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THE MANAGEMENT OF INNOVATIVE PROCESSES IN
ORGANIZATIONS. SYSTEM-TRANSDISCIPLINARY APPROACH

M.S. MOKIY, P.M. GUREEV

Abstract. The article justifies the application of a system-interdisciplinary approach
to solving problems of managing innovative processes, especially in the field of
planning, organizing and controlling innovative events. Such problems are the justi-
fication of innovative events and the selection of their dates. The article describes
the principles of innovation classification based on the interdisciplinary model of the
information unit of order. The development of the system can be represented as a
multiplex of waves or as a set of M-waves. It is shown that the system at each stage
of its development is predisposed to changes in a certain trait. The article describes
the methodological principles for justifying the dates for planning, conducting and
monitoring the implementation of measures in the innovation process.

Keywords: innovation management, system-interdisciplinary approach, innovation
planning, multiplex waves (M-waves), normative parameters of the innovation
process.

INTRODUCTION

The problem of innovative development of the economy is one of the most dis-
cussed in the last quarter century. A large number of works are devoted to this
issue. An international community of scientists has been formed to work on inno-
vations and the formation of competencies in the context of the economic devel-
opment of GLOBELICS [13], where problems and solutions to innovative proc-
esses are discussed at annual international conferences. The problem of
innovative development is of such importance that the issues of managing the in-
novation process are reflected in international and national regulatory documents.
So, the European Organization for Economic Co-operation and Development,
OECD adopted guidelines for managing the innovation process in 2005 [15]. In
Russia, in April 2014, the State Program “Economic Development and Innovation
Economy” was adopted [2]. Nevertheless, to date, a number of problems that re-
duce the effectiveness of innovative management remain unresolved. We com-
pletely agree with the opinion of Economist magazine: “... innovation has come
out of the shadow to become a new industrial religion worshiped by public fig-
ures, investors and businessmen ... But despite being the cause of about 50% of
the total economic growth and the subject of countless government research, in-
novation remains, in essence, a form of black magic” [14].

© M.S. Mokiy, P.M. Gureev, 2020
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The implementation of any innovation requires the attraction of financial re-
sources, specialists and time. According to a PDMA (Product Development and
Management Association) study, “only one in nine concepts becomes commer-
cially successful. Approximately 40% of all innovations fail at launch, or even at
distant approaches to the market — at the stage of testing or creating prototypes.
Almost half of the company resources allocated to development of new products
are spent on unsuccessful projects” [9]. Given that the volume of investment in
innovative development of only 1000 of the most developed companies in the
world is annually about $425 billion, the losses from failed innovations are very
substantial.

Undoubtedly, the effectiveness of the innovation process depends, on the
essence, the quality of the innovation itself (ideas, designs, schemes, etc.), which
are to be implemented. However, one cannot fail to admit that there are situations
when excellent innovations (ideas, designs, schemes, etc.) are poorly imple-
mented or not implemented at all in business practice. There are many explana-
tions for this, but the efficiency of managing any process depends on how justi-
fied are the action plans and the calendar dates of their implementation. Most
often, if the essence, the direction of the changes necessary for the development
of the organization is obvious, then there are problems with the determination of
the calendar dates for conducting innovative activities.

For most natural objects or technological processes, the temporal patterns of
development in the form of stages, periods and cycles are obvious. The nature and
timing of the changes are predetermined by natural laws. For example, an
experienced gardener knows at what stage of tree development and at what time
of year the trees can be pruned, a mechanical engineer knows when to make
changes to the machine, etc.

In socio-economic objects, such as organizations, these patterns are often
less conspicuous. Many works indicate the presence of stages, periods, cycles in
the development of enterprises and organizations [3], [6], [12]. In works devoted
to the study of the temporal characteristics of development, various temporal
characteristics of the development of organizations such as “youth”, “maturity”,
“old age” [1], etc. are distinguished. However, at present, there is no unified
theory or concept capable of linking steps (stages, phasing, periodicity) and
polycyclicity in the development of economic and business systems and the
nature of innovation. And the biggest problem is that no objective criteria are
proposed for determining the calendar dates for innovative events. In other words,
no criteria are proposed for when the “adolescence” or “maturity” of an
organization ends. This leads to the fact that, in practice, management decisions in
the field of the innovation process are made based on the experience and intuition
of managers, and in small and medium-sized businesses, according to the
National Federation of Independent Business and Wells Fargo (USA), “family
consulting” prevails [5]. The consequence of the above facts is that a 50% success
rate of innovation is considered a very good result.

Thus, if the innovation process is understood as the whole cycle of transfor-
mation of scientific knowledge (scientific ideas, discoveries and inventions) into a
material result, then the main problems of the implementation of the planning
function in the management of the innovation process are the substantiation of the
type of innovations and the determination of the calendar dates for their imple-
mentation.

8 ISSN 1681-6048 System Research & Information Technologies, 2020, Ne 4
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METHODS

To solve these problems, it is proposed to use the methodological apparatus of the
system-transdisciplinary approach. According to the concept of the system-
transdisciplinary approach, an idealized image called “system” is an order that
determines the unity of elements and the integrity of the object. That is, an essen-
tial property of the system is order, a certain form of organization. The existence
and development of the “system” object is a manifestation of its potential in space
and time. Such a manifestation requires the implementation of the main function
of the system — the transformation of matter and energy. The implementation of
functions is possible only if there is a device in the system, a mechanism consist-
ing of the corresponding elements and connections between them. This mecha-
nism is called system structure. The task of the structure of the system is to ensure
the transformation of matter and energy. For this, the system structure must have
mechanisms for evaluating parameters:

¢ incoming matter and energy;

e the process of their transformation;

o the result of this process.

The discrepancy between the actual parameters and the given ones is
assessed as dysfunction. Therefore, the system must have a mechanism for
neutralizing dysfunctions.

The development of a system in time is a consistent change in its state.
Changes in the operation of any objects can be caused either by the internal laws
of the development of the object, or caused by a change in external conditions.
Naturally, at each stage of development, changes in the structure and functions of
the system are assumed. If such changes do not occur, then the system collapses.
But in any case, these changes must correspond to the signs of the development
period, otherwise these changes will not bring success.

The change in the state of the system in time is a strict sequence of time
intervals (stages, periods and cycles), each of which characterizes the system’s
predisposition only to certain changes. These patterns are objective, have a
transdisciplinary (universal) character and are described by a time (temporal) unit
of order [8] and it can be represented as a multiplex wave (fig. 1), the model of
which was proposed by Vladimir Mokiy [7].

” —-—— -~
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) \ ’{ L [ ‘._ i ‘._
\ \
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Fig. 1. Model of the development wave multiplex
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“Multiplex (from lat. Multiplex — complex, multiple) is a natural complex of
waves, logically fragmenting the development process, plays the role of a harmo-
nious structure of the development of the object [7]. Waves of a multiplex
(M-wave) indicate not the amplitude of the oscillation, but the calendar duration
of the periods. For real objects, the temporal features are formed by duration.

Each wave is characterized by a certain set of quantitative and qualitative
changes. In accordance with the multiplex model, the duration of each wave can
be calculated by the formula:

M,=2"a,

where a 1is the duration of the reference wave; n — takes the value 1,2,3.

RESULTS
Innovation as a feature of development of objects considered as systems

Thus, from the standpoint of the system-transdisciplinary approach, the concept
of “innovative management” can be interpreted as purposeful (control) influences
aimed at changing the structural and functional properties of an object.

In this case, we do not consider the characteristics of the innovation itself,
ideas, etc. In other words, it doesn’t matter “good” or “bad” innovation. It is im-
portant for us to emphasize that the nature of structural and functional changes
depends on the degree of radicalism of innovation. Therefore, at the first stage of
classification of innovations, we distinguish:

o modifying innovations — as a rule, they require changes in the functions
of system elements;

o radical innovations — cause qualitative changes in the main function of the
economic system, and hence fundamental changes in the structure of the enterprise.

Applying the consistent differentiation of innovations, their system-
transdisciplinary classification was developed. The basis of such a classification is
Vladimir Mokiy’s order information unit model [8], on the basis of which the di-
vision of innovations into quantitative and qualitative and the classification of the
Slovak researcher F. Valent [16] is assumed.

According to the developed classification, the radicalism of changes as a result
of innovation gradually increases from the first to the eighth order (see table).

It should be noted here that if the implementation of innovations of lower
orders (quantitative changes) can be relatively easy to ensure within the frame-
work of the usual management system, then innovations of higher orders require
either changes or the creation of a system of strategic and tactical management.
The use and adaptation of this classification for the needs of a particular organiza-
tion makes it possible to correctly determine the level (order) of required innova-
tions.

However, determining the level of innovation (such as the radical nature of
change) is a necessary, but not sufficient condition for managing innovation. For its
successful implementation, it is imperative to determine the timing of the events.

System-transdisciplinary temporal features of the innovation process

To determine the timing of innovations, it is proposed to use the regularities that
determine the temporal development of the system. Of course, for real objects,
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these features are determined by the laws of development of this object. Obvi-
ously, it is different for organizations of different industries and its definition re-
quires specific research.

In each of the time intervals of the corresponding attribute, the object is pre-
disposed to innovations of a certain order.

Transdisciplinary classification of innovations

Innovation| Innovation . . .
Innovation characteristic

order attribute
lorder Change of the structural elements of the system,
preserving existing functions
2 order Quantitative Simple Fargfzt 'adaptatlon tq quantitative requlrements while]
attribute maintaining the functions of the system or its part
3 order . Simple organizational changes to secure a better
Functional

properties of the Changes caused by the adaptation of the system’s
object remain elements, which do not affect the quality of particular
4 order elements, but in complex lead to increase in efficiency
of the system as a whole Partial functional changes
within the system or its parts

5 order Qualitative Partial functional changes within the system or part of it
6 order attribute Chapges altering the inittial concept but part.iall.y
the functional or entirely altered preserving the functional principle
7 order pr.operties Of an Changes tha.t change th.e origingl cpncept,
object are partially but retain the functional principle
% order or gﬁg;g:éely Changes altering the base functional principle

of the system’s

Then, the management of the innovation process looks like the preparation
and implementation of a consistent transformation of the organization, based on
its “internal readiness” to accept these transformations. Sign, the level of innova-
tion must coincide with the sign of the period, otherwise the innovation process is
doomed to failure. For example, the growing season for potatoes is 60 days.
However, if one wanted to eat young potatoes at the end of November, then plant-
ing potatoes at the end of August will not be crowned with success.

The hypothesis about a similar structure of temporal development of organi-
zations was put forward by the authors and verified back in the 1990’s. Based on
a retrospective analysis of development of IBM, confirmation of the existence of
such a pattern was obtained [9]. Studies of the full set of M-waves (the entire mul-
tiplex) were carried out on the basis of data from Pfizer, Takeda Pharmaceutical
Company Limited, Stada CIS, Novo Nordisk, Gedeon Richter [10] and five elec-
tronics companies — LG, Philips, Sony, Panasonic and Aiwa [4]. These studies
made it possible to formulate guidelines for the temporal planning of innovative
development and to determine the normative temporal parameters for the devel-
opment of business systems. Regulatory temporal parameters for constructing an
innovative map-graph of an object’s development are:

o the calendar duration of the M-waves (the entire multiplex);

e calendar dates of development control points (calendar dates of beginning
and end of the period).
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Knowing the calendar dates for the beginning and end of individual devel-
opment periods allows one to determine the direction of work on the development
of innovations of the appropriate type, to determine the objective terms for the
development of plans and terms for their implementation in advance. This will
help to avoid financial losses that occur when innovation changes are delayed or
if they are prematurely implemented.

With the classification of innovations and the determination of the timing of
the onset and duration of the corresponding periods in the development of the en-
terprise, it becomes possible to increase the objectivity and effectiveness of inno-
vation management.

DISCUSSION

From the standpoint of the above approach, the increase in the efficiency of manage-
ment of the innovative development of an organization is due to the need to de-
termine the order of innovation or to determine their sign. The problem is that
these innovations can be both quantitative and qualitative. However, the scale of
structural and functional changes depends on which waves we are considering.
So, for example, first-order innovations can be produced in the calendar duration
of the reference wave. However, the sign of innovation is given by the sign of the
reference wave. In this sense, the methodology for determining the sign of inno-
vation for each wave of the multiplex needs further research.

Another problem for drawing up an innovative development chart is to de-
termine the duration of the reference wave for a specific object. There are eight
such periods in the base wave. In addition, as can be seen from the multiplex fig-
ure, the object is predisposed to quantitative changes during the first two calibra-
tion waves. During the next two calibration waves, the object is prone to qualita-
tive changes. However, the determination of the calendar duration of the reference
wave makes it possible to determine with high accuracy the calendar dates of
changes in the object’s predisposition to innovations of a certain order.

CONCLUSION

Thus, the use of a system-transdisciplinary approach can improve the efficiency
of managing the innovation process.

The interpretation of the innovation process as a change in the structural and
functional properties of an object studied as a system, as well as transdisciplinar-
ity, universality of the order of its development allows:

o to develop a transdisciplinary classification of the orders of innovation;

e to represent the development of an object as a set of M-waves — a multi-
plex of development.

The objective predisposition of an object at each stage of its development to
innovations of a strictly defined type and the ability to determine the calendar
dates for the onset of these stages makes it possible to build an innovative map-
schedule of the object’s development.

The presence of such a schedule allows us to more objectively and in ad-
vance set the nature of innovative events and the time parameters of their imple-
mentation. The presence of control points allows for more efficient implementa-
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tion of control functions. An opportunity is provided to more effectively conduct
analysis, planning activities, organizing their implementation, motivating and
stimulating employees.

A retrospective analysis of the innovative development of organizations on
the basis of the described methods-techniques of the system-transdisciplinary ap-
proach allows us to conclude about their representativeness. Consequently, the
practice of their application in drawing up charts of the innovative development
of organizations with a high degree of probability will reduce the losses from the
incorrectly assessed nature of innovations and the delay in their implementation.
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VIIPABJIIHHSI THHOBAIIMHWUMUW TIPOLIECAMHA B OPTAHI3ZAIISX.

CUCTEMHO-MIXJIACIHUILITHAPHUAM MIIXIJ / M.C. Mokiii, [LM. T ypeeB
AnoTanisi. OGTpyHTOBaHO 3aCTOCYBAaHHS CHCTEMHO-MIXIHCIUIUIIHAPHOTO MiAXOLY
0 BHpILIEHHS TPOOJIEeM YIpaBliHHA IHHOBaUiHHUMM IIPOLIECAMH, OCOOJIHMBO
y rajy3i IilaHyBaHHs, OpraHi3auii Ta KOHTPOJIIO iHHOBaUiitHuX noxid. TakuMu npo-
OieMaMy € BUIIPABJAHHS IHHOBALIIfHUX IMOJIA Ta BU3HAYCHHsS KaJCHAApHHUX MaT.
Onucano npuHuMOM Krnacugikanii iHHOBalmii Ha OCHOBI TPaHCIUCUMILTIHAPHOL
Mozeni iHpopMariiHOT oAMHKII TMOPsAKY. PO3BHTOK CHCTEMH MOXKHA IMOJATH SIK
MYJIBTHIUICKC XBWJIb @00 SIK CYKyIHICTh M-XBHib. II0Ka3aHo, 110 CHCTEMa Ha KOXK-
HOMY €Tali CBOTO pO3BHTKY CXHJIBHa [0 3MiH I€BHOI o3Hakd. Ommcano
METO/IOJIOTIYHI MPHHIMIN OOTPYyHTYBaHHS KaJCHIAPHHX JAaT IUIaHyBaHHS, IIPOBE-
JICHHsI Ta MOHITOPUHTY peai3arlii 3aXo/(iB B iHHOBallifHOMY HpoIeci.

KiwoueBue cioBa: ympaBmiHHSA iHHOBAWiSMH, CHCTEMHO-MUKIHCIUILTIHAPHUI
MiAXiA, iHHOBAIliifHE IUTaHYBaHHS, MYJBTHIUDIEKCHI XBII (M-XBHII), HOpMAaTHUBHI
HapaMeTpH iHHOBaLiifHOTO Iporecy.

VIIPABJIEHUE HHHOBAIIMOHHBIMH ITPOLIECCAMU B OPT AHU3ALIMSIX.
CUCTEMHO-TPAHCIUCLIUIIIMHA PHBIN TOAXO/ / M.C. Mokuii, I1.M. T'ypees

AHHOTanuss. OO0CHOBAaHO MPHUMEHEHHE CUCTEMHO-TPAHCANCIUIUIMHAPHOTO MOIX0-
Jia K PELICHUIO 3a1a4 yIpaBJIeHNs] HHHOBALIMOHHBIMH IIPOLIECCaMH, 0COOEHHO B 00-
JACTH TUIAHUPOBAHMS, OPraHM3ALUKM M KOHTPOJISI MHHOBALMOHHBIX MEPONPHUSTHIA.
Taxknmu npobemMamMu SBISIIOTCST 000CHOBaHNE HOBATOPCKUX MEPONPHUSTHH U OIpe-
JeTieHne KajeHaapHbIX nar. OmucaHbl NPUHIWNB KIacCH(UKAMN WHHOBAIMH Ha
OCHOBE TPAaHCIUCLMIUIMHAPHON MoeaH nHGOPMAIIMOHHOM eMHUIBI nopsiaka. Pas-
BUTHE CHCTEMBI MOXXHO IIPEJCTAaBHTh KaK MYJBTHIUIEKC BOJH WJIM Kak Habop M-
BouH. [Toka3aHo, 4TO cHCTEMa Ha KaXJOM 3Talle CBOETO Pa3BUTHUS MPEeIpaclosioKe-
Ha K U3MEHEHHIO OIPEJIeTICHHOro IpHu3HaKa. ONucaHbl METOLONIOIHYECKUE IPHHIIU-
bl 000CHOBaHUS KaJICHAAPHBIX CPOKOB IUIAHUPOBAHNUS, IPOBEICHNUS 1 MOHUTOPHH-
ra peanus3aluy MepoIpHATHIl B MHHOBAL[MOHHOM ITpOLiecCe.

KiroueBble cjioBa: ymnpaBieHUE WHHOBALMAMH, CHCTEMHO-MEXKAUCIMIUTMHAPHBIN
MOJXO0Jl, MHHOBAIMOHHOE IUJIAHUPOBAHUE, MYJBTHIUIEKCHBIC BOJHBI (M-BOJHBI),
HOPMAaTHBHBIC TApaMeTPbl HHHOBALIMOHHOTO TIpoIiecca.
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PO3POBJIEHHA IHCTPYMEHTAPIIO JIUISI AHAJII3Y TEKCTIB
ITYBJITYHHUX TA CIIEHIAJII3BOBAHHUX JI’KEPEJI
Y 3ABJAHHSAX IIEPEJIBAYEHHSA TA CUCTEMHOI'O AHAJII3Y

B.B. CABACTBHSIHOB

AHoTamisi. Po3po0seH0 KOMOIHOBaHMI MiAXiM 10 BHJIYYCHHS IMOHATH 1 MOOYIOBU
KJacuikaTopiB Ta OHTOJIOTII 3a JOMOMOIOI0 BiKPUTHUX 1 MPOMpPi€TapHUX MAKETiB
nporpaMHoro 3abesneudeHHs. J{ociipKeHo CydacHi MiAX0au, METOIM Ta MoJei 30e-
PEKEHHS BEIUKUX 00CATIB cabKo cTpyKTypoBaHoi iH(opMarii 3 HabopiB mporpam-
Horo 3abesnedeHHs OpenSource. [100ym0BaHO OHTOMNOTIIO, Y JHCTAX SAKOI peanizo-
BaHO KiacubikaTop Ha OyJeBHX IpaBWIaX i3 3aCTOCYBaHHSIM HPOTPAMHOIO
3abe3neuenHss SAS(R) Content Categorization Software. s moOynoBu oHTONOTIT
BUKOPHUCTAHO MiJIXi/l 10 MOOY/I0BU BEKTOPIB OJIM3BKUX MOHSTH 33 JOMIOMOTOK0 0i0Ti-
orexu OpenSource mporpamHoro 3abe3neuenHs Gensim — mozens Word2Vec. Po-
3po0JIeHO TUIOBHH aJITOPUTM IOAO MoOyHoBH Kinacudikyro4doi oHTosOrl. Pesynb-
TaTH JOCTI[DKEHHS MOXYTh OyTH BHKOPUCTaHi Uil MOOYZOBH OHTOJNOTIT
MPEIMETHHX Taly3eil, CTBOpeHHs KiIacu(iKyrouhX OHTOJOTIH Ta pO3MIYEHHS KOp-
IyCiB TEKCTIB.

Kawuosi cioBa: cucteMHmii anani3, nependoadeHus, textmining, NLP, knacudika-
TopH, oHToxorii, OpenSource, Python, Gensim.

BCTYII

CphorogHi KOXeH 3 HAaC CTUKAETHCS 13 BIUIMBOM Pi3HOMAHITHHUX KaHaJliB HaJXo-
JOKeHHs iH(opMaltii pi3HOi MPUPOAN: TOJIOCOBOI, Bi3yalnbHOI, TEKCTOBOI. [[)kepena
iH(popMaIlil He 3aBXKAM € HATIHHUMK a00 TaKMMH, 1[0 HE HAMArarThCs HAB’sI3aTH
YHIOCH Cy0’€KTUBHY 200 KOMYCh BHTIIHY TOUKY 30py Ha cuTyauii abo ¢akrtu. In-
(dhopmariss cyvacHHX iHGOpPMAIIHUX JKEpeNn BUKPHUBICHA, MICTUTH JIOMHCIH,
CIUTYTYy€ 1H(POPMAIIIIO 3 T€0-, CIaTiai- Ta MPHYNHHO-HACIITKOBUMH (paKTamu.

Ha »xanp, Taka iHdopmallisi CyTTEBO BIUIMBAE HE TUILKW HA 3BUYAHHHX dJIe-
HIiB CyCIIJILCTBA, a i Ha 0ci0, M0 MpUMaroTh pimeHHs. Oco0IMBO KPUTHIYHUM
TaKUil BIUIMB BiAYyBA€ThCS Ha TEpUTOpPil YKpaiHW, A€ € HACTIOKM TiOpUAHUX Ta
iHpopMariiinux BifiH [1], TOOTO MOCIIJOBHOTO KEPOBAHOIO iH(OpPMAIIIHOTO
BIUTHBY. [HIIMM TPHKIaOM KPUTUYHOTO BIUIMBY € CHTYaIlil IJ00aIbHUX KaTacT-
pod abo emimemiil, Konu 3a MIBUAKUN MPOMIXKOK Yacy BUHHMKA€ BEJIUKUN MacuB
MPOTHIICKHHUX TYMOK, 3HaHb, (DaKTiB, TOMHCIIIB, SKi MONIMPIOIOTHCA MeIiaKepe-
JaMu, 0coOIMBO He ODilliTHUMH, TIPOTE «COLIATLHO 3apa3HUMMY, OCKLITEKU c(hopMo-
BaHi Tak, [0 BUKIMKAIOTh €MOLIHHI MTOYyTTs, @ TOMY IIBUAKO HOMIMPIOIOTHCS.

OnHiero 3 TpUYXH TaKOTO 1HGOPMAIIMHOTO BIUIMBY € HAIBHICTH y JKEpenax
y CBOEMY MAacCHBi aHAJOTy «METOAy OpeHHIUTOpPMY», KOJIHM y Meia KOHCTPYIO-
I0ThCS Oynb-sIKi «IUBOBMKHI» KOMOiHawii (akropiB, curyamniid, IpU4MH Ta Hac-
minkiB. Taka iHopMartis, 0coOIUBO TEKCTOBa, MOXe OyTH 3i0paHa i oOpobieHa
Cy4acHUMH MallMHHUMH 3aco0amMu 0O0poOIeHHS MOBH Ui ineHTH(iKaIii BUSB-

© B.B. Casacmobsnos, 2020
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JeHuXx (akTopiB Pi3HOI MPUPOAU Ta BUKOPHCTAHHS LMX 3HAHb y 3aBIAaHHAX Iie-
penbadeHHsI Ta CUCTEMHOTO aHamizy. [IpuIBHIIICHHS] BUBYCHHS MPEAMETHOI ra-
Ty3i, 0COOIMBO Y KPHU30Biil CUTYaIlii, Ta€ 3MOTY IMBHUIKO MOOYIyBaTH IATHOPMY
NPUAHATTS pillieHb, HAPUKIA, Ha 0a3i MeToJ0JI0Tii ependaueH s, IS sIKICHOTO
CYIIPOBOJKEHHS MPOTH KPU30BUX PillicHb Ta it [2].

SMICTOBHA ITIOCTAHOBKA 3AB/IAHHS

3aBoaHHs BHIYYEHHS Ta igeHTUdiKalii (akTopiB pi3HOT NPUPOAM MOYUHAETHCS
3 TaBUHOIOIOHOTO HAIXOKEHHS iHGopMaIlil mpo Ie He BUSABICHY/(HOPMYIhO-
BaHy TpEAMETHY Tany3b 3 ii B3a€MO3B’sI3KaMH, aCOIIaTUBHUMH IMOHATTSIMHU Ta
CUTYaIlISIMH.

Inakime kakydu, TOTPiOHO BUSBHUTH THIIOBI MOHSATTS, acoIiamii Ta B3a€MoO-
3B’3KH CTOCOBHO MacIITaOHOTO SBHUIIA YW MPOOJIEMH 3 TEKCTOBOTO MAacHBY, IO
iX 3ragyroTh ab0 Ha HUX IIOCHJIAIOTHCS Ta 00CAT SKUX IIBUAKO 3pocrae.llpu mpo-
My Opakye eKcrepTiB, ad0 eKCIepTH3H y IOCHiKyBaHOMY sBuili. [Ipuxnagom
TAKOTO SBUILA MOXKE CIYTYBaTH CUTYallis rinodansHoi emigemii COVID-19.

[HIIMM BapiaHTOM MOCTAaHOBKY 3aBAAHHS € TUIIOBE 3aBAAaHHS JOCIiAHULIBKO-
ro XapakTepy IIoJ0 3MiH Yy (YyHKUIOHyBaHHI ab0 CTPYKTypi CKJIaIHOTO
00’€eKTa/crCcTeMH, SIK TO, HAPUKJIIA]], METAIoJIic. BUpilieHHs MUTaHHS POBEICH-
HS CTPYKTYpPHUX/(YHKIIOHATHHUX 3MiH 32 HAsABHOCTI 0araThoX IDKEpeN IeHTpa-
Ji30BaHUX, JCLEHTPAIi30BaHUX Ta CAMOKEPYBaHH:I/PEryIOBaHHS MOPOMXKYe Oa-
raTo sIBHLI, CIOIBaHb, IyMOK i CIIEKYJIALIH, a TAKOXK 00’ €KTUBHUX 3HaHb. YCsl LIS
iH(pOpMALlisi BUCBITIIOETHCS Y PI3HOMAHITHUX JpKEpenax i morpedye IIBUAKOTO
BHBUYCHHS 3 METOI0 BHJIYYCHHS Ta ifeHTHdiKamii (HakTopiB pi3HOI MPUPOIN IS
noOyI0BU cTpaTerii panioHadbHUX 3MiH y (QYHKIIOHYBaHHI abo CTPyKTypi
CKJIIQAHOTO 00’ €KTa/CHCTEMH.

Jyis aHami3y TEKCTIB MyOJIYHMX Ta CHELiali30BaHUX JKEPEN 3 METOIO i/IcH-
tudikanii akropiB pizHOI MpUpOAM y 3aBIaHHAX NepeAdaueHHS Ta CUCTEMHOTO
aHaJIi3y MPOIOHYETHCS 3aCTOCYBATH TaKi MPUHOMH.

Eran 1. Kitacudikaris Ta 30upasss IKepelr.

1. 36upanus mxepen (MOCWIAHD HA JHKEpea).

2. Knacudikamis mKepen.

3. 30upaHHs NPUMIPHHKIB iH(pOpMaIii 3 KOKHOTO JKepena.

4. BusHaueHHs1 HAOOPIiB METallaHMX, SIKi MOXXKHA BHIIyYUTH 3 JKepena.

5. HenepepBHe 30upanHs iHpopMaLii 3 Jpkepes, BUWIyYeHHs 3MicTy Ta Me-
TalaHuX, 30epexKeHHS.

Eran 2. Ouumienns Ta o6po6ieHHs iHGopMartii 3 mxeper.

1. OuumieHHs TEKCTIB KEPE.

2. [Nonepenne 0OpOOICHHS TEKCTIB.

3. Buny4eHHs Ta BUBUCHHS KOHIICTITIB Ta MOHSTh.

Ertan 3. BuyueHHs 3HaHb 3 TEKCTIB.

1. IToOymoBa knacugiky90i OHTOIOTI].

2. CTBOpeHHs MpaBwi Kiacudikarii TeKcTiB Ha 0a3i BUIyUYEeHUX KOHIICITIB
Ta TOHSATS.

3. CratuctuuHe 0OpOOJICHHS pPEe3yJIbTaTIB 3 METOI MOJAIBIIOT0 BUBUYCHHS
BIUINBY/3rafyBaHHS BIUIyuYeHHUX (PaKTOpiB HA CUTYalii, IO iX OMHUCAHO Yy TEKCTax.
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4. IlepenaBaHHsl CTaTUCTUYHOI iH(OpPMaIIii Ta nepenikiB PakTopiB y METOIH
SKICHOTO aHaJi3y (HalpuKIad, y METOAH SKICHOTO aHaNi3y y CKJIali METOIOJOTii
nepeadayeHHs).

KJIACU®IKALISA TA 3BUPAHHSA JKEPEJ: TOTEHIIAHI JIUKEPEJIA
CJIABKO CTPYKTYPOBAHOI IH®OOPMAIIIl TA TUTIN JOKYMEHTIB,
IO MOXYTb HAAXOJAUTH OTNMU KEPEJTAMUA

[NoreHuiliHUMU TKepenaMu cIabKo CTPYKTypoBaHoi iHpopMmauii MOKyTh OyTH:

— JIOKYMEHTH MpO aHajli3 CTaHy AOCIiIKyBaHOI CHCTEMH;

— IJaHW PO3BUTKY JOCIIIHKYBaHOI crcTeMH (Y BUTIIAI TaOIHIIi: TIpodiema,
3axiJI, pe3yJabTaT, OF0IKET);

— creHorpadoBaHi aynio3amicH KPYTIIHX CTOJIB Ta KOH(EpeHIii 3 MUTaHb
PO3BUTKY;

— TepewiK iHBeCTULIHHUX MPOEKTIB AJISl CTBOPEHHS Ta/a00 PO3BUTKY;

— npodinbHI MyOiKamii Ta OrJIsIN CTaHy CHCTEMH a00 CX0XKHUX CHUCTEM;

— BUTATH i3 3acijaHb paj MIOA0 CHCTEMHU a00 aJMiHICTPATHBHOTO YU 3aKO-
HOJIABYOTO TIOJIS, IO CTOCYEThCS 00’ €KTIB TOCTIIKYBAHOI CHCTEMH;

— IUTaHU PO3BUTKY 00’ €KTIB Ta MiICUCTEM CXOXKHUX CHCTEM;
— TUIaH PO3BUTKY Tajly3i y MeKax po3risiayBaHOl KpaiHH/pETioHy;
— TACTOPTH TEPeJOBHX IHHOBAIlIWHUX TEXHOJIOTiH, IO 3aCTOCOBaHi abo

MOTCHITIITHO MOXYTh OyTH 3aCTOCOBaHI y MeXaX 00 €KTIB Ta MiJACHCTEM pO3TJIs-
JIYBaHOI CHCTEMH;

— Tepelnikd KIacu]ikaTopiB, CTATUCTUYHI TaOIHUIl XapaKTePUCTHK Ta MOKa3-
HUKIB 00’ €KTIB Ta MiJICHCTEM PO3TIISAIYBaHOI CHCTEMH,

— HOBHUHH 3 MeJliapecypciB;

— OJI0oTH KOMIaHIH-pO3pOOHUKIB y TOCIIKYBaHIH Tamy3i;

— MaTeHTH;

— CTOPIHKH COILIaTbHUX MEPEXK;

— TIyOImiKariii TBiTepy;

— CTEHOTpaMH BieoMarepialis;

— iHII KEpea.

VYka3zanuii HaOip MarepialiB Ta 3BITIB CKIAAETHCA i3 YOTUPHOX THUIIIB JIKe-
pen:

A. JlokymeHTH, sIKi iZCHTH(]IKYIOTH THUN JaHHX 1 Mepeliku 00’ €KTiB,
Ccy0’€KTiB Ta cucTeM (TIpeIMETHUH TOMEH).

B. JlokymeHTH Ta 3BiTH, IO BU3HAYAIOTh, SKMM YHHOM JIaHI MOXYTh 30epi-
raTucs 3a JIOTIOMOTOI0 CTaHJapTU30BAaHMX METAJaHUX, BIIOMHUX 0a3 JaHHX, TaK-
COHOMIH.

C. JlokyMeHTH Ta 3BiTH, sIKi BU3HAYAIOTh MEPENIiKK MOXKIMBUX (aKTOpiB, Ha-
CHI/KIB 1 HAIlepea BU3HAYAIOTH TCHICHINIT Y TPOOIEMHIX TaTy3sX.

D. Inmi J0KyMEHTH, IO MalOTh CIEKYJIATUBHHN XapakTep, SIK TO OJIOTH, TBi-
TH, HOBUHH, 1HTEPB 10.
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JlokyMeHTH THITy A HaAaloTh Habip BU3HAYEHb JJISl IPEAMETHOI Talny3i: TU-
MOBOT TEPMIHOJIOT{, THITOBUX KJIFOYOBUX CIIIB 1 OMUCYIOTh:

e KOHIIeMLii, cTparterii 1 ¢pakTopu, BaXKIMBI AJsl ONMUCY CUTyauild y JOCi-
JOKyBaHiH ramysi;

® TIOKa3HUKH OCHOBHHX XapaKTEPUCTUK JOCIIIKYBAHHX CUCTEM;

e (dakropu pu3mKy;

® cTparterii Ta AITOPUTMH Jiif;

® BU3HAYCHHS Ta MOSICHEHHS, HAJaHI OpraHi3allisiMH, YPSIOBHUMHU YCTaHO-
BaMH Ta HAYKOBISIMH.

HokymenTu Ty B HagaroTe HaOip KinacugikaTopiB Ta CTaHAAPTIB AJS Me-
TaJaHMUX IMiJ Yac JOCHIHKEHHs IPOOJIeMHUX Traiy3el, cepes KuX:

e craHIapTH 0a3 JaHUX NMPEIMETHOI raiy3i;

e KOIU 00’€KTIB;

o xnacudikarop IPTC;

o xiacudikarop KBE/;

e kiacu(ikaTopu JOMECHHUX Taly3eil.

JokymenTu Ty C HamawTh HaOip MoJieNel, CIIUCKIB, GaKTOpiB, HACIIIKIB
1 Harepe BU3HAYAIOTh TEHACHLI] y MPOOJEeMHUX Taly3sx:

e MOZEIi COoLialbHOI MOBEIIHKH;

® CKOHOMIYHI TPEHIH;

® KOHIIETIIIii PO TEXHOJOTI4HI, COIliaIbHI Ta EKOHOMIYHI YKIIaJIH;

e iHdopmaiiiHi ABUIIA;

e HEraTHBHI TPEHAHU Ta SBUILA.

HokymenTu Tumy D HamaioTe HaOlp CHEKyNALiH, U0 BUKIWKAIOThH SIBHILNA
iH(opMaIiitHOTO TITyMy a00 BU3HAYAIOTh MEPEIOBI i/1el Y MPOOIEMHIX TaTy3sIX:

® HOBHHU;

® CIeKyJIsIii;

® iHTEpB’10;

e TBITH;

e HEraTHBHI TPEHAHU Ta SBUILA.

JokymenTr Tuy D € Ba)JIMBUMH, caMe BOHH € JpKepesoM iHdopmarii sk
HaANOLIBII YHCIIEHHE Y TII00ATFHOMY 1HPOPMALIHHOMY POCTOPI.

AHAJII3 JIETAJIBHOCTI HIOA0 3UNTYBAHHA 3MICTY JOKYMEHTIB
13 JKEPEJI CJIABKO CTPYKTYPOBAHOI IHOOPMAIII

MOKIIHBICTh BHJTYYCHHS 3HAHD 3 ITyOJNIYHUX JKepen ciIabKo CTPYKTYpPOBaHOI iH-
(dopmarii Oyi0 3aBXKIU KOHQIIKTHAM MUTAHHSIM: YH JIETATBHO BHIYYaTH, KOIiIO-
BaTH, 00poOoBatu Ta/abo 30epiraTu iHGOpPMAIilo, IO 3aXHIeHa KOMipanToM,
YM MO>KHA B3arajii epeMillyBaTH KOHTEHT He y Opay3epi i UUTaTH, a y CKPHIITI 3
METOI0 0OpOOICHHS TaHUX.

KpuminansHAN Ta aAMiHICTPAaTUBHUMA KOJACKCH BCTAHOBIIOIOTH BiIITOBIIATb-
HICTb 3a MOPYLICHHS aBTOPCHKUX 1 cyMixkuux mpas [3]. [Ipote 9 Bepecus 2019 p.
y Can-OpaHOHUCKO Cya TPUHHSAB BaXKJIMBE PIIIEHHS, IO CKPAMiHT ITyOJidHUX
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caiitiB He cynepeuntsh 3akoHy CFAA (Computer Fraudand Abuse Act). [aiuaent
Oyro ctBopeHo y xoai koH}iikTy komnanii LinkedIn ta hiQ, mo ckpanuna nani
npodineit LinkedIn mns ananizy ta koncantunary HR-arentcts [4].

[TocranoBa cymy € Takoro: HE MOKHA MEPELIKOKaTH 30upaHHIO iHPOpMa-
mii. [le HaKTamaeThCs i HA HOBHHM, OCKUTBKH 1 iHQOpMaItiss Mae GakTyarbHAH, a
He TBOopuui xapakrtep. Kpim Toro, iHpopmaris He nepemyOIiKOBY€eThCs, a BUKO-
HY€ETBCS aHaJIi3 Ta BiI0OyBa€eThCs 30araueHHs 3i0paHoi iH(opmarii.

IHO®OPMAIIVHA MOJEJIb I KOHIHENTYAJIbBHA APXITEKTYPA
TIJIAT®OPMU 3bUPAHHSI TA 3BEPI'AHHS BEJIUKUX OBCAI'IB CJIABKO
CTPYKTYPOBAHOI IHOOPMALIIT

CrBopeno iH(opMaIliiiHy MOAENIb i KOHIENTYaJbHY apXiTeKTypy ILIaThOpMH

30upaHHs Ta 30epiraHHs BEIMKUX OOCATIB CI1abKO CTPYKTypoBaHOi iHGpopmarrii
(puc. 1).

[ Kpasnep 1 }—»[ Mapcep 1 I—> _—l NLP npouecop 1 '—»
Kpaenep 2 Mapcep 2 |—| MLP npouecop 2 = ELK
i peep P P - cluster

RabbitMQ RabbitMQ

[ Kpasnep N ]—»[ Napcep N ]—» ——-lNLP npouecop N '——

[ A

¥
-

Multiple AHANITUHMHKA
Database Documents npouec

Puc. 1. Y3aranpHeHa apxiTekTypa miat¢opMu 30MpaHHs Ta 30epiraHHs BEIMKHUX 00CsTiB
cy1a0Ko cTpyKTypoBaHOi iH(opmarii

Cxuax mmatopmu:

1. Habip xpaBiepiB — CKpHIITH, 110 MICTSTh MpaBWJIa CKaHyBaHHS CaWTiB,
BKJIIOYAIOYH TIPaBHIIa TIEpeONPaHHS IIOCHIIAHb.

2. Habip napcepiB — CKpUNTH OYIb-KOI MOBOIO IPOTpaMyBaHHs, 110 Mic-
TATH MpaBUiIa po300py TEKCTIB CAMTIB 3 METOIO MEPETBOPEHHS TEKCTY B HaOip
MIEPBICHUX apTe(aKTiB-MeTaJaHuX: TeMY, TeKCT, 1aTy, pedepar i T.iH.

3. ITnardopma posmoaineHus iHpopMamiiaux motoki (RabbitMQ) [5].

4. ITmatdopma obpodnenns/cxopume nanux (Elasticsearch) [6].

5. Iigcucrema Bizyamizanii nanux (Elasticsearch Kibana).

6. Ananitnunuii nporec Ta NLP-miporecop: MicTuTh peanizariro etamis 2 i 3.

[Hdopmaris 3 mxepen HaAXOANUTE:

a) uepes KpaBJiepH, MOTIM Hapcepu;

0) 3 0a3u maHUuX.

Hami indopmariis HaAXOAUTH 10 4Yepr IuaThOopMu PO3MOAUICHHS iHpopMa-
MIHHAX TIOTOKIB 1 pO3MoaiIeHo 00poosieTbes. [1oTiM BoHA 3HOBY HAIXOIUTH 0
gepr i 30epiraeTbes y CXOBHINI. 3a HEOOX1THOCTI Bizyamizarisa iHdopmarii BinOy-
BaeThCA Uepes miacucreMy Bizyamizamii manux (Elasticsearch Kibana).

Cucmemni docnioxcenna ma ingpopmayivini mexnonoeii, 2020, Ne 4 19



B.B. Casacmobsnos

[Tnatpopmy RabbitMQ nponoHyeTbcsi BAKOPHCTOBYBATHU K YHiBEpCAIbHUIHA
MeXaHi3M 00OMIiHYy Ta PO3MOJIUICHHS TaHUX MK MOIyJisMu miatgopmu. BoHa 3a-
Oesreuye Oe3meyHWit THYYKHH MEXaHi3M B3a€MOIIi MiXK MOIYJISIMH, IO J0Ope
MacmTa0yeThCs 32 paXyHOK YHiBEpCAIBHOIO MEXaHi3My OoOMiHy Ha 0a3i uepr Ta
JoKeped.

[Tnardopma Elasticsearch — 1e posnonineHnii MexaHi3M MOMIYKY Ta aHai-
tukH, foctynHoi uepe3 RESTful API. Ilporpamue 3a6e3nedenns y ckiami Elastic
Stack menTpanizoBaHo 30epirae gaHi IS MIBHAKOTO IMOIIYKY 3 IIHPOKUMH HaJ-
OyJI0BaMU PEJIEBAHTHOCTI, HAJa€ MOXKIUBOCTI JUIS AHAJIITUKUA Yepe3 JI0JaTOK
Kibana. ITnardopma Elastic Stack nerko macmrabyeTscsi IITATHUMU BOYIOBaHH-
MU 3aco0amu i Ma€e BOYIOBaHi 3aCO0M KOHTPOJIIO TOCTYIY.

BuxopucToByroThCs Takox 3acoou NLP Ta aHamiTh4Hi mpouecH, mo mnooy-
nmoBaHi Ha 0asi 0iomioTek MoBU Python. Iy aHamizy BUKOPHCTOBYIOTHCS TAKETH
NLTK, Pandas, NumPy Ta ixmmi, Taki sk gensim.

J171s1 IepBICHOTO aHOTYBaHHS €JIEMEHTIB cJ1a0KO CTPYKTypoBaHoi iH(opMariii
3aCTOCOBYIOTHCS €JIEMEHTH METaJaHuX Ta KJach OHTOJIOTid. CxeMa MeTagaHuX
Dublin Core € Hait0Oinpn BxkuBaHOMW 1 Bitomoro [7]. Cepen iHIINX CXeM CeMaHTU4-
HOTO AQHOTYBaHHS €JIEMEHTIB HECTPYKTYpOBaHUX JaHUX MOXHA BHOKPEMHTH
SIOC (Semantically-Interlinked Online Communities) [8] Ta SKOS (Simple
Knowledge Organization System) [9]. ToMy NpONOHYETbCS BHUKOPHCTOBYBAaTH
caMe IIi eIEMEHTH MeTaJaHuX Ta KJIacH OHTOJOTIH IS TEpBICHOTO aHOTYBaHHS
€JIEMEHTIB CIIa0KO CTPYKTYypOBaHOI iH(popMariii.

OUYUILEHHS TA OBPOBJIEHHSI ITHOOPMAILII, IO HAJTXOIUTH
13 IKEPEJ

OuuienHs kopnycy (ckpunt Mmoo Python). OuunnieHHs kopmycy € Iyxe
BOXJIMBUM KPOKOM. EKCIEpHMMEHTaIbHO ONpalboBaHO TPU €TalM, L0 Hagalu
HAWOUTBIIMK pe3yNbTaT 3a HaWMEHINUX 3aTpaT MPOLECOPHOTO Yacy sl pi3HHX
kopmyciB. Llg npouenypa ckinagaeTbes 3 TAKMX €TaIiB:

1. Po30uTTs 32 po3AiTbHUKAMU — TTOIUICHHS TEKCTY Ha ()parMeHTH.

2. OuuIeHHs o0 JOBKUHI.

3. BurydeHHs 3aiiBUX OyKB.

JlemaTu3anis TekcTiB kopnycy (pymorphy2) 3 ounieHHsiM. Y pe3yibTa-
Ti TpOLEAYPU OYMILIECHHS BUAAIAIOTHCS OOpaHi YacTWHH MOBH (32 JOIOMOTOIO
0ibmiorekn pymorphy2) [10], a came: PREP, CONJ, PRCL, IINTJ. Ilpuxman
(hparmeHTa 00poOIEHOTO TEKCTY (Y BUTIISAII CIIUCKIB CIIIB Y PEUCHHSX ):

['ctanmuu', 'po3BUTOK', 'KWiB', 'BU3HAYaiMocs', '30anmaHcoBaHi', 'GyHKI[IOHY-
BaHHs', '3a0e3meueHHs’, 'eKOHOMIUHI', '3pocTaHHs’, 'MoTpeda', 'HaceneHHs', '0fHO-
yacHi', oMIIeHHs', 'ekoJorivHi', 'cran’, 'MichKi', 'cepenoBuiie’, 'mine', 'pariona-
JbHI', 'BUKOPUCTaHHS', 'pecypc', aucio', 'mpupoaxi', 'TexHonoriuuni'],  ..... ,
['po3BuTOK', 'ekoHOMIUHI', 'KOMIUTEKC'], ['p0o3BUTOK', 'pHHKOBA', 'IH(]ppacTpyKTypa',
'HeoOximHa', 'popMyBanHs', '3a0e3neueHHs', 'ehexTHBHI', 'GyHKIIOHYBaHHS', 'pUH-
KOBa', 'eKOHOMIKa'|

Ha >xanb, BinkpuTi 3aco0u 0OpoOIEHHS TEKCTIB, HaBiTh i3 3aCTOCYBaHHIMHU
BJIACHOTO PO3pOOJICHOTO HA0OPY CIIOBHUKIB YKPAiHCHKOI MOBH, HE TaKi JOCKOHA-
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Ji, TOMY cepell peucHb TPAIUIAIOThCS apTedakTu. YTIM BIOCKOHAJICHHS CIIOBHH-
KiB HE € METOIO ITi€l poOOTH.

IMooynosa moaesi Word2Vec (libgensim). 3a momomororo libgensim [11]
noOyZI0BaHO Ta MOPIBHSHO 6 Monenel 3 pi3HHMHU HapaMeTpamu QinpTparii ciiB
3a 4aCTOTOI0, IOBXKWHOK KOHTEKCTY/BiKHA MOIMIYKY, KUTBKICTIO TEPMiHIB, KITbKiC-
TIO iTeparliif momyKy:

1) modell = Word2Vec(txts, min_count=1);

2) model2 = Word2Vec(txts, min_count=3);

3) model3 = Word2Vec(txts, min_count=10, size=300, iter=50, window=12);

4) model4 = Word2Vec(bitxts, min_count=10) (Ha ocHOBi birpam);

5) model5 = Word2Vec(txt, min_count=30, size=300, iter=50, window=22)
(3 BumyuennsaM nogatkoBux rpamem — ['INTJ', 'PRCL', 'CONJ', 'PREP', 'PRED',
'NPRO', None (ae Bu3HA4YEHO)]);

6) model6 = Word2Vec(bitxts, min_count=3, size=300, iter=50, window=2)
(6irpamu 3 Bunydyennsm nonatkoBux rpamem — ['INTJ', 'PRCL', 'CONJ', 'PREP",
'PRED', 'NPRO', None (He Bu3HauYeHO)]).

IMopiBHSIHHS MOJeNel BUKOHYETHCS SKCIIEPTHUM METOIOM BHIUICHHS aCOIi-
arfif Mmoo MOHATH 00paHoro AoMeHy (KopoHaBipyc). EkciepTy Ha3Bamu CIIOBO i
HepeBipsIINCh CIOBa-acomialii, mo ix 3reHepyBana Mojeib. HalOinbpin Bramnoro
(KOpUCHOW) 100 HarajJyBaHHS 3B’S3aHUX CIIB y (OpMyBaHHI TaKCOHO-
MI1I/OHTOJIOTIN BUABWIACH IIOCTa Moaelb model6.

BUJIYUEHHS 3HAHD 3 TEKCTIB

VY xoni MOCHIAHUIIBKUX POOIT MpOaHaTi30BaHO 3HAHHS IOJ0 JBOX MPEIMETHUX
JIOMEHIB:

1) mig3emHa Ta Ha3eMHa iHGQPACTPYKTYPU METaIoica;

2) COVID-19.

BusyyeHHsi KOHUeNTyaJbHUX NOHATHL JoMeHY «lIlinzemHa Ta Ha3emHa
indpacTpykTypn MeramoJica». ExcriepuMeHTanbHO BUSIBICHO, IO HAHOIIBII
3pO3yMiJli BUXiJIHI CIIOBOCIIONIYYEHHS MPUMAAAI0Th caMe Ha OirpaMu sSK KOHIIeTI-
TyaJbHI OHATTS:

bigram?2 = phrases.Phrases(txt5, min_count=3, threshold=10).

Pesynbrar: ['aBTOMOOLIL CTOSIHKA', 'aBTOPCHKHM KOJIGKTUB', 'aBTOCTOSH-
Ka_rapax', 'agMiHICTpaTHBHI_pauoH', 'aHamii3_nani', '0aza reomani', '0a3a_nani,
'0anp_axTop', 'OmaroycTpin_obnamryBaHHS', '0OPTHHIIbKOA CTaHIl', '0O0TaHI4-
HUHM_can, 'OpuKeT HeyTwiTi3oBaHi', 'OymiBeNbHI KOMIUIEKC', 'OymiBeNbHI MaTepiar,
'OyAIBHUITBO apXiTeKTypa', '0yJIBHUIITBO eKCILTyaTallis’,

-

'IKicTh_BOJA', 'IKiCTh_JKUTTS', 'iMOBipHICHI_MeTox', 'iMiTarii-
Hi_MOJICTIOBaHH', 'IHAyCTpiayibHE TOMOOYMyBaHHS', IHJKCHEpPHE 3axwWcT', THKe-
HepHe oOJiafHaHHs', 'IH)KCHEpHOA IJIrOTOBKa', 'iH)KeHepHOa iH(pacTpyKTypa',
'[HKEHEepHi_MiAroToBKa', 'IHCTUTYT KHUIBI€HIUIaH', 'HTEHCHBHICTH BHUKOPHCTAaHHS,
'iHimiamis_3cyBHi', 'icHyto4oa 3a0ymoBa', 'icHyroui Mexa', 'icHyrodin 3a0yjoBa’,
'icropii_KymeTypa', TpyHTOBI MacwuB']

Pesynbraru BuBeaeHHs Mojaeni model6 s BUBYCHHS acollialiii HaBEJACHO Y
Tabm. 1.
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Taoauuss 1. [leski pe3ydbTaTd BUBEACHHS MOJEN ISl BUBYCHHS
acoliaii 1 KOHIIEITIB

MOHSTTS ACOLIALII (BATH)

[('pe3epByBanus’, 0.7325636744499207),
('piBHs_aBTOoMOOimi3amil', 0.7049006223678589),
(‘mapkyBanHs', 0.6886059641838074),
('menmue', 0.6751060485839844),

('36epiranns’, 0.6734187602996826),
MPARICIOIFTEL SCIE (mocTinsora', 0.6668195724487305),
(‘rumuacoBi_36epiranns’, 0.629106879234314),
(‘po3paxyHoK', 0.6270085573196411),
(‘merkxoBi_aBTomo0OinE', 0.605026125907898),
(‘'Bumora’, 0.6034138202667236)]

[(‘BmB_m0OYymOBa', 0.9952846169471741),
('mioxcun_azort', 0.770656943321228),
(‘ekoromiunicTs', 0.735840916633606),
(‘mosiTpst', 0.7345056533813477),
(‘crabimizamis’, 0.7330552339553833),
TYHEJIb (‘ennst, 0.7189959287643433),
(‘necopmartis', 0.7173842191696167),
('BimmoBimatimo_Bumora', 0.7098426818847656),
(‘BizcyTHi', 0.7091654539108276),
(icuyrounn', 0.7089160680770874)]

[(rapaxicTosiaka', 0.8044840097427368),
(‘HamiBmigzemHi', 0.7562092542648315),
(‘'rapax', 0.7020224332809448),
(‘'mHazemni', 0.6915863752365112),

(‘mapkinr', 0.6592525243759155),
0D SITRAEL (om0, 0.6541709899902344),
('mpaBosi', 0.6475299596786499),
('BimHOMmEeHHS', 0.643531084060669),
(‘mimoxizsi', 0.6306630373001099),
('rpyHToBi', 0.6259087324142456))]

Bunyuennsa xonuenmyanvuux nouams oomeny «COVID-19y». [Ins xopiry-
cy tekctiB gomeny «COVID-19» HalOIbI SKICHUMH IICIs TIEPETisiay BHSBU-
JMCh MOJIENI aHami3y OirpaM 3 TUMH X NMapaMeTpaMy, IO i JUIS KOPIYCY ITOMEHY
«[lim3eMHa Ta Ha3eMHa iHPPACTPYKTYpH MeTanoica:

bigram?2 = phrases.Phrases(txt5, min_count=3, threshold=10).

Pesymnbrat: ['0oporucs mangemis', '0opIMOCST JKUTTS', 'BUIa-
JIOK_3aXBOPIOBaHHs', 'BOJOAMMHUp_ Barpac', 'BCTaHOBJEHO nepml', 'Biko_rpyma’,
'BIKO_pIK', 'TOJIOBH_KHUIBCHKI', 'TOCIiTANI3allis_XBOPHA', 'MOMIOMOTa_XBOPHIA', 'eKC-
3aCTYITHUK TOJIOBH', '€KC3aCTYITHHUK KHWIBCBHKi', '3aKkapmarTs TecT, '3aKyIiMO_TecT,
'KHiBCBhKI_oyia', 'KJTiHIUHI_COpTyBaHHS', 'KOPOHaBIpyCHi XBopoOa', 'kpaiHa HOCIMO',
'KIJTBKICTh_MiATBEp/XKEHI', 'KUIbKICTh XBOpHH', 'KIpOBOTPaJChKi 00nacTs', 'mabo-
paTtopHo_minTBepmkeHi', 'merki_cdopma', ...... , 'MIOAMHA_ KOHTAaKTyHMO', 'MiCh-
Ki_KNiHi4HI', 'HaJaHHsA MeIW4Hi', 'HapAen_ CcKopoxon', 'Haphen_ciyra', 'odimii-
Hi_JaH', 'MepeBHLIMO THCsYa', 'MOBEPHYTH KBUTOK', 'MO3WTHBHI_pe3yNbTar,
'MOMPIMO_€KC3aCTyHHUK', TIPUBATHI_KJIiHIKA', 'MATBEpAKEH] BUMA 0K ']

PesynbraTtu BuBeneHHs moaeni model6 mist BUBUEHHS acolliaiii HaBEACHO
y Taom. 2.
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Taoauus 2.Pesynpratn BuBeaeHHs Moaem model6 1t BUBUCHHSI acoItiamii

1 KOHLIENTIB

HOHATTA

ACOIIIAIIL (BECA)

KOPOHABIPYC

[(romuna', 0.9996013641357422), ('murrimMo!,
0.9995890855789185), ('Mena', 0.9995628595352173),
(‘moBepHiMO', 0.9995517134666443), ('3axoau’,
0.9995511174201965), ("memumuna’, 0.9995511174201965),
('3aiiBi', 0.9995459914207458), ('kaiuens',
0.9995441436767578), ('kopoHaBipycHi_xBopo0a',
0.999543309211731), (‘anapar’, 0.999542236328125)]

JIIKYBATHUCSA

MACKA

[(‘cumimo', 0.9997162818908691), (‘nerki_c¢opma’,
0.9996713399887085), ('mpy3', 0.9996439218521118),
(‘mikyimocst', 0.9996432662010193), (‘Hest',
0.9996223449707031), ('mpocto', 0.9996215105056763),
(‘emeptHicT', 0.9996176362037659), (‘'TBapuHa’,
0.9996176362037659), ('mangemis’, 0.9996066093444824),
(‘'turt', 0.9996057152748108)]

[('3axmert’, 0.9989341497421265), (‘mpoiinimo',
0.9989300966262817), (‘cmeprHicTs', 0.9989254474639893),
(‘mHoBHit', 0.9989224672317505), ('MennuHa',
0.9989136457443237), ('peiicOyk’, 0.9988991618156433),
('xopzmoH', 0.9988906383514404), (‘enigemis’,
0.9988903403282166), (‘nerki_dopma’,
0.9988902807235718), (‘imyniret’, 0.9988836050033569)]

KUILKICTD
TIITBEPKEHI

[(‘carnimo_Ttucsua', 0.999620795249939), (‘cma’,
0.9995124936103821), (‘'kuiBiumna', 0.9994584321975708),
('karactpoda', 0.999439001083374), (‘Bimomo',
0.9994375705718994), (‘'tpost', 0.9994269609451294),
('kpaina', 0.9994232654571533), (‘'ykpaiHcbke',
0.9994181394577026), ('Bimoma’, 0.9994150400161743),
(‘amapar’, 0.9994133710861206)]

BIIAZIA

[('mepkcimysx00Bels', 0.9997319579124451), (‘kuiBchbKi',
0.9997277855873108), (‘npyxuna’, 0.9997268319129944),
(‘Bupimmimo', 0.9997234344482422), (‘ypsin',
0.9997172355651855), (‘3apasimocs’, 0.9997122287750244),
('6impmr', 0.9997105002403259), (‘mopora’,
0.9997104406356812), (‘rpow', 0.9997095465660095),
('kopoHaBipycHi_xBopoba', 0.9997024536132812)]

ModynoBa kiacugikyouoi onrosorii. [lix vac modynoBu kinacugikyro-

40i OHTOJOTIi BUPIIIYETHCS
npoOryieMa (hopMyBaHHS CTPYK-
TYpH JJOMEHY HOBOi Ipo0JieMu
31 CJIOBaMH-CHHOHIMAMH Ta
acoIliaIisiMU JyIsl PO3MIIICHHS
iX y mpaBmiax kimacudika-
Topa.

IMpuknan BHBEJEHHS
acomiamii 1 KOHIIEMNTIB, IO
3B’S13aHI 31 CIIOBOM «3aXBO-
pIOBaHHs» y TPOOJIIEMHOMY
JIOMEHI «KOpPOHABIPYC», LITFOCT-

pye puc. 2.

In [336]: | 1 |model6.wv.most_similar('3axeopioBaHHsA")

Out[336]: [('indexkuin', @.7220960855484009),
('cMepTh', 0.7193725109100342),
('3apaxenHs', 0.7098100185394287),
('indikoBani', 0.6770030856132507),
('kopoHaBipyc', 0.6726216077804565),
('cTaH_Gepe3senb', 0.6338338851928711),
('TecTyBaHHa', ©.6336660385131836),
('Bipyc', 0.6335515975952148),
('sunagok', 0.6324660181999207),
('xBopoba', 0.6273006200790485)]

Puc. 2. Acomiamii 3i CIOBOM «3aXBOPIOBAaHHS»
y poOJIeMHOMY TOMEHI KKOPOHaBipyC».
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Ha ocHoBi 3anuTiB 10 Mozesi MOKHa JOCUTH IIBUIKO MOOyAyBaTu Kiacugi-
KyIO4y OHTOJOTifO (Tabm. 3) y mpoOieMHOMY JOMEHI «KOPOHAaBipycC» Ui MoAaa-
JBIIOT reHepaltii mpaBui Kiacudikarii.

Ta6muus 3. [Tpuknag ananizy s moOynoBH Kiach(iKyt0d0i OHTOJIOTIT

Knac C10Ba/TIOHATTSI/KOHIIEIITH
iHbeKLIs, 3apaKeHHs, Bipyc, XBopo0Oa, iH(pIKoBaH1
3aXBOPOBAHEA (hexuisi, 3apaenHs, Bipyc, XBopoOa, iHd ,
MaHeMisl, MOMIUPEHHSI, Crajax
CmepTh CMEPTH, IOMEPTH, BMUPATH
[Tanika 3aXBOpINMO, IIOMPEMO, Yepra, 3aKymnai
KapaHTHH, TPAHCIIOPT, PEXKUM, 3aKOH, 3a00pOHa, OIS
O6MC)KCHHH p sTp . p 7p ; > 2 p ] 1T H
HA/I3BUYAlHI_CTaH, MDKHAPOJHI MEPEBE3CHHS

ImniemenTania mpaBui y SAS® Content Categorization Studio. I[Tpu-
knaa ¢GopMmyBaHHs mpaBun s knacudikamii y SAS® Content Categorization
Studio [12] HaBeneHo Ha puc. 3, 4. 3a gonoMoror Mojen model6 BUSBIICHO Hali-
OrKgi acormiamii Ta CHHOHIMHU OO0 TOHATH i3 mpeaMeTHOI ramy3i «EmimeMis
KOPOHABIPYCY».

=2 OR
5 AND

=-OR
“KOPOHaBIpYC™ =OR
~zopr ©.DIST_5
“BMNanoK” [=- AND
“3apaweHHA” = OR
“3XBOPIOBAHHA" - ."naBopatopia”
"3aXe0PKBaHICTE” I B

o iHCTH

“intpikoannin” . WT- -

& oR -~ BocniDKeHH
~sapecTpysaTH" i "BYEHMIA
“BUABMTH" . "HayKkoeeub”
“3adikcysatu” L YYeHNI"
“NOWHPEHHA" ~."mocnigHuK "
_npﬂmbmam- B-OR
nigreepawTH | w .
T, i "CTBOPEHHA
npuiAMan
ssialme Pk "noCnipKeHHs"
"ninoapoearu” =-0R
“3pocratn” - "BaKumHa"
“piarHocTyeaTH .. "MiKyBaHHA"
:3““““"?0" .. "KOpoHagipyc”
IPOCTH ) .
. . iMyHiTET
MIATEEPONTH
“HoBMi" "BaKuuHa"
“3aXBOPITH” "NiKygaHHA"

B AND E-AND
“BMnapok” -"BopotbGa”
_TKopoHaeipyC "KOpOHaBipyc™
33AXBOPITH
Puc. 3. IlpaBuno xnacudikamii HOBHX Puc. 4. Tlpauno knacudikauii cutyani
BUIIAJIKIB 3aXBOPIOBAHHS 00 PO3POOICHHS BAKIIUHH

3aBanTaxkennsa moaedai 10 SAS® Content Categorization Server. [licns
dhopmyBaHHS MOAENI 11 MOKHA CKOMIIITIOBATH Y OIHAPHUHN BUTJIA Ta 3aBAHTAKH-
1 10 SAS® Content Categorization Server.

Ie pobuthcs uepe3 meHo y SAS® Content Categorization Studio.

MapkyBanns TekcriB. KoxHuil TekcT 3 xoprycy nepeaaersca 10 SAS®
Content Categorization Server, sSKWi 3TiIHO 3 MOJEJUIIO KAaTEropusye TEKCTH.
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KoxHe npaBuio MoJeni 3iCTaBJISIEThCS 13 3aBaHTAXKEHUM TEKCTOM BiJIIIOBIIHO IO
MoJIelli BUITyUeHHs (PaKTiB, a TIOTIM CKOPUHTY€EThCsI. Ha BHXOZ1 OTpUMYyEMO TeKc-
TH, MApPKOBaHI METaTaHIMH.

[puxnan poboTH KaTeropuszaropa Ha 0a3i 3reHEPOBAHUX IMPABUI LTIOCTPYE
puc. 5.

MaHpemin kopoHasipycy Npuseena Ao GeanpeLeasHTHI: 3aX0MB Y BCbOMY CBITI.

Bin Icnamil ao CLIA ypamm HaMar aiTECA 33 IXHE0! SONOMOri SMEHLIMT NOWMPEHHA BIpyCy. OkpiM 00MEXEHHR MEXHEDO JHICE NOISAOK,, ABAK] KPaIHM TaKOX
Hamar a0 ThCR 0BMEXT PyX Y BNACHIX KOPAOHAEX T3 3aB0POHATH NYBAiNHI SiBPaHHA.

Ak nepesipyTcA Ha KopoHasipyc?

Metpo, TPLL ta crionysenks mix perioHami: wo came xoue sakpum MO3

MicAub Ges WKonn: AK BYMTMCA Ha KapaHTVHI

Kuie saprBeac Kade i CrionyyeHH: 3 iHWWMMW MICTaMM . AKi We By oy Te oBMexeHHA

ExcCrepTi 3 NiTaHb 0XOPOHI SA0POB A T8 NPABOSAGICHVKM NONEPeDR3I0Th, WO MPK LUsoMy NOCTAE CKNAAHe MuTaHHA Ganarcy M 0XopoHOw SA0poB'A Ta
nopywerHaM ocofucTol ceoBoan

Tox 5K KpaiHK BNPOBAIXYI0TE 0GMEXKYBaNsH! 33X0a1, S0KPEMa KapaHTWH Ta izonAuio?

MpoTarom nuxxie Kutaid, ae posnovasca cnanax Covid-19, 3a3Has TAXKOro yaapy Yepes nownpexHa sipycy. NyHana Kpuuka Mt Bnag Ha noyatky enigemi,
nexTo sBMHyBa4yBas exiH y 3aMoBuyBaHHi cepitosHocT cnanaxy

Konn GuTyaLIa noana Noripwysatmcn, BNaaa isonoBana MIcTo YxaHb, ENIUEHTD Gnanaxy Ta 0are 3 Hanbinsluve MICT kpaitia. Bxrm saxomm, BrNoYHO is
3ynHKOIC rPOMaaceKoro TPaHCNOPTY. 3M000M NOWMPHIHCE Ha iHLLI PErioHH i 33TOPKHYNM AECATKM MiNbifoHIE N0 aei.

LLloHalivenie ABOE MPOMaARHCEKIX XYPHANICTIB, AKI HaMar anucA NOAINMTCA iHPOPMALIEID NP0 CNaNax B IHTEpHET, SHUKNKM BesBiCTH

Ha synuLIsx NioARM NEPEBIPANA TEMNEPaTYPY. | HAaBITb HAMXO MMM NOBIACMNEHHA NPO Te, LUO OXOPOHLY B3arani He AaBanK NIOAAM BIXOMATY 3 ByaaHKis. KuTait
[sBVHYBaYYBaNM ¥ 33CTOCYE@HHI CHCTEMM BINEOCNOCTEPEXEHHA WA 0OMEXEHHA NEPECYEAHHA T@ MOHITOPMHIY CTaHy S00POE A oged.

Ak KopoHasipyc wwpuTeca NnareTo. Mana

Ak nopopoxysam™ nig yac enigemi’

Ak NepesipMTCA Ha KopoHasipyc 7

Y 33030 T MeauHi Macky Bia Bipycy?

[licnA Toro, AK CTYaLis NONaNa NOKPalLYBaTUCA, XMTTS y KiTal NOCTYMOBO NOMMHAE MNOBEPTATMCR A0 HOPMM.

BoaHouac peski npasosamcHi rviu Taki axk Himan Richts Watch knumacvrani neariin Brecsimikol onrapizauil oxopory saopoe’s (BOO3)Ha air Mexina nin
o crena o o

Micns wenaKoro noripeHHs bm KpaiHoio cTana Itanis. Tam BB0AATE Bee Binbw
xopcTii ofMexeHHs woae | Category Relevancy (GMEXEHHA Ha MEepecyBaHHA BNPOBAMAMA Ha NiBHO
KpalHK, @ SroaoM NoWWpHiK f Top fimpact/international _affairs 1.73

Ypag saxnukas 60-minbitonr Top/impactforder_justice_rights 1.54 [XOMTI Ha BYNALYO NWLWE 538 HaranbHol NoTpebi -
Hanpuknan, uiod ;gngmm T08 | Top/situation/quarantine_general 1.25 Ty NepecyBaHHs. OPYLIHUKaM 33rpoXye rpoLLoBMIA
e g e e ot

REU'IQEF{S P Top/situation/politics 117

Mioan B lonanil Takox simkHy Top/mpact/transport_travel Lo7 HOCTi, 3aKpuTi, 3 NAAM HAKE53HO BYXOAMTUA 3 AOMY
i 33 Haranswai noTpeti | ToP/mpactihealth,_care L00 bire ¥ HOBITHiM icTopi - | NonepeAds, Lo Ha KPaIHY
ieKaI0 T "yKe BaKK THXH Top/impact/leisure_culture 1.00

MosinoMnAoTs, wo 3a aoTp: || TOP/Mpact/community 1.00 oTb 00 SEMCTY BE3NPUTYNBHIX.

Deski kpaitv norpoxyioTs * || Top/test 1.00

PpaHLiA 3a8BUNa, WO Hakn: || Top/stats/new_cases 0.889 ToP KacTaHep SafBuE, WO 33 A0 TDMMaHHAM HOBYX
npasun cTexumaMyTs 100 v

MNpesuaeHT EMmanioens Mal norpeém Man MakpoH cKa3as: "Y Hac BifHa ..

He Bopemoch aHi 3 iHwow apfiER, ad R E Sl yTWCA, ane BiH Habupae cuny™”.

Caymnc::lca ApaBis oronocvna WIpagy 8 poampt .un 133 ™C. mna:uﬁ 33 HeHamaHHR mcmmpﬁcl mmcpmaul Npo CTaH 300P0B'A Ta AETani NOA0PoX Nid ¥ac
T30y Ao KpaiHm.

[[eaki KpaiHu B3arani safopoHuni B134, 3aKPMBLUW CYXOMYTHI Ta MOBITPRHI KOPAOHW. IHWI 3anpoBamni oBos AsKosKA 14-08HHMA KAPaHTMH ANA TWX, XTO
npiByBac A KPAIHA, 3OKPEMA HAKESH NPO CAMOIZORALUIL BAOMA UM ¥ FOTERI.

KoxHomMy, XT0 HE AR TRHMYSTECA HOBHX NPABIN iS0NAW B ABCTRENI, SErPOXYERTUMY TS BEMVKI WTRAPH, 3 ¥ AGAKIX PAHOHEX - HaBITe Y& 'ASHEHHA, Hanprknaa, ¥
3axipHinn AscTpanii mopywHWkK ByayTe sMyweni sannamm ao 50 e, ponapis CLUA.

Mpem'ep-mivicTepka Hosol 3enanai Mxacinaa AppepH nonep . lWo MaHAap , AKi HE& [DTPAMYIOTHCA NDABMN CAMOISONALI, 33rPOXYBaTUMYTh WTPadu
360 HaBiT, AenopTaLiA. "AKWLO BY NDUIXIKIETE CIOMA | HE MASTE HaMIDY BUKOHYBATH HaLi NDOXEHHA NP0 CAMOISONALIK, BIABEPTO KXYUM ., BaM TyT He pai. | s
MaETe BMIXAT, NeplU HX BAC ASNOPTYIOTL ", - CKA33Na BoHa.

KonupaT nsobpackeHia

Puc. 5. Tlpuknan poboTH KaTeropuzaTopa: MapKyBaHHS TEKCTY KaTErOpisIMU MPEIMETHOTO
JIOMEHY «KOPOHABIpYCH»

ABTOMATH3ALIS IIIXOY HA BEJTUKUX OBCSTAX JAHUX
(HA IIPUKJIAJII IPEAMETHOTI'O JIOMEHY COVID)

Bukopuctanus moBu Python, y Tomy umcmi sik kmieHntcekoi wactuHu APl no
SAS® Content Categorization Server, 103BoJisie TOOYAyBaTH OyAb-AKY apXiTeK-
Typy IUIS OOpOOJICHHS BXiITHHUX TEeKCTiB. Buximuuii dopmar micis oOpoOiIeHHS
KaTeropu3aTopoM Ha 0a3i CHHTE30BaHO1 MOJIENI Ma€ Takuii (hopmar:

KinbkicTh KaTeropiid, 1o BBIiHIILIa Y TOKYMEHT:

Numberofcategories = 7.

Bussiena peigeBanTHa KaTEropis i3 CKOPHHTOM:

Category: Hogi 3apaxenns (new_cases) (relevance = 11.0). Kirouosi ciosa,
o OyJI0 BUSBJICHO i3 iXHIMH MO3UIIsAMHU y AokyMmeHTi: Match (1429-1438): '
pyc", Match (1429-1447): "kopoHoBipycHa xBopoba", Match (1622-1632): "3apa-
suBcs", Match (2383-2393): "sunanok", Match (2509-2519): "indikoBano".
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Category: Onyxamm (recovered) (relevance = 9.0): Match (203-215): "oxy-
*kano", Match (679-696): "moboporn", Match (806-822): "moGoporu", Match
(1131-1143): "mepexsopitu", Match (1317-1329): "Ilepexsopitu ", Match (3304-
3325): " omgyxamu", Match (3378-3392): "BunikoBano", Match (3503-3514): "Ilo-
ooporu", Match (4521-4533): "Bunucani".

3pyuHuil BUXimHAN (OpMaT Ja€ 3MOTY HE TUIBKH KiacudikyBatu (parMeH-
TH, a II¢ 1 JIOKAJIi3yBaTH HOMEPU CUMBOJIIB Y TEKCTi.

VY mincyMKy Bci aHi (TEKCT, KJIac, CKOPUHTOBHIA Oall) 3aHOCSThCS A0 Tabiu-
i y 6a3y JaHuX.

BHUCHOBKHA

Po3po06iieHo METOAMKH Ta MPUHOMH OO0 aHaJli3y TEKCTIB IMyOJIYHUX Ta CIelia-
J30BaHUX JpKEped 3 MeToro imeHTH(ikauii (akTopiB pi3HOI NPUPOIU Y 3aBOaH-
HAX TepeadadeHHs Ta CHCTEMHOTO aHaiizy. Po3pobieno kKoMOiHOBaHUH MiIXia
JI0 BUITYYCHHS TIOHATH 1 MOOYIOBH Kiacu(ikaTOpiB Ta OHTOJIOTIH 3a JOIOMOTOI0
BIZIKPUTHX 1 IPOTIPIETAPHUX MAKETIB MPOrPaMHOI0 3a0e3MeueHHs.

JlocmiKeHO CyYacHi MiIX0 1, METOAH Ta MOJIENi 30EpeKCHHS BETMKUX 00-
CATIB CITa0KO CTPYKTypoBaHOi iH(opMartii 3 HabopiB mMporpaMHOro 3a0e3neueHHS
OpenSource. BuBueHo ocraHHi myOmiKallii 32 TpH POKH 332 TEMaTHKOIO MiAXOIiB
JI0 CTPYKTypH3alii JKepen ciadKo CTPYKTypOoBaHOi iHpopmMariii.

BuBYeHO Ta CTPYKTYpOBaHO MOTEHIIHHI JKepena cIadKo CTPYKTYpOBaHOI
iHopMmarrii Ta THIIM JOKYMEHTIB, 10 MOXYTh HAJAXOJWTH ITUMH JDKepenamu. Bu-
BYCHO MOKJIMBOCTI IIOJO 3YUTYBAaHHSA 3MICTY JOKYMEHTIB 3 JDKEpen ciaadko
CTPYKTYypOBaHOi iH(popmManii Ta chOpMOBaHO BUMOTH i OOMEKEHHS BiIMOBiJ-
HO 70 (hopMaTiB, CrTOCOOIB TOCTYIy Ta aBTOPCHKUX IPaB/MileH31# momo0 jera-
JTHHOCTI 3YMTYBAaHHS Ta KOMIOBaHHS iH(OpMaIIii.

Sk 3aco0u TOOYZOBU OHTOJIOTiIH BHKOPUCTOBYEThCS i€papXidyHHH Kiacugi-
kaTop i3 Habopy SAS® Textual Analytics, a came SAS® Content Categorization
Studio. ¥ cxmani makera SAS® Textual Analytics € Takox maker SAS® Ontology
Management Studio, poTe BiH 103BOJIsI€ TOOYAYBaTH TIIBKH 3arajbHy OHTOJIO-
rifo, ane He Ma€ MOXIIUBOCTI 3aCTOCOBYBATH ii SIK KIaCH(IKyIOUy CHCTEMY .

VY BizkpuTroMy mnporpamHOMy 3a0e3leueHHi s Kiacudikamii, mo Mae
y ckiagi migxoau ML, € mpoGiieMu HasBHOCTI TIOYaTKOBOI'O PO3MIUEHOTO KOPITY-
Cy IJIs TPeHYBaHHS KiIacudpikaTopa i 0OMEKEHICTh MOTY>KHOCTI MOHATH Ta KOH-
HENTIB Y KOPITYCl THUITY «III0 MaEMO, Te i Ha BHXOIII».

Hocnimxennii KOMOIHOBaHUI MiIXiJ Mae MepeBarn BHUKOPHUCTaHHS HaBiTh
MaJioro Kopimycy (cremiansHo st nocmipkeHHs Ha npukinagai COVID-19 Bzsro
Bchoro 300 TekctiB HOBUH). [100yIOBaHO OHTOJIOTIIO, Y JTUCTS SKOI IMILIEMEHTO-
BaHO KiacudikaTop Ha OyneBux Impapuiax. J[ist moOyIOBH OHTOIIOTII BUKOPUCTA-
HO MiJXiJ MOOYJAOBH BEKTOPIB ONHM3BKUX MOHATH 3a JOMOMOIOK 0i0mioTexu
OpenSource nporpamuoro 3adesneueHds Gensim — moxens Word2Vec. IIpore-
CTOBAHO JICKITbKa MPEIMETHUX Tanmy3ei, 30kpema tematuky COVID-19 1 «Ilin-
3eMHY Ta Ha3eMHY iH(QPACTPYKTYPH METaroicay.

Po3po0bieHo THIIOBHIA anropuT™ mo0ynoBH Kiacu(ikyrodoi OHTOJOTI.

Pesynprat mocmimkeHHS MOKYTh BHKOPHUCTOBYBATUCH ISl MOOYIOBH OH-
TOJIOT1] MpeIMETHUX rainy3el, CTBOPEHHs KJIACH(IKYIOUMX OHTOJOTIH Ta MapKy-
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BaHHS KOPIIYCiB TEKCTiB AJSl MOAAJbIIOTO BHKOPHUCTAHHS I MOJCTIOBaHHS Ta
JOCIIDKEHHST TPEAMETHUX Taly3ei, 30KpeMa IS 3aBJaHb IUIaHyBaHHS Ta Tepea-
0ayeHHs B Pi3HUX NMPEAMETHHX TaTy3sX B YMOBaX HAJIXOHKCHHS BEJIMKHX 00CATIB
c1abKo CTPYKTypoBaHoi iH(popmallii.
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can be used to build an ontology of subject areas, create classification ontologies and
mark corpora of texts.

Keywords: systems analysis, foresight, text mining, NLP, classifiers, ontologies,
Open Source, Python, Gensim.

Cucmemni docnioxcenna ma ingpopmayivini mexnonoeii, 2020, Ne 4 27



B.B. Casacmobsnos

PABPABOTKA HHCTPYMEHTAPUS 1JI5S1 AHAJIM3A TEKCTOB ITYBJIMYHBIX
N CIIEHUAJN3UPOBAHHBIX NHCTOYHUKOB B 3AJAYAX ITPEJIBUJIEHUA
N CUCTEMHOI'O AHAJIM3A / B.B. CaBacTssiHOB

AHHOTanus. Pa3paboraH KOMOMHHUPOBAHHBINA MOAXOJ MO W3BJICYCHUIO MOHATHH U
HMOCTPOCHUS KIIaCCU(HUKATOPOB M OHTOJIOTHI C ITOMOIIBIO OTKPBITHIX U IIPOIpHUE-
TapHBIX TAKETOB NporpaMMHoro obecredenus. MccienoBaHbl cCOBpeMEHHBIE ITOIXO0-
JIbI, METOJBI W MOJICIHM XPaHCHHs OOJBIIUX 00BEMOB CIA0OCTPYKTYPUPOBAHHON
nHdopmanmu U3 HabopoB mporpammHoro obecrneuenus: OpenSource. IToctpoena
OHTOJIOTHS, B JIMCTBSIX KOTOPOH pean30BaH KilaccH(UKaToOp Ha OyJIeBbIX IpaBHiIaxX
¢ npuMeneHuem mnporpammHoro obecreuenust SAS (R) Content Categorization
Software. 1 TOCTPOEHHST OHTOJIOTHH HCHONB3YETCS OIX0] TOCTPOSHUSI BEKTOPOB
ONMM3KMX MOHATHI ¢ momomipto Oubmmorekn Open Source Gensim, a IMEHHO MO-
nens Word2Vec. Pa3zpaboTaH THIIOBOH alrTOPUTM MTOCTPOCHUS Kiaccuuuupyronien
OHTOJIOTHHU. Pe3ynbTaThl MCClIeOBaHUS MOTYT OBITH HCIIOJIB30BAHBI JUIS IIOCTPOE-
HHSL OHTOJIOTHH MPEIMETHBIX 00JacTel, CO3MaHusl KIacCU(PUIMPYIOIIMX OHTOIOTHI
U pa3MeTKH KOPILyCOB TEKCTOB.

KiwueBble c10Ba: CHCTEMHBIN aHAIW3, penBuacHNE, text mining, NLP, kiaccu-
¢uxaropsl, onronorun, OpenSource, Python, Gensim.
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USING COGNITIVE MAPS TO STUDY ISSUES CONCERNING
THE IMPROVEMENT OF THE QUALITY OF LIFE OF POPULA-
TION IN THE FRAME OF INTERREGIONAL DISPARITIES

V.N. TYUSHNYAKOYV, Y.G. TKACHENKO

Abstract. This paper studies issues of the rise in the standards of living and im-
provement of the quality of life of the population in the frame of intermunicipal dis-
parities. Simulation and modelling are examined in relation to research of standards
of living and quality of life. Tools of cognitive modelling and simulation are used to
acquire new knowledge on the regional social and economic, ecological, and politi-
cal system which determines the standards of living and quality of life. A cognitive
model studying the quality of life was designed and its structural properties were
analyzed. Scenarios were created to model possible developments of the situation
under the influence of various factors. The novelty of the work is in applying a new
informational technology of cognitive modelling to studying the improvement of the
quality of life in the frame of intermunicipal disparities.

Keywords: cognitive modelling, quality of life of population, standards of living,
regional development, intermunicipal disparities.

INTRODUCTION

With the RF pursuing the innovative socially-oriented development of economy
in accordance with [1], it will be necessary to carry out a number of reforms inter-
related in terms of resource and time limitations. In respect of human potential, it
is supposed that an enabling environment should be created to develop an indi-
vidual’s talents and skills, improve people’s quality of life and social welfare,
provide a competitive edge to people and develop the related supporting socially-
oriented economic sectors.

These reforms in accordance with the concept aim at ‘overcoming negative
demographic trends, stabilizing the population and providing for its growth, im-
proving the population’s quality of life; ensuring steady pay rise; providing access
to quality education and medical care, ensuring safety and order; providing af-
fordable and quality housing for people, creating comfortable urban environment
and efficient public utility sector, developing a flexible population relocation sys-
tem taking into account regional and national diversity...

A greater number of scientists have recently been using the notion of social
stratification which refers to a society’s categorization into groups based on such

© V.N. Tyushnyakov, Y.G. Tkachenko, 2020
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criteria as income level or lifestyle, the existence or absence of privileges. Based
on the social stratification, the standard of living indicator may be represented as
the part of people who belong to a certain social stratum.

It is a rather complex and painstaking process to study and estimate people’s
standards of living and quality of life. Development and implementation of inno-
vative tools analyzing the quality of life would solve a number of complex tasks
while estimating the population’s quality of life [2—4]. This paper suggests using
cognitive techniques to study issues of the people’s quality of life improvement,
scientific prediction, and cognitive analysis of socioeconomic development of the
region amid interregional disparities [5—8].

Cognitive modelling of complex objects includes development of a cognitive
model of the system under the study (signed directed graph, functional graph);
analysis of the developed model properties (complexity, stability, sensitivity);
analysis of paths and cycles; scenario modelling; making the decision on the se-
lection of the scenario most feasible for the implementation [9—16].

The cognitive study of the issues of the population’s quality of life im-
provement in the frame of interregional disparities yielded the Standards of Liv-
ing and Quality of Life (SL&QL) model as a hierarchical cognitive map which
generalizes causal relations between socioeconomic development indicators at the
regional level [17-27].

DEVELOPMENT OF THE SL&QL COGNITIVE MODEL

To develop the SL&QL model, the theory and practical provisions on the quality
of life, as well as statistics, expert surveys, and results of a SWOT analysis
[2, 3, 28] were used.

During the initial modelling phase, the research objective was formulated
and approved; theoretical evidence and statistics were collected, and expert
surveys were carried out. As a result of data processing, a set of vertices V={v;}
was created and relationships £ = {eij} , j=1,2,...,k between the vertices were

mapped G =<V, E >. The relationships can be defined as weighting factors w
and functions F ={f}.

Table 1 contains the vertices which are the influences affecting the people’s
standards of living and quality of life in the region.

Table 1. Vertices of the cognitive map G, “The Standards of Living and Quality
of Life”

Code Vertex name Vertex assignment
14 Quality of life in the region Target
V) Living standards in the region Target
V3 Gross Regional Product Indicative
Vy Regional and municipal budgets Basic
Vs Ecological situation Basic
Ve State of education Basic
v, Health status Basic
Vg Social environment Basic
Vo Social inequality Outrageous
V1o Demographic indicators Indicative
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Continued tabl. 1

Code Vertex name Vertex assignment
2% Industrial production Manager
V12 Agricultural production Manager
Vis Labor market Outrageous
Vig The salary Managed
Vis Population income Basic
Vi Inter-municipal differentiation Outrageous
Vs Regional migration Outrageous
Vis Investment climate Basic
V1o State policy in the field of improving the quality of life Manager
Vs Security (economic, social, environmental, legal) Outrageous
Vi Geopolitical situation Outrageous

For the SL&QL cognitive map G, see Fig. 1. To create cognitive map G, the
tools of the information-analytical Cognitive Modeling Software System (CMSS)
were used [29]. In Fig.1, positive links are shown as solid lines. When the value

of the signal at vertex V; increases or vice versa, the value of the signal at V; in-

creases or decreases. Negative links are shown as dashed lines. When the value of

the signal at vertex V; increases or vice versa, the value of the signal at V; de-

creases or increases.

Lo V1. Quality of life in the

region

e S
“"va;l‘i :u..:t,o.
pa

éstment climate
-1.0
il

ET Y
| -L0
V15. Populy

Py

V5. Ecologi:

vio. Dzmogra

1.0 =
V12. Agricultural production

V13, Labor market

Fig. 1. The cognitive map G

During the second phase, the system stability for disturbances as well as the
structural stability were analyzed.
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When analyzing the system stability for disturbances, the roots were found
for a characteristic equation of the relational matrix of SL&QL graph G . Solving
the characteristic equation is shown in Fig. 2. As the maximum absolute of value
of | M |=2>1, then in accordance with the accepted criterion [30, 31], the system

under study is unstable for disturbances and requires control.

Eigenvalues
# Real part Imaginary part Module (2,0007)
0 2,0007 0,0 2,0007
1 -0,1004 1,5721 1,5721
2 -0,1004 -1,5721 1,5721
3 0,7457 1,1233 1,1233
4 0,7457 -1,1233 1,1233
5 -1,1555 0,6208 1,1555
6 -1,1555 -0,6208 1,1555
7 -0,2267 0,9673 0,9673
8 -0,2267 -0,9673 0,9673
9 0,4402 0,5623 0,5623
10 0,4402 -0,5623 0,5623
11 -1,029 0,0 1,029

Fig. 2. The roots for a characteristic equation of the graph G

The analysis of positive and negative cycles of graph G allows concluding
the model is structurally stable [9, 10, 30, 31]. For results of the computing ex-
periment, see Fig. 3.

Vi Living 0 P, Geopoliticalsitustion

ae rp"i-‘h NS %
gl AN , - e
' #’" -:mel.e:

V13 Labor market

griculfimal production

Fig. 3, a. The cycle of the graph G
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Fig. 3, b. The cycle of the graph G

In Fig. 3, as an example, the negative cycle which stabilizes the system (the
upper graph) and the positive cycle which accelerates processes (the lower graph)
are highlighted. SL&QL graph G includes 232 cycles, of which 101 are negative.
An odd number of negative feedback cycles in graph G proves the system under
consideration is structurally stable [30, 31].

SCENARIO MODELLING IN GRAPH G

The next step in the cognitive study involves pulse modeling of possible situation
development scenarios on the regional level with the various controlling, restrict-
ing, and disturbing influences considered. When simulating possible system be-
havior scenarios, in the cognitive map at moment #n signals are added as pulses
q;, at vertices V;, the combination of which forms disturbance and control vector

Q(I’I)Z {QI""aqk}-

Prior to modelling scenarios in the SL&QL cognitive map, the computing
experiment plan was worked out, which is a set {Q(n)} which represents possible

system behavior trends when the relevant control or disturbance influences are
added.

Fig. 4 illustrates how the situation develops under conditions of a pulse pro-
cess in accordance with scenario 1. Let us assume the state’s social welfare poli-
cies are improving: g =+1.

Scenario 1. Q;(n)={q; =0,...,q19 =+1,..., g5, =0} .

Table 2 contains results of the computing experiment.
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The acquired results are represented in the respective line charts which are
drawn based on the results of the pulse process calculation (see Table 2). For the
line charts most demonstrable in respect of the situation development trends at
some vertices of graph G, see Fig. 4.

Table 2. Calculation of impulse processes in accordance with the scenario 1

Vertex Step
0,0(1,0(20]3,0/40]50]6,0]7,0] 8,0
V1. Quality of life in the region 0,0(0,0(0,0]3,0[10,0/13,0/10,0(10,0(41,0
V5. Living standards in the region 0,0({00(00]00]00]1,0]8,0/[16,0(18,0
V3. Gross Regional Product 0,0[{00(00]0,0]1,0]601]9,0](8,0(21,0
V4. Regional and municipal budgets | 0,0 [ 0,0 | 1,0 | 1,0 [ 2,0 | 1,0 | 5,0 | 14,0 28,0
V5. Ecological situation 00]00(00(10[1,0({20]1,0]5,0]14,0
Vs. State of education 0,0]00(1,0({20(20(1,0(-1,0]4,0]16,0
V;. Health status 0,0]00(1,0[{20(20(1,0(-1,0]4,0]16,0
Vs. Social environment 0,0(00(00]1,0]1,0(0,0]-2,0|-2,0{-8,0
Vy. Social inequality 0,000 (-1,0(-1,0|-1,0f 1,0 | 0,0 |-6,0]-12,0
V0. Demographic indicators 0,0({00(001]201]4,0]|4,01]4,017,0(250
V11. Industrial production 0,0(00(00]1,0]2,0]20]1,0(10,0(26,0
V1,. Agricultural production 0,0/00(00(00]4,0(7,0]7,0]11,0]{35,0
V5. Labor market 0,010,0(00(001]0,0](6,0(14,0[17,0|25,0
V14. The salary 0,010,0(001(0,01(20](701(10,0]{14,0]39,0
V5. Population income 0,0]0,0(001(001]0,01(201]7,01]10,0{14,0
V6. Inter-municipal differentiation 0,0(00(00]1,0]1,0]1,0]6,0(18,0(25,0
V7. Regional migration 00(0,01]00]00(1,0(1,0]2,01]14,0(34,0
V5. Investment climate 0,0(00(10]1,0]1,0]0,0]4,0]8,0(10,0
V1o State policy inthe field -~ 156110110 1,0|-1.0[-20[-1.0] 2.0 | 2.0
of improving the quality of life
Vao. Secprity (economic, social, 00]001]00]10[20]20]1.0]1.0][11.0
environmental, legal)
V>1. Geopolitical situation 0,00,0(00(00]0,0(0,01(0,01]0,0] 0,0

In accordance with Table 2 and Fig. 4, adding pulse g, =+1 at vertex Vo

(the state’s social welfare policies) will yield positive results. Positive growing
trends may be traced at the vertices of interest, e.g., at V| and V,. At the same
time, processes at ‘undesirable’ vertices tend to decrease, e.g., social inequality is
reducing (vertex V,) as well as intermunicipal disparities are narrowing
(vertex Vs ). However, the quality of life though tending to improve slightly

during the 2™ modelling step then decreases, and a considerable improvement of
the trend can only be observed during step 10. This indicates that a single
influence at a vertex might not be enough to achieve the goal of improving the
functioning of the SL&QL system in whole.

Now let us get to scenario 2 and assume that intermunicipal integration is
developing ¢, =+1.
Scenario 2. Qz(n) = {ql = 0"“’q16 = +1,..., qr1 = 0} .

For results of the computing experiment carried out under scenario 2, see
Table 3.
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For the line charts most demonstrable in respect of the situation development
trends at some vertices of graph G, scenario 2 see Fig. 5.

Table 3. Calculation of impulse processes in accordance with the scenario 2

Step

Vertex 0,0 [1,0]2,0][3,0[40[50[60]70]80
V1. Quality of life in the region 0,0(0,01]0,0(00](2,01]10,0(29,0152,0/76,0
V,. Living standards in the region 0,0(0,01]00(00]|3,0]6,0](7,0]18,0]51,0
V3. Gross Regional Product 0,0(0,01]00(20]3,0]3,0(12,0131,0152,0
V4. Regional and municipal budgets | 0,0 | 0,0 [ 1,0 | 1,0 | 3,0 | 7,0 | 11,0|21,0|43,0
V5. Ecological situation 00(00]00]|10]10]3,0]7,0(11,0{21,0
V. State of education 00(00]00(1,0|1,0]401(7,0]9,0]16,0
V5. Health status 00]00]00]|10]10]|40]7019,0 (16,0
Vs. Social environment 0,01001]00]-1,0]-1,0| 0,0 [-2,0(-10,0{-14,0
V5. Social inequality 0,0]100]00]00]-1,0[-4,0]-4,0]-4,01|-15,0
V10. Demographic indicators 0,00,0]00(00]|3,0]6,0/(150]24,0144,0
V11. Industrial production 000011010 1,0]5,0(12,0]114,0127,0
V2. Agricultural production 0,0(001]10(20]|2,0]7,01(19,0138,0]55,0
V5. Labor market 0,0]001]00]20]50]6,0]13,0[(39,0{80,0
V14. The salary 0,000]1,0]3,0]4,0]6,0]20,0(42,0{69,0
V5. Population income 0,0(0,01]00](1,0](3,0]4,0](86,0]20,0]/42,0
V6. Inter-municipal differentiation | 0,0 | 1,0 [ 1,0 | 1,0 | 3,0 | 8,0 |11,0|17,0|50,0
V17. Regional migration 00]00]1,0([1,0]1,0]6,0(14,0(18,0135,0
V5. Investment climate 0,0(0,0]00(001(2,01]4,0]{3,0[10,0]/26,0
V1o State policy in the field =\ 5 1 0.0 [ 0,0 [ 0,0 | 1,0 | 0,0 |-2.0{-5.0{-1,0

of improving the quality of life
Vs0. Secprity (economic, social, 001000000/ 1.0/[20]70]|11.0]150
environmental, legal)

V>1. Geopolitical situation 0,0(001]00(00(001]0,0(0071]0,0]0,0

Adding pulse g;4 =+1 at vertex Vj¢ (intermunicipal disparities) also gives
positive results: production is developing and people’s income is growing.

Let us consider a more complex scenario where social and economic security
is declining g,, =—1 but intermunitipal integration is developing ¢;, =+1 and

the state’s social welfare policies are improving g9 = +1.
Scenal‘io 3- Q}(n) = {ql = 0""’q16 = +1,...,q19 = +1, q20 = _1,...,(]21 = 0} .
The calculation of the pulse processes under scenario 3 is given in Table 4.

Table 4 contains results of the calculation experiment carried out under sce-
nario 3.

Table 4. Calculation of impulse processes in accordance with the scenario 3

Step

Vertex 0,0 [1,0]20[3,0[40[50[60]70] 80
V1. Quality of life in the region 0,0 [0,0/[-1,0|2,0(14,0(32,0/51,0/71,0{126,0
V,. Living standards in the region 0,0 10,0|/0,00,01]3,0|7,0116,0/42,0|385,0
V3. Gross Regional Product 0,0 | 0,0]0,0/[20/4,0(10,0/27,0/48,0|81,0
V4. Regional and municipal budgets| 0,0 | 0,0 | 2,0 | 3,0 | 6,0 {10,0/17,0/40,0| 85,0
V5. Ecological situation 0,0 |0,0]0,0[20/3,0/|6,0/10,0/17,0|40,0
Vs. State of education 0,0 [00]1,0]40]50]70]70/12,0]36,0
V. Health status 0,0 {001,040 /|50/|70]|7,0/12,0[36,0
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Continued tabl. 4

Vertex Step
Vs. Social environment 00 [0,0][00)001]1,0|1,0/-4,0{-14,0-24,0
Vy. Social inequality 0,0 {0,0[-1,0(-2,0{-3,0(-4,0|-3,0|-10,0/-33,0
V10. Demographic indicators 0,0 | 0,0]0,0/[20/9,0/14,0/23,0/35,0|76,0
V11. Industrial production 0,0 {001,020 4,090 150[25,0(63,0
V1». Agricultural production 0,0 100]|1,0(2,0]6,018,0/33,0/56,0/101,0
V5. Labor market 0,0 {0,0[001]201]5,0/12,0[33,0/70,0(122,0
V4. The salary 0,0 0,0[1,0]3,0]6,0(150(37,0/66,0[122,0
V5. Population income 0,0 100(0,011,0/[3,0]6,0/15,0|37,0|66,0
V6. Inter-municipal differentiation | 0,0 | 1,0 | 1,0 | 2,0 | 5,0 [10,0|18,041,0| 93,0
V17. Regional migration 00 [0,0|1,01,0]2,0|8,0117,0/34,0| 83,0
V5. Investment climate 0,0 |0,0]1,0(20/4,0/|50]7,0122,0/44,0
Vio- State policy in the field = = 9611012012010 305040 3.0
of improving the quality of life
Vao. ngﬁgﬁ:ﬁ;‘f"@gl;omal 0,0 [-1,0/-1,0/ 0,0 3,0 | 50| 9,0 12,0 26,0
V51. Geopolitical situation 0,0 100{0,0/]00/00/]0,0/0,0]0,0/0,0

For the line charts most demonstrable in respect of the situation development
trends at some vertices of graph G, scenario 3 see Fig. 6.

Scenario 3 shows how events in the system will develop if, with the deterio-
ration of the heopolytic situation (g,q =-1), inter-municipal differentiation

g6 =+1 and sound State policy in the field of improving the quality of life

(g9 =+1).

In this case, perturbations are introduced into three vertices.

As can be seen from Fig. 6, joint action successfully resists the deterioration
of the geopolitical situation.

The trend of the development of situations at all peaks can be considered
positive. All indicators, with the exception of negative ones, increase, negative
ones (reduced security, social inecuality) decrease.

At the same time, if we compare the results of modeling according to sce-
nario 2, it can be seen that the processes are developing more intensively.

CONCLUSIONS

Cognitive modelling tools are a good management decision support instrument
when complex systems are studied. This was proved by the cognitive analysis of
the standards of living and quality of life. Analysis of the results of modelling the
complex system’s properties and behavior allows studying its desirable and unde-
sirable features, developing and validating control strategies for a system contain-
ing a great number of objects and interrelations under circumstances of uncer-
tainty and lack of empirical data.

Using cognitive simulation modelling, this paper studies how different fac-
tors affect people’s standards of living and quality of life. The designed cognitive
model allowed analyzing scenarios of the situation evolution when various factors
affecting the standards of living and quality of life change in the frame of interre-
gional disparities.
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It demonstrates that the local authorities need to participate in improving the
people’s quality of life and rising the standards of living to overcome negative
demographic trends, reduce poverty, narrow the gap between the poor and the
rich. As it has been noted earlier, the agricultural support slightly reduced dispar-
ity between the region’s districts but the outpacing growth of the industry and
commerce sector increases the income inequality of those employed in different
sectors of economy. It is proposed that local authorities, taking into consideration
municipal initiatives, should establish growth areas in relatively depressed territo-
ries by actively motivating the people and businesses. The long-term development
concept should be the single basis for the measures, which incorporates estimates
and suggestions of professional economists, managers, financial experts, industri-
alists, farmers, and social workers.
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3ACTOCYBAHHSA KOI'HITUBHUX KAPT JUISA JOCJIKEHHS ITPOBJIEM
NIABUIIEHHA  SIKOCTI  KUTTA  HACEJIEHHA B  YMOBAX
MIKPEI'TOHAJIBHOI JIM®EPEHIIAII / B.M. Trommnskos, 0.I". Tkauenko

AHoTanisi. POOOTy IpHCBIYEHO NOCHTIIKEHHIO MUTAHb IiABHUIICHHS PiBHS 1 SKOCTI
JKUTTS. HAceJICHHS B yMOBaX MDbKMyHIinumaneHol mudepennianii. PosrsayTo mm-
TaHHS IMITaliHHOTO MOJEITIOBAHHS ITiJ] Yac OCIIHKCHHS PIBHS Ta SKOCTI JKUTTS Ha-
ceneHHs. [HCTpYMEHTH KOTHITHMBHOTO IMITalliifHOTO MOJENIOBAHHS BHKOPHCTaHO
ULl OTPUMAHHSI HOBUX 3HAHb PO PEriOHaJbHY COLiaIbHO-eKOHOMIYHY, EKOJIOTIUHY,
MOJNITHYHY CUCTEMH, 1[0 BU3HAYAIOTh PiBEHb 1 SKICTh XKHUTTS HaceleHHs. Po3pobie-
HO KOTHITUBHY MOJEJIb JUIsl JOCIIKEHHS SKOCTI JKUTTS, BUKOHAHO aHaii3 i CTpyK-
TYPHHX BJIaCTHBOCTEi{, IPOBEACHO CLIEHAPHE MOJCIIIOBAHHS MOXJIHMBOTO PO3BHUTKY
CUTYyamlil Ml BIVTMBOM Pi3HHX (akTopiB. HoBH3HA poOOTH mOIsATaE B 3aCTOCYBaHHI
HOBOT iH(QOpMaNifHOT TEXHOJIOTIT KOTHITHBHOTO MOJICJIFOBAHHS /IO BUBUCHHS TUTaHb
IiIBAIICHHS SIKOCTI )KATTS TPOMAJISTH B yMOBaX MIKMYHIIANATBHOT TU(epeHItiamii.

Ki1r040Bi cj10Ba: KOTHITUBHE MOJICITIOBAHHS, SKICTh KHUTTS HACENICHHS, PIBEHb KHT-
T, pETIOHABHUIA PO3BUTOK, MDKMYHIIUTIaTIbHA AU(PEPCHITIAITIS.

NPUMEHEHUE KOTHUTUBHbBIX KAPT JJIsS1 HCCJEJOBAHUS ITPOBJIEM
MMOBBLIINEHNSI KAYECTBA JKHW3HW HACEJEHMSI B YCJIOBUAX
MEXPEI'MOHAJIBHOU TU®PPEPEHIIMAIIUM / B.H. Trommnsikos, 10.I'. Tkauenko

AnHoTamus. PaboTa mocBsIeHa MCCIEIOBAaHUIO BOIPOCOB IOBBIMICHUS] YPOBHS U
KauecTBa KM3HU HACENEHUS B YCIOBHMAX MEXMYHHLIUNANbHOH nuddepeHnmanum.
PaccMoTpeHB! BOIPOCH! UMUTAIMOHHOTO MOJEIMPOBAHUS IIPU HCCIIEI0BAaHUN YPOB-
HS W KadecTBa >KU3HM HacelIeHHsA. MHCTPyMEHTHI KOTHHTHBHOTO MMHTAIMOHHOTO
MOZENNUPOBAHMS HCIONB30BAHBI IS MONYYSHUs] HOBBIX 3HAaHHH O PErHOHAIBHON
COLUAIIbHO-OKOHOMUYECKOM, AKOJIOrM4eCKOM, MOJIUTHYECKOH CUCTEM, OIpEeIIsito-
KX YpPOBEHb M KAa4deCTBO JKU3HU HaceneHus. Pa3paboTaHa KOTHHTHBHAs MOJENb
JUIS UCCIICIOBAHUSI KQueCTBa JKU3HM, BBIIIOJHEH aHAIU3 €€ CTPYKTYPHBIX CBOMCTB,
MPOBE/IEHO CLIEHAPHOE MOJAEIUPOBAHUE BO3MOKHOIO Pa3BUTHUs CUTyalMi I1OJ| BO3-
JeficTBUEeM pa3nu4HbIX (akTopoB. HoBU3HA pabOTHI COCTOUT B MIPUMEHEHHH HOBOMH
UH(POPMALIMOHHOM TEXHOJIOTMH KOTHUTUBHOTO MOJICIMPOBAHUS K U3YUECHHIO BOIIPO-
COB TIOBBIIICHHS KaueCcTBA KU3HHU TPAXKIAH B yCIOBHUSIX MEKMYHHIUIIATBHON IU}-
(hepeHMaIN.

KnrodeBble c10Ba: KOTHUTHBHOE MOJEIMPOBAHHE, KAaueCTBO KM3HU HACENCHUS,
YPOBEHb JKH3HH, PETHOHAIBHOE PA3BUTHE, MEXMYHHULUIIATbHAS JUpepeHIalus.
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MAIIWMHHE HABYAHHSA I YAC JIAT'HOCTYBAHHA
I MOHITOPHUHI'Y COHHOI'O AITHOE

J.A. TKAYEHKO, I.B. KPY1I, B.I'. MUXAJIBKO, A.l. IETPEHKO

AHoTauisi. Po3rysiHyTO Ta NpoaHasi30BaHO BHKOPHUCTaHHS Cy4YacHHX IMiAXO[iB Ma-
LIMHHOTO HABYAHHSI [UIsl BU3HAYCHHS PiBHSI TSDKKOCTI allHOE YBI CHI LIISIXOM JIOKaJIi-
3arii eni3oAiB amHOe B 4aci Ta mepeadadeHHs HACTYIHHUX emi3ofiB amHoe. IIpone-
MOHCTPOBAHO, IIO 32 JOTIOMOTOI0 CHI'HAJIB BiJl JOCTYMHUX 1 IIOPTATUBHUX CEHCOPIB
MOJKHA 3 BIZHOCHO BHCOKOIO TOYHICTIO PO3B’SI3yBaTH THIIOBI 3aladi 3 BH3HAYCHHS
arHOE YBi CHI, @ TaKOXX PO3IIISTHYTO OCHOBHI IyOJiuHI HAOOpH ITAaHHUX JUIS TPEHY-
BaHHS BIANOBIJHUX MO/IENCH MalIMHHOTO HABYAHHS Ta BapiaHTH IX MOXJIHMBOIO BH-
KOpUCTaHHs. 30KpeMa, JIOBEJCHO, LI0 3aCTOCYBAHHS INIMOWHHOTO HABYAHHS MOXKE
MiBUIIMTH TOYHICTh Kiacudikaiii, Tokamizamii Ta nepeadaueHHs anHoe, 0COOIMBO
3a JOIIOMOT'0I0 BUKOPHCTAHHS OiJIbII CKIIAJHUX MOJIENeH TIIMOMHHOTO HABYaHHS, SKi
BPaxOBYIOTh MYJIbTHMO/IaJIbHI JaHi BiJ JEKIJIBKOX CEHCOPIB.

Kio4oBi cji0Ba: MOHITOpHHT, pecmipaTopHi XBOpoOH, THMOMHHE HaBYaHHS, MOJi-
coMHorpadis, conre ammaoe, CNN.

BCTYII

ConHe armHOe (alHOE YBi CHi) € 3arajlbHUM 3aXBOPIOBaHHSM, SIKE€ BpaXkae sIK JIiTeH,
TaK 1 mopociaux. BoHO XapakTepu3yeThcs TepiofaMy MPUIHHEHHS AUXaHHs (ar-
HOE) 1 mepioaMu 3HIDKEHHsS JuxaHHs (TimomHoe). OOuIBa THIHM MOMAIA MalOTh
MoJiOHy MMaTodi3ioNorif0 i, SK TPaBHIO, BBAXKAIOTHCS OJHAKOBUMH INOAO iX
BINTMBY Ha MamieHTiB. Halimommupeninry ¢opMy amHOe yBi CHi, IO HA3WBAETHCA
OOCTPYKTUBHUM arlHOE YBI CHIi, 3yMOBJIEHO YaCTKOBUM a00 MOBHHMM KOJarcoM
BEPXHIX JUXAITBHUX NUIAXiB. OOCTPYKTHBHHIA alTHOE CIIPHYUHSIETHCS MEXaHIYHH-
MU HaNpy>KCHHSIMHU Ha TOpJi, ICHTPAIbHUI amHOe CHYy — HE3JIaTHICTIO MO3KY
BiZicWaTd cUTHaN Jiadparmi. IcHye Kinbka METOIIB KiJIbKICHOTO OIIHIOBaHHS
TSHKKOCTI pO3JIaJy MUXaHHS, TAKUX SIK BUMIPIOBAHHS KiJIbKOCTI aliHOE Ta TilloIl-
HOE 3a OJJHY TOJUHY cHY (ToOTO iHAeKc amHoe-TinmonHoe (AHI), TsokkicTio KHCHe-
BOTO TOJIOMyBaHHS TIia dac cHy (okcumerpis, SpO,) abo cTymeHeM IEHHOI COHJIU-
BocTi [1]. [ommpenicte AHI>5 cranoButh 24% y 4omnoBikiB Ta 9% Yy XiHOK y
Bimi Bix 30 mo 60 pokiB y MAIi€HTIB, 110 MiA03PIOIOTHCS Ha alTHOE CHY.
HatitounimuyM METOIOM IS IaTHOCTYBAaHHS aItHOE yBI CHI € TOJIICOMHO-
rpadis [2]. [Tix yac momicomHorpadii 3a3Buyaii 3anmucyeTbcs NpuHaiMHi 12 cur-
HAJIIB 1 BUKOPUCTOBYIOThCS IIOHANMEHIIE 22 IPOTOBI MMiJi’ €THAHHS JI0 MAI[IEHTA,
M0 MPOXOJIUTHh Taky mpoueaypy. OCHOBHUM HEIOJIKOM BUKOPHUCTAHHS
noJricoMHOTpadii uIs BU3HAYEHHS alHOE YBi CHI € Te, IO 1Iell METO/| € BiJIHOCHO
JIOPOTHM 1 HE3pYIHHUM JUI NarfiedTa. J{jis BUKOHaHHS MMOTicOMHOTpadii marieHTy
HEOOX1IHO MPOBECTH HiY y ClelialbHO 00JaqHaHii Jadoparopii abo 11e moTpedye
BCTaHOBJICHHSI TIPUJIaly BJIOMa, a pe3yJIbTaTH Ma€ BU3HAYMTH Jikap. Kpim 1poro,
BENMKA KUTBKICTB i’ € THAHUX POTIB MOYKE BIUIMBATH Ha IMOBEIIHKY ITiJl 9ac CHY.

© A A. Trauenxo, 1.B. Kpyui, B.I'. Muxanvko, A.1. [lempenko, 2020
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Ockinbku mosricoMHorpadist BiTHOCHO AOPOTHI 1 BaXXKOJOCTYITHHIA METO]I,
BBKAETHCS, 10 OUTBILIICTH JIOACH 13 Cepe/HIM a00 BaXKKUM CTYIICHEM TSKKOCTI
amHOe He 3Ha€ Mpo CBill AiarHo3, 30KkpeMa, y npani [3] BUKOHaHO pO3paxyHKH i
3’scoBaHo, Mo 93% xiHOK i 82% YO0JIOBIKIB HE 3HAIOTH MPO HASABHICTH Y HUX
amHoe.

OcranHiM YacoM Jefalti OUTBIIOro MOIMpEHHS HaOyBalOTh MOOUTBHI 1 He-
JIOPOTi PUCTPOT, SIKi MICTSITh CEHCOPH JIJIsl BUMIPIOBaHHS CUTHAJIIB, 1110 TIOB’s3aH1
3 JUXaHHSAM, 30Kpema, ceHcopu jans BumiptoBanHs ECG, piBHS HacH4eHOCTI
KpPOBI KHUCHEM, CeHcopH i (hikcamiii Ta BUMIPIOBaHHS PI3HUX peCIipaTOPHHUX
pyxiB Ta meski iHmi. Y GaraTboX MpaLsix MOKa3aHo, SIK 33 JOIOMOIOI0 BUKOPH-
CTaHHS MallIMHHOT'O HABYAaHHS 1 JaHMUX BiJl CEHCOPIB MOKHA BU3HAYATH AIIHOE:

e OiHapHa knacugikalis Ta BA3HAYSHHS 1HIEKCY allHOE-TilOITHOE;

e JIOKai3allis alHoe y Yaci;

e nependavyeHHs HACTYITHOTO €30y alHoe.

V wiii poOoTi PO3TIAHYTO 1 MPOAHATI30BAHO:

® OCHOBHI CEHCOpH 1 CHUTHAJIM, L0 MOXXHAa BUKOPUCTOBYBAaTH JUIS BH3HA-
YEHHS aITHOE;

e HasBHI HA0OPHU JaHUX JJIsl TPEHYBaHHS MOJIeJIeH MallIMHHOTO HaBYaHHS;

® HaOLIBII TIEPEIOBI MiAXOIU i METOM MAIIMHHOTO HABYAHHS, SKi MOXKHA
BHUKOPHCTOBYBATH ISl PO3B’SI3yBaHHS THIIOBUX 3a]ad, MOB’SI3aHUX 3 BH3HAUCH-
HSIM aItHoe.

CUTHAJIA TA CEHCOPH

Po3rnsiHeMO OCHOBHI THITM CHUTHANIB, SIKi MOKHA BHKOPHUCTOBYBATH JUIs BH3HA-
YEeHHS almHoe.

Enextpokapaiorpadis

Enexrpokapmiorpadis m1ae 3MOTy BUMIPIOBATH €JICKTPUYHY aKTHBHICTH CEpIls 3a
JIOTIOMOT'OK0 €NICKTPOJIIB, SKi MPHUKPIIUTIOIOTECS 10 Tina. byab-ska mapa Takux
€JIEKTPO/IIB JTO3BOJISIE BUMIPIOBATH PI3HHUINIO iX MOTeHIiamiB. Pe3ynprarom enek-
Tpokapaiorpadii € enekTpokapiorpaMa, 1o Mo CyTi € rpadikoM HANpyTH 3a Ya-
coM. B enexrpokapmiorpadax y mikapHsx i mabopartopisx 3azBuuail HasBHi 10
eNIEKTPOIiB, ajle B IOPTATHBHUX MPUCTPOSIX JUISl BUMIPIOBAaHHS €JIEKTPOKAPAIOrpaMu
MOKe OyTH TUTBKH JBa enekTpoau. KojkHa 3 BUMIpIOBaHUX PIi3HUIlL MTOTCHIIATIB
€JIEKTPO/IiB HA3UBAEThCs BinBeneHHsMH (leads).

OpuH MK KapaiorpamMu ckianaerbes 3 P-xeui, QRS-kommnekcy, T-xButi
(iakomu 1 U-xBuii) (puc. 1).

3acTOCOBYIOUH TPAIUINiHI TEXHIKM MAITHHHOTO HABYaHHS, 3a3BHYail Cro-
4yaTKy 00po0isitoTh ECG asist oTpUMaHHSI MMOX1THUX CUTHAIIIB, TAKUX SK KUTBKICTh
cepleBnX CKOpodeHb 3a xBWiHMHY (heart rate), BapiaTHBHICTb CEpLEBOTO PUTMY
(heart rate variability), ammaityna QRS xomrmurekcy [5].

44 ISSN 1681-6048 System Research & Information Technologies, 2020, Ne 4



Mawunne naguanns nio uac 0iazHocmyeanHs i MOHIMOPUHZY COHHO20 anHoe

QRS

Complex

ST
Segment

PR Interval Q
S

QT Interval

Puc. 1. llukn xapaiorpaMmu
3a gomomororo ECG Mo)kHa BU3HAUYATH 1 pecCIipaTOpHi MOil, SK HAIPHUKIIA]
y npami [6]. Sk BiapizHstoThes RR-iHTepBanu i minoma QRS ninsgHok ans HOp-

MaJIbHOTO CHY 1 JJIsl CHY 3 aIlHOE [TO0Ka3aHo Ha puc. 2 [7].
T T T T T —
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Puc. 2. RR-inTepBanu i miomia QRS AiISHOK [UIss HOPMAIBHOI'O CHY 1 JUIsl CHY 3 alHOE

st Bukopuctanas deep learning momiOHui pydHuii BHOip 03HAK YKe HE 3a-
CTOCOBYIOTH, OCKUTEKH OUTBIN CKJIAJHI MO 31aTHI CaMOCTIHHO BUIUISATH BHUCO-

KOPIBHEBI XapaKTEepUCTUKH.
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B ocranHe nmecsaTwitiTTS 3’SBUIOCH 0araTo MOPTATUBHUX 1 JOCTYIMHHUX IPH-
ctpoiB mia BuMipioBaras ECG BaoMa, pu bOMY € MPUCTPOI K 3 OJHUM BiJiBe-
JICHHSIM, Tak 1 3 Jekuibkoma. OrJisiji OCHOBHHUX TaKUX IPHUCTPOIB HABEICHO
y mpaui [8].

®oToneTn3mMorpadis Ta piBeHbL HACHYEHOCTI KPOBi KHCHEM

doromneruzmorpadis (PPG) BUKOpHCTOBYETHCS IJIT BUMIPIOBAaHHS 3MiHH 00’ €My
KpPOBI, 10 TPOXOJUTH Yepe3 MeBHY TKaHUHY B Tili. JJIs 11bOT0 3aCTOCOBYIOTH (ho-
TorieTu3Morpad, Mo € MPOCTUM MPUCTPOEM, SKUH CKIAJA€ThCS 3 JDKepena
CBITJIA 1 CBITJIOUYTIAMBOTO ceHcopa. KinbKicTh CBiTa, MO MTOXOAWTH IO CEHCOPA,
3aNIe)KUTh BijJ JOBXHHH XBWJII CBITJIa Ta BiJl CEpEIOBHUINA, Yepe3 SKe IIe CBITIO
OpoXoIuTh. Po3pi3HsioTh ABa BUAM (oTormeTn3Morpadis: mepini BUMIPIOIOTh
KUTBKICTB CBITJIA, IO TPOXOIUTE KPi3h TKAHHUHY, a IPYTi — KUTBKICTh CBITIIA, IO
BiIOMBAETHCS BiJl TKAHUHU [9].

OnHUM 3 OCHOBHHX 3aCTOCYBaHb (POTOIUIETH3MOrpadii € myIbCOKCUMETPis,
0 JTO3BOJISIE BUMIPIOBATH PIBEHh HACHYCHOCTI KpPOBi KWCHeM. PiBeHb Hacwde-
HOCTI KpOBi KMCHEM IIOKa3y€ BiJHOMIEHHS KiIBKOCTI TeMorio0iHy, HACHUYEHOTO
OKCHI'€HOM, JI0 CyMapHOI KUIBKICTI TeMOrjio0iHy B KpoBi. HalOimbil TOYHUM
BUMIPIOBaHHSM I[bOTO TTOKa3HMWKA € TECT apTepialbHOI KPOBI Ha ra30BUH CKJa[
(Sa0,), ane mas MLOro HEOOXITHO B3ATH 3Pa30K KPOBi 1 BUKOHATH 1i aHANI3 B Ja-
Ooparopii. Biapl mpocTHM 1 ITOCTYHHUM CIIOCOOOM € 3aCTOCYBAaHHS ITyJIbC-
OKCHUMETPIB, SKi BUKOPHCTOBYIOTH BJIACTUBOCTI KPOBI IO-PI3HOMY HPOITYCKaTH
CBITJIO 3aJIe)KHO BiJl PiBHS HAaCHYEHOCTI KpoBi okcureHoM. [lymbcokcumerpu
JO3BOJISIIOTh BUMIpIOBaTH mepudepiiiHuii piBeHb HACHYEHOCTI KPOBI KHUCHEM
(Sp0,), mo € HabmmxenHsM SaO,. [Ipukinan curaamy 3 MyJTECOKCUMETPA LTIOCTPYE
puc. 3.

1000

a00

-500 | r

-1000 - -
| | | | | | | | |

5800 E000 200 5400 BR00 B800 7000 200 7400
Time(sec)

Puc. 3. Curnan 3 nmynscokcumerpa [10]

Jl1st 3acTocyBaHHS TPaAMITIHUX TEXHIK MAITMHHOTO HABYaHHS 13 CHPUX Ja-
HuXx PPG crmodatky KOHCTpPYIOIOTH BIiIIIOBIAHI XapaKTEPUCTHKH, 30KpeMa Killb-
KicTh "acy i3 SpO,, mo MeHmHii 3a nmesHui piBens [11]. Kpim mmeoro, SpO, cen-
COpH BUKOPHCTOBYIOTH 11t obumciaeHds HRV [12]. 3a rimOuHHOTO HaBUaHHS
HU3BKOPIBHEBI XapaKTepUCTUKH 13 SPO, BHOKPEMITIOIOTHCS BXKE CAMOIO MOJICIITIO.
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AxTurpagis

Ille omwH BWA CHUTHANIB, SIKI JO3BOJIIOTH JIarHOCTYBATH allHOE YBI CHI, — IIe
pi3Hi pecripaTopHi pyxu mija yac quxanas. OCHOBHHM CEHCOPOM Yy IIbOMY BUIIA[-
Ky € aKceJIepoMeTp, L0 3a3BHYail BUMIpIOE€ MPUCKOPEHHS B3JIOBXK TPHOX OCEH.
[Ipuctpiit 3 akcenepoMeTpoM MOXKe pO3MIIIyBaTUCh HA TpyAHii KimiTHi [13] abo
Ha Tpaxei. 3Me0UThIIIOT0 3aCTOCOBYIOTh OKpEeMi MajiorabapuTHI MPUCTPOI 3 aKce-
JEpOMETPOM, ajle MOXKHA CKOPHCTaTHCh 1 3BHYAHHMMHU cMapT(oHaMu, MpH-
KPIITUBIIH iX J0 CHELiaIbHOTO PECIipaTOPHOTO MOosca.

Aynio- Ta Bizeocuraaau

Jliis poboTH 3 ayIOCUTHATIAMH € JIBa OCHOBHI IT1IXO0/TH.

1) Po3p’sizyBatu 3amavy kinacudikamii mpo HasSBHICTH allHOE 32 PO3MOBHOIO
MOBOIO, OCKIIEKH 3 MOBU MOXXHa BH3HaudaTH Oarato iHQopmaiii, I0 CTOCY€eThCS
cTaTi, BiKy, pUC OCOOMCTOCTI Ta ii 3m0poB’s. Lle¥ miaxim BHKOpHUCTAHO y TpaIli
[14].

2) BusHavyatu HasBHICTh allHOE 3a 3ByKaMy TUXaHHS MiJl Yac CHY, OCKIJIbKH
BOHH PI3HUTHMYTBCS ISl HOPMAJIBHOTO JTMXaHHS Ta JUIs emi3oniB amHoe. Takuit
I IX11 BUKOpUCTaHo y Tipami [15].

MoskHa TaKOX 3aIMCyBaTH 3BYK 1 BiIeO CHY JIFOJMHH, IO A€ 3MOT'Y BHU3HA-
YaTH 1 pyxu TpyAHo1 KIiTKH [16].

OnHi€ro 3 OCHOBHUX IepeBar BUKOPUCTAaHHs ayaAio- Ta BiJIGCOCUTHANIB € Te,
IO BiATIOBiHI ceHcopu (MiKpodoH 1 kKamepa) € Maiike y OyIb-sIKOMy cMapTQOHi,
0 POOWTH BUKOPUCTAHHS 3a3HAYCHUX IMIAXOMIB JOCHTH JOCTyHHHUM. [HIIOIO
BA)XJIMBOIO IIEPEBArOI0 € Te, IO A0 Mali€eHTa He MOTPiIOHO MPUKPIIIISATH JKOJHUX
JOJaTKOBUX TIPUCTPOIB, a OTKeE, 11e He Oy/ie BIUIMBATH Ha COH.

Opona3ajabHuil NOTiK MOBITPS

[HIMM cHUTHAJIOM JUIsi BH3HAYCHHS almHOe MOXKe OYTH KiIBKICTh TMOBITpS, sIKE
HPOXOAUTH Yepe3 JUXalbHI nusixu. s 1mporo HEOOXiJHO OIATaTH CHEUiabHY
MacKy, fIka MICTHTh CEHCOpPH AJISl BUMIPIOBAaHHS KiNBKOCTi 1 THCKY HOBITpSA, IO
NPOXOJUTH Yepe3 POTOBY Ta HOCOBY MOPOXHUHH. TakWid MiAXiJ BUKOPUCTAHO Y
npari [17]. Hemounik Takux ceHCOpPiB — BOHH MOXKYTh 3aBayKaTH CHY OiIbIle HiXk
Ti, II[O OIIMCAHO BUIIIE.

HABOPHU JAHUX

Posrnsaemo HaGopu naHuXx, siki 30MpasuCh JUIS JOCIHIJHKCHHS allHOE YBi CHI Ta
XapaKTePUCTUKU CHTHATIB Y HUX. ATIHOE YBi CHI € JIOCUTh JOCIIKEHUM 3aXBO-
PIOBaHHIM, OJTHAK HAOOPHW MaHUX, SIKI BXKE ICHYIOTh, 9aCTO MICTSITh y cOOl1 TOBOITI
Oararo pi3HHX curHauiB 3 noxicomuorpadii, 3okpema EOG, EMG menenwu, sxi
HEMOJXKJIMBO 3HATH 3 HOCUMHUX MPHUCTPOIB. [ moOymoBu Mojeneit, ki npaitoBa-
au O i3 CHUTHajJaMH 3 HOCHMHUX TIPUCTPOIB, 3alPOIIOHOBAHO OPIEHTYBAaTHUCH HA
curHan ECG i SpO,. OmHak BapToO 3ayBaXKHTH, 1[0 CUTHAIW ToOiicoMHOrpadii €
TaKOX BXKIMBUMHU JUUISL MOOYAOBU SKICHUX MPOCTOPIB O3HAK Ta ajIrOPUTMIB aB-
TOMATHYHOTO BHUJIIJICHHS O3HAK, HABITh KOJM BOHH JOCTYITHI JIMIIE IMiJ Y4ac Tpe-
HYBaHHs, a HE IiJi 4aC BUKOPHUCTAHHSA MOJENi. Taky apXiTeKTypy Momaemi
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3 YMOBHHM 3MIIllyBaHHSIM CHTHAJIIB OMIMCAHO HA MPHUKIAJi 3 IOMEHY BiJlcOaHAII3Y
y mpai [18].

Hwmxde po3rasgaroTees MicTh HA0OPiB JaHUX, IT'SATh 3 SIKAX MICTATHh CUTHAI
ECG, tpu — SpO, curnain, mo J03BOJISE 3aCTOCOBYBATH JaHi 3 HAX MiJ Yac J0-
CIIIDKEHHS.

Sleep Heart Health Study PSG Database

e naiiGinbmmit Habip AaHUX, 10 MicTUTh 9736 curHamiB nosicomuorpadii [19].
VY nochimxenni Opamu ydacts 6441 monuHa. [laHi 3HIManMMCh y ABa IiIXOIM.
V mepmioMy miaxoi orpuMano faHi 6441 moxicomHorpadiit, y apyromy miaxomi
Opanu yuacts 3295 3 HEX.

¥Yci 9736 3anuciB MiCTATh TaKi CUTHAIIH:

o EEG curnan yacrororo 125 I'm;

e EOG curnan yacrororo 50 I';

e EMG curnain meaeny 94actotoro 125 I';

e ECG curnaim, 3H4THI 3 epmioro miaxoxy dacroror 125 I'm; ECG cur-
HaJI, 3HATHH 3 ApyToro migxoxy, — 250 I'm;

e aHoTaIil.

HaGip MicTuTh eTanbHy CTaTHCTHKY TIOIYJISIii, Ha K Oynu 310paHi maHi.
Habip maHWX MICTHTH Il JEKiTbKa CHUTHAJIB, OJHAK HABEICHI CUTHAIH MOXKHA
BUKOPHCTATH I BUBUEHHS €(DEKTHBHHUX MPOCTOPIB O3HAK.

Apnea-ECG Database

Le#i vabip ganmux ans qociikeHHs npobiemu netekiii anHoe [20] mictuts 70
3alKCiB — 35 HaBYaJIbLHHUX, 35 TECTOBUX — JOBXKHHOIO BiJl CEMH J0 JECATH IO-
e KoxeH. Kpim 11010, Habip MICTUTh JETAIBHY CTATUCTHKY TOITYJIAINIT, Ha SKii
Oysu 3i0paHi naHi.

Vi 70 3anuciB MiCTSTh:

e ECG curnai yactororo 100 I'iy;

® AHOTAIIO allHOE;

e apromatudHy QRS anoTaIio.

HaGip mictuts 8 3ammciB SpO, cUrHAIY, a TAaKOXK KUTbKa CHTHANIIB, SIKI HE €
PENeBaHTHUMMU ISl TOCITIKESHHSI.

Sleep-EDF Database Expanded

€ myxe moBHUM HabopoM maHux 3 197 3ammcamu Bin 74 JfOaeH, OqHAK BiH HE
mictuth curaany ECG [21]. VtiM ne#i HaOip TaHUX MOXKHA BUKOPUCTOBYBATH IS
TIOJITIIIICHHS] BUBYCHUX IPOCTOPIB O3HAK.
VYci 197 3amuciB MiCTSITb:

o EEG curnain gactororo 100 I'i;

e EOG curnan yacrororo 100 I'1y;

e EMG menenu yacrororo 100 I'i;

e aHoTamii-MapKepu amHoe yactororo 1 I

HaGip MicTUTh TakoX JeTalbHY CTaTUCTHUKY TMOMYJILil, Ha SKill Oynu
310paHi gaHi.
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St. Vincent’s University Hospital / University College Dublin Sleep Apnea
Database

Mictute 25 3amuciB HiuHOro cHy [22]. Vci 25 3amnuciB MICTATH CHTHAJIA
nosicomHorpadgii — EEG, EOG, EMG, a takoxx ECG i SpO, curaan
3 MyJCOKCUMETpa Ha maibili. [{eit Hablp JaHWUX TAKOXK HAAE TOCUTh JETAIbHY
CTaTUCTHUKY TOITYJISIII1, 3 TKOT OTPUMAaHO CHTHAJIH.

Apnea HRYV Dataset

€ maitHOBimMM — mani Oynu 3i0pani y 2014 p. [23]. Habip mictute 77 3anmciB
Bim 77 moniedl 3 MeTanbHUMHU CTaTHCTHKaMU TOmyJssii. KoxeH 3ammic MiCTHTH
ECG curnan yacrororo 200 I', a takox curianu EEG, EOG, EMG.

MIT-BIH Polysomnographic Database

Mae 18 3ammciB, 1:18—6:30 roqun xoxen [24]. Habip mictuts 18 ECG curnamis 3
amHoe aHoTalli€ero Ta curHagamu nonicomuorpadii — EEG, EOG, EMG mieneny;
it 5 3ammciB € curHan SpO,, OHAK MYJIbCOKCUMETP TYT BUKOPHUCTOBYBABCS Ha
Moulli Byxa. CTATUCTUKY O3HAK MOMYJIAIIT TAKOXK HABEICHO B OMHUCI TAHUX 3 1[hO-
ro Habopy.

METOAU MAILIMHHOI'O HABYAHHSA VIS BUSIBJIEHHSA AITHOE YBI CHI

PosrnsiHeMo METOIM MAIIUHHOTO HABYAHHS, 1[0 3aCTOCOBYBAJIMCS JJIsl BUSIBIICHHS
amHoe yBi cHi. YacTWHA 3 PO3MIITHYTHUX HUXKYE Mpalb CTOCYETHCS 0e3MocepeIHbO
aBTOMATHYHOTO aHAJI3y CHUTHANIB, SKI MOKHA OTPHMATH 3 HOCHMHX CEHCOPIB;
IHII TIparli MIiCTATh OUTBII 3arajlbHUM aHalli3 CUTHAJIB, 32 SKUMHU MOXKHA JliarHO-
CTYBaTH €30/ alHOe YBi CHi, TOOTO TaKWUMH, sIKi KOPHCHI JUIS pPO3YMiHHS JAu-
HaMIiKH TIOB’s13aHUX (Di310JIOTIYHUX TIPOIIECiB, a00 K YISl OTJISAY iHIIAX CUTHAIIB,
K1 MIOTEHIIIHHO MOXXYTh MaTH JiaTHOCTUYHY IiHHICTb.

[pamus [25] He HOKyCYyeEThCS HA BUKOPUCTAHHI CUTHAJIIB, 3a3BHYail JOCTYII-
HuX 3 Hocumux ceHcopiB (ECG, PPG, SpO,). HatoMicTs BUKOPUCTOBYIOTBCS BCi
curHamy PSG. TakuM 4YMHOM, OLIHIOETHCS MOXKIHUBICTH 3aCTOCYBAaHHS METOJIB
MaIIMHHOTO HAaBYaHHS [JIs BCTAHOBIIEHHS MiarHOo3y 3a 3amucamu PSG — mmio
Hapa3l BUKOHYETHCS BiANOBIJHUME EKCIIEPTAMU BPYUHY.

Ie mocmiKeHHs € IIKaBUM 3 TOYKH 30Py BUKOPUCTAHHS MYJIbTUMOAATIBHUX
KOMOIHOBaHUX apXiTeKTyp HelpoHHUX Mepek: CNN 3acTOCOBYIOTHCS TSI MOJE-
JFOBAHHS JIOKAIBHUX MPOCTOPOBO-YACOBUX XapakTepucTUK 30-cekyHIHHX (par-
meHTiB PSG, a oTpuMaHi B pe3yibTaTi 03Haku (penpe3eHTallii) HOTiM HOAaoThCs
Ha BXim RNN, ski MOAEmOITH MOBrOTPUBANI YacOBi 3aliexHOCTI. Po3pobieny
RCNN apxitekTypy nokazaHo Ha puc. 4.

VY pe3ynbTaTti OTpUMaHO piBEeHb TOYHOCTI Kiacu@ikalii, OJU3bKUi 10 JTF0.I-
CHKOTO B TAaKMX KaTETOPIsAX: BU3HAUCHHS CTAlid CHY, alTHOE Ta PyXiB KiHIIBOK. Lle
MOKa3y€e MEePCICKTUBHICTh METOJIB MAITMHHOTO HAaBYaHHS, SKi BPaXOBYIOTh HE-
00po0JIeHI CUTHANN PI3HUX MOJIAILHOCTEH, 8 TAKOXK y ILIIOMY MOXIIUBOCTI aBTO-
MaTH9IHO aHaTI3yBaTH COH Ta AIarHOCTYBATH aITHOE YBi CHI.

Hani po3riasiHeMo TOCHTIKEeHHS, sIKi BAKOPUCTOBYIOTh HENpPsAMi O3HAKH all-
HOE yBIi CHI, 3aITUCaHi 3 HEKOHTaKTHUX CEHCOPIB.
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VY crarti [14] nponoHyeThC MOJIENb NepeAdaYeHHs OOCTPYKTUBHOTO aITHOE
yBi CHI 3a 3alMcaMd MOBH (CITOHTAaHHHUMH Ta 3allHCAaHUMH Yy CITCIliajli30BaHii
MEINYHIH YCTaHOBI).

VY Xoai UBOro IOCIPKEHHSI OTPUMAaHO Pe3yJIbTaTH, 110 BKa3yIOTh Ha edek-
TUBHICTh BUKOPUCTAHHA MOBH K OioMapkepa Il BUSBJICHHS allHOE: JOCSITHYTO
TPR 88% 1 TNR 80%.

BuxopucranHsa 3amucy MOBH OOTPYHTOBYETHCS THM, Mo 10 OSA mpu3Bo-
JSTh aHATOMIYHI Ta (QYHKIIOHATBHI 3MIHH BEPXHIX JUXAIbHUX HUISAXIB, SIKI MO-
JKYTb TIPOSIBIISTHCS ITiJ] 4aC TOBOPIHHSL.

Monenp HaTpeHOBaHO Ha HA0Opi MaHWX, IO MICTAThH 3aIIUCH PO3MOBHU TOP-
TYTaJIbCHKOI0 MOBOIO, 1 LIJIKOM MOJJIHMBO, IO NEPEHECEHHsI Pe3yJIbTaTiB Ha iHIII
MOBH TMOTpeOyBaTMe TIEpETPEHOBYBAHHS a0o0 JOTPEHOBYBAHHSI MOZCII
BiJITIOB1THOFO MOBOIO Yepe3 MOXJIHBI (hoHeTH4YHI 0ocobmuBocTi. BapTo 3a3HaunTH,
110, HE3BKAIOUM Ha BUKOPUCTAHHA KOHTPOJIBHOTO HAOOPY HaHHX (3alicd MOBH
mofielt 6e3 amHoe), BUOIpPKa € HAaJITO MaJIOI0 1 MOKe OyTH yIepeKeHO. biipr
MIEPEKOHJIMBI Pe3yJIbTaTH MOXKHA Oylo O OTpHMAaTH, MOPIBHIOIOYHN 3allICH MOBHU
oHi€T 1 Tiel camoi JIOAWHM 10 Ta Micis BAHUKHEHHS 3aXBOPIOBAaHHS, ajie 30upaH-
HS TaKUX JaHHUX MMOTpeOyBaTUME BEJIMKOI KIJTPKOCTI Yacy Ta y4acTi OLThIIOl KiJib-
KOCTIi Cy0’€KTIB.

VY Hoimii npani [26] Ha OinboMy HaOOpi AaHUX OTPHUMAHO HUXKYY TOY-
HicTb (76,6%), HE3BaXKAIOUU Ha 3aCTOCYBAHHS OUIBII Cy4acHUX MiIXomiB (Moze-
JIIOBAaHHS aKyCTHYHUX MIAMPOCTOPIB, BUBUEHHS pPENpe3eHTAIliil HeHpOHHOI Me-
pexero). OCHOBHHM BHECOK ITi€l TIpalrli — BUKOPHUCTAHHS JOMEHHO-3MarajabHOTO
TpenyBaHHs (domain-adversarial training) s 3MEHIICHHS €(PEeKTy KEepeNn MiH-
JUBOCTI, TaKWX sK Bik a00 BMI martieaTa. YTiM Taki pe3yiabTaTH ITOKa3yIOTh TIEB-
HUIl BIUIMB allHOE YBi CHI Ha rolioc, X04Ya MOTOYHI JOCIHiIPKEHHS HE JIOCATAIOTh
JIOCTATHROI TOYHOCTI /IJIs1 HAIHOI J1arHOCTHKH.

VY mpani [15] TakoX BUKOPHUCTOBYETHCS 3BYKOBHI CUTHAJ, aji¢ TaKWH, KU
MICTUTh 3aliC 3BYKIB (IMXaHHs) 0e3M0CepeHBO MiJ Yac CHY. ABTOPH OTpUMAIH
JOCTAaTHIO TOYHICTh, 00 MOKAa3aTH, IO 32 TAKMM CUTHAJIOM MOXKHA J1arHOCTYyBa-
i OSA 3 MEBHOIO TOYHICTIO: BOHU JOCATIHM TOYHOCTI 92,5% y OinapHill kiacu-
(hikamii 1 88,3% y xmacudikamii 3a cryneneM posnaay CHy (4OTHPH Kilacu). AB-
TOPH 3a3HAYaI0Th, [0 BUKOPHCTOBYBAIU MIKpO(QOH HEBHCOKOI SKOCTI, IO MOXKE
CHPOCTUTH PO3TOPTaHHS TAKOI CHCTEMU MOHITOPUHTY.

[lin wac mocmigKeHHs 3aCTOCOBYBABCS 3aKpUTHH Habip JaHWX, IO POOUTH
BIZITBOPEHHSI PE3yJIbTaTiB HEMOXJIMBHUM 1 YCKIIQIHIOE yIOCKOHAJICHHS 3amporio-
HOBaHOI'0 MeTony. BapTo Bin3HaunTH, 110 Y BIAKPUTOMY JOCTYII HEMA€E KOJHOTO
Ha0Opy JaHuX i3 3amycamMM ayliOoBi3yallbHUX CHTHAJIIB, 3alMCAHMUX IIiJl 4ac CHY.
IMOBIpHO II€ MTOSCHIOETHCS TIIBUIMIECHOI HEOOXIMHICTIO 3aXUCTHUTH TPHUBATHICTD
TIAIIEHTIB TiJ] Yac 3aKiCy TaKUX JaHUX.

Ha BimMiHy Bij momepeaHbOTo JOCTIKEHHS aBTOPH [16] BUKOPHUCTOBYBaIH
HMIMPIIHIA HAOIp JaHUX: BOHU 3allPOIOHYBAIN METOJ JETEKLii Pi3HUX pecIiparop-
HUX TOJi 3a OTIOMOTOI0 Bifeo- Ta ayaio3amucy cruradoi jgronund. Lle mocs-
TaETHCS 33 PaXyHOK ONTHMI3allii mapaMeTpiB MOJIENi JABOX ENICIB (OIUH 3 SIKUX
BU3HAYAE TMO3ULIIO TPYAHOI KIITKU, APYTHHA — YepeBHOT NOpokHUHM). OTprMaHi
O3HaKW KOMOIHYIOTBCS 3 aymioiHdopmariero. I3 pe3ynpTyrodoro Habopy O3HaK
BU3HAYAIOTHCS pecHipaTopHi moii 3a momomoror SVM knacudikatopa.
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ABTopu BuKopHcTanu iH(payepBoHUi ceHcop cucteMu Microsoft Kinect
IUTS OTpUMaHHS 00’eMHOTO Binmeo. SIK 1 iHIII cUcTeMH OE3KOHTAaKTHOI JETEeKIlii
amHoe I1e BUPIIIEHHS Ma€ MepeBaru, OCKUIBKN TPAAMINHHI CUCTEMH TIOJTICOMHO-
rpadii my>ke AOpori 1 BUKOPHUCTOBYIOTh KOHTAaKTHI CEHCOPH, SKi MOXYTH IOTIip-
IITUTH SKICTh CHY.

Pe3ymbraTi excriepuMeHTiB OyJI0 MOPIBHSHO 13 BPYYHY PO3MIYCHUMH JaHU-
MU nosicomHorpadii i orpumano Gim3bKi 10 izeansHux pesyibratu (0,4% noxu6-
ku). OCKIbKM OTpUMaHi pe3ysbTaTH Kpallli 3a oTpuMaHi y mociimkensi [15],
BHJIAETKLCS, IO Bifeo (i OTpMMaHi 3 HHOTO TO3MINT TPyIHOI KIITKH Ta YePEBHOI
MOPOKHUHK) JOJAI0Th KOpUCHHUN curHain. OJHAK BapTO 3a3HAYUTH, IO HE3PO-
3yMIJIO, UM CTiHKHUI JaHW METOJ 10 3MiH Y po3TallyBaHHi kamepu. Jlist 30upan-
HS TaHUX KaMmepy OyJI0 po3TaloBaHO B OJHIN 1 Ti#f caMilf MO3HIIIT; y pa3i po3rop-
TaHHS CHCTEMH, SKIIO KOPHUCTYBadi BCTAHOBIIOBATHMYTh KaMepy BIOMa
CaMOCTIHHO, KYT OTJISIy MalieHTa MOKe OyTH THIIHM.

[lepeiinemMo 10 Orisgy METOMIB, OE3MOCEPEHBO PEIEBAHTHUX MO0 BUKO-
PUCTaHHS CUTHAJIIB, 3alIMCaHUX 3 HOCUMHUX CEHCOPIB.

OcHOBHUM BHECKOM [27] € BUKOpHCTaHHSI MOMEHTaNbHOTO Tynbcy (IHR) sk
€nnHOI 03HAKM I Kiacudikarii amHoe yBi cHI 3a mgomomororo LSTM. V xomi
excniepuMeHTiB oTpumano F1 score = 1,0 Ha Habopi gqanux Apnea-ECG. Lle no-
Ka3ye MEepCHeKTHBH BUKOPUCTAHHS MOMEHTAIBLHOTO MYJbCy SIK CTIHKOI O3HAKH
JUIs IeTeKwii armHoe yBi CHi. [HIIMM LiKaBUM acreKTOM € Te, 10 aBTOPH BUKOPH-
cranmy HaOip ganmx i3 3anmucamMu ECG maIi€eHTiB 3 apUTMI€IO SIK KOHTPOJIbHHMA,
TaKUM YMHOM, HABYMBIIHM MOJENH BIPI3HATH 3MIHU B IYJILCi, IO IPHUTaMaHHI
apuTMii, BiJl BUKJIMKaHUX allHOE yBi CHi.

e mocmimxkeHHS TOKa3ye MEPCHEKTHBHICTh BUKOPHCTaHHS HOCUMHX CEH-
COpIB JUIS IarHOCTHKH aITHOE YBi CHI. YTiM 3aCTOCOBHICTb i€l €TMHOI 03HAKU Ha
JAHUX 3 HOCUMHUX CEHCOpIB MOTPedye MONANBIIOTO JOCHTIHKEHHA. Y IBOMY J0-
CIIKEHHI ITyJIbC BU3HA4aBcs 3a nanuMu ECG, 3anmrcaHnMu B METWYIHIN YCTaHOBI
3a JOIMOMOroI0 AKicHOTO obyagHanHsa. Hocumi ceHcopy (Taki sk GiTHEC-TpeKepn)
MaroTh HabaraTo HIKYY TOYHICTH (MOXKIMBO PI3HY 3aJIEXKHO BiJ| Jiala3oHy 3Ha-
YeHb; CKaXiMo, (iTHeC-TpeKepru MOXYTh OyTH ONTHMI30BaHi JJisl BUCOKHUX 3Ha-
4YeHb MYJIbCY, SIKi CIIOCTEPIraroThes Mif Yac 3aHATh cropToM). Jlo TOro X, Kpim
SIKOCTI amapaTHOro 3a0e3Me4eHHs] TAKMX NPUiajiiB, HA BUMIPIOBAHHS BIUIMBAIOThH
iHIn QaxTopu (HanpWKIaa, HAPYYHUH BUMIPHUK MOXKE HEIIUJIFHO MPHIISTATH 0
3aIr’sICTSI) Ta BHIMAIKOBUH mryM. L[iTkoM MOXIIMBO, IO IJIs 3aCTOCYBaHHS Ma-
IIMHHOTO HaBYaHHS IS BHUSIBIIEHHS allHOE YBi CHI 3a CHTHAJIAaMH 3 HOCHMHUX TIPH-
naniB Oy/le KOPUCHUM 3aCTOCYBaHHS MYJIbTHUMOAAIBHUX CHUTHANIB, YpaxyBaHHS
SIKMX KOMIICHCYBaTHME 3a3HaueHl CUCTEMAaTHYHI OXUOKK Ta BUITAIKOBI IIIyMH.

[pans [28] € e oAHUM TPUKIAZAOM JOCHTIIKEHHS, Y SKOMY BHKOPHUCTOBY-
€THCS JIMIIE OJJHA O3HAKa sl Kiacudikaiii anmHoe yBi CHi. Y HaBEIEHHX EKcIie-
puMmeHnTax BukopuctaHas SpO, mepeBaxkano 3a touHicTio [HR, maroum maiixe
izeanbHi pe3ynbraTH. Bukopucranus xomoOinamii SpO, + IHR mpomosxkye mo-
KpalllyBaTH pe3yJbTaTH. TakuM YHHOM, 3aCTOCOBYIOUH MPUCTPOI, SIKi BUMIPIOIOTh
PPG, MoxHa BUALIUTH OOMJIBI 11l O3HAKH Ta OTPUMATU MPUHHATHY TOYHICTH KJia-
cuikarii.
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[Ile omHUM AOCHiIKEHHSM, Y SIKOMY BHKOPHCTaHO MOXiJHY O3HAKy, OTpH-
Mmany 3 ECG, € [29]. ¥ ui#i npami BukopucToByoThcsi LSTM, 1o HaBYaroThCs Ha
RR inTepBanax (Todto yacoBux iHTepBanax Mix R-xBuwsmu Ha ECG). [Ipu 1po-
My BHKOPHUCTOBYBAJIWCS TOCHUTH KOPOTKI YacOBI BiKHA, PE3yJIbTATH 3 SKHUX arpe-
TYBaJINCS.

HesBaxxaroun Ha BHCOKY TO4HICTH (97,80%), oTpuMaHy Ha HaOOpi HaHUX
Apnea-ECG, BuIa€eThes, 10 HA OUTBIIMX BUOIPKaX MOXKYTh 3HaIOOUTHUCS MOJICIII,
110 BPaXOBYIOTh OLJIbIII JJOBrOCTPOKOBUM KOHTEKCT. Lle MOTEHIIHHO MOXKHA BUKO-
HaTHU 3a JOMOMOro0 apXiTekTyp Tumy Transformer, abo kom6inamii CNN + RNN
(y sxux omHoBuMipHi CNN BHOKpEMIIOIOTH O3HAKH 3 HEBEIMKHX YaCOBUX
BIKOH, 1 TMOCHIJOBHICTh IMX O3HAaK MOTiM 00poOnserbcss RNN) anajoridHo
mpai [25].

[Ipaus [30] € npukiagoM 3acTOCYBaHHS MYJBTUMOAAIBHOIO MAIIMHHOIO
HABYaHHS JJISl aHANi3y CUTHATIB, OTPUMAHHUX 3 HAHOUIBIIOI KUTBKOCTI HOCUMHX
cercopi: ECG, SpO,, curnanu 3 pecriparopHuX peMeHiB. Y Hiil OMUCY€EThCS HO-
Buii miaxim (Branched Fusion Method with Backward Shortcut Connections
(BFM-SC)) no nerekuii arHOe 3a JaHUMH 3 0araTh0X CEHCOPIB, II0 BUKOPUCTO-
By€ 3BOpOTHI 00xiaHi 3’equanns (Backward Shortcut Connections) B apxiTekTypi
HelpoHHOT Mepexi. [Ifo apXiTekTypy moka3aHo Ha puc. 5 (miarpama (2)); y poooTi
TeH TIiIX1T TOPIBHIOETRCS 3 apXiTeKTypamu (a)—(8).

150 X 1 < o 1x1 ' '5;;2
S |
g g X2
a
[ ] 150 x 1 ]
150 % 1 o
s < X1
(=}
— m 131
— 5
150 % 1 < 150 x 1
-

6 2

Puc. 5. Apxitektypu cencopuoro cuntedy [30]: a — Single Input Method (SIM);
6 — Multi Input Method (MIM); ¢ — Branched Fusion Method (BFM); ¢ — Branch
Fusion Method with Backward Shortcut Connection (BFM-SC)

3anpononoBanuii Metox BFM-SC nepeBakae BFM, ockinbku mijg yac Tpe-
HyBaHHSI HEHPOHHOT MepeXi MaKCHUMI3Y€ThCSI BUKOPHCTAHHS ITaHUX 3 KOXKHOTO
CeHCOopa OJHOYACHO, Y Toi yac sik y BFM MoxiuBa cutyaifisi, KOJu OJIUH 3 KaHa-
JiB HaJlaBaTUMe JTOCTATHRO iH(OpMaIlii, a iHIII MaTUMYTh HYJIBOBY Bary.

et migxia, K CTBEPIKYETHCS, Ta€ Kpalli pe3yibTaTH (IepeBipeHo Ha Ha-
0opi nanux Sleep-Heart-Health-Study-1) nopiBHsiHO 3 ABOMA MPOCTIIMMH TTiAXO0-
JIAMH JI0 CEHCOPHOTO CHHTE3Y:
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1) KOHKaTeHaIlisl IEKITbKOX CUTHAJIIB B OJIMH, SIKHI MOJIAETHCS HA BXiJ HEM-
porHoi Mepexi (Multi Input Method, MIM) — wmeTop panHboro cuntedy (early
fusion);

2) ol HeMPOHHOT MeperKi Ha JIBI YaCTHHU, Jie TIepIlla YaCTHHA OTPUMYE Ha
BXiJI CUTHaJIM BiJl CEHCOPIB 1 IOBEPTAE iX perpe3eHTallii, sKi, y CBOIO 4epry, mo-
JIAFOTHCS Ha BXiJ| IPYTild YacTHHI, sika Bxke moBepTae pe3ynbrar (Branched Fusion
Model, BFM) — meton mizaboro cuatesy (late fusion).

Astopamu orpumano AUPR Bix 0,61 go 0,78 3anexHo Bix rpynu NaIiieHTIiB
y Habopi manux Sleep-Heart-Health-Study-1. Ll poboTa € HaiiHOBiImIOW 3 PO3-
TJSTHYTHX 1 MICTHTh HaWKpaIi pe3yiabTaTH; TOMY OadrMo, IO IIi pe3yiIbTaTH Ja-
JieKi Bix ineanbHuX, a HaOip nanux Sleep-Heart-Health-Study-1 Ginbmii i cxiaz-
Himmi s knacudikarii mopiBasaO 3 Apnea-ECG. Ile mokasye, mo mpobiemy
ABTOMAaTUYHOTO BU3HAYCHHS aITHOE YBi CHIi 32 CUTHAJIaM¥ 3 HOCUMHX CEHCOPIB IIIe
HE BHPIIIEHO, 1 IIe OOIPYHTOBYE HEOOXITHICTh MOJANBINNAX JOCTIHKEHD 3 ITOITYKY
e(DEeKTUBHIIINX METOJIIB MAaIIMHHOTO HaBYaHHs, 200 ) METOJIiB X NOEIHAHHS 3
KJIACHIYHUMH METOJaMU 3 Tairy3edl udpoBoro oOpoOIeHHS CUTHAIIB 1 CTaTUC-
THKH.

BinprricTe migxoAiB A0 JETEKIl almHOoe € PeaKTHUBHUMHU: BOHM BHU3HAYAIOTh
€mi30/1 alTHOE Yepe3 JeAKUN Yac Micjs Horo BUHUKHEHHS, a00 HaBITh MiC/s 3aKiH-
yeHHs. Y mparii [31] aBTopu 3acTOCyBalii HEMapaMeTPUIHY CTATUCTUYHY MOJIENb
Dirichlet-Process Mixture-Gaussian-Process (DPMG) it nporsHo3yBaHHsl 4acy,
M0 3aIMIIAETHCA [0 TePeX0Ay 3 HOPMAIILHOTO CTaHy 0 €Mi30/ly 0OCTPYKTHBHOTO
arHoe yBi CHi.

[Tlin wac TectyBaHHS MiAX0My Ha HAOOpi JaHUX, IO MICTHTH JaHi 3 BiJIKPH-
THX JDKEpes, a TaKOX NesKi 3aKpHUTi JaHi, aBTOPY BHSIBHIM HMOBIPHOCTI Ipa-
BUJIBHOTO BU3HAUEHHS NepeadaueHHs anHoe Ha piBHI Bix 61,1% (ynpoaoBx Ha-
CTYIIHUX IT’SITH XBWIKH) 110 83,6% (yIpOoIOBX HACTYITHOI XBWJIMHH).

Ile mocmipKeHHsS KOPHUCHE JiJIi BUBYCHHS JAMHAMIKM BHHUKHEHHS €Ii30]1iB
amHoe, a TaKoX JUIsl MOOYIOBU CHUCTEM, IO JTOTIOMAraroTh MPOBOJUTH MEAHYHI
IHTEPBEHLii 10 BAHUKHEHHS TOCTPUX CUMIITOMIB.

HemmonaBai ycmixu mMozeneit, mo 0a3yroThCsS Ha apXiTeKTypax HEHPOHHHX
MepeX 3 yBarorw Ta apxiTektypi tumy Transformer y pi3HUX ramy3sx MaIlHHHOTO
HaBUYaHHS — TIOYMHAIOYN BiJl OOPOOJICHHS MPUPOTHOT MOBH 1 3aKIHIYIOUH ITepe-
JOAYCHHSAM YacOBHX PSIiB — TO3BOJIIIOTH MPHUITYCTHTH YCITIIIHE 3aCTOCYBaHHS
TaKUX MOJIEJICH IS TpoOJIeMH ACTEKIlii amHoe. YPpaXxoBYIOUN MYJIETUMONATLHY
MPUPOAY HNaHWX JIOCHIDKCHHS, MOYKHA 3aCTOCOBYBATH IIAXIN THITY CYMIII
eKCIIepPTiB TIPOCTOPIB BUBUCHUX O3HAK, SIKI BHKOPHUCTOBYIOTH apXiTEKTYpPy TpaHC-
(hopmMep Ta MeXaHi3M caMOyBard I BUPIMIEeHHS Tpobiemu kinacudikarmii [18], e
eKCIIepTaMH Y PO3TIIAaHOMY BHITAJKy MOXXYTh OyTH MPOCTOPH BHBUEHHX O3HAK
pisaux curHaimiB. Lle#dl migxim Qyke THYYKHI; BiH JO3BOJISIE MPOBOIMTU KJla-
cudiKalio i3 3aCTOCYBaHHSM JIMIIEC THX CUTHAIIB, sIKi JOCTYIHI B KOHKPETHUH
MOMEHT Yacy JJIsi KOHKPETHOTO 3aIlKcy, a He BCi.

Y3araapHEHUH OTJISIT TPOAHAIi30BaHUX METO/IIB HABEICHO B TAOJIHIII.
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V3arajpHEHNUI Ol METO/IIB

JocsmimxeHnst Merta Curnanam BucHoBKkH / pe3yJibTaTH
Busnauenns
cTaiii cuy, Yei curnanm Bnusbkuii 10 110CHKOT0 piBeHb TOYHOCTI
[25] alHoE Ta PyXiB PSG: ECG, ; p ;
o . B pa3i aBTOMaTUIHOTO aHaJi3y
KIHI[IBOK EMG, SaO, Ta in.
3a nanumu PSG
Busznauenns
e(eKTHBHOCTI . MoBa Ma€ TIeBHi 03HaKH, sIKi KOPEITIOIOTh 3
Aynio (3amuc) . RV
[14] BHKOPHUCTAHHS - OSA. TounicTe HegOCTATHSI TSl HATIHHOT
JIFO/ICEKOT MOBH .
3aIicy MOBH SIK JiarHOCTHKH
6iomapkepa OSA
BukopucTaHHs TOMEHHO-3MarajibHOTO
Busnauenns . .
. TpenyBanHs (domain-adversarial
e(eKTHBHOCTI . .
Aynio (3anuc) | training) Uit 3MEHIIEHHS e(EKTy JKepen
[26] BUKOPHUCTAHHS - . . .
JIFOJICbKOT MOBH. MIHJIMBOCTI, TAKHX 5K Bik 200 BMI
JAMHACY MOBH K Hani€HTa, MiIBUILYE TOYHICTh
6iomapkepa OSA ’ yer
knacuikarii
Busnauenns an- .
o Aynio (3ammc .
HOE yBi cHi 3a . 3a 3ByKamH JMXaHHA MiJl 4acy CHY MOXKHa
[15] 3BYKIB JMXaHHS | . .
3ByKaMH TUXaHHS ix wac cEy) niarHoctyBaTi OSA 3 IEBHOK TOYHICTIO
Iij 4ac CHy Y
Jletexuis pisHUX Bucoxka TounicTh Knacuikarii,
pecnipatopHUX Ayio + BiJIIOBIZHO Bizeo (1 OTpUMaHi 3 HbOTO
[16] IOJi# 3a JoIIOMO- Biae})]03annc no3uMii rpyAHOT KIIITKY Ta 4epeBHOI
rolo BifIeo- Ta - MTOPOKHIHU) A0JIa€ KOPHCHHUN CUTHAI
. CIUISTYOT JIIOAMHU .
ayziosamucy (TIOpIBHSIHO 3 BUKOPUCTAHHSM JIHIIIE
CIUISYOI JIIOAMHHU aymio)
Kracudikaris .
b AL [Tynse € inpopmaTuBHOIO
arHoe YBi CHI
[Tynsc, 03HAKOIO JJIsl IeTeKwii anHoe. 3acTo-
monemto LSTM . . .
[27] BHU3HAYCHUH 32 COBHICTh MOJIETIEH,
3a €IMHOI0
OBHAKOIO — ECG [0 BUKOPUCTOBYIOTH JIUIIIE OJHY O3HAKY,
noTpedye MoJanbIINX AOCIIHKEHb
mysnscoM (IHR) pebye non Aocn
Ormsn .
Buxopuctanns SpO, na€ BUCOKY TOUHICTb.
MTOOTMHOKHX M
3actocyBanHs koMm6inanii SpO, + IHR
03HaK, 32 SIKHMHU . .
[28] MOKHA K1 IHR, SpO, ta in. | Hazani nokpairye pedynstatu. [Tokasye
- [EPCHIEKTUBHICTh BUKOPUCTAHHS CEHCOPIB,
cudiKyBaTu .
T o BuMipiolots PPG
amHoe yBi CHI
L1 03HaKa KOpEIIoE 3 arHoe;
Busnauenns an- | RR intepsanu, kyacuikalis 3a HEIO 1a€ BUCOKY
[29] Hoe yBi cHi 3a RR| po3paxoBaHi3 |TOYHICTh. YpaXyBaHHs OLIbII JOBFOCTPO-

iHTepBaJIaMI/I ECG KOBOI'O KOHTEKCTY MOXKE AaTU KpaHIl pe-
3yJbTaTH
Benuka KiIbKICTD ﬂOCHi,H)KeHHH apxiTeKTyp HeﬁpOHHPIX Me-
CI/IFHaJ'IiB, PeXK, 10 HaﬁKpaHIHM YUHOM YpaxXOBYHOTb
PO3pO6JI€HH$I OTPpUMaHUX Myﬂle/IMOZLaJ'lei CUT'HAJIH,
[30] HOBOI'O METOAY 3 HOC?IMI/IX CCH- HepCHEKTI/.IBHi. € IIPpUKIJIaI0M HepeI[OBI/I).(
CCHCOPHOI'O CHUH- COpIB: ECG, PE3yIbpTaTIB, K1 HE JOCATAarOTh TOYHOCTI,

[31]

TEe3y SpO,, curnanu JIOCTAaTHELOI I AKICHOI JiarHOCTHKH,
3 pecipaTOpHUX | BimOBifHO, 3a7a4a kiacuikaii anHoe
peMeHiB yBI CHIi He € MOBHICTIO BUPILIIEHOIO
Bpyuny crBopeHi [Iporuo3yBaHHs anHOE YBi CHI
[Iporno3yBaHHs |03HaKH, Mo 06a3y-| 3a curragoM ECG MoxIMBe 3 MPUKAHST-

arHoe YBIi CHI

oTbcst Ha HRV
(3 ECQG)

HOIO TOYHICTIO 32 OJIHY—TPH XBUJINHU

10 €Mi30/1y arHoe
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BUCHOBKHU

ATHOE YBi CHI € CKJIaJIHUM 3aXBOPIOBaHHSIM, K€ Hapa3l HEJOCTaTHBO IiarHOCTO-
BaHE Yepe3 CKIIATHOCTI OTPUMAaHHS aHaIIi3iB MaimieHTa. Y poOOTi po3TIITHYTO Mij-
XOIM A1arHOCTYBaHHS alHOE yBi CHi 3a JOMOMOTOIO CHTHAJiB 3 HOCUMHUX CEHCO-
piB y JOMAITHIX YMOBaX, a TAKOK HasBHI HAOOPH MaHUX, SIKi MOKHA BUKOPHUCTATH
Ui TOOYIOBH 1 TeCTyBaHHs pO3poOJIeHNX Mojenel Ta anroputmiB. Onucani Me-
toam (TSt Kiacudikarii, Jokami3alii Ta IporHo3yBaHHs altHOE YBi CHIi) Ta Habopu
JaHUX JO3BOJIAIOTH OYIKYBaTH, LIO AETEKIis alHOe 3a JOTIOMOIOI0 CHTHAJliB 3
HOCHUMHX CEHCOPIB MOKJIMBA 1 JaCTh 3MOTY IIarHOCTYyBaTH XBOPOOY Yy BEIHKOI
KIJIBKOCTI JIIOJIEH, IO YMOXKIIMBHUTD X JIKyBaHHs Ta IOJIMIICHHS PIBHS YKUTTS.
Ormsan  omyONMiKOBaHWX METOIB TIOKasye, IO TEPCIEKTHBHUM HAIpPSIMOM
JOCHIDKEHHST € PO3pOOJIeHHA CKIAAHIIIMX MOJeNel MAlIMHHOTO HaBYaHHSI, SIKi
e(eKTHBHIIIe BUKOPUCTOBYIOTh MYJIbTUMOJATbHI CUTHAJIH.
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MACHINE LEARNING FOR DIAGNOSIS AND MONITORING OF SLEEP
APNEA / D.A. Tkachenko, I.V. Krush, V.G. Mykhalko, A.I. Petrenko

Abstract. This paper contains a review and analysis of applications of modern ma-
chine learning approaches to solve sleep apnea severity level detection by localiza-
tion of apnea episodes and prediction of the subsequent apnea episodes. We demon-
strate that signals provided by cheap wearable devices can be used to solve typical
tasks of sleep apnea detection. We review major publicly available datasets that can
be used for training respective deep learning models, and we analyze the usage op-
tions of these datasets. In particular, we prove that deep learning could improve the
accuracy of sleep apnea classification, sleep apnea localization, and sleep apnea pre-
diction, especially using more complex models with multimodal data from several
sensors.

Keywords: monitoring, respiratory illnesses, deep learning, polysomnography,
sleep apnea, CNN.

MAIINMHHOE OBYYEHHUE IMTPU TUATHOCTUPOBAHNU 1 MOHUTOPUHI'E
COHHOTI'O AITHO?3 / I.A. Txauyenko, U.B. Kpymr, B.I'. Muxansko, A.U. [Tetpenko

AHHOTauusA. PaccMOTpeHO M NpPOAHAIM3MPOBAHO HCIOIb30BAaHUE COBPEMEHHBIX
HOJXOZ0B MAIIMHHOTO OOYYeHHs Ul PEIICHHS 3a[a4 ONPEACIICHHUS YPOBHS CIOXK-
HOCTH aIlHO? BO CHE ITyTEM JIOKAJIM3alUK SIH3010B allHO? BO BPEMEHH U HpeJcKa-
3aHHY TIOCIIEYIOMINX AIU30/10B armHod. [IpoIeMOHCTPUPOBAHO, YTO C IIOMOIIBIO CHT-
HAJIOB OT JOCTYIHBIX IIOPTATUBHBIX CEHCOPOB MOKHO C OTHOCHTEIIEHO BBICOKOH
TOYHOCTBIO pellaTh TUIIMYHBIE 3aJa4d Ul ONPEJeNICHHUs] allHOY BO CHE, a TaKXke
paccMOTPEHBI OCHOBHBIE IyOJIMYHBIE HAOOPH! TAHHBIX JUISl TPEHHPOBKH COOTBETCT-
BYIOIIMX MOJeNeil IIyOUHHOTO 00y4YeHHS M BapHUaHThl UX BO3MOXKHOT'O HCHOJIb30-
BaHUA. B yacTHOCTH, J0Ka3aHO, YTO MCIOJIB30BAHHE INIyOMHHOIO OOYUYECHHS MOXET
HOBBICUTh TOYHOCTh KJIACCH(HKALMK, JOKANTU3ALMH U NPEICKa3aHHus alHO0d, 0CO-
OCHHO C MOMOIIBIO HCIIOIB30BAaHMS 00JIEe CIOKHBIX MOJENEei TIIyOMHHOTO 00yde-
HHS C y4ETOM MYJIbTHMOJIATBHBIX JaHHBIX H3 HECKOJIBKHAX CEHCOPOB.

Ki1roueBble c10Ba: MOHHUTOPHHT, peCIUpaTOpHbIE 3a00sIeBaHUs, TITyOMHHOE 00yde-
HHe, ojrucoMHorpadusi, connoe anuod, CNN.

58 ISSN 1681-6048 System Research & Information Technologies, 2020, Ne 4



OPIEHTOBAHI KOMITHOTEPHI CUCTEMU

NMPOBJIEMHO | ®YHKUIOHAJIbHO
@r
TA MEPEXI

YK 004.021
DOI: 10.20535/SRIT.2308-8893.2020.4.05

BUKOPUCTAHHSA MEJITAHU KEMEHI B AJIT'OPUTMI
®OPMYBAHHS PEKOMEHJIAIIIA

0.C. ’KYPAKOBCBKA, L.I0. KOUYBEHN

AHOTamisi. PO3risHyTO akTyanabHE MUTAHHS PO3POOJICHHS aJrOPUTMIYHOTO 3a0e3-
NeYeHHs] peKOMEeHIAlifHUX crucTeM. PoOOTy NpUCBsIYEHO BUPIIICHHIO Ipo0IeMu
(dhopmyBaHHs PEKOMEHAALH 11 HOBUX KOPUCTYBadiB, B OCHOBI SIKOTO JIe)KaTh iei
Mepexo/y BiZl MATPUI «KOPUCTYBau—IpeaMeT» 0 PaHKyBaHb HpeaMmeTiB Ta dop-
MYBaHHs peKOMEHJaNil I KOPUCTyBada aKTUBHOTO KJIaCcTepa Ha OCHOBI MOOYIOBH
PE3YIABTYIOUOTO paHKyBaHHS, IO sBJsiE cOO0r0 MeaiaHy KemeHi Ha MHOXKHHI paH-
»KyBaHb. OOrpyHTOBaHO BHOip Meniann KeMeHi sk pe3yibTyI09oro paHXyBaHHS, a
TakoX BUOIp anroputMy ii moOynoBu. J[js 3MEHIIEHHs CKIIQIHOCTI OOYHCIIEHb 3a-
NPOIIOHOBAHO 3JiCHIOBAaTH arperairo iHdopManii Ta BUKOPHCTOBYBATH IiJ 4ac
(opMyBaHHSI peKOMeHIalii pamKyBaHHs, [OOYIOBaHi IS MHOXHHH «y3arajbHe-
HHUX EKCIIEpPTIiB» Ui JaHoro kiactepa. JociipkeHo epeKTHBHICT po3pobiieHOro
QITOPUTMIYHOTO 3a0€3MCUEHHs, HABEJEHO PE3YJIbTaT! Ta PeKOMEHAALLI.

KurouoBi ciioBa: pexoMeHpaliiiHa cuCTeMa, Y3ro[HKEeHe KOJIEKTHBHE PAaHKyBaHHS,
meniana Kemeni.

BCTYII

VY 3B’513Ky 3 NOLIMPEHHSIM Ta PO3BUTKOM €JIEKTPOHHOI KOMEpLii, 3yMOBJIEHOI pO3-
BUTKOM BCECBITHROI Mepexi [HTepHeT, akTyalbHO MocTana mpodieMa po3poo-
JICHHS METOJIIB MOOYIOBH PEKOMEHIAIIIMHUX CHCTEM JUIS 3aBIaHb €JICKTPOHHOL
KOMEPIIii, METOIO SIKMX € TIBUIICHHS JIOSUIFHOCTI KOPUCTYBaUiB cy0’€KTa eleKT-
POHHOI KOMepIIii Ta MakcUMallbHe 3a0e3redeHHs moTped KopuctyBadiB. OHi€0
3 HaOLIbII MOLIMPEHUX Yy CBITI MOAeNel eJIeKTPOHHOI KoMeplii € Moxenb 0i3-
Hec—crnoxkuBad (Business—to—Consumer, B2C), no sikoi Hanexarp Taki cy0’ €KTH
€JICKTPOHHOI KOMEPpIIii, K IHTepHET-Mara3uHH, €JICKTPOHHI JOIIKH OTOJIONICHD
TOIIIO, SIKI MaIOTh CBOI peKOMEH/IalliitHi cuctemu [1].

AHai3 cy4acHOro CTaHy METOJiB MOOYA0BH PEKOMEHIAUIHHIX CHCTEM IO-
kazye [2], [3], m0 aKkTyalpHOIO 3aMuIIacThes TpodiemMa GOpMyBaHHS PEKOMCH-
Jaiii i HOBUX KOPHUCTYBaYiB, OCOOJIMBO JAJIs1 HOBUX PEKOMEHIANINHUX CHCTEM
3 OMSAy Ha BEIMKY PO3MIPHICTH Ta pPO3PIIKEHICTh MaTpHLi «IpeaIMeT—
KOpHUCTyBaw». KpiMm 110T0, 3yMOBJIeHEe 301IBIICHHSIM KiJTbKOCTI KOPHCTYBadiB Ta
NPEAMETIB 3HAYHE 3POCTAHHS PO3MIPHOCTI PEHTHHTOBOI MATPHUI «KOPUCTYBad—
OpeaMET», Y CBOIO Yepry, BIUIMBAE HA iICTOTHE YCKIIaJHEHHS OOYUCIICHb.

© O.C. XKypaxoscvka, 1.1O. Kouybeil, 2020
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3a3Buuail pekoMeHaauii 4acTo GOPMYIOTECS 13 3aCTOCYBaHHSIM METOJIB KO-
nabopatuBHOI QiNbTpallii, acoliaTHBHUX NpaBuiI [4, 5, 6].

VY Bumaaxky ¢opMyBaHHS pEKOMEHJALIM IUIi HOBOTO KOPHCTyBada MOKHA
abo crovaTKy MpOrHO3yBAaTH MOYATKOBE HAOMMKEHHS MPOQ1iIiB OLiHOK, abo chop-
MyBaTH PEeKOMEHAIii, BUKOPUCTOBYIOUH y3araJIbHCHUHA MPOQiah OIIHOK KOPHC-
TyBa4iB aKTUBHOTO KiacTepa. Jis peamizamii 1100 miaxomay HeoOXiTHO BUKOHA-
TH TIEpeXill BiJ MaTpHIi «KOPHCTYBau—TIpeJMET» JO PaH)KyBaHb INPEIMETIB i
nepeiTn 10 MoOyAOBH Y3TOKEHOTO KOJEKTUBHOTO PaHXXyBaHHS Ha MHOXXHHI
KOPUCTYBauiB aKTUBHOI'O KjacTepa. 3 OISy Ha JOCTaTHbO BEIIMKY KUIBKICTh
KOPHUCTYBadiB Ta MPEIMETIB, Ha SIKi IIOBUHHI OYTH OPi€EHTOBaHI CYyJacHI peKOMCH-
JaIiiHi cCHCTeMH (HAPpUKIIA, KITbKICTh KOPHCTYBaUdiB MOXE JISKATH B IHTEPBAITI
10°-10, xinbkicts mpeameris — 10°~10° [7, 8]), akTyalnbHOK 3aJIHIIAETHCS Ta-
KOXX arperaiisi BAKOPHCTOBYBaHO1 iHQopMaIil Ta MiABUIEHHS IBHIKOII airo-
PUTMIYHOTO 1 IPOTPaMHOTO 3a0€3IEUCHHSI SIK OCHOBU PEKOMEHAAIIITHOT CHCTEMU.

INOCTAHOBKA 3AJIAYI

€ MHOXXMHA KOPHUCTYBadiB CHUCTEMH, SKa B Pe3yJIbTaTi MOMEPEIHBOTO eTaIry Kiac-
Tepu3alii po30uTa Ha MHOXKHUHY KJIaCTEPiB 3a IEBHIUMHU MapaMeTpaMu KOPUCTYBa-
giB [9, 10]. JInsg icHyIOUMX KOPHCTYBadiB Ha OCHOBI BHUCTAaBJICHUX HUMH OIIHOK
npeaMeTiB ¢(hOpMOBAHO MATPHIIO «KOPUCTYBad—TIpenmeT». Posrisnaerbes 3ama-
4ya QopMyBaHHS pPEeKOMEHIAlil IJisi HOBOTO KOPHCTYBada aKTMBHOTO KjacTepa
y BUTJIAI paHXKyBaHHS Ha MHOKHHI TIpEeIMETIB Ha OCHOBI iH(opMarii mpo orri-
HIOBaHHS NPEJMETIB KOPUCTYBAYaMH IILOTO KJIacTepa.

Po3B’s13aHHs mocTaBieHOi 3amadi Moke OyTH peari3oBaHe BUKOHAHHSM Ta-
KHX €TalliB;

e 10o0yayBaTH PO30UTTS HAa MHOXHHI KOPHCTYBadiB aKTHBHOTO KiacTepa
Ut arperaiii iHdopMariii mpo rmepeBaru KOpUCTyBadiB;

® I KOKHOI MiJIMHOKMHU KOPHCTYBadiB 3 TOOY/IOBAHOTO Ha TOIEpe-
THBOMY eTami po30uTTs chOpMyBaTH PaHKyBaHHS Ha MHOXKHHI IIPEIMETIB, SKE
mig yac (pOpMyBaHHS PEKOMEHJAIlii OyJle BPaXOBYBaTUCh SIK PAHXKYBAHHS «y3a-
TaJIbHEHOTO €KCIepTay, IKUH € TMPeCTaBHUKOM BKa3aHOI MiIMHOXIHHHA KOPUCTY-
BadyiB;

® ISl MHOXKWHH PaH)KyBaHb, OTPHMAaHOI Ha MOTIEPETHOMY €Talli, ChOpMyBaTH
pe3yJbTyIOue PaHXKyBaHHS, SIKE BUPa)XKa€ KOJCKTUBHY IYyMKY «y3arajlbHEHUX
EKCIIepPTiB» 1 MOXke OyTH BUKOPHCTAHE SIK PEKOMEH/IAIII1 V1T HOBOTO KOPHCTYBaya.

YBenemo psj o3HaueHb:

ro= (Al-1 Ay 4 ) — paH)XyBaHHS Ha MHOXHHI aJIbTepHaTuB 4 = {4;},

i=1,n, 11 SIKOTO BUKOHYETHCS YMOBA! Vj:l,_n,szl,_n|j<k: A,-j >A,-k , Je

1 j HOMCP aJIbTCPHATHUBY, 11O B PAHXKYBaHHI1 #; 3aUMa€ MO3UIIIO j; PAHXXYBAaHHIO 7;

BIATIOBIZIA€ BIJHOIICHHS, 3a/1aHe MarTpulero P =( p;-k) , j= I,_n, k= I,_n , e
1, saxmo A > Ay,
Pk =10, saxmo A;~ 4, (D)

-1, sxmo Aj < 4;;
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d(r ,r,) — BIICTAHb MK IOBUTBHUMH PAHXKYBaHHAMHU 7] 1 75

1 3 1 2 1 2
d(n, ”2)25 )y ‘pij _Pif‘:Z‘Pif - Pjj|> ()
i,j=1 i<j
d ax — MAKCHMAaJIbHO MOXKJIMBA B1ICTaHb MK PaH)KyBaHHSAMM:
gy = max d(r;, rj) = n(n=1)., 3)

LJ

JIe 1 — KUTBKICTh aJbTePHATHB;
d,

BayiB MHOXUHU M:

— CyMapHa BiJICTaHb MK PaH)KyBaHHSIM 7 1 paH)KyBaHHSIMH KOPHUCTY-

d, =§:d(r,r[), “

i=1

ne d(r,r;) — BiACTaHb MiX PaHXKYBAHHSAMH 7 1 F;, BU3HAYA€ETHCS 32 HOpMy-
no1o (2).

OTxe, HaBeIeMO MaTeMaTHYHY [TOCTAaHOBKY 3a/adi.

3amaHo MHOXUHY M — KOpHCTyBadiB aKTUBHOTO KJlacTepa, m = |M | — Ki-
JbKICTh KOPUCTYBauiB, 4 = {4;}, i =1,n — MHOXUHY alIbTepHATUB (IPEIMETIB) 1
MaTpHLIO «KopucTyBau—nipeame™ T =(t;), i=1,m, j=1n, ne f; — ouinka
KOpHUCTyBaueM i anbTepHaTHBH j. KoxxHoMy KopucTyBauy k € M BinnoBifae Bek-
TOP OLIHOK aJbTePHATUB Vi = ({41,525, 11, ) . HeoOXinHO:

1) 3a MHOKMHOIO BEKTOpPIB OLIHOK {V;}, i =1,m chopMyBaTH MHOXXUHY pa-
H)XYBaHb {7;}, i =1,m Ha MHOXUHI A IJIs1 BCIX KOPUCTYBa4iB MHOXKUHHU M,

2) BU3HAUUTH Y3TODKEHE KOJIEKTHBHE PaH)KyBaHH:], PO3TAIIOBAHE HAa MiHi-
MaJpHIM cyMapHil BiZICTaHi BiJl paH)XyBaHb JIJIsi BCIX KOPHCTYBadiB MHOXH-
HU M:

m
* .
r-=argmin . d(r,r;), (5
reQQ =1
ne ) — MHOXXHHA BCIX MOMJIMBHX PaH)XXKyBaHb HA MHOXUHI 4; d(r,r;) — Bia-

CTaHb MK PaH)KyBaHHSIMH 7 1 7;, BU3HaYa€eThcs 3a GopMyIioro (2).

OBI'PYHTYBAHHA METOJY PO3B’A3AHHA 3AJAYI

Bu6ip mexiannoro pamxkyBanHsl. /{7 MOMIyKy TpynoBOTr0 KOHCEHCYCHOTO paH-
JKYBaHHsI CTAaBUTHCS 3ajjaya 3HaXO/PKEHHsI paH)KyBaHHSI, ke 0yJ0 0 HaHOIKINM
J0 BCiX iHAWBIAyaJbHUX PaH)XKyBaHb 3a JAESKOI0 BBEIEHOIO MIpOr0 BiacTaHi. Y
BUTA/IKY, KOJH PO3B’SI30K TaKOi 3a7a4i BU3HAYAETHCS CITIBBITHOMIEHHSM (5), BiH €
Memianoro Kemeni [11, 12]. Ockinbku Memiana KeMeHi BBaKa€ThCS OTHIM 3 Hawi-
OUTBIII KOPEKTHHUX PEe3yJbTYIOUHX PaH)KyBaHb, 00 BOHA 3aJ0BOJILHSE YMOBH 2—5
[11] y3romxenoro konekTuBHOT0 Bubopy Eppoy (To06T0 yMOBH yHiBepcalbHOCTI
MHOXHHH JIOMYCTUMHX BiJHOIIICHb, MOHOTOHHOCTI, HCHAB I3yBAHOCTI Ta BIJICYT-
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HOCTI JMKTaTopa), a TakoX 3al0BOJIbHsE mpuHImI BrOopy KoHpopce, He mpu-
3BoAsuM 0 napanokcy Konmopcee [11], mponoHyeThcst Ha TPETHOMY €Talli 3ampo-
MMOHOBAHOI BUINE CXeMH (ITOOYA0BH KOHCEHCYCHOTO ME[iaHHOTO PaH)KyBaHHS) SIK
PE3YJIBTYIOUOro paHXyBaHHs OyayBaTh Meiany Kemewi.

3anaua 3HaXOIKEHHS MelliaHu KeMeHi € BayKKOpo3B’s3yBaHOIO KOMOiHATOP-
HOIO 3371a4elo 1 HaJeKuTh 10 kiacy NP-noBHux 3amaud [13, 14, 15, 16]. IcHye psin
AJITOPUTMIB PO3B’s3aHHS Ii€l 3a/1adi, sIKi 0a3yIOThCS Ha METOJI TiJIOK 1 MeX, abo
HaJeXaTh J10 HaOJMIKEHUX Ta EBPUCTUYHUX ajaroputmis [11, 16, 17, 18, 19].

OCKUTBKH HEOOX1THOIO YMOBOIO ISl JITOPUTMY PO3B’S3aHHS TOCTaBICHOT
3aja4i € MOXKJIMBICTh PO3B’sI3aHHS 33734 BEIMKUX PO3MIPHOCTEH B peKUMI pea-
JHHOTO Yacy, B 3allPOIIOHOBAHOMY alTOpUTMi (OpMyBaHHS PEKOMEHIAIIN Ha
eTarti moOyJJOBH PE3yJIbTYIOUOTO PaH)KyBaHHS BUKOPUCTAHO €BPHCTHYHHIA airo-
puT™, HaBeAeHud y mpani [11]. B anroputmi mjis momyky pe3yibTyIOdoro paH-
JKyBaHHS 32 KPUTEpieEM MiHIMi3amii cyMapHOi BifCTaHi 1O paHXyBaHb MHOKHHH
KopucTyBauiB M HeoOXinHO cdopmyBaTH MaTpuuio BTpar R=(r;), i=ln,

j=1,n, eeMeHTH IKOi BU3HAYAOThCS CIIiBBIIHOIICHHSIM
m
r[j:zd[j(r:rk)a (6)
k=1

0, sxmo pilj‘. =1,
e dl-i (r,r;)=1 1, axmo PiI;' =0, pl-];- — eJIeMEHT MAaTpHIli BiJIHOIIEHHS, IO Bi-
k
2, IKIITO pij = -1,

JTOBiJa€ PaHXKYBaHHIO 73 , BU3HaYaeThes 3a hopmyioro (1).

Toni s MOBITEHOTO paHXXyBaHHS » CyMapHa BiJICTAHb JO BCIX paH)KyBaHb
KOpUCTYBauiB MHOXKUHU M (4) Moke OyTH BH3HA4YEHA 32 MATPUIICIO BTPAT:

non
dr:ZZ’”z/PU»

i=1 j=1
Jle r; — CIEMEHT Matpuui BIpar (6); p; — CIEMEHT MATPULIl BIIHOLICHHS, L0

BiZITOBia€e pamxyBaHHIO 7 (1).

OuinoBaHHS OTPUMYBAHHX PO3B’A3KiB. J[OCTIKYIOUN pOOOTY alrOpHT-
My TIOOYZIOBH MEIIiaHHOTO PaH)KyBaHHS JUIA 3a/1a4 BEJIUKOI PO3MipHOCTI, JOIiJIb-
HO OLIHUTH:

e BIIXWJICHHS 3HAUCHHS KpUTEpito (4) Amst po3B’ 3Ky 3axadi (5), oTpuMaHo-
ro Ha MHOXUHI PaH)KyBaHb «y3araJlbHEHUX CKCIEPTIB» (SKi OTPUMAaHO B PE3yJib-
TaTi arperauii iHpopmarii mig yac po30UTTss MHOXHHM M Ha TiJMHOXHHU) BiJl
3HAYEHHSI IbOTO KPUTEPIiIO ISl pO3B’ 3Ky, OTPUMAHOTO HA MHOXXWHI paH)KyBaHb
yCIX KOPUCTYBadiB 3 MHOXHHHM M. 3HA4YCHHS BIIXWJICHHS JIO3BOJIUTH OL[IHUTHU
TOTIUTBHICTH arperartii iHpopMarllii B Mekax MiJIMHOXHH PO3OUTTS, a TAKOXK OITi-
HUTHU KIJTbKICTh TAKUX I IMHOKHH;

® BiJHOCHY BIJCTaHb MiX BKa3aHUMHU PaH)XyBaHHSIMH, BHKOPHCTOBYHOYU
Mipy (2) 1 3HaYeHHS MaKCUMAalIbHO MOXIIHBOI BigcraHi (3). Lle mo3BonuTh omiHu-
TH CXOXICTh PO3B’SI3KiB;

® BIIXWICHHS 3HAYCHHS KpUTepiro (4) A1 po3B’s3Ky 3amadi (5), OTpruMaHo-
ro Ha MHOXHHI paH)XyBaHb «y3arallbHEHUX EKCIIePTiB» Bill 3HAYCHHS HIKHBOT
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TpaHMLi KpUTepito (4), siKka BU3HAYAETHCA 32 MaTpuieto BTpar [11] Takum cmiB-
BI/THOILIEHHAM:

m n-=1 n
S d(r.r) S Hygg= 3, S min{ryr ™
i=1

i=1 j=i+l

JOCJIIKEHHSA

Omnuc aaropurmy (opMyBaHHS peKOMeH/AaIiii HOBOMY KOPUCTYBa4dy
HA OCHOBi MOOY/10BM KOJIEKTUBHOI0 PAHKYBAHHA
Ha Bxig anroputmy nojaerbcest iHpopMaIis:

e M — MHOXXWHA KOPUCTYBaTiB KiacTepa (m = |M | );

o A={4;}, i=1,n — MHOXHHA aJbTEPHATHB;

o T=(t),i= Lm, j=1,n — MaTpuIs «KOPHUCTyBau—TIPEIMETY;

® f — KiJBKICTP MIJIMHOKUH, Ha SIKi PO30MBAETHCSI MHOKUHA KOPHUCTYBAYiB
M 3 MeTor0 arperaiii JaHUX 3a KOpUCTyBauaMH. Bu3HauaeThCs 3a pe3ynbTaTaMu
MIPOBEICHOTO AOCTIIKCHHS.

Kpoxk 1. [ToOynyBati Ha MHOXHMHI KopucTyBauiB M po3outrs M ={M;},
i=1k, ne k — KiNbKiCTh MIAMHOXHH, 10 BU3HAYAETHCS KUTBKICTIO KOPUCTYBa-
4iB y KOXKHIH M AMHOXXUHI pO3OUTTS.

Kpox 2. [Insa xoxHoi minmMHoxunu M;, i=1,k, cpopmyBatu BexkTop MY,

y3araJlbHeHHUX OIIHOK K CepelHe apu(pMeTHIHEe OI[iHOK KOPUCTYBAYiB JaHOI Mij-
MHO>KHHH.

Kpox 3. YropsnkyBatu ansTepHATHBH MHOKHAHU A4 3a CIIATaHHAM X OI[IHOK
y BekTopax MY, 1 3a UMM yHOpAOKYBaHHSIM CQOpPMyBaTH paHXyBaHHI MR;,

i=1k, Ha KOKHIH TigMHOKHHI M ;. Ilo3dHAaUMMO OTpUMaHy MHOXHHY PaHXKYy-
Banb MR = {MR}, i=1k .

Kpox 4. [lii1 xoxHOro pamxysanus MR;,i =1,_k noOyayBaTH MaTPHULIO Bi-
nHoweHHst MP, 3a popmyroro (1).

Kpoxk 5. Ha ocnosi marpuns MP,, i=Lk noOyayBaTH BiTHOIIEHHS MP"

JUTSL Y3TOJKEHOT'O KOJIEKTHBHOTO PAHXKYBaHHS 3a JIOTIOMOTOI0 €BPUCTUYHOTO -
roputMmy nodyaoBu Meaianu KemeHi.

. . *
Kpox 6. Ha ocHoBi BinmHOmeHnHss MP cdopMyBaTu paHKyBaHHS Ha MHO-
JKHHI QIbTEPHATUB A, 1110 € PEKOMEH/IAIIEI0 I HOBOI'O KOPUCTyBaya KiacTepa.

HocainzkenHs eeKTHBHOCTI AJITOPUTMY (POPMYBaHHS peKOMeHAaNil 11
HOBOT'0 KOPUCTYBa4ya Ha 0CHOBI momyky meaianu Kemeni

YBenemMo no3HaYeHHS:
— anroput™ AE — eBpUCTUYHUHN anropuT™ nodyaoBu meaianu Kemeni [11];

— Mr = Mr={r;}, i=1,m — MHOXHMHAa PaHXyBaHb yCiX KOPHCTyBadiB
MHOKHHU M,
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— rl — wmeniana KemeHi, 3HaiiieHa anropuTMoM AE Ha MHOXXHHI paHXKY-
BaHb Mr ;

— r2 — wmepniana KewmeHi, 3HaiiieHa anroputMoM AE Ha MHOXHHI paHXy-
BaHb MR,

— H;, — HWXHE TpaHUYHE 3HAYCHHS KpuTepito (4), 3HaiiieHe 3a CIiBBil-
HOIIeHHM (7).

— d,; — 3Ha4yeHHs KpuTepito (4) mis paHxyBaHHsA r1, oOuucieHe Ha MHO-
KuHl Mr

— d,, — 3HaueHHA KpuTepito (4) Ans paHXKyBaHHA 72, oO4HCIeHE HA MHO-
KuHl Mr ;

[IpoBexemo nociimKeHHS:

— e(peKTHBHOCTI anropuTMy AE 111 3HaXOMKEHHS PO3B’SI3Ky Ha MHOXKHHI MR;

— OLIHIOBAaHHS KiJIBKOCTI KOPUCTYBauiB y KOXHiN miamMHoxkuHi M;, i=1k,
sika 3a0e3rnedye HaWOUIBII BiANOBIHE CHIBBITHOIICHHS MIBUAKOIII alrOpUTMY i
TOYHOCTI Pe3yJbTaTIB.

s oniHtoBaHHS eheKTHBHOCTI arperarii iH(opmarii (BUKOpHCTaHHS Mif-
MHOXHUH M, nis GpopMyBaHHS paHXKyBaHb JUIsl «y3arajlbHEHHX €KCIEPTIB» Yy I10-
OyIIOBi pe3yNbTYIOUOTO paHXKyBaHHs) OyaeMo TOpiBHIOBATH mporec GopMyBaHHS
pamKyBaHHS 72 Ha MHOXHHI MR Ta ¢opMyBaHHS pamKyBaHHS |l Ha MHOXHHI
Mr 3a mBHIKOAi€0 Ta HAOMIKEHICTIO pe3ynbTaTiB. OTKe, A OIIHIOBaHHS
e(eKTHBHOCTI PO3POOJICHOTO ANTOPUTMY BBEAEMO TaKi KpUTepii:

1) gac pobotu anroputmy AE Ha MHOXWHI MR;

2) BiTHOMICHHS Yacy poOOTH alroputMy AE 1 TOOYIOBH paH)KyBaHHD 1
172;

3) BigXuieHHs 3HaueHb KpuUTepiiB d,; 1 d,,, 00UMCICHUX Ha MHOXUHI Mr
IUTS paHXyBaHHB r1 1 72 BiIMOBiNHO:

d,—d
7 = M -100; (7)
drl
BIIXWJICHHS 3Ha4eHHS KpuTepito d,, Big H ., :
0= | er _Hmin| 100 :
min
BiJTHOCHA BiZICTaHb MK pamKyBaHHsIMH 7l 1 72:
P= da(rl, r2) 100, (8)
max
ne d(rl,r2) — Bigcranb MiX pamxyBaHHAMHU 71 1 72 (2); d,, — Makcuma-

JFHO MOJKJIMBA BiJICTAaHbh MiXK paHXXyBaHHSAMHU (3).
Hampuknaz, BigHOCHA BificTaHh MiX JBOMa pamxyBaHHsaMH (2,3,1) 1 (1,2,3)
3a hopmyiioto (8) mopisHioBatume P =(2/3)-100 ~67% .

OOrpyHTYBaHHA PO3MIPHOCTI 3a1a4i i Yac MpoBeAeHHS T0Ci/IKeHb

AHaui3 iCHyI0OUYnX pEKOMEHIAIIHIX CUCTEM ITOKa3aB [§], 110 KUTbKICTh KOPHUCTY-
BauiB MOsKe 3MiHIOBATHCH y ianasoni 10°~107, a KiTbKicTh KOpHCTYBAUiB y Kiac-
Tepi — y Aiama3oHi 10°-10*. OTxe, BUKOHAEMO TOCIIDKSHHS JUTSl KUTBKICTI KO-
puctyBauiB y knactepi m = 3200, 110 BiINOBiga€ pealbHUM JaHUM.
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Omnuc 33724 J0CTiIKeHHA

OpnHa 3 CHOBHMX 337124 JIOCHIJUKEHHS] — 11€ BU3HAUCHHS PO3MIpY MIIAMHOXUH M

PO30UTTSI MHOKUHU M IJIs 3aCTOCYBaHHS anroputMy AE Ha mHOXUHI MR. HeoO-
XiIHO OLIIHUTH MaKCHUMaJbHE 301bIIEHHS PO3MIpY rpynu (MiAMHOXUHU M), 3a

SIKOTO BiJIXWJICHHS Pe3yJIbTaTiB alroputMy AE y moOyJoBi pe3yldbTyIOUHX paH-
KyBaHb Ha MHOXXKHHax Mr i MR Oyne He Oinbmum 3a 10%. Po3mip rpynu Oyne-
Mo 3MiHIOBatH Bix 50 10 m/2 KOpHUCTYBadiB.

J1 mpakTUYHOTO 3aCTOCYBaHHS aNTrOpUTMY AFE HEoOXiTHO OLIHUTH BiIHO-
IIEHHS 9acy poOoTH anroputMy AE nist moOyaoBH Pe3yNbTYIOUNX PaH)KyBaHb Ha
MHOXHHaxX Mr i MR.

PE3YJIBTATHU JOCJIL)KEHHSA

1. BinxuneHHs 3HaueHb KpuTepiiB d,; 1 d,, (8), 00UUCIEHUX Ha MHOXHHI
Mr nns pamxysasb r1 1 72, OTpUMaHHX aIrOPUTMOM AE, a TaKOX BIIXUJIEHHS
3HA4YeHHS Kpurepito d,, Bin H,;, (9) (3a1eXHO Bil KUIBKOCTI KOpUCTYBauiB

y MHOXkMHax M, i =1,k ) nokaszaHo Ha puc. 1.
4,00 3,64
¥ 3,50
=a)
= < 3,00
e
= £ 2,50
X g
=GN
B £ 2,00
0 <
5.2 150
g5
2 3 1,00
m 5 199 006
8
2 0,50 0,07
OJOO — e - S SEm o ———— —
0 500 1000 1500 2000

KinbkicTs KOpHCTYBaviB y rpy1i
Puc. 1. BigHoCcHE BiIXMIEHHS KPUTEPIIO JUIS Pe3yJIbTaTy alropurmy AE Ha MHOXUHI MR
(BiZXHMIIEHHs 3HAYE€Hb KpUTepiiB d,; i d,, — MyHKTHpHA JIiHis, BIIXUICHHS 3HAYEHHS

KpuTepito d,, Bil H,;, — CylijbHAa JiHis)

Sk BuaHO 3 Tpadika, pamxyBaHHS #1 1 72, oTpuMaHi anroputMoM AE Ha
MHOXHWHaxX Mr i MR BiANOBiTHO, 3a 3HAYEHHAM KpUTEPit0 (4) BiIpi3HAIOTHCS
oyxe mano (menmre, Hix Ha 0,5%). IlopiBHIOIOUM 3HA4YeHHsS Kputepito (4) mis
paHXyBaHHS 72 3 HWKHBOIO TpaHunero H ;. , 6adiuMo, 0 BiIXUJICHHS HE mepe-

. .1 1 .
Buiye 4%. Skmo posmipu MHOXUH M; Bif gm bi(s) Z'm, TO I pe3yJbTaTu

BiZIpi3HAIOTHCS HE Oinblue, HixK Ha 1%. Lle 103BOJIsIE BUKOPUCTOBYBATH ANTOPUTM
AE wa MmHOXWHI MR 17151 10Oy I0BH pe3yIbTYIOUOTO PaH)KyBaHHS, sIKe Oy1e BUKO-
pucrane y (hopMyBaHHI PEKOMEHIAIIIM.
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2. Yac pobotu anroputmy AE s moOyJ0BU Pe3yJIbTYIOUOTO PAHXKYBAaHHS
Ha MHOXXUHI MR 3a5€XHO Bi KIJIBKOCTI KOPUCTYBadiB y MHOXKUHAaX M, i= I,_k ,
MOKa3aHo Ha puc. 2.
9000
2000 1633
7000
6000
5000
4000
3000

2000

Yac pobotu anroputmy AE, mc

1000 404

0
0 500 1000 1500 2000
KinmekicTs KOpHCTYBaUiB y TpyIIi
Puc. 2. 3anexHicte gacy pobotu (Mmc) amroputmy AE mis oTpuMaHHS paH)KyBaHHS
Ha MHOXXHHI MR Bif po3mipy rpynu

Pesynbratu mochimkeHb, mogaHi Ha puc. 2, T03BOJISIOTh 3pOOUTH BUCHOBOK
PO MOKJIMBICTh 3aCTOCYBaHHS alTOPUTMYy AE IUIsl TIOOYIOBH pPe3yIbTyIOYOTO
pamXyBaHHS Ha MHOXHHI MR 3a BEIMKUX 3HAYCHb KiTbKOCTI KOPUCTYBadiB y
KJIacTepi, 110 BiJNOBIIAE peaJbHUM JaHWUM. J[JI1 BU3HAYEHOT'O B HOIMEPEIHBOMY
IyHKTI JTOCTIKeHHS po3Mmipy miamuHoxunu M; Bin (1/8)m nmo (1/4)m wuac po-
0otu anroputmy AE Ha MHOXKUHI MR CKkJiajiae MEHIIE HixkK 2 C.

3. BimHomrenns vacy pobotu anroputMmy AE s MHOXHHU Mr 1 MR 3amexHo
BiJ] KUIBKOCTI KOPUCTYBauiB y MHOXUHAX M, i = 1,k , moxaHo Ha puc. 3.

1000
881
2 900
5
S 8 800
= ><‘*
= g 700
=
= § 600 555
S &
g5 500
R X
£ 5 400 323
T
s
174
a o 200
90
0
0 500 1000 1500 2000

KinmpkicTs KOpHCTYBaUiB y TpyIIi

Puc. 3. Bignormrenns gacy po6otn anroputmy AE wa MHokuHax Mr i MR st pisHEX
PO3MIpIB IpyIr
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[TopiBHIOIOUM Yac poboTu anroputMy AE Ha MHOXUHAX Mr 1 MR, 6aunmo,
0 e(eKTUBHICTh TOOYIOBH PE3yIbTYIOYOTO PAHXKYBaHHS aNroputMoM AE Ha
MHoOkuHI MR Bin 100 no 350 pa3iB BuIlla 33 1AM KPUTEPIEM.

4. BigHOCHY BiZICTaHb MiXK pamKyBaHHIMH 71 1 #2 (10) 300paxkeHo Ha puc. 4.

10,40 10,25

10,20

E

9,80

9,60

Pizuung mix
pamxyBaHHAMH, %

9,40

9,20

9,00
0 500 1000 1500 2000
KinpkicTs KOpHCTYBaUiB y TpyIIi

Puc. 4. BinHocHa BincTans MiXk pamkyBanHsMu ¥l i 72 Ui pisHEX po3MipiB rpym

[TopiBHABIIN BiTHOCHY BIiJICTaHh MK pPaH)KyBaHHAMH, TMOOYyJAOBAaHHMMH Ha
MHOXXHHI paHKyBaHb KOPHUCTYBadiB KjacTepa (pamkyBaHHS r1) 1 Ha MHOXXHHI
pamKyBaHb «y3aralbHECHUX EKCHepTiB» (pamkyBaHHA 72), OadmMo, IO BOHA
ckianae He Oinpme HiK 10% s BH3HAYEHOTO B MOMEPEHIX MyHKTAaX JOCIHi-
JOKEHHSI pO3Mipy Tpymu. A BpaXxOBYHOUYM ICTOTHO BHWIY HIBHIKOMIIO alTOPUTMY
AE na MHOX#HI MR, poOMMO BHCHOBOK PO JOIIIBHICTh MPAKTHIHOTO BUKOPHC-
TaHHS anroputMy AE Ha MHOXUHI MR mig 9ac popMyBaHHS y3arajJbHEHOTO paH-
JKyBaHHS, Ha OCHOBI SKOTO ()OPMYIOThCS PEKOMEH/AIIT UIT HOBOTO KOPUCTYyBava.

BUCHOBKH

[poananizoBaHo npobiemMu GOpMyBaHHS PEKOMEHAIIN B Cy4acHHX PEKOMEH/Ia-
uiiHux cucremax. [lokaszano, 1o mpodiemMa (opMyBaHHS PEKOMEHAALIN sl HO-
BOTO KOPHCTYBaYa € aKTyaTbHO0. Y 3B’S3KY 3 BEIMKOIO KiJTBKICTIO KOPHCTYBadiB
Ta TPEIMETIB PEKOMEHIAIIIHHUX CHCTEM aKTyaJIbHOIO 3aJMIIAETHCSA TpodiieMa
PO3pOOIICHHS aNTOPUTMITHOTO 3a0e3MeUeHHs, SIKe T03BOJIsiE (popMyBaTH peKoMe-
Hpamii B peallbHOMY Yaci. Y poOOTi 3alponoOHOBaHO alropuT™M (QOpPMyBaHHS pe-
KOMEH/AIlil, MO0 BUPINIye MPoOIeMy XOJOJHOTO CTapTy. B OCHOBY MOKIameHO
17Ief0 BUKOPUCTAHHS SIK KOJIEKTUBHOTO paHXyBaHHS Meaiann KemeHi, Ha OCHOBI
SAKOTO (DOPMYIOTHCSI PEKOMEHJIAIl] AT HOBOTO KOpWCTyBaua. [l migBUIIEHHS
MIBUAKOLIT anroputMy (GopMyBaHHS peKOMEHJalill 3aponOHOBaHO BHKOPHCTO-
ByBaTH arperoBaHy iH(opmamilo mpo MepeBard KopucTyBadiB. s mboro cimifg
po30uBaTH MHOXKHHY KOPUCTYBauiB Ha MiIMHOXHHH, PO3MIPHICTh SKHX BHU3HAua-
€THCS B pe3yJIbTaTi MPOBEACHOTO AOCIiIKEHHS.

[IpoBeneno AocCHiKEHHS PO3POOIECHOTO ANTOPUTMIYHOTO 3a0e3IeYeHHs.
JlocmimKeHOo BITXIJICHHS pe3yIbTaTiB i 9ac TO00YI0BH PE3YILTYIOUOr0 PAHKY-
BaHHS Ha MHOKMHI BCiX KOPUCTYBauiB Ta HA MHOXKWHI y3aralbHEeHUX KOPHCTYBa-
giB. [TokazaHo, M0 B pa3i po3OUTTS MHOKHHU KOPUCTYBAYiB Ha TIiIMHOKHUHHU PO3-
MmipHicTI0 Big 1/8 go 1/4 Big KiNbKICTI KOPHUCTYBadiB KjacTepa BiIHOCHE
BIIXWJICHHS pe3ysbTaTiB He mnepeBumnye 1%. JlocmiKeHo MBUAKOIIIO 3ampoIo-
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HOBAHOTO aJITOPUTMY i TMOKa3aHO, 0 3 BUKOPUCTAHHIM arperoBaHoi iHdopmartii
3a KOpPUCTyBayaMH JUIisi (POPMYBAHHS Yy3arajJbHCHOTO PaHXKYBaHHS IIBUIKOJIS
anroputMmy miaBumyeThes Big 100 mo 350 pasiB. Anami3 gacy poboTu po3poodie-
HOTO aJITOPUTMY WIiATBEPKYE MOMNIIMBICTH HOTO BUKOPHCTAaHHS Ha pPeajbHHUX
JAHUX y PEKUMI PEabHOTO Yacy.

3a pe3yabTaTaMu ,E[OCJ'IiI[)KCHHH MOXHa CTBCPKYBATU PO I[O]_IiJ'ILHiCTI: BHU-

KOPHUCTAHHS PO3pOOJICHOTO AITOPUTMY B PEKOMEHAAIIMHNX CHCTEMax IS BUPi-
HIeHHS MpoOaeMu GopMyBaHHS PEKOMEH/IAIlii HOBOMY KOPUCTYBady.
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USE OF KEMENY MEDIAN IN THE ALGORITHM OF FORMING
RECOMMENDATION / O.S. Zhurakovska, I.Yu. Kochubey

Abstract. The relevant nowadays question of development of the algorithmic sup-
port of recommender systems is considered. The article is devoted to the solution of
the problem of forming recommendations to new users, which is based on the ideas
of transition from the matrix «user-object» to the ranking of objects and the forma-
tion of recommendations to the user of the active cluster based on the construction
of the resulting ranking, which is a Kemeny median on a set of rankings. The choice
of Kemeny median as the resulting ranking and the choice of algorithm for its con-
struction are justified. To reduce the complexity of calculations, it is suggested to
perform aggregation of information and to use it in forming of ranking recommenda-
tions, which are based on a set of «generalized experts» for this cluster. The effi-
ciency of the developed algorithmic support was studied and the results and recom-
mendations were given.

Keywords: recommender system, consensus ranking, Kemeny median.

NCIIOJIb30BAHME MEJIMAHBI KEMEHM B AJITOPUTME ®OPMHUPOBAHUS
PEKOMEHJALIUH / O.C. XKypakosckas, 11.1O. Kouybeit

AHHOTanus. PaccMOTpeH aKkTyanbHBIA B HACTOSILEE BpEeMs BOIPOC pa3paboTKu ai-
TOPUTMHYECKOTO OOECHeYeHuss PeKOMEHAATENbHBIX cucTeM. PoboTa mocBsmieHa
pemreHuIo poGreMbl (OPMHUPOBAHUS PEKOMEHANNI HOBBIM II0JIL30BATENISIM, B OC-
HOBE KOTOPOTO JISKAT UAEH Iepexoja OT MaTPHIIBI «II0JIb30BaTeNb—IIPEAMET» K pa-
H)KUPOBAHUIO NPEIMETOB U (HOPMHUPOBAHUS PEKOMEHIAIMH MOJIB30BATEII0 aKTHB-
HOTO KJIacTepa Ha OCHOBE MOCTPOEHHMS Pe3yJIbTUPYIOIIETO PAHKUPOBAHHUS, KOTOPOE
npezacTaBiseT co0oil Meanany Kemenu Ha MHOXKeCTBe pamkupoBaHuil. OG0CHOBaH
BbIOOp MeauaHbl KeMeHn B KauecTBEe pe3ylbTHPYIOLIETO PAaHKHMPOBAHHSA, a TaKxkKe
BBIOOp aNTOPHUTMA €€ MOCTPOEHHS. [l CHIDKEHHUS! CIOXKHOCTH BBIYHCICHHH Tpen-
JI0KE€HO OCYIIECTBIIATH arperanuio MHGOPMaUH U HCIOIB30BaTh MpH (HOpMUpPOBa-
HUM PEKOMEHJAINU PaHKUPOBAHMS, IMOCTPOCHHBIE HAa MHOXKECTBE «0OOOIIEHHBIX
HKCIIEPTOB» IJISI JaHHOTO Kiactepa. VcenenoBaHa 3¢ GeKTHBHOCTD pa3paboTaHHOTO
ITOPUTMHYECKOTO 00eCIIeYeH s, IPUBEICHBI Pe3YJIbTaThl U PEKOMEH/IAINH.

KiaroueBble cjioBa: PEKOMEHAATENIbHAaA CUCTEMA, COTJIACOBAHHOC KOJUICKTUBHOC
PpaHXXUpOBaHUEC, MC/IMaHa Kemenn.
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METHODOLOGY OF NON-LINEAR ROBUST ESTIMATION
FOR THE SOLUTIONS SYNTHESIS OF INVERSE AND DIRECT
MULTIDISCIPLINARY PROBLEMS IN ENGINEERING
DIMENSIONAL CHAINS CALCULATION BASED ON DISCRETE
ANALOG DATA

I. TROFYMOVA, 1. MENIAILOV, S. CHERNYSH, S. YEPIFANOYV,
O. KHUSTOCHKA, M. UGRYUMOV, A. MYENYAYLOV, D. CHUMACHENKO

Abstract. This paper analyses the definition of inverse and direct problems in engi-
neering dimensional chains calculation based on discrete analogue data and the
methodologies for solving these problems. It is shown that the direct dimensional
chains calculation, which belongs to the class of inverse boundary value problems in
a stochastic formulation, can be transformed into multi-criteria problems of stochas-
tic optimization with mixed conditions. The new multi-step solutions search meth-
odology for these problems is based on non-linear robust estimation methods. It can
be achieved through hierarchical two-level decisions synthesis scheme development.
At the first step, this scheme includes identification of surrogate models (in the form
of regression equations). At the second step, the effective robust estimates are com-
puted to determine unknown values; estimations of unknown quantities are carried
out under a priori and parametric data uncertainties. Results of calculations of in-
verse and direct problems in engineering dimensional chains for two-stage axial
compressors are presented. They were obtained using interactive computer systems
for decision-making support “ROD&IDS”.

Keywords: inverse boundary value problems in a stochastic formulation, a priori
and parametric uncertainties, methods and systems for estimating quantities and
processes, decision-making theory.

INTRODUCTION

Cost-cutting of the systems refinement is one of the most relevant issues in the
processes of project development and operation in state-of-the-art technology. It
should be noted that a good exact solution of the inverse problem in a determinis-
tic formulation (optimization problem) in practice during mass production, as a
rule, leads to a large scatter of the values of the integral characteristics of prod-
ucts. Then there is selective assembly or rejection of products for quality. It is
possible to resolve this general technical problem by putting the Robust Estima-
tion methods into practice.

The examples of partial problems that form this general problem are:

o choice of equipment with a certain degree of accuracy for manufacturing
products (this will reduce the percentage of failures in serial production and avoid
selective assembly of products);

© I Trofymova, 1. Meniailov, S. Chernysh, S. Yepifanov, O. Khustochka, M. Ugryumov, A. Myenyaylov,
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e choice of measuring systems components with a certain degree of accu-
racy, which will ensure the specified measurement accuracy of controlled vari-
ables of systems and processes;

o intelligent diagnostics of systems and processes based on monitoring of
controlled state variables;

e prediction of the condition of patients in medical monitoring systems,
choice of an individual treatment program for each of them;

e development of new drugs in the pharmaceutical industry;

e robust optimal control of systems and processes;

e machine-building including the product quality control (Design for Six
Sigma), and also the areas of industrial safety, ecology, the activities of banks,
insurance, audit, etc.

The following mathematical issues arise in the process of the above-
mentioned systems development: uncertainties evaluation, structuring of the regu-
larizing algorithms, and high computational complexity of methods for quasi-
solutions synthesis under uncertainties.

Such inverse problems are essentially ill-posed since it is not known in
which class of functions to search for the solutions and there are uncertainty deals
with the choice of the exact solution. However, these problems can be reduced to
conditionally well-posed.

Such an approach of reducing inverse problems to structural-parametric op-
timization problems at stochastics formulation, and for a given structure — to mul-
ti-parameter optimization problems in a stochastics formulation is widely used in
practice. The synthesis of solutions to such problems is performed using regulari-
zation methods based on machine learning algorithms.

The outcomes of this research are the development of new solutions synthe-
sis methods for the stochastic optimization problems with mixed conditions and
development of the software which implements them and can be used for practi-
cal problem-solving.

One problem is that during the development of state-of-the-art technic ob-
jects, it is necessary to take into account a optimal set of design parameters of sys-
tem elements as well as their resource issues. All these factors form the basis for
technological processes formation in manufacturing. For example, nowadays the
ratio of the technical defect in gas turbine engine blades manufacturing is around
5%, but it can reach 20% when the blades are checked under their workload fre-
quency. The quality of computation has a direct effect on the manufacturing and
operation quality of elements and whole systems.

Another problem is related to manufacturing tolerances that are a part of the
design technology. Initially, the tolerances are defined, and then the manufactur-
ing technology is designed to meet them. The technological manufacturing toler-
ances selection scheme is presented in Fig. 1. The technological tolerances of sys-
tem elements manufacturing are defined by the given values of confidence
intervals of design parameters, the junction type, the seating fit, the processing
equipment accuracy rating, and the assembly type. The confidence intervals of
design parameters are formed as the result of engineering dimension chains calcu-
lation.
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Proceeding
equipment
accuracy rating

f

Junction Seating Technological Confidence
type fit tolerance selection interval
Assembly type

Fig. 1. Scheme of tolerance assignment

There are some methods for determination of confidence intervals of pa-
rameters, state variables, and decision selection criteria (objective functions) of
system elements based on engineering dimensional chains calculation. These
methods include methods based on limiting values, methods based on intervals
calculation, and probability methods.

The closing link tolerance is a separable function if the assembly of compo-
nents takes place. In general, the closing link tolerance is a nonlinear function of
its variables — chain links components tolerances.

A decrease of risks related to the high cost of complex technical systems re-
finement in serial production is possible due to the adoption of the Robust Estima-
tion methods based on the matching learning algorithms. The Robust Estimation
has the following issues that need to be addressed: the problem of improvement of
existing mathematical models, and the development of new mathematical models
and methods for solving stochastic optimization multi-criteria problems
(SOMCP).

It is known that random data triggers the uncertainties during the choice of
the metrics in objective functions and estimation of target values (parameters,
control variables, or state variables) during SOMCP structuring. Besides, the reg-
ularizing algorithms must be used for such type of ill-posed problem solving. This
provides the stable (robust) estimates of target values. At the same time, the
mathematical models will have robust quality, if they are synthesized with the use
of regularizing algorithms.

Up to now, many papers have been devoted to the development of the meth-
ods, including the methods for objective functions and estimation of target values
under conditions of data parametric uncertainties; multi-criteria identification of
mathematical models; optimization and decision-making in the robust designing,
improving and intellectual diagnostics of technical and medical-biological sys-
tems.

The model of optimization under conditions of uncertain multidisciplinary
design, which is described by L. Brevault et al. [1], is aimed at the organization of
interdisciplinary connections under uncertainties. The suggested method is based
on two levels of optimization and surrogate models to provide the convergence of
the optimization problem of the functional ratio of multidisciplinary system con-
nections. The solution search algorithm is based on the iterative construction of
the functional connections’ surrogate models. Coefficients are processed by a sys-
tem-level optimizer, while subsystem optimizers process local design variables
only.
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The model selection is a fundamental problem, which is widely discussed
during the process of data sets analysis. The hierarchical models with
uncertainties may not have a solution when classical approaches are used. Bayes
approaches could be applied with predictive distribution usage, but they have
disadvantages in certain cases.

Other approaches are also described in the literature: predicting the
replication of observed data [2]; the theory of estimation rules on common
probability spaces and cross-validation [3]; the probabilistic process described by
the Kriging surrogate model with Monte Carlo uncertainty modeling in
conjunction with the descriptive sampling method [4].

The solution of design and optimization problems is called stable (robust) if
it is resistant to the disturbance of input parameters of the model. The design
engineer may prefer to use a robust solution for engineering design optimization
problems rather than the optimal one to provide system robustness.

Various approaches to this problem exist, including multi-purpose
optimization based on a generalization of the class of functions, which allows
conducting orientation of the search area in the object space [5]; combined criteria
for stochastic optimization [6]; optimization under uncertainties using parallel
computing capabilities in various formulations of problems [7]; search for an
allowable range in the input parameters, given an acceptable range in the output
quantities [8]; a method for quantifying multidimensional interval uncertainties
[9]; interdisciplinary automated process optimization based on an optimization
strategy designed to overcome various limitations [10].

The following locally stochastic methods (including those, which are based
on self-organization) are used as computational methods for solutions synthesis in
stochastic optimization problems:

e stochastic quasi-gradient algorithms;

e cvolutionary (genetic, immune) algorithms;

e population methods (simulation of motion: migratory birds; ant or bee
colonies).

The overview of evolutionary and computational methods, which can be
successfully used for stochastic optimization problem solving, is presented in
A.P Karpenko monograph [11] and as publications by other authors [12—14].

I. Meniailov et al. proposed a computational method of solutions synthesis of
system modification multi-criteria problems in deterministic and stochastic (MV-
problems) formulations, which is based on a memetic algorithm [15]. This
method combines the method of the convergent neighborhood; the randomized
path relinking method; and the evolutionary method with parameters, which are
changing from epoch to epoch. These parameters are the real coding operators,
fitness, and relaxation functions. This approach provides an effective robust
estimation of target values when input data are a priori and parametric
uncertainties ones. Also, this approach reduces the informational complexity of
the method.

Analysis of existing literature shows that some mathematical issues appear
in the process of the development of solutions synthesis methods of multi-criteria
problems of mathematical model identification, optimization, and decision-
making, especially in the cases of the a priori uncertain data. These issues include:
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e decision maker (DM) preferences system forming, i.e. forming of the
generalized (the scalar convolutions) objective functions, the limitations system,
and the correctness set;

e structuring of the regularizing algorithms of quasi-solutions synthesis;

o the high computational complexity of the defined methods.

Only a few interactive computer systems for decision-making support
(CSDMS), which provide robust optimal design feature, exist in the world. These
include “Dakota, A Multilevel Parallel Object-Oriented Framework for Design
Optimization, Parameter Estimation, Uncertainty Quantification, and Sensitivity
Analysis” [16], “IOSO Technology, Robust design optimization” [17],
“ESTECO, modeFRONTIER” [18, 19], “Dassault Systems, Isight and Fiper”
[20], “DYNARDO, optiSLang” [21], “NUMECA International, FineDesign3D”
[22], “Concepts NREC’s, Agile Engineering Design System” [23], “AxSTREAM
Software” [24], “Propulsion Diagnostic Method Evaluation Strategy
(ProDIMES)” [25], and others.

These systems have the following disadvantages: high cost, inability to re-
solve stochastic optimization multi-criteria problems in MV-formulation (i.e. in-
verse and direct problems in engineering dimensional chains calculation).

This paper is dedicated to new methodology of non-linear robust estimation
for the solutions synthesis of inverse and direct engineering dimensional chains
calculation problems under the conditions of a priori and parametric uncertainties.
It is shown that this problem can be transformed into multi-criteria problems of
stochastic optimization with mixed conditions (to MV-problem). The suggested
methodology allows us to search for rational solutions of system modification
multi-criteria problems [26, 27] presented in deterministic and stochastic (MV-
problem) formulations. This is done through the development of a hierarchical
two-level decisions synthesis scheme, which includes:

e inverse determination of the unknown equations governing the variation
of measured field quantities of given physical problem — shape identification of
robust meta-models or surrogate models (formal mathematical models in the form
of regression equations);

e inverse determination of size(s) and shape(s) of the domain — effective
robust sought values estimations of unknown quantities are carried out under a
priori and parametric data uncertainties.

Results of an inverse and direct problem in engineering dimensional chains
calculation for Two-stage axial compressors are resolved by CSDMS
“ROD&IDS”. The result is presented below.

PROBLEM STATEMENT

Problem statement and a method for selection of functions and estimation
of unknown variables in multi-objective problems with the a priori uncer-
tainties data

Let us consider the problem statement, methodology and results of the solution of
Direct Multidisciplinary Problems in Engineering Dimensional Chains Calcula-
tion under Uncertainties in nonlinear statement (multi-criteria problems of sto-
chastic optimization with mixed conditions — MV-problems).
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The following data are known, presented in a formalized form: structure,
functioning model (mathematical model, boundary conditions), properties and
general characteristics of the research object, basic requirements for its tactical,
technical and economic criteria; the class of admissible controls (methods and
devices implementing them).

Let it be known a set of alternatives — learning selection that contains values
and confidence intervals of subsystem (functional unit) parameters and control
variables. Additionally, the values of mathematical expectations and confidence
intervals of decision criteria (objective functions) values are known or phase vari-
ables of the system (subsystem) or process under consideration are given. These
values are set either by the decision-maker based on his experience or directives
or are known based on the results obtained using the measurement system.

So, it is necessary to determine the set of mathematical expectations and
confidence intervals of subsystem (functional unit) control variables (model pa-
rameters — in the case of an identification problem) and the corresponding values
of mathematical expectations and confidence intervals of decision criteria (objec-
tive functions) values or phase variables of the system (subsystem) or process un-
der consideration. At the same time, the last found values should be close to the
given values of objective functions or phase variables (mathematical expectations
and confidence intervals) for the selected metrics.

The Direct Multidisciplinary Problems in Engineering Dimensional Chains
Calculation under Uncertainties in nonlinear statement refer to inverse boundary
value problems in a stochastic formulation with restrictions on design and operat-
ing parameters, phase and control variables.

We will consider the solutions synthesis of the problem as a control process
that is based on the concept of invariant control by introducing into the computing
system a compensating connection with perturbations (input data and computing
errors).

Consider X° as a vector of random variables of M dimensions (the model

parameters, control variables, state variables); and F %as a vector of random
variables of / dimensions (measurement data, objective functions). The values

F° can be found using the initial mathematical model (IMM) of the investigation

subject reflected in the form of F O=F (X 0) , where F' is a vector function.

Let us define the projections of X O and F° as the random variables
following a normal distribution with given mathematical expectations, standard

deviations, and correlation matrices. This allows considering X O and F° as
systems of several random variables with the multidimensional normal
distribution.

Following Kolmogorov’s concept of power averages [28], we will use
Student’s statistics as a criterion for testing the equality of centers of distributions
hypothesis for representative samples of two multidimensional general
populations; and we will use the multidimensional analog of Romanovsky
criterion [29-31] for testing the equality hypothesis of covariance matrices Ro:

t= " Mp?
2
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where n, is the dimension of samples from the general populations; MD is Ma-
halanobis distance.

2_
R0=—|X k', k=ny -3,

2k

where xz =%‘(GO)TRGO is the multidimensional analog of Pearson’s chi-

squared test; N is a dimension of X 0 (or F 0 );

c,, o, are standard deviations of variables x, € X 0 (* — given values); R is a

correlation matrix.
Let us define the log-likelihood function. The final form of the scalar convo-
lution for decision-making problems with (1-2) looks like:

5 1
L(X /tp,Rop) =§(t§ +Rop +1% +Roy)+C, .
Scalar convolutions for the multi-objective problems with the a priori

uncertainties data

Further, let us assume that, Ry = Ry = E, where Ry and R, are the correlation
matrices. In this case, the following scalar convolution of objective functions in

MYV -problems is applied:
2 2
|y =kl
1+6°) 7 [+B, f| —2—— |} +
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x:;, , G; are the values of mathematical expectation and standard deviation of x,,

variable for the prototype; o,,, is standard deviation value of x,, € X O variable;
1 02 are the values of mathematical expectation and standard deviation of f;

decision selection criterion for the prototype; & 7 is standard deviation value of

fieF O decision selection criterion; Sa s a fitness function (FF);

S (d)=1-exp(=Cd), C>0 (it has been selected based on the condition that

initial value of Eg(,lv) was Eg(,lv) <1), where d 1is an argument of FF (d >0);

w,(f), w,(x,) are membership functions; y is a parameter of regularization
(if y=0 this is epy identification, else if y=1 this is optimization); B ,B, are
parameters of robustness.

Hence, the problem of X = M[X 0],(53() non-linear robust estimation can

be transformed to SOMCP with mixed conditions (to MV-problem in our case).
According to the principle of maximum likelihood [32] (M-estimate), the quasi-
solution of this problem is the following:

X= arginfE()A(/tF,ROF) ,
XEDX

where Dy is a correctness set, which is defined by the decision maker’s system
of preferences in the general case. It was assumed in this case that D, is a con-
vex set.

THE NEW METHODS NON-LINEAR ROBUST ESTIMATION FOR

THE SOLUTIONS SYNTHESIS OF INVERSE AND DIRECT
MULTIDISCIPLINARY PROBLEMS IN ENGINEERING DIMENSIONAL
CHAINS CALCULATION BASED ON DISCRETE ANALOG DATA

As a result of the decomposition of the methodology to solve the main problem
(3, 4), it decomposes into a sequence of interrelated methods, in particular:

e Input data preparation: input data preliminary normalization methods. Da-
ta of alternatives (samplings) are used as input data: design values and operational
parameters, control and phase variables, decision selection criteria (objective
functions). The samplings are formed using either the solutions in the determinis-
tic formulation of the direct analysis problem or the results of discrete analog data
experimental research.

e Methods of inverse determination of the unknown equations governing
the variation of measured field quantities of given physical problem — shape iden-
tification of robust meta-models or surrogate models (formal mathematical mod-
els in the form of regression equations). The methods of approximation of vector
functions of vector variables based on the application of a trainable artificial neu-
ral network (ANN), which are multilayer feedforward ones and radial-basis ANN.
The training of ANN is carried out by a stochastic approximation method based
on the conjugate gradients ravine method [33] together with the bee colonies
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simulation, in which the scalar convolution of objective functions (3) with y=0
is used for rational decision selection. The proposed implementation allows us to
obtain effective stable (robust) estimates of the neural network model parameters
under the condition of input a priori and parametric uncertainties. It provides a
robust meta-models synthesis and the data approximation accuracy, which is suf-
ficient in system improvement problems. Application of the proposed methods
avoids the appearance of false ravines or valleys on response surfaces in case of
gross errors in the input data.

e Graphical tools for the 3D-representation of meta-models.

e Methods of meta-model variables informativeness (importance) estima-
tions (taking into account the pair correlation and the accuracy of variables meas-
urement) [34]. In particular, the solutions of controlled variables set synthesis for
systems designing or failure diagnostics under conditions of a priori and paramet-
ric uncertainties of input data may be obtained on the base of the received results.

e Methods for solving the problem of systems and processes state classifi-
cation on the base of multilayer feedforward and radial-basis ANN application
with the usage of the monitoring data of controlled variables [35].

o Solutions synthesis of system modification multi-criteria problems in de-
terministic and stochastic (MV-problem) formulations [15, 33].

The solution of the inverse problem of engineering dimensional chains cal-
culation/Monte Carlo analysis (MCA) is found for the prototype at the first stage:
the estimation of confidence intervals of decision selection criteria (objective
functions) mean values at the given confidence intervals of subsystems control
variables (functional elements) mean values.

The quasi-solutions synthesis of this problem is carried out by regularization
of the smoothing functional minimum search in the form of objective functions
scalar convolution (1) with. The comparative analysis of various systems produc-
tion technologies may be carried out on the base of the obtained results [15].

Solutions synthesis of the direct problem of engineering dimensional chains
calculation — system modification problem quasi-solutions in deterministic and
stochastic (MV-problem) formulations is carried out by the regularization method
at the second stage. The objective functions scalar convolution (1) was used as the
smoothing function [15]. The computational method based on meme’s algorithm
is applied. It includes the parameters changing from epoch to epoch such as the
operators of real coding, the fitness and relaxation functions, and also the method
of the convergent neighborhood and the randomized path relinking method.

This approach provides an effective robust estimation of target values when
input data are a priori and parametric uncertainties ones. Also, this approach re-
duces the informational complexity of the quasi-solutions synthesis method.

Thus, the direct problem solution of engineering dimensional chains calcula-
tion is solved by the probabilistic method (2). Mathematical expectations and con-
fidence intervals of subsystems control variables (functional elements) are found
according to the given values of mathematical expectations and the decision se-
lection criteria confidence intervals (of the objective functions). Also, they could
be found according to phase variables of the systems (subsystems).
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NEW MEMETIC ALGORITHM OF THE STOCHASTIC OPTIMIZATION
PROBLEM WITH MIXED CONDITIONS

The quasi-solution of this problem (normal solution) may be find by the regulari-
zation method [32]. Quasi-solutions synthesis of system modification multi-
criteria problems in deterministic and stochastic (MV-problem) formulations is
carried out by the computational method based on memes algorithm.

Let us define an evolutionary method (EM) as a classical genetic algorithm
(GA) modification with the parameters, which are changing from epoch to epoch.
This paper presents features which distinguish the suggested EM from classi-
cal GA.

The real coded crossover operator that simulates the binary one is used [11].
Mikhalevich non-uniform mutation operator is used as the real coded mutation
operator, which relates to a class of nonstationary mutators.

After crossover operations and mutation, the most adapted individual is se-
lected and put to the set of individuals intended for the next epoch of the algo-
rithm. The most adapted individual is the individual, the selection criteria scalar
convolution values of which are the most acceptable.

It is known that clustering is one of the means for the EM convergence rate
to increase. Decremental Neighborhood Method (DNM), which realizes the idea
of clustering [15], has been developed to improve the convergence rate and accu-
racy of the extremum finding.

The suggested memetic algorithm is several times less complex in terms of
the information and time complexities compared to the classical GA, because of
combining parameters changing from epoch to epoch such as the operators of real
coding, the fitness and relaxation functions and also the method of the convergent
neighborhood and the randomized path relinking method.

NUMERICAL TESTS

The “ROD&IDS” interactive computer system for decision-making support was
developed. It implements the foregoing methodology.

As an example, let us consider the results of an inverse and direct problem in
engineering dimensional chains calculation for a two-stage axial compressor un-
der conditions when input data is stochastic.

The aerodynamic design of the compressor two axial stages was fulfilled for
gas-turbine drive power increasing from 8 to 10 MW. The “Axial” software
(Copyright © 1998-2017. Concepts NREC LLC) [23] was used during the stages
calculations basing on the average radius parameters. The problems of these
stages efficiency increasing (without gas-dynamic stability reducing) at the design
values of inlet mass flow rate and rotational speed was solved by the application
of “ROD&IDS”.

The compressor efficiency maximum search was carried out with following
elements changes of blades rows of the first and second compressor stages: the
gas path tip radius (6 variables), stagger angles (4 variables), entry and exit geo-
metrical angles (8 variables) and the cascade solidity (4 variables). For the inlet
guide vanes, only the gas path was changed. Experimental sampling was formed
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by the change of the gas path radius (within £2 mm), geometrical angles of blades
airfoils (within £2 degrees), and the blades row chord/pitch ratios (within +5 %).
Approximation of the lines of constant referred speed, beginning from surge line
to choke measure is used to adequately describe the effect of varying parameters
on the stages map. The computation of inlet mass flow rate values between surge
and choke was performed by “Axial” macros. This way, the following quantity of
state variables under control was selected: 22 geometric parameters, 1 regime pa-
rameter (an inlet mass flow rate), and 450 points characterizing the experimental
sampling size.

The following parameters were selected as objective functions:

— Oy 1S flow outlet angle;

— m* is compressor total pressure ratio at the design inlet mass flow rate
value;
— m* is adiabatic efficiency calculated according to total parameters values

at the design inlet mass flow rate value;
— Ty, 1S total pressure ratio on surge line;
— G poke 18 the choke inlet mass flow rate value;

— form-parameter is the parameter of response surface form corresponding
to the objective function selected at the design inlet mass flow rate value.

Further, the robust neural network models in the form of radial-basis ANNs
were used as meta-models of the systems.

Optimization was carried out based on the design inlet mass flow rate values
in deterministic and stochastic formulations.

Computational results in the deterministic formulation are presented in Fig. 2

*

and Table 1, where normalized values are: G°=G/G n’=n"/n 2.0

p,0>
no =n" /n;O , AN =n" —n;,o is the efficiency change at the design inlet mass
flow rate value in comparison with the prototype, and AK, is gas-dynamic stabil-
ity margin.

The first deterministic formulation of the optimization problem is selected in
such a way that the efficiency maximum at the design inlet mass flow rate value is
provided along with the required level of total pressure ratio. As a result, the effi-
ciency increment by 0,41 % in comparison with the prototype was achieved at the
design inlet mass flow rate value (MC 2 (v.2.1) results). The efficiency maxi-
mum along the line of constant referred speed is close to the design point. At the
same time, the gas-dynamic stability margin increased from 12,6 % to 14,44 %.

The second deterministic formulation of the optimization problem (MC 2
(v.4.4) results) is implemented to examine how much it is possible to vary the
limitations in the optimization problem. For example, let us consider the problem
of obtaining a greater efficiency maximum with a more steep behavior of line of
constant referred speed in comparison with the prototype. As shown in Fig. 2, the
line of constant referred speed with more steep behavior provides a higher level of
gas-dynamic stability margin (13,8% in comparison with prototype’s 12,16%) and
high maximal efficiency value is provided too. The difference of this optimization
from previous decisions lies in the fact that the compressor efficiency is 1,45%
less than the prototype’s one at the design inlet mass flow rate value.
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Fig. 2. Performances of the prototype and compressors optimal versions: ¢ — [G°,n°]
relation; b — [n°,7°] relation

Thus, according to the provided example, it was shown that obtaining such
blade rows geometry is possible. This solution can meet the requirements of the
compressor performances made by a design engineer.

As an example, the calculations intended to provide efficiency maximum
value at the designed inlet mass flow rate and efficiency maximum along the line
of constant referred speed were performed. These calculations meet the required
level of the total pressure ratio (the same as the prototype’s one). Implementation
of additional limitations to the objective functions gives the possibility to get
more or less steep behavior of the two-stage compressor line of constant referred
speed in comparison with the prototype.

Let us consider the manufacturing of a product series consisting of 100
copies. We chose a prototype, optimized it in a traditional deterministic
formulation. We enhanced of the efficiency for compressor optimal version at

deterministic formulation An; =0,406 % in comparison with the prototype (see
in Table 1).
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Table 1. Comparison of objective functions values for compressors versions

Values/Variants AN % An ;ax % AK 11 ,%0
Prototype 0 0,494 12,157
MC 2 (v.2.1)/ deterministic formulation 0,406 0,449 14,444
MC 2(v.4.4)/ deterministic formulation -1,448 0,756 13,80

Further, taking as a basis the calculated parameters of this optimal version,
we will make 100 copies of products. To conclude that the products comply with
the technical specifications, we will evaluate the results of numerical modeling of
work of 100 copies of products in accordance with the methodology presented in
the article.

Mathematical expectation, confidence intervals of regime parameters mean
values, and control variables, which are the prototype data, are known (the first

Axm

row in Tables 2 and 3). In Table 2 —A?Cm = -100 is the accuracy class of

Xm, max

regime parameters and control variables, x parameter is the maximum value

m,max
in the learning sample.

The stochastic formulation of the optimization problem is selected in such a
way that the maximal level of efficiency mathematical expectation at the design
inlet mass flow rate value and at the required level of objective functions mathe-
matical expectations and confidence intervals would be provided in the product
line.

Solving the inverse problem of engineering dimensional chains calcula-
tion/Monte Carlo analysis (MCA) was carried out for the prototype on the first
stage. In other words, estimation of confidence intervals of decision selection cri-
teria (objective functions) mean values were carried out under given confidence
intervals of subsystems control variables mean values (functional elements).
MCA results are presented in Tables 3 and 4. Table 3 shows that the confidence
intervals of objective functions mean values increased in comparison with as-
sumed measurement precision. At the same time, the values of mathematical ex-
pectations of objective functions were reduced for the considered compressor ver-
sions (see Table 4). These MCA results are typical for the results obtained in the
deterministic statement.

System modification quasi-solutions synthesis in the stochastic formulation
(MV-problem) is carried out on the second stage in order searching the mathe-
matical expectations and confidence intervals of subsystem (functional unit) con-
trol variables and the corresponding values of mathematical expectations and con-
fidence intervals of decision criteria (objective functions) values or phase
variables of the system (subsystem) or process under consideration at the design
inlet mass flow rate value that is close to the given values for the selected metrics.

Overall results of decisions synthesis of modification problems are presented
in the stochastic formulation, in other words, the confidence intervals of regime
parameters and control variables mean values are presented in Tables 2—4. A
comparison of mathematical expectations of objective function values is pre-
sented in Tables 2—4 too.
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Table 2. Confidence intervals of regime parameters and control variables
mean values

. A G A of gas path A’ of blades rows | A” of the
Values/variants % > |duct radii on the/geometrical angles, cascade
° periphery, % % solidity, %
Prototype/given values +0,05 +50 +25 +1,0
MC_2_(V.2.1)/Qetem1nlstlc +0,05 +5.0 +2.5 +1.0
formulation/given values
MC 2 (v.2.1)/stochastic
formulation/calculation | % 0,04 +40 +2,0 +0,8
results

Table 3. Confidence intervals of objective functions mean values

Values/ Aa AG A Form-
variants d N Amg | Ang% A n:ta“ e arameter
egrees kg/s |P

Precision
of Measurements
Prototype/
Monte Carlo analysis
MC 2 (v.2.1)/
deterministic
formulation/
Monte Carlo analysis
MC 2 (v.2.1)/
. stochastic +0,0900| +0,0120| +0,50 | £0,0050 | +0,0600 =+ 0,0070
ormulation/desired
values
MC 2 (v.2.1)/
stochastic
formulation/
calculation results

+0,2367| £0,0121| £0,47 | £0,0122 | £0,2680 | %0,0004

+0,0882| £0,0180| £0,58 | £0,0053 | £0,0575| £0,0068

+0,1626| £0,0660| £2,49 | £0,0049 | £0,0547 | £0,0216

+0,0830| £0,0126| £0,41 | £0,0055 | £0,0508 | *0,0053

Table 4. Comparison of mathematical expectations of objective functions values
for compressors versions

. Ao, AG
Values/versions out » Anz AT]Z s % An:tall choke »

degrees kg/s
Prototype/Monte Carlo analysis -0,03 -0,015 -0,58 -0,011 0,009
MC 2 (v.2.1)/deterministic
formulation/Monte Carlo analysis -0,20 -0,083 2,49 0,019 0,053
MC 2 (v.2.1)/stochastic
formulation/calculation results

0,02 0,016 0,24 -0,009 0,603

The result presented in Table 4 shows that the efficiency mathematical ex-

pectation value An); for compressor optimal version at deterministic formulation

decreased by (2,49-0,58 )% = 1,91% in comparison with the prototype data ob-
tained by MCA method. The result presented in Table 3 shows that the efficiency
confidence interval value for compressor optimal version at deterministic formu-
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lation enhanced by (2,49-0,58)% = 1,91% in comparison with the prototype data
obtained by MCA method.

This is the main result of the research, confirming what said earlier that a
good exact solution of the inverse problem in a deterministic formulation (optimi-
zation problem) in practice in mass production, as a rule, leads to a large scatter of
the values of the integral characteristics of products.

The result presented in Table 4 shows that the efficiency mathematical ex-

pectation value An); for compressor optimal version at stochastic formulation is

enhanced by (0,24+0,58)% = 0,82% in comparison with prototype. It should be
noted, that at the same time saved desired confidence intervals average values of
objective functions (see the last row in Table 3). But this could be achieved by
20% enhancement of compressor elements manufacturing accuracy (see the last
row in Table 2).

Also, there is a significant difference in the mathematical expectations’
values of the control variables, which were obtained by problem-solving in
deterministic and stochastic formulations.

Here is a justification for the need implementation of the concept and devel-
oped by us methodology of robust estimation based on the synthesis of robust sur-
rogate models and solutions to multidisciplinary MV-problems in mass manufac-
turing of products. The use of our developments in mass manufacturing of
products will reduce the percentage of rejects.

The sought quantities estimations in the result of solving of modification
problem in the stochastic formulation are the effective and stable (robust) ones.

CONCLUSIONS

The new methodology of non-linear robust estimation for the solutions synthesis
of inverse and direct multidisciplinary problems in engineering dimensional
chains calculation under conditions of a priori and parametric uncertainties was
developed. It is shown that this problem as a inverse boundary value problems in
a stochastic formulation can be transformed into multi-criteria problems of sto-
chastic optimization with mixed conditions (MV-problems). The methodology
allows us to obtain the rational solutions of system modification multi-criteria
problems in deterministic and stochastic (MV-problem) formulations. It can be
achieved through hierarchical two-level decisions synthesis scheme development,
which includes:

e inverse determination of the unknown equations governing the variation
of measured field quantities of given physical problem — shape identification of
robust meta-models or surrogate models (formal mathematical models in the form
of regression equations);

e inverse determination of size(s) and shape(s) of the domain — effective
robust sought values estimations of unknown quantities are carried out under a
priori and parametric data uncertainties.

The results of solving inverse and direct problems in engineering dimen-
sional chains calculation under the conditions where input data are stochastic for
two-stage axial compressors were obtained with the usage of “ROD&IDS” and
provided as an example.
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Based on the analysis of numerical simulation results shown, that a good
exact solution of the inverse problem in a deterministic formulation (optimization
problem) in practice in mass production, as a rule, leads to a large scatter of the
values of the integral characteristics of products.

Application in practice of the concept and developed by us methodology of
robust estimations, based on the synthesis of robust surrogate models and solu-
tions to multidisciplinary MV-problems, in mass manufacturing of products will
reduce the percentage of rejects.

The developed interactive computer systems for decision-making support
“ROD&IDS” can be applied to various fields of science, medicine, and technology.
Particularly, this software may be used by the wide range of specialists, who work
on the issues of robust meta-models’ design (formal mathematical models in the
form of regression equations), as well as on the issues of optimization and deci-
sion-making in the process of robust design, improving and intellectual diagnos-
tics of technical and medical-biological systems, ecology, the activities of banks,
insurance, and audit companies etc.
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METOJOJIOTISI HEJIHIMHOIO POBACTHOI'O OIIHIOBAHHSA IS
CHUHTE3Y PO3B’SAI3KIB OBEPHEHUX TA TIIPSIMUX BAT'ATOJIUC-
HUITJIIHAPHUX 3AJAY Y PO3PAXYHKY IHXEHEPHUX PO3MIPHHUX
JIAHIIIOT'IB HA OCHOBI JUCKPETHUX JJAHUX ITPO AHAJIOI'U / 1.0O. Tpo-
¢umona, €.C. Mensiinos, C.B. Yepnum, C.B. €nidanos, O.M. Xycrouka, M.JI. Yrpro-
MoB, A.B. Mensiinos, /[.I. YymaueHnko

AHoTtanis. [Tonano nmocraHOBKH 0OEpHEHMX 1 MPSMUX 33734 PO3PAXYHKY iHXKEHEp-
HUX PO3MIpHUX JIAHIIOTiB HA OCHOBI AWCKPETHHUX JAaHHUX MPO aHAJIOTH i METOHOJIOTI]
po3B’si3aHHA nuX 3anad. [loka3aHo, Mo 3aaa4i po3paxyHKy NPSIMHX PO3MIPHUX JIaH-
IIOTiB HaJIEXaTh 0 KJIacy 00epHEHNX KpalloBHX 3a1a4 y CTOXaCTHUHIH ITOCTaHOBIII,
sIKI MOXKHa 3BECTH JO 0araTOKpUTEpiaJbHUX 3a/a4 CTOXACTUYHOI onTHMi3amii 3i
3MimaHuMu ymoBamu. HoBa GaraToerarnHa METOHOJIOTIS TOLIYKY PO3B’SI3KIB TaKHX
3aJa4 I'PyHTYETbCS Ha METOAaxX HediHiifHoro poGacTHoro ouiHroBaHHs. Lle moxxe
OyTH IOCATHYTO HUIIXOM PO3pOOJICHHS i€papXidyHOi IBOPIBHEBOI CXEMH CHHTE3Y
po3B’s3kiB. Ha mepioMy erarmi cxema BKITIOYae ieHTH(]IKAII0 CyporaTHUX Mojie-
neit (y BUTTISLAL piBHSAHB perpecii). pyruii etan — BU3HaYCHHS eEeKTUBHHUX pobac-
THUX OLIHOK IIyKAaHWX BEJIMYMH; HEBIIOMI BEIMYMHH OLIHIOIOTHCS 32 ampiopHOI i
napaMeTpuYHOi HeBH3HAUCHOCTEH NaHuX. HaBemeHO pesynbTaTH po3paxyHKIB obep-
HEHUX 1 NpSMHUX 3ajad IPOECKTYBAHHS PO3MIPHHX JIAHIIOTIB JUIS JBOCTYIIEHEBUX
OCHOBHX KOMIIPECOPiB. IX OTPUMAHO 3a JOMOMOTOI0 iHTEPAKTHUBHOI KOMIT IOTEPHOT
CHCTEMH IiATPUMaHHS MPUHHATTS pimens «ROD & IDS».

KunrodoBi cioBa: obepHeHi kpalioBi 3a7a4i B CTOXaCTHYHIH ITOCTaHOBIII, anpiopHi i
napaMeTpUYHi HEBU3HAYCHOCTI, METOJM 1 CHCTEMH OI[IHIOBAaHHS BEIMYMH 1 MpOIe-
CiB, TEOPIist IPUUHSTTS PillICHb.

METO/0JOTrUsl HEJUHEMHOIO POBACTHOI'O OLIEHUBAHMS JJIsA
CHUHTE3A PEIIEHUI OBPATHBIX W MPAMBIX MHOI'OJIUCIIUII-
JUHAPHBIX 3AJIAY PACUETA WH)XXEHEPHBIX PABMEPHBIX LENEM
HA OCHOBE JJUCKPETHBIX JAHHbBIX Ob AHAJIOI'AX / U.A. Tpodumosa,
E.C. Mensiinos, C.B. Yepnpmm, C.B. Emudano, A.H. Xycrouka, M.JI. Vrpromos,
A.B. Mensiinos, JI.11. UymaueHko

AHHoTanus. [IpencraBieHsl MOCTAaHOBKM OOPAaTHOW W MPSIMOM 3al1ad pacdyera WH-
JKEHEPHBIX pa3MEepHBIX Iielled Ha OCHOBE JUCKPETHBIX TaHHBIX 00 aHAJIOraX U MeTo-
JIOJIOTHH PEIIeHHs 3THX 3aj1ad. [lokazaHo, 9To 3aJaun pacdeTa MpsMBIX Pa3MEpHBIX
LeTe OTHOCSTCS K KJIaccy OOpaTHBIX KPaeBhIX 3a/1ad B CTOXaCTHYECKON MOCTAHOB-
Ke, KOTOPbIe MOKHO CBECTH K MHOTOKPHTEPHAIBHBIM 337a4aM CTOXAaCTHYECKOH Om-
TUMHU3ALUH CO CMELIAHHBIMU yCJIOBUsIMHU. HoBasi MHOTO3TaIHasi METOIOJIOTHS TO-
UCKa pEIIeHHH TaKuX 3aJad OCHOBaHA HA METOJAaX HEIMHEHHOro pobGacTHOro
OLIEHMBAHUSA. DTO MOXXET OBITh JOCTUTHYTO IYTEM pa3padOTKH HepapXHYecKOi
JIByXypOBHEBOM cXeMbl cHHTe3a pemieHuil. Ha mepBom stame cxema BKIIHOYaeT
HWACHTH(UKAIIMIO CYppOTraTHBIX Mojelneil (B BUAE ypaBHEHHUH perpeccun). Bropoit
sTan — onpeseneHue YQGEKTUBHEIX POOACTHBIX OIEHOK MCKOMBIX BEINYUH; HEH3-
BECTHBIC BEJIMYMHBI OLICHUBAIOTHCS MPH allpUOPHOI M ITapaMeTPUIEcKoil Heonpeie-
JICHHOCTSIX JQHHBIX. [IpHBe/IeHBI pe3yJIbTaThl pacyeToB 0OpaTHOM U MpsMOit 3anau
NPOEKTHPOBAHMS pa3MEPHBIX LENel Ui IBYXCTYNEeHYAaTHIX OCEBBIX KOMIIPECCOPOB.
OHu ObITM MOJTyYEHBI C TTOMOIIBI0 MHTEPAKTHBHON KOMIIBIOTEPHOIN CHCTEMBI MOA-
JepxkH npuHsaTUs pemeHnit «KROD&IDS».

KiroueBble cjioBa: oOpaTHbIC KpaeBble 331aUl B CTOXACTUUECKOI ITOCTaHOBKE, all-
PHOpHBIE U apaMeTPUYECKUE HEONPEACICHHOCTH, METObI M CUCTEMb] OLICHUBAHUS
BEJINYHMH H TPOIIECCOB, TEOPHS MIPUHSTHUS PEILICHUH.
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HABJINKEHI TAPAHTOBAHI OIITHKA MATPHIIH Y 3AJTAYAX
JIIHIMHOI PEI'PECII 3 MAJIUM ITIAPAMETPOM

O.I'. HAKOHEYHMW, I'.I. KYJIIH, I1.M. 3IHbKO, T.I1. 3IHBKO

AHoTamis. J[ociikeHo 3a7auy 3HAXO/KCHHS JIIHIHHUX HE3MIIyBaHUX OIIHOK JIi-
HIHOTO oIepaTtopa HEBiIOMHUX MATpHIb — CKJIAQJOBUX BEKTOpa CIIOCTEPEIKEHb.
ITpunyckaeTbes, 1O BEKTOP CIIOCTEPEKEHb aJUTHBHO 3aJI€XKUTh BiJl BHIIAJKOBOIO
BEKTOpa 3 HyJbOBHM MaTEMaTHYHUM CIIOJiBaHHSM, a HEBiJlOMa KOpessLiiiHa mat-
UL HAJISKUTDH 0 BiIOMOi 00MeXeHOi MHOKUHH. J[11s1 BBeIeHOTO Kiacy JiHIHHUX
OILIHOK JOBOAATHCSA HEOOXimHI 1 JOCTaTHI YMOBH iCHYBaHHSA pPO3B’SI3KiB OmepaTop-
HUX DIBHSHB, SIKI BU3HAYAIOTh HEBITOMI IapaMeTpH BeKTopHOI oninku. [loxano Bu-
TJISL TApaHTOBAHOI CepeHbOKBAAPATHYHOI MOXUOKH OIIHKM Ha MHOXHHax oOMe-
KeHb HapameTpiB 3ajgaui. J[ocnimKeHO BIUIMB Ha JIHIHHY HE3MIIlyBaHy OLIHKY
MaJuX 30ypeHb BiJOMHUX NPSIMOKYTHHX MAaTpPHUIb, K € CKJIaJOBUMH KOMIIOHEHT
BEKTOpa CIOCTepex eHb. J{Jis BBEICHUX CIeHiaIbHUX OINepaTopiB, 3aJISKHUX BiJ Ma-
JIOTO TIapameTpa, sSIKi BU3HAYaloTh BiJMIOBIJHI OMEpaTOpHi PiBHIHHS, a TAKOXK 1X
HaOMKEH] PO3B’SA3KM Y EPIIOMY HAOIIKEHHI METOY MaJloro IapaMeTpa, MoJaHo
aHANTUYHUHN BUTIISA 4epe3 mapamerpu 30ypeHoro Habopy cuHTyisipHOcTeil. Hae-
JICHO TECTOBHI NPHKIIAJ PO3B’I3yBaHHS 3a[adi 3HAXOKEHHs JIHIHHOI He3MilyBa-
HOI OIIIHKM 32 YMOBH 30ypeHHs SIK JIIHIHHO He3alIeXHHX, Tak 1 JIHIHHO 3aJeXHUX
BIZIOMUX MaTPHILb CIIOCTEPEIKECHHSL.

Karwuogi ciioBa: niniiiHe OIiHIOBaHHS, HE3MIIICH] OIIHKH, FapaHTOBaHA CEPEIHbO-
KBaJIpaTHYHA MOXMOKa, JIHIMHI OmepaTopHi PiBHSIHHSI, MCEBIOOOEPHEHI MaTpHIL,
Manuii mapameTp, 30ypeHi BiioMi MaTpHIli CIIOCTEPEKEHHSI.

BCTYII

JliniliHe OIiHIOBAHHS CIIOCTEPEKEHb 3 METOI0 OTPUMAHHS HE3MIICHHUX OIIHOK €
MPEIMETOM JTOCHIDKEHHS YACICHHUX HAyKOBUX IyOikamii. [lepmri myOomikarmii 3
JHIAHOTO OIIHIOBAHHS CIIOCTEPEKEHb OXOIUTIOIOTH KiHEIh IMOMEPEIHBOTO CTO-
piuust [1-6], HUHI IHTEepeC 10 TeMaTHKH 30epiraeThes [7].

3amavi JTIHIAHOTO perpeciiHOro aHaji3y B yMOBax, KOJHW KOMIOHEHTaMH
BEKTOPIB CIIOCTEPEIKEHDb € MATPHII, BiIOMI 3 SIKUX 32 MPHUITYIICHHSIM MalOTh MaJi
BIZIXWJICHHS BiJl PO3paxyHKOBHX, NOCITIDKyBalucs B myomikamisx [9, 10]. I3 Bu-
KOPUCTaHHIM TEXHOJOTIi MCeBI00OEPHEHNX OMNEpaToOpiB, a TAKOXK METOdy 30Y-
PpEeHHS OyJIM TOCTiIKEHI PIBHSIHHS JUIS HE3MIMEHUX OIIiHOK.

VY miif po6oTi po3B’sA3aHO 3aAa49y JIHIHHOTO OIMIHIOBAHHS Y IPOCTOPI MPSIMO-
KyTHUX MAaTpHIb CIIOCTEPEKEHHS, KOJIU BiIOMI MaTpPHUIll TaKOX 3a3HAIN MaJHX
30ypenb. OTpUMaHO OmepaTopHi PiBHSIHHS Ui KOe(illieHTiB BEKTOPHOI JiHIHHOT

© O.I'. Haxoneynuii, I'1. Kyoin, I1.M. 3invko, T.I1. 3invro, 2020
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OLiHKU. JOoCHiKeHO 3aleKHOCTI JIIHIHHUX OLIHOK BiJ Malux 30ypeHb MaTpHy-
HUX Koe(imieHTiB JiHiltHOI perpecii. HaBeneHo TecToBWi NMpuKiIan po3B’sI3aHHS
3aja4i JTHIHHOT perpecii B yMOBaX HEBU3HAUYCHOCTI 3 MaJIMMHU 30ypEHHIMH.

IMOCTAHOBKA 3AJIAYI TAPAHTOBAHOT O JITHIHHOI'O OIIHIOBAHHSA

Hexaii cioctepiraerbest BEKTOp y € RN BUTJIAY

y=CX+n, (1)
ne C — niHiliHME onepaTop, o Ai€ i3 npoctopy I, MaTpuub PO3MipHOCTI
MmXxn y BEKTOPHHUU TPOCTIp RY: X — uesigoma MATpHILs, 10 HAIECKUTH O

Binomoi MHOxuHU Gy H ne RY — Bunagkosuii BEKTOp, JJISl SIKOrO

mxn ;

T . .
En=0, Enm =R (E— cuMBOI MaTeMaTUYHOTO CIOJiBaHHS), R — HeBigoMa
KOpeJsAIliiiHa MaTpUILls i3 MHOKUHHU

Gy ={R:sp(QR)<l}, )
ne O — BiJoMa CUMETpPUYHA JIOJATHO BH3HAaueHa Marpuisi; sp() — ciifg
MaTpPHIL.

OCKINBKH CTIpaBeINBI PiBHOCTI
(CX,e)=sp(X(C" Ny =sp(X4;"), 3)

e C* — oneparop, crnpsbxenuit 1o C, ei, i=1,N — 6a3ucy RN, A eH,,,,

i=1,N, 1o crtocTepexeHHs (1) MOKHA TIEpeNHCATH Y BUTIISAI

y; =sp(X4 ) +m;, i=LN.

3agaHo JiHIHHUKA onepaTop L, 1o Aie i3 mpocropy marpuus ., y CKiH-

YEeHHOBUMIPHUIA pocTip H po3MipHOCTi s 3 6asucom €', i=1,s:

(LX,e")=sp(X(L'e)T)=sp(XD,"), D,eH i=1,s.

mxn»>

CraBuThCcs 3amaya 3HAXOPKEHHS JIHIMHUX HE3MIIIEHUX OLIHOK BEKTOPa
L X, rapanToBaHOi cepeJHbOKBAAPATUYHOT MOXUOKH JIIHIHHOT OLIHKHM, a TaKoX

rapaHTOBaHOI CEPEeAHbOKBAIPATUIHOI MOXUOKHU OLIIHKH.

JITHIMHA HE3MIILEHA OL[IHKA

JliniliHy ouiHKy BekTopa L X Oynemo IIyKaTu y Ki1aci OLiHOK BUTJISILY

n N
LX =Uy = (uy).»)e" , 4)
k=1
ne UeH,, — HeBigomMa MaTpuls, u(Tk):(ukl,...,ukN), k=ls,
— (y, \k=Ls
U= lug); iy
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Teepmxennst 1. /{11 He3MIIIEHOCTI OLIHKY BUMIISAY (4) HEOOXiIHO 1 JOCTAT-
HBO, 100 ICHYBaIH BEKTOPH U(y), k = 1,5 TaKi, I1I0 iCHYIOTE PO3B’SI3KH PiBHSHB!

Pr(Uy)) =Dy, k=1s, (5)

Je p, — JiHIAHUIA oneparop, Mo Aie i3 npocTopy R N y mpocTip Marpuis H
1 IKMI Ma€ BUTISL

mxn >

N
Pr(Ury) = ZukiAi .
i=1

JoBenennsi HeoOXinHocTi. Hexali BukoHytoThCS yMOBH (5), TOOTO icHY-
I0Tb BEKTOPU u(Tk) =Uys.- s Upy), k=15 — po3B’sa3ku cucreMu piBHAHB (5),

TOJIi MOYKHA OTPUMATH:

E(LX-LX)=EUCX +Un-LX)=UCX —LX =

uly \[sp(X4" ) [sp(XDl)
=0
u'(s) sp(XAN sp(XDE )
N _
Zukl k :O, kZI,S =
i=1

Otxe, ouinka BekTopa L X € He3MilIeHOIO.

JoBenenns mocraTHocti. Skmo ominka L X y Kiaci NiHIHHUX OIIHOK BH-
risny (4) 3a BAKOHaHHS YMOB (5) € He3MILLEHOIO:

N
T T
i=1
. . . . T T .
TO 3 JOBUIBHOCTI MaTpuub X € H,,, 1 BEKTOPIB U, k =1,s BUIIMBAIOTH PiB-
HOCTI:
y T T —
i=1
SIK1 3aKIHYYIOTh JIOBEACHHS TBEPKCHHS 1.
[To3naunmo uepes pz — omeparop, ICeBI000EpHEHUH 10 onepaTopa Py .
TBepmkennst 2 [1]. dis toro mo6 piBHAHHS (5) Manu po3B’s3Ku (a OTXKe,
ICHyBaJIM HE3MIlIEeH] OLIHKH), HEOOXIAHO 1 10CTaTHBO, 00 MaTpuui D, k=15
OynH TaKi, 1110 BUKOHYIOTbCS YMOBH:

PP (Dy) = Dy, k=1s,
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1 IpH LILOMY PO3B’S3KH PiBHSHB (5) MOAAIOTHCS Yy BUTIIAAL
Uy = Pr (D) + U =prp) (W),

Ie Wj, — BEKTOp 13 IPOCTOPY RN I — onuanunmii oreparop.

O3HaveHH1. FapaHTOBaHOIO CCPCAHBOKBAAPATUIHOO IMOXHUOKOIO OLIiHKI/I
A

LX (popmyna (4)) Ha3UBAETHCS BETMYUHA

P 1/2

o(U)={ sup E|[LX-LX
Go.G

Teepa:kenns 3. Hexait U e H TOJIi TapaHTOBaHa CePEAHbOKBAIpaTUIHA

mxn >
A

moxuOka orinku LX HaOyae BUTILY

2 Amax (UOT'UT), sxmo ¥V ={U:L=UC}#,
" (U)=
o, gkmo V={U:L=UC}=¢,
JoBenennsi. OCKiTbKH

2
s

o*(U) = sup E|LX—L X * =sup|(L-UC)X|" +sup EjUn
Gy,G) Gy Gy

TO KO0 U €V , BUKOHYETHCS o’ (U)=sup E|(Un|2.
Gy

I3 HepiBHOCTI |Ul|2 < mgx|Ul|2 (oL, ne G= {{: (QL1])<1}, BumuBae, 1o
G

o*(U) = max |UI* = hpex (UQUT).
leG

2
OueBuaHO, 110 skmo U ¢V, To sup |(L —UC)X| =0,
Go
Hacainox 1. Matpuns UQ_IU T nonaerses Y BUTJISAI (Qflu(l-), ( j))i s
Hacaimox 2. Hexait icHye He3mimmena orfinka (4). Tomi BHKOHYETHCS HEPIiB-
HICTh

. 2 A
min max 6" (U) <A ,
Hin 12 6 (U) < (O)

5 1=, - . +
ne Q=(Q ug), u(;)); ;_i5> Uy =Pi (D)
Hacainox 3. Hexaii icaye nHe3mimena ominka (4). Tomi sxmo s =1, BUKOHY-
€TBCS PIBHICTD

min max 6 (U) = hoyax (Q) = (O it(y), ) »

ne u() = pi (Dy) iomneparop p; , saxmo Q = y2] , HaOyBarOTh BUTIISIITY
P (D) =pi (pip!) (DY
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PO3B’SI3YBAHHS 3AJIAYI TAPAHTOBAHOTI'O JITHIMHOT'O OLIHKOBAHHSI
METOJ0OM MAJIOT'O TAPAMETPA

Jami Gynemo mpumnyckartu, 1o JdiHiiHuA omnepatop C (popmyrna (1)) 3anexurs
Bil Masoro mapametpa g, (€ >0), Tooto C=C(g). DaKTUIHO i3 IHOTO MPHITY-
iel,N (dopmyna (3)) (kom-
MMOHEHTH BEKTOpa CIIOCTEPEKEHb ) € RY, dopmyna (1)) momyckaroTb Maii
BIIXWJIGHHS BiJI PpO3PaxyHKOBMX 1 3aJieKaTh Bl MaJOro mnapamerpa:
A, = A(e)eH LN
Mmyna (4)) HeBinoma Matpuus U eH , y 3al€XUTh BiJl MaJIoro napameTpa, To0To

IIEHHs BUIUIMBAE, 10 Bigomi marpuui 4;€H,.,,

i=1,N . BignoBigHo, y niHiiiii ouinni Bektopa L X (dhop-

mxn?>

U=U(e)eH,y, y cucremi piBHsAHb (0) uki=ukl-(8),i=1,_N, kel,s —
HEBIJIOMi KOMITOHEHTH BEKTOP-PsIKa u(Tk) (e) e RN, k= 1,_s matpuii U(e)eH g,y .
B eBkIIiIOBOMY MPOCTOPI PO3MIISLIAETHCS JiHIMHMI oniepaTop (€), 1O i€

3i CKIHYEHHOTO EBKIIOBOTO BekTOpHOro mpoctopy R 'y mpocrip marpuim
H ., PO3MIpHOCTI mxn :

N _
(&g (€)= D u(e)4;(e) =Dy, k=15, (6)
i=1

ne u;(€) — HeBiIOMi KOMIOHEHTH k -ro BeKTOp-psaka matpuui U(e)eH g,y , a
o *
TaKOX CIpsDKeHUM 1o Hboro @ (g): H,., —R". CrpsokeHHM  OIepaTopoM

go*(s) no omeparopa (g) € JHIMHAKA omepaTop, IO Jdi€ B OOepHEHOMY

orepaTopi (€) HANPSIMKY:

sp(Dy{ 4,(&))
© (e)D, = . , k=1ls. (7)

sp(Dy Ay (€))
JloOyTKOM JBOX OrepaTopiB go*(s)go(s): RY >R (omeparop @(g) Bu-

3HavYeHHU dopMmyoto (6), a omeparop p* (e) — dopmymoro (7)) € miHIAHUN OTe-

paTop, MaTpuld AKOro Ma€ BUTIIA]

sp(4f ()4 (e)) - sp(A4] (e)Ay(e))
© (£)p(e)=F(e) = : : ; .
sp(Ay(e)4(e)) -+ sp(Ay(e)Ay(€))

JocniaKyBaTUMEMO Terep Po3B’A30K CUCTEMHU OIIEPAaTOPHUX PIBHSHB (6):

i) (e)=g (e)Dy, Dy eH k=1,s, (8)

mxn?>

N _

ne @' (e)D; = Z?le (e)v;(e)sp(V; (s)DkT), X_Z]- (e), j=1LN — BnacHi umcia
j=1

matpuui F(g) 5 v;(e), j= I,N — BignoBiasi iM BiacHi BEKTOPH:
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1 X L=
Vi(e)= ZAk(S)ij(S)Emena Jj=LN, ©)]
j\&) k=1
v, J.k =1,N — KOMIIOHEHTH BEKTOPIB v?(s)z(vﬂ(s),vﬂ(s),...

sV (@), j=LN.

JliniiiHi OLIHKY 32 TAKOTO BUOOPY U ;) (€), k = Ls OyIyTh TAKUMHU:

A N

LX =3 (p" (@D )" .
Buznauennss HaGopy BﬂaCHP]:quHceﬂ i BJIacHHX BeKTOpiB MaTpuili
F(¢) w™eromom 30ypeHb. Halip BiIacHMX BEKTOpIB 1 BIACHUX YHUCEI
(v;(e), lzj (€)), J el,_N Matpulli F(€) — po3B’si3KM 3aja4i Ha BJACHI YUCIA i
BJIACHI BEKTOPH:
F(e) v;(e)=)15(e)v,(e), j=LN. (10)

VY 3aranpHOMy Bumnaaky 3anada (10) aHamiTHYHOTO PO3B’S3Ky HE Mae€, ajie
MOYKHA OTPUMATH HAOIMKCHUN aHAITHYHUN PO3B’A30K 32 JIOMTOMOTOK BiJIOMOTO
MeToay 30ypeHHS [8], KO BUKOPHUCTOBYBATH BiIOMHIH PO3B’S30K PO3TISHYTOI
3amayvi 3a ymoBH, mo £=0, TOOTO BiloMHII Ha0ip BIACHUX YHCEIN 1 BIACHUX BEK-

TopiB Matpuni £ (0):

F(e)=F(0)+eF (1) + I y,yo(e),
ne Iy.y — marpuns po3mipHocTi (N x N), yci eleMeHTH SKOi JOpiBHIOITH 1,
0(€) — HEeCKIHYEeHHO MaJjia BeJIMYHHA.

Juis matpuri HyneoBoro HaOmmkeHHs F£'(0) MoxHa mpumyctutu (0e3 00-
MEXEHHsI 3arajbHOCTi), mo nepur » (»=rangF(0)) BmacHi ymcna AonatHi i
pizHi (TOOTO X_Z]- (0)>0, k% (0) # X_Z]- (0), i#j,i,j= I,_r ), @ BIIACHE YHCJIO0 22 0)=0
Mae KpatHicTb (N —r).

3rigHo 3 Teopiero 30ypeHHs Habopu CHHryNspHOCTEH  (V;(€), kzj (e)),

j=LN (po3’si3ku 3amaui (10)) momaroThCs TakUMHU BupazamMu (y TEPIIOMY
HaOJIMKEHH]):

W (£) =27 (0)+er% () +o(e), j=1N; (11)
v, (©)=v,(0)+ev;()+Iyq0(e), j=LN. (12)

Tyt kzj >0, = Lr (y Habopi Hy/IbOBOTO HAOIMKEHHSI CHHTYJISIPHI YHC-

Jla TOJaTHi), kzj (0)=0, j=r+1,N (y Habopi HYJIHLOBOTO HAOIIMKCHHS HYJIHOBE

CHHI'YJIIDHE 4HCiO KpatHocTi (N —r)). BuacHi Bekropu v, (e), j=1,_N —

OPTOHOPMOBAHI.
[MixcraBnssHHs BUpasiB ais 30ypeHoro Habopy cuHryssipHocTed (11), (12)
y piBHsHHS (10) 103BOIISIE OTPUMATH CIIBBITHOIIICHHS:
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g": F(0) v;(0)-2%(0)v,;(0)=0, j=Lr, (13)

F(0)v;(0)=0, j=r+LAN; (14)

't F(0) v;()=2%0)v,;() =27, (0) - F()v ,(0), j=Lr,

FO)v,;(1)= ij(l)vj(O) —F)v;(0), j=r+LN. (15)
PiHocrti (13) BH3Ha4atoTh HAOIp CHHTYJSIPHCTEH HYJIHOBOTO HAOJIMKEHHS
ponarHux BracHux uucen (v;(0), lzj (0)), lzj 0>0, j= Lr, r= rang F'(0) 4u-

cein, a pisHOCTi (14) Ay BIacHOTO 22 (0) =0 Busnauaroth (N —r) OPTOHOPMOBA-
HUX BEKTOPIB:

Vi1 (0),v) 5 (0),... v (0), F(O)vS(0)=0, j=r+LN, (16)
AKI MOXYTh OyTH CKJIaZOBMMHU Oaszucy miampoctopy Fy_, BIACHOIO 4HUCIA
22 (0)=0.V piBrocrsix (12) Bracui Bekropu v ;(0), j :m BJIACHUX YHUCEI
kzj 0)=0, j =m MOJIAIOTHCS JTIHIHHUMU KOMOIHAIISIMH OPTOHOPMOBaHUX

BekTopiB (16):

v;(0)= %djuvﬁ(O), j=r+1,N. (17)

p=r+l

AJITOPUTM 0OYMCJIEHHSI HEBiIOMHX 3HAYeHb d s J,u=r+1,N. Iligcra-

BHBIIM IIOJIaHHS BJIACHUX BEKTOPIB HYJHOBOTO BJIIACHOTO YHCJIA 4epe3 JIiHiHHI
KOMOiHaMii OpTOroHaIbHUX BEKTOpiB mianmpocropy Py_, (popmyna (17)) y Bek-

topu (15) (piBmsiHbs mis v;(1), j=r+1,N) 1 cinpoekryBaBuy iX Ha BEKTOpHU

vg(O), v=r+1, N 0Gasucy (16), nicranemo (N —r) cHCTEM PiBHSIHb TUITYy CUCTEM
PIBHSIHB Ha BJIACHI YMCIIa 1 B1acHi Bekropu Matpuii F(1):

N -
> (Fo (=25 (3,,)d 3, (X)) =0, v, j=r+LN, (18)
p=r+l
ne Fu,(1)= (v (0) F()vp(0), 8y, =(vo(0) v(0), v,u=r+LN.
Tyt d?u (kzj (1), u=r+1,N — KOMIIOHEHTH OPTOHOPMOBaHUX BEKTOPIB,
[0 BU3HAYAIOTHCA 3 TOYHICTIO 10 JOBUILHOI KOHCTAHTH.

SIKI10 MpUITyCTUTH, IO KOPEHi ij (D), j=r+1,N anreOpuvIHHX PIBHIHB

(Frpn = 2X0) = Foay
: : : =0, j=r+LN (19)
Fy . e (Fy = 25(0)
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JIOJIATHI 1 MPOCTI, TO JUI HYJILOBOTO KPATHOTO B HYJILOBOMY HaOJFM)KEHHI BIACHO-
ro 4Yrclia B MEpIIoMy HaOMmKeHHI po3B’s3kamu piBHAHHA (10) BH3HAUAIOTHCA
MOTPaBKH, TOOTO BUKOHYIOTHCSI PIBHOCTI:

W (€)= e (D +o(e), 25(1)>0, j=r+1N. (20)

Ulykani 3Ha4eHHs mapametpis d ., j,u=r+1LN (popmyna (17)) Busna-
N _
YaIOThCS Y TPOIIECi OPTOTOHAI3AIlI] BEKTOPIB Zd?“ vﬁ(O), j=r+1LN.
p=r+l
Orpumana cucrema N -BuMipHuX BekTopiB v ;(0), j= LN (po3B’s13kH cHcC-

temu (13), a Takox miHiiHI KoMOiHalii (17)) opToHOpMOBaHa i B MEeTO/I 30ypeH-
HS HACTYITHI HAaOJFMKEHHS MOJAIOTHCS PO3KIIaIaMH 32 I[i€I0 CUCTEMOIO 3 TIOANTh-
IIUM TX OPTOHOPMYBaHHSIM:

N —
Vj(1)=21Cju(1)vu(0), j=LAN.
u:

[Nepe HaOamkeHHs po3B’si3ky 3anadi (10) Ha BIACHI YKCIIA 1 BIACHI BEKTO-
pu 3 ypaxysarasaM dopmy (17)—(20) BuzHauaeTscs Bupazamu [10]:

W(2)=1%(0)+er’ () +o(e), j=1r; (21)

22 =V (OF1)v;(0), j=1r;
2 (€)=¢er;()+o(e), j=r+LN, (22)

ae ij (1), j=r+1,N — xopeHi piBHsanu (19),

vi(€)=v;(0)+ev;()+Iyqo(e), j=LN; (23)

N
v, ()= ZIC_,p (v, (0), j=LN;
-

Ciy () ==v  (OF )V ,(0) /(W (0)- 2% (0), ¢.j=Lr, g#j, C;(1)=0, j=1r;

T 2 .7 .
C,, ) =vIOFW)v,(0)/220), j=1r, g=r+LN;

C,y()=-(vg(MFM)v,;(0)/15(0), j=r+LN, g=1Lr;

Cqu M, g,u=r+1, N — noBinbHi.

BigxuneHHs HOpM BIaCHUX BEKTOPIB MEPLIOro HAOIMKEHHs, IO BigNOBi-
Jal0Th KPaTHOMY HYJIbOBOMY BJIACHOMY YHCIY, BiJ OXMHHIN 3TiJHO 3 METOIOM
30ypeHHs MPOMOPIIIHO KBagpaTy Majoro napaMerpa. 3a3HaueHy MOXHOKY MOXK-

Ha MIHIMi3yBaTH BUOOPOM HeBu3HaYeHHX Koediuientis Cy (1), g, u=r+LN.
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Sl . T
Ilepme wHaOamKeHHs1 JiHiliHOT omiHkm egementa L X =sp(XD; ),
i=1,5. OTpumaHni B nepuioMy HaOMWKEHHI N BJIaCHUX YHMCEN 1 BIACHUX BEKTO-
. * o
piB s 30ypeHoro omeparopa § (€)¢(€) HO3BOJIAIOTH 3HANTH B MEPIIOMY Ha-

OMDKeHHI HeBLIOMI KOMIOHEHTH uy;(g), k=1,5, i=1,N k-ro BexTop-psaka
A

marputi U(g)eH ,y — niniiinoi ominku BekTopa L X Burmany LX =U(g)y(e)
(popmymu (7), (8)):

N J—
U () = Y1 @V, @sp(V,(e)D]), k=Ls,
Jj=1

e
15 (£)=3%0) +ex5 (D +o(e), j=Lr (dopmyna (20));

W (e)= el () +o(e), j=r+1,N (bopmyna (21));

V(@) =v;(0)+ev () + yqo(e), j=1N (bopmyna (22));

1

Vj (&)=

N R
ZAk(S)ij(S)Emena leaNa ij(g), j,k:LN -
i(€) k=1

J

KOMIIOHCHTH BEKTOPIB V ;(€) eRr”, j=LN.

MMPUKJIAJ

Hexait cioctepekeHHS OIMUCYIOTHCS CHCTEMOIO JTIHIHHUX PIBHOCTEH:

yp =sp(X4] (e))+m;, k=1,2K ,
ne A, ()= (ay, (g), ar.(€))', k=1,2K — Binomi BekTOpH:

ap(€)=1  ay(e)=h 1)+eh(2);

B ()= (D"h, h()eR', k=12K, (24)
€ (e>0) —— maymii mapamerp; X =(x;, X, )T —— HEBiIOMHMH BEKTOp; My,
k=12K KOMITOHEHTH BHIIaIKOBOro BekTopa M e R*X | wis sxoro En=0,
E (T]T]T) =R (R HeBiloMa KOpeJsiliiiHa MaTpULA i3 MHOKUHHU (2));

LX =(sp(XD[), sp(XD," )T, (25)

D=1, I)T, D, =(0, 1)T — BiJIOMi BEKTOPH.

HeoGxiaHo ominnTa BekTop LX = (X;+X,, x,) .
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Po3p’si3yBanns. JliHifiHa OmiHKa KOMIIOHEHTIB BekTopa LX BU3HAYAETHCS
PO3B’S3KOM CHCTEMH JTBOX MATPUIHUX PiBHSHD:

2K
Du(e)4,(e)-D;)=0, i=1,2, (26)
k=1

ne uy;(g) — HeBiIOMI KOMIIOHEHTH BEKTOpiB u(Tl-) (&) =(uy; (&), uz ;(€)),

i=1,2 psukis Matpui U (e) = (ug, (8), 1 (2))" .

3 ypaxyBanHsM Gopmyn (24), (25) cuctema piBHSHB (26) TepenucyeTbes y
BUTJIAL:

2K 2K
Dup(e)=1, Do (e)=0,

k=1 k=1
2K 2K
D @B D) +eh () =1, D up(e)h, () +eh (2) =1,
k=1 k=1

IUIS SIKOT B MEXax IMOLIYKY PO3B’S3Ky 3 MiHIMaJIbHOIO HOPMOIO ITOAAIOTHCS ONTH-

MaJbHI OIHKHU Uy, (€), k=1,2K, i=1,2 y Burmnsani:

g (8) = 2 (8) +25 () (hy (1) +eh (2));

. , _ (27)
z0(), 2P () eR', k=12K, i=1,2.

HeBizomi mapameTpu z(’l (e)e R', q,i=1,2 BU3HAYAIOTBCA pPO3B’SI3KOM

OTIEPATOPHHX PIBHSIHB:
1)z @), 25 ()" =2 (e)By(e) + 25 (e) By (€) = D ;

(@" (). 25" )" =i (D). =12,

(28)

A€
2K

k=1

2K K
Hyy =2 h (D (2), Hy = D i (2),
k=1 k=1

p; (e) — onepatop, nceBoodepHerHit 10 Py (g).
CrpspkeHUM OIepaTopoM gor (¢) o omeparopa ;(€) € JniHiiHUIA onepaTop
sp(D] B (e))} T3
T b b .
sp(D; B, (&)
M * . p2kK 2K )
aTpuLs oneparopa ¢, (€)gp(g): R°™ - R"" — ne marpuus:
Fi(e) = £1(0) +eF(1);

©1(e)(D;) = [
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4K%* 0 0 H,(2K + H;)
F(0)= L Ro-= .
0 H Hy2K+H))  4HH,,

Habip BracHHX 4mcen 1 BIAaCHUX BEKTOpIB MaTpulli F|(g) y mepuioMmy HaOIH-
YKEHHI METOJly MaJloro mapamMeTpa Jiist Matpulli F(g) :
H
7\.28=4K2, vie)=(1, )T +e—=2—(, 1D");
1(8) 1e)=(@, 0) 2K—H1( ))
_Hy
2K = H,
Bnachi BexTopu y ¢popmynax (29) — opTOHOPMOBaHi.

(29)

Ay (e)=H{ +e4H H,5, v,(e)=(0, )T —¢ 1, 0.

CucremMa HyJbOBOIr0 Ha0JIM:KeHHSI He BHPO/KeHA. Y TIepiIoMy HaOIu-
YKEHHI METOly MaJIOTO IIapaMeTpa OTPUMYIOTHCS PO3B’I3KH CUCTEM PiBHSHB (28):
1 ( H,(H, —¢&H,) j

b

"(e)D, =z"(e) =——
o &b ©) 2KH?\2K H, —e(H,H, +4KH,,)

1 -eH\H
P (e)Dy =27 (&) =—— e,
2K HX\ 2K (H, —2¢H,,)

SIK 32 MiACTaBIAHHA Y (opMynu (27) BU3HAUAIOTH y MEPIIOMY HAOIMKEHHI Ma-
JIOTO IapaMeTpa ONTHMANbHI OIHKH Uy, (e), k=1,2K, i=1,2 y Burmsni:

1

(€)= (H, hy () + QKR (2) - Hyly (1)), k=1,2K ;

1

il (g) = e(2Kh, (2)— Hohp (1)), k=12K .

1

Orpumani Bupasu m1s uy;(€), k =1,2K, i=1,2 103BOJSIOTH y IEPIIOMY Ha-
O KEeHHI MaJIoTo MapaMeTpa BU3HAYUTH ITyKaHy ONTHMAaIbHY HE3MIIIEHY OIHKY:

2K
A (214_22} Zﬁli(g)yi(g)
LX=|

_| =t
X2

2K :
2.1 (€)y;(e)
-1

Ouninka LX y mepuioMy HaONMKEHHI Majoro mapamerpa CyTTEBO CIIPOC-

THTBCS, SIKIIO dj j = (—l)khl +ehy, k=12K . JInd 1poro BUNajaky
1[0 103BOJISIE JICTATH BUPA3U uy;(€), k = l,_N, = 1,_2 Y BUTJISI:
1
uq(e)=—(h,(D+eh1-hQ));
51 (€) 2K(k() (1= (1)

ﬁkz(g)zigh(l—hk(l)), B (D) =(=1)h, h:Z—Z k=12K. (30)

2 b
1
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VY Takuit cmoci6 y mepmomy HaOJMKEHHI Majloro mapaMerpa BU3HAYEHO
matpumio U(g) = (u)(€) LY(z)(g))T , KOMIIOHEHTH PSJIKIB K01 1MojaHo (opmy-

mamu (30).
3rigHO i3 TBEP/UKEHHSM 2 KBaJpaT TapaHTOBAHOI CEpeIHHOKBAIPATUYHOI

A

MOXMNOKM OomiHKM LX — 1ie BEINYMHA
o*(U) = sup E|LX—LX " =y (U()Q'U" (e)).
Go.G
VY posrisnyTomy mpuknan U(e)=( ﬁ(l) (e), ﬁ(z)(s))T, Q'1 =1 (/- onu-

HAYHA MaTpHIlT). BUKOPHUCTOBYIOUHM 3HAYEHHS B MEPIIOMY HAOIFMKEHHI MaJoro
napamMeTpa komnoHneHT Matpuii U(ge) (popmynu (30)), HECKIAAHO OTPUMATH

U0 U (6) = 1 | Bf(-eh)? +(sh)* (sh)z—(l—sh)shhf’ Y

(2K)? (eh)* — (1—eh)ehh? (eh)>(1+ h}) h

Hlykana BemmunHa A, (U (S)Q'IU T (€)) 3a pi3HHX 3HaYCHHL MMapaMeTPiB
Ha0yBa€ BUTIISLY

£=0 = ko, (U0 'UT(e)=h?;

hy=hf = hpey (U()O'UT ()= h3 —2¢eh;. 31)

l'apaHToBaHa cepeaHLOKBAIPATHYHA MMOXHMOKA OIIIHKA B TEPIIOMY HaOIH-
JKeHHI B HEBHPO)KeHOMY BUMaAKy ((popmyna (31)) 3a manux 30ypeHs IPUBOJUTH
JI0 3MEHILIEHHS TOXUOKH.

CucremMa HyJLOBOr0 Ha0JIM:KeHHS BUPOJKeHAa. Po3B’sI3KM cucteM piB-
HsHB (28) y nepumomy HaONMKEHHI METOy MaJloro mapamerpa, skmo /s =0, BU-

3HA4al0ThCsl HAOOPOM BJIIACHUX YMCEJ 1 BIACHUX BEKTOpiB MaTpui £ () :

4K?  eH,2K
Fi(e)= :
eH)2K 0

BnacHi uncna i BaacHi BekTopu Matpuui Fj(g) :

M (€)= 4K, vi(e) = (1, 0)T+8§I—I§(07 nh;

23 (6)=0, v,(g)=(0, 1)T—gf—é(1, 0)". (32)

Bnachi BexTopu y ¢popmynax (32) opToHOpMOBaHi
Y macyMKy OTpHMaHO pO3B’SI3KH CHCTEM pIiBHAHB (28) y mepmiomy
HaOMMKEHHI METOly MaJloro apaMmeTpa:

2Me)=- ol @@= "],
2K +eH, +1/(eH,) e,

SIK 32 MiACTaBIAHHA Y (opMynn (27) BU3HAUAIOTH y MEPIIOMY HAOMIMKEHHI Ma-

JIOTO IIapaMeTpa ONTHMAIIBHI OLIHKH Uy, (e), k=1,2K, i=1,2 y Burmsini:
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up(e) = (-1 (eH, + (2Keh (2) + 1y (2)/ Hy))

Uy (8)=(=1) e*H,hy (2), k=12K .

Ominka LX y mepmroMy HaOJIMKEHHI MaJIoTO ImapaMeTrpa Uit IbOTO BHITAI-

Ky 3a YMOBH, 10 7 (2)=¢h,, k=12K , cnpocTuThCs:

i=1

X2

2K _
C (35 | 2@
LX = =1k >
2. 1i(8);(€)
i=1
ac

iy (€) = (=) (e4Khy +1/(2K)), it5;(e) = (~1) €22Kh3, i=12K.  (33)

Y npunymenni Q7' =1 i3 BUKOPUCTAHHAM 3HAYCHD y [EPLIOMY HAGIMKEH-
Hi Maroro mapaMerpa komrnoHeHT Matpulli U(g) (dhopmynu (30), (33)) marpuns

U (S)Q'IU T (¢) HaOyBae BUTIISATY

) e2hy, +1)*  &*h)
U)0"'UT () =4K? ¢ 20 ) 2
eh 0
lapanToBaHa cepenlHBOKBagpaTHYHA MOXMOKa OL[IHKH B TEpIIOMY HaOmu-
JKEHHI MaJIoro rmapamMeTpa (BUPOKEHHUH BUTIAI0K) TaKa:

Amax (UE)QUT(£))= (1+€2h,)7,

T00TO MaJi 30ypeHHs PU3BOIATH 10 301IbIIEHHS TTOXHOKH.

BUCHOBKHU

VY poboTi mocmigKeHo 3amady JNiHIHHOTO OLIHIOBaHHS; OTPUMAHO ONEPaTOpHi
PiBHAHHS 1751 Koe(illieHTIB BEKTOPHOI JiHIHHOI He3MilIeHo1 omiHku. Jlis BBeme-
HOTO KJIacy JIHIHHUX OITIHOK HaBeIEeHO HEOOXiTHI 1 JOCTaTHI YMOBHU iCHYBaHHS
PO3B’sI3KIB PIBHSHB, SKi BU3HAYAIOTh HEBIJOMI BEKTOPH IIYKAHUX OI[IHOK, ITOJIaHO
BUTJISA]] TAPAHTOBAHOI CEPEHBOKBAIPATUYHOT MOXUOKHU OIIHKH. 3aIpONOHOBAHO
pO3B’s3aHHS 3a7adi JIHIHHOTO OIIHIOBAHHS, KOJIM B KOMIIOHEHTaX BEKTOpa CIIO-
CTEpEKEeHb IS BiJOMUX MATPHUIb MOKIMBI Majli 30ypeHHs SIK JIHIHHO He3alex-
HUX, TaK 1 JIIHIHHO 3aJIe)KHUX BiJOMHX MaTpHUlb. Y MepIIoMy HaOJIMKEeHHI Me-
TOAYy MAJIOTO TMapaMeTpa pPO3B’SA3aHO pPIBHSIHHSA JUIS HEBIJOMHUX MapaMeTpiB
ITyKaHUX OIIHOK. HaBeneHo TecTOBMU NpHKIAN HAOIMKEHOTO aHAJITUIHOTO
PO3B’sI3Ky TIOCTABJICHOT 3a/1a4i.
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APPROXIMATE GUARANTEED ESTIMATES FOR MATRICES IN LINEAR
REGRESSION PROBLEMS WITH A SMALL PARAMETER / O.G. Nakonechnyi,
G.I. Kudin, P.M. Zinko, T.P. Zinko
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Abstract. The problem of finding linear unbiased estimates of the linear operator of
unknown matrices — components of the observations vector, is investigated. It is
assumed that the observation vector additively depends on a random vector with
zero expected value, and the unknown correlation matrix belongs to a known
bounded set. For the introduced class of linear estimates, necessary and sufficient
conditions for the existence of solutions of operator equations that determine the un-
known parameters of the vector estimate, are proved. The form of the guaranteed
mean square error of the estimate is introduced on the sets of constraints of the prob-
lem parameters. The influence on the linear unbiased estimate of small perturbations
of known rectangular matrices, which are the composites of the observations vector
components, is also investigated. The analytical form is given through the parame-
ters of the perturbed set of singularities for the introduced special operators that de-
pend on a small parameter, which determine the corresponding operator equations,
as well as their approximate solutions, in the first approximation of the small pa-
rameter method. A test example of solving the problem of finding a linear unbiased
estimate under the condition of perturbation of both linearly independent and line-
arly dependent known observation matrices is presented.

Keywords: linear estimation, unbiased estimates, guaranteed mean square error, lin-
ear operator equations, pseudo inverse matrices, small parameter, perturbed known
observation matrices.
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NMPUBJVKEHHBIE TAPAHTUPOBAHBIE OLEHKH MATPHUIl B 3AJAYAX
JJMUHEMHOMU PEI'PECCHUHN C MAJIBIM INAPAMETPOM / A.I. HakoHe4HBbIH,
I''1. Kynun, I1.H. 3unsko, T.I1. 3unbko

AHnHoTanus. VMccnenosana 3a1a4a HaX0KICHUS HECMEILEHHBIX OLICHOK JIMHEHHOTO
orepaTopa HEM3BECTHBIX MATPHI[ — COCTABIIIONINX BEeKTOpa HaOmrogeHuid. IIpen-
MOJIaTaeTCsl, 9TO BEKTOP HAOJIOJCHUH aJINTUBHO 3aBUCHT OT CIIy4aifHOTO BEKTOpa C
HyJIEBBIM MaTeMaTU4YECKUM OXKHUAAHUEM, a HEM3BECTHas KOPpEJALUOHHAs MaTpuLa
[IPUHAJUIEKUT U3BECTHOMY OIPaHHUCHHOMY MHOXECTBY. JIJsl BBEJCHHOrO Kiacca
JUHEHHBIX OIIEHOK J[OKa3bIBAIOTCS HEOOXOJMMBIE U JOCTATOYHBIE YCIIOBHS CY-
IIECTBOBAHUS PELICHHH ONEPAaTOPHBIX YPaBHEHHH OMNPEEISIOMNX HEU3BECTHbIE
napaMerpbl BEKTOpHOH oueHkH. [lonan Bua rapaHTUpOBaHHOM CpeqHEKBaapaTHue-
CKOM MOTPELIHOCTH OLIEHKU Ha MHOXKECTBAX OrpaHUYEHUI napaMeTpoB 3anauu. Hc-
CJICZIOBAHO BIMSHUE HA JIMHEHHYIO HECMELICHHYIO OLICHKY MallblX BO3MYIICHUHN U3-
BECTHBIX IIPSIMOYTOJIBHBIX MATPULl, KOTOPBIE ABJIAIOTCS COCTABIIIOIIMMYU KOMIIOHEHT
BeKTOpa HaOMoeHHi. 111 BBEJIGHHBIX CHELMAIbHBIX ONEPaTOpOB, 3aBUCSIIUX OT Ma-
JIOTO IapaMeTpa, KOTOpbIC ONPEIEISOT COOTBETCTBYIOLIME ONEPaTOPHBIC ypaBHeE-
HHS, @ TAKKE UX MPUONMKEHHBIE PEHICHNS B IEPBOM IPHOIIKEHHNH METOAa METOa
MaJioro mapamerpa, NojaHoO aHATUTHYECKHH BUJ Yepe3 mapaMeTpbl BO3MYIIEHHOTO
Habopa cuHTyJsIpHOCTEH. [IpruBeeH TECTOBBII MpUMeEp PELICHUS 3aJadd HaXOXKJe-
HUS JTMHEHHOW HECMEIEHHON OLIEHKH MPH YCIOBUSAX BO3MYULIEHUS KaK JIMHEHHO He-
3aBUCHMBIX, TaK U JMHEHHO 3aBUCHMBIX H3BECTHBIX MAaTPHI[ HAOIIOACHHSI.

KunroueBble clioBa: uHEHOE OLICHUBAHUE, HECMEIICHHBIC OLICHKH, FAPaHTHPOBAH-
Has CPEAHEKBaJpPAaTUYECKasi MOTPEIIHOCTh, JMHEWHBIC OIEPAaTOPHbIC ypPaBHEHWSI,
MICEBA000PATHBIE MATPHIIBI, MaJIbIi MTAPAMETP, BO3MYIICHHbIE N3BECTHBIC MATPHIIBI
HaOJIIOACHUS.
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Y3ATI'AJIBHEHI PO3B’SA3KHU 3AJIAY OIITUMAJIBHOI'O
KEPYBAHHA

I.B. BEMIKO, O.B. ®YPTEJIb, 10.B. CIIIBAK

AHoTauisi. Po3risiHyTO 3a7aui ONTHMAIBHOTO KEpyBaHHS CHCTEMaMy anreGpo-
iHTerpo-auepeHIliabHUX PIiBHAHD Ta PIBHSAHD i3 YaCTHHHUMHU IOXIAHHMH, SIKi
OIHCYIOTh KePOBaHi MPOLECH i3 30CEPEKEHUMH Ta PO3MOAIICHIMH HapaMeTPaMu.
BuzHaueHO y3arajgpHEHI ONTUMAalbHI PO3B’S3KH, SKi ICHYIOTh UL IIUPOKHUX KIIACIB
NPUKIATHAX 33729 ONTHMAIBHOTO KepyBaHHA. 3apOIIOHOBAHO METOIU MOOYIOBH
HaOJIMKCHHUX y3arajbHCHHX PO3B’S3KIB.

Kuro4uoBi ciioBa: ontumalbHe KEpyBaHHA, MAaTEMAaTUIHE MOACIIOBAHHS, ITPOLIECU i3
30CECPECIIKEHUMU ITapaMETpaMu, IPOLECHU 3 pO3l'[O,Z[iJ'IeHI/IMI/I napamMeTpamMu.

BCTYII

3agaui onTUMi3alii Ta METOIU ONTHMAIBHOTO KEPYBaHHS CUCTEMaMH 3 YacTHH-
HUMHU TIOXITHUMH € BOKJIMBUMU JUIS PO3B’SI3aHHS 3a7a4 MaTeMaTHYHOTO MOJe-
JIOBAaHHS, MPOTHO3YBaHHSA 1 cucTeMHOTO aHami3y [1—4]. TpynHomi X po3B’si3aHHS
4acTo BUHHUKAIOTH Yepe3 BIJICYTHICTh Y BUOPAHOMY IPOCTOPI HIYKAHOTO ONTHUMa-
JpHOTO KepyBaHHs. Hampuknan, 3a Bimomumu ymoBamu Kapyma—Kyna—Takepa
JUTSL pETYJIIpHOTO MiHIMi3aTopa
x" e Arg min J(x)
g(x)ek

y 6anaxoBomy mpoctopi X i3 nBivi audepeHniioBHuMu (3a Opemie) GyHKIisIMH
J:X—>R, g:X—>Z taonymMm y 0aHaxoBOMY mpocTopi Z KoHycoM K
ICHY€ eIeMeHT

leK":={leZ :(L,k)20,keK},
3a KM HeoOXi/THI yMOBH ONTUMAIIEHOCTI BU3HAYAIOTHCS PIBHSIHHAMU

T =g (=0, (Lgx"))=0,
aye mpo0aeMa MoJsIrae B TOMY, 110 PO3B 30K X* BUSBISIETHCS PETYJIIPHUM Tillb-
KW y BUnaaKy X < L;, a apyra moxinHa L”(x*) oOMeXeHa TUTBKH Y BUTAAKY

L, c X . Inma npoGiema 3yMOBJIeHa HECTIMKMMHU KE€POBAHUMH CHCTEMaMH, IUIs

SIKUX PI3HUIIEBI MOJIETI TaKOX € HECTIHKWMH 1 HEPUAATHUMH I OOUMCIICHHS
(hazoBux TpaekTopiii. Hanmpukmnan, s cTiiKoi KepoBaHOI CHCTEMH ii CIIpsDKeHa
cHucTeMa, 3a SKOK BH3HAYAETHCS ONTUMAaJIbHE KEPyBaHHS, € HECTIMKOIO, i HaBIa-
KM — y BHITAIKy CTIHKOi CIPSDKEHOI CHCTEMH HECTIHMKOIO BUSBISETHCS BHXiIHA
cucreMa, a e norpedye BUKOPUCTAHHIM aJE€KBaTHUX CTIMKMX HESBHHX CXEM 1
HESIBHUX anTopuTMiB PyHre—KyTTH U1 iHTErpyBaHHS €KCTpEeMalIbHUX TPa€EKTO-
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pilt kepoBanux cucteM [4—6]. BaxxinBo 1m0 HaBiTh 301kKHI 11 TU(epeHLianbHUX
PiBHSIHb HEsIBHI anroputMu PyHre—KyTTH MOXKYTh BHSBUTUCS HE30DKHUMH IS
eKcTpeMasiell B 3amadax ONTUMajabHOrOo KepyBaHHA [7]. OcoOnuBi TpyTHOIII
3’SBIISIOTHCS B 3a7adyaX KEPYBaHHS CHUCTEMaMH i3 B3a€MOJIIHHUMY KEPOBAaHUMU
MiJICUCTEMaMH, SIKi ONMUCYIOThCS y3araJlbHEHUMH alre0po-iHTerpo-audepeH-
MIATPHUMY PIBHSHHSAMH 1 JUTS SIKHX MOJKE HE ICHYBaTH ONTHMAaJILHOTO KepyBaH-
Hs. Y po0OOTi BU3HAYAOTHCS y3arallbHEHI PO3B’S3KH TaKWX 3aJad i po3risja-
IOTBCSI MOYKIIUBOCTI HAOJM)KEHUX METO/IIB TX MO0y I0BH.

Y3ATAJIBHEHI 3AJJAYI OITUMAJIBHOI'O KEPYBAHHSA

[puknamom 3a1avi ONTHMATBHOTO KEPYBaHHS, SIKa HE PO3B’SI3y€ThCS 3a MPUHIIH-
NIOM MaKCUMYMYy, € MaKpO€KOHOMIYHa 3aJa4ya BiJIIyKaHHS ONTHMAJILHUX TEMIIiB
BUPOOHUIITBA 3ac00iB BUpOOHMIITBA 71(f) 1 TOBapiB CHOXKHBaHHS c(f), SKi AJs

3agaHux koediuieHtiB  (ou(f,7),(¢,T)) BHUKOPHCTaHHA HasBHUX pECypCiB
(m(7)y(t),m(t)(1— y(1))) MaKCHUMI3YyIOTh 3HaUYCHHA «(GYHKIIIOHATA CYyCHLIHBHOTO

nobpodyty» J(y) = I()T c(t)dt Ha Tpa€eKTOpiIX MaKpPOMOJIEIi

t t t
m(t)= [a@nm@)y@dr, o(t)= [BE,Dm)1-y(D)dt, LE)= [y(v)dr,
a(t) a(t) a(t)
ne 3a ¢yukmiero a(t) €[0,¢] BU3HAYAIOTHCS TEPMiHHU ¢ — a(?) BHUKOPHUCTAHHS 3a-

co0iB BUPOOHHIITBA, CTBOPEHI O MOMEHTY 4Yacy f. Y3arajabHEHHSM Ii€l 3a1adi €
3a7aya ONTHMi3alii 6araToOCeKTOPHOT MaKpPOCKOHOMIKHU 3a KPUTEPiEM MaKCHMi3a-

B, 0m;(1)y;(v)dt y makpo-

M
il «3arambHOrO A00po0yTY» J(a)= I()T ZJZ ©
j=

€KOHOMIYHIN MoJe
M t
> [K;t.om;(Ddr=Ft),i=1...,N, a;(t)€[0.1], j=1....,N.

=la;()

[ToxibHi 3amadi HECTAaHAAPTHUX KEPOBAHHMX CHUCTEM € YACTUHHUMH BHUTIA-
KaM¥ y3arajibHeHOi 3a1a4i 1.

V3araiabuena 3agava 1. 3uaiitu pos3s’ssox x(¢) e R”, u(t)eR" cucremn
anre0po-iHTerpo-audepeHIiabHIX PiBHSIHbD

S tx,u)= 0 (xelty),u, %(0), x(0),u(t),t;
jfl (x(s),u(s),s,x(t),u(t),t)ds) =0; @)

D(t,u,x)

T
F(x,u) = F(x(ty), x(T),u, [ F'(5(2), x(0), u(t), £

to

T
[ F2 (), x(9),u(s), 8, (1), x(1),u(t),t)ds) = 0,

)
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SIKMH MakCHMi3ye (DyHKIIOHa

T
B(x,u) = B (x(ty), x(T),u, [ B2 (%(6), x(t),u(t). ;

to

T
[ B (5(5), x(5),u(s),5,%(¢), x(£),u(t), t)ds) = 0. )
lo
Jlo Takoi 3a/1a4i 3BOAATHCS MIHUPOKI KIIACH MPUKIIaTHUX 3a/1a4 ONTHMAIBHOTO
KEPYBaHHS MPOLIECAMH 13 30CEPEKCHUMU MapaMeTpaMHu 1 pi3HUMHU THIIAMH 3BU-
YaHUX Ta IHTErpabHUX 3aIli3HEHb, TAKHUX SIK, HANPUKIIAJ, y 3raJlaHUX BUIIE 3a-
Jadyax OINTUMAJIbHOTO KEpPyBaHHA B3a€EMOIIOB’ SI3aHUMH MaKpOCKOHOMi‘-IHI/IMI/I
npoilecaMu. AHAJIOTIYHA y3aralbHeHa 3a/aua ONTUMAJIBHOTO KEePyBaHHS CKJIaj-
HAMH CHCTEMaMH anreOpo-iHTerpo-Au(epeHITiaTbHAX PIBHAHD 13 YaCTUHHUMH
NOX1THUMH (POPMYITIOETHCS SIK y3arallbHeHa 3a1a4a 2.

v cee . r . n
V3araabHena 3anayva 2. 3naiiti Bektop-pyHkmii #:D —R", x:D —>R",

D c RxR" , gki Hanexars MHOXHHI ) PO3B’S3KiB y3araibHEHOI KepOBAaHOI

CHCTEMH 13 TiJICUCTEMaMH, SKi OIMUCYIOThCS areOpo-iHTerpo-audepeHIiatbHIIMA
PIBHSHHSIMU 13 YaCTUHHUMH MTOX1THUMH

_ k
fl-k (t,s,x,u)= fl-k(t,s,x(t,s),u(t,s),Fﬁ (x,u,t,5))=0;

(t,s)e D' (x,u), k=1,N,,i=1,Ny (3)
1 MAaKCHMI3yIOTh 3HaUeHHS (hyHKITIOHATA
B(x,u)= ”(po (t,5,x(t,8),u(t,s),F° (x,u,t,s))dsdt , 4)
D
e fl-k — 3amaHi  (QyHKIIi; D' (x,u)c D — 3agaHi MiIMHOXUHH;

i i i . . . -k
Dy (x,u) = {t; (x,u),s, (x,u)}g’: ,©D - 3amaHi muckperHi MmAMHOXHHE; F i
o+

6—Bx(t,s) Ta

71{ . . ee .
F& i F® — 3apani xoMmosuii omepatopis F(x,ts,0,B)= o
t~0s
BU3HAYCHHX 3a 3a[aHHMH MHOXHHaMu Q(f,s)= {t"(t,s),s"(t,s),oc",[3’.}1'.'31 ,

Q(t,s,x,u) c RxR" oneparopis

Fy(F,x,t,8,Q) = (F(x,t+1 (x,0),s + 5 (x,0),0',B);
F(x,t+17(x,0),5 + 57 (6,0),07,B2), ..oy Fi(x,2+1"2(x,0),5 +5"2 (x,0),0"2,B"2)) ;

Fy(x,u,t,5,0,Q) = ”(p(t,s,u(t,s),Fl (x,t+ 1,5 +0,0,B))drdo.
ﬁ(t,s,x,u)

Y 3aragpHOMY BHIAQAKy 3aada 2 MOXKEe HE MaTH PO3B’S3KY

* * .
(x ,u )=arg min B(x,u), 30KpeMa, MOXE BHIBUTHUCSI IMOPOXKHHOIO MHOMKH-
x,u)eQ)

Ha Q. g Takux BUMAAKiB OyIyeThCs y3araJlbHEHHH ONTHMAalIbHUI PO3B’S30K
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3 BUKOPUCTaHHSIM MHOXHUHH €)(€) PpO3B’SI3KIB CHCTEMH | fl-k (t,s,x,u)|<e,
i TN i1
(t,s)e D' (x,u), k=1,N;,i=1LN,;.
* * . # *
VY Bunaaky (x (¢),u (¢))=arg min B(x,u)¢Q 3HaueHns (x (g),u (g))
x,u)eQ(g)
HA3WBAIOTh HAOJIDKEHUM HEBJIIACHHM € -pO3B’SI3KOM 3ajaui 2, a y3araibHeHWH
PO3B’S30K 3a/1a4i 2 BU3HAYAETHCS SIK MOCHIIOBHICTD (X;,u;), k=1,2,..., siKxa 3a-
JTIOBOJIBHSIE YMOBH
(xpour)eQe), g, >0, limey =g, B(x,u,)< inf  B(x,u)+gg,
k—ow (x,u)eQ(er)
Jie € — MiHIMaJIbHe 3HAYCeHHs, IS SIKOTO TP € > € MHOXHHA ()(€) € HEMOPOXK-

HBOIO.
Mertonn  1OOyZOBM  y3arajJbHEHOI'O  PO3B’SI3KY  pealli3yloTbes 3
BUKOPHUCTAHHSIM Yy3arajibHEHOI anmpokcuManiiHoi cuctemu A(x,u,p)=0, ckia-

JIeHoi 3 ampoKcuMamiiHux mopeneit Ay (x,u,p))=0, k :m, i=1,N;,; nans
KokHOI mifcuctemu (3) 3 ajgekBaTHO BHOpPaHUMH TapaMeTpUYHUMHU (YHKIISIMU
Ay X xUxP—W, 3aganuMu y IapaMeTpU30BaHUX IpocTopax (pa3oBUX Tpae-
kTopiii X(p) Ta kepyBaub U(p) i3 3a5aHUMHA MHOKMHAMU P JOMYyCTHMHUX 3Ha-

4YeHb mapaMeTpiB. [0 OCHOBHMX XapaKTEPUCTUK aJCKBATHOCTI y3arajibHEHOI ma-
pamerpuunoi momenmi  A(x,u, p)=0 HamexaTh MaXOpaHTHI abo0 oOcepemHeHi

OLiHKU Yacy T(p), HEOOXimHOTO i 00YMCIEHHS HAOJIMKEHOTO ONTUMAaJIbHOTO
—* . .
KepyBaHHS u (p), Ta OI[IHKK TOYHOCTI O(p) OTPUMAHOIO HAOJMIKEHOTO OITH-
—* . .
MaJBHOTO KepyBaHHs # (p). 3a HassBHOCTI TaKWX OITIHOK MOKHA OyJio O BH3HA-

yaTh mapameTpu O(p) = max B(x(u),u)— B(x(b_:* (p),u : (p)) omTmMi3oBaHOI 3a
u
TOYHICTIO po6ouoi Moxeni A(x,u, p)=0, napamerpu p* =argmint(p) onrumi-
peP

30BaHOI MOJIEINI 3a KpUTEpieM MiHiMi3allii yacy peanizamii alrropuTMa st 004rc-
_* . —K
deHHS u (p), a TakoOX BAXKIUBI IS TPAKTHKA MapameTpu p- =

=arg migl(Kr( p)—90(p)) K-ontumanpHOi, a00 BH3HAYEHOI HIXKYE aCHMIITO-
pe

THYHO K-ONTHMAIBEHOT MOJIETI.
Oco06nuBO BaXJIMBUM € BUOIp MHOKHHUA P JIOMyCTUMUX 3HAYEHb IapaMeT-
piB p, fKi MaroTh 3abe3medyBaTH OOYMCITIOBANBHY CTIHKICTh poO040i Momeni,

BUKOPHCTOBYBATH HASBHY PO3PiHKEHHICTH ISl ONTUMI3allii HeoOXiTHUX MpoIie-
IIyp, 30Kpema Juis 00YMCICHHS IPAIEHTIB 1 MOTPIOHUX MOXIAHUX BUIIUX MOPSI-
KiB, @ TAKOX 3a0e3MeuyBaTH aJICKBaTHE Y3TOJDKCHHS BHOpPAHUX Y MOJIEI KAl
JUTSL 9ACII0OBO-aHATITHYHOTO TIOAAaHHA YCIX 3MIHHHUX, SIKE pealli3yeTbcs OararbMa
PI3HUMH CIIOCO0aMM, TTIOYMHAIOYH 3 TIPSIMOI TUCKPETHOI alpOKCUMAIIii BCIX TTOXiI-
HUX y piBHAHHAX (1), (3) 3 ypaxyBaHHAM TOroO, IO CTilKi Ta 301KHI alrOpUTMHU
YHCIIOBOTO PO3B’si3aHHs 33ja4 Kommi s nudepeHiiadbHuX PIiBHSIHb MOXYTh
BTpavaTH MOTPiOHY CTIMKICTH Ta 301KHICTH y 3aJadax ONTHMAJIHHOTO KEpYyBaHHS
[4-7]. Lle moB’s3aH0 3 THM, IO B 33Ja4aX ONTHUMAJIBHOTO KepyBaHHs AudepeHIli-
AJBbHI PIBHSHHS JJI €KCTPEMaJIeH, sSIKi BKIIFOYAIOTh PIBHSAHHS KEPOBAHOI CHCTEMU

Cucmemni docnioxcenna ma ingpopmayivini mexnonoeii, 2020, Ne 4 107



L.B. Beiixo, O.B. @ypmenvw, I0.B. Cnigax

pa3oM 3 PIBHSHHIMHU CHPSDKEHOI A0 Hel mifcucTeMu Maibke 3aBXKIU € HECTiHKH-
MH, OCKIIBPKH y BUIAAKY CTIHKOI KEPOBAHOI CHCTEMH ii CIpsDKEHA CHCTeMa Ha
eKCTpeMalli € HeCTIMKOIO, 1 HABITaKH, SKIIO CIPsHKEHA € CTIHKOI, TO HECTIHKOIO €
BUXiJHa KepoBaHa cucTeMa. Po3B’s13aHHA Takux mpoOiieM NoTpedye aleKBaTHOTO
BUOOPY aJIeKBaTHOI YHMCIIOBO-aHATITHYHOI anpoKCHMaIlii MIyKaHux (yHKIIH
(x,u) Ta iX IIyKaHUX 3HauYeHb (X ,u; ) 1 3HAYEHb iX MOXIAHUX y By3nax (¢;,s;)
BUOpaHUX AMCKPETHUX MHOXHH pM ={(t;,8;), k=1.M} nnsa anpoxcumarii

koxHoi mifgcucremu. Hlykani 3Hauenns (x,uy )= (x(t;,s;), u(t;,s;)) obuuc-

JIIOIOTBCS K PO3B’SI30K X = {xk ,k=1L.M}, U= {uk, k=1..M} 3amaui MakcuMi-
3arii BiMMMOBITHOTO (TTapaMeTpPU30BaHOTO) 3HadeHHS ¢dyHKmioHana B(X,U) Ha
TpaekTopisx X pobOouoi moxeni A(X,U)=0. [1oOyaoBa BiAMOBIIHOTO y3araib-
HEHOTO po3B’s3Ky (X ku k), k=1_2,... peanizyeTbcss abo 3a CyOrpaaicHTHUMH
ANTOPUTMAMH (XkJrl ,UkH) = (Xk Uk )+ kak , e ZF — cyOrpazieHT QyHKIII-
orana B(X,U) y Toumi (X,U) =(Xk,Uk) y BUIAIKY |A(Xk,Uk) |<d, 1icy6-
rpagieHT QyHKuionama —|A(X k Uk )| B iHmMX BuUnankax. MOHOTOHHO ClajHa
HnoCHiaoBHICTh dj >0, k=12,.. € perynoBaJpHUM HapamMeTpoM Uil peasizamii
HAJIKHOTO 30UIBIICHHS TOYHOCTI ampoKcHManii MapaMeTpUYHOTO ITOJaHHS
(xg,uy) yHkuiit (x,u), 30kpemMa 3aBISKH 30UIbIIEHHIO KiJBKOCTI BY3JI0BUX TO-

40K (f,S;) JUCKPETHOI MHOXUHH pM y 30HaX 3 OLTBLIMMHU 3HAUYEHHSIMHU MasKo-

paHTHOI OLIHKK MOXHOKK BUOPaHOT YMCIOBO-aHATIITHYHOT anpokcuMaiii GyHKini
(x,u). I3 BmacTuBOCTEH CyOTrpamieHTHUX METOJIB BHILTABAE, IO B 3a/adax OMyK-

701 onmTHMi3aii iX 301KHICTB, a OTXKe 1 MOOyI0Ba BU3HAYEHOTO y3arajabHEHOTO
PO3B’SI3Ky, TEOPETHYHO 3a0e3leuyeTbcs KIACMYHUMM yMoBaMH A >0,

o0
ZX s =, limA =0, a npucKOpeHHs 301KHOCTI JOCATa€TbCs BUKOPUCTAHHIM

=1 §—00

TJTaIKUX HBIOTOHIBCHKUX aJITOPUMIB BHYTPIITHBOI TOUKH.
VY 1i#f poOOTI IpHUBEPTAEMO YBary J0 MOKIUBOCTEH MiABUIICHHS ¢(EKTHUB-
HOCTI METOJIiB MOOYIOBU y3arajJbHEHOTO PO3B’SA3KY 3 BUKOPUCTAHHSIM aCUMIITO-

TAYHO PO3B’SI3YBAILHUX OmeparopiB B(X,u,u),sIKi BU3HAYAIOTHCS [8] B OKoIi
JOBIJIbHO 3aJIJaHUX 3HAYCHb (X, ) aCHMITOTHYHUM PiBHSIHHIM

B(x(u),u) = B(X,,u) +o(p(it,u)). )
Jlnst 3anadi 1 oneparop B(X,u,u) GymyeTbcs y BT
T
B(X,i1,u) = B(F,u) + nF (F,u) + My (w9, 0)x(0) + [w* (0)f (& w,u)d,

fo
ne M,(u,y,m) — omneparop, 3HalACHUH y BUTIISAL

T
M, (u,y,m) = 4 (B%) - As(B°) 4, (B'1y) — [ (A5 (B' 1) A5 (B'19,5) -
fo

— A3(B")As(B",5) A, (B g, 5))ds +[ 4 (F*) — 4 (F',19) 45 (F°) -
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T
— [(A5(F2,t9,8) + 4, (F?,19,5) 45 (F',5) 45 (F)) dsIn +

)

T
+ [ 4 (7 0wdt— 45 (f 0.t ()
to

() — pO3B’SI30K CUCTEMH

[4 O0v@de+  [47(f 0945 (f 5)p(s)ds +
D*(t,u,x) D*(t,u,x)

+ A4 O+ Ap(fLA4 (0 +

(A ) A0 0ds = 43 (£°,0) () +
D*(t,u,x)

T
+ A (F' 04 (FO)+ [ Ag(B.1,5) A5 (F' ) 43 (F°)ds —

to
T
— 4 (F' 1) 45 (F*) = [{d (45 (F ,t,5) 45 (F' 1))/ dt}ds -

fo

T
— [ A (F? 1,5) A5 (F' )45 (F*)ds +

fo

T
+ [ A5 (F?,1,9) 45 (F' )43 (F*)ds + 4;(B°) 4, (B' 1) +

fo

T T
+ 43(B*) A5 (B°,1) [ Ag(B? 1, 5)ds — Ay (B',)) 4,(B' 1) — 43(B°) [ A5(B* ,5)ds —

fo fo

T T
— [ 45(B*)45(B',5)4,(B? s, 1)ds + [ 43 (B") A5(B',5) 4, (B ,5,0)ds = 0
fo Ty

3 KpaifoBUMH yMOBaMu

T
A (O TIWT) + [ Ay (fO.00(T)dt + (A (FO) + 4 (F . T) 45 (F©)) +

fo

T T
+ [AS(F?,T.5)45(F' T)ds + [ A (F? 5, T) 45 (F',5) 4y (F°)ds - +

fo fo

T
+ [(4s(F',T) A5 (F?,T,5) + 45(B") A5(B' ) 4,(B T ,))ds = 0,

fo
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A, (f, ) — noxigna ®pemnre Bin yHkuii f 3a k -1o 3mMiHHOW0O; Ap(f) — moxia-

Ha Opermre Bix I f(t)dtasza z, D*(t,u,z) € CIpsHKCHOIO MHOYKHHOIO O MHO-
D(tu,z)
s)uHu D(t,u,z), sKa 3aJOBOJIbHSIE YMOBY

mes {(D(t,u,x) D(t,u + du,x +0x)) /(D(t,u,x) N D(t,u +du,x +0x))} <

T T
<Lmax{|Sull.||&x |}, | [f(s.00dsde=[ [ f(t.5)dids.
toD(tu,z) toD*(t,u,z)
L — xoncrTaHTa, sSKa BHPAXAETHCSI UEpe3 KOHCTAHTU JlHmmmng Ui moXigHux

Ay, Ap.
I3 piBasiHHEA (3) BUILTMBAE, MO piBHICTh 4 =argmax B(X,u,u) € HeoOXif-
u

HOK YMOBOIO ONITUMAJIBHOCTI KEPYBaHHS # 1 3 SBISETHCS OYCBUIHA MOXKIIUBICTh

3HAXOJIUTH PO3B’A30K 3a1adi | TakoX i A BUMAIKy, KOJM HE iCHYy€ TpallieHTa

VuB(x(uk),uk), 1 TOMy 3aMiCThb OOUYMCIICHHS ut!

uf =gk kVuB(x(uk ), uk) MOXKEMO 3HAXOJUTH HAOIMKEHI PO3B’SI3KH U

k+1

3a Fpa}.‘[ieHTHI/IM METOAOM
k+1

=arg max B(xk,uk,u) 3a anropuT-

JONOMDKHHX ONTHUMI3aLiHNX 3a1a4d
p(uk,u)sk

Mom ! = arg max E(x(ux),ux), Uy = (l—?»)uk + Ak,
A€l

[Hm criocoOu migBUIIEHHS €(EKTHBHOCTI alTOPUTMIB MOOYJOBH ONTHMA-
JBHOTO KEPYBaHHSI 3 BUKOPUCTAHHIM aCUMIITOTUYHO PO3B’SA3yBaJlbHUX OIEPaTo-
PiB JUIA MiIBUIIEHHS MOTPEOYIOTh OiIbI e(heKTUBHUX ISl KOHKPETHUX TPUKIIA/I-
HUX 3a7ad METOMIB YHCIIOBO-aHAJITHIHOI alpOKCUMAIlil ITyKaHUX PO3B’s3KiB
(x,u) [5-8], 30kpema i3 3aCTOCYBAHHSM IICEBIOCIEKTPAIBHUX METOIIB 3 OTPH-

MaHHSIM OIIIHOK JIJISl CIIPSDKEHUX 3MIiHHUX [9], SKi JO3BOJSIFOTHh MiABUIIUTH ehek-
THBHICTh TPOIIECIB TapallebHOI ONTHUMI3allii mapaMeTrpiB poOOYMX YHCIOBO-
AHAJITUYHUX MOJENEH 3a JOIOMOIOK OITUMI30BAHOTO 30UIBIIEHHS KIJIBKOCTI

BY3IIB (#;,S;) Y MHOXHHI DY,

I3 3acTocyBaHHSIM aCHMITTOTHYHO-PO3B’SI3yBaJIBHOTO OIepaTopa OyIyeThCs
nocuinosricts XX, k=1,2,... MPUCKOPEHOT 301KHOCTI 10 PO3B’SI3KY x KepoBa-
HOi cuctemu A(x,u, p) = A;(x,u,C(x,u, p)) =0, 114 sKoi iCHy€e aaropuTM o04uc-
JeHHs po3B’s3Ky Xx(u,p,v) crupomeHoi cucremu A (x,u,v)=0 1 111 oneparopa

C icHye acCHMOTOTHYHO-PO3B’A3yBanbHuUi oneparop C,, m-ro NopaaKy, To0To
p(C(x.u, p).Cpy (6" 1, p, A(x,, p))) = O(p" (x,3)).
SAxmo mis v B okordi C,, (xk,u, p,0) BUKOHYETHCSI PiBHICTH
px(; p.v).Cy (314, p,0)= O(p" (v, C,, (x* 1, . B)),

TO OTPUMYEMO aJITOPUTM X = x(u, p,C,, (xk,u, p,0)) 13 IpUCKOPEHOIO MBUAKI-

CTIO 3015KHOCTI

110 ISSN 1681-6048 System Research & Information Technologies, 2020, Ne 4



V3azanvneni po3e’azku 3a0au onmumansHo2o Kepyeanus

k+1 _* smo ko ¥
p(x™7,x ) =0(p™" (x",x ).
VYHacaiI0K HbOT0 OTPUMYEMO TBEPIKECHHS ATl pO3B’A3KY X(T) CHCTEMH all-
reOpo-audepeHmiansHuX piBHAHL A(X,x,T)=0 3 HENepepBHUMH UYACTHHHUMU

noxigaumu A, i A% : sxuio ¢yHKii X(t) 1 /(T) 3a10BONBHIIOTH PIBHSHHS
X(0)=x(1)+0((t-1)");

AL (X, %,0)(1) - A%, %, D)I(t) =0((t — 1)), A.(X,X,t+h) [(t+h)=,

To 15t 0 < ¢ <5 BUKOHYETHCS PiBHICTD

Dx(t + h) = DE(t + h) + A, (%, %, )7 1) (x(t) - X (1)) +

t+h

+ [IDAG), 7 (1), DdT+ O(h* ),

sIKa BH3HAYA€ alTOPUTM OO4YHUCIeHHA ($a3oBOi TpaekTopii x(t+h) 3 BHCOKOIO

tounictio O(h*™?).
I3 BUKOpHICTaHHSIM HENEPEPBHUX 3a YacOM aMpPOKCUMAIIHHAX MOaeei
dXx (1)
dt
PO3B’SI30K TAKOXK 1 JUIsl THUX 3a/ad, JUIs SKUX ONTUMAJIBLHOTO KEPYBaHHS HE iCHYE.
Hanpuknaz, y BUNaaKy HeomyKioi MHOKHHH BekTopiB f (X (¢),U (¢, X (1)),t) mns

= f(X(),U(t),t) ™MoxeMo TOOyIyBaTH Yy3aralbHEHWH ONTHMATBHUN

nonyctumux 3Hauens U(1) €U (¢, X (t)) y dasoBomy crami (7, X(f)) ontumans-
HOT'O KEpyBaHHS MOXKE HE iCHYBaTH, aJie y3araJlbHeHUH pO3B’ 30K 3HAXOIUTHCS 32
JIOTIOMOT0k0 OGUHC/IeHHs TaKkuX 3Hauenb {X;, X7}Y,, aki MakcuMmi3yroTh HaGIH-
xeHe 0 GyHKIioHamiB (2) abo (4) 3nauenHs B(X) 3a oOMexeHb

dx' (1)

X(t)=X7, Xl eco(x' (1)), eco(f(x' (), U (t,x' ())1).  (6)

OueBUHO 3a/1a4a Bi/IIyKaHHA Makcumizatopa X =argmax B(X) Ha jio-
X
MyCTHUMi MHOXHHI (6) € ONTHMi3aliiiHOIO 3aJader0o MEHIIOI PO3MIPHOCTI HixX
BUXiJHA 3a7a4a BimmykanHs GpyHkuin (X,U).
I3 TeopemHu NpHHOMIY MaKCUMyMy BiIOMO, IO ONTHMAaJbHE KepyBaHHS

u*(t) €Q), sxe MakcUMi3ye GpyHKITIoHaT

T
I(u)=F(x(T,u))+ [ fo(x(t,u),u(e),t)dt,

1o

€ pO3B’sI3KOM KpaioBoi 3a1adi
dx(t) _x
7=f(X(t),u (x(@), y(0),0),1), t€[tg;T]; (7
av() _[ o o, o, 0@,0,0 |
dt Ox

YO +V  fo(x(0), 7" (x(0), y(0),0),0), (8)
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W ()= (x(0), y(0),1) = arg max((y(0), f (x(O).u.0) + fo(x(®).u.0)), )

x(tg)=x°, y(T)=VF(x(T)).

[Ipore mpakTH4yHa MOOYAOBAa LBOTO PO3B’SI3KY YacTO BHSBIAETHCS HAITO
TPYIOMICTKOIO Yepe3 Te, mo 3a3Budail cuctema (7), (8) € Hecrilikoro, ab0 ONTH-
MizarmiiiHa 3agada (9) € HanTo TPYAOMICTKOIO. Y TaKHX BHUMAIKaX MPAKTHYHO
OlbII e(eKTUBHUMH MOXKYTh BHSBUTHCA iTepaliiiHi Metoau [3] moOyaoBu y3a-
raJbHEHOT0 ONTHMAIIBHOTO PO3B’S3KY:

a00 32 METOZOM ITPOEKITii TPATIEHTIB

WO =g () = o @ () + 24V, 1" )(2) =
=argmin || u— " (6) + 1,V 1@ )O) ||
ueQ
a00 3a METO/I0M YMOBHHX TPaJIi€HTIB

ufT () =t (0 + dy (argmax (v, 1" )0)u) —u" (1),

a00 3a JIOKAILHUM MTPUHITUIIOM MaKCUMYMy

W=t Q) =arg | max (0, S () w0+ fo(x(tut ) 0);

u” +uel,||ul|<i

dv(t) | of (x(t,u"),u* (0),0)
dt ox

T
} YO +V  fo(e(tu®),u® (0),0),
w(T)=VF(x(T,u")),
a00 32 YMOBHUM IIPHHIIMIIOM MaKCUMYMY
W) =u @O+ @S () - it (1)

Xk = argmaxF(x(T,uk +k(zk —uk))
)

3 BUKOPUCTaHHAM DPi3HUX aJITOPUTMIB AJISI OOUUCICHHS A , HANPUKJIA, IK MaK-
CHUMaJbHUX Ha MOCTIIOBHOCTI {A; =Xk_1/21_q, q=L12,...} 3HaueH» Aj, s

SIKUX BHUKOHYETHCS HEPiBHICTH [ (uk +1) > (uk )+ s(h k)2 [3], abo 3 BUKOpHCTaH-

HSM TPUCKOPEHUX aJITOPUTMIB aCHUMIITOTHYHO-PO3B’SI3yBATBHUX OIEpaTopiB. 3a
HasIBHOCTI JOJATKOBHUX OOMEKEHD

T
F}(xathT) < O s l = lama F;'(xathT) = _[hl (x(t)it)dt + gi(toaTax(tO)ax(T))
X
y3arajibHeHHI PO3B’A30K OyJyEMO 3a OMHMCAHUM BHIIE CIOCOOOM po3mapaliere-
HOro oOuuncieHHs (a3zoBoi TPAEKTOPii Ha MHOXKHHI1

X = {x | % ecof(x(1),1), te [tO,T]} .
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V3azanvneni po3e’azku 3a0au onmumansHo2o Kepyeanus

V3aranpHeHHH PpO3B’S30K X Takoi 3ajadi XapaKTepH3YETbCs THUM, IO IS
KOXKHOTO uncna &>0 icHye nomyctume kepysamus u® :[f),T]—>Qc R", ns
AKOTO po3B’s130K x° 3amaui Komri
dx* (1)
dt

3a7I0BOJIbHSIE HEPIBHICTh

= f(F(O,u®(0),0), telty,T], x°(ty)=x" e R",

Fo(x®,t9,T) > Fy(X,t9,T) —€, F(x°,t5,T) <€, i=1m.

[pakTHYHOK TEPEBAror Moby0BaHOro po3s’si3ky x° :[0,7]— R" € Te, mio

BiH iICHY€ 1 B THX BHIaJKaX, KOJH ONTHMAJILHOTO KEPYBaHHA y KJIaci BUMIpHHX
(hyHKIi# He icHYE. [HIIIOO Ba)JIMBOIO IMEPEBAror0 € MEHIAa PO3MIPHICTh OMTHMi-
3arfiifHoi 3a7a9i MOOYIOBH TAKOTO y3aralbHEHOTO PO3B’s3KYy (TIOPIBHSHO 3 PO3-
MIPHICTIO BHUXIJHOI ONTHMI3AI[iHOT 3amaul JJis BiIIIYKaHHS BEKTOP-(QYHKIIIH

(x*:[0,T]—> R",u:[0,T]—> R")).

BUCHOBKH

[pakTnuna nmoOynoBa y3aradbHEHHX ONTUMAILHUX PO3B’S3KIB IJISi CKIATHHUX 3a-
Jad ONTUMAIBLHOTO KEePYBaHHsS 3BOIUTHCSA N0 PO3B’SI3aHHS 3a4ad MapajeibHOl
onTHMi3amii KepoBaHWX IMJACHCTEM Y (Pa30BOMY IMPOCTOpi IMapaMeTPH30BaHUX
¢ysKnii MeHmmMx posMipHoctedl. CHopMyIbOBaHi y3araibHeHi 3a1adi OXOILTIO-
I0Th LIMPOKI KJIacH MPUKIAIHUX 3a]a4 ONTHMAIBHOTO KEpyBaHHS CKJIaTHUMHU
CHUCTEMaMH, a BU3HAYEHI y3araibHEHI PO3B’S3KH 3aBXKIM ICHYIOTh 1 OyayHOThCS
YHUCJIIOBUMH QJITOPUTMAMU 3 BHUKOPHCTAHHSIM aCHMITOTHYHO-PO3B’A3yBaJIbHUX
omeparopiB, a00 MPUHOMIY MaKCUMyMy, a0o0 NpPSIMHUMH METOJAMH 3 BHUKOPHC-
TaHHSIM YUCIIOBO-aHATITHYHHUX alPOKCUMAIlild HaOIMKEHUX PO3B’A3KiB.
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OBOBIHIEHHBIE PEIIEHUSA 3AJIAY OIITUMAJIBHOI'O YIIPABJIEHHUSA /
N.B. Beiiko, O.B. ®yprens, }0.B. CninBak

AHHoTanus. PaccMOTpeHbI 3aaun ONTUMANBHOTO YIIPABJICHUS] CHCTEMaMHU anreo-
po-uHTerpo-Ird GepeHINaTbHBIX YPABHEHUH W YPaBHEHUH C YaCTHBIMHU IIPOHU3BOJI-
HBIMH, KOTOPBIE ONUCHIBAIOT YIPABISIEMBIE TIPOIECCHI C COCPEAOTOYCHHBIMU U Pac-
HpeseNICHHBIMU MTapaMeTpamMu. OnpeeneHs! 0000IIeHHbIe ONTHMAIBHBIC PEIICHNS,
KOTOpbIE CYHIECTBYIOT s LHIMPOKUX KIACCOB IPUKIATHBIX 337ad ONTUMAIbHOIO
ynpasieHus. [IpeioxkeHsl METOapl MOCTPOSHUS IPUOIMKEHHBIX 0000MCHHBIX
pelLIeHui.

KirouyeBble c10Ba: ONTUMAIbHOE YIPABICHHE, MATEMAaTHYECKOE MOJCIHPOBAHHUE,
HPOLIECCHI C COCPEIOTOYCHHBIMH MapaMeTpaMH, IPOLECCH ¢ pacIpeeICHHBIMH T1a-
pamMeTpaMH.

GENERALIZED SOLUTIONS OF OPTIMAL CONTROL PROBLEMS / L.V. Beyko,
O.V. Furtel, Ju.V. Spivak
Abstract. The problems of optimal control of systems of algebraic-integro-
differential equations and partial differential equations are considered, which de-
scribe controlled processes with concentrated and distributed parameters. General-
ized optimal solutions that exist for a wide range of optimal control applications are
identified. Methods for constructing approximate generalized solutions are con-
sidered.

Keywords: optimal control, mathematical modeling, processes with concentrated
parameters, processes with distributed parameters.
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OIITUMIBALIA IIOKA3ZHUKIB EOEKTUBHOCTI
OPTAHIBAIIIMHOI CHCTEMHU TEXHIYHOI EKCILTY ATAIIT
TA OHOBJIEHHS PAJIOEJJEKTPOHHUX CUCTEM
HOBITPAHUX CYJAEH

I'.®. KOHAXOBHY, 1.0. KO3JIIOK, I0.5. KOBAJIEHKO

AHoTauisi. [IpycBsiueHO BUPILICHHIO 3aBJlaHHS BHUABICHHSA TA YyTOYHEHHS ONTHMI-
3allifHUX MOKA3HHKIB epEeKTUBHOCTI eKCIUTyaTallil Ta OHOBJICHHS PaliOCIeKTPOHHUX
CHCTEM IOBITPSHUX CYJICH, LII0 € aKTyaJIbHUM METPOJIOTIYHUM 3aBJlaHHAM. BukoHa-
HO aHaJi3 MOXJIMBUX BapiaHTiB MOOYIOBH CHCTEMH TEXHIYHOI eKCIUTyaTawii Ta
OHOBJICHHS PaJi0ENEeKTPOHHNX CUCTEM HOBITPSAHUX cyneH. CHopMyIbOBaHO MOHAT-
Ts1 6a30BOro BapiaHTa MOOYOBH CHCTEMH TEXHIUHOI eKCILIyaralii Ta OHOBICHHSM.
3a JOMOMOroK BU3HAYAIBHHUX KiIAcH(IKAI[IHUX O3HAK BHIiICHO 06a30Bi BapiaHTH
noOy/IOBM CHCTEMH TEXHIUHOI eKCIUTyaTtauii Ta OHOBJICHHS. BH3HaueHO MOHATTS
BTOPMHHUX | KOHKYPYIOUHX PI3HOBHIB 0a30BOro BapiaHTa MOOYJOBY CUCTEMHU TEX-
HIYHOT eKCIUTyaTallil Ta OHOBJICHHS B Pa/liOCIEKTPOHHUX cHcTeMax. [lis boro BBe-
JIeHO KiacudikamiiiHi 03HaKH, 1[0 XapaKTepH3yIOTh BIACTHBOCTI BUPOOIB pajio-
€JIEKTPOHHHUX CHUCTEM: Miclie BiTHOBIJICHHs BHpOOy, Micne dikcawil BixMOBH BUPOOY
Ta HasBHICTh 3aCO0IB EKCIUTyaTaliiHOrO KOHTPOJIFO B OpraHizailii TEXHIYHOro 00-
CIIyTOBYBaHHSI.

KunrodoBi ciioBa: oOciyroByBaHHs (OHOBJIEHHS) PamioOeleKTPOHHUX CHUCTEM, aBia-
IilHI paJlioeNeKTPOHHI CHCTEMH, OLIHIOBAaHHS e(DeKTHUBHOCTI 6230BUX BapiaHTIB.

BCTYII

EdextnBHa excryaTamis HOBUX MOBITPSHHUX CyAEH MOXKJIMBA JIMIIE B pa3i AOT-
puMaHHS TIpaBui ceptrudikartii BUpoOHHUITBA (00IaHAHHS) aBiaIlifHOI TEXHIKH.
loctpo mocTae muTaHHA HAyKOBO-OOIPYHTOBAHOTO BHOOPY CTpaTerii TEXHIYHOTO
OHOBIICHHS PallioOeJICKTPOHHOI CUCTEMH, OCKIIBKH OCTaHHS OJlHA 3 HAHJOPOXKYHX.
Kpim Toro, BuGip cTpaTerii TeXHIYHOTO OHOBIIEHHS PalliOeNEKTPOHHOI CUCTEMH
3HAYHOIO MIpOI0 BIUTMBAE Ha OE3MEKy Ta PETYISAPHICTH MONBOTIB MOBITPSHUX CY-
neH. e MOXKJIMBO TiNBKH 32 YMOBHM MiHiMi3allil BUTpaT Ha iX TexHiuHEe 00CIIyro-
BYBaHHSI.

AHAJII3 JIITEPATYPHUX JTAHUX I IOCTAHOBKA ITPOBJIEMH

IIutaHHIO OMTHUMI3AIil MPOIECY TEXHIYHOI eKCINTyaTamii TPAaHCIOPTHUX CHCTEM
NPUCBSIYEHO Mpalli BITYM3HAHMX 1 3apyOiKHUX aBTOpiB [1-7]. ¥ Aedkux mpaumsx
ONTHMI3allisd 3IHCHIOETHCS 32 IMOBIPHICHUMH TOKa3HHKAMH, 30KpeMa 3a KpHUTe-
pieM MakcuMyMy Koe(ilieHTa TOTOBHOCTI CUCTEM, B iHIIKX [3, 4, 6] BUKOPUCTO-
BYIOTBCSI TEXHIKO-€KOHOMIYHI MOKa3HUKH. [IpoTe 1ie He BU3HAYEHO KOMIUIEKCHO-
ro IOKa3HMWKA, IO JMAO3BOJSIE B AHATITUYHOMY BHUIJIIII B3a€MOIIOB’S3aHO
pO3rIAgaT eKcIuTyaTaliidiHi BUTpaTH, BapTiCTb OOMIHHOTO ()OHAY 1 MOKAa3HHUKU
JIOCTOBIPHOCTI KOHTPOIIIO, BiJl SIKUX 3HAYHOIO MIipOI0 3aJIeKUTh NPaBUIBHICTH
NPUIHSTTS PilIEHHS PO IEMOHTaX OJIOKIB 3 OopTa.

Cucmemni docniodcenns ma ingopmayivni mexnonozii, 2020, Ne 4 115



I ®. Konaxosuu, 1.0. Kosnok, IO.5b. Kosanenxo

VY cuctemax peanbHOro 4yacy JKUTTEBO BaXKJIIMBUM €, MO-Tieplie, mod y Ko-
’KEH MOMEHT Jacy oOpoOtoBana iHdopmartis O6yia skoMora OLTBIN aKTyaabHOTO,
a mo-zpyre, o0 crcTeMa BUaCHO pearyBajia Ha BXiJHI JaHi, sIKi HaJXOIATh, IPH-
YOMY MOPYIICHHS IIMX BUMOT MPU3BOAMTH J0 KaTaCTPO(PIUHUX HACTIAKIB. Y TO-
MIOHUX cHcTeMaX MOTPiIOHE TOYHE PETyIIOBaHHS B3aEMOZIl NATYHKIB (Sensors),
MpUBOiB (actuators) i GyHKITIH KEpYBaHHS 3BOPOTHHUM 3B’ I3KOM (TOOTO (hYyHKITIH
00pobienHs indopMauii Ta BUgadi KepyBalbHUX BIUUBIB). [nsg mporo Taki 3a-
BIIaHHSI 3aITyCKAIOThCS CTPOTO MEPIOJUYHO, TOOTO KOXKHE 3 HUX MOBHHHO TIEpi-
OJIMYHO CTAPTYBATH Yepe3 OTHAKOBI MPOMIKKH Jacy.

OTxe, MO IMABHWINCHHA HATIMHOCTI KOKHOMY TIPOIlECY BIOIOBimae CBii
npucTpiii. OgHaK HaTenep po3Mipu CUCTEM HACTiNbKH 301IbIIMINCH, II0 MoAiOHA
OpraHizaiisi apXiTeKTypH Mpu3Bena O 10 HENMOMIpHOi Bard i €HEProCIOKUBAHHS
cHUCTEeMH. BupilmeHHsIM € Mo pecypciB, TOOTO BUKOHAHHS JCKITHKOX 3aBIIaHb
Ha OJIHOMY TIpollecOopi. Y 3B’sI3Ky 3 UM aKTyaJIbHOCTI HaOyBae 3aBIaHHS Iepe-
PO3MOIUTY JUIS IEKUTFKOX MPOLECIB, SKI BUKOHYIOTHCS Ha OJIHOMY a00 JIEKUTBKOX
MIPHUCTPOSX.

[InanyBaHHS 3aBIaHb MOKE OyTH NMHAMIYHAM (TOOTO 3MIMCHIOBAHUM Y pe-
aNbHOMY MaciiTadi yacy B X0Ai poOOTH cucTeMr) ab0 CTaTHYHUM (KOJU PO3KIa]]
CKJIQJIA€ThCSI JIO 3allyCKy CHCTEeMH). BUKOHAHHS 3aBllaHb IJIAaHYBaHHS € JIBOX BH-
IIiB: 3 TIepepuBaHHAME (preemptive), KoM BUKOHAHHS 3aBIaHHS JO3BOJIIETHCS HA
JISIKUA 4yac BiJIKJIACTH JJIs 3alyCKy IHIIOrO 3aBAaHHA, i 0e3 mepepuBaHb (non-
preemptive), KOJIU LBOTO POOUTH HE TO3BOIAETHCA.

VY miif poOOTi PO3TIITHEMO MUTAHHS CTaTUYHOTO IUIAHYBaHHS CTPOTO Iepi-
OIMYHMX 3aBIAHb 3 IEPEPUBAHHIMI.

Ctporo mepiogwdHe 3aBIaHHSA 3aa€ThCS JBOMA IapaMETpaMH: IEePioaoM
(dacom MiX JIBOMa MOCTIJIOBHUMH CTapTaMH 3aBIaHHs) 1 TPUBATICTIO (Yacom,
HEOOX1THUM JIJIsl BAKOHAHHS 3aBIaHHS B MEXaX OJJHOTO MEePioay).

Ha BigmiHy Bij KIacHYHOTO BHUMAAKY, KOIW TEPIOJUYHICTE HE € CTPOrOIO
[8], mepepo3momin mis HAOOPY UITKO MEPIOAMYHUX 3aBIaHb 3 MEPEPHUBAHHIMHU
pO30MBaETHCS HA JBa €TAITH:

— TePEepO3MOALT ISl TOYATKOBHX TOYOK JaHOI CUCTEMU MEPIOUYHUX MPO-
LIECIB;

— PO3ITOILT PEIITH TOYOK y MEKax 3aJaHuX MepioiB.

3a BH3HAUYEHHSM CTPOTO IEPIOAMYHOTO 3aBIAaHHSA YCi TOYKH CTapTy yTBO-
prooTh apudMeTHuHy nporpeciro. OCKIJIbKY JBa 3aBJaHHS HE MOXYTh CTapTyBa-
TH OJHOYACHO, apu(METHYHI mporpecii A pi3HUX 3aBJaHb HE MOBHUHHI KOHTI-
KTyBaTH, TOOTO HE TOBWHHI MaTH CHUTHPHMX TOYOK. Bimoma mocTaTHsS yMoBa
0e3KOH(ITIKTHOCTI: TOYaTKOBI TOYKH IMOBHHHI MaTH Pi3HI 3aJIMIIKH 32 MOAYJIEM
HANOUIBIIOTO 3araJlbHOTO TOUIBHUKA BIAMOBIAHUX TMEPiOAiB, 30KpeMa, B3aEMHaA
MPOCTOTA TEPiOAIB HETaHO MPU3BOAMTH 10 HEMOXIIMBOCTI TOOYIOBH Tepepo3-
MOJTLTY.

VY pasi, KoM 3aBAaHb YChOTO JBA, ISl YMOBA € KPUTEPIEM, 110 JT03BOJISE ede-
KTUBHO 1OOyayBaTH nepepo3noais. OnHax i BHINAAKY JOBUIBHOI KiJIBKOCTI 3a-
BJIaHb ITO/II0HOTO KPUTEPIt0 TTOKU HE 3HANICHO.

HasBai migxoaw 1o mpoOieMu ImaHyBaHHS CTPOTO MEPIOANIHUX 3aBIaHb HE
BHKOPUCTOBYIOTH TTOBHOIO MipOI0 B3a€EMO3B’SI3KM MiX NepiogaMu (IuB., Ha-
npuknan, [9], [10]-[12]), o npu3BOAUTE 10 iICTOTHOTO 301IBIIEHHS Yacy HOIIY-
Ky. ICHy104i anropuTMH BUPINIYIOTH MPOOJIEMYy IMOITYyKY CTapTOBUX TOYOK abo
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13 3acTOCYBaHHIM TIpyOux eBpuCTHK [12], abo mepeOuUpaHHIM 3 Pi3HUMH OII-
tamizarismu [9], [10]. Onrak mepeOupaHHa Mae TaKUH HEMOJIK: AKIIO Tepe-
po31oaia MoOyAyBaTH HEMOXKJIUBO, MOTPIOHO aHAI3yBaTH BCi MOJXKJIMBI Ba-
piaHTH.

VY miif poboTi BUpilryeEMO MpoOiieMy MEpPIIOro eTary — IOHIYKY CHCTeMH
MMOYAaTKOBHUX TOUYOK MEPEpO3MOAUTy. Y TaKiid MOCTAHOBII HEXTYEMO TPHUBAJIICTIO
3aBJaHb. BukopucroByoun pe3ynbraT Teopii rpadis [13] i Teopii uucen, mpo-
MOHYEMO HOBHH MiAXiZ A0 aHaii3y moOyIOBH MEpepo3nofily AJisl CTPOro mepi-
OJJMYHUX 3aBJIaHb, 3ACHOBAHMI Ha BUBYEHHI CTPYKTYPH IPYII IX MEPioIiB.

META TA 3ABJAHHA JOCIIIKEHHA

Meta po6oTn — po3poOIIeHHsI OpraHi3aliifHol CHCTEMH eKCIITyaTawii 00pTOBUX
PallioeIeKTPOHHUX CUCTEM IEPCIIEKTUBHUX MOBITPSHUX CYyIEH.

Jl1st po3po0IIeHHS OpraHi3amiifHOI CUCTEeMH eKCIUTyaTallii 00pTOBHX paiio-
CJIEKTPOHHUX CHUCTEM IIEPCIICKTUBHHX IOBITPSHUX CYACH HEOOXiIHO BUPILNIMTH
TaKi 3aBJlaHHS:

e MpoaHaji3yBaTH MOXKJIMBI BapiaHTH MOOYAOBH CHUCTEMH TEXHIYHOI €KC-
IUTyaTalii Ta OHOBJICHHS PaliOeNIeKTPOHHUX CHCTEM;

e BHOpaTH TNOKAa3HUKU €()EeKTHBHOCTI MOOYIOBH CHUCTEMH TEXHIYHOI eKc-
TUTyaTallii Ta OHOBJICHHS i OOTPYHTYBaTH y3araJlbHCHHH MOKa3HUK €(hEeKTHBHOCTI
CHCTEMH TEXHIYHOI EKCIUTyaTallii.

[Tix 6a3oBUM BapiaHTOM MOOYJOBH CHCTEMH TEXHIYHOTO OOCITYroBYBaHHS i
pPEMOHTY OyZeMO pO3YMITH TaKy OpraHi3alil0 eKCIuTyaTamii paaioeneKTpOHHOI
CHUCTEMH, 3a AKOi BUKOHYETHCS TIEBHUU TIEPETIiK oIeparliii TeXHIYHOro 00CIyTo-
BYBaHHS 32 MiCIIleM BUHHUKHEHHS BiZIMOBH.

ToOTO KiBKICTh ONEparliii TEXHIYHOTO OOCIYrOBYBaHHS, IO XapaKTepU3y-
IOTBCSI CTaHAMU, TpadoM, 300paKeHUM Ha PUCYHKY [3], € MOCTIHHOIO I KOYXKHO-
T'0 piI3HOBHIY 00OpaHOTO 0a30BOTO BapiaHTa.

[ToximauM pi3HOBUAOM 0a30BOTO BapiaHTa OyJaeMO Ha3WBATH TaKWil BapiaHT
no0yZIOBM CUCTEMH TEXHIYHOTO OOCIYTOBYBAaHHS 1 PEMOHTY, Y SIKOMY Miclie BiJ-
HOBJICHHSI €JIEMEHTa PaJiOeIeKTPOHHOT CUCTEMU BU3HAYAETHCS HOTO O3HAKAMHU.

Hanpuknan, Bapiant 4; By C) D, E, F| BU3Haya€ BiIHOBJIEHHs 0JI0Ka Ha 3a-

BOAI-BUpOOHKKY / BuroTiBHuKy (3B) (D)), ToMy sk Omox mae rapantio 3B
(o3naka C).

OuiHloBaTH €PEKTHBHICTh 0a30BUX BapiaHTIB MOOYJOBU CUCTEMH TEXHIYHOI
eKCIUTyaTalii Ta OHOBIICHHA PaIiOCIEKTPOHHUX CHCTEM OyAeMO 3a IOIOMOTOI0
TEXHIKO-€KOHOMIYHHMX TMOKa3HUKIB epeKTUBHOCTI [4]. Jlo TeXHIYHMX HaleXaTb
KOMIUICKCHI MOKa3HUKHM HaJIHHOCTI: KOe(illi€EHT TOTOBHOCTI, KOS(IIliEHT orepa-
TUBHOI TOTOBHOCTI, KOE(QII€HT TEXHIYHOTO BHKOPHUCTaHHS, a OO TEXHIKO-
E€KOHOMIYHHX: TUTOMUI cepeHiil TpUOYTOK, MUTOMI CEPeIHI BUTPATH.

3 orusiLy Ha Te, IO OJMH 3 0A30BUX BapiaHTIB MOXe OyTH 3aCTOCOBAHMH JUIs
panioeNeKTPOHHUX CHCTEM, BiMOBA SIKOT'O MPU3BOAWTH OO HEBHUKOHAHHSA HOTO
¢GyHKOil (3HaYeHHs K1acuQiKaliifHOT 03HaKH), HEOOX1THO, BUOUPAIOYH TTOKa3HHUK
e(eKTHBHOCTI, BpaXOBYBaTH HMOBIPHICTb, 3 IKOIO BUKOHYBAaTUMETHCSI HOPMAJIbHE
(hyHKIIIOHYBaHHS IMi€l cucTeMu (IMOBIpHICTh IepeOyBaHHS CHCTEMH B TIparie3aar-
HOMY CTaHi).
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Sy

O~

P

(5)
(59
5:)
'
(s
So )= @

I'pad MOXKITUBUX CTaHIB 0JIOKA PaIiOCICKTPOHHOI CHCTEMHU

OO~~~ O~~~
1

OCKUTBKH U1 pamiOCIeKTPOHHUX CHCTEM 3 KiIacH(IKaI[ifHOI O3HAKOIO
(4;) mo 0e3BiIMOBHOCTI B MpoLECi BUKOPUCTaHHS 3a MpU3HaueHHAM (S ) cTas-

JSATHCS IMiIBUIICHI BUMOTH, TO SK TIOKa3HHK O€3BiJIMOBHOCTI CIIiJl BUKOPHCTOBY-
BaTH: JUIs CUCTEM 3 Kiacu(ikaliiiHOO 03HaKoIo ( B;) (HEBiAHOBIIIOBaHA CHCTEMA)
— amocTepiopHy HMOBipHICTH Oe3BiAMOBHOI pobotu ( P, ), Il CUCTEM 3 O3Ha-
KOO El (BiTHOBIIIOBaHI 3 Pi3HOIO TITMOMHOIO CHCTEMH) — CKCIUTyaTaIliiHy HMOo-
BipHICTb 0€3BiAMOBHOI poboTn Py .

AmnocTepiopHOI0 HMOBIpHiCTIO 0e3BiIMOBHOI pobotu ( P,) Ha3MBaTUMEMO

YMOBHY MMOBIPHICTb 6€3B1IMOBHOI pOOOTH CUCTEMHU Ha iHTepBali (#;,f) 3a yMo-

BH, IO 32 pe3yNbTaTaMH EKCIUTyaTAl[IHHOrO KOHTPONIO B MOMEHTH f,t
y IPOLIECi CHCTeMa BU3HABAJIACS MPAIe31aTHOIO.

[lin excrumyaraiiiHOIO WMOBIPHICTIO O€3BiIMOBHOI POOOTH PO3yMITHMEMO
HAMOBIpHICTh 0€3BIIMOBHOI POOOTH CHCTEMHM Ha IHTEpBali HaNpaltoBaHHS (#;?)

3 ypaxyBaHHSIM TOTO, 1110 B MOMEHTH {; ,/ TIPOBOAMIIACS TEXHIUHA EKCILTyaTallis —
eKCIUTyaTalliiiHuil KOHTPOJIb 1 BiAHOBJICHHS 3a0paKOBaHUX CHCTEM.

Otxe, epeKTUBHICTH 0A30BUX BapiaHTIB MOOYIOBH CHCTEMH TEXHITHOI €KC-
TUTyaTallii Ta OHOBIICHHS B PaliOCJICKTPOHHUX CUCTEMax JOUIJIBHO OIIHIOBATH 32
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KPUTEPIEM «HAIIMHICTE—BUTPATH», SKUHA MICTHTh JBa MOKa3HUKH €(EKTHBHOCTI.
OmuH 3 HUX XapaKTepu3ye HAMIHHICTh PamioelIeKTPOHHUX CHUCTEM, a IPYTud —
BUTpATH Ha TEXHIYHY €KCILTyaTallil0 1 BTPaTH BHACIIIOK HE3aIIAHOBAHOTO TPOC-
TOIO MOBITPSIHUX CYJCH Yepe3 3aMiHy JISTKO3HIMHOTO 0JI0Ka, 1110 BiJIMOBUB.
Butpaty Ha TEXHIYHY €KCIUTyaTallifo 0yIeMO XapakTepu3yBaTH MUTOMUMHU
CepeIHIMI BUTPATaMH, TOOTO CEPEeIHIMH BHTPATAMH, IO TPUTIAIAIOTh Ha OTUHHITIO
Yyacy BUKOPHUCTaHHS cucTeMu. KpiM Toro, /1 CUCTEM 3 03HAKO B IMTOMI CepeHi
BUTpPaTH BKIIOYaTUMYTh B ceO€ BUTpAaTH Ha KOHTPOJb, 3aMiHYy JIETKO3HIMHOTO
OJloKa 1 BTpaTW Yepe3 BHMYIICHI MPOCTOi MOBITpSHOTO cyaHa. [lutomi cepemHi
BUTPATH UL TAKUX CUCTEM Io3HadatuMeMo uepe3 C, . [y BIIHOBIIOBaHUX CHUC-

TeM, KpiM 3a3Hau€HHX BHUILIE BUTpaT, HEOOXiJHO BPaXxOBYBATH TAKOX TOJATKOBI
BUTPATH Ha BigHOBIeHH. Lli BuTpatn nosnauarumemo uepes C, .

Kpim TOTO, KON HACHTITKH BIIMOBH CHCTEMH MOXHA OI[IHUTH €KOHOMITHO
SK TOKa3HUK €(DEeKTUBHOCTI, HEOOXiIHO BUKOPUCTOBYBATH €KOHOMIYHHWH MMOKa3HHUK
y BUIJISIZII MIATOMUX CEPEeIHIX BUTPAT. [l0Ka3HUK MUTOMUX CEPEHIX BUTPAT, IKUN
Mo3HauYaTUMEMO uepe3 V , Moxke OyTH 3aCTOCOBAHUI ITiJ] Yac OLIHIOBaHHS e(ek-
TUBHOCTI CTpaTerii [y BupoOiB, 110 MaroTh Ki1acudikamiiiny o3Haky 4, .

Lleii moKa3HUK MICTUTh BUTPATH HAa TEXHIYHY E€KCIUTyaTallilo, BTPAaTH Yepes
nepeOyBaHHS CUCTEMH B CTaHI IPUXOBAHOI BiIMOBH ITiJT YaC MOJIBOTY MTOBITPSHO-
ro CyJHa Ta BTPATH BHACJIJIOK MEPEBHUIIICHHS Yacy 3aMiHM OJIOKa, IO BiMOBHUB,
panioeneKTPOHHOI CHCTEMH, TPUBAJIOCTI CTOSIHHSI.

HaBeneni moka3HMKM eQEKTUBHOCTI MOXYTh OYTH BUKOPHCTaHI TITbKH
B THX BHIIQJKaX, KOJH 3aJaHa Hamepe] O3Haka, sSKa XapaKTepHu3ye HasBHICTh
MEBHOTO BUJIY HAa3eMHOI'0 3ac00y eKCIUIyaTal[iiHOTO KOHTPOJIIO, Ta BiJMOBiM-
HO cpopmoBanmii 0OMiHHMI (OHA i BapilOBaTH HUMH HE MOYKHA.

[IpoTe mig yac MopiBHAILHOTO aHai3y 0a30BUX BapiaHTIB MOOYJOBU CUCTE-
MH TEXHIYHOI eKCIUTyaTalil Ta OHOBIICHHS B PaIiOCNIEKTPOHHUX CHCTeMax 1 iX
PI3HOBUIIB HEOOXITHO MaTH MOKA3HHUKH, 110 BPAXOBYIOTh HE TUILKH XapaKTePHUC-
THUKU OIepaliii KOHTPOJIO Ta BIAHOBJICHHS, aje 1 CKJaJ Ha3eMHOro 3acoly
eKCILTyaTaliiHOTO KOHTPOJIO Ta oOMiHHOTO (OHAY (Joricthka). ToMy sIK eKo-
HOMIYHUI TIOKa3HUK €()EeKTUBHOCTI CHCTEMH TEXHIYHOI eKCIUTyartallii Ta OHOB-
JEHHS B PalliOCNeKTPOHHUX cHcTeMax OyJeMOo BHUKOPHCTOBYBAaTH HaBeIeHI
BHUTpPATH, IO SABJSAIOTH COO0I0 CyMy COOIBapTOCTI CHCTEMH TEXHIYHOI eKCILTyaTa-
11ii Ta OHOBJICHHSI i HOPMATUBHOTO PUOYTKY:

B=C, +EK,

ne C, — cobiBapTiCTh eKCIUTyaTalii CHCTEMH HPOTAroM POKy; E, — muTOMi
IHBECTHUITIIHI BKJIAJICHHS B HAa3eMHI 3aCO0M EKCIUTyaTaIifHOro KOHTPOJIO i OOMiH-
HUi GoHI; K — HOpMaTHBHUH KOe(ilieHT e(EeKTUBHOCTI KaIliTAIbHUX BKJIAJICHb.

CoGiBapTicTh eKcITyaTalii paxioeIeKTPOHHOI CUCTEMH MPOTITOM POKY Ma€
BKJIFOYATH B ceOe pivHI BUTPATH HA €KCIDIyaTallif0 CHCTEMH, aMOPTH3AIiiHI Bij-
paxyBaHHS Ha Ha3eMHi 3aCO0M €KCIUTyaTaliifHOro KOHTPOJIO i 0OMiHHKH (oHT, a
TaKO’ JUIS BapiaHTa BUTPATH HA OHOBJICHHS KOMIUJIEKTIB, 30KpeMa eleKTpopa-
JioMarepiany Ta IPyKOBaHi TIATH.

Hameneni BuTpatn mius BapianTa taki. OCKUIBKH BapiaHT He mepemdadae
BUKOPHUCTAHHS B OpraHizaimii TEXHIYHOTO OOCIYroBYBaHHS Ha3eMHHX 3acO0iB
eKCIUTyaTalllifHOTO KOHTPOJII0, TO I1HBECTHUIIiNiHI BKJIAJeHHS OyAyTh IOB’I3aHi
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TiNBKH 3 OOMiHHUM (OHIOM OJOKIB PamioeNeKTPOHHOI CHCTEMH B OpraHizamii
TEXHIYHOTO 00CITyTOBYBaHHS.
IaBecTumiiHI BKIaneHHs B ooMiaaMA (hoHy (OD) BH3HAYAOTHECS 32 (POPMYIIOF0

m
Ko =2 Z:F;/4;. (1)
i=l
Je m — KUIbKICTh OJIOKIB pagiOoeNeKTpOHHOI CUCTeMi; Z; — 3aKyliBeJbHa LiHa
i -ro Onoka; F; — KUIBKICTb OJOKIB 7 -ro TUIy B OOMIHHOMY ()OHAI opraHizamii
TEXHIYHOTO OOCIIyTOBYBaHHS; ¢; — KUIBKICTb MOCAJKOBUX MICIb I OJIOKiB
i -TO TUIY Y BCbOMY IPUIIMCHOMY IApKy IMOBITPSHOTO CY/IHA.

SkIo cucTeMa CKIIamaeThesl 3 OMHOTHITHUX OJIOKiB, TO dopmyia (1) Habyme
BUITISIAY

Koo =mZl/q,
ne Z — 1iHa.

CoGiBapTicTh eKCIUTyaTalii CHCTEMH JIETKO BU3HAYMUTH, 3HAIOUM ITUTOMI Ce-
penHi BUTpaTH, IO MPHUINAAAI0Th HA TOAWHY TOJBOTY AJs OfHiel cuctemu (6J0Ka
pagioeNeKTPOHHOI CHCTEMH ).

[Tutomi cepenHi BUTpaTH BU3HAYAIOTHCS 3 ypaxyBaHHAM rpady, 300pakeHo-
r0 Ha PUCYHKY, B TaKHH CITOCIO:

W, 1
Ce 1 (tn) :t_[CSZtSZ + P](C53ts3 + aCS31Ats3l + C532t532 ) + PZCS33 ] N
n
Ie ¢, — TPUBAIICTb MOJIBOTY MOBITPSHOIO CYIHA; CS2 — CcepemHi BUTPATH 3a

OJIMHUINIO Yacy 10 KOHTPOJIIO MpParie3aaTHOCTI 3a JOIMOMOI0 BOYJOBAaHUX CHC-
TeM KoHTponw; C Sy CepeHi BUTPATH 32 ONWHUINIO Yacy Ha JIEMOHTaX OJIOKa

3 0opTa TOBITPSIHOTO CYJIHA; CS32 — CepelHi BHTpaTH 3a OJWHHMIIO 4Yacy Ha
YCTaHOBJICHHSI 0JIOKa Ha OOpT MOBITPSIHOTO CYIHA; Cs, — cepesiHi BTpaTH 3a
OJMHHMLIIO Yacy 4epe3 MPOCTii MOBITPSIHOTO CyJHA 4Yepe3 3aMiHy OJIoKa, IO Bil-
moBuB; C Sy; — CCpelHs BapTICTh BITHOBJIEHHS OJIOKa, 1110 BiIMOBUB; P; — iMO-
BIPHICTh JI€MOHTaXy OJIoKa BOYZOBAaHHX CHCTEM KOHTPONIIO; P, — IMOBIpHICTH

BiZmpasiieHHA OJIOKa 3a foro BiAcyTHOCTI B 0OMiHHOMY (hOH[I OopraHizamii TeXHi-
YHOTO 00CITyTOBYBaHHSI;

0, at AtS31 >tC’ . . .
a= where ¢ — parking time in the 4P.
1, atAtg, <tc,
31
[MpumiTka: qyis Bapianta W, imoBipHOCTi P; i P, piBHI MiXk c00O}10.
Takum urHOM, COOIBAPTICTh EKCITyaTamii 0JI0Ka paaioeIeKTPOHHOI CHCTe-
MH [IPOTSTOM POKY BU3HAYAETHCS 3 BUPA3y

/4
Cch =l (t,)(T) + Egp KL, -

HaBenmeni BUTpaTH Ha eKCIUTyaTallifo OJoKa pamioeleKTPOHHOI CHCTEMHU
MIPOTATOM POKY B IPOIIECi OpraHi3amii CHCTEMHU TEXHIYHOI eKCITIyaTallii Ta OHOB-
JICHHS BIJMIOBITHO IO BapiaHTa BU3HAYAIOTHCS 3 BUPa3y:
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B" =Cl 4 (Egg + E )KL -

Buznaunmo ButpaTm Ui BapiaHTa. J[is 1[bOro BapiaHTa XapakTepHa HasB-
HICTh B Oprasizaiii TeXHiYHOT0 OOCITyrOBYBaHHS Ha3eMHHX 3aCO0IB €KCILTyaTa-
IIIHHOTO KOHTPOJIIO TIEPIIIOTO PiBHSA, IO TO3BOJISE 3AIMCHIOBATH KOHTPOJIb JEMOH-
TOBaHHMX 3 TIOBITPSIHOTO Cy/IHA OJIOKIB palioeNIEeKTPOHHOT CHCTEMH.

[HBecTHLilHI BKIaJeHHS B CUCTEMY TEXHIUHOi eKCIUTyaTalii Ta OHOBJICHHS
B PaJi0CNIEKTPOHHUX CUCTEMaX, MOOYIOBaHY 3TiHO 3 BAPIaHTOM , BKIIIOYATUMYTh
BapTICTh OOMIHHOTO (POHIY Ta IHBECTHIIIHI BKJIAJCHHS B Ha3eMHI 3aCO0M €KC-
IUTyaTaIiifHOro KOHTPOIIO mepmoro piBHsi. OCHOBHE NMpHU3HAYEHHS HA3€MHHUX 3a-
co0iB eKCIUTyaTaliifHOTO KOHTPOJIF0 — HENOMYyCTUTH BifmnpasieHHs Ha 3B abo
aBiapEMOHTHHH 3aBOJI IIOMHUIKOBO 3HATHX (TOOTO poOOUYNX) OJIOKIB.

[To3HaunMoO IHBECTHINIMHI BKJIAJICHHS B HAa3eMHI 3aCO0M EKCILIyaTaIiifHOTO
KOHTPOJTIO MEPIIOTO PiBHS, HEOOXIAHI ISt KOHTPOJIIO TAHOTO TUIY cucTemu. Tomi
BEJNYHMHA

m
Kl(l) =mK; /Zqi
i=1
BU3HAYUTH MMTOMI IHBECTHIIIMHI BKJIAJICHHS B Ha3eMHI 3aC00U EKCILIyaTal[liiHOro
KOHTPOJTIO MEPIIOTO PiBHS B PO3PAXyHKY HA OJIUH OJIOK CUCTEMH Ha OOPTY IOBIT-
PSIHOTO CyITHA, a BETMYHHA

m
(m) _ 2
K™ =m"K,/ Zqi
i=1
JOPIBHIOBATUME ITUTOMUM KalliTaJbHAM BKJIAJICHHSIM Y Ha3€MHI 3aCO0M EKCILTya-
TaIifHOTO KOHTPOJIIO B PO3PaXyHKy Ha OJHY CHUCTEMY, IO CKIAJA€ThCs 3 OJIOKIB.
Axmo ¢; =g (i=1,m), TO LWITKOM OYEBUIHO, IO MUTOMI IHBECTHLIHHI BKJa-
JICHHSI B HA3€MHI 3aCO0M SKCIUTYaTalliiHOrO KOHTPOIIO MEPIIOro PiBHS CTAHOBH-
THMYTh
(m) _
K" =mK/q.

[MuToMmi iHBecTHIIifiHI BKIaJeHHs B OOMiHHHN (DOHM i Ha3eMHi 3aCO0H eKcC-
TUTyaTalifHOTO KOHTPOJIO-1 BH3HAYAIOTHCS 32 (POPMYITOI0
_ (m)
K=Kop +K;™.

3BepTarodnch 10 rpady, 300pakeHOMY Ha PUCYHKY, BU3HAYUMO ITUTOMI Ce-
PEAHI BUTPATH MiJ Yac OpraHizallii CMCTEMH TeXHIYHOT eKCIUTyaTallii Ta OHOBJICH-
HS B paJiOCICKTPOHHUX CHCTEMax BiJIIIOBITHO JIO BapiaHTa :

- 1
Ci(t,)=—Cots, +Pi(Coyls, +Cists, + Cyylsy, +aCsy 1)+ PiC 1,
n

ae Cg Yy CepeIHI BUTPATH 3a OAUHHITIO Yacy JO KOHTPOJIO MPaIe31aTHOCTI 3a

JOIIOMOT'0I0 Ha3eMHHUX 3ac00iB €KCIUTyaTalilfHOro KOHTPOJIO-1 JEeMOHTOBAHOTO
onoxa; Cg,, Cs,, =Cs,,; Cg, =Cs, 5 P35 — IMOBIDHICTb BiNpaBICHHs O10Ka

Ha OHOBJICHHS ITICIISI KOHTPOJIIO TPane3AaTHOCTI 32 JOMOMOT'OF0 Ha3eMHHX 3ac0-
6iB excrutyaraiiinoro kontpomo-1; Cg . =Cg, 5 fg, — CEpeHiil 4ac excTpe-

HOI JIocTaBKW OJIOKa y BUIIANKy HOTO BiICYTHOCTI B 0OMiHHOMY (DOH[II OopraHiza-
il TEXHIYHOTO 00CITyTOBYBaHHS.
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HaBeneni BuTpath Ha eKcCILTyarallito OJiOKa paliOCNIEKTPOHHOI CHUCTEMH
MPOTATOM POKY ITiJT Yac OpraHi3allii CHCTEMH TEXHIYHOI eKCIUTyaTallii Ta OHOB-
JICHHS BIJIMTOBITHO 10 BapiaHTa BU3HAYAIOTHCS 3 BUPA3Y:

B"2 =2 (6, )Ty) + (Ey + Eop)KSp + (Ey + EAK™.

[Tepeiinemo 10 BHU3HAYECHHS BUTpAT y CHCTEMI TEXHIYHOI eKcIuTyaramii Ta
OHOBJICHHS B Pa/IiOCIEKTPOHHUX CHUCTEMax, MOOY/I0BaHil BIAMOBIIHO 10 0a30BO-
ro BapianTa. s poro BapiaHTa XapakTepHa HasBHICTh B OpraHi3alii TeXHIYHO-
ro oOCIyroByBaHHS Ha3eMHHUX 3aC0O0iB €KCIUTyaTaliifHOTO KOHTPOJIIO MEpIIoro i
JIPYTOTO PiBHIB. bJIOKH pamioeIeKTPOHHOI CHCTEMH BiTHOBIIOIOTHCS B OpraHi3allii
TEXHIYHOTO OOCIYrOBYBaHHS 3aMiHOIO CTPYKTYPHO-3aMiHHUX OJUHMIIb, IO Bij-
MOBWJIH, & CTPYKTYpHO-3aMiHHI OJMHHULI BiZHOBIIOIOTECS Ha 3B abo aBiapeMoHT-
HOMY 3aBO/II.

[Toznaunmo uepe3 K, iHBECTHIiIHI BKIaJeHHs B Ha3eMHi 3aCO0U eKCILTya-

TaIIfHOTO KOHTPOIIO Apyroro piBHs. Toxi
Ky =K5 /Ny,

ne K 2A — CyMapHi IHBECTHIIIfHI BKJIaJCHHS B Ha3eMHI 3aCO0M €KCILTyaTaliiHO-
ro KOHTPOJIIO JPYroro piBHA (KyIMiBeJbHA IiHA ITUTFOC BapTICTh IUIOII JUIS PO3Mi-
IIEHHS Ha3eMHHX 3ac00iB eKCILTyaTaliifHOro KOHTPO0); /N| — KiJIbKIiCTh THUIIB
CHCTEM, KOHTPOJIBOBAHUX 3a JOMOMOTOI0 HAa3eMHHX 3ac00iB eKCILTyaTalliiHOTO
KOHTPOJTIO.

Bemnunna K ém) BH3HAYaEc [MUTOMI 1HBECTULIMHI BKJIAJEHHS B Ha3eMHI 3aC0O-

0M eKCIUTyaTalliiHOr0 KOHTPOJIIO B PO3PaxXyHKY Ha OJIHY CUCTEMY, 1110 CKJIaJIa€Th-
csi 3 m OJIOKIB:

m
(m) _ .2
K" =m*K, /Y q; .
i=1
Sxkmo B cucremi 010KM OJHOTHIHI, TOOTO ¢; = g (i =1,m) , TO uTOMI iHBEC-

THUIIIHHI BKIAJACHHS B HA3eMHI 3aC00M €KCIUTyaTaI[ifHOTO KOHTPOJIIO BU3HAYAIOTh-
cs 3a GopMYJIO0

m
K = mKy 13 g,
i=1
s Bapianra W; xapakTepHe KOMIUICKTYBaHHS OOMIHHOrO ()OHIy Ha piBHI
OJIOKIB 1 CTPYKTYypHO-3aMiHHHX OJIWHUIIE TOMY ITUTOMI iHBECTHUIIIHI BKJIaICHHS B
0OMiHHUH (POHI CTAHOBUTHUMYTh

m m_ N
1
Koo =2 Z:F | q; +2.2. 7 415> (2)
i=1 i=1 j=1
J€ n; — KUIBKICTb TUIIB CTPYKTYpPHO-3aMIHHUX OAUHMIb B [ -My OJIOL CUCTEMH;

Zij

Ounoui; F; ; — KUIBKICTb CTPYKTYPHO-3aMIHHUX OJIMHHLb j -IO THILY i -TO OioKa

— 3aKyIliBeJbHa I[iHa CTPYKTYPHO-3aMiHHUX OJWHHLD j-TO THILy B i-MYy

B 0OMIHHOMY (OHJI aBlaUiHHO-TEXHIYHOI 6a3u; ¢, ; — KUIBKICTb CTPYKTYPHO-
3aMIHHUX OJUHUITL j -TO THITY ¥ BCI CYKYITHOCTI OJIOKIB i -T'O THITy B OpraHi3aiii
TEXHIYHOTO 00CITyrOBYBaHHS.
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Skmo cuctemMa CKIaIaeThCsl 3 OJHOTUITHUX OJIOKiB, TO Gopmyia (2) HaOyze
BUTJISTY

KSy=m|ZF/q+Y.Z,F, /q, |,

J=1
J€ 1y — KUIBKICTb THUIIB CTPYKTYpPHO-3aMIHHUX OJUHULb y Oylb-IKOMY 3 OJHO-
TUIHUX OJIOKIB CHCTeMH; Z; — KyliBe/lbHA L{iHA CTPYKTYPHO-3aMIHHMX OJH-
HHULb j-TO THIy; F; — KUIBKICTb CTPYKTYPHO-3aMIHHUX OAMHHL j -TO THUILy B
0OMiHHOMY (hOHAI OpraHizauii TEXHIYHOTO OOCIYTOBYBAaHHS, ¢; — KUIBKICTb

CTPYKTYPHO-3aMiHHMX OJHHHUIb j-TO TUNY Y BCiH CYKYMHOCTI OJHOTHUITHHUX
0JIOKIB.

CxopucTaBmuchk rpadoM, 300paKeHUM Ha PUCYHKY, BU3HAYMMO ITUTOMI Ce-
peaHi BUTpATH i 9ac OpraHi3allii CHCTeMH TEXHIYHOI €KCIIyaTallii Ta OHOBJICH-
HS B PaIiOCTICKTPOHHNUX CHCTEMAaxX BiJITOBITHO /IO BapiaHTa:

1
w3
C ()= t_ CSZtSZ+P1 + (CS3tS3 + CS4tS4 + CS75tS75 + aCSM Ats41 )+

n

7 4
+P3) Cy,ts, + 2. Cs, jts, ; + PiCs,q | Q)
i=5 j=1

ae Cg, — CepeliHi BUTPATH 33 OJMHHUIIK YacCy JI0 KOHTPOJIKO MPALe31aTHOCTI 3a
JIOLIOMOT'00 HAa3EMHHX 3aC00IB SKCILIyaTalliiiHOro KoHTpomo-2; Cg. — cepenHi
BUTPATH 32 OJIMHUIIIO Yacy Ha YaCTKOBE pO30HMpaHHs 0JIOKa; Cs, — cepe/Hi BU-
TPaTH 3a OJMHUIIO YaCy HA TOIIYK CTPYKTYPHO-3aMIHHUX OJWHHIIb, 10 BiJMO-
Bumu; C S, CepemHi BUTPATH 3a ONWHHUINI0 Yacy Ha 3aMiHy CTPyKTYypHO-
3aMiHHAX OJMHHLb, WO BiaMoBu; Cg  — CEPEIHi BUTPATH 3a OJUHHLIO 4acy
Ha CKiIajaHHs Onoka; Cg . — Cepe/iHi BUTPATU 3 OJMHUIIO 4acy Ha HaJAIITy-
BaHHsI i perymoBanHs Onoka; Cg , — Cepe/iHi BUTPATH 3a OJIMHHIIIO Yacy 110 KO-
HTPOJIO MPAIE3JaTHOCTI 3a JIOMOMOTOK Ha3eMHHX 3ac00iB eKCILTyaTaliiHOro
KOHTpomo-1; P, — IMOBIpHICTb BIANpPaBIEHHS HAa OHOBIECHHS CTPYKTYpHO-

3aMiHHUX OJIMHUIIb, [0 BIIMOBHJIH, ITICIISI KOHTPOIIIO MPAIEe3AaTHOCTI 32 JJOMTOMO-
rOI0 Ha3eMHHUX 3aC00IB €KCILIyaTal[iiHOro KOHTPOMO-2; Afg M CepeHii Jac
eKCTPEHO1 AOCTaBKH CTPYKTYPHO-3HIMHOI OJMHHMIII B pas3i ii BIICYTHOCTI B OOMiH-
HOMY (DOHJII OpraHi3allii TEXHIYHOTO 00CITyTOBYBaHHSI.

3MicT y3araJlbHeHOTO MOKa3HUKa OLiHIOBaHHS €()EeKTUBHOCTI CUCTEMH TeX-
HIYHOI eKCIUTyaTallii po3KpHUBA€EThCS 32 JIOTIOMOTOK0 TaKUX KaTteropid. HanOimpm
00’ €KTHBHUM ITOKa3HUKOM, SKHH XapakTepu3ye e(DeKTHUBHICTh €KCIDIyaTarii pa-
JIOCJICKTPOHHUX CUCTEM, CJIiJl BBAXKAaTH MMOKA3HUK, 1110 BPaXOBYE CITIBBIAHOIICHHS
JIOXOAY, SIKUH Ja€ MOBITPSHE CYTHO 3 YCTAaHOBJICHHMMH HAa HHOMY PaiOeNIEeKTPOH-
HUMH CHCTEMaMH, 10 BUTPAT HA HOTO yTPUMAaHHSL:

F=D/C,,
ne D — cepemHidl pivHUN HOXiA HOBITPSHUX cyneH; Cyp— CepenHi pidHi BUTPATH

Ha eKcrmyaTauiIo HOBiTpSIHI/IX CYACH IIPOTATOM POKY.
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PosrisiHeMoO neTanbHO CKIIaJoBi, IO BXOJATh y Bupa3 F =D /B, 3 ypaxy-

BaHHAM creluiku QYHKIIIOHYBaHHS PaioeIEKTPOHHUX CHCTEM 1 BTpaT aBiarliii-
HOT'O MiJIPUEMCTBA BiJ] 3aTpUMaHHs peiicy. SIK BioMo, palioeIeKTpOHHI cucTe-
MU Oe3nocepeHb0 OepyTh Y4acThb Y KepyBaHHI IOJILOTOM TOBITPSHHUX CYZAEH.
Tomy BimMoBa abo BTpaTa SKOCTI (DYHKI[IOHYBaHHS JESIKHUX CHCTEM MOXE IpH-
3BECTH JI0 MIOMHJIOK JIITAKOBOIHHS a00 BiJX0ay Ha ApYyre KOJO Iij] 4ac MOCa KH.
VYce 1ie 3yMOBJICHO JIOJAATKOBOIO BUTPATOIO NMayinBa. BusHaumsnm vepe3 AS Jo-
JIATKOB1 TOJIMHU HAJBbOTY IMOBITPSHUX CYJCH, HEMOB sI3aHi 3 JIOCTABKOKO MMACa)H-

Pp1B Y IMIYHKT NPU3HAYCHHS, a Y€PC3 I/cep — CCPCAHIO MIBUAKICTDH IMOJIBOTY IMOBIT-

PAHHX CYJIEH, OTPUMY€EMO:

AS
D=dT—-———|; 4
cep
p=d 7-2%|_(z,+2,)-8,, (5)
cep
ne d — mpuOyTOK 3 MOBITPSHHUX CYIIEH 3a Yac MOJIbOTY; I — TOIUHU HAITBOTY

MOBITPSHUX CYJICH, IO IUIAHYIOTHCSA 3a PIK 3 YpaXyBaHHSIM OCOOJHMBOCTEH PO3-
KJIaJly Ta BUTPAT NaJINBA.

JlonatkoBi (HEeBUPOOHMY1) TOAVHH HAJIHOTY MOBITPSIHUX CYJIEH BU3HAYAOTh-
cs1 BoMa (paktopamu. [leprmii GpakTop 3yMOBICHHUH BTPATOIO SIKOCTI i -1 CHUCTe-
MU, sika Oepe ydyacTh y (OpMyBaHHI ONTUMAIBHOTO MAapUIPYTy MOIBOTY
HOBITPSAHUX CYJEH, APYTHA — BUMYILIEHOIO MOCAJKOI0 MOBITPSIHUX CYJIEH dYepe3
BIZIMOBY PalliOCJICKTPOHHUX CHCTEM, SIKi HE BXOJSAThH y MEPENiK JO3BOJICHUX He-
CIIpaBHOCTEH (MOKe Me(eKTiB) MO0 TIPOJOBKEHHS ITOIBOTY .

Takum gauHOM, BUpa3 mast AS (4) MOKHA 3amMCaTH Y BUTIISAII

AS= Y BIVLS, (1,)00, 11, + Z [(1+ o)~ P.(1)IS, (1)

e N — KUTBKICTh THIIIB PagioeIeKTPOHHUX CHCTEM, SIKi OepyTh y4acTh y Kepy-
BaHHI TPA€KTOPIEI0 MOJIBOTY MOBITPAHUX CyIeH; [3; — Oe3yMoBHa HMOBIpHICTh
HEBUSBJICHHA BIiIMOBU (BTpaTH SKOCTi) i-i pa;iOCIEKTPOHHOI CHCTEMU;
WIS, (t,)Ae;] — macmtaGHuil Koe(illieHT, KU XapaKTepu3ye CTEHiHb BiIXH-
JICHHS BiJl ONTHMAIBHOI TPA€EKTOPIl MOJIBOTY BHACTIIOK yTPaTH SIKOCTI i-1 CUCTe-

MH Ha BEJIMUUHY AQ;; !, — 4ac I0JbOTy; 0. — Oe3yMOBHA MMOBIPHICTb ITOMUJI-

KOBOi BIIMOBH j-i CHCTEMH paTiOCIeKTPOHHHX CHUCTEM, 7 — KUIBKICTh
PalioeIeKTPOHHUX CHCTEM, SIKi BXOISATH O KJacy HEJOIYCTUMHX BiZIMOB ILIOZO
IPOJOBXKEHHS MONIBOTY; S, =(f,) — BIACTaHb NMOBITPSIHUX CyAEH N0 HAHOIMK-
YOro MicCIsl BUMYIIEHOT ocanku. MoxXeMo po3paxyBaTH HMOBIPHICTh NIEPEXOIiB
Ta CTaHiB; OCTAHHI MAlOTh TaKUH CEHC:

m

Z;=hy Y [1-P;0]1 —P({CD)[PHtB,j +(1= Pyt 1t

j=0
ne Fy(f) — imoBipHicTb nepeOyBaHHsA BCIX PpalOCIEKTPOHHHUX CHCTEM
y mpaue3natHoMy ctadi; P (f) — IMOBIpHICTh Ipare3faTHOCTI i-1 paxioeneKT-
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POHHOI CHCTEMH 3 KJIacCy IEpPEeIliKy H03BOJCHUX HECHPAaBHOCTEH; P;(f) — iMOBI-
PHICTH Tpane3faTHOCTI j-i paaioeNneKTPOHHOT CHCTEMH 3 KJIacy MEPEeNiKy J03BO-
JIeHHX HecIpaBHOCTell; PYy, — IMOBIpHICTH HasBHOCTI y KOMILICKTYBAaHHI TPaH-

3UTHOT'O ACPOIOPTY j-i CUCTEMH, IO BUMATa€ThCs; I ; — Hac BiJTHOBJICHHSI j-i

CUCTCMHU Yy TPAH3UTHOMY aCpOIIOpPTY, t — 4YaC OJOCTaBKH paI[iOCJ'IeKTpOHHI/IX

nJ
cucreM 3 0a30BOro aepornopTy B TPaH3UTHHUN aepomopT; fz — 4Yac BiTHOBJICHHS
paioeNIeKTPOHHUX CUCTEM 0a30BOr0 aeponopry; Pnog — IMOBIPHICTH HAasBHOCTI
y KOMIUIEKTYBaHHI 0a30BOr0 aepomnopTy THITYy PalioeleKTPOHHUX CHCTEM, IO
BUMAraerscst; Pop; — IMOBIPHICTb HAasBHOCTI B TPAH3UTHOMY aepoIopTy oOcCiLy-
roByBanibHOTO TnepcoHany (OIl), moTpiOHOro it BiJHOBIEHHS j-i pajioenexT-
POHHOI CHCTEMH.

VTpatn dyepe3 3aTpUMaHHS peiicy B 0a30BOMY aeporopTy BU3HAYAIOTHCS
3 TAaKOT'O BUpa3y:

N
Zy=hi 2= R O11- Foo)t,
i=1
Tomy cepenni piuHi BUTpaTH aBialiHOrO MiANPUEMCTBA 3TiAHO
i3 hopmynoro (5) cTaHOBIATH

BO:dA?S+Zl+ZZ+Be. (6)

VY Bupasi (6) cknanosa B, xapakTepusye BUTpaTH aBialliifHOTO MiANPUEMCTBA
Ha puaOanHs. 11l BUTpaTn BU3HAYAIOTHCS TaK:

N N N N
_ TOiP 0 PK

B, =K, D C,+Y BT +> B +> B +Cpoy + Cops (7)

i=1 i1 i=1 i=1
ne C; — BapTicTh i-1 paJioeIeKTPOHHOT CUCTEMH, YCTAHOBIICHOI Ha TOBITPSHUX
cyaHax; K, — HOpPMaTHBHHUH KOE€(]ILIEHT OKYIHOCTI IMOBITPSHUX CY[EH;
TOiP . . . . ‘e
B, OIP __ HaBesieni cepenni BUTPATH HA TEXHiUHE OOCIYTOBYBAHHS I PEMOHT i-i
. ol e - .
cucremu; B, — cepenni piuni BuTpatH Ha npupbanHs O® i-i cucremu;

PK e . .
B." — cepenni piuni BuTpati Ha npuadaHHs peMoHTHHX KoMmiuiekTiB (PK) mia-

1
IPUEMCTBOM, sIK€ 3J1HCHIOE PeMOHT, Ha pik; Cop — 3apo0iTHa Iu1aTa 00CIyro-
BYBaJILHOTO [IEPCOHAIY.
Cepenniit pivanii IpruOyTOK TOBITPSHUX CYIEH CTAHOBUTH
D=dT -B,.
[Mizcrasnstoun hopmyay (7) y Bupas (3), aicraemo
dT
F=—-1. (®)
By

Amnaniz Bupasy (8) m03BoJisie 3pOOMTH BHCHOBOK: MOKa3HUK €(QEeKTHBHOCTI
3pocTae Bix —1 g0 +o0 31 3MiHOIO HANKOTY MOBITPSHUX cyneH (7) Big 0 mo +oo.
Axmo T =B, /d, nokazauk F =0.ToMy Ma€e BUKOHYBaTHCs HEPiBHICTb

T>B,/d.
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SIKII0 HepiBHICTH HE BUKOHYETHCS 1 roauHn Hanboty 1 < B, /d , TO excruya-
Tallisg MOBITPSHUX CYJIEH 31 BCTAHOBIICHUMH Ha HHOMY PajiOCICKTPOHHUMH CHC-
TeMaMH 30UTKOBA.

OTtpumaHi BHpa3d O3BOJSIIOTH BHAUIMTH OCHOBHI HAIPSAMHU ITiJIBUILEHHS
e(DeKTUBHOCTI eKCIUTyaTaIlli pamioeneKTpOHHNX cucTeM. [lepmmii HampsMm JToci-
JUKEHb CTOCYETHCSI PO3POOJICHHS HAYKOBO OOIPYHTOBAHOTO MEPENIKY JOMYCTH-
MHUX HECIPAaBHOCTEH, 3 SIKUMU JI03BOJICHO BWIIT 1032 0a3oBoro aeponopry. s
IIHOTO HEOOXiTHO: 3rpymyBaTH 3a (yHKIIOHATHHOIO 03HAKOIO BCi BUPOOH paio-
EJIEKTPOHHOT CHUCTEMH TOBITPSHUX CYJCH; MPOAHATI3yBaTH XapakTepHi 0COOIH-
BOCTi ()YHKI[IOHYBaHHSI BUPOOIB Ta CTyIEHs BIUIMBY 30BHIIIHIX YMOB Ha iX mpa-
I1€31aTHICTh; BUKOHATH PO3pPaxyHKH MOKA3HHUKIB HAAIIHOCTI BUPOOIB; BU3HAYUTH
TpOBI (PYHKII BUPOOIB, IO PO3TISAAOTHCS, Ta TEPENIK BiIMOB, SKi CIPUYH-
HSIOTh X HEBUKOHAHHS; TOOYAyBaTH 32 JIOTIOMOTOI0 MapKOBCHKHX JIAHIIIOTIB Ma-
TEMaTU4IHI MOJIEII, SIKi ONMHUCYIOTh MPOIEC BHHUKHEHHS IS KOXKHOT MOil Ha BCiX
eTarnax MmojbOTy 3 ypaxyBaHHSAM MOPU POKY Ta J0OH, CKIIAJHOCTI TPACH Ta METEO-
POJIOTIYHOTO CTaHy Ha TPAacCi; aHAJIOTIYHUM YMHOM OLIIHUTH YMOBHI HMOBIPHOCTI
MOTPAIISHHS B OCOOJMBI CUTYaIlil K HACTIAKA KOXHOI (PYHKITIOHAIEHOI BiIMO-
BU; OI[IHUTH MMOBIPHICTh MOTPAIUISIHAS B OCOOJIMBY CUTYAIIIIO ITiJl Yac peani3arii
KO»KHOT'O IPOPax0OBaHOTO BHIIAJKY IIOJ0 BCiX ()YHKI[IOHAIBHUX BIJIMOB BUPOOIB
pagioeIeKTPOHHUX CHUCTEM.

3a pe3ynbTaTaMu JOCIIKEHb JAHOTO HampsaMy (opMyeTbcs HayKoOBO 00-
ITPYHTOBAHUU TEPENTiK MOMYCTUMUX HECIPaBHOCTEH, SKUU TO3BOJISE 3a0e3lre-
ynTH Oe3MeKy MOJIbOTIB Ta BUKIIIOYUTH OOTpYHTOBaHE 301IbIIeHHS Z; ¥ BUpasi (6).

Jlpyruii HampsiM IOCTIIKEHb TOB’SI3aHUK 3 BUOOPOM Ta OOTPYHTYBaHHIM
3aco0iB eKCIUTyaTaIlifHOro KOHTpOIo. [IpakThka mokasye, o BiJ MPaBHILHOTO
BUOOpPY 3ac00iB EKCILUTyaTaliMHOTO KOHTPOIO 37€0UIBIIOTO 3aJIeKaTh BUTPATH Ha
TeXHIYHE OOCIYroBYBaHHs i PEMOHT Ta iHINI HEBUPOOHWYI CKIIQJOBI (CKiIamoBa
AS 'y Bupasi (6)).

3aco0u eKcIuTyaTanifHOro KOHTPOIIO BKIIIOYAIOTH y cebe OopToBi BOYIOBaHi
CHUCTEMH KOHTPOJIO Ta HA3eMHI 3aCO0M eKCIUTyaTaIlifHOTO KOHTPONIO. bopToBi
BOY/IOBaHI CUCTEMH KOHTPOJIIO Ta HAa3eMHI 3aCO0M EKCILTyaTalliifHOrO KOHTPOJIIO
MAalOTh CTAHOBUTH €JTMHUN KOMILIEKC, 1110 3a0e3Meuye BUKOHAHHS TUIIOBUX POOIT
y TIpoIIeci eKCIuTyaTallii BHpoOiB palioeIeKTPOHHUX CUCTEM. Y IIbOMY KOMITIEKCI
noBuHHa OyTH miependaueHa MOXIJIMBICTh aBTOMATH30BAHOTO BBEICHHS—
BUBE/ICHHs Ta OOMiH iHOPMALIIEIO PO Pe3yJIbTaTH KOHTPOIIO MK BOYAOBaHUMHU
cHCTEMaMHy KOHTPOITIO Ta HA3eMHUMH 3ac00aMH EKCILTyaTalliiHOr0 KOHTPOJTIO.

3aranpHe KOHCTPYKTHBHE BUKOHAHHS KOMITIEKCY 3aC001B €KCILTyaTaiifHOTO
KOHTPOIO BHPOOIB PaJiOeIEKTPOHHUX CHUCTEM Ma€ 3a0e3MeYUTH KOHCTPYKTHUBHY
CYMICHICTb 3ac00iB KOHTPOJIIO B KOMIUIEKC] Ta iX €J1eMEeHTiB OJUH 3 OAHUM, yHi-
(hikarfirto rabapUTHUX, HACTAHOBHUX, TIPUETHYBATBHUX PO3MIPIB IPHUCTPOIB Ta iX
PO3HIMHUX 3’€[lHaHb, a TaKOX peaiizaiito iH(popMaIiifHOi, METPOJIOTiYHOI Ta
eKCIUTyaTaliifHoi CyMiCHOCTI.

VY xomIuiekci 3aco0iB eKcIuTyaTaliiHOrO KOHTPOIO HependayaeTsesl 3aXUcT
BiJl MOIIKO/PKEHb, CIIPUYMHEHUX BIUIMBOM MEpPE3aBaHTaXEHb Ta HENPaBUIBHUM
3’emHaHHsAM. [IoMUIKH 0OCITYrOBYIOUOTO MEPCOHATY 3 OpraHaMH KepyBaHHS HE
NOBHHHI MPHU3BOAMTHU 0 BUXOJY 3 JIady SIK BUPOOIB PaJioeIeKTPOHHUX CHUCTEM,
Tak i 3ac00iB KOHTPOJIIO.
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[1ix yac mpoBeaeHHsT PEMOHTHO-BIAHOBIIIOBAJIBHUX POOIT Ta KOHTPOJIIO Mpa-
I1€31aTHOCT] JI€MOHTOBAaHUX BOYIOBAaHMX CHCTEM KOHTPOIIO BHPOOIB 3aCTOCOBY-
I0THCSl HA3€MHI aBTOMAaTH30BaHI 3aC00M EKCIUTyaTalliiHOTO KOHTPOJIIO:

® TIEPIIIOTO PiBHSA, SIKi TIO3BOJISAIOTH 3 BUCOKUM CTYIICHEM JTIOCTOBIPHOCTI BU-
3HAYaTH TEXHIYHUH CTaH BUPOOY Ta BUKOHYBATH MOIIYK Ne(EKTiB 3 TTMOMHOIO /10
JIETKO3HIMHOTO OJIOKa;

® JIpyroro piBHS, SIKi JO3BOJSIIOTH 3 BUCOKMM CTYIIEHEM JIOCTOBIpPHOCTI BH-
3HAaYaTH TEeXHIYHHUI CTaH OJOKa Ta BUKOHYBATH IMOIIYK Ie(heKTiB 3 TIHOWHOIO 10
CTPYKTYPHO-3HIMHOT OJTMHUITI;

® TPETBHOTO PIiBHA, SKi JO3BOJLIIOTH pPEalli3yBaTH B CTPYKTYPHO-3HIMHIH
OJIMHHMIII OTITUMAJIbHI aITOPUTMH MOIIYKY Je(eKTiB 3 MIMOMHOIO 10 HEBiAHOBIIIO-
BaHOT'O €JIEMEHTA.

Po3risiHeMo OCHOBHI €JIEMEHTH ONTHMIi3alliifHUX MMOKa3HHUKIB e()eKTUBHOCTI
eKCIUTyaTallii Ta OHOBJICHHS PaliOeJICKTPOHHUX CHCTEM MOBITPSHUX CYICH y pyc-
Ji cTpaTerii peMOHTY paJioeNeKTPOHHUX CUCTEM IMOBITPSIHUX CyAeH. Tak, OCHOB-
HAM HEIOJIKOM IIACHOI cTpaTerii peMOHTY € BH3HA4YEHHS OOCSATY PEMOHTHUX
pOoOIT HE3aJeKHO BijJ 1HIUBIAYaIHLHOIO HAIPAILIOBaHHS BUPOOY Ta MOr0 TEXHiy-
HOTO CTaHy. SIK HacliJOK BapTiCTh PEMOHTY HeE 3aJI€KHUTb Bijl HampamloBaHHS Ta
TEXHIYHOTO CTaHy BUPOOY.

Ha npakrtuiii Ha aBiapeMOHTHI 3aBOJM HAIXOASTH BUPOOHW 3 PI3HUM HaIpa-
[IOBAaHHSAM Ta B PI3HOMY TEXHIYHOMY CTaHi i HOTPEOYIOTh Pi3HOTO 00cATy pobiT
Uil BiAHOBINIEHHS SIKOCTi. OCHOBHOIO METOIO AOCIHIPKEHHS HampsMy BIOCKOHA-
JIGHHS CTpaTerii peMOHTY PaliOeIeKTPOHHUX CUCTEM € BHPOOJIEHHS PEeKOMEHIa-
Ii{ 1IOI0 BIOCKOHAICHHS CTpaTeriii peMOHTY BHPOOIB, SKi TO3BOJIWIH O MpH3HA-
yath o0CSTH pOOIT 3aJeKHO BiA pecypcy BupoOy i HOro TEXHIYHOTO CTaHy.
OCHOBHMMH yYMOBaMH BITPOBA/KCHHS TaKOI CTpaTerii € 3aCTOCYBaHHS BXiJHOTO
KOHTPOJTIO 32 JIOIIOMOT'OI0 aBTOMAaTH30BaHUX HAa3eMHUX 3aC001B €KCILTyaTaIliifHo-
ro KOHTPOIO MEPIIOTro PiBHS JAJsl IPU3HAYCHHS TIIMOWHU po30MpaHHs Ta aHali3y
CTaTUCTUKU BiIMOB 3 METOIO0 BUSBIICHHA IOAAaTKOBHX PECYPCHHX €JIEMEHTIB
y BUpOOI.

[TixBUIUTH SKICTH Ta 3HU3UTH BUTPATH HA PEMOHT MOYKHA IIUIIXOM yIIPOBa-
JUKEHHSI THYYKUX TEXHOJIOTIM PEMOHTY 3 ypaxyBaHHSIM HaIpalfoBaHHs, TEXHi4-
HOT'O CTaHy Ta 10poOOK BUPOOiB 3a OroseTeHsMu. [IporpecruBHa cTpareris peMoH-
Ty nependavae TaKy CyKYNHICTh NpaBWJI HPU3HAYCHHS IEpeNiky i oOcsry
PEMOHTHO-BITHOBIIOBAJILHAX POOIT (TEXHOJOTIH PEMOHTY), IIO0 BPaxOBYIOTh
BIUIUB BUPOOIB, SIKi pEMOHTYIOThCS, Ha PiBEHb OE3MEKH Ta PEryJSpHICTh MOJILOTIB
HOBITPSIHUX CYyJIeH, PEMOHTHO- i KOHTPOJETPUAATHICTh, XapaKTep 3MIiHH ITOKa3-
HUKIB HaIIHHOCTI BHPOOIB y TpoIieci eKCIUIyaTallii, BUTPaTH Ha BUKOHAHHS pe-
MOHTHO-BIIHOBJIFOBAJILHUX OTepalliii abo 3aMiHu OJI0Ka Ha TEpIIy KaTeropiko.

OnHi€ro 3 OCHOBHUX YMOB BIPOBa>)KEHHS IPOIPECUBHOI CTpaTerii peMOHTY
€ CTBOPEHHS Ha aBiapeMOHTHHX 3aBojax iH(opMamiiHOTO MiATpUMaHHS. 3aJex-
HO BiJ PiBHSA KOHTPOJIEIPHUIATHOCTI BUPOOY MOXKYTh OYTH peani3oBaHi JABa BUIH
NPOTPecUuBHOI cTparterii peMoHTy. [lepimii Bu IporpecHBHOT CTpaTerii peMoHTY
3aCTOCOBYIOTh JIJISi BUPOOIB 3 BHCOKHUM PiBHEM KOHTPOJICTIPHIATHOCTI. Bigmit-
HOIO OCOOJIMBICTIO ITHOTO BHY CTpATETil € MPOBEACHHS MONEPeIHbO1 aedexTartii
Ta BU3HAYCHHS BapiaHTa TEXHOJIOTI] pEMOHTY 3a pe3yJibTaTaMH BXiJHOTO KOHTPO-
nro 6e3 po30OupanHs. [pyruil BUI NpOrpecuBHOI CTpaTerii 3aCTOCOBYIOTH ISl BH-
po0iB 3 HU3LKUM PiBHEM KOHTPOJICTIPHIATHOCTI.
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Tyt monepemus nedekrartist Ta BUOIp BapiaHTa TEXHOJIOTII 3alPOBAKYIOTHCS
TicIist HOBHOTO 200 YacTKOBOTO po30upaHHs 0J0Ka 3a JONOMOTOI0 BHYTPIIIHBOTO
KOHTPOJIIO. 3alle)KHO BiJl HAABHOCTI iH(QOpPMAIiHHOTO MiATPUMAaHHS Ha aBiape-
MOHTHHX 3aBOJIaX MOXKe OYTH pealli3oBaHO JEKiJIbKa BapiaHTiB TEXHOJIOTIi B Me-
’ax 00paHoTo BUAY NPOIPECHBHOI CTpaTerii.

Tak, 3a HasBHOCTI iH(poOpMaLiiiHOi ciy)Ou HaIilfHOCTI Ha aBiapEMOHTHHX
3aBO/IaX MOXXYThb OyTH peasli3oBaHi TPH BapiaHTH TEXHOJIOTIi 77 IOIO MEpIIOro
BUJIy TIPOTPECHUBHOI CTpaTerii i TpU BapiaHTH TeXHOJOTII 7, MOA0 IPYyroro BUAY
MPOrpecHBHOI cTpaTerii. 3a BiACyTHOCTI iH(pOpMAIiHHOTO MiATpUMAaHHS Ha aBia-
PEMOHTHHX 3aBOJ[aX 3aCTOCOBYIOTHCS BIATIOBINHO NIBa BapiaHTH TeXHOJOTii 7 i
JIBA BapiaHTH TexXHOJOTIT T5.

BusHaurMo OCHOBHI HampsiMd Ta HEOOXiIHI YMOBU IIOJO BAOCKOHAJICHHS
cTparerii peMOHTY BHPOOIB paliOENeKTPOHHUX EJIEMEHTIB MOBITPSHUX CYACH.
[lepioro yMOBOIO Iepexo[y Ha MPOrPECUBHY CTPATEril0 PEMOHTY € CTBOPEHHS
iHpopMaIliiiHOTO MATPpUMAHHS Ha aBiapeMOHTHHUX 3aBOJaxX Ta iX B3a€MOJIS 3 iH-
(hopmMmariifiHoro ciry>k00r0 aBiallifHOl TEXHIYHOI 0a3u, IPYro0 YMOBOI — IIPOBE-
JI€HHS BXiJTHOTO KOHTPOJIIO BUPOOIB, 10 HAAXOATH Y PEMOHT.

Ha mouaTkoBoMy eTami BIOCKOHAJICHHsI CTpaTeriil 040 omnepauiil KOHTPO-
JIIO Ta JIIarHOCTYBaHHS MOXYTh OyTH 3aCTOCOBaHI iCHYIOYi Ha3eMHi 3ac00H eKc-
IUTyaTaliifHOTO KOHTPOJI0. HacTymHUM eTanoM BIIOCKOHAJICHHS CTpaTerii peMOH-
Ty € BIPOBAPKEHHA B TEXHOJOTIYHI TPOLECH THYYKMX aBTOMAaTH30BaHUX
Ha3eMHHX 3aC00iB €KCIUTyaTaIliifHOTO KOHTPOJIO 100 KOHTPOJIIO Ta JIarHOCTY-
BaHHS BUPOOIB. 3aKIIOUHMIA €Tall — CTBOPEHHS JIOKAJbHUX 1H(POpMaLiiHUX Me-
pex Ha 0a3i THYYKHMX aBTOMAaTH30BaHUX 3aCO0iB €KCILTyaTaIlifHOro KOHTPOIO IS
30upanHs Ta 00poOieHHs iHGopMalii, HeoOXiaHOI IS BHUSBJICHHS TOAATKOBUX
peCypcHUX eNleMeHTIB 1 GopMyBaHHs ONTUMATBHUX PEMOHTHUX KOMILJIEKTIB.

[IporpecuBHi crparterii peMOHTY JO3BOJISIFOTH ICTOTHO 3HU3MTH BHUTPATH
aBialliifHOTO MiANPUEMCTBA, 10 BUKOPUCTOBYIOTH JUIsl OpraHi3awii TEXHIYHOI eKc-
TUTyaTarii cTpareriro.

BUCHOBKHA

BincyTHICTP KOMIUIEKCHOTO MOKa3HWKA, SKUH B aHAJIITHYHOMY PYCIi Ja€ 3MOTY
MOETHATH TaKi KaTteropii, K eKCIUTyaTalliiiHi BUTPaTH, BapTiCTh 0OMiHHOTO (OH-
Iy Ta MOKa3HUKU JOCTOBIPHOCTI KOHTPOJIIO, HE JO3BOJISIE IO3UTHBHO BIUIMBATH HA
e(eKTHBHICTh TEXHIYHOI eKCIUTyaTalii Ta OHOBJICHHS PaliOeIeKTPOHHUX CHUCTEM
NOBITPAHUX cyAeH. Tomy B poOoTi Oyin 3anponoHOBaHi MaTeMaTH4Hi PO3B’SI3KU
JUIL OTHCY PI3HUX BapiaHTiB CTpaTerid TeXHIYHOTO OOCIYyroBYBaHHS Cy4acHOT
aBioHiKU. ONTHMI30BaHO MOKa3HUKK €(DEKTUBHOCTI TEXHIYHOI eKCILIyarallii Ta
OHOBJICHHS, SIKi BKJIIOYAIOTh B ce0€, OKPIM OCHOBHHMX TEXHIYHHMX, EKOHOMIYHI I10-
Ka3HMKH, 1[0 MICTATh ONITUMAJIbHY KUJIBKICTh 3allaCHUX JIETKO3HIMHUX OJIOKIB, SKi
PO3PaxOBYIOThCS 32 YMOBH 3a0€3ME€USHHSI 3a1aHO0T PETyJIIPHOCTI MOIBOTIB.

[lInsxoM TpoBeNeHHsI aHANi3y MOXIWBUAX BapiaHTiB MOOYIOBH CHUCTEMH
TEXHIYHOTO OOCIIyrOBYBaHHA 1 PEMOHTY PaAiOeNEeKTPOHHUX CHCTEM YBEIEHO
HIiCTh KIacU(iKaliHHUX 03HAK, IO XapaKTEePU3yIOTh BIACTUBOCTI BUPOOIB pajio-
€JIEKTPOHHUX CHCTEM, MiCIle BiTHOBIIEHHS BUpPOOiB, Miclie (ikcarlii BiIMOBH BH-
poOy Ta HasBHICTb Ha3eMHUX 3acO0IB E€KCIUTyaTallitHOTO KOHTPOJIIO B aBialliiHii
TEXHIYHIl 0a3i.

CdopmynboBaHO TOHATTS 0a30BOr0 BapiaHTa MOOYOBH CHCTEMH TEXHIYHO-
ro OOCIyroByBaHHS 1 PEMOHTY Ta BHJALIEHO 3a JOTIOMOI'OI0 BH3HAYAILHUX Kila-
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cu(ikaifHuX O03HAK YOTHpPW 0a30Bi BapiaHTH TMOOYMAOBH CHUCTEMH TEXHIYHOTO
00cCITyroByBaHHsl 1 peMOHTY. BU3HaueHO MOHATTA MOXITHUX 1 KOHKYPYIOUHX Pi3-
HOBHUIB 0a30BOTO BapiaHTa MOOYIOBH CHUCTEMH TEXHIYHOTO OOCITyTOBYBaHHS i
PEMOHTY.

Bupobneno oOrpyHTyBaHHSI y3arajlbHEHOTO IOKa3HMKa JJisl OLIHIOBAHHS
e(eKTHBHOCTI CUCTEMHU TEXHIYHOI eKCIUTyaTalii palioeJeKTPOHHUX CHUCTEM 1 BH-
3HaY€HO OCHOBHI HANpSAMH MiJBUIICHHS €PEKTHBHOCTI CUCTEMH TEXHIYHOI eKc-
TuTyaTamii

O6paHo MOKa3HUKH €(PEKTUBHOCTI 0a30BHUX BapiaHTIB MOOYIOBU CHCTEMH
TEXHIYHOTO OOCIYroByBaHHS i peMOHTYy. OTpHMMaHO MaTeMaTH4YHi BUpa3H, LIO0
JAlOTh 3MOTy BHM3HAa4yaTH HaBEICHI BUTPATH B CHUCTEMi TEXHIYHOTO OOCIYrOBY-
BaHHS 1 pEMOHTY, OOYAOBaHil BiAMOBiTHO 10 0a30BUX BapiaHTiB. AHali3 OTpU-
MaHUX BUpa3iB J03BOJIsiE 3p0OUTH BHCHOBOK, IO OCHOBHA CKJIaJ0OBa HaBeJe-
Hux Burpar C, — co0iBapTiCTh €KCIUIyaTalil CUCTEMH IPOTIrOM POKY, HE

Moske OyTH BHU3HaueHa Oe3moceperHbo 3a GopMynaMu depes ii KMOBIpHUH Xa-
pakrep.

BuxoHaHo aHami3 MOXIMBUX BapiaHTIB MOOYIOBU CHUCTEMH TEXHIYHOI €KC-
TUTyaTalii Ta OHOBJICHHS PaJioeIeKTPOHHOT CHCTEMH TMOBITPSHUX CYJCH. 3Haliie-
HO OOIPYHTYBaHHS y3arajJbHEHOTO TOKa3HWKA IS OIIHIOBaHHSA €()EeKTHBHOCTI
CHCTEMH TEXHIYHOI eKCIUTyaTalil paioeNeKTPOHHOTO O0’€KTa Ta BH3HAYEHO
OCHOBHI HalpsIMU IT1IBUIIICHHS.

OO6paHo MOKa3HUKH €(PEeKTUBHOCTI 0a30BUX BapiaHTIB MOOYIOBU CHCTEMH
TEXHIYHOI eKCIUTyaTallii Ta OHOBJICHHS B PaJiOCIeKTPOHHUX cucTeMaxX. OTpuma-
HO MaTeMaTU4Hi BUPa3H, IO I03BOJSIFOTH BU3HAYATH HABE/ICHI BUTPATH B CUCTE-
Mi TEeXHIYHOI eKCIUTyaTallii Ta OHOBIIEHHS B PaIiOEIEKTPOHHUX CHUCTEMaXx, IMo0y-
JIOBaHI BIAMOBITHO 0 0a30BHUX BapiaHTIB.

Bu3HaueHo MOHATTSA MOXIAHUX 1 KOHKYPYIOUMX Pi3HOBHIIB 0a30BOr0
BapiaHTa MOOYJOBH CHUCTEMH TEXHIUHOI eKCIulyaTallii Ta OHOBJICHHS B pajio-
EJIEKTPOHHUX cHCTeMax. Tak, MOXiTHUM pi3HOBHIOM 0a30BOTO BapiaHTa OymeMo
Ha3WBaTH BapiaHT MOOYIOBH CHCTEMH TEXHIYHOI €KCIUTyaTalii Ta OHOBJICHHS,
y SIKOMY MiCIIe BiTHOBJICHHS PaJiOCIeKTPOHHUX CHUCTEM BH3HAYAETHCS MOTO O3Ha-
kamu. Hanpuknan, Bapiant 4, B;C, D, E, F{ BU3Ha4ae BiJHOBIIEHHs Onoka Ha 3B

(Dy), ockinbku 610K Mae rapanTito 3B (o3Haka C)).

OTpuMaHi pe3yJbTaTH Aal0Th 3MOTY Ha MPAaKTHI PO3PaxOBYBATH OITH-
MaJlbHi 3amacy He TiJIbKH Ul eKCIUTyaTOBAaHOTO MapKy MOBITPSAHUX CYJEH, a U 3
ypaxyBaHHSM INIAHOBAHUX TIOCTABOK TOBITPSHUX CYICH VIS aBiaKOMITaHiM. Yce
e A03BOJIUTHh O0paTH HaWOUIBII ONTHMANBHY CTPATEril0 TEXHIYHOI'O 0OCIyTroBy-
BaHHS MOBITPSIHUX CY/ICH.
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Abstract. This paper is dedicated to solving the problem of identifying and refining
optimization indicators of operational efficiency and updating of electronic systems
of aircraft, which is a pertinent metrological task. An analysis of possible options for
building a system of technical operation and updating of electronic systems of air-
craft was conducted. The concept of the basic variant of construction of such a sys-
tem is formulated. By means of defining classification features the basic variants of
construction of a system of the technical operation and updating are selected. The
notion of secondary and competing types of the basic variant of construction of such
a system is defined. For this purpose, classification features have been introduced
that characterize the properties of products of electronic systems: the place of updat-
ing the product, the place of fixing the product failure and the availability of means
of operational control in the organization of maintenance.

Keywords: maintenance (update) of electronic systems, aviation electronic systems,
evaluation of the effectiveness of basic options.

OINTUMM3ALIAA TMOKA3ATEJIEM Y®®EKTUBHOCTU OPIAHU3AIMOH-
HOM CHUCTEMBI TEXHUYECKOMN SKCILIYATAIIMM WM OBHOBJIEHHUS
PAJIMODJIEKTPOHHBIX CUCTEM BO3JAYIIHBIX CYAEH / I'.®. KonaxoBuy,
N.A. Kosmrok, 10.b. KoBanenko
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AHHoTauus. TTOCBSIICHO PEIICHUIO 3a/laHKs BBISBICHHUS ONTHMH3UPOBAHHBIX I1O-
Kazareneil 3 (HeKTHBHOCTH IKCIUTyaTallid U OOHOBJICHUS PaJAHO3IEKTPOHHBIX CHC-
TEM BO3IYIIHBIX CYJICH, YTO SIBJIACTCS aKTyaJIbHBIM METPOJIOTHYESCKUM 3a[aHieM. BbI-
HOJIHEH QHAIM3 BO3MOXKHBIX BapHAHTOB IIOCTPOCHUSI CHCTEMBI TEXHHYIECKOH
SKCIUTyaTali ¥ OOHOBIICHHS PAJMOAICKTPOHHBEIX CUCTEM BO3MYMIHBIX cyzneH. Cdop-
MHPOBAHO MOHSTHE 0A30BOr0 BapHaHTA MOCTPOSHHUSI CUCTEMbI TEXHUUYECKOH JKCILTya-
Tanuy ¥ oOHoBieHHs. [Ipy momonm onpeneNsFomuX KIacCH(UKAINOHHBIX IPHU3Ha-
KOB BbIJICJICHbI 0a30BbIe BAPHAHTbI IIOCTPOCHHS CUCTEMBbI TEXHUYECKOH 3KCILTyaTaluy
1 o0HOBIIeHHS. OnpeesieHO NOHATHE BTOPUYHBIX M KOHKYPHPYIOIIMX BUIOB 6a30BO-
TO BapUaHTa MOCTPOCHHUS CUCTEMbl TEXHHYECKOH SKCIUTyaTalli U OOHOBJICHUS B pa-
JIMOBJICKTPOHHBIX cucTeMax. J{Jist 3Toro BBeICHbI KIIacCH(UKALMOHHbBIE PU3HAKH, Xa-
PaKTEepU3YIOLIUEe CBOMCTBA M3/EIHIl PAJMOINIEKTPOHHBIX CHCTEM: MECTO OOHOBIICHUS
W3eTHs], MeCTO (DMKCALlMU OTKAa3a M3JEJHs M HAINIHE CHOCOO0B KCILTYaTallHOHHOTO
KOHTPOJISI B OPraHU3aLMH TEXHUYECKOTO 00CITY KHBaHUSL.

KiwoueBble cioBa: oOcrmyxuBaHue (OOHOBJICHHE) PaTUOIICKTPOHHBIX CHCTEM,
ABHAIMOHHEBIC PAJMOICKTPOHHBIC CHCTEMBI, OLCHKA 3()(EeKTUBHOCTH 0a30BBIX Ba-
PHAHTOB.
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B3AEMO/IISI MOJIEJIEH 3 PEAJIBHUMHU OB’€EKTAMHU
SAK CIIOCIB YIOCKOHAJIEHHSA JOIOBHEHOI PEAJIBHOCTI

O.C. BE3ITAJIBKO

AHorauisi. Ha BigMiHy BiZ YHCTO BipTyaJbHOTO CBITYy KOPHUCTYBAueBi 3HaYHO CKJIa-
JHILIE MOBIPUTHU y peaibHICTh 00’ €KTIB AOMOBHEHOI peanbHocTi. Uepes BiACyTHICTH
HPaBUJIBHOTO OCBITJICHHS, a00 TIHEH MOXKEe BUATHUCS, LIO NPEAMET IUIABAE Y IOBIT-
pi, Bix’eqHaHM BiJ peabHUX MPEAMETiB HABKOJIO HbOro. OIHIEI0 OYEBUIHOIO MIPO-
61eMol0, siKa iCHy€ B JJOMIOBHEHIH peanbHOCTI, € Te, 0 BipTyalbHUI 00’€KT BHIA-
€ThCS BIAJAJICHUM BiJl PEAbHOTO 00’€KTa, MPOTE BiH BCE MIC 3 SIBISETHCS MEPEI
HHUM. 3alpoIOHOBAHO MiJXil, 32 SKOr0 CTaHE MOXKJIMBOKO B3aEMOJISI PEalbHUX Ta
BIpTyaJIbHUX 00’€KTiB. SIK pealibHi, TaK i BipTyasbHi 00’ €KTH MOXYTh OyTH IepeMi-

meHi i obepTaTHCh y cleHi, 30epiraloun nepekpuBaHHs. BipTyanbHuii 00’€KT Ta-
KOXXK MOJKE MICTUTHUCS Hepes pealibHUM 00’ €KToM abo 103a1y HBOTO BiTHOCHO KaMe-
pH, sIKa BUPIIINTb, YM Ma€ BigOyBaTHUCSI INEPEKPUTTS, YU Hi. 3alpOIIOHOBAHO
QITOPUTM, IO CKJIANAETHCS 3 II'SITU €TaliB Ta apxiTekTypu cucreMu. OIiHKa mpo-
BOJUTHCS Ha OCHOBI II'SITM BH3Ha4deHHX KputepiiB. [logano pesynsratu Ta criocodn
BJIOCKOHAJICHHSI 11l MalOyTHIX JOCIIIKEHb.

KiouoBi ciioBa: B3aeMofis Moieneil, mepeKpuBaHHs, po3IiZHaBaHHS 00pasiB.

BCTYII

HonoHeHa peanbsHicTh (AR), ab0 po3mpeHa peanbHICTh — 3aXOIUIMBa cdepa B
iH(OpMaTHIIi, IO JTUIIIE OCTAaHHIM YacoM HalyJia MmomyJsipHocTi. Po3mmpena pea-
JBHICTP MA€ Ha METi MOEIHYBAaTH PEalbHUH CBIT 3 BipTyaJbHUM CBITOM TaKUM
YHHOM, 00 BiH BHJABABCS MPUPOTHUM, BUKOPUCTOBYIOUH TIEBHUI THIT €KpaHa
JUIS HaKJaJaHHA BipTyaldbHHUX 00’€KTIB Ha pEaNbHUH CBIT, SIKUM 3aXOILTIOETHCS
KaMepoIo B PEKHMMIi peaslbHOTO Jacy. MeTa mosirae B ToMy, o0 peaiabHi Ta Bip-
TyaJbHI 00 €KTH B CEpelOBHILI KOpPHCTyBada Oesnepemkoano 3nuBaiucs. o0
1e 0yJIo MTepEeKOHIMBO, pealbHi Ta BIpTyalnbHi 00’ €KTH OBUHHI PealbHO B3a€MO-
nisitu. [lommpennii mpukiag — MOCTaBUTH BipTyallbHY YallKy Ha CHpPaBXHIN
CTiN, SKUH OyJe BUTIIANATH 1 BECTH cebe sK crpamkHs damka. Hatemep Oarato
KOMIIaHiil 1HBECTYIOTh, OO cpoOyBaTH CTATH MEPEAOBOI0 KOMIIAHIEIO, KA BU-
KOPHUCTOBYE TaKy TEXHOJOTiI0. IcHye Oe3nid chep, e BUKOPUCTOBYETHCS PO3IITH-
peHa peanbHicTh (irpu, ocBita, 0OMiH iH(opMarlieo Tomo). [I{oaHs BUBUAETHCS
Ta pO3pO0JISETHCS JIeAali OUIbIIE BUMAAKIB BUKOPUCTAHHSL.

JocnimkeHast mpobieMl B JAOMOBHEHIW pealbHOCTI 00paHO 3aBISKH 3pOC-
TaHHIO TTOMYJIIPHOCTI Tally3i Ta HA0YTTIO MTEBHOTO JAOCBiNY, KWK, IMOBIpHO, CTa-
HE KOPUCHHUM Y Mail0yTHOMY.
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IMPOBJIEMATHUKA

Meta po6oTH — 3anporoHyBaTH Mi/IXi/J, 32 SIKOTO CTaHE MOYKJIMBOIO B3a€EMOJIiS
pearbHUX Ta BipTyanbHUX 00’€KTiB. SIK peanbHi, Tak 1 BipTyanbHi 00’ €KTH MO-
XKyTh OyTH TIepeMillieHi i 00epTaTHCch y ClieHi, 30epirarouu nepexpuBanHs. Biprya-
THHUAR 00’€KT TaKOX MOXe nepeOyBartu sIK Mepes pealbHuM 00’ €KTOM, TakK 1 Io-
3ay HbOTO BiIHOCHO KaMepH, AKa BUPILIUTh, YU MA€ BiIOYBaTHCS TIEPEKPUBAHHS,
yn Hi. HeoOXigHO 3’sicyBaTh UM Mpaloe NepeKprBaHHs B ifeali30oBaHOMY cepe-
JOBUIII (HampuKiIad, yHidikoBaHa TaONMISA 3 MAaJOI0 KUIBKICTIO TPEIMETIB),
y MEHII KOHTPOJILOBAHOMY CEpENOBHILI (HATIPUKIIAJ, Ha BYJUII), a00 SKIIO pea-
JbHI YU BIpTyalibHI 00’ €KTU MEPEKIaIaoThCsl Ta 00EPTAOTHCS, a TAKOXK sKi (pak-
TOPH IBUILYIOTH 200 3MEHIIYIOTh MPOXYKTHBHICTH CHCTEMH BiJHOCHO TIepe-
KpPHUBaHHSL.

NNOB’SA3AHI POBOTH

IcHye GaraTo mimXoziB MO BUpINIEHHS MPOOJIEMH OKIIO3il B MeXax IOMOBHEHOI
peambHOCTI. [X MOXHA TOMLIMTH HA JBa THUIM: HA OCHOBI MIHOWHM Ta HAa OCHOBI
MOJEIIEH.

Y MoaenbHOMY MiAXOMAi iHOJMI BHKOPHUCTOBYIOTHCS IIONIEPEIHI 3HAHHS IIPO
peasnbHI 00’€KTH, SIKi MOTIM MEPEeBOAAThCS HA T'eOMETPUYHI Monemi. Y Jocii-
JoxeHHi, mpoeaeHoMy Jl. bpinowm [1], moxens 3D-crieHn Bxke Bigoma. Aje MaTh
TPUBUMIPHY MOAEJb, TOCTYNHY B Oyab-sikuii yac y nomatky AR, He MOXIUBO,
BOHAa MOKE€ TPAIFOBATH JIUIIIE TSI KOHKPETHUX BHIIA/IKIB BUKOPUCTAHHS.

VY mpaui [2] y nponoHOBaHOMY BHpIiIlIeHHI HE BUKOPUCTOBYETHCS iHPOpMa-
Iisl PO MIMOMHY YU PEKOHCTPYKIIIF0 MOAETi. 3aMiCTh I[LOTO JO3BOJSETHCS KOPH-
CTyBady CIIOYaTKy BU3HAYUTH 00’ €KT JJIs IEPEKPUBAHHS y MEPIIOMY KaJpi, SKAH
BIJICTEXKY€EThCS Y HACTYMHUX Kanpax. KopucryBad BuU3Ha4ae AesiKi MIKCelNi, IO
BIIMTOBI1al0Th HOHOBOMY PEXHMY, TaK, 00 ANTOPHTM MIT TOAUTUTH BCi TKCeIl
Ha 00’exTHI abo ¢oHOBi. Ile moTpedye TicHOT B3aeMozil 3 KOpHCTyBaueM, 00
00’ €KT 3aBXKIU TIEPEKPUBAB BIpTyalibHI 00’ €KTH HE 3aJIeKHO BiJl TOTO, Y peasibHE
pO3MiIeHHs 00’ €KTa 32 HUM YH TEePE HHM.

{06 ycyHyTH BHMOTY MaTH TMOIEPEAHbO BUTOTOBIEHY 3D-Monens CreHw,
K. Onr [3] 3ampomoHyBaB MeTOJA IEpIIOi CETMEHTalii CHIIyeTiB peaJbHOTo
00’€KTa BPYYHY y BHOPAHHX «KJIIOYOBHX Kaapax». IX TOTIM BHKOPHUCTOBYIOTH
U aBTOMATHYHOI TOOYJ0BH MPUOMU3HUX 3D-KOoMIT I0OTEpHHUX MOJIeNeH, SKi Mac-
KYIOTh peanbHi 00’ ekTH. 1li Macku cTaioTh HEBUAMMHMH, XOY BOHH BCE IIIE MO-
KYTb 3aKPUTH BipTyaJIbHUI 00’ €KT. Y CTAHOBIICHHS [IUX MAacOK MOTpedy€e pydHOTO
HaJIAIITYBaHHS KOPUCTYBA4EM.

VY migxoxdi, 3acHOBaHOMY Ha TIHOWHI, 3anpornonoBanomy llIminrom [4], Bu-
KOPHUCTOBYETHCSI CHCTEMa OIHOKYJIIPHOI CTepeOKaMepH il O0YMCICHHS MITBHUX
KapT HEepiBHOMIPHOCTI. Pe3ynbTaTu qoCHiKeHHs 32 JOMOMOTO0 LILOTO METOAY €
3aJIOBUTBHAMHU, ajie OUTBIIICTh MPHUCTPOIB JOMOBHEHOI PEaNbHOCTI CHOTOIHI Ha-
KIIQ/Ial0ThCS Ha OJHY KaMmepy, a He Ha JEKiIbKa, 0 POOUTH el METOx A HUX
HETpUIATHUM. Y MailOyTHROMY MOYKIIMBE 3BHUaiiHEe BCTAHOBIICHHS CUCTEM Kamep
JUTS 3BUYaHUX KOPHUCTYBadiB.

Crpoba moOyayBaTt BipTyanbHuid 3D-00’€KT, SKUH BiAMOBinaB Ou peanb-
HOMY 00’€KTy 0e3 3a3Jalieriib BIIOMUX NaHWX MPO 00’ €KT, BUSABHUIACH HEMPOC-
TOIO, IO CIIOHYKAJIO IOCIIAUTA KOHTYPHO-OPIEHTOBaHMM MiaXin. TakuM 4uHOM,
He oTpiOHO 3HaTH a60 BusBIATH 3D-popmy 00’exTa. BupimeHHs, sike BUKOPHC-
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TOBYE KOHTYpHHH miaxif, 3anpornonyBaB M. beprep [5]. V uiit npaui aBTop aHa-
Ji3ye 1 MOPIBHIOE KapTy Kparo CIICHH Ta KapTH BipTyaJlbHOTO 00’€KTa 3 pPi3HUX
TOYOK 30pY VIS BU3HAUCHHS 1X BIAHOCHHX MO3UIliii. CKIaIHICTh MOJSATae B TOMY,
o BipTyalibHI Ta peajbHi 00’€KTH MaloTh OyTH CTaTUYHUMH y CIIEHi, a Ie Mo-
TpeOye mepepaxyHKy, SKIIO 00’ €KTH PyXarOThCA.

[Mixxia, mo po3rIIAnacThCA y 1t po6oTi, He mOTpedye B3aeMOii 3 KOpHCTY-
BaYeM, KPiM NEPEMIlCHHs KaAMEPH IS NOWYKY IiouuHi. O6’eKTH MOXYTh Bi-
JBHO TIepeMIIIaTHCs N0 TUIOIINHI, 1 aNropUTM aBTOMATHYHO B pexchl peanbHOTO
4acCy BU3HAYATHME PO3TALIYBAHHS BIPTYaTbHOrO 00’€KTa — YU BiH 33 pealbHUM
00’€KTOM, UM Iepe]l HAM, 1 BiIIOBITHO BUKOHYBaTUME TIEPEKPHBAHHS.

3AITIPONIOHOBAHUII MIIXIJ TA METOIU

IIpo6iemn nepekpuBaHHS

Ha BigmiHy Biff YMCTO BipTyallbHOTO CBIiTy, KOPUCTYBady 3HaYHO CKJIAJHIIIE TIO-
BIpUTH Y PEABbHICTh 00 €KTIB JOMOBHEHOI peaslbHOCTI. Lle 3yMOBIeHO THM, IO
BipTyaJibHi 00’€KTH HE BUTJISAAIOTH MIPABUIBHO, KOJH iX 3aCTOCOBYIOTH 10 CTaH-
IapTHUX 00’€KTIB peanbHOro cBiTy. OCh YoMy Jeski ocoOnuBi edektn y (imbMi
MOXYTh BHJIQTHCSl HETOKa3HHMH, KOJIHM B CYTO BIpTyallbHIHM CIieHI BOHH J0OOpe
crpuiimMaroTecsi. Uepes BiACYTHICTh MPaBHIBHOTO OCBITIEHHA, ab0 TiHEH Moke
BHJIATUCh, 1110 TIPEIMET IUTABA€E Y TIOBITPI, Bi €MHAHUN BiJl PEaIbHUX TIPEIMETIB
HaBKOJIO HhOro. OJIHIE€I0 OYEBUIHOIO MPOOJIEMOIO, sIKa ICHY€ B JIONOBHEHIN pea-
JBHOCTI, € Te, M0 BIPTyaJdbHHI 00’€KT BUTISAAE Ialli BiJl peanbHOTO 00’ €KTa,
MPOTE BiH BCE 1€ BUHUKAE nepesi peanbHIM 00’€eKTOM, SK II¢ BUIHO Ha puc. 1.
o npobieMy MOkHa Oyio O BUPIIIUTH 3a 11€aqbHOTO nepekpuBanHs. JlocsArny-
TH 1/1eaJbHOT0 NMEepPEeKPUBAHHS HAJ3BUYAHHO CKIAIHO, YTIM BOHO 1 HEe Mae OyTH
ieabHUM, 0O OYTH KOPUCHHUM Y CYYacHHX IpOorpamax.

| . OcHOBHa MeTa B pa3i IepeKpH-
BaHHS — 30epeXeHHs MPaBHILHOTO
BiTOOpaKEHHS B MEXax CIICHH JI0JaT-
KOBOI peaJibHOCTi. Byab-sKi BipTyalibHi
00’€KTH, IO MICTATHCS 3a PealbHH-
MH 00’€KTaMH, MalOTh XOBaTHCS Yac-
TKOBO 200 TIOBHICTIO 3a ITUM peajb-
HuM  o0’extom. Ile  migcumoe
TTUOWHHE CHPUHHATTS 00’€KTa BCe-
peauMHI CHeHH 1 ycyBae Oyab-siKi
CYMHIBH IIIOJIO TOTO, JI¢ BIpTyalbHUN
00’€eKT Hacmpapi nepedyBae y CICHI.

Puc. 1. Ilpuxnag HEKOPEKTHOTO NEPEKPUBAHHS

MeTton

Ilinxin, kWi TPOMOHYETHCSA B POOOTI, TOJIATAE Y BUOIPKOBOMY 3amo0iraHHi Bi3y-
ayizarii YacTWH BipTyaJbHOI CIICHH Ha eraHi Ha OCHOBI 3HaHb PO PEATBHY CIIe-
HY, OTPHMAHY 32 JOTIOMOTOI0 ITOPUTMIB KOMIT I0TepHOTO 30py. Lle poduthcs 3a
I’ SITh KPOKIB:

1) 3HaXO0KEHHSI TPUHAKMHI OJIHi€T TOPU3OHTAIIFHOT IJIOIIMHY Y CLICH];

2) momryk 00’ €KTiB pealbHOTO CBITY, PO3TAIIOBAHUX Ha BHUSIBJICHIH TOPH30H-
TaJIbHIN IUIOIIMHI;
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3) BU3HAYCHHS BiTHOCHOI BiJICTaHI Mi>K pealbHUM 00’ €KTOM Ta KaMepo¥o;

4) peKOHCTpPYKIis BipTyanbHOTO 2D-crityery pealbHOro 00’ €KTa;

5) HajaHHA LBOMY CUJIYETY IMPO30pPOi MACKH, KA IMEPEKPHUBAE OYIb-SAKi
BipTyalibHi 00’ €KTH 32 HUM.

HaiiGiap1r BaXXKIIMBOIO YaCTHHOIO € TIONIYK PI3HKUX MPEAMETIB PEaTbHOTO CBi-
Ty Ta TEPETBOPCHHS iX y TMPaBWIBHUN BIpTyaIbHHHA CHIIyeT. TpPYyIHICTH PI3KO
3pocTae 3i 30UIBIICHHSIM KITBKOCTI Pi3HOMaHITHUX 00’ €KTiB y cieHi. KpiM Toro,
(hoH MOKE CKJTaIaTUCS 3 PI3HUX THIIB OyIiBellb, KOXHA 3 SIKUX Ma€ CBOI YHIKaJh-
Hi po3Mipu Ta dhopmu. [IpaBuibHe BU3HAYCHHS 1 BIIOKpEMJICHHS 3 TUHAMIYHAM
Ta aBTOMATHYHUM CTBOPCHHSIM pPEaJiCTHIHNX MACOK OKIIIO3ii MOTpeOyIOTh BEu-
KOT O0YHCITIOBAIBHOT MOTYXHOCTI 200 ayke ePeKTUBHOTrO anroputMy. JlogaTko-
BUMH OOMEXYBAJIBHUMHU (PAKTOpPaMH € MOTaHWM Jiala30H MMOTOYHHMX MPUCTPOIB
PO3IIUPEHOT PeasIbHOCTI 1 A0 HU3bKa PO3/AiJIbHA 3AaTHICTh.

IMomyk ropu3oHTAJLHOI IVIOIIMHA Ta BigcTanb 10 00’ekra. ARKit mae
MO>KJIUBICTh BHSBJISATH TOPU3OHTANBHI ITOBEPXHi, HATPUKIIAA, CTOJH YU IIiIJIOTH.
Ile poOUTHCS MUIIXOM TOMTYKY OCOOTUBOCTEH Y 300paKeHHI, 3HATOMY KaMepOoro
JUTSL KOJKHOTO KaJpy, a MOTIM BIJCTEKEHHIM IMX (QYHKIINA uepe3 Kaapu, OJHOYA-
CHO 3YMTYIOUH Pi3Hi JaTYUKU PyXy HPUCTPOIO IS OOUMCICHHS TOTO, K Kamepa
MEPEMIIIY€EThCS MK KaJpaMu. 3HANICHI IJIONIMHA MOXHA BUKOPUCTOBYBATH JIJIs
PO3MIIIICHHS BIPTYaIbHUX 00 €KTIB y Mporpami IOMoBHEHOi peanbHoCTi. i mro-
IIMHUA TAKOXX JAIOTh YSIBJICHHS NPO TJTMOMHY JBOBHUMIPHHUX 300pake€Hb, OTPHMAa-
HUX KaMmeporo, 3a JIOMOMOTOI0 SKUX MOYKHA BU3HAYMTH BIJICTaHb BiJl KaMEpH J0
peaNbHUX 00’ €KTIB, pO3TAIIOBAHMX HA OHIM 3 IUX ILJIOIIKH.

SKmo cuiryet 00’€KTa peanbHOro CBITY BHSBICHO, HOTO MOYKHA MPAaBHILHO
PO3MICTHTH Y BIpTyaJlbHOMY CBiTi 32 YMOBH, 1[0 00’ €KT PO3TAIIOBAHUI HA BHSB-
JICHIM TOPU3OHTANBHIN TuIoImMHI. TOI TOYKH, ¢ CHIIyeT TOPKAETHCS IUIOIIMHH,
MO’KHA BUKOPHCTATH, 11100 BU3HAYMUTH BiJICTaHb A0 Kamepu. Lo BincTaHb MOKHA
BUKOPHUCTOBYBAaTH JUIS BCTAHOBJICHHS BIJIMIOBIHOTO CHIYETYy Yy BIPTyaJlbHOMY
CBITI Ha TpaBWIBHIN BiJICTaHI Bij KaMmepu. BipTyanbHi 00’€KTH Y CIICHI MOXYTh
YiTKO BU3HAYUTH, YA BOHU MICTATHCS 32 CUJIYETOM YH TEepe] HUM, OCKLIBKM BOHU
MalOTh OJTHAKOBHIA MapaMeTp BiJICTaHi.

[Homyk peanbHUX NpeaMeTiB y cueHi Ta mo0yaoBa cuiayerty. [IpaBunsHe
Il eeKTHBHE CErMEHTYBaHHs (DOHY Ta IMEPEeTHBOTO TUIAHY CIEHU MOTpeOye BeNu-
Kol poboTu. MeToa, KUl IPOTIOHYETHCS B IIbOMY JTOCIiIPKEHHI, — i€ TepPeTBO-
PCHHS 300pa)KEHHS, 3HITOrO 3 KAMEPH KOYKHOTO KaJIpy, Y BIAITIHOK ciporo. I3 300pa-
JKEHHSIM CipOTO KOJBOPY JIETIE MPAaIIoBaTH IOJO PO3pi3HEHHS 00’€KTiB Ha
OCHOBI KOHTpacTiB. 300pa)KCHHSI PO3MHUBAETHCS 1 BUAAISIETHCSI YaCTUHA Bi3yallb-
HOTO IIyMy TIepe]l IPOBEACHHSIM OTIepallii 3 BU3HAYEHHS IIOPOTOBOTO 3HAUYEHHS.

Ormepariis 3 BU3HAYCHHS [TOPOTOBOT0 3HAYCHHS CETMEHTYE 300payKEeHHS Y Ci-
pomy ¢opmari Ha GiHapHe 300paXKeHHs CyTO 4opHO-Oinoro. [Toporoee 3HaYCHHS
BH3HAYa€ 3HAYEHHs ITIKCENa, BUXOASYU 3 HOro IHTEHCHBHOCTI. SIKIIO IHTEHCHB-
HICTh HMXKYa 33 TIOPOrOBE 3HAYCHHS, TO MIKCEN CTaHE YOPHHUM, a SKIIO BUINA —
mikcen craHe OiiM. MareMaTu4HO 11e MO>KHA OIICATH Tak.

Jl1si IpaBMITPHOTO BWU3HAYCHHS TOTPIOHO 3HATH, YU (DOH BiJ MEpPEeIHBOTO
TUTaHY CBITJIIIUH, YU TEMHIIINUH. AJITOPUTM, SIKH BUKOPUCTOBYETHCS IS I[OTO,
00YHNCITIOE cepeHe 3HAUCHHS BCiX 3HAUCHBb IHTEHCUBHOCTI CBITJIA 1 BiIOMpae Horo
IUTS KITBKOX KaJpiB.

[Ticns BcTaHOBIIEHHS TOpOTa 300paXKCHHST MOXKYTh OYTH 3aCTOCOBaHI J0AAaT-
KOBi MOPQOJIOTivHI onepauii A1 BUJAICHHS IIyMy Ta 3allOBHEHI HEBEJIUKI OTBO-
pH, SIKi MOXYTb 3’SBUTUCS Ha 300paxxeHHi. Lle poOUThCS NIISTXOM 3aCTOCYBaHHS
oreparliif 3aKkprBaHHs Ta BinkpuBaHHs. Onepalliero 3aKpuBaHHS 3HAXOASITHCS 130-
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JHOBaHI YOPHI AUISHKY 1 TIKCENl MEepeTBOPIOIOTHCS B Ol MiKCeli, TOi SIK ore-
paui€io BiKpUBaHHS BHUABISIOTHCS 130JIbOBaHI OUT1 AISISTHKH 1 BOHH MEPETBOPIO-
IOTHCS Y YOPHI.

[Io6 MaTH MOXKJIHMBICTH CTBOPHUTH BIipTyaJIbHHH CHIIyeT 00’ €KTa, MOTpiOHO
3HAWTH JIUIIEe KOHTYP 00’€KTa, OCKIIBKH 00’ €KT BBA)KAETHCS MOBHICTIO HEMPO30-
puM. 3HalTH KOHTYpH y IBIHKOBOMY 300pakKeHHI NMPOCTO, OCKIIBKH BiH Oyne
CKpi3b, Ie¢ YOpHUU HaTparuisie Ha Oimuit. Jleski 00’€KTH MOXYTh MIiCJIS BCTaHOB-
JICHHS TIOpOTa MICTUTH OTBOPH BcepeauHi 00’ ekTa. Lli oTBOpHM iHOMI € B caMoMy
00’€KTI, HANPUKJIAJA, Y MMOHYUKY, TOJI SK IHKOJIA 1€ 3yMOBJICHO HEMPaBHILHUM
MOPOTOM, CIPUYMHEHUM BIIOUTHUM CBITIIOM, 200 HETPO30POI0 YACTHHOIO, SIKA Ma€
nofionuit xonip a0 Gony. DinbTpyBaHHS LUX OTBOPIB CTBOPIOE MPOOIEMH B
NepIIOMY BUIAKYy, aje 3HaYHO 3MEHIIYE POOJIEMH Y APYTOMY, IO TPAIUISETHCS
IyXe 49acTo.

[Ticns Toro, sIK KOHTYp 3HAWICHUN, BiH MICTUTHME 0araTo BEPIIMH 33 paxy-
HOK TIOPOTOBOTO 300paXKeHHs, K€ Ma€ 0arato HepiBHUX KpaiB uepe3 30iTbIIeHHS
Macitady. st 3HmKeHHsT 00YUCITIOBAIFHOT MOTYKHOCTI TiJ] Yyac moOya0BH Bip-
TyaJbHOTO CHJIYETy KOHTYp CIOYAaTKy Mae OyTH HaOJIMKEHUM, 1100 3MEHIIUTH
KIJIBKICTh BEpLIMH 3a JIomomororo anroputMmy yrmaca—Ileiikepa. Ilicna 3men-
HICHHS BEPIIMH MPOBOJAUTHCS TPIaHTYIALIS 1 CTBOPIOETHCS BIpTYaIbHUH CHITyeT.
Ha HBOrO HaHOCATH clielialibHy TEKCTYpY, SKa BU3Ha4ae, Ik OyJe mepenaBaTHCS
CWIIyET, 1100 3p00UTH HOro HEBHUAMMUM, aje BiH I 3aTHUM MEPeKPUBATH iHIII
BipTyasbHi 00’ €KTH.

ApXiTeKkTypa cucTeMu

IIponionyeThes BukopuctoByBatn ARKit sk murardopmy s TOmMOBHEHOI peaih-
HOCTi, OCKIJIbKH BOHa Oyia OJHi€l0 3 HaWOUIBIINX MIATHOPM 3 MOCTIHHUMHU
OHOBJICHHIMH, a00 x BuKopucToByBatH AR Core Google.

Unity npomnoHyeTbes SIK IBUTYH Iiisi moOynoBu cuctemu. Unity MpomnoHye

MPOCTHI Y KOPUCTYBaHHI iHTepdeic 1 AyxKe MOTYXHI IHCTPYMEHTH it 00po0-
JICHHSI BCIX BIPTyaJbHHUX O0’€KTIB Ta CTBOpEHHS HEOO-
ARKit opencv X1THOTO KOPUCTYBAIBHULIBKOTO iHTEpdEiiCy.
Plugin Plugin OpenCV — 6i6ioTexa NpOrpaMHOro 3a0e3IeueHHs
TUIS1 KOMIT I0TEpHOTO 30py. BoHa MICTHTH alropuTMu JUIs
00po0eHHs 300pakeHb, SIKIi MOYKHA 3aCTOCOBYBATH IS
OTpPUMaHHA BEJIMKOI KiJIbKOCTI pi3HOI iH(opMmaii 31 cie-
HA. KpiM TOTO, MaTIIMEMO HE JIHIIIe MEeXaHi3M 00po0JIeH-
HS BiZieo 4u 300pakeHb, a 1 MeXaHi3M aBTOMAaTHYHOTO
BUSIBJICHHSI TIEPEKPUBAHHSA 00’€KTiB, BHKOPHUCTOBYIOUH
mwiarid g OpenCV B Unity.

3anpornoHoBaHy apXiTEeKTypy MoKa3aHO Ha puc. 2, a
croci6 00poOIIeHHsI OAHOTO Kaapy — Ha puc. 3. CriouaTky
Puc. 2. Apxirexrypa ARKit aHami3zye kajp i HOpIBHIOE HOTO 3 MONEpPEIHIMH
3anporioHoBanoi apxitektypn  KaJpaMHu JUIS 3HaXoJpkeHHs wioniuH. [ami OpenCV

00po0isie Kaap Ui BUSABJICHHS CHITyeTiB, ski Unity BH-
KOPHCTOBYE JUISl CTBOPEHHS BIpTYaJIbHHX CITOK, IIIO BiJIIIOBITAIOTh CHUITyETaM.

O0MexxeHHA

[IpomonyeThest miAXin Hacammepes Uis PoOOTH B iealli30BaHOMY CEPEIOBHIIIL,
ne 00’ext Ta poH mobpe Bu3HaveHi. Lle o3Havae, 0 B NpUMIILIEHHI piBHOMIpHE
OCBITJICHHS, KOJM TIPEIMETH, L0 MEPEeKPUBAIOTHCS, HE HAATO CXO0Xi Ha (oH.
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3p0o0JIeHO 11e 3 METOK CIIPOIICHHS JOCIIPKEHHS Yyepe3 3MEHIICHHS 3MiHHUX, SKi
MOTPIOHO BPaxOBYBATH, OCKIIBPKH BPaXOBYBATH BC1 MOYKIIMBI 3MiHHI HAATO CKIIATHO
1 11e moTpedye crerianizoBanol koManau. Jlis y 30BHINIHIX yMOBax Bce e Oyze
omiHeHa. ["ooBHE 3aBnaHHs pOOOTH — MPOMO3HUIIiS KOHIEHIIIT, & HE MTPOYKT.

(e ) [ ] [ ) [ )

Frame
Plane
Detection
Frame 3
Frame
Image
Processsed Prossesing
Frame
Virtual
Silhouette
Augmented;Reality Scene Constuction |

Puc. 3. Cnoci6 oOpo0OisieHHs! 0HOTO Kaspy

PE3YJbTATHU MOJEJIOBAHHS

IlepenyciM ciif 3a3HAYUTH, IO CHCTEMa IepedyBae Ha TOYATKOBOMY €Talli po3-
pOOJIEHHS 1 MPALIOE JIUIIE B TECTOBOMY PEXHMi. YTiM rOJOBHOIO METOIO POOOTH
€ He pOo3pO0IJIEHHS TOTOBOTO J0JaTKa, a BUCBITIEHHS iCHYIOYOi po0iIeMH 1 mpo-
MTO3UIIIST MOKIIMBOI apXiTEKTYPH Ta allTOPUTMY POOOTH I 11 BUPITIICHHS.

YMOBH eKClIepUMEHTIB

ExcniepiMeHTH TPOBOAMIINCA SK Y NPUMILICHHI, TaKk i Ha BIAKPUTOMY HOBITPI.
[ToBepxHi, 1110 BUKOPUCTOBYIOTHCS B MPUMIIIEHHI, — 1€ OJHAKOBI CTOIH 3 Pi3-
HUMH KOJILOPAMH, SIK CBITJIIUMH, TaK 1 TEMHIMH, Ha SIKUX PO3MILIyBAIMCH peallbHi
npeametd. O0’exTH OyiM HEMpPO30pUMH a00 ONMCKYYHMH, a00 MAaTOBHUMHU MJIS
BH3HAYCHHS €(PEeKTy, KOJIM Ha 00 €KT BimOMBAaeThCA OCBITICHHI. O0’€KTH MayH
pi3Hi po3mipH, popmu Ta KoabopH. OCBITIEHHS 3MiHIOBAIOCS BiJ| MIPSIMOTO CBIT-
Ja, CIPUYUHSIIOYN HEPiBHOMIpHE OCBITJICHHS, 10 HENPSIMOIO CBITJIa, SKE PiB-
HOMIPHO OCBITJIIOE CIICHY.

Ha BigkpuToMy MOBITpi €KCIIEPUMEHTH MPOBOMINCSA Ha CYCIIHIM BYJIHII
i IPSIMUMH COHSYHUMHU TTPOMEHSIMH 1 B TiHi. [loBepXHAMHU, Ha SKUX TPOBOIM-
JHCh eKCIepUMEHTH, Oynu acdanbT, OpyKiBKa, TpaBa TOIIO. BHKOpHCTOBYBaHI
00’€KTH — 1Ie 3BUYAl{HI pedi, Taki SK MalluHK, AepeBa i T.iH.

OuiHOBaHHA

Kpwurepii 1u1st OL[IHIOBaHHSI CHCTEMH B KOXKHOMY €KCIIEPHMEHTI:
1) um mpairoe nepeKprBaHHs 3a NPU3HAUYECHHSIM, KOJIM KaMepa CTaTHYHa;
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2) 41 MEPEXTUTh BipTyallbHUN 00’ €KT;

3) um 30epiraeThCs MepeKpPUBaHHS i3 IEPEMIIICHHSIM KaMepH;

4) ui mepeKpuBaHHSA KOPEKTHE JIUIIE TOJMi, KOJH BIpTyadbHUH 00 €KT PO3-
TalIoBaHUi 3a peabHUM 00’ €KTOM, a HE MTOTIEPEey;

5) 4M HomaBaHHS MPSIMOTO CBITJIa HETaTUBHO BILTUBAE Ha CIICHY.

[epemimieHHs BipTyalbHOTO 00’€KTa MEpe] PeallbHUM 00’ €KTOM Ma€e 03Ha-
YaTy, 10 BiH OiNbIle HE MEPEKPUBAETHLCS, a MEPEMIIIIEHHS HOro Ha3aj 3a peaib-
HHH 00’ €KT MTOBUHHO 3MYCHTH HOTO 3HOBY TIEPEKPHUBATHCS.

ExcnepumeHntu

[poBeneHo miictb mpoOHKUX TecTiB. [IpogeMoHCTpyeMo HaWKpamuid 1 Hairipomii
BUTIAIKH.

ExcriepuMeHT 3 HaWKpammuMH pe3yiIbTaTaMH NPOBEICHO B NMPUMILICHHI Ha
YOPHOMY CTOJII 3 OUTMMHU TpeaMeTraMu Ui nepekpuBanHs (puc. 4). OCBiTICHHS
piBHOMIpHe 1 Hempsive. [lepekpuBaHHS THpalmioe TYT 3a Hpu3HadeHHsM. Hemae
Bi3yaJIbHOrO MEPEXTiHH, a TIEpEeMIllIeHHsI KaMEpH 10 CIIeHi 30epirae mepeTuHaH-
Hs. [IepeMinieHHs BipTyaabHOro 00’€KTa 3a pealibHui 00’ €KT a0 mepes HUM yce
1ie 30epirae KOpeKkTHe nepekpruBanHs. JlogaBaHHs MPSIMOTO CBIT/Ia HE Majlo Hera-
THBHOT'O BIUIMBY Ha OKJIFO3if0. SIKIO OAWH 3 OUIMX MPEAMETIB MEPEKPHUBABCS
01JI0I0 CTiHOIO, IIe TPU3BOAWIIO O TOTO, IO BCS CTiHA CTA€ NEPEKPUBAIBLHUM
00’ €KTOM.

Puc. 4. llpuknan Halikpamoro GyHKIIOHYBaHHS CHCTEMU

EKcnepHMeHT 3 HaPIFlpHII/IM pesynLTaTOM MIPOBOJMBCA Ha BYNULi O Ma-

. : e (puc. 5). [lepexprBaHHs
JieBe CIIPALIOBAIO 33 HpU3HA-
YCHHSIM, MAal4d  HE3HauHy
po0JieMy BiJl TiHEW AepeB, KO-
JIM Kamepa OyJia CTaTUYHOO i
neBHUM KyToM. O0’€KT Mepex-
TiB, a TMEPEeMIIlEHHS KaMepu
3incyBano NEpPeKPUBAHHSL.
[lepemimeHHs BipTyaIbHOTO
00’eKTa Tepe]; aBToMOoO1IeM He
JIO3BOJIWJIO HAJEKHUM YHHOM
Puc. 5. Tlpuknag Haliripmoro (yHKIIOHYBaHHS Bi[TiIHTH aBTOMOGIB Bix Bip-
cueremMu TyaJbHOTO 00’€KTa. Jlo1aBaHHsI
MPSIMOTO OCBITJICHHSI HEe Mallo €(DeKTy, OCKUIBKU COHSYHE CBITIIO OyJIO HaITO
CUJIBHUM JIs1 CTBOPEHHS TOMITHOI Pi3HOCTI.
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Bzaemooia mooeneil 3 peanvuumu 06 ' ekmamu AK cnocié yOOCKOHANEHHA OONOBHEHOT pealbHOCIi

3aranpHi pe3yJbTaTH LIECTH €KCIIEPUMEHTIB MOXKHa Oauutu B Tabmuni. Pe-
3yJIBTaTH JTEMOHCTPYIOTH, IO aJTOPUTM IIPAITIOE€ B MIPUMIIICHHI Kpale MopiBHS-
HO 13 30BHIIIHIM CEPEAOBUILNEM INOJIO KPUTEPIiB, SIKI BUKOPHUCTOBYBAIWCH IS
OLIIHIOBAHHSA

PesynpraTn excriepruMeHTiB

CraTnune IlepexpuBannsi Bniaus
Homep . Pyx kamepu KOpPEKTHe, NpsIMOro
nepekpuBaH- | MepexTiHHs .
€KcIepuMenTa 1 € KOPEKTHUM | SIKIIO MO/IeJIb |  CBiTJIa
3a 00’ekTOM | BigcyTHiil
1 Tax Hi Tax Tak Hi
2 Tax Hi Tax Tak Tak
3 Hi Hi Hi Hi Tak
4 Troni Tak Hi Hi Tak
5 Taoni Tak Hi Hi Tak
6 Hi Tak Hi Hi Taxk
JAUCKYCIA TA NIIACYMKHU

ETan 06po0neHHs 300pakeHb, 0 CTOCYETHCS BIIOKpEMIICHHS IEPEAHBOTO TUIAHY
Bil (OHY, MOXKHA BIOCKOHAIMTH. BUsBIEHHS 00’€KTIB Ha MEePEeAHHOMY IUIAHI €
BKJIMBOIO YaCTHHOIO CUCTEMH, 1 SIKIIO II0 YACTHHY BIOCKOHAIUTH, TO CHCTEMY
MOYKHA 3aCTOCOBYBATH B OUIBII CKIAJHUX CEPEAOBHINAX 3 OULIBII TOUYHUM Iepe-
KpuBaHHAM. OIHAK 1€ € BEIUKOI MPOOJIEMOI0, SKy HE JIETKO BUPINIMTH, KOJH
Kamepa pyxoma, a Iie o3Hauae, mo (oH He Oyzae crarnyHuM. Lle Oyno 6 Oinpm
MOXJIMBUM 3 J0JATKOBUM OONaJHAHHSM, TAaKUM SK MOJABIHHE YCTAHOBJICHHSI
KaMepH, sika 3a0e3redye JBa AeMIo Pi3Hi Meperiisiay OfHiel ClIeHn KOKHOTO KaJpy.
OO6uncneHHs1 pi3HOCTEH MIXK MeperyisiaaMi MoXKe JaTu Oibiie iHdopmaii mpo Te,
sIka YaCTHHA CIICHH € ()OHOM, a SKa IIePETHIM ILIaHOM.

YacTtrHa cECTEMH TIONTYKY BifcTaHi mokimanaeTsess Ha ARKit Ta omHy 3 #oro
BUsiBNICHUX TuiomuH. [le mMoxHa 3poOutu okpemo Bing ARKit, mo6 mo3sonmtu
TIONIYK BiJICTaHi HaBiTh TOJI, KOJHU IUIONIMHY HE BUSBJIEHO. [3 momaTkoBuM 00mai-
HaHHSM, HANPUKIAJ MOABIHHUMHU Kamepamu, abo 1H(QpadepBOHUM JATYHKOM
BiJICTaHi, [Ie MOXXHa peaji3yBaTH 0e3 OCOONUBHX YCKIAJHEHb. AJTOPUTM, IO
BH3HaYa€, Ui ()OH MEePEBAXKHO OUTHIA, UM TIEPEBAYKHO YOPHHH, 32 CEPEIHBOI 1HTE-
HCHBHOCTI CBITJIa, IMOBIPHO MO>KHA TIOKPAIUTH. 3a HAsBHCOTI OLIbIIOT iHpOpMa-
il mpo Te, sika YaCcTHHA 300pakeHHsI Ha TIepeIHbOMY ITUIaHi, a sika € (GOHOM, mei
AJTOPUTM MOXKE CTaTH OiTBIIT MTPOTyKTHUBHHUM.

BUCHOBKH

[lepexpuBaHHS Mpalioe 32 MPU3HAYCHHSM, KO pealibHi 00’€KTH PO3TallOBaHi
nepel BipTyalbHUM 00’ €KTOM, IO IEPEKPHUBAETHCS, a pealibHi 00’ €KTH 3a Bip-
TyaJIbHUM 00’€KTOM HE BKIIOYAIOTh y cebe caM BipTyanbHHid 00’ ekT. Hepis-
HOMIPHUH pyX KaMepH MOXKe CHPUYMHUTH B alTOPUTMi CTPUOKH BIIEpes i Ha3a[
MK THM, IIO BiH BUSIBJISIE SIK 00’ €KTH JUIsI IEPEKPUBAHHS, 1 TUM, IO BiH BU3HAYAE
sk ¢oH. Lle Moke 3yMOoBUTH e(DeKT MEpEXTiHHS Ha BipTyaabHOMY 00’ ekTi. [lepe-
MIIIEHHS KaMepH HABKOJIO CIICHH MOXE CIPUYMHHUTH 301l IepeKpHUBaHHS depes
3MiHH Y (DOHI Ta MEepeAHHOMY IUIaHi, Yepe3 IO aJTOPUTM iHOII MpAIFoe JIUIIC
3 MIEBHUX PaKypcCiB y CepelrHI CIIEHH. 3MiHA OCBITIICHHS CIIEHW MOKE BIUIMBATH
Ha [I€PEKPUBAHHS.
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INTERACTION OF MODELS WITH REAL OBJECTS AS A WAY TO IMPROVE
AUGMENTED REALITY / O.S. Bezpalko

Abstract. Unlike a purely virtual world, it is much more difficult for the user to be-
lieve in the reality of augmented reality objects. Due to the lack of proper lighting or
shadows, the object may appear to be floating in the air, detached from the real ob-
jects around it. One obvious problem with augmented reality is that a virtual object
appears remote from the real object, but it still appears in front of it. An approach is
proposed that will allow the interaction of real and virtual objects. Both real and vir-
tual objects can be moved and rotated in the scene, preserving overlaps. A virtual
object can also be placed in front of or behind a real object relative to the camera,
which decides whether or not to overlap. The proposed algorithm consists of five
stages and the system architecture. The evaluation is based on five defined criteria.
Results and ways of improvement for the future research are presented.

Keywords: model interaction, overlap, pattern recognition.

B3AUMOJENCTBUE MOJEJIEM C PEAJIBHBIMU QB’I)EKTAMI/I KAK
CIIOCOB COBEPHIEHCTBOBAHMS JTONMOJHEHHOHW PEAJIBHOCTH /
A.C. Be3nansko

140

AHHOTanusA. B oTaMune 0T 4UCTO BUPTYaJIbHOI'O MUPA HOJIb30BATEIII0 3HAYUTEIILHO
CJIOXKHEE TIOBEPUTH B PEabHOCTh OOBEKTOB JOIOJHEHHOW peanbHOCTH. 3-3a OT-
CYTCTBHS IPABWIBHOTO OCBEUICHHS, WM TEHEH MOXKET MOKAa3aThCs, YTO IMPEAMET
IUIaBaeT B BO3/yXe, OTCOSAUHEH OT PeabHBIX IIPEAMETOB BOKPYT Hero. OxHOM oue-
BUIHOW MPOOJIEMOH, KOTOpasi CyHIECTBYET B JOIOJHEHHOW PEalbHOCTH, SBISIETCS
TO, YTO BUPTYaIbHBIH 00BEKT KaXKETCS OTAAICHHBIM OT PEealbHOTO 00BEKTa, OTHAKO
OH BCE elIle MOSBIeTCs nepen HUM. [IpeanoxkeH moaxox, Ipu KOTOPOM CTaHET BO3-
MOKHBIM B3aUMOJEHCTBUE PEABHBIX U BUPTYaIbHBIX 00bekTOB. Kak peanbHble, Tak
U BHPTyaJIbHbIE OOBEKTH MOTYT OBITH IIEPEMEICHBI M BPAIIATHCS B CIICHE, COXPAHSS
HepeKpeITus. BUpTyanbHblil 00BEKT Takke MOXKET HAXOIWUTCA Mepel pealbHbIM
00BEKTOM HJIM 110331 HEr0 OTHOCUTENBHO KaMephl, KOTOpasi PeIHT, JOJKHO MPo-
UCXOAUTD MEPEKPBITHS UK HeT. IIpenoxken anroput™, KOTOPBIf COCTOUT U3 MATH
3TaloB M apXUTEKTYpPbl cUcTeMbl. OleHKa MPOU3BOAUTCS HA OCHOBE IIATH OIpejie-
JIEHHBIX KpHUTepHeB. IIpencTaBiaeHbl pe3ynbTaThl U CIIOCOOBI COBEPIICHCTBOBAHHS
Juist Oy IyIIUX UCCIIEN0BaHUI.

KiloueBble cioBa: B3aMMOJAEHCTBUE MOAENEH, NMEpPEKpPbITUS, PACIO3HABaHUS
00pazoB.



@T HOBI METOAU B CUCTEMHOMY AHAITI3I,
1 IHOOPMATULI TA TEOPIi NPUAHATTA PILLEHb

UDC 519.925.51
DOI: 10.20535/SRIT.2308-8893.2020.4.11

CELLULAR AUTOMATA MODELS WITH COMPLEX VALUED
TRANSITION FUNCTIONS

A.S. MAKARENKO

Abstract. The new class of mathematical models for computation theory is consid-
ered — namely cellular automata (CA) with branching complex-valued transition
functions. The key point is possible multivaluedness of cell’s states with such transi-
tion functions. Different cases with complex-value transition functions had been
considered. Dynamics CA on one branch and on different isolated branches are de-
scribed. Also the case of transitions of states between branches is proposed. The
case of continuous-valued CA and their finite-valued approximations are discussed.
The problem of approximation of multivalued CA is stated.

Keywords: cellular automata, complex-valued transition functions, Riemann sur-
faces, continuous-valued CA, branching, approximation of multivaluedness, compu-
tations.

INTRODUCTION

Typically, classical cellular automatic machines (CA) have a cell assembly struc-
ture with a certain set of possible states. The states change at discrete points in
time according to certain rules. Up to now, as far as we know, these dynamic
rules have been defined using unambiguous transition functions. Recently, there
has been a need to investigate CA with multi-valued transition functions and mul-
ti-valued states of the cells [1, 2]. The multi-valued case is much more difficult
then single-valued case. Further study of such new CA (with multivaluedness)
depends on examining specific examples of such objects. In this paper, we pro-
pose complex-valued cellular automata with a branched (multi-valued) structure
with values on the Riemann surface. CA with the location of cells on the Riemann
surface is also considered. Using complex-valued CA allows using the rich set of
mathematical tools of complex-valued analysis.

So we propose the setting of many research problems in case of complex-
valued CA. The structure of the paper is the next. In the section 2 we give the
formal description of common cellular automata.

The section 3 is devoted to remembering some elements of complex-valued
analysis. One — dimensional case of CA is considered in section 4. There are
proposed many new problems for investigations. One of the main problems is ap-
proximation problem. Such problem is very important for approximate calculation
of multivalued solutions.

© Alexander Makarenko, 2020
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DESCRIPTION OF THE CELLULAR AUTOMATON

Here we give the formal description of cellular automata with anticipation. First
of all we follow the papers on CA (see for example [1-7]). We pose here the de-
scription one-dimensional CA from [1] but the description can be modified to
many-dimensional cases.

One-dimensional CA is represented by an array of cells x; where ieX (in-
teger set) and each x takes a value from a finite alphabet X. Thus, a sequence of
cells {x;} of finite length n represents a string or global configuration ¢ on X.

This way, the set of finite configurations will be represented as " . An evolution
is represented by a sequence of configurations {c’} given by the mapping

®:3" — X" ; thus their global relationship is as follows:
d(c') > P
Where ¢ time steps and every global state ¢ of affairs are defined by a se-
quence of cell states. Also the cell states in configuration ¢’ are updated at the
next configuration ¢’*! simultaneously by a local function ¢ as follow s’:

t t

t t+1,
(X _yrgeees Xj yeees Xjyy) = X

i )
¢ — multi-valued complex function. Note that classical studies assume that an

unambiguous transition function [3—6]. At the same time, there may be various
variants of using branching complex-digit functions with Riemann surfaces. The
simplest cases are given here, which convey some of the behaviour of this class of
objects. Let us preliminarily recall the description of functions with Riemann sur-
faces.

RIEMANN SURFACES

Riemann’s hierarchy is the traditional name for one-dimensional complex differ-
entiable diversity in comprehensive analysis. Such surfaces were systematically
studied by Bernhard Riemann (Fig. 1, 2) Examples of Riemann surfaces include
the complex plane and sphere
of Riemann. The surface of
Riemann allows geometrically
to present multi-valued func-
tions of a complex variable in
such a way that each of its
points corresponds to one value
of multi-valued function, and
at continuous movement on
asurface the function also
= changes continuously. The
1 canonical view of the Rie-

0,5 "5 O mann surface is the represen-
-1 tation as a flatbread with
Fig. 1. Riemann surface for the function f(z)=~/z some number of holes [8—11].
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According to Felix Klein, the idea of the Riemann surface still belongs to
Galois: in his suicide letter he mentions some research on “ambiguity of func-
tions” among his achievements (Fig. 3) [11]. The topological characteristic of the
Riemann surface is the genus; the genus surface is a sphere, the genus surface is
a torus [8—11].

Fig. 2. Riemann surface for function f(x)=1logz

As an example, we also give the function of a complex variable with a single
branching point, for example

Fig. 3. Details of the construction of the Riemann surface function f(z)= Jz

ONE-DIMENSIONAL CASE

In this paragraph we will illustrate the new research problems in the sim-
plest cases.

One branching point. One branching point where branching conditions are
not met for any point (e.g. all values during evolution are on the same branch of a
function, e.g. on a function branch. Then the branching point is the only point, but
let the CA values be outside the vicinity of the branching point. This corresponds
to the class of unambiguous CA, but with certain generalizations. Namely, in our
general case, CA looks like:

XM = (F" ) y50)

n

x; — state value ofi cell at » moment of time (7 =0,1,2,... ). In the case of clas-

sic CA, such as a game of life, the state of the cell is 0 wmu 1. In our case, the
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complex function ¢, x;' e M, M cC ' where M — some subset of the space of
complex numbers. Very conventionally, this can be represented in the form of
a figure (Fig. 4)

fon4

v

n n+1 n+2 t

Fig. 4. Evolution of one cell by one branch

Here we represent the evolution of the values of one cell (Fig. 5). Other cells
in case without branching have the same qualitative evolution depending on initial
condition in the neighborhood of cell. Note that just in such case we have essen-
tial difference from the classical case. We can assume a whole set of values M,

including card M =, when a continuum of values is also allowed. (Remark that
in classical case M ={0,1}. Note that in general case it is possible to consider
approximations of a continuum set M using a discrete set M < M with a finite
number K of possible cell values. This can be roughly seen in the figure

€3]
-
N

A

s

-

v

n n+l n+2 t
Fig. 5. Using approximations in evolution
An interesting task is the rigorous mathematical study of the applicability of
such approximation, as well as the crystallization of the approximation.

An interesting task is the rigorous mathematical investigation of the applica-
bility of such approximation as well as questions of marginal behaviour over time.
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It can be assumed that assigning a rule to the CA transition as an analytical func-
tion can simplify the investigation of such questions.

Case of branching of transition function. A more complicated case is when
the branching point of the transition function appears in the value range for only
one cell. An illustration of chiefs appearing in the value range for only one cell is
given in the figure below (Fig. 6).

A
Sx)

»
»

n n+l1 n+2 t

Fig. 6. General cases for an arbitrary transition function with possible dynamic transitions
between two branches

A simpler case appears to be implemented for the function \/6 , presumably

with no jumps between branches, which requires further research. In this case, the
idea of approximation with a finite set of values by branches can also be applied.

However, for arbitrary analytical functions case may be exist with a large
number of branches (or even an infinite number of branches). In this case, all
studies on the limit behavior of CA remain valid. However, limit behavior must
be investigated for a multi-valued case, for which the theory of multi-valued dy-
namic systems should be involved [12]. Along the way, we will point out another
new class of research problems. For ordinary traditional cellular automata (includ-
ing the game of Life) we can set the following problem: according to the well-
known rules of CA, to find CA with a complex-valued transition function such
that traditional CA is an approximation of complex-valued CA.

In this case, it is possible to raise the problem of studying traditional CA.

Probably, the function /¢ can only evolve over two branches independently of

each other (without jumping from branch to branch). At the same time, in the case
of an arbitrary function it is possible and the situation with jumps between
branches is possible.

This creates a whole new set of problems associated with finding special
function ¢. The first class of problems is related to the construction related to a
specific CA (including traditional ones). For some CA, it is possible to find the
exact function by deforming known complex functions. Another possibility is to
determine on the basis of known approaches from artificial intelligence: for ex-
ample, identification methods or machine learning. But, it may turn out that pre-
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cise definition of a function is very resource-intensive or unconstructive. Then it
is necessary to simplify problem definition and achieve only the proximity of a
given CA solution with a certain complex functiong at a certain time range
[0, T]. Closely related to this is the question of the stability of the behaviour of
solutions to such approximation with a small change in function . It is also pos-
sible to use functions @ with an infinite number of branching points. It is also im-
portant to construct a function with given branching points so that these branching
points set a fixed behavior of the solution or at least approximate the required be-
havior of a multi-valued solution on a certain range.

The next class of tasks related to the selection of functionality for the task is
to build an algorithm for solving a particular task or with the theory of calcula-
tions. Note that possible links with quantum computing are viewed here. It is also
possible to introduce a special category of complex-valued CA with branches.

The problems above are easy to generalize for other problems as well. Thus,
nothing limits the transfer from the case of 1D space with only one branching
point in one cell to the case of possible branching points in each cell of the cell
space. Everything said above is carried over to the case of 2D, 3D, ND spaces.
But it is also possible to generalize the very concept of cellular automata. Thus, it
is possible to consider cell automata on Riemann surfaces. A particular problem is
the study of the dependence of the dynamics of CA on the topology of the space
in which CA is given.

By the way, the transition from CA with a continuum of possible values to
approximations of finite sets correlates with the study of continuous dynamical
systems with the methods of symbolic dynamics in ergodic theory.

CONCLUSIONS

Thus in proposed paper we had been introduced new class of cellular automata
with presumable multivaluedness. New research problems are proposed for such
cellular automata. The most important problem is the problem of approximation.
Also further more complex research problem are described including the investi-
gation of CA on the Riemann surfaces.
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MOJEJII KJIITHUHHUX ABTOMATIB 3 KOMIINIEKCHO3HAYHUMMU
OYHKIIAMU ITIEPEXOAY / O.C. MakapeHKO

AHoTamisi. Po3risHyTO HOBHI Kiac MaTeMaTHYHHX MOJENEd Uit Teopii oOuuc-
neHp — KkniTHHHI aBToMatH (KA) 3 posramy’keHIMH KOMIIICKCHO3HAYHUMH IIe-
peximaumu QyHKIfisiMuA. KiIF0ou0BUM MOMEHTOM € MOKJIHBa 0araTo3Ha4YHiCTh CTaHIB
KIITHHM 3 TaKUMH MepexigfHUMu ¢yHKUissMH. Po3rissHYyTO pi3HI BUNAIKH
3 mepexigHUMU (QYHKIISIMU 3 KOMIUICKCHUMH 3HadeHHsAMH. Onucano anHamiky KA
Ha OJHIM TiILi Ta HAa Pi3HUX 130JbOBAHMX TiIKaX. 3aIIPOIMIOHOBAHO PO3IJISL BHIAIKY
MepeXOodiB CTAaHIB MiX TiJIKaMH, a TAKOX BUMAIKY HemepepBHO3HAUHNX KA Ta ix
KiHIIeBO3HAYHUX HaOmmwkeHb. [locTaBieno mpobieMmy anmpokcumarii 6araTo3Had-
Hux KA.
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AHHoTanus. PaccMoTpeH HOBBIN KJacc MaTEMAaTUYECKUX MOJENEH TEOpUU BbIUMC-
neHui — kierodnsle aBToMaThl (KA) ¢ BeTBAMMMHUCS KOMILUIEKCHO3HAYHBIMU TIepe-
XOMHBIMH (YHKIMAMH. KIIIO4eBBIM MOMEHTOM SIBIISIETCSI BO3MOXKHAsT MHOTO3HA4-
HOCTB COCTOSIHMHM KJICTKH C TaKHUMH HepeXomHbIMu (yHKImsMH. PaccMoTpeHb!
pa3IuYHBbIE CIy4ad C KOMIUIEKCHBIMH IepexoJHbIMi (yHKuusmu. OnncaHa JvHa-
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npobiaemMa anmpoKCHMaIMU MHOTO3HaYHBIX KA.
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Bitep Muxaiino bornanosuy, Ne 2, 3
TaBpunenko Onena BanepiiBHa, Ne 2, 3
Tanranos Oxexciit ArapiiioBnd, Ne 1
I'amigos 'amio, Ne 1, 3

T'oxuit Onexcannp IerpoBuy, Ne 1
T'omirko Irop Muxaitnosuy, Ne 1
T'opopenpkuit Bikrop I'eopriiioBuy, Ne 1
T'ypees [1aBno Muxaiinosud, Ne 4
Janunos Banepiit SIkoBud, Ne 1
Hporoounpkuii [Ban MuxonaiioBny, Ne 3
€nidanos Cepriii BanepilioBuu, Ne 4
XKupor Onexcannp Jleoninosuy, Ne 1
XKypaxosceka Oxcana CepriiBaa, Ne 4
3aiiuerko Onena FOpiiBua, Ne 2
3aituenko Opiii [Terpouy, Ne 1, 2, 3
3ak FOpiit Onexcanaposuy, Ne 1

3nop Koctsarun AunpiitoBud, Ne 1
3inbko ITerpo MuxomnaitoBud, Ne 4
3inbko Tapac ITerpoBuu, Ne 4
3yOpenpka Haramis AnartomiiBaa, Ne 2
Kauinina Ipuna Onekcanzpisna, Ne 1
Kupuntok Bitaniit CemenoBuy, Ne 1, 2, 3
Kucnuit Poman Bonogumuposuy, Ne 2
KicenroBa Onena MuxaiiniBua, Ne 1
Koganenko IOmnist Bopucisua, Ne 4
Kosmnrok Ipuna OnekciiBua, Ne 4
Konaxosuu I'eopriit @inimonosnd, Ne 4
Kopobosa Mapuna BiramniiBaa, Ne 1
Kopmesniok JleB OnexcanapoBuy, Ne 2
Kouy6eit It FOpiiioBny, Ne 4

Kpamor Aprem AnppiiioBud, Ne 3

Kpusakoscbka Perina Bonoaumupisaa, Ne 2

Kpuswnii Cepriit JIyx’ssHoBHY, Ne 3
Kpy Irop Bononumuposuuy, Ne 4
Kynin I'puropiii IBanoBuy, Ne 4

Ky3uenosa Hatanis Bonogumupisua, Ne 2

Kymnimosa Honna €prenisua, Ne 3
Kynsu Biktop Pomanosuy, Ne 1
Kypuno Onena Onekcanapisaa, Ne 3

JleBuyk Oumbra IBaniBHa, Ne 1, 2, 3
JlennikoBa AHHa AHpiiBHa, Ne 2
Maxkapenko Onekcanzp CeprifioBud, Ne 4
Mamyxi Hourio, Ne 1, 3

Mensauk Irop BitanifioBuy, Ne 3
MensiinoB €Bren CepriiioBuy, Ne 4
Memnstitnos Auapiit Bonoguvuposuy, Ne 4
Muxanbko Bitaniii I'ennangifiopuu, Ne 4
Mogzrosuii Jimutpo Koctantunosuy, Ne 1
Mokiii Muxaiino Crepanosud, Ne 4
Myxoin Onekcannp Bikroposuu, Ne 3
Haxoneunuit Onexcannp 'puroposuy, Ne 4
IMankparoBa Haramist ImurpiBHa, Ne 1
Iletpenko Anatomiii [BanoBHY, Ne 2, 4
Horopinmii Cepriit em’ssHoBud, Ne 3
IMounnox Anina Boxoxumupisua, Ne 3
ITpuromanosa Onbra MuxaiiniBaa, Ne 1
[tyxa Omis AnatomiiBaa, Ne 1
PynzeBnu Anna-Mapis [TaBniBaa, Ne 3

Psazanocerkuit Kupuio Jleancosny, Ne 3

CaBactpsiHOB Bonogumup Bonognmuposuy, Ne 4

Cunernasos Bikrop Muxaiinosnd, Ne 3
Cnunbko Makcum CepriitoBuy, Ne 3
Cnexropebkuii Irop Sxosuy, Ne 1
Cnisak FOmnist Bonoxgumupisaa, Ne 4
CrarkeBuy Biraniiit Muxaitnosuy, Ne 3
Txauenko [Imurpo AnatomniiioBud, Ne 4
Txauenko FOmnis I'puropisua, Ne 4
Tpodumosa Ipuna OnekciiBua, Ne 4
TromusikoB Bitaniii Mukosaiiosuy, Ne 4
YrpromoB Muxaiino Jleonigosud, Ne 4
®enin Cepriit Cepriitoud, Ne 2

Denoposebkuit Onexcanap Jmurposud, Ne 2

Dyptens Onecs BikropiHa, Ne 4
Xabpaman Xanmi, Ne 1

Xaputonosa Jlecs BacumiBua, Ne 2
Xwxkuak Auna Bacuinisaa, Ne 2

Xycrouka Onekcannp MuxkonaiioBuy, Ne 4
Uepnumn 3nata CesaTocnasiHa, No 2
Yepuuru Cepriit Bikroposud, Ne 4
Uymauenko Jmurpo Iroposuy, Ne 4
Uymauenko Onena [mmigHa, No 3

Hunix Jaauno Bonogumuposud, Ne 2

OnbKOBa Onena OnexcannapisHa, Ne 1
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