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Abstract

Jorma Rissanen has discovered some deep connections between universal coding (or uni-
versal data compression) and mathematical statistics. In particular, the MDL principle has
been one of the most powerful methods of modern mathematical statistics. In this paper
we apply Rissanen’s approach and ideas to some statistical problems concerned with time
series. We address the problem of nonparametric estimation of characteristics of stationary
and ergodic time series. We consider finite-alphabet as well as real-valued time series and
the following four problems: i) estimation of the (limiting) probability P(ug...us) for every s
and each sequence uy . .. us of letters over the process alphabet (or estimation of the density
p(xog, ..., ) for real-valued time series), ii) so-called on-line prediction, where the conditional
probability P(zi41|z1xa...2¢) (or the conditional density p(xi+1|xiza...2¢)) should be esti-
mated (when 1o ... is known), iii) regression and iv) classification (or so-called problems
with side information). We show that so-called archivers (or data compressors) can be used
as a tool for solving these problems. In particular, it is proven that any universal code (or
universal data compressor) can be used as a basis for constructing asymptotically optimal
methods for the above problems. (By definition, a universal code can ”compress” any se-
quence generated by a stationary and ergodic source asymptotically to the Shannon entropy
of the source.)

AMS subject classification: 60G10, 60J10, 62G07, 62G08, 62M20, 94A29.
keywords: time series, nonparametric estimation, prediction, universal coding, data com-
pression, on-line prediction, Shannon entropy, stationary and ergodic process, regression.

1 Introduction

We consider a stationary and ergodic source which generates sequences x1x5 . .. of elements (let-
ters) from some set (alphabet) A, which is either finite or real-valued. It is supposed that the
probability distribution (or distribution of limiting probabilities) P(z1 = ai,, T2 = Giyy ..., Tt =
a;,) (or the density p(x1,xg,...,2¢)) is unknown, but we are given either one sample xj...z; or
several (r) independent samples z! = m%...x%l, ..., x" = zf..7} generated by the source. (Gen-
erally speaking, they cannot be combined into one sample for a stationary and ergodic source
as it can be done for an i.i.d. one.) Of course, if someone knows the probability distribution

(or the density) he has all information about the source and can solve all problems in the best
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way. Hence, precise estimations of the probability distribution and the density can be used for
prediction, regression estimation, etc. In this paper we use the following scheme: we consider
the problems of estimation of the probability distribution or density. Then we show how the so-
lution can be applied to other problems, paying the main attention to the problem of prediction,
because of its practical applications and importance for probability theory, information theory,
statistics and other theoretical sciences, see [1, 16, 17, 20, 28, 29, 31, 34, 35, 36, 38, 41, 46]. We
show that universal codes (or data compressors) can be applied directly to the problems of esti-
mation, prediction, regression and classification. It is not surprising because for any stationary
and ergodic source P generating letters from a finite alphabet and any universal code U the
following equality is valid with probability 1:

lim tH(—log P(z1...3) — [U(z1...2¢)|) =0,
—00

where 1 ...x¢ is generated by P. (Here and below log = log,, |v] is the length of v, if v is a
word, and the number of elements of v if v is a set.) So, in fact, the length of the universal code
([lU(xy...x¢)|) can be used as an estimate of the logarithm of the unknown probability and,
obviously, 2-IV@1-20)l can be considered as the estimation of P(z;...x;). In fact, a universal
code can be viewed as a non-parametrical estimation of (limiting) probabilities for stationary
and ergodic sources. This was recognized shortly after the discovery of universal codes (for
the set of stationary and ergodic processes with finite alphabets [40]) and universal codes were
applied for solving prediction problem [35, 41].

We would like to emphasize that, on the one hand, all results are obtained in the framework
of classical probability theory and mathematical statistics and, on the other hand, everyday
methods of data compression (or archivers) can be used as a tool for density estimation, predic-
tion and other problems, because they are practical realizations of universal codes. It is worth
noting that modern data compressors are based on deep theoretical results of source coding
theory (see, e.g., [11, 17, 21, 24, 33, 34, 35, 37, 48]) and have demonstrated high efficiency in
practice as compressors of texts (zip, arj, rar, etc.), DNA sequences [24] and many other types
of real data. In fact, archivers can find many kinds of latent regularities, that is why they look
like a promising tool for prediction and other problems. Moreover, recently universal codes and
archivers were effectively applied to some problems which are very far from data compression:
first, their applications created a new and rapidly growing line of investigations in clustering
and classification (see [4, 5] and references therein) and, second, universal codes were used as a
basis for non-parametric tests for the main statistical hypotheses concerned with stationary and
ergodic time series [44, 45]. The outline of the paper is as follows. Section 2 contains description
of the Laplace predictor and its generalizations, a review of known results and description of one
universal code. Sections 3 and 4 are devoted to processes with finite and real-valued alphabets,
correspondingly.

2 Predictors and universal data compressors

2.1 The Laplace measure and on-line prediction for i.i.d. processes

We consider a source with unknown statistics which generates sequences x1xs - - - of letters from
some set (or alphabet) A. It will be convenient at first to describe briefly the prediction problem.
Let the source generate a message x1 ...xs_12¢, x; € A for all 4, and the next letter z;11 needs to
be predicted. This can be traced back to Laplace who considered the problem how to estimate
the probability that the sun will rise tomorrow, given that it has risen every day since Creation



(see [12]). In our notation the alphabet A contains two letters: 0 ("the sun rises”) and 1 ("the
sun does not rise” ), ¢ is the number of days since Creation, x; ...xi—12; = 00...0.
Laplace suggested the following predictor:

Lo(alzy -~ x4) = (Vi (@) + 1)/ (8 + [A]), (1)

where v,,...4, (a) denotes the count of letter a occurring in the word zj ...z;—12. For example,
if A =4{0,1}, x1...z5 = 01010, then the Laplace prediction is as follows: Ly(xg = 0/01010) =
(34+1)/(54+2) =4/7, Lo(ze = 1|01010) = (2+1)/(5+2) = 3/7. In other words, 3/7 and 4/7 are
estimates of the unknown probabilities P(x;+1 = 0|z ... 2 = 01010) and P(xpy1 = 1|xy ... 2 =
01010). (It is worth noting that the estimated probability to encounter zero after observing a
binary string that contains only zeros is not one.)

We can see that Laplace considered prediction as a set of estimations of unknown (condi-
tional) probabilities. This approach to the problem of prediction was developed in [41] and
now is often called on-line prediction or universal prediction [1, 20, 28, 31]. As we mentioned
above, it seems natural to consider conditional probabilities to be the best prediction, because
they contain all information about the future behavior of the stochastic process. Moreover, this
approach is deeply connected with game-theoretical interpretation of prediction (see [18, 43])
and, in fact, all obtained results can be easily transferred from one model to the other.

Any predictor v defines a measure by the following equation

t

y(x1...w) = H7(mi|x1...xi_1). (2)

=1

For example, Ly(0101) = %%%% = %. And, vice versa, any measure v (or estimate of the
measure) defines a predictor: ~y(z;|z1...2;-1) = y(x1... i—12;)/ y(x1... £;—1). The same is true
for a density (and its estimate): a predictor is defined by conditional density and, vice versa,
the density is equal to the product of conditional densities:

p(l’l PN xi_lxi)

T;|T1...L5—-1) =
p( l’ ! ) p(ml .. .iL‘i_l)

t
yp(r...xy) = Hp(xi|x1 Ce X))
i=1
The next natural question is how to estimate the precision of a prediction and a probabil-

ity estimation. Mainly we will estimate the error of prediction by the Kullback-Leibler (KL)
divergence between a distribution P and its estimate as follows:

PP — 3" P(alzy---a)lo Mj (3)

el )

where v is the estimate of an unknown conditional probability. It is well-known that for any
distributions P and v the KL divergence is nonnegative and equals 0 if and only if P(a) = 7y(a)
for all a, see, e.g., [15]. The following inequality (Pinsker’s inequality)

> Pla)log ) > 8% p g (4)

acA ( )

connects the KL divergence with the so-called variation distance

1P =Qll =) [P(a) - Qa)],

a€A



where P and @ are distributions over A, see [7]. For fixed ¢, py p() is a random variable, because

r1,T9,- -+, T are random variables. We define the average error at time ¢ by
Pt(PH’Y) =F (pw,P(')) = Z P(xy---xy) pv,P(xl ). (5)
xl---xtEAt

It is shown in [42] that the error of Laplace predictor Ly goes to 0 for any i.i.d. source P. More
precisely, it is proven that
p'(PlILo) < (|A] = 1)loge/(t + 1) (6)

for any source P, [42], see also [46]. So, we can see from this inequality that the average error of
the Laplace predictor Ly (estimated either by the KL divergence or the variation distance) goes
to zero for any unknown i.i.d. source, when the sample size t grows. Moreover, it can be easily
shown that the error (3) (and the corresponding variation distance) goes to zero with probability
1, when t goes to infinity. Obviously, such a property is very desirable for any predictor and for
larger classes of sources, like Markov, stationary and ergodic, etc. However, it is proven in [41]
(see also [1]) that such predictors do not exist for the class of all stationary and ergodic sources
(generating letters from a given finite alphabet). More precisely, for any predictor -y there exists
a source P and 0 > 0 such that with probability 1 p, p(x1---2¢) > ¢ infinitely often when
t — 00. So, the error of any predictor may not go to 0, if the predictor is applied to an arbitrary
stationary and ergodic source, that is why it is difficult to use (3) and (5) to compare different
predictors.

On the other hand, it is shown in [41], that there exists a predictor R, such that the following
Cesaro average t~1 St pr p(x1---x¢) goes to 0 (with probability 1 ) for any stationary and
ergodic source P, where t goes to infinity. That is why we will focus our attention on such
averages and by analogy with (5) we define

py.p(x1.a) =t~ (log(P(21...20) /v(21... 7)) (7)
and
pe(y, P)=t"" Z P(zq...x¢) log(P(z1...x¢) /y(x1...2)), (8)
T1...ct €A

where, as before, y(x1...x¢) = Hle y(xi|xy.xi—q).
From these definitions and (6) we obtain the following estimation of the error of the Laplace
predictor Lg for any i.i.d. source:

pr(Lo, P) < ((|A] = 1) logt +¢)/t, (9)

where c is a certain constant. So, we can see that the average error of the Laplace predictor goes
to zero for any i.i.d. source (which generates letters from a known finite alphabet). As a matter
of fact, the Laplace probability Lo(xj ...x¢) is a consistent estimate of the unknown probability
P(zy...x).

A natural problem is to find a predictor whose error is minimal (for i.i.d. sources). This
problem was considered and solved by Krichevsky in [25], see also [26]. He suggested the following
predictor:

Ko(alay -+ @) = (Vayoae(a) + 1/2)/ (¢t + |A]/2), (10)

where, as before, vy, ..., (@) is the count of letter a occurring in the word x; . .. z;. We can see that

the Krichevsky predictor is quite close to Laplace’s one (1). For example, if A = {0,1}, z1...x5 =

01010, then Ko(z¢ = 0[01010) = (3+1/2)/(5+1) = 7/12, Ko(xs = 1|01010) = (24+1/2)/(5+1) =
3

5/12 and K((01010) = 33334 = 2.



The Krichevsky measure Ky can be presented as follows:

f[ ZT1...T5—1 xz) + 1/2 HaeA(H;{z:ll'"Zt(a)(j - 1/2)) ]

SRR T A7) .

i=1
It is known that

(b 12 (1) + 1/2)(s — 1/2) = m

where I'( ) is the gamma function (see, e.g., [22] for definition). So, (11) can be presented as

(12)

follows:
s (T, oi(a) +1/2) /T(1/2))
Rolwroe) = =0 Ay Tl 2) (13)
For this predictor
pe(Eo, P) < ((|A] — 1) log1 + ¢)/(20) (14)

where c is a constant, and, moreover, in a certain sense this average error is minimal: for any
predictor «y there exists such a source p* that

pr(7,p%) = ((|A] = 1) logt + ¢)/(2t),

see [25, 26].

2.2 Consistent estimations and on-line predictors for Markov and ergodic
processes

Now we briefly describe consistent estimations of unknown probabilities and efficient on-line
predictors for general stochastic processes (or sources of information). Denote by A' and A*
the set of all words of length ¢ over A and the set of all finite words over A correspondingly
(A* = U2, AY). By My (A) we denote the set of all stationary and ergodic sources which
generate letters from A and let My(A) C My (A) be the set of all i.i.d. processes. Let M,,(A) C
Mo (A) be the set of Markov sources of order (or with memory, or connectivity) not larger than
m, m > 0. Let M*(A) = U2y, Mi(A) be the set of all finite-memory sources.

The Laplace and Krichevsky predictors can be extended to general Markov processes. The
trick is to view a Markov source P € M,,(A) as resulting from |A|™ i.i.d. sources. We illustrate
this idea by an example from [46]. So assume that A = {O,I}, m = 2 and assume that the
source P € M5(A) has generated the sequence

OOIOIIOOIIIOIO.
We represent this sequence by the following four subsequences:
sk Lok ok ok ok Tk ok ok sk,

xk kO x T xxx [ xxx O,
s %k x L% %0 x % % %]k,
sk ok ok ok ok Ok x ok TO % *.

These four subsequences contain letters which follow OO, OI, 10 and II, respectively. By
definition, P € M,,(A) if P(a|x;---x;) = P(alxi—m+1---2¢), for all 0 < m < ¢, all a € A and
all x1---x; € A'. Therefore, each of the four generated subsequences may be considered as



generated by a Bernoulli source. Further, it is possible to reconstruct the original sequence if we
know the four (= |A|™) subsequences and the two (= m) first letters of the original sequence.

Any predictor v for i.i.d. sources can be applied to Markov sources. Indeed, in order
to predict, it is enough to store in the memory |A|™ sequences, one corresponding to each
word in A™. Thus, in the example, the letter x3 which follows OO is predicted based on the
Bernoulli method «y corresponding to the xzjxz9- subsequence (= OO), then x4 is predicted based
on the Bernoulli method corresponding to xaxs, i.e. to the OI- subsequence, and so forth.
When this scheme is applied along with either Ly or Ky we denote the obtained predictors
as Ly, and K,,, correspondingly, and define the probabilities for the first m letters as follows:
Li(x1) = Lpp(22) = ... = Lipy(xm) = 1/]|4|, Kpn(21) = Kip(22) = ... = K (xm) = 1/|A|. For
example, having taken into account (13), we can present the Krichevsky predictors for M,,(A)
as follows:

ﬁ’ ift<m,

Kp(zy...0p) = 15

(71...2¢) ) [1.cs (C(va(va)+1/2) /T(1/2)) i1 1)
TA[™ [Toeam (oA /TA/D) > Ht=>m

where 7,(v) = Y ,cavz(va), © = x1...24; see [25] and references therein. It is worth noting
that representation (12) can be more convenient for carrying out calculations. Let us consider
an example. For the word OOIOIIOOIIIOIO considered in the previous example, we obtain
K3(OOIOIIOOIIIOIO) =272 13 1113 1.1 111

Let us define the measure R, which is a consistent estimator of probabilities for the class
of all stationary and ergodic processes with a finite alphabet. First we define a probability
distribution {w = wy,ws, ...} on integers {1,2,...} by

wi=1-1/log3, ..., w; =1/log(i +1)—1/log(i +2), .... (16)

(In what follows we will use this distribution, but results described below are obviously true for
any distribution with nonzero probabilities.) The measure R is defined as follows:

l’t) = i Wi+1 Kl(xlxt) (17)
=0

It is worth noting that this construction can be applied to the Laplace measure (if we use L;
instead of K;) and any other family of measures.

The main properties of the measure R are connected with the Shannon entropy, which is
defined as follows

H(P):W%gnoo—— > P(v)log P(v). (18)
mveAm

Theorem 1 ([41]). For any stationary and ergodic source P the following equalities are valid:
1
i) lim =log(1/R(x1---x)) = H(P)
t—oo t
with probability 1,

ii)  lim - Z P(u)log(1/R(u)) = H(P).

t—oo t
uc At



2.3 Nonparametric estimations and data compression

One of the goals of the paper is to show how practically used data compressors can be employed
as a tool for nonparametric estimation, prediction and other problems. That is why a short
description of universal data compressors (or universal codes) will be given here.

A data compression method (or code) ¢ is defined as a set of mappings ¢,, such that ¢, :
A" — {0,1}*, n = 1,2,... and for each pair of different words =,y € A" @, (x) # @n(y). It is
also required that each sequence @, (u1)pn(ug)...on(u,),r > 1, of encoded words from the set
A™ n > 1, could be uniquely decoded into ujus...u,.. Such codes are called uniquely decodable.
For example, let A = {a,b}, the code ¥1(a) = 0,1;(b) = 00, obviously, is not uniquely decodable.
It is well known that if a code ¢ is uniquely decodable then the lengths of the codewords satisfy
the following inequality (Kraft’s inequality): 3 ,can 271921 < 1 see, e.g., [15]. Tt will be
convenient to reformulate this property as follows:

Claim 1. Let ¢ be a uniquely decodable code over an alphabet A. Then for any integer n there
exists a measure ji, on A" such that

—log pip(u) < |p(u)| (19)
for any u from A™.

(Obviously, Claim 1 is true for the measure j,(u) = 2719 /%, 4n 271¥(WI) Tn what follows
we call uniquely decodable codes just ”codes”.

It is worth noting that, in fact, any measure pu defines a code for which the length of the
codeword associated with a word w is (close to) —log u(u).

Now we consider universal codes. By definition, a code U is universal if for any stationary
and ergodic source P the following equalities are valid:

tlim |U(zy...2¢)|/t = H(P) (20)
with probability 1, and
tlL%loE(|U(w1...mt)])/t:H(P), (21)

where H(P) is the Shannon entropy of P, E(f) is a mean value of f. In fact, (21) and (20) are
valid for known universal codes, but there exist codes for which only one equality is valid.

3 Finite-alphabet processes

3.1 The estimation of (limiting) probabilities
The following theorem shows how universal codes can be applied for probability estimations.
Theorem 2. Let U be a universal code and

por(u) = 27190/ oy 271001 (22)

Then, for any stationary and ergodic source P the following equalities are valid:
N o L
i) lim - (=log P(z1---2¢) — (~logpu(z1---21))) = 0
with probability 1,
i) lim - Z P(u)log(P(u)/py(u)) = 0,

t—oo t
u€At



Proof. The proof is based on Shannon-MacMillan-Breiman Theorem which states that for any
stationary and ergodic source P

tlim —log P(z1...2)/t = H(P)

with probability 1, see [3, 15]. From this equality and (20) we obtain the statement i). The
second statement follows from the definition of Shannon entropy (18) and (21). O

So, we can see that, in a certain sense, the measure ugy is a consistent (nonparametric)
estimate of the (unknown) measure P.

Nowadays there are many efficient universal codes (and universal predictors connected with
them), see [11, 21, 26, 34, 35, 40, 48], which can be applied to estimation. For example, the
above described measure R is based on the code from [40, 41] and can be applied for probability
estimation. More precisely, Theorem 2 (and the following theorems) are true for R, if we replace
Hu by R.

It is important to note that the measure R has some additional properties, which can be
useful for applications. The following theorem describes these properties (whereas all other
theorems are valid for all universal codes and corresponding measures, including the measure

R).
Theorem 3. For any Markov process P with memory k

i) the error of the probability estimator, which is based on the measure R, is upper-bounded

as follows:
(14] - D]A* logt | 1

" Z P(u)log(P(u)/R(u)) <

ueAt

1) in a certain sense the error of R is asymptotically minimal: for any measure y there exists
a k—memory Markov process p,, such that

(1Al - 1)[A[Flogt 1

= Z pu(u) log(pu(u)/p(u)) >

ueA"

iii) Let © be a set of stationary and ergodic processes such that there exists a measure ug for
which the estimation error of the probability goes to 0 uniformly:

thm sup ( Z P(u)log(P(u)/pe(u))) = 0.
—0 pecO ueAt

Then the error of estimator, which is based on the measure R, goes to 0 uniformly too:

thm sup ( Z P(u)log(P(u)/R(u))) = 0.
% PeoO ueAt

The proof can be found in [40, 41].



3.2 Prediction

As we mentioned above, any universal code U can be applied for prediction. Namely, the measure
py (22) can be used for prediction as the following conditional probability:

wu (Tepr|zr.x) = po (1. oewe) [ po (T1...x8). (23)
Theorem 4. Let U be a universal code and P be any stationary and ergodic process. Then
P(z1)

P(xa|xy) P(x¢|xy...wp—1)

1
1) lim — {F(lo + E(lo +...+ E(lo =0,
)t t taC gMU(xl)) ( & (walzr) ( guU(wtlxl.-.xt_1))}
1 t—1
Z’L) lim E(* Z(P(xz_,_l]xlxl) _MU(xi+1|x1'--$i))2) = 0,
tmoe Tt i
and

t—1
1=

Proof. 1) immediately follows from the second statement of the previous theorem and properties
of log. The statement ii) can be proven as follows:

t—1

. 1
tlgglo E(% Z(P(%‘-H’ah ‘e xz) — MU(-TZ'—&-l‘l'l . xz))Q) _
i=0
1 =1
tlirgg Z Z P(xl'“xi)(z’P(a‘xl'”xi)_MU(G|JU1...3:Z-)|)2g
i=0z;..z;,€A? Py
. const =l [
tli,m ; Z Z P(:r1...x¢)ZP(a|x1...xi)log(|1—l?:
oo 1=0g;..2,€A? acA ,uU(a]arl .. .xz)
const
limn ( S P(ar...a)log(P(ey .. .a) /u(zs - .. 20))
t—o00 t
x1..x¢ €A

Here the first inequality is obvious, the second follows from the Pinsker’s inequality (4), the others
from properties of expectation and log. iii) can be derived from ii) and the Jensen inequality
for the function 2. O

Comment 1. The measure R described above has one additional property if it is used for
prediction. Namely, for any Markov process P (P € M*(A)) the following is true:

P(xpq1]xy...xy)

=0
R(zpy1|xy...xt)

lim log
t—o0
with probability 1, where R(zy1|z1...2¢) = R(1...x1x441)/ R(x1...24); see [42].
Comment 2. In fact, the statements ii) and iii) are equivalent, because one of them follows
from the other. For details see Lemma 2 in [47].



3.3 Problems with side information

Now we consider so-called problems with side information, which are described as follows: there
is a stationary and ergodic source, whose alphabet A is presented as a product A = X x Y. We
are given a sequence (x1,¥1),--., (t—1,yt—1) and so-called side information y;. The goal is to
predict, or estimate, x;. This problem arises in statistical decision theory, pattern recognition,
and machine learning, see [29]. Obviously, if someone knows the conditional probabilities P (x|
(x1,y1)y- -+, (xt—1,yt—1),yt) for all z; € X, he has all information about z;, available before
x¢ is known. That is why we will look for the best (or, at least, good) estimators for this
conditional probabilities. Our solution will be based on results obtained in the parts 3.1 and
3.2. More precisely, for any universal code U and the corresponding measure py (22) we define
the following estimate for the problem with side information:

pu((x,y1), - (Te—1, Ye—1), (@4, Yt))
zt€X MU((D«“L yl), ) (%—1, yt—l)a (ﬂft, yt))

Theorem 5. Let U be a universal code and P any stationary and ergodic process. Then

P(x1]y1) o
ey T8 L @) T

P($t|(931,?/1)7 ceey (xt—la yt—l)a yt)

MU(xt’(xl»yl)a s ($t71,yt71),yt) = 5

P(za|(x1,y1),y2)

1
i) lim — {E(log
t—oo t

+FE(lo = 0,
( gMU(xt‘(J:luyl)a"‘u(xt—17yt—1)7yt) }
=
i) lim BE(= Y (P(zipal(@1, 1), -0y (26, 9i), Yig1))—
=0 Tt i
pu(@ig1 | (21, 91)s oo (@0, %0), vig1))?) = 0,
and
=
i) lim B(5 Yo IP @il (@1, 91)s s (@0, 9), Yig1)) —
i=0
:U’U(xl'-i-l‘(xlayl)v'“a(xiayi)7yi+1)|) =0.

Proof. The following inequality follows from the nonnegativity of the KL divergency (see (4)),
whereas equality is obvious.

P(x1y1)
pu(z1lyr)
P(z1]y1)
po (z1]y1)

P(za|(z1,y1), y2)
po(z2|(z1,y1), y2)

P(ya|(z1,41) P(za|(21,91), y2)
po (Y2l (1, y1) po (z2)(21,91), y2)
P(z1,y1) P((22, y2)[(21,41))

po (1, y1) po (w2, y2)[(21,91))

Now we can apply the first statement of Theorem 4 to the last sum as follows:
P(x1,91) )+ Elog P((x2,y2)|(21,91)) o
po (21, 1) po ((z2,y2)| (21, 91))

P((ze, yo)l(z1,y1) - - (T—1, ye-1))
po (e, y)[(z1,91) -+ (Te-1, Y1)
From this equality and last inequality we obtain the proof of i). The proof of the second
statement can be obtained from the similar representation for ii) and the second statement of

Theorem 4. iii) can be derived from ii) and the Jensen inequality for the function x2. t

P(yl) )

Elog pu (Y1)

) + E(log )+ ... < E(log

+E(log )+ E(log )+ E(log

= E(log ) + E(log

.1
tlg(r)lo gE(log

=0.

E(log



3.4 The case of several independent samples

Now we extend our consideration to the case where the sample is presented as several in-
dependent samples z! = 1 .. .x%l, 22 = 22, ..fo, .., *" = xf... 7] generated by a source.
More precisely, we will suppose that all sequences were independently created by one stationary
and ergodic source. (As it was mentioned above, it is impossible just to combine all samples
into one, if the source is not i.i.d.) We denote this sample by 2! ¢ 22 ¢ ... o 2" and define
Vgloz2o..0xm (V) = i Vyi(v). For example, if 21 = 0010, 22 = 011, then v,1,,2(00) = 1. The
definition of K,, and R can be extended to this case:

Knp(ztoz?o. . oa") = (24)

(ﬁ ’A‘ — min {m,t;} ) H HaeAE(P(VarlonQ...ozr(Ua) + 1/2) /F(l/z))’

i=1 vEA™ (F(VxloszO...oa:T (’U) + ‘A‘/Q) /F(’A’/z))
whereas the definition of R is the same (see (17) ). (Here, as before, 014,20 opr (V) =
Y aeA Valoz2o.. opr (Va). Note, that Dy15,24 o0 () = 2imq ti if m=0.)

The following example is intended to show the difference between the case of many samples
and one. Let there be two independent samples y = y;...y4 = 0101 and z = z7...23 = 101,
generated by a stationary and ergodic source with the alphabet {0, 1}. One wants to estimate the
(limiting) probabilities P(z122), 21,22 € {0,1} (here z125... can be considered as an indepen-
dent sequence, generated by the source) and predict x4z5 (i.e. estimate conditional probability
P(z4xs|zy ... 23 = 101,y1 ...y4 = 0101). For solving both problems we will use the measure R
(see (17)). First we consider the case where P(z122) is to be estimated without knowledge of
sequences z and y. From (11) and (15) we obtain:

1/2 3/2

1/2 1/2

1/8,

Having taken into account the definitions of w; (16) and the measure R (17), we can calculate
R(z122) as follows:

R(00) = w1 Ko(00) + wa K1(00) +...=(1—1/1log3)3/8+ (1/1log3 —1/log4) 1/4+

(1/1logd —1/logb5)1/4+ ...=(1—1/1og3) 3/8+ (1/log3) 1/4 =~ 0.296.

Analogously, R(01) = R(10) ~ 0.204, R(11) ~ 0.296.

Let us now estimate the probability P(z122) taking into account that there are two inde-
pendent samples y = y;...y4 = 0101 and = = z;...x23 = 101. First of all we note that such
estimates are based on the formula for conditional probabilities:

R(z|lzoy) = R(xoyoz)/R(xoy).
First we estimate the frequencies :
01010101 (0) = 3, 701010101 (1) = 4, V01016101 (00) = V01016101 (11) = 0, ¥01010101(01) = 3,

01010101 (10) = 2, 2010106101 (010) = 1, 01010101 (101) = 2, v01016101(0101) =1,

whereas frequencies of all other three-letters and four-letters words are 0. Then we calculate :

13571 3 5 135 .13
Ky(01010101) = =2 — == ~0.00244, K;( 0101 ¢ 101) = (271)2 =22 1 =%
0(01010100) = oo a8 oo 1a ~ 000244 Ka (01010 101) = (270)7 57 1 57



~0.0293, K5(01016101) ~0.01172, K;(01010101) =277, i >3,
R(0101 6 101) = w1 Ko( 0101 6 101) + wp K1 (01010 101) + ... ~
0.369 0.00244 + 0.1310.0293 + 0.06932 0.01172 + 277 / log 5 ~ 0.0089.

In order to avoid repetitions, we estimate only one probability P(z1z2 = 01). Carrying out
similar calculations, we obtain

R(0101 ¢ 101 ¢ 01) ~ 0.00292,

R(leg = Ol\yl e Yg = 0101,:131 ... X3 = 101) =
R(0101 ¢ 101 ¢ 01)/R(0101  101) = 0.32812.

If we compare this value and the estimation R(01) ~ 0.204, which is not based on the knowledge
of samples x and y, we can see that the measure R uses additional information quite naturally
(indeed, 01 is quite frequent in y = y;...ys = 0101 and z = z; ... z3 = 101).

Such generalization can be applied for many universal codes, but, generally speaking, there
exist codes U for which U(x! o 22) is not defined and, hence, the measure uy(z1 © z2) is not
defined. That is why we will describe properties of R, but do not describe properties of universal
codes in general. For the measure R all asymptotic properties are the same for the cases of one
sample and several samples. More precisely, the following statement is true:

Claim 2. Let ', 22, ..., 2" be independent sequences generated by a stationary and ergodic source
and t be a total length of those sequences (t = Y.i_, |2%|). Then, if t — oo, (and r is fized) the
statements of Theorems 1-5 are valid, when applied to ' o 2% o ... o x" instead of x1 ...z (In
Theorems 2, 4, 5 py should be changed to R.)

The proofs are analogous to the proofs of Theorems 1-5.

4  Real-valued time series

Here we will consider problems of the density estimation and prediction for a stationary process
with densities. We have seen that Shannon-MacMillan-Breiman theorem played a key role in
the case of finite-alphabet processes. In this part we will use its generalization to the processes
with densities. This result was proved by Barron [2] and was an extension of the L1 convergence
obtained in [19, 30, 32]. First we describe considered processes with some properties needed for
a fulfilment of the generalized Shannon-MacMillan-Breiman theorem.

Let (2, F, P) be a probability space and let X, Xo,... be a stochastic process with each
X, taking values in a standard Borel space. As in [2], suppose that the joint distribution P,
for (X1, Xs,...,X,) has a probability density function p(zjzs...x,) with respect to a sigma-
finite measure M,,. Assume that the sequence of dominating measures M,, is Markovian of order
m > 0 with a stationary transition measure. Familiar cases for M,, are Lebesgue measure
and counting measure. Let p(x,11]z1...x,) denote the conditional density given by the ratio
p(x1...xp41)/p(x1 ... 2y) for n > 1. It is known that for stationary and ergodic processes there
exists a so- called relative entropy rate h defined by

h = nh_)rgo —E(logp(znii|xy ... xn)), (25)

where F denotes expectation with respect to P. The following generalization of the Shannon-
MacMillan-Breiman theorem is obtained by Barron in [2]:



Claim 3. If {X,} is a stationary ergodic process with density p(xy...x,) = dP,/dM, and
hn < 1 for some n > m, the sequence of relative entropy densities

—(1/n)logp(xy ... xy)

converges almost surely to the relative entropy rate, i.e.,
o1
lim —logp(z1...x¢) = h. (26)
t—oo {

with probability 1 (according to P).

Now we return to the estimation problems. Let {II,},n > 1, be an increasing sequence of
finite partitions of  that asymptotically generates the Borel sigma-field on F, and let z/¥! denote
the element of Il that contains the point z. (Informally, if 2 is an interval, z!¥ is obtained by
quantizing x to k bits of precision). For integers s and n we define the following approximation
of the density

P21, ) = P al A gl (27)
We also consider
hs = lim_ E(logp®(zn41]z1,- -5 x0)). (28)

Applying Claim 3 to the density p*(z1,...,x;), we obtain that a.s.
o1
lim —logp®(z1,...,2¢) = hs. (29)
t—oo t

Let U be a universal code, which is defined for any finite alphabet. In order to describe the
density estimate we will use the distribution w; see (16). Now we define the corresponding
density ry as follows:

ro(en.ox) = 3 wipp (@2 Myl 2 (30)
=0

where the measure ug is defined by (22). (It is supposed here that the code U (l'[f} . x?])
defined for the alphabet, which contains |II;| letters.)

It turns out that, in a certain sense, the density ry (1 ... 2¢) estimates the unknown density
p(z1,. .., x).

is

Theorem 6. Let X; be a stationary ergodic process with densities p(x1 ...x) = dP;/dM; such
that
lim hs = h < o0, (31)

§—00

where h and hs are relative entropy rates, see (25), (28). Then

1
lim * log PELT) g (32)
t—oo t ry(xy..w)
with probability 1 and
1 e
lim = E(logM 0 (33)

t—oo t ru(Ty...x¢)



Proof. First we note that for any integer s the following obvious equality is true: ry(zy...x) =

wqu(:p[ls} . ..xgs})/Mt(:c[ls] . .:c][fs]) (1 +6) for some ¢ > 0. From this equality, (22) and (32) we
immediately obtain that a.s.

PEr...a) pa1 ... z1)

1
lim —log

1
< lim - log

. 34
t=oot  Cry(wy...my) T t—oot 27|U(ac[15]...:p£3])|/Mt(:L,[lS] _ ngs]) (34)
The right part can be presented as follows:
1 p(z1...m)
e TN CERT
2 ‘ (xl Ty )‘/Mt($1 N )
.1 pi(r.. ) Mt(x[ls} . x,&s}) .1 p(x1 ... x¢)
= lim —1 lim —log ———=. 35
tiglo t 8 27|U(x[15]...:1:£‘§])\ + tiglo t 8 ps({El .. .LIZ‘t) ( )

Having taken into account that U is the universal code, (27) and Theorem 1, we can see that
the first term equals to zero. From (26) and (29) we can see that a.s. the second term is equal
to hs — h. This equality is valid for any integer s and, according to (31), the second term equals
to zero too, and we obtain (33). The first statement is proven.

From (34) and (35) we can can see that

pi(x1, ..., 2¢) Mt(:z[ls} e xl[ts})

E log p(xy...2¢)

<Flo .
ry(2y...2) & 2—|U($[13]-~-$£é])|
LE log p(xy...2¢) . (36)
(T, ..., )

The first term is the average redundancy of the universal code for a finite- alphabet source,
hence, according to Theorem 1, it tends to 0. The second term tends to hs — h for any s and
from (31) we can see that it is equal to zero. The second statement is proven. O

We have seen that the requirement (31) plays an important role in the proof. A natural
question is whether there exist processes for which (31) is valid. The answer is positive. For
example, let Q be an interval [—1,1], M, be Lebesgue measure and a considered process is
Markovian with conditional density

_ [ 1/2+a sign(y), ifz<0

where a € (0,1) is a parameter and

. -1, ify<O0,
Szgn(y):{l ify>0 .

It is easy to see that (31) is true for any o € (0,1/2).

The following theorem describes properties of conditional probabilities ry(z|xy...zm) =
ru(z1...tmx) /Ty (21...2,) which, in turn, is connected with the prediction problem. We will
see that the conditional density ry(z|x;...zy,) is a reasonable estimation of p(x|z;...zpn).

Theorem 7. Let f be an integrable function whose absolute value is bounded by a certain
constant M. Then the following equalities are valid:

t—oo t

t—1
i) lim IE(Z(/f(:C)p(xxl...:pm)de —/f(a:)rU(x\xl...xm)de)z) —0, (37
m=0



i) lim E \/f (1.t )M /f Y (&)1 )M ) =

Proof. The last inequality of the following chain follows from the Pinsker’s one, whereas all
others are obvious.

/f p(x|zy...2m)d My, /f z)ry(x|zy...zm)dMy)? =

/f p(z|zy. ) — ry(z|Ty.2m))dM,,)?
< N[ (plalar o) — ro(elan.ccam) M)
< ]\_42(/ Ip(x|z1...2m) — rU(x]azl...xm)|de)2

const /p(m\xl...xm)log(p(x]xl...xm)/r(](x\xl...xm)de.
From these inequalities we obtain:

t—1

E/f p(x|zr..am)dM, /f 2)ru (@21 ) AMn)?) < (38)

m=0

ZconstE/ (x|z1...2m) log(p(x|z1...2m) 1y (2|21 ) ) A M.

The last term can be presented as follows:

t—1

Z E(/p(m]xlxm) log(p(z|zy...wm) /ru(x|T1. . 20,) ) d M) =

m=0
t—1

T1...Tm z|ry...2m) lo zlri..xm)/ry(x|21...2m))dM1 dM,,) =
S [ wresm) [ pleleam) oglpteleean) ro (slen-an))dby dbty)

/p(a:l...xt) log(p(xy...x)/ry(z1...20¢) ) M.
From this equality, (38) and (33) we obtain (37). ii) can be derived from (38) and the Jensen
inequality for 2. O
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