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Abstract
Consider the normalized cumulative loss of a predictor F' on the sequence z" = (z1,...,%n),
denoted Lr(z™). For a set of predictors G, let L(G,2") = minpecg Lr(z") denote the loss of
the best predictor in the class on z". Given the stochastic process X = Xj, Xo, ..., we look at

EL(G,X™"), termed the competitive predictability of G on X™. Our interest is in the optimal
predictor set of size M, i.e., the predictor set achieving mingj<y FL(G,X"). When M is
sub-exponential in n, simple arguments show that min|g<; EL(G, X™) coincides, for large n,
with the Bayesian envelope ming ELp(X™). Our interest is in the behavior, for large n, of
min|g|<enr EL(G,X™), which we term the competitive predictability of X at rate R. It is shown
that under difference loss functions, the competitive predictability of X is lower bounded by the
Shannon lower bound (SLB) on the distortion-rate function of X and upper bounded by the
distortion-rate function of any (not necessarily memoryless) innovation process through which
the process X has an autoregressive representation. This precisely characterizes the competitive
predictability whenever X can be autoregressively represented via an innovation process for
which the SLB is tight (e.g., when X is a Gaussian process under squared error loss). We
next derive lower and upper bounds on the error exponents, i.e., on the exponential behavior
of min|g|<expnr) Pr (L(G, X™) > d), which are shown to be tight for many cases of interest.
Finally, the universal setting is considered, where a predictor set is sought which minimizes its
worst-case competitive predictability over all sources in a given family. The problem is shown
to significantly diverge from its non-universal origin when the effective number of sources in the
family grows exponentially with n. The optimal predictor set for this problem is shown to be
related to the capacity-achieving code-book corresponding to the “channel” from the family of
sources to their realizations.

Index Terms: Channel capacity, competitive prediction, error exponents, rate distortion theory,

redundancy, scandiction, strong converse.

1 Introduction

The problem of universal prediction, in both its deterministic setting (cf., e.g., [12, 17, 21, 29, 19]) and
stochastic setting (cf. [2] and references therein), typically involves the construction of a predictor
whose goal is to compete with a given comparison class G of predictors (“experts”) in the sense
of approaching the performance of the best predictor in the class, L(G,x"), whatever the data
sequence ™ turns out to be. In the deterministic setting, the comparison class may represent a set

of different approaches, or a set of prediction schemes which are limited in computational resources
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(cf. [30, Section 1] for a broader discussion). In the stochastic setting, the comparison class typically
consists of those predictors which are optimal for the sources with respect to which universality is
sought.

In the choice of a reference class of predictors with which to compete there is generally a tradeoff
between the size of the class and the redundancy attainable relative to it. In the stochastic setting
of universal prediction it is common practice, and often advantageous, that rather than taking the
class of predictors corresponding to all sources in the uncertainty set, one takes a more limited class
of “representatives” with the hope that the reduced redundancy will compensate for those sources
that are not exactly covered. On the other extreme of this tradeoff, one takes a reference class
richer than the class of sources, allotting more than one predictor to be specialized for each source,
at the price of a higher redundancy. There are two issues which arise in this context. The first
concerns the question of whether there is a size for a reference class which is in any sense optimal,
when the dilemma is between a rich “cover” of the typical sequences one is going to encounter, and
the redundancy which increases with the increase in the size of the set. The second concerns the
following question: For a given size, what is the optimal predictor set? The first question has been
extensively studied in the context of universal prediction (cf. [21] and reference therein), coding, and
estimation (e.g., [24, 6] and references thereto and therein). The latter question is the motivation
for this work.

It should be emphasized that in the prediction problem in the literature, especially that pertaining
to computational learning theory (e.g. [27, 28, 12, 11, 10, 13, 19] and references therein), where
the problem is formulated in terms of learning with expert advice, the class of experts is always
assumed given and the questions typically asked concern optimal strategies per the given class.
In such problems, one is not concerned with the question of how to choose the reference class
of experts. Nevertheless, it is understood in such problems that there is no point in letting two
experts be too similar and that, rather, an appropriate set should be chosen to efficiently cover
the possible sequences one is likely to encounter. Our goal in this work is to gain some insight
regarding the considerations for the choice of the expert class through an analysis of this problem
in the probabilistic setting.

To answer this question, we shall first turn to the most basic, non-universal setting and address
the following problem: given a probabilistic source sequence X1, ..., X, and M, what is the predictor
set of size M which is, in some sense, “best” for this source? In the problem we pose here, the
object of interest which we seek to optimize is the predictor set. This problem will turn out to be
intimately related with rate-distortion theory [18, 7]. We shall later consider the universal case,
where the sequence is known to be generated by a source belonging to some (exponentially large)
uncertainty class. This problem will be seen to be connected, not only to rate-distortion theory, but

also to channel capacity theory.



A brief account of the main gist of this work is as follows. Let Lp(2z") = 2 3" | p(z; — Fy(a'71))
denote the normalized cumulative loss of the predictor F' on the sequence 2" = (z1,...,x,). For
a predictor set G, let further L(G,2"™) = minpeg Lr(2™) denote the loss of the best predictor in
the class on 2. Given the stochastic process X = X7, Xs,..., we look at EL(G, X™), which will
be termed the competitive predictability of G on X™. Our interest is in the optimal predictor set
of size M, i.e., the predictor set achieving minigj<ps EL(G, X™). When M is sub-exponential in n,
simple arguments will show that minjgj<; EL(G, X™) coincides, for large n, with minp ELp(X"),
which, by classical results on prediction is characterized by the Bayesian envelope of the process.
When M grows exponentially in n, however, the problem significantly diverges from its classical
origin. Thus, our interest is in the behavior, for large n, of min|gj<.nr EL(G, X™), which we term
the competitive predictability of X at rate R. The competitive predictability of X will be shown to be
lower bounded by the Shannon lower bound (SLB) on the distortion-rate function of X. An upper
bound will be seen to be given by the distortion-rate function of any (not necessarily memoryless)
innovation process through which the process X has an autoregressive representation. This will
lead to a precise characterization of the competitive predictability for all cases where X has an
autoregressive representation via an innovation process for which the SLB is tight (e.g., when X is a
Gaussian process and p is squared error). As will be discussed, this result has some rather surprising
implications.

Next, we shall derive lower and upper bounds on the error exponents, i.e., on the exponential
behavior of min|g|<exp(nr) Pr (L(G, X™) > d). These bounds will be seen to be tight and to precisely
characterize the error exponents for many cases of interest. As one example, we will obtain the
precise competitive predictability exponent for any Gaussian process, a result which appears to be
new even for R = 0.

Finally, we shall consider the universal setting, where one seeks a predictor set which minimizes its
worst-case competitive predictability over all sources in a given family. The problem will be seen to
significantly diverge from its non-universal origin when the effective number of sources in the family
grows exponentially with n, a setting which naturally arises, e.g., in speech coding applications.
The optimal predictor set for this problem will be obtained by a union over the optimal predictor
sets corresponding to a certain representative subset of the original family of sources. This subset
is induced by the capacity-achieving code-book corresponding to the “channel” from the family of
sources to their realizations. As a concrete prototype, we shall give a detailed treatment of the
case where the source sequence is known to be autoregressively generated via an arbitrarily varying
innovation process. For this case the “achievable region” will be precisely characterized.

The remainder of this work is organized as follows. Section 2 will be dedicated to some notation,
conventions, and preliminaries. In Section 3, we shall formulate the problem and present our main

results for the non-universal case, outline the ideas behind their proofs, and discuss some of their



implications. Section 4 will be dedicated to a presentation of our framework for the universal setting,
a discussion of our general approach to the problem, a presentation of the main result, and an outline
of its proof. The two subsequent sections will contain formal proofs and derivation of results: In
Section 5, the results pertaining to the non-universal setting will be proven and some additional
corollaries derived, and in Section 6, a formal proof of the main result from the universal setting will

be given. Finally, in Section 7, we discuss some related directions for future research.

2 Notation, Conventions, and Preliminaries

Throughout, X will denote the source alphabet which will be either the real line or a finite set,
in which case a group structure will be assumed so that addition and subtraction of elements are

def 1

well-defined. For any n and 2" € &A™, let p,n = Z?:l 05, denote the empirical measure induced

by ™. Let M(X) denote the space of all (Borel, when X = R) probability measures on X and
M (X) & {psn : ™ € X™} denote the subset of M(X) consisting of nth-order empirical measures.
For a sequence { P}, P(") € M(X), let P(™) — P denote weak convergence. For P € M,,(X), let
Tp denote the type of P, i.e., Tp = {2 € X™ : pn = P}. For z™,y™ € X", with the usual abuse of
notation, we write p(z™,y") for L 3" | p(z; — ;).

Assume throughout a fixed loss function p satisfying p(0) = 0. For P € M(X), we let H(P)
denote the entropy (differential entropy, when X = R). Define

o(d) < sup  H(P), (1)
P:Epp(Z)<d

where Epp(Z) denotes expectation when Z ~ P. The function ¢(d) defined in (1) is well-known
(cf., e.g., [21, 22]) to have a closed form representation. Specifically, for finite X, let

A(B) = —log lz e_ﬁp(X)l , B>0, (2)

reX

denote the log-moment generating function associated with the loss function p. Then, ¢ is given by

the one-sided Fenchel-Legendre transform of A:

¢(d) = inf[Bd — A(B)], d = 0. 3)

The significance of the function ¢(d) is that it conveys the precise exponential behavior of the size

of the n-dimensional p-ball (cf., e.g., [22]):
on(d) < Liog|dam c am . L ip(mi) <d
n n o

When X = R, the summation in (2) is replaced by integration and p will be assumed to be sufficiently

=2 g(d). (4)

steep such that the integral exists and is finite for all 5 > 0. For this case ¢ is defined as in (3) and

the analogue of (4) for this case is

bn(d) & %logVol {x" ER™: %le(xz) < d} "% o(d). (5)



For simplicity, our treatment of the universal competitive predictability problem in the case of
an arbitrarily varying innovation process will be restricted to the case of a finite alphabet X', as well
as a finite state-space S associated with the arbitrarily varying innovation process. This will allow
our analysis to heavily rely on the method of types a la Csiszar and Korner [16]. We shall thus
adopt some of the notation and conventions of [16]. Specifically, for P € M(S), a sequence s € S™
is called P-typical with constant § if [{1 <i<n:s; =a}/n— P(a)| < ¢ for every a € X. The set
of all sequences s™ € S™ that are P-typical with constant & are denoted by Tﬁ)]é. Further let, for
the channel V(wls) and s" € 8", T[},; (s") denote the set of all w™ € X™ that are V-typical under
the condition s™ € 8™ with constant ¢ (cf. [16, Definition 2.9]). An immediate consequence of the

definitions of J-typical sequences is (cf. [16, Lemma 2.10]):

If s € T{p), and w" € T}y, (s") then (s",w") € Tlbsviy, s (6)

6/
We shall adopt throughout this work the “delta-convention” of [16]. Specifically, we assume a fixed

sequence of positive reals {d, },>1 satisfying
§p — 0, /né, - 00 as n— oo (7)

and T

and, for any n, P € M(S), channel V and s™ € 8", we write Ty, for T V] (s™) for

lon
T[?/]an (s"). We omit the superscript n, writing Tjp) and Tjy(s™), when no confusion can arise.
Throughout, capital letters will denote random variables while the respective lower case letters
will denote individual sequences or specific sample values. For probability measures P and @) on X,
we let R(P,-) denote the rate-distortion function associated with P under the distortion measure p
and D(P]|Q) denote the Kullback-Leibler divergence between P and Q). Epp(W') denotes expectation
when W ~ P. For P € M(S), let P x V denote the distribution of the pair (S, W) when S is
generated according to P and W is the output of the channel V' whose input is S. We let I(P;V)
and H(V|P) denote the mutual information between S and W, and the entropy of W given S,
respectively, when jointly distributed according to P x V. Finally, let [¢]4 = { ¢ ¢=0

0 otherwise.
define the minimum over the empty set as oco.

3 Competitive Predictability in the Non-Universal Setting

A Competitive Predictability Defined

A predictor F for a sequence x1, %2, ..., ¢ € X, |X| < 0o (] - | denoting cardinality) is a sequence of
functions F' = {F;};>1, where Fy : X'=! — X. Let F denote the set of all such predictors and assume
that the subtraction operation between elements of the alphabet X is well-defined (e.g., enough that
(X,4) is a group). For a loss function p : X — [0, 00) and a sequence " = (z1, ..., 2y ), denote the
normalized cumulative loss of the predictor F' by

Lo S LS play — Fu(a')) (®)
t=1



For a predictor set G C F, define the competitive predictability of G on x™ by

L(G,a") & min Lp(z™), (9)

i.e., the loss of the best predictor in G for the sequence x".

Suppose now that X = X7, X5, ... is a stochastic process and that, for a given M and sequence
length n, we seek to minimize the competitive predictability over all predictor sets of size at most
M. Since for any G C F, L(G, X™) is a random variable, a natural goal here would be to minimize

the expected competitive predictability. In other words, we are interested in

|5I|1sirAl4 EL(G,X™) (10)

and in the predictor set G achieving it. Note, however, that for any given set of predictors G, the

theory of universal prediction guarantees the existence of a predictor F' € F such that

suplLr(a™) — L(G,a™)] < K/ 819, (11)

Al n

where K is a constant depending only on the loss function p and the alphabet X. A predictor F'
satisfying (11) can always be constructed via the exponential weighting approach (cf., e.g., [12, 13]).
It follows from (11) that if M is sub-exponential in n, then minigj<ys EL(G, X™) is asymptotically
equivalent to minpe 7 ELr(X™), where the latter is the “Bayesian envelope” of the classical problem
of optimal prediction in the stochastic setting (cf. [2, 3] and references therein). Thus, the quantity
in (10) can become interesting and significantly deviate from the classical optimal prediction problem

R

when M grows exponentially in n. This is the motivation for focusing on the case where M = e™*,

R > 0.

B Main Results

Let ¢! denote the generalized inverse function of ¢ defined by ¢~!() L inf {d: ¢(d) > a}. For a
stochastic process X, let

H(X) “ liminf H(X™), (12)

n—oo

where H(X™) on the right side is the entropy of the random vector X™ and

D(X, R) % limsup D(X™, R), (13)

where the right side is the distortion-rate function associated with X™. For any predictor F', we

refer to the process W = W W ... defined by

WE =X, — F(X'h) (14)

1

as the innovation process™ associated with the process X and the predictor F'. For this case, we shall

say that X has an autoregressive representation via the predictor F and innovation process W,

INote that in our definition, the innovation process can be a general process and, in particular, its components
may not be independent.



Theorem 1 Let X = X1, Xo,..., X; € X, be any stochastic process and R > 0.

Lower bound:

liminf | = min  EL(G, X" ] > ¢ ' (H(X)-R 15
it | i PLGX)| 2 6700 -1 (15)
Upper bound:
li in  FL(G,X")| < inf D(WF,R), 16
e Lg&%@m (© ﬂ < jof D(W", R) (16)

where W on the right side of (16), is the innovation process associated with the process X and the

predictor F.

Note that Theorem 1 is formulated in terms of the expected competitive predictability EL(G, X™).
As will be clear from its proof, however, a similar statement holds for the “with high probability”

setting. Namely, the proof of the lower bound will actually be seen to imply that for any € > 0

lim min Pr(L(G,X")>¢ "(H(X)—R)—¢) =1,

n—00 [G|<exp(nR)
while the proof of the upper bound will be seen to easily be modified to establish that for any € > 0
nh_)n;o |g\§Icr)lcipn(nR) Pr (L(Q,X”) < ;relf]’:D(WF,R) + E) =1
As was shown in [22], the entropy (rate) of a process equals the entropy (rate) of the associated
innovation process relative to any predictor. Thus, given a process X and any predictor F', H(X) =
H(WT). Recall that the SLB (cf. [7, 14, 25]) on the rate-distortion function of the source X at
distortion level d is H(X)—¢(d). Furthermore, since the SLB is dependent on the source only through
its entropy, it is clear that R(W¥ d) > H(X) — ¢(d) for all F or, in terms of the distortion-rate
function,

D(W',R) > ¢ " (H(X)~R) VF (17)

Note that (17) follows from Theorem 1 as well since the left side is shown to be achievable while the

right side is a lower bound on the achievable loss. In this context, we make the following observation.

Corollary 2 Let X be a stochastic process and suppose there exists a predictor F such that D(WT'| R)
meets the SLB with equality. Then

lim min _ EL(G,X")| = D(WF R). (18)

n—oo ||G|<exp(nR)

In plain words, Corollary 2 tells us that whenever the process X has an autoregressive representation
via any predictor F, i.e., X; = Fy(X'~1)+W,, and {W,;} has a rate-distortion function achieving the
SLB with equality, the attainable limitation on competitive prediction of the source X is precisely the
rate-distortion function of the innovation process. In subsection D we shall recall the general condi-
tion for the SLB to hold with equality, which is the case, e.g., for Bernoulli, Gaussian and Laplacian
distributions under Hamming-, squared-, and absolute-error distortion measures, respectively.

For the case where the process X has an autoregressive representation with i.i.d. innovations, we

obtain considerably more refined results on the error exponents for competitive prediction.



Theorem 3 Let X be a stochastic process for which there exists a predictor F such that W¥ is an
i.5.d. process with a marginal distribution Q.
Upper Bound:
1
limsup [——lo min  Pr(L(G,X") >d)| < min D(P 19
n%oop |: n s |G|<exp(nR) ( ( ) ):| P:H(P)—¢(d)>R ( ”Q) ( )

Lower Bound:

Fy(R —0) ifR>0

. . 20
minp. g, ,w)=a D(P|Q) if R=0, (20)

lim inf {1 log min Pr(L(G,X")> d)} > {

n—oo n  |G|<exp(nR) o
where Fy(R) def minp.r(p.a)>r D(P||Q) is Marton’s source coding error exponent function [20].

Evidently, Theorem 3 gives the precise exponents when minp, g (py>r¢(a) D(P||Q) coincides with
the right side of (20). In particular, for rate R = 0, this will be shown to happen whenever Q@ = Q%)

is a maximum-entropy distribution w.r.t. p, i.e.,
QP (w) = e PPWIHAPB) (21)

for some 3 positive, A(3) being the normalizing factor. We let Q4 denote the max-entropy distribu-
tion (21) when the parameter ( is tuned so that Ege) p(W) = d.

Corollary 4 Let X be a stochastic process for which there exists a predictor F such that W is an

i.3.d. process with a mazximum-entropy marginal Q. Then

1 1
li ——1 in Pr (Lg(X™ = 1 ——logPr(Lp(X™ 22
Jm [ log i Pr(Le(X") > @ =t |- L iogPr(Le(x") > d) (22)
0 otherwise.

Note that Corollary 4 explicitly addresses the case of one predictor, though it should be clear,
following the discussion in subsection A, that the competitive predictability of any sub-exponential
number of predictors would give rise to the same large deviations behavior. As far as the authors
are aware, Theorem 3 at R = 0 and Corollary 4 are the first to explicitly characterize the large
deviations performance for the prediction problem.

More generally, observe that a sufficient condition for the right sides of (19) and (20) to coincide
is that the distribution achieving minp.r(pq4y>r D(P||Q) will be one for which the SLB holds with
equality. This is easily seen to be the case, e.g., for the binary alphabet under Hamming loss, as will
be made explicit in Section 5 (Corollary 8).

To simplify the exposition, we assume a finite alphabet. As will be elaborated on in Section 5,
all the results carry over to the case where the alphabet is the real line and attention is restricted to
F, : R*~! — R that are continuously differentiable for all . Accordingly, throughout this work, when
the alphabet is the real line, the assumption is that F consists of all the continuously differentiable

predictors. As will be discussed in Section 5, much less than continuous differentiability is needed.



As an example of a concrete application of these results for a real-valued process, the following

will be argued in subsection D to be a consequence of Theorem 1.

Corollary 5 Let X be a stationary Gaussian process and let 0% = exp {% ffﬂ In f()\)d)\}, where f
is the density function associated with the absolutely continuous component in the Lebesgue decom-
position of its spectral measure. Then
lim { min EL(g,X")] = g2272R, (24)
n—00 | |G|<exp(nR)
For the Gaussian case, the bounds on the error exponents given in (the continuous analogue of)

Theorem 3, also turn out to be tight, leading to

Corollary 6 Let X be a stationary Gaussian process as in Corollary 5. Then

1 1 { ( o? ) 22Rd} : 260-2R
lim |——log min Pr(L(G,X") > d)} L og (gmg) + 2| ifd > 02 05)
noeel o lglsening) 0 otherwise

In particular, taking R = 0 in Corollary 6, gives the complete characterization of the best attainable
large deviations performance in prediction of Gaussian processes, a result which appears to be new

(cf. discussion in [23]).

C Proof Ideas

At the heart of the proofs of the lower bounds presented above for the non-universal finite-alphabet
case, lies the following “counting” argument. Every predictor F' defines a one-to-one correspondence
from X™ into itself by mapping ™ € X™ into e® € X™ according to: e; = x; — Fy(z'=1), t =1,...,n.

To see this, one must simply notice that given ¢” and F, z™ can be uniquely recovered?. Since, by

definition, Lg(z") = L 3" | p(e;), where €™ on the right side is the error sequence associated with

z" and F, it follows that for any F' and d > 0

el gnon(d), (26)

{a" : Lp(a™) < d}| = H Y e < d}

Consequently, for any set of predictors G C F,

[{z": L(G,a") < d}| = | | {a" : Lr(a"™) < d}

Feg

< 3 lfa" s Lp(a™) < )| = |Gle" @, (27)

Feg

The fact that ¢, (d) — ¢(d), combined with (27), leads to the following conclusions (stated qualita-

tively here and made precise in Section 5):

1. If R+ ¢(d) < H(X), then for large n and any predictor set G with |G| < e™® the set
[{z" : L(G,z") < d}| is exponentially smaller than e"Z£(X) and hence, by the converse to the
asymptotic equipartition property (AEP), Pr(L(G, X™) < d) is very (exponentially) small. In

simple words, the set G is too small to cover the set of typical sequences of X".

2This is precisely the idea on which predictive coding techniques are based.



2. Suppose that the process X has been auto-regressively generated via the predictor F' and
the i.i.d. innovation process W¥. For large n, any predictor set G with |G| < ™ and any
probability measure P on X, if R+¢(d) < H(P), then “most” of the innovations sequences with
empirical measure (close to) P are such that the source sequence that they generate lies outside
the set {a" : L(G,2™) < d}. This is because the size of the set of sequences with empirical
measure close to P (and, by the above observations, the size of the set of source sequences
generated by these innovations sequences) is ~ e (P) which, by (27), is exponentially more
than [{z" : L(G,2™) < d}| whenever R+ ¢(d) < H(P). Thus, Pr(L(G,X™) > d) is essentially
lower bounded by the probability that the innovations vector W™ will be P-typical, namely,

~ e "P(PlQ) (Q being the marginal distribution of the innovations process).

The observation made in the first of the above items leads to the converse part of Theorem 1, while
the second observation leads to the large deviations converse (upper bound on the exponent) in
Theorem 3.

The idea underlying the upper bounds of the non-universal setting is the following. Fix any
random process X, any predictor F', and R > 0. To any w™ € X", we associate the predictor G,
specified by

Gi(z'™1) = Fy(2'™) + by (28)

In this way, for any C, C X™ we can look at the predictor set G, consisting of the predictors
associated with the members of C,,. We shall refer to G,, as the predictor set induced by the code-book
C, and the predictor F. By the definition of W¥' (recall equation (14)) it follows that for any C,,
with probability 1,

n

1 ) :

where the G,, on the right side is that induced by C,, and F. Thus,

1. For large n, rate-distortion theory guarantees the existence of a code-book, C, C &A™, for
the innovation process W¥ such that |C,| < e and E [mingnee, £ Y1, p(WE — )] =~
D(W¥ R). Consequently, it follows from (29) that by letting G,, be the predictor set induced
by C, and F, we get EL(G,, X") ~ D(W R).

2. Suppose that the process X has been autoregressively generated by the predictor F' and the
i.i.d. innovation process W¥. For R,d > 0, take C, to be a code-book which is optimal in
Marton’s error-exponent sense [20], i.e., for which Pr (mingrec, £ 37 p(Wf — i) > d) ~

e~"Fa(R) For the G, induced by C, and F, (29) implies Pr (L(G,, X") > d) ~ e~ "Fa(R),

The above two observations lie at the heart of the proofs of the direct parts of Theorem 1 and

Theorem 3, respectively.

10



As mentioned in subsection B, the results will be shown to carry over to the case of the continuous,
real-valued, alphabet. For this case, in the line of argumentation described above the “counting”
arguments are replaced by “volume-preservation” ones.

We mention in passing that “counting” and “volume-preservation” arguments of the type we
employ here were used in a recent work [22] to characterize the fundamental limitations on scan-
diction performance, where a scandictor is any scheme for the sequential scanning and prediction
of (usually multi-dimensional-) data. Indeed, it was shown in that work that equation (26) (and its
volume-preservation analogue for the real-valued alphabet) continues to hold also for any scandictor.
Consequently, all the above described results carry over to the more general setting of “competitive
scandictability”. Specifically, all the results remain valid when the minimum is taken, rather than
only over predictor sets of size |G| < e™® over all scandictor sets with the same size limitation.
Similarly, those parts of the results pertaining to the auto-regressive representation of a process via
a predictor remain true more generally for the autoregressive representation of the process via any

scandictor (cf. [22] for the precise definition of this notion).

D Discussion of Results

As was discussed and shown in subsection B (Corollary 2, in particular), if the process X has an
autoregressive representation via some predictor F' and an innovation process achieving the SLB with
equality at a certain rate R, then the competitive predictability of the process at rate R is completely
characterized, namely, it is given by the distortion-rate function of the innovation process. It is thus
of interest to recall the necessary and sufficient condition for the tightness of the SLB, in the case
of an i.i.d. source (cf., e.g., [7, Theorem 4.3.1]). To this end, recall first that ¢(d) is the entropy?®
of the maximum-entropy distribution (21), when the parameter 3 is tuned so that Eqe) p(Z) =
(cf., e.g., [22]), i.e., &(d) = H(Qq). The reason for the term “maximum-entropy distribution” is the
property that

Eqp(Z2) < Equp(Z) = H(Q) < H@QW). (30)

The condition for the tightness of the SLB can be summarized as
R(P,d)=H(P)—¢(d) < 3IP:P=PxQq, (31)

where * denotes convolution. The conclusion, for our context, is that if the source X has an auto-
regressive representation with i.i.d. ~ P innovations, and if P satisfies the right side of (31), then
the competitive predictability of X at rate R = R(P,d) is d.

Examples of distributions for which the SLB holds with equality include the Gaussian distri-
bution under squared-error distortion, the Laplacian distribution under absolute-error distortion,

the Bernoulli distribution under Hamming loss, and infinitely many more (cf. [7, 25]). Using such

3The differential entropy for the continuous alphabet.
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distributions, we can construct an infinite spectrum of examples for which the bounds of Theorem
1 coincide or, in other words, for which Corollary 2 is applicable. Two such representative examples
follow.
Example 1. Stationary Gaussian Source under Squared Error: If X is any zero-mean stationary
Gaussian source then, by letting Fy(X'™1) = E(X;|X*™!), it is well-known that we have the auto-
regressive representation X; = F;(X'~1) +W,, where the W,’s are independent zero-mean Gaussian,
with decreasing variances converging to o2 = exp {% fo% log fx()\)d)\}, fx being the density as-
sociated with the absolutely continuous component in the Lebesgue decomposition of the spectral
measure of X. The entropy rate and distortion-rate function of {W;} are easily seen to coincide with
those of the i.i.d. ~ N(0,0?) source. Thus, we obtain that the attainable lower bound to competitive
prediction at rate R of any Gaussian source is given by o2 exp(—2R), the distortion-rate function of
the i.i.d. N(0,02) source, which is precisely Corollary 5.
Example 2. First-Order Symmetric Binary Markov Source under Hamming Loss: If X is a first-
order Markov process taking values in {0, 1} with a symmetric transition matrix < 1 ; © 1 ie )
(e < 1/2), then X can clearly be represented autoregressively represented via X; = X;_1 + W,
{W;} being i.i.d. Bernoulli (¢) (and addition here is modulo 2). Since the Bernoulli source attains
the SLB with equality, we find that the attainable lower bound to competitive prediction at rate
R of this source is given by the distortion-rate function of the Bernoulli(¢) source at R (namely,
h=1(h(e) — R), h~1(-) being the inverse function of h(-) restricted to [0, 1/2]).

As described in the previous subsection, the predictor sets constructed for the upper bounds

are those induced by rate-distortion code-books for the innovations. The predictors in these sets

)

quantize the innovations in a data-independent way (as clearly w; in (28) does not depend on x'~1)

not making full use of their “predictive power”. It would therefore seem natural to expect such
predictor sets to be suboptimal. It is thus remarkable that in the above examples, as well as in all
other cases where the innovations achieve the SLB with equality, such predictor sets are, in fact,

optimal. To further ponder on the implications of this fact, we make the following two observations:

Distortion-Rate Source Coding with Perfect Past Side-Information: Suppose we wish to store the
iid. data (Wy,..., W,) (with distortion) in our computer and the memory at our disposal is nR bits.
Suppose further that we are required to give the reconstructed symbol Wi by January 1st (2002),
Ws by January 2nd, and so forth. We know, however, that the original data (W1,...,W,) is going
to be posted on the Internet (to which our computer has access), a little while later, say, starting
January 2nd, one new symbol every day. The question is: how should we use our available computer
memory so that the overall distortion of the reconstructed symbols is minimized? Corollary 2 implies
that when the distribution of the W;-s achieves the SLB with equality, there is nothing to gain from

the perfect (as opposed to quantized) observations of the past source sequence. At first glance, this

12



observation is not surprising because the W;-s are independent so it seems natural that there is
nothing to gain from observing the past sequence for reconstruction of the present symbol. This
observation is, however, somewhat surprising in the context of Shannon theory which tells us that
other sequence components are very relevant for the coding of each symbol, even when the source
is i.i.d. The point to emphasize in the context of this example is that the sequence of predicted
values of every predictor Gy (28), cannot be considered a code-word for X™ as it is autoregressively
constructed from the clean (non-quantized) source, rendering the connection with rate-distortion
theory rather intriguing.

Stationary Gaussian Source under Squared Error: In the context of Example 1 above, recall (e.g.
[7]) that the distortion-rate function of the stationary Gaussian source with one-step prediction error

o? is given by
0'2272R R Z Rcrit
D(R) = { more than 622728 R < Repis,

where R.,.;; = %log . On the other hand, Corollary 5 tells us that the competitive

e
minxejo,2x) fx ()
predictability of the Gaussian source is 0227 2% at all rates. Two conclusions this leads to are:

1. For R > R..;, one can use codewords from the optimal R-D code-book as “predictors” and

attain optimal competitive predictability performance.

2. For R < Rr;t, codewords from the optimal R-D code-book are strictly sub-optimal if used
as predictors. Reassuringly, this is in accordance to what we know to be the case for R = 0

(where the best predictor achieves distortion o2, yet the best code-word achieves distortion

Var(X7)).

The first conclusion is surprising because for a general stationary Gaussian process, which may be far
from memoryless, one would expect a predictor set consisting of memoryless predictors to be strictly
sub-optimal. This counter-intuitive fact may be connected to the confounding relation between the
rate-distortion function of the Gaussian source and that of its innovation process, as discussed in [8,

Subsection V.D].

4 Universal Case: Competitive Predictability w.r.t. an Ex-
ponentially Large Family of Sources

Suppose now that the process X is known to have been generated autoregressively via a certain
predictor F' and an innovation process W whose distribution, rather than being completely known,
is only known to belong to some set of distributions. More concretely, suppose that the distribution
of the innovation vector W" generating X" via F' is known to lie in ©,,. Our interest in this
setting is to find, given a distortion level d, the smallest possible predictor set whose competitive
predictability, for large enough n, does not exceed d for all sources 8 € ©,,. Letting Py denote the

probability measure corresponding to the innovation source 6, we formalize this as follows.
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Definition 1 The pair (R, d) will be said to be achievable w.r.t. {O,},>1 if there exists a sequence
of predictor sets {G,} with |G,| < e™* such that

lim min Py (L(Gp, X™) <d) =1. (32)

n—oo €O,

The achievable region is the closure of the set of all achievable pairs.

When the effective size? of ©,, is sub-exponential in n, there is no essential price for universality, as

"R corresponding

the size of the predictor set resulting from the union of predictor sets of size ~ e
to the (effective) different members of ©,, is exponentially the same. Thus, when the ©,,’s are, for
example, parametric classes corresponding to all possible i.i.d. innovation sources over the simplex,
the problem of competitive predictability as introduced in Definition 1 does not digress from its
non-universal origin. When the effective size of ©,, is exponential, on the other hand, the problem
becomes interesting both from a practical and a theoretical point of view.

One important example for the practical significance of the setting where the data is known
to be autoregressively generated via one certain predictor F', yet with an innovation process whose
distribution lies in an exponentially large class, is that of multi-pulse and stochastically excited linear
predictive coders (MELP) in the context of speech compression (cf., e.g., [9, 5, 1, 26] and the many
references therein and thereto). In these problems, the data is assumed to be generated according
to X; = Ft(")(X =1 4 W, where {FM} is typically the parametric family of linear predictors of a
given order. The innovation process is allowed to be non-stationary, and in the language of signal
processing, it is exactly the multipulse excitation. Since, as mentioned above, universality w.r.t. a
smooth parametric family is not an issue in our case because its richness is sub-exponential, it is
essentially like assuming that n is known. Since the family of possible distributions governing the
non-stationary innovation process is exponentially large, this case naturally falls within the setting on
which we shall focus henceforth, namely, that where the process X is generated via a known predictor
F and an innovation process governed by a distribution from an exponentially large family. One
important and naturally occurring (e.g., in the context of the speech compression setting) example
for such an exponentially large family is that of the arbitrarily varying source (AVS), on which we

shall focus in subsection B.

A Qualitative Approach to Derivation of Results

Our aim in this subsection is to schematically and informally present our basic approach to the
problem. In particular, we shall see how the notion of channel capacity naturally arises.

A necessary condition for the competitive predictability value d to be achievable at rate R for

4By “effective size of ©,” we loosely mean here the size of a representative subset of sources in ©, needed to
approximate ©,.
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all sources in ©,, is essentially the existence of a set G with |G| < e such that

U Typical sety C {z" : L(G,z") < d}, (33)

0€O,
where by “Typical set,”, we loosely mean the exponentially smallest set containing “most” of the
probability mass under Py. Since Vol({z" : L(G,z") < d}) < e™F+(D) 4 necessary condition for
(33) is

Vol ( U Typical set9> < en(fi+e(d), (34)

0€O,

Thus, for any subset {#()1M  C @, such that the Typical sety) are essentially disjoint:

M
ZVol (Typical sety) < Vol ( U Typical set9> < eMEFo(d) (35)
i=1 90,

< denoting inequality up to sub-exponential terms. To construct such a set {G(i)}ij\il, we think of
the “channel” from 6 € ©,, into the realization of the source Py. In particular, if the capacity of
this channel is ~ C, then we can find a channel code-book {0() fif for which {Typical sety }
are essentially disjoint. If, in addition, the code-book has constant composition in the sense that
Hywy def % log Vol (Typical sety)) are approximately all equal, say to H, then considering this code-

book in (35) leads to the converse statement
C+H S R+ ¢(d), (36)

< denoting inequality up to asymptotically negligible terms. For a direct result, suppose that the
“channel” described above has a strong converse. This will essentially imply that if we take a code-
book of size {H(i)}fl(lc+€) then (J; Typical sety) = Uyce, Typical sety, i.e., covers the whole space
of typical sequences corresponding to all sources. Thus, by taking, for each i, the optimal predictor
set which guarantees competitive predictability level d for the source Py, the predictor set obtained
by the union of these sets is guaranteed of achieving competitive predictability level d for all sources
0 € O,. Letting R(Py,d) denote the distortion-rate function of the source Py, it follows from the
upper bound in Theorem 1 that there exists a predictor set of size enRO.d) whose competitive
predictability is at most d under Py:). Thus, by unifying the predictor sets corresponding to the

. < 710! . .
nR g X en(max; R(07,d)+C) apnd which attains a

sources {8V}, we obtain a predictor set whose size e
competitive predictability value of at most d for all sources 6 € ©,,. Note, in particular, that when
the R(01),d) are all equal and attain the SLB with equality, namely, R(0),d) = H — ¢(d), we get
R S H — ¢(d) + C, i.e., the reverse inequality to (36). Thus, when this is the case, the predictor
set constructed this way is optimal and the achievable region (in the sense of Definition 1) is fully
characterized: (R,d) is an achievable pair if and only if it satisfies (36).

The above is a description of our basic approach to characterizing the competitive predictability in

the universal setting. To make it precise, the exact structure of the sources Py must be considered on
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a case-by-case basis. In the next subsection, we shall present our main result and informally outline
how the approach presented above is specialized for the concrete problem where the innovations

source is an AVS.

B The Arbitrarily Varying Innovation Process

The prototypical exemplar for an exponentially large class of sources is the case where the innovation
process is an arbitrarily varying source. Specifically, suppose that the innovation process is known
to be generated by an AVS characterized by the “channel” V(w|s). Le., for every w™ € X",
Pr(W"™ =w") = [[;—, V(w;|s;), where s™ = {s;}!, is an unknown state sequence, s; € S, S being
a finite state space, as well as |X| < oo . In accordance with the notation introduced above, we
let P,» denote® the probability measure corresponding to the innovation source indexed by s™. To
present our main result for this setting, let [P x V], denote the marginal distribution of W induced

by P x V. Our main result for this setting is the following.

Theorem 7 Suppose that V(-|s) attains the SLB with equality for all s € S. The pair (R, d) is in
the achievable region w.r.t. {S™} (namely, w.r.t. all AVS’s) if and only if

p?ﬂ?&m“) x Vlw) < R+ ¢(d). (37)

Note that, for a given rate R, the definition of an achievable loss value d requires the competitive
predictability to be below d (with high probability) for all sources (worst case). As will be seen in the
proof of the direct part of Theorem 7 in Section 6, however, when (R, d) satisfy (37) one can construct
predictor sets having competitive predictability value significantly less than d for many of the sources.
This will be done by constructing, for each type P € M,,(S), a predictor set of exponential size e"?
with worst-case distortion d (relative to Tp) satisfying H ([P x V]w) = R+ ¢(d). Since M, (S) is
polynomial, the unification of these predictor sets gives one predictor set of the same rate R and
worst-case distortion attaining (37) with equality, yet achieving lesser distortion on all types P’ for
which H ([P" x V]w) < maxpeas) H ([P x V]yw). It will also be seen that the converse part of
Theorem 7 holds for any AVS, regardless of whether V' attains the SLB or not. In the remainder of
this section, we informally outline the idea behind the proof of Theorem 7.

Note first that Vol(Typical set.) =~ e (W15 [ (1W|S) denoting the conditional entropy when
S, W are jointly distributed according to psn x V. For P € M(S) let now C(P) denote the capacity
of the channel V (w|s) when the codewords are constrained to be of type P and let {c¢(*) fif(m c s
denote a code-book (approximately) achieving the C'(P)-capacity of this channel. For each 1 <i <
e"C(P) we have Vol(Typical set ) ~ e"H (WIS)  where S in the conditional entropy is distributed

according to P. Since {c(i)}"n(f(m

1=

is a channel code, the {Typical set . } are essentially disjoint.

5Throughout, Psn is the probability measure corresponding to the innovation W™ when the state sequence is s™.
This should not be confused with psn € My (S), the empirical measure of s™.
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Thus, we get

Vol ( U Typical setsn> > Vol U Typical set ) | ~ ") HWIS) — nH(PXViw),
smeS™ 1<i<enC(P)

(38)
Combined with (34), this gives
H([Px V]w) < R+ ¢(d), (39)

which, by the arbitrariness of P, implies the converse part of Theorem 7. Note that here, the
assumption that V(-|s) attains the SLB with equality is not needed.
To establish the direct part of Theorem 7 we construct a predictor set as follows. For each

P and each of the code-words {c(i)}fi(lc(PHE) we construct the predictor set achieving competitive

nR(cV,dp) predictors, where R(C(i)7dp) denotes

predictability dp for the source P,u), made up of e
the R-D function (at distortion level dp) of the innovation source indexed by ¢(?). This is essentially
guaranteed to be possible by the direct part of Theorem 1. We let Gp be the predictor set obtained

(C(P)+e) and let G denote the union of G p over all types

by the union of all these sets over 1 <1 < e™
P. By a strong converse to channel-coding with constant-composition codes (which we prove below),
the predictor set Gp is guaranteed of achieving competitive predictability value of at least dp for all
sources indexed by state sequences which are P-typical (as discussed above, following (36)).

Since for each P the corresponding {c¢(¥} have empirical distributions P, the R(c(?,d)-s all
equal R(cM),d) and hence |Gp| ~ en(C(P)+R(e.dr))  One can show that if for each s R(V(:|s),d) =
H(V(-|s))—¢(d) (namely, achieves the SLB with equality), then R(c("), d) = (Yses HV(]8))pe (s) —
¢(d) = H(W|S) — ¢(d), where (S, W) are jointly distributed as the input-output pair of the channel
V (w|s) with the input distribution P. Thus £ log|Gp| &~ C(P)+R(cV),dp) ~ H([P x V]w)—o(dp),
so that the rate of the predictor set |G| is essentially R = maxp[H ([P X V]y) — ¢(dp)]. In partic-
ular, constructing a predictor set for dp = d for all P (or better yet, as we shall do in Section 6
and as discussed above, we take d, < d 4 maxps dps with H([P x V]w) — ¢(dp) constant in P),
gives a worst-case distortion, over all sources s” € 8", of d and rate maxp H([P x V]w) — ¢(d).
Consequently, the rate of this predictor set and the worst-case distortion it achieves, d, satisfy (37)
with equality. This is the idea behind the construction, made precise in the formal proof of Theorem

7, to which Section 6 is dedicated.

5 Proofs for Results in Non-Universal Setting
A Proof of Theorem 1

Proof of lower bound: Fix d for which R+ ¢(d) < H(X). It will be enough to show that the left side
of (15) is lower bounded by d. Thus, given any sequence {G,} of predictor sets with |G,| < e, it
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remains to show that

liminf EL(G,, X™) > d. (40)

n—oo

To this end define, for each n, A, C X™ via
Ap =A{a" : L(Gp,2") < d}. (41)

By (27),
|4, < en(t+én(d) (42)

Since R + ¢(d) < H(X) and ¢, (d) — ¢(d) (equation (4)) it follows that for sufficiently small € > 0
and all sufficiently large n

|A,| < enHX)=e), (43)

The proof of the strong converse to the AEP for i.i.d. sources (cf., e.g., [14, Ch. 3, Problem 7))
easily extends to a general source, asserting that for any € > 0 and sequence {/in}, A, C &
with |4, | < erX)=e) Pr(X" € A,) — 0 (exponentially rapidly). Thus, by (43) and the strong
converse,

Pr(L(G,,X™) < d) =Pr(X" € A,) — 0. (44)

The proof is completed by noting that (44) implies (40). O
Proof of the upper bound: Fix an arbitrary predictor F' € F. It will suffice to establish the existence
of a sequence {G,} of predictor sets with |G, | < e for which

limsup EL(G,, X™) < D(WF R). (45)
Recall first that rate-distortion theory guarantees the existence of a sequence of code-books {C,},

C, C X" with |C,| < ™ (which we fix henceforth), for which

n

1
li E in = wF — )| < DOWT, R). 46
oy B | ol 5 2 (W )| < DOWE, ) 1o

Let now G,, be the predictor set induced by the code-book C,, and the predictor F' (recall (28)). The

predictor sets {G, } satisfy |G,| < ™ and (29). This, by (46), implies (45) and completes the proof.
|

B Proof of Theorem 3

Proof of the lower bound: The continuity of H(-) and D(||Q) imply that the right side of (19) equals
inf p. g (p)> rt-p(a) D(P]|Q). Hence, for a fixed P € M(X) with H(P) > R+¢(d), it will be enough to
show that the left side of (19) is upper bounded by D(P||Q). Given any sequence {G, } of predictor
sets with |G,,| < e, it thus remains to show that

lim sup —% logPr (L(G,, X™) > d)| < D(P||Q). (47)

n—oo
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Let { P} be any sequence such that P(") € M,,(X) and P(™ — P. The fact that H(P) > R+¢(d)

and the continuity of H(-) guarantee the existence of ¢ > 0 such that
H(P™) > R+ ¢,(d) +e (48)

for all sufficiently large n. Now, for all sufficiently large n,

Pr(L(G,,X™) >d) = Pr(A%) (49)
> Pr(ASn{(W{,...,Wr) e Tpm}) (50)
= Pr({W{,....,WE) € Tpwm}) —Pr (A, n{(W{,....W}) € Tpwm})
> ([Tpew| = [An]Je P IQHHE) (51)
> ((n+ 1) ¥InHP®) _ n(Btén(d))o=nlD(P™|Q+H (P M) (52)
> ((n+ 1) XInHEP™) _ on(HEP")=e)) —n[DP™Q+H P (53)
> %(n + 1)~ 1¥le=nD(P™IQ) (54)

where A,, was defined in (41) and the ¢ superscript denotes complementation. Inequality (51) follows
from the 1-1 correspondence between source sequences and innovation sequences. Inequality (52)
follows from the bound in (42), and inequality (53) follows from (48). Considering the two ends of
the above chain implies that the left side of (47) is upper bounded by limsup,, _, .. D(P™||Q) which,
in turn, implies (47) by the continuity of D(-||Q).

Proof of the upper bound: Assume first R > 0. It will suffice to establish the existence of a sequence
{G,} of predictor sets with |G, | < e™ for which

lim inf fflogPr( (Gn, X™) > d)| > Fy(R—0). (55)

n—oo
The proof proceeds similarly as that of the direct part of Theorem 1, where we construct the {G,}
induced by a sequence of rate-distortion code-books {C,,} and the predictor F. The only difference
is that here we take a sequence which is optimal in Marton’s error exponent sense. Specifically, we
recall from [20, Theorem 1] the existence of a sequence of code-books {C, }, C,, € X™ with |C,,| < e"F,
for which

> Fy(R—0). (56)

li f{——1logP — )>d
i [ o8 f(ﬁ%@ LG )

Thus, the predictor set sequence {G, } constructed via the sequence satisfying (56), by (29), satisfies

(20) and completes the proof for R > 0. For the case R = 0, it will clearly suffice to establish the

existence of a predictor, say G, for which

n— 00 pp(Z)>d
Letting G = F (F being the predictor corresponding to the auto-regressive presentation of X via

the i.i.d. process W), clearly {La(X™) > d} = {1/n> 1 p(W[') > d} so (57) holds for this choice

lim inf [—— logPr (Lg(X™) > d)] > P:Emin D(P||Q). (57)

of G by classical large deviations theory for i.i.d. random variables. O
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C The Case Y =R

The above proofs were suited for the case of X finite. Suppose now that X = R, fix an arbitrary
predictor F' € F, and consider the transformation taking the source sequence z' into the sequence
of prediction errors " = (z1 — F1, 2 — Fy(21), . . ., 2y — Fp, (2™~ 1)). The argumentation in subsection
3.C carries over verbatim to conclude that this transformation is one-to-one and onto. Furthermore,
the Jacobian of this transformation is readily seen to be lower-triangular with diagonal entries all
equal to 1, implying that this mapping is volume-preserving. Thus, we get the analogue of (26) (cf.
[22, Theorem 5 |),

Vol ({z" : Lp(2™) < d}) = Vol <{e” L > pler) < d}) et gnon(d), (58)
n
=1
leading to the analogue of (27),
Vol ({z" : L(G,z™) < d}) < |G|e™?(D. (59)

The above proofs carry over by replacing throughout (4) with (5), (27) with (59), | - | with Vol(-),
and entropies with differential entropies.

Note that the continuous differentiability of the predictors was needed for the existence of the
Jacobian, though ultimately the point was the volume-preservation property of the transformation
taking the source sequence into the prediction error sequence. For this property to reign, clearly
less is needed, e.g., piecewise continuous differentiability. It is, in fact, the unproven conjecture of
the authors that the volume-preservation property holds for all predictors (consisting of measurable

functions).

D Tightness of the Large Deviations Bounds

Corollary 4 can be shown to follow from the “Pythagorean Theorem of the Divergence” [15]. In the
proof that follows we derive it from first principles.

Proof of Corollary 4: Standard large deviations theory for i.i.d. random variables gives

. 1 n . 1 - - _ .
Jim | ——log Pr (Lp(X™) > d)] = lim [—;bgpr (;p(Wi ) > d)] = P:Ei’r})l(ré)ZdD(PHQ).
60)
Hence, by the converse part of Theorem 3 for R = 0, it will suffice to show that
. - . - D(Qd”@) for d > EZNQp(Z)
ol PPIQ = iy D(PIQ) = { PG S Tear® e

Since (61) clearly holds for d < Ez.qp(Z), assume d > Ez.qp(Z). As minp.gpy>¢a) D(P||Q) >
minp. g, ,z)>4 D(P||Q) (since by the max-entropy property (30) H(P) > ¢(d) implies Epp(Z) > d)
and H(Qq) = ¢(d), it will suffice to show that minp.g,,(z)>a D(P[|Q) = D(Qql|Q) or, in other
words, that

D(P|Q) = D(Q4Q) (62)
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for any distribution P with Epp(W) > d. Letting P denote any such distribution and 3,3’ the
parameters for which Qg = Q¥ and Q = Q¥ we have

DIPIQ™) = Erlos oo (63
PWw) QWI(W)
= Eplog QB W) QB(W) (64)

(
( )+ Ep[—B'p(W) + A, (8') + Bp(W) — A\,(B)] (65)
( )+ (B=B)Epp(W) + Xp(8') — A\p(B) (66)
> D(PIQP)) + (8- B)d + X (5) — A\p(B) (67)
( ) (68)

p||Q(ﬂ) +D Q(ﬂ )||Q(ﬁ)>

= D™

= D(P|Q®¥) 66

= D 68

where the inequality follows since Epp(W) >d and 3 — ' > 0. O

Corollary 4 gives us the precise error exponent at rate R = 0 when the source has an auto-
regressive representation via an i.i.d. innovation process with a maximum-entropy distribution. It
shows that, in this case, the achiever of minp.p,,(z)>q¢ D(P||Q) is a maximum-entropy distribution,
implying it is also the achiever of minp, 5 (py>¢(a) D(P|Q) and, hence, the upper and lower bounds
on the exponent, (19) and (20), coincide at R = 0. As discussed in subsection 3.B, for general R > 0
and for a similar reasoning, a sufficient condition for (19) and (20) to coincide is that the distribution
achieving minp. g(p,4)>r D(P|/Q) will be one for which the SLB holds with equality. One situation
where this would always be the case is the binary alphabet under Hamming loss, as the SLB is
achieved with equality for all Bernoulli sources. This leads to the precise characterization of the

exponent.

Corollary 8 Let X = {0,1} and p be Hamming. Let X be a stochastic process for which there exists
a predictor F such that W¥ is an i.i.d. Bernoulli(q) (q < 1/2) process. Then for all ¢ < d < 1/2

1
lim [——lo min  Pr(L(G,X") > d)| = D(h"1(h(d) + R)|q), 69
Jim | log  min  Pr(L(G,X") > d)| = D(h™" (h(d) + B)]a) (69)

where D(p||q) is an abbreviation of D(Bernoulli(p)||Bernoulli(q)).

Another case for which the bounds in Theorem 3 coincide is that of Gaussian processes under
squared error loss. Indeed, when @ is Gaussian, minp. g(p q4y>r D(P||Q) is known to be achieved by
the Gaussian distribution P whose variance is tuned such that R(P,d) = R (cf., e.g., [4]). Since the
Gaussian distribution achieves the SLB with equality, we have for this case minp.r(p,qy>r D(P[|Q) =
minp. g (py—¢(@)>r D(P||Q), namely, equality between the upper and lower bounds of Theorem 3.
Consequently, Theorem 3 gives the precise large deviations asymptotics for the competitive pre-
dictability of any process having an auto-regressive representation with i.i.d. Gaussian innovations.
Since this, in particular, is the case for any stationary Gaussian source, we obtain Corollary 6 (where

the right side of (25) is nothing but D(N(0,5%)||N(0,0?)), 62 tuned such that R(N(0,52),d) = R).
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6 Proof of Main Result in the Universal Setting

We now prove Theorem 7, where X and S are assumed finite. Theorem 7 is a direct consequence of

the following two lemmas (recall Definition 1 for the meaning of “achievable pair”).

Lemma 9 Let P € M, (S), be such that P™ — P, P € M(S). If (R,d) is achievable w.r.t.
{TP(n)} then
H(IP x Viw) < R+ 6(d). (70)

Clearly, if (R, d) is achievable w.r.t. {S™} then it is achievable w.r.t. any {Tp) }n>1 as in Lemma 9
and hence the converse part of Theorem 7 follows.
For any R > 0 and s" € Tp we define d%, o “L([H ([P x V]w) — R]4). The direct part of

Theorem 7 is a consequence of the next lemma.

Lemma 10 Suppose that V(-|s) attains the SLB with equality for all s € S. Fix an arbitrary € > 0
and suppose that maxpeaq(sy H ([P x V]w) — ¢é(d) +¢ < R. There exists a sequence of predictor
sets {Gn} with |G,| < e™F+e) such that

lim min P (L(G,, X™) < dl) =1 (71)

n—oo s"eS™

Note that for fixed R, if d satisfies (37), then d% < d for all s” € S". Hence, Lemma 10 implies
that if d satisfies (37) then (R,d) is in the achievable region, namely, the direct part of Theorem
7. The Lemma, however, is somewhat stronger and more informative as it implies the existence
of rate-R predictor sets such that the achievable distortion is below the worst-case distortion for
many sources. Specifically, for such predictor sets, if the state sequence belongs to type P then
the distortion achieved is ¢! ([H ([P x V]w) — R]+) which, for most types, will be less than the d
dictated by (37).

Proof of Lemma 9: Fix a pair (R, d) which is achievable w.r.t. {Tp( } and an arbitrary € > 0. By
Definition 1 there exists a sequence of predictor sets {G,} with |G,| < e™® and an ng such that for
all n > ng and s™ € Tpn)

Por (L(Gp, X™) < d) > 1 — €. (72)

On the other hand, for each s” € S"

P (LG, X") £ d) < Pon (W™ € Ti(s")) + Pon ({W" € Ty (")} 0 {L (G, X") < d})

[ X[IS]
~  4né?

+ Pon ({W™ € Ty (")} N {L(Gn, X™) < d}). (73)

Hence, by (72) and (73), for s™ € Tpm)

| XIS
And2 -

n

Pon ({W" € Tiy(s™)} N {L(Gp, X™) < d}) > 1 - —
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From (74) and [16, Lemma 2.14] it follows that for s € Tpm)
1
—log|Tiy(s") N {W™ : L(Gn, X") < d}| = H(V|P™) — &y, (75)

where £, — 0 is independent of s™. For an arbitrary § > 0, the fact that P(") — P combined with

n(I(P;V)—35)

Lemma 14 of the Appendix, imply the existence of {s?i)}le C Tp(ny such that

n n ) 6
T[V](s(i)) N U T[V](s(j)) < exp <n[H(V|P) —I(P;V)+ I(P;V) — 3 + nn]) < exp (n[H(V|P) - 3]) ,
i
(76)
provided that n > ny(|S|,|X],d). Note that it follows from (76) and (75) that for all 1 < ¢ <
(n(I(P5V)=3)

{W™ 2 L(Gn, X™) < d} 01 < Tiv(s0y) \ | Ty (spy)) p| = enHVIPI=0) (77)
J#i

provided n > ny(|S|, | X|,d). Consequently,

W™ LG, X™) < Y| > [{W7 2 LG, X™) < d} 0 [ T (57) i

Y

(W L(G,, X™) < d} N U T[V](SZ‘)) \ U Tiv) (SELJ)) (79)
i JFi

S THW™  L(Gn, X™) < d} 0 4 Tin (siy) \ | T () p| (80)
i i
> nU(PV)=0) n(H(VIP)=8) _ n(H(PxV]w)-20) (81)

where (81) follows from (77). On the other hand, in the proof of Theorem 1 it was seen that
HW™ 2 L(G,, X™) < d}| < eBEH+en(d) - Combined with (81), this implies that for all sufficiently
large n

R+ 64(d) > H ([P x V]w) — 2. (82)

Letting n — oo, the arbitrariness of § > 0 completes the proof. O

A Proof of Lemma 10
We begin with a strong converse for constant-composition codes.

Lemma 11 For any P € M, (S), let {s%}f‘il C Tp be an arbitrary code-book of composition P. Let
Pe be the associated probability of correct decision under the optimal (maximum-likelihood) decision
rule for the channel V(w|s). If M > "I (PV)+2¢) then

K

Po <e ™ + L

(83)

where K = K(V) is a constant dependent only on the channel V.
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Proof: Let {s( M. C Tp be a code-book of composition P. Let {A;}}, be a partition of W
induced by an optimal (maximum-likelihood) decision rule associated with this code-book and the
channel V. Finally, let P,|; denote the probability of error when the channel input is s?i). For any
geEM(W)and I >0

I
=%,
M=

q" (84)
n €A1,

( > q" (w") (85)

wnEN; m{V(wn‘Sn )<q (wn)enl}

nl
M

i=1

g

S
NE

Y

1

.
Il

(V2
SIS
NE

Z V(w"|s(;) (86)

wnEN; ﬁ{V(w"\s“ )<g"(wm™)enl}

@
Il
-

M
_ 1 n|.n n ny\ nl n
= M; [1—Pr (errorU{V(W |s(y) > q"(W")e }|s(i))} (87)
M
1 n|n n ny nl|.n
> M; {1_136”_1% (V(W |s7) > ¢"(W™)e |s(i))} (88)
V(W™[siy)
= PC — Pr (TVV’VL()) > enI 81(7,1) , (89)

where the last equality follows since Pr (V(W"|s") > ¢"(W™)e"!|s") depends on s™ only through

s”) , (90)

V(Wilss)
! q(Ws) for

state sequence s™ € Tp is precisely I(P; V) and its variance is K/n, K being a constant dependent

its type. Thus, for M = "%, we get

W i)
Pc<e"<R”+Pr< Zl |S ST

where s" € Tp. In particular, taking ¢ = [P x V]yy, the expectation of L 3"

on the channel V only. Thus, letting I = I(P;V) + €, we obtain by Chebyshev’s inequality

P < e MEB-IBV)—E) 4 ﬁz.m (91)
ne

The significance of Lemma 11, for our problem, is that it implies that the typical set of any source
Psn, s" € Tp, is covered by the union of the typical sets of the sources indexed by the words

{Sﬁ-)}i]\g C Tp. More precisely:

Lemma 12 For any P € M,(S) and € > 0 there exists a set {sa)}i]‘il C Tp, M = erI(PiV)te)

such that for every s™ € Tp

Pgn <Wn S UT[V] (83))) >1—ay, (92)

where a,, — 0 1s a sequence which depends only on € and V.
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Proof: For any code-book {52)}%1 C §", consider the following sub-optimal decoding rule:
E(W") =argmin{1 <i<M: W" e T[V](§?i))}, (93)

where an error is declared if the set on the right side is empty. For P € M,,(S), let PE(P, M) denote
the minimal probability of error among all code-books of size M which have constant composition
P,ie, {5?1)}11‘11 C Tp, when the decoding rule in (93) is used. It is easy to verify that Pg(P, M) is
monotonically increasing in M as, given a code-book of any size, a code-book with lower probability
of error (under the decoding rule of (93)) results by expurgating that word in the code-book with
highest P, ;. Now, Lemma 11 implies that

—ne/2 g

pPr(p. enT(PiV)+e)y > 1 _
E( , € )— € 77,62’

(94)

where K is a constant depending on V only. Let {s?i)}i]‘il C Tp, M = e*I(FV)+e) he the code-book

achieving P (P, e"I(PV)+e) Tt will suffice to show that for every s € Tp

M UK
P (W" € U T[V](S?i))> >1—e "2 - ez 2en, (95)
i=1

where &,, — 0 is the sequence from [16, Lemma 2.12 ]. Assume, by contradiction, the existence of

§" € Tp for which

M
4K
Pgn (Wn E U T[V] (5”(’2))) < 1 - €7n6/2 - 72 - 25n (96)

= ne

and let {s{;) }M+1 be the code-book obtained by appending to the code-book achieving P (P, e (FiV)+2))
the code-word S?M 1) = 5™. This gives a code-book of size M + 1 whose probability of error under
decoding rule (93) is given by

M
M+1

_ 1
Pp(P, M) + M—_HP6|M+1a (97)

where P41 is the probability of error given that S?MH) = 5" was transmitted, so that

M
Pyysr = Pr ({W” e T[V](sz))} U{W™ € T (st | syMH)) (98)
i=1

M
< Pr (W” e U <szz->>|s?MH)> +Pr (W € T (st Istaren)  (99)
i=1
M
=1
4K
< 1—e P — —2,+e, (101)
ne
< Pg(P,M), (102)

where the last inequality follows from (94). This implies that the expression in (97) is strictly less

than PE(P, M). On the other hand, the expression in (97) is the probability of error associated with
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a code-book of size M + 1 so it is lower bounded by pE(R M + 1), thus contradicting the fact that
P2(P, M) is increasing in M. O

We are now almost in a position to give the proof of Lemma 10 via the construction of the
predictor set outlined in subsection A. We first need to state the following version of the type

covering lemma of [16] to the case of the AVS.

Lemma 13 Assume that V(:|s) attains the SLB with equality for all s € S. Ford > 0 and € > 0
we have the following. For every P € M, (S) and s™ € Tp there exists a set B C X™ such that

p(w" B) = rglnean( w") <d for every w" € Tiy(s") (103)
and
1
- log|B| < H(V|P) — ¢(d) + ¢ (104)

provided that n > ng(p, ).

Noting that H(V|P)—¢(d) is nothing but the rate-distortion function of W™ when distributed under
Psn, the proof is a straightforward extension of that of [16, Lemma 4.1] and is therefore omitted.
Proof of Lemma 10: Fix an arbitrary ¢ > 0 and R > maxpe sy H ([P x V]w)—¢(d)+e. Note that
R > I(P;V) +e¢ for all P € M(S) as maxpe sy H ([P x V]w) — ¢(d) > H ([P x Vi) — ¢(d) =
I(P;V)+H(V|P)—¢(d) > I(P; V). Note also that H(V|s)—&(d) > 0 for all s (as the left side is the
rate-distortion function of V(+|s)) and, consequently, H(V|P)—¢(d) > 0. For each type P € M,,(S)
we construct a predictor set G, (P) as follows. Take the set {S?i)}il\il C Tp, M = eUIBVI+e) from
Lemma 12. For each code-word in that set s?i) € Tp, let the predictor set, g(s@)), be that induced
by the set B from Lemma 13 corresponding to distortion level d = d?%i) and to s" = 53‘)7 i.e., the
set B satisfying

p(w™, B) < d%) for every w" € Tjy(s(;)) (105)

and
%log|B| < H(V|P) - qb(dé‘%)) +e=HVI|P)—[H([PxV]w)—R]+ +e<R—I(P;V)+e¢ (106)

Note that Lemma 13 asserts the existence of the set B satisfying (105) and (106) for n sufficiently

large, dependent only on . So we assume henceforth that n is sufficiently large. Let now G, (P) =
n(I(P;V)+e)

Uiy G(s,))- Clearly, by (106), |G, (P)| < en!(PVI¥e)en(RoI(FV)Fe) — ¢n(i+29) Finally, let
Gn = UPeMn(S) Gn(P), so that we have |G,| < exp{n(R + 2¢ + 1|S|log(n + 1))}. Now, for every
P e M, (S) and s™ € Tp,

Py (L(Gp, X™) < dR) > Pun (L(Gu(P), X™) < dT%) (107)

(108)

V
/
S

3
m
~C
!
S
Clb
v
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where 5&) are those through which G, (P) was constructed and the inequality in (108) follows since,
by the construction of g(s(;)), if the innovation vector w"™ lies in Tjy (SZ)) for some 4 then there exists
a predictor G € G(sf;)) for which Lg(a™) < df(”&) (2™ being the source sequence associated with the
innovation vector w™). Combining (108) with Lemma 12 gives maxgnecgn Psn (L(gm X" < dfn) >

1 — a,, and completes the proof. O

7 Future Directions

The most interesting question remaining open in the context of this work is whether the lower bound
on competitive predictability in Lemma 1 is tight in general, even when the rate-distortion function
of the innovation process does not attain the SLB with equality. If tight, this would imply that, in
general, predictor sets induced by rate-distortion code-books are strictly sub-optimal, as one would
intuitively suspect. If the lower bound is not tight in general then the question of the optimality of
predictor sets induced by rate-distortion code-books would still remain open and interesting.
Another interesting direction would be to extend the scope of the problem to general, non-
difference, distortion measures, where it is unclear if and how the volume-preservation arguments

can be applied.

Appendix

A Sphere-Packing Lemma

Lemma 14 For every R > 0, 6 > 0, and every P € M, (S) satisfying H(P) > R, there exist
e™(B=9) distinct sequences s?i) € Tp such that for every pair of stochastic matrices V. : § — X,

V:S—X and every i

Ty (s7)) 1 | T (52)| < exp (nlH(VIP) = 1(P; V) + R+ (A1)
J#i

provided that n > no(|S|, |X],d), where n, — 0 depends only on |S| and |X|.

Note that Lemma 14 is essentially [16, Lemma 5.1]. The difference is in that here we take Ty,
instead of Ty .

Proof of Lemma 14: [16, Lemma 5.1] guarantees that for every R > 0, § > 0, and every P € M, (S)
satisfying H(P) > R, there exist e™(B=9) distinct sequences 5?7:) € Tp such that for every pair of

stochastic matrices U : S — X, U : § — X and every i

Ty (i) 0 \J T (s75)) | < exp (n[H(UIP) = I(P;0) + R+,]) (A.2)
J#i
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provided that n > ng(|S|, |X|,d), where ,, — 0 is our sequence from the e-convention. Now, for the

given V (resp. V), Tivy(-) (resp. Tj(+)) is the union of at most (n + 1)ISII* disjoint U-shells (resp.

U—shells) Ty (:) (resp. Ty ()

<

J#i

(n+ 1)21S1¥ exp <n[

Tivy () 0 U Ty (7))

U,U

TU<sz;)>) AU )
U

U j#i

UU | Tulsty) 0l To(s)
U

U J#

- Hence, taking the set {s{;) f:lR

max(H(U|P) — I(P:0)) + R + en1) ,

~" that satisfies (A.2) we have for all i

(A.3)

(A4)

(A.5)

(A.6)

where the unions and maximization are over those U and U associated with Ty and T[V]’ respec-

tively. Standard continuity arguments give (cf., e.g., proof of [16, Lemma 2.13])

(H(V|P) = I(P; V) — max(H (U|P) = I(P; U))| < ~2|S||X |6 log 6,

U,U

(A7)

where {0} is the sequence from the d-convention. Combining (A.7) with (A.6) completes the proof.

a
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