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Hayunblii xkypHaa «PaamodiiekTpoHnka, HHPOPMATHKA, yHpaBJieHHe»
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ABSTRACT

Context. The problem of forming complex signal ensembles on the basis of frequency band filtering and research of their
properties is considered. The object of research is the process of synthesis of signal ensembles based on frequency filtering of
pseudo-random sequences of short video pulses with low interaction in the time domain.

Objective. It is to form complex signal ensembles with satisfactory values of intercorrelation properties, which are close to the
signals with minimal energy interaction.

Method. The results of the application of forming complex signal ensembles method by frequency filtering of pseudo-random
sequences with low interaction in the time domain are presented. As a result of the spectral band selection of the studied pseudo-
random short video pulse sequences due to the use of bandpass filters based on the Chebyshev filter of the first kind, new samples of
sequences with spectrum restriction are obtained. By applying intercorrelation analysis to the obtained sequence samples, the values
of the maximum emissions of the side lobes of the cross-correlation functions (CCF) for all possible signal pairs are estimated. If the
values of the maximum emissions of the side lobes of the CCF signals exceed the limit values, the sequence of the analyzed pair with
a smaller value of the number of pulses is removed from the ensemble. In case of satisfactory value — the received signals are
accepted for the signal ensemble formation with the minimum power interaction. Thus, a new set of values of the maximum
emissions of the side lobes of the CCF is formed. This approach increases the number of signals in ensembles with satisfactory
values of statistical characteristics with limited signal spectrum width, and the correlation properties of such sequences approach the
signals with minimal energy interaction, which reduces the level of multiple access interference. As a result, complex signal
ensembles obtained by frequency filtering should be used in cognitive radio systems with code division multiplexing.

Results. Based on the software implementation of the method of forming complex signal ensembles by frequency filtering of
pseudo-random sequences with low interaction in the time domain, signals with satisfactory values of statistical characteristics with
limited signal spectrum width with intercorrelation properties close to signals with minimal energy interaction and higher ensemble
volume were selected.

Conclusions. The application of frequency filtering to pseudo-random sequences of short video pulses with a low level of cross-
correlation allows to obtain complex signal ensembles, which will be similar in correlation properties to sequences with minimal
energy interaction. It will reduce the level of multiple access interference. The analysis revealed that the use of frequency filtering of
sequences will slightly worsen the mutual correlation properties of signals, possibly due to suboptimal synthesis of values of
maximum emission levels of side lobes of CCF signals, but, nevertheless, it is possible to use such signals in modern cognitive
systems radio access multiple access with code division multiplexing.

KEYWORDS: complex signal, cross-correlation function, multiple access interference, videopulse, signal base, signal spectrum
width, signal duration, duty cycle, impulse duration, minimal energy interaction.
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ABBREVIATIONS
FR is a frequency response;
CCF is a cross-correlation function.

NOMENCLATURE

o is a coefficient;

B is a signal base;

E; is energy of i-th signal;

AF is a signal spectrum width;

Afis a filtering band width;

Ormax 18 a standard deviation of the maximum
emissions of the side lobes CCF;

Mpmax 1S @ mathematical expectation of maximum
emissions of side lobes CCF;

N is a number of signal pairs interacting with each
other;

n; is a number of pulses in i-th sequence;

n; is a number of pulses in j-th sequence;

0; is a duty cycle of i-th pulse sequence;

Q; is a duty cycle of j-th pulse sequence;

Ry is a CCF of the sequence pair with serial number £;

rect(*) is a pulse of single amplitude and fixed impulse
duration;

S{1) is i-th pulse sequence;

T'is a signal duration;

T; is a pulse follow-up period in i-th sequence;

T; is a pulse follow-up period in j-th sequence;

T; is a impulse duration of i-th sequence;

7; is a impulse duration of j-th sequence;

U, is a value of the amplitude in the i-th sequence.

INTRODUCTION

Current trends in the development of multiple access
radio systems and the impact of multiple access
interference on them, especially in cognitive radio
networks, require a further increase in the number of
subscribers, provided that the specified quality of service
in wireless networks. The study of the properties of
complex signal ensembles based on pseudo-random
sequences with minimal energy interaction allows to
determine the statistical characteristics of complex signal
ensembles obtained by applying the method of forming
complex signal ensembles through frequency filtering of
pseudo-random sequences with low interaction in the time
domain due to which it is possible to significantly
increase the volume of the signal ensemble by reducing
the values of the maximum emissions of the side lobes of
the CCF of such signals, while the level of multiple
access interference remains within acceptable values. The
received signals should be used in cognitive radio systems
based on code division multiplexing, and increasing the
number of signals in the ensemble allows you to increase
the number of subscribers in such systems, while
maintaining a high level of service quality.

The object of study is the process of synthesis of
complex signal ensembles formed on the basis of
frequency filtering of pseudo-random sequences of short
video pulses. Given the limited frequency and time
resources in modern cognitive radio systems, the urgent

© Indyk S. V., Lysechko V. P., 2020
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problem is to increase the volume of complex signal
ensembles, in order to improve the quality of service and
performance in such systems.

The subject of study is the method of forming
complex signal ensembles by frequency filtering of
pseudo-random sequences with low interaction in the time
domain based on samples of pseudo-random sequences
with minimal energy interaction. There are known
methods of forming ensembles for phase-manipulated,
amplitude-manipulated and other signals based on linear
and nonlinear sequences [1, 2, 3, 4, 5], but the correlation
properties of complex signal ensembles obtained by
frequency filtering of sequences with low interaction in
the time domain were not performed.

The purpose of the work is to develop a method for
the synthesis of complex signal ensembles with limited
spectrum width, the correlation properties of which are
close to the signals with minimal energy interaction.

1 PROBLEM STATEMENT

Suppose a given sample of pseudo-random sequences
with minimal interaction in time domain, with the
parameters: v, =1, ;= T, O;~ Q;,>> 1, n; # n;.

The task of forming complex signals ensembles by
frequency filtering of pseudo-random sequences with low
interaction in time domain is to choose the optimal value
of Af based on R; analysis taking into account the
limitations of Migp. and Ogmax to match the signals with
minimal energy interaction, which in turn increase the
number of received signals used to form ensembles.

2 REVIEW OF THE LITERATURE

Methods of forming complex signals are widely
considered in the literature [3, 4, 7]. The value of the crest
factor of such signals is close to 1 even taking into
account the passage of the filters of the transmission paths
[11, 12], and the maximum value of the cross-correlation
coefficient of the signal ensemble is of such order that
does not significantly reduce noise immunity and does not
provide protection against multiple access interference
under conditions of a significant dynamic range of
received signals. When using recurrent sequences, it is
quite difficult to obtain large complex signal ensembles
with satisfactory correlation properties [1, 3, 6, 7, 10].

Statistical characteristics of signals obtained by
frequency filtering of pseudo-random sequences of short
video pulses with low energy interaction are considered
insufficiently [2] and therefore require more detailed
study to increase the number of complex signals in the
ensemble.

3 MATERIALS AND METHODS
To evaluate the complex signals properties, pseudo-
random sequences of short video pulses with a low level
of cross-correlation were chosen, which are described by
the expression [1, 2]:
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sl-(t):ZUk’_rect[t—(th-—l)-T,-}, (D
k=1
the duty cycle of pulse sequence is defined as:
T
0 ==, 2
T
to pulses of unit amplitude and fixed pulse duration the
following restrictions are put forward [2]:
rect[t—(k~Ql~ —1)"!:1-} =
A3)

L (k-Q 1)t <t <k-0Q oy
0 (k-0 1)t >t > k0 1y

To increase the volume of ensembles using the
method of forming complex signal ensembles through
frequency filtering of pseudo-random sequences with low
interaction in the time domain, a sample of pseudo-
random sequences with minimal energy interaction was
chosen.

In the analysis process, the frequency range of such
sequences is divided into equal bands. The selection of
spectrum parts from the common frequency band of
complex signals is done using Chebyshev filter of the first
kind. The use of such a filter is appropriate where it is
necessary to provide with a small-order filter the
necessary  amplitude-frequency  characteristics, in
particular, proper suppression of frequencies from the
suppression band.

As a result of the application of such filtering, pseudo-
random sequences with minimal energy interaction in the
frequency domain were subdivided into sequences
characterized by constraints with equal intervals of
frequency bands. Analysis of such sequences shows that
the signals obtained by selection the frequency bands will
differ in shape from each other and, moreover, will meet
the condition of minimum similarity of signals (4).

The use of complex signals based on pseudo-random
sequences with minimal energy interaction in cognitive
systems with multiple access based on code division
multiplexing provides a minimum level of multiple access
interference, which can be estimated by determining the
maximum allowable emissions of side lobes of CCF [3].

o

R == (4)
max \/E
the signal base is calculated as [3]:
B=AF-T. (5)

The calculation of the emissions values of the side
lobes of the CCF, obtained as a result of permutations of
the sequences, takes place in accordance with [3]:
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T

Ry- (’E) = ’[si(t)sj (t — r)dt .

-T

(6)

Due to the different number of pulses in the
sequences, and because the energies of the continuous
signals will be different to estimate the CCF by
expression (6) it is necessary to normalize the signal
energy values [1]:

s5:(¢)
\/E.

The calculation of the CCF is performed for all
possible pairs from the complex signal ensemble,
checking the CCF of each pair of signals to meet the
condition of ensuring a given maximum emission level of
side lobes of mutual correlation. If the maximum
emission values of the side lobes of the CCF signals
exceed the limit values, the sequence of the analyzed pair
with a smaller value of the pulses number is removed
from the ensemble. In case of satisfactory value - the
received signals are accepted for formation of a signals
ensemble with the minimum power interaction.
Determination of the optimal filter bandwidth is based on
the analysis of the dependence of the maximum values of
CCF R(t) which depends on the number of elements in

the involved sequences ,/n;n; and the width of the filter

band AF.

The dependence constructing of the maximum
emission levels of the side lobes of the CCF on the
filtration band width and the number of pulses in the
sequences is based on the method described in [4, 5].

Statistical ~ characteristics estimation of signal
ensembles based on frequency filtering of short video
pulse sequences with minimal energy interaction is
performed using the calculation of mathematical
expectation of maximum emissions of side lobes CCF
signals mp,.c When changing the values of filter bands in
the range from 0.1% to 2% of the total spectral width at a
constant value of duty cycle and signal duration [12]:

Sinorm (t) = (7

N
> max|Rk (AF)|

mp,, (AF) =41 @®)

N

To estimate the standard error of the arithmetic mean
from the mean value, the calculation of the standard
deviation of the maximum emissions of the side lobes
CCF opmax relative to the mathematical expectation is
performed:

SRy (AF) g AF)F

GRmax(AF )= b

N ©
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Thus, the study based on the proposed method for
evaluating the correlation properties of complex signal
ensembles by frequency filtering allows obtaining
sequences with different waveforms, obtained even from
the same sequence. The signals obtained by synthesizing
different sequences are weakly correlated when they are
located in different frequency bands, in addition, this
method is relatively easy to implement and does not
require significant computational resources.

4 EXPERIMENTS

To implement the proposed method of forming
complex signal ensembles by frequency filtering of
pseudo-random sequences with low interaction in the time
domain, a software model was developed in the Matlab
environment, which practically confirms the obtained
theoretical results.

The original sample consists of 50 pseudo-random
sequences with minimal energy interaction, on the basis
of which, by band filtering, an ensemble of complex
signals is formed.

As a result of searching all pairs of signals, the values
of cross-correlation of pseudo-random sequences were
calculated. Their estimation was carried out on the basis
of the constructed models of each pair of sequences.

The selection of spectrum portions from the frequency
band, on the basis of small-kind bandpass filters, which
provide the necessary frequency response (FR), as well as
the proper suppression of frequencies in the suppression
band, was applied to the sampling. The frequency filtering
band was selected in the range from 5 kHz to 200 kHz, in
increments of 10 kHz. As a result of bandpass filtering of
pseudo-random sequences on different frequency bands,
signals differing in shape were obtained.

For further evaluation of the CCF of the filtered
elements of the sequences, a necessary condition is the
normalization of the received signals by energy, as due to
the different number of pulses in the sequences and their
continuity, the signal energies differ.

The next step is to determine the correlation properties
of energy-normalized signals and build their models, on
the basis of which further calculation of the maximum
values of emissions of side lobes CCF signals for all
possible pairs from the complex signal ensemble. The
result is a dependence model of the maximum values of
CCF, which depends on the number of elements in the
involved pseudo-random sequences and the width of the
filter band. After analyzing in each pair of sequences to
meet the condition of ensuring a given level of maximum
emissions of the side lobes CCF, only those sequences
remain that meet the requirements for the limit values of
the signals with minimal energy interaction.

After completing the analysis of the obtained signals
that meet the requirements for the limit values of signals
with minimal energy interaction, the statistical
characteristics of ensembles are evaluated based on the
calculation of mathematical expectations of maximum

© Indyk S. V., Lysechko V. P., 2020
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emissions of side lobes CCF signals mpgy,, to determine
the mean value of the sample of the processed results, the
calculation of the standard deviation of the maximum
emissions of the side lobes CCF opmax relative to the
mathematical expectation, to estimate the standard error
of the arithmetic mean.

Based on the analysis of the statistical characteristics
calculation, it is possible to ensure the effective formation
of complex signals by filtering the spectrum bands of
pseudo-random  sequences with minimal energy
interaction.

5 RESULTS

The statistical characteristics calculation of the
maximum emissions values of the side lobes of the CCF
is given in Table 1. To present the results, the following
notations were used: mpm,x — mathematical expectation of
the maximum emissions of the side lobes of the CCF,
O Rmax standard deviation. The calculations were
performed taking into account the frequency filtering
band from 0.1% to 2% of the original spectrum width =of
the studied sequences.

Comparing the values from the Table 1, the optimal
results of solving the problem of complex signals
synthesis by filtering bands of pseudo-random sequences
of short video pulses with minimal energy interaction
were obtained, provided that the condition fulfillment of
required level compliance of maximum emissions the side
lobes of the CCF with the limit values and at satisfactory
values of the statistical characteristics of the studied
signals.

Fig. 1 shows the results of the statistical
characteristics calculating of the signals obtained by
frequency filtering of pseudo-random sequences of short
video pulses with minimal energy interaction. Fig. la
shows the results of the limit values calculation of the side
lobes maximum emissions of the CCF, taking into
account the frequency filtering band. Obviously, not all
calculated pairs satisfy the limit condition, which is
shown as a slice. Pairs of sequences whose maximum
value exceeds the allowable values must be re-analyzed in
order to remove from the sequence signals ensemble that
leads to exceeding the limit value. Fig. 1b presents the
calculation results of large mathematical expectations of
significant maximum emissions of the side lobes of the
CCEF, taking into account the standard deviation. Fig. lc
shows the dependence of the mathematical expectation of
the maximum emissions of CCF side lobes on the
frequency band, which shows the correspondence of the
maximum values scatter of CCF side lobes to the

calculated values, and its value does not exceed % ata

B
filter bandwidth of 0.2%. From the obtained calculations
we can conclude that the optimal filter band is equal to
0.2% of the total value of the sequences spectrum.
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Table 1 — The calculation results of the statistical characteristics values of the maximum emissions level of the side lobes of the

studied signals CCF
AF(%)
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
M Rmax 0.584 0.211 0.182 0.146 0.121 0.118 0.116 0.114 0.112 0.110
ORmax 0.621 0.43 0.349 0.23 0.22 0.21 0.209 0.208 0.206 0.204
AF(%)
1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
M Rmax 0.108 0.106 0.102 0.097 0.095 0.093 0.091 0.089 0.088 0.088
O Rmax 0.2 0.198 0.196 0.194 0.189 0.186 0.183 0.179 0.178 0.177
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Figure 1 — Calculation results of statistical characteristics of short video pulses sequences with the minimum power interaction on
the basis of frequency filtering:
a — limit values calculation of maximum emissions of CCF side lobes taking into account frequency filtration,
b — calculation of the mathematical expectation value of the maximum emission level of the CCF side lobes taking into account
the standard deviation,
¢ — calculation of the mathematical expectation of the maximum emissions of the CCF side lobes at different values of a,
depending on the frequency band

6 DISCUSSION
According to the data obtained when calculating of the
statistical characteristics of the signals (Table 1) it is seen

bands of the pseudo-random sequences of the short
videopulses with minimal energy interaction.
The distribution of the maximum emissions values of

that based on the analysis of mathematical expectations of
maximum emissions of CCF side lobes, depending on the
frequency band, we can solve the problem of forming
ensembles of complex signals from filtered frequency
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the CCF side lobes depending on the number of pulses in
the pairs of sequences and the filtration band width in
Fig. la is limited in the form of a slice of the maximum
values of the levels. Those pairs of sequences that exceed
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these limits are re-analyzed to determine which of the
sequences is not suitable for forming an ensemble of
signals. Thus, after re-analysis, only those signals remain
that satisfy the limit values of the constraints.

The choice of the optimal filtration band width is
made on the basis of the analysis of the mathematical
expectation dependence of the maximum emissions of the
CCF side lobes (Fig. 1b) depending on the filtration band
width. In comparison, condition (3) with different values
of o was used (Fig. 1c). As a result, the mathematical
expectation of the maximum emissions of the CCF side

lobes does not exceed L at a filtration bandwidth of

VB
0.2%.

It should be noted that with the filtration band
expansion, the cross-correlation properties of the signals
are improved, and, therefore, satisfy the condition of
minimal signals similarity, with the disadvantage of a
slight increase in the crest factor of such signals. Also, the
application of frequency filtering by means of filters with
equal frequency bands to the synthesized pseudo-random
sequences with minimal energy interaction makes it
possible to obtain a difference in the waveforms obtained
even from the same sequence. The signals obtained by
synthesizing different sequences are uncorrelated when
they are located in different frequency bands.

CONCLUSIONS

Studies of the correlation properties of complex signal
ensembles obtained by frequency filtering of pseudo-
random sequences with minimal energy interaction allow
forming much larger signal ensembles than existing
complex signals used in modern radio systems with code
division multiplexing.

The scientific novelty of obtained results lies in the
development of a method for forming ensembles of
complex signals by frequency filtering of pseudo-random
sequences with low interaction in the time domain, which
have a low level of multiple access interference. This
approach simplifies the synthesis of complex signal
ensembles based on pseudo-random sequences with
minimal energy interaction and increases the number of
received signals used to form ensembles with specified
emission levels of CCF side lobes.

The practical significance of obtained results is that
the possibility of using complex signals ensembles
obtained by frequency filtering in cognitive radio systems
with multiple access, which are affected by interference
from multiple access.

Prospects for further research are to improve the
selective capabilities of the proposed method and further
modernization, taking into account the permutations of
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the filtration bands, as well as a deeper study of the
ensemble properties of the signals obtained by the
proposed method.
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AHOTAIIA

AkTyanabHicTb. PosrimsHyTo 3amauy QopmyBaHHS aHcamONiB CKIagHUX CHTHAJIiB Ha OCHOBI (iNbTpamiii cMyr 4acToT Ta
JIOCHI/DKEHHS 1X BIacTUBOCTed. O0’€KTOM JOCTIKEHHS € MpOILEC CHHTE3y aHcaMmONiB CHTHAJIB Ha OCHOBI 4acTOTHOI (inmbTparii
TICEBIOBHITAIKOBHX ITOCIITOBHOCTEH KOPOTKHX BiJJCOIMITYIIBCIB 3 HU3BKOIO B3a€EMOJIIEI0 Y YacoBiii 00macTi.

Merta podoru. PopMyBaHHS aHCAMOIIIB CKJIaJHUX CHTHAJIB i3 3a/I0BUIBHUMH 3HAYCHHSIMH B3a€MOKOPEIISILIHUX BIaCTHBOCTEH,
SIK1 HAOJIVDKAIOTHCS IO CUTHAJIB 3 MIHIMaJIbHOO EHEPreTHYHOIO B3aEMO/IIET0.

Metoa. HaBeneno pesynmpraTH 3acTocyBaHHS MeTOLy (opMyBaHHS aHCaMONIB CKIQIHUX CHTHAIIB NUIIXOM YacTOTHOL
(inpTpawil ICeBIOBUIAAKOBHX ITOCITIJOBHOCTEH 3 HU3BKOIO B3aEMOJII€I0 Y YacoBii obsacTi. Y pe3yibTaTi BUAUIEHHS! CMYT CHEKTpY
JOCIIJDKYBaHHUX TICEBJOBHIIAIKOBUX IOCIIJIOBHOCTEH KOPOTKMX BiJICOIMITYJIbCIB 32 PaXyHOK BHUKOPHUCTaHHS CMYTOBHX (iJIBTPIB,
noOyioBaHKX Ha OCHOBI (inbTpa YeOuiiesa neproro poxy, OTPUMYIOTh HOBI BUOIPKH MMOCHIITOBHOCTEH 3 OOMEXEHHSIM IO CIIEKTPY.
[InsxoM 3acTocyBaHHs B3a€MOKOPEILIMHOrO aHamizy OO OTPUMAHUX BHUOIPOK MOCITIZOBHOCTEH 3MIHCHIOIOTH OLIHKY 3HAa4YeHb
MaKCHMAaJbHUX BHKHUIIB OOKOBHMX MHeTOCTOK (yHKuiii B3aemHOi kopemsiwii (PBK) mamst ycix MOXIMBUX map curHani. SIkmio
3HAa4YeHHS MaKCUMaJbHUX BUKUAIB OiuHuX nemocTok @BK curnaiiB nepeBHIIyIOTh TpaHIYHI 3HAYESHHS, TO MMOCTIIOBHICTh MapH, 110
aHAJI3y€eThCs, 3 MEHIIMM 3HAYEHHAM KiJIBKOCTI IMITYJIbCIB BHIAJSAETHCS 13 aHcamOmo. B BuUmangky 3aq0BiIBHOTO 3HAYEHHS —
OTpHMaHi CUTHAJH MPUAMAIOTHCS s (POPMYBAHHS aHCAMOJIO CHTHAIB 3 MiHIMAIEHOIO €HEPreTHYHOIO B3a€MOI€I0. TakuM YHHOM
(bopMyrOTh HOBHH psii 3Ha4YCHb MaKCHMalbHUX BHUKUAIB OidHux nemoctok ®PBK. 3aBmsku TakoMmy MiIXoxy B aHCaMOISIX
30UTBIIYETHCS KUIBKICTh CHUTHAJIB i3 33J0OBITGHIMH 3HAYEHHSMH CTaTUCTHYHMX XapaKTEPHCTHK IPU OOMEXEHIH MIMpHUHI cHeKTpa
CUTHATy, a B3a€EMOKOPEIIIIHHI BIACTHBOCTI TaKUX IOCHIITOBHOCTEH HAONIKAIOTHCS A0 CHTHAIB 3 MIHIMAJIBbHOIO €HEPreTUYHOIO
B33a€EMOJII€I0, IO NPH3BOAUTH 10 3MEHIICHHsS pPIiBHS 3aBaJ MHOXXHMHHOTO IOCTYIy. Y pe3yJbTaTi aHcamOJi CKIaJHUX CHUTHAINIB,
OTpUMaHi MUIIXOM 4YacTOTHOI (UIbTpamil MOLINEHO BHMKOPHCTOBYBATH B KOTHITUBHHMX CHCTEMax pajio3B’si3Ky 3 KOJOBUM
PO3/IiICHHSM KaHAiB.

Pesyabratn. Ha ocHoBi mporpamuoi peamizaiii Merony (GopMyBaHHS aHCaMONiB CKJIAQJHMX CUTHATIB LULIXOM YaCTOTHOI
¢inpTpanii MCEBIOBUIIAAKOBUX IOCTIJOBHOCTEH 3 HH3BKOIO B3a€EMOMIEI0 Yy dacoBiii obmacti Oymno BimiOpaHo curHamM i3
3a70BIIbHUMU 3HAYCHHSMH CTATUCTHYHHMX XapaKTePHUCTUK MPH OOMEXeHid HIMPUHI CIEKTpa CUTHaly, i3 B3a€MOKOPEISL[iHHIUMHI
BJIACTUBOCTSIMH, L0 HAOIIKEHI IO CHTHANIB 3 MiHIMAIbHOIO CHEPTETHYHOIO B3a€MOZIEIO Ta 13 301IBIIEHHM 00’ €MOM aHCaMOITIO.

BucHoBku. 3acTocyBaHHS 4acTOTHOI (ibTpamii A0 MCEBIOBUIAIKOBHX MOCIITOBHOCTEH KOPOTKUX BiCOIMITYJIBCIB 3 HU3BKHM
piBHEM B3a€MHOI KOPEJISLii T03BOJISIE OTPUMYBATH aHCaMOJIl CKIIaJHUX CUTHANIB, sKi OyAyTh MOMIOHUMH 32 B3a€MOKOPEISIIHHUMHA
BIIACTUBOCTAMH IO IOCHIZOBHOCTEH 3 MiHIMAIBHOIO €HEpreTHYHOIO B3AEMOI€I0, IO Ja€ MOXIHMBICTH 3HH3MTH DPIBEHb 3aBa
MHOKHHHOTO JOCTYIy. Y pe3yibTaTi IPOBEJECHOTO aHali3y BHSBICHO, IO 3aCTOCYBAaHHS YacTOTHOI (inbTparii mociigoBHOCTEH
HE3HAYHO IOTIPIINTH B3a€MHI KOPEJISIiHHI BIACTHBOCTI CHUTHANIB, 32 paXyHOK, MOXJIMBO, HEONITUMAILHOTO CHHTE3y 3HAUCHb PiBHIB
MaKCUMaJIbHUX BUKHUIIB OiunKx nenroctok @BK curnanis, ane, He 3Baykalouu Ha Iie, iCHYE€ MOXKIINBICTh 3aCTOCOBYBATH TaKi CUTHAJIN
B CYYaCHHUX KOTHITUBHMX CHCTEMaXx pa/io3B’sI3Ky MHOXKHHHOT'O JIOCTYITY i3 KOJIOBUM PO3/LICHHSAM KaHAIB.

KJIIOYOBI CJIOBA: cxnaanuii cursai, QyHKIsS B3a€eMHOI Kopessiiii, 3aBajia MHOXXHHHOT'O JOCTYIy, BifieoimmyJjbc, 6a3a
CHUTHAly, IIMPHWHA CIEKTPa CUTHaly, TPHBAICTh CHTHANY, LINAPyBaTiCTh, TPUBAIICTH IMITYJIbCY, MiHIMajgbHa CHEPreTHYHA
B3a€EMOIIA.

VK 621.391

METOJ ®OPMHAPOBAHHUS AHCAMBJIEHN CJIOXHBIX CUTHAJIOB IYTEM YACTOTHOM ®UJIbTPALIUA
MCEBJIOCTYYANHBIX MTOCJTETOBATEJIBHOCTEN C HU3KUM B3AUMOJIENCTBUEM BO BPEMEHHOM
OBJIACTH

HUuapixk C. B. — crapmmii mpenonaBatens kadenpsl TpaHCIOPTHON CBs3M, YKPAaHHCKHH TOCYJapCTBEHHBIH YHHUBEPCHUTET
JKEJIE3HOOPOKHOTO TpaHCIopTa, XapbKoB, YKpauHa.

Jbiceuko B. II. — kaHAuaaT TeXHWYECKHX HayK, IOLEHT, HOHEHT Kadeapsl TpaHCOPTHOW CBs3W, YKpAaMHCKUI
roCyJJapCTBEHHBIN YHUBEPCUTET KEIC3HOAOPOKHOIO TPAHCIIOPTA, XapbKOB, YKpauHa.

Kyuenko A. C. — KkaHIUIaT TEXHHYECKUX HAYK, JOLEHT, MOLEHT Kadenpbl TpaHCIOPTHOTO CBSI3HM, YKpaWHCKAs
rocy/1apCTBEHHAs aKaJeMHsl )KEeJNe3HOL0POKHOTO TPAHCIIOPTa, XapbKoB, YKpanHa.

KnrtoB B. C. — crapmmmii npernogaBatens KaQeapsl BOOPYKEHHUs BOWCK IPOTHBOBO3IYIIHOH 000poHBI CyXOIyTHBIX BOWCK,
XapbKOBCKHI HaIMOHANBHBIH yHUBepcuTeT Bo3aymHeix Cun nMenn MBana Koxeny6a, XappkoB, YkpanHa.
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AHHOTALUSI

AKTyanbHOCTh. PaccMoTpena 3aga4ya ¢popmupoBaHus aHcaMOIIeil CIIOKHBIX CHTHAJIOB HA OCHOBE (DHMIIBTPALIUM II0JIOC YacTOT M
HCCIIeN0oBaHU MX CBOMCTB. OOBEKTOM HCCIEIOBAaHMS SIBISIETCS INPOLIECC CHHTE3a aHcaMOJel CUTHaJIOB Ha OCHOBE YaCTOTHOM
(uIBTpanMU NCEBAOCIYYaHBIX IOCIEA0BATEIBHOCTEH KOPOTKHUX BHICOMMITYJIBCOB C HM3KMM B3aUMOICHCTBHEM BO BPEMEHHOM
obmacTH.

Leuan padorbl. @opmupoBaHue aHCaMOJIEH CIIOKHBIX CUTHAJIOB C yIOBJICTBOPUTEIbHBIMU 3HAYCHUIMH B3aUMOKOPPEISLIMOHHBIX
CBOWCTB, KOTOpPBIC MPUOIIMKAIOTCS K CUTHAJIAM ¢ MUHHMAJIbHBIM SHEPreTHUECKIM B3aUMOICHCTBUEM.

Merton. [lpuBemeHbl pe3ynbTaTbl NMPUMEHEHHS MeTona (HOPMHPOBAHMS aHCAMOJNCH CIOXHBIX CHTHAJIOB ITyTEM YacCTOTHOM
(uIbTpaMK TICEBIOCITYYaHBIX IOCIECIOBATENBPHOCTEH C HU3KUM B3aMMOJCHCTBHEM BO BpEeMEHHOW oOmactu. B pesymbprare
BBIICJICHHUS IIOJOC CHEKTpa HCCICAYEMBIX IICEBJOCIyYalHbIX IIOCIEA0BATEIBHOCTEH KOPOTKUX BHJICOUMITYJILCOB 32 CYET
HCTIONB30BaHMS TIOJIOCOBBIX (DPMIIBTPOB, ITOCTPOSHHBIX Ha OCHOBe (prutbTpa UeObImIeBa MepBOro poja, IMOIy4aloT HOBEIE BEIOOPKH
[OCIEJ0BAaTEIbHOCTEH € OrpaHMYeHHMEM IO cHekTpy. [lyTeM mNpuMeHEHHs B3aMMOKOPPEISALMOHHOIO aHAalu3a K II0JIyYEHHBIM
BBIOOpKaM I10CIIEIOBATEIBHOCTEI OCYLIECTBILIIOT OLEHKY 3HAUCHUH MaKCHMAaBHBIX BBIOPOCOB OOKOBBIX JIETIECTKOB (DYHKIMU
B3auMHOI koppemsiun (OPBK) mis Bcex BO3MOXKHBIX Map CUTHANIOB. Eciin 3HaueHHe MaKCHMAIbHBIX BHIOPOCOB GOKOBBIX JICTIECTKOB
®BK cursasoB mNpeBBIIIAIOT MpeAeibHbIE 3HAYEHHs, TO IOCIECAOBAaTEIBHOCTh Maphl, KOTOpas aHAIM3UPYETCs, C MEHBIIUM
3HaYeHUEM KOJIMYECTBa MMITYJbCOB yJajsieTcss U3 aHcaMOis. B ciyyae ymoBIETBOPUTEIBHOTO 3HAYCHUS — MOJyYCHHBIE CHUTHAJIBI
MPUHAMAIOTCS Uil (POPMHUPOBAHUS aHCAMOJIS CHUTHAJIOB C MUHHMMAJBbHBIM JHEPreTHYecKHM B3auMoeicTBreM. TakuM oOpasom
(hOpMHPYIOT HOBBII PsIIl 3HAUEHUI MaKCUMaJbHBIX BEIOpOcoB O0KoBEIX JernecTkoB PBK. braromapst Takomy moaxony B aHCaMOJISIX
YBEITUYMBACTCS] KOJMYECTBO CUTHAJIOB C YJOBJIECTBOPUTEIBEHBIMHI 3HAYCHUSAMH CTATUCTUYECKUX XapPAKTEPUCTHK MPHU OTPAaHMYCHHOU
IIMPHHE CHEKTpa CHTHANa, a B3aUMOKOPPEIIIHOHHBIC CBOMCTBA TAKHX MOCIEAOBATENBHOCTEH MPHONMKAIOTCS K CHTHajJaM ¢
MUHHMMAJIbHBIM JHEPreTUYECKUM B3aUMOICUCTBUEM, YTO NPHBOAUT K YMECHBLICHUIO YPOBHS IOMEX MHOMKECTBEHHOro aocryma. B
pe3ynbTaTe aHCaMOJHM CIIOXKHBIX CHUTHAIOB, IIOJMy4YEHHBIE ITyTeM YacTOTHOH (MIbTpamy IenecooOpasHO HCHONB30BaTh B
KOTHUTHBHBIX CUCTEMAaX PaJIdOCBA3U C KOJOBBIM Pa3/Ie/ICHUEM KaHAJIOB.

Pe3yabTatsl. Ha ocHOBe nporpamMMHO# peanu3anun Metona GopMHUpoBaHHs aHcaMOJICH CIO0KHBIX CHTHAJIOB ITyTE€M YacTOTHOW
(UIBTPAlMU TICEBOCIYYAHBIX MOCIEIOBATENIFHOCTEH C HU3KMM B3aMMOJCHCTBHEM BO BPEMEHHOI o6iacTé OBbUIM OTOOpaHEI
CUTHAJIB] C YJIOBJIETBOPUTEIILHBIMU 3HAUEHHUSIMU CTATHCTUUCCKUX XapaKTEpUCTUK IPU OIPAaHUYEHHOH LIMpHHE CIEKTpa CUrHaja, ¢
B3aMMOKOPPEISILMOHHBIME CBOWHCTBaMH, HNPUOIMKEHHBIME K CUTHAJIaM C MHUHUMAJbHBIM 3HEPIeTHUYECKHM B3aUMOJEHCTBUEM U C
YBEITHMUYCHHBIM 00BbEMOM aHCaMOJIs.

BoiBoabl. [IpuMenenue 4acToTHOW (pUIBTpalMM K NCEBAOCTYyYalHBIM IOCIENOBATEIBHOCTAM KOPOTKHUX BHICOMMITYJIBCOB C
HU3KAM YPOBHEM B3aHMHON KOPPENSAIHMH MO3BOJSET MONydaTh aHCaMOJH CIIOKHBIX CHTHAJIOB, KOTOpbIE OYyAyT CXOTHBIMH MO
B3aHMOKOPPEISIUOHHBIM CBOWCTBAM C IMOCIENOBATEIBHOCTAMH C MHHUMAJIBHBIM SHEPTETHYECKUM B3aWMOJCHCTBHEM, YTO JACT
BO3MOXXHOCTh CHH3UTHh YPOBEHb IIOMEX MHOXKECTBEHHOTO JOCTyma. B pe3ynbTare NpOBEAEHHOTO aHajiH3a BBIABICHO, YTO
NIpUMEHEHNe YacTOTHOW (MIBTPAIMM IOCIIEOBATENFHOCTEH HE3HAYMTEIBHO YXYJIUNIMT B3aHMMHBIE KOPPEISAIIMOHHBIE CBOWMCTBA
CHTHAJIOB, 33 CUET, BO3MOXHO, HEONTUMAIFHOTO CHHTE3a 3HAUCHUH ypPOBHEI MaKCHMAIBHBIX BEIOPOCOB OOKOBEIX seniecTkoB OBK
CUTHAJIOB, HO, HECMOTpPSI Ha 3TO, CYLIECTBYET BO3MOKHOCTh NPUMEHSITh TaKUE CUTHAIbI B COBPEMEHHBIX KOTHUTUBHBIX CHUCTEMax
PpazuoCBsA3U MHOKECTBEHHOI'O JOCTYIIA C KOJOBBIM pa3ejeHUEM KaHaJIOB.

KJIIOYEBBIE CJIOBA: cnoxHblii cuTHaTI, (YHKIHMA B3aMMHOW KOPPEISIMH, MOMEXa MHOXECTBCHHOTO JIOCTYIIA,
BUICOMMITYJIbC, 0a3a CUTHa/NA, IIMPUHA CIEKTpa CUTHANA, UIUTEIBHOCTh CUTHANA, MUK - (AaKTOp, CKBAXHOCTb, UIUTEIBHOCTH
HMIIyJIbCa, MUHUMAJIbHOE SHEPTeTHYECKOE B3aUMOICHCTBHE.
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YAOCKOHAJIEHA METOAUKA PO3PAXYHKY AHTEHHU Y BUI'JIA 1T
BIZIKPUTOI'O KIHIS KPYTI'JIOT'O XBUJIEBOY

Kapamyk H. M. — kanj. TexH. HayK, CTapIuuid BUKJIaAa4 KadeIpy TeJeKOMyHiKalii Ta pagioTexHiku JKutoMupcsb-
koro BiiicbkkoBoro iHcTuTyTy iMeHi C. I1. Koponbosa, Kuromup, Ykpaina.

Puxanbceknii O. P. — xana. TexH. HayK, AOICHT, CTApIIMN BUKIIAAa4y Kadeapu TEIeKOMYHIKAIlil Ta paliOTeXHIKH
Kuromupcrkoro BitickkoBoro iHcTuTyTy iMeHi C. I1. Koponsosa, XKuromup, Ykpaina.

3aeup 0. O. — crapmmii Bukinaaad kageapu TeneKoMyHiKanii Ta pagioTexHiku JKuToMupchkoro BiiChKOBOTO iH-
cruryty imeHi C. I1. Koponrosa, XKutomup, YipaiHa.

Cabapam C. C. — Bukiagad kadeqpu TeIeKOMYHIKaIlii Ta pamioTeXHiku JXUTOMHPCHKOTO BIICBKOBOTO 1HCTUTYTY
imeni C. I1. Koponsona, XXutomup, Ykpaina.

AHOTANIA

AxTyanbHicTs. CripsMoBaHi (c1abocpsiMOBaHi) aHTEHH CAaHTUMETPOBOT'O J[ialla30Hy XBHJIb TOTO YH iHIIOTO THITy MOXYTh 3a-
CTOCOBYBATHCH SIK OKpEMi BHITPOMiHIOBadi Ta OyTH y CKJIaJi aHTEHHUX pelliTok. HeoOxiqHicTh 3a06e3neynTy MiHiMI3allilo BTpat Mo-
TYXKHOCTI CUTHAJIy B TAKUX aHTEHAX € JIOCHTh BAXJIMBUM Ta aKTyaJIbHUM HAyKOBO-IPAKTUYHHUM 3aBAAHHSIM B Oy[b-sIKOMY BHIAJKY.
Tomy st miHIMI3awLii BTpaT MOTY)KHOCTI CUTHAY B @QHTEHAX CAaHTHMETPOBOIO Aialla30Hy XBHIIb CIIiI pO3poOIIsATH HOBI (yIOCKOHA-
JIFOBATH ICHYFOYi) MiAXO/M 1O 3MEHIIICHHS 3a3HaYCeHHUX BTpar.

Meta. MeTor0 IOCIiPKEHHS € BIOCKOHAJICHHS METOIMKU PO3PAaXyHKY aHTEHH y BUIIIS/I BIAKPUTOTO KiHIS KPYIJIOTO XBHIICBO-
Iy, SIKa JKUBUTHCS KOAKCIANBHOIO JIHIEIO 13 IMITIHIPUYHUAM IiCIeKTPUYHUM Y3TOIKYBaIbHUM TPAHC(HOPMATOPOM, 3aBISKH Bpaxy-
BAHHIO METOJIOM €KBIBAJICHTHUX CXEM TOPLEBHX €MHOCTEH I[b0T0 TpaHc(opmaTopa.

Mertoa. Iist ZOCATHEHHS] METH JOCIIZKCHHS BUKOPHUCTOBYBATHUCS HAOJIMIKEHHUH allepTypHHUl METO, 10 0a3yeThCsl Ha MPHHIIUITI
Iotirenca-Kipxroga, MeTos eKBiBUJICHTHHX CXEM, METOJJM YUCEILHOTO JOCITIPKEHHS Ta HATYPHOTO EKCIIEPUMEHTY.

Pe3yabTaTH. Y 10CKOHAJIEHO Ta BUBEJICHO HOBI PO3PaxyHKOBI ()OPMyIIH, IO BPaXOBYIOTh BIUINB TOPLIEBUX €MHOCTEH, SIKi MOKa-
3yI0Th HACTYIHI OCOOIMBOCTI: ZOBXMHA LIIIHAPUYHOTO HiCJICKTPUYHOTO Y3rOJUKYBaJIbHOTO TpaHC(GopMaTopa MOBHMHHA OyTH MEH-
LIOI0 YBEPTi JOBKHHU XBWII, 33 IIbOTO BEIHYMHA 3MEHIICHHS BH3HAYA€THCSI EMHICTIO TOPIIiB; TOPLEBI €MHOCTI 301IbLIYIOTH HEOO-
X1IHUH XBHJIBOBHUH OIIp BOTO TPaHCHOPMATOPa; CMyTa MPOMYCKAHHA aHTEHH 30UTBIIYETHCS 32 3MECHIICHHS Mepenagy OImopiB, sKi
JUIATal0Th Y3ropKeHHI0. [IpakTHYHUM 3HaYEeHHSAM PEe3yJIbTATiB JOCIIPKEHHS € 3MCHIICHHS BTPAT MOTY)KHOCTI CUTHAILy B aHTCHI 3a
PaxyHOK ITOKpAaIIeHHs y3TOJDKEHHS, III0 BH3HAUCHO 32 3MIHOIO Koe(illieHTa CTOSYUX XBWIb 3a HAIPyTol0 B 3afJaHiil cMy3i 4acToT
KPYTJIOro XBHIEBOAY. JIJisi BIAKPUTOrO KiHIS XBHJICBOAY KPYIJIOTO IIEPETHHY i3 LIUTIHAPHYHUM AiCCKTPHYHIM Y3TOMIKYBaIbHUM
TpaHCHOPMATOPOM, PO3PAXOBAHUM 32 YIOCKOHAJICHOK METOIUKOI0, iarpaMu CIPsIMOBAHOCTI sIK y TutonmHi E, Tak i B ruronuai H
HaOJIMKAFOTHCS JI0 AiarpaM CIpsIMOBAHOCTI KPYTJIOTO XBUIICBOAY i3 CHH(A3HUM PO3KPUBOM.

BucHoBkn. IlepeBipky 3anpornoHOBaHOT METOAUKH 3/IHCHEHO IUIIXOM MOPIiBHSIHHS TEOPETHYHUX PO3PAXYHKIB Ta EKCIEPUMEH-
TAJILHUAX JOCHIDKeHb 3MiHHU Koe(illieHTa CTOSY0i XBUIII 32 HAMIPYTO0 Y CMy3i 4acTOT i JiarpaMu cpsiMoBaHOCTI B ruonmHax E ta H
3a BUKOPHCTaHHS BiIOMO1 Ta YAOCKOHAJICHOT METOAMK.

KJIFOYOBI CJIOBA: crabocnpsiMOBaHa aHTECHA, KPYTJIMI XBUJIEBiJ, CAHTUMETPOBHH Jiala30H XBUIIb, BTPATH MOTYKHOCTI CH-
THAJLY, IPUCTPIil Y3ro/DKEeHHS.

ABPEBIATYPH
JC — niarpama cipsIMOBaHOCTI;
EMX — enekrpoMarHiTHa XBUJIST;
KIJI — koakciabHa JTiHis;

F2(p;) — HopMoBaHa JIC aHTEHH 3a MOTYXHICTIO j-TO
BUMIPIOBaHHS;
K; — BuMipsiHe 3HaYCHHS KoedilieHTa O01Ky4ol XBHITI

KCXH — xoeimieHT cTOsS901 XBUIII 32 HAPYTOIO;
OAYT- muniHapuyHWA TieNeKTPHYHUA y3roKyBa-
TBHAN TpaHCPOpMAaTOP.

HOMEHKJIATYPA
a, — pauiyc IONEepeyHOro NepeTHHY KPYyIJIoro XBH-
JIeBOLY;
Apg — ebeKTHBHA IIOLIA AHTCHU;
JB — peakTuBHa €eMHiCHa CKJIaJI0Ba XBHJIbOBOI IIPOBi-

arocTi Bigpisky KJI mosxkunoro / ;

b — HOpMOBaHa peaKTHBHA €MHICHA CKJIAJI0Ba
MIPOBITHOCTI TOPIIIB;

b, — HopmoBaHa TpaHC(pOpPMOBaHA pEAKTHBHA
nposignicts LIAVT;
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Y3IOBX Bijmpizka [ ;
k — koediuienr (asu exeKTPOMArHiTHOI XBUII;
Rinin — MiHIMazbHUH BXinHME omip Binpizka KJI mo-
BXKUHOMO [ ;
Ao — cepemHs JOBKUHA XBUI;
€,, — BiIHOCHA miesnlekTpuyHa npoHukHicts LAY T;
l,, — BiAHOCHa MarHiTHa npoHukHicTs LIAYT;
€ — Bi/HOCHA JlieIEKTPUYHA IPOHUKHICTh BAKyyMy;
L, — BIJHOCHA MarHiTHa MPOHHUKHICTh BaKyyMy;
I1 — rycTHHA OTOKY NOTY>KHOCTI IOJIS.

BCTYII

AHTEHa y BUIJIA/II BIJKPUTOTO KiHIIA KPYTJIOTO XBHJIE-
BOJIy 3aCTOCOBY€ETECS B SIKOCTI CJIA0OCTIPSIMOBAHOI aHTECHH
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CaHTUMETPOBOI'O Aiala30Hy XBMIIb. XBUIEBOAU KPYIJIOTrO
HepeTuHy 3a3BU4ail 30yMKYIOThCS XBWiero tumy [y .
BincyTHICTD IHIIMX THIIB XBHJIb 3a0€3MEUYETHCS 32 YMO-
Bu 2,6la, <Ay <3,4la, [1, 2]. 3a uboro mae micue

BiJIHOCHA OJIHOPIAHICTH TOJsIpu3aliii xBuimi tuy 1] . 3a

IHIIMX THUIIB XBWJIb Y XBHJIEBO/I KPYTJIOTO IEPETHHY He-
OJTHOPITHICTH TOJsIpU3alii 3Ha4HO Oinbine [3—7]. Takox
0COOJIHMBICTIO TaKO1 aHTCHH € 11 HEJIOCTATHE Y3TOJKCHHS 3
BUTBHHIM IIPOCTOPOM BHACIIIOK Pi3KOT 3MiHH YMOB ITOIIIH-
peaass EMX 3a mepexony Bii XBHJICBOAY IO BiIBHOTO
MIPOCTOPY, IO NPU3BOJNUTH 10 ICTOTHHUX BTPAT MOTY>KHOC-
Ti curHaiy [6—11]. [y mokpameHHs y3TroIKeHHs 3aCTO-
COBYIOTH pi3HI mpucTpoi [12—14] 3araibHUM HEIOTIKOM
SKHUX € pe30HaHCHICTh. TOMy JUIsl Y3TOPKEHHS XBUJICBOY
kpyrioro neperudy 3 KJI »uBIEHHS AOLIIBHO 3acToCy-
Baru I[JIYT, mo mocmimoBHO BMukaetbes B KJI [15].
[Ipore, Bimoma Meronuka po3paxyHKy [15] He BpaxoBye
BILTUB TopueBux eMHocteit LIAYT.

OTxxe, HEBHPILIEHOIO paHIllle YaCTUHOIO 3arajbHOI
MIpoOIEMH Y3roKEHHS XBIJIEBOAY KPYTJIOTO MEPETHHY i3
KJI >xuBneHHs € BpaxyBaHHS BIUIUBY TOPLIEBHX €MHOCTEH
Ha kpasx LIJIVT.

O0’exTOM AOCTIKEHHS € BUIIPOMIHIOBAaHHS Ta MPH-
maaas EMX craGocnpsMOBaHOIO aHTEHOI CaHTHMET-
POBOTO Jianma3oHy XBWJIb.

IIpeameToM nocigKeHHSl € METOIUKU PO3PAXyHKY
cabocnpsIMOBaHUX aHTEH CAHTUMETPOBOrO Jiana3oHy
XBHJIb.

MeToO10 CTATTi € YAOCKOHAIEHHS METOJUKH PO3paxy-
HKY aHTEHHU Yy BUIJIII BIAKPUTOTO KIiHIS KPYIJIOTO XBH-
neBony, sika xuBuThes KJI i3 LIV T, 3aBasku BpaxyBaH-
HIO METOJIOM EKBIBICHTHUX CXEM TOPLEBHX €MHOCTEH
IBOTO TpaHC(HOPMATOpa, MIO JO3BOJIUTH HMOKPALMIUTH Y3-
TO/DKEHHS B 3aJaHid CMy3i 9acTOT Ta 3MEHIINTH BTPATH
MOTY>KHOCTI CHTHAITY.

1 IOCTAHOBKA 3ABJIAHHS
PosrisHemo aHrteHy (puc. 1) y BUINISAI BIIKPHTOTO
KIHI KPYTJIOTO XBHJIEBOAY HiaMeTpoM 2qa, , IO XKH-
Buthesi KJI 3 BHYTpILIHIM MPOBIAHUKOM JiamMeTpoMm d Ta
mictute LIIYT nosxwuuoto [, i miamerpom d,,. Ilepmra
YacTHHA PO3TIITHYTOTO MPUCTPOIO Y3TOUKEHHS € Bimpis-

koM KJI mosxkunoro [ (3 XBUIBOBHM omopom Z , ), siKa
3abe3neuye, 100 Ha i BXOJI OTPUMATH YMCTO aKTUBHHI
omip R , mio 3xilicHroeThes migbopom 3uauenus /. Jlpyra
YacTHHA MPUCTPOIO Y3romKkeHHA € BigpizkoM KJI 3 LIAYT
JoBxuHO0 [, (3rimHo 3 [15] [, = 0,25\, ) Ta XBUJIBO-
BUM omnopoMm Z, . IlpusHaueHHs napyroi 4acTUHU —
TpaHcopMyBaTH aKTHBHUIA OIip BXOAy TpanchopmaTopa
31 CTOPOHU TeHepaTropa R, Tak, 100 BiH JOPIBHIOBaB
xBuIboBoMYy onopy KJI, sika y3romkyerbesi, ToOTO, 11100
Z, =R, . lle 3a0esnedyerscs NigOOPOM XBHIILOBOIO
oropy Tpancgopmaropa. Topuesi moBepxai LIIYT yTBo-
PprofoTh eMHOCTI [16, 17] 010 30BHIMIHBOTO MPOBIAHAKA.
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Posrisg tpanchopmarii mposigHocter uepes LIAYT
3a HAsIBHOCTI EMHICHUX MPOBITHOCTESH HA TOPIIX IMIIIH]T
PUYHOT BCTABKH JIOLIBHO MPOBOAWUTH METOJIOM EKBiBa-
JICHTHHX CXEM i3 3aCTOCYBaHHSM TeOpii JIOBI'MX JIiHIN 3a
JIOTIOMOT 010 KpyroBoi niarpamu Bonenepra [18, 19]. 3Ha-
YEeHHA HOPMOBAHUX aKTUBHOI g, Ta PEaKTHBHOI b,

CKJIaZIOBUX BXiJHOI HMPOBIJHOCTI MOXYTh OyTH oOIHMCaHi
BHpa3aMH, sKi HaBeleHi B [15], i3 SKMX BHIUIMBAE, IO
LAYT 3a HassBHOCTI TOPLEBUX €MHOCTEHl ITOBHOTO Yy3r0-
JUKEHHS He 3a0e3edye, OCKUTbKY TpaHchopMaIlisi akTHB-
HUX MPOBITHOCTEH BUABISEThCA MEHIIE HeoOXimHoi. B3a-
€MHA KOMIICHCAIII TPaHC(OPMOBAHOI BXiHOI pPEaKTHB-
HOI poBigHOCTI b, 1 peakTHBHOI HPOBIOHOCTI TOPLIB b
BiIOYBA€ETHCS JIUIIIE YACTKOBO.

OTrxe, TparchopMaIlisi aKTHBHOI IIPOBITHOCTI € HeIo-
CTaTHBOIO, HOPMOBaHa BXiJHAa PEaKTUBHA MPOBIIHICTH €
MEHIIOO 33 OJUHUIIIO.

TakuMm 9HHOM, HEOOXITHO YIOCKOHAIUTH METOIHKY
PO3paxyHKy aHTE€HH Y BUTJIS BIAKPUTOTO KiHI KPYyTJIO-
ro xBuieBony, mo xusutbes KJI i3 LY T, nuisxom Bpa-
XYBaHHSl TOPLEBHX €MHOCTEHl JUIs TOKpAalIeHHS Yy3ro-
JUKEHHS Y BU3HAUYEHIH CMy3i 4acToT.

2 OIJIsL A JJITEPATYPH

Jnst moKpamieHHs y3ro/PKeHHST aHTeHH Y BUTUIAL Bifi-
KPHUTOTO KiHII KPYTJIOTO XBHJIEBOAY 3aCTOCOBYETHCS PSilt
KOHCTPYKTUBHUX pimieHs [12—14]: y3romKyBaibHI TpaH-
chopmaTropy y BHIIIALI Mi€NEKTPHUYHUX BTYJIOK, KiJIeIb,
BIPI3KiB JiHIN mepenaui eHeprii; y3ropKyBalbHI NpH-
CTpOi A KOMIICHCAIli peakTUBHHUX CKJIAJOBHX OIOPY —
IITUPI, AiadparMu, KOPOTKO3aMKHYTI XBUIJIEBOJHI HUIECH-
(U, TMOrNIMHATIBHI HaBaHTaXCHHS. Po3paxyHOK 3a3Haue-
HUX BHIIE Y3rOJUKYyBaJIbHUX EIEMEHTIB MOTpeOye Bpaxy-
BaHHS HEOJHOPITHOCTEH y XBHIEBOJax [15], Tomy 3a3Bu-
Yail MPOBOJUTHCS METOJIOM EKBiBaJICHTHUX cxeM [ 15, 20],
30KpeMa, 3a J0IOMOTOI0 Kpyromoi xiarpamu Bombmepra
[15]. IIpote, 3aranbHUM MPOOIEMHHM MHTAHHIM IIOI0
BKa3aHWX HEOJHOPIAHOCTEH € Te, [0 BOHM PE30HAHCHI.

3acTocyBaHHS IX IJIs1 y3TOMKEHHS XBHIIEBOLY KPYTJIO-
ro TepeTHHy He 3a0e3NednTh Y3TOKeHHA B 3aJaHiil
CMy3l 4acTOT INOJO XBWII TUIy H; Ta IpHU3BEAe 10

3MiHHU CTPYKTYPH MOJIS €T XBUIII.

Pospaxynok IIJIYT mpoBoanTbCs METOJOM €KBiBa-
JeHTHUX cxeM [15, 19-23]. [lyia BUBelIeHHS! pO3paxyHKO-
BUX (hopMyII, SIKi BpaXOBYIOTh BIUIMB TOPLEBUX €MHOCTEH
C , BUKOPUCTOBYETBHCS TEOpisl JOBIMX JIIHIM Ta Kpyrosa
nmiarpama Bospnepra [15]. BignosigHo, oTpuMaHo 3Ha-
YEeHHsI HOPMOBAHUX AaKTUBHOI Ta PEaKTUBHOI CKJIAJOBUX
BxijHOI mpoBigrocti LIAYT [15]:

1 R.7Z R.7
ggx — 2 n’lll’l2 Jl < mlI; Jl , (1)
1+(b-K;) 7, z2
by =b,, +b= Ks > +1b. )
1+(b-Ky)
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Pucynok 1 — AHTeHa y BUINISAIL BIIKPUTOTO KIiHI KPYTJIOTo XBUIIEBOLY, o xkuBUTHCS KJI i3 IIIYT, po3paxoBaHOro 3 BpaxyBaHHIM
TOPLEBUX €EMHOCTEH JJIsl HOKPAIEHHS y3TOKEHHS Y BU3HAUCHIH CMy3i 4acToT

Amnaniz ¢popmyn (1) 1 (2) nokasye, 1o TpaHchopmartis
AKTHBHOI TIPOBIZHOCTI € HEJIOCTaTHBOIO, BXi/IHA PEAKTHB-
HAa MPOBIIHICTH € MEHIIO0 oauHuIl (1).

3 MATEPIAJIM I METOIN
JlJis BUBEICHHS HOBUX PO3PaxXyHKOBUX (hopMyI, IO
BpaxOBYIOTh BIUIMB TOPLEBUX €MHOCTEH, BHUKOPUCTO-
BYETBCA BUpPA3 UII HOPMOBaHOI BXiJHOI TPOBiTHOCTI,
MpEeACTaBICHUIN TaKUM YUHOM [1]:

e [Rl +jBJZm +jtg(kl)
Vou = +JBZ; (3)
m j( + jBJZm —1g(kl)
Rmin

3a ymosn 1g(kl)>>1 i b—BZ, <<1 i3 supasy (3)
MOJKHA OTPHMATH IHIIAN BUTIIAI (OPMYIH s HOPMOBa-
HOI BXiZHOT POBIJHOCT!I:

_ Rmin Z,z 1

+
2Z/l

2 (K ;)

2
Z, 2 ZJ
Tkl P Kﬁ[ZJ @)

2
. Z/z _ Rmin Zm _ 1
1-| 2 b —— |
Zy, Zy Z, tg(kl)

+J

[pupiBaiotoun y ¢dopmyni (4) BXigHy peakTHBHY
MPOBIOHICTH O HYIIS, MOYKHA OTPUMATH PIBHSHHS IIIOJIO
mapametpiB LIAYT:

(&)

tg(kl):/(b?:].

PiBHsHHS (5) MOXXHA NEPETBOPUTHU 10 PO3PAXyHKOBOT
thopmyu U1 cepeHbOT JOBKUHH XBUIIL:

41

Ay = ——
1- 25K,
T

(6)

ab6o mra mopxkwmam L[JIVT 3 ypaxyBaHHSIM peaKTHBHOL
€MHICHOT MPOBITHOCTI Ha OT0 TOPLISAX:

lm =%(l—gb K5 j
T

3rigHo 3 Gpopmyrnamu (6) i (7), noxuua LAY T nosu-
HHa OyTH TPOXM MEHIIOK YBEpTi NOBXKMHHM XBWii. Lle
BU3HAYAEThCS HOPMOBAHOK PEAKTHBHOK MPOBIAHICTIO
TOpIiB, TOOTO eMHicTIO TOpLiB C .

[MincranoBka dopmynu (5) y (4) no3Boisie BUPa3UTH
aKTHBHY YaCTHHY HOPMOBAHOI BXiIHOI HPOBITHOCTI gy

(M

TaKUM YHHOM:

RminZﬂ 1 )
Zy 1-(b-Ks)

Zox = ®

[pupiBHABIIM HOPMOBaHY BXiIHY MPOBITHICTE (8) 1m0
omuHULI ( g4 =1), MOXXKHA 3HAWTH yTOYHEHE HEOOXiIHE

3HaueHHs XBWiIboBoro onopy LIAYT 3 ypaxyBanHsM pea-
KTUBHO{ €MHICHOI IIPOBiTHOCTI HA HOTO TOPIISX:
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1
Zy =2 K ——— ©)

1-(b-K;5)

[MopiBusiHHA (9) 1 BUpa3y Lis po3paxyHKy XBHIBOBOTO
omopy LIJIVT [2] moka3ye, 1o TOPIEBI €MHOCTi 30i7b-
IIyIOTh HeoOXimHmil xBrboBwid omip LIV T.

TopreBa emHicTh C OOYHCITIOETHCS SK MOJOBUHA BiJ

€MHOCTI ekBiBasieHTHOrO ucka C, [19]:

C :%ca 26, h{ge +ye2 —1), (10)
ne

: _1 (b-d) 2D-d,-d "

¢ 2 2(p-d,) 2D-4d,)’ 1D

Po3paxynok miamerpa IIJIYT mpoBoauThcs 3a BHpa-
30M, BUBEJCHUM i3 (OpMyJH JJisi XBHIBOBOro onopy KJI
JKUBJICHHSI, BpaXOBYIOUH YMOBY y3TOJXKEHHS [2]:

1) D
=138 | lg—=27,

Ks, (12)
8Wl m
2% fon
- (13)
d,=D-10 138

[pencrapnents 4actoTd f Yy BHAI CyMH CEpeIHBOI
4acTOTH f( 1 BIAXWICHHS 4acTOTH Bix f y cMy3i mpo-
myckaHHs Of nosBoisie y Gopmydni (3) Bupasutu kl/ Ha-
CTYITHUM YHHOM:

A

ki =2(fy +of Weokoly, = %(1 +70J. (14)

MMincraBnsroun (14) y (3) 32 B =0, MOXHA OTpUMATH
HACTYITHHUH BHPa3 [l HOPMOBAHOT BX1THOT MPOBIAHOCTI

OAYT:

R . 7 0,
yex — min =i +J mln ( f)

72 z: 2/, )
} Z/z _ Rmin
Rmin Z/z
e

RminZ,r
sz b (16)
m

Rmin — Rmin . (17)

Z, Z,
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3 ypaxyBanusaM (15) koediuient Binourrs I 1 KCXH
K. naBxoni LIJIYT MoxyTh OyTH IpeACTaBIEH] TaK:

=1_ygx= naf mm
L+ ygy 4 Jo U min V
< } Zﬂ _ Rmin i (19)
Rmin ZJ

I3 dpopmya (18) 1 (19) BuaHO, 110 CMYTH NMPOIMYCKaHHS
THUM BY’X4Ye, UMM OUIBIIMI Tepernas onopis, MO Miausra-
I0Th Y3TOJKCHHIO, TOOTO YHMM OUIBIIE BiIHOUICHHS

(18)

_Hn

K™

Z ,/Ruin - 13 dopmynu (19) mokHa 3HaiiTu BigHOCHY
cmyry npomyckanssa LIIYT:
20 4 K. -1
Joo m [ Z, Ry (20)
Rpin Z,

3uauenns KCXH y (20) 6eperbes, sIK piBeHb 4acTOT-
Hoi xapakrepuctukun KCXH, 3a gxuM BH3HAYa€THCS IIHU-
puHa cMmyru nporyckanas LIIVT 2Af .

OTmxe, s 3a0e3MedYeHHs] 3MEHILEHHST BTPaT MOTYX-
HOCTI CHUTHaJTy B CJIabOCIIPSIMOBAaHUX aHTEHAX CaHTHMET-
POBOTO Jiana3oHy XBHWJIb Y Pe3yJbTaTi MPOBEAEHOTO J0-
CIipKeHHsT ynockoHaneHo (opmymn (6)—(9), (18)—(20)
JUTST PO3pPaxyHKYy AHTEHW Y BHTILAAI BiIKPUTOTO KIHIIA
KpYTJIOTO XBUIIEBOTY, 110 KuBUTHCs KJI i3 IAVYT.

OTpuMaHi aHAMITHYHI BHpa3W MOKA3yIOTh, LIO JIOB-
JKIHA Y3TOJDKYBAIBHOTO TpaHC(hOopMaTopa MOBHHHA OYyTH
MEHIIIE YBEPTi JOBKHUHU XBHII, L0 3yMOBIEHO €MHICTIO
HOro TOpIIB, a CMyTa MPOIMYCKaHHS aHTEHH 301IIbIITY€EThCS
3a 3MEHIIEHHs Tepenajy ONOpiB, SIKi MiUIATal0Th y3ro-
JOKEHHIO.

Po3mputy cMyry npomnyckaHHS MOXKHa 3a PaxyHOK
3pi3iB Ha kpasx LJAYT. Takoxx HiIBUIIUTH IIUPOKOCMY-
TOBICTb AHTEHM MOXHa 32 paxyHOK IIOCIIIOBHOTO
3’€IHaHHS JEKUIBKOX Y3TOJUKYBaJbHUX TpaHC()OpMarTo-
PiB-CXOIMHOK 13 MamuM Koe(imieHToOM TpaHCQopMaIlii,
0 3a paXxyHOK (pa30BUX CHIBBiAHOIIEHb Ta iHTEpQepeH-
i1 BIZOUTHX BiJl OKPEMHX CXOJWHOK XBHUIIb, IPUBOMTH-
Me JI0 X B3a€MHOI KOMIIEHCAIi Ta PO3MIMPEHHS CMYTH
HPOIYCKaHHS.

JlocnmimKeHHsT CIpSIMOBAaHUX BJIACTHBOCTEH aHTEHH Y
BUIJISLIII BIJKPUTOTO KiHIIS KpyTiioro xBuiesony [8, 9] 3a
NPUIYIIEHHS, 10 CTPYMH Ha HOro 30BHIIIHII NOBEpXHI
BiJICYTHi, no3Boisie BuszHaumtH JIC 3a momomororw Ha-
OMDKEHOro  anepTypHOrO MeETony, o 0a3yeTbcs Ha
npuHnumi [olirenca-Kipxrodga [8].

Bimomi HabmmkeHi GopMynn A pO3paxyHKy CIIpsi-
MOBAaHUX BJIACTUBOCTEH BIAKPHTOTO KIHI[ XBHJICBOIY
KPYIJIOro HepeTHHy I XBIIi THIy f1); HaBeneHi B [8].

XBWIBOBHH OMip XBWJICBOAY KPYIJIOTO IEPETHHY JUIS
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XBui THIY 1| pO3paxoBYyeThCS 3a BiIOMOIO (hOpMYIIOI0
[2].

Koediuient cnpsimoBanoi aii (D ) BIAKPUTOro KiHIIsA
KPYIJIOTO XBHJIEBOAY 3a 30YMKEHHS HOTO XBHIICIO THILY
H | Bu3Ha4aeThCs 3a BUpa3oM i3 [9].

BianosinHo no dopmyn (3)—(20), yrockoHaneHa me-
TOJMKA PO3PaXyHKY aHTEHH y BUTJISIII BIIKPUTOTO KIHIIS
KPYTJI0TO XBUIIEBOAY, 110 xuBUThcs KJI i3 LIIYT, BKitto-
qae:

1. Po3paxynok miamerpa LIIYT d,, 3a Bupazom (13).

2. Po3paxynok Topresoi emHocti HAYT C 3a ¢op-
mymoro (10) 3 ypaxyBarasam (11).

3. Busnauennst nomxuaun YT [, 3 ypaxyBaHHsIM
PeaKTHBHOI €MHICHOI TPOBITHOCTI HAa HOro TOPISX 3a
tdopmymoro (7).

4. 3Hax0HKEHHI HEOOXIIHOTO 3HAYEHHS XBHIHLOBOIO
omopy LJAYT 3 ypaxyBaHHSIM pEakTUBHOI €MHICHOT
MIPOBITHOCTI HA HOTO TOPIIX 32 YIOCKOHAIEHOI (HopMy-
no10 (9).

5. O6uucnennss  xoedinienra  Bigoutrs [ i
koedilieHTa crosgdyoi XBuIi 3a Hampyroroo K, y cmysi
yacToT 3a Bupasamu (18) ta (19), BigmosinHo.

6. Po3paxyHok BigHOCHOI cMyrH mpomyckanas LIAYT
20f/ fy 3a dopmymnoro (20).

7. BusHa4eHHs] XBWJILOBOTO OIOPY KPYTJIOTO XBHJIE-
BOLY Zp  Jns xBuii iy Hyp 3a Bizomow dopmy-
J010.

8. Po3paxynok JIC BigKpHUTOTO KiHI KPYTJIOTO XBHU-
neBony B miommHax E Ta H 3a Bimommmu Bupazamu 3
ypaxyBaHHsIM Z H,, -

9. Obuncnenns xoeimieara cupsmMoBanoi nmii D 3a
BiJTOMOIO (pOPMYIIOFO.

Otxe, po3paxyHOK aHTEHH 32 YIOCKOHAJIEHOI METO-
JHMKOIO TTOBUHEH 3a0€3M1eUNTH IIOBHY B3a€MHY KOMIIEHCA-
1it0 TpaHC(HOPMOBAHOI HOPMOBAHOI BXIJTHOT PEaKTUBHOI
npoBigHOCTI b, 1 HOPMOBAHOI PEaKTHBHOI MPOBIAHOCTI
topist b IIJIYT Ta 3abe3neynTi 3HAYEHHS HOPMOBAHOI
aKTUBHOI BXiZHOI ITPOBITHOCTI g, DPIBHUM OJUHMILI I
MIOKPAIIEHHS y3TOMKEeHHS.

4 EKCIIEPUMEHTHA

3a 3aIpONOHOBAHOK YAOCKOHAJIEHOI0 METOJMUKOIO, SIK
NPUKIaJ, TPOBEACHO PO3PAXYHOK TEOMETPHYHHX PO3-
MipiB LAYT anst cepeaHboi 4acTOTH CMYTH TPOITYyCKaHHS
6-8 ITm. VY pesynprari oTpuMaHO: d,, =4,7 MM,
l,=18 cm 3a ¢, =35 1a KCXH y ninii xusneHHs
K, =185, sxa Mae AiaMeTp 30BHIMIHBOTO MPOBIIHHKA
D =15 MM, BHYTPIIIHBOTO — d =2,2 CM; IiENeKTPUK —
¢droportact i3 £=2,2. JIoBXHWHA KPYIJIOTO XBUJIEBOIY
L =9 cM (Y3I0BX SIKOi BKJIQIA€THCS B JTOBKUHU XBHUITI).
Hiametp xBuiieBody ckianae 2a, =2,85 cM.

30BHIMIHIN BUTIJIA A BUTOTOBJICHOI'O HOCJ’ILHHOFO 3pa3ka
AHTCHHU HABCJICHO Ha pUC. 2.
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Pucynok 2 — JlocnigHuit 3pa3ok aHTEHU Y BHTIIS
BIJIKPUTOTO KIHI[SI KPYTJIOTO XBHJIEBOY,
110 sxuButhest KJI i3 LIJIYT

Excniepumenranbae pocnimkenns 3minn KCXH ante-
HU Y BUIIS1 BIIKPUTOTO KiHIS KPYTJIOrO XBHIIEBOY, IO
skuButhbes KJT i3 HAVYT, y emysi wactot 6—8 ' mpoBo-
JTAIIOCH 32 JTOTIOMOTOI0 MTAaHOPaMHOTO BUMiproBaya P2-54,
SIKFA TIPAITIoe B Iiama3oHi yactoT 4—12 I'T' [24].

CTpyKTypHY CXeMy Ta 30BHIIIHIA BHUIJIAI BUMIpIOBa-
JBHOI yCTAaHOBKH 300pa)XeHO Ha pHcC. 3. Y CKIaa CTPyK-
TypHOi CXEMH YCTaHOBKH (pHC. 3) BXOIATH: T€HEPATOp
I'KY 54; ingukarop KCXH Ta nocnadnenns S2P-67; 1 —
KOaKcianbHa JiHisf; 2, 5 — TOJOBKH JEeTeKTOpHi; 3, 4 —
CHpsIMOBaHi po3raiyxyBaui; 6, 7, 8, — 3’e¢lHyBaJIbHI KOa-
KclalpHi JTiHiT; 9 — qociigHa aHTeHa.

PoGoTa nanopamHoro BuMiptoBaua P2-54 rpyHTyeThCs
HA TIPUHIIMIII OKPEMOTO BUIIICHHS CHTHAJIB, SIKi MPOIIO-
PLIHHI TOTY>KHOCTSAM IaJaro4oi BiJ reHepaTopa Ta Bigou-
TO1 BiJl aHTEHU XBHIIb [24].

Ha expani imgmkaropa S2P-67 cmoctepiraeTbes 3a-
nexnicte KCXH Binm wactotn. 3MiHY 4YacTOTH KOJIMBaHBb
I'KY 54 moxHa KOHTpOMOBaTH 3a yactotomipom. [lepen
MOYaTKOM POOOTH MPOBEICHO KaIIOpyBaHHS MAHOPAMHOTO
BuMiptoBaua P2-54 y BchoMy Jiamna3zoHi poOOYMX 4acToT y
pexumi nanopamuoro BumiptoBanHss KCXH [24]. Ekcre-
pUMEHTaJIbHI BHMIpDIOBaHHS TPOBEICHO 3 HACTYITHUMHU
MOXUOKaAMHU.

[MoxnOka BH3HAYCHHS YACTOTU Ta FPAHUYHUX YaCTOT
cmyru He nepesuirye +0,02 MakcHMManbHOI YacTOTH PO-
6ouoro pgiamazony [24]. [Toxubka BUMIiprOBaHHS IOCIA0-
JICHHA B cMy3i 9acTtoT — 0,5 nb, Ha 9acTOTi BUMIpIOBaH-

Hi — 10,3 nb [24].
s BuzHavenHst JIC mocimiqHOTO 3pa3ka aHTeHHU 3acTo-

COBaHO BHUMIPIOBAJIbHY YCTAHOBKY, CXeMa Ta 30BHIIIHIH
BUTIISI SIKOT 300paxkeHi Ha puc. 4, puc. 5.
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[NepenaBanbHuii pynop 4 >KMBUTHCS Bijl reHepaTopa CH-
rHaIIiB BUcokodacToTHOTo ['4-111 — 1 1 Bunpomintoe EMX
y HamnpsIMKy JOCIHiKyBaHOT NpuiMaibHOi aHTeHn. OcTaH-
HSI BCTAQHOBJIFOETHCSI HAa TIOBOPOTHOMY CTOJI 3 JliMOoM 10
JUIsl BAMIPIOBaHHS KyTiB MOBOPOTY aHTEHH. Buxin mpwii-
MaJbHOI aHTEHW uepe3 JCTEeKTOp 7 3’€HYeTbCS 3
BUMIpIOBATGHIM TIpmiiagoM BS8-7 — 9, skwmif BHKOpHCTO-
BYETBCS IUISl aHTCHHUX JOCHTIDKeHb. BigcTanp MK mpwid-
MaJIFHOIO Ta IepeaBaIbHOI0 aHTEeHAMH BiIIIOBiaE yMOBI
JIaJIbHBOT 30HH 1 HE 3MIHIOEThCS B XOAI OOEpTaHHS MpHii-
MaJIbHOI aHTeHH. ToOMy T'yCTHHA MOTOKY MOTY)KHOCTI TOJIS,
sSKe 1a/1a€ Ha TPUHAMAabHY aHTEHY, TAKOXK € TOCTIHHOI0
BEJIMYHHOIO.

[ToTyXHICTh CUTHATYy Ha BUXOJI NPUIMAIbHOI aHTEHH,
SIKy TIOBEPHYTO Ha KyT O, BiTHOCHO HyJIBOBOTO HAIPSIMKY,

BH3HAYAIOTh 32 TaKO0 (hopMyIoro [9]:

Popi = 114, F*(0;)

21

3a yMoB [I = const , Aep = const BimnosinHo 10 (21)

MOTY)XKHICTh Ha BHUXOII NPHAMANBGHOI aHTEHH IIPOIIOp-
nifina HopmoBaHiit JIC 3a TOTYXKHICTIO.

BumiproBannst 3a nonomororo npunany B8-7 mposene-
HO IUISIXOM IOPIBHAHHS BXiJHHMX BEJHYMH 3 YCEPEOHEHU-
MH TONEPEAHIMU 3Hau4eHHSIMH. SIKI0 MakcuMajbHe 3Ha-
YeHHsl TI0Ka3aHb y XOIi oOepTaHHS aHTEHW BCTAaHOBUTHU
pyukamu peryiroBanns “Ilincunenns” Ha 1,000, To ne 103-
BoJIsie BUMiproBaTu HopMoBasi J[C [25].

Juckperni BuMiptoBanas HopmoBanoi JIC 3a moTyx-

. 2 .
HICTIO |F (Gi) OyJI0 TIpOBEICHO JECATh Pa3iB 1 ycepen-

HCHO 3a TaKUM BUPA30M:

(22)

, 110 )
|F(6,)| —E]Z:]|F(9i)|j :

5 PE3YJIBTATH

3a pe3yabTaTaMH PO3PaXyHKIB Ta €KCHEPUMEHTAIb-
Hux pociipkens LIIYT Ge3 ypaxyBaHHS TOPIIEBHX €MHO-
CTel Ta BIATIOBITHO IO HABEJICHOI METOJUKH, OTPUMaHO
(puc. 6) rpadixu 3mian KCXH y cmysi wacror 68 [T

BumipsiHi eKcriepiMeHTalbHO Ta PO3paxoBaHi 3a Bi-
nmomumu popmynamu [8] Hopmosani JIC gocmigHOI aHTe-
HU B wommHax E ta H 3a pi3HUX 3HaYCHb YacTOTH HaBe-
JIEHO Ha puc. 7.

6 OBI'OBOPEHHSI

BignosigHo 1o puc. 6a Bemmunna KCXH 3miHroeThCs
B Mexax Bix 1,1 mo 1,85. Y KJI xuBneHHs Oyzne pexum
3MIIIaHUX XBWIb. 3rimHo 3 puc. 6.0 Bemmumna KCXH
3MiHIOETBCS B Mexax Bin 1,1 mo 1,19. ¥V KJI xuBneHHs
XBHJIEBOJLYy KpyTJIOro nepetuHy HasBHicTh LIJIYT, po3pa-
XOBaHOTO 32 YIOCKOHAJICHOI0 METOIMKOI0, Oyne pexum,
OnMu3BKUi 10 pexxuMy Oixydoi xBuii. I3 puc. 6 BUIHO, MO
32 BUKOPHCTAaHHS YIOCKOHAJIEHOI METOIOWKH 3abesre-
YYETHCSI MOXKJIMBICTD PO3pOOJICHHS aHTEH 13 TIOKPAIICHHM
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y3roJUKEHHSM, 110 3a0e3neuye 3HaueHHs KCXH y cmysi
gactot 6—8 I'T we 6inpmie 1,19 (ix 1,1 mo 1,19). Mak-
CHUMaJbHa BIJJHOCHA MOXHMOKa pEe3yJbTaTiB PO3PaxyHKY
KCXH 3a ygocKOHaJIeHOI0 METOAMKOIO BiJHOCHO €KCIle-
puMeHTy He niepeuirye 2,7 % (puc. 6).

BinmosimHO 10 puc. 7 MakcuMallbHA BIJHOCHA ITOXUO-
Ka pe3yJbTaTiB po3paxyHKy HopmoBaHuX JIC y mmommHi
E ne nepesuniye 13,4 %, y mommui H — 10,1 %. s
BIZIKPUTOTO KiHI[SI XBHJIEBOLY KpPYIJIOrO IIEpeTHHY i3
HAVYT, po3paxoBaHuM 3a HaBeAEHOI MeToaAuKo, JIC sk
y mwionmwmHi E, Tak i B monwai H Habmmwkatotees mo JIC
KPYTIJI0TO XBHIIEBOAY i3 cH(pa3zHUM po3kpuBoM. Lluprna
JAC y mmomuni E pmemo Byxkua, HiX y miomwHi H,
OCKIJIBKM PO3IOJIT aMITTY]] B €JIeKTPUYHIA TUIOLIHHI
Oimpmn piBHOMIpHHHU. IllpuHa miarpamMu CpSMOBAHOCTI
aHTeHu B momuHi H cranoButs O0mmspko 60 °, a ii 3Ha-
YEeHHsI MOYKHAa KOPUTYBATH IIUIIXOM 3MiHHU €JIEKTPUYHOTO
PO3MIpY BIJIKPUTOTO KiHIIS XBUJIEBOJY KPYTJIOTO TEPETH-
Hy (TIepexijl y HeBEeJIMKUI KPYTIIHiA pyriop).

OTXe, TOCTOBIPHICTH 3alPOINIOHOBAHOI Y IOCKOHAIECHOT
METOJIUKH PO3PaxyHKy aHTEHH Yy BHUIJIII BIJIKPUTOIO
KIHII KPYTJIOro XBUJIEBOAY, 110 sxkuBuThes KJI i3 LIJIYT,
MEepEeBIPEHO IIUIIXOM HPOBEACHHS EKCIEepHUMEHTAIBHIX
JOCIIKeHb sk moao 3anexHocti KCXH Bim wactoTw,
TaK 1 moo JIC anTeHH.

BHUCHOBKHU

HaykoBa HOBH3HA OTPUMAaHHX Ppe3YJbTATIB HPOBeE-
JIEHOTO JOCIIIKEHHS TOJISTae B YIOCKOHAJICHHI METOIU-
KM pO3paxyHKy aHTE€HH y BUTJIII BIIKPUTOTO KiHII KpPY-
rJI0ro XBuieBoay, 1o xuuthest KJI i3 LIAYT, sika Biapi-
3HAETBCA BiJ ICHYIOUMX BPaxyBaHHSIM TOPLEBHX €MHOC-
Teit TpanchopMaTopa 3 BUKOPHUCTAHHSM METOJY €KBiBa-
JICHTHHX CXEM Ta KPyroBoi faiarpamu Bombrepra, mo mo0-
3BOJISIE TIOKPALIMTH Y3TOPKEHHS! aHTEHH 3a/IaHOTO Jiame-
Tpa y BU3HAYEHil CMy3i 4acToT.

VY 1ockOHaIEHO Ta BHBEAEHO HOBI PO3PaxyHKOBI (op-
MYJIH, [I0 BPAaXOBYIOTh BIUIUB TOPLEBHX €MHOCTEH, sKi
MOKa3yl0Th HACTYNHI 0coOimBocTi: BimoBimHO 110 (7)
JIOBKMHA TpaHc(hopMaTopa MOBHHHA OYTH MEHIIIOKO YBe-
PTi JIOBXHMHH XBUIIi, 33 IIbOTO BEIWYMHA 3MCHILICHHS BU-
3HAYAETHCSI €EMHICTIO TOPLIB, IO PO3PaXxOBYeThCs 3a (o-
pmyioro (10) 3 ypaxysaunsm (11); TopueBi emHOCTI 30i-
JBIIYIOTh HEOOXITHUI XBUIILOBHUI omip TpaHchopmaropa
).

[pakTHYHA 3HAYUMICTH PE3yJBTATIB JOCTIKCHHS €
3MEHIIEHHSI BTPAT MOTYXXHOCTI CHUTHATY B PO3IJISAHYTiH
AHTEHI 3a paxXyHOK MOKPAIICHHS y3TO/KCHHs Y BU3HAYe-
Hilf cmy3i yacror (3menmenns KCXH 1o piBus, mo He
nepesuuiye 1,19 y cmysi wactor 68 I'T'm).

[IpakTuHe 3acTOCYBaHHS PO3TIIHYTOI aHTEHH MOXK-
JIMBE, HAIIPUKJIAM: Y SAKOCTI ONPOMIHIOBAYiB JA3EPKAIBHUX
napaOoJiYHUX aHTeH I 301IbLICHHS AAIbHOCTI Aii pa-
JIOETIEKTPOHHUX CHCTEM, € BOHU BHKOPHCTOBYIOTBHCS
4yepe3 3MEHIIeHI BTPAaTH MOTYKHOCTI CHTHAINY; K cllabo-
CHpSIMOBaHI BHITPOMIHIOBAUi; €IEMEHTH aHTEHHUX Pellli-
TOK.
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Pucynok 7 — Hopmosani JIC nociiguoi antenu B mwiomunax E Ta H 3a pi3HuX 3Ha4eHb 4acTOTH

IlepcnexkTnBH MOAANBIIMX TOCTIIZKEHb Y JTAHOMY
HarpsIMKy TOJISITatoTh B 3a0€3MEeYeHH] PO3IIMPEHHS CMY-
T'H TIPOIYCKaHHS 338 paXyHOK 3pi3iB Ha KpasX HWJIiHAPHY-
HOTO JI€JIEKTPUYHOTO Y3TOJUKYBaJIbHOTO TpaHC(HOpMATo-
pa. Takox JOUUTBHO JOCIITUTH MOXIIUBOCTI MO0 TiJ-
BHUIIIEHHS OIMPOKOCMYTOBOCTI aHTEHH 3a paxyHOK ITOCIIi-
JOBHOTO 3’€JIHAHHS JICKUTBKOX Y3rODKYBaJbHHX TPaHC-
(hopMaTOpiB-CXOAWHOK 3 MaluM Koe(irieHToM Tpancho-
pMariii, mo 3a paxyHOK (a30BHX CITiBBITHOIIEHh Ta iH-
TepdepeHiii BIIOUTUX BiJ OKPEMHX CXOJWHOK XBHIIb
MIPUBOJUTUME JI0 iX B3a€EMHOT KOMIIEHCAIIIT Ta PO3IMINpPEH-
HSI CMYT'H TIPOITY CKaHHSI.
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YCOBEPIIEHCTBOBAHHAS METOJUKA PACYHETA AHTEHHBI B BUJIE OTKPBITOI'O KOHIIA KPYI'JIOI'O
BOJIHOBOJA

Kapamyxk H. H. — xana. TexH. HayK, CTapIluil mpenoaaBaTenb Kageaphl TeIEKOMMYHHUKAUH 1 paAnoTeXHUKH JKUTOMUPCKOTO

Poixanbckumii A. P. — kaHZ. TeXH. HayK, JOLEHT, CTAPIINII IpernoaaBaTenb Kaeaprl TeIeKOMMYHUKAIMN U PaguoOTeXHUKN JKu-
TOMHpPCKOTo BoeHHoro nHcTuTyTa nMeHu C. I1. Koponesa, XXuromup, YkpanHa.

3aen 0. A. — crapmmii nmpenonaBarens Kadeapsl TEICKOMMYHUKAUHA ¥ PaIUOTEXHUKH JKUTOMHPCKOTO BOGHHOTO MHCTHTYTA
unmenu C. I1. Koponesa, XKutomup, Ykpauna.
Ca6anam C. C. — npenonasatens Kageapsl TeICKOMMYHHUKAIMI U paJguoTeXHUKU JKUTOMHUPCKOrO BOGHHOTO MHCTUTYTa UMEHH

I1. Koponega, XKutomup, Ykpauna.

AHHOTAIUSA

AxTyanbHocTb. Hanpasnensie (craboHampaBieHHbIE) aHTEHHBI CAHTUMETPOBOT'O JHAIa30HA BOJH TOTO MIIM MHOTO THUIIA MOTYT
MIPUMEHSTHCS KaK OTACNbHBIEC M3TydaTelld U ObITh B COCTaBE aHTEHHBIX pemeTok. HeodxommMocTs 06ecreunTh MUTHUMH3AIHMIO 110-
Teph MOIHOCTH CUTHAJA B TAKMX aHTCHHAX SIBISIETCS BECbMa BaXKHOU M aKTyaJbHOI Hay4YHO-IPaKTHUECKOH 3amadeil B JI0OOM Ciry-
gae. [ToaToMy 1715t MUHIMH3aIUH HOTEPh MOITHOCTH CHTHAJIA B aHTEHHAX CAHTUMETPOBOTO JHAIla30HA BOJIH CIIEAYET pa3padaThBaTh
HOBBIE (YCOBEPIIEHCTBOBATH CYIIECTBYIOIIHIE) MOAXO0ABI K YMEHBIICHHIO YKA3aHHbBIX I10TEPb.

Heas. Llensto ucciaeoBaHus ABISETCS yCOBEPIICHCTBOBAHNE METOJUKYU pacdeTa aHTCHHBI B BUJE OTKPBITOIO KOHILIA KPYIJIOTo
BOJIHOBO/IA, KOTOpas MHUTACTCS KOAKCHAJIbHOH JMHHUHM C LMWIMHAPUYECKHM JUNICKTPUYECKMM COINIACYIOLIUM TpaHc(OopMaTopoMm,
Omarozaps yueTy METOZOM 3KBHBAJICHTHBIX CXEM TOPIIEBBIX EMKOCTEH 3TOro TpaHc(opmaropa.

Metoa. s HOCTHXEHHS IENU HCCIEIOBAHUS HCIONB30BANNCH MPHONIDKEHHBIH alepTypHBI METOJ, 4TO OCHOBBEIBAETCSl Ha
npuHIune [rolrenca-Kupxroga, MeTo 1 SKBUBATEHTHBIX CXEM, METOIBI YUCICHHOTO HCCIIEIOBAHNS M HATYPHOTO SKCIIEPHMEHTA.
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Pe3yabTaThl. YCOBEpIICHCTBOBAHHEI M BHIBEJICHBI HOBBIE PacUeTHBIC ()OPMYJIBI, YUUTHIBAIONIHE BIMSIHHE TOPLEBBIX EMKOCTEH,
KOTOpBIE MOKA3bIBAIOT CIICAYIOIHE OCOOCHHOCTH: [UIMHA LMJIMHIPUYECKOTO JHIIEKTPHYECKOTO COIVIACYIOLIEro TpaHchopmaTopa
JIOJDKHA OBITh MEHBIIE YETBEPTHU JJIMHBI BOJIHBI, TI0 3TOMY BEJIMYMHA YMEHBIICHHUS ONPENeIsIeTCs eMKOCTBIO TOPLIOB; TOPLIEBBIE M-
KOCTH yBEIHYUBAIOT HEOOXOIMMOE BOJIHOBOE COMPOTUBIEHUE 3TOr0 TpaHC(HOPMATOpa; 1Mojaoca MPOIMyCKaHUs aHTEHHBI yBEIUYUBae-
TCsI IPYU yMEHBIIEHUH TIepenaa COMPOTUBICHUH, KOTOPbIE MOAJEKaT cornacoBanuio. I[IpakTndeckum 3HaYeHHEM Pe3yIbTaTOB HCC-
JEZ0OBaHMS SIBISIETCS yMEHBIICHNE ITOTEPh MOIIHOCTH CHTHAla B aHTEHE 3a CUET YIyYIICHHUS COTJIACOBAHHS, YTO ONPEAENICHO 110
HM3MEHEHHUIO KO (UITIEHTA CTOSINX BOJH [0 HANPSDKEHUIO B 33IaHHOM MOJI0CE YacTOT KPYIJIOTo BOJIHOBOAA. JIIst OTKPHITOrO KOHIA
BOJIHOBOJIa KPYTJIOTO CEUECHUS C MIIMHIPHYECKUM JUIIEKTPHUESCKIM COTIACYIOINM TPaHC(HOPMATOPOM, PACCINTAHHEIM II0 YCOBE-
PIICHCTBOBAHHOW METOJUKE, JHarpaMMbl HAaIlPaBJICHHOCTH KakK B INIOCKOCTH E, Tak u B mrockoctn H npubmmxaroTes k auarpamm
HAaIpaBJICHHOCTH KPYIJIOro BOJHOBOJA C CUH(A3HBIM PAaCKPHIBOM.

BriBoasl. [IpoBepky npeioxkeHHOH METOIMKN OCYIIECTBICHO ITyTEM CPaBHEHHS TEOPETHYECKHUX PACUETOB M IKCIIEPUMEHTAIIb-
HBIX MCCJIEI0BAaHNH M3MEHEHHs KOA(Q(GUIIMEHTa CTOSYCH BOJIHBI 110 HANPSHKEHHUIO B II0JIOCE YacTOT M JMarpaMMbl HAIIPABICHHOCTH B
nnockocTsax E u H npu rcnonb30BaHuy U3BECTHOM U yCOBEPIIEHCTBOBAHHON METOAMK.

KJIFOUYEBBIE CJIOBA: cnabonamnpaBieHHas aHTCHHA, KPYTJIbIid BOJHOBOJ, CAHTUMETPOBBII AMANa30H BOJH, TOTEPHU MOLIHO-
CTH CHTHAJIA, YCTPOWCTBO COTTIACOBAHUSL.
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IMPROVED ANTENNA CALCULATION TECHNIQUE IN THE FORM OF OPEN END OF THE ROUND
WAVEGUIDE

Karashchuk N. N. — PhD, Senior Lecturer of the Chair of Telecommunication and Radiomachinery of S. P. Korolev Military
Institute of Zhytomyr city, Zhytomyr, Ukraine.

Rykhalskyi A. R. — PhD, Assistant Professor, Senior Instructor of the Chair of Telecommunication and Radiomachinery of
S. P. Korolev Military Institute of Zhytomyr, Zhytomyr, Ukraine.

Zaiets Yu. A. — Senior Instructor of the Chair of Telecommunication and Radiomachinery of S. P. Korolev Military Institute of
Zhytomyr, Zhytomyr, Ukraine.

Sabadash S. S. — Instructor of the Chair of Telecommunication and Radiomachinery of S. P. Korolev Military Institute of
Zhytomyr, Zhytomyr, Ukraine.

ABSTRACT

Context. Directional (slightly directed) antennas of a centimeter wave range of one type or another can be used as separate
radiants and be part of antenna arrays. The need to minimize signal power losses in such antennas is a very important and relevant
scientific and practical task in any case. Therefore, to minimize signal power losses in antennas of the centimeter wave range, new
(improve existing) approaches to reducing these losses should be developed.

Objective. The goal of the study is to improve the calculation method of the antenna in the form of an open end of a circular
waveguide, which is fed by a coaxial line with a cylindrical dielectric matching transformer, due to the consideration of the end
capacitance of this transformer by the equivalent circuit method.

Method. To achieve the research objective, the aperture method was used, based on the Huygens-Kirchhoff principle, the method
of equivalent schemes, the methods of numerical verification, and natural experiment were applied.

Results. New calculation formulas are improved and derived, taking into account the influence of end capacities, which show the
following features: the length of a cylindrical dielectric matching transformer should be less than a quarter of the wavelength,
therefore the reduction value is determined by the end capacitance; end tanks increase the necessary wave impedance of this
transformer; antenna bandwidth increases with decreasing resistance drop, which must be negotiated. The practical value of the
research results is to reduce the signal power loss in the antenna due to improved matching, which is determined by the change in the
coefficient of standing waves by voltage in a given frequency band of a circular waveguide. For the open end of a circular waveguide
with a cylindrical dielectric matching transformer, calculated according to an improved methodology, the radiation patterns both in
the E plane and in the H plane approach the radiation patterns of a circular waveguide with in-phase opening.

Conclusions. The proposed method was verified by comparing theoretical calculations and experimental studies of the variation
of the standing wave coefficient with respect to voltage in the frequency band and radiation pattern in the E and H planes using the
well-known and improved methods.

KEYWORDS: low directional antenna, round waveguide, centimeter wavelength range, signal power loss, matching device.
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TELEMETRICAL INFORMATION EVALUATION ABOUT
GEOPHYSICAL PROCESSES AT CONDITIONS OF NOISE

Kupriyanov V. V. — Dr. Sc., Professor, Department of Automated Control Systems, National University of Science and Tech-
nology «MISIS», Moscow, Russia.

ABSTRACT

Context. The problem of minimizing information losses during discrete measurement of methane content during the extraction of
coal in coal mines is considered.

Objective. The object of the study was the methodology for assessing the loss of telemetric information about geophysical
processes in mines under noise conditions. The purpose of the work is to create a set of discrete and block schemes for obtaining
information to assess its losses in the presence of distortions based on an information approach.

Method. The results of a study of the methodology for solving the problem of minimizing information loss when measuring
methane content in coal mines are presented. A measure of distortions arising from the discrete display of the set of states of the geo-
physical process in the measurement space under noise and error conditions in the elements of the automated methane control sub-
system is proposed. Along with this measure, a model is also proposed for determining the lower boundary of the expected informa-
tion for given distortions, based on the solution of the optimization problem. The characteristics of some discrete and block schemes
for obtaining information are investigated. The proposed block schemes take into account the grouping of transition probability val-
ues in three, five, seven, ten, and fifteen-dimensional versions. By varying the size of the grouping in blocks, the technique allows

one to obtain various levels of detail of the boundaries of the expected information.
Results. The developed schemes were implemented in software and investigated to solve the problem of minimizing information

loss while monitoring methane contents in coal mines.

Conclusions. The experiments carried out confirmed the operability of the proposed software and allow us to recommend it for
use in practice when constructing n-dimensional schemes for obtaining information. Prospects for further research may lie in an ex-
perimental study of the proposed schemes on a larger set of practical tasks of a different nature, as well as in the creation of promis-
ing measuring systems based on the principles of information analysis.

KEYWORDS: discrete scheme for obtaining information, distortion, transition probability, information loss, noise.

NOMENCLATURE
a is a number of equally probable states of the geo-
physical process;
B is some constant distortion dependent;
y is a parameter, characterizing the amount of distor-
tion and varying from 0 to oo

8, is some value, taking value 1 or O;

J;; 1s a value, varying fromOto 1, 0 <A <1;

i

€ are minimum and maximum distortion val-

min >max
ues, respectively;
¢; is a element of square distortion matrix;

¢ are the mean distortions at measurements;

g, are the Bo3mokHBIE ncKaxkeHus according to Bell-
man measurement technique;

€1,€,e3 are the distortions, arising at the transition
probabilities g, ¢,, g5 accordingly;

C, is an optimal measurement method based on the
Bellman maximum principle;

Cris an & — optimal measurement procedure

E 1is a distortion matrix;

I(X)is an information quantity about state of geo-
physical process;

1(Z,X)is an amount of expected (received) informa-

tion during measurements &;;
I[q(j|i)] is an average mutual information between i

and ;;
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M is math operator;

P, = p(i) is a probability of the i-th state of the geo-
physical process;

P; = p(ij) is a probability of information loss;

q(ilj) is a conditional probability of transition from i
to j;

|[¢k]| is an inverse matrix ||p,| ;

2k thpAy, is an identity matrix whose elements are

equal 1 at I=j u 0 otherwise;
x;,x; are the values of the i-th state of the geophysi-

cal process.

INTRODUCTION

As is known [1, 2], all measured quantities are consid-
ered to be changing randomly, especially under conditions
of interference, fluctuations, and noise, from which not a
single measurement is free. Therefore, for each individual
measurement, we are dealing with only one random im-
plementation. It is possible to evaluate a random variable
or process only by statistical methods. This requires
knowledge of the law of distribution or, at least, some
characteristics, for example, the first and second mo-
ments, which depend on the type of distribution function.
Therefore, in order to obtain information based on any
measurements, the available data must be statistically
processed. It is generally believed that a certain averaging
is already achieved during measurements using inertial
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measuring instruments. In the case when the measured
implementation consists of a regular component and a
random component completely determined by noise or
random noise-like errors, the measuring device or system
will give an increasingly reliable value of the measured
value over time. But, when instead of the regular compo-
nent we have a random one, such a measurement will lead
to a loss of information.

Conventional measuring devices can give only some
idea of the mathematical expectation of a random imple-
mentation. Statistical estimation of a real random process
is possible only for an ensemble of realizations. All con-
ventional measuring devices and systems in the process of
the aforementioned averaging filter out not only the inter-
ference, but at the same time some of the information. So,
there is a loss of information that cannot be compensated
for by any measures, such as an increase in measurement
time. To solve this problem, it is necessary to use other
criteria, in particular, the criterion of sufficiency of statis-
tics. In this paper, we consider the case of estimating ad-
ditional information losses caused by noise, measurement
errors and transformations.

This assessment is an important step in constructing
discrete schemes for obtaining information. The very pur-
pose of these systems as a tool for obtaining information,
always flowing under conditions of noise and interfer-
ence, determines the interest that is the study of the crite-
ria for optimizing measurements at a particular level of
distortion [1]. This task is relevant for the processing of
telemetric data on the parameters of general-purpose
processes, including the parameters of geophysical proc-
esses, in particular, the concentration of methane and dust
in coal mines.

The object of study is a process of investigation
characters of different schemes of information receipt
about the methane maintain in mines to reduce her losses
in condition of noises.

The estimation of these losses is associated with the
presence of distortions caused by both measurement er-
rors and information transformations in the automated
methane control subsystem. Therefore, to reduce the
losses of information it is necessary to build the schemes
of her receipt, providing the reduction of probability er-
rors measuring, without resorting to the use of certain
special devices.

The subject of study is the characters of discrete and
block schemes of telemetrically information receipt. The
known schemes are characterized by the enough large
losses of information, and, therefore, the errors measur-
ing, as well as characterized by the uncertainty of quality
criteria of measurements optimization.

The purpose of the work is to reduce the additional
losses of telemetric information, caused by noise, meas-
urement errors and transformed to build the schemes if
information receipt about the methane maintain at the
presence of distortions.

© Kupriyanov V. V., 2020
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1 PROBLEM STATEMENT
Suppose given the measure of distortion arising from
discrete display of the set X, describing the state of the
geophysical process into the measurement space Z, due to
interference and errors in the elements of the methane

control system as on matrix of distortion £ = |lg,[[, i, j

=1,2,..., n,where

8,,-=1—5,j; Sij:l,ifi:j; Bil.zo,ifi;tj.

Each element of this matrix corresponds to the loss of
information that appears during its transformation with an
error, when each x;. Then the average loss of information
that occurs in this case is equal to:

11 11
1) = M| ~logX. pye; | = —X pyaGilie;loglane, ] (1)

ij ij

Given the loss of information (1), the expected infor-
mation that can be obtained and implemented as a result
of measurements and transformations is determined by
the expression:

M{I(x)—1(e)}. (2)

For the given formulas (1), (2) the problem of addi-
tional losses of information minimization can be pre-
sented as the problem of finding M {I/(x) — I(g)} » max,
where the model structure Mi(x) specified by formula:

MI(x) = Zpiq(ji)log{ﬂ}m < 0
ij 21 pra(jlk)

This problem is to find the optimality conditions for
discrete measurements at given distortions. In turn, the
problems of an extreme probability p; definition and
lower boundaries of expected information, her losses find-
ing are a consequence of the proposed measurement op-
timality condition.

2 REVIEW OF THE LITERATURE

A sufficient number of publications is known regard-
ing assessments of the value of various sources of infor-
mation, the magnitude of information loss during trans-
mission, reception and processing [1-15]. For example,
there are characteristics of the throughput of one or an-
other real system with information distortions, in particu-
lar, at 10 or 50% [3, 6]. You can imagine and take off
such characteristics of the system in case of distortion. To
do this, compare the information at the input and output
of the system and, if its output is half as much, then the
distortion is 50%. According to this principle, the work of
all modern modems is evaluated. But analytically such an
informational characteristic is difficult to imagine using
the Shannon entropy measure [2]. For this purpose, it is

27
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more convenient to use the epsilon-entropy measure of A.
N. Kolmogorov, based on estimating the amount of in-
formation received at its input per unit of time [4]. In fact,
measurement accuracy is always limited. Therefore, the
requirement of infinite accuracy of reproduction of a con-
tinuous quantity by any source is unrealistic. Measure-
ment accuracy should be limited to a certain value, de-
pending on the level of interference. In information the-
ory, it is believed that two implementations that differ by
an amount not greater than some given value are per-
ceived as signals that carry exactly the same information.

It was shown in [6] that the level of distortion deter-
mines part of the spectrum of the measured signal that is
not observed by the system, and epsilon-entropy allows
you to specify the amount of information at the input of
the measurement system at which a given level of distor-
tion is provided. Filing more information per unit time
than what is determined by the epsilon-entropy estimate is
irrational. As a rule, in practice this condition is not ful-
filled. So, when using the amplitude — time language, the
error is representable only in this language. Therefore, the
main question: how to present a system error for any lan-
guage? If the information is presented in a letter count,
then the concept of error disappears. In this regard, the
concept of the reliability of information for different lan-
guages was introduced, which is very difficult [1, 3].

To date, methods have been developed to evaluate the
characteristics of information acquisition systems under
the conditions of noise and noise [8, 16, 18]. But these
methods are rather laborious and can lead to sufficiently
large errors. It is necessary to exercise some caution when
choosing the characteristics of the schemes for obtaining
information using these methods. This is due to the fact
that they did not take into account additional losses due to
the conversion of information from the space describing
the state of the process under study into the measurement
space.

Summarizing what has been said, we can say that the
issues of assessing information loss that occur during its
transformation in the elements of measurement systems
that themselves work with errors, with the inherent pres-
ence of random noise, are not given due attention. Almost
all authors agree with the presence of information loss
during measurements. It is often believed that these losses
occur due to limitations in the description of processes,
i.e. with a reduction in the volume of characteristics char-
acterizing them or their low information content. Under
the conditions of the random nature of external influ-
ences, sufficient statistics are needed to obtain reliable
estimates of the parameters of a process or object. The
latter can be determined by stabilizing the law of distribu-
tion of random variables. To select such statistics, it is
necessary to investigate a number of typical processes or
objects. You can use the information analysis of the re-
search results of the process described using a multivari-
ate model with a polynomial distribution of random vari-
ables [17]. Having a finite total number of independent
dimensions, already in the three-factor model, each di-
mension will correspond to the values of three variables,
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row, column, and depth attributes of a three-dimensional
matrix with different dimensions. The information com-
ponents for the row, column, depth are calculated. The
probability of the total experimental error is estimated,
but no more. This method is quite complicated and can
lead to loss of information.

3 MATERIALS AND METHODS
It is easy to verify that, based on (1), (2), the optimal-
ity condition for measurements reduces to maximizing the
amount of expected information

H(Z,X)=M{(X)~1(g)} )

It is established that in the presence of noise and errors
in the measuring system, the measurement procedure C,,
optimal according to the Bellman maximum principle
[19], is unattainable for any positive values e ;. Therefore,
it was concluded that with information loss /(¢), always
present in real conditions, we can only talk about some
measurement procedure C, = C, — £, which we define as

¢ -optimal if it is selected according to (4) from the condi-
tion of minimum losses /(¢). We will consider such op-

timization as optimization for a given level of distortion.
For its implementation, it is necessary to find, if it exists,
the relationship between the expected information and its
losses. In terms of meaning, such optimization is closely
correlated with the epsilon-entropy measurement optimi-
zation procedure [13]. Applying it, as well as the classical
scheme of C. Shannon [2], taking into account

that / [q( j|i)] is a function of¢(j|i) in the entire measure-

ment area, it is possible to find that the average mutual
information between i and j, calculated by the formula
(3), corresponds to the value:

1[q(j1i)] = minM (2[g(j1) ]

With medium distortion € > g .

Insofar as 7 [q( jli)]is a convex upward function of
transition probabilities ¢(j|i), but I(¢) as a function
q(jli)>0 u g; > 0is convex downward, due to the linear
relationship between ¢(j|i) and g it can be argued that
function (4) is a monotone, strictly convex function ¢, .

This is easy to verify if, for two arbitrary values ¢; and
€, find linear relationship
®)

gy =oag +(1-a)e,.

Function (4) lies entirely below the segment (5) con-
necting its two mismatched points &, and e, .
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I take into account that for a fixed value ¢, the condi-

tion is satisfied
minM {I(g3)} < I(Z, X),

it can be argued that function (4) is convex down. Thus,
the general character of function (4) was determined. For

each j, there is some value g, . If for each the condition
max jq(jli) =1,
then ¢, take values max;e; . Then we get

n
€min = Zpimlnaij.
i

In this case, it is not difficult to find difficulties.
Searching for wvalues I(ep;,). If qG))=F IT then

(Z,X) =0, moreover, for each j the loss of information is
equal to

non
logz FijiaU.
Jj o

At F, =1 minimum information loss for a given
. n . . .
I; corresponds to min ; Zi p;e;; - But the option is possi-

. n
ble when &, = min ; Zi Pi€ij -

This distortion value corresponds to the maximum
loss of information.

I(Smax) = M{—logmln] Zlnplgy }

(6)

JZX), 4 |
bit

Based on these considerations, one can graphically
represent the general nature of the dependence of the re-
ceived or expected information on its losses in the form
shown in Fig. 1.

p@l)

AN 7
2 p.p(l) @

n
1(Z,X) = X p,plil)log
LJ
The values of p delivering maximum functions (7)

were found using Lagrange multipliers with restrictions:

n
Zprzl;OSpisl.
i

As a result, expressions were obtained for determining
the extreme value p,:

pi = D tyexpl—I(Z, X) D tys + Dt Prslogpis }
i X kl

It is found that for e =¢,,, value I(Z, X))y, > 0.

It is found that for /(Z, X) for the case when different
concentrations of methane xj,x,,...,x,in the geophysical
process is an equally probable event, i.e. the probability of

1
any of them p; =—. Matrix |l¢,||-square. Its rows and
B i

of the
€),€,,... €, arranged in different order. In this case, with

columns consist same set of elements.

minimizing values ¢(—) all conditional transitions with
i

equal distortion values ¢ have the same probabilities.

Transition probabilities g(—) correlated ~distortion €
i

I
|
1
1

0

JEE),
bit

1
5 6 7 8

Figure 1 — Dependence of Expected Information /(Z, X') when measuring from its losses /(g)
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Under these conditions, the lower limit of the values of

the information obtained at its given distortions can be

found by externalizing the expression:
1(Z,X)=logn+ Z g;logyg;, ®)

1

with restrictions on average information loss

Zqiailog(qiai) > 0,81' > O,—l < qi <l1.

4

Using the method of the Lagrange set, we obtained a
solution to this optimization problem, which has the form:
1(Z,X) = (yyloge;) /(1 + ve;). )

For small and very large values of the parameter v,
expression (9) can be simplified by performing a series of
transformations. However, we do not give them because

of their bulkiness. For us, the relationships are fundamen-
tally important y =0 and y = .

Aty=01(Z,X)=0,

butat y = I(Z,X)=1logn-B,p>1.
Similarly, the formulas for calculating information
loss are given, namely:

l n n
At y=0 I(g) :zzisi(logzisi —logn),

at y=o I(g) > 1,,,().

4 EXPEREMENTS

To assess the correctness of the proposed methodol-
ogy and on its basis the found characteristics of some
discrete and block systems for obtaining information,
taking into account losses using the standard Shannon
method of forming the simplest such schemes [2]. The
computer program implementing the proposed method
was implemented using the Python programming lan-
guage and was developed to conduct experiments. This
softtion of the losses of information at the methane main-
tain control of meaning. As the initial data, we took
methanograms obtained during the extraction of the angle
in the coal mines of the Russian Federation. Processing of
methanograms was carried out on the basis of generally
accepted technology for processing experimental data [14,
20]. It relies on the use of information redundancy in the
parameters and includes a number of simplified algo-
rithms that work in the presence of abnormal sections
(outliers of controlled parameters, omissions in current
records of methanograms [21, 22].
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Discrete circuits were formed by expanding the sim-
plest binary. In block schemes, some points were sought
by randomly generating combinations of their values
based on known adjacent schemes [6]. The signals are
implemented in the form of a sequence of samples spaced
from each other at intervals of the interrogation of the
control equipment in the range from 3 to 10 minutes. The
frequency of the survey usually exceeds the requirements
of the Kotelnikov theorem. Methanogram recording sec-
tions up to 54 samples long were processed.

5 RESULTS
The results of conducted experiments are presented at
the Fig. 2 and Fig. 3. Fig. 2 graphically illustrates the
change of expected information depending on the prob-
ability of its loss p(E) or various numbers (2 — binary, 3 —

ternary, 4 — quaternary, 5 — quaternary and so on) of
equally probable values x;. In fact, these numbers reflect

the densities of equiprobable values x; a binary discrete

circuit with equally probable values x, (i = 1,2), for which

we have

J(Z,X) =1+ E xlogE + (I - E)log(1- E),
q(j/i)=E,q(i/j)=1-E.

For such circuits, the value J(Z,X)=1 bit corre-
spondsto £E=0 u p(E)=0. It is provided by simultane-
ous measurement of both values x;. Curves 3, 4, 5, 10, 50
relate to schemes formed from the corresponding series of
numbers of equally probable values x,. For example,
following C. Shannon, the function corresponding to
ourJ(Z, X) , in situation o uniform values x;, , is equal to:

1

a-1"

J(Z,X,a) =logo+ E xlogE + (1- E)log

At Fig. 3 information change dependencies are shown
J(Z,X,0) OT BEpOATHOCTH ee MoTeph p(E)mpu 6104-
HBIX cxemax (opmupoBanus uHdopmanuu. Curve A re-
lates to a conventional binary circuits. Curve B describes
an integrated information retrieval block scheme in which
blocks of probability values are grouped with some re-
dundancy, which corresponds to the Shannon style. For
example, a five-dimensional scheme in which the blocks
correspond to the values of the transition probabilities

x;(i =1,2,..,5), corresponds to the probability p(£)=0.2.
The ten-dimensional scheme corresponds to a probability

equal to 0.1. For a fifteen-dimensional scheme, we have
p(E)=0.067 .
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Figure 2 — Curves of changes in expected information J(Z, X') from the probability of her loss p(E) for various

discrete receiving schemes x,
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It can be seen from the Fig. 3 that the proposed large
groupings of transitional probabilities allow essentially to
reduce the losses of information. In this case the obtained
results depend on the block schemes formation method
and the method of their individual character informatively
evaluation.
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Figure 3 — Dependence of expected information on probability its losses in block grouping schemes transition probabilities

6 DICUSSION
As it evident from the Fig. 3, the application of the
smaller groupings (with the lesser number of divisions)

for the measuring x; no leads to an increase in the lower
boundaries of the expected information. However, we
should also note that for the intermediate values x, (7, 10,
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15) the relative losses of information, as well as the dis-
tortions B 001acTH MX OONBINNX 3HAYCHHUN SBIISIOTCS 3HA-
yurenabHo MeHsuMu. Therefore, the losses of informa-
tion are decreased. For example, about the seven-
measured scheme for the fifteen-measured scheme the
loss of information is decreased to 0.5-0.6 hit. And it is
not little.

It is obvious, the block schemes are the most effective
than the discrete schemes. At the same time, from the
Fig. 2 can be seen that the widening of the discrete binary
scheme to quinary scheme affords the gain in reduction of
probability of information losses by more than 2.4 times,
and to decimal scheme — by 3 times. Perhaps it is neces-
sary to introduce a tolerance for distortion of information
in measurement systems non less than two errors.

Formulas (8) and (9) it is possible to give an approxi-
mate estimate of the characteristics of information acqui-
sition systems applicable to an equally probable distribu-
tion. But this is the distribution of implementations
maximum value of Channon entropy and widely used in
practice.

The closed analogue to the proposed method for de-
termining the information additional losses is an E-
entropy of Kolmagorov [4]. In contrast to the proposed in
this paper, E-entropy measure it is connected with estima-
tion only of information losses at sampling of real signals
in time because of superimposition of E-network on initial
set of possible continuous signals, as well as approxima-
tions of the measured function with unlimited spectrum
using the limited spectrum model. The advantage of the
schemes proposed in this paper is that there is no need to
calculate the additional E-approximations and approxima-
tion errors of function spectra under noise conditions. The
computational cost of the proposed schemes will be less
than using of E-entropy.

Another near analogue to the proposed method is the
method of determining the information characteristics of a
discrete random sequence, which is described by the
Markov process, with quantization by level and in time
[1]. But his is found unsuitable for practical use. The main
difficulty is in calculating the conditional Shannon en-

tropy.

CONCLUSIONS

The urgent problem of mathematical support devel-
opment is solved to automate the modeling at evaluating
telemetrical information losses about geophysical proc-
esses in mines at conditions of noises.

The scientific novelty of obtained results is that the
method of the additional losses of information evaluation
which are caused by noise, measurement errors and trans-
formations in the methane control subsystem is proposed.
It determines the model for calculation the expected in-
formation lower boundaries at the given distortions. This
allows to automate search for a whole set of schemes for
obtaining information, which are characterized by differ-
ent losses. This is turn reduce the information losses and
provides introduction of data distortion tolerances in
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measurement systems to achieve an acceptable accuracy
of measurements.

The practical significance of obtained results is that
the software realizing the proposed schemes of informa-
tion receipt is developed, as well as experiments to study
their properties are conducted. The experimental results
allow to recommend the proposed schemes for use in
practice.

Prospects for further research are to study the pro-
posed set of schemes for a broad class of practical prob-
lems and to build new measuring systems.
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VK 622.831: 622.273.21 (091)

OLIHKA TEJEMETPAYHOI IH®@OPMAIIIL MPO TEO®I3UYHI IPOIIECCH B YMOBAX IIIYMY
KynpisinoB B. B. — n-p TexH. Hayk, mpodecop, kadenpa aBTOMATH30BaHUX CHCTEM YIpaBiiHHS HarioHampHOTO mOCTiA-
HUIBKOTO TexHoJorignoro yHiBepcurety «MICiC», Mocksa, Pocis.

AHOTAIIA

AKTyanbHicTh. Po3risHyTo 3aady MiHiMi3awil BTpaT iHGOpMaNii Ipu AUCKPETHOMY BHUMIpIOBaHHI BMICTy METaHy B IIepioj BU-
WMaHHs Byriuisl y ByruipHuXx maxrtax. O6’ekToM gocii/pkeHHs Oyjia METOIMKa OLHKMA BTpaT TeJaeMeTpudHoi iHdopmamii mpo
reo()i3M4YHHUX Ipolecax B IIAXTaX B yMOBax IIyMmiB. MeTa poOOTH — CTBOPEHHS HAOOpY AMCKPETHHX i OJIOKOBHX CXEM OTPHMAaHHs
iH(pOpMAIIii I OLIHKHY ii BTpaT MpH HasIBHOCTI CIOTBOPECHB HAa OCHOBI iH(GOPMAIHHOTO MiAXOIY.

Metoa. [lomani pe3ynbTaTH AOCTIIKEHHS METOAMKU PO3B’sA3aHHA 33jJadi MiHiIMi3amii BTpar iH(popMauii mpu BUMIpPIOBaHHI
BMICTy MeTaHy B BYTUIbHHX IIaXTaX. 3alPOIIOHOBAHO Mipy CIIOTBOPEHb, 1[0 BUHUKAIOTH HPH AUCKPETHOMY BiOOpaKECHHI MHOKHMHA
CTaHiB reo()i3MYHOro MpoLecy, B IPOCTOPi BUMIPIOBaHb B YMOBaX LIyMiB i IOMUJIOK B €JIEMEHTAX IOJCHCTEMH aBTOMAaTH30BaHOT'O
KOHTpOJIIO MeTaHy. [Topsi 3 UM 3aX0JJ0M TaK0X 3alpoIIOHOBAaHa MOJIENb [UIsl BU3HAYCHHS HIDKHBOI TPaHMII 0uiKyBaHoI iHpopmaril
[PH 33/IaHUX BUKPHUBJICHHAX, 3aCHOBAHA Ha pillleHHI onTHMi3aliiiHoi 3axaui. JIOC/IIHKEHO XapaKTePUCTHKU JACSKUX JUCKPETHHX 1
OJOKOBUX CXeM OTpUMaHHs iHpopMmanii. 3ampornoHOBaHi OJOKOBI CXeMH BpaxOBYIOTh YIPYIOBaHHs 3HAa4YeHb MEPEXiTHMX
HMOBIpHOCTEH 110 TPBOX, I1’SITH, CEMH, JACCATH 1 MATHAALNITUMIPHUX BapiaHTax. Bapitotoun po3mip yrpymnoBaHHs B 6JI0KaX, METOIHKA
JIO3BOJISIE OTPUMYBATH Pi3HI piBHI JeTamizamii MexX 04iKyBaHOI iHpopMaIii.

PesyabTaTn. Po3poOneni cxemu peaii3oBaHi MPOTrpaMHO 1 JOCHI/KEHI MiJ Yac BUpINICHHS 3aBIaHHSA MiHiIMi3alii BTpaT
iH(pOpMaIii Mpu KOHTPOJIi BMICTiB METaHy y BYTUIBHUX IIaXTaX.

BucHoBku. IIpoBe/ieHi eKCHEPUMEHTH MiATBEPANIN [IPALe3IaTHICTh 3alPOIIOHOBAHOTO MAaTEMAaTHYHOrO 3a0e3MeUeHHs 1 J03BO-
JISIFOTH PEKOMEHIyBaTH HOTO JUIS BUKOPHCTAHHS HA MPAKTHII IpH MOOYJO0BI N-MIpHUX cXeM OTpUMaHHs iHpopmanii. [lepcrnekriBn
MOAAIBLINX JOCIIIPKEHb MOXYTh MOJISITATH B €KCIIEPUMEHTAIBHOMY JIOCII/DKCHHI 3alPOIIOHOBAHUX CXEM Ha OLIBIIOMY KOMILICKTI
MPaKTHYHHUX 3aBJaHb Pi3HOT NPHPO/H, & TAKOX y CTBOPEHHI MEPCIEKTUBHUX BUMIPIOBAIBHUX CHCTEM, 3aCHOBAHHMX HA MPHHIIMIIAX
iHdopmariiiHoro aHamizy.

KJUIFOYOBI CJIOBA: nuckperHa cxema OTpUMaHHs iH(opMallii, ClIOTBOpEHHsI, MepexijHa WMOBIpHiCTh, BTpara iHdopMmaltii,
LIyM.

YK 622.831: 622.273.21 (091)

OIIEHKA TEJJEMETPUYECKON HHO®OPMAIIMHN O TEO®PH3UYECKHX ITPOIECCAX B YCJIOBHUSX IITYMA
Kynpusnos B. B. — 1-p TexH. Hayk, npodeccop, kadeapa aBToMaTU3MPOBAHHBIX CUCTEM ypasiieHus HalponansHOTo uccieno-
BaTENILCKOT0 TeXHOJorn4yeckoro ynusepcurera «MMCuCy», Mocksa, Poccus.

AHHOTAIUA

AkTyanbHOCTh. PaccMoTpena 3a1aua MUHIMHU3ALUK TOTEPh HHGOPMALUY NIPH JUCKPETHOM M3MEPEHHU COAEPKaHWs METaHa B
NIepHOJ BBICMKH YTJISI B YTOJNBHBEIX maxTaX. OOBEKTOM HCCIENOBAHHS SBIIIACH METOMUKA OLEHKH IOTEPh TEIICMETPHIECKON HH-
¢dopmanun o reopu3MUECKUX Mporeccax B MAaxXTaxX B YCIOBUAX HIyMoB. Llens paboTsl — co3manne Habopa JUCKPETHBIX M OJIOYHBIX
CXeM IOJIy4eHHs] HHPOPMALMH JUTS OLICHKH €€ NOTeph IPH HAINYUH UCKKEHUI Ha OCHOBE MH(OPMALMOHHOTO ITOX0A.

Merton. IIpeacraBieHsl pe3ynbTaThl HCCIEAOBAHUS METOIUKH PELICHHS 331a4d MHHUMHU3ALUH 1T0Teph NHOOPMALUY TIPH H3Me-
PEHHM COJEpXKaHHsS METaHa B yroibHbIX IaxTax. IIpemnoskeHa mMepa MCKaKeHHH, BO3HUKAIOUIMX MPU IUCKPETHOM OTOOpaKeHUU
MHOXECTBA COCTOSIHHI reoU3M4ecKoro mnpoecca, B IpOCTPAHCTBE U3MEPEHHUIT B YCIOBUSAX LIyMOB M OIIMOOK B 3JIEMEHTAX MOJICHUC-
TeMbI aBTOMATH3MPOBAHHOTO KOHTPOJISI MeTaHa. Hapsimy ¢ 3Toit Mepoil Taroke IpeuioxKeHa MOJIEb IS ONpPEIeIeHNs HIDKHEH rpa-
HUILBI OXHIaeMOH MH(OPMAINU NPU 3aJaHHBIX MCKA)KEHMSIX, OCHOBAHHAs HAa PENICHHN ONTUMH3AIMOHHOW 3amauu. VcciemoBaHb
XapaKTePUCTUKU HEKOTOPBIX JTUCKPETHHIX W OJIOUHBIX cXeM noiydeHus nHdopmarmu. [IpennoxeHHble GI0YHBIE CXEMBI YUUTHIBAIOT
TPYIIAPOBKY 3HAUCHUI MEPEXONHBIX BEPOSATHOCTEH II0 TpeX, IATH, CEMH, IECSITH U IIMTHAJIATHMEPHBIM BapHaHTaM. Bapeupys
pa3Mep rpynIHpOBKH B OJIOKaX, METOIMKA IO3BOJISIET IOJIy4YaTh Pa3InuHbIe YPOBHH JIETAIN3ALMH TPAHHI] O’KHIaeMoil HHOpMaIny.

Pe3yabsTarsl. Pa3zpaboTanHble CXeMBI pealn30BaHbl IPOrPAMMHO M UCCIIEOBaHbI IPH PEIICHNH 33Ja4d MHHUMHU3ALNH HOTEeph
uH(OpMaIMK IIPU KOHTPOJIE COAEPKaHUI METaHa B yTONbHBIX IIaXTax.

BriBoasl. IIpoBeieHHBIE 3KCIEPUMEHTHI OATBEPIHIN PaObOTOCIOCOOHOCTh MPEIOAKEHHOTO MaTEMATHYECKOTO 00eCIeYeH s 1
MIO3BOJIIIOT PEKOMEHI0BATH €T0 IS UCTIOIb30BAHMS Ha MPAKTHKE P ITOCTPOSHUH N-MEPHBIX CXeM MOoIydeHust nHpopmarmu. [lep-
CIEKTHUBHI JaTbHEHIINX HCCIEIOBAHUI MOTYT 3aKIIOYAaThCs B SKCIEPUMEHTAIBHOM HCCIECHOBAHUM MPEIIOKEHHBIX CXeM Ha 0OIb-
IIeM KOMIUTEKTEe IIPaKTHUECKUX 3a/iad pa3HOU NPHUPOJIBI, 8 TAKXKE B CO3JAHHMH IIEPCIEKTHBHBIX U3MEPUTENBHBIX CHCTEM, OCHOBAHHBIX
Ha INPUHIUIAX HHOOPMAIIOHHOTO aHAIN3A.
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KJUIIOUEBBIE CJIOBA: nuckpetHas cxema IHoiydeHus HHPOpMAaHy, UCKaXEHNUs, TIePEX0JHasi BEPOSTHOCTh, MoTepsi HHAOP-
MalHu, IyM.
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ABSTRACT

Context. The problem of predicting the efficiency of real queuing systems in the event of a possible arrival of requirements
groups and leaving of “impatient” requirements from the queue. The aim of the study was to model the operation of such systems to
create opportunities to control their operation in real time.

Objective. The aim of the research is to obtain an analytical description of the state’s final probabilities in a Markov queuing
system with an input flow of requirements groups, with individual service of requirements, with a limited number of waiting places
and with individual leaving of “impatient” requirements from the queue that is necessary to predict the values of the queuing system
performance indicators.

Method. The probabilities of queuing systems states with an input flow of requirements groups with a random composition and
with leaving of “impatient” requirements from the queue are described by the Kolmogorov differential equations. In a stationary
state, these equations are transformed into a linearly dependent homogeneous system of algebraic equations. The structure of the
equations depends on the numerical values of the input flow requirements group’s parameters and the controlled service system.
Therefore, an attempt to predict the efficiency of a system is faced with the need to write down and numerically solve a countable set
of algebraic equations systems that is quite difficult. The key idea of the proposed method for finding an analytical description of the
final probabilities for the specified queuing system was the desire to localize the influence of requirements groups in the input flow
on the operation of the queuing system in multiplicative non-ordinary functions. Such functions allow obtaining the required
analytical description and assessing the degree of the final probabilities transformation, in comparison with known systems, as well
as assessing the predicted values of the noted queuing system efficiency indicators when choosing the parameters for controlling its
operation.

Results. For the first time analytical expressions are obtained for the final probabilities of the queuing system states with an input
flow of random composition requirements groups, with a limited number of waiting places, with individual service and leaving
“impatient” requirements from the queue, which makes it possible to evaluate all known indicators of the system’s performance.

Conclusions. The resulting description turned out to be a general case for well-known types of Markov queuing systems with
non-ordinary and with the simplest input flow of requirements. The results of the numerical experiment testify in favor of the
correctness of the obtained analytical expressions for the final probabilities and in favor of the possibility of their practical
application in real queuing systems when solving problems of forecasting efficiency, as well as analyzing and synthesizing the
parameters of real queuing systems.

KEYWORDS: Markov models, queuing systems, requirements groups, leaving the queue.

ABBREVIATIONS a;is a probability of a group consisting of exactly i
QS is a queuing system. requirements at the input of the queuing system;
e=2,71... is a second remarkable limit;
NOMENCLATURE fi() is a density distribution of the requirements flow at
A is an absolute QS capacity; the input of the queuing system;
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f,() is a density distribution of service duration;

f3() is a density distribution of the requirement waiting
until leaving the queue;

fcis a non-ordinary function, which deforms the
probability py of the queuing system Kk-th state when
groups appear in the input flow of requirements;

foy, 1is a non-ordinary function, which deforms the
probability py+, of the queuing system (k+n)-th state when
groups appear in the input flow of requirements;

| is a flow intensity of requirements at the input of QS;
i is the number of requirements in the group;

L is a maximum number of requirements in a group;
Lqueue is @ queue length in the queuing system;
My/M/n/m is a designation of queuing system with
waiting or with leaving the queue in the Kendall-Basharin
classification;

My/M/n is a designation of the queuing system noted
above but with no places to wait and it means QS with
refusals;

M is a designation of an exponential distribution of the
random service time of each requirement;

m is a number of places to wait;

Mpis a designation of Poisson input flow of
requirements groups with random composition and with
the maximum number L of requirements in a group;

My 4 is a mathematical expectation of the busy devices
number;

M[i] is a mathematical expectation of the requirements
number in groups;

n is a number of identical channels (devices) in the
queuing system;

P..rvice 1S @ service probability of queuing system;
P.fusal 1S @ service refusal probability;

Pk is a probability of a queuing system state in which
exactly k requirements is in the system;

Pn+k 1s a probability of a queuing system state in which
exactly n devices are busy by servicing and exactly vy
waiting places are occupied by requirements;

Sy is a system state, at which exactly k requirements

are under maintenance;

Sn+, 1s a system state, at which exactly n requirements
are under maintenance and y requirements are in a queue;
t is a current time;

Taris a mathematical expectation of requirement’s
service duration by the service device;

Tarwis a mathematical expectation of time before
requirement leaves the queue;

B is an inverse value to the mathematical expectation

of time before requirement leaves the queue, :T;\,Ir_w

and has the physical meaning of the intensity of
requirements leaving from the queue;

v is a current number of occupied places to wait;

A is a parameter of requirements groups flow at the
input of the queuing system and has the physical meaning
of the requirements groups occurrence frequency;

Aj is a parameter of requirements groups input partial
flow that consists of exactly i requirements in the group;
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u is a performance of one service device as the inverse
value to the mathematical expectation of service time,

w=Tar;

V is a ratio of requirements leaving intensity § from
the queue to the performance p of the service device;

p is a load factor of a queuing system with a simplest
flow of requirements;

pi is a load factor of queuing system by a part of the
input flow of requirements groups.

INTRODUCTION

In the field of transport, trade, medicine, industry,
information networks, control systems and in other areas,
there is often appears repeated massive demand (flow of
requirements) for various services. To work out such
requirements, the corresponding “service” systems are
created.

The wide distribution and diversity of such systems
has caused the need to develop appropriate models of
queuing systems for solving problems of analysis,
synthesis and control of real systems. The moments of
each requirement occurrence and the duration of its
working out (service) are not known in advance (are
random). If all service devices are busy, requirements can
wait for their turn. “Impatient” requirements may leave
the queue at an unknown point in time. Therefore, most
models are stochastic

In real systems, as a rule, the conditions of the central
limit theorem of A. Ya. Khinchin [1] are satisfied, and an
input flow of requirements, that is close to the simplest
one, is automatically generated. For such conditions, there
are well-known models, for example, in [2]. However,
requirements can often enter the system in groups with an
unknown (random) quantity in the group. In queuing
systems, shock loads occur, the effectiveness of systems
decreases.

To perform a forecast of the effectiveness in such
system and in such conditions its possible only by
numerical methods for specific numerical values of the
conditions parameters. Unfortunately, the probability of
“guessing” the exact values of the future set of continuous
random variables (the parameters of the conditions) is
strictly zero. Therefore, numerical analysis can be
adequate to the real process only a posteriori, which
sharply reduces its scientific significance and at the same
time makes it important to search not numerical, but
analytical descriptions of state probabilities and efficiency
indicators of queuing systems with an input flow of
groups with random composition of requirements. At
present, there is an analytical description of QS models
with an input flow of requirements groups and with
waiting in the queue [3]. However, for the general case of
real systems, in which “impatient” requirements can
refuse service and leave the queue at unknown moments
in time, the analytical description of the model is not
known, which complicates the control of such systems
and makes the topic of this article relevant.
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The object of research is a steady-state process of
servicing an input flow of requirements groups in
M. /M/n/m queuing system with leaving the queue.

The subject of research is the distribution law of the
final state probabilities in queuing system M_/M/n/m with
input flow of requirements groups and leaving the queue.

The research goal is to obtain an analytical
description of final probabilities for the queuing system
M, /M/n/m with input flow of requirements groups and
leaving the queue which is the general case for the already
known Markov models of queuing systems with an input
flow of requirements groups and with the simplest input
flow.

The noted final probabilities are a complete
description of the systems operation and allow estimating
the expected values of all known indicators of the queuing
systems efficiency.

1 PROBLEM STATEMENT
The requirements groups flow with intensity | and

density f(t)= le~'enters the queuing system. Service
duration is random and has exponential distribution
fo(t) = ue_“t. Some of the requirements in the groups

that have found all service devices busy are queued. Each
requirement can leave the queue without waiting for the
start of service. The duration of the requirement waiting
until leaving the queue is random and has exponential
distribution f5(t) =pePt. of the
distribution densities, a Markov process with continuous
time and discrete states arises in the system.

This paper relies on a system of statements about the
properties of a non-ordinary (general stationary) flow
[1, pp. 14, 40, 41], which we present without proof.

The stationary flow of time points for the arrival of
events groups without aftereffect is the simplest and is
called the General Stationary Flow or non-ordinary flow.

Non-ordinary flow includes groups of i requirements
(i=1,2,...,L) in a group. The flow can be determined by
setting the probabilities distribution law (&;) of appearing
exactly I requirements in any group of input flow. Then
the flow parameter A will be less than the flow intension
(A<I) and will include partial flows with parameters A;:

By virtue noted

M-

ki:kai; 7\.227\4; | =
i=1 i=1

A (1)

A. Ya. Khinchin limit theorem [1] for random time
intervals between groups of events in a non-ordinary flow
is preserved and the form of the time intervals exponential
distribution is preserved too, but with the parameter A :

fty=re™, t>0. 2)

At the same time, to fulfill equality (A=1) it is
necessary and sufficient to have a, =1. In this case, the
flow of events becomes the simplest. For all other (non-
ordinary) stationary flows without an aftereffect, the
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intensity of the flow is always greater than its parameter
(I>n).

2 REVIEW OF THE LITERATURE

The model developed to describe one system or
process often become relevant in other areas. Thus, in
1909, A. K. Erlang [4] developed a model for calculating
the part of calls that can be served at a telephone station.

The work process at the telephone station included the
receipt and service of applications from subscribers to
switch communication channels with other subscribers.
After the end of the call, the channel was released and
could be used to service the next request. The application
that arrived at the telephone station at the time when all
channels were busy received a denial of service. The
moments of applications receipt and the end of their
service were random.

The Erlang-developed model of the requests mass
service system at the telephone station turned out to be a
universal tool for describing the processes of service in
different systems and in different fields of human activity.
Each of these areas and systems has its own peculiarities,
which led to the development of more complex models
and to the appearance of an independent scientific
direction — the queuing theory.

Currently, queuing system models are being actively
used for analysis, for predicting efficiency and for
optimizing decisions made in various areas. These include
the following areas: telecommunication networks [5, 6, 7,
8, 9, 10], socio-economic systems [11, 12], production
systems [13, 14, 15, 16] and logistic systems [17, 18, 19],
computing systems [20, 21], traffic management systems
[22, 23, 24, 25] and others.

An interesting direction in the theory of queuing
systems is the construction of models with an infinite
number of devices, since it is these models that make it
possible to describe complex technical systems for which
the number of devices can be relatively large. For
example, L. Brown, N. Gans, A. Mandelbaum, and A.
Sakov [5] use such systems to simulate a call center in
which agents provide telephone services almost no
refusals. In such a company, customer service should start
immediately. Therefore, the number of working operators
should be large enough and should be monitored using the
appropriate model.

Infinitely linear systems are also used as an
approximation for multiline systems in cases where the
probability of denial to service is negligible [26, 27, 28,
29, 30, 31].

At the initial stage, most studies of the queuing theory
were performed under the assumption that the incoming
flow of requests is the simplest [32, 33].

However, the development of computer and mobile
systems has led to the need to create new mathematical
models of requirements flows at the system input, which
are not Poisson or non-ordinary flows. This was the
reason for the increased interest in the study of systems
with more complex incoming flows. Systems with non-
Poisson flows were studied by such authors as G. P.
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Klimov [34], G. Sh. Tsitsiashvili [35], P. P. Bocharov,
A. V. Pechinkin [36], A. N. Moiseev and A. A. Nazarov,
[37], S. P. Moiseeva [38], E. A. Doorn and A. A. Jages
[39], V. F. Matveev, V. G. Ushakov [40] and others.

So, in the book of Matveev V. F. and Ushakov V. G.
[40] was obtained generating function of the requirements
number in the system for which the incoming flow is a
superposition of independent flows with the same number
of requirements in packs. For non-Poisson input flows in
a system with an unlimited number of service channels
E. A. Doorn and A. A. Jagers [39] obtained estimates of
the variance for the number of busy servers.

Another important direction in the development of the
queuing theory is the study of the systems operation in the
conditions of the incoming flow, which includes groups
of requirements with previously unknown composition.
Thus, groups of motorcade cars can arrive at a gas station,
visitors can arrive at a roadside restaurant in groups at the
time of vehicles arrival, and the customers flow to the
hotel includes both single customers and groups of several
people, families for example. Such a flow is called non-
ordinary.

A description of queuing system models with non-
ordinary input flow can be found in works of A. A.
Shakhbazov [41], Jung-Shyr Wu and Jyh-Yeong Wang
[42], N. O. Kutselay and S. V. Safonov [43], O. Yu.
Bogoyavlenskaya [44], V. B. Monsik, A. A. Skrynnikov,
and A. U. Fedotov, in works of A. V. Pechinkin [45] and
A. G. Tatashev, M. Akhilgova, S. A. Shchebunyaev.

In the general case, the probabilities of states in
queuing systems M /M/n/m with a non-ordinary input
flow of requirements are described by Kolmogorov
differential equations.

In the stationary state of the queuing system, these
equations are transformed into a linearly dependent
system of algebraic equations. The final probabilities of
the queuing system states can be found by numerically
solving the system of algebraic equations using the
methods well known in linear algebra [2] — complete
exclusion, inverse matrix, Kramer determinants. It should
be noted that in this case the determinant of the algebraic
equations system is always zero. Therefore, it is
impossible to apply the Kramer determinant method
directly.

One of the variants of the noted system algebraic
equations numerical solution is the well-known matrix
geometric method of Ramaswami [46]. This method is
characterized as a method for the analysis of quasi-birth-
death processes, continuous-time Markov chain whose
transition rate matrix has a repetitive block structure. In
this method, the final probabilities of the queuing system
states are found using numerical calculations of the
elements of the Neut’s rate matrix [46].

Analytical description of models is sometimes
possible to find for some performance indicators, as a
rule, for single-channel systems (N. O. Kutselay and S. V.
Safonov [43], O. Yu. Bogoyavlenskaya [44) with a
specific composition of requirements in input flow groups
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(V. B. Monsik, A. A. Skrynnikov, A. U. Fedotov and A.
V. Pechinkin [45]).

The search for regularities that could provide an
analytical description of the final probabilities in the
general case of a queuing system with a non-ordinary
input flow of requirements were engaged in A. A.
Shakhbazov [41], Jung-Shyr Wu and Jyh-Yeong Wang
[42]. In all the studies noted, it was concluded that the
final probabilities sought could ultimately be found only
by numerical methods for a specific flow structure.

But the goal of queuing systems describing, as a rule,
is the development of control tools for their operation
based on predicting their efficiency when the parameters
of the system and/or the parameters of input flow
requirements change.

In this case, the number of different variants of
systems of algebraic equations, requiring a numerical
solution, can be estimated at 10°—10° and more, which
makes it difficult to write down so many different systems
of equations itself, and also raises doubts about the
possibility of their timely numerical solution and the
choice of a values rational set of control parameters for
service system.

The solution to the control problem can be in the
search for an analytical description of the QS models for
the most general conditions under which both single
requirements and their groups can appear in the input
flow.

The most complete analytical description of such QS
was obtained in [3] for three types of Markov
multichannel queuing systems: with refusals, with a
limited and with an unlimited number of waiting places
under the conditions of an input flow with a random
composition of requirements groups and individual
service of each requirement in the group.

At the same time, the models of queuing systems with
input flow of requirements groups and with leaving
requirements from queue, which are the most close to real
service systems, did not receive their description in this
work.

As a result, the relevance of the problem of analytical
description for the state’s final probabilities and
performance indicators of queuing system with a non-
ordinary input flow of requirements and with the leaving
of single requirements from the queue becomes obvious,
which also makes the topic of the article — relevant.

3 MATERIALS AND METHODS

In order to demonstrate the logic of obtaining an
analytical description of the final probabilities, let us
consider a relatively easily visible example for the
M,/M/n/m system (Fig. 1) with waiting, with individual
service for each requirement and with individual
requirements leaving the queue.

At the entrance of the My/M/3/4 queuing system with
waiting and leaving of individual requirements from the
queue, a non-ordinary flow is coming. It consists of two
(L=2) partial flows with parameters A;=2Aa; and
Ay = Aay.
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Figure 1 — The model Graph of queuing system M,/M/3/4 with waiting and leaving of individual requirements from the queue

Let’s call a group of requirements as a request and
define expressions for the coefficients (p;, i = 0; 1) of the
system load by a part of the entrance flow of requests and
for the coefficient V as follows:

A +A A
N WL 2; pl:_2§ V:E_ (3)
[ n H

Po

The model graph (Fig. 1) is described by the system of
linearly independent Kolmogorov differential equations
for state probabilities P, 0<k<3 and p;,, 1<y<4,
where (P =0):

Pk (1) ==k + K pe (1) + A Py () +
+h P2+ (K+Dupgyi(t), k=0,...,2;
P3ay (O == +3u+1B) P34y () + 4)
A P3sy1 (D) + A3y (D) +
+[3p+ (v +DBIP3 4y 41 (1;

For the stationary mode of the queuing system
operation, equations (4) will take the form:

v=0,..,4;

(k+Dupgyr = +kw)pg A1 Px-1 —

—X2Pk-2, k=0,..,2;

Bu+ (v +DBIPnys1 =(A+3p+

+YP)P3ry —A1P3yo1 —A2P3iy—2; ¥ =0, 4
Then let’s perform a sequential summation of the left

and right sides of the equations in the system (5) for the
steady state conditions:

k k

D (i +Dupiyy =2 [(A+iw)p; —

i=0 i=0

=AM Piz1 — A2 P2 ], k=0,..,2;
2 3+y

Y+ DUy + 2 PBu+ DBy =
i=0 i=1

2 (6)
=Y [(A+iw)pi APy —AoPip ]+
i-0

¥
2 O +3p+iB)p3i -
i=0

=X 1P34ic1 — A2 P3ti2ls y=0,..,4
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From formulas (6) we can get:

Kupg =APk—1 +A2Pk—2, k=1,..,3; (7

[Bu+1vB] P34y = A P34y-1t
+AoP3ay—2,¥=L. 4

®
Using the notations (3) for the conditions of the steady
state, from formulas (7) and (8) we can find:

Kpk =PoPk-1 +P1Pk-2> k=135 ©)

(3+W)P34y =P0 P34y)-1 T

Y d (10)

TP1PB+y)-25

For further reasoning, we recall the well-known
Erlang formulas [4] for the queuing system M/M/n with
refusals:

k
Pk :p—po, k=1,...,n;

0 11

|
p=—.
n

And then let’s choose the form of analytical
expressions for the final probabilities of the queuing
system states, taking into account the need to localize the
non-ordinary properties of the input request flow in a
separate multicomponent function fi and f;,:

k
pk:%pofk, k=0,..,n; (12)
n v
p p
pn+’Y:T(:y—Op0fn+y>’Y:15"'»m (13)
TTn+iv)
=1

Substituting (12) into (9) and (13) into (10), we find:

fio = fio + fea P k=ik =1,...n;n=3;
Po

(14)
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1:n-H{ = fn+y—1 + 1:n+y—2 P_;X
PO (15)
x[N+(y=1v]; n=3;vy=1,...,4.

For the convenience of writing the general case of the
non-ordinary functions expressions, we note that the sum
of elements whose lower boundary is greater than the
upper one, do not contain any element, therefore it is
equal to zero. Elements with a negative index in this case
have no physical meaning therefore they are also equal to
Zero.

Now let’s consider the general case of a M /M/n/m
queuing system with an input flow of requirements
groups and with the leaving of individual requirements
from the queue.

In this case, the input of the queuing system receives a
flow of requirements groups, which consists of L partial

flows with parameters A;j=2Ag;, i=1,..., L. Then
expressions (3) take the form:
1 & .
pj =— ZXJ-,I:O,...,L. (16)
Hoj=t+i

For the general case of QS M /M/n/m with single
“impatient” requirements leaving the queue, expressions
(14) and (15) take the form:

K o
fio = fuor + 2| fiei

X
i=2 Po
- 17)
I_
[Tk=D|; k=
j=1
n
Pnk N
frn= 20 S s (18)
k=0 K!
-l n
Pry—k—
fray =[T(N+iv) ¥ n:y,kl fi +
i=1 k=0 k!
1 (19)
-
+ Py Il farj |, v=2..m
=1 o H(n+|v)

One can make sure that for the considered example
(Fig. 1) with the conditionspj =0, i>1; n=3, m=4
expressions (17), (18) and (19) are transformed into
expressions (14) and (15), respectively.

To determine the value of the first non-ordinary
function ( f(), we substitute the value k=0 in formula

(12) and then we can get:
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Po="Po-fo. (20)

From equation (20) follows the equality fq=1. The
value of the non-ordinary function ( f;) can be found

from formula (14) or from (17). Ifk =1, then we get:

fi="f_+0=",. (21)
Thus, the numerical values of the first two non-
ordinary functions become known:
fo="1=1. (22)

To find the zero state probability p, of the QS, we use

the condition of normalizing the probabilities.
Substituting there formulas (12) and (13), we obtain:

n+m

Zpk_l —>Z—Pofk+

nom 23)
p p (
+n_0' Po Z Y 0 fn+y =1
- T iv)

Then we take out the common factor p, outside the
brackets and find its value:

@24

zp() f p()' z n+y
= 11_[(n+|v)

i=1

To verify the correctness of the solution obtained,
we’ll find the value of non-ordinary functions f| for the

case of non-ordinary input flow of requirements
degeneration into the simplest flowa; =1; a; =0, i>1.

In this case, the parameters of the partial flow of requests
for service immediately two or more requirements are
equal to zero (Aj=Aa;=0,i>1). Then from formulas

(1) and (16) it followspy =p; pj =0;i>0.

If we substitute the obtained values p; into formulas
(17) and (19), taking into account the equality
fo=f; =1, we can see that the second term in formula

(17) vanishes and the first part of non-ordinary functions
becomes equal to one:
fk=fa =1

k=1,..,n. (25)
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In formula (19), the first term in the square bracket
becomes equal to zero. The rest of the terms are nonzero
only for the condition j=py—1, under which p, ;-
1=po#0:

-1

fpy = H(n+nv)()Jr——TﬂL—lfw_1 : (26)
=1 po - [J(n+iv)
i=1
From (26) follows the equality:
fray = fapy1 =L y=L.m Q27)

As a result, expressions (13) and (24) for the final
probabilities of the M /M/n/m queuing system with the
leaving of requirements from the queue are transformed
into well-known formulas for the same system M/M/n/m
but with the simplest input flow of requirements:

k
_p _ )
pk - k' pO’ k—O,...,n,
. (8)
=—— =1L..m;p=—
er—y n! ny pO’y 5 e MO P H,
n .k nm_.y !
po=| Y P+ S E (29)
k:()k- n y*lny

This result testifies in favor of the research correctness
and the expressions obtained for the non-ordinary
functions (17), (19) and final probabilities (12), (13) and
(24) for the M;/M/n/m system with a non-ordinary input
flow, with the waiting and leaving of individual
"impatient" requirements from the queue.

The obtained description (12), (13), (16)—(19) of a
queuing system is a general case for well-known Markov
queuing systems with a non-ordinary input flow of
requests and without leaving the queue My /M/n/m and
for a queuing system with refusals My /M/n [3], as well as
for the QS with the simplest input flow of requirements
and leaving the queue M/M/n/m, for the QS without
leaving the queue M/M/n/m and for the QS M/M/n with
refusals.

To verify this statement, let us consider a variant of
the description (12), (13), (16)—(19) transition into the
description of a queuing system with waiting My /M/n/m
and without leaving the queue.

In the queuing system Mp/M/n/m with waiting, the
leaving of requirements from the queue is not provided.

Therefore, in formulas (3), (13), (19), and (24) of the
queuing system M /M/n/m model with waiting and with
the leaving of “impatient” requirements from the queue,
the value B and the coefficient v are equal to zero:
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p=0; v=0. (30)
The formulas for the load factors of the system as a
part of the input flow of requirements (16), for the non-
ordinary functions f, (17) and for the probabilities py (12)
remain unchanged. The analytical description of the final
probabilities for the states in the M /M/n/m QS with the
presence of requirements in the queue takes the form:

PO Po
Prey =202 o sy, 7 =1 (1)
21l & Pngy—k-1-N! opyja
fn+y=nY L;) pnzy Kkl fk+§py i o n+] > (32)
nm y N
zpof Po' 3 (P_OJ foy (33)
tigfln

The analytical description for the final probabilities of
the M /M/n queuing system with refusals, with individual
servicing of each requirement and with the flow of
requirements groups at the system input includes formulas
(12), (16), (17), and (22), as well as the formula (24),
which in this case will have the following form:

(34)

Subsequent transformations of expressions (31) — (34)
for the types of queuing systems mentioned above are
given in [3].

4 EXPERIMENTS

To evaluate the performance of a queuing system with
the input flow of requirements groups and with the
waiting and leaving of individual “impatient”
requirements from the queue, sometimes the input flow is
replaced with the simplest flow and is used the M/M/n/m
model.

To check the admissibility of such a replacement, we
will use the known example [3], in which we change the
number of service devices and waiting places, and also
take into account the possibility of “impatient”
requirements leaving the queue. The graph of the marked
model is presented in Fig. 2.

The parameters of the considered QS model
M;/M/n/m are presented in Table 1 (items 1-9) and turn
out to be equal: I=2 [requirements/minute]; N=4; m=3;
B=025;L=8;a=1/L, i=1,..,L; p=1[minute'];
pj=0,fori>7.

In such a system, the total performance of service
devices is bigger than the intensity of the input
requirements flow. Then, in the case of deterministic
input flow, all requirements must be served.
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Figure 2 — The model graph of queuing system Mg /M/4/3 with the waiting and leaving of individual “impatient” requirements from
the queue

Table 1 — Evaluation of the influence of requirements groups in the input flow on the state’s probabilities
in the queuing systems with leaving of requirements from the queue (see Fig. 3)

Model M /M/n/m (names and values of model parameters) Model M/M/n/m

Name | Value | # | Name | Value | # | Name

Value | # |Name | Value| # |Name | Value

n 1 M[i]| 4521 £,

1]31 p2 0.119]41 Po 0.133

12| p=I/u 2]22] ¢

1132 ps 0.086]42| p 0.266

po 0444123 f,

2.969 33| ps 0.064143| p2 0.266

14| p: [0389]24]| f5

14534 ps |0.057]44] p; 0477

[o<H I SR VSE U} NN
[
W

15] p, [0333]25] 1,

9753135 p, |0.049[45] p. [0.089

m
p
|
L
A

0.444116| ps | 0.278]26| fs

825.4(36| ps 0.040]146| ps 0.042

ai (025|117 ps [0222]27] f

7168 |37 Mya | 0933147 ps 0.019

O (o |Q| || [w || —|3H

Ai | 0.194 18| ps [0.167[28| f; [63004]38 A 0.933148| ps 0.008
B 025|19| pe [0.111]29] Py | 0.405|39|Lqueue | 0.275|49 | Lqueue | 0.102
10| v 025|120 p; [0.056[{30] P, [ 0.180]40| Pservor | 0.466 |50 | Pservir | 0.843

The law of states’ probability distribution in a queuing
system allows finding the calculation formulas for the
following characteristics: the mathematical expectation of
the busy devices number; the mathematical expectation of
the requirements number in groups; absolute system
capacity; service probability; queue length in the queuing
system and for service refusal probability:

n L
Mpg = D k-py; M[i1=Di-a;;
k=1 i=1

A=—lr: Aj=h-a;, i=1..,L;

(35)

A
A=p-Myg; Pservice :T;

m (36)
I:)refusal =1- F)service§ I-queue = ZY' pn+y-
y=1

5 RESULTS
For the considered version of the queuing system
model, the non-ordinary functions (17)-(19) will take the
specific form for states without queue (37) and for states
with a queue (38)—(40):

© Gorodnov V. P., Kirilenko V. A., Repilo Yu. E., 2020
DOI 10.15588/1607-3274-2020-4-4

42

fo = fl =1, f2 = f1+ fo%(z—l),
Po

f3=f2+f1p—§2+f0p—32,2'1; . (37)
Po Po
fy=fi+ 2034 £P23.04 ¢ P30
Po Po Po
fs=24P4 1 0aP3 5 1 10P2 5, L aPlg L g5 (39
PO Po Po PG 3%)

fo :(4+1v){24p2 fo+2424 £ 4

p p
0 0 (39)
+12p—i fy +4p—§ f3 +% fq |+ s
Po Po Po
f, = (4+1v)(4+2v) 2426 £, 42485 § 1+ 12P4 £ 4
7 6 5
Po Po Po
(40)

PVILER T VI A B
4 3 2
Po Po Po
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The indicators (35), (36) and probabilities of the
model states (Fig. 2) in the steady state are described by
the formulas (1), (12), (3), (13), (16), (17), (18), (19), (21)
and (24).

Let us use the noted formulas and estimate the
probabilities (Px, Pn+y) of the system states and the
probability of servicing requirements in queuing systems
with leaving the queue of individual requirements, with
the same number of servicing devices and waiting places,
with the same intensity of the incoming flow of
requirements but no requirement groups.

In the first case, a flow of requirements groups arrives
at the input of the system, and in the second case, the
input flow of requirements is the simplest and includes
only single requirements. The calculation results are
presented in table 1 and in the Fig. 3.

P
0,5

0,4
0,3
0,2
0,1

0,0 |

Figure 3 — Final probabilities p of the states in the same
queuing systems with leaving individual requirements from the
queue and with the same intensity:

a) QS without any groups of requirements in the input flow
(model M/M/4/3);

b) QS with groups of requirements in the composition of the real
input flow

Quantitative estimates (see Table 1, Fig. 3) lead to the
following conclusion.

6 DISCUSSION

In a number of cases, the main indicator of the
queuing system efficiency is the probability of servicing
requirements, on which other indicators depend.
Therefore, we will consider the numerical values of this
indicator for the compared queuing systems.

The appearance of groups in the input flow of
requirements changes the probability distribution of the
considered systems states (Table 1 items 41-48, items
29-39, and Fig. 3) and leads to a decrease in the
probability of service (Table 1 item 40) by about 44%
compared to the probability service in the model with the
simplest input flow of requirements (Table 1, item 50).

A decrease in the probability of service, as the main
indicator of efficiency, can be significant for the results of
the system’s operation and requires a quantitative forecast
for timely action in managing of the system operation.

The influence of the requirements groups composition
on the change in the final probabilities is concentrated in
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the multiplicative non-ordinary functions (17), (19)
(Table 1 items 21-28), which each time reflect the
magnitude of the transformation of the system specific
states probabilities with a group input flow in comparison
with the same system, but with the simplest input flow of
requirements, and may have an order value 10*-10°.

The considered features determine the need to take
into account the composition of the groups in the input
flow of requirements when conducting assessments and
when managing the corresponding queuing systems.

CONCLUSIONS

In the course of the research, the analytical expressions
for the final probabilities of states in the Mp/M/n/m
queuing system with an input flow of requirements groups,
with individual service of requirements and with leaving of
“impatient” requirements from the queue were obtained for
the first time.

The influence of the requirements groups composition
on the change in the final probabilities of queuing system
is concentrated in the multiplicative non-ordinary
functions (17), (19), which each time reflect the
magnitude of the transformation of the system specific
states probabilities and can have a value of the order of
10*-10°.

An analytical description of the final probabilities and
performance indicators allows the use of calculation
automation tools, for example Microsoft Excel, to obtain
the results of estimates almost instantly and to select the
values of the parameters for controlling the operation of
the service system in real time.

The scientific novelty of the results obtained lies in
the creation of possibilities for predicting the
effectiveness of QS My /M/n/m with leaving of
“impatient” requirements from the queue and of known
types of Markov queuing systems with an input flow of
requirements groups, with individual service for each
requirement and with a random number of requirements
in groups.

The obtained description (12), (13), (16)—(19) of a
queuing system is a general case for other well-known
types of Markov queuing systems with a non-ordinary
input flow of requests and without leaving the queue
M, /M/n/m and for a queuing system with refusals
M. /M/n [3], as well as for the QS with the simplest input
flow of requirements and leaving the queue M/M/n/m, for
the QS without leaving the queue M/M/n/m and for the
QS with refusals M/M/n.

At the same time, the well-known Markov service
models for the simplest flow of requirements turned out to
be a special case of the considered models with an input
flow of requirements groups. In the new formulas, all the
features of requirements groups servicing are localized in
recurrent expressions for the non-ordinary functions,
which makes it easier to perform calculations in real time.

The practical significance of the results obtained lies
in creating conditions for the directed solution of
problems of analysis, synthesis and control of Markov
queuing systems in the general case of a requirements
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groups input flow with a random number of requirements ~ 13.

in groups. The formulas obtained for calculating the
values of the non-ordinary functions are recurrent and
convenient for practical calculations. The numerical
values of these functions clearly show the deformation of
the final states probabilities in queuing systems with an
input flow of requirements groups compared to known
queuing systems with the simplest input flow of
requirements.

Prospects for further research may include the

construction of queuing systems models with incomplete 13-

availability of servicing device. Each of the systems under
consideration is an actual model of real systems in
economics, medicine, modern communication systems
and in other areas. 16
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AHOTAULIA

AKTyaJbHicTh 3aBOaHHS NPOTHO3YBaHHS €(EKTHBHOCTI pEabHUX CHUCTEM MAacOBOTO OOCIyrOBYBaHHS B pa3i MOXKIHBOTO
HaJIXO/DKEHHS TPYI BHUMOT 1 BIIXOJY «HETEPIUITYMX» 3asBOK 3 4epru. MeToro IOCII/DKEHHS OyJI0 MOJCIIOBAHHS POOOTH TaKHX
CHCTEM JUIsl CTBOPEHHS MOXIIBOCTEH KOHTPOJTIO iX pOOOTH B PeXKHMIi PEaIbHOTO 4acy.

Mertoa. MMOBIpHOCTI CTaHiB cHCTeM MacOBOrO OOCIyroBYBaHHS 3 BXiJHHM IIOTOKOM IPYI BMMOT 3 BHIIAJKOBHM CKIAIOM i 3
BI/IXOJIOM «HETEpPIUITYMX» BHMOT 3 YeprH OIHCYIOThcs TudepeHiaasHuMy piBHSIHEAME Kosimoroposa. ¥V cranioHapHOMy cTaHi 1ii
PIBHSIHHSI NEPETBOPIOIOTHCS B JIHIHHO 3aJIe)KHY OMHOPIAHY CHCTeMy anreOpaidHux piBHsHb. CTPYKTypa pPIBHSIHB 3aJICKHUTh Bil
YHCIIOBUX 3HAYEHb IapaMEeTPiB IPYH BUMOI' BXiHOI'O MOTOKY i KEPOBaHOI CHCTEMM OOCIyroByBaHHA. ToMy crpo0®a NpOrHO3yBaTH
e(EeKTUBHICTb CHCTEMH CTHKA€THCA 3 HEOOXINHICTIO HAMMCATH 1 YHCENBHO BHPIIIUTH PaxXyHKOBY O€3lid cHCTeM airedpaiuHmx
PiBHSHB, 110 JOCUTH CKIaAHO. KITFOUOBOIO i/1€€r0 3aIIpOOHOBAHOTO METOY HOIIYKY aHAJITHYHOTO OMUCY (iHAJTBHUX HMOBIpHOCTEH
JUISL 3ra/IaHO] CHCTEMH MacoBOT'0 0OCITyrOBYBaHHS OyJIO IparHEeHHs JIOKaIi3yBaTH BIUIMB TPYIl BUMOT y BXiJHOMY IOTOIi Ha poOOTy
CHCTEMH MacOBOTO OOCIyroByBaHHS B MYJBTHIUTIIKATUBHUX (YHKIiAX HeopauHapHOCTi. Taki (yHKIII 103BOISIOTH OTPUMATH
HEOOXiHUI aHAJITUYHMIT OIMC 1 OL[IHUTHU CTYMIiHb TpaHchopManil GpiHAIBHNX HMOBIPHOCTEH B NOPIBHSHHI 3 BIJOMHMH CUCTEMaMH,
a TaKoX OILIHUTH IPOTHO3HI 3HAYCHHS BIIOMHMX ITOKAa3HHKIB €(EKTUBHOCTI CHCTEMH MAacOBOTO OOCIyroBYBaHHS INpH BHOODI
napaMmeTpiB ympasiiHHs ii po6oToro.

Pe3yabTaTi. Briepiie oTpiMano aHamiTHYHI BUpa3u st GiHAIBHUX HMOBIpPHOCTEH CTaHIB CHCTEMH MacOBOTO OOCIYrOBYBaHHS
3 BXITHAM TIOTOKOM TPYH BHMOT BHIAIKOBOTO CKJIady, 3 OOMEKECHOI KIUIBKICTIO MiCIb OYIKyBaHHS, 3 1HAWBIZyaJbHHM
00CITyrOBYBaHHSM 1 BiZIXOJJOM «HETEPIUITINX» BUMOT 3 YEPI'H, IO Aa€ MOKJIMBICTD OLIHUTHU BC1 BiJOMI MMOKa3HUKK POOOTH CHCTEMH

BucnoBkn. OTpuMaHUil ONKNC BHSBUBCS 3arajbHHM BHIIAJKOM [UIS BiJOMHX THIIB MAapKOBCKHX CHCTEM MAacOBOTO
00CITyroByBaHHS 3 HEOpAWHAPHUM 1 HAHIPOCTIIINM BXIJHHM ITOTOKOM BHUMOT. Pe3ysibTaTh YHCEIBHOTO €KCIepUMEHTY CBIYaTh Ha
KOPHCTh KOPEKTHOCTI OTPHUMAHMX aHAIITHYHUX BHPA3iB Ul (iHAIBHUX HMOBIPHOCTEH 1 HA KOPUCTh MOXIIMBOCTI iX IPAKTHYHOTO
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3aCTOCYBAaHHS B PEallbHUX CHCTEMaxX MacoBOrO OOCIyrOBYBaHHs IPHM BHPIIICHHI 3aBJlaHb NPOTHO3YBaHHA €PEKTUBHOCTI, a TAKOX
aHaJIi3y 1 CHHTE3y IHapaMeTpiB. peaJbHUX CHCTEM MacOBOT'O OOCITYTOBYBaHHS.
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AHHOTAIUA

AKTyaJIbHOCTD. 33/1a9a IPOTHO3HPOBAHUS (P (PEKTHBHOCTH PEaTbHBIX CHCTEM MacCOBOTO OOCITyKHMBaHUS B CIIydae BO3ZMOXKHOTO
NOCTYIUICHHSI TPYNIT TpeOOBaHMI M yXO0Ja «HETEpIIeNMBBIX» 3asBOK U3 ouepenu. Llenpro umccienoBaHust ObLIO MOJSIHPOBAHHUE
pabOThI TAKUX CUCTEM IS CO3aHMsI BOBMOXKHOCTEH KOHTPOJISI HX PAOOTHI B PeXKUME PeabHOTO BPEMEHH.

Metoa. BeposTHOCTH COCTOSIHMI CHCTEM MaccoBOrO OOCITYXKMBAaHUS C BXOIHBIM IIOTOKOM Tpymil TpeOoBaHUil CO CiyyalHBIM
COCTaBOM M C yXOJIOM «HETEpIIeIMBBIX» TpeOOBaHUN U3 O4epey ONMChIBatoTCa AuddepeHnnanbHbIMK yYpaBHeHAMH Kosmoroposa.
B cramuoHapHOM COCTOSHHM 3TH YpaBHEHHS NHpeoOpasyloTcs B JMHEWHO 3aBHCHMYIO OXHOPOJHYIO CHCTEMY aireOpamdecKux
ypaBHeHH#. CTpyKTypa ypaBHEHHI 3aBHCHT OT YHCJIOBBIX 3HAUCHMI MapaMeTpoB Tpymm TpeOOBaHWN BXOJHOTO IOTOKA M
YIpaBIsieMOH cHcTeMBl oOchmyXuBaHUs. IlosTOMy IOIBITKa IPOTHO3MPOBAaTh J(P(HEKTUBHOCTH CHCTEMBI CTAIKHBACTCS C
HEOOXOJIMMOCTBIO HalMcaTh M YHCIEHHO PEHINTh CUETHOE MHOXKECTBO CHCTEM anreOpandecKuX YpaBHEHHH, YTO JJOCTATOYHO
cioxHo. KittoueBoii nieeli npeyio)keHHOr0 METO/1a MONCKA aHAIUTUYECKOTO ONMUCAHMS (PUHATIBHBIX BEPOSTHOCTEH Ul YIOMSHYTOI
CHCTEMBI MacCOBOT'0 OOCITY)KMBaHUsI ObUIO CTpEeMJICHHE JIOKAIN30BaTh BIMSHHUE IPYII TPeOOBaHUA BO BXOJHOM IMOTOKE Ha paboTy
CHCTEMBI MAacCOBOTO OOCITy>KHBaHMS B MYJbTHUIUIMKATUBHBIX (YHKLHUSIX HeOpAMHApHOCTU. Takue (QYHKIMU MO3BOJIAIOT MONYYHUThH
HEeoOXOMMOE aHAJIMTHYECKOE ONHCAaHWE M OLIEHUTh CTEHEHb TpaHc(hopMauuu (GUHAIBHBIX BEPOATHOCTEH II0 CPABHEHHIO C
M3BECTHBIMU CHCTEMAMH, a TaK)K€ OLEHUTH MPOTHO3HBIE 3HAYECHHS M3BECTHBIX MOKa3aTened 3(p(EeKTUBHOCTH CHCTEMBI MacCOBOTO
00CITy>)KUBaHUS MIPH BEIOOPE MapaMEeTPOB yIPABICHUS ee paboToil.

Pe3yabTaThl. BriepBrie noydeHs! aHAINTHYECKHUE BBIPKEHUS TSI (PUHATBHBIX BEPOSITHOCTEH COCTOSHUM CHCTEMBI MAacCOBOTO
00CITy>)KUBaHHS C BXOIHBIM IIOTOKOM TPYHII TPeOOBaHUH CIIly4alfHOTO COCTaBa, C OTPaHMYEHHBIM KOJIHYECTBOM MECT OXKHIAHWUSA, C
HHJIMBUIYaJIbHBIM OOCIY)KUBaHHUEM M yXOJOM «HETEepIEIUBBIX» TPeOOBaHMI M3 O4Yepeau, YTO JaeT BO3MOXKHOCTh OLIGHHTH BCE
W3BECTHBIE IT0Ka3aTeNN paboThl CHCTEMBI.

BriBoabl. [lonyueHHoe ommcaHue OKas3ajoch OOIMM CiIydaeM /Ui M3BECTHBIX THIIOB MAapKOBCKMX CHCTEM MacCOBOTO
o0CTy>XUBaHHA C HEOPJWHAPHBIM M IPOCTEHINNM BXOJHBIM IOTOKOM TpeOoBaHMil. Pe3ynbTaTel YMCIEHHOTO 3KCIEPHMEHTa
CBHJICTENILCTBYIOT B I0JIb3Y KOPPEKTHOCTH IOJTYYEHHBIX QHAIMTHYECKUX BBIPAXKEHMIT JUI (UHAIBHBIX BEPOSTHOCTEH M B HOJb3Y
BO3MOXKHOCTH HX IPAaKTHIECKOTO NPHMEHEHHS B pEalbHBIX CHCTEMAax MAacCOBOTO OOCTY)KHBAHHSA TPH PpEUICHHH 3agad
MIPOTHO3UPOBAHKA Y(P(HEKTUBHOCTH, a TAKXKE aHAIM3a M CHHTE3a TapaMeTPOB. PEaIbHBIX CHCTEM MacCOBOT0 OOCITYKUBAHUSL.

KJIFOUYEBBIE CJIOBA: MapKoBCKHE MOJIEIHN, CHCTEMBI MACCOBOTO OOCITYKHBaHWsI, TPYIIIBI TPeOOBaHUH, yXOJ] U3 OYCPE/IH.
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FAST RATIONAL INTERPOLATION OF TRANSFER FUNCTIONS OF
LINEAR DYNAMIC SYSTEMS WITH DISTRIBUTED PARAMETERS

Kodnyanko V. A. — Dr. Sc., Professor, Polytechnic Institute, Siberian Federal University, Krasnoyarsk, Russia.

ABSTRACT

Contex. Fast method of rational interpolation of the transfer function of linear dynamical systems with distributed parameters is
described, the values of which can be found by numerical methods or by calculating the transcendental functions of the Laplace
integral transform variable. The method makes it possible to determine explicitly the transfer function and, in particular, the
characteristic equation of such a degree, which is sufficient to meet the accuracy requirements when calculating the root quality
criteria for the dynamics of automatic control systems.

Objective. According to the proposed method, rational interpolation is reduced to solving a system of linear equations, the order
of which is much lower (more than twice) the order of similar systems used for rational interpolation of functions by known methods.
The properties of this system are such that its solution can be obtained by special fast methods of the quadratic order of complexity.

Method. An iterative algorithm for calculating the transfer function coefficients of a linear dynamic system with distributed
parameters is carried out using the methods of complex variable functions theory using the discrete Laplace transform. The proposed
approach made it possible to significantly speed up the calculations by decomposing the system of linear equations with respect to
the coefficients of the transfer function to a system of approximately half the order, which allows a quick solution by the methods of
Trench, Berlekamp-Massey, or Euclid.

Results. An example of the practical use of an iterative algorithm for rational interpolation and calculation with a given accuracy
of the root quality criteria for the dynamics of a support with gas lubrication is considered.

Conclusions. The method allows to define explicitly the characteristic equation of such a degree, which is sufficient to meet the
accuracy requirements when calculating the root quality criteria for the dynamics of automatic control systems. Rational interpolation
is reduced to solving a system of linear equations, the order of which is much lower (more than twice) the order of similar systems
used for rational interpolation of functions by known methods. The properties of the system are such that its solution can be obtained
by special fast methods of the quadratic order of complexity.

KEYWORDS: rational interpolation, linear dynamic system, transmission function, distributed parameter system, discrete
Fourier transform.

ABBREVIATIONS nv 2 m
AYo Dby+bs+bys+...+bys
TF — transfer function; ®(s) = _(.J =0 b 22 m - 1
HP — characteristic polynomial. AYi  l+as+ays” +..++a,S

where AYj,AY, are the Laplace transformants of the
deviation of the dynamic functions of the input action and
the objective output function from the stationary
equilibrium position of the systems, n >0, m >0, n > m,
s is the variable of the Laplace transform [2, 17].

The determination of the coefficients (1) for systems
with lumped parameters is usually straightforward.
However, there are devices whose dynamics are described
by distributed parameter systems. Examples of these
systems are a variety of electronic devices, tubular heat

NOMENCLATURE

D, F, K, M are matrixes;

a;, bj are transfer function polynomial coefficients;

f(x) is an objective function;

n, m are orders of the polynomials of the numerator
and denominator of the transfer function;

k is a sum of the sum of n and m;

p is a difference of the orders of the polynomials of
the denominator and the numerator of the transfer

function; f the di Fouri p exchangers, gas-static and gas-dynamic sliding bearings
tsi are components of the discrete Fourier transform g o007 e 0o [3-6].
vector,

d, I, z are vectors,

I'(s), A(s) are complex functions,

d(s) is a transfer function,

n, & are criteria for assessing the quality of the
dynamics of linear dynamic systems.

1 PROBLEM STATEMENT

For such systems, TF is formulated based on the use
of one or more boundary value problems for differential
equations, the analytical solution of which is given by
transcendental functions, or they can be obtained only by
INTRODUCTION numerical methods [7]. To obtain the TF of these systems,
it is necessary to use methods that would provide their
representation in the form (1) based on calculating the
criteria for the stability margin and speed of devices with
a predetermined accuracy.

The representation of the TF in the form (1) falls
under the classical problem of rational interpolation [21],
the solution of which, however, does not give an

When designing automatic control and regulation
systems, methods for studying the quality of dynamics are
used, based on determining its stability margin and speed
of response by the roots of the characteristic equation [1,
17]. The latter is determined by the polynomial of the
denominator of the transfer function (TF)
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exhaustive answer to the question of the accuracy of the
stability criteria of the system obtained by root methods
using the characteristic equation, because the value of the
degree n of the characteristic polynomial (HP) is
unknown in advance. Consequently, the rational
interpolation of the TF is only a local procedure in the
general algorithm for determining the quality criteria for
the dynamics of systems.

2 REVIEW OF THE LITERATURE

Often, when calculating the above criteria, it is
required to determine only the vector a of the HP
coefficients and its length n in order to be able to
determine the root criteria with the required accuracy. In
this case, the problem is somewhat simplified, since it is
necessary to find only the polynomial of the denominator
(1), that is, the HP.

The main task in calculating the quality criteria for the
dynamics of systems with distributed parameters at fixed
values of n and m is rational interpolation. The existing
methods are based on the solution of a linear system of
equations for the coefficients (1), which contains n + m
equations [4]. Such systems can be solved by general
methods, for example, the Gauss-Jordan method, which
has a cubic order of complexity (n + m)® (hereinafter, the
order of complexity of a computational method means the
time complexity of the algorithm that implements it [1,
6]). For large n and m, this can entail significant
expenditures of computer time in the process of
multiparameter optimization of dynamic systems.

This article proposes a fast method for finding the
coefficients (1). It is based on solving systems of linear
equations of a special form of a significantly smaller
order, which allows finding their solution by fast methods
with a quadratic order of complexity m(n+m), which
significantly accelerates the optimization procedure for
dynamical systems. If it is required to find only the HP
coefficients, then the order of complexity of the method is
equal to n”.

3 MATERIALS AND METHODS

When performing rational interpolation by the method
described below, the degrees n and m of polynomials (1)
must be known. However, their acceptable values can be
obtained only on the basis of a satisfactory accuracy in
determining the quality criteria for the dynamics of the
system.

If it is impossible to determine the values of these
parameters without calculating the mentioned criteria,
then finding their difference is not difficult.

Indeed, if a, # 0 and by, # 0, then the infinite limit

sPd(s) - Z—m 0, )
where p = n-m.
Usually the difference p is calculated in several units,
more often p = 1-2, therefore, this limit and p can be
found rather quickly.

© Kodnyanko V. A., 2020
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Let’s set the value m, define n = m + p and find the
coefficient

b, = ®(0).

We rewrite (1) in the form

a+as+..+as"" +
3)
_AEB)

+(s) (b +b,5+...+,s™) <

where I'(s)=—®7'(s), A(s)=-b, —T(s).
Equation (3) contains k = n + m unknown coefficients.

Let’s calculate e:exp(—z—nijs where i is the
k

imaginary unit.
Let us s =1 and we find s, =es; |, j=2,3,..k,
W =0(s;), T;=T(s;), A;=A(s)), i=12,...k.

Note that s, :5;+|_p i=12,..k, therefore

CI)(SK,,-H):CD*(S,-), which allows us to shorten the
calculations and find LA, in [(k + 1) / 2] the appeal to

the TF.
Substituting s =s;, (j = 1, 2, ..., k) in (3), we obtain a
system of linear equations for unknown coefficients (1)

Mx =y, “)
where
[ sl S1 S1 1—‘lsl )
S, S, S, r,s, ..
M=| s S, Ss rs .|
L sl 5k S1 stl i
[ a | [ A /s,
A, /s,
X=| .. |, y=
bm—l Ak—l /Sk—l
L b, | | A/s |

We represent the matrix of system (4) in the form
M = FK, 5)

where K is the matrix, F is the matrix of the discrete
Fourier transform [9, 10]

F=3S3.J)

S, 1) =Siqqinjys 1 =52,k =1 ]=1,2,..,k -1,
g(x) = x mod k.
Its inverse matrix is defined by the formula

o = .
I:i,jl :ESU)J)'
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Multiplying F' by (4), we bring the system to the
form
Kx =z,
where K=F'M, z=F'y.

For m > 0, the matrix K has a cellular structure of the

form
E C
K= .
o o)

where E and O are the identity and zero matrices of size
nxn and mxn, C and D are Toeplitz matrices of size
nxm and mxm, respectively.

Indeed, the blocks of matrices F' and M of cells
1x1...nxnare mutually inverse matrices of the discrete

(6)

Fourier transform, therefore, their product will give the
identity matrix E. The elements of the block of cells
m+1,k...1xn are obtained by multiplying the rows of the

matrix F' and the columns of the matrix M, which are
also elements of the direct and inverse matrices of Fourier
transform. The sums of their products, which give the off-
diagonal elements of the identity matrix, will be zeros by
analogy with how it is for the zero elements of the block
E located above them.

The nature of the matrices C and D is explained by the
fact that the elements of the columns of the matrix M for
j > n are formed by the sums of the products of the shifted
elements of the matrices F and the elements of the vector
I', which are different from unity. In such cases, their
scalar products give Toeplitz matrices [8].

Similarly, one can show that the matrix

c
L= ™)
D
nxm
is a rectangular circulant of the form
Il Ik In+3 In+2
IZ Il In+4 InH
’ 8
L=| .. e |- ®
Ik—l Ik—z In+1 In
Ik Ik—l In+2 In+1

and C and D are persymmetric Toeplitz matrices

Il Ik n+3 n+2
|2 Il n+4 n+3
Cow=| o . ,
In—l In—2 IZ Il
LIS N Lo
In+1 In Im+1 Im
In+2 In+l Im+2 Im+1
D, =
Ik—z Ik—3 In+l In
L Ik—l Ik—2 n+2 In+1 n
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Vector | coincides with n + 1 columns of matrix K
k 1 Kk -
-1
L= FiM :EZFJ.S(I, i,
j=1 j=1
i=1,2,..,k.

Similarly, one can show that the first kK — 1 elements of
the vector z

2, ==l =12, k-1

]
and the last element

k
2, =3, ©
k j=1
Thus, vectors | and z, matrices C and D can be
obtained using vectors S and ¥ without using matrices K,
F'and M.
In the case m = 0, system (4) takes the form

Fa=y,

therefore, & = z and the problem of rational interpolation
of the TF is solved.

It follows from (5)—~(8) that for m > 0 the vector b of
the TF coefficients (1) satisfies the system of equations

(10)

where d is a vector composed of the last m elements of the
vector Z

In comparison with the original equation (3), which
has the order k =n + m, equation (10) has a much smaller
order m < k/2. Consequently, his solution can be obtained
much faster.

Equation (10) is a standard problem with an
asymmetric Toeplitz matrix of a special type [13, 14, 22],
which can be solved both by general methods, for
example, the Gauss-Jordan method [11], the complexity
of which is proportional to m®, and by special fast
methods taking into account the features of Eq. (10) and
having a complexity proportional to m2. The latter
include the methods of Trench, Berlekamp-Massey,
Euclid [10 — 15, 22].

Elements of the matrix C can be expressed in terms of
the vector |

C =l i=1,2,.,n; j=L2,...m.

i T laGke-)
Taking this into account, one can do without matrix C
and, using the solution to system (10), quickly find the

HP coefficients using the complexity formula nm

m

== by Bys

j=1

i=12,..n (11)

Taking this into account, the total order of complexity
of this method for finding the coefficients (1) is m(n + m).
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In those cases when s = s; is the zero of the TF or it is
necessary to find only the HP coefficients, another
approach can be applied.

Let us rewrite equation (3) in the form

by +b,5 +...+ b, s™! —@(s)(al +ayS+..+aps" ! ) =

_D(s)-by
——

Following the above method, the procedure for
finding the HP coefficients can be reduced to solving a
system of equations of a lower order n <k

Da=d, (12)
where
Im—l Im—2 I2m+1 I2m
Im Imfl I2m+2 I2m+1
Dpsn =—| - e s
ks lka In1 Imo
L Ik—2 Ik—3 Im Im—l i

1 S
L :Ejz:‘itb(sj)S(l,J), i=12,..,k.

L =1 —b,
i=12,..
d, =I.

In comparison with (10), system (12), as a rule, has a
slightly higher order n > m, but its solution allows one to
immediately find the HP coefficients, bypassing the
procedure for finding the polynomial of the TF

numerator. System (12) can also be solved by the
mentioned fast methods with order of complexity n’.

d, =1

i m+i-1°

9n_19

4 EXPERIMENTS

To assess the quality of the dynamics of linear
automatic control systems, root criteria are often used [16,
17]:

— the degree of stability n = Max Re{si}, where si are
the zeros of the -characteristic polynomial of the
dynamical system, which is the denominator polynomial
of the TF (1),

— damping of oscillations for a period
& =100[1- Exp(-|2ap/m[]%, where B is the imaginary part of
the root of the characteristic equation with the largest real
part.

The degree of stability n characterizes the speed of the
system, that is, the speed of damping of its free
oscillations.

The criterion & of damping of oscillations over a
period can be applied to the assessment of the stability
margin of the system. The smaller &, the more oscillation
the transient response will have, and the system will have
a smaller stability margin. It is believed that a dynamic
system is well damped if &> 90% [17].

© Kodnyanko V. A., 2020
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At the beginning, using the algorithm for calculating
the values of the transfer function, it is necessary to
determine the power difference by the TF polynomial p =
n—m based on (2).

Further calculations are performed using the following
iterative process.

StepI.Puti=1land m=1, m=1, ny =inf, & = inf,
where inf is a large number (for example, inf = 10'°),
specify the accuracy of determining the degree of stability
€, and damping of oscillations over the period ;.

Step 2. Calculate n = p + m and, performing rational
interpolation by formula (11), find the vector a of the HP
coefficients.

Step 3. Determine the roots of the characteristic
equation, find the root with the largest real part among
them and calculate the criteria n; and &;.

Step 4. Check the conditions for convergence of the
iterative process to the solution

(12)

Step 5. If conditions (12) are met, then the quality
criteria of the system dynamics are determined with the
required accuracy, otherwise the process should be
continued. To do this, it is necessary to increase the
values of the iteration counter i and degree m by one and
go to the step 2.

i —ica| <eq |G —&io| <ee-

5 RESULTS

As a test problem for determining the quality criteria
of the dynamics of a system with distributed parameters, a
model of unsteady motion of an axial support with gas
lubrication was considered [18].

After linearization and application of the integral
Laplace transform to a linear model, a transfer function
necessary for calculations was obtained, the calculation of
the value of which includes the numerical solution of
several boundary value problems for the Reynolds
differential equation [19] of the form

—}:G—SR(HUHxP),

dir
dR{ drR H3

u(rb,S)ZUb, u(reﬂs):ues

d(Pu)
(13)

where U(R,S) is the required function,

P(R) = \/( P2 - pr)M+ B2

In(Re /Ry)

is function of static gas pressure in the lubricating layer;
o, o, H, ry, r,, Py, Pe are constants, S is the Laplace
transform variable.

Problem (13) does not have an exact analytical
solution; therefore, a numerical finite-difference sweep
method was applied to it, where the variable s played the
role of a complex parameter [20].

The numerical solution of problems (13) gives a result
of high accuracy, but this approach does not allow
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explicitly obtaining the transfer function and, in
particular, the HP.

The solution was found in sequential iterative rational
interpolation, the results of which were used to calculate
the quality criteria for the support dynamics with a given
accuracy.

The calculation algorithm is as follows. For the
accepted variant, the combination of the values of the
input parameters was first calculated

b, = ®(0) = 0.15934, then the difference in the degrees of
the TF polynomials p = n — m was determined. The result
is shown in Table 1.

From Table 1 it follows that the smallest p > 0, at
which sPd(s)converges to a nonzero limit, p = 2.

Taking &, = 10°, & = 0.1 and the order of the
polynomial of the numerator of the TF m = 0, we found
the initial order of the characteristic polynomial
n=p+m=2.

Table 1 — Determination of the difference p = n-m

N[ s | sD(S) | s*D(s)
1 1| 0.15934 | 0.15904
2| 10 | 0.09345 | 0.93415
3 | 100 | 0.00996 | 0.99926
4 [ 1000 | 0.00099 | 0.99999

Then, an iterative process was performed, at each step
of which m was increased by one, n = p + m was found,
the problem of rational interpolation of the TF was
solved, and the quality criteria of the system dynamics
were calculated.

6 DISCUSSION

The conditions (12) for the convergence of the
iterative process were fulfilled at the fourth iteration. This
means that for a sufficiently accurate representation of the
transfer function of the system from a practical point of
view, the order of the polynomial of its numerator is
n =5, and the order of the denominator is m = 3. In this
case, system (10) took the form

-0.026 0.057 —0.161 (b, —0.008
0.056 —0.026 0.057 || b, |=| 0.056
-0.405 0.056 —0.026 )\ b, -0.457
Her decision
b, 1.202
b, |=| 0.560 |. (14)
b, 0.055

With rational interpolation of the TF, the most time
consuming part of the procedure for finding eight
unknown coefficients ap, dp, A3, A4, as, bl, bz, b3 of the TF
was reduced to solving system (14) of the third order.
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Thus, with the help of rational interpolation, the
considered transfer function can be represented with an
accuracy sufficient for practice in the form

b, +b,s+b,s* +b,s’
l+as+a,s’+a,;s’ +b,s' +b;s’’

D(s) =

The criterion for the speed of the system
n = 0.233 > 0, the criterion for the damping of oscillations
over the period & = 100%. This means that the system is
stable and characterized by the absence of oscillation,
which indicates the high quality of its dynamics.

CONCLUSIONS

The paper proposes a fast method of rational
interpolation of the transfer function of linear systems
with distributed parameters, the values of which can be
found by numerical methods or in another way, for
example, by calculating the transcendental functions of
the Laplace integral transform variable. The method
allows to define explicitly the characteristic equation of
such a degree, which is sufficient to meet the accuracy
requirements when calculating the root quality criteria for
the dynamics of automatic control systems.

According to the proposed method, rational
interpolation is reduced to solving a system of linear
equations, the order of which is much lower (more than
twice) the order of similar systems used for rational
interpolation of functions by known methods. The
properties of this system are such that, if necessary, its
solution can be obtained by special fast methods of the
quadratic order of complexity.

A demonstration algorithm for calculating the root
quality criteria of an automatic control system is
considered on the example of assessing the quality of the
dynamics of a support with gas lubrication. The algorithm
made it possible to calculate the quality criteria with the
required accuracy in four iterations, at each of which a
rational interpolation of the transfer function obtained by
solving several problems for differential equations by the
high-precision finite-difference sweep method was
performed.
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IMIBUIKA PAIIIOHAJBHA THTEPIIOJISIIIA MEPEJATOYHUX & YHKIIA JTHIMHUX JTAHAMIYHAX
CUCTEM 3 PO3NOAIVIEHUMHU TAPAMETPAMHU
Koausauko B. A. — 1-p TexH. Hayk, mpodecop kadeapu craHmapTH3allii, METPOJIOTii Ta YIpaBiiHHSA sKicTIO. IlomiTexHIuHMIA
iHcTuTYT CHOipchKOTO (enepansHoro yHiBepcurery, KpacHosperk, Pocis.

AHOTAIIA

AKTyanbHicTh. Buknanaetbcss MBHAKKI METOA paliOHaJIbHOI IHTEPHOJALIl NepeaaBasbHOl (QyHKLIT JTIHIHHUX AWHAMIYHHX
CHCTEM 3 PO3IOJUICHUMHU IapaMeTpaMH, 3HAUCHHS SKOi MOXYTb OyTH 3HAiJeHI YHCEJIBHHMHM METOJaMH abo pPO3paxyHKOM
TPaHCLUEHAEGHTHUX (YHKIH 3MiHHOI iHTerpanpHOro neperBopenHs Jlaruaca. Meron N03BoJisie BU3HAYUTH B SBHOMY BHIVIAII
nepenaBaibHy (QyHKIIIO i, 30KpeMa, XapaKTepUCTUYHE PIBHIHHS Takol MipH, siKa IOCTaTHs ISl 330BOJICHHS] BUMOT TOYHOCTI IIPU
PO3paxyHKy KOPEHEBHX KPUTEPIiB IKOCTI AWHAMIKU CHCTEM aBTOMATHYHOTO YIPABIIiHHS.

Mera. BigmoBizHO [0 3alpOMOHOBAHOTO METOAY palliOHAIFHA IHTEPIOJALIs 3BOAUTHCS O BHUPIIICHHS CHUCTEMH JiHIHHX
PIBHSIHB, HOPSAAOK SKOI 3HAUHO HDKYE (OLTBII HIX y[Bidi) MOPSIAKY aHAIOTIYHUX CHCTEM, IO 3aCTOCOBYIOTHCS IUISl palliOHaJIbHOI
iHTepnoysii QyHKOii BimoMuMM MeromaMHu. BiactmBocTi miei cucremm € TakuMH, 1o ii pilleHHS MoOXe OyTH OTPHMAaHO
crewiaJbHIMH NIBUAKAMH METO/IaMH KBaPaTUYHOTO HOPSIKY CKJIQIHOCTI.

Metoa. IrepauiiiHuii anropuT™M po3paxyHKy Koe(illieHTIB mepenaBaibHOi (yHKUIT JiHIHOI AWHAMIYHOI CcHCTEMH 3
PO3MOAIICEHUMH IapaMeTpaMH IIPOBEACHO 3 BHKOPHCTAHHSIM METOJIB Teopil (QyHKIi KOMIIEKCHOT 3MIHHOI 3 BHKOPHCTaHHIM
JMCKpeTHoro mneperBopeHHs Jlamnaca. 3anponoHOBaHMM MiAXiZd JO3BOJIMB 3HAYHO HPHCKOPUTH PO3PAXyHKH 3a JIOMOMOTOIO
JEKOMIIO3HUII CHCTeMH JiHIMHUX PiBHSAHD IION0 KoeilieHTIB mepenaBaidbHOI (PyHKIII A0 CHCTEMH NMPHOIU3HO BABIYI MEHILIOTO
MOPSZIKY, sIKa JIOITyCKae IIBUAKE pilleHHs MeToaamu TpeHua, bepnexamma-Mecci abo EBkimizna.

PesyabraTu. PO3rIsHYTO NpHKIAL NPAaKTUYHOTO BHKOPUCTAHHS ITEpaLiiHOrO aJropuTMy palioHaJIBHOI iHTeprosmii i
0o0uHCIeHHS 13 33JaHOI0 TOYHICTIO KOPEHEBUX KPHUTEPIiB IKOCTI IMHAMIKH OIIOPH 3 Fa30BOI MaCTHIIOM.

BucHoBkn. MeTox 103BOJIS€ SIBHO BU3HAUUTH XapaKTEPUCTHYHE PIBHSIHHS Takoi MipH, siKa JOCTAaTHS Ul BUKOHAHHS BHMOT
TOYHOCTI IIPY OOYKCIICHHI KOPEHEBUX KPHUTEPIiB SKOCTI IMHAMIKA CHCTEM aBTOMATHYHOTO yHpaBiliHHs. ParioHansHa iHTeprosmis
3BOJUTHCS [0 BUPILICHHSI CUCTEMH JIIHIHHUX PIBHSHbD, HOPSIOK K0l HaGarato Hipk4e (OLbII HIX B JBa pa3u) HOPSAKY aHAJIOTIYHHX
CHCTEM, BHKOPHCTOBYBaHUX [UIsl pallioHambHOI iHTeprmossiuii GyHKUid BitoMuMu Meromamu. BractuBocTi cucTemu Taki, mo il
pillleHHS MOKe OyTH OTPUMAHO CrIeLiaIbHUMH IIBUAKUMH METOJAMH KBaJIPATUYHOTO MOPSAAKY CKIAIHOCTI.

KJIFOYOBI CJIOBA: pamioHanpHa iHTEPIONALis, JiHIMHHA JAWHAMIYHA CHCTEMa, IepeAaBanbHa (QYHKIISA, CHCTEMa 3
PO3NOAIIEHUMH apaMeTpaMH, JUCKpeTHE nepeTBopeHHst Dyp’e.
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BBbICTPASI PALIMOHAJIBHASI UHTEPIOJISILIUSA NEPEJATOUYHBIX ®YHKIUA JTUHERHBIX IMHAMWYECKUX
CHUCTEM C PACIIPEJAEJIEHHBIMU TAPAMETPAMU

Koaunsinko B. A. — n1-p TexH. Hayk, npoeccop kadeapbl CTaHAapTH3aLNN, METPOJIOTUHU U YIIPaBICHUS KauecTBOM. [loMMTeXHnuecKuit

uHcrutyT Cubnpcekoro denepanbpHoro ynusepeurera, KpacHosipek, Poccust.
AHHOTAIUA

AKTyaJbHOCTb. I3maraercst OBICTPBIA METOJ PAlOHAJIBHOW WHTEPIOJSIIMU TepeIaTOYHOr (GYHKIMU JIMHEHHBIX JHHAMHYECKUX
CHCTEM C paclpeleiCHHBIMH IapaMeTpaMH, 3HA4YCHUs KOTOPOW MOTYT OBITh HaWJEHBl YHCICHHBIMH METOJaMH JIHOO pacuyeToM
TPaHCUCH/ICHTHBIX (YHKIHMH NEPEeMEHHOW HHTEerpajbHOro mpeodpasoBanus Jlammaca. Merox MO3BOJSIET ONPENEIHUTh B SIBHOM BHIC
nepenaTouHyto (QYHKIHMIO U, B YAaCTHOCTH, XapaKTEPUCTHYECKOE ypaBHEHHE TAKOH CTENEHH, KOTOPOE JAOCTATOYHO VIS YIOBJIETBOPECHHS
TpeOOBaHMI TOYHOCTH IIPH pacyeTe KOPHEBBIX KPUTEPHEB KauecTBA TMHAMHUKH CHCTEM aBTOMAaTHYECKOTO YIPABIICHHUS.

Hean. CormacHo NpeIOKEHHOMY METOJYy palMOHAIbHAs WHTEPHONAIMS CBOIAWTCS K PEIICHHIO CHCTEMBI JIMHEWHBIX YPaBHCHHH,
MOPSOK KOTOPOi 3HAYMTENBHO HIKe (D0JIee ueM B/IBOE) MOPS/IKA aHAJOTHYHBIX CHCTEM, IPUMEHSEMBIX I PALMOHATIBHON HHTEPIIOISLUN
(byHKUMH n3BecTHRIMU MeToAaMu. CBOMCTBA JAHHOM CHCTEMBbI TAKOBBI, YTO €€ PEIICHUE MOXKET ObITh IOJY4YeHO CHELHAIbHBIMU OBICTPBIMU
METOJIaMH KBA/IPATHYHOTO MOPSIJIKa CII0KHOCTH.

Mertoa. lTepanuoHHBII anroput™M pacdera Kod(QGHUIMEHTOB MepeJaTouHON (YHKIMM IHMHEHHOH JMHAMHYECKOH CHCTEMBI C
pacrpeeneHHbIMU TTapaMeTpaMy TPOBEACH C MCIOJIb30BaHHEM METOJOB TEOPUH (YHKLHMH KOMIUIEKCHON NMEPEeMEHHOH C MCIIONIb30BaHUEM
JMCKpeTHOro npeodpazoBanus Jlamaca. [IpenyioxkeHHbIH OAXO0A MO3BOIMI 3HAYUTENILHO YCKOPUThH PAacyeThl OCPEACTBOM JEKOMIIO3HLIMH
CHCTEMBbI JINHEHHBIX YPAaBHEHUH OTHOCHTEIIHLHO KO3((GHINEHTOB IePEeAaTOYHOH (YHKINU K CHCTEME NPUMEPHO BIBOE MEHBILETO IOPsIKa,
KOTOpasi JI0MyCcKaeT ObIcTpoe pemenne Metonamu Tperda, bepnexkamna-Meccu nmn EBximna.

PesyabTaTbl. PaccMoTpeH mpumep MpakTHYECKOTO HCIONB30BAaHUS WTEPALMOHHOTO aJIrOPUTMa PAlMOHAIBHOW HHTEPIOIALHMU U
BBIUHMCIICHUS C 33JIaHHOW TOYHOCTHIO KOPHEBBIX KPUTEPUEB Ka4eCTBA JMHAMHUKH OIIOPHI C Ta30BOM CMa3KOH.

BbiBoabl. MeTo 1 IO3BOJISET SBHO ONPEACTUTh XapaKTEPUCTHIECKOE YPaBHEHHE TaKOM CTEIIEHH, KOTOpasi TOCTaTOYHA IS BBIIOTHEHHS
TpeOOBaHUIT TOYHOCTH MPU BBIYMCICHUH KOPHEBBIX KPUTEPHEB KauecTBa AUHAMUKH CHCTEM aBTOMAaTHYECKOrO yNpaBiieHUs. PannoHanbHas
HHTEPIOJISILUS CBOJUTCS K PEIICHUIO CHCTEMBI JINHEHHBIX ypaBHEHUH, NOPSIOK KOTOPOi HaMHOro Hipke (Oosiee ueM B JiBa pasa) Mmopsaka
AQHAJIOTMYHBIX CHCTEM, MCIHOJIB3YEMBIX JUIS PallMOHAJIbHOW WHTEPNOSIINYN (YHKIMH M3BECTHHIMUA MeTojgaMu. CBOMCTBA CHCTEMBI TaKOBBI,
YTO €€ pelIeHHEe MOXKET ObITh MOJIYYEHO CIELHAILHBIMH OBICTPHIMI METOIAMHU KBAJAPATHIHOTO MOPSIKA CIOKHOCTH.

KJIFOYEBBIE CJIOBA: panuonanbHash WHTEPIONSINS, JTHHEHHAS AWHAMUYECKAas CUCTEMa, MepeldarodyHas (GyHKIHs, CHCTeMa C
pacnpe/ereHHbIMH TapaMeTpaMu, JUCKpeTHoe peobpa3oBanue Dypee.
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METOJA IIOBY1OBHU IIJTAHIB BATTATO®AKTOPHHUX
EKCIIEPUMEHTIB 3 MIHIMAJIbHOIO KIVIBKICTIO 3MIH PIBHIB
PAKTOPIB TA OIITUMAJIBHUX 3A BAPTICHUMU (HUACOBUMMN)

BUTPATAMUA

KomoBuii M. I. — 1-p TexH. HayK, mpodecop, 3aBixyBad Kadeapu iHTENEeKTyaTbHUX BUMIPIOBAJIBHUX CHCTEM Ta
imkeHepii sikocti, HanionansHuii aepoxocMmiunuii yHiBepcutet iM. M. €. XykoBcbkoro «XAl», XapkiB, YkpaiHa.

JepravoB B. A. — kaHj. TexH. HayK, JIOICHT, IOLEHT KadeapH IHTENIEKTYaIbHUX BUMIPIOBAJIBHUX CUCTEM Ta iH-
xeHepil sikocTi, HarioHanbHuit aepokocmiunmii yHiBepeutet iM. M. €. XKykoscebkoro «XAl», Xapkis, YkpaiHa.

MaBauk I'. B. — kaHx. TexH. HayK, JOIEHT KadeapH IHTENEeKTyaIbHUX BUMIPIOBAJIbHUX CUCTEM Ta iHXKEHepii sSKoc-
Ti, HarionanpHuit aepokocMiunmit yHiBepcuteT iM. M. €. JKykoBcbkoro «XAly», Xapkis, Ykpaina.

3adoaorumii O. B. — 1-p TexH. HayK, JIOIEHT, JeKaH ()-Ty CHCTEM YIIpaBIiHH JITAJIbHUX anapariB, HarioHanbHui
aepokocMivHHi yHiBepcuTeT iM. M. €. JKykoBcbkoro «XAl», Xapkis, YkpaiHa.

Komoga I. 1. — acmipanT kxadeapu iHTeNeKTyaTbHAX BUMIPIOBAJIbHUX CHCTEM Ta iHKeHepii skocti, HarionansHuit
aepoxocMivHu# yHiBepcuTeT iM. M. €. XXykoBcrkoro «XAl», Xapkis, YkpaiHa.

Kocrenko O. M. — 1-p TexH. Hayk, npodecop, npodecop kadeapu TEXHOIOTIH Ta 00J1aIHAHHS IEPEPOOHUX Ta Xap-
4OBHX BUPOOHMITB, [lonTaBchKa nepxaBHa arpapHa akagemis, [lonraBa, Ykpaina.

AHOTANIA

AxTyanbHicTh. BupinieHo akryansHy 3amady po3poOKH MeTomy moOynoBH IUTaHiB OaratodakropHux excrepumeHtiB (BOE) 3
MIiHIMaJIBHOIO KUTBKICTIO 3MiH PIiBHIB (JaKTOPIB Ta ONTHMAIBHUX 3a BapTiCHIMH (YaCOBHMH) BUTpPAaTaMU.

Meta po6oTH: po3pobka METOIy Ta 3ac0O0iB CHHTE3Y IUIaHIB 0araTo(haKkTOPHUX CKCIICPUMEHTIB 3 MiHIMAILHOI KUTBKICTIO 3MiH
PiBHIB (haKTOPIB Ta ONTUMAIBHUX 32 BapTICHUMH (YaCOBHMHM) BUTpAaTaMHU.

Metoau. 3acTOCyBaHHS METO/IIB IJIaHYBaHHS SKCIIEPUMEHTIB Ja€ MOXIIHBICTh 3MEHIINTH BapTicHi (4acoBi) BUTPATH HPH JOCIi-
JUKeHHI Pi3HOMaHITHUX TEXHOJIOTIYHHUX HPOLECiB, IPUCTPOIB Ta CUCTEM.

Minimizaniss KiTBKOCTI 3MiH PiBHIB (pakTOpiB mpu MOOyAO0BI IUaHiB 0araTo)akTOPHUX EKCIIEPUMEHTIB TAKOX MPU3BOIUTH IO
3MEHIIECHHS BapTOCTi (4acy) Ha ix peaiizamito.

3anponoHOBaHM paHille MeTo/] o0y I0BH IUIaHIB 6araTo()akTOPHUX €KCIEPHMEHTIB, OCHOBAHMII Ha 3acTOCyBaHHI koxy ['pes,
Jla€ MOJIUBICTh MIHIMI3yBaTH B HHX KiJbKICTb 3MiH PiBHIB ()akTOpiB. AJie Iii IUTaHHU HE 3aBXK/H SBISIOTHCS MiHIMAIFHUMH 3a BapTi-
CHHUMH (4YaCOBHUMH) BUTPATaMH.

B 3B’s13Ky 3 MM BHHHKAE 33j1a4a po3poOKu MeToay Ta 3aco0iB o0yIoBH IUIaHIB 6araTo(hakTOPHUX EKCHEPUMEHTIB 3 MiHIMab-
HOIO KUNBKICTIO 3MiH piBHIB ()akTOpiB Ta ONTHMaNbHUX 3a BapTicHUMH (4acoBuMH) BuTpatamMu. CyTh 3alpONOHOBAHOIO METOMLY
HOJISITa€ B HACTYIIHOMY: TCHEPYBaHHS MEPECTAHOBOK 3 MiHIMAJIbHUM YHCJIOM TPAHCIIO3MLIH CYCiOHIX €IEeMEHTIB; Ui KOXXHOTO
OTPUMAHOTO IUIAHY BHU3HAYAETHCS KIIBKICTH 3MiH PiBHIB (PaKTOPIB ILIAXOM PO3pPaxyHKY BiACTaHi Mo XEMMIHTY AJS CYCimHIX map
IBIIKOBUX CIiB; 3aMKC IUIaHy 3 MiHIMaIBHOIO KUTBKICTIO 3MiH PiBHIB ()aKTOpiB B MHOKHHY D; aHami3 ABIMKOBUX KOIIB, IO BXOISThH
y MHOXUHY D, cepex sIKMX IPHCYTHI KOJH, OTpuMaHi 3 kony ['pes nurixom E, H ta (E, H) mepeTBOpeHb; MOUIYK cepe]] MHOKIUHU
MoaudikoBanux koaiB I'pes G (E, H) Takux, IO BiJIIOBIAIOTH ONTHMAJIGHIM 33 BapTICHUMH (4aCOBHMH) BUTpAaTaMH IUIaHAM €KC-
NIEPUMEHTY.

PesynbTaTn. Po3pobiieHo nporpaMHe 3a0e3neyeHHs, 110 pealli3ye 3armponoHOBaHN METOI OOYIOBH IUIaHIB 3 MiHIMAILHOKO Killb-
KICTIO 3MiH PiBHIB (haKTOpIiB Ta ONTUMAJIBHUX 32 BapTICHUMHM (4acoBUMH) BUTpaTtamu. IIporpaMue 3abe3nedeHHs] MOXKE CHHTE3yBaTH
OINTHUMAJIbHI [IAaHU eKCHIEPUMEHTIB JUIsl JOCII/KEHHS 00 €KTIB 3 KibKicTIO (hakTopiB k < 4.

BucnoBku. IIpoBeneHi KOMII'IOTEPHI €KCIIEPUMEHTH HAlpaBieHi Ha 1MoOYyNOBY ONTHMAJbHMX IUIAHIB IS JOCIHIJDKCHHS TaKUX
00’€KTIB K TEXHOJIOTIYHHUI MPOIIEC BUTOTOBICHHS JACTANCH TapsSyiuM LITaMITyBaHHSAM Ta CIIAKyIOYa CHCTEMa MiATBEpAMIH Iparie-
3IATHICTh Ta €(EKTHBHICTH PO3POOJICHOTO METOLY Ta HMPOrpaMHOro 3abe3medeHHs, o Horo peanizye. HaykoBy HOBU3HY poboTh
CTaHOBHUTH METOJ, III0 JO3BOJII€ CHHTE3yBaTH IUIAaHN 0araTo(akTOPHUX eKCHEPHMEHTIB 3 MiHIMAJIbHOIO KiNBKICTIO 3MiH piBHIB (hak-
TOpIB Ta ONTHMAJIBHUX 3a BapTICHUMH (4aCOBHMH) BUTpaTaMH. [IpakTHYHA 3HAYUMICTB Pe3yJIbTaTiB pOOOTH B TOMY, IO PO3POOIICHE
nporpaMHe 3a0e3MeUeHHs] MOXKe 3HaWTH IIMPOKE 3aCTOCYBAaHHS IIPH JOCHIIKEHHI TEXHOJOTIYHHUX IIPOLECIB, IPUCTPOIB Ta CHCTEM,
Ha SIKMX MOXJIMBA peaizallis aKTHBHOTO €KCIIEPUMEHTY.

KJIIOYOBI CJIOBA: meron, onTUMalbHHUN IUIAaH €KCIEPUMEHTY, PiBHI (hakTOpiB, MEPETBOPEHHS, MHOXHHA, BAapTICTh, 4ac,
MporpaMHe 3a0e3MeYeHHs.

ABPEBIATYPU D — muO)WHa Tma”iB BOE 3 MiHIMaIIBHOIO KTBKICTIO
B®E — 6aratodakTopHUil €KCIIEPHIMEHT. 3MiH piBHIB ()aKTOpiB;
E — MHOXXWHA MepecTaHOBOK CTOBIIIIIB KOAY;
HOMEHKJIATYPA G(E) — mogudixoBanuii kox I'pest, orpumanmii 3a 1o-
B;— HOMep CTOBILIS, 110 3HAXOAUTHCS HAa i-My Miclli;  HOMOTOIO £ 1epeTBopeHb;
C; — iHBepcif i-T0 CTOBIILIS; G(H) — mogudixoBanuii kox I'pes, oTpumanuii 3a mo-

IIOMOI'00 [ NIepETBOPEHD;
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G(E, H) — moaudixoBanmii kox ['pest, orpumanuii 3a
JI01oMOroxo £ ta H nepeTBopeHs;

H — MHOXUMHA 1HBEpCili CTOBIIIIB KOY;

i — TIOTOYHMI HOMEp IIEPETBOPEHHS;

k — KiNbKicTh (haKTOpiB;

L — xinmbKicTs copmoBanux miaHiB bOE 3 minimans-
HOTO KUTBKICTIO 3MiH pPiBHIB (haKTOPiB;

M — iman BOE;

M, — nan BOE, OTPHMAaHUI y pe3yNbTaTi i-To mepe-
TBOPCHHS;

7 — KUIBKICTB JOCHIIIB;

P — MHOXMHA IEPETBOPEHD;

pi —BHI I—TO NIEPETBOPEHHS;

¢ — KUIbKICTb 3MiH piBHIB (pakTopiB;

X — nBiliKOBE YHUCIIO;

Z — KUIBKICTh IIEPETBOPEHB,

p — BiJICTaHb 10 XCMMIHTY.

BCTYII

[TmaHyBaHHS €KCIIEPUMEHTY JOLLIBHO 3aCTOCOBYBAaTH
UIA  TiABUIIEHHS €(eKTUBHOCTI eKCIepUMEHTAIbHUX
JIOCITIKEeHb. B kimacmyHuX poboTax 3 IIaHyBaHHS eKcIle-
PUMEHTY BBa)KaJH, IO JOCTIAN B IUIAHI SBISIOTHCS PiB-
HO3aTpaTHUMHU. Alle 1e He Tak. ToMy 3MiHa MOPSAKY
NPOBEJICHHSI TOCTIIB TPH peajtizalii aHy eKcriepuMeH-
Ty CYTTEBO BIUIMBA€E Ha BAPTICTh (4Yac) HOro MpOBEACHHS.
[Tpn npomy BapTicTh (4ac) peasnizaumii eKCEepUMEHTY 3a-
JISKUTH B/l KUTBKOCTI 3MiH PiBHIB (hakTOpiB y HOT0 I1aHi.
MiHiMallbHa KiTBKICTh 3MiH piBHIB ()akTOpiB XapakTepHa
JUIS TUIAHIB €KCIIEPUMEHTIB, MOOYJJOBaHUX METOZOM, OC-
HOBaHWMM Ha 3aCTOCYBaHHI Koxy ['pes. Ane minaHu cHHTe-
30BaHi IIMM METOAOM HE 3aBXXIH SIBIISIOTHCS ONTHMAallb-
HUMH 3a BapTicTio abo gacoM ix peamizamii. Tomy BHHE-
Kae 3a/1avya po3poOku MeTomy NmoOYyJOBH IUIaHiB Oarato-
(aKTOpHUX EKCIEPUMEHTIB 3 MIHIMAaIbHOI KiJbKICTIO
3MiH piBHIB ()aKTOpiB Ta ONTUMAJIBHUX 332 BapTICHUMH
(4acoBHMH) BUTpaTaMH.

OO0’€KT AOCTIIKEHHS: TIPOIIECH ONTHUMI3aIli 3a Bap-
TICHUMH (YacOBMMH) BHTpaTaMH IUIaHiB Oaratodaktop-
HUX €KCIICPUMEHTIB.

IIpeamer qocTiaKeHHs: METOAH Ta 3acO0H OOy IOBH
ONTHMAJIBHUX 3a BapTICHUMHU (YaCOBUMH) BHUTpaTaMu
IDTaHIB 0araTo(pakTOPHUX EKCIICPUMEHTIB.

Meta pgocaigikeHHsi: po3poOKa Ta JOCTIIKECHHS
MeTOAy MOOyAOBH IUIaHIB 6araTopakTOpHUX EKCIIepHU-
MEHTIB 3 MiHIMaJbHOIO KiJTBKICTIO 3MiH DPiBHIB (haKTO-
piB Ta ONTUMAaJbHHUX 32 BapTICHUMH (4aCOBUMH) BH-
TpaTamu.

1 IOCTAHOBKA 3AJIAUI

Jyist TOCSITHEHHS! TTOCTABJICHOI METH JOCIIKEHHS He-
00XiJTHO BUPIIIUTH HACTYIIHI 331a4i:

— po3pobutu MeTo MOOYAOBH IaHiB OaraTodakTop-
HUX EKCIIEPUMEHTIB 3 MiHIMaJIbHOIO KUTBKICTIO 3MiH piB-
HiB ()aKTOpiB Ta ONTUMAIBHUX 32 BapTICHUMH (4acOBH-
MH) BUTPaTaMH;

— PO3pOOHUTH MporpamMHe 3a0e3MeueHHs], MO0 peatizye
JTaHUH METO/;

— U1 KUTBKOCTI (pakToOpiB k=3 3 JTOMOMOIOI0 PO3po0-
JICHOTO MPOTPaMHOTo 3a0e3NEeUYeHHs] CHHTE3YBaTH Ta J0-
CJIZIUTH MHOXMHY TUIaHIB 3 MiHIMaJIBHOIO KiTBKICTIO 3MiH
piBHIB (haKTOPIB;

— JIOBECTH TIpale3laTHICTh Ta e(eKTHBHICTH pO3po0-
JICHOTO METO/y TP ONTHMIi3alii 3a BapTiCHUMHU (4aCOBH-
MH) BUTPaTaMH TUIAHIB €KCIIEPUMEHTIB JUIS TOCIIHKCHHS
TEXHOJIOTIYHUX MPOLECIB, MPUCTPOIB T CUCTEM.

2 OrJiAd JITEPATYPU

s moOynoBU ONTHMAaBHUX TUIAHIB 6araToakTOpHMX
EKCTIIEPUMEHTIB MOXKHA 3aCTOCOBYBAaTH METOIN KOMOiHATO-
puoi ontumizauii [1-11]. Bizomi Takox po3po0iieHi MeTo-
1 NOOYJOBH ONTHMAaJbHUX 33 BAapTICHUMU (YaCOBHMH)
BUTpaTaMH IUIaHIB 0araTo(akTOpHUX EKCIEPUMEHTIB B
[12—15]. Lli MeTomu MarOTh CBOi IepeBard Ta HEIOIKH.
CyTTeBi IX HEMOMIKH: HU3bKA MIBUIKOIS HE 3aBXKIU OTPH-
MYETBCSI TOUHE PIillICHHS, a JIMIIe OIN3bKe JI0 ONTUMAIIBHO-
ro. IInanu, 1m0 CHHTE3YIOThCS METOJOM, OCHOBAaHMM Ha
3acTocyBanHi koay ['pes [12] MaroTh MiHIMANBHY KUTBKICT
3MiH piBHIB (paKTOpIB, ajie HE 3aBXKIN ONTHUMAJIbHI 32 Bap-
TICHUMH (YaCOBMMH) BUTpATaMH Ha iX peati3aifo.

Metox moBHOTO TIepedopy MpH CyIacHOMY PiBHI po3-
BUTKY TEXHIKM JIa€ 3MOry MOOyAyBaTH ONTUMAaJbHI 3a
BapTICHUMH (YaCOBMMH) BUTpATaMH TUIAHM TUIBKH IS
KIJIBKOCTI (pakTopiB k<3.

TakuM 4MHOM, BUHHUKAE 3a/a4a pO3pOOKH METOY IO-
OynoBu 1aHiB O0araToakTOpHUX EKCIIEPUMEHTIB 3 MiHi-
MaJIbHOIO KUTBKICTIO 3MiH PiBHIB ()aKTOpiB Ta ONTUMAaJIb-
HUX 32 BapTICHAMU (4aCOBUMH) BUTPATAMHU.

3 MATEPIAJIU TA METOHU

Metox noOynoBu MHOXKUHH TutaHiB BOE 3 MiHiManb-
HOIO KiNBKICTIO 3MiH PIiBHIB (paKTOPIiB CKIATA€ThCS 3 Ha-
CTYITHHX €TaIliB.

Etan 1. YcTaHOBNIOEMO MOYATKOBI 3HAYEHHS MOTOY-
HUX napamerpiB: i =0, L =0.

Etan 2. BusHayaemMo MOTOYHHUI HOMEp MEPETBOPEHHS
i=i+1 taiioro Bun p;.

Etan 3. ®opmyemo nnan BOE, otpumanuil y pesynb-
Tati i-ro meperBopenns M ; = M(p,).

Etam 4. Bu3nagaeMo KiTbKicTh 3MiH piBHIB (hakTOpiB
y mani M';:

n—l1
4= Y p(X;. X 11).
Jj=1

Etan 5. Slkmo g>n—1, To mepexoaumo 1o 1. 7.

Eran 6. L=L+1, D;= M,

Etan 7. Slkmo i < z, To mepexoauMo Jo eTamy 2.

Eran 8. Kineus.

Posrisinemo mpuxiiag 1moOyJOBM MHOXXHHM  IUIAHIB
noBHoro B®E 3 MiHIMabHOIO KiNBKICTIO 3MiH piBHIB (a-
KTopiB st n=8 1 k=3.

[pu omuci mnanis BOE 3HaueHHs «+1» 3aMiHUMO Ha
«1», a 3HaUeHHS «—1» 3aMiHuMO Ha «0».

[MouatkoBuii man BOE, npencrapnennii y BUTIAAIL
JBifKOBHX KoAiB, Mae Burisigm M= {000,001,010,0 1
1,100,101,110,111}.
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Jnst po3rIsiHyTOrO 3aBJaHHSI MHOXKMHA IIEPETBOPEHD —
[[c MHOXHMHA BCIX MEpecTaHOBOK. J[Jist 3aqaHOi KiJIbKOCTI
baxTopis k KinbkicTs meperBopens z = (2°)! i icroTHo poc-
TE 3 POCTOM 3HaueHHs k. AHai3 crioco0iB reHepyBaHHS
MEPECTaHOBOK [16] mokasas, mo HaHOLIBII e()CKTHBHUM €
TeHEpPYBaHHS BCIX HEPECTAHOBOK 3 MIHIMAIGHHM YHCIIOM
TPAHCIIO3UIIN CyCiIHIX eneMeHTiB. Y Tabn. |1 HaBemeHWi
(parMeHT TeHepyBaHHS IIEPECTaHOBOK IS A=3.

[Inan B®E B pe3ympTari i-T0 MEPETBOPCHHA
M'; = M(p;) BUXOOUTH LUISIXOM IMEPETBOPEHHS B ILIAHi
M*,-,I = M(p; ;) Tinbku nBOX Horo HabopiB. Hampuknan,
mran M 5,=14{001,000,010,011,100,101,110,1
1 1} y pesymbrari neperBopennst P = {2,3,1,4,5,6,7,8}
MIEPETBOPUTHCS B IIJIaH M= {001,010,000,011,1
00,101,110,111}ir.m

Hnst koxxHoro otpuManoro iany b®OE npoBoautbest
OIIiHKA KiJIbKOCTi 3MiH piBHIB ()aKTOPIB Yy IUIaHI NUIIXOM
BH3HAYCHHS BIJICTaHI MO XEMMIHTy Al CYCIOHIX map
nBifikoBux ciiB. Hanpukman, mrs mmany M = {0 0 1, 0 1
0,011,100,000,101,110,11 1} ximpKicTh 3MiH
PpiBHIB (aKTOpIB y ITaHI BU3HAYAETHCS B TAKUi CIIOCiO:

g=p(001,010)+p010,011)+p011,100)+
p(100,000)+p(000,101)+p(101,110)+
+p(110,111) =12.

SIKIIO KiIbKICTB 3MiH piBHIB (aKTOPIB y IUIaHI € MiHi-
MaJlibHOIO (¢=n—1), TO IJIaH 3aIMCY€THCS B MHOXHHY D.

V Tabn. 2 HaBe[eHNH (parMeHT aHAIi3y XapaKTepHucC-
TUK 11aHiB BOE.

VY poborti [14] nHaBenenuit pparMeHT MHOXKHMHH IUTaHIB
OaraTo(aKTOPHUX EKCIEPUMEHTIB 3 MiHIMAIBHOIO KiJbKi-
CTIO 3MiH piBHIB (pakTOpiB It k=3, OTPUMAHO]I 3a II0TI0-
MOTOI0 OTIMCAaHOTO METOLY.

Onwucanuii Meron mnoOynoBu IuiaHiB noBHoro b®OE
EKCIIEPUMEHTY JI03BOJISIE TIOOYIyBaTH KaTaJlOTH ONTHMa-
JBHUX MO KIJIBKOCTI 3MiH piBHIB ()akTOpiB i BUOIp ONTH-
MaJIHOTO 3a BapTicTiO (YacoM) peanizalii BapiaHTa mpo-
BOJIMTH HE HA BCIM MHOKHHI MOXKJIMBHX IIIAHIB, a TUIEKU
cepen IUIaHIB, IO BXOAATh y KaTaJloT, KUIBKICTH SIKHX
3HAYHO MeHmIe. [yisi HaBeAEHOTro BHINE NMPUKIAAA Kilb-
Kicte meperBopeHb 40320, a KUIBKICTP ONTHMANBHUX
IUTaHIB y KaTajo3i — 144.

AHaJti3 peICTaBHUKIB KaTaJory MOKa3ye, 0 B HbOTO
BxoauTh Kox I'pes. Ha puc. | nmokasanuii po3moain aBiii-
KOBHX KOJIIB.

Tabmuns 1 — ['eHepyBaHHS NIEPECTAHOBOK 3 MiHIMAJIBHIM YHCIIOM TPAHCIIO3UINIH CYCIIHIX eIEMEHTIB aisl k =3

Ne P Ne P
1 1 2 3 4 5 6 7 8 2 2 1 3 4 5 6 7 8
3 2 3 1 4 5 6 7 8 4 2 3 4 1 5 6 7 8
5 2 3 4 5 1 6 7 8 6 2 3 4 5 6 1 7 8
7 2 3 4 5 6 7 1 8 8 2 3 4 5 6 7 8 1
9 3 2 4 5 6 7 8 1 10 3 2 4 5 6 7 1 8
11 3 2 4 5 6 1 7 8 12 3 2 4 5 1 6 7 8
13 3 2 4 1 5 6 7 8 14 3 2 1 4 5 6 7 8
15 3 1 2 4 5 6 7 8 16 1 3 2 4 5 6 7 8
17 1 3 4 2 5 6 7 8 18 3 1 4 2 5 6 7 8
19 3 4 1 2 5 6 7 8 20 3 4 2 1 5 6 7 8
21 3 4 2 5 1 6 7 8 22 3 4 2 5 6 1 7 8
23 3 4 2 5 6 7 1 8 24 3 4 2 5 6 7 8 1
25 3 4 5 2 6 7 8 1 26 3 4 5 2 6 7 1 8
27 3 4 5 2 6 1 7 8 28 3 4 5 2 1 6 7 8
29 3 4 5 1 2 6 7 8 30 3 4 1 5 2 6 7 8
31 3 1 4 5 2 6 7 8 32 1 3 4 5 2 6 7 8
33 1 3 4 5 6 2 7 8 34 3 1 4 5 6 2 7 8
35 3 4 1 5 6 2 7 8 36 3 4 5 1 6 2 7 8
37 3 4 5 6 1 2 7 8 38 3 4 5 6 2 1 7 8
39 3 4 5 6 2 7 1 8 40 3 4 5 6 2 7 8 1
41 3 4 5 6 7 2 8 1 42 3 4 5 6 7 2 1 8
43 3 4 5 6 7 1 2 8 44 3 4 5 6 1 7 2 8
45 3 4 5 1 6 7 2 8 46 3 4 1 5 6 7 2 8

© Komosuiit M. J1., leprayos B. A., [Tapnuk I'. B., 3a6onotuuii O. B., Komoga I. I., Kocrenko O. M., 2020

DOI 10.15588/1607-3274-2020-4-6

57



e-ISSN 1607-3274 PagioenexTpoHika, inpopmaTuka, ynpasminss. 2020. Ne
Ne

p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2020.

4
4

Tabnuis 2 — Anani3 xapakrepuctik mianis BOE
Komen-
Tap

M q

000,001,010,011,100,101,110,111 | 11
001,000,010,011,100,101,110,111 | 10
001,010,000,011,100,101,110,111 | 12
001,010,011,000,100,101,110,111 | 10
001,010,011,100,000,101,110,111 | 12
000,010,011,001,100,101,110,111 | 9
010,000,011,001,100,101,110,111 | 10
010,011,000,001,100,101,110,111 | 10
010,011,001,000,100,101,110,111 | 8
010,011,001,100,000,101,110,111 | 10
010,011,100,000,101,001,110,111 | 12
010,011,100,101,000,001,110,111 | 12
010,011,100,101,001,000,110,111 | 10
010,011,100,101,001,110,000,111 | 14
010,011,100,101,001,110,111,000 | 13
010,011,100,101,110,001,111,000 | 15
000,100101,001,011,010,110,111 | 7 =1
100,001,101,010,110,000,111,011 | 13
100,001,101,010,000,110,111,011 | I1
100,001,101,000,010,110,111,011 | 9
100,001,000,101,010,110,111,011 | 11
100,000,001,101,010,110,111,011 |9
000,100,001,101,010,110,111,011 | 10
000,100,101,001,010,110,111,011 | 8
100,000,101,001,010,110,111,011 |9
100,101,000,001,010,110,111,011 |9

7

9

100,101,001,000,010,110,111,011 L=2
100,101,001,010,000,110,111,011
100,101,001,010,110,000,111,011 | 11
100,101,001,010,110,111,000,011 | 11
100,101,001,010,110,111,011,000 | 9
000,001,100,101,110,111,011,010 | 9
000,001,101,100,110,111,011,010 | 7 L=3
100,101,010,001,110,111,011,000 | 13
001,100,101,000,110,111,011,010 | 10
001,100,000,101,110,111,011,010 | 10
001,000,100,101,110,111,011,010 | 8

Kon I'pest Mae HaliMeHIIly KUTBKICTb 3MiH, aje BiH TiIb-
KH OZIMH 1 HOTO 3HAYEHHS «OKOPCTKO TPHUB’s3aHI» 0 MO3H-
IIIHOTO KOJIy Ta HE JIOMYCKAIOTh NEPECTAHOBKY PSIIKIB.

AHai3 IBIHKOBUX KOJIB, IO BXOJSITh Y MHOXKHHY KO-
IiB 3 MiHIMATGHUMH 3MiHaMH IIOKa3aB, IO Cepex HHUX
MPUCYTHI KOIW, OTpuUMaHi 3 KoAy I'pes 3a momomororo
MEBHUX IEepeTBOPEHb. Taki kKoaw OyZeMo Ha3WBaTH MO-
nudikoBaHUMH Kojgamu ['pest.

JIBiiiKOBi KOJM 3 MiHIMAJIBHUMH 3MiHAMH

MHOKHHa ABIHKOBHX KO/IB

Kon I'pest

Pucynok 1 — Po3monin ABiKOBUX KOIIB

Ha puc. 2 noxazani moxaudikoBani komu ['pes, mo
BXOJISITh Y MHOXKHUHY JBIHKOBHX KOJIB 3 MiHIMAJIbHUMH
3MIHAMHU.

[BinkoBi koan 3 MiHiManbHUMK 3MiHaMK

MoaundikoBaHi koau
Ipes

[MepeTBOpEHHA

© ()

MoaundikoBaHui ko,
pes
Pucynok 2 — Moaucikosani koau I'pest

Kop Npes

Cepenl MOKIIMBHX II€PETBOPEHb BU3HAYEHI Taki, IO
30epiraroTh OCHOBHY BJIACTHBICTH KOAy ['pest — MiHIMAaIb-
HY KUTBKICTB 3MiH. PO3TIIstHEMO I1i IepeTBOpEHHS.

Muoxwuna E neperBopens E ={E},....E;} — ue mepe-
CTaHOBKA CTOBILIB k -po3psigHoro koay I'pes. E; Biamo-
Bifae koxy I'pest (TOOTO mepecTaHOBOK HEMAE), 3HAUCHHS
CTOBIIIB IO3HAY€HO B;...B;. VY Ttabauui 3 HaBeneni E
NepeTBOPEHHS JuIst k=3.

Msuoxuna H nepersopens H ={H,,....H,} — 1e iHBe-
pcis croBnuiB k-pospsaHoro xoxy I'pest. IleperBopenns
H; 3apmaerbcs y BUINIAALI JBIMKOBOrO Habopy, y SKOMY
3HadyeHHS «0» 03Hauae, M0 iHBepCii BiATIOBIAHOTO CTOBIM-
Il HEMa€ i BiH MO3HAYAETHCS JITEpOr0 «B». Skmio 3Ha-
4yeHHA «1», TO BinOyBaeThCs IHBEpPCisS CTOBIIS i BiH TO-
3HAYA€ETHCS JTEPOr0 «Ch.

[puxnagn H niepetBopens kona I'pes mis k=3 Hase-
JeHi y Tabm. 4.

Y Tabn. 5 HaBeneHi moaudikoBani G(E,H) xogu mus
k=3.
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Tabmuus 3 — F neperBopeHHs KoxiB I'pest

E1 E2 E3 E4 E5 E6
B, By Bs B, Bs B, By B, B; B, B; B, Bs B, B, B; B, B,
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 1 0 1 0 0 0 1 0 1 0 1 0 0 1 0 0
0 1 1 0 1 1 1 0 1 1 1 0 1 0 1 1 1 0
0 1 0 0 0 1 1 0 0 1 0 0 0 0 1 0 1 0
1 1 0 1 0 1 1 1 0 1 0 1 0 1 1 0 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 0 1 1 1 0 0 1 1 0 1 1 1 1 0 1 0 1
1 0 0 1 0 0 0 1 0 0 0 1 0 1 0 0 0 1
Tabmuns 4 — [puknanu H neperBopens kona ['pest st k=3
H, H, H; H,
0 0 0 0 0 1 0 1 0 0 1 1
By | B |B |B | B |G |B | G|B|B | G| G
0 0 0 0 0 1 0 1 0 0 1 1
0 0 1 0 0 0 0 1 1 0 1 0
0 1 1 0 1 0 0 0 1 0 0 0
0 1 0 0 1 1 0 0 0 0 0 1
1 1 0 1 1 1 1 0 0 1 0 1
1 1 1 1 1 0 1 0 1 1 0 0
1 0 1 1 0 0 1 1 1 1 1 0
1 0 0 1 0 1 1 1 0 1 1 1
H5 H6 H7 Hg
1 0 0 1 0 1 1 1 0 1 1 1
Cl Bz B3 Cl Bz C3 Cl Cz B} Cl CZ C3
1 0 0 1 0 1 1 1 0 1 1 1
1 0 1 1 0 0 1 1 1 1 1 0
1 1 1 1 1 0 1 0 1 1 0 0
1 1 0 1 1 1 1 0 0 1 0 1
0 1 0 0 1 1 0 0 0 0 0 1
0 1 1 0 1 0 0 0 1 0 0 0
0 0 1 0 0 0 0 1 1 0 1 0
0 0 0 0 0 1 0 1 0 0 1 1
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Tabmuus 5 — Moxudikosani G(E,H) xoqm juist k=3

E H G(E,H)
1 1 1 000, 001, 011, 010, 110, 111, 101, 100
2 1 2 001, 000, 010, O11, 111, 110, 100, 101
3 1 3 010, 011, 001, 000, 100, 101, 111, 110
4 1 4 011, 010, 000, 001, 101, 100, 110, 111
5 1 5 100, 101, 111, 110, 010, 011, 001, 000
6 1 6 101, 100, 110, 111, 011, 010, 000, 001
7 1 7 110, 111, 101, 100, 000, 001, 011, 010
8 1 8 111, 110, 100, 101, 001, 000, 010, 011
9 2 1 000, 010, 011, 001, 101, 111, 110, 100
10 2 2 001, 011, 010, 000, 100, 110, 111, 101
11 2 3 010, 000, 001, 011, 111, 101, 100, 110
12 2 4 011, 001, 000, 010, 110, 100, 101, 111
13 2 5 100, 110, 111, 101, 001, 011, 010, 000
14 2 6 101, 111, 110, 100, 000, 010, 011, 001
15 2 7 110, 100, 101, 111, 011, 001, 000, 010
16 2 8 111, 101, 100, 110, 010, 000, 001, 011
17 3 1 000, 001, 101, 100, 110, 111, 011, 010
18 3 2 001, 000, 100, 101, 111, 110, 010, 011
19 3 3 010, 011, 111, 110, 100, 101, 001, 000
20 3 4 011, 010, 110, 111, 101, 100, 000, 001
21 3 5 100, 101, 001, 000, 010, 011, 111, 110
22 3 6 101, 100, 000, 001, 011, 010, 110, 111
23 3 7 110, 111, 011, 010, 000, 001, 101, 100
24 3 8 111, 110, 010, 011, 001, 000, 100, 101
25 4 1 000, 010, 110, 100, 101, 111, 011, 001
26 4 2 001, 011, 111, 101, 100, 110, 010, 000
27 4 3 010, 000, 100, 110, 111, 101, 001, 011
28 4 4 011, 001, 101, 111, 110, 100, 000, 010
29 4 5 100, 110, 010, 000, 001, 011, 111, 101
30 4 6 101, 111, 011, 001, 000, 010, 110, 100
31 4 7 110, 100, 000, 010, 011, 001, 101, 111
32 4 8 111, 101, 001, 011, 010, 000, 100, 110
33 5 1 000, 100, 101, 001, 011, 111, 110, 010
34 5 2 001, 101, 100, 000, 010, 110, 111, 011
35 5 3 010, 110, 111, 011, 001, 101, 100, 000
36 5 4 011, 111, 110, 010, 000, 100, 101, 001
37 5 5 100, 000, 001, 101, 111, 011, 010, 110
38 5 6 101, 001, 000, 100, 110, 010, O11, 111
39 5 7 110, 010, 011, 111, 101, 001, 000, 100
40 5 8 111, 011, 010, 110, 100, 000, 001, 101
41 6 1 000, 100, 110, 010, 011, 111, 101, 001
42 6 2 001, 101, 111, 011, 010, 110, 100, 000
43 6 3 010, 110, 100, 000, 001, 101, 111, 011
44 6 4 011, 111, 101, 001, 000, 100, 110, 010
45 6 5 100, 000, 010, 110, 111, 011, 001, 101
46 6 6 101, 001, 011, 111, 110, 010, 000, 100
47 6 7 110, 010, 000, 100, 101, 001, 011, 111
48 6 8 111, 011, 001, 101, 100, 000, 010, 110
Jus aBromarum3aiiii mpormecy MOOYAZOBM KaTaloriB  OCHOBI komy I'pes, mo Mae BapTicTh peamizamii

mw1aHiB BOE 3 MiHIMaIIbHOO KUTBKICTIO 3MiH piBHIB (ak-
TOpiB PO3pOo0IIeHO TporpamHe 3abe3nedeHHs (CBill. Tpo
peectp. aBTOp. mpaBa Ha TBip NeNe74877, 74881, 89032,
VYkpaina).

4 EKCIEPUMEHTH
Jnist jociiipKeHHsl cITiIKyrouoi cucteMu B pooori [14]
HAaBCICHUI ONTHUMAJIbHHUN TUIAaH SKCICPUMEHTY 3 BapTic-
Ti0 peanizanii 13,60 yM. 0., OTpUMaHUI METOJOM IOB-
HOTO 11epedopy, a TaKOX IUIaH, HOOY/IOBaHUI METOJIOM Ha

17,60 ym. on. 3a JOMOMOTOIO PO3POOIIEHOTO METOIy Ta
NpOrpaMHOro 3ade3nedeHHs, o Horo pealisye, oTpuMa-
Hi TpM ONTHUMAlbHI IUIAHU EKCIEPHMEHTIB 3 BapTICTIO
peanizauii 13,60 ym. oz. koxHuii (Tadi. 6).

3a ZOMOMOTO00 ONMCAHOTO METOAY ISt JOCHIKCHHS
TEXHOJIOTIYHOT'O TPOIIECY BUTOTOBJICHHS JCTalicii raps-
YUM HITaMITyBaHHAM OTpI/IMaHi JABa OHTl/IMaJ'l])Hi IIJIaHU 3
gacom peamizarii 113,25 xB. koxHwuii (Tad1. 7).
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Tabmuns 6 — OnTUMaNTEHI IJTAHU KCIICPUMEHTY JUTSL JOCITIIDKCHHS CITIIKYI0U0i CHCTEMH

G(1,6) G(1,7) G(1,8)
X X X X X X, X, X X;
+1 -1 +1 +1 +1 -1 +1 +1 +1
+1 -1 -1 +1 +1 +1 +1 +1 -1
+1 +1 -1 +1 -1 +1 +1 -1 -1
+1 +1 +1 +1 -1 -1 +1 -1 +1
-1 +1 +1 -1 -1 -1 -1 -1 +1
-1 +1 -1 -1 -1 +1 -1 -1 -1
-1 -1 -1 -1 +1 +1 -1 +1 -1
-1 -1 +1 -1 +1 -1 -1 +1 +1

Tabmuns 7 — OnTUMaNbHI MIaHU €KCIEPUMEHTY LTS OCIiKCHHS TEXHOJIOTTYHOTO
IIpOLieCy BUTOTOBJICHHS JISTAJICH TapsIIUM INTAMITyBaHHIM

oo G(1,1) G(6,6)

wn X X, X, X X, X,
1 -1 -1 -1 +1 1 1
2 B B + +1 1 +1
3 -1 +1 +1 +1 +1 +1
4 1 +1 1 +1 +1 -1
5 +1 +1 -1 -1 +1 -1
6 +1 +1 +1 1 +1 +1
7 +1 1 +1 1 ] +
8 +1 1 1 1 -1 -1

[Inan excepruMeHTy, OTPUMaHAN METOJIOM Ha OCHOBI
koxy I'pest, Takox Mae gac peamizamii 113, 25 xB.

5 PE3YJIbTATH

IIpm mpoBemeHHI KOMIT IOTEPHHUX
OTpPHMaHi HACTYIIHI pe3yJIbTaTH.

Mertoj, 3acHOBaHHUI Ha 3aCTOCYBaHHI MOAN(IKOBAHHX
koniB ['pesi, mae BUrpamn 3a BapTICTIO peasizaiii ruiaHy
EKCIICPUMEHTY JIJIsl TOCIIDKEHHS CIIIIKYI0Y0i CHCTEMH B
1,29 pasa y HOpiBHSHHI 3 IJITaHOM, OTPUMAaHUM Ha OCHOBI
kony I'pes. A 30ir 3a BapTicTio peaiizamii 3 IUIAaHOM,
OTPHUMaHNUM METOJIOM IIOBHOTO Iepebopy, BKa3ye Ha Ipa-
Le3IaTHICTh Ta eEeKTUBHICTh 3aPOIIOHOBAHOTO METO.NY.
CriBmagaHHs 3a 9acoM peai3allii IIaHiB eKCIIEPHMEHTY
JUTSL TOCTIJPKEHHS TEXHOJIOTIYHOTO TPOIIECY BUTOTOBIICH-
HS JeTayield rapg4uM IOTaMITyBaHHSAM, OTPUMAHHX METO-
JaMH, OCHOBaHHMMH Ha 3aCTOCYBaHHI kKoxy I'pest Ta Moau-
¢ikoBaHux KomiB I'pesi, Bka3zye Ha Te, 1110 B JISSKUX BUIIA-
JIKaxX ONTHUMAaJBbHHUIA pe3ysbTaT A€ 1 METO]| Ha OCHOBI KO-
ny I'pest.

eKCIICpUMCHTIB

6 OGI'OBOPEHHA
[Ipu moOya0Bi MIaHIB I TOCTIHKCHHS CIIIKYIOYOi
CHCTEMH TOKA3aHO, 10 MJIaHU 0arato(akTOPHOrO eKcIie-
PUMEHTY, CHHTE30BaHI METOJOM 3 BHUKOPHUCTAHHSAM KOIY
I'pest , MaroTh MiHIMaNBHY KiTBKICTh 3MiH PiBHIB (PaKTO-

piB, ane He 3aBXKAW ONTHMAJbHI 3a BapTICTIO (YacoM) pe-
amizamii ekcnepuMenTy. ToMy ADOIMUTBHO I ONTHMi3amii
IUTaHIB 0araToakTOpPHOTO EKCIIEPUMEHTY 3a BapTiCHUMH
(4acoBuMH) BHTpaTaMH 3aCTOCOBYBAaTH METOI, OCHOBa-
HHI Ha BUKOPHUCTaHHI MoudikoBannx komis ['pes.

Po3pobnene mporpamue 3abe3nedeHHs A peanizartii
3aIpOIIOHOBAHOTO METO/Y CHHTE3Yy ONTHUMAIbHHX 32 Bap-
TICHUMH (4aCOBMMH) BHUTpaTaMH IUIaHiB Oaratodakrop-
HOTO €KCHEPHMEHTY I03BOJISIE CYTTEBO CKOPOTUTH MHO-
JKMHY TUIAHIB IS TTOIITYKY ONTHMAJIEHOTO.

BHUCHOBKHU

1. B poOorti BupimeHa akTyainbHa 3a/a4a 3 po3poOKH
METOAy TOOYIOBH IUIaHiB 0araTo()akTOPHOTO EKCIEepH-
MEHTY 3 MiHIMaJbHOIO KiTBKICTIO 3MiH PiBHIB (DaKTOPIiB Ta
CKOPOYEHHIO MHOXKMHH IUIAHIB I HOIIYKY ONTHMAalb-
HOTO 32 BapTiCHIUMH (9aCOBUMH) BUTPAaTaMH.

2. INokazano, 1110 MeTo1 MO0y I0BH IJIaHiB OaraTodak-
TOPHHUX EKCIIEpUMEHTIB, OCHOBaHHMW Ha 3aCTOCYBaHHI
kozna I'pes, He 3aBXIU Ja€ ONTHUMAIBHUHA 32 BapTICTIO
(gacom) pearizauii ruiadn. ToMy IOLIBHO 3aCTOCOBYBAaTH
METOJl, 3aCHOBaHMH Ha BHKOPUCTaHHI MOJHM(IKOBaHUX
koxiB ['pes.

3. Po3pobiieHo mporpamHe 3a0e3NeUeHHs, SKe peai-
3y€ 3alpONOHOBAHUN METOJ IMOOYIOBH ONTHMAJBHUX 32
BapTicTIO ("4acoM) peamizamii IDiaHiB 0aratodakTOpHUX
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AHHOTADNUSA

AKTyanbHOCTh. Pemiena akTyasnbHas 3agada pa3pabOTKM MeTola IIOCTPOEHMsS IUIAHOB MHOTO(AKTOPHBIX HJKCIIEPUMEHTOB
(M®3) ¢ MUHUMAIBEHBIM KOJIMYECTBOM M3MEPEHUI YpOBHEW (haKTOPOB M ONTHMAJIBHBIX 110 CTOMMOCTHBIM (BPEMEHHBIM) 3aTpaTaM.

Iens padoTsl: pa3paboTKa METO/a M CPEACTB CHHTE3a IIAHOB MHOTO(GAKTOPHBIX 3KCIIEPUMEHTOB ¢ MHHHMAJIbHBIM KOJIMYECT-
BOM HU3MEHEHUH YpOBHEi ()akTOPOB U ONTHMANIBHBIX 10 CTOUMOCTHBIM (BPEMEHHBIM) 3aTpaTaM.

MeToabl: TPIMEHEHHE METOI0B INIAHUPOBAHMS SKCIIEPUMEHTOB JaeT BO3MOXKHOCTh YMEHBIINTH CTOMMOCTHBIE (BPEMEHHBIE) 3a-
TpPaThl IPH UCCIIETOBAHUN Pa3HOOOPA3HBIX TEXHOIOTHIECKHX MPOIECCOB, yCTPOHCTB U CUCTEM.

MuHnMHu3anus KOIMYeCTBa H3MEHEHUIT ypoBHEH (haKTOPOB NpH IMOCTPOSHUH IUIAHOB MHOTO(AKTOPHBIX 3KCHEPUMEHTOB TaKKe
MIPUBOAUT K YMEHBIICHHIO CTOMMOCTH (BPEMEHH) Ha UX pealn3anuio.

IpennoxeHHBIH paHee METO] TOCTPOSHUS IIIAHOB MHOT'O(aKTOPHBIX IKCIIEPUMEHTOB, OCHOBAaHHBIN Ha NpUMEHEeHHH Koxa 'pes,
JIaeT BO3MOXKHOCTh MHHHUMHU3HPOBATh B HUX KOJIMUECTBO N3MEHEHU ypoBHel (akropoB. Ho 3TH muiaHsl He Bceraa sBISIOTCS ONTH-
MaJbHBIMH IO CTOMMOCTHBIM (BPEMEHHBIM) 3aTpaTaM. B cBA3u ¢ 3TUM BO3HHUKAET 3a7ada pa3pabOTKH METOJA U CPEACTB MOCTPOCHUS
TUIAHOB MHOTO(AKTOPHBIX IKCIIEPUMEHTOB C MUHUMAIbHBIM KOJIMYECTBOM M3MEHEHHH ypoBHEH (h)aKTOPOB M ONTUMANBHBIX MO CTO-
MMOCTHBIM (BPEMEHHBIM) 3aTpaTam.

CyIIHOCTh TMPEAIOKEHHOTO METOJa 3aKII0YaeTCsl B CIEAYIONEM: TeHEPHPOBAHHE IEPECTAHOBOK C MHUHHMAIBHBIM UHCIOM
TPAHCIO3UINI COCEIHHUX JIEMEHTOB; ISl KaXJOTO IMOJTYyYeHHOTo IUIAHA OIpeJelsieTcss KOJMIeCTBO U3MEHEHUH ypOBHs (DaKTOpOB
IIyTE€M BBIYUCIICHUS PACCTOSHUA 10 XEMMUHTY JUI COCEJHMX I1ap JBOMUYHBIX CIOB; 3allUCh IUIAHA ¢ MUHUMAJbHBIM KOJIMYECTBOM
HU3MEHEHUI ypoBHEeH (haKTOpOB B MHOXKECTBO D; aHaNIN3 IBOMYHBIX KOIOB, YTO BXOAAT B MHOXKECTBO D, cpeay KOTOPBIX MPUCYTCT-
BYIOT KOZIbI, OJTy4eHHbIe ¢ Kona ['pest mytem E, H u (E,H) npeoOpa3oBaHuii; MOUCK CPEea MHOKECTBA MOJU(UINPOBAHHBIX KOJIOB
I'pes G(E,H) Takux, 4TO NPEACTABISIOT COO0I ONTUMAJIbHBIE IO CTOMMOCTHBIM (BPEMEHHBIM) 3aTpaTaM IUIaHbl SKCIIEPUMEHTA.

PesyabTathl. Pa3zpaboraHo mporpammHoe obecredeHne, KOTOpoe peann3yeT MpeUIoKEeHHbIH METO] TOCTPOSHHUS TUIAHOB C MH-
HUMAJILHBIM KOJIMYECTBOM M3MEHEHHH ypOBHEH ()aKTOPOB M ONTHUMAIBHBIX 10 CTOMMOCTHBIM (BPEMEHHBIM) 3aTpaTam. IIporpamm-
HOe 00ecTieueHne MOXKET CHHTE3UPOBATh ONTHMAIIbHBIC TIIAHBI SKCIIEPUMEHTOB JUIS HCCIIEOBAHUS 00BEKTOB C KOIMIECTBOM (haKTo-
poB k<4.

BriBoabl. [IpoBeicHHBIE KOMIIBIOTEPHBIE SKCIIEPUMEHTHI, HAIIPABJICHHBIE HA IOCTPOCHUE ONTUMAIIbHBIX IUIAHOB AJIS UCCIIEN0BaA-
HUSI TAKUX OOBEKTOB KaK TEXHOJIOTMYECKHH MPOLECC M3rOTOBJICHHS JIeTalei ropsyeil IITaMIOBKOW U Clle/isiIasi CUCTeMa IT0ITBep-
MM paboTOCIOCOOHOCTD U 3P ()EeKTUBHOCTH pa3pabOTaHHOTO METO/A U IIPOrPAMMHOTO 00ECIIEUEHHs], UTO €r0 Peaanu3yer.

HayuHyto HOBU3HY pa0GOThI IPEACTABISET METO, KOTOPBII MO3BOJIIET CHHTE3UPOBATH IIAHBI MHOTO()aKTOPHBIX SKCIIEPUMEHTOB
C MUHMMAJIbHBIM KOJMYECTBOM M3MEHEHHH ypOBHEN (PaKTOPOB M ONTUMAIBHBIX IO CTOMMOCTHBIM (BPEMEHHBIM) 3aTpaTaM.

[TpakTHdeckas 3HAYUMOCT PE3yJITATOB PAOOTHI 3aKIIOYACTCS B TOM, YTO pa3pabOTaHHOE NMPOrpaMMHOE OOECIICUeHUE MOXKET
HaWTH MIAPOKOE IPUMEHEHUE MIPU NCCIECAOBAHIN TEXHOIOTHYECKUX MPOIECCOB, YCTPOUCTB U CHCTEM, Ha KOTOPBIX BO3MOXKHA Pealy-
3alUs aKTUBHOI'O 9KCIIEPHMEHTA.

KJ/IIOUEBBIE CJIOBA: MeTon, onTHMAabHBI IUIAH AKCIIEPHMEHTa, YPOBHU (DAKTOPOB, MpeoOpa3oBaHus, MHOXECTBO, CTOHU-
MOCTb, BpeMsi, IPOrpaMMHOE 0OecIICUeHHE.

UDC 519.24
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FACTOR LEVELS MEASUREMENTS AND OPTIMAL BY COST (TIME) EXPENSES
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ABSTRACT

Context. Relevant task of developing the method of plans building for multifactorial experiments was solved with minimal
number of factor levels measurements and optimal by cost (time) expenses.

Objective. To develop method and means of synthesis the plans of multifactorial experiment with minimal number of factor lev-
els measurements and optimal by cost (time) expenses.

Methods. Methods of experiment planning gives possibility to reduce cost (time) expenses when researching different techno-
logical processes, devices and systems.

Quantity of factor levels measurements minimization during the process of building the plans of multifactorial experiments also
leads to cost (time) reduction on their implementation.

Suggested earlier method of building the plans of multifactorial experiments, based on Grey code application, provides a possi-
bility to minimize number of factor levels measurements. But such plans are not always optimal in relation to cost (time) expenses.
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That’s why the task appears to develop a method and means of synthesis the plans of multifactorial experiment with minimal number
of factor levels measurements and optimal by cost (time) expenses.

Essence of a suggested method consists of: generation of permutations with minimal number of transpositions for neighbor ele-
ments; number of factor level variations is determined for each obtained plan by calculating the distance after Hamming for neighbor
pairs of binary words; recording the plan with minimal number of factor levels measurements into set D; analysis of binary codes that
enter set D, among which codes, received form Grey code by E, H and (£, H) transformations are present; searching among modified
Grey codes G(E, H) such codes, that are optimal by cost (time) expenses.

Results. Software which performs the suggested method of building the plans with minimal number of factor levels measure-
ments and optimal by cost (time) expenses was developed. Software allows to synthesize optimal plans of experiment with k = 3,...,
4 number of factors.

Conclusions. Computer experiments, that were carried out to build optimal plans to research such an objects as production of
pieces by hot press forming technological process and a tracking system proved workability and effectiveness both of the developed
method and software for its performance.

Scientific novelty is represented by method, that allows to synthesize plans of multifactorial experiments with minimal number of
factor levels measurements and optimal by cost (time) expenses.

Practical importance of the results is that developed software can find wide application for technological processes, devices and
systems researching, if it is possible to implement active experiment.

KEYWORDS: method, optimal plan of experiment, factor levels, transformations, set, cost, time, software.
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CUBATURE FORMULA FOR APPROXIMATE CALCULATION
INTEGRAL OF HIGHLY OSCILLATING FUNCTION OF TREE
VARIABLES (IRREGULAR CASE)

Nechuiviter O. P. — Dr. Sc., Associate Professor, Head of the Department of Information Computer Technologies
and Mathematics, Ukrainian Engineering and Pedagogical Academy, Kharkiv, Ukraine.

ABSTRACT

Context. The integrals of highly oscillating functions of many variables are one of the central concepts of digital signal and im-
age processing. The object of research is a digital processing of signals and images using new information operators.

Objective. The work aims to construct a cubature formula for the approximate calculation of the triple integral of a rapidly oscil-
lating function of a general form.

Method. Modern methods of digital signal processing are characterized by new approaches to obtaining, processing and analyz-
ing information. There is a need to build mathematical models in which information can be given not only by the values of the func-
tion at points, but also as a set of traces of the function on the planes and as a set of traces of the function on the lines. There are
algorithms which are optimal by accuracy for calculating the integrals of highly oscillating functions of many variables (regular
case), which involve different types of information in their construction. As a solution of a broader problem for the irregular case, the
work presents the cubature formula for the approximate calculation of the triple integral of the highly oscillating function in a general
case. The presented algorithm for approximate calculation of the integral is based on the application of operators that restore the
function of three variables using a set of traces of functions on the mutually perpendicular planes. Operators use piece-wise splines as
auxiliary functions. The cubature formula correlates with a formula of the Filon type. An error estimation of the approximation of the
integral from the highly oscillating function by the cubature formula on the class of differential functions is obtained.

Results. The cubature formula of the approximate calculation of the triple integral from the highly oscillating function of a gen-
eral form is researched.

Conclusions. The experiments confirm the obtained theoretical results on the error estimation of the approximation triple integral
from the highly oscillating function in a general form by the cubature formula. The prospect of further research is to obtain an esti-
mation of the approximation error on wider classes of functions and to prove that the proposed cubature formula is optimal by the
order of accuracy.

KEYWORDS: digital signal and image processing, cubature formula, numerical integration of highly oscillating functions of
many variables.

NOMENCLATURE
a3 (M ,AN/I ) is a class of functions, which are de-

mathematical modeling of phenomena and processes in
such scientific areas as astronomy, radiology, computed
tomography, holography and others. Methods of digital
signal and image processing are widely used in solving
such complex problems in these fields of science. Modern
methods of digital signal and image processing are based,
among other things, on new approaches to obtaining,
processing and analyzing information. Today, in mathe-
matical models, information can be given not only by the
values of a function in nodes, but also as a set of traces of
a function on planes or as a set of traces of a function on

fined in the domain and have limited derivatives;

& (o) is a three-dimensional integral from highly os-
cillating functions in a general form;

3 (o) is a cubature formula for calculating three-

dimensional integral;
f(xf,»,z) is a trace of function on the plane xy ;

f(x,y j22) is a trace of function on the plane y L
f(x,v,z¢) is atrace of function on the plane zg;
Jf(x,,2)

f(x,y,z) on the traces on planes;

is an operator that restores the function
Og(x,y,z) 1is an operator that restores the function
g(x,y,z) on the traces on planes;

p([ 3 (CO),CD3 (0))) is an error of approximation of the
integral by the cubature formula.
INTRODUCTION

rapid development of information
contributing to the development of

Currently a
technology is

© Nechuiviter O. P., 2020
DOI 10.15588/1607-3274-2020-4-7

lines. The theory of computing integrals from highly os-
cillating functions of many variables (regular case) is an
example when cubature formulas are chosen depending
on the type of input information.

The integrals of highly oscillating functions of many
variables are one of the central concepts of digital signal
and image processing. Therefore, it is important to con-
tinue research in this direction, in particular, to develop
cubature formulas for the approximate calculation of inte-
grals from highly oscillating functions of many variables
in a general (irregular) case.

The object of study is a digital processing of signals
and images using new information operators [1].

New information operators allow restoring the func-
tions of many variables with high accuracy. Traces of the
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function on the planes or traces of the function on the
lines are used by new information operators.

The subject of study is an approximate calculation of
the integrals from the rapidly oscillating functions of three
variables in a general case.

The aim of the work is to construct the cubature for-
mula for the approximate calculation of the integral of the
rapidly oscillating function in a general form in the case
when the sets of traces of the function on the planes will
be used as information about the functions.

1 PROBLEM STATEMENT
It is necessary to construct and investigate the cuba-
ture formula of the approximate calculation of the integral
of highly oscillating function in a general case

& () = f(x,v,2) gf0g(x.y,2) dxdydz, (1)

O —_— —
O — —
Y ——

when the following information is given:

f(xp,»,2), 0 y<1l, 0<z<1, xp =kA;]—A/2,
f(x,yj,z), 0<x<l, 0<z<], yj:jAl—Al/Z,
f(x,p,z5), 0<x<1, 0<y<I1, zg =sA1-A1/2,
g(ip,y,z), 0<y<l 0<£z<1, ip:pAz—A2/2,
g(x,j/q,z), 0<x<1, 0<z<l, j/q:qu—Az/L
g(x,9,2,.), 0sx<1, 0<y<l1, Z,=rAy—Ay/2,
k,jos=L01, Ay =170y, pqr=110y, Ay=1/1(5.

2 REVIEW OF THE LITERATURE

New information operators have found their effective
application in various fields of science [1, 2]. In digital
signal and image processing, new information operators
have become an effective tool for calculating the integrals
of rapidly oscillating functions [3—7]. Cubature formulas
for approximate calculating of integrals of highly oscillat-
ing functions of many variables are built using various
information about the function. The developed algorithms
belong to Filon type methods [8, 9]. An overview of Filon
type methods in the one-dimensional case can be found in
[10-12], and their multidimensional analogue in [13].

Calculation of double integrals from highly oscillating
functions in a regular case on the example of Fourier co-
efficients is considered in [3, 4]. In these works cubature
formulas are built in two cases. In the first case, the in-
formation about the function was given by traces on the
lines, in the second it was given by the values of the func-
tion in nodes. In the first case, it is proved that the cuba-
ture formulas are optimal by the order of accuracy on the
class of differentiable functions. An algorithm for build-
ing cubature formulas with the optimal number of traces
also was considered. In the second case where the infor-
mation about the function was given in nodes cubature
formulas proved to be effective in terms of the use of in-

© Nechuiviter O. P., 2020
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put information and the time spent on calculating the in-
tegrals.

In [7, 14, 15] the calculation of integrals from highly
oscillating functions (regular case) is considered on the
example of Fourier coefficients. In these works algo-
rithms for the approximate calculation of integrals are
presented in three cases. In the first case, information
about function is given by set of traces of a function on
planes, in the second case information about function is
represented by set of traces on lines, and in the third case
we deal with values of a function at nodes. By analogy
with the two-dimensional case, it is proved that the cuba-
ture formulas for approximate calculating of integrals of
highly oscillating functions of three variables are optimal
by the order of accuracy on the class of differentiable
functions. In addition, the algorithm for building cubature
formulas with the optimal number of planes was consid-
ered in [15]. In the case where the information about the
function was given in nodes, the cubature formulas
proved to be effective in terms of the use of input infor-
mation and the time spent on calculating the integral.

Frequently in mathematical modeling of technical
processes there is a need to approximate the integrals of
higly oscillating functions in a general form. Methods and
algorithms for calculating integrals of highly oscillating
functions of one variable in irregular case can be found in
[16-21]. In [22, 23] methods and examples of approxi-
mate calculation of double integrals from fast-oscillating
functions of general form are presented.

In the case when the information about the functions
f(x,y) and g(x,y) was given by the sets of correspond-

ing traces on the lines, an algorithm for the approximate
calculation of the double integral from highly oscillating
functions of a general form was presented in [24, 25].
This paper aims to present an algorithm for approximate
calculation of the integral (1) in the case when the infor-
mation about the functions f(x,y,z) and g(x,y,z) will

be given by the corresponding sets of traces of functions
on the planes. This problem has not been solved yet.

3 MATERIALS AND METHODS
This paper considers H 31 (M M ) as a class of func-

tions, which are defined in the domain G = [0,1]3 and

<M,

\f("°=°)(x,y,z)

< M,\f(°"’°) *x,,2)

0,0,1)

/

(x,»,2)| <M,

|f(x,y,z)|£ﬂ, ‘f(l’l’l)(x,y,z) <M.

Definition 1. Under the traces of function f(x,y,z)

on the planes

X =kA1—A1/2, Yj =jAI=A1/2, zg =sA1—=A1/2,
kyjs=101, Ay =1/1,
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we understand a function of two variables
f(xp,,2), 0<y<1l, 0<z<1,
f(x,yj,z), 0<x<Il, 0<z<],
f(x,p,z5), 0<x<1, 0<y<I.
Definition 2. Under the traces of function g(x,y,z)
on the planes
)?p =pAy—Ay /2, )7q =qAy —Ay /2,
Z,=rAy—Ay /2, pgr=L10y, Ay =1/0p

we understand a function of two variables

g(%p,3,2), 0<y<l, 0<z<I1,
g(x,54,2), 0<x<1, 0<z<l,
g(x,3,%,), 0<x<1l, 0<y<l.

A tree-dimensional integral from highly oscillating
functions of a general view is defined as (1) for

f(x,,2), gx,v,2) € H3’1 (M,]\N/I) .
Let

Xy =[xe-12:3%412]s Y =[ 9120974102 )
Zlg =[zg1/2,2541/2]

LxeXl, Lerlj,
hllk(x): 2= .
0,xe X1y, O,erlj,

LzeZlg,
hly (2) = ‘
S 0,z¢Zlg,

X =kA =AL/2, y;=jAI-A/2,
zg=sA =A1/2,  kjs=101, A =1/1],
X2, :[fp—l/zafpﬂ/z} Y2, :[j/q—l/Z:j;q-&-l/ZJa
22, =[Z112,2r112]-

1:xeX2p: l,erZq,
h2 (x)= h2, (y)=
p 0,x¢ X2, q 0,yeY2,,

12, (2) LzeZ2,,
Z)=
3r 0,z¢72,,

)ZPZpAz—Az/L )N/q:qu—Az/z,
Z,=rAy—Ay /2, pgr=Lty, Ay =1/ly.

Let define operator

Jf(x,y,z):Jlf(x,y,z)+sz(x,y,z)+J3f(x,y,z)—
—J1J2f(x,y,z)—J2J3f(x,y,z)—J1J3f(x,y,z)+
+J1J2J3f(x,y,z),

© Nechuiviter O. P., 2020
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where

0
NS (53,2) = D f (>3, 2R (%)
k=1

4
Jof (6,3.2)= 3 f (3.3 .2y () 5
J=1

3l
J3f (6 2,2) = ) (%3, 2)hly (2) -

s=1

The following properties are performed for the
operator

Jf(x,y,2):
Jj((xkayaz):f(xkvy’z)’ k:m
J(xayjaz):f(x’yjaz)a ]:m
I (x,3.25) = f(x,p.2), s=111.

Let define operator

Og(x,y,z)= 01g(x,y,z) + Ozg(x,y,z)+ 03g(x,y,z)—
—-0,02g(x,7,2)— 0,038 (x,7,2) - 0O03g (x,y,2) +
+010203g(x,y,z) )
where

Ly
O18(x,3,2) = 3 8(%, 3,202y, (x) ,
p=1
Ly
Or8(x.3,2) = 2, 8(x.54,2)h2y, (),
g=1
£y
O3g(x,y.2) = Y [(x, 9.5, )h25,.(2).

r=1

The following properties are performed for the
operator Of (x,y,z) :

Og(ip,y,z):g(fcp,y,z), p=L110,
Og(x,j/q,z)zg(x,j/q,z), 6121572,
=105 .

~

Og(x,y,%,)=g(x,.2,),

The following cubature formula

1
®3(0) = j JF(x,v,2) 080502 vz
0

[ I——
[ I——

is proposed for numerical calculation of (1).
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Theorem. Suppose that f(x,y,z)e e (M,M),
g(x,y,2)e Jia (M,M) . Let functions f(x,y,2),
g(x,y,z) be defined by N=3(1+3(p
F@poy2) faypnz) [z,
8(%p.5,2), &(x,54,2), g(x,.%), p.qr=1., on the

traces

k,j,s=1/¢; and

systems of perpendicular planes in domain G = [0,1]3 It

is true that
P[P0 @)=
Proof. It is important to note that

J

k

y oz
[ s (emg)dednde =
Vi Zs

:f(x,y,z)—f(xk,y,z)—f(x,yj,z)—
—f(x,y,zs)+f(xk,yj,z)+
+f(Xk,y,Zs)+f(x,yj,ZS)_f(xk,ngzs)-

Let us show the validity of equality by direct verifica-
tion:

X y z
[T [ 7" (eng)dednds =
Xk Vi Zg
Xy z
=[ [ M9 (Enz)| dzan-
Xk Yy s
X 1,1,0 1,1,0
=[] (r"M N ena)- M0 ez, | asin -
Xk Y
= .[ (f(l,O’O) (Eﬁ ‘%Z)—f(l’o’o) (é’nazs )) ;} dg=
= [ (£ r2)- 100 oz, a5
S R e B (RN |

:f(x,y,z)—f(xk,y,z)—f(x,yj,z)—f(x,y,zs)+

f(xk,yj,z)+f(xk,y,zs)+f(x,yj,zs)—f(xk,yj,zs).

The integral 7 3 (®) could be written in another form

© Nechuiviter O. P., 2020
DOI 10.15588/1607-3274-2020-4-7

68

(o) =

[ ——

1
_[ F(x,,2)e 80D gy =
0

Jf (x,y,2)e 02502 gz +

C— — O ——

Il
[ T———
[ S

1

+]
0
1

+f
0

Hence, it is sufficient to show that

[ ——

1
[ [fCoy,2)=Jf (x,,2)] 802 dxdydz +
0

f(x’ ¥, Z) |:ei0)g(x7y,z) — eimOg(xay3Z) :| dxdde .

[ E——

p(1 (@0 (@)=

F(x,v,2) e 802 gxdydz —

[ L T——

Jf(x,y,2) ¢l008(x.y.2) dxdydz| <

O — = O — =

|
O — —
Ct— — Ot—m — O

|f(x$y$z)_Jf(xayaz)|dXdde+

IN
[ ) E——

[ ) E——

(0g(6,,2) _ i00g(x.y.2)

|f(xa Y, Z)| dxdydz .

il

We use the fact that

[ ——

ez'(ng(x,y,z)_ eimOg(x,y,z) _
= cos(owg(x, y,z))+isin(wg(x,y,z))—

—cos(wOg(x, y,z))—isin(wOg(x, y,z)) =
08(x,1,2)+008(x1,7) . 0(x,1,1)~008(x1,7)

2 2
wg(x,y,z)—Owg(x,y,2) - og(x,y,2)+00g(x,y,2) _

2 2
cog(x,y,z) - wa(x,y,z) x

2

x[i sin og(x,y,z) +2c00g(x,y,z) +cos wg(x,y,z) +2m0g(x,y,z)} _

=-2sin

+2isin

=2isin

og(x,y,z)—00g(x,y,z) eig(g(x,y,Z)Jng(x,y,Z))
2 .

=2isin

Thus,

111
p([3 (co),(D3((o)) <[ [ |/ Cey.2)=Jf(x.y.2)| dudydz +
000

111

M

000

0g(x,y,2) - 00gx, y,2) ef%(8(X’J’,Z>+Og(~wa2>)
2

dxdydz <

2isin
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! 1 ly'lz 1
f|1~’| Ty oy oz
<ZZZI I ff(l’l’l)(ém,@)dédndqudydﬂ
k=1 j=1s= lxk_l V-_lzs_l Xy Z
2

X

0y Ly £, P393 T
2MY 3y j j j

p=lg=lr=1% P oz

F—
2 = 2 2

0=

L1 l
2 1

sin

w(g(x,y,z)—Og(x,y,z»} vy <
. <

x Y o z
it

<MZZZ J |x xk|dx j |y y]|dy I |z zsldz-i-

k=1 j=1s=1y
k—

1 1
2 ’2 2

Xy
! /2/21*

> " _o|g(x,y,2) - Og(x,y,2)
E S5 T T |

xdydz <
p=lg=lr=l3 |5 |z
p5 e s
k+7 y/+l Z 1
<MZZZ I |x xk|dx J |y yj|dy I |z z]|dz+
k=lj=ls=lx ! ,
k— j—* s——
2 2 2

1 1
q+— ~

+2Mi/22§: J J. J. mm{ %

X yz
f [ ] e (enodednds

]d‘dyd c<

qulrlvlvlzl ‘N}vfr
Py e
5CII+1)~’ 5+1
2 0y Ly Ly, P73 ™
~, 3417 Al Al
<
<My 1 4 +2M min ZZZ J ~J. J.dxdydz
p=lqg=1r=13 17 12
P

¥ o9y 1Z
) p+ q+ r+—

ol b
2 ZZZ I I I ‘x poy quz z,|dxdydz | =

p=lg=lr=1%

Mo 30% A% A
:gZA1+2Mhm{%£Af Eo3%2 2* 8% A%

2 4 4 4

:MA13 +M min 2;@A23 =
64 64

I Smia 22001
64 gl 64 5
4 EXPERIMENTS

There are two types of testing algorithms [7]:

— testing of programs in order to identify errors in
their design and coding of computational algorithms for
solving problems;

— testing of computational algorithms implemented by
specific programs, in order to study their functionality in
solving problems in this class.

© Nechuiviter O. P., 2020
DOI 10.15588/1607-3274-2020-4-7

In the study of cubature formulas for the approximate
calculation of integrals from highly oscillating functions
of many variables, main attention is dedicated to the sec-
ond type of testing. The key issues of the second type of
testing include: algorithms [7]:

— definition of a set of characteristics of the computa-
tional algorithm;

— classification of solved problems and compilation of
test sets;

— solving test problems, substantiation of values of
characteristics and their estimations;

— verification, interpretation and confirmation of test
results;

— automation of the testing procedure.

The purpose of testing is to check and identify on a set
of test tasks the functionality of cubature formulas on
such characteristics as E (accuracy), T (time to solve the
problem on a computer), M (computer memory required).

In this paper, the subject of testing is the cubature

formula ®> (w) for the approximate calculation of the

integral / 3 (@) in the case when the information about the

functions f(X,y,z) and g(x,y,z) is the corresponding

traces of functions on mutually perpendicular planes. The

purpose of testing is to identify the functionality of the

cubature formula on such a characteristic as accuracy.
The test set of tasks includes functions of the follow-

ing type:

- f(x,y,z)=const, f(x,y,2)=q(x)+h(y)+1(2),

- f (x5, p,2) = q(x0)h(y)i(2),

= f(x,3,2) = g(x)h(y)t(2) + u(x)v(y)w(z) ,

- f(x,y,z)=sin(x+y+z),

- f(x,y,z)=cos(x+y+2z),

- g(x,y,z) = const, g(x,y,2) = ¢(x) +y(y)+n(2).,

- g(x,y,z)=sin(x+y+z),

- g(x,y,z)=cos(x+y+z).

It is due to the fact that trigometric functions belong to
a wider class of functions H>"" (M,M), r>1, and for
functions of the form t(x,y,z)=§(x)+C(y)+06(z) the

operator Oz(x,y,z) exactly restores the function. The

latter is easily verified by the following lemma.
Lemma. If ©(x, y,2) =&(x)+E(y)+0(2),

(x,y,z) G, (x,y1,21) € G, then

‘c(-xayaz)_T(xlayaz)_T(x:ylaz)_r(x:yzzl)+
+(x, 15 2) +(xg, v,z )+ T (v, 21) = (3, 01,21 = 0.
The proof of the lemma is a direct test:

t(x,y,z)—t(x,3,2)—t(xp,2) - (%, 3,71 ) +
+T(x1,y1,z)+‘c(xl,y,zl)+‘c(x,y1,zl)—t(xl,yl,zl):
=8(x)+8(»)+6(2) —&(x1) - C(¥) —0(2) - &(x) -
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€ =6(2) =&(x) =C(») = 0(z1) +
+E(x1) +C(y) +0(2) +E(x) + C(») +0(z1) +
+6(x) +C(v) +0(z1) = &(x ) =C(y1) = 6(z1) = 0.

S RESULTS
This section provides a fragment of testing the cuba-

ture formula ®° () of the approximate calculation of the

integral 7 3(o)). Information about functions f(x,y,z)

and g(x,y,z) is given by the corresponding traces of
functions on mutually perpendicular planes. The Table 1
calculations  I° (w) for

shows the results of

f(x,y,z)=sin(x+y+z)and g(x,y,z)=cos(x+y+z)
for different /1, ¢, and for ®=2n, ® =51, ®=10n. For

each case, table 1 shows the value of the obtained ap-
proximation error

82‘13(0))—433 (w)‘,

as well as estimates of the approximation error £ ob-
tained in this work. According to Theorem, the following

error estimation of approximation of the integral [ 3 (®)
by the cubature formula ®>(w) is valid:
M o 1

+ M min 2;——
4 g23

M1
64 g13

If we approximate the integral / 3 (o) for

S(x,y,z)=sin(x+y+z) g(x,y,z)=cos(x+y+z),
then

E =

+min| 2;
640, 64053

All calculations were performed in the computer
mathematics system Wolfram Mathematica 10.

Table 1 — Calculation 7° (®) by cubature formula 3 (@)

¢ ® Re(d)3 ((o)) Im((l>3 (o))) € E

5| 2n —0,04483571402443004 ~0,005659773384241312 1.00-107° 9.10-1074
10 | 2= ~0,04483413982444644 ~0,005657576013215849 1701076 1.13-107%
5 5m 0,00716043088301338 0,002969393727490588 2.59.1072 2.08-1073
10 | 5 0,00715783879935095 0,002951850395219029 1.16-1072 261-1074
15 | 5m 0.00714366140868924 0.002947434378359690 3.58.10°0 773.107°
20 | s¢; 0,00714168524396518 0,002932224529620142 1581073 3261070
25 | 5n 0,00715234766233286 0,002945672856298047 5.13.107° 1.67-107>
5 1 10n -0,00180433697415137 0,000356265110351913 739.1074 4.05-1073
10 | 10m —0,00140102828305083 ~0,000261065518418426 3.62-10°0 5.06-1074
15 | 10z ~0,00139749596727245 ~0,000261837407624295 241.1077 1.05-1074
20 | 10m —~0,00035388799218903 —0,000260805717278864 139.107° 6.33.107
25 | 10m ~0,00139663624810749 -0,00026136986950217 836-10~7 324107
20 | 20n ~0,000353887992189033 0,00050210512582646 583.1074 1241074
25 | 20m ~0.000246554652733453 —~0.00008515953820463 1301072 6.38-107

6 DISCUSSION

In Table 1, it becomes obvious that with increasing ¢,
ie. with increasing traces of  functions
f(x,y,z)=sin(x+y+z) and g(x,y,z)=cos(x+y+2z)
on the planes for each variable, the accuracy of calcula-
tions increases. In each case, for different ¢ and different
® , the accuracy of the approximate calculation of the
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integral [ 3 (o) by the cubature formula is less @3 (®)

than the theoretical estimate of the approximation error,
which was obtained in Theorem. This indicates that the
numerical experiment confirms the theoretical results
presented in this paper.

In addition, it is important to note that in the paper all
theoretical statements were made for functions f(x,y,z)
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and g(x,y,z) which belong to the class of functions
Jige (M M ) Obviously, functions sin(x+y+z),

cos(x+ y+z) are the functions that belong to a broader
class of functions. This suggests that the cubature formula

@3 () has a good approximation accuracy and should be

researched on other classes of functions.

It is also worth noting that when conducting numerical
experiments, it is important to always test the cubature
formulas on the so-called “bad” functions of the class.
The “bad” functions of the class include functions that in
nodes (lines, planes) are zero, and between nodes (lines,
planes) are the furthest from zero [4]. On such functions
algorithms, in our case the cubature formula has the
greatest error. The building of bad functions in the case
when the information about the function is given by the
traces of the function on the planes is a cumbersome task
and requires additional research. Therefore, in this ex-
periment we will not consider testing the cubature for-

mula ®° (o) for a “bad” function of class. This problem
will be considered in further works, when the optimality
by the order of accuracy of the cubature formula @3 (®)

will be proved. The study and testing of cubature formu-
las for the approximate calculation of integrals from
highly oscillating functions of three variables (regular
case) can be found in more detail in [7].

CONCLUSIONS

The problems of digital signal and image processing
with the use of new information operators are considered
in the paper.

The scientific novelty is that for the first time the cu-
bature formula of approximate calculation of integrals
from highly oscillating functions of three variables (ir-
regular case) has been presented. The main difference of
the proposed cubature formula is that it uses traces of
functions and planes as information about function. The
cubature formula has high approximation accuracy. An
estimate of the approximation error on the class of differ-
ential functions is obtained.

The practical significance of this work is that the
new methods of obtaining input information about the
function in the form of traces of the function on the planes
opens new ways in the building of mathematical models,
in particular in digital signal processing.

The prospects for further research are to obtain an
estimate of the approximation error on a wider class of
functions and to prove that the proposed cubature formula
is optimal by the order of accuracy.
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VIK 519.6
KYBATYPHA ®OPMYVYJIA HABJIMKEHOI'O OBUUCJEHHSA IHTETPAJIA BIJI IIBUAKOOCIATIOIOYOL
®YHKIIIi TPbOX 3MIHHUX (IPPET'YJIAPHUI BUIIAIOK)
Heuyiisitep O. II. — 1-p ¢i3.-mMaT. HayK, TOLEHT, 3aBixyBad Kadenpu iHGopMaiHHUX KOMII IOTEPHUX TEXHOJIOTIH I MaTeMaTHKH
VYkpalHChKOT iH)KEHEepHO-TIeAaroriyHoi akaxemii, XapkiB, YkpaiHa.

AHOTAIIA

AKTyalIbHiCTB. [HTErpanyu Bix MBUAKOOCHMITIOYUX QYHKLI 6araTb0X 3MIHHUX € OZHHM 3 LEHTPAIbHHUX MOHSITH HU(pPOBOT 00-
poOKu curHaNiB Ta 300pakeHb. O0’€KTOM JOCHIIKEHHS € NH(poBa 0OPOOKH CUTHAIIIB Ta 300pa)KeHb 3 BUKOPHCTaHHSAM HOBHX iH]O-
pMmauiitaux omeparopiB. Mera pobotu — mobymoBa KyOaTypHOi (GopMynn HaGIMKEHOro OOYMCICHHS HMOTPIHHOTO IHTETpalty Bix
IIBUAKOOCIMIIIOI0YOT (yHKIIT 3araqbHOro BUAY. IHpopManis npo ¢pyHKHii 3amaeTsess Habopamu CIiliB GyHKIIH HA TIIOIMHAX.

Metoa. CyuacHi MeToau 1uppoBoi 0OpoOKH CHTHAJIIB XapaKTEepU3YIOThCSI HOBUMH ITAXOJaMHU 10 OTPHMAaHH:, 0OpoOKH Ta aHa-
nizy iHdopmarii. € HeoOXiHICTE Oy yBaTH MaTEeMaTHYHI MOJIEN, B KUX iH(GOPMAIliS MOKE 33]]aBaTHCS HE TUTBKH 3HAYCHHAME (Y-
HKIIT B TOYKaXx, a 1 K CyKYyIHICTb CJIiiB (YHKIUIi Ha IUIOMMHAX, K HAOIp ciiniB GyHKLUIT HA JiHIAX. [CHYIOTh ONTUMaJIBHI 32 TOYHIC-
TIO aJFOPUTMHU OOYMCIICHHS IHTErpaiiB BiJl IBHIKOOCHMIIOIOUNX (QYHKIIH 6araThboX 3MiHHMX (PETyJSIpHHH BHIIAJIOK), SIKi B CBOIH
noOy10Bi nepenbavyaroTh pi3Hi TUIM 3amaHHs iHpopmauii. Sk po3B’s3aHHs ORI MIMPOKOI 3a4a4i Uil HEPETYJIIPHOrO BUOAIKY B
poboti npencraBiaeHo KybarypHy (GopMmyiy HaGIMIKEHOro OOYMCICHHs MOTPIHOrO iHTerpaay BiJ MIBHAKOOCHWIIIOYOI QYHKLIT y
3aranbHOMY BHZII. [IpeacraBieHnii anropuT™M HaOMMKEHOTO OOYMCIEHHS iHTErpany 0a3yeThCs HAa BHKOPUCTAaHHI OMEpaTOpiB, SKi
BiJHOBIIOIOTH (PYHKIIIO TPHOX 3MIHHHX 3 BUKOPHCTaHHSAM HAOOpy ClifiB (YHKIi Ha B3a€MONEPIEHANKYIIAPHUX MUiomuHax. Omne-
paTtopyu BUKOPUCTOBYIOTh B SIKOCTI JONMOMDKHHMX (DYHKIIH KyckoBo-cTami cruiaitnu. KybatypHa ¢opmyna BimHOCHTBCS 10 (opMy
tuny Paiinona. OTprMaHa OIiHKa TOXHOKH HAOIMKEHHS IHTErpaly BiJl MIBHIKOOCHMIOWYOT QyHKIIT KybaTypHOIO GOopMyIow Ha
Kiaci qudepeHIifoBHUX QyHKIIIH.

PesyabTaTn. J{ocnimkena kyoarypHa Gopmyna HaOIMKEHOTO 00YHCIICHHS MOTPIHHOTO IHTErpaty Bijl HIBHIKOOCIMIIIONYOI (Y-
HKLI 3aralbHOTO BUIY.

BucHoBku. [IpoBeaeHi ekClIepUMEHTH MiATBEPAMIN OTPUMaHI TEOPETHYHI Pe3yJIbTaTH IIOA0 OLIHKHU MOXHOKH HAOIVKSHHS 110-
TPIHHOTO iHTErpasy BiJ MIBHAKOOCHMIIOIYOI QYHKIII 3araJbHOTO BUAY KyOaTypHOIO (opMyioro. [lepcnekTHBO0 moganbpux A0-
CITIHKEHb € OTPUMAHHS OLIHKU MOXMOKM HaOMIKEHHS Ha OUIBII MIMPOKUX Kiacax (YHKLiH. A TakoX JOBECTH, IO 3alPOIIOHOBAHA
Ky0aTypHa GopMyIia € ONTHMAIBHOIO 32 MOPSIKOM TOYHOCTI.

KJIIOYOBI CJIOBA: mudposa 06podka curHaiiB Ta 300paxeHb, KybaTypHa (popMyIa, YUCeNbHe IHTErpiBaHHS IIBHIKOOCIIH-
JFOOYMX (YHKILiH 6araThox 3MiHHUX.

VK 519.6
KYBATYPHAS ®OPMVYJIA NIPUBJINKEHHOI'O BBIYUCJIEHUSA UHTETPAJIA OT
BBICTPOOCHMLINPYIOIIEN ®YHKIUU TPEX IEPEMEHHBIX (MPPET VJISIPHBIN C.HY‘lAFl)
HeuyiiButep O. I1. — 1-p ¢us.-mar. HayK, JOIEHT, 3aBenyrouid kadeapoir HHPOPMAIIMOHBIX KOMITBIOTEPHBIX TEXHOJIOTHHA U
MaTeMaTHKH Y KpauHCKOW MH)KEHEPHO-TIIeAaroruueckoil akanieMun, XapbkoB, YKparHa.

AHHOTAIUSA

AKTyaJIbHOCTB. IHTErpasbl 0T OBICTPOOCHMILIMPYIOMNX (YHKIMH MHOTHUX MEPEMEHHBIX OTHOCSTCS K OJHHM U3 LEHTPAIBHBIX
HNOHATHH 1M(POBOH 00pabOTKKM CHrHANOB U M300paxkeHnil. OOBEKTOM HCCICIOBAHUS SABIsETCS LK(pPOBasi 0OpabOTKM CHUTHAJIOB U
N300paKeHUH C UCIOJIb30BaHUEM HOBBIX MH(OPMALMOHHBIX onepaTopoB. Llenb paboTsl — nocTpoeHne KyOaTypHbIX Gopmys mpu-
ONMKEHHOTO BBIYUCIICHUSI TPOWHOTO MHTETpaja OT OBICTPOOCHMILIMPYIOMHKX (YHKIHH B o0meM Buae. HpopMaus o QyHKIHIX
3agaeTcsi HabopamH ciieoB (PyHKIHH Ha TIIOCKOCTSX.

Metoa. CoBpeMeHHBIE METOIBI IN(PPOBOH 00PabOTKH CHTHAIOB XapaKTepPH3yIOTCSI HOBBIMH ITOJXOJAMH K ITOIydYeHHUIO, obOpa-
6oTke u aHaM3y nHpopMarmu. EcTh HEOOXOANMOCTH CTPOUTH MaTeMaTHIECKHE MOJICIH, B KOTOPEIX HH(OPMAIHs MOXKET 3a1aBaTh-
Cs1 HE TOJIBKO 3HAYCHUSIMH (YHKLIUH B TOYKaX, HO ¥ KaK COBOKYITHOCTb CIIEOB (DYHKIMU Ha IUIOCKOCTSIX, KaK Habop cienoB (yHK-
K Ha JTUHUSX. CyIIecTBYIOT ONTUMAJIBHBIE 110 TOYHOCTH JTOPUTMBI BHIYMCICHHS MHTETPAJIOB OT OBICTPOOCIMILIMPYIONIHMX (QyHK-
LUl MHOTUX MEPEMEHHBIX (PEryJISpHBII Clyuail), KOTOpBIE B CBOEl IIOCTPOCHUH IPEAyCMaTPUBAIOT Pa3IM4HbIC TUIIBI 33/laHUs MH-
¢dopmanun. Kak perrerue 6osiee mIMPOKOM 3aa4u st oOLIero ciydast B paboTe mpeacTaBieHa KyoaTypHas GopMyia mpubImKeH-
HOTO BBIYMCJICHUSI TPOHHOIO MHTErpajla 0T ObICTPOOCHMIIMPYIOMMX (QYHKUMH B oOweM Buze. IIpeacTaBiieHHBIH aaroput™ MpH-
OJIM)KEHHOTO BBIYMCIICHUS MHTErpana 0a3upyercss Ha MCHOJIb30BAHWH ONEPAaTOPOB, KOTOPHIC BOCCTAHABIMBAIOT (YHKIMIO TPEX Me-
PEMEHHBIX C HCIIOJb30BaHHEM Habopa ciefoB QYHKIMI Ha B3aUMHOINCPIICHIMKYISIPHBIX IIOCKOCTX. OnepaTtopsl HCIOIb3YIOT B
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Ka4ecTBE BCIOMOTATENbHBIX (PYyHKIMH KyCOYHO-TIOCTOSIHHBIE cIUTaiiHbl. KyGarypHas ¢opmyrna otHOocuTcs K hopmyiam tuma Daii-
noHa. [ToiydeHHa olleHKa NOTrPEIIHOCTH NPHUOJIMKEHHST HHTerpajia OT ObICTpoOCIILIHpyomeit GpyHkImn KyoatypHoit Gpopmyioit Ha
Ki1acce nuddepeHpyeMbIx GyHKIUH.
Pesyabtarnl. Uccnenosana kybaTypHast GpopMyna NpUOIMKEHHOTO BBIYMCIICHHS TPOIHOIO MHTErpaja OT ObICTPOOCHMILUIUPYIO-
X GyHKUUi obuiero Buja.
BbiBoabl. [IpoBeieHHBIC KCIIEPUMEHTHI OATBEPANIIH MOIYyYEHHBIE TEOPETHYECKUE PE3yIIbTAaThl 00 OLIEHKE NOTPELIHOCTH MPH-
OMKEHHsI TPOMHOTO MHTETpaita OT OBICTPOOCHIIUTUPYIOMNX GYHKIUH o0mero Buga KybatypHoi hopmynoii. [lepcnexTruBoii nanb-
HEWIINX UCCIENOBAHUN SBISCTCS MOJIyYeHHE OLIEHKH ITOTPENIHOCTH MPUOIMKeHns Ha Ooiee IMPOKUX Ki1accax QyHKIMH. A Tarke
JI0Ka3aTh, 4TO MPEeJIoKeHHas KyOaTypHast (hopMyIIa sIBISIETCS ONTUMAIBHOI MO MOPSIIKY TOYHOCTH.

KJIFOYEBBIE CJIOBA: nudposas 06paboTka CUTHAIOB U H300pakeHHi, KybaTypHasi (GopMyJia, YUCICHHOE UHTCTPUPOBAHHE
OBICTPOOCIMILIMPYIONIHMX (PYHKINI MHOTHX IEPEMEHHBIX.
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ABSTRACT

Context. The problem of deriving a solution for the average waiting time in a closed form queue for an ordinary system with
second-order hyper-Erlang and hyperexponential input distributions and a system with shifted hyper-Erlang and hyperexponential
input distributions is considered.

Objective. Obtaining a solution for the main characteristic of the system — the average waiting time for requirements in the
queue for a queuing system of type G/G/1 with conventional and shifted second-order hyper-Erlang and hyperexponential input
distributions.

Method. To solve this problem, we used the classical method of spectral decomposition of the solution of the Lindley integral
equation, which allows us to obtain a solution for the average waiting time for the systems in question in a closed form. The spectral
decomposition method for solving the Lindley integral equation occupies an important part of the theory of G/G/1 systems. For the
practical application of the results obtained, the well-known method of moments of probability theory is used.

Results. For the first time, spectral decompositions of the solution of the Lindley integral equation for both systems were
obtained, with the help of which calculation formulas for the average waiting time in the queue for the above systems in closed form
are derived. This approach allows you to calculate the average waiting time for these systems in mathematical packages for a wide
range of traffic parameters. All other system characteristics are derived from the average waiting time.

Conclusions. It is shown that the hypererlang second-order distribution law, as well as the hyperexponential one, which is three-
parameter, can be determined by both the first two moments and the first three moments. The choice of this law of probability
distribution is because its coefficient of variation covers a wider range than for hyperexponential distribution. For shifted hypererlang
and hyperexponential distribution laws, the coefficients of variation decrease and cover an even wider range than for conventional
distributions. The introduction of time-shifted distributions expands the scope of QS taking into account the well-known fact from
the queuing theory that the average waiting time is associated with the coefficients of variation of the intervals of arrivals and the
service time by a quadratic dependence. The spectral decomposition method for solving the Lindley integral equation for a queuing
system with second-order hyper-Erlang and hyperexponential input distributions allows us to obtain a solution in a closed form and
this solution is published for the first time. The resulting solution complements and extends the well-known queuing theory formula
for the average queue waiting time for queuing systems of type G/G/1.

KEYWORDS: hypererlangian and hyperexponential distribution laws, Lindley integral equation, spectral decomposition
method, Laplace transform.

ABBREVIATIONS Du 1S a service time variance;
LIE is a Lindley integral equation;

. . ) . M is an exponential distribution law;
. G/G/1 is a QS Wlth. arbitrary l%WS of d1str1but1on.of H, is a hyperexponential distribution law of the second
intervals between receipt of requirements and service

time: order;
dS is a queuing system; H; is a shifted hyperexponential distribution law of
PDF is a probability distribution function. the second order;
HE, is a hypererlangian distribution law of the second
NOMENCLATURE order:

a(t) is a density function of the distribution of time

between arrivals; HE, is a shifted hypererlangian distribution law of

the second order;

| is an average idle time;
12

A"(s) is a Laplace transform of the function a(t);

b(t) is a density function of the distribution of service
time; is a second initial moment of the idle period;
p is a parameter of the hyper-Erlang law;

* . . .
B"(s) is a Laplace transform of the function b(t); q is a parameter of the hyperexponential law;

C, is a coefficient of variation of time between W(y) is a PDF of the waiting time in the queue;
arrivals; W is an average waiting time in the queue;
c,, 1s a coefficient of variation of service time;

(0 W*(S) is a Laplace transform of waiting time density
D, is a variance of a random interval between  fynction;

arrivals; Z is an any number from the interval (-1, 1);

© Tarasov V. N., Bakhareva N. F., 2020
DOI 10.15588/1607-3274-2020-4-8

74



e-ISSN 1607-3274 PagioenexrpoHika, inpopmaTuka, yrnpasainss. 2020.
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2020.

Ne
0

4
4

A is an input flow rate;

A,Ay are parameters of the hypererlangian
distribution law of the input flow;

W is a service intensity;

Hy,u, are parameters of the hyperexponential

distribution law of service time;
p is a system load factor;

T, is an average time between arrivals;

?f is a second initial moment of time between

arrivals;

T, 1s an average service time;

%
®_ (s) is a Laplace transform of the PDF of waiting

is a second initial moment of service time;

time;

v,.(s) is a first component of spectral
decomposition;

y_(s) is a second component of spectral
decomposition;

x(t) is a characteristic function of a random variable

INTRODUCTION

The article is devoted to the analysis of QS of type
G/G/1 with arbitrary laws of the distribution of the input
flow of requirements and the time of their servicing, for
which, in the general case, a solution cannot be found for
the main characteristic — the average waiting time of the
requirements in the queue. Therefore, systems of the type
G/G/1 can be studied only with specific laws of the
distributions of the input flow of service time [1-3]. As is
known, for example, from [1], for the G/G/1 system, the
average waiting time is determined by the expression

D +D, +(1-p2 /22 |2
21-p)/ A 21

Since expression (1) is associated with the coefficients
of variation of the intervals of receipt and service by a
quadratic dependence, the role of the latter for the value
of the average waiting time is significant. The second
term on the right-hand side of (1) remains unknown and it
is likely that it may depend on the moments of the arrival
intervals and the service time of a higher order than the
first two. Because of this, formula (1) will be considered
incomplete so far. In teletraffic theory, using average
waiting time, packet delays in packet switching networks
are estimated. In this paper, we restrict ourselves to the
second-order hyper-Erlang distribution of the intervals
between the input flow requirements and the second-order
hyperexponential distribution of the service time because,
when the order is higher than two are, further calculations
become extremely time-consuming.

The object of study is the queueing systems type
G/G/1.

© Tarasov V. N., Bakhareva N. F., 2020
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The subject of study is the average waiting time in
systems HE»/H,/1 and HE, /H, /1.

The purpose of the work is obtaining a solution for
the average waiting time of requirements in the queue in
closed form for the above-mentioned systems.

In the queueing theory, the studies of G/G/1 systems
are relevant because they are actively used in modern
teletraffic theory, moreover, one cannot obtain solutions
for such systems in the final form for the general case.
The laws of the Weibull or Gamma distributions of the
most general form, which provide the range of variation
of the coefficients of variation from 0 to co depending on
the value of their parameters, are not applicable in the
spectral decomposition method. This is because the
Laplace transform of the density function for these
distributions cannot be expressed in elementary functions.
Therefore, it is necessary to use other private laws of
distributions.

In the study of G/G/1 systems, an important role is
played by the method of spectral decomposition of the
solution of the Lindley integral equation and most of the
results in the theory of mass service are obtained using
this method.

1 PROBLEM STATEMENT

The article poses the problem of finding a solution for
the waiting time of requirements in a queue in QS
HE,/H,/1 with ordinary and shifted with distributions and
constructing a mechanism for approximating arbitrary
distribution laws with hyper-Erlang and hyperexponential
ones. To study the G/G/1 systems, as is known, for
example, from [1-4], the Lindley integral equation is
used. One form of the Lindley integral equation (LIE)
looks like this:

)= }/W(y—u)dc(u), y>0;

W (y
0, y <0.

Here is C(u) is PDF of the random variable 0= X-1,
where, in turn, X is the random service time and the
random variable f is the interval between arrivals.

When applying the method for solving the LIE, we
will adhere to the author’s approach and symbolism [1],
as was done in the author’s early works. For this, by
A"(s) and B*(s) we denote the Laplace transforms of the

density functions of the distribution of intervals between
arrivals and service time, respectively.

We need to find the law of waiting time distribution in
the system through the spectral decomposition of the

form: A*(=s)-B*(s)-1=y,(s)/y_(s),  where
v, (s) and y_(s) are some rational functions of s that

can be factorized. Functions y, (s) and y_(s) must

satisfy the following conditions according to [1]. To solve
the problem, it is necessary first to construct for these
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systems  spectral decompositions of the form

A*(=s)-B*(s)-1=wy, (s)/y_(s).

2 REVIEW OF THE LITERATURE

The method of spectral decomposition of the solution
of the Lindley integral equation was first presented in
detail in the classic queucing theory [1], and was
subsequently used in many papers, including [2,3]. A
different approach to solving Lindley’s equation has been
used in [4]. That work used factorization instead of the
term “spectral decomposition” and instead of the

functions y, (s) and w_(s) it used factorization

components ®, (z,t) and _(zt) of the function

1—z-y(t), where y(t) is the characteristic function of a

random variable & with an arbitrary distribution function
C(1), and z is any number from the interval (—1, 1).

In the scientific literature, including the web resources
of specialized queue theory journals, the author was not
able to find the results on the waiting time for QS with
hyper-Erlang and hyperexponential input distributions of
the 2nd order of the general form.

In the field of systems with delay in time, the authors
published the following works. In [5] the results on
systems with delay Hy/H,/1, Hy/M/1, M/H,/1 are given, in
[6] — on system with delay HE,/HE,/1, in [7] — on systems
with a delay based on the QS Ey/E»/1, Ey/M/1, M/E)/1,
and in [8] — on systems with a delay based on the QS
HE,/M/1. Article [9] presents the results for a system with
a delay M/HE,/1, and article [10] summarizes the results
for eight systems with a delay in time.

In [11] presents the results of the approach of queues
to the Internet and mobile services as queues with a delay
in time. Approximate methods with respect to the laws of
distributions are described in detail in [3, 13-15], and
similar studies in queuing theory have recently been
carried out in [16-24].

3 MATERIALS AND METHODS
For the HE,/H,/1 system, the distribution laws of the
input flow intervals and the service time are given by the
density functions of the form:

a(t)=4 pAdte 2Mt 4 4(1-p) Adte At )

b(t)=que ™™ +(1-q)pe ™" 3)

Distributions (2) and (3) in the scientific literature are
denoted by HE, and H,. They contain three parameters
0<p<l, A{,A, >0 and 0<g<l, py,p, >0 respectively,
therefore, they allow you to approximate arbitrary input
distributions at the level of the first three moments using
the well-known method of moments. It was shown in [6]
that the distribution of HE, as well as H, can be
unambiguously described using both the two and three
first moments.

We write the Laplace transform functions (2) and (3):
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B™(s)=q——+(1-

q)“_z
S+

S+

The expression A*(—s)-B*(s)—1=wy, (s)/y_(s)
for the spectral decomposition of the solution of the LIE
for the HE,/H,/1 system takes the form:

V-9 p[zxzfij“l‘p)(zxzj—isﬂx

ot st
M t+s Mo +8

The first factor in (4) on the right side in square
brackets is:

2 2
20 2),
+(1- =
p[le—s] ( p)[nz—sJ

p(16k12x§ —16x%x2s+4x%sz)
- 2

. (s) _

(224 =)’ (222 -5)

(1- p)(16x%x§ —16x1x§s+4x§s2)
+ =
(24 —5)* (24, —5)

8y — &S +a,s°

(20 -s) (20, -s)

intermediate  parameters used here a, = 161743,
a =160 o[ pA; +(1- p) Ay, @ =4[pAf +(1- p)A3].

Similarly, imagine the second factor:

L_{_ _ :H1H2+[QH1+(1—Q)H215:
{qws (1 } (s +5) (1, +5)

H,
) W, +S
b, +b;s
(1, +5)(p, +s)’
intermediate ~ parameters

by = au; + (1=, -
Continuing the decomposition, we obtain:

va(s) _ (a-as+astbyths)
v-(5) (20 —5)* (24 —5)* (1 +5)(s +9)
(M =8) (22 =) ( +S)up +9)

(20 =) (245 = 5) (y +5)(y +9)

M T

used  here

bo =,

(&)

—s(s” 48
(24 =5)* (215 = 5) (1 +5)(y +9)

_ S(S+81)(S+8,)(S ~S3)(S ~54)(S —S5)

(20 =) (205 —5)2 (g +S)(1a +5)
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The polynomial in the numerator on the right-hand
side of expansion (5) usually always has one zero S=0
[1]. In this case, the free term of the expansion is also
equal to 0: aghy —16A7A31, 1, =0. In the numerator, the

fractions on the right side of the expansion obtained a
polynomial of the sixth degree

—5(5° —cy8* —c38° —¢,8%2 —¢;5-¢y), whose coefficients
are equal to:

Co =2l —ayby —ag(y +10) +16A Ak (A +25),
¢ =—ajby +ahy —ag +16A A (A +25)(wy +1p) -
Ao [ +20)% + 20251,
Cy =gy +4(h; +Ap)(4h Ao + ppy) — (6)
~A[(hy +20)7 + 2005 11y + 1)
Cy = 400 + 20y +1p) — 4] +23) 16344 — pyps,
Cq =4 +Ap)—p —Hy-

These coefficients are obtained by performing
symbolic operations of the Mathcad mathematical
package on the decomposition numerator (5), because in
the numerator of the decomposition, 42 terms are
obtained, and it is rather problematic to manually process
and bring such terms. Perhaps that is why this problem
was solved for the first time. Next, we select the
polynomial in the decomposition numerator (5)

s° —c4$4 —0353 —czs2 —CiS—Cy, (7

because determination of its roots and work with them is
an important point in the method of spectral
decomposition of the solution of LIE.

The study of polynomial (7) with coefficients (6)
using the Vietta formulas confirms the presence of two
negative real roots as well as three positive real roots or
one positive and two complex conjugate roots with
positive real parts. The study of the sign of the least
coefficient ¢y >0 of the polynomial (9) shows that it is
always in the case of a stable system when
0<p=7,/m <1. In the general case, the presence of

such roots follows from the existence and uniqueness of
the spectral decomposition [1] or factorization [4].
Denoting the roots of the polynomial (7) with negative

real parts, for convenience, by -S;,—S,, and with
positive real parts, through S;,S,,Ss, the relation
v, (s)/w_(s) can finally be decomposed into the

following factors:

Vo (8) oS5 +8)(s+8,)(5-8)6=8)(6-8)
Ve (S) (27"1 _5)2 (2}"2_5)2 (1 +8)(u, +9) ®
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Therefore, taking into account conditions [1], we take
S(s+s;)(s+5Sy)

(g +8)(Hp +5)
zeros of the polynomial (7): s=0, S=-5,S=-S, , and

for the function y_(s)= , because the

the poles s=—p,, s=-p, lie in the region Re(s)<0,
(24 =5)* (20, - s)’

(5=53)(s—54)(s—55)
because its zeros and poles lie in the region Re(s)<D

defined by condition [1].

The fulfillment of conditions for the constructed
functions also confirms the figure 1 where the zeros and
poles of the relation are displayed on the complex s -
plane to eliminate errors in constructing the spectral
decomposition. In Figure 1, the poles are marked with
crosses, and zeros are indicated by circles.

and for the function y_(s)=-

S3 S84 Sy 2;\1212

“Hi-Hz -51-S2 Re(s)

Figure 1 — Zeros and poles of the function v, (s)/w_(s) for the
system HE,/H,/1

Next, by the method of spectral decomposition, we

Vi (s) s

Hiko

are the absolute values of the negative roots

determine the constant K = lim , Where

s=>0 S
St 52
—S;,—S,. The constant K determines the probability that
the demand entering the system finds it free.
Using the function y, (s) and constant K, we define

the Laplace transform of the PDF waiting time W (y):
K sisy(stm)(s+p)
@, (S) - - :
vi(s) s(s+sp)(s+s2)mmy
From here, the Laplace transform of the waiting time
density function W' (s) =s-®, (s) is
W*(S): 3152 (S+H1)(S+M2) '
(s+51)(S+5y )y

(€))

To find the average waiting time, we find the
derivative of the function W (s) with a minus sign at

the point s=0:

_dW*(s)| :_slsz(s+p1)(s+p2) _
ds 0 (s+5)(s+5))my 0
1 1 1 1
=t ————

Finally, the average wait time for the HE»/H,/1 system
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(10)

where S;, S, the absolute values of the negative roots are
—8;,—S, of the polynomial (9) with the coefficients given
above, and p;, p, — the distribution parameters (3).

Thus, for the average waiting time in the QS HE,/H,/1,
the solution in closed form (10) is obtained.

From the expression (9), if necessary, you can also
determine the moments of higher orders of the waiting
time, for example, the second derivative of the
transformation (9) at the point s=0 gives the second
initial moment of the waiting time

W2 =20 s s = s sy il
which allows you to determine the dispersion of the
waiting time. Given the definition of jitter in
telecommunications as the spread of the waiting time
around its average value [12], we will thereby be able to
determine jitter through dispersion. This is an important
result for delay-sensitive traffic analysis.

The problem of approximating the distribution law (2)
using both the first two moments and the first three
moments is considered in detail in [6]. To do this, we use
the initial moments up to the third order found for the
distribution (2) found based on the Laplace transform
property of the moment reproductions:

_ I-p) 5 3 1-p
-2l g2 e )
b Moh (11)
3 _3p 3(1-p)
Tx——3+ 3 .
A %)

When approximating using the first two moments, the
unknown distribution parameters (2) are determined using
the following expressions:

2
M =2p/ T, Ay =201-p)/T, pods PGS
2\ 8(+cd)

In this case, for the probability p you can take any of
these values. It follows that the coefficient of variation of

time between arrivals ¢, >1/+2. When approximating

using the first three moments to find the distribution
parameters (2), it is necessary to solve the system of three
equations of the method of moments (11) in the Mathcad
package. Moreover, a necessary and sufficient condition
for the existence of a solution is the fulfillment of the

condition: ‘Ei a > r% . From (11) it follows that the
square of coefficient of variation of time between arrivals

A =2Ph (= 29) + PA=2P)(y ~hp)”
2[(1- p)A; + P, I

=

(12)
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The same problem for distribution law (3) using both
the first two moments and the first three moments was
considered in detail by the author in [5]. To do this, we

write the expressions for the initial moments of
distribution (3):
1- > 2(1-
s -9, (-9 5 2 2(0-q)
u TR 2
b M 1 15 (13)
= _6a, 6=
" .
TR

In this case, to determine the unknown parameters, the
following expressions are obtained

1
=20/ % 1y =20-0) %, G=[1%4(G 1)/ (6 +D].

In this case, for the probability g you can take any of
these values. It follows that the coefficient of variation of
the service time ¢, >1.

From (13) it follows that the square of the coefficient
of variation of the service time will be equal to

2 _ (=0P)uf —24(1- Qpypy +42 - Qw3

c (14)
! [(1- )y +qu, 1

When approximating using the first three moments, in
order to find the distribution parameters (3), it is
necessary in the Mathcad package to solve the system of
three equations (13) obtained by the method of moments.
In this case, a necessary and sufficient condition for the
existence of a solution is the fulfillment of the condition:

ri a > 1,51:;2L [13]. Due to the simplicity of calculations,

we will dwell on the approximation of the laws of
distributions using the first two initial moments.

Thus, the hypererlang law, as well as the
hyperexponential distribution law, can be determined
completely by the first two moments and cover the entire
range of variation of the coefficient of variation from
1/~/2 to o, which is wider than for the hyperexponential
distribution from 1 to co.

Next, we consider a system that is fundamentally
different from the QS studied. For the HE,/H,/1 system
with shifted laws of distributions of input flow intervals
and service time, these laws are defined by density
functions of the form:

apadt—ty)e M) L 4(1- p)3t—ty)e P2,

a(t)=<t>ty,

1
0, 0<t<t,, (1s)
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b(t)= {q“le_“l(’_’(’) +(1-g)ppe 2070 1>, (16)

0, 0<t <1

The density functions (15) and (16) are shifted to the
right from the zero point by the value of #;, >0 . Thus, we

have a QS with a time delay of #, > 0. Such a QS, unlike

the conventional system, is denoted as HE, /H, /1. We

are interested in the average wait time for the

HE, /H; /1 system.
Statement. The spectral expansions
A*(=s)-B*(s)=1=wy_ (s)/y_(s) of the LIE solution

for systems HE, /H, /1 and HE,/H,/1 completely

coincide and have the form (10). Consequently, the
Laplace transforms of the waiting time density function
for them also coincide.

Proof. The Laplace transforms of functions (15) and
(16) will be respectively:

2 2
27"1 27‘2 —tys
A*(s)= +(1- i S U PP (L
(S) [p[S‘Fz}\.lJ ( p)[s-!—Zij ] ¢
B (s)z[qL+(l— M—Z]e_tos.
S+ S+Ha
The spectral decomposition

A*(=s)-B*(s)-1=wy, (s)/y_(s) of the LIE solution
for the HE, /Hj; /1 system will be:

2 2
2 2 V| s
+(1- 0% x
p[”‘l_s] ( p)[nz—sj }

><|:qu1+(l—q) Ha :|e_t0s -1=
Kyt Mo +s

2 2
2, 20,
= — | +(1- - &
[p[ZXI—SJ ( p)[zkz—sj :|><
x{q H +(1—q)“2:|—1,
Hy+s Mo +s

Here, the exponential functions due to the opposite
signs of the exponents are zeroed out and thus the shift
operation is leveled. We thereby obtained the same
expression (8). Therefore, the spectral expansions for the

HE, /H, /1 and HE,/H,/1 systems completely coincide

and have the form (8). Thus, all the above considerations
for the HE,/H,/1 system are also valid for the system, but
already with the changed numerical characteristics of the
shifted distributions (15) and (16). The statement is

proved. Now we can use for the new HE, /H, /1 system
the results for the ordinary HE,/H,/1 system, but with the

© Tarasov V. N., Bakhareva N. F., 2020
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changed distributions parameters (15) and (16) due to the
introduction of the shift parameter 7, >0 into them.

We define the numerical characteristics of the
interval between the arrivals of requirements and service
time for the new HE; /H, /1 system. To do this, we use
the Laplace transforms of functions (15) and (16). The
value of the first derivative of the function 4*(s) with a

minus sign at the point s=0 is equal to
dA* (s)

= phy + (1= pIA; +1,-
dS s=0

Hence, the average value of the intervals between
adjacent requirements of the input flow will be equal to

T, =pA (- A+, (17)
The value of the second derivative of the function at
s=0 gives the second initial moment of the arrival interval

2_2 p (=p) 3. p (A=p

Ty =ty +2t)[—+——=]+=[F+ 1-

A=ty 202 2 (18)
Define the square of the coefficient of variation

A —2phy (M —hy) + p(1=2p) Ay —Ay)?
P ) 2 (M =2) + p(A=2p)(M —ho)” (19)

Atghiky +(1= p)hy + pho T

Similarly, we determine the average service time
through the Laplace transform B (s) of function (16)

- -1 -1
T =g +(A-qny +1p. (20)

The value of the second derivative of the function
B (s) at s=0 gives the second initial moment of service
time

=1 +2t0[i+7(1_q)]+2[%+7(1 _zq)] .
M

21)
2 Hi K2 ¢

From here we define the square of the coefficient of
variation of the service time:

2 0T = 2ag( =9 +gC- ]

2
(oo + (A =q@)uy +qu;]

Note that the coefficients of variation ¢, ¢, >0 for

the shift parameter ¢, > 0.

Now we estimate the effect of the shift parameter
fo >0 on the numerical characteristics of distributions
(15) and (16). We are primarily interested in the square of
the coefficient of variation, since the average waiting time
in the G/G/1 system is related to the variation coefficients
by the quadratic dependence (1).
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Comparing expressions (12) and (19), we see that the
time shift operation reduces the coefficient of variation of
the intervals of receipts by a factor of

oMy

—————=—— Comparing (14) and (22) we get a
(M- p)+i;yp]

oK

[ (1=q) +129]
delayed system provides shorter waiting times than a
conventional system with the same load p . This is the

decrease in 1+ times. Consequently, a

essence of introducing a delay parameter ¢, >0 to reduce

the coefficients of variation of intervals in the input
stream and service time, and because of reducing the
waiting time for requests in the queue.

Also in this lies the quantitative and qualitative
difference between a delayed system and a conventional
system. The results of computational experiments
unequivocally confirm these facts.

Considering expressions (17)—(19) as a record of the
method of moments, we find the unknown distribution
parameters (15) by doing the same with the usual
distribution (2), setting

M=2p/ (G 1) A =21=p)/ (G ~1p)-

and demanding the fulfillment of condition (19).
Substituting expressions (23) into (19) and solving the
obtained fourth-degree equation with respect to the
parameter p and taking into account the condition

- 2
0<p<l, we find p:li\/l_ 3(%_;0) —
48T —1)” + 6T ]

2
then we determine the parameters 2, and &, from (23).

(23)

and

By doing the same with expressions (20)—(22), setting

W =2q/(t,—19), np =2(-q)/ (7, %)) . (24)

and substituting (24) into (22) we obtain an equation of
the fourth degree with respect to the parameter g. Having
solved it taking into account the conditions 0 < g <1, we

the
- 2
1 (1)
T - 2, 222
2 \4 2, — )" + ey ]
expression for ¢ in (24), we find the unknown distribution
parameters (16) L, 1, . Moreover, as p and ¢, you can

determine parameter

Substituting  the

choose any of two values.

Note. The range of applicability of the HE, /H, /1
system will be determined by the no negativity of the
expressions under the square root for parameters p and g.

Thus, the algorithm for calculating the average
waiting time for given input parameters T, T, ¢y, ¢ lo
is reduced to a sequential solution of these equations.
Next, we determine the coefficients of the polynomial (9)
from the above expressions (8) and find the necessary
roots with negative real parts —s;, —s,. Substituting the
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DOI 10.15588/1607-3274-2020-4-8

80

absolute values of these roots in expression (10), we
determine the average waiting time. The presence of such
roots is due to the existence and uniqueness of spectral
decomposition. Numerous experiments carried out only
confirm this fact.

4 EXPERIMENTS
Below in the table. 1 shows the calculation data in
Mathcad package for the HE,/H,/1 system for the cases of
low, medium and high loads p=0,1;0,5;0,9. Note that

the HE,/H,/1 system is applicable for ¢, >1/ V2, 21
The load factor p in all tables is determined by the ratio
of average intervals p =T, /T, . The calculations given in
all tables are carried out for the normalized service time

Ty =1. Moreover, for comparison, the known results for

H,/H,/1 QS were used [5]. Due to the fact that the
Hy/H,/1 system is not applicable in the case ¢, <1, in

table 1 dashes are given.

Table 1 — Results of experiments for QS HE,/H,/1 and

H,/H,/1
Input parameters Average waiting time
For QS For QS
P (€,¢,) HE,/H,/1 Hy/Hy/1
(0.75:1) 0.030 -
ol (2.2) 0.335 0.445
: (4.4) 1.666 1.779
(8.8) 7.10 7112
0.75;1) 0.620 -
05 2.2) 3.974 4.044
' (4.4) 16.392 16.129
(8.8) 65.967 64.178
0.71;1) 6.607 —
00 22) 36.271 36.20
: (4.4) 145.465 144.833
(8.8) 580.822 577.861
Table 2 shows the calculation results for the

HE; /H; /1 system. For comparison, table 2 on the right
shows the results for the conventional HE,/H,/1 system.

Table 2 — Results of experiments for QS HE, /H, /1 and

HE,/Hy/1
Input parameters Average waiting time
. For QS HE; /H; /1 For QS
P @ia) HEZ/I%/l
t=0.9 t=0.5 t=0.01

(0.71;0.71) 0.021 0.023 - 0.030

01 (2;2) 0.282 0.321 0.334 0.335

’ (4:4) 1.200 1.528 1.663 1.666

(8:8) 4.875 6.400 7.088 7.100

(0.71;0.71) 0.270 0.313 - 0.620

05 (2;2) 2311 3.118 3.957 3.974
’ 4:4) 9.322 12.794 16.323 16.392
(8:8) 37.366 51.497 65.692 65.967

(0.71;0.71) 3.052 4.125 - 6.607

0.9 (2;2) 24.313 33.405 36.241 36.271
’ 44 97.284 133.291 | 145.327 145.465
(8;8) 389.166 | 532.177 | 580.254 580.822
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5 RESULTS
With a decrease in the parameter value #;, the average

waiting time in the system tends to the average waiting
time in the HE,/Hy/l system, which confirms the
complete adequacy and reliability of the results. In some
cases, with #,=0.01, the system with delay is not defined

and there are dashes in the table. This is due to the note
made above.

In the work, spectral expansions of the solution of the
Lindley integral equation for two systems HE,/H,/1,

HE; /H, /1 are obtained, and it is proved that they

completely coincide. Using the spectral decomposition, a
formula is derived for the average waiting time in the
queue for these systems in closed form. These formula
complement and extend the well-known incomplete
formula (1) for the average waiting time for G/G/1
systems.

As can be seen from tables 1, the results in both cases
are quite close, and the difference is explained by the fact
that the distributions of HE, and H, are still different. The
data in table 2 confirm the adequacy and reliability of the
above mathematical calculations.

6 DISCUSSION
The article presents an analytical solution for the
average waiting time in the queue for the HE,/H,/1
system using the symbolic operations of the Mathcad
package. The same solution allows it to be used for a

HE,; /H, /1 system with delay. Using the proposed

approach, in addition to the average waiting time, one can
determine the variance and moments of higher orders of
waiting time. The result obtained, on the one hand,
supplements the HE,/H»/1 system, and, on the other hand,
expands the range of variation of the coefficients of
variation of the intervals of arrivals and service time from
1/+2 to o. To be convincing, the calculation data for the
HE,/H,/1 system are compared with the results for the
Hy/Hy/1 system, which demonstrates their sufficient
proximity.

The time shift operation reduces the variation
coefficients of the interval between arrivals and the
service time of requirements. Because the average waiting
time in the G/G/1 system is related to the coefficients of
variation of the arrival intervals and service time by the
quadratic dependence, the average waiting time in the
delayed system will be less than in a conventional system
with the same load factor.

CONCLUSIONS
The article presents the solution to the problem of
determining the average waiting time for two queuing

systems HE,/H,/1 and HE, /H, /1 by the classical
method of spectral decomposition.
The scientific novelty of the results is that spectral

decompositions of the solution of the Lindley integral
equation for the systems under consideration were

© Tarasov V. N., Bakhareva N. F., 2020
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obtained for the first time and, wusing spectral
decompositions, formulas were derived for the average
queue waiting time for these systems in closed form.
These formulas expand and supplement formula (1) for
the average waiting time for G/G/1 systems with arbitrary
laws of the distributions of the input stream and service
time.

The practical significance of the work lies in the fact
that the obtained results can be successfully applied in the
modern theory of teletraffic, where the delays of
incoming traffic packets play a primary role. For this, it is
necessary to know the numerical characteristics of the
incoming traffic intervals and the service time at the level
of the first two moments, which does not cause
difficulties when using modern traffic analyzers.

Prospects for further research are seen in the
continuation of the study of systems of type G/G/1 with
other common input distributions and in expanding and
supplementing the formulas for average waiting time.
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YK 621.391.1: 621.395

Tapacos B. H. — 1-p TexH. Hayk, mpodecop, 3aBimxyBad Kadeapu IporpamHOro 3abe3ledeHHs Ta YNPaBIiHHA B TEXHIYHHX
cuctemax [10BOJI3BKOrO AepKaBHOIO YHIBEPCUTETY TeJIeKOMYHIKaliil Ta inpopmaruky, Pocilicbka @enepartis.

Baxapesa H. ®. — n1-p TexH. Hayk, npodecop, 3aBiayBau kadeapu iHGopMaTHKUA Ta 0OUUCIIOBAILHOI TeXHIKH [10BOI3BKOTO
JIep)KaBHOTO YHIBEPCHUTETY TeleKoMyHikauiit Ta inpopmatrku, Pocificexa denepartis.

MOJIEJIb TEJIETPA®IKA HA OCHOBI CUCTEM HE,/H,/1 31 3BBUMAMTHUMM TA 3CYHYTHUMMU BXITHUMHU
PO3MOAIVIAMHA

AxTyanbHicTh. PO3MIsHYTO 3amady BHBEICHHS DIMICHHS IUISI CEPEAHBOTO Yacy OYIKYBaHHS B 4ep3i y 3aMKHYTIH Gopmi mis
3BHYAIfHOI CHCTEMH 3 TillepeplIaHTiBCBKUMH 1 TiNEpeKCHOHEIIHHIMHI BXiIHUMH PO3IOAUIAMH JAPYroro IMOPSAKY 1 cucreMu 3i
3CYHYTHMH T TillepepIaHTiBCbKUMH 1 TiIePEeKCIIOHeiHHUMH BX1THUMH PO3IOALIAMH.

Meta podotn. OTprMaHHs PillIeHHs U OCHOBHOI XapaKTePUCTUKH CHCTEMH — CEPeHBOr0 4acy OUiKyBaHHS BUMOT y 4ep3i I
JIBOX CHCTEM MacoBoro obciyroByBanus tuy G/G/1.

Mertopn. [Ins1 BUpILICHHSI IOCTaBJICHOTO 3aBAaHHs OyB BUKOPHUCTAHHMI KJIACHYHUI METOJ CIIEKTPAJIbHOrO PO3KIIAJAHHS PilllCHHS
iHTerpansHoro piBHsHHA JliHmm. Llelt MeTon mo3BONIsiE OTPUMATH PIMICHHS IS CEPEIHBOTO Yacy OWIKYBaHHS ISl PO3TISTHYTHX
CHCTEM Y 3aMKHYTii (opMi. MeToJ CEKTPaTbHOTO PO3KIAJIaHHA PIICHHS 1HTErpajdbHOTO PiBHAHHS JIIHIUII Tpae BaKIUBY PONb B
teopii cucrem G/G/1. [ MPakTUIHOTO 3aCTOCYBAaHHA OTPHMAHHX PE3yJIbTaTiB OyJI0 BUKOPUCTAHO BiIOMHI METOJ MOMEHTIB TeOpii
HMOBiIpHOCTEH.

Pe3yasTaTn. Briepie oTpuMaHO cneKkTpalbHe pPO3KJIAJaHHS PIICHHS iHTETpaJbHOro PIiBHSHHS JIMHIM IS JBOX CHCTEM, 3a
JIOTIOMOTOI0 SIKOTO BUBEJECHO PO3paxyHKOBHH BHpa3 VISl CEPeIHbOr0 4acy OYiKyBaHHS B uep3i y 3aMkHyTiH ¢opmi. Takuil minxin
JI03BOJISIE PO3paxyBaTH CEpPeAHiil 4ac OUiKyBaHH ISl 3a3HAYCHUX CUCTEM Yy MaTeMaTUYHHX HAaKeTaxX Il IMPOKOTO Jiarna3oHy 3MiHU
napaMeTpiB Tpadiky. Yci iHIIi XapaKTepUCTUKU CHCTEM € TOXIIHUMH Bijl CEPEAHBOIO Yacy O4iKyBaHHSI.

BucHoBkn. IlokazaHo, HI0 TrinmepepiaHriBCbKUN 3aKOH PO3MOALTY [OPYroro IMOPSIIKY, SK 1 TilepeKcroHeuiiiHui €
TPUNapaMEeTPUYHHM, MOXKE BH3HAYaTHCS SIK JBOMA NEPIIMMHM MOMEHTaMHM, TaK i TphOMa INEpPIIMMH MOMEHTaMH. Bubip Takoro
3aKOHY PO3IOALTY MMOBIpHOCTEH OOyMOBIEHHMI THM, IO HOro KoedimieHT Bapiallii oXOoIuIoe OLTBII HIMPOKWH [iamazoH, HiXK Y
rinepexcroHeniiinero posnoxiny. Ui 3CyHyTHX TillepepiaHriBCBKOTO 1 TiNepeKCHOHEifHeT0 3aKOHIB PO3MOAUIIB Koe(ilieHTH
Bapiamiif 3MEHIIYIOThCSA 1 OXOIIIOIOTH IIe OLIBII MIMPOKHH [iana3oH, HDK y 3BHYAHUX po3NOALTIB. BBe#eHHS 3CyHyTHX B 9aci
PO3MOLIIB PO3LIMPIOE chepy 3aCTOCYBaHHS CUCTEM MacOBOro 00CIyroByBaHHs 3 ypaxXyBaHHSAM BinoMoro dakxry 3 Teopii MacoBoro
oOCIIyroByBaHHs, IO CEpeAHill Yac OdYiKyBaHHs IIOB’si3aHWi 3 KoedilieHTaMu Bapialiifi iHTepBaJliB HAJXOJDKEHb 1 dacy
00CITyroByBaHHS KBaJPaTHYHOIO 3AJICHKHICTIO. MeTO/ CHEeKTPaIbHOrO PO3KJIAaJAaHHS PIlCHHS iHTerpalnbHOro piBHAHHA JliHUH s
CHCTEeMH MacoOBOTO OOCIyroBYyBaHHsI 3 TilepepiaHTiBCHKUMH 1 TIHEPEKCHOHEIIHHUMH BXiJHUMH DPO3MOIIIAMU PYTOro MOPSAKY
JIO3BOJISIE OTPUMATH PIlICHHS B 3aMKHYTIX (opmi i e pimeHHs myOuikyeTsest Brepme. OTpuMaHe pillieHHs JOMOBHIOE 1 PO3IMINPIOE
BiTOMy (opMyny Teopii MacoBoro OOCIyroByBaHHS IJISl CEPENHBOTO Yacy OYIKYBaHHS BHMOT B Uep3i IS CHCTEMH MacOBOTO
obcmyrosyBanus tTuy G/G/1.
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KJIIOYOBI CJIOBA: runepepiaHTiBChKU 1 TiNEpeKCIIOHSNiHHNI 3aKOHH PO3MOALTY, iHTerpansHe piBHSHHS JIiHI, MeTOxR
CIIEKTPAJIbHOTO PO3KJIa/laHHs, epeTBopeHHs Jlamnaca.

YK 621.391.1: 621.395

MOJEJIb TEJIETPA®UKA HA OCHOBE CUCTEM HE,/H,/1 C OBBIYHBIMHA U CO CIBUHYTBIMH BXOJHbIMH
PACITIPEAEJIEHUAMMU

Tapacos B. H. — n-p texn. Hayk, mpodeccop, 3aBemyromuil kadexpoi NporpaMMHOTO OOECIIEUeHHS U YIpaBICHUS B
TEXHUYECKHX cHCTeMax IIOBOJKCKOrO TIOCYyIapCTBEHHOTO YHHBEPCHTETa TeleKOMMYHHKaMid u uHpopmaTtuku, Poccuiickas
Denepanus.

Baxapea H. ®. — 71-p TexH. Hayk, mpodeccop, 3aBeayromas kadenpoidl HHOOPMATUKH U BBIYUCIUTEIBHON TEXHHKU
TTOBOJIKCKOTO TOCY JapCTBEHHOTO YHHBEPCHTETA TeICKOMMYHHKAIM 1 HHbopMaTukH, Poccuiickas deneparusi.

AHHOTAIUA

AxTyanbHOCTh. PaccMoTpena 3aaua BBIBOA pEIIeHHs ISl CPEJHETO0 BPEMEHH OKHIAHHS B OYEpelr B 3aMKHYTOH (hopMe I
OOBIYHOI CHCTEMBI C THIEPIPIAHTOBCKUMHU M THUIEPIKCIIOHCHIMANGHBIMA BXOAHBIMU PAcCIpeleleHHIMH BTOPOTO IOpSAKA U
CHCTEMBI CO CABUHYTHIMH THIIEPIPIIaHTOBCKUMU U THIIEPIKCIIOHEHINAIBHBIMH BXOJHBIMH PACIIPEACICHUIMH.

Leab padotel. [TonyyeHnue pemeHus A1 OCHOBHOW XapaKTEPUCTHKH CHCTEMBI — CPEJHEr0 BPEMEHH OXHAAHHS TpeOOBaHUH B
ouepequ Ui CUCTeMbl MaccoBoro obcmyxuBanust Tuna G/G/1 ¢ OOBIYHBIMH W CO CABHHYTBIMH C THOEPIPIAHTOBCKUMH M
THIEPIKCIIOHEHIINAIBHBIMH BXOJHBIMH PACIPEeIeHUIMH BTOPOTro MOPSIKa.

Mertoa. [lns pemieHuss NMOCTaBICHHOM 3ajaud MCIOJB30BaH KJIACCMUYECKMH METOJ| CIEKTPAIBbHOTO Ppa3IOXKEHHUs pEIIeHUs
HMHTETPANbHOTO ypaBHEHUS JIMHIIM, KOTOPBIH IO3BOMSIET IONYYWTh pEIICHWE JUIT CPEJHET0 BPEMEHH OXKUJIAHUS UL
paccMaTpHBaeMBIX CHCTEM B 3aMKHYTOH (opme. MeTo CIEKTPanbHOTO Pa3IoKEHHs PENICHHS HHTErPATbHOTO ypaBHEHHS JInHAmM
3aHMMaeT BaxHyl0 4acTb Teopun cucreM G/G/1. Jng NpakTHYECKOTO HPUMEHEHHs IOJTYyYCHHBIX PE3yJIbTaTOB HCIIOIH30BAH
H3BECTHBIH METOX MOMEHTOB TEOPHHU BEPOSITHOCTEH.

Pe3yabTaThl. BriepBbie nosy4eHbl CLIEKTPAIBHBIE PA3JIOKEHHS PEIICHUsI THTETPAIBHOTO YpaBHeHHs JIMHAIM 1 00enX cucteM,
C TIOMOIIBIO0 KOTOPBIX BBIBEACHBI pacYeTHBIC (POPMYJIBI IS CPETHEr0 BPEMEHU OXKUJIAHUS B OYEPEIH JJIsl BEIIICYKa3aHHBIX CHCTEM B
3aMKHyTOH (hopme. Takoil MOAXOJ MO3BONAET PacCUUTATh CPEAHEE BPEMS OXKMAAHMSA ISl YKA3aHHBIX CHCTEM B MaTEMAaTHUYECKUX
MaKeTax Ul IIUPOKOrO IMana3oHa HM3MEHEHMs IapaMeTpoB Tpaduka. Bce ocTanbHBIE XapaKTEPHCTHKU CHCTEM SIBIISTIOTCS
TIPONU3BOJHBIMH OT CPEIHETO BPEMEHH OXKUAAHHSI.

BoiBoasbl. [lokazaHo, 4TO THMIEPIPIAHTOBCKUH 3aKOH PACHpefeleHHs BTOPOTO IOpsIKa, KaK M THIEPIKCIOHEHIUAIbHBIH,
SIBISTIOIINICS TpeXmapaMeTpUIecKUM, MOXKET ONPENEINAThCS KaK JBYMsI IepBEIMH MOMEHTAMH, TaK U TPeMsI HEPBEIMH MOMEHTAMH.
Br16op Takoro 3akoHa paclpeneNeHHs BEpOSTHOCTEH 00yCIIOBIEH TeM, YTO ero Kod((UIMEHT BapHanuM OXBaThIBaeT Ooiee
LNIMPOKMH  JHMama3oH, 4YeM y THIepPIKCIOHEHINAIBHOTO pacnpeneiaeHus. [  CABUHYTBIX — THIEPIPIAHTOBCKOTO U
THIIEPIKCIIOHEHIINATIBHOTO 3aKOHOB pacnpesiefeHnid K03 GUIUEeHThl BapHalii yMEHBIIAIOTCS U OXBATHIBAIOT ellle 0oJiee MIMPOKHI
JMaTa30H, YeM Yy OOBIYHBIX pacnpeneneHuil. BBeneHne cABUHYTBIX BO BPEMEHH PaclpeneieHHil paciupseT 001acTh TPUMEHEHUS
CHCTEM MAacCOBOTO OOCTY>KHBaHHMS C Y4YeTOM H3BECTHOTO (hakTa M3 TEOPUH MacCOBOTO OOCIY’KMBAHHUs, UTO CPEAHEE BpeMs
OXHJAHUS CBA3aHO C KOd(p(UIMEHTaMH BapHalWii HHTEPBANIOB IIOCTYIUICHHH M BPEMEHH OOCITyXXHMBAaHHS KBaJpaTHIHOMN
3aBUCHMOCTBIO. METOJ CHEKTPAIbHOTO Pa3lIOKEHHs PEIIeHHs HHTETPaIbHOTO ypaBHEHUS JIMHIIM AT CHCTEMBI MacCOBOTO
00CITy>KUBaHHS C THIEPIPIAHTOBCKUMHU U TUIIEPIKCIIOHEHIIMAIBHBIMU BXOJHBIMH pacIpe/ie/ICHUsIMH BTOPOTO IOPSAKA MO3BOJISET
MIOJTyYUTh PEIICHUE B 3aMKHYTOH (hopMe U ITO pelIeHHe ITyOJIHKyeTcsl BIepBble [loaydeHHOe peleHne JOIONHIET U PacIIupsieT
U3BECTHYIO (POPMYJy TEOPHH MAcCOBOTO OOCITY>KMBaHMS JJIsI CPEAHETO BPEMEHH OXXHMIaHWs TpeOOBaHHWIT B ouepequ IUIsi CHCTEMBI
MaccoBoro obciyxusanus Trna G/G/1.

KJIFOYEBBIE CJIOBA: runep3piaHroBCKUil U THIEPIKCIOHEHINATIBHBIA 3aKOHBI PACIpEIeNeHHs, HHTETPaJbHOE YpaBHEHNE
JIvHM, METO CIIEKTPAIBHOTO pa3ioKeHus, mpeodpazopanue Jlamaca.
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HEUPOUH®OPMATHKA
U UHTEJJIEKTYAJIBHBIE CUCTEMBI

YK 004.932.2:004.93'1

KITACUDPIKALIA 306PAKEHD HA IIIACTABI AHCAMBJITO
CTATUCTUYHHUX PO3ITIOAIIIIB 3A KIACAMUM ETAJIOHIB JJIsAA
KOMITIOHEHTIB CTPYKTYPHOI'O OIIUCY

I'opoxoBatcbkuii B. O. — 1-p TexH. Hayk, npodecop, npodecop kadeapu iHpopmaTHKu, XapKiBCbKHN HAIlIOHANb-
HUH YHIBEPCUTET paioeNeKTpoHiKH, XapKiB, YKpaiHa.

I'agenbka C. B. — xanj. ¢i3.-mar. Hayk, JOLEHT, JOLEHT Kadeapu BHUIIOT MAaTEeMATHKH, XapKIBChKHI HAI[IOHATLHUN
ABTOMOOLIbHO-/IOPOXKHIH YHIBEPCUTET, XapKiB, YKpaiHa.

Crarauk H. 1. — kann. nen. Hayk, 3aBiayBad kadempu iHGOpMAIiHHUX TEXHOJIOTIH Ta MaTEMAaTHYHOTO MOJIEIIIO-
BaHHs1, HaBuanbHO-HaykoBul iHCTUTYT «KapasiHChkuii OaHKIBCHKUI IHCTUTYT» XapKiBCHKOT'O HalliOHAIBLHOTO YHIBEp-
curety iM. B.H. Kapasina, Xapkis, Ykpaina.

Buacenko H. B. — kanx. TexH. HayK, CT. BUKJIaga4d Kaeapu iHGOPMATHKH Ta KOMIT IOTEpHOT TeXHIKH, XapKiBChKHUH
HalllOHAIBHUH eKoHOMIuHM yHiBepcuTeT iM. C. Ky3nens, XapkiB, YkpaiHa.

AHOTANIA

AxTyanbHicTh. Cy4acHi CHCTEMH KOMIT IOTEPHOTO 30py MOTpeOyroTh AieBuX Kiacu(ikauifHuX pillleHb Ha MiAIPyHTI moriubie-
HOTO aHalli3y npupoau oopodmoBannx naHuX. CTaTHCTHYHI PO3IOALIN € Ha CHOTO/HI HEPLIOPSIHIM 3aCO00M aHaNi3y y cHCTeMax
po3mi3HaBaHHA 00pa3iB. Y BUIAAKY, SKIIO ONMKC PO3Mi3HABAHOTO 00’€KTY MOJAHO YMMAJOK0 MHOXXHHOIO BEKTOPIB, CTaTHCTUYHHMA
amapar crae QpyHAaMEHTAIBHUM CII0cO00M e(heKTHBHOTO TMPUIHATTS PillIeHHS MPO KJIAc po3mi3HaBaHOTO 00’ekty. lle BUKIMKae He-
OOXIiTHICTH 3aCTOCYBAaHHS YHIBEPCAJIBHOTO amapaTry PO3MOALTIB Yy 3araJbHOMY BHII JUIS CHCTEMH 0araTOBHMIPHUX JIECKPHITOPIB
OITHCY 32 BCTAHOBJICHUMH KJIACAMM JJaHHX, L0 BH3HAYAIOTHCS 3a7aHOK0 6a30r0 erajioHiB. Kiacudikatop cTBoproe abo opraHi3oBye
HOBY IIPOCTOPOBY CTPYKTYpPY BEKTODIB i3 €JIEMEHTIB aHaIi30BaHOTO 00’€KTy, sIKa 3arajJioM Mae€ JesKy OL[HIOBaHy IOMIOHICTH 10
CTPYKTYPH YU CKJIaJly CJICMCHTIB €TalOHY, a Kiachu]ikailis 3JiiCHIOEThCS MUIAXOM ONTUMI3allii MipH Ii€l MoaiOHOCTI Ha MHOXHHI
eTanoHi. IMOBipHiCHA MOZIC/Th MOPOPKEHHS JAHHX BHCTYIIAE KITIOYOBHM MPAKTHYHAM MiAX0I0M 10 (opMamisarii 3a1aui HaB4aHHS
kiacudikaTopa, CyTh SKOI MOJIArae y BCTAHOBJICHHI CTATUCTHYHUX PO3MOITIB 00’ €KTIB UM 1X CKIAOBHX 3 HACTYITHOIO MPOLEAYPOIO
arperanii KOMIIOHEHTHUX pilIeHb Ta MOAAIBLIO] ONTUMI3AIli y cepeaoBHUILi KiaciB. L[IHHUM mpencTaBiseThecs TaKOK BUBUCHHS Ta
3aCTOCYBaHHs KPUTEPiiB OLIHIOBaHHS ¢()EeKTUBHOCTI y 3a1adi KiacuQikaii, o IpyHTY€eThCS Ha CTATUCTUYHUX 3acaax.

Meta po6otu. Po3poGiieHHsT METOy pe3yJIbTaTUBHOI Kiacubikarii 300pakeHb HUIIXOM BIPOBAIKCHHS aHCAMOJICBUX CTATHC-
THYHUX PillleHb U CKJIay KOMIIOHEHTIB OIHCY.

Mertona. 3anpornoHoBaHo croci6 kiracugikanii 300pakeHb Ha OCHOBI NOOY/IOBU y3aralbHEHOTO PIillICHHS aHCaMOJII0 KOMIIOHEHT,
JUISL SIKUX TIONIePeJHBO OOUUCIIOIOTECS CTATUCTUYHI PO3HOIIN 32 KJIacaMH JaHUX.

Pe3yabTaTh. 3ailicHeHO cHHTe3 MeTOLy Kiacudikamil IUIIXOM 3aCTOCYBaHHs aHCAMOJICBOTO PillieHHs] KOMIIOHEHTIB omucy. I1ia-
TBEPJDKEHO TIPaLe3aTHICTh 1 e)eKTHBHICTD po3podiieHoro knacudikaropa. Ha npuknazax 3acTOCyBaHHS METOIY JUIsl CHHTE30BaHHUX
JAHUX 13 BUKOPHCTaHHAM TPAaJULIHHIX KPUTEPIiB eKCIIEPUMEHTAIBHO OIliHEHa HOTO pe3yIbTaTHBHICTD.

BucnHoku. [lociimkeni cnocodou modynoBu kinacudikaropa 300pakeHb 3aCHOBaHI HA aHCAaMOJi YaCTKOBHX pIllIeHb JaHUX CTa-
THCTUYHOTO aHaJi3y IS CKIAaZ0BUX CTPYKTYPHOIO ONKUCY Y BUIJISI MHOXXUHH JICCKPHIITOPIB KIFOYOBHX TOYOK. CTaTHCTHYHUH Hif-
XiJ 3a0e3mnedye BHSBICHHS NPIOPUTETHOTO KiIAcH(piKamiifHOro pilleHHs Ui KOMIIOHEHTIB OIHCY, 33 MHOXKHHOIO SIKHX (DOPMY€ETHCS
pe3yabTyrOUE pillicHHs aHCAMOJTIO.

HaykoBy HOBH3HY IOCHIDKEHHS CKIala€ po3poOICHHS MeToTy Kiacu(ikailii 300pakeHb Ha MiJcTaBi aHCAaMOJIIO PillicHb KOMIIO-
HEHTIB OIKCY, 10 3aCHOBAHI Ha 1X CTATHCTUYHHX PO3IO/iNaX 3a KiacaMy JaHHX.

[TpakTnyHa 3HAYYIIICTh POOOTH MOJIATa€e y MiATBEPHKEHHI MPAEe3qaTHOCTI Ta Pe3ysIbTaTHBHOCTI 3alIPOMIOHOBAHUX METOMIB Ha
JEMOHCTpALIHUX HPHUKIA/Iax.

KJIFOYOBI CJIOBA: koM’ 10TepHHit 3ip, METOIU CTPYKTYPHOTO PO3Ii3HABAHHS 300paKeHb, MHOXKHHA KIIFOYOBHX TOYOK, JIe-
ckpunrop ORB, KOMIIOHEHTH ONUCY, CTATUCTUYHMI PO3IOALI, aHCaMOJIb pillleHb, KpUTepil eheKTUBHOCTI Kiacudikarii.

ABPEBIATYPU ORB (Oriented FAST and Rotated BRIEF) — netekrop,
KT — kimtouoBa TOYKa; o GopMye AECKPUNTOPU KIIFOUOBHX TOYOK.
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HOMEHKJIATYPA
N — po3mipHicTe aeckpunrtopa KT;

n . . . . .
B" — mpocrip 6iHapHHX BEeKTOPIB po3MipHOCTI N ;
Ej — onuc eranony;

E — 6asa erasyoHis;
S — YHCJIO JIECKPHIITOPIB OITHCY;
N — umcio knacis;

p — Merpuka y mpocropi B ;

K — kmacudikarop;

o.() — BEKTOp LICHTPY OMHUCY CTAJIOHY;

ey (i) — meckpunTop eranoHy i -ro kiaacy 3 HoMEpoM V ;

U — GYHKIIS HATEKHOCTI;

n(ey,i) — mipa moxiGHOCTI meckpunTopa €, IO KIacy
i

X — BixcraHp XeMiHra;

d — BEKTOp CTATHCTMYHOrO PO3MOALLY NECKPHITOpA 34
KJlacaMu;

D - marpuus po3nopisiiB it MHOKHHHU JICCKPUIITODIB
OIHCY;

C, — Kiac jeckpunropa 3 Homepom V ;

h — BekTop romocis kiacis;

® - ¢yHKuis KOMOIHYBaHHS pIIIEHb JECKPHUITOPIB
omucy;

84 — mopir s JIOKaIbHOTO PillIeHHS;

TP — uncmo neckpumTopis, [is SKAX MPABHIBHO BH3HA-
YeHO KJIac;

FP — uncio neckpunropiB iHHIIMX €TajJOHIB, HEBIPHO
BiJTHECEHUX JI0 aHAIII30BAHOTO KIIACY;

FN — 4mcio meckpunTopiB, HEMpaBHUIIBHO BiXHECEHHX
JI0 THILIOTO KJIacy;

prec — TOUHICTh Kiacu(ikarrii;

compl — NOKa3HUK NOBHOTH Pe3yJIbTaTiB KiIacudikamii.

BCTYII

BukopucTaHHS CTaTHCTHYHUX METOMIB SIK amapary iHTe-
JIEKTYaJbHOTO aHaNi3y AaHUX 3 METOI0 MoOyIoBH Kiacudi-
KaropiB s o0pa3iB Bi3yalbHHUX OO0’€KTIB Yy cHCTeMax
KOMIT FOTEPHOT'O 30py HalliJieHe Ha 3a0e3neueHHs BHCOKUX
MMOKA3HMKIB X (YHKIIOHYBaHHS 32 PaXyHOK MOTIHOJIICHOTO
BUSIBJICHHS BJIACTUBOCTEH, 3MICTy, CTPYKTypH €TaJOHHUX
JaHUX Ta BIPOBAPKEHHS LUX 3HaHb y Mporec Kiacu@ikamii
[1-6]. EnemenTtom npoctopy 00pasiB y cepeOBHUII BEKTOP-
HUX JaHHUX 3 JIACHUMHU 9M OiHApHUMH KOMIIOHEHTaMH ITIPH
BIIPOB/KCHHI CTPYKTYPHHUX METOJIIB PO3Mi3HABAHHS € CKiH-
yeHHa MHOXuHa AeckpuntopiB KT 3o0paxenns [2]. Ilpu-
xiag koopauHat KT, BusiBnenux gerekropom ORB, mokasa-
HO Ha puc. 1 [12].

CraTHCTHYHI PO3NOAUIH TAHUX € EPUIOPSIHUM 3aCO00M
aHalli3y JaHHMX y CUCTEMax pOo3li3HaBaHHs oOpa3iB. Y Buma-
JIKY, SIKIIIO ONHUC PO3IMi3HABAHOTO 00’€KTY MOAaHO MHOXH-
HOIO BEKTOpIB, CTATHCTHYHUI amapaT cTae (QyHIaMeHTalb-
HUM CHOCOOOM MPHHHATTS PIllICHHS Mpo Kiac 00’ekty. Po3-
IIOJIIM JAHWX OIHUCIB y CKJIaJi CUCTEMH OJIOKIB JJIs AECKPH-
ntopie KT mokasanu cBor BHCOKY pe3yJIbTATUBHICTH y ac-
nekTi sfkocti kinacugikanii Ta mWBUAKOAII oOpoOneHHs [2].
BuHukae HEOOXiJHICTh BIPOBA/KCHHS anapary po3MOIiiiB
y 3arajlbHOMY BHI JUIsl CHCTEMH OaraTOBUMIPHHX JECKPHUII-

TOPIB OITMCY 3a BCTAHOBJICHUMH KJIacaMM JAHHX, IO BH3HA-
YaroThCs 3a/1aH0I0 0a3010 eTayIoHIB [3].

CHHEpreTHYHUI MiAXiA 10 aHami3y CKIaJHUX CHCTEM
BKJIIOYA€ BUBYCHHS aHCAMOJIO iX KOMIIOHEHTIB, IO y MpO-
1eci camooprasizaiii CTBOPIOIOTH MPOCTOPOBI, YacoBi abo
¢ynkiionansHi ctpykrypu [3, 4, 7, 19]. Knacudikatop 3a
MHOXHHOIO KT cTBOproe abo opraHi3oBye HOBY NMPOCTOPOBY
CTPYKTYpY BEKTOpIB i3 €JIEMEHTIB aHalli30BaHOTO 00’ €KTY,
sIKa 3arajioM Mae JIesKy OLIHIOBaHY MOAIOHICTh 10 CTPYKTY-
PH UM CKJIQJy €JIEMEHTIB OKPEMOT'0 €TaloHY, a Kilacupikais
3MIHCHIOETHCS HIJISIXOM ONTUMI3allii MipH 1€l ToAiOHOCTi.

HapuanHs knacudikaropa BUCTyHae IPH IbOMY SIK CIO-
ci6 mepemaui iHdopMarlii Bix HIKHIX PIBHIB i€papxil JaHHX
(ommcu eTanoHiB sk MHOXHHA JeckpunTopiB KT) no BepxHix
(kmacudikariist), IO 3MaTHI y3arajJbHIOBATH 3HAHHS HIDKHIX
PpiBHIB.

VMOBipHiCHA MOJENb MOPOMKEHHS JAHMX BHCTYIIA€
KITFOYOBUM TPAKTHYHUM MiaxonoMm 1o dopmanizaiii 3agadi
HaBYaHHS Kiacu(ikaTopa, CyTh SKOI MOJSrae y BCTAHOBJICH-
HI CTaTHCTHYHHUX PO3MOJIUTIB O0’€KTIB YM iX CKJIAJOBUX 3
HACTYITHOIO MPOLIEAYPOIO arperarii Ta ONTUMi3alii Ha MHO-
skuHi Kiacis [ 1, 8].

Pucynok 1 — Koopmunaru 500 KT neckpunropa ORB Ha
300pakeHHI repba MacadyceTchbKOTro YHIBEPCUTETY
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O0’€KTOM T0CTi/IZKEHHSI CTATTI € BIPOBADKEHHS CTa-
TUCTHYHOI'O amapaTy aHali3y JaHWX y MOOYIOBY KiIacu-
(ikaTopa 300paxkeHb 3a OIMCOM MHOXXHHH JIECKPUITOPIB
KIIFOUOBHX TOYOK.

IIpeamerom mocaimxeHHs € cuHTE3 KiacudikaTopa
Ha MiJcTaBi HAOOpY CTAaTHCTHYHMX PO3IIOJIUIIB 32 €TaJI0H-
HUMH KJIacaM¥ JJIsl KOMIIOHEHTIB CTPYKTYPHOTO OITHCY.

Meta — po3poOiieHHST METOAy pe3yJIbTaTHBHOI Kila-
cuikarii 300pakeHb OUITXOM BIIPOBAKECHHS aHCaMOJIIe-
BHX pIlIEHb CKJIAAy KOMIIOHEHTIB OITHUCY.

1 IIOCTAHOBKA 3AJJAYI
PosrisiHeMo GararoBumipHuii npoctip B”  ycsaxux
OiHapHHX BEKTOPIB pO3MipHICTIO 7, A€ (akTHIHO Oyne-
MO KOHCTPYIOBATH ONKCH 00’€KTY 1 eTanoHiB. 3adikcye-
MO OKpEMY MyJIbTHMHOKHHY BekTopiB E; < B" sk onmc
Bi3yallbHOTO 00’€KTy (300paskeHHs) Y IPOCTOPi MHOKUH
neckpunropiB KT, E; = {ev (i)}i=1 , s=card E; — 4ucio
JIECKPHIITOPIB y MHOXKHHI [2, 8, 9]. O3Haku — e BeKTOpH
e, € B", CkiHUeHHa MHOXHMHA SKAX CTBOPKOE OIHC
00’€eKTy.
V(ey,e.), e, €B", e, eB"

3amamo BIJCTaHb

p:B" xB" —[0,0] y BektopHOoMy npoctopi B” . Ipu-
KIaa0M € XeMIiHrOBa METPHKa, JUIsl OIHAPHHUX NaHWX Jlia-
Ma30H 3HAYEHb ITi€l MeTpuku ¢ikcoBanuii — [0,n]. Bin-
CTaHb € (DyHIAMEHTAIBHUM KPHUTEPiEM eKBIBaJICHTHOCTI
Ha MHOXHHI {ej }, TaK fK BIAJ3EPKAIIOE€ Bi3yalbHy CXO-
xicte mikcenbHUX okomiB KT mnms ¢yskuii sickpaBocTi
300paxxeHHsI, SIKy BimoOpaxae neckpunrtop. ExBiBaieHT-
HICTb €j, ~ e, IUIA JBOX JAECKPHITOPIB ¢;,e, BH3HAYAEMO

Ha IiJ(CTaBl OPOrY &, sk BEAMIHHH MCTPHKH:

ey ~ep:pleg,e)<d,.

Knacunoikanis nependavae HasBHICTb Jesikoi 0azu E
OMHUCIB  CTAJIOHHUX 300paXCHb PO3MIPHICTIO N :

E={E|,E,,...Ey}. Koxen eranonnunii onuc E; mpen-
CTaBIsE IS KJIACH(IKaTOpa OKpPeMHUH KiIac Ta Mae BUJ
ckiHueHHOi MHOXWHH AeckpuntopiB KT — BekropiB i3
Bl’l

OcHOBHa 3a/ia4a JOCIHIIKEHHS IOJISTae y MOOyHOBi
knacudikatopa K :B" —[1,2,...,N] Ha OCHOBi KOHCTpY-
IOBaHHS HMOBIPHICHOI CHCTEMH O3HaK 3a pe3ylbTaToM
HaBYaHHS Ha Marepiaii HasBHO1 6a3u
E={E|,E),..En}.

Kirouosa inest moOynoBu kiacugikaTopa: st KOXKHO-
rO JIECKpUNTOpa O0’€KTYy UM €TaJOHIB BCTAHOBUTH CTY-
TIiHB HAJIS)KHOCTI IO BCTAHOBJICHUX KJIACIB Y BUTJLAIL CTa-
THCTHYHOTO PO3MOALTY, a TOTIM Ha TIICTaBi OTPUMAHOI
CHCTEMH PO3IIOALTIB TOOYIyBaTH IHTETPOBaHY aHCaMOJIe-
By Mipy pEJEeBaHTHOCTI MIOAO ONHCY AaHAaIi30BaHOTO
00’exTy 1 3acTocyBaTH ii y Ki1acu(ikaTopi MUITXOM OITH-

Mizalii y cucremi kiaciB. Ha mifncraBi HassBHOT 0a3u omu-
CIB €TaJIOHIB LIUISIXOM HaBYaHHS CTBOPIOEMO HOBHH IpOC-
Tip 00pa3iB KOMIIOHEHTHHUX JaHUX Kiacudikauii y ckiaii
3Ha4YeHb iX HMOBIPHICHOI MipW HaJIEKHOCTI JI0 KJIACIB.
BripoBa/pkeHHS Takoro migxo/y i3 BUKOPHCTaHHSIM aHCa-
MOJIIO pillleHb KOMIIOHEHTIB 3a0e3Ieuye Baromy pe3yiib-
TaTHBHICTh KJIacU(piKaIlii.

2 OTJIA A JIITEPATYPU

®dopmanpHa MOCTaHOBKA 3a7a4i KIacugikarlii i3 BUKO-
PHCTaHHSM ONUCY 300pa)KeHHS SIK MHOXKUHH JECKPUITO-
piB KT chopmynboBana y [2, 8], ne Takox BUBHAIOTHCS
0cOOJIMBOCTI Ta MepeBard 3aCTOCYBaHHS MOJIEINI CTPYKTY-
PHOTO OIMCY y METOJax CTaTHCTHYHOI kiacuikamii [1,
4-6]. 3a3HavaeThCs, M0 KIOYOBOIO MPOOIEMOIO € 3aBe-
JUKHK 00CSAT OOYMCITIOBANBHUX BHUTpPAT HpH 00poOIIeHHI
00’€eMHUX BEKTOPHHX MacHBiB. Y crartsax [8, 12, 14] Bu-
BYAKOTHCS CTATUCTUYHI MOJIENi I o0y IoBH MOTU(iKa-
il TPOCTOPY O3HAK 3aJIsi CKOPOUYCHHS 00CATY O00YmC-
JIeHb, 30KpEMa, pO3IIIAJA€ThCS 3aCTOCYBaHHS METOJIB
arperarii JaHUX IUITXOM BH3HA4YEHHS X EeHTpiB. MoHO-
rpadii [3, 7] npucesiueHi Oe3nocepeHbO aHaNi3y MOJe-
net HapuaHHA 17 (hikcoBaHOI 6a3W ONMHUCIB 1 BU3HAUCHHS
(yHKIIT HAJIC)KHOCTI KOMIIOHEHTHHX JaHUX JI0 CHCTEMHU
KJIaciB.

VY crarsax [12, 17, 21] oGroBoproeTbess NPUHIMII MO-
OynoBu Ta BuKopucTaHHs aerekropa ORB mis ¢opmy-
BaHHA OiHapHUX neckpuntopi KT.

HocmimxenHst [4—6] MiCTATh pe3yJIbTaTH 110 TPUKIIA/I-
HOMY BIPOB3/KCHHIO CTATUCTUYHHUX IIXOJIB JIO KIAaCH-
(hikamii 3 BUKOPUCTaHHAM aHCAMOJEBHX 3ac00iB 00poO-
nerHsa. Y mpamsax [9—11] meranbHO BHKIAJEHO CHOCOOH
HaBYaHHS Ta OLIHIOBAaHHS PE3yJIbTATUBHOCTI IHTEIEKTya-
JBHUX CHCTEM 3 BUKOPUCTAHHSAM CTATHCTHYHUX MIp IIpH
BU3HAYEHHI peneBaHTHOCTI ommciB. Poboru [3, 11, 13, 14]
MICTATh MOJEJI AJsl HOOY/ZIOBH aHCaMOJIeBHX DILICHb Ta
OIIIHIOBAaHHS €(PEKTHBHOCTI CUCTeM KjacuGikaIiii Ha Imij-
CTaBi pillleHb OKPEMHUX KOMIIOHEHTIB. [Ipu npomy o6ro-
BOPIOIOTBCSl Taki IepeBard aHcaMOJIeBUX pillleHb, SK
CTIWKICTh 10 BUKPHBJIEHb OKPEMHX CKJIQJIHUKIB Ta 3a0e3-
MIEYCHHS BHUIIOT TOYHOCTI aHAI3y JAHUX YN HaBYAHHS.

Pobotu [15-18] BuKOpUCTaHO SIK JHKEpena KIACHIHIX
Ta Cy4aCHHX METOMIB CTAaTUCTUYHOTO OLIHIOBAHHS, KHUTA
[19] micTuTe BUKIAACHHA CyYaCHHX HPUHIIHIIB CaMOOp-
rafizamii iHTeNeKTyaTbHUX CHCTEM, a pkepena [2, 14, 20]
BKJTIOYAIOTh PE3yJIbTaTH JOCIiIKEHb aBTOPIB IIPH BIPO-
BaJPKCHHI CTATUCTUYHHUX IMiJIXOJIB Ui MOOYIOBH KIIACH-
(ikaTopiB 300paxkeHb y MPOCTOpPI CTPYKTYPHHUX OITHCIB.
30kpema, y po6oTi [20] 3anpornoHOBaHO TEXHOJIOTIT IepeB
pimens jura knacudikamii BizyaJbHUX 00 €KTIB i3 BHKO-
PHUCTaHHSIM CTaTUCTUYHUX XapaKTEPUCTHUK CTPYKTYPHOTO
OTnCy 300paskeHHs

3 MATEPIAJIM I METOAN

Tpancpopmyemo  ommc  (PIKCOBAHOTO  €TAIOHY
E;={e,(i)}}—; i3 6asu E y n-MipHOMYy BEKTOPHOMY
MPOCTOP1 Y NESKUH «LEHTP OMHUCY» — arperoBaHuil BeK-
TOp (i — HOMEp ETaJIOHY)
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o) = (o1 (@), 02 (D)., 0y (D))

KOMITOHEHTH SIKOTO OOYHCITIOIOTHCA Ha MiICTaBl MHOKHUHN
E; necxpuntopis onucy. LleHTp onucy o MoXHa BU3Ha-
YMTH, HAIPUKIIAJ, OUISIXOM OOYMCIIEHHS CEPEeJHbOro 3Ha-
YeHHS 4YM MeZiaHu Uil (ikcoBaHOI MHOXXHMHH BEKTOpIB
[8—10]. O6umncanMO Taki CTaTUCTHYHI XapaKTEPUCTUKH y
BUI BeKTOpy 0(f) IUIsi KOXKHOTO i3 €TaJIoHIB, 10 1 Oyze
OCHOBOIO KJacu(ikarii.

VY cBoto uepry, BekTop e, (i) € E; 3 HomepoMm V era-
JIOHY SIK 1 OyIb-SIKUH JecKpUnTop 00’€KTy, MOXHa (op-
MaJIbHO PO3TJISAATH SIK

€y ()= (ev,l (i)aev,Z (i)a"-aev,n (@) - (1

Temep 3amamMo CIIEKTp aHANI30BaHMUX JAHUX Y aCHeKTi
BiTHECEHHS CKJIaJOBOTO CJIIEMEHTY OIUCY (ZECKPHUIITOpa)
JIO KJIaCiB €TaJIOHIB IIUIAXOM BU3HAYCHHS JesKol QyHKLiT
HAJICXKHOCTI 31 3HAYCHHSAMH 13 mianasony 0...1 [7]:

p:B" 1011, ue, () €[0.1]. @)

Sk O6aunmo, apryMeHTaMu (QYHKIIT [L € JAECKPUITOP

OIHCY 1 HOMEp KJacy.

OYHKII0 HAICKHOCTI | BHU3HAYMMO Ha IiJCTaBi

KIIFoUoBOro mapamerpy data science — CIiBBiJHOILCHHS
3HA4Y€Hb MIp, 10 BUPAKAIOTH YUCIIO CHPHUSITINBUX BUIIA]-
KiB Ta 3arajpbHOro umcia N BHUIAIKIB, IO 3aJAEThCS
KUTBKICTIO KJTaciB [4]

h(ey () = —ewD)__ 3)

ey, 1)

Mipa nogi6HocTi M(e,,i) Moxe OyTH 3agaHa yepes
BiJICTaHb P Y BEKTOPHOMY MPOCTOPI, HAMPHKIAJ, 4epe3
MaHXETEHCbKY METPHUKY

p(ev P i) = ZZ=]

Jns Bunazky, sxmo o(i) € B”, e, (i)e B" 3amictb

ey i ()= ()] (4)

(4) MoxHA 3aCTOCYBaTH MEHII OOUYHMCIIOBAIBEHO 3aTPATHY
Biacraub y(e,,i) Xeminra y npocropi B" (umcno ne
cniBnagaroudux OiTiB), Toal HoxiOHICTH m(e,,i) Oyne Bu-
3HaueHa sk M(e,,i) =n—y(e,,i).

Jns xoxxHOTO enemenTa e, (i) 3a BupazoMm (3) Tenep

00YHCIMMO 3HAYEHHS BEKTOpa d WOro CTaTHCTHYHOTO
PO3MOiTY 32 MHOXHHOK N KIaciB

d =(d(1),d(2),...d(N)), d(i) = u(e, (7)) ,
>V di)=1. ()

3i CTATUCTUYHOI TOYKH 30py BEKTOP  MJIsl IOBLIBHO-

ro JECKPUITOPY C€TAJOHY YH 00’€KTy BHpAXKa€e CTYIIHb
OIMU3BKOCTI JI0 Ki1acy 0e3 aHami3y Horo 3Ha9yI[oCTi.

W
MokHa pO3IISIHYTH MaTpuIo D = {{d P (i)};(=1 }i=1 i}

aHAJIOTIYHO HEYITKOMY IIOJIaHHIO 3a/la€ 3HAYEeHHS MipH
HaJIe)KHOCTI (3) JUI BCiX €JIEMEHTIB aHaJli30BaHOTO OIH-
cy. ®aktnuno D BU3Ha4ae pO3IOJUI JaHUX 3a BU3HAUe-
HHUMU arpiopi kiacamu (1abdum. 1).

3HaueHHs MaTpuli D [alOTh MOMIIMBICTH 3alpoBa-
IUTH JIOTiYHE OOpOOJIEHHS BXiTHUX NaHWX Ha TPEAMET
BUIAJICHHS MOJIMBHX 3aBal (TOOTO XMOHUX IECKPHUIITO-
piB) LLISIXOM aHaJi3y 3Ha4YeHb BiACTaHeil (4) 4K 3HAYCHb
(5) 3 BUKOPUCTAHHAM TOPOry. Y TOM e yac Ied aHaui3
MOe OyTH BIIPOB/IXKEHO 1 Ha eTari Kiacudikarii.

Tab6uuus 1 — Crpykrypa Marpuii posnoainis D

EnemenTn Knacu
ormucy 1 . N
1 di(1) di(N)
s d, () d,(N)

Ha ocHnoBi matpuni D noOyayemo kiacudikarop K
JUISL CTPYKTYPHOTO OIHCY JOBUIBHOTO 00’€KTa (MHOKHHA
JIECKPHIITOPIB), o peaiizye BiZToOpakeHHS
K:D —J1,2,...,N] i3 MHOXHHH PO3MOIiJIiB KOMIIOHCHTIB

JIAHUX Y MHOXKHHY KJIaCiB. 3ayBa)KMMO, L0 PE3yJIbTATHB-
HICTHh Takoro kiaacudikaropa (cxema Ha puc. 2) OGe3moce-
PeIHBO 3aJIeKHUTh BiJl HASBHUX 3HA4eHb ONHCY 0a3u era-
JIOHIB.

Ha mepmomy ertami 30ymyemo posmoainu (5) 3a Kia-
caMy JaHuX Oe3nocepenHbO JJIsi MHOKHHHU ETalOHIB Oa-
31. 3pO3yMiJio, IO AT KOXKHOTO NpeAcTaBHUKA E; € E

i3 Habopy eTasnoHiB kinacudikarop K MOBHHEH OTPUMATH
HOMEp BIJIIOBIIHOTO €TaJIOHY, OIUC SIKOTO IMOCTYNa€e Ha
Bxix knacudikaropa. Lle € meprio4eproBuM MPUHIIMIIOM
aJlekBaTHOCTI (DYHKIIIOHYBaHHsI KiacugikaTopa, SIKHA
MOBHHEH BIIEBHEHO PO3PI3HATH OMUCH i3 MHOXHHH €Ta-
noHiB. Hampuknan, y po3nojun AaHuX i 1-To eTaloHy
(1-# croBmeup Marpuni D ) HaifyacTille MaKCUMaJIbHUN
€JIEMEHT MMOBUHEH BUSBUTHCS Ha 1-My wmicii, TOOTO mep-
[Ia KOMIIOHCHTAa IIOBHHHA JOMIiHYBaTH HajJ I[HIIMMH.
AHANOTIYHO UIA 2-TO €TaJOHY JOMIHYIOUUM EIEMEHTOM
PO3IIOALTY IOBUHEH OYTH 2-1 1 T.1I.

PosrnsHeMo criocobu moOynoBu Kiacugikaropa.

1. Knacudikarop K MoxHa MoOyyBaTH LUISIXOM BH-
3HAUEeHHS CTOBIIIA MaTpulli D 3 MakCHMaJIbHOIO CyMOIO
€JIEMEHTIB

. S .
K:j=arg max) _ d,(0), (6)
1

0 BCTAHOBJIOE KJIaC j aHANI30BaHOTO 00’ €KTy uepes
arperailo po3roJilTiB KOKHOTO i3 KiaciB (OKpeMHi CTo-
BIIEIIb) 32 BCI€I0 MHOXKMHOIO CKJIaoBUX onmcy. Kimacudi-
Kamis (6) BiAMOBimae HaWOUTBII TpaBEONOXiOHOMY pi-
IICHHIO, TaK SK MOOYyJOBaHAa Ha /TOJJaBaHHI 3HAYCHb OJTHO-
TUIHHX po3noxinis [1, 2, 9].

2. Inmmwmii Bapiant nmoOynoBu K moisirae y o0uuciieH-

Hi MAaKCHMAaJIbHOTO 3HAYEHHS JJIs KOXKHOTO PAAKa MaTpH-
mw D
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¢, =arg max {dv(i)}, @)

i=l,...,

TOOTO NUIIXOM BHM3HAYEHHS ISl KOXKHOTO JIECKPHIITOPa
HaMOUIBII BaroMoro KJjiacy 3a BEKTOPOM PO3MOILUIIB, IO
BiJNOBiae mapameTpy Moid. 3a pesyibratoMm (7) it
BCi€l MHOKHHH JIECKPHUIITOPIB OIHUCY OTPHUMY€EMO LILIOYH-
CENBHHUI BEKTOP TOJIOCIB

h=(h,hysshy) s by =30 ¢y b=1,N, ®)
Ha HiI[CTaBi SIKOT'O BUBHAYUMO HOMCED KJIaCy

r=arg mbax hy, )

o0 HaOpaB MaKCHMaibHE 3HAUYEHHs cepell TOJoCiB Je-
ckpurnropiB 00’ekty. Lle MeTox roocyBaHHs Ha MHOXHHI
JICCKPHIITOPIB, Jie KJIac BU3HAYAETHCS HA MIAIPYHTI MOAU
posnoainy [8].

Po3rnsinyTi Bapiantu (6), (7) moOya0Bu Kiacudikaro-
pa IPUPOIHO MOXKHA TPAKTYBaTH B paMKax Teopii aHcaM-
OoneBux mozenci [9-14], ne 3a paxyHOK CTBOPCHHS Ta
arperyBaHHs BIITYKIB ITpocTUX KinacudikaTopiB (JIOKaib-
HUX pIIICHb) CHHTE3YEThCS «CHWJIBHUIY» Kiacudikarop i3
rapaHTOBAaHO BHINIOI0 DPE3yJbTATHBHICTIO TPHHHATTS pi-
menb. HaiiOimpie po3risHyTI MiAXOMU BiANOBITAIOTH
Mozeni Oyctiary [11, 15].

Onu-
cu
eTano
HIB
Oruc Knac
aHasi30Ba- Dopmy- Kita- 06’k
HOTO BaHHA cudikaTop Ty
00’€exTy po3moaLIB

Pucynok 2 — Cxema xiacugikanii

AHcamOnp kimacu]ikaTopiB y OUTBIIOCTI BHMAAKIB 3a-
Oe3redye Kpally TOYHICTh aHaji3y JaHWX YW HaBYaHHS,
OJTHAK, BUKJIHMKa€ HEOOXiJHICTh BUPIIIYBaHHs PsAy HpO-
0JeM, TakuX SIK CYTTEBE 30UIBLICHHS YacOBHX Ta O0YMC-
JIIOBAJILHUX BUTpAT, CKIJIAIHICTh IHTEpHpeTarii pe3ynbra-
TiB, HCOJHO3HAYHUI BHOIpP CIIOCOOIB KOMOIHYBaHHS JIO-
KanpHUX pimens [10, 11, 16]. ¥ Hamomy BuUNaixy rypr
CKJIaZaeThes 13 0a30BMX MoJeEel OJHOTO THILy, TOOTO €
OTHOpiAHMM. 3aranoM aHcamOneBe kiacudikamiitHe pi-
meHHs ® MOXHa MOJATH Y BUI KOMOIHYBaHHS CKiHUEH-

HOI MHOKHHH JIOKJIbHUX pillleHb 6,

K:j=arg opt @[{ev(dv(i))}izlj. (10)

3a3HauMMoO, 110 Y aHCAMOJICBHX MOJCIAX aHalli3y 30-
OpaskeHb 3 METO0 BpaxXyBaHHS TiIbKU 3HAUUMHX JIOKAIb-
HHUX pIillleHbh YacTO 3aCTOCOBYIOTh CHCTEMY MapaMeTpiB
noporiB [1-4, 8], ska 3a0e3medye BiIIiIeHAS 3aBaj 1 3a-
rajyioM MiABHINYe HamiiHiCTh. Hampukiman, y momudikarmii
xnacudikaropa (7) knac d,, = max {dv(i)} JUIS JIOKaJTb-

i=l,...,
HOTO pIllIEHHsT BU3HAYAETHCS TIIBKH y BHUMAJKY, SKIIO
BUKOHYETBCS YMOBA, 110 MOPIBHIOE 3HAYEHHS ONTHMYMY
d,, 3 moporom O, a0b0 3 HAHOIMKYMM JI0 HBOTO JIOKAJIb-

HHUM ONTUMYMOM d,,,_; (A — dncnoBuit KoedilieHT):

d, >8,,460 d, >\, ;. (11)

3ayBa)KI/IMO, 11 (0] HOpil" 6d MOXHa BCTAHOBUTH 3a PC-

3yJAbTaTaMU HABYAHHS 13 BUMTENIEM Ha MHOXKHHI JIECKPH-
NTOPIB U €TaJIOHIB, TOOTO pe3yJbTaTHMBHE 3HAYCHHS
MO/ Ma€ OyTH HE MEHIIMM Biji HOTO 3HAYCHHSI ISl «CBO-
TO» €TaJNoHY, JI0 AKOTO BimHOCHMO 3a hopmymoro (7) me-
CKPHIITOPH caMoro eTanoHy. lleit aHami3 Ha erami Ha-
BYaHHs Kiacudikaropa Tpeda mpopoOHTH Juis yCixX era-
JIOHIB 1 y sIKOCTi mopory 8, oOpaTu cepell ycix OTpuMa-
HHMX MOJ HalOlIbIIe.
3a pe3ysbTaTaMu MONEPEeIHBOr0 00pOOICHHS eTaNnoH-
HOi iH(OpMaLii Ha MmiICTaBl MaTPHUIl PO3MOILTIB MOXKHA
OIIHUTH PE3YJIbTATHBHICTh 3aCTOCYBAHHS 3aIPOIIOHOBA-
HOTO MiJXOy JJIsI MHOXHHHU €TaJOHHHUX onwuciB. Hampu-
KJIaJ, TOYHICTh prec Kiacugikaiii MOXKHa OI[IHUTH Bif-
HOIIICHHSM TypTOBOTO yrciaa TP meckpumnTopiB 6a3u era-
HOHiB, JJId AKUX IMMPaBUJIbHO BU3HAYCHO KJIacC, A0 3arajb-
HOTO iX YKcia y BiAMOBiIHOCTI 10 Mozeni [3, 13]
prec =TP/(TP + FP). (12)
[Noxa3Hnk moBHOTH compl (Y4acToTa iCTHHHO TTO3UTH-
BHUX PE3YINIbTAaTiB) OIIHAMO SIK JOJIO IPABHIEHO PO3Ii-

3HAHUX JECKPHIITOPIB €TAIOHY
compl=TP/(TP + FN). (13)

F-mipa sk cepenHe rapMoHiYHE TOYHOCTI 1 IMOBHOTH
00YHNCTIOEThCS Tak [3]:

2
- 1/ prec +1/compl

(14)

Amnanoriuni (12)—(14) kpurepii MOXXyTh OyTH 3acTo-
COBaHi 1 I HaBYAIbHOI BUOIPKH OIMKCIB MOBLIBHOI 0a3u
300pakeHb.

Hageneni mokasuuku (12)—(14) skocTi po3mi3HaBaHHS
€ HEUYTJIUBUMH 0 ICTHHHO HETATUBHHX PE3yJIbTATIB, L0
MOKHa BBa)KaTH I1X MEPEBAror0, OCKUIBKA B PEaTbHUX
NPHUKIaJaXx TAKUX Pe3yJbTaTiB MOXe OyTH 3HAuHa KiJb-
KiCTb.
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3ayBa)XMMO, LIO IiJl IHIIUM KYTOM 30pYy SKIiCTh PO3IIi-
3HABaHHS MOJYKHA aHalli3yBaTH, BUKOPHUCTOBYIOUH ITOKa3-
HUKH YyTTEBOCTI, CIIEHU(IYHOCTI 1 3araJibHOT PaBHILHO-
CTI PO3Mi3HABaHHSA: ITOKA3HUK YYTTEBOCTI BU3HAYAETHCS
SIK 9acTOTa ICTHHHO HO3WUTHBHUX PE3yJbTATIB, MOKa3HUK
cnenudiyHOCTI — SK YacTOTa iCTUHHO HETaTHBHHUX pe-
3yJbTaTIB; MMOKA3HWUK 3arajilbHOI MPaBMIIBHOCTI PO3ITi3HAa-
BaHHS — SIK JIOJISI PABWIIBHO PO3ITI3HAHUX €JIEMEHTiB [3].

4 EKCIIEPUMEHTHU
SIKk AeMOHCTpaLiitHuil npUKIaa Ajisl aHamizy mnpare-
3ATHOCTI Ta PE3yJIbTATUBHOCTI 3alIPOTIOHOBAHOTO METO-
JIy PO3TJITHEMO ONHKCH TPhOX ETANOHIB, KOKEH 3 SKHUX
NPEJCTABICHUM I1’AThMa OIHAPHUMHU 8-KOMITOHEHTHHMHU
JecKpunTopamu (Tada. 2).

Tabmuus 2 — Bxiani gafi 1y 3-X eTajoHIB

11112 (13| 14 | 15| 21 [22(23 |24 |25|31 32|33 (34|35
1| 1|11 1{ojojojofoj1jo|j1]|1]O
rjojofoj|jt1rfoj1rj{ojr|rjofr{ojlrj1
rjrj{ofoj|j1rfojoj1{rjojojojoj|1rj1
rjojr{fojof1rjrjyrjyo|1r|1rj{r{rjof1
0jof1|o0]1 1|{1{o0(1|1]1]0f0]O0f]1
rjrj{of1rjofryjryoftrjrjof1rfrjr|o
1]10]0f 1 1 r{ojrf{oj1jrfofrj{o|o
1]10]0f 1 1{0(0fO0O]JOfO|1T]|]L]O|1]O

VY sKocTi meHTpiB o) eTaNoHIB 3aCTOCYEMO MEIo-

inu, OOpaBIIM y OMKCI KOXKHOTO 3 €TaJOHIB AECKPHUIITOP,
CyMa BifcTaHeH XeMiHra BiJ SKOTO IO IiHIIHUX IECKPHUII-
TOpiB € MiHIMansHOO [3, 10].

Jnst moOymoBH MaTpHii HalexHOCTI D (BiAmoBigHO
10 (5)) mocmimxkyBaHOro 00°€KTY N0 KJIACIB, 10 331al0Th-
csl etasioHamu 1-3, ckopucTaeMocs pyHKIIEI0 HAJIEHKHOC-
Ti (3), 0a3yrouunch Ha Mipi OJIM3BKOCTI
n(e,,i)=n—y(e,,i), n=_8 3a JaHUMH NpHUKIaLy. Km0
JOCIIKYBaHUHA 00’ €KT MPENCTaBICHUNA eTaJoHOM 1, Ma-
emo martpumto D y Buai Tabmmi 3.

Tabmuis 3 — 3uavenns posnoxninis {d, (i)} mwit 1-ro eramony

[Mepeiinemo nmo posrisiay kiacudikatopa (9), sxuit
JIa€ MOXKITUBICTD JUIsl pO30YI0BH QJITOPUTMY IOJIO BCTa-
HOBJICHHS mopory &, BizmosimHo 10 ymoBH (11). Buko-

HA€EMO PO3PaXyHKH CTOCOBHO HAJIEKHOCTI JECKPUITOPIB
YCIX TPbOX €TAJIOHIB ITOCIIIOBHO JI0 KOXKHOTO KJIACY.

BigmoBinHo 1o (8) onepxyeMo BEKTOPH TOJIOCIB:
(4, 1, 0) — nis eranony 1; (0, 5, 0) — ang eranony 2; (2, 0,
3) — nns eranony 3.

Sk 6aurMo, HOMEp HaAMOUIBIIOro 3HAYEHHS KOMIIOHE-
HTH TIPaBHJIBHO BH3HAYa€ HOMEP €TAJIOHY, /IO SKOTO Bif-
HOCHTBCS TOCHI/DKYyBaHHH 00’€KT. 3a3HaYMMO, 110 OTpH-
MaHUi pe3yibTaT «HaBYaHHS 3 YUUTEIEM» IIPUBOIUTD 110
BHCHOBKY, IO KUIBKICTh TOJIOCIB 33 TEBHUMA KJac IS
yciei MHOXHHHN IECKPHUIITOPIB 00’ €KTY Mae OyTH HE MEH-
ma 3-x (i3 5-TM MakCHUMaiIbHO MOXUIINBHX). Takuil mopir
MOSICHIOETHCS HE3HAYHOIO KUTBKICTIO €TaJIOHHUX BEKTOPIB
1 IX PO3MIpPHICTIO.

s xnacudikatopa (9) y HaBeACHOMY NMPHKIAII IPO-
BEJICMO OIIIHIOBAHHS PE3YJIbTATHBHOCTI Ha MiJACTaBi Tao-
JIUIB cOpspkeHOCTi [3] (Tabm. 4).

Ta0mnuns 4 — Pesynbratu knacudikarii (9)
(4UCII0 IECKpUNTOPIB)

Eranon 1 Eranon 2 Eranon 3
on o o
— i N - | 2
2| = A - I
o z 9] T 5 z
5 S = 5 5 S
5| 2 5| 2 5|2
) o o o ) o
Slel s E el E] e
= % = ® = x
=) ] = IS = )
] = 8 T 8 T
3 51 3 8 8| 8
= 5] T o T 3
=t g =S = B S
m A m a m A
Kisb-
xiere 4 |1 5 |5 0 [ 5]3]2]s
JIECKPHII-
TOpiB
Kins-
KIiCTBb
AleCKpHI- |y g 110 | 1 o [w]o| ]!
TOpiB 0
perIty
€TaJIOHIB
1 1
) 6 9 15 6 9 151 3 5

OO0unciieHi TOKa3HUKH SKOCTI Kiacupikamii ais eTa-

Sk 6aumMo 3a 3HAUYCHHSIM OCTaHHBOTO Ps/IKA TaOIHIII,
kinacudikarop (6) 0AHO3HAYHO MPABUILHO BH3HAYAE €Ta-
JoH 1. AHaNOTiYHI PO3paxyHKH IIONO IHIIMX ETAJOHIB
TaKOX MPUBOAATH J0 MpaBWIbHOT Kiacudikanii. [Toporo-
Bi 3Ha4YeHHs I KiacugikaTopy (6) Uil BIPOBaKEHHS
foro mpu kiacudikaii JOBUIHHX ONHUCIB MOXHa BCTa-
HOBHUTH Ha MiJCTaBi 3HaYeHb OCTAHHBOTO psiKa Tabi. 3.

Enementu Kiacu JIOHIB HaBeIEMO B TabmwmIi 5.
onucy 1 2 3
1 0,36 0,29 0,36 . .
2 0.50 0.20 0.30 Tabanusg 5 — 3HaueHHS NOKa3HHUKIB Pe3yJIbTaTUBHOCTI
3 0.30 0.40 0.30 Eranon | Bramon | Etanon Cepenne MiHiManbHe
3HA4YCHHA 3HAYCHHS
4 0’53 0520 0727 1 2 3 ITIOKa3HUKa IIOKa3HUKa
5 0,44 0,33 0,22 prec 0,67 0,83 1,00 0,833 0,67
s 2,13 1,42 1,45 compl | 0,80 1,00 0,60 0,800 0,6
F-mipa | 0,73 0,91 0,75 0,796 0,73
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5 PE3YJIbTATHU

OCHOBHHUM pe3yJIbTaTOM IPOBEAECHOI0 JOCIIKEHHS €
po3pobineHHsT BapiaHTIB KiacudikaTopiB 300pakeHb Ha
IiICTaBl anapaTy CTaTUCTUYHOTO aHANI3y i3 BUKOPUCTaH-
HSIM HMOBIPHICHUX PO3IOJIUIIB CKJIaly OIKCY Ta aHCamO-
JIEBOTO NPUHHATTS pillICHHS PO Kiac 00’ekTy. 3arporo-
HOBaHI BapiaHTH MOZENEH aHaNi3y DaHWX Hpare3fartHi i
3a0e3MeuyroTh JOCTaTHRO BUCOKY Pe3yTbTaTUBHICTH Kila-
cuikarmii. Ha gemMoncTpanitnoMy npukiaai s 3-x era-
JIOHIB 1 JECKpHUNTOPIB po3MipoM y 5 OiTiB HpOBEAEHO
PO3paxyHKOBE OLIHIOBAHHS PE3yJIbTATUBHOCTI 3aIlporio-
HOBaHOTO MiAXO0AY 3 BUKOPHCTAHHSIM KPHUTEPIiB TOYHOCTI
Ta noBHOTH. [IpoaHaii3zoBaHi TakoX OCOOIUBOCTI MOOY-
JIOBU IHTETPOBAHOTO Kiacu(ikamifHOTo pilIeHHS Ta BU-
0opy moporiB Iyl OOMEXKCHHS BIUIMBY 3aBaj]l Ha 300pa-
JKCHHI.

6 OBI'OBOPEHHSI

®opMyBaHHS PO3NOAUIIB 00’€KTy Ha HiAIPYHTI 3Ha-
YeHb U1 0a3u €TaJOHIB, IO 3aCTOCOBAHO y 3aIIpOIIOHO-
BaHOMY JOCIIDKEHHI, € CBOEPIAHAM 3aCO00M HaBUAHHS
KJIacudikaropa, 10 OJJHOYACHO MOETHYETHCS i3 METOJIOM
MOPIBHAHHS 3 €TAJIOHAMHU. Y TOM JK€ Yac IPEACTABICHY Y
JOCIIKeHHI MOAM(IKAIliI0 MOXKHA BBaXKaTH 1 sIK CIHOCIO
MIPOCKTYBAaHHsI aHAJII30BaHKUX JaHUX Ha (PyHAaMEHT 0aszu
€TaJIOHHUX OITHCIB.

31 30UIBIICHHSAM 4YHCIA KIAaciB 3HAYCHHS MAaTPUIl
pO3MOAUIIB NPUPOJHO OyayTh 3MEHIIYBaTHCS, TaK SIK
BiZIOYBAETbCS «pPO3MaszyBaHHSI» 3HA4YE€Hb PO3MOIITIB Y
mpocTopi KiaciB. Bakko crioniBatucs Ha Te, IO y CyTTeE-
BO 0araTo-KJIacoBiif cuTyamii OKpemi eneMeHTH OymyTh
YiTKO HPUTPUMYBATHCS CBOTO KJacy, TaK SK BCE-TaKd
OUTBIIY TIPUKIIAJHY BaroMicTb Ma€ TiloTe3a Mpo Te, M0
OIMCH PI3HOMAHITHUX Bi3yaJIbHUX 00’ €KTIB CKJIAAI0THCS
i3 pi3HOT KUIBKOCTI MPUOIM3HO OMHHUX 1 THX K€ CIIEMCH-
TiB-JCCKPHUIITOPIB.

3ayBa)KMMO, 1110 KIIFOYOBUM MOMEHTOM 3aIlpOIIOHOBa-
HOTO Mi/IX0/y € BU3HaueHHs (QyHKUIT HaleskHOCTi (3), 110
CIHMpaeThCsl Ha 3HAYEHHsI IHTEIPOBAHMX XapaKTEePUCTHUK
{o(7)} eramonHmX ommciB. Po3mmpeHHs pe3ynbTaTHBHO-

CTi TaKOTO aHaNi3y 4Yepe3 YTOYHEHHS alpOKCHMAIll eTa-
JIOHIB MOYKHA JTOCATTH (POPMYBAHHSIM KiJTBKOX IHTETpOBa-
HHX XapaKTepUCTHK Ul €TANOHIB, HAIPUKIAL, Y BUIIIAAI
HA0OPy MHOXKHMHH KJIACTEPHHX IEHTPIB [8].

CepenHi 3HaueHHS YCIX TPbOX EKCIIEPUMEHTAIBHO
oOuncnennx nokasHukis (12)—(14) (tabn. 5) npubnuzHO
JopiBHIOIOTH 0,8, 110 MIATBEPIKYE BaroMy pe3yJibTaTHB-
HICTB 3aIpOIIOHOBAHOTO METO/Y HaBiTh ISl HE3HAYHUX Y
CTaTUCTUYHOMY acIeKTi KiJIbKOCTi Ta pO3MIpHOCTI JaHHX.

3ayBa)KMMO TaKOX, [0 MiHIMaJIbHE 3HAYCHHS 33 KOXK-
HUM i3 TIOKa3HUKIB SKOCTi Kiacudikamii € TOMITHO HIX-
YUM 32 CepemHE, [0 MOSICHIOEMO IEMOHCTpALiiiHUM Xa-
pakTepoM MPUKIAAy i HE3HAYHOIO PO3MIPHICTIO BEKTOPIB
onucy 00’ €KTIB, IO PO3TIAAAIOTHCS.

PosrnsnyTHii crioci6 nodymoBu kinacudikaTopa Iomy-
CKae TMojajbllie y3arajJbHEHHS Ha BHIIAJIOK peaiizaiil
MOZENeH 3iCTaBICHHA XapaKTePHCTHK MOBHUX MaTpHUIb
JUISL pO3TIOJILUTIB 00 €KTY Ta €TaJIOHIB

BUCHOBKHU

Hocnimxkeni crocodu moOynoBu kiacudikaropa 30-
OpaXeHb 3aCHOBaHI Ha aHCaMOJII YaCTKOBHX DIllICHb IS
JAaHUX CTATHCTHYHOTO aHaNi3y IIOJ0 CKIAIOBHX CTPYK-
TYPHOTO ONUCY y BUIVIAAI MHOXHHH JCCKPHIITOPIB KITFO-
qoBHX TOYOK. CTaTUCTHYHHMU WiAXix 3a0e3meuye BHUSAB-
JICHHA TIPIOPUTETHOTO KIacH(iKalifHOTO pilleHHS st
KOMIIOHEHTIB OIHCY, Ha MJCTaBi SKUX (PopMyeThCs pe-
3yJBTYIOUE PIlIeHHS aHCAMOJTIO.

HaykoBy HOBHM3HY IIOCIIJDKEHHSI CKJIaJa€ po3poOiieH-
Hsl MeToy Kiacudikanii 300pakeHp Ha MiICTaBi aHCaMO-
JIFO pillleHh KOMIIOHEHTIB OMHKCY, IO 3aCHOBaHI Ha iX cra-
TUCTUYHHX PO3IOJIiNIaX 3a KJlacaMH JAaHUX.

[TpakTHyHa 3HAYyHIiCTH POOOTH MOJSTac y MiATBEP-
JUKEHHI Tpale3JaTHOCTI Ta Pe3yJIbTATUBHOCTI 3aIlporio-
HOBaHUX METOJB Ha ICMOHCTPAL[IHUX MPUKIagax.

[epcriekTHBY MOCTIKCHHST TIOB’s3aHi 13 moriubie-
HHUM BHBYCHHSIM BJIACTHBOCTEH Ta Pe3yJbTATUBHOCTI PO3-
pobireHnx mpouenyp kinacuikamii y mpukIamHux 0azax
Bi3yaJIbHUX JaHUX
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KJIACCU®UKAILUS N30BPAKEHU HA OCHOBE AHCAMBJISAA CTATUCTUYECKUX PACIIPEJIEJEHUM IO
KJIACCAM ETAJIOHOB JIJI1 KOMIIOHEHTOB CTPYKTYPHOI'O OIIMCAHUSA

I'opoxoBarckmii B. A. — 1-p TexH. Hayk, npodeccop, mpodeccop kadenpsl HHPOPMATHKH, XapbKOBCKUI HAIIMOHAIBHBIA YHHU-
BEPCUTET PaJUOIICKTPOHUKHY, XapbKOB, YKpauHa.

TI'apenxast C. B. — xanza. ¢u3.-mMaT. HayK, JIOLEHT, JOLEHT KadeIphl BEICIICH MaTeMaTHKA XapbKOBCKOTO HAIMOHAIBEHOTO aBTO-
MOOMIIBHO-JIOPOXKHOIO YHUBEPCUTETA, XapbKoB, YKpauHa.

Crarauk H. U. — kanx. nen. Hayk, 3aBefytomuii kadeapoit nHPOPMALMOHHBIX TEXHOJIOTHH W MAaTEMaTHYECKOr0 MOJIEITHPOBa-
HUA ydeOHO-HayuyHOro wuHcTUTyTa «KapasuHckuif OaHKOBCKMH HMHCTHTYT» XapbKOBCKOTO HAIMOHAIBHOTO YHHMBEPCHTETa
uM. B. H. Kapasuna, XapbkoB, Ykpauna.

Buacenko H. B. — kaHJ. TeXH. HayK, CT. IpenoaBarenb kadeapsl HHPOPMATUKA U KOMITBIOTEPHOH TEXHUKH XapbKOBCKOTO Ha-
LIUOHAJILHOTO 9KOHOMUYeckoro yHusepcurera uMm. C. Kysnena, XapbkoB, Ykpauna.

AHHOTAIUSA

AxTyanbHocTb. COBpEMEHHBIE CHCTEMBI KOMIIBIOTEPHOTO 3pEHHs TPeOyIOT JNEeHCTBEHHBIX KIaCCH(UKALMOHHBIX PELICHUH Ha
OCHOBE YTJTyOJIEHHOTO aHall3a MPUpPOJbI 00pabaThiBaeMbIX NaHHBIX. CTaTUCTUUECKUE PACHpENENCHUs SIBISIOTCS CETOJHs MEepBO-
CTEMNEHHBIM CPEICTBOM aHANN3a B CUCTEMax pacrlo3HaBaHUs 00pa3oB. B ciryyae, eciiu onucaHue pacmo3HaBaeéMoro 00bEKTa Mo1aHo
00BEMHBIM MHOXECTBOM BEKTOPOB, CTATHCTHYECCKUH ammapar CTaHOBUTCS (QYHAAMEHTAIBHBIM CIIOCOOOM 3((EKTHBHOTO TPHUHATHUS
pelIeHns 0 KJIacce Paclo3HaBaeéMoro 00bekTa. DTO BBI3BIBAET HEOOXOAMMOCTh MPHMEHEHHsI YHHBEPCATBHOTO amlmapara pachpese-
JeHUH B 00IIEeM BHUJE AJISI CHCTEMbI MHOTOMEPHBIX JIECKPHIITOPOB OIMCAHMS 110 YCTAHOBJICHHBIM KJIaccaM JaHHBIX, KOTOPBIE OIpe-
JeTSIOTCS 3a1aHHON 0a30it 3TanoHoB. KiaccnpukaTop co3aeT mim opraHusyeT HOBYIO IPOCTPAHCTBEHHYIO CTPYKTYPY BEKTOPOB U3
3JIEMEHTOB PACCMATPHBAEMOr0 00BEKTA, KOTOPAs B LIEJIOM UMEET HEKOTOPOE OLICHHBAEMOE CXOJCTBO CO CTPYKTYPOH HIIM COCTaBOM
JJIEMEHTOB 3TAJIOHA, a KIACCH(HUKALUS OCYIIECTBISIETCS IIyTeM ONTHMM3ALUK CTEIICHH 3TOr0 CXOJCTBA HA MHOXECTBE ITAJIOHOB.
BeposTHOCTHAs MOZieNIb TOPOXKACHHS JAHHBIX BBICTYIIAET KIIOYEBBIM NMPAKTHIECKHM MOAXOA0M K (GOpMalTU3alUK 331a4u 00yUeHUs
KI1accu(UKaTopa, CyTh KOTOPOH 3aKIFOUAETCA B yCTAHOBJICHUH CTATHCTUYECKHX pacHpesieNieHni 00bEeKTOB MM UX COCTABIISIOMINX C
NoceAyIouied nporexypoi arperaliui KOMIOHEHTHBIX PEUIEHUH U MOCeayolel ONTUMHU3allul Ha MHOXeCTBE Ki1accoB. LleHHbIM
MIPEICTABISACTCS TAKXKE M3yUCHHE W NPUMEHEHHE KPUTEPHEB OIEHKH 3()(EKTUBHOCTH B 33/aue KIACCU(HUKAINN, OCHOBAHHOW Ha
CTaTHCTHIECKUX MPUHITHIIAX.

Iean padorel. Pa3zpaboTka MeToa pe3yIbTaTHBHON Kiaccu(pUKanuyu n300pakeHUH ITyTeM BHEIPEHNUs aHCaMOJIEBBIX CTaTHCTH-
YECKHUX PEeLICHHH JUIsl COCTaBa KOMIIOHEHTOB OIHCAHMSI.

Mertoa. IIpennoxen crnocod kiaccudukanuu n300pakeHU HA OCHOBE IOCTPOCHMS 00OOIIEHHOIO PEIeHHs aHcaMOIIs KOMIIO-
HEHTOB, ISl KOTOPBIX NMPEABAPUTENIHLHO BEIUHUCIISIOTCS CTATUCTUYIECKHE PACIIPEIeNIeHHs IO KJlaccaM JaHHBIX.

PesyabTarbl. OCyIIECTBICH CUHTE3 METOA KJIACCU(UKALIMU ITyTEM IPUMEHEHHUs aHCaMOJICBOTO PELICHNS] KOMIIOHEHTOB OITHCa-
Hus. [loarBepkaeHbl paboTocmocoOHOCTh 1 3 (HEeKTHBHOCT pa3paboTaHHOTO KiaccudukaTopa. Ha mpuMepax mpruMeHeHUs: MeTona
ISl CHHTE3WPOBAHHBIX JAHHBIX C HCIIOIB30BAaHUEM TPAIUIMOHHBIX KPUTEPHEB SKCIEPUMEHTAIBHO OIIEHEHA €T0 Pe3yIbTaTUBHOCTD.
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BriBoasl. VccnenoBans! crioco0bl TOCTPOSHUS KIacCH(UKATOpa H300pakeHNH, OCHOBaHHbBIE Ha aHCAMOJIe YaCTHYHBIX PEIICHUH
JIAHHBIX CTaTUCTUYECKOr0 aHajIM3a JAJsl COCTAaBIAIOIIUX CTPYKTYPHOIO ONUCAHUS B BUJIE MHOXKECTBA JAECKPUITOPOB KIIIOYEBBIX TO-
yek. CTaTHCTHYECKHH TT0/IX0]] 00eCIIeunBaeT ONpeeIeHHe IIPHOPUTETHOTO KIACCH(UKALMOHHOTO PEICHHS IJIsl KOMIIOHEHTOB OIH-
CaHUs1, 0 MHOKECTBY KOTOPBIX (QOPMUPYETCS Pe3yIbTHPYIOLIEe PELIeHHE aHCaMOIs.

Hay4Hylo HOBH3HY HMCCIEI0BaHHUs COCTABIIET pa3paboTka MeToJa Kiaccu(uKaluu H300pakeHHil Ha OCHOBAaHUH aHCcaMOus pe-
IIEHUH KOMIIOHEHT ONMCAHMsI, OCHOBAHHBIX HA MX CTATUCTUYECKUX PACIIPEIeNICHUSIX 10 KJIaccaM JaHHBIX.

IIpakTHdeckas 3HAYNMOCTh PaOOTHI 3aKIIIOYAETCSA B IOATBEPKACHUH PAO0OTOCIIOCOOHOCTH U Pe3yIbTaTUBHOCTH IPEITOKEHHBIX
METOZO0B Ha IEMOHCTPALUOHHBIX IIpUMEpaX.

KJ/IIOUEBBIE CJIOBA: xoMIIbIOTEpHOE 3pEHHE, METOJIBI CTPYKTYPHOTO pPaco3HABAaHUS H300paKeHUH, MHOXKECTBO KITIOUEBBIX
ToYeK, Aeckpuntop ORB, KOMIIOHEHTBI ONMCAaHUsI, CTATUCTUYECKOE PaclpeeieHne, aHcaMOIIb peleHHi, KpUTepHil 9 PEeKTHBHOCTH
KJIacCH(UKALHH.
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ABSTRACT

Context. Modern computer vision systems require effective classification solutions based on in-depth analysis of the nature of
the data being processed. Statistical distributions are currently the primary means of analysis in image recognition systems. If the
description of the recognized object is given by a large number of vectors, the statistical apparatus becomes a fundamental way to
effectively decide on the class of the recognized object. This requires the use of a universal distribution apparatus in general for a
system of multidimensional descriptions for established classes of data, defined by a given database of etalons. The classifier creates
or organizes a new spatial structure of vectors from the elements of the analyzed object, which generally has some estimated similar-
ity to the structure or composition of the etalon elements, and the classification is done by optimizing the degree of this similarity on
the set of etalons. The probabilistic model of data generation is a key practical approach to formalizing the task of classifier training,
the essence of which is to establish statistical distributions of objects or their components, followed by the procedure of aggregation
of component solutions and further optimization in the environment of etalon classes. It is also valuable to study and apply criteria
for evaluating the effectiveness in classification problem based on statistical principles.

Objective. Development of a method of effective classification of images by introduction of ensemble statistical decisions for
structure of components of the description.

Method. A method for classifying images based on the construction of a generalized solution of an ensemble of components for
which statistical distributions by data classes are preliminarily calculated is proposed.

Results. The synthesis of the classification method by applying the ensemble solution of the components of the description is
carried out. The efficiency and effectiveness of the developed classifier are confirmed. On the examples of application of the method
for synthesized data using traditional criteria, its effectiveness was experimentally evaluated.

Conclusions. The investigated methods of constructing an image classifier are based on an ensemble of partial solutions of statis-
tical analysis data for the components of the structural description in the form of a set of key point descriptors. The statistical ap-
proach provides identification of the priority classification decision for components of the description on which set the resulting deci-
sion of ensemble is formed.

The scientific novelty of the study is the development of image classification method based on an ensemble of solutions of the
component description, based on their statistical distributions by data classes.

The practical significance of the work lies in confirming the efficiency and effectiveness of the proposed methods on demonstra-
tion examples.

KEYWORDS: computer vision, methods of structural image recognition, set of key points, ORB descriptor, description compo-
nents, statistical distribution, ensemble of solutions, classification efficiency criterion.
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ABSTRACT

Context. In the current information era, the problem of analyzing large volumes of unlabeled textual data and its further grouping
with respect to the semantic similarity between texts is emerging. This raises the need for robust text analysis algorithms, namely,
clustering and extraction of key data from texts. Despite recent progress in the field of natural language processing, new neural meth-
ods lack interpretability when used for unsupervised tasks, whereas traditional distributed semantics and word counting techniques
tend to disregard contextual information.

Objective. The objective of the study is to develop an interpretable text clustering and cluster labeling methods with respect to
the semantic similarity that require no additional training on the user’s dataset.

Method. To approach the task of text clustering, we incorporate deep contextualized word embeddings and analyze their evolu-
tion through layers of pretrained transformer models. Given word embeddings, we look for similar tokens across all corpus and form
topics that are present in multiple sentences. We merge topics so that sentences that share many topics are assigned to one cluster.
One sentence can contain a few topics, it can be present in more then one cluster simultaneously. Similarly, to generate labels for the
existing cluster, we use token embeddings to order them based on how much they are descriptive of the cluster. To do so, we propose
a novel metric — token rank measure and evaluate two other metrics.

Results. A new unsupervised text clustering approach was described and implemented. It is capable of assigning a text to differ-
ent clusters based on semantic similarity to other texts in the group. A keyword extraction approach was developed and applied in
both text clustering and cluster labeling tasks. Obtained clusters are annotated and can be interpreted through the terms that formed
the clusters.

Conclusions. Evaluation on different datasets demonstrated applicability, relevance, and interpretability of the obtained results.
The advantages and possible improvements to the proposed methods were described. Recommendations for using methods were
provided, as well as possible modifications.

KEYWORDS: NLP, word embedding, text clustering, cluster labeling, BERT, keyword extraction, semantic similarity.

ABBREVIATIONS
Al is artificial intelligence;
BERT is Bidirectional Encoder Representations from
Transformers;
BoW is Bag-of-Words;
CBOW is Continuous Bag-of-Words;

stability, . is a i-th token’s stability coefficient;
[

stabilitytjh is a threshold for stability coefficient in the

j-th sentence;
N is a number of sentences in the dataset;

LDA is Latent Dirichlet Allocation;

NLP is natural language processing;

NN is a neural network;

STS is semantic textual similarity;

TF-IDF is a term frequency-inverse document fre-
quency.

NOMENCLATURE
i , j* are global indices of tokens from all sentences;
tf; .
N

df; is a document frequency of i-th token;

is a i-th term’s frequency in the j-th document;

N is a total number of documents;

N; is a total number of tokens across all sentences;
i is a token index in the sentence;

J is a sentence index;

k is a transformer model layer index;

N, is a total number of layers in the NN;

eik* is an embedding from the k-th layer of the i-th to-
ken;
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N{ is a number of tokens in the j-th sentence;

€ isa i-th token’s embedding from the j-th sen-

tence;
k

€ii
sentence from K-th layer;

is an embedding for the i-th token from the j-th

Sjisa J-th sentence;

t jiisa i-th token from the j-th sentence;

‘e jid ‘ is a length of embedding;
N
tc; is a t-th topic cluster;

« 1s a total number of topics in the dataset;

S; is a set of sentence indices in the t-th topic cluster;
T, is a set of tokens in the t-th topic cluster;

Jtitz is a Jaccard similarity between a set of sentence

indices in t1-st and t2-nd topic clusters;
JM is a square similarity matrix build from Jaccard
similarity values;
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Z is a z-th cluster with sentences;

Ng. is a total number of sentence clusters;

SM is a square similarity matrix build from cosine
similarity values;

SVi* is a similarity vector for the i-th token;

sj* is an index of sentence for the i-th token;

SVi* is an average for a similarity vector SVi* ;
Si* is a variance of similarity vector values SV;- ;

ranki* is a rank of the i-th token.

INTRODUCTION

The problem of dealing with textual data has been a
subject of interest for many years now. The need for ro-
bust and efficient approaches is growing, as the amount of
reviews, feedbacks, posts, and other texts that need to be
addressed is getting bigger. Since this kind of data is often
unlabeled, the most urgent tasks to solve are clustering
and keywords extraction. More often than not, collections
of texts are not labeled or require many human-hours to
label and those labels are still subjective.

One of the most obvious applications of text clustering
is the processing of user feedbacks or reviews. This prob-
lem is actual nowadays, and according to the latest sur-
veys [1] corporations are planning to start using Al at the
start of this decade to address many customer-specific
issues. The research [1] also shows that NLP is the most
needed field for companies because they lack solutions
for dealing with written communication.

The main challenge of processing texts by a computer
is obtaining their numerical representations. This process,
also called text embedding, is often performed through
word-counting techniques that represent sentence as bag-
of-word. This approach, although proven effective when
dealing with supervised machine learning tasks, is con-
ceptually unable to capture language semantics. Thus,
using such text representation can result in mediocre clus-
tering solutions.

Another, more advanced approach, is using pretrained
(or training from scratch) NNs. Novel large models are
pretrained on huge amounts of text with specific learning
tasks (self-supervised approach). This means that they can
be used with small unlabeled datasets — something that
was hardly possible with models that need to be trained
from scratch.

While they achieve state-of-the-art results, it is still an
open issue how to cluster texts using output embeddings.
This problem has two aspects: how to pool embedding for
each token to capture sentence meaning, and how to in-
terpret these embeddings. Even though it is agreed that
deep contextualized embeddings can be good input fea-
tures for clustering, we still have no means of interpreting
these clusters — why the model thinks these texts belong
together.

The object of study is the process of grouping texts
by their semantic similarity.

© Ostapiuk Z. V., Korotyeyeva T. O., 2020
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The subject of study are algorithms for textual data
comparison using contextualized embeddings from pre-
trained transformer models.

The purpose of the work is to develop an approach
for texts clustering with respect to the semantic similarity
between them. The study is also focused on the extraction
of keywords from texts to be used for topic finding and
further comparison. Another aim is to address the inter-
pretability of resulting clusters and to develop cluster la-
beling technique.

1 PROBLEM STATEMENT
In the corpus of Ny sentences, we need to find Ng.

sentence clusters. Each sentence s j ,J=1,Ng consists of

th tokens t;; each of which has embedding e:-(’i as-
signed from the k-th layer of the transformer model. One
sentence cluster should be defined by one or more topics
tc;, t=1,Ni. . To be interpretable, the topic tc; should

consist of the set of related tokens T, and set of respective
sentence indices S; in which tokens in T, are found.

Given all topics, t¢;, t=1N;, we need to merge them
into final Ng. clusters that contain sentences that share

the most topics.
For the task of cluster labeling, a dataset with Ny sen-

tences is given. Each of the sentences contains N to-

kens tj; with embedding e';’i taken from the k-th layer

of the transformer model. The output should consist of a
list of cluster labels t. — tokens or their lem-

mas/dictionary form.

2 REVIEW OF THE LITERATURE

In order to compare two pieces of text one needs to
convert them into fixed-size numerical vectors. One of the
most popular algorithms for this purpose is bag-of-words.
It is used in a wide range of machine learning tasks [2].
BoW vectors consist of elements that denote the number
of occurrences of some term in a text. While BoW can be
successfully used in supervised tasks, it fails to capture
semantics and therefore performs poorly in unsupervised
tasks like clustering or keywords extraction. A study [3]
was performed to overcome the hard-mapping conse-
quences of BoW.

Another slightly improved metric for representing text
in vector space is called TF-IDF. The assumption behind

the TF-IDF formula:
. N
idf; =log| — |,
i g( df, ]

TFIDF =tf; jidf;,j=1N .

-+
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is that words that occur frequently across all documents
are not significant and their importance needs to be re-
duced (inverse document frequency). On the other hand,
words that occur frequently in some documents but are
mostly absent in others are considered to be more impor-
tant (term frequency).TF-IDF is also used to extract im-
portant keywords from text based on the previously de-
scribed assumptions [4].

Both BoW and TF-IDF vectors suffer from high-
dimensionality and extreme sparsity. Moreover, words
that comprise input texts are represented in a one-hot en-
coding manner, making them orthogonal to each other. To
overcome these and other problems, a Word2Vec model
was presented in 2013 by Mikolov et al. [5, 6]. It essen-
tially performs dimensionality reduction. This model al-
lows obtaining vectors that can be compared in embed-
ding space and yield semantically justified similarity
scores. However, this and other conceptually similar
models preserve no contextual information, and for one
word there is always single embedding.

To obtain semantic similarity of variable length sen-
tences or other language structures, information from all
words needs to be combined/pooled. Usually, to compare
two documents some similarity measure between aver-
aged embeddings is used, but the results are often medio-
cre. An alternative similarity measure using matrix norms
was proposed and applied to targeted marketing tasks [7].
This approach uses pair-wise similarity matrices which
leads to n(n—1)/2 operations of similarity calculation.

Different pooling techniques are used to create one
embedding for the text from its words, one of the most
successful is simple averaging with weighting [8]. None-
theless, the order of the words is not taken into account.

To create embeddings for a document, regardless of its
length, Doc2Vec was developed by Le and Mikolov [9].
The disadvantage of Doc2Vec is that document vectors
are hard to interpret. To obtain good results, one needs to
train this model with their dataset, which is a limitation
for many relatively small collections.

Another approach to cluster documents is topic mod-
eling. The most popular is Latent Dirichlet Allocation,
LDA [10]. These generative models are often used for
data exploration [11]. There are few popular topic model-
ing algorithms [12], but they all share one underlying
assumption that the document consists of a fixed number
of topics and each topic is defined by a collection of
words. An advantage of topic modeling approaches over
traditional clustering is that distribution of topics over
documents is obtained. Thus, we can assign one document
to different topics with some probability.

In 2017 Vaswani et al. presented the revolutionary
transformer model [13]. Based on transformers, a BERT
model was introduced in 2018 by Devlin et al. [14].
BERT was pretrained on a massive data set. The self-
attention mechanism allows BERT to produce contextual-
ized word embedding and perform word sense disam-
biguation, solving the polysemy issue.
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Although BERT, when first presented, beat many
benchmarks, it was still an open problem on how to ob-
tain good and robust sentence-level embeddings. Among
BERT’s training tasks was next sentence prediction ob-
jective, so it is possible to feed into the model two texts
and perform sentence regression like STS. However, a
computational overhead is caused by n(n—1)/2 evalua-

tions.

There are many possible pooling strategies, some of
which were described in the original paper [14]. Jawahar
et al. proved that different layers encode different linguis-
tic properties of the English language [15], so pooling can
be performed not only on the last embeddings.

Sentence-BERT model was developed in 2019 by
Reimers and Gurevych [16] and is responsible for the
state-of-the-art performance on STS benchmark [17]. The
authors used siamese and triplet NNs to fine-tune BERT.
As a result, the SBERT model can be used to obtain a
single vector per sentence.

A study performed by Wang and Kuo in 2020 [18]
brought insights into the evolution of word embeddings
through layers of BERT-based models. Authors devel-
oped the SBERT-WK model for sentence embedding and
presented new metrics that integrate data from all layers —
alignment, novelty, and word importance measures. This
study showed that BERT-like models can bring insights
into textual data not only through embeddings but through
their interlayer patterns.

As for unsupervised keywords extraction, a popular
RAKE algorithm [19] can extract key phrases and rank
them. Also, it can be used to generate adequate stopword
list if enough data is provided. A recent algorithm YAKE
[20] outperforms many state-of-the-art alternatives. Both
are quick and robust, however, operate on statistical met-
rics and co-occurrence data of words that can be a limita-
tion as keywords cannot be compared using embeddings.
Unlike cross-corpus TF-IDF, RAKE and YAKE applica-
bility to cluster labeling is also limited. It requires addi-
tional means of selecting keywords from all documents
that can be ranked as cluster labels.

3 MATERIALS AND METHODS
Methods, described in this paper, rely on the novel to-
ken metric — stability coefficient. The stability coefficient
is aimed at capturing the degree of token embedding ad-
justment to the semantics of the sentence.

SBERT [16] averages last layer embeddings ei'*\ll’

i0 =1,n to obtain sentence vector. Unlike the BERT
model’s final embedding, vectors from SBERT are very
similar to each other. This can be explained by fine-tuning
details of SBERT, specifically by the objective function

that aimed at minimization of the cosine similarity
ei* . eJ*

COS(ei*,ej* )2— (2)

ei* ej*

between semantically similar sentences.
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As a result, the influence of the context makes final
SBERT embeddings not usable as a representation for
described later methods. We suggest using embedding
from the ninth or tenth layer (Fig. 1).

] § & e E ‘i-. &

Figure 1 — Pair-wise comparison using cosine similarity between
tokens from ninth and last layers respectively

On Fig. 1 there are pairs that have high similarity
(lighter shades): “doctor” — “physician”, “prisoner” —
“inmates” etc. However, many word-pairs consist of
prepositions, punctuation, and other common tokens. To
eliminate them we cannot use TF-IDF formula (1) be-
cause that would make our approach corpus-dependent
and not usable for small datasets.

On Fig. 2 it is shown that common tokens change
more (are more “diluted” by other embeddings). The
original sentence is “This doctor is examining blood tis-
sue of the prisoner.” In Fig. 1, we demonstrate patterns of
interlayer similarity for salient (first row) and common
(second row) tokens.
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Figure 2 — Heat maps of cosine similarity between em-
beddings from different layers

To calculate the stability coefficient we sum values
from these similarity maps across anti-diagonal starting
from the middle as indicated by the line in Fig. 2.

[Zizocos(ei'i ,ehl r D

0.5N, ©)

stability,, =

We normalize the value, thus, the theoretical maxi-
mum for the stability coefficient is one. In practice, em-
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beddings are changing rapidly, so for tokens like “.”,
“the”, “of” etc. (see Fig. 2) we observe smaller values of
stability coefficient (avg. 0.39); for salient tokens, we
observe average stability coefficient of 0.56. The thresh-

old stability‘j“ can be hard-coded, however, we recom-

mend using the average stability coefficient from the sen-
tence.

Two techniques were developed (clustering and clus-
ter labeling) each of which shares the first three steps:

ej’i,j Zl,Ns,i Zl,th

1. Obtain embeddings for

every token tj; from sentences S;. The index of layer

k=1,N; , from which embeddings are taken, is a hyper-
parameter. We suggest using the ninth or tenth layer.
2. Foreach t;; get Stabili'(ytji using formula (3).

3.For each sentence S j calculate threshold

stabilitytj“ or use hard-coded value. Using this value,

remove tokens that satisfy stabilitytji < stability}h .

Our clustering method continues with the following
steps (hyperparameter and algorithm choices are de-
scribed in the section with experiments):

1. Having filtered embeddings € jii for each token t jii

from each sentence S;, we need to cluster them using

clustering or community detection algorithm of choice.
Objects being clustered are high-dimensional embeddings

ej,i. For BERT and SBERT there are models with

‘ej,i‘=768 (suffix “base”) and ‘e”‘=1024 (suffix
“large”) dimensions in one embedding.

2. We now have N clusters each containing some
amount of tokens. These clusters are called topics. We
store sentence index j with every token embedding € i
so we can determine what sentences are represented in

what clusters. Apart from token embeddings €;,;, each

IN

topic cluster tC,,t =1, N,. contains a set of respective
sentence indices 1C, =<St;Tt> )

3. From each of the N, clusters we find Jaccard

tc

similarity between respective S, :

_|St1 mStz|

jtl,tZ = Jon _W- “4)
t1 2

4. From computed Jaccard similarities matrix is
formed JM,,,, = J,;1»- The JM matrix can be inter-

preted as an adjacency matrix because it contains distance
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measures calculated by the formula (4) between topics
tC,t =1 N .

5. Merge topics that share the most sentences into one
cluster. As a result of the clustering/community detection
algorithm of choice, we obtain Ng. groups with sen-

tences C,, Z=1,Ng, that share some topics, therefore can

be considered as one cluster inside a particular dataset.
6. Each cluster ¢, obtained on the previous step con-

tains a set of sentences and topics tC; that were merged

into C, . Since topics are essentially collections of tokens,

we can obtain labels for the cluster by taking unique to-
kens from each of the tc; .

Another method based on the stability coefficient is
cluster labeling. For a collection of sentences, we can
order tokens by their representative qualities for the cur-
rent dataset, limit the resulting set, and obtain cluster la-
bels. To do so, we propose the following method (follows
described earlier first three steps):

1. Create a square

similarity matrix

SMi* it = cos(ei*,ej* ),i*, j’]= =1,N; . It consists of cosine

similarity values between each token

K
gl =1LN¢.

embedding

2. For each token t- extract similarity vector SVi* :

SV. :{SMi*,j* 1< <Ngas, ¢si*}. )

The vector SV; is obtained by taking the i-th row of
SM and excluding tokens from the current token’s sen-
tence.

3. Obtain a single value metric from the vector of
similarities SVi* . We propose the following metrics, each

of which is evaluated in the results section and justified in
the discussion section:

4.
Zj*svl* J*
SV = 6
e, ©
—\2
o Tl %) ™
' ‘sv.* -1
]
rank. =SV,» S». ®)

5. Optionally, lemmatize and take unique terms.
6. Order tokens by the chosen metric and limit results.

4 EXPERIMENTS
We obtain pretrained models from Hugging Face’s (a
popular NLP library) server [21]. In our experiments, we
use PyTorch implementations of SBERT model “bert-
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base-nli-stsb-mean-tokens” [16]. The letter is fine-tuned
on the AIINLI [22] dataset, then on the train set of STS
benchmark [17]. SBERT authors claim that this model is
specifically well suited for semantic similarity.

To check how our approach performs on real-life data
we experiment with widely used NLP dataset Reuters-
21578 [23] for text categorization.

First, we perform forward pass of input sentences
through the model and calculate stability coefficients us-
ing formula (3) for each token from each sentence. We
follow the second and third steps as described in the pre-
vious section. Since BERT-like models use WordPiece
tokenizer [24], some words can be deconstructed into
subwords (“cellphone” is split to “cell” and “##phone”).
We complete each token if it happens to be a subword
(starts with “##”) and average respective embeddings
from the tenth layer.

For the fourth and fifth steps, to perform grouping we
use agglomerative clustering [25]. We use cosine similar-
ity as a metric to calculate distances between clusters. As
a linkage algorithm, the “average” method was used. We
chose the agglomerative clustering algorithm because it
allows setting threshold of similarity metric, unlike other
algorithms that require a number of clusters to be speci-
fied beforehand. As a threshold, we use the empirical
value calculated by multiplying maximum within-cluster
distance from the obtained linkage matrix by 0.7 (we use
SciPy [26] implementation). As a result of hierarchical
clustering, we obtain groups with semantically similar
tokens and their sentence indices.

We perform the sixth step as described in the section
with methodology. We interpret the JM matrix obtained
on the seventh step as a weighted adjacency matrix — a
matrix whose elements store weights between pairs of
topics. We use the Louvain community detection algo-
rithm [27]. In other words, on this step, we merge topics
that share many sentences. After this, we take unique to-
kens from topics as labels for obtained clusters.

To compare our results we implemented LDA topic
modeling as in [12]. We used Gensim’s [28] implementa-
tion of LDA — LdaMulticore with 5 topics. A sentence is
assigned to a topic if the respective probability from a
topic distribution over texts is higher than 0.5.

To evaluate the cluster labeling technique we follow
steps described earlier. Again, we chose the tenth layer as
an embedding source.

To compare the performance of our technique we im-
plemented TF-IDF based ranking of n-grams within a
cluster of sentences (arguably, the most popular approach
among NLP practitioners) as proposed by Shahzad Qaiser
and Ramsha Ali [29]. We exclude words that have DF
higher than 0.8 and limit the number of features to 10000.
We use lemmatization (reducing word inflection) as a
preprocessing step implemented in NLTK’s Word-
NetLemmatizer module [30].

S RESULTS

The results of our clustering technique are evaluated
on the synthetic dataset to cover as much cases as possible
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(polysemy, sentence with multiple possible assignments)
(Table 1). Our evaluating dataset can be divided into four
clusters: “phone”, “man eating bakery”, “doctor in
prison”, “space”. The last sentence, however, can be cate-
gorized into both “phone” and “space” clusters. Also,
some of the sentences from “doctor in prison” mention

“phone” related topics.

The final clusters are presented in Table 2. We im-
plemented the LDA method [3, 11] to compare results
(Table 3).

To evaluate our cluster labeling technique we use
categories from the Reuters-21578 dataset (Table 4) as
clusters and calculate average similarity (6), variance (7),
and word rank (8) for extracted key tokens using stability
coefficient (3).

Table 1 — Extracted topics from sentences

# Sentence Topics
1. I like my phone { your, my }; { cell, phone, cellphone }
2. My phone is not good { your, my }; { cell, phone, cellphone }
3. Your cellphone looks great { your, my }; { cell, phone, cellphone }
4. A man is eating food { man, he }; { eating, piece, food }
5. A man is eating a piece of bread { man, he }; { eating, piece, food }; { bread, pasta }
6. A man is eating pasta { man, he }; { eating, piece, food }; { bread, pasta }
7. He went to prison cell with a cell phone to draw blood | { cell, phone, cellphone }; { man, he }; { prison, inmates, cell }; { samples, test,
cell samples from patients felons, patients, blood }
8. He went to prison cell with a cellphone to draw blood | { cell, phone, cellphone }; { man, he }; { prison, inmates, cell }; { samples, test,
cell samples from felons felons, patients, blood }
9. He went to prison cell with an Android to test inmates { man, he }; { prison, inmates, cell }; { samples, test, felons, patients, blood }
10. | SpaceX launched astronauts to the moon { moon, spacex, astronauts, launched, space, floating, rockets}
11. | The invention of reusable rockets was a key step in | { moon, spacex, astronauts, launched, space, floating, rockets }; { founder, inven-
commercial space travel tion, reusable }
12. | Elon Musk is the founder of SpaceX { moon, spacex, astronauts, launched, space, floating, rockets }; { founder, inven-
tion, reusable }
13. | My phone is floating in space { your, my }; { cell, phone, cellphone }; { moon, spacex, astronauts, launched,
space, floating, rockets }

Table 2 — Annotated clusters with texts. Tokens that triggered assignment of the sentence to the current cluster are underlined

Sentence clusters’ topics

Sentences

1. | {my, your }; { cell, phone, cellphone }

I like my phone; My phone is not good; Your cellphone looks great; He went to prison cell with a
cell phone to draw blood cell samples from patients; He went to prison cell with a cellphone to
draw blood cell samples from felons; My phone is floating in space

2. | { man,he} A man is eating food; A man is eating a piece of bread; A man is eating pasta; He went to prison
cell with a cell phone to draw blood cell samples from patients; He went to prison cell with a cell-
phone to draw blood cell samples from felons; He went to prison cell with an Android to test in-
mates

3. | { eating, piece, food }; { bread, pasta } A man is eating food; A man is eating a piece of bread; A man is eating pasta

4. | { prison, inmates, cell }; { samples, test,
felons, patients, blood }
Android to test inmates

He went to prison cell with a cell phone to draw blood cell samples from patients; He went to
prison cell with a cellphone to draw blood cell samples from felons; He went to prison cell with an

5. | { moon, spacex, astronauts, launched,
space, floating, rockets }; { reusable,
founder, invention }

SpaceX launched astronauts to the moon; The invention of reusable rockets was a key step in com-
mercial space travel; Elon Musk is the founder of SpaceX; My phone is floating in space

Table 3 — LDA topics extracted from sentences

Topic (top 10 terms)

Sentences

spacex, moon, launch, astronaut,
phone, man, eat, cell, good, space

I like my phone; My phone is not good; SpaceX launched astronauts to the moon;

cell, go, prison, draw, sample,
blood, phone, cellphone, patient,
felon

I like my phone; My phone is not good; He went to prison cell with a cell phone to draw blood cell samples
from patients; He went to prison cell with a cellphone to draw blood cell samples from felons; He went to
prison cell with an Android to test inmates;

space, step, invention, travel, com-
mercial, key, reusable, rocket,
phone, eat

I like my phone; My phone is not good; The invention of reusable rockets was a key step in commercial space

travel;

spacex, bread, elon, eat, piece, man,
founder, musk, phone, space

I like my phone; My phone is not good; A man is eating a piece of bread; Elon Musk is the founder of

SpaceX;

phone, man, eat, cellphone, great,
look, float, pasta, space, food

I like my phone; My phone is not good; Your cellphone looks great; A man is eating food; A man is eating

pasta; My phone is floating in space
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Table 4 — Cluster labeling results on Reuters-21578 dataset

Top 10 cluster labels
Catego BERT-based rankin; .
oty d XING - TF-IDF ranking
Rank Average similarity Variance
tea, export, trade, import, cof- pct, commodities, hazelnut, ctc, com- tea, cocoa, coffee, in, said, tea, tonne, trade, mln,
tea fee, exporter, cocoa, production petitive, exporter, importer, mln, coun- export, corn, and, to, export, pct, india, produc-
in, soybean tertrade, kernels rubber, wheat tion, countertrade
smelter, ore, copper, mine . . . .
. o > > zcem, concentrates, stockpile, stock- zinc, copper, mine, ore, said, pct, year, smelter,
strategic- production, uranium, metallur- . . ‘ R .
N s . piled, seminconductor, storeage, zirco- smelter, uranium, coal, stockpile, local, mine,
metal gical, niobium, mineworker, ; - ) ; p
minne nium, alcad, steelworkers, dlrs, cominco | mining, gold, production contract, last, cominco
. . . january, februa ct, unit, mln, januai
. unit, pct, home, housing, a, pct, mln, seasonally, dlrs, completions, J Ty, I 1y, pet, ? » january,
housing houses, min, january, rate, to resale, unit, rate, insurance, mortgage homes, housing, houses, | start, housing, family, rate,
? ») 1y > > i ? ? unit, to, a, pct, family said, fell

6 DISCUSSION

Our clustering approach assigns sentences to clusters
based on extracted keywords that form topics. This means
that anyone willing to use it can substitute SBERT/BERT
embedding with some other word vectors. We, however,
use these contextualized embeddings to make use of dif-
ferent meanings of words that depend on the containing
sentence. For example, there are topics { cell, phone,
cellphone } and { prison, inmates, cell }. Both of them
contain the word “cell” but with a different meaning. This
allows assigning sentence that contains, for example,
“prison cell” to correct cluster with “prison” topic, not the
“mobile” one.

The thresholding stability coefficient essentially filters
out stopwords, and we end up with many nouns and verbs
that can represent clusters in some datasets. Conse-
quently, very detailed, fine-grained clusters are obtained.
This property is desirable for low-level analysis of texts
but can be overwhelming for bigger datasets. For exam-
ple, we obtained cluster with topic { man, he }. While it is
a valid cluster with sentences that match its topic, usually
prepositions are not that interesting as cluster topics. To
improve topics, one can use synonym filtering or compute
the mean vector from all the embeddings and chose the
closest one as a single representation for the topic.

In comparison with popular topic modeling approach
LDA, our method is easier to configure (no need to select
optimal topic number or iteration number) and it is more
interpretable. Moreover, LDA seems to perform poorly on
smaller datasets. An advantage of LDA is that it scales
better to bigger datasets.

As for cluster labeling, Table 4 shows that all three
approaches to ranking cluster labels yielded decent and
adequate results. Words that to authors mind are better
candidates for cluster labels are underlined. Ideally, key
tokens in the cluster must be similar to as many other to-
kens as possible — this condition is satisfied by summing
values of similarity vector SVi* (5) and normalizing the

sum (6) — “Average similarity” column in Table 4.
However, intuitively, tokens that best describe cluster
should not be a bit similar to every other token but have
“spikes” of similarity. Summing across similarity vector
SV; will not be a good measure here because a bit of

similarity to other tokens can overcome “spikes” of simi-
larity. Instead, we calculate the variance Si* of similarity
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vector SVi* values. This metric is used in the column

“Variance”. To incorporate both values we simply multi-
ply them — “Rank” column.
The results obtained using variance Si* require fur-

ther cleaning (removing stopwords “in”, “and”, “to”).
Average similarity, as theorized, puts on top tokens that
are domain-specific, however, not cluster-specific. Words
like “pct”, “competitive”, “mln” are not stopwords, but
they are not representative and descriptive of clusters pre-
sented in Table 4. On the other hand, combining two met-
rics in the “Rank” measure by multiplying them resulted
in most descriptive labels.

Labels obtained using TF-IDF formula (1) contain
fewer cluster-specific words. As seen from results, TF-
IDF labels need more filtering of common words like
“said”, “fell” that are spread in the dataset because it is
taken from the news. In our approach, they are not present
in the result.

The conceptual similarity between TF-IDF formula
and our ranking approach needs to be pointed out as well.
Much like in TF-IDF formula (1), we obtain token rank
(8) by multiplying metric that indicates how much
“spread” current token is (6) (a conceptual equivalent to

term frequency tfi, j ), and how special it is for the given

cluster (7) (an equivalent to inverse document frequency
idf; ). The important difference is that rank operates on

semantic similarity properties of the token within its sen-
tence and cluster, whereas TF-IDF incorporates word-
counting statistical measures.

CONCLUSIONS

In this research, a problem of clustering textual data
with respect to semantic similarity was addressed. Pro-
posed solutions deal effectively with small datasets and
require no additional training on user's data — a frequently
arising limitation of the majority of datasets. The results
show that obtained clusters are interpretable and justified
by topics that are represented by sentences. The cluster
labeling technique proved to be adequate and yield stable
results for different dataset sizes.

The scientific novelty of the study is a new text clus-
tering algorithm that assigns text to multiple clusters. The
assignment results can be easily interpreted by a human
through the respective topics. A novel token property —
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stability coefficient — was developed. The bigger the coef-
ficient — the greater the token stability and its impact on
final embeddings.

Also, novel metric — token rank — for tokens in the
cluster is proposed and evaluated. Token rank is used in
the cluster labeling method and incorporates both how
similar token is to all cluster content and how “notice-
able” in comparison to common words it is.

The practical significance is that developed methods
apply to text mining and analysis of web content. Fine-
grain properties of the multitopic clustering method can
be successfully leveraged in tasks where one does not
have access to a lot of data. Cluster labeling technique can
be used for data exploration by engineers to grasp the
high-level content of the corpus. It can be used to improve
the indexing of textual data by extracting labels and using
them for filtering and search.

Proposed methods are extensible and can be used as
frameworks. For example, one can use different embed-
ding source, choose different clustering algorithms for
topic detection and sentence merging, or extract initial
keywords for cluster labeling using different algorithm
before applying ranking. By choosing different index of
the layer to obtain embeddings from, one can vary the
influence of the word context.

The prospects for future study include gaining a
more in-depth understanding of which tokens contribute
the most to final embeddings by researching self-attention
mechanisms in transformer models. Also, additional re-
search is needed to efficiently eliminate low-level topics
and rank them according to their relevance to the corpus.
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AHOTAIIA

AxTyanbHicTh. Y cydacHil iHpopMariiHiil epl Bce acTie BUHUKAe IpoOIeMa aHalli3y BEJIMKHX 0OCSTIB TEKCTOBHX JaHUX Ta
X rpyIyBaHHS i3 ypaxyBaHHIM CEMaHTHYHOI CXOXKOCTI. SIK pe3ynbTart, 301IbIIy€eThCs HEOOXiHICTh B HAIIHHUX aIrOpUTMax aHali3y
TEKCTY, a caMe — JUIsl KJIaCTepH3allil Ta BUOKPEMJICHHsI KIIIOYOBHX CIIIB 13 TEKCTOBHMX NaHMX. He3Bakaroum Ha HeIaBHiil mporpec y
rajys3i ONpaltoBaHHsI MOBH, PE3yJIbTaTH HOBUX HEHPOHHMX METOJIB CKJIaJHO IHTEPIPETyBaTH MPY BUKOPHCTAHHI JUIs 3aBlaHHS KIla-
cTepu3alii, Toal K TpaJuI[iiHI METOAM PO3MOMIICHOT CEMAaHTHKU Ta HiJPAaXyHKY CIIB, K IPABHJIO, HE BPaXOBYIOTh KOHTEKCTHY
iHpOpMaILiro.

MeTo010 po60TH € PO3POOHTH METOIH KJIACTEPH3ALlil TEKCTY, PE3YJIbTaTH SIKAX MOKHA JIETKO 1HTEPIIPETYBaTH, Ta aHOTAIli] Ki1ac-
TepiB i3 BpaXyBaHHSIM CEMaHTHYHOI ITOAIOHOCTI, SIKi He TOTPEeOYIOTh TOJaTKOBOTO HaBYaHHs Ha HAbOpaX JaHMX KOPHCTYyBaya.

Merton. 11[06 BupimmTH 3aBaHHS KJIACTEPHU3aLlil TEKCTY, MH BUKOPHCTOBYEMO KOHTEKCTYalli30BaHi CJI0OBAa-BEKTOPH Ta aHANI3ye-
MO iX €BOJIIOIIIIO MiXK IIIapaMH MONEPEIHBO HATPEHOBAaHUX Mojeneil TpanchopMepiB. MU IIykaeMo CXO0Xi JIEKCEMH Yy BCbOMY KOPITy-
ci 3a ZIOIIOMOT'0I0 CJTiB-BEKTOPIB Ta (POPMYEMO TEMH, SIKI MOXKYTb OyTH NMPUCYTHI y KUIbKOX peueHHsIX. My 00’ €JHyeMO TeMH TakK, 110
peyeHHs., SIKi MOJUISIOTH 6araTto TeM, MPUCBOIOIOTHCS OAHOMY Kiactepy. OCKUIBKY OJJHE PEUCHHS MOXKE MICTHTH JIEKiJIbKa TeM, BOHO
MO)ke OyTH IPHUCYTHIM Yy KiJIbKOX KJIacTepax OJHOYacHO. AHAJIOTI4HO, AJIs CTBOPSHHS aHOTALii ISl iCHYI0UOro KjiacTepa MU BHKO-
PUCTOBYEMO CJI0BA-BEKTOPH, 1100 YIOPSIKYBATH CIIOBA 3aJISXKHO BiJ] TOr0, HACKUIBKK 10Ope BOHH OMUCYIOTh Kiactep. st boro Mu
MIPOTIOHY€EMO HOBY Mipy BiAIIOBITHOCTI KJIacTepy — PaHT CJIOBA.

PesyabTaT. OmucaHo Ta peai3oBaHO HOBHWI MiAXia KiacTepu3allii TeKCTy. BiH 3maTHUI BiTHECTH OWH TEKCT 10 OHOTO Ta Oi-
JbIIe KJIACTepiB Ha OCHOBI CEMaHTHYHOI HMOAIOHOCTI 3 IHIIMMHM TEKCTaMH IpyIH. Po3po0ieHo Ta 3acTOCOBAHO MiAXix 10 BHOKpEM-
JICHHS KJIFOYOBUX CIIB SIK JUIS KJIacTepu3amnii TEeKCTy, Tak 1 A 3aBHaHHA aHOTamii kiaactepiB. OTpuMaHi K1acTepy aHOTOBaHI Ta MO-
XKyTb OyTH IHTEPIPETOBaHI Yepe3 TePMiHH, 3 IKMX C(OPMOBaHI BiJIITOBIIHI TEMHU.

BucnoBkn. OriHka Ha pi3HMX Habopax JaHMX NPOAEMOHCTpPYBajla 3aCTOCOBHICTb, BIANOBIAHICTH Ta JIETKICTh iHTEpIpeTarii
OTpUMaHHX pe3ynbTatiB. OMKUCaHO MepeBaru Ta MOXKIMBOCTI BJOCKOHAJICHHS 3alIPOIIOHOBAaHUX MeToxiB. Bynu HamaHi pekoMeHaril
10/10 BUKOPHCTAHHS METO/IB, a TAKOXK MOXUJIMBI TX Moandikarii.

KJIFOYOBI CJIOBA: NLP, cnoBa-BekTopH, KIacTepHu3alis TEKCTy, aHOTyBaHHs kiactepiB, BERT, BHOKpeMIIEeHHS KIFOUOBUX
CJIiB, CCMAHTHYHA CXOXKICTh.
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KJIACTEPU3AIINSA TEKCTOB U3 U3BJIEHEHUEM TEM U AHHOTAIIUA KJIACTEPOB ITPU ITIOMOIIU
KOHTEKCTYAJIbBHUX CJIOB-BEKTOPOB

Ocranwok 3. B. — maructpanT, kadeapa nporpaMmHoro obecnedenus, HarmonanpHbI yHUBEpCUTET «JIbBOBCKAsI OTUTEXHH-
Ka», JIbBOB, YKpauna.

KopoteeBa T. O. — xanz. TexH. HayK, JOLUEHT Kadeapsl IporpaMMHOro odecredenys, HanmonansHbIi yHUBEpCUTET «JIBBOBCKAS
MoJInTeXHuKay», JIbBoB, YKpauHa.

AHHOTALUA

AKTYaJIbHOCTB. B coBpeMeHHyI0 HH()OPMALMOHHYIO 3py BO3HHMKAET IpodiieMa aHaiu3a O0JIbIINX 00BEeMOB TEKCTOBBIX JAHHBIX
U UX JajJbHEHIIero rpyniupoBaHus HA OCHOBE CEMAaHTHYECKOro CXOJICTBA. B pesynpTare pacTéT moTpeGHOCTD B HAIEXKHBIX ajro-
pUTMax aHaiHM3a TEKCTa, a IMEHHO — KJIACTEPHU3allH U M3BJICUCHUN KITIOYEBHIX JaHHBIX M3 TEKCTOB. HecMOTps Ha HenaBHUI mpo-
rpecc B 00macT 00pabOTKH TEKCTa, HOBBIM HEHPOHHBIM METOJaM HE XBaTaeT WHTEPIPETUPYEMOCTH MPH MCIOIB30BAaHUU B 3aadax
KJIaCTEpHU3aliH, TOTra KaK TPaAUIMOHHBIC METOJIBI PACIIPE/ICIICHHON CEMAaHTHKU U MOJCYETa CIIOB, KaK MPaBUIIO, UTHOPHPYIOT KOH-
TEKCTHYIO WHPOPMAIIHIO.

Leabro HccenoBaHus SBISCTCS pa3paboTKa HHTEPIPETUPYEMBIX METOAOB KJIACTCPH3alUM TEKCTA W aHHOTAI[MH KIACTEPOB C
YYETOM CEMaHTHUYECKOTO CXOJICTBA, KOTOPBIC HE TPEOYIOT IOMOIHUTEILHOTO 00yUCHHS Ha MOJIh30BaTEIbCKOM HA0OpE TaHHBIX.

MeTtoa. UToOb! pemnTh 3a1auy KIaCTepPU3aLUH TEKCTa, Mbl UCIIOJIB3YeM KOHTEKCTYalIU3UPOBAaHHBIE CIOBA-BEKTOPHI U aHATU3U-
pPyeM HX SBOJIOLHIO Yepe3 CIOH MpeaBapuUTeIbHO OOY4YEeHHBIX Mojelnel TpaHchopmepoB. C MOMOIIBIO CIOB-BEKTOPOB MBI HILEM
TTOX0XHE TOKEHBI BO BCEM KOpIyce H (opMUpPYEM TEMbI, KOTOPBIE MOTYT IPHCYTCTBOBATh B HECKOJIBKUX MPEATI0KEHUSIX. MBI 00be-
IIMHSEM TEMBI TaK, YTOOBI IPENIOKECHNS, KOTOPHIC Pa3/eiAlOT MHOTHE TEMBI, OB OTHECEHBI K OTHOMY Kiactepy. [lockombKy omHO
NPEJIOAKEHUE MOXKET COJIEP’KaTh HECKOJIBKO TEM, OHO MOKET IIPUCYTCTBOBATh B HECKOJIBKUX KJlacTepax OJHOBPEMEHHO. AHaOTU4-
HBIM 00pa30M, 4TOOBI TeHEPHPOBATh AHHOTAIUH IS CYIIECTBYIOMIETO KacTepa, Mbl UCIIOB3yEM CIIOBa-BEKTOPBI, H YIIOPSI0YUBACM
CJIOBa UX B 3aBUCHMOCTHU OT TOT'0, HACKOJILKO XOPOILIO OHM OIUCHIBAIOT Kiactep. [Jisg 3TOro Ml mpejyiaraeM HOBYIO Mepy COOTBETCT-
BUsI KJIACTEPY — PAHT CIIOBA.

PesyabTaTel. boul onucan U pealn30BaH HOBBIM MMOAXO K KiacTepu3aluy TekcTa. OH MOXKET OTHOCHTH TEKCT K pasHbIM Kia-
cTepaM Ha OCHOBE CEMaHTHYECKOI'0 CXOJCTBA C IPYyTMMHM TeKCTaMu B rpynmne. [loaxon ¢ n3BieyeHrneM KIIOYEBBIX CJIOB ObLT paspa-
0OTaH U MPUMEHEH KaK B 33aJja4ax KIaCcTepPH3aluH TEKCTa, TaK U B 33/1a4aX aHHOTALUH KiIacTepoB. [lomydeHHBIE KIIacTephl coaepKar
AHHOTHPOBAHKE TEMBI I MOTYT OBITh HHTEPIIPETUPOBAHBI YePE3 TEPMHHBI, H3 KOTOPHIX cHOPMHPOBAHHEIE 3T TEMBI.

BeiBoan. OrneHka Ha pasHBIX Ha0Opax JaHHBIX MPOAEMOHCTPHPOBAIA MPHUMEHHMOCTh, COOTBETCTBHEC M MHTEPIPETHPYEMOCTh
MTONYYCHHBIX pe3yabTaToB. ONUCAHBI MPEHMYIIECTBA M BO3MOXKHBIC YIIyUIICHUS MPEIUI0KEHHBIX METOIOB. [laHBI peKOMEHIAINH TI0
HCTIOJIE30BaHUIO METOJIOB, & TAK)KE BO3MOYKHBIC MOIH(DAKAIIHH.

KJIKOYEBBIE CJIOBA: NLP, cioBa-BeKTOpHI, KJlacTepu3alus Tekcra, anHotauus kiactepo, BERT, n3BneueHus kiroueBbix
CJIOB, CEMAaHTHYECKask CXOXKECTh.
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CLASSIFICATION TREE
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ABSTRACT

Context. The general problem of constructing the algorithmic recognition (classification) trees on the basis of a limited method
in the artificial intelligence theory has been considered. The object of the present study is a concept of classification tree (a limited
method-based algorithmic classification tree). The relevant methods, algorithms and schemes (a limited method) of constructing the
algorithmic classification trees are the subject of this study.

Objective. The goal of this work is to develop a simple and efficient limited method of constructing the tree-like recognition and
classification models on the basis of the algorithmic classification trees for training selection of a large-volume discrete information
that is characterized by a structure of classification trees obtained from independent recognition algorithms assessed in accordance
with their general efficiency calculation functional for a wide class of applied tasks.

Method. A limited method of constructing the algorithmic classification tree is suggested that constructs a tree-like structure for
the preset initial training selection (an ACT model) consisting of a set of autonomous classification/recognition algorithms assessed
at each ACT construction step (stage) in accordance with the initial classification. In other words, the limited method of constructing
the algorithmic classification tree is suggested, and its idea is a step-by-step approximation of the arbitrary volume/structure selection
by a set of independent classification/recognition algorithms. This method provides formation of a current algorithmic tree vertex
(node, the generalized ACT attribute) with the selection of the most efficient (high-quality) autonomous classification algorithms
from the initial set and construction completion of only those ACT structure paths, where the largest number of classification errors
occurs. Such approach at constructing the resultant classification tree (the ACT model) allows the tree size and complexity (i.e. the
total number of transitions, structure vertices and layers) to be reduced considerably, the quality of the next analysis (interpretability)
and the possibility of decomposition to be increased as well as the ACT structures to be built given the limited hardware resources.
The above limited method of constructing the algorithmic classification tree enables one to construct diverse tree-like recognition
models with a preset accuracy for a wide class of the artificial intelligence theory tasks.

Results. The limited method of constructing the algorithmic classification tree developed and presented in this work has software
realization and was investigated and compared to the logical classification tree methods (on the basis of elementary attribute set se-
lection) and the algorithmic tree classification methods (first and second-type ones) when solving the task of real geological data
recognition.

Conclusions. The experiments carried out in the present work have proved the performance capabilities of the software sug-
gested and demonstrate the possibility of its promising utilization for the solution of a wide spectrum of applied recogni-
tion/classification problems. The outlook of further studies and approbations may be related to the creation of methods of other-type
algorithmic classification trees that introduce a stopping criterion for the procedure of a tree model in accordance with the structure
depth, optimization of its software realizations and to the experimental studies of this method for a wider circle of practical tasks.

KEYWORDS: algorithmic classification tree, image recognition, classification, classification algorithm, branching criterion,
limited method.

ABBREVIATIONS
TS is a training selection;
ST is a test selection;
RS is a recognition system;
IR is a image recognition;
GA is a generalized attribute;
RF is a recognition function;
LCT is a logical classification tree;
ACT is a algorithmic classification tree;
GAT is a generalized attribute tree;
BAS is a branched attribute selection.

M is a total number of independent classification al-
gorithms a; in a set;

T is a total number of the ST test sets;

G is a some initial signal (discrete object) manifold;

R is a partitioning into the classes (images) H; de-
fined at the initial manifold G ;

fr 1s a recognition function RF defined at the mani-

fold G ;
fj is a fixed GAs constructed at the relevant ACT

structure generation step;

NOMENCLATURE x; is a discrete objects (signals) of the initial TS;

is a fixed independent classification/recognition H, is a set of classes defined by the initial TS;

a;

algorithms in the ACT scheme;

m is a total number of training pairs (known classifi-
cation objects) of the initial TS;

Z is a limited method parameter that defines the
maximal number of classification errors for a fixed path at
the LCT construction completion;
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(x;, fr(x;)) is a training pairs of the initial TS;

n is a total number of the problem attributes (the at-
tribute space dimension);

k is a total number of classes of the manifold G ;

! 1is a value of the discrete object x belonging class;
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p,(x) is a some predicate (a generalized attribute) for
the i -th step of the LCT structure generation;

(pij is an elementary X object attribute, here i being
the attribute number in the set, j being the positioning

layer number;

S is a number of the fixed path errors for the classifi-
cation tree structure;

Ir,r, is a fixed attribute values defining some path in
the LCT structure;

5 1is a parameter that characterizes the training effi-
ciency assessment with respect to the current problem/
task;

I(r;,1y,13) are quantity that characterizes the class be-
longing with respect to the fixed path in the classification
tree structure;

Strr, is a number of all the pairs (Xj, fr(Xj)) from
the TS that, in fact, belong to the path rr,r; and obey the
relationship fr(Xj) = 1(nnrs);

Ga,...a, is a submanifold of the initial G approxi-

mated by a set of classification algorithms @, ;
Sa,...a, 1s a number of the entrances into the TS of
the initial pairs that satisfy condition X € G 5 ;
Ppt(TS) is a capacity (volume) of the initial TS (or its
fixed part for a current ACT construction scheme step);
Kstop 1s a branching stopping criterion at the ACT
model construction;
Eny is a classification errors and faults (the first-type

ones) at the initial TS data array;
Et;, is a classification errors and faults (the first-type

ones) at the ST data array;
Oy, is a total number of generalized attributes used in

the classification tree model;
Vay is a represents the total number of all-type

vertices in the ACT model structure;
N 5y 1s a total number of different classification algo-

rithms used in the classification tree model;
Paj is a total number of transitions between the verti-

ces in the constructed classification tree model structure;
Ipain 18 a index of the initial TS data generalization

by the classification tree;
Quar, 18 @ integral ACT/LCT model quality index;
Fray is a total number of vertices in the obtained
ACT/LCT model with the resultant fg values (RF, i.e.

the classification tree leaves);
Erp) is a total number of errors in the ACT model at

the initial test and training selection data arrays;
M a1 is a total capacity (volume) of the test and train-

ing selection data arrays.
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INTRODUCTION

The problems combined by the image recognition sub-
ject area are very diverse and take place in the contempo-
rary world in any field of economy and social content of
human activities resulting in the necessity to construct and
study the mathematical model of the relevant systems. As
of today, there is no universal approach to solve the above
problems. Several quite general theories and approaches
have been suggested allowing a large number of problem
types/classes to be solved. However, their applied appli-
cations differ by rather high sensitivity to the problem or
application field particularity. A lot of theoretical results
have been obtained for a special cases and subtasks. It
should be noted that the necessity of performing a huge
amount of calculations and orientation to the powerful
hardware tools remain a bottle-neck of successful real
recognition systems. However a large number of applied
tasks in various areas of nature studies, for instance, in
geology, biology etc, where the problems of classification
are being solved with the use of both software and hard-
ware systems determines the intensity and relevance of
such direction of investigations. Overcoming this problem
for the tasks of artificial intelligence at the algorithmic
and program construction of particular RS in a form of the
classification tree models is a prerequisite of their high
efficiency for each real task and, thus, will ensure a rapid
development of different fields of science and technology
[1-3]. In addition, more than four thousand recognition
algorithms are available today being based on the various
approaches and concepts and having certain limitations in
their use (i.e. accuracy, speed, memory, versatility, reli-
ability etc). Moreover, every algorithm is limited by a
certain particularity of application tasks, and this is, obvi-
ously, the most vulnerable point of not such algorithms
only, but also of the recognition systems based on the
relevant concepts [4]. Thus, the logic classification trees
(decision trees) are the object of this study. It is known
that presentation of the large-volume training selections
(discrete information) in a form of the logic tree structures
has its essential advantages in economical description of
the data and the efficient mechanisms of working with
them [5-7].

The object of studies is the general concept of the de-
cision tree, namely, the algorithmic classification tree,
constructions (from the limited method point of view).

It is known that presentation of the large-volume dis-
crete information arrays (training selections) in a form of
the logic or algorithmic tree structures has its own essen-
tial advantages in economic description and efficient
mechanisms (procedures) of working with them [8]. The
effective covering of the training selection by a set of
elementary attributes in case of the LCT structure or that
by a fixed set of autonomous recognition/classification
algorithms in case of the ACT construction generates a
fixed tree-like data structure (a tree model) that ensures
the training selection initial data compression and trans-
formation. Let us emphasize that such approach provides
considerable information system hardware resource opti-
mization and savings [9]. The scope of using the decision
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tree (the LCT/ACT structure) concept is now extremely
vast, while the absolute majority of modern schemes of
the classification tree construction methods are known
from literature as partitioning and trapping [10—13] ones.
It is known that the classification tree (LCT/ACT) struc-
ture is represented in a form of a sequence of branches
and nodes. The tree branches contain some marks that
define the target function (in case of the ACT, these are
the independent classification algorithms, the GA sets),
while the nodes contain the RF (independent class) values
or the extended transition attributes. Choosing the branch-
ing criterion (vertex construction or selection), the
branching stopping criterion (classification tree construc-
tion completion) and the classification tree branch (struc-
tural block) rejection criterion remain principal issues of
the classification tree concept.

The subject of studies includes the methods, algo-
rithms and construction schemes of classification algo-
rithmic trees (the limited ACT structures).

The principal specific feature of the most available
methods of training selection (discrete information array)
processing in the recognition tasks at constructing classifi-
cation rules and schemes is that they do not allow their
complexity, accuracy and information capacity (parametric
GA complexity) to be regulated in the course of model
construction [4]. The principal specific feature of the algo-
rithmic tree method is the possibility of the complex use of
a number of known recognition algorithms (methods) in
solving each particular task of recognition scheme con-
struction. The basis of the ACT concept is a unique meth-
odology, i.e. the optimal approximation of the training se-
lection by a set of generalized attributes (autonomous algo-
rithms) included in a certain scheme (operator) constructed
during the training process [4, 5, 20]. The limited method
of constructing the algorithmic classification tree models
generates the tree-like schemes consisting of independent
and autonomous classification algorithms presenting, to
some extent, a new recognition algorithm (obviously, syn-
thesized from known algorithms and methods).

The objective of the work is to elaborate the limited
method of classification/recognition model construction
on the basis of the ACT concept for the discrete informa-
tion data arrays. Note that obtained classification system
schemes are characterized by a tree-like structure (con-
struction) and the availability of the autonomous classifi-
cation algorithms (the GA sets) as the structural elements,
whereas the above model construction (completing) goes
along those tree structure paths, where the maximal num-
ber of classification errors takes place.

1 PROBLEM STATEMENT
Let the partition R into a finite number £ of submani-
folds (classes, images) be set at a certain manifold G of

the objects x: {7 (i=1,..k) , G={JH,.
i=1

We shall call the corresponding manifolds H,....,H,

the images, while the manifold G elements — the patterns
or the image H,,...,H, representatives. The objects (pat-
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terns) X are defined by the certain attribute value sets
x;(j=1,..,n). If xe H;, we shall consider that this ob-

ject belongs to the image H, . In general case, the images
H,,..,H, can be defined by the probability distributions
p(H/x),....,p(Hy /x), here p(H,/x) being the prob-

ability (or, in the continuous case, the probability density)
of x(xeG) belonging to the image H; . Let the condition

of task define a certain initial TS in a form of a sequence
of training pairs:

(xlafR(xl))r-'s(xmafR(xm))‘ (D

Note that, except for the initial TS, the ST (a set of the
objects of known class belonging) is also defined as a
certain part of the initial TS. Thus, according to the initial
condition, TS is a combination (fixed sequence) of some
sets (discrete objects), and each set is a combination of
some attribute values and some function values (RF) at
the above set. Then combination of attribute values is a
certain pattern (discrete object), and the function value
(RF) relates this pattern to the relevant image [5].

Therefore, in this work, we put a problem of con-
structing the ACT model in the conditions of limited
hardware resources with the parameters p of the optimal
structure L: F(L(p,x,), fr(x;)) = opt) With respect to the

initial TS data.

2 REVIEW OF THE LITERATURE

Present study continues a cycle of works devoted to
the problem of the tree-like discrete object recognition
schemes (the LCT/ACT classification models) [7-9, 14,
20]. They deal with the principal issues of the classifica-
tion tree structure construction, use and optimization. As
known from Ref. [7], the resultant classification rule
(scheme) constructed by an arbitrary BAS method or al-
gorithm has a tree-like logic structure, and the logic tree
consists of vertices (attributes) grouped in layers and ob-
tained at a certain step (stage) of recognition tree con-
struction [15]. So, for the ACT methods, an important
problem that follows from Ref. [20] is a problem of syn-
thesizing the recognition trees that would be represented,
in fact, by the algorithm tree/graph (the ACT methods) or
by the classification model tree. In contrary to the avail-
able methods, the main peculiarity of the tree-like recog-
nition systems is that the importance of certain attributes
(attribute or algorithm groups) is determined with respect
to the function that defines the object partitioning into
classes [16]. Thus, in Ref. [15], the principal issues con-
cerning the decision tree generation and constructed
model quality are analyzed for the case of low-
informative attributes, and the ability of the classification
tree structures to perform the one-dimensional branching
(attribute selection) for the analysis of the impor-
tance/quality influence of certain variables (vertices)
gives a chance to work with the various-type variables in
the form of predicates, generalized attributes, while in
case of the ACT — with the relevant autonomous classifi-
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cation and recognition algorithms. The general classifica-
tion tree concept is used actively in the intellectual data
analysis (LGMB, XGBoost), where the final goal is the
synthesis of the model (fixed scheme) that predicts the
target variable value on the basis of the initial data set (the
TS data arrays) at the system input [17].

The systems based on the CART methods (directed to
the solution of classification and regressive analysis prob-
lems), as well as those on the basis of the C4.5 schemes
and its modern modifications (for the recogni-
tion/classification problems) and the ID3 schemes are the
approaches dominating in the decision tree concept. The
ID3 scheme is based on using the limited entropy crite-
rion, while the LCT structure is being constructed until
for each resultant vertex (tree leaf) the objects of the same
fixed class remain only, or the branching procedure in the
tree under construction provides the initial entropy crite-
rion reduction. The C4.5/C5.0 scheme is based on the
well-known Gain-Ratio (normative entropy) criterion, and
the limitation on the number of objects for the resultant
vertex (the LCT structure leaf) is used as the procedure
stopping criterion. Note that the pruning procedure in the
LCT structure is carried out according to the Error-Based
Pruning scheme based on the general assessment of the
generalizing ability to make a decision on the classifica-
tion tree construction branch/vertex elimination. The
CART scheme uses in its work the Gini criteria, and the
pruning procedure in the LCT structure is carried out ac-
cording to the Cost-Complexity Pruning scheme, while,
for the case of available attribute step over, the basic sur-
rogate predicate scheme is used.

Note that the basic idea of the branched attribute (al-
gorithm vertices) selection in the ACT structure could be
determined as the optimal approximation of some initial
TS by a set of the ranked classification algorithms (in case
of the LCT - attributes). In this case the central issue, i.e.
the problem of choosing the efficient branching criterion
(vertex, attribute, discrete object attribute selection for the
LCT and algorithm selection for the ACT) becomes the
most important. These principal problems are analyzed in
Refs. [20, 21], where the questions of quality assessment
of particular discrete attributes, their sets and fixed con-
nections are raised, and this allows the efficient mecha-
nism of branching realization to be implemented.

It is known that the classification tree (LCT/ACT)
model structures are characterized by a compactness, on
the one side, and by a non-uniform layer filling (sparsity),
on the other one, as compared to the regular tree construc-
tions [18-24]. Here the issues of classification tree con-
struction process using the methods of the branched at-
tribute selection and those of choosing the logic tree syn-
thesis stopping criterion remain relevant [25-34]. It
should be noted that the classification tree concepts do not
conflict with the possibility of using as the classification
tree attributes (structural vertices) of not only certain at-
tributes of their connecting objects (the generalized at-
tribute idea was considered in Ref. [9]) but also the sets.
If we do not consider the object attributes as branches but
selects certain independent recognition algorithms, then
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we get on the output a new structure, i.e. the ACT [20].
Present work will be devoted just to the ACT structures in
view of the limited method.

3 MATERIALS AND METHODS

At this stage of the present work, we shall suggest the
limited methods for the LCT and ACT (classification
trees) structures that allow one to overcome some clear
negative conceptual moments and limitations, which are
inherent in such schemes, from the viewpoint of resource
needs and the resultant complexity of constructed classifi-
cation tree models [25].

Let us first draw some attention to the fact that the
general scheme of the LCT model construction method
(based on the step-by-step elementary attribute selection)
described earlier in Ref. [21] has a principal shortcoming
related to the fact that with the increase of the number of
vertices (classification tree structure layers) in the LCT

construction the number of elementary attributes (pl-j

(here i being the elementary attribute number in the set,
J being the relevant attribute location layer number)
increases significantly. Obviously, such the resulting LCT
model complication (constructional complexity) affects
negatively the hardware abilities of the classification sys-
tem (memory, processor time) and the general ability to
perceive and analyze the constructed model without ex-
ternal selection of classification rules in the tree structure.
To overcome these principally negative moments of the
classification tree method, we shall suggest the following
LCT method modification.

Limited method of the LCT construction. Let us fix
some positive number Z at the initial stage. Let us have a
constructed LCT (the classification tree after the defined
number of step of the LCT model construction) of a fol-
lowing general structure (see Fig. 1) that reflects some
predicate (constructed generalized attribute) p;(x).

Note that in Ref. [9], when presenting the LCT con-
struction method (on the basis of elementary attribute
selection) at the test stage, a certain number S was calcu-
lated that appears in the following relation:

S

2>5. )
m

Now we shall, for each unfinished path 712’3 in the

logic tree structure (Fig. 1), calculate, except for the num-
ber §, the other one — S,.,.,. that expresses the number

of all the pairs (x;, f(x;)) from TS that, in fact, belong to
the path 7172’3 and obey the following relation:

Je(x) #1(riryrs).- ®)
Thus, S,nn is a number of all such errors due to some
predicate p,(x) (generalized attribute) represented by this

general-structure LCT (Fig. 1) at the fixed path 77,7, in

this tree construction.
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Figure 1 — Structure of the LCT constructed in accordance with
the initial TS data on the basis of the elementary attribute
selection

At the next stage, we choose the number 7z of such
paths (nrmr3)i,....(nHKrs) 7, for which the number §

nnrs
shall be as large as possible.

Example. Let Z =3 be defined and let the following
relation hold true:

Sooo = S100 2 Sior 2 Soo1 2 S0 2 Sos - “4)
Then the paths 000, 100, 101 are chosen only. The
next vertex (elementary attribute) %777 completion and

selection shall be performed for the above paths only.

Let us fix that this modified scheme of the classifica-
tion tree (the LCT on the basis of the elementary attribute
selection) construction shall be called the limited method
of the LCT construction.

Note that, according to this scheme, only the paths (of
the general LCT structure) related to the maximal number
of classification errors are being continued.

It should be noted finally that if one uses the above
process in the end of the paths 77,73 that do not belong to

the selected Z paths, the /(r1r,75) values are preserved.

In this case, the process of the modified LCT construction
method could be applied if the initial TS is not fixed, i.e.
if at each step of the classification tree construction the
own selection (a part of the TS) is realized.

Thus, the classification tree construction scheme sug-
gested above introduces, actually, the accuracy regulation
mechanism for the tree model constructed with the allow-
ance made for the total number of classification errors at a
given path (stage) of the logic tree general structure com-
pletion.

Obviously, this idea may work at the ACT structure
level too, taking into account its certain specific features.
Thus, in accordance with aforementioned, we shall suggest
the following modification of the first-type ACT structure
construction method presented in Ref. [20].

Limited method of the ACT construction. Let us
define first a certain general-type TS (1) in a form of a
sequence of training pairs (x;, fr(x;)) with the capacity
m , attribute space dimension »n and a fixed set of differ-
ent-type classification algorithms (qy,...,a,,). Note that
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functioning of the classification tree models constructed is
being checked at the ST data array with the capacity T
(their belonging is also known).

It should be noted that here the initial TS data define
some partition R into the classes (H,,..,H,), while the

corresponding algorithms @; may not be associated with a

single recognition concept but may realize various classi-
fication methods and algorithms (for instance, these could
be the common geometrical algorithms that approximate
the training selection by a relevant geometrical objects,
i.e. estimate/potential function calculation algorithms etc).
Note that one or more generalized attributes f; (certain

TS classification rules) that describe (approximate) a de-
fined part of the initial training selection are the result of
each of fixed (chosen from the algorithm library of some
information system) autonomous classification/ recogni-
tion algorithms ¢, at the relevant ACT generation step.

Thus, for the case of known geometrical recognition algo-
rithms [20], the geometrical objects that cover the TS in
the attribute space of the dimension task space 7n will be
the corresponding generalized attributes.

Certainly, in the real applied tasks, the cases are

possible when the relevant classification algorithm a;
fails to construct the generalized attribute f; due to a

complicated location of classes g, in the attribute space

of this task or due to the certain conceptual and realization
limitations of the classification algorithm itself. Then, by
analogy with the LCT, we may deal with the case when

constructed classification algorithms «; (constructed

generalized attributes f;) incompletely approximate the

initial TS, or such situation is provided by the ACT
generation algorithm itself (for example, the presence of
the initial limitation in the classification tree algorithm
scheme related to generation of only one generalized
attribute  f; at each stage of the ACT model

construction).

Note that the initial TS objects that do not match the
constructed scheme of selection approximation by a se-
quence of generalized attributes /i (at the last stage of

the ACT synthesis procedure) are related to the first-type
classification failures (errors) En,,.. Similarly, for the ST
data, the improperly classified discrete objects are also
related to the first-type errors Et,,. .

Please note that the first-type ACT consists of layers,
and each layer, in fact, corresponds to a certain step
(stage) of the classification tree construction (the initial
TS data approximation) [9, 20]. For each classification
algorithm, at given approximation step, one may calculate
its  efficiency with respect the working data

(S/Pp (TS ) , and this value must be equal to or exceed

the preliminarily defined limitation & . Certainly, in some
ACT scheme realizations, this value & may be used as
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the stopping criterion Kgy, for the classification tree

structure branching procedure.
Note that here S is a total number of classification er-
rors for the fixed algorithm at a certain step (the ACT

generation stage), while Pot(TS7) is a capacity (volume)

of the initial TS submanifold fed to the given algorithm
input at the relevant layer (level or stage) of the classifica-
tion tree under construction.

Then, by analogy with the limited LCT method, it looks
expedient to calculate for each ACT structure la\éer (the
classification tree construction stage) the values <&

that characterize the number of all the pairs (x;, fr(x;)) of

the initial TS array that could not be approximated by a
sequence of fixed classification algorithms a;,...,a;. Thus,
Sa,...a is a number of all the classification errors made by
a certain sequence GA (constructed at the corresponding
ACT structure levels) represented by a given ACT of the
general structure (Fig. 2) for a fixed recogni-
tion/classification algorithm set ay,...,a; .

Layer Ne3 (Algorithm a,)

Layer Ned (Algorithm a5)

Figure 2 — Classification tree structure fragment constructed
using the limited ACT method

Then, according to this ACT structure construction
scheme, the only path(s) should be chosen in the tree con-
struction (dependent of the classification tree types that

mal as possible. That is, the path in the ACT structure
with the largest number of errors is being completed. Note
that the next completion and selection of vertices (classi-
fication algorithms — the GA parameters) a;,...,a; is per-

formed for these paths in the ACT structure only.

Note that in such approach to the construction of the
limited LCT/ACT methods, after constructing the classi-
fication tree model its actual completion (final training) is
possible and this provides a direct possibility to influence
the accuracy of the classification system model con-
structed.
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It should be noted that, according to the limited ACT
scheme, in the process of the classification tree construc-
tion, only those paths (of the general ACT structure) are
being continued (chosen for the GA completion) that corre-
spond to the occurrence of the largest number of classifica-
tion errors. It is obvious that the use of the above process
allows one to return at any moment to the rejected paths in
order to complete the classification tree structures (paths).

Let us emphasize that the classification tree construc-
tion scheme suggested above (the limited ACT method)
allows the constructed tree model accuracy (efficiency) to
be regulated taking into account the total number of any-
type classification errors at a given path (stage) of the
algorithmic tree general structure construction. The prin-
cipal possibility of the ACT model construction with a
preset accuracy with respect to the initial data array is
important. Such possibility is achieved by limiting/ re-
stricting the number of steps of the ACT generation pro-
cedure, by using a system of limitations of information
capacity, the generalization number and parameters (the
TS domain under approximation) or the generalized at-
tribute set constructed at the relevant stages of the resul-
tant classification tree construction.

4 EXPERIMENTS

The limited ACT structure construction scheme sug-
gested in this study allows one to regulate quite flexibly
the complexity of the model of the classification tree un-
der construction or to construct the recognition model
with the preset accuracy in accordance with the current
task conditions. The task of choosing the classification
tree model (among a fixed set of constructed LCT/ACT
structures) for a particular problem is determined by a
manifold of parameters that have a determinative impor-
tance with respect to the current applied task (the TS/ST
data sets). It is obvious that, in order to compare and se-
lect a particular classification tree model from the fixed
set, one has to distinguish its most significant characteris-
tics (i.e. attribute space dimensionality, number of verti-
ces, number of the tree construction transitions etc) and to
determine their error with respect to the input data array.

Analyzing the quality criteria for the information
models obtained that depend on the model inaccuracy, the
initial TS/ST data array capacity (the number of training
pairs and the task attribute space dimensionality), the
number of the model structural parameters and so on, is
the principally important issue at this stage of study. It is
obvious that the model errors at the TS and ST data arrays
and for each class (the initial TS part, submanifold) de-
fined by the current applied task initial condition are the
critically important parameters of the ACT model con-
structed.

Note that the basic index of the initial TS data gener-
alization by the classification tree/model is one of the
most important indices that characterize the basic proper-
ties of the ACT models. It is calculated as follows:

m'OUZ
Vi +Naj +2Py

(&)

IMain =
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This classification tree model (the ACT structure)
generalization index reflects its basic parameters/ charac-
teristics of classification trees and may be used as an op-
timality criterion in the procedure of assessing the arbi-
trary tree-like recognition scheme, for example, in the
case of the methods of constructing and selecting the ran-
dom classification trees from Ref. [9] (with the allowance
made for their structural parameters). In any arbitrary
applied task, it is essential to maximize the parameter
Ipgain (e. the ACT model generalization index). This

allows one to achieve the most optimal classification tree
structure and obtain actually the maximal compression of
the initial TS data (i.e. to present the initial data array as
the minimal by its structural complexity tree) [7]. It
should also be emphasized that the issue of reducing the
tree structure complexity (namely, the number of nodes,
vertices, attributes, algorithms in the classification tree
structure, total number of transitions in the model struc-
ture), the information system general memory and proces-
sor time consumption parameters remains a principal
moment at the LCT/ACT (classification model) structure
construction. So, the total integral quality index presented
below is an important quality index of the model con-
structed in a form of the classification tree with the inclu-
sion of the ACT model structure parameters:

Frog
OUZ .zi Pi

Note that the parameter Er,;, is here the total number

(6)

QMain -

of errors in the ACT model at the initial test and training
selection data arrays — Er,; = En,,. +Et,., while M 4 is

the total capacity of the above two arrays— M, =m+T .
The parameter Fry; characterizes the total number of

vertices in the obtained ACT model with the resultant
values fr (RF, i.e. the classification tree leaves), while

the parameter O, represents the total number of all the

generalized attributes in the ACT model structure. A set
of parameters p; defines the most important classifica-

tion tree characteristics (in accordance with the LCT/ACT
structures) under assessment (for instance, the number of
elementary or generalized attributes used in the classifica-
tion tree model, the number of transitions between the
classification tree vertices, layers etc).

Note that this integral ACT model quality index will
take the values from zero to unit. The less is this index,
the worse is the quality of the classification tree con-
structed, and, vice versa, the larger is the index, the best
will be the final model. Thus, the suggested integral as-
sessment of the classification tree (the ACT structure)
reflects the basic classification tree parame-
ters/characteristics and may be used as the optimality cri-
terion in the procedure of assessment of the arbitrary tree-
like recognition scheme (according to the own model pa-
rameters).
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Thus, at the Uzhhorod National University, the soft-
ware complex Orion III has been developed being used to
generate the autonomous recognition/classification sys-
tems. This system algorithmic library has 13 recognition
algorithms/schemes including the above algorithmic re-
alization of the ACT construction using the limited
method suggested above.

The basic task used to check operation of the limited
ACT construction method was reduced to that of classify-
ing the array of geological data (the oil-bearing bed parti-
tioning problem). A set of 22 basic elementary attributes
was used to recognize objects, whereas in the TS informa-
tion was presented about the objects from two classes. At
the examination stage, the classification system (the ACT
model) was constructed being intended to provide an effi-
cient recognition of unknown classification objects with
respect to these two classes.

Information concerning the two classes of objects is
presented in the TS. At the examination stage, the classi-
fication system constructed has to provide an efficient
recognition of unknown classification methods with re-
spect to the above two classes.

At the initial stage of the software system operation,
the training selection was automatically checked for cor-
rectness (searching and eliminating the similar objects of
different belonging — the first-kind errors).

5 RESULTS
The initial TS presents information about the partition
R into two classes. At the examination stage (on the ST
basis), the classification scheme constructed must ensure
the efficient recognition (classification) of unknown-
classification objects with respect to these classes. Note
that the 7i-class training pairs (the oil-bearing beds)

dominated in the training information array in the propor-
tion ~(1.5/1), while the TS array included 1250 objects

(sets of known classification), and the efficiency of the
constructed recognition system was estimated at the test
volume selection of 240 objects. It should be noted that
the ST array had a form of a separated part of the initial
TS (it consisted of discrete objects of known classifica-
tion). Usually such test selection volume is not sufficient
for a comprehensive analysis of the constructed classifica-
tion tree model quality, but in relation with the limited
character of the TS itself even such ST allows the main
parameters of synthesized LCT/ACT structures to be as-
sessed and analyzed. The test and training selection array
data were obtained on the basis of the geological survey
on the territory of Transcarpathian province during the
period from 2001 to 2011. The fragment of the main re-
sults of the above experiments, the comparative tests of
the ACT (the classification tree structure) model construc-
tion methods at the data array for this applied task is pre-
sented in Table 1. We shall emphasize that constructed
ACT models (structures) provided necessary accuracy and
efficiency level defined by the applied task condition,
desired speed and system operating memory consump-
tion, but demonstrated different structural complexity of
constructed classification trees (the LCT construction
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complexity parameters) and a set of generalized attributes
(in the comparative cases of the algorithmic classification
tree models, i.e. the ACT structures [20]).

6 DISCUSSION

Note that the general assessment of the ACT model
quality made in the present study (certainly, it may be
adapted for the case of the LCT structures) fixes the most
important characteristics/parameters of the constructed
classification trees and can be used as the optimality crite-
rion in the procedure of the ACT construction and final
model selection (ranking) from the ACT model manifold.
It should be noted that the ACT structure, like the limited
algorithmic tree method, only handles the constructed sets
of generalized attributes (classification algorithms) and
may not be interested in the fact by what algo-
rithm/method (scheme, rule) they have been obtained.
Each of the schemes constructed according to the algo-
rithmic tree method will be a general recognition scheme
(the ACT model) to be used for practical purposes (i.e.
processing large experimental data arrays in a form of
discrete sets). It is important that the classification scheme
obtained will, to some extent, be a new recognition algo-
rithm (synthesized, obviously, from the known algorithms
and methods). The ACT structure (new classification
scheme) obtained is characterized by a high flexibility
with respect to a certain application and by a relatively
compact structure of the model itself, however, it requires
relatively high hardware expenditures to preserve general-
ized attributes (or their sets) and the initial assessment of
the classification algorithm quality according to the TS
data. The ACT models, as compared to the LCT struc-
tures, have high classification rule speed, comparable
hardware expenditures for the tree structure preservation
and operation, as well as high classification quality.

CONCLUSIONS
In this work, a problem of constructing the limited
method of synthesizing the algorithmic classification tree
models on the basis of the TS approximation by a set of
independent classification algorithms in conditions of
limitations imposed on the paths of the ACT structure
completion has been solved.

The scientific novelty of the obtained results is related
to the fact that the limited method of constructing the
ACT structures has been suggested for the first time on
the basis of the autonomous recognition/classification
algorithm assessment and ranking for generating the clas-
sification tree structure (the ACT model) with the limita-
tion set imposed on the ACT (the classification tree
model) construction completion directions. In this case at
each step of the classification tree branching a certain part
of the TS (or its submanifold) is being approximated.
Note that the branching criterion for the ACT structures
(in the limited ACT construction method) may be used
not only to assess the quality of some classification algo-
rithms, but also to calculate the efficiency of bound algo-
rithm sets that will allow more optimal structure of the
ACT synthesized in accordance with the initial TS data to
be achieved. In this work, a set of general indices (pa-
rameters) has been suggested enabling the general charac-
teristics of the ACT model to be presented effectively. It
also could be used to select the most optimal ACT from
the set of classification trees constructed in accordance
with the random classification trees.

The practical value of the results obtained is that the
suggested limited method of constructing the ACT mod-
els (the LCT/ACT structures) was realized in the algo-
rithm library of the universal software system ORION III
to solve various practical problems of classifying (recog-
nizing) the different-type discrete object arrays.

Note that the practical testing has proven the effi-
ciency and performance of the developed software and
suggested ACT models allowing one to formulate rec-
ommendations on the use of the above approach (the lim-
ited LCT/ACT model method) and its software realization
for a wide spectrum of applied discrete object classifica-
tion/recognition tasks.

Looking ahead, the further studies may be directed
towards the development of algorithmic classification tree
(the ACT structure boosting) methods of optimizing the
software realizations of the suggested limited ACT con-
struction method as well as its practical approbation at the
family of real classification/recognition tasks.

Table 1 — Comparative table of classification tree (LCT/ACT) models/methods

Classification tree (LCT/ACT) Integral classification tree Total number of model errors
No. method (scheme) model quality index, QMain at TS and ST, Er,,
Full LCT method on the basis of
! elementary attribute (attribute set) selection 0.004789 2
2 LCT model with a single assessment of attribute (attribute 0.002263 3
set) importance

3 Limited LCT structure construction method (Z=5) 0.003168 4
4 Limited LCT structure construction method LCT (Z=9) 0.003029 3
5 Algorithmic tree (type I) method 0.005234 0
6 Algorithmic tree (type 1) method 0.002941 0

ACT method (type I) on the basis of a
7 hypersphere algorithm as the GA 0.005445 0

ACT method (type I) on the basis of a
8 hypercube algorithm as the GA 0.005139 :
9 Limited ACT model construction method (Z=6) 0.003018 2
10 Limited ACT model construction method (Z=10) 0.003176 1
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YK 001.891:65.011.56
OBMEXEHUI METO/I JJISI BULIAIKY AJITOPUTMIYHOI'O JTEPEBA KJACH®IKALILI

Moexan I. ®. — xanz. TexXH. HayK, JOIEHT, TOLEHT KadeapH nporpamMHoro 3abesmnedenns cucteM JJBH3 Yxroponcekuiit Hatio-
HaJILHUH YHIBEpCUTET, M. YKropoJ, YKpaiHa.

AHOTAIIA

AxTyanbHicTh. Po3risinyTa 3aranpHa 3agada moOy/I0BH alrOPHUTMIYHUX IepeB po3mi3HaBaHHs (kmacudikariii) Ha OCHOBI oOMe-
JKEHOTO METOJY B Teopii ITy4HOro iHTeNneKTy. OO’ €KTOM JaHOTO JOCHIIKEHHS € KOHLEMIISA AepeBa Kiacu}ikamii (anropuTMidYHOTO
nepeBa kinacudikamii Ha 6a3i oOMexeHOro MeToy). [IpenmeToM MOCTiKEHHS € aKTyalbHI METOIH, allTOPUTMHU Ta cxeMHr (oOMexe-
HUI METON) MOOYIOBU aNTOPUTMIUHHX AepeB Kiacupikarii.

Meta. Metoro naHoi poOOTH € CTBOPEHHS IIPOCTOTO Ta eheKTHBHOTO 0OMEXEHOTr0 METOLy OOy J0BH JepPEBONOAIOHNX MOAEIeH
posmi3HaBaHHS Ta Kiacugikanii Ha OCHOBI aJrOPUTMIYHUX JepeB Kiacudikaiii Juisi HaBYaIbHUX BHOIPOK MUCKpeTHOI iH(popmamii
BEJIMKOTO 00’ €My — SIKMH XapaKTepU3YEThCs CTPYKTYPOIO OTPUMaHMX JiepeB Kiacu(ikamii 3 He3ale)KHUX alrOpUTMIB pO3ITi3HABAHHS
OLIIHEHHX Ha OCHOBI (PyHKI[IOHATY PO3paxyHKY 1X 3araibHOi e(h)eKTUBHOCTI [UIsl LIMPOKOTO KJIAcy MPUKIAJHHUX 33/1a4.

Merton. [TponoHyeTbcs oOMexeHnit MeTo OOy IOBH aITrOPUTMIUHHX JepeB Kiacudikallii, SKuid A1 3a1aHol oYaTKoOBOI Ha-
BYANIbHOT BHOIPKH HOBUIFHOTO po3Mipy Oyaye aepeBomoaiOHy cTpykTypy (Momens AJIK), sika ckiafaeTbes 3 HAOOpYy aBTOHOMHUX
ITOPUTMIB Kiacu(ikarii Ta po3mi3HaBaHHS OLIHEHUX HA KOXXHOMY Kpori (etami) mooynosu AJIK 3a 1aHOIO MOYaTKOBOIO BUOIPKOIO.
To6To mponoHyeThes: OOMEKEHUH METO] MOOYAO0BH aTOPUTMIYHOTO JiepeBa KiacHu(ikamii OCHOBHA iJies SIKOTO IIOJISra€e B 110 KPOKO-
Bilf ampokcuManii HadaJbHOI BHOIPKH IOBLTEHOTO 00’€My Ta CTPYKTYpH HaOOpOM He3aJeXHUX alrOpUTMIB KiracH(ikamii Ta po3mi-
3HaBaHHA. [laHuii MeTox npu GopMyBaHHI IIOTOYHOI BEPIIMHYU AITOPUTMIYHOrO JepeBa (Bysia, y3araiapHeHoi o3Haku AJIK) 3abe3-
neyye BHIUICHHS HaWOLIbII eeKTHBHMX (SIKICHMX) aBTOHOMHHMX QJITOPUTMIB Kiacu¢ikamii 3 MOYaTKOBOro Habopy Ta I00yIOBY
nuiie THX HUsixiB B ctpyktypi AJIK ne BinmOyBaeThcs HaiOinblia KinbKiCTh HOMIIOK Kiacudikamii. Takuit miaxin npu noOymosi
pe3ynbTytouoro aepesa kinacudikarii (Moxeni AJIK) 103BoJisie 3HAYHO CKOPOTUTH PO3MIp Ta CKIaJHICTh AepeBa (3arajbHy KilNbKICTh
MePEeXo/IiB, BEPUIMH Ta SAPYCiB CTPYKTYPH) HMiIBUIIUTH AKICTh HOro HACTYITHOTO aHadi3y (iHTeprpeTabelbHICTh), MOKIHUBICTD IEKO-
Mno3ulii, Ta OyayBatu cTpykrypu ALK B yMOBax 00OMeXEHHX amapaTHUX pecypciB. 3ampornoHOBaHMH 0OMEKEHNUH MeTo ] o0y 10BU
ITOPUTMIYHOTO AepeBa Kiacudikarii 103Boisie OyIyBaTh Pi3HOTHIHI JIepeBONOAIOHI MOAENI PO3IMi3HABAaHHS 3 Halepes 3aJaHOI0
TOYHICTIO JUISl IIMPOKOTO KJIAcy 3aJa4 Teopil IITYYHOTO iHTEIEKTY.

PesyabTaTn. Po3pobnenuii Ta npeacTaBieHnii B qaHiil poOOTI 0OMEKEHUH METOJI alrOpUTMIYHOIO JepeBa Kiacudikarii oTpu-
MaB IIPOTrpaMHy peajizaliro Ta OyB JOCIIDKEHUI 1 HOPIBHSIHUM 3 METOAAaMHM JIOTIYHUX JiepeB Kiacudikalii (Ha OCHOBI cenexii Ha-
Oopy eleMEHTapHUX O3HAK), METOJAaMH aJrOPUTMIYHOro JepeBa kiacudikamil (Mepuoro ta Ipyroro TUILy) IPH PO3B’s3Ky 3aiadi
PO3Mi3HABaHHS PEAIBHUX JAHUX FEOJIOTIYHOTO THILY.

BuchHosku. [IpoBeseHi B gaHiif poOOTI €KCIIEPUMEHTH MIATBEPIMIIH MPae31aTHICTh 3aPONOHOBAHOTO MaTEeMAaTHYHOTO 3a0e3-
MEYEHHS Ta TOKA3yI0Th MOKIIHMBICTh HOrO IEPCIIEKTHBHOTO BUKOPHMCTAHHS JUISl PO3B’S3KY IIHPOKOTO CIEKTPY MPAKTHYHUX 3a]ad
posmi3zHaBaHHS Ta Kiacudikanii. [lepcrieKTHBY MoOAaNbIINX JOCTIPKEHB Ta anpobamiii MOXyTh HOJISITaTH B CTBOPEHHI METOMIB AJIro-
pUTMIYHOTO JiepeBa Kinacu(ikamii iHITNX THIIB, SKi MOJIATAIOTH B BEIECHHI KPUTEPIIO 3yMHUHKH IPOIEeAypH To0YI0BH MOJIENI JiepeBa
3a TIIMOWHOI0 CTPYKTYPH, ONTUMI3alil HOro NporpaMHMX peajisawiif, a TAKOXK eKCIIePUMEHTAIBHUX JOCHIIKEHHIX TaHOTO METOY
Ha OLIBLI ITUPOKE KOJIO IPAKTUYHUX 3a1au.

KJIFOYOBI CJIOBA: anroputmivyHe nepeBo kiacugikanii, po3nisHaBaHHs 00pas3iB, Kilacu(ikaris, anroputM Kiacudikarii,
KPUTEPill po3ranyKeHHsl, 0OMEKESHHUI METOI.

YK 001.891:65.011.56
OIrPAHUYEHHBIN METO/I 1)1 CIYUYAS AJITOPUTMHAYECKOI'O TEPEBA KJITACCUDPUKALINHI
Mosxan U. ®. — xaHI. TeXH. HAyK, JIOILEHT, AOLECHT Kadeapsl mporpaMMHoro obecredenus cucreM ['BY3 Vixkroponckuit Ha-
LIUOHAJIbHBII YHUBEPCUTET, I. YKropoJ, YKpauHa.

AHHOTAIUSA

AKTyalIbHOCTB. PaccMoTpeHa o011ast 3aa4a MoCTPOCHHUS allTOPUTMUYECKIX AEPEBbEB PACIO3HABaHUS (KjIaccu(HUKanuy) Ha OC-
HOBE OrPaHUYCHHOI0 METO/Ia B TEOPUHU UCKYCCTBEHHOIO HHTEIIEKTa. OOBEKTOM JaHHOTO UCCIICNOBAHUS SBIISETCS KOHLEHLHUS Aepe-
Ba KJaccU(pUKAUK (AITOPUTMHUIECKOTO JepeBa KilacCU(pHUKaIUN Ha 0a3e OrpaHMYEHHOro MeTona). [IpemMeToM MccienoBaHUsS SB-
JISIIOTCSL AKTYaJIbHBIE METO/IbI, aITOPUTMBI U CXEMbI (OIPaHMYCHHBIH METOM) MOCTPOCHHS aIrOPUTMHYECKUX JIEPEBbEB KiIacCH(HKa-
LN,

Hean. Llensio qanHO# paboOTHI SABISIETCS CO3JJAaHUE IPOCTOrO M d(PPEKTHBHOIO OTPAaHMYEHHOI'O METOa HOCTPOCHHS JIPEBOBHI-
HBIX MO/l paclio3HaBaHUs ¥ KJIacCH(UKAIMK HA OCHOBE aTOPUTMa JIePEBbEB KIIACCU(PUKALNY JUIsl y4EOHBIX BEIOOPOK JUCKPET-
HOI MHpOpManuK GONBIIOro 00beMa — XapaKTepU3yeTCsl CTPYKTYPOIl IOJYUYEHHBIX IepeBbeB KIIacCU(HKAIMU U3 HE3aBUCHUMBIX all-
TOPUTMOB PACIIO3HABAHHS OLGHEHHBIX Ha OCHOBE (DYHKIHOHAJa pacyera UX oOmer 3G(eKTHBHOCTH 11 LIMPOKOro Kiacca IpH-
KJIaJIHBIX 3a/]a4.
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Merton. IIpemiaraercs orpaHHYEHHBIH METO IIOCTPOCHHS alTOPUTMUYECKUX AEPEBbEB KIACCU(PUKAINH, KOTOPBIN JUIs 3aJaHHOM
HavyaJbHOW 00yuaromieil BEIOOPKH MPOHM3BOJIBHOIO pa3Mepa CTPOUT APEBOBHUAHYIO cTpyKTypy (Mozens AJIK), koTtopas cocTouT u3
Habopa aBTOHOMHBIX AJITOPUTMOB KJIacCH(MKAIMU M PACIIO3HABaHWUS, OLIGHEHHBIX Ha KaxxIoM mare (3rtame) nocrpoenus AJIK mo
JaHHOU HayanbHOH BeIOOpKE. To ecTh mpeiaraeTcs OrpaHMYeHHBIH METO IOCTPOSHUS AITOPUTMHYECKOr0 JepeBa KiaccupuKanuu
OCHOBHasl MIesl KOTOPOT'o 3aKJIF0YaeTCsl B MO L1aroBoil anmpoKCHMaluyi HadanbHOI BBIOOPKH MPOU3BOJIILHOTO 00BEMA U CTPYKTYPHI
Ha0OpOM HE3aBHCHMBIX alTOPHUTMOB KIACCH(HKAIMU U pacro3HaBaHHs. JlaHHBIN MeTox mpu (HOPMHUPOBAHUH TEKyIIeil BEPIIMHBI
anroputTMuyeckoro aepesa (ysia, obobmenHoi npusHaku AJIK) obecneunBaeT BbimeneHHe HanOosee 3PPEKTUBHBIX (Ka4eCTBECH-
HBIX) aBTOHOMHBIX aJITOPUTMOB KJIaCCH(MKAIMK ¢ HAadaJIbHOr0 Habopa U JOCTPOIKY TONBKO Tex myTei B cTpykType AJIK rme mpo-
HCXOAUT HanOOJIbIIee KOJIMIECTBO OMMOOK KiIaccudukanuy. Takol Moxxo/ Py HOCTPOSHHH PE3YIETHPYIONIETO iepeBa KiracCudu-
kanuu (Monenu AJIK) mo3BosisieT 3HAaYUTEIbHO COKPATUTh pa3Mep U CIOKHOCTH JepeBa (00Iee KOJHUECTBO MEPEX0I0B, BEPIIMH U
SIPyCOB CTPYKTYPBI) BO-BH3XKUT KAueCTBO €r0 IOCIEAYIOIIEro aHaiun3a (MHTepHpeTabebHOCTh), BO3MOXKHOCTD JIEKOMITO3UIMU, U
cTpouth cTpykTyphl AJIK B yCIOBHSAX OrpaHHUCHHBIX alMapaTHBIX pecypcoB. IIpeanoskeHHbII orpaHUYeHHBIH METOJ MOCTPOSHUS
AJITOPUTMHUYECKOTO JepeBa KIacCU(HUKAIMK TO3BONSAET CTPOUTH PA3HOTHUIIHBIE JPEBOBUIHBIE MOJENU PACIO3HABAHUS C Hamepen
3aaHHON TOYHOCTBIO ISl MIMPOKOTO KJIacca 3a1ad TEOPHU HCKYCCTBEHHOTO MHTEIUICKTA.

Pe3yabTarthl. Pa3paboTan u mpeAcTaBieH B JaHHOH paboTe OrpaHHUYeH METOJ alTOPUTMHYECKOTO JepeBa KIACCH(MHUKAIMN 110-
JIy4/JI IPOTPaMMHYIO peaiM3aliio ¥ ObUT MCCIEeOBaH U CPaBHEH C METOAAaMHM JIOTHYECKHUX JIepeBbeB KilaccH(UKanuy (Ha OCHOBE
ceNeKnuy Habopa 2JIEeMEHTApHBIX MPU3HAKOB), METOAAMH AJITOPUTMHUUYECKOr0O JepeBa KIacCH(pUKAIWy (IIEpBOrO M BTOPOTO THIIA)
IIpU PELICHUN 3a/1a4d PacllO3HaBaHUsl PEabHBIX JAHHBIX [€0JIOTMUYECKOT0 TUIIA.

BriBoasl. [IpoBenieHHbIe B JaHHOI paboTe SKCIIEPUMEHTHI MOATBEPANIN PaOb0TOCIIOCOOHOCTh MPENIOKEHHOTO MaTeMaTHIECKO-
ro obecreyeHus 1 M0Ka3a-I0T BO3MOKHOCTh €r0 MEPCIEeKTHBHOTO MCIONb30BAHMS Ul PEHICHHS IIMPOKOTO CIEKTPa MPAKTHUECKUX
3a7a4 pacro3HaBaHus U knaccudukanuu. IlepcriekTuBbl AanbHEHIINX HCCISI0OBAaHUM U anpoOaryii MOTYT 3aK/II04aThCsl B CO3AaHUU
METOJOB aITOPUTMHYECKOTO JepeBa KIACCH(HUKANN APYTHX THIOB, KOTOPHIE 3aKIIOYAIOTCSA B BEICHUH KPUTEPUS OCTAHOBKHU IMPO-
LeIyphl TIOCTPOSHHST MOAENH JepeBa MO ITyOUHE CTPYKTYPBI, ONTHMH3AIMN €r0 IPOTPaMMHBIX pEealn3aniii, a TakKe IKCIEPHMEH-
TaJIBHBIX UCCIIEOBAHMIX JAaHHOTO METOa Ha 00jee NIMPOKHIl KPYT IPaKTHYECKUX 3a1ad.

KJIIOUYEBBIE CJIOBA: anropurMudeckoe JepeBo KIacCH(PHKAINH, PacliO3HaBaHHE 00pa3oB, KIacCU(PUKaNs, alTOPUTM
KJaccu(UKALMK, KPUTEPHH Pa3BETBICHUS, OIPAHHYCHHbBIA METO/I.
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VIK 004.93

X3IMMNWPOBAHUE HA OCHOBE ITOJIAPHBIX KOOPAUHAT
JJISA COKPAIIEHUA PASMEPHOCTHU JAHHBIX

Cyo6oTun C. A. — 1-p TexH. HayK, mpodeccop, 3aBenyrIIuil Kapeapoil mporpaMMHbBIX cpencTB HanmoHanbHOro
YHHMBEpCHUTETa «3anopoiKcKast MOJUTEXHUKa», 3alopokbe, YKpauHa.

AHHOTAIUA

AKTYaJIBHOCTB. [IJIs COKpAICHUS Pa3MEPHOCTH JAQHHBIX B 33/1a4aX PAclO3HABAHHS M IHArHOCTUPOBAHMS HA OCHOBE XAIIMPOBA-
HHS BO3HHKAeT HEOOXOANMOCTb COKPAIICHHE BPEMEHHBIX 3aTpaT Ha HOPMHUPOBAHNE XAUINPYIOLIEro IPeoOpa3OBaHHs.

Leas. Llens paboTel — yMEHBIICHNE BPEMEHHBIX 3aTpaT Ha COKpAIIEHHE Pa3MEPHOCTH JAHHBIX ITyTEM CO3JaHUS METOZA XOIIU-
poBaHUs, HE TPEOYIONMIETO PEIICHNUS ONTHMU3AIMOHHON 3a/1a9y TIOMCKA HAWITYUIIEro CIydaifHoro mpeoOpa3oBaHus, a TakKe YMEHb-
IICHHE NTOTEPb JIOKAJIBHBIX CBOWCTB IPH3HAKOBOTO IIPOCTPAHCTBA.

Merton. IIpennoxen Metox GpopMUpOBaHUS XdIIa, KOTOPBIH NEPEBOIUT KOOPANHATHI IK3EMIUISIPOB U3 MCXOIHOW CHUCTEMBI IPHU-
3HAKOB B MHOT'OMEPHYIO TOJISPHYIO CUCTEMY KOOPAMHAT, HA OCHOBE KOTOPBIX, JIUCKPETH3UPYS TOJIAPHbIE KOOPIUHATBI, C IIOMOIBIO
9BPUCTUK PA3IMYHBIM CIIOCOOaMH KOIMPYET U KOMOMHHMPYET 3Ha4EHUsS AUCKPETU3MPOBAHHBIX IMOJIAPHBIX KOOPAMHAT, GOpMHpYs
X3ILIH 9K3EMILIIPOB, U3 KOTOPHIX B KAUECTBE PE3YJILTUPYIOLIETO MPpeoOpa3oBaHKs BHIOMPACT HAMIIY4IlIee B CUCTEME 3aaHHBIX KpH-
TepHeB Ha OCHOBE MHHMMH3AINK YHCIIA KOJUIM3UH, IIPU KOTOPBIX SK3EMILIIPHI Pa3HBIX KJIACCOB M Pa3HBIMHU 3HAUCHHSIMH MCXOJHBIX
MIPU3HAKOB, MOTYYal0T OJMHAKOBBIC XOIIHM. DTO IO3BOJISIET aBTOMAaTH3UPOBATh (POPMHUPOBAHKE XIIMIUPYIOMNX MIPeoOpa3oBaHut, UC-
KIIIOYUTh HEOOXOAMMOCTh PEUIeHHs] ONTUMH3AIMOHHEIX 3ajad nepebopa CIydaiHBIX HMpOeKIHii, 00ecHedrB COKpalleHHe 3aTpar
BpPEMEHH, a TakKe JeNlaeT XdIupytoniee npeodpazoBanne Gonee cBOOOAHBIM OT HaBS3bIBAaHMS AAHHBIM PA30MEHUs NMPHU3HAKOBOTO
MIPOCTPAHCTBA, HENIPUCYIIEH UM HMPUPOABI, YTO MO3BOJISIET HOBBICHTH 0000IIArONIME CBOHCTBA U TOYHOCTB NpeodpazoBanuii. [Ipex-
JIO’KEHBI KPUTEPHUH OLICHUBAHMS KayeCTBa X3LIMPYIOLIUX NPeoOpa30BaHUi, BKIIOYAIOIINE ONPEACNICHHE YUCia O3UTHBHBIX M Hera-
TUBHBIX KOJUIM3MIA, a TaK)Ke OLICHHBAHHS HAa UX OCHOBE BEPOSTHOCTEIH COOTBETCTBYIOIINX KOJUTM3UHA. DTO MO3BOJISIET aBTOMAaTH3UPO-
BaTh aHAJM3 U BBIOOP XAILIMPYIOLINX HPeoOpa30OBaHUN I COKPAIICHUS Pa3MEPHOCTH JaHHBIX B 3a/la4aX Paclio3HABaHHS U THArHO-
CTUPOBAHHS.

Pe3yabTartsl. [IpoBeneHO SKCIIepIMEHTAIBHOE UCCIIEA0BAHHE, ITOTBEPAMBINEE paOOTOCIIOCOOHOCTD NPEATIOKCHHBIX METO0B
TIPU PELICHUN NTPAKTHIECKHX 3a/1ad.

BeiBoabl. Pa3paboraHHOe MaTeMaTHYECKOe 00ECICUCHHE MOXKET ObITh PEKOMEHIOBAHO I PELICHMS 331ad COKpPAILCHHs pa3-
MEPHOCTH JIaHHBIX.

KJIFOYEBBIE CJIOBA: x3mmpoBanue, X311, COKpaIeHUe pa3MEPHOCTH BBIOOPKH, MOJISIPHBIC KOOPANHATHL.

HOMEHKJIATYPA
d — 3ajaHHas NOIb30BaTElIeM KOHCTAHTA, PEryJIH-
pyromas 10ImyCTUMOE PacXO0KICHUE 3HAUEHUH KpUTEpUEB
Ka4yecTBa PeAylHPOBAaHHON M UCXOAHON BBIOOPOK;

ax— 3HAYCHHUE KOJIa HePAPXMICCKOT0 OHHAPHOTO pas-

OueHus;

a — HIDKHSAS TpaHuLia 00JIacTH;

a — BepxHsis rpaHULa 00IacTy;

F — xputepuii kauecTBa NCXOTHON BEIOOPKH;

F' — kputepuii kadecTBa NOIyYSHHOW peIyLUPOBAH-
HOM BBIOOPKH;

f(X) — npeobpazoBanue;

G — gmcrno rpymnmn OUTOB;

J — HOMep 3K3eMIUIsIpa BEIOOPKH;

k — Homep Kitacca;

K — 4nciio kiraccos;

L — mimHa MammMHHOTO CII0BA;

N' — gmcI0 MPU3HAKOB, XapaKTEPU3YIOMINX IK3EMILIA-
PBI pelyLIIPOBAaHHOM BBIOOPKH;

p° — paccTOSHHME OT S-IO JK3EMIUISpA IO LEHTPa
HOPMHPOBAHHBIX KOOPAMHAT (paauaibHasi KOOPIUHATA);
pb — 3HaueHne D-ro GuTA IETOUYHCIEHHOTO PACCTOS-

HUsI (MM HOMEpa MHTepBalla PacCTOSIHUS) OT LICHTpa T10-
JISIPHON KOOPJIMHATHOM CHCTEMBI 0 S-TO SK3EMILLIPa;

P — 4uciio OWT ATl IPEACTABICHHUSI MaKCUMAIbHOTO
LIEJIOYHCIIEHHOTO PACCTOSIHUS,

05 — J-51 yrioBast KOOpIMHATA S-TO IK3EMILLSIPA;

¢ = {(psj} — Habop YIJIOBBIX KOOPIMHAT S-TO AK3EMILISA-

pa;

(pﬁb — 3HaueHue b-ro Gura j-ro MEeTOYHCICHHOTO yIiia
B MOJISIPHOM KOOPAMHATHOM CHUCTEME JUISL S-TO IK3EMILIS-
pa;

® — 4ucao OWUT AT MPEACTABICHUS MaKCHMAIbHOTO
LEJIOYHCICHHOTO YIJIa;

a — KOJUPYEeMOe YHCIIO;
Qnip — MUHUMAIBHOC BO3MOXKHOE 3HAYCHHE Iepe-
MEHHOM a;

Amax — MAKCHMaIbHOE BO3MOXKHOE 3HAYCHHE Mepe-

MEHHOH &;
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N — 49uCII0 NPU3HAKOB, XapaKTEPU3YIOMUX SK3EMILIS-
PBI BEIOOPKH;

N

col- — YHCIIO HEXKENATENbHBIX KOJUIU3HH;

N¢ols — YHCIIO TIOJIOXKUTENBHBIX KOJUIU3HHA;

Peol- — BEPOSTHOCTH HEKEIATEIbHON KOJIIM3HH;
P

col+
S — HOMeEP IK3EeMILISPA;

S — YHCII0 PK3EMILIPOB B BHIOOPKE;

S' — 9MCII0 HK3EMIULIPOB B PEAYLIPOBAHHO BEIOODKE;
wj — BEC J-TO pH3HAKa;

— BEPOATHOCTDH MTOJIOKUTEIIHHOM KOJIJTU3HH,
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wP — BEC MOJISIPHOM KOOPIUHATHI;

W‘JP — BEC J-i YIJIOBOW KOOPAMHATHI;

X — HaOOp IK3EMILTIPOB UCXOIHOH BEIOOPKH;

X' — Habop IK3EMIUTIPOB PEeIyHUPOBAHHOMN BEIOOPKH;

x5 — S-if 5K3EMILIAP BBHIGOPKH;
X — 3HAUEHHE j-TO BXOJHOTO NPH3HAKA, CONOCTaB-

JICHHOE S-MY 3K3eMIUIPY BHIOOPKH;
X§ — XOII S-TO 9K3EMILISIpa BEIOOPKH;

y — Habop 3HAYEHUI NCXOTHON MPHU3HAKA;
y' — Habop 3HAYEHWH BBIXOJHOIO TPHU3HAKA, COIOC-
TaBJICHHBIX 9K3eMIUISIpAM PeIylIHPOBAHHON BBIOOPKH;

yS — 3HAYCHUC BBIXOJHOT'O MPU3HAKA, COIIOCTABJICH-

HOE S-My 3K3EMIUIIPY BHIOOPKH.
Z — 9UCTI0 TIEPBBIX YITIOB, BKIFOYAEMBIX X3III.

BBEJIEHUE

Coxkpamieane pa3MepHOCTH AaHHBIX [1—4] mpencras-
JseT coOOoi mporecc 3aMeHBl MCXOIHOTO OMHMCAHUS JaH-
HBIX Ha COKpAIIEHHOE, MTOTyYeHHOE Ha OCHOBE HCXOIHOTO
onucaHus. /laHHBII npoliecc UMEET Ype3BbIYaliHO BaKHOE
3HAUEHUE U1 MOCTPOEHUS MOJEIECH 3aBHUCHUMOCTEH IO
Npere/icHTaM B YCIOBHSX JaHHBIX OOJIBIION pa3MepHO-
CTH, TIOCKOJIbKY COKpAIlleHWEe OIHCAHWS JAaHHBIX T103BO-
JSIeT YMEHBIUINTh CJI0XKHOCTb MOJENEH, a TakKe COKpa-
TUTHh BPEMEHHBIC 3aTPAThl HA UX MTOCTPOCHHE.

O0BEKTOM HCCIeTOBAHUSA SBISUICS TPOLECC COKpPa-
IICHUS Pa3MEPHOCTH JaHHBIX.

OmHMM W3 TOAXOZOB K COKPAIICHHIO Pa3MEPHOCTH
JAHHBIX sABJsIeTCs XdmmpoBanue [5—10], koTopoe mpen-
CTaBIsAET cOOOH mpeoOpa3oBaHNE NAHHBIX M3 UCXOIHOTO
MHOT'OMEPHOTO TPOCTPAHCTBA ONMUCATEIBHBIX NMPHU3HAKOB
B OJTHOMEPHOE MPOCTPAHCTBO X3IIIA.

IIpeameToM wuccaeI0BAHMS SBISUINCH METOABI X3-
HMIMPYIONINX TPeoOpa3oBaHmil Uil COKpaIlEeHHs pa3Mep-
HOCTH JIQaHHBIX.

M3BectHbie MeTONbI Xa1npoBanus [5—10] ocHOBaHBI
Ha UTEPATUBHOW Tporexype mepebopa CIydailHBIX Tpe-
00pa3oBaHMiA, 00ECHCUMBAIOIINX TIPUEMIIEMOE OTOOpa-
JKCHHE BBIOOPKH JaHHBIX. OIHAKO OHU SBISAIOTCS Ype3-
BBIYAIHO 3aTPATHBIMHU IO BPEMEHH U MOTYT IIPUBOANUTH K
MoTepe JOKATBHBIX CBONCTB MPHU3HAKOBOTO MPOCTPAHCT-
Ba.

Ieabro padoThl SBISUIOCH YMEHBIIEHHE BPEMEHHBIX
3aTpaT Ha COKpalleHHEe pa3MEpHOCTH JAHHBIX ITyTEM CO3-
JIaHUSI METOJla XAUIMPOBAaHUS, CBOOOJHOTO OT OTMEYEH-
HBIX BBIIIE HEJJOCTATKOB.

1 IOCTAHOBKA 3AJIAYHN

Ilycte 3amaHa wucxoaHas BbIOOpKA HAOIIOACHHUN
XY= x=0C), =), y=y*) 5=12, .. S,j=1,
2, .., N.

Torna 3agada COKpalleHUs] Pa3MEPHOCTH BBIOOPKHU
<X, y> COCTOHUT B TOM, YTOOBI MOIY4HTh <X', y'>: X' C X,
y'cy, S'<S, N'<N. [Ipu 3T10M KpHTepHii KayecTBa MOIy-
YeHHOW penylrpoBaHHON BBIOOpKH F' momken mpuHu-
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MaTb MPUEMIIEMOC 3HAYCHHUC OTHOCUTCIBHO 3HAYCHHUSA
KpUTepusl KauecTBa JUIsi MCXOAHOW BbIOOpku F:
[F-F|<5.

s 3amanHON BBRIOOpKH HaOMrOmeHW <X, Y> 3amada
¢dopmupoBaHus X3mIHpyOmero mpeobdpasoBanus [11]
COCTOUT B TOM, 4TOOBI moyuuth <X', y'>: X'=f(X), y'=y,
S'=S, N'=1.

2 OB30P JIMTEPATYPbI

W3BectHble MeTOAB! Xd1upoBanus [5—10] onpenens-
IOT X3II IK3EMIUISIpa KakK B3BEIICHHYIO CyMMY 3HAuCHHH
€ro NpU3HAKOB, IPUYEM 3HAUCHHUSI BECOB PACCUMTHIBAIOT-
Csl B UTEPATHBHOM PEXKHME, UTO SIBISETCS BEChbMa 3aTpaT-
HBIM I10 BPEMEHH.

B [11] npemiokeH 3BpUCTUYECKUN METOJ XAIIMPOBa-
HUSI, KOTOPBIA U WCKITIOUEHHs mepebopa CirydailHBIX
MPOEKIMH BBIOOPKM M3 HMCXOAHOTO MPOCTPAHCTBA pac-
CMaTpuBaeT MepapxHio pa3OMeHuil NpOCTpaHCTBA NpH-
3HAKOB Ha 00JIaCTH, 3aMeHssi B OOLIEM Ciydae BEIIeCT-
BEHHBbIC 3HAYCHHs IMPH3HAKOB Ha JIMCKPETHBIC HOMeEpa
MHTEPBAJIOB IO OCH TPHU3HAKA, CTPEMSCH JUISI KaXJIOTO
NpU3HaKa HaWTH Takoe pa3dueHne Ha WHTEPBAIBI, NPU
KOTOPOM YHCIIO MHTEPBAJOB OyJeT HaUMEHBIIUM, HO
obecrieunBaonMM TpeOyeMyl0 TOYHOCTH. 37IeCh Beca
MIPU3HAKOB OINPEIEIAIOTCS ¢ YUETOM YHCiia MHTEPBAJIOB,
c(OpPMUPOBAHHBIX ISl KaKI0TO MpU3HaKa. Yem MeHsble
HYKHO MHTEPBAJIOB Ul 0OECIICUCHUSI MPUEMIIEMON TOY-
HOCTH, Te€M 0oJiee IIEHHBIM SIBJISICTCS COOTBETCTBYOLIMN
npusHak. HemocTatkoM maHHOTO Moaxoja sIBIsSETCS Ha-
BSI3bIBAHME JIAHHBIM HENPHUCYLIEH MM MPUPOJIBI MPSIMO-
YTOJIbHOTO Pa30HMEeHHs, YTO OrpaHUYMBAET TOYHOCThH pa-
60Tel MeTOna, NTHUOO MOXET CYIIECTBEHHO CHMXKATb
obobmraronue cBoiicTBa pa3OueHus Mpu HEOOXO0AUMOCTH
obecrieueHnst BBICOKOW TOYHOCTH.

Jliist obecrnieueHnst yyera B mpeoOpa3oBaHUN OJIM30CTH
PAacIoIOKEHHsT HK3EMITISIPOB BO3MOXKHO HCIIOJIB30BAHHE
MHOTOMEPHOH MOJISAPHOM CHCTEMBI KOOPAMHAT BMECTO
HUCXOJHOM KOOPJAMHATHON CUCTEMBI.

MHoromMepHast TOJIIpHasi CUCTEMa KOOPAMHAT — CHC-
TeMa KOOPJMHAT, B KOTOPOH KaxkJasi TOUKa ONpeessieTcs
MOJISIPHBIM PaAnyCcoOM M TMOJSIpHBIMK yriamu. [lomsipHas
cUcTeMa KOOPIUHAT 3a7aéTCs JIyuOM, KOTOPBIM Ha3bIBAIOT
HYJIEBBIM JIY4OM, WJIM NOJIIPHOH ockto. Touka, u3 KOTO-
POH BBIXOJUT ATOT JIy, Ha3bIBACTCSI HAYAJIOM KOOPJIMHAT,
Wi noJsirocom [12].

PajmanbHas KOOp/IMHATa COOTBETCTBYET PACCTOSIHUIO
OT TOYKHM JI0 Havyaja KoopAuHat. PajmanpHas KoopaAnHaTa
MOXET NMPUHUMATH 3HAYEHHS OT HYJISI 10 OECKOHEUHOCTH.

YrioBast KOOpJMHATA TAKXKE HA3bIBACTCS MOJSIPHBIM
YIJIOM WM a3UMYTOM M paBHA YIIIy, Ha KOTOPBIH HYy>KHO
MOBEPHYTh NMPOTHUB YaCOBOW CTPEIKH MOJISIPHYIO OCh [UIS
TOTO, YTOOBI IONACTh B ATy TOUKY. YTJIOBas KOOPJMHATA
n3MeHsercd B npeaenax ot 0° qo 360°.

ITockonbKy NpU3HAKU B MCXOJHOM CUCTEME KOOp.IHu-
HaT MOTYT UMETh CYIIECTBEHHO pa3jIM4HbIA Macmitad
IIKaJIbI, TIepe]] OTOOpaKCHNEM B TOJSIPHYIO CHCTEMY HX
1enecoodpa3Ho HOPMUPOBATH.

[TpoHopMupyeM 3HAa4YEeHUsS] MPU3HAKOB, OTOOpA3MB MX
Ha uHTepBan [0, 1]:
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xj— min {x’}
i=1,2,..,N

max {X*}— min {x}
i=1,2,...N i

JJst S-r0 9K3eMIuIspa ONpeIeuM pacCTOSHUE OT Hero
J0 IIEHTpa HOPMHPOBAaHHBIX KOOPAMHAT (paauajbHYIO
KOOpAHMHATY):

<.

1=1,2,..,

Hanee ompenenuM yribl SK3EMIUISIPA OTHOCUTEIBHO
KOOpJIMHATHBIX OCEd B HCXOJHOM CHCTEME KOOpIUHAT-
MIPU3HAKOB B paanaHax [12]:

(psl = arccos

[Tonmy4yeHHoe oTOOpa’keHHE TIO3BOJIMT OIEPUPOBATH
9K3EMIULIpaMH BBIOOPKH B HOJISPHBIX KoopamHartax. On-
HaKo camo Mo ce0e OHO HE COKPATHT PasMEpPHOCTH JaH-
HbIX. [To3TOMY aKkTyanbHOM 3amadeii siBisieTcst pa3paboTka
METOJI0B (pOPMHUPOBAaHMS XdIIEH Ha OCHOBE MHOJSPHBIX
KOOPJMHAT 3K3EMIUIIPOB ISl COKPAIICHUS] Pa3MEPHOCTH
JIAHHBIX.

3 MATEPUAJIBI U METO/bI

Jlnst ynporieHus mpolecca co3faHHs XAIIUPYOLIEro
peoOpa3oBaHKs HAa OCHOBE TOJISIPHBIX KOOPJAWHAT IK-
3eMIUISIPOB MPEAJIAraeTcsl UCIOJIb30BaTh IBPUCTHUECKUE
METO/Ibl, KOTOpbIe OyayT NO-pasHOMY KOMOWHHMPOBATb
TOJISIPHBIE KOOPJIMHATHI, TTOJTy4asi Ha UX OCHOBE Xdmmu. W3
Habopa TakuX NPeoOpa3oBaHMN BO3MOXKHO OyIeT OTO-
OpaThb HawITyd4IlIee, 3a/1aB COOTBETCTBYIOIINE KPUTEPHH.

DopManbHO MNPEAJIOKEHHBI METOJ X3IIWPOBAHMUS,
peanu3yroNnii ONMMCAaHHbIEC BBIIIE MIEH, MOKHO INpescTa-
BUTD CIIETYIOLIMM 00pa3oMm.

Oran MHULIWATU3aIUKN. 3aaTh HCXOJHYIO BBIOOPKY
JaHHBIX <X, y>. [IpoHOpMUpPOBATH 3HAYEHUS IPU3HAKOB.

Oran npeoOpa3oBaHusi KOOPAUHAT B MOJSIPHYIO CHC-
Temy. OnpenenuTs Ha OCHOBE HOPMUPOBAHHBIX 3HAUEHUH
NPU3HAKOB  MOJSPHBIE  KOOPJAMHATHL  SK3EMIUISIPOB
<{<p®,0° >}, y>, The ¢° ={¢}}. Hocne yero coxparuts

ONMCAaHUE MaHHBIX ITYTEM MEPEXOJa K LEJIOYHCICHHBIM
SHAYCHUAM YTJIOBBIX KOOPJAWHAT:
5180

T

9]

Oran  (opMHUPOBaHUS XAIIMPYIOIIEro MpeodpazoBa-
HUSL. X5 S$-T'0 AK3EMIUISIPa, 0TOOPAKEHHOTO B MOJISIPHYIO
CUCTEMY KOOpAMWHAT, BO3MOKHO MOJYYUTH OJHUM U3 CJIC-
JYIOIIUX CIIOCOOOB.

Crnoco6 1. CocraBuM XdHI CIEIYIOIIAM 00pa3oM:
TepBasi 4acTh XdIIa — IIeJI0YMCICHHOE 3HAYCHUE WM HO-
Mep HMHTepBajla 3HAYCHUI KBaHTOBAHHOTO PAaCCTOSHHS,
BTOpasi 4acTh XdIIa — IOCICIOBATEIBHO MO HPH3HAKAM
LIEJIOYMCIICHHBIC 3HAUYCHHUS WIIM HOMepa MHTEPBAJIOB 3Ha-
YEHUH YITIOB 3K3EMILIPA.

© Cy66otuH C. A., 2020
DOI 10.15588/1607-3274-2020-4-12

120

Uucno OMT JUIs1 TIPECTABICHUS MAKCUMAJIBHOTO Iie-
JIOYMCJIEHHOT'O PACCTOSHHUS COCTaBUT:
P:{logz max {ps}—l-
s=1

Juis N mpusnakoB B mossipHod N-mepHOi#l cucreme
KOODPJIMHAT IOJTY4UM:
Ps‘logZ\/N ‘

UYucito OMT Al TIPENCTaBICHNAS MAaKCHMAaJbHOTO Iie-
JIOYHCIICHHOTO YTJla COCTABUT:
® =|log, max jmax P} :
&2 p=1,2,..5 '=1,N—1{(PJ}
Jns N npusHakoB B mnoisipHoit N-mepHOW cucTeme
KoopauHat noiay4yum: @ <log, 90.

IIpu cocraBneHum XdmIa HEOOXOAMMO O00ECIEUYHTh,
qro0Bl L>P+(N-1)® (s coBpeMeHHBIX OBM, kax
npasuiio, L = 64 6ur):

L >|1og, VN |+ (N = 1)[1og, 90].

[TockonpKy mpu OombiroM uyncie npusHakoB N (yxe
npu N > 10 s L= 64) narnoe ycnoBue He OyaeT BBIION-
HATBHCSI M3-32 Majoro 3HaueHus L, To 1enecoodpasHo
KBAHTOBATh PACCTOSIHUE W YIJIbI, HAIPUMED, IIyTEM pa3-
6I/IeHI/Iﬂ UXx auaria3soOHoOB 3HAYEHUN Ha HWHTEpBAJIbl U 3aME-
HBI 3HaYCHUS] HOMEPOM MHTEpBaJla. JTO, C OJJHOH CTOpO-
HBI, IPUBEJIET K MOTepe MH(POPMAIMHU, HO, C JAPYTOi CTO-
POHBI, MOBBICUT YPOBEHB 00OOIICHHUS TAHHBIX.

[TpuMeHuTeNbHO K 00yUarolei BHIOOPKE IBPUCTHYE-
CKH OIpPEJIeTIHM, YTO PACCTOSIHUE CIIEyeT KBAHTOBATh HE
Menee uem Ha K u He Gosee ueM Ha [log, S| ypoBHEIA.

Taxum 06pa3oM, MOTydnM:
P =[log, max(K,S)],

@:[LiPJ,N>1.
N -1

TOr1a

Ecnn @ <1, To X311 HE CMOXKET MPEACTABUTH BCE YIJIIbI
1 HEOOXOIUM CIICIMATBHBIN MEXaHU3M UX OOBEIHHCHUS.

B mpocrelinieM ciyyae MOXHO OTPaAHUYHUTHCS BKITFO-
YCHUEM B XOIII TOJIBKO MEPBBIX Z yriioB (Z>0):

®={L_PJ>1-
z

Pemas JAaHHOC HCPABCHCTBO, MOJTYUUM:

2|2
2

C npyroii CTOPOHBI, YIJIbI MOKHO pa3OUTh Ha IPYIIIIBI
Y 3aMEHUTh 3HAUEHUS YIJIOB Ka)KJIOM IpyMIbl HA CpeaHee
WM MaKkCUMalbHOE WM MUHUMAJIbHOE 3HAaYeHHE yria B
rpyInme, Mocjae 4ero 3aMEHUTh ATO 3HAUYECHUE HA HOMEpP
HWHTEpBaJla 3HAUCHUN cpeaHero yria B rpymme. KoHcr-
PYKTHBHO BO3MOXHO TMPEUIOKUTh INMUPOKUH Habop
CPEICTB JUIs OOBbEIMHEHUS 3HAUCHUN YTIIOB.

Eciu @ > 1, 10 kaxapiii yroa OyaeT NpeacTaBieH He
Gosee ueM 2® MHTepBaTaMU 3HAYCHMIL.

Jnis mepexoia OT peasbHOTO 3HAYCHHS PACCTOSHUS K
HOMEpY MHTEpBaja MOKHO HCTIOIB30BaTh POPMYITY:
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Jlnst mepexojia OT peanbHOrO 3HAYEHUs yIiia B rpaiay-
cax K HOMEpy MHTEepBaja yIila MOXHO HCIIOJIb30BaTh

opmyry.
S D s
ot =| 20 || 20
] 900 900
7@
B urore xaur S-ro 3K3eMIUIsIpa onpeaeanmM mno Gopmy-
JIe:

N-I
2 =wPp® + Y wiel
j=1
WP = 2L—P+l ,

¢ _ HL-P-®j+1
wij = 2 .

Crioco6 2. TpenctaBuM X311 S-TO IK3EMILIApa TOCe-
JIOBATEIIBHOCTRIO TPYMIT OUTOB, TAE B KaXAOH TpyImIe
HEepBbI OUT — COOTBETCTBYIOLIMH Trpyrie OUT LEIoro
3HAa4YeHUs WJIM HOMepa MHTepBaja KBAaHTOBAHHOIO pac-
CTOSIHUS, a TOCJIEAYIoUIe OUTHI — COOTBETCTBYIOIIHE
rpymme OWTHI LENOYUCICHHBIX 3HAYEHUH I HOMEpOB
HMHTEPBAJIOB YIJIOB DK3EMILIApa:

G YA .
X$ = 3 2G| s | $aZoi g8 |
g=1 j=1

Pt = (p® mod 2°* — pS mod 2°),
(psjb = ((pﬁ mod 2°*! —(psj mod2b) s

r7Ie YMCIO0 YUYUTHIBAEMBIX yrioB Z: N-1>Z21, uncno
rpynn 6utoB G: 1<[G(Z+1)]<L (cieaoBaTenbHO, CTOMT

3ajaBath: G=|L/Z+1)|), pp — 3HaueHue b-ro Gura ue-

JIOYMCIIEHHOTO PAcCTOAHUS (MM HOMEpa MHTEpBaja pac-
CTOSIHUSI) OT IIEHTPA MOJSPHOW KOOPIMHATHOW CHCTEMBI

J10 S-TO DK3EeMILIIpa, (pib — 3Hauyenue b-ro Oura j-FO e-

JIOYHUCJIEHHOTO yIJIa B MOJIIPHOM KOOPIMHATHOW CUCTEME
JUISL S-TO IK3EMILIsIpa.

Crioco6 3. IlepeBeieM HOMEp MHTEpBaja WIH 3HAYE-
HHE pacCTOSHMS dK3eMIUIIpa B (hopMaT Koja uepapxude-
CKOT0 OWHApPHOTO pa3OMeHHs: CTapLIMK pa3ps]] yKa3blBa-
€T HOMEp O/IHOW M3 JBYX PaBHBIX IO JUIMHE oOJsiacTeil, Ha
KOTOpbIE Pa3OMT JMana3oH 3HAYCHUH pacCTOSHHS WIH
JIMara3oH 3HAYCHUH HOMepa WHTEpBaja PacCTOSHUS, B
KOTOPYIO TOMaJI 3K3eMIUIIP M0 PACCTOSIHUIO, 3aTE€M KaxK-
JIBIHA TIOCTICTYFOIUI pa3psil aHAIOTHYHBIM 00pa3oM yKa-
3bIBA€T B KaKyI0 M3 M0A00IacTel 00J1acTh CTApIIEro pas-
psiaa momnain sx3emmisp. [logo6HbIM ke 00pa3om mepeBe-
JeM B popMaT Kofa HepapXxudeckoro OMHapHOTO pa3dne-
HUsI 3HAUEHMs YIJIOB WJIM HOMEPOB HMHTEPBAJIOB YIJIOB
IK3EMILISIPA.
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O0001IeHHO TIEpEBO YKciaa @ OYIeT OCYIIECTBISITCS
cleyonyM 00pa3oM. 3aiaTh KOJUPYEMOe YHUCIIO &, ero
MHHUMAIIBHOE 8, 1 MaKCUMaJlbHOE a BO3MOYKHBIE
3HA4YCHUs, [UINHY pa3psaHoil cetkn DBM L. YcTaHOBUTH
HayaJbHbIC 3HAYCHHMS KOJAa HEePapXU4ecKOro OWHAPHOTOo

p336I/I€HI/IHZ ax = 0, a TaKKE€ NEPEMCHHBIX I'PaHUI] oOu1ac-

max

Tell d= App, &= amax - Ao i=1, 2, ..., L B nukie mo-
BTOPSITb: YCTAHOBUT: a=(a+4)/2; ecnu @>@ , TO IpH-

HATH d=a, as=2ax+1, B NPOTUBHOM CJIy4ac — IIpHU-
HATh: a=a, as = 2ax.

[Tocne nepeBoaa pacCTOSIHNS U YTIJIOB IPEJICTABUM 10
AQHAJOTUU CO BTOPHIM BAPHAHTOM XOII 3K3EMIUIApA I10-
CJIEIOBATENILHOCTBIO TPYMIT OUTOB, T€ B Ka)KAOH TpyIre
MEPBBIA OUT — COOTBETCTBYIOUIMH TpyMIe OUT MepapXu-
YEeCKOro Koja IIeJIoro 3Ha4eHHUs] WIM HOMepa MHTEepBaja
KBaHTOBAHHOTO PACCTOSIHUS, a MOCJIEIYIOIUe OUTHI —
COOTBETCTBYIOIIME TPYMIE OUTHI KOJOB IETOYUCICHHBIX
3HAYEHUH WM HOMEPOB HMHTEPBAIOB YIJIOB SK3EMILISIpA.
DopMyJIbl B JaHHOM ciiydae OyayT aHaJOTMYHBIMH CIIO-

co0y 2, HO B KayecTBe pg OyJeT HCIOJIb30BAThCS 3HAUC-

Hue D-ro Oura mepapxXu4eckoro GHMHAPHOIO KOja LEJO-
YHCIEHHOTO PAacCTOSHMS (MM HOMEpa WHTEpBaia pac-
CTOSIHMS) OT IIEHTpa MOJSIPHOM KOOPJAMHATHOW CHCTEMBI

J0 S-TO 3K3eMIJIsipa, a B KaUeCTBE (pib — 3HadeHue b-ro

OuTa HepapXrUYECKOro OMHAPHOTO KOJA J-TO LEIOYHCIICH-
HOTO yrjla B IOJSIPHOM KOOPJIMHATHOM CHUCTEME ISl S-TO
9K3EMILISIpa.

Crioco6 4. JlaHHBIH crioco0 OyAeT aHAJIOTHYEH CII0CO-
Oy 1, HO BMecTO 3HA4YEHHs PACCTOSHMS WJIM HOMEpa €ro
MHTEpBaa U BMECTO 3HAYCHUI MM HOMEPOB HHTEPBATIOB
yIIoB Oy/leM HCIIONIb30BaTh HMX HEPApXUUECKHe KOJbI,
MoJIy4aeMble 1mo100Ho crocoOy 3. B urore coctaBuM Xamr
CJIEIYIOIIMM 00pa30oM: IepBasi 4acTh XdIIa — Hepapxude-
CKMH KOJ| 3HAQUCHMs MM HOMEepa HMHTEpBajla 3HAYEHUH
KBaHTOBAHHOTO PACCTOSIHUS, BTOpasi 4acTh XdIIa — I0-
CJICZIOBATENIFHO 110 TPU3HAKaM KOJbI LEJIOYHCICHHBIX
3HAQUEHUH WM HOMEpPOB HWHTEPBAIOB 3HAYCHHH YIJIOB
IK3EMITISIPa.

OTarn OIeHNBaHUS KayecTBa XJMIMPYIOLIETO peodpa-
30BaHus. st cpOopMHUPOBAHHBIX XdIIEH BBIOOPKH Olle-
HUM 3HAUCHHE KPUTEPHEB KauecTBa XJIIMPYIOIIUX IIpe-
oOpaszoBanuii. Jlamee kax pe3yibTHpYIOIIEe MpPeodpazo-
BaHHUE BBIOEpPEM TO, KOTOpPOE 00eCHeunT HaWTydIlee 3Ha-
YEHHE 33/IaHHOTO KPUTEPHSL.

Kpurepun OLEHKHM KadecTBa XdIIa OINPEACIUM Cie-
JIYFOIIIUM 00pa3oM.

KavecTBO X311a BO3MOXKHO OLICHHTH YHCIOM KOJIJIH-
3U JIUIS OHOM U TOH ke BBIOOPKH [ 13].

Komnnsueil Ha3pIBalOT CUTYyalnio, KOTJa HECKOJIBKO
9K3EMITISIPOB C PA3HBIMM 3HAYCHUSIMH IIPU3HAKOB MOIY-
Yal0T OINHAKOBOE 3HAYECHHUE XOIIIA.

OueBHTHO, YTO HE BCE KOJUIM3UH SBIISIOTCS TUIOXUMH,
MIOCKOJIbKY, €CJIM HECKOJBKO 3K3EMIUIIPOB, NpPUHAIJIC-
JKaIIUX K OJHOMY M TOMY JK€ KJIacCy, HO MMEIOLIUX pa3-
HbIE 3HAYEHHs MPU3HAKOB, MOJIYYaT OAWHAKOBOE 3HAYE-
HHE X514, 3TO HE TOJBKO HE YXY/IIUT TOYHOCTh CHHTE-
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3UPyeMbIX Ha OCHOBE TaKOro X3Ia Mojelel, Ho, Hao0o-
POT, MOBBICUTH MX 000O0IatoIue cBoiicTBa. [loaTomy st
OIICHKH KadyCCTBa XJ31Ia 6y}1€M YUYUTBIBATH OTACIBHO YHC-
JIO HEYKEJIATEeNIbHBIX KOJIIU3H, T.€. TaKUX, KOI/la dK3eMII-
JIApbl, TpPUHAJUIEkKAIME K Pa3HbIM KiaccaM, MOIydar
OJIMHAKOBBIE XDIIH:

s s
Neoio =, > {11xd =xP,y = yP1,
s=1p=s+1
a TaKk)Ke YHUCIIO IMOJIOKUTEIbHBIX KOJUIM3HH, T.€. TaKHX,
KOorja KoOraa SK3CEMIUIAPbI, NPpUHAMJICKAINIUE K OJHOMY
KJIacCy, NOJIy4aT OJAUHAKOBBIC XOIIN:

S S
s s
Neol+ = Z Z {x =xP,y* =yP}
s=1p=s+l
BepOHTHOCTI/I TaKux KOHHI/I?)I/H\/'I OLCHHUM, COOTBETCT-
BC€HHO, KaK

Pcolf = M u Peol+ =M'
S(S-1) S(S-1)

Xomr OyJer TeM Jiydiie Jyisi OJIHOW M TOH ke BEIOOPKH,
YyeM MeHblIe OyJeT BEpOSTHOCTb HEraTHBHBIX KOJUIM3HH
U BBIIIE BEPOSITHOCTh MO3UTUBHBIX KOUIM3Hi. [Ipu 3TOoM
3aMETUM, YTO MHHUMM3AIMS HEraTHBHBIX KOJUIM3UH
MIPEANOYTHTENIbHEE MaKCHUMHU3AUN MO3UTHBHBIX KOJUIH-
3.

Take Npu CpaBHEHHM X3IIEH BO3MOKHO MCIIONb30-
BaTh TaKHE MEPBI, KAK MOKa3aTeIN MHIUBUIYaIbHON MH-
(hOpMaTHBHOCTH X3IIEH SK3EMIULIPOB MO OTHOIICHHIO K
BBIXO/IHOMY NPU3HAKY U MeXly co0oii [11].

Ecnu ogun xom OyJeT TecHee CBSI3aH C BBIXOJHBIM
MPU3HAKOM M0 CPAaBHEHHMIO CO CBSA3BIO JIPYroro XsIa ¢
BBIXOJHBIM MPHU3HAKOM, TO MEPBBII XdIII, OYEBUIHO, UH-
JMBHIyalbHO Oosiee MH(POPMaTHBEH.

Ecnm HeckosibKo X3I1IeH TECHO CBS3aHBI MEXY COOOiH,
TO, OYEBHJIHO, YTO M3 HUX CTOUT BBIOpPATh TO, KOTOPBIH
TECHEE BCETO CBSI3aH C BHIXOHBIM IPHU3HAKOM.

3ameTnm, 4To JUI X3IIeH, KaK U ISl TIEPBUYHBIX TPH-
3HAKOB MHJIMBHUIyalIbHAsl ¥ TPYIIIIOBast ”HPOPMATUBHOCTH
omnnyatoted. IlosTromy nake MHIMBHUIYyalbHO MAaJOWH-
(hopMaTHBHBIE X3IIN MOTYT COBMECTHO OKAa3aTbCsl BBICO-
KOMH(pOPMaTHBHBIMH.

AHaNorn4HeIM 00pa3oM MOYKHO CPaBHUBATh XJIIHU C
UCXOIHBIMU TpH3HaKamu. lcrmonb3oBaHHE XdIIa HMEeT
CMBICT, ecii OH Jny4me (nH(opMmaTuBHEE) JHOOOro W3
OpPHUTHHAIBHBIX MPU3HAKOB U (WJIM) HHPOpMATHBHEE JIIO-
00T0 N3 YUNTHIBAEMBIX B HEM OPUTMHAIBHBIX TPU3HAKOB.

4 OKCIIEPUMEHTbBI

Jns u3ydeHus CBOWMCTB MPEATIOKEHHBIX Ipeodpa3o-
BaHMH OHHM OBUIM MPOTPAMMHO PEAIM30BAHBI M HUCCIEN0-
BaHBI IyTEM PEHICHUS MPaKTU4YeCcKuX 3amad [14-16], xa-
PaKTEepPUCTHKU KOTOPBIX IPUBEACHBI B Ta0I. 1.

J1st kaknol MpakTUYeCKOW 3ajadyd IMPOBOJIUIIMCH
SKCIEPUMEHTHI [0 pacyeTy X3IIeil 3K3eMIUIIpOB U Olie-
HUBAHUIO BEPOATHOCTEH KOJIU3HM.

B cayudae, ecau ucxoaHsli pa3Mep NPU3HAKOB HE IO-
MEIaJICsl B X311, BEIOMpasicsi HAOOp NEPBBIX NMPH3HAKOB,
KOTOPBIN TTO3BOJISIIT PACCUUTATH X3 O€3 MEepPETIOTHEHUS.
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Tabnuna 1 — XapakTepuCTHKU MPAKTUUECKHX 3a1a4

3anaua Onucanue N S | K
Iris Knaccuduxarms upucos ®urnepa [14] 4 150 ]2
Aritmia JluarHocTrka cepaedHoii aputmun [15] | 279 | 452 | 2
Acutediag | Vponoruyeckas quarsoctrka [16] 6 120 ] 4

5 PE3YJIBTATBI
Pe3ynbTaThl MPOBEICHHBIX AKCIIEPUMEHTOB MPHUBEIC-
HBI B Ta0JI. 2.

Tabawma 2 — Pe3ynpTaThl 9KCIIEPUMEHTOB

3amaya | Crioco0O
pacuera Neor| Nea I:)col— Pcol+
Xouia

Iris 1 0 1 0 4.4743 ><10_5
2 [130 |54 |0,0058 0,0024
300 4 o 44743%107°
4 0 o 44743%107°

Aritmia 1 o o |o 0
2119 |48 19.4036x107°  [2,3756x1074
318 120 139594x1075  {9,8985x107°
4 o o o 0

Acute- 1 |19 |24 |0,0013 0,0017

diag 2 |175 128 [0,0123 0,0090
3 |19 |24 ]0,0013 0,0017
4 |21 |26 |0,0015 0,0018

Ha puc. 1-3 npuBeaeHs! pe3yabTaThl pacueTa XdUIeH.

6 OBCYXXKJIEHHNE

Kak BumHO U3 Tabm. 2 u puc 1-3, ams Bcex paccMoT-
PEHHBIX 33/1a4 yNAIOCh HA OCHOBE TMPEIIOKEHHBIX Ipe-
00pa30BaHUI MONYYUTH XOIIH, 00CCTICUNBAIOIINE MAITbIC
BEPOSATHOCTH HETaTUBHBIX KOJUTM3WH XOTS OBI HA OCHOBE
OJTHOTO U3 TPEATIOKEHHBIX CIIOCOOO0B.

Bmecte ¢ TeM, ciemyeT OTMETHTH, YTO HH OIHO W3
MPEUIOKEHHBIX TPeodpa3oBaHuii caMo 1o cede He rapaH-
TUPYET HAaWIy4IIero pe3yibTaTa JAJisl BceX 3a1au.

[TosTOMY Ha MpakTHKE PEKOMEHIYETCS OINpPEAENATh
X3IIM BCEMH JIOCTYHHBIMH CIOCOOaMH, pacCUHUTHIBATh
MOKa3aTeIN KauyecTBa Ui KaXJIOro BHJA XAIIeH u OTOu-
paTh Kak pe3yJbTHPYIONINE UCKYyCCTBEHHBIE IPU3HAKU TE
XOIITH, KOTOPBIE OYAyT 00ecIeYnBaTh HAMITydIlIee KauecT-
BO MPeoOpa30BaHMUs TaHHBIX.

BaxxHO#t 0COOCHHOCTBIO MPEUIOKEHHBIX X3IIHPYFO-
IUX TpeoOpa3oBaHU SBISETCA WX HHTEPIPETademh-
HOCTh OTHOCHTENIFHO CHCTEMBI HOJSIPHBIX KOOPAHWHAT, B
TO BpeMmsl, Kak npeoOpa3oBaHus [4-9] He obecrieuuBaoT
COXpPaHCHHUE CBA3U C UCXOAHBIMU IPHU3HAKAMMU.

ITo cpaBHenuio ¢ metojgamu [4-9] mpeasiokeHHBIE
npeoOpa3oBaHuss HE TPeOYIOT HTEpaTHBHOTO Iepedopa
CIly4ailHBIX 3HAUYCHHUH BECOBBIX KOO()(UIIMEHTOB ISl BHI-
Oopa HamITy4lero mnpeoOpa3oBaHMs, YTO IO3BOJSET 3a
OJIMH TIPOXOJ OTPEACTHUTE apaMeTPhl XAIIIA.
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Pucynok 1 — Pe3ynpTath! pacuera xammeit st 3anaun Iris:

a, 6 —croco6 1, B, T — ciocob 2, 1, € — crocod 3, kK, 3 — crnocob 4
(a, B, 1, % — DK3EMIULIPBI BCEX KJIACCOB OTOOPaXKeHbI Ha OHOM OCH,

0, I, €, 3 — 9K3eMIUIAPhI Pa3HBIX KJIACCOB Pa3HECEHBI 110 OCH OPJUHAT)
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Pucynox 2 — Pe3ynbpTathl pacuera xa1iel Ams 3a1a4u Aritmia:
a, 6 — croco6 1, B, T — cocob 2, a1, e — crmocob 3, ik, 3 — cnocob 4
(a, B, 1, K — DK3EMIULIPHI BCEX KJIACCOB OTOOPayKEHBI HA OTHON OCH,
0, T, €, 3 — 3K3EMILISIPbI Pa3HBIX KJIACCOB Pa3HECEHBI IO OCH OP.IHHAT)
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Pucynok 3 — Pe3ynbpTatsl pacuera xamiei A 3axa4u Acutediag:
a, 6 —croco6 1, B, T — cocob 2, 1, € — crmoco6 3, K, 3 — cnocob 4
(a, B, 11, % — K3EMIULSIPBI BCEX KJIACCOB OTOOPaKEHBI Ha OIHOM OCH,
0, T, €, 3 — 3K3EMIUIIPbI Pa3HBIX KJIACCOB Pa3HECEHBI 10 OCH OP.IHHAT)
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BbIBO/1bI

Pemena aktyanbHas 3ajada co3paHus merona ¢op-
MHPOBaHMsI XdIIa JJIsi COKpalleHHs Pa3MEPHOCTH JlaH-
HBIX.

Hayunasi HOBH3HA TTOJTy4EHHBIX PE3yJIbTaTOB COCTO-
UT B TOM, 4TO:

— TIpeUIOKeH MeToJ; (JopMHpOBaHMS X3Ia, KOTOPBIA
MIEPEBONT KOOPAWHATHI IK3EMIUIIPOB M3 MCXOIHOM cHC-
TEMbI MPU3HAKOB B MHOTOMEPHYIO IOJSIPHYIO CHCTEMY
KOOPJIMHAT, HA OCHOBE KOTOPBIX, JUCKPETU3UPYS MOJISp-
HbIE KOOPAMHATBHI, C TOMOIIBIO 3IBPUCTUK PA3IMIHBIM
croco0amMu KOAUPYeT U KOMOMHHPYET 3HAYCHHUS AUCKpe-
THU3UPOBAHHBIX TIOJISIPHBIX KOOPAWHAT, (OPMHUPYsS XN
9K3EMIISIPOB, M3 KOTOPBIX B KayeCTBE PE3yJbTHPYIOIIETO
npeoOpa3oBaHusi BbIOMpaeT Hawjydllee B CHUCTEME 3a-
JIAaHHBIX KPUTEPHEB HA OCHOBE MHHUMH3ALUK YUCIIa KOJI-
JIM3UHA, TPU KOTOPBIX SK3EMIULIPHI pa3HBIX KIAcCOB H
pa3sHBIMH 3HAYEHHSIMU HCXOJHBIX MPU3HAKOB, MOIYYaroT
OJMHAKOBBIE X3IIM. JTO IO3BOJIICT aBTOMAaTHU3UPOBATH
(hopMHpOBaHNE XAIIHUPYIOMHNX MPEOOPA3OBAHUM, HCKITIO-
YUTh HEOOXOAMMOCTD PEIICHHS ONTUMH3AIOHHBIX 3a/1a4
nepebopa cIyIaiHBIX MPOEKINi, 00eCIIeunB COKpaIeHIEe
3aTpaT BPEMEHH, a TaKKe JeTaeT X3IIUpyoliee mpeodpa-
30BaHue Oojiee CBOOOMHBIM OT HAaBSI3bIBAHUS JIAHHBIM
pa3OueHns NPU3HAKOBOIO MPOCTPAHCTBA, HENPHUCYIIEeH
UM TIPUPOABI, YTO MO3BOJISET MOBBICUTH 00OOILAOIIHE
CBOMCTBa M TOYHOCTH PEOOpa30BaHUH;

— MIPEUIOKEHBl KPUTEPUU OLICHWBAHMS KadyecTBa X3-
LIMPYIOIIUX NPeoOpa3oBaHUid, BKJIIOYAIOIINE OIpesesie-
HUE YHCJIA TIO3UTUBHBIX M HETAaTHBHBIX KOJUIM3HUM, a TakK-
K€ OLIEHMBAHMS Ha WX OCHOBE BEPOSITHOCTEH COOTBETCT-
BYIOIIMX KOJJIM3HMH. DTO TO3BOJSIET aBTOMATH3HMPOBATh
aHaTM3 W BBIOOP XJMIMPYIOMHMX MPEoOpazoBaHHU IS
COKpAIIIEHUs] pa3MEPHOCTH JIaHHBIX B 3aJadax paclo3Ha-
BaHMA U JUAarHOCTHPOBAHMS.

IIpakTnyeckasi HEHHOCTH MOJYYCHHBIX PE3YJIBTATOB
COCTOHMT B TOM, YTO MPOBEJCHO JKCIEPHUMEHTAILHOE HC-
ClleIoBaHue, MOJATBEpIUBIIee pabOTOCIOCOOHOCTh Mpe/-
JIOXKEHHOTO METOZa NPHU PEIICHWH NPAaKTUYECKHX 33/1ad
paclio3HaBaHusl W AMAarHocTHpoBaHus. PaspaboranHoe
MaTeMaTH4ecKoe 00ecleueHne MOXKET ObITh PEKOMEHO-
BaHO JUI pENICHUs 3a7ad COKPAIICHHS pPa3MEpHOCTH
JIAHHBIX.

IlepcniekTUBBI AaJbHEHINNX HCCIEIO0BAHUNH COCTO-
SIT B TOM, 4TOOBI M3Y4HUTh pabOTOCHOCOOHOCTH TPEAJIO-
KEHHOTO MeTo/1a Ha 0oJiee IMMPOKOM Kilacce 3aad.
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TEIIYBAHHSA HA OCHOBI NOJAPHUX KOOPIUHAT JJIA CKOPOYEHHSA POSMIPHOCTI JAHUX
Cy66otin C. O. — 1-p TexH. Hayk, npodecop, 3aBigyBad kadeapu nporpamMHux 3acobiB HarionansHoro yHiBepcurery «3amopi-
3bKa MOJIITeXHiKay, 3amopixoks, YKpaiHa.

AHOTAULIA

AKTyaabHicTb. 11 CKOPOUCHHSI PO3MIPHOCTI JaHUX B 33/1a4ax PO3Mi3HaBaHHS Ta JiarHOCTYBaHHs Ha OCHOBI TelilyBaHHS BUHH-
Kae HeOOXIAHICTh CKOPOUCHHS BUTPAT Yacy Ha GOpMyBaHHS rellyBajbHOTO IEPETBOPECHHSI.

Meta. Meta poGOTH — 3MEHIIICHHS BUTPAT Yacy Ha CKOPOUCHHS PO3MIPHOCTI JAHHX IUIIXOM CTBOPEHHS METO/Y TellyBaHHSI, IO
He noTpebye BUPILICHHS ONTHMI3aliiHOI 3a/1a4i MOUIYKY HAWKPAIOro BUMAIKOBOTO MEPETBOPEHHSI, a TAKOX 3MCHIICHHS BTPAT JIO-
KaJIbHUX BJIACTHBOCTEH IPOCTOPY O3HAK.

Mertop. 3anpornoHoBaHO MeTO (pOpMYyBaHHS Tellly, SIKUil IepeBOIUTh KOOPMHATH €K3EMIUISAPIB 3 BUXiJHOT CHCTEMH O3HaK y Oa-
raTOBUMIPHY NOJISIPHY CHCTEMY KOOPIMHAT, HA OCHOBI SIKMX, IMCKPETH3YIOUH IOJISIPHI KOOPIMHATH, 3a JOIMOMOTOI0 €BPUCTHK Pi3-
HHUM CII0co0aMu Koaye 1 KOMOiHy€e 3HAYSHHS TUCKPETH30BAaHUX MOJISPHUX KOOPAMWHAT, (POPMYIOUH Tellli eK3eMIUIIPIB, 3 AKHUX B SIKOC-
Ti PE3yNbTYIOUOTO TEPETBOPECHHS BHOMpAaE HaiKpalle y CHCTeMi 3aJaHUX KPUTEpiiB Ha OCHOBI MiHIMi3allil KiNBKOCTI KOJIi3id, mpu
SIKHX €K3eMIUISIPU Pi3HHX KJIAciB i Pi3HMX 3HAUCHHSX BHUXIIHHMX O3HAK, OTPUMYIOTh OJHAKOBi remm. Lle 103Boisie aBTOMATH3yBaTH
(hopMyBaHHS T'elTyBaJbHUX IIEPETBOPEHB, BUKIIOYNTH HEOOXIAHICTh BUPIIIEHHSI ONTHUMI3AIIMHIX 3a1a4 mepeOopy BHUIIAJKOBUX IIPO-
eKIlii, 3a0e3IeUNBIIN CKOPOUCHHS BUTPAT Yacy, a TaKOX POOHTH relryBalibHE MEPETBOPCHHS OiIbII BITbHUM BiJ HaB'sI3yBaHHS Jia-
HHUM PO30OHTTS IIPOCTOPY O3HAK, HEPUTAMAHHOI IM TIPUPOAH, IO JO3BOJISIE MiABUIMTH Y3arajbHIOUi BIACTHBOCTI 1 TOYHICTH Hepe-
TBOPEHb. 3aMPOIIOHOBAHO KPUTEPii OI[HIOBAHHS SKOCTI TellyBalbHUX MMEPETBOPEHb, 10 MICTATh BU3HAUYCHHS KiJbKOCTEH MMO3HUTHB-
HUX | HeTaTUBHUX KOJIi3il, a TAKOX OLIHIOBaHHS Ha IXHill OCHOBI HMOBiIpHOCTeH BiINOBiMHKX Komi3iit. Lle mo3Bossie aBTOMaTnu3yBaTn
aHayi3 1 BUOip remryBajibHUX NEPETBOPEHB IJIs1 CKOPOUYCHHS PO3MIPHOCTI JaHUX B 3aJadax pO3Mi3HaBaHHA Ta JiarHOCTYyBaHHS.

PesyabtaTu. IIpoBeneHO SKCIEPHUMEHTAIBHE JOCIHIDKEHHS, SKE MiATBEPANIO NPale3JaTHICTh 3alPOIOHOBAHUX METOIIB IpU
BHUPIIICHH] IPAaKTHYHUX 3aBJAHb.

BucHoBku. Po3pobiiecHe MaremarnyHe 3a0e3IeueHHs MOXe OyTH PEKOMCHIOBAHO Ul BHPILICHHS 3aBIaHb CKOPOYCHHS pas-
MIpHOCTI IaHUX.

KJIIOYOBI CJIOBA: xsuryBaHHs, X391, CKOPOYESHHST PO3MipPHOCTI BUOIPKH, OJISIPHI KOOPANHATH.

UDC 004.93

THE POLAR COORDINATES BASED HASHING FOR DATA DIMENSIONALITY REDUCTION
Subbotin S. A. — Dr. Sc., Professor, Head of the Department of Software Tools at the National University “Zaporizhzhia Poly-
technic”, Zaporizhzhia, Ukraine.

ABSTRACT

Context. To reduce the data dimensionality of in recognition and diagnostics problems based on hashing, it becomes necessary to
reduce the time spent on generating a hashing transformation.

Objective. The purpose of the work is to reduce the time spent on reducing the dimension of data by creating a hashing method
that does not require solving the optimization problem of finding the best random transformation, as well as reducing the loss of local
properties of the feature space.

Method. A hash generation method is proposed. It converts the instance coordinates from the original feature system into a mul-
tidimensional polar coordinate system, on which basis discretize polar coordinates using heuristics, in various ways encodes and
combines the values of the discretized polar coordinates, forming hashes of instances, from which as the resulting transformation
selects the best one in the system of given criteria based on minimizing the number of collisions in which instances of different
classes and different values of the original features receive the same hashes. This makes possible to automate the formation of hash-
ing transformations, eliminate the need to solve optimization problems of enumerating random projections, ensuring a reduction in
time consumption, and also makes the hashing transformation freer from imposing the data on the partitioning of the feature space, of
a non-inherent nature, which allows increase the generalizing properties and accuracy of transformations. Criteria for evaluating the
quality of hashing transformations are proposed, including determining the number of positive and negative collisions, as well as
evaluating the probabilities of the corresponding collisions on their basis. This makes it possible to automate the analysis and selec-
tion of hashing transformations to reduce the dimension of the data in the problems of recognition and diagnosis.

Results. An experimental study has been carried out, which has confirmed the efficiency of the proposed methods in solving
practical problems.

Conclusions. The developed mathematical support can be recommended for solving problems of data dimension reduction.

KEYWORDS: hashing, hash, sample size reduction, polar coordinates.
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