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ELECTRIC HEATER MATHEMATICAL MODEL
FOR CYBER-PHYSICAL SYSTEMS

N. PANKRATOVA, I. GOLINKO

Abstract. The article discusses the heat and mass transfer dynamic model for an
electric heater with lumped parameters, which allows transient processes simulation
for the main influences. The proposed model is recommended to be used in cyber-
physical systems for forecasting and evaluating the effectiveness of control systems
integrated into a single information management system. The developed model can
be used by specialists for the analysis and synthesis of control systems for balanced
ventilation systems or industrial air conditioners. As an example, a numerical simu-
lation of transient processes along the action main channels for an electric heater
HE 36/2 manufactured by VTS CLIMA was carried out. The significant advantage
of the proposed model is the possibility for using it for the synthesis and analysis of
multidimensional control systems.

Keywords: cyber-physical system, digital twin, mathematical model, state space,
electric heater.

INTRODUCTION

In the modern world, the managing technical systems tasks are closely inter-
twined with the social sphere of human activity. The growth and complexity of
management situations in technical systems requires the use of new scientific ap-
proaches to management. The computer-integrated control systems properties
study from the interaction view point of physical and computational component is
a priority in the modern science about cyber-physical systems [1]. To date, such
systems have not yet received a generally accepted definition, since they lie at the
intersection of several human spheres of activities. Their common characteristic is
the interaction between computing and physical processes, where the computing
system constantly receives data from the environment and uses them to further
optimize the physical processes control. Cyber-physical systems include, for ex-
ample, networked intelligent control of power supply or transport, automated con-
trol systems in production and agriculture, and much more.

While designing cyber-physical systems, it is necessary to solve a variety of
interrelated problems. One of the important tasks is the development of real ob-
ject’s digital twin based on mathematical modeling [2, 3]. A digital twin is a digi-
tal model obtained based on information from sensors installed on a physical ob-
ject, which allows you to simulate object’s behavior in the real world.
Fundamentally, a digital twin can be defined as an ever-changing digital profile
containing historical and most current data about a physical object or a production

© N. Pankratova, 1. Golinko, 2021
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process. The digital twin is created to predict the real object’s behavior in the
“virtual space” and to adopt a control strategy. Sometimes the time required to
simulate a mathematical model can exceed the physical process flow, and the cal-
culated data becomes outdated. For this reason, the adequate mathematical mod-
els’ development for technical systems that can be used for calculations in “real
time” is an urgent task.

The heat power industry plays an important role in modern society as a tool
for creating material wealth and a means of servicing human life. The one of main
units in heat power engineering is a heat exchanger, which takes on “various
forms” in a particular human activity area. Heat exchangers include heaters,
which are designed to heat the air due to the heat flow from the primary heat
transfer fluid. In industry, air heaters are often used to heat air in heating, ventilation,
air conditioning systems, various dryers and other technical systems [4].

In the mining and coal industries, the most important underground mining
task is to organize the effective ventilation [5]. This problem has both technical
and economic aspects. In technical terms, the key issue in organizing the mine
ventilation is heating the air supplied to the mine to the temperature above 0 °C
(from +2 °C to +5 °C). For many decades, the main technical solution for heating
the air supplied to the mine has been provided by the water heaters use. Despite
the design simplicity, using water heaters creates a variety of problems associated
with complex installation, water treatment, continuous maintenance, the danger of
water freezing in heaters and, as a consequence, the need to maintain the supplied
to the mine air temperature above the optimum level.

Recently, the industry began to use air heating systems, which have
established themselves as fast-acting systems with low specific capital
investments. For air heating of shopping and business centers, warehouses and
industrial buildings, centralized ventilation and air conditioning systems are used,
in which air heaters are the main equipment [6]. Residential air heating systems
use low-power electric heaters with a distributed automatic control system [7].

Considering the above, in recent years, electric heaters of high power (up to
30 kW) are increasingly used for heating air in various industries. Electricity
transportation has many advantages over other types of heat carriers, and the use
of thermoelectric heaters (TEH) can significantly increase the air heaters
efficiency and design air heaters with a wide heat output range. In addition,
electric heaters are efficient at outdoor temperatures down to —50 °C and do not
lose their functionality in the event of an emergency power outage.

RESEARCH PROBLEM STATEMENT

The aim of this publication is to develop the heat transfer process dynamic model
for an electric air heater, which can be used as a digital twin for a cyber-physical
system. An additional requirement for the mathematical model is its ease of use
by existing modeling tools on a personal computer.

HEAT TRANSFER PROCESS MATHEMATICAL MODELING

Heat transfer processes are discussed in many publications. To simulate the dy-
namic processes in heat exchangers, researchers use mathematical models with
lumped [8-10] and distributed [11, 12] parameters. Models with lumped parame-
ters provide an analytical solution to the heat transfer task. Models with distrib-
uted parameters describe the physical process more accurately, but in the analyti-
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cal modeling of such processes, transcendental functions appear in the solution
[12], which complicates the calculations. In practice, numerical methods are used
to solve distributed heat transfer problems.

The existing dynamic models of air heaters [8§—12] are based on the mathe-
matical description of the heat exchange process for devices where the primary
heat transfer fluid is steam or water, since these devices have long been used in
production as part of automatic control systems. For electric heaters, stationary
models are known, which are used to design the equipment. Considering that re-
cently, high-power electric heaters have been used in production as part of cyber-
physical systems, we will develop the electric heater dynamic model.

ELECTRIC HEATER MATHEMATICAL MODEL

The modern electric heaters designs are based on blowing the air through a bundle
of heating elements, while convective heat exchange is carried out between the
moving air and the heater surface. Considering surface heat exchangers used in
industrial systems, it is necessary to take into account that the air is intensively
mixed by fans. Practical research of unsteady heat transfer characterizes the air
heating process as clearly aperiodic [11], which is described with sufficient accu-
racy by second-order transfer functions. Thus, a lumped-parameter mathematical
model for a water cooler would be perfectly acceptable.

When developing a mathematical model, the following simplifications were
adopted: there is no heat exchange with the environment; the model contains two
dynamic elements with lumped parameters — tubular electric heaters and the air
volume of heater. Physical properties of material flows and the heat exchange sur-
face are reduced to the average values of device’s operating range. The electric
heater design diagram is shown in Fig. 1.

To heat the air in the heater, electric heaters are used, which are connected to
the mains through a triac electrical converter. The electrical converter in propor-
tion to the regulator signal changes the electrical power Ny(¢), due to which the

heating elements are heated to the temperature 0, (¢) . All electrical power is used
to heat the air. Air is supplied crosswise to the electric heaters location with a
flow rate G 4(¢). The inlet air temperature is 0 ,,(¢), the outlet air temperature is

0 ,(¢). The heater geometrical dimensions L, C, H are the depth, width and
height, respectively. Let us analyze the heat balance in the dynamics for each dy-
namic element of the air heater.

The heat balance for heating elements is:

NE‘“OFO(GE_GA):MECEdS—f > (1)
where ¢y is the heat capacity of heating elements (heating elements contain metal
and dielectric parts, so their heat capacity is averaged in proportion to the mass
fraction of each part); M is the total mass of heating elements; o, is the heat
transfer coefficient between the air in the heater and the heating elements outer
surface; Fy is the heating elements surface ribbing total area. Let us present equa-
tion (1) in canonical form:

d AD,,

T
E o ar
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cgMyg )= 1

E E

where Ky =ogFy; Ty =

/
0.40; dao; G4

Fig. 1. Design diagram for modelling an electric air heater

The heat balance for the air heater air space is:

do
GACA(GAO_GA)+G’0FO(9E_eA)ZMAcAT:9 (3)

where ¢, is the air heat capacity; M , is the air mass in the heater volume
LxCx H . After linearization, let us transform equations (3) to the canonical form:

M F
where KAZCAGA+a0F0; TA:C’A—A; kzzm; k3=1_k2;
KA KA

ky = cy(040=94) ‘
K,

Electric heaters are often used in air conditioning systems. For such systems,
in addition to the temperature regime, it is also important to simulate the heated
air humidity characteristics. It is known from the physical properties of air that
with an increase in the vapor-air mixture temperature, its relative humidity de-
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creases (an increase in temperature by 1 °C leads to a decrease in moisture by
about 3%), while the air moisture content remains constant [6]. In addition, at-
mospheric pressure affects humidity. For these reasons, we write the material bal-
ance for the air space of the heater in air moisture content terms:

Gy dp 4
—A(dy—dy)=V,—=, 5
" 000( a0 —d4) =V, i (5)
where d ,,(¢) and d,(¢) are the air moisture content at the air inlet and outlet,

respectively; p, is the air density; V, is the heater air space volume. The humid
air density is determined from the equation [13]:

d
=o| 1+—4—|, 6
P4 03( IOOOJ (6)

where ® is the dry air density under normal conditions. Taking into account (6),
equation (5) after mathematical transformations will take the form:

dAd

Td dt +AdA=k5AdA0+k6AGA, (7)
where T _ oV ; ks =1; k6=M.
GA GA

Equations (2), (4) and (7) represent a dynamic model of heat and mass trans-
fer processes when humid air is heated by an electric heater:

Ty df;E +A0; =ky AN +k AD ;
Td dAdA +AdA szAdAO +k6AGA‘

Mathematical model (8) in the state space has the form:

X'= AX + BU, 9)
D, YT, 0 kT, A0,
where X'=|Ady|; A= 0 =1YT, 0 |;X=|Ad,|;
A, kT, 0 1Ty A0,
k5/Ty 0 ky/Ty 0 A9 40
Ad 4
B=|0 kT k/Ty 0 U= 0L (10)
4
0 0 0 k/Ty AN,

Let us solve the system of differential equations (8) with respect to the
sought variables using the Laplace transform:

A (Tgp+1)=ky ANy +k AD ; (11
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From (11) we find AO;(p), then we substitute it in (12), and after grouping
similar ones we obtain:

1
A =————————[(b p+by)AB 4o +(by p+by )AG ;+b, AN], (14)

a2p2+a1p+1
where
_ _ k3TE .
C=kk, U d=kky, T d=kky, " 1—kk,

T, T T, +T k
a5 Efa . _tetla .y 3

k4 b k4TE - b, = k0k2

b, = ; by = = .
2 -kk, YT = kyky

Cl—kyky
From (13) we obtain a solution for the variable Ad 4:
1
Ad j =——[kg Ad 4o + k7 AG 4] 15
4 po+1[6 40 +h7 AG ] (15)

Applying the inverse Laplace transform, it is possible to find an analytical
solution for (14) and (15) by the influence channels. We represent (14) and (15)
by a multidimensional model in the Laplace domain

Y=WZ, (16)
where
AO wW,, 0 W, W,
y = A W= 11 13 14 : (17)
2" =[A0 4,y Ad ;o AG ; AN ];
b p+b by p+b
Wn:—lz . ;W13=—32 2 —;
ap” +ap+1 a,p”+ap+1
b k k
Wiy = . 6 W23 .

2 s W= ’ = :
a)p-+ap+1 T,p+1 T;p+1

The proposed electric heater dynamic model in the differential equations
system form (8), in the state space (9), or in the Laplace region (16)—(17), when
modelling mass transfer processes, uses the air moisture content, which by defini-
tion is expressed as:

_My
M,
where M, is the water steam mass in the air mixture; M 4 is the dry air mass in

d, (18)

the air mixture. Often, when synthesizing and analysing industrial air conditioners
control systems, it is necessary to use the relative humidity of air, which is de-
fined as:

_br
P’
where P is the saturated steam pressure; Pp is the water steam partial pressure.

®4 (19)

The water steam partial pressure of humid air is uniquely determined by the mois-
ture content and does not depend on the steam temperature [14]
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Py = _Ppdy (20)
623+d,

where Py is the barometric air pressure. The saturated steam pressure can be de-

termined by the approximating dependence of N.I. Filneem [15]
156+8,120 4

P =1333-10 #6*04 1)

If the air temperature 0, and its relative humidity ¢ are known, using

dependencies (18)—+(21), it is possible to determine the air mixture moisture content d
156+8,12 0,4

83045,9 g, 10 26+
156+8,120,
Py —1333 ¢, 10 2670
Moisture content recalculation into relative humidity can be carried out according
to the inverse relationship

d, = (22)

Ppdy
Pu= 156+8,120 4
133,3(623+d )10 236794
It is worth noting that the moisture content (22) and relative humidity (23) are
calculated in absolute values, and in models (8), (9), and (16), variables in-

crements are considered, and this feature must be taken into account during mod-
elling.

(23)

AIR HEATER DYNAMIC MODE SIMULATION

As an example, let us carry out dynamic processes’ simulation modelling for the
eclectic heater HE 36/2 of the central air conditioner CV-P 2L N-63B/F-N manu-
factured by VTS CLIMA. In Table the thermal and physical parameters for mod-
elling the air heater HE 36/2 are shown.

Parameters of the electric heater HE 36/2

N Parameter name Symbol | Numerical value | Dimension
1 Electric heater dimensions HxCxL 0,38x1x0,4 m

2 Heating element material density PE 7900 kg/m’

3 | Heating element material heat capacity CE 460 kg °C)
4 Heating element material mass Mg 0,6 kg

5 Air flow through the electric heater Gy 0,43 kg/s

6 Dry air density (o) 1,2 kg/m’

7 Air heat capacity Cy 1010 kg °C)
8 Air mass in the heater M, 0,182 kg

9 Heat exchgﬁ%clea;fsa;:ﬁ\zieren heating Fo 0.306 ?

of Memmletedsen | o e oo
11 Input air temperature 040 11 °C

12 Output air temperature 0,4 15 °C

13 Input air moisture content do 9 glkg
14 Output air moisture content dy 9 g/kg

15 Heater power Ng 3300 w
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The elements for the matrices A and B of the electric heater model (9) were
calculated according to the dependencies (10) in the MatLab environment using
the program module:

H=0.38; C=1; L=0.4;

AO=161; F0=0.306; Ga=0.43; w=1.2;

Ma=0.182; ca=1010; Me=0.6; ce=460;

TetAO=11; TetA=15; dAO=9; dA=9;

Ke=A0*FO; Te=ce*Me/Ke; kO0=1/Ke; kl1l=1;

Ka=ca*Ga+AO*F0; Ta=ca*Ma/Ka; k2=A0*F0/Ka; k3=1-k2;

k4=ca*(TetAO-TetA)/Ka;k=1-k1*k2;

Td=w*H*L*C/Ga; k5=1; k6=(dA0-dA)/GCGa;

A=[-1/Ta,0,k2/Ta;0,-1/7d,0;k1/Te,0,-1/Te];

B=[k3/Ta,0,k4/Ta,0;0,k5/Td,k6/7d,0;0,0,0,k0/Te];

According to the calculations, the following numerical values were obtained
for the matrices:

~2631 0 0,268 2,362 0 -2198 0
A=| 0 -2357 0 |;B=|0 2,358 0 0
0179 0  -0178 0 0 0 0,0036

The dynamic mode simulation for the HE 36/2 electric heater was carried
out in the Simulink MatLab environment using the State Space function block.
Fig. 2, a—c show the research results for transient processes in the electric heater
for the perturbation channels, and Fig. 2, d — shows such results for the control
channel.

From the conducted research, it can be concluded that a change in the inlet
temperature A0 ,, does not affect the air moisture content at the electric heater

outlet Ad, (Fig. 2, a). A change in the air moisture content at the inlet Ad 4,

does not affect the outlet temperature (Fig. 2, b). A change in the steam-air mix-
ture flow rate AG,, affects the heated air temperature A0, (Fig. 2, ¢). Control
actions AN do not affect the heated air moisture content Ad , (Fig. 2, d). The
considered effect of heating the steam-air mixture on air heaters is recommended
to be used in the artificial microclimate control systems development. The air
moisture content use as a control variable (relative humidity instead) can signifi-
cantly reduce the mutual influences of the temperature and humidity control loops
in the air conditioner and improve the control system dynamic properties.

The resulting transients are aperiodic without delay. The control channel in-
ertia is greater than the disturbance channels inertia. This dynamic is explained by
the small heater airspace volume V,=0,152 m’ with a relatively large flow rate of
heated air G,=0,43 kg/s. For this reason, if necessary, it is recommended to calcu-
late the relative humidity at the output of the electric heater according to depend-
ence (23). The transient processes inertia in the electric heater is comparable to
the temperature sensor inertia, therefore, the dynamic sensor properties must be
taken into account when developing a control system. From practical recommen-
dations in control systems with electric heaters, it is sufficient to use control
PI-law. Using the more complex control law is not justified for these devices.
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Fig. 2. Transient processes modelling in the heater HE 36/2 for the action main
channels: a — A6,,—>X, AB,,=1°C; b — Adyy—>X, Ady,=1ghkg ¢ —

CONCLUSIONS

The article proposes a mathematical description of heating the steam-air mixture
by an electric heater. The mathematical model is obtained in the equivalent de-
pendencies form: the system of differential equations (8); in the state space (9); in
the Laplace domain (16). The mathematical model can be used as a digital twin
for a digital controller with a reference model. In addition, the proposed model is
recommended to be used for the synthesis and analysis of control systems for bal-
anced ventilation systems or industrial artificial microclimate systems. The math-
ematical description makes it possible to obtain the air heater dynamic character-
istics for the main channels of control and disturbance. An example for the
transient processes simulation for an electric heater HE 36/2 is given.

The choice of a mathematical model (8), (9) or (16) is determined by the ap-
proach to designing a cyber-physical system. The model in the state space (9) has
a number of advantages over the notation in the transfer functions form (16). For
example, it allows to describe the internal model structures using a minimum
number of parameters. An additional argument in favor of vector models is a
large number of software packages for the computer analysis of technical systems
in the state space, which allow complex mathematical research to be carried out
with little time.
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A separate direction in the technical systems modeling is the identification of
dynamic model coefficients and the resulting model adequacy assessment. The
electric heater model coefficients were calculated according to the parameters
given in Table. Thermal and physical parameters for the considered model are
determined with a high accuracy from reference books, except for the heat trans-
fer coefficient o . This coefficient depends on many factors [16]. Therefore, the

heat transfer coefficient should be attributed to the proposed model parametric
uncertainty, which affects almost all elements in matrices A and B of model (9).
The heat transfer coefficient can be determined with a high accuracy based on
experimental studies. Thus, there is a need for the proposed model parametric ad-
aptation to the specific conditions of air preparation on the experiment basis. This
research will be the topic for the next publication, where the model coefficients
will be identified based on an active experiment using computer technology.
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MATEMATHYHA MOJIEJIb EJEKTPUYHOI'O KAJIOPUDEPA JJIA
KIBEPO®IBUYHUX CUCTEM / H.A. ITankparosa, .M. I'oniako

AHoTaNis. PO3risHyTO AMHAMIYHY MOJIEINb TEIUIO- 1 MACOOOMIHY IS €NEKTPUIHOTO
Kajopudepa i3 30cepeHKCHUME apaMeTpaMu, sika J03BOJISE MPOBOAUTH iMiTaIliifHEe
MOJIETIOBaHHS TIePEXiHHUX TPOIIECiB 332 OCHOBHIMH KaHAJIAMU BIUIMBY. 3aIIpOIIOHO-
BaHy MOJENb PEKOMEHIYEThCSI BUKOPHCTOBYBATH B KiOep(i3MYHMX cUCTeMax uis
MPOTHO3YBAHHS Ta OL[IHIOBaHHS €()EKTHBHOCTI CHCTEM YIIPaBIIiHHS, IHTETPOBAaHUX B
enuHy iHhopMaliiiHy cucTeMy yrpaBiiHHsI. Po3po6ieHy Moaeab MOXKYTh BUKOPHUC-
ToByBaTH (axiBIi A aHaNi3y Ta CHHTE3y CHCTEM YIIPaBIiHHSA MPUIUIMBHO-
BUTSDKHOI BEHTWIALIT 200 MPOMHUCIOBUX KOHAMIIOHEPIB. SIK MpUKIIaa BUKOHAHO YH-
CJIOBE MOJIETIOBAHHS MEPEXiJHUX INPOLECIiB 32 OCHOBHUMHU KaHAJIaMH BIUIUBY JUIS
enexrpokanopudepa HE 36/2 Bupobuunrsa VTS CLIMA. CyTreBoio mnepeBaroio
3aIPOIIOHOBAHOI MOZIEINI € MOXKJIMBICTh BUKOPHCTAHHS 11 JUISl CHHTE3Y Ta aHali3y Oa-
raTOBHUMIPHHUX CHUCTEM YIPaBIIiHHSL.

KiouoBi cioBa: kxibepdizuuna cucrema, HUPPOBUN ABIHHHK, MaTeMaTHYHA MO-
JIeTIb, TIPOCTIp CTaHIB, EIEKTPHIHUN Kasopudep.

MATEMATHYECKAS MOJEJIb JEKTPHUYECKOI'O KAJIOPU®EPA JIJIA
KHUBEPOU3NYECKUX CUCTEM / H./I. [Taakparosa, 1.M. ["'onnuko

AHHoTanus. PaccMoTpeHa auHaMudecKas MOAENb TEIIOMaccooOMeHa IS JJIeK-
TPUYECKOTo Kanopudepa ¢ cOCpPeOTOYECHHBIMH NapaMeTpaMH, KOTOpasi MO3BOJISIET
[IPOBOAUTH UMUTALOHHOE MOJEIMPOBAHHE IEPEXOHBIX MIPOLECCOB II0 OCHOBHBIM
KaHanaMm BozzeicTBud. IIpeqyioxkeHHy0 MOJeNb PEKOMEHJYETCsl MCIONb30BaTh B
KnOep(pH3MIECKUX CUCTeMax IS IPOrHO3UPOBaHUS U OLIEHKH 3P ()EKTHBHOCTH CUC-
TEM PEryJHpPOBaHUs, KOTOPblE HHTETPUPOBAHbI B €ANHYI0 MHPOPMALUOHHYIO CHC-
TeMy ynpasieHus. Pa3paboTaHHyr0 MOJEIb MOTYT MCIIOIb30BaTh CIEIMATUCTHI ATIs
aHaNIM3a U CHHTE3a CHCTEM PETYJIUPOBAHUS MPUTOYHO-BBITSDKHOW BEHTHIALMN HIIN
MPOMBIIUIEHHBIX KOHJHUIIOHEPOB. B KauecTBe mpuMepa MpOBEAEHO YHUCICHHOE MO-
JICIUPOBAHUE INEPEXOJHBIX IPOLECCOB IO OCHOBHBIM KaHalaM BO3JeicTBUS Uit
anexrpuaeckoro kanopudepa HE 36/2 nponssoncra ¢upmsr VTS CLIMA. Cyme-
CTBEHHBIM IIPEUMYILIECTBOM IPEAJIOKEHHON MOJENH SABJISETCS BOSMOXKHOCTD €€ HC-
[0JIb30BaHMS JJIs CUHTE3a M aHAJIM3a MHOIOMEPHBIX CUCTEM YIIPaBJICHUSL.

KnrodeBble ciioBa: xubepdusnueckas cucreMa, OUGPOBOH IBOHHIUK, MaTeMaTHUe-
CKast MOJZIeJIb, IPOCTPAHCTBO COCTOSTHHMI, dJIEKTPpUUECKUi Kanopudgep.
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KJIACTEPHBI AHAJIN3 JIJIsI MHOTOMEPHBIX OBFBEKTOB
B YCJIOBUAX HEHETKHUX JAHHBIX

10.A. 3AK

AnnoTtamus. [IpyBeneHs! ONMCaHHBIE B JINTEPAType MHOXKECTBA Pa3JIMYHbIX obiac-
TeH NPAaKTHYECKUX MPUIOKEHHH MHOTO(AaKTOPHOrO KJIACTEPHOrO aHajiu3a B YCIO-
BUAX HEYETKHMX MCXOJHBIX AAHHBIX. [Ipe/yiokeHbl HOBbIC alrOpUTMBI H (QOPMYIIb-
HBIC BBIPAKCHHUS OOBEAWHEHHS PA3INYHBIX MHOTOMEPHBIX OOBEKTOB, IMapaMeTphl
KOTOPBIX 33aHbl fuzzy-MHOXKECTBaMH, B KJIACTEPhl U BBIYUCICHUS] KOOPIMHAT LEH-
TPOUIOB UX (GyHKIMH npuHayiekHocTH. CHopMyITHpPOBaHb! pa3IHYHbIE BHIBI KPU-
TepUeB KJIaCTepU3aLUU B BUJEC MUHMMU3ALMU CPEIHEB3BEIICHHON U IpeACTaBIICH-
HOH B PasJIMYHOM METPHUKE CYMMBI PACCTOSHHMH MEXIy LEHTPOMIAMH OOBEKTOB U
KJIACTEPOB, a TAK)ke MAKCUMH3ALUU PACCTOSHUI MEXy LIEHTPOUAAMH Pa3jIMuyHbIX
kiacTepos. [Ipennoxkensl MOCTAHOBKHM M MaTeMaTUYECKHE MOJIENN TPEX Pa3IUYHBIX
NP-CII0XHBIX 33724 MHOTOMEPHOM KJIaCTepu3aluy B yCIOBHAX fuzzy-maHHBIX, IpU
pelIeHNN KOTOPBIX MOXKET OBITh MCIIOIB30BaH TI000H M3 pacCMOTPEHHBIX KPUTEPH-
€B ONTHMAILHOCTH. Pa3paboTaHbl 3BPHCTHIECKHE aITOPUTMBI IPHOIMKEHHOTO pe-
HICHHS IBYX C(HOPMYIIHPOBAHHBIX 3amad. ANTOPUTM pELICHHs NIEPBOM 3amadu Mpo-
WIIIOCTPUPOBAaH Ha 4UCIOBOM Ipumepe. IlomyueHHble pe3yabTaTbl MOLYT
[OCITY>KUTh HallpaBJICHUEM AaJbHEHINNX UCCICIOBAHUM M HAWTU HIMPOKOE NMPaKTU-
4eCcKOe MPUMEHEHHE.

KiioueBble cjl0Ba: KJIACTEPHbIH aHAIM3, MHOTOMEPHbIC (YHKLMH IPHHAIIEKHO-
CTH, LEHTPOUBI fuzZy-MHOKECTB OOBEKTOB U KJIACTEPOB, LIEHTPbI TSHKECTH U Cepe-
JIMHBI CEYCHUH HEYETKMX MHOXKECTB, KPUTCPHH ONTHMAJIBHOCTH M alTOPUTMBI Kia-
CTEpH3ALIMH.

BBEJEHHE

KnacrepHslil aHamu3 — 3T0 pa30MEHUE 33JaHHOI0 MHOXKECTBA, COCTOSILIEro u3 N
MHOTOMEPHBIX 00beKTOB (i =1,...,/N), HA HEKOTOPOE KOJMYECTBO MMOJIMHOKECTB

(rpymi), Ha3piBaeMbIX KiacTtepaMu. [Ipu 3TOM KakIbld KJIACTEpP JOJDKEH BKITHO-
4yaTh OJM3KHE 10 CBOMCTBAaM, XapaKTEPUCTUKAaM HJIM CBOMM 3HAUYEHUSM OOBEKTHI,
a 00BEKTHI PAa3HBIX KIACTEPOB CYIICCTBEHHO OTIMYAIUCH JAPYT OT Apyra [1-4; 12].
KommuectBo Takux kinacrepoB O, paBHo K (k=1,...,K), tne K << N . Konu-

YECTBO KJIACTCPOB MOKET OBITH 3aaHO HUJIU OMNPEACIIATHCA B IMPOLCCCE pcain3a-
WA aJIrOpuTMa IpHU BO3MOXKHBIX 3aaHHBIX 'PAHUYHBIX 3HAYCHUAX HA KOJIMYECT-
Ba KJIACTCPOB. Ka>1<;u>1171 13 00BEKTOB MOIKET OMpeaACIATECA OAHHUM MMapaMeTpoOM,
MMpEACTAaBJICHHBIM YHCJIIOBBIM HJIM KAa4YC€CTBCHHBIM 3HAYCHUEM, mmbo HEKOTOPBIM

BEKTOPOM 1apaMeTpOB B m-MEepHOM mpocrtpancree xi, j=1,...,m,i=1,...,N.
Torma kaxabplil KIacTep TaKKe MPEACTABICH HEKOTOPHIM MHOXECTBOM TOYEK B
3TOM M-MEPHOM BEKTOPHOM IMPOCTpaHCTBE. Tak Kak pa3Hble HapaMeTphl (CBOMCT-
Ba) 00OBEKTOB MOTYT OBITh NPEJCTABICHBI B PA3JIMYHBIX CIUHHIIAX W PA3THYHBIX
JMarna3oHax H3MEHEHHMs, YTO MOXET HCKa3uTh WM JIa)e JaTh HEMPaBHIbHBIN
pe3ysbTaT, HEOOX0AUMO MPUBECTH ITU JIAHHBIC K OJJHUM M TEM K€ CUHHIIAM H3-

MepeHHsA. DTO OCTUraeTcs MpUMEHEHHEM KO3((HUIMEHTOB MacIITaOMpOBAHUS
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3HA4YEHUI OTIEeNbHBIX CBOMCTB. CTeleHb BaKHOCTH PA3IUYHBIX CBOMCTB YUMTHI-
BAeTCs BBEICHUEM COOTBETCTBYIOIINX BECOBBIX KO (HHULINEHTOB.

Bri0opka Takux 00bEKTOB JJOJKHA OBITH OJHOPOAHOM, T.€. HE COJEpKATh HE
XapakTEepHBIX AJIS1 JAHHOTO Kilacca 3a/1a4 «BBIOPOCOBY.

CreneHb CX0ACTBa MEKAY JAHHBIMHU U3 OJHOTO KJIACTEPA IOJDKHA OBITH Kak
MOYXHO 0oJiee BHICOKOHW, a MEXAY JaHHBIMU W3 Pa3HBIX KJIACTEPOB — KaK MOXKHO
MEHBLIEH, B CBSI3H C Y€M KOHLEMIHUS T0A00Ms IMEET 3/1eCh pellarolee 3Ha4YeHue.
B kauecTBe cTereHn CXOACTBA MEXKAY NaHHBIMH U3 OJHOTO KilacTepa MOTYT OBITh
UCIIOJIb30BaHbl 3BKIHUIOBO PACCTOSHHE, a TAKXKE CyMMapHOE KBaJApaTU4HOE OT-
KJIOHEHHE O0BEKTOB KJlacTepa OT MX LIEHTPOB (LeHTpounoB). KBagpaTuuHoe eBK-
JMII0BO PACCTOSHUE CIIOCOOCTBYET yBEIMUYCHHUIO KOHTPACTHOCTH KiacTepoB. Pac-
CTOSIHHS MEXy LIEHTPOUJAMU JaHHBIX Pa3IMYHbIX KJIACTEPOB, KOTOPHIE JOJIKHBI
OBITH MAaKCUMH3HUPOBAHbI, MOTI'YT TaKXE OINPEACIATHCA CYMMApHbBIMH CpEIHEC-
B3BELICHHBIMU KBAJPAaTUYHBIMU WM JIMHEWHBIMU 3HauYeHUsIMU. Kaxaplii 0ObeKT

A; n xaxzpiit kaactep O, SIBISIOTCS HEYCTKHMH MHOKECTBAMHU. AJITOPUTM KJla-

CTEepHU3alUu — 3TO oInpelesieHre PyHKIUH UM HEKOTOPOTO PEIIAIOIIEro MpaBu-
J1a, HA OCHOBE KOTOPOTO KaKAOMY OOBEKTY CTaBUTCS B COOTBETCTBUE HOMED KJa-
cTepa, K KOTOPOMY 3TOT OOBEKT MPUHAJICKHUT.

Ob6nacTe MpUMEHEHUI KIACTEPHOTO aHajIM3a OYEHb IIUPOKA. DTH METOJBI
UCTIOJIL3YIOTCS B MEJHMIIMHE, TEXHUUECKOW JUAarHOCTHKE, ICHXOJIOTUH, OUOJIOTHH,
apX€eoJIOTMH, MAPKETUHIE U BO MHOTUX JPYTUX JUCHUIUIMHAX [9—-19].

B MenunyHe manueHThl CO CXOXKUMHU XapaKTePUCTUKAMH U CHMITOMaMH T10
pe3yibTaTaM HepapXu4ecKoro KJIACTEPHOTO aHalu3a MOTYT OBITh CTPYIIIHPOBA-
HBl TAKUM 00pa3oM, YTOOBI MOKHO OBUIO ONPEENUTh HaJUYUe U CTEIEHb HEKO-
Toporo 3aboJyieBaHMsI M HA4aTh COOTBETCTBYIOLIME JIeUEOHbIE MEPbI B COOTBETCT-
BUU C YCTaHOBJIGHHBIM AMArHo3oM (cm., Hampumep, [10, 16, 17, 19]. IIpumepst
UCIIOJIb30BAHUS KITACTEPHOTO aHaIN3a B SKOHOMHUKE JUIS KIacCH(UKAIIMU CHTYya-
IIAH TIpUBEICHBI B padoTe [9]. B cucTeMe rocyaapCTBEHHOTO YIIPABJICHHS Kjlac-
TEpHBIN aHaJIU3 MO3BOJISIET PACHPEAETUTh HAOTOIUIATENBIIUKOB 10 KaTETOPHAM
BHUMAaHUS, K KOTOPBIM OyAyT MPUMEHSTHCS COOTBETCTBYIOIINE KOMIUIEKCH Me-
ponpusTuii [13]. B MapkeTHHre MOXHO ONpEAETUTh CETMEHTHI KJIIMEHTOB C aHa-
JIOTMYHBIMH MOZEJISIMU TOKYIaTeJIbCKOTO TIOBEACHUS, a TAKKE IEPEUHH IPOIyK-
TOB, TOJB3YIOLIMXCS HAuOOJBIIUM CIPOCOM Cpeld KaKIOH W3 TIpymil
noKynareneid. JTo JacT BO3MOXKHOCTh KOOPAMHALMU W IMOBBILEHHUS 3PQeKTHB-
HOCTH MapKETHHIOBON JESTENbHOCTH KOHKPETHO C ONpPEeIEHHBIMU CEerMEHTaMHU
HOKyIaTesel, 4To, B CBOIO o4Yepeib, IPUBEIET K YBEINYEHUIO 00beMa npogax. B
npoOieMax 3alUThl OKPYXAIOLIEH Cpellbl M0 pe3ysbTaTaM MOHUTOPUHTA MOTYT
OBITH OIpeNIeIeHbI 30HbI B BO3AYXE C OMpEeNEeHHBIMU CTETECHAMHU 3arpsA3HEeHNUs,
YTO JACT BO3MOXKHOCTb IIPHUHATH JIFOObIE HEOOXOIMMbIE MEPOIPUSTHS 110 YIIyd-
IICHUIO CUTyauud. B OHOJIOTHY ¢ MOMOIIBIO KJIACTEPHOTO aHAIN3a aHAIU3HUPYIO-
TCS CIIOXKHBIE CETH B3aUMOJICHCTBYIOLINX F€HOB, COCTOSINNE MOPOH U3 COTEH WIH
JIKe THICSY 2JIeMEHTOB. B MHpOpMaTHKe KIacTepHBIN aHaN3 UCIIONIB3YeTCs IS
«MHTEJUIEKTYaJbHOM» T'PYNIMPOBKH PE3YJbTAaTOB, PACIO3HABAHUSA M300pakeHUI
[11] mpu moucke aiinoB u BeO-caliTOB, a Takke JPYruX WHHOPMAIMOHHBIX 00h-
€KTOB, MPEIOCTaBIISAsA IIOJB30BATEII0 BO3MOXHOCTH OBICTPOM HABUTALMH IS
YCKOPEHUS MONCKa HEOOXOAUMOM eMy HH(OpMaIHy.

Bosnbiioe KomuMuecTBO MPakTUYECKUX MPUIIOKEHUH OCHOBaHBI Ha TOM, UTO
pelleHns] IPUHUMAIOTCS, ONMPAsACh HAa HEYETKUE HaHHbIE. PazHble mapameTpsl
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WA CBOWCTBAa OOBEKTOB MOTYT OBITh MPEJCTABICHBI HEYETKUMHU TIOJMHOXKECTBA-
MU ¢ GYHKIUSIMH TPUHAICKHOCTH BHIa (CM., Harpumep, [7, 8, 14, 15]):

EA[TES) | STIN A (D) I A T E5) B
xeCy
rie Y; — BECOBble KOA((QHULIUEHTHI, KOTOPblE B YaCTHOM Cly4dae MOTYT OBITh
paBHbI 1.

Ecnu npu Tak Ha3pIBa€MOM YETKOW MM KECTKOM KiIacTepH3alluM KaxK bl
O0OBEKT MOXET MPHUHAJIEKATh TOJBKO OJHOMY KJacTepy, TO IPHU HEYeTKOH Kia-
CTEpH3AlNU KOKIBIH 00BEKT ¢ pa3IMYHBIMKU 3HAYCHUSMH (YHKIWUU TPUHAIIIECK-
HOCTH MOXET OJJHOBPEMEHHO MPUHAIJIEKATh cpa3y HECKONbKHM Kiactepam. Og-
HUM U3 Hau0OoJee IIMPOKO MCIIOIb3YEMBIX aITOPUTMOB HEYETKON KIIACTepU3aIlluu

asigercs anroput™ (FCM) [1, 7, 12]). JIro6oii 00BEKT X; MMEET HEKOTOPBIN Ha-
00p JaHHBIX, OMPEACISIONIUX €ro MPUHAUICKHOCTh K HEKOTOPOMY KIacTepy.
B anropurme Heuetkux C-cpennux uneHrpous knacrepa O, — C, sBisercs cpea-

HAM 3HAY€HHWEM BCEX TOYEK B MHOTOMEPHOM IIPOCTPAHCTBE, B3BEUICHHBIX IIO
CTETIeHN UX MPUHAICKHOCTH K JAHHOMY KJIacTepy:

> e, e ()3T x
NN ITE

3nmecy ¥ — MoKaszareib CTENEHH, C YBEIMUEHHEM KOTOPOIro pacTeT MOoKasa-
TEJIb HEYETKOCTH KJ1acTepa.
Anroputm FCM muaHMU3upyeT GyHKIMOHAI BUIA

k:

K Cg

F=minY > [u,(x),x]" (5 —2)° .

k=li=1
OTOT aNropuT™M OCYILECTBISIET pacupenesneHne N 0ObeKTOB, 3aJaHHBIX He-
YEeTKMMH MHOXECTBaMHM, 0 K omnpenenseMbIMH HEUETKHMH MHO)KECTBaMU KIla-
cTepaM B COOTBETCTBHUHU C BBIOPAHHBIM KPHUTEPHEM ONTHUMaIbHOCTH. DPpdexTun-
HOCTb IOJTyYEHHS Pe3yJIbTaTa MOBBIIACTCS IPY Pealn3aliy aJIrOpUTMa He C 3apaHee
3a7]aHHbBIM, a C aBTOMAaTHYECKUM OIIPEAEIIEMBIM KOJIMUECTBOM KIIACTEPOB.

ITAPAMETPBI KIIACTEPOB, BKIIIOYAIOINUE OB BEKTHI,
NPEJCTABEHHBIE HEYHETKUMU MHO)KECTBAMHU

PaCCManI/IBaIOTCSI 06T>CKTLI, napamMeTpbl UIHU CBOMCTBa KOTOPBIX, @ TAKXKC I1apa-
METPBI KJIACTEPOB MNPEACTABJICHBI HECYCTKMMU IMOAMHOXKECTBaAMU C (I)YHKI_II/IHMI/I
MMPUHANJIC)KHOCTH BHUa

A =10, () [ x5 € Xi} 5 1y, () €[0.1],
rae
max X;

[ ngG)=1i=1,...N; (1)

min X;

O ={zp.00, (zp) | 2 € Z; S,
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max Z

e [ wzGo=1,k=1..K )

min Zj,
3neck i=1,...,N — uHAEKCb, N — KOJIMYECTBO PacCMaTpUBAEMbIX OOBEK-
TOB; k =1,...,K , — MHJEKCHI U KOJIUYECTBO AlIPHOPU PACCMATPUBAEMBIX KJIACTEPOB.
ITycTs HeueTkoe MHOXKeCTBO KinacTepa O, BKIIOYAIOIIEr0 HEKOTOPOE MO-
MHOKETBO 00BeKTOB A; € O, OnpeensieTcs COrjIacHO BhIPAKEHUIO
Mo, (z0)= max {u, (x)|xe X}, k=1...K.
A[ EOk
O0pazoBaHue (QyHKIMH TpPUHAIIEKHOCTH Takoro knacrepa (ABCDEFHG),
BKJIFOYAIOIIET0 /1Ba 00bEKTa WILTIOCTPUPYET puc. 1.
A
Y
1,0

B C EF

1-#1 00BEKT

KJI1aCTep

H

2-11 00BEKT

A G x

Puc. 1. q)}IHKI_[I/I}I MNpUHAIJIC)KHOCTU HEUYCTKHUX MHOKECTB ABYX 00BEKTOB U KJ1aCTepa

Kaxnapiit 00BEKT MOXET ONpeAessThCsI HEKOTOPHIM MHOXKECTBOM CBOMCTB

(mapameTpoB) x;/ , KOJMYECTBO KOTOPBIX PABHO /71, 3HAYEHHE KaXIOrO M3 KOTO-
i J J J
pBIx ompenensgercs GpyHKIUEH MPUHANICKHOCTH B (x/)), x{ € X/ . Knacrepsl
1

B OTOM CJIyYae TaKKe SBIISIOTCS MHOTOMEPHBIMH M BBIPQYKEHBI BEKTOPOM (DYHK-
AN PUHAIICKHOCTH TOH ke pazMepHocTtu m . O0oO0ImeHHas QyHKITHS TpHUHAI-

JEXKHOCTH 9TOr0 00beKTa U kiaactepa O) MOTyT ObITh BBIYUCIICHBI, HAIIPUMED, MO
hopmymam:

m . . . . .
oty () € Xt = Yol il p ; () Ix/ e X/}, i=1.,N; ()
jl ’

m
— i J J J —
{Zk’“'Zk (Zk) ‘ Zkfzk} = z o {Zl' ,“Z/ (Zk))|zk S Zk} N k = 1,...,K. (4)
j=l i

3,[[60}) OL'] — BECOBLIC KOB(I)(I)I/II_II/IQHTLI, OMpeACIAIOINEC 3HAYNMOCTD KaXX10-
'O U3 3TUX CBOﬁCTB, BCJIMYMHBI KOTOPBIX YAOBJICTBOPAOT COOTHOLICHUAM

. m .
0<a’<1, j=1...,m, Y a’/=1.
=1

B KkauecTBe OCHOBHOH XapaKTEPUCTHKH KaK OTACITbHBIX OOBEKTOB, TaK W
KaXKJ0OT0 U3 KIIACTEPOB BBHIOEpEM KOOPJHMHATY abCIUCC IIEHTPa TSHKECTH COOT-
BETCTBYIOIIETO fuzzy-MHOXECTBA, KOTOPBIE PACCUUTHIBAIOTCA MO (HopMyliam
(cwm., Hammpumep, [ 3, 6]):
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max x{ |.j (! X;
_ Pxl i (x)) max Xix; iy (%)
.J: [ | = N = -t '= .
8i J. N (x]) 5> 1 sees My g . (X) X 1""’N’ (5)
min x} 4]\ min X; “Ai !
maxZ/ zj],l A(Zj) maxZ
_ N A AN kz z
Gl- | A jetm G- [ AR Gy k)
minZ){j HZ]{(Zk) minZy l'le(Zk)

OrpaHnuuMCsl PaCCMOTPEHHUEM HEYETKHX MHOXKECTB OOBEKTOB C (hyHKITHEH
MIPUHAJICKHOCTH TPEYTOJIBHOTO WU TPaNeleuJaIbHOTO BHa (pUC. 2):
Moy, (x;)=(a;,¢;,b;) My, (x;) =(a;,¢11,¢2:,0;)
A A

y y
1,0 -

4

) 7
a [ b x a Cc; Cp b x

Puc. 2. ®yHKUMYN TPUHAIEKHOCTH fUZZy-MHOKECTB TPEYTOJIBHOTO M TPAIICIIEBHTHOTO
THIIA

R, (Z0) =(agscpubr) s 1y, (25) = (@, O Cog By )
ZP =[aZf ™. e (2P . bz ).
a(zf™y=minla;,a(ZF)], bZP*)=max[b; ,b(Z])], (7)
Cl(ZlfH) = min[cli > c”(Z,f )], ¢ (Zlfﬂ) = maX[CZi > cZi(Zlf])] > ®)

a(zP™= min[c,,c,;(Z))], (ZP™) = max[c,, e, (Z])]. 9)

@DopMyIbl U1 BBIYNCIICHUS 3HAUYCHNUS (PYHKIMH NPUHALICKHOCTH AJS 3TUX
fuzzy-MHOXeCTB MpUBEACHBI, HaNpuMep, B padote [5]. KoopauHaTel ocu abcuucc
LEHTPa TSHKECTH IJISl TPEYTONBHBIX fuzzy-MHOKECTB MOTYT BBIYHCIIEHBI 1O MPO-
cThIM (opMmymam [5, 6]:

GI(AI-)=§[a(A,-)+c(A,-)+b(Ai)], Gz(Ak>=§[a(Ak)+c(Ak)+b(Ak)]. (10)

Jns TpanenneBUIHbIX fuzzy-MHOXKECTB B KauecTBe KoopauHatel G;(O;)
MOJKET OBITh IPUHATO 3HAUEHHE, BEIYUCIICHHOE IO CIIeIYIOIIeMY allTOPUTMY.

BrraucnuM 1otomanu COOTBETCTBYIONIMX dacTel fuzzy-MHOXKecTBa: ABYX
TPEYrOJIbHUKOB, KoTopble o0o3HauuM S;(0,) u S3(0;) u OpsMOYyroibHHKA,

KOTOpPYI0 0003HaunM Kak S,(O;), a TakKe KOOPAMHATHI OCH aOCIHCC LIEHTPOB
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TSDKECTH 3TUX YacTel, KOTOpbIe COOTBETCTBEHHO paBHbL G[S;(0;)], G[S;(0;)]
u G[S,(0)] -
Ompenennm BecoBbIe KOAPUITEHTHI
51(0y)

_ $,(0%)
S1(0p) +85,(0;) + 55(0;)

S1(0p) + 8,(0;) + 85(0;)

Y1 5 Yo =

_ S3(O)
$1(O) + 8,(0;) + 53(0y) ’

Y3

rae y; +y, +y;3 =1.
Torma KoopaMHATHI OCH a0CITUCC TIEHTPA TSHKECTH TPaIeIy paBHa

G(O) =11 GLS1(O)]+ 712 GLS2 (O] + 13 GLS3(Ok )] - (11

Ecnn 00bexT 4; ¢ TpeyroiabHON GyHKIMEH IPUHAUIEKHOCTH BKIIIOYAETCS B
knacrep O, cC TpaneueuJaabHOH (pyHKIMEH NPUHAAIEKHOCTH, TO HapaMeTphl

(YHKIMU TPUHAUIEKHOCTH KIlacTepa M3MEHSFOTCS B COOTBETCTBHUU CO CIEIYIO-
[IMMU BBIPAXKEHUSIMH:

w00 @O I a@)Zal). ) (DO (O} 2 (4,
a4, i a0 > a4); T b4, if (Oy) <b(A4);

A (Op), 1f ¢(Oy) <c(4;),
a(4;), it ¢(Oy) >c(4);

2(Op), if 3 (Of) 2 c(4;),

cl(Ok)z{ c(4;), if ¢, (Op) <c(4)).

CZ(Ok):{

Ecnu nepsrie nBa o0bekta A; U A, ¢ TpeyroiabHbIMU (PyHKIMAMU DpUHA-

JISKHOCTH OOBEIAMHSAIOTCS B OJMH KJIACTEpP, TO MapaMeTphl 3TOTO KiacTepa ornpe-
TIEJSIIOTCS TI0 popMyIiaMm:

. a(A4,), if a(4,)<a(4;),
a(Oy) = a(4;), if a(A4,)>a(4;);

b(A,), if b(4,) = b(4;),

b(Oy) = {b(Ai)’ if b(4,)<b(4;);

c(4y), if c(4,)<c(4),
a(4;), if c(4,)>c(4;);

c(4y), if c(4,)= c(4),

c2(O) :{C(Ai)’ if c(4,)<c(4;).

Cl(Ok):{

B kadecTBe npyroil xapakTepUCTUKU KaXA0ro fuzzy-MHOXecTBa B 3a/1adax
KJIaCTEpHOT0 aHAJIM3a MOXKET OBITh MPUHATA CPEIHEB3BEIIEHHAs KOOPIAUHAT OCH
abcIyce cepeinH CEYCHUH 3TUX MHOXKECTB MPH Pa3IMYHBIX 3HAYCHUSX OpAMHATHI
(byHKIMU IPUHAUISKHOCTH (pHC. 3), T.€. TOUeK Ha MpsAMOi Z; —Z, .

0O0603Ha9NM KOOPIMHATEI OCH aOCITUCC CEPEAMHBI COOTBETCTBYIONTMX CEUCHHI
x(u,) . 3meck |, — 3HaUYEHHE KOOPIUHATHI ) B 3TOM ceyeHuH. Kak nmpasmuio,

0<p < <p, <o <Hp, <<y <1,0.

Y
Torna x(Z)=73 8, x(1,), (12)
q=0
0
rae 0<6, <1,0 — BecoBble KOdpOUUMCHTBL, IPHIEM > 8 ¢ =L0.
q=0
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B yactHOM ciyuae Sq =10; ¢=0.,1,...,0.
VA ¥ A
S6:1,0 56:130

a c Z, b x a ¢, ¢, 2, b x
Puc. 3. TopusoHTaneHble ceucHus (YHKIMN TPUHAIUICKHOCTH fUZZy-MHOKECTB

KPUTEPUU OIITUMAJIBHOCTH

B xauecTBe kpuTepHeB ONTUMAIBHOCTH NMPU OTHECEHHMM MHOXECTBA, BKIIIOYAIO-
mero N oObeKTOB K OJHOMY M3 K KJIacTepoB, MOTYT OBITh NMPUHATHI HapaMeTphbl
pPacCTOSHUI B pa3IMYHBIX METPUKAX MEXIy IIEHTpaMH TsHKECTH OOBEKTOB M Kila-
CTEpOB, a TAKKE MEXAy LIeHTpouaaMu kiactepos G, u G;.

K
1 .
F=Y-— Y G, ~g)l>min; (13)
k=1""k A4;€0;
£ > > :
Fy=3~ 2 (G —g)” - min; (14)
k=1""k 4;€0
K
Fy=Y max ;|G —g;| - min; (15)
k=1 4i €0k
K K
Fy=Y Y |G - G| max; (16)
k=11=k+1
K K
F=Y Y n3(Gy-G))* — max; (17)
k=11=k+1
K K
Fo=Y 3 maxm,|G, — G| max. (18)
fe=1 1=k+1 (6D
B Bepaxkenusx (13)—(18) u B nanpueiiimem G, u g; — COOTBETCTBEHHO

KOOPJIMHATHI LIEHTPOB TSHKECTH OCHU aOCIMCC LEHTPOUIIOB k-TO KiiacTtepa W i-To

00BbEeKTa, a TAaKKe MEKIy LEHTpoHmamu KimactepoB G, u Gj.. 3mechb 1),
0<tl <l p=123 — BecoBbic KOIPDHUIHEHTHI, CyMMa KOTOPHIX B KaXIOM

U3 3THX BBIpaXXCHUW paBHA Z 7. =1, k=1,...,K. BecoBbie K03 bULHEHTHI
4;e0

K
O<np <1, p=1,23, k=1,...K-1,1=2,...,K, > =nf,=1; N, — xomu-

I=k+1
4eCcTBO 00BEKTOB, BKIIOYEHHBIX B Kiactep Oy .
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Kpome Toro, MoryT ucnosp30BaThCsi MHOTOKPUTEPUATEHBIE TTOIXOIbI MPU-
HSATHS PEIICHUH C MCIOIh30BaHNEM MHHHUMH3AIUN aJJIUTUBHOU CBEPTKH KPHUTE-
pHeB, Kak, HaIIpUMep,

1 1 1 1
O, =0, —F—-o,———F,; &, =a;—F, —oa,————F.; (19
1= Tt gt P2 = e s (19)
1 1
Oy =05—F—og———F, 20
TR kK- ° (20)
a TaKKe
O, =a iF—(x ;F' O =a LF -a ;F' 21
4= %7 8K(K—1) 6> 5= 0o 713 IOK(K—l) 45

O, =0 iF —-a ;F' O, =a iF -a ;F'(22)

6 =% 12K(K—1) 45 D7 =003 13K(K—1) 55
Og =0 iF —-a ;F' Oy =a iF—oc ;F (23)

8 =4 ISK(K—I) 6> P9 =g M1 %7 KK -1 6"

3nech o, 0< a, <1. p=1,2,...,17 — BecoBble kKo>3pPuLMeHTHI, CyMmMa

KOTOPBIX B K&KJOM U3 ITHX BBIpOKEHUH paBHa 1.

Ecnn xaxnpiii 0OBEKT MpEncTaBlIeH HEKOTOPHIM BEKTOPOM ITapaMeTpoB
B M-MEPHOM IPOCTPAHCTBE xl.j, j=L...,m, i=1...,N, TO B KpUTEpUU OINTH-
MaAJIbHOCTHU KJIaCTepI/ISaI_[I/II/I MOFYT 6I>ITI) HpeIICTaBIIeHLI B BUJIC:

o1 moo . | mo .
E=minge X SB[ /|, By=minge ¥ NP, ),

k X;e0y j=1 k Xic0, ol
.1 o .
Ey=min— 3, max [ ‘Z;i -} ; (23)
k X; €0, 1<j<m
1 K K m . . .
@y =maxq————>" > > 6{‘2%—4’ ,
K(K~-1) k=11=k+1 j=1
1 K K i . . -
02 =maxi Y > 35l -/
K(K=1) 520 j=1
@3 =maxi————> > > max 8%‘2,{—2{‘ . 24)
Kzj -z} (21l jo 1sism

31ech B{), O<BI{,S1. p=123;n 8{, 0>8-ri <1. r=1,2,3; — BecoBble

KOX(UIMEHTHI, CyMMa KOTOPBIX B K&KIOM U3 3THX BBIpOKEHUH paBHa 1.

OTMeTUM, YTO B BHIIIE MPUBEACHHBIX BBIPAKEHUSIX, TAK U B JIPYTUX KPHUTE-
pUSAX W aNropuTMax MPUHITHS PEIICHUN 3a/1a4 KIACTePU3aIllMM B YCIOBUSAX HE-
YEeTKHX JaHHBIX, BMECTO 3HAUECHUI KOOPAWHATHI a0CIUCC IIEHTPA TAKECTH HEUET-
KX MHOXECTB MOTYT HCIOJIb30BAThCSl TaK U CEPEAUHBI COOTBETCTBYIOLIUX
cedeHul 3tux fuzzy-MHOXKECTB.
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INOCTAHOBKH 3AJAY KJIACTEPU3ALIUU

[IpuBeneHHBIE HUXKE MOCTAHOBKY 3a/a4 IpeayCMaTpUBAIOT paboTy ¢ MHOTOMEp-
HBIMH O0BEKTaMU U KJIaCTE€PaMH, TapaMeTpbl KOTOPBIX MPEACTaBIECHbl HEUETKUMU
MHO>KECTBaMH. PaccMOTpUM TpH pa3NudHbIe TOCTAHOBKH 33Ja4l B YCIOBHIX HE-
YETKUX JaHHBIX.

3agaua 1. OnpezaeneHbl QYHKIUN NPUHAIISKHOCTH BCEX XapaKTEPUCTUK
(mprsHakoB) kaxgoro 3 K xmactepos, Oy ={z;.Ho, (z;)|zx €Zi}, Mo, (z)€
€[0,1], k=1, ..., K, a Takxe n3BeCcTHBI (HYHKIIMHU MPUHAIIECKHOCTH BCEX XapaKTepu-
CTMK N MHOIOMEpHBIX OOBEKTOB A; = {xisby, () | x; € X3}, oy, (x)€[0,1],
i=1,...,N. Heo6X0a1uMO B COOTBETCTBHH C OJHHM M3 BBILIC NMPHUBEICHHBIX
KPUTEPUEB ONTHUMAJIBHOCTH PACIPEIENIUTh 3TO MHOXECTBO OOBEKTOB Cpeau
3TuX K Kinactepos.

Takas mocTaHOBKA 33jjaua OUYeHb XapakTepHa I MEAUIIUHCKOMN TUarHOCTH-
KU, KOTJa ONpeAesICHbl pa3inyHble (haKTOPbl OTCYTCTBHS HAJIWYHS M CTEIICHU Ce-
PHE3HOCTU PA3NIUYHBIX JUArHO30B U 3a00J€BaHUH, AJIS1 TEXHUUECKON TUarHOCTH-
KH, KOT/Ia YCTAaHOBJICHBI IPU3HAKK PAa3IMYHOTO BUa HEHCIIPaBHOCTEH, a Takke B
3aJadax OINpeneNieHus W KIacCU(PHUKAUUN aBapUHHBIX CUTyalMid NPUYMH H I0-
CJICACTBUI SKOJIOTHUECKUX KaTacTpod.

3anaua 2. M3BecTHBI QYHKITNH MPUHAIICKHOCTH BCEX XapaKTEPUCTHK (TIPH-
3HaKOB) N MHOIOMEPHBIX OOBEKTOB A; = {X;,1 4, ()| x e Xih, py (x)€[0,1],
i=1,...,N . YcTaHOBIEHO TOJBKO KOJIHUYECTBO KinacTepoB K. Heooxomumo B mpo-

1IECCe PEIICHHUs 334U ONPEACTUTh PYHKIIUU TPUHAJICHKHOCTH BCEX XapaKTepH-
CcTUK (TmpH3HAKoB) Kaxaoro u3 K xmacrepos, O = {zk.mo, (Zp)| 2k € Zi} s
Ho, (zx)€l0,1], k=1,...,K, u oTHecTn Kax[plili U3 00bekToB A, i=1,...,N,
TOJIBKO K OJHOMY W3 3THX KJIACTEPOB B COOTBETCTBHHU C OJTHUM W3 BBIIIE TIPHUBE-
JEHHBIX KpuTepueB ontumManbHocTd (19)—(24).
3agaya 3. M3BeCTHHI TONBKO QPYHKINY MPUHAIICIKHOCTA BCEX XapaKTEPHUC-
THK (IIpU3HAKOB) N MHOroMepHbIX 00bekToB A, i=1,..., N . KonuuectBo BbI-
JIEJIIEMBIX KJIACTEPOB 3apaHee He ONPeAeNICeHO U MOXKET OBITh TOJIEKO OTPAHUYCHO
HEKOTOpBIM uuciaoM B. HeoOxomuMo oOmnpenenuTs KOJWYECTBO KIIACTEPOB
1<K <B, a Takxe (QyHKIUH NPUHAICKHOCTH BCEX XapaKTEPUCTHK (IpU3HA-
KOB) K&XIO0T0 U3 3TuX K, OTHECTH Kax[blil U3 00bekToB A, i=1,..., N, ToapKO
K OJHOMY M3 3THX KJIACTEPOB B COOTBETCTBHH C OJHHUM W3 BBIIIE NMPUBEICHHBIX
KOMIUIEKCHBIX KPUTEPUEB ONTHUMAIbHOCTH (19)—(24).

OTMmeTnM, 4YTO 3a1a4d 2 U 3 ABISAIOTCA 3amadaMd NP -CIIOKHOCTH M IS
pelIeHust 5THX 3aa4 B YCIOBHUAX OOJIBIION Pa3MEPHOCTH MOTYT OBITh MPEIIOKe-
HBI TOJIBKO 9BPUCTUYECKHE aJITOPUTMBI TPUOIMIKEHHOTO PEICHHS

AJITOPUTM KJTACTEPHOI'O AHAJIN3A

PaccMoTpuM anropuTMBI pellieHHsT ABYX Pa3IMYHBIX BBIIE CHOPMYITHPOBAHHBIX
3ama4. B n1Byx onucanHbIX anroputMmax A.l n A.2 pemenus 3anauu | ucnomnb3y-
eTCsl OMH U3 KPUTEPUEB ONTHUMaNbHOCTU [ — Fj, MpUBEAEHHBIX B (OpMyax

(13)-(18).
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B magairle paGoThl aNTOPUTMOB MPHUBEIAEM CIUHHUITBI U THATIA30HBI U3MCHE-
HUS 3HAYCHUN BCEX MapaMEeTPOB OOBEKTOB M KIIACTEPOB (KOOPIUHAT OCH abCIUCC
3THUX MApaMETPOB) K OHUM U T€M ke Oe3pa3MEpHbIM €UHHUIIAM U3MEPCHUS:

X/, =min[min x/; min x/], X  =max[max x/; max x/],

min max

I<i<<N 1<ik<K 1<i<<N 1<ik<K
J_(v/ _xJ
X7 =(Xjax —Xiin) -
Y/ iox J J v x/
. — — ) — 1 ;o .
O6ospaumm: X’/ =X/. , X{ =X . . Torma x/ =X’ +——, i=1,...,N;

X/
S x]
X/ =X/ +ﬁ, k=1,..K.

Aaroputm A.l.

1. Brruncnum KOOpAMHATHL aOCLUCC LIEHTPOB TSHKECTH WIIM CpPEIHEB3BE-
HICHHYIO0 KOOPAWHATY CepeIUH OCH a0CIMCC BBIOpAaHHBIX ceueHui QpyHKIMN mpu-
HAJJIeKHOCTH HEYETKUX MHOXKECTB JAJIS KaXKJIOT0 U3 MPU3HAKOB BCEX 0OBEKTOB U
LEHTPOB KJIACTEPOB B COOTBETCTBUH ¢ popmynamiu (5)—(10) wmm (12).

2. BpryuciauM 3HaueHHS:

wi=|Gf —gf|, =Teem, i=1 N k=1 K s
— m . .
W= 0wl i=L..,N, k=1,..K.
j=1

OObekT A4; ortnocutes K knactepy O, I KOTOPOro 3HaueHue Wy, MuHu-
MajbHO, T.€. k(4;)=arg min W,;.
1<k<K

Hpyroil anroput™m peuieHus 3agadd | OTIMYAETCs] OT ONMCAHHOTO BBIIIE
TEM, 4TO B MPOILECCE PEIIeHUs MPOU3BOAMUTCS IMEpecyeT KOOPAMHATHI abcuuce
HEHTPOUIOB BHOBH MTPE0OPa30BaHHBIX KJIACTEPOB.

Aaroputm A.2.

1. BemonnsgeM nyHKTH 1 u 2 anroputMma A.1.

2. JlanpHelre BBIYMCICHUS NMPEAyCMaTpPUBAIOT BBIMOJIHEHWE N IIAros.
[locie BBIMOTHEHUS KaXIOTO i-roO 1ara OTHeCeHus: oovekTa 4, i=1,...,N K Ka-

Komy-nubo kmacrepy O, , k=1,...,K, paccunTbiBaeM 3Ha4CHHE KOOPAMHATHI

abcuycc IEeHTPOUIOB BHOBB MTPeoOpa3oBaHHOIO KiacTepa 1o dhopmynam (5)—(10)
w (12). KoopaunaTs! ocu abcpcc HEHTPOUIOB BCEX BHOBb MPE0OPa30BaHHBIX

knactepoB O, (4,) o0003HaUUM Kak G,{ (A,{) , j=L....om;, n=1...,N,
k=1,...,K . Ilepexomum x 1. 3.
3. PaccuntniBaeM 3HAUECHUS

wl =G4 ~¢g]|, j=l...m, n=1..,N, k=1...K.

R m . .
Wkl’l:zp] W}in, kzl,,K
=

O6bexT 4, ortHOcuTCs K Kinactepy Op, Iy KOTOPOro 3Hauenue Wy, mu-

HUMAIBHO, T.€. k(A,)=arg max W, . Tlepexomum K mary 4.
1<k<K
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4. Ecny KOMMYECTBO pacmpelesIeHHBIX 10 KiacTepaM 0OBEKTOB MEHbIIE N,
TO IEepPEeXOIUM K BBINOJIHEHUIO NMyHKTa 1. B mporuBHOM ciyuae anroputm A.2
3aBepIlacT CBOIO padoTy.

Aaroputm B.

Jns peuieHus 3agauu 2 MOXKeET ObITh UCTIONB30BaH JII000H U3 MPUBEACHHBIX
BBIIIE KPUTEPUEB ONTUMAIBHOCTH W  IPESYyCMaTPHUBAETCS  BBINOJHEHUE
(N + K —1) maros, 4TO 3aKJII0Ya€TCA B CICAYIOLIEM.

1. BeimonHsiem BerumcieHus nyHkra 1 anroputmoB A.1 u A.2. [lepexo-
JUM K 1. 2.
2. Brluucnsem 3HaueHUS

VnopsanounM Bce 0OBEKTHI B MOCIEA0BATENBHOCTh B MOPSIKE BO3PACTAHUs
3HAYEHUH V;

U = {A(W), A(vyy, AW, AW,y i1)se s AV |V, S0} -

3neck A(v,) — OOBEKT, Al KOTOPOro KOOpJAUHATA OCH a0CLUCC LUKIOUA
paBHa v, . Ilepexoaum k 1. 3.

3. Bolunciienus 1. 3 npexycMaTpUBaroT BeIIONHEHHE N IIAroB, CBA3aHHBIX
C TIOCTPOCHHUEM KpaTJanIIeil CBI3BIBAIONICH CETH CUCTEMBI 00 BEKTOB.

Ha xa)xnoMm 3 3THX IIaroB B LIEMb BKIIOYAETCS OOBEKT A, , CTOSIIUI Ha HOo-

CIIEZHEM 1-M MecTe B nocienoBareiabHocTd U . O003HaUuM KpaT4aiIIyio CBSI3bI-
BAIOLIYIO CE€Th Ha 3TOM 3Tamne pemenus C(4,) . Paccmatpusas npeoOpa3oBaHHYIO

CBSI3BIBAIONIYIO CETh KaK HEKOTOPBIN KIIACTEp, PACCUUTHIBAEM 3HAUCHUE OCH a0c-
IUCC IIEHTpouIa 3TOTo Kiactepa mo hopmynam (5)—(10) wmm (12). Ecau Brrode-
Hbl Bce N 00BEKTOB B CTPOSIIEIOCS IIEMb, TO TIEPEXOAUM K BBITOJHEHHIO ITYHKTa
4. B mpoTUBHOM cilydae NpOAODKAEM BKIIOUEHUE CIEAYIOIINX, CTOSIIUX B IO-
CJIEIOBATEIHHOCTH, OOBEKTOB.

4. Ha nanHoM 3tare BeIYUCICHUM BbIMoNHsAETC (K —1) 1IaroB, CBSI3aHHBIX
C pa3phIBOM yYacTKOB CBSI3BIBAIOIICH CETH B HEKOTOPOM BBIOpaHHOM (K —1)-M

MmecTe. [Ipu 3ToOM MOkeT OBITh HCITONIB30BaH JIF000 U3 MPUBEACHHBIX B pa3jene 3
KPUTEPHUEB ONTUMAJILHOCTH.

[IycTep Ha HEKOTOPOM p-M MajoM Iiare urepauud, rne p=12,...,(N -1),
obpazoBaHo (p + 1) KIIacTepoB, B KOTOPBIC BKIIIOUEHBI Bce N paccMaTpHUBaeMbIX

0OBEKTOB. OTMCTI/IM, YTO Ha MNEPBOM MIare Hemb pa36HBaCTCSI Ha JBa KJjacTepa.
Brimoaasem CJICAYIOIINEC BBIYUCIICHUA:

1. Ha 1-m mare wrepamuu BbiOHpaeM 00beKT A

n?

N
rae n= > — nenas

4acTh OT JieNieHus 9TuX BeanuuH. OOpa3yeM BTopol kinactep. B mepBblil kinactep
O, BxmouaeM o0bekTsl A, i=1,2,...,n, a Bo BTopoil knacrep O, — 0OBEKTEI

A,1,4,.9,..., Ay . PaccunTeiBaeM KOOpIMHATBI OCH a0CLUCC LEHTPOUIOB 000MX

knactepoB Z,.(O;) u Z,(0,) 1o BbIlIE IPUBEICHHBIM (hopMyiam.
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2. IlycTs HA HEKOTOPOM p -M mIare, rae p =2,...,(N —2) BTOpoi utepanuu
nocTpoeHo p knactepoB O,0,,...,0, . B Kaxa0M U3 5TUX KIACTEPOB COACP-

JKaTcs TOJMHOXKECTBA 00BEKTOB Ay, Ays,..., Ay, , KOTOPbIE YIOPSIOYEHbl B MO-

CJIEI0BATEIBbHOCTH yObIBAaHMS 3HAYCHUN KOOPIUHATHI OCH aOCIMCC LEHTPOUIOB
000MX KIIacTepOB:

U = > Ao, A 1 2(Op) S Z(Op 1), k=12,...,(h =1} .

3. B xaxxnom u3 xnactepoB O BBIOMpaeM COOTBETCTBEHHO Ba OOBEKTa

Ay Ay gy, e g =|—|. Knacrep Oy pasOuBaem Ha 4eThIpe Kiacrepa O,i ,

2 3 4 o
O;, O uO;. Kaxablii U3 9TUX KJIACTEPOB BKIIIOYACT CIECAYIOIINE OOBEKTHI:

1 2 .
Ok =(Ak1aAkza---aAkq) > Ok Z(Ak,q+1’Ak,q+2""’Akh) >

3 4
O :(AklﬂAkZ"'"Ak,q’Ak,qH)): Oy :(Akq’Ak,q+1=Ak,q+2""ﬂAkh)'

PaccunthiBacM 3Ha4YeHHS KOOPAMHATHI OCHU aOCIUCC IEHTPOHIIOB 000UX
KIIaCTepOB Z (0,1{) , 2 (O,f) u ZzZ, (O,f ), Z, (O,f ). KoopmuHatel ocu abemmce
IIEHTPOUJIOB BCEX OCTANBHBIX KiactepoB Z,.(0;), | =1,...(k-1),(k+1),...,p (kpome
BBEIOPAHHOTO k-T'0 KJlacTepa) OCTalTCs 03 H3MEHEHUSI.

4. BpruncisieM 1O NpUBEAECHHBIM (QopMysiaM 3Ha4eHHUS! OJHOTO M3 BHIOpaH-
HBIX KPUTEPUEB ONTUMAILHOCTH AJISl KaXKA0TO U3 BHOBH 00pa30BaHHBIX 4-X Kila-

crepoB — D(0}), ®(OF) u ®(0;), ®(O}). PaccMaTpuBaeM TaKxKe H OCTAITb-
Hble ocraBumecs: 6e3 msmeHenns kaacrepsl O,0,,...,0;_1,0k,,...,0,.

KaXJ10ro paszaessieMoro knactepa O; HaxOAMM MUHHMMAIbHOE CPEIU YEThIPEX

BO3MOYKHBIX 3HAa4€HHUii, KoTOpoe 0003Ha4YnM kak D(0}). 3xech v — HOMep BbI-
OpaHHOro Kjacrepa #, sl KOTOPOTO JOCTUTaeTCsl 3T0O MUHUMAIIbHOE 3HAYCHHE.
OmpenenseM MHIEKC KIacTepa, pa3dueHne KOTOporo Ha ABa Kiactepa obec-

MEYNBACT MUHUMAIBHOE 3HAYEHUE OJTHOTO M3 KPUTEPHUEB ONTUMAIbHOCTH (23).

@} = min DO}).
<k<p

B 3aBHCHUMOCTH OT MOJYYEHHOTO PENICHHUST KOMYECTBO KIACTEPOB YBEINYH-
BaeM Ha | crefyrommumM o0pa3oM:

2
0,,0,,...,0,1,0,, 0;.,0,.1,...,0,,

g-1

3 4
120 071 01,0,,...,0,.1,0;, 0,,0,,,,...,0,; .

q-1>
Ecmm (p+1)=K , To anropuTM 3aBepmiaeT CBo padbory. B mpoTtuBHOM

cj1ydac Mmpous3BOJUM IMEPEUHACKCAIIUIO BCEX HpeO6pa30BaHHBIX KJIaCTEpOB U IIC-
PEXOOUM K BBITTIOJIHEHHUIO II. 4.
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WJLTIOCTPATUBHBINA IPUMEP

[MapameTpsl TpeyroiabHBIX (YHKIHUH MPUHAIUICKHOCTH 2 TIPU3HAKOB 12 00BEKTOB

U 2 MPHU3HAKOB 2 KIACTEPOB MpUBEACHBI B Tabn. 1. 3HaueHHs NMPU3HAKOB BCEX

00BEKTOB U KJIaCTEPOB MPUBCACHBI K OJHUM U TEM K€ €AUHULIAM U3MCPCHUS.

Tadéauna
2-X KJacTepoB

1.

ITapamerpbl

GYHKIMIA — TIPHHAIEKHOCTH

12 00OBEKTOB U

Iapamerpsbl pyHKUMIT NPUHALIEKHOCTH 00bEKTOB U KJIACTEPOB

= E ITapameTpbl 00BEKTOB ITapameTpsl KJ1acTEPOB

E E 1-# mpu3HaK 2-1 IpU3HAK 1-# mpu3HaK 2-1 IpuU3HAK
“lal ¢l bl x(ab|a? | b} x4 a) ek by x(Op)|a} et | by x(OF)
1 416 (367|5|8]10/967|4|5]6| 50 [8]|10]/11| 10,0
2 [51719170|6|7|8| 70 |8]10(12] 9,67 |3 |4 | 6| 433
3 |10f11|12| 11,02 |4 |5 | 3,67

4 [318]9]667|9/|10]|12]10,33

5 |10(12|15/1233(4 | 6 | 9 | 6,33

6 |78 |10/11,67|2 |3 |4 3,0

7 | 8|10|11|9,67 4 |5 |7 ]|533

8 |3/6/9) 60 [5]8|10] 7,67

9 |10|13|16| 13,0 (7 | 8 | 10| 8,33

10 | 71011933 |1 |56 | 40

11 |12|13]15]13,33(4 |7 | 8 | 6,33

12 |6 8|10] 80 [6 | 7 11| 7,33

B Tab:. 2 npuBeneHb! pe3yabTaThl PEHICHUS HILUTIOCTPATHBHOTO MTpUMeEpa all-

ropuT™MOM 1 Ha OCHOBE MIPUMEHEHUS KpUTepHs onTuMaibHocTH (13).

Taoauma 2. Pe3ynpTaThl pelieHnus 3a1a91 aIropuTMom 1

PacuyeTHbIe TaHHBIE OTHECEHHSI PACCMATPHBAEMBIX 00bEKTOB

o K OJHOMY U3 2-X KJIaCTepoB

% 5 O000IIeHHBIE PACCTOSHUS O06001ICHHBIE PACCTOSHUS

= L§ K Kiactepy | K KI1actepy 2 Knacrep

Hlli lei Hlli+H12i H%i H;, Héi"’_HZzi
1 1,33 0,33 1,66 4,33 5,34 9,67 0,
2 2,0 3,0 5,0 2,67 2,67 5,34 0,
3 6,0 6,33 12,33 1,33 0,66 1,99 0,
4 1,67 0,33 2,0 3,0 6,0 9,0 0,
5 7,33 3,67 11,0 2,66 2,0 4,66 0,
6 6,67 7,0 13,67 2,0 1,33 3,33 0,
7 4,67 4,67 9,34 0 1,0 1,0 0,
8 1,0 2,33 3,33 3,67 3,34 7,01 0,
9 8,0 1,67 9,67 3,33 4,0 7,33 0,
10 4,33 6,0 10,33 0,34 0,33 0,67 0,
11 8,33 3,67 12,0 3,66 2,0 5,66 0,
12 3,0 2,67 5,67 1,67 3,0 4,67 0,
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CHeI[OBaTeHBHO, 01 = {Al,Az,A4,A8}, 02 = {A3,A5,A6,A7,A9,A10,A11,
Alz} . TpaneueI/II[aﬂLHLIe napamMeTpsbl (byHKLU/Iﬁ OPpUHAIJIC)KHOCTH 2-X 0OOBEKTOB
HCYCTKHUX MHO>KECTB BHOBb 06pa30BaHHLIX KJIIaCTCPOB UMCIOT BUA!

Hop (01 = (14,8,9), 12 (OF) =(5,7,10,12);

L (03)=(6,8,13,16), u_,(03)=(1,3,8,11),
0; 05

a KOOPJMHATHI a0CIMCC IIEHTPOB TSHKECTH (PYHKIUN MPUHAIEHKHOCTH 2-X 00BeK-
TOB ATHX HEYSTKUX MHOXECTB COOTBETCTBEHHO PaBHBI:

Z,[u 1 (OD]1=5,068, Z,[u ,(0)]=85;
1 1
Z,ln, (03)]1=10,788, AT (03)]=7,268.
2 2

CrnenyeTr OTMETUTb, YTO MPH BEIOOPE BTOPOTO KPUTEPHUSI ONTHMAIBHOCTH pe-
3yJbTAThl PELICHUS 3TOW 3aJa4l MOTYT OKa3aThCsl IPYTHUMH.

3AK/IIOYEHUE

KnacTtepHblii aHanu3 B yCIOBUAX MPEACTABICHUS MHOTOMEPHBIX 0OBEKTOB M Kla-
CTEpOB HEYETKHMMH MHOXXECTBAMH MMEET MHOTI'0 MPaKTUYECKHUX MPHIOKEHUH: B
OMoJIOTHY, MEIUIIMHCKOW M TEXHUYECKOW AMArHOCTHKE; B MpoOJIeMax OXpaHBI
OKpy>Karolllell cpebl; B 9KOHOMHKE W MAapKETHHTE, a TaKKe B CUCTEME rocyap-
CTBEHHOTO VMpaBJICHHS IS KIacCH(PHUKAIMK MMPOU3BOJUTENEH, TOTpeOuTeNneil u
cUTyanwii; B nHQOpMaTHKe I OBICTPOM HABHTAITMU WM ITOMCKAa WH(GOPMAINH B
0OJIBIINX MAacCUBAX JAHHBIX U MHOTHX JPYTHUX 001aCTSX.

[Ipemnoxens! anropuT™Mbl U (HOPMyIIbHBIE BRIpKEHUS (T GYHKIHNA MPH-
HAJUIEKHOCTH TPEYTOJBFHOTO U TpalelenaadbHOTO BUAa) 00beIUHEHUS pa3ind-
HBIX MHOTOMEPHBIX 00BEKTOB, TapaMeTPhl KOTOPHIX 3a7aHbl fuzzy-MHOXECTBaMH,
B KJIACTEPHI, BEIYMCIICHUS KOOPAWHAT IEHTPOUIOB (DYHKIIUI MPUHAUICKHOCTH, a
TaK)KE PACCTOSHUN MEKAY IICHTPOUIAMH TaKUX OOBEKTOB M KIIACTEPOB.

CdopmynupoBaHbl pa3aMuHbIe KPUTEPUU ONTUMAIBHOCTH B BHJE MUHHMH-
3aliy CPEAHEB3BEIICHHOW CyMMBI MPEICTaBICHHON B PAa3IMYHON METPHKE pacc-
TOSTHUM MEXKAY HCHTpOUIaMHn 00BEKTOB U KJIaCTEpOB, a4 TAKXKC MaKCHUMU3AIUU
paccTOsSHUA MEXAy LEeHTPOUJaMH pa3MYHBIX KiacTepoB. PaccmarpuBarorcs
MHOTOKPUTEPHUAJIBHBIC TOAXO/Abl, OCHOBAHHBLIC Ha aI[Z[HTHBHOﬁ CBEPTKC pa3jiny-
HBIX KPHUTEPHEB.

PaccMoTpeHbI MOCTAaHOBKHM M MaTeMaTHYecKue (POpPMYIHPOBKH, KaKOas W3
KOTOPBIX MOXKET HCIOJB30BaTh 00N M3 MPUBEICHHBIX BHIIIC KPUTEPUEB ONTH-
mansHOCTH. CPopMyTUpoBaHHBIE 3a7audl 2 U 3 SBISIOTCA 3aJa4aMi DKCIIOHEH-
[IUAJIEHOM CJIOKHOCTH B YCIOBUAX OONBIION Pa3MEPHOCTH U MOTYT OBITh PEIIeHbI
TOJIBKO HpI/I6JII/I)I(eHHLIMI/I METOdaM. Hpe)ZUIO)KeHBI TMMOJIMHOMUAJIbHBIC aJITOPUTMBbIL
MOJTydeHHs] IPHOIMKEHHOTO PENIeHHs ABYX M3 TpeX CPOPMYJIHPOBAHHBIX 3ajad.
OnvH U3 aNropuTMOB pPElIeHUs 3a/1a4i | MPOULTIOCTPUPOBAH HAa YHCIOBOM IPH-
Mepe. ANTOPUTMBI pellieHns JPYTUX 3ajaa4d OyayT pacCMOTPEHBI B IPYTHX pado-
Tax aBTopa.

[Tomy4uennsie B paboTe pe3yabTaThl MOTYT OBITH Pa3BUTHI B paboTax APYTHX
aBTOPOB U HaWTH MMPUMCHCHHUC B LICJIOM PAAC MPAKTHYCCKUX HpI/IJ’IO)KCHI/Iﬁ.
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KJIACTEPHUI AHAJI3 JIUII BATATOBUMIPHUX OB’€EKTIB B YMOBAX
HEYITKUX JAHHUX / }0.0. 3ax

Amnoramnisi. HaBeneHo omucasi B slitepaTypi Oe3itidi pi3HHX raqy3ei NIpakTHYHHX 3a-
CTOCYBaHb 0araTo(pakTOPHOTO KJIACTEPHOTO aHAJi3y B YMOBAaX HEYITKHUX BHXiJHUX
JAHUX. 3alporOHOBAaHO HOBI anroputMu i GOpMyJbHI BUpa3u 00’ €HAHHS Pi3HHX
6araToBUMIpHHX 00’€KTIiB, IapaMeTpH SIKUX 3a1aHo fuzzy-MHOXXHHAMH, Y KJIacTepH
1 00YHCIIEeHHS KOOpAMHAT HEHTPOIAiB iX ¢yHKUiH HanexHOocTi. ChopmyapoBaHO
Pi3HI BHOM KPUTEPiiB KIACTEepU3alil y BUMIAAl MiHIMI3aLil cepeaHBO3BAXKEHO] 1 Mo-
JaHOi B Pi3HINH METPHII CyMH BiACTaHEH MiX IIEHTpoinamu o0’€KTiB i KilacTepis, a
TaKOXX MaKCHMi3amii BiIcTaHed MK IEHTPOigaMH Pi3HHX KJIacTepiB. 3arporoHOBa-
HO TOCTAHOBKM I MaTeMaTH4HiI MOJENI TpbhoX pi3Hux NP-ckiagnux 3amau Garato-
BUMIpHOI KJ1acTepu3anii B ymoBax fuzzy-naHux, s po3B’si3aHHS SIKMX MOXe OyTH
BUKOPUCTAHUI OyAb-SKUil 3 PO3MISIHYTHX KpUTEpiiB onTumanbHOCTi. Po3pobieHo
EBPUCTHYHI AIITOPUTMH HAaOJIIKEHOTO PO3B’ 3Ky IBOX C(OPMYIbOBAaHUX 3aaad. AJ-
TOPUTM PpO3B’A3aHHS TEPILIOi 33Jadi MPOULTIOCTPOBAHO HA YUCIOBOMY MPHKIAIIL.
OTpumMaHi pe3yabTaTH MOXYTh CTaTH HAMPSIMOM ITOAANBLIMX JOCTIIKEHb 1 3HAWTH
MINPOKE TIPAKTHYHE 3aCTOCYBAHHS.

KurouoBi ciioBa: kiactepHuii anaii3, 6aratoBuMipHi (yHKLIT HalI€KHOCTI, IEHTPO-
imu fuzzy-MHOXHH 00’€KTIB 1 KJIacTepiB, IEHTPU Bard i CEpeANHU MEPETUHIB HEUIT-
KHX MHOXXHH, KpUTEPii ONTUMAaIBHOCTI Ta alTOPUTMH KJIaCTEpU3allii.

CLUSTER ANALYSIS FOR MULTIDIMENSIONAL OBJECTS IN FUZZY DATA
CONDITIONS / Yu.A. Zack

Abstract. This article presents many different areas of practical applications of mul-
tivariate cluster analysis under conditions of fuzzy initial data that are described in
the literature. New algorithms and formula expressions are proposed for combining
various multi-dimensional objects, the parameters of which are given by fuzzy-sets,
into clusters along with calculating the coordinates of the centroids of their member-
ship functions. Various types of clustering criteria are formulated in the form of
minimizing the weighted average and the sum of distances between the centroids of
objects and clusters presented in different metrics, as well as maximizing the dis-
tances between the centroids of different clusters. The formulations and mathemati-
cal models of three different NP-hard problems of multidimensional clustering in
fuzzy-data conditions are proposed; while solving them any of the considered opti-
mality criteria can be used. Heuristic algorithms for the approximate solution of two
formulated problems have been developed. The algorithm for solving the 1st prob-
lem is illustrated with a numerical example. The obtained results can serve as a di-
rection for further research and have wide practical applications.

Keywords: cluster analysis, multidimensional membership functions, centroids of
fuzzy-sets of objects and clusters, centers of gravity and mid-sections of fuzzy sets,
optimality criteria and clustering algorithms.
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INVESTIGATION OF COMPUTATIONAL INTELLIGENCE
METHODS IN FORECASTING
PROBLEMS AT STOCK EXCHANGES

Yu. ZAYCHENKO, G. HAMIDOYV, A. GASANOV

Abstract. In this paper, the forecasting problem of share prices at the New York
Stock Exchange (NYSE) was considered and investigated. For its solution the alter-
native methods of computational intelligence were suggested and investigated:
LSTM networks, GRU, simple recurrent neural networks (RNN) and Group Method
of Data Handling (GMDH). The experimental investigations of intelligent methods
for the problem of CISCO share prices were carried out and the efficiency of fore-
casting methods was estimated and compared. It was established that method
GMDH had the best forecasting accuracy compared to other methods in the problem
of share prices forecasting.

Keywords: share prices forecasting, LSTM, GRU, RNN, GMDH.

INTRODUCTION

The problem of share prices and market indicators forecasting attracts great atten-
tion from the specialists and financial managers. Traditionally for this problem
statistical methods, ARMA, ARIMA, exponential smoothing method, Kalman
filters and other methods were used.

But these methods have some drawbacks and based on assumptions which
usually don’t fulfill in practice: financial processes are non-stationary, and non-
linear by parameters, errors are correlated and may haven’t zero mean and
bounded variance.

Therefore last years for forecasting financial processes at stock exchanges
intelligent methods are widely used. One class of such methods are recurrent neu-
ral networks (RNN) [1-7]. They enable to detect hidden dependences in data and
perform long-term forecast of time series.

Now this class of RNN includes simple recurrent networks, LSTM and GRU
[1-10]. As alternative intelligent method GMDH from the other side is also
widely used for forecasting share prices at stock exchanges [11; 12] and other
financial processes. GMDH has some advantages over other forecasting methods:
1) it enables to construct structure of forecasting model using experimental sam-
ple and find analytical models; 2) it may work with short samples.

It’s interesting to compare these alternative methods at solution of practical
forecasting problems. The goal of this paper is to investigate recurrent networks

© Yu. Zaychenko, G. Hamidov, A. Gasanov, 2021
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and method GMDH at forecasting of share prices, compare their efficiency and
find the best method for this class of problem.

LSTM AND GRU MODELS DESCRIPTION

Networks of Long Short Term Memory (LSTM) were developed by “LSTM”,
Hochreiter and Schmidhuber [1; 2] LSTM — is a special type of RNN, capable to
train long-term dependencies. They work well for the most problems and are con-
structed so that to exclude problems which usually occur with deep learning net-
works. LSTM enable to prevent problem of decay or explosion of gradient when
training using Back Propagation algorithm.

The architecture of LSTM is presented in the Fig. 1. It has chains type
structure consisting of sequence of modules (blocks).

D ) ()
t t

Fig. 1. The architecture of LSTM network

LSTM has capability to add or delete information which is regulated by
@ special modules — gates (Fig 2). Gate consists of sigmoidal layer
(o) and operation of pointwise multiplication.
Another RNN Gated Recurrent Unit (GRU) somewhat differs
i from LSTM. It integrates input and forgetting gates in one “update
gate”.

A model GRU is therefore is more simple than conventional

LSTM (see Fig. 3) and it has won popularity and wide applications
owing to this property:

Fig. 2. Gate

Iy
s ¢\T,
A Zr = G(Wza[ht—laxt ]) 5
= n =W [h_1,x]);
Tt Z¢ ht
(o] [o] [tanh] hy = tanh (W, [1;h,_y, X, ]
x hy=(—-z)h_ +z,h].
il J
Ty

Fig. 3. Structure of GRU
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Extended LSTM with forgetting gate. The extended LSTM is also two-
layer recurrent network (Fig. 4.) Instead of hidden neuron a memory module is
used which consists of one or more cells (Fig. 5). Forgetting gate is used to pre-
vent uncontrolled increase of variable value in a memory cell.

L

¢
| Out | N
. - H\
S
"'___"x_x ..-';’f';:i::’_-_____ \\ ‘~ |
; / — ) |
/ Memory — 'Dulput Gate .‘\ / /
| — e .-"

I," Block — \
| with \ Fnrget Galz </

I".I Cell [npul Gate 4?/

Fig. 4. LSTM with forgetting gate

Training of the extended LSTM with forgetting gate is performed by error
correction method (supervised learning) in combination of Back Propagation al-
gorithm (BPTT) and recurrent training in real time (RTRL).

N

output gating hy°" _@ Woit
output squashing  4(s.) out gate
— ¢ in Yy K _:—/_
Sc= Sy tgy @ . -_—y
memorizing and forgetting _—
forget gate
. . in Yy " -
input gating gy —@ =—
-&1\
input squashing  g(net,) \_{D input gate

/N

Fig. 5. Memory cell structure
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Let’s mark advantages of LSTM networks.

1. LSTM is universal approximator like BP networks. It may ensure global
approximation of non-linear mapping of input signal into output.

2. It performs high quality generalization of input data.

3. Automatically is determined number of hidden layers (one).

4. Unlike static ANN, LSTM enables to perform adaptive filtration, fore-
casting, adaptive control, parametric models identification and classification of
non-stationary signals.

5. Unlike simple RNN (ENN, JNN, NARNN i NARMANN) LSTM enable
to work with long-term non-stationary sequences (time series).

But LSTM have also the following drawbacks.

1. Training process runs more slowly than in cases of MLP, RBFNN, PNN,
Hamming RNN, Kohonen networks.

2. Automatic determination of number of neurons (memory blocks) in hid-
den layers and number of cells in each block is absent.

3. The model of training LSTM can’t be transformed to the quadratic pro-
gramming problem in convex region which has one optimal solution.

EXPERIMENTAL INVESTIGATIONS

The goal of investigations was to estimate accuracy of share prices forecasting by
LSTM networks, find the best structure of recurrent networks LSTM, GRU and
simple RNN and compare their efficiency with method of self-organization
GMDH.

As input data share prices of CISCO at the stock exchange NYSE since 2006
till 2018 were taken. In the Table 1 daily data is presented including the fields:
Open — value of open share price of current day; High — maximal daily price
value; Low — minimal daily price; Close — close price value of current day;
Volume — sell volume value. As forecasting data was taken the field “High”.

Table 1.CISCO share prices dynamics (fragment of input sample)

Date Open High Low Close Volume Name
2006-01-03 17,21 17,49 17,18 17,45 55432166 CSco
2006-01-04 17,48 17,93 17,85 17,85 80409776 CSco
2006-01-05 17,94 18,48 17,93 18,35 | 118588943 | CSCO
2006-01-06 18,51 18,88 18,47 18,77 | 122450979 | CSCO
2006-01-09 18,97 19,11 18,92 19,06 78604868 CSco

As a training sample was taken data since 2006 till the end of 2016 year and
a test sample the data since 2017 till 2018 year was taken. Total size of the sample
was 3019 values. The flow chart of data (share prices) is presented in the Fig. 6,
where training sample is shown in blue color while test sample — in red color.

The next step of the program run is data normalization. After that the train-
ing of neural networks is performed.

At the end of software work the flow charts of real and forecasted stock
prices, error value and accuracy of the model were determined which are pre-
sented in Fig. 7-19. For LSTM were constructed and investigated 5 models. The
forecasting results and criteria values MSE, MAE and R2 score for LSTM 1-5 are
shown in the Fig. 7-11 correspondingly.
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CISCO Stock price
40 1 — Training set (Before 2017)
35 | 2 — Testset (2017 and beyond)
30
25
20
15
2006 2008 2010 2012 2014 2016 2018
Date

Fig. 6. Flow chart of share prices of the whole sample
Stock Price Prediction

1 — Real Stock Price
38 2 — Predicted Stock Price

Stock Price
b
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Time

The root mean squared error is 1.3933578366888492.

The MSE is 1.9414438316881018

The MAE is 1.2787975396308883

The R2_Score is 0.5636301894839855

The MAPE is 3.762936647492285

Fig. 7. LSTM-1
(LSTM-1 has 4 layers, each of which consists of 100 neurons, at each eve n
layer Dropout — 0,2; uneven Dropout — 0,3)
Stock Price Prediction

I — Real Stock Price
38 |2 — Predicted Stock Price

Stock Price
b4

0 50 100 Time 10 200 250

The root mean squared error is 1.3656804117341448.
The MSE is 1.8656829869943435

The MAE is 1.2437846365392922

The R2_Score is 8.5887934814556541

The MAPE is 3.669455968482853

Fig. 8. LSTM-2

(LSTM-2 has 4 layers, each layer consists of 50 neurons and Dropout is 0,4
at all layers)
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Stock Price

32

Stock Price Prediction

| — Real Stock Price
2 — Predicted Stock Price

0 50 100 150 200 250
Time
The root mean squared error is 6.9392288028778943.
The MSE is 0.8821587441554426
The MAE is 8.6915186432181433
The R2_Score is 0.8617228483363791
The MAPE is 1.9872419136689634

Fig. 9. LSTM-3

(LSTM-3 model has 4 layers, each of which has 30 neurons and Dropout
— 0,1 at each layer)
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1 — Real Stock Price
38 | 2 — Predicted Stock Price

36
34
32
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28
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Time
The root mean squared error is 0.6851362567918817.
The MSE is 0.4694116963706816
The MAE is 0.5497786894853264
The R2_Score is 0.8944923942492673
The MAPE is 1.6779161468172838

Fig. 10. LSTM-4

(This model has 4 layers, each of which has 30 neurons and Dropout — 0,2
at each layer)
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Stock Price Prediction

1 — Real Stock Price 1
38 | 2 — Predicted Stock Price \
W 36
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S
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32
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Time

The root mean squared error is 6.6495048583547691.
The MSE is 8.42185552181923747

The MAE is 0.4552895151571448

The R2_Score is 0.985181385566364

The MAPE is 1.3343542934218122

Fig. 11. LSTM-5 (the best one)

(This model has 5 layers, each of which has 50 neurons and Dropout — 0,4
at each layer)

As it follows from presented results the best one is model 5 LSTM which
consists of 5 LSTM layers, each layer has 50 neurons and each layer uses Dropout
— 0,4) and one output layer. Training time takes about 11 minutes.

At the second stage of investigations 5 different GRU models were con-
structed and investigated. The forecasting results are presented in the Fig. 12—-16.
The criteria values — MSE, MAE, MAPE, R2 are also presented.

Stock Price Prediction

1 — Real Stock Price
3g | 2 — Predicted Stock Price

Stock Price

32

0 50 100 150 200 250
Time
The root mean squared error is 0.92623765988608856 .
The MSE is ©.8579162611892716
The MAE is 0.708614068899314852
The R2_Score is 0.867169946223738
The MAPE is 2.8611484261833535

Fig. 12. GRU-1

(This model has 5 layers, each of which has 50 neurons and Dropout — 0,4 at
each layer)
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Stock Price Prediction

| — Real Stock Price
3g |2 — Predicted Stock Price

Stock Price
b

32

] 50 100 150 200 250
Time

The root mean squared error is 1.8282586133250005.

The MSE is 1.8573157758770528

The MAE is 0.8442865678382759

The R2_Score is 0.7623517728175077

The MAPE is 2.48163666434782

Fig. 13. GRU-2

(This model has 4 layers, each hash of which has 100 neurons and Dropout —
0,4 at each layer)

Stock Price Prediction

1 — Real Stock Price
3g | 2 — Predicted Stock Price

Stock Price

32

0 50 100 150 200 250
Time

The root mean squared error is 1.192612444843173.

The MSE is 1.4223244435948161

The MAE is 6.9763879158858417

The R2_Score is 6.6863183763222991

The MAPE is 2.841359595877174

Fig. 14. GRU-3

(This model has 5 layers, each of which has 60 neurons and Dropout — 0,2
at each layer)
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Stock Price Prediction
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3g | 2 — Predicted Stock Price
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The root mean squared error is 0.9958534566875114.
The MSE is 8.9917241671964651

The MAE is ©.7934728417263563

The R2_Score is 0.7778945243544862

The MAPE is 2.326249686133111

Fig. 15. GRU-4

(This model has 4 layers, each layer consists of 80 neurons and Dropout —
0,5 at each layer)

Stock Price Prediction

1 — Real Stock Price
3g | 2 — Predicted Stock Price

Stock Price

32
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Time
The root mean squared error is 6.81951382792680884.
The MSE is 8.6716016029319317
The MAE is 6.6898577865661378
The R2_Score is 8.8498470548618269
The MAPE is 1.7913869698836365

Fig. 16. GRU-5

(This model has 4 layers, each of which consists of 120 neurons with Drop-
out — 0,2 at each layer)

As it follows the best one is the 5-th network which consists of 4 GRU layers
(each layer has 120 neurons with Dropout 0,2 at each layer) and one output layer.
As training algorithm was used Stochastic Gradient Descent (SGD). Training time
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was approximately 9 minutes. For conventional recurrent neural networks (RNN)
three models were constructed, forecasting results and criteria values are pre-
sented below in the Fig. 17-19.

Stock Price Prediction

1 — Real Stock Price

33 | 2 — Predicted Stock Price
o 36
]
I
a
~
g M
=
A

32

30

0 50 100 150 200 250
Time

The root mean squared error is 1.3598444216911991.
The MSE is 1.8491768512846718

The MAE is 8.9394346959687478

The R2_Score is 0.5843686337978668

The MAPE is 2.678376617454158

Fig. 17. Simple RNN-1
(This model has 4 layers, each layer has 50 neurons with Dropout — 0,15 at
each layer)

Stock Price Prediction

1 — Real Stock Price
33 |2 — Predicted Stock Price
a 36
=
I
o
Y,
g M
=
73]
32
30
0 50 100 150 200 250
Time

The root mean squared error is 1.128834789285415.
The MSE is 1.2562706248724864

The MAE is 6.7718656559674388

The R2_Score is 8.7176335644715632

The MAPE is 2.227858288726687

Fig. 18. Simple RNN-2

(This model has 4 layers, each layer has 100 neurons with Dropout — 0,3 at
each layer)
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Stock Price Prediction

[ — Real Stock Price

35 | 2 — Predicted Stock Price
@ 36
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32
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Time

The root mean squared error is 8.7678696868625368.
The MSE is 6.5883959632760695

The MAE is 0.5369296562529181

The R2_Score is 0.8677488348464224

The MAPE is 1.550921348443134

Fig. 19. Simple RNN-3

(This model has 4 layers, each layer has 60 neurons with Dropout — 0,2 at
each layer)

The best RNN model appeared to be the last one which consists of 4 layers
with 60 neurons and one output layer. Each layer uses Dropout — 0,2. As a train-
ing algorithm was used Adam. Training time is about 8 minutes.

At the next experiments algorithm GMDH was used. Two models were con-
structed, trained and investigated. The forecasting results and criteria values for
models are presented in the Fig. 20, 21.

Stock Price Prediction

1 — Real Stock Price
38 |2 predicted Stock Price
3 36
‘=
o
S 34
o
+—
n
32
30
0 50 100 150 200 250
Time

The root mean squared error is 08.5853921554819186.
The MSE is 0.25542123674179707

The MAE is 0.3613253517353678

The R2_Score 1s 0.94259009688172863

The MAPE is 1.85461391841376

Fig. 20. GMDH-1
(This model differs from the other by the window size was of 60 points).
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Stock Price Prediction

1 — Real Stock Price
2 — Predicted Stock Price

Stock Price
A S

Q
w0

0.8

0 50 100 150 200 250
Time
The root mean squared error is 0.01913318487547485.
The MSE is 0.00036607876363216503
The MAE is 0.0124975643606456
The RZ Score is 0.9666510850343344
The MAPE is 1.2815532223615%728

Fig. 21. GMDH-2

The second model GMDH turned out to be better than the first one, it has the
higher accuracy and less error. The window size for this model was 30 points,
freedom choice value is 7, regularization parameter L2 — 0,5. Training time was
about 6 minutes.

In the next experiment the comparison of the best models of different classes
was performed. Firstly the error change versus number of epochs was compared
for different models. The results are presented in the Fig. 22, 23.

LSTM GRU
0,035 0,12
0,03 01
0,025 \ —L5T™ 0,08 \ —GRU

0,02 \
\ 0,06
0,015 \ \
0,01 0,04 \
0,005 \ 0,02

12345678 91011121314151617181920

12345678 5101112131415 1617 1819 20
RNN
0,35

0,3

\ — RNN
0,25
0,2 \\
0,15 \
0,1
0,05 \k

123 4567 8 951011121314151617181920

Fig. 22. MAPE value versus number of epochs for all models
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0,35

0,3

0,25 \\
0,2 \ — STV

0,15 ——GRU

’0’1 \ e RN M
0,05 \ \

123 4567 8910111212141516171819 20

Fig. 23. Error values (MSE) dependence on epochs number for the best models
In the table 2 the results of training the best models are presented.

Table 2. Forecasting results for the best models at the test sample

Methods
Models s .
RMSE MSE MAE |R2 Score| MAPE | Training Time
LSTM 0,649 0,421 0,455 90,5% 1,33 11 min
GRU 0,819 0,671 0,609 84,9% 1,79 9 min
Simple RNN | 0,767 0,588 0,536 86,7% 1,55 8 min
GMDH 0,0191 0,0003 0,012 96,6% 1,28 6 min

As it follows from the presented results the best one is method GMDH by all
criteria. Besides it takes the least time for training. The second one is LSTM net-
work and the worst forecasting results were shown by GRU and simple RNN.

CONCLUSIONS

In this paper investigations of different types of recurrent networks LSTM, GRU,
simple RNN and GMDH in the forecasting problem at stock exchange NYSE
were carried out.

For each class of RNN several structures were investigated and the best
structure was selected.

The forecasting efficiency and training time of different recurrent networks
and GMDH were estimated and compared.

After experimental investigations it was determined that the best forecasting
accuracy by different criteria has method GMDH, besides it took the least training
time.

REFERENCE

1. S. Hochreiter and J. Schmidhuber, “LONG SHORT-TERM MEMORY”, Neural
Computation, no. 9, pp. 1735-1780, 1997.

2. Josef Hochreiter, DIPLOMARBEIT IM FACH INFORMATIK. Untersuchungen zu
dynamischen neuronalen Netzen. Munchen, Germany: Technische Universi at
Munchen, 1991, 74 p.

3. J.J. Hopfield, “Neural networks and physical systems with emergent collective
computational abilities”, Proc. of the National Academy of Sciences USA, vol. 79,
pp. 2554-2558, 1982.

Cucmemni docniodicenns ma ingopmayivini mexronoeii, 2021, Ne 2 47



Yu. Zaychenko, G. Hamidov, A. Gasanov

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Y. Cheung, “A new recurrent radial basis function network”, Neural Information
Proceeding, ICONIP’02, vol. 2, pp. 1032-1036, 2002.

. V. Baier, “Motion Perception with Recurrent Self-Organizing Maps Based Models”,

Proc. of IJCNN’05, Monreal, Canada, 2005, July 31-Aug. 4, pp. 1182—-1186.

Y.-P. Chen and J.-S.Wang, “A Novel Neural Network with Minimal Representation
for Dynamic System Identification”, Proceeding of IJCNN'04, Budapest, 2004,
pp- 849-854.

Y. Bengio, P. Siamard, and P. Frasconi, Learning Long-Term Dependencies With
Gradient Descent is Difficult, 1994.

S. Preeti, R. Bala, and R. Singh, “Financial and Non-Stationary Time Series Fore-
casting using LSTM Recurrent Neural Network for Short and Long Horizon”, 10th
International Conference on Computing, Communication and Networking Technolo-
gies (ICCCNT).

T. Fischer and C. Krauss, “Deep Learning with Long Short-Term Memory Networks
for Financial Market Predictions”, European Journal of Operational Research, no.
270, p. 654-669, 2018.

W. Wei and P. Li, “Multi-Channel LSTM with Different Time Scales for Foreign
Exchange Rate Prediction”, Proceedings of the international conference on Ad-
vanced Information Science and System, 2019.

Yu. P. Zaychenko, Fundamentals of Intelligent systems design, (in Ukrainian). Kiev:
Publ. house “Slovo”, 2004, 352 p.

M. Zgurovsky and Yu. Zaychenko, Fundamentals of computational intelligence-
System approach. Springer, 2016, 275 p.

S. Nikolenko, A. Kadurin, and E. Arhangelskaya, Deep learning. Involving into the
world of neural networks, (in Russian). Saint- Petersburg: “Peter”, 2018, 480 p.

S. Heyken, Neural networks, Full course, (in Russian). Moscow: Publ. House “Wil-
liams”, 2006, 1104 p.

S. Osovsky, Neural networks for information processing, (in Russian). Moscow: Fi-
nance and Statistics, 2002, 344 p.

Recurrent neural networks. [Online]. Available: https:/neerc.ifmo.ru/wiki/index.
php?title=PexyppeHTHbIC HEHpOHHBIE CETH

Understanding LSTM Networks. [Online]. Available: https://colah.github.io/posts/
2015-08-Understanding-LSTMs/

O.M. Riznyk, “Dynamic recurrent neural networks”, (in Ukrainian), Mathematical
machines and systems, no. 3, pp. 3-26, 2009.

F.M. Gafarov and A.F. Galimyanov, Artificial neural netwoorks and their applica-
tions, (in Russian). Kazan: printed in Kazan University, 2018.

F. Gers and J. Schmidhuber, Recurrent nets that time and count, 2000.

K. Yao et al., Depth-Gated Recurrent Neural Networks, 2015, 5 p.

J.Koutn'ik, K. Greff, F. Gomez, and F. Schmidhuber, 4 Clockwork RNN. Switzer-
land, 2014, 9 p.

R. Jozefowicz, W. Zaremba, and 1. Sutskever, An Empirical Exploration of Recur-
rent Network Architectures, 2015, 9 p.

Received 21.04.2021

INFORMATION ON THE ARTICLE

Yuriy P. Zaychenko, ORCID: 0000-0001-9662-3269, Educational and Scientific
Complex “Institute for Applied System Analysis” of the National Technical
University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, Ukraine, e-mail:
zaychenkoyuri@ukr.net

48

ISSN 1681-6048 System Research & Information Technologies, 2021, Ne 2



Investigation of computational intelligence methods in forecasting problems at stock exchanges

Galib Hamidov, “Azershig”, Azerbaijan, e-mail: galib.hamidov@gmail.com

Aydin Gasanov, ORCID: 0000-0002-5821-0751, Dragomanov National Pedagogical
University, Ukraine, e-mail: 067793763 1@ukr.net

JOCIIAKEHHSI METOAIB OBUNCJ/IIOBAJIBHOI'O IHTEJIEKTY ¥ ITPOBJIEMI
IMPOTHO3YBAHHS HA PHUHKAX MHNIHHUX ITAIIEPIB / IO.II. 3aituenko,
I'. T'aminos., A. T'acaHoB.

AHoTanisg. Po3rimsinyTo mpo0ieMy NIpOrHO3yBaHHS KypCiB akLiif Ha PHHKY
uingnx nanepie NYSE. Jlng i BupilleHHsS 3alpoIOHOBAaHO Ta JIOCHTIIKEHO
IBTEPHATUBHI METOAM OOYMCIIOBaJIbHOrO iHTenekty: Mepexxi LSTM, rpadiuni
pexypenthi Moayiai (GRU), mpocti pekypeHTHI Mepexi i MeToJ rpynoBOro ypaxy-
BauHs aprymeHTiB (MI'VA). TIpoBeneHO eKCriepuMeHTabHI JOCITiPKSHHsI IHTeneK-
TyaJbHUX METOMIB B IMpoOJeMi MPOTHO3yBAaHHS ILiH aKIiil i MOPIBHAIbHY OLIHKY
e(EKTHBHOCTI ANbTEPHATUBHUX METOIIB IPOTHO3YBaHHA. 3’SICOBAHO, IO METOJ
MI'Y A 3abe3neuye HalBHUIy TOYHICTD B PO3TILIHYTiH POOGIeMi IPOrHO3yBaHHS IiH
aKIIiN.

KiwuoBi cioBa: mporHo3yBaHHS WLiH akmiif, pexkypentHi mepexxi LSTM, GRU,
RNN, MI'VA.

HUCCIEJOBAHUE METOJOB BBIUUCJJUTEJBHOI'O HUHTEJJIEKTA
B NIPOBJIEME IPOTHO3UPOBAHUMS HA PBIHKAX IEHHBIX BYMATI /
O I1. aituenko, I'. 'amugos, A. 'acanos.

AHHOTanus. PaccMoTpeHa mpoOiieMa MPOrHO3MPOBAaHUS KypCOB aKLUi Ha pPBIHKE
neHHbIx Oymar NYSE. [lnsg ee pemeHus mpeagoKeHbl M UCCIEeI0BaHBI albTep-
HaTHBHBIE METOJb! BBIYUCIHUTEIBHOTO MHTEIeKTa: cetn LSTM, rpaduueckue pe-
kyppertabie Mogynu (GRU), mpocTsle peKyppeHTHBIC CETH M METO[ TPYIIIOBOTO
yuyeta aprymeHToB (MI'YA). [IpoBeneHbl SKCIEPUMEHTATbHBIC HCCICIOBAHMS
MHTEJUIEKTYAJILHBIX METOJOB B IPOOJIEMe IIPOrHO3UPOBAHUS LIEH aKIUH M CPaBHU-
TelbHas OLEHKa 3(Q{EKTUBHOCTH aJIbTePHATHBHBIXMETOAOB IIPOrHO3HMPOBAHHSL.
Ycranosneno, 4yto meroq MI'YA obGecrnieunBaer Hanbosnee BBICOKYIO TOYHOCTH
B PACCMOTPEHHO MpobieMe MPOrHO3UPOBAHUS LICH AKITHIA.

KiroueBble ci10Ba: NporHo3upoBaHHe LieH akuuil, pexyppeHTtHole cetu LSTM,
GRU, RNN, MI'VA.
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DEVELOPING AN ALGORITHM FOR RAPID ASSESSMENT
OF LIVING STANDARDS AND QUALITY OF LIFE
OF THE POPULATION IN THE REGION

M.A. LESNICHAYA, O.A. KOLCHINA, E.V. PAHOMOV

Abstract. The article presents the rapid assessment methodology that allows analysts
to carry out qualitative monitoring of the living standards of the population using a
wide range of methods for statistics processing (factor analysis, cluster analysis, dis-
criminant analysis, method of combining indicators of different dimensions). This
methodology is characterized by the high speed of mathematical calculations, avail-
ability to users with different skill levels and universal applicability to various study
objects. The rapid assessment method is intended for screening the living standards of
the population and activity quality of the territorial authorities, taking into account a
different set of indicators. This article offers the author’s indicator system for assessing
the living standards and quality of life of the population. The methodology algorithm
describes flowcharts of the index method for combining statistical observations of dif-
ferent dimensions, which make it possible to automate the process of territory ranking.
The study covers 12 urban districts and 43 municipal districts of Rostov Oblast. The
methodology described in the article will help eliminate a subjective factor while
monitoring, rationally distribute financial resources allocated annually by the authori-
ties to support programs for socio-economic development of the territory, increase the
economic efficiency and implementation speed of innovative projects that have a direct
impact on the living standards and quality of life of the population.

Keywords: living standards, variable reduction, clustering, discriminant analysis,
ranking.

INTRODUCTION

According to the Strategy of Spatial Development of the Russian Federation for
the period up to 2025 (approved by the Order of the Government of the Russian
Federation dated February 13, 2019 No. 207-p), the priority development trend is
to ensure the sustainable and balanced spatial development of the Russian Federa-
tion aimed at reducing interregional differences in the living standards and quality
of life of the population, accelerating economic growth and technological devel-
opment, and ensuring the national security of the country. In order to achieve this
goal, the authorities need to direct their management measures at the solution of
long-standing and most urgent problems connected with social inequality and
high levels of poverty. A real decrease in these indicators is the main criterion for
socio-economic progress of the Russian Federation and its subjects.

In this regard, it becomes necessary to develop and implement a scien-
tifically grounded concept of improving the living standards and quality of life.
This concept, first of all, should be based on an effective system of mathematical
assessment methods, allowing to form an information and analytical platform for
supporting the management decisions based on various data sources. This article
tries to achieve the objective by developing a universal algorithm for rapid

© M.A. Lesnichaya, O.A. Kolchina, E.V. Pahomov, 2021
50 ISSN 1681-6048 System Research & Information Technologies, 2021, Ne 2



Developing an algorithm for rapid assessment of living standards and quality of life ...

assessment intended to screen the living standards of the population and quality of
the territorial authorities’ activities, taking into account a different set of
indicators and system analysis methods. 12 urban districts and 43 municipal dis-
tricts of Rostov Oblast were selected as a study object, because Rostov Oblast has
implemented a successful practice of “Building a regional poverty profile” aimed
at identifying poor citizens (the practice was supported by Lipetsk Oblast, the Re-
public of Sakha, Novgorod Oblast) [https://smarteka.com/practices/ vyavlenie-
maloimusih-grazdan-s-maksimal-nojdekompoziciej-harakteristik-maloimusih. ].
The proposed rapid assessment method will enhance this service prospects
accumulating the data not only by category of poor citizens, but also on a number
of key indicators (investments, level of consumption possibilities, level of digi-
talization, number of middle class representatives, etc.) influencing on increasing
the living standards and quality of life of the population.

BLOCK DIAGRAM OF RAPID ASSESSMENT OF THE LIVING STANDARDS
AND QUALITY OF LIFE OF THE POPULATION

Modern methods for assessing the living standards of the population refer to the
complex systems which are difficult to be formalized. They are mainly based on
an expert approach, inaccurate description and measurement errors. These all
significantly distort the study results. The developed method for rapid assessment
has a number of advantages, because it accumulates various system analysis
methods complementing each other and allowing to avoid the data assessment
subjectivity. In the context of global digitalization this method provides a
decision-maker with an objective information base for the implementation of
strategic decisions in a short period of time.

FORMATION OF INDICATOR SYSTEM

The first stage of rapid assessment deals with development of an indicator system
based on collection, systematization, analysis of quantitative and qualitative in-
formation at the level of empirical indicators. The indicator system should be as
complete as possible, taking into account all input and output elements to avoid
distortion in the relationships between the model parameters. As data processing
is carried out in the information system with a complex of system analysis meth-
ods, the number of data can be maximum, because the obtained results will be
interpreted in an easier way and errors will be minimal. Due to the fact that many
factors influence on the living standards and quality of life of the population, and
depending on a time lag, some of them may have a random nature, it is more ap-
propriate to consider this impact through stochastic processes, which will reveal a
trend in the assessment indicators.

When forming an author’s indicator system of the living standards and qual-
ity of life in the municipalities of Rostov Oblast, the work of N.V. Zubarevich
(Faculty of Geography, Moscow State University) “Assessment of the quality of
life index” was used, the analysis of the methodology of the British research cen-
ter The Economist Intelligence Unit (analysis division of The Economist), The
Legatum Prosperity Index (LPI) and the City Development Index (CDI) [N.V.
Zubarevich 2019] were also taken into account. The analyzed methods and indi-
ces have their indisputable advantages. However, they have a major disadvantage,
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namely, they have no indicators reflecting the development and implementation
level of digital technologies, which have a significant impact on the living stan-
dards and quality of life of the population (Fig. 1). During the pandemic, these are
digital technologies that made it possible for people to continue working,
communicate with their loved ones and provide themselves with essential goods.
The digital technologies allowed people who have temporarily lost their jobs to
learn the skills of remote work and new professions, allowed small businesses to
increase their profits by using online platforms with an unlimited number of con-
sumers, etc. The proposed indicator system meets modern realities and new

challenges. The author’s indicator system is presented in Table 1.

Stage 1 [ Input of initial data |

No Development of the author's system of

Using the existing scorecard .
indicators

|
|
|
| v
I
I

Construction of regression equations characterizing the dependence of the levels of the series on the time
variable by the method of analytical alignment

Stage2 | Normalization of indicators using the Z-matrix of factor analysis |
V¥ Yes
[ Reducing the number of variables (data reduction) using the method of factor analysis |
¥ Yes
Determination of the structure of relationships between variables, identification of latent indicators and the
degree of influence of variables on the object of research by the method of principal components (factor
analysis)

Classification of territorial entities according to the standard of living of the population, using
agglomerative and iterative methods of cluster analysis

No No No

Stage 3 | . Assessment of the quality of classification by the method of discriminant analysis |
Yes Yes Yes Yes

Territories with ai
average standard of
living

Areas with a low

high standard of standard of living

living

<>

Ranking of territorial entities by the standard of living of the population Iq-

ON

Fig. 1. Algorithm for the author’s assessment of the living standards and quality of life of

the population
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Table 1. The author’s indicator system for assessing the living standards and
quality of life of the population

Income of the population Human potential

Average monthly salary of one employee.
Unequal degree in distribution of income Number of the young adults.
of the population. Education level.

Poverty level of the population. Life expectancy.
Consumption possibilities of the population. | Air pollutant emissions
Savings rate

Socio-economic indicators in the territory Digitalization

Number of legal and other persons, who
Migration inflow (+), migration outflow (-). | have a key of an enhanced qualified

Local budget surplus (+), local budget electronic signature.

deficit (-). Rendering of public and municipal

Crime rate. services through Multifunctional Public

Level of registered unemployment. Services Centers (MPSCs).

Investment amount Proportion of the population using the
Internet

For a deeper analysis of statistical data, the rapid assessment methods
accumulate indicators over several years to build up time series using the
analytic method of fitting constants, as the change in levels of time series is
expressed by certain mathematical functions and the rules are set in such a
way that the series value is predicted quite accurately. This improves the
quality of the study results.

GROUPING OF VARIABLES AND CLASSIFICATION OF THE STUDY
OBJECTS

Grouping the diverse data into homogeneous populations classified according to
the certain rules, taking into account their characteristic features. The first stage of
assessment involves the developing an indicator system and identifying depend-
encies between the indicators. As many elements, which give a complete picture
of the study object, influence on the living standards and quality of life of the
population, they must be aggregated into groups of indicators which will strongly
correlate with each other. In order to achieve our objective, the second stage of
assessment involves the factor analysis, which is a set of sequential actions aimed
at accumulating indicators that form a set, called factors. The factor analysis is
used to minimize the number of independent values, detect correlation signs and
latent (hidden) indicators, and allows to normalize the data, that is necessary for
further research. The factor analysis put variables into a linear set of F-factors
with minimum errors for the best representation of X :

P
X;=2ayFg+U;,
k=1
where Fy, k=1,2,... are latent indicators, p are common factors, a; values are
called factor loadings, and U o J= 1,2,...m, are specific factors.
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The object for transformation in factor analysis is a variance-covariance ma-
trix, consisting of X data array. The result of these data compression is a reduced
correlation matrix, i.e. the matrix is decreased in dimension, but not the data [Ful-
vio Castellacci 2018, J. Langford 2005]. The factor analysis conducted by the
principal component method will result in the cumulative variance presented in
Table 2 and in the rotated component matrix obtained by rotation method: Vari-
max rotation with Kaiser normalization shown in Table 3.

To implement the principal component analysis, it is necessary to normalize
the indicators upon standard deviations. The Z matrix based on the initial data is
defined as follows:

where Sj is a standard deviation, j=1,2,....m; i=1,2,...,n, X; is an average

value of the j-th feature to normalize the indicators is necessary for the further
research.

Table 2. Explained variance

e v . Extraction sums Rotation sums
Initial eigenvalues . .
of squared loadings of squared loadings
Total Variance,Cumula- Total Variance,| Cumula- Total Variance, Cumula-
% tive, % % tive, % % tive, %

4241 | 41375 | 47,124 | 4241 | 41,375 | 47,124 [3,658 | 40,642 | 40,642
1,975 | 15,579 | 69,066 | 1,975 | 15,579 | 69,066 |2,146| 23,849 | 64,492
1,559 | 12,357 | 86,393 | 1,559 | 12,357 | 86,393 | 1,971 21,901 | 86,393
1,452 | 11,464 | 75,856 | 1,379 | 11,464 | 75,856 | 1,379 | 19,257 | 75,856
0,852 | 9,464 | 55856

o|w|&| Wiy —| Component

999 299 999 299 295 999 999 295 999

The values exceeding one indicate that highly correlated indicators are
classified upon four factors (indicators of the total variance F1 “Population in-
come” — 41,375%, F2 “Socio-economic indicators” — 15,579%, F3 “Human
potential” — 12,357%, F4 “Digitalization” — 11,464%).

The factor analysis results (the rotated Z matrix generated by rotation
method: Varimax rotation with Kaiser normalization) are shown in Table 2,
which confirms that the indicators are classified upon four factors.

Table 3. Results of rotated matrix (generated by rotation method: Varimax
rotation with Kaiser normalization)

. Factor
Coefficient name Fi 2 3 ¥4
Poverty level of the population (VAR00003) 0,851 0,093 0,351 0,258
Unemployment rate (VARO00009) 0,063 0,728 0,289 0,059
Level of education (VAR00012) -0,133 | 0,041 0,909 | 0,123
Proportion of the population using the Internet | 0,231 0,089 | 0,153 | 0,658
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The Table shows that the poverty level of the population strongly correlates
with the first factor, its factor loading is 0,851, the unemployment rate tends to the
second factor with the factor loading of 0,728, the education level indicator has
the factor loading of 0,909, which clearly indicates a correlation with the third
group of factors, as the loading on other groups is very low, the proportion of the
population using the Internet will be referred to the fourth factor with the loading
of 0,658.

Another important feature of the factor analysis is that factor loadings indi-
cate not only belonging to a particular group, but also reflect the impact of indica-
tors as a whole on the system or factors. This is graphically represented in the fol-
lowing form (Fig. 2).

Poverty Factor
level of the 1(F1)
population 0,851
1
Crimerate Unemploy 0,5 Factor
ment rate 2(F2)
0,728
Proportion
)o‘jrlr:te;on Level of Factor Factor
Ius!ing e education 4(F4) 3(F3)
Internet 0,658 0,909

Fig. 2. Influence of variables or factors including factor loading

This advantage makes the factor analysis more attractive increasing the study
objectivity, because there is no need to use an expert approach. This fact is also im-
portant when assessing the living standards and quality of life of the population.

The third stage of the algorithm involves the classification of municipalities
according to the living standards of the population. Rostov Oblast is characterized
by a high degree of differentiation in the development of its municipalities, there-
fore, the regional authorities need to solve a difficult task, i.e. to remove the exist-
ing differences not only in terms of socio-economic development, but also in the
living standards of the population. For these purposes, first of all, they are to have
a mathematical apparatus and verified system of indicators (the first and second
stages of the rapid assessment), which make it possible to qualitatively classify
the territory into groups close in the development indicators. In our opinion, the
clustering methods, which are included in rapid assessment, namely, the iterative
k-means method and seven hierarchical agglomerative methods deal well with
this task.

The cluster analysis is a mechanism consisting of a set of methods and vari-
ous similarity measures allowing to classify the variables X;,X,,...,X,,. The

main task of cluster analysis is to aggregate the groups of similar indicators,
called clusters (clumps, groups, bundles). Past research experience allows us to
conclude that the iterative k-means method gives the qualitative classification re-
sults. Its disadvantage is that a decision-maker needs to set a number of clusters
on his own, and the hierarchical agglomerative methods do not require this
[LL.D. Mandel 1988, S.A. Ayvazyan 1989, T. Hastie, R. Tibshirani, J. Friedman
2009]. The cluster analysis results are visually presented either in scatter diagrams
or in dendrograms, Fig. 3.
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Fig. 3. Cluster analysis results presented in graphical form

Therefore, you may use all hierarchical agglomerative methods with all
similarity measures to determine the number of clusters and their structural
content, and then carry out the iterative k-means clustering, although the
procedure is cumbersome, but with minimum errors.

As an example, the adjacency matrix with results of clustering of municipali-
ties in Rostov Oblast is presented below. The calculations have shown that the
most effective of the agglomerative metric classifiers are the “intragroup connec-
tions” and “Ward’s method”. The Table shows that classifying into five clusters is
an optimal solution. The numbers indicate the administrative territorial units of
Rostov Oblast [M.A. Lesnichaya, O.A. Kolchina, H.A. Kondzharyan 2019].

Table 4. Adjacency matrix of clustering results
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The iterative k-means clustering results are presented in Table 5.

Table 5. K-means clustering results

Observation Cluster Distance Observation Cluster Distance
number number
1 1 12,615 29 4 4,632
2 2 6,305 30 5 4,995
3 1 4,486 31 4 9,098
4 3 8,575 32 3 5,365
5 2 4,515 33 3 4,798

The k-means method is convenient and very easy to interpret the results. The
Table shows that each observation is assigned its own cluster number depending
on the distance, then an expert should structurally fill the groups. Observations
present a study object. In our case, these are the municipalities of Rostov Oblast.
The invaluable advantage of A-means method is the classification quality [Roberta
Comunian and Lauren England 2019]. However, even such a voluminous classifi-
cation procedure, including all agglomerative and iterative methods, does not ex-
clude measurement errors, therefore, at the next stage, it is necessary to assess the
resulting typology.

CLASSIFICATION QUALITY ASSESSMENT

It is advisable to use the discriminant analysis with Mahalanobis distance and
Wilks lambda while assessing the obtained clustering results. This method has
revealed the municipalities that were gathered into a different cluster by mistake.
If we consider the discriminant constructing algorithm, it will represent the identi-
fication of a variable that causes the greatest differences among the observations
[L.D. Mandel 1988, S.A. Ayvazyan 1989, T. Hastie, R. Tibshirani, J. Friedman
2009]. The results of discriminant analysis of the municipalities in Rostov Oblast
are presented in Table. 6.

Table 6. Discriminant analysis results

Senior group
Case | Factor Predicted Squared Mahalanobis
number | group P(D>d | G=g) | P(G=g | D=d) distance
group to the centroid
p daf
1 1 1 0,873 3 0,825 1,378
2 1 [H* 0,628 3 0,753 4,521
3 2 2 0,542 3 0,513 1,617
4 3 2 0,758 3 0,423 2,251

In the sample for each group of observations, the point position is deter-
mined in multidimensional space. This point is an average value for all variables,
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i.e. centroid groups. Then, for each observation, the squared Mahalanobis distance
from a group centroid is calculated. The closer the observation is to the set, the
more minimum the Mahalanobis distance is to it (the observation is classified cor-
rectly). The “Predicted group” column (Table 6) has a mark “**”, indicating an
incorrectly assigned variable to the set. The results of discriminant analysis can
also be presented in a classification matrix containing the number of variables
located on the matrix diagonal, i.e. correctly classified and those that do not be-
long to their classes. When conducting the research, assessing the quality of the
resulting classification is necessary, because the observations represent the spe-
cific municipalities, groups of people, who, due to measurement errors, may re-
ceive less financial assistance, therefore any errors in this area are critical and un-
acceptable. The clustering results on the living standards of the population of
Rostov Oblast with the use of discriminant analysis are presented in Table. 7.

Table 7. Results of clustering of municipalities in Rostov Oblast

Clusters Municipalities of Rostov Oblast

Cities: Rostov-on-Don (53), Volgodonsk (46), Taganrog (54), Gukovo (47),
Zverevo (49)

Cities: Azov (44), Bataysk (45), Shakhty (56), Donetsk (48),
Novocherkassk (51), Kamensk-Shakhtinsky (50)

Aksaysky (2), Ust-Donetsky (39) Districts, Kamensk-Shakhtinsky (50),
Remontnensky (32), Proletarsky (31), Neklinovsky (26), Tatsinsky (38)
Cluster 3 Districts, Novoshakhtinsk (52), Morozovsky (24), Volgodonskoy (8),
Bagayevsky (3), Oktyabrsky (28), Vesyolovsky (7), Krasnosulinsky
Districts (18), Zimovnikovsky District (13)
Belokalitvinsky (4), Verkhnedonskoy (6), Dubovsky (9), Zavetinsky (11),
Kasharsky (16), Kuybyshevsky (19), Rodionovo-Nesvetaysky (33),
Sholokhovsky (43), Martynovsky (20), Azovsky (1) Yegorlyksky District (10),
Zernogradsky District (12), Kagalnitsky (14), Kamensky (15),

Cluster 1

Cluster 2

Cluster 4 |\ fatveyevo-Kurgansky (21), Millerovsky (22), Oblivsky (27), Tsimlyansky (41),
Chertkovsky (42) Districts , Orlovsky (29), Salsky (34) Districts, Peschano-
kopsky (30), Semikarakorsky (35), Myasnikovsky (25), Tselinsky
Districts (40)
Cluster 5 Bokovsky District (5), Milyutinsky District (23), Sovetsky District (36),

Tarasovsky District (37), Konstantinovsky District (17)

The municipalities of Rostov Oblast were accumulated in 5 clusters with dif-
ferent living standards of the population from a higher (cluster I) to a lower one
(cluster V), that makes it possible for the authorities to distribute financial re-
sources more efficiently, support various categories of the population and develop
programs for improving the living standards, taking into account the specifics of
the territories included in different clusters.

RANKING OF TERRITORIAL ENTITIES

The final stage of rapid assessment is to determine a place of the studied territory
in terms of the living standards of the population in the overall ranking of ad-
ministrative-territorial entities using the index method of ranking statistical ob-
servations [M.A. Lyamina 2008]. This algorithm is presented in the flowchart (a
program in the VBA language is developed) in Fig. 4.
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Fig. 4. Flowcharts of the index method algorithm for ranking statistical observations

The method essence is to form an equal range scale of real values of the
investigated statistical observations from a minimum indicator to a maximum one.
Each range is assigned a rank which corresponds to the interval number. By
means of a graduation scale, the ranks are summed up, forming an integral
indicator. This, on the one hand, will allow to include the maximum set of
variables in the assessment system, and, on the other hand, based on the author's
indicator system, to make a scientifically grounded rating of administrative-
territorial entities.

Ranking is an important stage of monitoring, as it helps evaluate the effec-
tive activities of the authorities both in the field of improving the living standards
of the population and in other areas, using a rather simple mechanism.

DISCUSSION

According to the UN and other public organizations, Russia lags significantly be-
hind the leading countries of the world in various integral indicators of quality of
life. Therefore, the problems of studying the characteristics of the living standards
and quality of life of the population are significant in modern economic theory,
and it becomes especially urgent to develop an effective tool for their
comprehensive assessment.

A theoretical study of the quality of life was begun in the 1860s in
economically developed countries. A significant contribution to defining the
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“quality of life” category as a multifaceted concept of modern social progress was
made by famous foreign scientists, such as A. Toynbee, D. Bell, J. Galbraith, R.
Aron, H. Kahn, A. Viner, H. Marcuse, and E. Fromm.

The economic aspects of the living standards and quality of life of the
population are considered in the works of M.V. Borschevsky, L.A. Velikhov,
M.V. Glazyrin, B.S. Zhikharevich, I.A. Ilyin, A.E. Koguta, V.N. Leksin, N.V.
Lvov, V.Ya. Lyubovny, V.F. Mayer, V.E. Rokhchin, V.M. Rutgeiser, A.E.
Surinov and others. Social problems are studied in the works of N.A. Aitov, E.G.
Ayayimitsy, A.V. Baranov, A.V. Dmitriev, E.N. Zaborova, M.N. Mezhevich,
A.E. Polovinkin, L.I. Sigov and others.

In recent years the problems of economic and statistical assessment of the
living standards and quality of life have been actively discussed by the domestic
economists, such as S.A. Ayvazyan, A.M. Dubrov, V.M. Zherebin, V.S. Knyazevsky,
V.S. Mkhitaryan, L.I. Nivorozhkina, V.D. Raitsin, N.M. Rimashevskaya, A.N.
Romanov, LI. Eliseeva, L.I. Troshin, G.N. Khubaev and others.

The issues of overcoming unevenness and stabilizing significant imbalances
in the socio-economic development levels of the Russian regions and the
problems of forming a single economic space are considered in the works of A.G.
Granberg, E.B. Kibalov, V.I. Klistorin, V.V. Kuleshov, A.M. Lavrov, B.L.
Lavrovsky, V.N. Leksin, V.Yu. Malov, V.D. Marshak, V.E. Seliverstov, V.I
Suslov, S.A. Suspitsyn, V.A. Shabashev and others.

Despite the high relevance of intraregional differentiation, Russia still
neglects its removal. The authors study certain aspects of this phenomenon: the
issues of socio-economic development of municipalities (E.G. Animitsa, R.V.
Babun, G.Yu. Vetrov, A.G. Voronin, A.P. Gaponenko, B.S. Zhikharevich, V.V.
Ivanov, E.A. Kartaeva, Yu.S. Kolesnikov, V.A. Lapin, V.N. Leksin, Z.Z.
Mullagaleeva, P.A. Orekhovsky, A.N. Shvetsov and others) and local government
(A.A. Vasiliev, A.N. Shirokov, S.N. Yurkova).

Much attention is paid to the study of sustainable development problems in
the works of such domestic authors as I.Ya. Blekhtsin, S.N. Bobylev and V.I.
Vernadsky, I.F. Gazizullin, A.A. Golub, V.I. Danilov-Danilyan, V.A. Koptyug,
N.N. Moiseev, O.S. Pchelintsev, A.D. Ursul and others. Among the foreign
researchers of these problems are D. Bell, D. Meadows and J. Forrester.

MATERIALS AND METHODS

The statistical data published in monthly reports of the Rostov Regional State
Statistics Committee, statistical yearbooks and reference books have formed the
information and empirical base of the study.

The theoretical basis of the study consists of the fundamental concepts of the
management theory of socio-economic systems, works of domestic and foreign
scientists in the field of studying the living standards and quality of life of the
population, uneven spatial economic development of the regions, digitalization of
the regional and municipal economy, organization and management in the public
and state sectors, service economy, institutional economics and the legislative
regulatory documents of the government authorities and local government bodies
of the Russian Federation.

The study methodology is based on:

— the system analysis methods and mathematical modelling used for design-
ing a concept and modelling the sustainable development of the region in the con-
ditions of inter-municipal differentiation;
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— the factor analysis methods used for determining the dominant indicators
of development of the regions and municipalities;

— the cluster analysis methods used for solving the problems of cluster con-
vergence analysis of socio-economic development levels of the regions and dif-
ferentiation of municipalities;

— the economic dynamics forecasting methods used for predicting the dy-
namics of regional development;

— the management theory methods used for creating management models
for integrated sustainable development of municipalities;

— the discriminant analysis method used for assessing the quality of territory
classification and identifying the factors contributed the most in intergroup differ-
ences (focusing on the values of Wilks Lambda and squared Mahalanobis dis-
tance)] W.R. Klecka 1989].

In their study the authors have used domestic and foreign experience of
economic and mathematical tools for analyzing and predicting the living
standards and quality of life of the population. The study was carried out using
general software (Microsoft Excel) and special software (STATISTICA, SPSS).

CONCLUSIONS

The proposed rapid assessment algorithm will form the basis for an analytical
program designed to support the management decisions made by the authorities to
improve the living standards and quality of life in order to remove inter-municipal
differences.

The management tasks that can be solved by the proposed assessment
method are as follows:

— to simulate various scenarios for the situation development, which is an
important criterion in the dynamically changing conditions of modern economy;

— by means of ranking, to assess the effective actions of the authorities;

— to implement the experience of more successful administrative-territorial
entities in their own territory;

— to reveal the development differences of the territories, identify the indica-
tors that have the greatest impact on stratification of the population in terms of the
living standards, and to reveal the systemic problems decreasing the living stan-
dards of the specific territories;

— to allow the authorities rationally to distribute financial resources aimed at
supporting the specific territories in order to improve the quality, speed and effec-
tiveness of the proposed development programs.

The developed system for rapid assessment of the living standards and
quality of life of the population is a basic screening tool for supporting
management decisions. Due to a diverse set of methods for processing statistical
data, the methodology demonstrates high quality and speed of calculations, the
versatility of assessment allows users with different skill levels to conduct
researches, changing a system of variables and object to meet their requirements,
and rationally to allocate financial resources aimed at improving the living
standards and quality of life population. The proposed methodology will improve
the existing service in Rostov Oblast “Building a regional poverty profile”,
which is currently aimed only at providing assistance to poor citizens
[https://smarteka.com/practices/vyavlenie-maloimusih-grazdan-s-maksimal-
nojdekompoziciej-harakteristik-maloimusih.].
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The proposed algorithm efficiency and effectiveness was proved by the state
statistics data of the municipalities of Rostov Oblast.
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PO3POBJIEHHSA AJITOPUTMY METOAUKHNU EKCITPEC-OILIIHKU PIBHS TA
SAKOCTI XKUTTSA HACEJIEHHS PET'IOHY / M.O. Jlicanga, O.0. Koiuuna,
E.B. ITaxomoB

AHoOTauisi. 3apoIIOHOBAaHO METO/IMKY CKCIIPEC-OLIHKH, SKa J03BOJIUTH aHAITHKaM
HPOBOJUTH SIKICHU MOHITOPHHI PiBHS )KUTTS HACEJICHHS, BUKOPUCTOBYFOUH IIHPO-
kuii Habip MeToxmiB oOpoOmeHHs cratuctuku (QakTopHHMI aHaii3, KIacTepHHH
aHaNi3, TUCKPUMIHAHTHHUH aHaji3, MeTox 00’ €JHAHHS PI3HOBUMIpHHX MOKa3HHUKIB),
IO BiAPI3HAETHCS BHCOKOIO IIBHJKICTIO MaTeMAaTHYHUX OOYMCIICHB, JOCTYIHICTIO
KOpHCTyBadaM 3 pi3HHM piBHEM KBauliikallii, yHIBEpCaIbHICTIO 3aCTOCYBAaHHS JUIS
pi3HKX 00’€KTIB HOCTIKCHHS. MeToJ| eKCIIPec-OLiHKY NMPU3HAYEHO VIS CKPUHIHTY
PIBHS KHUTTS HACENCHHS 1 SIKOCTi JisUTBHOCTI OpPTaHiB BIaId TEPUTOPialbHUX YTBO-
PEHb 3 ypaxyBaHHSAM Ha0Opy Pi3HHX MOKAa3HUKIB. 3allPOIIOHOBAHO aBTOPCHKY CHC-
TeMy MOKa3HHKIB OI[IHFOBAHHS PiBHA Ta SKOCTI KUTTS HaceJeHHS. B anroputmi me-
TOIUKH OIUCAHO OJIOK-CXEMH i1HIEKCHOTO MeToAy 00’€qHaHHS pPi3HOBUMIpHUX
CTATUCTHYHHX CIIOCTEPEKEHb, 10 J03BOJISAIOTH ABTOMATU3YBATH MPOLIEC PAHIKYBaH-
HS TepuTOpid. SIKk 00’€KT mocmikeHHS o0paHO 12 MichbkuX 1 43 MyHIIMOATBHHUX
OKpyTiB paiioHy PocToBcpkoi oOyacti. 3acTocyBaHHS ONMMCAHOI METOIUKH IACTh
3MOTy: BWJIyYHTH CyO €KTHUBHHUII (akTop miJ Yac NPOBEACHHS MOHITOPHHIY;
paLioHaIbHO PO3MOIIISITH GiHAHCOBI PECypCH, SIKi [IOPIYHO BUAIAIOTHCS OpraHaMu
BJaAMd Ha MiATPUMAHHS IPOrPaM COLIATBHO-CKOHOMIYHOTO PO3BUTKY TEPHTOPII;
MiABUIIMTH  CKOHOMIYHY ©(eKTHUBHICTH 1 NPHIUBUAIINTHA  BIPOBA/UKCHHS
IHHOBAL[IHUX MPOEKTIB, 110 OE3M0CePEHBO BILUIMBAIOTh HA PIBEHb 1 SIKICTh MKUTTS
HACEJICHHS.

Kio4oBi ciioBa: piBeHb KHUTTS HACENCHHS, TPSHAN AWHAMIKH, PEAYKIis 3MIHHUX,
KJIacTepu3allisi, OLIHIOBAHHS SIKOCTI KJacuQikaii, paHKyBaHHS.

PA3BPABOTKA AJITOPUTMA METOJIUKHU SKCITPECC-OIEHKHX YPOBHS U
KAYECTBA ) KN3HU HACEJIEHUS PETUOHA / M.A. Jlecanuyas, O.A. Konunna,
E.B. IlaxomoB

AnHoTanus. [Ipeanoxena MeTouKa SKCIPECC-OLECHKH, T03BOJISIONIA] AaHAIUTHKAM
MPOBOJNUTH KAUECTBCHHBIH MOHUTOPHHT YPOBHS XHU3HH HACEICHHS, UCTIONB3YS IIIH-
pokuii HabOp METOAOB OOPaOOTKM CTATHCTHKH ((aKTOPHBIN aHATW3, KIACTEPHBIN
aHann3, TUCKPUMHUHAHTHBINA aHAIHN3, METOA O0ObeANHEHHs Pa3HOMEPHBIX IOKa3aTe-
JIeit), OTIAMYAIOMIAsICs BHICOKOW CKOPOCTBIO MaTEMAaTHUECKUX BBIUYUCICHUH, JOCTYII-
HOCTBIO TONB30BaTEIAM C Pa3HBIM YPOBHEM KBAaTH(HKAINU, YHHBEPCATbHOCTHIO
HNpUMEHEHHs ISl Pa3NUYHBIX OOBEKTOB HCCIEeNOBaHUSA. MeToJ IKCIpecc-OLeHKH
IpenHa3HaueH ISl CKPHHIHTA YPOBHS KHU3HH HACEIEHHS U KadeCcTBa JEeATeIbHOCTH
OpPraHOB BJIACTH TEPPUTOPUAIBHBIX OO0pPAa30BAHUM, YUUTHIBAIOIIMI pPa3IUYHBIN Ha-
6op nokazateneil. [Ipeanoxena aBTopckas cucTeMa MOKa3aTeNeil OLEHKH YPOBHS U
KauecTBa JKM3HU HaceleHHA. B anropuTMe METOAMKH ONUCAHBI OJOK-CXEMbl WH-
JEKCHOTO MeTOofla 00bEeAWHEHHs Pa3HOMEPHBIX CTATHCTUYECKUX HAOMIOJECHHH, MOo-
3BOJISIIOIINE aBTOMAaTU3UPOBATh MPOLECC PAHKHPOBAHUS TeppuTopuil. B kadecTse
00BeKTa uccienoBanus OblIM BBIOpaHbI 12 ropoACKUX OKpYroB U 43 MyHHUIIMIIAIb-
HBIX paiioHa PoctoBckoit obnactu. [lpumeHneHne onucaHHOW METOAUKH MO3BOJIUT:
UCKIIIOYUTh CYOBEKTHBHBIN (akTOp IPU MPOBEJCHUM MOHHTOPHHIA; PAlMOHAIBHO
pacnpenensaTs GUHAHCOBBIE PECYPCHI, SKETOIHO BBIIEISIEMble OpraHaMyU BJIaCTH Ha
HOJIEPAKKY MPOrpaMM COLUAIBHO-3KOHOMHUYECKOIO Pa3BUTHs TEPPUTOPUM; MOBBI-
CHTh JKOHOMHYECKYIO 3(P(EKTHBHOCTh M CKOPOCTb BHEIPCHUS MHHOBAI[MOHHBIX
IIPOEKTOB, KOTOPbIE OKa3bIBAlOT HENOCPEACTBCHHOE BIUSHUEC HA YPOBEHb U Ka-
YEeCTBO J)KU3HU HACEJICHUsI.

KiioueBble cji0Ba: ypoBeHb KM3HU HACENCHHs, TPEHIbI IMHAMUKH, PEAYKIHs I1e-
PEMEHHBIX, KJIaCTepU3aLys, OLCHKA KauyecTBa KIacCU(HKALNK, PAHKUPOBAHHUE.
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METHODS FOR RESEARCHING THE SUSTAINABILITY
OF PRODUCTION PROCESSES WHEN IMPLEMENTING
A CYBER-PHYSICAL SYSTEM

A. KUDRIAVTCEVA

Abstract. The article presents an analysis of the methods and criteria for assessing
sustainability and the development of stabilization systems, proposed in the theory
of automatic control, and studies of approaches to ensuring sustainability, proposed
and applied in the practice of controlling production processes. It is proposed to de-
velop models when introducing a cyber-physical system of a production enterprise,
combining the ideas of stabilization systems developed in the theory of automatic
control, and methods of the theory and practice of managing production processes,
while controlling the sustainability based on the laws and methods of systems theory
and system analysis.

Keywords: control, production process, sustainability, stabilization.

INTRODUCTION

The active development of innovative technologies has influenced the emergence
of a new concept of the cyber-physical system (CPS), which implies the integra-
tion of computing resources into physical processes.

Systems of this class should be considered as open systems with active
elements, since the properties of cyber-physical systems in the interaction of
innovative technologies approach the properties of living systems, which is
important to take into account when studying stability.

The relevance of the study of the features and prospects for the development
of cyber-physical systems is confirmed by the famous economist and ideologist of
the fourth industrial revolution K. Schwab. In his research, the author claims that
in terms of its scale, volume and complexity, “The fourth industrial revolution has
no analogues in the previous experience of mankind. New technologies unite
physical, informational and biological worlds and are capable of creating, on the
one hand, huge opportunities, on the other, a potential threat” [1].

Due to the initiatives of active elements and innovations, problems arise of
maintaining the stability of production processes, which, when innovative tech-
nologies interact, have the specific properties of open systems, which requires a
revision of the methods and criteria for assessing their stability. Moreover, the
sustainability management system should reflect changes in the activities of the
enterprise, assess their dynamics and predict the future state of the system. The
article provides a brief overview of methods for assessing stability in the theory of
automatic control, as well as methods for ensuring stability in the control of pro-
duction processes. A combination of the principles of stabilization, proposed in
the theory of automatic control, and the experience of assessing stability, used in

© A. Kudriavtceva, 2021
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the practice of enterprise management, is proposed. Such a combination is pro-
posed to be made on the basis of an informational assessment of the degree of
integrity, which allows providing emergent properties arising in a cyber-physical
system as a result of the interaction of components.

Emergent properties in CPS arise due to the flexibility of the interaction of
components, which allows rebuilding processes in CPS, eliminating emerging
failures of production processes, rebuilding processes taking into account changes
in customer requirements, etc. Such a state of the system approaches the behavior
of living systems, which is called mobile equilibrium in the theory of open systems.

ASSESSMENT OF SUSTAINABILITY IN THE THEORY OF AUTOMATIC
CONTROL

For technical systems, a theory of sustainability was developed, the foundations
of which were laid by A. Poincaré and A.M. Lyapunov. The basis of this theory is
the mapping of situations by differential equations and methods for studying the
stabilization of systems, i.e. the ability of systems to return to a state of equilib-
rium after it has been removed from this state under the influence of external (or
in systems with active elements - internal) disturbing influences.

In this theory of automatic control, a fairly large number of methods and
models for ensuring stability, criteria for determining stability, were formed: the
Routh-Hurwitz, Nyquist, Mikhailov criteria.

Based on the analysis of these methods in relation to the problem under con-
sideration, it is useful to investigate the possibility of using the following stabili-
zation systems.

1. Locally optimal systems with minimization of the norm of the control
vector and a given decrease in the function A.M. Lyapunov for linear objects [2].

The solution x*(t) of the system of differential equatcions x = Ax + Bu with

the initial conditions x(0) = x, is Lyapunov stable if for any € >0 there exists
6 =9(s) > 0, such that if

“x(ro) - x*(tO)H <&, then Hx(t) X (t)” <g forall 1>0.

The solution x (¢) of the system x = Ax + Bu is asymptotically stable if it is

Lyapunov stable and the condition is satisfied:
lim|x(1) - x"(1)| =0 as ¢ — <o provided [x(0)~x"(0)| <3

In this case, all solutions that are sufficiently close to x*(O) at the initial
moment of time gradually converge to x (¢) as t increases.

If the solution x (¢) is asymptotically stable and, moreover, from the
condition Hx(O) - x*(O)“ <& it follows that Hx(t) - x*(t)H <a Hx(O) - x*(O)“e*f”
forall >0, then the solution x" (?) is exponentially stable. In this case, all solutions

close to x (0) at the initial moment converge to x (¢) at a rate (greater or equal),
which is determined by an exponential function with parameters o, [3].
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The Lyapunov stability condition for systems is formulated as follows: “in a
stable system, the free component of the solution to the equation of dynamics,
written in deviations, should tend to zero, that is, decay” [2]. This implies the
stability condition for linear dynamical systems: the linear system will be stable if
all real roots and all real parts of the complex roots of the characteristic equation
corresponding to the original differential equation of free motion of the system
are negative, which gives exponentially decaying solutions [4].

2. Locally and interval optimal systems with minimization of the norm of
bounded coordinates and controls of nonlinear objects.

Let the equations of the object x,,, =Hx, +Fu,,y, =x.,Xx,=x¢
stabilized by controls u; :yuZVQ(ka)The equation of a closed nonlinear

locally optimal system has the form: x;,, = Hx; +FuZy®(ka) X0 =X, - For
the system to be stable, it is sufficient that the scalar parameter p atisfies the
following algebraic inequality [5]

VLo F +y[*oF?)PH? < -0(0,),
where k(éz) is the minimum eigenvalue of some symmetric and positive definite
matrix Qz : X(QZ) = mjnk/-(éz).

3. Locally or interval optimal systems with optimization of linear functionals
on the trajectories of nonlinear systems with an additive right-hand side (in coor-
dinates and controls) with bounded coordinates and controls.

4. Systems for optimal stabilization of programmed movements for objects
specified in paragraphs 1-3.

Let the difference operator of a linear or linearized dynamic object have the
form: x;, ;= Hx; + Fuy,x;9 = x”. As a result, the problem of calculating controls
for discrete time "plunges" into a countable number of problems: calculate a
family of numerical vectors that are solutions to optimization problems [6]:

Sk~ CS ?

* S = . 2 .
Uy :Tu(yk ]:argmln (P(Zk):Zk _sz = |AZk :bzk )

X
k

Yk 2

— A 0 Ky bxk ka _ A 0
A = 1 |: k:|: 1 — 1 :b R A — 1 .
Zy — — - zk > - ’
Q2 _En Yk dek dek Q2 _En

2
A=[E|-F1, z; =[s; w1 s s =[x 11,17, zkzszSrz}.

5. Systems of optimal stabilization based on the R. Bellman equation with
bounded controls (the problem of Corresponding Member of the USSR Academy
of Sciences A. M. Letov).

For the equations of perturbed motion x = f(x,u,t), x(ty) = x° the quality
functional [5]:

J = f o(x,u, T)dt+ D(x(t;),1;) .

t
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And the Lyapunov—Bellman function for the moments of time ¢ and #+s
will look like this:
Ik
V(x,t)=min| [ o(x,u,t)dr+D(x(t),4) |;
u
t
Ik
V(x(t+5),t+5) =min| [ oCx,u, )dt+®(x(t).4;) |-
u
t
Control u should deliver the minimum J for any value s>0. Then the
necessary optimality condition — the Bellman equation min [V (x)+ o(x,u,7)] =0
u

provides the minimum of the integral functional.

The above examples illustrate the development of stabilization systems in
the theory of automatic control, which can be useful in developing models for
managing production processes when introducing innovative technologies.

However, the concepts of balance, stabilization, stability in cyber-physical
systems, despite the seeming analogy with technical ones, are much more
complex concepts, and the methods of the automatic control theory are
insufficient. Therefore, the next section examines foreign and domestic works
containing methods for assessing the sustainability of production processes,
developed in the theory of organizational management.

ANALYSIS OF SUSTAINABILITY IN MANAGEMENT AND THEORY OF
ORGANIZATIONAL MANAGEMENT

Marc A. Rosen [7] considers engineering sustainability, namely sustainability,
which is an essential component of overall sustainability for human activity and
development. The author believes that options and ways to ensure engineering
stability can be achieved taking into account the key factors:

1. Sustainable resources.

2. Sustainable processes.

3. Increased efficiency.

4. Reducing the impact on the environment.

5. Implementation of other aspects of sustainability.

The article also shows that the use of efficiency tools such as environmental
tool analysis and life cycle analysis is essential to achieve engineering sus-
tainability. The concept of zero energy smart buildings and communities illus-
trates well the author’s ideas.

Evgenia Pavlovskaia [8] explores and analyzes the concepts of sustainability
criteria for sustainable production. The article discusses important critical issues
necessary for a deeper understanding of the sustainability criteria and their practi-
cal use. Sustainability Criteria Indicators refer to the instruments used to test and
evaluate the fulfillment of the sustainability criteria and progress towards sustain-
ability. Indicators can provide quantitative measurement and qualitative assess-
ment of human activity and its impact on the outside world [9], and should also
reflect the fulfillment of sustainability criteria.
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The research results highlight that sustainability criteria are not a well-
defined concept. Their content should be linked to an understanding of what is
sustainable development and sustainability in each specific industry.

The objectives of the sustainability criteria need to be explained and refined
so that they are easier to interpret and fulfill. A preliminary list of the main indi-
cators of sustainable production, according to the author, may include the follow-
ing parameters:

1. Use of energy and materials in the production process: energy and ma-
terials are saved, and the form of the applied energy and materials is most suitable
to achieve the desired result.

2. Natural environment, including human health: waste and environmentally
incompatible by-products are constantly being reduced, removed or recycled;
chemicals, physical agents, technologies and methods of work that pose a danger
to humans.

3. Economic performance: Management is committed to an open, participa-
tory process of continuous assessment and improvement focused on long-term
economic performance.

4. Products: products and packaging must be safe and environmentally
friendly throughout their entire life cycle; services are designed to be safe and
environmentally friendly [10].

The content of the list will differ depending on what is the subject of the
definition of sustainability: environmental protection, industrial development,
consumer interests.

In [11], the authors consider a holistic assessment of sustainability in pro-
duction. The study on the assessment of the sustainability of production [12] pre-
sents a structure for building a comprehensive assessment matrix of the entire life
cycle of a product, showing the following six elements of sustainability of pro-
duction:

1. Impact on the environment.

2. Impact on society (safety, health, ethics, etc.).

3. Functionality.

4. Optimal use of resources.

5. Performance.

6. Possibility of recycling / product recovery.

Moreover, the authors emphasize that modern sustainable production sys-
tems must be planned and managed as holistic socio-technological-ecological sys-
tems in terms of the entire life cycle [13], which requires the ability to think and
communicate systematically, or systems thinking becomes an important ability
that must be developed to enhance the design and control of such systems [14].

The authors also argue that sustainable manufacturing starts with developing
a new product that can use the right materials and manufacturing processes. This
is because the manufacturing system requires new innovations and more sustain-
able approaches to manufacturing. As raw materials are depleted, advanced mate-
rials research requires clearer research and training for engineers and scien-
tists [11].

Design and manufacturing methods, according to the authors of [15], cur-
rently have to undergo major changes to include problems that cover the entire
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traditional product life cycle. New design methodologies, innovative manufactur-
ing technologies, and effective tools must be developed concurrently and address
common life cycle issues, including (Fig. 1):
e Reduced production costs.
Reduced product development time.
Reduced material use.
Reduced energy consumption.
Reduction of industrial waste.
Repair, reuse, refurbishment and recycling of used ones.
Products / materials.
Environmental and social issues.

This paradigm shift in product design and manufacturing requires the
development of optimization models that incorporate environmentally friendly,
energy efficient, lean manufacturing methods that take into account disassembly,
reuse, re-production and recycling. It promotes systems thinking when developing
new products and processes and requires attention to the interests of all
stakeholders. This requires the development of new design methodologies,
manufacturing processes, post-use processes, and enterprise resource planning to
simultaneously achieve multiple production efficiency goals.

Design for sustainability criteria Sustainable production (energy
(environmental impact, efficiency, emplovee health.
functionality, waste disposal, waste management, production
reuse, impact on society) safety)

Process design

Optimal use of:

) Encrg_y ) } « Minimum waste
» Materials Sustainable manufacturing « Minimum
* Labor processes emissions

» Other resources

Fig. 1. Sustainable Manufacturing Process Diagram

Ljungberg L.Y. [16] reviews current practices for sustainable product develop-
ment and identifies four major challenges inherent in sustainable production:

e Excessive consumption.

o Utilization of resources.

e Pollution.

e Excess population

The author also argues that excessive consumption of energy, packaging and
transportation has serious consequences in the long term.

Shotylo D.M. [17] define the sustainability of the production system as the
ability of the production system in the course of its activity under the influence of
the environment to achieve the specified goals in the established time interval,
without changing the elements, structure and processes included in it. At the same
time, the essence of sustainability is manifested in the ability of the production
system to preserve the integrity of the entire structure and its individual links, to
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perform stable functions assigned to it and preserve its main functional parame-
ters, to maintain a stable level of output characteristics in the presence of various
kinds of external and internal deviating influences, to timely material and techni-
cal, transport and information services at a given level of quality of these proc-
esses (Table 1).

Table 1. The essence of sustainability in a production system

The essence of sustainability of the production system

The ability of the production system to maintain the integrity of the entire structure and
its individual links

The ability of the production system to stably perform the assigned functions
and maintain its basic functional parameters

The ability of a production system to maintain a stable level of output characteristics
in the presence of various kinds of external and internal deflecting influences

The ability of the production system to provide timely and uninterrupted material, tech-
nical, transport and information services at a given level of quality
of these processes

The ability of the production system to maintain established economic ties within the
production chain (stable ties with suppliers, consumers, financial institutions)

The ability of the production system to maintain its competitive position
in the market

The ability of a production system to restore its elements, processes and functions
in the original state, or close, established within specified limits

The ability of a production system to withstand environmental influences

PROSPECTS FOR THE DEVELOPMENT OF METHODS FOR RESEARCHING
THE SUSTAINABILITY OF CYBER-PHYSICAL SYSTEMS

With the development of cyber-physical systems, the components of production
processes continuously exchange information with computing platforms, sensors,
network structure, operators, i.e. emerging situations need to be displayed using
an open system model with active elements.

With the interaction of CPS elements, the emergence effect may occur, the
appearance of new properties that are absent in the elements. For example, it be-
comes possible to adjust the production process, eliminate failures. At the same
time, negative effects are also possible, which can lead to instability of the pro-
duction process.

To manage the sustainable development of a cyber-physical system, it is
necessary to constantly monitor the state of maintaining its integrity. For this,
models are being developed based on the application of the information approach
of A.A. Denisov [18], who introduced comparative quantitative assessments of
hierarchical structures in terms of the degree of integrity. Research has shown that
any developing system is between the state of absolute integrity and absolute
freedom of elements:

a+B=1,

where a=-C,,/C; is the degree of integrity, and B =C,/C; is the utilization

rate of elements as a whole; C, C;, C, — systemic, intrinsic and mutual com-
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plexities of the system; J — information of perception; H informational essence
(potential); C assessment of the information complexity of the system C=J .

Studies of the processes of interaction between the part and the whole in the
system have shown that with a tendency towards a decrease in the degree of
integrity, the system can disintegrate into parts that will function stably. But at the
same time, useful properties arising as a result of the emergence effect will be
lost. A large increase in the degree of integrity should provide stability. However,
this can suppress the properties of active elements that provide useful properties
for which the CPS is created.

Thus, it can be assumed that there should be a certain range of the degree of
integrity o in which the CPS will function stably and perform the functions for
which it is created. Then the problem arises of finding ways to measure o . It
seems promising to establish the relationship of this range with the criteria for
assessing stability, developed in the theory of automatic control, and indicators
proposed in the works discussed in section 2.

When managing the development of cyber-physical systems, the task of
comparative analysis and selection of innovative technologies also arises, taking
into account their characteristics, capabilities and usefulness. At present, some
studies have already been carried out, published in articles [19-23].

Further development of the presented work presupposes the application of
the methods of the laws of systems theory and the information approach of
A.A. Denisov for the development of models of interaction of system elements.

CONCLUSION

The article presents an analysis of the methods and criteria for assessing stability
and the development of stabilization systems, proposed in the theory of automatic
control, and studies of approaches to ensuring stability, proposed in the practice
of managing production processes.

It is proposed to develop models when introducing a cyber-physical system
of a production enterprise, combining the ideas of stabilization systems developed
in the theory of automatic control, and methods of controlling production
processes, controlling stability based on assessing the degree of system integrity.
Based on the study, it was concluded that the degree of integrity of such systems
should be within certain limits, since: 1) an increase in the degree of integrity,
determined by tighter control of the number and strength of interconnections
between the CPS components, provides greater stability of the system’s
functioning, but at the same time less freedom of interaction of its components,
which leads to a decrease in the possibility of manifestation of emergent
properties; 2) a decrease in the degree of integrity (the degree of control of
interactions between system components) leads to too independent behavior of
the CPS components, a decrease in the stability of its functioning. The idea of
using estimates of the degree of integrity and degree of freedom of elements was
proposed in the information theory by A.A. Denisov [18], in which these
assessments are used to study organizational systems and are obtained on the
basis of assessing the structures of systems. For the study of processes in cyber-
physical systems, such assessments are proposed to be applied for the first time.

With the continuation of the work, it is assumed 1) to develop models for
assessing the degree of integrity in the context of complex graphs, displaying the
interactions of components in cyber-physical systems, based on the fundamental
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principles of control, taken into account in the theory of automatic control when
assessing the stability of systems; 2) taking into account that the models for
evaluating arbitrary graphs can turn out to be difficult for practical application,
studies will be carried out on the possibility of comparing information
assessments of the degree of integrity with the criteria for assessing the
sustainability of production processes when introducing a cyber-physical system
used in the practice of managing enterprises, and determining the range of
assessments of the degree of within which it is possible to realize the emergent
properties of CPS while maintaining sufficient stability.
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METOIN JOCJIAKEHHSA CTII‘/‘IKOCTI“ BUPOBHUYHUX MNMPOHECIB IIIJ
YAC YITPOBA/I’KEHHS KIBEP®I3UYHOI CUCTEMMU / A.C. KyapsiBuesa

Amnoramnisi. [Tonano anami3 MeToniB i KpUTEpilB OLIHIOBAHHS CTIMKOCTI i po3po0-
JICHHsI CUCTeM CTaliTi3aLil, po3pobiaeHUX y Teopil aBTOMATHYHOTO KepyBaHHsI, 1 J0-
CITiKEeHb MiAXOAIB 10 3a0e3MeueHHs CTIKOCTI, IPOIIOHOBAHUX 1 3aCTOCOBYBAHHX Y
MPaKTULl KepyBaHHS BHPOOHHYMMH IpoLecaMu. 3alpOIOHOBAHO i Yac yIpoBa-
IoKeHHsI KibepdisnyHoi cucTeMu BUPOOHHYOTO MiAMPUEMCTBA PO3POOIIATH MOJENI,
00’emHytoun inei cucrem crabimizanii, po3po0ieHi B Teopii aBTOMaTHIHOTO Kepy-
BaHHS, I METOAU TEOpii i MPAKTHKH KepyBaHHS BUPOOHHYMMH IPOLIECAMH, KOHTPO-
JIFOFOYH CTiHKICTh Ha OCHOBI 3aKOHOMIPHOCTEH! i METO/IIB TEOPii CUCTEM 1 CHCTEMHO-
ro aHamizy.

Kawu4osi cioBa: kepyBaHHs, BAPOOHHUYI MIPOIIECH, CTIHKICTh, CTa01LTi3aIIs.

METOAbI NCCJIEJOBAHUSA YCTOMYHUBOCTHU MNPOU3BOJACTBEHHbBIX
MNPOLHECCOB IIPU BHEJIPEHHUHN KHBEPO®U3NYECKON CHUCTEMBI
/A.C. KynpsiBrieBa

AnHoTauus. IIpencraBieH aHaIN3 METOAOB U KPUTEPUEB OLICHKH YCTOWYMBOCTH U
pa3paboTKu CUCTEM cTaOWIN3alnd, pa3paboTaHHBIX B TEOPHH aBTOMATHYECKOTO
YIpaBICHHS, U UCCICAOBAHUH MOIXOA0B K 00ECIICUCHHIO YCTOHYMBOCTH, NpeIara-
€MBIX U IPUMEHSCMBIX B IIPAKTHUKE YIIPABICHUS IPOU3BOJICTBEHHBIMU IPOIECCAMH.
IIpemnoxeHo NHpH BHEAPEHUH KHOEP(MH3HIECKOH CHCTEMBI IPOU3BOACTBEHHOTO
HpeNIpHUaTHs pa3pabaTeiBaTh MOAEIHN, OOBEIUHS UIIEH CUCTEM CTaOMIM3alMK, pa-
3paboTaHHbIE B TEOPUU aBTOMATHYECKOTO YIPABJIEHHS, U METOIBI TEOPHH ¥ IIpaK-
THKU YIPABJICHUS NPOM3BOJCTBEHHBIMHU IIPOLECCAMH, KOHTPOJIUPYS yCTOHYUBOCTD
Ha OCHOBE 3aKOHOMEPHOCTEH M METOJI0B TEOPUM CUCTEM U CUCTEMHOTO aHaJn3a.

KuaroueBbie cjioBa: ynpaBlicHHE, NPOU3BOACTBEHHbIE MPOIECCH], YCTONYHUBOCTS,
crabunu3anus.
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INFORMATION TECHNOLOGY OF VISUALIZATION FOR
TECHNOLOGICAL PROCESSES FOR RESEARCH MODES OF
FUNCTIONING OF COMPLEX TECHNOLOGICAL SYSTEMS

A.V. DENISENKO, A.A. GURSKIY

Abstract. The development of a mathematical model of a technical system based on
the means of discrete-continuous networks and taking into account the interaction
with a multimedia platform is presented. The efficiency of the process for visualiz-
ing the functioning of the complex technical system is increased by implementing
the interaction of the modeling environment with the Unity platform in the feedback
mode. The experiments linked to the integration of the DC-Net simulation software
environment with the Unity cross-platform development environment are imple-
mented. An example of developing the model of a technical system in the DC-Net
environment and an example of developing a process for visualizing the functioning
of a corresponding technical system based on the Unity platform are presented. The
fundamental suitability of using the integration of various information technologies
linked with various software environments has been confirmed.

Keywords: hybrid systems, discrete-continuous networks, Unity, multimedia plat-
form, Petri net.

INTRODUCTION

Information technology of visualization is going through the active stage of its
development. This technology in technical and research applications enables the
researcher to observe and correct the processes of functioning of a modulated ob-
ject or system. At the same time, this possibility is based on mathematical and
software support hidden from the researcher.

In the educational field, the technology of visualizing the process of mathe-
matical modeling is especially valuable for the successful mastering of educa-
tional material in technical disciplines. Also, visualization technology is important
for the acquisition of skills in practical work with complex technological systems
(CTS) in which mechanical, thermal, chemical, electrical, hydraulic and other
processes interact simultaneously [1-3].

Due to the increasing need for the use of interactive and distance learning
such research is rather relevant.

Visualization of the technological process is essential when modeling a
complex technical system. This complexity is caused by scientific and technical
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progress, leading to the emergence of new, more and more complex technological
processes and complexes for which a qualitative analysis and appropriate control
methods are required. Naturally, methods and means of visualization must be im-
proved and developed in accordance with growing requirements.

The visualization technology of modeling processes for complex technical
systems is available in almost all known software modeling. However, not all
software tools are specialized in hybrid systems modeling [4, 5]. The theory of
discrete-continuous networks was proposed for modeling and research of such
hybrid systems in 1990-1993 [3]. The corresponding program DC-Net was de-
veloped in the Windows environment based on this theory. This program allows
for visualized editing of systems models represented by means of discrete-
continuous networks.

In addition to the development of the theory of discrete-continuous networks
and the DC-Net environment, the MATLAB / SIMULINK / SIKOSS software
complex stands out. This complex also provides for the use of special methods for
the synthesis of complex systems, but the MATLAB / SIMULINK / SIKOSS
complex has its drawbacks [3].

Despite the lack of specialized tools of discrete-continuous networks the
MATLAB / SIMULINK have great capabilities in the field of modeling complex
technical systems. But in the field of technology for visualization of technological
processes, the undisputed competitor is the tool package LabVIEW [6, 7]. How-
ever, the LabVIEW environment has its own process visualization format and its
own methods for developing virtual instruments and models of control systems.

The undeniably high visualization capabilities of various processes and
mathematical models is the Unity environment [8]. This environment is a cross-
platform development environment for computer games.

It is obvious that the greatest efficiency can be obtained by combining the
capabilities of various specialized software tools [9—11]. For example, a combina-
tion of the DC-Net program, which is specialized in modeling complex technical
systems, and the Unity environment, which provides the ability to efficiently visu-
alize the modeling processes. Accordingly, the work linked with the development
of some visualization information technology based on a combination of various
methods and tools of software is relevant.

The purpose of the scientific work is to increase the efficiency of the visu-
alization process of the functioning for complex technological complexes by im-
plementing the interaction of the modeling environment with the Unity platform
in the feedback mode.

PROBLEM STATEMENT

In order to achieve this purpose we need to develop a mathematical model of a
complex technical system based on the means of discrete-continuous networks,
taking into account the use of feedback functions from a multimedia platform.
Such multimedia platform provides visualization of the functioning of the com-
plex technical system.

The development of such a model involves the formation of a structure and
an algorithm for the operation of the complex of modeling, taking into account
the feedback functions from the Unity platform to the mathematical model repre-
sented by DC-Net tools.
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Ultimately, it is important to implement the developed schema using a real
example. It is important to establish the fundamental suitability of the complex of
modeling and it is also important to determine and confirm its advantages over the
analogs developed by the authors earlier.

MATERIALS AND METHODS

A multimedia platform for visualizing the functioning of the CTS is linked with a
virtual machine. This virtual machine is an integral part of the multimedia plat-
form and at the same time it can represent a certain model of a complex system.

For example, a description of the dynamic process of the functioning of the
CTS in ActionScript 3.0 allows further visualization of the corresponding proc-
esses, however, there is a high laboriousness of creating such a visualization sys-
tem. It is obvious that the creation of a CTS model by means of the DC-Net envi-
ronment is a less laborious process. But in this case, to integrate the multimedia
platform and the DC-Net software environment, it is necessary to present some
kind of information technology. The block diagram of the visualization system of
the corresponding information technology is shown in Fig. 1. As an example, a
not so complex system is considered in Fig. 1. The functioning of such a system
can be represented by a corresponding Petri net and some animation fragment.
This fragment represents the corresponding apparatus for the production of insu-
lated copper wire.

Xg
P1 P2 P3

@ Engine u() = yr
H v = [)

P4 m,: . .
! [xf-; =/(x(1)
Ps

[ ;= -
pis we :{] at Yp =ViYXg =V

plastic
0 at yg ZVJXg #V

Copper wire

d wire m. - Y :f(NJ)
I XF, :f(NJ)

Machine A .
where N =12k at x"(t;)=1:
J'H'

Unity Platform
v @ {} D
u‘(f) DC-NET Y@ o X x(t)

Fig. 1. Representation of CTS by means of discrete-continuous networks with feedback
from a multimedia platform

In this direction, it is important to implement the movement of visualization
objects m;, defined in the Unity shell, which represents the corresponding multi-
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media platform. At the same time, the movement of visualization objects m;, in

the field of coordinates yp., xz depends on the variables y“(¢), x(¢), x? (1)

according to the expressions presented in Fig. 1. The relationship between the
visualization process and the operation of technological equipment is presented in

Fig. 1. The functioning of the formed Petri net according to the variables y°(r),

x€(1), x? (¢) obtained from the DC-Net environment in Unity is also presented.

Thus, DC-Net simulates the necessary dynamic system and the multimedia
platform dynamically displays the necessary information and visualizes the
process of this system functioning.

In this example, the object of animation is a technological machine consist-
ing of equipment of continuous and discrete nature. The machine produces insu-
lated copper wire from bare wire and plastic. The constituent elements of the ma-
chine are discrete and continuous. Discrete elements are starting and stopping the
machine. Continuous elements are the movement of a copper wire and changes in
the level of liquid plastic in a container.

The functioning of the machine model is also represented by a Petri net, con-
sisting of P1, P2, P3, P4 positions and 71 transition.

Marking of position P/ means the presence of liquid plastic in the tank,
marking position P2 means the presence of a copper wire, marking position P3
means the presence of an insulated wire. If machine A fails or at least one mark is
missing, then the production of the insulated wire is stopped. In this case, the tran-
sition 7'/ does not work and the engine cannot start.

The main load on the development of the CTS simulation model is assumed
by the DC-Net graphic editor. In this case, the CTS model which is represented
by means of discrete-continuous networks together with a decision-making device
looks like shown in Fig. 2.

The continuous-event part of the system, represented by a discrete-
continuous network, is described by the following equations of state and the out-

put x(t) =u? )X (x(@),uc (@), ¥ ()= i (1) 2;(x€(¢)) with a variable right-
hand side for the formation of a continuous state x°(z), where u d (t) =

=f (yf (¢,)) is the vector function of controlling the operating modes, u“(¢) is
the continuous control vector.

The discrete-continuous part is represented by the following equations of
state and output of the discrete subnet of the discrete-continuous network:

d d d d d d . .
xp () =Mxy_ () uy (), vy (t.)=Axy(t,), where u’(¢.) is the input ac-
tion for the logical part, xg (¢,) is the discrete vector of state (A is transition ma-

trix). The generated state vector x(z)=(x* (t),xd (t))T is needed in the future to

control the visualization process.
Thus, in the DC-Net software environment, a state vector
Fp, =[x.(t),x;(¢;)] is formed, which is enters in the transfer format of the vector

of continuous X,.(¢) and X,(#,) discrete variables from DC-net to the Unity
program, where (¢ ) is the vector of discrete-event states from the continuous-
event part to the discrete-event part of the model in DC-Net.
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Fig. 2. Representation of CTS by means of discrete-continuous networks

In the same way, the reverse transmission vector from Unity to DC-net is

T
formed F,, =[i, (t),W,(t;)], where u‘(t)=y,, w,(t;)=[wi wi .. w’

is vector of discrete-event states from Flash to discrete-event part model in DC-
Net, where in

i = 1, YE, =V YIXp =V
! O, yFl-;tlexFi ivl,

Yr.» X, is coordinates of the i -th object in the Unity — visualization window.

Accordingly, in the Unity-visualization window, the movement of objects

m; or m; corresponds to the coordinates Vi XF, according to the following

expressions:
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= f(N,?);
| A SN0 N=1,2,..k,
xFl. :f(Nat):

m;

if x“(¢,)=1 then

yp, = SO);
m; - _ c
Xp = f(x(0).

Closing the parts of the discrete-event part and continuous-event part is real-
ized by means of the vector u,, = AX,(t,).

The elements of this vector discretely change the coefficients of the equa-
tions representing the continuous-event part of the model, which is implemented
by means of DC-Net.

Thus, DC-Net simulates the necessary dynamic system, and Unity platform
dynamically visualizes the process of this system functioning.

For the correct interaction of two environments with different hierarchies
and principles of operation, the format of data transfer between systems had to be
standardized. The block diagram of the data exchange algorithm between DC-Net
and Unity is shown in Fig. 3. This algorithm determines the required values of
variables for animation of the process depending on the time interval of data ex-

change Af.
*
1

Formation of the time interval At for
data exchange between DC-Met and Unity

Data for graphs,

3
Updating charts,
tables and

tables and animation ‘animations

4
Determining the
current time and At

6

Transferring control to
Windows for drawing
{ animation)

Fig. 3. Blok-diagram of the data exchange algorithm between Unity and DC-Net
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A method for organizing the vector of transfer of continuous and discrete
variables from DC-Net to Unity was also proposed to develop communication
between systems. These systems are combined into a single information technology
in which the DC-Net modeling system generates a parametric data transfer file.

EXPERIMENTS

In the software integrated environment DC-Net — Unity all necessary experiments
were carried out. To carry out an experiment, it is initially necessary to realize a
model of the investigated object in the software environment.

The continuous-event part of the mathematical model of the apparatus for

the production of an insulated wire is represented by the following equation in
matrix-differential form:

X, (tlte]) = BoE(ugy (t;))it, (1),
where
T

- d d
X, el = ‘5 X (lel) —X, )

b

T

= d d
Xl =[5 XD 5.l

BO=|B<)1 By, Byz By

b

B

s |5 0] 5 [0 0], _[50], foo
M0 500" % 1o 500" %" o o "™ |o o

are constant matrices of the corresponding dimension (7 x m),

E(“Od(zk)):|‘t:~l & & E;4| is vector of modes control;
gz{l at g () =[u(p)) w(py)=l0 0
V10 at (@) #[ute) wpy)|=lo of;
: :{1 at uoy (i0)=|u(p) n(py)|=[t 0
200 at u () #u(p) m(py) =t 0f;
a={1 at g (6) =[u(p) m(py)|=0 1
P10 at u () #|(p) m(py)|=[0 1

: _{1 at uod(tk)=|u(p1) H(p2)|=|1 1
Y10 at w () # e wp)|=l;

u,(t)= |u1 ) u, (z)|T is input vector.
The discrete event part of the model is described by the following equation:
Xg () =Xq W ))H WV + W () +ug (),

where u,(¢,) =| [ (X)) [ a(X,) 0 .. 0|" is vector of discrete-event

states from the continuous-event part to the discrete-event part of the DC-Net model;
\W‘ is an n X m matrix, the incidence matrix of Petri net;
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W) =wl wd o ow? ' is vector of discrete-event states from Unity
to discrete-event part of the model in DC-Net.

The discrete-continuous network editor window of the DC-Net program is
shown in Fig. 4. This editor realized a diagram of a model of an insulated wire
production apparatus.

The X;(¢), X,,(t), u(t), u,(¢) variables and ¢35, t,3;, t33 structure-
controlled transitions of a discrete-continuous network are denoted in Figure 4.
The structure-controlled transitions provide a change in the coefficients of the
matrix By;, i=1,...,4.
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Fig. 4. A fragment of the model diagram implemented by means of the DC-Net
environment

RESULTS

As a result of the work performed, a demonstration animation of the process in
functioning of the apparatus for the production of insulated wires was realized.
Also, visualization of the Petri net functioning was presented in parallel on the
same animation screen. This Petri net shows the work of the corresponding appa-
ratus. Thus, it is possible to obtain graphical information about changes in the pa-
rameters of a modeled object and its world linked with visualization (steam ex-
traction, color change, etc.) [12].

Ultimately, the requirements for the developed visualization system for the
modeling process were met.

DISCUSSION

The research results confirmed the assumptions that the introduction of feedback
from the visualization system to the model significantly expands the capabilities
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of the developed information technology of visualization. It is obvious that such
information technology is necessary for distance learning and it is also possible to
find new applications of such technology.

Considering the above mathematical apparatus, one should focus on the ¢

vector of discrete-event states of the model. Such vector is linked with specific
operations of creating feedback for DC-Net. This makes it possible to implement
the construction of new models. At the same time, additional structured transitions
are introduced into DC-Net for the further formation of a hierarchical system together
with the Unity platform. Feedback from this platform is shown in Fig. 1.

CONCLUSIONS

The scientific novelty of the results. The problem linked to with the develop-
ment of the mathematical model of a technical system based on the means of dis-
crete-continuous networks, taking into account the use of feedback functions from
the Unity platform was solved in the present work.

Thus the method of organizing the structure and formate of transferring the
vector of variables of the CTS model from the simulation software to the multi-
media platform and vice versa has got the further development.

The practical significance of the results. The developed methods for the
synthesis of CTS models based on an integrated multimedia platform and means
of discrete-continuous networks make it possible to implement a practical prob-
lem. This practical problem is linked with the implementation of virtual simula-
tors of distance learning systems.

The prospects for further research. Further development of the scientific
direction must be directly related to the formation of mathematical models for the
automated formation of algorithms or Petri nets within the framework of modern
intelligent technologies.
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TH®OPMAIIMHI TEXHOJIOT'I BI3YAJI3AIIIN TEXHOJOITYHUX IPOIIE-
CIB JJiA AOCJIIKEHHSA PEKHUMIB ®YHKHIOHYBAHHA CKJIAJHHUX
TEXHOJIOTTYHUX CUCTEM / A B. [lenucenko, O.0O. I'ypckuii

Amnoramnisi. [Toqano po3BUTOK MaTeMaTHYHOI MOJIEJIi TEXHOJIOTIYHOI CUCTEMH Ha OC-
HOBI 3ac00iB AMCKPETHO-HENEPEPBHUX MEPEXK 1 3 ypaxyBaHHIM B3a€MOMIl 3 MyJb-
TUMeAIHHO0 MTaTdopmoro. 3a0e3neyeHo miABHIICHHS e()eKTUBHOCTI MpoLecy Bi3y-
anizanii (yHKIIOHYBaHHS CKJIAQJHOI TEXHOJIOTIYHOI CHCTEMH 32 PaxyHOK peastizamii
B3aeMOZIi cepemoBHIIa MoJeMOBaHHs 3 Iwatdopmoro Unity B pexxuMi 3BOPOTHOTO
3B’s13Ky. Peai3oBaHO €KCHEepUMEHTH, L0 TOB’s3aHi 3 IHTErpalli€l0 MPOrpaMHOro
cepenoBuia mMozaenoBanHs DC-Net 3 iHCTpyMEHTOM JJisi pO3pOO0JIeHHs 0araToBu-
Mmipaux noxatkiB Unity. HaBexneHo npukiian po3poOieHHsT MOl TeXHIYHOI chcTe-
MH B cepeposunii DC-Net 1 npuknan po3poOiieHHS mporecy Bizyamizanii (pyHKIio-
HYBaHHS BIAMOBIAHOT TEXHIYHOT cucTeMd Ha ocHOBI miardopmu  Unity.
[TinTBEepPKEeHO NMPHHIMIIOBY NPHUIATHICT BUKOPUCTAHHS iHTErpamii pisHux iHdop-
MAaIiHHUX TEXHOJOTIHO MOB’A3aHMUX 3 PI3HUMHU IPOTPAMHUMHE CEPEIOBHIIAMHU.

KiouoBi cjioBa: cxiragHi TEXHONOTIYHI CHCTEMH, AUCKPETHO-HENIEPEpBHI MepexKi,
Unity, mynsTuMeniiina miatdopma, mepesxi [erpi.

NHO®OPMALIMOHHBIE TEXHOJIOI'NU BU3YAJIM3AIIUN TEXHOJOI'NYE-
CKHUX MNPOLECCOB JJs HUCCIEAOBAHHUSA PEXXUMOB ®YHKIHWOHU-
POBAHUS CJOKHBIX TEXHOJTOTHYECKUX CUCTEM / A.B. Jleaucenko,
A.A. I'ypckuit

AnHoTanus. [IpeacraBieHo pa3BUTHE MATEMaTHYECKON MOJENM TEXHOJIOTUYECKOM
CHCTEMBI Ha OCHOBE CPEACTB IMCKPETHO-HENPEPHIBHBIX CETEH M C yUETOM B3aUMO-
JEUCTBUSI ¢ MyJIBTHMeIUHHOM miatdopmoit. ObecneueHo nossimenne 3¢hexTus-
HOCTH TIpoLecca BU3yaIM3alUH (YHKIHOHHPOBAHHS CIOKHOH TEXHOJIOTHYECKOH
CHCTEMBI 32 CUET Pean3aliy B3aNMOJCHCTBHUS CPeabl MOACIUPOBAHNUS C IIAaThop-
mo#t Unity B pexxume o0paTHOil cBsi3u. Peani30BaHbl SKCIEPUMEHTHI, CBSI3aHHBIC C
UHTerpanueil nporpaMMHoi cpenbl Mojenuposanus DC-Net ¢ HHCTpyMEHTOM A1
pa3paboTku MHOTOMepHBIX TpmiokeHuidl Unity. I[lpuBenen mpumep pa3paboTKu
MOJIeIM TeXHU4ecKoi cuctemsl B cpene DC-Net u npumep pa3paboTku mporiecca
BU3yaIu3alui (QYHKIIMOHUPOBAHUS COOTBETCTBYIOLIEH TEXHMYECKOH CHUCTEMBI Ha
ocHoBe mratopmsl Unity. [TonTBepx/eHa MpuHIUNHATIbHAS TPUTOTHOCTD IIPHMe-
HEHUSI MHTETPAIUN Pa3INIHbIX HHGOPMAIHOHHBIX TEXHOJOTHH, CBSI3aHHBIX C pa3-
JIMYHBIMH IIPOTPAMMHBIMH CPEJAMHU.

KiioueBble ciioBa: CIIOXKHBIE TEXHOJIOTMYECKHE CHUCTEMBI, UCKPETHO-HETPEPHIBHBIC
cetr, Unity, MynsTuMenuitHas miatdopma, cetu [etpmu.
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HAJIUHICTH OBYUCJIIOBAJIBHUX CTPYKTYP
IHTETPOBAHOI MOAYJbHOI ABIOHIKH
JIJISI KOH®ITYPAIIIA AITAPATHHAX 3ACOBIB

1.0. KO3JIIOK, 10.b. KOBAJIEHKO

AHoTamisi. Po3risiHyTO 3aauy NMPOEKTYBAaHHS IEPCHEKTHBHUX OOYMCIIOBAIBHUX
CHCTEeM y KJaci CTPYKTyp iHTerpoBaHoi MoxayibHOI aBioHiku (IMA). 3anponoHoBa-
HO YHI(iKOBaHy TOIOJIOTiI0 BHYTPIIIHBOI Mepexi oGuuciaroBaya Ha 0a3i kaHaiB
o0Ominy SpaceWire i BapianTH 11 BUKOHaHHS IS Pi3HUX OOPTOBHX JOAATKiB. YBeme-
HO €KBIBaJICHTHI CXEMH HAJIMHOCTI KOXKHOI 13 YACTHHHUX CTPYKTYp 1 mpoaHaiizoBa-
HO WMOBIpHicTh 0e3BiIMOBHOI poboTH koxHOI cTpykTypu. HaBeneHo cim’i rpadid-
HUX 3anexHocTel. [logano aHami3 iCHyIOUMX IPHHIUIIIB Ta aJrOPUTMIB opraHizamii
TECTYBAHHSI MYJIBTHUIIPOLIECOPHHUX 0araToMoAyJbHHX OOPTOBUX LU(POBUX 00YHC-
JIIOBAJIBHUX CHCTEM, 3alPOIIOHOBAHO HOBHUI aJTrOPUTM TECTYBaHHS MYJIbTHIIPOLE-
copa, IO BiJNOBifae CTaHAAPTaM IPOEKTYBAHHS IPOrPaMHOro 3abe3NedYeHHs s
Bupo6iB IMA. Po3risiHyTo CTpyKTYpy YHI(piKOBaHOrO aBTOMATH30BaHOTO POOOYOro
Micus (APM) mnst mepeBipku pyHKmioHansHUX MonyiiB IMA. BussieHo cnenndiy-
Hi BUMOTH, BIIACTUBI pOOOYMM MiCLSIM 3 TEPEBIPKH 1HTETPOBAHOI aBiOHIKH: IiJBH-
IIEHUH pIBEeHb KOHTPOJNIO armapaTypHOI CKIaJoBOi BHPOOIB; MOXJIMBICTH imiTamii
CTaHy BiZIMOBH OKPEMHX KOMIIOHCHTIB aBIOHIKH JUIS IEPEBIPKH PEXKUMY PeKOHDIry-
pyBaHHS OOYMCIIOBAIBEHOI CHCTEMH; MOIYJIBHY MOOYIOBY IporpamHoro 3abesre-
YEHHS 3 ITOJIJIOM TECTIB IEPEeBIpKH Ha KOMIIOHEHTH, 1[0 BUKOHYIOTHCS Ha PiBHI KO-
JKHOTO KOHCTPYKTHBHO-(DYHKI[IOHAJbHOIO MOAYJsSl i OOYMCIIIOBaYa B LIIOMY B
0JHO33aJaYHOMY 1 0araro3agadHoOMy PEXHUMaXx; BIIKPUTICTh apXiTeKTypH poGO4Oro
MiCIIs, IO 3a0e3Meuye MOXKIUBICTh 3MIHH PiBHS CKJIAJHOCTI KepyBaHHS BHPOOOM i
HaJIAIITYBaHHA OJHOTO KJIacy CKJIAIHOCTI; BHYTPINMPOEKTHY yHi(iKaIlilo SK amapar-
HHX 3ac00iB, TaK i IporpamMHoro 3abe3nedcHHss APM nepeBipkiu.

KunrodoBi cioBa: inTerpoBana MoJyJbHa aBiOHiIKA, OOYHMCIIOBAJIbHI CHCTEMH, OIi-
HIOBaHHS MIOKa3HUKIB HAIIHOCTI, IMOBIpHICTH O€3BIIMOBHOT POOOTH.

BCTYII

Asiariitai obuncnroBaui kimacy IMA (iHTerpoBaHa MOJCNIbHA aBiOHIKA) SBISIOTH
€000 MYJIETUIIPOIICCOPHI 0araToMOTyJIbHI 00UYUCTIOBaNIbHI cucTeMH [5; 13], 1o
CKJIay SKUX BXOAATH Taki yHi(ikoBaHi QyHKmioHambHI Moaydi (OPM): monyns
obuncmroBanpault  (MO), wmomyms rpadiuamit (MI), Momxynms BBEICHHSI—
BuBeneHHs (MBB), moaynas macoBoi mam’sti (MMII). Hampyra kuBiieHHS Ha
®OM 3abe3neuye MOy b HarpyxeHb. Ha 6a31 @M npoektyroThcs: 6opToBa mud-
poBa obuncoBaibHa cucrema (BIIOC), 6oproBa rpadivyna craHilis, OopToBa iH-
TepdeiicHa cTanuis, OopToBa cucrtema KaprorpadiuHoi iHpopmMarii 1 psa iHIHIX
BHPOOIB aBialliifHOI MPOMICIIOBOCTI, III0 PEali3yI0Th Ha OOPTY JITAILHOTO anapa-
Ta o0unCIIOBaNbHI (GyHKIIT [9, 10].

OTxe, CYTTEBUMH IS OIIIHIOBaHHS HaIiiHOCTI o0uucoBadiB kiacy IMA €
BHYTpIIIHS CTPyKTypa oOuucmioBada [15-19]; sk Taka po3risgacTrbes cxema
3B 13Ky @M y BupoOi i A-xapaKkTepuCTUKU HaAIHHOCTI eneMeHTHO1 6a3u OM, mio
BXOJIUTH y BUpiO. HamiliHicTh BHPOOY OIIIHIOETHCS MUISIXOM aHATITHYHOTO BHBE-
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JEeHHs BHpa3y Ui iiMoBipHOCTI P(?) 0e3BiAMOBHOI poOoTH BupoOy i moOynoBu
ciM’T TpadikiB 3aJ€KHOCTI ITi€i HMOBIPHOCTI Ha 3aJaHOMY YacOBOMY iHTEpPBAUIi.
UYacoBuil iHTEpBa XapaKTepu3ye OUIKyBaHUI yac Oe3rnepepBHOI poOOTH BHPOOY
B eKCILTyaTarii.

AHAJII3 JIITEPATYPHUX JTAHUX I IOCTAHOBKA ITPOBJIEMH

Ha cyuacHoMy eTtarti po3BHTKY aBialliiHOTO OOJIaZHAHHS yCKJIaJHCHHS 3aBIaHb,
ski BUKoHYIOThCs BIIOC, yBeneHHsT HOBUX CTPYKTYPHHX i CXEMOTEXHIYHHX Pi-
HIeHb 3YMOBHJIM TMOSBY Pi3HUX MiaxomiB o opradizamii tectyBanHs BLIOC. ¥V
pa3i yCKIagHEHHsS IMpoLexyp TECTOBOTO KOHTPOIIO JOTENEp BHKOPUCTOBYIOTH
cxemu niepeBipku BIIOC, 110 He 3a10BONBHSIIOTH TPUHIIAITH TOOYIOBH ITEPCIEK-
tuBanx BIIOC [1-3, 6, 11, 13, 14]:

— peayizamis B 00YMCITIOBAYi TOCTIAOBHOI CXEMHU TEPEBIPKH BHUSBIISETHCS
PECYPCOMICTKOIO 1 HEOTYCTHMOKO JUISl MIPUCTPOIB, IO MPALIOIOTh y peabHOMY
MaciTadi yacy 3a KpuTepieMm MiHiMi3allii TMpeKTHBHOTO Yacy BUKOHaHHS OOpTO-
BOTO 3aBJAHHS;

— peaiizaiis B 00YHCIIOBaYi apaiebHOI CXeMH HepeBipKn 3IIHCHIOETHCS
OJHOYACHO IJIsl BCiX KOHCTPYKTHBHO- (I)yHKLIIOHaJ'ILHI/IX MO,E[yJ'IlB OJTHaK BHYTpi-
IIHi BY3JIH MOIYJIS HepeBlpHIOTBCSI SIK 1 paHillle, 3a MOCiI0BHOIO CXEMOIO.

3rigHo 3 konueniiero IMA [5, 7, 9, 12], KOXeH KOHCTPYKTHUBHO-
¢yskuioHanpHUE Moayb y cknagi BIIOC MicTUTh 0OYMCIIOBAIILHUM BY30J MiJl-
TpuManHsa Moxyisa (BIIM), omHiero 3 (yHKIH SKOTO € yIPaBIIiHHS i KOHTPOJIb
cTaHy crpaBHocTi MoayJisi. BIIM 3aGe3neuye ynpaBiaiHHsS BOyJI0OBaHUMH 3ac00a-
MU TIepeBipKH, m00 CTaH CIPaBHOCTI, OpPMyBaHHS Ta 30€pEeKEHHS KOHTEKCTY
mapaMeTpiB JIarHOCTHUKW, CHCTEMHE VIIPABIIHHS KOIITAMH pPE3CPBYBAHHS IS
NapupyBaHHs BUSBISIOTHCS HECTIPABHOCTEH.

Haykoea nosusna docnioxcenns nonsieae 'y po3poOieHHI MAaTeMaTHYHOT MO-
JIeNTi OIiHIOBaHHS WMOBIPHOCTI 0€3BiIMOBHOT pOOOTH OOYHCITIOBAIBHOI CUCTEMH,
IO BXOOUTDH y MpOrpaMy 3a0e3MeyeHHs] HaJilfHOCTiI MOBITPSAHUX CYIEH, CTBOPIO-
BaHUX Ha eTall BUTOTOBIEHHS 1 BUPOOYBaHb JOCIHITHUX 3pa3KiB BUPOOiB 00UrcC-
JIIOBAJIbHOT TEXHIKM aBialliiHOrO 3acTOCyBaHHA. TOOTO MaTeMaTH4YHA MOJECIb
OLIIHIOBaHHA MMOBIpHOCTI 0€3BiAMOBHOI poOOTH mOBiTpsiHOrO cyaHa IMA, mo
BpaxoOBY€ Pi3HI aKTyajdbHI I aBIaiiHOI MPOMUCIOBOCTI CIIOCOOH pe3epBY-
BaHHS (DYHKIIOHAJIBHUX €JIeMEHTIB (MOYIIiB) MOBITPSHOTO CyTHA: PE3epBYBaHHS
Ha piBHi iJCHCTEM, pe3epByBaHHs Ha PiBHI OJHOTHITHUX (byHKuiOHaJILHI/IX MO-

IOyJiB 1 KOB3HE pe3epByBaHHA Ha plBHl IIeHTUYHUX (QYHKIIOHAJIBHUX MOAYIMIB. A
TaKOX 3aNPOIOHOBAHO AITOPUTMH 1 KOMIUIEKC ITPOTpaM Jyisi KOHTPOJIO (byHKulo-
HAJIHUX €JIEMEHTIB MOBITpsiHOTO cynHa IMA, 1110 3aCTOCOBYIOTECS y CKIafl yHi-
(dhikoBanoro APM Ha 3aBOHi-BHPOOHHKY, IO BIAPI3HAIOTHCS BiJl BIIOMUX MOITY-
JHHAM TPUHLUIIOM MOOYIOBH CTPYKTYPU TECTIB 3 MOAIJIOM MOAYJIB TECTiB 3a
(YHKLIOHAJIBHOIO HAEKHICTIO KOXKHOTO TECTOBAHOTO KOMIIOHEHTA.

MeTta po60OTH: TIOaHHS PE3yIbTaTiB OIIHIOBAHHS HATIHHOCTI 0OYHCITIOBA-
TbHUX CTPYKTYp IMA 115 pisHEX KOHQIrypaliif anapaTHuX 3aco0iB.

[TocranoBka mpoOyIeMu: MPOEKTYBaHHA BUPOOiB OOUHCITIOBATBHOT TEXHIKH Y
KJIacl CTPYKTYP IHTETPOBAHOI MOYJILHOI aBiOHIKH, TPU3HAYCHUX IS €KCILTyaTa-
1ii B aBiallidHIl MPOMHUCIIOBOCTI, MOB’sI3aHe 3 HEOOXITHICTIO PO3POOISATH Creiia-
Ji30BaHi aJITOPUTMH Ta IPOTPaMHi 3acO0M KOHTPOJIIO TEXHIYHOTO CTaHy amapary-
pu. ANTOpUTMH KOHTPOIK TapaHTyiOTh 3a[aHy IOBHOTY i Z[OCTOBlpHICTB
NepeBipKH MiJ Yac MPOBEACHHs €TaliB TECTYBaHHS MYJbTHIIPOLECOpPIB Ta iX
KOMIIOHEHTIB Ha 3aBOIi-BUPOOHUKY 1 B €KCIDTyaTaIlii.
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MeToam: KOHTPOJIb CTaHy amapaTypu 3iicHIOBaHMH y ckiani APM (Ha 3a-
BOJIi-BUPOOHHKY) Ta aBTOHOMHO (B €KCILTyaTalii). AITOpUTMU KOHTPOJIO Hepe-
0adaroTh MepeBipKy (Hi3UIHOI CIIPaBHOCTI KOMIIOHCHTIB aBIOHIKH 1 ITEPEBIPKY JI0-
riYHUX 3B S3KIB  KOMIIOHEHTiB  (TIPOTOKONIB ~ OOMiHYy), 3adiiHUX B
00YNCITIOBATLHUX MPOIIECAX.

OCHOBHA YACTHHA

BapianTu BHyTpilmHBOI cTPYKTYpH o0uucaioBadis IMA. VHiBepcanbHy GyH-
KIIOHAJBbHY cXeMy OopToBoro obuncmoBava kinacy IMA 300paxkeHo Ha puc. 1.
Cxema 00’ennye Ha0ip @M tumy MO, MI', MBB ta ®M Ty MMII. Tonoo-
rifo BHYTPIIIHBOT Mepexi 3B’ 13Ky @M noOyaoBaHO 3a MPHHIUIIOM «KOXEH 3 KO-
KHUMY». DI3UYHUM cepeloBHIIEM MOIIMpPeHHs iH(opMaii € MpoBiAHi JiHii mepe-
JlaBaHHS AaHUX BIATIOBIIHO 10 cnerudikarii craamapty SpaceWire. O0uncroBayd
noOyJ0BaHMId 32 TBOKOHTYPHUM TPUHIUIIOM 1 CKIIAAETHCS 3 JBOX 1ACHTHYHHX
migcucTem [8].

Ha ocHoBi yHiBepcanbHOI QyHKIIIOHANBHOI cXeMH oO0uucoBada kiacy IMA
Ha MPAaKTUII pO3pOOJISIOTECS Pi3HI BapiaHTH BHYTPINIHIX CTPYKTYp BHPOOIB
aBIOHIKH, IO PEaJli3yIOThCS Ha JIOTiYHOMY piBHI [3, 4]. BapTo Bim3HauuTH, 110
(hizudHE cepeOBHINe MOMMUPEHHS iHpopMarlii y BUpoOi BiImoBigae cxeMi 3B’ 13Ky
(puc. 1), a noriuHe cepelOBUINE MOIIMPEHHS 1HPOpMAaIii OpraHi30BYETHCS MPO-
rpaMHUMH 3aco0amu. TakuM 4MHOM, HE KOXKHa (Di3WYHA JIiHIS TIepeAaBaHHS iH-
(dhopmaii BUSBISETHCS 3aAiSTHOO B JIOTTYHOMY IPOTOKOII 0OMiHY.

ITincucrema 1 ITigcucrema 2
OdM OdM
OdM S dM
—]
I 1
| MMII MMII <
—
OdM OdM
dM OdOM

Puc. 1. YuiBepcansHa QyHKIIOHaJIbHA cXxeMa obuncioBada kiacy IMA (a) i1 30BHiIIHIN
urisix BIIOC (6)
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Haii6inpm momwupeni BapiaHTH BUKOHaHHS OOPTOBOI amapaTypH IMOKa3aHO
Ha pHC. 2, 30KpeMa Ha pHC. 2, a 300paXeHO cXeMy BHYTPIIIHLOTO 3B 53Ky M B
00YHCITIOBATIBHIM CUCTEMI, PO3AUICHIN Ha NBI IICHTUYHI MiJCUCTEMH, Y KOXKHIHN 3
SIKHX 3aistHO 10 4oTHpu ®M i mo ogaomy MMII. V cknani 06’ekra (JiTabHOTO
arapara) IMiJICUCTEMH PEe3ePBYIOTh OJHA OAHY. Y pa3i BiIMOBH OJHOTO i3 ®M y
MIJCUCTEMI BCS MIACHCTEMa BBa)Ka€ThCS HECIPaBHOI, (PYHKII oOdYMCIIOBava
BUKOHY€ pe3epBHa mifacucreMa. Ha puc. 2, 6 300paxeHO cxeMy BHYTPIIIHBOTO
3B’s3ky @M y BIIOC, mo ckimamaerbes 13 4oTupbox ®OM pisHoro tumy. Koxken
®OM pesepByeThcs igeHTHYHEM @OM Takoro >k THIY. 3arajibHa KiJIbKiCTh
(byHKITIOHATEHUX MOJYyJIeH B 00YHCTIOBAIBHIA CUCTEMI BIJIIOBIIA€ BapiaHTy PHC.
2, a. Monyni MMII pe3epByiOoTh OAWH OJHOTO. 3aBJaHHS MIX IiJCHCTEMaMu He
PO3TOIIIAIOTECS; KOXKEH MOJYJIb MiJCHCTEMH Pe3epBYE iIEHTUYHUH MOIYINb iH-
moi miacucremu. Ha puc. 2, ¢ 300pakeHO cXeMy BHYTPIIIHBOTO 3B 53Ky OM B
O0YHCIIOBAJIBHIA CUCTEMI, IO CKIAmacThed 3 AB0X MMII 1 BocbMH 1A€HTHYHUX
OM, nanpukiaanx, MO. O6uucioBaabHa CHCTEMa BUKOPHCTOBYETHCS B pasi, KOJIH
JUIl BUKOHAHHS 3aJaHuX (YHKIIH aBiOHIKH MOTPiOCH OOYHMCIIOBAIBLHUN pecype
TibKH 9oTUPhoX ®M i ogHOoro MMII; npyra rpyma MomyliB B TOMY X CKJIai
nepedyBae B pesepsi. Yci @M, mo mepedyBaroTh y pe3epBi, MOXKYTh 3aMiHUTH
Oyap-sikuit i3 @M, 1m0 BiAMOBHIM B HOJNBOTi, TOOTO pe3epBYBaHHs B OOUMCIIO-
Badi IMA peanizoBaHo He Ha piBHI migcucTeM, a Ha piBHI ®M. Ha puc. 3 300pa-
JKEHO SKBIBaJICHTHI CXEMH JJIs1 KOXKHOT 31 CXeM, 300paXKeHUX Ha pHcC. 2.

Y Y Y Y
| oM |e»| OM |@»| OM |ep OM |

MMII

MMII

S
=
S
=
-4
S
2
S
2

M OM1

!
l

MMII 4 DdM2 DdM2

T | R VN

— DdM4 dM4

%)

Puc. 2. Bapiantm BHUKOHaHHA OOPTOBHX OOYMCIIOBATPHHX CHCTeM Kiacy IMA
a — pe3epBYBaHHS Ha PiBHI MiICKCTEM; 6 — pe3epBYBaHHS Ha PiBHI omHOTHUITHIX OM
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Puc. 2. 3akinuenns. (uB.Takox ¢.87)

OuinoBaHHs HMOBipHOCTI 0e3BiAMOBHOI poGoTu o0umciaroBaviB IMA.
Hexaii iMmoBipHicTh 0e3BiaMoBHOI pobotu P(f) omHoro @M 3HAXOIUTHCH 3a

thopmynoro
-\t
Fom()=e",
e A — IHTEHCHBHICTh BiIMOB €JIEMEHTHOI 0a3u MOAYJIS; ¢ — 4Yac MOJIbOTY Ji-
TaJILHOTO anapara.

VY BapiaHTi eKBiBaJIeHTHOI cXxeMu HaJiiHOCTI (puc. 3, a) iIMOBipHICTH O€3BiI-
MOBHOI poboTu P(¢) obumncmoBaua IMA Oyne Bu3HayaTucs 3a (hOpMyJIOr0

R() = 1= (1= (Pyyin (1) Pon (1)), (1
ne Pyvin (f) — iMoBipHicTh 0e3BiqMoBHOT poooT MMII; Py () — iMOBipHICTB
0e3BiqMOBHOT poboTr OM.

VY BapiaHTi €KBIBaJICHTHOI CXeMH HaAIWHOCTI (puc. 3, 6) IMOBIpHICTH O€3Bi-
MOBHOI poboTu P(¢) obuucmoBaua IMA cTraHOBUTHME

Py () =1~ (1= By (0)* 1[0 = (1= Py (0))) (1= (1 = Pz (1))
x (1= (1= Pops (01 = (1= Popga ()] 5 )

ne Poyi () — IMOBIpHICTB 0€3BiIMOBHOT po00TH y1s i-r0 DM.

Y BapiaHTi €KBIBAJICHTHOI CXeMH HaIiHHOCTI (puc. 3, 8) iIMOBIpHICTH O€3Bia-
MOBHOI poboTu P(¢) obumncmoaua IMA Oyzne BU3HaUaTHCS K

bl &8 i i
P(t)=[1- (1= Bpn ()71 2[C, Pom () (1= P (1)1 3)
i=4

SIkmo BBaXkaTH iMOBipHICTH 0€3BiIMOBHOI poOoTH Beix @M npubausHo ox-
HAaKOBOIO, TOOTO N0 ckiaxy koxHoro @M BXxomuTh MpHONIM3HO OJHA W Ta cama
KUTBKICTh PalioeIeMEeHTIB 3 TOPIBHAHHIMHY TOKa3HUKAMH A-XapaKTEPUCTHK, BH-
pasu (1)—(3) HaOyayTh BUTTISIAY BiIMOBiTHO:

B(t)=1-(1-P>(0)% @)
4

Py())=[1-(1-P@)* ] TI[1- (1~ P(t)*]; )

i—1
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8 . .
P(1) =[1—(1—P(r))2][Z[C?P’<t)-<1—P(z))g‘ ]}. (6)
i=4
MMII MO MO MO MO
MMII MO MO MO MO
a
MMII OM1 DdM2 DdM3 dM4
MMII OdOM1 dM2 DdOM3 dM4
o
MMIIT
MMIT
—< om OM OM OM
OdM

Puc. 3. ExBiBaleHTHI CXeMH HaJiHHOCTI: ¢ — pe3epBYBaHHsS Ha PIBHI MiJCHCTEM;
6 — pe3epByBaHHS Ha PiBHI OgHOTHIHUX PM; ¢ — KOB3HE pe3epBYBaHHS Ha PiBHI
inenTnyHux OGM

CiM’1 3aneKHOCTEH [T PI3HUX BapiaHTIB 3aCTOCYBAaHHS CXEM PE3epPBYBaHHS
B obumcmoBadax IMA mokaszano Ha puc. 4; 30KkpeMa Ha puc. 4, @ — 3aJleXHICTh
HMOBIpHOCTI 0€3BIAMOBHOI POOOTH AJsl BapiaHTa BHKOHAHHS OOYHMCIIOBAaJILHOT
CHCTEMH Ha [MBIILHOMY JiTaKy. /{5l BAKOHaHHS pO3PaxyHKiB B3TO 4acC MONbOTY
JiTa’dpHOrO anapara — 25 Toz.

CymineHOO TiHi€0 Ha puc. 4 TOKa3aHO KPHBY, IO BiAMOBigae HMOBIpHOCTI
0€3BIIMOBHOT POOOTH IS €KBIBaJCHTHOT CXEMHU HAIIMHOCTI, 300pakeHO0l Ha pHC.
3, a, TPUX-IIYHKTUPHOIO — KPUBY, 1110 BIJNOBIJa€ HMOBIPHOCTI 0€3BiIMOBHOT
poOOTH IJIs €KBIBAJICHTHOI CXeMH HAIIMHOCTI puc. 3, 6, MyHKTHPHOIO — KPHUBY,
110 BIiAMOBIiZa€ MMOBIPHOCTI O€3BiIMOBHOI pOOOTH JJIsi €KBIBAJICHTHOI CXEMHU Ha-
IifHOCTI puc. 3, 6.

s moOynoBu rpadikiB Uit BUSHAYSHOCTI B3ATO A-XapaKTEPUCTUKY Hamil-
Hocti @M, 110 CTAaHOBUTE 50-10° 1/rop.

3ayexHICTh IMOBIPHOCTI 0€3BiIMOBHOI poOoTH obumcioBada IMA mis Ba-
piaHTa BUKOHAHHS anapaTypH Ha MOPCHKOMY CYIHI MOKa3aHo Ha puc. 4, 6. Hac
iaBanHs — 4 aHi (96 rox). 3ayiexkHICTh UMOBIPHOCTI 0€3BiIMOBHOI pOOOTH IS
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BapiaHTa BUKOHAaHHS OOYHMCIIOBAIBHOI CHCTEMH HA KOCMIYHOMY amaparti
MoKa3aHo Ha puc. 4, 6. Hac nonsoty — 5000 roa.

P(t) 1 == niiialili LT Trewy e T
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CepellHe HANPAIIOBAHHS HA BiIMOBY OOYHMCIIIOBAJILHUX CHCTEM JUIS PO3LIIS-
HYTHX BHITAJIKIB Oy7Ie po3paxoByBaTHCS 3a (POPMYII0I0

T = O(ij(t) . (7)

Pesynbratu po3paxyHkiB, orpumani 3a Qopmymnamu (4)—(7), Taki:
Tp () = 6000T0x, Tp, ;) =10127 10, Tpy (1) =14444 TON.

BUCHOBKH

VY pe3ynbTati AOCHiIKEHHS PO3TISTHYTO Pi3HI BapiaHTH peajizalliii BHYTPIIIHbOT
ctpykrypu BIIOC knacy IMA. VY BapiaHTi BUKOHAHHS, KO CHCTEMa PO3IiiieHa
Ha JBI MACUCTEMH, KOKHA 3 K01 ckiamaeTsess 3 MMII i 4 M, mis cripaBHOTO
cTaHy oOYuCIOBaYa HEeOOXimaHO, MO0 yci Momyii ofHiel migcucTeMu Oyiau
npane3gaTHi. Y pasi BigMoBH xouda 0 ogHoro @M ycs migcucTeMa BBa)KaeThCs
HecnpaBHO0. 1 Takoi CUCTEMH cepelHE HalpauloBaHHS Ha BiAMOBY CTaHOBHU-
tuMe 6000 rog 3a A-xapaktepuctiku ®M Ha piBni 50-10° 1/rop.

VY BapiaHTi BUKOHAHHS, KOJU B CUCTeMi HasBHI 4 pisHOBUIU DM, KOXKEH
3 IKMX Pe3ePBYETHCSA OJHUM MOJYJIEM TaKOro X Ty, i 2 moxyni MMIL, ogun
3 SKUX TepedyBae B pe3epBi, JIA BUXOAY 3 JaAy CHCTEMH HEoOXiTHO, 00
BiiMOBIIM a00 omHOo4acHO 2 MMII , abo nBa ®M ognoro tumny. CepenHe Ha-
NpaIOBaHHs Ha BIIMOBY JUIS TAKOTO BUMAJKY 3a A-Xxapakrepuctuku @M Ha piBHI
50-10°1/ron cranoButume 10127 rog.

Y BapiaHTi BUKOHAHHS, KOJIM B cucTeMi HasBHI 8§ ®M 1 2 MMII, i g pobotr
obumcmmoBada gocuth 4 ®M i 1 MMII, a B pe3epsi € omua MMII i 4 ®M, cepenne
HANpPAILIOBAaHHS Ha BiMOBY 3a A-Xapaktepuctuui ®M Ha pisni 50-10° 1/rog
cranmosutume 14444 ron.

TakuM YMHOM, PO3PaXyHKHU MMOKA3aJIH, 110 HAHOUIBIN HAMIHHUM 3 PO3IJIAHY-
TUX BapiaHTiB € BapiaHT BUKOHAHHS BHYTPINIHBOI CTPYKTypH anapatypu IMA 3a
CXEMOI0, 300paXKeHOI0 Ha pHC. 2, 8.

YcraHoBI€HO, O Ui 00YHUCIIOBATIBHAX CUCTEM YETBEPTOrO IMOKOJIIHHS BU-
KOPUCTOBYBABCS MOCIIOBHUM NPUHIMII T0O0OYOBU aNroputMy KoHTpoiro. [loka-
3aHO, WO JUIS MEPCIEKTUBHHUX MOBITPSHUX CYAEH OOLIIBHO BHUKOPHCTOBYBAaTH
HapaJieNbHUM IPUHIMIT KOHTPOIIO.

3amponoHOBaHO aJIrOPUTM KOHTPOJIO MOBiTpsiHOro cynHa IMA mim wac
NOJBOTY. 3’SICOBAHO, IO YIS MEPCHEKTHBHUX IMOBITPSHUX CYAEH CIIijJi BUKOPHC-
TOBYBaTH PEXHM «30BHIIIHBOTO» IHII[IIOBAaHHS KOHTPOJIO 3 YIPOBaIKEHHIM
NPUHIMITY Ma)KOPYBaHHS PE3yJbTaTiB KOHTPONIO (YHKIIOHAIBHUX EJEMEHTIB.
OriHeHO HMOBIpHICTH O€3BIIMOBHOI POOOTH MJisi TPHOX CHOCOOIB Oprasizarfii
BHYTPIIIHBOI CTPYKTYPH TOBITpssHOTO cymHa IMA, akTyalbHHUX I aBiamiifHOL
TPOMHMCIIOBOCTI.
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HAI[E)KHOC]:I; BBIYUCJIMTEJBbHBIX CTPYKTYP HH:FEI‘PHPOBAHHOFI
MOAYJBbHONU ABHUOHHUKU IJIsSI KOHO®UTYPAIIUU AINIIAPATHBIX
CPEACTB / .A. Kozmok, }O.b. KoBanenko

AHHoTanms. PaccMoTtpena npoGiemMa co3JaHus MEPCHEKTUBHBIX BBIYUCIHTEIBHBIX
CHCTEM B Kiacce CTPYKTYp HHTErpupoBaHHOW MopynbHOW aBuonuku (MIMA).
Ipemnoxena yHUQUIMPOBaHHAS TOMOJIOTHS BHYTPEHHEH CETH KOMIBIOTEpa Ha OC-
HOBe KaHaJIOB 0OMeHa SpaceWire W BapHaHTHI €€ UCTIONHEHUS AJIS Pa3IMIHBIX O0p-
TOBBIX NPHJIOKEHUI. BBeIeHbI cXeMbl SKBUBAJICHTHOW HAJIEKHOCTH KXKIOH U3 4Ya-
CTHBIX CTPYKTYp H NpOAHAIN3UPOBAHBI BO3MOXHOCTH Oe3aBapHiiHOW paboTHI
Kax1oi cTpykTypsl. [IpuBeneHs! cemeiicTBa rpaguyeckux 3aBHcUMOCTed. JlaH aHa-
JIU3 CYUIECTBYIOUIMX MPUHIUIIOB U AJTOPUTMOB OPraHU3ALMU TECTHUPOBAHHS MHO-
TONPOLIECCOPHBIX MYJIBTUMOIYJIBHBIX OOPTOBBIX HU(POBBIX BHIYMCIUTEIBHBIX CHUC-
TeM, TPEJIOKEH HOBBII alTOPUTM TECTHPOBAHUS MHOTONPOILECCOPHBIX CHCTEM,
COOTBETCTBYIOMIMII CTaHIApTaM MPOEKTUPOBAHHS NMPOrPaMMHOI0 0OECIeUeHH s IS
n3pennii UMA. PaccMoTpeHa cTpyKTypa yHU(HUIIMPOBAHHOTO aBTOMAaTH3UPOBAHHO-
ro pabodero mecra (APM) npoBepkn GyHKIHOHATEHBIX Moxyiteil IMA. BrisiBieHEI
cnenuguueckre TpeOOBaHUA K paboduuM MecTaM sl TECTHPOBAHHS HHTETPUPOBAH-
HOM aBUOHUKH: TOBBIIIEHHBIH YPOBEHb KOHTPOJIS ANIIapaTHOM COCTAaBIIAIOLIEHN PO~
IYKIMH; BO3MOXKHOCTb MOJIETIUPOBAHMS OTKa30B OT/ACJIBHBIX KOMIIOHEHTOB aBHOHU-
KH JUISL IPOBEPKH PEKHMa PEKOH(PHUTYPAIMH KOMIIBIOTEPHOH CHCTEMBI; MOIYIHHOE
MOCTPOEHHE TPOTrPaMMHOTO OOecleueHus] C JAENEeHHEM IPOBEPOYHBIX TECTOB
Ha KOMIIOHEHTHI, BBINOJHSEMBbIE Ha YPOBHE KaXIOr0 KOHCTPYKTHBHO-
()YHKIIMOHAJIBHOTO MOMYJISI M KOMIIBIOTEPA B IIEJIOM B OJHO33JlaYHOM M MHOTO03a-
JTAYHOM PEKUMAaX; OTKPBITOCTh apXUTEKTYpHI padouero mecta (APM), uto obecne-
YMBaeT BOBMOXXHOCTh H3MEHEHYS YPOBHS CIOXKHOCTH YNPaBICHHS IPOJYKTOM U
HACTPOWKU OJIHOTO Kjlacca CIOKHOCTH; BHYTPHUIIPOSKTHAsl YHH(HKAIMS KaK arma-
paTHOro, TaK ¥ MporpaMMHoOro obecrieueHust APM npoBepku.

Kurouesble ciioBa: UHTCTPUPOBaHHAA MOAYyJIbHass aBUOHHUKA, BBIYUCIUTEIIBHBIC CU-
CTEMBbI, OLICHKa ToKa3aTelen HaJIC)KHOCTH, BEPOATHOCTDH 06e30TKa3HOU pa6OTLI.

RELIABILITY OF COMPUTER STRUCTURES OF INTEGRATED MODULAR
AVIONICS FOR HARDWARE CONFIGURATIONS / 1.O. Kozlyuk, Y.B. Kovalenko

Abstract. The problem of designing advanced computing systems in the class of
structures of integrated modular avionics is considered. The unified topology of the
internal network of the computer on the basis of Space Wire exchange channels and
variants of its execution for various onboard applications is offered. Equivalent reli-
ability schemes of each of the specific structures are introduced and the probabilities
of trouble-free operation of each structure are analyzed. Families of graphic depend-
encies are given. The analysis of the existing principles and algorithms for testing
multiprocessor multimodal onboard digital computer systems is given; the new test-
ing algorithm for the multiprocessor systems which follows the software design
standards for products of integrated modular avionics is offered. The structure of the
unified automated workplace for checking the functional modules of integrated
modular avionics is considered. Specific requirements inherent in the workplaces for
testing integrated avionics are identified: an increased level of control of the hard-
ware component of products; the ability to simulate the failure state of individual
components of avionics to check the mode of reconfiguration of the computer sys-
tem; modular construction of software with the division of verification tests into
components performed at the level of each CPM and the computer as a whole in
single-task and multitasking modes; openness of architecture of a workplace, which
provides an ability to change the level of control complexity of a product and control
of one class of complexity; intra-project unification of both hardware and software
of the workstation of the inspection.

Keywords: integrated modular avionics, computer systems, evaluation of reliability
indicators, probability of trouble-free operation.
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OINIEPAIIUA PASHOCTHU IJIA PEI'YJIAPHBIX A3bIKOB
CETEM IIETPHU B 3ATAUE O ITIPOU3BOJIUTEJIE U
INOTPEBUTEJIE C OT'PAHUYEHHBIM BY®EPOM

B.M. CTATKEBNY

AHnHoTanus. Paccmotpens! cets Ilerpu B 3a1aue 0 Ipou3BoAUTEINIE U TOTpedUTENe
(OmHOW W3 KITaCCHYECKHX 3a/1a4 CHHXPOHHM3ALUH) C OTpaHUYCHHBIM Oydepom pas-
MEpa 71 ¥ PETYJIPHBIE (OPMABHBIC SA3BIKU L, , KOTOpBIE OHa nopokaaeT. CornacHo

Henu paboTel — TMONydEHHE DETYJSIPHOTO BBIPOKCHUSI UL PAa3sHOCTH SI3BIKOB
L\L
3aHHBIX SI3BIKOB, Jjajee METOMOM HCKIIOYEHHS BEPIINH IOJIyYEHO PETYISIPHOE BHI-
pakeHHe B peKypcHBHOM Buze. OCHOBHOW pe3ysbTaT NPOMJLIIOCTPUPOBAH Ha IPHU-
Mepax. B kauecTBe JONOIHEHHS PacCMOTPEHO 3a4ady ¢ ABYMS IPOM3BOAUTEISIMH U
JIByMs IOTPEOUTENIAMH ¢ OrpaHUueHHBIM Oydepom pasmepa 1. [Toctpoen rpad moc-
TIDKIMOCTH M TIPEUIOKEHO KOHCTPYKIHIO JUIS TTOJYYeHHS! PETYJSIPHOTO BBIpaXke-
Hus. B cirydae 3apauu ¢ 1ByMs IPOM3BOAUTEIISIME U OJJTHUM HOTpEOUTENEM, a TaKkke
3a/1a4y ¢ OXHHUM IIPOM3BOUTENEM U ABYMs HOTPEOUTEIISIMU yKa3aHbI SIBHBIE (POPMYJIBL

m> 1> M — TOCTPOCH KOHEYHbI aBTOMAT, [OIYCKAIOIIMKA PasHUIY yKa-

Kuarouessble cioBa: cets Ilerpu, 3a1a4a o npousBoauTene U nNoTpeduTene, s3blk ce-
Tu [letpu, popManbHbIi A3bIK, PEryJIAPHBIN A3bIK, KOHEUHBI aBTOMAT, PETyJspHOE

BBIPaKEHHE.
JlocBaumyaemca namamu
3auneuameLbHozo ‘le.LOgeKa u umamemumamuka,
dokmopa U3UKO—MAMEMAMUMECKUX HAYK
QHukouaa Bapgpoiomeebuua Andpeeba
(20.03.1941-07.06.2021)
BBEJIEHHUE

Ceru lletpu sBnstoTcss yIOOHBIM MHCTPYMEHTOM JUISI MOJEIWPOBAHUS TPOIIEC-
coB, cucteMm u cereit [1-3]. Cets IleTpu MoKeT MOpOXKIATh SA3BIK; B padore [1]
ompezaeneHsl 12 KIaccoB S3BIKOB M yKa3aHa WX B3aMMOCBS3b ¢ (HOpMaJIbHBIMHU
S3BIKAMH, OTpeNIeSIEMBIMI HepapXuei XoMCcKoro (Teopus (opMaIbHBIX S3BIKOB
U3JI0’KECHA, HAIIpuUMep, B paboTax [4—6]).

3amada o Mpou3BoIUTENIEC M TIoTpeduTene Oblia mpeaioxkena 3. Jlerkerpoit [1]
KaK OfHa W3 3a7ad CHHXpoHM3anuu. CyIIecTBYIOT HECKOIBKO Pa3IMIHBIX BapH-
aHTOB ATOH 3a/Jau: C HEOTPaHWICHHBIM Oy(depom, ¢ orpaHHIECHHBIM OydepoMm, ¢
HECKOJIBKUMH TPON3BOAUTENSIMA U HECKOJIBKUMH MTOTPEOUTEISIME U AP.

B pabote [7] paccmarpuBanachk ceth lleTpu B 3amaue o mpou3BOIUTENE H
norpeduree ¢ orpaHMYeHHBIM OydepoM pazMepa n U peryisipHbie GpopManbHbIe
a3blku L, (L-Tuna), KoTopsle OHa MOpoXKAaeT. J[ias paccMOTPEHHBIX SI3BIKOB
6I>IJ'II/I, B 4aCTHOCTH, Hafl[[eHBI PETYJIPHBIC BBIPAXXCHUA B pCKYPCUBHOM BHUC, IJIA
Pa3HOCTH S3BIKOB L, \ L; IOCTPOEH AOIyCKAIOLIMI KOHEYHbIH aBTOMAT U HalAEHBI
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peryisipHble BBIPaKEHUST B PEKYpCUBHOM BHIE, a IJS Pa3HOCTH S3BIKOB
L, \ L, — B BuJE ABHOI1 (hOPMYJIBL.

Llens paboTsl, mpojoinkatouieil paboty [7], — monyuyeHue perysspHOro Bbl-
paxkeHHs U1l pa3sHOCTH sA3bIKOB L, \L,, n>m. B KkadecTBe NONOJIHEHUs pac-
CMOTpEHa 3a/ja4ya ¢ IByMs IPOU3BOAUTEINIIMU U JIByMsl TIOTPEOUTENAMHU C OTPaHu-
4YeHHbIM OydepoM pasmepa 1; mpemnoxkeHa KOHCTPYKLHUS Ui HOJNyYEHHs

PETYJISIPHOTO BBIPAXKEHUSI.

INPEJABAPUTEJ/IBHBIE CBEJEHUSA

B 3amave o nmpou3BOAMTENIE U MOTpeOUTENE MPOIECC-NIPOU3BOIUTENs A TPOU3-
BOJUT OOBEKTHI ((PHUIIKK) U TOMEMIAET UX 4 B

B Oydep (mosumuro ps), a Ipolecc-
notpedurens B ynanser o0bekT u3 Oyde-
pa u ucnonn3yet ero. bydep umeer orpa-
HUYCHHBIH pa3Mep 7, CIIe0BATEIbHO

BBEJICHA OIIOJHUTEIIbHAS IIO3ULIUS pg,
uMeromas n ¢umek (puc. 1).
Hycrs A={ay,ay,a3,a4} — ana-

*
BUT, A — MHOXECTBO CJIOB, T.C. KOHCY-

Puc. 1. 3apaua o mpOU3BOAUTENE H
notpeouTese

*
HBIX merodek u3 4 . KaxxgoMmy mepexomy
cetu t, t, t3 U t; COIOCTABUM CHUMBOJI

aJ'I(bB,BI/ITa a, d,, ay U ay COOTBETCTBCHHO, IIOCICAOBATCIIbBHOCTH 3aIIyCKOB IIC-

pexomoB — ciioBo B andasure A . SI3pikom cetu Ilerpu L -THIia Ha3bIBAIOT MHO-
JKECTBO BCEX TaKUX CJIOB, YTO IIOCJIE BBIIOJHEHHSI COOTBETCTBYIOLIEH MOCIENOBa-
TEJNBHOCTHU 3aIyCKOB TIEPEXO/I0B MAPKUPOBKA CETH SIBISIETCS 3aKIIOUUTENHHOM [1];
B IaHHOHM 3ajade ImoJiaraeéM, 4TO 3aKJIIOYUTEIbHAs MapKUPOBKA COBHAJAET
C HaYaJIbHOM MapKupoBKoil |,. I[lopoxmaemslil ceTbio sA3bIK L -THIa 0003HA-

yuM yepes L, .

MHOXKECTBO pETyJISIpHBIX BhIpAXEHWH Haja andaBuToM A ompenensercs
cTaHAapTHEIM 00pazom [4—6]: 1) 0, 1 1 TPOU3BOJIBHEIN CUMBOJN a € A SBISIOTCA
PEeryISpHBIMH BBRIPOKCHUSAMH, 2) €CITH # U § SBISIOTCS PETYJISIPHBIMU BBIpaXKe-

HUSIMH, TO (r+s), (r-s) u ¥ TaKKe SBISIOTCS PETYISIPHBIMA BBIPAXKEHUAMU;
3) UHBIX PETYJSPHBIX BhIpaKeHUI HeT. Kaxmoe peryaspHoe BhIpaXCHUE 7 3aja-
eT s3bIK L[r]C A, OTIpeIEISIEMBIA PEKYPCUBHO:

1) L[0]=9, L[1]={¢e}, L[a]={a} nis npou3BOIBHOTO CHMBOJIA a € A ;

2) L[r +s]1=L[r1UL[s], L[r-s]=L[r]L[s], L[r ]=(L[r]) .

OmnepaTop mapaJuieIbHON KOMIIO3UIUU «||» OMpeaeNsieTcss CIeayoNuM
obpazom:

alle=¢lla=a, (ax| || bxy) = a(x; || bxy) +b(ax; || x;)

JUIsl IPOU3BOJIBHBIX a,be€ A, Xx|,Xx, € A" [1,c. 165].
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JUist BceX IOCTIDKUMBIX MapKUPOBOK [ = (L, Ly, L3, L, s, L5 ) BBITOTHEHBI

paBeHCTBA L) + W, =3+ Uy =1, U5+ W5 =n; onHa QumIKa B HO3ULMAX p; IHOO

Pr MOKET pasMCIIATbCA ABYMs

t

(1,0,1,0,0,n)-—* (1,0,0,1,0,n) |6  cmocobamu, ogHa uIIKa B MO3H-
t 3 musX p; 1Mbo p, — TaKkxKe ABY-

K
(0,1,1,0,0,n) 1,0 |o M cmocobamu; n ¢umek B mo-
¢ 3UNMSIX  ps U ps — n+l

2

10.1'0.1.n-1 C1inn s cnocobamu. [Toromy rpad moctu-
(1,0,1,0,1,n-1) /1,1,n-1) A JKHMOCTH, OCTPOEHHBIH B pabore
t O [7], umeer 2-2-(n+1)=4(n+1)
(0,1,1,0,1,n-1) (0,1,0,1,1,n-1) |1 MapKUpPOBOK M JIONYCKAaeT Mpea-
t, CTaBJICHHE B BUJE OJIOYHOH CTPYK-
Typhl (puc. 2). Ilo rpady moctu-
¢ JKUMOCTH IIOCTPOEH KOHEYHBIN
2 aBTOMAT, JOITYyCKAIOIHN S3BIK L, :

(1,0,1,0,n-1,1) 1,n-1,1) | 6
A N MapKupoBKE U = (1512, M3, 1y,
1 K  Ws,5) COIOCTABICHO COCTOSHHUE

(0,1,1,0,n-1,1)~ % 1,n-1,1) |n-
b L Q<204 +4us » TEPEXOLY CETH #; —
Hepexo aBToMara o CUMBOJY d; ,
(1,0,1,0,n,0) (1,0,0,1,n,0) |6 . .
. R A HayYaJbHOW W 3aKIIOYUTEIBHON
1 ¢ 1 3 mapkuposke [, =(1,0,1,0,0,n) —

4
(0,1,1,0,n,0) (0,1,0,1,n0) In  pavamemoe u momyckaromee co-
Puc. 2. Tpa¢ nocrxumoctu cetu Iletpu crosue ¢y (qo €1, qo €F).
ABtoMat umeeT Bu [7]

M(Ln):<{qor"5q4n+3}5{al’a2’a3’a4}5A(Ln)5{qO}ﬂ{QO}>5 (1)

AL, ={(q;a1,9;41):1:2,0<i<4n+2} U{(q;,a5,9;43) 112,1<i<4n—1} U

u{(g;,a3,9,2):imod4e{0,1},4<i<4n+1} U

U{(q;,a4,q;_>):imod4 €{2,3},2<i<4n+3} 2)

(3mecy m mamee mod4 o3HayaeT ocTaTOK OT AeiieHus Ha 4). CiemoBaTeiabHO,

L, — aBTOMaTHBIN s3bIK, IIOTOMY PEryJIsIpHbIA. PeryispHoe BblpakeHue, 3a1ato-

uiee s3blK L
METO/1a UCKIIIOUEHHUS BepIIuH [7, Teopema 1]:

n?°

npeaACTaBJICHO, B 4aCTHOCTU, B CJICAYIOIICM BUAC NPHU MOMOIIHA

% %
L, = L[1+ajay(azasayay + 5,y + 1yilyilyy) azay], 3)
IJie peryJsipHbIe BBIPAKEHUS S,_;, I, |, t,_| U I,_; ONPENEICHBI PEKYPCUBHO:
s0=0, ly=ay|las, ty=ayaasa;, 1ry=a| as, “4)
* * * * *
Skl = MAySpazay + ayaysity (b +ser) lpspasay, (5
* *
ln = aaay (g +pspry) agas, (6)
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* * *
L =(ay || ag) +aya (8 +Lisgry) spasay, (7

* * *
Tt = (@ [ @3) + aqagsy i (4 + 1esire) agay ®)
(k=0,...,n=2). 3nece a,||ay =ayay+aza,, a, | a, =a,a, +asa, — perymsp-

HBIC BBIpKEHUS, KaKI0e BhIpakeHne B (popmyrax (4)—(8) Takxke SBISIETCS pery-
JISIPHBIM.

PA3BHOCTb ®OPMAJIBHBIX SA3BIKOB L, U L,

Paccmotpum pasHocts s3bik0B L, u L, , n>m. Perynsapaocts L, \ L, cienyer

m o
U3 CBOWMCTB 3aMKHYTOCTH PETYJISIPHBIX SI3BIKOB (CBOHCTBA 3aMKHYTOCTU PEryJIsp-
HBIX SI3BIKOB, CM., Hanpumep, [4—6]). [locrpoum koHeuHsli aBTOMar M, , JO-

HmycKaromumi a3blk L, \ L, , COrIacHo cieayroumeMy npuHiuny. bydep (mosununs
Ps ) IMEET OrpaHUUYeHHBIN pasmep n U Oydep XoTs Obl B OMH MOMEHT BPEMEHU
cogepxxut m+1 ¢umek. Ilycts #, — MOMEHT BpeMeHH, KOIJa BIIEPBbIE BBINOJI-
HWIOCh ycloBue W(ps)=m+1. Jlo Takra, COOTBETCTBYIOILEIO MOMEHTY {j,
M,,\,, OyHkunonupyer cornacHo ¢opmynam (1), (2) xak apromar M(L,,), 1o-

MYCKAIOMMN sI3bIK L, ; HAuMHAs C yKa3aHHOIO TakTa — Kak aBromar M(L,),

m >

JOITy CKatOIIUi SA3bIK L,

1 1 2 2
M\, :<{q0""3q4m+3}U{qO"‘"q4n+3}’{al’a2’a35a4}’

Ao Al 11>@2> G a)s (i3> @25 L)} A%’\m’{q(l)}’{qg}>’
A ={(g),a,q).):i2,0<i<4m+2} U
U{(gl,ay,q,3):i12,1<i<4m -1} U
U{(qa5,q)5):imod4 e {01}, 4<i<dm+1} U
U{(q} as,ql,):imod4 e (2,3}, 2 <i<4m+3},

A ={(q?,ay,q))i2,0<i<4n+2} U
U{(g?,ar,q%3):i12,1<i<4n—1} U
U{(g?.as.q75):imod4 € {01}, 4 <i<4n+1}u
U{(g? as.q7,) imod4 e (2,3}, 2<i < 4n+3}.

Apromar M,,,, UMeeT BUI, IOKa3aHHBIM Ha puc. 3. B nmocTpoeHHOM aBTO-

m

Mare COCTOSHUS q(l),...,qim +3 Y IIEpeXo/ibl MHOXKECTBA Aln\ COOTBETCTBYIOT aB-

m
tomary M (L, ), cocTosHus qé,...,qﬁn +3 W IEPEXOJBI MHOXKECTBA Azn\m — aB-

1 2 1 2
Tomary M(L,), I€PeXOnbl (G4pm+1>@259am+a) M (Gam+3:92,qamee) «CBA3BIBAOTY
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JIBE pasinuHbie YacTH. [locTpoeHHBIN aBTOMAT SBISETCS ACTCPMUHUPOBAHHBIM.
OTMeTHM, YTO KOHCTPYKIMS M MPUHIIMII IOCTPOSHHUS KOHEYHOTO aBTOMATa, J10y-
ckaromero s3Ik L, \ L;, Oblia npeioskena B padote [7].

6 6
n n
o] o}
K K
0 0’
6 6
n n
0 0
K K
1 1’
6" ‘6
n n
0 0
K K
m m'
6
n
0
K
Am'+1
6
n
o}
K
nl

Puc. 3. AsToMmar, fonyckaromuii a3eik L, \ L,

Iloctpoennsiit aBromMat M, UCIOIb3YyEM Ul IOJIyYEHHs PEryJIIPHOIO
BBIPXKEHHS AJIsI PA3HOCTH S3bIKOB L, \ L, TIpU MOMOIIY METOJa yJalleHUus Bep-

LIYH.
Perymnsiproe BelpaxkeHue i L, \ L,, uMeeT clieyonuii peKypCUBHBIN BU].

Teopema 1. S3pix L, \L, , n>m umeer sua L, \L, =L[r,,], rne

% % *
Tom = Q@a[azasayay + 8,y + Hy ity il ] Uy + 1t H oy +

* * * *
+ Ryt + Fpctlin1 Gt il llasagaay + s,y + 18,41, 1 azay,

a peryJspHsle Belpaxenus R, _,, [,_;, G,_; 1 H,,_; onpeneneHsl peKypCcUBHO:

* * *
RO =4S —m—1"n-m-1 (tn—m—l + ln—m—lsn—m—lrn—m—l) auas, (9)
]0 =Sp-m> (10)
* +
GO =ar)a (tn—m—l + ln—m—lsn—m—lrn—m—l) asas, (1 1)
* * *
HO =ar)a (tn—m—l + ln—m—lsn—m—lrn—m—l) Zn—m—lsn—m—1a3a4 > (12)
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* * * * *
Riy = a1ay8; (R + LSy nemeke + 1 G+ Lesirie) (G + H Sy i Tk +
* * * *
sk (R + 1S ik 'nemk ) Enemke bk Sn-mk "nemk ) dads,  (13)
* * * *
L =aays;, (n (G + Lesyer) (Hy + Lesil ) + 1 +
* * * * *
+ (e (g +lesine) (G + HieS i Tnemake T LSk (Rie + LSk pmmei ) +
S * * *
+ Rk + Iksn—m+krn—m+k)(tn—m+k + Zn—m+ksil—m+krn—m+k) ln—m+k )Sn—m+ka3a4’ (14)
% * %
Gy = aay(t + lpsyn) (G + HyeS ik Te sk +
% % % %
+ stk (Rk + Iksn—m+krn—m+k)) (tn—m+k + Zn—m+ksn—m+krn—m+k) asas, (15)
* * * * *
Hyy = aya (t + espry) (Hy +lesi e + (G + HiS s i Tne ek + oS (Ry +

* * * *
+Iksn—m+krn—m+k))(tn—m+k +Zn—m+ksn—m+krn—m+k) ln—m+k)sn—m+ka3a4 (16)

*

(3necs k=0,...,m—2, a B ¢opmyne (11) ucrmoms3oBaHa 3amuch e =e e,
CM. Hampumep, [4, 5]).

Jloka3aTeIbCTBO TEOPEMBI ITPOBE/IEM B HECKOJIBKO IIaroB.

Hlar 1. PaccmoTtpum aBTomar M,,,, . Yaamsis B KaXIoM U3 m+n+2 Ono-
KOB (m+1 OJIOKOB B JieBOM cTOJiOIE puc. 3 U n+1 OJOKOB B MpaBOM) JIeBOE

HIDKHEE M IIPABOE BEPXHEE COCTOSIHUS, T.€. COCTOSIHUS q} , imod4e{l,2},
1<i<d4m+2 n qu-, jmod4 e {l,2}, 1< j<4n+2, u ucnoap3ys omneparop mna-

PaJICIIEHOM KOMITO3HUIIMH « || », Ioy4aeM 000O0IICHHBIM aBTOMAT
My = (105,43 05 @3 0» Pon> Cin 3} 020350307 05 s B3}
{a),a5,a3,a4}, 8, O {(Ql 41022 Gy a):
(@i 02015 Can 1) (@i @2 || G5 G sa)} O B (a5} {3},

AN ={(qf ,ajay,q0,):i=04,... 4N -4} U

U{(gl4.aza4,9F):i=04,... . AN -4} U
u{(ql ,aya,,q95,):i1=37,.. AN -1} U{(q} 4,a4a3,9F):i=3,7,.. AN -1} U

U{(gf,a | as,qf ) i=48,... AN} U

U{(gl,,a; | as,97):i=48,... . AN}, p=12.

Beenennoe o6osnadenne AL (p=1,2) mis pasmumaseix N >0 Oyner wuc-
MOJIB30BaHO Janee MpH JI0Ka3aTenbCcTBE TeopeMbl (B ciydae N =0 monaraem

A} =). TlompoOGHO METOA HCKITIOYCHHs COCTOSIHUI U3JI0KCEH, HALPUMED, B pa-
borax [4-6].
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Hlar 2. Cravana pacCMOTpUM Ciay4ait n>m+ 3.
2a. VYpgamsieM COCTOSIHHE qin 43, TeM caMbIM [100aBiis NETIIIO

(qfn,l,a2a1a4a3,qfn,l), n00aBysieM IETITI0 (qfn,O,qfn) U BBOIUM 0003Haue-
Hus (4).

26. MHOXeCTBy Nepexof0B MONydEeHHOTO aBTOMaTa IPHHAJIEkKAT, B TOM
YHCIIe, IEPEXObI

2 2 2 2 2 2
(Gan—a>012>94,)5(q4n> 304, Gayn-2)s(qin5 505 Gin)»
2 2 2 2
(Q4n’r03(’I4n—1)7(q4n—1’lO’q4n)’ (17)

2 2 2 2 2 2
(Gan-5-a21,94y-1)5(Gap-1,3493,G4n—5)>(Gan-15L0>Gin-1) - (18)

VYnansem cocTosHHE qﬁn. Torna W3 MHOXeCTBa IEPEXOJI0B YIAISIOTCS Tie-
pexonbl (17), a HOOaBISIFOTCS IEPEXOIBI

2 x 2 2 £ 9
(Gan-1> 03500384, 44-4)s(Qan—a>30250705 Qa1
2 x 2 2 S N
(an-1-L0509304>94,-4)>(qan-1>10S070>Qian-1) 5 (19)

00BEeIMHEHNE JIBYX MapaJUIeNbHBIX METENIb — TPEThEro mepexoaa u3 ¢popmyst (18)

U yerBeproro mnepexoma w3 ¢opmynsl (19) — maer mermio (qfn_l,toJr

*
+los0r0,q§n_1). AHaJIOTHUHBIMU PACCYXKIEHUSAMU YAAJIE€HUE COCTOSHUS qﬁn_l,
o0beIMHEeHNe TapayIeIbHbIX MEPEX00B M BBEICHHE PETYNAPHBIX BBIPAKEHUI
S, 4, I} 1 1 cormacHo dopmyiam (5)—(8) IPUBOAUT K 10OABICHUIO IEPEXOTO0B

2 2 2 2 2 2 2 2
(Gan-2-51950-4)s(Qan-5:11>94,-5)>(Qa4n-4-11-94n-5)>(Q4p—5:11,94p—4) -
IIpeATOXKEHHYIO IPOLEAYPY YAAICHHS COCTOSHHEA ¢j, W g3, ; 0003HAUMM

uepes DEL(q3,»q4n_1) -
2B. BBINONHSAS aHATOTHYHYIO YHKTY 20 Tpolienypy #n—m—2 pas, T.e. yla-

2 2 2
Tl COCTOSHUS B HOPANKE G4, Gipis> --» G4ms11 U UCIONB3Yys PEKYpPCHBHBIE
dopmysl (5)—(8), momydaeMm aBTomMat

1 1 1 1 1 1 2 2 2 2 2 2
M, =<{CI0,CI3=Q4,CI7,---,614m=Q4m+3}U{‘]0a‘l3a‘l4a‘17,---=‘]4m+7,‘14m+8}:
{a A ! 2
13,035,044 },07,490 1,190 } )
A=Al 1 2 1 2 1 2

2 =N GGt 0125 G a)s (Gams3, 02015 Qam7)s (Gams3s @2 || a5 Gapea) } Y

2 2 2 2 2 2 2
U A Y amrar 0102, Qapmss)s (Qamiss 3045 Gamea)>(Qame3> 201> am7)s

2 2 2 2 2 2
(‘I4m+7:a4a3aq4m+3)a(‘I4m+8asn—m—2aq4m+8)a(‘I4m+7:tn—m—2aq4m+7)’

2 2 2 2
(q4m+8 sln—m-2-94m+7 ): (q4m+7 ’ ln7mf2 > q4m+8)} :
Teneprs paccMOTpUM citydail n=m +2 W aBTOMaT M, NOITy4eHHBIN Ha ma-
re 1. BeImonHss npeiokeHHbIe B IIYHKTE 2a JEHCTBHSA M HE BBINOJIHAS aHAJO-
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THYHYIO TYHKTY 20 mpouenypy HH OJHOTO pas3a, MojydaeM aBTOMAT, COBMAAal0-
Ui ¢ aBToMaToM M, .

3aMeTHM, 9TO PacCy’XKIeHHUS MYHKTOB 2a, 20 u 2B OBLIM MPEIOKEHBI B pa-
Oorte [7] mpu noka3aTenbCTBE TeopeMsr 1 [7].

Ilar 3. CHavana paccMOTpUM ciay4ail n=m+2 u aBTOMaT M, , MONy4eH-
HBII Ha mare 2. [TocnenoBaTenbHO ynansaeM COCTOSHUA qim 8 U qim +7 - YKaxkeM
JOTOJHEHHs] K aHAJOTHYHOH NYyHKTYy 20 mpouexaype DEL(qim +8,qu 7))
OpU yAAJIEHUU COCTOSIHUS qu 47 JOIOJIHUTEIBHO YHAANAETCA MEepexXon

(q}m 43 azal,qu +7) , @ TAKXKE JIONOJIHUTENIbHO J00ABIISIOTCS /IBa Iepexoa
1 * * * 2
(q4m+3 »drag (tn—m—Z + In—m—ZSn—m—Zrn—m—Z ) ln—m—2sn—m—2a3a4 sd4m+4 )’

1 i * * _ 2
(Q4m+3=a2al(tn—m—2 + n—m—2sn—m—2rn—m—2) auasz = tn—m—lﬂq4m+3)7

MEepBBIi W3 KOTOPBIX OOBEAWHSAEM C CYMIECTBYIOIIMM TapauiedbHBIM

(qim 3.0 || a4,q2m +4) 1 ucnonsdyeM ¢opmyiy (7). Takum obpas3om, morydaem
aBToMart

1 1 1 1 1 1 2 2 2 2 2 2
M; = <{q0’q3’q45q7"“5q4m’q4m+3} G095 9497 5+ Qam+3-Qamsa ) »
1 2
{‘11,02,03,a4},A3,{610}3{610}>,
A, = Al 1 2 1 2 1 / 2
3 =00 YU Gam> 4192, Gamsa)>(Qamezstuomet> Qam+3)s(Game3s lpm1>Qamea) } Y
2 2 2 2 2 2 2
VA, I Gam> 0182 Qams4)s(Qams 4838459405 (Damia>Sn-m1>9amea)>

2 2 2 2 2 2
(Q4m+3’ Ln—m—1>94m+3 )a (q4m+4’ Tn—m=-1>94m+3 )a (q4m+3 > ln—m—la q4m+4)} :
Teneps paccMoTpuM citydail n=m+1 u aBTomMar M, Nony4eHHbIi Ha mmare 1.
VYnansiem cocrosiHHe qim +7, TEM CaMbIM JOOABISISI MEPEXO (q}‘m 43,090a10405 =
2 2 2
=10 = by m-1-94m+3) M OCTIHO (Gl,13,0001a4a3 =1g =1y 1:G4py3) » AOOABIACM
qin +4) W TIOJTyYaeM aBTOMAT, COBIAJAIOLINIA C aB-

2
HETIIIO (q4n+4 0= S0 = Sn-m-1»

TOMaToM M.

Ilar 4. PaccmoTpuMm aBTOMAaT M5, mosydeHHBId Ha mare 3. Ilocienosa-
TEIBHO yJaJsieM COCTOSHUS qim i H qim +3 - YKaXeM JIOTIOJHEHHS K aHAJIOTu4-
HOH myHKTY 20 mpouenype DEL(qu +4,qu +3). Ilpu ynaneHuu coCTOSIHUS
qu +4 JOTONHUTENBHO YIANsIOTCA JBa Iepexopa (q}‘m,alaz,qim 4) W

1 2
(Gam+3>Ln—m—1>94msa) » @ TAKIKE TOMOIHUTEIBHO JOOABIAIOTCS NEPEXOABI
1 * 2 1 * 2
(Gam> 012810384, G4m)>  (Qam> D928 p_iy1Ty—m—1>94m+3)>
1 * 2 1 * 2
(Q4m+3 2 ln—m—lsn—m—la3a4 sq4m )a (Q4m+3 > ln—m—lsn—m—lrn—m—l sGam+3 )’
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HOCJ'IG):[HI/II‘/'I U3 KOTOPBIX O6T>CZ[I/IH$[CM C CYHICCTBYIOIIMM MHapajiCJIbHbBIM

(qim +3,tn,m,l,qim +3) - AHAJOTMYHBIMH DACCYXKICHHUAMHU YyNAICHHE COCTOSHHS

qu +3, OOBEIUHEHME MapauleNIbHbIX HepexonoB U ydeT dopmya (5), (7), (8)
NPUBOJIUT K aBTOMATy

1 1 1 1 1 1 2 2 2 2 2 2
M, =<{610,613,CI4,(]7,---,614maQ4m+3}U{‘Jo=‘]3 545597 >3 9am-1-Dam >
A 1 2
{a;,ay,a3,a4},04,{90}:190 }),
1 1 * * *
A4 = Am o {(q4m’alaZSn—m—lrn—m—l(tn—m—l +Zn—m—lsn—m—1rn—m—1) auas #
2
# Vo—m>94m-1 )’
(q4m’sn—m’q4m)a(q4m+3’(tn—m—l +Zn—m—1Sn—m—lrn—m—l) Zn—m—lsn—m—1a3a4 *
2
# In—m’q4m )9
1 * + 2 2 2 2
(q4m+35(tn—m—1 + Zn—m—lsn—m—lrn—m—l) a4a3’q4m—1)} o Am—l % {(q4m—4’a1a2’q4m )»
2 2 2 2 2 2
(q4m’a3a4’Q4m—4)’ (q4m’sn—m’q4m)’(q4m—1’tn—m’q4m—l)’

2 2 2 2
(q4m sVn—m>94m—1 )’ (q4m—1 ’ ln—m sG4m )} .

3 1 ! \ ¥

ameTuM, 4To B 1epexolne  (Gami3> (tymei + Lom1Sn—m1¥n—m—1) °
2 sk

-@403,q4,,1) WCTOIb30BAHA 3aMKCh € =e e, cM. Hanpumep, [4, 5]; B ciiyuae

m =1 MHOXECTBO A%n_l =(J cornacHo mary 1.

Teneps ymamseMm cocTosiHHE q}lm +3, TeM caMbIM J100aBIIsL TPHU IEPexona,

Cpean KOTOPHIX MeTIIs (qim,l,a2a1a4a3,q}‘m,l) , 100aBIsIEM TIETIIIO (qim,O,qim)
u BBOUM oOo3HaueHus (4). Taxxe BBoguM obo3Hauenus R,, I,, G, u H co-
rimacao dpopmyinam (9)—(12), moxydas aBTomaT

11 1 1 1 1 2 2 2 2 2 2
M5:<{q0’q35q49q75‘"3q4m—1’q4m}U{qO’q3’q4’q75"'5q4m—1’q4m}9
1 2
{al,az,a3,a4},A5,{qo},{q0}>,
N 1 1 1 1 1 1
As =N, V(Gam—1>0192,Gam)>(Qam> 33845 Gam-4)>(Gam>S0>Gam)s
1 1 1 1 1 1
(Gam—1>20>Gam—1)s(QamsTo> Qam—-1)>Gam-1>Lo>qam)} Y
1 2 1 2 1 2 1 2
U{(Q4m’R0=q4m—1),(CI4m’IO)Q4m)7(q4m—1’GO’CI4m—1)7(Q4m—1’HO’q4m)}U
2 2 2 2 2 2 2
VA1 YU Gam—1>82, Qi )>(Qam> 3045 Q1) Qo> Sn—m>Gam )
2 2 2 2 2 2
(q4m—1’tn—m?‘]4m—1):(q4m’rn—m’Q4m—1)7(q4m—1’ln—m9q4m)}'
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3ameTuMm, 4TO B ciaydae m =1 MHOXeCTBa Alm_l = Azm_l =(J cormacHo Ia-

ry 1. Ykaxem CBSI3b IOCTPOSHHOTO aBTOMATa C PUC. 3: JICBBIA U MPAaBBIA CTOJIOIBI
BBIPOBHEHBI 110 BBICOTE, & YETHIPE MEPEX0/a, «CBSI3BIBAIOIINE) JICBbIH U MPaBbIit
CTOJIOITBI, HA3BaHHI 1O TIEPBBHIM YETHIpEM OYKBaM ClIoBa «right», Tak Kak BeAyT
ClJIeBa HaIPaBo.

Hlar S. Paccmotpum aBToMaTt M 5, OJTy4€HHBIN Ha miare 4.
S5a. CHauama paccmorpuMm ciaydaid m >1. IlociaemoBarensHO ymansieM CO-

CTOSTHUS qim u qﬁm_l. VKaxeM JOMOJTHEHUs K aHAJIOTHYHOM MyHKTY 20 mpolie-

ype DEL(qu,qu_l): JMOTIOMTHUTENIBHO ~ yHANSMIOTCS  YeTBIpe  Iepexoja

1 2 1 2 1 2 1 2
(q4m’R0’q4m71) > (q4m’10’q4m) > (q4m71’G0’q4m71) u (q4m71’HO’Q4m) » a4 TaKKe
JOINOJIHUTCIBbHO I[O6aBJ'IHIOTC$I YCThIPC IICpexoaa

1 * * * 2
(Q4m s (RO + IOSn—mrn—m )(tn—m + Zn—msn—mrn—m ) a4a3,q 4,5 ) > (20)

*

1 * * * 2

(q4m s (10 + (RO + IOSn—mrn—m )(Zn—m + ln—msn—mrn—m ) ln—m )Sn—ma3a4 ’ Q4m—4) ’ (21)
1 * * * 2

(q4m—1 s (GO + HOSn—mrn—m )(tn—m + Zn—msn—mrn—m ) 403,49 4m-5 ) s (22)

1 *
(Q4m—1’(HO + (GO + HOSn—mrn—m )(tn—m +

*

* * 2
+ ln—msn—mrn—m) ln—m )Sn—ma3a4’q4m—4) . (23)
Tenepb IOCJICAOBATCIIBHO yAAIACM COCTOSAHUA qﬁllm u qéllm—l . YKaxxeM o-

NOJHEHHUs] K aHAJIOTMYHOW MyHKTy 20 mpouexmype DEL(q}‘m,q}‘m,l): JOTIOJIHU-
TeNpHO yhaistorcs nepexonsl (20)—(23), oObenuHeHHe MapauIeIbHBIX MEPEeX0-
JIOB U BBEJICHUE PErYJIApHBbIX BblpakeHU R;, [;, Gy u H, cornacHo ¢popmynam

(13)-(16) npuBomuT K  1H00aBIEHHIO  TIEPEXOIOB (q}‘m_4,Rl,q§m_5),

1 2 1 2 1 2
(Gam-4-11>94m-4) » (Gam—3:G1>q4m-s) ¥ (Gam-5,H1,q4pm-4) -
50. BhInouiHss aHAJIOTHYHYIO MYHKTY Sa nporenypy m—1 pas, T.e. yaansis

2 2 1 1 2 2 1 1
COCTOSIHUSL B IIOPSIAKE Gl s Gam—1s 9ams> Qam—1s -+-> 98> 47> 43, 7 1 UCIONB3YS
pexypcuBHbIe popmybl (20)—(23), momydaem aBTOMaT

M =({0:93.44-90-43- 43} 101, @2,a5, 04}, Mg 001400 )
Ao = {(q0-@12,44)+(q4-8304:90)- (915,108 (@3 oLy 1-G3): (G471 03
(@3:Ln1:03)} O {945 Ry 1,63)-(085 1 1y1:03):(43: G 1,63)2(q3. H 1,43}
V(90 0a2.93):(94-0304:90)-(q5+5,-1-93)- (@3 211,63

2 2 2 2
(Q4 sTn-1-93 ),(q3 ’Zn—l’q3 )}
TCHCpL 3aME€TUM, 4YTO B Cliy4ac m = 1 aBTOoMar M5 . HOHy‘ICHHBII\/'I Ha IIa-

re 4, coBnazaeT ¢ aBTOMaToM M U BBINOJHEHNE aHAJOTMYHOW MYHKTY 5a mpo-
ey Pl He TpeOyeTcsl.
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Ilar 6. 3amensem aBromMaT M Ha DKBUBAJICHTHBIH, YAAssl HMEPEXOMbI

1 1 2 2 1 1
(94,a3a4,90), (90>m1a2,9%) U J00aBuAs  METIH (q1>aza4a1a5,q4) ,

(qf,a3a4a1a2,qf ). IlocnenoBarenpHO yganseM COCTOSHUS q%, q32 U THOJIyyaeM
aBTOMAaT

1 1 2 2 1 2
M, =<{q0,q4,q0,q4},{al,az,a3,a4},A7,{qo},{qo }>,
1 1 1 * 1
A7 ={(90,31a2,94),(94,03040,G5 + Sy + Vil ilyy1594)s
1 * * * 2
(q4a[m71 + rmfltmlemfl + (Rmfl + rmfltmflefl )tnfllnfl »q4 ):

2 * 20 2 2
(g5,azasayay + 8,y + 11ty ily_1,95),(q4,a3a4,90) -

IMocnenoBaTenbHBIM YAaJICHUEM COCTOSTHUI ‘]411 " qi MOJTy4aeM HCKOMOE pe-
TYJIIPHOE BBIPAKEHUE 7, , YTO 3aBEPLIAET JOKA3aTEIbCTBO TEOPEMBI.

3ameuanue 1. CpaBHEHHE MOJIYYEHHOTO PEryJSPHOIO BBIPAXKEHHS 7., C
tdhopmyioit (3) B KOHTEKCTE pHC. 3 BBISBISET OOINEEe PEryssspHOE BBIPAXKEHUE
ry =(azasa,a, + 5, + rn,ltz,lln,l)*, MOPOXICHHOE «CBOPAYMBAHHEM OJHOTO
crosbua BICOTEI 271+ 2 ». ®opmyna (3) UCHonb3yeT 7, OIHH pas, a r,, — JBa
9K3eMIULIpa 7, U 7, AJs CBOPAYMBAHMS JICBOTO CTONONA BBICOTHI 2m +2 W mpa-
BOT'O CTOJIONA BBICOTBI 2712+ 2 COOTBETCTBEHHO. J[Ba 3K3eMIutsipa 7, W r, pasjie-

JICHBI PETYJSIPHBIM BBIPRKECHHEM, OTBEUAIOIIUM 33 «CBS3BIBAHUEY JIEBOTO U Mpa-
BOT'O CTOJIOIIOB.

Hnst s3p1ka L, \ L) perynsipHOe BeIpakeHUE HaiieHo B padore [7] (mpumep 4).

Ipumep 1. Pacemorpum m=1 u sk L, \L;. U3 teopemsr 1 u dopmy-
1wl (4) cnepyeT

* * *
Ry =a1ay8, o1y _5(tyy +1, 28, o1y 2) asasy, 1y=s,,
* +
Go =ara)(t,_y + 1,28, 21y2) dsas,
* * *
Hy=aya(t,_y + 1,28, 21-2) 1,_28,-2a3a4,
% %
a1 = aaylazagaia, +(ay || as)(a,aa4az) (ay [l ay)] -
* * * *
[snm1 + (ay || as)(aza1a4a3) azay (b, +1, 58, 21y -2) 128, 2a3a4 +
* * *
+(@ays, oty oty 1,28, 2ty_n) asas +
* * + *
+(a llas)aya1a4a3) aya (t,_y +1,_58, 27,2)" asaz)t, I, ]
* *
lasagaiay + 5, + 1,1ty il ] azay =
* *
= q\ay[azaga1a, +(ay || a3)(aa1a4a5) (ay [l ay)] -
* * * *
[, + (@ | a3)azay(agazara)) (8, p +1, 58, 21-2) L 2Sy_2a3a4 +
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* * *
(@138, 91,5 +(a) ||az)ayay (agazayay) (8, +1, 28, 27,2))-
* * * * *
(g oSy oly_2) agast, 1, llasagaay + 5,y + 1,41, 41,11 azay.

JlaHHOE perynsipHOE BBIPAXKCHUE COBIMAJACT C PETYJSPHBIM BBIPAKCHUEM
7\ » TOTy4eHHBIM B pabore [7] (cnenctaue 3).

Ipumep 2. Paccmorpum ciyuait n=3, m=2 u a13bIk L3 \ L, . Uckomoe pe-
TYJISIPHOE BBIpAXKEHHE UMEET B

* * *
I\ = qaylazagaay + sy + [+t Hy +
* * * B3
+(R +n1n G) thlasasaay +s; + 0] asay.

[IpounmocTpupyeM HaxoKACHHWE PEryNSpHBIX BblpaxkeHud R, [}, G, u

H| cornacHo pexypcuBHbIM Gopmynam (9)—(16). 13 popmyn (4)—(8) cnenyer
81 = ajayazay + aay(ay || az)a,ayazas +(ay || ag)(a || 03))*(612 | as)aszay,
= ayay (ayaagas +(ay | ag)a || a3)) aga;

I =(ay || ag) + aya (ayaa,a3 +(ay || ag)a || a3)) (ay || ag)asay.,
n =(a [|a3) + ajay(ay || a3)(ayaa4a3 +(ay || ag)(ay || 03))*04"3-
U3 teopemsl 1 nomxyuaem
Ry =aay(a, || a3 )araasa3 +(ay | ag)a || a3)) aqas #17,
Iy =5, =ayaya3a, + qyay(a || a3 araiaga +(a; || ag)ay || @3)) (a; || ag)azay,
Gy = ayay(ayayaqas +(ay || ag)ay || a3)) " asas,
Hy = ayay (ayayagas +(ay || ag)(ay || a3)) (a || ag)asag # 1y,
Ry =ajay(Ry +s 1 +(ay || a3 Yarayagas +(ay || ag)(a || as))” -
{(Go + Hosyri +(ay || ag)(Ry + sy N + s i) agas,

L =a1a,((a) || a3 )ayaaya; +(ay | ag)ay | a3)) (Ho +(a; [ ag)s;) +s, +
+((a lasNaraiaqas +(az [ ag)(ay || 03))*(Go +H031*”1 +(ay | ag)(Ry +5111)) +
+ Ry + 5Tt + s 1) s asay,

G = ayay(aya1a,a; +(ay || ag )@y || a3)) (G + Hosy 1y +
+(ay | ag)(Ry + 570 +hsir) agas,

Hy = aya)(aya1a4a3 +(ay || ag)(ay || a3))*(Ho +(ay [|ag)s, +

+(Go + Hos 1y + (a3 || ag)(Ry + 5T W)t +hisy 1) 1)sy azay.
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3ameuanue 2. HarmroMHUM, 9TO BBICOTOW WTEpAITMH A 3BE3JHONW BBICOTOMH
sh7 perynspHOro BBIpaKEHUS 7 Ha3bIBACTCS HAMOOJbINAs TIyOHHA BIIOYKCHUS
orepanuu 3amblkanusa KinHu, a BBICOTON UTepaluu perynspHoro s3eika sh L —
HavMEHbIAs U3 BBICOT UTEPALUi PETYISPHBIX BBIPAXKCHUH, 3aJa0IIUX SI3bIK L
[5, 8]. B pabore [7] momydens! paBenctBa shl;=shl, =2 wu oueHka
shl, <2n—-3 (n=3), a takxe paBeHcTtBo sh(L, \ L, )=shL, . Iloromy nomyua-
eM oueHky sh(L,\L,)<2n-3 (n=3).

3ameuanue 3. I'pad aBromata M (L,) umeer 4n+4 BepummH u 8n+4 pe-
6ep, uro crenyer u3 ¢popmyn (1), (2), rpad aBromara M,,,, — 4m+4n+8 Bep-

muH 1 8m+8n+10 pebep. I[loToMy maHHBIE Tpadbl SBISIOTCS pa3peKCHHBIMH
(kaxxmast BepIIMHA UMEET HE 0oJiee NBYX CMEXKHBIX €U BEPIIMH C yUYeTOM OpPHCH-
Tanuu pedep) W I XpaHEHUsS WX B MaMATH KOMITbIOTEpa YAOOHO HCIIONB30BaTh
criucku  cMexHoctu [9]. Jlms  mpencTaBieHWS OpUEHTHPOBAHHOTO Tpada

G= <V,E> c |V | BepmunaMu u | E| peOpamMu B BUAE CIHCKOB CMEKHOCTH Tpe-

n\m

Oyemsblit 00beM mamsitn O(|V |+]| E|) [9], moToMy ¢ ydeToM n>m TMOIy4aeMm,

4TO Ul IpejcTaBieHus aBTomatoB M (L,) u M, ,, B BUIE CIUCKOB CMEKHOCTU

m
TpeOyeMbIii 00beM maMsTH KoMmmbioTepa O(n), T.e. IMHEHHO 3aBHCUT OT pa3Mepa

Oydepa cetu Iletpu. BpeMeHHas cI0KHOCTH MOCTPOCHUS aBTOMaTa Takxke O(n).

JOIIOJIHEHHME: 3AJAYA C IBYMS IPOU3BOJUTEJISIMA U IBYMS
INOTPEBUTEJAMHU C OT'PAHUYEHHBIM BY®EPOM PA3MEPA 1

PaccmoTpum 3amady ¢ IBYMs IPOU3BOAMTENSIMA U ABYMSI IIOTPEOUTEISIMUY C OT-
paHn4eHHBIM OydepoM pa3mepa 1, koraa B mo3uuusix p; u p; (cM. puc. 1) B Ha-

YaJbHON MapKUPOBKE [l UMEIOTCS MO ABe (GUIIKHU. [ BCeX TOCTIKHUMBIX Map-
KHPOBOK W= (L}, 1y, 3, g, s, L5) BBIIOJHSIOTCS PABEHCTBA |4; + [, = U3 +
+uy =2, Us+ps=1; ABe QUIIKM B MO3UUUSIX p; U P, MOTYT Pa3MEIIaThCsI
Tpems crioco0amu, ABe (GUIIKY B MO3UIMAX p3 U p, — TaKkKe Tpems crocoda-
MU, OflHa (QHIIKA B MO3UIHUIX ps MO0 ps — aBymst criocobamu. [lotomy rpad

JOCTHKUMOCTH nMeeT 3-3-2=18 MapKupoBOK M JOMYCKaeT MpeACTaBICHHE B
Buze OJIOUHON CTPyKTYpbl. [locTaBUM BOIIPOC HAXOXKIEHHS PETYJSIPHOrO BBIpa-
JKEHUs AT sI3bIKa L -TUma, KOTOPBIA IMOPOXKIAeT AaHHAs CeTh (3aKIIOUUTEIbHAsS
MapKUpPOBKa, KaK U paHee, COBManaer ¢ ). Ilo rpady moctmxumoctu crpo-

UM KOHEYHBIH aBTOMAT, W300pakeHHBIH Ha puc. 4: MapKHPOBKe
w= (Mo, 13, g,L5,L5) COMOCTABISIEM COCTOSHHE qE;M , IEpexony CeT f; —
Hepexos aBToMara 10 CUMBOIIY @, , HauallbHOM Mapkuposke L, =(2,0,2,0,0,1) —

HA4YaJIbHOC COCTOSITHHUEC q(())O aBTOMaTa. ABTOMAaT UMEET BUJ
My =(1gf 1 =012 =002k = 0.1} {ay, a,a5, a4} Ay (o 0o )
Ay =1{(gfan gl ) i=017 =012k =01} U
U{(g)-a2.q1,;) i =12 j =012 U{(gj.a3.47 1) i = 01,2 j = 0,1} L
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Ui(gFaq.qf )i =012 j =12k =0,1}.

o ROooo

= R0

Puc. 4. 3agaga c qByMsI TPOU3BOANTEISIMU U ABYMSI IOTPEOUTEISIMHU

3/1ech  COCTOSHUIO — aBTOMAara qi/;_ OTBEYaeT MAapKUPOBKA CETH
(2-i,i,2—j,j,k,1—k), mHOXEcTBO mepexonoB A; comepxkHuT 36 IEepexooB.
3aMeTHM, 9TO COCTOSHUS q,{; B ciy4dae i, j,k €{0,1} oTBeuaroT 3agade ¢ OTHUM

MIPOM3BOAUTEIIEM W OIHUM TOTpedOuTeneMm, B ciydae i< {0,1,2}, j ke{0,1} —
3a/1a4ye ¢ JAByMs MIPOU3BOAMUTEISIMHA M OJHUM MOTpeduTenem, B ciy4dae i,k € {0,1},
j€{0,1,2} — 3amave ¢ OMHUM MPOU3BOJUTEIEM U JIBYMsI MOTPEOUTEISIMH, & CO-

CTOSIHUSA qu u q;z o0pazoBaHbl «uHTepdepeHIrel» ABYX HMPOM3BOAMTENEH U

IOBYX moTpebuteneil. Puc. 4 umeet ¢popmy Kyda, rlie BEpXHAs MIOCKOCTh OTBEYa-
et 6moky 0 (k=0), a HmxkHsa1 — Onoky 1 (k=1).

VY nansem cocTostHUS qilj‘- , i+ j12, T.e. cocrosHUS qgl, qﬁ), qgl, qloz, q(l)l,
qllo , ¢51 U ¢}, , O0BCIUHsEM TapaLIebHbIC IEPEXO/bI H HCIOTb3yeM 3aIHCH
apllay =aaz +azay, ayllay = aja, +aya,

ay ||ay = ayay +agay, asl|aq =aza,y +aya;y:
ko ok k kK. 0 0
M2=<{qoo,q02,q11,q20,q22.k=0,1},{a1,a2,a3,a4},A'2UAS,{qOO},{qOO}>,

A =1{(400-41 »490)-(402- a7 1032+ (@00-a1 @20)-(d02- 45 1422
(90233 :400)- (4323 ,90)-(q023 - 700)- (0223 - @30
(9303203, 911)-(a11>8203,900)- (020, @302, 411)s (11,8302, 62),
(@02 1 ago ) (ath ar || @4, 430): (@0 a1 1| s 1) (a1 |l ags g30)}s
A =1{(400-@1a2.900) (402> 0182, 902)- (430 @281, 420)+(432 . 421, G2,

1 0,1 0,1 0,1 0
(400>a3a4,900)-(q20,a3a4,920)- (402443, 902)- (422,243,923 )s

Cucmemni docniodicenns ma ingopmayivini mexronoeii, 2021, Ne 2 107



B.M. Cmamxkesuu

0 1 0 1 1 0 1 0
(a11,95 1 ag,900):(q22-a5 |l a4,911)- (90041 |1 a3,911)-(q11, 4 || a3,927),

(@l a |l a2, 1), (g1, a5 || ag, g}

MHuoxecTBO A, comepxut 16 mepexonoB BHyTpH oaHOro O6ioka 0 v BHYTpH
ozxHoro Gioka 1, a MHOXKecTBO A5 — 14 mepexo0B Mex Iy IByMsI OJIOKaMu.

s nanbHERIINX pacCy KJI€HUM UCTI0JIb3yeM CIEAYIOUTYIO JIEMMY.
Jlemma 1. Ilycts x,y,z,t € A. Toraa BBIIOIHSIOTCS paBEHCTBA:

a) x||yz=xyz+ yxz+ yzx;
0) x || (¥ || zt) = xyzt + yxzt + yzxt + yztx + xzyt + zxyt + zyxt +
+ ZyIx + xzty + zxty + zixy + ztyx ;

B) x| (¥]| zx) =xyzx—i—yxzx+yzx2 +xzyx-i—zxyx—i—zyx2 +xzxy+zx2y;
r) x||(x||yz)= x2y2+ XYXZ + Xyzx + yxzz + yxzx + yzxz;
1) x|| (v|| x2) = xyxz + yx2z + yxzx + X2 Yz + Xyzx + x> 2y + X2xy + x2%;

&) (x| W)l (x|l ¥)=xyxy+x7p% + x>y + poyx + 0 x + y7x.

I[0K33aTeJ'lI)CTBO KaXa0ro NyHKTa JICMMbI OCHOBAHO Ha OIPEACIICHUHN OIIC-
paTopa mapajuieNbHOW KOMITO3HMIIUH «|)» U HE BBI3BIBACT 3aTPYyAHCHHUH. 3aMETUM,
qToO HpI/IOpI/ITeT onepaTopa Hapa.]'[J'IeJ‘[LHoﬁ KOMITIO3UIIUKU HUKEC, YEM onepaTopa
KOHKAaTCHaAlluH. Ta1<>1<e 3aMCTHUM, 4YTO HpaBafI YHaCcTb Kaxxaoro paBeHCTBa SABIIACTCA

PETYIAPHBIM BBIpRXKEHHUEM, 33Jaf0IINM KOHEYHBIH S3BIK, IOTOMY W PETYISIPHBINA
SI3BIK.

1 11
B aBromare M, ynanseM COCTOSHHA q(z)o, qu > 400> 911> 92p Y1 00benuHs-
€M NapajuIeNIbHbIE IEPEXOBI C UCIIOIb30BAHUEM JIEMMEI 1, IIOIy4as aBTOMaT

0 0 0 1 1 0 0
M; =<{400,CI11’6122,6120a6102},{01a02,a3aa4},A3a{f]oo}s{f]oo}>a
Ay =10 04,0 0
3 ={(qo0,@1a2a3a4 = €1,900) (900,41 (a1 | a2a3) = €3, q11),
0 o 0 _ 0
(qo0-a1(ay || az)a; = es,q20),(q115(aq || aza3)as = e4,900),

0 08,0 2 0
(q11-a1 |1 (aq | azas) = es,q11),(q11,a2a3a; +(ay [l ay )@ || a3) = €6,92),
0 1 0 1
(q11-a1 || (ag | aza1) = €7,920)-(q115(a || aza3)ay = eg,902)s
0 2 _ 0
(922, a4a30a3 +(ay || ag)(as || ag) = €9, q11),

0 0
(922-@ra1a4a3 + (a3 || ag)ay || a3) = €;,922),

0 B 1 0 _ 1
(922-a4 1| (ay | ara)) = €11,920),(922,(a; | as)aza; =€5,qp),
1 0\ /1 0
(920-a3(a4 || azas) = e13,q11),(q20, 0302 (ay || a3) = €14,927);

1 _ 1 1 2 1
(920-a3(ay || aya;) = €5,920),(920,(a3a2)" = €16,902)

1 0 1 0
(qo2-a4(az || ag)ay = e17,900)-(902,a4 | (@) [ asaz) = e5,q11)
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(025 || (@ || @4a3) = €19,G9:),(q0z - (ay || ag) || (ay || ag) = €30, 930),

1 1
(Go2- (@ || agaz)a, = ey, qp2)-

MHoxecTBO nepexofioB Az cojepxut 21 nepexon. OTMETHM, YTO IYHKT a)
JeMMBI OBbUI MCIIOJBb30BaH IS TOJyYEHHS! PETryJISIPHBIX BBIPOKCHUH e, , €4, €y,
€3, €5 U €, HAlIpUMED,

2 .
e, =ajayay + a\ay(ay || a3) = a\(a1a,a5 + aya1a5 + ayazay) = ay(a, || aya3) ;
MTyHKTHI 0), B), ) B €) — JJIS TIOJTyICHHSI BBIPAKCHHIMA
es = aras(ay || ag) +(a; || ag)asas +(ay || ag)(a || a3) +
+(arllay)a; || ag) =ay || (a4 || aza3),
2
e; =(ay ||ag)aa, +(ay || ag)ai +(ay || ay)ay ||ag) =a; || (a4 || aya)),
2
eig =aj(a||as)+(al|ag)as || ay) +asaz(ay || ag) = a4 || (q || asa;),
22, 22 2
ey =ajay +aja; +(ayllay)” =(ay|lag) (a1l ay)

COOTBETCTBEHHO; IIYHKT I') — ISl IOJYYEHUS BBIPAXKEHUH €| U €9, HallpuMep,

2 2
e =ajaya; +ayaay +(ay ||ag)ay |lag) =aq || (aq || azay) .
I[aJ‘H:HeﬁIHPIM II0CJICA0BATCIIbHBIM yHaHeHI/IeM COCTO;{HI/Iﬁ B HOpH,Z[Ke qéo .

q(l)z , qu u qlol MOJKHO TOJTyYUTh peryyspHoe BelpaskeHue. [IpennoxeHHslil mo-

PSIIOK yJalieHus] 00yCIIOBIICH TaKMMH PAcCyXICHHUSMH: aBTOMaT M; He comep-

JKHUT COCTOSTHUH q,-/j‘. C TYCTBIMH METISAMU (q,-/]‘. ,O,qi’;); BBIDAXKEHHS €5, €y, €9 H
1 1 1 1 0 0

es, OTBEHAOIME MeTIAM (G0,€15,920) > (d02-€215902) s (422:€105922) ¥

(qlol,es,q?l), uMerT 3, 3, 5 u 12 crnaraeMbIX COOTBETCTBEHHO. TaKkKe OTMETHUM,

4YTo aBTOMaT M; uMeeT Juib 4 MyCThIX Iepexona (qgo,O,qu), (qgo,O,q(l)z),

(qu,O,qgo) u (qéO,O,qgo), a TocJIe yIaJeHUsI COCTOSIHUN qéo U q(l)z noJydvae-

. 0 0 0
MBIl aBTOMAT Ha TPEX COCTOSHUSX {q(g,q]],q22} SIBISAETCS MOIHBIM.

PaccMoTpuM npeanioxKeHHY 0 KOHCTPYKLHUIO Ha IBYX IIpUMeEpax.

IIpumep 3 (3amava ¢ IByMs MPOU3BOAUTENSIMH M OJHHM IOTPEOUTENEM C
orpaHnueHHbIM Oydepom pasmepa 1). I'pad moctmxumoctn mmeer 3-2-2=12
MapKHpOBOK, a aBTOMaT M|, Kak 0TMEYaJoCh BhINIE, MOAUPHIUPYETCS C YIETOM

yenosus j € {0,1} . VaaneHueM coCTOsIHUA q,-/j‘. , i+ /12, T.e. cocTosHmit Yy, gy,

qgl, q(l)l , qllo u qil [I0JIy4aeM aBTOMAaT
M. = k k Kk k=01 A’ A" 0 0
2 ={{900-911-920 1 k = 0.1} {ay,ay,a3,a,}, A5 U A5 {q00}>{900} ) »
, 0 2 0 1 2 1 0 0
A5 ={(900-491 »920)> (900541 »920)-(92059203,911)s
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! ! 0 0 ! I

(92053392, 911)>(q11> 4 || @4,920)5(q11> @ |l ag>G20) 3

0 ! 0 I ! 0\ 1 0
Ay =1{(4900>01%2>900)-(920>@2@1>920)- (900> 394900 )> (420> @3845920)»

0 1 1 0 0 1 1 0
(411> |1 as5900)- (G001 |l @3> q11)s (11> |l a2, 11)5 (115 @405, 411) ) -

| 1
VnaneHueMm cocTOSHUR 5, Goo»> ¢11 1 OOBEIUHEHHEM HapaICIbHbIX Ie-
PEXOJI0B C UCMOJIL30BaHUEM JIEMMBI | MOTy4aeM aBTOMaT

0 0 1 0 0
M3=<{QO0a¢111a¢]20}a{a1,azaa3’a4}aA37{CIoo}a{%o}>a

0 0 0 0
A3y ={(q00,01a2a3a4 = e€1,q00),(q00-4 (4 || azas) =ey,q11),
0 1 0 0
(q00-a1(ay || az)ay = e3,q50),(q11,(as || ag)aza, = ey, qq),
0 0 0 1
(q11-(ay || (ay || ag))as +(ay [ ag)asay = es,q11),(q11-a1 || (aq || a2a,) = €6,920)s

1 _ 0 1 _ 1
(q20-a3(ay || ag)as = e7,q11),(q20,a3(ay || azay) = e, q5).
OTMeTHM, YTO MYHKT a) JIEMMbI ObLI HCIIOIB30BAH JJIS MOJYUCHHUS PEryJisip-
HBIX BBIPQKEHHUH €, M eg, MYHKT B) — JUIS TIOJIyYSHUS] BEIPAXKCHUS €4, a BBIpa-

KEHHE €5 MOJIyYEeHO CIIEIYIOIIM 00pa3oM:
es =(ay || ag)azaz +(ay ||ag)ay ||as) +(a || ay)asa; =
=(a1a4a, + a4a1a5 + ara,ay + aga,a) +ajaa, + ayaia,)az +
+(ay [l ag)aza; = (a; || (ay || ag))az + (ay || ag)aza;.
IToceoBaTENBHO YIS COCTOSHUS q%o 15§ qlol, MOJIy9aeM MCKOMOE Pery-
JISIPHOE BBIPAXKEHHUE
[a1aza3a, +(ay(ay || azas) + ay(ay || ay)ay[as(ay || aza))] as(ay || ay)as)-

[(ay || (az [|as))as +(ay ||ag)asa; + (a; || (a4 | axay)) -

[az(ay || azal)]*a3(a2 | 04)03]*(02 I a4)a3a4]*

BBICOTOM UTepanun 3, OTKYyZJa CJICAYET, UTO BbBICOTA UTCPALIUU COOTBETCTBYIOIIIC-
T'O A3bIKa HC MMPEBLIIIACT 3.

IIpumep 4 (3amava ¢ OAHUM IIPOM3BOJUTENEM M JIBYMs IOTPEOUTENSIMU C
orpaHu4YeHHBIM Oydepom pasmepa 1). I'pad TOCTHKHMOCTH TaKKe HMEET
2-3-2=12 wMapkupoBoK, aBromMar M, Moau(UIUPYyeTCs C Y4EeTOM YCIOBHUS

ie€{0,1} . Ynansem cocrosiHuA ql-];, i+ j12, 1.e. cocTosHUs q(())], 41100 8 ‘]102 > 41(1)1 8

‘1110 3 qél, 3aTEM ITOCIENOBATEILHO — COCTOSHUS qu, Q(I)Oa qlll, qé2 u qf)l

(paccyxnaenust aHamoruuHsl npumepy 3). Mckomoe perynisipHOe BBIpakeHHUE
UMEET BUJL

[a1aya3a4 + ayjay(ay || az)ay(ay || (as || ag)) + agay(aq || az) +

*

+ay(a [l as)ay[(a || 0403)02]*(514 Il (a [| asa3))]
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Onepayus pasnocmu 015 pe2yiapHbix A3b1K06 cemell [lempu 6 3adaue o npouzeooumere ...

* *
“((ay || ayas)ay + ay(a, || az)as[(ay || agas)a,] asas || ag)as)l ,
€ro BhICOTa WTEpAIMH TAKXKe paBHA 3, OTOMY BBICOTA UTEPAIMU COOTBETCTBYIO-
IIEeTO SA3bIKa HE MPEBBIIIACT 3.

BbIBO/IbI

IMomyueno perynsipHOe BeIpakeHHE IS Pa3HOCTH (popManbHBIX s13bIKOB L, \ L, ,
n>m,rae L, — peryispHslil popMalbHbIN A3bIK, HOPOXKAaeMbli ceTbio [leTpu

B 33/1aue O MPOU3BOJUTENIC U MOTPEOUTENIE C OrpaHUYeHHBIM OydepoMm pazme-
pa n. B kauecTBe JOMOMHEHUS MPEIIOKEeHA KOHCTPYKIUS IS MOJYyUEHUS pery-
JIIPHOTO BBIpaXXCHHS I (POPMAJIbHOTO S3bIKa, MOPOXKAAEMOro ceThio [leTpu B
3a/1aye ¢ JABYMsS TPOU3BOJUTEIISIMA W JIBYMS HOTPEOUTENSAMHU C OrpaHUYECHHBIM
Oydepom pazmepa 1.
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OIIEPAILISA PIBHUIII AJISI PETYJIIPHUX MOB MEPEXK IIETPI B 3AJTAYI
IIPO NOCTAYAJIBHHUKA TA CIIOKHUBAYA 3 OBMEXEHUM BY®EPOM /
B.M. CrarkeBua

AHoTauisi. PosrisinyTo Mepexy Ilerpi B 3a1aui Ipo mocTadalibHUKA Ta CHOXKHBaYa
(omHiii 3 KJIaCHYHHX 3a]ad CHHXpOHI3amii) 3 oOMexxeHnM Oydepom posmipy 7 i pe-

rynspHi (popmanbHi MOBA L, , SKi BOHA TOPOKYe. 3TiJHO 3 METOK poOOTH —
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OTPUMaHHS PEryJISIPHOTo BUpasy Juis pisauii Mo L, \ L, , n>m — nobynoaHo

m>
CKIHYCHHHMII aBTOMAT, SIKUil JIOMyCKa€e Pi3HULII0 BKa3aHUX MOB, METOJIOM BIJIyUYCHHS
BEPIIHH OTPUMAHO PEryJSIPHUNA BUpa3 B peKypcHBHil ¢popmi. OCHOBHHI pe3yJibTar
HPOLTIOCTPOBAHO HA NMPUKIAAaX. SIK JONOBHEHHS PO3IIISTHYTO 3ajgady 3 ABOMA II0-
CTavyalbHUKaMHM Ta JIBOMa CIIOXKHMBayaMu 3 oOMexeHuM Oydepom posmipy 1. [Toby-
JIOBaHO rpad ITOCSHKHOCTI Ta 3alPOMOHOBAHO KOHCTPYKIIIO JJIsl OTPUMAHHS PeryJis-
pHOrO BHpazy. Y BHMIAAKy 3ajadi 3 JABOMa IOCTAYJIBbHUKAMHM Ta OJHHUM
CIIOXKMBAYEM, a TAKOXK 331aui 3 OJHUM IOCTaYaJIbHUKOM Ta JBOMa CIIOXKHMBaYaMu
BKa3aHO sIBHI (popMyH.

Kuaroudosi cinoBa: mepexxa Iletpi, 3agada npo mocrayanbHUKA Ta CHOXKHBaya, MOBa
mepexi Ilerpi, popmanbHa MOBa, peryysipHa MOBa, CKiIHUCHHHH aBTOMAT, PeryJsp-
HUH BUpa3.

SET DIFFERENCE OPERATION FOR REGULAR PETRI NET LANGUAGES
FOR THE PRODUCER/CONSUMER PROBLEM WITH THE BOUNDED
BUFFER / V.M. Statkevych

Abstract. We consider a Petri net for the producer/consumer problem (one of the

classical synchronization problems) with the bounded buffer of size n and the regu-

lar formal languages L, , generated by the net. The objective of this paper is to ob-

tain a regular expression for the set difference of languages L, \L, , n>m. For

this purpose, we give the finite automaton which accepts the set difference of men-
tioned languages, and then we use the state elimination method to obtain the regular
expression in the recursive form. The main result is illustrated by the examples. In
an appendix, we consider the problem with two producers and two consumers with
the bounded buffer of size 1. We give a reachability graph and propose the method
for obtaining the regular expression. The explicit formulas are given for the problem
with two producers and one consumer and also for the problem with one producer
and two consumers.

Keywords: Petri net, producer/consumer problem, Petri net language, formal lan-
guage, regular language, finite automaton, regular expression.
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TEMATHYHE MOJAEJIIOBAHHA HAYKOBIIIB HA OCHOBI
IX IHTEPECIB Y GOOGLE SCHOLAR

C.J0. LITOBBA, M.B. IETPUYKO

AHoOTauisi. 3ampoONOHOBAaHO AITOPUTM TEMATHYHOIO MOJICIIOBAHHS HAYKOBIIB 3a
HAyKOBHUMH CIICL[iaJbHOCTSAM Ha OCHOBI X iHTepeciB y mpodinsax y Google Scholar.
ANTOPUTM BHKOPHCTOBYE MEPENiK HAyKOBHUX CIELiadbHOCTEH i3 cucTeMu Kiacudi-
kanii Hayk ANZSRC. [npopmaniitHum pecypcom i1l TEeMAaTHIHOTO MOJETIOBAHHS €
0a3a KaTeropu3OBaHMUX HAyKOBUX IyOmikamiii i3 cuctemu Dimensions. IHTepecu 3
npo(iniB HayKOBLIB BHKOPHCTOBYIOTHCS SIK IIONIYKOBi 3amuTh Uit Dimensions,
CepBICH SIKOi BHIAIOTh PO3MOALIN PEICBAHTHUX JOKYMEHTIB 3a CIELiabHOCTSIMH.
Jlnst 3MeHIIeH s iHpOpManiiiHOro nIyMy Iii PO3IOIUIM NPOXOMAATH JEKiIbKa eTalliB
00po0seHHs. [TopiBHIOIOTECS pe3yJIbTaTH TEMATHYHOI'O MOJICIIOBAHHS Ha OCHOBI
npodineHux iHTepeciB y Google Scholar i kaTeropu3oBaHOro CIUCKY aBTOPCHKUX
ny6mikauiit y Dimensions 3a MeTpukoio UekaHOBCHKOTO 3 ypaxyBaHHSM CIOpiaHe-
HOCTI crnemianbHOCTeH. [IJI1 TeCTOBHX HAYKOBIIB BUSBICHO BHCOKY Y3TOIKEHICTh
pe3yIbTaTiB TEMATHYHOTO MOJICITIOBAHHS 32 Pi3HOI MOYATKOBOI iHpOpMaIIii.

KawuoBi ciaoBa: TemarnuHe MopenroBaHHs, Kareropmsamis, Google Scholar,
Dimensions, ANZSRC, npoc¢ins HayKkoBI, HayKOBi iHTepecH, MeTpuka YekaHOB-
chpKoro, iHaeke JXKakapa.

BCTYII

Croroani npodeciiiHi CiIBHOTH JIOACH B3a€MOAIIOTH y Pi3HOMaHITHHX OHJIai-
HOBHX Mepekax. He BUHATKOM € 1 crijIbHOTA HAayKOBLiB. Hal0imbII00 OHIaliHO-
BOIO Mepexero HayKoBIiB € Google Scholar. 3okpema, y it Mepexi y BigKpuUTO-
My goctymi moHax S50 Tucsau mpodiniB  yKpaiHCHKMX HAyKOBIIB. Takuit
BENTMYE3HUN PECypC BHUTJISAAE MPUBAOIUBUM ISl PO3POOJICHHS TEXHOJOTIH aHa-
JITAIHOTO ONPAIIOBAHHS HArpOMaHKEHOI B HOMY iH(OpMAIIii 3 METOIO iICHTH-
(hikarii JigepiB — cTaTel, HAyKOBIIIB, YHIBEPCUTETIB Ta >KypPHATIB; BUSBIICHHS
TEHIEHITI HAYKOBHUX JOCIIKECHD; KJIacTepu3allii HayKOBIIiB; Mia00py MapTHEPIB
JUISL CITIJIBHUX MTPOEKTIB, OMIOHEHTIB JUcepTalliii, pelieH3eHTiB PyKOITUCIB TOIIO.

Hattuacrime i3 npodinis HaykoBmiB y Google Scholar BukopucToByoTh HaHi
PO LUTOBaHICTh. 1i, HAMPUKJIA/, BUKOPUCTOBYIOTh SIK MOYATKOBI JaHi JUIs peid-
TUHTYBaHHS yHiBepcuteTiB y Webometrics. CTBOpeHO TakoX Kijbka iH(popma-
uidHMX cuctem Ha 0a3i Google Scholar, HaWOIIBII BIIOMUMH Cepel SKHX €
Publish or Perish i Scholarometer [1]. barato gocmimxens, 30kpema [2, 3], cTo-
CYIOTBhCS TIEPEBIpKU JOCTOBIpHOCTI muroBaHocTi B Google Scholar mopiBHSHO
3 HAyKOMeTpHUYHUMH cucTteMamu Scopus, Web of Science, Dimensions Ta iHIm-
MU, SIKi HAIOBHIOIOTHCS! BUKIIIOYHO 38 METaJaHUMU 3 BUJABHUITB.

OxpiM crICcKy ITyOJTiKarliil Ta iX MUTyBaHHA y MPodiai HAYKOBIIS MICTHUTBCS 1
iHma indopmaris. 30kpeMa, HayKoBelb y Mpodisli BKa3ye CBOi iHTEpecH, i poOuTh
BiH IIe Ha BJIaCHUH po3cyll, oOuparoun cioBa y noBisHuM criocid. Google Scholar
JI03BOJIsIE BUKOHYBATH ITOIITYK HAyKOBIIB 32 THM YH IHIIUM IHTEPECOM. AJe BH-
nmadi popMyroThCs 3a OykBambHUM 30iroM. ToMy Bumadi i fuzzy set 1 fuzzy sets
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OyayTb pi3HHNMH, HE TOBOpSYM BXKE NpPO CHUHOHIMIUHI iHTEepecH THIy fuzzy
evidence 1 fuzzy inference. Google Scholar He BpaxoBye i CYKYITHICTh iHTEpECIB
KOpUCTYBada, TOOTO MONIYK 32 KOKHHM IHTEPECOM BHKOHYETHhCS HE3aJCIKHO Ta
i3051b0BaHO. BinnoBigHo, B 0AHY BHIA4y NOTPAIUIATh HAYKOBII, IO MOMIXK CBOIX
IHTepeciB BKa3alln Oe3neKy B CEHCI SIK security, Tak 1 safety. Takum 9uHOM, TIOIITY-
KOBI Ta aHAJITHUYHI CEPBICH 3a BEJICTCHCHKMM MAacHBOM TPO(disliB HAYKOBIIIB
y Google Scholar nocuth npumiTHBHI.

Meta podoTn — TeMaTHYHE MOJECTIOBAHHS HAYKOBIIIB Ha OCHOBI iX iHTe-
peciB y Google Scholar. Metoau omnpaitoBanHs iHTEpeCiB i3 MPodisliB HAYKOBIIIB
y Google Scholar € mano mocmimkennmu. Hamu BUABIIEHO JHIe 1Bi peleBaHTHI
myOoikarii. [lepmra 3 HUX [4] cTOCy€eThCS pEKOMEHIAIIIHOT CUCTeMH TS MiI00py
HAayKOBOTO KEpiBHHKA, sSKa MOMDK IHIMNX JpKepel iHpopMarii BUKOPUCTOBYE i
iHTEepecH KaHauaaTiB 3 ix mpodimie y Google Scholar. JIpyra my6mikarmist [5] omu-
cye iHpOpMaILiiiHy TEXHOJIOTII0 CHHTE3y HAyKOBOTO MPO(MiII0 IHCTUTYTY YH JO-
ciigHuIBKoi Taboparopii. s TexHooris, moMixk iHmoi iHopMmarii, BAKOpHUCTO-
Bye 1 iHTepecw HayKoBIiB 3 ix mpo¢imiB y Google Scholar. Ilpami [4, 5]
0a3yI0TbCcsl HAa BHKOPUCTAHHI MOMAPHOTO IMOPIBHAHHS 32 KOCHHYCOBOI METPUKH
OJIM3BKOCTI — BiJICTaHI MiXK HaYKOBIIEM Ta HAOOPOM KJITFOUOBHUX CIIiB 3 JCSIKOI Te-
MaTuKd. Takoro TemaTukow B [4] oOpaHo cratTio y Bikinexii. Ha BimMminy Big
LUX Tpalpb, OyZeMO HaMaraTucsl KaTeropu3yBaTH HAyKOBIIB y MeKax AesKol Kia-
cudikarii HayK, TOOTO PO3MOAUTUTH X 32 HAYKOBUMH CIICI[iaTbHOCTSIMH.

ABTOMaTHYHa KaTeropu3allisi HayKOBILIB BUKOHYEThCS 3a3BHYall B pe3yJsibTa-
Ti y3araJbHEHHS TEMaTHK iX myOmikariii. s 1poro y mpaii [6] 3ampormoHoBaHO
CTaTUCTUYHY MOJIENIb «aBTOP — TEMa» Ha OCHOBI TEMAaTHYHOTO MOETIOBAHHS 3
BUKOPHCTaHHAM IpuxoBaHoro posnoxiny Mipixie (LDA) [7]. Mozaens nmoxae Ha-
YKOBLISL SIK PO3MOALT Hal ACAKMMHU aOCTpaKTHMMHU TeMaMu. TeMmu € kiactepamu
cxokux criB. Ii HeoikoM € ToraHa iHTepnpeTarlis TeM, OCKIIbKH BOHH (opMy-
IOThCS 38 YaCTOTOIO CJIiB Y OJHOMY AOKyMeHTi. IS moKpamieHHs inTeprperanii y
[8] 3amponoHOBaHO MOENH «aBTOP — MUCIUILTIHA — TeMay. Y Hill Ui Onucy Ha-
YKOBIISI JOAATKOBO BUKOPUCTOBYIOTh HAYKOBY CHEHIANBHICTD, SIKa BU3HAYAETHCS
3a KypHAJOM YU 30IpHUKOM CTaTel, y IKOMy OITyONiKOBaHO aHaJi30BaHy MpPaLko.
Ha Buxopai HayKoBellb MOJA€THCS CYKYIHICTIO HAJIGKHOCTEH 10 HAYKOBHUX CIIEIli-
anpHOCTEH. Y mparti [9] mist miadopy pereH3eHTiB 3alpOIIOHOBAHO MOJIETH «aB-
TOp — MepCcoHa — TeMa». Y Hill BpaXxoBaHO Te, IO aBTOPH YacTO MHIIYTh MPO Je-
KUTbKa PI3HUX KOMOiHaIil TeM 3 ofHiel npeameTHoi ramy3si. Jlyxe pinko ocoba €
eKCIIEpTOM B YCiX acHeKkTax SKOiCh MpeaMeTHOI ramysi. 3a pe3yJbTaTaMHd MOJC-
JIIOBaHHS HAYKOBIIS 3ICTaBJISIOTH 3 JeKigbkoMma mepcoHamu (personas). Koxkna
MepcoHa € KJIacTepoM cTaTeld HayKOBIS 31 CBOIM TeMaTHYHHM PO3MOIIIOM. Y
npami [10] po3suHyTO MeTOmM [8, 9] MOmENII0 «aBTOp — IHTEpeC — TeMay, sKa
MICTHUTh JOKYMEHTH 31 CXOKHMHU TEeMaMH SIK OJTUH KJlac JTOKyMEHTIB, MOIIOHO 10
TOTr0, SIK TEMAaTU4HI MOJIENI TIOJJaI0Th CIJIBHY MOSBY (CO-occurrence) CiiB SK OJI-
HY TeMaTHYHY 3MiHHY.

OxpiM MeTOIiB Ha OCHOBI TEMAaTHYHOI'O MOJENIOBAHHS TaKOX BUKOPHUCTO-
BYIOTBCS MOJIEJTi Ha OCHOBI emOenuHTy ciiB (word embedding) [11-14]. Omnieto
3 HAWMOIMYJISPHIIKX Mozesel eMOequHry ciiiB € Moaens word2vec [15]. Ha Bizn-
MiHY BiJl TpUX0BaHOTO po3noxaury Jipixie [7], MpUXOBaHOTO CEMaHTHYHOTO aHa-
mizy (pLSA) [16] Ta iHITUX CTAaTUCTHYHUX MOJAEIEH, K MOPOHKYIOTh iMOBIpHIC-
HUH pO3MOJIT HAa OCHOBI CHUILHOI MOSIBM CJIIB Ta JOKYMEHTIB, word2vec

114 ISSN 1681-6048 System Research & Information Technologies, 2021, Ne 2



Temamuune mooent08anusa HAYKO8Yie Ha OCHOEI ix inmepecis y Google Scholar

(hoKyCyeTbCcS Ha KOHTEKCTyalbHIM (CEMaHTWYHIA Ta CHHTAKCHYHIN) iHpopmarii
ciiB. 3ramaHi METOAM TOKA3yIOTh HETIOTaHy €(EKTUBHICTD IS TaKWX 3aBAaHb, SK
PEKOMEHIAIlis PELIEH3EHTIB, MOIIYK SKCIEePTIB Too. Pe3yibTaTu MoJIenOBaHHS
NOJAI0THCS Y BUIIIAI BEKTOPIB, SIKi CKJIaIHO iHTEPIPETYBATH.

[IpoanamizoBaHi Meronu mependavarOTh HASBHICTH JOCTATHBOI KUTBKOCTI
cTarell HAyKOBIS 3 BUIIJICHUMHU KIIOYOBUMH ClioBaMu. [Ipu 11bOMy HE BpaxoBy-
€TKCS, IO CITIBABTOPAMH CTATTI MOXKYTh OYTH KiJbKa HAYKOBIIB, HAa KOXXHOTO 3
SIKUX TPUNANaE AesKa MiJIMHOKHHA 3 YChOTO CIHCKY KIFOUOBHUX ciiB. [Ipuuomy 3
JIECSITKA KIIOYOBHX CIIIB CTATTI BHECOK CITIIBABTOPa MOJKE BiIOOpaXKaTH JIMIIE OJ1-
HE KJII0Y0BE €10BO. KpiM Toro, HaykoBellb, 0COOMBO MOJIOIHUN, MOXE 1 HE MAaTH
JIOCTATHBOI KUTBKOCTI CTaTe JUIs JOCTOBIpHOI KaTeropu3allii. YTiM BiH MOXe ca-
MOCTIHHO 3a7aTu y npodinai Hallp KIOYOBUX CIIiB, SKHH OMUCYE WOTO JOCIHI-
JUKeHHS. [3 9acoM HayKoBemb MOXKE 3MIHUTH HaIlpsM CBOE€i MisUTBHOCTI, HaIIpH-
KJaJ, MpalioBaTH B iHIIN jaboparopii YW Haj IHIIMM NPOEKTOM. Ane ioro
MPOJIOBKYBATUMYTh KaTerOPU3YBaTH 3a NaBHIMHU MyOmiKamisMu. Y 3B’s3Ky 3 UM
BHHHKJIA 3aIliKaBJICHICTh Y TEMAaTUIHOMY MOJICIIOBaHHI Ha OCHOBI IHTEPECIB, SAKi
HAYKOBEIlb BJIACHOPYY C(HOPMYIIOBaB HAa MOTOYHHMI MOMEHT, TOOTO Ha OCHOBI
aKTyaJIbHOI Ta y3araJbHEHOI OYaTKOBOI iH(OpMaIlii, 1110 Mo30aBIeHa HaBEJICHUX
BUIIE HEIOMIKIB.

IHOCTAHOBKA 3AJAYI

BBaxkxatMeMO BiJOMHMH:

W =(w, wy,..., W) — CIIUCOK KJIFOYOBUX CIIiB, IKUIMHU HAyKOBELb Y CBOEMY
npodini B Google Scholar Ha BnacHuii po3cy/ onucaB cBOi iHTEpECH;

T=(,t,..,1t,) — HEpeliK MOXIUBUX TeM y (GOpMIi CIHCKY HAyKOBHUX
CITEITIaTFHOCTEH 3a KO0 KIachQiKaIiero HayK;

Dy, D,,...,D,, — TemaTuuHi KOJEKLii pO3MIUYCHUX TEKCTiB, KOXKHA 3 SKUX
MICTUTH JuiIe myOiikamii 3 TeM 4,7, ..., t,, BLAIIOBIIHO;

B=D,UD,U..UD,, — 3aragpHa KONEKIlisi pO3Mi4€HUX TEKCTiB, TOOTO
MHOXXMHA TyOJIiKaIliid, Ko’KHa 3 SKHUX CTOCYETHCS ONHI€T ab0 ICKITBKOX TEM 3
MHOXHHU T,

R(D,T)c DxT — BinHOIIEHHS, K€ OMUCYE HAlEXKHICTh MyOmikariii mo
TEMaTUYHUX KOJEKIIH.

3anava mojsrae y 3HaxX0pKeHHI TeM 3 7, SKUM BiJIOBIIa€ CYKYITHICTh iHTe-
peciBe /. Byaemo Bka3yBaTH He juilne caM (DAKT HaAJEKHOCTI, ajie 1 CTyMiHb
HaJeXHOCTI. TakuM YUHOM, Ha BUXOJI1 OTPUMY€EMO HEUiTKY MHOXHUHY W Ha yHi-
BepcalibHill MHOXKHHI TeM 7

W= Ry () By (L) Hy ()
ot Tt

b
m

ne py(t,)€[0,1] — cryniHb HaneKHOCTI CYKYNHOCTI iHTepeciB W 1o cnenialb-

HOCTI ty, p=1m.

Ha W naxknamemo Taki OOMEXEHHS:
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1) TOTYXHICTH HOCISI HEYITKOI MHOXHHA W Mae OyTH HEBEIHUKOIO

1< ‘support(VIN/)‘ <Tax » Hanpukmag, 3a T, €{2,3,4} HaykoBeUb BiANOBizaTH-

M€ JIMIIE KITBKOM CIIELiabHOCTSIM;
2) > wy(t,)=1, MO OTOTOKHIOETECS 3 YMOBOIO PETyJIAPH3ALIT TeMaTHY-
p=l,m
HOTO MOJIE/TFOBAHHS.

JOBYBAHHA INTOYATKOBUX JAHUX

Jns oTpuMaHHA CHHCKY KIIOYOBHX CJIB HAyKOBLS CKOPHCTaEMOCS HOro
npodinem y Google Scholar. [Ins mpuknany Ha puc. | HaBegeHo npodinb
HAyKOBIS 3 JBOMa KJIIOYOBMMH cjJoBamHu  w; ='neural networks" Ta

w, ="artificial intelligence" . IlocninoBHiCTh KINIOYOBHX CIIiB Yy MHOXUHI W He-

BaYKJIMBA, 1110 BiJNIOBiTae BpaxyBaHHIO iH(opMarllii 3a cxemoro Mimka ciiB (bag of
words). Yacto inTepecu y mpodiri TOTOBHIOIOTH OAWH OHOTO, THM CaMHUM (OKY-
CYIOUM TeMaTHKy pochimkenb. L1lo6 me BpaxyBaTH CHHTE3yEMO JOAATKOBI
KJIIOYOBI CJOBa y BHUDJIAAI Map MOYATKOBUX iHTepeciB. [HTepecu B mapax
MTOETHAEMO JIOT19HOIO onepartieto 7A. [l HaykoBIs 3 puc. 1 10IaTKOBE KITFOYOBE
CIIOBO 3amuieMo sk w; ="neural networks" AND "artificial intelligence" . SIkmio y
npodisi HayKOBLS BKa3aHO TPH iHTepecH, OyAe CHHTE30BaHO TPH JOAATKOBI
KITFOUOBI CJIOBA, SIKIIO y MPOdiiai YOTHPH iHTEPECH, TOII CHHTE3Y€EThCS IIICTh 10-
JIATKOBHMX KJIFOUOBUX CIIIB, SKIIO IT'SATh IHTEPECIB, TOMI ACCATh HOJAATKOBUX KIIIO-
4oBUX CniB Tomo. CHHTE3 MOJAaTKOBUX MApHUX KIIOUOBHX CIiB € CBOEPITHUM
aHaJoroM JUCTAHTHOTO MoeqHaHHs chiB (word co-occurrence), siKe J0O3BOJISE
3MEHIIUTH BepOAILHUIA LIyM.

Artem Chernodub

Applied Research Scientist at Grammarly

MigTBEpPOKEHO aApecy eneKkTPOHHOI MOLWTK B AOMeHi grammarly.com
neural networks  artificial intelligence

Puc. 1. lpuknaa npodiaro HAyKOBLS 3 IBOMA iIHTEpeCaMH

JIst TEeMaTHYHOTO MOJIENIIOBAaHHS HAYKOBIIB HEOOXITHO 00OpaTH CHUCTEMY
Krmacudikanii HayKoBHX cIemianbHOCTeH. Ix 6araTo, aje mix yac BHOOPY CHCTEMH
Kjacudikaiii BpaxyeMo He Juiie ii 3MICTOBHI IepeBard i HEIOMIKH, aje i HasB-
HICTH BiIMOBiAHOI iH(OpPMaUiHHOI CUCTEMH 3 JOCTYIIHUMH TOLIYKOBUMH CEPBi-
camu. [Ipn npomy 6a3a JaHMX CHCTEMH Ma€ iHAEKCYBATH BEJIUKY KUTBKICTh KaTe-
FOPU30BaHMX IMyOJIiKaIlil, sSIKI OXOIUTIOIOTh yCi HayKoBi raiy3i. [HpopmariiiiHow
CHCTEMOIO, sIKa 33JI0BOJIbHSIE TIepepaxoBaHi BUMOTH, € Dimensions.

Harenep Dimensions iHnekcye monan 110 muH myOmikamii. Yci myomikarii
B Dimensions KaTeropu3oBaHO 3a IBOPIBHEBUM BapiaHTOM ABCTpaiiichbKo-
HoBo3enanacekoro crangapty ANZSRC (Australian and New Zealand Standard
Research Classification). Y HpoMy Hayky moxineHo Ha 22 ramysi (Divisions) i3
154 cneuiansHocTsiMu (Research Groups). Lleit nBopiBHeBuii BapianT ANZSRC,
SKUH 1 OyZeMo Hajgam BUKOPUCTOBYBATH, TOJIaHO B Ta0. 1.
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Taoaunsa 1. Cucrema knacudikanii Hayk ANZSRC, 1m0 BUKOPHCTOBYETHCS

y Dimensions

lanyssb

CneniajbHicTh

Mathematical
Sciences

A1 — Pure Mathematics; A2 — Applied Mathematics; A3 — Numerical and
Computational Mathematics; A4 — Statistics; AS — Mathematical Physics

Physical
Sciences

B1 — Astronomical and Space Sciences; B2 — Atomic, Molecular, Nuclear,
Particle and Plasma Physics; B3 — Classical Physics; B4 — Condensed Matter
Physics; B5 — Optical Physics; B6 — Quantum Physics;

B7 — Other Physical Sciences

Chemical
Sciences

C1 — Analytical Chemistry; C2 — Inorganic Chemistry; C3 — Macromolecular
and Materials Chemistry; C4 — Medicinal and Biomolecular Chemistry; C5 —
Organic Chemistry; C6 — Physical Chemistry (incl. Structural); C7 —
Theoretical and Computational Chemistry; C8 — Other Chemical Sciences

Earth
Sciences

D1 — Atmospheric Sciences; D2 — Geochemistry; D3 — Geology; D4 — Geo-
physics; D5 — Oceanography; D6 — Physical Geography and Environmental
Geoscience; D7 — Other Earth Sciences

Environmental
Sciences

E1 — Ecological Applications; E2 — Environmental Science and
Management; E3 — Soil Sciences; E4 — Other Environmental Sciences

Biological
Sciences

F1 — Biochemistry and Cell Biology; F2 — Ecology; F3 — Evolutionary
Biology; F4 — Genetics; F5 — Microbiology; F6 — Physiology;
F7 — Plant Biology; F8 — Zoology; F9 — Other Biological Sciences

Agricultural
and Veterinary
Sciences

G1 — Agriculture, Land and Farm Management; G2 — Animal Production;
G3 — Crop and Pasture Production; G4 — Fisheries Sciences; G5 — Forestry
Sciences; G6 — Horticultural Production; G7 — Veterinary Sciences;

G8 — Other Agricultural and Veterinary Sciences

Information
and Computing
Sciences

H1 — Artificial Intelligence and Image Processing; H2 — Computation Theory
and Mathematics; H3 — Computer Software; H4 — Data Format; HS — Distrib-
uted Computing; H6 — Information Systems; H7 — Library and Information
Studies; H8 — Other Information and Computing Sciences

Engineering

I1 — Aerospace Engineering; 12 — Automotive Engineering; 13 — Biomedical
Engineering; 14 — Chemical Engineering; 15 — Civil Engineering; 16 — Electri-
cal and Electronic Engineering; 17 — Environmental Engineering; I8 — Food
Sciences; 19 — Geomatic Engineering; 110 — Manufacturing Engineering;
111 — Maritime Engineering; 112 — Materials Engineering; 113 — Mechanical
Engineering; 114 — Resources Engineering and Extractive Metallurgy; 115 —
Interdisciplinary Engineering; 116 — Other Engineering

Technology

J1 — Agricultural Biotechnology; J2 — Environmental Biotechnology; J3 —
Industrial Biotechnology; J4 — Medical Biotechnology; J5 — Communications
Technologies; J6 — Computer Hardware; J7 — Nanotechnology; J8 — Other
Technology

Medical
and Health
Sciences

K1 — Medical Biochemistry and Metabolomics; K2 — Cardiorespiratory Med-
icine and Haematology; K3 — Clinical Sciences; K4 — Complementary and
Alternative Medicine; K5 — Dentistry; K6 — Human Movement and Sports

Science; K7 — Immunology; K8 — Medical Microbiology;

K9 — Neurosciences; K10 — Nursing; K11 — Nutrition and Dietetics;
K12 — Oncology and Carcinogenesis; K13 — Ophthalmology and Optometry;
K14 — Paediatrics and Reproductive Medicine; K15 — Pharmacology
and Pharmaceutical Sciences; K16 — Medical Physiology; K17 — Public
Health and Health Services; K18 — Other Medical and Health Sciences

Built
Environment
and Design

L1 — Architecture; L2 — Building; L3 — Design Practice and
Management; L4 — Engineering Design; L5 — Urban and
Regional Planning; L6 — Other Built Environment and Design

Education

M1 — Education Systems; M2 — Curriculum and Pedagogy; M3 — Specialist
Studies In Education; M4 — Other Education

Economics

N1 — Economic Theory; N2 — Applied Economics; N3 — Econometrics;
N4 — Other Economics

Commerce,
Management,
Tourism

O1 — Accounting, Auditing and Accountability; O2 — Banking, Finance and
Investment; O3 — Business and Management; O4 — Commercial Services; O5

and Services

— Marketing; O6 — Tourism; O7 — Transportation and Freight Services
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IIpooosoicenns maon.. 1

I'anysb CneuiajgbHicTh
Studies P1 — Anthropology; P2 — Criminology; P3 — Demography; P4 — Human
in Human Geography; P5 — Policy and Administration; P6 — Political Science;
Society P7 — Social Work; P8 — Sociology; P9 — Other Studies In Human Society
Psyé:holqu and Q1 — Psychology; Q2 — Cognitive Sciences; Q3 — Other Psychology
ognitive 9 .
So; and Cognitive Sciences
ciences
Law and

R1 —Law; R2 — Other Law and Legal Studies

Studies in S1 — Art Theory and Criticism; S2 — Film, Television and Digital Media; S3 —|
Creative Arts Journalism and Professional Writing; S4 — Performing Arts and
Creative Writing; S5 — Visual Arts and Crafts;

Legal Studies

and Writing S6 — Other Studies In Creative Arts and Writing
Language, T1 — Communication and Media Studies; T2 — Cultural Studies; T3 —
Communication Language Studies; T4 — Linguistics; TS — Literary Studies; T6 — Other
and Culture Language, Communication and Culture
History and Ul — Archaeology; U2 — Curatorial and Related Studies; U3 — Historical
Archaeology Studies; U4 — Other History and Archaeology
Philosophy V1 — Applied Ethics; V2 — History and Philosophy of Specific Fields;
and Religious V3 — Philosophy; V4 — Religion and Religious Studies;
Studies V5 — Other Philosophy and Religious Studies

3anuT no iHbopmamiitHoi cucteMn Dimensions popMyeEMO OKpEMO 3a KO-
HUM €JIEMEHTOM MHOXHMHH W. SIKIIO 1ieil eJeMEHT € CIOBOCHOJIYYCHHSM, TOMI
nosilamo ioro y nankax. [lomyk BUKOHy€eMO 3a Ha3BOIO Ta pedepaToM ITyOmiKarii
2016-2020 pp. Ipuknax Bugadi 3a MONIYKOBUM 3alUTOM ‘‘neural networks” 1io-
JaHO Y BHUIJISAAL puUC. 2. 3a KOKHOIO CIENiabHICTIO Ta 32 KOKHOIO Taly33i0 BUBO-
MUTHCS KITBKICTH ITyOJTiKalliii, y Ha3Bi abo B pedeparti SKkux (Qirypye monryKOBHIA
BUpa3. Bujauy BizcopToBaHo 3a crajlaHHsIM KijbKOCTI myOmikamiid. Takok MokHA
OTPUMATH 3aralibHy KiJIBKICTh IMyOJIiKaIiil 3a KOXKHOIO CIIEIiaNbHICTIO, TOOTO 00-
CSITH TEMaTHYHUX KOJISKIIiH.

Q 2020 0R20190R 2018 OR2017 OR2016 x
. . Publocatijn Year
{ Dimensions
"neural networks"
Free text in title and abstracts
FILTERS FAVORITES » ANALYTICAL VIEWS PUBLICATIONS L
¢ PUBLICATION YEAR Research Categories
related to your search
© 2020 81,592 Classification: Fields of Resear... ~
O 2019 69,512
O 2018 49,912 Name +Public...
O 2017 39 548 Fields of Research code
O 2016 22,874 Information and Computing Sciences 166,393
08
) RESEARCHER Artificial Intelligence and Image Processi... 160,334
0801
) RESEARCH CATEGORIES Engineering 36,048
09
) PUBLICATION TYPE
Medical and Health Sciences 190,443
> SOURCE TITLE n

Puc. 2. Bunaya Dimensions 3a MOIIYKOBUM 3aTUTOM “‘neural networks”
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Dimensions iHAeKcye NepeBaKHO aHTJIOMOBHI IyOuikarii, ToMy Bci iHTepe-
cu 3 npodino HaykoBis B Google Scholar HeoOXigHO MoNepenHbO MEpeKIacTu
aHTIIIHCHKOI0 MOBOIO. [HKOJTM HAYKOBITI BKAa3yIOTh Yy CBOEMY MHpOQii OIUH 1 TOH
caMHil iHTepec KiTbKoMa MOBaMH, HANpUKIal, neural networks ta nelponui me-
peoici. Y TakoMy BHUIAJIKY Il JBa IHTEPECH 00’ €THAEMO B OJMH aHTJIOMOBHHM —
neural networks.

AJITOPUTM TEMATHYHOI'O MOAEJIFOBAHHSA

TemaTnyHe MOCITIOBAHHS HAYKOBITIB BHKOHAEMO Ha 0a31 TAKUX IMPUHITAIIIB:

® CMamucCmuyHo20 NIOMPUMAHHA — YUM OLIbIIa YacTKa IyOIiKamid 3
MEBHOI CITEI[IaJIbHOCTI MICTUThH aHaJi30BaHe KJIIOYOBE CJIOBO, THM OLIbIIA HAJIEK-
HICTh KJIIOYOBOI'O CJIOBA 0 Ili€i CIIEemialbHOCTI;

® Oacamoapaukoeocmi — KIIOYOBE CIOBO MOXKE HAJeKaTH 10 KUTBKOX
CHeLianbHOCTEH;

o inompayii wiymie — ITHOPYIOTHCS CHEIIAJIBLHOCTI, J0 SKHUX KJIHOYO0BE
CJIOBO HAJISKUTh 3 HE3HAYHUM CTYITICHEM;

® [2HOPYBAHHS CMON-Ci@ — ITHOPYETHCA KIIOUOBE CJIOBO, SIKE TPAILISIETHCS
y Iy’ke 0araThOX KaTeropru30BaHUX ITyOIIKAIIsAX;

® coznidapHocmi — YUM OLTBIIE KIIOUYOBUX CJIB 32 OKPEMHMH 3allUTaMU
HaJIEKUTh 10 OJHIET 1 Ti€T K CIEIIaJIbHOCTI, TUM O1JIbIa MOYKJIHUBICTh HAJIEIKHOCTI
HAYKOBIIA JIO ITi€] CIIeIiaIbHOCTI;

® ¢hoxycysanns — SKIIO B TEMATHYHIA KOJIEKIIi OaraTo myOmikariii, sKi
MICTSTh KiJIbKa KJIFOYOBUX CJIIB HAYKOBIIS OHOYACHO, TO/I 30UIBIIYIOTHCS IIIAHCH
HAJICKHOCTI HAYKOBIIS JIO BIAMOBIAHOIT CHICIiaTbHOCTI.

® KOMNAKMHOCMI — OIWH HAYKOBELb MOKE HaJIeXKaTH JIMILE 10 HEBEJIMKOI
KIJIBKOCTI CHELIAIbHOCTEMH;

® g3aeM00ii cneyianbHocmeti — TIiJT 9ac BIJICIKAHHS XBOCTa PO3IOALTY TEM,
BHECOK MIHOPHHUX CIEIliaTbHOCTEeH Mepepo3NOIiIISETRCS Ha JIASPIB 3 ypaxyBaH-
HSIM iX CX0XKOCTI.

HaBeneni mnpUHOMIM TPOMOHYETHCS pealizyBaTH AITOPUTMOM, SIKHIA
MICTUTh TpU IUISHKY. Ha mepimii pinstHii popMyeThcsi MHOKHMHA 3aITUTiB Ha OC-
HOBI KIIIOYOBHX CIIiB Ta iX MO€JHAaHHS. BHUKOpPHCTOBYEMO JHIIE Mapy KIFOUOBHX
CIIiB, TOMY LIO BUJAAYi 3a TPIMKaMH YacTO BUSBIISIOTHCS MOPOKHIMH, ajie HpU
BOMY CYTTEBO 30LIBLIYETHCS TPUBAIICTD MOLIYKY.

Ha npyriit ningaui anroputMy (puc. 3) BUKOHYEThCS TeMaTHYHE MOJEIIO-
BaHHA 32 KOXKHHM 3amuToM Okpemo. CIeliaJbHOCTI OOMpaeMO 3a YacTOTOIO
BXOJ/KEHHS 3allUTy B TEMAaTUYHY KOJEKIi0. YacToTa po3paxoByeThCsl K BiTHO-
HICHHS KUIBKOCTI JJOKYMEHTIB, 1[0 MICTATh NOUIYKOBHI BUpa3, A0 3araibHOI Killb-
KOCTI JJOKyMEHTIB 3i cnenianbHOCTi. [Ipy oMy cTON-ciioBa Ta mIyMH QiIbTpy-
IOThCSI 32 KiJIBKICTIO BXOJKEHb B YCIO KOJIEKLIIO JOKYMEHTIB i3 3aCTOCYBaHHSIM
MOPOTrOBUX 3HaYeHb. Buyyarotbes 1 MiHOpHI crienianbHOCTi. CroyaTky BHiTy4a-
€MO 32 MIOPOTOBUM 3HAYEHHSM KIJIBKOCTI 3HAWJEHUX ITOKYMEHTIB, SIKi HaJIe)KaTh
O BIAMOBiAHOI cCHEWiadbHOCTI, & MOTIM — 3a KyMYJSTUBHUM HPUHIHIIOM,
BiZICIKaIOYH XBIiCT PO3MOiNy 32 HOPOTOBUM 3HAUEHHSIM.
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Ha tperiii pinstHIi anroputMy (puc. 4) ycepeIHIOEMO HAJIEXKHOCTI 3a BCiMa
3alUTaMHU T4 BiJICIKAEMO XBICT CYKYIHOT'O PO3MOALTY 32 TOPOTOBUM 3HAUCHHSIM.
Jlayii BUIy4aeMO CHEMiaJbHOCTI 3 HU3BKMM PIBHEM HAJICKHOCTI TaKUM UYHHOM,
o0 pe3ysNbTaT CTaB KOMIAKTHHUM 1 TIPEJCTABHHUILKAM, KOJM HayKOBEIlh
BIJINIOBIJIa€ HE OUIbIIE HIK YOTHUPHOM CHEIIAJBLHOCTAM, HPUYOMY JO KOXKHOT
3 HUX HAJIGKHICTh € 3HAYYIIO0.

ITouaTok IMouaTok

/ MHo>xuHa 3anuTiB £ —
Crnmcok  po3mofiiiB
‘l’ JUIS BCiX 3amuTiB £(7)
%éﬂﬂ KOXKHOTO 3anuTy E(i) S—0o \1/
v YcepenHenus

pO3TIOAiIiB
3a BCiMa 3alMTaMy

v

3aHyJIeHHS [ITyMOBHX

E(i) cion-cnoBo
a0o mym

3HAYEHb
[Momyk 3 Pe3yabTYHOY0ro
po3mnoiny posmoaiiy £(1),...,4m)
3a CIeHIaIbHOCTSIMH ¥
«(1),...,4m)
\l’ Itepauiiine
BUJTyUYCHHS
MIHOPHOI{
3aHyIIeHHS LIYMOBHX cremianbHOCTi
3HAYCHB 3 PO3IIOALTY
(1), 1(m) v
Po3smonin cykymHOCTI
|\(/ ~ KITFOYOBHX CITiB
— 3a CIELIaTbHOCTSIMH
CHuUcoK po3MnoaLtiB

IIUIST KOSKHOT'O

samury E(i)
Puc. 4. bnok-cxema TpeThoi

Puc. 3. bnok-cxema Ipyroi JUISHKH aJrOpUTMY AUTAHKH alITOPUTMY
TeMATHIHOTO MOJIETIOBAHHS TEMaTHYHOTO MOJIEITIOBAHHS

Ha Tpertii minsHI poOOTH aJITOPUTMY ITiJT Yac iTepaIlifHOTO BIITYUCHHS Mi-
HOPHOT CIeIiaJIbHOCTI ii BHECOK MEPepO3NONUISEThCS Ha iHII CHElialbHOCTI 3
ypaxyBaHHsAM Koe(ilieHTiB cxoxkocTi i3 mpami [17]. Hampuxiax, Hexail Ha
NPOMIDKHOMY eTari HayKOBIS BiTHECEHO IO HAYKOBHX CIHEIiaIbHOCTEH TaKuM

~ (0,5 0,2 02 0,1
yuHOM: W =| —, —, —,—
H6 05 06 04
IIBOTO CITOYaTKy 3a MetonoMm [17] 3Haitmemo koedimientn XKakapa mix O4 Ta
IHIIUMU ~ crienialibHOCTAMH. Bouu 3a mamumu  2016-2020 pp. Taki:
J(04,H6)=0, J(0O4,05)=0,13, J(O4,06)=0,22. 3 ypaxyBaHHAIM CXOXOCTi
BHECOK MiHOpHOI cremianbHOCTI O4 Tepepo3moAiIA€ThCsl TaKUM UYHHOM:

). Bunyunmo minopHy cneniansHicts O4. Jlns
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~ (05+0-0,1 0,2+0,13-0,1 0,2+0,22-0,1 .
W= , , . IligpaxyBaBiiu, OTPUMYEMO
H6 05 06
~ (0,5 0,213 0,222 .
W = , , . Ilicns wHopMmyBaHHS Ha | MaeMo pe3yNbTarT:
H6 OS5 06

b b

7 0,535 0,228 0,237
H6 ° 05 06 )

MOKPOKOBHMI KOHTPOJIBHUI ITPUKJIAJT

[poimoctpyemMo poboTy alropuTMy Ha MPUKIaAi TEMAaTUYHOTO MOETIOBaHHS
HayKOBIII 3 puc. 1. 3a 1BOMa iHTepecaMu HayKOBIsI c(hOPMOBAHO TPH MOIIYKOBI
3anuTH. YacToTy BXOKEHb TPHOX KIIFOUOBHX CIIIB y TEMAaTHUYHI KOJEKI] IToKa3a-
HO Ha pHUC. 5, a pe3yJIbTATH ITCIIS TEPIIOTo BiICIKAHHSI XBOCTIB PO3MOIIIIB — Ha
puc. 6. am ycepemHioeMo 3a yciMa 3amuTamMu (pUC. 7) 1 BiICIKAEMO XBiCT
po3noxainy (puc. 8). [IpoMixkHHI PO3MOILT CTaB MEPSHANOBHEHUM Yepe3 3alIHpO-
ke (hopMyJrOBaHHS HAyKOBIEM CBOIX iHTepeciB. s gokycyBaHHS pe3yibTaTiB
TEMaTHYHOTO MOJICIIOBAHHS Ha 3aKJIIOYHOMY €Talll aJrOpUTMy PO3IMOJILI
o0pi3aeMo 10 OBOX crenianbHocTel (puc. 9). YV pesynbraTi HayKoOBeUb 3 iHTepe-
caMH¥ B Tally3i ITYYHOTO IHTEJIEKTY Ta HEMPOHHUX MepeX HaiOiible BiIOBiae
cnemiansHOCTIM HI — Artificial Intelligence and Image Processing 31 cTyneHeM
Hanexnocti 0,767 ta Q2 — Cognitive Sciences 31 ctyneHeMm HamexHocTti 0,233.
Taka kaTeropu3allis HAyKOBIIS HE CyNepeduTh MOTIIsAIaM aBTOpIB i€l crarti. I3
NpPUKJIaay BUIHO, IO HAaBITh 3a IBOMAa ITOYATKOBHMH KIIOYOBHMHU CIIOBAMH 3a-
NPOTIOHOBAHHUN ANTOPHTM JIOCTATHHO TOYHO 3HAXOAMTH BiATOBIIHICTH HAYKOBIIS
CHELiaJIbHOCTSIM.

ITOPIBHAHHSA 3 KATEI'OPU3ALIEIO 3A CTATTAMU

IlepeBipuMO y3TOIKEHICTh Pe3yJIbTAaTIB TEMAaTUIHOTO MOJICITIOBAHHS HAyKOBIIIB
Ha OCHOBI KIIIOUOBHX cJiB 3 iX mpodiniB y Google Scholar Ta Ha ocHOBI kaTero-
pusoBaHux crareii y Dimensions. i 1poro BigOepeMo TPhOX HAYKOBIIIB:
A. YepHony6a (mauB. puc 1), €. bogsacekoro (puc. 10) ta H. Kyccynp (puc. 11).
I1i maykoBIli MaioTh y Dimensions BeTUKY KiIbKiCTh IMyOJIiKaIii 3a m’ITh OCTaH-
HIX POKIB, 1[0 JO3BOJISIE OTPUMATH CTATUCTUYHO 3HAUYII PE3yJIbTATH.

3a ananizoBanuii epiog A. UepHoay6 omyOmikyBaB 22 mparli, sKi KaTeropu-
30BaHO 3a II’sSITbMa crerianbHocTaMu. Haiibinbire myomikamiit — 11 moTtpammio
no crreniansHOCTI HI. €. bonsHCbkuit omyOImikyBaB 88 pobit. BoHn kaTeropuso-
BaHi 3a 12 cnemianpHOCTsIMU. Haiibinbime nyOmikarniii — 59 morpammiio 1o
crenianpHOCcTi HI. H. Kyccynp onmyOnikyBana 47 poOirt, siki KaTeropu3oBaHO
3a 14 cnemianbHOCTAMU. Haiibinpmie myOoikamiii — 21 moTpamuiio 10 cremiaib-
HOCTI /9.

3a po3noainaMu myOmiKaLii 3a CHenianbHOCTIMH 3 BUKOPUCTaHHIM TPETHOI
JUISHKA QJITOPUTMY TEMATHYHOTO MOJCIIOBAHHS OTPUMAEMO HAJCKHOCTI Hay-
KOBIIIB JI0 crieriainbHocTel (Tabi. 2). Tam ke BKa3aHO pe3ysIbTaTH TEMaTHIHOTO
MO/JIENTIOBAaHHS Ha OCHOBI iHTepeciB HaykoBIiB y Google Scholar.
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e vso <o Nataliia Kussul (Hatanusa Kyccynb)

Space research institute, National academy of science of Ukraine,
Kiev

MinTBEpAKEHO aapecy enekTPOHHOI NowWTK B AomeHi ikd.kiev.ua

Machine learning remote sensing data science
disaster management agricultural monitoring

Puc. 11. TIpodinbs TpeThOro HayKOBIIs

[opiBHIOROUN pe3ynbTaTH, OaunmMo 1o 3a iHTepecamm y Google Scholar,
TOOTO 3a Cy0’ €KTHBHOIO iH(MOpPMAIIio Tyke 00MEX)EHOTo 00cATY, 3alpOIIOHOBA-
HUW aJTOPUTM JOCTATHBO TOOpE KaTETOpPU3y€e HAYKOBINB. J[Is KUTBKICHOT OI[IHKH
Y3rO/IKEHOCTI pe3yNbTaTiB CKOPHCTAEMOCSI MeTpHKol0 UekaHoBcbkoro. [l po3-
IS AYBAHOTO BUMAJKY — 332 YMOBH HOPMOBAHOCTI CYMH HaJIe)KHOCTeH Ha 1, MeT-
puka UekaHOBCHKOTO MK ABOMa HayKoBLSIMH W, 1 W, po3paxoBYeThCSI TAKUM

YHMHOM:

Fit W, Wy) = 3. min(u, (7)), 1, (V). (1)
p=LLM

Taoaumus 2. Pe3ynbraTé TEeMaTHYHOTO MOJCIIOBAHHS HAYKOBIIIB

Chernodub Kussul Bodyanskiy

Cnetiasuicrs Dimensions SGczoogliler Dimensions Sc (;ﬁ)glif; Dimensions SGc%(z)glili

D6 0,283

19 0,675 0,447

H1 0,8 0,767 0,172 0,346 0,797 0,295

H2 0,199

H6 0,153 0,203 0,506

K9 0,2

Q2 0,233

Mertpuky (1) MOXHa IHTEPIPETYBAaTH K CYMy CTYIEHIB HAJIE)KHOCTI Iepe-
THHY HEYITKUX MHOXXUH VI71 i VI72 , SIK1 SIBJISIIOTH COOOIO PE3yNIBTaTH TEMAaTUYHOTO
MOJICITIOBaHHS HAYKOBIIS 3a JBOMa JDKepejaMH IMOYaTKOBOI iHpopMalii — 3a iH-
Tepecamu B Google Scholar ta 3a kareropmzoBanumu myOmikanismu B Dimen-
sions.

3a maHuMH 3 TaOJ. 2 OTPUMYEMO Taki 3Ha4YeHHs MeTpuku (1):

Fit(Chernodub) = 0,767,
Fit(Bodyanskiy) = 0,498;
Fit(Kussul) = 0,619.
3a meTpukoro (1) 30ir BpaxoBY€ThCS 130Ib0BAaHO — JIUIIE B MEKax KOXKHOL
OKpeMoi creriaabHoCTi. [ BpaxyBaHHS BHECKY CITOPiITHEHUX CIIEIiadTbHOCTEH
MPOTIOHYETHCS JI0 3HAYEeHHS MeTpUKH (1) 101aTH Takuil TOJaHOK:
AFit(W, Wy) = 3, Y, J(t,,t,) -min(e, (W),e, (W), 2)

v=l, M p=1, M
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ne J(t,,t,) — iHpekc JKakapa MDK CHCLIQIBHOCTAMH f, 1 1] &, W)=

=max (0, b, (W) —p, (W,)) — 3IMIOK CTyNeHs HATEKHOCTI HAYKOBIS IO
CHELiaNnbHOCTI #, Y VI71 micist BpaxysauHs y Qopmyni (1) s6iry p, (W) i

U &, (W ,) = max(0, Mg, W, - B, (W) — BaIMIIOK CTYIEHs HAJeK-

HOCTI HAYKOBLIS JI0 CIICLIANBHOCTI 7, Y VIN/z micist BpaxyBaHHs y popmyii (1) 36i-
Iy My, U8 i“tp ).

st dinpTpamii indopmariiiiHoro mryMmy Gopmyiy (2) 3aCTOCYEMO JIUIIIE IS
nap CHemiaJibHOCTEH 3 BUCOKOIO MOAiOHICTIO — 3 iHAekcoM JKakapa monax 0,02.
s HaBeneHUX B TaOI. 2 crielialbHOCTe! Takux map BusBmiocs 3. [nmekcn XKa-
Kapa JJIs HAX € TaKAMH:

J(D6,19) = 0,083 ;
J(HI, H6) = 0,071;
J(K9, Q2) = 0,041.

[lincraBnstoun yucioBi AaHi y Gpopmyiy (2), OTpUMy€EMO:
AFit(Chernodub) = 0,008 ;

AFit(Bodyanskiy) = 0,022 ;
AFit(Kussul) = 0,03.

3 ypaxyBaHHSIM CIIOpPiTHEHOCTI CHeENialbHOCTEH 30ir pe3ynbTaTiB TeMaTH-
HOT'O MOJICTFOBAHHS TPOXH ITiIBUILIMBCS 1 CTAHOBUTH:

Fitg,,(Chernodub) = 0,767 + 0,008 = 0,775 ;
Fitg., (Bodyanskiy) = 0,498 + 0,022 = 0,52 ;

Fitg;,, (Kussul) = 0,619 + 0,03 = 0,649 .

BHUCHOBKHA

3ampornoHOBaHO TEMATHYHE MOJIENIOBAHHS HAYKOBI[IB HAa OCHOBI iX iHTepeciB
y npodinsix Google Scholar. IHTepecn y nmpodiisix HayKOBIII BKa3yIOTh Ha BJlac-
HUH po3cyl 6e3 BUKOPUCTaHHs OyIb-SIKOTO CJIOBHHKA KIIFOYOBUX CIIiB. 3aporio-
HOBaHO TIiJXi/I IO KaTeropusailii TAKNX HAYKOBIIIB Y MeXaX CHCTeMH Kiacu(ikarii
Hayk ANZSRC. BinoOpakeHHS «HAyKOBEIb — CHEIIaIbHOCTI» 3IIHCHIOETHCS
3 BUKOPHCTaHHSAM pecypciB iHpopMalliiiHoi cuctemu Dimensions, sika MiCTUTh
noHax 110 miH HaykoBUX myOutikamii, mo kareropusosani 32 ANZSRC.
AJITOPUTM TEMATHYHOTO MOJICITIOBAHHS HAYKOBI[IB MiCTUTh TpH AiNsHKU. Ha
MIEPIIii MiAHI (POPMY€EThCS MHOXHHA 3allUTiB HA OCHOBI KIIFOYOBHX CIIB Ta 1X
NO€/THAHD, Ha JPYyTill — BiOYBa€ThCS TEMaTHYHE MOJEIIOBAHHS 332 KOKHHM 3a-
IUTOM OKpeMO 3 (iJIbTpamli€elo CTOM-CIiB Ta MaJIOBXHUBaHUX CJIB, a HA TPETi —
YCEPEeIHIOIOTHCS HAIEKHOCTI 32 BCiMa 3amUTaMH Ta OOpi3aeThbes PO3MOIIT [0
KUTbKOX crerianbHocTed. [1i yac BriTydeHHS MiIHOPHHUX CIEI[iaIbHOCTEH Bpaxo-
BY€TBHCS 1X BIUIMB Ha CHOpiAHEHi creniansHOCcTi. Ha BuXoni anroputmy oTpu-
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MY€EMO CTYIEHI HAaJeXHOCTI HAyKOBLS A0 KIJbKOX CIELiaJbHOCTEH, SKUM
HaHOUIBIIIe BIAMTOBITAE CYKYITHICTD HOTO iHTepeciB. Take BimoOpaskeHHS iHTEpPECIiB
MOYKHA PO3TIISIATH SIK aHAJIOT Mpoleypu word2vec.

[TpoBeneHO MOPIBHSHHS TEMATHUYHOTO MOJIEIIOBAHHS HA OCHOBI OOMEXEHOI
iHdopMmarii 3 mpodiniB HaykoBIiB 3 Google Scholar Ta 3a kimpbKoMa IecsATKaMu
aBTOPCHKUX CTaTEH, sKi KaTeropm3oBaHO CHUCTeMoro Dimensions. Y pe3ynbrari
MEPEBIPKU BCTAHOBJICHO Y3TO/KCHICTh PE3yJIbTaTiB TEMAaTUYHOIO MOJCIIOBAHHS
Ha OCHOBI Pi3HOTO 00cATY moyatkoBoi iHdopmMaii. Lle 103BoIsIE BUKOpUCTOBYBA-
TH 3aIPOTIOHOBAHHUN AITOPUTM SK OCHOBY TEXHOJIOTIi iH(OpMaIliiiHOi po3Bigku
HAayKOBUX KajpiB, 30KpeMa, IS TICPBUHHOTO IMiI00py KaHIWAATIB Y OMOHCHTH
JHcepTaliil, y peleH3eHTH HAyKOBHX MPOEKTIB Uil (OPMYyBaHHS KOMaHIU IS
BUKOHAHHS CIUTBHUX HAYKOBUX IPOEKTIB.
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TEMATHUYECKOE MOJEJIUPOBAHUE VYYEHBIX HA OCHOBE HX
HHTEPECOB B GOOGLE SCHOLAR / C.JI. IlIToB6a, H.B. Ilerpsruko

AnHoTanus. IIpemoxkeH aaropuT™M TEMaTHIECKOTO MOJEIHPOBAHHS YUYCHBIX IO
HayYHBIM CIICIIMAIBHOCTSIM Ha OCHOBE MX MHTepecoB B mpodmisix B Google Scholar.
ANTOPUTM HCIIOJNB3YET MEepedeHb HAayUHBIX CIHEIHAIBHOCTEH M3 CHCTEMBI KIIacCH-
¢uxanun Hayk ANZSRC. NH(opManMOHHEIM PecypcoM s TeMaTHIeCKOro MOJie-
JIMPOBaHUS SIBISICTCS 0a3a KaTeropu3UPOBAaHHBIX HAYYHBIX ITyOIMKALUIA U3 CUCTEMBI
Dimensions. Murtepeckl u3 npoduieil y4eHbIX HUCIOIb3YIOTCS KaK MOMCKOBBIC 3a-
npockl Uit Dimensions, cepBUCHl KOTOPOM BBIJAIOT PACIPENCICHUS PEIIEBaHTHBIX
JOKyMEHTOB II0 CHEIHATBHOCTAM. [l yMeHbIIeHnsT HH()OPMAIIMOHHOTO IIyMa 3TH
pacrpeneneHus: IpoXoasIT HECKOIBKO 3TarnoB 00paboTku. CpaBHUBAIOTCS Pe3yJIbTa-
TBI TEMaTHYECKOTO MOJIETMPOBAaHMS Ha OCHOBE NMPOQHIBbHBIX MHTepecoB B Google
Scholar u xaTeropn3upOBaHHOTO CIHCKAa aBTOPCKUX ITyOnukanuii B Dimensions no
MeTpuke YeKkaHOBCKOIO C Y4ETOM CXOXECTH clieluaabHOCTeH. [ TeCTOBBIX yue-
HBIX BBISBJICHA BBICOKAsl COTJIACOBAHHOCTh PE3yJIbTaTOB TEMAaTHYECKOT'O MOJICIHUPO-
BaHMS [IPU Pa3IMYHON MCXOIHOW MH(POPMALHH.

KnrodeBble cioBa: TeMmaTHdeckoe MOJeNMpoBaHUe, KaTteropmsamus, Google
Scholar, Dimensions, ANZSRC, npoduis ydeHOro, Hay4HBIE HHTEPECHI, METPHKa
YexaHoBckoro, uHekc XKakappa.

TOPIC MODELING OF RESEARCHERS BASED ON THEIR INTERESTS
FROM GOOGLE SCHOLAR / S.D. Shtovba, M. V. Petrychko
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Abstract. The article proposes an algorithm for topic modeling of researchers based
on their interests from Google Scholar profiles. The algorithm uses the set of fields
of research from research classification system ANZSRC. An information resource
for topic modeling is a corpus of categorized publications from Dimensions. Inter-
ests from researchers’ profiles are used as search queries to Dimensions that outputs
distributions of documents over categories. To reduce information noise these distri-
butions are taken through a few stages of processing. The article also compares the
results of topic modeling based on interests from Google Scholar profiles and based
on a categorized list of publications from Dimensions. The comparison is done using
modified Czekanowski metric that takes into account the similarity between catego-
ries. The results of comparing the topic modeling outputs based on different infor-
mation sources show a good match.

Keywords: topic modeling, categorization, Google Scholar, Dimensions, ANZSRC,
researcher’s profile, research interests, Czekanowski metric, Jaccard index.

Cucmemni docnioxcenna ma ingpopmayivini mexnonoeii, 2021, Ne 2 129



MATEMATWYHI METOAW, MOAOENI,
@I’T NMPOBNEMMU | TEXHONOTTI AOCHNIAXEHHA
CKNAOHUX CUCTEM

UDC 621.3
DOI: 10.20535/SRIT.2308-8893.2021.2.10

MODELING OF A TEMPERATURE FIELD
FOR EXTRUDER BODY

O. TROFIMCHUK, K. ZELENSKY, Ie. NASTENKO

Abstract. The paper considers the process of induction heating of the extruder
body, the temperature of which determines the degree of heating of the polymer
mixture in the zone of loading the dry mixture. A mathematical model of this
process is formulated taking into account radiant heat transfer in the gap between the
inductor and the case. An iterative numerical-analytical method is proposed for
solving the corresponding nonlinear boundary value problem of housing heating, at
the first iteration of which a linear boundary value problem is solved (without taking
into account radiant heat transfer). At the subsequent stages, a nonlinear boundary
value problem is solved. The iterative method is based on the application of integral
transformations of the linear part of the problem, followed by an iterative scheme for
finding a nonlinear problem. This scheme is based on the algorithms for the
equivalent simplification of the expressions obtained by solving the problem. The
results of mathematical modeling of the corresponding algorithms are presented.

Keywords: equivalent simplification, extruder, induction heating, integral
transformations, polymer, Bessel functions.

INTRODUCTION

The processes available in the extruders in the manufacture of products from
polyethylene dry mixes are characterized by the versatility of the tasks to be
solved. As is known, [1-4], heat and mass transfer processes in extruders are
divided into several zones: the loading zone of the dry mixture at the inlet to the
extruder, which heats the mixture to a temperature close to the melting point of
the polymer, the delay zone in which the formation of wall polymer melt films,
melting zone where the mixture is melted, dosing zone in which the polymer melt
is cooled, product forming zones.

Analysis of the literature on these processes in the areas of loading, melting,
dosing and cooling of the polymer mixture and polymer melts in the manufacture
of cable insulation at ultra-high voltages, showed that the process of heating the
screw housing in the extruder is not considered. In our opinion, this process
significantly affects the temperature of the mixture in the loading zone along with
the heating of the mixture due to the dry friction of the mixture.

© O. Trofimchuk, K. Zelensky, le. Nastenko, 2021
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FORMULATION OF THE PROBLEM

Consider the process of induction heating of the extruder body to a given
temperature. We set the heat transfer conditions by convection and radiation at the
upper limit.

The density of internal heat sources is the electromagnetic energy released
per unit time per unit volume. Due to the surface effect, the distribution of
internal heat sources is significantly heterogeneous and depends on the
electrophysical properties of the load, which change during heating.

The whole heating process is divided into intervals, in each of which the
loading properties are assumed to be constant:

L;(m)=1{0,9;1,45;2,05;2,65} .

Fig. 1 [5] shows a graph of the distribution of specific volume over the
length of the cylinder.

8 1
I-—_—-
5
~a 2 3
g i \
Ea
=
= 4
- :
i
o 1 J | | | | | |
0 04 08 12 18 2 24 28 3z
X, (m)

Fig. 1. Distribution of specific volumetric power by the length of sections 14

The graph shows that the first section of the extruder (first inductor) releases
maximum power, because in this section it is necessary to heat the polymer from
the initial temperature to the melting point, and in the other zones is heated and
maintained at a given temperature.

The distribution of the temperature field of the body 7, is described by the
equation of thermal conductivity, which in the cylindrical coordinate system has

the form
2
ot r or or oz A

where a; =LA, /(c,py) is the coefficient of thermal conductivity; A;,c;,pp —

thermal conductivity, W /(m C), specific heat and density of the housing material,
respectively, g(r,z) — the function of the distribution of the density of internal
energy sources in the material, W /m’. Given that the depth of penetration of
electromagnetic energy from the inductor is small, A <1, assume that it acts on
the outer surface of the housing » =7, .
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Taking into account the above, the specific power on the outer surface of the
housing is equal to [5]

4
bo-aya 107 [T T 0 (emb2)A
Wo = p()e( VA = 4r 10 fkp Hmee(x % .

If the density of the heat source on the surface of the ingot is given, use the
first part of formula (2), if you know the magnetic field strength on the surface of
the ingot, use the second part of this formula.

The initial and boundary conditions are:

o7, qk
Til—0=Tos T lr=ry=Tos 8_rk == (1)
r=ry 1
[% + thk} =0, [% + thk} =0, 2)
oz =0 oz 1

where i =0, /A, o, — heat transfer coefficient of the case into the environ-

ment. For the contact surface of the steel pipe with air o = 9 W/(m? ¢); Ty, —

temperature of surrounded space; Tj;, — temperature on the bound of inductor.
Boundary condition on the side surface of a cylindrical workpiece:

oT,
[xl(Tk )a_rk + oy (T)T (7,2, t)} =Lg +Ng(T}); (3)
I‘=I‘4
4 4
TO Tk(l"4,Z,t)
Lo=o0(T)Ty+&|—|; No=¢| ——"=1; & =0,65. 4
¢ =TT, 1(10()) G 1[ 100 1 “4)

The function g(74,z) in this case is the temperature at which the inductor

heats the surface of the housing, ie. g(74,z)=T ind

Values of thermophysical parameters for the case (steel) at temperature
T=300K are equal: p=7845 kg / m?, cy =0,461 Kt/(kg-c-K), L=58,
a=10,51/K.

SOLUTION METHOD

Since the boundary value problem (1)—(5) is nonlinear, we will perform
mathematical modeling according to the iterative scheme [6]. First, we obtain the
solution of the problem in a linear approximation. We apply to equation (1) the
integral transformation over the variable z :

d*Z(8;)

o+ 8;2(8;)=0.

dz

Custom conversion functions:

1 8
Z(8,2) =—[sin8kz——kcosé3kz}.
1Z4l? hy
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The integral of the product of eigenfunctions is equal to:

MM 3, 8k8-
'[ jZijdz=22 11— coskaL)Jr smpk]L » Dig =0 £98;
k=1j=1 + <Py hl hy

M M dzZ (8 5, 88,
ijk(8k2)¥ => Hm p ](1 cospk,L)—

k=1j=1 v 2Py 1

! sin ple}
hy

The application of the integral transformation of the variable to equation (1)
gives:

or 10 or
EZZEL arj 8ka(}" Sk,l)+72k(6k)W+QZk, (5)
. Ok Sk
sz: hl SlnSkL—h_COSSkL +(1—hl)h_ TOk‘ (6)
1 1
Boundary conditions (3) take the form
= oTx _
Tlo=0;24 =21, k=7, %
or _ 7\‘]{
}’—}’3
oT'x — L
MI)= @ Te | =ilo+Llg, 2l = [Zu@E2)dz ()
r=r4 0
_ L L
Ti(r,t,8;,) = [Z(8;2)T(r,t,2)dz, Lg = [Z; (8;2)Ng (T )dz. ©)
0 0

Regarding the variable r, we have the Bessel equation within r €[r;,7,]:

10 [ OTk(r,8;,1)

r or

J+5,§fk(r,6k,z)=o (10)

or
with homogeneous boundary conditions

dTi(r,8;.1)

dT i (r,8;,1) .\
dr dr

|r:r3:O; |:7\’1(Tk) al(Tk)fk(]GSkat) |r:r4:0

Own functions for the variable take the form:

1
R, Br)=———1[1y(Br)—D,(Br;)J o (Br)]. (11)
TR GE R0t

Substitution in (5) for » =7, in the second boundary condition (9) taking

into account the expression for leads to a characteristic equation for finding
eigenvalues 3, :

h[Jy(Brs) Lo (Bry) — 1, (Bry)J o (Bry )1 = BLJ1 (Br3 )1 (Bry) — 1, (Brs)J (Bry )] = 0
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Denote by y =pry, c=nr/r, and
By (1) =, (), () = 1, (r), (p): L =1.2.
Then to calculate the eigenvalues f3, we will have the following functions

9(y)=-LBl(y) - mBY(1)=0;
Ty

w(y) = ngé ) - (i + hlJBf () - (iv + %JBP (1) + hyeBg (7).

7y 7y
Coefficients are defined as the norm of eigenfunctions R, (3,,7), D, = LBurs) :
Ji(Bars)
B, =IRB,MI* = [rR; B,)dr = [[1yB,r)~D,JoB,) rdr.  (14)
3 3

Integral transformation of the variable to equation (1) and boundary
conditions (3), (4):

aT = = J—
E"'nnkT:LG_Rn(’?l)NG; (15)

L6 = Z,(O)Ty + (R, ()L + Ry () Zg): Zg = zily.
In the space of Laplace images we have

EG 1

TkMuerP) = ——— =R, (Bu1y)
P(p+Mu) P+ Mk

Since the right-hand side of this expression contains a nonlinear function

from 7, (Stefan-Boltzmann condition), Ng = [T} (ry,z.t)/ 100]4 we will look for

the solution of equation (16) by an iterative scheme. In the first iteration we
obtain the solution of the equation without taking into account the nonlinear

LINGITO B,,8,.01. (16)

function N .

M M
5
TO(r,2,0)= Y. > R, (Bur)Zy (8, 2)C (1 - k"), (17)
n=1lk=1
where an :L_G: T]nk :k_k(Bft +81%) .
nk cv

Substitute the solution (17) taking into account the integral transformations
of the variable

= (0 4 MN M, kL
NolT! (Bn,ék,t)]=HZZankm(l—e '”'"J (18)
m=1nmkm

Dnj,kjrnankijnj,kj; m :[n,k;nl,kl;nz,kz;n3,k3;n4,k4]
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I"I’lnj = Rn (Bnr4)Rn1 (Bnl r4)Rn2 (Bn2r4)Rn3 (Bn3r4)Rn4 (Bn4r4);
1 N
i mkjlzk (Bi2)Zi B, 22y, Bry2)Ziy By 2) 2y, (B, 2)dz.

Since in this expression the temperature 7, k(o)(r,z,t) is in the 4th degree,

Zkk

we will not write this product (the calculation of the corresponding
transformations is implemented using the appropriate program in the language
C[6]). Write the product for one component, for example, for,.

n1 :n2:n3:n4:1, k1:k2:k3 :k4:1.Let’SmarkitaS ﬁl,l,G.Then

1 - 4 -
Nipg =— D —e MY = Y de (19)
100 1=0

where d; = (—1)1(D1,1/100)?; O] =My 1,0, = 2Ny, 03 =3N;), 04 =4M; .

The other components of expression will have a similar form with the
change of indices to. We emphasize that the dependence of the nonlinear
component of the equation is reflected in the coefficient and remains unchanged
in subsequent transformations.

We now apply to (19) an algorithm of equivalent simplification [7], which
converts the expressions of the form (19) into a second-order chain in Laplace
image space. Then we will obtain

nk n,k n,k
T )= a, N ay” +ay
kMyk> P »

: 20)
nk n,k nk 2 (
ay” +a, p+as”p

In the space of the originals, the expression for temperature will look like

Tk(r,Z,t) =

M N nky — _
=Y YR, Be1)Z; (éskz){a;“‘ re @ B £ e + bl””‘fzm"”‘r)]} 1)

n=lk=1

Here

f](OJn’kt) _ Sil’l(wn,k;) (Dn,k >0, fz((on’kt) _ COS((,O”’kt) (Dn,k >0,
sh(o™* 1) o"* <0; ch(0™*r) o™ <o,

In the next stages of the iterative procedure we will have the product (for

example, for ng, j= ﬁ, ky, 1= ﬁ) of functions

ik n;,k n;.k
_ 4 —p. & nj.ki Jorl Jorl
_ okl ) eo +el P
NG_HTk (nn<,k = Tk Tk Tk :
Jorl nj,kp nj.kj nikp 2
=1 p e, +e,/ 'pres’ ' p

The summation in (21) for n; with the corresponding transformations gives

the expression of the body temperature taking into account the nonlinear
component of the solution.
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The application of the iterative procedure for calculating the expressions of
the form (20) leads to a change in the values of the coefficients a;?’k , 7=0,5, but

the structure of this expression remains unchanged.

After the implementation of the iterative procedure for achieving the
requirements of accuracy (number of iterations) we obtain the solution of the
problem:

Tk(}",Z,t) =

M N
= 2R (Bar) Y% (Bﬂ)[@”’k + e B fi (@ 0+ B 1 (co””‘t))}. (22)
n=1 k=1

Thus, due to the use of algorithms of equivalent simplification of nonlinear
expressions in equations, we obtain the solution of a nonlinear boundary value
problem in the class of linear functions.

The main purpose of mathematical modeling of heat transfer in the extruder
body is to determine the temperature field on the inner surface of the body on the
border with the auger, which determines the heating conditions of the polymer
mixture in the loading zone. Based on this, expression (22) takes the form

T} (r3,2,t) =

M N _ ok — —
= 2R, Bar3) X2k (Bkz)[b;“k +e B ™ ) + bl"’kfz(w”r)]} . (23)
n=1 k=1
Summation in (23) by eigenfunctions in Laplace image space) on the inner
surface of the cylinder gives
k

N k k

~ C cy t+c¢C

T (5.2 p) = Y2, (By2)| 2+ —— LA |, (24)
k=1 P C3 +C4p+05p

The original of this expression is

~ N _eky _
NCENED WA (Bkz{aé‘ tet t[cé‘ﬁ(x"t)+c{‘f2<x"r>]} (25)
k=1
Expression (25) serves as a boundary condition on the outer surface of the
auger in the boundary value problem of heat transfer in the polymer mixture in
the zone of its loading.

SIMULATION RESULTS

In fig. 2, a, b shows the results of modeling the temperature field of the auger
body.

In fig. 3, a, b show the temperature fields on the inner surface of the extruder
body in the linear case (first iteration) and taking into account the radiation (third
iteration).

Finally, we need to determine the temperature field at the boundary between
the inside of the housing and the loaded polymer mixture, i.e. 7} (r3,z,¢) In fig. 3,

a, b the graphs of temperature distribution on length of a loading zone is resulted.
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With the help of the proposed algorithm for solving the nonlinear boundary
value problem, it is possible to develop an algorithm for controlling the temperature
field of the housing in order to optimize the process of heating the mixture in the
loading zone and melting and crystallization zones of the polymer melt.
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Fig. 2. Temperature field of the auger body time is fixed
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Fig. 3. Temperature field of the inner surface on the 1-st and 3-d iterations
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CONCLUSIONS

A mathematical model of induction heating of the extruder body in the
manufacture of polymer products, in particular, insulating coating of cables for
ultrahigh voltages, which takes into account the convective and radiant heat
exchange in the gap inductor-body.

Mathematical modeling of the temperature field of the extruder body during
induction heating of the outer surface of the body is performed. The obtained
expression for the temperature field on the inner surface of the extruder housing is
used as a boundary condition on the outer surface of the auger in the study of heat
transfer in the loading zone of the polymer mixture.
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MOJEJIOBAHHSI TEMIIEPATYPHOI'O IOJISI KOPIIYCY EKCTPYAEPA /
O.M. Tpopumuyxk, K.X. 3enencekuii, €.A. HacteHko

AHoTanisi. Po3riisHyTO TIpolec iHAYKIIHHOTO HarpiBaHHA KOPIYCY EKCTpyAepa,
TeMIIepaTypa SIKOr0 BU3HA4Ya€ CTYIiHb HAarpiBaHHS MOJTIMEPHOI CyMillli B 30Hi 3aBaH-
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TakeHHs cyxoi cymimi. CPopMyTbOBaHO MaTeMAaTHYHY MOJENb LBOTO IPOLECY
3 ypaxyBaHHIM NIPOMEHUCTOTO TEIUIOOOMIHY B 3a30pi MK iIHAYKTOPOM 1 KOPITyCOM.
3ampomnoHOBaHoO iTepamiiHUA YHCIOBO-aHATITUYHUI METOJ PO3B’sI3aHHS BiAIMOBII-
HOI KpalfoBOi 3amadi Ipo HarpiBaHHS KOpIyCy, Ha Tepmiid irepamii skoro
PO3B’s3y€eThes JTiHIMHA KpaiioBa 3amada (6e3 ypaxyBaHHS NIPOMEHHCTOTO TEII000-
MiHy). Ha HacTynHuX itepamisix po3B’si3yeTbesl HeNMiHilMHA KpaifoBa 3amava. Itepa-
LIHUHA METOJ IPYHTYETHCSl Ha 3aCTOCYBaHHI IHTEIPAJIbHHUX IEPETBOPEHB JiHIHHOT
YAaCTHHHM 3a/a4i 3 HACTYITHOIO iTepaLiifHOI0 CXeMOIO TOLIyKy HefiHiiiHol 3axadi. B
OCHOBY L€l CXeMH MOKJIaJCHO AITOPUTMH CKBIBaJICHTHOTO CIPOLICHHS BHpAa3iB,
OTPHMAaHHMX IIiJ 9ac po3B’s3aHHA 3a1a4i. HaBeneHO pe3ynbTaTd MaTeMaTHIHOTO MO-
JIEITIOBAHHS BIAMOBITHIX aJTOPUTMIB.

KurouoBi ciioBa: ekBiBaJieHTHE CIPOILICHHS, SKCTPYyJep, IHIYKIiiiHe HarpiBaHHs,
IHTerpasibHi epeTBOpeHHs, motiMep, GpyHkuii beccest.

MOJEJIMPOBAHUE TEMIIEPATYPHOI'O IIOJISA KOPIIYCA DKCTPYIEPA /
A.H. Tpodumuyk, K.X. 3enenckuii, E.A. Hacrenko

AHHoTanms. PaccMoTpeH mpoliecc MHAYKIMOHHOTO HarpeBa KopIyca 3KCTpyaepa,
TeMIIepaTypa KOTOpOTO ONpPEAENIseT CTEIeHb HarpeBa MOJIMMEPHOH CMECH B 30HE
3arpy3ku cyxoi cmecr. ChopMyaHpoBaHa MaTeMaTHIECKas MOJIENb ITOTO TIpoIecca
C YYeTOM JIy9HCTOTO TEeIIOOOMEHA B 3a30pe MEXTy HHIYKTOPOM H KOPILYCOM.
IIpemioxker UTepallMOHHBIM YUCIICHHO-aHAMTUYECKUI METOJ PELICHUS COOTBETCT-
BYIOILICH HeIMHENHHOH KpaeBoil 3aauM o HarpeBe KopIlyca, Ha IEpBOH uTepaunuu
KOTOpPOro pelaeTcs JMHelHHas Kpaepas 3anada (0e3 yuera Jy4HCTOrO TEIooOMe-
Ha). Ha nmocnexyromux stanax penraercst HeJIMHEHHas KpaeBas 3agada. Vtepaunon-
HBII METOJi OCHOBBIBAETCA Ha NPHUMEHEHHHM HHTETPANbHBIX MPeoOpa3oBaHMAX JIH-
HEMHOW 4YacTW 3aJauyd C MOCIEAYIOIIEH WTEpallMOHHOM CXEMOH OTBICKaHMs
HEJIMHENHOU 3a1auu. B 0CHOBY 3TOH CXEMBbI MOJ0KEHBI aITOPUTMbI SKBUBAJIEHTHO-
ro YIpOILEHHs BBIPAKCHUH, NONy4EHHBIX IpU peuicHuM 3afaud. IlpuseneHsl pe-
3yJbTaThl MATEMaTHYECKOTO MOJEIMPOBAHHS COOTBETCTBYIOIIUX aJITOPUTMOB.

KiioueBble cj10Ba: 5KBUBAJICHTHOE YIIPOIICHHE, SKCTPYACP, UHAYKLHOHHBINA Ha-
TPEeB, HHTETPAIBbHOE IpeoOpa3oBanue, moanuMep, GyHkun beccemns.
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IMPUTAT'YBAJIBHI MHOKUHU JIJIS1 OJHOTI'O KJIACY
ACUMIITOTUYHO KOMITAKTHUX CUCTEM
3 IMIIYJIbCHHMM 3bYPEHHAM

0.B. KAIIYCTSH, H.B. TOPBAHb

AHoTamist. Po3risiHyTO iMIyJIbCHI JMHAMIYHI CHCTEMH, MTOPOJPKEHI SBOTFOIIHHIMU
npoLecaMy, TPAEKTOPIi SIKMX 3a3HAIOTh IMIYJIbCHOTO 30ypeHHs i3 JOCATHEHHSIM
CHEPreTUYHUM (PYHKIIOHATIOM JesKoro (hikCOBAHOTO MOPOrOBOrO 3HA4YEHHS. Y3a-
TaJIFHEHO KJIACHYHY TEOPII0 IIOOANIFHUX aTPaKTOPiB HECKIHUCHHOBHMIPHUX IHHA-
MIYHUX CHCTEM Ha BHUIAJOK CHCTEM 3 IMITyJILCHOIO JTi€F0. Y CTAHOBJICHO, IO IS -
CHIATHBHOI IMITYJIbCHOI IMHAMIYHOI CHCTEMH, TIOPO/PKEHOT ACHMIITOTHYHO KOMITAKTHOO
HIBrPyIOIO, iCHy€e PIBHOMIPHMII aTpakTop — KOMIIAKTHA PIBHOMIPHO HPHTSATYBAILHA
MHOXKHMHA, MiHIMaJIbHA CEpell yCiX TaKUX MHOXHH y (ha30BOMY IMPOCTOPiI CHUCTEMH.
OTpuMaHuii pe3yJbTaT 3aCTOCOBAHO JIO CIAOOHETIHIHHOIO XBIJIBOBOTO PIBHSHHS 3 M-
CHMAL€I0, TPAEKTOPIT SKOr0 3a3HAIOTH IMITYJIbCHUX 30YPEeHb 13 AOCSATHEHHSIM IEBHOI
(ikcoBaHOI IMiAMHOXUHH (a30BOro MPOCTOPY 3a1a4i — IMITyIbCHOT MHOYKHHH.

KiouoBi ciioBa: nuHaMiyHa cucTeMa, aTpakTop, iMITyJIbCHE 30ypeHHS, XBHIbOBE
PiBHSHHS.

BCTYII

VY Teopii iMITyJIbCHUX €BONIOMIHHUX CHCTEM BAXKIMBE MICIE 3aiiMarOTh PO3PUBHI
IuHaMigHi cucteMu [1—4], TOpO/KEeHI aBTOHOMHHMH DPIiBHSHHIMH, TPa€KTOPii
SKHUX 3a3HAIOTh MHUTTEBUX (IMIyJIbCHUX) BIUIMBIB 3 NOCSATHEHHSIM HUMH AESKOT
niAMHOXHUHU (hazoBoro npoctopy. [lopsin 31 CkKiHYEHHOBHMIPHUM SIKICHUM aHaTi-
30M [5—7] B OCTaHHI POKH 3’ SIBHJIMCS PE3yNbTaTH y3araabHEHHS Teopii aTpakTopiB
[8—18] : Ha BUMamOK HECKIHUCHHOBUMIPHHUX iMIYJIbCHUX cucteM [19-23] Ta eBo-
JIOIHHUX cucTeM 0e3 eauHocTi [24-26]. 30kpemMa BCTaHOBJICHO YMOBH iCHYBaH-
HS Ta CTIHKOCTI PIBHOMIPHUX aTpaKTOPIB ISl IMIYJIBCHUX IPOIECIB, MOPOKE-
HUX KOMIIAKTHAMH Ta EKCIOHEHIIMHO 3aTyXaloyMMH IBrpynaMu. Y poOoTi
BIIEPIIIC PO3TJITHYTO IMITYJIBCHI CHCTEMH, MOPOHKCHI ACHMITOTHYHO KOMITAKT-
HAMU TIiBTpymaMu. J{oBeaeHo TeopeMy IMpo iCHYBAaHHS PiBHOMIPHOTO aTpakTopa
Ta PO3TIIIHYTO 11 3aCTOCYBaHHS J0 IMIYJIECHO 30ypEHOTO CIa0OHEeTiHIHHOTO XBH-
JHOBOTO PiBHSHHSL.

PIBHOMIPHI ATPAKTOPHU IMITYJIbCHUX CUCTEM

IMnynbcHa MHAMIYHA cHCTeMa y HOpMOBaHOMY (azoBomy mpoctopi E Oymy-
€ThCSI 3a JIONIOMOrOI0 HemepepBHOI miBTpynu V :R, x E— E, IMIy/lIbCHOI MHO-

xuan M C E, ta imnynbcHOro BigoOpaxkeHHs [ : M — E. PyX y310BxK iMITyJib-
CHOI TpaekTopii, SKy BBaKAaTHMEMO HEMEPEPBHOIO CIIpaBa, BiOYBA€TbCS IO
TPaEKTOPisIX V' 10 MOMEHTY 4acy T, Koiu (a3oBa TOUKa z(f) JOCATa€ MHOKHHU

M .Y ueit MOMEHT BOHA MUTTEBO TIEPEBOAUTLCS B HOBE TONOKeHHs [z(tT). J{ns
KOPEKTHOCTI IMOOYAOBH TaKOi CHCTEMH MPUITYCKAaTHMEMO, II10:

© O.B. Kanycmsn, H.B. I'opbanv, 2021
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M — 3amknena mEoxuna 1a M N IM =0 ; (1)
VzeM3at=1(z)>0:Vte(0,7) V(t,z) g M . 2)
Koxny iMnynscHY TpaekTopito Bu3Ha4YeHo Ha [0, +00) . 3)

3rizao 3 ymoBamu (1)—(3) po3rissHEMO JHINE IMITYJIBCHI CHCTEMH, IO «HE
3aJIMMAIOTh» HA IMIYJIbCHIA MHOXHHI 1 HE MaroTh «edekTy Outts» [1]. YBenemo
MO3HAYEHHS:

z¥ =1z, M*(2) =(UV(Z,Z)J ﬂ M.
t>0
Sxkmo M (z) # D, 10 3 HenepepsHOCTi V' Ta ymoB (1)—~(3) oTpumyemo, 110
ICHY€ TaKuil MOMEHT 4acy s = s(z), 10

Vte(0,5)V(t,z)gM, V(s,z)eM . 4)

V Bunasky, konu M *(z) =&, BBaxkaTuMeMo, o s(z) = 0.
IMmyibcHA TIBrpyIa 3a1a€Thest HOPMYIIOr0
V(t _Tn’ Z;)a te [Tn,TnJrl)’

zr t=T

n+l, n+l»

G(t,2) = )

n
+ N, ot +
ne Ty=0, T, ZZSk, Zy =1V (s,,2,); zg =2z, s, =s(z; ) — MOMEHTH
k=0

iMIynbcHOro 30ypeHHs 31 cmiBBinHOUIEHH: (4). Baxxatumemo, mo 7, =+,
axmo M (z) ) =D .

Bigomo [20, 22], mio 3a BukoHaHHs yMoB (1)—(3) ¢popmyna (5) Bu3Hauae mis-
rpyny G:R, x E— E , 9Ky Ha3UBaTUMEMO IMITYJIbCHOIO JTMHAMIYHOIO CUCTEMOIO.

O3navennsi. Komnaktay MHOXHHY ® C £ Ha3BeMO PiBHOMIPHHM aTpakTo-
POM iMITyJIbCHOT TuHaMi4HOT cucteMu G , SIKIIO:

1) ® — piBHOMIpHO NIPUTATYBaJIbHA MHOXHHA, TOOTO JIJIsl OBITFHOI 0OMe-
JKEHOT MHOXUHU B C E cnpaBeymuso, mo dist(G(¢,B),0)—> 0, t > o

2) ® — miHiMasbHA 3 yCiX 3aMKHEHUX MHOXXHH, 110 33I0BOJIbHSIOTH YMOBY
1 o3HaueHHS.

Jlema [15]. Hexaii imMmmysibcHa nuHamiuHa cuctemMa G € JUCHIIATHBHOILO,
TOOTO iCHy€ Taka oOMeXeHa MiAMHOXHUHA By C £, mo s Oynb-s1Koi 00MeKeHOT
nigMHOkuHU B C E icHye Take 3HaueHHs 1 =T (B), mo

Vt>T(B):G(t,B) C B,. (6)

Toni mst iMmynbcHOl AuHamiuHOT cucteMu G iCHye PiBHOMIpHHIA aTpakTop
TOAI 1 Jmiiie Tofi, kKo G aCHMOTOTHYHO KOMITAKTHA, TOOTO st Oy 1b-9KO01 00-
MeKeHOI mocmigoBHocTi {z,} < E ta V{t,} /o0 chnpaBeiMBO, WO MOCIIiIOB-

Hicte {G(¢,,z,)} nepeaxoMakTHa B £ .

[Tpu upoMy J1s1 piIBHOMIpPHOTO aTpakTopa ® crpasemiupa GopmMyia

©= () JGBy)-

T>0t>T
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Teopema. Hexaii Bukonyrotbcsi ymoBu (1)—(3), immynscHa cuctema (5) €
JaucunaTuBHOW0. Hexail icHye KOMIakTHO BKJIaAeHUH mpocTip E;€E Takuii, mo

niBrpyna V pomyckae momanss y Burisaai V(t,z)=V,(t,z)+V,(t,z), ae Bigo-

OpakeHHs V| i V, 3a10BONBHAIOTH YMOBH:

Vr>0 3¢(r)>0:V| zg||<r, VE20;
V1@ 2) g <a(); (7

-4
Va(t,2) =Va(D)z, Vo(t) € L(E,E), | Va(t)ll )< cre™. (®)
Kpim Toro, Hexaii immynbcHe BimoOpaxkenns [:M — E Ta iMmynbcHa
MHO)kMHA M C E 3a10BONBHSAIOTH YMOBH:

dzeE Vr>0 3c3(r)>0 VzeM, ||z||gSr;
11z =Z |5 < ¢5(r); ©)

35>0 VzelM s(z) 25, (10)

ne ¢byHkis s(z) BU3HaYeHa y criBBigHOmeHHi (4). Toxi immynbscHa cucrema (5)
Ma€e PiBHOMIpHHI aTpaKkTop.

3ayBaxkenHns. Ymosu (7), (8) 03HauaroTh, 0 MBrpyna V' € aCHMITOTUYHO
KOMIIAaKTHOO [8].

JoBenennst Teopemu. Hexaii G: R, x E— E — imMIynbcHa TUHaAMIYHA CH-
cTeMa, 3afada Gpopmyiioro (5). 3 YMOBH IUCHITATUBHOCTI (6) OTPUMYEMO:

ARy >0 Vr>0 3T(r) V| z|g<r Vt2T(r) |G, 2)||g<Ry. (11)
Posrasinemo nocaiposuicts {€, = G(¢,,z,)}, t, /o, ||z, ||g<r. Hdose-
JIeMO TepeKOMIIaKTHICTh mociinoBHocTi {&,} B E. Hexait s(z,) — MoMeHT

iMIyIbCcHOTO 30ypeHHs 3i criBBigHOIIeHHS (4). PosrisHeMo Bumaaku:
1. Axmo ¢, <s(z,) <o, TO

an = G(tn :Zn) = V(tn:Zn) = Vl(tnazn) + V2(tn)zn'

VYuacnigok ymoBH (7) BUKOHYETHCS, IO 3 TOYHICTIO JO IiAMOCIIZOBHOCTI
CIIpaBeyIBa 301KHICTh

nt,,z,) = gl 8 E npu n— oo.
Kpim Toro, 3 ymoBu (8) BUILITUBAE, 1110
1V ()2, I < core ™ =0, n—> 0.

. . . . 1
TakuM YMHOM, 3 TOYHICTIO IO MiAMOCIiAOBHOCTI OTpUMYEMO, WO &, —> &
B E npu n — oo.

2. Sxwmo ¢, =s(z,), TO
gl‘l = IV(tn’Zn)'

142 ISSN 1681-6048 System Research & Information Technologies, 2021, Ne 2



Hpumﬂzyeaﬂbni MHONCUHU OJIsL 0OHO020 Kiacy acumnmomu4ro KOMRAKMHUX CUCMEM ...

V upomy Bumnanky ||V(t,.z,) g <|| %’;1 |z +1 mpu mocuth Benukux 1 >1.
TaxuM 4MHOM, IEPEIKOMIIAKTHICTh MOCIIZOBHOCTI &, BHUIIMBAE 3 OLIHKH (9).

3. Sxwo ¢, > s(z,), T0
&, =G, —5(2,),G(s(2,),2,)) =G(t,, = 5(2,), 1V (s(2,,), 2,,))-
Oxinbky || z [[p< o] z ||, , TO 3 yMOB (7) 1 (8) BUBOAMMO OLIHKY:
1V (s(z,),2,) [[< oy () + cor
Toxmi 3 TOYHICTIO A0 TiAIOCIITOBHOCTI CIIpaBeyInBa 301KHICTh
n, =1V(s(z,),z,) >n B E npu n— .
SAxmo 1, :=¢f, —s(z,) >0 npu n —> oo, o BHacuinok (10)
&, =V(,m,)>n B E mpun—o.
Inakme 1, € []1((2)),7;((23 L) & =V(x, —7:((%, n%; ). Yuacnigok ymosu (10)

Ha npomikKy [0,7(r)] iMIyJIbCHA TpaekTOpis, WO CTApTyeE i3 Z,, 3a3HA€ HE OLb-
1re, Hix {@} iMImynecHUX 30ypeHs. Tomi, ypaxoBytouu ymoBy (11), maemo
5

Jey =y (r): V120 [ Glt,2,)llp< cq().
Tomui 3 ymoBu (9) BUBOAMMO OLIIHKY

IS =2 llg, < e3(ea(r),

sIKa 03Ha4ac 30DKHICTH 3 TOYHICTIO O MIANOCIIZOBHOCTI

"11(8; —n" B E mpu n—> oo

TakuM 4nHOM, SKIIO T, —Tl((’,g —> 120 npu n-—>00, TO MEPEAKOMIIAKT-

HicTh nocmigoBHocTi {§,} € HacimigkoM HemepepBHocTi V. Skmo ik
(n) . . .

Ty = Ti(yy = TPU 71 —> o0, TO NEPEAKOMIAKTHICTE MOCIIZOBHOCTI {§,} ycTa-

HOBJTIOETHCS aHAIOTIYHO BUTIAAKY 1. TeopeMy moBeneHo.

3ACTOCYBAHHS 10 IMITYJIbCHO 3BYPEHOI'O CJIABOHEJITHIMHOI'O
XBHWJIBOBOI'O PIBHSIHHS 3 TUCUITALIEIO

B ob6mesxeniii obnacti Q < R” posrisHeMo 3amauy:

{ut, +Bu, —Au+ef (u)=0;

”|aQ =0.

(12)
Tyt B >0 — xoedimient aucunarii; € € (0,1) — manuii mapameTp;

sup{| f(u)|+] f'(w)|[ueR}<c.
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Li ymoBH rapaHTy10Th [8] 0IHO3HAUYHY TTI00abHY PO3B’S3HICTH 3axaui (12)
y (azoBomy mpocrtopi £ =H(1) (Q)x I’ (QQ) B TakoMy ceHci: s OyIb-SIKUX TOYa-

u

0 . . R . u
TKOBHX JaHUX Z =( Je E icnye emunmii po3s’sizok 3amaui (12) z =( je
Uy

Yo
€ C([0,4+x); E), a BinnoBingHa miBrpyna V:R, xE — E, V(t,z,) =z(t) € Hemne-

PEPBHOIO, 3a10BONbHSE I AeskuX ctanux K; >0, K, >0, &, >0 ominky

Ve 0 [|2(0) [F< K, [|20) |7 e + Kae, (13)
1 gomyckae nexomnosuuito Burysiny (7), (8) 3 mpocropom E; = (H 2 (QNH, (1) (Q)) x
x Hy(Q).

1/2
Mﬂ{f&@w&+m%ﬁj;z{qe&
i=1 v

me (k12 < (0,40), {y;}7, < HA(Q)NH{}(Q) — BracHi uncia Ta BIacHi Bek-
TopH oneparopa —A y npoctopi H (1) Q).

Ha TtpaexTopisx 3amaui (12) po3riasHEMO TaKy IMIyJIbCHY 3amady: ¢a3zoBa

u(t .
Touka z(f) = ( ((t))J 3 IOCSITHEHHSIM 1MITYJIbCHOI MHOXXUHU
Uy

u
Mz{zz(vJeE:lp(z)za, ||u||Hé(Q)Sy}, y<a. (14)
TIEPEBOUTHLCS B HOBE MOJOXKEHHS z' = Iz , 1[0 HANIEKUTh MHOKHUHI
M'={zeE:l,(z)=a(l+w)y, (15)

e imMIyJbcHe BigoOpaxenust [ : M — M’ mae BUTIIS 115

© . )4 4
z =Z(;’ J\yi eM: Iz ZZ(;’J% +z, (16)
i=1\%i

i=1\""1

1/2
Ac (i {7“1'(01{)2 + (a’,-')2 }J =a(l+p), ze E — dikcoBane;

2 (e
z= ) (_’j\pi.
i=p+1 di
ToOto immynscHe BimoOpaskeHHA [ 3MiHIOE Hepini p KOOpAMHAT, 301Ib-
myoun B 1+ 1 pasiB minboBHiA (hyHKITIOHAMT, 1 (iKCYy€ BCI iHIII KOOPAUHATH, T10-
yuHaroun 3 p+1.

Teopema. ImnynbcHo-30ypena cuctema (12), (14)—(16) 3a gocTaTHRO ManuX
€ >0 mopomxye iMITyJIbCHY IuHaMidHy cucteMy G:R, x E— E | nnd skoi icHye

piBHOMIpHUI aTpakTop © .
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JoBenenns. [lepepipumo BukonanHs ymoB (1)—(3). Ymosa (1) oueBumHO
BUKOHY€ThCs. JloBeneMo crpaBeuBicte yMoBH (2). s u; () = (u(t),y;), ne
u(-) — po3B’s30k (12), Maemo:

Viz1: %%«M@%ﬂ+wxnf>+mwanz=—dfwxw»woy (17)

3okpema
1/2
——lp(Z(t))+BZ(u O)% <801(Z(u (t))] ;
i=1 i=1
e2e 2
Vt>0: [ (z(t))+B.[Z(u (s)) ds < 12 (z(O))+ B (18)
0i=1

Sxmo z(0)e M , To

P P
2_ 2 2 2 .2
2 @i (0)" =a” =3 hu; (0)2a” —y
i=1 i=1
Toxi 3 HenepepBHOCTI u;(¢) BUILIMBAE, 0 1St Aesikoro T3>0 crpaBeinBo,
mo Vte|[0,1]
P 2 2
at—
Y (i) = .
i=1 2
Toni 3 HepiBHOCTI (18) M1t nOBUTBEHOTO ¢ € [0, T] Maemo

lﬂ4m+§

2 2
al

(a y)t<a cEay

Taxum unHOM, U1 J0CTaTHEO Manux € >0 s Beix 7€ (0,7) :/,(z(7) <a,

OTXKE, OTPUMYEMO YMOBY (2).
Jnst mepeBipku ymoBH (3) nosenemo ymoBy (10). Bimomo [8], mo u;(¢) 3a-
JOBOJIBHSE OLiHKY Tumy (13):

VE>0 () +hul (1) < K () (0)? +Aul(0)e ™ + Kye.  (19)

Tenep Hexait zy € IM 1 s(z;) — MOMEHT IIE€pLIOr0 MOTPAILUIAHHS TPAEKTO-
pii (12) ma M. Toni 3 HepiBHOCTI

V20 I(z(0) < K (2(0)e” + K, pe

P
JiCTaeEMO Vi>0 D (u (1))? <Ka*(1+p)* + K, pe .
i=1

Buxkopuctaemo piBzicTb (17) ms s = s(z,) . Maemo:

a’(1+p)? —a® = 2ij(u;(t))2 dt +

0i=1

+2¢ j f( F @), w)ul(t)dt < 2B(K,a(1+p) + K, pe)s +

0i=1
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£2c

+ s +B(K,a’ 1+ p)* + K, pe)s,

az(l+u)2 —a’

TOOTO s> 55 =5 . (20)

BKa>(1+p)* + K, ps)-f-%

Hepisnicts (20) o3Hauae, 1m0 BUKOHYETbCst ymoBa (3), TobTo cucrema (12),
(14)—~(16) mopomxye immynscHy nuHamiuHy cucteMy G:R, xE— E | nisa skoi
BUKOHYI0TbCsE YMOBH (1)—(3) Ta (7)—(10). 3anuimmiocs JOBECTH TUCHIIATHBHICTH
IMITYJTCHOI TMHAMIYHOI cucTeMu G . 3a BiICYTHOCTI IMITYyJIbCHUX 30ypeHb 3 OIIi-
HKH (13) BuBogumo, mo anst z(0); <7 icHye Take 3HaueHHsa 1, =71;(r), mo aus

BCiX 1 2T) || z(t) |[g= V2 . Sxkwmo z(s)e M , 1o 3 ouinkw (19)
a’ <Kprte ™ + Koep,
3BIIKUA

2K1r2
5

SSTZZTz(V)ZSLIH 4
1

Toxi Vi €[0,T5] || z(t) |[5< Kyr* + K, , i ockinbkn
| Z|3<a*(1+ p)’ + || Z|z=:R;,
TO 1A BCix £ > T,
| G(t.2) Il < max{R5, KR} + K},

IO 1 TOBOIUTH MUCHNIATUBHICTE G . Teopemy J0BeIeHO.
Jocnimkennast BukoHaHi 3a miarpumku HOJLY.

BHUCHOBKHA

J1st oHOTO Kilacy HeCKIHYCHHOBHMIPHUX IMITYJBCHUX TUHAMIYHUX CHCTEM, IO
MOPOJIKYIOTHCS aCHMITOTHYHO-KOMITAKTHUMH €BOJIOIIHHUMHE ITiBrPyIIaMH, yc-
TaHOBJICHO YMOBH ICHYBaHHS PIBHOMIPHOTO aTpakTopa. Ha OoCHOBiI oTpuMaHHUX
a0CTpaKTHUX pEe3YyJbTaTIB JIOBEIEHO ICHYBaHHS PIBHOMIPHOTO aTpakTopa IS
c1aboHEMIHITHOTO XBUIILOBOTO PIBHSIHHS 3 JIHUCHITAIIEI0, PO3B’SI3KH SIKOTO 3a3Ha-
IOTh IMITYJIECHUX 30ypEeHb 13 JOCATHEHHSM HUMH NEKOi (hiKCOBAHOI i IMHOKHHH
(ha30BOTO MIPOCTOPY.
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ATTRACTING SETS FOR ONE CLASS OF ASYMPTOTICALLY COMPACT
SYSTEMS WITH PULSED PERTURBATION / O.V. Kapustyan, N.V. Gorban

Abstract. The authors consider the pulsed dynamical systems generated by evolu-
tionary processes. The trajectories of these processes undergo the pulsed perturba-
tion when the energy functional reaches some fixed limit value. The generalization
of the classical theory of global attractors of infinite dimensional dynamical systems
in case of systems with impulse actions is carried out. It is established that for the
dissipative pulsed dynamical system generated by the asymptotically compact semi-
group, there exists a uniform attractor, i.e., a compact uniformly attracting set, min-
imal among all such sets in the phase space of the system. The result is applied to
the weakly nonlinear wave equation with dissipation, the trajectories of which are
subjected to impulsive perturbations upon attainment of a certain fixed subset in the
phase space, so called the impulse set.

Keywords: dynamical system, attractor, impulse perturbation, wave equation.

OPUTSIATUBAIOIMUE MHOXKECTBA 1JIs1 OAHOI'O KJIACCA ACHUMIITO-
TUYECKHN KOMIIAKTHBIX CUCTEM C UMITYJIbCHBIM BO3SMYUIEHUEM
/ A.B. Kanycrsin, H.B. T'opbans

AHHOTalMsA. PaccMOTpEHbl MMITYJIbCHBIE JUHAMHYECKUE CHUCTEMBI, NOPOXKICHHBIC
SBOJIFOLIMOHHBIMH TIPOLECCAMH, TPACKTOPHUHM KOTOPBIX HCHBITBIBAIOT HMITYJIbCHBIE
BO3MYILEHHS IIPH JAOCTHKEHHU YHEPTeTUYECKUM (DYHKIHOHAIOM HEKOTOPOro (uk-
CHPOBAHHOT'O OPOroBOro 3HaueHus. O00O0IIEeHa KilaccudecKasi TEOpHsl TI00aIbHBIX
aTTPaKTOPOB OECKOHEYHOMEPHBIX AMHAMHUYECKMX CHCTEM HA CIIy4ail CHCTEM C MM-
MyJIBCHBIM BO3JICHCTBHEM. YCTaHOBJIEHO, YTO IUIsl JWUCCUIIATHBHOM HMMITYJIbCHOU
IUHAMUYECKOH CHCTEMBI, HOPOXICHHOW aCHMITOTHYECKH KOMIIAKTHOW IOJIy-
IPYIIION, CYIIECTBYET PaBHOMEPHBIH aTTPAaKTOp — KOMIIAKTHOE PaBHOMEPHO HpH-
TATUBAIOIIEE MHOXECTBO, MUHUMAJIBHOE CPEIM BCEX TAKUX MHOXKECTB B (ha30BOM
HIPOCTPAHCTBE CUCTEMBI. [loyydeHHBIN pe3yinbTaT NPUMEHEH K cl1abo HeIUHeH-
HOMY BOJIHOBOMY YPaBHEHHIO C AMCCHUIALMEH, TPAEKTOPUU KOTOPOTO HCIIBITHI-
BAIOT MMITYJIbCHBIE BO3MYILECHUSI IIPHU JOCTYIKEHUH ONPEEIeHHOro (GUKCHPOBAHHO-
TO TTOJMHOXECTBa (pa30BOr0O MPOCTPAHCTBA 3alaul — HUMITYJIECHOTO MHOXECTBA.

KiroueBble c10Ba: fuHaAMUYECKasi CUCTEMa, aTTPAaKTOpP, UMITYJIbCHOE BO3MYILEHHUE,
BOJIHOBOE YpaBHEHHE.
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