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Abstract—In the class of discrete enumeration problems, an important place belongs to the problems
of searching for frequently and infrequently occurring elements in integer data. Questions on the effec-
tiveness of such a search are directly related to the study of the metric (quantitative) properties of sets
of frequent and infrequent elements. It is assumed that the initial data are presented in the form of an
integer matrix, whose rows are descriptions of the studied objects in the given system of the numerical
characteristics of these objects, called attributes. The case is considered when each attribute takes val-
ues from the set {0,1,...,k — 1}, k > 2. Asymptotic estimates for the typical number of special, fre-
quent fragments of object descriptions, called correct fragments, and estimates for the typical length
of such a fragment are given. We also present new results concerning the study of the metric properties
of the minimal infrequent fragments of descriptions of objects.

DOI: 10.1134/S1064230723050052

INTRODUCTION

The considered problems of the analysis of integer data arise at the stage of training logical classifica-
tion procedures by precedents. The metric (quantitative) properties of the sets of solutions to these prob-
lems need to be studied in order to obtain theoretical estimates of the complexity of the synthesis of logical
classifiers and forecast the time costs.

We introduce the basic concepts. The set of M objects are explored. It is known that each object of the
set M can be represented as a numerical vector obtained based on the observation or measurement of a
number of its characteristics. Such characteristics are called attributes. It is assumed that each attribute
has a limited set of valid values, which are encoded as integers.

Assume X = {xl,...,xn} is the given set of attributes; H is the set from r attributes of the form
H={x;,....x;}, ji <...< j,; and 0 = (0,...,0,) the set in which ©; is an admissible value of attribute
X, 0= I,_r The pair (o, H) is called an elementary fragment (EF) of rank r. The set of all EFs generated
by the set of attributes X is denoted through W(X).

We assume S = (a,....,a,) is an object from M (here a;, j € {1,2,...,n}, is the value of attribute x; for
object S). We will consider that S contains EF (0,H ), H ={x,,...,x; },0 = (0,,...,0,)ifa, = 0, ati = L 7.

The set of objects D from M and number p, 1 < p < |D|, where |D| is the number of objects in D, are
given. The objects in D are not necessarily different.

EF (0,H), (0,H) e W (X) is called (p, D)-frequent if at least p objects from D contain (¢, H). EF
(0,H), (6,H)e W (X), of rank r, r <|D| is called correct in D if (o, H) is (r,D)-frequent. EF
(0,H), (0,H)e W (X), is called infrequent in D if no object from D contains (o, H), and it is called
minimal infrequent in D if from the condition o' c 0, H' c H it follows that EF (o', H ') is not infrequent
inD.

The logical classification of integer data assumes the presence of several nonoverlapping samples

D,,...,D,, [ > 2, of objects from M, each of which represents a certain class of objects. The objects con-
tained in these samples are called precedents, and the attributes from X are called features. At the training
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stage in each sample D,, i € {1,2,...,/}, we search for those frequent EFs that are infrequent in D; for any
j # i. The found EFs make it possible to distinguish precedents from different classes and are called log-
ical patterns or representative elementary classifiers [1—6].

Some additional conditions may be imposed on the type of the desired EF (depending on the classifier
model under consideration). For example, the so-called irredundant representative elementary classifiers
are sought. An elementary classifier (o, H) is called a irredundant representative for D,, i € {1,2,. ..,l} if
two conditions are met: (1) (o, H) isan (1, D, )-frequent EF; and (2) (o, H) is minimal infrequent in D; for
any j # i. In this case, when searching minimal infrequent EFs we need to consider the intractable dis-

crete problem of constructing the irredundant covers of an integer matrix [3], whose rows are descriptions
of precedents that do not belong to D,.

In [6], a model of a logical classifier is proposed, based on the initial search in each sample
D, i€ {1,2,...,1}, of the correct EFs and the subsequent selection among them of those that are not con-
tained in the descriptions of precedents from other classes. This model demonstrates a significant advan-
tage in terms of counting speed over the classical model based on the construction of irredundant repre-
sentative elementary classifiers, which are not inferior to the latter in terms of classification.

It is of interest to obtain asymptotic estimates (for # — o) of the typical number of correct EFs and
estimates of the typical length of the correct EF. In [7], the required estimates are obtained for the case
when the number of objects in D is significantly less than the number of attributes and each attribute takes
values from the set {0,1,...,k — 1}, k > 2.

The new results obtained in this paper mainly concern research on the metric properties of the set of
correct EFs in the case n < |D| It should be noted that similar properties of the set of minimal infrequent
EFs were previously studied in a number of publications (for example, [3, 8, 9]), in which, among other
things, the case n < |D| is considered. The estimates of the number of minimal infrequent EFs given in the
article have a form that allows us to compare them with the corresponding estimates of the correct EFs.
The result of the comparison indicates the expediency (in terms of reducing the time costs) of using meth-
ods for searching for frequent EFs for the synthesis of logical classifiers and agrees with the experimental
results obtained in [6] on random model data.

In Section 1 the problem statement is given. The initial data are presented as an integer matrix, whose
rows are descriptions of the objects from D. Statements of the two main theorems on the number of correct
EFs are given. The proofs of these theorems are contained in Section 2. The previously obtained and new
estimates of the typical values for the number of minimal infrequent EFs and the length of the minimum
infrequent EF are shown in Section 3.

1. STATEMENT OF THE PROBLEM AND FORMULATION OF THE MAIN RESULTS

We assume L,L:(af),izl,_m,jzl,_n, is a matrix with elements from {0,1,....,k -1},
k > 2 E;,r <n, k22, is the set of sets (0,,...,0,), 0; € {0,1,...,k — 1}, i=1 r W, r < n, is the set of

all sets of the form { ji,..., j.}, where j, € {1,2,...,n} att = Lrandj<..<j; V"

r

, r < m, isthe set of all

ordered sets of the form (i,...,i,), where i, # i, at t,/ = 1, r.
We puto € E;, 0 =(0y,...,0,), we W,", w={}j,..., j,}. We will call number r the length of set w.

We will call the set w 6-admissible for L if we can specify a set v = (i,...,i,),v € V" such that g, = 5,
atz = I,_r We will consider that the G-admissible set w is generated by the set G.

It is easy to see that in the case when the matrix L takes descriptions of objects from the sample D as its
rows, the set we W,", w ={},..., .}, is c-admissible for L if and only if the EF (0,H), H = {le,...,xjr}
is correct in D.

Let us introduce the following notation: sm,k,m is the set of all matrices of size m X n with elements from
{0,,,...,k -1}, k 22; U(L,0), L€ M’  ce EJ, is the set of all c-admissible sets for matrices L;

U, (L,c) is the set of all sets in U (L,0) of length r; U (L), L € 9%

mn>

is the aggregate of all admissible sets
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for matrices L in which each set occurs as many times as the number of sets it generates from £, ; |V is the
cardinality of the set V;

U, (L) =
ocE;,
=22
r=loeE]

1 = [0.5log,mn — 0.510gk10g,2(mn — log,log,log,n]; hear and further, [g] is the integer part of the number
q; r, =10.5log,mn — 0. SInglogimn + log,log,log,x[; hear and further, ]q[ is the smallest integer greater
than ¢; ¢, is the interval [r,5]; r, = Jlog,m + log,log,m[; ®, is the 1nterval [1,1]; b, = ¢,, n — °° means
that lim,,_,..b,/c, =1 and b, = Cm n — oo means that lim,_,.b,/c, <

Below we present the asymptotic estimates for the typical value of |U(L)| and an estimate of the typical
length admissible set for L for different values of m and n.

The identification of the typical situation is connected with a statement of the type “for almost all
matrices L from 95, at n — oo F (L) = F, (L) is satisfied” (here F; (L) and F, (L) are two functionals

n—>oo

defined on matrices from iml,;n). This statement means that there are two positive infinitely decreasing
functions ou(n) and B(n) such that for all sufficiently large

1— 907 /|9, < )

where 9)1 is the set of such matrices L in Dﬁk for which

1-B(n) <|F (L) /|F (L) < 1+B(n)
is fulfilled.
Theorems 1 and 2 below are valid.

Theorem 1. If m“ < n < km[, a>1, B<1, k>2,then atn— o for almost all matrices L from I,

r<n

D AGE

rzn

L) =YW, (L) = Ycicik™

red; red,

are fulfilled and the lengths of almost all sets from U(L) belong to the interval ¢,.

L) = ClCi"™,

| ~ "2c"2k"2 "2

Theorem 2. [fn < m < k ,B<1/2, k =22, then at n — oo for almost all matrices L from om*

mn>

Z|U" (L)| = |Ur3 (L)| = C;’Cr’ikiﬁfg ’

rzr
DRy eleifing
red,
are valid and the lengths of almost all sets from U(L) belong fo the interval ¢,.
The proofs of Theorems 1 and 2 are based on a number of lemmas given in Section 2.

2. PROOFS OF THEOREMS 1 AND 2
Assume v € V,",v = (i,...,i,); 0 € E;,6 =(0y,...,0,);and we W,", w={j,..., j.}. Matrix L = (a;),

l—lmj—ln Le Mk

mn>

is called (v,0,w)-matrix if a,; = o, att = 1, 7. We denote by N, o) the set of
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(v,0,w)-matrices in 9% : and through N(";,U’W), the set of all matrices L in N, ;) suchthat L ¢ N, ,,, at

mn>

vieV v, #v.

Lemma 1. [fve V", we W, 6 € E,, then

|N | _ kmnfr2
(v,ow)| — .

Proof. We estimate in how many ways it is possible to construct the matrix L from N, . Those ele-
ments of matrix L that are located at the intersection of rows with numbers from v and columns with num-
bers from w are uniquely determined. The remaining elements of this matrix can be chosen arbitrarily

2
(k™" ways). From this we obtain the required estimate. Lemma 1 is proved.

Lemma 2. [fve V", we W," o e E,, then

‘N(t’u,w) — (1 _ k—r)m—rkmn—rz'

Proof. We estimate in how many ways it is possible to construct the matrix L from N{':,o,w). The ele-
ments of this matrix, located in columns with numbers not included in w, can be chosen arbitrarily (in

") ways). Hence, given that the rows in the submatrix of matrix L formed by columns with numbers
from w, can be chosen by (k" —1)""" methods, we obtain the required estimate. Lemma 2 is proved.

Lemma 3. We assume v, € V", v, e V", we W', w,e W', 0'€ Ej, " € E}; sets v, and v, intersect
along a (a 2 0) elements; and sets w, and w, intersect along b (b > 0) elements. Then

mn—r*=1*+ab

Neyom N Noyorm| S
The proof of Lemma 3 is not given due to its obviousness.

Lemmas 4—6 below are proved using the expression b, <, ¢,, which means that 5, < ¢, for all suffi-
ciently large #.

Lemmad. I [f m<n< k"B <1, then

2 2
ZQQH”ijm“ﬂ n — oo,

r<n

2. The following relation is valid:

2 2
zqu¢jqﬁww,n%w

rzrn

3. Ifn < m, then

SCICK ™ 3O, n—s e

rzr
2
Proof. We put a, = C/C. k"™, ¢ = 0.5log,mn — 0.5log, log;mn, t = log,log,log,n.
B
1. We assume m<n<k™,B<1, and r<r+1. Then, using the fact that g < 0.5logmn,
B
k** = mn/log,mn and (n—q)2,0.5natm<n, (m—gq)2,0.5m,atn <2" , we get

24 2r-2 24 2q-2t
a,_| rk” < qu < 2

a, (m-r+\)(m-r+1)" (n—q)(m-q) "

2.Atr=r—1,weget

41 o Mn k—2r < ml’lk—2q—2z+2 < k—2t
_— < — s, .

n —n

a r q
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3.Atn<m, r 2 r—1, we get

Apyy o MR- 1
<= <, >
a r (log,n)
Thus, a,_, = o(a,), n — oo, in case 1 and a,,, = 0(a,), n — oo, in each of cases 2 and 3. Lemma 4 is

proved.
Lemma 5. [fm < nandr, [ <, then

min(r,/)
> KCiCIC, < CrC, (1 + 8(n),
b=0
where d(n) — 0 at n — oo,

Proof. We denote A, = k"C/C’C/->/CIC!_,. Since
clcl’ < ( rl )b
C! n—r—1

h—r

and on the condition r,/ <, 0.5log,mn < log,n,(r +1)/n <, 0.5, then

b
Ay <, 2login ‘
n

Therefore, the estimated amount does not exceed C;C,i_r(l + 8(n)), where 6(n) — 0 at n — oo, Hence,
using the inequality Cé,, < C,i, we obtain the assertion of the lemma. Lemma 5 is proved.

Lemma 6. [f m <k , p < 1/2, and r, I < r,, then

min(r,/)
> K"CiCIC < CrC, 1+ 8(n),
b=0
where d(n) — 0 at n — oo,
The proof of Lemma 6 is similar to the proof of Lemma 5 (in this case r, / < 2n" and Ay <, (8n25_1)b).
‘We consider im';m = {L} to be the space of elementary events in which each event L happens with prob-

ability 1 / ‘Sﬁﬁm . The mathematical expectation of a random variable X(L) defined on the set E)ﬁf,m will be
denoted by MX (L); and dispersion, through DX (L).

Lemma 7 [10]. We assume that for random variables X,(L) and X,(L) defined on M,
X, (L) = X, (L) =0 is fulfilled; and at n — o, MX, (L) ~ MX, (L) and DX, (L) /(MX, (L))’ — 0 are
valid. Then for almost all matrices L from M, , X, (L) = X,(L) = MX, (L), n — oo, is valid.

Assume o € Ej, we W,".On 9% ={L} we consider a random variable Ciom (L), equalto Lifwis the
c-admissible set for matrix L and equal to 0 otherwise. We put

min(m,n)

u(L)= D D Com (L), E(L)= D w (L), G(L)=Dn (L), ief{L2}.

weW,"oc Ey, r=l1 red;

It is easy to see that p,(L)=|U,(L) (number of sets in U(L) of length r, T(L)= |U(L)|, and
;i (L), i € {1,2}, is the number of those sets in U(L) whose lengths belong to the interval ¢;.

We estimate the probability of an event ¢, ,,,(L) = ,o € E_,we W,", denoted below by P({,,,(L) = 1).
Obviously, by Lemma 1

PG (L) =) S Y [Ny /19000 = Cok ™" @.1)

veV,"

JOURNAL OF COMPUTER AND SYSTEMS SCIENCES INTERNATIONAL  Vol.62 No.5 2023
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However, by Lemma 2 we have

PCony (L) =12 D ING /19, = Crll = k)" k"

m
vel,

The following lemma immediately follows from (2.1) and Lemma 4.
Lemma 8. [f m<n< kmﬁ, B < 1, then the following relations are valid.
My, (L) < CICIK"™,  n— o,

SMu, (L) 3 CICK"™,  n— oo,

Lemma9. If m” < n, a > 1, then
My, (L) = CCok"™,  n— oo,

S My, (L) = CICIK"™,  n— e,

Proof. We have
D My, (L) 2 My, (L).

Since mk™" — 0, n — oo, then (1 — k™)™ — 1, n — oo. From this, using (2.2), we obtain
My, (L) = CICHK"™,  n— o,

Lemma 9 is proved.
Lemmas 8 and 9 immediately imply the following lemma.

Lemma 10. [f m* < n< k™, a>1, B <1, then

SMy, (L) = My, (L) = CICIK"™,  n— e,

r<n

(2.2)

The proofs of Lemmas 11—13 presented below are not given, since they are completely analogous to

the proof of Lemma 10.

Lemma 11. If m“ <n, a > 1, then

D My, (L) = My, (L) = CRCLK™™, n— e

rzr

Lemma 12. If n < m, then

SMu, (L) = My, (L) = CICok"™, n— e,

rar

Lemma 13. If m* <n< k™, a>1, B <1, then

ME (L) = Mg, (L) = S CiCk™, = oo,

red;
Lemma 14. If m“ <n Skmﬁ, a>1,B<1,then
DT, (L)/(MEy(L))* -0, n— e
Proof. We have
D¢, (L) = M(§1 (L))2 - (MQ (L))z-

JOURNAL OF COMPUTER AND SYSTEMS SCIENCES INTERNATIONAL  Vol. 62 No. 5
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It is easy to see that

Ly <> S >IN K™,

nlEd yiey™ vyeV" o'eEf

ol
weW," w.eW," c"e Ey

where N = Ny, .,y N Ny, o v,)- Hence, using Lemmas 3 and 5, we obtain
min(r,/) .
M(g, (L)) < DD I S e el enul o o
rled; b=0
< 3 GOk K 1+ 8(n)), (2.4)
r,led,
where §(n) — 0 at n — oo,
However, by Lemma 13
(Mg, (L Zc clerc k™ kT, i e (2.5)

r,led,
From (2.3)—(2.5) the assertion of the lemma being proved follows. Lemma 14 is proved.

Lemmas 15—17 below are proved similarly to Lemma 14.
Lemma 15. If m“ <n < kmB, a>1,B<1,then

Dy, (L)/(My, (L)) =0, n —> o,
Lemma 16. If m“ < n, a > 1, then

D, (L)/(Mu, (L))" =0, n— .

Lemma 17. If n < m, then
Dy, (L)/(My, (L))" =0, n— o,

We assume v e V", o € E;, we W,".On 0%, ={L}, we consider a random variable &
tolifLe Ny,

(L), equal

(v,0,w)

and equal to 0 otherwise. We put

W

mm m, n

=Y Y Tl

=l ver" wew;"oe E;

=D 2 D Ewem(L)

rebyveV” weW, oe Ej

Lemma18. [f n < m Sk"ﬁ, B < 1/2, then at n — oo, the following relation is fulfilled for almost all matrices
L from O,

E(L) =& (L) = YCiCk™"

red,

Proof. We estimate the probability ofanevent g, (L) =1, ve V", o € E, we W, denoted below
by P(§(y 0. (L) =1). By Lemma 1

P(E(v,c,w) (L) = 1) = |N(v,0,w)|/|mfnn| =k

JOURNAL OF COMPUTER AND SYSTEMS SCIENCES INTERNATIONAL  Vol.62 No.5 2023
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Therefore, according to Lemma 4,

ME(L) = ME (L) = Y C,Cpk" 7 ns e (2.6)

red,

From (2.6) and Lemma 6, using the scheme of the proof of Lemma 14, we obtain

DE((L)/(ME(L))’, n —> o. 2.7)

From (2.6), (2.7), and Lemma 7, the assertion of the lemma to be proved follows. Lemma 18 is proved.

The assertions of Theorem 1 follow directly from Lemmas 7, 10, 11, 13, and 14—16, while the assertions
of Theorem 2 follow directly from Lemmas 7, 12, 17, 18, and the inequality (L) < E(L).

3. ESTIMATES OF THE TYPICAL VALUES OF THE NUMBER OF MINIMAL
INFREQUENT EFS AND THE LENGTH OF THE MINIMUM INFREQUENT EFS
We put Le % L =(ay),i=1....m j=1...,n0€ E,0=(0,....,0,);we W' w={j,...J}
The set w is called a G-covering for matric L of length r if for any i € {1,2,...,m} there are j € {ji,..., .}
such that a; # 6;. We will consider that the 6-covering w is generated by the set G.

The set w, which is a 6-covering for matric L is called an irredundant if for any 7 € {1,2, cens r} the set

w\{J;} is not a y,-covering for matrix L, where vy, = (0,,...,0,_,0,,,,...,0, ). If wis an irredundant 6-cover-
ing for matric L, it is easy to see that the columns of matrix L with numbers from w contain a submatrix
that, up to row permutation, has the form

p0,0;...0,_,0,

0,p,03...0,_,0,

0,0,03...0,_,B,
where 3, # 6, at p =1,2,...,r. Such a submatrix is called a 6-submatrix.
Note that in the case when the descriptions of objects from the sample D are taken as the rows of matrix

L,thenthesetwe W), w= {jl,. . ,j,}, is an irredundant 6-covering for matric L if and only if the EF (o,
H), H ={x;,...,x; }, is minimal infrequent in D.

We introduce the following notation: B(L,0),L € E)ﬁ/,fm,o € E;, is the set of all irredundant of the

o-covering for matrix L; S(L,0), L € Mk oe E[, is the set of all 6-matrix submatrices L; B(L, G),

Le M:, oe Ef,isthe set of all sets in B(L, 6) of length r; S, (L,o), Le i)ﬁ’,im, o € Ep, is the set of all
submatrices in S(L,c) of order r; B(L), L€ im/,;,,, is the set of all irredundant G-covering for matric L,
in which each covering occurs as many times as the number of sets of E| it generates; S ( ), Le m-

mn’

the set of all 6-submatrices of matrix L for all ¢ from Ej;

D=y

r=loe E;

D=3 315, (Lo):

r=lce Ef

= |log,m + log,log,m[; 0, — interval [l, r;]; r, =[0.5log,mn — 0.5log,log,mn — log,log,log,n];
= ]0.5log,mn — 0.5log,log,mn + log,log,log,n[; ¢; — interval [ry, rs]; r¢ = Jlogym + loglogm +
logklogklogkn[; 04 is the interval [1, 7¢].
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IS,

1
1 7 s

B
Fig. 1. Typical values for the lengths of sets from U(L) (see Section 1) and B(L) when m“ < n< k™ ,a>1, B <1.

T

B
Fig. 2. Typical values for the lengths of sets from U(L) (see Section 1) and B(L) whenn < m < k" , p < 1/2.

Theorem 3 [3]. If m* < n < k™, a > 1, k > 2, then the following relations are valid at n — = for almost

all L matrices from smﬁm:

B, (L)) = CCir(k—1)" K",

NAGE

r<n

DB (L) =
B(L) = |S(L) = Y CiCur! (k1) k",
red;

and the lengths of almost all sets from B(L) belong to the interval ¢s.

B, (L) = CCari(k —1)° k"7,

Theoremd. If n < m < k"ﬁ, B <1/2, k = 2, then the following relations are valid at n — = for almost all

. k
matrices L from N,,,:

B, (L) = CrChr(k 1) k"7

>B.(L) =
rzrg
|B(L) <IS(L) = S CiChri(k =1y k™,
red,
and the lengths of almost all sets from B(L) belong to the interval ¢,.
The scheme of the proof of Theorem 4 is similar to that of the proof of Theorem 2.

Thus, in each of the two cases considered, the typical length of a set of U(L) and the typical length of
a set of B(L) belong to the same interval. The results of Theorems 1, 3 and Theorems 2, 4 are illustrated,
respectively, in Figs. 1 and 2.

CONCLUSIONS

Topical issues of logical analysis of integer data concerning the research on the metric (quantitative)
properties of sets of frequent and infrequent elements of such data are considered. The technique for
obtaining estimates for the typical values of the main numerical characteristics of the specified sets has
been improved and new estimates for such characteristics have been found. A theoretical substantiation of
the expediency (in terms of reducing time costs) of using methods for searching for frequent elements at
the stage of training classifiers based on a logical analysis of the training sample is given.

The results of the study carried out in this paper are also important for a number of other applied areas,
among which it is worth highlighting the searching for associative rules in data. In this case D is called a
database, and each object of the database D is a transaction. The associative rule establishes a relationship
between two frequent EFs, according to which one frequent EF (premise) with some “certainty” entails
another frequent EF (consequence). In this case, the premise and the consequence are generated by one

JOURNAL OF COMPUTER AND SYSTEMS SCIENCES INTERNATIONAL  Vol.62 No.5 2023
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common frequent EF. Questions of the synthesis of associative rules arose in connection with the analysis
of the consumer basket [11].

10.
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