot 2) = - 3 T(uwi=u',wi=a"y; =y vi=0" 201 =2), (7)
i=0

where Z(-) is the indicator function of an event. Correspondingly, unless specified otherwise, U*, X,
Y¢, V¢ and Z are understood to be random variables jointly distributed according to pUé Xlytvey
and all information measures associated with them will be denoted as in the customary notation
conventions of the information theory literature, but with “hats”, for example, H (U*) is the em-
pirical entropy associated with U?, I (X% Y?) is the empirical mutual information between X* and
Y, and so on. Accordingly, the ¢-th order empirical rate distortion function, associated with u"

and distortion measure p, is defined as

| =

Rye(D) = min{ HULTY . Ep(Uh T < D} , (8)

—

where V! is a generic random variable (not to be confused with V¥, which is defined empiri-
cally), taking on values in V¥, the mutual information I(U*; V) and expected distortion Ep(U*, V)
are defined w.r.t. PUZPVQUM and the minimization is across all conditional distributions Pf/qu.
Here, p(U ¢ VE) is defined additively over the corresponding components of both vectors. Similarly,
Dyye(R) is the corresponding distortion-rate function, which is the inverse of Ryy¢(D), and which is

defined as
A 1 ~ ~ ~
Dye(R) = min {eEp(UE, vh: [(U5VH < ER} . (9)



In the sequel, we will define some additional empirical rate—distortion functions and distortion—rate

functions, with certain modifications of the above definitions.

3 Distortion Bounds Without Common Reconstruction

We begin from the simpler case where there is no requirement of common reconstruction. Our first

result is the following:

Theorem 1 Consider the communication setting described in Section 2. Let u™ be an individual
sequence, let C be the capacity of the discrete memoryless channel, and let the overall coding—

decoding delay be d. Then, for every decoder with s states and a modulo— counter,

<C+ 2log s + dlog M

1< .
- Blp(w, i)} > Dy :

t=1

+o (e, n)) , (10)

where

(51 (ﬁ, n) =

(JK) log L (JKL)floge+0( 1 ) (11)

NG 2n NG

The interesting term, in the argument of the function ﬁUe(-), is the second one, namely, the term
(2log s + dlog M) /¢, which seemingly plays a role of an effective “extra capacity” contributed
by the state variable, that carries memory of past data from block to block and by the allowed
delay. This happens because the lower bound holds for every individual sequence u” and every
encoder and decoder in the allowed class, including ones that happen to be ‘tailored’ to u™ in a
certain sense (for example, the finite—state machine at the decoder may be designed to periodically
produce a certain pattern that happens to be repetitive in u™). The dependence on ¢ is much
more complicated, because ¢ appears also in the additional term 01 (¢, n), and more importantly, in
the function ﬁUe(') itself. The lower bound is not necessarily a monotonically decreasing function
of £, but this should not be surprising since the real optimum performance need not have such a
monotonicity property either. For example, if u" happens to be periodic (or almost periodic) with
period /, it seems plausible that it will be reproduced better by a decoder with a modulo—¢ counter
than by one with a modulo—(¢ + 1) counter, which obviously cannot keep the synchronization with

n

u". In the absence of a modulo—f counter at the decoder, Theorem 1 still applies, but then £

becomes just a parameter of the bound, with no apparent operative significance, and since the real



distortion, 2 7% | E{p(u¢, V;)}, is then independent of ¢, one may maximize the lower bound w.r.t.
¢ over a certain set of divisors of n, for which n/¢ is still appreciably large, such that the o(1/y/n)

term would remain negligible.

Proof of Theorem 1. First, observe that since ]ADUZ xeyeyey 1 a legitimate probability distribution,
all the rules of manipulating information measures (the chain rule, condition reduces entropy,
etc.) hold as usual. We will make use of the fact that 'vf_d = (Vigs1, - - - Vigre—q) 1S a deterministic
function of y; and zj41 and therefore (U4, X¢) — Y* — V=4 is a Markov chain under Py XY eve|zs
where V*~? is random vector formed by the first £ — d components of V* (and similarly, below,
Vf_ 4+1 Will denote the vector formed by the remaining d components). We then have the following

chain of inequalities

Hwsveiz) < 1(UhY*2) (12)
< (U X%YY2) (13)
= HY'2)-HY' U X" 2) (14)
< HYY-HYY U XY+ 1(z; YU, X9 (15)
< HYYH - HYYU' X% +logs. (16)
On the other hand,
Iw4ve-lz)y = HUY2) - HU VY, Z) (17)
> H(U")-1(Z;U") - HU V") (18)
> H(U" —logs — HU V) — (VL4 U VED (19)
> (U4 VY —logs — dlog M, (20)
and so
IU5VH < HYY — HY' U, X% 4 2log s 4 dlog M. (21)
Taking now the expectation of both sides, we get
EI(UVY < EHYY - EHY‘|U* X% +2logs + dlog M
< H{YY)-EH{Y' U X% +2logs+ dlog M (22)



where in the second line, H(Y?) is the entropy of Y that is induced by Py and the real channel
Py¢ xe. Here we have used the fact that H(Y") is a concave functional of pyl' x¢. As for the
evaluation of EH(Y!|U*, X"), we invoke the following result (see [1], [2] and [19, Proposition 5.2]
therein, as well as [6, Appendix A]): Let P, be the first order empirical distribution associated with

an n—sequence drawn from a memoryless m—ary source P. Then,

m — 1)loge

n-BD(P,|P) = "= 1B 4 o), (23)
which is equivalent to
- (m—1)loge 1
FH=H-———=>—0o|—-], (24)
2n n

where H is the corresponding empirical entropy and H is the true entropy. We now apply this

result to the ‘source’ P(yf|uf,z’) = P(y*|z’) for every pair (uf, %) that appears more than en//

times as ¢-blocks along the (deterministic) sequence pair (u”, z™).

EH(Y'|U* X" (25)

- E { N7 Puexe(t, e YHYH U = o', X = xf)} (26)
ul zt

> Z Pyexe(ut, 2 YEH (YU = uf, X* = 2% (27)

{uf,zt: PUng(ue,xe)ze}

. Lt —1)1 ¢

= 3 Pyoe(ul, at) [H(YQXK ot~ U )eogf _p ()] (28)

futaats Peee(utat)>e) 2nPprexe(ut, zt) /0 ne

R ((JK L) loge 1

> A Oyl oy _ ()
> A > Pyexe(ut, 2 H(YY X" = 2%) 5 o — (29)

{ut, @t Ppoye(ut,xt)>e}
> Y Ppexe(ut, 2 )HY' X" =2t - > Pyoxe(u, e YH(YY X" = 2b)

uf,xt {ut,zt: PUZ,X[(UZ,$Z)<6}

KL)"1
_U(JKL) oge_0<€> (30)
2n ne
((JK L) loge 1
> H(YYUXY) —e(JK) - llogl — —2——2 5~ _ () 1
> H(Y'|X") —e(JK)" - Llog L ™ o\~ (31)
= HYYXY =1 6(e l,n), (32)
where we have defined
KL)'1 1
Sole, £,n) = e(JK) log L + W I <n> . (33)
€



Taking e = 1/y/n, we define:

1 (JK)logL (JKL)‘loge < 1 )

=60 [— — —). 4
51(6,m) 50(\/ﬁ,€,n> R (34)

On substituting the inequality
EHYYU* X% > H(Y|X?) — 05,(¢,n) (35)

into eq. (22), we get

EI(U%VY < I(X%Y"Y +2logs + dlog M + £5,(¢,n) (36)
< UC +2log s + dlog M + £61(¢,n). (37)

Now, denoting by E the empirical expectation (w.r.t. PUZ xtytyty), we obviously have

~ ~ 1.
EI{U%VY > (- -ERy (e p(U?, Vf)) (38)
A 1&
t=1
A 12
> (R -y FE Vi 40
= Ut <n ; pu, t)) ) (40)
where in the last line, we have used the convexity of the rate—distortion function. Finally, we get
- 1 & 21 dlog M
Rye (n ZEp(ut,Vt)> <O+ Og”g B s n), (41)
t=1
or
1 & - 21 dlog M
> Ep(un Vi) = Dy (04 2B DB 4 516, ). (42)

t=1

This completes the proof of Theorem 1. O

While the lower bound of Theorem 1 is not quite explicit (primarily because of the complicated
dependence of the function bUl (-) on £ when u™ is arbitrary), we next propose an alternative lower
bound, which is simpler and more explicit. The price of this simplicity, however, is a possible loss
of tightness, The idea is based on the Shannon lower bound. Suppose that &/ = V is a group and
the distortion measure p(u,v) depends only on the difference u — v for a well defined subtraction

operation on the group (e.g., subtraction modulo J). Accordingly, we denote p(u,v) = o(v — ).



We define the function ®(D) to be the maximum entropy of a random variable W over an alphabet

of size J, subject to the constraint Eo(W) < D. We also define

wmw={glw)§§8 (43)

Then, our next result is the following.

Theorem 2 Consider the communication setting described in Section 2. Let u™ be an individual
sequence, let C be the capacity of the discrete memoryless channel, and let the overall coding—

decoding delay be d. Then, for every decoder with s states and a modulo— counter,

c<u>1<;gc<w_C_ﬂogszdlogM_aQ@,n)), (44)

LS Blotti - w2 0

t=1
where c(u™) is the number of phrases associated with incremental parsing [13] of u™ and

20(1+log J)2  207%logJ 1
(1 —¢€,)logn n l

52(5,’”) = 51(6, ’I’L) +

€n being a positive sequence tending to zero as n — oo.

An important feature of this bound is that the dependence on /¢ is now fairly explicit as it appears
only in the expression d2(¢,n) + (2log s + dlog M) /¢, and so, the effect of the choice of ¢ can be
better understood. Indeed, for decoders that are not equipped with a counter, the maximization
of the bound over ¢, which is equivalent to the minimization of d2(¢,n) + (2logs + dlog M)/,
is easier now. In particular, it is clear that ¢ should be o(logn) for this expression to vanish as
n — oo. Another interesting point here is that the bound depends on u” only via its Lempel-Ziv
complexity, c(u")logc(u™)/n. This is not a trivial fact, because the Lempel-Ziv complexity refers
to the compressibility of 4™ using finite-state encoders, whereas here, the encoder is not limited to

be a finite—state machine — only the decoder has such a limitation.

Proof of Theorem 2. Defining V¥ — U? as the component-wise difference between the two vectors,

we have:

(-Rye(D) = HU") —max{HU V") : Eo(V'-U" <D} (46)

= HUY —max{H(V'-UYVY: Eo(V'-U" <¢D} (47)

10



= H(UY —max{HWYV"’) : Eo(W*' < (D} (48)
(

> H(U') — max{H(W?): EQ(We) < (D} (49)
> H(UY max{ Z H(W, ZEQ ) < fD} (50)
=1
=1 i=1
> H(U') — max {E - P (2 iEQ(WJ) : XZ:EQ(WZ) < ED} (52)

= HU" -t -®(D), (53)

where in the last two lines, we have used concavity and the monotonicity of ®(-), respectively. Now,

it is shown in [5, eq. (21)] (see also [4]) that

HUY > ¢- c(u")loge(u™) _ 5(6,m)|, (54)
n
where
_ 2(141logJ)? | 20J%*logJ 1
5(€,n) = (]_—En) logn + n +z, (55)

€, being a positive sequence tending to zero, and c¢(u™) is the number of phrases in u" resulting

from Lempel-Ziv incremental parsing. Thus,

ERUe (iz—t =1"p(Vs —ut)> > C(un)longC( ( i (Vi — uy ) —d(l,n) (56)
> lBe) g (185 v un ) - e (7
and we end up with
( Z ‘/t_ut> Zc(un)l(:lgc(u")_C_2logs—}—€dlog.M_(52@7”) (58)
*ZEQ Vi— ) > (c(un)l(:lgc(u") o 2logs—|—€dlogM _52(&”)) . (59)

t=1
This completes the proof of Theorem 2. O

4 Distortion Bounds Under Common Reconstruction

Consider next the case where, in addition to the above—mentioned limitations on the decoder, an

additional constraint is imposed, which is the constraint of almost deterministic reconstruction at

11



the level of ~blocks. This setting is formalized as follows. For a given vanishing sequence €, € [0, 1],
we insist that
n/Z 1
EPr{V'# V') = Z Pr{Viiiy # 0 i1} < en, (60)

where V¢ = ¢(U*) (and vzﬁ[f = q(u%ﬁ)), for some deterministic function g, is the target recon-
struction. We will assume, in this section, that pmax 2 max, , p(u,v) < co. Our lower bound for

this case is given by the following theorem.

Theorem 3 Consider the communication setting described in Section 2. Let u™ be an individual
sequence, let C be the capacity of the discrete memoryless channel, and let the overall coding—
decoding delay be d. Then, for every decoder with s states, a modulo— counter and a common

reconstruction constraint defined as in eq. (60):

LS B{otu. v} > Dy
t 1

(C—i— 2logs—|—£dlogM

+85(¢,n) + 2A(en)) — Pmax€én,  (61)
where A(en) = ha(en) + €nllog J, ha(-) being the binary entropy function, and

Dye(R) = min { g Bp(U%,a(U) : A(aU") < (R}, (62)
Proof of Theorem 3. First, under the assumption of common reconstruction (60), one readily finds,

using Fano’s inequality, that

EHWVYUY < Aley), (63)

where the concavity of the function A(:) was used in order to insert the expectation into the

argument of this function in order to get the real probability of error. Thus,

EI(UVY = EHWVY - EHVYU" (64)
> EHWVY) — A(en). (65)

Now,
EHWVY > HWVY-EHVYVYH (66)
> HVY = Aley) (67)

and so,
(USVE > HVY — 2A(en) (68)

12



Now, observe that

1 & X - (1
S st = B{p0ta0)} (69)
t=1
1 .
=3 Py ye(uf,0)p(u’, ) +
{(t0?): q(ut)=0vt}
1 ~
7 Z PUeJ/Z (ue, 'Ue)p(uea Q(Ue)) (70)
{(uf0t): q(ub)2vt}
1 N A~
< 53 Pore ool o) o S Bpyef) (71)
ul vt {(u?w?): g(ul)#vt}
1 S X
= - > p(ue, Vi) + pmax - Pr{V* # V'} (72)
t=1

and so, taking the expectation of both sides, we get

1 & 1 &
= plug, de) < =" Ep(ug, Vi) + praxen- (73)
i s
Thus, defining
. 1. .
Ry«(D) = min{-H(q(U")) : Ep(U*,q(U")) <D}, (74)
we readily have
EL(USVY) = H(qU")) — 2A(en) (75)
. 10
> (Rye (n ZP(W,@)) —2A(ep) (76)
t=1
- 1
> Ry (n > Ep(ug, Vi) + pmaxen> —2A(ep). (77)
t=1
This means, of course, that
1 & ~ 21 dlog M 2A(ep
=" Ep(u, Vi) = Dy (0 + Ogsz B L S(lm) + EE)) P (78)

t=1

completing the proof of Theorem 3. O

Here too, performance can be expressed in terms of Lempel-Ziv complexity, as H (q(UH) /)t >
[e(0™) log c(d™)]/n — &' (£,n), where & (¢,n) is defined just like §(¢,n), but with J replaced by M.
Thus,

. 1 &
EI(UK; VZ) >Rz (’I’L Z Eﬂ(Uu ‘/t) + Pmax€n

t=1

u”) —2A(ep) — &' (4, ), (79)

13



where

" . [c(d™)logc(0™) i
Ria(Dl) = o { A it i),
1 n
;=0,1,...,n/f -1, — 0;) < D .
=0t/ 1, S i < 0} )

Note that in Section 3, we were able to get bounds on the expected distortion, thanks to the
convexity of Ryy¢(-) and the concavity of ®(-), whereas now, we obtained such a bound by using the
proximity between the actual expected distortion and the distortion between u™ and its intended

reconstruction 0".

5 Linear Encoders and Decoders

So far, we have dealt with finite alphabets only. It is possible to derive analogous results for
continuous alphabets, if the encoder and decoder are limited to be linear. In this section, we

provide a brief outline how this can be done, by presenting a parallel result to the Theorem 1.

Consider the following structure: The encoder is given by
(0.9] oo
T =Y ame—i+ Y b, (81)
i=1 i=0

where {a;} and {b;} are real-valued parameters, chosen such that the encoder would satisfy a
certain input constraint. The finite-state decoder we had before? is replaced by a decoder with the

same structure, except that now f and g are linear functions (i.e., state—space representation):

Vg = az+ By (82)

Ztr1 = vz + Oy (83)

We will assume, for the sake of simplicity, that w;, x¢, y¢, v+ and z; are all real-valued variables
(scalars), although our discussion can be generalized to the vector case (ug,vs € IRF, 24,7, € R™,
zi € RP, k, m and p positive integers), in which case, {a;}, {b;}, «, 3, v and § become matrices of the
corresponding dimensions. The channel is assumed to be a discrete-time AWGN, i.e., Y; = x4 + Ny,

where Ny is a stationary, i.i.d. zero-mean Gaussian process with variance 2.

4For simplicity, we now refer to the one without the modulo-¢ counter.
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Consider first® the case where {u;} is a zero-mean, stationary Gaussian process, independent
of {NV;}, and so, its notation is temporarily changed to {U;}. Consequently, all other signals in
the system become random processes, and accordingly, their notation here will use capital letters.
Due to the linearity of the systems, {(U;, X;,Y:, Vi, Z;), — oo < t < oo} are jointly Gaussian
processes. We assume that these processes are jointly stationary. We also assume that the system

is non-degenerated® in the sense that

2 A Tim mmse{Z|UT, XT,Y{"} > 0 (84)
and similarly
€t a nh_)rgo mmse{Vb]V__nl, Ufn} >0, (85)

where mmse{A|B} = E[A— E(A|B)]? designates the minimum mean squared error in estimating a
random variable A from another random variable B, and where the limits obviously exist due to the
non-increasing monotonicity of mmse{Z;|UJ*, X}, Y} and mmse{Vp|V =}, U?,} as functions on n.
The parameters €2Z and e%, are constants that depend on the auto-correlation function of the source,
on the noise variance of noise, o2, and on the parameters of the encoder and decoder, {a;}, {b;},
a, 3, v and §. Obviously, €% < 0% and 6%/ < 0‘2/, where 02 and a%/ are the variances of Z; and V4,

respectively. We define U¢ = (Uy,...,Up), Xt = (X1,...,X,), Y = (Y1,....Y)), Vi = (V1,..., V),
and Z = Z;. We begin similarly as in eqgs. (12), but the last step must be modified slightly:

IU5ve-iz) < 1U%5YY2) (86)
< (U X%Y"Y2) (87)
= WYY2Z) - hYY Ut x4 2) (88)
< YY) - hYYUt, XY+ 1(Z; YU, XY (89)

1 mmse{Z|U*, X*}
= YY) —hYXH + 21 ’
(¥ (¥l )+2 Ogmmse{Z]Ue,Xe,Yg} (90)
¢ Y 1 0'2
< I(X5YH+ clog £ (91)
2 €
1 2
< 1C+log ZZ. (92)
2 €7

5This assumption will be dropped soon.
SFor example, if v = § = 0 and hence Z; = 0, or if & = 8 = 0 and hence V; = 0, the system is obviously
degenerated.
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On the other hand,

IUhve-4z)y = wWUY2z) - hUYve, Z) (93)
> WUYZ) - WUV (94)
= WU = I(Z;U") = h(U* V") - <vez a1 UV (95)
= wUY - WUYVH - 1(Z;U%) — Z I(V;; U |vi—h (96)
i=0—d+1
1 o2 d o2
> Lty - 2 0e 72— Ype TV
> I(U5VY) 5 log 2 2 log 2 (97)
and so,
¢ ‘ 0_2 d 2
LUV <UC +log £ flg (98)
6Z V

This is quite analogous to the bounds we obtained in the finite—alphabet case, but now log s and
log M are replaced by log and 10g 7Y respectively, thus 72 and play roles of effective alphabet
sizes (or effective resolutlon levels) of the variables Z; and Vi, respectlvely. Now, clearly, in the
Gaussian case, I(U*; V*) depends on the joint density of (U, V) only via the covariance matrix of
this random vector. Equivalently, consider the class of Gaussian channels from U¢ to V¢, defined
by

Vi=GUu* + W* (99)
where G is a deterministic ¢ x ¢ matrix and WY is a zero-mean Gaussian vector, independent of

U!, with covariance matrix Yy. Denoting the covariance matrix of U¢ by X/, then

1. det(GZpGT + Zw)

I(U%vhH =21 fldtI pmle)rsted 1
(U5 V7) = log det (5 ogdet(l + Xy, GXyG™) (100)
Thus, defining
1
Ry(D) = min {% log det(I + X' GXyGT) . Ep(Ut, V) < w} , (101)
=W

where p designates the quadratic distortion measure (or any other distortion measure that such

that Ep(U*, V*) depends only on the covariance matrix of (U*, V*)), we have

1 o2 d o2
D)< “log £ + —1og ¥ 102
Ry( )_C+€og62z+2£og62v, (102)
or
1 1 o2 d o2
NEpU,. V) > Dy C+ Zlog =2 + — log —L 103
n; p( ty t)_ E( +£Og€2z+2£0g6%/>’ ( )
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Now, the Lh.s. of (102) depends only on the covariance matrix of the source, whereas C (or
I(X%Y?*) depends only on the covariance matrix ©x of X¢ and the covariance matrix Xy of
the noise vector, which we have taken to be ¢?I. Since the encoding and decoding systems are lin-
ear, the auto-correlation cross—correlation functions of their outputs depend only on those of their
inputs (for a given linear encoder and decoder), no matter whether these processes are Gaussian or
not. The expected distortion also depends on the joint density of U*, V* ) only via the variances and
covariances of their components. Consequently, at this point, the Gaussian assumption becomes
immaterial. The source U’ may have any pdf with a given covariance matrix ¥y. In particular,
we can take Y to be the empirical covariance matrix of a deterministic source sequence u". In
this case, in the above chains of inequalities, all information measures should be replaced by their
empirical counterparts, which depend on the empirical covariances instead of the true covariances.
The only exception is that, similarly as in the finite alphabet case, in eq. (86), it is no longer
true that h(Y| X U?) = h(Y*?|X?"), since there might be empirical correlations between the source
vector and the noise vector. However, Eh(Y*| X! U") tends to h(Y*|X!) by the weak law of large
numbers, so as before, upon taking expectations, one can obtain a distortion bound analogous to

the one we obtained in the finite—alphabet case. In particular, for the quadratic distortion measure,

we have:
n/€ 1
i+ E+€ i0+-¢
- ;Ep u, Vi) = min § = Z: Ep(ug . Guigly + Wiglh) -
2 d 2
T v
logdet(I +Y}GErGT) <O+ - log Z + —log— +6e, ¢ (104)
20 L e, 2 €1/
— {tr{(G CDSU(ET = D)+ Snpy
Sw 14
2 d 2
logdet(I + Y GEpGT) <O+ - log log 2Y + e ¢, (105)
20 L €2, 2£ €
where 3y = £ Zn/ . u is the empirical covariance of the source, Wi, by +1 is a zero—mean random

vector with covariance matrix Yy and €, is the vanishing difference between EA(Y!| XY UY)/¢
and h(Y|X). The point here is that for the purpose of obtaining a lower bound on the distortion
attainable by linear encoders and decoders, we are replacing the optimization over infinitely many
parameters {a;}, {b;}, a, 3, v, and 4, by optimization over two ¢ x ¢ matrices, G and Xy, at the

2 2
possible rate loss of % log ZT; + 2% log :T“,/ + €y, which vanishes as ¢ and n grow. Thus, the parameter
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¢ trades off the quality of the bound (its tightness) with the complexity of the optimization.

Note that here our bounds are a bit weaker than in the finite—alphabet case, in the sense that
they depend on the competing linear system with parameters {a;}, {b;}, o, 3, v and ¢ (via €%, and
eQZ) However, the dependence on these parameters becomes weaker and weaker as £ grows without

bound.

Appendix

Some Concerns About the Proof of Theorem 3 in [11].

First, it should be pointed out that in [11, p. 140], the encoder was also assumed to be a finite—
state machine, and so, in this appendix, following the notation of [11], the state of the encoder is

denoted by z; and the state of the decoder is denoted by z.

In [11], the joint probability distribution of all random variables was defined (in our notation)

to be

~ ¢ 000
Pyexeyeyegz(u,z°,y v, 2, 2')

= P(Z,Z/)PUZ(UK)PXZ\UZ,Z(l”quza Z)P(yﬂl‘e)pvﬂxfz'(U€|$€7Z/), (A.1)

where P(z,2') is the expectation of the joint empirical distribution of the state of the encoder,
denoted here by Z, and the state of the decoder, denoted here by Z’, at the beginnings of all /-
blocks, and P(y‘|«?) is the real conditional probability associated with the channel. First, observe
that according to this definition, U* is taken to be independent of Z and Z’, which is inconsistent
with the fact that the encoder state Z varies in response to the source and that there might be
empirical dependencies between successive —blocks of the source. Also, according to this definition,
Y is independent of Z’ given X!, which similarly to the earlier comment, does not seem to settle

with the fact that Z’ responds to the decoder input Y*.

Another issue is the use of the data processing theorem when it comes to empirical distributions.
For example, the equality [11, p. 141, top] I(z,Uut, x4 vt = f(Z, X% VY is questionable because

there might be incidental empirical dependencies between U and V¢ given (Z, X*).

Finally, we have concerns regarding the way in which the delay was handled in [11], where

the decoder output v;_g was simply renamed v;. It should be kept in mind that while the data
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processing theorem applies to [-blocks of {u:}, {z:}, {y+} and {v;_4}, the distortion is measured

between u; and v, and so, the discrepancy between the {v;} and its delayed version {v;_4} is real

and cannot be handled by simple renaming. Indeed, in [11], the lower bound does not depend on

d, a fact which is in contrast to the expectation that the larger is d, the better is the performance

that can be achieved.
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