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HOCJIEAOBATEJIBHOCTU TECTOBBIX I'HITIOTE3 I1PU
JAUATHOCTUPOBAHMUU IJIEKTPOHHBIX CXEM
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Pazpaborana mpomenypa (GopMaIM30BaHHOTO MPEICTABICHHUS IOCIEIOBATEIEHOCTH
MPOOHBIX (TECTOBBIX) THUIOTE3 B XOJ€ IPOBEPKH HCIPABHOCTH 3JIEKTPOHHBIX YCTPOWCTB
IIpH UX AEKOMIO3WINH Ha ToacxeMsl. [Iporieaypa moBeneHa 10 MpakTHIECKOTO alrOpUTMa,
obecrieunBaroniero 3pQeKTUBHBIN (¢ TOYKH 3pEHHS MHHUMM3AINH TPYJOEMKOCTH) ITOHMCK
HEHCTIPaBHBIX MOJCXEM 3JIEKTPOHHOTO yCTPOICTBA.

KaroueBble cjoBa: OJICKTPOHHOC yCTpOﬁCTBO, nmoacxema, AOUArHoCTUkKa, TECTOBaAA
TUII0TE3a, 06yqafomaﬂ IMOCJICA0BATCIIbHOCTD, AJITOPUTM JIOKAJIN3AIIUNU HCUCITIPABHOCTHU

BBenenue

B nureparype wusBectern [1, 2] w Hamen mnOpakThUdeckoe NpuMeHeHue [3] mpu
JIMarHOCTUKE  3JEKTPOHHBIX  ycTpoiicTB (DY) Meron  0o0ydYamomux MPOBEPOUHBIX
xapakrepuctuk (OIIX), KOTOpBIA 3aKirO4YaeTcss B IOOYEPEAHOM IPOBEPKE THUIIOTE3 O
HEUCIPAaBHOCTH MojacxeM DVY.

[Tpu 5TOM Ba)KHBIM OTpaHHYEHUEM Ha IMPOBEpsSEMbIe MOJCXEMbI, BXOJSIIINE B COCTaB
DV, sBisieTcs KOJIMYECTBO UX MOJIOCHBIX Y3JIOB, KOTOPOE IOJKHO OBITH HE OOJbIIe YHcia
U3MEPSEMBIX CUTHAJIOB. Tak KaK KOJIMYECTBO MOJICXEM, IMOIYYEHHBIX B pe3ysibTaTe pa3OueHus
cxeMbl DY Ha MOACXEMBI, C TAKUM OIPaHUYEHHUEM MOXKET OBITh JOCTATOYHO BEJIHKO, TO H
nepebop BceX TUIOTE3 TMojJydaercs BecbMa TpylaoeMkuM. IlosTomy 1enecoobpa3Ho
c(hopMHpOBATH MOCIIEAOBATEILHOCTh IPOBEPKH TUIIOTE3, MO3BOJISIONIYIO N30€XaTh mepedopa
BCEX MOJCXEM.

Haubosnee ectecTBeHHOHN ABNSETCA TaKasl MOCIEA0BATEILHOCTD IPOBEPKHU THIIOTE3, TPU
KOTOPOW CHauaja MPOBEPSIOTCS caMmble OoJibIie (B HEKOTOPOM CMBICiE Toacxembl). [locre
OTIpe/IeIeHUs] HEUCIPaBHOM W3 HUX, IPOBEPKE IOABEPraloTcsi OONbIINE, BIOXKEHHBIE B
npenplaylme, W Tak jganee. T.e. TakuM oOOpa3oM, JOCTHTaeTcsi HANpaBiIeHHBIA IOUCK
HEHCIIPaBHOHM 00JacTH.

Heanb padoTsi

Lenbto paboThl sBISETCS BBHIMOJHEHHE (OpMalU3alMK  IpoLecca IOIy4eHUs
MOCJICIOBATEIbHOCTH TECTOBBIX THUIIOTE3 OINpEIe/iCHUs HEUCHpaBHON mojacxembl DY u
pa3zpaboTKka anropuT™Ma ee JTOKaITH3aIIHH.
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OcHoOBHAA YaCTh

BBenem nmonsitue pazMepa moJcxeM ¥ OTHOIICHUS BIIOKEHHOCTH MEXITy HUMH.
[Tycts anextpuyeckas cxema DY 3amaHa ¢ momomisio rpada G(V,E), tne V un E

COOTBETCTBEHHO MHOXecCTBa BepmMH u pebep rpada. Torna moacxeme S, Oymer
cooTBeTCTBOBATH noarpad G, (ViO,Ei0 ), a OCTaJbHOM YacTh CXeMbI (MHAYe MojicXeMe S, ) —

G’ (ViO,EiO) TaKue, 9To
S AR AR ST AR 6} ATl AR A (1)
E/ cE; E) cE,E] UE) =E, E| NE' =¢ 2)

rae V¥ — MHOXECTBO TOIOCHBIX Y3JIOB MOJICXEMBI SI.O.

Pa3zo0beM MHOXECTBO 00yUarolux y310B N , Ha J1Ba IOJIMHOXKECTBA:
0 0
N o5, v,
Ny < V!
00; i’
Ny, UNy; =N
00; 00; 06°
Torsia 4KcI0 MOMOCOB MOACXEMBI S JOKHO YIOBIETBOPATH YCIOBHSM:
cardV;’ —1<card N._, (3)
rac

N16i mNgq =¢.

o]

O603HaunM uepes M° = {S[O} MHO’KE€CTBO BCEX BO3MOXKHBIX IMOJICXEM MPOBEPAEMOi

nenu. Takoe MHOXKECTBO MOYXHO IIOJIYy4YMTb, HAIpHUMEp, paccMaTpuBas BCEBO3MOXHbBIE

KoMOuHanuK y37m0B. Otéupas u3 M° mojcxeMsl, ymoBIeTBOpsiomue (3), Mbl MOTYYUM
MHOKEeCTBO M TOJCXEeM, KOTOpble MOTYT OBITH MPOBEPEHBI MPH HMEIoIIeMcs Halbope
JIOCTYITHBIX Y3JIOB

M ={S} :cardV;” —1<card N }.
Paccmotpum pebdpo rpada e = (v;;v,). U3 (1) u (2) cienyer, uro

ecmu e€ E} TO vjeVil,vkeVi1
(4)

0 0 0
ecim ec E;, Tov, eV, v, eV,

Wuave rosops, nojacxema S, NP TaKOM €€ ONMPEIEIEHHH TOJHOCTHIO ONpENesAeTcs
BEpIIMHAMU CBOETo rpada, T.e.

eciu vjeVl.l,vkeVil,To y=(vj;vk)eEil. (%)
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BonpmmHaCcTBO  AmeMeHTOB DY  MOXKET OBITh MPEACTAaBIEHO TPU  ITOMOIIU
JIBYXITOJTIOCHBIX 3JIEMEHTOB, COCIMHEHHBIX B COOTBETCTBHM C MX CXeMaMu 3amenieHus [4-7].
OnHako pa3OueHHe CXeM Ha IOJCXEMBbl JOJDKHO TPOU3BOJAUTHCA 0€3 pa3OHeHHs CXeM
3aMElIeHUs] Ha COCTaBHbIE YacTH, TaK Kak (U3MYEeCKH BO3MOXHA 3aME€Ha TOJBKO
HCHUCIIPABHOI'O 2JICMCHTA LICJIMKOM.

s cxem DY, coneprkalinx MHOTOIOJIFOCHBIE 3JIEMEHTHI, BMECTO TIOHATHS BETBb Oy1eM
HUCIIOJBb30BAaTh ITOHATUC DJICMCHT, XapaKTepmy}ome/'Ic;I TEM, UTO OH MOXKCECT GBITB HMHIONUACHTCH
Oonee yem nBym ysnam. Torma Oynem cuyutath, YTO IMEMEHT g = (V,,...,V,) BKIIOYACTCS B

noxcxemy S;, ecmu Vv,,v, €V, B nporusrom ciyuae, g € S} . T.e. cocTaB mofcxemsl S, B
cXeMe, cojepsKaliell MHOTOMOMIOCHBIE SJIEMEHTBI, TOXE OyJIET MONHOCTBIO ONMPEENAThCS
MHOKECTBOM €€ y3110B V'

oy pasmepom 4 mozcxeMbl S, OyaeM MOHUMATh KOJIMYECTBO €€ y3JI0B, T.€.
1 1
u, =cardl; . (6)
1 0
Bynem ropoputs, uto nojacxema S, OOJbIIE MOACXEMBI S ;> €CIH
1 0
M > H; .
H 0 « 1
oacxemy S ; OyzeM Ha3bIBaTh 6710J/CEHHOU B TIOJCXEMY S , €ClIU
0 1
v,cr,

u Gynem 0603HauaTh 970 Kak S < .

BBCZ[CM MOHATHUC O HCKOTOPBIX OIICpalUdgX HAAd MOACXCMAMU.

*

* ok ok
Ilycte M = {Sk} uM = {Sk } — MHOXECTBa BCEX BIOXKEHHBIX IMOJCXEM IJI JABYX
o * sk
MPOU3BOJIHLHBIX TIpOBepsieMbIxX Tieneid (VM M < M).

.
O0bBeIrHEHNEM [TOACXEM Sl.1 U Sj(.’ OyzeM Ha3bIBaTh MoOACXeMy S, , TAKYIO, UTO
1 0 __ 1/*
Veorv,=v.,

u Gynem o6o3Hayath S, =S, US/.

1 0 sk
[lepecevenuem nogcxem S; u S Oy/ieM Ha3bIBaTh MOJCXEMY S, , TAKYIO, YTO

ok

WmW=m,

u Gynem 06o3Hauath S, =S, NS,

O4eBHUIHO, YTO
S! uSA? cM cM,
S! mS](.) cM” cM.

OI[HaKO 9T COOTHOLICHHA HEC BBIIIOJIHAKTCA MAJIA MHOXCECTBaA M, qTO CBA3AaHO C
HEO0OXOMMOCTHIO BHITIOJIHEHHSI YCI0BHS (3) .
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Crnenyer OTMETHUTh, YTO €CIHU S? c S/, To HeMcrpaBHOCTS S? BJIEYET 3a COOON M
HEUCIIPaBHOCTD Sl.l . [IoaTroMy nozncxemMsl SJ(.) u Sl.l SIBIIIIOTCS HEPA3JIUYUMBIMU OTHOCUTEIBLHO

MHOKeCTBa 0Oydarommx y3moB N . JIpyrumMu cloBamu, BJIOKEHHOCTb JBYX TOJACXEM

SIBIIICTCSL IOCTATOYHBIM YCJIIOBHEM UX HEPA3IUYUMOCTH. DTO TO3BOJSET U30€kKaTh MPOBEPKU
TUNOTE3 JUIS TPYNNbl 3aBEJOMO HEpPa3NMYUMbIX TMoAcxeM. TakuMm o0pa3oMm, cHayaia
HEOOXOMMO TIPOBEPUTH THUIMOTE3bl O HEUCIPABHOCTH MAKCUMAIBHBIX TIOJCXEM. OTH

T0JicXeMbl 00pasyroT MHOKecTBO M ' < M Takoe, 4To
M'={S':vi3 S, cM S!S, i#k}, (7)

T.e. S| yike He BJIOKEHBI HU B KaKUe MOJICXeMbl U3 M .
Tocne onpesiesneHns HEMCIIPABHON MOCXEMBI S, MPOU3BOUTCS MPOBEPKA TUITOTE3 TS

MaKCHMaJIbHO GOJIBLIMX BIOKEHHBIX B HEE MOJICXEM, 0OPa3yIOIMX MHOXKECTBO M :
1 0.y o 1.0 o,
M;={§;:Vj3 S, cM;:S; S8, j#k},

T.€. S? YK€ HE BJIOXKEHBI HU B KaKue MoJCcXeMbl u3 M l.l .

[Tpu mpoBepKe TUIOTE3 Ha KAKI0M dTare pa30ueHUs BO3MOXKHBI CIICAYIOIIHNE CIIyYau:

Cnyyaii 1. Ilpuaumaercs omgHa TumoTe3a. B 3TOM ciydae TpOW3BOAAT pa3OueHHE
HEHUCTIPaBHOM IMOACXEMbl Ha MAaKCHMAaJIbHO OOJIBIINE TOJCXEMBl M OCYILECTBIISIOT JJISI HUX
MIPOBEPKY TUIIOTES.

Cayuait 2. IlpuHuUMAaeTCsl HECKOJIBKO TUIIOTE3 O HEUCIPAaBHOCTU MEPECEKAIOLIUXCS
MOJICXEM, MUMEIONINX OOIIyI0 4YacTh, KOTOPYIO M CUYHMTAIOT 30HOW HeucrpaBHOCTH. B sToMm
cllyyae OFHY M3 HEHCIIPaBHBIX IMOJCXEM Pa30MBAIOT HA MAKCHMAJIbHO OOJBIINE BIOXKECHHBIC
MOACXEMBI, U TUIOTE3bl MPOBEPSIOT I TEX IOACXEM, KOTOPBIE IEPECEKArTCs C 30HOU
HEHCIIPABHOCTH.

Cnyyaii 3. [IpuHMMaeTcsi HECKOJIBKO TUIIOTE3 O HEUCTPABHOCTH MOJICXEM, HE UMEIOLIUX
OJHON 0OmIel Ui BCeX HUX 4YacTU. B 3TOM ciyyae Mpou3BOJAT pa3OMEeHHE BCEX MOACXEM,
COOTBETCTBYIOIIIMX NPHUHATBIM THIOTE3aM, a pe3yJbTaTbl IPOBEPSEMBIX T'MIIOTE3
paccMaTpuBarOTCs COBMECTHO.

Cnyuaii 4. Hu onHa U3 paccMaTpuBaeMbIX THIIOTE3 HE MpUHUMAaeTcs. B aToMm ciydae
IIPOLIECC JIOKAJIN3AalMK 3aKaHYMBAETCS] KOHCTaTallMe HEMCIIPABHOCTH MOJCXEM, ITOIYYEHHBIX
Ha IpeblIyIeM I1are pa3oueHusl.

ANTOpUTM JIOKaJIN3allMA HEUCIIPAaBHOCTH NMPUBEJEH HA pUC. 1.

Hcnonbs30BaHNe YUCIEHHBIX METOJOB ISl PEIIECHUsS CHUCTEM YpPAaBHEHMM OIpeaesser
cneun(uKy airopuTMa NPUHATHS pELIeHus I KakIOW Trumnore3sl. B pesynbrare
MOJEIIMPOBAHNS CXEMbl NPH MPOBEPKE THUNOTE3bl PEHICHUE MOXET CXOAWTHCS WIH
pacxoauTtbes. Ecnu pemeHne cXoauTcsi, TO O BBIUYMCIIEHHBIM 3HAUEHUSIM OLIEHOK BEJIWYHMH
MPOBEPOYHBIX CUTHAJIOB TMPUHUMAIOT pEIIeHHEe O TMPUHATHU WIM OTOpachIBAaHUU
paccMaTpuBaeMoi TUIIOTE3bl. [IpHUnHON ke pacxXoXKAECHUsS MpoIecca PeHIeHUs MOKET OBITh
KaK HE COOTBETCTBHE CAMOW pacCMaTPUBAEMON THIOTE3bl (PaKTHUECKOW HEUCITPABHOCTH (UTO
COOTBETCTBYET OTOpAaChHIBAaHHIO THUIOTE3bl), TAaK M HEYJAYHO BBHIOpPAaHHOE HAYaJbHOE
npuOIKEHWe, HCIOJNIb30BAHHOE MpH MojeiaupoBaHuu. [losTomy cHauana BeAyT IOUCK
HEUCIIPABHOM IMOACXEMBI, aHATU3UPYS JUIIb T€ TUIIOTE3bl, I KOTOPBIX yIAeTCs MOJIYyYHUTh
peuieHue. Ecmmn TOYHOCTb JIOKaJIU3alu HEUCIIPAaBHOCTHU OKa3bIBAETCS
HEYJIOBJIETBOPUTENIBHOM, TO M3MEHSAS HavajJbHOE NPUOIMKEHHE WU HCIIONB3Ys JApYyrue
YUCJICHHBbIE METOJbI, MBITAIOTCA IMOJIYYUTh PEIICHHE W I APYIMX TUIIOTE3, KOTOpHIE, B
cllydae ycliexa, BKIYaloT B pACCMOTPEHHE.
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Hauano

A 4

Pa30Ouenne cxemsl Ha
ITOJICXEMBI

»
Lad
A

IIpoBepka rumnotres

BCCX IMOACXEM

Pa30Ouenue oguoii us
IIOJICXEM

A 4
OTt00p moacxem,
HepeceKaroIuxcs ¢
HEUCTIPaBHOM 30HOU

Ectb Her
MIPUHSITHE
THUIIOTE3bI
\ 4
Ja Konerg
ITpunsTO He Ha
0osee ogHOM
THUIIOTE3bI
\ 4
Pa3ouenue
Her HEHCIIPaBHOMI
TTOJICXEMBI
Her
\ 4
Pa3ouenue

Puc. 1. AnropuTtm 10Kanu3anuy HEUCIIPAaBHOCTH NojicxeM DY
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JIist cCHUKEHHSI KOTUYECTBAa PACCMATPUBAEMBIX MOJCXEM MOXKET ObITh PEKOMEH/I0BAHO,
OTPAaHWYMBATHCS  JIMIIb CBA3HBIMH  Mojcxemamu. [lpm dSToM  [JI1  HMCKIIOYCHUS
IKCIIOHEHIINALHOW 3aBUCUMOCTH BPEMEHH PEIICHHS 3a1a9i Pa30MECHUS CXEMBbI Ha MOICXEMBbI
TaKKe CIeAyeT NPUMEHSATh IBPUCTHYCCKUN TOMXO0J, KOTOPBINH 3aKI0YaeTcs B TOM, YTO
pazbuenne DY Ha MOACXEMBI, UX aHAJIW3 U BBIACICHUE MAKCUMAaJIbHO OOJBIIUX TOJCXEM
MIPOM3BOIUTCS HE IS BCEH IIETH, a JIJIs €€ OT/IEIbHBIX YacTel, Ha3bIBAEMbIX OJIOKaMHU.

BoiBOaBI

[IpemyioxkeHa KOHCTPYKTHBHasi MpoUEAypa W  pPEATM3YIOIIHA €€  allfOpPUTM
(bopManTu30BaHHOTO TPEJCTABICHHS IpOIecca MOIYYESHUsI MOCIE0BATEIIbHOCTH TECTOBBIX
TUIIOTE3 ONpeesieHusl HencnpaBHoU noacxemMbl DY. Ilpouenypa mo3BoisIET UCKIIOYUTH NMPU
JMAarHOCTHKE TIOJNHBIA TpsMoil mepebop Bcex moacxeM OV U, TeM CaMbIM, COKPAaTHUTh
TPYZIOEMKOCTb ITOMCKAa HEUCIPABHOM MOJCXEMBI.
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Po3pobnero mponenypy GopMmalii3oBaHOTO IPEACTABICHHS IOCHIIJOBHOCTI MPOOHHUX
(TecToBHX) TINOTE3 B XOAI TEPEBIPKH Ipane3faTHOCTI €JIEKTPOHHUX IIPUCTPOIB NpH iX
Jekomro3unii Ha migcxemu. Ilpouenypy MOBENEHO 10 NPAKTUYHOTO aITOPUTMY, SIKHHA
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The procedure of formalized representation of a sequence of test hypotheses in the
verifying operation of electronic devices when they are decomposing in the sub circuit. The
procedure brought to a practical algorithm, providing an efficient (in terms of minimizing
labour input) troubleshooting sub circuits electronic device.
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In this part of paper presents the results of a retrospective analysis of transitional paradigm
of information security: social-centric paradigm of citizens, society, state and national
security; information and cyber security transformation summary; distribution of the
relative importance of measures to secure information resources; paradigm of critical
information infrastructure security under the information influence conditions; the system
(technology) determining the identity and identity management definition; creating a
«trusted» telecom space. The received in part 1 and 2 systematization and solving problems
results allows to increase the work efficiency of information, cyber social and
psychological security systems and formalize directions for further researches in
developing effective security systems.

Keywords: information security, cybersecurity, information & communication system,
individual & group mind, social-psychological security, legal framework, paradigm.

An introduction, review of previous works and purpose of this work, is placed in the
previous number of magazine [1].

Social-centric paradigm of citizens, society, state and national security

The next step 7 should serve as updating tasks IB components in the plane of the
information and the information war confrontation and updating of a system of security
behavior, individual and collective consciousness.

The system of national security and information security was developing for some time
regardless of information security systems. The issues of social and psychological security at
all stages effectively developed in the SSU, the military and other security agencies. Created
significant amount of research, teaching, learning materials, and created practical working
system. Regarding information security, the relevant government departments have ignored
these issues. Especially because in Ukraine program of information was slowed, accumulated
backlog. Thus, the introduction of «E-government» is now performed only with great
obstacles.

Proposals authors on sociological and psychological security [2] also found almost no
response. Then the new type of security was pointed because of the spread of information
warfare operations and the emergence of the phenomenon of social media. The transition of
mankind to its new type of social organization - the information society - naturally requires
the development of new, so-called socio-centric paradigm of information security of state,
public and private information production, which will occupy a leading position. German
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military and political leader K. Clausewitz has spoken «War is the continuation of politics by
other meansy. In the 21st century conclusions that «information warfare is the primary means
of modern world politics, the dominant way to achieve political and economic power» [3].
There's information warfare is defined as «the way of the noosphere and the global
information and psychological space to their advantage».

Massive computerization, introduction and development of information technology
have led to the growth of information confrontation in the political sphere. Information
management turned a decisive factor in winning, keeping and retention of power. The
information is the main instrument of power. Information warfare, as the war is hot, has in its
arsenal and immoral methods, deception, lies, half-truths, fraud, concealment and
misrepresentation, etc. provocations.

The purpose of the information confrontation is a violation of information security of a
hostile power, integrity and stability of its government and military control, effective
information influence on leadership, political leadership (i.e., individuals who possess the
greatest wealth, influence, highest status) systems, formation of public opinion and decision-
making and providing of information security to gain an information advantage in information
space.

In the field of information confrontation in world politics and open security of classified
information is one of the decisive factors. According to the leading Chinese information
warfare theorist Juan Shen Wei: «To secure the political security of the country, we must
learn the information war using various media. In addition, the measures, necessary tools and
technology were needed to secure against unauthorized adverse information and
psychological impact» [3].

Information warfare, as a hot war, has in its arsenal many immoral practices, deception,
lies, half-truths, facts of fraud, concealment, misrepresentation, manipulation, negativity,
images and more. Certain types of information used to create myths or symbols that can be
viable and effective. The symbol is the key to the formation of reality, the idea of building
masses on how to organize life, where and why we must move. A striking example of modern
myth and symbol are «Banderivets» value and power of influence which the specific
individual conscience needs no comment.

In today's global information society, information weapons no less destructive than
tanks and guns. It is very important who is present in the national information space. Threats
are dangerous because such information and military capabilities, as television channels
broadcasting foreign campaigns, Internet resources and printed media, military leaves,
Internet sites of public and quasi-religious organizations and other means of anti-Ukrainian
and anti-state propaganda.

Information attack can start with a surgical strike, and then the number and density of
information content increases and anti-Ukrainian moves to brutal pressure information, the
information carpet bombing and tactics of «scorched drain». When efficiency and
effectiveness of interventions is insufficient information in the course of the enemy embarks
on conventional weapons. Unfortunately it is fully realized to Ukraine.

To survive in the information confrontation for its own independent existence and the
right to have his house on Earth as information, counter-weapons, and security for their own
information and information resources are necessary. The war will end one day, there will be
peace, but security issues remain.

The motto of the information society is competitiveness intellectual ability. In the
information society more than half the time and human resources will be used for storage,
processing, analysis and transmission of information. There is incredible acceleration of
growth of human knowledge. In the 70 years of the 20th century the volume of human
knowledge increased twice in 10 years, 80 years - every 5 years until the end of 90 years of
knowledge of mankind doubled almost every year [3].
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Acceleration of information processes, enhancing communicative interactions and the
whole direction of increasing vitality of the individual, community, society, social systems,
but also creates a new vulnerability. In modern conditions was the phenomenon of so-called
«social media», whose role is important in the context of information and the confrontation of
national security and in need of security. «A mature and stable information society
characterized by the desire and the ability of the state to create conditions for free access of its
citizens to information products, services and other resources, and ability to secure national
information resources, the interests of the individual, society and state as a whole from
internal and external negative impact» [4]. In this case the security of information resources
necessary to ensure reliable, safe operation of the national information infrastructure,
information production and their subsequent efficient development. In the information
society, security issues are essentially complex. The goals and objectives of information
security in order to merge and economic objectives (social and economic) security and
resolved largely by using the same security mechanisms. An integral part of a comprehensive
security information society will be and security of human capital as part of social and
national security. To develop information security paradigm of information resources in the
new information society where information is leading, it is necessary to analyze the changes
in its environment, informational, industrial, technological, social, and economic. The
development of this paradigm and concepts should be relevant to the planning stages of the
transition to an information society. There is the emergence of new properties and information
resources; transition information to perform its crucial role as an information product,
product, raw material and product manufacturing information in the virtual reality of the
information society. In the information production impact on information resources has the
same effect as failures, accidents and sabotage in material production. It is advisable to
address emerging security issues outpaced production information to the development of the
information production of the future information society. Has developed a trend of security
division into two parts. In [5] performed cybersecurity division constituents to secure their
own information and intelligence sphere of information technologies and cryptographic
warring parties. In a recent scientific publications stated the following division: «Analysis of
recent research and publications shows that the nature of destructive information impact can
be divided into two main types — Information Technology (aimed at disruption of the
technical information tools) and information and psychological (Way to manipulate the
subconscious mind and the person or certain social groups» [6].

Accordingly there are two types of information control: information-technical and
information-psychological. In the Information Technology combating the main objects of
influence and security 1is information-technical systems, communication systems,
telecommunications, electronic products and more. In the information-psychological struggle
the main objects of influence and security is the mentality of the political elite, the staff of
strategically important facilities and public systems, the formation of social consciousness,
thought and decision-making, social objects, individuals, social groups, communities, society
state, world community.

In modern conditions was the phenomenon of so-called «social media», whose role is
important in the context of information confrontation and national security. Social
information is a broader concept than with sociological information. Sociological information
- documented or publicly announced information about the attitude of individuals and social
groups to social events, phenomena, processes and facts. The sources of this information are
information reflecting the results of polls, observations, and other sociological research.
Unlike sociological information, social information directly functions in human society,
playing the role of administering it in the processes of and interaction with the environment.
The phenomenon of social media appears as communicative, attributive and functional
components [4].
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Communicative component of social media is a mean of establishing, organizing and
implementing the interaction of information relations in their activities in terms of public
relations and environment. Acceleration of information processes, enhance communicative
and whole-directional interaction increases the vitality of the individual, community, society,
social systems, but also creates a new vulnerability.

Attribution component of social media is to set the terms, definitions, rules, opinions,
values, symbols, myths and other attributes of reality and life.

The functional component of social information needed for daily activities, work,
analysis, decision making and meet the immediate physical, emotional, intellectual and
psychological needs. Social information is divided into three types: the present, the past, the
future. Social information may be prognostic (with functions: estimated, regulatory, warning)
and planned. By type of social information can be internal and external, horizontal and
vertical (straight - directive and regulatory inverse - control and reporting, including
sociological). The functioning of social media characterized by the following features: For
circulation levels: national, regional, continental and global; Time circulation: short, medium,
long-term; For comments to media: positive, negative, neutral; The method of bringing
information: through the media, through intelligence, through informal communication,
through diplomatic sources through various businesses; In order to bring the information,
persuasion, influence, Response, compromise, creating new values and rules for community
or elite.

Social information is one of the leading roles in the formation of social capital, which
plays an important role in human societies.

Social capital is called the amount of shared social values, those that really were shared
— a set of informal values or norms shared by the members and allow them to interact. Social
Capital plays a significant role in ensuring the effective functioning of society. Social capital
is formed voluntarily, based on unwritten laws, formed by self-organization of social groups
for its maintenance is not required the use of force or coercion by the state, it is a
manifestation of social partnership.

Social capital creates scope lifestyle, reflects the way the voluntary cooperation of
social groups and its members in the group. The system TIS social capital present in that part
of the organizational measures related to work with staff, users and consumers of functional
information security services. With the acceleration of technological progress and information
is changing the level of manipulation people person becomes less secure, develop methods of
social psychology and informational impact on people. Need to manage social capital and
take into account the socio-political effects of social capital. Society and the state should pay
more attention to securing the information a living and achieve victory in the information war,
cruelty which built up.

Information and cyber security transformation summary

In fact, in the process of transforming information security were introduced new
activities to ensure information security and create new types of information security, cyber
security and socio-psychological security. Older types of information security are preserved,
improved and occupy every niche in the system of national security. Table 1 shows how the
changed significance solved security problems old and new systems of information security.

The sheer volume of work for the security of information security increased
significantly after increasing volumes of information technology. But the relative weight
problems solved shifted towards the socio-psychological, ethical and aesthetic aspects of
information security. According to others the relative weight of information security issues
relating to the human factor (in this case organizational + psychosocial measures).
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Table 1.
Distribution of the relative importance of measures to secure information resources (in %)
Arrangement| Cryptographi Technical & Software- Socio-
Year | s, regulations| ¢ measures | physical measures, technical psychological
S % measures measures
2000 40 30 30 — —
2005 30 30 30 10 —
2010 30 30 10 30 —
2015 20 10 10 20 40

Paradigm of critical information infrastructure security under the information influence
conditions

Today are current the tasks of implementing the strategy of cybersecurity Ukraine. One
of the main objectives is the security of critical information infrastructures. Under the critical
information infrastructure understanding the information infrastructure of the state, disabling
or destruction of objects which is detrimental to national security or harm its international
image. The development of global information security technology is in global information
space, cyber medium, the Internet. The role of telecommunications critical physical and
information resources of the state is growing. The need of certain functions and services for
the benefit of e-government, electronic document management, digital signature, the
development of electronic commerce and so on is realizing.

In the field of network security (telecommunications and other infrastructures) warring
parties seek to technically break the channels of information make it difficult or change
processing algorithms, steal, damage or change information in the field of storage. In this area
running-extensive system of secure measures. It should take into account the paradigm of 4
stages, which considered the paradigm of information security and other mainly information
and communication networks as the most critical public resource. But today is acknowledged
that the confrontation with violators of information security and cybercrime is not yet won. At
the forefront properties availability and integrity, as indicators of sustainable and effective
functioning of the systems.

«Network - centric paradigm clarifies and expands the classic evaluation criteria and
strategies for information security, conceptual approach «warranty information» (information
assurance) for security of information resources, information security is linked directly to
security infrastructure» [7].

The current paradigm of information security developed in the US, and what still needs
to develop and implement in Ukraine, considering information systems as fundamentally
open, where synergy homeostasis (stable state of equilibrium) is determined by the balance of
entropy (a measure of uncertainty) margin environment and survivability elements. Paradigm
provides especially high demands on the survivability of information systems, which are
characterized by a high degree of decentralization of resource allocation and management.

The role of technical operation is to ensure the preservation requirements to a minimum
set of features critical to the survivability of information systems to the security factor by the
action of destabilizing factors of the environment. «Homeostasis communications network
supports the provision of network integrity, its vitality, bandwidth and active elements (Fig.
1), violation of the integrity and survivability of the network results in loss of critical
functions; significant reduction in capacity, activity and vitality elements leads to a loss of
flexibility of the network; and violation of the integrity system activity and throughput
elements induces disruption of telecommunication network» [7].

Information security includes concepts such as integrity (integrity) of information,
confidentiality (confidentiality), secured from unauthorized access (authentication, non-
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repudiation). Now is added the ensure reliability (availability) information and
communication systems functioning and its survivability (survivability). Exceptional role in
modern telecommunication infrastructure of the country determined that national security
depends on the integrity, reliability and readiness of critical physical and information
infrastructure. The term «critical infrastructure» includes a set of physical or virtual systems
and important for the country so that their failure or destruction can lead to disastrous
consequences in the economy, defense, health and national security.

¥ v .

Network homeostasis

Flexibility
loss

1
1
1
1
1
1
1
I"— Elements capacity and —>

activity

Fig. 1. Critical Information Infrastructure properties (Figure was copied from [7])

Violations of system integrity against the background of decreased activity of elements
causes a disruption management, simultaneously reducing the activity of cells and their
vitality - the loss of flexibility, and lower vitality and violation of the integrity of the system -
the loss of major functions.

The concept involves survivability systems, its ability to timely perform its functions in
terms of destabilizing factors (physical destruction, partial loss of resources, failure and
crashes elements unauthorized interference in the control circuit). This technical reliability,
which manifests itself as the ability of the system to work without regular system failures,
defines the minimum threshold stability system, which without a recovery of lost items and
functions may come full stop functioning. The persistence of information systems is
important for information security in general.

It is a great dependence on technology information technology threats and
vulnerabilities latter. The threat is a software-mathematical impact on Infocommunication
systems (cyber attacks), as a means of information confrontation aimed at the use,
modification, substitution or deletion of information contained in computers and information
networks, reducing the efficiency of or disabling themselves computers and information
networks.

The hazard level threats target information influence is directly proportional to the level
of technological development and scale networks use computers in a network management
system, the industry and the state as a whole. For the growing importance of
telecommunication networks requirements to ensure the integrity and reliability of
information transmission, security violations routing accuracy and timeliness of information
delivery (minimum delay messages), and secure against unauthorized access to information
resources, networking and physical security infrastructure.

«The level of security government and commercial information and communication
systems determines the security infrastructure of the state as a whole and vitality of these
systems - mobilization readiness of the armed forces, industry, the economy, the economy and
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society as a whole, as to the conduct of war and to mitigate the consequences of terrorist
attacks, natural disasters and man-made disasters. To use and save a minimum set of features
critical information and telecommunications system must have a certain margin of
survivability and resilience to external destabilizing influences of the environment.
Implementation of network - centric paradigm of information security, taking into account all
these factors ensures that, even at random or malicious misrepresentation of information,
unauthorized access to the control circuit, loss of resources and congestion of traffic, complex
organizational and technical measures of security will ensure that the most important
problems. It is not only rejection and failure of equipment, distortions, leaks and sabotage and
personnel espionage hacking attempt of sabotage and that, terrorist acts on objects of
information structure considered not as a potential threat, but as a system of external technical
factors environment» [7].

The implementation of this paradigm requires many tasks of organizational, technical,
programmatic, social, and psychological and information. Violation of information security
can step cybercrime, cyber terrorism act, information operations or war. A major problem is
complex cybercrime.

«Computer crime — a relatively massive, historically changing phenomenon, which has
a certain spatial and temporal distribution and represents a single integrated system of socially
dangerous acts where computers, networks and provided them information is a weapon crimes
or crimes subjecty» [8]. Cybercrime - is «illegal collection, storage, use, destruction,
distribution of personal data, illegal financial transactions, theft and fraud on the Internet» [9].
According to the recommendations of UN expert’s term cybercrime covers any crime that can
be committed through a computer system or network within a computer system or network or
to a computer system or network. Thus, the cybercrime can be assigned any crime committed
in an electronic environment. Cybersecurity - a state of security of vital interests of man and
citizen, society and the state, which is achieved using a complex set of legal, organizational,
informational events. The system creates a cyber-security component of Ukraine [9].

The crime rate is an important indicator of the society. Humanity meets a sharp increase
in crime not for the first time. At the end of XVIII - early nineteenth century France, Britain,
Russia is literally drowning in a swamp of crime, violence and lawlessness. For industrialized
and urbanized societies dominated by public relations, strongly developed individualism,
personal success is the most important in the value system of the population enjoys great
freedom and initiative, characterized by significant pain crime. But especially high level of
crime comes up in societies that undergo major changes in the cultural, social and political
orientations. And now, as then, we are experiencing a global change of technological
structures. You can carry out historical analogies for the removal of the growth of crime.

Indeed, while the police was established, the purpose of which belonged not to secure
the king and overlords, and the security of law and public order. Now cyber police is created.
But it should secure «network cyber rules» and the legitimacy of not only industrial society
that does not go away, though transformed, and a new society with new economic, social and
legal relations. They must reflect and embody in life.

Then the work of the police often was enlisted former, but well trained criminals are bad
cope with their new responsibilities. Now we must boldly transformed employ hackers. Often
the cause of crime is hopelessness, inability to socialize and solve their own problems.
Provision of legal ability earnings can significantly reduce social tensions.

Then forensic training was organized in universities. Now this training is rapidly
gaining momentum. Then under attack was located private property. Now under attack are
confidential and other information, real industrial, energy and other equipment and devices,
infrastructure and processes that underpin our lives. Then created a legal and regulatory
framework of capitalist society and relationships. Now the corrupt bureaucracy has not moved
in the direction of a legal and legal framework of virtual communities, social relations and
new high-tech society. For example, from a legal point of view cyberspace is not a public
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property. Technology and computer networks that make up cyberspace belong to
multinational companies that serve them.

While there have been breakthrough research and theoretical results and achievements.
Anthropometric methods were invented - a verbal description of the offender portrait,
fingerprinting, developed the theory of criminology. Now successes in managing behavior,
consciousness and collective mind people, information operations techniques, theory of
security. This work is just beginning. New threats and vulnerabilities arise faster than they are
opposition. Not achieved success in a safe operating systems. New scientific achievements
primarily used to create new wars and threats. The crime in computer technology so far seems
to be specific. They have high latency that, according to various estimates, up to 85-90%.
Legislation old industrial age often is not competent to investigate cybercrime. Easy access to
information erodes the moral barriers. The information stolen, but it does not disappear, but
remains in the host. There is widespread use of free software which is violating copyrights.
On the other hand, the victims of hackers often hide them for fear of losing credibility.

Thus, not all capabilities used to perform tasks to overcome growth of cybercrime. Turf
negligence, incompetence persons employed to address cybercrime, insufficient funding and
so on. On the other hand info, cognitive and other technologies will be developed. They
certainly appear to be vulnerable and error. And sooner or later vulnerabilities will be found
and used.

As part of this paradigm the authors propose introducing ideas that can lead to full
functionally closed system security features. The idea is as follows.

The system (technology) determining the identity and identity management definition
can reduce latency cybercrime, improve conditions for the monitoring of information security
to ensure control over any transaction and, accordingly, access control. The technology can be
used to secure information in open systems. This access control is a candidate for a
functionally complete set of mechanisms to secure information. An attacker can go in, but he
had not authorized for access. And in this case will be a useful application techniques identity
determination.

Category of identity definition technologies and management introduced the definition
of identity Recommendation ITU H.1250 - H.1279, Y.2720 - Y.2739 and invited authors for
the total implementation of telecommunication networks in Ukraine and maybe in cyberspace.
We present the essence of technology. In a network environment determine identity
management (MBI — identify management) should provide the opportunities provided to
ensure safe information exchange between objects. The exchange of information based on the
developed policies and trust established between objects in the environment of multi-service
providers. Such confidence is based on the approval (assertion) and verifying the reliability
(validation) the identity of objects in all systems of distributed telecommunications: the
execution of transport (network access control functions joining networks, transport functions,
management functions and resource admission, features user profile transport); in execution
services (multimedia services components, telecommunications components, functions of
service management, applications, application support functions and support services, features
user profile services); User finite systems (conventional terminals, subscriber networks, data
transmission terminals); other networks. MBI provides opportunities for privacy security
facilities and ensure that telecommunications was spread only authorized information. Identity
— information about the object, which is enough to identify the object in a particular context.
Management defined identity — MBI — a set of functions and capabilities (e.g., administration,
management and maintenance, detection, messaging, comparison and coordination, ensure
implementation of policies, authentication and approval), which are used for guaranteeing
information confirms identity (eg, identifiers, credentials, attributes); to guarantee the identity
of the object; provision of commercial applications and application security [10].

Many modern information services such as e-commerce, e-government, require
enhanced observability telecommunications environment. The necessary software determine
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the identity of objects and their information flows at all levels and in all components of
telecommunications networks while maximizing promoting free but controlled rotation
information. Along with other mechanisms of security, firewall, intrusion detection systems,
virus security, MBI plays an important role in securing infrastructure, telecom services and
application of cyber crime, such as fraud and theft of identity data. Transactions in
telecommunications will be secure and reliable.

Beneficial effect of determining the identity is that it partly reflects the properties of
direct contacts between people. People perceive directly (using all their senses) of each other
and have the opportunity to know the physical, psychological and individual features inherent
in each side. Participants in the contacts are able to make more or less objective impression
that is a communication partner, to get into his inner world, to understand the motives, habits;
attitudes assess the facts of reality. It is desirable to provide telecommunications least some of
these opportunities.

From a theoretical point of view, a technology which is part of the identity of
functionally complete set of technologies for information security. In the field of information
security principle of functional completeness must be combined with the principle of
continuity of security (the principle of «circular defense»). The security object depends on the
level of security the weakest link. Access control systems are typically available only on
entering the system and do not control the future of the subject. The technology used to
determine the identity of each transaction, closing the functional completeness technologies.
And in distributed systems, information security technology determines that identity is not
interchangeable.

The system determining the identity and identity management system defined in the ICS
will monitor (monitor) every transaction in the system. The effectiveness of these measures is
due to the important role of the human factor. The system determining the identity aimed at
detecting perpetrators of information security and facilitates next inevitability of punishment.

While discussing this technology there appear questions about limiting people
freedoms. Consider the problem along with the following strategy.

Creating a «trusted» telecom space. In other words, the provision of
telecommunications networks properties of attorney, to ensure that they have a certain level of
information security. This requires a certain control over the flow of information in the
telecommunications network. The same problem applies to the world «weby. It seems that in
this case, there is a contradiction between the rights (of freedom) rights and control of
information. First of all, note that democracy - is not permissiveness and collapse, and the
firm order, based on respect for the interests of others. Consider, from this point of view the
situation from two control information implemented in.

The first situation. The draft amendments to the communication law, the Code provides
for a fine for Internet access via Wi-Fi in common areas without specifying personal data.
That is, there is no possibility to enter the Internet anonymously.

The second situation. Developed a set of measures "of content and increasing
confidence in the Internet", which will include the following points: blocking content and
limit access to it; the fight against anonymity on the web; control over the information that
distribute anonymous; encrypt traffic; its «monitoring and filtering» in RuNet; control of
Internet companies, with the use of personal data. In the first situation, not democracy
pressing although anonymity is prohibited. Indeed, in this situation just secured the rights of
the client for blocked channel for criminals. While withdrawing money through mobile
banking from another account, free Wi-Fi network without identification, the criminal can be
lost. Investigation crime is difficult. Thus, universal definition of identity appliances is much
easier solution. In everyday life, there is a steady downward trend in anonymity. Everywhere
installed surveillance cameras, chips implants for automatic identification. The ban anonymity
does not mean limiting our freedom. We act where we need and do what the law, which is our
interest. But do it openly, as do other people.
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In the second situation, there are signs of violation of human rights to free access to
information. At the same time, limit access to content is required, for example to secure
children from pornography and violence propaganda. We have a complex problem that
includes political, legal, social, ethical, psychological and cultural aspects. These problems
are solved mankind throughout its existence. In Russia the interests of man and society
deliberately opposed to each other. Aim to balance the interests of security concerns
objective. In fact, the lack of balance is one of the threats to be addressed in the security of
rights and interests. In a democratic society human interests provided so as not to prejudice
the interests of others. The Russian approach is also taken from the military. Objectives
interim military operations may be in contradiction with the general ultimate goal. Some
technical details. In the Russian Federation «Yarova law» extended storage of
telecommunications traffic. This increases costs and tariffs for connection by 2-3 times.
Meanwhile, the introduction of identity technology more effectively solves the same problem.
Kim addition, they improve the condition monitoring information security enable tracking of
and rapid response to destructive processes and increase the degree of automation of technical
operation.

Conclusions

In this paper classified transformation stages and directions of information security
paradigms, shows change relative importance of types of information security, supplemented
by a list of actual problems in information security, proposed application of the definition of
identity and identity management definition. The results will improve management
information systems, information-psychological and cyber security. Without proper attention
to scientific development, scientific and technological breakthroughs in information and cyber
security, socio-psychological, informational and psychological security without the network
of State and local business information-cognitive intelligence, «free Ukraine is impossible».
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YV mii gacTwHi poOOTH TPENCTABICHI PE3YNbTaTH PETPOCTICKTHBHOTO aHAJI3y eTamiB
Tpa"copmaliii mapaaurmMu cepu iHPopMaIifHOi Oe3MeKkH: COmialbHO-IIEHTPHYHA
napagurma iHgopMariiHoi Oe3neku 0coOH, CYCHiJbCTBa, JAEpXKaBH Ta, B LIIOMY,
HalioHANBHOT Oe3nekw; pestoMe mono TpaHcdopmanii chepu iHpopmamiliHOT Ta
KiOepHeTHYHOT Oe3NeKH; PO3MO/Ii Bi/IHOCHOT 3HAYMMOCTI 3aX0JIiB 3aXUCTy 1H(OpMaLIITHUX
pecypciB; mapagurma MepekHoi Oe3neku KpuTuuHOi iH(popMmauiitHoi iHdpacTpykTypu B
YMOBax JIECTPYKTUBHOTO iH(OPMAIIfHOTO BIUIMBY; KPUTHYHI BIaCTHBOCTI iH(opMaLiitHol
iHQPaCTPpyKTYpH; cHcTeMa (TEXHOJOTis) BH3HAUYEHHS IJEHTUYHOCTI Ta YIPaBIiHHI
BU3HAYEHHSAM 1JI€HTUYHOCTI; CTBOPEHHS «IOBIPEHOT0» TEICKOMYHIKAI[IHHOTO IMPOCTOpPY.
Orpumana B yacTMHaxX 1 Ta 2 cHCTeMaru3aiis Ta pe3yJbTaTd BHPINICHHS 3a1ad
JTIO3BOJIIOTH IMiIBUITUTH €(DEeKTUBHICTH pOOOTH cHcTeM 3abe3rnedeHHs iH(opMariiHoi,
KiOepHeTHYHOI Ta COIIABHO-TICUXOJIOTIuHOI Oe3nekn W QopmamizyBaTh HampsSIMKH
MOIAJIBIIINAX JOCIIKEHB 010 PO3POOKH €(hEKTUBHUX CUCTEM OC3IEKH.

KaouoBi cioBa: 3axuct iHdopmaumii, iHdopmaniiina Oesmeka, kiGepOesrieka,
iHpOpMaliHHO-KOMYHIKalliiHI ~ CUCTEMHM, IHIMBiZyaJllbHa Ta TPyHOBa CBIiJOMICTb,
COLIaJIbHO-TICUXOJIOTIYHUH 3aXUCT, IIPaBOBa CHCTEMA.
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B 3710i1 yacT pabOTHI PEACTABIICHBI CIEIYIONINE PE3YIbTaThl PETPOCIIEKTUBHOI'O aHAIN32
JTanoB TpaHCHOPMAIIMU MapagurM B cepe MHPOpMAIMOHHONW 0€30IMaCHOCTH: COLUATBLHO-
UCHTPUYCCKas MapagurmMa HWHOOPMAIIMOHHONH OE30MacHOCTH JUYHOCTH, OOIIeCTBa,
rocyapcTBa W, B IIEJIOM, HAIMOHAIBHOW OE30MaCHOCTH, pe3roMe MO TpaHchopMaIuu
chepsl MHPOPMAITMOHHONM W  KHOCpHETHUYECKOW  O€30MacHOCTH;  paclpeaesicHue
OTHOCHTEJIHON 3HAYMMOCTH MeEp 3aluThl HWH()OPMAIMOHHBIX PECYpPCOB; Mapaaurma
CeTeBOM 0€30MacHOCTH KPUTHUECKONH HH(DOpPMAIIMOHHOW WHQPPACTPYKTYPHl B YCIOBHUAX
JIECTPYKTUBHOTO MH()OPMALMOHHOTO BIIHSHUS, KPUTHYECKUE CBOICTBa MH()OPMAIMOHHOM
UHQPACTPYKTYphl; cucteMa (TEXHOJOTHs) OINpPEICICHUS WACHTHYHOCTH W YHPaBIICHUS
OTpe/IeJICHUeM HUACHTHYHOCTH, CO3JaHHE «IOBEPEHHOI0» TEICKOMMYHHKAI[HOHHOTO
npoctpancTsa. [lonydeHHast B vacTi 1 1 2 cucTeMaTu3alus, U pe3yIbTaThl PEIICHUS 3a/1a4
MO3BOJISIFOT MOBBICUTH A((EKTUBHOCTh PAOOTHI CHCTEM ObecredyeHuss MH()OPMAIOHHOM,
KHOCPHETUICCKONH ¥ COIMATbHO-IICUXOJIOTHYECKON 0e30macHOCTH ¥ (OpPMaIH30BaTh
HANpaBJICHUS JAJbHCHININX HCCICAOBAHUA U  pa3pabOoTKu A(PQPEKTHUBHBIX CHCTEM
0C30MacCHOCTH.

KaroueBnie  cioBa: 3amura uHpOpManuu, UHPOPMAIMOHHAS  OE30IaCHOCTS,
knOepOe30nacHOCTh, MHPOPMAIIMOHHO-KOMMYHHKAIIMOHHBIE CHCTEMbI, HHANBUYaIbHOE U
rPYINOBOE CO3HAHHUE, COLMANTBHO-TICUXOJIOIMIeCKasl 3allluTa, TIPaBOBas CHCTEMA.
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PABPABOTKA MOJEJIM HEHPOCETH JJ151
HPOI'HO3UPOBAHUSA PUCKA OTKA30B KOMIIOHEHTOB
CJOXHBIX TEXHUYECKUX CUCTEM

B.B. Bbiuy:kanus, H.Jl. PyiHu4enko

Opecckuil HAMOHAIBHBIM MOPCKOW YHUBEPCUTET,
Meunukosa 34, Onecca, 65029, Ykpanna, e-mail: murder8910@mail.ru

B cratbe npuBeneHBI pe3yNIbTaThl pa3padOTKH U HCCIIeIOBAHHS UCKYCCTBEHHOW HEHPOHHON
CeTu JUIsl PelIeHUs 3a/1a4 IPOTHO3MPOBAHMS COCTOSHHS 3JEMEHTOB M MEXIJIEMEHTHBIX
CBSI3CH CIIOKHBIX TEXHHYECKMX cHcTeM. Pa3paboTaH airoputMm HOCTpOEHHs HeHpoceTw,
MIPUBEACHBI pPe3yJbTaThl OOYUCHHsI M TECTHPOBAHMS ee paboThl Ha 0a3e cuctembl Matlab.
[TpoBeneHHBIE HCCIEAOBAHUS MOATBEPKIAIOT aJIeKBATHOCTh pa3pabOTaHHOW MOJEINH, 4TO
00yCIJIOBIICHO JOCTHKEHUEM TOYHOCTH paclio3HaBaHHs TECTOBOH BbIOOpKH Ooiee 80%.

KaioueBble coBa: NporHO3MpOBaHUE PHCKA, HEWPOHHBIE CETH, OO0y4YeHHE HEHpOHHOU
CETH, CIOKHBIE TEXHUIECKNUE CHCTEMBI.

BBenenue

W3BecTHO, YTO KOJIHMYECTBO JJIEMEHTOB M MEXKDJIEMEHTHBIX CBSA3€H B CIIOKHBIX
texundeckux cucremax (CTC) moBpimaeTcs. DTO HEW30€KHO MPHUBOAUT K POCTY UHCIIA
BO3MOXHBIX CIICHAPHEB Pa3BUTHs aBapHIUHBIX CUTYalldil B TaKUX CUCTeMax. B cBs3u ¢ 3THM
BO3PACTAalOT BBIUYMCIIUTENIbHBIE U BPEMEHHBIE 3aTpaThl HA MPOBEJCHUE aHATN3a U YUCICHHOM
OLICHKM pucka 0Tka30B KoMmmnoHeHToB CTC B pa3nuuHbIX ycioBusX 3kciutyarauuu [1,2].
[IpoBenenne  moJOOHBIX  pacyeToB  BPYYHYHO MIM Ha  0a3ze  CYIIECTBYIOLIUX
HECTIeUAIN3UPOBAHHBIX TAOJIMYHBIX MPOIIECCOPOB HE ABISETCA IeIeco00pa3sHbIM U TpedyeT
pa3paboTKN OTAEIbHBIX MPUKIAAHBIX IPOrPAMMHBIX PEIIEHUH /U1 aBTOMaTH3alluK PacyeTOB.

[IpuopureTHoil 3anmaueil nmpu pazpaborke >PPEKTHUBHBIX MPOTPAMMHBIX KOMILIEKCOB
JUI OCYLIECTBICHMSI NMOJAEPKKH HPUHATHS PELICHUH MO YHPABICHHUIO PHUCKOM OTKa3O0B
SBIISICTCS pean3alusl aJeKBaTHBIX MOJEJeH NPOTHO3UPOBAHUS TEXHUYECKOTO COCTOSHUS
CTC u ux noacucrem [3,4].

[IpobnemMbl MPOTHO3MPOBAaHHUS pHCKAa OTKAa30B M TOTEpU PpabOTOCHOCOOHOCTH
komnoHeHTaMu CTC MHOrooOpa3Hbl U CBA3aHbI ¢ TAKUMH (PaKTOpaMH, KaK HOIMMOP(HOCTH
000pyI0BaHUs, HEJOCTATOK KaYECTBEHHBIX M KOJIMYECTBEHHBIX SKCIEPTHBIX JAHHBIX 11O €T0
Ha/IeKHOCTH, JUHAMUYHOCTh W3MEHSIOUIMXCS YCIOBHM O3KCIUTyaTallud, 4YeJIOBEYECKUH
daxTop.

B cBoro ouepenp, psAA NPUMEHSEMBIX METOAOB IPOTHO3UPOBAHMS TEXHUYECKOTO
coctosauss CTC He SBISAIOTCS YHUBEPCAJIbHBIMH W THOKUMH, T.K. ONHUPAIOTCA Ha
JI€TEPMUHUPOBaHHbIE U (OpMaTU30BaHHbIE CTAaTHCTUYECKHEe Monend. Jlnsd moJo0HBIX
METO/IOB XapaKTEPHO OTCYTCTBHE BO3MOXKHOCTEH OCYILECTBIEHUS MOJHOIEHHOTO yYeTa
cneuu(uku (QYHKIMOHUPOBAHMS DSJIEMEHTOB M MEXDJIEMEHTHBIX  CBSI3eH CHCTEMBI, B
0COOEHHOCTH B YCJIOBUSAX HeompeaeneHHOCTH BozzeicTBus Ha CTC pa3nuyHbIX BHEIIHUX
WJIM BHYTPpEeHHHX (hakTopoB [5-7].

3HAYUTETHHBIM MIPEUMYIIECTBOM JJIsi OCYUIECTBICHHUS a/IeKBaTHOTO MPOTHO3HPOBAHUS
3HAYEHUH pHUCKAa OTKa30B KOMIIOHEHTOB CHCTEM 0O0JaJaloT CTPYKTypHbIE MOJEIH,
Oasupyronecs Ha MeXaHHW3MaxX W METO/aX MCKYCCTBEHHOTO HWHTEIUIEKTa, B YaCTHOCTH
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UCKycCTBeHHbIe HeWpoHHble cetu [8]. I[logoOHBIE MOJenM TO3BOJSIOT OOECIEUUTh
BO3MO>XHOCThH MPOTHO3UPOBAHUS PUCKA OTKA30B KOMIIOHEHTOB TEXHMUYECKUX CHCTEM 3a CYET
NPUMEHEHHUsI MEXaHU3MOB OOOOIICHHUs, WACHTU(UKAIUN HESBHBIX 3aBHUCUMOCTEH MeEXIy
BXOJIHBIMM U BBIXOJAHBIMU BBIOOpPKAMHM JAHHBIX, MOJJAEPKKE Pa3IUYHbIX aJTOPUTMOB
o0y4enus [9]. DTo uMeeT 3HaAYUTETHHOE MPEUMYIIIECTBO B psjie CIydaeB, KOTa uccienyemas
CTC coaepXUT HECKOIBKO COTEH WJIM THICAY KPUTEPUEB U MOKA3ATENIeH, NCIIOIb3yEeMbIX TIPH
aHaJM3e W MPOrHO3UPOBAHUH BO3MOXHBIX CIIEHAPHEB MTOTEPH PabOTOCTIOCOOHOCTH CUCTEM.

Ileab cTaTbu U MOCTAHOBKA 3a/1a4M HCCJIe10BaHUI

Llenvlo naHHOW CTaThbU SIBJIETCS aBTOMATH3allMg Ipollecca IMPOTHO3UPOBAHMS
TEXHUYECKOTO COCTOSIHHMSI KOMIIOHEHTOB CJIOKHBIX TEXHUYECKHX CHCTEM pPa3IuyHOU
TOMOJIOTUU U UEPAPXUU.

3aoaua vccnenoBaHusl 3aKiIOYaeTcss B pa3pabOTKe M aHAIM3€ aJeKBaTHOCTH MOJENU
HWCKYCCTBEHHOM HEUPOHHOW CETH, MO3BOJIAIOLIEH OCYLIECTBIIATH IMPOTHO3UPOBAHUE PHUCKA
OTKa30B 3JIEMEHTOB U Mexk3eMeHTHBIX cBszeil CTC, ¢ yueToM crienMpuKu uX KOMIUIEKCHOTO
B3aUMO/ICHCTBUS U B3aUMOBJIUSHHUS B PA3JIMYHBIX YCIOBHIX SKCIUTyaTallUU.

OcHoBHAAl YACTh

B kadecTtBe BXOAHOHM BBIOOPKM MAaHHBIX JJIsI MOCTPOSHHSI MOJENHM HCKYCCTBEHHOM
HEUpPOHHOW ceTH W3 0a3bl cratucThyeckux naHHbIX OREDA BwIOpaHbl M paccUMTaHbBI
cleqyllue  TeXHUYeckue  napaMmerpsl  kKomMnoHeHToB  CTC:  cTpyKTypHBIH U
(GYHKIIMOHANBHBIN YIIEpObl, BEPOATHOCTh BBIXOJA M3 CTPOS, HAJIUYUE 3alyacTei, CTerneHb
PEMOHTONPUTOAHOCTH,  KOJMYECTBO  NPOUCHIEAINIMX  PEMOHTOB,  CTPYKTYPHBIM U
(GYHKIIMOHATBHBIM PUCK OTKA30B, JJIMTENBHOCTh JKCIUIyaTalluM, PEXHUM OJKCIUTyaTallud |
CpPEIHEPbIHOYHASl CTOMMOCTb. JlaHHBIE @IapaMeTpbl 3aJalTcsd B CTPYKTYPHOM BHJE
MOCPEACTBOM NMPUMEHEHHS (popmara NaHHBIX *.CSV, B KOTOPOM KaxKIbli cTONOEI — 3HAUYEHUs
Ka)KJI0TO OT/IE€IBHOIO IapameTpa.

JI1st pac4eToB ATAJIOHHBIX 3HAYEHUHM PUCKA OTKA30B MCIOJb30BAINCH MPEAJIOKEHHBIE B
paborax [10,11] ™MeToAWKH, TPUMEHSIOMME METOJbl KOTHUTUBHO-UMHUTAIIMOHHOTO
MOJEIIMPOBAaNNs, MNOPAXKAKIIET0  MOACIUPYIOLIEr0  HUMIYJIbCa W HOPMHUPYIOIIETO
BO3JICUCTBHUSL.

basupysice Ha BBIOOpPKax BXOJHBIX JaHHBIX, MPOBENEHO OOyueHHWe HeWpoceTdu Ha
nporsbkeHur 10000 smox, kaxaeld mnapamerp cogepkur okono 1000 3Havenmit. s
OpraHu3alyy Tpolecca MOJSITHUPOBAHUS HEHPOHHOW CeTH pa3pabdOTaHBl MPOTPaAMMHBIN
CKPHUIIT ¥ 000OIICHHBIH alNroOpuT™M, CTPYKTYpa KOTOPOTO MpHUBEIeHa Ha puc. 1.

Jns mocTpoeHWsT MOJEIM HEUPOHHOW CETH TO0JIb30BaTelb HWHUIUUPYET 3aIlyCK
UCTIOJHIEeMOro (paiina pa3paboTaHHOTO MPOTPAMMHOIO CKPHIITA, ITOCIIE YETro OCYIIECTBISETCS
3arpy3ka BceX KOMIIOHEHTOB CUCTEMbI M BU3yallu3allus TJIaBHON (POPMBI.

Crnenyromum 11aroM SIBJISI€TCS BBINOJTHEHUE MPOLEIYPbl UMIIOPTA COOTBETCTBYIOLIUX
BEKTOPOB BXOJHBIX JAHHBIX IO 3JEMEHTAM U MEKIJIEMEHTHBIM CBA3SM [0 3HAYCHUSIM
BBIODAHHBIX MapaMeTPOB M BEKTOPOB MCXOAHOHM INepeMeHHOW (WToroBbli puck). Ha Oaze
3TOr0 MPOUCXOAUT CO3JaHUE MOJIENIM HMCKYCCTBEHHON HEWPOHHOM CETH, C MOCIEAYIOIIUM
3aJlaHueM MapaMeTpoB €€ TPEHUPOBKH, BHIOOPOM aKTUBANMOHHOW (YHKIIMH U aITrOpUTMa
oOy4eHwus.

[Tocnennum sTamoM SBJIsIETCS KOH(PHUIYpHpPOBaHHWE HACTPOEK TPEHUPOBKU MOJEINH,
HEMOCPEACTBEHHOT0 O0y4YeHHs HEWPOHHON CETH, OIEHKa IMOJYYEHHBIX pe3yJbTaTOB €€
paboThl B BHAE pa3MEpOB IONYYEHHBIX IOTPEIIHOCTEH M  OIEHOK, IoCie Yero
oOecrieunBaeTcsi BO3MOXKHOCTh OJKCIIOpPTa JaHHBIX B OwHapHbIH mat-aitn. B pamkax
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pazpaboTaHHOTO

unTepdeiica TPEIyCMOTPEH MpoIecc IMOMAroBoi  MoauduKamuu

BbIOMPAEMbIX JIaHHBIX C BO3MOXKHOCTBIO OOpaTHOTO Mepexoa.

PazpaboTka u oOyueHme MojenM HEHPOHHOM CETH OCYIIECTBIEHO Ha 0aze MeToja
00paTHOTO pachpoCcTpaHEHUsI OMIMOKH, JIMHEHHON (DYHKIIMH HOPMAJTU3AIHNK C MPUMEHEHHEM

aKTUBALIMOHHOMN (bYHKI_[I/II/I APKTAHI'CHCA.

C Hauano D

.

3ill‘p)’3l(il KOMIIOHEHTOB I'JIABHOH (l)Oprl

.

Her

AMIIOPT BXOAHBIX
JAaHHBIX OCYLIECTBIIEH
KOPpPEKTHO?

>

AaHbIX

HMudopMammmonHoe cooOIIeHHe
0 HECOOXOAUMOCTH HMITOPTA

IMITIOPT BBIXOIHB
JAaHHBIX OCYIICCTBIICH
KOPPEKTHO?

Co3manie MOJISITH HEHpOCeTH Ha Dase
BBLIOpAHHBLIX JTaHHBIX

y
3anganue mapaMeTpoB
OOYUYEHHSA HEHPOCETH

y

Kondurypamus HacTpoek oOyueHHs
MO/JICITH

y

Tpenuposka HEHPOHHOI CeTH

y
Onenka pesyjabTaToB TPCHHPOBKH
HelpoceTH

Her

KCHOpPT NOJIYHEH HOI MO/J1eIH
;{Hmmaml'mponau‘.’

DKCIOPT MOJICITH B
Ounapublit Mat-daiin
C Konen D)

Puc. 1. OG00mIEHHBIN aJTOPUTM CO3JaHUSI MOJICIIA HEUPOHHOU CETH
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CTpyKTypHBII cocTaB MojJenu pa3pabOoTaHHOW HEHPOHHOM CeTH, COCTOsIEeH u3
BXOJHOTO 0JIOKAa JaHHBIX 1O BBIOPAHHBIM KpUTEpHsM, 2 cioeB, 20 HEHPOHOB M BBIXOJHOTO
O7oKa JaHHBIX 0 HWTOTOBBIM 3HAYEHHUSM pPHCKOB MpHBeNeH Ha puc. 2. Peanmzamms u
oOydyeHne pa3pabOTaHHON MCKYCCTBEHHONW HEWPOHHOW CETH BBINIOJIHEHA CPEICTBAMHU
cuctembl Matlab, ¢ momomsto moxysst Neural Network Toolbox.

J Neural Network Yiewer (view)

Layer Layer

Input

Kl

Puc. 2. CTpyKTypHBIil COCTaB MOJIEIH pa3paboTaHHOHN HEHpoceTH

I'paduk oToOpakeHHs OOIIEro pacmpeneneHuss AaHHBIX  MOJU(PHUITUPOBAHHOM
HEHpOHHOW ceTu mpuBeneH Ha puc. 3. [lo ocsM abcucc W OpAWHAT OTJIOXKEHBI 3HAUCHUS
WUTOTOBBIX BEIOOPOK JaHHBIX 00YYEeHHOW HEHPOHHOM ceTu B quamnaszone ot 0 1o 1. DTanoHHbIe
3HAYEHUS! BEKTOPOB OTJIOKEHBI B BUJE MYHKTHUPHOW JTUHUH, OTJACIHHBIC 3HAYCHUS JTaHHBIX
COOTBETCTBYIOIIUX MapaMeTpoB O0O3HAUYEHO MapKepaMu THUIA «KPYT», JTUHUS MOKA3bIBAET
KOpPPEJSIUIO 110 BCEM HCCIIEyeMbIM 3HaueHUsM Monenu. O0mas onenka R mpesbimaer 0.8,
YTO CBUAETEIHCTBYET O JIOCTATOYHO BBICOKOM TOYHOCTHM M aJIEKBATHOCTH IOCTPOEHHOMU
MOJIETIH.

All: R=0.81988
OaF ' ' p
< Datap ..
Fit s e
06} oo T P :
O “.;3. O

=
(]

Output = 0,88*Target+0,035
= -

0.2 0.4 06 0.5
Target

Puc. 3. I'padux otoOpakeHHs OOIIEro paclnpenaeneHuss MaHHBIX MOIU(DHUIIMPOBAHHON
HEUpoceTH

[IpoBepka TOYHOCTH MPOTHO3UPOBAHMSI HEWPOHHOW CETH TMpoBeJeHa Ha 0Oasze

aHAJIMTHUYECKOI'0 pacueTa M CPaBHEHMs 3HAYEHHMH pHCKa OTKA30B 10 MMEroIIMMCS B 0aze
OREDA BbIOOpKaM JaHHBIX Ui pAjga ClEHapueB pa3BuTHs aBapuiHbix cutyarmii CTC.
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UccnenoBanne  pa3paboTaHHOW  MOJENM  HMCKYCCTBEHHOM  HEHpOHHOM  cetw Ui
nporHo3upoBanusi coctosiHug CTC  Mmo3BOAMIO  YCTAaHOBUTH, YTO  JOCTOBEPHOCTH
IMPOTHO3UPOBAHUA PpPHUCKA OTKa30B SABJIACTCA BBICOKOﬁ, OTHOCUTCJIbHAsd TMOI'pCIIHOCTDH
cocraBuia MmeHee 3%.

BriBoabI

PazpaboTannas Mojieiab HMCKYCCTBEHHOM HEHPOHHOW CETH IO3BOJIIET OCYIIECTBIISTH
IPOrHO3MPOBAHUE PHUCKA OTKA30B 3JIEMEHTOB M MexdieMeHTHBIX cBszeil CTC, ¢ ydyerom
cnenupuKd UX KOMIUIEKCHOTO B3aWMOJCHUCTBUS M B3aUMOBIIMSIHHSI B PA3JIMYHBIX YCIOBUSAX
HKCIUTyaTaIlH, YTO MOJATBEPIKIACTCA pe3yabTaTaMu MojenupoBanus. PaspaboTannas moenp
MOKET OBbITh BBbIHECEHAa B YHUGUIMPOBAHHBIM MPOrpaMMHBIM MOAYIh € TpaduyecKuMm
uHTEepdeiicoM ¢ NMOMOIIBI0 MporpamMMHoOro cpenacrsa Simulink u ¢peiiBopka Guide s
ABTOHOMHOTO HCITIOJIb30BaHUS HJIM MHTETPUPOBAHA B KaueCTBE OTAENbHOM OMOIMOTEKH AJs
UCIIOJIb30BAaHUSI B CHUCTEME MOAJEPKKM HNPHUHATHS PELIEHUI 10 YNpaBICHUIO PUCKaMU
TEXHUUYECKUX CHCTEM.
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PO3POBKA MOJIEJII HEHPOMEPEKI JIJI TPOTHO3YBAHHS PU3UKA OTKA3IB
KOMITIOHEHTIB CKJIAJJHUX TEXHIYHUX CUCTEM

B.B. Buuyxanin, M.J[. Pynaiuenko

Onechkuii HaIiOHATBHUN MOPCHKUI YHIBEPCHUTET,
Meunukosa 34, Oneca, 65404, Ykpaina, e-mail: murder8910@mail.ru

VY craTTi HaBeAEHI pe3yNbTaTH PO3POOKH i JOCHTIMHKEHHS IITYYHOI HEHPOHHOI MEpexi It
BUPIIIICHHS 3aBJIaHb IPOTHO3YBAHHS CTaHY CJIEMEHTIB i MEKEICMEHTHHX 3B'3KIB CKIIQTHUX
TEXHIYHHUX CUCTeM. P03po0ieHO anroputM moOyI0BU HEWpOMeEpexki, HaBeleHI pe3yIbTaTh
HaBYaHHS 1 TecTyBaHHS 11 poOotu Ha 6a3i cucremu Matlab. IlpoBeneni mocimimxeHHs
OTPUMAaHUX pPE3yJIbTaTiB MiATBEPKYIOTh aJCKBATHICTH PO3pOOJIEHOI MOJeNi, Mo
00yMOBJIEHO JIOCATHEHHSM TOYHOCTI PO3Mi3HaBaHHS TecTOBOI BUOIpkH Oiibire 80%.
Kuaro4oBi cioBa: MpOTHO3YBaHHS PU3UKIB, HEWPOHHI MEpexki, HABYAHHSI HEHPOHHOI
Mepexi, CKIaIHI TEXHIYHI CUCTEMH.

DEVELOPMENT OF THE NEURAL NETWORK MODEL FOR PREDICTION FAILURE RISK’S OF
THE COMPLEX TECHNICAL SYSTEMS COMPONENTS

V.V. Vichuzhanin, N.D. Rudnichenko

Odessa National Maritime University,
Mechnikov 34, Odessa, 65404, Ukraine, e-mail: murder8910@mail.ru

The article presents the results of research and development of artificial neural network to
solve the problems of forecasting the state of the elements and inter-element links of
complex technical systems. Authors proposed an algorithm for constructing a neural
network, the results of the training and testing of its work on the basis of Matlab system.
The research results obtained confirm the adequacy of the developed model, which is due
to the achievement of the test sample recognition accuracy of over 80%.

Keywords: risks prediction, neural networks, neural network training, complex technical
systems.
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YI[K 62-50 Informatics and Mathematical Methods in Simulation
Vol. 6 (2016), No. 4, pp. 339-346

CHUHTE3 U MOAEJIMPOBAHUE IU®POBOI'O
PEI'YJIATOPA B CJEJAIENA CUCTEME C ACTATU3MOM
TPETBEI'O ITIOPAAKA

C.A. boopuxkos, E.JI. [Inuyrun, H.H. Inknii

Opnecckuil HALIMOHAIBHBIHN MOMUTEXHUUECKU YHUBEPCUTET,
mnpoct. HleBuenko, 1, Oxecca, 65044, Ykpanna; e-mail: bobrikov1932@mail.ru

ITpoBenen cunTE3 HU(PPOBOTO PETYIATOPA JUIS CIEISIICH CUCTEMBI C aCTaTH3MOM TPETHETO
nopsiaka. Bwmmonneno wMozpenupoBanue cucrteMbl B makere  MATLAB-Simulink.
Paspaboran Merox pacuera HUGPOBOrO peEryasTopa IO 33JaHHBIM I1apameTpam
HEH3MEHSIEMON 4YacTH ClemsdIieil cucTeMbl W TpeOyeMbIM IIOKa3aTelsiM KadecTBa.
IToxasarenssMd  BBIOpAaHBI ~ MAaKCHMAaJbHOE  IIEpPEperyjMpoBaHHE B  IIEPEXOJHOH
XapaKTepPUCTUKEe W MAaKCUMAJIbHAs IIeperpys3Kka NMPHUBOAA IO MOMEHTY B PEKHMME pa3roHa.
Hcrnone3yercss mpeoOpa3oBaHWe HENMPEPBIBHOW TMEpenaToOuyHOr (DYHKIMH perynsaropa B
auckpertHyto. [IpuBenen npumep pacuera u pe3yibTaThl MOAEIHPOBAHUSL.

KiaroueBble ci1oBa: cucteMa yHpaBJiCHUSA, aCTATU3M, IIPI(l)pOBOﬁ peryiaATop, nepeaaTo4HbIC
(byHKIlI/II/I HCOPEpbIBHAA W AUCKPETHasd, MOACIHMPOBAHUEC, MNEPEXOAHAA XapaKTCPHUCTUKA,
neperpys3ka npuBoJa 1o MOMEHTY, ITOKa3aTeJI Ka4yeCTBa yIIpaBJICHUA

BBenenune

Kak u3BecTHO, MHTErpUpPOBaHHE CUTHAJA OMIMOKH B CHUCTEME YNPABICHUS MO3BOJSET
CBECTH K HYJIIO YCTAHOBMBIIYIOCS OIIMOKY TPHU IMOCTOSIHHOM BXOJHOM CHTHAJIe; JBOWHOE
UHTETPUPOBAHUE OIIMOKM CBOJUT K HYJIIO YCTAaHOBUBIIYIOCS OIIMOKY MpPH H3MEHEHUU
BXOJIHOTO CHUTHajla C TIOCTOSHHOM CKOpPOCTBIO; IPU TPOWHOM WHTETPUPOBAHUHU CHUTHAJA
omMOKM (acTaTU3M TPEThETrO TOpSIKA) paBHA HYJIK YCTAHOBUBIIASCS OIIMOKA TMpH
MIOCTOSTHHOM YCKOPEHUHU BXOJHOTO CUT'HAJIA.

O4eBHIHO, YTO 3TH CBOMCTBA AaCTaTUYECKUX CUCTEM IIO3BOJISIOT BBIMOIHATH 0CO00
TOYHBIE CHUCTEMBI YIIPABJICHUS, HAIPUMEp, CUCTEMBI CIEKEHHUS 3a JABIKYLIIUMCS O0OBEKTOM,
BBICOKOTOUYHBIE TPAHCIOPTEPHBIE CUCTEMbI JO3UPOBaHUS U Mp. MeTojbl aHaiM3a U CUHTE3a
NOJOOHBIX CHCTEM pacCMOTpeHbl, Hampumep, B paborax [1,2,3]. B paborax [4,5,6]
PaccMOTpPEHBI METObI CHHTE3a CUCTEM C aCTaTU3MOM BTOPOTO MOPSAKA.

B naHHON cTaTbe paccMOTpPEH METOJ CHHTE3a CHUCTEMbl C acTaTH3MOM TpPETHEro
MOPSIKa, MO3BOJISIONIMMA ONPeIeIUTh TapaMeTpbl HU(PPOBOTO YIPaBISIIOIIETO YCTPOUCTBA 110
3aJJaHHBIM TIOKa3aTeNsIM KayecTBa NMPU H3BECTHBIX IapaMeTpax 3aJaHHOW HEU3MEeHseMOi
YacTHU CUCTEMBI.

MeTox OCHOBaH Ha TOM, 4YTO IepenaTodyHas (QYHKUUS PA30OMKHYTOH CHCTEMBI,
Ipe/ICTaBICHHAs KaK MPOU3BE/IEHUE MepelaTOUYHbIX (PYHKIHN peryisitopa U HeH3MEHSIeMOM
4acTH, UMEET 3a/laHHbId BUJ, C IMapaMeTpaMH, ONpeNeIIeMbIMU IO MPUHATHIM MOKa3aTesIM
kadectBa. [locne ompeneneHus nepenaTouyHol (YHKIIMH Pa3OMKHYTOM CHUCTEMBI HaXOIST
HETPEPHIBHYIO TEpelaTOYHyl0 (YHKIMIO pETyisITopa IMyTEM JeNeHHs MepeaaToOdHOM
GYHKIIMM Pa30MKHYTOM CHUCTEMBI Ha TMEpPEeAaTOuHYI (DYHKIIMIO HEU3MEHSIEMOW (3aJaHHOI)
yacTu. 3aTeM HaXOJAT JUCKPETHYIO MepeaaTouHyro (QYHKIHIO IU(poBoro peryistopa K(z)
MyTEM MOJICTAHOBKH B HEMPEPHIBHYIO NepeaaTounyto Gyukiuio K(p) Beipakenus [7,10]:
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20z
Per Gy ()

eab padoTsbl

Llenvio paboThl sBIsSIETCS pa3paboTKa MeToJa CHHTE3a IU(PPOBOrO PETyNIsATOpa M
CIeAsIel CcHCTEeMBl C acTaTU3MOM TpeTbero mnopsaka. CucremMa JOKHA HUMETh
MaKCHUMaJIbHOE IepeperyJupoBaHie B IEPEXOJHOW XapaKTepHCTUKE He Oojiee 3aJaHHOM
BEJIMYMHBI, IIPU YCIOBHHM, YTO NEpErpy3Ka MpUBOJa II0 MOMEHTY B IIEPEXOJHOM IpoLecce He
IIPEBBICUT 3aJaHHOTO 3HAYEHUSI.

B xadecTBe 00beKTa yIpaBiIeHUs MIPUHAT JBUTATENb OCTOSIHHOTO TOKA C YCHJIUTEIEM
mourHocTH. [lepegarounas pyHKIUS 3a7aHHON YaCTH CUCTEMBI IPH TOM UMEET BUJIL:

K
K,(p)= 2 , 2
(Typ+)(Typ+)p @
rae K, — KO3QQHUUUEHT yCUIIEHHs 3aJaHHOM 4YacTH CHCTEMBI, Ty, T, — COOTBETCTBEHHO

MOCTOAHHBIC BpDEMCHHU YCUIIUTCIIA MOIIHOCTU U JABUTATCIIA.

OcHoBHAAl YACTh

[Ipunumaem creayroliee yciloBHe: INepenaTodHas (YHKLIHS Pa30OMKHYTOH CHCTEMbI
K.(p) (puc.l), Brmouamomel ynpapmiomee ycTpodctBo K (p) W 3anamHymwo,

HECU3MCEHACMYIO YaCTHU CUCTEMBI I(3 (p) , COCAMHCHHBIX ITOCJICA0BATCIIBPHO, MMCCT BU/:

K(Tp +1)
—

K.(p)=Ky(p)K;(p) = 3)

G(P) - LP)

Puc. 1. CTpykTypHas cxema CUCTEMBbI

rz)

I[Ipu Takom BuUAE TepeAaTOYHOM (YHKIIMM CBOWCTBA CHCTEMBI TOJHOCTHIO
OTIPENeNIAIOTCS JIMIIb JBYMsI Tapamerpamu: KOd(pQHUIMEHTOM YycuieHus cucteMbl K u
MOCTOSSHHOW BpeMeHu 7 .

PaznenuB skemaemyro mnepenarounyro (yHkmuio (3) Ha mepeaaTouHyro (HYHKIUIO
3a/TAaHHOW YaCTH CUCTEMBI (2) MOTyYuM MEepeAaTOuHYI0 (DYHKIIHIO PETYIsITOpa:

K(Tp+D)*(T,p+)(Typ+1)
P’K,(T,p+1) '

Kp (p)= 4)

B nepemarounyio ¢QyHKIUIO perynAropa BBeIEHBl €€ JBE JOMOJHUTEIbHBIE

IOCTOSHHBIE BpEMEHM [,, KOTOpblE HEOOXOmUMBI Ui oOecmedeHus  (HU3MIECKOM
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peaTu3yeMOCTH PETYIATOPA: CTENeHb MOJMHOMA YUCIIUTEISE HE MOKET ObITh OOJIbIIIE CTETIEHU
NoJIMHOMa 3HaMeHaTeld. /{1t Toro, 4ToObl BIUSHUE JOTIOIHUTEIBHBIX MOCTOSHHBIX BPEMEHU
OBLJI0O MUHUMAIBHBIM, WX BEIIMYMHA BBIOMpAETCS HAa TOPSJOK MEHBIIE HAUMEHBIIEH
IIOCTOSIHHOW BPEMEHHM B 33JJaHHOM YaCTH CUCTEMBI.

Hamnune B perynstope audQepeHIUPYIONMX 3BEHHEB MPUBOAUT K OOJBIIUM
BCIUIECKaM HaNpsHKEHUS Ha BBIXOJE PEryisiTopa Mpu Mojayde Ha BXOJl CTYIIEHYaTOro CUrHaa.
JUie  TOATBEp)KIEHUS OJTOr0 ONPENESIMM HadajlbHOE 3HAYEHHWE BBIXOJHOIO CHUTHala
perymnsTopa (4) mpu YCIOBHH, YTO HAa BXOJE NEHCTBYET €AMHUYHBIA CTYIEHYATHI CUTHAIL.
[Tpu 5TOM H300paXkeHNEe BBIXOJHOT'O CHUTHAJIA UMEET BH/I:

K(Tp+17(T,p+ (T p +1)
P K, (T,p+1)? '

U\(p) =K, (p) =
P

HauanbHoe 3HaueHue opuruHana u,(t) Hailnem, UCHOJb3ys TEOPEMY O HauaJIbHOM U
KOHEYHOM 3HAaYeHHSIX U300pakKeHHs U OpUrruHaIa:

K(Tp+)*(T,p+D(Tp+1)  KT°T,T,

u,(0)=1lim pU =1lim =
© p_mp ) P p2K3(THp+1)2 K3T}12

JIOTIOTHUTENBHBIE TTOCTOSHHBIE BPEMEHH B 3HaMeHarese T, IOIKHBI ObITh Ha TOPSIOK
MEHbIIIe HAUMEHbILEH MTOCTOSIHHOM BpeMEHHU B 3a71aHHO# yactu cuctemsl (7, T, ). Ilpu sTom

HaYaJIbHBIA BCIIIECK HAIMpsOKECHUA Ha BBIXOAC PETYJIATOPA MOXKET IMPHUHHUMATh CYIIECTBEHHO
OOJIBIIIME 3HAYCHUS. I[JISI OrpaHU4YCHHd MaKCUMAJIbHBIX 3HAYEHUI BBIXOJHOIO CHTHAlIa Ha
BBIXOJI€ PETYJIATOpPA YCTaHABIIMBAEM HEJIUHEHHOE 3BEHO THUIIa «HaCBIIICHUEC) C OIPAHNYCHUEM

MaKCHUMaJlbHOH BeIMYMHBI 10 3HadeHus U, =12 (B OTHOCUTENBHBIX E€IUHHUIAX), YTO

max
BIIOJIHE JIOMTYCTUMO B PEATbHBIX YCIOBHUSX Pa0OTHI 3aJaHHOW YaCTH CHCTEMBI (YCHIIHTEIh
MOIIHOCTH U JIBUTATEIb).

Jns  ompeneneHus ~— OTUHAMHYECKHX  CBOWCTB  CHUCTEMBI  OBLTM  MPOBEICHBI
AKCTIEpUMEHTAIbHBIC HCCIIEOBaHUsS cucTeMbl Ha Mojenu B makete MATLAB-Simulink.
Cxema mojenu npuBeieHa Ha puc.2.

! Pezynamp

T+ T.##1 T+ Tenagtid
— — ] ———
i ] Tas+ Ta &1

Constant * Gain  Transfer Fond Transter Fon3 Tiansfer Ford  Trarstes FonS  Saturation S aind :Tunnu Fend Transtar Fon

: - F{f}h{g

Puc. 2. Cxema mozenu B nakere Simulink

Crariwatrwa Danivatived

ie)

Seapel

[lpr MomenMpoOBaHWUU PACCMATPHBAIUCH MEPEXOIHBIC XapaKTEPUCTUKU CHCTEMBI IPH
pasiMYHbIX 3HAYEHUsSX HacTpauBaeMmbix mapamerpoB K =K K, K K, wu T (puc.?2).

HccnenoBanus mpoBOAMINCH IPH 3HAYCHUSIX MOCTOSIHHOM BPEMEHHM JBHTATeNs B MHTEPBAJIC
T,=(0.1-1)c¢ u mocrosunoii Bpemenn ycwmurens 7, =(0.01-0.05)c. B mepexonnoi
% .

HactpanBaemble mapaMeTpbl MOAOUPATIKCH TaK, YTOOBI MaKCUMaJIbHasl BEJIUUNHA YCKOPEHHUSI
BbIXOTHOU BenmuuuHbl J(f) €(8.5,9), 4T0 COOTBETCTBYET JOMYCTUMOM BEIMYMHE MEPETPY3KU

XAPaAKTCPUCTHUKE ONPCACiAIaCb BCIMYHMHA MAKCHMAJIBHOI'O MEPCPEryIMpOBaHUA O,

max ?
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0 MOMCHTY JIs I[BHFaTeJIeﬁ IIOCTOSIHHOT'O TOKAa. BrIMoJHEHUE 3TOro YCJi0BUA OonpeaciiacT
MUHHMAaJIBHOE BpEMsI IIEPEXO0THOTO TpoIiecca.

K2 JI]:].&:{ | | T 1
4.5 oy b
4 18 ﬁ i ; ; i .
3 i
25
10
2 g |-
15 | | . . . . . . G
77 T R A i R B e
0,5 H H H H H H H H 2 H H H 1 i |
01 02 03 04 05 06 07 08 097m,c 5 10 15 20 2% 30 5 T«
Puc.3. 3aBucumocts ko3dduireHrta Puc. 4. 3aBucMMOCTh  MaKCHMaJbHOIO
K, OT mOCT. BpEMEHU IBUTATENS IIPH nepeperynuposanus ot 1’

MaKCHUMAaJIbHOU TMeperpy3ke MpUBOJa IO
MomeHTy A =(8.5-9)

AHanu3 pe3yabTaToB MOJEIHMPOBAHUS TO3BOJMII MOJYYUTh 3aBUCHUMOCTH BEIMYHUHBI
koopduumnenta ycuienus K, = K;K K, (puc. 2) OT MOCTOSHHONW BPEMEHHU J[BUTATENsl, IPU
YCIIOBUHU, YTO MAaKCHUMaJlbHOE YCKOPEHHE BBIXOJHON BEIWYMHBI MPUHUMAET 3HAYCHHE B
unrepsaie (8.5, 9) (puc. 3). Benuuuna koadduruenta K, npunsra pasHoii 0.1.

MakcuManbHOe HepeperylIupoBaHie 3aBUCHT OT mpousBefeHus KT° = K K,T > Tpu
3TOM Benn4nHa Koddduimenta K BIUSET HA KPUBYIO MEPEXOHOTO MPOIEcCca B 3HAUUTEITHHO
MeHbIIIeH CTENeHHN, 4YeM BeMYMHA MOCTOsHHOi Bpemenn T . Uem Gonbime K72, TeM MeHbIIe
O ... - Ha puc. 4 npusesied rpadyk 3aBUCUMOCTH o, OT T mpu ycinoBuy, uro K, =0.1, a

BesinurHa koddduiuenta K, ompeneneHa rno 3Hadenuto 1, (puc. 3).

[Ipu s3HaumTensHOM YyBenumueHun K7T°  cHCTeMa CTaHOBUTCA HEYCTOMUMBOIA.

OnpenenuM npefieibHOe 3HaueHne K77, COOTBETCTBYIOLIEE TI'PaHMIIE YCTONYMBOCTH.
HenuneliHoe 3BeHO (HACBINIEHNWE) TPUHUMAEM KakK JIMHEHHOE ¢ KOd(hGHUIIMEeHTOM, paBHBIM 1,
4TO COOTBETCTBYCT €0 MAKCUMAJIbLHOMY 3HAYCHUIO.

[Tepenarounas GyHKIUS pa30MKHYTOM CUCTEMBI (PHUC. 2) UMEET BU/I;

K (Tp+ 1) (T,p+)T,p+DK.K K,  K(Ip+1)*

K(p) - )
P Cp+ )’ T,p+ )T, p+Dp P (Tp+1)°

npunnmaem: K, K,K K, =K.

[Tepenatounas GyHKIUS 3aMKHYTOW CHUCTEMBI paBHA!

K(Tp+1)*
P’Tp+)’ +K(Tp+1)°*

W(p)=

XapakTepUCTUYECKOE YPABHEHUE 3aMKHYTOM CUCTEMbI UMEET BU:
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a,p’ +a,p*+a,p’ +a,p’ +a,p+a; =0,

rae a, =T.; a,=2T; a,=1; a,=KT*; a,=2KT; as=K.
Hcnonw3ys anrebpanyeckuii KpUTEpUH YCTONYMBOCTH, 3alMIIEM COOTBETCTBYIOIINE
HEpaBEHCTBA:

a a
Azz 1 ’ =ala2_aoa3=2Tn_Tn2KT2>O; KT2<£;
ao a2 Tu
a, a; das

()
<

S}
o

KT? < —. (5)

IHopsinok pacuera ungpoBoro peryasiropa

3anana Heu3MeHsieMas 4acTh cuctemsl (2) ¢ napamerpamu K, K, T, T, . Tlpunnmaem

YCIIOBHE, YTO MCIOIB3YETCs IEKTPONPUBOJI, TOIMYCKAIOIINNA MaKCUMAJIbHYIO TIEPErpy3Ky Mo
MOMEHTY B miepexomHoM pexnme A e(8.5,9). MakcuManbHOe TepeperyJupoBaHue B

NEePeXOAHOM XapaKTEepPUCTHKE HE JOJKHO MPEBbIIATh 3aJaHHOM BEJIMYUHBL O, .
1. Ilo rpaduky, npeacraBieHHOMY Ha pucC. 3, HAXOIUM BeJIMYMHY KO3 punuenra K,
10 3aIaHHOM BeMYMHE 7,

2. [Ilo rpaduky, mpeacTaBieHHOMY Ha pHC. 4, ONpeAe/sieM BEIUYUHY MOCTOSHHOU
BpeMeHM [, 11O 3aJaHHOM BEIIMYUHE O, .

3. Ilo cTpyKTypHOW CXeMe€ HENpephIBHOTO peryisTopa (puc.S) 3amuchiBacM
HETPEPHIBHYIO MEPEAATOUHYIO ()YHKIIHIO BHIYUCITUTEIS:

0.1(Tp+1)*(T,p+1)(T, p+1)
P (T.p+1)° '

Tp+1 Tp+1 TyP+1 TmP+1 | ra—
P B TpP+1 TpP+1 —-2

Puc. 5. CtpykTypHas cxeMa HEIpepbIBHOTO PETYJIATOpa

K(p)= (6)

gl B

JlomoHUTENbHBIE TOCTOSHHBIC BpeMEeHH NMpHHUMaeM paHbiMu T, = 0.17, (monaraem,
uro T, <T,,).

4. Cpnenas noactanoBky (1) B dopmyny (6) momydaem TUCKPETHYIO MEPEIaTOUYHYIO
¢ynkuuio mudposoro perynstopa K(z). B perymarop nomkHO ObITH BBEIEHO emié Kpome
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BBIUUCIIUTEIISI HETMHEHHOE 3B€HO ¢ KOA()()UIIUEHTOM B TMHEHHOM 4acTH, paBHBIM €IUHHIIEC
K2

KK,

5. IIpoBepsieM BBITIOJHEHHUE YCIOBHS YCTOMIMBOCTH (5).

C HachblleHueM * 2, u ko3¢unueHt K., paBHbiil K, =

IMpumep.
Iycts 3amanbl mapameTpsl HempepblBHOM wactu cuctems:: 7, =0.02¢, T, =0.25¢,

o <4%.

ITo rpadmxam puc. 3 u puc. 4 maxomum: K, =135, T =35, T, =0.002 .
[IpoBepsiemM ycioBue yCTOMYMBOCTH:
2 2

KT?=K,K,T?=0.1-1.35-35* =165.4; —=———=1000.
T, 0.002

VYcnoBue yCcTOMYMBOCTH BBITIOJIHEHO.
3anuchIiBaeM MepeaTouHyIo (PYHKIHIO BBIYUCIUTENS HEMIPEPHIBHOTO perynaropa (6):

C0.1(35p+1D)7(0.02p +1)(0.25p+1) _ 0.612p" +33.1p° +124p> +7p+0.1

K
(P) 2(0.002p+1)° 410 p* +0.004p° + p°

(7)

CnenaB moacranoBky (1) B dopmyny (7) momydaeM IHUCKPETHYIO TEpeIaTOYHYIO
¢bynkuuto  Berumcnutens. lllar  kBaHTOBaHMS ~TpPUHMMAaeM, UCXOAs M3 YCJIOBHUSA
T, =(12-295T, [10]: T,=2.57,=0.005c. JluckperHas mnepemarodHas (QyHKIMSA
BBIYUCITUTEIS] IMEET BHI:

in

4 3 2
S,2° +8,27 + 8,27 + 8,2+,

K(z)= 3 3 2 )
842 +8327+8,z +gz+ g,

rie s, =11.128401175; s, =-41.8159965 ; s, =58.7272; s, =-36.5200035 ;
s, =8.48039825; g, =3.24e-4; g, =-5.76e-4; g, =1.84e-4; g, =6.4e-5; g, =4e-6.
Ha puc. 6 mpuBeneHa cxema MOJEITH CUCTEMBI C HU(DPOBBIM PETYIISITOPOM.

FPezynamop [ T : vt -wlahldi

y(£)

Tpstl] Tin 54

I
O
:
5]
i
i

1
| YE) [

Puc. 6. Cxema Mozien CUCTEMBI C IIUGPOBBIM PETYIISATOPOM

Ha puc.7 mnokazaHa mnepexoaHass XapaKTEPUCTHKA, U3 KOTOPOHM BHUIHO, YTO
MaKCHMaJIbHOE MEPEPEryJIMpPOBAaHUE COCTABISIET NpUMEPHO 2-3% , 4YTO COOTBETCTBYET
HNPUHATBIM TpeOoBaHUsAM K cucreme. Ha puc. 8 mpuBeneHa KpuBasi yCKOPEHHUs BBIXOJHOM
BEJIMYMHBI. MaKCUMallbHOE 3HaYE€HUE YCKOPEHUS COCTABIISIET IPUMEPHO 9 €AMHMUIL, YTO PABHO
MaKCUMaJIbHOU Ieperpy3ke MpUBOAA M0 MOMEHTY M COOTBETCTBYET MPUHATHIM ycioBusM. Ha
puc. 9 mokazaH CUTHAJ Ha BBIXOJIe M(POBOTO BHIUMCIUTENSA. MaKCUMaNbHOE 3HAYEHHUE 3TOTO

CUrHajla CIUIIKOM Beluko (x10%) u He MokeT GbITH pealn30BaHO B 3BEHE, CIEAYIOLINM 3a

344



[HOOPMATHUKA TA MATEMATUYHI METO/I1 B MOJEJIFOBAHHI = 2016 = Tom 6, Ne4

BbluncauTeneM. Ilo3TomMy Ha BBIXOAE BBIYMCINTENS YCTAHOBJIEHO HEIMHEMHOE 3BEHO,
OTpaHUYMBAIOIIEE CUTHAT 10 ipuemiieMoro ypoBHs t2 ycn. en. Ha puc. 10 nokasan rpaduk
CUTHaJIa T0CJIe OTPaHUYEHUS.

yer— S ()
1':‘:' : : :
!.' : . i S P e SRRRRERREREE
0.8 : o : : :
06 |
04 |
0,2 | : : :
0 i . : i . : : : -10 ; | ;
0 2 4 6 8 10 12 14 16 184c v 0,5 1 1.5 &e
Puc. 7. Ilepexonnas XxapakTepucTuKa Puc.8. I'padpuk yckopeHHs BBIXOAHOM
BEIIMYMHBI
Uy ; : : 5 Uy
:1'}4_ : g
b 8 PR P S U P PR A ol J

; S D~|H
1 ifi

S50 T T T P e A N PP T
4 : - ; 5 -5 ; H : :
0 0,02 004 o0 008 L 0 002 0.04 0o0a 008 & c
Puc. 9. Curuan Ha BEIXOJIE Puc. 10. Curman Ha BBIXOJIE HEIUHEWHOTO
BBIYHMCIIMTENIS B IIEPEXOTHOM TTPOIIECCe 3BE€HA
BriBoabI

Pa3paboTanHbIii METOJ MO3BOJISIET PACCUMTATh HU(PPOBOW PETYIATOP ISl CIEIsIeH
CHCTEMBI C aCTaTU3MOM TPETHETO MOPSIKA, C IPUBOJIOM ITOCTOSHHOT'O TOKa MPU JOMYCTUMON
neperpyske mo MomeHTy BpamieHust A€ (8.5,9). Ilpunsaro ycioBue, 4TO MaKCHMAalbHOE
NEPEPETYINPOBAHUE B NEPEXOAHON XapaKTEPUCTUKE HE IPEBBIIIAECT 3aJaHHOIO 3HAYEHHS.
Merto paccunTaH Ha MCIIOJIb30BaHUE JABUTATEN C TOCTOSTHHOW BpeMeHu B npeaenax 0.1-1 ¢
Y YCWJINTENSI MOIIHOCTH C TOcTOsiHHOW BpeMeHH B npenenax 0.01-0.05 c. Mcnons3oBanue Ha
BBIXOJIE PEryJsTOpa HEJIMHEHHOro 3BEHAa TO3BOJIMIO TMPUMEHHUTh B  PETYISATOpE
TuQepeHIMPYIONINe COCTABISAIONIME C HEOOXOAMMBIM IO BeIHMYUHE KO3 UIIMEHTOM
YCUJIEHHs, 4YTO O00eCHedmsiIo aJeKBaTHOCTb pAacyeTHBIX MapaMeTpoB M PE3yIbTaTOB
MOJICITUPOBAHHSL.
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CUHTE3 I MOJEJIOBAHHS IIA®POBOI'O PET'YJIATOPA ¥ CTEXKAYIN CUCTEMI 3
ACTATHU3MOM TPETBOI'O NOPAJKY

C.O. bo6pikos, E.JI. [Tuayrun, H.H. Jukuit

OnechKuii HaIiOHATBHUH MO TEXHIYHUHA YHIBEPCUTET
npoct. [lesuenka, 1, Oneca, 65044, Ykpaina; e-mail: bobrikov1932@mail.ru

IIpoBeneHuit cuHTE3 HUGPOBOrO PETYIATOpa ISl CTEKAYOI CHCTEMH 3 acTaTH3MOM
TPEThOro TOpPSIKy. BukoHano mojemoBaHHs cuctemu B makeTi MATLAB - Simulink.
Po3pobnennii MeTon po3paxyHKy HU(PPOBOIO pPEryjisaTopa 3a 3aJaHHMHU MapaMeTpaMu
HE3MIHHOT YaCTHHH CTEKAY0! CHCTEMH 1 HEOOX1THUMH ITOKa3HUKaMHU SKOCTI. [TokazHuKamMu
BUOpaHO MaKCHMAJIbHE MEPEPEryNIOBaHHS B MEPEXiTHIN XapaKTEPUCTHI 1 MAaKCUMAaJIbHE
MEPEBAHTAXKCHHS TMPUBOJY II0 MOMCHTY B pPEXHMI pO3rOHY. BUKOPUCTOBYeThCS
MepeTBOpPEeHHsI Oe3mepepBHOi mepenaTHol QYHKIT perynsaropa B IDUCKpeTHy. HaBeneHwit
NPUKIIAJ PO3PAXYHKY 1 pe3ylIbTaTH MOJCIIOBAHHSL.

KuouoBi ciaoBa: cucremMa yhpaBiiHHS, acTaTu3M, HH(DPOBUU peryssTop, MNepemaTHi
¢ynkmii Oe3nmepepBHa 1 JAWCKPETHA, MOJICIIOBAHHS, TIepeXillHa XapaKTEepPHCTHKA,
MepeBaHTAXKCHHSI [TPUBOJY 110 MOMEHTY, TIOKa3HUKHU SIKOCT1 yIIPABIiHHS

SYNTHESIS AND DESIGN OF DIGITAL REGULATOR IN SERVOSYSTEM WITH ASTATISM OF
THE THIRD ORDER

C.A. Bobrikov, E.D. ITichugin, H.H. Dikiy

Odesa National Polytechnic University,
1 Shevchenko Str., Odesa, 65044, Ukraine; e-mail: bobrikov1932@mail.ru

The synthesis of digital regulator is conducted for a servosystem with the astatism of the
third order. The design of the system is executed in the package of MATLAB - Simulink.
The method of calculation of digital regulator is worked out on preset parameter of
unalterable part of servosystem and required indexes of quality. Indexes are choose a
maximal overcorrection in transitional description and maximal overload of drive on a
moment in the mode of acceleration. Transformation of continuous transmission function of
regulator is used to discrete. An example of calculation and design results are made.
Keywords: control system, astatism, digital regulator, transmission functions continuous
and discrete, design, transitional description, overload of drive on a moment, indexes of
management quality
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YI[K 519.681.5 Informatics and Mathematical Methods in Simulation
Vol. 6 (2016), No. 4, pp. 347-356

OIITUMIBAIIA METOANKHU KOMIVIEKCHOI'O
OLHIHIOBAHHSA CKUIIAJHUX CUCTEM HA HIJACTABI
ITAPAJIEJIBHUX OBYUCJIEHDb

M.C. Anpxkak, O. 1. lloaimyk, M.I. TroTIOHHUK

[HCTHTYT NMpUKIaaHUX TpobieM MexaHiku i MaTeMaTuku iM. S. C. ITimctpuraua HAH Ykpainu,
Byn. Haykosa, 3-b, M. JIbBiB, 79060, Ykpaina; e-mail: yadzhak ms@ukr.net

B pobori ommcama MeToAWKa KOMIUIGKCHOTO —OIIHIOBaHHS CTaHy Ta  SKOCTI
(YHKIIOHYBaHHS CKIIQJHUX 1€papXidHO-MEPEKEBUX cUCTeM. [l oliepKaHHS aJIeKBaTHUX
OIIIHOK BOHA 3aJly4ya€ BEJIMKY KUIbKICTh XapaKTCPUCTHK Ta MapaMETPiB OLIHIOBAHHS, IO
3arajioM NOTpeOye BUKOHAHHS 3HAYHHX 00CATiB 004MCIeHb. PO3po0iieHO Ta IOCIIIKEHO
MiXOIU IO ONTUMI3AIlil 3aIPOITOHOBAHOT METOIUKHU OI[IHFOBAHHS HAa MiJCTaBi ¢)EKTHBHOT
oprasizanii mapanejnbHUX OOYHCIIEHb. 3anpONOHOBAHO AJITOPUTMIYHI KOHCTPYKLIT JuIst
pearmizaiiii METOIUKH KOMIUIEKCHOTO OIlIHIOBAaHHS HA CYYaCHMX Ta MEPCIECKTUBHUX
OOYHCITIOBAIBHUX CHCTEMaX. 3a3Ha4eHO OCOOJIMBOCTI Takoi peamizallii Ha OaraTosaepHUX
KOMIT'IOTEpax, KIACTEPHUX CHCTEMax Ta Yy BHCOKONPOAYKTHBHUX OOYHCIIOBAaJIbHUX
cepenoBumiax. HaBeneHo neski TEOpETHIHI OIIHKH MPUCKOPEHHS TapajieIbHUX 00UHUCICHb.
Onepxani B poOOTI pe3ydpTaTH MOXYTh OYTH BHUKOPHUCTaHI IS KOMILJIEKCHOTO
OIIHIOBAaHHS CKJIAJIHUX CHUCTEM i3 0araThoX MpeAMETHHUX 00JacTel (TpaHCTOPTHI CHCTEMH,
CHCTEMH 3B’S3Ky Ta €HEprosade3ledeHHs TOI0) Ha IMJCTaBi 3aCTOCYBaHHS CYYaCHUX
MIPOTPaMHHUX Ta amapaTHUX 3aco0iB.

KirouoBi cioBa: ckimagHa cHcTeMa, i€papXiyHa CTPYKTypa, Mepeka, KOMIUIEKCHE
OIIIHIOBAHHSI, MAPAJTICIEHUHA AITOPUTM, ONTHMI3aIlis, IPUCKOPCHHS O0YHCIICHb.

Beryn

3apa3 BUKOPUCTAHHS MapaJeIbHUX OOYUCIICHb € BAXJIMBAM (DAKTOPOM MPUCKOPEHHS
O0YMCITIOBAJILHOTO MPOIECY IiJl 4ac pO3B’sI3aHHs aJrOPUTMIUHO CKIaaHux 3agad [1]. s
e(eKTUBHOI peaiizallii mapajiellbHIX aIrOPUTMIB PO3BUBAIOTHCS, MOIIUPIOIOTHCS Ta CTAIOTh
3arajibHOJIOCTYITHUMH IIpOrpaMHi (MOBH mporpaMmyBaHHs Bucokoro piBHs C, Fortran, Python,
Go, Delphi, Java; cepicu mapanensroro nporpamyBaras MPI, OpenMP, TBB, CSP, CUDA;
010:110TEKM BHMKOHAHHA TapalielbHUX 3aBJaHb TOWIO) Ta amapaTtHi (OararosepHi
KOMIT FOTepH, KinacTepHi cuctemu, mpuckoproBaui NVIDIA GPUs, ciiBnporiecopu Intel Xeon
Phi, posmoxineni oOumcmoBanbHI cepenoBuma [2]) 3aco0u. ['0JIOBHUM HampSIMKOM
00’€THAaHHS BHCOKOMPOAYKTHBHUX OOYHCITIOBAILHUX CHCTEM B YChOMY CBITI Ta B YKpaiHi
30KpeMa € CTBOpEHHs Ta po3BUTOK grid-iHdpacTpykrypu [3]. Binbmicts 00YMCTIOBATBHUX
cucrteM, o0’emHanmx B grid, € kimacrepHoro tumy. OCTaHHIM YacoM 3IIHCHIOETBCS iX
MOJIEpHi3allisd [UISXOM IEepexXoay Ha MPOIECcOpH 3 OUIBIIOI KUTBKICTIO sAep, 3alydeHHS
rpadgigyHuX TporecopiB [4] 1 MPUCKOPIOBAUIB CIICIai30BAaHUX OOYMCIEHb Ta 30UTbIIECHHS
IPOMYCKHO 3JaTHOCTI KOMYHIKaLiHHOT Mepexi, 10 3’ €IHy€e OOUUCIIIOBATIBHI BY3JIH.

Jlo anropuTMIYHO CKJIQJHHMX 3a/ad BiTHOCATHCS 3a/adi OI[IHIOBaHHS CTaHy Ta SKOCTI
(GyHKLIOHYBaHHS CKIAQAHUX iepapxiuHo-mepexxeBux cuctem (CIMC) [5]. ¥V Takux 3amauax
JUTSL OJIEPYKAHHS aJICKBAaTHUX OIIHOK BUKOPHUCTOBYETHCS BEJIMKA KUIBKICTh XapaKTEPUCTUK Ta
napaMeTpiB OIIHIOBAaHHS, IO 3arajoM NPHU3BOJAUTH 10 BUKOHAHHS 3HAYHUX OOCSATIB
o6uncnens. OKpiM 1IbOTO, OIIHIOBAHHS 0araThb0X CHCTEM HEOOXIHO 3I1HCHIOBATH y PEXKHUMI
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peambHOro uacy. ToMmy JuUIsi pO3B’s3aHHS 3TaflaHUX 3a4ad TMOTPIOHO BHKOPHUCTOBYBATH
napaiesibHi 00YHCIICHHS.

Panime HamMu OyB 3ampoNOHOBAHWN TapajelbHO-MIOCTIIOBHUN minxix [6] mmis
onTUMi3arii (3a YacoM) 0OYMCIIEHB 11T Yac JIOKAIBHOTO OIIHIOBAHHSI SIKOCTI (DYHKITIOHYBaHHS
CKJIaJHUX JUHAMIYHUX cuUcTeM. Ha mijncTaBi IbOro MiIXOAY 3arpoNOHOBAaHO e(eKTHUBHI
ANTOPUTMIYHI KOHCTPYKITIT 7151 peanizaiii Ha mapaJebHUX CUCTeMaX 31 CIIUTBHOIO Mam’ SITTIO.
VY mpami [7] po3poGieHo Ta JOCHIIHKEHO AITOPUTMIYHI KOHCTPYKILIi Ui arperoBaHoro
OIIIHIOBAHHS TOBEIIHKH €JIEeMEHTa CHUCTEMH, OKPEMHUX TMIJICUCTEM Ta cuctemu 3araioM. Lli
KOHCTpPYKIIii 30pi€HTOBaHI Ha BUKOHAHHS Ha MapalieTbHUX OOYHCIIOBAIILHUX CHUCTEMax 3i
CHUJTBHOIO Ta PO3MOAUICHOI0 TaM sATTI0. Po3pobneni B [6, 7] miaxoam 10 opraHizarii
napajeIbHUX OOUHCIIeHb J03BOJIAIOTh BPAXOBYBATH pealibHI amapaTHi MOXKIMBOCTI (KIJIBKICTh
OOUYHCITIOBAILHUX BY3JIIB Ta sAep By3jda, 0OcCAr mam’sATi By3/la, MPOIYKTHBHICTh
KOMYHIKaIlifHOT Mepeski TOI0) HassBHOT OOUMCIIIOBATIBHOI CHCTEMH.

Memorw 11i€i pobOTH € po3poOKa MAXOMIB 0 pO3MapajeqtoBaHHsS omucaHoi B [§]
METOAMKH KOMIUIEKCHOTO OIliHIOBaHHA CTaHy Ta skocTi ¢yHkiionyBanHs CIMC, ska
TPYHTYEThCSI Ha pi3HOOIYHOMY, OaratokpurTepiaJibHOMY Ta OaraTropiBHEBOMY aHai3i
MOBEIHKM XapaKTEPUCTHUK iX €JIEMEHTIB Ta MiJICUCTEM.

CkaaaHni iepapxiuHo-Mepe:keBi CHCTEMH Ta 0COOJMBOCTI METOAMKHM iX KOMILJIEKCHOIO
OL[IHIOBAHHS

Posriaamaemo CIMC sik 00°€KT, IO CKIIaJAa€ThCS 13 0araTbOX B3a€MOIIOB’SI3aHUX MiX
co0OI0 €JIEMEHTIB PI3HOTO THUIy Ta NPU3HAYCHHS, MOXE peayli3yBaTH IEBHY KUIbKICTb
pi3HOMaHITHUX (YHKIIIH, a HOTO cTaH 3MiHIOETHCA B Yaci [8]. [lpu oMy dyHKIIIT cucTeMu €
KOMIIO3ULI€I0 (YHKILIN, sIKI MOXYTh peanizyBaTH ii exemeHTH. 3a3Buuail enementd CIMC
00’ €IHYIOTBCSl B MIJICKHCTEMH Pi3HOTO PiBHS CKJIQJHOCTI Ta (PYHKI[IOHAIBHOTO MpPU3HAYCHHS,
YTBOPIOIOYH 1€pAPXIYHO-MEPEKEBY CTPYKTYpy. OCOONMBICTH Takoi CTPYKTYpH IOJSATaE B
TOMY, 110 KO’KHA TIJICUCTEMA IEBHOTO PiBHS 1€papxii MOAIIAETHCSA HA CYKYIMHICTD IMiICUCTEM,
SKI YTBOPIOIOTH MiJAMEPEKYy MEpeKi HU)KUOro piBHS, TOOTO BOHA € CYKYIIHICTIO BY3IIB,
MOETHAHUX pedpaMu, MO SKUX 3MIMCHIOEThCA pyx moTokiB [8]. IIpu 1mmpomy peOpa moBuHHI
3abe3nedyBaTu Oe3NepenIkoiHe MPOXOPKEHHS MOTOKY, a BY3JIH — Horo oOpoOKy. lepapxis
BBOJIUTHCSI HA OCHOBI TPUHIMIIB TMOOYIOBH CHUCTEMHU YIPABIIHHSA, MPOCTOPOBOTO
po3mimeHHst 00’ekTiB  cuctemu Tomo. [lpukmagamu CIMC € Benuki MPOMHUCIIOBI
MIIMTPUEMCTBA, OaHKIBCbKI CHCTEMH, TOPTiBEIbHI MEPEXi, TPAHCIOPTHI CHCTEMH, CHUCTEMHU
3B’A3KY, IOCTaYaHHS Ta KUTT€3a0e3MeUeHHs TOIIO.

OdyeBuHO, IO 13 1€EPAPXIYHOCTI CTPYKTYPH PO3TISAAYyBAaHOI HAMU CKJIAJHOI CHUCTEMHU
BUIUIMBAE MOTpeda y OararopiBHEBUX OILIHKAX: BiJl JIOKAIBHUX, SIKI BU3HAYAIOTh CTaH Ta
SKICTh (DYHKITIOHYBaHHSI OKPEMHUX €JIEMEHTIB, /0 arperoBaHuX, KOJKHA 3 AKUX BH3HAYAE CTaH
ab0o poOOTy OKpeMHX MIJICHCTEM YU CHCTeMHU 3arayioMm. JlJis JOCHiKEeHHS CTaHy Ta SKOCTI
¢ynkmionyBanass CIMC  pospoOnena wmetomuka [8—11], ska BKIOYae JIOKajbHE,
NPOTHOCTUYHE, arperoBaHe Ta IHTEPAKTHBHE OIHIOBaHHA. 3ayBa)XMMO, IO 3rajaHa
METOJMKa MICTUTH III€ TaKi IMOYaTKOBI €Tamnu, sSK Bi0Ip NMEPBUHHHUX JTaHUX (XapaKTEPUCTHK
eneMeHTiB migcucteM nociimkyBanoi CIMC), ix ompaiffoBaHHS 3 METOIO YCYHEHHsS He-
TOYHOCTEH 1 IIyMIB Ta KiHIIEBHI €Tal — Bi3yali3allifo pe3yJbTaTiB oliHoBaHH:A. L1 MeToamka
aJlalTOBaHa JI0 3aCTOCYBaHHsI Ha 3aJII3HUYHIN TpaHCHIOPTHIN cucteMi Ykpainu [12, 13].

[Tix gac mokanpHOTO OIiHIOBaHHS [9] MOCHIIKYIOTHCS XapaKTEPUCTUKH, IO OMUCYIOTh
CTaH Ta (YHKIIOHYBaHHS €JIEMEHTIB cHCcTeMH. Take JOCIIJKEHHS MPOBOJUTHCS 32 MEBHOIO
KUTBKICTIO TMapaMeTpiB Ta KPUTEPIiB, SKI BU3HAYAIOTHCS OCOOJIMBOCTSIMU XapPaKTEPUCTHK
eleMeHTa Ta MeTow  omiHoBaHHs [14]. i  o;epkaHHS — JOKAJIBHUX — OI[IHOK
BHKOPHUCTOBYIOTHCSI METOM aHAII3y MIpH BHXOJy 3HaY€Hb XapaKTEPUCTUK 3a MEXKi o0acTeit
JOMyCTUMHX 3HA4YEHb 3a JIBOMa IapaMeTpaMu. 3ayBaskuMo, 10 apaMeTpH, SKi TPYHTYIOThCS
Ha PIBHOMIPHINA METPHIII, JO3BOJISIFOTh BIICTE)KYBATH OKPEMI «ITIKW» Ta 30ypEHHS Y TIOBEIHIT
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JIOCIIJKYBAHOI XapaKTEpPUCTHKU Ta ii MOXIAHUX, a TapamMeTpH, II0 TPYHTYIOThCS Ha
CepeIHbOKBAJPATUYHIN METpHIll, J03BOJSIOTh BHU3HAYaTH Yy3arajlbHEHE 3HAUYEHHS BUXOAY
XapaKTEepPUCTHKN 3a MEXi 00JacTi JOMyCTUMHUX 3HAaueHb. 3a KOXXKHUM 13 MapaMeTpiB
(bOpMYIOThCSl YTOUHEH1 OaTbH1 OIIHKY MTOBEIIHKH BiJMOBITHOT XapaKTepucTukH [15].

[IpornocTuyHe OIiHIOBaHHS JO3BOJISIE MPOTHO3YBATH CTaH Ta SKICTh (DYHKIIOHYBAaHHS
enemenTiB ab6o mincucteM CIMC Ha KOpOTKO- Ta JOBTOCTPOKOBY TMEepCHEKTHBY [9].
PesynpTati TaKoTroO OIIIHIOBAaHHS XapaKTEPUCTHK €JIEMEHTa MOXYTh PO3TJISIIATUCS SIK
CKJIQJIOB1 JIOKQJIBHOTO OIIIHIOBaHHS. [Ipy IbOMY POTHO3YBAaTHUCS MOXKYTh SIK CaMi OIlIHKH, TaK
1 TIOBe/IiHKAa XapaKTePUCTHUK €JIEMEHTIB cUCTeMU. [IpOrHOCTHYHUI aHalli3 yTOUHEHHX OLIHOK
J03BOJIIE BU3HAUYUTH MOMEHT 4Yacy, KOJIM TMOHSTIMHA OIliHKAa 3MEHIIUTHCS Ha OJUHUIO 32
TOTO X PEXKUMY eKCIUTyaTallii Ta 3a BIZICYTHOCTI (paKkTOpiB, SIKi MOKYTh Pi3KO MOTIPIIUTH CTaH
abo0 sAKiCcTh (DYHKIIIOHYBaHHS €JIEMEHTa CHCTEMH. Te€pMiH KOPOTKOCTPOKOBOTO IPOTHO3Y
IPUPOIHO OOMEKYBATH YacOM HACTYIHOTO IUIAHOBOTO JOCIIIKEHHS OILIHIOBAaHMX 00’ €KTiB.
[Tpoueaypa KOpOTKOCTPOKOBOTO MPOTHOCTHYHOTO OI[IHIOBAHHS MOBEIIHKH XapaKTEPUCTHKU
€JIEMEHTA TOJIATAa€ Y MPOTHO3YBaHHI i MOTOYKOBHUX 3HAYEHb Ta 3/IHCHIOETHCS 32 JIOTIOMOTOIO
eKcTpanoJsLiiHoro mgxony. i JOLINEHO NPOBOAMTH NMINE A TMX XapaKTEPUCTHUK, I
SIKUX OJICp’KAaHO HETaTHMBHUM TMPOTHO3 OIIIHKM HAa MOMEHT HACTYIHOTO TUIAHOBOTO
nociipkeHHs. lle mo3Bossie 3aBUacHO YCYHYTHM TOTEHIIIHI PU3WKHA CTaHy abo Tpolecy
(YHKLIOHYBaHHS €leMEeHTa CUCTeMH. J[IsI JTOBrOCTPOKOBOTO TPOTHO3YBaHHS, 1O SKOTO
3aJTy4ar0Th JIEKIJIbKa MEPioJIiB MIAHOBUX JOCTIIKEHb Ta yIOCKOHAJIEHHS MICIs HUX 00’ €KTiB
CUCTEMH, BUKOPUCTOBYETHCSI arapaT YaCOBHX PSIIIB.

ArperoBaHe OITIHIOBaHHS 3JIINCHIOETHCS 3 METOKO y3arajlbHCHHs JIOKAJbHUX OIIHOK,
TOOTO OJepXaHHSA BUCHOBKIB MIPO CTaH Ta SKICTh ()YHKIIOHYBAaHHS IiJICUCTEM Pi3HUX PiBHIB
iepapxii Ta cuctemu 3araigom [10]. Lli BUCHOBKM OAEPKYIOTHCS Ha IiJICTaBl TPhOX IiAXOIB.
3rigHo 3 TEpIIUM TMiAXOAOM SKICTh CHCTEMH BH3HAUYAETHCS SKICTIO 11 «HAWCIAOmIoro»
enemenTa. Lle¥ minxin BUKOopucToByeThes M vyac oriHoBanHa CIMC, B skux 3001 B poOOTi
€JIEMEHTIB MOXXYTh MPHU3BECTH 10 BUXOIY 3 JIady OKpeMHUX mijgcucteM abo Bci€i cuctemu
3arajioM. 3a JpyruM IMiJXOJIOM Yy3arajJbHEHUH BHCHOBOK OJIEPKYETHCS 3a JOIOMOTOIO
3Ba)KEHOI JIIHIHHOI arperarii OIIIHOK €NEMEHTIB 3 YpaxyBaHHSM iXHBOI NPIOPUTETHOCTI.
[IpiopUTeTHICTh BU3HAYAETHCS BIAMOBIIHUMH BaroBUMH KoeQilliEHTaMH, SKi MOXYTb OyTH
Hamepen 3agaHuMH  (BimomMumH) Uit 00’ektiB  gocmimkyBanoi  CIMC, nerko
BCTaHOBIIIOBATHCS, BUXOJSYM 3 OCOOJIMBOCTEH CHUCTEMH Ta METH OLIHIOBaHHS, a TaKOX
MOXYTh (OpMyBaTHCS Ha TiACTaBl 3amydeHHs (OMUTYBAHHs) EKCIEPTIB 13 BiJIMOBIIHOI
npeaMEeTHOI 001acTi YHACHIOK BHKOPHCTAHHS PO3POOJICHHX MporpaMHUX 3aco0iB [16].
OCHOBHHM HEIOJIKOM I[LOTO MIIXOAY € HIBEIIOBAaHHS SK MO3UTHBHHUX, TaK 1 HETAaTHBHHX
OIIiHOK. bimbmn anmexkBaTHUN 10 MIMCHOCTI pe3yibTaT OJIEPKYEThCS Ha TMIACTaBI TPETHOTO
HiAX0y, KU BUKOPUCTOBYE HENiHIMHY arperamito. ['0JOBHUM HEIOJIKOM, SIKMH CYTTEBO
00MeXye 3aCTOCYBaHHS IOTO ITAXOMY JJIsl OIIHIOBAHHS SIKOCTI CUCTEMH, € CKIIAIHICTh ypa-
XYBaHHS MPIOPUTETHOCTI 00’ €KTIB, SKi 1i YTBOPIOIOTH. BpaxoBytoun OCHOBHI MiAXO0/M, HAMHU
po3po0bieHo TiOpuaHuii Meroxa arperarii [17], skuii MoegHye MepeBard METOJIB 3BaKEHOI
niHiMHOT Ta HeniHiHOI arperatii. BctaHOBIEHO, 10 1€ METO/ T03BOJISIE OACPKYBATH OUTBIII
aZIcKBaTHI Ta OOTPYHTOBaHI BHUCHOBKH TPO CTaH 1 SKICTh ()YHKIIIOHYBaHHS CHCTEMH Ta
OKpEeMHX 11 MiICUCTEM.

IaTepakTHBHE OIiHIOBaHHSA € e(PEeKTUBHUM 3aco00M HENEPEepPBHOTO MOHITOPHUHTY
nporecy GQyHKIIOHYBaHHS CHCTEMH Ta JI03BOJISIE HA TIJCTaBl B3a€EMOIii OKpEeMUX ii eeMeHTIB
a0o0 TICUCTEM BYACHO BHSIBUTH TaKi 3 HUX, CTaH Ta SAKICTh (QYHKIIOHYBAHHS KX BUKJIHKAE
cepiiozHi 3actepexkeHHs [11]. Meronu Takoro OIIHIOBAHHS JIO3BOJISIFOTH BYAacHO (/10
HACTYITHOTO TIJIAHOBOTO OTJISAY) BIJCTEKYBAaTH 00 €KTH CHCTEMH, CTaH SIKMX HAOIHKAETHCS
70 «HE3aJ0BUILHOTO», Ta OINEpaTHMBHO pearyBaTH Ha BusABIeHI Henmomiku. Ilix wyac
IHTEPAaKTUBHOTO OIIHIOBAaHHS OYAYIOTHCS JIOKAJIbHI Ta arperoBaHi OINIHKH JOCIIKYBAaHUX
00’exTiB. Ha mizncTaBi MX OLIHOK JOUUIBHO OYyAyBaTH NMPOTHOCTHYHI 1HTEPAKTHBHI OIIHKH,
10 J03BOJISIIOTH BYACHO BUSIBUTH Ta YCYHYTH 3arpo3H, HE mepeadavyeHi MpoTrHO30M, 3/1HCHe-
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HUM Ha OCHOBI PETYJISIpHUX IUIAHOBUX JOCHIJIKEHb, CBOEYACHO KOPETYBaTH TaKHi MPOTHO3 i
TEPMIiHM TIEpEBIpKM Ta yaockoHalmeHHs okpemMux o0’ektiB CIMC. 3ayBakumo, 110
OLIIHIOBAaHUMHU 00 ’€KTaMH CHCTEMH B JaHOMY pa3l € TOTOKH, HUISXU IX HPOXOJKEHHS
MEpEKEI0, a TAKOXK OKPEeMi BY3JIH Ta pedpa Mepexi.

3a3HauMMoO, IO TiJ dYac OIIHIOBAaHHS pE3yNbTaTiB IUTAHOBUX jnociimkeHs CIMC
HEOOXI1THO OMpaIfOBaTH JOCUThH BEIUKI OOCSATH JaHHX, SKI HAAXOIATh 3 0araThoX JKEpel
yepe3 3alaHi MNPOMDKKM dYacy, a TMiJ Yac OIIHIOBaHHS pe3yJbTaTiB HeIepepBHOTO
MOHITOPHHTY HEOOXITHO OIpaIbOBYBaTH BEJIMKI OOCATH JaHHX, SIKI HAAXOIATH 3 MEHIIIOi
KUTBKOCTI JKepen (TIOPIBHSHO 3 INIAHOBUMH JTOCIIKEHHSIMH) HETIEPEPBHUM ITOTOKOM.

Oprasxizauis Ta cnoco0u peaJiizamii napajeJbHUX 004YUCIEeHb

Ha mincraBi mpoBeneHNX momnepeaHix gocmipkens [18] Oymno 3po6ieHo BUCHOBOK, IO
omycaHa BHUIIE METOAMKAa KOMIUIEKCHOTO OIIHIOBAHHS CTaHY Ta SKOCTI (DYHKIIIOHYBaHHS
CIMC Bozozie 3HaYHMMM pe3epBaMH ONTHMi3alii 3a 4yacoM 1 Moxe OyTh e(peKTUBHO
peanizoBaHa Ha CyYacCHMX OOYHMCIIIOBAILHUX CHUCTEMax CYMEpKOMII foTepHOro kimacy [1, 3,
19], sxi cramum OUTBII JOCTYITHUMHU JUIsi BUKOPHCTAaHHSA. TOoMy HaMHU 3alpOIIOHOBAHO
3arajJbHUAN MAX1a A0 onTUMizallii oouncnens. Lei minxin nependayac BUKOHAHHS HACTYITHUX
KPOKIB:

B1J101p MEPBUHHUX JTaHUX, HEOOX1THUX JIJIS OI[IHIOBAHHS;

HIOTIEPETHE OTPAIFOBAaHHS B PEXHMI PEabHOTO Yacy NEPBUHHUX JaHUX;
po3mnapayientoBaHHs 00UnCcIeHb Oe3MocepeHBO i1 Yac OIIHIOBAHHS;
3pO3yMiTy KiHIIEBOMY KOPHCTYBauy Bi3yalli3allilo pe3ysIbTaTiB OLIiHIOBAHHSI.

[Tepmmit kpok mosisirae B 3a0e3MeYeHH] BUCOKOI IMIBUIKOCTI TOCTYIUICHHS TIEPBUHHUX
JaHUX IIJIIXOM BUKOPUCTAHHS HOBITHIX TEXHIYHUX Ta MPOTPAMHUX 3aC001B, SKi 31HCHIOIOTH
ix B1101p, Ta KOMYHIKAI[IWHUX TEXHOJOT1M.

Jlns peamizamii Apyroro KpOKy HaMH 3allpONOHOBAHO HHU3KY BHUCOKOMAapaleIbHUX
anroputmiB udposoi dimeTparii qanux [20]. Lli anropuTMu opieHTOBaHI Ha peanizailiio Ha
KBa3ICHCTONIYHUX CTPYKTypax, sIKi MOXKHA pO3IIIAAATH sK TMOTEHIHHI NPUCKOPIOBayi
CreIiagi3oBaHUX 00YHCIIEHB JUTSl KJIACTEPHUX CHCTEM.

Tperiii Kpok € HAHOUIBIIT EMKHUM 1 BKJIFOYA€ OJIHOYACHE (TTapalieTbHe) BUKOHAHHS OJIOKIB
13 TAKUX CYKYITHOCTEH:

1. JlokanbpHe OI[iHIOBAHHS MOBEAIHKH 71 XapaKTEPUCTHUK, 10 OMHUCYIOTh CTAH €JIEMEHTIB

cucremu (6noku X7, X5, ..., X));

2. JlokanpHe  OIIIHIOBaHHS  TOBEIIHKA /M  XapaKTePUCTHK, IO  OMHCYIOTh

dynxiionyBanns eneMenTis cuctemu (6moku X, X7, .., X/);
3. OuiHIOBaHHS CTaHy 7 eJeMeHTIB cucteMu (Osoku Sy, S5, ..., S7);
4. OuninroBanus crany s niacucrem CIMC (6moku S/, S7, ..., S7);

5. OmiHoBaHHA  fSKOCTI  (QYHKIIIOHYBaHHSA ¢  €JeMeHTIB  cucteMud  (OJOKH
K F, .., F));

6. OmiHnoBanHa  sKocTi  (yHKImionyBanHs u  migcuctem  CIMC  (6moku
Fr,F), .., FP);

7. llporHo3yBaHHsI MOBEIIHKU 7, IOTOYKOBUX 3HAYEHb XAPAKTEPUCTUK EJIEMEHTIB
(bnoku X, X,,..., X, ), n nokanpnux (6moku L, L,, ..., L, )1 n, arperoBanux (61a0Kku
4, 4,, ..., A, ) OUIHOK PI3HOTO CTYIICHs 3aralbHOCTI;

8. IHTepakTHBHE OIIHIOBAHHS MpoIecy (YHKIIIOHYBaHHS V €IEMEHTIB cucTeMHu (OJI0KH
e e ey.
15,15, ..., I));
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9. IutepakTHBHE OIiHIOBaHHS mpouecy (pyHkuionyBanus w niacuctem CIMC (6iokxu
', 17, .., IY);
10. IIporHo3yBaHHS m, IHTEpaKTUBHUX OLIHOK (Onoku [, I,, ..., I o );

11. OuintoBanns ctany (6ynok S), sskocTi QyHKIioHYBaHHS (050K F) Ta iHTEpaKTUBHE
orintoBanHs (610K /) CIMC.

3aneXHO BiI THUNY CKJIQJHOI CHCTEMHM Ta KIHIIEBOI METH OIIHIOBAaHHA MOXYTb
pO3MIISIAaTUCS BC1 a00 JIMIIE IEsKi 13 HaBEJCHUX BUINE CYKYITHOCTEH OJI0KiB oOuncieHs. [Ipu
oMy B Habopax 7 Ta 11 MOXyTh po3risiiaThcs K yci OJOKM, Tak 1 JUIIE JesiKi i3 HUX.
3ayBa)kUMO, 1110 JIJIs1 KOKHOTO 13 HaBEACHUX BHUIIE HAOOPIB OJIOKIB OOYHCIICHD 3/IIHCHIOETHCS
KpYIHO3epHHUCTE (KpyMHOOJI04YHE) po3napanemoBanHa [21]. Y 1mpomy pasi anropurm
00YHCIIEHD € CYKYITHICTIO 3araJiloM MOBHICTIO aBTOHOMHHX 200 ¢l1a003B’s3aHUX MapaJIeIbHUX
T'JIOK, KOJKHA 3 SIKUX Ma€ 3Ha4Hui obcsr. Tak, s Habopy OJ0KiB 1 Takuii anroputM MoXKHA
GbopMaIbHO OMHUCAaTH, BUKOPHCTOBYIOUM TNPUMITHBU fork, join (Taly)K€HHs, 3JIHUTTS), 3a
JIOTIOMOTOI0 KOHCTPYKIIiT

fork (X}, X5, ..., X)) join. (1)

st HaGopiB 7 Ta 11 BiAmoBiaHI mapajienbHl alTOPUTMU OOYHCIICHh MOYKHA OIHMCATH 3a
JIOTIOMOTOF0 KOHCTPYKIIiH
Jork (X, X,y s X, s Ly Lyy ooy Ly A Ay, ooy 4,)) join (2)

n 2
Ta
fork (S, F, I) join. 3)

AHQJIOTIYHO MOJKHA 3alUcaTh  aJrOPUTMIUHI KOHCTPYKUii JAJs mapaneiabHOro

BUKOHAHHS OJIOKIB pPeIITH HaOOpiB OOYUCIICHB.
3a3HayMMoO, IO 3aJIKHO BiJ METH OLIHIOBAaHHS OKpeMmi HaOopu OJOKIB MOXYTb
BUKOHYBAaTHCS OJHOYACHO, sIK, Hampukian, 1 ta 2; 3, 5 ta 8§ a6o 4, 6 Ta 9. AnropuTMmiuHa
KOHCTPYKIisl TapajieIbHOro BUKOHAHHS HaOopiB 4, 6 Ta 9 65I0KiB 00UKCIIEHb MAaTUME BUTJISIL
fork (S}, Sy, ..., S', B FE), ., FF

P qpr PN i
LIl 1Y, L 1Y) join . 4)
VY pazi, ko npocmipkyBaHi miacuctemMu CIMC ¢dhopmyroThesi BHKIIOYHO Ha 0asi
OI[IHIOBAaHUX €JIEMEHTIB, OMUCAHMUX BiJIMOBIAHIUMH XapaKTepUCTHKaMU, TO Habopu 1, 3 ta 4; 2,
5 ta 6 a0 8 Ta 9 GJOKIB NMOBUHHI BUKOHYBAaTHCh y TOCTIAOBHOMY PE&XHMIi, a BIAMOBIAHA
QITOPUTMIYHA KOHCTPYKIIISA JUIs 3ralaHOl APYTroi TPIHKU HAOOPiB MATUME BUTJIIS:

fork(Xl-/, X-Z/, . X;Z)join ,
fOI”k(Fie, 269---9qu)j0in7 (5)
fork (K, Ff, ..., Fl) join.

Bukopucranus Oyap-sxoi i3 KoHCTpyKUii (1)-(5) € HaliOnb eeKTUBHUM Yy pa3i, KOJIU
o0unCIIOBAJIbHA CKJIQJHICTh OJIOKIB, SIKI BOHa 00’€qHYye, € TpHOIW3HO OJHaKOBOO. Ha
NpaKTUIl, mig yac pociipkeHas peanbHux CIMC, 1s ymoBa epeKTUBHOCTI MOXKE HE 3aBXKAH
BUKOHYBAaTHCh. TOMYy Ha 0a3i TAKUX aJITOPUTMIYHUX KOHCTPYKIIIHA MOTPIOHO CTBOPIOBATH HOBI

NUIIXOM 00’ €qHaHHS OJIOKIB 3 MEHIIOK OOYMCIIOBAIIBHOIO CKJIQJHICTIO B OJHMH (JICKLIbKA)
HOBUX 0JI0KIB 200 >k opMyBaHHSI aOCOFOTHO HOBHUX OJIOKIB 0OUHCIICHB.
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[Tpumyctumo, 1m0 4ac BUKOHAHHS OOYHUCIEHb y KOXKHOMY i3 OnokiB X, X5, .., X
JOPIBHIOE BIANOBITHO £, t,, ..., t, . Toxl ans peamizanii koHCTpyKuii (1) moTpiben yac

1O =max{t,, t,, ..., t,}.

par
[Tpu 1bOMYy BUKOHAHHS 3TaJjaHUX OJIOKIB OOUYMCIICHD Y MOCIIIOBHOMY PEXUMI IOTpedye yacy

D =ttt

seq n
OTxe, IPUCKOPEHHS MapaleTbHUX 00unciIeHs 3a (1) MokHa 00UHCITUTH 32 HOPMYIIOI0

SO =(t,+t,+ ... +t,)/max{t, t,, ..., 1} .

> "n

V pa3si, KoJau BUKOHYIOTBCSI PIBHOCTI

OTPUMYEMO, L0
M _ —
SY =nt,/t,=n.

Orxe, y bOMy BUNaaKy npuckopenHs S HaGyBac CBOro ONTUMAIbHOTO 3HA4YEHHS. TyT
BBAXXAEMO, IO MDK OJIOKaMH OOMiHIB HeMae abo0 iX KIUJIBKICTh € HE3HAYHOK 1 BOHU HE
BIUIMBAIOTh HA IIBUIKICTh BUKOHYBAaHMX OOYMCIEHb. AHAJOTI4HI MIpKyBaHHS MO>KJIMBI
CTOCOBHO KOHCTPYKITiH (2)-(4).

o & cTOCy€eThCS aNTOPUTMIYHOT KOHCTPYKIIiT (5), TO CIijl 3a3HAYUTH, 1110 OLIHFOBAHHS
ene-MeHTiB Ta miacuctemM CIMC Moke 37iHCHIOBATHCh Ha PI3HUX PIBHIX i€papxii 1 mpHu
IOMY HEOOXi/IHO BpaXxOBYBATH 4Yac, 1[I0 BUTPAYAETHCS HA Mepeady pe3yabTaTiB OI[iHIOBAaHHS
€JIEMEHTIB.

BpakacMo, 10 Yac BUKOHAaHHA KOXHOro i3 OmokiB X/, X/,...X! nopisnioe

BiNNOBiNHO 7, %, ..., 1,, OmokiB F°, Fy,.., F,— Bignosimwo 14,4, ..,7,, a OIOKiB
F?, Ff, .., FF—BiANoBigHoO 1, f,, ..., t, . TOJl 4ac BUKOHAHHS KOHCTPYKIIi (5) ckiane
5 ~ o~ ~ —_ —_ —_ = = =
o =max{, b, ..., [,} + maxif, b, ..., [,} + max{f, b, ..., ,} + T2, ,
ne TP =max{T. T2 . ..,T¢ }\ T' —wacmepenadi pe3yabTaTy OLIHIOBAHHS i-TO €IEMEHTA.

BukonanHns 3rajanux 6J0KiB OOYMCIICHD Y TIOCIIIOBHOMY PEKHMI MOTpedye acy

1) =(G+5+ AT )+ + 41 )+ (G + 41+ T,

seq

Tyt 7, — 4ac mepenadi pe3yJbTaTy OILIIHIOBAHHS €JIEMEHTA, L0 JOCTIIKYEThCSI OCTAHHIM.

BBaxkaemo, 110 nepegavya pe3yabTaTiB OIIHIOBAHHS PEINTH €JIEMEHTIB € CyMillleHa 13 BlacHe
OLIIHIOBAHHSIM KOXXKHOTO HACTymHOro enemeHTa. OTxe, TNPUCKOPEHHS MapajelbHUX
o0uucieHs 3a (5) MokHa OOUUCITHTH 32 (OPMYIIOI0

SO = (G +h+ e + 1)+ (G +Ey + oo +1) + (G +Ey + o +1,) + T3, ) (max{h, 5, ..., T} +

+maX{fla fZa 9fq}+max{fla fZ’ 9Zzt}+Tcgm) .

352



[HOOPMATHUKA TA MATEMATHUYHI METO/I1 B MOJEJIFOBAHHI = 2016 = Tom 6, Ne4

SIKII0 5K BUKOHYIOTBCSI PIBHOCTI

~
-
~
Il
SHI
Nl
Il
~
(=]
=
o
'_‘N
N
(38
Il
~
Il
~
(=}
-

=

OTPUMAEMO, 1110

V(G +1, +1, +T2,).

com

SO = (mly + gty +uty +T:

com

V pasi L =f,=f,=t" 1a T’ =at' T =pt', a,f R maemo Taky QopMyTy I

com com

TIPHCKOPEHHS:
S =(m+q+u+ P (B+a))=(m+q+u+p)/(3+a).

To6t0, 3a ymoB & = 3 =0 npuckopenns S HabyBae CBOro ONTUMAIBHOTO 3HAYECHHS.

3a3HaYMMo, IO MiJ Yac PO3pPOOJIEHHS aJTOPUTMIYHUX KOHCTPYKIIHM JUIsl TOCIIIKEHHS
00’extiB peambHnx CIMC motpiOHO 3BakaTh 1 Ha OOCAT JOCTYMHUX OOYHCITIOBATBLHUX
pecypciB. B ineanbHOMY BUNAAKY KiTBKICTH MapajieIbHO BHKOHYBAHHUX OJIOKIB OOUYMCIIEHB
(mapanenpbHUX TUTOK) IMMOBMHHA JIOPIBHIOBATH KUIBKOCTI JOCTYITHUX MPOIECOPHUX €JIEMEHTIB
(anep) abo OOUMCITIOBATFHUX BY3JIiB HAsBHOI MapayielbHOI cUcTeMH. JIuie 3a Takux BUMOT
JI0 pe3yJIbTYIOUUX KOHCTPYKIIIH MOKHA OUIKYBATH, IO iX peajti3allis Ha Cy9acHUX JIOCTYITHHX
o0umCIIIOBAILHUX 3aco0ax [22], Oyae 10Boui e(heKTHBHOO.

[Topsin 13 omepkaHHSAM aJeKBAaTHUX KITbKICHUX OIIHOK Il 00’ekTiB CIMC He MeHIn
B)XXJIUBOIO € Mpobiema Bisyaniszamii pe3yabTariB olliHIoBaHHA. JlJist 11 BUpILIEHHS pO3pO0IIeHO
opuriHanbHI miaxoau [9-11], ski 703BONSAIOTH TOOAYUTH HE JIMIIE KUIBKICHY, ajie W SKICHY
kaptuny. [Ipu npomy cama Bisyamizamis MOXKe 3JIHCHIOBATHCh y PEXHUMI PEaTbHOTO 4Yacy
OJIHOYACHO Ha JIEAKIN KiJTBKOCTI MOHITOPIB, MAKIIOYEHUX J0 OOYHCIIOBAILHOT Mepexi ado
okpemoro ii By3na. OTxxe, 0IHOYaCHO MOKHA OJICpXKYBaTH Ta aHANi3yBaTH 3HAYHY KiIbKIiCTb
SAKICHO1 1H(OpMAIIii MPo CTaH Ta SAKICTh (PYHKI[IOHYBaHHS €JIEMEHTIB, IMIJCUCTEM Ta CHUCTEM
3arajiom.

J7is MoanbIIoro 3MEHIICHHST Yacy OOYHCIICHb € MOKJIMBICTh 1X PO3MapajieltoBaHHs Y

MeXaxX KOXKHOTO i3 BUJIINIEHUX BHIIE 6IOKiB X' (i=1,n), X jf (j=1m), Se(k=1,r), SP(I=1,s),
Fi(m'=1q), Ff(n'=Lu), X,('=Lny), Ly(j'=Ln), Au(K'=Lny), I;(I'=1v), 17 (j,=Lw),
1, (j, =1,m,) , BAKOPHCTOBYIOUH MIXOH, TETABHO OMUCaHi y mpausx [6, 7].

3anexxno Bix cTpyktypu CIMC ii mocmipkeHHS MOXKHA TPOBOJUTH 3 JOMOMOTOIO
PO3TIISIHYTUX BHIIE aJTOPUTMIYHUX KOHCprKI.IlI/I Ha pi3HUX OOYHCIIOBAIBHUX 3aco0ax,
MOYMHAIOYN BiJ 0ararosiepHUX KOMITIOTEPIB 1 3aKIHYYIOYM BHUCOKOIPOTYKTHBHUMU
OOUYHCITIOBAIBHUMHU  cepelioBHINaMH.  J[7s  OIIHIOBaHHS  HU3KHM  CHUCTEM  (aBTO-,
EIEKTPOTPAHCIIOPTHA CUCTEMH Ta CHCTEMH Tra30-, BOJIO- 1 €HEePronoCTa4aHHs MiCTa, BEIHKI
MPOMHCIIOBI ~ MIANPHEMCTBA  TOMIO), e€JIeMeHTH (TJACUCTEMH) SKUX  PO3TaIloBaHi
TEpUTOpiaJIbHO HA HE3HAYHIM BIJCTaHI OJUH BiJ OJHOTO, JOCTATHHO BHKOPHCTATH Cy4yacHi
Oararosi/iepHi KOMIT I0TepH (JICKIIbKA siIep MPAIfO0Th HaJ CITUIBHOIO ITaM’SITTIO ), TTIKITIOYEH]
JI0 JIOKaJIbHOI Mepexi, abo X KiacTepu (JeKUIbKa OOYMCIIOBAJIBHHUX BY3IIB, 3’€JHAHUX
BHCOKOIITBUJIKICHOIO KOMYHIKAIIITHOIO MEPEKEI0, a MaM ATh PO3MOoAlIeHa MK HUMH). [Ipu
IIbOMY JIJIS1 KOKHOT JTOCIIJKYBAHOI CHCTEMH 3aJIeKHO BiJl HEOOX1HOTO 00CsTy Ta CTPYKTYpHU
BUKOHYBAaHMX OOYMCIICHb MOXHa 3ajJydaTd 3aco0M BIJMOBIIHOT TPOJYKTUBHOCTI Ta
apxitektypu. OTKe, TakKWil MTiAXiJ T03BOJISIE TPOBOJUTH OINTHUMI3AIIID OOYHCITIOBATBHIX
3aco0iB TiJ KOHKpPETHY 3adady (Kjiac 3amad), TOOTO (haKTUYHO 3MEHIYBAaTH BapTICTh
OI[IHIOBAHHS CUCTEMH.

VY pasi, xonmu enementu (miacuctemu) CIMC e TeputopiaibHO pO3TalIoOBaHl OJUH Bij
OJIHOTO Ha 3HAYHIN (IECATKH, COTHI Ta THCS4i KIIOMETPIB) BiJICTaH] (HAIPUKIIA[, 3aJIi3HAYHA
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TPAHCIOPTHA CHUCTEMa Ta CHCTEMH €HEpro- i ra3ornocTayaHHs KpaiHu), TOIl A e(peKTUBHOI
peanizaiii METOIUKH KOMITJIEKCHOTO OI[iHIOBaHHS Ha 0asi 3ampONOHOBAHUX aJTOPUTMIYHUX
KOHCTPYKILIA HEO0OXiHO 3amydaTH (OpraHi3oBYBaTH) BUCOKOIPOAYKTHBHE OOUYHMCIIIOBAJIbHE
CepeloBHUIle. 3arajioM, TaKe CEpPeIOBHUIINE CKIATAETHCSA 13 TEPUTOPIATBLHO PO3MOIIIEHUX
O0YHCITIOBAIFHUX BY3JiB, 3 €IHAHMX KOMYHIKALIHHOIO Mepekero, 1 MOBHICTIO BigoOpaxae
CTPYKTYpY (3a3BHUUail i€epapXivuHy) TOCIIPKYBaHOI CUCTEMHU. 3TrajlaHe CEepeJIOBHINE TTOBUHHO
BOJIOZITH HU3KOK TaKUX BJIACTUBOCTEH: PO3MOJICHICTh, HEOAHOPIIHICTh, TUHAMIYHICTD,
HaJIiHICTh, MacmTabHICTh [2, 23]. 3ayBaxumo, IO MiJg Yac BUKOPUCTAHHS BHCOKOIPO-
JTYKTUBHOTO OOYHCIIOBAJIBHOTO CEpEIOBHIA OCOOJIMBA yBara MPHIUIIETHCS 3a0€3MEUSHHIO
HaJIeKHOT TPOITYCKHOI 3IaTHOCTI KOMYHIKaIIiHOI Mepexi. [Ipu 11boMy vac, 1mo BUTpadaeThCs
Ha OOMiHM, HE MOBHMHEH BIUIMBATH Ha IIBHIKICTh BUKOHYBaHHUX oOuucieHb. Haimpocrime
IIOT'0 MOKHA JOCSATTH, CYMICTUBIIIM BUKOHAHHS OOYMCITIOBAIPHUX Ta OOMIHHUX omepariii. Y
MOpiBHIHHI 3 TpajuniiauM grid [3] oOMiH JaHUMH B TaKOMY CEpEIOBHII Ta JOCTYI A0 HOTO
PECYPCIB € TIOBOJII OOMEKEHUM 1 PETJIAMEHTYETHCS JOCUTh CTPOTHUMH MIPABUIIAMH. 3a3HAYUMO,
0 B JIaHOMYy pa3i € MOXIUBICTh BHOOPY ONTUMAIBHUX KOH(DIrypamid s BY3JiB
00YHCITIOBAILHOTO CEPEIOBUINA Ta KOMYHIKAIIITHOT MEPEXi, 10 CYTTEBO 3MEHIIY€E BapTICTh
BUKOPHCTOBYBAHOTO O0JIaIHAHHS, a, OTXKe, 1 BapTIiCTh mporecy omiHoBanHs CIMC.

BucnoBok

Y poOoTi BUAUIEHO OCHOBHI XapaKTepHi OCOOJMBOCTI CKIJIAZIOBUX METOJHKH
koMruiekcHoro oninroBaHHg CIMC Ta po3misiHyTo miaxoau 10 ii onmTuMizallii 3a 4acoM Ha
nigcraBi eheKTUBHOI opraHizalii napaneirbHUX OOYMCIIeHb. 3alPOMOHOBAHO Ta JOCIIIHKEHO
ANTOPUTMIYHI KOHCTPYKII JJIi BHUKOHAHHS I[i€l METOMWKHM abo0 OKpeMHux ii YacTHH.
OOroBopeHO MOXKIIMBOCTI peajizalii 3raJlaHuX KOHCTPYKIIM Ha Cy4acHHX 1 MEPCIEeKTUBHUX
napajieIbHIX 00UHCITIOBAIBHUX 3aco0ax. HaBeeHo /esKi OmiHKYA MPUCKOPEHHS MapaieIbHIX
obunciens. Onep:kani y JaHiii poOOTi pe3ylbTaTH € J0BOJI YHIBEpCATILHUMH 1 MOXKYTh OyTH
BHKOPHCTAHI ITi/1 Yac OILIHIOBaHHs CTaHy Ta sIKOCTI ¢yHKioHnyBaHHs CIMC pi3HHX TUTIB Ta
NPU3HAYCHHS, 30KpEeMa, TPAHCIOPTHUX Mepex, (piHaHCOBMX Ta OaHKIBCBKUX YCTaHOB,
TOPTIBEIBHUX MEPEXK, MEPEK KUTTE3a0C3MEUCHHS] OKPEMHX MICT Ta IUIMX PETiIOHIB TOIIO.
3anpornoHOBaHO OKPEMi CIIOCOOM 37CIIEBICHHS MPOIIECY OLIHIOBAHHS CUCTEM Ta iX 00 €KTIB.
Po3pobiieni B po0OTI Miixoau A0 po3mapajieTtoBaHHSI METOIUKH KOMIUIEKCHOTO OI[iHIOBaHHS
CUCTEM JI03BOJISIFOTH BUKOPHCTOBYBATH IS 11 pealizaiii He JTUIe 004nCIIOBaIbHI CUCTEMH 31
CHipHOIO (OaratosyiepHi KOMIT'FOTEPH) Ta PO3MOMAUICHOK (KJIacTepd, OOYMCITIOBAIBHI
CepeqoBHINa) TaM’ ATTI0, ajne 1 3acobu 3 TIOPHIHOI apXiTeKTyporo (KiIactepu, IIo
00’eqHYIOTh OaratosiiepHi CHCTeMH, 13 3alnydeHHsSIM rpadiyHux [24], CHCTOJIYHUX,
KBa3iCUCTONMIYHUX [25, 26] Ta IHIIMX MPOILECOPIB IS IIBHIKOTO BHKOHAHHS CICIiaTbHHIX
00YHCIICHB ).

[Tomanpr cBOI AOCTIIKEHHST aBTOpH BOAYalOTh B aJarTallii 3alporoOHOBaHUX MiTXOIIB
JUTSL TOCTI/DKEHHS PEaIbHUX CKJIAJIHAX CHUCTEM 1 B PO3poOIll BIAMOBIAHUX MPAKTHIHHUX
peKOMeHAallill CTOCOBHO MOKJIMBOCTEH JIOCTYIHUX MPOTPAMHUX Ta 00CATY 1 apXiTEKTypH
BHUKOPHCTOBYBAHHX alrlapaTHUX 3ac00iB.
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ONTUMMU3AIOUA METOJUKHN KOMIIVIEKCHOI'O OHEHUBAHUSA CJIOKHBIX CUCTEM HA
OCHOBAHMM HNAPAJJIEJBHBIX BBIYACJIEHUAM

M.C. Anxak, A.J. Iloaumyk, M.H. TioTIOHHUK

WHctutyT npuknaaneix npobiemM Mexanuku u Marematuky um. S1.C. I[Tuncrpurasa HAH Ykpaunst,
yi. Hayunas, 3-B, r. JIsBoB, 79060, YkpanHa; e-mail: yadzhak ms@ukr.net

B pabore omucana MeTOAMKAa KOMIUICKCHOTO OICHHBAHUS COCTOSHUS M KadyecTBa
(YHKIMOHMPOBAHUS  CIOXKHBIX  HEPAPXHUCCKU-CETEBBIX cHcTeM. [Jlnd  momydeHus
aJIeKBATHBIX OIICHOK OHA HICTIONIB3YeT OOJBIIOe KOIMYECTBO XapaKTePUCTHK U MapaMeTpOB
OIICHUBAHMA, YTO B IIEJIOM TPeOYeT BBHINOJIHEHUS 3HAYHUTEIFHBIX OOBEMOB BBIYMCICHHUI.
IlosTomy pa3paboTaHsl M HCCIENOBAaHBl MOAXOABl K ONTHMHU3AIMH IPEIUIOKEHHON
METOAWKH OLEHHBAHWS Ha OCHOBAaHUHM J(PGEKTHBHONH OpraHM3allifl MapalIelbHBIX
BbunciaeHui. [IpeanosxeHbl anropuTMUyYeckue KOHCTPYKLUUU AJI peaiu3allid METOIUKH
KOMIUIEKCHOI'O OLIEHUBAaHUSI Ha COBPEMEHHBIX M TMEPCHEKTUBHBIX BBIYUCIUTENbHBIX
cucreMax. OTMEYCHBI OCOOCHHOCTH TaKOW peaj3aliid Ha MHOTOSICPHBIX KOMITBIOTEPAX,
KJIACTEPHBIX CHCTEMax W B BbBICOKOIPOU3BOJUTENbHBIX BBIYUCIUTEIBHBIX —CpElax.
IIpuBeaeHbl HEKOTOPHIE TEOPETUUECKUE OIEHKH YCKOPEHHS MapajulebHBIX BHIYUCICHUH.
[lomyueHnbie B paboTe pe3ymbTaThl MOTYT OBITh HCHOJB30BaHBI IS KOMILICKCHOTO
OIICHUBAHMA CIIO)KHBIX CHUCTEM M3 PAa3NWYHBIX TPEAMETHBIX OO0NacTei (TpaHCIOPTHBIE
CUCTEMBI, CHCTEMBI CBS3M W DHEPrOOOECTICYCHUS W T.[1.) Ha OCHOBAHWH INPHUMEHEHHS
COBPEMEHHBIX NMPOTPAMMHBIX U allllapaTHBIX CPEACTB.

KiaroueBble cjioBa: CIOXHAs CHCTEMa, HEpapXHUeckas CTPYKTypa, CeTh, KOMIUIEKCHOE
OIICHUBAHME, TapAJUICTBHBIN aITOPUTM, ONITHMHU3AINS, YCKOPEHHE BEIYICICHHN.

THE OPTIMIZATION OF METHODS OF COMPLEX EVALUATION FOR COMPLEX SYSTEMS
ON THE BASE OF PARALLEL COMPUTATIONS

M.S. Yadzhak, O.D. Polishchuk, M.I. Tyutyunnyk

Ya.S. Pidstryhach Institute for Applied Problems of Mechanics and Mathematics, NAS Ukraine,
Naukova st., 3 b, L'vov, 79060, Ukraine; e-mail: yadzhak ms@ukr.net

Methods of complex evaluation of the state and operation quality for complex hierarchical
network systems are described in the paper. These methods are using a large number of
characteristics and parameters of evaluations for obtaining the adequate conclusions. Such
procedures require performance of huge amounts of computations. Therefore, approaches
to the optimization of the proposed methods of evaluation based on the efficient
organization of parallel computations are developed and investigated. Algorithmic
constructions for the implementation of the methods of complex evaluation on the modern
and perspective computer systems are offered. Features of this implementation on multi-
core computers, cluster systems and high-performance computing environments are
determined. Some theoretical estimates of the acceleration of parallel computing are
presented. Results of this work can be used for complex evaluation of real hierarchical
network systems from different subject areas (transport systems, communication and power
supply systems etc.) based on the use of modern software and hardware.

Key words: complex system, hierarchical structure, network, complex evaluation, parallel
algorithm, optimization, computing acceleration.
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METHOD OF DETECTION THE FACT OF COMPRESSION
IN DIGITAL IMAGES AS AN INTEGRAL PART OF
STEGANALYSIS

A.V. Akhmametieva

Odesa National Polytechnic University,
1 Shevchenko Str., Odesa, 65044, Ukraine; e-mail: anna-odessitka@mail.ru

The new method of detection the fact of compression in color digital images, allowing
separate images, initially stored in lossless formats, from images, resaved into lossless
format from losses formats, which analyzes spatial domain of digital contents, that allows
avoid additional accumulation of a computing errors, is presented. The developed method is
based on the accounting sequential color triads of triplets in the matrix of unique colors,
and can be used to define the format of the original container in steganalysis.

Keywords: digital image, compression, losses format, lossless format, spatial domain,
sequential color triads of triplets

Introduction

Nowadays developments in the field of steganography are widely used, providing
transmission of confidential information via open channels of communication, hiding at the
same time the fact of its presence at a container, that can be used by criminals. Digital images
both in losses formats and in lossless formats can be used as containers (cover images) in
steganography. After embedding of additional information into spatial domain of the
container by LSB method the stego, that is the result of embedding of additional information
into container, is saved in lossless format, so in the process of steganalysis, aimed at the
detecting the fact of the presence/absence of hidden information in any digital content [1], as
a rule, there is digital content in lossless format in the absence of an original container. The
possibility of separating digital images, stored in lossless formats initially, from digital
imaged, resaved into lossless format from losses formats, can increase efficiency of
steganalysis, having specified the action which is carried out with digital image.

The problem of determining the format of the original container is essential in different
sources: for method developed in [2-4] selection of different thresholds depending on the
container format is required; proposed in [5-6] method is designed for containers in losses
formats [7]; different conditions for digital images in losses/lossless formats are applied in
method proposed in [8]. In [9] an approach for separation of digital images, stored in lossless
formats initially, from digital imaged, resaved into lossless format from losses formats, is
proposed, however, as a computational experiment conducted by the author showed, opposite
results are received for various technical devices with different matrixes of quantization, what
requires availability of data on matrixes of quantization of various devices and the ratios
corresponding to them for ensuring effective work of the algorithm, that implements this
approach. Besides, the approach proposed in [8] implies the transfer of a digital content to
transformation domain that leads to the additional accumulation of computational errors, so
the development of a similar method, that carry out the analysis of the spatial domain, is an
actual problem.
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The aim of the paper is development of the method that uses spatial domain of digital
content for the analysis and allows separate digital images, stored in lossless formats initially,
from digital imaged, resaved into lossless format from losses formats, which is a component
of steganalysis.

Main part

In [5-6] was proposed steganalytic method, aimed to detect the presence/absence of the
additional information in digital images stored in losses format initially, based on the

accounting of sequential color triads of triplets in the matrix of unique colors UCT of size
U x 3, containing unique color triplets (rl., g,.,b,.), i =1,U, which at least once occur in the
analyzed digital image, where r - brightness value of red color component, g - brightness

value of green color component, b - brightness value of blue color component, U - number
of unique color triplets.

Under a sequential Red- (Green-, Blue-) triad of triplets in the matrix of unique colors
we will call triads:

(r.,g,,b,)e UCT & (r. +1,g,,b,)e UCT & (1, —1,g,,b ) UCT, i = 1,U; (1)
(r.,g,,b,)e UCT & (r., g, +1,b,)e UCT & (r;,, g, —1,b,) UCT, i =1,U; )
(r.,g,,b,)e UCT & (., g,,b, +1)e UCT & (r;,g,,b, ~ 1) UCT, i =1,U; 3)

respectively. When counting the sequential triads of triplets we will associate sequential triad
with (rl., gi,bl.)e UCT , for which execution of the conditions (1), (2) or (3) depending on the

type of triad is carried out. Triplet (r;,g,,5, )e UCT we will call middle if there is a sequential

triad for him.

The basic triad is a sequential triad corresponding to that color component of the
container, into which embedding of additional information was carried out.

Concomitant triads are that sequential triads that corresponds to unfilled color
components of the container.

In [7] the computational experiment, aimed to analyze the quantity of Red-, Green- and
Blue-triads in unfilled digital containers stored in losses/lossless formats, was carried out. In
computational experiments digital image database is used, which includes:

1. Set 1: 200 color digital images from [10] in TIFF format;

2. Set 2: 200 images received by non-professional photo cameras in TIFF format;

3. Set 3: 203 color digital images from [10] in JPG format;

4. Set 4: 215 images received by non-professional photo cameras in JPG format.

As a result of computational experiment the characteristic difference between losses and
lossless formats was revealed. As computational experiments showed, the matrix of unique
colors of the unfilled containers stored in losses format contains insignificant quantity of
middle triplets (generally up to 3%), containers stored in lossless format are characterized by
high quantity of middle triplets in the matrix of unique colors (on average 40-60%) due to the
lack of compression and, consequently, a large variety of unique colors, wherein percentage
of Red-, Green-, Blue-triads of triplets differ slightly from each other.

Figure 1 shows the distribution of the quantity of sequential triads of triplets in the
matrix of unique colors for digital images from Set 1 (TIFF) and 3 (JPG) from the NRCS
Base [10] (Fig. 1a), and digital images from Set2 (TIFF) and 4 (JPG) received by non-
professional cameras (Fig. 1b).
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Fig. 1. Comparison of the distribution of the quantity of sequential triads of triplets in the
matrix of unique colors of original digital images: a — from Set 1 and 3; b — from Set 2 and 4

As can be seen from Fig. 1 the approach based on the analysis of sequential triads of
triplets in the matrix of unique colors allows separate digital images, stored in lossless formats
initially, from digital images, resaved into lossless format from losses formats. Especially
significantly digital images from Set2 and 4 differ, where there are practically no
intersections.

However there is a question: is it possible separate containers stored in losses format
from containers stored in lossless format in case when the analyzed content is not original, but
stego, formed by embedding of additional information by LSB method. To answer this
question computational experiment on the basis of digital images from Set 1-4 was carried out
that analyzes the percentage of sequential triads of triplets in the matrices of unique colors of
stego, formed by embedding of additional information with varying degrees of filling and
different values of hidden capacity: into one color component, into two color components,
into all three color components. The comparative characteristic of quantity of sequential triads
of triplets for the JPG and TIFF formats is provided in table 1.

An illustration of change of quantity of sequential triads in a matrix of unique colors
serves Figure 2, where additional information embeds only into red color component (for
example) of digital image with different values of hidden capacity. The bar charts (Fig. 2, b,
d) reflects the change in the percentage of Red-, Green, Blue-triads of triplets in the matrix of
unique colors of stego compared to unfilled containers (hidden capacity 0 bpp).
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Table 1.

The comparative characteristic of quantity of sequential triads of triplets in the matrix of
unique colors of original digital images and stego, formed with varying degrees of filling

TIFF

JPG

Unfilled containers

High percentage (=20-70%)
of sequential triads of
triplets, quantity of Red-,
Green-, Blue-triads is
comparable by values

Low percentage (up to
5%) of sequential triads of
triplets, quantity of Red-,
Green-, Blue-triads 1is
comparable by values

Stego, formed by
embedding of
additional
information into:

one color
component

Quantity of Red-, Green-,
Blue-triads is comparable by
values and  numerically
practically does not differs
from containers (not more
than 1-2%)

Quantity of Red-, Green-,
Blue-triads  of triplets
unevenly increases in
comparison with a
container (basic triads of
~20-50%, concomitant
triads — up to 15%)

two color
components

Quantity of Red-, Green-,
Blue-triads is comparable by
values and  numerically
practically does not differs
from containers (not more
than 1-2%)

Quantity of Red-, Green-,
Blue-triads  of triplets
unevenly increases in
comparison with a
container (basic triads of
~5-50%, concomitant
triads — up to 35%)

three color
components

Quantity of Red-, Green-,
Blue-triads is comparable by
values and  numerically
practically does not differs
from containers (not more
than 1-2%)

Quantity of Red-, Green-,
Blue-triads of triplets
unevenly increases in
comparison with a
container (all triads are
basic, their percentage
varies from 5 to 50%)

Percentage of sequential triads of triplets
in the matrix of unique colors, %
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Fig. 2. The quantity of sequential triads of triplets in the matrix of unique colors of digital
images: a — digital image stored in lossless format from Set 1; b — quantity of triads in the
container and stego, formed by embedding of additional information into red color component
of digital image from Set 1; ¢ — digital image stored in losses format from Set 4; d — quantity
of triads in the container and stego, formed by embedding of additional information into red
color component of digital image from Set 4

From Table 1 and Fig. 2 implies that the embedding of additional information into
containers initially stored in losses formats leads to unevenly increase of quantity of
sequential triads of triplets, such stego are characterized by large differences of quantity
values of sequential triads, even in cases when additional information was embedded into two
or three color components. Stego, formed on the basis of containers in lossless formats, are
characterized by stable, practically unchanged, high quantity of sequential triads of triplets
regardless of the degree of filling, what is feature of digital images in a lossless format, which
can be used to identify the format of the original digital content-container.

According to the results of the experiments we will formulate main steps of the method
aimed to detect the fact of compression in digital images, which allows separate color images,
stored in lossless formats initially, from digital imaged, resaved into lossless format from
losses formats. For color digital image / of size M x N with color components R, G, B:

Step 1. Forming of the matrix UCT of size U x3 of unique colors (r,., g,.,b,.), i=LU

for digital image 7 .
Step 2. Counting of Red-, Green-, Blue-triads.

2.1. If for the current triplet (7, g,,b,), i=1,U in the UCT at the same time there
are triplets (r,. +1, gi,bi) and (r,. -1, g,.,b,.),
then countR = countR +1, countR — quantity of Red-triads in UCT ;

2.2. If for the current triplet (1, g,,b,), i = LU in the UCT at the same time there
are triplets (r,.,gi + l,bi) and (r,.,gi —l,b,.),
then countG = countG +1, countG — quantity of Green-triads in UCT ;

2.3. If for the current triplet (r;,g,.b,), i=1,U B UCT in the UCT at the same
time there are triplets (ri, g.b + 1) and (r,., g.b— 1) ,
then countB = countB +1, countB — quantity of Blue-triads in UCT .

361



A.V. Akhmametieva

Step 3. To compute the percentage of middle triplets in relation to total number of
unique colors (%):

pRZCOLmtR-IOO, G = countG.IOO’ B = countB‘loo.

Step 4. Determining of format of original digital content:
If (pR>T,,,) & (pG>T,,) & (pB>T;,)) when pR= pG =~ pB,
then original format of / is lossless format,
else original format of / is losses format,

where T

lim

— threshold separating the digital content in a lossless format from digital content
in a losses format. From Fig. 1, we can take the value 7. from the range[5,10].

The algorithm that implements the proposed method can be used as an integral part of
steganalytic methods and independently. It should be noted that the method of detection the
fact of compression in digital images is intended to detect the original format of only color
digital content, for grayscale images its use is impossible.

Analyze efficiency of the developed method performing the analysis of spatial domain
of digital contents by determination of type I errors (False Negative FN ) — the pass of the
fact of compression in case of its presence and type II errors (False Positive FP) — false
determination of uncompressed digital content as undergone to compression.

In the computational experiment aimed at efficiency analysis of the proposed
steganalytic algorithm, 400 digital images from Set 1-4 (200 images in losses format, resaved
as lossless format, and 200 images in lossless format), of which %4 of all the images is unfilled
containers, 72 - stego formed by embedding of additional information into one arbitrary color
component with different values of hidden capacity, % - stego, formed by embedding of
additional information into two or three color components with different values of hidden
capacity. As a threshold 7|~ separating digital content in lossless format from digital content

in losses format, accept the 7}, = 7.5, under condition pR = pG = pB we will understand the
case when max(pR, pG, pB) —min(pR, pG, pB)<6.

By results of experiment type I errors are FN=3%, type Il errors are FP=4.5%,
which allows to speak about high efficiency of the proposed method. It is noted that type I
errors has been observed only in case of stego formed by embedding of additional information
into all three color components of digital images initially stored in losses format. In the case
when the fact of compression was detected in digital images initially stored in lossless format
embedding of additional information into one arbitrary color component leads to similar
perturbations of the matrix of unique colors as when using as containers digital images in
losses format, that allows to determine the fact of presence/absence of additional information
in such digital contents.

Conclusions

In this article the method of detection the fact of compression in color digital images
analyzing spatial domain of digital contents, that allows avoid additional accumulation of a
computing error, is proposed. The developed method is based on the accounting sequential
color triads in the matrix of unique colors, and can be used to define the format of the original
container in steganalysis.

As a results of computational experiments that conducted on the basis of both unfilled
containers and stego formed under different conditions of embedding of additional
information, the type I errors are 3%, the type II errors - 4.5%, indicating the high efficiency
of this method.
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The computational complexity of the algorithmic realization of proposed method of
detection the fact of compression in digital image of size M x M is defined as O(M*).
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METO/ BUSIBJIEHHSA ®AKTY CTUCKY Y HU®POBUX 30BPAKEHHAX AK CKJIAJJOBA
YACTUHA CTET'AHOAHAJII3Y

I".B. AxmameTneBa

Onechkuii HaIiOHATBHUH MOMITEXHIYHUNA YHIBEPCUTET,
npoct. [lesuenka, 1, Oneca, 65044, Ykpaina; e-mail: anna-odessitka@mail.ru

3anporIOHOBAaHO HOBHH METOA BHABJICHHS (aKTy CTHUCKY y KOJBOPOBHX IH(POBUX
300paXCHHIX, IO JO3BOJISIE BIIOKPEMJIIOBaTH HU(PPOBI 300pa)keHHS, I10YaTKOBO
30epesxeni B popmari 6e3 BTpar, Bijg HuppoBHX 300pakeHb, epe3depekeHnx 3 popMaTty 3
BTpaTtamu B (popmat 0e3 BTpar, KWl aHali3ye MPOCTOPOBY 00JIaCTh HUPPOBUX KOHTEHTIB,
IO JI03BOJIIE YHWKHYTH JIOJATKOBOTO HAKONMWYEHHS OOYMCIIIOBAIBHOI MOXHOKH.
Po3poOiiennii MeTo1 OCHOBaHHMH Ha BpaxyBaHHI MOCIIIOBHUX KOJIPHUX Tpiaj TPHUILIETIB Yy
MaTpHlli YHIKaJbHUX KOJBOPIB Ta MOXKEe OyTH BHKOPHCTaHUH Ul BH3HAUCHHS (OpMaTy
OpPHUTIHAILHOTO KOHTEHHEPY MPH CTEraHOaHATI3i.

KurouoBi ciaoBa: nmudpose 300paxkeHHs, CTHCK, ¢popMaT 3 BTparaMu, ¢popmar 6e3 BTpar,
MIPOCTOPOBA 00JIACTH, TIOCTIIOBHI KOJIPHi TpiaJy TPUILIETIB

METO/ BBIABJIEHUSA ®AKTA CKATHUA B HIUPPOBBIX U30BPAKKEHUAX KAK COCTABHASA
YACTb CTETAHOAHAJIN3A

A.B. AXxmamMeTheBa

Onecckuii HAITMOHATBHBIN TTOJTUTEXHUIECKUH YHUBEPCHUTET,
mpoct. HleBuenko, 1, Oxecca, 65044, Ykpanna; e-mail: anna-odessitka@mail.ru

IpeanoxkeH HOBBIA MeToJ BbisiBIeHHs (akTa CXKaTHs B LBETHBIX IH(POBBIX
M300paXeHMIX, IMO3BOJISIIONIMKA  OTACNATh [U(GPOBBIE H300paKeHUS, HW3HAYAIBLHO
xpansmecs B ¢popmare 0e3 moTeph, OT IMUPPOBEIX M300paKEHUH, MePECOXPaHESHHBIX H3
(dopmata ¢ morepsimu B popMaT 06e3 mMOTEeph, KOTOPBIH aHAIM3HPYET MPOCTPAHCTBEHHYIO
001acTh IUQPPOBBIX KOHTCHTOB, YTO MO3BOJSICT M30€KATh JOMOIHUTEIEHOTO HAKOILICHHS
BBIYUCITUTCIPHON  MOTPEIIHOCTH.  Pa3paOoTaHHBI  METON  OCHOBaH Ha  ydeTe
MOCJIEIOBATENBHBIX [[BETOBBIX TPUAJ TPHUILICTOB B MATPUIC YHUKAIBHBIX [[BETOB, U MOKET
UCTIONB30BaThCS  JUIL  OmIpenelicHus  (opMaTa  OpPUTHHANBHOTO  KOHTEifHepa B
CTeraHOAHAJU3E.

KuroueBble cjioBa: udpoBoe M300paxkeHue, cxarne, popmar ¢ morepsmu, Gopmar 6e3
MOTEPb, IPOCTPAHCTBEHHAsI 00JIACTh, MTOCIIEI0BATEIbHBIE [IBETOBBIE TPUA/IbI TPUILIICTOB
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OOPMAJIN30OBAHHAA MATEMATHYECKASA MOJAEJIb
HPOLECCA AJAIITUBHOI'O TEXHUYECKOI'O
OBCJIY)KUBAHUSA 11O COCTOSHUIO CJIOKHOU
PAJIMODJEKTPOHHOM TEXHUKHU

E.C. Jlenkos', I'.B. )KnpOBz, T.B. Bonnapemcol

! Boemmbrit WHCTUTYT TEJIEKOMMYHHUKANH 1 HHPOPMAaTH3AIIH,
yi. MockoBckas, 45/1, 01011, r. Kues, Ykpauna; e-mail: lenkov_s@ukr.net
? BoeHHBI HHCTHTYT KHEBCKOTO HAIMOHANBLHOTO yHEBepcHTeTa nMeHn Tapaca IlleBueHko,
yi. JlomoHocoBa, 81, 03189, r. Kues, Ykpanna

B crathe mpemiokeHa MaTeMaTHYCCKash MOJETH MPOIecca TEXHUYECKOTO OOCITYKUBaHUS
CIO)KHOTO TEXHHYECKOTO 00Bekra. [lapaMerpaMu MOJIETH  SIBISIOTCS — ITapaMeTphl
TEXHUYECKOTO 00CTyXMBaHHA. Monenb mpeaHa3HadeHa sl TOCTPOSHHSI WMHTAIIHOHHON
MOJIENH TIPOIIecca TEXHUYECKOTO OOCITYKHBAHHSA M PEMOHTA C IENbI0 IPOTHORWPOBAHUS
IoKa3aree HaJe)KHOCTH M CTOMMOCTH JKCIUTyaTallMd OOBEKTa C YYeTOM IpPOBEICHUS
PA3IMYHBIX CTPATETHil TEXHUYECKOTO 0OCITYKMBAHUS ¥ IUIAHOBBIX PEMOHTOB.

KiaroueBble cj10Ba: MaTeMaTHYeCKas MOACIIb, TCXHUYCCKOC 06CJ'Iy)KI/IBaHI/Ie, }_'[I/I(i)(l)y3HLI€
pacnpeacicHs, HUMHUTAIIMOHHAsA MOACJb, CTpAaTerud aaalTHUBHOTO 06CHy)KI/IBaHI/IH Io
COCTOSHHIO

BBenenue u mocTaHOBKA 3a1a4H

DKcIyaTanus CJI0KHBIX COBPEMEHHBIX TEXHUUECKUX 00BEKTOB, TAKHX, HAIIPUMED, KaK
00BEKTHI paarodeKTpoHHON TexHukH (POT), HeBo3MOkHA 0e3 KaueCTBEHHO HaJla)KEHHOU
CHUCTEMBI TEXHUYECKOTO o0cmyxuBanus u pemonTta (TOuP). Takas cucrema HeoOxXoauMa Kak
Ui obecrieueHust TpeOyeMoro YpoBHS Ha/IEKHOCTH JTaHHBIX 0OBEKTOB, TaK U JJISl IPOAJICHUS
ux pecypca. HeooxoaumocTs npoBeneHust Texuudeckoro oocnyxuBanus (TO) 3akimrodaercs
B CBOEBPEMEHHOW 3aMEHE AJIEMEHTOB, KOTOpPBIE HAXOAATCSA B IPEIOTKA30BOM COCTOSIHMM, a
PEMOHT TPOBOJIUTHCS C LEJIbI0 BOCCTAHOBIIEHUS MCIPABHOTO WM PabOTOCTIOCOOHOTO
COCTOSIHUSI OOBEKTA, a TAKXKEe BOCCTAHOBIICHHSI pecypca BCero 00beKTa uiH ero vacti [ 1, 2].

[TokazaTenn HaJACKHOCTH U CTOMMOCTH JKCIUTyaTanuu o0bekToB POT 3aBucAT Kak oT
CBOWCTB 0€30TKAa3HOCTH M PEMOHTOIIPUTOJHOCTH CaMOro OOBEKTOB, TaK M OT IapaMeTpoOB
nporecca nposeneHuss TOuP. J[ns Toro 4toObl MMETh BO3MOXKHOCTH ONTHMHU3HPOBATH
XapaKTEpUCTHKN 0O0BbEeKTa (Ha 3Tame ero pa3paboTKu), a Takke nmapamerpsl cucremsl TOuP,
HEO00XO0IUMO TMPEIBAPUTENILHO MOCTPOUTH MOJIENH, KOTOPhIE YCTAHABIUBAIH ObI CBSI3b MEXKIY
napamMeTpaMu OOBEKTa, CHCTEMbl W MPOTHO3UPYEMBIMM IIOKA3aTEeNIIMH HAJIeXHOCTH U
CTOMMOCTH 3KCIuTyaTanuu oobexra POT.

Ha cerogusamHui neHb, B 3aBUCUMOCTH OT KPUTEpHUs, KOTOPBIA HCIOJIB3YETCs IpU
ornpezeneHuu cpokoB mposeaeHus TO, CylIecTBYIOT IB€ OCHOBHBIE CTPAaTErHH OpraHU3aIN
nposeaenus TO: TO “no pecypey” (TOP) u TO “no cocrosuuto” (TOC) [3-6].

ITpu mpoenenun TO “no pecypcy’” OCYHIECTBISIETCA KOHTPOJb 32 TEKYIIUM PECYPCOM
(HapaboTKO#) 00BeKTa, M B Cllyyae, €ClIM OCTaTOYHBIA pecypc (ocTaTodyHas HapabOTKa)
CHID)KAETCS 10 HEKOTOPOT'O 3a/IaHHOTO MPE/IeIbHOI0 3HAUEHUs, TPOU3BOIATCS PabOTHI MO €ro
TO. IIpu TO “no cocTOAHHIO” OCYLIECTBIISIETCS KOHTPOJb 33 TEKYIIMM TEXHUYECKUM
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coctosiHueM o0bekTa, 1 TO mpoBOAMTCS B Cilydae, €Clii TEXHMYECKOE COCTOSIHHE O0beKTa
YXYALIAeTCsl A0 HEKOTOpPOro 3aJaHHOI0 HEJONYyCTHMMOIo ypoBHs. B cBow odepenn, mpu
nposeaeHnn TOC moxHO BblaenuTh 2 crpareruu: TOC ¢ MOCTOAHHON NEPUOAUMYHOCTHIO
koHTpoJist 1 TOC ¢ mepeMeHHOU MepruoAMIHOCTRI0 KOHTpouts (agantuBHoe TOC);

B cratbe pemaercsa 3amaua mocTpoeHHs (OPMATM30BAHHOM MOJAETH Ipolecca
TEXHUYECKOro OOCTY)KUBaHUS CJIOXKHOTO TEXHHYECKOrOo OOBEKTa NpU BHIOOpE CTpaTeruu
amantusHOro TO 110 COCTOSHUIO.

Pe3y.]IbTaTbl HCCJICeA0BaAHUSA

CymHocth cTparerun aganTUBHOrO TO 1O COCTOSHHIO COCTOMT B TOM, YTO pacyeT
MEePUOIOB TMPOBeAeHUss KOHTposisi TexHuueckoro cocrossHus (KTC) mpousBoauthes mpu
npoBeAeHUU odepenHoro TO ¢ yd4eToM CTaTUCTHYECKUX JAHHBIX Bcex mnpensiaymmx TO,
pacdeT mpenBapUTENbHOrO BpeMeHH cienyromero TO mpou3BOAUTHCS TAKKe MPHU TEKYIIEM
TO wu yrounsercs B npouecce dkcmryarauuun npu nposeaeHun KTC. OueBugHoe
npeumytnectBo agantuBHoro KTC cocTouT B TOM, 4TO IJisi JBYX OOBEKTOB, TEXHUYECKOE
cocrostaue (TC) koTOphIX pasHoe, Mepuo sl TpoBeAcHusT KOHTPOIsl TC TOKHO OBITH TaKXkKe
pazabiM. Ilepuonpl Bpemenu Mmexay KTC nns oObekTa, moka3zaTtend KOTOPOTO JIydllle,
JOJDKHBL ObITH OoJble, yeM Juis Broporo oobekra. bynem momarats [1], uro TC oObekra
onpenensiercss TC ero snmeMeHToB, a st onpeaenenus TC anemeHTa OyneM HCIIONIb30BaTh
MOHATUE ONPEACIISIIOIINN mapameTp.

B kauectBe Mopenell OTKa30B 3JEMEHTOB OyJeM HCIOJIb30BaTh BEPOSTHOCTHO-
¢dusnueckue MOJeNnud, a WMEHHO: /I OTKa30B JIIEKTPO-PaAHMOKOMIIOHEHTOB — DN-
pacrpenieieHne, MEXaHM4YEeCKUX 3JIeMeHTOB — DM-pacnpenenenue [7]. B kauecTBe OCHOBHOM
XapaKTEPUCTUKU OIPEJEISIOIEro Mnapamerpa i-ro asjneMeHra — u,(f), OepeM CpenHIo

CKOPOCTb JIerpaJialiui 3TOTO apameTpa — a,(t) , U3SMEPEHHYI0O B MOMEHT BPEMEHH £
1

u, () —u,(t,)

kK tk—l

a(t,)= (1)
rae u,(t,) u u,(t,_;) - HOPMUPOBAHHBIE 3HAYECHUS ONPEAEIAIOLIETO IapaMeTpa i-ro IEMEHTa
B MOMCHTBI BDEMEHU #, U f,_; COOTBETCTBCHHO;

t,., — momeHT BpemeHu mnociennero KTC, mpu KOTOpOM ONpenensnoch 3HAYEHHUE
OIpeIeIIAIONIEr0 apaMeTpa i-I'0 IEMEHTa WU IPOU3BOAMIIOCH €ro OOHOBIICHUE (3aMEHa);

i=1]|E,

, EO — MHOXCCTBO BCCX KOHCTPYKTUBHBLIX 3J3JICMCHTOB, KOTOPBLIC BXOIAT B

CTPYKTYpPHYIO CXEMY HaJIeKHOCTH O0OBEKTA,

E0| — KOJINYECTBO JIEMEHTOB MHOXECTBA £, .

HopmupoBaHHBIE 3HAYEHUS ONPENEIAIONIEro MapamMerpa BBIYUCISIOTCS MO M3BECTHON
dopmyse [1]:

0
u; (t)—“)c);i?—)ico‘a

1

rae x,(¢) - 3HaYeHUE ONpPeIeIAIOIEro MapaMeTpa, I3MEPEeHHOE B MOMEHT BPEMEHH f;

x" - McxomHOE (HOMHHANEHOE) 3HAYEHHE OMPE/IEIAIONIEr0 HapaMeTpa;

don

X — OpCACIIbHO AOMMYCTUMOC 3HAUYCHUC ONPCACIIAIOMICTO IMapaMeTpa, Mpru JOCTUKCHUN

l

KOTOpPOTO BO3SHHKAET OTKA3.
CooTBeTCTBEHHO, ecu u, (t) =0 - 3IeMEHT MOJHOCTBIO HCIIPaBEH, a ecnu u, (1) =1 — B
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DJIEMEHTE BO3HUKAET OTKa3. TEeXHHYECKOe OOCITYyXHBaHHE HEOOXOAMMO MPOBOAHUTH IPHU
NpUOJIMKEHNU ONpeAEsSIoINX MapaMeTpoB u, (f) K TpaHUYHOMY COCTOsiHMIO. Mcxons u3

BBIIIEH3JI0)KEHHOT0, MOJKHO HAlTH HOPMHUPOBAaHHOE 3HAUCHHE OIPEIEISIONIeTro Mapamerpa,
U TOCTHKEHUHN KOTOpOro Tpedyercst mpoBenaeHue TO:

TO 0
o ‘xi (t)—x ‘
ui (t): don o] 2
e =
rme x/°(f) — 3HayeHHe ONpENENAIONEro MapamMeTpa, NpH IOCTUKEHHH KOTOPOTO

Heobxoaumo nposesenue TO; x'°(1) < x*”(¢) u, cnenosarensbho u, (1) <1.

OOGHOBIEHUE BIEMEHTa MPOUCXOAUT MPHU €ro BOCCTAHOBIEHUM MOCIIE OTKa3a WU MpHU
BhITIOJIHEHHUH orepanuid mo ero TO. Jlanee Oynem mojarath, 9TO Kak MPH BOCCTAHOBJICHUH,
Tak u npu nposeaeHnr TO MpoONCXOAUT OTHOE OOHOBIICHHE YJIEMEHTA, CIIeI0BaTeNIbHO, B (1)
u(t,)=0.

Tak xak HaMH paccMaTpPUBAIOTCS CIIOKHBIE TEXHMUYECKHE OOBEKTHI, MPEAroaraeTcs
HaJU4he y HUX BCTPOCHHOM aBTOMATHYECKOM CHUCTEMbl TEXHUYECKOIO JMArHOCTHUPOBAHUS
(ACTH), cpenctBaMu KOTOPOW OCYIIECTBIISIETCS W3MEPEHHE OMPEISISIONINX IapaMeTPOB
u,(t,), BBIYNCICHHWE OIEHKUH CpeIHEed CKOpPOCTH Jerpajallid IapameTpoB a,(t,) u

COXpaHEHHE PTHX OLIEHOK B JIOJITOBPEMEHHOU MaMsTh cucteMbl. [IporHo3upoBaHue OLIEHKH
CpeIHEH CKOpPOCTH Jerpajallid MOKHO MPOBOAMTH C HCIIOJIb30BAaHHEM OJHOW U3
MEPEUYUCIICHHBIX HUXXE MOJEJNe NPOTHO3UPOBAHUS BPEMEHHBIX PSJIOB: PETPECCHOHHAS
Mozaenb;, aBToperpeccuonnele  Mmoaenu (ARIMAX, GARCH, ARDLM); woaenun
SKCMOHEeHIManbHOro criuaxuBanus (ES); monens mo BBIOOpPKE MaKCHUMAlbHOTO IOAOOHS
(MMSP); monenp Ha HelipoHHBIX ceTsx (ANN); momens Ha nensax Mapkosa (Markov chains);
MOJIeNlb Ha Kiaccu(puKalmoHHO-perpeccHoHHbIX aepeBbsix (CART); mozmens Ha oOcHOBe
reHetudeckoro anroputma (GA); MoJens Ha ONMOpHBIX BekTopax (SVM); Mojens Ha OCHOBE
nepenatounbix Qynkuuii (TF); monens Ha Heuerkoit noruke (FL). B crarbe mpemmaraercs
UCIIOJIb30BaTh MOJIENHM SKCIIOHEHIIMAIBHOTO CIJIaKUBAHUS, JOCTOUHCTBOM KOTOPBIX €CTh
IPOCTOTA MOJICIMPOBAHUS; €IMHO00pa3ie aHaIn3a U MPOEKTUPOBAHUS, a HEJOCTATOK MOJIENN
- HeJoCTaTOYHas TMOKOCTh M y3Kas MPUMEHUMOCTb Mojenei. 13 Tpex ocHOBHBIX Mopenei
npejasiaraeTcsi HUCIONb30BaTh, B oTiauure ot [1,8], HEe mnpocToe HKCIOHEHIHAIBHOE
CriaXuBaHHe, a JByXMapaMeTpUyecKoe U TpexmapaMeTpHUuecKoe OSKCIOHEHIMAIbHOE
CTJIQ)KMBaHHE.

TakuM o0pa3oM, MOXKHO MPEUIOKHUTH CIEAYIOUIYI0 METOAMKY IO MPOTHO3WPOBAHUIO
BpeMeHnu nposeaeHust TO ansg crpaterun agantuBHOro TO Mo COCTOSIHUIO.

1. OnpenensieM MHOXKECTBO E, — KOHCTPYKTHUBHBIX DJIEMEHTOB, KOTOPBIE BXOJAT B

CTPYKTYPHYIO CXEeMY HaJeKHOCTH 00BhekTa, a cuctema ACT/] umeeT BO3MOXKHOCTh U3MEPATH
X ONpeCACIAIOIMUC MapaMETPhI.
2. OnpenensieM CKOPOCTb J€rpajalMd JJIEMEHTOB M3 MHOXECTBa F, B MOMEHT

Bpemenu nposenenust KTC, ¢, — Bpems nposenenus k-ro KTC:

ui(tk) — U, (tk_l)

a; (t ):
‘ tk _tk—l

2)

3. IlporaHo3upyeM CKOpPOCTh JETpajalliil dJIEMEHTOB OOBEKTa JII MOMEHTa BPEMEHH
nposenenus caenyromero KTC, ¢, ,, — Bpems nposenenus k+/-ro KTC:

3.1. Ouenka cpeaHell CKOpPOCTH JAErpajallii — MOJIeTIb JIBYXIIapaMETPHUUYECKOIO
SKCIIOHCHIIMAJIBbHOT'O CTJIAKBaAHUA:
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a,(t,.,)=L(t)+T(2,), (3)

rae L(t,) - crnakeHHasl BEIMYMHA HA TEKyIlee BpeMs KOHTPOIA ¢, ;

T'(t,) - 3HaYeHUE TPEH/Ia HAa TEKYLIEE BpeMs

L) =a-at)+(1-a)[S¢_ )T )]

4
T(t,) = A(S(t) — Sty ) + (- ) T(t,), @

e @ — Kod(OPUITMEHT CTIIaXUBaHUsI PAJIA;
S — koadunmeHT criaxuBanus Tpeuaa; «, f € (0,1).
Ecmu ectb HE0OXOAMMOCTH TPOTHO3MPOBAHUS CKOPOCTH JETpajallid >JIEMEHTOB
o0beKTa A MOMeHTa BpeMeHu mnposeneHus k +/-ro KTC, ucnoneiyercs cremyroniee
BBIpaKCHNUE!

a,(t,) = L@) +IxT(1,).

3.2. OueHka cpenHel CKOPOCTH JErpajallid — MOJEIb TPEXNapaMeTPUUYECKOro
HKCTIOHEHIMATIBHOTO CTIIaKMBAHHSL:

(1) = [L) + T )]x S, ), (5)

S(¢,) - 3HaYeHHE CE30HHOCTH Ha TEKYLIMH MOMEHT BPEMEHHU (3a MpeIblIylIui Iepuos), s -

MEPUOJI CE30HHOCTH (I KBapTadbHBIX U3MEHEHHH s =4, misi exeMmecsuHblx s =12). [Ipu
npoBeaeHuu TO HamOonee MHPOPMATUBHBIME MOTYT OBITh M3MEHEHUS IMOJIYTOAOBHIE § = 2
WJIU CE30HHBIE § =4 .

L(t) =« 'M"' (I=a)[S(t,) - T, )],

S(t,.)
T(tk):ﬂ(S(tk)_S(tk—l))_'_(l_ﬂ)'T(tk—l)’ (6)
_ .ai(tk) .
St)=r ) +(1=7)-8@,),

rae ¥ — kod((PHUIHMEHT criaXuBaHMs CE30HHOCTH;
S(¢,_,) — K03 PUIHEHT Ce30HHOCTH 3a ATOT K€ MEPHOJ B IPEIBIAYILEM CE30HE.

Ecmu ectb HE0OXOAMMOCTH TPOTHO3UPOBAHUS CKOPOCTH JETrpajallid >JIEMEHTOB
o0beKTa Al MOMeHTa BpeMeHu mnposeneHus k +/-ro KTC, ucmoneiyercs cremyroriee
BBIpaKCHNE!

(1) = [L) + T@)]x S, ).

4. BoluncnsieM IIPOrHO3HOE BpeMsi NpoBeleHHus cienywoomero TO s Kaxzaoro
JJIEMEHTA!

TO

T, == —, )
1 a;(ty,)

rac I/l-TO — HOPMHPOBAHHOE 3HAYCHHUE ONPEACIIOIIECTO IlapaMeTrpa I-To QJICMCHTA, IIpU
l
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JTOCTHXKEHUH KOTOPOTO HEoOXxoauMmo mpoBeaeHue ero TO wim 3ameHa (3HAYCHHE 3a7aHO
MIPOU3BOUTEIIEM).

Eciu ipunsats u (1) =u’” (t)=1 v noxctaButh B (7), IOIY4UM CPEIHIOK HApabOTKy
0 OTKa3a i-ro 3JICMCHTA:

~ 1
T  =——m-H:
Ta.) ®)
Breipaxkenne (8) COOTBETCTBYET YTBEP)KIEHHIO, YTO B Ka4yeCTBE MaTEeMaTHYECKON
monenu (MM) 6e30TKa3HOCTH 3JIEMEHTOB MOXHO HCIONB30BaTh DN-pacrpeneneHue, eciu
IpU pacuere mokasaresneil 0e30TKa3HOCTH HMCHOIb3YeTCs CTPYKTYpHasl cXeMa HaJeKHOCTH,
AJIEMEHTBI KOTOPOU COEAMHEHBI MOCIEA0BATENBHO.
5. OnpenensieM OTHOCUTEIBHOE MMPOTHO3HOE BpeMs mpoBeaeHus ciuenyromiero TO
oOBeKTa:

=70 . ATO0
T (tn+1):mim]; (4 >

r/ie n — Konu4decTBo nposeneHHbXx TO Ha 00bekTe, 7 =1,2,..., B OTAH4YMe OT k - KOIIUYECTBO

npoBeneHHbIx KTC Ha o6bekre, Bpems Hayana nposeaeHust KTC u TO  moryT coBnaaats.
6. OnpezensiemM KajaeHAapHOE BpeMs ITpoBeaeHus cienytoniero TO oObekTa:

~T0 TO 7 TO
tn+1 = tn + T (thrl) >
rae tnTO - KaJIeHIapHOE BpeMmsi npoBeieHus npeapiaymero TO.

PaccmoTpenHast MeTo/MKa JieTsia B OCHOBY MPU MOCTPOCHUU (hOPMATU30BaHHOM MOIETU
MMPOBCACHUA TCXHUYCCKOI'O OGCJIy)KI/IBaHI/IH CJIOKHOI'O TCXHHYCCKOI'O O6’beKTa o CTpaTeruu
agantuBHoro TO mo cocrosHUio. Ilapamerpamu QopMann3oBaHHOW MOJAENTU SBISIOTCS
napaMeTpbl TEXHUYECKOTO O0CITYKUBAHHUS.

Takum oOpazom, dhopmanmm3oBanHas MM mporecca agantuBHOro TO MO COCTOSTHHIO
IMpu HUCHOJB30BAHUUN [ABYXIAPAMCTPUUYCCKOI'O0 JSKCIIOHCHIHAJIBHOTO CIJIAXKUBAHHUA HWMECT
TaKOM:

2 _ . rTO . 10, . .
PAoaanOC_{TTOa’E UL T, a; ,B},

a dopmanmm3oBanHas MM mnporecca aganTuBHOTO TO MO COCTOSHHIO TIPH MCIOJIb30BAaHUHU
TpeXnapaMmeTpuyeCcKOro SKCIIOHEHIIMAIBHOTO CTIaKUBAHUSA:

3 _ . TO, 7770, .« Ly .
PA()anm TOC — {TTOa’E ’U ’Tkaaa ﬂ’ 7/}7

rne 7,,, — AIAMHHHCTPATUBHOE BpEeMs, T.€. BpeMs IepeBoAa OOBEKTa M3 COCTOSHMS
«(pyHKIIMOHUPOBAHUE MO0 Ha3HAYEHUIO» B COCTOSHUE «M1poBeeHne TO»;

E™ — MHOXeCTBO 0OCITyXHBaeMBIX 3JIeMEHTOB 00bekTa (mpu TO He Bce PIEMEHTHI
TMOBEPraloTCs OOCTY)XKMBAHMIO WM 3ameHe) E'7 E,;, U "0 _ pexrop ypoBHeii
HOPMHPOBAHHBIX 3HAYEHUHN OMPEIETAIONINX TapaMEeTPOB,

UTO — {M-TO,i — I,ETO};

l

T, — Bextop BpeMenu nposenenus KTC.

369



E.C. Jlenkos, I'.b. Xupos, T.B. Bormapenko

BriBOaBI

B crarbe mpencraBieHa METOAMKA IPOTHO3MPOBAHMS BPEMEHU IPOBEIEHUS
anantuBHOro TO 1O COCTOSIHMIO, KOTOpash YYMTBHIBAET TPEHJ U CE30HHOCTh H3MEHEHHUS
OIIpENIEIAIOLIETO apaMeTpa.

[TocTpoena matemarndeckas Mozenb npouecca TO CIOKHOTO TEXHUYECKOTO 00BEKTa,
KOTOpasi MOXET ObITh B3sITa 3a OCHOBY JJISl TOCTPOEHUS MMUTALIMOHHON MOJeNU Ipolecca
TEXHUYECKOTO OOCTyXHMBaHHA M peMoHTa. [IpemnokeHHass MoOJENb OTIMYACTCA OT
CYIIECTBYIOIIMX HCIOJIb30BAHUEM JIOTOJHUTENIBHBIX MapaMeTpoB IMpoliecca TEXHUYECKOrOo
00CITy>)KUBaHHS U TIO3BOJISIET IPOTHO3UPOBATh BpeMs MpoBeaeHus: ouepennoro TO ¢ yuetom
CE30HHBIX MOTOAHBIX YycioBUH. VIMuTanMoHHas MoOJeNb TO3BOJMT IPOTHO3MPOBATH
MoKa3aTeN HAZeKHOCTH U CTOMMOCTH KCIUTyaTalluu 0ObEKTa.
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POPMAJIIBOBAHA MATEMATUYHA MOJEJIb ITPOHECY AJAIITUBHOTO TEXHIYHOI'O
OBCJIYTOBYBAHHS 3A CTAHOM CKJIAJHOI PAJIOEJEKTPOHHOI TEXHIKH

€.C. Jlenkos', I'.B. Xupos?, T.B. Bonnapenxko'

! BilicbKkoBHiT IHCTHTYT TeIeKOMYHIKaLLif i iHopMaTH3aLii,
ByI. MockoBcbka, 45/1, 01011, m. Kuis, Ykpaina; e-mail: lenkov_s@ukr.net
? BiiicbkoBmii iHcTHTYT KHIBCBKOTO HaliOHATBHOTO YHiBepcHTETY iMeHi Tapaca IlleBucHka,
ByJ. JIomoHocoBa, 81, 03189, m. KuiB, Ykpaina

VY crarTi 3ampornoHOBaHa MaTeMaTH4YHa Mojess mporecy TO CKIQAHOTO TEXHIYHOI'O
oO'ekra. [lapamerpammu MoJeni € mHapaMeTpy TEXHIYHOTO o0OCIyroByBaHHs. Mopenb
Ipu3HayYeHa sl MOOYJIOBY IMiTamifHOT MOJENi MpOoLEeCcy TEXHIYHOIo OOCIYroBYBaHHS i
PEMOHTY 3 METOIO IIPOIHO3YBAHHS NOKa3HUKIB HAJIMHOCTI 1 BAPTOCTI eKcIITyartalii 00'ekra
3 ypaxyBaHHSM IIPOBEJICHHS PI3HUX CTpaTerii TEXHIYHOTO OOCIYroBYBaHHS 1 IIIaHOBUX
PEMOHTIB.

KurouoBi cnoBa: TexHiuHe oOcmyroByBaHHS, AM(Y3HI po3momimry, iMiTalriifHa MOJEs,
CTpaTerist aIalTHBHOTO OOCITYyTOBYBaHHS 32 CTAHOM

FORMAL MATHEMATICAL MODEL OF ADAPTIVE MAINTENANCE DIFFICULT RADIO
ELECTRONIC TECHNIQUE

E. Lenkovl, G. Zhyrovz, T. Bondarenko'

! Military Institute of Telecommunications and Information Technologies,
45/1 Moskowska str., 01011, Kyiv, Ukraine; e-mail: lenkov_s@ukr.net
? Military Institute of Taras Shevchenko National University of Kiev,
81, Lomonosova str., 03189, Kyiv, Ukraine

The article suggests a mathematical model of the process is a complex technical object. The
model parameters are the maintenance parameters. The model is designed to build a
simulation model of the process of maintenance and repair in order to predict reliability and
cost of the facility, taking into account the various maintenance strategies and planned
repairs.

Keywords: maintenance, diffuse distribution, simulation model, an adaptive service
strategy as
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MATEMATUYHE MOJIEJIJIOBAHHS MTPOLECY ®LJIBTPALIII
3 PO3PUBHUMU KOE®IIHIEHTAMU Y 'ETEPOI'EHHHUX
CUCTEMAX 3A YMOBHU HETOYHHUX BUXITHUX JTAHUX

C.A. Iloao:xaenko, B.C. CaBiu

OnechKkuii HaIiOHATBHUH MOMITEXHIYHUNA YHIBEPCUTET,
npocr. [IleBuenka, 1, Oneca, 65044, Ykpaina; e-mail: savichsp@gmail.com

3anponoHOBaHO TPOIEAYPY PO3B’sA3aHHA 3amadi QimbTparmii 3 po3pUBHUME KOEQIlli€EHTAMH Y
TeTepPOTeHHNX CHCTeMax (CepeIOBHINAX), 3aCHOBaHY Ha 3aCTOCYBaHHI BEHBJIET-TIEPETBOPECHHS
mudepenmiitnoi mMoxeni. OcoONMBICTE MpoHEnypu TMOJATAE Y MOXKIUBOCTI OTPHUMAaHHS
pPO3B’SI3Ky TpPH HEMOBHOMY ab0 HETOYHOMY BEKTOpi BHUXIITHUX MJaHMX. Ha migcrasi
KpaTHOMACHITa0HOTO aHaNli3y OTPHUMaHO Koe(imieHTH BeHBIET-QYHKIH pO3KIaTaHHI 3
KOMITAKTHUMH HOCisIMH Yy TipocTopax Co0oseBa.

KarouoBi cioBa: rereporeHHa cucrema (cepemoBuule), (uIbTpauis 3 PO3PUBHUMH
KoedilieHTaMu, BeHBIET-pO3KIaAaH s, KpaTHOMACIITaOHNH aHai3, mpoctip CoboreBa.

Beryn

3aragpHy TEOpPIF0 MOJKJIMBOCTI pO3B’SI3yBaHHS KpahWoBUX 3aaad Ui JIHIMHUX Ta
KBa3UIIHIHHUX IU(EpeHIIHUX pIBHAHb MapadOoIiyHOrO THIY 3 PO3PHUBHUMHU KoedimieHTamu
po3pobaeHo O.A. JlagmxeHcbkoro B poborax [1, 2]. Ha ocHoBi 1i€i Teopii Oyno po3B’s3aHO
HU3KY TNPHUKIATHUX 3a7ad ofHopaszHoi QinbTpamii sk g cramioHapHoro [1], Tak 1 s
HecTarioHapHoro [ 1, 2] Bumakis.

OpHave n0ci He BigHAMILIa CBOrO PO3B’s3aHHS 3a7aya HecTauioHapHOi (imbTparii s
Oararo(a3HUX Ta TETEPOTCHHHX CHUCTEM, IO OMUCYIOTHCSA PIBHSIHHIMHU Mapa0oJIiyHOTO THIY 3
pO3puBHUMH Koe(dimieHTaMH Ta 3 Koe(ilieHTaMH, IO KBaJIpaTUYHO IHTETPYIOThCS. B
NPaKTUYHHUX JIO/IaTKaX, 33 YMOBH 3aCTOCYBaHHS HETOYHHMX JAaHUX IS 3a/iaya YCKJIATHIOETHCS
Moe OyTH BiJIHECEHa JI0 KJlacy HEKOPEKTHHX 3aJ]lad 4epe3 BUHHKHEHHS HECTaJOCTi PO3B’S3KY.
Jlnst po3B’si3yBaHHS Takoi 3a/1adi CKOPUCTAEMOCS TPOSKIIIHHUM METOAOM | aabopKiHa, B SKOMY
OasucHa (KoopauWHaTHA) cucTeMa (YHKIINA CIIBIANae 3 MPOCKIIHOW cucTteMor. B sKocTi
OasucHux GYHKIIA TpuitMemo OaratoMipHi BewBietn JloGemmi [3], ski 3amexarb SK BiX
MIPOCTOPOBOI 3MIHHOI 7, TaK 1 BIJ 4aCcOBOi 3MIHHOI /, a KOoe(iIli€eHTH PO3KIIaJaHHS PO3B’SI3KYy
3ajadi BHU3HAYAIOThCA B paMKaxX pEryspHOTO KpaTHOMAacIITaOHOro BeWBleT-aHaNmizy [4].
BapiamiitHy 3amady, mo mpu IIbOMY YTBOPIOETHCS, OyIE€MO pPO3B’S3yBaTH PETYISPHU3YIOUUM
meTtogoMm O.M. TuxonoBsa [5] 13 3acTOCYBaHHSIM MPHUHIIMITY Y3aralbHIOIOYO01 HEB 3KH [6].

Meta pob6oTu
Po3poOka BeliBieT-MeTony pO3B’A3yBaHHS 3ajadi  HecramioHapHoi ¢QimpTpamii 3

PO3PUBHUMH KOE(]IIlIEHTAMU Y TE€TEPOTCHHUX CHCTEMax JIsl BUIAJIKy HETOYHHX a00 HEMOBHHUX
BUXIJIHUX JIaHUX, 30KpeMa JaHUX BUMIPIOBaHHS.
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OCHOBHA YaCTHHA

Posrasmemo audepenttiiine piBHSHHS HECTAJIOr0 IIACKO-PaTHaIbHOTO OCECUMETPHIHOTO
¢inbTpaniiHOr0 MOTOKY B KPYroBOMy IulacTi paaiyca R. B ImeHTpi sKOro po3TamoBaHO
CBEP/UIOBUHY PAAlyCOM 7,

-%g{ktf%ffgﬁqzaig”l ro<r<R, te(t,.t,), )
MPHU TIOYATKOBIN YMOBI
P(r,t,)=w,(r), re(r,R) (2)
Ta KpailoBHX yMOBax
P(r,,t)=P,(t), P(R,t)=0, te(t,,t,). 3)

VY Bupazax (1)-(3) P(r,t):Ap(r, t)zpo —p(r,t); p(r,t) — THCK PIAMHH B TOYIl 7 B
MOMEHT 4acy f; p, — TOYAaTKOBHH IUIACTOBUI THCK; k(r, t) — TMPOHUKHICTh IUIACTa; AU —

rycTHHA piauHU (a00 TETEPOreHHOI CHCTEMH ), IO PLIBTPYETHCSI.
Bynemo BBaxkatu, o QyHKIIT i/, (r) Ta P, (t) 3aJ0BOJIbHAIOTH HACTYIIHUM YMOBAaM:

0
— y,(r)=w)(0,), To6T0 Taka, mo kBampaTHuHO iHTErpyeThcs Ha |r,,R| pasom 3
y3araJbHEHOI TOX1THOIO (d I//O/dl”) B cmuci Cobonera [1, 2], Ta mpuiiMae «B cepeIHbOMY
KBaJIPaTUIHOMY» HYJIbOBI I'PaHUYHI 3HAYCHHS;

AR, < RO, <.

Hexait O, , =Q x(t,,¢,) — UMTiHAp Ha TUTOMMHI 3MiHHEX (r,?). Q =(r,,R), i

tolto 1y

GyHKIIS k(r, t) 3a10BOJIBHSIE HA O, , yMOBaM:
- v, Sk(r,t)£v4, v, >0;
ok(r,t)

or

—  k(r, ¢) Mae y3aransueny noxinmy [8k(r, t)/ 8r] , JUIS IKOI max <00

10,11

[Tepenocrannst ymoBa 3abe3mnedye piBHOMIpHY (110 7 Ta ¢ ) napabomiuHicTs piBHIHHS (1).

Jnst omHOpigHOTO TIIacTa (k(r, t): const) KpaloBi 3amadi 3 KpaHOBUMH yMOBaMH
MEepIIoro Ta JAPYyroro poay po3risHyTto B [7, 8]. HeoOXimHiCTh BpaxyBaHHSI TE€TEPOTEHHOL
CTPYKTYpH TIOPUCTOTO CEPEJOBHINA B TIAPOAMHAMIUYHUX 3a/JadaX BIOMIYaeThCs y 0OaraTthox
BiIoMUX poOoTax 3 ¢inbTpamii (Hampukiad, [8, 9-13]), ajie He Mae OCTATOYHOTO PO3B’sI3aHHS.
JocnimpkenHs 3agad ¢QinbTpanii y reTeporeHHUX CepellOBHIaX B OCHOBHOMY OpIEHTOBaHI Ha
mouni euxioni dani (a00 dani eumiprosansb, B TOM Yac KOJIM HA MPAKTHII I JaHI MOXYTh OyTH
oTrpuMaHi (a0o BuUMIpsHi) nuiie HabmmkeHo. HeBpaxyBaHHs naHOTO (PakTy MOXe CIIPUYUHHUTU
3HAYHI BIJXWICHHS OTPUMAHOTO PO3B’S3KY Bl PO3B’S3KYy NPH TOYHHX JaHUX (HECTAIUN
po3B’s30k). Kpim Toro, icHyroui MeTOAH pO3B’sI3yBaHHS 3aqau (iabTparii (30Kpema, METOIH
3aCHOBaH1 Ha 3aCTOCYBaHHI epeTBOpeHHs Dyp’€) He JaI0Th MOXKIIMBOCTI BUSHAYUTH CTPYKTYPHI
0COOJMBOCTI TpOLECy, M0 HAATO BAaXIWUBO Ui TE€TEPOTeHHUX CHCTEM, 1 MOXYTh OyTH
BUKOPHCTAHI JIMIIIE Y BUMAJKY ICHYBaHHS KJIACHYHOTO PO3B’SI3KY 3a/1a4i.

[Ticns oueBMIHUX MEpPETBOPEHH (3aMiH 3MiHHUX) 3aaa4a (1)-(3) 3BOUTHCSA 1O HACTYIHOI
3ajaui:
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Lu(r,t)zgu(r,t)—Mu(r,t)zf(r,t), re(0,1), te(0,1), 4)
ulr,t)=w,(r), re(0,1), (%)
u(0,¢)=0, u(l,)=0, t(0,7). (6)

Tyr T=1, I=2m-1; m — nopsnaoK BeWBNeTIB, sIKi OyayTh BUKOPHCTOBYBATHCS Y

TOJIATBIIOMY JUIs BeitBieT-poskianans dyrkuiit k(r,¢), f(r.t) Ta u(r,t):

_Jd| ¢ ck(r,t)-u, 3 (¢, —1,)
Mu_ar|: —T k(r’t)ur}+rol+r(R_ro)’ c_ﬂ(R_’"o)’
_afl(r,t)_ _ ck(r,t)'
f(r,t)— or fo(V,f), f1(’”at)_ Z(R—ro) Po(t)a (7)

3 METOI0 CITPOIIEHHS 3alrCy MICsA 3aMiHU 3MIHHUX 30€peKeHO MO3HAYCHHS IS k(r, t),

wo(r), Py(2) 1a Pi(1).

3amauy (4)-(6) HasBeMO YMOBHO 3anauer0 4, (QT), ae O, :QX(O,T ), Q:(O,l);
NepIIni 3 IHAEKCIB B MO3HAYCHHI 3a7a4l 03HAYAE, 1110 KPaiioBi YMOBH € YMOBAMH TMEPIIOTO POIY,
a APyTHi — 110 111 YMOBHU OJHOPIIHI (TOOTO HYIHOBI).

VY nopanpmoMy OyAeMO BHKOPHUCTOBYBaTH BBeAeHI B [l, 2] (yHKIiOHANBHI MPOCTOPH
w(0,), W Q,), W(0,), V,(0,) ta V)°(Q,), a takox BimmoBimmi iM mpocTopw

0 0 0 0

wr(0,), w,0,), wr(0,), Igz(QT) ta V,°(0,). Hymp 3BepXy Ham NO3HAYCHHAM
MIPOCTOPY O3HA4a€, M0 OEpyThCS JUIINE Ti €JIEMEHTH JAaHOTO IMPOCTOPY, SIKI 00EPTArOThCA HA
HYJIb Y «CE€peIHbOMY KBaJpaTUYHOMY» Ha OOKOBIiH rpanumi S, = {(r, t):r =0ur=I } WITIHAPY
Or.

Ilix poss’s3kom 3amaui 4, (QT) OyZIeMo pO3yMITH y3arajJbHEHHH PO3B’S30K B CMHCII
Bu3HaueHns 3 [1, 2]. A came y3aranbHeHuM po3s’sskom 3 V) (Q, ) (W,°(Q, )) 3anaui 4, (0,)

0 0
OyneMo Ha3uBaTU (YHKIIIIO u(r, t) 3 7,0 (QT) (w,° (QT)), sIKa 3aJI0BOJIbHSIE PIBHSHHIO (4) Ta

MOYATKOBIN yMOBI (5) B CMUCII IHTETPaIbHOI TOTOXKHOCTI

c k(r,t)
- k(r, —_— drdt=
é':|:u77t R—l"o (r t)urnr + rol+r(R_rO)ur77:| rat

S|P RO b e DR ®)
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0
npu Oynb-sKiid QyHKII n(r,t) 3 WZI’I(QT), 10 JOpiBHIOE HYNIO mpu ¢ =7 . BiAmoBigHICTh
0 0
KpaitoBuM ymoBam (6) MicTUThCA B Tomy, o u €V, (QT) (uew,”’ (QT)), T00TO yMOBH (6)

3aJI0BOJIBHSIOTECS Yy «CEPEeAHbOMY KBagpaTuuHoMmy». IIpu npomy moxinni u,, 1, ta 17, B (8) €
0
y3arajJbHEHUMH TIOXiIHMMH. Byab-skuil ysaranbHenmit poss’szok 3 ueW,”’ (QT) 3ajadi
0
A4,,(0,) 6yne ii ysaransuennm poss’sskom 3 ¥, (0,) [1].

3 moBeneHUxX TeopeM y poOoTi [2] BHUTIKae, MO 3a YMOB, 3a3HAYEHUX BHIIE TS (YHKITIHA
0

v, (r), k(r, t) Ta P, (t) icHy€ €IMHMI y3araJlbHEHUH PO3B’A30K 3a1a4i 4, (QT) 3uew,”’ (QT ),

0 0
mo Hanexuts W, (Q, ) 1a 3amoBonbuse pissnno Lu = f, felL,(0,) (f Ea—fl — f,) Maiixe
r

CKpi3b B O, .

Bukonaemo BeHBIET-TIpe/ICTaBICHHS PO3B’SI3Ky 3a1avi. B kpymHoMacmTabHOMY aHai3i
(KMA) B L, (SRZ), KU BUKOPHUCTOBYE OPTOHOPMOBaHI 0a3ucu BEWBIIETIB, OyIb-sAKil (QyHKITT
u(x) 3 L, (SRZ) Bifmosinae psn [4]

u(x)=(u. )< olx)+ Xl )xw, (x). ©)

Aeu A,
e/:o j

l//l(x)zzjt///(Z" -x—k), A, :{ﬂ:(é,j,k):lﬁﬁsikeZz}, Z*=7ZxZ, 7Z — MHOXHUHa
mimix  Hemim'emmux umcerm; k=(k,k,)eZ?; x=(x,x,)eR? (wia 3amaui A, (0,)
X, =r,Xx,=t); <-, > — 3HAK CKaJIAPHOTO JOOYTKY.

OyHKIIT

o(x—k), w,(x)=27y, (27 -x—k), A=(0, j.k), 1<0<3,keZ?, (10)
e
olx—k)=plx, =k )olx, - k,), ¢,(x= k)= plx, -k )olx, - k,),
o (v = k)= lx, =k )olx, =k, ), wi(x=k)=y(x, =k )wlx, —k,)

YTBOPIOIOTH cenapadenbHuil orpoHopmoBanuii 6azuc (OHB) B L, (SRZ )
OyHKITIT go(x) Ta 1//(x) npu x € R', AKi HA3UBAIOTHCS Bi/TMOBITHO cKelmiHT-QYHKIIT (Taka,

1o Macmradye) Ta BeiBiIeT-(QyHKIlIi, MAaIOTh KOMITAKTHI HOCIT B (0,1 ) Ta BU3HAYAIOTHCA K PAJl
[14]

o) =N2T 1 x pl2x k). p(x)=N2Y gl x pl2x k). (11)

[=2m—-1 (m>1 — mile JI0JaTHE YHCIIO); g,({”’) = (— l)k X h,E’"). Koedimientn h,ﬁ’") JUTSL
BeitBnetis Xaapa (m =1) matots snauenns h\) = b =1/7/2, a ana seiteneris JoGemi |, ¢(x)

HOpSIKY m > 1 3HaYeHHS h,ﬁ"” s m = 2,10 HaBeneHo B [15].
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JlokanpHy Ta TJIOOANbHY PErYJSPHICTh BEWBIETIB 3 KOMIAKTHUMH HOCISIMH JI€TAIBHO
nociipkeHo B [15]. Ipu mpomy metogamu ®yp’e BCTAaHOBIICHO, IO 1711 BEUBJIETIB gp(x), xeR,
3Ha4YeHH T7I00AIbHOrO MoKa3HuKa [ enpaepa He MeHme 3a 2.158 mpu m>7.

Kparnomacmrabuuit anamiz B L, (912) CKJIAaJA€TbCs 3 TOCHIJOBHOCTI TPOCTOPIB

anpoKkcuMain {Vj}(jZO)VO cV c..cV,c.., ne V; — 3aMKHyTMd OPOCTIp B LZ(ERZ) 3

0azrcom
(oj(x):2-7¢(2-/-x—k), x=(x,x,)eR?, k=(k, k,)eZ".

OcCKinbKH  QYHKIIS (p(x), xeR', dinita Ha [0, [ ] npu Oyab-skomy m>1 Ta aBidi
HeTepepBHO TU(EPEHIIIOEThCS Ha [O,l] npu m =7, TO TOCTIIOBHICTh {VJ}( j= 0) npu BUOOPI
bazucy {go_/ (x — k)} Ha OCHOBI (yHKIIiT (o(x) 3 [=2m—-1, m>7 Oyne mopokyBaTH (3a
BU3Ha4YeHHsM Y [4]) 2-perymsipuuiit KMA B L, (SRZ ) Ile o3Hauae, o a1 Oyab-SKOTO MIOTO M
1 Ui OyIb-IKOTO MYJIbTHIHIEKCY o = (al,az), 10 33JI0BOJIBHSIE YMOBI |a| <2 (|a| =q,+a,),

Ui QyHKIIT g(x) = (/)(x1 ) (p(x2) BUKOHYETHCS HEPIBHICTh

ﬁag(xx <C, (1 +4/x] +x2 )_m .

Skimo P, — OpTOroHaJIbHUI IPOCKTOP MPOCTOpY L, (&Rz ) Ha V,, TO Ha MiCTaBi TEOpPEMH,

chopMyIIbOBaHOI Ta 0BeneHOI B [4], 11 Oyab-saxoi ¢yHkuii 3 npoctopy CoGonesa W, (QT)

MOCIINOBHICTL P, f° 30iraetses o f B w, (QT)-HOpMi, TOOTO:

limfp“P,f-0“f| =0, |o]<1.

Jjoo jf f Ly (0r) | (12)
VY BIAMOBITHOCTI IO BUIIE 3rajiaHoi Teopemu 3 [4], po3moain (y3aranbHeHa QYyHKIs) f

HaJIeXKUTh W, (QT) TOAl 1 TUIBKU TOJi, KOJU 11 BeWBIET-KOEePIIIEHTH a</1> :< v i) B 0asuci

(10), oo Bignogigae 2-perymsipapomy KMA, 3a10BOJBHSAIOTH YMOBI

224'/1&(/1]2 <. (13)

j=0 AeA

Hns BukonanHs ymoBu (13) gocTtaTHRO BBaxkaTd, IO BelBIeT-KoedimieHTH

diiii, :< f, W[,j,kl,k2> GbyHKUii f 3a70BOJIbHSE HEPIBHOCTSIM

2, (izl,_3;j20;k1,k2:0,2f—1), (14)

did',kl kg T

ac 277,2 < 00, HalIpUKJIamd, n = j_(1+7)/2, y> 0.
j=0

BucHoBok
Bukonano po3B’s3aHHS 3amadi  QuIbTpamii 3 pPO3PUBHUMHU  KOeQilliEHTaMH Yy

TeTePOreHHOMY CEpelOBUIN, 3JIHCHEHE Y BUIJISAAI BeHUBIET-IEPETBOPEHHs. BiaMiHHICTH

376



I[HOOPMATHUKA TA MATEMATUYHI METO/ZI1 B MOJJEJIFOBAHHI = 2016 = Tom 6, Ne4

3aMpPOTIOHOBAHOTO IMiIXO/TY MOJIATAE B TOMY, 1[0 PO3B’SA30K 3a/1a4i MOKHA OTPUMATH Y BUTIAJKaX,
KOJIM BUXI1HI JaH1 € HETOYHUMU (200 HETTOBHUMHM) BHACIIIOK MTOXHUOOK BUMIpIOBAaHb.

Cnucok Jiteparypu

1.

w

10.

11.

12.

13.

14.

15.

Jlamenxenckas, O.A. Kpaessie 3aqaun marematryecko ¢pusuku / O.A. Jlagsikenckas. — M.: Hayka,
1975. — 407 c.

Jlagpokenckas, O.A. JluHeliHple W KBa3WIMHEHHBIE YypaBHEHHs mapaboindeckoro tuma /
O.A. Jlageokenckas, B.A. Cononnmnkos, H.H. Ypanenes. — M.: Hayka, 1987. — 736 c.

Uywn, K.. BBenenue B BeiiBiersl / K. Uyn. — M.: Mup, 2004. — 412 c.

HoBukoB, W.SI. OcHoBel Teopum BcruteckoB / W.A. HoBuko, C.b. Cteukun // VYcmexu
MaTemMaTrdeckux Hayk. — 1998. — T. 53, Ne 6. — C. 53-128.

Tuxonos, A.H. Metonsl pemenus HekoppekTHbIX 3amad / A.H. Tuxonos, B.f. Apcennn. — M.:
Hayxka, 1979. — 285 c.

Tlonuapckuii, A.B. O600wmenHsIi npuHnun HeBsizku / A.B. T'onuapckuii, A.C. JleoHos, A.C. Srona //
KypHan BEIMMUYCIUTENIFHON MaTeMaTHKH U MaTe MaTtiHdeckoil pusnkn. — 2009. — T. 14, — Ne 2. —
C. 295-302.

Cobomnes, C.JI. Hexotopeie mpuMeHeHHs (YHKIIMOHATHHOTO aHAIH3a B MaTeMaTHUYECKoW (usuke /
C.JI. CoboneB. — M.: Hayka, 2001. — 255 c.

bacuumes, K.C. Tlomzemuas ruapasnuka / K.C. bacaues A.M. Bimacos, WM.H. Kounna u ap. — M.:
Henpa, 2012. — 303 c.

[MenkageB, B.H. OcCHOBBI W TpPWIOKEHHUS TEOPUHM HEyCTaHOBUBIIeHcs ¢unabTpamuu. Y. 1. /
B.H. lllenxageB. — M.: Hedts u raz, 2005. — 586 c.

Saez, A. The effective homogeneous behavior of homogeneous porous media // A. Saez, C.J. Otero,
I. Rusinek // Transport in porous media. — 1989. — Ne 4. — Pp. 212-238.

Chauveteau, G. Rodlike Polymer Solution Flow Through Fines Pores: Influence of Pole Size on
Rheological Behavior / G. Chauveteau // Journal of the Rheological. — 1999. — V. 26 (2). — P. 111-
142.

Enevoldsen, J. Pressure Drop Throgh Gravel Packs / J. Enevoldsen, H. K. Rasmusen / J. Enevoldsen //
Annual Transactions of the Nordic Rheology Society. — 1995. — V. 3. — P. 45-47.

Bayada, G. Inequations variationnelles elliptiques avec conditions aux limites periodiques / G. Bayada
//'J. Anal. Math. — 1978.— Vol. 34.— P. 47-53.

Hpemun, V.M. Beiinetrsl u ux ucnons3oBanue // .M. [Ilpemun, O.B. Banos, B.A. Heuuraiino //
Ycenexu matematudecknx Hayk. — 2011. — T. 171. — Ne 5. — C. 465-501.

Quintard, M. Two phase flow in heterogeneous porous media: the method of large-scale averaging /
M. Quintard, S. Whitaker // Transport in porous media. — 1988. — Ne 3. — Pp. 357-413.

377



C.A. ITonoxaenko, B.C. Casiu

MATEMATHYECKOE MOJEJINPOBAHHUE MTPOLECCA ®UJIbTPAIIMHU C PA3PBIBHBIMH
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[pemnoskeHa mporeaypa peuicHus 3a1a4d QIIbTPAIMH C Pa3phIBHBIME KO3 (GUIIMCHTAaMH B
TETEPOrCHHBIX CHUCTEMax (Cpelax), OCHOBaHHAas Ha MPUMCHCHUW BEHBIICT-NPEOOpa3oBaHUs
muddepernuanpHoi Monend. OcoOEHHOCTh MPOIEAYPHI COCTOUT B BO3MOXHOCTH MOTYYCHUS
pellcHWsI TPU HEMOJHOM WM HETOYHOM BEKTOpPE BXOJHBIX JaHHBIX. Ha ocHoOBe
KpaTHOMACHITA0OHOTO aHAJIN3a IMOJyYeHBI KOI(D(DUIMEHTH BEHBICT-OYHKIMNA Pa3oXKEHUS C
KOMIAKTHBEIMHA HOCUTEIISIMH B IIpocTpaHcTBax Coboesa.

KioueBble cjoBa: TeTeporeHHass cuctema (cpema), GUIbTpamus ¢ Pa3pbIBHBIMHU
kod(pPUIIMEHTAaMH, BEWBIICT-PA3NIOKCHNE, KPAaTHOMACIITAOHBIH  aHANIHW3, MPOCTPAHCTBO
Cobonega.

MATHEMATICAL MODELLING OF FILTERING WITH DISCONTINUOUS COEFFICIENTS IN
HETEROGENEOUS SYSTEM IN TERMS OF UNCERTAINTY OF THE INPUT DATA

S. Polozhaenko, V. Savich

Odesa National Polytechnic University,
1 Shevchenko Str., Odesa, 65044, Ukraine; e-mail: savichsp@gmail.com

A procedure for solving the problem of filtration with discontinuous coefficients in
heterogeneous systems (environments), based on the application of wavelet transform of the
differential model. The peculiarity of the procedure is the ability to produce solutions with
incomplete or inaccurate vector input. Based on multiresolution analysis obtained coefficients
of wavelet decomposition function with compact support in Sobolev spaces.

Keywords: heterogeneous system (medium), filtration with discontinuous coefficients, wavelet
decomposition, multiresolution analysis, Sobolev space.
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MATEMATHUYECKAA MOJAEJIb TEXHUYECKOI'O
OBCJHYXKUBAHUA CJIOKHOT'O
BOCCTAHABJ/IMBAEMOI'O OB BEKTA
BE3 YUETA EI'O CTPYKTYPbI

N.B. ToJuaok

JlemapTaMeHT BOGHHOTO 00pa30BaHMsI U HAYKH MUHHCTEPCTBA OOOPOHBI Y KpauHBI,
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B cratee MpUBCACH aHalu3 0COOEHHOCTH TEXHUYECKOIO 06CJ'Iy)KI/IBaHI/IH CJIO’KHOI'O
BOCCTaHABJIMBAEMOI'0 00beKTa 0e3 yde€Ta €ro CTpYKTYpbl U pa3pa60TaHa COOTBECTCTBYIOIIAsA
MaTreéMaTH4CCKas MOICIIb.

KaioueBble c/I0Ba: MaTeMaTH4YeCKash MOJENb, TEXHHUECKOE OOCIyKHBAHME, CIIOMKHBIM
00BEKT.

BBeneHue U IOCTAHOBKA 3a1a4H

CrnoxHbIE BOCCTaHABIMBAEMbIE M3JIEIHA U CHCTEMBl AKCIUTYaTUPYIOTCS B Pa3IHUHBIX
oTpacisax u chepax ACSITEIBHOCTH. DTO OBITOBBIE MPHUOOPHI, KOMIBIOTEPHI, aBTOMOOWIIH,
IIPOM3BOJICTBEHHbIE TMHUU, CUCTEMBI CBSI3H, DJIEKTPOCTAHLUH U T.I. DTH OOBEKTHI COCTOAT U3
OTJIEIbHBIX arperaTtoB, YCTPOMCTB, MOJICHUCTEM, OTIEIbHBIX KOMIIOHEHTOB, HOMEHKJIATypa U
KOJINYECTBO KOTOPBIX HACUUTHIBAET COTHH, THICAYM, HHOIJA MUUTMOHBI Pa3HOOOPA3HBIX
COCTaBJISIIOLIUX, M IOATOMY CTPYKTYPY CHUCTEMBI MO KJIACCUYECKUM MOHSATHIM HE YUUTHIBATh
HE BO3MOXKHO.

ObecrnieueHne HaIeKHOCTU ITUX 0OBEKTOB — OUEHb Ba)KHAs U CJIOXHAs 3ajjada, KoTopas
pemaercs Kak IMpH MPOSKTUPOBAHMM, TaK W MPU DKCIUTyaTallMd IyTeM IUIAHUPOBAHUSA M
MPOBECHUS TEXHUYECKOTO oOciyxuBanus u pemonta (TOwuP). KonTpons HamexHOCTH, a
Takxke crpareruss U TaktTuka TOuP mpoBoauTcst ¢ yuetom psina (akTopoB, B TOM YHCIIE,
HAJIeKHOCTHBIX [TOKa3aTeseil BceX COCTaBISIONINX KOMIIOHEHTOB 00BEKTa B X B3aMMOCBS3H.

Bmecte ¢ Tem ObIBalOT ciy4yaw, Korja JOCTaTodHas HH(OpMamuss O CBOMCTBax
(Hame>)xHOCTH) OE30TKA3HOCTH OTAEIBHBIX JJEMEHTOB OOBEKTa OTCYTCTByeT. Kpome Toro,
KOHCTPYKTHBHAsI CTPYKTypa 0OBbeKTa ObIBa€T TaKOM, YTO MpPU IKCIUTyaTallMd HET JOCTyIa K
OTJICIbHBIM €€ DJIEMEHTaM, HEOOXOIUMBIM JUIsl 3aMEHbl MJIM TEXHHUUYECKOTO OOCITYKHBaHUS
(TO). IIpu pemeHnu 3a1a41 OIIEHKH HAJEKHOCTH 00bEKTa U TuiaHupoBanus TO He0OX0uMO
paccMaTpuBaTh OOBEKT 0€3 yueTa ero CTPyKTYphl. ITO XapaKTEepPHO ISl AJIEMEHTOB OOBEKTA,
CTPYKTYpa KOTOPBIX B LIEJIOM HM3BECTHA, HO NPHU AKCIUTyaTallMd HET BO3MOXKHOCTH MEHSTb
(BoccTaHaBIMBaTh) OTJENbHBIE €r0 COCTABIAIOIIME, TOTrJa MpU OTKa3e COCTaBHAs YacTh
MeHsieTcst B iesioM. Kpome Toro, caM 00BbEKT MOKET BXOJHUTh B COCTaB KaKOH-THOO CUCTEMBI
U paccMaTpUBATHCS KaK 3JIEMEHT, BHYTPEHHSSI CTPYKTYpa KOTOPOTO HE BayKHA.

B Takom ciydae ocHOBHOH wuH(poOpMaimeir o CBOWCTBaX HAAEKHOCTH OOBEKTa
(omemenTa) sBigeTcss (QyHKIUS pacrpesnereHus HapaOboTku Ha ortkaz F(¢). Haxe ecnu

aHAJUTUYECKOE TpeacTaBieHne QyHKIMu F(¢) oTcyTcTBYeT, a cama (pyHkius F(¢) 3amaHa

THCTOTPaMMOM. Il HIDKHUX YpPOBHEH KOMILIEKTYIOUIMX JJIEMEHTOB: METH3bI, MPYKHHBI,
MIPOKJIAJIKH, TPYOKHU, PE3UCTOPBI, MUKPOCXEMBI, MUKPOIIPOILIECCOPHI U T.I. BUA GyHKIUU F(1)
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MOJKET OBITh 33/1aH Ha OCHOBaHWU JAHHBIX, MTOJYYCHHBIX NPU alpHOPHBIX UCCIEIOBAHUAX H
UCIBITAHUAX HAa HAAEKHOCTh. [l 31eMeHTOB OoJiee BBHICOKMX KOHCTPYKTUBHBIX YPOBHEH,
Hanpumep, Ui OJIOKOB, y3JI0B, arperatoB, M /Ui BCEr0 00BEKTa aHATUTUUYECKOE BBIPAKEHHE
Ui (QYHKIMM MOXET OBbITh 3aJaHO0 TaKK€ Ha OCHOBAHMM JIaHHBIX, IOJyYEHHBIX Ha
UCTIBITAaHUAX. BMmecte ¢ Tem, 111 OOBEKTOB BBICHIMX KOHCTPYKTHBHBIX YPOBHEH M JUis
00BEKTA B 1I€JIOM MOTYYUTh AHATUTHUECKHUE MOJIETH OYEHb CII0XKHO.

B nmaHHONl cTaThe paccMaTpuUBAaeTCd MMMTALMOHHAs CTaTHCTUYECKass MOJEIb,
MPUTO/IHAS JIsl IPUMEHEHUSs, KOTJJa CTPYKTYypa CII0KHOTO 00beKTa He MOXKET ObITh yuTeHa. C
IIOMOUIBI0 3TOM MOJENHM MOYKHO IOJYYUTh OLIEHKHM OCHOBHBIX IOKa3aTesed HaJeKHOCTH:
cpenHsisi HapaboTka Ha OTKa3, KOA(GOUIIMEHT TOTOBHOCTH, KOA(DMUIMEHT TEXHHYECKOTO
ucnosp3oBanusg U T.1. [1]. PaccmarpuBarorcs Tonbko nepuoguueckue crparerun TO 1o
pecypcy [2], XOTS HET HUKAaKUX OTPAHMYEHUN HAa BO3MOKHOCTh NMPUMEHEHHUS MOJEIU U B
ClIly4ae IpYTruxX CTPaTerui.

AHaJIM3 nmpolecca TeXHUYECKOro 00CayKUBaAHU S

[IpakTHyeckn Bce CIIOKHBIE BOCCTaHABIMBAEMBbIE OOBEKTHI COJEPXKAT 3HAYMTEIHHOE
KOJIMYECTBO MEXAaHWYECKUX, JJIEKTPOMEXaHUYECKUX, JJIEKTPOHHBIX, TUAPABIUYECKUX U
JAPYTUX 3JIEMEHTOB. M3BECTHO, YTO MEXaHHM3MBI MPOLIECCOB M3HAIIMBAHUS M CTapeHUs IS
Pa3HbIX TUIIOB 3JIEMEHTOB OBIBAIOT PA3TUUYHBIMU. [[J151 MUKPOIIEKTPOHHBIX U3AETUN TUITHYHBI
TaKye MPOIECCHl: CKOIUIEHUS 1e()EeKTOB M KPUCTAJUIMYECKHX AMCIOKalui, Tud¢y3noHHbIE
mpoLeccsl B 00beMe M Ha MOBEPXHOCTSAX MaTepHalioB, COPOLIMOHHBIE U 3JEKTPOIUTHYECKUE
nporecchl u T.10. [3, 4]. g MexaHHueCcKuX 3JIeMEHTOB Hanboiee XapaKTepHbIMU IPUYUHAMHU
OTKa30B U CTApEHUS SABISETCS YCTATOCTh METAJIJIOB, MUKPOTPEIIUHBI, KOPPO3US, AECTPYKIIUSI
KepaMHUYEeCKHX, PE3MHOBBIX M TOJMMEPHBIX MaTepualoB U T.I. Bce 3TH aerpaganvoHHbIE
MPOLIECCHl UMEIOT CBOM BHYTPEHHHE MapaMeTpbl, KOTOPbIE, KaK MPABHIIO, XOPOIIO U3Y4YEeHbI U
YUUTBIBAIOTCS pa3zpaboTynkamu. boiblnas 4acTe M3 HUX HU3MepsieTcs (BBISBISETCS) TOJBKO
MU CIeUUaIbHBIX JTAOOPATOPHBIX HccienoBaHusAX. [Ipy mpoekTHpoBaHUM TaKUMX OOBEKTOB
BCErJa W3bICKMBAIOTCS KaKHUe-JIMOO BTOPUYHBIE MapaMeTphbl, TEXHMYECKOE COCTOSHHE
KOTOPBIX MOKHO KOHTPOJIUPOBATh.

[Ipu 5TOM ONpPEnENstoTCS 3aKOHOMEPHOCTH S3TUX BHYTPEHHHX IapaMeTpoB, YTO
orpezensieT BEIOOp MOJIETN OTKA30B.

Mogens OTKa30B — 3TO MareMaThyeckas MOJeNb B BUAC (DYHKIMHM pacIpeesieHus
HapaboTku Ha oTKa3 [S]. [IpuHATO pa3nuyaTh «IMOCTETICHHBIC» W «BHE3AIHBIC» OTKa3bl [4].
HeB3upass Ha YCIOBHOCTh TaKOH KiIacCU(pUKAIMM, OIS TOTpeOUTeNns OTKa3bl BCeraa
BO3HUKAIOT BHe3amHO. [lOHATHE «IIOCTENEHHBbI OTKa3» YacTo MCHOJb3YyeTCs, KOorjaa
HEOO0XOUMO TOAYEPKHYTh, YTO NPUYMHOM OTKa3a SBJSIFOTCS IMPOLECCHl W3HAIIMBAHUS U
crapenusi. llpomecc nerpaganuu 3J€MEHTa OINMCHIBAETCS HEKOTOPHIM  OIpPEaesSIONINM
mapameTpoM Xx(¢), B pe3yiabTare BIWSHUS BHEIIHUX (DAKTOPOB W BHYTPEHHHX (DHU3UKO-
XUMUYECKUX TPOLECCOB 3HAYEHUs ONpENeNsIolero mnapamerpa x(¢) B mpolecce
OKCIUTyaTallil YXYALIAeTcs W B HEKOTOPbII MOMEHT BPEMEHHU JOCTHraeT IpeleIbHOTO
3HAYeHHUs, B ITOT MOMEHT BpeMEHH U (QUKCHUpyeTcs OTKa3. Takas KapTWHa MeXaHU3Ma
OTKAa30B SBISETCS YNPOIIEHHOM, HO B Hel OoTOOpakeHa IJIaBHAsl TMIIOTE3a, YTO OTKa3 — 3TO
coObITHE, TIOPOKIAeMOE BBIXOJOM OIpPEACNSIONIEro MapaMeTpa 3a MPeAesbl JOMYCTHUMBIX
HOPM.

XapakTepHOI 4epToil MOCTeNeHHbIX (AerpalalliOHHbIX) OTKA30B SIBISETCS TO, YTO IS
HUX (QYHKIHSI HHTCHCUBHOCTH OTKa30B A(t) sBIsETCS pacTyieid QyHKIMEeH BpeMeHU:

A= fO/(A-F(@),

rae F(t) — ynkmus pacnpeneneHus HapaOOTKH Ha OTKa3.
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3aKOHBI pacmpeieNieHuss HapaOOTKHM TIOCTENEHHBIX OTKAa30B YacTO HA3bIBAIOT
pactpeneneHueM  pacTymux — (QyHKmuid wHTEeHCMBHOCTH [3, 5]. [ng  smemeHTOB
DIIEKTPOTEXHUKUA U PATAMODICKTPOHUKN HauOoJiee aJeKBaTHON MOJENbI0O OTKA30B SIBISIOTCS
nuddy3noHHOE pacnpeneneHue.

3aKkoHOM pacripezieneHus, TUISt KOTOpOTO A(t) = A =const , SIBIIIETCS
SKCIIOHEHIIMAIBHOE paclpe/elieHne, KOTOpoe, MO0 CYTH, SBISETCS MOJIEIbI0 «BHE3AITHBIX)
OTKa30B, T.€. OTKAa3aMH HECTapelOIHUX 3JIEMEHTOB. ECTECTBEHHO TO, YTO HECTAPEIOIINX
3JIEMEHTOB B MPHUPOJIE HE CYLIECTBYIOT, M MOTOMY IPUMEHEHHE MOJIENIN SKCIOHEHIINATBHOTO
pacnpeneneHus AOMYCTHMO, JIUIIb KOTJIa HYKHO TOJYYHTh TpyOble OIEHKH MOKa3aTesei
HAJEKHOCTH WJIM B CITy4asiX OYeHb MEJUICHHOTO CTapeHusl.

TO B cootBerctBUM ¢ [l, 6] — »BTO KOMIUIEKC OMEpaluii MO MOAJEPKKE
paboTOCTIOCOOHOCTH WJIM MCIPABHOCTH OOBEKTA MPH HCIIOIB30BAHUU €T0 1O Ha3HAYCHHIO.
Ero cymHOCTh 3aKifouaeTcss B YACTUYHOM WJIM TOJTHOM BO30OHOBJICHHH OOBEKTA.
Bo3oOHOBNIEHNE Bl€MEHTa — 3TO YacTUYHOE WJIM TOJHOE BO30OHOBJIIEHHE €ro pecypca.
Conepxanue omnepanuii TO MokeT OBITh Pa3HbIM B 3aBUCHMOCTH OT THIIOB U KOHCTPYKIIUU
a7eMeHTOB. EcCimM 3leMEeHT — 9TO CIOXHBIH (PYHKIIMOHATBHBIM Yy3€J, COCTOSHHE KOTOPOTO
XapaKTepU3yeTCsl OHUM WU HECKOJIbKUMHU TEXHUYECKUMU TapameTpamu, To omeparus TO,
BKJIIOUYAET JIBE€ COCTABIISIOIINE:

— W3MEepeHHEe 3HAUYCHUS apaMeTpa,

— YCTaHOBKY HOMHUHAJIBHOTO €r0 3HAYECHHUS.

YcTaHOBKa  HOMHHAQJIBHOTO  3HAUEHUs  IMapaMmeTrpa  sBISETCS  KOMIICHcanuen
NErpajlalliOHHBIX W3MeHeHHH. OHa MOXKET TPOU3BOAUTHCA PErYIMPOBKON WM TyTEM
YaCTMYHOW 3aMEHBl KOMIUIEKTYIOIIMX OJJIEeMEHTOB. WMHOTIA B KavyecTBE 3aMEHSEMBIX
3JIEMEHTOB MOTYT OBITh Macjia WM JIpyrHe TEeXHUYecKHe KHUAKOoCTH. MHorma sneMeHTH
BOOOIIE HE MMEIOT PETyIHPYEMBIX MMapaMeTPOB U BOCCTAHOBJIICHHE HUX pecypca BO3MOXKHO
TOJIBKO ITyTE€M €ro 3aMeHbl Ha HOBBIH.

st ompeneneHusl CTETIEHW BOCCTAaHOBIEHHS pecypca obOwvekra mpu TO mpuHST
K03 uuneHT Bo300HOBIEHUs pecypca k. . Ilpum nomHoll 3ameHe oOwekTa k, =1. Ecnn

onepanu TO 3aKIIIOYAOTCS B PETYIMPOBKE U (WIJIM) YACTUYHOW 3aMEHE COCTABHBIX YaCTeH,
t0 k, <1. JInda TouHOro ompenencHus koeduuueHra k,, HEOOXOIMMBI AIMTEIbHbIC

HCIIBITAHUA, CTOUMOCTH KOTOPBIX MOXKCET HNPCBLIMIATE CTOMMOCTL ITOJIC3HOI'O 3(b(1)eKTa. C
NOMOIIBI0 KO3 ¢unrenta k,, MOXHO yYUTHIBaTh YaCTHUYHOE BO30OHOBIIEHHE pecypca IpHu

TO. HOnsa moxemupoBanus mpoiieccoB TO gocTaToyHO 3a/1aBaTh MPUOIMKEHHOE 3HAYCHHUE
k ., HAa3HAYaeMOE SKCTIIEPTOM.

wr
B ymporieHHOM BHJIE TIPOIIECC BOCCTAHOBIICHUS pecypca 00bEeKTa MPEJICTaBIICH B TAKOM
Buze. Ilpu noaHoMm BoccTaHoBieHUM o0bekTa (k,, =1) (QyHKUUSA IUIOTHOCTH BEPOSTHOCTH

HapaOOTKU Ha OTKa3 CMeILaeTcs «BIpaBo» Ha Bpems ¢ . [Tocne mpoBeaenus TO oxunaemoe
cpelHee BpeMs UCIIOJIb30BAHUS pecypca 00beKTa ONpeeNsieTCs BhIpaKEHUSIMU:

ZLTo +Tcp HpH kwr :1’ (1)

t.+T k, npuk, <1. (2)

cprwr

MaremaTudeckasi MOJeJIb TEXHHYECKOI0 00beKTa 0e3 yueTa ero CTpyKTypbl

IIponiecc TO obbekTa 6e3 yuera ero CTpyKTypbl MOXKHO OMHCATh rpa)OM COCTOSHUIN U
nepexoj1oB (puc. 1).
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Puc.1. I'pad cocrosinuii nepexonos nporecca TO oObekTa 0e3 ydera ero CTpyKTyphl

Ha rpade cocrosaue (0 — paboTOoCcmocoOHOE COCTOSIHWE, COocTOosHHuE 1 —
HEpPabOTOCIIOCOOHOE COCTOSIHUE T.€. OOBEKT BOCCTaHABIWBaeTcs. llepexompl MeEXIy
COCTOSIHUSIMU TIPOUCXOIAT B CHy‘IaﬁHLIe MOMCHTBI BPEMCHHU C MHTCHCUBHOCTSAMM, KOTOPBIC
UMEIOT Takue 0003HAUYCHHUS:

A(t) — UIHTEHCUBHOCTH OTKa30B;

M, (1) — UIHTEHCHUBHOCTb BOCCTAHOBJICHMUSI;

M., (t) — uHTEeHCUBHOCTH nepexona ot coctosaHus TO B coctosiHue 0;

O0(t—t,) — UHTEHCUBHOCThH IepexolioB B cocrosHue TO, koTopas npeicTaBiieHa ¢
MOMOIIBIO O -PYHKIIUU:

oo, mpu x =0;

o(x) = 3)

0, mpu x =0,
[S(x)dx=1. “4)

3aTeM UMHUTHPYIOTCS I€TEPMUHUPOBAHHBIE TTepexoabl B coctossHue TO B HecnydailHbIe
MOMEHTHI BPEMEHHU ¢, C UCIOJIb30BaHUEM O -QyHKIMU O(f —1, ).

OtoT rpad COCTOSHUI U mepexooB ompenenser ciaydaitHslii mporecc TO u TOuP
o0wekTa. Ha ocHOBaHMUM 3TOTO Tpada Mo W3BECTHBIM MpaBujaM [7] MOCTPOUM CIEAYIONIYIO
cucremy auddepeHInaIbHbIX ypaBHEHUH]:

B0 =40 + 6t =t )R 0) + 1, (OB 0) + 11, ()P, (1);
R() = AOF0) - 1, (OR(@);
P ()= 6(t =1,) R (1) = 11, (O F, (0);
RO+R@O+ P, () =1;

)

rne F(t), B(tf) n P (f) — 3TO BEpPOATHOCTH TOrO, YTO B MOMEHT BpPEMEHH ! OOBEKT

HaXOJUTCS COOTBETCTBEHHO B cocTosHMAX 0, 1 m TO.

Cucrema ypaBHeHU (5) NPAaKTUYECKU U SBISIETCSA MaTEMaTHUECKON MOJIENbIO IIpoLiecca
TO o0wekra. CrnenmyeT OTMETHTh, YTO peEIICHHWE OJTOW CcUCTeMbl JuddepeHInaTIbHbIX
ypaBHEHUN HECKOJBKO 3aTPYIHEHO, MOCKOJIbKY HHTEHCHUBHOCTH A(f) siBisieTcs (yHKIIHEH

BPEMEHU U €€ BUJ He Bcerza uzBecteH. To ke kacaercss GyHkuui g (¢) u u, (t), OAHAKO UX

BIIMAHHUE Ha OKOHYATCIBbHOC PCEHICHUE HE OYCHb BAXHO, IIOCKOJBKY CpPEAHEC BpeMs
BOCCTAHOBJICHUA U CPCAHAA NJIUTCIBHOCTD TO na MOpsAAKHU MCHBIIIC, YEM CPCIAHSAA Hapa60TKa
Ha OTKas.
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B naHHON craThe mpennaraeTcsi HCIOJIb30BaTh HMUTALMOHHYIO CTaTHCTHUYECKYIO
MOJIeJIb U C €€ MOMOIIBIO MOJTY4YUTh OIEHKH TOoKa3aTelleld HaJeKHOCTH OOBEKTa C YUETOM
npoBenenuss TO. 3agaB B KadecTBE HMCXOMHBIX JaHHBIX IS MOAETH HH(pOpManuio 00
00BEKTE, COCTOSIEr0 W3 EIUHCTBEHHOTO 3JIEMEHTAa, MOJYyYUM NpUOIMKEHHOE pEelIeHne
cuctembl ypaBHeHui (5). Kak pe3ynbTaT MomenupoBaHus moiydaercs QyHKIUS Mapamerpa
MOTOKAa OTKa30B oOBbekTa (2(f) Ha 3alaHHOM MHTEpBaJIe BPeMEHHU dKCIutyatanuu. OyHKIus

Q)(¢) cBsi3aHa ¢ BEPOATHOCTBIO F (), BXoxduie B (5), COOTHOIIEHUEM

(@) (t) ~ lim M ,
At—0 At

(6)

rne F(t,t+ At) — BepOsSTHOCTb TOT0, YTO OOBEKT B T€UEHUE UHTEpBaja BpeMeHU (Z,t+ Ar)
HaXOJIUTCSA B COCTOSTHUU OTKa3a (B COCTOSTHUU 1).

OTO NO3BOJSAET KOHCTAaTHpoBaTh, uTo Q(¢)df= F(f), mnomydyaeMas C MOMOILBIO
MpeACTaBICHU WH(OOPMAIUU 110 aBTOMOOMIILHON TEXHHKE [8] M MOJenu, MOCTPOCHHOM ISt
PagrodIEKTPOHHBIX 00BEKTOB [9], pyHKIHs ((¢) YIOBIETBOPSET CUCTEME YpaBHEHUH (5).

Cpennsii HapaboTka Ha oTka3 oOwbekrta mo ¢(ynkuuu Q(¢) [7] ompenensieTcs
CIeYIOIUM 00pa3oMm:

= 1

T;) - 5

(o )

rae T, — oreHka cpeiHel HapaOOTKH Ha 0TKa3 00beKTa Ha uHTepBale sKkciutyaramuu (0, 7;);
1, — 3aaHHBIN IEPUOJ DKCIUTYaTalUH.
Onenka 7, B 3TOM ciydae mnoiydaerca ¢ yderom mnposeneHus TO, HOCKOIbKY

UCIIONB3yeTCs QYHKIMS MapaMeTpa MoToKa 0TkazoB (1).
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BBIYUCJ/IMTEJIBHBIE MOJAEJIN AJITOPUTMOB
IHHOKPbITUA

O.H. ITayaun

Opecckuit Hanmonansheiii [lonurexuudeckuil Y HUBEpPCUTET,
mp. HleBuenko, 1, Onmecca, 65044, Ykpanna; e-mail: paolenic@yandex.ua

B craTtbe craBuTCs M pemaercd IpodieMa MOCTPOCHHS BBIYUCIHTEIBHBIX MOJIENCH s
KJlacca KOMOMHATOPHBIX 3ajad. [IpakTHyeckn BaKHOHW B 3TOM Kiacce sIBISETCA 3amada o
HOKPBITHH, HCIIOJNB3YIONmas NepeOOpHBIH MeXaHH3M. Takoro poja 3agadd BO3HHKAIOT,
HampuMep, MpH HEOOXOAMMOCTH ONTHMAILHOTO BHIOOpAa TIOCTABIIMKOB TIpH COOpKe
CJIOKHOTO M3JIeNHsl. BelaucnuTenbHble NpOLEecChl PelIeHus 3aJaddl O IOKPHITUM HMEIOT
MHOTO  OOIIMX (YHKUIMOHANFHO 3aKOHYCHHBIX KOMIIOHEHT, HAa3BaHHBIX HaMH
MAaKpOOIEPALHAMH, KOTOPbIE MOTYT OBITh BBINCICHBI KaK BBIYHCIHMTEIbHBIC MOJCIH U3
9TOro mporecca. Takoe BBIIEICHHE MO3BOJUT cOOpaTh OMOIMOTEKY MaKpOOIepalui Juis
Pa3HbIX KJIACCOB 3a/ad, YTO YNPOCTUT W YCKOPHUT aHaJIW3 IMPOTpaMM emié Ha CTaJuH
MIOCTPOEHHSI aJITOPUTMOB (BBIYMCIMTENBHBIX TpolieccoB). PaccMaTpuBatorcst 2 merona u
COOTBETCTBEHHO 2 QIrOPHTMa pELIeHHs 3aladyd O IIOKPBITHH: IOJHOTO Iepedopa
HOAMHOXKECTB M TPAaHMYHOrO Iepebopa IO BOTHYTOMY MHOXECTBY. IlpuBoamsrcs
CIIOBECHBIE OIMCaHUS QITOPUTMOB, HMX CXEMBI, a TaKKe OIHMCAaHUA U CXEMBI
BBIYHCIIMTENBHBIX MOIYJIEH. BEIIENsoTcss Makpoonepayuy Kak BEYUCIUTEIbHBIC MOICIIH,
KOTOpBIE YaCTUYHO 0000IIatoTCs.

KiaroueBbie cJioBa: KOM6I/IHaTOprIe 3ajga4du, BBIYUCIIUTCIIbHBIC IMPOLECCHI,
BbIYUCJIUTCIBHBIC MOJCIIM, MAaKpOOIICpalnu, aJrOpUTMbI ITOKPLITUS, ITOJIHBIN H€p€60p,
I‘paHPI‘-IHbIﬁ nepe60p, BbIYUCJIUTECIbHBIC MOAYJIN.

BBenenue

B nHacrosee Bpemsi IIMPOKO pacIPOCTPAHEH KIIACC 3a/1a4, B KOTOPBIX OCYIIECTBISAETCS
MIOUCK ONTUMANBHBIX petieHuid. Takas 3a1ada o0sagaeT HEKOTOPHIM MHOKECTBOM pEIlIeHU,
Ha KOTOpPOM 3adaércs (PYHKIMS CTOMMOCTH; KPUTEPHEM OINTHUMAIbHOCTH B TaKHUX 3ajadax
SBIISICTCSI MUHUMAJIbHOE 3HAueHHE (DYHKIMU CTOMMOCTH pELIeHHA. DTOT Kiacc 3aaay
SBJISIETCSL TIO CYyTH KoMOWHaTOopHBIM [1]. 3amady mokpeiTusi [2] MOKHO paccMaTpuBaTh Kak
BapHaHT 33Jaud [I0MCKAa B HEKOTOPOM KOHEUYHOM MHOKECTBE ONPECIEHHBIX TOAMHOXKECTB C
3aJJaHHBIMU CcBoMicTBaMU. OHA BO3HUKAET MPU HEOOXOAUMOCTH BbIOOPA TAKUX KOMIIOHEHT W3
MHO’KECTBA BO3MOYHBIX, KOTOpPbIE MOKPHIBAIOT 33JJaHHYI0 MX COBOKYIHOCTb, IPU YCJIOBHUU,
YTO BBHIOOp OyAeT onTuManbHbIM. Hampumep, B IPOU3BOJICTBE CIIOKHOTO H3JIEIHS, CKaXKeM,
aBUA/IBUTATENsI, MOXET TIOHAJO0OUTHCS HEKOTOPOE MHOXKECTBO JeTajel OT pa3IMyHbIX
IIOCTaBUIMKOB C pPAa3HbIMM KOMIUIEKTaMHU JeTajiell W ¢ pa3HbiMM LeHamu. [lpm sTom
MPOU3BOUTENI0 HAZ0 MHUHHUMHU3UPOBATH JIMOO OOIIYI0 IIEHY IMOCTABOK, JHOO KOJUYECTBO
MIOCTaBUIMKOB. Jlpyroil mpumep — JIOTMYECKHE 337a4d O MOKPBITUM MHOYKECTB, O IOHUCKE
MUHUMAIBHBIX pa3oueHuii u 1p. [3] mpu cuHTe3e W aHanm3e NOU(POBBIX CXeM Ha
IPOrpaMMHUPYEMBIX JIOTUYECKUX MATPULIAX.

Pacmmmpenne mNOHATHSA «IOKPBITUS» BBIIOJHEHO B [4]; 37€Chb CHUHTE3 JIOTMUECKOTO
MOJyJIs IPOBOJIUTCS HA OCHOBE CIIeLMaIbHBIM 00pa30M MOCTPOEHHOM TaOIMUIIbl MOKPHITHS, B
KOTOPOM OTHOLIEHME NPHUHAJIEKHOCTH OTMEYAETCSl HEMOCPEACTBEHHBIM  yKa3aHUEM
3JIEMEHTOB, KOTOpbIE BXOISAT B MHOXXECTBO TEPMOB (DyHAAMEHTaIbHBIX CHMMETPUUYECKHX

byHKIMi [5].
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Cy1iecTBYIOT pa3auyHble METObI U AJITOPUTMBI JJis perneHus 3aaaun nokpeitus (P3I1),
OTJIMYAIOIINECS TOYHOCTHIO U CIIOXKHOCTBIO BblUMCIUTENbHOrO mpouecca (BII); 3adactyro
OKa3bIBAE€TCS, YTO MHOXECTBO PEUIEHHM — IOJAMHOXXECTBA C 3aJaHHBIMH CBONCTBAMHU —
SIBJIIETCS. BBIITYKJIBIM MO OTHOLIEHHUIO BKJIIOYEHMs. B Takom ciyyae HaxokJeHHE MHOKECTBA
BCEX pEIICHWH CBOAWUTCA K HAXOXKJIEHUIO €ro HIWKHEH TIpaHMIbl, YTO MOXKET HHOIZa
CYLIECTBEHHO COKPATUTh 00BEM MPOU3BOAUMBIX ITPHU MOUCKE BHIYUCICHHH.

B stux BII umeercs Hemano oOIIero u 3aada COCTOUT B BBIICICHUH 3TOTO OOIIETO B
Buzie Makpoonepamnuii (MO) kak BBIYMCIHTENBbHBIX Mojenelt kommoHeHT BII. IlepBbrii ombiT
mo1I00HOTO BhIIeTIeHUs puBe/eH B [6]. OtnaxenHsie ¢ nomoiisio cetu [lerpu MO [7] moryt
OBITH cOOpaHbl B OuOMMOTeKYy MO 1711 pa3HBIX KJIACCOB 3aJ]lady, YTO IMO3BOJIUT «COOUPATH)»
HoBble BII. B cBOI0O oyepenb, 5TO MO3BOJIUT YNPOCTUTh U YCKOPUTH AHAIU3 IPOTrpaMM,
peaM3yIoNMX pa3HOOOpa3Hble BBIUMCIUTENbHBIE MPOLECCHl, €€ Ha CTaJAUM MOCTPOCHUS
AITOPUTMOB (OpraHM3allii BBIUYMCIUTENBHBIX TporeccoB) [8, 9]. Ilocnennee ocoOeHHO
BaXHO B CBETE TOTO, YTO MPOTPaAMMbl YCIOXKHSIIOTCS, PAaCTET YMCIO OUIMOOK, U MX OTJIaJKa
YacTo 3aHMMAET B pa3bl OOJIbIIIee BpeMsi, 4UeM caMo Hamucanue nporpamm [10].

Llenvio paboOTHI SIBISETCS YCKOpPEHHME aHald3a MporpaMM 3a CuUéT BBIJCNICHUS
MakpooIepaluuii M3 BBIYMCIUTENBHOIO IIpoliecca MOKphITUA. /[ pocTwkeHus 1enu
HE0OXOIMMO PEIINUTh CIEAYIOIINE 3aJaun:

— COCTaBUTH CJIOBECHBIE ONUCAHUS U TIOCTPOUTH CXEMBI AITOPUTMOB TTepedopa;

— TpoaHAIM3UPOBATH CIOBECHBIE OMKUCAHUS U BBISIBUTH MaKpOOIIEpaIUH;

— COCTaBUTh OOIIUI CIIMCOK MaKpOOTEPAIIHiA.

3aa4ya 0 NOKPHITUM U METOAbI €é pelieHust

Ilocmanoeka 3a0auu o nokpvtmuu. IlycThb B:{bl,...,bn} — OIIOPHOE MHOYKECTBO.

Hmeercss MHOXKECTBO A, COCTOSIIEE U3 /M MOAMHOXKECTB A, (A= {Al,...,Am }) MHO€eCTBa B

m
takux, 4to A, < B,|J4, =B . KaxnoMmy NOIMHOXKECTBY A, COIOCTAaBICHO YUCIO C,,
i=1

HasbiBaeMoe yenot. MuHoxectBo P ={4, ,..., 4, } (k; €{l,...,m},[ <m,k —HOMep Bapnanra

BBIOOPKU TIOJMHOKECTB) HA3bIBACTCS peuleHuem 3a0aqyu O NOKpulmuu WIA TPOCTO
NOKpblmueM, €CIIN BBIIOIHIETCS YCIOBUE

U4, =B (1)

J=1

l
npu 31oM iesa C =Y ¢, —>min.
J
=

TepMuH IOKPHITHE O3HAYACT, YTO COBOKYIHOCTb MHOXECTB 4, ..., 4, COINCPIKUT BCE

3JIEMEHTBI MHOKECTBA B, T.€. «IIOKPBIBAET» MHOXKECTBO B .
Onpeoenenue 1. be3uzobimounvim HA3bIBAETCS TIOKPHITHE, €CITU MPH YAAJICHUHA U3 HETO

XOTs1 ObI O/THOTO AJIEMEHTA OHO MEPecTaeT ObITh MOKPHITHEM. Haue — MOKpBITHE N30BITOYHO.
!

Onpeoenenue 2. 1loxkpeiTue P Ha3bIBaCTCA MUHUMAILHBIM, €CIU €ro 1eHa C = ch,- -
J=1

HAaWMEHBIIIAs CPEAM BCEX MOKPHITUM TAHHOM 3a/1auHu.

Onpeodenenue 3. TlokpeiTue P Ha3bIBaeTCs Kpamuatiuum, €Cni | — HaMEHBIIEe
Cpeau BCEX MOKPBITHI JAHHOM 3a/1a4H.

OTtmeTnM, 4TO B ATOM CiIy4ae LEHBI BCEX ITOJAMHOXKECTB A, NPUHATHI MO YMOJIYAHHIO
OJIMHAKOBBIMH U paBHBIMU 1.

Teopema 1. MuHNMasbHbBIE U KpaTYalIlne MOKPHITUS — 6e3U30bIMOYHbL.
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Y,Z[O6HBIM " HarJIAHBIM MPEACTABJICHUEM HCXOJAHBIX NAHHBIX U UX HpGOGpaSOBaHI/Iﬁ B
3a/1aue O MOKPBITUU SBJSIETCS mabauya nokpvimui. TaOnuia MOKpeITUH — 3To Marpuna 1’
OTHOILLEHMS IPHHAUIC)KHOCTH JJIEMEHTOB MHOXECTB A, € A OINOPHOMY MHOXECTBY B ;
CTOJOIBI MAaTPUIBl I COMOCTABIEHBI JIEMEHTaM b . MHOXECTBa B, CTpOKH — 3JIeMeHTaM 4,

MHOecTBa A :

1, eciu bj €4,

T= .
0,ecub; 4, @)

Hynu B maTpunie 7' He IpOCTaBIAIOTCS.

IIpumep 1. Hekuii nucartens BBIMYCTHI MHOXKECTBO COOpHMKOB A={4,,...,4,},
coJiepKalllee B COBOKYIMHOCTH BCe€ MHOXecTBO B ={b,,...,b,}, ero counmHenuii (tabi. 1).
Kaxnplii cOOpHUK A4, COIOEpKUT HEKOTOpPOE MOAMHOXKECTBO COYMHEHUN u3 B (A, < B) u

MMeeT HEKOTOpyK IeHy c¢;. HeoOxomumo Haiith Takoe MHOXKeCTBO P ={4,,....,4, },

(@ e{l,....,7},[ <7) cOopHHKOB, 4TOOBI B UX COBOKYITHOCTH COJEPXKAIUCh BCE COYMHECHHS

i /
JIAHHOTO aBTOpa UAk, =B u uTtoObl mpH 3TOM MO0 nena C =ch/ TaKoro II0JIHOTO
= =i
coOpaHusi COYMHEHHMH Oblna HaumeHvuteti, IUOO KOIUYECTBO [ COOPHUKOB OBLIO
HAUMEHbUUUM.
Tab6umnna 1.

Martpuiia OTHOIIEHHS IPHUHAUIEKHOCTH HJIEMEHTOB MHOXKECTBA A, € A OIOPHOMY
MHOX€ECTBY B

T b | b, | b [ b | b | b | b | B | b C
4, 1 1 1 1.5
4, 1 1 1 1 2
4, I 2
4, 1 1 1 1 1
A, I 1 1 1 3
A 1 1 1
4, 1 1 1 1 1 5

Bo3moxHbIe perieHus mpuMepa 2 — CIeIYIOIINE MOKPBITHS:

P ={4,,4,}, 4, A4, =B;C, =2+5=7;1 =2 — kparuaiiiiee nokpbITHE;

P, ={4,A4,,4,, A}, A, VA, VA, VA, =B;C,=15+2+1+1=55;1, =4 -
MUHUMAaJIbHOE TOKPBITHE;

P, ={4,,4,, 4}, 4, VA, WA, =B;C, =2+14+3=6;1; =3 - HEONTHMAaJIbHOE
MIOKPBITHE.

Tab6m. 1 MoXkeT paccMaTpUBATHCA KaK TaOJIMIIA MOKPHITHS B COOPOYHOM MPOU3BOJICTBE
U3ENHs, COCTOALIEr0 M3 KOMIUIEKTYIOUMUX b,,...,b,, KOTOpble MOTYT OBITb YaCTHUYHO
IIOCTABJIECHbl Pa3HBIMHU IPOU3BOIUTENIMU A,,...,A, ¢ pa3Hoil nenoit c¢ (TII), uToOb B
COBOKYIIHOCTU CTpPOK, BXOJAIIUX B P, BO Bcex croibuax Obum | (eAUHULIBI B HEKOTOPOM

cTOJIOIE MOTYT MOBTOPATHCS). Takoe moaMHokecTBO cTpok TII Ha3pIBaeTCs MOKPHITHEM.
Nmerotes crnenyroniyie BapuaHThl (POPMYIHMPOBKH 331a4H O MTOKPHITHH.
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1. TpeOyetcst HaliTH 6ce MOKPHITHS. [[ng pemieHus 3aga4ul HEOOXOIMMO BBIMOJHUTH
MTOJTHBIN TIepedop BCeX MOJIMHOKECTB MHOXKECTBA A .

2. TpeGyercst HailTU monvbko Oe3UM30BITOYHBIE MOKPHITUSA. He cymecTByeT mpocToro u
3¢ (PeKTUBHOTO aIrOpUTMa, HE TPEOYIOIIETO TMOCTPOCHUSI BCEX H30BITOYHBIX TTOKPBITHH;
XOpOIIO, €CIIM YMEHBIIAeTCss MX KonuyecTBO. Mcmonmb3yercst rpaHuyHbIi mepebop aubo
pasnoxxenue 1o cronoiy TII.

3. Tpebyercst HaliTU 00HO 0e3U30BITOUYHOE TOKPHITHE. PenieHre 3a1adyu OCHOBaHO Ha
cokpamennu TII.

3amaun 0 MOKPBITUH MOTYT OBITH pelieHbl moyHo (MIpH HEOOIBILIONW pa3MEpPHOCTH) TNO0
NPUOTUIHCEHHO.

JU1 HaX0XAEHNS TOYHOTO PELIEHUS UCIIOJIb3YIOTCA CIIEYIOIINE AT OPUTMBI:

1. Aneopumm nonnoco nepebopa OCHOBAaH Ha METOJAE YIOpPSIOUEeHUS mepedopa
MOJMHOKECTB MHOKeCTBa A.

2. Aneopumm epanuuHo20 nepedopa N0 B0SHYMOMY MHOMCeCmsy OCHOBaH Ha
OJTHOMMEHHOM METOJIe COKpaIeHHs repedopa.

3. Aneopumm pasznogicenusi no cmoaoyy TII oCHOBaH Ha METOJIe COKpaIlleHus epedopa,
KOTOPBIA COCTOMT B pPAacCMOTpPEHHUHU ToJbko Tex cTpok TII, B koTopeix umeercsa 1 B
BBIOPAHHOM 17151 Pa3JI0KEHHUS CTOJIOIIE.

4. Aneopumm cokpawenuss TII oCHOBaH Ha UCIOJIB30BaHUU TeopeM o cBoicTBax TII.
PesynbraTrom paboThl anropuTMa SBISETCS MHOXECTBO SACPHBIX CTPOK W IUKIMYECKUN
octaTtok TII, moKpeITHE 7151 KOTOPOTO Janiee CTPOUTCS METOAaMU TPaHUYHOTO Tiepedopa b0
Pa3oKEeHHS IO CTOJIOIY.

[TpubnuxeHHoe pelieHue 3aJayd O TMOKPBITUM OCHOBAaHO Ha  CIEOYIOLIEM
cooOpaxkeHnH. Jlaxe COKpamléHHBIM Tepedop MPUBOIUT K OUYEHb TPYAOEMKOMY IpoIecCy
pelIeHHs], MO3TOMY JJIsl TOJYYEeHHUs pe3yibTaTa MPUXOAMTCS OTKAa3bIBaThCS OT TapaHTUM
MIOCTPOCHUSI ONTUMAJIBHOTO pelieHHs] (MUHUMAIBHOTO JIH00 KpaTyaiIiero); olHaKO IPU 3TOM
1es1eco00pa3Ho MOMYYUTh HE CaMblil XYyOIIUH pe3yabTaT — XOTd Obl 0e3u30bITOUHOE
MOKPBITHE, YIOBJIETBOpsIOIee Heooxoaumomy ycioButo (1). Torma, B ymepd KauecTBy,
MO>KHO 3HAYUTEJIBHO YIIPOCTUTH MIPOLIECC PELLIEHUS.

AJTOpUTM TMOCTPOEHUS TOKPBITHSA, OJM3KOr0 K KpaTdalllleMy, OCHOBAaH Ha METOJe
MUHHUMAaJIBHOTO CTOJIOIA — MAKCUMAJIBHOM CTPOKH.

Huxe paccmaTpuBaroTcsi epBble JBa U3 YHOMSIHYTHIX aJTOPUTMOB TOYHOTO PELICHUS
3aJ1auu O IOKPBITHH.

Anzopumm noamnozo nepebopa. bynem cuutatb, 4YTO MOJMHOXKECTBA MHOXECTBA A
IPOHYMEpOBaHbl A,,...,4A, ¥ TakuM o0pa3oM ymnopsiioueHbl. EcTecTBEHHBIN Ha IEpBbIH

B3IJISLJT METOA Tepedopa cex MOAMHOXKECTB [ CTPOK TaONMHUIBI TMOKPBITUI CTPOUTCS TakK:
MyCTOE MOJAMHOKECTBO CTPOK, MOJAMHOMKECTBA U3 OJHOM CTPOKHU, U3 IBYX CTPOK, ..., U3 BCEX

CTpPOK, T.€. Bcero 2" MOAMHOKECTB:
D={D,{A},...{4,},{4,,4,},....{4,...., 4} }.

OtoT Meron mepedopa TPOMO3AKHM, MOCKOIBKY TpeOyeT OOoJIbIIoe YHCIO ITHKIIOB.
Bonee a¢dhexTuBHBIN anroput™ TpeOyeT Bcero 2 MUKIa.

Onucanue aaropurmMa nepedopa mo BOrHyroMy MHOKEeCTBY.

Cmpykmypul 0aHHbIX:
T — tabmuna nokpseitus (TIT), conepkamas # CTpoK U m CTOJOIOB;
D — texyiee MoAMHOXKECTBO (CIIMCOK), 2JIEMEHTAMU KOTOPOTO SABIIsAIOTCA HoMepa cTpok T1I;
P, C — nOKpbITHE U CIUCOK MOKPBITUH.

Cnogecnoe onucanue aneopumma noiHo2o nepeoopa:

1. BBonum B Tekymiee nogmMHoxecTBo HoMmep 1-i ctpoku TII (D ={4,}), i:=0.
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2. i:=i+1. Peamu3zyem momynr «®DopmupoBanue npusHaka p mokpbrtys» (PIII); ecom
p =1 (MMeeT MecTO MOKpBITHE), 3alIOMUHAEM MHOXECTBO D, KaKk O4epeHOE MOKpbITHE P n

BHOCHUM €TO B CITMCOK HOKpBITHﬁ.
3. Haxomum Hanbonbiumii Homep j snementa A, € D.

3.1.Eci j #n (n — KOIMYECTBO MOAMHOKECTB A, ), TO MEPEXOIUM K 11.4.

32. Ecomu j=n, 10 yramiem 4, m3 D (A, <« D) u ecru D=, TO 3aKaHUUBAEM
HIOCTPOEHHE MOIMHOKECTB ¥ TIEPEXOANM Ha 1. 5.; ecim D # &, TO HaXOAMM HauOOMBIINI HOMEp |
onementa A, € D wynamsiem 4, us D (A4; < D).

4. j:=j+1.Beogum B D snement 4, (A, — D). llepexonum K m.2.

5. BeiBO Ha mIeyaTh BCEX MOKPBITUM.
6. Kownerr.

B kadectBe 3ieMeHTa B 3TOM alnropurMe paccmarpusaercss HoMep crpoku TII. o
ATOMY ONMCAHUIO TIOCTPOEeHA cxeMa anroputMa (puc.la). Moayne ®IIIT onucan nanee.

Ipumep 2. [Ins n =4 onpeaenuTsb CIUCOK BCEX MOJMHOKECTB, HE BbIJIETSAS MOKPHITHH.
Umeem: D, ={4,}, D, ={4,4,}, Dy ={4,,4,,4s}, D, ={4,,4,,4;,4,}, Ds ={4,,4,,4,},
Dy ={4,,4;}, D, ={4,,4;,4,}, Dy ={4,,4,}, D, ={4,}, Dy, ={4,, 4},
Dy ={4,,45,4,}, Dy, ={4,, A,}, Dys ={4;}, D, ={4;, A,}, Dis ={4,}.

Memoo u anzopumm 2panuyuno20 nepedopa no GOZHYMOMY MHONMCECHEY. AITOPUTM
OCHOBaH Ha METOJIe T€HEPAlUU TMOAMHOXKECTB U WX I[eJICHANIPABICHHOM O0TOOpe. ANropuT™M
reHepaluy TOJAMHOXECTB JOJDKEH TapaHTHpOBaTh, 4YTO TMPU €ro IOCIeJI0BaTEIbHOM
MPUMEHEHUU MOKHO TMOCTPOUTH, HAUMHAs C HEKOTOPOro HAYaJbHOTO TOJIMHOXECTBA, BCE
BO3MOXXHBIE TOJMHOXKECTBA; MpPU OSTOM HE JODKHO OBITh TOBTOPEHUH U JIOJKEH
CYIIECTBOBATh KPHUTEpUN OKOHUaHUs Tmiepebopa. B anropurme momHoro mepebopa
yInopsaoueHne mnepedopa MPOU3BEICHO CHayaja IO YUCIYy [ DJIEMEHTOB, a 3aTeM JUIs
(GUKCUPOBAHHOTO { — IO JIGKCHKOTpaQUUeCKOMYy TMPaBUIy OTHOCUTEIHHO HOMEPOB
MOJIMHO>KECTB.

Bonee ynoOHbI 15 qanpHEHIIEro yrpoIeHus MpoLecca petieHus airopuTM MOJTHOTO
nepedbopa 3aKiroyvaeTcs B CIEIYIOIIEM: CHadala CTpPOATCS Bce MOAMHOXecTBa D,
comepxkame A,, 3areM — coaepkamue A,, HO HE colepxkammue A ; eclnu IOCTPOCHO
IOJAMHOXKECTBO D;, TO 32 HUM CTPOHUTCS IOAMHOXKECTBO D, ;» LEIUKOM coJepixaiiee D,
(Di = Di+j )

Bo MHOTHX TpUIIOKEHUSX JTOCTATOYHO HAXOAHMTH TOJBKO O€3M30BITOYHBIC MOKPBITHS
(Teopema 1), 4TO ecTecTBEHHBIM 00pa3oM cokpamiaeT mepedop. OgHako HE ymaércs HaWTH
npoctoii U S()PEKTUBHBIA anTOpUTM, HE TPEOYIOMMIA TMMOCTPOSHUS BCEX H30BITOUHBIX
NOoKpeITHI. Vnest ynmydienus anropurMa nepedopa (reHepamuu) moAMHOKECTB 3aKITF0YaeTCs
B CJENYIOIIEM: €CIU TEeKyIlee MOJMHOKECTBO — IOKPBITHE, TO B 3TO MOJMHOKECTBO HE
HY>KHO BBOJIUTH HOBBIE 3JIEMEHTHI.

Teopema 2. Ecnu P mokpeitue, T0 1 P', P' D P, TOXe MOKPBITHE, T.€. MHOKECTBO
BCEX BO3MOXHBIX MMOKPBITHI 802HYMO.

be3u30bITOUHbIE MOKPBITHA — 3TO TpaHHUIA BOTHYTOTO MHOXECTBA BCEX IMOKPBITUH,
MO3TOMY MOAM(DUIMPOBAHHBIN AITOPUTM HOCUT Ha3BAHHUE «A1eopumm epanudno2o nepebopa
1O 802HYMOM) MHONMCECMBYY.

Onucanue aaropurMma nepeéopa 1mno BOrHyroMy MHOKeCTBY.

Cmpyxkmypol OaHHbIX:

T — rabnuma nokpeitus (TI1), cogeprkamas #n CTpOK U m CTOJIOIOB;
D — Teky1iee MOJIMHOKECTBO (CIHCOK), dJIEMEHTAaMU KOTOPOTO SBIISIFOTCS HOMepa cTpok TIT;
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P — nokpeITHE (CIMCOK HOMEPOB CTPOK, AAIOIINX MOKPBITHE).

OTHOCHTENBHO CIUCKA MPUMEM CIIEYIOIINE COTIallleHuUs:

—  HMMeeTcs CnenuaibHbli yka3zarens first Ha nepBblii 3JIEMEHT CIIUCKA;

—  CBSI3HOCTb JJIEMEHTOB CIIHCKa OOECIeYMBAETCsl yKa3aTeleM i Ha CIeIyroIui
ANEeMEHT (X.0);

—  mMeeTcs ykasarelnb free Ha IEpBYIO CBOOOHYIO STUEHKY CITUCKA;

— JuId J0CTyla K CpPEJUHHOMY OJJIEMEHTY CIIHCKa IIPOCMaTpHUBAaeTCs ILEMOYKa
AJIEMEHTOB OT IIEPBOTO J0 UCKOMOTO;

—  ONEpalMOHHAs CUCTEMA DPETYJSPHO OCYILECTBISET UUCTKY CIUCKOB OT Mycopa
(BpIYMILIAET yJaNEHHBIE 3JIEMEHTHI) U TPOBOIUT MEPEHYMEPALIUIO 3JIEMEHTOB.

Omnepauum Hajg ciuckoMm L :

—  BCTaBHThb 3JIeMeHT X (x — L);

—  YAQJIHUTBb 3JIeMeHT X (x <« L);

—  CYHTATB 3HAYCHHE dJIeMeHTa X (X <> L) C COXpaHEHHEM €TO B CITHCKE.

OtmeTHM, 4TO TPU BCTaBKE/yIaJCHUH dJIEMEHTa X MOAU(PUIMPYETCS yKa3aTelb, a caM
CIIMCOK YIOPSA0YMBAETCS (IPOUCXOIUT MEPEHYyMEpALUs JIEMEHTOB).

Cnogecroe onucanue aneopumma cpanuyHo20 nepebopa:

1. Texymee nogmuoxkectBo D :={4,},i:=0.

2. Boiacasem, sBisiercss i D TOKpBITHEM, i 4ero (GopMHUpYyeM TMpU3HAK p
nokpeitust  (@IIIl). Ecnmu owepennoe mnoctpoenue B D — mnokpeitue (p=1), TO
ynopsaounBaeM cnucok nokpsituii (Y CII).

3. Haxomum HanOobIINI HOMEp j 3JIeMEHTa B OJMHOXecTBe D .

3.1.Eciu j#n u D —ne nokpsitue ( p =0), TO BBITIOJHSIEM T1.5.

3.2.Eciu j#n u D —nokpsitue ( p =1), To BbINONHSIEM 11.4.

33. Ecniu j=n, to ynanseM A u3 D (A, <« D), u ecniu D=(J, To 3aKaHYUBaeM

MOCTPOEHHE BCEX 0e3U30BITOYHBIX MOKPHITHIA M MEPEX0IUM Ha II. 6, NHa4e — CHOBA HAXOUM
HanOoNBIINKA HOMEp j 3neMeHTa B D .

4. Y nansiem anementT A, u3 D (A4; < D).
5. j=j+1.BBomum onement A, B D (A; = D) ¥ BBIIIOJNHSEM I1.2.

6. BeiBoiMM Ha meyaTh CIIUCOK O€3U30BITOYHBIX MTOKPHITHH.
7. Komnerr.

W3 momydeHHBIX O€3M30BITOYHBIX TOKPBITUH MOXHO BBIOpaTh IMOKPBITHA C
MUHHMQJIBHBIM ~ KOJIMYECTBOM CTPOK (KpaTyailliiee TIOKPBITHE) JHUOO TOKPBITHE C
MUHHMMAaJIbHOU 1IEHON (MUHUMAJIBHOM MOKPBITHE) B COOTBETCTBUHU C (2).

IIpumep 3. 3anana tabauna nokpeituit 7' (tabin. 2), B kotopot B =1{b,,b,,b,,b,,b,} —
ONOpHOE MHOXeCTBO, A ={A,,4,,A4;,A4,} — MHOXECTBO NOJAMHOXECTB [) MHOXecTBa B .
PaGota anroputma WILTIOCTPUPYETCS OCIEA0BATEIHHOCTHIO TOCTPOSHHSI TOAMHOXKECTB D :

D={4}, D=R={4.4,}, D={4,,4}, D=P={4.,4;,,4,}, D={4,4,},
D={4,}, D={4,,4;}, D=P,={4,,4;,4,}, D={4,,A,}, D={4;}, D=P, ={4;,4,} -
yHnopsiio4eHue chnucka nokpeituii: P, o> P,, PO P, = A ={4,4,}, P, ={4,,A4,};
D={A}; D=J. P u P, - kxpaT4aiine MOKpHITHS.

Ha puc. 1, 6 npexacraBneHa cxema ajaropuTMa rpaHdYHOro nepedopa, MOCTpOeHHas B

COOTBETCTBHUH C €0 CIIOBECHBIM OITMCAHUEM.
PaccmoTtpum anropurmuyeckue moayiu OIIIT u YCII.
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Tabauua 2.
Matpuna OTHOIIEHNS TPUHAICKHOCTH SJIEMEHTOB MHOXKECTBA A, € A OIOPHOMY

MHOKECTBY B

T b, b, b, b, b,
4 1 1 1
A, 1 1 1
A, 1 1 1
A, 1 1

TII Eeog
1= A=D
——= 1=
BIIIT :
T I
Het
by —=D =1
i &
| I A;=D p=1 Her
=il | | i=it1 | da
1= It YiCTI
maz(])

Ay =D Ha

(]

Puc. 1. Cxema anroputma rnepedopa: a — mojgHoro; 6 — TPaHUIHOTO

Onucanne moayass ®III. Cdopmynupyem Npu3HaK MOKPHITUS: p=1, ecau B
nporecce nepedopa crpok TII, 3a1aHHBIX MOAMHOXKECTBOM (CMUCKOM) D, BBISICHUTCS, YTO

Bce 0-mo3uIuu mOKpHITHL. [IOKpBITHE MOXKET HACTYIUTH JI0 MCUEPIAHUS CTPOK, BXOJANINX B
HOAMHOXECTBO D .

Cmpyxkmypol OaHHbIX:

T — tabnuma nmokpeitus (TII), coneprkarast 7 CTPOK U m CTOJIOIOB;
D — Teky1iee MOJMHOXKECTBO (CIHCOK) U3 s HOMEpoB cTpok TIT;
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L — crnucok U3 v MOo3UlIiid, Ha KOTOPbIX HaxoAsaTcs Hyau (0-mo3utium);
V' — IBOWYHBII BEKTOP;
t —Homep 0-mo3uumu, ¢ = L[j];
q —Homep crpoku B TII.

Cnogecroe onucanue gbluucaumensHo2o npoyecca 8 mooyie PIII1.

1. Ecnu B8 D Bcero oaHa cTpoka (IpHHUMAaEM 10 YMOJYaHHUIO, YTO OJHA CTPOKa HE
o0pa3yeT MOKPBITHSI ), TO TIEPEX0/1 Ha T1. 8 (BO3BpaT 3HAUYCHHS npu3Haka p =0).

2. Onpenensiercss HoMep nepBoil B D cTpoku (g := D[1]) u cunuThIBaeTcs cama CTpoKa
A, 3 TI1 (A4, <> T'). OHa npezcraBisiercst B BUE ABOUYHOrO Bektopa (IB) V', (V' + 4,).

3. IlpocmarpuBaroTca mno3uuuu V ; HoMmepa 0-MO3UIMA 3aHOCATCS B CIHCOK L
(Vjl=0=j—>1L).

4. Onpenensercss HOMEp Clenyroled CTpokd U3 D U, COOTBETCTBEHHO, CUUTHIBAETCS
cama CTpoka, KoTopas gaiee npeacrasisercs B Buje B, V + 4 .

5. IIpocmarpuBarorcst B V' BCe T€ NO3ULIUHU f, KOTOPHIE 3aHECEHBI B L ; €CIU B TEKYIIEH
MO3UIIMK HAXOAUTCS 1, TO HOMep ATOU no3unuu ygansercs uz L (¢ < L).

6. Ecmu L=J, 10 p:=1 (D — NOKpHITHE); IEPEX0]I Ha TI. §;

7. Ecnu He Bce cTpoku B D o0paboTtaHbl, TO nepexos Ha 1.4, nHavye p:=0.

8. Bo3Bpar 3HaueHHs p B OCHOBHYIO IIPOTPAMMY.

IIpumep 4. Ilycte D ={A4,,4,,A4;}. OTo o3Havaer, uto D copepxur Homepa 2, 7 u 8

ctpok u3 TII. Buauane BwIOMpaercs 2-s CTpoKa, B KOTOpOil ompenensiorcs Homepa 0-
MO3ULIMH; OTU HOMEPA 3aHOCATCA B CIHCOK L. B mocimexyromux CTpokax HAac MHTEPECYIOT
TOJIbKO HOMepa (-11o3uLuii ¥ 3Ha4eHHs BEKTOpa Ha HUX. Eciau HEKOTOphle U3 3TUX 3HAYEHUM
paBHBI 1, TO COOTBETCTBYIOIIME HOMEPA UCKITIOYAOTCS U3 CUCKa L .

Ilycte nanee mnepBas B D crpoka A, copepxur 10 dIeMEHTOB C TakuM

pacnpenenenuem 3HaueHuii: 4, =1101001111. Torma L =1{3,5, 6} . PaccmoTpum ouepenHyo
CTPOKY €O CIEeAYIIIUM pactpenencHueM 3HadeHuil: A4, =1000100111. JIns HaxoxaeHUs
pesyabTUpytouiero Bektopa (PB) Hago paccmarpuBath B 4, Tosbko no3uuuu 3, 5, 6. BuaHo,

yto PB nmpunumaer 3nauenue V' =010. Oto o3Hayaer, 4To HOMEp MATHIN 0-MO3UIMKM MOXKET
ObITh CKTIOUEH U3 L. PesynpraT: L = {3, 6}.

Ha puc.2,a mnpencraBieHa cxema aiaroputMa BbluMcauTenbHoro moxpyis OIII,
MIOCTPOEHHAS 0 €r0 CJIOBECHOMY OIMCAHUIO.

Onucanue Bpruncaureabnoro moayas YCIIL. Unes ynopsiioueHns cnyvcka NOKPBITUI
COCTOUT B yJJIEHUH TI0 OYEPEN U3 PaHee MOCTPOCHHBIX NOKPBITUI TEX MOKPBITUH, KOTOpbIE
MOTJIONIAIOT (BKIIIOYAIOT B ce0s1) D, T.e. U30BITOYHBIX MOKPBITUM, NP ITOM YMEHbIIAs I
KaX/bli pa3 Ha 1; 3anomuHaem nocieanee D kak nokpeithe P (i==i+1; P :=D).

OtmeTHM, 4TO BO3MOXHBI 4 BapHaHTa pe3yibTaTa MPOBEPKU Ha BKIIIOUEHUE MHOXKECTB
Awn B:

1. AcB.

2. Ao B.

3. A=B.

4. A nu B HecpaBHUMBI. B 1aHHOM cily4ae BO3MOXHBI IO TOCTPOEHUIO MOJMHOMXKECTB
D Tonmbko 1-it u 4-it BapuanTel. CiaeoBaTeNbHO, JOCTATOYHO YOEAUTHCS B TOM, UTO BCE
3JIEMEHTHI B BXOI[SIT/ HE BXOIAT B MHOXECTBO A.

[IpumeM 1O yMOJTYaHWIO, YTO MHOXeCTBa A W B TPEeACTaBICHbl COUCKAMU U
YHOPSII0YEHBI 110 BO3PACTAHUIO.

Cmpyxmypol OaHHbIX:
C — CIMCOK MOKPBITHIA;
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*
P — texymiee nokpeITHE;
i —HOMep NoKpeITUs, i =1...q.
o *

Hcxoounvie danmnvie: cnucok mokpeiTuid C, odepenHOe MOKpbITHE P, He Bollesliee
em€ B cnucok C, HOMEP MOCIEAHETO B CIUCKE MOKPBITUS — ¢ .

Cnosecnoe onucanue gviuucaumensrho2o npoyecca 6 mooyne YCII.

1. OpranuzyeM nuki mo i nepedopa nokpeituit B cniucke C (i:=i+1). Ecim i >¢q, TO
[epexouM Ha II. 5.

2. CuursiBaeM ouepennoe nokpsitie u3 C (P, <> C).

3. Ompenensem, He SABIAETCS U OHO M3OBITOUHBIM OTHOCHTENHHO P’ (cpaBHEHHME

o *
nokpeltTuii P u P Ha u3beitouHocTs — Moayib CIIN). Ecau P, He siBisieTcst H30bITOUHBIM

(g=0), To nepexoaum Ha 1.1.
4. Y nansem n3obITounoe nokpeitue P, u3 ciucka C (P« C), nepexoauM Ha 1. 1.

5. Ilpouenypa okaHUYUBAETCS M BO3BPAIIACTCS PE3YIBTUPYIOMIHMI CIUCOK MOKPBITUH C' .

HET k=25
Oa (1) [
q=D[1] q=D[k] JCII
AgesT AgeT
[ | 1=0
Vo« dy Wor Ay ——=1
S —1 i=1t1
i=1,m 1=1,r
HET <}
Ha Ha P —p*
i= 1L t < L[i] P;—=C
| [
e ' e:pmm (Bosspar)
i iH
; @ﬂa
P*=D P
(1} : : L —
p=1 p=0
; Bozepar

(@)

a
Puc. 2. Beienennsie anropurmMudeckue moayian: a — @IIIT; 6 — YCII

Omnucanue BbruncautenbHoro moayiss CIIH. Ilepeo6osznauum: A4:=P,, B=P .

OtMeTuM, 4TO KOJIMUYECTBO JIEMEHTOB B P Bcerjaa Oosnblie, 4yeM B P, urto onpeaenseTcs

METO/IOM TIOCTPOCHMS TOAMHOXKECTB [); TpU OSTOM UYHCIO BapHAHTOB CpPABHEHUS
YMEHBIIAETCS 10 ABYX: M30BITOUHO/HEM30BbITOUHO. OO003HAYMM g TMpHU3HAK M30BITOYHOCTH.

Torna g =1 o3HavaeT U30BITOYHOCTH P, OTHOCUTENIBHO P".
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Wnes pemieHus: COCTOUT B UCKITIOUEHUH M3 000UX MHOXKECTB UX repecedeHus AN B ; B
*
cnydae B =(J 310 Oyner o3HadaTh, 4TO P, M30BITOYHO OTHOCUTEIBHO P .

Cnosecrnoe onucanue aneopumma 01s mooyaa CIIH
1. Ilepebupaem 1eMEHTHI Y, MHOXeCTBA B .

2. IIpocMarpuBaeM 2JIEMEHTBI X, MHOXECTBA A .
3. Ecan snemMeHTsl x, ¥y, COBNAJAIOT, TO OHH YIAISIIOTCS M3 OOOMX MHOXKECTB;

nepexon k 1.2. MHaye MHO>kecTBa HeCcpaBHUMBI ( g := 0 ) — nepexoj Ha 1. 5.

4. IIpoBoauTcst MoauUKAIUS YKa3aTeIe MHOKECTB U TIEpEeHyMepaIlusl JJIEMEHTOB (110
YMOJTYaQHHIO — aBTOMATHIECKast)

5.Ecim B=, 10 g:=1, uHade nepexom Ha II. 1.

6. IIporiecc 3akaHuMBaeTCA; BO3BpAIIACTCS 3HAYEHUE g .

Hpumep 5. Iycts C={P,P,P,P,}, ouepennoe mokpeitue — P . TpebGyercs
YHOPSIOYHUTH CIIUCOK MOKPBITUN C .
[oouepénno cpasuuBaeM P. ¢ P (i=1...4). Ilyctb nokpbiTust P, u P, — U30bITOUHbI

*
OTHOCHUTENBHO NOKpbITUsA P . Torma P, m P, ynamsatorcs u3 cnvcka C, a y OCTaBHIETOCS

asieMeHTa cnucka (P, ) Homep yMeHbIInTCs Ha 2. TakuMm o0pa3oM, pe3ysIbTUPYIOIINN CITUCOK
npumer Bua: C'={P,P,P/},tne B'=PF, P,=P,, P/ =P,.

Boinesienue makpoonepaunii u3 paccmorpesnsix BIT u BM

AHali3 BBIYUCIUTEIBHOIO MPOLIECCa MO3BOMISET BBIJACIUTh M3 HETO0 MaKpOOIEepaluu
Kak ()yHKIIMOHAJIEHO 3aKOHUYEHHBIE OOBEKTHI.

Cpoanbiii cnnmcok MO B BII pemienusi 3azaum 0 NOKpbITHM. B pesynbrate
IIPOCMOTpPA CIIOBECHBIX ONMUCAHWA OCHOBHBIX QJITOPUTMOB M MX BBIYMCIHUTEIBHBIX MOIYJEH
ObuTH BBIsIBIIEHBI MO /17151 KaXXI0T0 U3 HUX, & 3aT€M OHU OBUIHM CBEJICHBI B €IMHBIN CITUCOK:

1.  CuérHbIA UK.

2 VY CIOBHEIN UK.

3 VYBenuueHue 3HaueHUs cYeTUrKa Ha 1.

4.  IlpoBepka Ha UICTUHHOCTb OTHOIIEHUS.

5 CuuTbiBaHHE CTPOKH TAONMUIBI TOKPBITUS M TPeoOpa3oBaHUE THUMA: CTPOKH B

6. IIpoBepka MHOXkeCTBa (CIIUCKA) HA MYCTOTY.

7. CuuThIBaHHWE 3HAYCHUS DJIEMEHTa MHOKECTBA (CITHCKA).

8.  BcraBka anemeHTa B MHOXKECTBO (CIUCOK).

9.  VYnmanenue sieMeHTa U3 MHOXKECTBA (CITHCKA).

10. Omnpenenenne MakKCUMaJIbHOTO HOMEpA 3JIEMEHTAa MHOXKECTBA (CITUCKA).

11. Tlepenymeparus 2IeMEHTOB MHOKECTBA (CITHCKA).

12. IlpucBoeHue HOMepa TEKYIIEMY IOJMHOKECTBY MU €ro 3allOMHUHAHHME B BUJE
AJIEMEHTA CIHCKA.

IIpoBeném ananus cBopHOro cnucka. BugHo, uyto nepeeie 3 MO onpenensioT pas3Hble
BapuaHThl noBTopeHus ¢parmenta BII. UerBépras MO sBisieTcsl CTaHIapTHON MPOBEPKOMH
HCTUHHOCTY IIPEMKaTa ¢ OTHOIIEHUSIMHM Pa3HOro THHa (=, #, > ... u T.4. ). I[Iatas MO moxer
ObITh Opranm3oBaHa modjaemMeHTHO. MO 12 mpocras, HO Baxnas omnepamus. MO 6-11
onpeAensoT padbory co cmuckoM, npuuéM MO 6 u 11 BBHIIOTHSIOTCS OMEpPAIMOHHON
cuctemoii, MO 8 m 9 — 3abora mosp3oBatens, MO 10 peanusyercs ¢ HCIOIb30BAHHEM
ykaszarens free (j_  :=free—1); MO 7, eciu 3T0 He NPEIyCMOTPEHO B SI3bIKE BBICOKOTO
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YPOBHSI, MOXET OBITH BHITIOJNHEHA B 3 IIara: yJaleHue dJIEMEHTa, TPUCBOCHUE €r0 3HAUYCHUS
HEKOTOpPOM MEepEMEHHOM, BCTaBKa B CITUCOK.
[TpoBeneHHBIN aHATH3 TIO3BOJIWII OCTPOUTH cleayromnre 0600ménasie MO.
O000ménnasa MO «Dopmuposanue noomuodcecmsa (IpA j, = n )» BKIIOYAET B ceOs

CJIeIyIoIINe OTepaluu:
— yZAaJeHHe MOCIEIHEr0 2JIEMEHTa U3 IOAMHOXKeCTBA (A4, <— D );

— OIpeJelIeHue HoMepa MIPEINOCIEIHETO dIeMeHTa ( /, );
—  YJAJEHHE DJIEMEHTA C HOMEPOM J, ;
— OIpeJelIeHue HoMepa HOBOro dJieMeHTa j = j, +1.

06006ménnas MO «YmopsioueHre CIMCKa TOKPBITHIND BKIIOYAET B ce0s CIETYIONTNE
OTIEpAIIHH:
— CpaBHEHHE MOKPBITUS P" u3 Tabmuie! MOKPBITUS C TEKYILIUM IIOKPBITHEM P, B CIIUCKE;

— ynajgeHue U30bITOYHOTO MOKPBITHUS;
— TepeHyMepalus 1eMEHTOB CIUCKA;
— BBEJICHHUE B CMHCOK TEKYIIETO MOKPBITHS.

BriBoabI

PaccmoTpens! 2 MeTona M anropurMa nepedopa ImpH pelieHHH 3a7add O MOKPBITHU:
NOJHBIN U TpaHUYHBIA. OTMETHM, YTO MOJHBIN 1epedop 3JIEeMEHTOB HEKOTOPOTO MHOXKECTBA
IIPUTOJICH HE TOJBKO IS DPEIICHUS 3aJa4d O IOKPBITUM — OH HMMEET HIMPOKUN Kpyr
npuMeHeHus; npu 3ToM Moayis DIIII 3aMeHseTcss Ha JPYro MOLYJIb CO CBOMM KOHKPETHBIM
MPU3HAKOM OTOOpa 3JIEMEHTOB C OCOOBIMH CBOMCTBaMU. MeTOJ TpaHUYHOTO TMepedopa
UCIIOJIB3YETCs IpHU MasioM uncie cTpok TII u, B o0cHOBHOM, B CBA3KE C METO/IOM COKpAILlEHUs
TII ¢ moMoIIBIO TEOPEM, B PE3YyIbTaTE IPUMEHEHUS KOTOPBIX MOJIY4aeTCs T.H. IUKINYECKUI
ocratok (L1O). ns nanpHeiimeit o6padotku 11O kak pa3 u nmpegHazHaueH METOJl TPAaHUYHOTO
nepebopa.

Hns xaxnporo anroputma B BII Beigenenst MO, KOTOpbIe 3aTeM CBEACHBI B OOIIUIA
CITMCOK C HE3HAYUTEIbHBIMU MOIU(PUKAIMAMU 0000IIIaFOIIETo TUTaHa.

Peanuzanuio MO MOXHO OCYIIECTBUTH pa3Nu4yHBIMU criocobamu (paznmuudbivu BIT),
OTIMYAIOIIUMHUCA CJIOXHOCTBIO0. CpaBHEHHME BapHAaHTOB AJITOPUTMOB IO CIOKHOCTH HeE
OPOBOJIWIOCH — aBTOp TIOJarajicsi Ha CBOM JOCTAaTOYHO OOJBLIONW OMBIT TNPOBEACHUS
IIPAKTUYECKUX 3aHATUN ¥ KypCOBOI'O IPOEKTUPOBAHMS 110 TEOPUH AJITOPUTMOB.

Otmerum, 4TO 000OIIEHHOE MpPEJCTAaBICHHUE MPOrpaMM B BHUJE KJIACCOB U METOJIOB
CKPBIBAET KOJMYECTBO DPEAJIbHO BBINOJIHAECMBIX OIEPAaTOPOB M 3aTpyAHseT aHanu3. Hamm
npeJularaeTcsi co3janue OMOIMOTEKH OTIAXXEHHBIX ¢ momoulbio ceteit [lerpu MO pasHoro
YPOBHS CJIOKHOCTH.
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OBYHCJIOBAJBHI MOAEJII AJI'OPUTMIB ITIOKPUTTSL
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Opnecbkuii HaIllOHAILHUH MOJIITEXHIYHUI YHIBEPCUTET,
npoci. [leBuenka, 1, Oneca, 65044, Ykpaina; e-mail: paolenic@yandex.ua

VY craTTi CTaBUTHCS 1 BHPIMIyETHCS MpobieMa MOOYIOBH OOYMCIIOBAIBHUX MOJIENEeH s
KJIacy KOMOIHATOpHMX 3amad. [IpakTHYHO BaXKIIMBOIO B IIbOMY KJaci € 3agada Mpo
MIOKPUTTA, 10 BHUKOPHUCTOBYE IMEpeOOpHUH MexaHi3M. Takoro pomy 3amadi BUHHKAIOTH,
HaNpUKIAL, TPH HEOOXIMHOCTI ONTHMAaIbHOTO BHOOPY IOCTa4albHUKIB INpH 30MpaHHI
CKJIQHOTO BHUPOOYy. OOUHCIIOBAIbHI MPOIECH PO3B'SI3aHHS 3a7adi MPO MOKPHUTTS MAarOTh
Oarato 3arampHUX  (YHKIIOHANBHO  3aKiHYCHHX  KOMIIOHEHT, HAa3BaHUX  HaMH
MaKpOOIIepallisIMHU, SIKi MOKYTh OYTH BHIIJICHI SIK 00UMCITIOBAJIbHI MOJIEINI IBOTO TPOIIECY.
Take BHIIICHHS O3BOJHUTH 3i0paT 010TI0TEKY MaKpoOIepaliil sl pi3HUX KJIACiB 3ajad,
IO CIPOCTUTH 1 HPUCKOPHUTH aHali3 MporpaM Iue Ha cTajil moOyloBH allrOPUTMIB
(obumcmoBanbHUX mpoueciB). Posrisgarorees 2 MeToma 1 BIANOBIAHO 2 anropuTMa
PO3B'A3aHHS 3a7a4i PO HOKPUTTS: OBHOTO Nepe0Opy IiJMHOKHH i TPAaHUYHOTO 11epedopy
MO YBIrHYTili MHOXMHI. HaBOAsSTbCS CIIOBECHI ONUCH alNrOPUTMIB, X CXEMH, a TaKOX
OMHMCH 1 CXeMH OOYHMCIIOBaTbHUX MOAYJIIB. BHUAUIMIOTBCS  Makpoomepariii sk
00YHCITIOBAIBHI MOJIETI, SIKi YACTKOBO y3araibHIOIOTECS.

KuiouoBi ci1oBa: koMOiHATOPHI 331341, 00YMCITIOBAIIbHI TPOIIECH, OOYUCITIOBATbHI MO,
Makpooriepaii, airopuTMH TIOKPUTTS, TOBHWK Tiepebip, TpaHWYHWA TepeOip,
00YHCITIOBAIEHI MOIYIIL.

COMPUTATIONAL MODELS OF COVERAGE ALGORITHMS
O.N. Pauline

Odessa National Polytechnic University,
av. Shevchenko, 1, Odessa, 65044, Ukraine; e-mail: paolenic@yandex.ua

The article raises and solves the problem of building computational models for a class of
combinatorial tasks. Important for practice in this class is the coverage task using
mechanism of iterates through of the elements. Such tasks arise, for example, on necessity
of optimal selection of suppliers for the assembly of complex products. The computational
process of solving the task of the coverage have a lot in common functionally complete
component called us macrooperation, which can be picked out as computational models of
this process. This detachment will allow to build the library of macrooperations for
different classes of tasks, which will simplify and speed up the analysis of programs at the
stage of construction of algorithms (computational processes). Discusses 2 method and 2
respectively of algorithm for solving the task of covering: complete iterates through of the
subsets and boundary iterates through in the concave set. Given the verbal descriptions of
algorithms, their schemes, and descriptions and schemes of the computing modules. Pick
out macrooperation as computational models, which are partially summarized.

Keywords: combinatorial tasks, computational processes, computational models,
macrooperation, the algorithms of cover, full choice iterating through, boundary choice
iterating through, compute modules.
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PO3HOAII TAPMOHIK HA JIVIAHITL
EJEKTPOCITIOXKUBAHHA ITPU HASIBHOCTI
I'EHEPYIOUUX YCTAHOBOK, 1110 ITAPAJIEJIBHO
IMPAHIOIOTH 3 MEPEXEIO

0O.B. bsuoop:xecskuii, H.I'. Yepennuk

Kpemenuynpkuii HanlioHaTpHUHN yHiBepcuTeT iMeHi Muxaitna OcTporpaacskoro,
By [lepmorpaBuesa, 20, M. Kpemenuyk, 39600, Ykpaina; e-mail: natali_alex 2008@mail.ru

BrpoBamkeHnHss KoTreHepaiii B EHEpPreTHIl, Ha MiAMPUEMCTBAX JO3BOJISE ITiIBUITUTH
MaHeBpeHY IOTYXXHICTh, €HEproOe3meKy WiANpHeEMCTB. BHHHKae KOMIUIEKCHa 3ajada
paIfioHaIbHOTO BHKOPUCTAHHS MOTY>KHOCTEH KOTeHEpaIliiHUX YCTAaHOBOK Ta 30BHIITHHOI
ENeKTPUYIHOI Mepeki. Y pa3i HagBHOCTI B CTPYKTypi MignpueMcTBa, abo ioro
TEXHOJIOTIYHOI JIIJISTHKY CIMOKWBAYiB 3 HENIHIMHUM XapaKTepOM HaBaHTAKCHHS IMMHUTAHHS
3a0e3neueHHsT SKOCTI ENEKTPUYHOI €Heprii CyTTEBO 3arocTplOeThesi. MeTra poOoTH -
po3pobka Mozesi  JUISIHKM — €JIEKTPOCIIOXKMBAaHHS 3 TEHEpYIYOl0 YCTaHOBKOIO Ta
JOCITIKCHHSI TTIOKa3HUKIB SIKOCTI €JIeKTPUYHOI €Heprii 3a YMOBM HAasBHOCTI CIIO)KHBayiB 3
HENIHIHHIM HaBaHTaXXCHHSAM. B crucTeMax eneKTpOCIIOKWUBAaHHS B OCTAHHIN Yac MIMPOKO
3aCTOCOBYIOTBCSI T€HEPYIOUl YCTAHOBKH CEPEIHBOT MOTYXKHOCTI, SKi MiIKITIOYAETHCS JI0
cucteMu 0e3 CyYTTEBOI MOJIEpHi3allii OCTaHHBOI, IO TIEBHUM YHHOM 3MiHIOE
€JIEKTPOCHEPTeTHYHI TPOIECH Ta TOKa3HWKH iX SKOCTi. PalioHallbHe BHUKOPHCTAHHS
TEHEpOBaHMX  MOTY)XKHOCTEH  mapaelbHO i3 LEHTPAITI30BAHOI0  CHUCTEMOIO
€JIEeKTPOTIOCTAYaHHS 3a YMOB HAasBHOCTI JEKIIBKOX arperaTiB Moxe OyTH BUKOHAHO
[UIAXOM BUKOPUCTAHHS BiJOMHX ONTHMI3alliHHIUX METOMIB 3 YpaxyBaHHSIM CTPYKTypH
CUCTEMHU €NIEKTPONIOCTAYAHHS. 3Baxkaroun Ha TOTaJIbHE 3aMpoBaKEHHS
HAIIBIPOBITHUKOBHX MIEPETBOPIOBAYIB CICKTPHYHOI CHEPTil, Sk 3ac00y ii perymoBaHHs Ta
MEPETBOPCHHS JJIi TEXHOJIOTIYHHX MOTPeDd, aKTyaJlbHUM CTa€ WHUTaHHS OOJiKy Ta
KepyBaHHS MOKa3HUKAMH SIKOCTI €ICKTPHYHOI CHEpril Ha MUISHKAX, 16 BAKOPHCTOBYIOTHCS
reHepaTopu enekTpudHoi cHeprii. I[IsXoM eKClepUMEHTAIbHOTO JOCIHIDKCHHS B
CEpe/IOBUIIII  Bi3yaJIbHOTO IPOTPaMyBaHHS MOJEIl EJIEKTPOSCHEPIeTUYHOI CUCTEMH
MIPOJIEMOHCTPOBAHO €Ki BHIIAJKK MEPEPO3IOJTy IOTOKIB €Heprii MK TI'eHepyHUOIo
YCTAaHOBKOIO Ta TpaHC(HOPMATOPOM IEHTPATI30BAHOTO E€JICKTPOIOCTAYaHHI, Ta 3MiHY
MMOKa3HHWKIB CIOTBOPEHHS CTPyMY 3a3Hau€HUX €JIEeMEHTIB. BimMideHo, M0 Xapakrtep
MIePEePO3MOMAITy TOKA3HHWKIB SKOCTI BIJPI3HAETHCS BiJl XapakTepy MOTOKOPO3IOILTY.
3a3HadyeHi OCOOJIMBOCTI € TPHYUHOIO JUIS 3aCTOCYBaHHS CHCTEM TEXHIYHOTO OOiKy
€JIEKTPUIHOT €Heprii Ta ii SKocTi.

Karo4oBi cioBa: KoreHepallifiHa YCTaHOBKA, CIOTBOPEHHS CJICKTPUYHOI EHeprii,
HeJNTiHIHE HABAaHTAXKCHHS.

Beryn

KowmbinoBane BUpOOIEHHS €IEKTPUYHOI 1 TEMIoBOI eHeprii abo KoreHeparis, oaHa 3
HaWO1IbII €(PEKTUBHUX EHEPro30epiralounx TEXHOJOTIH. Y CydacHHX KOTCHepalliiHuX
YCTAaHOBOK Ha 0a3i ra30MOpIIHEBUX JBUTYHIB KOE(IIIEHT BUKOPUCTAHHS TEIUIOTH 3TOpaHHS
najguBa JoXoAuTh 10 85-90%. ExoHOMIsl mayBa mpu BUPOOJICHHI €HEprii MOXKe JocsATaTH
40% B MOPIBHSAHHI 3 PO3AITIBHUM BHPOOHHUIITBOM Ti€l K KIBKOCTI €JIEKTPOEHEPTil 1 TeroBoi
eneprii [1]. Korenepariiiina ycraHOBKa J103BOJIsiE EKOHOMUTH Ha IMAKIIOYEHH] JI0 €JIEKTPO- Ta
TEINIOMEPEXK, Tak camMo 3ale3ledyye eHEepreTHUHy HEe3aJeXHICTh Big 300iB B
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€JIEKTPOINIOCTAauYaHHi 1 aBapiil B CHCTeMax TEIUIONOCTayaHHs y pa3i BUKOPUCTAHHSA Pa3oM 3
MaricTpaJIbHOI MEPEKEIO.

AHaJi3 0OCTAHHIX OCTIIAKeHb | myOaikani

B Vkpaini BuUpOOISIOTH TOCTATHHO €JIEKTPOEHEPTii, ajge BOHA BHKOPHCTOBYETHCS
HeeekTuBHO. [Ipobiema B ToMy, 1110 MaHEBPEHICTh eHeprocucteM Ykpainu craaae. [llupoke
BIPOBA/DKEHHSI KOTEHEpalii B EHEpreTulll, Ha MiAIPUEMCTBAX JIO3BOJUTH IIIBUIIUATH
MaHEeBpEHY TMOTYXKHICTb, €Heprode3neKky MiANpHEMCTB. BrpoBapkeHHs KoreHeparlii
CKOPOTUTh BTpPATH EIEKTPOCHEPTii B MepekaX, sKi TOCHTh BENHKi. 3 SBISIOTHCS IIISXU
BUpimIeHHs "miKoBUX" oTykHOCTEH [1].

[Tpu 1bOMY BUHUKAE KOMIUIEKCHA 3a/lava PaIlioHaTbHOTO BUKOPHCTAHHS MOTYKHOCTEH
KOTEHEpaIlifHIX YCTaHOBOK Ta 30BHIIIHBOI, 30KpeMa eJIeKTpHYHOi, Mepexi. OcTaHHIM YacoM
eHeproMepeki HaOyBarOTh TEBHOI 1HTEJIEKTyalli3allii, aKTMBHO PO3BHBAETHCS TEXHOJIOTISA
Smart Grid, ska HTErpye B €IMHUN KOMIUIEKC MEpPEXi €HeprornocTayaHHs Ta KOMITIOTEpHI
TeJEKOMYHIKAIiHI MEepeXKi, 3aCHOBaHI Ha cUcTeMax mepemadi iHdopmarrii. ['omoBHa 3a1a4da
TEXHOJIOTI1 ToJisArae B 3a0e3MeueHH] MOHITOPHHTY Ta ONTHMI3allii BUTPAT €HEePropecypcis, a
TaKOX IiJIBUIICHHI Oe3neKn (PYHKIIIOHYBaHHS €HEproMepex [2].

Texunonorist Smart Grid HaWOUIBII 1CTOTHO 3MIHIOE NPUHUUIHM (DYHKI[IOHYBaHHS
E€HEeProMepeIK, MPOTIOHYIOUN HOBI PIIIICHHS aKTHBHOI 1 IeIIEHTpasTi3oBaHoi B3aemoii. CydacHi
CMOXMBayi, 1[0 BUKOPHCTOBYIOTh KOMIT'IOTEPHI TEJIEKOMYHIKALlIiHI CHCTEMH JUIS Tepenaadi
iHdopmartii B Mmepexi Smart Grid, MOXYTh aBTOMAaTHYHO BUOPATH PEXUM POOOTH HAUOIIBII
C€HEPrOBUTPATHOTO OOJIQJIHAHHS Ta BJIACHUX T'€HEPYIOUHMX YCTAaHOBOK IMPOTSATOM THXKHA, 3
TOYHICTIO JIO TOJWHU, 3 YPaXyBaHHSM ONTUMAJILHOTO KoMmepitiitHoro Tapudy [2]. BianosigHo,
€Hepro30yTKoBa KOMIIaHis, Mar4d IOTOYHI JaHI NpPO IUIAHOBAHE EHEPrOCIOXKHBAHHS
OKpPEeMHUX CITO)KMBAYiB, MOXE ONTHMAaJIbHO KOH(ITypyBaTH CBOi TOTYXXHOCTI, HaIlpPUKJIIA],
BUKOPUCTOBYIOUH aKyMYJISTOPH €IEKTPOCHEPTii Ta aKTUBHI PO3MOAIIBHI IPUCTPOT, 3aKyITUTH
HEOOXI1JIHY EJIEKTPOCHEPTil0 Y MEPEKEBOro MocTavyalbHUKA 3a ONTUMAIbHUMHU Tapudamu i
T.JI. BECh JIAHIIIOKOK IOCTIHHO OOMiHIOETHCS iH(OpMaIli€lo, iKa aKTUBHO BUKOPUCTOBYETHCS
KePYIOUUMH eleMeHTaMu TUTS 3a0e3neYeHHs 30aJ1aHCOBaHOTO rpadika
CTMOKMBaHHs/TeHepallii, MITPUMKHU SKOCTI eIEeKTPUYHOI eHeprii, Oe3nednoi Tpanchopmarii i
nepeaadi. Y pasi HassBHOCTI B CTPYKTYpl HiANPHEMCTBA, a00 HOTO TEXHOJOTIYHOT AUISTHKU
CMOXHMBAYIB 3 HENHIHHUM XapaKTepoM HaBaHTAXECHHS IUTaHHA 3a0€3MEYeHHS SKOCTI
€JIEKTPUYHOI EHEPTii CYyTTEBO 3arOCTPIOETHCSI.

Memorwo pobOTH € po3pobKa MoOjeNl IUISHKH €JEKTPOCIOKUBAHHS 3 MAaJolo
TEHEPYIOUOI0 YCTAHOBKOIO Ta JIOCIIKEHHS TTOKA3HHUKIB SIKOCTI €JIEKTPUYHOI EHEpTii 32 YMOBH
HAsSIBHOCTI CIIOKMBAYiB 3 HENHIHHUM HaBaHTAKEHHSIM.

BukJiiag ocHOBHOT0O MaTepiasy

BukopucraHHs KOoreHepyr4oi YCTaHOBKU (YCTaHOBOK) B CHCTEMIi €JIEKTPOCIIOKUBAHHS
M1IPUEMCTBA MO-TIEPIle CTAaBUTh 3aBAAHHS ONTUMAIBHOIO PO3MOLITY aKTUBHOI MOTYXKHOCTI.
[TouaTkoBUl TEHEpPYIOUMH €NEeMEHT JaHIFora KoJia TOCTIHHOI TreHepallii MaKCHMalbHOI
KUTBKOCTI €JICKTPHYHOI €HEepTrii BUJA€ ONTUMAJIbHY IMOTY)KHICTH BIJMIOBIIHO JO pPEATbHHUX
0aJyaHCiB MMOTY)KHOCTI/CIIOKUBAHHS €NIEKTPOCHEPTETHYHOI CUCTEMHU B MOTOYHUN MOMEHT 4acy
[3]. CymapHa MOTY)XHICTh TE€HEPYIOYHMX YCTAHOBOK Ha MIANPHEMCTBI, SK IPaBHIIO, HE
MEPEBUIIYE CYMapHY CIIOXHUBAHY MOTYKHICTh. ToMy B poOOYHii peKUM BKIIFOUAIOTHCS HE BCI
arperatu, a skach iXx yacTuHa. OJIHI€I0 3 OCHOBHHUX BHMOT, LI0 NPEISBISIOTHCA /0
€JIEKTPOCHEPTeTUYHOI CHCTEMH, € EKOHOMIYHICTh ii pexumy poOOTH, IO BiANOBiAa€e
MiHIMQJIBPHUM BUTpPAaTaM Ha OJWHUINI0 BUPOOJIEHOI eleKTpoeHeprii. Y 3B'SI3Ky 3 IIUM IOCTa€e
onTUMi3aliiiHa 3ajaya E€KOHOMIYHOTO pO3MOJUTY aKTHBHOI MOTYKHOCTI MIX OKPEMHMHU
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arperaTaMM B EHEPreTHYHIA CHCTEMi Ta 30BHIIIHBOIO Mepexer. B gKocTi kputepito
ONITUMAIILHOCTI IPUMUMAETHCS MIHIMYM CyMapHHMX BUTPAT Ha €HEProHOCii B, MpPU BUKOHAHHI

OalaHCy TTOTYXKHOCTI
YP.=>P,+> P, +AP, =) P,,

ne Y P, - cymapHa reHepoBaHa aKTHBHA [IOTYXKHICTb; » P, - CyMapHa aKTHBHA [IOTY)XHICTb
CIIOXKHBadiB B Mepexi; » P, - CyMapHa NOTYXHICTb BIIACHHX IOTPeO TI'ECHEPYKOHO]
YyCTaHOBKH; AP, - cymapHi BTpaTH aKTHBHOI HOTYKHOCTI; ZPH - CyMapHe€ CIIOXXKUBAaHHS

AKTUBHOI OTY>KHOCTI.

3amadyy ONTHMAIBHOTO  PO3MOALTY AaKTHUBHOI MOTYXHOCTI  pO3IJISNAIOTH IS
KOTEHEpaIiifHOT yCTAaHOBKM, SKa TIPAIfO€ TMapajelbHO 13 MEpPeKer Ha BHIJICHE
HaBaHTAKECHHS ZPH. BBonaTe [3] muTOMI BUTpAaTH Ha OAMHHULIO HOTYXHOCTI B(P.)
KOTEHEpaIliifHOi yCTAaHOBKM Ta MEpeXi, SKi BH3HAUAIOTh 3aJEXKHICTh BapTOCTI B Bix
HOTYXKHOCTI, 1110 BUAAETHCS TeHepaTopoM P, . TakuM uMHOM (yHKIisI CyMapHUX BUTPAT, L0
MiJIArae ONTHMI3alil, MaTUME BUTJIA

B, =Y B,(P,)— min. (1)
I1=1

MinimMyM ¢GyHKLIT ITyKaeThCs 32 YMOBH BUKOHAHHS OajlaHCY aKTUBHOI MOTYXHOCTI. Lo
YMOBY 3alHCYIOTh Y BUTJISI

> Py~ %Py =0, )

Js minpoBoi yHkiii (1) 1 6amaHCcy akTHBHOT MOTYKHOCTI (2) 3amucyioTh (PyHKITiO
Jlarpanka 1 3aMIiCTh YMOBHOT'O MIHIMyMY LiJIbOBOT (DYHKIIIi IIyKatOTh 0€3yMOBHUI MiHIMyM
bynkii Jlarpamka

L:Zn:BI(Pn)-i-/l[Zn:Pn—ZPHjamin, 3)

ne A — HEeBU3HAYEHUI MHOXXHMK Jlarpanxa.
Minimym ¢yskmii Jlarpanxka gocsraeTbcsl MPU PIBHOCTI HYITIO 11 MOXIHUX MO BCIM
3MIHHUM, TOOTO MPU YMOBaX

OL/0P,, =8B, /0P, + A =0,
OL/0OP,, =0B,, /0P, + A =0,

,, )
oL/ 0P = (ZPF, —ZPH) =0.

3 piBHsHB (4) BUAHO, IO ITYKAHOMY PIIICHHIO BIIMOBIa€ YMOBA PIBHOCTI MiX COOOO
MOX1THUX

0B,/0P,. =...=0B, /0P, =...=0B,,/ 0P, = —A = const.

Ili noxigHi Ha3MBalOTh BIJHOCHMMHU mnpupoctamu &, (I =12,...,n). OnrumanbHui
PO3MOAIT aKTUBHOI TMOTYXKHOCTI MK KOTEHEpaLiiHOI0 YCTaHOBKOIO, Ta MEPEKEI0 SK
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MoKa3aHo B [4], 3AIiCHIOETbCA MPHU PIBHOCTI BIJHOCHHUX MPHUPOCTIB BUTPAT HA €HEProHOCII,
10 MOKe OYTH 3aKJIaJIcHE B aJTOPUTM PETYJIOBAHHS 3a aKTUBHOIO MOTYXKHICTIO T€HepaTopa
KOT€HepaliifHOi yCTaHOBKH, 32 YMOB peatizaii Texnomorii Smart Grid.

ExoHOMIYHICTE pEeXHMY pPOOOTH EHEPreTHYHOI CHUCTEMH BHU3HAYAETHCS HE TIJIBKH
CYMapHOIO BUTPATOIO Ha €HEProHOCIi, aje 1 BTpaTaMu MOTYKHOCTI B €JIEKTPHUHUX MEpEKax.
Btpat akTHBHOI MOTY)KHOCTI B Mepexax 3ajeXaTh BiJ] MEPETOKIB 1O HUM IOTY>KHOCTEH,
MOB'SI3aHUX 3 PO3IOJIIIIOM CyMapHOTO HaBaHTAKEHHS MK OKpEMHUMH JpKepenamu. YuM JoBIi
1 3aBaHTaKeH1 JiHIT 3B'A3KYy MiANPHUEMCTBA, TUM CHJIBHINIUN BIUIMUB BTPAT IOTYKHOCTI B
Mepexi Ha €KOHOMIYHHMU peXuM poOOTH CHCTEMH €JIEKTPONOCTAadyaHHS 1 THMM BiAYYTHIII
MONIPABKH JI0 PO3MOJIiITY MOTY>KHOCTEH MiXK KOTCHEpaIlIMHOK YCTAaHOBKOKO Ta 30BHINTHHOIO
CHCTEMOIO eNIeKTpPOnocTauyaHHs. TakuM YHHOM, MNUTAHHSA TPO EKOHOMIYHHMHA PO3MOILI
aKTHUBHOI TOTYXXHOCTI CIHIJl BHUPINIYBaTH 3 YpaxyBaHHSAM psAy JOJATKOBHX YMOB, IIO
XapaKTepU3yIOTh POOOTY KOHKPETHOI CUCTEMH elleKTponocTadanHs [3].

EnextpuuHy Mepexxy NpPOMMCIOBOTO MIJIPUEMCTBA XapaKTepU3yIOTh HE TUIBKU
BEJIMKOIO KUIBKICTIO BY3JIB 1 TUIOK, a 1 HasBHICTIO 3aMKHYTHX KOHTYpIB 3 3arajJbHUMHU
rinkamu. [ToTokopo3moAisT B riyikax CKIAAHOI MEpEXi 3aJIe)KUTh HE TUIBKHU Bl HABaHTAXKCHbD,
asie 1 BiJ mapameTpiB riIoK Mepexi. J(olaTKoBl TpyAHOII y BU3HAYEHHI MapaMeTpiB CTAIUX
pPEXUMIB BHOCUTH HEJIHIMHUMA XapakTep HaBaHTaXEHb. BBOISUM OalmaHCYHOUHMH MO CTPyMy
(OTYXHOCT1) BY30JI, Y SIKOCTI SIKOTO MOX€ OYTH NMPUUHATHI OyAb-KUH By30I], 32 3aKOHAMHU
Kipxroda cknamaroTe piBHSHHS JJIs 1HIIMX BY3JiB Mepexi. g Mepexi 3MIHHOTO CTpyMy
MPOBIAHOCTI BCIX TUIOK, IO 3a/al0Th CTPYMHU JDKEpeN 1 HaBaHTa)XXeHb, NIYKaHI HampyrH i
CTPYMHU T'lJIOK BBa)KAIOTh BEJIMYMHAMU KOMIIJIEKCHUMHU. Hanpyra B 6a3ucHoMy By3:i 3a/1a10Th,
SIK MPABHJIO, TIMCHUM YHCIIOM.

3 ypaxyBaHHSM 3a3HA4€HOI CUCTEMY PIBHSAHb BY3JIOBUX HAmpyT A Mepexi 3MIHHOTO
CTPYMY pPO3IIISLIAIOTH [5] B MaTpuuHiii popmi 3amucy

YU =J YU,

ne Y =G- jB - maTpuns BIacHUX i B3aeMHHX npoBimHocteit; U =U" + jU" - Bextop-
CTOBITYMK HANpYr B By3nax; J =J + jJ - BEKTOP-CTOBIUHK CTPYMiB y BY3IaXx; YﬁUé
BEKTOP-CTOBIUUK JO0OYTKY 0a3MCHOI HAPyry Ha B3a€EMHI MTPOBIJHOCTI MK Oa3MCHUM BY3JIOM
i immmvu Bysnamu Y, = G, — jB, .

B pe3ynbTati oTpuMyroTh

(G-jB)U +,jU")=(J +jJ ) (G, - jB,)U,.

Po3minmuBmmm B OCTaHHHOMY MAaTpPUYHOMY PIBHSHHI JIMCHI Ta YsSBHI YaCcTHUHH,
MEePEXOIATh O CUCTEMHM JIHIMHMX anreOpaidHux piBHAHBb MOpsaky 2(N —1) 3 milicHuMU
eJIeMEHTaMHU

GU +BU" =J -G,U,;
~-BU"+GU” =J" -B,U,.

B 3aranbHOMY BHIAJKy HaBEICHUN PO3PaXyHOK € pO3PaXyHKOM CKIIAJHO 3aMKHEHOI
CXeMH B SIKIM TIPOTIKAIOTh CTPYMH Ta MJIIOTh HANpyrd, 110 TapMOHIWHO 3MIHIOIOTHCS 3
yacrororo S0I'. PeanbHa enexkTpuyHa Mepeka i cUCTeMa eJIeKTPOIOCTaYaHHs MiAPUEMCTBA
€ €JeKTPOMAarHiTHUM CEpPEJOBHILEM, B SKOMY BiIOyBa€Tbcs T'€HEpPYBaHHS, MOIIMPEHHS Ta
BITUB €JICKTPOMATHITHUX 3aBaJl €JICKTPONpHiiMayaMH, 110 NMEBHUM YHHOM JiIOTh HA IHIII
eNeKTponpuiiMadi. BuHuKae 3aBmaHHS iX €JIEKTPOMArHiTHOI CYMICHOCTI, IIiJ SKOIO
pPO3YMIETbCA  3[AaTHICTh  €NEKTPOOOJIAZIHAHHSA, amapariB 1 NpWIagiB  HOPMaJIbHO
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(GYHKLIOHYBAaTH B €JIEKTPOMArHiTHOMY CEpEIOBHILi, HE CTBOPIOIOYM HEMPUITYCTUMHX
MEePENIKO/T JIJISl 1HIIIOTO O0JIaIHaHHS, sIKe (DYHKITIOHYE B TOMY X cepenoBuii [4].

JlomycTuMi BEIMYMHM HANPYT BUIIKMX TapMOHIK B MEpeXax 3arajbHOrO NMpU3HAYEHHS
JUTSL PI3HUX HOMIHAJIBHUX HANPYT BU3HAYAIOTHCS CTaHIApPTaMU SIKOCTI €JIEKTPUYHOT eHeprii. Y
CTaHJapTaxX pErJIAMEeHTYIOTbCS KOE(]IliEHTH CHOTBOPEHHS CHHYCOINAIBHOCTI HAmpyru i

crpymy K, K, i xoediuientn Bummx rapmonik K, , K,,, [3]. BukoHanHs Bumor

HAI[IOHAJIBHOTO CTAaHAAPTY JI0 SKOCTI €JIEKTPUYHOI eHeprii € 0OOB'I3KOBUM ISl BCIX MEpEx
3arajJibHOr0 IMPU3HAYEHHS.

Po3mnonin Ta TpaHCHOPT €NEKTPUYHOI €Heprii Ha TePUTOPIii MPOMHUCIOBUX HiATPHEMCTB
3IICHIOETBCS MEpekaMH HU3bKOI Ta cepelHboi Hampyru. Jlo LuX Mepex MiIKII0UYeHO
BEJIMKY KUIBKICTh IPIOHMX CHOXHMBA4yiB €HEPrii, B TOMy YHCIi 1 TaKHX, 10 CHOTBOPIOIOTH
MOTYXHICTh TOTOKY €HEpPTii - eJIEeKTPOTPAHCIOPT, BEPCTATH 3 PETYIIOBAHHIM IIBUIAKOCTI
o0epTaHHs, THPUCTOPHO-PETYIbOBaHI ENEKTPONPUBOAN TEXHOJOTIYHMX MEXaHi3MIB 1 iHII
o0'ektu. s Mepexk MbOro KiIacy XapaKTepHI BUCOKI PIBHI BHIIWX TapMOHIK, 3HAa4YHA
KUJIBKICTh HABAaHTAXXEHb 1 HAsBHICTH MPHUCTPOIB MO 3a0€3MEYEHHIO SIKOCTI eJNEeKTPHYHOI
€HepTii, MOB'SI3aHUX 3 BUIIMMH FapMOHIKaMH Hanpyru [5].

Sk mokazaHo B [6] SKIIO JDKEpPENIOM TapMOHIK € IEepeTBOPIOBAadY, MOKHA
BUKOPHUCTOBYBATH CHPOIICHI (HOPMYIH, NMPU SKUX BPAaXOBYIOTHCS TUTBKH TapMOHIKK 110 13-i
BKJIIIOYHO. YacTOTHI XapaKTEePUCTHKH PO3MOJIUIBHOI MEpEekKi 1 eHEprocCUCTeMH MPUHMAIOThCS
JTHIMHAMH, 110 JTO3BOJISIE TIEBHOIO MIPOI0 BPAaxXyBaTH 3pPOCTAHHS KOEQIIIEHTY CIIOTBOPEHHS
CHUHYCOiJaIbHOCTI K, 3a paxyHOK rapMoHiK v <13.

IIpu pesonanci cTpyMmiB y By3si Mepexi 3 OOKy BHINOI Hampyrd Ha 4acToTi Vv-i
TapMOHIKHM OIIp MEpeXi BUSBIAETHCS YUCTO AKTHBHUM. Y IIbOMY BHIAJIKYy HaiOinblIe
3HAYCHHsI KoeiIliEHTa HECHHYCOINaTbHOCTI 32 [6]

ne k= B , R,, X, - ekBIBaJICHTHI aKTUBHUH 1 IHIYKTUBHUN OMOPU KOPOTKOTO 3aMHKAHHS
k

y By3mi; /g, - BIJHOCHE 3HAYEHHsS CyMapHOIO CTPYMy V-1 TapMOHIKH JKEpes; vV - HOMEp

OCTaHHbBOI 3 BPAXOBaHUX TAPMOHIK.

BinHocHe 3HaueHHs cTpyMy V- TapMOHIKM KOXKHOTO JpKepena OepyThb B YacTKax
BIJIMOBITHOTO HOMIHAJIBHOTO CTpyMy. [liZicyMOBYBaHHS TapMOHIK CTPYMY OJHOTO TMOPSIKY,
10 TEHEPYIOThCS OKPEMHMHU JDKEpelaMH, 3JIHCHIOETbCS 3 YpaxyBaHHSIM MOYAaTKOBUX (a3.
3nauenns K™ GyayTh IPaKTUYHO OJHAKOBI AK y BY3Ji MEpeXki €HEProcHCTEMH, Tak i Ha

muHax 6-10 kB mignpuemcTBa. OcTaHHE MOSICHIOWOTH [6] THM, 1110 IPX PE30HAHCI CTPYMIB Ha
4acTOTI TapMOHIK dYepe3 TpaHCc(HOpMaTop 3B'A3KY MPOXOIUTH YK€ MAIUN CTPYyM, SIKUM
MOXHa 3HEXTYBAaTH, 1 BIJIMOBIIHUM TMAJIHHAM HaNpyrd TeX. AJie SKIIO OJHAa 3 OOMOTOK
TpaHchopmaTtopa 3’€IHaHa B TPUKYTHUK, TO BIJNOBIJHE MPHIIYIIEHHS IepecTae OyTH
IACHUM.

ko go muH miacraHmii 6-10 kB migkmtoueHe TiHIHHE HABAaHTAXEHHS, OIIp SKOTO Ha
9acTOTaxX BHUIIUX FapMOHIK X TO

3DV X,T
Kl(/max) — v=2 U

HOM
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PesyabTaTn

AHaNITUYHUN PO3paXyHOK TIOKA3HHWKIB SKOCTI €JIEKTPHYHOI €Heprii y By3Jiax
EJIEKTPUIHOI MEPEKi 3 TEHEPYIOUNMH YCTAaHOBKAMU CEPEAHBOI Ta MAJIOT MOTY>KHOCTI € JOCUTh
ckinagauM. CKIaHICTh 3YMOBJIEHA HASBHICTIO aBTOMATHYHHX PETYJSTOPIB B CTPYKTYpi
CHCTEMH YIPABIiHHS I'€HEPYIOUOI0 YCTAHOBKOIO, OKPIM TOTO MOCTiiHA 3MiHA PeXUMY poOOTH
TEXHOJIOTIYHOTO OOJIaHAaHHS 30UTbIIyE KUIBKICTh E€KBIBAJIEHTHUX EJIEKTPUYHUX CXEM
3aMIIIeHHs Ul BiJNOBITHOrO pekuMy. TakuM 4YMHOM, B POOOTI BUKOHAHO MOETIOBAHHS
PEXKUMIB EIEKTPOCHEPTeTUYHOT CUCTEMH, SKa TEBHOI MIpPOI0 € EKBIBAJICHTOM CHCTEMHU
€JIIEKTPOCTIOKUBAHHS MaJlOTO TIPOMHUCIIOBOTO MiANpUEMCTBA [6]. AHANITUYHHIA METOJ
po3paxyHKy 3a cucrteMoro (1), 0a3yeTbcsi Ha PIBHSHHSX TIEBHOI EJIEKTPUYHOI CXEMH,
CKJIaeHuX 3a 3akoHamMu Kipxroda. Jlns aHamizy CKIaJeHO CIPOIICHY CXEMY eNeKTPHYHOI
Mepexi mianpueMcTBa - pucyHok 1. CunxpoHHmii reHepatop (Generator) KoreHepaliiHOl
YCTAHOBKH 3JIEKHO BiJ Yacy MiJKIIOYA€THCS MapajesbHO 10 eleKTpuuHoi Mepexi (Grid) B
K1 HasiBHI rpyna Tpuda3zHux cnoxubadiB (LOAD 3) 3 AiHIAHAM XapaKTepoM HaBaHTAKEHHS
Ta JIBOX TIPyN CHOXHBAuiB, sKi €KBIBAJIEHTH3YIOTh THPHCTOPHI BHIPSAMIISAYI 3 aKTHBHO-
IHIYKTUBHUM HaBaHTaXeHHSIM (LOAD [) Ta BXigHI CX€MH YacTOTHUX IEPETBOPIOBAYIB —
BUIIPSIMIISIY 3 aKTUBHO EMHICHUM HaBaHTaxeHHIM (LOAD 2).

Rui Load 1
ul{ll) Rﬂ] L7] LII[ |
- [
3 ~ . il |
Gl"ld i.'11+i.'111) Im
E L, R, Um TV L, R, N
I | @ - . R Load 2
InTime R, L. L,,ZIZI |
‘ . Ly,
Generator  E, L Mo o, R, i 2o~
| '_@_rvw_+_rvw_:|_ N
—>
i(‘+i:.1) RH_; Load 3
—1
Ru 3 L,15‘
_:_NY\ ]
T LH 3 | I
I3 a3y LA~

Puc.1. Crpoiiena cxema eJIeKTpUIHOT Mepexki MiMPUEMCTBA

[TepeTBoproBau ayis Mepexi JKUBJICHHS € HEJTIHIMHUM HaBaHTAKECHHSM, IO TEeHEpYe
NEBHUI CHEKTp rapMoHIK cTpyMy. [IpoTe peanbHi Mepeki MalOTh BIACHUI omip 1 0OMexeHy
MOTY)KHICTh. BHACIIIOK 1IbOTO BiAOYBA€THCSI BUKPUBICHHS (DOPMHU HANMPYTH, IO BILIUBAE
gepe3 Mepeky Ha poOOTy IHIIMX CIOXKHUBAYiB, a TAKOXK 1 HA caM MEpPETBOPIOBAY 4epe3 WOoro
CUCTEMY KE€pyBaHHS.

JUist MOCHiKEeHHS BIUIMBY BHUINMX TapMOHIK Ha TPOLECH PO3MOAUTY E€IeKTPHUUHOL
eHEeprii B CHCTEMi EJIEKTPOCIIOKMBaHHA 3a cxeMoro (puc.l) y cepemoBHiili Bi3yaJIbHOTO
nporpamyBaHHs 0Oy0BaHa iMiTaliifHa Moaens (puc.2).

Cxema Brimouae: GRID - mxepeno xxuBneHns; TV - tpancopmarop tumy TM/400/10
notyxHicTio 400 kBA; GE — cuHXpoHHHMIA TeHeparop notyxHictio 315 kBt; LOADI, LOAD?2
— TUIKK TpU(}A3HOTO HABAHTAXKEHHS 3 TUPUCTOPHUMHU BUmnpsimisiuamu; LOAD3 — tpudasne
HaBaHTaxeHHd. [lapameTpu enemeHTiB cxemMu oOpaHo HactymHuMH: LOADI (P=46 kBT,
0=26 xBAp), LOAD?2 (P=41xBTt, Q=23 xBAp), LOAD3 (P=185 kBTt, 0=68 xBAp).
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e v QF3  METERTV QF1  METERLOAD1 SC1

LOAD1
Y E an-'_BA ajs—sin a (e A aj=—saiA aj—saiA +.._.,,_\M,"L-U-—
|”—®j"|ﬁiﬁn—n Hﬂ%%bl—lat .?hn—ng b men—nh b je—=|p
Clo—oQo—sa|C 4 gloq |e ¢ |o—ale e c & |a—| cle—=s|C T
METER LOAD2 LonD2
GE J QF4 METER GE QF2 SC2 —WD—I—J
P n_l_.ﬂ 3 (e—alp a A 3 |(a—a|g a|e—s|a + ‘Jf
B o——alf b |o—a | B b B b jo—a| B b jo—=|f
—elll [} v Tt
g o |o—a|c ¢ = o|s—s|c ¢ fo—a|C - TI
METER LOAD3
LINE LOAD3
i a“_La.\'.\ B |e—=a|f
i C |o—a|C
e ol

CONTROL SYSTEM

Puc.2. Mogens cxemu By3j1a CUCTEMH €JIEKTPOCIIOKHUBAHHS ITIAMPUEMCTBA

[IpoBeneHO M’ ATh €KCIIEPUMEHTIB 3 JOCIIHKEHHS PO3MOILUTY BUIIIMX TAPMOHIK B MEPEXKi
npu KoH}iryparii Mmojeni:

Exp 1 — mapanenbHa poboTa Mepesxi i reHepaTopa Ha 3 TPYyIH CII0KUBAYiB;

Exp 2 — nmapanensHa poboTa Mepexi i reHepaTopa 3 BBIMKHEHUMH TinkamMu LOADI i
LOAD3,;

Exp 3 — nmapanensHa poboTa Mepexi i reHepaTopa 3 BBIMKHEHUMH TiikamMu LOAD?2 i
LOAD3,;

Exp 4 — poGora mepexi Ha 3 TpynH CIOXHBadiB 0e3 BHKOPHCTAaHHS Te€HEpyHuoi
YCTaHOBKH;

Exp 5 — aBTOHOMHa po00Ta reHepyroUu0i YCTAaHOBKHM Ha 3 TPyNHU CHOXKHBAYiB.

Komu roBOpsATh PO TAPMOHIKK B €JIEKTPOMEPEKi, TO B TEPIITY YEPry MarOTh Ha yBasi
rapMoOHikH cTpyMy. Hisikuii KOpUCHMI BHCHOBOK HEMOXIIMBO 3pOOHTH 0€3 aHalli3y CHEKTpYy
rapMOHIK (paKTHYHOTO CHTHANY, ajie BCE II€ 3araJIkHONPUIHATUM € BH3HAUYEHHS 3HAUYCHHS
CyMapHUX TapMOHIMHHMX CHOTBOpeHb. KoJM TapMOHIKM MOLIMPIOIOTHCS MO MEpexi
eJeKTporepeaadi, ToOTO MO BIATATYKEHHSM, IO HE TMPU3HAYCHI IS Tepeaadi CTPYMiB
TapMOHIK, TO BOHU TMPOSIBISIOTHCS SIK TapMOHIKM Hampyru. [l BU3HAUYEHHS MOKa3HHUKIB
CJIEKTPOCIIOKMBAHHS, BHUKPUBIECHHS CTPyMy Ta HAampyrH Y KOHTPOJIbOBAHOMY BY3IIi
BUKOPHCTAHO BUMIPIOBAIbHY CUCTEMY IIPUBENICHY Ha pHC.3.

BusnaueHHss mapameTpiB BUKOHYETHCS 3a BiJOMUMH [7] BUpa3zaMu KoeQiIieHTY
3araJlbHUX TAPMOHIHHUX CIIOTBOPEHHB!

U +Ul+..+U?
THD(f):\/ = ;j -
1

b

ne U, — pnioue 3HA4YeHHs HANpYr OCHOBHOI (mepmioi) rapmoniku; U,,U,,... - niooue
3HAYCHHsI HANIPYTH JIPYToi Ta, BiAMOBITHO, BUIIUX TAPMOHIK.

AKTHBHA TOTYXHICTh BHU3HAYa€ThCS CKAISIPHUM JOOYTKOM HAmpyrd Ta CTPyMy B
KOXHIH (asi

p= <uaia> + <ubib> + <ucic>.
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PeakTuBHA MOTY)XHICTh BU3HAYAETHCS BEKTOPHUM JOOYTKOM CTPyMy Ta Hamnpyrd B
KOXHIH (asi

q = (ua x la) + (ub x lb) + (uc x ic)'
3Bakar0uu HAa MOXJIMBICTh BUHHUKHEHHS CKJIQJIOBUX CTPYMY 3BOPOTHOI MOCIiTOBHOCTI,

10 BIUTMBAE Ha POOOTY TeHepaTopa, BUSHAYAIOTHCS CTPYMH MPSMOi, 3BOPOTHOI Ta HYJIbOBOI
MOCITITOBHOCTEM

jal :%(I.a +ajb +a2ic); iaz :%([.a +ajb +a2ic); jaO :%(ia +ib +ic)’

Jjarg(i)

ne I = |z'|e - KOMIUIEKC CTPYMY.

5o THDU
Wioadd
THD
P Vabc PQ
PQ
THD LP-IaI:u:
THDI
11,2,0
THD Mag _@
- abc
Phasze

Puc.3. BumiproBanbHa cucteMa JOCTiIKyBaHUX MapaMeTpiB

Ha puc.4 nHaBemeHo QparMeHTH jdiarpaM CTpyMy Ta Hampyrd TeHeparopa Ta
TpanchopmaTopa s ekcepuMmeHTy No 1. 3BeneHi pesynbTaTH TOKAa3HUKIB HAMpyrd Ta
CTPYMIB MpPsIMOi Ta 3BOPOTHOI MOCIHIJOBHOCTEH, aKTHBHOI Ta PEaKTHUBHOI MOTYKHOCTEH Ta
Koe(iIi€eHTH CIOTBOPEHb TPEACTABJICHI JIJIs1 KOKHOTO 3 €KCIIEPUMEHTIB y Ta0.1.

AHanizylouu 4YHCeNIbHI JaHHI HaBeAeHl y Tabmumi | cimig BiA3HAYUTH 3arajbHy
HEPIBHOMIPHICTh PO3MOJIIY HETIHIMHUX CIOTBOPEHb CTPYyMY, 1 SIK HACIIJIOK Hampyrd B
TCHEPYIOUMX  €JIEMEHTaX  ENEKTPOCHEPreTHYHOI  CUCTeMH. 30KpeMa  IOpPiBHIOIOYH
CIIOTBOPEHHSI CTPYMYy CHHXPOHHOTO TeHepaTopa BiJIMIY€HO CYTTEBE 30UIBIICHHS PIBHS
CIIOTBOPEHHSI CTPYMY Ta HAMPYTH B I’ SITOMY €KCIIEPUMEHTI, 32 YMOB BiJKIIOYCHHS CUIOBOTO
TpanchopmaTopa. Ajie e piBE€Hb CIIOTBOPEHb HE BIAMOBIAAE€ PIBHIO CIIOTBOPEHB CTPYyMY
TpaHcopMmaTopa B YETBEPTOMY €KCIIEPUMEHTI P BiIKIIIOUEHOMY T€HEepaTopi, 10 BOUYECBUIb
MTOSICHIOETHCST PI3HUIICIO TIapaMETPIB CXEM 3aMIIIeHHs 3a3HAYCHUX €JIEMEHTIB. TakoXK CIif
3a3HAYUTH, IO Yy pas3l mnapaneiabHOi poOOTH TreHepaTopa Ta TpaHchopMmaropa piBEHb
CIIOTBOPEHHSI CTPYMY OCTaHHBHOI'O B MEPIIUX TPHOX EKCIEPUMEHTaX 3alMIIaBCsi CYTTEBO
OUTBIIMM, II0, BIPOTiAHO, TMOSCHIOETHCS HEMPOIOPLIHHUM 3aBaHTAKEHHSIM TeHepaTopa 1
TpaHchopmaTopa CTPyMOM Ta TOTYXKHICTIO. 3HAYEHHS IMOTY>KHOCTI MEPEPO3MOAUIIIOTHCS MiXK
TpaHc(hOpMaTOpOM Ta TeHEpaTOpPOM 3a YMOB 3MIHM HE TUIbKM BEJIMYMHU a M Xapakrepy
HaBaHTAXKEHHSA. B MoCHiDKyBaHWX BHIAJKax CKJIQJ0BI 3BOPOTHOI TMOCTIAOBHOCTI HE
MEPEBUILYIOTh OJJHOTO BiJICOTKA BiJl CKJIAJOBHUX MPSAMOi MOCIIJOBHOCTI, y 3B’SI3Ky 3 YUM JIO
yYBaru He MPUHUMAIOTHCS.
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Taoauns 1.
3BeJieH] pe3yabTaTi BUMIPIOBAHb
Enement | Ilapamerpu Exp 1 Exp 2 Exp 3 Exp 4 Exp 5
U,B 372.2 372.5 372.1 352.53
Uy, B 0.07347 0.08455 0.06302 0.2981
1, A 535.2 471.9 490.7 652.5
b, A4 0.1599 0.1118 0.1348 0.6597
P, Bm 182900 184700 178200 329200
GE 0O, BAp 188800 144700 158700 102200
THDy 8.0. 0.03118 0.008913 0.029 0.1392
THDyy,8.0. 0.03101 0.009062 0.02886 0.1399
THDy ,8.0. 0.03098 0.009199 0.02904 0.1402
THDy 46.0. | 0.04632 0.02013 0.02221 0.1159
THDy6.0. | 0.04767 0.01803 0.0222 0.117
THDy6.0. | 0.04485 0.01872 0.02194 0.1181
1), 4 345.1 180.8 244.7 632.5
b, A4 0.346 0.243 0.157 0.459
P, Bm 83020 42750 41260 25100
v 0O, BAp -73950 -53500 -69310 10960
THDy 48.0. 0.3277 0.1551 0.3955 0.2019
THDy p,8.0. 0.3273 0.158 0.3961 0.2021
THDy .8.0. 0.328 0.1549 0.396 0.2034
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ITponosxeHHs Taou. 1

Enement | Ilapamerpu Exp 1 Exp 2 Exp 3 Exp 4 Exp 5
1), A4 112.6 112.9 109.9 110.5
L, A 0.0962 0.1791 0.1212 0.0873
LOAD 1 | THDy 48.0. 0.2898 0.2929 0.2869 0.2668
THDj p,6.0. 0.289 0.2951 0.2855 0.2665
THD; .,8.0. 0.2884 0.2942 0.2853 0.267
1), A4 161.5 162.3 158.1 160
L, A 0.1192 0.02558 0.2937 0.3584
LOAD 2 | THD;y 48.0. 0.7276 0.7028 0.7415 0.5811
THDj p,6.0. 0.7278 0.7026 0.7427 0.5835
THD; .,8.0. 0.7244 0.703 0.7479 0.584
BucHoBku

B cucremax eneKTpoCoXKMBaHHS B OCTaHHIM Yac IMUPOKO 3aCTOCOBYIOTHCS TEHEPYIOUi
YCTAaHOBKH CEpEAHbOT TOTYXKHOCTI, SIKI MIJKIIOYAETbCA JO CHUCTEMH 03 CyTTEBOL
MOJIepHi3alii OCTaHHBOI, IO TEBHUM YMHOM 3MIHIOE EJIEKTPOCHEPreTHYHI IPOIECH Ta
MMOKA3HUKH X SKOCTI.

PamioHanibHe ~ BHKOpHICTAHHS ~ TEHEPOBAaHHMX  IMOTY)XHOCTEH  mapaieiapbHO i3
[IEHTPaJII30BaHOI0 CHUCTEMOIO EJIEKTPOIIOCTauYaHHs 32 YMOB HAasBHOCTI JIEKUIBKOX arperaris
MOXe OyTH BHKOHAHO  IIJISXOM BHUKOPHUCTAHHS BIJOMHX OINTHUMI3alliIiHUX METOJIB 3
ypaxyBaHHIM CTPYKTYPH CUCTEMH €JIEKTPOIIOCTauaHHS!.

3Bakaloud Ha TOTAJbHE 3alpOBAPKCHHS HAIIBIPOBIIHUKOBUX TEPETBOPIOBAYIB
eJIEKTPUYHOI eHeprii, Ak 3acoly ii peryaioBaHHS Ta IEPETBOPEHHS Ul TEXHOJOTTYHHX
nmoTped, akTyaJbHUM CTa€ MUTAaHHS OOJIIKY Ta KEPYBaHHS MOKAa3HUKAMHM SIKOCTI €JIEKTPUIHOI
eHeprii Ha IUISHKAX, 16 BAKOPUCTOBYIOTHCS T€HEPATOPH €JIEKTPUUHOT eHeprii.

[IIngxoM  eKCHEePUMEHTAIBHOTO  JOCHIDKEHHS B CEPEIOBHUIIN  BI3yaJIbHOTO
IporpamMyBaHHs MOJIENI €NEeKTPOSCHEPTeTHUHOI CUCTEMH IMPOJEMOHCTPOBAHO JAEAKI BUIAIKH
MePEPO3NOINTY TOTOKIB €Heprii MK TIeHEepPYHYOK YCTaHOBKOK Ta TpaHchopmaTopom
[EHTPAJII30BAaHOTO  EJIEKTPOINOCTauYaHHs, Ta 3MiHY TIIOKAa3HUKIB CIIOTBOPEHHS CTPyMY
3a3HAYEHUX eJIEMEHTIB. BiaMidueHo, 10 XapakTep Napo3MOJAUTy IOKa3HUKIB SKOCTI
BIJIPI3HAETHCS BiJl XapakTepy MOTOKOPO3MOALTY. 3a3HaueHi OCOOIMBOCTI € MPUYMUHOIO JUIS
3aCTOCYBaHHSI CHCTEM TEXHIYHOTO OOJIIKY €JIeKTPUIHOI €Heprii Ta 1i AKOCTI.
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PACHIPEJEJIEHUE TAPMOHUK HA YYACTKE 3JIEKTPOIIOTPEBJIEHUA TP HAJIMYNHA
TFEHEPUPYIOIIIUX YCTAHOBOK, PABOTAIOIUX MAPAJIJIEJIBHO C CETBIO

A.B. bsno6pxeckuit, H.I'. Uepenaux

Kpemenuyrckuii HaliMoHaIbHBINA YHHBEpCUTET UMeHU Muxaunna OcTporpajickoro,
yi. [TepBomaiickas, 20, r. Kpemernuyr, 39600, Ykpanna; e-mail: natali alex 2008@mail.ru

Brenpenne KoreHepanii B DHEPreTHKE, Ha MPEINPUATHSAX IIO3BOJIIECT ITOBBICHTH
MaHEBPEHHYIO MOIIHOCTB, 3HEPro0e30MacHOCTh MPEATIPUATHH. Bo3HHKaeT KOMIUIEKCHAs
3aJada paIMoHAIBFHOTO KCIIONB30BAHMS MOIIHOCTEH KOTCHEPAaMOHHBIX YCTaHOBOK U
BHEIIHEW »3JekTpuyeckoid ceTu. [Ipw Hamuyuum B CTPYKType NpPEANPHUATHS, WU €ro
TEXHOJIOTHIECKOTO yJ4acTKa MOTpeOuTeNeil ¢ HeMMHEHHBIM XapaKTepoM Harpy3Kd BOIIPOC
Ka4yecTBa JICKTPUUCCKOM SHEPTUH CYIIECTBEHHO obocTpsiercs. Llenb paboTh! - pa3paboTka
MOJICJIA y4acTKa JJICKTPOMOTPEOJICHUSI ¢ TCHEPHUPYIONICH YCTAaHOBKOH M HCCIICIOBAHUS
mmokaszatejieii KayecTBa JJCKTPUYECKON JSHEPruM MpHU HAIUYAU TOTpeOuTeNned ¢
HEJNMHCIHON Harpy3koil. B cucTeMax 3JIeKTPOCHA0KEHUS B MOCICIHEE BpPeMs IIHPOKO
MIPUMEHSIIOTCS] TEHEPUPYIOIINE YCTAHOBKH CpPEeIHENH MOIIHOCTH, KOTOPbIE MOJAKIIOYAETCS K
cucreMe 0e3 CYIIECTBEHHOW MOJCPHH3AIMU IOCICIHCH, YTO OIpeeiCHHBIM 00pa3oM
MEHSET JIIEKTPOIHEPTeTHYECKUE IIPOIeCChl W MOKa3aTelH WX KadecTBa. PammonHaiapHOE
HCTIOIb30BAHME TEHEPUPYEMBIX MOIIHOCTEH MapajuieNIbHO C HEHTPAITN30BAHHON CUCTEMOM
JNEKTPOCHAOKEHUSI TIPH YCIOBHM HAIMYMS HECKOJNBKHX arperatoB MOXET OBITh
BEITIOJTHEHO ITyTEM HCITONB30BAHNUSA HM3BECTHBIX ONTHMH3AIMOHHBIX METOIOB C yYETOM
CTPYKTYPBl ~ CHCTEMBI  JJEeKTpOCHaOkeHWs. HecMoTps Ha TOTanbHOE BBEACHHUE
MTOJYTIPOBOTHUKOBEIX TIpeo0pazoBaTeNiel SJIEKTPUUYECKOM JHEPTrHH, KaK CpencTBa ee
peryIupoBaHus U MpeoOpa3oBaHus Il TSXHOJOTHUSCKUX HYXKI, AKTyaJbHBIM CTAHOBUTCS
BONPOC ydeTa M YNpaBieHUs MOKa3aTesIMM KayecTBa JJICKTPUYECKOM »HEpruu Ha
y4acTKax, TJ€ HCIOJb3YIOTCS  TEHEPaToOpbl  JJEKTpUYecKod  sHepruu. Ilytem
SKCIIEPUMEHTAILHOTO MCCIIENOBAaHUS B Cpelleé BU3YaJbHOTO MPOrPaMMHPOBAHHS MOJAEIH
JIEKTPOIHEPTeTUYECKON ~ CHUCTEMBI  MPOAEMOHCTPUPOBAHBI  HEKOTOpblE  Ciydyau
mepepacipenesicHist TOTOKOB  JHEPTMH  MEXIy TeHepUpPYIOIeH yCTaHOBKOH U
TpaHc(HOPMATOPOM IEHTPAIN30BAHHOTO 3JIEKTPOCHAOKEHHSA, M W3MEHEHHE IOoKa3aTeinel
HCKa)KeHUS TOKAa YKa3aHHBIX 3JeMeHTOB. OTMEUEHO, YTO XapakTep IepepaclpeleieHus
IoKa3aTeyiel KadecTBa OTJIMYAETCS OT XapaKTepa IOTOKOpACIpeAeieHns. YKa3aHHBIE
OCOOCHHOCTH SIBIISIIOTCSI TPUYMHOW IS TPUMEHEHHUS CHCTEM TEXHHYECKOTO Yydera
ANEKTPHYECKON SJHEPTUH U €€ KauecTBa.

KiiioueBble cj10Ba: KOTreHEpallMOHHAsI YCTAHOBKA, MCKAXKEHUS DJEKTPUUECKON SHEPTuw,
HEeJIUHEWHAas Harpy3Ka.
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DISTRIBUTION OF HARMONICS ON POWER CONSUMPTION SECTION IN THE PRESENCE OF
GENERATING UNITS THAT WORK IN PARALLEL WITH THE NETWORK

O. Bialobrzheskyi, N. Cherednyk

Kremenchuk Mykhailo Ostrohradskyi National University,
20, Pershotravneva str., Kremenchuk, 39600, Ukraine; e-mail: natali_alex 2008@mail.ru

The introduction of co-generation in the energy sector, can improve maneuverable power,
energy security at the enterprises. There is a complex problem of rational use of
cogeneration units and external power network. In the presence in the structure of the
enterprise, or the technological area of consumers with non-linear nature of the load a
question of quality of electric energy significantly exacerbated. Purpose of the work - to
develop a model of the site with electricity-generating installation and research indicators
of quality of electric energy in the presence of customers with non-linear load. The power
supply systems in recent years is widely used medium power generating units, which are
connected to the system without a substantial modernization, that in a certain way changes
the power generation processes and indicators of quality. The rational use of the generated
power along with a centralized power system subject to the availability of several units can
be performed by using known optimization methods based on power system structure.
Despite the total introduction of a semiconductor converters of electric energy, as a means
of its regulation and transformation for technological needs, the question becomes relevant
accounting and management indicators of quality of electric energy in areas where
generators of electricity used. Through experimental research in the environment of visual
programming model of the electric power system demonstrated some cases of redistribution
of energy flows between the generating set and transformer centralized power, and change
the current parameters of distortion of these elements. It is noted that the nature of
indicators of quality of redistribution is different from the nature of flow distribution. These
features are the reason for the application of technical accounting of electric energy and its
quality systems.

Keywords: cogeneration plant, the distortion of electricity, non-linear load.
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