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Decomposition of conditional probability for high-order symbolic Markov chains
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The main goal of this paper is to develop an estimate for the conditional probability function of random
stationary ergodic symbolic sequences with elements belonging to a finite alphabet. We elaborate on a
decomposition procedure for the conditional probability function of sequences considered to be high-order
Markov chains. We represent the conditional probability function as the sum of multilinear memory function
monomials of different orders (from zero up to the chain order). This allows us to introduce a family of Markov
chain models and to construct artificial sequences via a method of successive iterations, taking into account at
each step increasingly high correlations among random elements. At weak correlations, the memory functions
are uniquely expressed in terms of the high-order symbolic correlation functions. The proposed method fills the
gap between two approaches, namely the likelihood estimation and the additive Markov chains. The obtained
results may have applications for sequential approximation of artificial neural network training.
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I. INTRODUCTION

Natural sequences with a nontrivial information content
have been the focus of a large number of studies in different
fields of science for the past several decades. Such random
sequences are a subject of study in the areas of algorithmic
(Kolmogorov-Solomonoff-Chaitin) complexity, information
theory, compressibility of digital data, the statistical infer-
ence problem, computability, data compression [1], natural
language processing [2], and artificial intelligence [3]. In
addition, many aspects of these sequences can be applied as a
creative tool for designing devices and appliances with random
components in their structure (e.g., different wave filters,
diffraction gratings, artificial materials, antennas, converters,
delay lines, etc. [4]).

Random sequences with a finite state space exist as natural
sequences (e.g., DNA or natural language texts), or they arise
as a result of coarse-grained mapping of the evolution of a
chaotic dynamical system into a string of symbols [5-7]. The
sequence items can also be phonemes, syllables, words, or
DNA base pairs, depending on the application.

A standard method of understanding and describing the
statistical properties of a given random symbolic sequence of
data requires an estimation of the joint probability function of
L words (subsequences of length L). Reliable estimations for
the probability can be achieved only for small L because the
number m~ (where m is the finite-alphabet length) of different
words of length L has to be much less than the total number of
words, mL « M — L, in the whole sequence of length M.
This is a crucial point, because the correlation lengths of
natural sequences of interest are usually of the same order
as the sequence length, whereas the last inequality can only be
fulfilled for the maximal lengths of the words, Ly, < 10.

The main purpose and results of this paper can be described
as follows: We elaborate on a decomposition procedure for the
conditional probability function of sequences considered to
be high-order Markov chains. We represent the conditional
probability function as the sum of multilinear monomials of
different orders (from zero up to the chain order). At weak
correlations, the memory functions are uniquely expressed in
terms of high-order symbolic correlation functions. Finally,
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we reveal a close connection between our analytical Markov
chain approach and artificial neuron network models.

II. SYMBOLIC MARKOV CHAINS

Consider a semi-infinite random stationary ergodic se-
quence S of symbols (letters, characters) a;,

S =agp,a,az, ... (D
taken from the finite alphabet
A={a'o? ..., 0", aq;e A i e N, ={0,1,2,...}. (2)

We use the notation g; to indicate a position i of the symbol
a in the chain, and the unified notation «* to stress the value
of the symbol a € A. We also use the personified notation for
the symbols a of the same alphabet, A = {«,8, ... ,w}.

We suppose that the symbolic sequence S is a high-order
Markov chain. The sequence S is a Markov chain if it possesses
the following property: the probability of symbol a; to have
a certain value o* € A under the condition that all previous
symbols are fixed depends only on N previous symbols,

k
P(a; = o*| ... ai_s,a;_))

= P(a; = & ai_n, .. .,ai—2,a;_1). 3)

There are many other terms for such sequences. They
are also referred to as follows: categorical [8], higher-order
[9,10], and multi- or N-step [11-13] Markov chains. One
of the most important and interesting applications of the
symbolic sequences is the probabilistic language model, which
specializes in predicting the next item in a sequence by means
of N previous known symbols. Here the Markov chain is
known as the N-gram model.

As a rule, the statistical properties of random sequences
are determined using correlation functions. In contrast with
numeric correlation functions,

C(l”l,rz, ..

= lao —a)llay, —a)] - [ar 4otr,, —al, (4

S Tk—1)
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symbolic correlation functions of kth order are given by the
following expression:

C,Bl,...ﬁk(rl,rz, e k1)
= [8(a07ﬁ1) - pﬁl] c [8(ar1+~-+l’k—1 ’ﬁk) - pﬂk]- (5)

The overline indicates a statistical average over an ensemble
of sequences. For numerical purposes, it can be replaced by
the average along the chain for ergodic sequences, or by the
arithmetic, Cesaro average. Note that in some sense, symbolic
correlation function matrices are a more general construction
than numeric correlation functions. They can describe in more
detail even numeric sequences.

A. Likelihood estimation

If the sequence, the statistical properties of which we would
like to analyze, is given, then the conditional probability
function (CPF) of Nth order can be found using a standard
method known as the likelihood estimation,

P(a'fN’ v 7a'711a)
Pla; =ala;_n,...,a;i-1) = l l , (6
P(ai_n, ...,a;—1)
where P(a;_n,...,a;_1,&¢) and P(a;_y,...,a;_1) are the
probabilities that the (N + 1)-subsequence a;_y, ... ,a;—1,«

and the N-subsequencea,_y, . . . ,a;—1 will occur, respectively.
Hereafter, we often drop the superscript k from o to simplify
the notations.

The conditional probability function completely determines
all the statistical properties of the random chain and the
method of its generation. Equation (6) shows that the CPF
is determined if we know the probability that (N + 1) words
will occur, with the words containing (N + 1) symbols without
omissions among their indexes. Obviously, the average number
of some word ay, ...,a; occurring in the whole sequence
decreases exponentially with its length L. Let us evaluate the
length L,.x of a word that occurs on average one time. For
a given length M of a weakly correlated sequence with fixed
dimension m of the alphabet, this length, evidently, is equal to
Ly ~InM/Inm.

To make this evaluation more precise, we should take
into account that the correlations decrease the number of
typical words that one can encounter in the sequence, and this
phenomenon increases the length L ,«. From the famous result
of the information theory, known as the Shennon-McMillan-
Breiman theorem [14], it follows that

log, M
H

where H is the conditional entropy per letter of the sequence
under the condition that all correlations are taken into account.

The words of length L < Ly, are well represented in the
sequence, thus one can use the statistical approach for these
objects and calculate the probabilities of their occurrence in the
chain. By contrast, the statistics of longer words, L = Ly,
is insufficient, and the whole sequence for such words is no
longer a probabilistic object. Many papers devoted to this topic
call into question even the possibility of the existence of a
“finite random sequence” [15,16].

Therefore, if the correlation length R. of a sequence is
less than L, then the random sequence under consideration

Lpax ~

, (7
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should be deemed quasiergodic because the words of length
L < R, < Ly, provide statistically meaningful information
for reconstructing the conditional probability function of the
sequence.

We encounter a completely different situation when L, <
R.. In that case, the statistical properties of the studied
sequence can be reconstructed only up to the length of
order L < L. Statistically important information on the
property of the sequence in the interval Ly, < L < R, is
inaccessible in the framework of the discussed likelihood
estimation method.

For the sake of simplicity, let us fix our attention on the pair
correlation function C,(r) only. If we know the statistics of
(N + 1) words, we also know C,(r) for r < N. Nevertheless,
at the same time, for the given sequence of length M, we
can calculate C,(r) at r, which is of order M. For a weakly
correlated sequence, the probability P(a; = «,a;4+, = B) that
the pair of letters o and 8 will be separated by a distance r is
equal to py pg. This quantity determines the number of pairs
in the hole sequence. The number is a decreasing function of
r. As above, we can evaluate the distance rp,x between the
pair of letters that occurs on average one time. Thus, we have
Tmax ~ M — 1/(pq pg). Itis clear that rp,, can be much greater
than L.x.

For k-order correlation functions or k-words, the estimation

is rr(fa)x ~M - 1/(p011’ s ’pak)'

Let us note that in the frameworks of both methods,
we cannot take into account the correlation functions of
order higher than L. This quantity determines both the
maximal length of words, without or with the omission
of symbols among them in the sequence (in mathematics,
such sets are known as cylinder sets), and the maximal
order of correlation functions, which can be used to describe
the statistical properties of the sequence. In the method of
likelihood estimation, this length limits the differences among
the arguments of the correlation functions. In the general
case, the differences among the arguments of the correlation
functions are limited by »*) . This information about the region
Liyax S L < min(R,,rmax) is presented for consideration by
means of the memory functions, which are expressed through
the correlation functions; see Egs. (10), (25), and (26).

A method that allows us to use the information on the
symbols separated by a distance r < min(R,7nax), not only
in the narrower region with r < Ly, is connected with the
high-order additive Markov chains, a construction proposed
in Refs. [17,18]. In this paper, we develop this method and
introduce the family of multilinear high-order Markov chains.

B. Additive high-order Markov chains

For an additive high-order Markov chain, the conditional
probability function takes on a specific, simplified, “linear
form” with respect to the random variables a;,

i
Pua = PV(a; = alai_n, ... ,ai—2,ai—1)

N
=Put Y Y. FupN8(aip. )= ppl. (8

r=1 BeA
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Here pg is the relative number of symbols g in the chain, or
their probabilities of occurrence,

pg = 8ai.p). €))

The Kronecker delta 4(.,.) plays the role of the characteristic
function of the random variable g;, and it converts symbols to
numbers. The additivity of the chain means that the “previous”
symbols a;_y, ...,a;—2,ai—1 = af:}\, exert an independent
effect on the probability that the “final” generated symbol a; =
o will occur. The first term on the right-hand side of Eq. (8)
is responsible for the correct reproduction of the statistical
properties of uncorrelated sequences, while the second one
takes into account and correctly reproduces the correlation
properties of the chain up to second order. The higher-order
correlation functions are not independent anymore. We cannot
control them and reproduce correctly by means of the memory
function F(r).

There were two methods suggested for finding the memory
Sfunctions Fyg(r) of a sequence with known pair correlation
functions. The first one is a completely probabilistic straight-
forward calculation analogous to that presented in [17]. Its
modification is used below while obtaining Egs. (25) and (26).
For any values of o, 8 € Aandr > 1, the relationship between
the correlation and memory functions was obtained,

N
Cap(r) =Y Y Cay(r — 1) Fp, (). (10)

r'=1yeA

Here the two-point (binary, pair) symbolic correlation
function is the particular case of definition (5),

Cop(r) = [8(ai,a) — poll8(aitr.f) — ppl. 1L

The second method [18] for deriving Eq. (10) is based on
the minimization of the “distance” between the conditional
probability function, containing the sought-after memory
function, and the given sequence S of symbols with the known
correlation functions,

Dist = [8(a;.) — P(a; = afa"}) ] (12)

It is difficult to make a final conclusion about the rela-
tionship between these two methods and the cause of their
coincidence. The principle of distance minimization may be
considered as the ansatz, which finds its probabilistic confir-
mation. Howeyver, this second method also has an independent
interest, both theoretical and practical. The first one explains
that the memory function provides the minimization of some
characteristics, e.g., the distance between the original and
artificial sequences; the practical utility may consist in the use
of numerical simulations for finding the unknown memory
functions.

Let us note that in the considered case, the two-point
quantities—the memory and correlation functions—are not
obliged to satisfy the strong inequality L < Lp,. In other
words, the additive Markov chain determined by Eq. (8)
can describe and predict the two-point statistical properties
of random sequences at distances longer than that based on
Eq. (4). At the same time, the model of random sequences
based on the likelihood estimation works better at short
distances; see, e.g., the result of the DNA entropy estimation
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[19,20], where the discrepancy between the two theories is
evident. The next step to improve the prediction quality of
symbols in a random chain, which we present here, is based
on the k-linear conditional probability function, which should
close the above-mentioned gap and, probably, explain the
very astonishing question of why binary correlations are so
important and so long. The additive Markov chains are, in some
sense, analogous to the chains described by autoregressive
models [7,9,21].

III. DECOMPOSITION OF THE CONDITIONAL
PROBABILITY FUNCTION

Equation (8) can be considered as an approximate model
expression simplifying the general form of the conditional
probability function. As a matter of fact, the conditional
probability (6) of the symbolic sequence of random variables
a; € A can be represented exactly as a finite polynomial series
containing N Kronecker § symbols: a specific decomposed
form of the CPF, which expresses some “independence” of the
random variables a and spatial coordinates i,

P(|) = P(a; = ala”y)
N
= Z Fa;ﬂl,,,,,ﬁN(l,...,N)]_[(s(ai_,j,ﬂ_y). (13)
s=0

Here the arguments 1,...,N of the function
Fo.p,,..6y(1,...,N) indicate the distances between the
final “generated” symbol a; = « and symbols a;_, ... ,a;_n.
It is clear that there is a one-to-one correspondence between
P(a; = alal”)) and the function Fy.p, 4, (1,...,N), which
is referred to as the generalized memory function. The
characteristic functions §(a;_,,,[;) play the role of a basis,
and the generalized memory functions are coordinates of
the CPF. We hope the reader paid attention to the difference
between af, ke (1,...,m) and o, where the subscript
s, s € (1,...,N) enumerates different sets of letters.

Let us decouple the memory function Fy.g, . g, (1,...,N)
and present it in the form of the sum of memory functions of

kth order, F® = Fa;ﬁfl.,...,ﬂ,»k (Fiys - oTiy)s
N
Fupropu(lo e NY= " Fup gy (o), (14)
k=0

where all symbols r; on the right-hand side (RHS) of Eq. (14)
are different, ordered,

1<y <ry<---<r, <N, (15)

and contain all different subsets {r;,, ...,r;} picked out from
the set {1, ...,N}. The coordinates r;, of the memory function
Fa;ﬂ,] ,,,,, B (ri,» ...,ri,) indicate the positions of elements ;,,
except the function Fyp, .. g, (1, ..., N), for which all symbols
Bi, ...,Bn have the prescribed coordinates 1, ...,N.

Inserting (14) in (13) and summing over the subset
{ri,,....r;} variables satisfying Eq. (15), we get

N
P(ai = 0!|le:11\/) = Z Q(k)(ai = 0l|a,l::11v) (16)
k=0
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with the following definitions of Q© and QV, see Egs. (8):

PHYSICAL REVIEW E 96, 012158 (2017)

0% (a; = alaj"y) = pa (17)
and
N
QW(al) =" Fup(r)[8ai—r.B) — ppl. (18)
peA r=1

The general term of kth order, referred to in multilinear algebra as a k-linear form, is

0¥y = > >

Fa;ﬁl ..... ﬂk(ﬁ,

In Eq. (19), we have added the term Cyg,

.....

TE) l_[ [8(ai-r,-Bs) — Pg.] = Choooop ke — Tt - .-

Biy.sBreA 1<ri<--<ry <N s=1

g to provide the equality Q®(.|.) =0 forallk =1,2,...

Jr—r)¢. (19)

,N. With this property,

the ensemble-average value of the conditional probability function is always equal to p,.

Definition (5) is correct forr; > 0,i =1, ...

,k — 1. If some arguments of the correlation function in Eq. (5) are negative, one

should interpret it in the following way, which is referred [22] to as “collating”: we should order the arguments of the function

according to definition (5). For example,

Capys(2,2, = 3) = [8(ao,&) — polld(az, ) —

ppllé(as,y) — p,1l8(a1,8) — psl

= [8(ag,ar) —

Pellé(ar,8) — psllé(az, B) —

pplldas,y) — pyl = Caspy(1,1,2). (20)

We used this method to represent the correlation function in Eq. (19) in the collating form.

The function Cy,,
Then function Cy,

A trivial property of the function Cy, . (71, ... ,7k—1) 1S

an €A

The last term Q™) in Eq. (16) contains arguments 7 = k.
For each fixed set of symbols «; B, ...,Bn there is just one
matrix constant Fy.g g, (1,...,N).

The k-linear conditional probability function P®)(.|.) in
the form of Egs. (16) and (19) can reproduce correctly the
correlations of the Markov chain up to (k + 1)th order. For
the value of k = N, the functlon PW)(.|.) represents exactly
the function P(a; = oz|a ) [Eq. (6)].

Thus, the conditional probability function P(a; = o¥|ai”),
is presented as a decomposition of multilinear form into
k-linear subspaces. Earlier, a similar idea was presented by
Hosseinia, Leb, and Zideka [8], who proved rigorously that
the conditional probability function can be written as a linear
combination of the monomials of past process responses for
the Markov chain; see also Besag’s paper [23].

The utility of the decomposition procedure can be explained
in the following way. First, the partial terms Q®) of the CPF are
mainly responsible for reproducing the correlation properties
of (k + 1)th order [see Eq. (33)], and second, they can be
considered as an asymptotic successive approximation for the
the CPF.

A. Bilinear CPF

The model of the additive high-order Markov chain is well
studied [12]. In this section, we examine high-order Markov
chains with a bilinear conditional probability function.

The right-hand side of Eq. (8) contains two first terms of the
asymptotic expression of the exact form, Eq. (13). The next

r-1) =0,

«, depends on k arguments r, but the Markov chain under consideration is supposed to be homogeneous.
«, depends on k — 1 arguments, the differences between the indexes, 7,72, ...

,T'r—1, of neighbor symbols.

1< m<k @21)

(

term Q@ is

02(1) = 0¥ (a; = elai"y)

PP

ByyeA 1<ri<n<N
x{[8(ai-r,»B) — pplld(ai—r,,v) — py]
—Cyp(ra — )} (22)

The conditional probability function, which contains the
linear term P,qq = PV(.].) and the bilinear function Q® [see
Egs. (8) and (22)], defines the bilinear Markov chain,

Pyitin(.|.) = PP(]) = PO+ 091, (23)

It is possible to find the recurrence relations for the
correlation functions of the N-step bilinear Markov chain.
For this purpose, first of all we should calculate explicitly the
average value of symbol a, 4.4, in Eq. (5). Taking into
account the equation P(a = «|-) + P(a # «|-) = 1, we can
rewrite Eq. (5) for arbitrary £ > 2 in the form

[S(a()vﬂl) - pﬁ]] tee [a(ar1+--‘+rk,] 513]() - Pﬂk]
5(&0,/3]) p/SI [P(ah-‘r”'-'rfkq = ﬁk') - pﬂk]v (24)

where the CPF P(ay,+..4r,, = a|-) is given by Eq. (16). In
that way, we can obtain the fundamental recurrence relation
connecting the correlation functions of different orders k. Here
we restrict ourselves by presenting these equations for the
correlation functions Cog(r) and Ceg, (r1,72) and the bilinear

F(x;ﬂy(rlar2)
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CPF, Eq. (23),

N
Cap(r) =D Y Coy(r = 11)F, (1)

ri=lyeA

+ Y D Caey(r —rara = r)Fpye(riora).

y,e€ A 1<r<rn<N

(25)
The equation for Cyg, (r1,72) reads

N
Caﬁy(rler) = Z Z Caﬁn(rler - r;)Fyn(r{)

neAri=l1

LDIEDY

n.e€A1<r| <rs<N

Fy;ns(’"{’ré)

X[Caﬁsn(rlarZ - ré,ré - I"{)
—Cop(r1)Cey(ry — r)l. (26)

The other way to get Eqs. (25) and (26) is based on the
minimization of the “distance,” Eq. (12).

The system of equations (26) allows us to find the unknown
memory functions Fug(r) and Fyg, (r1,r2) for consecutive
construction of a representative random sequence with given
correlation functions of second and third order. The memory
functions should be expressed by means of the probability p,
and the correlation functions Cug(r) and Coyp, (71,72), Which
can be found numerically by means of an analysis of a given
random chain.

Equations (25) and (26) enable us to understand that
higher-order correlators C*' (k > 3) and all correlation
properties of higher order are not independent anymore. We
cannot control them and reproduce correctly by means of the
memory function Fg(r) and F),.,.(r,r2) because the latter is
completely determined by the pair and third-order correlation
functions.

We can make a similar conclusion about kth-order memory
functions. The N-step Markov chain with a k-linear memory
function allows us to reproduce correctly the chains up to the
correlation function of (k 4+ 1)th order.

B. Approximate solution of equations

Equations (25) and (26) can be solved analytically only
in some particular cases: for one- or two-step chains, for
the Markov chain with a stepwise memory function, and so
on. Here we give their approximate solution supposing that
correlations in the sequence are not too strong (in amplitude,
but not in length), and the alphabet .4 contains many letters.
To formulate these conditions, we introduce the normalized
symbolic correlation function defined by

Cotﬂ(r)
Caﬂ (0) '

Kop(r) = Cop(0) = pod(a.B) — papp.  (27)
If correlations in the random chain are not strong, it is
plausible to suppose that all the components of the normalized

correlation function with r # 0 are small with respect to
Kqup(0) = 1.
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Neglecting the second term on the right-hand side of
Eq. (25) [the correctness of this approximation is explained
below, after Eq. (34)], we get Eq. (10). The solution of this
equation can be written in the form

1
Fop(r) = —Cpo(r) (28)
Ps

if in definition (27) of C,g(0) we can neglect the term p, pg
with respect to p,. This is possible if the dimension |A| of
alphabet A satisfies the condition

Al =m > 1, (29)

so that all probabilities p, are small.

It is easy to see that after substituting Eq. (28) into (8),
we can rewrite the additive conditional probability in the
intuitively clear form

N
PO(a; =ala”\) = pu+ Y [Pla; = alai_) = pal, (30)
r=1
which explains the probabilistic meaning of Eq. (28)—in this
approximation, each symbol a;_,, 1 < r < N, has its own,
independent effect on the probability to generate a;.

Our analysis of Eq. (26) shows that we can neglect
the first term on the RHS of Eq. (26) with respect to
the term Cgp, (r1,r2) on the LHS because F,,(r|) contains
only a nondiagonal small component of C,,(r{). For the
same reason, the term Cop(r)C.y(ry —ry) is small with
respect to Cogen(r1,12 — 15,15 — rp). The last statement follows
from estimation of the correlator Copgey(ri,r2 — 15,75 — 1)
Its largest unique component satisfying the conditions r; >
ri+ Lry = 1 is Cupap(ri, —ri,r1) at r{ =ro,ry =ri +ra.
Thus, Eq. (26) reduces to

Capy(r1,12) = Fyiap(ra, 11 +12)Copap(ri, — r1,71). (31)

Taking into account Eq. (29) and neglecting correlations
while calculating Cogqp(r1, — 71,71), we get

1
Fyap(r1,r2) = ——Cqpy (12 — 11,71). (32)
vieB PaDp By

Equation (13) for the conditional probability function of
the symbolic high-order Markov chain with a bilinear memory
function [in the first approximation with respect to the small
parameters |Cup(r)| < 1,7 # 0 and a multiletter alphabet,
Do < 1] takes the form

P(z)(a,- = a|a§:}v) >~ Pa

N
1
—+ Z Z _Cﬂa(rl)[(s(ai—rlvﬂ) - pﬂ]

BeAr=1

1
+
ﬂ;fl 1<r1§;<1v PpPy

x{[8Ca;—,,B) — pgllé(ai—,,y) — py]
—Cyp(ra — )} (33)

Cpyalra —r1,11)

C. k-linear form of the CPF

Equations (28) and (32) show that we can hope to obtain
similar expressions for generalized memory functions of kth
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order expressed by means of a correlation function. The result
of such calculations can be presented in the form

—ry,r1). (34)

= — k=1, ...,
Pays -+ Py

To obtain this result, let us summarize the main steps
of this procedure: (i) Calculate the correlation function
of (k+ Dth order, Cq, o (1,...,70), 1< k<N, (i)
While calculating, use P(.|.)=PM(|)=p, 0P|
(iii)) As a result, the correlation function is presented
as a sum of the memory functions of different order
from 1 to N with coefficients Corop..(r,77, .. .).
(iv) In the main term of the sum containing
Zr’,ﬁ Fak+1§ﬁ1 ~~~~~ ﬁk(r{""’r]i)cal ----- i Brseees ﬁl(rl""’rk—hrk_
TisFoey = ToeasTh — 1), find the maximal term
Ca,,..p(r1, ... ,r5 —r)). It is maximal if in two increasing

J

P(a,- = a|a§

Z Z Z pr} Cﬂk ,,,,, (rk_rk 1y eeesl —

PHYSICAL REVIEW E 96, 012158 (2017)

sequences
(rewritten

0,r1,...,7k—1 and 71 — 1y, 7
according to the collating procedure as
O,ri,ri+ry,...;ri+rm+---+r-; and ri+---+r.—
rpbi o4 —r_y, ..., + - +rg —ry), there is one-
to-one correspondence among their terms: r| = ry, 1y = ry +
ri—1, and r; =ry +--- +ri. (v) Neglect correlations while
obtaining Cq,, g (ri,....r5 —r) = ]_[1;=1 Da,0(0tg, Bs). (Vi)
All other terms containing Fy, .5,....5,(r{, ... ,r;) with s # k
are small with respect to that taken into account; they contain
additional small factors p”,r > 1.

Thus, the conditional probability function Eq. (13) for
the symbolic high-order Markov chain in the first approx-
imation with respect to the small parameters |Cyp(r)| <
I,r #0 and a multiletter alphabet, p, < 1, is expressed
by means of “experimentally” measured quantities, i.e., the
correlation functions. Taking into account property (21),
Za,,, Caoy... (1, ... ,1—1) = 0, it is convenient to present the
final main result of the paper in the form of a series [Eq. (16)],
where we should substitute Eq. (19) and replace the memory
function by Eq. (34),

’ ’ !
— T2ty 1

ri,F1)

k=0 B1,....Bee A 1<r| <--<rp <N s=1

X

t=1

Equation (35) provides a tool for constructing weak correlated
sequences with given, prescribed correlation functions. Note
that the i-independence of the function P(a; = oz|af:]1v)
provides homogeneity and stationarity of the sequence under
consideration. According to the Markov theorem (see, e.g.,
Ref. [24]), the finiteness of N together with the strict
inequalities

0 < P(aipny =ala™ 1) <1,i e N ={0,1,2,...} (36)

provides ergodicity of the random sequence. Stationarity and
ergodicity are sufficient conditions for the formulation of the
asymptotic equipartition property (the Shannon-McMillan-
Breiman theorem) [14] and Kac’s lemma [25,26].

We see that if the correlations are weak, all terms of the
CPF are independent of each other. If, e.g., we generate a
sequence using the terms of zero order and the bilinear terms,
we find that all correlators are equal to zero except third order
correlators. In the general case, it is not correct. When, e.g., we
generate a sequence with an additive memory function, there
appear correlations of all orders, not only pair ones.

D. What to do if p, are not small

If the real sequence under study does not satisfy the condi-
tion p, < 1, as, for example, in nucleotide DNA sequences,
where all four probabilities p of the different nucleotide
occurring are of the order 1/4, we cannot apply Eq. (35) to
obtain the CPF by means of correlation functions. To make
this possible, we should decrease the probabilities p. For this
purpose, we could use the idea proposed by Jiménez-Montafio,

1_[[8(“1 1,’,Bt) pﬂz

Cﬁk ..... lgl(rk—rk,l,...,rk—rl) . (35)

(

Ebeling, and others [27-29], who suggested coding schemes of
the nonsequential recursive pair substitution. Each successive
substitution is accompanied by a decrease in the probability
P&, where & belongs to a new extended alphabet.

IV. ARTIFICIAL NEURAL NETWORK

In the previous section, we presented the analytical method
of finding the memory functions Fypg, .. g, (r1,...,ry), and
we expressed them in terms of correlation functions. In this
section, we expose briefly the numerical method of network
training, i.e., estimation of unknown parameters in a network.
The result of this procedure should be the values of the matrix
functions F'(.).

According to the definition given in Ref. [30], artificial
neural networks (ANNGs) are a family of connectionist models
used to estimate or approximate functions [in our case, it
is P(a; = oz|a )] that can depend on a large number of
generally unknown parameters. Artificial neural networks are
generally presented as systems of interconnected nodes or
“neurons.” The connections have numeric weights that can
be tuned based on experience, making neural nets adaptive to
inputs and capable of learning. These definitions correspond
to our goal of numerically estimating the unknown function
matrices Fy.p, . gy(71,...,ry) depending on a great number
of parameters, say N ~ 10° or more.

We mentioned that the equations for the memory functions
Fap,....y (1, ..., vy) can be obtained analytically by means
of minimization of the distance (12) (known in the ANN
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theory as cost function or average system error) between
desired and actual neuron output values, the elements of a
real referent sequence, and the CPF. The same distance can
be used for purposes of numerically finding an unknown
quantity—generalized memory matrices F'(.)—under the net-
work training.

The considered problem with a (potentially) given random
sequence falls within the paradigm of supervised learning,
which can be thought of as learning with a “teacher.” In
supervised learning, each example is a pair consisting of
an input vector object, aL y» and a desired output value,
a; = a, or, more precisely, their conditional probabilities,
Pa =« |af:,lv). A supervised learning algorithm analyzes the
training data and produces an inferred function, which can be
used for mapping new examples. An optimal scenario will
allow for the algorithm to correctly determine the class of
memory functions.

A commonly used mean-square error tries to minimize the
average squared error between the network’s output and the
target value over all the example pairs. When one tries to
minimize this cost using gradient descent for the class of
neural networks called multilayered perceptrons, one obtains
the common and well-known backpropagation algorithm for
training neural networks.

A number of supervised learning methods have been
introduced in the past two decades. In the paper of Caruana
and Niculescu-Mizil [31], the reader can find a large-scale em-
pirical comparison between ten supervised learning methods:
SVMs, neural nets, and so on.

V. NUMERICAL SIMULATIONS

In this section, to verify our analytical results, we give
examples of numerical generation of random sequences with
the state space of dimension |.4| = 2 [the symbols (numbers)
of the sequence can only take on two values: O or 1]. Let us
note that for a binary sequence, there is no distinction between
symbolic and numeric approaches: all symbolic correlation
functions can be expressed by means of numeric ones and vice
versa. A more detailed explanation is outlined in the Appendix.

It is supposed that the modeled statistical properties of the
random chain are determined by the probability of the symbols
occurring, p, = 1/2, the additive part of the memory function:

0.002r, 1<r <5,
F(r)={0.02-0.002r, 5<r <10, (37)
0, 10 <7,

and the exponential (with respect to both arguments) bilinear
part of the memory function:

F(ry,rp) = 0.5exp(—0.5r1) exp(—0.5r,), (38)

with the truncated parameter N = 20 playing the role of the
memory length.

These memory functions allow us to calculate the con-
ditional probability function (13), consisting in this case of
three parts: the zero-order function, p, = 1/2, the first-order
additive function, OV, and the second-order bilinear function,
0®, where the last two terms are given by expressions (18)
and (22). Using p, and Egs. (37) and (38), itis possible to build
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FIG. 1. The pair correlation functions for three random sequences
constructed by means of the different conditional probability func-
tions taken in the form of a combination of the linear and bilinear
parts of memory functions (37) and (38). The lines are the correlation
functions obtained by solving the system of Egs. (25) and (26).
The dots are direct calculations over generated sequences of binary
symbols. The length of the sequences is 10%.

up four different CPFs. Taking, e.g., the zero-order function
only, we obtain an uncorrelated sequence.

We construct numerically three different random sequences
of length 108. The first one is generated by the additive
probability function Q" [Eq. (37)], the second is obtained
with the bilinear part [Eq. (38)] (but without the additive part),
and the third chain, the most general in our case, is obtained by
the CPF containing both terms (37) and (38). All these CPFs
contain, evidently, the zero-order term, p,.

Since the sequences are prepared, we can calculate their
correlation functions. In Fig. 1, the obtained correlators are
presented by the dots. At the same time, using memory
functions Eqs. (37) and (38) and solving iteratively the system
of Egs. (25) and (26) with respect to Cog(r) and Cop, (r1,12), We
obtain the correlation functions presented in Fig. 1 [Cop(r) =
C11(r) = Cy(r)] by the curves.

The middle curve and dots correspond to the sequence
generated with the additive memory function. The bottom
curve and dots describe a sequence based on the bilinear part
of the memory function. The upper curve and dots present
C, of the sequence obtained with the additive and bilinear
memory functions simultaneously. From Egs. (25) and (26)
and numerical simulations, it follows that the correlation
functions are entangled and intricate. The additive part of
the memory function is responsible for more than just the
second-order correlation function, and the bilinear part of the
memory function affects more than just the ternary correlation
function—they are mixed up in the system (of equations):
each memory function affects all correlators. The additive and
bilinear parts of the memory function are mainly responsible
for the second-order and third-order correlation functions,
correspondingly, for a limiting case of small correlations
predominantly. Note that the “small” values of the correlation
functions C, of order of 1073 are really not small. We chose the
normalization coefficients of the memory functions (37) and
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FIG. 2. The third-order correlation function C(ry,r,) of the ran-
dom binary sequence constructed by means of the bilinear exponential
memory function (38).

(38) in such a way as to provide extremely strong persistent
correlations with the CPF P (q; = a|af:}\,) [Eq. (23)].

In the case of a purely additive MF, the form of the correlator
is close to the shape of the memory function (middle curve
dots in Fig. 1), but it has a significant “tail” at a distance
10 < r < 15. We have already seen this phenomenon of “lag”
of a correlator with respect to a memory function in previous
studies [18]. In the absence of the additive MF (bottom curve
in Fig. 1), the pair additive correlator is not equal to zero, and
it has a shape defined by the solution of Egs. (25) and (26). In
the case of simultaneous generation with additive and bilinear
MFs, the pair correlator becomes significantly different from
that in the previous cases.

The two-dimensional surface for the third-order correlator
C(ry,rp), obtained by a solution of Egs. (25) and (26) with
the bilinear part of the memory function [Eq. (38)] only, is
shown in Fig. 2. A comparison of this function (line) and the
numerically found third-order correlation function C(ry,r;)
(dots) of the binary sequence for the fixed coordinate r; = 1 is
presented in Fig. 3. A good agreement between the analytical
and numerical calculations of the correlation functions in all
cases gives us a reason to believe that the system of equations
and the generation procedure based on the bilinear form of the
CPF are well grounded.

VI. CONCLUSION

We obtained the decomposition procedure for the CPF of
symbolic random sequences [Eq. (16)], which were defined
as high-order Markov chains. We represented the conditional
probability function as the sum of multilinear memory function
monomials of different orders [Eq. (19)]. This allowed us to
build artificial sequences via a method of successive iterations,
taking into account at each step increasingly high correlations
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FIG. 3. A comparison of the third-order correlation functions
C(ry,rp) of the binary sequence [taking into account the additive
(37) and bilinear (38) memory functions] prescribed by the memory
function (line) and numerically found (dots) for the fixed coordinate
ry = 1.

among random elements. At weak correlations, the memory
functions are expressed analytically in terms of high-order
symbolic correlation functions [Eq. (35)]. Thus we have filled
the theoretical gap between the methods of the additive Markov
chain and the likelihood estimation.

In this paper, we have considered the microscopic character-
istics of random symbolic systems—the correlation functions.
The conditional entropy is the most important macroscopic
characteristic of the sequence. Our preliminary numerical
simulations show that the analytical result obtained in this
paper can be used successfully for numerical evaluation of
the entropy of DNA nucleotide sequences and sequences
obtained by dichotomization of a logistic map. We have seen
that third-order correlations (in the framework of a bilinear
Markov chain) can essentially lower the entropy calculated
in the framework of the naive likelihood estimation and the
additive Markov chain approach.

APPENDIX

Binary random sequences can always be considered to
be numeric. Therefore, Egs. (25) and (26) can be simplified
considerably to a numeric form. Let us consider the symbolic
correlator (5) taken at «; = ap = - - - = a; = 1. In this case,
it is possible to set §(a,,«) = a,, whereupon the symbolic
correlation function takes on a form that is identical to the
numeric one,

C

1(ri,ra, - r—1)

yeey

=(ao = p1) -+ @ potr, — P1)

= C(r1,r2, .5 7k-1)- (A1)

To calculate a symbolic correlator with arbitrary indexes,
it is sufficient to note that the term §(a,,o) — p, changes its
sign when one replaces 1 with 0 or 0 with 1, §(a,,a) — p, =
(1 —a,;) — po = —(a, — p1). Each such replacement changes

the sign of the correlator. Consequently, its value depends on
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the number g of symbols “0” among «j, . . . ,o,
rk-1) = (=DIC@r,r, ..

Using the same reasoning, we find a simplified expression for
the numeric CPF,

CC(] Clk(rlvr27" '7rk71)' (Az)

N
P(a;=1]---)=pi+ Y _ Fr)air — p1).

r=1

(A3)

where
F(r) = Fi1(r) — Fio(r). (A4)

Let us rewrite Eq. (25) for the element Cj;(r). We set
o =B =1 and take a sum over y = {0,1}. Then, on the
LHS we obtain the numeric correlator C(r); on the RHS, we
express all symbolic correlators by means of numeric ones
[Eq. (A2)]. After that, all symbolic memory functions turn
out to be grouped in combinations, which result in numeric
memory functions, e.g.,
Cio(r —r)Fro(r) + Cri(r — r)) Fi(ry)
= C(r — r)lF1,1(r1) — Fio(r))] = C(r — r)F(r)).  (AS)

In the same way, we manipulate using the second term in
Eq. (25) and introduce the second-order numeric memory

PHYSICAL REVIEW E 96, 012158 (2017)

function,

F(ri,r2) = Fipo(ri,r2) — Fio1(r1,r2)

—Fi0(r1,72) + Fi1(rg,r2). (A6)

As aresult, Egs. (25) and (26) take on the following simplified
forms, which are convenient for describing binary sequences:

N
Cry=Y_Clr—r)F(r)

r1=1
N—-1 N

+ Z Z C(r —ry,rp —r1)F(r1,r2),

ri=1r=r+l1

(AT)

N
Clri.r) = Y C(ri.ra = r)F(r})
r=1
N-—1 N
+Y > FiDIC(rry = s — 1))
ri=1ri=ri+1

—C(r)C(ry — ] (A8)
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