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BapeectpoBaHo y MinicreperBi roctumii  Ykpainm 19.11.2019 p.
(CBimouTBO NpoO JEpXKaBHY PEECTPAIlil0 JPYKOBAaHOrO 3aco0y MacoBoi
indopwmariii cepis KB Ne 24220-14060 TIP.)

ISSN 1607-3274 (npyxoBauuii), ISSN 2313-688X (enekTpoHHUIA).

Hakazom MiHictepcTBa ocBith i Hayku Ykpainu Ne 409 Big 17.03.2020 p.
«[Ipo 3arBepmkeHHs pimeHb ArtecTaniiiHoi Kkonerii MiHicTepcTBa 1010
JUSsUTBHOCTI CIeniaiizoBaHuX BYeHHX paj Bix 06 Oepesns 2020 poky» :KypHAI
BKJIIOYEHHIi 10 nmepetiKy HayKoBHX (axoBHX BHIAHb YKpaiHH B KaTeroii
«A» (HalBHIIIK piBeHb), B SAKHX MOXYTh IyONIKyBaTHCSA pPE3yJIbTaTH
JMcepTaliifHuX pobiT Ha 3100y TTs HAYKOBUX CTYTICHIB JIOKTOpa HayK i JOKTOpa
¢inocodii (kanauIaTa HAYK).

Kypuan Brmouenuit 10 monschkoro Ileperniky HayKOBHX >KypHAIiB Ta
PCLICH30BaHHX ~MaTepiaiB  MDKHApOAHHX KOH(EPEHIil 3 MPHUCBOECHOIO
KiIBbKICTIO GaniB (H0oAaToK 40 oronomeHHs MiHicTpa HayKd Ta BHIIOI OCBITH
Pecny6umixu ITombmia Big 31 st 2019 p.: Ne 16981).

B sxypHami 6e3k0IITOBHO MyOIIKYIOTHCSI HAyKOBI CTATTi aHIIIHACHKOIO,
pociiichkoI0 Ta yKpaTHCHKOI MOBaMHU.

IIpaBuia odopmieHHs crarei
http://ric.zntu.edu.ua/information/authors.

XKypnan 3abe3neuye 6e3k0IITOBHUII BiAKPHTHII OH-1aiiH KocTyn 10
MMOBHOTEKCTOBHX ITyOJIiKaIlii.

JKypHnan no3Boiisie aBTOpaM MaTH aBTOPCHKI IpaBa i 30epiraT rmpasa Ha
BUJaHHA ©Oe3 oOMexeHb. JKypHanm J03BOJsIE KOPHUCTYBayaM YHTATH,
3aBaHTA)KyBaTH, KOIIIOBATH, IOLIMPIOBATH, JPYKyBaTH, IIyKaTH abo
MOCHJIATHCS Ha TOBHI TEKCTH CBOIX crareil. JKypHan 103BOJISE MOBTOpHE
BUKOPHCTaHHA iforo Bmicty y Biamosiguocti Creative Commons JireH3iero
CCBY-SA..

OmnyOmiKOBaHUM CTAaTTSM IIPUCBOIOETHCS YHIKalbHHIl iIeHTH]iKaTOp
mudposoro 06’exra DOL

7KypHaj BxoauTh 10 HayKkoMeTpuuHoi 6a3u Web of Science.

JKypnai pedepyerbest Ta iHAEKCYETBCS Y IPOBITHUX MDKHAPOJHUX Ta
Hal[iOHAJIBHUX pe)epPaTUBHHUX JKypHAIaX i HAyKOMETPUYHHUX 0a3ax JIaHHX, a
TaKOX PO3MIILYeThCsl Y IndpoBuX apxiBax Ta 6i6iioTekax 3 6E3KOIITOBHUM
JOCTYIIOM y pexuMi on-line, MOBHHI mHepelik SKMX MOJAHO Ha CaifTi:
http://ric.zntu.edu.ua/about/editorialPolicies#custom-0.

JKypnana po3noscrokyeTbesi 3a KaranoroMm nepiofnyHuX BUJIaHb
VYkpaiuu (nepearuiatHui inaekc — 22914).

TemaTuka KypHAJXy: TeleKOMyHIKalii Ta  pajioelieKTpoHiKa,
nporpaMHa iHmkeHepis (BKIIOUaloud TEOPilo alrOpUTMIB i MPOrpaMyBaHHs),
KOMIT'IOTEpHI Haykd (MaTeMaTH4YHE 1 KOMIT'IOTepHE MOJICTIOBAHHS,
ONTHUMI3alis 1 JOCTi/KEHHs Omepaliif, ynpaBlliHHs B TEXHIYHHX CHCTEMax,
MDKMallMHHA 1 JIIOAWHO-MalIMHHA — B3a€MOJIS, I[ITyYHUH  1HTEJEKT,
BKJIIOYAIOYM CHCTEMH, 3aCHOBaHI Ha 3HAHHAX, 1 CKCIEPTHI CHCTEMH,
iHTENeKTyalbHUI aHAIi3 JaHHUX, PO3Mi3HABaHHS O00pa3iB, IITYy4YHi HEHPOHHI
i Hefipo-HeuiTKi ~ Mepexi, HeUiTKy JIOTiKy, KOJICKTHBHHI  IHTEIEKT
i MyJIBTHAr€HTHI CHCTEMHM, TiOpHIHI CHCTEMH), KOMII'IOTEpHA IiHXKEHEepis
(amaparHe 3a0e3neyeHHsT 00YNCIIOBANTBHOT TEXHIKH, KOMII FOTEPHI MEpexi),
iHdopMalliiiHi CHCTEMHU Ta TEXHOJOTIT (CTPYKTYpH Ta 0a3 JaHUX, CHCTEMH,
3aCHOBaHI Ha 3HAHHSX Ta CKCIEPTHI CHCTEMH, 00poOKa JaHHX | CUTHAIB).

Vei crarri, nmpornoHoBaHi 0 myOuikarii, OZEpKYIOTh 006’€KTHBHMIl
PO3rIsii, IO OLIHIOEThCS 3a CYTTIO 0e3 ypaxyBaHHsS pacd, CTarTi,
BIPOCIIOBIIaHHS, €THIYHOTO IIOXOJDKEHHS, IPOMajssHCTBAa ab0 IMOTITHYHOT
¢inocodii aBropa(is).

VYci cTaTTi NpoXoAsaTh ABOCTYIIHYACTE 3aKpUTE (AaHOHIMHE ISl aBTOPA)
Pe3eH3yBaHHS IUTATHUMH PENAKTOPAMH i HE3ANCKHUMH PELCH3CHTAMH —
NIPOBITHUMH BUCHHMH 3a NpodineM xKypHaiy.
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(akynbTery imxKenepii, YuiBepcuter MaxkMactepa, I'aminsTon, Kanana;

TaBxesiaze ABTaHIT — KaHAUIaT Bi3UKO-MaTEMAaTHYHUX HayK, mpodecop,
npodecop 1Ko Hi3Hecy, TeXHOIOTIT Ta ocBiTH, [lepxkaBHHil yHiBepcuTeT iM. I
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ABSTRACT

Context. DC voltage converters (DCV) are part of modern power supply systems (PSS) and power supply ensuring the operation
of electronic and radio devices, telecommunication systems and communication and to a large extent determine their power con-
sumption, reliability, time of readiness for operation, weight, size and cost indicators. Even though there are a large number of differ-
ent software packages used in engineering practice for the study and design of radio engineering devices, such computer-aided design
(CAD) systems and virtual computer simulation of electronic circuits have some limitations that do not allow to quickly carry out the
entire complex of studies of DCV required for the analysis of electrical processes in various operating modes.

Objective. In this section, the goal is to select the most suitable methods and algorithms that allow the development of software
necessary for solving the problems of research and analysis of electrical processes for select energy parameters of the DCV of a
modular structure in a separate power channel (PWC).

Method. The paper proposes a method that consists in using mathematical models describing electrical processes in DC voltage
converters and creating, on the basis of the developed calculation algorithms, specialized software for the automated study of electri-
cal processes in the DCV of a modular structure using a computer.

Results. The paper discusses the main methods of automated research of radio engineering devices, which can be used to analyze
the electrical processes of pulsed DC voltage converters of a modular structure. Algorithms of calculation are given and, as an exam-
ple, some results of automated research obtained using this method.

Conclusions. The analysis of the known methods of automated research of DC voltage converters of modular structure is carried
out. Their advantages and disadvantages are given. It is shown that the most suitable method is based on the use of mathematical
models describing electrical processes in DC voltage converters of this type. On the basis of the mathematical models presented in
the second section of the work, algorithms and specialized software have been developed that allow them to be widely used in the
automated research and design of modular-structured DC voltage converters.

KEYWORDS: modular voltage converters, power channel, converter operation modes, research algorithm for electrical proc-
esses.

ABBREVIATIONS NOMENCLATURE
CAD is a computer-aided design system; U,y 1s an output voltage (load);
DCV is a DC voltage converter; I,y 1s an output current (load) DCV;
PWC is a power channel, L 1s an output current (load k-th PWC);
SPC is a single-phase pulse converter; N is a number of power channels DCV;
MPC is a multiphase pulse converter; fa 1s an accumulation factor;
SP is a software package; L1 is an inductance of the primary winding W1 of the
UHEF is a ultra high frequency. power choke;

7,1 is a transformation coefficient;
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Npax 18 @ maximum number of power channels DCV;

C;, is a capacitance of the input filter capacitor;

C o 1s a capacitance of the output filter capacitor;

U, is a relative supply voltage;

R, is an operating mode — stabilization (tracking);

R, is a conversion mode — SPC (MPC);

P, mode is a type of calculation: Py, =
(Poutk: COIlSt);

Rouk 18 a load resistance k-th PWC;

Py 1s a load power k-th PWC;

fax 1s an accumulation factor k-th PWC;

fu 18 a return factor k-th PWC;

Uini 1s an input voltage (power supply) k-th PWC;

for 1s a boundary value of the converting frequency;

T} is a converting period;

L1 1s a choke current ripple PWC on the accumula-
tion interval,

Lok 1s a choke current ripple PWC on the return inter-
val;

I is the average value of current consumption A-th
PWC;

U 1s a relative supply voltage k-th PWC;

Usuu is a relative load voltage k-th PWC;

I 1s a load current k-th PWC,;

L1, is an inductance of the primary winding W1 of the
choke k-th PWC;

L2, is an inductance of the secondary winding W2 of

the choke 4-th PWC.

const,

INTRODUCTION
Modern DCV of power supply and power supply sys-
tems, as a rule, use the high-frequency (pulse) principle of
power conversion. This allows you to create devices and
systems with higher power density and characteristics that
are unattainable using other methods.

The modular structure of the construction of pulse DC
voltage converters from N of the same type of inter-
changeable PWC simultaneously operating on a common
load provides increased reliability, reduced manufacturing
labor intensity, and increased level of unification and
standardization of DCV. The use of the modular principle
of construction of the DCV contributes to solving issues of
redundancy, increasing the reliability of converters, in-
creased manufacturability, adapting to changes in their
operating modes, and saving energy.

In the study and computer-aided design of radio-
technical devices, simulation of their operation on a com-
puter is widely used today, when instead of expensive
long-term experimental testing of electrical energy con-
verters on breadboards, research using mathematical

© Kharchenko R. Yu., Kochetkov A. V., Mikhaylenko V. S., 2022
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models describing the processes of the devices under
study is used. Therefore, in the work are selected:

The object of study is the electrical processes in
pulse DCV of modular structure.

The subject of study is automated methods for study-
ing the electrical processes of modular DCV.

The purpose of the work is to develop the methods
and algorithms that allow the development of software
necessary for solving the problems of research and analy-
sis of electrical processes for select of energy parameters
of the DCV modular structure.

To achieve this, it is necessary to solve the following
tasks — to analyze modern methods of automated research
of radio engineering devices, using the selected mathe-
matical model to develop algorithms and software for
solving the problems of research and analysis of electrical
processes DCV and to analyze the obtained results.

To carry out a set of necessary studies, the software
must ensure the study of converters with SPC and MPC
principles of converting electrical energy, the results of
which are necessary in the design in order to improve the
technical and economic indicators of the DCV.

1 PROBLEM STATEMENT

Mathematical models described in [1, 2, 3] describing
electrical processes in a separate power channel and the
converter as a whole, allow investigating the depend-
ences: currents and voltages in the PWC elements, in its
supply circuits and the load of the converter at a given
operating mode. This makes it possible at any time to
determine the magnitude of instantaneous currents, their
maximum and minimum values, as well as the magnitude
of the absolute and relative ripple of voltages and currents
at the input and output of the DCV, respectively, with the
SPC and MPC, as well as other electrical and energy pa-
rameters of the modular structure converters required to
select the optimal parameters of the elements, operating
modes of the power unit and control algorithms.

The indicated mathematical models also allow us to
construct the dependences of the quality indicators of the
electrical processes of DCV and energy parameters on the
value of the values of the accumulation factors f, and the
transformation coefficient #,;, the numbers N of PWC and
other parameters for different modes of operation [1].

These dependencies make it possible to identify the
features of electrical processes (for example, under differ-
ent operating modes) with other parameters unchanged
(N, Ly, C;) and to assess the degree of influence of one
parameter or another on the nature of the dependence in
the entire control range, both in any individual PWC, as
well as and in the converter as a whole (Fig. 1).
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Figure 1 — Power section of the DCV of modular structure with parallel connection of a lower-type PWC with elements of transfor-

mation of chokes: a —

Thus, the software package for the study of DCV
should solve the following main tasks, which are pre-
sented in the form of an information model (Fig. 2):

1. Calculation of basic parameters;

2. Calculation of parameters in the time domain (tim-
ing diagrams of voltages and currents in the power sec-
tion, as well as in the input and output circuits of the
PWC and DCV);

3. Investigation of the parameters of electrical proc-
esses (values of voltages and currents on the elements of
the power section of the DCV);

4. Study of quality indicators of electrical processes
(absolute and relative values of voltage and current ripple
in the input and output circuits of the DCV);

5. Investigation of energy parameters (values of oper-
ating currents, power losses on the elements of the power
unit, efficiency factor of the DCV).

2 REVIEW OF THE LITERATURE

In the process of automated research and design of
electronic devices, as a rule, it is necessary to use a whole
set of different software packages. Many sources provide
descriptions and examples of modeling electrical proc-
esses of radio engineering devices using well-known
CAD systems [7, 8, 9]. For example, at the stage of de-
veloping a structural diagram, programs such as SysCalc,
System View, Simulink, LabView can be used. And when
creating schematic diagrams — PSpice (as part of the Des-
ignLab package), Micro-Cap, Electronics Workbench,
and when designing UHF devices such specialized pro-
grams as Super Compact, Touchstone, Aplac and others
[1,2,4,8,9].

These software products allow engineering studies to
create, edit schematic diagrams and make a calculation of
a number of parameters, calculate frequency characteris-
tics and transients, perform a variety of device analyzes,
and implement other service functions [3, 5, 6].
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However, having some limitations, such software prod-
ucts do not allow to fully serve as a tool for researching
voltage converters. All these programs are quite expensive
and universal, and, as a rule, do not allow complex studies
of several parameters at the same time. Also, the construc-
tion of dependencies in a relative form, for example, such
as the ripple coefficients of voltages and currents, effi-
ciency and other parameters, becomes much more compli-
cated [3, 6, 7, 9]. Therefore, to study and analyze the speci-
fied parameters of various converter circuits under different
operating modes, it is required to create specialized soft-
ware — a software package (SP), which allows, using a
mathematical model [2, 3, 8] describing electrical processes
in the DCV, to carry out all the necessary calculations to
solve the problems of automated research and design of
converters of modular structure.

3 MATERIALS AND METHODS

When developing such a software package, the alloca-
tion of individual software modules — subroutines (SR) is
used to calculate the parameters corresponding to the
tasks being solved [2, 3, 5, 9]. This is due to the fact that
the main computational procedures and operations that
make up the individual stages of research should be inter-
connected and not be duplicated when solving various
research problems, which contributes to the reduction of
computational operations. Thus, a unified software algo-
rithm can be represented as a set of software modules that
will create the most clear and rational software structure.

As a result, the following basic requirements for a
software package for studying converters of a modular
structure can be distinguished:

1. The rational structure of the software information
model, reflecting information links between individual SR
when solving research problems, which helps to reduce
time costs and resources for software development.



e-ISSN 1607-3274 PagioenexTpoHika, iHpopmaTuka, ynpasiinss. 2022. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2022. Ne 3

2. The software must ensure the study of the DCV at
various parameters of the PWC elements and the selected
operating mode for the SPC and MPC.

3. Availability of a separate software module (control
program) to control the operation of the software complex
(selection of research tasks, change of initial data, provid-
ing information links between individual SR at a given
stage of research), using the same initial data and calcu-
lated relationships of the used mathematical model.

In accordance with the tasks solved by the software
package for the study of DCV (Fig. 1) [2, 3, 5], the fol-
lowing parameters are related to the simulation results:

1. To study time dependences — instantaneous values
of currents and voltages in the input #;,(?), uinx(f) and out-
put iouu(?), uou(f) circuits of a single k-th PWC, their total
values for the DCV i;n(f), usin (), isou(?), Usou () at SPC
and iMSk(t)a uMS(t)’ iM.out(t)a uM.out(t) MPC.

2. To study the dependencies of the quality indicators
of the electrical processes of the DCV on the values of the
accumulation and transformation coefficients, the value of
the output power, the relative supply voltage and load, the
number of power channels, and other parameters:

— absolute ripple of currents Alins, Alouks Alsin, Al ous
AIM.im AIleout and VOItageS Aljink: AUoulks Al]s.im AUS.OUD
AU, in, AUy ou, respectively, at the input and output to the
PWC and DCV during SPC and MPC;

— the ripple coefficients of currents Ci i, Crsous Crmuin,
Crm.out and VOItagCS Crs.inua Crs.outu: Crm,inua Cnn.outu at the
input and output of the DCV at the SPC and MPC, re-
spectively;

— smoothing factor of the converter for current S; and
voltage S,;

— smoothing coefficients of the structure at the input
Sin, Sin and the output Syy;, Sour, In terms of current and
voltage;

—  adjusting
Uoul/ Uin:f(f;))'

In this case, the smoothing coefficient is determined
by the ratio S=C;ir/C:.outs Si= Cr.inu/Cr.ou 18 Used to charac-
terize the efficiency of suppression of alternating currents
or voltages in a device that has a filtering effect (for ex-
ample, a rectifier, converter, filter), where C.i, Cous
Crinws Croute — ripple coefficients, respectively, of the input
and output current or voltage at the input and output of
the DCV.

Smoothing coefficients of the structure of a modular
converter in the power supply circuits S;,, Sin, and loads
Souts Soure 1N terms of current and voltage characterize the
efficiency of suppression of alternating components in the
MPC, relative to the similar case of the SPC in the corre-
sponding circuits of the converter. For SPC S;;=S..=1,
Sin=Soutu =1 [7, 8]. For MPC S;,,,, Souu can be used as
indicators characterizing the efficiency of smoothing the
relative decrease in variable components in the MPC in
comparison with the SPC made of the same number N
PWC [6, 7].

3. To study the energy parameters of converters,
which include:

characteristics  (Up/Un=f;) or
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— effective values of currents on PWC elements /cinje,
Isikes Tpiker Ivpikes Traker Ir12kes Icoutkes their total values for
DCV Isie, I11e, Iypies 1126, 1120, While the effective values
of currents of capacitors of input and output smoothing
filters during SPC and MPC will be different (in MPC,
the maximum value of the corresponding currents is less)
and ICinMe < ICinse and ICoutMe < [Coutse~

— power losses on PWC elements Pcik, Psir, Prik
PVle, Psz, Plek, PCoutk, their total values for DCV PS],
Iyp1, Pr1, Pra, Pria, while power losses on capacitors of
input and output smoothing filters during SPC and MPC
will be different and (Pcy = Pciny T Pcoun) < (Pcs = Pcins +
+P, Couts)'

— the coefficients of efficiency of the power channel
Npwek and the converter of modular structure at SPC 1y
and MPC 1jyps.

Based on the foregoing, the tasks solved by the devel-
oped software will be a set of interconnected functional
blocks, which are presented in the form of an information
model, Fig. 2. With an automated study of converters of
modular structure in accordance with the information
model (Fig. 2), the software package allows you to:

1) study of the parameters of electrical processes in
the time domain for various parameters of the elements,
operating modes of both a single PWC, and the DCV as a
whole;

2) a study of the influence of the magnitude of the
values of the initial data and basic parameters on the qual-
ity indicators of electrical processes (on the absolute and
relative pulsations of voltages and currents in the input
and output circuits, and the smoothing coefficients) of the
converter;

3) study of the influence of changing the number N of
the PWC of the converter on the quality indicators of the
electrical processes of the converter.

4) study of the influence of changes in these parame-
ters on the energy performance of the DCV in different
modes of operation.

In accordance with the tasks of the study of the DCV,
the following functions of the investigated parameters
have been identified, which are necessary to assess the
quality of electrical processes, energy parameters in the
PWC elements, as well as in the input and output circuits
of the converter (Fig. 2):

1. Functions of time — f{7).

2. Not being functions of time, for example, the accu-
mulation factor — f{f;), functions of the transformation
ratio — f{ny;) or functions of the number of power chan-
nels — f{N), functions of value relative supply voltage —
AUY.

To solve each of the tasks of the automated research,
the “Control program” [4] is used, which controls the
computational process, as well as the input of the initial
data, the output of the calculation results, including the
construction of graphs of the selected dependencies.

The control program carries out the required research
using separate functional (depending on the tasks to be
solved) program modules, implemented in the form of
dynamically linked libraries [4]. During research, the con-



e-ISSN 1607-3274 PagioenexTpoHika, iHpopmaTuka, ynpasiinss. 2022. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2022. Ne 3

trol program uses a set of software modules in the form of
dynamic libraries containing a set of tools necessary for
solving a particular problem.

4 EXPERIMENTS

To perform these studies using a computer, it is advis-
able, on the basis of an analysis of all the calculated ratios
and the formulated research tasks, to divide the entire
process of calculating the processes and parameters of the
converter into a number of independent tasks. Next, dis-
tribute them (Fig. 3) by type of research and for each
problem to be solved, compose a calculation algorithm,
on the basis of which the software should be implemented
in the form of appropriate subroutines. After that, it is
necessary to combine all the subprograms into a single
software complex for the study of DCV, consisting of
software modules with various tasks to be solved.

Let us consider in more detail, taking into account the
adopted approach — separation into a separate software
module — a module for calculating basic parameters that
are common for any type of research.

Let’s select separate subroutines (SR), which are part
of the algorithm for studying the DCV (Fig. 3), imple-
mented in the form of a dynamically connected library:

1) SR “Calculation of basic parameters” serves for
preliminary calculation of parameters and their prepara-

tion as initial data for calculating the investigated quanti-
ties (block (bl.) 3, Fig. 3);

2) SR “Time dependencies” for calculating timing
diagrams (bl. 11, Fig. 3) both in the circuits of a separate
power channel, and at the input and output of the con-
verter as a whole (Fig. 1);

3) SR “Quality indicators” (bl. 10, Fig. 3) for calculat-
ing the dependences on the accumulation coefficient (with
the possibility of changing the number N of PWC, bl. 5,
Fig. 3 and the transformation ratio ny; — bl. 6, Fig. 3) qual-
ity indicators (Fig. 3) of the electrical processes of the
DCV (absolute pulsations, pulsation coefficients, smooth-
ing coefficients);

4) SR “Energy parameters” (bl. 9, Fig. 3) for calculat-
ing the effective values of currents in the elements of the
PWC, the converter, as well as the efficiency at different
values of the accumulation coefficients f, and transforma-
tion 7,1, values, output power P, and various the number
N of power channels of the DCV.

The algorithm of the software complex for the study
of DCV contains the following blocks and subroutines:

After the start of the program (bl. 1) of the algorithm
(Fig. 3), in bl. 2, the initial data are entered: the parame-
ters of the elements, the required type of research, the
required type of dependence that needs to be obtained.
Depending on the selected type of study, the type of de-
pendence in the subroutine (bl. 3), the basic parameters

Tasks solved by the SP

Y

y

Y

Investigation of DCV
parameters in the time

domain

Investigation of DCV
quality indicators

Investigation of the
energy parameters of
DCV

y

Input and processing of initial data

\

Calculation of time intervals

'

Calculation of basic parameters of
DCV

v

Calculation of parameters that are
functions of time

Y
Calculation of parameters that are not
functions of time

l I

A

Y

Calculation of DCV
parameters in time domain

Calculation of DCV
quality indicators

Calculation of energy
parameters of DCV

<l

A

\

-«

Output of calculation results in the form of tables and graphs

Figure 2 — Software Information Model
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are calculated, which are used in the corresponding calcu-
lations (time dependences, quality indicators or energy
parameters) in the PWC or DCV. In bl. 4, depending on
the given type of the investigated dependence, the compu-
tational process branches out: bl. 5, if the selected de-
pendence on the accumulation coefficient — f{f,), or bl. 6,
dependence on the transformation ratio — ny; or bl. 7, if
the study of time dependences f () is selected. The speci-
fied bl. 5, bl. 6, bl. 7 are the beginning of the correspond-
ing cycles for the selected type of dependence. For exam-
ple, for dependence on the accumulation coefficient —
f(fa), in bl. 5, its minimum f;,;, and maximum f; .« values
are determined, as well as the step Af,, with which the
accumulation coefficient will change. The accuracy of the
calculation depends on the size of the step interval Af,.
With an increase in Af;, the error increases. A decrease in
Af, in order to increase the calculation accuracy leads to
an increase in the calculation time.

In addition to calculating the parameters of elements
and plotting dependencies, it is important to study the
characteristics of the device under various operating mod-
es and when changing the parameters of the elements.

To create the software, the calculation method was
used [4], while the study of electrical processes is imple-
mented in the form of an array of input data elements and
the corresponding array of elements of the calculation
results, that is, in the form of a function Y,=f(X,) where Y
is an array of calculation results, X is an array initial data,
m — element number in the array of calculation results, n —
element number in the initial data array. This makes it
possible at the program level to separate the study that
operates with the values of m and n from the mathemati-
cal model using the corresponding arrays of initial data —
X and calculation results — Y. In this case, the control pro-
gram is universal, and the change in the applied purpose
of the study can be carried out by replacing the mathe-
matical model and arrays X and Y, which are implemented
using a separate dynamically linking libraries (DLL) pro-
gram module. Therefore, to carry out any research using a
universal control program, it is sufficient to create addi-
tional DLL [4].

The principle of operation of a specialized program
for research is to calculate the array of results in the main
function using the appropriate subroutines (the required

set of DLL) based on the array of initial data and basic
parameters (Fig. 4) [4].

To carry out automated studies of the DCV, a program
was used that allows you to work with DLL [4]. At the
same time, the program itself is not tied to a specific ma-
thematical model and can be used to study a wide range
of technical devices. Changing the application purpose of
the program is done by replacing the dynamic library file
(mathematical model).

The algorithm of the program for the research is de-
scribed in detail in [4]. This control program, being a uni-
versal one, allows to carry out a wide range of automated
studies of DCV in accordance with the mathematical
model implemented in the DLL. When studying convert-
ers in the time domain, as well as the influence of the
value of the accumulation coefficient — f,, the transforma-
tion ratio — n,; and other parameters on the quality indica-
tors and energy parameters of the DCV of the modular
structure of construction, several directions can be distin-
guished:

1) Investigation of the influence of these parameters
on the quality indicators of the DCV at a constant load
power, when the load power P,,~=const, and the consump-
tion and load current of the &-th power channel is N times
less than the total current of the DCV P.=I.uUsu
Poutk:P()ul/N = (Uoutloutk/N)Uoub [outkzlout/N- Such a con-
struction of converters allows you to build converters
from low-power (low-current) and, accordingly, cheaper
element base with better dynamic characteristics. Here,
the output voltage and load current of the converter are
taken as the initial data, and the load resistance will be
determined as R,y = Uy /Lou, and in the k-th power chan-
nel it will be Ry = Ugut Loutr OF Rowti= Rou™ N.

2) Investigation of the influence of the above parame-
ters on the quality indicators of the DCV with a constant
power P,gu=const of the k-th power channel. Then the
load power will increase with an increase in the number
of power channels Py = NPouy = (Ioux Uow) N. Such a
construction of converters allows unifying the converter
modules and increasing its power by connecting addi-
tional modules. Here, as the initial data, the voltage U,y
and the current [,y of the load of the £-th power channel
are taken, and the load resistance of the 4-th power chan-
nel will be determined, as shown in Table 1, and in the
DCV it will be Ryy = Rouye V.

Control (universal) program

Specialized dynamically linking
library - DLL

Array of initial data  (X)

Mathematical model
for the study of DCV

Array of results (V)

Figure 4 — The structure of an automated study using a specialized program and DLL
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For both single-phase and multiphase converters at the
boundary mode of operation [5, 6], the regulation (stabili-
zation) of the output parameters occurs by changing the
frequency and duration of the control pulses, which com-
pensate for the change in the parameters of the input volt-
age and load resistance. But at the same time, the fre-
quency in individual power channels remains the same.

When researching converters of a modular structure
(when the number N of power channels is increased, con-
necting them in parallel to each other, their equivalent
inductance changes, and therefore the conversion fre-
quency fp, therefore the results obtained in this way are
incorrect. conversion f, it is necessary to ensure a constant
value of the equivalent inductance of the choke.

When the power channels are connected in parallel to
the total load, the resistance R, (current /,,) of the load
will be evenly distributed between the k-th power chan-
nels at a constant load power, when the load power
P=const, (Rouy = RouN) and, accordingly (Zyuy = Low/N).

The frequency of converting the DCV is determined
by the parameters of the inductances of the chokes L1,
and the load resistances Ry in separate power channels.
However, from [5] it follows that with a change (power
P.y), resistance Ry,y, at the same value of the inductance
of the choke L1;, the conversion frequency f, will change
accordingly.

So, the increase in the number N of power channels
connected in parallel with each other at a constant value
of the load power (P, = const) of the converter will not
cause a change in the conversion frequency (f;), since the
frequency is proportional to the value Ryuu/(2:-Llg),
where L1,y — the equivalent inductance of the choke

L1v=Ll;yue /N, which is obtained when forming the
equivalent circuit of the DCV from, for example, N,,,. = 8
the number of power converter modules of the same type
containing N equivalent power channels with the same
parameters of the elements of the power channels (Fig. 5).

In order to conduct research on converters of modular
structure at a constant value of the conversion frequency
fo, it is necessary to change the inductance L1, of the
chokes in proportion to the change in the resistance Ry
(power P,y ) of the load [5].

At the same time, to study converters of modular
structure with single-phase and multiphase principles of
transformation in the boundary mode of operation, an
algorithm (Fig. 9) and a technique for calculating the ba-
sic parameters are used [5].

Let us take the following assumptions: with a single-
phase conversion principle, the PWC of the converter
operate synchronously and in phase, and all chokes, as
connected in parallel, can be replaced with an equivalent
choke L1=L1;/N. Thus, a single-phase pulse converter of
N modules connected in parallel with each other — PWC
(Fig. 5a, 6a, 7a) can be considered as one power module
(Fig. 5b, 6b, 7b), with an equivalent inductance L1 with
the corresponding total currents in its circuits.

It should be taken into account that the distribution of
the load resistance and inductance of the choke will be
carried out in the SPC and MPC differently.

Depending on the direction of research, the inductance
of the choke, the load resistance and, accordingly, the
currents in the circuits (equivalent — Fig. 5b), 6b), 7b) of
the converter will be redistributed in different ways.

I Iy, Sk A lvpiy Ll "Lf.a-li
IUI i ]SH Si"j k[VDM A [f,fj i Lout
+o—p—4 " 17
) VD11
i —— Z& ZS ZS VD11 = Sl | R
T S R = S
a
L, IS _L 5, g
+ O0—— 1—:i—{—m+
o 1 Ay
Um j— ZS po— Ruut
-o
b

Figure 5 — Converter of modular structure of N parallel-connected PWC (a), and its equivalent circuit (b) with n5; = 1
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Figure 6 — Converter of modular structure of N parallel-connected PWC (a), and its equivalent circuit (b) with 75, <1
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Figure 7 — Converter of modular structure of N parallel-connected PWC (a), and its equivalent circuit (b) with ny; > 1
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Figure 8 — Equivalent inductances L1,y obtained with a different number N of power channels connected in parallel to each other
on the basis (N, = 8) of eight PWC
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In this case, it should also be taken into account that if
the research is carried out at a constant value of the load
power P, = const, regardless of other conditions, then
with an increase in the number N of parallel-connected
power channels, the value of the total currents in the con-
sumption circuit /;, and load [, as well as their average
values will not change. And the currents in the circuits of
a separate k-th power channel will be N times less than
the value of the indicated total currents of the DCV.

In this case, the inductance of the choke will be dis-
tributed to N power channels L1=L1;/N. For example, in a
single-phase converter of a modular structure of 8 paral-
lel-connected PWC with inductance of chokes in separate
power channels L1, = 100 uH, the equivalent choke L1
will have inductance L1 = 100/8 = 12.5 pH.

When forming, for example, Ny, = 8, the number of
power converter modules of the same type containing N
equivalent power channels with the same parameters of
elements, their equivalent circuits can be considered as a
converter with N equivalent chokes L1;y= L1;ymax /N and
resistances Rouy = Routivmax /N k—X equivalent PWC.

If we replace the chokes L1.1, L1.2, ...L1;, ...L1y of
the converter of N power channels with equivalent Ly,
for example, for Ny, = 8, it can be seen that it is possible
by combining them to form a converter with the number
of N equivalent power channels (1 < N <8) — 8-channel, 4-
channel, 2-channel and SPC of 8 PWC. This approach is
illustrated in Figure 8, where it is shown how, on the basis
of the DCV of 8 PWC N,.x = 8, an equivalent DCV is
formed with parallel connection of the chokes, while en-
suring the constancy of the conversion frequency f,.

Table 1 shows how the equivalent resistances Ry and
inductances L1,y will be determined when forming N
channel converters of eight (N, = 8) identical k-th PWC.

Table 1 — Equivalent resistances and inductances of the SPC

at Nyax = 8
N 1 2 4 8
Rouiy Rowi/8 Rowi/4 Roun/2 Rouk
Ll L1,/8 L1,/4 L1,/2 L1

Carrying out research for SPC and MPC in different
modes of operation with a different number of N PWC,
provided that (P,,=const, I,,=const, R,,=const) and in
order to ensure the constancy of the conversion fre-
quency, the calculations must be carried out as follows:

The initial data in this case will be the parameters of
the DCV — the output voltage U,,, the load current I,
the number N PWC and the inductance of the choke L1.

Calculation results:

— DCV output power — Poy = Loyt Uouts

— Load resistance DCV — Ry = Ugut Lout;

— Output power of the k-th PWC — Py, = Pout/ N;

— Load resistance of the &th PWC -
Routk:(Pout 'N)/]vmax;

— Load current of the k~th PWC — I,y = Uout/Routi;

The inductance of the choke of the k-th PWC
L1;=(L1°N)/Npax, Where Np.c is the (basic) maximum
number of PWC from which the DCV is formed. For ex-
ample, as shown in Figure 8, Ny.x = 8.
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Further in Table 2, the main (basic) parameters of in-
ductance, resistance, power and current of the k-th power
channel corresponding to the indicated type of research
are given, with P,,=const.

Table 2 — Main (basic) parameters of DCV at P, = const

Py = t N | Ll Rou Pou Lowk
I"“‘; ((;((:rl;lsst 8 L1 Roul Paux/g Iom/S
Roul —const LA [ L12 | Row/2 | Pou/4 | lowt4

out
fl; = const 2 L1/4 | R4 Poul2 Tou/2
1 | L1/8 | Ruw/8 Py Tou

When conducting a study of the dependences of qual-
ity indicators on the parameters of the elements of the
power channels in various modes of operation with a dif-
ferent number N of PWC, provided that (P,,=const,
Iy=const, R,y=const) with the same constant frequency
as in the previous case conversion fy,, calculations must be
carried out in accordance with Table 3.

The initial data in this case will be the output voltage
Us,ui, the load current I, of the k-th PWC, the number N
of power channels and the inductance of the choke L1.

Calculation results:

— Output power of the k-th PWC — Py = Uyt Lousis

— DCYV output power — Poy = Pouy * N,

— Load current DCV — Iy =l N,

— Load resistance of the k<th PWC — Rou = Uout Aouis;

— Load resistance DCV — Ry = Ugui Aous;

— The inductance of the k-th PWC choke L1,=L1.

Taking into account the foregoing, the following algo-
rithm for analyzing the electrical processes of the DCV
with increasing N number of power channels with a con-
stant power of the k~th PWC P, = const (proportional
increase in the output power of the DCV and at a constant
load power P, = const (implementation of the DCV from
a larger number N of power channels of lower power).
Thus, the equivalent inductance L1,y and the resistance
Rouv of the k-th power channels will be determined dif-
ferently (Tables 2, 3).

Table 3 — Main (basic) parameters of DCV at P, = const

P,y = const N Rou Pou Low
1 qux = const 8 Rou/8 | 8Pou | 8louu
RouM = const 4 Roul/4 4Poul 419ul/c
o = const 2 Rouw/2 | 2P | 2L
le = const 1 Roul Poul Ioulk

To obtain correct results, it is necessary to take into
account the indicated features of calculating the parame-
ters of the DCV when studying the electrical processes of
the converter, both in the time domain and the depend-
ences on the accumulation coefficients (f,), transforma-
tion (7)), the value of the relative supply voltage (Up,),
the number N of power channels and value of output
power (Pyy) of the DCV.

For all the specified studies of the DCV, the basic pa-
rameters (]in’ T:ﬁ)a L2k’ Routka Rout: Iina Pina Poula ]mla Im2 nec-
essary for carrying out the necessary studies will be calcu-
lated in the SR, the conditional name of which is “Basic
parameters” The initial data in the SP for calculations will
use the parameters presented in Table 4.
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Table 4 — Initial data for calculating electrical processes

Ne Designation Name
1 Uou Output voltage (load)
2 Lo Output current (load) DCV
3 Lok Output current (load of the k-th PWC)
4 N The number of power channels DCV
5 fy Accumulation factor
6 L1 Primary winding inductance of the choke W1
7 Ny Transformation coefficient
8 Nax Maximum number of power channels DCV
9 Ciy Capacitance of the input filter capacitor
10 Cout Capacitance of the output filter capacitor
11 Ui, Relative supply voltage
12 R, Operating mode — stabilization (tracking)
13 R, Conversion mode — SPC (MPC)
14 P,umode Type of calculation: P,,=const, (Pyy=const)

The main basic parameters of the k-th power channel
PWC (coefficients of accumulation f,, and return fy,
power supply voltage Uiy, load resistance Ry, conver-
sion frequency fo;=1/T};, accumulation time 7, and return
time ¢ of energy by a power choke, current ripple ranges
L Loy of the choke, average values of current consump-
tion [, and load Iy, out power Pyy) are presented in
Table 5.

In the case under consideration, with the symmetry of
the electrical processes and the identity of the parameters
of the elements in the k-th PWC DCV Ug=Uiy,
Uoute=Uouts Jox=for To=To=1lfos Jax=fas Ju=hs Wu= Wi,
Wu= W, tu=ty, ta=t, Li=li/N, Lows=low/Ny Lnix=In1,
Im2k:1m2-

In this case, the indicated intermediate (basic parame-
ters) will be preliminarily calculated, which are the initial
data for subsequent calculations and studies using the
ratios that are presented in Table 5.

Table 5 — Basic parameters of electrical processes of k-th PWC

INe  [Designation Name

1 Rou Load resistance k-th PWC

2 Pou Load power k-th PWC

3 ok Accumulation factor k-th PWC

4 j Return factor k-th PWC

5 Usnk Input voltage (power supply) k-th PWC

6 Jor The boundary value of the conversion frequency

7 Tk Conversion period

8 Lk choke current ripple on accumulation interval

9 Lok Choke current ripple on return interval

10 Lk Average current consumption k-th PWC

11 Ui Relative supply voltage k-th PWC

12 Uqu Relative load voltage k-th PWC

13 Towk Load current k-th PWC

14 L1, Inductance of winding W1 of the inductor 4-th PWC
15 L2, Inductance of winding /2 of the inductor k-th PWC

Using a mathematical model [2, 3] and algorithms
(Fig. 3, 9), software has been developed for the automated
study of DC voltage converters [6, 7].

5 RESULTS
Using the specified software, the dependences of the
energy parameters were obtained (Fig. 10 — Fig. 12). The
dependences of the relative effective values of the cur-
rents of the switch S1, and the diode VD1, are shown in
Fig. 10. The first study (Fig. 10 a) was carried out at a
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fixed load voltage and a variable input voltage (the input
voltage was set in such a way that at a given accumulation
factor f, the output voltage remained constant. The second
study was carried out at a fixed ratio of input and output
voltages Uy, of the converter (Fig. 10 b).

The analysis of the conducted studies shows that the
influence of the transformation ratio of the choke on the
relative effective values of the currents of the keys S1;
(IeSlk/Ioutk) and Vle (IeVle/Ioutk) (Where Ioutk is the load
current of the power channel) is quantitatively and quali-
tatively the same as for a fixed power of the power
P,=const (when the power of the converter is propor-
tional to the number of power channels Py, = NPquy), and
for a fixed power of the converter P,,~=const (when the
power of PWC is inversely proportional to the number of
power channels Py = Pou/N).

From the graphs (Fig. 10) it can be seen that by choos-
ing the transformation ratio of the choke, it is possible to
increase or decrease the relative currents of the power
switching elements. In this case, the degree of influence
of the transformation ratio of the choke depends both on
the value of the accumulation coefficient and on the value
of the relative supply voltage.

With the accumulation coefficient f, = 0.5 and the
transformation ratio of the choke n,; = 1, the relative ef-
fective current of the key S1; is equal to the relative effec-
tive current of the diode VD1, (Fig. 10 a). This is due to
the equality of both the relative durations of the open state
of these power switching elements (f, = f;) and the range
of their pulsations (Z,,; = I,,») (Fig. 11 a). This feature of
the operation of the power section of the converters is
useful in practice, since it allows the use of power ele-
ments S1; and VD1, with the same installed power or, in
the case when a transistor is used instead of the diode
VD1,, the same elements. The operation of the converter
at a different value of /in leads to a redistribution of the
effective values of the currents of the power switching
elements. With an increase in f,, the relative effective
current of the transistor S1; increases, the diode VDI,
decreases (Fig. 10 a). A decrease in kn leads to the oppo-
site phenomenon: a decrease in the relative effective cur-
rent of the transistor S1k and an increase in the relative
effective current of the diode VD1,.

Choosing the transformation ratio of the choke allows
you to align the relative effective values of the currents of
the power switching elements. So, for example, with the
accumulation coefficient f, = 0.2, the equality of the rela-
tive effective values of the currents g = Lypix occurs
when using a choke with a transformation ratio 7y, = 2,
and for f, = 0.8 — at ny; = 0.5 (Fig. 6, but). The diagrams
of the choke currents for this case are illustrated in the
figure in 11, b, c.

The dependence of the relative operating currents of
the switches S1; and VD1, on the value of the transforma-
tion ratio n,; at various values of the relative supply volt-
age U, is shown in Fig. 12.

It can be seen from the graphs that an increase in the
transformation ratio n,; leads to an increase in the relative
effective current of the switch S1;, and a decrease in the
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relative current of the diode VD1, at any values of the
relative supply voltage Uy,

However, the degree of influence of the transforma-
tion ratio of the choke on the values of the relative effec-
tive currents of the power elements is different. Thus, in

1

C

Start

Y

)

the range 1 < ny; <5, the relative effective value of the
diode current decreases by 0.75 times, while the relative
effective value of the current increases by 1.5 times
(Fig. 12).

Uous Lous> Ta, 1121, Cin, Coue L1, M, My, N,
Conversion mode: SPC, MPC,
Operating mode: stabilization,
tracking;

Initial data

E

types of research:
1) Time dependencies

Stabilization?

4 \J

2) Quality indicators
3) Energy parameters

5

Y

calculation Uy,

calculation f,

I

Row=const-?

7 \J

y

Pou= Uosudout ; Pouk= Pou/N ;
Roul: Uoul/loul ;Ioulk: Uout/Routk;
Routkz (RoulN)/]vmax 5
L= (LIN)/]Vmax -

Poutkz Uoulloutk;Poulz PoulkN;
Row= UoutIout 5 Lou= LoV
Routk: Uout/lnulk;le: LI-

I

calculation: Uiy, Ty, fo, L2,
Iin: Pim Iml, ]mZ: fr; fa: t.

10 Y

ljout: Iout: faa ny, Cim Cout LI, M, A/[m ]V,

/ Output of results

Conversion mode: SPC, MPC,
Operating mode: stabilization, tracking;

11 \

types of research:
Rouu=const, R,,=const.

C End

)

Figure 9 — Algorithm for calculating basic parameters
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Figure 10 — Dependences of the effective currents value of switches S1; and VD1, on f, (a), and on Uy, (b) for different values 7,,
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Figure 11 — Timing diagrams of choke currents of the PWC i,,(?) at, Uy, = const, fo= 0.5 and 1y, =1 (a), fr= 0.2 and n,; = 2 (b),
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Figure 12 — Dependence of the effective value of the currents of the keys S1; (a) and VD1, (b), on ny; at different values of the
relative supply voltage U,

6 DISCUSSION

Thus, to equalize the effective values of the currents in
the power switching elements in the tracking mode with
the accumulation ratio f, < 0.5, it is necessary to use a
choke with a transformation ratio n,; <1, with an accu-
mulation ratio f, > 0.5, it is necessary to use an inductor
with a transformation ratio n,; > 1. In the stabilization
mode, to equalize the effective value of the current be-
tween the power switching elements with a supply voltage
to load ratio U, > 2, it is necessary to use a choke with a
transformation ratio n,; > 1, with U,, <2, the transforma-
tion ratio of the choke should be less than one ny; < 1. It
should also be noted, that when the effective values of the
currents in the power switching elements are equal, the
relative effective value of the current in them is 50% of
the load current (s = Lyp1=0.5).

CONCLUSIONS

Based on the results of this article, the following con-
clusions can be drawn:

The paper discusses the main methods of automated
research and design of radio engineering devices that can
be used to analyze the electrical processes of pulsed DC
voltage converters of a modular structure.

The main tasks to be solved by the developed software
are formulated; the basic requirements for the software for
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the study of pulsed DCV are given; with the help of the
information model of the software complex, the connec-
tion of the research tasks to be solved with individual
software modules is shown.

Algorithms of calculations are given, the analysis of
research results obtained using the proposed method is
given.

The scientific novelty of obtained results is that the
algorithms and software modules have been firstly devel-
oped that constitute the computational basis for the analy-
sis and study of electrical processes and energy parame-
ters of converters of modular structure.

The practical significance of obtained results is that
the developed calculation algorithms and software can be
used to solve the problems of analysis and research of
DCV, which have increased functional capabilities in
comparison with the existing CAD systems of radio engi-
neering devices.

Prospects for further research — the proposed ap-
proach is the basis for solving the problems of research
and design of DCV of modular structure, plays an impor-
tant role in identifying the features of functioning, choos-
ing the optimal modes of its functioning and the option of
circuit design.
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MOJIYJIbHOI CTPYKTYPU
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Ka akaneMmisi», Omeca, YkpaiHa.
KouerkoB O. B. — kaH1. TexH. HayK, JOLEHT KadeapH eKcIuTyartauii CyTHOBOTO eIeKTPOOoOIaJHaHHs Ta 3ac00iB aBTOMATHKH,
Onechkiil HaioOHATBHUM MOpChKUil yHIBepcuTeT, Oneca, Ykpaina.

Mmuxaiinenko B. C. — kaHA. TexH. HayK, JOLEHT KadeapH eleKTpooOTagHaHHS Ta aBTOMATHKH CyAiB, HamioHampHMIA
yHiBepcuTeT «Omecpka MOpChKa akageMisy, Oneca, YkpaiHa.
AHOTAULIA

AxTtyansbHicTs. [leperBoproBaui noctiiiHoi Hanpyru (IIITH) Bxoasarts no ckiaxy cydacHux cucreM enekrpoxxusieHHs (CEX) ta
SJIEKTPOIIOCTaYaHHs, 3a0€e3MMeUyour PoOOTy EINEeKTPOHHUX Ta PaJioTeXHIYHHUX IIPUCTPOIB, TEIEKOMYHIKaliHHNX CHCTEM Ta amapary-
PH 3B’513KY, 3HAUHOIO MipOO BU3HAYAIOUH 1X €HEProCIoXKMBAHHs, HA[IIHICTh, YaC TOTOBHOCTI 10 poOOTH, Maco-rabapuTHi Ta BapTic-
Hi moka3HukU. He3Baxaroun Ha Te, IO B {H)KEHEPHIH NMPAKTHI[I BUKOPUCTOBYETHCS BEJIMKA KUIBKICTh PI3HHX IAKETIB IPOTrpaM UL
JOCII/DKEHHS Ta MPOSKTYBAaHHs PaJiOTEeXHIYHUX MPUCTPOIB, Taki cUcTeMU aBToMaTn3oBaHoro npoekryBanus (CAIIP) Ta BipTyass-
HOT'O KOMII’IOTEPHOTO MOJICIIIOBAHHS €JIEKTPOHHUX CXEM MalOTh AEsIKi OOMEXKEHHS, 1110 HE JO3BOJIAIOTH MIBH/KO IIPOBECTH BECh KOM-
wiekc gocuimkens [1ITH, HeoOXigHU 115 aHANI3Y eIeKTPUYHMX MPOIIECIB 3a PI3HUX PEKUMIB pOOOTH amapaTypH.

Hine. B nanoMy po3aini MeToro € BUOIp HAROUIBII MiAXOSIINX METOMIB Ta aJTOPHTMIB, IO JO3BOJIATH PO3POOHUTH MPOTpaMHe
3a0e3nedueHHs, HeoOXiHe Ay BUPIMICHHS 3aBAaHb JOCITIIPKSHHS Ta aHANI3y eJCKTPUYHHUX NPOLECIB Ta CHEPreTHIHUX IapaMeTpiB
INITH MomybHOI CTPYKTYpH B OKpeMo B3siToMy critoBoMy kanani (CK).

Metoa. B po6oTi 3anpornoHoBaHuii METOI, SIKMI MOJSAra€ y BUKOPHCTaHHI MaTEeMaTHYHHUX MOJEJeH, 110 OIHCYIOTh eIeKTPHYHI
IIPOLIECH B IIEPETBOPIOBAYAX IOCTIHHOT HAIIPYTH i CTBOPEHHI Ha 0a3i pO3pOOICHUX aIrOPUTMIB PO3paxyHKY, CIIeLialli30BaHOTO MPO-
IpaMHOTro 3a0e3MeYeHHs ISl aBTOMAaTH30BaHOTO JJOCII/UKEHHs eNeKTpuaHuX npoteciB B [IITH MoxynbHOT CTPYKTYpH 33 JOIIOMOTOI0
EOM.

PesyabraT. B po6oTi po3riisiHyTi OCHOBHI METOAM aBTOMAaTH30BAHOTO JOCII/DKEHHS PaJiOTEeXHIYHUX HPHUCTPOIB, SIKI MOXKHA
BHKOPUCTOBYBATH JJISl aHAIi3y €JIEKTPUYHUX MPOIECIB IMITyJbCHUX NEPETBOPIOBAYIB MOCTIHHOI HANPYTH MOIYJIBHOI CTPYKTYPH.
HaBeneHo anroputmu po3paxyHKY i, sSIK MPUKIAJ, IesKi pe3ybTaTd aBTOMAaTH30BAHOTO JOCHTIKEHHS, OTPHUMaHI IIPH BUKOPHCTaHHI
JTAHOTO METOY.

Bucnoskun. [IpoBeneHo aHami3 BiJoOMHX METOAIB aBTOMAaTH30BAHOT'O JOCITIIPKEHHS MEPETBOPIOBAYIB MOCTIHHOT HANIPYTH MOJY-
nbHOT cTpyKTypH. HaBeneHo ix nepeBaru Ta Henoniku. [TokazaHo, 1110 HAHOLIBII MiIXOSIIMM € METOM, 3aCHOBAaHUI HA BUKOPHUCTAaH-
Hi MaTeMaTUYHHUX MOJIEJeH, 110 ONUCYIOTh eJIEKTPUYHI MPOIECH B MEpPeTBOPIOBaYax IOCTIHHOI Hampyru aaHoro tumy. Ha ocHOBI
HaBEJCHHX y IPYroMy PO3Aiii poOOTH MaTeMaTHIHUX MOJeleid, Oyiin po3po0IeHi alropuTMH i CrielianizoBaHe mporpaMHe 3adesre-
YeHHs, SIKi T03BOJISIFOTH IIHPOKO iX BUKOPUCTOBYBATH IIPU aBTOMATH30BAHOMY JOCII/DKEHHI 1 MPOCKTYBaHHI MEpPEeTBOPIOBAYIB 1M0-
CTifHOT HAIPYTH MOAYJIBHOI CTPYKTYPH.

KJIFOYOBI CJIOBA: MoxynbHI IepeTBOPIOBaYi HANPYTH, CHJIOBUI KaHAJ, PSKUMH POOOTH MEPETBOPIOBAaYA, aITOPHTM JOCIi-
JDKSHHS! €JIeKTPHYHUX TIPOIIECIB.

© Kharchenko R. Yu., Kochetkov A. V., Mikhaylenko V. S., 2022
DOI 10.15588/1607-3274-2022-3-1

20



e-ISSN 1607-3274 PagioenexTpoHika, iHpopmaTuka, ynpasiinss. 2022. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2022. Ne 3

YIK 621.362.2
AHAJIA3 METOJIOB ABTOMATH3UPOBAHHOI'O UCCJEJTOBAHMS MTPEOBPA3OBATEJIEN IOCTOSTHHOT' O
HATPSIKEHAA MOAYJBHOM CTPYKTYPHI

Xapuenko P. FO. — xann. TexH. Hayk, OOLEHT kadeapsl MOpckod paauocBszu, HammonanbHeiii yHHBepcuTeT «Opecckas
Mopckast akagemus», Onecca, YkpauHa.

KoueTrkoB A. B. — kaHJ. TexH. HayK, JOIEHT KaeIphl IKCILTyaTalllH CyJOBOTO IEKTPOOOOPYIOBAHUS U CPEICTB ABTOMATHKH,
Opecckuii HAIMOHAIBHBIN MOPCKOH yHHUBepcuTeT, Onecca, YKpanHa.

Muxaiinenxko B. C. — kaHxa. TexH. HayK, JDOLCHT KadeIphl 3JIEKTPOOOOPYJOBAHUS M aBTOMATHUKH CynoB, HammoHanbHBIHA
yHuBepcuter «Onecckas Mopcekas akagemus», Onecca, YkpauHa.

AHHOTADIUA

AxTyansHoOcTb. [Ipeobpa3zoBarenu nocrosiuHoro Hanpspkerus: (IIHH) BxomsT B coctaB COBPEMEHHBIX CUCTEM JJIEKTPOIHUTAHUS
(COII) u snexTpocHabxeHUs, obecrieunBasi paboTy SMEKTPOHHBIX M PAJAUOTEXHHUECKUX YCTPOHUCTB, TEIEKOMMYHUKAIIMOHHBIX
CHCTEM M alIaparyphl CBSI3H, B 3HAUMTEIBHON CTENEHM OMPEJENsis X 3HEPronoTpedieHne, HaJexKHOCTh, BPEMSI TOTOBHOCTH K
paboTe, MaccorabapuTHBIC ¥ CTOMMOCTHEIE ITOKa3aTenu. HecMOTps Ha TO, 9YTO B MHXKEHEPHOH IPAaKTHKE HCIIOIB3yeTcs OObIIoe
KOJIMYECTBO Pa3JIMYHBIX MAKETOB IIPOTrPaMM JUIS UCCIICAOBAHUSA U NPOEKTUPOBAHUS PAAMOTEXHUUYECKUX YCTPONCTB, TAKUE CUCTEMbI
aBToMatu3upoBanHoro npoektupoBanus (CAITP) ¥ BHPTyaJbHOTO KOMIIBIOTEPHOTO MOJICIHPOBAHUS JJICKTPOHHBIX CXEM HMEIOT
HEKOTOpBIC OTPAaHMYCHHUS, HE IO3BOJIAIOIINE OBICTPO MPOBECTH Bech KoMIuiekc uccnenoBanuil [1ITH, HeoOXxomumblid 11 aHanuza
NEKTPUIECKHUX MPOLECCOB MPH PA3IUUHBIX PEXHUMAX PAOOTHI anmapaTypel.

Heab. B mannoM pasiene menbio SBISETCS BRIOOP HanOosee MOAXOIANINX METOAOB U alTOPHTMOB, YTO MO3BOJIAT pa3padoTaTh
IporpaMMHOe o0ecliedeHne, HEeOOXOAMMOe JUIsS peIIeHHS 3aJad HCCICJOBAaHMS M aHadW3a ODJICKTPUYECKHX IIPOLECCOB U
sHeprerrdeckux napamerpos [1ITH MoxyapHOM CTPYKTYpBI B OTACNIBHO B3TOM cHiIoBOM KaHaie (CK).

Metoa. B pabote mpemioxkeH METOX, KOTOPBIH 3aKIIOYaeTcss B HMCHOJIB30BAHMM MATEMaTHUECKUX MOJEINCH, OMHCHIBAIONINX
UIEKTPUIECKHE IPOIECCHl B MPeoOpa3oBaTessiX MOCTOSHHOIO HANpsHKEHHS M CO3JaHMM Ha 0a3e pa3pabOTaHHBIX AJITOPHUTMOB
pacuera, Criel{HaJIN3UPOBAHHOIO IIPOrPAMMHOI0 00€CIICYEHHUS JULSl aBTOMATH3UPOBAHHOIO MCCIIE0BAHUS SIEKTPUUECKUX IIPOLIECCOB
B [1ITH moxynbHOH cTpyKTypbl Ipu oMoy DBM.

Pe3yabTathl. B paboTe paccMOTpeHbl OCHOBHBIE METO/IBI ABTOMATU3HPOBAHHOTO MCCIIEJOBAHUS PAJHOTEXHUIECKUX YCTPOHUCTB,
KOTOpBIE MOXKHO HCIONB30BaTh AJIS aHATH3a MEKTPHIECKUX IPOIIECCOB UMITYIIbCHBIX IPeoOpa3oBaTesiel HOCTOSHHOTO HANPSDKCHUS
MOIYJIBHOH CTPYKTYpHI. IIpHBeIeHbI anropuTMBI pacdera M, B KadeCTBE IPHMepa, HEKOTOPHIE Pe3yIbTaTbl aBTOMAaTH3HPOBAHHOTO
HCCIIEN0BAHMS, TOTyICHHBIE IPU UCIIOIb30BAHUHN JAHHOTO METOIA.

BruiBoasl. IlpoBeneH aHaM3 M3BECTHBIX METOJOB AaBTOMATH3MPOBAHHOIO HCCIENOBaHUS IpeoOpazoBaTeiedl MOCTOSIHHOTO
HanpsHKeHUsT MOJAYJIBHOW CTPYKTyphl. [IpuBeleHBl MX HpeuMyluecTBa M HeJOCTaTKH. [lokasaHo, yTo Haubonee MOIXOISIINM
ABISIETCS. METOJ, OCHOBAHHBI HAa WCIOJIB30BAHUM MAaTeMaTHYeCKUX MOJeNel, ONUCHIBAIOLIMX IEKTPUYECKUE IPOLECCHl B
nmpeoOpa3oBaTesiX IOCTOSHHOTO HampshKeHHs JaHHoro Ttuma. Ha ocHOBe NpHBEAEHHBIX BO BTOPOM pasjene pabGoThI
MaTeMaTHYEeCKHUX MOJENSIX OBUIM pa3pabOoTaHbl aATOPUTMBI M CIEHHAIU3UPOBAHHOE IPOTrPaMMHOE OOECHEeUeHHe, KOTOpbIE
MO3BOJISIIOT IIMPOKO HX HCIOIB30BAaTh IIPUM aBTOMATH3MPOBAHHOM HCCIIEIOBAHWM U TIPOSKTHPOBAaHMH HpeodpasoBaTeneit
TIOCTOSIHHOTO HAIPSDKEHUST MOYJIBHOM CTPYKTYPBI.

KJIFOYEBBIE CJIOBA: monynbHBIE TpeoOpa3oBaTeN HANpPsDKCHHS, CHIIOBOM KaHal, PeKUMBI paboTHl Ipeodpa3oBaTeds,
ITOPUTM HUCCIIEJOBAaHUS MIEKTPUUECKUX IIPOLECCOB.
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OJHOPIJIHI INTAHU BATATO®AKTOPHUX EKCIIEPUMEHTIB
HA KBA3IBHUIIA JKOBUX R-TOCJITOBHOCTSX POBEPTCA
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KOMIT FOTEPHU30BaHUX TEXHOJIOTiH, UepKachbKuii Aep:kaBHUI TEXHOJIOTIYHUH yHiBepcuTeT, YepkacH, YkpaiHa.
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imkeHepii sikocti, HanionansHuit aepokocMiunmiit yHiBepeuret iM. M. €. XKykoBcbkoro «XapkiBCbKHi aBiamiiHUN iH-
CTHTYT», XapKiB, YKpaina.

Tpem6oBenbka P. B. — 1-p TexH. HayK, JOLEHT, IONEHT Kadeapu NpHiIanoOyIayBaHHS, MEXATPOHIKH Ta
KOMII FOTEPH30BaHIX TEXHOIOTiN, UepKkachKuil epKaBHUN TEXHOJIOTIYHIN yHiIBepcHTeT, Yepkacu, YKpaiHa.

AHOTALNIA

AxTyanbHicTh. Po60Ta npHCBsiueHA MUTAHHSAM CTBOPEHHS 0araTo(akTOpHHX IUIaHIB €KCIEPUMEHTIB Ha OCHOBI KBa3iBHMIaKO-
BUX peKkypcuBHHMX R-mociinoBHocteil PoGeprca. O6’€KTOM JOCIIKEHb € TPOLEC CTBOPEHHS KOMIT IOTEPHUX OJHOPIIHUX ILIaHIB
eKCriepUMeHTIB. MeTa CTaTTi NoJisirac B CTBOPEHHI 6araTopakTOPHUX, a CaMe LIECTH- Ta CeMU- (PaKTOPHUX, OHOPIAHUX IIaHIB eKC-
TaHHA Ha MPUKJIAJl CypOraTHOTO MOJIEIOBaHHS Y BUXPOCTPYMOBIH CTPYKTYPOCKOITIi.

Merton. [y moOynoBru OaraTOBUMIpHHX TUIAHIB €KCHEPHMEHTIB 3aCTOCOBAHO ITEPATHBHUI METOJl PIBHOMIPHOTO 3allOBHEHHS
OJMHUYHOTO TiNepKyOy ONOPHHMH TOYKaMH, II0 3a0e3Medye NpUHHATHI TOKa3HUKH TOMOTEHHOCTI Ta SIKMH peaizoBaHO Ha OCHOBI
KBa3iBUIaIKOBUX Oe3lapaMeTpUYHUX aJMTHBHUX PEKYypCHBHHX R-mociigoBHocTell PobGeprca 3 BHKOPHUCTaHHSAM ippalioHaJbHHUX
4KCel, SKi, B CBOIO Yepry, OTPUMaHi Ha OCHOBI y3arajbHEHOI mociinoBHocTi PiboHauyi. KpuTtepieM 1OCKOHANOCTI MIIaHIB € OIliHKa
TOMOT'CHHOCTI 32 ITOKa3HUKaMH PO301KHOCTEH, IHBapiaHTHUX BITHOCHO 00EpTaHHS KOOPJMHAT Ta IepeMapKyBaHHs W yIOpsIKyBaH-
Hs1 (haKTOpIB Ta SIKi KIJIbKICHO XapaKTepH3yIOTh BiIXMJICHHS 3r€éHEPOBAHOT0 PO3MO/ILIY BiJl i1eabHOr0 PiBHOMIPHOTO.

Pe3yabraTn. {5151 katanorizamii CTBOPEHO LIECTH- Ta CeMU-(DAKTOPHI KOMII IOTEPHI OHOPIAHI IJIaHK SKCTIEPUMEHTIB, SKi Xapakx-
TEPU3YIOThCS HU3bKMMH NMOKa3HUKAMH PO30IKHOCTEI Ta 1OCTaTHHO BUCOKOSKICHUMH TIPOEKI[IHHUMHU BiacTHBOCTSMH. [TinTBepmke-
Ha, paHille I0BEJCHA B JOCHIIPKEHHSAX aBTOPIB, TEHACHIIIS MO0 30epeKeHHS INX XapaKTEPHUCTHK IUIaHIB eKCIIEPUMEHTIB B Oarato-
BHMIpHUX (paKTOPHHX MPOCTOpaX, AKa CIIOCTEPIraeThes 31 30UTBIICHHSAM KUIBKOCTI TOYOK Iiany. OmiHKa SIKOCTI CTBOPEHHX IUIaHIB
SKCTICpHMEHTIB 3/1i/iCHeHA SIK Bi3yaJbHUM aHaJi30M MaTPHII PO3CIIOBaHHS BCiX ABOBUMIPHUX IPOEKIiH, Tak i 3a KiIbKICHUMH I1OKa-
3HHUKaMH HEOJHOPITHOCTI CYyKYITHOCTI BEKTOPIB, SIKi YTBOPIOIOTH IUIAH, a CaMe [IEHTPOBAHOIO Ta IIUKJIIYHOIO PO30IKHOCTSIMU.

Ha npukinazni HayaapHOTO €Tary CTBOPEHHS CypOraTHOI MOAENI I Po3B’sI3Ky 3aadi ineHTudikanii npodinais exekTpodizuaHux
mapamMeTpiB y BUXPOCTPYMOBIM CTPYKTYPOCKOIIi TOKa3aHO TEBHI 0COOIMBOCTI 3aCTOCYBaHHs CTBOPCHUX IUIAHIB, 30KpeMa Mepexis
MaciiTabyBaHHIM Bifl IUIaHy Ul OJUHHYHOTO TinepkyOy 10 IUlaHy B pealbHOMY (hakKTOPHOMY MPOCTOPI y BUIIISAI Tinepnapaerne-
mirnesa, Mo CyTTEBO HE BIUIMBAE HA HOTO XapaKTEPUCTHKU FOMOT€HHOCTI PO3MOIITY TOUOK.

BucnoBku. Briepiiie BUKOHAaHO 3aB/IaHHs CTBOPEHHS LIECTH- Ta CeMH-(aKTOPHUX OJIHOPIJHUX IUIaHIB EKCIEPUMEHTIB 3 HU3bKH-
MH TIOKa3HHKaMH LIEHTPOBAHOI Ta MUKJIIYHOI po30ikHOCTEH Ha ocHOBI R-mocminoBHOCcTel PobGeprea. JlocimimKkeHo mpoeKIiitHi Biac-
THBOCTI CTBOPEHHX IUIAHIB EKCIICPHMEHTIB JUIl PI3HOI KUIBKOCTI TOYOK. YJIOCKOHAIEHO MeTOX MoOyJOBH 0araTOBMMIipHHX
KOMIT' IOTEpHAX IIaHIB €KCIIEPUMEHTIB 13 BpaXyBaHHSAM OCOOIMBOCTEH BHXPOCTPYMOBOI CTpyKTypockomii. [IporemMoncTpoBano BH-
KOPHCTAHHS IIECTH-BUMIPHUX IUIAHIB EKCIICPUMEHTIB Ha TPHUKJIai CypOraTHOrO MOJICIIIOBAHHS y BUXPOCTPYMOBIil CTPYKTYPOCKOIIII.
Pe3ysbraTté JOCHIKEHHSI MOKYTh OyTH BUKOPUCTaHi P MOOYIOBi CypOraTHUX MaTeMaTHYHUX Mojeel (pi3uYHUX MpoleciB Oyab-
SKAMH BiIOMHUMH METOJaMH allpOKCUMAIlil.

KJIFOYOBI CJIOBA: koM’ 1oTepHHi IIaH eKCTIEPUMEHTY, CyporaTHa MOAeNb (MeTaMo/IelNb), OIHOPIJHUI PO3MOIii, KBa3iBu-
MA/IKOBI ITOCITiIOBHOCTI, IPOEKIIiiHI BIACTUBOCTI, TOKa3HUKU PO301>KHOCTI.
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ABPEBIATYPHU

BCII — BEXpOCTPYMOBHIA TIEPETBOPIOBAY;

KIIE — koM t0TepHUi J1aH EKCICPUMEHTY

JITIT, — mocmigoBuocti Cobors;

IIE — nnaH ekciepuMeHTy;

OK — 00’€KT KOHTPOJIIO.

HOMEHKJIATYPA

a, ¢, g — napaMeTpy anpoKcuMallii;

CD(D,)* — 1ueHTpoBaHa PO36iKHICTH;

d — ToBuMHa npunoBepxHeBoro mapy OK;

E — innykoBaHa Hampyra y BUXpOCTPYMOBOMY Iiepe-
TBOpIOBaYi,

f—uacrota cTpyMy 30y IKCHHS;

fnin fmax MiHIMaJbHAa Ta MaKCHMaJbHa dYacToTa
CTpyMY 30y[KEHHs BUXPOCTPYMOBOTO IIEPETBOPIOBAYA;

N — KITBKICTh TOYOK IUTaHy €KCIIEPUMEHTY

n — KUTBKICTh YMOBHHUX IIApiB PO3OHTTS MPHUIIOBEPX-
HEBOTO 1IapYy;

Ry, Ry, ..., Ry — Oe3nmapaMeTpHuHi aIuTHBHI PEKYypPCUB-
Hi octiioBHOCTI Pobeprca;

S — pO3MIPHICTh BXIIHUX JTaHUX;

WD(P)2 — IUKIIIYHA PO301KHICTB;

X — MaTpuI IJI1aHy;

z — Bucora po3ramryBanas BCII mag OK;

Zmin» Zmax — MIHIMaJIbHE Ta MaKCHMaJbHE 3HAYEHHS BH-
COTH PO3TALIYBaHHS BUXPOCTPYMOBOTO IIEPETBOPIOBAYA;

0T, % — TeXHOJOTIYHUH JOITYCK;

o(d) — HOMiHANBHMNA TIPOGITH EJISKTPUYHOT TIPOBITHO-
cTi npunoBepxaeBoro mapy OK;

Omin, Omax — MIHIMAJbHE Ta MaKCHMaJIbHE 3HAYEHHS
€JIEKTPUYHOT IIPOBIHOCTI y MIPUIIOBEPXHEBOMY ILIapi;

Ww(d) — HoMIHaNBHUI MPOQiIE MarHiTHOI MPOHUKHOCTI
npunosepxHesoro mapy OK;

Wmins Kmax — MIHIMaNbHE Ta MaKCHMaJIbHE 3HAYEHHS
MarHiTHOI IPOHUKHOCTI Y IPUITIOBEPXHEBOMY LIapi.

BCTYII

JInst  mocHmipKeHHS CKJIaJHAX HETiHIHHUX B3a€MO-
3B’S3KIB MDK OaraTOYMCEIbHHMH BXOJAMH Ta BUXOIOM
PECYPCHOMICTKMX KOMIT IOTEPHHUX IMITAIlIHHAX MOJemnei
(I3MYHUX TIPOIIECiB OCTAHHIM YacOM JOCHTH IMPOTYKTHB-
HO BHKOPHUCTOBYIOTBCSI cyporaThi mozeni [1]. CyporatHy
MOZIeb, TOOTO MeTaMoOAejb, 3a3BHYall CTBOPIOIOTH Ha
OCHOBI PETENbHO BiJIOPaHUX TOUOK MPOEKTHOTO MPOCTO-
Py, IO CKIAQJalTh JOBOJII OOMEXCHI Ha0OpH NaHHUX, B
SIKUX BUKOHYIOTH OOYHCIIEHHS 3 1HTEHCHBHMM BHKOpPHUC-
TaHHSAM nporecopa Ta nam’sri, 3aJIisTHUX
KOMII'FOTCPHAMH IMITalliHHUME MOJeNsIMu. MeTa cypo-
TaTHOTO MOJENIOBAHHS IIOJISITAE B 3HAXOJPKCHHI (QyHKIT
ampoKcuMaIlii (MEeTaMoIeNi), 0 J03BOIISE JOCHTIKYBaTH
MpoIlec, ajie BUKOHYBATH Iie 3HauHO mBuimie. OTke, Me-
TaMOJeNTb BHUKOHY€E (YHKIIi MPOKCI ISl KOMI FOTEPHOI
Mojeni ¢izuuHoro npouecy. Jns 3abe3nedeHHs: BUCOKOT
TOYHOCTI MeTaMoJielieil BaXKJIMBOIO CTa€e 3a/ada sIKiCHOIO
BHOOPY «HaBYATBHUX» HA0OPiB maHUX. SIKII0 ampiopHa
iH(poOpMallisg MOA0 TOMOJIOTIT MOBEPXHI BIATYKY BiJCYTHS,
a 1e /i 0araTro(pakTOPHUX METaMojesCH Maibke mpaBu-
JI0, TO JIOIJIBHO BHKOPUCTOBYBATH CXEMY PIBHOMIPHOTO
PO3MOJIUTy TOYOK, B SIKMX CIIOCTEpITa€eThesl BIATYK, Y Ti-
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nepnpocTopi. Jlu3aiiH «3anoBHeHHs mpocTopy» (Space-
Filling Design) no3BoJisie reHepyBaTH eEeKTUBHI «HaBYa-
TBHI» HA0OPH MAaHWX 3 OTPUMAHHIM MAaKCHMAIBHOI iH(O-
pMarii Mi>k BXOJaMH Ta BHXOJOM JOCIIUKYBaHHUX B3a€-
MO3B’s13KiB. SAkicHuii nanH exciepumenty (I1E) xapakre-
PU3Y€ETHCS MIHIMAJIFHOIO KIJIBKICTIO OOYHCIICHb 3 3amyc-
KaM{ PeCcypCcHOI KOMIT FOTEPHOI MOAeNi (i3UdHOTO Tpo-
recy. Kpim Toro, eeKkTrBHI IIaHu y HACTIIKY MIPABHUIIH-
HO 3i0paHuX JaHUX [03BOJIIIOTH OTPUMATH JIOCTOBIPHI
pe3yabTaTH, 10 B PEIITI PEIIT BU3HAYA€ BAXKJIMBICTH Ta
aKTYaJIbHICTh TX CTBOPEHHSI Ta KaTaJorizaiii.

O0’ekT  gochaigKeHHSl — TIpOLEC  CTBOPEHHS
KOMIT FOTEPHHUX OJHOPITHUX IUIaHIB €KCIIEPHUMEHTIB.

Ipeamer pmociaimkennsi — raHu OaraToakTOpHUX
EKCIIEPUMEHTIB Ha OCHOBI KBa3iBUIIAJKOBUX PEKYpPCHB-
HUX R-mocmigoBHOCTEH.

Meta po6oTH — CTBOpeHHs 6arato(hakTOpHHX, a came
IIECTH- Ta CEMHU-(PAKTOPHUX, OJHOPIAHUX TUIAHIB eKcIle-
PUMCHTIB 3 HU3BKUMH TOKa3HUKAMH PO301KHOCTEH, HO-
CIIJDKEHHS iX MPOCKIIHNX BIACTHBOCTEH Ta JEMOHCTpa-
Iis iX BUKOPUCTAHHS Ha MPHUKJIA] CypOraTHOTO MOEIIIO-
BaHHS Y BUXPOCTPYMOBIH CTPYKTYPOCKOTTii.

1 IIOCTAHOBKA 3AJTAYI

[Inan excriepuMeHTy, IKUI XxapakTepuszyeTbea N 3pas3-
KaMmH (samples) Ta s BXiTHUMHU 3MIHHUMH, CKJIQIAETHCS 13
N KOMOIHAIIIH BEKTOPIB X1, ..., Xy, A€ X; = (Xi1, X2y -+es Xis)s
i=1, .., N. Boau 30upatoThcs y MaTpHIIo IaHy X po3-
mipom N x 5. CTBOpPeHHs IUIaHy OJHOPIJHOTO
KOMIT FOTEPHOTO E€KCIIEPUMEHTY IOJIsITae y BUOOpI BXil-
HUX KOMOIHAINH Xi, ..., Xy, SKi 3a0€3Me4yI0Th TOMOTCHHE
3allOBHEHHS BXIJIHOTO NPOCTOPY y BUIVIAII OJUHUYHOTO
(unit) rimepkyOy npu BHKOHaHHI oOMexeHb 0 < x; < 1
ma i =1, ., N; k=1, .., s (s =6 — I IecTH-
¢axroproro IIE; s = 7 — mia cemu-¢akroproro IIE).
B mux mociKeHHAX SIK BEKTOPHI CKIIAZOBI TUTaHIB BUKO-
pUCTaHO OJHOBUMIpHI Oe3mapaMeTphyHi aAUTUBHI PeKy-
pcuBHI R-nocmimoBHOCTI PoGeptca. Kpurepissmu mocko-
HaJIOCTI IUIAHIB € OIIHKM I'OMOTE€HHOCTI 3a ITOKa3HUKaMU
y3araJbHEHUX PO30DKHOCTEH, SAKi KUIBKICHO XapaKTepH-
3YIOTh BIJIXWJICHHSI 3reHEPOBAHOT0 PO3IOJIUTY BiJ ieaib-
HOTO PIBHOMIPHOTO.

2 OIJiAd JITEPATYPU

Cepezr METOZIB CTBOPEHHS OJHOPIIHUX EKCIIEPUMEH-
TiB, SIKI peaji3yl0Th TEXHOJIOTIIO «3all0OBHEHHS IPOCTOPY»
Ta SIKAM JOCTIIHUKAMH OCTAHHIM YacoM MPHILTSIETHCSI
ocobnuBa yBara, iCHye YMOBHHMH IOJUI Ha pealizyeMo
onHOKpatHO (one-shot algorithm) Ta iTeparusni. B ma-
Hax 3 OJHOKPATHOIO peaji3ali€ro, 10 SKUX BIIHOCSATHCS
Bci iX kimacwuHi BapiaHTH [1], a came apoOOBi mIaHH
(fractional designs) stk Haitmpocrimma gopma [2], maTHHCH-
ki rinepkyou (Latin hypercubes) [3], oproronanpHi Macu-
Bu (orthogonal arrays) [4], MaxPro designs [5, 6] Ta ix
neBHI Momudikanii, 30kpema Cascading, Nested i Sliced
Latin Hypercube Designs [3, 7, 8], ZOCHTB CKJIaIHOIO
3a/1a4€I0 € BCTAHOBJICHHS DAIliOHATBHOI 3arajbHOI KiJib-
KOCTi 3paskiB (samples). BaxxnuBum pe3ynbTatoM CTBO-
penux I1E Takox € ix npoekuiitni Binactusocti [9, 10], siki
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HE 3aBXKIM € NPUHHATHUMH. He auBIsguck Ha Taky nepe-
Bary Ii€l TEXHOJOTII SK CyTTEBA MPOCTOTA peaizallii, Bce
K TaKH JOCUTBH BaXXKO YHHKHYTH CHTYyaLil IIepeAUCKpPETH-
3amii (oversampling) abo HemOCTaTHBOI AUCKpETH3AIil
(undersampling), To6TO 3aHaATO Mayoi KITBKOCTI 3pa3KiB
y TIE. Ane came Taka cuTyallisi € HaiiOLIbII HMOBIPHOIO
Ha TPaKTHI, KOJIH anpiopHa iHpOpMallis 1040 MOBEIiH-
KU TINEepPIOBEpXHi BIATYKY € BIICYTHBOI. 3 IMX MPUYHH
IIPY BUKOPUCTaHHI OJHOKPAaTHUX METOMOJIOTIH IPH CTBO-
PEeHHI TPOEKTIB IIaHIB BUOIp iX pO3MIpiB BUKOHYETHCS
JIOBUTBHUM YHHOM Ta € IPOOJICMHUM.

ITeparuBHi TexHonorii cknaganns [1E, mo e npencra-
BHUKAaMH IHOIOT OLIBIN JOCKOHANOI METOMOJIOTIi, pealri-
3YIOTh iX MocHimoBHUH mu3aiH [11, 12]. B #oro pamkax
(haKTUYIHO 3aCTOCOBYETHCS METOX ANAaNTHBHOI BHOIpKH
TOUYOK ekcriepuMeHTy (adaptive sampling method), B sikmx
pO3MipH IIaHiB MalOTh MOKJIMBICTH 3MIHIOBAaTHCS B pe-
3yJIbTaTi JI0JaBaHHsS HOBHX 3pPa3KiB i3 30€pPEkKEHHIM I10-
TEepPEeIHbO CTBOpPEeHHUX a0 ix BumaneHHs. Lleit Tun nuzaii-
Hy mnepeabayae BHUKOPUCTAHHS KBa3iBHIAJAKOBHX ITOCIHi-
noBHocTel (Sequential Experimental Design). HaiiGinbImn
PO3MOBCIO/PKEHIUMH CepeJl HUX € MOCIIIOBHOCTI [ ambTo-
Ha (Halton sequences), Co6ons (Sobol” sequences), Ho-
nepaiitepa (Niederreiter sequences), IO XapaKTEpH3Y-
IOTBCSL SIK TIOCHIZOBHOCTI i3 HHU3BKMMH PO30DKHOCTSIMU
(Low-discrepancy sequences). B [12] HamaHO KopoTKHid
Ta gocuth neranbHuid aHaniz [1E, moOyxoBanux 3 ix BU-
KOPHCTAaHHSM, i 3a3Ha4YCHO NepeBark 3aCTOCYBAaHHS IbO-
ro nu3aiiHy. B To# ke wac B mocmimxernHsax [13] mosene-
HO Ha TPUKIAAI BHUKOPHUCTAHHSI s  TMOOYIOBH
KOMII'FOTePHUX OJHOPITHUX IDIaHIB 3aCITy’KEHO TOIYIISIp-
nux JIII-mocnimoBHOCTe# Cobonst (LP,-sequences), IO
JOBUTBHMIA BUOiIp KOMOIHAIIN TOCTITIOBHOCTEH B HHUX Ja-
JIEKO HE 3aBXIU J03BOJISIE OTPUMATH IX BapiaHTH 3 HU3b-
KAMH TIOKa3HUKaM# po30ixkHOcTeil. HaTtomicTh BUKOpHC-
TaHHS 3 LI€I0 METOK Oe3napaMeTpUYHHX aJUTHBHUX pe-
KypcuBHHX R-mocmimoBHocteli Maprina PobGeprca
(Martin Roberts) rapanTtoBano 3abe3mnedye OTpHUMaHHS
IUTaHIB 3 HHU3BKUMH TOKAa3HHKAMU PO30DKHOCTEH 6e3
MIPOBE/ICHHS JOAATKOBHUX JOCIIDKEHb LIOA0 MOXKINBOCTI
MOEHAHHS X B OJUH BapiaHT KoMOiHamii. B craTti Hama-
HO aJIrOPUTM OOYHMCIICHHS KBa3illOCHIiJOBHOCTEH, 3p0o0Iie-
HO TOPIBHSAJIBHUI aHalli3, 3reHepOBaHMX Ha iX OCHOBI
IUTaHIB, 3 HaWKpallMMHU albTepPHATUBHHMH BapiaHTaMH,
nodynoBannmu Ha JIIT-nocminoBHOoCcTIX Cobomns. Ilpu-
KJIaJM TPaKTUYHOTO BUKOPUCTAHHS TAKHX TPH- Ta YOTH-
pu-dpakropaux miaHiB [14] Ha MOCIIZOBHOCTAX, SIKi HE
3aJIeKaTh BiJl 3arajibHOI KUTBKOCTI 3pa3KiB, TOBEIH iX HO-
CTaTHBO BUCOKI TPOEKIIIHHI BIACTHBOCTI, @ TAKOX JTOCAT-
HEHHsI HU3bKHX ITOKa3HUKIB PO30iKHOCTEH.

OTXe, € CeHC MOMMUPEHHS HaOyTOro JOCBiAYy Ha CTBO-
peHHsi 6araroakTOpHUX, a caMe IIECTU- Ta CeMH- (hak-
TOPHHUX, OJJHOPIJHUX KOMIT IOTEPHHX IUIaHIB eKCIepuMe-
utiB (KIIE), mo nmoOyaoBaHi Ha BKa3aHii METOIOJIOTIT,
JUIsl IX MOJNaIBINO] KaTajorizamii Ta MpPakTUYHOTO BHKO-
pHCTaHHSI.
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3 MATEPIAJIX I METOHU

Hns nmoGynoBun OararoBumipanx KIIE 3actocoBanHO
METOJ piIBHOMIPHOTO 3alIOBHEHHS OJJUHUYHOTO TiIEepKyOy
OTIOPHUMH TOYKAMH, 110 Ma€ MPUIHATHI XapaKTEPUCTHKU
TOMOTEHHOCTI Ta SKH{ peali3oBaHO Ha OCHOBI KBa3iBHIIa-
JIKOBHX Oe3nmapaMeTpruyHHUX aJUTUBHHUX PEKYPCUBHHX R-
nocnizioBHocTel PobepTca 3 BUKOpPHCTaHHAM ipparioHa-
JBHUX YHCEIN, sIKi B CBOIO Yepr'y OTpHMaHi Ha OCHOBI y3a-
raJibHeHoT mocigoBHocTi PidoHayyi [13].

BukopucToByroun MaTeMaTH4YHI BUPa3n ISl PEKypPCH-
BHUX R-TIOCHITOBHOCTEW B 0araTOBUMipHOMY (haKTOPHO-
My ripoctopi [13], cTBOpeHO CyKyIHOCTI MOCHiIOBHOCTEN
BiJINIOBiTHO JIJIsI IECTH Ta CEMHU (PaKTOPiB, YHCEIBHI 3Ha-
yenHs skux s N = 100 Touok, HaBeJeHO B Tabuii 1 Ta
Tabmumi 2.

Ipore mns crBopenux KIIE Bi3yanpHa oIfiHKa iX ro-
MOTEHHOCTiI B IIECTH- T4 CEMH-BUMIpPHOMY IIPOCTOpPi €
HeMOXUHMBOW0. ToMy Jisi OUIBILIOT HAOUHOCTI 3reHepoBa-
HUX IOCIIIOBHOCTEH BHKOpHCTAHO TpadiuHe ix 300pa-
JKeHHSI Y BUTJISIIII MaTpuIli ABOBUMIpHUX mpoekuiil. Cre-
IiHb BUCOKOI TOMOTEHHOCTI PO3MOJiTy OaraToOBHMipHUX
KIIE moxHa crnocrepirati mpu 30UIbLIEHHI KiNBKOCTI
toyok [IE, mo mpoimocrpoBano rpadikamu I mecTH-
BUMIpHOTO IJIaHy Ha puc. 1 a, 6, a Ha puc. 1 B, r — uIs
cemu- BumipHoro [1E.

OKpiM 1BOTO, SKICTh CTBOpEHNX OaratoBuMipHUX I1E
TaKOX OLIHIOETHCS 32 KUIBKICHUMH MOKa3HHUKaMH HEO-
HOPIHOCTI CYKYITHOCTI BEKTOpIiB, a caMe IEHTPOBAaHOIO
Ta MUKIIYHOI0 po30ikHOCcTsAMHE [13]. OTprMaHi mOKa3HU-
KM IICHTPOBAHOI Ta IUKIIYHOI pO30DKHOCTEH IS NeSTKUX
BuAiB [1E i3 pi3HOIO KiNBKICTIO TOYOK HaBEeIEHO B TaOII. 3.

Tabmuns 1 — 3renepoBani R-NOCIIIOBHOCTI B OJUHHIHOMY
rinepky0i s mectu-paxkroproro [1E

T(I’]“If:‘“ R R R; Rs Rs Rs
1 0,399 | 0,308 | 0226 | 0,152 | 0,086 | 0,027
2 0,297 | 0,115 | 0,951 | 0,804 | 0,672 | 0,553
3 0,196 | 0,923 | 0,677 | 0457 | 0258 0,08
4 0,095 | 0,73 | 0,403 | 0,109 | 0,844 | 0,607
5 0,993 | 0,538 | 0,129 | 0,761 0,43 0,133
6 0,892 | 0,345 | 0,854 | 0,413 0,017 0,66
7 0,791 | 0,153 | 0,58 | 0,065 0,603 0,187
8 0,689 | 0,961 | 0,306 | 0,717 | 0,189 | 0,714
9 0,588 | 0,768 | 0,032 | 037 | 0,775 0,24
10 | 0,487 | 0,576 | 0,757 | 0,022 | 0,361 0,767
30 0,46 | 0,727 | 0272 | 0,065 0,083 0,301
31 | 0358 | 0,535 | 0,998 | 0,718 | 0,669 | 0,827
32 | 0257 | 0,343 | 0,723 | 037 | 0,255 0,354
92 | 0,176 | 0,797 | 0,267 | 0,501 042 | 0,955
93 | 0,075 | 0,605 | 0,993 | 0,153 | 0,00606 | 0,482
94 | 0,973 | 0412 | 0,719 | 0,805 0,592 | 0,00876
94 | 0872 | 0220445 | 0457 | 0,178 | 0,535
96 | 0,771 | 0,028 | 0,17 | 0,11 0,764 | 0,062
97 | 0,669 | 0,835 | 0,896 | 0,762 0,35 0,589
98 | 0,568 | 0,643 | 0,622 | 0414 | 00936 | 0,116
99 | 0,467 | 0,45 | 0,348 | 0,066 | 0,523 0,642
100 | 0,365 | 0,258 | 0,073 | 0,718 | 0,109 | 0,169
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Tabmuus 2 — 3reHepoBaHi R-IIOCITIJOBHOCTI B OJJMHUIHOMY
rinepky0i s ceMu- ¢axtoproro I[1E

Touku

30 0,847 | 0,430 | 0,226 | 0,216 | 0,385 [ 0,715 [ 0,193
31 0,759 | 0,261 | 0,983 | 0,907 | 0,014 | 0,289 [ 0,716
32 0,670 | 0,092 | 0,741 | 0,597 | 0,644 | 0,863 [ 0,239
92 0,366 | 0,952 | 0,193 | 0,031 | 0,415 | 0,294 [ 0,627
93 0,278 | 0,783 | 0,950 | 0,722 | 0,044 | 0,868 [ 0,150
94 0,189 | 0,614 | 0,708 | 0,412 | 0,674 | 0,442 [ 0,673
94 0,101 | 0,445 | 0,465 | 0,103 | 0,303 | 0,016 [ 0,196
96 0,012 | 0,276 | 0,223 | 0,793 | 0,933 | 0,590 | 0,719
97 0,924 | 0,107 | 0,980 | 0,484 | 0,562 | 0,164 [ 0,243
98 0,836 | 0,938 | 0,738 | 0,175 | 0,192 | 0,738 | 0,766
99 0,747 | 0,769 | 0,495 | 0,865 | 0,821 | 0,311 [ 0,289
100 0,659 | 0,600 | 0,253 | 0,556 | 0,451 | 0,885 [ 0,812

IIE R R, R, Ry Rs R Ry
1 0,411 | 0,331 | 0,257 | 0,190 | 0,129 [ 0,073 | 0,023
2 0,323 | 0,162 [ 0,015 [ 0,881 [ 0,759 [ 0,647 | 0,546
3 0,234 | 0,993 | 0,772 | 0,571 | 0,388 [ 0,221 [ 0,069
4 0,146 | 0,824 [ 0,530 [ 0,262 [ 0,018 [ 0,795 [ 0,592
5 0,057 | 0,655 [ 0,287 [ 0,952 | 0,647 | 0,369 [ 0,115
6 0,969 | 0,486 [ 0,045 [ 0,643 [ 0,277 [ 0,943 | 0,638
7 0,881 | 0,317 | 0,802 | 0,333 [ 0,906 [ 0,517 | 0,161
8 0,792 | 0,148 [ 0,560 [ 0,024 [ 0,536 [ 0,090 [ 0,684
9 0,704 | 0,979 | 0,317 | 0,715 | 0,165 [ 0,664 [ 0,208
10 0,61 0,81 0,075 | 0,405 [ 0,795 | 0,238 | 0,731

Pucynok 1 — JlocnimKkeHHs IPOSKUiHHNX BIACTHBOCTEH BCiX R-IIOCIIIOBHOCTEH monapHo: a — mectd- Gpakropuui I1E i3 xinbkic-

TI0 To4oK N = 32; 6 — mectu-¢paxropuuii IIE N = 100; B — cemu-¢axropuuii I1E i3 kinmbkicTio To9ok N = 32; I — ceMH-(paKTOpHIH
ITE N=100
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Tabnuus 3 — [Toka3sHuky y3arajgbHEHHX po3dixHocTel s 6araroBuMipHux I1E i3 pi3HOIO KiJIBKICTIO TOUOK

Kinekicts Touok I1E N=10 N=32 N=100 N=1000
TToKa3HMKH y3araabHEHO1 Po30iKHOCTI cpD,)? | wppy* | ¢bm,)? | wpwp): | ¢b,)’ | wpPy | ¢b®D,)? | WD(P)
Illectn- haxTopuuii [1E 0,122 11,495 0,021 11,29 0,0053 11,25 | 0,000501 | 11,238
Cemn- daxropuuii I1E 0,199 15,491 0,038 15,08 0,0083 15 0,000564 | 14,98

OTxe, 13 30UIBIIEHHSIM PO3MIPHOCTI TiepIpoOCTOpy Ta
KUTBKOCTI TOYOK MiATBEPIPKY€ETHCS HOBOJI TMPHHHATHA
TOMOTEHHICTh Ta mpoekuiifHi BuactuBocti IIE B Gararto-
BUMIpHHX (DaKTOPHUX MPOCTOPAX.

4 EKCIEPUMEHTHU

[IponeMOHCTPYEMO BUKOPHCTaHHS OJHOTO i3 CTBOpE-
Hux [1E Ha mpuKiIami cyporaTHOrO MOJCIIOBAHHSA B BH-
XPOCTPYMOBIH CTPYKTYPOCKOITIi.

BuxpoctpymoBa  cTpyKTypockomisi — mependavae
PO3B’s130K 00EepHEHOT 3a1a4i BiTHOBIICHHS IPODITIIB eNeK-
Tpodiznyanx xapaktepucTuk OK 3a CHTHAIOM BHMIpIO-
BaJIBHOIO IIEPETBOpIOBaya, 110 Oa3zyeThcs Ha Iolepe-
JHBOMY PO3B’SI3KY TPsIMOI 3aiadi 1 U1 peaizanii skoi B
peansHOMY MacmITabi 9acy HeoOXimHa BHCOKOIPOIYKTH-
BHa MeTamoJens [ 14, 15].

IIpu cTBOpeHHI MeTaMOJeli Ha «TOYHY» (i3UIHY MO-
JIeNTb TPOIIeCy BUMIipIOBAaHHS MPO(MITIB eNeKTpodi3nIHNX
napaMeTpiB HeoOXiJJHO MaKCHUMalbHO BPaxyBaTH YMOBHU
MIPOBEJICHHS T4 MOJJIMBI BapiaHTH 3MiHU BIUIMBOBHX (a-
kropiB Ha curaan BCIL.

OyHKLisT anpokcuMariii POLeCy BUMIPIOBAHHS €JIEKT-
poodiznyanx napamerpiB OK y BHXpoOcTpyMOBIiil CTpYKTY-
pockorii € 6aratroBumipaoro E = flo(d), 1(d), z, f, ...), mo
3aJIC)KHUTh BiJ HU3KU IapaMeTpiB, a caMme, CICKTPOIPOBII-
HOCTI Ta MarHiTHOI POHUKHOCTI, SIKi MAOTh HEMEPEPBHO-
3MiHHUH 11podink posnoniny, Bucotu posranryBanus BCIT
z "ag OK, yactoTu f cTpyMy 30yDKSHHS Ta iH.

[Ipore mpu BUXPOCTPYMOBIH CTPYKTYpPOCKOIIi KOHT-
OB eNeKTPO(I3UIHAX TapaMeTPiB Y X0 TEXHOIOTITHO-
TO TIPOIIECy BUTOTOBJICHHS AETalli Ma€ MEeBHI 0COOIMBOCTI.
Tak okpiM HOMIHAIBHUX NPOQITIB €IEKTPUYHOT TPOBIJHO-
cTi 6(d) Ta MarHiTHOI MPOHUKHOCTI [(d) MOXIIMBUH iX Po3-
KA B MEXax TeXHOJOTiYHOro nomycky 67,%. ToOTo mpn
moOyznoBi OararoBumipHoro [1E HeoOXimHO BpaxoByBaTH
MiHIMaJIbHY 1 MaKCHMaJlbHy 3MiHY €JNeKTPO(I3MYHUX Ma-
pamMerpiB mpodimiB B MeKax IbOTO JOMycKy. B Takomy
BHTIAKy KOXXHUH 13 BIUIMBOBHX (PAKTOPIB MpHIMaTHME
eKCTpeMallbHI 3HauYeHHs, B MEXKaX SKUX FeHEPYIOThCS TOY-
ku [1E. Toni meramonesp, 0 BpaxoByBaTHMe, HAIPUKIIA/,
IIiCTh BIUIMBOBHX (hakTOpiB MaTuMe BUTILIA £ = f(Gnin(d),
Gmax(d)’ Mmin(d)’ p-max(d)’ Z, f)

BpaxoByroun 0coONMBOCTI, MpUTaMaHHI BHUXPOCTPY-
MOBIll CTPYKTYPOCKOIMIi, CTBOpEeHHs OaraTOBHMipHOTO
KIIE st Oyap siKO1 KiBKOCTI BIUIMBOBHUX (DaKTOpPIB 311k~
CHIOETBbCS y JIeKiUIbka eramiB. [lepmmii eran mosnsirae y
TeHepyBaHHI TOYOK eKCIIEPIMEHTY Ha OCHOBI Oe3mapame-
TPUYHUX AJUTUBHUX PEKYPCUBHHX R-TIOCIIIOBHOCTEH B
OIIMHIUYHOMY TinepkyOi. Jpyruii eTam — mepexia po3Tsr-
HEHHSIM BiJl ONMHUYHOTO TilepKyOy 0 Timeprapaieneri-
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Meay peanbHOro (akTOPHOTO MmpocTopy. Tpertiit — po3pa-

XYHOK po3mojiny enekTpodiznyHux mapamerpiB o(d) Ta

n(d) 3a TumoBHM TpodineM, HAIPUKIAL, «Taycian» ado

«rinepOoJiuHUN TAHTEHCY, SIKI OIUCYIOTHCS (POPMYJIaMH:
— mpodink «raycian»

G(d) = Omin T (Gmax_ Gmin)'exp(_dz/gz)s
1
) = i+ (o i) exp(-d/): M

— po Ik «TinepOOIIIYHUI TAHTEHC»

0(d) = 61max((Omin— Omax)/2) (1 + tanh((d—c)/2a), )
1(d) = onacH(min— oen)/2)-(1 + tanh((d-c)2a). )

[TpoeMOHCTPYEMO 3alpPOMOHOBAHUI AITOPUTM  HA
NpuKiIaai ctBopeHHs mecth- GaxtopHoro KITE, mis sko-
ro eneKTpoQi3uyuHi napamMeTrpu 3MIHIOIOTBCS B MeXax
TeXHoJOTiYHOoro nomycky 67 = +15 %. B sikocti HOMiHa-
JBHOTO TPHUHHATO TNPOQias JUIS €IEKTPOIPOBITHOCTI,
MiHIMaJIBHE 1 MaKCHUMAaJILHOIO 3HAYEHHS SKOTO CKIIanac
Omin = 2-10° CM/M, Opax = 8°10° CM/M, a 151 MarHiTHOI
MPOHUKHOCTI — Umin = 1, Umax = 30 BimmoBimuo. Tomi B
Me)KaxX TEXHOJOTIYHOTO JOIyCKY Jiarma3oHu 3MiHH €JIeKT-
puuHOi mpoBigmocti Gymyts 1,7-10° < <

Omin =
2,3-10° Cm/M, 6,8°10° < 6pax < 9,2-10° Cwm/M; MarniTHOL
mpoHUKHOCTI — 0,85 < pmin < 1,15, 25,5 < pmax < 34,5.
Inom BuxigHi gaHi, HeoOXinHi asst crBopenns [1E, Hacty-
IHI: Jiana3oH 3MiHK BucoTH po3tamrysanHsa BCIT nag OK
0,510° < z < 0,510 M Ta miama3oH YacToTH CTpyMy

30yKEHHS CKIIATae 1-10° <f<10- 10° I'm.

5 PE3YJBTATH

3a 3reHepOBaHUMHU R-TIOCTIIOBHOCTSIMHA (UB. TabmI. 1)
3nificHeHO mepexif MaciTabyBaHHSM BiJ| OJUHUYHOTO
rimepkyOy 10 Timeprapaienerineny peaisHoro (hakrop-
HOTO TIPOCTOPY, YMCIIOBI 3HAUCHHS SKUX HABEJCHO B Ta0d-
i 5 g kinbkocti Todok I1E N = 75. Taka KUIBKICTB
TOYOK oOpaHa JJIsi 3pyYHOCTI HAOYHOI JIeMOHCTpalii To-
morennocTi ITE. HeoOXigHo TeX 3a3HAYMTH, IO TAKHI
Mepexix He CyTTEBO BIUIMBAE HA AKICTh, a CaMe, TOMOTEH-
HicTh posnoziny to4yok IE. [leski nBoBuMipHiI mpoekiii
takoro [1E 3 Bukopucranssm aiarpam Boponoro, sxi mo-
3BOJISIFOTH Bi3yallbHO OI[IHUTH TPOEKIIHHI BIACTHBOCTI
CTBOPCHOTI'O IUIAHY 3a IUIOIICK KOKHOIO YTBOPEHOIO Ce-
I'MEHTY, TIOKa3aHO Ha puC. 2.



e-ISSN 1607-3274 PagioenexTpoHika, iHpopmaTuka, ynpasiinss. 2022. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2022. Ne 3

Tabmuis 5 — Yucnosi gaHi MacITabOBaHUX R-IIOCIIIIOBHOCTEH
JUISL peaIbHOTO IIeCTH-(aKTOPHOTO IPOCTOPY

Gmin Omax
T(li[ql;m x10°%, | x 106, Womin [T— zX1 0’3, M lf
Cv/M | Cm/M 1
1 1,939 | 7,538 | 0,918 26,87 0,7152 | 1240
2 1,878 | 7,076 | 1,135 32,74 2,18 | 5981
3 1,818 | 9,014 | 1,053 [ 29,608 1,146 | 1721
4 1,757 | 8,553 | 0,971 | 26,478 2,611 | 6461
5 2,296 | 8,091 | 0,889 | 32,348 1,576 | 2201
6 2,235 | 7,629 | 1,106 | 29,218 0,5413 | 6941
7 2,174 | 7,167 | 1,024 | 26,088 2,006 | 2681
8 2,114 | 9,105 | 0,942 | 31,957 0,971 | 7421
9 2,053 | 8,644 | 0,859 | 28,826 2,437 | 3162
10 1,992 | 8,182 [ 1,077 | 25,696 1,402 | 7902
30 1,976 | 8,546 | 0,932 | 26,089 0,705 | 3706
31 1,915 | 8,084 [ 1,149 [ 31,959 2,172 | 8447
32 1,854 | 7,622 | 1,067 | 28,829 1,137 | 4186
33 1,793 7,16 | 0,985 | 25,698 2,602 | 8926
34 1,733 | 9,098 [ 0,902 | 31,568 1,567 | 4667
35 2,272 | 8,636 1,12 | 28,438 0,532 | 9407
65 2,248 | 9,182 | 1,052 | 33,527 1,989 | 7613
66 2,187 8,72 0,97 | 30,397 0,9543 | 3353
67 2,126 | 8,259 | 0,887 | 27,267 2,42 | 8094
68 2,065 | 7,797 | 1,105 | 33,136 1,385 | 3834
69 2,004 | 7,335 | 1,023 | 30,005 2,85 | 8573
70 1,943 | 6,873 0,94 | 26,875 1,815 | 4314
71 1,883 | 8,811 [ 0,858 [ 32,745 0,780 | 9054
72 1,822 8,35 | 1,076 | 29,615 2,246 | 4794
73 1,761 | 7,888 [ 0,994 | 26,485 1,211 | 9535
74 1,7 | 7,426 | 0,911 | 32,353 2,676 | 5275
75 2,239 | 6,964 | 1,129 [ 29,223 1,641 | 1015

3aBepmanbHAM eTarnoM (HOPMYBAaHHS MACHBY IaHHUX
3a crBopeHuM Iectu-akropaum [1E € pozpaxyHok mpo-
¢u1iB eneKTpuYHOI MPOBITHOCTI G(d) Ta MarHiTHOI Hpo-
nukHocTi W(d) 3a dynkuismu (1) abo (2). Busnaunmo
BHXI/HI JaHI A OBOTO PO3PaXyHKY HACTYITHUMH: TOB-
muHa npunoBepxHeBoro mapy OK d =3 MM, KiJbKicTh
YMOBHHMX INapiB pO3OWTTS IMPHIIOBEPXHEBOrO APy
n =30. Pe3ynapTraT 009UCICHHS X PO3MOMLIIB B MPHIIO-
BepxHeBoMmy mmapi OK B neskux Toukax [1E 3a npodins-
MU «TraycCiaH» Ta «TinepOOoJiYHUI TaHTEHC» HABEICHO Ha
puc. 3.

Otxe, U1 PO3ISIHYTOTO MpUKJIALy chOpMOBaHa Cy-
KYIHICTh «HAaBYaJbHUX» JAaHUX i3 BpPaxyBaHHSIM IIECTH
HaUBIUIMBOBIIUX (DaKkTOpiB, sika HEOOXimHA M TOOYHOo-
BU rineprnoBepxHi Biaryky E = flo(d), w(d), z, f) npu
CTBOPEHHI METaMO/IEIII.

6 OBI'OBOPEHHSI
3 poctoM BHUMIpPHOCTI (DaKTOPHOTO NPOCTOPY 3ajadi
CTBOpPEHHSI IUIAHIB EKCIIEPUMEHTY 3HAYHO YCKIAIHSIIOTh-
cst. Ls TeHOeHIis € CupaBeIIMBOIO TAKOX U OJXHOPIA-
HUX IUIaHIB, Uil CTBOPEHHS SIKUX BHKOPHUCTOBYIOTHCS
KBa3iBUIAIKOBI MOCTIJOBHOCTI. J[Jsl YCIIIIHOIO CTBO-
PEHHS TUIaHy HEOOXiTHOI0 YMOBOIO € aJieKBaTHUIl BHOIp
OJIHOBHMMIPHOI KBa3iIMOCIIAOBHOCTI 3 HU3BKHMHU PO30iXK-
HOCTSIMH, 1110 € €()EeKTUBHOO MO0 PIBHOMIPHOIO PO3IIO-
Ty HaBITH MOl KUIBKOCTI TOYOK IuIaHy. Kpim Toro,
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Pucynok 3 — Po3nozin 3a nmpodinem «raycian» ta «rinep6oiy-
HUI TAaHTCHC) EJNEKTPUYHOI IPOBITHOCTI 6(d) Ta MarHiTHOI MMpo-
HHUKHOCTI W(d) 1o rnubuHi npunosepxuesoro mapy OK

27



e-ISSN 1607-3274 PagioenexTpoHika, iHpopmaTuka, ynpasiinss. 2022. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2022. Ne 3

Iy’Ke BaXITMBUM HACTYITHUM €TaroM € 00’ €JHaHHS HeoO-
X1HOT KIJTBKOCTI AEKITBKOX OTHOBHMIPHHX IOCIITOBHOC-
Tell B €JMHY KOMOIHAIIIIO, sIKa pealli3ye B pe3yibTaTi Oa-
raroBuMipHUHA Tuian. OTXe, HaBiTh MPH HASBHOCTI BHCO-
KOSIKICHHX OJHOBHMIPHHX TOCIIOBHOCTEH 3-3a 3HAYHOT
KUJIBKOCTI BapiaHTIB KOMOiHauid JOCHTh NPOOJIEMHO
3HAlTH Takuii, MO 3abe3reyye BUCOKY TOMOTCHHICTh Ta
SIKICHI TIPOEKIIHHI BIACTHBOCTI IJIaHY, KU CTBOPIOETD-
cs1. 3 IUX IPUYUH 3aCTOCYBAHHS HOBHX KBa3iBUIIAIKOBUX
MOCITOBHOCTEH, 10 SKUX BIJHOCATHCSA ITOCHITOBHOCTI
Pobeptca, mis moOynoBu 1iaHiB € gonineHAM. Ha manuit
9Yac BBAKAETHCS, 1[0 HAMKPAIIUMHU CePell OJHOBUMIPHHUX
kBazinocmigoBHocreir € JIII-mocmigoBHocTi  Co0oJs.
[Ipore Hatmimmuid pe3ynbTaT 3 iX BUKOPUCTAHHIM JOCS-
TaeThCs KPOMITKUMHU JOCIiIKEHHSIMH i3 BHOOpY iX Bna-
mux KoMmOiHamiii. BpaxoByroun BiZoMy KUIBKICTB iX, IO
csarae OJU3bKO I’ SITH JAECATKIB, BUKOHAHHS [OTO 3aBJIaH-
HA A 6araToakTOpHUX IDIaHIB € (aKTHIHO HEMOKIIU-
BUM. B TO#f ke wac 3acrocyBaHHA Oe3mapaMeTpUUHUX
aIUTUBHUX PEKYPCHBHUX R-mociimoBHOCTel PobGeptca
JI03BOJISIE TapaHTOBaHO 3abe3neunTr [IE 3 HU3BKUMU TM0-
Ka3HHKaMu PO30iXKHOCTeH Oe3 MpOBEICHHS J0JATKOBUX
JIOCTIHKEHD MO0 MOXJIMBOCTI TMOEJIHAHHSA 1X B OJMH
BapiaHT KOMOIHAIIi1, IO OyJI0 HOBEAEHO OCIIKCHHIMHI
[13] Ha mnanax o m’siti GakToOpiB BKIIOYHO. B 1miii cTat-
Ti HaBesieHa B [13] MeTOMOJIOTISI CTBOPSHHS OJHOPIIHUX
IUTaHiB OyIa MoIIMpeHa Ha BHUIAAKU OUTBIIO] BUMIPHOCTI
(akropHoro mpocropy. OTpuMaHi pe3yJabTaT MO0 IMO-
OyznoBu mecTu- Ta ceMu-pakTopaux [1E miaTBepmKyrOTh
iX TOCTATHHO BHCOKOSKICHI IPOEKIIifiHI BIACTUBOCTI Ta
HAJIAI0Th MEPCIEKTUBH JUIS X MPAKTHYHOTO 3aCTOCYBaH-
HS SIK B MOJICNIIOBAaHHI, TaK 1 IS SKCIHEPUMEHTAIbHUX
OCITIIKEHD.

BUCHOBKU

Po3p’s3aH0 3amady CTBOpEHHS OTHOPINHUX IUIAaHIB
0araTo(akTOPHUX EKCIIEPUMEHTIB Ha KBa3iBUMAJIKOBUX
R-nocmimorOCTAX Pobeptcea.

HaykoBa HOBHM3HA OTpUMAaHHX PE3yJIbTATIB MOJATAE Y
TOMY, IO BIEpIIE s KaTanori3amii 3alpornoHOBaHI IIre-
CTH- Ta ceMHU- (aKTOPHI OJHOPITHI KOMII IOTEPHI IIaHH
€KCIIEPUMEHTIB 13 BUKOPHCTAHHIM KBa3iBHIAJAKOBUX pe-
KypCHBHUX R-nociifoBHocteil Pobeprca, siki 3abe3neuy-
I0Th X TapaHTOBAaHO HM3bKI MOKa3HHKH IIEHTPOBAHOI Ta
OUKITIYHOT PO30IKHOCTEH Ta IIOCTAaTHBO BUCOKOSKICHI
MIPOEKLilHI BIACTHBOCTI 0€3 eTarry 1000py BAAIUX KOM-
OiHanii BekTopiB ruiany. lle € BiIMIHHOIO OCOOJUBICTIO
3aIlpOIIOHOBAHUX IUIAHIB 1 BiAPI3HsIE Tpolec iX CTBOPEH-
HSI TIPH 3aCTOCYBaHHI IHIINX THITIB KBa3iIOCIiIOBHOCTEH.

IIpakTryHa 3HAYYOIICT PE3yIBTATIB POOOTH ITIONIATAE
y TOMY, [0 PE3YJIBTATH JOCIIIKEHb MOXKYTh OyTH BHKO-
pucTaHi Ipu TOOYIOBI CYpOTaTHUX MaTeMaTHYHUX MOJE-
neit Gi3MYHUX NpoleciB OyIb-IKUMH BiJOMHMH METOJa-
MH anmpokcumaiii. Takok MOKITUBUM € 1X BUKOPHCTAHHS
IpY peanizaiii KpaTHOTO YUCEIBbHOIO IHTerpYBaHHS, BHU-
3Ha4yeHHi [lapeTo-ppoHTIB B 3a7auax OaraTOKpUTEpialib-
HOI onTuMi3arii.
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[lepciekTBY MOAATBIIMX JOCHIIPKEHb HOJATAIOTH Y
MOUIYKY MOXJIMBOCTEH IOJO0 MOKPAILIEHHS IOKa3HUKIB
y3araJbHEeHUX po30ixHOCTEH B OJTHOPiTHUX
KOMIT'IOTEPHHX IUIAaHAX EKCIEPHMEHTIB, IO Peali3yroTh
ITepaTHBHUIN JU3aiiH 3aIIOBHEHHS IIPOCTOPY.
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PoboTa mpoBeneHa B paMKax HayKOBO-IOCHTIIHOI po-
60T YepKachKoro JIep)KaBHOTO TEXHOJIOTIYHOTO YHiBEp-
curery «OOepHeHi 3ajadli BUXPOCTPYMOBOTO KOHTPOJIIO:
MOJIeJTi, AITOPUTMH, METOTU onTHMi3amii» (Ne mepxk. pe-
ectparii — 0120U103875).
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OJITHOPOJHBIE IJIAHBI MHOT'O®AKTOPHBIX SKCIIEPUMEHTOB HA KBASHUCJIYYANHBIX R- .
HNOCJEJOBATEJBHOCTAX POBEPTCA JJIs1 CYPPOI'ATHOI'O MOJEJIUMPOBAHNUSA B BUXPOCTHJIBHOU
CTPYKTYPOCKOIINA

T'aabyenxo B. fI. — n-p texH. Hayk, npodeccop, npodeccop kadenpbl NpHOOPOCTPOCHHUS, MEXAaTPOHUKH U KOMITBIOTEPU3HPO-
BaHHBIX TeXHOJIOIUH, Uepkacckuil rocyJapCTBEHHbIH TEXHOIOTHYECKUH yHUBepcUTeT, Yepkaccsl, YKpanHa.

Komesoii H. [I. — 1-p TexH. Hayk, npodeccop, npodeccop kadenpsl HHTEIUICKTYaIbHbIX H3MEPUTEIILHBIX CUCTEM M UHXCHEPHU
kayecTBa, HammonanbHelli aspoxocmuueckuii yHuBepcutreT uM. M. E. JKykoBckoro «XapbKOBCKHI aBHALIMOHHBI HHCTUTYTY,
XapbKkoB, YKpauHa.

Tpemo6oBenxkas P. B. — 1-p TexH. HayK, JOIEHT, TOLEHT Kadeapsl MPHOOPOCTPOSHHUS, MEXaTPOHUKH U KOMITBIOTEPU3HPOBAHHBIX
TeXHOJIOTUl, Yepkacckuil TocyJapCTBEHHBIN TEXHOJIOTMUECKUI YHUBEPCUTET, Yepkacchl, Y KpauHa.

AHHOTAIUSA

AxTyansHOCTb. Po00Ta mOCBsIIIEHa BOIpocaM CO3AaHMsT MHOTO(AKTOPHEIX IUIAHOB SKCIIEPUMEHTOB Ha OCHOBE KBa3HCITydaid-
HBIX peKypcuBHBIX R-mocnenoBarensHocteil Podeprca. OOBEKTOM HCCIECIOBAHHUN SBISETCS NMPOLECC CO3IaHHUs OJHOPOIHBIX KOM-
MIBIOTEPHBIX IUIAHOB YKCIIEPUMEHTOB. L{esib cTaThu COCTOMT B CO3JaHUM MHOTO(AKTOPHBIX, @ HMEHHO IIECTH- U CEMH-(PAaKTOPHBIX,
OZHOPOJHBIX ITAHOB KCIIEPUMEHTOB C HU3KMMHM IOKa3aTeNIIMH PACXOXKACHUH, UCCICAO0BAaHUM MX IPOEKIMOHHBIX CBOMCTB H Jie-
MOHCTpAIMH UX HCIOJIb30BAaHUS Ha IPUMEPE CypPOraTHOTO MOACIMPOBAHUS B BUXPETOKOBOM CTPYKTYPOCKOIHUH.

Metoa. [Iist mOCTPOCHUSI MHOTOMEPHBIX IUIAHOB IKCHEPUMEHTOB NPUMEHEH UTEPATHBHBIH METOJ PAaBHOMEPHOTO 3aIlOJIHEHHS
eIMHUYHOTO THIEPKy0a OMOPHBIMH TOYKAMH, 00OECICUMBAIONINIT IPHEMIIEMbIEe OKa3aTeJI TOMOTCHHOCTH U Pean3yeMblii Ha OCHO-
Be KBa3UCITyJalHBIX Oe3rmapaMeTpuueckruX aJIMTHBHBIX PEKypCUBHEIX R-nocnenoBarensHocTelt Pobeprea ¢ mcnons3oBaHneM Hppa-
IUOHAIBHBIX YHCENI, KOTOPBIC, B CBOIO OYepe/ib, IIOIyIeHBI Ha OCHOBE 0000mEHHON mocnenoBarensHoctd @ubdonaqun. Kpurepuem
COBEPILIECHCTBA IIAHOB SIBJIIETCS OLIEHKA FOMOTCHHOCTH 10 TTOKa3aTelsIM PAacXOXKICHHH, MHBAPHAHTHBIX OTHOCUTENIBHO BpALICHHS
KOOp/IMHAT U NePEMapKUPOBKH, a TAKXKE YIOPSI0YMBAHUS (PAKTOPOB M KOTOPHIE KOJMYECTBEHHO XapaKTepPHU3yIOT OTKIOHEHHE Cre-
HEPUPOBAHHOTO PACHIPEIEIICHHS OT UACaIbHOTO PABHOMEPHOTO.

PesyabTarhbl. [I1s KaTaqoru3ayy CO3/1aHbl MECTH- U CEMU-(DaKTOPHbBIE OJHOPOIHbIE KOMIBIOTEPHbIE MIAHBI 3KCIICPHUMEHTOB,
KOTOpBIE XapaKTePHU3yIOTCs HU3KUMH TTOKA3aTeNsIMA PACXOXKICHHI U TOCTATOYHO BHICOKOKAYECTBEHHBIMHU MTPOCKIIMOHHBIMHU CBOCT-
Bamu. IToATBepiK/eHa, paHee TO0Ka3aHHAs B MCCICAOBAHUIX aBTOPOB, TCHJCHIMS COXPAHEHHS STHX XapaKTEPUCTHK IIAHOB JKCIIC-
PUIMEHTOB B MHOTOMEpHBIX ()aKTOPHBEIX IPOCTPAHCTBAX, KOTOpas Takke HAOJIIONAETCS C yBEIMYCHHEM KOJIMYeCTBA TOUYEK ILIaHA.
Omenka Ka4yecTBa CO3JAHHBIX IUIAHOB SKCIIEPUMEHTOB OCYIIECTBIISUIACH KaK BU3YaIbHBIM aHAJIM30M MATPHIBI PACCESTHUS BCEX
JIBYXMEPHBIX TIPOEKIHH, TaK U MO KOJMIECTBEHHBIM ITOKa3aTelsIM HEOTHOPOJHOCTH COBOKYITHOCTH BEKTOPOB, 00pa3yoMmuX IUIaH, a
HMEHHO LIEHTPHPOBAHHBIM U [IUKIHMIECKHM PACXOXKICHUSIM.

Ha npumMepe HauampHOTO 3Tana co3IaHus CypporaTHOW MOJIEINH ISl peLIeH s 3a1a4un ueHTHGUKanuu npodunen 31ekTpodusm-
YECKHMX MapaMeTpOB B BUXPETOKOBOH CTPYKTYPOCKONHHM IIOKa3aHbl HEKOTOpbIE OCOOCHHOCTH NPHMEHEHHMS CO3/IaHHBIX IUIAHOB, a
HMMEHHO Nepex0] MaclITaOUPOBAHUEM OT IUIaHA IS €IMHHYHOTO PHIIEPKY0a K IIaHy B pealbHOM (DaKTOPHOM MPOCTPAHCTBE B BUIE
THIepHapaJUIeNeHIIeIa, YTO CYIIECTBEHHO HE BIIHSCT HA €r0 XapaKTePUCTHKH TOMOTCHHOCTH PAacIpEAC/ICH S TOYCK.

BbiBoabl. BriepBhie peleHa 3aa4a co3JaHus MECTU- U CeMU-(aKTOPHBIX OJJHOPOJHBIX IJIAHOB SKCIIEPHUMEHTOB C HU3KUMH I10-
Ka3aTesIMH LEHTPHPOBAHHOTO M IIMKIMIECKOTO pacXoIeHuil Ha ocHoBe R-mocienoBatensHocteil Pobeprca. MccenoBansl mpoek-
IIMOHHBIE CBONHCTBA CO3JJaHHBIX IIJTAHOB SKCIIEPUMEHTOB [UISl PA3IMYHOI0 KOJIMYECTBA TOUYEK. Y COBEPIICHCTBOBAH METO/] IIOCTPOSHHUS
MHOTOMEPHBIX KOMITBIOTEPHBIX IUIAHOB YKCIIEPUMEHTOB C YYETOM OCOOCHHOCTEH, XapaKTepPHBIX JJIsI BUXPETOKOBOI CTPYKTYPOCKO-
mid. [IpoIleMOHCTPHPOBAHO HCIOJIB30BAaHNE LIECTUMEPHBIX IUIAHOB AKCIEPHMEHTOB Ha MPHUMEPE CYyppOraTHOr0 MOJAEIMPOBAHMS B
BUXPETOKOBOIl CTPYKTYPOCKONUH. Pe3ysbTaThl HCCIIEOBaHUSA MOTYT OBITH MCIIOJNB30BAHBI IIPH IOCTPOCHHU CYPPOraTHBIX MaTeMa-
THYECKHUX MoJeNeH GpU3MIECKUX MPOLECCOB JIIOOBIMU N3BECTHBIMU METOIAMH aIllPOKCHMAIIH.

KJIFOUEBBIE CJIOBA: KOMIBIOTEpHBIH TUIAH YKCIIEPUMEHTA, CypporaTHast MOAETb (METaMOIEIb), OMHOPOAHOE paclpeere-
HHeE, KBa3UCITy4YaiiHble MOCIIEI0BaTeIbHOCTH, MPOCKIIMOHHBIE CBOHCTBA, MOKA3aTENIN PACXOKICHHS.
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ABSTRACT

Context. The article is devoted to the creation of multifactorial experimental plans based on quasi-random recursive Roberts R-
sequences. The object of the research is the process of creating computer-aided experimental design plans. The aim of the article is to
create multifactorial, namely six- and seven-factor, uniform plans of experiments with low discrepancies, study of their projection
properties and demonstrate their use on the example of surrogate modeling in eddy current structuroscopy.

Method. An iterative method of unit hypercube even filling with reference points was used for constructing multidimensional
experimental plans. It provides acceptable indicators of homogeneity and is realized on the basis of quasi-random nonparametric
additive recursive Roberts R-sequences using irrational numbers, which, in turn, are obtained on the basis of the generalized Fibo-
nacci sequence. The criterion for plans perfection is the assessment of homogeneity in terms of differences invariant with respect to
the rotation of coordinates and re-marking and ordering of factors and which quantitatively characterize the deviation of the gener-
ated distribution from the ideal uniform.

Results. Six- and seven-factor computer uniform experimental plans have been created for cataloging, which are characterized
by low discrepancies and sufficiently high-quality projection properties. The tendency, which had been previously proved in the au-
thors' research, for preserving these experimental plans characteristics in multidimensional factor spaces, which is observed with
increasing number of plan points, has been confirmed. The evaluation of the quality of the created experimental plans is carried out
both by visual analysis of the scattering matrix of all two-dimensional projections and by quantitative indicators of heterogeneity of
the set of vectors that form the plan, namely centered and cyclic discrepancies.

The example of the initial stage of creating a surrogate model to solve the problem of identifying profiles of electrophysical pa-
rameters in eddy current structuroscopy shows certain features of the application for created plans, in particular the transition from
the plan for a unit hypercube to the plan in real factor space in the form of a hyperparallelepiped, which does not significantly affect
its characteristics of homogeneity of the distribution of points.

Conclusions. For the first time, the problem of creating six- and seven-factor uniform plans of experiments with low rates of cen-
tered and cyclic discrepancies based on R-sequences of Roberts was solved. The projection properties of the created experimental
plans for different number of points were investigated. The method of constructing multidimensional computer plans of experiments
taking into account the peculiarities of eddy current structuroscopy was improved. The use of six-dimensional experimental plans on
the example of surrogate modeling in eddy current structuroscopy was demonstrated. The results of the study can be used in the con-
struction of surrogate mathematical models of physical processes by any known methods of approximation.

KEYWORDS: computer plan of the experiment, surrogate model (metamodel), uniform distribution, quasi-random sequences,
projection properties, indicators of discrepancy.
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ABSTRACT

Context. We investigate the Kolmogorov-Wiener filter weight function for the prediction of continuous stationary telecommuni-
cation traffic in the GFSD (Gaussian fractional sum-difference) model.

Objective. The aim of the work is to obtain an approximate solution for the corresponding weight function and to illustrate the
convergence of the truncated polynomial expansion method used in this paper.

Method. The truncated polynomial expansion method is used for the obtaining of an approximate solution for the Kolmogorov-
Wiener weight function under consideration. In this paper we used the corresponding method on the basis of the Chebyshev polyno-
mials of the first kind orthogonal on the time interval on which the filter input data are given. It is expected that the results based on
other polynomial sets will be similar to the results obtained in this paper.

Results. The weight function is investigated in the approximations up to the eighteen-polynomial one. It is shown that approxi-
mations of rather large numbers of polynomials lead to a good coincidence of the left-hand side and the right-hand side of the Wie-
ner-Hopf integral equation. The quality of the coincidence is illustrated by the calculation of the corresponding MAPE errors.

Conclusions. The paper is devoted to the theoretical construction of the Kolmogorov-Wiener filter for the prediction of continu-
ous stationary telecommunication traffic in the GFSD model. The traffic correlation function in the framework of the GFSD model is
a positively defined one, which guarantees the convergence of the truncated polynomial expansion method. The corresponding
weight function is obtained in the approximations up to the eighteen-polynomial one. The convergence of the method is illustrated by
the calculation of the MAPE errors of misalignment of the left-hand side and the right-hand side of the Wiener-Hopf integral equa-
tion under consideration. The results of the paper may be applied to practical traffic prediction in telecommunication systems with

data packet transfer.

KEYWORDS: Kolmogorov-Wiener filter weight function, continuous telecommunication traffic, truncated polynomial expan-

sion method, GFSD model, Chebyshev polynomials of the first kind.

ABBREVIATIONS

GFSD is the Gaussian fractional sum-difference;

ARMA is an autoregressive moving average;

ARIMA is an autoregressive integrated moving aver-
age;

FARIMA is a fractional autoregressive integrated
moving average;

MAPE is a mean absolute percentage error.

NOMENCLATURE

T 1is a time interval on which the input process data
are observed;

z is a time interval for which the forecast should be
made;

h(t) is the Kolmogorov-Wiener filter weight function;

H is the Hurst exponent;

R(t) is a traffic correlation function in the GFSD

model;
I'(x) is the gamma function;
0 € (0,1) is a constant which depends on the packet

arrival rate;
d is a fractional differencing parameter of the model,;
a,b are auxiliary constants;

© Gorev V. N., Gusev A. Yu., Korniienko V. 1., 2022
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n is a number of polynomials in the corresponding
approximations;
g, are the coefficients multiplying the polynomials;

S, (t) are the Chebyshev polynomials of the first kind
orthogonal on t €[0,T];

T,(x) are the Chebyshev polynomials of the first kind
orthogonal on x e[-1,1];

Left(t) is the left-hand side of the Wiener-Hopf inte-
gral equation;

Right(t) is the right-hand side of the Wiener-Hopf in-
tegral equation;

G,, are the integral brackets;

B, are free terms in the linear set of algebraic equa-
tions in g;

N is a number of points in the numerical integration.

INTRODUCTION
The problem of telecommunication traffic prediction
is an urgent problem for telecommunications. For exam-
ple, it is important for the optimization of network re-
sources, for the detection of cyber-attacks and for network
planning, see [1-3].
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There are many approaches to telecommunication traf-
fic prediction, which are used in different situations. In
fact, the traffic may be treated as a time series. For exam-
ple, the so-called gray model approach [4] may be used
for the monotone, nonnegative and smooth time-series
prediction, the ARMA model may predict stationary and
some special non-stationary time series [1]. More sophis-
ticated approaches, for example, such as ARIMA,
FARIMA approaches and neural networks, may be used
in more complex cases [2, 3].

However, another approach that may be applicable to
the prediction of stationary and rather smooth telecom-
munication traffic is the approach based on the Kolmo-
gorov-Wiener filter. The investigation of such an ap-
proach and its applicability may be of interest because of
its simplicity in comparison with many approaches known
in the literature. As far as we know, the investigation of
the Kolmogorov-Wiener filter approach is not enough
developed in the literature.

There are many mathematical models that may de-
scribe telecommunication traffic, see [5]. Our recent pa-
pers [6—8] were devoted to the theoretical construction of
the Kolmogorov-Wiener filter for telecommunication
traffic in the power-law structure function model and the
fractional Gaussian noise model. In this paper we investi-
gate the corresponding filter for the traffic prediction in
the GFSD (Gaussian fractional sum-difference) model
proposed in [9].

The object of study is the Kolmogorov-Wiener filter
for the prediction of continuous stationary telecommuni-
cation traffic in the GFSD model.

The subject of study is the weight function of the
corresponding filter.
The aim of the work is to obtain the weight function

on the basis of the truncated polynomial expansion meth-
od.

1 PROBLEM STATEMENT
As is known [10], the Kolmogorov-Wiener weight
function for the prediction of continuous time series obeys
the Wiener-Hopf integral equation

]dth(t)R(t—r):R(t+Z). (1)

The problem statement is as follows: to obtain the un-
known filter weight function as an approximate solution
of the Wiener-Hopf integral equation (1) on the basis of
the truncated polynomial expansion method.

2 REVIEW OF THE LITERATURE
The GFSD (Gaussian fractional sum-difference) mod-
el for mathematical traffic description was proposed in
paper [9]. In [9] it is stressed that the corresponding mod-
el gives a good mathematical description of live packet
traces for traffic in both directions of 3 Internet links:
Auckland, Leipzig, and Bell.
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Our previous papers [6—8] were devoted to the theo-
retical construction of the Kolmogorov-Wiener filter for
telecommunication traffic in the power-law structure
function model and the fractional Gaussian noise model,
but we don’t know any papers devoted to the Kolmo-
gorov-Wiener filter investigation for telecommunication
traffic in the GFSD model. This fact justifies the scientific
novelty of this paper.

In this paper we solve the integral equation (1) on the
basis of the truncated polynomial expansion method. This
method is a special case of the Galerkin method [11] and
in this paper this method is based on the Chebyshev poly-
nomials of the first kind orthogonal on the time interval
t €[0,T]. Of course, another polynomial system may also

be chosen. But, for example, in [8] three different poly-
nomial systems (Chebyshev polynomials of the second
kind, Chebyshev polynomials of the first kind, and poly-
nomials orthogonal without weight) were investigated for
two different traffic models, and it was shown that the
results for all three polynomial systems are, in fact, simi-
lar. Therefore, we expect that the results for other poly-
nomial systems will also be similar in the framework of
the GFSD model.

3 MATERIALS AND METHODS
The traffic correlation function for the discrete GFSD
model is as follows [9]:

70002

(1-d) r(t+d) (51
r(d) r(t-d+1°

2
X

2

the value d =0.31is chosen [9]. First of all, we should
propose an expression for R(t) for te(0,1). For t>1 it

is natural enough to require the correlation functions in
the discrete and continuous cases to be the same. How-
ever, expression (2) is obviously not applicable for R(t)

for t €[0,1] because it is not convergent at t=1-d and
the inequality |R(t)| < R(0) fails. In [9] the corresponding
model is written for the traffic with a variance equal to 1,

so we propose to define the correlation function for
te[0,1] as

R(t)=at’+1 3)

where the constants a and b are calculated on the basis
of the joining conditions

dr

o =Rlio
t=1-0 =140 Gy

_dR

R| =
t=1-0

4)

t=1+0
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In such a case the inequality |R(t)| <R(0) holds, the

process variance R(0) =1, the function R(t) and its de-
rivative are continuous on the time axis. It should also be
stressed that if T > 1, then the leading order in the inte-
grals calculated in the paper is given by the interval
t €[1,T] rather than the interval t €[0,1], so the choice of
R(t) for t €[0,1] may not have any significant effect on
the paper results. For example, for the value 6 =0.8 the
following  values  are  obtained: a=-0.845,
b =-0.206 (rounded off to 3 significant digits). It is also
known that the correlation function of a stationary random
process is even one. Therefore, finally, we propose the
following form of the correlation function R(t) in the

continuous case:

alt] +1LJt[<1
gy 2=d)t -(1-d)”
R(t)=4(1-6) eisay (5)
r(1-d) r({t+d) s
r(d) r(|t|—d+1)’||_

the constants a and b are given by expressions (4).

In what follows, we solve the integral equation (1)
with the correlation function (5) as follows. The unknown
weight function is sought in the form of the truncated
polynomial expansion:

n-1

h(t)=29.5, (7). (6)

s=0

where
5,91, 3-1). )

see [8] and the definition of T, (X) in [12]. After substi-
tuting (6) into (1), multiplying by S, (t) , and integrating
over t, one can obtain the following expression for the
coefficients g, in the n-polynomial approximation:

-1
9 Goo Gm T GO,n—l Bo

91 _ G:m G:n Gl,:n—l | i (8)
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Gy =H‘drdt8k (1)S, ()R(t-1),
00 ] 9)
B, = [dts, ()R(t+2).

On the basis of the fact that R(t) is an even function
and on the basis of the properties of the Chebyshev poly-
nomials, one can derive the following properties of the
integral brackets G :

G.=G

G, =0 if k and s are of different parities,

sk >

(10)

see a similar derivation for another polynomial system in
[6]. The properties (10) significantly reduce the computa-
tion time.

Let us discuss the calculation of the integral brackets
(9) in detail. In this paper they are calculated in the Wolf-
ram Mathematica package as follows. Unfortunately, the
package fails to calculate the integral brackets on the ba-
sis of the explicit expression (9) with account for (5), so
expression (9) is rewritten on the basis of the following
change of the variables:

Gks =

Sy S——

]‘drdtSk (t)S, (1)R(t—71) =

{x=t-1,y=t+1}=
_1—e]1dxz(1—d)x2—(1—d)2 rg-d)
25 x-(1-dy  T(d)

_ X+2T _
. I(-x+d) jdysk(x yjss(x+yj+

[(—x-d+1) ° 2 2
+1—9]0')(2(1—(1)%—( ~d)’ r(-d)
297 X-(1-dy  T(d)

2T —x
LD e (ﬂjs [u}
C(x-d+1) 3 2 2
1% b
+E:[ldx(a~(—x) +l)><
2T +x X—y X+y
dyS, | —= S.| —
<] yk( 2 j[ 2 }
ex(ax) a2 (22
2 2 2L 2 )

0

X

(I

the integral brackets are calculated in the Wolfram Math-
ematica package on the basis of the explicit expressions

(11).

4 EXPERIMENTS
We investigate the results for the following numerical
values of the parameters:

T=100, z=3, d=0.31, 6=0.8. (12)
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The integral brackets G,, are calculated on the basis
of (11), the free terms B, are calculated on the basis of

(9), for each polynomial approximation the coefficients
multiplying the polynomials are calculated on the basis of
(8), the result for the corresponding weight function is
given by (6). In order to justify the proposed algorithm,
we compare the left-hand side and the right-hand side of
the Wiener-Hopf integral equation (1) by calculation of
the MAPE errors:

Left(t) = ]dth(T)R(t—T)a
Right(t) =R(t+2), (13)

MAPE =

1 ]~|Left(t) ~Right(t
0

1009
T | Right(t) |dt 100% .

In this paper the MAPE error is roughly estimated as

Left (J’Ij —Right (ﬂj‘
-100% ,

. jiT
Right| —
= (Nj ‘

N=10".

1 N-1
MAPE =—>"
N j:0

(14)

It should be stressed that Left(t) is calculated on the

basis of the Wolfram Mathematica package using the fol-
lowing explicit expressions:

(15)

where

o o)
r(1-d) I(-x+d)
r(d) T(x—d+1)

+i h(t- x)(a(—x)b +1)dx+

x(l—e)

(16)
+Z|;h(t—x)(axb +1)dx+
t 2(1-d)x* ~(1-d)’
+!dxh(t—x) e (d) x
r(1-d) T'(x+d)
r(d) r(x-d+1)’

><(1—9)
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L, (t)= jt h(t- x)(a(—x)b +l)dx+

+Jh(t—x)(axb +1)dx+

0

¢ 2(1-d)x* - (1-d)’ 1n
+'1[dxh(t—x) xz—(l—d)z x
r(i-d) r(x+d)
=)@ Txdrn)”
T ahitox 2(1—d)x2—(l—d)2X
L(1)= [ axh(t-x) (0
(1 I(1-d) I(-x+d) .
(=0T @) Tox—d+n s

+ih(t—x)(a(—x)b +1)dx+
+jh(t—x)(axb +1)dx .

0

The calculation of all the integrals in this paper is
made on the basis of the NIntegrate function built in the
Wolfram Mathematica package.

5 RESULTS
The obtained results for the MAPE are given in
Table 1.

Table 1 — MAPE for the approximations of N polynomials
rounded off to two decimal places

n MAPE, %
1 26.59
2 17.95
3 11.44
4 8.43
5 5.92
6 4.65
7 3.51
8 2.93
9 235
10 2.11
11 1.79
12 1.67
13 1.47
14 1.41
15 1.27
16 1.24
17 1.14
18 1.14

In order to illustrate the coincidence of the left-hand
side and the right-hand side, we build the corresponding
graphs for the 18-polynomial approximation, see Fig. 1.
Therefore, it may be concluded that the truncated poly-
nomial expansion method is convergent for the problem
under consideration, and approximations of rather large
numbers of polynomials are rather accurate.
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Figure 1 — Comparison of the left-hand and right-hand sides
of eq. (1) for the parameters of (12) for the eighteen-
polynomial approximation

6 DISCUSSION

The Kolmogorov-Wiener filter weight function for the
prediction of continuous stationary telecommunication
traffic in the GFSD (Gaussian fractional sum-difference)
model is investigated. The truncated polynomial expan-
sion method based on the Chebyshev polynomials of the
first kind is used in a search for an approximate solution
of the Wiener-Hopf integral equation. The method is real-
ized on the basis of the Chebyshev polynomials of the
first kind orthogonal on the required time interval. The
traffic correlation function in the GFSD (Gaussian frac-
tional sum-difference) model is a non-negative one, which
justifies the convergence of the proposed method. Ap-
proximations up to the eighteen-polynomial one are in-
vestigated, and the method convergence is illustrated by
the calculation of the corresponding MAPE errors of mis-
alignment of the left-hand side and the right-hand side of
the Wiener-Hopf integral equation under consideration. It
is shown that approximations of a large number of poly-
nomials are rather accurate.

In [8], the truncated polynomial expansion method is
investigated for three polynomial systems (Chebyshev
polynomials of the second kind, Chebyshev polynomials
of the first kind, and polynomials orthogonal without
weight) for two different traffic models (powel-law struc-
ture function model and fractional Gaussian noise model),
and it is shown that the results for all the three polynomial
sets are, in fact, the same. It should also be stressed that
the structures of the correlation function for t>>1 are
similar in the fractional Gaussian noise model and in the
GFSD model (see [9]). Therefore, it is expected that the
results of the truncated polynomial expansion method will
be almost the same for different polynomial systems for
the traffic in the GFSD model.

CONCLUSIONS

The Kolmogorov-Wiener filter weight function for the
prediction of continuous stationary telecommunication
traffic in the GFSD (Gaussian fractional sum-difference)
model is calculated on the basis of the truncated polyno-
mial expansion method. Aproximations up to the 18-
polynomial one are investigated. It is shown that ap-
proximations of rather large numbers of polynomials lead
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to a good coincidence between the left-hand side and the
right-hand side of the Wiener-Hopf integral equation.

The results of this paper may be useful for the practi-
cal prediction of telecommunication traffic in systems
with data packet transfer.

The scientific novelty of the paper is the fact that for
the first time the Kolmogorov-Wiener filter weight func-
tion is calculated for the telecommunication traffic predic-
tion in the GFSD (Gaussian fractional sum-difference)
model.

The practical significance is that the obtained results
may be applied to the practical prediction of telecommu-
nication traffic in systems with data packet transfer.

Prospects for further research are to obtain a practi-
cal prediction on the basis of the obtained results and to
investigate the solutions for the weight function on the
basis of a non-polynomial orthogonal function system.
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OUIBTP KOJIMOTI'OPOBA-BIHEPA JIJISI IPOI'HO3YBAHHS HEITEPEPBHOI'O TPA®IKY Y GFSD MOJIEJIT
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AHOTALIA

AxTyanbHicTs. Jlocnimpkeno BaroBy ¢yHkuito ¢instpa Konmmoroposa-Binepa aist mporHo3yBaHHS HEIIEPEPBHOIO CTAlliOHAPHO-
ro TenekomyHikamiHoro Tpadiky y GFSD (Gaussian fractional sum-difference) moneni.

MeTta po6oTu. MeToro poboTH € OTpUMATH HaOIMKEHHI PO3B’SI30K IS BiIOBiIHOT BaroBoi (yHKIIi Ta mpoigrocTpyBaTn 301k-
HICTh METOJy 00ipBaHHX PO3BHHEHb 32 IOJIIHOMaMH, III0 BUKOPUCTAHO B il CTATTi.

Metoa. Mertox 00ipBaHMX PO3BHHEHD 3a ITOJIHOMAaMH BUKOPHCTAHO IS OTPHMAHHS HAOIMKEHOTO PO3B’SI3KY UL TOCIIKyBa-
Hoi BaroBoi ¢yHkii GpineTpy Kommoroposa-Binepa. B 11iif ctaTTi HaMu BUKOPUCTAHO BiAMOBIIHUI METO/ Ha OCHOBI MOiHOMIB Ye-
OWILIOBA MEPIIOr0 POAY SKi € OPTOTOHAIBHMMH Ha YacOBOMY BiJPi3Ky Ha SKOMY 3ajaHi BXifHi aaHi ¢inbTpa. OdiKyeThbes, IO pe-
3yJIbTaTH, 5Ki 0a3yBaTHUMyThCS Ha IHIIMX IOJIIHOMialbHUX CHCTEeMax OyAyTh aHAIOTIYHHMH O Pe3yJbTaTiB, OTPHMAHHUX B IaHii
CTaTTi.

PesyabTaTn. BaroBy QyHKIif0 TOCTITKEHO Y HAOMMKECHHAX A0 BiCIMHAALATH MOJIHOMIB BKIIOYHO. [TokazaHo, 110 HaOIIKeHHS
JIOCUTP BEJIHKOI KUTBKOCTI TOJIHOMIB MPU3BOISATH IO XOPOIIOTO CITIBIIAAIHHS JIiBOT Ta IMPaBOi YaCTHH iHTErpajbHOTO PiBHIHHS BiHe-
pa-Xomnda. SkicTh criBIamiHHA IPOLTIOCTPOBAaHA OOYHCICHHSM BIAMOBITHUX CEpeIHIX aOCOTIOTHAX IIOMIJIOK HEB SI3KH.

BucnoBku. CTaTTio NPHUCBSMEHO TeOpeTHIHIN 100y 10Bi (inbTpa Konmoroposa-Binepa 11t mporHo3yBaHHs HENEPEpPBHOTO CTa-
IioHapHOTO TejekoMyHikauniitnoro tpadiky y GFSD moneni. Kopensuiiina ¢ynkuis tpadiky B pamkxax GFSD moneni € mo3utiuBHO
BU3HAYEHOIO, III0 apaHTye 30DKHICTh MeTOAy 00ipBaHMX PO3BMHEHB 3a MoJiHOMaMmu. BinnosinHa BaroBa (yHKIis OTpUMaHa y Ha-
OMMKEHHSIX 10 BICIMHIIISATH MOJIHOMIB BKJIIOYHO. 301KHICTh METO/Ly MPOLTIOCTPOBAHA OOUYHCIICHHSIM Cepe/iHiX aOCOMOTHIX TOMH-
JIOK HEeB’s13KH JIiBOT Ta MpaBol YaCTHH iHTErpanbHOro piBHsHH Binepa-Xomnda, 1o posrisaaerbes. Pe3ynbrati poboTH MOXYTh OyTH
3aCTOCOBHI JI0 MPAaKTUYHOTO MPOTHO3YBaHHA TpadiKy B TEICKOMYHIKaiHHIX Mepexax 3 MaKEeTHOO MepeIavecio TaHuX.

KJIFOYOBI CJIOBA: Barosa ¢yHskuis ¢inerpa Konmoroposa-Binepa, HerepepBHUil TenekoMyHiKamiiHui Tpadik, MeTon 00i-
pBaHHX po3BHUHEHB 32 mosiHomMamu, GFSD moens, moniHomu YeOHIioBa mepiioro poy.
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®UIBTP KOJIMOT OPOBA-BUHEPA JIJISI IPOTHO3UPOBAHHSI HEIIPEPEIBHOI'O TPA®®HUKA B GFSD
MOJIEJTN

I'opes B. H. — kana. ¢u3.-mar. HayK, JOLEHT Kadeapsl 6e3omacHoCcTH HHGOPMALUH U TeIeKOMMYHHKaui, HaunoHanbHbIi Tex-
Hudeckuil yHuBepcutet «/{nenposckas [lonurexuukay, lnenp, Ykpauna.

I'yceB A. IO. — kana. ¢u3.-Mat. HayK, AOLEHT, mpodeccop Kadeaprl Oe3onacHOCTH HHPOPMAIMH U TeleKOMMyHHKanuii, Ha-
LIMOHAJILHBIN TeXHUUecKui yHuBepcureT «JlHenposckas [lonutexnukay, Jnenp, YkpauHna.

Kopunenko B. U. — n-p TexH. Hayk, npodeccop, 3aBeayromuii kadeapsl 6e30IacHOCTH WHPOPMAIMHA U TEICKOMMYHHKALUA,
Hauunonanbublit Texuuueckuil yausepeutet «J{nenposckas [lonaurexuukay, Jnenp, Ykpaunna.

AHHOTALUST

AxTyanbHoOCcTb. MccnenoBana BecoBast ¢ynkims ¢unbrpa Konmoroposa-Bunepa iisi IporHo3upoBaHHsl HENPEPHIBHOTO CTa-
LMOHAPHOTO TEIeKOMMYHHKaOHHOTo Tpadduka B GFSD (Gaussian fractional sum-difference) monenu.

Heas padotel. Liensio paboTHI ABISETCS MOMYyYUTh MPHOIMKEHHOE PEIIEHUE IS COOTBETCTBYIOMIECH BeCOBOH (PYHKIIMU U MPO-
WILTIOCTPUPOBATH CXOJUMOCTh METO/1a 00OPBAHHBIX PA3JIOKEHUH II0 MOJIMHOMAaM, KOTOPBIH HCIIONb30BaH B JAHHOM CTaThe.

MeTtoa. Meton 000pBaHHBEIX PA3IOKEHUH 110 MOIMHOMAM HCIIONB30BaH IS MONYYCHUs MPUOIVKCHHOTO PEIISHUs ISl Ucciie-
nyemoit BecoBoi ¢yHkuu puiabTpa Konmmoroposa-Bunepa. B 310 cTaThe HaMH UCTIOJIB30BaH COOTBETCTBYIOIIUI METO/ HA OCHOBE
noirHOMoB YeObImeBa NepBoro posia, KOTOPHIE SIBISIIOTCS OPTOrOHAJIBHBIMHU Ha BPEMEHHOM OTpEe3Ke, Ha KOTOPOM 33/IaHbl BXOIHBIE
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nanHble GuisTpa. OKUIaeTcs, 4To pe3ybTaThl, KOTOpble OyayT 0a3MpoBaThCS HA JPYTHX ITOJMHOMHAIBHBIX CHCTEMax, OymyT aHa-
JIOTHYHBI pe3yJIbTaTaM, HOJyYeHHbBIM B JAHHOH CTaTbe.

Pe3yabTaTsl. BecoBas ¢pyHKuus uccienoBaHa B IPHOIIKEHUSX 10 BOCEMHAJILATH MIOJIMHOMOB BKIIOYUTENEHO. [TokasaHo, 4To
MPUOIMKEHNS TOCTATOUHO OOJBIIOr0 YKCIa MOJMHOMOB IIPUBOIAT K XOPOIIEMY COBITAJICHUIO JIEBOU U MPaBOH yacTel HMHTErpaIbHO-
ro ypaBHeHus: Bunepa-Xonga. KauectBo coBnaaeHus: mpoMUIIOCTPUPOBAHO BBIYMCICHUEM COOTBETCTBYIOIINX CPEIHHUX abCOIIOT-
HBIX OMINOOK HEBSA3KH.

BriBoasbl. CTaThs MOCBAIIEHA TEOPETHUECKOMY MOCTpoeHuIo punbTpa Komvoroposa-Burepa it IpOrHo3upoBaHHs HEMPEPHIB-
HOTO CTAaI[IOHAPHOT'0 TeJIeKOMMYHHKamoHHoro Tpadduka B GFSD monenn. Koppensunonnas ¢ynkius tpadpuka B pamxax GFSD
MOJIEJIH TIOJIOKUTEINIFHO OIPE/IeNIeHa, YTO FapaHTUPYeT CXOAMMOCTh METo/a 0OOPBaHHBIX pa3ioKeHMH 1o noiauHoMaM. COOTBETCT-
ByIOIIasi BecoBasi PyHKIMS MONTyYeHa B MPUOIIIKEHHUIX JO BOCEMHALATH ITOJIMHOMOB BKIIOUHTEIbHO. CXOIMMOCTE METOAa IPOWII-
JIIOCTPUPOBAHA BBIYMCIICHHEM CPEIHUX aOCONIOTHBIX OIIMOOK HEBSI3KH JIEBOM M IPABOH YacTeil HCCIIeayeMOoro HHTErpajJbHOTO ypaB-
HeHust Bunepa-Xomnda. PesynpraTel paboThl MOTYT ObITh IPUMEHHUMBI K HPAKTHYECKOMY MPOTHO3HMPOBAHUIO TpadhuKa B TEIEKOM-
MYHHKAI[MOHHBIX CETAX C MAKETHOH Mepefaueil JaHHBIX.

KJIFOUEBBIE CJIOBA: BecoBas ¢ynkums ¢uinprpa KonmoropoBa-Bunepa, HenpephIBHBIN TeIeKOMMYHHKAIMOHHBIN Tpad-
¢$uxk, MeTox 000pBaHHBIX pa3noxeHuit mo nomrHoMam, GFSD moznens, nonnHOoMB! YeObIieBa mepBoro poza.
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ABSTRACT

Context. The problem of approximation of empirical data in the decision-making system in safety management.. The object of
the study was to verify the adequate coefficients of the mathematical model for data approximation using information technology.

Objective. The goal of the work is the creation adequate math-ematical model using information technology on the bases analyze
different approaches for approximating empirical data an that can be used to predict the current state of the operator in the flight
safety system..

Method. A comparative analysis of the description of the transformation of information indicators with a non-standard structure.
The following models of transformation of information indicators with similar visual representation are selected for comparison:
parabolas of the second and third order, single regression and regression with jumps. It is proposed to use new approaches for
approximation, based on the use of the criterion proposed by Kuzmin and the Heaviside function. The adequacy of the approximation
was checked using these criteria, which allowed to choose an adequate mathematical model to describe the transformation of
information indicators. The stages of obtaining a mathematical model were as follows: determining the minimum sum of squares of
deviations for all information indicators simultaneously; use of the Heaviside function; optimization of the abscissa axis in certain
areas; use of the linearity test. The obtained mathematical model adequately describes the process of transformation of information
indicators, which will allow the process of forecasting changes in medical and biological indicators of operators in the performance
of professional duties in aviation, as one of the methods of determining the human factor in a proactive approach in flight safety.

Results. The results of the study can be used during the construction of mathematical models to describe empirical data of this
kind.

Conclusions. Experimental studies have suggested recommending the use of three-segment linear regression with jumps as an
adequate mathematical model that can be used to formalize the description of empirical data with non-standard structure and can be
used in practice to build models for predicting operator dysfunction as one of the causes of adverse events in aviation.

Prospects for further research may be the creation of a multiparameter mathematical model that will predict the violation of the
functional state of the operator by informative parameters, as well as experimental study of proposed mathematical approaches for a
wide range of practical problems of different nature and dimension.

KEYWORDS: flight safety system, approximation, least squares method, three-segmented linear regression with jumps,
abscissa optimization of the jump point, linearity test sample, fractal dimension, quality metric, cluster, sample formation.

ABBREVIATIONS Xjumpl > 18 @ 1-st abscissa of the jumps cross sections;
ALo0SP — Acceptable level of safety performance;

AP — Adaptive potential; Xjump2 1S @ 2-nd abscissas of the jumps cross sections,

DF — Factor of destabilization; h(x) is Heaviside function;
EASA — European Union Aviation Safety Agency; n is the total quantity of empirical data.
EC — European Commission;
EPAS — European Plan for Aviation Safety INTRODUCTION
ERCP — European Regional Safety Plan; Statistical analysis, which uses as empirical data
ERCS — European Risk Classification Scheme; information indicators from unstable objects is one of the
ESARR —  FEurocontrol  Safety  Regulatory most difficult tasks [1, 2]. The use of statistical analysis is
Requirement; closely related to the use of mathematical statistics,
KRA — Key risk areas; spectral analysis, regression and variance analysis,
SI — Safety issues; splines, applied geometry, etc. [3—5]. However, the use of
SRM - Safety risk management. empirical data obtained from the transformation of
information indicators of unstable objects often cannot be
. NOM.ENC,LATURE, adequately described using standard methods that are
a is a unknown approximation coefficient; widely used, for example, for stable technical objects.

b is a unknown approximation coefficient;

. S . The object of study is the process of approximation
¢ is a unknown approximation coefficient; J y P PP

of information indicators to determine an adequate model
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that can be used in the decision-making process on the
functional state of operators

The process of deciding on the state of the object takes
a long time due to the need to analyze the information
indicators of different informativeness and is often
subjective. Therefore, to reduce the time of decision-
making and increase its reliability requires the
development of a mathematical model that adequately
describes the state of the object on the information
indicators.

The subject of study is the process of modeling
information indicators that can be used to predict changes
in the functional state of the operator as one of the
triggers of an adverse event in the aviation security
management system.

Due to the variability, unpredictability and instability
of the object from which the information indicators are
obtained, there are many factors influencing the correct
choice of the transformation model and the accuracy of
estimating the coefficients of the mathematical model.
This is due to the fact that such information indicators
have structural features and therefore cannot be
adequately described by standard methods, therefore, for
adequate mathematical modeling it is necessary to
approximate the experimentally obtained data using new
non-standard approaches. The subject of the study is the
process of modeling with non-standard approaches to the
approximation of empirical data..

The purpose of the work is to increase the hang the
reliability of the use of mathematical methods to describe
the functional state change of the operator using
transformation information indicator in decision-making
system.

1 PROBLEM STATEMENT

The purpose of the EPAS (the European Plan for
Aviation Safety (EPAS) — Safety Management at
European Level) is to ensure that the principles of safety
management are applied within the European Aviation
Community so as to continually improve safety
performance. Using the Regulation (EU) 2018/1139,
known as the European Union Aviation Safety Agency
(EASA) Basic Regulation, are fundamental to the
continuous improvement of civil aviation safety [6]. It to
ensure the application of ICAO safety management
principles. The EPAS seeks to anticipate emerging
industry safety risks and make best use of technical,
mathematical resources and information technology for
planning and implementing safety improvement actions.
EASA develops the EPAS in close collaboration with the
Member States and other relevant stakeholders and is
being developed annually and looks ahead to the
following four years. There are determined prioritisation
of issues and evaluates options to address them on based
relevant safety information sources (notably occurrences).
It identifies the main areas of concern affecting the
European aviation safety system, one such problem is the
influence of the human factor [7] (Fig. 1).

The ability of a person to make erroneous or illogical
decisions in specific situations, which is referred to as a
human factor is associated with limitations or errors that
are characteristic of any person moreover psy-
chophysiological characteristics of a operator do not
always correspond to the level of complexity of the tasks
or problems to be solved. The resolution adopted by the
ICAO Assembly on flight safety and the role of the
human factor in the interaction with equipment,
processes, the environment and interaction with each
other is to identify features of human factor assessment as
a source of risk [8]. This assessment should be based on a
practical solution to safety problems, based on the
analysis of erroneous actions of all participants in the
human-machine system, which led or could lead to
accidents [8]. The goal of a pro-active approach to the
human factor is to minimize aviation accidents through
erroneous or illogical decisions in non-standart situations
human fault. In this regard, the ideology of risk
management is developed, which directs the search for
ways and determines the early detection of hazards and
dangerous factors that occur in the form of certain events,
predictors of Fig. 1. [9]. Given that due to a number of
circumstances due to the complexity of the process to
quickly identify hazards associated with the human factor,
proactive approach to assessing the current functional
state of the operator will allow to reduce the development
of adverse events. The use of mathematical methods to
describe and formalize the current functional state of the
operator will allow on the basis of the obtained
mathematical model to predict the imbalance of the
operator, which can cause erroneous decisions. But the
mathematical description of such a complex object has a
number of difficulties [10]. Often, empirical data obtained
in the process of measuring various information indicator
describing the current state of the operator rarely have a
pronounced pattern and are characterized by a limited
amount of data, which complicates the formalization
process.

2 REVIEW OF THE LITERATURE

Analysis of literature sources [10-23], specializing in
statistical analysis allows us to draw conclusions about
the active use of researchers to build multi-segment
mathematical models with jumps.

Thus, in [23], researchers used a mathematical model
of two linear regression lines for one data set, but the
peculiarity of this use was the fact that empirical data
were clearly divided into clusters. Based on the research
conducted in [23], the author developed a method for
constructing two regression lines, but this method has a
number of technical difficulties in its practical use for
engineering problems.

In books [15, 16] the authors solve the problem of
constructing a multistage regression using a fictitious
variable. The peculiarity of this study is that the author
considers an option in which there is only one jump.
While often empirical data may contain a certain number
of jumps.
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Figure 1 — The place of the human factor in aviation safety management methodologies

So, the results of modern research show that although
jump regressions are used, the problems of optimizing the
abscissa of the jump point and constructing models with
multiple jumps have not been given enough attention.

Therefore, this article solves the urgent scientific,
technical and practical problem of constructing a multi-
segmented regression with jumps with optimization of the
jump point abscissa and using the Heaviside function to
obtain the general equation.

3 MATERIALS AND METHODS
The functional purpose of the decision-making system
is to ensure the maximum completeness of obtaining
information about the parameter of the object by

controlled physical quantities correlated with this
parameter.
The fact that the primary information after

transformation takes the form of quantitative judgments
about the state of the object does not prevent us from
considering any multi-parameter diagnostic system as an
information system.

If we consider a complex object characterized by the ¥
parameter, then Xj,..., X; are measured physical quantities
that reflect the properties of a physical object. Often, Y
must be considered as a random variable in a certain
sense, which is due to the lack of the possibility of an
accurate, metrologically justified reproduction of its given
value in the range of A4, of all its possible changes.
However, the dispersion of the Y value at any point in the

range is a constant value (cf, =const ).

Moreover, at the functional level, there is an a priori
unknown relationship between the mean value Y and {X;}:

M[Y]=F(M[X;1],..M[X}]).

In addition, for any of the controlled values there is a
conditional density f(X;Y|Y;,{X, [}{C,l #1i) in addition,

for any of the controlled values there is a conditional
density, which reflects the stochastic relationship between
the X; value and the remaining controlled values, provided
that (¥ =Y; =const,j=12...). All quantities belong to

the set of real numbers, and their number is theoretically
considered unlimited, although for technical reasons, the
condition k& < oo takes place.

The generalized decision-making structure based on
the transformation of measurement information about the
Y value based on the measurement of the values of
controlled quantities, Fig. 2.

X1
measured ision-
S| [T mesued || decision .
Y=Yi converts vatue making -y y;: ¥ =Yj
Xe conversion unit
f (w) f {a. b3

Figure 2 — The generalized decision-making structure

According to the structure in Fig. 2, in order to make a
decision about the state of a complex object, it is
necessary at the first stage to obtain the value X;*,. X *
by primary converters, which at the second stage are
converted into an estimate Y* of the value of the
parameter Y-

Y* :ﬁ(Xl,...Xn‘al,...aP)9
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where ay,...a, — are the coefficients of the mathematical
model of transformation. The coefficients ay,...q, are
estimated at the stage of studying the object according to
the sample data of size n for each of the fixed values

Y;,j=1m of the levels of parameter Y (training stage).

Decision making selects one y; {al,bc};” from the set

m
{YI }1
with the decision selection rule

of decisions about the value of Y in accordance

vy*[Y* e(a;,b)—>Y" eYjJ

Figure 2 {y } indicates the factors that affect the

correct choice of the transformation model F() and the
accuracy of estimating the coefficients ay,...a, of this
model.

The estimate of the amount of information about the
parameter Y (assuming that the width A of the tolerance

intervals (a /,bj), j=1,k is the same, and their total

number is equal to k) is determined by the difference
between the initial H(Y) and the conditional entropy
HY| Y;):

I=H(Y)-HY| Y)).

The initial entropy depends on the distribution density
f(y) of the value Y in the range 4,

k bj b/
HY)==Y| [f()dy |In| [ f()dy |

J=1 a; aj;

We find the conditional entropy by the conditional

probability P(Y; | Y;) that the true value of M[Y] =Y,

while the result of the solution y; gives the value Y=Y :
k
H(Y[Y)) ==Y PHY)n PE|Y ).
i=1

Assuming the model £()is represented by linear
multiple regression
k
P=ag+Q ax
i=l1
estimation of the coefficients aq... a;, to give an
adequate mathematical model based on empirical data.
However, empirical data that can be used to assess the
functional state of the operator often have structural
features and therefore cannot be adequately described by
standard methods.

4 EXPERIMENTS

The construction of a mathematical model was based
on empirical data. When it comes to empirical data
obtained from biological objects, obtaining the amount of
data necessary for reliable statistical processing is always
difficult. Therefore, the use of methods that show good
predictive performance on small samples are necessary.
Also, finding mathematical approaches tested for
adequacy based on real data is the main step in the
decision-making system. Empirical data were used in the
work, which described the dependence of systolic blood
pressure and anthropometric characteristics, among which
body weight was chosen. The measurements were carried
out in male operators of the age group from 25 to 30
years. The measurement results are presented in Table 1.

Table 1 — Empirical data

the first nine
X 143 149 155 158 159 | 165 | 167 | 168 |169
Y 124 125 128 | 133 128 | 130 | 133 | 132 |135
another nine
X 170 172 174 175 180 | 180 | 183 | 187 [190
Y 150 153 149 | 146 156 | 156 | 158 | 159 [I50
the rest
X 192 195 200 | 210 | 212 | 215 | 235 | 240
Y 160 163 148 140 151 150 | 165 | 170

Based on the measured values, a graph was
representation for visual interpretation of their results
Fig. 3.

20

Yi
180 e
-~ - )
Second cluster Pl e
PR A *
160 A - /’( V2
/e 7 e V2
( g @ - . - v
\ * //f Pl
140 e o/ P— Third cluster
-7 s ) /~|--
7/ .G /
- e / .
(o= ~ / Suspected point
120) ~
First cluster
Xi

150 200 250

Figure 3 — Distribution of input data into clusters

According to Fig. 3, after visual analysis of the initial
data, the following conclusion can be drawn. The
distribution of the initial data has a non-standard form,
which causes difficulties in their description. Such a
description of a single functional dependence with
satisfactory accuracy is hampered by the presence of
several clusters, which are clearly visible in Fig. 3.
(indicated by a dash-dotted line).

As can be seen from Fig. 3, one of the clusters is
shifted up relative to the linear trend, which forces to
choose non-standard approaches for approximation. One
such approach is to use the Heaviside function together
with the criterion proposed by Kuzmin [25]. Kuzmin’s
criterion [25] is used to determine nonlinearity, but in this
paper the authors used it to test the mathematical model
for adequacy.
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Several hypotheses have been put forward in the paper
to determine the most adequate mathematical model.

5 RESULTS
Hypothesis 1. Using a simple linear regression.
The least squares method for approximating the
function of one variable was used, which allowed to
obtain the following regression equation:

3(x)=69.104+0.419x .

Visualization of the obtained regression equation to
approximate the data is shown in Fig. 5.

180

Vi

Xi
150 200 250

Figure 5 — Approximation by linear regression

100

The nonlinearity test conducted in this work provided
an opportunity to conclude that it is impossible to
approximate the data in Table 1 using a single regression
line. A sequence of deviations of the data from the line
found by the least squares method was found.

The cumulative residual curve is defined as the sum of
deviations of data from the line obtained by the method of
least squares. Visualization of the results is presented in
Fig. 6. Features of the use of the cumulative curve are
given in [25].

sof-CSFi

Cumulative sum of residuals

_ 50 Xi

140 160 180 200 220 240

Figure 6 — The cumulative curve of residues (deviations)

Calculation results: range of cumulative residual
curve: 101.7; relative range (range to standard deviation
ratio): 11.4. Using the table of critical values [26], the

limit value is 10.44 (for a probability of 0.99). Carrying
out calculations makes it possible to draw a conclusion
about the nonlinearity of data and the impossibility of
their approximation by a single linear regression: that is,
Hypothesis 1 is rejected.

Hypothesis 2. Using the second order parabola.

The second hypothesis suggests the possibility of
using as a mathematical model to approximate the data of
the parabola function of the second order:

y(x)=ag+amx+ a2x2 R

where ay, a;, a, are unknown coefficients of the

mathematical model.

Using empirical data using the least squares method,
the unknown coefficients of the mathematical model were
determined, which allowed the equation to be written as
follows:

P(x)=-112.77+2.36x-5.09-10 x> .

The results of the second-order
approximation are shown in Fig. 7.

As can be seen from Fig. 7, the curve tends to
decrease after passing the extremum, while this
contradicts the nature of the change in empirical data. An
analysis of the results obtained indicates the need to build
a more accurate approximation. Hypothesis 2 is rejected.

parabolic

80 150 200 250

Figure 7 — Approximation by the second order parabola

Hypothesis 3. Using the third order parabola.

An analysis of the results obtained in the study of the
second hypothesis allows us to put forward a new
hypothesis about the possibility of using a third order
parabola to describe empirical data:

y(x)=ag+ayx+ a2x2 + a3x3 ,

where ag, a;, ay, a3 are unknown coefficients of the

mathematical model.
Similarly, the unknown coefficients of approximation
are found. As a result, we obtain the equation

P(x)=—1112+18.48x—0.09x% +1.49-107*x3 .
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The results of the third ordera parabolic approximation
are shown in Fig. 8.

Yi

160|

140

150 200 250
Figure 8 — Approximation initial data by the third ordera
parabola

Visual analysis of the graph in Fig. 8 shows the
discrepancy between the obtained approximating curve
and the empirical data. This discrepancy is especially
manifested at the beginning and at the end of the graph,
which does not correspond to the physical properties of
changes in systolic pressure. All this does not allow us to
accept the hypothesis about the possibility of using the
third-order parabola function as a mathematical model for
describing the change in the values of the processed
empirical data. The data approximation curve using the
third-order parabola function is shown in Fig. 8

Hypothesis 4. Using of a three-segmented linear
regression with jumps.

After carrying out the analysis and analysis of
hypotheses 1..3, the authors is a precondition for choosing
of a three-segment linear regression with lines for
approximating empirical data.

i=1 i=1 i=1

i=1 i=1 i=1 i=1

i=1 i=l i=1

i=1 i=1 i=1

where n is the total quantity of empirical data.

The solution of system of normal equations allows to
determine unknown coefficients.

As can be seen from Fig. 3, the first cluster is clearly
defined, and the abscissa of the cross section of the first
Jump x5, can be calculated as the sum of the two limit

values of the first and second clusters:
200 _1695.

Xjumpl =

As shown in Fig. 3 empirical data can be divided into
three clusters. The first cluster is filled by points 1 to 9
(Table 1). But the second and third clusters have a
questionable point with coordinates (200; 148). The
importance of the correct hit of the point in the
corresponding cluster significantly affects both the
accuracy of the approximation and, accordingly, the
quality of the forecast, which will be carried out
according to the obtained mathematical model. To
determine the location of this point in the corresponding
cluster, the following calculations were performed.

Due to the lack of data for calculating the angle of
inclination within each segment, it is assumed that these
angles are the same, which simplifies the calculations
when building a mathematical model.

Incorrect assignment of questionable point to any
clusters can significantly affect the approximation
accuracy, as well as the prediction quality. We make the
assumption that the slope angles inside each segments of
the poly-segmented regression are the same to simplify
the calculations when constructing a mathematical model.
General view of the equation of three-segment linear
regression with jumps:

y(x)=ag+ax+arh(x— Xjump1) + azh(x - Xjump2)s

where ay, a;, a,, a; are unknown coefficients of the

mathematical model, x Xjumpz are abscissas of the

jumpl »
jumps cross sections, /(x) is Heaviside function.

The system of normal equations for finding the
unknown approximation coefficients is given below:

n n n n
a0n+a12x[ +azzh(x—xjump1)+a32h(x—xjump2):Zy,-,

i=1

n n n n n
2
gD X a1 X"+ ay D xih(X = Xjump1) + a3 D X (X = Xjump2) = DXV

i=1

(M

n n n n n
aozh(x_xjumpl) + alzxih(x_xjumpl) + aZZh(x - xjumpl) + a32h(x _xjumpz) = Zyih(x _xjumpl)»

i=1 i=1

n n n n n
aozh(x_xjumpz) + G1inh(x _xjumpz) + aZZh(x_xjumpZ) + GSZh(x_xjumpZ) = ZJ’ih(x_xjumpZ)~

i=1 i=1

The stages of optimization calculations to determine
the boundary between clusters are given below.

Step 1. The calculation of five options for the abscissa
of the second jump. To do this, determine the limit of
change of the abscissa axis. Based on the visual analysis,
the boundary of the abscissa variation Xj,,,, change is

determined, and the abscissa of the second jump section
has the following values
Xjump2 = {188,194, 200, 206, 212.
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Step 2. The calculation of the unknown coefficients of

the regression model aq, a;, a,, as for the values of
obtained abscissa variation Xjy,, in stage 1 is

performed. The results of the calculations are shown in
Table 2.

Table 2 — Calculations of approximation coefficients

Xjump2 188 194 200 206 212
ay 83.13 | 7151 46.16 58.23 113.89
a 0293 | 0366 | 0.525 0.449 0.100
a, 18.21 16.21 12.99 13.46 20.22
as —7.61 | -1122 | -19.99 | -16.43 461

Step 3. The sum of squares of deviations for each
variant of three-level regression with jumps according to
the following formula is calculated:

n n n
Sy = ZJ’iz — 4 ZJ’i - alzx,-y,- -
i=1 i=1 i=1

n n
_aZZyih(x_xjumpl) - aSZyih(x _xjump2)~
i=1 i=l

The obtained data are given in Table 3.

Table 3 — The sum of the squared deviations for various variants
of the approximation function

X jump2 188 194 200 206 212

641.642 | 322.882 | 531.575 | 807.057

Sy 721.028

Step 4. The optimization of the data values from table
3 is performed on the basis of the least squares method
[27]. The resulting equation has the form:

Sy (Xjump2 ) = 9841 —980.863x jympn + 2~455xjump22 :

The optimal abscissa of the second section of the jump
has the following form (in the case when the first
derivative of this equation is zero):

Xjumpzopt = 199.7896..

It can be concluded that the 2Ist point (with
coordinates (200; 148)) of empirical data belongs to the
third cluster. This partition optimization technique can be
usd as a special approach to data clustering.

As a result of using the usual least squares method, the
final optimal three-segment linear regression with jumps
is searched for. We obtain the final equation:

1(x) =46.160 +0.525x +
+12.997h(x —169.5) —19.992A(x —199.79).

A graphical representation of the final approximation
is shown in Fig. 9.

1

Vi

Xi
150 200 250

Figure 9 — Approximation by the final three-segmented linear
regression with jumps

A comparative analysis of the four approximation
methods considered above is performed. The coefficient
of adequacy and standard deviation values were
calculated to determine a mathematical model that
adequately describes the empirical data of Table 1 and
can be used in the decision-making system.

Calculating the amplitude of the cumulative residual
curve and the standard deviation is the relative maximum
range, which is defined as the adequacy factor. Despite
the fact that criterion [25] is used to verify the data on
nonlinearity in this article, it was used for testing
adequacy. was originally planned to test empirical data
for non-linearity. However, studies have shown that in
some cases it can be used for testing adequacy, it was
done in this article.

The calculation results are given in Table. 4. As can
be seen from table 4, linear regression with jumps has
lower values of standard deviation and adequacy ratio: for
example 3.6 and 4.05 compared to 7.5 and 8.4 (compared
to single third order parabola).

It indicates that the special approximation proposed by
the authors in the form of a three-segmented linear
regression with jumps is the is a more reliable
mathematical model for describing studied variant
empirical data.

Table 4 — Comparative table of approximation results

Approximation Coefficients Standard Adequacy
type number deviation coefficient
Single ~lincar 2 8.920 11.420
regression

Single  second 3 3.097 3.744
order parabola

Single third 4 7558 8.396
order parabola
Three segmented
linear regression 4 3.668 4.050
with jump

At the same time have proposed a special

approximation in the form of a trisegment linear
regression with stripes, which is promising for selection
in the formalization of the process of describing of
biological parameters.
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6 DISCUSSION

As can be seen from Fig. 1, real empirical data
obtained from non-standard objects with stochastic
influence are difficult to approximate by standard
methods. So, using 3 methods of linear regression, it was
not possible to achieve an adequacy coefficient below 8.3.

This gave impetus to finding standard approaches for
approximating empirical data. The importance of a
reliable approximation of empirical data obtained from
real biological data is related to the content in these values
of an important component that can serve as an indicator
of a violation of the functional state of a biological object
and plays an important role in making a decision about
the state of the operator as a possible trigger in aviation
safety management.

The use of standard methods leads to the formation of
approximation functions, which often contradict the
physical processes that form empirical data obtained from
biological objects or inaccurately describe the pattern of
their behavior (Fig. 5, Fig. 7, Fig. 8). This is due to the
fact that the distribution of values obtained from
biological objects often cannot be described by standard
mathematical models, because the behavior of parameter
values that describe biological objects is influenced by
many factors of both external and internal nature.
Therefore, the description of such complex objects must
be carried out with the maximum similarity of the
approximating curve to real values. Also, a feature of the
empirical data of biological objects is their non-linearity.
The use of data clustering methods also has its own
difficulties in determining the belonging of doubtful
points that can be attributed to different classes (suspected
point Fig. 3).

Another reason may be that points located on the outer
boundaries of classes, but not important for the separation
of adjacent classes, can be recognized as individually
significant if their belonging to classes is neglected. Point
characterize separately the properties of an instance as
informative with respect to external and internal
boundaries which is their specific in tasks of visualization
and data analysis.

It should also be noted that obtaining adequate
coefficients of a mathematical model significantly affects
its reliability. It has been established that an increase in
the coefficients of mathematical models of various forms
of approximation increases the value of the adequacy
coefficient.

The methodology for calculating the information
content indicators of individual specimens not only
quantitatively, but also qualitatively affects the formed
sample. Therefore, the paper presented a methodology for
determining the boundaries of clusters, which should be
performed taking into account the complexity of
describing specific empirical data.

The closest analogue of the proposed method is the
nonlinearity test proposed in [25]. In contrast to those
proposed in this paper, this technique was also used to
check for the adequacy of the approximation of the
mathematical model.

At the same time have proposed a special
approximation in the form of a trisegment linear
regression with stripes, which is promising for selection
in the formalization of the process of describing of
biological parameters.

CONCLUSIONS
The article is devoted to the approximation of
empirical data. In general, four data approximation
options were considered: a single linear regression, the
second order parabola, the third order parabola, three-
segmented linear regression with jumps.

Analysis of empirical data obtained from biological
objects indicates their unusual structure, which cannot be
correctly described by standard methods, which became a
prerequisite for the use of non-standard approximating
function — three-segment linear regression with jumps.

The equation for three-segment linear regression with
jumps was obtained using the following methods: using
the Heaviside function, determining the minimum sum of
squares of deviations for the whole set of empirical data
simultaneously, optimizing the abscissa cross section,
using the linearity test.

The scientific novelty of obtained results is that the
method of approximating empirical data was previously
proposed, which characterizes the relevance of the
biological parameters of the operator for the three-
segment linear regression with lines. The use of this
method allows us to take a more reliable result of the
formalization of the fallibility of biological parameters,
which was demonstrated on specific butts. The variation
of the optimization of the position of the sections can
serve as a new approach to the clustering of data and it
allows to take into account the fallow of the empirical
data. Data can be compared to change the parameter of
the cardiovascular system according to changes in
anthropometric data for the prognosis.

The calculations showed that the standard deviation
and the adequacy coefficient for a three-segmented linear
regression with jumps are more than two times better than
other approximation methods. This corroborates the
necessity for a three-segmented linear regression with
jumps.

The results of the study can be used during the
construction of mathematical models to describe
empirical data of this kind.

The practical significance of obtained results is that
the software realizing the proposed indicators is
developed, as well as experiments to study their
properties are conducted. The experimental results allow
to recommend the proposed indicators for use in practice,
as well as to determine effective conditions for the
application of the proposed indicators.

Prospects for further research are to study the
proposed set of indicators for a broad class of practical
problems.
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AHOTAIIA

AxTyanbHicTh. [Ipo6iema anpokcumariii eMImipuyHUX JaHUX Y CHCTEMI NPUHHATTS pillleHb B ynpapiiHHI Oe3nekor. O6’exTom
JociijpkeHHss Oyia mepeBipka afeKBaTHUX KOeQIli€HTIB MaTeMaTHYHOI MOJeNi Ui ampoOKCHMAllii JaHHX 3a JOIMOMOTOI0
iHpopmaliiftHuxX TexHoJoriil. Merolo poOOTH € CTBOPEHHS aJeKBAaTHOI MAaTeMaTHKO-MaTHYHOI MOJENi 3 BHKOPHUCTAHHSIM
iHpOpPMaIifHUX TEXHOJOTIH Ha OCHOBI aHaNi3y pI3HMX MiAXOMIB OO0 ampOKCHMAIli eMIIpMYHUX MAaHUX, SKi MOXYTh OYyTH
BHKOPHUCTaHI IS TPOTHO3YBaHHS MOTOYHOTO CTaHy OIepaTopa B CUCTEMi Oe3MeKH MOIbOTIB. AHAII3 JiTepaTypH MOKa3as, [0 METO.
HaWMEHIINX KBAJIPaTiB YaCTO BUKOPUCTOBYETHCS B 33j1auax alpoKCHUMalil HaBiTh Y THX BHIIAJKaX KOJIH JOCIIDKYBaHHI HaOip AaHUX
pi3KO 3MIHIOE T€OMETPHUHY CTPYKTYpy VY CTaTTi aHANi3yIOThCS CTAQTHCTUYHI JaHi 3 HE3BHYaHHOIO CTPyKTyporo. s moOynosu
MaTeMaTH4YHOI MOZEINI Ul IX OIMCY BHCYBAIOTHCS YOTHPH TiNIOTE3M: ONKUC 3a JOIOMOIOI0 OJHI€l JiHIHHOI perpecii, mnapabooro
JIPYroro MOpsAKy, Mapabojiol TPEeThOro MOPSIKY, TPHCErMEHTHOI JiHiHHOI perpecii 3i crpuOkamu. IIpoBeneHi po3paxyHKH Ta
Bi3yalbHMI aHaji3 BIAXWIM MEpIIi TPH TiMOTE3U Ta YeTBEpTa TiloTe3a Mpo MOXKIUBICTh ONMUCY EMIIPUYHUX JaHUX 33 JAOIMOMOTO0
TPU CEerMEHTHOI JiHiiHOI perpecii Oyna aeranspHO po3risiHyTa. Ilig yac moOy0BH TPHCErMEHTHOI JIiHIMHOT perpecii 31 cTpubkamMu
onTuMi3yBaln abcuuc mepepizy crpubka. OTpUMaHHS aHATITHYHOTO BUpa3y A TPUCETMEHTHOI JIiHiMHOI perpecii 31 cTpuOkaMu
CTaJl0O MOJKJIMBUM 3aBASKH BHKOPHUCTaHHIO (yHKLIi XeBicaiima. AHalli3 IOKa3aB NepeBary TPHCETMEHTHOI JiHiMHOI perpecii 3i
CTpHOKAaMHU 3 TOUKH 30py TOYHOCTI alpoKCHMaii Ta HaAiifHOCTI nependadeHHs.

Merton. [IpoBeneHo nmopiBHSUIBHMIL aHami3 onucy TpaHchopmanii iHpopMaifHIX MMOKAa3HHUKIB HECTAHAAPTHOI CTPYKTYypH. s
TIOPIiBHSHHS BUOPAHO TakKi MOJENI NepeTBOPEHHs iHGOpMaNifHAX MOKAa3HUKIB 3 MOAIOHNM Bi3yalbHHM BiJOOpaXEHHSIM: Mapaboin
JPYToro i TpeTboro MopsaKy, OAMHOYHA Perpecis Ta perpecis 3i crpubkamu. 3alpONOHOBAHO BUKOPHCTOBYBATH HOBI MIAXOAW VIS
arnpoKcHMalii, 3aCHOBaHi Ha BUKOPUCTaHHI KpHUTepiro, 3anporoHoBanoro KyssMinum, Ta ¢yHkuii Xesicaiina. 3a HUMH KpUTEPiIMH
OyJI0 IepeBipeHo aJeKBaTHICTh alpOKCHMAaLlil, 110 J03BOJIMIO BUOPATH aJeKBATHY MAaTeMaTHYHy MOJENb IJIi ONKCY NEepPEeTBOPEHHS
iHpopmaniifHix nmoka3HuKiB. ETanu oTpHMaHHS MaTeMaTHYHOI Mojelni Oyiy TaKMMHU: BU3HAYCHHS MiHIMalbHOI CyMH KBaJpaTiB
BIIXWJICHB 3a BCciMa iH(GOPMAaLifHUMH NMOKa3HUKaMH OJZHOYAcHO; BUKopHcTaHHsA (yHkuii XeBicaiiga; onTuMiszamis oci abciuc Ha
OKpEMUX IiISTHKaX; BUKOPUCTAHHS TECTy Ha JiHIHHICTE. OTprMaHa MaTeMaTHYHa MOJIENb aeKBaTHO OMHUCYE MPOIEC TEPETBOPEHHS
IHpOpPMaIifHNX TOKa3HUKIB, IO JO3BOJHThH 3JAIHCHIOBATH IPOIEC NPOTHO3YBAaHHS 3MiHU MEAUKO-010JIOTIYHUX TIOKA3HUKIB
eKCILTyaTaHTIB IIPH BUKOHAHHI NpoQeciifHnx o00B’s3KIB B aBiamii, Ik OAWH i3 METOJIB BU3HAYEHHS JIFOJICHKOTO (haKTOpa B aBiarlil.
IHILaTUBHUHI HiAXiJg 10 O€3MEKH MMOILOTIB.

PesyabTaTn. Pesynbraté DOCHiKEHHS MOXYTh OyTH BHKOPHCTaHI IIiJ yac MOOyJOBM MaTeMAaTHYHHX MOJENEH Ui OmHCY
eMIIPUYHHX JIaHUX TAKOTO POJY.

BucnoBku. ExcniepuMeHTanbHi JOCHIIKSHHsS JOBEIH MOXKIIUBICTH BHKOPHUCTaHHS TPbOXCErMEHTHOI IiHiiHOI perpecii 3i
CcTpUOKaMH SIK aJeKBaTHOI MaTeMaTHYHOI MOJENi, sika MOke OyTH BHKOpPHCTaHa Ui (opMaii3amlii OMUCy EMITIpUYHUX AaHUX 3
HECTaHJAPTHOI0 CTPYKTYpOIO Ta MOXKe OyTH BHKOPHCTaHa Ha TIPakTHLi Juii HOOYZOBM Mojeieil s INpOrHO3YBaHHS
(DYHKIIOHAIFHOTO CTaHy OIlepaTopa sIK OJHi€T 3 IPIMYMH HECIIPUSATIMBUX MOJIH B aBiamil.

TepcrieKTHBaMH MOJANBIINX JOCII/DKCHb MOXKEe OyTH CTBOPEHHs OaraTornapaMeTpUYHOI MATEMaTHYHOI MOJEII, siKa J03BOJIUTh
MIPOTHO3YBAaTH MOPYLICHHS (YHKLIOHAJBHOTO CTaHy oOllepaTopa 3a iHPOPMATHBHUMH INapaMeTpaMH, a TaKOX EKCIICpHMEHTalbHE
BHBYCHHS 3a[IPOIIOHOBAHNX MAaTEMaTHYHUX ITIIXOIB JJIs ITUPOKOT0 KOJIa MPAKTUYHHX 33124 Pi3HOTO XapaKTepy Ta pPO3MipHOCTI.

KJIIOYOBI CJIOBA: cucrema 0e3rnekd IOJIBOTY, ampOKCHMAIllis, METOA HAWMEHIIMX KBaapaTiB, TPHCETMEHTHA JiHiliHaA
perpecist 3i ctpubKaMu, ONTUMI3allis TOYKH CTpHOKa 1Mo abciucax, TECTOBHI 3pa3oK JIiHIHHOCTI, ppakTaibHa PO3MIPHICTh, METPHKA
SIKOCTI, Ki1acTep, (GopMyBaHHS BUOIpPKH.
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AHHOTANUA

AKTyanbHOCTb. [IpoGiiema anmpokcHManyM SMIMPUYECKHX JaHHBIX B CHCTEME IPHHATHS PpEIICHUH B YIpPaBICHUH
0e301acHOCThI0 1To1eTOB. OOBEKTOM HCCIICI0BAHNUS ABISETCS IPOBEPKA HA a/IeKBATHOCTh KOA(Q(HULEHTOB MaTeMaTHYECKOH Moenn
JUISL amnMpoOKCUMAIMK JAHHBIX C TOMOIIBIO MH(OPMAIMOHHBIX TexHonoruil. llenbio paboThl sBiIsSETCS pa3paboTKa ameKBaTHOM
MaTeMaTHIeCKOH MOAENM C HCIOIb30BAaHHEM HH(POPMAIMOHHBIX TEXHOJIOTMH Ha OCHOBE aHAlM3a pasHBIX IOAXOIOB K
aNMpOKCUMAIMY SMITUPHIECKUX JaHHBIX, KOTOPBIE MOTYT OBITH UCIONB30BAHbI ISl IPOTHO3UPOBAHHS ()yHKIMOHATBHOTO COCTOSIHUS
oreparopa B CHCTeME O€30IMacCHOCTH MOJICTOB. AHAIM3 JIMTEpaTyphl IIOKa3ad, 4YTO METOJ HAWMEHBIINX KBaJpaToB dYacTo
HCTIONB3YETCs B 3a7a4axX alIPOKCHMAINN JaXke B TeX CIIydasx, KOTrJa MCCIeayeMbIi HaOOp TaHHBIX PE3KO MEHSET FeOMETPHIECKYIO
CTPYKTYpy. B craThe aHamM3MpyroTCsi CTaTUCTUYECKHE AaHHBIE 3 HEOOBIYHOH CTPYKTyporo. [ljisi MOCTpOEHHs MaTeMaTHYeCKON
MOJIEJIH JUIS VX ONMCAHHS BBIABUTAIOTCS YETHIPE TMIIOTE3bl: OIMCAHHE C IIOMOLIBIO IPOCTOH JIMHEHHON perpeccuel, mapaboioio
BTOPOT'O MOpsAAKa, Napaboyior TPEeThEero MOpsiKa, TP CErMEHTHOW JMHEHHOW perpeccuu co ckaukamu. IIpoBeneHHbIe pacdeTsl U
BU3yallbHbII aHAJIN3 ONPOBEPT MEPBHIE TP THIIOTE3bI, a YETBEPTAs TMIOTE3a PO BO3ZMOXKHOCTD OMHCAHUS SMIUPUUECKHX JAHHBIX C
MTOMOIIBIO TPH CETMEHTHOW JIMHEHHOI perpeccuy ObUI JeTanbHO paccMOTpeH. Bo BpeMs MOCTPOSHHS TpU CETMEHTHOH JIMHEWHON
perpeccun co cKaykamu OblLIa ONTHMH3HPOBaHa abcuucca cedeHns ckadka. [1omydeHHbI aHaTNTHIeCKUH BU IS TPUCETMEHTHON
JIMHEHHON perpeccHuH CO CKayKaMH CTajl BO3MOXKHBIM OJlaromapsi MCIOib30BaHHMIO (yHKIMH XdBHcaina. [IpoBeneHHbIH aHanmu3
MOATBEPAMII TUIIOTE3y O BO3MOXHOCTU HUCIIOJIb30BAHUS TPUCEIMEHTHOW PETrPEeCHH CO CKaYKaMU B CPABHEHHMU C PACCMOTPEHHBIMU
NIePBBIMU TpeMsl TUIOTe3aMu. AHaNIU3 10Ka3aB IPEUMYIIECTBO UCIIONb30BaHUs TPU CETMEHTHOMN JIMHEHHON perpeccuu co cKaukamu
3a HapaMeTpaMH TOYHOCTH allIPOKCUMAIMU U IPOTHO3a.

Mertoa. Ilpennararorcsi 4eTblpe BapuaHTa allpPOKCUMAlMM JaHHBIX C HECTAHAAPTHOM CTPYKTYpPOM, a MMEHHO: OJMHOYHAas
JHUHeHHas perpeccus; mapaboia BTOpOro MoOpsjaka; mapabona TPEThEro MOpsIKa; TPEeXCErMEHTHas JMHEHHas perpeccus co
ckaukamu. [Ipemmaraercsi HCIOIB30BaTh HOBBIE IOAXOMBI IS ANIPOKCHMAIMH, OCHOBAaHHBIE HA WCIIOIB30BAaHUH KPHUTEPHS,
npemnoxkenHoro Kyspmunsiv, u gysknun Xssucaina. IIpoBepka ageKBaTHOCTH amIIPOKCHMAIMU IO STHM KPHTEPHSAM IO3BOIHT
ONPENENIUTh AaJeKBATHYI0 MAaTeMaTH4eCKyl0 MOJAENb JUIl ONHCAaHUS HWH(GOPMANMOHHBIX mapaMeTpoB. /[l momydeHms
MaTeMaTUYECKOM MOJENU UCIIONb30BAUCh CIEIYIONINE TOAXO0bl: OIpEIe/IeHNEe MUHIMAJIBHON CyMMBI KBaJpaTOB OTKJIOHEHUN I
Bcero Habopa JaHHBIX OJHOBPEMEHHO; MCHONB30BaHME (DYHKIMM X03BHCai/a, ONTHMH3AIMS OCH a0CIHCC MPBDKKOBOTO YYacTKa,
HCIOJIb30BaHUE TECTa Ha JMHEHHOCTh. JlaHHas MaTeMaTHyecKass MOJENb II03BOJUT OCYILECTBISATH IPOLIECC POTHO3UPOBAHUSA
HU3MEHEeHUH (YHKIIMOHAIBHOIO COCTOSHHMS JKCIUIAHTATa IPH BBINOJHEHUH NPO(PECCHOHANBHBIX OOS3aHHOCTE B aBHMAlMH, Kak
OCHOBHOT'O TPUITEpA YeJIOBEYeCKOro (akropa B mapagurme Ipo akTHBHOTO MOJX0/1a B 0OecriedeHnH 0e30I1aCHOCTH T10JIETOB.
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ABSTRACT

Context. Fortunately, the most commonly used in parametric statistics assumptions such as such as normality, linearity, inde-
pendence, are not always fulfilled in real practice. The main reason for this is the appearance of observations in data samples that
differ from the bulk of the data, as a result of which the sample becomes heterogeneous. The application in such conditions of gener-
ally accepted estimation procedures, for example, the sample mean, entails the bias increasing and the effectiveness decreasing of the
estimates obtained. This, in turn, raises the problem of finding possible solutions to the problem of processing data sets that include
outliers, especially in small samples. The object of the study is the process of detecting and excluding anomalous objects from the
heterogeneous data sets.

Objective. The goal of the work is to develop a procedure for anomaly detection in heterogeneous data sets, and the rationale for
using a number of trimmed-mean robust estimators as a statistical measure of the location parameter of distorted parametric distribu-
tion models.

Method. The problems of analysis (processing) of heterogeneous data containing outliers, sharply distinguished, suspicious ob-
servations are considered. The possibilities of using robust estimation methods for processing heterogeneous data have been ana-
lyzed. A procedure for identification and extraction of outliers caused by measurement errors, hidden equipment defects, experimen-
tal conditions, etc. has been proposed. The proposed approach is based on the procedure of symmetric and asymmetric truncation of
the ranked set obtained from the initial sample of measurement data, based on the methods of robust statistics. For a reasonable
choice of the value of the truncation coefficient, it is proposed to use adaptive robust procedures. Observations that fell into the zone
of smallest and lowest ordinal statistics are considered outliers.

Results. The proposed approach allows, in contrast to the traditional criteria for identifying outlying observations, such as the
Smirnov (Grubbs) criterion, the Dixon criterion, etc., to split the analyzed set of data into a homogeneous component and identify the
set of outlying observations, assuming that their share in the total set of analyzed data is unknown.

Conclusions. The article proposes the use of robust statistics methods for the formation of supposed zones containing homoge-
neous and outlying observations in the ranked set, built on the basis of the initial sample of the analyzed data. It is proposed to use a
complex of adaptive robust procedures to establish the expected truncation levels that form the zones of outlying observations in the
region of the lowest and smallest order statistics of the ranked dataset. The final level of truncation of the ranked dataset is refined on
the basis of existing criteria that allow checking the boundary observations (minimum and maximum) for outliers.

KEYWORDS: outliers, robust estimates, trimmed mean, symmetric and asymmetric truncation.

NOMENCLATURE

X is an initial data set;

X* is an ordered sample, constructed on the basis of X;

N is a data sample size;

Xy 1s an order statistics from the data set X*;

o is a trimming proportion;

oy is a trimming proportion of smallest order statistics
of X* (an asymmetric case);

Ti(aL, ay) is an asymmetric trimmed mean obtained in
accordance with the selected adaptive robust estimator;

eT,(0) is a standard error of the symmetric trimmed
mean;

er j (ap,0y)
trimmed mean;

Al is a set of possible truncation levels;

is a standard error of the asymmetric

oy is a trimming proportion of largest order statistics
of X* (an asymmetric case);

€ is a proportion of outliers;

L(a) is an average of [an] smallest order statistics of
X*;

U(a) is an average of [an] largest order statistics of
X*;

M(a) is an average of [an] middle order statistics of
X*;

Essym is a group of robust estimators based on symmet-
ric trimming;

ESasym is a group of robust estimators based on asym-
metric trimming;

Ti(a) is a symmetric trimmed mean obtained in accor-
dance with the selected adaptive robust estimator;
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Ug) 18 a statistics of Smirnov criterion;

U, is a critical value of the Smirnov criterion;

G(x; X; 6% is a normal distribution with mean X and
variance 6%

[y] is an integer part of y.

INTRODUCTION

In the act of processing of real data that are collected
on the basis of registration (observation) methods, meas-
urements (experiments, tests) or the participation of third
parties (interviews, focus groups, expert assessment
methods), analysts are often faced with a situation when
data sets (samples) have observations that, to one degree
or another, differ (stand out) from the rest in terms of the
analyzed attribute.
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In statistical analysis, such observations were called
“abnormal”, “outliers”, “sharply distinguished”, “suspi-
cious”, etc. The gross errors, measurement errors, failures
of measuring equipment, human factors (operator errors),
as well as short-term abrupt changes in measurements
(experiments), for example, vibration, can cause of them.
The share of outliers is usually about 5% to 10% of ob-
servations in the total dataset [1-4], which disturbs their
homogeneity. The appearance of abnormal data in the
samples is the reason for so-called “heavy tails”, multi-
modality, pronounced asymmetry, kurtosis, etc. This, in
turn, does not allow such data samples to be represented
by rigorous parametric models that are described by the
well-known probability distributions (e. g. Normal, Pois-
son, Student distributions, etc.) and characterized by two
main parameters: the location parameter, which is the
population or sample mean, median, mode; the scale pa-
rameter, which can be represented by variance, standard
deviation, peak-to-peak, etc.

The use of generally accepted assessment procedures
in such conditions, which are based on an explicit or im-
plicit assumption of normality, entails the bias increasing
and reducing the effectiveness of the obtained estimates.

In the context of the analysis of expert information,
the use of survey data processing methods, which are
based on the procedure of their averaging, will be justified
only if there is a sufficiently high consistency (proximity)
of expert assessments.

The object of study is the process of detecting and
excluding anomalous objects from the heterogeneous data
sets.

The subject of study is procedures, methods and
technique for finding an unusual observations (outliers) in
analyzed data sets.

The purpose of the work is to develop a procedure
for anomaly detection in heterogeneous data sets, and the
rationale for using a number of trimmed-mean robust es-
timators as a statistical measure of the location parameter
of distorted parametric distribution models.

1 PROBLEM STATEMENT
Let, X = (xy, x,..., x,) be a set of values measured by
some parameter, where » is a sample X size.
The task is to identify the X' < X region, that con-

tains homogeneous data and the X" c X, X' uX"=X
region, that is anomalous in relation to the X' region
values (outliers).

By a homogeneous component X' < X we mean an

area such that all x; € X', j=1,| X'| are independent of

each other and have the same probability distribution den-
sity (same values of characteristics (parameters) under the
same distribution).

If the proportion of anomalous data (¢ =| X" |/| X |) is

more then 0.5, the further analysis is impractical; if the
level of “clogging” is 0.5, only a sample median can be
recommended as a robust estimate for finding the average
of such a sample.
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2 REVIEW OF THE LITERATURE

To process data sets containing heterogeneous obser-
vations, the following approaches are used [1, 2, 4, 5, 6]:
the identification and exclusion of outliers; the application
of robust methods for statistical analysis of data with out-
liers. To solve the first problem, there is currently a whole
class of parametric and nonparametric methods for anom-
alous observations identification [5—9]. Parametric meth-
ods are based on complete a priori information about ob-
servations, their application presupposes a priori knowl-
edge of the theoretical distribution of the investigated
values or its determination from empirical data. Non-
parametric methods do not use detailed a priori informa-
tion about observations and can be used when the distri-
bution of the indicator under study is unknown and there
is no need for its analytical description. An important
condition for using nonparametric methods is that the
distribution functions of analyzed measurements must be
continuous. The effectiveness of the application of these
procedures largely depends on the size of the sample un-
der study and the power of the selected criteria.

One aim of robust statistics is to develop evaluation
procedures that are resistant to the appearance of outliers
in data sets, and to obtain unbiased (or slightly biased)
and effective estimates. Currently, there are next classes
of robust estimates [1-4, 10]: robust estimators based on
Maximum-likelihood argument (M-estimators); robust
estimators based on rank statistics (R-estimators); robust
estimators based on a linear combination of order statis-
tics (L-estimators). Robust L-estimators are most wide-
spread due to the simplicity of their computational im-
plementation [10—13]. These estimates include truncated,
censored, Winsorized means, sample median, etc. The
main problem of the considered estimators is the choice
of the trimming proportion a, which can be sufficiently
solved by using adaptive robust procedures for statistical
data estimation [13-16].

3 MATERIALS AND METHODS

Most of the existing criteria for testing outlying obser-
vations are based on the assumption that the distribution
of measurements corresponds to the normal distribution
[5-9]. To search for and filter out sharply distinguished
observations in small samples, the most widespread and
theoretical justification was obtained by Grubbs-type sta-
tistics such us Smirnov (Grubbs) test, Tietjen-Moore test,
Dixon test [6, 8, 9]. These criteria provide checking either
one outlier (smallest or largest), or two (two smallest or
two largest in the sample). At the same time, there is a
problem of searching for outliers if their share in the total
set of measurement data is unknown.

In this regard, the problem of finding a homogeneous
component of the set of measurement data is urgent. It is
assumed that the measurement results have approximately
normal distribution. Modern research has shown that the
procedure for checking the analyzed data samples for
compliance with the Gaussian distribution is a rather dif-
ficult task, especially for analyzing samples with limited
data volume (n < 50). Currently, there is a fairly extensive
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class of goodness-of-fit tests [17—-19], applicable for small
data samples, for example, the nonparametric Shapiro-
Wilk test [18], the Sarkadi test [19]. At the same time, it
was proved that in small samples case it is not always
possible to distinguish the normal distribution from other
types of distributions.

Under these conditions, the paper proposes to use a
complex of adaptive robust estimates to identify a homo-
geneous component of the analyzed data set. However, in
this case, the problem arises of choosing robust estimates
that can recommend different levels of truncation of the
ordered sample built on the basis of the analyzed sample
of measurement data. The trimming proportion has a di-
rect impact on the size of the area containing homogene-
ous data, i.e. an area that does not contain outliers. To
clarify (expand, or narrow) the area of homogeneous data,
the Grubbs-type test was used.

Let us consider the main stages of the proposed pro-
cedure for searching and eliminating outliers in the stud-
ied data set.

Stage 1. Formation of truncation levels of the ordered
sample X*.

1.1. Construction on the basis of a set of measurement
data X the ordered sample values  X*:
X(1) < X©2) <..< X(i) <..< X(n)- Denote by X(i) the order statis-
tics from the data set X*.

1.2. Calculation the robust measure of tail length [13—
15]:

0=Upos—Loos)/Ups—Lys)» (1)
O =WUo2—-Ly2)/(Ups—Los)- )

1.3. Estamation the tail length of distribution, for ex-
ample [14, 15]:

0<20 light tailed;
20<0<26 medium tailed;
26<0<32 heavy tailed; ®)
0>32 very heavy tailed.
0; <1.81 light tailed;
1.81<Q; £1.87 medium tailed; @)
0; >1.87 heavy tailed.

1.4. Test X* for the symmetry of the distribution,
based on measure of the tail length, e.g. according to ro-
bust measure HeQ, [14, 20]:

HeQ; <0.7 left - skewed model;
0.7<HeQ, <1.4 symmetric model; )
HeQ) >14 right - skewed model.
where HeQ; can be defined by next formula:
HeQy =U 05y = M(0.5)/M(0.5) = L 05) (6)
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1.5. Selection of a group of robust estimators based
on order statistics £st (ESgym, ESasym):

Esg,., (HeQ; <0.7)v (HeQ; >1.4);
Est = sym ( Ql ) ( Ql ) (7)
Es 0.7< HeQ <1.4.

asym»

1.6. Calculation the value of robust estimators within
the selected group Est.
1.7. Selection of estimator Tj(a) € Est, which are sat-

isfied the condition m}n(eTj(a)) or rrljgn(er/(aL,aU)),

j=Lk.
Setting the truncation levels o (a symmetric case), or
a;, and o (an asymmetric case; o = o, + o).
1.8. Formation of possible truncation levels, Fig.1:
— a symmetric case

Esgym: Al = {0y |t=1,2},a>a, VT (a)e Est;
— an asymmetric case

ESqsym: Al = {OL[L |t=G} s O,ZL >0y,

VT(ay,0p)€Est; Al ={af; |s=1z}, af >ay.

The obtained values are sorted in ascending order.

Stage 2. Checking the boundary elements xy), X(ig+1),
g=lan], (symmetric case) Or Xgi), Xug2+1), Li=L0zn],
2,=[ayn] (asymmetric case) of the X* on anomaly.

2.1 Formulation of the null and alternative hypothe-
sis:

2.1.1 the Ej,,, group has been selected.

Hy: the boundary observation (xg) 01 X(, ¢+1)) belongs to
the same general population as the rest (g =n—2g— 1) of
the central values of the ordered sample.

H,: the boundary observation (x() 01 X(, g+1y) is outlier.

2.1.2 the E,y,, group has been selected.

Hy: the boundary observation (xg1) O X(,g2+1)) belongs
to the same general population as the rest (g=n—g; —

g, — 1) of the central values of the ordered sample.

H,: the boundary observation (X O X(;_g+1)) 1S Out-

lier.

IF (u(g1y < tg), OF (Ugn_g211) < t4,), THEN Hyis accepted.

The elements x(,;) and x(, 41y are checked alternately.

Stage 3. Outliers exclusion, Fig. 2-3.

3.1 IF Hy is accepted:

3.1.1 for x(, g+1y (OF X(,g2+1) Tespectively), THEN the
next senior member of the ordered sample is tested until
the element x(; is found, for which H, will be rejected.

Then the group of senior members of the ordered
sample x;) <...< X, is considered as outliers.

3.1.2 for X (or x4y respectively), THEN the previous
junior member of the ordered sample is tested until the
element x(,) is found, for which H, will be rejected.
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3.2.2 for xg) (or x() respectively), THEN the trunca-

Then the group of junior members of the ordered
tion levels o, € Al (or o} € Al; respectively) are con-

sample x(;) <...< Xy is considered as outliers
3.2. IF H; is accepted: sistently selected
32.1 fi tively), THEN the trun- ) .
] OF X g+1) (O X1 211 respectively), ) © Repeat the procedure of items 2.1-3.2.
cation levels o, € Al (or of; € Aly; respectively) are

consistently selected.
Repeat the procedure of items 2.1-3.2.

Formation of set X = {x |i=1,n}

v

Checking X for symmetry of a distribution

v

Construction of an ordered sample X~

v

Is the distribution
asymmetry equal to 07

Formation of set Est=Es_, ={T (a)| j =Lk,}.
|
Choice of the referent estimator
T(a) € Est: min(e, ), j=Lk .
; . 2
|
Formation of truncation levels

Formation of set Est=Es,, ={T(a,.a,)| j =1k }.

|
Choice of the referent estimator

T(op,0p) € Est: m}in(ellw; ) s _,i:rk] .
I
Formation of truncation levels V7'(«,,,,) € Est

Al ={a' |t=1,21, ! : —
L =la ] e @ >a Es. :Al={a |t=1,2},0>a, VYT (a)e Est ;

S sym

S asym *©

Y — - 5 .
s=1z,}, o >aq;

Al, = {a;

v

( )

Figure 1 — Algorithm for truncation levels formation

Until x,,is met for which H, is rejected Until xis met for which H, is rejected

] ]
! e * — . >
Xy . ".u-__-,l "’l:_'|l "'—lﬂ-c:' 1 "-lﬂ-i::' 1} X
H, is true for x,, | H, is true forx,,  H,is true forx,, ., H,is true forx,,. .,
g=la,n] g,=[af_ nj gr=[af'”] g=[an]

Figure 2 — The procedure for selection the initial truncation levels in asymmetric case

outliers outliers
>k . P, t t — % *—>
-rth 'rhl] -\-|g:.|| A.gﬂ “tu-x_.- 1§} "lu._u:-h xtt_-l 'lI_HP
H, is false forx,,  H, is true for x H, is true for x,,..,, H, is false forx,

Figure 3 — The procedure for outliers’ determination in asymmetric case
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4 EXPERIMENTS
Let us consider an example of the implementation of
the proposed method. To model the set of measurement
data, a mathematical model of independent observations

with a Gaussian distribution X ={x; |i= I,_n} (volume
n = 500) has been constructed.

The constructed model is a two-component symmetric
mixture of normal distributions of the form:

F(x)= (l—s)G(x;f;G%)+8G(x;)?;clz), (®)

where Gé <c]2;05850.5.

Using the Tukey contamination model (8), a mixture
was generated with the following parameters:

— the main Gaussian distribution G(x, X, 64°) with pa-
rameters x =0, 6y =0.7;

— the contaminated Gaussian distribution G(x, x, 012)
with parameters ¥ =0, 0, =1.2;

— the proportion of outliers & = 25%.

The test for symmetry of distribution was performed
on the basis of the HeQ; robust estimator (6). Based on
the results of such verification, a group of symmetric
truncation estimators Est = Es,,, was selected [10, 13—
16].

5 RESULTS
The results of the analysis of the Est-group estimators

are presented in the Table 1.

Table 1 — The analysis of Est-group estimators

N || D@ | w% | er@ | FERE
1 | NH, | —0.0109 12.5 0.0353 [X 635 X ass]
2 | NH, | —0.0126 | 18.75 0.03537 [X o4 X a07]
3 [ HGP | -0.0078 25 0.0380 [X 126; X 375]
4 | HG, | 0.0018 0 0.0369 [X 15 X s00]
5 | HG, | -0.0078 25 0.0380 (X" 126; X 375]
6 | PAR | —0.0078 25 0.0380 [X 1265 X 375
7 | PR, | —0.0116 20 0.0355 [X 1013 X 400]
8 | PR, | 0.0018 0 0.0369 (X1 X 0]
9 4, | —0.0081 15 0.03538 [X 76, X 45]
10 | 4, | —0.0081 15 0.03538 [X 76 X a5]
11 | 4, | —0.0122 15 0.03538 [X 76, X 45]
12 | 4, | -0.0116 20 0.0355 X 1013 X 400]

The results of Table 1 show that min(eTj(a)) corre-
J

sponds to the Hogg estimator NH;, (o= 12.5%), respec-
tively the next subset of truncation levels was formed
Al={0.15;0.1875; 0.2; 0.25}, v > a, VT (1) € Est .

Based on the results of the verification of the bound-
ary values x), X(g+1), at @ = 12.5% (NH, estimator) ac-
cording to Smirnov test at 0.05 significance level Hy was
accepted, the limit observations belong to the same gen-
eral population, as well as other central values of the or-
dered sample.

Thus, two regions [X'1; X 6] and [X 430; X s00] Were
formed for testing the limit values for the anomaly by
Smirnov criterion in accordance with the scheme shown
in Fig. 3.
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According to the obtained results, two regions of out-
liers were obtained: [X ; X 5] and [X 4845 X 500].

6 DISCUSSION

The procedure for outliers searching in analyzed data
set paper has been proposed. To highlight a homogeneous
component of the set of measurement data, it was pro-
posed to use robust estimates based on a linear combina-
tion of order statistics, which are used the procedure of
both symmetric and asymmetric truncation. In the sym-
metric case, [on] smallest and [on] largest observations
are considered as outliers, which violate homogeneity of
analyzed data set. In the asymmetric case, the truncation
ratio o is additionally divided into the proportions o, and
oy, which corresponds to the truncation levels of the [an]
smallest and [on] largest observations. The main problem
of such type estimators is the choice of the value of the
truncation coefficient o, which can be sufficiently solved
by using adaptive robust procedures. With the adaptive
approach, a specific type of auxiliary measures of tail-
length, skewness and kurtosis. To choice the initial (refer-
ence) level of truncation of ordered sample, an adaptive
estimate was chosen that minimizes the value of the stan-
dard error of the truncated mean.

CONCLUSIONS

The problem of outliers detection in heterogeneous da-
ta sets has been studied.

The scientific novelty of obtained results is that the
methods of detection and exclusion of observations dis-
torted by measurement errors (anomalous observations)
due to hidden defects of the equipment, operating condi-
tions of the equipment, and other conditions, are received
the further development. The mathematical apparatus of
nonparametric statistics was used to process the results of
observations and search for outliers. The proposed ap-
proach is based on the procedure of truncation of ordered
samples obtained on the basis of the initial sample of
measurement data. Observations that fall into the region
of [a;n] smallest and [ayn] largest order statistics are con-
sidered outliers. To form possible levels of truncation of
the ordered sample, data processing algorithms using
adaptive robust statistical estimation procedures were
used, which allowed to formalize the procedure for select-
ing the level of truncation.

The practical significance of the obtained results lies
in the fact that the proposed approach allows, along with
the traditional tests for outliers detection, to single out a
set of abnormal measurement results, if their share in the
total set of measurement data is unknown. This, in turn,
expands the capabilities of existing algorithms for search-
ing the outliers, which is ultimately aimed at increasing
the reliability of statistical processing the results of obser-
vations (primary measurements).

Prospects for further research are aimed at develop-
ing a procedure for a smoother selection of the truncation
coefficients in asymmetric case.
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MPOLHEAYPA BUSABJIEHHSA AHOMAJIBHUX CIIOCTEPEXXEHDb Y HABOPAX HEOJHOPITHUX JTAHUX
3 BUKOPUCTAHHSAM POBACTHHUX YCIYEHUX OHIHOK

IIBen A. B. — 1-p TexH. HayK, JOLEHT, OLEHT Kadeapyu iHxeHepii mporpamMHoro 3abe3neueHHss YOpHOMOPCHKOTO HAIlio-
HaJIBHOTO yHiBepcuTeTy iMeHi [letpa Morunu, Mukosais, YkpaiHa.

JaBunenko €. O. — kaHa. TeXH. HayK, JOLCHT, 3aBiqyBay KadeIpu iHxeHepii nporpaMHoro 3adbesnedeHHs: YopHOMOPCh-
KOT'0 HaI[iOHAJILHOTO YHiBepcuTeTy iMeHi [letpa Morunu, Mukosnais, YkpaiHa.

AHOTANISA

AKTYyanbHicTb. 3araJbHONPUNHHATI NPUITYIICHHS B IapaMeTPUUHiN CTATUCTHL, TaKi K HOPMAJIbHICTb, JiHIHHICTb, HE3a-
JIEXKHICTb, JAIEKO HE 3aBXKJU BUKOHYIOThCS Y peallbHill mpakTulli. OCHOBHOO IPUYMHOIO TOMY € I0SIBA CIIOCTEPEIKEHD y JI0-
CJII/DKyBaHUX BUOIpKaX JaHMX, L0 BiAPI3HSIIOTHCS BiJi OCHOBHOT MacH JaHUX, BHACHIJOK YOT0 BUOIpKa CTA€ HEOIHOPIIHOIO.
3acTocyBaHHS B TAaKHX YMOBAX 3aralbHONPUITHATUX MPOIERYp OLIHIOBAHHS, HAIIPHKIAMN, BUOIPKOBOTO CEPEIHBOTO, TATHE 32
c000t0 30UIBIICHHS 3CYBY Ta 3HWKCHHS €()EKTHBHOCTI OJIEpKYBaHHX OLIHOK. Lle B CBOIO 4epry BHCYyBae 3aauy MOIIyKy MO-
XIIMBUX HIISXIB BUpPILIEHHS Ipo0aeMu 0OpoOKU MacHBiB JaHUX, 1[0 MICTATh aHOMaJIbHI CIIOCTEPEXKEHHS, 0COOIUBO B YMOBax
00poOku BHOIpoK Masoro oocsry. O0’eKT HOCTIIKEHHS — MPOLIEC BUSIBICHHS Ta BUKIIIOYCHHS aHOMAJIBHUX CIIOCTEPEKEHb Y
BUOIpKaxX HEOJAHOPLIHUX JaHUX. MeTa po6oTH — po3pobKa MpoLEeAypH MOIIYKY aHOMAaJIbHUX CIIOCTEPEKEHb Yy BUOIpKaxX HEOJ-

© Shved A. V., Davydenko Ye. O., 2022
DOI 10.15588/1607-3274-2022-3-5

55



e-ISSN 1607-3274 PagioenexTpoHika, inpopmaTuka, ynpasminas. 2022. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2022. Ne 3

HOPIJHUX JTaHUX, Ta OOTPYHTYBaHHS BMKOPHCTAHHS HU3KH YCIUCHHMX OLIIHOK THITy «CEPEIHE» JUIS OL[IHIOBAHHS MapamMeTpy
HIOJIOKEHHSI CIOTBOPEHUX IAPaMETPUIHUX MOJIENIEH PO3IOILIIB.

Meroa. Po3riissHyTi nuTaHHs aHanizy (0OpoOKH) HEOMHOPIMHUX JAHHX, IO MICTATh AHOMAJIbHI, Ti03PiTi CIOCTEPEIKEH-
Hs. [IpoananizoBaHO MOXKINBOCTI BUKOPUCTaHHS POOACTHUX MPOLEAYD OLIHIOBAHHSI, CTIHKUX 10 HAasSBHOCTI BUKHUIIB Y BUOIp-
KaxX HEOJHODIJHUX JaHHX. 3aIPONOHOBAHO MPOLENYPY BHUSBJICHHS Ta BUKIIIOUSHHS aHOMAIBHUX CIIOCTEPEKEHb, IPUINHOIO
SKUX MOXXYTb OyTH IOMWJIKU BUMIpIOBaHb, IPUXOBaHi Ae(EeKTU anmapaTypu, BUpOOJIEHHS pecypciB, yMOBH IPOBEIEHHS €KC-
MEPUMEHTY TOIIO. B OCHOBY 3alpONOHOBAHOTO IMiIXOLy HOKIaJAEHO MPOLEAYPY CUMETPUYHOTO Ta HECUMETPHIHOTO YCIUSHHS
BapialiifHOTO psiy, OTPUMAHOTO Ha OCHOBI BUXIAHOT BUOIPKH JaHUX, HA OCHOBI METOJIB poOacTHOI craTiucTuKu. [yt o0rpyH-
TOBAaHOTO BHOOPY BENMYMHH Koedili€HTa yCIYeHHS O, 3alPOIIOHOBAHO BHKOPHCTOBYBAaTH aJalTHBHI POOACTHI MpOLIERypH
CTaTUCTUYHOTO OLiHIOBaHHA. CIIOCTEPEXKEHHS, 110 MOTPAIMIN 0 30HH MOJIOAIINX Ta 30HU CTapIIUX HOPSAKOBUX CTATUCTHK,
BU3HAHI aHOMAJILHUMH.

Pe3yabTaTn. 3anpornoHoBaHUN MiAXiA A03BOJISE HAa BiAMIHY BiJ TPaAUIIMHUX KPUTEPiiB MOLUIYKY aHOMAJIbHUX 3HAUCHB,
takux sik kputepiit Cmipaosa(I'pab6ca), kpurepiii JlikcoHa Ta iH., po30MBaTH aHANI30BaHy CYKYIHICTh JAHUX Ha OJHOPIIHY
CKJIQIOBY Ta BHSBJIATH CYKYIIHICTh aHOMAJIBHHUX CIIOCTEpPEXKCHb, IIPH IPUIYLIEHH], 10 iX YacTka y 3arajbHi CyKyIHOCTI
aHaTI30BaHUX JJAaHUX HEBIIOMA.

BucHoBKH. Y cTaTTi 3aIpONOHOBAHO BUKOPUCTAHHS METOAIB POOACTHOI CTATHUCTHKU U1 (OPMYBaHHS NepefdadyBaHUX
30H, 1[0 MICTATb OJHOPIJHI Ta aHOMaJbHi CIIOCTEPEKEHHS Y BapialiiiHoMy psiii, 100yZ0BaHOMY 3a BUXiIHOK BHOIPKOIO aHa-
Ji30BaHMX JaHUX. 3aPOIIOHOBAHO BUKOPHCTOBYBATH KOMIUIEKC aJallTHBHUX POOACTHUX MPOLEAYP Il BCTAHOBJIECHHS PiBHIB
yCideHHs, 1110 YTBOPIOIOTh 30HK AaHOMAJIbHUX CIOCTEPEXEHb B 00JIACTI CTApIIMX Ta MOJOALIMX MOPSIKOBUX cTaTUCTUK. OcTa-
TOYHHI PiBEHb YCIYCHHS BapiallifHOTO Py YTOYHIOEThCS HAa OCHOBI iICHYIOUMX KPHUTEPIiB, 10 JO3BOJSIOTH MEPEBIPATH Tpa-
HUYHI CIIOCTEpEXeHHs (MiHIMaJIbHE Ta MAKCUMAaJIbHE) Ha aHOMAJIbHICTb.

KJIFOYOBI CJIOBA: Bukuau, pobacTHi OI[IHKH, yCiYCHE CePEIHE, CAMETPUYHE 1| HECUMETPUYHE YCIUCHHS.
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MPOIEJTYPA BBISABJEHUS AHOMAJIBHBIX HABJIIOJEHUI B HABOPAX HEOJTHOPO/THBIX
JAHHBIX C UCITIOJIb30BAHUEM POBACTHBIX YCEUEHHBIX OHEHOK

IIBen A. B. — 1-p TexH. HayK, JJOLEHT, TOLEHT KadeaApbl HHKEHEPUU NPOrpaMMHOr0 obecriedeHus: YepHOMOPCKOro Ha-
LMOHANBFHOTO YHUBepcuTeTa nMeHu Ilerpa Morumnsl, Hukonaes, Ykpaunna.

JaBbiaenko E. A. — xaHJI. TeXH. HayK, JOLUEHT, 3aBEAYIOIIUI Kadeapoll HHKEHepHH MporpaMMHoro odecrieueHust Yep-
HOMOPCKOT'0 HaIllMOHAJIBHOTO yHHUBepcuTeTa uMeHu [letpa Morwisl, Hukonaes, YkpauHa.

AHHOTALUSA

AKTyanbHOCTh. OOIIENPHHATHIE NPEANON0KEHUS B apaMEeTPUUECKON CTaTUCTHKE, TaKUe Kak HOPMalbHOCTh, JIMHEH-
HOCTb, HE3aBHCHMOCTb, JAJIEKO HE BCETa BHIIOJIHSIIOTCS B peallbHOM npakTuke. OCHOBHOW MPHYMHOMN 3TOTO SIBJISETCS MOSIB-
JICHUEC Ha6ﬂ}0I[CHI/II71 B UCCJIICAYCMBIX BLIGOpKaX JAHHBIX, OTIIMYAIOIIHUXCA OT OCHOBHOI MacChl JAHHBIX, BCICACTBUEC YETO BhI-
OOpKa CTAaHOBHTCSI HEOTHOPOAHOM. [I[puMEHeHNe B 9THX YCIOBHUIX OOLICTIPUHATHIX MPOLIEAYP OLCHUBAHUSI, HAIIpUMED, BBIOO-
POYHOTO CpeJHEro, BiedeT 3a co00i yBeIMYeHHe CMEIEHHOCTH U CHIDKEHHE d(Q(QEKTHBHOCTH MOITYyYaeMbIX OLEHOK. JTO B
CBOIO OYepelb BBIIBUTACT 33aJ1a4y MOMCKa BO3MOXKHBIX IyTel pelieHnii mpodaeMsl 06pab0TKH MacCHBOB JIAHHBIX (BBIOOPOK),
coJiepKalliX aHOMaJIbHbIE HAOJIO/IEHHS, OCOOCHHO B YCIOBHUAX 00pabOTKH BBIOOPOK Maiioro odbema. OOBEKT ucclenoBa-
HUSI — MPOIIeCC 0OHAPYKEHHS U UCKITIOUSHUST aHOMATBHBIX 00BhEKTOB BEIOOPKH HEOJHOPOIHBIX TaHHBIX. Llenb paboThl — pas-
paboTka mporeayphl MOMCKAa aHOMAITbHBIX HAOIFOICHHH B BBIOOPKAaX HEOTHOPOAHBIX TAHHBIX, © 000CHOBaHUE UCTIOIb30BAHHS
psiia YCeYeHHBIX OLEHOK THIIA «CPeIHee» IS OLIEHUBaHUS MapaMeTpa MOJ0KEHHS HCKaKSHHBIX apaMeTPHIeCKUX MoAaeeit
pacnpeneneHui.

Merton. Paccmorpens! Bompocs! aHanu3a (00paboTKH) HEOTHOPOIHBIX JaHHBIX, COJIECPIKAIlNe aHOMAJbHBIE, Pe3KO BBIIE-
JISIFOIIMECS], TTOJ03pUTEIbHbIE HaOmoaeH . [Ipoanann3upoBaHbl BOZMOKHOCTH HMCIOJIB30BaHHS POOACTHBIX MPOLEAYp OLe-
HUBAHUsSI, YCTOWYMBBIX K HAJMYHIO B BHIOOPKAX TAHHBIX «3aCOPSIIOLIMX» 3HAYCHUH, Uil 00pabOTKH HEOJAHOPOIHBIX TAHHBIX.
[Ipeanosxena mpoueaypa BBIIBICHUS M WCKIIOUYEHHS aHOMAJbHBIX HAONIONCHUH, NPUYMHOW KOTOPBIX MOTYT OBITH OIIMOKH
U3MEPeHUH, CKPBITEIE Ne()eKTHl amlmaparypsl, BEIpabOTKa PecypcoB, YCIOBHS HMPOBEACHHS SKCICPHMEHTA U T.J. B OCHOBY
MIPEATIOKEHHOT0 TOIX04a MONI0KEeHA MPOLeaypa CUMMETPUIHOIO U HECUMMETPHYHOTO YCEUECHHUsI BApHALMOHHOTO Psijia, Mo-
JIy9eHHOTO Ha OCHOBE UCXOJIHOM BRIOOPKHU JAHHEIX, HA OCHOBE METOOB POOACTHOI cTaTUCTHKH. [[111 000CHOBAaHHOTO BEIOOpa
BENUYMHBI KOG (UIMEHTa yCeUeHHs 0, IPEIUIOKEHO HCIONB30BaTh aJalTUBHBIE POOACTHBIE MPOLETYPbl CTATHCTHYECKOTO
oneHnBaHus. HaboieHNs, KOTOPEIC HAXOAATCS B 30HE MIIQJIINX ¥ 30HE CTAPIINX MOPSAAKOBEIX CTATHCTHK, IPU3HAHBI aHO-
MaJIbHBIMHU.

PesyabTaThl. [IpemioskeHHBIH NOAX0/ TO3BOJISIET B OTJIMYHE OT TPAJUI[HOHHBIX KPUTEPHEB MOMCKA aHOMAJBHBIX 3HAYe-
HUi, Takux Kak kputrepuid CmupHoBa(I'pab0ca), kpurepuii JlukcoHa u ap., pa3dMBaTh aHAIM3UPYEMYI COBOKYMHOCTH JaH-
HBIX Ha OJJHOPOJHYIO COCTABIIIONIYIO U BBIBIISITH COBOKYITHOCTh AaHOMAJBHBIX HAOJIONCHUH, P IPEIIOI0KEHHHN, YTO HX
J0J1s1 B O0IIIEH COBOKYITHOCTH aHAIN3UPYEMBIX TaHHBIX HEU3BECTHA.

BeIBogbl. B crathe mpeuioxkeHo HCIOIb30BaHUE METOJOB POOACTHOMH CTATHCTUKH JUIS (POPMUPOBAHUS MIPEIIIOIAraeMbIX
30H, COAEPKALIMX OJHOPOTHBIE W aHOMaNbHbIE HAOIIONEHUS B BAPHAIIMOHHOM psJie, TOCTPOSHHOM MO MCXOIHOW BBIOOpKE
AHAJIM3UPYCMBIX JaHHBIX. HpCﬂJ'IO)KCHO HCIIOJIB30BaTh KOMINICKC aJdallTUBHBIX pO6aCTHbIX npouenyp, Ajsd yCTaHOBJICHUSA
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IIPEATIoIaraeMbIX YPOBHEH ycedeH s, 00pa3yIouX 30Hb aHOMAJIBHBIX HAOMIOACHNH B 001aCTH CTApIINX U MIIaJIINX ITOPsA-
KOBBIX CTATHCTHUK BapHalMOHHOTO psana. OKOHYATENbHBII YPOBEHb YCEUCHHs BapUAIIMOHHOTO psijia YTOYHSETCS Ha OCHOBE
CYIIECTBYIOUINX KPHTEPHUEB, MO3BOJAIOMINX MPOBEPATh TPAaHUYHBIE HAOMIONEHMS (MUHAMAJIbHOE U MaKCHMAIIbHOE) Ha aHO-
MaJIbHOCTb.
KJIIIOYEBBIE CJIOBA: BBIOpOCH, pobacTHBIE OIIEHKH, yCEUEHHOE CpeHee, CHMMETPUIHOE M He CUMMETPHUIHOE yCe-
YeHHeE.
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HEYITKA TOBIPYA KJIACTEPU3ALISA JAHUX HA OCHOBI AHAJII3Y
IMIVJIBHOCTI PO3ITIOALTY JAHUX TA IX IHIKIB

Boasiuebkmii €. B. — 1-p TexH. Hayk, npodecop, npodecop kadenpu MTYIHOTO IHTENCKTy, XapKiBChbKHiA HallloHa-
JIBHUHM YHIBEPCUTET pallioeIeKTPOHIKH, XapKiB, YKpaiHa.

Imice 1. IT. — xanp. TexH. HayK, npoBigHui HaykoBuii ciBpoOiTHUK [TH/JT ACY, XapkiBchkuil HallioHaJIBHUH yHi-
BEPCHUTET PaJioeNeKTPOHIKH, XapKiB, YKpaiHa.

Mladponenko A. 0. — xaHJ. TeXH. HayK, JOLEHT, OUEHT Kadenpu iHpopMaTuku, XapKiBCbKUI HaIllOHAJIBLHUHN
YHIBEPCHUTET paJlioeNeKTPOHIKH, XapKiB, YKpaiHa.

Kanunuvenko O. B. — kana. TexH. HayK, JOLEHT, JOIEHT Kadeapu MporpaMHoi iHxeHepii, XapKiBCbKUH HaIlloHa-
JHHUH yHIBEPCUTET paJliOeIeKTPOHIKH, XapKiB, YKpaiHa.

AHOTAUIIA

AKTyaJbHicTh. 3a1aua Kiactepusanii — kiaacugikamii 6e3 BUUTENS MacHBiB JaHUX 3aliMa€ BaXKIIMBE MICIE B iHTEIEKTYaIbHOMY
aHami3i nanux. [ns BupimeHHs wiel 3a1avi Ha el 9ac 3amponoHOBAaHO OE3JIiY MiIXOiB, IO BIAPI3HAIOTECA MiX COOOI0 SIK ampiop-
HHMH NPUIMYIICHHSIMH 11O J0 XapakTepy JaHHX Y MacHBax, IO JAOCII/UKYIOThCS Ta aHATI3YIOThCS, TaK 1 MATEMAaTHYHUM arapatoM,
IO TTOJISITa€ B OCHOBI THX a00 iHIIMX METOJIB, OJJHAK BUPIIICHHS 3a/ad KiIacTepu3anii yCKIaIHIOIOTh BeJIMKa PO3MIPHICTH BEKTOPIB
CIIOCTEPEkKEHb, L0 AHATI3YIOThCS, iX 30ypeHICTh Ta 3a0pyAHCHICTh PI3HOTO THUITY 3aBaJaMH Ta MPOIYCKaMH, MOXIIHBOIO CKJIaHOO
(hopMOI0 KITacTepiB, TOIIIO.

Meta. Meta po0OOTH MOJIATAE Y 3aPOBAKCHHI MPOLIEAYpH HEUITKOI KilacTepu3aii, o o0’ eaHye B coli mepeBaru MeToIiB, 3a-
CHOBAHHX Ha aHaJi31 MIJBHOCTEH PO3NOALTY JaHUX Ta IX IiKiB, XapaKTePH3yIOTHCS BUCOKOIO IMIBUAKOMIEIO Ta MOXKE e(h)eKTUBHO Ipa-
IIOBATH 32 YMOB EPETHHHUX KJIACIB.

Merton. BeeseHo MeTOA HEWiTKOI KJIacTepH3allii MacUBIB JaHUX, IO 0a3yeThCs Ha i[esIX aHai3y IIIBHOCTEH PO3MOMUTY X
JaHuX, iX MiKiB Ta JOBIpYOro HewiTkoro migxoxy. [lepeBaroro 3ampornoHOBAHOIO MMiAXOAY € CKOPOUCHHSI Yyacy BUPIIICHHS ONTHMi3a-
LiMHUX 3aa4, MOB’SI3aHUX 3 BiJLIYKaHHSIM aTPakTOpPiB (YHKLIH MIITbHOCTEH, OCKIIBKH KUIBKICTh 3BEpPHEHB 0 OJOKY ONTHUMi3ariii
BH3HAYAETHCS HE 00CATOM aHAIII30BAHOTO MACHBY, a KUIBKICTIO MiKiB IIIIEHOCTEH IIBOTO K MACHBY.

Pe3yabTaTn. MeTox € TOCHTH NMPOCTHM Y YMCENBHIH peaiizamii i He KPUTHYHUM 10 BHOOpY onTmMIi3aliifHoi nponenypu. Pe-
3yJIbTaTH EKCIIEPUMEHTIB IiATBEP/PKYIOTh e()eKTUBHICTH IIPOIOHOBAHOTO MiIXOLYy B 3ajadax KIacTepH3alii 32 yMOB NEPETHHHUX
KJIaCTEpiB Ta JO3BOJISIIOTH PEKOMEHIYBATH 3alpOIIOHOBAHMI METOZ Ul BUKOPHUCTAHHS Ha INPAKTHLI Uil BUPILIEHHS Mpobiiem
ABTOMATHUYHOI KJIaCTepH3allil BEMKHUX JaHHX.

BucHoBku. BBeieno Meto/ HeuiTKO1 KiacTepu3allii MacHBIB JaHHX, 10 0A3y€ThCS Ha iAeAX aHaI3y IIUIBHOCTEH PO3IIOIITY KX
JaHWX, iX MiKiB Ta JOBIpYOTO HEUITKOTO miaxoxay. [lepeBaroro 3amponoHOBaHOTO MiAXOAY € CKOPOUCHHS 4acy BHUPIMICHHS ONTHUMi3a-
LifHUX 3a7ad4, OB’ A3aHKUX 3 BIANIYKAHHAM aTPaKTOPiB (YHKIIH MIIIBHOCTEH, OCKIIBKH KUJIBKICTh 3BEPHEHD 10 OJOKY ONTHMi3amii
BH3HAYAETHCS HE 00CATOM aHAIi30BaHOTO MACcHBa, a KUIBKICTIO MIKiB IIIIBHOCTEH IbOTO X MacuBy. MeToJ] € JOCHTh IPOCTHM Y UH-
CeIbHIN peaizamii i He KPUTHYHUM JI0 BUOOPY oNnTHMIi3amiifHOI nponenypu. Pe3yiasrati eKcriepiMeHTIB MiATBEpKYIOTh eheKTHB-
HICTh 3aIIPONIOHOBAHOTO MiAXOAY B 3aJa4ax KiIacTepu3alil 3a yMOB IEPETUHHUX KJIaCTEpiB.

KJIFOYOBI CJIOBA: HeuwiTka KiacTepu3ais, IpaBIonoAiOHa KiacTepH3aliis, MKy MIJIBHOCTI PO3MOUTY JaHUX.

ABPEBIATYPA HOMEHKJIATYPA
DI innekc /lana; X — matpurs HabOpy AaHUX;
DBI ingekc [leBica-bomnaina; k — HOMEp BEKTOPY-CIOCTEPEKEHHS;
CA xnacrepHa TOYHICTB; i —HoOMep aTpulyTy BEKTOPa-CIOCTEPEIKEHHS;
GA reHeTHYHHUH alITOPUTM; J — HOMep Kiiacy;

SA iMiTOBaHMi1 Bimal.

© Bomaucekuii €. B., [Tice 1. I1., Hladponenko A. 0., Kanunuuenko O. B., 2022
DOI 10.15588/1607-3274-2022-3-6

58



e-ISSN 1607-3274 PagioenexTpoHika, iHpopmaTuka, ynpasiinss. 2022. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2022. Ne 3

x(k) — BeKTOp-CIIOCTEPEKECHHS;

X; — aTpaKTop;

!/ ,q —HOMepH KJIacTepiB;
M — KUTBKICTh HEMEPETHHHUX KJIACiB;
W — pIBeHb HEYITKOI HAIGKHOCTI j -TO KIIACTEpY;

D — maTpu1is BiCTaHEH MK CIIOCTEPEKEHHSIMU;
d — BiICTaHB MiX CIIOCTEPEKEHHIMU;
P — BEKTOp JIOKAJTBHOI MIIJIBHOCTI;

¢ — LEHTPOI] KJ1acTepa;

8’;{ — TOYKa 3 MAaKCMMAaJIbHOIO IIIJIBHICTIO;

Cr — piBeHb NPaBOIOIIOHOCTI;

6(k) — BIJICTaHb BiJI CIIOCTEPEIKCHHS x(k) 10 TOYKHU

3 O1IBII BUCOKOIO IIIHHICTIO;
G — HapaMeTp IIUPUHHU — BiJICTaHb 3pi3y B NPUUHATIH
MeTpHLli QyHKIIT BIUTUBY;

fg (x) —rayciBchKa (DYHKIIiS BILIUBY;
1 g (x) — (yskuis €naneyHiKoBa;
1E (x) — dyHkuis Koum;

P

Xj — HIKH-LEHTPOIH KIaCcTepiB.

BCTYII

3amada kmactepmsamii — kimacudikamii 6e3 BumTens
MaCHBIB JJAaHUX 3aliMa€ BaXJIUBE MICIC y IHTCICKTYaslb-
HoMmy aHami3i qanux (Data Mining, Data Stream Mining,
Big Data Mining), a nuist ii BUpilIeHHs Ha 1el 4ac 3ampo-
ITOHOBAHO OE3JIiY MiIXOMiB, MO BiIPi3HIIOTHCI MIiX CO-
0010 K ANpIOPHUMH MPUMYIICHHIMH IO JO XapakTepy
JAHUX Y MacHBaXx, IO JOCIIIKYIOTECS Ta aHATI3YIOThCH,
TaK i MATEMATUYHUM arapaToM, 10 MOJIArae B OCHOBI THX
a6o iammx meroniB [1—4]. Jemo ocobmuBe Micre TyT
3aiiMalOTh METOOM HEWiTKOI Kiactepusamii [5, 6], mo
MpU3HAYeHI UIT POOOTH 32 yMOB, KOJHM KJIACTEpH, IO
(hOpMYIOTBCSI MOXKYTh JIOBUILHUM YMHOM MEPETUHATUCS Y
MIPOCTOP1 O3HAK. 3PO3YMINIO TaKOXK, 110 BUPILICHHS 3a/1a4
KJIacTepH3allii yCKIaJIHIOITh BEIMKA PO3MIPHICTh BEKTO-
pIB CIIOCTEPEkEHb, L0 aHANIZYIOThCS, iX 30ypeHicTh Ta
3a0py/JHEHICTh PI3HOTO THUITy 3aBaJaMHU Ta MPOIYCKaMH,
MOJKJIMBOIO CKJIQJIHOIO (POPMOIO KJIACTEPIB, TOIIIO.

OO0’eKT MOCTIIUKEHHs IBUKA HEUiTKa KiIacTepusa-
I[is1 TaHUX Ha OCHOBI MiKiB IUIBHOCTI PO3MOITY JaHUX.

Ipenmer mocCTimKeHHS TMPOIEAypa aHaNi3y IiKiB
LIIJIBHOCTI PO3MOJIUTY JaHUX.

MeTa po00TH TOJSIrae y 3ampoBaKEHHI MPOLEAYPH
HEYITKOI KJacTepu3allii, mo o0’eaHye B co0i mepeBaru
METO/IiB, 3aCHOBAaHMX Ha aHAII3i MIUTBHOCTEH PO3MOILITY
JIAHUX Ta iX MiKiB, XapaKTePU3YIOThCS BUCOKOKO IIBUIKO-
Ji€0 Ta MOXKHA e(EeKTUBHO TMPAIfOBATH 32 YMOB Iepe-
THHHUX KJIaCiB.

1 IIOCTAHOBKA 3ABJIAHHS
BuxigHoto iHpoOpMaLi€ero A BUPIMICHHS 3a1a4i KIlac-
TepU3allii € MACHB TAHUX

X ={x(l),x(Z),...,x(k),...,x(N)} ,x(k) :{x,. (k)} eR",

IIPY IIbOMY KOMITOHEHTH IIMX JTaHUX ITOTIEPEAHBO Mepeio-
Opo0JeHi Tak, OO BOHM HaJEKall ETKOMY OOMEXEeHO-

My iHTepBaily, Hanpukiag —1 <ux; (k) <1Vi,k . Ha ocHOBi
wx maHux dopmyetses (nxN) Matpums «06’eKT-

BIIACTHBICTHY», CIEMEHTH KO OMpAaIbOBYIOTHCS MPHUHHS-
THM aITOPUTMOM.

2 OIJiAd JITEPATYPU

Jlyist BupileHHs wiel 3a7a4i OAHUMH 3 HAWOUTBII ede-
KTUBHHX € allTOPUTMU, IO 0a3yloThCs Ha aHaJI31 LIUIb-
HOCTEH PpO3MOALTY NaHWX y BHXIIHHX MacHBax, cepen
skux MokHa BigzHauutd DENCLUE [7] Ta #ioro momu-
(ikamii [8—10], mpu3HaYCHI AN BUPIMICHHS 3a]a9 KJIac-
Tepu3alii BEJIMKHX MacHBIB MeAiaJaHHX, CIIOTBOPEHUX
30ypeHHsIMH Pi3HOI IPUPO/N, Ta KIACIB CKJIAAHOI (hopMH.
B Toti sxe wac DENCLUE xapaxtepu3yeTbcs JOCUTH HU-
3bKOI0 IIBUAKOIIEI0, OCKUTBKM HOTO BHKOPHCTaHHS
OB ’s13aHE 3 HEOOXiMHICTIO 0araTOKpaTHOTO BHPIMICHHS
3a1avi ONTHMI3allii 3a JOMOMOIOK IPAMi€EHTHHUX IPOIe-
Jtyp. BinblI NIBUAKMMU € aJITOPUTMH, 3aCHOBaHI Ha aHaJIi-
31 mikiB minbHOCTEW [11], OJHAK TYT B SIKOCTI LIEHTPOI/IiB-
MPOTOTHUIIB KJIACTEPIB BUCTYMAIOTHh CIIOCTEPEIKEHHS BH-
X1THOTO MacHBi JaHuX. SIKIIO KJlacTepu MalOTh CKIIaIHY
HEOMyKJy (opMy, TO iX HEHTOIAN MOXKYTh HE CIIBIAJaTH
13 CIIOCTEePEIKEHHSIMH 1, OUTBII TOTO, PO3TAIIIOBYBATHCS HA
3Ha4Hil BifcTaHi Bix HUX. Kpim Toro, sk DENCLUE, tak
1 TIKOBHHA QJITOPUTM € YITKUMH HPOLEAypaMH, TOOTO
MIpU3HAYCHI I pOOOTH 32 YMOB KOJIM KJIacTEpH HE Tepe-
THHAIOTHCS, a KOXKHA TOYKA — BEKTOPHE CIIOCTEPEICHHS
MOXE HaJISXKATH JIMIIE OJHOMY Kiacy. ToMy € TOUiIbHIM
BBECTHU Y PO3IJISA] MPOLEAYPY HEUiTKOI KjacTepu3arlii, o
00’etHy€ B OO IepeBaru METO/IiB, 3aCHOBAHUX Ha aHaJi-
31 MIIJIBHOCTEH PO3MOALTY JaHMX Ta X MiKiB, XapaKTepH-
3YIOTBCSl BHCOKOIO HIBUAKOMIEI0 Ta MOXHa e(EeKTHBHO
NIPaIfOBATH 32 YMOB NIEPETUHHUX KJIACIB.

3 MATEPIAJIM 1 METOAU
bazoBuMHU MOHATTAMH, 110 BUKOPHCTOBYIOTBCS Y T10JIa-
JBIIOMY, € (DYHKLIS BIUIMBY, (DYHKIIS IIBHOCTI AaHHUX Y
BUOIpII, aTpaKTOPH MIUTBHOCTI, IO BiATIOBIAAIOTH EKCTEP-
MyMaM — MaKCHMyMaM (YHKIIi IIUTEHOCTI, IO JIOCsTa-
I0TBCS y TOUKaX BUOIPKH B OKOJII aTPaKTOPiB IIIIBHOCTI.
Jlst Oyzp sikoi Touku X 3 MacuBy X ii 0a3zoBa QyHK-

uist BBy f, (x)= f(x,X) € mesxoro saepHON0 I3BO-
HyBaTol0 (yHKLi€I0 (QYHKIIEO, cepel] SKUX aBTOPH Me-
Tony [7-9] BiA3HAYaIOTh, TaK 3BaHy, NPSIMOKYTHY XBHIIE-
By (DYHKIIiIO BIUIUBY

. 0, sxmo d (x,X)> o,
CE

1 iHakmIe

(tyT d — BiACTaHb y NPUHHSTIA METPHII, 3a3BUYall €BK-
Ji0BIH, ¢ — IMapameTp MIMPHHH — BiJCTaHb 3pi3y B NpH-
HHATIH MeTpulll QYHKIIT BIUTMBY) Ta rayCiBChbKy (DyHKIIiFO
BIUIUBY
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< d? (x,%)

e
J& (x)=exp| - S

=exp 5 |

c 20

10 € HAWOUTBII MOMYJISIPHOIO, 3aB/SKH 3pYYHOCTI 00UmC-
JIeHHS ii TpaieHTa.

HecknagHo 0a4uTH, MO B SKOCTI (YHKIIN BIUTUBY
MOXYThb TakoX OyTu BukopucraHa ¢yskuis Ko, mo
4acToO BUHHKAE Y 3a/lauax HewiTKol kinacrepusauii [12]

S ORTCE Y A
716 I R Eaachty R D s I
c c
Ta (yHkuis €maneynikosa [13]
; d* (x,%) -
i (x)=|1-———= l-—F
fE() 26° . 26° .

(TyT [OL = max {0,0} ), | rpajieHT Mae mpocty hopmy

vxfgm{";} ,

Jie oreparlisi NPOEKTYBaHHS HE JOCTaTHi OpTaHT [OL
peai3yeThesi MIOKOMIIOHEHTHO.

OyHKIIS MITBHOCTI PO3MOJTY AaHUX Y MacuBi X,
mo Mictute N CrocTepexeHb, (OPMYEThCSI HA OCHOBI
N QyHKUIH BIUIMBY Y BHTIISI

(%)= 2 f(xx(k)) (1)

i € 6mu3bKoIo 3a cyTTio 10 [lap3eHiBcbkux BikoH [14] Ta
ominok Hanmapas-Barcona [15, 16].
Brnacue mpomemypa  Kiactepusaril

Bigmykanui MakcumymiB Gymxuii f* (x), mo 3agoBins-

nojsrae 'y

HSIOTh YMOBI
7 (xx")> e @)

ne & — meskui mopir, Mo BU3HAYAE, SIKUH 13 BIANTYKaHUX
aTPaKkTOpiB € 3HAYYIIUM, TOOTO «(IIBTPYE» OKpeMi aHO-
MaJIbHI BUKHIM Y BHOipi X Ta BHKIIOUYAE i3 pO3IIALY
«MiHI-KJIacTepru», M0 MICTATh 3aHAATO MAJl0 CIOCTepe-
JKEHb. 3p0O3yMiJI0, 1110 YUM Oijblie 3HaYeHHS & , TUM Me-

HIIIA KUTBKICTh 3HAYYIIMX KiacTepiB Oyne chopmoBaHa.
Jnst  BiaUIyKaHHs — aTPakTOpiB —  EKCTPEMYMiB-
MaKCUMyMIiB (YHKIIi LIUIBHOCTI PO3HOALTY JaHHX

/¥ (x) 3a3Buyail BUKOPHCTOBYETHCS IPALi€HTHA MPOLLE-

nypa omruMizarii [17], mo moxke OyTh 3ammcaHa y BU-
Al

x(k) = xo;

PN B vfx(x’xl_l) ’
oo
1=0,1,2,..; Vk=1,2,..,N, (3)

e nl — mapaMeTp KpOKY IOIIYKY, IO BH3HAYA€E IIBUJ-
KicTh  30DKHOCTI  anmroput™my. Pi3Hi  Momudikarmii
DENCLUE moB’s3aHi camMe 3 HaMaraHHSIMH TPUIIBHI-
IIATH TIPOIEC ONTUMI3aIii TpUHHATOT QYHKIIIT IMITHPHOCTI
[8, 10]. Tyt e cmig BiA3HAYWTH, [0 BUKOPUCTAHHS ray-
ciaHiB B SKOCTi ()YHKUIH BIUIMBY TOB’S3aHE 3 IPOCTOIO
(hopMorO iX Tpami€HTiB, OCKIITBKI

/G (x,xl): % (xl —x)fél (x) =

k=1

M=

2
/ “x_xl“
(x —x)exp -
20

k=1

[MomiTMO Takoxk, mo ¢yHkuii €naHedHikoBa MalOTh
1ie OUTBIT MPOCTY (POpPMY TpajlieHTa

N /
x —x
Vi (x,xl)z Z 5
=1l 20

+

[Mpouec onTumizamii MOYMHAETHCS 3 KOXKHOI TOUKH
x(k) MacuBa JaHUX X 1 3aKiHYY€ThCS BiALIYKaHHSIM

BCIX €KCTpeMyMiB — MakcuMyMiB (yHkuii minbHOCT (1),
110 3aJ0BOJILHSIOTH HEPIBHOCTI (2).

3po3yMijio, 0 YuM Oumbine oOcar BuOipku X , TUM
Oimprie pa3ie N MOBMHHA 3aIyCKaTHCS IpoIlexypa Ol-
TUMIi3aIii — MOUIyKy aTrpakTopiB. [IpumBuamATH IpoIIec
KJacTepu3ailii MOXXHa, CKOPOTHUBILIHU KiJIbKICTh 3aIyCKiB
i€l mpoueaypH.

ToMy IpONOHYETHCS MOYUHATH MPOLEC MOIIYKY aTpa-
KTOpPiB HE 3 KOXXHOI TOYKH MAacWBy JaHUX X , a 3, Tak
3BaHMX, MIKIB miibHOCTI [11] 11boro MacuBy. [lst 3Hax0-
JOKSHHsI IIUX TiKiB Y PO3IJIs/ BBOAUTHCS JBa MapaMeTpu:

p(k) — JIOKaJIbHA IIUJIBHICTE Ta S(k) — BIACTaHb BiJ

crioctepexeHnst X(k) 10 TOUKM 3 GLIBII BUCOKOKO IIib-

Hictio. Kpim toro, ananoriuno DENCLUE BukopuctoBy-
€TBCS BiICTaHb 3pi3y G, 10 3a3BMYall 3a7a€ThCs Ta Ba-
PIIOETBCS KOPUCTYBa4YeM JJIsl OTPUMaHHS MOTPIOHOT TOY-
HOCTI BUPIIIICHHS 3a/1a4i.

[Mpouec mouryKy miKiB MIIBHOCTI HOYWHAETHCS 3 TOTO,

WO Ha OCHOBI BHXimHOi (nxN) — MaTpuui «06’eKT-

BIIACTHBICTE» (hOpMyeTHCS (N x N ) MaTpHLsl BiJCTaHEH

MiK CIIOCTEPECIKCHHAMU

D={d(x(k).x(q))},

d(x(k),x(q))= ||x(k) —x(q)" Vk,q.
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Ha ocrosi ui€i marpuni popmyetsest (N x1) -BexTop

JIOKaJIbHUX LILIBHOCTEN p = {p(k)} eRV:

M@:éXWOWLW@%G%

1, ifd <0,
u@{

e
0, else.

TyT BigcTap 3pi3y G € HaWOUIBII BIUIMBOBHM IIapa-
METpPOM, 10 BU3HAYAE SIKICTh KJIACTEpHU3allil Ta 00UpaeTh-
Csl 3 CYTO eMITIPUYHUX MIpKyBaHb. TYT CIiJl BIIMITUTH,
110 aBTOPH MiKOBOTO anroput™y [11] paasts obupatH 1o
BIJICTaHP TaK, MO0 BOoHa «HakpuBama» 0,01N —0,02N
CIIOCTEPEIKEHb 3 MACHBY, [0 aHAI3Y€ETHCSL.

ITicnst mpOTO PO3PaXOBYETHCS BEKTOP MiHIMAIBHUX
BiJICTaHEHN

(k)= min
vq.p(q)>p(k)

{d(x(k),x(q))}

. . . . *
a JuIsl CIIOCTEPEKEHHs 3 MiHIManbHO wiinbHicTIO & (k)

MOKJIAIAETHCSI
& (k) = max{d(x(k),x(q))}.

Ha 6a3i miel indopmartii GopMyIOThCs MIKA-TICHTPOIIH
KJIacTepiB xf ,J=12,..,m, npu 1LbOMYy B SIKOCTI LHX

HIKIB-LEHTPOINIB OOMPAIOThCS CIIOCTEPEIKEHHSI 3 Haii-
OUTBII BHCOKOKO MIUTBHICTIO, TOOTO IIEHTPOIAU 3TiTHO 3
UM ITiXO/IOM € JIesiKi i3 CIIOCTepeKeHb BUXiTHOT BUOIp-
k. B ToW ke yac B CHTyallisfX, KOJU KJIacTEpPU MAIOTh
JOCUTH CKIanHy (opMy, IEHTPOI MOXKE HE CITBIIAIATH 3

YKOJHOIO 13 TOYOK x(k) . Tomy nporioHyeTbest Miciist 3Ha-
XOJDKEHHS BCIX MIKiB xf ,j =1,2,...,m 3amyckartu mpoiie-
nypy omrumizanii (3) He 3 Todok x(k),k=1,2,..,N, a

TUIBKH 3 IIKIB xf ,J=1,2,...,m , KUIbKICTb SKHUX € 3HAYHO

MEHLIOK HiX 00csr Bubipku X | to6ro
m<<N.

[Mpouenypu DENCLUE Ta nikoBi kiacrepusaii € ai-
TrOpUTMaMHM  dYiTKOI  KJlacTepu3alii, TOOTO  ampiopHO
TIPUITYCKAEThCS, 10 KJIAcTepH, siKi (HOPMYIOThCA 3a 1X J0-
TIOMOT'0I0, HE MEPETHHAIOTHCS Y MPOCTOPI O3HAK. SIKIIO K
i KJIACH «HAKPHBAIOTH» OJIMH OJHOTO, III0 JOCUTHh YacTO
3yCTpIiYaeThes y pealbHIUX 3a/1adaX, TO MyCsATh OyTH 3aCTO-
coBaHi anroputMu HediTkoi ((azsi ) kmacrepmsamii [5, 6],
o 0a3yIoThCs Ha JBOX OCHOBHHX IiIXOZaX: iMOBipHICHO-
My Ta MOxJmBicHOMY. KoXeH 3 muX migxofiB Mae CBOI
repeBard Ta HEIONIKH, SKUX IM030aBJICHHUN, TakK 3BaHMH,
JOBIPYHI MiIX1i 10 HeUiTKOT KitacTepu3atii [ 18, 19].

3riiHO 3 UM MIiAXOAOM IJIsi KOXKHOTO 3 aTpakTopiB

(abo  mikiB)  x;,j=12,..,m Ta  cCHOCTepexKeHb
x(k),k =1,2,...,N po3paxoByIOTbCsA piBHI HEUITKOI Ha-

JIeXHOCTI 200 y 3aranbHiit hopmi [5]

)= d- (xj,x(k)) ) mxj—x(k)” o

é a7 (x5.x(k)) >

abo micis fesikux neperBopeHs [20, 21]

d~? x*~,x(k)
u; (k)= 1+—( ~ ) , (5)
GA
J

e
-1

63 = i d™? (xj-,x(k)) ,

r=l1
r#j

TOOTO 3HOB-TAKM BUHUKA€E (DYHKIIS IIIJIBHOCTI PO3MOILTY
Komri, mo Moxe OyTH BHKOpHUCTaHa B SIKOCTI (DyHKIIl
BBy y DENCLUE.

Ominku (4), (5) moB’s3aHi 3 Tak 3BaHOIO, HMOBIipHiC-
HOIO HEUIKOI0 KiacTepu3alfiero. Ha OcHOBiI OWiHOK Mo-
KyThb OyTH PO3paxoBaHi PiBHI JOBIPU OTPUMAHUX PE3YJib-
TaTIB 3a JIOMOMOTOIO CIiBBiAHOMmICHD [18, 19]:

()= {15 (01 -supu (1),

- u, (k)
w;(k)=—=>41——"—.
1= G, (0
TakuM uWHOM, BBeJEHa MpoLEAypa HEYITKOI

KJacTepu3ailii, mo 0a3yeThCs Ha aHai3i MIUIBHOCTEH
pO3IOJTYy AaHUX Ta iX MiKiB, JO3BOJISIE CKOPOTHTH Yac
BUpILIEHHS 3ajaui 3a paxyHOK 3MEHIIEHHS KiTbKOCTI
3BEpHEHb JI0 OJOKY ONTHMI3allii, M0 BiJIIIYKye EKCTpe-
MYMH-aTPaKTOPH MPHUHHATOI GYHKIIT IIITBHOCTI.

4 EKCIIEPUMEHTHA
JocnimkeHHs METOAy HEUiTKOi JOBipYOl KiIacTepu3a-
i1 IaHUX Ha OCHOBI aHaIi3y MIUILHOCTI PO3MOILTY JaHUX
ta ix mikiB (NCrCP) nmpoBOAWINCh HAa IBOX HABYAIBHHX
Bubipkax UCI penosuropito Page Blocks Ta Spambase. B
Tabmuni 1 npoJeMOHCTPOBaHI OCHOBHI XapaKTEPUCTUKU
Ha0OpiB JaHUX.
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Tabmuns 1 — 3pasku 1aHux

Hazsa KinbkicTh Kinbkictb KinbkicTh

BHOIpKH CHOCTEPEIKEHb aTpuOyTiB KJ1acTepin
Page Blocks 5472 10 5
Spambase 4601 57 2

Page Blocks — Habip naHuX, sikuil MiCTHTB iH(OpMa-
LiI0 PO KJIacu(ikoBaHi OJOKM MaKeTy CTOPIHKH B JIOKY-
MEHTI, SKHH OYJI0 BHSBIEHO IPOIIECOM CETMEHTALli.

Spambase — imocTpye KiacugikoBaHy €JIEKTPOHHY
TIOLITY SIK CIIaM Ta HE CIIaM.

Ha pucynkax 1 Ta 2 npogemoHcTpoBaHi Habopu BHOi-
POK JTaHWX, [0 aHAJ3yIOThCS.

Pucynok 1 — HaBuanena Bubipka Page Blocks

16000 —

14000

12000 —

10000 —

8000 —

6000

4000 —

2000

3000 4000

M 4 2000

40 1000
50 goo

Pucynok 2 — HaBuanpHa Bubipka Spambase

Pob6oTa 3ampomoHOBaHOTO METOMy NepeBipsiiach 3a
JIIOTIOMOTOI0 JEKIIPKOX KIACHYHMX ITOKA3HUKIB SIKOCTI
kimactepusaiii, a came innexc Jlana (DI), inmexc /lesica-
Bonaina (DBI) Ta knacrepua Tounicts (CA).

Innexc [lana (DI) — 1eil iHIeKc OLIHIOE CTYIiHb O~
JIy MDXK CIIOCTEPEKEHHSIMU OJHOTO KiacTepa, TOOTO BHY-
TPIIIHIO CXOXICTh CIIOCTEPEKEHb B KiacTepi. Ynum Buiie
3HAUYCHHSI, THM Kpallla KJIacTepU3allis.

Ianexc Mesica-bonmmina (DBI) — meit immekc, sk DI,
TAKOX OLIHIOE CTYIIHb MOJUTY MK KiacTepamu (MEXK-
JlacTepHAa HECXOXKICTh), HAWMEHIe 3HAYCHHS BKa3dye Ha
Kpallly KJIacTepu3alliio.

Knacrepna tounicts (CA) — BUMIpIOE BiJICOTOK Ipa-
BWJIBHO KJIacH(iKOBaHMX OO’ €KTIB y KJIacTepi HAa OCHOBI
MOMEePETHRO BH3HAYCHUX MITOK KiaciB. Lleit immekc He
MpAIoe 3 HEMAPKOBAHOI 033010 TaHUX, BUCOKE 3HAYCH-
HS BKa3ye Ha HalKpairy sAKiCTh KIacTepU3allii.

[NopiBHSUTBHUE aHATI3 TPOBOIUBCS 3 OLIBIN BiIOMIMHA
MeTonamMu Kiactepusanii nanux, Takumu sk DENCLUE-
SA (imitoBanuii Biamaia), DENCLUE ta DENCLUE-GA
(TeHeTHUYHHI aJITOPUTM).

5 PE3YJIbTATH

PesynbraT Kiactepusaiii TECTOBUX AaHHUX PI3HUMHU
METOJIaMH KJIaCTepH3allil MPECTABICHO Ha PUCYHKaAX 3 14,
SIKi IEMOHCTPYIOTb SIKICHI XapaKTEePUCTUKH KI1acTepU3aLlii.

Sk BUIHO i3 TicTOorpaM, MO)KHa 3pOOMTH BHCHOBKH,
110 3aIPONIOHOBAHUK METO/ HEUITKOI JOBIpYOi KilacTepH-
3aIil JaHuX Ha OCHOBI aHaNI3y HIUTBHOCTI PO3MOALTY Ja-
Hux Ta ix mikiB (NCrCP) knacrepusye naHi sKicHime 3a
OUTBIIICTIO SAKICHUX XapaKTEPUCTUK KIacTepH3allii.

3o0kpema, SKICTh METOIly KIIaCTepH3allii TOBHHHA Bij-
MOBiIaTH BUMOTaM HE TUIBKH SKOCTI KjacTepu3allii, a i
IIBUKOCTI 1 MPOCTOTH 3 TOYKH 30py MaTEeMaTHYHUX PO3-
paxyHkiB. Tomy OyB mpoBeneHHi aHaji3 NIBUAKOCTI pO3-
paxyHKIB KJIacTepu3alii MeToly HEe4iTKOl JOBipYOi KJiac-
Tepu3alii TaHWX Ha OCHOBI aHAJII3y LIUTBHOCTI PO3MOILTY
JIlaHUX Ta iX MiKiB Ta BUINE 3raJlaHiX METOIIB KilacTepH-
3amii. B Tabm. 2 HaBemeHWI NOPIBHSUIBHHUMA pe3yIIbTaT
IIBUIKOCTI POOOTH METOIB KJIacTepH3allii.

09

08

07+

06 1~ DI
05 =DBI
04 CA
03 v~

02

DENCLUE

DEMCLUE-SA  DENCLUE-GA NCrCP

Pucynok 3 — IToka3uuku sikocTi knacrepusauii Page Blocks

0,3
Dl

0.6 =DBl

04

0.2

DENCLUE DENCLUE-SA DENCLUE-GA MCrCP

Pucynok 4 — IToka3HuKY SKOCTI Kiactepu3anii Spambase
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Tabmuns 2 — [NopiBHSAHHS poOOTH aJITOPUTMIB 3a 4acoM (c.)

<

2 % <
2a| o -9

|

Data ] 3 B 8
Z O @] Z

A & &

) =)
Page Blocks 71 107 158 7
Spambase 1285.9 1347 574 29

6 OBI'OBOPEHHSI

3a pe3ynpTaTaMu eKCIIEPUMEHTAIBHUX TOCIIKECHD Ta
aHaJi3y OTPHMAaHUX Pe3yJbTATiB, MOKHA 3POOUTH BHCHO-
BOK, III0 3aIPOITOHOBAHHI METO/] HEUITKOI JOBIPYOi Kitac-
Tepu3allii JaHUX Ha OCHOBI aHaJi3y LIUTLHOCTI PO3NOALLY
nanux Ta ix nikiB (NCrCP) kiactepusye naHi sikicHile 3a
OUIBIIICTIO SIKICHUX XapaKTePHCTHK KiacTepu3alii, Je-
MOHCTPY€E TapHi pe3yJbTaTh poOOTH MOPIBHSIHO 13 KiIacH-
yanMu  Metomamu  kiactepmsamii:  DENCLUE-SA,
DENCLUE ta DENCLUE-GA.

MoXHa TakoX 3ayBa’KUTH, 110 METOJ HE MOCTYIAETh-
Csl KJIACTEPHOI0 TOYHICTIO Ta IMIBHIKICTIO, IIO CaMO 3a
cebe TOBOPHUTH PO SKICTh OTPHIMAHUX PE3YJITAaTiB Kilac-
Tepu3arii.

BUCHOBKHU

Beeneno merton HewiTKol Kiactepusallii MacwBiB Ja-
HUX, 0 0a3y€ThCS HA ieAX aHaJi3y MIUTbHOCTEH PO3MOJIi-
JIy IMX JJAHUX, X MIiKIB Ta JOBIPYOrO HEUITKOTO MiAXOIY.

[TepeBaroro 3armpornoHOBaHOTO MiJXOY € CKOPOYECHHS
Yyacy BHPIIICHHS ONTHMi3alifHUX 3a7ad, OB’ SI3aHUX 3
BIJIIIYKaHHSM aTPakTOpPiB (QyHKIIH HIIBHOCTEH, OCKUIb-
KH KITBKICTh 3BEPHEHB 10 OJIOKY ONTHMI3allii BH3Haua-
€ThCSI HE 00CSATOM aHaII30BAHOTO MAacHBa, a KIJBKICTIO
MIKiB IIITBHOCTEH IBOTO 3K MacHBY. MeTOJI € JOCUTH TIPO-
CTHM Y YHCEINBHIN peaii3almii i He KpUTUIHUM 0 BHOOpY
ONTHMI3aliifHol Tpouenypu. Pe3ynbTaTi excriepuMeHTiB
HIiATBEPIKYIOTh €(DEKTHUBHICTh MPONOHOBAHOTO MiAXOIY
B 33/1a4ax KJacTepH3alii 3a yMOB MEPETUHHUX KJIACTEPIB.

HayxoBa HoBHM3HA: Briepiie 3alpOIOHOBaHUNA METO[
HEYiTKOI KiacTepu3auii JaHuX, 1o Oa3yeTbesi Ha imesx
aHaJi3y NIUTBHOCTEH PO3MOAUTY WX ITaHWX, iX MIKIB Ta
JIOBIPYOTO HEYITKOTO i IXOY.

IpakTHyHe 3HAYeHHS: Pe3yJbTATH EKCIEPUMEHTY
JI03BOJISIIOTH PEKOMEH/TyBaTH 3alIPOITIOHOBAHMIA METO JUIsl
BUKOPHCTaHHS Ha TPAKTULI IS BUPILICHHS MpoOieM
ABTOMATHYHOI KJIaCTEpU3allii BEIMKUX NaHHX.

IlepcnekTBH NOAANBIIMX JOCTIIKEHb METOIU
HEYITKOT KJIACTepHU3aIlii JaHUX Ui IIHPOKOTO KIIACy
MIPaKTHYHHX TIPOOIIEM.
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HEYETKAS JOBEPUTEJIBHAS KJIACCHU3ALIUA JAHHBIX HA OCHOBE AHAJIM3A IIVIOTHOCTH
PACIIPEJEJIEHUSA JAHHBIX 1 UX INKOB

Boasinckuii E. B. — 1-p TexH. Hayk, npogeccop, npodeccop kadeapsl HCKyCCTBEHHOTO HHTEIUIEKTa XapbKOBCKOIO HAI[HOHAIIb-
HOT'O YHHBEPCHUTETa PaJUO3IEKTPOHUKY, XapbKOB, YKpauHa.

Ilnuce WM. I1. — xana. TexH. Hayk, Bexyiuil Haydnbii cotpyaauk [THJIJT ACY XapbKOBCKOTO HAI[MOHATIBLHOTO YHHBEPCUTETA
PaluodIEKTPOHUKH, XapbKOB, YKpauHa.

la¢pponenko A. FO. — kaHxa. TeXH. HayK, JOLEHT, TOUCHT Kadeapsl nHGOPMATUKU XapbKOBCKOTO HAIMOHAJIBHOTO YHUBEPCH-
TeTa paiu0dJIEKTPOHUKH, XapbKOB, Y KpanHa.

Kamuunyenko O. B. — kaHA. TexH. HayK, JOLEHT, AOLEHT Kadeapsl NpOorpaMHOil HHXKEHEPHH XapbKOBCKOTO HAIIMOHAIBHOTO
YHUBEPCUTETA PATUOIIIEKTPOHUKH, XapbKOB, YKpanuHa.

AHHOTALUA

AKTyaJbHOCTD. 33/1a4a KJIacTepu3auny — Kiaccupukanuu 6e3 yuuTelsi MAaCCUBOB JJAHHBIX 3aHUMAET JIOCTATOYHO BaXKHOE MECTO
B MHTE/UICKTYalbHOM aHalu3e JaHHbIX. J{J1s perieHus 3Toi 3aja4uu Ha JaHHBIM MOMEHT NPEUI0KEHO MHOXECTBO IOAX0A0B, OTIH-
YAIOIIUXCST APYT OT JPyra alpUOPHBIMU MPEANONOKEHUSIMU B HCCIEIYEMBIX M aHAIM3UPYEMBIX MacCHBAaX, a TaK K& MaTeMaTHUyec-
KHM amnmaparoMm, 3aKJIF0YaroliMcs B OCHOBE TEX WM HMHBIX METOJOB, OJJHAKO PELIeHHE 3a1a4 KJIACTEPHU3aIMU YCIOXKHAET OONbIast
Pa3MepHOCTh BEKTOPOB aHAIN3UPYEMBIX HaOIIOACHNH, NX UCKa)KEHHOCTh PA3HOTO THIIA.

Heas. Llens paboThl 3aKiIr0yacTcss BO BHEAPEHUH MPOLCAYPHl HEUSTKOH KiIacTepu3anny, 00beANHIIOMCH MPeHUMyIIIeCTBA METO-
JIOB, OCHOBAaHHBIX Ha aHAJIM3€ INIOTHOCTEH pacmpesereH s JaHHbIX U UX ITHKOB, KOTOPBIE XapaKTepH3yIOTCsl BBICOKUM OBICTpoaetic-
TBHEM U MOXeT 3G QEeKTHBHO paboTaTh B yCIOBUSX KJIACCOB, KOTOPHIE IIEPECEKAIOTCS.

MeTtoa. Beenen MeTo; HeueTKOl KiiacTepu3allid MacCUBOB JJAHHBIX, OCHOBAHHBIN Ha MJEAX aHalIM3a IUIOTHOCTEH pacrpenee-
HUSI 9TUX JIaHHBIX, UX [IUKOB U JIOBEPUTEJILHOIO HEYEeTKOro noaxona. IlpeumylecTBoM mpeasaraeMoro mojaxoja siBiIseTcs COKpa-
IIICHHE BPEMEHU PEILCHHs ONTUMU3ALMOHHBIX 33]1a4, CBA3aHHBIX C OTBHICKAHHEM aTTPAKTOPOB (QYHKIMI IUIOTHOCTEH, IMOCKOJIBKY
KOJIMYECTBO 0OpalieHuit B OlIOK ONTUMM3AIMH OIPEeNIeTCs] He 00bEMOM aHAIU3UPYEMOIO MAcCHBa, @ KOJMYECTBOM ITHKOB ILIOT-
HOCTEH 3TOro ke Maccusa.

Pe3yabTaThl. MeTox HOCTATOYHO MPOCT B YHCICHHOHN peanu3aliy U HE KPUTUYCH K BBIOOPY ONTHMH3AIMOHHOM MPOIETYPEIL.
Pe3yipTaThl S9KCIIEPUMEHTOB ITOATBEPKIAIOT 3P (HEKTHBHOCTS MpeIaraeMoro MoAXo/Aa B 3a7a4ax KJIACTepH3aluy PH YCIOBHH IIe-
pecedeHns KJIacTepoB U MO3BOJISIIOT PEKOMEHI0BATH IIPEUIOAKEHHBIH METO JUISl HCIIOJIB30BaHUS Ha MPAKTUKE IS PEIICHNUS IpooiieM
ABTOMATHYECKOH Ki1acTepu3anuy OOJIbIINX 00bEMOB JaHHBIX.

BriBoabl. BeenieH MeTon HeueTkoill KiacTepu3allid MacCUBOB JaHHBIX, OCHOBAHHBIN Ha HIEAX aHaIu3a IUIOTHOCTEH pacrpene-
JICHUS 9THUX JIaHHBIX, UX IMKOB U JIOBEPUTEJILHOIO HEUETKOro 1nojaxona. IlpenMyiecTBoM MpeasaraeMoro rnojxo/a sSBisercst Cokpa-
LIIEHUE BPEMEHM PEIICHHUs ONTHMM3ALMOHHBIX 3a/la4, CBS3aHHBIX C OTHICKAHHEM aTTPAKTOPOB (YHKLHH IUIOTHOCTEH, MOCKOJIBKY
KOJIMYECTBO OOpalieHui B 00K ONTHMH3AIMN ONPEAENAeTCs] He 00bEMOM aHAIU3UPYEMOTO MAacCHBa, a KOIMYECTBOM MHKOB IIJIOT-
HOCTEH 3TOro ke MaccuBa. MeToJ JOCTaTOYHO MPOCT B YHCIEHHON pealM3aliy U He KPUTUYEH K BBIOOPY ONTHMHU3AIMOHHON MpPO-
Lexyphl. Pe3ynpTaTel 3KCIEPUMEHTOB MOATBEPXKAAIOT () (HEKTHBHOCTH MpeIaraeMoro MoaxoAa B 3aadax KJIAcTepH3allly B YCIIO-
BUSIX EPECEKAIOLIUXCSI KIIACTEPOB.

KJ/JIIOUEBBIE CJIOBA: Hederkasl KJIacTepH3alys, IIPaBIOINO{00HAs KJIACTEPH3AIHs, IIMKU IUIOTHOCTH paclpeseNieHus JaH-
HBIX.
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ABSTRACT

Context. The task of clustering — classification without a teacher of data arrays occupies a rather important place in Data Mining.
To solve this problem, many approaches have been proposed at the moment, differing from each other in a priori assumptions in the
studied and analyzed arrays, in the mathematical apparatus that is the basis of certain methods. The solution of clustering problems is
complicated by the large dimension of the vectors of the analyzed observations, their distortion of various types.

Objective. The purpose of the work is to introduce a fuzzy clustering procedure that combines the advantages of methods based
on the analysis of data distribution densities and their peaks, which are characterized by high speed and can work effectively in
conditions of classes that overlapping.

Method. The method of fuzzy clustering of data arrays, based on the ideas of analyzing the distribution densities of these data,
their peaks, and a confidence fuzzy approach has been introduced. The advantage of the proposed approach is to reduce the time for
solving optimization problems related to finding attractors of density functions, since the number of calls to the optimization block is
determined not by the volume of the analyzed array, but by the number of density peaks of the same array.

Results. The method is quite simple in numerical implementation and is not critical to the choice of the optimization procedure.
The experimental results confirm the effectiveness of the proposed approach in clustering problems under the condition of cluster
intersection and allow us to recommend the proposed method for practical use in solving problems of automatic clustering of large
data volumes.

Conclusions. The method is quite simple in numerical implementation and is not critical to the choice of the optimization proce-
dure. The advantage of the proposed approach is to reduce the time for solving optimization problems related to finding attractors of
density functions, since the number of calls to the optimization block is determined not by the volume of the analyzed array, but by
the number of density peaks of the same array. The method is quite simple in numerical implementation and is not critical to the
choice of the optimization procedure. The experimental results confirm the effectiveness of the proposed approach in clustering prob-
lems under conditions of overlapping clusters.

KEYWORDS: fuzzy clustering, credibilistic clustering, density peak of dataset.
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ABSTRACT

Context. Among the variety of tasks solved by robotics, one can single out a number of those for the solution of which small
dimensions of work are desirable and sometimes necessary. To solve such problems, micro-robots with small dimensions are needed,
the mass of which allows them to move freely in tight passages, in difficult weather conditions, and remain unnoticed. At the same
time, the small dimensions of the microrobot also impose some indirect restrictions; therefore, it is better to use groups of
microrobots for the solution of these problems. The efficiency of using groups of microrobots depends on the chosen control strategy
and stochastic search algorithms for optimizing the control of a group (swarm) of microrobots.

Objective. The purpose of this work is to consider a group of swarm algorithms (methods) belonging to the class of
metaheuristics. The group of these algorithms includes, in particular, the ant colony algorithm, the possibilities of which were
investigated to solve the traveling salesman problem, which often arises when developing an algorithm for the behavior of a group of
microrobots.

Method. At the first stage of the study, the main groups of parameters were identified that determine the flow and characterize
the state at any time of the ant colony algorithm: input, control, disturbance parameters, output parameters. After identifying the main
groups of parameters, an algorithm was developed, the advantage of which lies in scalability, as well as guaranteed convergence,
which makes it possible to obtain an optimal solution regardless of the dimension of the graph. At the second stage, an algorithm was
developed, the code of which was implemented in the Matlab language. Computer experiments were carried out to determine the
influence of input, control, output, and disturbance parameters on the convergence of the algorithm. Attention was paid to the main
groups of indicators that determine the direction of the method and characterize the state of the swarm of microrobots at a given time.
In the computational experiment, the number of ants placed in the nodes of the network, the amount of pheromone, the number of
graph nodes were varied, the number of iterations to find the shortest path, and the execution time of the method were determined.
The final test of modeling and performance of the method was carried out.

Results. Research has been carried out on the application of the ant algorithm for solving the traveling salesman problem for test
graphs with a random arrangement of vertices; for a constant number of vertices and a change in the number of ants, for a constant
number of vertices at different values of the coefficient Q; to solve the traveling salesman problem for a constant number of vertices
at different values of the pheromone evaporation coefficient p; for a different number of graph vertices. The results showed that ant
methods find good traveling salesman routes much faster than clear-cut combinatorial optimization methods. The dependence of the
search time and the found optimal route on the values of control parameters are established using the example of test networks for a
different number of graph vertices and iterations.

Conclusions. The studies were carried out to make it possible to give recommendations on the application of the ant colony
algorithm to control a group (swarm) of microrobots.

KEYWORDS: swarm robotics, ant colony optimization algorithm, salesman problem.

ABREVIATIONS INTRODUCTION
ACO is a ant colony optimization algorithm. One of the current problems is the natural increase in
the complexity of management systems, which, in turn, is
NOMENCLATURE determined not only by increasing production
I; is a input parameters; productivity, speed of processing operational information,

but also the commissioning of increasingly complex
distributed technical and technological systems (transport,
information, energy, etc.). Effective operation of the latter

Hy is a perturbation parameters;

O, is a output parameters;

C; is a control parameters; depends on purposeful activities related to obtaining the
a is a control parameter; best results under appropriate conditions. Ultimately, such
B is a control parameter; activities are reduced to solving the problems of
Q is a control parameter; continuous global optimization.

p is a control parameter; Usually, scientific publications on robotics address
m is a number of ants; issues related to the use of a single robot. Such a robot is
N is a number of vertices; equipped with a powerful onboard computer, a large
t is a time. supply of onboard energy, and, as a rule, a significant set
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of working bodies. This configuration leads to an increase
in the size and weight of the robot, which in turn
significantly limits the possible scope of its application.
At the same time, among the variety of tasks that are
solved by robotics, we can identify a number of those for
which small dimensions of the work are desirable and
sometimes necessary. These include the task of
reconnaissance of territories and waters in the face of
organized enemy resistance, the task of finding victims in
debris after natural or man-made disasters, the task of
finding and disposing of explosive devices in anti-terrorist
operations in dense urban areas, the study of surfaces of
other planets and others.

To solve such problems requires micro-robots with
small dimensions, the mass of which allows you to move
freely in narrow passages, difficult weather conditions, to
remain unnoticed. Such works are characterized by lower
costs for transportation of the technical complexity of
equipment to the place of work. However, the small size
of microrobots imposes some restrictions: 1) complicated
movement in unprepared space, because relatively small
protrusions and depressions on the surface can impede the
movement of microrobots; 2) it becomes more difficult to
perform tasks on the movement of large bodies (for
example, victims in the earthquake zone, or rock samples)
by a single microrobot.

The small size of the microrobot also imposes some
indirect restrictions: 1) a small stock of onboard energy;
2) small size and power consumption of means of
communication lead to limitation of the maximum radius
of radio communication; 3) significantly a limited number
of available working tools.

These restrictions apply to a single microrobot.
Therefore, the obvious solution to these problems may be
the use of a group of microrobots that can combine efforts
to solve complex problems. Microrobots can help each
other to overcome obstacles [13], to transport large bodies
together [21]. Information exchange in a group of robots
allows expanding the information available to each work
about the environment. In this case, some tasks can be
distributed between microrobots and run in parallel. For
example, while some group work collects environmental
data, others collect soil samples.

The need to use a large number of different work tools
requires the use of a heterogenecous group, ic a group
consisting of robots of different designs (for example, the
Swarmanoid project [6]). At first glance, it seems that the
advantages of using a group of microrobots compared to
using a single robot, which is equipped with a sufficient
number of functional elements, are not obvious. But do
not forget that when used in groups, microrobots retain all
the above advantages of small robots: primarily the ability
to move in confined spaces, lightweight, and size. Group
use of microrobots reduces the risk of task failure because
damage to one or more group microrobots in the general
case (especially in swarm and collective management
strategies, discussed later in the article) does not disrupt
the task, although it reduces the effectiveness of the
group. At the same time, damage to individual units of a

© Vakaliuk T. A. , Kukharchuk R. P., Zaika O. V., Riabko A. V., 2022
DOI 10.15588/1607-3274-2022-3-7

single robot can lead to disruption of work, and attempts
to duplicate the most important functional units of the
robot lead to increased weight, size, cost of work, but
does not increase efficiency (even reduces due to large
size and weight).

The effectiveness of the use of groups of microrobots
depends on the chosen control strategy. Scholars usually
distinguish between centralized and decentralized
management strategies [3]. In centralized management
strategies, there is some central control device, which has
access to information about the state of all robots in the
group and the environment. The control device assesses
the current situation and decides on the actions of the
group’s robots [24]. The central control device can be
located outside the group (for example, on the operator’s
control panel), or onboard one of the robots of the group.
In the latter case, talk about centralized control with a
master device. Centralized management strategies show
good results with a small number of robots in a group. As
the group size increases, the load on the communication
channel and the computing means of the control device
increase. One way out is to apply hierarchical control
strategies in which a group of robots is divided into
subgroups, each with its leader (usually a group of
robots), and subgroup leaders are controlled by a central
control device onboard one of the robots or outside the
group. Hierarchical management strategies complicate the
nature of communications between the work of the group,
resulting in  serious requirements for onboard
communication  equipment. Obstacles in  the
communication channel have an extremely negative
impact on the work of the group in centralized
management strategies. In addition, the failure of a robot
that performs the functions of managing a group or
subgroup leads to serious problems — the connection with
all the work under its control is lost.

Decentralized management strategies for groups of
robots include collective, team, and swarm management
strategies. In a collective management strategy, each
robot in the group receives information from all other
robots in the group and transmits the information they
collect about the environment and their condition to the
communication channel so that this information is
available to all other robots in the group. Thus, the
information exchange in the group of robots in collective
management is carried out on the principle of “everyone
with everyone”. Due to this, each robot can independently
assess the current situation and decide on the need for
further action. Collective management strategies allow the
team to maintain performance in the event of failure of
one or more robots of the group. The load on the
communication channel increases in direct proportion to
the increase in the number of groups of robots. The load
on the onboard computing devices of robots is also
increasing because they need to process the received
contact information.

The upper limit of the allowable group size in
collective management methods is on average higher than
in centralized ones, but the scaling of these methods
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leaves much to be desired. In cohesive control strategies,
there is no dedicated communication channel for the
exchange of information between robots, each robot
collects information about the environment independently
and also independently decides on their next steps to
contribute to the group task. Lack of communication
between group work in team management strategies
allows you to successfully solve only those tasks that can
be easily divided into independent unrelated subtasks. The
main advantage of cluster control strategies is scalability:
as the number of robots increases, the computational
complexity of control tasks does not increase, which
allows the use of cluster strategies to control very large
groups of microrobots.

Thus, the objective of the article is to study the
optimization possibilities of swarm robotics algorithms.

The object of research is the ant colony optimization
algorithm.

The subject of the research is the use of the ant colony
optimization algorithm for solving the traveling salesman
problem.

1 PROBLEM STATEMENT

Let the list of input variables be specified: 1) m is a
number of ants; 2) n is a number of vertices; 3) a, B, O
and p — control parameters. The task at the time was to
determine the effect of input, control, perturbation
parameters on the convergence and time performance of
the ant colony algorithm (ACO) when solving the
traveling salesman problem (TSP). List of output
variables: 1) ¢ is a time; 2) the number of iterations to find
the optimal solution; 3) the length of the best way (tour).
Limitations: number of iterations of the algorithm 300;
the coordinates of the vertices were taken in the range
from 0 to 100; the number of vertices varied from 20 to
200; number of ants from 5 to 400.

2 REVIEW OF THE LITERATURE

At the end of the twentieth century, stochastic search
engine optimization algorithms became the most popular
in solving swarm control problems. This article focuses
on the group of swarm algorithms (methods) that belong
to the class of metaheuristics. The group of these
algorithms includes: 1) the ant colony algorithm; 2) bee
algorithm; 3) particle swarm algorithm; 4) stochastic
diffusion algorithm; 5) cuckoo algorithm; 6) bacterial
optimization algorithm; 7) gravity search algorithm;
8) algorithm of water drops [18].

In these algorithms, individuals that are part of the
swarm (ants, bees, bacteria, etc.), in practice, are
implemented in the form of software agents. The general
scheme of swarm algorithms is based on the following
stages: 1) in the field of search in a certain way creates
some initial approximations to the desired solution — the
initialization of the population of agents; 2) with the help
of some set of migration operators (specific tactics for
each of the swarm algorithms) agents move in the search
area so that, in the end, approach the desired extremum of
the objective function; 3) check the condition of the end
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of iterations. If the last condition is met, the calculations
are completed. In this case, the best of the found positions
of the agents is taken as an approximate solution. If the
condition is not met — Return to stage 2. Widespread
practical application in the class of metaheuristics has
acquired algorithms of the ant colony, which allow
finding approximate solutions to search problems on
graphs for polynomial time.

Swarm intelligence methods [5] are used to solve
many practical problems of Swarmanoid [10], can be used
to control large groups of robots, which led to the
emergence of a separate direction Swarm Robotics [1].
Each robot in the group interacts only with some
neighboring robots that fall within the range of visibility,
which is limited by the range of its telecommunications
devices (or artificially limited). Each robot independently
decides on further actions based on simple local rules
(simple rules, local rules). The work is available
information about the environment, which he collected
himself, as well as information about the environment and
the state of some of the robots of the group, which was
passed to him by neighboring works. The robot transmits
the collected information about the environment, as well
as about its state to the communication channel. This
information becomes available to those robots in the field
of view of which this robot falls (in the case of the same
radii of the field of view — it’s neighboring work). Thanks
to this approach, works receive more information about
the environment than with team management strategies,
and the information available to them relates to the
environment, ic the most relevant. This preserves the
scaling — increasing the number of groups does not
increase the load on onboard computers.

Methods of swarm intelligence open wide
opportunities for the development of microrobots of mass
use, allowing the successful use of large groups of
microrobots. A reasonable question arises: why swarms of
microrobots are still not found in practice, and the
achievements of swarm robotics are limited to several
experimental projects (Swarm-bot [16], Swarmanoid [6],
[-SWARM [18]) and some theoretical works.

One of the obvious obstacles to the development of
swarm robotics is the fact that the objects of control in it
are numerous groups of microrobots, which implies the
presence of inexpensive mass production of microrobots.
Technologies of such products are based on the most
modern technical achievements. Progress in the field of
microelectronics, mechatronics, and nanotechnology
gives reason to hope that soon mass production of
microrobots will be not only possible but also
economically feasible.

The second obstacle is the lack of general theory and
approaches in the creation and development of swarm
management methods in groups of robots. Currently,
much of the research is devoted to the use of natural
analogs of swarm intelligence methods to solve technical
problems: ants [2], bees [11], flocks of birds and shoals of
fish [14], immune systems [19], [8]) became prototypes
for creating various methods of swarm intelligence.
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Here, individuals who are part of the swarm (ants,
bees, immune bodies), in practice, are implemented in the
form of software agents. The general scheme of swarm
algorithms is based on the following steps.

1) In the field of search in one way or another creates
some initial approximations to the desired solution — the
initialization of the population of agents.

2) With the help of some set of migration operators
(specific tactics for each of the swarm algorithms), the
agents move in the search area so that, in the end, they
approach the desired extremum of the target function.

3) Check the condition of the end of iterations. If this
condition is true, the calculations are completed. In this
case, the best of the found positions of the agents is taken
as an approximate solution. If the condition is incorrect —
return to step 2.

Differences in the tasks and capabilities of natural and
technical systems make it difficult to find and adapt
natural algorithms to solve technical problems. Some
studies are carried out to create artificial methods of
swarm intelligence, which are designed solely to solve
practical problems. Unfortunately, the lack of a unified
approach complicates these studies. Each new task is
solved every time almost “from scratch”.

Danielli A. Lima [12] propose an inverted ant cellular
automata (IACA) model for swarm robots performing the
surveillance task. A new distributed coordination strategy
is described, which was designed with cellular automata-
based modeling and using a repulsive pheromone-based
search.

David Payton [15] describe how a robot swarm can
become a distributed computing mesh embedded within
the environment, while simultaneously acting as a
physical embodiment of the user interface. With this
simple peer-to-peer messaging scheme, many coordinated
activities can be accomplished without -centralized
control.

An inverted ant cellular automata model called IACA-
DI is proposed for the coordination of a swarm of robots
performing the surveillance task [20]. The swarm
communicates  indirectly  through the repulsive
pheromone, which is available as neighborhood
information. The pheromone is deposited at each time
step by each robot over its neighborhood.

Schroeder [17] propose a control law for efficient area
coverage and pop-up threat detection by a robot swarm
inspired by the dynamical behavior of ant colonies
foraging for food. They are performance metrics that
evaluate area coverage in terms of characteristics such as
rate, completeness, and frequency of coverage are
developed.

The design of robot swarms inspired by self-
organization in social insect groups is currently an active
research area with a diverse portfolio of potential
applications. Deshpande [3] propose a control law for
efficient area coverage by a robot swarm in a 2D spatial
domain, inspired by the unique dynamical characteristics
of ant foraging.
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Dimidov [4] analyze the efficiency of random walk
patterns for a swarm of Kilobots searching a static target
in two different environmental conditions entailing a
bounded or open space. They study the search efficiency
and the ability to spread information within the swarm
through numerical simulations and real robot
experiments.

Fricke [8] use a robot swarm to evaluate the
effectiveness of a Lévy search strategy and map the
relationship between search parameters and target
configurations. They show that the fractal dimension of
the Lévy search, which optimizes search efficiency,
depends strongly on the distribution of targets but only
weakly on the number of agents involved in the search.

Using computer simulations, Fujisawa [9] that the
Lévy walk-like searching strategy can maximize the
group foraging efficiency of the swarm robots using
pheromone trails (mimicking ant group foraging), as well
as maximize individual searching area.

Efremov [7] reviewed approaches to a swarm of
simple robot behavior design for solving the more
complex problem of foraging.

3 MATERIALS AND METHODS
In the given work the generalized algorithm of the
organization of swarm interaction based on the dynamic
behavior of a colony of ants is offered. The indicators of
the effectiveness of the method of covering the territory
based on virtual pheromones are considered (Fig. 1).

B

v

Parameter Initialization

v

Ants search for the path

v

A 4

Update pheromone level

Termination
condition

End

Figure 1 — Flow chart of ant colony optimization algorithm

The authors of this study propose to consider the
process of the behavior of a swarm of agents in such a
way as to obtain the selection of the main groups of
parameters that determine its course and characterize the
state at any time. This approach is used to solve
optimization problems, for example, in the field of
chemistry. According to this approach, it is possible to
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select the following groups of parameters for the behavior
of an ant colony.

1) Input parameters Ii,iel,_m. The values of this

group of parameters can be measured, but they cannot be
influenced. When solving the salesman’s problem, this
group should include quantitative characteristics of the
search area (for example, dimension and weights of the
adjacency matrix).

2) Control parameters C;, j eﬁ These parameters

should be considered as variables that can be directly
influenced to control the process itself. Such adjustable
parameters for solving the salesman’s problem can be, for
example, the initial values of the parameters a, B, O, p,
and m.

3) Perturbation parameters Hy,k E The values of

these variables change over time randomly. As a rule, the
values of the perturbation parameters are not available for
measurement. For the salesman’s task, these parameters
can be the characteristic of the “desire” of the agent n;;,

the amount of pheromone t;;

ij » Ctc.

4) Output parameters O,z € I,_n For these variables,

the values are determined by the mode of the swarm
behavior. These parameters describe the state of the
process resulting from the total action of input, control
parameters, and perturbation parameters. The initial
parameters can be considered the number of iterations that
are performed to find the solution, the proximity of the
found solution to the optimal, etc.

4 EXPERIMENTS
After identifying the main groups of parameters that
determine the course and characterize the state at any time
of the ant colony algorithm (ant colony optimization
algorithm), computational experiments were performed to
influence the input, control, perturbation parameters,
output parameters on the convergence of the algorithm.

The advantage of the algorithm is its scalability, as well
as guaranteed convergence, which allows you to get the
optimal solution regardless of the dimension of the graph.
The only drawback is that the convergence rate of the
algorithm is unknown.

In the experiments, the number of ants placed in the
nodes of the network varied: 1-5, 10, 30, 50. During the
random experiments, different network topologies were
generated, and the number of iterations at which the
optimal cycle was achieved was recorded.

Table 1 shows the dependence of the search time and
the optimal route found on the example of randomly
generated test graphs shown in Figure 2 with the number
of iterations 300. The coordinates of the vertices of the
graphs were generated using the function Randi ():

x=randi(100,1,20);

y=randi(100,1,20);

Table 1 shows the dependence of the search time and
the optimal route found on the values of the control
parameters on the example of the test networks shown in
Fig. 2.

Table 2 shows the dependence of the search time and
the optimal route found on the number of ants on the
example of a graph with the number of vertices 20 with
the number of iterations 300. The coordinates of the
vertices of the graph were chosen arbitrarily:

x=[82 91 10 19 63 15 28 55 96 87 15 98 96 49 80 14
42 92 89 43];

y=[630851968 1675396679 7132749 836821
95 3];

According to the results obtained, the following
conclusions can be drawn:

1) with a constant number of vertices n and a change
in the number of ants m and iterations t, time costs change
according to the estimate of time complexity O (m - 1 - n’);

Table 1 — Application of the ant algorithm for solving the salesman problem for test graphs with a random arrangement of vertices

S R

Ne Number of )4 o B 0] 2 ;E_,) 2 ~§ i § g Result Time, s
networks ants g 5 g EE 53

z z 2
1 40 0.1 1 1 1 20 104 385.6315 22.847178
2 40 0.1 1 1 1 20 29 340.9843 22.458717
3 40 0.1 1 1 1 20 272 405.6638 22.755844
4 40 0.1 1 1 1 20 136 376.4947 22.737581
5 40 0.1 1 1 1 20 246 384.7575 22.546910
6 40 0.1 1 1 1 20 91 336.088 22.494738
7 40 0.1 1 1 1 20 230 342.5689 22.420198
8 40 0.1 1 1 1 20 239 368.5756 22.860189
9 40 0.1 1 1 1 20 162 325.4138 22.602328
10 40 0.1 1 1 1 20 75 347.0352 23.463464
11 40 0.1 1 1 1 20 230 366.0119 22.635822
12 40 0.1 1 1 1 20 37 385.2827 22.472831
13 40 0.1 1 1 1 20 24 291.521 22.500305
14 40 0.1 1 1 1 20 232 448.2383 22.488642
15 40 0.1 1 1 1 20 93 414.5459 22.417555
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Figure 2 — Graphs to table 1

Table 2 — Application of the ant algorithm to solve the salesman problem for a constant number of vertices and change the
number of ants

Sy | Blews
Ne Number of )4 o B o 2 E 2 -§ = E E Result Time, s
networks ants g B g EE 83
z z g ”
1 5 0.1 1 1 1 20 232 395.5417 15.992249
2 10 0.1 1 1 1 20 75 400.1229 14.405423
3 15 0.1 1 1 1 20 235 400.6502 16.202756
4 20 0.1 1 1 1 20 187 396.1515 16.977871
5 25 0.1 1 1 1 20 261 395.5417 19.182736
6 30 0.1 1 1 1 20 137 395.5417 23.441613
7 35 0.1 1 1 1 20 157 395.5417 25.109654
8 40 0.1 1 1 1 20 106 395.5417 26.945276
9 60 0.1 1 1 1 20 185 395.5417 33.179504
10 80 0.1 1 1 1 20 62 395.5417 43.445270
11 100 0.1 1 1 1 20 99 395.5417 47.043559
12 150 0.1 1 1 1 20 153 395.5417 62.791894
13 200 0.1 1 1 1 20 94 395.5417 80.507522
14 300 0.1 1 1 1 20 21 395.5417 113.99703
15 400 0.1 1 1 1 20 53 395.5417 143.40482

2) changing the parameter m affects the time cost, but
does not guarantee a better result. This is due to the
probabilistic approach to the choice of peaks by ants.

The values of the control parameter Q are selected in
the same order as the length of the optimal route. O
depends on the length of the path to the destination: the
shorter the path, the greater should be the value of Q:
1 <0 <10000.

A computational experiment showed (Table 3) that
changing the control factor O does not have a significant
effect on finding the optimal solution.

© Vakaliuk T. A. , Kukharchuk R. P., Zaika O. V., Riabko A. V., 2022
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Parameters a and B set the weight of the pheromone
trace and visibility when choosing a route. They vary
within 0 <a <5; 1 <B <5. The computational experiment
allowed us to identify the optimal combinations of
parameters used in the ant colony algorithm (Table 4).

In case of unsuccessful selection of parameters, the
following situations may occur:

1. Large values of the parameter a, at which ants enter
a dead-end without finding solutions.

2. At small values of the a-parameter, ants can find the
path from the starting point to the end, but this path is not
optimal.
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Table 3 — Application of the ant algorithm for solving the salesman problem for a constant number of vertices at different values of
the coefficient O

G G O
S8 C223E
Ne Number of )4 o B (0] 2 g 283 § E Result Time, s
networks ants g 5] EE S 5%
> S £5& 903
z Z3
1 40 0.1 1 1 1 20 152 395.5417 25.516824
2 40 0.1 1 1 650 20 88 395.5417 22.386155
3 40 0.1 1 1 1300 20 139 395.5417 22.359020
4 40 0.1 1 1 2000 20 246 396.1515 22.053672
5 40 0.1 1 1 2600 20 195 395.5417 22.323921
6 40 0.1 1 1 3250 20 202 395.5417 22.714128
7 40 0.1 1 1 4000 20 34 395.5417 23.427087
8 40 0.1 1 1 4600 20 50 396.1515 22.297267
9 40 0.1 1 1 5250 20 207 395.5417 22361742
10 40 0.1 1 1 6000 20 136 395.5417 22.536203
11 40 0.1 1 1 6650 20 106 395.5417 22.382881
12 40 0.1 1 1 7300 20 163 395.5417 22.254868
13 40 0.1 1 1 8000 20 84 395.5417 22.217386
14 40 0.1 1 1 9000 20 23 395.5417 22.793634
15 40 0.1 1 1 10000 20 296 395.5417 23.697207

3. In the third case, it is possible to find the optimal
solution (Table 4).

Table 4 — The optimal set of o and B parameters

o parameter

B parameter

0.5

0.5

5.0 5.0
1.0 1.0
5 RESULTS
The results obtained in the process of the

computational experiment can be explained as follows:
the parameter a allows taking into account the experience
of previous generations of ants, while f is focused only on
the path length. Only with the right combination of
parameter values is it possible to find the optimal route.
Initial experiments with the ant colony algorithm
found that ants come to a decision quickly and spend little
time exploring alternative pathways. To force ants to do
more research and to prevent premature convergence, the
pheromone on the links is allowed to “evaporate” in each
iteration of the algorithm before they increase based on

the newly constructed pathways (2). The evaporation
coefficient of pheromone p varies within 0.1 < p < 0.99.
The constant p determines the rate at which pheromones
evaporate, causing ants to “forget” about previous
decisions. In other words, p determines the degree of
influence of the search history. For large values of p, the
pheromone evaporates rapidly, while small values of p
lead to a slowing of the evaporation rate (Table 5). The
more pheromones evaporate, the more random the search
becomes, which improves intelligence. For p = 1, the
search is completely random.

In the calculation process, the execution time of the
algorithm was recorded depending on the number of
vertices of the graph (Table 6, Fig. 3). A number of
iterations 500.

Analysis of the obtained time characteristics of the
route calculation shows that as the number of vertices in
the graph increases, the time required to find the route
increases (Fig. 4).

Table 5 — Application of the ant algorithm for solving the salesman problem for a constant number of vertices at different values

of the pheromone evaporation coefficient p

Ne Number of 2.8 B 5% =58
- umber o p a B 0 £ %6 E ETE L‘; £ § £ Result Time, s
networks ants Z: S E 82 g3
1 40 0.10 1 1 1 20 96 395.5417 22.665959
2 40 0.16 1 1 1 20 80 395.5417 22.389597
3 40 0.22 1 1 1 20 69 395.5417 22.574964
4 40 0.28 1 1 1 20 216 395.5417 22.288871
5 40 0.34 1 1 1 20 42 398.6139 22.282747
6 40 0.40 1 1 1 20 19 395.5417 22.303454
7 40 0.46 1 1 1 20 186 400.1162 22.171169
8 40 0.52 1 1 1 20 43 395.5417 22.197507
9 40 0.57 1 1 1 20 102 395.5417 22.340538
10 40 0.63 1 1 1 20 265 395.5417 22.165415
11 40 0.69 1 1 1 20 241 395.5417 22.264250
12 40 0.75 1 1 1 20 54 397.184 22.521302
13 40 0.81 1 1 1 20 147 398.474 22.347847
14 40 0.87 1 1 1 20 243 395.5417 22.887289
15 40 0.99 1 1 1 20 86 395.5417 22227174
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Table 6 — Application of the ant algorithm for solving the salesman problem for different numbers of graph vertices

) 5 3 5 £w = g
netgz)rks Nur:r?tesr of P @ B Q é E % g E .‘é % ‘J:") %E Result Time, s

z > z £= 9532
1 40 0.1 1 1 1 20 158 361.2807 25.662532
2 40 0.1 1 1 1 33 173 443.1308 29.997125
3 40 0.1 1 1 1 46 257 602.3146 39.447256
4 40 0.1 1 1 1 59 299 647.2844 45.851241
5 40 0.1 1 1 1 71 76 798.1173 52.468550
6 40 0.1 1 1 1 84 289 830.3252 63.123333
7 40 0.1 1 1 1 97 264 910.8729 69.387167
8 40 0.1 1 1 1 110 290 982.5124 78.692760
9 40 0.1 1 1 1 123 299 1064.4672 | 89.291780
10 40 0.1 1 1 1 136 267 1105.5601 99.569191
11 40 0.1 1 1 1 149 296 1196.1199 | 116.750170
12 40 0.1 1 1 1 161 214 1255.0331 | 129.761123
13 40 0.1 1 1 1 174 276 1262.4144 | 139.675033
14 40 0.1 1 1 1 187 266 1344.9961 | 154.827335
15 40 0.1 1 1 1 200 298 1515.7214 | 168.314706

T s T 84 123 148 ¢ 200
Figure 3 — Some graphs to table 6: with 33, 84, 123, 149, and 200 vertices
16000 methods. All this allows us to recommend the use of ant
14000 Z algorithms to solve complex combinatorial optimization
17000 //—/ problems and their application, in particular, to the
10000 optimization of group robotics algorithms.

=—t—lnute length

—;-Time

200,0

BN

4000

00,0

00

Figure 4 — Dependence of the time of the ant algorithm and
the length of the found route on the number of vertices in the
graph at 300 iterations

6 DISCUSSION

The study identified the main groups of parameters
that determine the course and characterize the state at any
time of the ant colony algorithm and performed
computational experiments to influence the input, control,
perturbation parameters, output parameters on the
convergence of the algorithm.

Ant algorithms are an example of an adequate
mathematical model of ant colony activity, which is
suitable for creating computer methods for the
probabilistic solution of some combinatorial problems.

The basic idea behind the ant colony algorithm is to
use a positive feedback mechanism to help find the best
approximate solution to complex optimization problems.

The efficiency of ant algorithms increases with an
increasing dimension of the optimization problem. Ant
algorithms provide solutions to other combinatorial
problems no worse than general metaheuristic
optimization technologies and some problem-oriented

© Vakaliuk T. A. , Kukharchuk R. P., Zaika O. V., Riabko A. V., 2022
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The paper investigates the application of the ant
algorithm for solving the salesman problem for test
graphs with a random arrangement of vertices; for a
constant number of vertices and a change in the number
of ants, for a constant number of vertices at different
values of the coefficient O; to solve the problem of the
salesman for a constant number of vertices at different
values of the evaporation coefficient of the pheromone p;
for different numbers of graph vertices. The analysis of
the obtained time characteristics of the route calculation
was also performed. The computational experiment
allowed us to identify the optimal combinations of
parameters used in the ant colony algorithm.

It is known that most likely it will not be possible to
construct an exact polynomial algorithm for the traveling
salesman problem. Apparently, these simply do not exist.
Therefore, it is necessary either to go beyond the scope of
polynomial algorithms, or to seek approximate solutions
to the problem. But the ant colony optimization algorithm
approach may not be simpler than the exact solution of
the problem. This algorithm can be applied to a relatively
small number of ants and graph vertices.

Ant Colony Optimization (ACO) refers to
metaheuristics, that is, in general algorithms that can be
applied to almost any discrete optimization problem. All
metaheuristics are iterative procedures, and for many of
them asymptotic convergence of the best found solution
to the global optimum has been established.
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The ACO idea is an attempt to imitate the behavior of
ants that have almost no sight and are guided by the smell
left by their predecessors. It should be noted that ACO is
not the optimal method for solving this problem. In the
future, it is necessary to continue to work on optimizing
algorithms used in swarm robotics.

CONCLUSIONS

The article shows how to implement the components
of the self-organization of ants in the algorithm for
solving discrete optimization problems in the example of
the salesman problem.

The scientific novelty of the research lies in the fact
that the dependence of the search time and the found
optimal route on the values of control parameters is
established using the example of test networks for a
different number of graph vertices and iterations.

The ant colony optimization algorithm was further
developed.

The practical value is that the stated variant of the
description of the process of behavior is supposed to be
extended to the whole group of swarm algorithms.

Prospects for further research are that the received
description of processes is planned to be used for further
researches — statement and carrying out computational
experiments for parametric optimization of swarm
algorithms, which are used for management of a swarm of
robots.
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YK 004.23
ONTUMIBAIIIS AJITOPUTMIB I'PYIIOBOI POBOTOTEXHIKH

Bakamwk T. A. — f10oKkTOp menaroriyHux Hayk, mpodecop, npodecop kadenpu imxeHepii mporpamHoro 3abesmnedeHHs, JlepxaBHuii
yHiBepcuTeT « ) KutomMupchka noiitextikay, JKutomup, Ykpaina.

Kyxapuyk P.II. — kaHauuar nejaroriyHuX Hayk, JOLEHT kadeapu (i3MKO-MaTeMaTH4YHOi OCBITH Ta iH(pOpMaTHku, [IryXiBChbKHi
HallloHaNbHUII efarorivnnii yauBepcuteT iMeHi Onekcanpa JlopxeHka, I'myxis, Ykpaina.

3aika O. B. — kaHaMIaT NeqarorivHuX HayK, CTaplIni BUKIanayd Kapeapu Gpi3nko-MaTeMaTn4aHOl OCBITH Ta iHGopMaTHkH, [ TyXiBChbKHid
HaIllOHaJIBHUI nefarorivHuid yHuBepcuteT iMeHi Onekcanzpa Jlopxenka, [nyxiB, Ykpaina.

Psidko A.B. — kaHauaaT mnenaroridyHUX Hayk, CTapmuil BuUKiIazad kadeapu (i3MKo-MaTeMaTH4HOI OCBITH Ta iH(OPMATHKH,
I'nyxiBchKkuil HaliOHANBHIIA Tearoriyanii yausepcuteT imeni Onekcanipa Jloxenka, [ myxis, YkpaiHa.

AHOTANIA

AxTtyanbHicTs. Cepel pi3SHOMAHITTS 3aB/JaHb, SKi BUPINIYIOTECS POOOTOTEXHIKOI0, MOJKHA BUALIUTH LMK P TaKUX, OIS BUPINICHHS
SIKUX HEBENUKi rabaputu poborta OaxkaHi, a 4acoMm i HeoOximHi. J{as BupilieHHS MOAIOHUX 3aBIaHb HEOOXIAHI MIKpOPOOOTH 3 MaluMH
rabapuTamu, Maca SKHMX JI03BOJI€ O€3NEpeIIKOAHO IepeMilllaTHCA y TICHUX NPOXOJaxX, CKJIAIHHX IIOTOJHUX YMOBaX, 3aIUINATHCA
HeroMiueHuMuU. BozxHouac, Mani rabaputu MikpopoOoTa HaK/IaJaloTh TAKOXK 1 Pl HENPSIMUX OOMEXKEHb, 10 3yMOBIIIOE 3aCTOBYBAaHHS JUIst
O3HAYEHUX 3aBJaHb IPyIH MIKpOpoOoTiB. EQeKTHUBHICTE 3aCTOCYBaHHS Ipyl MIKpOPOOOTIB 3aleKUTh Bix 0OpaHOi cTpaTerii ympaBiiHHS i
CTOXACTHYHUX MOIIYKOBUX AJITOPUTMIB ONTUMI3allii yIPaBIiHHA TPYIIO0 (POEM) MIKPOPOOOTIB.

Meta. MeToro aHHOI poOOTH € PO3MIISL] TPYIH POHOBHX alrOpUTMIB (METOMIB), SIKI BIIHOCATBCS JO Kiacy MmeraeBpicTik. Jlo rpymnu
O3HAYEHUX AITOPUTMIB BIJHOCHTBHCS, 30KpPEMa, aITOPHTM MYpANIMHOI KOJOHII, MOXIMBOCTI SKOTO NOCHTIMKYBAalMCS JUI PO3B’SI3yBaHHS
3a1a4i KOMiBOSDKEPA, SIKa 4acTO IOCTAE NPH PO3POOL aIrOPUTMY TTOBEAIHKH TPYIH MIKPOPOOOTIB.

Merton. Ha nepuiomy erami gociiikeHHs OyJio BUALICHO OCHOBHI TPyIHU MapaMeTpiB, siKi BU3HAYAIOTh NepeOir 1 XapakKTepu3yoTh CTaH B
Oyllb-sIKMA MOMEHT 4acy aJI'OpUTMY MYpAalIMHOI KOJIOHII: BXIJIHI, Kepylouu, napamerpu 30ypeHHs, BuxinHi. [licist BUIiIEHHS OCHOBHUX
IpyIl MapaMeTpiB OylIo pO3poOIEHO alNrOpHTM, IIepeBara sKOro IIOAra€ B MacIITabOBAaHOCTI, a TAKOX TapaHTOBaHIll 30DKHOCTI, IO
JIO3BOJISIE OTPUMATH ONTHMAaJbHUN PO3B’S30K HE3AJISXKHO Bif po3mipHocti rpada. Ha npyromy erami popoGnenuii anroputm ACO (ant
colony optimization algorithm) Oyno peanizoBaHo Ha MoBi Matlab. Bynu npoBeneHi KOMIT'IOTEpHI €KCIIEPUMEHTH 3 METOK BHU3HAUCHHS
BIUIMBY BXIJIHMX, KEePyIOUMX, BUXIIHMX 1 HapamerpiB 30ypeHHs Ha 30DKHICTh alroputMmy. byno NpuIiieHO yBary OCHOBHUM TIpyIiaMm
MIOKa3HHKIB, SKi BU3HAYAIOTh HAIPSAMOK CIOCO0Y 1 XapaKTepH3yIOTh CTaH POI0 MIKpOpoOOTIiB y JaHWil MOMEHT 4acy. B o0unciioBatbHOMY
SKCIICPUMEHT] BapiloBajacsl KUIbKICTh Mypax, II0 PO3MILIYIOThCS y BYy3Jax MEpPEeXi, MICTKICTh ()epOMOHA, YHMCEIbHICTh BY31iB rpada,
BU3HAYaNacs YHCENIbHICTD iTepalliil 171 pO3IIyKy HailMEHIIOro NUIAXY Ta Yac BUKOHAHHS MeToay. [IpOBEeACHO TeCT MiACYMKIiB MOICIIOBAHHS
Ta MPOJYKTHBHOCTI METOY.

PesyabTaTu. [IpoBeneHo HOCTIIKEHHS 3aCTOCYBAHHS MypPaIIMHOTO aITrOPHTMY IJIS PO3B’SI3yBaHHS 33adi KOMIBOSDKEpa JUIS TECTOBHX
rpadiB 3 BUMAIKOBUM PO3TAIlyBaHHSM BEpIIWH; JUIS MOCTIHHOI KIBKOCTI BEPIIMH i 3MiHI KiJBKOCTI Mypax, Ui MOCTIHHOI KiTBbKOCTI
BEpIIUH NPU PI3HUX 3HA4YeHHsAX KoedilieHta Q; it po3B’si3yBaHHs 3ajayi KOMIBOsDKEpa JUIsl MOCTIMHOI KiNBKOCTI BEPIIMH IPH Pi3HUX
3Ha4YeHHAX KoedilieHTa BUNApOByBaHHS (epOMOHY p; JUIL Pi3HOI KUIBKOCTI BepInH rpada. Pe3ynpraTi mokasany, Mo MypalliHi CiocoOn
3HaXOAATH XOPOLII MapIIPyTH KOMIBOsDKEpa 3HAYHO IIBHJIIE, HK YiTKi METOAM KOMOIHATOPHOI onThMi3awii. BcTaHOBICHO 3a1€KHOCTI
yacy MOIIYKY i 3HaiJEHOr0 ONTHMAJLHOTO MAapILIPYTy BiJ 3HAYCHb KEPYIOUHMX MapaMeTpiB Ha NMPHUKIAAli TECTOBUX MEpPEeX Ui Pi3HOI
KiJIbKOCTI BepIH rpada ta iTepamiil.

BucnoBku. IIpoBeneHi JOCTITKEHHS J103BOJIIOTH JJAaTH PEKOMEHAIT 010 3aCTOCYBaHHS alropuTMy MypammHoi xonoHii ACO (ant
colony optimization algorithm) juist ynpaBiiHHS rpyIo (poemM) MiKpopoOOTiB.

KJIFOYOBI CJIOBA: poii poOoTiB, aJIrOpUTM MYpAIIHHOI KOJIOHIT, 3aja4a KOMiBOsDKEpa.

VIIK 004.23

ONTUMHU3ALUSA AJITOPUTMOB I'PYIIIIOBOM PABOTOTEXHUKH
Bakamok T.A. — 10KTOp memaroruueckux Hayk, npodeccop, npodeccop kadeapsl HHKEHEPUH HPOrpaMMHOrO OOecreueHus,
I'ocynapcTBeHHbIH yHUBepcHTeT «OKuToMupckas mojautexHukay, JKutomup, YkpanHa.
Kyxapuyk P.II. — kaHmugar mefaroruveckux Hayk, JOUEHT Kadeapbl (QU3MKO-MaTeMaTHYeCKOro oOpa3oBaHHS M HH()OPMATHKH,
I'ryXoBCKMiT HAITMOHAFHBIN TEJarOTHIeCKU YHUBEpCUTET nMeHH Anekcanzpa Jlosxkenka, ['myxoB, YkpanHa.

3aumka O.B. — kaHmuaaT HegarorMYecKMX Hayk, CTaplinii mpernojaaBarenb Kadeapbl (U3MKO-MAaTEeMaTHYECKOro 00pa3oBaHHS H
nHdopmaTuky, I'TyXoBCKHI HALIMOHANIBHBIN Ie1arornueckuil yHuBepcuTeT UMeHH Asekcanzapa Jlopxenka, [ ryxos, YkpauHa.
Pa6ko A.B. — kxaHmuaT neJarormuecKUX HayK, CTaplIMi IpenojaBaTenb Kadeapsl (U3HKO-MaTeMaTHYECKOro OOpa3oBaHUS U

uHpOpMaTUKH, [ TyXOBCKHIl HAI[MOHAIBHBIN [TeIarOTHYECKUN YHIUBEPCUTET nMeHn AJiekcaHapa Jloxenka, [ myxoB, YkpanHa.

AHHOTALUSA

AxTyanbHocTh. Cpelr MHOrooOpasus 3ajad, peliaeMbIXx POOOTOTEXHHMKOH, MOXHO BBIICIHWTH LENbIH PSAA TaKuX, U PELICHHS
KOTOPBIX HEOOJIbIIINE rabapuThl PabOTa XKeIaTeNIbHbL, a Mo14ac 1 HeoOXoaAuMBI. J1J1s pemeHuns mo100HbIX 3a/1a4 HEOOXO0ANMBI MUKPOPOOOTHI
¢ MaJIbIMH TabapuTaMy, Macca KOTOPBIX MO3BOJISIET OECIPENATCTBEHHO MEPEMELIAThCs B TECHBIX MIPOX0/IaX, B CIIOXKHBIX MOTOIHBIX YCIOBHAX
M OCTaBaThCsl HE3aMEUYEHHBIMH. B TO ke Bpemsi Majble rabapuThl MHKPOpOOOTa HAKIAJBIBAIOT TAKXKE M PsIl KOCBEHHBIX OTrpaHUYCHUI,
MO3TOMY K NPUMEHEHHIO JUIS pPelleHHs YKa3aHHbBIX 3ajad JIydile HCHOJIb30BaTh TPYHIBI MUKPOPOOOTOB. D(M(PEKTHBHOCTh NMPUMEHEHHS
IPYHI MHKPOPOOOTOB 3aBUCHUT OT BHIOPAHHOH CTpaTerM YNpPaBICHUs M CTOXACTHYECKHX ITOMCKOBBIX AJTOPHTMOB ONTHMH3ALMU
YIpaBIICHUS TPYMION (PoeM) MUKPOPOOOTOB.

Leasn. Lenpro naHHON pabOTHI SBISIETCS PACCMOTPEHHE IPYIITBI POEBBIX ATOPUTMOB (METO/IOB), OTHOCSIIMXCS K KJIACCy METadBPUCTHK.
K rpynme 3TuX airopuTMOB OTHOCHTCS, B YAaCTHOCTH, ITOPHUTM MYypPaBbHHON KOJOHHH, BO3MOXKHOCTH KOTOPOTO HCCIENOBAIMCH JUIS
pelieHus 3aJa4u KOMMHBOSDKEPA, 4aCTO BO3HUKAIOLIEH NpH pa3paboTKe ajJropuTMa MoBeAESHHs IPYIIbl MUKPOPOOOTOB.

Meron. Ha mnepBom arame wuccienoBaHusi ObUIM  BBIJEIEHBI OCHOBHBIC TPYIIbI I[ApaMETPOB, OIPEICISAIONMX TEYCHHE U
XapaKTepU3yIOIe COCTOSHUE B JIIOOOH MOMEHT BPEMEHHM alrOpuTMa MYpPaBbUHOH KOJOHMM: BXOAAIIME, YIPABISIONIME, MapaMeTphl
BO3MYLICHHMS, BBIXOJIHbIE Hapamerpbl. [locne BbIIENEHMs OCHOBHBIX TIpPYIII MApaMeTpoB Obul pa3paboTaH aaropuT™, MNPEHMMYIIECTBO
KOTOPOTO 3aKJIFOYaeTcsi B MaclITaOMPyeMOCTH, a TaK)Ke rapaHTHPOBAHHOW CXOJMMOCTH, MTO3BOJISIOIICH IMOIYYUTh ONTHMAIIBHOE pelleHHe
HE3aBUCHUMO OT pa3MepHocTH rpada. Ha BTOpoM 3Tame paspaboTaH aaropuT™, KOJ KOTOPOro ObLI peain3oBaH Ha si3bike Matlab. Beuin
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MPOBE/IEHbl KOMIIBIOTEPHBIE AKCIIEPUMEHTHl C ILENbI0 OMNPEJeICHHUs BIUSHUS BXOMIHBIX, YNpPABISAIONIMX, BBIXOJHBIX U IapaMeTpoB
BO3MYILIEHHUS HAa CXOAMMOCTb AJTOPUTMA. BBUIO yzeleHO BHMMaHME OCHOBHBIM TpyNIaM IIOKa3aTenell, onpeiensiolX HarpaBlIeHHEe
cmocoba M XapaKTepH3YIOIIHX COCTOSHHE pOsi MHKPOPOOOTOB B JAaHHBII MOMEHT BPEMEHH. B BBIYHMCIMTENBHOM O3KCIICPUMEHTE
BapbUPOBANOCH KOJIMYECTBO MyPaBbEB, Pa3MEIAeMbIX B y371aX CETH, KOJIUUECTBO (PepOMOHa, YUCIO0 Y3110B rpada, Onpeaesaock KOJIUUECTBO
uTepauil 11 HOMCKa KpaTyalIlero ImyTH U BpeMs BBINOJIHEHUs MeToza. [IpoBe/ieH UTOTOBBIi TECT MOASIUPOBAHUS M TIPOU3BOIUTEILHOCTH
METoJa.
PesyabTatel. [IpoBeneHs! HccneOBaHNA IPHUMEHEHUS MypPaBbHHOTO aITOPUTMA I PEIICHHs 3a4adll KOMMHBOSDKEPA UL TECTOBBIX
rpadoB cO cCilydaifHBIM PACIOJOKEHUEM BEpIIMH; Ul TOCTOSHHOTO KOJMYECTBAa BEPIIMH M M3MEHEHUs KOJUYECTBA MYypaBbEB, I
MOCTOSIHHOTO KOJIMYECTBA BEPIIMH IIPU pa3HbIX 3HaueHHs X Kodduumenta Q; mis pelieHus 3ajaud KOMMHBOSDKEpA UIS MOCTOSIHHOTO
KOJIMYECTBA BEPIINH IPH PA3HBIX 3HAYCHUAX Kod(punueHTa ucnapeHus GpepoMoHa p; UL pa3sHOro KOJIUYeCTBa BepunH rpada. PesynpraTst
MI0Ka3aJli, 4YTO MypPaBbHHbIE CIIOCOOBI HAXOAT XOPOLINE MapIIPyThl KOMMHUBOSKEpA ropas/io ObICTpee, YeM YETKHEe METO bl KOMOMHATOPHOM
ONTHMH3AIMU. YCTAaHOBJIEHA 3aBHCHMOCTb BPEMEHH IOMCKAa W HAWIEHHOrO ONTHMAJBbHOTO MapLIpyTa OT 3HAUYEHUH YIpaBIIsIOMIUX
IIapaMeTpoB Ha IIPUMEPE TECTOBBIX CETEH Ul pa3sHOro KOJIMYECTBA BEPIINH Ipada 1 HTepaIHii.

BoiBoasl. IIpoBeneHHbIe HCCleNOBAaHUS MO3BOJAIOT AaTh PEKOMEHAAIUM O HPUMEHEHHIO ANTOPUTMA MYPaBbHHOH KOIOHHM I
yIpaBIeHUs TPYMIOH (PoeM) MUKPOPOOOTOB.
KJIFOYEBBIE CJIOBA: poii po60TOB, alnroputM MypaBbUHON KOJIOHHH, 3a/la4a KOMMUBOSIKEPA.
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EBOJIIOIMHUN METO/I CUHTE3Y IMITIYJIbCHUX HEMPOHHUX
MEPEX 3 BUKOPUCTAHHSIM MEXAHI3MY HEUPOIIATEPHIB

Jleomenko C. JI. — acmipanT kadeapu nporpaMHIX 3aco0iB HarioHanpHOTO yHiBEpcHTETY «3armopi3bka MONTiTeXHi-
Kay, 3amopixoks YKpaina.

Ouiiinnk A. O. — 1-p Texu. Hayk, npodecop, mpodecop Kadenpu nmporpaMHux 3aco6iB HarioHambHOTO yHIBEpCHTETY
«3anopi3pKa MmosiTexHikay, 3amopixoks, YKpaina.

Cy66ortin C. O. — 1-p TexH. HayK, npodecop, 3aBigyBau kadeapu nporpamHux 3aco6iB HailioHabHOTO yHiBepCcH-
TEeTy «3aropi3bKa MOJITeXHiKay, 3anopixoks, YKpaina.

Todman €. O. — kaHja. TeXH. HayK, CTAPIINIA HAYKOBHH CIIBPOOITHUK HAYKOBO-I0CTIqHOT yacTuHK HamnioHansHOTO
YHIBEpCUTETY «3anopi3bka NoMiTeXHiKa», 3armopixoks, YKpaiHa.

Labsmenko M. b. — kaH[. TeXH. HayK, TOUEHT Kadeapy KOMIT FOTEpHUX CHCTEM Ta Mepex HarioHansHOTrO yHiBep-
CHUTETYy «3aropizbKa IoJIiTeXHIKay, 3aopixoKks YKpaiHa.

AHOTANIA

AxTyanbHicTh. PO3MITHYTO 3a7ady CHHTE3y IMITyJIBCHHX HEHPOHHMX MEpEX Ha OCHOBI €BOJIIOLIHHOTO IIAXOXy JO CHHTE3Y
IITYYHUX HEHPOHHUX MEpeX 3 BUKOPHCTAHHSAM HEHPONATEpPHOTO0 MeXaHi3My A MOOYyJIOBH AIarHOCTUYHMX MOJENeH 3 BHCOKHM
piBHeM TouHOCTI podoTH. O6’€KTOM JOCIIKEHHS € MPOIeC CHHTE3Y IMITyJILCHUX HEHPOHHHX MepeXX 3 BUKOPHUCTaHHSIM €BOJIIOLii-
HOTO ITiIXO/ly Ta HEHPOIaTepHOrO MEXaHi3My.

MeTta po0oTH T0NIATae y po3podIli METOAY CHHTE3Y IMIYJIbCHUX HEHPOHHUX MEPEX Ha OCHOBI €BOJIOIIMHOIO MiJXOIy 3 BUKO-
pHCTaHHIM HEHPONaTepHOro MeXaHi3My /IS TT0OYI0BH JIarHOCTUYHHUX MOJIEIICH 3 BHCOKUM PiBHEM TOYHOCTI POOOTH.

Mertopa. 3ampornoHOBaHO METOJ CHHTE3y IMITYJIbCHUX HEHPOHHUX MEpeK Ha OCHOBI eBOIIOLIHHOrO miaxoay. Ha movaTky rexe-
PYETBCSI HOMYJIALisA IMITyTbCHAX HEHPOHHMX MEpex, Ul 1X KOXyBaHHS Ta MOJANBIIOrO PO3BUTKY BUKOPHCTOBYETHCS HEHpoOmaTep-
HUI MeXaHi3M, IO MOJISTaE B OKPEMOMY KOJyBaHHI HEUPOHIB 13 Pi3HIMHU QYHKIISIMA aKTHBAIIi1, 10 BU3HAYAIOThCSA NONepeIHbo. Tak
KOJKEeH IaTepH 3 JAEKUIbKOMa TOYKaMH BXOy MOXKE BU3HA4YaTH B3a€MO3B 30K MK Mapolo TOYOK. B mozpansmomy, e cripomurye eBo-
moniitHnit po3BuToK Mepex. 1106 posmmdpyBaTtn iMITyIbCHY HEHPOHHY Mepexy 3 MaTepHy KOOpAWHATH JUIS TTapH HEWPOHIB mepe-
JIAI0ThCSl B MEPEXKY, 110 CTBOPIOE MAaTepH. BuxXiqHuii curHai Mepesxi BU3HAYA€E Bary i 3aTPUMKY 3’€IHaHHS MK ABOMa HEHpOHAMH B
IMITyJIbCHIH HelpoHHiH Mepexi. [Ticas bOro MoXKHa OI[IHUTH KOXHY HEHPOMOJIeNb MICIIsl €BOJIIOIHHNX 3MiH Ta MEePEeBIPUTH KpHUTe-
pii 3ynuHKM cuHTE3y. MeTos 103BOIIsE 3HU3UTH PECYPCOEMHICTD T1iJl 4ac CHHTE3Y MEPEeXi, 32 paXyHOK abcTparyBaHHs €BOJIFOLIHHUX
3MiH aTepHy Mepexi Bix Hei camoi.

PesyabTaTn. Po3pobneHnii MeTon peani3oBaHO Ta AOCTIIHKEHO HA MPHUKJIAAi CHHTE3y IMITyJIbCHOT HEHPOHHOT MepesKi Il BUKO-
PHUCTaHHS Y SIKOCTiI MOJEINI ISl TEXHIYHOTO JiarHOCTYBaHHs. BukopucTanHs po3po01eHoro MeToay MiABHIIMTH TOYHICTh HEHPOMO-
JieTi 3 TecToBorO BUOipKoro Ha 20%, B 3aJIEXHOCTI BiJi BUKOPHUCTOBYBAaHHX OOUYHCITIOBAIBHUX PECYPCIB.

BucunoBku. IIpoBeneni excriepuMeHTH HiTBEPIWIN MPAe3AaTHICTh 3alIPOIIOHOBAHOTO MaTeMaTHIHOTO 3a0e3NeYeHHs 1 103BO-
JISIFOTh PEKOMEH/TyBaTH HOro JJIsi BUKOPUCTAHHS Ha MPAKTHLI IIPH CHHTE31 IMITyJIbCHUX HEHPOHHUX MEPEXK Y SIKOCTI OCHOBH JiarHOC-
THYHHUX MOJIEJIeH /I MOJaibIIo] aBTOMATH3alil 3a/1a4 1iarHOCTYBaHHs, IIPOrHO3yBaHHS, OLIHIOBAaHHS Ta PO3Ii3HaBaHHI 00pasiB 3
BUKOPHCTaHHSM BEJIMKHX JaHUX. [IepCIeKTUBH MOJANBIIMX AOCHII/DKEHb MOXKYTh HOJISITATH Y BUKOPUCTAHHS HEHPONaTEepHOro Mexa-
HI3My [UIsl HETIPSIMOTO KOIYBaHHs IMITyJIbCHHX HEHPOHHHMX Mepex, 1o Oyze 3abe3nedyBary, Ie OibLI KOMIAKTHE 30epiraHHs aa-
HUX Ta MPUIIBHIIIATE IPOLEC CHHTE3Y.

KJIFOYOBI CJIOBA: imnynbcHa HEifpoHHA Mepeka, TOTIOJOT s, MaTepH, CBOJIOLIs, CHHTE3, IITYYHI HEHPOHHI Mepexi, JiarHo-
CTYBaHHS.

ABPEBIATYPH Errof,gx — IpUMHATHA TOUHICTD;
CPPN — Compositional Pattern Producing Networks;
MGA — MoudikoBaHni FTeHETHYHUI aNTOPUTM;
ReSuMe — Remote supervised learning;

indexj, — iHgeKc meprioro HefpoHy B MiX HEHpOH-
HOMY 3B’SI3KY;

TWEANN - Topology and Weight Evolving Artificial indeXoyy — iHaeKe Apyroro HEHpOHy B Mik HEHPOH-
Neural Network; HOMY 3B’SI3KY;

VP — onuHWmi BUMIpIOBaHHS BiJCTaHEW MK JIBOMa Ind — inauBigyyM MOMYJIALIIT;
KOJIMBaHHSIMU IMITYIIbCY; K — kinbKicTh MiKHEHpOHHHX 3B’ s13kiB y IITHM.

I'HM — rnuboxa HelipoHHA Mepexa;
31111 — 3BOpOTHE MOMIMPEHHAS TOMUJIKH;
IHM — iMnysibcHa HEHpOHHA MEpeKa,
HII — nefliponareps; Nj, — MHOXHHa HEWpPOHIB IIPUXOBAHOTO IIAPY Mepe-
PHM — pexypeHTHa HEMPOHHA MEPEXKa;

Nj — MHOXHHA HEUPOHIB HA BXOJi MEPEKI;

Ny — MHOXHHA HEMPOHIB Ha BHXOAI MEPEKi;

K,
[ITHM — mrTyyHa HeipoHHA Mepexa. NN — Heifponna Mepeska;
HOMEHKJIATYPA param — napamerpu [1IHM;
C — MikHeWponHi 3B’ s13ku LITHM; P — momymsis iHIUBIAYyMiB;
Erroryy — Tounicte pobotu LLTHM; ri — BUNAJKOBUI 1HIUKC;
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struct — crpykrypa LIITHM;
Sample — BxigHa BUOipKa TaHUX;

X — MPEeCHHANTUYHUHN BXI]];
X — MHO’>XKHHA HE3QJIEKHHUX 3MIHHUX — O3HAK;

d .
Yy~ — OakaHe 3HAYEHHS Ha BUXOII,

real .
Yy — peanbHe 3Ha4YE€HHS Ha BUXO/L.

Y — MHOXXHHA 3HAYEHb 3AJIEKHUX 3MIiHHUX.

BCTYII

3 MOsIBOIO Ta IMOYaTKOM AaKTUBHOTO JOCIIDKEHHS pe-
3ynbratiB podotu IBM TrueNorth yBara no IHM 3HaunO
3pocna [1-6]. Taki HelpoHHI Mepexi MarOTh e OITBIINI
MOTEHIlial y Taimy3i mTy49Horo inrenekry Hixk 'HM, PHM
Ta iHmi cy4acHi apxitexrypu IIIHM. Lle nerko mosicHro-
€ThCS JICTKICTIO X BJIAINTYBaHHS Y HEHpOMOp(]HI cucTe-
MH (neuromorphic system). IIpore B OiIBLIOCTI KeWCiB
BUHMKAE CKJIQJHICTD 13 CHHTE30M Ta HaBYaHHIM TaKUX
HelpoMozeneH, a/pke KIIacHuHi METOIU He MOXYThb OyTH
3aCTOCOBaHI Ui TaKMX CKIAAHUX Mojened. Psy poOit
npornonye Bukopuctanus CPPN [1-6]. Takuit minxin B
OinpmIii Mipi Haragye iHmmit cnoci6 cuatesy IIIHM, a
caMme TPYITy CBOJIOIIIHUX METOMIB, IO Pa3oM i3 MeTa
rapamMeTpaMu MepexXi eBONIOLiHHO MoanQiKyloTh il
ctpykTypy — TWEANN [1-6]. Tox MeTot0 1i€l poboTH €
JOCTITUTH MOXJIMBICTD BHUKOPUCTAHHS EBOJIOIIHAX
METOJIiB Ta OKpEeMHX iX MeXaHi3MiB mix gac cuaTe3y IHM.

Hocuts gacro IIHM mopiBHIOIOTE i3 poO0TOIO TOII0-
BHOTO MO3Ky. [IpoTe Taki Mepexi B3sUTH BiJ pealbHIX,
JKMBUX, OPraHi3MiB TUIBKH caMy IIOBepXHEBY (opMmy i
CyTh. YHACIIIOK 3aHaJITO BEIUKOI BIIMIHHOCTI peaibHUX
HelipoHHux Mepex Biax IIIHM noBoawThbcs BUHAXOAWTH
pi3HI cyporaTHi MeToJu HaBuaHHs Mepexi. [IpupomHo
Hize B npupozi Hemae HaB4aHHs Mepexi 3I1I1, sk 1 Hemae
HaBYaHHS 0€3 BUYUTEIS B YHCTOMY BHIIISAI [ 1-6].

IHM ctBOproBanucs 3 OLIBLIOI0 BiCKUIIKOIO HA peajb-
HY poOOTY MO3KY, i BUKOPHCTOBYIOTH CIIOCIO mepenadi
iHpopMmanii Ha mono0Oi GiojoriuHmx HelponiB. Tak, Ha-
MIPUKJIA]], Y MO3KOBHX HEHPOHAX, IMITyJIbC TEHEPYETHCS B
MOMEHT, KOJM ITOTOYHA CyMa 3MiH MeMOpaHHOrO IOTEH-
miamy meperuHae mopir [1-6]. IIBunkicTe BHHUKHEHHS
IMITyJIbCIB 1 THMYacOBa MOJEIh ITyJKiB IMITYJIbCIB HECYTh
iH(pOopMalifo TPO 30BHIMIHIA TOAPAa3HUK i MPOTIKAIOTH
obunciennsx. B ocroBi IHM cxoxuii merox renepamii
iMIyJbCiB 1 mepenadi iHpopMarii: HEHPOHH BHKOPHCTO-
ByIOTh auepeHiiiioBani, HemiHiiHI (yHKIIT aKTHBAIIii,
3aCTOCYBaHHSl SIKHX JIO3BOJISIE CTBOPIOBATH CTPYKTYpH
TOBIIUHOIO O1JIbIIIe OHOTO mapy [1-6].

[Tepma monens THM 6yna 3anpornonosana e B 1952
poui Ananom Xomxkinom 1 Exapro Xakcni [7]. OcHoBHa
puca Takoi MO/ieNi — Iie TeHeparlis 1 HOIUPEHHs OTeHITI-
aniB aii B HelipoHax. [licns [7] 3 Gi0J0TIYHUMH YyTOYHEH-
HAMHU 1 BETUKUMH OOYHCITIOBAIFHIUMH BHUTpPATaMU OyiH
3aIpOIIOHOBaHI Pi3HOMaHITHI Mozelni HeipoHis: Jolivet,
Timothy and Gerstner [8]; Izhikevich [9]; Delorme [10].
OcTtaHHS IyXe TMOMyJsIpHA, TaK K BOHa Oepe IO yBaru
BJIACTUBOCTI 3OBHIIIHBOIO IOJAPa3HHKA, aKyMYJIIOIYH

NPOTIKaHHS 3apsay 4epe3 KIITHHHY MeMOpaHy, NpH Ie-
PETHHI TICBHOT'O IOPOTY.

Hanani, 3aBnsku gocmimpkenasmu Koxonena, I'pocc-
Oepra i AuzmepcoHa chopMyBaBcs MOTYKHHIA TECOPETHY-
HUHA (QYyHIAMEHT, 32 JOIOMOIOI0 SKOTO CTaB MOYIIUBHM
nofansmuid po3surok IIIHM, a came mpoekTyBaHHS i
peamizamisi OaraTomapoBux CTpyKTyp [4-6]. Arne, Ha-
BYAHHS, SIK 1 paHillle, 3aIMIIAETHCS BEIMYE3HOIO MpobIe-
Moro. Tak sk GyHKIii akTHBaIii MarOTh TOXiTHI, TO 3’ SB-
JSETBCS TPOCTIp Y BUKOPUCTAHHI TPAIi€HTHUX METOIIB
ONTHMI3aIlil A1 HaBYaHHS HEHPOHHMX MEpexX. 3 ITOIIH-
PEHHSM JOCTYIHHX BEIMKHX MAapKOBaHUX HAOOPIB JaHUX
JUT HaBYaHHS HEHPOHHUX MEPEXK, 31 30UThIIEHHIM 009H-
CITFOBAITFHOI TOTYKHOCTI TpadigHuX MpoIiecopiB i mpocy-
HYTHMH METOJIaMH peryJisipusaiii, HEHpOHHI Mepexi
CTalOTh HEHMOBIPHO OaraToOIIAPOBUMH, IO JO3BOJISIE y3a-
rajJbHIOBATH BEJIMKY KUIBKICTh HEBUJMMHX JaHHX. bara-
TOLIAPOBICTh-BENIMYE3HA TIIepeBara B MPOJYKTUBHOCTI
HellpoHHux Mepex [1-3].

Jlobpe BijoMo, 10 3/[aTHICTH MO3KY pO3IMi3HaBaTH
CKJIaJIHI Bi3yaJibHI MoJienli abo ineHTudikyBaTu opatopa B
raylacuBii 0OOCTAHOBIN € pe3yNbTaT MEKUTBKOX TOCIIi-
JIOBHUX eTamniB oOpoOku i Oe3riui MexaHi3MiB HaBYaHHS,
skl Takok BOymoBani B IHM 3 rmuOokuM HaBYaHHSM [7—
10]. ¥V mopiBusuHI 3 [HM, HaBuanns IHM BinOyBaeTbes
Ha CaMHX PaHHIX eTamax PO3BHTKY. BakimBoro ocoOmu-
BICTIO TaKOTO THITy CHCTEM € HEHpPOHHA apxiTekTypa. Bo-
Ha HabaraTo Kpaie miIX0AuTh s 0OpoOKH IPOCTOPOBO-
YacOBUX JaHUX, 0COOIHMBO B OHJIaiH pexknMi. [Ipencras-
JICHHA JaHUX Yy 4aci i mpocrtopi, SKkuM BoJoxdiroTe THM,
JIO3BOJISIE TAKUM HEHpOMepe)kaM BHUKOHYBAaTH OOYHCIICH-
HS Ha PiBHI 3 JIIOJCBKHM MO3KOM, @ TaK0X PO3YMITH Jisl-
JBHICTh MO3KY B MPOCTOPOBO-4acoBiii cTpykTypi. Jyxke
Ba)XJIMBO B HAaHONMKYl POKM 3pO3YyMITH, SIK HABUUTH TaKi
HelpoMeperKi BUKOHYBATH pi3Hi 3aBaanust [1-6].

Sxmo nogueutucs Ha IHM 3 iH)KeHEpHOI TOYKHU 30Dy,
TO Iiel TUI HeWpoMepex Mae psil IepeBar B arapaTrHii
peanizauii Hax 3Buuaiinumu IIITHM. Ilyukn immyneciB B
IHM pozkuzaaHi B 4aci, KOKEH 3 HUX MICTUTH BEJIHMUYE3HY
KUTBKICTh iH(pOpMaMii, MO T03BOJSE 3HAYHO 3HU3UTH
€HEProCINOXMBaHHA. TakuM YHHOM, MOXXHA CTBOPHUTH
amapaTHy IIaTGopMmy i3 HOMIpHUMH TTOKa3HHUKaMH pe-
CYpPCOEMHOCTI, MIO MiIJTAIITOBY€E CBOIO POOOTY Mif iMITy-
nbCcHY akTuBHICTb. [Ipuknan IHM HaBeneHo Ha puc. 1.

[pote, Ginpimicts MeToxiB HaBuaHHg [HM € Bce THMU
x Moauodikauismu merony 3111 3 neBHUMHE agonTaIlisIMA
J1o Oinbin cknanHoi apxitektypu IHM [11]. Binbu Toro,
TakKi METOIM HE B IKOMY pPa3i He JOTHYHI 10 eTaly CHHTe-
3y came Tomosiorii Mepexxi. CaMe TOMYy aKkTyaabHOI €
3aada po3poOJiCHHS HOBHX METOIB Ha OCHOBI CBOJIIO-
IIAHOTO MIIXO0AY JJIs MOBHOI[IHHOTO cuHTe3y [HM.

O0’exT pocaigxeHHs — npouec cuaresy IHM.
Icuyroui meroau HaBuanus IHM 3abe3nedyroTh BUKOHAH-
HSl BUKJIIOYHO €Taly MapamMeTpU4HOI0 CUHTE3y HEHpOMO-
Jieni 0e3 BUKOHAHHS MONEPEIHBO CTPYKTYPHOT'O CHHTE3Y.
Ile mpu3BomuTh 10 HeBM3HaueHOCTI cTpykTypu IHM Ta
npoOJIEMH 13 TIOANBIION0 MPAKTHYHOIO IMIUIEMEHTALIIETO.
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Pucynok 1 — [Ipuknan immremenranii [HM

Ipeamer moCTiAKEHHS — METO E€BOJIOL[IMHOTO CHH-
te3y IHM i3 BUKOpHCTaHHIM HEHPOIaTepHOTO MEXaHI3MY .

Ha cporojHiuiHiii ieHb iCHy€ rpyma MeTO[iB, sSKi 3a-
ctocoBytoTh 3I1II no IHM. Ane Taki MeToan He MOXYTh
BUKOPHCTOBYBaTH TpaaMuiitHi MexaHizmu merony 3I1IT i
3MIHIOBATH OHOBJICHHS rpajienta abo cami IHM, 1 Ginbin
TOTO HAK/IaJal0Th apXiTEKTYpHI 0OMEKEeHHS Ha OTpUMaHi
IHM, nanpuknan, Bumaratouu apxitektypu IHM 3 nps-
MuM 3B’si3koM. OTxke, icHye Oe3miu tomonorid [HM, sxi
HE MOXXYTb OyTH ONTHMIi30BaHi 3a JOMOMOTOIO IIUX METO-
niB. Tomy, y poOOTi 3aIIponmOHOBAHO MiAXiA, MO 0a3yeTh-
Cs Ha BUKOPHCTaHHI €BOJIOIIHOTO MiAXOTy, 0 3a0e3-
Ievye i CTPYKTYypHUH, 1 mapaMeTpUIHUN CHHTE3 HeHpo-
MOJEII.

Merta po6oTH — po3poOKka METOLy EBOJIOIIIHOTO CH-
HTe3y IHC 3 BUKOpHCTaHHIM HEHpOIaTepHOTo MEXaHi3My
U TOOYJOBH TiaTHOCTHYHHIX MOZIEIIEH.

1 HOCTAHOBKA NPOBJIEMHA
Hexaii maemo BuGipky mamux Sample = <X ,Y> , AKa

CKJIAA€ThCSl 3  MHOXKMHU  HE3QISKHMX  3MIHHHMX

X ={X1,X2,...Xn} mo € iHpopMaliiHUMHE O3HAKaMU
>

O3HAK Ta MHOXHHH 3HAUCHb 3alCKHUX 3MiHHUX

Y = {yl, yz,...ym}, AKI XapaKTepU3yIOTbCA O3HAKAMH,

TOOI N Ta M — KUIBKICTh HE3AIEKHHUX Ta 3AIEHKHUX
3MIHHHX (03HaK Ta EK3eMIULIPIB). BXiTHHX O3HAK, IO
XapaKTepU3yIOTh EK3eMIUISIpH BHOIPKH.

Toai BUKOPUCTOBYIOUH CBOJFOLIIAHUE IMi X1/ /IS CHH-
tesy  IIIHM,  inmimiamizyemo  momymsuito  [HM
P = {NN;,NN,,NN5,..,NN;}, e koxua ocobnna THM

Oyle XapaKTepH3yBaTHCs BUKIIOYHO MHOXXHHOIO HEHpo-
wis NN = Ind,j = {Nj,Np, N, .

Toni 3amaua cunresy IHM Oyne mossirat B TOMYy,
00 uYepe3 BHECEHHS €BOJIIOLIMHUX 3MIiH JI0 CTPYKTYpHU
0COOMH MOMYJISILil PO3NOAUIMTH MIKXHEHPOHHI 3B’S3KH,
mo OyayTh BiJoOpakaTH B3a€MO3B’S3KH B JIaHUX
STUCtjng,, = structyy,, ={Ni,Np,Ng,c}, Taxi 38’s3Km

OyIyTh XapaKTepU3yBaTUCS IHIECKCAMH BXOAY/BUXOIY Ta
BaroBUM KoedilieHToM

¢ = {c,index;,, indexgye, W)W = {wy | . Otpumare pimrerss

Mae 3a0e3nedyyBaTd MNPUHAHATHY TOYHICTH poOOTH
Erroryy < Errofy -
2 OIJiAd JITEPATYPU

Bapro Bii3HauMTH, IO HATXHEHHI OlOJOTIYHUM NPH-
kiagom [HM, B mpuHnmmi, Habarato Kpaiie i IIBHIIIC
posmizHaTh 00pasu, Hix 3BuuaitHi [IIHM [11]. Binbem
toro, IHM n03BONSIIOTH BUKOPHUCTOBYBaTH METOAM Ha-
BYAHHS, IO 3aJeKaTh BiJ 4acy BHHUKHEHHS IMITYJIbCIB
MIDX Iapamu Oe3IocepeIHb0 3’ €IHaHUX HEHPOHIB, B SIKUX
iH(opMarlist A7 3MiHH Barm pedep MOCTYITHA JIOKATBHO.
Lleit MeTox HaBUAHHS Ay’)Ke Haramaye Te, IO BiOyBaeThCs
B 06araTboX 4acTHHAaX MO3KY.

BuHWKa109l My4YKH IMITyJIbCIB TIPENCTABISAIOTh y BH-
i HemudepentniioBannx Cym nenpra-yHKiin. Bin-
MOBITHO, CKJAaTHO 3aCTOCOBYBAaTH METOIW OITHMi3arlii,
3aCHOBaHI Ha MOXigHMX, 11 HaBuanus IHM, xou i
OCTaHHIM YacOM aKTHUBHO #/¢ AOCIIHKECHHS Pi3HUX THITIB
HAOMIDKEHUX MOXimHuX. He3Bakarouu Ha Te, 110 B TEOPil
IMITyJICHI HEHpOMEpEeXi MaloTh E€KBIBaJCHTHY 3a Tbio-
PHHTOM OOYHCIIOBaJIbHY HOTYXHICTB [12], Bce mie mpo-
onemarnydo HaBuaTd THM, ocoGnmBO Ti, IO MarOTh 0a-
raTomapoBy apXiTeKTypy. Y 0ararbox iCHYIOUHX IMITyJIb-
CHMX HEHPOHHHX Mepekax, HaBYaTH MOXKHA JIMIIE OIHWH
map. SKmo Buifne 3a0e3neUnTH IMITyJIbCHI cucTemu Oa-
raTomapoBUM HaBYaHHSAM, TO HMPOSYKTHBHICTH B Pi3HOTO
POy 3aBJIaHHSAX BUPOCTE B IECATKHU pasiB.

ADpXITEKTypa IMIyTbCHUX HEHUPOHHUX MEPEX CKIIama-
€ThCA 3 IMITYJIbCHUX HEHPOHIB 1 B3a€MOMOB’I3aHUX CHHA-
nciB [7-9]. Ilyukn iMITyneCiB B HeHipoMepekax iMITyJIbC-
HHUX HEWPOHIB MOIIMPIOIOTHCS Yepe3 CHHANTHYHI 3B’ S3KH.
Cunaric Moxe OyTH K 30yUIMBHM, KOJM MeMOpaHHHIA
MOTEHLIaJl HefipOHa 3pOCTaE Micisi OTPUMAHHS CUTHAIY,
TaxK i yrnoBijibHIOE. BennunHa Baru pedep Moxke 3MiHIOBa-
TUCS B pe3yibTaTi HaBuaHHs. | JmOoke HaBYaHHs Oara-
tomapoBux IHM — me cmpaBxHsS TojOBOIOMKA, TaK SK
HeM(epeHIIfOBaHICTh IMyYKiB IMITyJIbCIB HE JI03BOJISIE
BUKOPHCTOBYBATH TIOMYJIIPHI METOJH, Taki SK METOX
3BOPOTHOTrO nomupeHHs [13-14].

Sk 3a3aH9anocs, HaBYAHHS BCUITKHAX INTYYHHUX HEH-
POHHUX MEpEX BiIOYBAa€ThCA 3a PAXyHOK KOPHUTYBaHHS
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CKAIpHUX cHHANTWYHHX Bar (puc. 2). B IHM moxna
BUKOPUCTOBYBAaTH METOAW HaBYAHHS HaOJMKEHI 10 THX,
SIKi BUKOPHCTOBYE MO30K. BueHi Bu3Haummu Oe3mid Bapi-
aHTIB I[LOTO METOJY HAaBYAHHS, ajle BCi BOHW MOTpAIUIsi-
I0Th MiJ 3araJlbHUN TepMiH NOEHIPHUTHOI IUIACTHYHOCTI
[15]. KirogoBOr0 0cOOMMBICTIO ACHAPUTHOI TUTACTHIHOCTI
€ Te, 10 Bara pedpa, 1o 3’€JHYE Mpe- 1 IOCTCHHANTHYHI
HEWPOHH, PETYIIOETHCS 3 YaCOM IX IMITYJIbCY B iHTepBalli
NpUOJIM3HO B IECSITKU MIJTICEKYH]I 32 JIOBKHHOIO.

ast
ne ﬂom\\?e‘“

T
0P pani€ Wty

i Topisnma: ‘
| OTPHMAHOTO Ta |
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Pucynok 2 — Bukopucranns meroxny 31111

Merton SpikeProp. Ile mepuuit Mmeron Hapuanus [HM
HIJISIXOM 3BOPOTHOTO TTOIIUPEHHS MOMIWIOK [16]. DyHKIis
BapTOCTI BPaxOBY€E MEPiOj KOJIMBAHHSA 1, 3aBIISKH I[LOMY,
el MeTox MoXe KiIacu(iKyBaTH HENHIHHO po3aijeHi
nmani uist 3aBaaHHs XOR 3 TUMUYacOBMM KOJYBaHHSAM 3
BUKOPHCTaHHSAM 3-piBHEBOI apXiTekTypH. ['oloBHUM pi-
IOICHHSM Ha eTalll po3poOKu MeTomy OyB BHOIp Momeri
HelipoHa ['epcruepa 175]. BukopuctoByrouu 110 MOJEIb,
MMUTaHHS B3SITTS MOXiTHUX HA BUXO/i KOJIMBAaHHS OOTIKaB-
Ccsl, TaK SIK HEOOXiTHWI pe3ynbTaT 0e3mocepeHbO MOJe-
moBaBcs AK OesmepepBHe 3HaueHHsS [16, 17]. OmauM 3
00MeXeHBb IBOTO crocoly € Te, Mo KO)KHA BHUXiAHA OJTH-
HUILS OyJia 3MylleHa TeHepyBaTh PIBHO OJJHE KOJIHMBAHHS.
Kpim Toro, 3HaueHHs1 6e3mepepBHUX 3MIHHHX, TaKUX 5K B
3agayax XOR, nmoBuHHI Oynu OyTH 3aKOJI0OBaHi SIK 3aTpH-
MKHU MK KOJIMBaHHSIMH, SIKI MOXKYTb OYTH JIOCUTH JIOBTH-
Mmu [16, 17].

Merton ReSuMe. Jlana mojienis HaBUaHHS CKJIaAa€ThCS
3 OJJHOTO HEWpOHA, 110 KOJIMBAETHCSA, HA BX1J IKOTO IPH-
WMArOThCS KOJIMBAHHS B O€3JIivi HIMMX KOJMUBHUX Tpe-
CHHANITUYHUX HeHpoHiB [18]. MeToro € HaBYNTH CHHAIIC
BUKJIMKATH MOCTCHHANTUYHUN HEHPOH IS TeHEpyBaHHS
XBWJIb KOJNMBaHb 3 OakaHUM TIEPiOJIOM KOJMBAHHS.
ReSuMe anantyBaB [lenpra-npaBuiio, 1m0 BHKOPHCTOBY-
€TBCSI JUIA HEIMITYyJIbCHUX JIIHEAPU30BAaHUX OJUHHMIIb, 1O
IHM. V [enpTa-mpaBuiii Bard 3MiHIOIOTHCS IPOTOPLIHHO
[18]:

Am:(yd _yreal)x:ydx_yrealx_ (1)

ITepedopmymoBaBmn piBHSIHHES (1) MOXXKHA OTpUMAaTH
cymy STDP i anti-STDP:

Aw:AwSTDP(S in gd )_,r_AwaSTDP(Sin’Sreal), 2)

STDP

Bumie Ao — e QyHKis Kopensuil IpecuHanTH-

YHHX | OaKaHUX MEPiOiB KOJUBAHb, TOJI K A@®STPP _

3aJIEXKUTH BiJl IPECUHANITHYHUX 1 PEUIbHHUX IEPiOJIiB KO-
nuBaHb. Tak K 1eil MeTOJI BUKOPUCTOBYE KOPEIISLII0 MK
0e3iudro MpecHHaNTHYHUX HEHPOHIB 1 BaracThCst HEUpO-
HOM, TO HifKOi (pi3mgHOI 3B’s3Ky MK HUMH Hemae. Ochb
YoMy Liell METOJ Ha3MBAaIOTh BiJAJICHUM.

Meton Chronotron. Ileit meton OyB po3poOieHuil Ha
ocHOBi Metony Temporton [19], sikuif Mir HaBYaTH OKpe-
Mi HEHpOHH PO3Ii3HABATH KOXYBAHHSA 32 TOYHHUM YacOM
MPUXOYy KOJTHBAHHS.

Ileii metonm OyB po3poOJCHHMI Ha OCHOBI METOIY
Temporton [19], sxuii Mir HaB4aTH OKpPEMi HEMPOHH PO3-
Mi3HaBaTH KOJYBaHHS 33 TOYHHM 4YacoOM IPHXOAY KOJIH-
BaHHs. OOMeXeHHSM MeToay Temporton Oyina MOXKITH-
BicTh BumaBaTu 0 a00 1 Ha BHXOJI MPOTATOM OOPaHOTO
iHTepBay 4acy. Uepe3 me y BUXIOHI JaHI HEMOXIIMBO
Oyno 3akomyBaTd iH(GOPMAIIO PO Yac MPUXOIY KOJH-
BaHHa. Ha crBopenHss Chronotron BIUIMHYB YycHix
SpikeProp i #ioro HactymHukiB. Ineero Chronotron 0yio
BUKOPHCTOBYBATH JJIsl HABYAHHS OLTBIN CKIATHI OJWHHUII
BHUMIiprOBaHHSA Bijcraneir — VP [20] mix ABOMa KoNMBaH-
HiMHu. Bonm amanTtyBanmm Bigcrane VP Tak, mo6 BOHO
Oyno KycouHO-An(epeHIIIHOBAaHUM 1 MIJAXOAMIO B SKOCTI
(hyHKIII BapTOCTI 111 BUKOHAHHS TPAIi€HTHOTO CITYCKY
IO BiJIHOLICHHIO JI0 Bar.

Cepen ICHYIOYMX METOJIB BHIUIAIOTH JACKIJIbKA OCHO-
BHUX HepouikiB. [lo-niepiie, 11t KOKHOTO KaHay MOTpi-
OHa oKkpema cxema MIBUAKOTro 30iry. ToOTo € pu3uk MHO-
JKeHHSI TIOXITHUX Ha KOYKHOMY KaHalli, [0 B MOJaJIbIIOMY
MOJKEe HAKJIACTH BEJIMKI O0OUYHCITIOBANIBHI TOTPEOU.

[Mo-gpyre, cTae TOCUTH CKIAHO OTPUMATH BEIHKY Ki-
JBKICTh KaHAJIIB Yepe3 CIIOTBOPEHb IMITYJIbCIB, SIKI BUHH-
KaloTh TPH MiIKIIOYSHH] JIAHIIOTIB 30iry 10 KOakciab-
HUX KaOeliB.

AJle KIIFOYOBOIO MPOOJIEMOI0 3aBXAM 3aJIHIIAECTHCS
MUTaHHSA TOMOJOTrii (CTPYKTYpu Takoi Mmepexi). IcHye
0e3I11Y MiIX0diB, SKi 3aCTOCOBYIOTH 3BOPOTHE MOLTHPEHHS
o IHM. Aje Taki MeToau HE MOXYTh BUKOPUCTOBYBATH
TpaaMLiiiHe 3BOPOTHE MOUIUPEHHS 1 3MIHIOBATH OHOBJICH-
Hs TpanieHTa abo cami IHM, mo6 noponaru 1o ckiai-
HicTb. Li THIIM METOJIB YacTO HAKIAJAIOTh apPXITEKTYpPHI
oOMmexeHHs1 Ha orpuMani IHM, Hampukian, BUMarawodn
apxirexktypu IHM 3 npsimum 3B’s13koM. OTxe, icHye 0e3-
nig Tonoyiorii IHM 3 6akaHMMH BIIACTHBOCTSIMH, TAKHMH
SIK TTOBTOPIOBAHICTH, SKi HE MOXYTh OyTH ONTHMi30BaHi
3a JONIOMOTOI0 [IUX METOIIB.

Came TOMY € aKTyaJbHOIO 33/1a4ei0 po3po0Ka eBOIIIO-
OifHUX METOMIB [UIi TOBHOLIHHOTO cuHTEsy I[HM-
Mozemi. [Ipu iMIuieMeHTanii METOiB €BOIIOIIITHOTO Mmif-
X0y oriHtoBaHHs nomysarii IHM mo3BonuTh B HOAalb-
[IIOMY BHKOPHUCTOBYBATH IMPOIIECH CTOXACTHYHOI Bapiarii
1 BigOOpY /AJIsl CTBOPEHHSI HACTYITHOT MOIYJIsiiii a00 KOHT-
POJIIOBATH IIi Tporiecu. [IpoTATroM MOCHIiOBHUX iTepartiit
MyTamii Ta Bigdipy Mepex-iHIUBIyyMiB i3 3pOCTar04u0I0
NPUAATHICTIO, SIKY MOXKHAa IIMPOKO BH3HAUUTH SIK TOY-
HICTh y 3ajadi kiacudikamii a00 MakCHMalbHOI BHHATO-
POAM 3 HABKOJMIIHBOTO CEPEJOBHINA, HOBI pillIeHHS Oy-
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IyTh SKICHO Bifpi3HATHCS Bix momepenHix. OmHi€ew0 3 ic-
TOTHUX TIepeBar CBOJIOIIMHUX MiAXOIIB € IX THYYKICTb.
CrocoBuo IHM eBomromifina onTumizaris ITOTEHIIITHO
MOJKE BIUTMBATH Ha OyAb-SKy TOIIOJNOTII0 MEPEXi, a TAKOXK
ONTUMIi3yBaTH OyAb-SIKUI MEPEKEBUI TapaMeTp.

3 MATEPIAJIM TA METOIHN

3arajgoM MeToJl, IO 3alpOIOHOBAHUIA B POOOTI CXO-
kuit Ha MGA s cuntesy 3Budaiianx [IIHM [21, 22].
Tak, Ha MOYATKy CIiJ 3a3HAYUTH, MO JUIS BUKOHAHHS
CHHTE3Y BUKOPHCTOBYETHCS NPSIME KOAYBaHHS CTPYKTYpH
IHIUBIyyMiB, KOXKEH 3 SKHX € OKpPEMOI HEHpOHHOIO
MEpeXero, MPOTe OCHOBOIO TAKOTO KOAYBAaHHS € MIX HEl-
POHHI 3B’513KH. 3a PaXyHOK IbOT'O MOJKJIMBO OLIBII JeTa-
JIBHO BIJICTEXYBAaTH IOXOMKECHHS KOXKHOT'O ITapamerpa
(By3ma abo 3’emHanHs) B reHoMmi. Ha HacTymHmX eramax
METOIy Ii¢ B 3HAYHIM Mipi CHpOIIy€E MPOIECH CXPEIIy-
BaHHS Ta MyTallil, JO3BOJISIFOYM BHOYJOBYBaTH Ta 3MiHIO-
BaTH TeHETHYHY iH(OopMaIlil0 PO OCOOMHHU 1 MIHATHCS
MICIISIMH TIiJ1 9ac cxpeuryBaHas [21, 22].

OCHOBHOIO 1HHOBAI[I€I0 € BUKOPUCTAHHS TEBHUX I11a0-
JIOHHUX MexaHi3miB, a came HII Ha OCHOBI TexHOJIOTIT
CPPN [23]. Leii mexaniam 3abesrneuye aOcTparyBaHHS
nporieciB nmpupoanoi esororii [23]. HIT OynyTh ckinanatu-
csl 13 HEHpOHIB 3 pi3HUMH (YHKLISIMH aKTHBaIlii, BKIFOYa-
1041 TiepionuyHi GyHKI], Taki sIK CHHYCOiqaJIbHi Ta CUMe-
TpuuHi (QyHKOIi, Taki K abcomoTHe 3HaueHHs. OcHOBHA
imest 3acHOBaHa Ha ToMy, mo HIT Ha 6a3i CPPN i3 neximb-
KOMa TOYKaMH BXOJy MO)KE BU3HAYATH B3a€EMO3B 30K MIK
maporo Todok. DikcoBanuit Hablp HEHPOHIB, BBOAUTHCA Y
BUTILIAI TIeBHOTO cyOctpat mo HII, mo Hamani cmpomrye
HelpocuHTe3 3 BukopuctanHsaM MGA [21, 22].

3arajoM Ha MOYaTKy €BOJIOLII OTPUMYEMO HOIYJIs-
mito 13 NP, siki BU3HA4alOTh MAOJIOHU MiJAKIIIOYCHHS pe-
3yabTytounx IHM. Koxxuuii NP Bu3HauaeThCsi 3ak070Ba-
HOI0 TCHETHYHOI0 iH(opMali€ro i3 BU3HAYEHHSIM HOTO
BHYTPIIIHIX Bar i ¢yHKIisiMK akTuBamii. [IpoTe BaskImBO
3a3HaYUTH, 10 KOXHMH okpemuil HelipoH B HII moxe
MaTH OyIb-AKy (YHKIIIO aKTHBAIii 3 MEBHOrO Habopy
(sin, tanh, gauss, relu, identity). 1l{o6 po3mmdpyBaTi
IHM i3 HII xoopauHAaTH I Tapu HEHMPOHIB IepeNaloTh-
csi B Mepexy, mo crBoptoe HIT (puc. 4). Buxiguuii cur-
Hall MepeKi BU3HAYA€ Bary i 3aTPUMKY 3 €IHAHHS MiX
JIBOMa HEHpOHAMH B TiKipyo4oi HeiiporHOI Mepexi. Llei
NPOLIEC MOBTOPIOETHCS VIS KOKHOI IapH HEHPOHIB, 1100
noOyyBaTH MOBHY MEPEKY.

[Ticnst miATOTOBKH MOMYJIAIT MOXKIHBO BHKOHYBATH
nofanbmuid cuHTe3. OCHOBHI KPOKM CHHTE3y Ta Jemud-
pysanHsa IHM 3 HM naseneno na puc. 3 [21, 22].

[Ipote ciix 3a3HaYUTH NEKUIbKA HIOAHCIB I[LOTO CHH-
Te3y:

— monosxeHHst HewipoHiB IHM, y Burmsini HIT 3a3mamne-
rigp QIKCYIOThCS HA Yac €BONIOMIHHOTO MOUIYKY IS KO-
’kHOi ocooman. ToOTO Oymb-sKa MyTarlis Ta MoIu(iKaIisa
MOJKJIMBA TUTBKY Y BUIJISIIII HOBOI OCOOHMHU;

— KOXHE pillleHHs1 JemeppyeTbesi 1 OLIHIOEThCS LIS
BUKOHAHHS 3aJaHOr0 3aBHaHHs (Kiacudikaifis abo
ynpasiinns). OTke, MPUAATHICTh PILICHHS] BU3HAYAETHCS
NpoXyKTUBHICTIO 3reHepoBanoi IHM st 3a3HadeHoro
3aBIaHHS;

— BUJIOYTBOPEHHSI BUKOPUCTOBYETHCS JJISl 3aXUCTY iH-
HOBAIliif B HOBUX DINICHHSIX Ta MOXXE MPUIMHUTHCS 32
YMOBH iX BiZICyTHOCTI.

L

CxpeltyBaHHs + MyTallis JUist
(hopMyBaHHS HOBOTO
MOKOJIHHS

Tomyssiuist HIT reHomiB
—_—— e e — —_ = ~
& ‘ |
I Busnauenns

| crpykrypu HIT |
O1iHKa IPUCTOCOBAHOCTI —}I > JexonyBanus IHM I
| Mertanapamerpu I
HIT |
I 4 I
| Ouinka I

@ inauBinyyma IHM
I Ha 3a7a4i |
®DopmyBaHHs 6aTbKIBCHKOTO I @ I
TIyJTy JUTSt CXPEIIlyBaHHs \ — e o o J/

Pucynox 3 — 3aransHuil nponec cuntesy IHM
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Pucynok 4 — Ilpuknan nexogysanus IHM 3 HIT

4 EKCIEPUMEHTHU
Jnst jmocnijpkeHHsT pe3yJbTariB poboTH MeTody OyJio
00paHo 3amauy Ha ocHOBI Habopy manux HIGGS Data Set 3
Bigkpuroro mxeperaa UCI Machine Learning Repository
[24]. 1 HaB4aHHS BHKOpUCTOBYBayacsa 75% (dacTuHa)
BUOIpKH, IS TECTYyBaHHS MpoBoawiocs Ha 25% BUOIPKH.
3aranpHy X iHpopMmarliro po BUOipKy HaBeieHO y Tab. 1.

Tabmums 1 — 3araneHa xapakrepuctrka BuOipku gannx HIGGS

Data Set
Kputepiit XapakTepucTHKa
XapaKTepuCTHKU BUOIPKH JAHUX: BararoBapianTHa
ATpuOyTHBHI XapaKTepUCTHKU: Real
KinpKicTh NPUMIPHHUKIB: 11000000
Kinbkictb aTpubyTiB 28

=%
]
=
B
=4
=

m

Buxinnnit map

IIpuxoBanuit map
+
3BOpOTHI 3B™SI3KH

a

PesynbraTuBHicte IHM-Mmozeneli Oyne nopiBHIOBaTH-
cs 13 HedipomozensmMu Ha 6a3i PHM (puc. 5 a) ta THM
(puc. 5 6) [25].

PHM e omun 3 tunie [IIHM i BUKOPUCTOBY€ETHCS B
00J1acTsIX 3aCTOCYBaHHS IIPUPOTHOTO ONPAIIOBAHHS MOBH
Ta po3Mmi3HaBaHHSA MoBIeHHA [25]. Moxens PHM po3po0-
JIeHa JUId PO3Mi3HABaHHS IOCTIJOBHUX XapaKTEPUCTHK
JTAaHWX 1 HaJalli 3 BUKOPUCTAHHSM MIa0JIOHIB [UIS IPOTHO-
3yBaHHS MaiOyTHROTO creHapito. HM mne HeiipoHHa
Mepexa 3 IEBHUM PiBHEM CKIIAJHOCTI, HEHpOHHA Mepexa
3 Oimpm HiX gBoMa mapamMu. | HM BHKOPHCTOBYIOTH
CKJIaJHE MaTeMaTHYHE MOJIENIIOBaHHA Uil 00poOKku Ja-
HUX CKJIATHUMU criocobamu [25].

o
=]
g

=
=
=)
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%
=
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Bxinuuit map
ITpuxoBanuii map

6

Pucynok 5 — Tononorii IIHM Ju1s1 mopiBHSHHS pe3ysIbTaTiB MiJl 4aC €KCIEPUMEHTAIBHOTO JOCIIIKEHHS
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5 PE3YJIbTATH
YV Tabmuii 2 mpencTaBIeHO pe3yabTaTi POOOTH METO-
IIiB CHHTE3Y 13 Pi3HIMH TOIOJIOTisIMI HEHPOMEPEK.

Ta6muus 2 — [TopiBHSIHHS pe3yJIbTaTiB podoTH

Meton Yac cuntesy, ¢ ITomuinka Ha ITomuika Ha
CUHTE3Y HaBYJIbHIN TECTOBIl BH-
BUOIpL Oipi
MGA IHM 20200,32 0,016 0,051
MGA PHM 14672,88 0,028 0,063
MGA I'HM 7625 0,022 0,052
6 OBI'OBOPEHHSI

[epernsimaroun TECTOBI pe3ysIbTaTH MOXKHA MPUHTH
JO BHCHOBKIB, 10 TPOMNO3HUIsI BHKOPUCTOBYBATH
eBOMIONiitHI Metomm st cuHTesy IHM  nmemoHCTpye
Xopomr pe3yNbTaTH A 1 MOAAIBLIOTO PO3TOPTAHHS Ta
BUKOPHCTaHHA. AJUKe, IJIsl MEPEXK L[bOTO KIACy 3aBKAU €
aKTyaJbHUM IUTAaHHSA CKJIaIHOI Ta iHOAI HE IO KIHIA
YiTKOi CTPYKTypH. BUKOpHCTaHHS K EBOJIOIIHHUX
MiAXOIB 13 KOAYBaHHSAM Ta JekomyBanHsM HII 3HauHO
HoJIermye 10 3amady, ake B I1IbOMY BUIAAKY
CTPYKTYPHUH CHHTE3 3BOJUTHCS 0 BIIOMHX MIAXOMIIB i3
eBOJIIOLIHOTO cHHTe3y i3 BHKopuctanHsM TWEANN.
[MapamerpuuHuii e CHHTE3 IpeJCTaBiisie cOOOI0 TOHKE
HaJIAIITYBaHHS Ha BUKIIOYHO BU3HAYCHUX eramax 0e3
HEOoOXiHOCTI iTepaliiiHO 3HOB 1 3HOB 00paxoByBaTH
fitness functions a6o ii moxizaHi.

3 iHmoro x OOKy MOXXHa 3pOOWTH BHCHOBOK, IO
MpakTUYHE BUKOPHUCTaHHA HelipoMepex kiaacy IHM noku
0 € BHUKIIOYHO TIIEPCHEKTHBHUM, a/DKE€ OTpUMaHi
pe3yIBTaTi TOYHOCTI poOOTH HE MOXYTh B MOBHIH Mipi
MIPOJIEMOHCTPYBATH  JOLUUIBHICTh  3HAYHMX  YaCOBUX
BuTpaT. Tak BETUYMHM TIOXHOOK B 000X BHMaIKax
(HaByaHHS ~ Ta  TECTyBaHHs) HE  BIJPI3HSAIOTHCS
3HAYYIIICTIO, sIKa O MOTIJIa MOKPUTH YacoBi BUTPAaTH Ha
CHHTE3 TaKHX MEPEeXK Ta 1X MOJAbII O0paxyHKH. AJKe
BapTO  3a3HAYMTH, IO 32 YMOBH  BIJICYTHOCTI
CIELiaJli30BaHOTO yCTaTKyBaHHS Il eMyisilii podotn
IHM BuKoOHaHHS LIHOTO TMpOIECYy Ha 3BMYAIHIA poOodiit
CTaHIII{ TaKOXX CYHPOBOKYETHCSI YACOBUMH HaKJIaIKAMH.

TakoX BapTO OKpeMO TMpoaHaNi3yBaTH pPOOOTH i3
CKIIafHUMK TomojorismMu  kimacuunux [IIHM. Tak,
BIIMIHHOCTI y dYaci CHHTE3y IOSICHIOIOTBCS OUIBIIT
MIPOCTUM OOpaxyHKOM Ta KOPHTYBAaHHAM DPEKYyPEHTHHX
3B’S3KiB Ha BiAMIHHO Bif OOpaxyHKYy BY3JIiB Ta Bar
MDKHEHPOHHMX 3B’SI3KIB y MHOXHHI MPUXOBaHHUX ILapiB.
A aHayi3 TOYHOCTI POOOTH CHHTE30BaHMX pIllleHb Ha
HAaBYaIBbHHX Ta TECTOBHUX AaHHUX AEMOHCTPYE, IO Pi3HUILA
B TOYHOCTI HE € KPUTHYHOIO Ta NPHHHATHA B paMKax
3agaui. Came TOMy MOXHA TOBOPHTH NP0 KOHKPETHY
BKa3iBKy, MPO BHKOPHCTaHHS Ti€i Y iHIIOI TOMOJOTI{
[IIHM B 3anexHOCTi, SKHH 3 pecypciB € Oumbn
Ba)XXJIMBHM: Yac CHHTE3y Ta poOOTH Helpomoaeri abo x ii
TOYHICTb.

BUCHOBKHU
BupinieHo akTyanbHy HayKOBO-IPHKIIJHY IPOOIeMy
po3pobnenHs merony cuHTtesy IHM Ha ocHOBI eBoiro-
LWIfHOTO MiAXOJYy 3 BHUKOPHCTaHHSIM HEHpOIaTepHOro
MEXaHI3My.

HaykoBa HOBH3HA TOJISITa€ B TOMY IO PO3pOOJICHO
METOJ EBOJIIOI[IHOTO CHHTE3Y CKIaJHUX TOIOJOTIH
[ITHM, a came IHM 3 BHKOpHCTaHHSAM HEeHpomaTepHiB. Y
3alPOMIOHOBAHOMY METOJli BUKOPHUCTOBYIOTBCS TEXHiKa
KOAyBaHHS 0coOWH, KOXHA 3 sKuX okpema [HM, 3acHo-
BaHa Ha BUKOpHCTaHHI cremianpaux HII, mo abctpary-
I0Th €BOJIIOLIIHI MPOIECH BiJl CAMUX CKJIAJHUX CTPYKTYP
IHM, onTuMi3zyroun pecypcu Ha eTanax KOJyBaHHS Ta
JIEKOyBaHHSI.

IIpakTnyna wiHHiCTL TONSTae B TOMY, WIO
PO3B’sI3aHO MpakTH4HI 3aBnaHHs cuHTely IHM, 1mo mo-
JKYTh BUKOPHUCTOBYBATHCS JJISl IarHOCTYBAHHS, IPOTHO-
3yBaHHS, OLIHIOBAaHHS Ta PO3IMi3HaBaHHA 00pasiB, 3a0e3-
MeYyl0Yd BHCOKY TOYHICTB. Pe3yipraTy excrepuMeHTIB
MOKa3aJy, 110 3alpONOHOBAaHUN METOJl MOXE BHKOPHCTO-
BYBATHCS Ha MPAKTHUII Ta JO3BOJISIE CHHTE3YBATH TOYHIIITL
IHM s iX moJanbIioro BUKOPUCTAHHS y SIKOCTI MoJie-
Jel JUIA MIarHOCTYBaHHS, NMPOTHO3YBAaHHS, OIIHIOBAHHS
Ta MOJICITIOBaHHS.

MaiidyTHi HANpsIMH JOCJIAKeHHSl Ta PO3POOKH
MOJISITAIOTh  3aMPOBA/PKCHHI Ta BHUKOPHCTaHHI METOJIIB
Henpsimoro koayBaHus HIT ta 3aramom ocodun IITHM min
yac cuHTe3y. Taki MiIXO0AW MOXYTh JOIOMOTTH OUIBII
JIETAIFHO BHBYMTH MHOXHHY BapiaHTiB B3a€MO3B’SI3KiB
MDK yHIKQIBHUMHU XapakTepuctukamu [HM. Hanpukmnan,
pi3Hi cTparerii KoJyBaHHs BXiTHUX JaHUX MOXXYTh CIpH-
YUHHATHU BapiaTHBHICTH KOH(DIirypamii HetiponiB ms HIT.
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ABSTRACT

Context. The problem of synthesizing pulsed neural networks based on an evolutionary approach to the synthesis of artificial
neural networks using a neuropathic mechanism for constructing diagnostic models with a high level of accuracy is considered. The
object of research is the process of synthesis of pulsed neural networks using an evolutionary approach and a neuropathic mecha-
nism.

Objective of the work is to develop a method for synthesizing pulsed neural networks based on an evolutionary approach using
a neuropathic mechanism to build diagnostic models with a high level of accuracy of work.
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Method. A method for synthesizing pulsed neural networks based on an evolutionary approach is proposed. At the beginning, a
population of pulsed neural networks is generated, and a neuropathic mechanism is used for their encoding and further development,
which consists in separate encoding of neurons with different activation functions that are determined beforehand. So each pattern
with multiple entry points can define the relationship between a pair of points. In the future, this simplifies the evolutionary devel-
opment of networks. To decipher a pulsed neural network from a pattern, the coordinates for a pair of neurons are passed to the net-
work that creates the pattern. The network output determines the weight and delay of the connection between two neurons in a pulsed
neural network. After that, you can evaluate each neuromodel after evolutionary changes and check the criteria for stopping synthe-
sis. This method allows you to reduce the resource intensity during network synthesis by abstracting the evolutionary changes of the
network pattern from itself.

Results. The developed method is implemented and investigated on the example of the synthesis of a pulsed neural network for
use as a model for technical diagnostics. Using the developed method to increase the accuracy of the neuromodel with a test sample
by 20%, depending on the computing resources used.

Conclusions. The conducted experiments confirmed the operability of the proposed mathematical software and allow us to rec-
ommend it for use in practice in the synthesis of pulsed neural networks as the basis of diagnostic models for further automation of
tasks of diagnostics, forecasting, evaluation and pattern recognition using big data. Prospects for further research may lie in the use of
a neuropathic mechanism for indirect encoding of pulsed neural networks, which will provide even more compact data storage and
speed up the synthesis process.

KEYWORDS: spiking neural network, topology, pattern, evolution, synthesis, artificial neural networks, diagnostics.
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