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PO3rIIHYyTO TIOHATTA CTPYKTYpH apXiTEKTypH CHCTEM YIpaBIiHHA iH(OpMamiitHOIO
Oe3meKor0. AKIEHTOBAaHO yBary Ha TOMY, IO I OJWH 3 HAWOUIBII PO3HNOBCIOKCHUX
MEXaHi3MIiB Mpolecy IX apxiTeKTypusyBaHHs. IlokazaHO HOro 3acTOCOBHICTB —IJIs
PO3pOOIICHHSI, TIiyMaueHHs, aHAII3yBaHHS I BUKOPHCTAHHS ONMCAHHS apXiTEKTypU CHCTEM
VIOpaBIiHHA IHQOPMAIHOI O€3MmeKor. 3BaKarouylM Ha IIe, IPOaHATi30BaHO OKpeMi
PI3HOBUAM CTPYKTYp. 30KpeMa, Oriiil i MOpIBHSUIHUN aHAaJi3 METOMOJOTIH po3poOIeHHS
apXiTEeKTyp OpraHizaiiif; paMKoBi apxiTekTypu noOynoBu iHpopmaniiinnx cucrem HATO;
ACIIEKTH BUKOPHUCTAHHS CTPYKTYp IpH po3pobuienHi kputnysoi 1T indpactpykrypu; migxoam
JI0 OIUCAHHS apXiTEKTYpU CHCTEM i OKPEMUX KOMIIOHEHTIB. 3aBISKU LbOMY BCTAHOBJICHO
MOXJIMBICT  3aCTOCYBAHHSI CTPYKTYp CTOCOBHO pO3POOJICHHSI apXiTEeKTypH CHCTEM
yIpaBmiHHA  iHQOpMaliiiHOIO Oe3MeKoro. i TpencTaBneHO HAGOpPOM  eIeMEHTIB i
CHIBBiTHOIIEHh MK HUMH. Hero BU3Ha4eHO OHA a00 MEKiTbKa 3aIliKaBICHUX CTOPIH i IXHS
[iKaBiCTh CHCTEMOIO VIIPaBIiHHA iH(pOpMaIiiHOW Oe3mekoro. LlikaBocTi CTPYKTypoBaHO
OIHi€I0 a00 JEeKUIBKOMa TOYKAMH 30py Ha apxiTekTypy. KokHOI0 3 HHX y3araabHEHO
CTPYKTYPY apXiTeKTYpH Ta, sIK HACJIiIOK, BCTAHOBJICHO CIIOCi0 GayeHHs 03HAYCHOT CUCTEMH 3
ypaxyBaHHSIM IIPaBWII CITiBBiTHOIICHHS. [[oKa3aHO MOMKIMBICTH BimOOpakKeHHS apXiTEKTypH
CHCTEM YHpaBIiHHA i1H()OPMAIIHOI OE3MEeKOI0 ONHIEI0 3 TaKUX THIOBUX PIi3HOBHIIB
cTpyKTyp: 3axmaHa, MinicTtepcTBa o6oporn CronydeHux mTaTiB AMepuku, MiHicTepcTBa
oboponn BenukoOpuranii, Bimkpuroi rpymnu, Kpyxrena «4+1», eranoHHOi Mojermi ajs
BIJIKDHTOTO PO3IOJIINICHOr0 00pOOIIeHHS], y3arajlibHEHOI eTalOHHOT apXiTeKTypH OpraHisaril.
[poananizoBaHo OCOOJMBOCTI 3aCTOCYBaHHS THIIOBUX CTPYKTYp CTOCOBHO PO3pOOJIECHHS
ApXITEKTYpH CHCTEM YIpPAaBIiHHA HQOpMAIHHOW Oe3mexor. BHOKpeMyIeHO acrlekTH, siKi
JOIIFHO TIPU I[bOMY BpaxyBaTW. 3 OIJIAAy HA HHX, 3ayBaKCHO IX OpIEHTOBAHICTh HA
opraHizamii abo cucTeMH, 30KpeMa, mporpaMHi. L[iM mMmosicHeHO Te, MO 3MeOUTBIIOTO Tt
PO3pOOIIEHHS! APXITEKTYpH BUKOPHCTOBYEThCS MOBa MozemoBanHs UML. BoxHouac mokasaHo
TIEPCIEKTHBHICTh 3aCTOCYBaHHS THIIOBHX CTPYKTYpP 3 OIVIALY Ha BCTAHOBJICHI OCOOJNHMBOCTI VIS
PO3POOJICHHS apXITEKTYPH CUCTEM YIIPABITIiHHS 1HHOPMAIIHHOIO OE3MEeKOF0.

KarouoBi caoBa: cucrema ympaBmiHHS iH(opMauiiiHOlo 0Oe3nekoro, apXiTeKkTypa,
OIMCAHHSI APXITEKTYPH, CTPYKTypa apXiTeKTypH, KOHIIENTyallbHa MOJIEIb.

Beryn

[Tin CcTpyKTyporO apxiTeKTypud CHCTEM YIpPaBIiHHA 1HQOpMAIiiHOIO Oe3NneKoro
PO3YMIIOTBHCSI TJOMOBJIEHOCT], MPUHLIMIIMN Ta MPAKTUKH i1 OMMCAaHHS y MeXax 3aJaHoi obiacTi
Ta/a00 00’ eTHAHHS 3alliKaBIeHUX CTOpiH. [{e onuH 3 HAlOUIBIIT PO3MOBCIOHKEHNX MEXaHI3MIB
IpoIecy apXiTeKTypU3yBaHHS CHCTEM. 3aBISIKH MOro BHKOPHUCTAHHIO pPO3POOISETHCS,
TIAYMA4YUThCSI, AHAJII3YETHCSA 1 3aCTOCOBYETHCSI OMUCAHHS apXITEKTYpU CUCTEM YIIPaBIIHHS
iH(popMarliifHOI0 O€3MeKor0 3 OrJIsy Ha IHTepecH 3allikaBieHuX CTOopiH. Jlo Toro *x uepes
CTPYKTYPY PO3KPHBAIOTHCS YMOBH OIMCAHHS Ta JIOJATKOBI MPAKTUKU TIPOIIECY apXiTEKTypU3yBaHHS
cucreM [1, 2].
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AHaJi3 OCTaHHIX JOCTIIAKeHb | myOaikamii

OcranHi JOCHiKEHHs 1 MyOJikaiii Opi€HTOBaHI Ha PO3TJISAJAHHS 3aCTOCOBHOCTI SIK
OKpEeMHX pI3HOBHIIB, TaK 1 CTPYKTYp apxXiTeKTypu cUCTeM Ta/abo opraizamiii 3arajiom,
Hanpukian, auB. [1-6]. 3okpema, oruisa i MOPIBHSIBHMI aHaIi3 METOOJIOIIH pO3POOICHHS
apxiTeKTypu opranizauiii BukoHaHo B [3]. PamkoBi apxitekTypu moOynoBu iH(opMariitHux
cucteM HATO mpoananizoBano B [4]. OkpeMy yBary NpuUIIIEHO iX BHKOPHCTAHHIO IIPH
po3poOnenni kputnunoi IT indpactpykrypu [5]. KpiM 1mporo, posrisiHyTo MiAXOau [0
OIMCaHHS apXITEKTYpH SIK CUCTEM, TaK 1 OKPEMHX KOMIIOHEHTIB, 30Kpema [6].

Opnak, po3pOOJICHHS CHUCTEM YIpPaBIiHHS 1H(QOpPMAIfHOI Oe3MeKO Ha OCHOBI
CTPYKTYp apXiTeKTypH 3aJUIIMIOCS IM03a yBarow. BolHouac MOXIIMBICTH iX 3aCTOCYBaHHS
CTOCOBHO TaKMX CUCTEM PO3IJISHYTO B [1, 2].

Meta podoTu

Memoro pobOTH € BCTAaHOBJICHHS OCOOJIMBOCTEH BHKOPHCTAHHS CTPYKTYP apXiTeKTypH
CTOCOBHO CHUCTEM YIpaBIliHHA 1H()OpMaLiifHOT 6e3MeKOrO.

Jiis nocsrHeHHST CPOPMOBAHOI METH PO3B’SA3aHO TaKi 3aBJIaHHS:

® IIPOAHAII30BAaHO OCTaHHI JOCHTI/DKEHHS 1 MyOiKamii CTOCOBHO BUKOPHCTaHHS
CTPYKTYp apXiTeKTYpH SIK A0 CHCTEM, TaK i, IK HACIIIJJOK, OpraHi3amiii;

® O0OXapaKTEpU30BAaHO KOHIENTYabHY MOJEIb CTPYKTYpH apXiTEKTypH CHUCTEM
ynpaBiiHHS iHbopMaIiiiHOO 0e3MeKoro;

® BHOKPEMJICHO Ta MPOAHATI30BAaHO THIIOBI PIZHOBUIM CTPYKTYp apXiTeKTypu
CTOCOBHO OCOOJIMBOCTEH 3aCTOCYBAHHS JI0 CUCTEM YIPaBIiHHS iH(HOPMALIHHOIO 0E3MEKO0.

OcHOBHA YacTHHA

CtpykTypa  apXITeKTypu CHCTEM  VyIpaBIiHHA  1HQOpMaliiiHOIO  Oe3MeKoro
MPEJICTaBISETbCS HAOOPOM €NIEMEHTIB 1 CHiBBIIHOIICHb MiXK HUMHU (OuB., Hampukian [1],
puc. 1). Tak, Hew BHM3HAYaIOThCS NPUHAWMHI OqHAa a0O JEKiIbKa 3alliKaBICHUX CTOPIH
(30kpema [7], mepcoHai, BHILE KEpPIBHUITBO Oprasizamii; MiApsJHUKH) Ta IXHS LIKaBICTh
03HAYEHOI0 cucTeMoro B opradizauii. KojkHa 3 3allikaBJIeHHX CTOPIH MOXK€ MaTHh OJHY abo
Jekinpka IfikaBocTeil. Jlo TOro oAHa MmikaBiCTh MoOXe OYyTHM NpUTaMaHHA JEKiTbKOM
3alikaBiIeHUM cTopoHaM. Lle BimoOpaxaeTbcs sIK KOpUCTh abo mpoOsema, HampHKiIal, BijJ
HaJIE)KHOTO/HEHAJIEKHOTO YIpaBIIiHHA pU3MKaMu iHpopmaniiiHoi 6e3nexu. Toxai sk BiacHe
3a0e3neueHHs] 30epekeHOCTI KOHQIIEHIIMHOCTI, IUIICHOCTI Ta JOCTYHMHOCTI 1H(OpMarii
3aBJIIKM OL[IHIOBAaHHIO PU3HMKIB € OCHOBHOI METOIO PO3pOOJISHHS 1 BIPOBA)KYBAaHHS CUCTEM
yhpaBiiHHS 1HGOpMalliiiHOIO Oe3NeKOol B opraHizamii. ¥ JaHOMY BHUIAJAKYy OpraHizalis €
30BHIIIHIM CEpeIOBUILEM, SIKE, 3 OHOTO OOKY, BIUIMBAE, a, 3 1HIIOTO, B3a€EMO/II€ 3 0O3HAYEHOIO
cucremoro [1, 2, 7].

Bonnouac ofgHa abo JekiibKa IIKABOCTEH CTPYKTYpYIOThbCs OJIHIEI abo JAeKiIbKoMa
TOYKaMH 30py Ha apxiTekTypy. KoxkHa 3 HUX € y3aralbHEHHSIM CTPYKTYPH apXiTeKTYpH, IO
BCTAHOBIIIOE CIIOCIO Oa4eHHS CHUCTEM YIpaBliHHS iHQOpMaIlliiiHo Oe3nekoro. Toukor 30py
BH3HAYAIOTHCS SIK 3aIliKaBJIEHI CTOPOHM, TakK iXHI IikaBocTi. KpiMm 1poro 3piiicHIO€ThCS i
y3araJgbHEHHs OfHUM abo jeKinmbkoma Buaamu mojeneit [1, 2]. Ix pisHoBumamu, Hanpukman
[8], mpu BHKOpHcTaHi MOBH MojentoBanHs cucteM (Systems Modeling Language, SysML) e
JiarpaMu BUMOT, CTPYKTYpPHU Ta MOBEIIHKH.

OkpiM TOUYKH 30py, CTPYKTypa apXITEKTypud CHUCTEM YMpaBiiHHA 1HQOpMaliiiHOO
0€3MeKOI0  y3aralbHIOEThCS TpaBwiaMu  croiBBigHomeHHs [1]. Take y3aranbHeHHS
00yMOBJICHO HEOOXITHICTIO iX BCTAHOBJCHHS MIXK €JIEMEHTaMH KOHIENTYaJbHOI MOJei

(puc. 1).
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1.* <« BusHauae 1 Crpykrypa

3amikaBieHa CTOpOHa .
apXiTeKTypu

1.* 1
Mae <« BU3HAYaE
v
1.* e
LlixaBicTb <« cTpyKTYypYy€E Touxka 30py
1.* 1.% HAa apXiTeKTypy
1.* 0.*
: [IpaBuio
Buxmozexi CITiBBiTHOILIICHH S

Puc. 1. KonnenryanbHa MoJenb CTPYKTYpPH apXiTEKTYpU CHCTEM YIpaBIiHHA 1H(OpMAaliiHO0
oe3mnexoro [1]

SIK HacmigoK, apXiTeKTypa CHCTEM YIpaBIiHHA iHQOPMAIiHOIO Oe3MeKor MOXKe
BiZI0OpaXkaTHCs OJHUM 3 TAKHX TUIIOBUX Pi3HOBHUIB CTPYKTYp [1, 5]: 3axmana, MinictepcTBa
ob6oponu CrionryueHux mratiB Amepuku, MiHicrepctBa o6oponn BenukoOpuranii, BiTKpuToi
rpynu, Kpyxtena «4+1y», etamoHHa MoJenb Ui BIAKPUTOTO PO3MOALIEHOT0 O0OpOOIEeHHS,
y3arajibHEHa eTAJIOHHA apXITEeKTypa OpraHizaiii.

Crpykrypa apxitekrypu opranizamii 3axmana (The Zachman Enterprise Architecture
Framework, ZEAF) € pyHIaMeHTaTbHOIO CTPYKTYPOIO, M0 BiI0OpaKaeThCss HAOOPOM OIHMCOBUX
ySIBIICHb TPO CHCTEMU YIpaBliHHA iHpopMaliiiHOIO Oe3nexoro. BoHa mpencraBiseTbes
tabmuiiero 66 3 BHOKPEMJICHUMH KOMYHIKAIIHHUMH 3allMTaHHSAMH SIK CTOBIIIIMH  Ta
peidikariiiHumMu nepeTBOpeHHsIMU sIK psiikamu (Harpukiaz [9, 10], puc. 2). Ha neperuni psiakis
1 CTOBHIIB OTPUMYIOTHCSl apTe(akTu CTPYKTypH apxitekTypu. lle oOymoBineHo TuM, 110
PO3TalIyBaHHS KOXXHOTO KOHKPETHOTO apTe(akTy MOBUHHO OyTW BH3HAYEHUM 1, SIK HACHTIJOK,
BIJIOOpa’KeHHSI CTPYKTYPU apXITEKTYpU BBA)KAETHCS 3aBEPLICHUM JIMILE 32 YMOBH 3alIOBHEHOCTI
BCIX KOMipoK Tabiuii. KoMipka BBaXKaeThCsl OBHOKO SKIIO BOHA MICTUTh apTe(akTH, SKUMH
3a[Jal0ThCSl  CHCTEMH YIIPaBIIHHS 1HQOpPMAIIHHOI O€3MeKOoI Ui KOHKPETHOI poyli Ta 3
ypaxyBaHHSIM KOHKPETHOTO acCHeKTy. 3aB[SIKM IIbOMY MOXKJIMBE aJ€KBaTHE ONMCAHHS JaHUX
CHCTEM 3 OTJISITY Ha TOUKY 30pY KOXKHOI 3aItikaBiieHoi croponu [5, 9, 10].

OnucaHHs CTPYKTYpU apXiTEeKTYpHU CHUCTEM YNpaBIiHHA iH(opMalliiiHo 0e3NeKoro 3a
3axMaHOM 3MIMCHIOETHCS IUIAXOM 3aMOBHEHHA TaOuuill 3Bepxy BHU3. g 1b0TO
BUKOPUCTOBYETHCS IIICTh MUTAIBHUX CHIB: 1110, SIK, A€, XTO, KOJIM Ta 4oMy. Tak, Ha nepuomy
PIBHI IJIaHYETHCS AISUIBHICTH OpraHizallii 3arajaoM, 30KpemMa, BU3HA4alOThCs ii MOTpedu Ta
MeTa AiISUIBHOCTI, BHYTPIIIHI Ta 30BHIIIHI OOCTaBMHU CTOCOBHO iX BIIJIMBAaHHSA Ha CUCTEMH
yhnpapiiHHS 1H(opMaliiiHOIO Oe3nekoro. Sk 3alikaBlieHa CTOPOHA PO3IJSAAETbCS BUIIE
KepiBHULTBO. ToJi SK Ha JpyromMy piBHI BH3HAUAIOTHCS OpraHizalliifHi mporecu (OCHOBHI,
JIOJIATKOB1), PO3MIp 1 CTPYKTypa opraHizaiii. 3aBAsKd 1IbOMY OTPHUMYETHCS KOHIIETITyajJbHa
MOJIENIb CHUCTEM YIpaBIiHHA iH(pOpMaliifHO Oe3NeKo, [0 BHU3HAYa€ MpUTaAMaHHI i
¢byuknii. Ha pnanomy piBHI 3alliKaBJI€HOIO CTOPOHOK € MEHeIkKep. TperTii piBeHb
OpIEHTOBAHMI Ha PO3POOJEHHS JIOTIYHOI MOJEN 3 MO3UIN apXiTekTopa. XapaKTepHOO
OCOOJIMBICTIO € ONMCAHHSA IPOLIECIB y TepMiHAX CHCTEM YIpaBIiHHA 1H(MOpMaLIHHOIO
Gesnekoro. Ii (izuuHa MOfEeNb OTPUMYETHCSA HAa YETBEPTOMY PiBHi 3 OISy HAa TOUKY 30pY
MpoeKTyBaIbHUKA. [Ipy 1IbOMY BpaxoBYIOThCS 0OpaHi 3aco0M Ta/ab0 3axoau 3a0e3leueHHs
iHpopMmaniiiHoi Oe3neku. II’aTuit piBeHb BIANOBIJA€ AETAIBHOMY pEali3yBaHHIO CHUCTEM
yhpaBiiHHA 1HQOpPMaIiiiHOI Oe3MeK0r0 Ta 3alikaBlIeHoCTel Heto 3 00Ky po3poOHuKa. Touka
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30py KOPHCTyBada BpPaxOBYEThCS HA IIOCTOMY piBHI TMPH OMUCAaHHI TOBEIIHKA CHUCTEM
ympasitiHHs iHbopMariiiHoo 6e3nekoro [5, 9, 11].

Puc. 2. Ctpykrypa apxitekrypu 3axmana [9, 10]

Crpykrypa apxitektypu Bimkputoi rpymu (Open Group Architecture Framework,
TOGAF) € MeTo/10JI0TI€0 1 CTPYKTYPOIO apXiTeKTypu oprasizamii (Hampukiaz [12], puc. 3).
Bxitouae Habip cTaHAapTiB, METOJIB, 3B’S3KIB MDK (axXiBLAMHU. 3aBISKU 1IbOMY MOJKJIHBE
MOCTIIOBHE BioOpaskeHHsS MOTpeO 3alliKaBJICHUX CTOPiH, BUKOPUCTAHHS KpPAIIUX MPAKTUK Ta
IPUIUISHHS HAJIEKHOT YBaru sIK MOTOYHUM BUMOTaM, TaK 1 O4IKYBaHUM IOTpedaM AisIbHOCTI
opranizanii. Ile mocsraeThcs ITEPaTHBHICTIO MOEIN MPOIECIB PO3POOJICHHS apXiTEKTypH
CHCTEM YIpaBliHHA iHpOpMaLiiHOIO Oe3NeKOoK 3 ypaXyBaHHSIM HAasBHUX apXiTEKTypHHX
pecypcis [12].

Enterprise Continuum ADM Guidelines and
Techniques

Architecture Capability Content Architecture

Framework Framework
— e -
=== | ==
= ! 2= t.=
[ == ] Rivante

Puc. 3. CtpykTypa apxiTeKTypH Bigkputoi rpymu [12]
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Haiibinpm BasknmuBuM enemeHToM y Mexax miaxony ToGAF e merox po3pobieHHS
apxitektypu (Architecture Development Method, ADM). 3a ocHOBY HOro BUKOPHCTaHHS
B3SITO TIOKPOKOBE PO3POOJICHHS apXiTEKTypH CHUCTEM YIpaBIIiHHA iHOOPMAIIHHOIO 0€3MEKO0.
Pesynprar 3acrocyBanHs ADM BkiIrO4a€e CTBOPEHHS apXiTEKTypHOi 0a3u, po3poOJIeHHs
KOHTEHTY, a TaKOo)X IIepexiJl Ta KepyBaHHS peaji3ali€ro apxiTekTypu. Taki 3axoaud €
OCHOBHOIO ITEPaTUBHOTO UKITY i1 po3po0IeHHs. 3aBIsSKH [IbOMY MOXJIMBE BpaXyBaHHS METH
TiSUTBHOCTI Ta TOTpPed 3allikaBIEHUX CTOPIH MPU PO3POOIEHHI apXITEKTypH CHUCTEM
ynpaBimiHHS iHGopMariiiiHow 6e3nekoro. IteparniitHicte ADM nmocsraeTbcsi BAOKPEMIICHHIM
BocbMH (pa3 #ioro 3acrocoBHocTi. Tak, Ha monepenHiid (as3i ONMUCYIOTHCS MEPLUIOYEProBi il
HanamrtyBaHHs cTpykTypu ToGAF s po3poOneHHs apXiTeKTypH CHCTEM YIIpaBIIiHHS
iH(dopMmariifHO0 Oe3nekoro. Jlani 3A1iCHIOETHCSI TOCITIIOBHE MPOXOKCHHS BiJl BCTAHOBIICHHS
obnacti po3pobsenHs (¢a3za A) mo kepyBaHHs ii 3miHamu (aza H). Bomnouac moximBe
NOBEPHEHHsI BiA onHiel (a3u 10 iHIIOI JUIs yTOYHEHHS 1 JAeTali3yBaHHS pO3pOOJICHHS
apxiTekTypu [5, 12].

Crpykrypa apxitektypu MinictrepcTBa oOopoHr CromydyeHHX ITaTiB AMEpUKH
(Department of Defense Architecture Framework, DoODAF) € cTpykrypowo Ta
KOHIICTITyaTbHOI0 MOJICIIIIO, IO CIPHUSE€ NMPUHHATTIO PIlICHb 3aI[IKaBICHUMH CTOPOHAMHU
(manpukan [13], puc. 4). Lle mocsAraeTbes 3aBISKHA OpraHi3oBaHOMY OOMiHY iH(pOpMAIli€o B
opranizanii. SIk Hacmigok, BukopuctaHass DoDAF s po3poOneHHsT apXiTeKTypu CHUCTEM
yrpaBiiHHS 1H(QOpMaIiifHOI0 Oe3MeKOI0 30CepeIKYETbCd Ha apXITEKTYpHUX [aHUX, a He
apredakrax. Ilpm 1bOMYy Ha BJIACHUKIB TPOLECIB OpraHizamii (HampuKiIag, BHUIIE
KEPIBHUIITBO, MEHE/KEPH ) TIOKJIAIAEThCSI BCTAHOBJICHHSI BUMOT Ta KOHTPOJIFOBAHHS PO3BHTKY
apxiTeKTypd B MeXaX IX TOBHOBaXCHb 1 MisibHOCTI. HuMHM 0OMpaeThCs apXiTEKTOp Ta
KOMaHJa ii po3poOJieHHS 3 ONISAAYy HAa BCTAHOBJIICHI BUMOTH JIO apXITEKTYpPH CHCTEM
ymnpaBimiHHs iHQopMaliiiHo0 Oe3nekoro. TakuMm miAXomoM 3a0e3NedyeTbesi IMOBTOPHE
BUKOPHUCTAaHHA iHQoOpMaIlii Ta oOMiH apTedakTamu, MOJEISIMU Ta TOUKAMH 30py Ha Hel Ams
CHUIBHOTO PO3YMIHHS 3alliKaBICHUMHU CTOpoHamu [5, 13].

DeDAF V2.0 ''DoDAF ViS5 -

Bl Ssters all A
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. EX e BT
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Puc. 4. Ctpykrypa apxitektypu MiHicrepcTBa 060oponu CrionydyeHux mraris Amepuku [13]

3a migxoaoMm DoDAF po3pobieHHst apXITEKTypu CUCTEM YIpPaBIliHHA 1H(QOpMaliifHO0
0e3mekor0 3BOAUTHCA 10 miectd KpokiB [13]. Ha mnepmiomy 3 HUX BHM3HA4yaeThes i
NpU3HAYCHHS Ta [iTbOBE BUKOpUCTaHHA. Hacammepen, SK ONMMCYBaTHMETHCS apXiTEKTYypa,
MeToau ii po3poOsieHHs, KaTeropii apXiTeKTYpHHUX NaHMX, MOTEHIIHHWNA BIUIMB 1 HpoOIec
OI[IHIOBAHHS 3YCWJIb 3 OISy Ha 3aJ0BOJICHICTh 3allikaBieHUX cTopiH. OO0macth
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3aCTOCYBAaHHS apXiTEKTypU CHUCTEM YIpaBIiHHSA iH()OpMaIiiiHOIO 0e3MeK0I0 BCTaHOBIIOETHCS
YIOPOJIOBXK JAPYroro KpoKy. 3aBASKH IIbOMY 33Ja€ThCsA TIIMOMHA Ta IIUPOTa il OMUCAHHS,
3aBJaHHs, CYTHICTb 1 piBeHb jaeTainizauii. Tperiii Kpok Opi€HTOBaHMI Ha BU3HAYCHHS JaHUX,
o0 TMOTPiOHI I MIATPUMAaHHS  PO3POOJICHHS  apXITEKTYpH CHCTEM  YIpaBJIiHHS
iHpopmaniiiHoro Oe3nekoro. PiBeHb aeramizanii maHux i iX aTpuOyTiB BCTaHOBIIOETHCS 32
pe3yibTaTaMu aHaNMI3yBaHHS IMPOIECIB B OpraHizailii. 3Bakarouud Ha II€, apXiTEKTOpamMu
HAKOTMYYIOTBCS, YIOPSAIKOBYIOTECS 1 30€epiraloTbesi 1aHi B MeKax 4eTBEpTOro Kpoky. s
IIbOI'0 BUKOPHCTOBYIOTHCS BIJIMIOBIIHI MPEACTaBICHHS, Hanpukiaz [13], missbHOCTI, IpoLieciB
1 Mozeneil maHWX. AHaNi3yBaHHS AapXITEKTYpHUX HaHUX HaA II'ITOMY KpOL J03BOJISIE
BU3HAUUTU Ta OLIHUTH PIBEHb NOTPUMAHHS BUMOT BJIACHUKAMH MpoOIeciB. SIK HACIHIJOK,
MOJJIMBE a00 BCTAHOBIJICHHS JOJAaTKOBHUX BUMOT, a00 YTOYHEHHsS MOTOYHHX, 30KpeMa, 3
TPEThOro MO I’ATUH Kpoku. Ha moctomy Kpoli apXiTEeKTypHI JaHl MPEICTaBIAIOTHCS Y
3pYYHOMY JAJISl IPUMHATTS pimieHb BUl. L[pOoMy CHpUsIOTH pe3yabTaT, U0 OTPUMYIOTHCS 32
pe3ylibTaTaMH TPETHOrO Ta YETBEPTOTO KPOKIB.

CrpykTypa apxiTekTypu MiHicTepcTBa oboponu BenukoOputanii (British Ministry of
Defence Architecture Framework, MoDAF) € nabopom mpaBui i ma0JOHIB OIMHCAHHS,
aHaJi3yBaHHA Ta €(EKTUBHOrO KepyBaHHS OOOPOHHMMH OpTraHi3allisiMH 31 CTPYKTYpOIO 3a
migxomoM DoDAF (muB., Hanpukmax [5, 14], puc. 5). Ileii Habip mnpaBwia i 11abiaoHIB
TIYMAuUThCS SK (TIPEICTABICHHS». 1X BMKOPHCTAHHS 03BONsA€ TpadiuHO Ta TEKCTOBO
Bi3yalli3yBaTH apXiTeKTypy CUCTEM YIpaBiiHHS iHGopMalliiiHo0 6e3mekoro B opraizaiii. [lpu
[IbOMY BUOKPEMITIOETHCS CIM TaKUX MPEACTaBIICHb, KOXKHE 3 SKUX BiJOOpaka€ OKPEMHI acleKT
3alliKaBIeHUX CTOpiH, a came [5]: MeTy IiAIbHOCTI Ta pecypcu Juisl 1 JOCSTHEHHS
(cTpateriune); isIBHICTH, (QYHKINI BEIEGHHS TOCIOMAPCHKOI Ta OMNEpPAliiHOI MisUTLHOCTI
(omepariifHe); MOCIYry MIATPUMAaHHS 3aBJaHb 1 JIIi OmepalifHOro npeacTaBieHHs (CEpBICHO-
OpIEHTOBaHE);  HACHIIKKA  peali3yBaHHS  OMNEPAIIMHUX Ta  CEPBICHO-OPIEHTOBAHHUX
Mpe/ICTaBlIeHb (CUCTEMHE); CTaHAapTH, MpaBHJia, MOJITUKUA Ta HACTAHOBU 3aCTOCYBAaHHS J10
aCIIeKTIB apXiTEKTypH (TeXHIUHE); MOTpeOun peanizyBaHHs (IpuaOaHHs).

IIpu BukopucranHi MODAF nansg onucaHHs apXiTEKTypud CHUCTEM yIpaBIiHHS
iH(popMalLliiHOIO O€3MeKo0 B OpraHizaiii BHUKOPUCTOBYIOTHCS KOHIENTyalbHI MoAenl. 3
OIJIAy Ha LIe CKJIaJHI MpoOieMu AisIbHOCTI MOAUIAIOTECS Ha KOMIOHEHTH. KoXkeH 3 Takux
KOMITOHEHTIB OIUCY€TbCS Ha HaWBUIIOMY piBHI B Mera-mojneni MODAF uepes nonanus
iHpopMalii 3a JOMOMOT 00 PiI3HUX TOYOK 30py. X0Ua METa-MO/JIEIb € y3arajJbHEHOK MOAEIUIIO
Oyab-siK0oi oprasizamii, KOXEH 3 KOMIIOHEHTIB [OILJIILHO CTBOPIOBAaTH 3a KOHKPETHUMH
CTaHJapTaMH s KOHKpeTHoi opradizauii. IIpu 1mpoMy 3a0e3neuyeThCcsi Y3rO/DKEHICTH 1
B3a€EMO3B 30K MIXK TIPEICTABICHHSIM 1 JaHUMH. Takuil MiAXiT J03BOJISIE 3a0€3MEeYUTH
y3roXKeHEe BUKOPUCTAHHS PI3HUX CEPEIOBUIL MOJICTIOBAHHS apXiTeKTypu [5, 14].

Strategic Views
Operational Views

Service Views

SMBIA IV
SM3IA pJepuels |ealuyoaa]

SMaIA uonisinby

System Views
Puc. 5. Ctpykrypa apxirekrypu MiHicrepcTBa 000oponu Benukoopuranii [14]
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Crpykrypa apxitektypu KpyxTena «4+1» («4+1» View Model of Architecture Philippe
Kruchten) opienroBana Ha BHKOPHUCTAaHHS II'SITH NpeACTaBicHb (Hampukian [15], puc. 6).
30kpemMa, JIOTIYHOTO, TPOIECIB, po3poOneHHs, (izudHOro, creHapiiB. Jloriune
MIPEACTABICHHS BifgoOpakae 00’ €KTHY MOJIeJIb CHCTEM YIpaBIiHHA 1H(OpPMAaIIHHOIO
oesnekoro. IIpu 1poMy MOXKITMBE BHOKpEMIICHHS 11 SIK CTaTWYHOI (HAampUKIajA, Iiarpama
KJIaciB), Tak 1 JWHAMiuHOi (HANPMKIAd, jgiarpamMa JisJBHOCTI) JIOTiYHOI CTPYKTYp. IX
BUKOPUCTaHHS OpPIEHTOBAHE Ha TPEJACTABICHHSA (YHKIIOHAIBHUX BHUMOT JI0 CHCTEM
yropaBimiHHS iHGopMaliiHow Oe3nekoro. Toml sk HedyHKIIOHATBEHI BAMOTH BPaXOBYIOTHCS 3a
JIOTIOMOTOI0 ~ TIpeJcTaBleHHss TnporneciB. Cepea  HHUX BHOKPEMIIIOIOTHCS, HANPHKIA],
JIOCTYITHICTh, MPOAYKTHBHICTh, CTIHKICTh A0 BiIMOB. 3a JIaHUM IPEJCTABICHHSM, MPOIECH
BiZJOOpakaloThCsl HAa JEKUIBKOX PIBHAX a0cTparyBaHHsA. Tak, Ha BEpXHbOMY DiBHI IpOIECH
NPECTABISIOTHCS  HAOOPOM HE3aJCKHUX JIOTIYHUX MEpEeX MporpaM 3 ypaxyBaHHs
3acTocoBHOCTI (i3munux (amapatHux pecypciB). Tomy piBeHb NpEICTaBICHHS NPOIECIB
3araJioM  OpI€EHTOBaHWUM HAa  «TaKTHYHE» KepyBaHHS 3aBmaHHsMmu. Lle  mo3Bosse
BUOKPEMITIOBATH CEPEeJl HUX OCHOBHI Ta JOAATKOBI 1, SIK HACTIAOK, POMOAUIATH PECypCH IS
ix BukoHaHHs. CepenoBHILE PO3POOJICHHS CHUCTEM, 30KpeMa, YIpaBiliHHS iH(MOpMaIiiHOIO
0€3MeKol0, pPO3MIIAJAEThCS Ha BINMOBIIHOMY piBHI MPEACTaBICHHS — PO3POOJICHHS.
[lepenyciM TpUIINISETbCS yBara CTBOPEHHIO 1 TMOEJHAHHIO MIJCUCTEM B €IUHE IIiie 3
ypaxyBaHHSM CITiBBIJHOIICHh MK HEUMH. KOXHa 3 TakuX TMiJCHCTEM MOXE PO3POOISATUCS
onHUM a0o0 JeKiIbKOMa po3poOHMKaMH. B jgaHOMy BUMAIKy MOBHOTAa CHUCTEM YIIPaBIIiHHS
iH(pOopMaIiifHO0 O€3MEeKOI0 3aIeKHUTh BiJl ONMMCAaHHA yCiX 11 eneMeHTiB. Jlo Toro X, Ha TaHOMY
piBHI TPEICTAaBICHHS BPAXOBYKHOTHCS BHYTPIIIHI BHUMOTHM CTOCOBHO BHKOPHCTaHHS,
HANpUKIag, MOB IPOTpaMyBaHHS, CEpENOBHIN po3poOieHHs. DIi3UYHUM MPEICTaBICHHIM
CUCTEM YIpaBIiHHS iH(OpMaIiiHOI OE3MEeKOI0 BPAaXOBYETHCS, Hacamrepen, peaii3yBaHHS
HedyHKIIOHaTbHI BUMOT. Cepenl HUX BHOKPEMITIOIOTBCS — JOCTYIHICTH, HAIIHHICTH
(B1AMOBOCTIHKICT), MPOAYKTUBHICTh, MaciiTaboOBaHiCcTh. [Ipu 1mbOMYy BH3HAuUalOThCA TaKi
€JIEMEHTH SIK MEPEXKi, MPOLecH, 3aBIaHHs 1 00’ exTH. KokeH 3 HUX BiOOpaKka€eThCs pi3sHUMU
By3iamu. Lle 103BoIsiE BUKOPUCTOBYBATH Pi3HI (i3uyHI KOH(Irypalii 3a1eXHO BiJ 3aBJaHb.
Hampuknan, po3poOneHHss abo TecTyBaHHS, BIPOBAKEHHS 3 OISy Ha MOTpeOu
3aliKkaBIeHUX CTOPiH. L{luM 0OyMOBIIIOETHCS THYUYKICTh (DI3MYHOTO NPEACTABICHHS CUCTEM
yhnpaBiiHHSA 1HQoOpMaliiiHOO Oe3lneko Ha piBHI BY3JNiB. HenepepBHICTH 3a3HaueHUX
npeJcTaBIeHb 3a0e3MeuyeThesl Ha piBHI clieHapiiB. BoHU po3risgaroTbes sk aOcTparyBaHHS
HaWOUIbII Ba)JIMBMX BHUMOT JI0 CHCTEM YHpPaBIiHHS i1HpopManiiiHowo Oe3nekoro. Jlmsa ix
NpEJCTaBICHHS BHUKOPHUCTOBYIOTHCSl JiarpaMH CIeHapiiB 1 B3aemofii. 3BiACHM ¥ Ha3Ba
cTpyKTypH apxitektypu KpyxTtena — «4+1» [15].

End-user Programmers
Functionality Software management
: . Development
Logical View View
I ( Scenarios )

Process View Physical View
Integrators System engineers
Performance Topology
Scalability Communications

Puc. 6. Ctpykrypa apxitektypu Kpyxrena «4+1» [15]
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Eranonna monens uis Biakputoro posmnoxainenoro oopoonenus (Reference Model of
Open Distributed Processing, RM-ODP) (nanpuknan [16, 17]) opieHTyeTbCs Ha CTBOPEHHS
apXiTeKTypu CHUCTeM YOpPaBIiHHSA i1H(GOpPMALiHHOI O0e3MeKOol0, SKOKW MiATPUMYETHCS
PO3MOAICHICTh, MIKCUCTEMHA B3a€MOJIisI, CYMICHICTh 1 TOpTaTUBHICTH [17]. Po3pobienHto
TAKOTO MIAXOMy TNepeAyBala HEOOXIAHICTh CTaHAAPTU3YBAaHHS MOJETl  BIIKPUTOTO
po3moaiieHoro o0poOIeHHs K BCepeArHI OpraHi3alii, Tak 1 Mi>k HUMH. 32 OCHOBY TaKOTO
00pOOJICHHS B35TO y3araabHEHY MOJIEh B3a€MO/IIi BIIKPUTUX CHCTEM.

DyH/IaMEHTAILHUMH  €lIeMeHTaMu CcTpykTypu RM-ODP e minxin no MonentoBaHHS
00’€KTiB U crielu(iKyBaHHS CHUCTEMH, CIEHU(IKyBaHHS CUCTEMH 3 YpaxyBaHHSIM TOYOK
30py, BUSHAYCHHS 1HQPACTPYKTYPH CHUCTEMH, CTPYKTYPH OIIIHFOBAHHS BIAMOBIIHOCTI CUCTEM
[16]. Ilepumm enemMeHTOM 3a0e3MEUyEThCSI BUKOPHCTAHHS YCTAICHHX IPAKTUK 00 €KTHO-
OpPIEHTOBAHOTO MiIX01y. BpaxyBanHs moTpe0 3alikaBIeHUX CTOPIH CTOCOBHO crienudikarii
CHCTEM 3[IIHCHIOETHCS JPYTUM €JIeMEHTOM. TpeTiil eneMeHT BTUIO€ BU3HAUYEHHS (DYHKIIH 1
CTPYKTYypU cHCTeM BiamnoBigHo 1o craHaaptiB ODP. Toxi sk 4eTBEepTUM €IEMEHTOM
BCTAHOBIIIOETHCS OJTHOMAHITHICTD ITOBEIIHKH SIK ITIJICHCTEM, TaK 1 CHCTEMH 3arajioM [5, 16].

3a crpykryporo RM-ODP MoxiMBe BUKOPUCTaHHSA II'ITU TOYOK 30py JUIs
MPEJCTAaBICHHS PI3HUX aCIEKTIB CUCTEM YIpaBiiHHS iH(opMariitHoo 6e3nekoro [5, 16, 17],
a came: oprasizamis, iHdopmallis, oOUMCITIOBaNIbHA, 1HXKEHEPis, TeXHOoJoris. TOYKOow 30py
«Opranizanis» BU3HAYAIOThCS BHUMOTH BHCOKOTO PiBHSI JO CHCTEM, Taki SK MeTa, 00JacTb
BIIPOBA/DKEHHS, CHUIBHOTa a00 KOPHUCTYBadi, MOJITUKA AiSUIBHOCTI, KEpiBHI MPUHIMIIH,
MOTOKM Ta oOOMexeHHs, BukoHaHi mii. IIpencraBnenHs cemaHTUKd — iH(OpMAIi,
iH(hOpMaLlIHHUX CTPYKTYp, a TAKOK OOMEKeHb Ha TIIYMAuyeHHS 1 BUKOpHUCTaHHS iH(opmarii
3MIIACHIOETHCS Y MeKaxX TOuku 30py «lH(popmartisy. OO6uncIoBaIbHa TOYKA 30py OpI€EHTOBaHA
Ha (YHKI[IOHAJbHE JEKOMIIO3UIIIIOBAaHHS CHCTEM 00’ €KTaMu, II0 B3a€MOJIIOTh MK COOO0IO
gepe3 iHTepdeiicu. BoHm MOXyTh OyTH SK OOYHCIIOBAJIBHMMH, TaKk 1 00’eKkTamu
iH(ppacTpykTypu cucteM. Toukoro 30py «lHxkeHepis» (OKYCYIOTbcS Ha MeXaHi3Max 1
GYHKLIAX MITPUMAHHA B3AaEMOAII MK pPO3MOAUICHUMH 00 ’ektamu cucteM. OOupaHHs
TEXHOJIOTiM, TMPOJYKTIB, CTaHAAPTIB 1 TEXHOJOTIYHUX OO €KTIB M MiIATPUMAaHHS
pealii3yBaHHsI CUCTEM 31MCHIOETHCS 3 OIJIALY Ha TOUKY 30py «Texnounoris» [5, 16].

Mopnens BIAKPUTOTO PO3MOJIIEHOr0 OOpPOONEHHS CTaHAAPTHU30BaHA MIiKHAPOTHUMU
CTaHAapTaMH y 4oTUpboX yactuHax [5]. Yactuuoro 1 (ISO 10746-1 / ITU-T X.901)
HAJA€TbCAd OISl 1 HACTAHOBU BHUKOPHCTAaHHS €TajoHHOT Mozeni. OmnucaHHsS OCHOB
KOHUENIi}1, BA3HAUEHHS MTOHSTh, paBuJI Ta QyHKI1H MoaentoBaHHs cucteM ODP Bukonano B
Yactunax 2 ta 3 (ISO 10746-2 / ITU-T X.902 ta ISO 10746-3 / ITU-T X.903). Hactunoro 4
(ISO 10746-4 / ITU-T X.904) npencraBisieThCsl ONMUCAHHS apXITEKTYPHOI CEMAHTHKH, 5K €
TEXHIYHOIO MeToaukor omucy g Yactur 2 Ta 3. OCHOBHa MeTa BUKOPHUCTaHHS IIHX
CTaHJApPTIB TMOJSATAa€E B HAJaHHI MOXIJIMBOCTI pealli3yBaHHS TNEepeBar po3MOAUTY IOCTYT
00pobaeHHs iH(popMallii B FeTeporeHHUX CepeoBUIIax 3a cTpykTyporo RM-ODP.

Enterprise Requirements Analysis

o lli ¢

Information Computational Functional Specification

I N I e S

Engineering Design

TTLTRT I TTTITTr e er Y

Technology Implementation

Puc. 7. Touku 30py €TaIOHHOI MOJIENI BIIKPUTOTO PO3MOMALIEHOr0 OOpOOJIEHHS Ta 1HXEHepis
nporpamHoro 3adesneueHus [17]

216



IHOOPMATUKA TA MATEMATHUYHI METOU B MOJEJITOBAHHI = 2019 = Tom 9, Ned

V3aranbHeHa eTaJOHHA apxiTekTypa Ta wMmerojonoris opranizamii (Generalised
Enterprise Reference Architecture and Methodology, GERAM) opienToBaHa Ha BpaxyBaHHS
3MiH CepeloBHUINA JisTIBHOCTI oprafizamii mpu  po3poOJIeHHI CHUCTEM  YIpaBIiHHS
iHopmartiitHow Oe3rnekoro. [IpeacTaBiseTbcss METOaMU, MOJEISAMHU Ta IHCTPYMEHTAIbBHUMH
3acobamu po3poOJICHHS 1 MIATPUMAaHHS YaCTHHH OpTraHi3amii, opraHizamii 3araiom abo
Mepexi opraHizanii (Hanpukman [18], puc. 8). XapakTepHor 0COOJMBICTIO TaHOI CTPYKTYPH
€ 00’eHaHHS MIIXOAIB HA OCHOBI MOJeNel MPOAYKTIB 1 BpaxyBaHHA mporeciB. KpiM 1mporo
BR)XJIMBUM aCIIEKTOM 3aCTOCYBAaHHs € BH3HAUCHHS IUKIIB 3BOPOTHOTO 3B’SI3KY Ha PIi3HUX
piBHSAX HisubHOCTI opranizamii. Ile po3rismaeThcst sk HEOOXiJHA yMOBa BIOCKOHAJICHHS
(GyHKIIOHYBaHHS oOpraHizaiii i, sSK HacliJIOK, il aJanTyBaHHS 10 3MIHEHHS TEXHOJIOTIH,
CYyCIIbCTBA, pUHKY [18].
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Gereralised Erterprise Enterptise Engineering Enterprise Modelling Languages
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enfamise infegrafion enfemrise engheerng processes and fechnologie s

|

l implermnerted in

GEMCs
Generic Enterprise Mbdelling
Concepts (Theories and Definitions) v
define the maanhyg of
PEMs enferprise modelfg consfrcts .EET_S ]
Fartial Enterplise Models Ertemtise Engineeting

Tools
provide reuzable refarence suppo X entemrise enginea aing
models and de signs of fluman

ol s, processas and

fechnologies used to buid

EMs
Enterprize Mbdels
anfarprise deskns, and models fo
EMOs suppart analysis and operaton
Enterprise Mbdules | .
provide implementable ! used o iImpiement
moduias of luman *
profassions, operafionai

procasses, fachnoiogie s

EOS

Enterprise Operational
Systerns
supporf e operaffon of the
particuiarenfe prse

Puc. 8. V3aranpHeHa eTajoHHa apXiTeKTypa oprasizaitii i meroosorii [18]

OmHuM 13 HAaHOUTHIT BaXKITMBUX elleMeHTiB cTpykTypu GERAM (puc. 8) € y3aranpHeHa
cTaHfapTHa apxitekrypa opranizanii (Generalised Enterprise Reference Architecture,
GERA). Hum BH3HaualoTbCcs OCHOBHI MOHSTTS CTOCOBHO PO3pOOJEHHS 1 MIATPUMaHHS
apxiTekTypu oprasizamii. KpiM 1boro BUOKpeMITIOIOTbCS METOO0JIOTIS 1HKeHepli opraHizarii
(Enterprise Engineering Methodology, EEM) 1 moBu MoaentoBanHsa opranizainii (Enterprise
Modelling Languages, EMLs). BoHu BUKOPUCTOBYIOTBCS JUIsI OMUCYBAHHS Ta MOJICTIOBAHHS
CTPYKTYpH, CYTHOCTI Ta TMOBEIIHKHM opraHizauiid. BonHodac MOXJIMBE MpeACTaBIECHHS PO
JIOJVHY B AISIBHOCTI opraHizaiii. JIo Toro >k mporeciB i TEXHOJOTIH, Mo iX MiATPUMYIOTh.
[Mporiec MojenrOBaHHS 103BOJIsE OOYayBaTu Mojeni oprauizaiii (Enterprise Models, EMS).
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Humu npencraBistoTbest yci abo 4acTHHA oIneparliid, 3aBJaHHs, ii CTPYKTypa, iHpopMamiiini
CHCTEMH Ta CHUCTeMH YIpaBiiHHSA. Taki Mozeni BUKOPUCTOBYIOTBCS JJISl BIIPOBADKECHHS
omepauiiHoi  cucremu  opranizamii  (Enterprise  Operational — Systems, EOS) i
BJIOCKOHATIOBAHHS 3JaTHOCTI JIO OI[IHIOBaHHS OpraHi3al[ifHAX YU ONEPATUBHHUX aJIbTCPHATHB.
Tomi sK 3aCTOCOBHICTb METONOJOTIi IHJKEHepii 1 MOB MOJENIOBaHHS  OpraHi3amii
CYIIPOBOJIKYEThCSl 1HCTpyMeHTalbHUMHU 3aco0amu  (Enterprise  Engineering Tools, EETS).
CemaHTHKa MOB MOJICITIOBaHHS BH3HAYAETHCS OHTOJIOTISIMH, METa-MOJCISIMUA Ta CIIOBHHUKAMH.
BoHU B CyKymHOCTI Ha3WMBAaIOTHCS 3arajlbHAIMH KOHLCMIISIMA MOJICTIOBAaHHS OpTaHi3aIlii
(Generic  Enterprise Modelling Concepts, GEMC). Ilpu npoMy mnporec MOACTIOBAHHS
BIOCKOHAMIOEThCsT  okpemumu  Mmoxensmu  (Partial  Enterprise  Models, PEMS), skumu
BiI0Opa)XKar0ThCs PO JIFO/ICH, MPOoIIeciB 1 TexHoorii [18].

Po3rnstHyTi CTPYKTYpH apXiTEKTyp CTOCOBHO iX 3aCTOCOBHOCTI JI0O CHCTEM YIIPABIIiHHS
iH(popMariliHo Oe3mekoro 3BeAeHO B Tabm. 1 [1, 2, 5, 9-18]. 3 ormsany Ha Hel, ITOMIBHO
3ayBOKHUTH iX OpPIEHTOBaHICTh Ha OpraHizaiii abo cucTeMH, 30Kpema, mnporpamHi. L{um
MOSICHIOETBCSL T€, IO 37e0LIBIIOro JUIsi po3poOJCHHS apXITEeKTYpU BHKOPHCTOBYETHCS
yHiBepcanbHa MoBa MojemoBanus (Unified Modeling Language, UML). Toxi sik *oaHa 3
CTPYKTYp Ha MPAKTHII HE 3aCTOCOBYETHCS TSI PO3POOIICHHS apXiTEKTYpPH CUCTEM YIIPaBITIHHS
iH(opMmaIiiHOI 0e3MeKOrO.

Taoaunsa 1.

[TopiBHSHHS CTPYKTYp apXiTEKTYpH JUISI CUCTEM YIPaBIIiHHS iHPOPMAILIIHHOIO OE3MEeKOI0

. O06’ekT 3aCTOCOBHICTH 10
Pi3HoBUI . ;
—— 3aCTOCOBHOCTI Mosga CUCTEM YIIPABIJIIHHSA
. CTPYKTYpHU MOEIIOBAHHS iH(popMaIIiifHOO
apXITeKTypH .
apxITEeKTypu 0€e31eK010
Cucrema, ArchiMate,
ZEAF oprasisaris UML B
TOGAF Crcrema, ArchiMate -
oprasizaris
Jani, SysML,
DoDAF crcTeMa, Oprasizauis UML B
Cucrema, SysML,
MoDAF oprasizartis UML B
Kpyxtena «4+1» Hporpauia UML -
cHcTEMaA
RM-ODP Opranizariis, UML B
cHCcTEMA
GERAM Crcrema, EML -
oprasizaris
BucHoBku

[loka3aHo OpIEHTOBAHICTh THUIIOBUX CTPYKTYp apXiTeKTypd 34e0UIbIIOTO Ha
BUKOPHUCTaHHA B Opratizamisx Ta/abo cucTeMax, 30Kpema, HpOorpaMHux. 5K BHHATOK,
PO3IJIIHYTO MpPHUKIaaud po3pobsieHHs apxitektypu KputuuHoi IT indpactpykrypu. I[lpu
[IbOMY BCTAQHOBJICHO MOXIIMBICTh BHKOPHCTAHHS THUIOBUX CTPYKTYp CTOCOBHO CHCTEM
yrpaBiiHHA 1HQOpMaLIHHOKO O€3MeKOI0.

OxapakTepu30BaHO KOHIENTyalbHY MOJEIb CTPYKTYpH apXITEKTYpH CHCTEM
ynpaBiiHHA iHQopMariiiHoo Oe3nekoro. BuokpemieHo ii eneMeHTH (CTpyKTypa apXiTeKTypH,
TOYKa 30py Ha apXiTEeKTypy, BHJ MOJENi, MPAaBUJIO CIiBBIJHOILICHHS, 3alliKaBJI€HI CTOPOHH,
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I[IKaBOCTi) Ta CHIBBIIHOIICHHS MK HUMH. AKIEHTOBAaHO YyBary Ha 3a0e3ledyeHHi
30epexeHoCT] KOH(IACHIIHOCTI, IUTICHOCTI Ta JOCTYMHOCTI iH(opMaIlii B opraHizamii
3aBJISIKU OLIIHIOBAaHHIO PU3HKIB SIK OCHOBHIM MeTi pO3pOOICHHS 03HAYECHUX CUCTEM.

[IpoananizoBaHO  OCOOJMBOCTI  3aCTOCYBaHHS  THUIIOBUX  CTPYKTYP  CTOCOBHO
PO3pOOIIEHHST apXITEKTYpPH CUCTEM YIpaBIiHHS iHQOpMaIliiiHOW Oe3nexor. BuokpeMieHo
aCIIeKTH, SKI JIOIILHO TpPHU I[bOMY BpaxyBaTh. BoJHouac Moka3aHO NEPCHEKTHBHICTH X
3aCTOCYBAaHHA 3 OTJISAY HAa BCTAHOBIIEHI OCOOJIIMBOCTI JJIsi pO3POOIICHHS apXiTEKTypH CUCTEM
yrIpaBmiHHS iHGOpMAIIHHOIO OE3MEeKOIO.
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INFORMATION SECURITY MANAGEMENT SYSTEMS ARCHITECTURE
FRAMEWORKS
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of Ukraine,
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37, Peremohy Ave., Kyiv, 03056, Ukraine; e-mail: v.v.tsurkan@gmail.com,
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The concept of information security management systems architecture framework is
considered. Attention is drawn to the fact that this is one of the most common mechanisms
of their architectural process. Its applicability for the development, interpretation, analysis
and use of the information security management systems architecture description is shown.
In view of this, some variants of frameworks have been analyzed. In particular, review and
comparative analysis of methodologies for developing architectures of organizations;
architecture frameworks for building NATO information systems; aspects of the use of
frameworks in the development of critical IT infrastructure; approaches to describing the
architecture of systems and individual components. Thanks to this, the possibility of
applying frameworks to develop the information security management systems architecture
has been established. It is represented by a set of elements and relations between them. It
identifies one or more stakeholders and their interest in the information security
management system. Interests are structured by one or more perspectives on architecture.
Each of them summarizes the architecture framework and, as a consequence, establishes a
way of seeing the specified system in accordance with the rules of ratio. The possibility of
displaying the information security management systems architecture by one of the
following types of frameworks is shown: Zahman, United States Department of Defense,
Ministry of Defense of the United Kingdom, open group, Krukhten «4 + 1», reference
model for open distributed processing, generalized reference architecture. The peculiarities
of application of typical frameworks in the development of the information security
management systems architecture are analyzed. Aspects that should be taken into account
are distinguished. In view of them, their focus on organizations or systems, particularly
software, is noted. This explains that mostly UML is used to design the architecture. At the
same time the prospect of application of typical frameworks in view of the established
features for the development of the information security management systems architecture
is shown.

Keyword: information security management system, architecture, architecture description,
architecture framework, conceptual mode.
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lI/IHCTHTyT npobaem MonenupoBanus dHepreTkd uM. ['.E. [lyxoBa HammonansHoH
aKaJeMUU HayK Y KpauHBI,
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*HanpoHabHbII TeXHAUECKHi yHUBepcUTET YKpauHbl « KueBCKuil MoMUTeXHUUECKHU
UHCTUTYT UMeHU Mropst CUKOpCcKOro»,
npocrekt [To6ensl, 37, r. Kues, 03056, Ykpauna; e-mail: v.v.tsurkan@gmail.com,
argusyk@gmail.com, yura.shtyfurak@gmail.com

PaccMOTpeHBI MOHSTHSL CTPYKTYPBl apXHUTEKTYPhl CHCTEM YIIpaBJeHUs WH(OPMAIMOHHOM
Oe3omacHOCTH. AKIEHTHPOBAaHO BHHMaHHE Ha TOM, 4YTO O3TO OAMH U3 Hauboiee
PacIpoCTpaHEHHBIX MEXaHH3MOB IIpoLecca UX apxurekTypusanuu. IlokasaHo ero
NPUMEHUMOCTh Ul  Pa3pabOTKH, TOJKOBAHHS, aHAINW3a W HCIIONB30BAaHMS ONMCAHMSA
ApXUTEKTYpBl CHCTEM YIPaBICHUS HH(POPMALMOHHONH OE30IacHOCTBIO. YUHTHIBAas 3TO
MPOAHANIN3UPOBAHBl  OTJCIBbHBIC PA3HOBUIHOCTH CTPYKTyp. B wacTtHocTH, 0030p n
CPaBHUTENBHBIA aHAJIN3 METOJOJIOTHH Pa3padOTKH apXUTEKTyp OpraHMW3aluii; paMOdYHbBIE
apXUTEKTyphl mocTpoeHust nHpopManmoHHbIX cucteM HATO; acmekTsl HCTIOIB30BaHMSA
CTPYKTYp mnpu paspaborke kputnueckoii MT wuHOpacTpyKTyphl; TMOIXOIBI K OIHCAHHIO
ApXUTEKTYpBl CHUCTEM U OTJENIBHBIX KOMIIOHEHTOB. biaromaps 3ToMy YyCTaHOBJIEHa
BO3MOYKHOCTb IPUMEHEHHs CTPYKTYp OTHOCHTENBHO pa3pabOTKH apXHTEKTYphl CHUCTEM
ylpaBiieHus: nHGOpMaIMOHHO# Oe3onacHocThio. Ee mpezictaBieHo HAOOPOM BIEMEHTOB U
COOTHOUIICHUH Mexay HuUMH. Ero ompeneneHO ofHa WJIM HECKOJIBKO 3aWHTEPECOBAHHBIX
CTOPOH M MX MHTEPEC CHCTEMOH yIpaBieHHus HHPOPMAIIOHHON Oe30macHocThio0. VIHTepech
CTPYKTYpPHPOBaHbI OJHON WM HECKONBKAMH TOYKaMHU 3PEHHs Ha apXUTeKTypy. Kaxmon us
HHUX O0OOIIEHO CTPYKTYPY apXHTEKTYphI M, KaK CJIEICTBHE, YCTAHOBJICHO CIIOCOO BHACHbS
JAHHOW CHCTEMBI C YYETOM IpaBHJI COOTHOLIEHHH. [Toka3aHa BO3MOXKHOCTh OTOOpayKEHHS
ApXUTEKTYphl CHCTEM YNpaBleHHA HH(POPMALMOHHONH OE30IaCHOCTBIO OJHOM M3 TaKUX
TUIOBBIX PA3HOBHAHOCTEH CTPyKTyp: 3axmaHa, MwuHHCTepcTBa 000pOHBI COEIMHEHHBIX
lratoB Amepuky, MuHucTepcTBa 00OpPOHBI BelMKOOpHUTaHMH, OTKPBITOH TPYIIBI,
Kpyxtena «4+1», 3TaJloHHOH MoOJeNH A OTKPBITOM pachpeferneHHOH 00paboTky,
0000IIIEHHOW JSTaJIOHHOW apXUTEKTYyphl opraHu3anud. [IpoaHanu3upoBaHbl OCOOEHHOCTH
IIPUMEHEHHs THIIOBBIX CTPYKTYp OTHOCHTENIBHO pa3pabOTKH apXUTEKTYphl CHUCTEM
yIOpaBiIeHUs  HWHPOPMAIMOHHOW  OE€30IIaCHOCTBIO.  BBIJENIEHBI  acleKThl, KOTOpHIE
LIeJIeCO00Pa3HO NPH 3TOM YUUThIBaTh. C y4E€TOM 3TOr0, OTMEUEHO NX OPUEHTUPOBAHHOCTH Ha
OpraHW3aliM WIA CHUCTEMBI, B YaCTHOCTH, IPOTPAaMMHBIE. DTHM OOBSCHSACTCS TO, YTO B
OOJBIIMHCTBE CITydaeB ISl pa3pabOTKH apXHUTEKTYPhl UCITIOIB3YETCS S3bIK MOJEITHPOBAHHS
UML. B Toxe Bpems MOKa3aHO IEpPCIEKTHBHOCTh MPUMEHEHHS THIIOBBIX CTPYKTYp YUHUTHIBas
YCTAHOBJIEHHBIE OCOOCHHOCTH Pa3pabOTKU apXHTEKTYPhlI CHCTEM YIpaBJIeHHs] HH)OPMAIMOHHON
0€30MacHOCTBIO.

KnioueBsle cioBa: cuctemMa  ympaBieHUs  HMH(OPMALMOHHOW  0€30MacHOCTHIO,
apXUTEKTypa, OMMMCAHHS APXUTEKTYPhI, CTPYKTYpa apXUTEKTYPHI, KOHIIETITyalbHasi MOJETb.
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ITEHTU®IKALIS OKO-PYXOBOI CUCTEMH HA OCHOBI
MO/IEJII BOJBTEPPU I TEXHOJIOI'TI AUTPEKIHI'Y

B./. IlaBaenko, [I.B. bpocka, B.C. YopHumuii

OpechKkuil HalllOHATHHAHN TONITEXHIYHUN YHIBEPCUTET,
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JocmimkeHHsT pyXiB O4el JIOMUHM i TPAEKTOPii iX MEepeMIIIeHHS TO3BOJSIIOTh PO3KPUTH
CTPYKTYPY B3a€MHUH iHIWBiZa 3 CEPENOBUIIEM, JIOIUHH 31 CBITOM. AHAI3 B3a€EMO3B'S3KY
OKYJIOMOTOPHKH 3 LEHTPAJbHOIO HEPBOBOIO CHCTEMOIO, 3 OJHOTO OOKy, 3 BMICTOM
TICUXIYHUX TIPOLECIB — 3 IHIIOTO, 3 PI3SHOMAHITHUMH (OpMaMU aKTHBHOCTI (ITOBEIIHKOIO,
JUSUTBHICTIO, CITUIKYBaHHSIM) — 3 TPEThOI, CIIpHUsi€ BUBYEHHIO MEXaHi3MIiB poOOTH MO3KY 1 iX
MOPYILEHHS, BUSBJICHHS JUHAMIKH NCUX0(i310J0TTYHUX CTaHIB JIIOJJHH, 3aKOHOMIpHOCTEH
CIPUHHATTS, MHCJCHHS, YsBIeHb, audepeHiianii IHTeHII, HaMmipiB 1 YCTaHOBOK
0co0OHcTOCTI. 3HaHHS MPO PyX OYei MAlOTh BEJHMKE TEOPETUYHE i MPHKIAJHE 3HAUCHHS,
PO3LIMPIOIOYM  MOXKJIMBOCTI BHMBYEHHS cneuudiku Oaratbox mpodeciii 3 Meroro
migBuILeHHsT e(eKTHBHOCTI (QYHKIIOHYBaHHS Cy0'ekTa TpyHoBOI [isuIbHOCTI. MeToro
poOOTH € po3po0Ka IHCTPYMEHTAIFHUX IPOTPAMHUX 3aC00iB TTOOYAOBH HEMapaMeTPUIHOL
TUHAMIYHOT Mozeni oko-pyxoBoi cuctemu (OPC) nronnHu 3 ypaxyBaHHAM 11 iHEpUIIHHUX 1
HENIHIAHAX BIACTHBOCTEH Ha OCHOBI JAaHWX CEKCICPUMEHTAIBHUX IOCTIKCHb «BXiM-
BUXil» 3 BHKOPHCTAHHAM TECTOBHX BI3yallbHHX CTUMYJIB Ta IHHOBAIIIfHOT TEXHOJOTii
aiitpekiary. O0’exkt  mocmimkeHHS — mporec ineHtudikanii OPC Ha OCHOBI TaHUX
BIJICTeXKCHHS PyXy OUYeH — BIAT'YKiB Ha 30BHIIIHI BIUIMBH Y BUTJAI Bi3yallbHUX CTUMYJIB,
10 BiJOOpaXkaroThCsl HA €KpaHi MOHiTopa (mpolec aitpekinry). [Ipeamer nocmimkeHHs —
IHCTpYMEHTaJIbHI 00YHCIIIOBANIBHI 1 IporpaMHi 3acoou modynosu moaeni Bomsreppu OPC
y BUDIAAl 0araroBUMIpHMX mepexiiHUX (YHKUIH Ha OCHOBI JaHWX aWTpeKiHTy.
Po3poGneno B cepemoBuiii cucremu Matlab nporpamui 3acobu izentudikanii OPC.
BUKOpPHCTOBYIOTBCSI TECTOBI Bi3yallbHI CTUMYJNM Yy BHIJISII SICKPaBUX TOYOK, SIKI
MOCTITOBHO BiTOOPa)XarOThCs HA PI3HUX BiACTaHAX BiJl CTAPTOBOI MO3UIIIT, 0 (HOPMAITEHO
BIJINIOBiZa€ Pi3HUM aMILTITYIaM TECTOBHUX CTYIIHYATHX CUTHANIB. BU3Ha4at0ThCS MepexinHi
¢byukuii 1-ro, 2-ro ta 3-ro MOPSAAKIB 32 JOIOMOIOK METONy HaWMEHIIMX KBaJIpaTiB.
Po3pobneni mporpamHi 3aco0u 0OpoOKH MaHWX aNTPEeKiHTy ampoOOBaHO Ha PEabHUX
JAaHUX eKcrepuMeHTambHOro oOctexkeHHs OPC. Bepudikamis moOymoBaHoi Mozeni
miATBep/Kye ajekBatHicTh ii gocmipkyBanoi OPC — mnpaktuunuit 30ir (B Mexax
npuitHaTHOT moxubku) Biarykis OPC i 1i Mojeni mpu 0JHOMY 1 TOMY % TECTOBOMY CHUTHAJII.

KuarouoBi ciioBa: oko-pyxoBa cucreMa, ifeHTudikaiis, Moaeiab Bonbreppu, OaraToBUMipHi
nepexigHi GpyHKIT, TECTOBI Bi3yallbHI CTUMYJIH, TEXHOJIOTIsI alTPEKIHTY.

Beryn

JochimkeHHss pyxiB odel IIOJWHU 1 TpaekTopii iX mepeMimieHHs (aTpeKiHr)
JO3BOJISIIOTh PO3KPUTH CTPYKTYPY B3aEMHUH IHJIWBIAA 3 CEPEIOBHUINEM, JIOJUHU 31 CBITOM.
AHali3 B3a€MO3B'A3KY OKYJIO-MOTOPHKH 3 IIEHTPaJIbHOIO HEPBOBOIO CHCTEMOIO, 3 OJIHOTO
00Ky, 3 BMICTOM TCHXIYHUX IMPOLECIB — 3 1HILIOTO0, 3 PI3HOMaHITHUMHU (OpMaMu aKTUBHOCTI
(TOBEIHKOIO, ISTBHICTIO, CHUIKYBaHHSIM) — 3 TPEThOTO, CIPHUSE BHUBUEHHIO MEXaHI3MiB
poOOTH MO3KY 1 X TIOPYIICHHS, BUSBJICHHS JUHAMIKHA MCUXO()1310JIOTIYHUX CTaHIB JIFOMHH,
3aKOHOMIPHOCTEH CHpPUNHATTSA, MHCJICHHS, YsABJIEeHb, AudepeHuianii iHTeHIiH, HaMipiB i
YCTaHOBOK OCOOHMCTOCTI.

3HaHHA TPO pyx oOdYed MaloTh BEJIMKE TEOPETUYHE 1 NPUKIAJHE 3HAUYCHHS,
PO3IIMPIOIOYN MOKIIMBOCTI BUBUEHHS crielu(iku 0aratbox mpodeciii 3 MeTor MiJABUILEHHS
e(peKTUBHOCTI (PYHKI[IOHYBaHHA Cy0'€eKTa TPYA0BOI JisSUIBHOCTI.
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TexHomoris alTpeKiHry B OCTaHHI POKH OTpUMalla MOJabIINNA PO3BUTOK Ta €(pEeKTUBHE
3aCTOCYBaHHS TMpHU TOOYAOBI MaTeMaTUYHOI MOJENI MPOIECY HEMEPEPBHOTO BiICTECIKEHHS
pyXy OKa Ha OCHOBI TOJIHOMIB BonbTeppu, sKi BpaxoBYyIOTh IHEpLIiWHI 1 HeNIHIAHI
BJIACTUBOCTI OKOpYyXOBOi cucremu mmoguau [1-5]. Ilpouec ineHtndikamii IpyHTYeEThCS Ha
BUKOPUCTaHHI TECTOBHUX BI3yaJIbHUX CTHMYJIB, IO BiZOOpakaloThCS HA €KpaHi MOHITOpa
KOMIT FOT€pa Ha PI3HUX BIJCTAHAX BiJl CTAPTOBOI MO3MIIIi.

Meta po6oTn

Memorw pobOTH € po3poOKa IHCTPYMEHTAIBHUX MPOTPAMHUX 3ac00iB MOOym0BH
HermapaMeTpuyHOi TuHaMivyHOi Mozeni BonbTeppn oKOpyXoBOi cHCTEMH JIIOJMHH Ha OCHOBI
JaHUX EKCIEePUMEHTAJbHUX JOCHIKEHb «BXIA-BUXiZ» 3 3aCTOCYBaHHSIM TECTOBHX
Bi3yaJIbHUX CTHMYIIIB Ta TEXHOJIOTIi allTpEKIiHTY.

Jns modynou moneni Boapreppu OPC monuHM BUKOPUCTOBYIOTHCS JACTEPMiHOBaH1
TECTOB1 BIUIMBH — CTYITIHYACTI CUTHAIM, HAHOUIBII aeKBaTHI JUTSl JOCITIIKCHHS JMHAMIKA
OPC, mo 103BOJISIE CHPOCTUTH OOYHMCIIOBAJIBHUN aJITOPUTM iAeHTU(IKAIi Ta 1CTOTHO
3MEHIINTH Y9ac 0OpOOKH EKCIIEPUMEHTAIBHUX JTAaHUX [6].

O06’exT nociipkeHHs — mnpouec imeHtHdikamii OPC  Ha 0OCHOBI  JaHUX
EKCIEPUMEHTATBHUX JIOCII/KEHD «BX1J-BHX1 13 32CTOCYBaHHSIM TEXHOJIOT1i alTPEKiHTY.
[IpenMer pocCHiKEHHS — I1HCTPYMEHTalbHI OOYMCIIOBAaNBHI 1 MpOrpaMHi 3aco0u

noOynoBu Mojeni Bombreppum — BuU3HaueHHs nepexigHux ¢yHKOid 1-ro, 2-ro ta 3-ro
nopsakiB OPC 3a nanumu alTpekinry.

OcHOBHA YacTHHA

Mopens Boabreppu. [lns omnucy 00'€eKTiB  HEBIIOMOI CTPYKTYypU  JIOIIBHO
BUKOPUCTOBYBATH HAWOUIBII yHIBEpCaJIbHI HENiHIHHI HEemapaMeTpuyHi JUHAMIYHI MOJENi —
moneni Bonwpreppu [7]. [Ipu nbomy HemiHiMHI 1 JUHAMIYHI BJIACTUBOCTI JOCIIIKYBaHOTO
00'€KTy OJHO3HAYHO OMHMCYIOTHCS TOCIIIOBHICTIO 1HBAapiaHTHUX BIJHOCHO BUJIY BXIJHOTO
CUrHaily 0araToOBUMIipHHMX BaroBux GyHKUiN — saep Boasreppu (SB).

ChiBBIIHOIIEHHST «BXIA—BUXIA» Uil HediHIAHOT auHamivyHoi cuctemu (HJC) 3
HEBIZIOMOIO CTPYKTYpOIO (TUIYy «UOPHHUH SIIMK») 3 OJHUM BXOJOM 1 OJIHUM BHUXIJIOM MOXE
OyTH IPECTABIEHO TUCKPETHUM KyOIYHUM MOJIiHOMOM BonbTeppu y BUrIsii:

yiml= Y y,lml =3 wikhm-kl+ 3 3wkl m—km-k]+

m m m (1)
+Z Z Z W3[k1’kz’ks]x[m_kl]x[m_kz]x[m_ks]:

ne Wilki], wolks ko], wa[ks,ko,ks] — nuckpetni Barosi ¢yukii (sapa BomsTeppu) 1-ro, 2-ro Ta
3-ro mopsakis; x[m], y[m] — BxigHa (cTuMyn) i BuxigHa (Biaryk) GyHkiii (CUrHa M) CUCTEMH,
sKa MOJCTIOEThCS, BIMMOBIMHO;, Yo[M] — mapmianbHi CKIaIOBI  BIATYKY (3ropTka
MOCIIJOBHOCTEHN N-TO MOPSAKY); M — AUCKPETHA IEPEMIHHA Yacy.

IHo0ynoBa moaesi BoabTeppn OPC Ha 0CHOBI JaHMX eKCNIEPUMEHTIB «BXiI-BHXII».
3amaya izenTrdikarii mosusrae y BEOOpi TeCTOBUX CUTHAIIB X[M] i po3po0IIi anropurmy, skui
JI03BOJISIE TI0 BUMIPIOBAHUM BiArykam Y[M] BuaiasaTu mapiianbHi ckianosi Ya[m], (n=1, 2, 3) i
BU3HAYaTH Ha iX ocHOBI SIB Wi[Ki], Wa[K1,Ko], Wa[K1,k2,Ks].

3 ypaxyBaHHsM cnerudiku nrocaimxysanoi OPC mns ineHTugikaiii BUKOPUCTOBYIOThCS
TECTOBI CTymiHYacCTi cUrHamu [5, 6]. Skmio TectoBuit curnan X[m]=0[m], ne 6[m] — onuHUYHA
¢bynkuis (pyHkmis Xesicaiina), Tomi mapiiianbHi ckiaamoBi BiAryky Yi[m], yo[m], ys[m]
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JOpiBHIOBATUMYTH Iepexiqnoi ¢yHkuii nepuioro nopsaky h[m] i miaronansHum neperuHam
nepexigHux QyHKiii 2-ro i 3-ro mopsakie  h,[m,m], h,[m,m,m] , Bixnosinguo:

m

Y1[m] = h1[m] = Z Wl[m - kl]!

k1=0

yiml=hImml=3 Y wm-k,m-k,],

kl =0 kz =0

Y Iml=h[mmm]=>" > > w[m-k,m-k, m-k,].
k=0 Ky=0 kg=0

BusHaueHHs migmiaroHaAIBPHUX TEPETHHIB MepexigHuX (YHKIIH IPYHTYEThCS Ha
BunpobyBanni HJIC 3a momomororo L TecTOBHMX CTYMiHYacCTUX CHUTHAIIB i3 3aJaHUMHU
amrmritygamu a;, iI=1,2,...,L (L>=N, N — cryminp nominoma Bonsreppn). Biaryku HJC, mo
IpU [IbOMY BHMIPIOIOTECS, To3HauuMo Yi[m], y2[m], ... , y.[m]. Biaryku moneni BonbTeppu
JIOPIBHIOBAaTUMYTh

yilml=ay,(ml+a’y,(ml+a’ys[m], i=1,2, ..., L;

ne  y,[m]= ﬁl[m], y,[m] = ﬁz[m, m], y.[m] = ﬁs[m, m,m] — OTpHMaHi OIIIHKH MapIiaIbHUX
CKJIQJIOBUX MOjIeli (6araTOBUMIpHUX MEePeXiTHuX QYHKITIH).
Jlnst BuszHaueHHsA nepexigaux ¢yHkuiii h[m], h,[m, m], h,[m,m,m] BuxopucroByeThCs

Mmeton HaiimeHmmx kBanpartiB (MHK), skuii 3a0e3nedye MiHIMYM cepelHbOKBAJAPATHUYHOL
MOXUOKY BiIXUIIEHHS BIATyKiB Mojeni Bi BiarykiB OPC Ha ofuH 1 TOH %e CTUMYIL:

Jy :Z(yj[m]—ia;‘yn[m]j —min . (2)

L
j=1

Miniwmizaniss kputepito (2) 3BOIUTHCS 1O BHPIMICHHS CUCTEMH HOPMAaJbHUX DIBHSIHB
I"aycca [5], sKy B BEKTOpHO-MaTpU4Hii (popMi1 MOXKHA 3alIUCaTH Yy BUIJISAIL

AAY =AY, 3)
Pl (&
a & oA yi[m] ya[m]
A_| a? ... al y= y,[m] e 9,[m] |
a_ al - al y [m] ynIm]

Po3p’s3aBumm cucremy piBHsAHB (3) BimHOCHO Y [m], ¥,[m], ¥,[m], orpumyemo ominkn
GaraToBuUMipHUX Tepeximaux ¢ymkmii OPC  h[m], h,[m,m], h[m,mm] B KOXHHII MOMEHT
yacy M Ha iHTepBalli criocTepekeHHs. 3 piBHAHHS (3), OTpUMYEMO

J=(A"A)Ay. (4)

3nificHuBIm B (4) MaTpUYHi Oniepailii, OTPUMYEMO
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A éa]z éaf Za;\lﬂ éajyj[m]
)A/l[m] L 5 L 4 L Ni2 L )
BIml | _| X&) 2@ >a . ;ajyj[m] -

Ynlm]

L
2-a; y;[m]
= i

B po6ori inenTudikaiis OPC 31iiCHIOEThCS Y BUTIISAAL TIepeXimiHux QyHKIid 1-ro, 2-ro
1 3-T0 mopsAaKy.

Opranizaniss Ta MeTOAMKAa eKCNEPUMEHTAJIBLHUX IO0CHIIKEeHb i3 3aCTOCYBAHHAM
TexHoJorii aiiTpexinry. [Ipu npoBefeHHI eKCIIEPUMEHTATBHUX JOCTIKEHb 3/1HCHIOIOTHCS
TaKi mii:

[Tpu npoBeieHH] eKCTIepUMEHTATBHUX JOCIIKEHb 3A1HCHIOIOTHCS TaKi il

® pECHOHJEHT (TIOAMHA, sIKA JIOCIIIKYETHCS) PO3MIIIYETHCS TEpe] KOMII I0TEPOM
TaKUM YUHOM, 100 #oro oui Oyau Ha piBHI LIEHTPY MOHITOPY Ha BifcTani 40-50 cM BiJ HHOTO
(puc. 1);

® T0JIOBA PECHOHEHTa (HIKCYETHCS 100 HE AOMYCKAaTH i pyXiB IPU JOCHIHKEHHIX Ta
JUTst 3a0e3MeUeHHs OJIHAKOBUX YMOB €KCIIEPUMEHTY;

® 33 TOTOBHICTIO PECIOHJAEHTA, CJiJ 3aIyCTUTH Tporpamy (GOpMYyBaHHS TECTOBHX
Bi3yasbHUX cTHUMYIiB Signal Manager (puc 2);

e B IEHTPi ekpaHy (abo BiJl WOTO Kparo) 3’SBISETHCS KPYKOK YEPBOHOTO KOJIBOPY —
cTapToBa mo3uilis (puc. 2, a);

® IICIIT HEBEIWKOI may3u (2-3 ¢) KpY)KOK B CTapTOBIM MO3MIIT 3HUKAE 1 3'SIBISIETHCS
KPY>KOK IHIIIOTO KOJIbOPY B TOYII 3 3aJJaHUMHU KOOpJAHHATaMH (pHC. 2, 0), IKHH € BI3yaJIbHUM
CTUMYJIOM (T€CTOBHM CHTHAJIOM), IO BiJOOPa’KA€THCS MPOTATOM 3aJaHOi TpUBaiIocTi 1-2 ¢
(114 Aist 3MYIIY€E OKO PYXaTUCh B HAIIPSIMKY Ha BI3yaJIbHUH CTUMYIN);

e Jjaii Iel KpYKOK 3HUKA€E Ta 3'ABISIETHCS KPYKOK YEPBOHOTO KOJIHOPY B CTapTOBIii
no3uii (11e 3MyIlye OKO pyXaTHCh Y 3BOPOTHOMY HANpSIMKY JIO CTapTOBOI MO3MUIIIT) 1 MICHs
[UX Jill eKCIEPUMEHT 3aBEPIYEThCS,

® 3a JIOTIOMOTOI0 alTpeKepy BH3HAYAOTHCS KOOPJWHATH 31HHIIl OKa B IIPOIECI HOTo
pyxy (peakuii Ha Bi3yaJbHHH CTHMYI) B MEpioA MK CTAPTOBUMM MO3MIISIMU 1 3HAUEHHS
KoopauHaT 30epiratoThbes y daitmi tuny xls (puc. 3).

Puc. 1. Cxema po3sranryBaHHs peCIOHACHTa
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a 0

Puc. 2. TecToBi Bi3yalibHi CTUMYJIH: @ — CTAPTOBA MO3MIIisT; O — MO3HULIISA CTUMYJIA

570
540
510
480
450
420
390
360
30

300

270
240
210

Puc. 3. Binryku OPC npu L=3, mo orpumano 3a gornomororo aiirpekepa TOBII PRO TX300

VY nocnipkeHH1 KOKHOTO PECIIOH/IEHTA MOCIII0BHO peaji3oBaHi TpH eKCIIEpUMEHTa s
3-X aMIUTITYZl TECTOBUX CUTHAJIB B HAIPSMKY «I10 TOPU3OHTANI» (puUC. 2, 6). MiX cTapTOBOIO
MO3MIIEI0 Ta TECTOBUMH CTHMYyJaMmu Biactani gopiBHioOTh: 0.33ly, 0.66ly, 1.0l, me Iy —
TOBXHHA eKkpaHy MoHiTopa. Koopmunartu craproBoi mosumii (X=0; y=0.5ly), |, — mmpuna
eKpaHy MoHiTopa (puc. 2, a).

Excnepumenrtansui  nociipkenHs  OPC mpoBoawiucs 3 BUKOPUCTaHHSIM
BHUCOKOTEXHOJIOTIYHOTO 00nMagHanHs — aitpekepa Tobii Pro TX300 (300 Hz), naganoro ans
nocaiakeHb LleHTpoM 1HHOBAIIM Ta IPOCYHYTHX T€XHOJIOT1H JIF0OIIHCHKOTO TEXHOIOTTYHOT O
yHiBepcurety (JIro6ain, [Tonbima) [8].

Pe3yabTaTH nociiakeHb

Excnepumentn Oyno  OpraHi3oBaHo 3 MeTO0  Kiacudikaiii pecroHICHTIB
(iHpopMaHTIB) 3a CTaHOM BTOMH. 30ip JaHUX Ui OTPUMaHHS TPEHYBaJIbHOI MOCIIAOBHOCTI,
10 BUKOPUCTOBYETHCS Ul HAaBYaHHS Kiacu@ikaTopa, MOJISIrae B BUMIPIOBAaHHSX BiJITIYKiB
OPC Ha ogHaKoBI TECTOB1 CUTHAM, SKi 3IHCHIOIOTHCS B Pi3HUN Yac nHA: «Bpanmi» (1o
pobotn) 1 «BBeuepi» (micas pobotu). OTpuMaHi eKCrepUuMEeHTaNbHI aHi s imeHTudikarii
OPC Bix aiiTpekepa NpH pI3HUX aMIUIITyax TECTOBUX cHUrHamiB «Bpanmi» 1 «Bseuepi»
MpEJICTaBICHO Ha pPHUCYHKY 4, a, 6. YcepenneHi 3HaueHHs BiarykiB OPC «Bpanmi» i
«BBeuepi» HaBeIeHO Ha PUCYHKY O.
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Object responses in the morning Object responses in the evening

a3

08

a2

°
>

Object responses

g
N
5

Object responses

02

5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
Frames (time) Frames (time)

a 0

Puc. 4. Binryku OPC npu pi3HMX aMIUITyZaX TECTOBUX CUTHamiB: a — «Bpanmi»;, 0 —
«BBeuepi»

3a ycepeHEHHMMH JaHUMU BIATYKIB OPC Ha Bi3yaJlbHI CTUMYIJIU 3 Pi3HOIO BIJICTAHHIO BiJ
CTapTOBOI MO3UIIi1 HA OCHOBI 00UYHKCIICHD 3a (hopmyJioro (5) BU3HAUCHO mepexinHi GyHKIIT opc
NPy BUKOPHUCTAaHHI anpokcumaliiitaux moneneit pizHoro crymenss N (N=1, 2, 3). I'padiku
nepexigHuX QyHKIIH A cTaHiB pecrioHeHTa «Bpaniii» Ta «BBedepi» Ha ocHOBI Mozeni (1)
npu N=1 npexacrasneni Ha puc.6, npu N=2 — Ha puc. 7 ta npu N=3 — Ha puc. 8. BuznaueHo
BIJI'YKH 32 JJOIIOMOT'0I0 PO3PAaXyHKIB Ha MOJIENISAX IIPH PI3HUX aMIUTITYJIaX TECTOBUX CUTHAJIIB
Jutst aHanoriyHux craiB npu N=1, 2, 3, rpadiku sIKUX HAaBOJAATHCS y MOPIBHSAHHI 3 TOAIOHUMHU
Binrykamu OPC nHa puc. 9, 10 Ta 11, Biamoimno. Ha puc. 12 mnpuBeneni rpadiku
pO3paxoBaHMX HAa MOJENi sl N=3 BIATYKiB NpU PI3HUX aMIUIITyJaX TECTOBHX CHUTHAJIB
«BpAHIL» 1 «BBEUEPIN.

Sk MokHa OaunTH 3 pUCYHKA 4, oTprMaHi mepexiaHi GyHKmii 1is craHiB «Bpanmi» ta
«BBeuepi» mepuioro mopsAKy HMPakTUYHO HE 3alexarb BiJl cTaHy pecnosjeHrta. Ilpote,
JlaroHalbHI TEPEeTUHU NepexiAHUX (QYHKLIA JIpyroro Ta TPETbOro MOPSAKIB 1CTOTHO
3MIHIOIOTbCS 32  BEJIMYMHOIO 1, OTKE, B TMOJANBIIOMY MOXYTh €(EKTUBHO
BUKOPUCTOBYBATHCS, SIK JDKEPENO TEPBHHHUX JAaHUX MpH MOOYIOBi, 13 3aCTOCYBaHHSIM
MAaIlMHHOTO HaBUYaHHs, JIarHOCTUYHUX Mojenedl — kiacuikaropiB NcHXo(]i3ionoriyHux
CTaHIB JIFOJIUHU.

Object responses in the morning and evening First order model transition functions
T T T T T T T T T T

Moming Morning
AL Evening | | WL Evening | |

a3 hi{Y)

L //. 1 o8 S

Responses
o
5

|

|

|

|

|

|

Transition functions

° o
2 s

02

5 10 15 20 25 30 35 40 5 10 15 20 2 ] 3 40
Frames (time) Frames (lime)

Puc. 5. VYcepenueni Binryku OPC  npu Pwue. 6. Ouinku nepexiznux QpyHKuiii mpu
pi3HHX aMmIUliTygax TectoBux curHaiiB N=1 «Bpanui» i «BBeuepi»
«Bpanui» 1 «BBeuepi»
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2 Second order model transition functions . Second order model transition functions
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Puc. 7. Ouinku nepexiguux ¢ynkuiii npu N=2  Puc. 8. Ominku nepexigaux GpyHKIii npu
«Bpanii» i «Beuepi» N=3 «Bpanmi» i «BBeuepi»

Object and first order model in the morning Object and second order mode! responses in the moming
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Puc. 9. Biaryku OPC ta mozeni npu N=1 Puec. 10. Biaryku OPC Tta mozeni nmpu N=2
IPU PI3HUX aMILTITYyJaX TECTOBUX CUTHAIIB MPU PI3HUX aMIUITYAAaX TECTOBUX CHUTHAJIIB
«Bpamnti» «Bpasmi»
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Puc. 11. Binryku OPC Tta momenmi mis N=3 Puc. 12. Biaryku moxmeni mis N=3 mpu
OpU PI3HUX aMIUITYyAaX TECTOBUX CHUTHAJIB pI3HUX AaMIUITylax TECTOBUX CHUTHAJIIB
«Bpasii» «Bpanti» 1 «Beeuepi»
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BucnoBku

Po3pobiieHo  MeTomuMKy Ta  IHCTpyMEHTalIbHI MpOrpaMHi  3aco0iB  MOOYJIOBH
HenapaMeTpuuHoi auHaMigyHoi Moaen OPC moauHu Ha OCHOBI JIAHUX €KCIEPUMEHTATBHHIX
JIOCJTIJDKEHDb «BX1J-BUX1» 13 3aCTOCYBAaHHSAM TECTOBHX BI3yaJIbHMX CTUMYJIiB Ta IHHOBaIIMHO1
TEXHOJIOTIT aWTpekiHry. 3iiiicHeHOo eKkcnepuMeHTanbHi jgociuipkenHs OPC  omnoro
PECIIOHJIEHTa 10 TO4YaTKy Ta Imicias pobouoro mHsA. Ha OCHOBI naHMX, OTpHUMaHUX 3a
JIOTIOMOTOI0 aifiTpekepa, BU3HaueHo mnepexiani ¢yHkuii 1-ro, 2-ro ta 3-ro mopsuakie OPC.
BusiBneno 3wmiHHICTE mepeximHuX (yHKOiH 2-ro Ta 3-r0  TOPSAKIB  UISL  PI3HHUX
ncuxo(i3ioNOTiYHNX CTaHIB PECHOHJEHTa (3a piBHEM BTOMH). TakuM YHHOM, iX MOXKHA
BUKOPHUCTOBYBATH B JIIarHOCTHYHMX JOCIIKEHHSAX B 00J1aCTI HEHPOHAYK Ta MICUXOJIOT1I.
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VccrenoBanue IBIDKEHUH TJ1a3 4eJlOBEKa M TPAGKTOPHUH HMX IIEPEMEIICHHS MO3BOJISIOT
PacKphITh CTPYKTYPY B3aHMMOOTHOILICHWH HWHAWBHAA CO CpEOOH, YeJIOBEeKa C MHPOM.
AHanu3 B3aMMOCBS3M OKYJIOMOTOPHUKBI C ILICHTPAJIbHON HEPBHOM CHUCTEMOM, C OJHOMU
CTOPOHBI, C COJIEPKaHWEM IICHUXHYECKUX IPOIECCOB - C IPYTOH, C pa3uIHBIMHU (popMamMu
AKTUBHOCTH (TIOBEJCHHUEM, JEATEIBHOCTHIO, OOIIEHHEM) - C TPEThEeH, CIOCOOCTBYET
M3YYEHHIO MEXaHM3MOB pabOTBl MO3ra M WX HapYIICHHUS, BBIABICHHBIE JIWHAMHKH
NCUXO(HU3HOJIIOTHYECKUX ~ COCTOSHMH ~ YeJIOBEKa,  3aKOHOMEPHOCTEH  BOCIIPUSATHS,
MBIIUICHUSI, TPEJCTABICHAN, MUQQEepeHINAMN WHTCHIUH, HAMEPEHHHA W YCTaHOBOK
JMYHOCTH. 3HaHME O JBIDKCHUH IJIa3 MMEIOT OOJbIIOE TEOPETHYECKOE W NPHUKIIAJHOE
3HAUEHME, PacHIUpsAs BO3MOXKHOCTH HM3YUCHHMs CIEHU(UKH MHOTHX NMPOQeccHidl C LeNbIo
MOBBITICHUS 3(PGEKTUBHOCTH (PYHKIHMOHUPOBAHHS CYOBEKTa TPYAOBOHW JAEATEIEHOCTH.
Henpto paboTel sBIsieTCs pa3paboTKa WHCTPYMEHTAJBHBIX IPOTPAMMHBIX  CPEICTB
MIOCTPOCHHS HEMapaMeTPUUECKON ITWHAMHYECKOW MOJENH TJIa30-IBUTATENbHON CHCTEMBI
("AC) uenoBeka ¢ y4eTOM €ro MHEPIIMOHHBIX W HEJIMHEHHBIX CBOWCTB Ha OCHOBE JIAHHBIX
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SKCIIEPUMEHTANBHBIX HCCIEAOBAHUI «BXOJ-BBIXOJ» C HCHOJB30BAHUEM TECTOBBIX
BU3yalbHBIX CTUMYJIOB ¥  HWHHOBAI[MOHHOW TexHoJormu airpekumHra. OObekT
uccienoBanus - mponecc uaeHtuuxamuu [JIC Ha OCHOBE NaHHBIX OTCIICKHUBAHUS
JBIDKCHUS T71a3 - OTKIMKOB Ha BHEIIHWE BO3JCHCTBHSA B BHJC BU3yalbHBIX CTHUMYJIOB,
oToOpakaeMBIX Ha PKpaHe MOHHUTOpa (mporecc aifrpexunra). [Ipemmer mccienoBaHUS -
MHCTPYMEHTAJIbHBIC BBIYMCINTEIBHBIE W TNPOTPAMMHBIE CPEICTBA IMOCTPOCHUS MOJACIH
Bonbreppsl I'’/IC B BHIE MHOTOMEPHBIX NEPEXOAHBIX (YHKIMII Ha OCHOBE JaHHBIX
aiirpeknnra. Pazpaborano nporpamMmmHoe oGecnieuenne naentudukaunu ['JIC ¢ momousio
cpeactB cucteMbl Matlab. Mcnonb3yroTcsi TeCTOBbIE BU3YyallbHbIE CTHMYJIBI B BHJIE SPKHX
TOYEK, KOTOPHIE IIOCIENOBAaTEIbHO OTOOPAXKAIOTCA HA pa3IMUHBIX PACCTOSHHUAX OT
CTapTOBOH MO3MLMKH. JTO (OPMaJIbLHO COOTBETCTBYET PAa3IMYHBIM aMIUIMTYJaM TECTOBBIX
CTyNeH4YaThIX curHanoB. [lepexoansie GyHKIMHU 1-T0, 2-T0 U 3-TO MOPSAAKOB ONPENEISIOTCS
C TIOMOINBI0 METO/a HAaMMEHBIIMX KBaApaToB. Pa3zpaboTaHHBIE NMPOTpaMMHBIE CPENCTBA
00pabOTKM  MAaHHBIX  aWTperHHra  anmpoOMpPOBaHBI  HAa  pEajbHBIX  JTaHHBIX
skcrepuMenTanpHoro  uccnenoBanmsa [ JIC. Bepudukamuss TOCTPOCHHOW — MOIETH
MOATBEPIKIAeT afeKBaTHOCTh ee wmcciexyemoir I'/IC — mpakTmyeckoe coBmazeHue (B
npezenax mpuemiieMoii morpemrHoctr) oTkiukoB ['JIC u ee Mozmeny mpu OTHOM M TOM JKe
TECTOBOM CHTHAJIE.

KiawueBble cjioBa: ria3o-IBUraTelibHas CHCTeMa, UACHTH(UKANUA, Moaeidb Bonbreppa,
MHOTOMEPHBIC MNEPEXOAHBIC (byHKHI/II/I, TCCTOBBIC BU3YaJIbHBIC CTUMYIJIbl, TEXHOJOTHUA
alTpeKUHra.

IDENTIFICATION OF THE OCULO-MOTOR SYSTEM BASED ON VOLTERRA
MODEL AND EYE-TRACKING TECHNOLOGY

V.D. Pavlenko, D.V. Broska, V.S. Chornyi

Odessa National Polytechnic University,
1, Shevchenko Ave., Odessa, 65044, Ukraine; e-mail: pavlenko_vittalij@ukr.net,
dmitrij.broska98@gmail.com, chornyyvova@ukr.net

The study of human eye movements and the trajectory of their movement allows us to
reveal the structure of the relationship of an individual with the environment, a person with
the world. Analysis of the relationship of oculomotoric of the Central nervous system, on
the one hand, with the content of mental processes on the other, with various forms of
activity (behavior, activity, communication) - with a third, promotes the study of brain
mechanisms and their violations of the dynamics of psychophysiological state of man, the
laws of perception, thinking, perceptions, differentiation of intentions, intentions and
attitudes of the individual. Knowledge about eye movement is of great theoretical and
applied importance, expanding the possibilities of studying the specifics of many
professions in order to improve the efficiency of the subject of labor activity. The purpose
of this work is to develop instrumental software tools for constructing a nonparametric
dynamical model of the human eye-motor system (EMS), taking into account its inertial
and nonlinear properties, based on data from experimental «input-output» studies using test
visual stimulus and innovative eye-tracking technology. The object of the study is the
process of identification EMS based on eye-tracking data-responses to external influences
in the form of visual stimulus displayed on the monitor screen (the eye-tracking process).
The subject of the research is instrumental computing and software tools for building the
Volterra model of the EMS in the form of multidimensional transition functions based on
data from eye-tracking. Software for identification of the EMS using Matlab tools has been
developed. Test visual stimulus in the form of bright points that are consistently displayed
at different distances from the starting position are used. This formally corresponds to the
different amplitudes of the step test signals. The transition functions of the 1st, 2nd, and 3rd
orders are determined using the least squares method. The developed software tools for data
processing of the eye-tracking are tested on real data from an experimental study of the
EMS. Verification of the constructed model confirms the adequacy model of the
investigated EMS — a practical coincidence (within an acceptable error) of the responses of
the EMS and its model at the same test signal.

Keywords: oculomotor system, identification, VVolterra model, multidimensional transition
functions, test visual stimulus, Eye-tracking technology.
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ADAPTIVE MODELING AND FORECASTING ECONOMIC AND FINANCIAL
PROCESSES

P.1. Bidyuk®, O.P. Gozhyj? 1.0. Kalinina?, V.J. Danilov}, O.L. Jirov*

!National technical university of Ukraine «lgor Sikorsky Kyiv polytechnic institute»
37 Peremogy Ave., Kyiv, 03056, Ukraine; e-mail: pbidyuke_00@ukr.net, danilov1950@gmail.com,
jirov@ukr.net
“Petro Mohyla Black Sea National University,
10, 68 Desantnikiv Str., Nikolaev, 54003, Ukraine; e-mail: alex_gozhyj@gmail.com,
irina.kalininal612@gmail.com

The study is directed towards development of adaptive decision support system for
modeling and forecasting nonlinear nonstationary processes in economy, finances and other
areas of human activities. Widely known are the heteroscedastic, integrated, and
cointegrated processes. To determine correctly the processes class special statistical tests
are applied what results in correct selection of the model structure. The structure and
parameter adaptation procedures for the regression and probabilistic models are proposed
as well as respective information system architecture and functional layout are developed.
The system development is based on the modern system analysis principles such as
hierarchical information system development approach, adaptive model structure
estimation, optimization of model parameter estimation procedures, identification, taking
into consideration and influence minimization of possible uncertainties met in the whole
process of data processing, mathematical model development and forecast estimation. The
uncertainties are inherent to data collecting, model structure and parameter estimation,
forecasting procedures and play a role of negative influence factors to the information
system computational procedures. Reduction of their influence is favorable for enhancing
the quality of intermediate and final results of computational experiments. All the methods,
models and procedures developed are functioning in the frames of the information decision
support system proposed. The system functioning is directed towards improvement of
model and forecasts quality as well as decisions based on the forecasts. The illustrative
examples of practical application of the system developed proving the system functionality
are provided.

Keywords: nonlinear nonstationary processes, decision support system, model structure
and parameter adaptation, uncertainty identification and minimization, short term
forecasting.

Introduction

Modeling and forecasting financial, economic, ecological, climatology and many other
processes is important problem that is to be solved by many companies in business, at the
state and industrial enterprises, scientific and educational laboratories etc. The most
distinctive features of such processes today are non-stationarity and nonlinearity that require
special attention to estimating respective model structure and its parameters. To improve the
forecasts based upon mathematical models it is necessary to develop new model structures
that would adequately describe the processes under study and provide a possibility for
computing high quality forecasts. One of the most promising modern approaches to modeling
and forecasting is based upon so called systemic approach that supposes application of system
analysis principles (SAP) in the frames of specialized decision support system (DSS) [1 — 3].
Usually the set of the principles includes the following ones: — constructing DSS according to
the hierarchical strategy to decision making; — application of optimization and adaptation
techniques for model building, forecasting and control; — identification of possible
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uncertainties (the factors of negative influence to the computational procedures used in DSS
that are of various kind and origin) and application of algorithmic means helping to reduce
their influence on the quality of intermediate and final results of data processing and decision
making [4]. Some other principles could be hired though perhaps not so important as those
mentioned above. The most important for practical use are the principles of adaptation and
optimization that are helpful for enhancing adequacy of the models being constructed and
improving the quality of intermediate and final results.

There are many examples of positive applications of adaptation techniques in modeling,
forecasting and control [5 — 7]. This is especially urgent task for analyzing non-stationary
processes met practically in all the areas mentioned above. There are two basic directions of
adaptation while solving the modeling problems: adaptation of model structure and
parameters. According to our definition the notion of model structure includes the following
elements: — model dimension that is determined by the number of its equations; — order that is
determined by the highest order of a model equation; — output reaction delay time (or lag) for
independent variables (regressors); — system or process nonlinearity and its type (nonlinearity
with respect to variables or to parameters); — type of external stochastic disturbance
(distribution and its parameters); — system (process) initial conditions and possible restrictions
on variables and/or model parameters [8]. Thus, we have many possibilities for model
structure corrections and its adaptation to varying modes and conditions of application.

The books [6 — 8] consider various possibilities for mathematical models adaptation and
their further applications to short-term forecasting dynamics of specific processes under
consideration. The set of possible model structures proposed is very wide, starting from linear
regression equations and up to sophisticated probabilistic models in the form of Bayesian
networks, various nonlinear structures and combined models. There can be found some
adaptation procedures illustrating possible changes of a model structure and re-computing of
their parameters. It is stressed that application of adaptation schemes helps to increase model
adequacy in changing conditions of random external influences, nonlinearity and non-
stationarity of the process under study.

The study [9] describes procedures for constructing adaptive regression models on the
basis of large datasets. The authors proposed development of decision rules in application to
machine learning. They stress that model trees and regression rules are most expressive
approaches for data mining procedures of model development. The adaptive model rules
proposed in the study create a one-pass algorithm that can adapt available set of rules to the
changes in the processes under consideration. The sets of rules generated can be ordered or
unordered, and it was shown experimentally that unordered rules exhibited higher
performance in the terms of statistical quality parameters of the models generated.

The results presented in [10-11] consider the problem of adaptive models constructing
for nonstationary heteroscedastic processes widely known today in analysis of financial time
series. The authors proposed a procedure for automated constructing and model selection in
finance. The flexible procedure is general-to-specific modeling of the mean, variance and
probabilistic distribution. The initial specification of a model starts from autoregressive terms
and regressors (explanatory variables). The variance specification is based upon log-ARCH
and log-GARCH terms, the term of asymmetry, Bernoulli jumps and other possible
explanatory variables. The algorithm developed returns specifications of parsimonious mean
and variance as well as standardized error distribution in cases when normality is rejected.
The extensive Monte Carlo simulations were performed and three empirical applications
studied that support usefulness of the method proposed for practical analysis of financial data.

The use of adaptive exponential smoothing for lumpy demand forecasting is considered
in [12]. It showed substantial advantages over some conventional approaches used in practice
due to appropriate selecting the model smoothing factor. Kalman filter is used to perform
preliminary measurement data processing, and then forecasting models are constructed using
adaptive smoothing factor based upon optimal filter weighting function. As a result the model
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performance with this weighting function managed to generate smaller forecasting errors than
their counterparts used in demand prediction.

Adaptive forecasting of dynamic processes in conditions when recent and ongoing
structural changes are present is considered in [13], and the nature of the changes is unknown.
The authors used the method of downweighting older data based on the tuning parameter
found as a result of minimizing mean square error of time series forecasts. A detailed
theoretical analysis of the forecasting method is presented as well as positive results of
multiple computational experiments based upon macroeconomic data from US economy.

The problem of short-term forecasting in conditions of structural breaks availability is
considered in [14]. The optimal one step ahead forecasts are generated using known
exponential smoothing techniques. Analytical expressions are derived for optimal weights in
models with one and multiple regressors. The authors showed that the weight remains the
same within a given operating regime of a system under study. The comparative study of the
method proposed was performed using Monte Carlo simulations and the data from industrial
economies. It was shown that robust optimal weights provide high quality short-term
forecasts when information on structural breaks is uncertain.

A short review of adaptive approaches to modeling and forecasting processes in various
areas of human activities shows that appropriate adaption of the models constructed usually
helps to construct adequate models and to enhance forecast quality. The study proposed is
directed towards development of adaptive forecasting system providing a possibility for
forecasting nonlinear nonstationary processes (NNPs) met in economy, finances, ecology etc.

Problem statement

The purpose of the study is in solving the following problems: to develop structure and
parameter adaptation procedures for the regression and probabilistic models; development of
the system architecture for modeling and forecasting nonlinear nonstationary processes in
economy, finances, ecology and other areas based on the system analysis principles; to
consider possibilities for elimination of some uncertainties inherent in data collecting, model
constructing and forecasting procedures; development of methodology for modeling and
forecasting linear and nonlinear processes in the frames of the same system; providing
illustrative examples of practical application of the system developed proving the system
functionality.

Some features of the processes in economy, finances and ecology

A wide diversity of various processes exists in economy, finances, ecology,
demography and other areas of human activity. However, there are some general common
features of the process like linearity/nonlinearity, stationarity/nonstationarity that allow to
divide them into practically understandable classes and select appropriate modeling and
forecasting techniques. Fig. 1 shows simplified classification of the processes from which we
can make a conclusion about wide variety of mathematical model structures that could be
applied for formal description of the processes dynamics and solving the problem of
forecasting their evolution in time.

Linear processes can be stationary without trend and nonstationary when they contain
linear (first order) trend 1(1), where 1(1) means integrated of the first order. If variance
(covariance) of stochastic linear process is time dependent then it is classified as
heteroscedastic and requires nonlinear models for describing the process variance and
possibly the process itself.

There also exists a wide variety of nonlinear processes though we selected only some of
them that are more frequent in economy and finances. Generally the processes can be split
into nonlinear regarding parameters and nonlinear regarding variables. The first type is more
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sophisticated with respect to modeling and parameter estimation and usually requires more
efforts and time for the model development, it is not considered here. As an example of such a
model can be mentioned logistic regression.

Dynamic processes in economy, finances,
ecology and other areas

[ Linear processes ] [ Nonlinear processes ]
Stationary ] [ Nonstationary ] Piecewise [ Nonstationary }
stationary

Linearly ‘
intearated —

[ Integrated ]*
[ Cointegrated ]—
[

Heteroscedastic ]—
Fig. 1. A simplified classification of dynamic processes in economy and finances

Linear processes can be stationary without trend and nonstationary when they contain
linear (first order) trend 1(1), where 1(1) means integrated of the first order. If variance
(covariance) of stochastic linear process is time dependent then it is classified as
heteroscedastic and requires nonlinear models for describing the process variance and
possibly the process itself.

There also exists a wide variety of nonlinear processes though we selected only some of
them that are more frequent in economy and finances. Generally the processes can be split
into nonlinear regarding parameters and nonlinear regarding variables. The first type is more
sophisticated with respect to modeling and parameter estimation and usually requires more
efforts and time for the model development, it is not considered here. As an example of such a
model can be mentioned logistic regression.

Some nonlinear processes can exhibit linear behavior in their stable mode of operation.
This feature allows for linear description of the process in the vicinity of operating point.
Generally NNPs are very often met in the areas of study mentioned above. The set of the
processes includes integrated processes (IP) that contain a trend of order two or higher as well
as cointegrated processes with the trends of the same order, and the processes with time
changing variance. i. e. heteroscedastic processes. Most of financial processes illustrating
price evolution of stock instruments belong to this class [15, 16]. In engineering applications
such processes are studied in diagnostic systems where appropriate decision is made
regarding current system state.

Methodology of modeling nonlinear nonstationary processes

The methodology proposed for modeling NNP illustrates Fig. 2.

At the first step of the methodology the data collected is subjected to preliminary
processing that may include the following basic operations: imputation of missing
observations, normalization in a given range, digital or optimal filtering dependently on
problem statement, principal component analysis, appropriate processing of outliers etc.
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Fig. 2. Functional layout of the forecasting system proposed

Here it is also appropriate to perform identifi

cation and elimination (reduction) of data

uncertainties that may touch the following: non-measurable value estimation; computing the
general statistical parameters (variance, covariance, mean, median etc.); performing data

structuring according to the problem statement;

analysis of distribution types and their

parameters; estimation of prior probabilities where necessary [17, 18].
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Estimation of a model structure using statistical and probabilistic (mutual) information
analysis that provides a possibility for estimation of the following elements of a model
structure: dimension of a model — number of equations creating the model; model order
(highest order of difference or differential equation of the model); nonlinearity and its type;
estimate of input delay time, and type of probabilistic distribution for the model variables. It
is always appropriate to perform structure estimation for several candidate-models so that to
have a possibility for selecting the best one of the candidates estimated.

Formally, to detect nonlinearity in statistical data available statistical tests and
techniques should be applied. Fig. 3 shows some known techniques for testing the data for
nonlinearity.

Nonlinearity detection

Known techniques
Analysis Variance Correlation Generalize Fisher test
of spectral || analysis based procedures for d variable on
function method nonlinearity analysis approach nonlinearity
y \ / v
- : _ Does not
Preliminary Requires Complex computing require Preliminary
filtering solving of of functions complex data
and extra complex represented by computing processing
data Integral VOIterra Series can be iS required
processing equation applied to
is required short samples
Empirical
nonlinearit Simple computations,
Proposed y criterion: 2| can be applied to short
S|mp_I|f|ed D=R samples
empirical e
criterion

Fig. 3. Some techniques for testing data for nonlinearity

Along with application known technics we proposed a new simplified empirical
criterion for detecting nonlinearity in data that is shown below in the Fig. 3: here R is
maximum deviation of the process under study from its linear approximation; ¢ is sample
standard deviation of the process. It does not require sophisticated computations though
provides for additional information about availability of nonlinearity.

The sequence of operations allowing for constructing nonlinear model illustrates Fig. 4;
actually this is a part of general model constructing procedure given in Fig. 2.

Possible nonlinearities (with respect to model variables) could be taken in the following
way: first linear part is estimated using known linear structures like autoregressive equations
with moving average with linear trend, paired or multiple regression etc. Then nonlinear part
of the model is added in the form of nonlinear trend, quadratic, bilinear or higher order terms,
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nonlinear terms describing cyclic changes of the main variable etc. The modeling practice
shows that acceptable model adequacy can be often reached using combination of linear and
nonlinear regression, linear regression and Bayesian networks, linear regression and special
nonlinear functions like nonparametric kernels. Using this approach a set of candidate models
could be constructed with subsequent selecting the best one using appropriate set of statistical
adequacy criteria as shown in Fig. 2. Unfortunately formal possibilities for determining in a
unique way the type of nonlinearity not always exist, especially when the data samples are

short.
ﬂ Data

4 N\
Preliminary data processing
& J
A 4
s A
Testing data for nonlinearity
- J
A 4
( )
Estimation of linear model structure
& J
g
( - - - \
Selection of terms for describing
nonlinear component

)

Is nonlinear model
adequate?

l Yes

[ Forecast estimation ]

!

Fig. 4. Procedure for formal describing nonlinear process

The next step is model parameter estimation by making use of alternative techniques; in
linear case these are the following ones: ordinary least squares (OLS) and its clones,
maximum likelihood (ML) and many others. In a case of nonlinear model estimation the
following methods are useful: ML, Markov Chain Monte Carlo (MCMC) procedures [19],
nonlinear least squares (NLS) and other suitable approaches able to provide unbiased
parameter estimates under specific probabilistic distributions of model variables and model
structures. Correct application of alternative parameter estimation techniques provides a
possibility for further comparison of the candidate models and selection of the best one. It is
also possible to trace the reasons for existing parametric uncertainties in the following form:
parameter estimates computed with statistical data cannot be consistent, they may contain
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bias, and can be inefficient. All these effects finally result in poor adequacy of the model
constructed.

At the next stage is computed a set of statistical parameters characterizing model quality
(adequacy) and selecting the most suitable model out of the set of candidate models. There is
no need to leave only one model for computing forecasts (or solving control problem). Again,
it can be a set of the “best” models constructed on different ideologies. The final choice is
always made after models application for solving the problem according to the initial problem
statement.

After computing the process (under study) forecasts using candidate models another set
of forecast quality criteria is applied to select the best result, say mean absolute percentage
error (MAPE), Theil coefficient, mean absolute error (MAE), minimum and maximum errors
of forecasting etc. The models constructed should also be tested on similar process, i.e. model
calibration process performed.

At this point we can conclude that availability of the data uncertainties mentioned, and
the necessity for hierarchical construction of the data processing system with the features of
adaptation and optimization (structural and parametric) require application of the modern
systemic approach that provides a possibility for successful and high quality solving the
problems encountered during statistical data processing, mathematical model construction,
forecast estimation and generating the decision alternatives. In this study we propose some
practical possibilities for constructing data processing procedures based on modern principles
of systemic approach.

Dealing with model structure uncertainties. When using DSS, model structure should
practically always be estimated using data. It means that elements of the model structure
accept almost always only approximate values. When a model is constructed for forecasting
we build several candidates and select the best one of them using a set of model quality
(adequacy) statistics. Generally we could define the following techniques to fight structural
uncertainties: gradual refinement of model order (for AR(p) or ARMA(p, q) structures)
applying adaptive approach to modeling and automatic search for the “best” structure using
complex statistical quality criteria; adaptive estimation of input delay time (lag) and the type
of data distribution with its parameters; formal description of detected process nonlinearities
using alternative analytical forms with subsequent estimation of model adequacy and forecast
quality. A simple example of the complex model and forecast criterion may look as follows:

J =[1-R?|+[2-DW[+ £In(MAPE) — min;
or in more complicated form:

J=f1- R2‘+aln{ie2(k)}r|2— DW|+ 5 In(MAPE ) +U — min,
k=1 i

N N
where R? is determination coefficient; > e?(k) =D [y(k) - y(k)J is a sum of squared model
k=1 k=1

errors; DW is Durbin-Watson statistic, MAPE is mean absolute percentage error for one
step-ahead forecasts; U is Theil coefficient that characterizes forecasting capability of a

model; «,f are appropriately selected weighting coefficients; éi is parameter vector for

I—th candidate model. A combined criterion of this type is used for automatic selection of
the best candidate model constructed. The criteria presented also allow operation of DSS in
adaptive mode. Obviously, other forms of the combined criteria are possible dependently on
specific purpose of model building. What is important while constructing the criterion: not to
overweigh separate members in right hand side that would suppress other components.
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Coping with uncertainties of a level (amplitude) type. The availability of random and/or
non-measurable variables results in the necessity of hiring fuzzy sets for describing processes
in such situations. The variable with random amplitude can be described with some
probability distribution if the measurements are available or when they come for analysis in
acceptable time span. However, some variables cannot be measured in principle, say amount
of shadow capital that “disappears” every month in offshore zones, or amount of shadow
salaries paid at some company, or a technology parameter that cannot be measures on-line due
to absence of appropriate gauge or in-situ physical difficulties. In such situations it is possible
to assign to the variable a set of characteristic values in linguistic form, say as follows: capital
amount = { very low, low, medium, high, very high }. There exists a complete set of
necessary mathematical operations to be applied to such fuzzy variables. Finally fuzzy value
can be transformed into exact non-fuzzy form using known transformation techniques.

Probabilistic uncertainties and their description. The use of random variables leads to
the necessity of estimating actual probability distributions and their application in inference
computing procedures. Usually observed value is known only approximately though we know
the limits for the actual values. Appropriate probability distributions are very useful for
describing the processes under study in such situations. When dealing with discrete outcomes,
we assign probabilities to specific outcomes using a mass function. It shows how much
“weight” (or mass) to assign to each observation or measurement. An answer to the question
about the value of a particular outcome will be its mass. The Kolmogorov’s axioms of
probability are helpful for deeper understanding of what is going on. If two or more variables
are analyzed simultaneously it is necessary to construct and use joint distributions. Joint
distributions allow estimation of conditional probabilities using renormalization procedures
when necessary.

Very helpful for performing probabilistic computations is a notion of conditional
independence: P(x,y|z)=P(x|z)P(y|z), where X and Yy are independent events. Such

identities are very handy though one should be careful when using them, i.e. the events should
be actually independent. The remarkable intuitive meaning of discrete Bayes’ law,
P(A/B)=P(B/A)P(A)/P(B), is that it allows to ask the reverse questions: “Given that

event A happened, what is the probability that a particular event B evoked it?”” The marginal
probability, P(B), can be computed using appropriate conditionals. The probability that event

B will occur in general, P(B), could be obtained from the following condition:
P(B)=P(B/A)P(A)+P(B/A)P(A).

The probabilistic types of uncertainties regarding whether or not some event will
happen can be taken into consideration with probabilistic models. To solve the problem of
describing and taking into account such uncertainties a variety of Bayesian models could be
hired that are considered as Bayesian Programming formalism. The set of the models includes
Bayesian networks (BN), dynamic Bayesian networks (DBN), Bayesian filters, particle filters,
hidden Markov models, Kalman filters, Bayesian maps etc. The structure of Bayesian
program includes the following elements: (1) problem description and statement formulation
with a basic question of the form: P(Searched / Known) or P(X,/D,Kn), where X, defines

one variable only, i.e. what should be estimated using specific inference engine; (2) the use of
prior knowledge Kn and experimental data D to perform model structure and parameters
identification; (3) selection and application of pertinent inference technique to answer the
question stated before; (4) testing quality of the final result. Such approach also works well in
adaptation mode aiming to adjusting structure and parameters of a model being developed to
new experimental data or a new system operation mode, for example, for estimation of prior
distributions or BN structure.
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Some system analysis principles used in DSS implementation

In our study we propose to use the following system analysis principles for
implementing specialized DSS for modeling and forecasting: the systemic function
coordination principle; the principle of procedural completeness; the functional orthogonality
principle; the principle of dependence of mutual information between the functions being
implemented; the principle of functional rationality; the principle of multipurpose
generalization; the principle of multifactor adaptation, and the principle of rational
supplement [20 — 22].

The principle of systemic functions coordination supposes that all the techniques,
approaches, and algorithms (functions) implemented in the system should be structurally and
functionally coordinated, and should be mutually dependent. This way it is possible to create
and practically implement a unique systemic methodology for statistical data analysis in the
frames of modern DSS, and to improve substantially quality of intermediate and final results.
The next systemic principle of procedural completeness guaranties that the system developed
will provide the possibility for timely and in place execution of all necessary computing
functions directed towards data collection (editing, normalizing, filtering and renewing),
formalization of a problem statement, model constructing, computing forecasts, and for
performing estimation quality of the model and the forecast estimates based upon it.

Development and implementation of all computational procedures in the DSS using
mutually independent functions corresponds to the principle of functional orthogonality. Such
approach to the DSS constructing is directed towards substantial enhancement of
computational stability of the system and simplification of its further possible modifications
and functional enhancement. According to the principle of mutual informational dependence
the results of computing, generated by each procedure, should correspond to the formats and
requirements of other procedures. This feature is easily implemented with respective project
development solutions for the system created.

Application of the systemic principle of goal directed correspondence to computational
procedures and functions provides a good possibility for reaching of a unique goal set in
advance: high (acceptable) quality of the final result in the form of forecast estimates for the
process under study as well as alternative decisions based upon the forecasts.

According to the systemic principle of multipurpose generalization all functional
modules for the system developed should possess necessary degree of generalization that
provides a possibility for reaching high quality solution results for a set of possible problems
that belong to the same class (it can be high quality forecasting and decision alternative
generation regarding future evolution of linear or nonlinear non-stationary processes). Among
these problems could be the following: accumulating necessary data and their preliminary
processing; estimation of structure and parameters for a set of candidate mathematical
models; constructing forecasting functions on the models developed and computing of
appropriate forecasts; selecting the best results of computing using appropriate sets of quality
criteria.

The systemic principle for multifactor adaptation is directed towards the possibility of
solving the problems of computational procedures adaptation to the problems of modeling
various processes of different complexity depending on the completeness of available
information and user requirements. The adaptation is performed within the process of model
structure and parameters estimation, i.e. the whole identification procedure of a process under
study is compiled from a set of adaptive procedures directed towards reaching the main goal
of a study: constructing adequate model and computing high quality forecasts.

Hiring the rational supplement principle provides a possibility for expanding the sphere
of application of the DSS constructed by adding new processes types, computational
procedures and criteria sets. These new procedures could be directed towards implementation
of additional preliminary data processing procedures, model structure and parameter
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estimation as well as selection of the best result for its further use aiming generating of
appropriate decision. Implementation in the frames of the constructed DSS of the systemic
principles mentioned above favors its functional flexibility, computational reliability, quality
enhancement for the intermediate and final results, prolongation of system life span, and
simplification of possible drawbacks elimination and modification procedures.

Finally, the forecasting models and methods used in the system are the following:
regression analysis, the group method for data handling (GMDH), fuzzy GMDH, fuzzy logic,
appropriate versions of the optimal Kalman filter (KF), neural nets, support vector regression,
nearest neighbor and probabilistic type techniques like Bayesian networks and regression. The
set of modeling techniques used covers linear and many types of nonlinear non-stationary
processes. The nearest neighbor technique is hired for generating long term forecasts in a case
of availability long data samples with periodical patterns. All the techniques are implemented
in adaptive versions what makes the system more flexible for newly coming data and capable
to fight some types of possible uncertainties mentioned above. During the process of model
structure estimation an appropriate principal component analysis technique is applied when
necessary.

Bayesian network adaptation

Bayesian networks (BN) create one of the powerful modern probabilistic instruments
for solving the problems of mathematical modeling, forecasting, classification, control and
decision support [23-26]. To estimate BN model structure the algorithms are used on the
basis of statistical data that characterize evolution of the network variables. It is possible to
develop and use the algorithms that allow for adaptation of the network structure to the new
data coming in real time. This is a choice used in the DSS with adaptation features.

The adaptation procedure could be explained using the following notation:

Z :{Xl,..., Xn} is a set of BN model nodes that is determined by the number of variables
hired to construct appropriate directed graph; E ={(Xi, X)X, X, eZ} is a set of BN arcs;
X, is a BN node that corresponds to the observations of one variable; n :|Z| Is a total
number of BN nodes; T, is a number of values that could be accepted by the node X,; v, is
the k-th value of variable X;; IT; is the set of parent nodes for the variable X;; ¢, is the set
of possible initializations II; for the node X;; ¢ =|¢| is the number of possible
initializations I1;; ¢, is j-th initialization for the set of parent nodes IT; for X;; B is
structure of BN; B, is probabilistic specification of BN, i.e. the part of BN description that

represents its probabilistic characteristics, &, = p(X; =V, |(0ij, B,) under condition that the

sum of the probabilities > 6y =1; f(6,,,...6;) is the probability density for the node X;
k

and initialization ¢, ; D, is database; S, is preliminary estimate of BN structure computed
on the basis of available data D,; D, is database of observations that were not used for
estimating preliminary structure S,; S, is BN structure found after S, adaptation to the new
data D,. The problem is to construct algorithm for adaptation of initial Bayesian network
G =(Z,E) having the structure, S;, to the new observations D, .

This way a new (or modified) model structure will be formed: S, < D,. The statistical
data used could exhibit arbitrary probability distribution, and the processes described by the
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data could be of nonlinear non-stationary nature i.e. their mathematical expectation
E[X,]# const and variance, E{X, —E[X,]} = const.

Adaptation of the BN to new data is implemented in the following way:

e implementation of the procedure for refining the model structure: here the model arcs
can be eliminated or added;

e correcting the probabilistic part of the model (conditional probability tables or
CPTs).

At the initial stage of learning BN the probabilistic part of the model is represented in
the form of CPTs that are computed on the basis of the frequency analysis of available
statistical data. Consider the procedure of correcting this probabilistic part of the model. For
this purpose it is more convenient to save (and use) the values of N, instead of the CPTs

themselves, where N;, is a number of values corresponding to the, ;.. This way it is

possible to perform renewing the data faster regarding conditional distributions and the values
themselves could be computed using the Dirichlet expression:

Nijk +1
N, +r

ij i

P(X; = v, [T, =(pij):

When correcting the BN structure the order of the nodes analysis will be determined by
the value that each node provides for the following conditional probability [27]:

p(Dl | DO’ SO) = s=1 ::l u=1

Q M

S TITT(N +r, —1+u).

An informational importance of the model arcs is performed as follows. To determine
the necessity of deleting a node the following value is computed: K. (S,) for the current

delete

configuration of the parent nodes set. Also the value of K,,.(S") is computed for the
directed graph configurations that represent the result of deleting one of M (1<m<M) input
arcs for the current node. Under condition K,..(S") < K. (S,) the m-th arc continues to
belong to the model structure because its elimination results in decreasing of the local quality
functional (i.e. for the current node). Otherwise the arc is registered in the list of arcs that
should be tested further on for elimination. The further testing is based upon computing the
value of the local functional for initially set configuration (structure) and for the
configurations that result from eliminating of one of the arcs that still are left in the list.
As far as BN model constructing strategy is based upon the general functional

P(SID,)P(D, S, Dy)
P(D; [Sp, D)

P(Sl | Dl’ Do’ So) =arg mgx

the arcs elimination and adding procedure is of optimization type and is performed in the
following way. The arc elimination should result in decreasing the value of the first member

in the nominator, P(S|D,), because it reaches maximum with S =S, when initial structure
S, is formed. Generally, to get a positive effect of adaptation it is necessary to compensate

the loss due to arc elimination by the effect of adding new arc. That is why the search for the
arc to be added to the graph is performed as mentioned above. Estimation of effect due to
adding the arc is also based on the local quality functional, its value should increase [27, 28].
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Examples of the DSS application

Example 1. Numerous examples of model constructing and forecasting have been
solved with the DSS developed. In this example bank client’s solvency is analyzed, i.e.
application scoring is estimated. The database used consisted of 4700 records that were
divided into learning sample (4300 records), and test sample (400 records). The default
probabilities were computed and compared to actual data, and also errors of the first and
second type were computed using various levels of cut-off value. It was established that
maximum model accuracy reached for Bayesian network was 0.787 with the cut-off value 0.3.
The Bayesian network is “inclined to over insurance”, i.e. it rejects more often the clients who
could return the credit. The model accuracy and the errors of type | and type Il depend on the
cut-off level selected. The cut-off value determines the lowest probability limit for client’s
solvency, i.e. below this limit a client is considered as such that will not return the credit. Or
the cut-off value determines the lowest probability limit for client’s default, i.e. below this
limit a client is considered as such that will return the credit. As far as the cut-off value of 0.1
or 0.2 is considered as not important, in practice it is reasonable to set the cut-off value at the
level of about 0.25 — 0.30. Statistical characteristics characterizing quality of the models
constructed are given in Table 1.

Table 1.
Adequacy of the models constructed
Model type Gini index AUC Common accuracy | Model quality
Bayesian network 0.719 0.864 0.787 (0.806) Very high
Logistic regression 0.685 0.858 0.813 (0.828) Very high
Decision tree 0.597 0.798 0.775 Acceptable
Linear regression 0.396 0.657 0.631 (0.639) Unacceptable

Thus, the best models for estimation of probability for credit return are logistic
regression and Bayesian network. The best common accuracy showed logistic regression,
0.813, though Bayesian network exhibited higher Gini index, 0.719 (the values in parenthesis
show improvement due to application o adaptive mode of modeling). The decision tree hired
is characterized by Gini index of about 0.597, and CA = 0.775. It should be stressed that
acceptable values of Gini index for developing countries like Ukraine are located usually in
the range between 0.4 — 0.6. The Bayesian network constructed and nonlinear regression
showed high values of Gini index that are acceptable for the Ukrainian economy in transition.

Example 2. In this case the following four types of scoring were studied:

e application scoring that is based on the data given by clients during the process of
analyzing the possibility for providing them with a loan;

¢ Dbehavioral scoring or scoring analysis within the period of loan usage; this study was
directed to monitoring of a loan keeper account state, in this case we estimated the probability
of timely return of the loan by clients, optimal loan limit for the loans etc.;

e strategic scoring that is directed towards determining the strategy regarding non-
reliable loan keepers violating the rules established;

e fraud scoring the purpose of which is to determine the probability of potential fraud
on behalf of clients.
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The database used in this case consisted of 96000 records with 30 tokens for each
client. Some results of computational experiments are presented in Table 2.

Table 2.
Results of computational experiments for application and behavior scoring
Application scoring Behavior scoring
Model used |  Mean Common | Learning | Mean Common Learning
AUC accuracy time AUC accuracy time
Logistic |5 g7 0.873 3.47 0.905 | 0.854 (0.876) 2.66
regression
Bayesian 0.922 0.862 2.98 0.913 | 0.851(0.864) 2.86
network
Srad'.e”t 0.974 0.925 148.64 | 0971 | 0.0911(0.929) | 150.78
oosting

The table contains common accuracy values for the computational experiments without
adaptation and with adaptation in parenthesis. The adaptation mode has always generated
better results than the mode without adaptation feature. For the purpose of simulating
adaptation mode the data were divided into parts of equal size (3000 records in each part) and
then after model constructing and usage the new data portion was fed into model constructing
algorithm.

To analyze strategic scoring the subset of data was used that characterizes annual
income of active clients and their total expenditures according to their credit cards within a
year. The purpose of the study is to divide clients into clusters and to apply a unique
management strategy to each cluster using K-means technique. The basic parameter for using
K-means clustering technique is a number of clusters K. The parameter is estimated using the
concept of minimizing sum of squares criterion within a cluster (WCSS). It was established
that six clusters provide for an acceptable clustering of the clients:

e K1: an average income and low expenses;

K2: low income and low expenses;

K3: high income and high expenses;

K4: low income and high expenses;

K5: an average income and high expenses;

e KG6: very high income and high expenses.

The fraud analysis was performed with the highly unbalanced data: 187 operations out
of the total number of operations 86754 were classified as the fraud. The positive class of the
data (fraud) included 0.215% of all the operations performed. The Bayesian network
constructed on the data showed AUC = 0.863. After the data was corrected with expanding
the smaller class of data (oversampling approach) the result of classification was improved to
the following: AUC = 0.896. Finally a combined approach was applied to solving the problem
that supposes application of oversampling, elimination of “noise” from the observations, and
gradual improvement of balance between the classes to about 40 : 60 and 50 : 50. The result
of classification was improved to the AUC = 0.928, and in adaptation mode to the value of
about AUC = 0.935.

Example 3. As an example of methodology application a time series was studied, the
values of which were gold prices within the period between the years 2005 — 2006 (sample
contains 504 values). The statistical characteristics showing constructed models and forecasts
quality are given in Table 3. Here the case is considered when adaptive Kalman filter was not
used for preliminary data processing smoothing.
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Thus, the best model turned out to be AR(1) + trend of 4™ order. It provides a
possibility for one step ahead forecasting with mean absolute percentage error of about
3.19%, and Theil coefficient is U =0.024. The Theil coefficient shows that this model is
generally good for short-term forecasting. Statistical characteristics of the models and
respective forecasts computed with adaptive Kalman filter application for data smoothing are
given in table 4. Here optimal filter played positive role what is supported by respective
statistical quality parameters.

Table 3.
Models and forecasts quality without adaptive Kalman filter application
Model quality Forecast quality
Model type 5 X

R | Selk) | DW MSE | MAE | MAPE | Theil

AR(1) 009 | 2564467 | 215 | 49.82 | 41356 | 837 | 0.046

AR(1,4) 009 | 25588.10 | 218 | 49.14 | 40355 | 812 | 0.046

AR(M) +1st | 99 | 2530139 | 213 | 3439 | 25100 | 455 | 0.032
order trend

AP(LAHIst | 99 | 2533203 | 218 | 3451 | 25.623 | 467 | 0032
order trend

AR +4th [ o9 | 9517374 | 212 | 2502 | 17686 | 319 | 0024
order trend

Table 4.
Models and forecasts quality with application of adaptive Kalman filter
Model t Model quality Forecast quality
odel type
P R? > e?(k) DW MSE MAE MAPE Theil
AR(1) 0.99 24376.32 2.11 45.21 39.73 7.58 0.037
AR(1,4) 0.99 24141.17 2.09 47.29 38.75 7.06 0.035
st
ARUD*L | 099 | 2396473 | 208 | 3115 | 2211 | 327 | 0029
th
ARID*A | 099 | 2230683 | 204 | 2135 | 1352 | 271 | 0019

Again the best model turned out to be AR(1) + trend of 4™ order. It provides a
possibility for one step ahead forecasting with mean absolute percentage error of about
2.71%, and Theil coefficient is: U =0.019. Thus, in this case the results achieved are better
than in previous modeling and short-term forecasting without filter application.

Example 4. Statistical analysis of the time series selected with application of Goldfeld-
Quandt test proved that gold prices data create heteroscedastic process with time varying
conditional variance. As far as the variance is one of the key parameters that is used in the
rules for performing trading operations it is necessary to construct appropriate forecasting
models. Table 5 contains statistical characteristics of the models constructed as well as quality
of short-term variance forecasting. To solve the problem we used generalized autoregressive
conditionally heteroscedastic (GARCH) models together with description of the processes
trend which is rather sophisticated (high order process). The models of this type (GARCH)
demonstrated low quality of short-term forecasts, and quite acceptable (EGARCH) one-step
ahead forecasting properties. The values of MAPE (adapt.) given in the 6th column for the
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mode of operation with adaptation show improvement of short term forecasting for
conditional variance when modeling system operated in the mode with model adaptation.

Table 5.
Results of modeling and forecasting conditional variance
Model type Model quality Forecast quality
R2 Ze2(k) DW MSE MAPE | MAPE | Theil
(adapt.)
GARCH(1,7) 0.99 153639 | 0.113 |[9725 515.3 |517.6 0.113
GARCH (1,10) 0.99 102139 | 0.174 | 458.7 208.2 |211.3 0.081
GARCH (1,15) 0.99 |80419 0.337 |418.3 118.7 | 121.6 0.058
EGARCH (1,7) 0.99 45184 0.429 |67.8 7.85 8.74 0.023

Thus, the best model constructed was exponential GARCH(1,7). The achieved value of
MAPE = 8.74% (and 7.85% in adaptation mode) comprises very good result for forecasting
conditional variance. Further improvements of the forecasts were achieved with application of
the adaptation scheme proposed. An average improvement of the forecasts was in the range
between 0.8 — 1.5%, what justifies advantages of the approach proposed. Combination of the
forecasts generated with different forecasting techniques helped to further decrease mean
absolute percentage forecasting error for about 0.5 — 0.8% in this particular case. It should be
stressed that analysis of heteroscedastic processes is very popular today due to multiple
engineering, economic and financial applications of the models and forecasts based upon
them.

Discussion

The results of computational experiments achieved lead to the conclusion that today the
family of scoring models used including logistic regression, Bayesian networks and gradient
boosting belong to the family of the best current instruments for banking system due to the
fact they provide a possibility for detecting “bad” clients and to reduce financial risks caused
by the clients. It also should be stressed that DSS developed creates very useful instrument for
a decision maker that helps to perform quality processing of client’s statistical data using
various techniques, generate alternatives and to select the best one relying upon a set of
appropriate statistical criteria. An important role in the computational experiments performed
played the possibility of model adaptation to available and new data. The adaptation mode has
always generated better results than the mode without this adaptation feature. The extra model
variables can be created by combining available statistical data, and nonlinearities can be
introduced into a model by inserting appropriate polynomial members. The system proposed
performs tracking of the whole computational process using separate sets of statistical quality
criteria at each stage (each level of the system hierarchy) of decision making: quality of data,
adequacy of models constructed and quality of the forecasts (or risk estimates).

Thus, the systemic approach to modeling and forecasting proposed is definitely helpful
for constructing the DSS possessing the features of directed search for the best forecasting
model in respective spaces of model structures and parameters, and consequently to enhance
its adequacy. The computational experiments with actual data showed high usefulness of the
systemic approach to modeling and forecasting. It is necessary to perform its further
refinement in the future studies and applications. And it is also important to improve formal
descriptions for the uncertainties mentioned and to use them for reducing the degree of
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uncertainty in model building procedures and forecast estimation. It was found that influence
of statistical and probabilistic uncertainties can be reduced substantially by making use of
respective data filtering techniques, imputation of missing values, orthogonal transforms, and
the models of probabilistic type; first of all those are Bayesian programming models and
techniques.

Conclusions

The systemic methodology was proposed for constructing decision support system for
adaptive mathematical modeling and forecasting modern economic and financial processes as
well as for credit risk estimation that is based on the following system analysis principles:
hierarchical system structure, taking into consideration probabilistic and statistical
uncertainties, availability of model adaptation procedures, generating multiple decision
alternatives, and tracking of computational processes at all the stages of data processing with
appropriate sets of statistical quality criteria (known or newly introduced).

The system developed has a modular architecture that provides a possibility for easy
extension of its functional possibilities with new parameter estimation techniques, forecasting
methods, financial risk estimation, and generation of decision alternatives. High quality of the
final result is achieved thanks to appropriate tracking of the computational processes at all
data processing stages: preliminary data processing, model structure and parameter
estimation, computing of short- and middle-term forecasts, and estimation of risk
variables/parameters. The system is based on the ideologically different methods of dynamic
processes modeling and risk forecasting (regression analysis and probabilistic approach) what
creates appropriate basis for hiring various approaches to achieve the best results. The
illustrative examples of the system application show that it can be used successfully for
solving practical problems of forecasting dynamic processes evolution and risk estimation.
The results of computational experiments lead to the conclusion that today scoring models,
nonlinear regression and Bayesian networks are the best instruments for banking system due
to the fact that they provide a possibility for detecting “bad” clients and to reduce financial
risks caused by the clients. It also should be stressed that the DSS constructed turned out to be
very useful instrument for a decision maker that helps to perform quality processing of
statistical data using ideologically different techniques, appropriate sets of statistical quality
criteria, generate alternatives and select the best one. The DSS can be used for supporting
decision making process in various areas of human activities including development of
strategy for banking system regarding risk management and industrial enterprises, investment
companies etc.

Further extension of the system functions is planned with new forecasting and decision
making techniques based on probabilistic methodology, fuzzy sets and other artificial
intelligence methods. An appropriate attention should also be paid to constructing user
friendly adaptive interface based on the human factors principles.
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AJATITUBHE MOJAEJTIOBAHHSA 1 IIPOTHO3YBAHHA EKOHOMIYHUX
I ®IHAHCOBUX IPOIIECIB

I1.L BiZIIOKl, O.I1. Foxcnﬁz, 1.O. KaniHiHaZ, B.A. Z[aHI/IJIOBl, O.JL. )KI/IpOBl

"Hauionansuuii Texuiunmii ynisepeuter Yrpainn «KuiBChKHIA MOMITeXHIYHII IHCTUTYT
imeHi Irops Cikopcbkoroy,
npocr. Ilepemoru, 37, Kuis, 03056, Ykpaina; e-mail: pbidyuke 00@ukr.net,
danilov1950@gmail.com, jirov@ukr.net
2JopHOMOPCHKHIA IepkaBHMiT yHiBepcuTeT iM. [Terpa Mormm,
ByJ1. 68 Jlecantrukis 10, Mukomnais, 54003, Ykpaina; e-mail: alex_gozhyj@gmail.com,
irina.kalininal612@gmail.com

JocmipkeHHS CIpSIMOBaHE HA CTBOPEHHS AalTHBHOI CHCTEMH HiATPUMKH MPUAHATTS
pilleHs A7 MOJENIOBaHHS 1 NMPOTHO3YBAaHHS HEJIHIMHWX HECTAalliOHAPHUX MpOIECiB B
eKOHOMIIll, (piHaHCax Ta IHIIMX Tra’my3dX JIOJAChKOi  aisuibHocTi.  Ulupoko
PO3IOBCIO/KCHUMH € T'€TePOCKEAAaCTHYHI, IHTErpoBaHi Ta KOIHTerpoBaHi mpouecu. s
KOPEKTHOTO BCTAHOBJICHHSI KJIACy JOCIIJXKYBAHOTO HPOLECY 3aCTOCOBYIOThCS CIICIiajbHi
CTaTUCTHYHI TECTH, SKI JAlOTh MOXJIMBICTh KOPEKTHO BHOpATH CTPYKTYPY MOJEII.
3anpornoHoBaHO MPOLEAYPH IS aAaNTHBHOIO OLIHIOBAHHS CTPYKTYpU 1 IapamerpiB
perpeciiHuX 1 WMOBIPHICHMX MOJENEH, a TaKoX apXiTeKTypa i (QyHKIiOHaJIbHa cXeMma
BimNoOBigHOI iH(MOpMariifHOi cuctemMu. Po3poOka cucTeMH TIPYHTYEThCS Ha CYYacHUX
MPUHIUIIAX CUCTEMHOTO aHaNi3y, TaKuX SK I€papXiYHUH MiAXiJ OO CTBOPEHHSA
iHpOpMaLifHIX CHCTEM, aJalTHBHE OILIHIOBaHHSI CTPYKTYPH MOJEJCH, ONTHMIi3allis
MIpOIIeTyp OI[IHIOBAHHS MapaMeTpiB MojeneH, ineHTudikamis, BpaxyBaHHS Ta MiHIMi3amis
BIUIMBY MOJKJIMBHX HEBU3HAUCHOCTEH, SIKi 3yCTPIHalOTHCS MpH 0O0poOIli JaHWX, MOOYIOBi
MaTeMaTUYHUX MOJZEJel Ta OIIHIOBaHHI MPOTHO31B. HeBU3HAYEHOCTI 3yCTpidaroThCs MpU
300pi [JaHMX, OIIHIOBaHHI CTPYKTypH 1 TlapaMeTpiB Mojejied, B mpoueaypax
NPOTHO3YBaHHs 1 BiAIrparoTh poiib (DaKTOPIB HETaTHBHOTO BIUIMBY Ha OOYMCIIOBANBHI
poIenypH B iHGopMaIiiHii cucTeMi. 3MEHIIICHHS 1X BIUIMBY CIPUSE MiIBUIICHHIO SIKOCTI
NPOMDKHHX Ta OCTaTOYHUX pe3yJbTaTiB OOYMCIIOBAIBHMX eKCIepUMeHTiB. Bci
3alpONOHOBaHI MeToAH, Mojeni 1 mnpoueaypu (QYHKIIOHYIOTh y MeXax CTBOPEHOI
iHpOpMaNifHOI CHCTEMH MIATPUMKH NPUHHATTA pimeHb. OyHKIIOHYBAaHHS Ii€l CHCTEMH
CIPSAMOBAHO HA MiJBUINEHHS SIKOCTI MOJENeH, OI[IHOK MPOTHO3iB, a TaKOX pIMICHB, IO
NPUAMAIOTBCS HA OCHOBI NMPOTHO3IB. PO3IIISIHYTO 1MFOCTPAaTHBHI NPUKIAAX MPAKTHYHOTO
3aCTOCYBaHHS PO3POOIICHOT CHCTEMH, IO MiATBEPIKYIOTH 11 PYHKI[IOHATBHICTb.

KuarouoBi cjoBa: HemiHIHHI HECTaliOHApHI MPOIECH, CHUCTEMA IMIATPUMKH MPHAHATTS
pilleHs, amamTailis CTPYKTYpPH 1 THapaMmeTpiB Mojened, imeHTH(ikamis Ta MiHIMI3aIis
HEBH3HAYEHOCTEH, KOPOTKOCTPOKOBE MPOTHO3yBaHHSI.
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21{opHOMopCKI/Iﬁ roCyAapCTBEHHBIN yHUBepcuTeT uM. Ilerpa Moruist,
yi1. 68 Jlecantaukos 10, Hukonaes, 54003, Ykpauna, e-mail: alex_gozhyj@gmail.com,
irina.kalininal612@gmail.com

HccnenoBaHue HanpaBJIEHO HAa CO3JaHUE aIaNTUBHOM CHUCTEMBI MOANEPKKU IPUHATHA
pelleHnid I MOACIUPOBAHMS U IPOTHO3UPOBAHMSA HENIMHEHHBIX HECTAl[HOHAPHBIX
MPOLIECCOB B 9KOHOMHUKE, (PMHAHCAX U APYTUX OTPACIAX AESITENbHOCTH denoBeka. [Ilupoko
paclpoOCTPaHEHHBIMH  SIBISIIOTCA ~ TeTEPOCKENACTUYECKHE,  MHTETPUPOBAaHHBIE U
KOMHTETPUPOBAHHBIE Mponecchl. Il KOPPEKTHOrO ONpeAeNeHHs Kilacca HCCIENyeMBIX
HPOLIECCOB  HCHONB3YIOTCA CHELHANbHBIE CTATHCTHYECKUE TECTBI, KOTOpBIE JAIOT
BO3MOXKHOCTb KOPPEKTHO BBIOpaTh CTPYKTypy Mogenu. [IpeanmokeHsl mpoueaypsl Uit
aJJAITUBHOIO OLICHUBAHMS CTPYKTYPhl M IIapaMETPOB PErPECCUOHHBIX U BEPOSTHOCTHBIX
MoJeTiel, a TaKKe apXUTeKTypa W (yHKIHMOHAIbHAas CXeMa COOTBETCTBYHOLIEH
MH(QOPMALMOHHON CHCTEMBbl TOAICPKKU NPUHATHS perieHud. Paspaborka cucrtemsl
OCHOBBIBA€TCSI HAa COBPEMEHHBIX IPUHIMIAX CUCTEMHOIO AHAINW3a, TaKUX Kak
MEepapXUUECKHH TIOAXOA K CO3/aHHI0 apXUTEKTYphl HMH(QOPMAIMOHHBIX CHCTEM,
aJaNTHUBHOE OLICHWBAaHHE CTPYKTYpbl MOJENEH, ONTUMH3alMsd MpOLEAYyp OLECHUBAHUS
napaMeTpoB Mojenel, HACHTH(GUKAIKA y9eT ¥ MUHUMH3ALUSI BO3ACHCTBUS BO3MOXHBIX
HEOTIPEICNICHHOCTEH, KOTOPhIE BCTPEUYAIOTCs MPH cOOpe JaHHBIX, OLECHUBAHUU CTPYKTYPHI
U TIapaMeTpoB MoOJIeNel, B IpOIeAypax MPOTHO3UPOBAHUS M WIPAlOT poib (PakTOpoB
HETaTUBHOTO BIMSHHUS Ha BBIYUCIMTEIBbHBIC TPOLEIYpbl B MH()OPMALMOHHOM CHCTEME.
YMeHbIICHHE WX BIHMAHUS CIIOCOOCTBYET IOBBIIICHHIO KadyecTBa IPOMEXYTOUHBIX H
OKOHYATEJIbHBIX PE3YJIbTATOB BBIYUCIUTENBHBIX JKCIEPUMEHTOB. DYHKIIMOHUPOBAHUE
CHUCTEMBI HANpaBJIEHO Ha YIy4lIEHME KayecTBa MOJEIEH M OLIEHOK IPOrHO30B.
PaccMoTpeHs! WITIOCTPaTUBHBIE TPUMEPHI TPAKTHUECKOTO UCIOIb30BaHUS pa3paboTaHHON
CHCTEMBI, KOTOPbIE MOATBEPKIAIOT €€ (HYHKIIHOHATIBHOCTD.

KioueBble cJjI0Ba: HeNWHEHHbIE HECTAI[MOHAPHBIE MPOIECCHl, CHUCTEMAa MOIAEPIKKH
NPUHATUS PELICHUM, aJanTtanus CTPYKTYpbl M NapaMeTpoB Mojielield, uaeHTUGUKaus u
MUHHMMH3alUs HEONPEAEIEHHOCTEH, KPaTKOCPOYHOE IPOTHO3UPOBAHUE.
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MATEMATHUYHI MOJEJITI BAT'OHA-IMCTEPHU TA HAJIMBHUX BAHTAXIB,
O IIEPEBO3ATHCsA HEIO

C.A. losoxkaenko, O.B. PynkoBcbkuii

Opecrkuil HalliOHATBHAHN MONITEXHIYHAN YHIBEPCUTET,
npocr. [lleBuenka, 1, Oneca, 65044, Ykpaina; e-mail: sanp277@gmail.com

AmHamiz JOTiCTHYHOTO  3a0€3MeYeHHs 3aji3HUII IOKasye, IO TpH 3POCTaHHI
BiNOBIiJANIFHOCTI OCTaHHBOI 3a HANaHHA SKICHUX TPAHCIOPTHUX TIIOCIYT BiACYTHA
MOXKJIUBICTh OTPUMAHHS TIOBHOT ONEpaTHBHOI iH(pOpMAIlii I0JI0 CTaHy BaHTaXiB, 30KpeMa,
KJacy HalMBHUX BaHTaXiB, SKi MEPEBO3ATHCS Yy BaroHaxX-IMCTEPHAX 3 OOMEKEHHM
JOCTYIIOM JjIsi BUMIPIOBaHb 3a BECh 4ac 3AIMCHEHHs OIeparii TPaHCIOPTHOTO IHKIIY.
3a3HaueHa 3a/1a4a Hapasi He Ma€e e()eKTUBHHUX LUIAXIB PIllICHHS, NPUIOMY ii aKTyaJbHICTb
noJiArae B TOMy, LIO IiJl Yac TPaHCIIOPTYBAHHS JaHOI IpyNH BaHTaxiB abo mepeOdyBaHHS B
yMOBax 1H(PACTPYKTYpH 3aJi3HHLI MiJ BIUIMBOM HNPUPOIHUX (akTopiB (omaiB, mepemnaiis
TeMIepaTypu Tomo) (i3UKO-XiMi4HI BIACTHBOCTI HANWBHUX BAaHTaXXIB MOXYTH 3a3HaBAaTH
3HaYHUX 3MiH, HaBiTh 10 BTpAaTH iX (BaHTaXiB) TOBApHOi IIIHHOCTI (3MiHA arperaTHUX
CTaHiB, arjoMeparis pi3Hoi (i3MIHOT MPUPOIN, YTBOPEHHSI HOBHX PEYOBHH Ta IIiIBHUIICHE
Ta30BUIUICHHS TOIIO). YCKJIaJHEHHS LIOAO BHPILICHHS 3a/adi BU3HAYEHHS MOTOYHOTO
CTaHy BaHT@XIB BKA3aHOTO KJacy Ta BIINOBIIHOTO HETATJIOBOTO PYXOMOTO CKIamy
BUHHMKAIOTh YEepe3 HEMOJMJIMBICTH NPSAMHX BHMIpIB, 3YMOBIICHY, 30KpeMa, TaKHUMH
YMHHUKAMH SIK: BIJCYTHICTh MPSMOrO AOCTYIY 10 BaHTaXy IJIsi BUMIPIOBaHb (BHACIIIOK
IUIOMOYBaHHsI BaroHiB); 3HayHI '€OMETPUYHI PO3MIpHM BaroHiB, IO YCKIAQIHIOE AJSI HUX
3aMipu y BCiil MOPOKHUHI; HEBUITPABIaHI BUTPATH Yacy Ha 3[IHCHEHHS BUMIpIOBaHb TOLIO.
JlieBUM 1UIIXOM pPO3B’SI3yBaHHS 3aqadyl BHU3HAYEHHS IMOTOYHOTO CTaHy BaHTAXKIB MpHU
3MIACHEHHI omepamid TPaHCIOPTHOTO IMKIY Ha 3ali3HUII CIiI  pO3IJISIaTH
3aMpoBaPKCHHS MIAXOMY, IO IPYHTYETHCA HAa 3aCTOCYBaHHI METOJMIB MATEMAaTHYHOTO
MOJIETIFOBAHHS 3 BIATIOBIJHOIO MOJENBHOIO MiATPUMKOIO. B IboMy BHIIanKy, 3 OZHOTO
00Ky — He BHHHMKae NOTpeOM ponarkoBoro poodianuanus PC Tta iHdpacTpykTypu
3aJIi3HUII [TEBHOKO amapaTyporo (IaTIWKH, 3aCO0M TeeMeTpii, KaHaJdH 3B 3Ky TOIIO), a 3
apyroro 0oky — 3a0e3ledyeTbCsi OTPUMaHHS OIIHKH CTaHy BaHTaXy 3 OaXaHOIo
JIeTaTi3aIli€e0 M0 BCill MOPOKHIHI BaroHy Ta MPOTHO3YBaHHS CTaHy BaHTaXy Ha OakaHHUN
mepioJy 9acy 3 YpaxyBaHHSAM MOXJIMBHX 3MiH yMOB (TIOTOJHMX, TPAHCIIOPTHHUX,
MepeBaHTAXKEHHS TOIIO) MPH 3iHCHEHH] TEXHOIOTIYHHUX OTepaIliif 3aTi3HHUIICIO.

KirouoBi cioBa: He TAMIOBUII PYyXOMHH CKJIaJ, BaroH-IMCTEPHA, HAJIWMBHI BaHTaXI,
MaTeMaTHYHA MOJIE/Ib, AJITOPUTM YKCIIOBOI peatizaiii.

AKTyaJIbHiCTh TEMHU

BaxnuBoro 3agauero mpu 371MCHEHH] 3ali3HMYHUX IEepeBe3eHb, sKa Ha JaHU 4ac He
Ma€e eQEeKTUBHUX LUISIXIB PIIICHHS, € 3aJada BU3HAYEHHS MOTOYHOTO CTaHy BAHTAXIB MPHU
BUKOHAHHI ONepaliii TpaHCHOPTHOTO IMKIY (MaricTpajbHi TMEPEeroHH MDK CTaHIIsIMU
MpPU3HAYEHHS, TUMUYacoBe 30€peKeHHS BaHTaXXy Y BaroHax npu (OpMyBaHHI CKJIaAy MOi3/iB
Ta Ha «BIJICTOI» TOILIO). 30KpeMa, IIsl 3aja4a TOCTPO CTOITh I KJIacy BaHTaXIB TaKUX TpyIl
SK: HAJIMBHI, CUIIK1, KyCKOBI Ta TPaHYJIhOBaHI, a TAKOX HETATIOBOTO pyxomoro ckiamy (PC),
B SAKHMX 3a3HAauyeHi BaHTaXl MEPeBO3ATHCS (TUMYACOBO 30epiratoThes). AKTYyaJIbHICTh
BUPIIICHHS 11i€1 3a/1a4l MOJIATa€E B TOMY, IO M1 Yac TPAHCIOPTYBAaHHS JaHUX IPyM BaHTaXIB,
abo nepeOyBaHHS B yMOBaXx iH(PACTPYKTypH 3alli3HHUII, MiJl BIUIMBOM MPHUPOTHHUX (aKTOPiB
(omaziB, mepemnajiB TEMIEPAaTypu, 3MIHU OCBITIEHOCTI, COHSYHOI pajiamii Tomo) (izuko-
XIMIYHI BJIACTMBOCTI BaHTaXiB MOXYTh 3a3HAaBaTH 3HAYHUX 3MiH, HaBiThb JO BTpaTH iX
(BaHTaX1B) TOBapHOi I[IHHOCTI (3MiHA arperaTHUX CTaHIB, arjioMeparlis pi3HOi (i3UYHOL
IOPUPOM, YTBOPEHHS HOBHUX PEUYOBHH Ta IiJIBUIIEHE T'a30BUAUICHHS TOILO). Y CKJIAIHEHHS
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IIOJI0 BHPIIICHHS 3a/Ja4yi BU3HAYEHHS TOTOYHOTO CTAaHY BAHTAXIB BKA3aHOTO Kjacy Ta
HetsrioBoro PC, B SkOMy BOHU MEPEBO3SATHCS (TUMYACOBO 30€piraroThCsi), BHHUKAIOTh Yepes
HEMOXIJIMBICTh PSAMUX BHMIpiB, 3yMOBJICHY, 30KpeMa, TAKUMH YWHHUKAMH SIK: BiJICYTHICTb
MPSIMOTO JIOCTYIY A0 BaHTaXy Il BUMIPIOBaHb (BHACIIIOK IJIOMOYBAaHHS BaroHiB); 3HA4YHI
rEOMETPUYHI pPO3MIpH BaroHiB, HI0 YCKJIAQIHIOE ISl HUX 3aMipd y BCId TOPOXHMHI;
HEBUIPAB/aHi BUTPATH Yacy Ha 3[[IHCHEHHsI BUMIPIOBaHb TOMIO.

[TpunarizHo ciij 3a3HAYUTH, IO OCTAHHIM YacoM POOJIATHCS CIPOOM PO3TallyBaHHS
JATYMKIB y OIIOMOOBAaHUX BaroHax Ta 3/[IMNCHEHHS BIIMOBIIHUX IHUCTAHIIMHUX BUMIPIOBAHb.
Opnnave, Taka MpakTHUKa MOB’s3aHA 3 MEBHUMH MaTepialbHUMHU BUTpAaTaMU Ha peali3aliro
Takoro pojay BHUMIpIOBaHb (BapTICTh JaTYMKIB, OOJAJHAHHS BaroHiB Ta 3aJi3HUYHOI
1HpPaCTPyKTYpH HEOOXIHOIO amaparyporo JUisl JAUCTAHLIHHUX BUMIPIOBaHb 1 BHMIipIOBaHb
M 9ac pyxy; METpPOJIOTiYHAa MiATPUMKA), a TAaKOXK 3abe3reuye JuIiIe iHTerpaibHy (abo,
HaBiTh, TOYKOBY) OI[IHKY CTaHy BaHTaXiB, II0 3YMOBJIECHO PO3TALIyBaHHSIM Yy BaroHi, siK
MPaBUJIO, OJHOTO JIaTUYHKA.

Orasia 1ocaiaKeHb

HasiBHi miTepaTypHi Tkepena, MPUCBSYEHI OpraHizaimii Ta BHUKOHAHHIO 3aI3HUYHUX
nepeBe3eHb, B MHTAaHHSAX IIOJ0 NPOTHO3YBAaHHS CTaHy BaHTaXIB TpU 3AiHCHEHHI
TEXHOJIOTIYHHUX OIepalliii TPaHCIOPTYBaHHS, 30CEPE/DKYIOTh yBary Ha 3axucti [1-5] Ta
3a0e3neueHHl OakaHWX yMOB 30epiraHHs BaHTaxiB [6—9]. KoHTpoiro moToyHOro crany
BaHTAXIB 3a JIOTIOMOTOI0 JATYMKiB, PO3TAIIOBAHUX y BaroHaX, MPUCBIYCHO, 30KpeMa, poOoTH
[10, 11]. Hapa3i He BusBIEHO POOIT, B SIKUX IIJHIMAIOTHCA NHTAaHHS MaTEMaTHYHOTO
MO/ICIIFOBAHHS CTaHy BaHTaXiB Ta HETATIOBOTO PC, B AKX BOHU MEPEBO3SITHCS

Meta podoTu

Memoro cTaTTi € BUKJIa TEOPETUYHUX PO3MIPKOBYBaHb 1100 PO3POOKU MaTEMaTUYHUX
mojeneit (MM) BaroHy-nMCTEepHU Ta HAJMBHUX BAaHTAXIB, 110 TPAHCHOPTYIOTHCS HEIO, a
TaKOX PE3YNbTATIB MPAKTUYHUX JOCTIIKEHb 3 YUCIIOBO1 peasizallii 3a3HauyeHux MM.

OcCHOBHA YacTHHA

Pozrnsinemo nutanHs no6ynosu MM Hetsrinosoro PC 3anizHuui (BaroHa-UCTEPHU) Ta
HQJIMBHUX BaHTaXIB Ha BCIX €Tanax LUKIY TPAHCHOPTYBAaHHs Hero (MDKCTaHIIMHI EeperoHyu,
3aBaHTAXyBaJIbHO-PO3BaHTAXKyBaJIbHI OIepallii, «BIACTIH» 1 CKIaJAChKe 30epiraHHs), a TaKoxXK
YHCIIOBI METOAM peaiizallii 3a3HaueHuX MoJieneil.

3a3HauMMoO, 110 3 TOYKM 30pYy MOCTAaHOBKM Ta pPO3B’SA3YyBaHHS 3a/ady MaTeMaTUYHOTO
MO/IEJIFOBAHHS OCOOJIMBUH 1HTEPEC CII/I 30CepeIuTH, 30KpeMa, 3 0JJHOr0 OOKY — Ha BaroHax-
LUCTEpHAaX a 3 JPYyroro — Ha HaJMBHUX BaHTaxax. Llel iHTepec 3yMOBJIEHO THM, IO
3a3Hau€Hl BaHTaXXl Ha eTamax LUKy TPaHCHOPTYBaHHS 3ali3HUIIEIO, B CHIIY CBOiX (Pi3uMKO-
XIMIYHUX OcoOJMBOCTEH (30KpeMa, (pa3oBUM mepexojiaM Ta Ta30BUIUIEHHIO, CIIPUYMHEHUX
nepenajgamMu TeMIepaTyp; MiABUIIEHOT TIPOCKOMIYHOCTI Bijl 3MIHH BOJIOTOCTI, TOIIIO) MOXKYTh
3a3HAaBATH CYTTEBOTO HEIaTUBHOTO BILIMBY, HAaBITh JI0 BTPATH TOBAPHOI LIHHOCTI (HAIIPUKIIAJ,
3arycTiHHS, CIIKaHHS, PO3KJIaJaHHs 13 MEPeXOoJIOM Yy 1HIII arperatHi cTaHu abo PeuyoOBUHM),
10 MOXKHA MPOTHO3YBAaTH B XOJlI MaTeMaTHYHOIO MOJENOBaHHS. TpaHCIOPTYBaHHS JaHOi
TPYNd  BaHTaXIB 3IHCHIOETbCS caMe€ BKa3aHuUM Buile HeTsroBuMm PC  (Baronammu-
LUCTEPHAMH), 110 TAKOX 3YMOBIIOE€ HeoOXimHicTh ckiagaHHs MM mporo PC. Kpim Toro
1HTEpec LI0JI0 MOCTAHOBKM Ta PO3B’SI3yBaHHS 3a/lad MaTeMAaTUYHOTO MOJIEIIOBAHHS CTaHY
NepeTiueHnX BaHTaXiB, B TOMY YMCII MPOTHO3YBaHHS iX (pi3MKO-XIMIYHMX BJIACTUBOCTEH Yy
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neBHUM yac (Ta BigmoimHoro HersrinoBoro PC) BumimBae 3 yMOB TpPaHCIOPTYBaHHSA —
000B’A3KOBOT0 «IIJIOMOYBaHHS» BaroHiB, 10 BUKIIIOYA€ MOKJIMBHMA JOCTYI JI0 BaHTaXIB Ta
KOHTPOJIb (BUMIp) TX IOTOYHOTO CTaHY.

TakuMm 4YMHOM, MaTeMaTHYHE MOJEIIOBAaHHS CTa€ YW HE €IUHUM JOCTYIHHUM
IHCTpYMEHTapieM LI0JI0 POBEACHHS TAKOTO POy JOCIIKECHb.

Baron-uucrepHa, skuili He Mae JIOAATKOBOTO O0JaJHAHHS SIBJISE€ COOOK MeETaJeBHM
(craneBuit) 6ak muniHApraHOi hopMu paaiycy I' Ta qoBxkuHoo Z (puc. 1).

F4

A

T,.(r.z.5)

-

0=9

Puc. 3. Po3paxyHKOBa cxeMa BaroHa-IUCTEPHH

O6umacte Q B mpoctopi R", sKy 3aiiMae piJiMHA-BaHTaX B IOPOXKHUHI BaroHy-
IUCTEPHH, SIBIIIE COOOI0 B TEPETHHI MO OCi Y3OBX OCTaHHBOI — MPSIMOKYTHHUK
(OKpYTTICHHSIMHU y TIEPEIHIN Ta 3a/IHIl YaCTHHAX KOHCTPYKIIi1 BaroHa-IIMCTEPHU IJIsl IPOCTOTH
MOYKHa 3HEXTYBaTH), I'paHUIl0 [ SKOr0 yTBOPIOE 3BEPXY «A3EPKAJIO» PIAUHH-BAHTAXKY, a 3
OOKIB Ta HHM3y — CTIHKH Oaky BaroHy-mucrepHu. O6nacte ) 3 rpanunero I yTBOPIOIOTH
samukanas Q=QuUTI . Yac nepeGyBaHHS BaHTaXy y BarOHi-IMCTEPHi (BPaXOBYIOUM 4Hac
MEepPEeBE3CHHS Ta/ab0 TUMYACOBOTO 30€piraHHs) MPeCTaBISEThCA IHTEpBAIOM t = [O,tk]. baxk

BaroHa-muCTCPHU XapPaKTCPUIYETHCA TINIOIUHOIO TOPU30HTAJIIBHOTO IIEPETUHY Sn Ta BUCOTOIO

h croBma piguHM (BaHTaXy), IO MEPEBO3UTHCS. PiAWHA-BaHTaX Mae TEMIEPaTypy
BHYTPIIIHBOI MMOPOKHUHKM OaKy BaroHa-uucrepHu 1 =T . (r, Z,t), a 30BHIIIHA CTIHKa 0aKy

T. Moxe TmpuiiMaTd TeMIeparypy OTOUyrUOro cepemoBuina I, abo 3a3HaBaTH

CcT oc

pamiariifHoro onpomiHeHHs 1o temmeparypu T,.. OO’em pinuHH, 1m0 TnepedyBae B

NIOPO’KHUHI 0aKa BaroHa-IMCTEPHH, XapaKTEPH3YEThCS NMOYATKOBMM 3HAYECHHSAM HAa MOMEHT
3aBanTaxenns t, a came V,_ (t. Xtﬁo =V, ., Ta IOTOYHUM 3HAYEHHSAM HAa MOMEHT Yacy t —

TobTO V| (tK ) .

3 ypaxyBaHHSM BBEJCHHMX II03HA4YEHb, 3aMUIIEMO pPIBHAHHSA MaTepiaIbHOTO Ta
€HEepreTUYHOro (y BUIMIAAl PIBHSHHS JAMHAMIKM TeMIlepaTypu) OajlaHCiB Juisl Oaky BaroHa-
UCTEpHU y AudepeHuiaabHii hopmi:

1104 TI0T

oh(r,z,t) V., -V () Vo, -V..(t)
A t -t t

S

, 1)

GTBH(r,z,t) _maV (K){aTBH(r,z,t)+ 1 aTBH(r,z,t)}_anmoc[

> T (t )-T (r,z,t
ot pC,S, oz 2nr - or pC,S, 2t)-Tu(n2t] @

3 IOYaTKOBHUMMU
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Vrloq(tn] =0 :Vnoqo’ VHOT(tKXtKZO :VHO‘-IO ! TBH(r' Z’tlt:() :TBHO ! Tc’r(tlt:() :TC’TO’ (3)

i

Ta rpPaHUYHHUMU YMOBaMU

h(r,z,t) =0, T,(rzt) _, =T,(0zt),

h(r.z,t) _, =2r, T,(rzt) _, =T,(@rzt), (4)

r=2r

To©)=Ta(t), To(t)=[Toe(t) T (t)].

Ie M — Maca piIuHHU-BaHTaXYy; P, Cp , 0, — BIJIMOBIJIHO IIUIbHICTh Ta TEIJIOEMHICTh P1IMHH-
BaHTaXy (Cepe/iHi 3HAYCHHs), a TAKOXK Koe(illieHT Teruonepenadi BiJ CTIHKA 0aKky a0 Horo
MTOPOKHUHHU.

PiBasnust (1)—-(4) yrBOproroTb MM BaroHa-UMCTEpHH 3 PIAUHOKO-BaHTaxeM (y
MOCTAHOBII IIO0 BH3HAYCHHS TEMIIEPATYpU PIOUHHU-BAHTaXy y OaKy BaroHa-IIMCTEPHH).
[Tpuuomy, piBHsHHS (1) Ta (2) ABNAIOTH COO0IO PIBHAHHA TUHaAMIKH, a (3) Ta (4) — BiAMOBIAHO
3aJ]af0Th IMOYATKOBI Ta TPAHUYHI YMOBH.

MM Bunay (1)—(4) oTpuMaHo 3a MPUMYILIEHHS, IO UIUIBHICTD P PIAMHU-BAHTAXY Mae
ycepeHeHe 3HaueHHs a00 Majo 3alieXHUTh BiJl TeMIEpaTypu BHYTPIIIHbOI TOPOKHUHU OaKy
BaroHa-uucrepuu I, =T (r, Z,t) 91 BiA TeMmeparypu #oro (0aky) 30BHIIIHBOI CTIHKK T,
T06TO BUKOHYIOThCs yMOBH: p =p(T,, )= const, p=p(T,, )~ const.

B pa3i HeBUKOHAHHS 3a3HAYEHUX YMOB, 000OPOTHOMY XapakTepy 3aJIeXKHOCTI IITBHOCTI
PIAMHKU-BAHTaXy BiJl TEMIEPATypu Ta IPU HETPUBAIOMY MOCTIHHOMY 3HAYEHHI TEMIEpaTypu
T,, (ado T_ ) WiNbHICTb PIAMHU-BAHTAXY MOXHA BU3HAUUTHU 32 IMIIEPUYHHMU 3aJI€KHOCTAMU

p= p(T) JUI BIAMOBIAHMX piauH. Hanmpukian, nis cupoi HadTu Ta mpoayKTiB ii nepepoOku
TaKOI0 3aJICXKHICTIO MOke ciyryBatu popmyna JI. I. Menneneesa [12]:

Py =pi —alt-20),

Je P, — BigHOCHAa MIiTBHICTH HAMTOMPOMYKTY TpH TemmepaTypi t, p2’ — BimgHOCHA
miTeHICTE HadTOmpoaykTy mpu Temmeparypi 20°C (o BiZHOMIEHHIO O IIUTBHOCTI
avcTuboBaHa Boja mpu 4 °C), a — TemmeparypHa mompaBka (Koe(illieHT 00’€MHOTro
PO3LIUPEHHS) 10 MIUIBHOCTI (TabJIWYHE 3HAUCHHS ).

IMoni6ui iMnepuyHi (opMynaM ICHYIOTH JUId psJly MOLIMPEHUX pIIUH, SKi
TPAHCIIOPTYIOTHCS 3ATI3HUIICIO: CipYaHa KUCJIOTA Ta CJICKTPONITH Ha ii ocHOBI [12], myru B
pinkomy crasi [13, 14], rnitepun [15] Tomo.

Onnavye iCHye HHM3Ka pPIIWH-BAaHTaXIB, JUISI SKAX 3aJICKHICTh IIIIBHOCTI Bif
TeMIepaTypyu HOCUTh HEOOOPOTHHUM XapakTep, 10 3HAXOAUTh BiTOOPaXeHHs y 3MiHI TYCTUHU
W pinuHu-BaHTaxy [12-15]. [lo uncaa TakuxX piIMH MOXKHA BiJHECTH, HANPHKIAJ, PI3HOTO
poay KJiei, KOJIOiMHI CyMiIlli, BOJHI PO3YMHHM Ta CyCHeH31i Tomo. J{Js BUMmaaKy TakKux pedoBUH
3alpoONOHYeMO BiAMOBIAHY MM, 110 BpaxoBye 3MiHY LIUIBHOCTI MiJ Yac TPaHCIOPTYBAaHHS
3aJII3HUIICIO B BarOHAX-IUCTEPHAX.

IIpu ubomy pIBHSHHA MaTepiaJbHOro OajlaHCy 3alMIIaeTbess TOTOXHIM (1), a
PIBHSHHS €HEpreTH4Horo OanaHcy (SIK BIANOBIAHE pIBHSAHHS, ILI0 BPAaXxOBYE JHUHAMIKY
napameTpy HIIBHOCTI PIMHNA-BAHTAXKY) PUIIMA€e BUTIISL:
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aT,,.(r,z,1) maV,,, (t.) | dT,,(r zt)
’O(TBH(r’Z’t))Tz(Cp SH)X{— pCpSH X e +
. (®)
1 ot (r,z,t)
o pm }—Zﬂrm a[TCT (tK)—TBH(r,z,t)]} .
PiBusuns 6anancis (1) Ta (5) JOMOBHIOIOTHCS MOYATKOBHUMHU
Vnoq(tn ]tn=0 :Vnoqo ' Vnor (tK ]t.\;o :Vnoqo ! TBH (r’ Z’t]tzo :TBHO !
(6)

To (V) =Tey P, (n20), , =p(T,, )
TA TPAHHHHIMI YMOBAMH
h(r.zt),, =0, T,(rzt) _, =T,0z1), p(T,,(r 2,1))_, =p(T,.(021),
h(r.zt) _, =2r, T,,(rzt) _, =T,.@r.zt), p(T,.(r.2t)) , =p(T..(2r.21), ()
To()=To (t) T () =] Toe (t). Tour (1) ] -

3BepHEMO yBary Ha TOW (PaKT, M0 piUHA-BAHTAXK MOKE 3a3HABATH BIUIMB TEMIICPATYPH
T. 3MIHHOI BeJMYMHU B yaci (TOOTO pi3HI 3a BEIMYMHOIO TeMIepaTypu 1., MOXYTb

BIUIMBATH Ha PiIMHY-BaHTaX BIIPOJOBX MPOMDKKIB yacy pi3HOI TpuBayocTi). B mpoMy pasi
OCTaHHE PIBHSIHHS B TPAHUYHHUX YMOBax (7) 3aMiHSAE€THCS TaKOKO CYKYITHICTIO BUPa3iB:

Tcr(tl):TCT(tn)’ Tcr(tZ):TCT(tl +At1)’ Tcr(ti):Tcr(ti—l +Ati)’
T ()=To () =T (s + At ) To ) = 1 () T ()] 1 =ZN ©

Takum umHOM, cucremu piBHsAHB (1), (5)—(7) abo (1), (5), (6), (8) yrBOprotoTs MM
BaroHa-I[UCTEPHU 3 PIAMHOIO-BaHTaXeM (y TIOCTAHOBI IIOAO BpaxyBaHHS JAUHAMIKU
napameTpy MJIbHOCTI pIAMHU-BAHTaXy y OaKy BaroHa-LIUCTEPHH).

3anpornonyeMo MM BaroHa-MCTEpHU 3 PIAMHOIO-BAHTAXKEM, SIKa BiIOMBAE TMPOIECU
«CTapiHHA», 110 Ma€ MicClle MPU «PO3LIAPOBYBAHHI» HEOJHOPIAHUX 3a CKIJIAQJAOM HaTUBHUX
BaHTaXXIB B/l BIUIUBY PI13HUIIl MTUTOMOI Baru oKpeMux (ppakuiii. BpaxoByrouwu, 1110 B BaroHax-
IUCTEPHAX 3 OCOOJMBUMM yMOBaMH Ie€peBe3€HHs (30epiraHHs) BaHTaxiB (130TepMiuHI
BaroHU-IIMCTEPHH Ta BarOHU «CYIUHH IIiJ] THCKOM)») €HEPreTUYHNN OajaHC BAaHTAXy Maibke
HE 3MIHIOEThCS (TOOTO MIATPUMYETHCS MOCTIHA TeMIIepaTypa Ta TUCK Y 0aKy IIUCTEPHHU), TO
B naHii MM Oyne BiJICYyTHE pIBHSHHS €HEPreTUYHOro OajaHCy, a PIBHSHHS MaTepialbHOTO
OanaHcy 3alUCYEThCS 3 ypaxyBaHHSIM YTBOPEHHS IApiB PIAMHU-BAHTAXY, 3yMOBIICHE JI€I0
pI3HULI IX OUTOMOI Baru. [HIIMMM ClIOBaMH, PIBHSHHS MaTepialbHOro OajlaHCy MOBHHHO
OyTH CKJIaJICHO Bi/IMOBITHO TOBIIMHK (BUCOTH») & OKPEMOTO I -r0 IIapy PiJHHU-BAHTAXKY i,
JUISL TIepepi3y Y3/I0BXK BaroHy-IIUCTEpHHU, B T€PMiHAX, MPUNHHATUX Ha PO3PaXyHKOBIN cxemi
(puc.l), HaOyBa€e HACTYITHOTO BUIJISAY:

ms 8hi(r,z,t): m ><avmi(r,z,t)
"ot 271’z or

)

3 IOYaTKOBHUMMU
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w(rz,t) =, (MxN) =m, (10)

=t,
Ta rpaHUYHHUMU YMOBaMU

h(r,z,t) _, =0; h(r zt)

=0; hi(r,z,t)r=hi =3, hi(r,z,t]rth =N-§;

r=hi,

Ve (rz,t) =05V, (r, z,tLhii1 =0; V,, (r, z,t]r=hi =35,rz; (11)

Voo (r,z,t)|r:hN =3,rz,
ne 1=1N — umucio mapiB, IO YTBOPIOIOThCA 3a 4yac t=t_, i BU3HAYAETHCS MOMIUBUM
(GpakiiHUM CKJIQJIOM pIIMHH-BaHTaXy, M, — Maca |-TO Mapy pIAMHH-BAHTaXy, W; —

I'YyCTHHA |-TO IIapy piIMHU-BaHTaXy; M_ Ta |l — 3arajbHa Maca Ta CepelHs I'yCTHHA
PIIMHH-BAaHTaXy Ha II0YAaTKOBHIl MOMEHT Yacy t=t,, BianosigHo; V, =~ — mOTOYHHH 00’€eM,
110 3aiiMae | -i map piguHA-BaHTAKY.

[Ipu npoMy 3amaya mMoOJSATa€ Yy BIIHAXO/KEHHI 3HAYEHb O; 32 YMOBH IPHITYIICHHS
h; =8, B (9), a00 — wacy t=t_  mo4aTKy «poO3IIapOBYBaHHS», L0 BCTAHOBIIIOETHCS 13

crmiBBigHOmIEHHS [148], 32 SKUM MOXHAa BH3HAYUTH Bary HAaKONMYEHOI B IIapi piguHHU-
BaHTaXXy BUCOTOIO0 O Ta 00’eMoM V (TOOTO rifpaBiiyHUi HaMip CTOBNA piAnHK) 3a yac t =t

pMBiHV
mg=——,
t
A€ § — NPUCKOPEHHS BUILHOIO MaJiHHSA; [, — BiJIHOCHA I'yCTHHA PiJMHU.
PiBHsiHHs 30epexeHHs MacH (9) Moxke OyTH IPEICTABICHO BITHOCHO IMUIBHOCTI P; | -T0
1apy piIUHH-BAHTAXY, a CaMe:

m 5h| (I’, Z,t) _ pi Sn . aVnoTI (r’ Z’t)
't 2nrz or

(12)

3 BIANMOBIAHUMH MoaudikanisMu noyatkoBux (10) ta rpannynux (11) ymoB, B SIKHX 3aMICTh
T'YCTUHH | -TO [Iapy PIAMHU-BAHTAXKY BPaXOBAHO HOTO IIITBHICT.

TakuMm uwuHOM, 3amponmoHOBaHO MM  BaroHiB-IIMCTEPH Ta BaHTaXIB-PIIUH, IO
NEpPEeBO3STLCSI B HUX, AJI1 HaWOUIBII TMOMIMPEHUX THUIIIB BaroHIB-LIMCTEPH Ta BHUIAJKIB
TPAHCHOPTHUX ONeparliil Ha 3aJ1i3HULL.

JUia mnojanbliuX pO3MIPKOBYBaHb, JJIi 3pYYHOCTI, BBEAEMO Yy3araibHeHy MM
HAJIMBHUX BaHTAXIB Ta BarOHIB-IIMCTEPH, B IKUX BOHU (BaHTaX1) IEPEBO3ATHCA):

a¥(zt) i\?(Zt),a@(gzz,t)ﬁjfzz,t),Ug(z’t) +b,(%,2,t), (12)

i

Vi=1..,k;Vj=1..,N;¥(2)eQ,7=(2,,2,,... 2, )"; vte(O,t, ), ¥=[¥,¥,,. ¥, |

3 YpaxXyBaHHAM IMOYATKOBUX
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¥(z,0)=W¥o(z), Y(2)eQ, 7=(2,,2,,... 2, )";Vte(0,t,) (13)

Ta TPAaHUYHHUX YMOB HACTYITHUX THIIiB!
® TpaHUYHHX YMOB nepuioro poay, ['Y-1 (tumy Hdipixie)

‘?(Z,t)‘zzo =¢,[Q(z, ) Vi=1...k; Y(2)eQ, 7=(z,,2,,...2,)";Vte(0,1,) (14)

® TpaHUYHHX YMOB TpeThOro poay, ['Y-3

[a\?(z,t)/azj]zjio = xi[ﬁ(z,t),Q(z,t)] :
Zj =2 max (15)

Vi=1..k;Vj=1..,N; ¥(2)eQ,7=(2,2,,...2,); Vt € (0O,t,),

e @(Z, t) — OesniepepBHi (PyHKIIIT cTaHy, 10 3alieXkaTh Bl HE3AJIEKHUX YacoBoi 1 € (0,tk) Ta
MIPOCTOPOBUX ‘v’( Z) € QQ koopauHaT (JTIHIMHUX PO3MIPIB BaroHiB: JOBXUHH — | , mupuHu — b,
BUCOTH — h abo paniycy — r); GyHKIil cTaHy q’( Z,t) BHU3HAYAIOTHCS PO3B’A3KOM CHUCTEMU
(12) — (15), mwo (3a BU3HAYCHHSM) ICHYE 1 € E€IUHUM; Ug (r,z.,t),g=1... k" — dynxmii
PO3MOIIEHOTO YIPaBITiHHSA, UgJ € R (manpwkmaz, rpafieHT TeMIepaTypH, 3yMOBIICHHIL
XIMIYHOIO PEaKIlil0 B Maci BaHTaXXy BHACIIZIOK arperaTHux 3miH); f; [] — Oe3nepepBHi JIiHIHHI
abo wHeminiiHi ¢yHkuii; D, (@, Z,t): Di{z,t,‘Pl( Z,t), ‘{’Z(Z,t),...,‘{’k(i,t)} — mHiAHI abo
HeNMiHIAHI  QyHKIil, o0 XapakTepu3yloTh M0 30BHINIHIX 30y/KYyIOUMX BIUIHBIB;
Q(Z, t), V(Z) € (2 —3anani GyHKIT HA TpaHUIll O0C2 005acTi, sIKi MOXKYTh BUCTYIIATH B SIKOCTI
TpaHUYHUX YIPaBISAOYMX BIUHBIB, A,, Vi=1..,K — mapamerp, skuil Xapakrepusye

€HEepreTHyYHl BJIACTUBOCTI eneMeHTIB 00’ekTy PC abo BaHTaxy (Hampukiiaj, KoedilieHT
TEIUIONPOBIIHOCTI, KOe(IIiEHT Terionepeaayl, TOIo).

Po3poOumo  nmuckpetHuii aHanor ys3aranpHeHoi MM  HanmuBHHMX BaHTaxiB (1
BignoBigHoro HetsrinoBoro PC). Ilpu npomy 3a3HauuMo, IO OJHIEI0 3 BaXIJIUBUX
ocobnmBocTeil peanizauii MM pocnimkyBaHoro kiacy BaHTaxiB Ta PC, B sKOMy BOHHU
NEepeBO3AThCS (TUMYACOBO 30epiraroThCsi), € ONEPATUBHICTH B OTPUMAaHHI IPOrHO3y Ta
MiHIMaJIbH1 OOYHCIIOBAJIbHI BUTPATH NMPU MAIIMHHOMY MOJIENIIOBaHHI. TOMy, B X0/l YUCIIOBO1
peasizalii 3anpornoHOBaHOiI BUIllE y3arajabHeHoi MM, Oyn1eMo BUKOPUCTOBYBaTH €KOHOMIYHI
PI3HMIIEB] CXEMH.

[Tommpenum MeToaoM MOOYJOBH €KOHOMIYHMX PI3HHUIIEBHX CXEM € METOJ| CyMapHOi
anpokcumaiii [16]. [letambHO 3acTOCYBaHHS METO/IY CyMapHOi alpOKCUMAIlii 3 BiAMOBITHUMHU
JOCIIJKEHHSMHU TOYHOCTI AUCKpeTHUX MM Oyno npoBeneHo, Hanpukian B [17], ans knacy
BaplallifHNX HEPIBHOCTEW 3 MapabOIYHIMH OMEepaTOpPaMH Ta y MOJAIBIIIOMY PO3BHHYTO Ha
BUNAJIOK TU(EpeHIiHUX piBHAHDb y YacTKoBUX moxigHux (JIPYII) 3 rimepOosiiuHuMHu Ta
rinep0oI1o-mapaboiyHUMHU  OIIepaTopaMu, 30kpeMa, y poborax [18 — 21]. 3 ypaxyBaHHIM
BUKJIA/ICHOTO BHIIE, PO3POOKY TUCKPETHUX €KOHOMIYHUX MM i Kjlacy HAJIMBHUX, CUIIKUX,
IpaHyJIbOBaHUX Ta KyCKOBHX BaHTaxiB (1 BiAMmoBigHOro HeTarnoBoro PC) nposeneMo y Takiit
MOCJiIOBHOCTI.

[TpencraBumo y3aranbeny MM (12) — (15) B HacTynHOMY BUTJISIAL:

iA( )a \P(z t) iB( )8\11(2 t) (16)

022 0zZ.

6‘1’(2 o¥(z,1)
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+iB(‘T’, z,t)%zz’t) +C(¥,2,tJ¥(z,t)+ D(¥, 2.t (z,t) + E(¥, 2, tJF(z.t), Vi =1 N;

9={z},geQc R ¥=[¥,¥,,.. ¥, J;ite(0t,), Q=0x(01,);

U(z,t)=[U,U,...u, T, Fz.t)=[F.F,.. Fkl]T, k, <k; (17)

+K()w(0,t)==(t), vi=L N . (18)

[epetBopenHs nmouaTkoBoi AudepeHmiiHoi 3anayi (16) — (18) B pi3HuLeBy MOXe OyTH
BUKOHAHO 32 JIONIOMOT'OI0 PI3HOMAHITHUX PI3HHUIIEBUX CXeM [22 — 26], 110 3yMOBIIIOE TaKOX
OTPUMAHHS II0I HHU3KK alMpPOKCHUMYIOYMX JUCKpEeTHUX MM 3 pI3HUMH SKICHUMH
XapaKTepUCTHKaMU. AHaji3 BKa3aHOI JIITEpaTypu MOKAa3ye, IO 3 TOYKH 30py CTPYKTYPHOI
MOBHOTU PO3TJISAY MOXIMBHX BapiaHTiB pisHuueBux cxem, g JIPUII rimep6omniuHoro Ta
rinep0o10-napadoaiuHOr0 THUITY JOUUIPHO BHKOPHCTOBYBAaTH IIECTHTOYKOBUH MIA0JIOH
(manpuknan, [22]). Bin go3Boiisie moOyayBaTH CXEMH JABOIIAPOBI 32 YaCOM Ta TPHUIIAPOBI 3a
MIPOCTOPOM, TOOTO J]a€ 3MOTY PO3B’SI3yBaTH 3a/1aui: CTAIIOHAPHI Ta HECTAIlIOHAPHI, a TAKOXK
OJIHO- (JTiHIiHI), 1BO- (IJIACKi) Ta TPUBUMIpHI (00’ €MHI).

PosrisiHeMo 1OOy/IOBY MOKJIMBUX JUIsS JAHOTO BUMAJAKY PI3HHIIEBHX CXEM Ta
BHKOHAEMO iX TMOPIBHSJIbHE JOCIHIDKEHHS Ta CTIMKICTh, 30DKHICTh Ta TOYHICThH. IlomiOHe
JOCTIDKEHHST JIO3BOJIUTh BUSBUTH NPAKTHYHY TMPUAATHICTH Ta OO0JACTI TEPEBAKHOTO
3aCTOCYBaHHS ITUX CXEM.

BBenemo HacTymHI CITKH:

s =10, =1A3,1=0,1,... L} 0, ={t, =mAt,m=0,1,...M};

Wagst = Wag X By =1{(1Ag, mAt),1=0,1,..,L,m=0,1,..,M},

3 KPOKaMH IO INPOCTOPOBUX KOOPIMHATAX Agz{Azl,...,AzN} , Az = ijaX/LZj ; jzl,_N
(115 Bunanxky Baromis-umerepu: Ar=r.. /L. Az =z, /L, , K =2,N) Ta 1o yacoiii
koopauHati At=t, /M . Tlpuuomy, Juisi piBHOMIpHHX CITOK JUIsi KPOKIB IO MPOCTOPOBUX
KOOP/IMHATaX BUKOHYEThCA yMOBa Ar =Az, =Az,, ] =1LN; k=2N.

[To3naunmo uwepe3 P|" 3HaueHHs ciTKOBOI (yHKIIl y By3mi (g, ,tm), BHU3HAUEHOI Ha

Magat. Tomi, 3amiHstoun Oe3mepepBHI MOXiAHI B piBHAHHAX cucteMu (16) Ha BigmoBimHi
PI3HUIIEB] MOXI/IH1, OJIEPKUMO:

\_Pm+1 _\Ijm R
N fzfz} ol 2w+ + (o), 2w+ ]+

19)
Bi s [iyme m+ e " 8 |
" Az{}[qj(lll)i - 4‘Pli T+ 3\P(Hll)i + ‘P'i*l B \P("l)i ]+

i

+C, {}\Plfn +D, {}U = {‘}Flim; L j=LN,
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Je G — JIOBUIbHUN PEUOBMHHHI TapaMeTp (0 <o< 1).
[ToyaTkOB1 yMOBM MpH JTUCKpeTH3aIlli HAOYBaIOTh BUTJISTY:

¥ (0,1)="¢7(). (20)

B sikocTi pi3HUIIEBUX aHAIOTIB TpaHUYHUX yMOB (18) BUKOpHCTaEMO
HACTYITHI BUPa3H y BUIMAJKaX:
® KPHUTUX BaroHiB Ta HAIIBBaroHiB

7\.m \PIEn_Z:]—l Km\Pm_:m. =0 >0 i '_1_-
Az T =273 2;=0, 1201, J=L N3 (21)
J

o BaFOHiB'I_[I/ICTCpH

\Pm_ m R
WL KM == r=0, t20, i=1N, (22)
Ar '
m ‘PIT _Z:]—l mapm _=m 1N, 2,N
7\’k Azk _Kk ‘P|I =2y Ly =0! tZO) |=ll ! k=2' (23)

Cxema (19) onucye ogHonapaMeTpudHe (BITHOCHO G ) CIMEHUCTBO PI3HUIIEBUX CXEM 1, ¥
BIZIMOBITHOCTI 70 NpPUHAHATOI TepMiHoJorii [22], HOCHTH Ha3By cXxeMH 3 Baramu. BuOip
napaMmerpa G, SIK CBIJYUTH 3 pe3yibTaTiB YUCIEHHUX POOIT, 30kpema [16, 22—24], Bu3Hauae
CTiliKicTh (301KHICTD PO3B’sI3KY) Ta TOUHICTH cxeMu (19). [Ipu ubomy Ge3ymMoBHY 301KHICTh
(ToOTO iCHYBaHHS PO3B’SI3KY AUCKPETHOI 3a1a49i HE3aJIeKHO Bl BAOOPY KPOKIB AMCKPETHU3AI]
3a 4acoM Ta NIPOCTOPOBHUMH KOOpAMHATamu) 3abe3meuye pi3HMIEBa cxema 3 o=1. Y
MOJajbIIOMY, 3 OTJISAy Ha 3a3HaueHy BJIACTHUBICTb, JJIS peanizallii pi3HUIEBOI 3a/1ayi BHIY
(19) — (21) (abo (19), (20), (22), (23)) OymeMO BUKOPHUCTOBYBATH CaMe I[I0 CXEMY.

TakuM uymHOM, TIpu G =1 Ta 3aMiHI YaCTUHHOI MOXIJHOI MEPLIOr0 MOPAAKY (3
ypaxyBaHHSM BCIX THIIIB BaroHiB, sIKi pO3TISAAIOTHCS) MO MPOCTOPY HACTYITHUM BUPA30M

oW (r 2 )RR -YED ow(@y) WA o oo

= = L, j=LN,k=2N
or 2Ar azj 2Azj
OTpUMAEMO YUCTO HCSIBHi CXEMU:
WIS W 2w Y -
RELEVY : e
At AZ] AZ; (24)
+Ci {}cblm + Di {'}U|m + Ei {'}Flim; i, J :1,_
abo
VR 2wy v -
At ' Ar? o(Ar+Az,) (25)
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JUIS KpUTUX (HA MBBAaroHiB) Ta BarOHIB-IIUCTEPH, BiAMOBITHO.
PiBusiaas (24) abo (25) MOXyTh OyTHM BHKOPHICTaHI Yy BIJIMOBIIHUX IPOCTOPOBHX

obmactax 0<z;<z; ; j=LN abo O<r<r, O0<z, <z, ;k=2,N, 3a BuHATKOM

max !
TpaHUYHUX TOUOK: Z; =0, Z; =2Z; J=LN a6or=0,r=r, maz, =2 ;k=2N.

Jlis 3a3HAaYEHUX PaHUYHUX TOYOK CITKOBa (DYHKIIiS BU3HAYAETHCS i3 TPAHUYHHX YMOB (21)
ab6o (24) Ta (25), BiAMOBITHO.

[TpoBeeMo yuCIOBE JOCITIKEHHS JUCKPETHOTO aHalora y3araibHeHoi MM HalMBHHEX,
BaHTaxiB (1 BignmoBigHoro HetsriaoBoro PC). BukonaHne y3araibHEHHS MATEMATHYHOTO OIHCY
JOCITIKYBAHOTO KJIACY BAaHTAXIB, IO MEPEBO3IATHCS (TUMUYACOBO 30€PIraroThes) 3aIi3HUIICIO,
Ta BiAnoBigHOro Hepyxomoro PC (BaroHiB) mae 3MoOry 3AiMCHIOBATH iX MOZETIOBAaHHS Ha
OCHOBI TPHUHIIMITY THUITI3AIlli — TOOTO 3 BHUKOPUCTAHHSAM €IWHHUX MPOIEAyp. Takwil Mmiaxina
03BOJIsIE  YHI(IKYBaTH SIK MaTeMaTHYHHEN amapaT (METOJOJIOTIYHY CKJIAJIOBY IIPOIECY
MOJICJIIOBAaHHA), TakK 1 TMporpamMHi Moaymi (IHCTPYMEHTalbHY CKJIQJOBY IPOLECY
MOJICIIFOBAHHS ) B XO/Ii MAIIMHHOI peai3altii po3podiaeHux MM.

BukonaeMo 4ncoBe JTOCHTIDKEHHST TUCKPETHOTO aHajora y3arajabHeHoi MM HalMBHUX
BaHTaxiB (1 BigmoBigHoro HersarnoBoro PC). Po3s’s3aHHA mocTaBieHoi 3anadi Oyaemo
3IIACHIOBAaTH 3 BUKOPHUCTaHHSAM pI3HHUIEBHX cXeM BHAY (24) abo (25), B 3ayie)KHOCTI BiA
3a[[iSHOTO THUITy BaroHiB. JIOMOBHUMO IIi PI3HMIIEBI CXEMH JUCKPETHUMHU aHAJIOTaMu
IPaHUYHUX Ta IOYaTKOBHX YMOB, BUKOpucToBytoun Bupasu (20), (21) ado (20), (22), (23).

Hanpuknan, nns ocraHHBOro BHMAAKy (OUTbII CKJIAJAHOIO), TUCKPETHI aHAJOTH
MOYATKOBUX Ta TPAHUYHUX YMOB HaOYAyTh BUTIISATY:

Pl =Y, (26)
Mo \P(rglr)iArlP(Tr)' ~ K, Yo, =Efon),
M) ‘P()Ar_ RERRY S S 27)
Mr0) T A;T(T'l)i Kito) Yo, =E (o)
AT, ) Hier ) A_r i) KL, ) P, ) =20, )

TakuM YHMHOM, CYKYITHICTH CHCTeMHU JUCKpeTHUX piBHSHB (19), (26), (27) nnsa Beix
m=0,M, r=1L, z, =1L, ; Vi, j=L N, k=2,N sBuse cobow mguckpetHy MM

(3ayBa)kMMO, 1110 3 METOI0 KOHKPETHOCTI PO3MipKOBYBaHb, JJIs MPHUKIALY, 0OpaHO HAIUBHUI
BaHTaX Ta BaroH-IMCTEPHY) BaHTaXy Ta BianoBigHoro HetsriaoBoro PC. [lns koxHOro

pEaIbHOTO BUMAJKY €JIEMEHTH MaTpullb KOeQilieHTIB A, {} - Ei{-} Ta IapameTpu KTMJ),
K7, ) 00uHCIIOThCA, BUXOASTIHN 3 BHly GynKmii f; [] B PiBHSAHHSX quHaMiku (12).

BukopucroByroun MatpudHy GopMy 3amucy, IpeacTaBUMO PiBHSIHHS cxeM (24) ta (25)
y HaCTYIHOMY (MaTpHUYHOMY ) BUIJISI, BIATIOBIAHO:
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m+1 m
[wmt —wm ]| = At (Ai +i]v2\y,_ + At (Ai +i+cijvq!,_ =[DU"+EF"](29)
' ' 2Az ' 2Az '
Ta

m+1
[em —wr = at (Ai 4 L]VZ‘P,_ +
| | 2(Ar +Az,) !

(29)

m

+At (Ai+L+CiJV\Pl- :[DiUm"‘EiFm],
2(Ar +Az,) |

Jie TIIyMaueHHs 1HJEKCiB MpY 3MiHHUX Ta MaTPUIIX HA/IaHO BUIIIE.

Jns arcnoBoi peasizaiiii MaTpudHuX piBHAHB (28) abo (29) 3 mouatkoBumH (26) Ta
rpaHUYHUMHE (27) yMOBaMH CKOPHCTAEMOCS iTepaliifHoro npoueaypoto 3einens [28, 29], sxa
3a0e3neyye HAWIIBUAILY 30DKHICTH ITepaliiHOrO Mpolecy MpH MOIIYKY HaOIMKEHOTo
po3B’s3ky [30], Ta HE HaKIagae YMOB Ha BJIACHI YUCIIA MAaTPUIh MTPABOI YACTUHU MATPUIHUX
piBHSAHB (Y BUIAIKY, IO PO3TISAAEThCA, BUpa3u (28) abo (29)) Ha BiAMIHY, HAPUKIAMA, BiJ
npoueaypu mpoctoi irepamii [31], a Takox He MOTpeOye BiTHAXOPKCHHS IMOXIJIHUX BiJl
CJIEMEHTIB IUX MATPHIIb K B mporeaypi meroay Hetorona [32, 33].

Tomi MoKHa CTBEpIKYBAaTH, MO y JOCHUTh MajOMYy OKOJI IIyKaHoi (yHKIIT ‘I’l’:

PO3B’A30K MaTpu4HUX piBHAHB (28) abo (29) 3 mouatkoBuMu (26) Ta rpaHudHuMEH (27)
YMOBaMH I HAOJIMKEHB 32 MPOLEAYPOro 3eiiiersi Mae HaCTYITHUI BUTIIS;

*

H\P,Vi*l R AE qH‘P,Vi -y,

, (30)

e V — Homep iTeparii;  — mapamerp merony, 0<q<1.
BBaxaroun, mo (i3uKo-xiMiuHI MapaMeTpu BaHTaXy OJHAKOBI y BCiii obnacTi
MOJICNIIOBaHHA (IucKpeTu3allii) €2, TOOTO €JIeMEHTH BIAMOBIIHUX MATPHUIlb KOEQIII€HTIB
m m
At} - E{} Ta mapamerpu Mray K

rz,)
TPUBIAJILHOMY BHIIQJIKY, JOPIBHIOIOTH MK 00010, BiAMOBIZAHO), MOXHA BU3HAYUTH YMOBY
(xputepiil) 3aBepiueHHs iTepaniiiHoro npouecy (30):

MaroTh OJIHAKOBUM xapakrtep (abo, y

" (31)

Je O, — 3aJaHa TOYHICTb PO3B’S3KY.
1

TakuM 4YMHOM, Yy MIACYMKY, pPO3po0JeHO MeTo] peanizamii y3aranbHeHoi MM
HAJIMBHUX, CUIIKUX, TPaHYJbOBAHMX Ta KYCKOBHMX BaHTaXiB (1 BiJNOBITHOIO HETATJIOBOTO
PC), sikuii 3B0AUTHCS 1O TUCKpETH3allii HenepepBHOI y3arainbHeHoi MM 3a HESBHOIO CXEMOIO
3 BaramMu (3 mapameTrpoM oG =1 — YHCTO HesABHAa cXema) Ta MOJAIBLIOrO PO3B’SI3aHHSA
OTPUMAHOI CUCTEMH AUCKPETHUX PIBHIHD 3a ITEPALiiiHOIO IpoLeyporo 3erens.

ANTOpUTM pO3B’sA3aHHS 3aJadl MOJIEIIOBAaHHS (IIPOTHO3YBAHHS) CTaHy BaHTaXYy, IIO
NepeBO3UThCA (TUMYAcOBO 30epiraerbesi) BiAMOBIAHMM HeTsrnoBuMm PC, moxe Oytu
c(hopMyITEOBaHO HACTYITHUM YHHOM:

Kpok 1. JIns vacoBoro kpoky m=1:
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e 3aBIAaHHS] BUXIIHUX 3HAYEHb: T(?,zk)i’ A{‘I’(?’Zk)_} - E{‘P&Zk)_} , }“(zr,zk)i'
Koy Yay s Foa) . At Ar, Az =1L, 7, =1L, ,Vi=1N;

e pO3B’si3aHHA PiBHSAHB AuHaMIKH (19) 3 modaTkoBUMU (26) Ta TPAaHUYHUMHU
(27) ymoBaMu — BU3HAUCHHS TOJNIB IIYKaHUX (QYHKIIH cTaHy ‘P(lm)_ (mepma iteparis);

e opranizamis iteparniiinoro npouecy (30) 10 AOCATHEHHs 3aaHOi TOYHOCTI
d; (y BianmoBigHOCTI 10 Kputepito (3.41));
e (dopMyBaHHS Ta BUBEJICHHS MiJACYMKOBHUX TOJIB IIyKaHUX (YHKIIA CTaHy
(rzi); ,
®  SKIIO 337a4a CTAaBUTKCS SK cTarfionapHa (M =1), To 3A1iICHIOETHCS Tepexi
Ha Kpox 4. Slxmo 3amava — HectarionapHa (M > 1), To 3aiiicHIOEThCs niepexin Ha Kpok 2.
Kpox 2. JIna wacoBoro kpoky m=1:

e (00YHCIEHHS HOBHUX 3HAUYEHD: A{\P(lr,zk)i} — E{‘I’l ).} , Xl(,vzk)i, K(lr,zk)i,

(riz)

U(lr,zk)i’ F(]T.,Zk)i y At, Ar, AZk; r:l,_l_r, Zk :1, sz ,V| ::L,_N,

e po3B’si3aHHA piBHAHb AuHamiku (19) 3 rpanuynumm (27) ymoBamMu —
BU3HAYCHHS MOJMIB IIyKaHUX (DYHKIIH CTaHy ‘P(T;t) (mepia iteparis);

e opranizauis itepaiiiiHoro mpotuecy (30) 10 AOCATHEHHS 3a/1aHO1 TOYHOCTI
d; (y BianmoBiaHOCTI 10 Kputepito (31));
e (QopmyBaHHS Ta BUBEIEHHS MiJACYMKOBUX TMOJIB IIyYKaHUX (PYHKIH cTaHy
\Pm+1
(

r
e mepexin Ha Kpoxk 3.

Kpox 3. IlepeBipka ymoBu mM=M. Sxkmo m<M, obuuciroerbcs M=m+1 i
3nilcHIOEThCA niepexia Ha Kpok 2. Slkio m= M , To 3ailicHI0€TbCs niepexia Ha Kpok 4.

Kpok 4. 3akiHueHHs pO3B’s3KY.

3anporionoBaHi MM HaiMBHUX BaHTaxiB, HeTsaraoBoro PC, B sAKkuX 11 BaHTaxi
MEePEeBO3ATHCS, a TAKOXK METOJA Ta ajIrOpuTM YHCIOBOi peamizaumii mux Mojeneit Oyro
anpoOOBaHO IUISAXOM pO3B’S3yBaHHS HU3KM NPUKIAJHUX 3a7ad., 110 HIATBEPAWIO iX
KOHCTPYKTHUBHY CIIPOMOYHICTb.

BucHoBku

3anporioHoBaHo MM cTaHy Kjacy HalMBHHX, a TakoxX HersrioBoro PC (Barona-
LUCTEPHHU), B KX 111 BAHTAX1 TPAHCIIOPTYIOThCSA. BUKOHAHO y3aranbHEHHsI 3alIpOITOHOBAHUX
MM 3 meroro Tumi3anii Ta yHi¢ikauii MaTeMaTH4HOro onucy. Take y3arajabHEHHs J03BOJIMIIO
BUKOHaTH (opmanizaiito 1 yHi(ikalilo METoay Ta 3aco0iB MaTeMaTHMYHOTO MOJIEIIOBAaHHS
KJIacy JOCHIJUKYBAaHMX BaHT@XIB, a TAKOX 3AIMCHUTH MAIIMHHY peali3aliio po3poOieHHX
MM Ha eauHii yHi(1KOBaHIi OCHOBI.

Takox 3amponoHOBaHO METOJ| YHMCIIOBOI peaiizawii y3araabHeHoi MM craHy Kiacy
HaJUBHUX BaHTAXIB 1 BiAmoBigHOTO HeTsAroBoro PC, skuit (MeTOM) 3BOIUTHCS 10
JMCKpeTH3allii HermepepBHOi y3araibHeHOi MM 3a HesIBHOIO PI3HHUIIEBOIO CXEMOIO 3 Baramu Ta
MOJAJIBIIOrO PO3B’SI3yBaHHS OTPHUMAHOI CHUCTEMH JUCKPETHHUX pIBHSHB 3a 1TepaliiHOI0
nporenypoto 3eitnens. Meros 3abe3neuye 6e3yMOBHY 301KHICTh PO3B’S3yBaHHS OTPHUMAaHOL
CUCTEeMM JHUCKPETHUX (pI3HUIEBUX) pIBHSIHb Ta [JO3BOJIAE TMPU ILBOMY CKOPOTUTH
00YHCITIOBANIbHI BUTPATH 33 PaXyYHOK 3aCTOCYBaHHS €KOHOMIYHUX PI3HUIIEBUX CXEM.

MeTton 103BOJIIE CKOPOTUTU Ha (3...7)% OO0YHCITIOBAJIbHI BUTPATU IPH YHCIOBOMY

po3B’sizyBanHi JIPUIl, mo yrBOproroTh y3aranbHeHy MM craHy AOCHIIKYBaHOrO Kiacy
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BaHTAXIB Ta BIAMOBIAHOTO 3alisHOTO HersrnoBoro PC, 3a paXyHOK 3acTOCyBaHHS
€KOHOMIYHUX PI3HUIIEBHX CXEM.
Po3B’s13yBaHHS MPUKIAIHUX 33434 TTOKA3a10 KOHCTPYKTHUBHICTh 3aIIPOIIOHOBAHUX.
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C.A. ITonoxaenko, O.B. PynkoBckuii

Opecckuil HAMOHAJIBHBIHN MOMUTEXHUYECKUH YHUBEPCUTET,
npoci. leBuenko, 1, Onecca, 65044, Ykpauna; e-mail: sanp277@gmail.com

AHanu3 JOTUCTHYECKOTO OOECHEUYEHUs KEJIE3HOW MOPOTH MOKA3bIBAET, YTO HPH POCTE
OTBETCTBEHHOCTH MOCIEIHEN 3a MPENOCTABICHHE KA4ECTBEHHBIX TPAHCIOPTHBIX YCIIYT
OTCYTCTBYET BO3MOXKHOCTb ITOJIydCHHUs TIOJHOW ONEPaTHBHOW MH(OPMAIMN O COCTOSHHUHU
Tpy30B, B YaCTHOCTH, KJacca HAJIMBHBIX I'PY30B, NEPEBO3UMBIX B BArOHAX-IUCTEPHAX C
OTPaHUYEHHBIM JOCTYIIOM Ul U3MEPEHHMHM 3a BCE BPEMs OCYLIECTBICHUS OIepanui
TPaHCIIOPTHOTO LIMKJIA. YKa3aHHas 3ajada IoKa He uMeeT d3(PPEKTUBHBIX MyTeil perIeHus.
IIpyueM ero akTyaJbHOCTb 3aKIH0YaeTCs B TOM, YTO BO BpeMs TPAHCIIOPTUPOBKU JAAHHOMI
IPYNIIBI TPY30B, WIK UX NPEOBIBAaHUS B YCIOBHAX HHPPACTPYKTYPHI )KEJIE3HON TOPOTH, MO
BIIMSTHUEM TPHUPOJAHBIX (PaKTOPOB (OCAIKOB, IEPENaJoB TeMIlEparypbl M T.II.) (DU3UKO-
XHUMHYECKHE CBOMCTBA HAIMBHBIX IPY30B MOTYT HCIBITBIBATH 3HAYUTENIBbHBIE M3MEHEHHUS,
YTO MOJKET IPUBECTH Ja)ke K MOTepe HUMH TOBAapHON IEHHOCTH (M3MEHEHHE arperaTHhIX
COCTOSIHMH, arjaoMepanysi pasinuyHoi (Gpu3ndeckoi mpuposl, 00pa30BaHMUs HOBBIX BELIECTB
Y TIOBBINIEHHOE T'a30BbIJETCHUE U T.11.). OCI0XXHEHNS TP PELICHUH 3a/1aud OTpeJIeNICHUs
TEKYIET0 COCTOSIHUS TIPYy30B YKa3aHHOTO KJlacca, U COOTBETCTBYIOLIETO HETATOBOTO
HNOJBW)KHOTO COCTaBa, BO3HHUKAIOT M3-32 HEBO3MOYKHOCTH TPSAMBIX HU3MEpPEHHH. OTO
00yCIIOBJICHO, B YAaCTHOCTH, TaKUMH (haKTOpamMH KakK: OTCYTCTBHE MNpPSIMOIO JOCTyma K
rpy3y Ans u3MepeHuil (BCIEACTBHE IUIOMOMpPOBaHMS BaroHOB), 3HAYUTEIIHHBIC
Fe€OMETPUUYECKUE pa3Mepbl BarOHOB, YTO 3aTPYyJHSET JUIsl HUX 3aMeEpbl BO BCEH IOJIOCTH;
HEOIpaBJaHHbIE 3aTPaThl BPEMEHU Ha OCYILECTBIIEHHE M3MEpPEeHUil U T. 1. JlelcTBEeHHbIM
IIyTEM PELICHMS 3aJauM ONPEAEICHUS TEKYIIEro COCTOSHUS I'Py30B IIPU OCYLIECTBICHUU
oIepauuil TPaHCIOPTHOTO LIMKJIA HA >KEJIE3HOH J0pore ClIeAyeT paccMaTpuBaTh BBEICHUE
MOJX0/a, OCHOBAHHOTO Ha NPHUMEHEHHWH METOJOB MAaTEMaTUYECKOTO0 MOJENHUPOBAHHS C
COOTBETCTBYIOIIEH MOJEIbHOM MOAJNEPKKOW. B 3TOM ciyuyae, ¢ OOHOH CTOPOHBI — HE
BO3HHKAET HEOOXOANMOCTH JOMOJHHUTENHHOTO noobopynosanus PC n MHGPaCTpyKTyphI
JKEJIE3HOW JOpOTH ONpENesICHHON anmaparypoi (JaT4uKu, CpelcTBa TEJIEMETPUH, KaHAIIbI
CBA3M MW T.L), a C JApYyroil — obecredynBaeTcs IOJyYCHHE OLEHKH COCTOSHHSA Tpy3a ¢
JKENTAeMOH JeTaln3aliel Mo Bcell MOJOCTH BaroHa M NMPOrHO3UPOBAHMS COCTOSIHUS Ipy3a
Ha XellaeMbIil MepuoJ BPEMEHU C yYETOM BO3MOKHBIX U3MEHEHMH YCIOBHH (TIOTOIHBIX,
TPaHCIIOPTHBIX, MEPErpy3KH U T.II.) NPHU OCYLIECTBICHUH TEXHOJOTMYECKUX OIEparuii 1o
JKEJIE3HOU Jopore.

KiroueBble ci10Ba: HETArOBBIM MOJBMKHOM COCTaB, BarOH-LIUCTEPHA, HAJIMBHBIE I'PY3bI,
MaTeMaTU4eCKasi MOZEIb, AITOPUTM YUCIOBOU peasIu3alvH.
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MATHEMATICAL MODEL OF BULK CARGOES AND CARS WAGONS WHICH
ARE CARRYED IN IT

S.A. Polozhaenko, O.V. Rudkovsky

Odessa National Polytechnic University,
1, Shevchenko Ave., Odessa, 65044, Ukraine; e-mail: sanp277@gmail.com

An analysis of the logistic support of the railway shows that with the latter becoming more
responsible for providing quality transport services, it is not possible to obtain full
operational information on the condition of goods, in particular, the class of liquid cargo
transported in tank wagons with limited access for measurements for the entire duration of
transport operations cycle. The indicated problem does not yet have effective solutions.
Moreover, its relevance lies in the fact that during the transportation of this group of goods,
or their stay in the conditions of the railway infrastructure, under the influence of natural
factors (precipitation, temperature extremes, etc.), the physical and chemical properties of
bulk cargo can undergo significant changes, which can even lead to the loss of their
commodity value (a change in state of aggregation, agglomeration of various physical
nature, the formation of new substances and increased gas evolution, etc.). Complications
in solving the problem of determining the current state of cargo of a specified class, and the
corresponding non-traction rolling stock, arise due to the impossibility of direct
measurements. This is due, in particular, to such factors as: lack of direct access to the load
for measurements (due to sealing of wagons), significant geometric dimensions of wagons,
which makes it difficult for them to measure in the entire cavity; unjustified expenses of
time for carrying out measurements, etc. An effective way of solving the problem of
determining the current state of goods during operations of the transport cycle on the
railway should be considered the introduction of an approach based on the use of
mathematical modeling with appropriate model support. In this case, on the one hand
there is no need for additional equipping of the RS and the railway infrastructure with
certain equipment (sensors, telemetry, communication channels, etc.), and on the other
noiyueHue an assessment of the state of the cargo with the desired detail throughout the
cavity is provided wagon and forecasting the condition of the cargo for the desired period
of time, taking into account possible changes in conditions (weather, transport,
transshipment, etc.) during technological operations by rail.

Keywords: non-traction rolling stock, tank car, liquid bulk cargo, mathematical model,
numerical implementation algorithm.
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IHOJIMHOMMAJIBHBIE METOAbI OHEHUBAHUSA ITAPAMETPOB CUI'HAJIA
HA ®OHE HEI'AYCCOBCKHUX KOPPEJIMPOBAHHBIX IIOMEX

B.B. [lanarun, A.B. UB4enko, E.A. Ilanaruna, /I.A. Benepuukon

Yepkacckuil rocyJapCTBEHHBIM TEXHOIOTMUECKUHA YHUBEPCUTET,
6yn. lllesuenko, 460, Yepkaccer, 18005, Ykpanna; e-mail: palahin@ukr.net

IIpu kmaccuueckoll MOCTAHOBKE 3aJauyd CTATUCTHMUYECKOM OLIEHKM IapaMeTpPOB CUTHAJIOB
MIMPOKOE PACIPOCTPAHEHHWE IMOTYYMJIM MaTeMAaTHUCCKHE MOJEIM B BHIE CIyYaiHBIX
MPOLIECCOB, MMEIOMNX TayCCOBCKUI 3aKOH pacIpencieHus. B peambHBIX TEXHHYECKHX
CHCTEMax HCCIeAyeMble CIlydalHBIE IIPOIECCHl LieliecooOpa3sHee paccMaTpuBaTh IpU
UCIIONIb30BAaHUN HETayCCOBCKMX MOJIETEH, KOTOpble B OOJIBIICH CTEMEHH OTpa’karoT
peanbHyl0 MOMEXOBYIO CHTyaluioo. MccnemoBaHusi NMOCIEOHUX JIE€T CBUAETEIBCTBYIOT O
TOM, YTO TNpH pEIICHHH 3a1a4 OO0pabOTKM HErayCCOBCKHX IIPOLECCOB NEPCIEKTHBHBIM
SABJISACTCA ,Z[pyFOﬁ MoAX0J, B KOTOPOM I OMUCAHUA CTATUCTUUCCKUX CBOMCTB CJ'Iy‘-I&ﬁHI:-IX
BCJIMYMH HMCHOJB3YIOTCA MOMCHTBI W KYMYJIIHTBI, YTO IMO3BOJIACT C MNPHUCMIICMBIM
NpUOIMKEHHEM XapaKTepU30BaTh CTaTHCTHUECKHE CBOMCTBA HETayCCOBBIX IPOIECCOB.
Takol MoaXoJ MO3BOJSET MOBBICUTH TOYHOCTh OOpPaOOTKHM HErayCCOBCKMX CHUTHAJIOB IO
CPaBHEHUIO C TPAJAWIMOHHBIM ITOJXOJOM IIPY 3aJaHHBIX OIPAaHWYEHHUSX HAa UX CI0XXKHOCTD,
y4ecTb KOPPENAIMOHHBIE CBSI3M HETayCCOBBIX CIydaWHBIX BelIWYWH. B pabote
PacCMOTPEHBI 3aJadll MOJICIMPOBAHMS MPOLECCOB OIECHUBAHUS MapaMeTpa MOCTOSHHOTO
CHrHaja Ha (pOHEe HEraycCOBCKMX ACHMMETPHUYHBIX KOPPEIMPOBAaHHBIX MOMEX Ha OCHOBE
MOMEHTHO-KYMYJISHTHOTO ~ ONHCaHMS  CIyYailHBIX BENIMYMH C  HCIIOJIb30BaHHEM
aJalTHPOBAHHOTO METO0JIa MaKCUMM3alMHU MoJrHOMa (MeToqa KyH4eHKo) A mocTpoeHus
3(Q(EKTUBHBIX AITOPUTMOB ¥ KOMIBIOTEPHBIX CPEIACTB (DYHKIMOHHPOBAHHS CHUCTEM
00pabotku curHainoB. Iloka3zaHo, YTO MOJNMHOMHAJIbHAS 00pPabOTKa CiIydailHBIX BETUYUH,
y4eT HapaMeTpoB HErayCCOBCKOTO PacHpesiefieHHs B BHJE KyMYJISHTOB OJHOMEPHOTO U
MHOTOMEPHOT'O pacnpeﬂeneHHﬁ TIO3BOJIACT YMCHBIIUTH AUCIEPCUIO OLICHKU OLICHUBAECMOT'O
napaMeTpa 1o CpaBHEHHIO C M3BECTHBIMU PE3YJIbTaTaMH.

KnaoueBble cioBa: MOMCHTHO-KYMYJISHTHOC  OIIMCAHMC, aZ[aHTI/IpOBaHHBII\/’I METO
MAaKCUMM3AIUU ITOJIMHOMA, KOPPEIMPOBAHHBIC HETayCCOBCKUEC CTOXACTHUICCKUEC IMMPOLCCCHI.

BBenenne

OneHnBaHue NapaMeTpoB CUTHAJIOB, IPUHUMAEMBIX Ha (JOHE TMOMEX, SBJISIETCS BaXKHOU
CTaTHUCTUYECKOM 3aJaueil A MHOTMX TEXHUYECKHX cUCTeM. [[1s ee pelleHus YCHEIIHO
MPUMEHSIIOTCS M3BECTHBIE METOJbl OLIEHHMBAaHUSA, B TOM YHCJIE METOJ MAaKCHUMAaJIbHOTO
paBaONoI00us, MeToJ, MOMEHTOB M 1p. [1-4]. He cmoTps Ha TO, 4TO B O0LIEM ciydae
MPUMEHEHUE 3TUX METO/J0B HE OrPAaHUMYMBAET HCIIOJIb30BAHME INPOU3BOJBHOM MIIOTHOCTU
pacnpeeseHus CIy4alHbIX MTPOLECCOB, HIMPOKOE PAaCIpPOCTPAHEHUE MOIYUYHIA I'ayCCOBCKUE
IUIOTHOCTH paclpeieneHus. ITo o0bACHseTcs, B OOIIeM ciydae, He TOJbKO IpOoLeccaMu
HOpMaJTU3aIiK, HO U YA00CTBOM MCITOJb30BAaHMSI MATEMAaTHUECKOTO arnapara JUist MOoJy4eHHs
KOHEYHBIX pe3ynbTaroB. Takoil MOAXOoA HE MO3BOJSET aJeKBaTHO OMNHCATh pealbHbIe
CIIy4aliHbl€ TPOLECCHI, KOTOPBHIE OTINYAIOTCS OT TayCCOBCKHUX, YTO INPUBOAUT K IOTEPU
Ka4yecTBa MOJTY4YEHHBIX OLEHOK UCCIIEAYEMBIX CIIy4aiHbIX ITPOLECCOB.

IIpoxoxkaeHne  CHUTHAJIOB ~ 4Y€pe3  HEOJHOPOJHBIE  CpeAbl,  MHOIOJIy4eBOE
pacrpocTpaHeHue, pa3nuuHbIe JIeCTaOUITN3UPYIOILHE (bakTopsl CIOCOOCTBYIOT
BO3HUKHOBEHHIO CIIy4allHbIX IIPOLIECCOB, KOTOPBIE XapaKTEPHU3YIOTCS HETayCCOBCKUMH
IUIOTHOCTSIMH pactpeneneHuii [5-7].

IIpumeHeHne TpaAULIMOHHBIX METOIOB K MOJYYEHHUIO OLIEHOK IIapaMeTPOB CUTHAJIOB Ha
(oHEe HEeraycCOBCKMX MOMEX BBI3BIBAET OOJbIINE TPYIHOCTH, CBA3AHHBIE CO CIOXKHOCTHIO UX
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HpaKTH‘IeCKOﬁ pcaim3anuun, YBCIUMUYCHUCM BBLIYUCIIUTCIBHBIX PCCYPCOB, YTO HC IMO3BOJIACT
co31aBath 3P(HEKTUBHBIX MPOTPAMMHO-aJTOPUTMUYECKUX CHCTEM 00paboTKu curHaios. [Tpu
PacCMOTPEHHH CTATUCTHUYECKHUX CBSI3€H HETrayCCOBCKHMX CIyYailHBIX MPOIIECCOB BO3HHKAIOT
npoOJeMbl C MOCTPOSHHEM aJeKBAaTHBIX MOJICNCH CITyYailHBIX BEJIMYMH W ONTHMAaJIbHBIX
MCTOOB OLICHHUBAHUS TAPAMETPOB.

CoBpeMeHHbBIC HCCIICIOBaHUsI TOKAa3bIBAIOT, YTO Ui OOpabOTKH HErayCCOBCKHX
CIIy4alHBIX IPOLECCOB NEPCIEKTUBHBIM SIBIISETCS APYIOU IMOAXOJ, KOTOPBIA HCIOIB3YET HE
IUIOTHOCTH PAacIpelie/IeHUsl, & MOMEHTHOE W KyMYJISSHTHOE ONHCaHUe (CEMHUHBAPUAHTHI)
ciy4ailHbeIX Bedu4yuH [7-10], 4TO MO3BOJNSET C MPHEMIIEMBIM MPHOJIMKEHHEM MPEACTABUTH
CTaTUCTHYECKUE CBOMCTBA HCCIIEAYEMBIX HETayCCOBCKUX CIYYallHBIX TIPOIECCOB. ITO
IMO3BOJIACT YBCIIMYUTL TOYHOCTH OLICHHUBAHUA IIAPAMCTPOB CUTHAJIOB Ha (1)0He HETayCCOBCKHUX
MIOMEX TI0 CPaBHEHHIO C KJIACCHYECKMMHU METOJIAaMH TPH 3a/JIaHHBIX OTPAaHUYCHUSX HA HX
CoKHOCTh [9-13], ydecTh CTaTUCTHUYECKHE CBSI3M HErayCCOBCKHX CIYYaWHBIX IMPOIIECCOB
[14, 15].

IIpuMeHEeHHEe MOMEHTHOIO M KYMYJISIHTHOTO ONMCAHHUS CIIy4alHBIX HErayCCOBCKUX
IPOIECCOB  TpeOYeT MaJbHEUIIMX TEOPETUYCCKHX W  TPAKTHUYSCKUX HCCIICOBaHUM,
CBJA3aHHBIX C TIOCTPOCHHEM MATECMATUUCCKHUX MOHCHGﬁ HUCCIICAYCMBIX HCETayCCOBCKHUX
IPOIIECCOB, y4eTa CTATUCTHYECKUX CBSI3EH MPH NMPUMEHECHHMH MHOTOMEPHBIX MOMEHTOB WU
KYMYJIAHTOB, IIOCTPOCHUA U aHAJIM3a HOBBIX METOAOB OLICHUBAHUA MMAapaMCTPOB CUIHAJIOB IIPpHU
B3aUMO/ICHCTBUU C HETAyCCOBCKUMH ITOMEXaMH.

Hean padoTbi

L]eny pabOTHI 3aKIIHOYAETCS B CO3JAHUU M peaTu3aliii MOJIeJIel IPOLeCCOB OLEHUBAHUS
nmapameTrpa TOCTOSHHOTO CHUTHajJa Ha (OHE AaCHMMETPUYHBIX  KOPPEIUPOBAHHBIX
HErayCCOBCKMX MOMEX Ha OCHOBE MOMEHTHO-KYMYJISHTHOI'O ONMCAHUS CIy4alHBIX BEJIMYMH
¥ aJalTHPOBAHHOT'O METOJIa MAaKCHMHU3AIIUH MOJMHOMA JIJIsl CHHTE3a d((HEKTUBHBIX METOOB
Y KOMITBIOTEPHBIX CPEICTB (PYHKLIIMOHUPOBAHUS CUCTEM 00paOOTKH CUTHAJIOB.

OcHoBHAA YaCTh

MoOMEHTHO-KYMYJISIHTHOE ONMCAHME MHOIOMEPHBIX HErayCCOBCKHX CJIy4ailHBIX
npoueccoB. CTAaTUCTUYECKHE 3aBUCUMOCTH MEXIY CIy4yallHBIMH BEJIMYMHAMU MOKHO
paccMaTpuBaTh 4YEpPE3 HX MHOIOMEPHBIEMOMEHTBI U KYMYJSHTBI, KOTOpBIE SIBISIOTCS
KOd(p(UIIMEHTaMH Pa3JI0kKEeHHs] MHOTOMEPHOH XapaKTepUCTHUECKOM (YHKIMU B psld.
CraTucTu4ecky 3aBUCUMas CilydaiiHas BEJIMYMHA XapaKTEPU3yeTCsl KaK OJHOMEPHBIMU, TaK U
MHOTOMEPHBIMM MOMEHTaMH, KOTOpbIE€ B 00IEM Ciy4yae HEMOCPEICTBEHHO HE BBIPAXKAIOTCS
OJIUH Yepe3 APYyroro.

OpnHoMepHBIE MOMEHTBI M, 1-T0 MOpSAJKa CIy4yailHOW BEJIUYUHBI & ISl CTATUCTUYECKU

HE3aBUCHUMBIX BBIOOPOYHBIX 3HAYEHHM OIpeNestoTcs 4Yepe3 OJHOMEPHYIO IJIOTHOCTb
pacnpenenenus P, (&) ciaemyromuM BeIpaKeHUEM:

EE) - [£R @0,

BeIpaxenue Ui COBMECTHBIX MOMEHTOB CIyYalHBIX BEJIMYMH BBIPAXKACTCSA 4Yepe3
MHOTOMEPHYIO IJIOTHOCTh PaclpeieseHusl 1 UMEET BUIL:

E(E ()& ) = [ [&. 8 EP (& &t by t,)dE . dE,
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MOMEHTHI U CEMHUHUHBAPHAHTBI JIETKO BBIYUCIISIFOTCS [0 XapPaKTEPUCTUICCKON (YHKIIHH,
rJec MHOTOMEpHAas XapaKTepucTH4YecKas (YHKIHs, KaKk ©W MHOTOMEpHas IUIOTHOCTh
pacrpeesneHusl, SIBISCTCS MOJHBIM OMMCAHUEM ClTy4aiiHoi# Benuuunsl [7, 10]. MHOroMepHbIe
MOMEHTBl U KYMYJISHTBI OIPEICISAIOTCS KaK pPa3jioKeHHE B KpPATHbIC CTCICHHBIC PSIIbI
MHOTrOMepHO# xapakrepucrudeckoi pynkumu f, . . (4,%,..4) [7]:

ai+j+k+...+n fgl,fz,..-én (191, 192,..., 19n)
0909)09"

mivl-,k,...n = (_j)i+j+k+--.+n X[

a4 MHOI'OMEPHBIC KYMYJIAHTEI 3alIMCBIBACTCA B BUAC!:

8i+j+k+...+n In ffl,fz,.-.fn (191, 1921"'5 '9”)]
0909)09"

Xiik.on = (_j)i+j+k+m+n x[

[Ipn pemeHun nOpaKTUUECKUX 3a4ad JIOCTAaTOYHOM  XapaKTEpPUCTUKOM  ydera
CTaTUCTUYECKOM CBA3M CIyYalHBIX BEJIMYUH SBISIETCA JBYXMEPHOE BEPOSTHOCTHOE
pacrpenenenue [/, 14]. B atom ciyyae ciy4aiiHyro BeIMYHHY C KaKOW-THM00 CTaTUCTUYECKON
CBSI3bI0 BBIOOPOYHBIX 3HAUEHUN MOYKHO XapaKTEpHU30BAaTh HE TOJBKO OJHOMEPHBIMH, HO U
COBMECTHBIMH KyMYJISIHTAMH, KOTOPBIE BBIPAXKAKOTCS YEPE3 COBMECTHBIE MOMEHTHI:

E(£'¢) = Tfﬁ‘éjp(fl.é)dx.

—00—00

[IycTb mMeroTcsi BHIOOPOYHBIE 3HAYEHHUS CTALMOHAPHOTO CIYYalHOro Mmpoiiecca, Ie
caMl BBIOOPKHM MOXKHO paccMaTpuBaTh KakK OTJEIbHBIC CIydailHbIC BEIMYWHBL Torma B
KauecTBE OJHOr0 M3 IPOCTBIX M PACHPOCTPAHEHHBIX CIy4yaeB CTATUCTUYECKH 3aBUCHUMBIX
BBIOOPOYHBIX 3HAYCHUN MOXKHO B3SITh B3aUMOCBS3b MEXK/Y IByMsI CIIy4ailHBIMHU BEJTUYHMHAMH,
YTO PAaBHOCUJIIBHO PACCMOTPEHUIO JIBYMEPHON COBMECTHOM IJIOTHOCTH paclpeleieHust JBYX
CIy4ailHBIX BEJIMYHH.

PaccmoTtpum ciygait, Korjia UMEIOTCS JIB€ 3aBUCUMBIE CIIy4allHbIe BEJIMUYUHBI & U 7] C

IUIOTHOCTSIMH Paclpe/ieNieHust P, u P, COOTBETCTBEHHO. COrNIacHo [7], HaqanbHbICe MOMEHTHI

MEpBOTO MOPAAKA CJ'Iy‘IS.fIHBIX BCJIIMYNH f un 6y,HYT COOTBETCTBCHHO pPaBHBI:

m =E&' = [X'p.(x)dx m"” =En' = [y'p,(y)dy.

Tak kak cimydaiiHple BeTUYUHBI & W 77 3aBHCHMbBIEC, TO KpOME HauaJbHBIX MOMEHTOB
OHHM UMEIOT CMEIIaHHbIE (COBMECTHBIE) MOMEHTHI Pa3IUYHON Pa3MEPHOCTH.

Onpenenenue 1. CMmenmaHHbIM (COBMECTHBIM) MOMEHTOM JIBYX CIIYY9alHBIX BEIUYHH
pa3MepHOCTH (i, J) OyneM Ha3bIBaTh BEIWYWHY, PaBHYI) MaTEMaTHYECKOMY OKHJIaHUIO
MPOU3BECHUS I-il CTETIEHH CIy4aliHOW BETUYMHBI & W |-i CTCIEHU CIy4ailHON BEJIMYHMHBI 77 ,
T.€.

mé) = ) = [y plx. y)ixcy,

rue p(X, y) — COBMECTHOE pacCIpeIeICHHE CIYIailHbIX BETUYHH & U 7] .
O4eBUIHO, UMEET MECTO PABEHCTBO:
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(&) — m&n)
m _mi,O ' j 0,j i+j — i,j o

() — m(mn)
my7 = m%h,

AHAaJIOTMYHO MOKHO OIPEICIHTh CMEIIaHHBIH (COBMECTHBII) MOMEHT Tpex U OoJjee
CIIy4aliHBIX BEJIMYUH &, 77, ¥ Pa3MEpHOCTHIO (i, j,k), KOTOPBIi OyJeT paBeH:

+00+00+00

| e

N

—00—00—00

KpoMe HavaabHBIX MOMEHTOB I-T0 TOPSIKA ¥ CMEIIAHHBIX MOMEHTOB Pa3MEPHOCTHIO
(i, j) OyJieM HCIT0JIb30BaTh KOPPEISAIIMOHHBIC MOMEHTBI Pa3MEPHOCTHIO (i, j)

Onpenenenue 2. KoppensiMOHHBIM MOMEHTOM JBYX CIy4allHBIX BETUYUH & U 7]

(&)

pa3MepHOCTH (i, j) Oynem HasbiBaTh BenumuuHy K5, xoTopas onpenensiercs paBeHCTBOM:

cn) _ g aY,,i N E £l £ —mé £

Ki('jn) — E(f _mi( )xn _mgl))_ E&'y _mi( )mgn) — mi(’jn) _mi( )mgn) .
AHAJIOTHYHO MOXKHO OINpPEACIUTh KOPPEISALHOHHBIA MOMEHT Ul TPeX CIydYaiHBIX

BEJIMYMH Pa3MEPHOCTH (i, J, k), IrZie MOXKET UMETh MECTO J[Ba CIIy4asi, @ HIMEHHO:

1) Ki(’s;:zy) — E(fi _ mi(é)xnj _ mgn)xj/k _ m|((7))=

2) K-(ﬁ-"ﬁ’y) — E(ﬁiﬂj _mi(,ﬁ'ﬂ)XVK _mlgy))z m-(é;',Z’y) _mi(,ﬁ’ﬂ)mlgy)' .

AHaJOTUYHO MOTYT OBITH OMpPEIEIeHbl KOPPESAIIMOHHBIE MOMEHTHI IS YEThIpeX, MATH
1 0oJiee CITyJailHbIX BEJIMYHUH.

Hcnonb30BaHHE COBMECTHBIX MOMEHTOB MO3BOJISIET ONEPUPOBATH HE TOJIBKO C TAKUMH
napaMeTpamMH, Kak acuMMeTpus (y,), odkcuecc (y,) W JAPYTHMH KyMYJSTHTHBIMH
Koo uimeHTaMu, KOTOpPbIE OMHUCBHIBAIOT XapaKTep HErayCCOBCKOTO pacrpeeiacHus
CIy4yallHOM BEJIMYMHBI, HO U CTETIEHb B3aUMOCBSI3U CIIyYalHbIX BEJIMYUH.

B pa6orax [11, 14] paccmaTpuBaIMCh BOIPOCH! MCIIOIB30BaHUS Ha MPAKTUKE MOJIEICH
KOPPEJSIUOHHBIX  (YHKIUM, HMX B3aUMOCBS3M M CBOHCTB, a Takke OCOOCHHOCTH
WCIIOJIb30BAHUSI MOMEHTHO-KYMYJISHTHOTO OTTMCAHUSI CTATUCTUYECKU 3aBUCUMBIX CITyYalHBIX
BennuuH. [Tokazano [9, 10], 4To A7 HETAyCCOBBIX CTATUCTHUECKU HE3aBUCUMBIX CIyYaHBIX
BEJIMYMH C HYJEBBIM MAaTEMAaTHUYECKUM OXXHJIaHHEM B3aMMOCBSI3b MEXIYy HaYaJIbHBIMU

MOMEHTaMU «&; U KYMYJISIHTaMH y; A0 MIECTOr0 MopsaaKa UMEET BUA:

=0, a,=0,, &=y, a,=2, +37(22! as = s +10 1,2,
= 26 +1572,20, 1075 +157; .

OTMmeTHM, 4TO IJI1 TayCCOBCKUX CIyYalHBIX BEJIMYUH KYMYJSIHTBI TPETHErO U BBIIIE
nopsnaka ( ¥s, ¥4, ---) PAaBHBI HYIIIO.

Ecmu  paccmarpuBaTh  HETayCCOBCKYIO — CTaTUCTHYECKH  3aBUCHMYIOCITYYalHYIO
BEJIMYMHY C HYJIEBBIM MaTEMaTHYECKHM OXHUJIAHUEM, TO CBsI3b MEXIY COBMECTHBIMHU
MOMEHTaMH M; M KYMYIISHTaMH J;; JI0 IIECTOTO MOPsIKa uMeeT BU [7]:
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My = Y M = Xios Mz = X3 +370 000 My = 1o + Zzz + 27(121a
Mys = Yoz + X X3 011010 322 10

My = X33 +3 X102 +9532 +9 001X +9Z122 +3 13X +9Z227(11 +67(13v e

Ecnu cnydaiiHas BeIMYMHA SBISIETCSl CTAaTHCTHUECKH HE3aBHCHUMOM, TO MHOTOMEpPHBIE
MOMEHTHI TPAaHC(HOPMHUPYIOTCS B IPOU3BEACHNUE OJTHOMEPHBIX.

MoOMEHTBI MOTYT OBITH MOJYYEHBI B PE3yJbTaTe SKCIEPHUMEHTAIBHBIX HCCIIEIOBAHUM
KakK OIPpCACICHHBIC YCPCIAHCHUA BBI60pO‘-IHBIX 3HAUCHUH M OCTaBaTbCS CANHCTBCHHBIMU
BEJINYMHAMH, KOTOPBIC MPEICTABIAIOT ONpPEIeJICHHBIE CBOMCTBA CiIy4aiiHOW Benn4yuHbl. Kak
M3BECTHO, Ha OCHOBE OECKOHEYHOH IOCIEI0BAaTEIbHOCTH MOMEHTHBIX (DYHKIMA MOKHO
BOCCTaHOBHUTH BHJI XapaKTEPUCTHUUECKOH (yHKIMU. [y cioydailHBIX BETUYUH, KOTOPBIC
OTJIMYAKOTCA OT IayCCOBCKHX, MMCHHO OTHU XAPAKTCPUCTHKU MOI'YT HECTU BCC BO3MOXHBI
CBEJCHUS 00 UX CTATUCTUYECKHUX CBSI3SIX M PACIPEICICHHSIX.

Tak kak He Bcerjga ymaercsi UMETh MOJHYI HH(OpMAIMI0 0 MHOTOMEPHOH (hyHKIHMH
pacnpezeneHus, 1enecooOpasHbIM SBISeTCsl Oosee JeTallbHOE PACCMOTPEHHUE CTATUCTUYECKU
3aBUCHUMBIX CJIy‘-IB.fIHBIX BCJIMYHMH C TIOMOMIIBIO YCPCAHCHHBIX XAapPaKTCPHUCTHUK B BHUAC
MOMEHTOB U KyMYJISIHTOB. [Ipuuem oTimume oT HyJIeBOro 3HaUY€HHsI COBMECTHBIX KYMYJISTHTOB
CBHJICTEILCTBYET O  CYIIECTBOBAHWM  CTAaTHCTUYECKOH  3aBHCHMOCTH  MEXIY
COOTBETCTBYIOIIMMH CITy4aiiHBIMU BETMUNHAMHU.

Me>1<)1y COBMCCTHBIMHM MOMCHTaAMHW W KYMYJIIHTAMH CYHICCTBYIOT CBA3H, HOIIO6HI)IC
CBSI3SIM ISl OJHOMEPHBIX CIIyYalHBIX BEJIMYHMH. VI3BECTHO, YTO COBMECTHBIN KyMYIISHT
BTOPOTO MOpsiiKa (KOBapualus) y,;, OIMCBHIBAET CTATUCTUUYECKYIO CBS3b IEPBOTO MOPSIKA

WA KOPPCIUPOBAHHOCTD CﬂyqaﬁHBIX BCIIMYUH:
X =My —mMm,,,

rme M, ©W M, — MaTeMaTHYECKOC OXWJIAHWE CIy4ailHOW BENMYMHBI & H &,

COOTBETCTBEHHO.

Crartuctudeckasi CBsI3b MEXIY BBHIOOPDOYHBIMM 3HAYEHUSIMH, IPU KOTOPBIX ¥, #0,
XapaKTepU3yeT KOPPEILUI0 3TUX BbIOOPOYHBIX 3HAYCHWH. M3BECTHO, YTO paBEHCTBO i,
HYJIO €Il€ HE CBUAETEIBCTBYET O CTATUCTHUYECKOM HE3aBUCUMOCTH, TaK KaK KYMYJISHTBI
BBICIIMUX TIOPSAIKOB MOTYT OTJIMYaThCS OT HyNs M YCTaHABIMBAaThH 0ojiee CIOXKHYIO
3aBUCHUMOCTh MEXIYy CIIy4alHbIMH BEJIMYMHAMM, Y€M HX 3aBUCUMOCTb IpPU B3aUMHOMN
koppensiuu [10]. CornmacHo 3TuUX pacCyXICHHUH, KyMYJSHT TPEThEro MOpsi/iKa OMHMCHIBAET
CTaTUCTUYECKYIO CBSI3b BTOPOrO TMOPSAJAKA, KyMYJISHT S-TO TOpsJKa ONMCHIBAET
CTaTHCTHYECKYIO0 CBsi3b (S—1)-ro mopsyka. [lpuuem 3Ta CBSI3b MOXKET CYIIECTBOBATH
HE3aBHCHMO OT HAJIMUMS CTaTUCTHUYECKHUX CBSI3€H HU3IIUX MOPSAIAKOB. DTy 3aKOHOMEPHOCTH
MOKHO YBUJIETh U3 MAaTEMATUYECKUX BBIPAKEHUN MHOTOMEPHBIX KyMYJISTHTOB.

AJIanTUPOBAaHHBIM METOJT MAKCUMHU3ALMM TOJMHOMA M €ro HCIOJIb30BAHUE sl
OTpe/ieNIeHUs] OLIEHOK MapaMeTpOB CHUTHAJIOB, MPUHHUMAeMbIX Ha (OHE KOPPETHpPOBAHHBIX
HerayccoBckux momex. Ilycte B Teuenumu Bpemenu [0,T] mabmomaercs curman £(t),
KOTOPBIN TPENCTABISIET aUIMTHBHYIO CMeCh Toyie3Horo curHama S($) M acuMMETpUYHYIO

HErayCCOBCKYIO KoppenupoBaHHyto niomexy 77(t) , T.e.

) =S +n().
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Bbynem cunrtath, 4TO 3a Bpems HaOmoneHus curHayl S(¥) SBISCTCS MOCTOSHHBIM, HO

€ro 3HauCHHE 3aBHCHUT OT HEM3BECTHOro mapamerpa ¢. [Ipennoiaokum, 4To aCHMMETPpUIHAS
HErayCcCOBCKasi KOppeJIMpOBaHHAs [TOMEXa UMEET JIByXMOMEHTHOE pacIpesielieHHe, SBISICTCS
CTAIlMIOHAPHON U XapaKTepU3YeTCs] KyMYJISHTAMHU U KYMYJISHTHBIMU (DYHKIUSIMH OTJIUYHBIMU

OT HyIS: x,, X3, X,(0,7), 23(0,7,7), x5(0,0,7).
[Tyctes n3 Habmromaemoro curHana ¢(t) ocymiectBisiercst BbIOOpKa X ={X,X,,...X,}

o0beMOM N, KOTOpas SBISIETCS CTaTUCTHYECKU 3aBUCHMOM, OJIMHAKOBO paclpeiesieHHOW U
paBHa:

XV=S.9+77V7

rzie s KpaTkocTu o0o3HauuM S, = S(9) .
Heo6xonumo mno pesynbrataMm oOpaOOTKM BbIOOpOUHBIX 3HadeHHUH X ={X,X,,...X,}

HAWTH OIICHKY 3HAYCHUs IapamMeTpa MOCTOSHHOrO CUTHana & TpPU YCIOBHUH, YTO BCE
OCTaJIbHBIE TAPAMETPBI U3BECTHBHI.

s penienus JaHHOW 3ajjaud OLICHMBAHMSI IMapamMeTpa MOCTOSHHOTO CHUTHalla Ha (oHe
ACHMMETPUYHBIX HErayCCOBCKMX KOPPEIHMPOBAHHBIX IOMEX MPEJIaraeTcsi HCIOJIb30BaHHE
MeTtoa Makcumuzaiuu nojuaoma (MMIT) (meron Kynuenko) [9, 10] u ero amantupoBaHHbIH
BapHUaHT, KOTOPBIH YCIEIIHO WCMOIB3YyeTCs Ui PEIIeHUS MHOTHMX CTaTUCTHYECKHX 3a/ad
[11, 14].

AnantupoBansbiii MMIT [11, 14, 15] mno3BoiseT y4ecTb CTATHCTHYECKYIO CBSI3b
BBIOOPOYHBIX 3HAUEHU B BUJIE COBMECTHBIX KYMYJISIHTOB 1 MOMEHTOB CITy4aiHBIX BEJIHYUH U
CHHTE3MPOBATh TOJMHOMHAJIBHBIE QITOPUTMBI OIICHHBAHUS MApaMETPOB CHUTHAJIOB C
MEHBIIIEeH TUCTepCreli OLIEHKH 110 CPAaBHEHUIO C U3BECTHBIMU PE3YJIbTaTaMHU.

[Toka3aHo, YTO B COOTBETCTBMH C aJaNTHPOBAHHBIM METOJOM MaKCHUMH3AINU
nonuHoma (AMMII) uccnenyembie BHIOOPOYHBIE 3HAYEHUS MOTYT 0aTh MPEACTABICHBI B BUJIE
CTOXacTu4eckoro monuHoma crenenn S [11, 14]. B atom ciyuyae oreHka mapametpa & mpu
MOMEHTHO-KYMYJITHTHOM OMHUCAHWW CIYyYailiHOTO Tporecca OyleT HaXOIUTCS W3 PEUIeHHUs
YpaBHEHUS:

S
i=

n . J—
i
hi(v,k) [Ig]z(f(v,k) - ai ['9]1 R = 0’ \& k = 1’ n, (1)
1 v=1 9=39

Trac g(iv,k) — CTAaTUCTHUYCCKHU 3aBUCHMBIC H OJWHAKOBO pPACHPCACIICHHBIC BLI6OpOLIHBIe
3HAYCHHUA UCCIICAYEMOT'O cnyqaﬁHoro mnmponecca é:(t) B MOMCHTBHI BPEMCHHA V u k, ai [19] -
MOMCHTBI | -I'0 IopsgsaAKa OAHOMOMECHTHOI'O pacCIIpCACIICHUS CHy‘IaﬁHOrO rnpomnecca, hi(v,k) [19] -

HEU3BECTHbIE KOA((UIMEHTHI, 3aBHCALIME HE TOJBKO OT HEM3BECTHOro Mapamerpa &,
KOTOPBI OIIEHUBAETCS, HO U OT QYHKIMH KOPPENAuH I, (7), onpenensemoi kak 7 = |V - k| .

HaxoxneHue oueHKM mnapamerpa ¢ HaXOAWTCA U3 PEIIEHUs CUCTEMbI alreOpanyecKux
YpaBHEHUN:

o[, (7, 9)= ;—gai (9), i=1s, v,k=1n, @)
=1

rae K, j(r, .9) — K02(pPpUILIHEHTBI, KOTOPBIE ONPEETCHBI U3 COOTHOIICHMS

Ki,j(fﬂg)z E{[‘f\: - ][‘fkj _aj]}: E[‘f\iéglj]_aiaj’
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rae £, ..., & — 3HaueHus cTANMOHAPHOTO mporecca B V-if u K - MOMEHTBI JUCKPETHOTO
Bpemenu t (t=12,..,n).

Koaspdpumenter  K; j(z',19) 3aBUCAT OT COBMECTHBIX MOMEHTOB E[gv'gkl], TaKUM
0o0pa3oM, UMeEeTCsl BO3MOYKHOCTh HE TOJBKO ONHUCATh CTENEHb HErayCCOBOCTU CIy4alHBIX
BEJIMYMH B BHJI€ OJHOMEPHBIX MOMEHTOB BBICHIMX IOPSAJIKOB, HO CTaTUCTHUECKUE CBA3HU
UCCJIEyEMBIX ITPOLIECCOB.

Ha ocHOBe ncnosb30BaHNAs MOMEHTHO-KYMYJITHTHOT'O ONACAHUS CIIy4alHbIX BEJIINYUH B
BUJC OJHOMEPHBIX U JABYXMEpHBIX (yHKIMHA, wucnonb3oBanuss AMMII, mnocTpoeHs
[IOJINHOMHMAJIbHBIE ~ QJIFOPUTMbl  OLICHMBAaHUS  IapaMmerpa &  MOJE3HONO0  CHUTHAaia,
MPUHUMAEMOTO Ha (POHE ACUMMETPUYHBIX HETayCCOBCKUX KOPPETUPOBAHHBIX TTOMEX.

AHanu3 MOJIMHOMHUAJIBHBIX AJITOPUTMOB IIPU UCIOJIB30BaHUU aJalITUPOBAHHOIO METOJA
MaKCUMU3allMM IOJIMHOMA. PaccMOTpuM IOCTpOEHME M aHAIM3  I[TOJIMHOMHUAIBHBIX
QJITOPUTMOB HaXOKJEHUS OLEHKU IapaMerpa ¢ MOCTOSIHHOI'O CUTHAjIa MPU MCHOJIb30BAaHUU
AMMII npu crenenn monuHoma S =12. J[nsg 3TOro HEOOXOAMMO TPUBECTH HAYAIBHBIC

OAHOMCPHBIC MOMCHTHI 10 4-ro nopsiika, a TakKXE COBMCECTHBIC IBYMCPHBIC MOMCHTHI,
MO3BOJISIIOIINE OMKUCATh CTATUCTUYECKUE CBA3U MCCIEAYEMbBIX CIyYalHBIX KOPPEIHUPOBAHHBIX
ACUMMCTPUYHBIX HETayCCOBCKUX BCIIMYHMH.

OOmme BbIpaXEHUS Ui HAYAIbHBIX OJHOMEPHBIX MOMEHTOB aCHMMETPHYHOM
HErayCCOBCKOM CIy4ailHON BEJIMYUHBI UMEIOT BUL!

2
alzo’ Oy =X a:s:)(;ﬁ}/s’ 0{4=3;(2,

a MOMCHTHBIC Q)YHKHI/II/I JBYXMOMECHTHOI'O paCpECaACICHUA 3alIMIIYTCs KaK.

a,(0,7) = 7,(0,7), &;(0,7,7) = 25(0,7,7), ,(0,7,7,7) =37, %,(0,7).

IIpu wucnompzoBanun AMMII HEOOXOIUMO MOJYyYUTh HAYAJIbHBIE MOMEHTBI M,

cnydaHOW BenwuuHbl ¢ . JIUS  aIIMTHBHOW CMECH CHTHajda M IIOMEXH MOMEHTHI
OJITHOMOMEHTHOTO pacrpe/ieieHus: OyIyT COOTBETCTBEHHO PaBHBIE:

m, =S,, m,=y,+S2, M, ="y, +37,S,+S),
m, =347 +43°7,S, +6,S5+S;
a MOMEHTBI IBYXMOMEHTHOTO PACIIPE/ICICHNUSI AUy TCs KaK:
m,(0,7) =S,, M,(0,7) = %,(0,7)+S2, m,(0,7,7) = 45(0,7,7) +3,(0,7)S, +S;,
m,(0,7,7,7) =3,%,(0,7) +4 x,(0,7,7)S, + 64, (0, T)S; + S; .

[IpencraBineHre  LEHTPUPOBAHHBIX  KOPPEJSHTOB Ki;(?) JBYXMOMEHTHOI'O

CTaIlMOHAPHOTO ciy4aiiHoro mpomecca &(f) dyepe3 KyMyJsIHTBI M KyMYJISTHTHbBIE (DYHKIHU
UMEET BUJL:

K;1(0,7) =m,(0,7) —mm, = ,(0,7) = Kol (7),
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K., (0,7,7) =my(0,7,7) —mm, = 7,(0,7,7) +3%,(0,7)S; - S, 1, = 15/273"5 0,7,7) +
+}(239(3I’§ (r) -1,

K,,(0,0,7,7) =m,(0,0,7,7) —m,m, = 2)(22@2 () +4;(23/2y3r§(0, 7,7)S, + 7,5, (6r.(z) —2).

JUisi  CTaTHCTUYECKH HE3aBUCHMBIX BBIOOPDOUHBIX 3HAYEHUH LIEHTPHPOBAHHBIC
. _ _ _ A32
KOPPEISHTBI UMEIOT BUJ; Kii= 2o Kio == 15 73+2%,5,,

3/2

2 2

Koo =20, +40, 73S, + 41,5,
[IpeAnonoKuM, 9TO KOPPEISIHOHHAS (DYHKIMS HErayCCOBCKOW IIOMEXH HM3BECTHA W
pasua %, (0, 7) =r.(7). Hannbii momxos OyaeT MpUMEHEH JUTA KOPPETAIMOHHON (yHKImH

BTOPOTO MOPSIIKA, KOTOPBIE MOT'YT OBITh MCIIOJI30BAHEI B PA3JIMYHBIX MPUIOKCHHSX, & CAMU
KOPPEISIIHUOHHBIE (PYHKIIMK MOTYT IPUHUMATh Pa3INYHbIN BHUI:

-Alz|

r.(r) =c’e™, r.(r) =o’e ™ cos g, ré(r)=c72e"“f'(cos,31+%sinﬁ’|r|),

rae 7 =t, —t, | — BpeMeHHOE paccTosHME MEXy BEIOOPOYHBIMHU 3HAYECHHUSMH, KOTOPOE MIPH

ydeTe CTaTUCTUYECKUX CBA3el MeHbllle MHTepBana koppemsiuuu 7 = t, —t, <7z, v,k=1n;

Kxop !

. 1
T — BpeMs KOPpEISLMH, O° = r.(0) — mucnepcus cimydaiiHoro mponecca; K>0 —

Kop

MMOCTOAHHAsA BPCMCHHU, XapaKTCpuU3yromasd CTATUCTUUYCCKYIO CBA3b BI>I60pO‘IHI)IX 3HAYCHUM.

1
3KCH€pI/IMeHTaHBHO IIOKa3aHO, YTO IIpHU |T|z3K u Ooiee MOXHO CYMUTaTb, 4YTO

KOPPENAUMOHHBIE CBA3H crabbie, umn I, (7) =0.

JInst HaxOXIOCHWsl OLEHKHM Tmapamerpa 4 Oymem wucnoib3oBate AMMIT (1),
K03 (OUIMEHTBI KOTOPOTO HAXOIATCS M3 CHCTeMbl ypaBHeHu# (2). [l pemieHus naHHOU
cucteMsl Bocronbzyemes popmynamu Kpamepa u lypa:

A(S . —
i(v,k)[ ]ZAIS((Q))’ I=1s

rie A (9) :detHKi j(f,.9)H — OIpEeJeNuTeNb MaTPHUIbl Pa3MEPHOCTBIO S, AJIEMEHTaMHU
KOTOPO#l SIBISIFOTCSL  L[GHTPAJbHBIC KOPPENSHTBI ACHMMETPUYHOTO KOPPEIUPOBAHHOTO
cmydaitHoro mpomecca; A ($)— ompemenutens, mnomydaembiii u3 A ($) 3ameHO# i-To

CTOJIOIA CTOJIOIOM, COCTOSIIIIMM M3 CBOOOIHBIX WICHOB CHCTEMbI YpaBHEHHUI (2).
[lpu crenenu mommHoMa S=1 oreHka mapameTpa & Haxomutcs u3 ypaBHeHus (1) u
NpUMET BUJI:

ghl(v,k) [9](§(v,k) - 8.9) =0, k=1n. (3)

Sg=S,

[TokazaHo, 4T0 B JaHHOM Cilydae pelIeHHeM ypaBHeHus (2) Oyaer clieayrolee
PaBEHCTBO:
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__ A 1n
hl(v,k)[‘g]_ det‘KM(T,SX , v,k=1n,

rae A (9) — ompepenurenb, MONyYaeMblid U3 ONPEACIUTEINS det‘Klyl(T,S)‘ 3aMEHOU V -TO

CTOJIOLIA CTOJIOIOM, COCTOSIIIIMM M3 CBOOO/THBIX YWICHOB CHUCTEMBbI ypaBHEHHH (2).
Beipaxxenne Kl'l(r,.9) IpEeACTaBIseT CO0O0M KOPPENAIMOHHYIO MAaTpHUIly, KOTOpas

OIIMCBhIBACT CTATUCTHYCCKHEC 3aBHCHMOCTH BBI60pO‘lHBIX 3HaYCHUH B Pa3IMYHBIE MOMCHTEI
BpEMCHU (V, k) n i 3KCHOHCHHI/IaJ'II)HOI71 3aBUCUMOCTH IIPUMET BHU:

KEOKED LKEY |1 e e

(2.1) (2.2) (2,n) -A -A(n-2
(g [(E7 KEY e KEY fet 1 et
11\&HVv ) == =0 .

KGY KG? Lo KD gAY A2 g

[oncrapnss BbIpaXEHHE JUIS ONTHMANbHOTO Kodhduumenta by, [9] B YpaBHEHHUE

MaKCHUMH3allMK II0JIMHOMA (3) MOJIYYUM BBIPpAXCHUC, N3 KOTOPOrO HAXOAUTCA OLCHKa
IIOJIC3HOT'O CUI'HaJIa B BUJC:

YA
§, = @
> A)

KOTOpas TPH CTATUCTUYECKU HE3aBUCHMBIX BHIOOPOUYHBIX 3HAUECHHSX BBIPOKAAETCS B XOPOIIO
u3BectHbd Bux [9, 10]:

X, (5)

KauecTBO monyyeHHON OIEHKH MOXHO MPOAHATU3UPOBATh Yepe3 KOIMUYECTBO M3BIEKaEMOM
uHbpopmManuu o mapamerpe & U3 BBIOOPOUYHBIX 3HAYEHWH, KOTOpoe OOpaTHO
MPOMOPIIMOHATIBHO UCIICPCHH OIIEHKH U B 00111eM ciaydae umeet Buz [9, 10]:

Isn(‘g): Zn:ihi(v,k)[lg]dd_lgai (‘9): 2L . k :ﬁ :

v=l i=1 (9)s

Jlig paccMaTpuBaeMoro ciydasl IpU CTENEHU NOJMHOMA S =1 KOIM4YecTBO H3BJIEKacMOMN
nH(pOpMaLIUY TPUMET BU

3 9
Iln(‘g): szllhl(v’k)[lg]: Wﬁ(zﬂgx ' (6)

IIpn paccMOTpeHHMH TIEPBOM CTENEHU IMOJIMHOMA HCIIOJIBb3YIOTCS HadajabHble MOMEHTBI
TOJIBKO TEPBOTO M BTOPOIO IMOPsi/IKA, YTO HE JAaeT BO3MOXHOCTH OMNHCATh HETrayCCOBCKOE
pacnpeesieHne UCCIENYEMBIX CIydyalHbIX BeIW4MH. [103TOMY yBEeIMUMM CTENEHb MOJIMHOMA
o0 S=2 | AN TONy4eHHs OIICHKM mapamerpa 4 Bocmosb3yemcs ypaBHeHuem (1), B
KOTOPOM HEW3BECTHbIE KO (PUIMEHTHI, COriacHo (2), IpUMyT BU:
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hl(V k) [19] = 12 (19) h2(v,k)[‘9] = A22 (19) ’

A(9) A(9)
K,07.9) K,07z79) (9 K079
rae A(Y) =det] wAm e )‘ A, (9) = det dd3 :
K,.(0.7,7,9) K,,(00,7,7,9 m,(9) K,,(00,7.7,9

ds

d
K1,1(01T"9) Eml(‘g)
A,,(9) = det q , @ IEHTPAJIbHBIC KOPPEISIHTHl ACHMMETPUYHOTO
K,.(0,7,7,9) @mz(s

KOPPEIUPOBAHHOI'O HEIayCCOBCKOT'O CIYy4alHOIr0 Mpolecca NPUBEACHBI BhIILIE.

N3-3a TPOMO3IKOCTH BBIP@KEHUN 3HAYEHUS ONPENCIIUTENEH HE IPUBOJUTCS.
[oxcTaBisss monyveHHble Kod(GduieHTbl B ypaBHeHue (1) moiyduMm ypaBHEHHE
MaKCHMU3allUY [OJINHOMA BTOPON CTEMEHM CIy4yailHOro Ipouecca JJisg HaXOXKACHUS OLCHKU
HEU3BECTHOT'O MapaMeTpa.

Ecnu BbiOOpKa siBAsieTcs HekoppenuposanHod, 1o ecth (I (V,K)=0 ecim v#K u

r:(v,k)=1 ecniu v=K), To ypaBHeHME MaKCHMMM3AlUM TIOJMHOMA BTOPOH CTENEHH

CIy4aifHOTO TpoLiecca MPUMET XOpoIio u3BecTHbI Bua [9, 10]:

10 , L13 19
vgsi—(ZVSHZXV—2x§)33—[2x5HZXV—MHZX%)@YS] =0. )

v=1 v=1 v=l Sg=8,

Jlerko moka3ark, 4TO MPU PACCMOTPEHUH rayCCOBCKHUX MOJIEJICH CITyYaiHBIX ITPOIIECCOB,
Korga ko3¢ duument acummerpun y, =0, Bblpaxenue (7) mpeoOpaszyercs K XOpOILIO

u3BecTHOMY Buy (5).

Haiizem BbIpakeHHe JUCIIEPCHU OIEHKH MOCTOSIHHOTO CHTHAJIA ISl PACCMATPHBACMOM
MOJICNIM  CITy4aifHOro0 KoppenupoBaHHOro mponecca. COrigacHO METOAy MaKCHMH3aIlHd
HOJIMHOMA JMCIEPCHUsl OILCHKH & OOpaTHO MPOMOPIHOHANBHA KOJIHYECTBY H3BJICKACMOMN
uHbopmanuu 06 orieHrnBaeMoM mapamerpe [9, 10]:

0-(2.9)5 = Is_nl(lg)’

rae I, ZZ% k) o ZZZ% k) 19}1.@ k)[g] u(T 9).

v=l i=1 v=l i=1 j=1

IIpy 1mOCTpOEHMM MAaTeMAaTHMYECKUX MOJEIEH HErayCCOBCKHX KOPPEINPOBAaHHBIX
CIIy4alHBIX IIPOLIECCOB OCHOBHBIM KDUTEPUEM OLICHMBAHUSA KayeCTBAa IIOJIyYCHHBIX
pe3ynbTaToB (OLIEHKM HEU3BECTHOTO IapameTpa), SBISETCS Iuclepcust OleHKH. B stom
Clly4ae OTHOILIEHUE AMCIIEPCUU OLIEHKH, HalIeHHOW mpeiokeHHbIM MeTogoM AMMII npu
CTETEHHU MOJMHOMA S =2 K JUCIEepPCHH OLCHKH, HaliJIecHHOW MpU CTENEeHU MoJMHOMa S =1,
IIPU KOTOPOM HE YYMTBIBACTCS HErayCCOBCKOE PACHpPENECICHUE CIIYYalHBIX BEJIMYMH, UMEET
BU/I!

9(19)— (29)2n _ Iln(‘g)

0'(9)1n (PR (‘9

N—"

Ha ocHoBe mosyueHHBIX MOAENEd W METOAOB OLIEHMBAaHUS IOCTOSHHOIO Iapamerpa
CUTHajla, NMPUHUMAEMOro Ha (POHE KOPPEIMPOBAHBIX HErayCCOBCKHUX IIOMEX, MPOBEAECHO
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HUMUTAIMOHHOC MOJCIUPOBAHUC, ITOKA3BIBAIOIICC Bq)q)eKTI/IBHOCTL MOJIYYCHHBIX PC3YyJIbTATOB.
Ha pucynke 1 mnpuBenaeHsl BpeMEHHBIE 3aBUCHMOCTH JUIsl HEKOPPEIMPOBAHHOTO (a) W
KOpPETUpPOBAaHHOTO (0) aCHMMETPHYHO-IKCIIECHOTO HErayCCOBCKOTO IpOLecca, MOTyYeHHbIE
MIPH UCIIOJIb30BaHUH TTOJIUTayCCOBCKOW T€HEpaIlui BEIOOPOUHBIX 3HAYCHHI. BUIHO, 4TO mpH
HaJIMYHUU KOPPCIAUOHHBIX CBsI3eH MCKOY BBI60pO‘-IHBIMI/I 3HAYCHUAMHN XaOTHYHOCTH
MOJYYCHHOW KOPPEIMPOBAHHOW CIIy4alHOW BEIMYUHBI YMEHBIIWIHCh, YTO OOBSICHSACTCS
HaJIMYnuEM E)KCHOHGHI_[I/IaJIBHOf/i B3aUMOCBA3U MCKOY BBI60p0‘IHBIMI/I 3HAYCHUAMU. KpOMC
ATOTO MPUBEACHBI KOPPEISIIMOHHBIC TI0JIS (B, T), IEMOHCTPHUPYIOIIHE B3aUMHYIO 3aBHCUMOCTh
MCKAY BBIGOpO‘IHBIMI/I 3HAYCHUAMU.

‘:\

-m * y{ |Q !uf!’l"'%’)‘|fll".||\*[ ‘ i‘l;‘,l

!

|
Wil

B T

Puc. 1. BpemeHnHble 3aBHCUMOCTH HEKOPPEIMPOBAHHOTO (a) U KOppeaupoBaHHOTO (O)
HErayCcCOBCKOTO MPOLECcCa; WIUTIOCTPAlUsl KOPPEJISLMOHHBIX MOJeH ISl HEKOPPEIUPOBAaHHBIX
(B) 1 KOppenupoBaHHBIX (T) HErayCCOBCKHMX BbIOOpOYHBIX 3HaueHWil mpu n=1000, A=0.1,
7;=09, 7,=038.

Ha pucynke 2 mnpuBeneHsl pe3yiabTaThl aHajld3a IOJYYEHHBIX OLIEHOK IpHU
MCI0Ib30BaHUU HOBOro MeToa AMMII npu paznuuHbixX creneHsx noauHoma. [IpoBoaunock
OLICHMBAHME 3alIyMJICHOTO ITOCTOSHHOTO CHUTHajda C €AMHMYHOM aMIuIuTyaol Ha ¢oHe
HET'YCCOBCKMX aCMMMETPHUHBIX KOPPEIMPOBAaHHBIX MomeX (a). CHHTE3MpOBaHHOE IMPABUIIO
HAaXOXJCHHUS OLCHKU MOCTOSHHOrO mapamerpa (4) mpu cremeHd mnoimHoMa S=1 He
YUUTBHIBAET HETAyCCOBCKMM XapaKTep HCCIEIYyeMOro Cily4JallHOro mpoiecca, T.K. IS €ro
ONHMCAaHUs HCIOJIb30BAINCH TOJIBKO IIEPBBIE JIBA MOMEHTA, XApPAaKTEPU3YIOIIHUE CpEIHEE
3HAYCHUE W JUCIIEPCHIO ciydaifHoW BemwumHbl. [lns (4) Haiimena xapaktepuctuka |, (6),
onpenenstomas 3pGeKTUBHOCTh OIEHUBAHKS B BUJE KOJUYECTBA U3BJIECKaeMOW HHGOPMAIHHI
00 OlLIEHMBAaEMOM HapaMeTpe, 3aBUCHMOCTb KOTOPOW OT MapaMmerpa Koppemsuud A
NpHUBeAeHO Ha pucyHke 2(0). Bugno, uTto ¢ pocrom mapamerpa A, 4YTO COOTBETCTBYET
YMEHBUIEHNIO KOPPEISILIMOHHBIX CBA3EH, HAaOI0AaeTCs yBeauueHue |,, 4To CBUJIETENbCTBYET
00 ymeHbplieHuM mucriepcun oreHku. C pocrom cremeHn mnomuHomMa S=2 (1) mns
HaxO0XJICHHUsS OLEHKM HEU3BECTHOrO0 MapaMeTpa YYMUTHIBAIOTCS HE TOJIBKO HadalbHbIE
MOMEHTBl B BHJE KO3((UIUEHTa aCUMMETPUU ),, KOTOPBIH XapaKTepU3yeT CTEleHb

HEraycCOBOCTH  HCCIEIyeMOI0 CIIy4allHOro IpoLecca, HO COBMECTHBIE MOMEHTHI,
MO3BOJISIOIINE ONUCaTh KOppEISILMOHHbIE cBoiicTBa. Ha pucynke 2(B, I) HpUBEAEHBI
CpaBHHTEIIbHBIC pe3yinbTaThl oTHOIeHus |,/1, OT 3HaUYeHHsT KOdQDHUIMEHTAa ACHMMETPUH ¥,
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IPY Pa3IMYHBIX 3HaYCHUAX Koddduuuenta koppensaauu A=5, 0.1. 13 rpadukoB BUIHO, YTO
y4eT mapameTpa J, MO3BOJISIET YBEIMYUTH 3HAUCHUE KOJIMUYECTBA U3BJIEKaeMON HH(pOpMauu

|, mo cpaBHeHHUIoO ¢ |, YTO SKBUBAJIIEHTHO YMEHBIICHUIO AUCIEPCUU OLIEHKH HEU3BECTHOTO
napametpa. Ilpu crmabbiX KOPpPEISAIUOHHBIX CBs3sX (A=5) pe3ynabrar 3¢h(HEKTUBHOCTH
OLICHUBAHMs Oy/IET COBMAIATh C XOPOIIO U3YYEHHBIMU CBOMCTBaMU, PEACTABICHHBIMHU B [9,
10]. B Toxe BpeMsi HEOOXOMMO OTMETHTbh, YTO HATUYUE CHIBHBIX KOPPEIAIIMOHHBIX CBA3CH
(ymenbmienne koddpduumenta A ¢ 5 go 0.1 s SKCIIOHEHIIMAIBHOW KOPPENSIUOHHON

bynxumn r.(7) = o’e™) Mexy BHIGOPOUHBIME 3HAYEHMSAMH yMEHBIIAET 3)(EKTUBHOCTH
OLICHUBAHMSI, HO JUCIIEPCUs OLICHKH NpH HeJlMHEeHHoW oOpaboTke (S=2) Bce paBHO Oyner
MEHBIIIE 110 CPABHEHUIO C XOPOIIO M3BECTHBIMU pe3yJbTaTaMd B IPEINOJIOKCHUU
rayCCOBCKHX MOJIENICH HCCIenyeMbIX ciydaiHbix mporeccoB (S=1). Ilpu rpaHuuHbIX
3HAUCHHUAX KOd(PUIMEeHTa acCUMMETpUN ¥, =1 yMEHbIICHHE TUCIIEPCUH OIEHKU mpH A=5

COCTaBIISIET JI0 2 pa3, a PU YBEIUYECHUH KOPpeJsIMOHHbIX cBa3el npu A=0.1 no 1.4 pas.

200

—— signal in noise 100 — |1 from A
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B
Puc. 2. BpemeHHbIE 3aBHCHMOCTH 3allyMJIEHHOTO IIOCTOSSHHOTO CHTHAaJIa C EIUHHYHOU
aMILUTUTYA0N (a); 3aBUCHMMOCTb KOJMYECTBa H3BJIeKaeMoil MHpopmMamuu 00 OIEeHMBaEMOM
napaMeTrpe CHrHaiga oT Kod(@uimeHTta Koppensuuud A; CpaBHUTENbHbIE pPE3YylIbTaThbl
otHomenust |,/l, oT 3HaueHHs: KO3QHUIMEHTa ACHMMETPHH ), TIPU PA3IUYHBIX 3HAYCHHSX

ko3 dunmenta koppensimu (A=5, 0.1) koppensuuonHolt pyHkuun I, (7) = ole ™,

BriBoabI

HOCTpOGHI/Ie METOJ0B MaTEMAaTHYIECKOI'O n KOMITBIOTEPHOT'O MOACIINPOBAHUSA
IPOIIECCOB OIICHMBAHUS HEWU3BECTHBIX IAapaMETPOB CHUTHAJIOB, NPUHUMAEMBIX Ha (oOHE
HErayCCOBCKHX MMOMEX IIPH HUCIIOJB30BaAHHMH MOMCHTHO-KYMYJIAHTHOI'O MOJAXO0JAa K OIMMCAHUIO
CIIyyallHBIX TPOIIECCOB W aJalTUPOBAHHOIO METOJIa MAaKCUMHU3AIMM MOJHMHOMa (METox
KyH4eHKO) MO3BONMIIO CO3/4aTh aJrOPUTMHYECKHE OCHOBBI OOpaOOTKM CHUTHAJIOB, 4YTO
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MO3BOJISIET MTOBBICUTH TOYHOCTb OLICHUBAHUS rapameTpoB CUTHAJIOB B
KOMITBIOTEPU3UPOBAHHBIX CHCTEMaxX NpueMa W 00pa0OTKM JaHHBIX TPU YYeTe IMapameTpoB
HErayCCOBCKHUX IMOMeX. VMCroib30BaHWE COBMECTHBIX MOMEHTOB M KYMYISIHTOB TO3BOJIAJIO
CO3lIaTh HOBBIC MOJICIH KOPPEIUPOBAHHBIX HETAyCCOBCKMX ACHUMMETPUYHBIX CIyJaiHBIX
BEeJIMYMH M YYEeCTh KOPPEIAIMOHHBIC CBSI3W MEXAy HUMH. Ha OCHOBE WCHOIB30BaHUS
aJIalTHPOBAHHOTO METO/Ja MaKCHMH3allMU TOJIMHOMA CHHTE3HPOBAHBI TOJMHOMHAIBHBIC
QITOPUTMBI  OIICHWBAHWS  HEWU3BECTHOTO  IMapamMeTpa IOCTOSHHOTO  CHUTHajla  IpHU
B3aMMOJICHCTBHHM C HETrayCCOBCKOW IOMEXOH C MCEHBIIMM 3HAaYCHHUEM UCIICPCHH, YTO
VIIy4IIaeT KadeCTBO OIEHKH IO CPAaBHCHHIO C XOPOIIO H3BECTHBIMU pe3yibTaTaMu B
MPEINOI0KECHUN IIMPOKO PACHpPOCTPAHEHHBIX TrayCCOBCKHX moMeX. JddekTuBHOCTH
MOJIYYEHHBIX PE3yIbTATOB 3aBHCUT HE TOJIBKO OT CTEICHH HErayCCOBOCTH HCCIEAYEMOTO
ciydaiitHoro  mpomecca  (kKoadduimMeHTa  acMMMETpUMH), HO W OT  IapameTpa,
XapaKTePU3YIOIIETO CTATUCTHYCCKHUE CBS3H BHIOOPOUHBIX 3HAYCHHIMA.
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IOJIHOMIAJIBHI METO/JIM OLIIHIOBAHHS ITAPAMETPIB CUTHAJIIB HA
®OHI HE'AYCOBHUX KOPEJIbOBAHUX 3ABAJ]

B.B. Nanarix, O.B. Iuenko, O.A. Ilanarina, [I.A. BenepHikoB

UYepKkachKHii Jep >KaBHUN TEXHOIOTIYHAN YHIBEPCUTET,
6yu. llesuenka, 460, Yepkacu, 18005, Vkpaina; e-mail: palahin@ukr.net

[pu x1acu4HIA TOCTAHOBII 3aadi CTATUCTHYIHOI OIIHKH MTapaMeTpiB CHTHAJIB MIHPOKOTO
nomupeHHs HaOynu MaTeMaTH4HI MOJENl Yy BUIIAAI BHIIAJKOBHX IPOILECIB, IO MarOTh
raycoBHH 3aKOH PO3MOAUTYy. Y peallbHUX TEXHIYHMX CHCTEMax JOCIiKyBaHi BUIIAIKOBI
MIPOLIECH JIOULIBHIIIE PO3MIISATH PH BUKOPUCTAHHI HETayCOBUX MOJIENICH, Ki B OLIbIIIH
Mipi BiToOpaxaloTh peajbHy 3aBaJIOBYy CHUTyauito. JlociipkeHHsT OCTaHHIX POKIB CBia4aTh
PO Te, L0 TPH BUPILICHHI 3a/1a4 00pOOKH HErayCcoBHX MPOIECIB MEPCIEKTHBHUM € 1HITHN
miAXig, B SKOMY JJIsI ONKMCY CTAQTHCTHYHHUX BIIACTUBOCTEH BHUIIAJKOBUX BEIMYHMH
BUKOPUCTOBYIOTBECS MOMEHTH 1 KyMYJISIHTH, IO JO3BOJIAE 3 NPUHHATHHM HaOIMKCHHIM
XapaKTepU3yBaTH CTATHCTHYHI BIACTUBOCTI HETayCOBHX MporieciB. Takuii miaxix q03BoIsIE
MiABUIUTH TOYHICTE OOpOOKHM HETayCCOBCKMX CHTHANIB y TIOPIBHSAHHI 3 TpamuIliitHUM
MAXOMOM TIpU 33laHUX OOMEKEHHSX Ha IX CKIAaTHICTh, BPaxXyBaTH KOPEJALIiHI 3B'S3KU
HErayCOBUX BHUIAJKOBUX BENMYHMH. B poOOTI pO3rIsHYTO 3amavi MOACIIOBAHHS MPOLECIB
OLIHIOBaHHS NapaMeTpa IOCTIHOrO CHTHaly Ha (OHI HErayCOBHX aCHMETPHYHUX
KOpEJIbOBaHHUX 3aBaJ] Ha OCHOBI MOMEHTHO-KYMYJISSHTHOTO OIMCY BUIIaJKOBUX BEJIUYMH 3
BHUKOPHCTAHHSAM aJalTOBAHOTO METOJy MakcuMizamii mominoma (merony KyHUYeHKO) myis
noOyA0BH €(QEeKTUBHUX aJITOPUTMIB i KOMITTOTEPHUX 3ac00iB ()YHKI[IOHYBaHHS CHCTEM
00poOku curHaniB. IlokazaHo, 110 mToOJiHOMiaJbHA O0OpPOOKa BHITAJIKOBHX BEIIMYHUH,
BpaxyBaHHS IapaMeTpiB HErayCOBOI'O PO3MOALTY Y BUTIIIII KyMYJISTHTHUX OJJHOBHUMIPHUX i
0araTOBUMIpHUX pO3MOJUTIB IO3BOJISIE 3MCHIIUTH OWCIEPCII0 OLIHKHA OLIHIOBAHOTO
mmapamMeTpa y IOpiBHSAHHI 3 BIIOMIMH pe3yJIbTaTaMu.

KnrouoBi cjoBa: MOMEHTHO-KYMYJSIHTHHX OIUC, aIalNTOBaHMH METOX MaKCHMi3amii
MOJIiIHOMA, KOPEIhOBaH|I HErayCoBi CTOXaCTHUYHI IPOIIECH.

POLYNOMIAL METHODS FOR SIGNAL PARAMETERS ESTIMATION IN
NON-GAUSSIAN CORRELATED NOISE

V.V. Palahin, A.V. Ivchenko, E.A. Palahina, D.A. Viediernikov

Cherkasy State Technological University,
460, Shevchenko blvd., Cherkasy, Ukraine, 18005; e-mail: palahin@ukr.net

In the classical formulation of the problem of statistical signal parameters estimation
mathematical models in the form of random processes having a Gaussian distribution law
were widely used. In real technical systems, the studied random processes are more
appropriate to consider when using non-Gaussian models, which to a greater extent reflect
the real noise situation. Recent studies have shown that when solving the problems of
processing non-Gaussian processes, another approach is promising, in which moments and
cumulants are used to describe the statistical properties of random variables, which allows
us to characterize the statistical properties of non-Gaussian processes with an acceptable
approximation. Such an approach makes it possible to increase the accuracy of processing
non-Gaussian signals in comparison with the traditional approach with given restrictions on
their complexity, and to take into account the correlation relationships of non-Gaussian
random variables. The problems of modeling the processes of the constant signal parameter
estimation in non-Gaussian asymmetric correlated noise based on the moment-cumulant
description of random variables using the adapted method of polynomial maximization
(Kunchenko method) for sinthesis effective algorithms and computer tools for signal
processing are considered. It is shown that polynomial processing of random variables,
taking into account the parameters of a non-Gaussian distribution in the form of cumulants
of one-dimensional and multidimensional distributions, makes it possible to reduce the
variance of the parameter estimated in comparison with the well known results.

Keywords: moment-cumulant description, the adapted method of polynomial
maximization, correlated non-Gaussian stochastic processes.
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OCOBJIMBOCTI MATEMATHUYHOT'O MOAEJIIOBAHHS TUHAMIKH PIBHSA
PIIUVHU B BAPABAHHOMY ITAPOI'EHEPATOPI SIK OB'€EKTI YIIPABJIIHHA

B.®. JloxeunikoB, C.M. I'puropenko, H.B. Jlo:xxkeunikoBa, M.C. ABpamMeHKO

Opnecbkuii HalllOHAJIBHUI MTOJITEXHIYHUH yHIBEPCHUTET,
npocr. lleBuenka, 1, Oneca, 65044, Ykpaina; e-mail: fontan.lev@gmail.com

Po3risiHyTO 0CO0MMBOCTI MaTEMaTHYHOTO MOJICITIOBAHHS AMHAMIYHUX BJIACTHBOCTEH PiBHS
MapoBOIMHOI cyMimi B GapabanHOMY maporeHepaTopi. [Toka3zaHo, mo BKpail HeCTIPUSATINBE
UL AaBTOMATHYHUX CHCTEM YHIPABIIHHA 3aKAMAHHA pIBHA MApOBOJSHOI CyMimni B
OapabaHHOMY MaporeHEpaTopi € SK HACHIIIKOM IIPOTIKaHHS CKJIATHUX TEIUIO(I3UIHUX
MpOIIeCiB, TaK 1 KOHCTPYKTHBHHX OCOONMBOCTEH TEXHOJOTIYHOTO MUISHKH. Tomy
BUKOPHCTAHHS [UIS1 MOJICIIIOBaHHS TMHAMIKH PIBHS PIIMHN MaTeMaTHIHUX MOJENEH, B SIKHX
HE BPaxOBYEThCSA BIUIMB aKyMYJIOIOUOI 1 JPOCENIOYOI BJIACTUBOCTEH MaponpoBOAy Ha
BUTpATy HAaCHYEHOI Mapy 3 NMaporeHepaTopa, a OCHOBHE PIBHOBArd BIUIMB (BUTpaTa mapa)
pO3IIISNAETBCS K He3alle)kHa 3MiHHA, HE € KOPEKTHHM. 3alpoIlOHOBaHA JIiHIHHA
MaTeMaTHYHA MOJENb MUISHKH JKUBJICHHS 0apaOaHHOrO MaporeHeparopa, sika BpPaxOBYE
JIUHAMIYHI BJIACTUBOCTI MAPOIPOBOY, IO 3'€HYE MaporeHepaTop 3 CHOXKHBa4YeM. AHai3
CTPYKTYPHOI CXEMH 3aIpPOIIOHOBAHOI MATEMAaTHYHOI MOJIEIII MIOKa3aB, M0 MiX OapabaHHUM
[IaporeHepaTopoM 1 MapoNpOBOAOM ICHYE 3BOPOTHIH B3a€EMO3B'SI30K IO BHUTpATi Mapwu.
HeraTuBHuii xapakTep 3B'I3Ky IOSICHIOE CAMOBHPIBHIOBAaHHS PIBHSA, MOB'A3aHE 31 3MIHOIO
TIOJIO’KCHHSI PETYJIIOI0YOro KiarnaHa BUTPAaTH napu a00 BHUAUICHHSIM TeIUla B KOTEIbHIN
KaMepi. BimmoBigHO 3MiHA TUTOMII MPOXiTHOTO MEPETHHY PETyIIIY0ro KiamaHa TypOiHU
6e3 3MiHM pEeryJIsATOPOM TEIIOBOIO HaBaHTaKCHHS TEIUIOBUAIIEHHS B KOTEIbHIH Kamepi
a0o siIepHOMY peakTopi MPU3BOANTH A0 THMYACOBOI 3MiHM BUTpaTu napu. Lle npusBoauTts
JIO MEHIII IHTEHCUBHOTO 3aKWIaHHS PiBHS 1 HOro Mepexoy 10 HOBOTO CTAJIOr0 3HAYEHHS.
Cra6inizanist piBHs BiJOyBa€ThCsl HUXKYE BHXITHOIO 3HAYSHHSI BHACIIIOK KOPOTKOYaCHOTO
MOPYIICHHST 0alaHCy MK [MOJa4et0 KUBUIBHOI BOJHM B MAPOTeHEpaTop i BiLOOpoM mapwu.
BusiBneni B pe3yibraTi pilleHHS CHCTeMHM JudepeHlialbHUX pIBHSHb OCOOJMBOCTI
MOBEJ/IIHKYU PiBHSI MAPOBOJISIHOT CyMillli JTO3BOJISFOTH OLJIBII aJIeKBATHO MOJEIIOBATH POOOTY
ICHYIOUMX Ta NEpPCIeKTUBHUX CUCTEM  YIPABIIHHS  JKUBJICHHAM  OapabaHHHX
maporeHepaTopiB.

Kawu4oBi caoBa: OapabaHHUII maporeHepaTtop, €HEpreTHYHHN OapabaHHUI KoOTedw,
aBTOMATHYHA CHCTEMa PEryJIIOBaHHS PIBHA NapoBOJSHOI CyMillli, MaTeMaTHYHa MOJEINb,
TEXHOJIOTIYHA JINITHKA KHUBJICHHI TApOreHepaTopa.

AKTYaJIbHICTh TEMHU

[Ipomuciosi 6apabaHHI MaporeHepaTopu BUKOHYIOTh MEPETBOPEHHS XIMIUHOI €Heprii
piakoro abo razomnoaiOHOro majuBa B I1HUIY ii GopMy, SiIKa 3pydHa Ui TPAHCIOPTYBAaHHS 1
MPOMHUCIIOBOTO BUKOPUCTAHHS, TOOTO B €IIEKTPHYHHIA CTPYM, Tap, ab0 MPOCTO Tapsiay BOAY
Ui OOIrpiBy JKMTJIOBUX 1 BHUPOOHMYMX MNpHUMIilleHb. BOHUM MOXYyTb BIIpI3HATHUCSA BiA
HOMIHAQJIPHOT MAapoBOi NOTY)KHICTIO 1 eKCIUTyaTaliiHuMu pexumamu. OpHak, sKICHI
BJIACTUBOCTI JUHAMIKH piBHS h mapoBoasiHOI cymimn pi3HHMX OapaOaHHUX TaporeHepaTopiB
OJTHAKOBI.

VYrpaBiiHHS piBHEM MapoOBOASIHOI CyMillll B MMApOTre€HEepaTopi 3BOAUTHCS 10 MiITPUMKHU
MaTepianpHOro OamaHcy MK BiaBogoM mapu D 1 mojgadero KUBHIBHOT BOAH Gpv.
Bigxunenns piBHs Ah B maporeHeparopi BijJ 3aJaHOTO 3HAYEHHs IMOB'SI3aHO 3 HASBHICTIO
HebalaHCy MK NMPHUILUTUBOM >KUBWIJIBHOI BOJM 1 BUTPaTOl0 mapa. BoHO BiOyBaeThCs TaKOX
BHACJIIOK 3MIHM 3MICTy [apa B MapoOBOASIHOI CYMIIIl B pe3ylbTaTi KOJHWBAHb THUCKY
NeperpiToi napu B MaponpoBol P, 4u 3MIHHM TEIUIOCIIPUIO BUIIAPHUX ITOBEPXOHb HArPIBY.
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Jo crabimizanii piBHA NpPeA'ABISIOTHCS JOCUTh JKOPCTKI BHMOTH, OCKUIBKH TIO
BIIXWJICHHIO PIBHA BOAM B TapOreHEpaTopl BiJi HOMIHAJIBHOTO 3HAYCHHs IepeadadeHi
TEXHOJIOTI4HI Ta aBapiiiHi CUCTEeMH 3aXUCTY KOTJIa a00 BCHOT'O €HEProOIoKy. 3HKEHHS PiBHS
0 MiCs TpHEIHAHHS ONYCKHUX TPyO0 UHMPKYIALIMHOIO KOHTYPY IPOMHUCIOBOTO
naporeHepaTopa MOKE TPUBECTH 1O NOPYIICHHS >KHUBJICHHS Ta OXOJOKEHHS BOIOIO
ekpaHHMX Tpy0. HacmigkoM 1b0oro Moske OyTH MOpPYIIEHHS MIIHOCTI TpyO B MICIIIX
CTUKYBaHHS 3 KOpmycoMm OapabaHa, a B HAWOIIbII BaXXKOMY BHUIAIKYy — MEPEIIOBHEHHS
JKUBWIBHOIO BOjAOI0. HanmipHe NiABUINEHHS pIBHS MOXE TMPU3BECTH N0 3HIKEHHS
e(eKTUBHOCTI poOOTH cenapaliifHiX MPUCTPOIB BCEPEIUHI MaporeHeparopa i BiakiIaJIeHHIM
COJICH KOPCTKOCTI B maporeperpiadi. [lomaganas yacTHHOK BOAM 3 OapabaHa B apoOIpoBi
3HIDKYE TEMIIepaTypy MeperpiToi mapu i MoOKe CTaTH NPUYMHOI BAXKKUX MEXaHIYHHUX
MOIIKO/KEHb POTOpa 1 JIONATOK TypOiHW. 3MiHA PIBHS BOAM BCEPEIIHHI NESIKUX JTOMYCTHUMHX
MEX IMPAaKTHYHO HE BIUIMBAaE Ha poOOTy maporeHeparopa. Pazom 3 THM MexaHiYyHa BTOMa
MeTaity OapabaHa, a TAKOX CIIOKHBAHHS €HEeprii HacOCaMH 3aJIekKaTh BiJl SIKOCTI PETyIIOBaHHS
BUTPATH XUBWIBHOI BOIU. Pi3Ki KONMBaHHS BUTPATU CHPUSIOTH MOSBI BTOMHUX SIBHII B
MeTalli, 3HIKYIOTh HaJlIHHICTh 1 €KOHOMIUHICTh POOOTH KMBWIBHUX HacociB. Tomy mopsf 3
pEryJIIoBaHHSAM piBHS Oa)XaHO MiATPUMYBAaTH OajaHC MK BUPOOHMIITBOM Mapa i momadyero
JKUBHJIBHOT BOJIY 3 MiHIMQJIBHUMU KOJIMBAHHSMH i1 BUTPATH.

ToyHicTh MIATPUMKHU PiBHS A OUTBIIOCTI OapabaHHMX MaporeHepaTopiB, MPHU SKiK
3a0e3MevyyeThCcsl AOCTaTHS €(PEeKTUBHICTH BIJJUIEHHS BOJIOTH BiJa Mapa i HEOOXITHHH 3amac
BOJM HAa BUMNAJOK IEPEPBU XapuyBaHHS, MPAKTUYHO OJHAKOBAa i cTaHOBUTH +50 mm [1].
HapnaBatu piBHOBaru BIUIMB Ha BiJXWJICHHS PIBHS BOJM MOXYThb BUTpaTa mapu Ha TypOiHy,
3MiHa TETJIOBUIICHHS B TOMI 0apabaHHOTO KOTJa, 3MiHA TUCKY 1 TEMIIEpaTypH KHUBHIbHOI
BOJIU.

HapmaBatu 30yprorounii BIUIMB Ha BiAXWJIECHHS PiBHS BOJIM MOXYTh BHTpaTa mapu Ha
TypOiHy, 3MiHa TEIUIOBUIIEHHS B TomLi OapabaHHOro KoTia Q, 3MiHA THCKY 1 TeMIepaTypH
JKUBWJIBHOI BOJIH.

XapakTep KpUBUX PO3rOHY 3a piBHEM NP 30ypeHHI BUTPATOIO MapH 1 KUBUIHHOI BOJIU
ollHaKoBUH, gk s maporeHeparopiB AEC, tak 1 g1 OapaGaHHMX KOTJIIB CEpeIHbOT
notyxHocti. Onykna ¢opma kpuBoi 3MmiHM piBHS (puc. 1, a) [1], mpu crymiH4actomy
30UIBIIIEHH] BUTpATH Mapa TMOSCHIOETHCS THUM, IO B TMEPIIUHA MOMEHT IICJIS HAHECEHHS
30ypeHHsI pIBEHb BOAM 3pOCTA€ B pe3yJIbTaTl pI3KOro 3MEHIIEHHs TUCKY Iapa B Oapabani P, .

Ile B cBOl yepry Npu3BOAUTH A0 30LIBIIECHHS B 00Cs31 OynpOammok mMmapu B KHUIUISTUINA
NapoBOJSTHOI CyMIlIl TaporeHeparopa 1 3poctaHHs piBHs. [licas Toro, sk THUCK mapu B
Oapabani mpuiiMe HOBE cTajle 3HAaYECHHs, BIANOBITHE HOBOMY 3HaY€HHIO BUTPATH HapH, 3MiHA
piBHs OyJe mpoTiKaTH BIJMOBITHO 0 PIBHSAHHS MarepiajibHOro 6anaHcy. Po3rnsHyre sBuIle
HOCHUTb Ha3BY «HaOyXaHHS» PIBHS.

Ah wm

-20

0 20 40 60 80 100 tc

Puc. 1. JlunamiyHa 3MiHa piBHS PIAMHU Y TAPOTE€HEPATOPI
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301IbIIECHHS TEIUIONIABOY A0 €KpAaHHHX IOBEPXOHb HArpiBy KOTJIa TaKOX BHUKIIUKAE
«HaOyXxaHHS» PIBHSA 3a paxyHOK 30UIBIICHHS MapoOBMICTY MNapoBOJsHOI cyMmimii. OmHak
BEJIMYMHA BIIXWJICHHS PiBHS MEHINE, OCKUIBKU B pe3ysbTaTi 301IbIICHHS reHepallii napu npu
HE3MIHHOMY TIOJIOK€HHI PEryJIIolYnX KIalaHiB TypOiHM ab0 MepeXeBUX MiAirpiBadib
BiOyBa€ThCsl MiABUIICHHA TUCKY Hapu B OapalaHi, 110, B CBOIO 4Yepry, HMPU3BOJHUTH IO
3MEHIICHHSI OyibhOaliok mapu 1 YIHOBUIbHCHHS «HAOyXaHHS». 3HIDKCHHIO BEIUYHHU
«HaOyXaHHS» TAKOX CHpPUSAE IHEPUIHHICTD 3MIHM TEIUIOMIIBOAY 10 MApPOBOASHOI CyMilli
yepe3 pamialliiiHi 1 KOHBEKTHBHI TNOBEPXHI HarpiBaHHs OapaOaHHOTO KOTJIA. 301IbIICHHS
BUTPATH KUBWIBHOI BOAW MPU3BOAUTH 10 KOPOTKOYACHOTO «IIPOCITAHHS» PIBHA 32 PAXyHOK
3MEHIICHHS TapOBMICTY, KOJHM TEMIIepaTypa >KHBHJIBHOI BOJIU HW)KYE TEMIIEpaTypu
MapoBOJIHOI CyMilni B maporeHepatopi (puc. 1, 0).

PosrnsHyTi  auHamiuHI  BIACTUBOCTI  OapaOaHHMX IaporeHepaTopiB €  BKpau
HECTIPUATIMBUMH 3 TOUKU 30py cTalimizamii piBHS Boau. LluM mosicHIOeThCS TOW (akT, 1o
JUIE aBTOMATHYHOTO PETYJIOBAaHHsS pIBHS HENPHUAATHI 3BUYAlHI OJHOKOHTYPHI CHCTEMH
peryroBaHHS.

Orasia [ocaiaKeHb

VY pimeHHi npoOiaeMu peryaioBaHHS pPiBHS MapOBOJSHOI cywmimi B OapabaHHOMY
raporeHepaTopi MOXKHa BHJIUIMTH KiJIbKa OCHOBHUX HANPSMKIB - MIJBUIIEHHS TOYHOCTI
BUMIPIOBaHHSA PIBHS Ta OCHOBHHX 30YpIOIOUMX BIUIMBIB [2] 1 CHHTE3 HOBUX aJITOPUTMIB
ympasiinas [3].

B 0cHOBI OUIBIIOCTI pillleHb, MIOAO IMiIBHINEHHS SKOCTI PEryJIIOBAaHHS 1 HAJIHHOCTI
CHCTEM YIPAaBIIHHSA, JI&KUTh MaTEeMAaTUYHE MOJAEIIOBAHHS, SIK TEXHOJOIIYHI TUISIHKH, TaK 1
MPOEKTOBAaHOI cUCTeMHU ympaBiiHHSA. CKHUMAaHHS PIiBHA NPH PI3KOMY MaJiHHI THUCKY MapH B
naporeHepaTopi € BKpail HecnpHUATIMBUM (aKTOPOM JUIsl cUCTeMH ympaBiiHHA. [lepBicHe
BIIXWUJICHHS PIBHS BH3HAYA€THCS CHEPreTHYHUM HeOanmaHcoM B cucteMi. Ockilbku poboTa
peryiasTopa piBHS 3acCHOBaHAa Ha MIATPUMINI MaTepiaibHOro OajlaHCy MIXK HPUIUIMBOM
(BUTpaTa >KMBWJIBHOI BOJIM) 1 CTOKOM (BHTpaTa Mapa), TO 1€ MNPU3BOAUTH [0 3MIHHU
PEeryasTopoM piBHS BUTPATH KUBWJIBHOI BOJY B MPOTHIEKHY CTOPOHY 1 30UIbLICHHS
MaTepiaJpHOro HebanaHcy. Bupimmtu 3a3HaueHy npoOiemMy J03BOJSE TPbOXIMITYJIbCHA
cucTeMa peryioBaHHA piBHA [4], B sKill Ha BXiJ peryiasTopa, KpiM CUTHalIy MO PIBHIO B
naporeHepaTopi, HaAXOJIATh 3 MPOTWISKHUMH 3HAKaMH CHUTHaJIM IO BUTpaATi Mapu 1
’KUBUIIBHOT B (pHC. 2, a).

Z, |Perynarop
— piBHs &y

‘ D—Qﬂ‘w 0 é_@(_}q

Puc. 2. ACY piBHsa y 6apabaHHOMY ITaporeHeparopi
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[HIM  migxXig TOB'A3aHMNA 3 CHHTE30M 0araTOpPeXKMMHHUX CHCTEM YIPaBIiHHS
KUBJICHHSAM OapabaHHUX maporeHeparopiB. OCKIIbKM 1HTEHCHUBHICTh 3aKUMaHHS PIiBHS
3aJISKUTH BiJ TEIUIOBOTO HAaBAaHTAXXCHHS MaporeHeparopa i pexxuMiB Horo podotu (6azoBuii
abo0 peryyrunii), TUCK Mapu B OapabaHi, MPOLIEHTHUM BMICT HAacH4YeHOI mapu B OapabaHi
HIDKYE PIBHS PIAMHHU, KOTENbHIM BOAI 1 €KpaHHUX TpyOax BIUIMBAIOTH HA TPUBANICTh
NEPEX1THOTO MPOIIeCy, TUHAMIYHE BiIXHJICHHS PETyJIh0BaHOI BEJTMUNHH 1 CTATHYHY TTOMUJIKY.
HaykoBo-TexHiyHa 3ajaya 3 pPO3IIUPEHHIO [iama3oHy poOOTH CHCTEM YHpPaBIiHHA
KUBHJIPHOIO BOJIOIO € aKTyaJbHOI 1 JUIsl €JIEKTPOCTAHINH 3 KOMOIHOBAaHHMM ITHKJIOM JUIS
TUTABHOI 1HTerparii BigHOBIIOBaHOI eHeprii [5]. [lianma3oH poOOTH TaKuX YCTAaHOBOK BKIIFOUAE
CTaH Taps4YOro 1 XOJOJHOTO MYCKY, B SKHX IIUIbHICTh IMAPOBOISHOI CyMIIli MOXKE 1CTOTHO
3MiHIOBaTuCch. HeniniiiHa nunamika piBHS 6apa®aHa KOTJa B IbOMY BUIA/IKY MOJICITIOETHCS B
TepMiHaX JIHIMHUX MOJENIeH 3 MapaMeTpPUYHUMHM BapiamisiMu. Takuil Maxig J103BOJISIE
3MEHIINTH TIOMWJIKH yrpaBiinHsA Ha 77% [6].

OpHak, Mpu MaTeMaTHYHOMY MOJICTIOBAHHI CHCTEMH YIPABIIHHS KUBICHHIM
naporeHepaTopa OCHOBHHMI 30yproroudii BIUIMB - BHUTpaTa Mapu - PO3TJISIAETHCS SIK
He3aJIe)KHa 3MiHHa (puc. 3).

Tonkoga
Kamepa

v

2

Puc. 3. bapabanHuii maporeHeparop

Take mpumnyiieHHs cCIpaBelIMBe NpPU BU3HAUEHHI NepenaBabHOI (YHKIIT TPUCTPOIO
3B'SI3Ky 32 OCHOBHMM BIJIMBOM IO 30ypPEHHIO B TPbOXIMIYJIbCHIH CHCTEMi YHpaBIiHHS
KUBIIEHHS TaporeHeparopa. HacmpaBnmi BUTpaTa mapu 3aJIeKHWTh BiJl TEIJIOBHIUICHHS B
KOTENbHIM Kamepi OapaGaHHOro KOTia Ta TiAPaBIIYHOTO OMOPY MapoNpoBOYy MiX
NaporeHepaTopoM 1 CHOXKMBadeM mapu (eJeKTpuuHa TypOiHa, MepekeBUM MiJirpinad,

TEXHOJIOTiYHE BUPOOHUUTBO Ta iH.), To6to D= f(Q,E ) .

Meta poGoTn

Memoro cTaTrTi € BKIIOYEHHS B MaTeMaTU4YHY MoOJielb JMHaMiKM piBHA pPIAMHU B
O6apabaHHOMY MaporeHepaTopi Mojesl MaponpoBOIy. YIOCKOHAJIeHAa MaTeMaTHYHa MOJIENb
JIO3BOJIMTH TiepeBipuTH Tpane3fatHicth ACY Ha CKUIaHHS HABaHTAXXCHHS 1 BCTAaHOBUTH
MaKCHUMaJbHI BIAXWJIEHHS PpIBHA BOAM 0Oe€3 MPOBEAECHHS HATYpHUX BHIPOOYBaHb 1
CIPallbOBYBaHHS TEXHOJOTTYHUX 3aXUCTIB 3a piBHEM BOJU B OapabaHi.
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OCHOBHA YaCTHHA

bapabannuii maporenepaTop, SK OO0'€KT peryjiroBaHHS pIBHS, YABISE CHCTEMY
€MHOCTEH, IO CKJIAJA€ThCsl 3 BiacHe OapabaHa, OMyCKHHMM TpyOHOI cHUCTeMH 1 eKpaHHOI
TpyOHOI cuctemu (migidomMH1 TpyOu). Lli emHOCTI 3amT0OBHEHI ABOG)A3HUM CepeIoBHUIIEM (BOA 1
HacuueHa napa (puc. 3)).

JKuBunpHa BOja, MIAIrpiTa B €KOHOMAi3epi, MOJAEThcsl B O6apabaH KOTJIa 1 BIUIMBAE
OJTHOYACHO Ha MaTepiadbHU 1 eHepreTWuyHHid OanaHc (perymrorounii BIUMB). TermoBa
EHEepris AUMOBHUX Ta3iB NMEPENAETbCS €KpaHHUM TpyOaMm, (EecTOHY 1 KOTeIbHOMY MYyUKY, i
BIUIMBAE TUTLKHM HA eHepreTHyHuil Oananc (30yproroumii BIUIMB). Y MaTeMaTHYHOT MOJEII ITi
napameTpu OyayTh PO3IIISIATUCS K HE3aJIC)KHI 3MIHHI.

3MiHa piBHS B Takiii cxemi BiiOyBa€eThCS uepe3 3MiHU PErYIIIOI0UNM KJIallaHOM BHTPATH
KMBUJILHOT BOJM @00 BIIXUIIEHHSA TUCKY MEPErpiTOi napy 3 00Ky crioxusaya Py,

JluHaMiuHI XapaKTepUCTUKH piBHSI B OapabaHHOMY IaporeHepaTopi OMHCYHOTHCS
TiHIMHUM audepeHianbHUM PiBHAHHAM

T,AN+T,AN=KAG,, +K,AG,, +K,AD +K,AD + k,AQ + k,AQ (1)

sSKe mependavae, 1m0 TEMIepaTypa BOAM B OIYCKHHX TpyOax OJIM3bKa A0 TeMIepaTrypu
HACHYEHHA, a MOTOKM MacH 1 €Heprii 3 MpOAYyBKOI MTyK€ Malli B MOPIBHSAHHI 3 1HIIUMHU
MOTOKaMH; TEeMIIepaTypa METaJIeBHX MOBEPXOHb Oapabana i TpyO0 B IOMHAMINI 1 CTaTHII
nopiBHIOe Temmepatypi HacuueHHs [7]. Koediuientn piBHsHHA (1) BHU3HAYAIOTHCS

anreOpaiyHMMHU  3alexHOCTSIMU. T, =a.b,(aa, —a,a;);, T,= 1_ b (a3, —a,3,);

b,

k, =ab,(a,b -a,); =a, —ab, +a,bb; —a,b;; ks =b,(aa, —a,a; —a;a,b, +a,a;);
k4 Zasbs_a4b3b6 _a1+a2b6; k5 :a4a5b7; ke =a4b6_a3’ & =,5' |__,5 I_, 8, :)5'_/5”’
a,=Fp, b, =b; = é : b =T, b, =1, 3BHYAHHUMHE —
a =V d(pi) v d(pi —pi) rem do a =V d(p) v d(p -p) ’

P |, dpP 0 dP ), dP |, dP o

— - [

a; =Vp, (ii_pP , Ta TPHUBAaTHUMH moOXigHUMH b, = Gpv 5 epv , s z(aavlskj ,

0 pv

b, = 0 Vi , by =(mj .V mux crisBigHOmerHAX: V - cymapHmii obcsr GapabaHa,
0 Gy, J, oh

OIYCKHHX 1 eKpaHHUX TpyO, V|, - cymapHuii obcsr Boau B 6GapabaHi, OMyCKHHUX i €KPaHHUX

TpyOax, C, - TEIUIOEMHICTb MeTany TpyO 1 Oapabana mpu Temreparypi HacH4eHHs, M, -

—=n H o
| |

Maca merany TpyO i Oapabana, p', p", I, - IIUJIBHICTh 1 EHTalbIisg BOAU TNPHU

TEeMIIepaTypi HaCHYCHHs 1 HacuueHol mapu; P - Tuck mapu B OGapabani, €' - TemmepaTypa

oV Gpv - HTaJBIIA 1 TeMIepaTypa >KUBUILHOT BOJIH; V - 00csr HAacCUYeHOT

mapu B OapabaHi Haj A3epKaJIOM BUIAPOBYBaHHSA, F - mIioma a3epkaia BUIIApOBYBaHHS,
Vo
Oapabani. YucenbHi 3HAUEHHS KOEQIIIEHTIB PO3PAaXOBYIOTHCS 3a MacorabapuTHUMHU
pO3MipaMH 1 TEIUIOTEXHIYHUMH ITapaMeTpaMu AJis Oyb-sikoro 0apabaHHOro MmaporeHeparopa.

3MiHa THCKy napu B Oapabani 0e3 ypaxyBaHHsS BIUIMBY TiJpaBIi4HOTO OIOPY
MapoIPOBOAY ONMUCYETHCS U EepeHIIIAIbHUM PIBHSIHHIM

HACHUCHHS, |_

- o0csr mapoBHX KaHAIIB B MapoOBOASHOI cymimi, h - HOMiHaJBHHI piBEHb BOIU B
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AR, =k,AG_, + k,AD + Kk, AQ, 2

e k :M, k8:a4b3——a2; K, &
Q,a; —a,a Q,a; —a,a a; —a,a
30ypeHHs THUCK B Oapabani Oyne 3MIHIOBAaTHCS 3a IHTETPAJIbHUM 3aKOHOM, OCKITBKA B
piBHsHHA (1) 1 (2) BXOAUTH He3aekHa 3MiHHA 110 BUTpati napu AD . Takum ynHOM, SKIIO HE
BpPaxOBYBaTH B MaTEMAaTUYHOI MOJENI 3aJEKHICTb BUTPATH HapH BiJ MiABEICHHS TerJa I0
MapOBOJITHOI CYMIITI 1 BT TUIOII TPOXiJHOTO MEPETHHY PETYIIOI0YOro KiamaHa Mo BUTpATi
napu S, , pe3yJbTATH MOJCIIOBAHHS IWHAMIKK DiBHS HE OyIyTh aJCKBaTHI peaJbHUM

[Ticns HaHeceHHs Oyab-SIKOTO

nepexiiHuM mporecaMm. ToOTo 3MmiHa piBHS Oyae BH3HAYATHCA TUIBKH EHEPreTUYHUM
HebaaHCcoM 1 3MiHOIO 00csaTy OynpOamok napu (puc. 1, a). [lyist BUpimeHHs 1aHoi mpooieMu
HEOOXiHO omoBHUTHU piBHSAHHA (1) 1 (2) MOAEIUIIO MapOIIPOBOY, SIKa 3B'SDKE 3MIHY THUCKY B
Oapabani AR, 3i 3MiHOIO BUTpaTH Hapu 4epe3 maponposig AD .

OCKUTBKY TIEpErpiTUil Map € CTHCKYBAaHUM CEPEIOBHUIIEM, TO CTPYKTYPHO MapoOIpoOBi,
JUISL CIIPOILCHHSI aHAIITUYHOTO BHBEACHHS, MOXKHA YSBUTH CKJIAICHUM 3 TPbOX €JIEMEHTIB:
JpOCeTsi, EMHOCTI 1 3MIHHOTO TiJpaBIi4HOrO OmOpy (pHc. 4), sIKi OMHCYIOTHCS CHCTEMOIO
piBHSIHB [ 8]

AR, —AP_=a AD,;
D dAP,

PP dt

AP, — AP, =a,AD b AS,

T

=AD, —AD;

(3)

Puc. 4. CtpykTypHa cxemMa MaTeMaTHYHOI MOJIENI apOIpPOBOTY

JlpocenbHMI eeMEeHT BpaxoBYe BTPAaTH THUCKY Ha TEpTs 1 CTalllOHapHEe NMPUCKOPEHHS B
HapoNpOBO/l, aKyMYJIIOUMHA eeMeHT T - KUIBKICTb Mapa B naponposoai ( D, - ButpaTa napu

3 maporeHepaTtopa B mapornposin). Perymtorounii opran BpaxoBye 3MiHY IUIOIII NMPOXiJHOTO
nepeTuHy Ha Butpary mapu AS, . 3mina Thcky napu Ha Bxomi AR, i Buxomi AP,

[aponpoBOAY, TaKOXK BIUIMBAIOTh Ha BUTpATy mapu. PimeHHs cuctemu piBHAHB (3) 11070
sminaux AP, i AD, nmo3Bossie 3anucaty piBHSHHS

T3AD +AD = T4A|jp + k]_3APp +T5Asrk +K,ASy +kisAR, (4)

T,AP, + AP, =Kk, yAR, + kAP, +k,AS,, | 5)
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aa D a D D
e T3 kL Tp —_—, T4 =1t Tp _, T5 = —bl’k aL Tp _E ) klO = ark y
a,+a P, a,+a P, a,+a_ P, a, +a,
a ab, 1 b, 1
Ky=—— Kk, =——"—, ky=- Ky = —, k= ,
ark + aL ark + a‘L ark + aL ark + aL a‘rk + aL
AL & M Vi M 2
Tp :i X_+1 , aL — _+Zai . : = E.>rk_|\2/| b, = E.:rk_3 .
M 2% Din i=1 pS pr psrk psrk

AHaJ3 CTPYKTYpHOI CXEMH MaTeMaTH4HOi Mojeni (puc. 5) TMOKazye, IO Mix
OapabaHHUM TIAPOTEHEPATOPOM 1 MAapPOMPOBOOM ICHYE 3BOPOTHHI B3a€EMO3B'SI30K 110 BUTPATI
napu. HeratuBHuil xapakTtep 3B'3Ky MOSICHIOE CAaMOPIBHOBAary piBHs, MOB'sI3aHy 31 3MiHOIO
MOJIOKCHHS PETYJIIOI0YOro KIaraHa BHUTpaTH mapu abo BHIIICHHSM TEIUla B KOTEIbHIN
Kamepi.

i 1 zSPhE 5 EA}ﬂ,
i AG)I\'/)’ AQ if AS,, A Py ;
i 1 |A4 s |iAD,
bapabGanuuii I :
! « ITaponposin !
i L et B :

Puc. 5. CtpykrypHa cxema y1oCKOHAJIEHOI MaTeMaTUIHOT MOZEI]

3rifHO 3 OTPUMAHMMH CIIIBBIIHOIIEHHIM, IHEPLIHHICTh MPOLECIB B MApONPOBOAL i
KoeillieHT mepeaayl Mo KaHaly ,,TUCK napu B OapabaHi - BUTpaTa mapa 0 CIOXHBaya”
3aJIeKUTh BIJl JOBXHUHHU MapomnpoBony L, iHoro BHyrpimHboro pniamerpa D, , miomi

in?

BHYTpIlIHBOTO MEPETUHY Spr , KoedillieHTiB TepTs A i MicueBux onopis &;. A Takox, Macu

napy B aponpoBOAlI M, BUTPATH MapH B cTaioMy pexkumi M, moka3HuKa cTyneHs amiadatu
¥, LIIBHOCTI Napu p , KoedilieHta onopy &, 1 VIOl MPOXiHOTO MEPETUHY PETYIIIOI0YOT0

KJiariaHa Srk B CTAJIOMY PCIKUML.

CrnineHe pimenHs piBasiHb (1), (2), (3), (4), cTocoBHO Trazo-mazytHoro kotia I'M-50,
JI03BOJISI€ JTOCIIII)KYBAaTH IMHAMIYHI XapaKTepUCTUKU PiBHs B OapabaHHOMY MaporeHeparopi,
KOJIM BUTpaTa MapHu 3aJeKUTh BiJ TEIJIOBHJUIEHHS B KOTENbHIH KaMepi 1 MOJOXKEHHS
PETyNIIOIYOro opraHy mno BUTpaTi napu (puc. 6). Burpara mapu no cnoxusaua, 3rigHo (5),
BIUTUBAa€ Ha 3MiHY THCKYy IEperpitoi mapu B rojoBHOI mapoBoi Mmarictpami AP, . Tuck
NeperpiToi napu BU3Hauae OanaHc MK TeHEepalli€lo apy B MaporeHeparopi i H1oro BUTpaToro
yepe3 mapoBy TypOiny Ha TEC abo Ha MepexeBl migirpiBadi rapsdoi Boau. Tomy 3MiHa
IUTONII TIPOXiJHOTO TIEPETHHY peryiodoro kiamana AS, , 0e3 3MiHH pPeryIsTopoM
TEIUTOBOTO HABAHTAKEHHS TEIUIOBU/ILJICHHS B KOTENbHIN KaMmepi, MPU3BOAMUTH 10 THMYACOBOI
3MIHM BUTpaTH MapH, 00 OOYMOBJIEHO, B OCHOBHOMY, aKyMYJIOIOYOIO 3/JaTHICTIO
naponpoBoAy. Lle mpu3BOaUTE 10 MEHIN IHTEHCHUBHOTO 3aKUITAHHS PIBHA (KO TPOXiTHUI
MepPEeTHH peryarondoro kianana AS, 30iTbOIyeThCst) i HOro mepexoay J0 HOBOTO CTalIoro
3HayeHHs1 (puc. 6, 6). Cralumizamis piBHSA BiIOYBA€TbCs HIKYE BUXIJHOTO 3HAYEHHS
BHACIIIJIOK KOPOTKOYAaCHOTO TIOPYIICHHS OaJaHCy MDK TMOJa4er0 J>KUBWJIBHOI BOJHU B
naporeHepaTop i BiI0opom map. SIKIo npu MaTeMaTUYHOMY MOJIEIOBaHHI HE BPaXOBYETHCA
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NPUHIUIIOBA 3AJIEKHICTh BUTPATH MAPH BiJl TIAPABIIYHOTO OOPY MAapONpPOBOY, IKUH 3'€HY€
[aporeHepaTop 3 CIIOKUBA4YEeM IApH, TO PE3yIbTaTH MOJCIIOBAaHHS HE OyIyTh a/JeKBaTHO
OIKCYBATH BJIACTHBOCTI peaibHOro 00'exTa (puc. 6, a).

OmiHKa SKOCTI PETryJIOBaHHSA TEPEeXiJTHUX TMPOIECIB B TPbOXIMIYJIbCHIN CHCTEMI

peryioBanHs piBHs Oe3 ypaxyBaHHs BusHaueHoi sanexnocti D= f(Q,§, ), nae B wotupn

pasu OiIbIle TUHAMIYHE BIIXWICHHS (puC. 7, @), IO IPH CTPUOKONOAI0HOMY 301JIBIIICHH] Ha
30% BUTpaTH MapH CIIOKMWBA4YEeM MPU3BOJUTH /IO CIIPAIlbOBYBAHHS CUTHaMi3amii i aBapiiiHoi
3YIIUHKH KOTJIA.

OtpumaHa MaTeMaTHYHA MOJEIH JO3BOJISIE JOCTIIKYBATH MOKJIMBICTh BUKOPUCTAHHS
JIOJIATKOBOTO CUTHAJY 31 3MiHM THCKY Iapu B OapabaHi /ISl MOJIIIICHHS SKOCTI TepexiaHuX
IPOIIECIB.

A
NN

-10

?&_ﬁ 0

-20 N

-30 - B
-40

-50 \\\
-60 \

0O 20 40 60 80 100 120 140 tc
Puc. 6. 3MiHa piBHS piIMHU B TapOreHepaTopi

dR,
dt
MNOCTIMHUN KOE(DIIIEHT, 10 XapaKTEepPU3ye€ MACOBY aKyMYJIIOIOYM 3JaTHICTh MapOBOASHOI
cyMmimn, OapaGaHa 1 €KpaHHHUX TpyO KOTJa) 3aCTOCOBYETbCS B CHCTEMI peryJlOBaHHS
TEIUIOBOTO HABAHTAXXCHHS, KOJNM BHKOPHCTAHHS CHUTHAJNY [0 BHTpaTi TNalWBa HE

edexruBHo [9-11].
Ah vu

Tpamuuiiino, curHai Mo TEMIOBHILICHHIO B KOTeNbHIN kamepi Q =C, +D (C, -

15

ol
|

AN

Y

0 10 20 30 40 50 60 tc

Puc. 7. Ilepexiani npoiecu peryatOBaHHs PiBHA PiIUHU

JocnmiokeHHs, MpoBeAeHE Ha OTPUMAHOI MAaTeMaTHYHOI MOJENi, TOoKa3ajlo, IIo
BBEJICHHS B KJIACHUHY TPHOXIMITYJIbCHY CUCTEMY YIPaBIiHHS piBHEM (puc. 7, 0) 101aTKOBOTO
CUTHAJTy 3a HIBHJKICTIO 3MIHM THCKY Iapa B HaporeHepaTtopi 3 HEraTUBHUM Koe(]illieHTOM
JI03BOJISIE CKOPOTUTH Yac PeryJtoBaHHs OLIbII HIX B J1Ba pasu (puc. 7, B).
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BucHoBku

VY nmaHiii poOoTi A maporeHeparopiB 0apabaHHOTO THUITY OTpHUMaHa MaTeMaTh4YHa
MOJIeNIb, IO JIO3BOJISIE€ MIJBUIIMTH TOYHICTH MOJENIOBAHHS TEPEXiJHUX TIPOLECIB B
aBTOMAaTHMYHHX CHCTEMaxX pEryJIOBaHHS PpIiBHA NapOBOJSHOI cywmimi. [lokasaHo, w0
ypaxyBaHHs B MATEMaTUYHOT MOIEJIi 3BOPOTHOTO BILJIMBY BUTPATH MApH Yepe3 MaporpoBia Ha
HOro THCK B CaMOMY IaporeHepaTopi, NPU3BOAUTH 10 CAMOBUPIBHIOBaHHS 00'€KTa

YIIPABIiHHS 0 KaHATy «3MiHa IUIOMI MPOXiJHOTO MEPETHHY PEryIIIYoro KiamaHa AS, -

piBEHb BOAM B ApOTEeHEPATOPI».

Takum ymHOM, cTpHOKOMOMAIOHI 3MIHM BUTpaTh mapu cooxkuBadem (1o 50% Bix
HOMIHAJIBHOT BUTPATH) HE MPHU3BOIATH [0 aBapiHOTO MEPEBHUILEHHS a00 3HIKEHHS PiBHSL.
BukopucraHHs cHTHaITy 110 TUCKY Mapu B 0apabaHHOMY ITaporeHepaTopi J103BOJISIE HE TUIbKH
MOJINIINTH JUHAMIYHI MMOKA3HUKU SIKOCTI PETYNIOBaHHS DIBHA, a i 3MEHIIMTU CTaTHYHY
MMOMUJIKY, OCKUTBKM B KJIACHYHIN TPBOXIMITYJIBCHIA CHCTEMI pEeryJtOBaHHS HIUIBHICTH Iapa
BBAXXA€THCS MOCTIHHOIO.
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OCOBEHHOCTHU MATEMATHYECKOI'O MOJAEJIUPOBAHUSA TUHAMUKHN
YPOBHSA ) KUIKOCTHU B BAPABAHHOM ITAPOI'EHEPATOPE KAK OB BEKTE
YIPABJIEHUA

B.®. Jloxeunnkos, C.H. I'puropenko, H.B. Jloxeunnkosa, M.C. ABpaMeHKO

Opecckuii HATMOHANBHBIA TOJUTEXHUIECKUH YHUBEPCHUTET,
npocrr. IlleBuenxko, 1, Onecca, 65044, Ykpauna; e-mail: fontan.lev@gmail.com

PaccMoTpeHBl 0COOEHHOCTH MaTeMaTHYecKOT0 MOJEIMPOBAHUS JHHAMHYECKUX CBOMCTB
YPOBHS TNapoBOJsHOI cMecu B OapabanHOM maporeHepatope. IlokazaHo, uTo KpaiiHe
HeOlaronpuaTHoe JUisi aBTOMaTHYECKMX CHCTEM YIpABJICHHS BCKHUIIAHME YPOBHS
MapoBOJsSHON cMecn B 0apabaHHOM IaporeHEpaTope, SBISIETCS KaK  CIIEACTBHEM
NPOTEKaHMsI  CJOXKHBIX ~ TEIUIOQU3MYECKUX TPOLECCOB, TaK M  KOHCTPYKTHUBHBIX
0COOEHHOCTEH TEXHOJIOIHYEeCKOro yyacTka. [loaToMy, UcToIb30BaHKE sl MOJETHMPOBAHUS
JVHAMHUKN YPOBHS MAaTe€MaTHUECKHX MOJENEH, B KOTOPBIX HE YUYUTHIBACTCSA BIMSHHE
aKKyMYJIHPYIOIIETO U IPOCCEIUPYIONIEro CBOMCTBA MApOMPOBOIA HA PACXO HACKIIIEHHOTO
rapa W3 IApOreHepaTopa, a OCHOBHOE BO3MYIIAIOINEe BO3ICHCTBHE (pacxon Imapa)
paccMaTpHBaeTCsl Kak HE3aBHCHMas TIEPEMEHHasI, SIBISCTCS HE KOPPEeKTHBIM. [Ipennoxena
JMHEHHAsS MaTeMaTHYecKas MOJeNb y4JacTKa NHTaHus OapabaHHOTO IaporeHeparopa,
KOTOpasl ~ y4YWTBIBACT  JAWHAMHUYECKHE  CBOWCTBA  IApONpPOBOMAA,  COCAMHSIOLIETO
nmaporeHepaTop ¢ morpeOuTeneM. AHaIW3 CTPYKTYpHOH CXeMBl IpemsIoKeHHOI
MaTeMaTHYecKod MOJENN TOoKasal, 4YTO MeXAy OapabaHHBIM IapOTeHEpaTOpoM U
MIapONPOBOAOM CYIIECTBYET OOpaTHas B3aMMOCBS3b IO pacxoay mapa. OTpuiaTeiabHbIH
XapakTep 3TOH CBSA3H O6'I)HCHHCT CaMOBbBIpAaBHMBAHUEC YPOBH!, CBA3AaHHOC C MU3MCHCHHUCM
MIOJIOKEHUS PEryIUpYIOIIETro KilarnaHa pacxoja Mapa WM TEIUIOBBIACICHUEM B TOTOYHOH
kamepe. COOTBETCTBEHHO, M3MEHEHHE IUIOMIAJN MPOXOAHOTO CEUYECHHUS PEryJINpPYIOLIET0o
KJlanaHa TypOMHEI, 6€3 M3MEHEHUs PEeTyJsITOPOM TEIJIOBOM HAarpy3KH TEIUIOBBIICICHUS B
TOIIOYHOH KaMepe WM SAEPHOM PeakTope, MPUBOANT K BPEMEHHOMY N3MEHEHHIO pacxoia
mapa. JTO NPHBOAWUT K MEHEE HMHTCHCHBHOMY BCKHIIAHHIO YPOBHS M €TO MEPEXony K
HOBOMY YCTaHOBHBIIEMYycCsS 3HaueHHIO. Crabwmim3anus ypOBHS TIPOHCXOAWT HHXKE
HCXOJHOTO 3HAYEHUsI BCIEJICTBHE KPAaTKOBPEMEHHOIO HapylIeHUs OanaHca MEXIy
mojaueil MUTATENbHOW BOABI B MaporeHeparop M oTOOpoM mapa. BrlgBneHHBIE, B
pe3yabTaTe pelieHus CucTeMbl auddepeHinanbHpIX ypaBHEHHM, 0COOCHHOCTH MOBEACHUS
YPOBHS TapoBOASHOW CMECH IO3BOJISIIOT Oojiee aJeKBAaTHO MOJEIHPOBaTH pPadoOTy
CYIIECTBYIOIMUX W TNECPCHOCKTUBHBLIX CUCTEM  YIIPABJICHUA [MUTAHUEM 6apa6aHHI)IX
IIapoTreHepaToOpOB.

KuioueBble cioBa: OapaGaHHBI TapOTeHEPATOp, YHEPTeTHUeCKHi OapabaHHBIA KOTEN,
aBTOMAaTHYECKasi CUCTEMa PETyJIMPOBAaHMS YPOBHS MapOBOJISHON CMECH, MaTeMaTHYecKas
MO/IeJIb, TEXHOJOTMIECKUH yJacTOK MUTaHMs IIaporeHeparopa.
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FEATURES OF MATHEMATICAL MODELING OF LIQUID LEVEL'S
DYNAMIC IN DRUM STEAM GENERATOR AS A CONTROLED OBJECT

V.F. Lozhechnikov, S.N. Grigorenko, N.V. Lozhechnikova, M.S. Avramenko

Odessa National Polytechnic University
1, Shevchenko Ave., Odessa, 65044, Ukraine; e-mail: fontan.lev@gmail.com

The article discusses the features of mathematical modeling of the dynamic properties of
the level of a steam-water mixture in a drum-type steam generator. It is shown that the
boiling up of the level of the steam-water mixture in the drum-type steam generator, which
is extremely unfavorable for automatic control systems, is a consequence of the occurrence
of complex thermophysical processes and the design features of the technological section.
Therefore, the use of mathematical models for modeling the level dynamics, which do not
take into account the effect of the accumulating and throttling properties of the steam line
on the flow of saturated steam from the steam generator, and the main disturbing effect
(steam consumption) is considered as an independent variable, is not correct. The article
proposes a linear mathematical model of the power supply section of the drum steam
generator, which takes into account the dynamic properties of the steam line connecting the
steam generator with the consumer. Analysis of the structural scheme of the proposed
mathematical model showed that between the drum-type steam generator and the steam line
there is an inverse relationship with steam consumption. The negative nature of this
connection explains the self-leveling associated with a change in the position of the steam
flow control valve or heat generation in the combustion chamber. Accordingly, a change in
the flow area of the turbine control valve, without changing the heat release by the heat
load regulator in the combustion chamber or nuclear reactor, leads to a temporary change in
steam consumption. This leads to less intense boiling up of the level and its transition to a
new steady-state value. Stabilization of the level occurs below the initial value due to a
brief disruption of the balance between the feedwater supply to the steam generator and the
extraction of steam. Identified, as a result of solving a system of differential equations, the
peculiarities of the behavior of the steam-water mixture level make it possible to more
adequately simulate the operation of existing and prospective power management systems
for drum-type steam generators.

Keywords: drum steam generator, energy drum boiler, automatic system for regulating the
level of steam-water mixture, mathematical model, technological feeding section of steam
generator.
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PO3POBKA I'EHEPATOPA IICEBJOBUIIAIKOBUX YU CEJI HA OCHOBI
KJIITUHHUX ABTOMATIB

JI.B. Ipanumnnkos, P.€. Biprokos

JHINpoBCHKHN IepKaBHUHM TEXHIYHHAN YHIBEPCHUTET,
ByJ1. JuinpoOyniBceka 2, Kam'saebke, 51918, Vkpaina: e-mail: dr-leon@ukr.net

Po3pobiieHo anropuTMu reHeparii MCeBJOBUIIAIKOBUX YMCEN, 3aCHOBaHI Ha BIACTHBOCTI
KIITHHHUX aBTOMATIB, SIKi MalOTh BHCOKY HIBHIKICTh OOYMCIICHb. METOAM IOCIHIKCHHS
0a3yloThCSl Ha BUKOPHUCTAHHI Teopii KIITHHHUX aBTOMATiB Ta 00’€KTHO-OPi€HTOBAHOI'O
miaxoxy. AITopuT™M poOOTH TeHepaTropa IICEBJOBHIIAJKOBHX ABIMKOBHX IOCIiTOBHOCTEH
BKITIOYae B cebe (a3 iHimiamizamii, xomoctoro xony ((GyHKIiIOHYBaHHA Oe3 3HIMaHHSA
BHXITHOI TTOCTITOBHOCTI) i TeHeparnii. B po6oTi Oymu po3poOieHi anrropuTMu reHepaTopiB
TICEBIOBUITAIKOBUX YUCENT HA OCHOBI KIACHYHUX, HCOTHOPIAHHX Ta CaMONPOTrPaMOBaHHX
KJIITHHHHX aBTOMariB. byno mpoBeneHe MOCHIIKEHHS XapaKTepPUCTHK JIABHHHOTO e(eKTy
KIITHHHHX aBTOMaTiB. I3 3acrocyBaHHSM MOBHM TNporpamyBaHHs Python ta 06’ekTHO-
OpIEHTOBAHOTO MiJAX0My OyNno po3po0JeHO IporpamHe 3a0e3ledeHHs, SIKe BUKOPHCTOBYE
amapar  KJIITMHHHUX  aBTOMATiB JJI1  TIeHepaiii  ICCBJOBHIAIKOBUX  JIBIHKOBHX
nocnigoBHocTtedl. OTprMaHi BUXiZHI TOCIHIZOBHOCTI PO3pOOJIEHUX T'€HEepaTopiB MPOUILIN
psAn crarucTuuHuX TecTiB craructuuHux maketiB NIST Tta RaBiGeTe. Bymo moeeneno
HaOJIM)KEHHS BIACTUBOCTEH OTPUMAaHMX BHXIJTHHMX ITOCIIIOBHOCTEH /0 BHIIAIKOBUX. Byno
MPOBEICHO TECTYBaHHSA INBHIKONII po3poOieHuX TeHepartopiB. [IpakThdHa IiHHICTH
OTPUMaHHX PE3yJbTAaTiB MOJArac B HACTYHHOMY. PO3poONeHi alropuTMH T€HEepaTopiB
TNICEB/IOBUIIAAKOBHX IOCIITOBHOCTEl Ha OCHOBI KJIITHHHHX AaBTOMATiB MAalOTh Kpamry
OIBUIKOMI0, HDK ICHYIOUI aHAJIOTH, a TaKOXX MAlOTh CTATUCTHYHI XapaKTePUCTHKH
BUXITHHX MOCIITOBHOCTEH, IO HAOIMKAIOTECS O CTATUCTHYHUX TIOKa3HUKIB BUIAJAKOBHX.
Mo>JTUBI HaNpsIMKU PO3BHTKY a00 HPOJOBKEHHS JOCIIDKECHHS: HANPSIMOM IPOJOBKECHHS
JOCITIKSHHS! € TOIIYK JIIINX KOH(Irypamiii KJIITHHHAX aBTOMATIB Y CKJIaJi reHepaTopiB
TICEBJJOBUIIAJIKOBUX MOCIIIOBHOCTEH, MIIBUIEHHS MIBUAKOAIT pO3pOOJICHNX AITOPUTMIB 32
JIOTIOMOTOI0 peaizaiii 3a MPUHIMIIOM MapajebHUX O0YMCICHb, (i3MyHA peaizaiis
PO3pOOJIEHUX aNTOPUTMIB Ha INPOrPaMOBaHIi JIOTIYHIM IHTErpanbHiil cxemi, po3poOka
AITOPUTMIB IH(PPYBaHHS HA OCHOBI KIIITHHHUX aBTOMATIB.

KaiouoBi ciioBa: reHepaTop NCEBIOBHIIAIKOBUX YHWCEN, KIITHHHUI aBTOMAT, JIABUHHHUN
edexT, kpunrorpadis.

Beryn

KniTuHHI aBTOMaTu MIKMPOKO MOLIMPEH1 B 00JACTI MOJENIOBAHHS CKIIAJHUX CUCTEM 1
reHepanii IMCeBAOBUNANKOBUX 4yHcen. Ilomyk reHepaTopiB 3 XOpOLIMMM IMOKa3HUKaMH
KpUTEPIiB CTATUCTUYHHUX TECTIB € JOCHUTHh CKJIAIHUM 3aBAaHHSAM. Bimomi mpakTudHI MeTOAH
OTPUMAaHHS MICEBJOBUMAIKOBUX YHUCEI, III0 3aCHOBAHI Ha IETEPMIHOBAaHUX aJITOPUTMAX, TOMY
Takl Yucia 1 3BYThCS ICEBJIOBUIIAJAKOBUMU, OCKUIbKM Hamepes BiIOMO Mpo omepariii, ki
HOPOJDKYIOTh  MOCHIIOBHOCTI. 3pO3yMilo, IO BOHM BIAPI3HAIOTHCS BiJl CHPaBXKHIX
BUIAJIKOBUX MOCII1JOBHOCTEH, OTPUMAaHUX Y pe3yabTaTi MPUPOAHOTO (Hi3HUHOTO MPOIIECy.

['enepaTopy NCEeBIOBUIIAIKOBUX YUCEN MOBHHHI MaT HU3KY BiacTHUBOCTe. HalOinbim
BaXUIMBUMM BJIACTUBOCTSIMHM 3 1i€1 TOYKM 30pYy € XOpOIll pe3ylbTaTd B CTaHJAPTHUX
CTaTUCTHUYHUX TECTaX Ha BHIIAJKOBICTb, OOYHMCIIOBAIBHY €(EKTUBHICTh, TPUBAIUN MEPion
(MiHIMaJIbHE YHUCJIO MDXK IOBTOPEHHSMH) 1 BIITBOPIOBAHICTh MOCIIAOBHOCTI (HampuKias,
takuM € HaOip TectiB National Institute of Standards and Technology (NIST) [1]).
Craructuuni Tectu NIST — maker CTaTUCTHYHHX TeCTiB, po3pobneHuit JlabopaTtopiero
iHpopmaniiiHux TexHosoriit (anrn. InformationTechnologyLaboratory), mo € rojoBHOIO
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JOCHITHUIBKOIO opraHizaifieo HamioHanesHOro iHCTUTYTY cranzaaptiB i Texnosoriit (NIST).
Jlo #oro ckmagy BXOIATh 15 CTaTUCTUYHHMX TECTIB, METOIO SKMX € BHU3HAYEHHS MIpH
BUIIaJIKOBOCTI JIBINKOBHX TOCIIIOBHOCTEH, MOPOKEHUX a00 anapaTHUMU, ab0 IporpaMHUMU
reHepaTopaMH BHITQIKOBUX 4mced. IL[i TecTH 3acHOBaHI HA PI3HUX CTATUCTHYHUX
BIIACTHBOCTSIX, MPUTAMAHHUX TUIBKH BUITAIKOBUM MOCIIJOBHOCTSIM.

Meta podoTu

Memoro nanoi poOOTH € TOCHIKEHHS anapary KIITHHHUX aBTOMATIB Ta IOJAajbIle
BUKOPUCTaHHS B aJIrOpUTMax MPHUKIAJHUX 3a1ad JUisl TMOKPAIICHHS iX XapaKTepUCTHK
BiJTHOCHO iCHYIOYMX aHajoris [2,3].

KuiTiHHI aBTOMaTH BUKOPHCTOBYIOThCS B Oararbox HaykoBHX chepax [4-8]. V nmaniit
poboTi yBara 3ocepel)eHa Ha po3poOIli Ta JOCHiIKEHHI aJITOPUTMIB TEHEpaTopiB
TMICEBJIOBUITAIKOBUX MOCITIIOBHOCTEH.

BiamoBigHO /10 MOCTaBICHOT METH B POOOTI CTaBISITHCS TaKi 3a1avi: BUKOHAHHS aHAJII3Y
ICHYIOUMX TeHepaTopiB IceBaoBUNaakoBux mociigoBHocteii (I'TIBIT) anamoriB Ha OCHOBI
kmiTiHHEX aBToMmatiB [10,11]; po3poOnecHHS Ta IOCTIIKEHHS BJIACTUBOCTEH BIACHHUX
anroputMmiB ['TIBI1 Ha OCHOBI KIITHHHHUX aBTOMATiB; BUKOHAHHS TECTYBAaHHS PO3pPOOJIEHUX
QITOPUTMIB Ta BUKOHAHHS MOPIBHAHHA 3 PO3TJISSHYTHMHU aHAJIOraMH; BIAMOBiIHI BUCHOBKH
1010 OTPUMAHUX PE3YJIbTaTiB.

OcHOBHA YacTHHA

q)OpMaJII)HO KJIACUYHHUH KIITHHHUHA aBTOMAT MOKHA BU3HAYNUTH TaKUM YMHOM:

(C,N,Q,q° f),

ne C — muoxuHa kiitThH; N — moTyxHicTh KIA, 1o BH3HAYaeThCA KUTBKICTIO CYCIIHIX
KJIITUH; Q — KIHI[eBa MHOKMHA CTaHIB, B IKMX MOXYTb 3HaXOJUTHUCS KJIITUHU aBTOMATY, qo_
MOYaTKOBUN CTaH aBTOMATy, SIKMW 3aJla€ThCsl Ha MOYATKy Woro podotu; f — mpaBmiio ans
pPO3paxyHKy HOBOTO CTaHy KJIITHHH, SIKUM 3aJICKUThH BiJl MIOTOYHHUX CTaHIB YCiX ii CyCIiB.
KKnA — ne rtakuit KA, yci KIITHHHM SKOTO 3HAXOASTHCS Ha ABOBUMIPHINM pPEHIiTII
(puc.l), KIITUHY NPUIMAIOTh B SKOCTI 3HAYEHHS CTaHy 3HaueHHS 3 MHOKHMHHU {0,1}, MalTh
OJIHE TPABUIIO TMEPEXOAY, SIKE BUKOPHUCTOBYETHCSA TNI00ATBHO HA BCIH MHOMHWHI KIITHH, JIO
TOTO ) OHOBJICHHS YCiX KJIITUH BUKOHYETHCSI OJTHOYACHO Ta B IUCKPETHI MPOMIKKH 4acy.

°
Knituna © KnituHa
ofe]e ®
elCle IE] KnituHa okonuui ® Cle IE' KnituHa okonuui
ofe]e (Mypa) (Mypa)
®
°
®
Puc. 1. Knacuunnit KnA Puc. 2. Heonnopiguuii KnA 3 po3pi3zHEHOO
OKOJIMIICHO

Heonnopinuuit kmitunauit aBTomar (HKiA, puc.2) — ne monudikamis KKiA, knituau
SKO1 3HaXOASTHCS Ha JBOBUMIPHHMM PEIIiTI, KJIITUHU NPUNMAIOTh B SKOCTI 3HAUYEHHS CTaHy
3Ha4eHHs 3 MHOKUHM {0,]1}, OHOBJIEHHS YCiX KJIITHUH BUKOHYETHCS OJJHOYACHO Ta B IUCKPETHI
MpoMDKKH 4acy; Ha BiaMmiHy Bil KKinA maroTh abo Aexiiabka MpaBuil, 110 3aCTOCOBYIOTHCS
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KJIITHHAMU 32 BCTAHOBJICHUM aJITOPUTMOM (3a3BHYail 00MpPAIOTHCS BUIIAIKOBUM YHHOM), a00
PO3pi3HEHY (HEOTHOPIAHY) KOH(ITypaIlifo OKOJIHIIL.

VY Bumanky po3pizHeHOi KOH]Iryparlii OKOJWIN, Al KOXKHOI KIITHHH BUTAJIKOBHUM
YUHOM OOHPAETHCA MHOXKHMHA CYCIJIIB 3TAHO 3 OOpaHOIO MOTYXKHICTIO, MHOKHHA CYCifiB
KOXKHOI KJIITMHH € CTaJOK Ha BCIX HACTymHUX itepamisx. Jlo KoHdirypamii noJaeThes
cknanoBa Cy, sika BiIMOB1/1a€ MHOKHH1 KJIITUH CYCIiB.

VY BUIaIKy HAsIBHOCTI JEKUTBKOX mpaBui KiTA, KOXHIN KIITHHI MOXe OyTH pU3HAYCHE
OJIHE TIpaBWJIO, sike Oyae MISATH MOCTIMHO, TaKOX MOJKJIMBUN BapiaHT, KOJM Ha KOXXHIN
iTepaiii MpaBUJIO BHU3HAYAETHCA BHUMAAKOBUM 4YMHOM. Cxemarmuno Ttakuii HKIA nHe
BipizHATUMETHCA Big KKIA.

CamornporpamoBanuii kmituHHHA aBToMaTr (CIIKnA) — me KnA, B skoMy mpaBmiio
NEepexo/ly 3MIHIOETbCA 3aJE€KHO BiJl 3HAUEHHS KIITUH JAaHOro abo CyMIKHOTO aBTOMATY.
BukopucranHs mpaBui, IO 3MIHIOIOTBCS JWHAMIYHO, JTO3BOJISIE YHUKHYTH INAOJIOHIB, fIKi
YTBOPIOIOTHCS, KOJIM KJIITUHU MalOTh OCTINHI TPaBUIa.

CIIKnA (puc.3) MOXHa peani3yBaTu y BUIJIALI ABOX moB’s3aHux KinA. Ogun 3 HuX
(HI>KHIN) 3a7I€KUTh BiJ 1HIIOrO (BEpXHii) mpu BUOOPI MpaBuia, sike MOTPIOHO 3aCTOCYBATU
Ha HAcTymHOMY Kpomi. KokHa KIIiTHHa HIDKHBOTO aBTOMATY OPIEHTYEThCS Ha 3HAYCHHS
BIJIMOBIAHOI KIJIITUHU BEPXHHOTO aBTOMATy IpH BUOOpPI MpaBuiia, TOOTO SAKIIO 3HAYCHHS
KIIITHHU BEPXHBOTO aBToMaTy 0, TO KIIITHHA HIKHBOTO aBTOMATY IEPEXOANTh Y HACTYITHUN
CTaH 3a OJJHUM IPaBUJIOM, a SKIIO | — 3a iHmuM. BUKOpUCTaHHS BEPXHBOTO aBTOMATY J0JA€
BUIIAJIKOBOCTI KIIITHHHOMY aBTOMATYy.

oj1J1] Jo]1 Mepesipra el FalF [F.F
SHAYCHHA
«—
ﬁ
OHOBIEHHA
34 IMpaBHIOM

Kepyroumii map Ocuoernil map

Puc. 3. CamonporpamoBanuii KinA

JUis OLIHKM BJIAcTUBOCTEH KpUMNTOTpa(iuHUX MEpPeTBOPEHb B POOOTI BUKOPUCTAHO
MIOHSTTS «JIABUHHOTO epeKxTy», sike Oyno BBeaeHo XopcTtom Deiictenem B 1973 p. JlaBunauMit
e(deKT MoKa3ye, HACKUIbKH CHIBHO 3MIHIOETHCS BUXIJ JESIKOTO MEPETBOPEHHS MpHU 3MiHI
oJIHOTO OiTa BXiIHUX AaHuX. F,

bynemo posrnsgatu KiA, mo po3ramoBaHuil Ha ABOBUMIPHIH peIIiTIi PO3MiIpOM
MxxMy. Ockinbku pemitka KiA € TopoMm, oOUYMCIEHHS KOOpAMHAT 3J1HCHIOIOTBCS 3a
MOJTyJIeM BiJIIOBITHOTO PO3MIPY PEIIITKH.

BBegemo moHsarTd BincradHi MDK kiaitmHaMu KiIA Sk MakcUMalibHe aOCOJIFOTHE
3HA4YeHHs PI3HUII BIAMOBIIHUX KOOPAMHAT. 3 ypaxXyBaHHSAM 3aKkpydyBaHHA pemniTku KiA B

TOp BiJICTaHb A(m(xlv)ﬁ)’m(XZxYZl)) MDXK KIITHHAMHA M T2 My, ) 33HAETBCS OPMYIIOFO:

(x1,¥1)

A(m(xlel)’m(XZ:YZ)) = max(min(|xi _X2|)’ Mx _|X1 _X2|)’ min(|y1 - y2|)’ MY _|Y1 - y2|))

O‘-ICBI/I,Z[HO, 10 MaKCHMMaJIbHO MOXXJIMBa Bi,Z[CTaHB MIK ABOMaA OCCpCAKaMUn KnA ,[[OpiBHIOGI

M, -1 [M, -1
A — X Y
max = Max 5 | 5 |
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PosrnsHemo nBa imeHTHuHMX KiA, TOOTO 3 OJHAKOBUMH pPO3MIpaMU peEIIiTKH
M, xM,, onHi€l0 Ti€l0 X JIOKAJIbHOIO (YHKIIEIO 3B'SI3KYy W OJHAKOBUMH 3allOBHEHHSMH

CHiBIIAJAOYMX 33 KOOpAMHATAMH KIiThH. [l03HAa4MMO depes M, 3alOBHEHHS KIITHHH

nepmioro KnA 3 koopaunartamu (X,Y); A aHamoridHoi kimituHH apyroro KiA Oymemo

At

BUKOPUCTOBYBATH I1O3HAYUCHHA m(xyy).

krituan 3 koopauHatamu (0,0)  gpyroro KilA Ha mpoTHiekHe (OCKUIBKM B CHITY
OJTHOPIAHOCTI BC1 KJIITHHU HEBHUPA3HI 3a CBOIMH BJIACTHUBOCTSAMHU, TO BHOIp KOHKPETHOL
KIIITUHU HE 0OMEXKY€E CIITBHOCTI):

Y momenT yacy t=0 BuKOHaeMO 3MiHY 3HAYCHHS

~t t
Meyy < 1=Mey)

JlaBuHHMI eeKT BimoOpakae MOIMUPEHHS 3MiH, BUKIMKAHUX Yy Ipyromy KiA 3miHORO
3allOBHEHHSI OJHIET KOMIpKM TlaM’siTi. BBeaemMo iHTerpajibHy 1 MPOCTOPOBY YHCIIOBI
XapaKTepUCTHKH JIABUHHOTO eQeKTy. SKIIo 3MiHM MNOLIMPIOIOTHCS PIBHOMIPHO Yy BCiX
HaAMpPsIMKaxX 3 MAaKCUMaIbHO MOKIIMBOIO JIIHIHHOO MIBUAKICTIO (y JAaHOMY BUIIAJKy CTAaHOBUTH
OJIHY KIIITUHY B KOXXHOMY HAIPSMKY 32 TaKT pOOOTH) 1 MPU IIbOMY 3MIHIOETHCS 3aIIOBHCHHS
MIOJIOBUHU BCiX OCEpPEKiB, TO TAKUW JaBUHHHUM e(heKT MU HA3UBAEMO ONTUMAIILHUM.

[HTEerpaTbHO XapakTepUCTUKOIO TaBuHHOTO edekty 77(t) B KiTA Ha3BeMo 3aiexHICTh
32 4YacOM BIJHOIIEHHSA KIIBKOCTI HE CIIBIAJAIOYMX 3allOBHEHb KIITHUH VIS KIITHH 3
OJIHAKOBUMH KOOPJIUHATAMH JI0 3araJIbHOI KITBKOCTI KJIITHH Ha pemritii KinA:

m, ., ®m.
n(t) = z (x.y) (xy)
0<X<My MX MY

0<Y <My
[HTerpanbHa XapakTepuCcTUKa ONTUMAIILHOTO JIABUHHOTO €()EKTy Ma€ BUTIIS!
2
(2t+1)
2M M,

(2t+1)
2M,

J2t+1< M,
n(t) = M, <2t+1<M,

LM, <2t+l

N |-

V 3aranbHOMY BHUMAJKy iHTErpalibHA XapaKTepUCTUKA JaBHHHOTO edekty 77(t) Mae y
cepelHbOMY MpsIMyBaTH /10 3HadeHHs 0.5, mo cBiguuTh npo BiaMiHHICTE KIA y cepennbomy
Ha TTOJIOBUHY YCiX KIIITHH, 32 YMOBH BiZIMiHHOCTI 0fHOTO KJTA Bix iHIIOT0o B MOMEHT 4acy t=0
Ha OJMH OiT.

[TokazHukoM, 110 BigoOpaxae JIiHIMHY MIBUAKICTh NOIIMPEHHS 3MiH 1o peurntii KA, e
MPOCTOPOBa XapakTepucTuka JaBUHHOTO edekry (1), piBHA BiAHOIICHHIO MaKCHMAaIbHOI
BiJICTaHI, Ha K BUSBUJIUCS 3MIHM, 10 MAKCHMAJIbHO MOKIIMBOI BiJICTaHi:

/u(t) = a‘XOSX<MX ((mzx,y) @ rﬁ(x,y)) ' A(rn(O,O) ' rn(x,y) ))

—M
My =D72  ocvamy

[IpocTopoBa XapakTepuUCTHKAa ONTHUMAIBHOTO JIABUHHOTO €(EKTy OIHMCYETHCSA
dbopmyoro:
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t
uty={ (M, -1/2’
L t=|(M,-1)/2

t<|(My -1)/2)

VY 3arajbHOMY BMIAJKy IPOCTOPOBA XapaKTEPUCTHKA JABUHHOIO edekty W(t) mae y
CepeIHbOMY MpsIMYBATH [0 3Ha4eHHA 1, M0 CBIAYUTH PO MAKCHMAJbHY UIBHJKICTbH
nomupeHHs 3MiH y KiA, 3a ymoBu BinminHOcTi ogHoro KiA Bix inmoro B MoMeHT uacy t=0
Ha OJIUH OIT.

VY xomi nochipkeHHS Oyino pO3IIISSHYTO JaBUHHI XapaKTEPUCTHUKU TMPEACTaBICHUX
KJIITUHHUX aBTOMarTiB. [Ipu nociiKeHH] XapaKTepUCTUK JIABUHHOTO €()eKTy B KOHKPETHOMY
KnA pesynprar 3aiekuTh Bifi BHOOpPY IMMOYATKOBOTO 3alIOBHEHHS OCEPENKIB PEIITKH Ta
JOKanbHOI  (QyHKIIT 3B’A3Ky. TakuM YMHOM, XapaKTepUCTUKHU JIABUHHOTO e(eKTy
BiZJ0OpaxaroTh BIAacTUBOCTI KUTA B 1iIOMY 1 MOBHHHI PO3TIISAATUCS SK ISSIKUI ycepeTHeHUI
noka3Huk. st mocmimkenns Oyno 3acrocoBano o 100 map KitA kokHOTO THITY, PO3MIpOM
32x32 xiiTuHM Ha yacoBomy mpomikkKy 0< t < 100, moryxnicts KiTA, mo mocmimKyroThcs,
o0paHO piBHOIO 8, TOMY IO BXKeE 3a3Aaieriip BigoMo, mo KA 3 moTyxHICTIO 4 MalTh
MOPIBHSHO TipIli 3HAYEHHS JIABUHHUX XapPaKTEPUCTHUK.

VY pesynbTaTi JAOCHIIKEHHS Oyjl0 BCTAHOBJIEHO, IO JIABUHHI XapaKTEPUCTHKH
OpSAMYIOTh J0 ONTHMAaJIbHUX 3HA4€Hb, IO CBIMYUTH MPO TapHI CTATUCTHYHI BIACTUBOCTI.
Tomy posrisanyTi KA Mo)kHa 3aCTOCOBYBaTH B KpUITOTpapiuHUX JOCHIHKEHHSX.

Ha ocHOBI pO3rIsHYTHX KJIITHHHHUX aBTOMAaTiB Oynu po3poOsieHI TeHepaTopu
IICEB/IOBUIIAIKOBUX IOCIIJOBHOCTEH. ['eHepaTtop Ha ocHOBI kinacuyHux KiA — (puc.4)
BUKOPHCTOBYETHCS B AKOCT1 aHAJIOTY, BITHOCHO SIKOTO OYyJI0 BUKOHAHO MOPIBHSHHS 3 IHIIMMU
po3pob6nenumu I'TIBII. [{ns unctoTn ekcrepuMeHTy BiH OyB peali3oBaHU Ta JOCTIIKEHUH 3
PEIITO0 aNTrOPUTMIB Ha CIIUTBHIH m1aTdopMi Ta MOBI IPOrpaMyBaHHSI.

B cTpykTypy reneparopa BXOIATb:

e J[Ba KJACHYHHUX KIITHHHUX aBTOMaTH C11 Cy;

® pEricTp 3CYBY 3 JIHIMHUMH 3BOPOTHUMH 3B’ si3KaMu R.

Ha koxnomy Takti pobotu kiituHHI aBromatu C; 1 Cp BupoOnaoTh mo 256 OiT
JBIMKOBUX IOCHIOBHOCTEH, SKI MOYJIEHHO CKJIAJaloThCsl 3a MOAYyJIEeM 2, a pe3yibTar
JIO/IaBaHHs TOJAETHCS HA BHXiJ reHeparopa. OCKUIBKM TMOCTIAOBHOCTI, IO BUPOOISIOTHCS
KJIITUHHUMH aBTOMaTaMH, MOXYTb PpO3IJISIaTUCS SK HE3aleXHi, CKJIaJaHHS J03BOJISE
MOJIIMIIIUTYA CTATUCTAYHI BJIACTUBOCTI BUX1HOI IMOCTIIOBHOCTI T€HEPATOpa.

JlonaBaHHsS BUXIHUX TIOCHIIJJOBHOCTEH KIITMHHUX aBTOMATiB TaKOX JIO3BOJISE
YCKJIaIHUTHU BITHOBJIEHHSI BHYTPILIHBOTO CTaHy TeHepaTtopa (ToOTO 3Ha4eHb KOMIPOK IaM’ STl
KJIITUHHUX aBTOMATIiB 1 pericTpa 3CyBY) 3a BHUXIJIHOIO MOCIIJIOBHICTIO, IO MOXe OyTH
KOPHMCHO, HAIIPUKJIa/, y KpUNTOrpapiuHuX J10AaTKaX.

OpHi€l0 3 OCHOBHHMX MpoOJieM IpH BUKOPUCTAHHI KIITUHHMX ABTOMATIB Yy CKJIaAi
reHepaTopiB IICEBJAOBUIIAJKOBUX IMOCIIJOBHOCTEHl € HemepeadadyBaHICTh IX NEpioAy,
oOyMmoBiieHa HemiHilHICTIO (QyHKIiI mnepexoniB. Jlins 3a0e3nedeHHs MiHIMaIbHOTO
rapaHTOBAaHOIO MEPioly BUX1IHOI MOCIIIOBHOCTI B CTPYKTYPY I'eHepaTopa BBOAUTHCS PETiCTP
3CyBY 3 JIHIMHMMHU 3BOPOTHUMHM 3B’sa3kamu R. Buxin pericrpa Ha KOXXHOMY TakTi poOoTH
JIOTAE€THCS 32 MOJYJIEM 2 70 3HAYEHHS OJHIET 3 KOMIPOK KJIITUHHHUX aBTOMarTiB. [Ipu mpomy
JaBUHHUN e(eKT 03BOJIsiE TapaHTyBaTH, IO MEpioj MOCTIOBHOCTI BHYTPILIHIX CTaHIB
KJIITUHHAX aBTOMAaTiB Oy/le HE MEHIIE Mepioay BHXIIHOI TMOCHIIOBHOCTI PETICTPY 3CYBY.
[ToyaTkoBi 3HaueHHS KOMIPOK MaM’ATi pEricTpa 3CyBY TaKOX € KIOYeM BHUPOOJICHHS
MICEBJOBUIIAIKOBOT TIOCTIIOBHOCTI TI€HEparopa B LIJIOMY, TOOTO BH3HAu4alOTh BHOIp
KOHKPETHOI MOCI1JOBHOCTI 3 €314l MOKIHBHX.

V¥ 3anpononoBanomy BapianTi ['TICH BHKOpPUCTOBYIOThCS 2 KIAaCUYHUX JABOBHUMIPHUX
OIHApHMX CHUHXPOHHHMX KIITUHHMX aBToMaTd po3mipoMm 37x11. Ilpu uomy BuXimHI
MOCIIJOBHOCTI 3HIMAIOTHCSA 3 (PIKCOBAHOI YACTUHU MOJIS aBTOMATy po3mipoM 32x8.
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BinMinHicTh aBOoX KA, 110 € CKIaIOBUMHU YaCTHHAMH JTAHOTO T€HEpaTopa, MOJsArae y
pi3HHUX MovYaTKOBUX cTaHaxX KitA, a Tako)X y BUKOPUCTaHH1 PI3HUX (DYHKIIIN Mepexoy.

KniTuHHmii aeTomat C1 @'
. out
Knitvmemit aetomar C1 €D

seed ; PericTp acyey 3 NiHifAHMM1 Y. ouT ry

IBOPOTHIMK 38 AZKAMMK E;?_._b

seed |Perictp 3CYBY 3 THHIFHINT
) . 3ECPOTHIMH 3B A3KaMH

KniTuHHWIA aeTomaTt C2 é}

Puc. 4. Cxema I'TIBIT na nsox KKnA Puc. 5. Cxema I'TIBII Ha onnomy HKnA

I'eneparop Ha ocHoBi HKJIA Moxke OyTM mpencTaBIeHUH Yy BHUIUISIAL CXEMH, IO
300pakeHa Ha PUCYHKY O.

B cTpykTypy renepatopa BXOJATh:

® OJIMH HEOJTHOPITHUH KITITUHHUHN aBTOMAT Cj;

® DEriCTp 3CYBY 3 JIiHIHHUMHU 3BOPOTHUMHU 3B’ si3Kamu R.

VY nmanomy ['TIBII BukopuctoByetbes nuiie onud HKIA, mo mae 3Ha4HO MOMIMIINTH
MOKAa3HUKHM IIBHIKOMAII MpOrpaMHOi pearizaiii, mpudyoMy Oe€3 TMOTIpIICHHS CTaTHCTUYHUX
BJIACTUBOCTEH BUXIJHMX MOCIIOBHOCTEH, IO IOB’S3aHO 3 KpPaLIUMU XapaKTEpUCTHKAMHU
naBUHHOTO eekTy y nmopiBHAHHI 3 KKIA.

Bukopucranuii HKnA 6a3yeTbcsi Ha NpUHIUII PO3PI3HEHOCTI MPaBWJI Ta MOXE
BUKOPUCTOBYBATH 2 200 OibIlie MPaBwil I OHOBJICHHS KOXKHOI KIITHHU. [l yCKIIaaHEeHHS
noBeaiHkd HKIA Ha koXHOMY TakTi poOOTH JUIsi KOXHOI KIITHHH IMPaBUIO OOMPAETHCS
BHITaJKOBUM PIiBHO BipOTiTHIUM YHHOM.

Takoxx s TMOKpalleHHs IIBUAKOMII TUIAHYETHCS 30UIBIIUTH PO3MIPH  BHUXITHOL
MOCJTIIOBHOCTI, 1110 3HIMAETHCA 3 BUXOY, 10 32x32 Ta 64x64 61T 3a Tak poOOTH reHeparopa.
[Tpu upomy 36inbmIMTECS yac Ha iHimiamizamito ['TIBII, ane 3MeHIUTHCS Yac HA BUPOOJICHHS
BHITQ/IKOBOT MOCIIJOBHOCT1 Y JIOBTOCTPOKOBIM NIEPCIIEKTHBI.

Jlns yCKiIaJHEHHs BIJHOBJIEHHS CTaHy 3a BMXIJHOIO IOCIIJOBHICTIO TeHepaTropa Ha
BUXI1Jl TeHEpaTOpa MOIAEThCS YaCTUHA KIIITHH TeHepaTopa.

JUisl HOKpaIlleHHs CTATUCTUYHHUX XapaKTEPUCTUK Ta 30UIBIIEHHS MIHIMAJIbHOIO Iepioy
BUXIJHOI TOCIIOBHOCTI BUKOPUCTOBYETHCS PETICTP 3CYBY 3 JIIHIKHUMU 3BOPOTHUMHU
3B’s3KaMH po3MipoM 256 OiT. Buxin perictpy Ha KOXXKHOMY TakTi poOOTH MiAMILIYETbCS
CKJIafaHHsAM 3a moxaynem 2 no kimituau HKIA, mo He BXOAWTh 0 MHOXHMHHM KIITHH, SIKi
MO/Ial0ThCsl HAa BUX1J TreHeparopa. [Ipuuomy kiiTHHA, 1O SKOi BUKOHYETHCS MiAMINIYBaHHS
BUXOJIY PEricTpy 3CyBY, HE IOBUHHA 3HAXOJIUTHCS HAa TPaHMUL 3 KIITUHAMH, SIKI IEPearoThCs
Ha BHXiJ TreHepartopa. Jlis JNIIOTO MOKpamleHHS CTaTHCTHYHUX BJIACTUBOCTEH MOXKHA
PO3IIISIHYTH BapiaHT 3 JI0/1aBaHHSM 1€ OJHOTO PETICTpPa 3CYyBY.

Kondirypamis HKnA 3 Buxomom 32x32 06itu, y ckmami ['TIBIT wmae Burmsan, skwuid
HaBeneHo Ha puc 6. IIpo HEOOXiTHICTH JOJaBaHHS JPYroro pericrpy 3CyBy ciin
CTBEp/KYBATH BXKE ITCIST TECTYBAaHHS TeHEPATOpY 3a JOMOMOTOI0 ITAKETiB CTaTUCTHYHHUX
TECTIB.

AnroputM poOOTH TreHepaTopa IICEBJOBUIAAKOBUX JABIMKOBUX IOCIIJOBHOCTEHN
BKJIIOYae B cebe (as3u iHimiamizamii (YCTaHOBKM IOYAaTKOBMX 3HA4Y€Hb), XOJIOCTOTO XOIYy
(pyHkuionyBaHHS 0€3 3HIMaHHS BUX1/IHOI IMOCIIIOBHOCTI) 1 TeHepalii.

Kpox 1. Tnimiamnizaris:

Kpox 1.1. 3aneceHHs Kioua BUPOOJIEHHS BUIAJKOBOI MOCIIZOBHOCTI y KOMIPKHU
nam’sTi pericTpa 3cyBy 3 JiHIHHUMHU 00epHEHUMH 3B’ s13KaMu R;
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Kpox 1.2. BcTaHOBJIEHHS BHIIAJKOBHX 3HAYCHb KOMIPOK IaMm’sTi KIITHUHHHUX
aBToMmariB C; Ta Cy, mpu oMy kisbkicTh 0 Ta 1 Mae 6yTu piBHOIO;

Kpoxk 1.3. BctaHOBiE€HHS pO3MIpy HiAMHOKUHY KITITUH BUX1THOI MTOCIiAOBHOCTI JJIst
kmTuHHEX asToMaris Cq ta Cy;

Kpok 1.4. 36epexxeHHs] KOOPAWHAT KIITUHU Ui MiAMIIIYBaHHSA BHXIJHUX 3HAYCHb
PETICTPY 3CYBY;

Kpoxk 1.5. Tlepexin no ¢a3u xomocroro xoxy (1.2).

Kpok 2. XonocTuit Xi:

Kpoxk 2.1. IlpuBrnacHUTH 3HAYE€HHS JIYMIbHUKA TakTiB t = O,

Kpok 2.2. Po3paxyBaTu HOB1 3HAUC€HHsI KOMIPOK IaM’sATi KJIITUHHUX aBToMaTiB C; Ta
C2, BUKOPHUCTOBYIOUH BCTAHOBJIEHI (DYHKIIIT IEPEXOIIB 10 OKOJHII KOXKHOT KJIITHHH;

Kpok 2.3. Jlomatu BUXiJIHE 3HA4YEHHS PETICTPY 3CYBY JO BIAMOBITHUX KOMIPOK
maMm’sTi KinTuHErX asToMaris Cq ta Co;

Kpok 2.4. Po3paxyBaTi HOBE 3HAUCHHS PETiCTPy 3CyBY R;

Kpox 2.5. 361ty 3HaUCHHS JTIYMUIHHUKA TakTiB t Ha 1;

Kpox 2.6. Slkuio 3HaueHHs NiYWiIbHUKA { MEHIIE 3HaYEHHS TPUBAIOCTI XOJIOCTOTO
xony idle, To mepeiitu Ha Kpok 2.2, iHakiie nepeidty 10 $has3u renepartii (m.3).

Kpok 3. ®aza reneparii:

Kpok 3.1. Po3paxyBaT HOBI 3Ha4€HHsI KOMIPOK IIaM’sITi KJIITHHHUX aBToMaTiB Cj Ta
C,, BUKOPUCTOBYIOUYHM BCTAaHOBIEH] QYHKIIIT IEPEXO/IIB IO OKOJHUII KOXKHOT KIITHHH;

Kpok 3.2. Jlonatu BuXigHe 3HAUEHHS PEricTpy 3CyBY IO BiJIOBIIHUX KOMipOK
mam’ ATl KkintuaHuX asromaris Cq ta Co;

Kpok 3.3. PozpaxyBaTi HOBE 3HaUCHHSI PETICTPY 3CYBY R;

Kpox 3.4. ChopmyBatu BuUXiIHI 3HaYeHHS KITHHHMX aBTomariB C; ta C; i3
3a3HA4YE€HOT IIIMHOKHUHH KJIITHH;

Kpox 3.5. Po3paxyBaTu BHXIJHE 3HA4YCHHS TEHEPATOpYy NUIAXOM CKJIaJaHHs
BIJITOBITHUX BUXI1HUX 3HaUeHb KIITHHHUX aBToMatiB C; Ta C, 3a moynem 2;

Kpok 3.6. Slkimio noBXXHMHAa OTPHUMAHOI IOCIIIOBHOCTI JOCTaTHHOI JIOBXKHHHU, TO
po0oTa anropUTMY 3aBEPIIYEThCS, iHAKIIE TIepexoaumo Ha Kpox 3.1.

I'enepatop Ha ocHoBi CIIKnA moxe OyTu mnpeacTaBieHURl y BHUIJISAL CXEMH, IIO
300pakeHa Ha PUCYHKY /.

B cTpykTypy resepatopa BXOASTH: OJWH CaMOIPOrpaMOBaHUM KIiTHUHHUN aBToMaT Cy;
pericTp 3CyBy 3 JIIHIHHUMHU 3BOPOTHUMHU 3B’ s3kamu R.

VY nanomy I'TIBII BukopucroByetbest oqun CIIKnA, skuii ckianaerbes 3 IBOX MIAPIB:
kepytounii map € KKinA 3 1 KOHTpOJIbHUM NpPaBUJIOM, L0 CIAYTYeE AJs BU3HAUYEHHS MPaBUI
OCHOBHOTO Imapy; ocHoBHuil map € HKmA 3 2 mnpaBunamu, sKi Afg KOXHOI KIITHHU
BHU3HAUYAIOTHCS CTAHOM KEPYIOUOro 1Iapy, CIYTye JUIsl FeHepallii BUX1JHOI TOCI1JOBHOCTI.

R B RLRBRCRARE bk el
$ . ~
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|

|

|

|

|

|

|
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|
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v r' ouT
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Perictp =cyey R1 €ricTp 3CyBy 3 NiHIMHUMMK | |

3BOPOTHIMM 3B'A3KaMn

35
36
37
38

— —LP;ric:p 3?)19; R2!

Puc. 6. Crpykrypa HKnA y ckmagi  Puc.7. Cxema I'TIBII na ogaomy CITKnA
reHeparopa
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s mokpamenus mBuakonii y nopiBHsHHI g0 ['TIBIT #Ha ocHoBi KKnA mmanyerbes
30UTBIIMTH PO3MIPH BHUX1THOT TOCIIIOBHOCTI, 110 3HIMAETHCS 3 BUXOY, 10 32x32 Ta 64x64
0iT 3a Tak poboTH reHepatopa. IIpu 1poMy 30imbIIMTECS Yac Ha iHimiamizanio [TIBII, ame
3MEHIIUTHCS Yac Ha BUPOOKY BUIIaJKOBOT MOCIIOBHOCTI Y IOBTOCTPOKOBIN NMEPCIIEKTHBI.

Jlnst yCKIagHeHHS BIAHOBJICHHS CTaHy 3a BHXIJHOIO IOCIHIJOBHICTIO TeHEpaTropa Ha
BUX1J] TeHEpaTopa MOJAETHCS YaCTHUHA KJIITUH OCHOBHOTO LIapy T'eHepaTopa.

JUist HOKpaIIeHHs! CTATUCTUYHHUX XapaKTEPUCTUK Ta 30UTbIICHHS MiHIMAJIBHOTO NIEpioay
BHXIJTHOT TIOCIIIJIOBHOCTI BHUKOPHUCTOBYETHCS PETICTP 3CYBY 3 JIHIWHUMH 3BOPOTHUMH
3B’s3KaMH po3MipoM 256 Oit. Buxim perictpy Ha KOXXHOMY TakTi poOOTH MiAMILITYETbCS
CKJIQJIaHHSAM 3a MOJyJieM 2 1o KIiTHHH ocHoBHOro imapy CIIKnA, mo He BXOAWTH 10
MHOXXMHM KIITHH, $IKI TOJAIOThCA Ha BHXiA reHeparopa. IIpm udoMmy KimiTMHa, 10 SKOI
BUKOHYETbCS MIAMINIYBAaHHS BUXOJY PETICTPY 3CYBY, HE OBHHHA 3HAXOJUTHCS HAa FPAHULI 3
KIIITHHAMU, SKi mepenaroThest Ha Buxin reHeparopay. Kouogirypamis CIIKnA 3 Buxomom
32x32 HaBeJeHO Ha PHUCYHKY 8.

KKnA 35x35

o 1 .. 31 32 33 34

[

ouT

31
32

33
34 2

|
Puc. 8. Crpykrypa CIIKnA y cknani renepatopa

byno Bu3HaueHO MIBUIKOMAII0 Te€HEpaTopa ICEBJOBUMAIKOBUX IOCIIJJOBHOCTEH SK
KUIBKICTh BUPOOJICHHX TreHepaTopoMm OiT 3a 1 cexkynay pob6ortu. Ilpum womy, yac pobotu
reHeparopa CKJIAaJaeTbcsd 3 4Yacy, BUTPAY€HOro Ha IiHiIianmi3ailioo, Ta dYacy TIeHeparii
MOCJIIJJOBHOCTI 3a/1aHOi BeMUYMHU. JlJI1 BUKOHAHHA MOPIBHSAHHS HIBUAKOJII, yCl po3po0iieH1
I'TIBIT matoTh 3reHepyBaTH mociifoBHICTH po3MipoM 1024000 Oit, a B SIKOCTI pe3ynbTaTy
npuiiMaeTbes cepeHe 3HaueHHs cepes] 100 ek3eMIuIIpiB KOKHOTO TUITY FeHepaTopa.

V npoueci rectyBanHs Opanu ydacts [ TIBII 3 Takumu napamerpamu:

e TTIBII na ocroBi KKiA (CAPRNG) — eranonuuii reHepaTop, BiIHOCHO SKOTO Oyjie
MPOBE/ICHO TMOPIBHSAHHS Ta 3pO0JCHO BUCHOBOK BITHOCHO PO3POOJICHUX aarOpUTMIB (3riTHO 3
pPEKOMEH/ALlIEI0 aBTOpa, JaHWi reHeparop Mae po3mip 11*37 kmiTuH, po3Mmip BHXIAHUX
3Ha4YeHb 8%*32 (256 6iT), MOTYXHICTh 8 Ta yac X0J0cTOro X0y 40);

e 2 I'TIBII na ocxoBi HKnA (CAPRNGM4) — reHepatop Ha OCHOBI HEOAHOPITHOCTI
NpaBUiI: Mepuuii reveparop mae pos3Mmip 40%*40 kmituH, po3mip Buxoxy 32*32 (1024 6ir),
MOTYXKHICTh 8 Ta Yac Xosoctoro xoay 10 3rifHO 3 JJaBUHHUMH XapaKTEPUCTHUKAMU; JAPYTHA
rerepaTop Mae po3mip 70*70 kituH, po3mip Buxoxy 64*64 (4096 6it), mOTyXHICTh 8 Ta 4yac
xojoctoro xoay 10 3riiHO 3 JaBUHHUMH XapaKTepUCTUKaMH (KUIbKICTh MPaBWJI HE YHHUTH
CYTTEBOT'O BILTMBY Ha IIBUAKOIIO);

e 2 TITIBII na ocuoBi CIIKiA (CAPRNGmM6) — reHeparop 3a CXEMOIO
caMmoIlporpaMyBaHHs: Mepuii reHeparop mae posmip 40*40 xmituH, po3mip Buxoay 32%32
(1024 6it), moTyxHICTh 8 Ta "yac xonocroro xoay 40; npyruii renepatop mae po3mip 70*70
KJIITUH, po3Mip Buxoay 64*64 (4096 6it), HoTykHICTh 8 Ta yac xojoctoro xoay 40.

[TopiBHsHHS 4Yacy iHimiami3amii mokasano, IO 31 30UIBIIEHHSM PO3MIpY KIITHHHHUX
aBTOMATIB, €KCMOHEHITIaTbHO 301bmIyeThes yac iHimiam3anii ['TIBII. [Toganbmre 36iapmeHHs
po3mipiB KA € HeouiIbHUM Yepe3 pizke 30UTbIICHHS Yacy iHiliami3anii.
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[MopiBHsHHS yacy reHepamii (6e3 ypaxyBaHHs iHIiNiami3amii), a TaKOXX MOPIBHSHHS
3Ha4YeHb MBUAKOAIT (0iT/c) (puc. 9) roBoputh mpo Te, mo po3podneni aaroputmu [TIBIT
MAaIOTh NIEpeBary y MBHIKOII1 y TopiBHsHHI 3 etaioHHuM ['TIBII.

MosxHa 3poOMTH BHCHOBOK, IO HAWTipHIMii dYac TeHepalii I[CeBJIOBUIAAKOBOL
nociigoBHocTi Mae ertanonHuil ['TIBII, a maiikpamuii — ['TIBIT Ha oCHOBI HEOAHOPIAHOTO 32
npaBuiaamMu KinA 3 posmipom Buxony 64*64. BiamoBigHo, HaWTipmry HIBHIKOIIIO Mae
eranonnuii ['TIBII, a naiikpamy — ['TIBII Ha ocHOBI HeomHOpiaHOTO 3a mpaBwiamu KiA 3
po3MipoM Buxoy 64*64.

Generation speed

90k
80k

70k

bit/sec

30k

20k

10k

CAPRNGm4(32x32) CAPRNGmE(32x32) CAPRNGMG(64x64)

CAPRNG type

CAPRNGm4{64x64)

Puc. 9. llopiBasans mBuakoxAii I'TIBIT na ocHoBi KA
Generation speed

60k

50k

40k
30k
20k
10k

0

CAPRNG(12x38) CAPRNGmM4(12x38) CAPRNGm6(12x38)
CAPRNG type

bit/sec

Puc. 10. [Topisasans mBuakoxii I'TIBIT na ocHoBi KA (32 ogHakoBuX KOHQITYparriif)

[pupict mBuaKocTi y BincoTkax BigHocHO etamoHHoro I'TIBIT moxkHa 300pazutu y
BUIsLal Tabmi 1.

Konoirypamis KnA B I'TIBII mae OGesmocepenniii BrumB Ha mBuiakonio [TIBII.
[TopiBusiemo po3po6seni I'TIBII 3a ymoBu, mo KoH@irypaiii ycix reHepaTopiB OJHAKOBI.
OTtpumaHuii pe3ynbTaT IIBUAKO/IT HABEJCHO Ha Aiarpami, 1o 300paxeHa Ha pucyHky 10.

Sk 6aunmo, Ha aiarpami Ha puc 10 pe3yabTaTv TeCTyBaHHS IIBUIKO/IT CB1IYATh MPO TE,
10 HaBiTh 3a oaHakoBoi koH¢irypauii KinA y ckmani I'TIBII, naiikpamuii moka3sHuK Mmae
['TIBII na ocHoBi HeoaHopinHoro KiA, a wnaiiripmumii — eranonnuii I'TIBII Ha ocHoBIi
knacuuHux KA. [pupict mBuaKoall y BiACOTKaX HaBEACHO B TaOIuUI 2.
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Taoannsa 1.
[Tpupict mBuakocti I'TIBIT
CAPRNGm4 | CAPRNGm4 | CAPRNGmM6 | CAPRNGM6
TTIBI CAPRNG 32x32 64x64 32x32 64x64
IBraxonis 39562 65917 49470 86990 65991
(6i1/c)
Tpupict ; +66.6% +25% +119.9% +66.8%
Taoauns 2.
[Tpupict mBuakocti I'TIBII (3a oxHakoBoi koHbIrypartii)
CAPRNG CAPRNGM4 CAPRNGmM6
Bl 12x38 12x38 12x38
IIBupxconis 36254 61588 44680
(0iT/c)
Ipupict - +69.9% +23.2%

Pospo6sneni I'TIBIT 6ynu mportecroBani Ha Habopax tectiB NIST ta RaBiGeTe. YV
nporueci TectyBanHs Opanu yuacTth Taki ['TIBII: etanonnuit ['TIBIT Ha ocnosi KKnA; TTIBII
Ha ocHoBl HKTIA 3 2, 4, 8 ta 16 npaBunamu; ['TIBIT Ha ocHosi CITKIIA.

TectyBaHHA Ta TOPIBHAHHS CTATHCTHYHHX BJIACTUBOCTEHl  AJIrOPUTMIB.
Pospo6aeni I'TIBIT 6yau nporectoBani Ha Habopax tectiB NIST ta RaBiGeTe. YV mporieci
tectyBaHHs Opanu yuactb Taki ['TIBII: eramonnwmii ['TIBII na ocnoBi KKnA; — I'TIBII na
ocaoBi HKIA 3 2, 4, 8 ta 16 npaswmiamu; — ['TIBIT Ha ocHoBi CITKIIA.

Jlia moyatky poO3rJISHEMO pe3yJabTaTH TeCTiB, MPOBEIACHHX 3a JOMOMOIol Habopy
tectiB RaBiGeTe. [lanuii HaOip TECTIB B SKOCTI pe3yabTaTy Hajaae rpadik po3moaiieHHs p-
3HA4YEeHb, SIKI MAIOTh OYTH MaKCUMaJIbHO HAOJIMKEH1 10 «ixeanbHoi JiHi» (puc.11,12).

B’ RaBiGeTe_MT 64 bits - v2.0.0 - Cristiano fecit a. D. MMXI " RaBiGeTe_MT 64 bits - v2.0.0 - Cristiano fecit a. D. MMXT | o | B
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0:24 Running time: 0:00:07.58 DONE. Date end: 2019-11-27 17:
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Puc.11. Pesynbrar tectyBanus I'TIBII na
ocHoBi HK1A (16 mpasn)

Puc. 12. Pesynbrat TectyBanus ['TIBII
Ha ocHoBi CIIKnA

BinnoBigHO 10 OTpUMaHUX pe3yNbTaTiB MOXKHA 3pOOUTH BHCHOBOK, L0 HAMKpPALUMHU
CTaTHCTUYHUMHM BJIACTUBOCTIMHU BoaoAitoTh eTamonduii I TIBIT, I'TIBIT na ocuoBi HK1A 3 16
npaBwiamu, a Takox ['TIBII na ocHoBi CIIKnA, depe3 Te mo iX p-3HaYeHHS MaKCHMalbHO
HaOmxkeHi 1o imeansHoi diHiil. [Ipote, ['TIBII Ha ocHoBi HKNA 3 4 Ta 8§ mpaBunamu mMarTh
HenoraHi nmokazHuku. ['TIBII Ha ocHoBi HKnA 3 2 mpaBunamu He NMpoOMIIOB CTaTHUCTUYHI
TECTH.
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Type of Test p-value conclusion
01. Freguency Test (Monobit) 0.19774596318218907 Random
02. Freguency Test within a Block 0.54488314257090489 Random
03. Run Test 0.6982679662922404 Random
04. Longest Run of Ones in a Block 0.08856492927861788 Random
05. Binary Matrix Rank Test 0.17930825019298435 Random
06. Discrete Fourier Transform (Spectral) Test 0.3587953578869416 Random
07. Non-overlapping Template Matching Test 0.844851269697275% Random
08. Overlapping Template Matching Test 0.02710293266449679 Random
09. Maurer's Universal Statistical test 0.5004366451245723 Random
10. Linear Complexity Test 0.5781728121385061 Random
11. Serial test:

0.5814625246696581 Random

0.40976811691771237 Random

12. Approximate Entropy Test 0.6918511013954823 Random
13. cummulative Sums (Forward) Test 0.31821413917999475 Random
14. Cummulative Sums (Reverse) Test 0.328350730522893% Random

15. Random Excursions Test:

State Chi Sguared P-Value Conclusion
—4 3.42440645%7292755 0.63485547123805%6 Random

-3 2.1776000000000004 0.8240648464824125 Random

-2 4.20672012345679 0.5200436674382127 Random

-1 3.625 0.604563605429415 Random

+1 1.6e25 0.8982096€912260438 Random r
+2 §8.354938271604938 0.13772878196562843 Random 1
+3 31.66692995925555% ©.9149%295321051646e-06 Non—Random
+4 18.042274052478135 0.0028936887424530046 Non—Random

16. Random Excursions Variant Test:

State COUNTS p-value Conclusion
-s.0 1 0.520146436295335 Random
-8.0 1 0.4953562789703385%4 Random
-7.0 1 0.4620743041588714 Random
-6.0 1 0.423598958%6164244¢ Random
-5.0 2 0.40939548620991884 Random
-4.0 7 0.5476150215414648 Random
-3.0 iz 0.7518296340458452 Random
-2.0 12 0.6830913983096087 Random
-1.0 14 0.72367360%8317631 Random
+1.0 17 0.8596837951986662 Random
+Z2.0 is 0.8382564863858263 Random
+3.0 12 0.7518296340458492 Random
+4.0 e 0.50403586645250459 Random
+5.0 4 0.4795001221869535 Random
+6.0 & 0.5940323405950415 Random
+7.0 =] 0.731445570023402 Random
+8.0 13 0.8910856202172167 Random
+5.0 13 0.89576552231834587 Random

Puc. 13. Pesynbrat TectyBanns [ TIBII na ocnoBi HKnA (16 mpaswn)

s neBHocti npoBeaemo TectyBanHs [TIBII Ha OCHOBI makeTiB CTATUCTUYHHUX TECTIB
NIST. Pesynprarom TectyBaHHs € Tabmuns (puc.13) 3 po3paxoBaHMMHU P-3HAYCHHSIMH Ta
BHUCHOBKOM «BunankoBuii/He BHUMAIKOBUI». 3 HaBedeHUX pe3ynbraTiB nuime HKnA 3 2
npaBWIaMd HE TPOXOIATH yci TecTH. Pe3ympratm tectyBanHHs 3a gomomororo NIST Ta
RaBiGeTe 306iratotscst, ToMy Oyaemo BBaxkatu, 1o I'TIBII, siki mpoMIuid TeCTH 3 TapHUMH
MOKa3HUKaMH, T€HEPYIOTh BHITKOBI ITOCIOBHOCTI.

BucnoBku

Bynu mpoBeneni BCi HEOOX1THI JOCHIKEHHS, BUKOPUCTaHI Cy4acHI METOIU peaizaiii
anropuT™iB, Bepu(ikalii Ta TeCTyBaHHSA IpOorpaMHoro 3abesmnedeHHs. byino mnpoBeneHO
JTOCHIPKEHHS ~ XapaKTEepPUCTUK  JIaBUHHOrO e(eKTy KIACMYHMX, HEOJHOPIIHHUX Ta
CaMONpPOTrpaMOBaHMX  KIITHHHUX  aBTOMaTiB. Po3po0neHi  airopuTMu  reHeparopiB
TICEB/IOBHITAJIKOBUX YHCEN HAa OCHOBI KJIACHYHHUX, HEOJHOPITHHX Ta CaMOIPOTPaMOBAaHUX
KIITHHHUX aBTOMariB. I3 3acTocyBaHHsSM MOBH TmporpamyBanHs Python Tta 00’exTHO-
OpPIEHTOBAHOTO MiAXOAYy OyJ0 po3po0ieHO TporpamMHe 3a0e3leyeHHs, SIKe BUKOPHUCTOBYE
amapat KJIITUHHHUX aBTOMATIB JJIsl TeHepallil ICeBJOBUIAKOBUX JIBINKOBUX MOCTIIOBHOCTEH.
OTpuMaHi BUXIJHI MOCHIJOBHOCTI PO3pPOOJIEHUX T€HEPaTOpiB MPOWUIUIA P CTaTUCTHYHUX
tecTiB cratuctuuHux nakeTiB NIST ta RaBiGeTe, 3rigHo 3 pe3ynbratamu Oyjao JOBEICHO
HaOMIKEHHST BIIACTUBOCTEH OTPUMAHMX BHUXIJHHX MOCIIZOBHOCTEH 10 BHITQJKOBUX.
[TpoBeneHO TeCTyBaHHS IIBUAKONII PO3POOJIEHUX TEHEpaTopiB, BIAMOBIIHO IO SKOTO
PO3po0ICH] ATOPUTMHU MAIOTh KPaIly MIBUAKOAII0, HIXK BiJIMOBITHAN aHAJIOT.
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PA3PABOTKA 'EHEPATOPA IICEBJIOCJYYAMHBIX UACEJI HA OCHOBE
KJIETOYHBIX ABTOMATOB

JI.B. Ipanuinukos., P.E. buprokos

JIHEPOBCKUI TOCYJapCTBEHHBIN TEXHUUECKUM YHUBEPCUTET,
yi. luenpoctpoesckas 2, Kamenckoe, 51918, Vkpauna: e-mail: dr-leon@ukr.net

PazpaboTaHb! aITOPUTMBI T€HEpALUH IICEBJIOCTyYaHBIX YHCEJ, OCHOBAHHBIE HA CBOMCTBAaxX
KJIETOYHBIX aBTOMATOB, KOTOPbIE WMEIOT BBICOKYIO CKOPOCTh BBIYHMCIEHHH. MeToss
uccie0BaHus 0a3UPYIOTCS Ha UCIIOJIB30BAHMH TEOPUH KIETOYHBIX aBTOMAaTOB U OOBEKTHO-
OPHEHTHPOBAaHHOTO MOAXOZa. AJITOPUTM pabOTHl TeHeparopa IICEBAOCITYyYaitHbIX
JBOMYHBIX MOCJIEAOBATEIIFHOCTEH BKJIIOYAaeT B ceOs (ha3bl MHUIMAIN3AIMN, XOJIOCTOTO
xoza U reHepauuu. B pabore ObumM pa3paboTaHBl ANTOPUTMBI T€HEPaTOpPOB
NCeBIOCTYYalHBIX ~ YHCET  HAa  OCHOBE  KIACCHYECKHX,  HEOJHOPOJHBIX |
CaMOIIPOTPaMMHUPYEMBIX KJIETOYHBIX AaBTOMATOB. bBIJIO TNPOBENEHO HCCIeI0BaHHE
XapaKTePUCTUK JIABUHHOTO 3¢ (deKTa KIeTOUYHbIX aBTOMaToB. C TpUMEHEHUEM s3bIKA
nporpamMmupoBanusi Python 1 00beKTHO-OPHEHTHPOBAHHOIO MOAX0Aa ObUIO pa3paboTaHo
MporpaMMHOE OOecrieueHrne, KOTOPOE HCIONb3YyeT ammapaT KJIETOYHBIX AaBTOMATOB JUIS
TeHepaIuy TICeBIOCITYYaiiHbIX IBOMYHBIX HOCIeN0BaTeIbHOCTEH. [1orydeHHbIC BEIXOIHBIE
MIOCJI/IOBATENILHOCTH Pa3pabOTaHHBIX T€HEPATOPOB MPOILUIN PAJ CTATHCTHYECKUX TECTOB
craructrdecknx makeToB NIST m RaBiGeTe. Bbeuto mokazaHo mpuOIMKEHHE CBOHCTB
MOJYYCHHBIX ~HMCXOJHBIX MOCJIEA0BATENBHOCTEH K ciaydailHBIM. bbuto  mpoBeneHO
TECTUPOBaHHE OBICTPONECHCTBHS pa3pabOTAaHHBIX reHepaTopoB. [IpakTHueckas IIEHHOCTb
MOJIYYSHHBIX pe3yJbTaToB. Pa3zpaboTaHHBIE aIrOpUTMBI I'€HEPaTOpPOB IICEBIOCTYYaHBIX
MOCJIEIOBATEIEHOCTEH HA OCHOBE KJIETOYHBIX aBTOMATOB MMEIOT JIydIliee OBICTPOIEHCTBHE
YeM CYIIECTBYIOIIME aHAJOTH, a TakKe HMEIOT CTATUCTHYECKHE XapaKTEePHUCTHKHU
HCXOJIHBIX TIOCIIEOBATEIIFHOCTEH, MPHOMIMKAOMNXCA K CTAaTUCTHYECKHX IMOKa3aTelen
cydaiiHbIX. BO3MOXXHBIE HampaBieHHWS pPa3BUTHA WIM TPOJODKEHHUS HCCIEIOBAHUS:
HaIpaBI€HHEM MPOJOJDKCHUS WCCIEIOBAHUS SBISETCA MOWCK JIyYIIMX KOH(HUryparui
KJIETOYHBIX aBTOMAaTOB B COCTaBEe T'€HEPATOPOB ICEBIOCIYYaHHBIX MOCIIEI0BATEIFHOCTEH,
MOBBIIIEHHE OBICTPOAEHCTBUS Pa3pabOTaHHBIX AITOPUTMOB MOCPEICTBOM peas3aluy 110
NPUHLOMITY TapajyieNbHBIX —BBIYMCICHUH, (U3MUYecKas peanu3anusi pa3padoTaHHBIX
QITOPUTMOB HA TIPOrPaMMHUPYEMON JIOTHYECKOH MHTErpajlbHOM cxeme, pa3paboTka
ITOPUTMOB MIM(POBAHUS HA OCHOBE KJIETOUYHBIX aBTOMATOB.

KiroueBble c1oBa: reHepaTtop NCeBIOCITy4allHBIX YHCEN, KJIETOUHBIN aBTOMAT, JIABUHHBII

a¢dexr, kpunrorpadus.
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DEVELOPMENT OF A CELLULAR AUTOMATON BASED PSEUDORANDOM
NUMBER GENERATOR

L.V. Dranishnikov, R.E. Biryukov

Dnieper State Technical University,
Dniprobudivs'ka St 2 Kamianske, 51918, Ukraine; e-mail: dr-leon@ukr.net

Algorithms of pseudo-random number generation based on properties of the cellular
automaton were developed that demonstrate a high speed of computation. Methods of
research were based on the theory of the cellular automaton with an object-oriented
approach. The algorithm of the pseudo-random binary sequence generator includes phases
of initialization, dry pass and generation. Developed algorithms for pseudorandom number
generation are based on classical, inhomogeneous, and self-programmable cellular
automaton. A study was carried out of characteristics of avalanche effect in the cellular
automaton. Using Python programming language and an object-oriented approach, software
was developed that uses a cellular automaton machine to generate pseudorandom binary
sequences. The resulting output sequences of the developed generators passed a variety of
tests of statistical packages NIST and RaBiGeTe. It was shown that the properties of
obtained initial sequences are approximated to random. The speed of the developed
generators was tested as well as practical value of the results. Developed algorithms for
pseudorandom sequence generators based on cellular automaton has better performance
than existing analogs, and their statistical characteristics of the output sequences are
approaching the ones of true random. Possible directions for the development or research
are: better configurations of cellular automaton as part of pseudorandom sequence
generators, increasing the speed of the developed algorithms by means of parallel
computing, physical implementation of the developed algorithms on a programmable logic
integrated circuit, development of encryption algorithms based on cellular automaton.

Keywords: pseudorandom number generator, cellular automaton, avalanche effect,

cryptography.

303



IHOOPMATUKA TA MATEMATHUYHI METOU B MOJEJIFOBAHHI = 2019 = Tom 9, Ned

DOI 10.15276/imms.v9.no4.304 Informatics and Mathematical Methods in Simulation
VJIK 519.854.2 Vol. 9 (2019), No. 4, pp. 304-314

3ATAYA CKIIAJAHHA KAJTEHIAPHOI'O IIVIAHY BUKOHAHHSA POBIT HA
HIAIPUEMCTBI 3 MIHIMIBAHICIO CYMAPHOI'O BUITEPEKEHH A
JUPEKTUBHUX TEPMIHIB TA MAKCUMIBALICIO MOMEHTY ITIOYATKY
BUKOHAHHS POBIT ITAPAJIEJIbHUMU ITPUCTPOAMU

H.0. Bosommu, O.I'. ZKnanosa, M.O. Cnnepkau

HaunionaneHuii TeXHIYHUH yHIBepcuTeT YKpaiHu «KniBChbKHIA MO TEXHIYHUI IHCTUTYT iMeHi Iropst
CikopchKOTOY,
npocrr. [lepemoru, 37, m. Kuis, 03056, Ykpaina; e-mail: denvol1996@gmail.com,
zhdanova.elena@hotmail.com, sperkachmaya@gmail.com

VY poOoti posrisigaeTbes 3aqaya CKIAJaHHs KaJeHIApHOTO IUIaHy BUKOHAaHHS poOIT Ha
HIANPUEMCTBI 3 MiHIMI3ali€l0 CyMapHOTO BUIIEPEPKEHHS TUPEKTHBHUX TEPMiHIB POOIT Ta
MaKCHMI3alli€el0 MOMEHTY IM0YaTKy BHUKOHAHHS pOOIT mNapajelbHUMH HPUCTPOSIMH. 3a
OCTaHHI POKHM 3’SBWJIOCH 0arato METONIB BHUpIlIEHHS JaHOi 3ajgayi, L0 MpParHyTh
CIIPOCTHUTH TIPOLEC CKJIAJaHHS ONTHMAIBHUX KaleHIApHHUX IUIAHIB BHUKOHAHHsS pOOIT i3
BU3HAUCHUM JUPEKTUBHAM TEPMIHOM Ta TPHUBAIICTIO BUKOHaHHA. Po3poOieHmil Meron
JO3BOJISIE CKJIACTU KaJCHIApHMIl IUTaH BHKOHAHHA POOIT MU 3aladvi, A€ € BU3HAYCHOIO
KUTBKICTh MPUCTPOIB, IO MPALIOIOTh MapajesbHO. Y poOOTi PO3TIITHYTO HAMOUIBIT BimoMi
METOM PO3B’I3aHHS TAKOTO KJIacy 3a1a4; OyJo BUKOHAHO iX NOpIBHAHHA. BU3HaueHO MeTy
Ta 3aBHaHHA poOotu. ChopMyiapOBaHO NOCTAaHOBKY 3anadi. HaBeneHo mociimKeHHS
BJIaCTHBOCTEH 3ajaui. Po3risiHyTo 3acTocyBaHHs 3ajaui SK JJIsl OJHOTO MPHUCTPOIO, TaK i
JUISl TIapanielibHUX TpHCTpoiB. Po3poOreHo anroput™ pos’s3anHs 3apadi. [IpoeneHo
CKCIICPUMCHTANIbHI JIOCTIDKCHHS POOOTH PO3POOJICHOTO AITOPUTMY, A€ OyJI0 BHAUICHO
KJacH 3a/1ady, sKi B CBOIO uepry, Oyjad po30UTI Ha MiAKIACH, KOXKCH 3 SKHX BH3Ha4ae
cepellHe 3HAUSHHS TPUBAJOCTI, IUCIEPCII0 TPUBAJIOCTI BUKOHAHHS POOIT Ta aucnepcito il
JUPEKTUBHOTO TEPMiHYy. 3 ypaxyBaHHSIM INPHUUHATOrO Miaxony 0 kiacudikaiii 3amay
BUAIICHO Bchoro 27 miakmaciB. ¥ po0Ooti Oymo mpoBemeHo mo 200 eKCHEpUMEHTIB IS
KOKHOTO TIAKIACY 3amad 3 pI3HOK KUTBKICTIO pPOOIT AN IEKiIbKOX ITapajielbHUX
HPHUCTPOIB, PE3yJIETATAMH SKUX € MOPIBHSIHHS POOOTH PO3POOICHOTO ATOPHTMY Ta METOLY
noBHOro mnepebopy. s mNpOBeACHHS EKCHEPHUMEHTIB OyB pO3pOOJCHHH AITOPHTM
reHepanii 3ajad i3 3HAYCHHSIM TPUBAJOCTI BUKOHAHHS Ta JUPEKTUBHOIO TEPMIiHY, IO
BIINIOBiZla€ KOXKHOMY TiIKiacy 3amad. EkcriepuMeHTanmbHI TOCTIIKCHHS IiATBEPAIH
e(eKTHBHICTH PO3POOICHOTO aTOPUTMY B PaMKax HAaBEICHOI 3a/1a4i.

KarouoBi cioBa: mnapanenbHi NpUCTpOi, KajleHOapHUH IUIaH, JMPEKTUBHI TEPMiHU
BUKOHAHHSA pOOIT, MakCHMi3amis MOMEHTY II0YaTKy BHKOHAHHS pOOIT, MiHIMi3aIlis
CYMapHOTO BUIICPEIKCHHSL.

Beryn

CydacHi BUpOOHMYI MPOLECH Ha MIANPUEMCTBAX MAalOTh TEHJEHLIIO 3MIHIOBATHUCH 13
30UTBIIEHHAM KIJIBKOCTI BUMOT, 3pOCTaHHAM KOHKYPEHILIi Ta MPHXO0J0M HOBHX TPaBIliB Ha
BUpoOHNYY apeHy. Came 11 Ta 6arato 1HIIKX i 3MYIIYIOTh MIJIPUEMCTBA NEPEXOIUTH Ha
HOBITHI 3aco0M aBTOMaTH3allii, METOAW KepyBaHHS pPOOOYMM TPOIECOM, PETYISIPHO
OHOBJIIOBATH TEXHIKY, sIKa BHKOPHCTOBYETHCS TIEPCOHAIIOM TOIIO, 3/ 30iTbIICHHS
npuOyTKY a00 MOKpAIIEHHS SIKOCTI BAPOOHUIITBA y MOPIBHSAHHI 3 IHIIMMHU HiANPHEMCTBAMHU.

Hapasi 3agaudi aBromarusanii poOO4YMX MpOLECiB MOXKYTh OyTH BHpilleHi OaraTbma
METOAaMH, 30KpeMa 1 Teopii po3KiIaliB.

VY wmam yac 3amadi Teopli po3KJIaaiB MalOTh BENMKE TpHUKIagHe 3HadeHHs. [IIBumkuit
PO3BUTOK 3B’SI3KY 1 TEXHIKM BCE YACTIillle BHKJIMKAE HEOOXITHICTh MOOYIOBU PO3KIA/IIB, 1110
3B’s13aHI 3 (DYHKIIIOHYBaHHSIM TPOMHCIIOBHX IIAMPUEMCTB Ta c(eporo 00CIyroByBaHHS,
OCBITOI0, TpaHCIOPTOM 1 OaraTbma iHmIUMH oOmacTsimu. [IpoOGiemaruka Teopii po3kiaiiB
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BKIIIOUa€e B cebe MOCIHiHKeHHS CKIAJIHOCTI 3a/1a4, pOo3pOOKy HAOIMKEHUX, €BPECTUYHHUX Ta
TOYHUX QJITOPUTMIB BUpIMICHHS. BUTbIIicTh poOIT MPHUCBAYEHO KOMOIHATOPHHUX IIIXOaM,
aJie IX MOKJIMBOCTI CYTTEBO 0OMEXEH1 pO3MipHICTIO 3aay.

VY 3B’S3Ky 3 IIUM, aKTyaJbHUM € PO3pOOKa METOJy CKJIQJaHHS KaJCHIAPHUX TUIAHIB
BUKOHAHHS 3aBJlaHb MapaJieIbHUMHU TPUCTPOSIMU, SKUAN JOMOMOXKE 3MEHIIUTH CyMapHUU
mrpad 3a MOpyHICHHS JUPEKTUBHOTO TEPMiHY.

Meta pob6oTu

Memoro poOOTH € TiABUIIIEHHS €PEeKTUBHOCTI (QYHKITIOHYBAaHHS BUPOOHUYHMX CHCTEM 32
PaxyHOK CKJIaJIaHHSI ONTUMAIBHUX 200 OJMM3bKHUX JI0 ONTUMAIBHHUX 32 YACOBUMU KPUTEPISIMH
KaJICHIApHUX IUTAaHIB BUKOHAHHA POOIT 3 MIHIMI3AIMIEID CYMapHOTO BHIEPEIKEHHS
JUPEKTUBHOTO CTPOKY MPU BUKOHAHHI pOOIT MapaaelbHUMH IPUCTPOSMH.

st mocsrHEeHHST METH HeOOX1JHO PO3B’sI3aTH HACTYIHI 3a0ayi:

e BUKOHATH BHOIp METONIB CKJIAJaHHS KaJCHJAPHHUX IUIAHIB Ta ICHYIOYHX CHCTEM
TUTAHYBaHHS,

® pO3pOOHMTH METOJl pO3B’S3aHHSA 3a7ayl CKIQJaHHS KaJCHAApHOTO IUIaHy Ta
MiHIMI3allil CyMapHOTO BHIIEPEMIKEHHS JUPEKTUBHOTO TEPMiHY IPH BHUKOHAaHHI pOOIT
napajeIbHAMH TPUCTPOSIMH;

e JociiauTu eheKTUBHICTh PO3POOIECHOT0 METOY MOOYJOBH KAJICHJAPHUX IUIaHIB;

® pPO3pOOHTH MPOTPaMHY peai3allito 3ampONoOHOBAaHOTO METOY;

® 3JIICHUTH EKCIIEPUMEHTAIILHE JTOCIIKCHHS OTPUMAaHUX PE3YJIbTaTIB.

OcHOBHA YacTHHA

EdextuBHe ynpaBiiHHS BUPOOHMIITBOM BHMAara€ 3acTOCYBAHHS PI3HOMaHITHUX
MaTeMaTHYHUX MeToNiB. [y poO3B’A3aHHS IOCTaBIEHUX Yy pPOOOTI 3ajay BHUKOPHUCTaHO
METOJM Teopii po3kiaaiB. BoHM AOCHIIKYIOTh METOAM Ta aITOPUTMHU BIOPSAKYBAHHS POOIT,
3ac00iB Tomlo. 3adayi BMNOPAJKYBaHHA MOXXYThb BUHHMKAaTH Yy BHIAJKaX, 1€ € BHOIp
MOCJIJJOBHOCTI BUKOHAHHS POOIT, HANpHUKJIaA, y TPAHCHOPTHIN cdepi, HA MIANPUEMCTBI, y
IIKOJIax TOIIO.

Hampsimok nocnipkeHb, HaBeAGHWW y AaHi poOOTi, 3a OCTaHHI NECATUIITTS OyB
ikaBuM OaratboM BueHUM. AHHUKUH A.C. Ta CemeHoB B.A. [1] onucyroTs npoOieMaTuky
cucTeMaTtu3allii Teopii po3KJIaaiB, 10 BUKOPUCTOBYETHCA B PI3HUX MpeaMeTHUX chepax. Y
ny6uikanii OyJ0 NpeacTaBIeHO BUKOPUCTAHHSA 00’ €KTHO-OPIEHTOBaHMX KapkaciB. barato
yBard MpUCBSYCHO 3a/1a4aM PECYPCHOTO IJIaHyBaHHs. Y poOoTi [2] onucyeThcsi MaTeMaTH4Ha
MOJIeNIb OpraHizamii Ta ympaBiiHHS mpoektamu. 3rypoBcbkuii M.3., IlaBmoB O.A. Ta
Xanyc O.A. nosenu [3], mo 3amava CKJIagaHHs JOMYCTUMOTO PO3KJIaay ONTHMAILHOTO
BOJIHOYAC IO MaKCUMi3allii MOMEHTY 3amycKy Ta MiHiMi3alii CyMapHOTO BHIIEPEKEHHS
poOiIT € P-BupinryBaHolo.

Bci mi migxoau TPOMOHYIOTH 3aJ0BUTBHE pO3B’SI3aHHS 3a7adi, ajle BOHHU HE
MPUITYCKAIOTh BHKOPUCTAHHS JIEKUIBKOX TIPUCTPOIB pPiI3HOT €(EeKTUBHOCTI, L0 MOXYTh
NPaIIOBATH MapaJIeNbHO.

[Mepsun 10.A., Tlopryran B.M., CemenoB A.M. y pobGoti [4] omucyiors meromn
BUPILICHHS 3aJa4 KaJEeHIapHOro IUIaHYBaHHS, 110 0a3ylOThCs Ha OOMeXeHOMY mepebopi
MHOXHHH JIOIYCTUMHUX pO3B’s3KiB. Lle 3yMOBJIE€HE BHKOPHCTaHHSIM E€BPUCTHUYHHX METO/IIB
BUPILICHHS 337a4 KaJIeHIapHOTO IUIAHYBaHHS, 110 3MEHIIYIOTh KUIBKICTh OINepaiiif y MeToi
nepedopy.

Cepen mMetoniB mepeOOpy HEOOXiTHO BHUALIMTH METOX TiUIOK Ta Mex [5]. Meron
nepeabavae aBa €Tamu: alTOPUTM PO3OUTTA HA TUIKM Ta BHUOIP MOTOYHOTO EJIIEMEHTA 1
BU3HAUCHHS METOJY OIIHKU BEPIIMH Ta 3HAXO/DKCHHS HIDKHBOI Mexi. Bemuka KibKIiCTh
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eKCIIEpUMEHTIB IMPOJEMOHCTPYBala, IO Ha BEIMKUX 00’€Max JaHUX AITOPUTM MOKHA
BHKOPHCTOBYBAaTH TPHU BAAIOMY BHOOpI CHocoOy 3alaHHs OIIHOK, aje € mpobiema y
BU3HAYCHHI 3B 53Ky OI[IHOK Ta KPUTEPIiB AKOCTI.

EBpuctruni meromun po3s’s3anHHs 3amad HaBiB Memsauk O.0. y poboti [6] Ha
MPUKIIAAlL OaraTOpiBHEBOI CHCTEMH IIAHYBaHHS 3 ypaXyBaHHSIM HAJIaroKEHHS MPHIIATIB Ta
OOMEKEHUMH pecypcaMd 3 HaBEICHHSIM MPAKTHYHHX TNPUKIaniB. EBpucTHYHI MeTomn
0a3yloTbCsl Ha 3HIDKEHHI BHMOT. MeToau JOUIPHO BHKOPHUCTOBYBATHM Y 3ajadyax 3
BUTQ/IKOBUMHU BXiJHHUMH JaHUMH, 3 BIJICyTHROIO MaTEMAaTUYHOI MOJCIUTIO Ta y BUIAIKaX
BIJICYTHOCTI TOYHHMX METOJIB BHpIIIEHHS 3aadi. BiTbII AeTalbHO MPO €BPUCTHUYHI METOIU
sraayerbes y mparsax [7-9]. I[TiAMHOKHHOK €BPUCTHYHHX METOJIB € T€HETHYHI aIrOPUTMHU
[10-17], o Bmepie Oysu 3anpornonoBani [xonom Xosutangom. [IpusHadeHi i po3B’ 3Ky
3a/1a4 OINTHUMI3allii Ta MOJIEIIOBaHHS TOCIJOBHOTO MiAOOpPY Ta IEpEeHEeCEeHHsS IaHuX Ha
MO/IEIIb, 1110 Haraaye 0i0JIOTIYHY CTPYKTYPY.

[Toguacosa T.II., ITopryran B.M., Tarapos B.A., Illkyp6a B.B. y cBoiii po6ori [18]
OINMCYBAJIM METOIM BUPIMICHHS 3a]a4 KaJCHJapHOTO IUIAHYBaHHS, BKa3ylOud Ha Te, IO MPH
301JIBIIIEHH] PO3MIPHOCTI 3a1a4i HETIOJIHOMIAJIBHO 3POCTAE Yac BUPIIICHHS.

Bci 1i MeToam Ta anropuTMHu HPOMOHYIOTH 33J0BUIbHE BHPIIICHHS 331adyi, aje BOHU
HE MPUITYCKAIOTh BUKOPUCTAHHS JEKIIBKOX MPUCTPOIB, 1[0 MOXKYTh MPAIFOBATH MapajieibHO.

3ajaH0 MHOXXHHY HE3aJeKHUX poOiT J ={1,2,...,n}, KOXXHA 3 SKUX CKJIAQLA€ThCId 3
onuiei onepaii. s pobotn j € J BU3HAUCHI TPUBATICTb BUKOHAHHS P; Ta AMPEKTUBHHH
TepMiH BUKOHaHHS ;. PoOOTH HaAXOATh 10 CHCTEMH O/IHOYACHO. IIpouec BUKOHAHHS pOOIT

€ HeTIepepBHUM: MICJII BUKOHAHHS MEPIIOi MO MOPSAKY poOOTH oapa3y K pO3NOYHMHAETHCS
BUKOHAHHS JAPYTOi, i TaK JI0 TUX Mip, 10K HEe OyayTh BUKOHaHI Bei [19].

HeoOxiaHO 3HaWTH TOMYyCTUMUHN PO3KIIAL, Y SIKOMY:

e MOMEHT [T0YaTKy BUKOHAHHS POOIT (I') € MAaKCUMAIIbHO TTi3HIM;

e CyMapHe BHIEpEI)KEHHS MOMEHTIB 3aBepIIeHHsS pPOOIT BIAHOCHO JTUPEKTHBHHUX
TEpMiHIB IpUMae MiHIMaJIbHE 3HAUCHHS.

Posrnsinemo 4acTkoBHMH BHIIQJOK [ OJHOro mnpucTtporo. Hexait € noBiabHUI
JAONyCTUMHE po3kian pobit J. Jlns koxHOi pobot je€J € BH3HAYCHE 3HAYCHHS
JPEKTUBHOTO CTPOKY O Ta TPUBANIOCTI BUKOHAHHS ) .

OpHi€ero 13 CKIQJ0BUX ONTHUMAJIBHOTO PO3KJIAAy € BHUKOHaHHSA pOOIT y NEBHOMY
MOPSIIKY, TOMY CIIOYaTKy HEOOX1THO BIOPSIKYBATHU BCl pOOOTH 3 MHOXKUHU J 3a 3HAYECHHSIM
JPEKTUBHOTO TEPMiHY Y 3POCTalO¥OMy MOPSAKY, ToOTo mist j € J crnpaBemmso d; <d, ;.
J71st 3py4HOCT1 BBEJIEMO JI0JJaTKOB1 MIO3HAYCHHS:

e end — kiHeub BUKOHAHHS POOOTH;

) TJ. — 3aIMi3HEHHS POOOTH | ;

e maxT — makcuMalbHE 3alli3HEHHS 110 BCIM JUPEKTUBHUM TepMiHaM.

VY Tabnauui 1 HaBeneHa BIOPSAAKOBAaHA MHOXKMHA pOOIT 3 MOMEHTaMH MOYaTKy Ta
3aKiHYEHHSI BUKOHAHHS.

Ta6auns 1.
BriopsiikoBana MHOKHMHA poOiT
r; end, M end;,, r end,
j;dj;pl j+1|dj+11 pj+1 oo n,dr”pn
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B orpumanomy HabGopi poOiT MOKHa OTPHUMATH POOOTH, IO MAIOTh 3aIli3HEHHS IO
JTUPEKTUBHUM TE€PMiHaM, TOMY HEOOX1JHO CKOPETYBaTH MOMEHTH MOYAaTKy BUKOHAHHSI, TOOTO
PO3MOYaTH BUKOHAHHS PaHillle Ha 3HAYE€HHS MaKCHMAJIBHOTO 3aIli3HEHHS cepell BCiX pooiT.

MakcumainbHe 3ari3HeHHs 0y1e JOpiBHIOBATH

maxT=max(endj—dj).

VY Tabnumi 2 HaBeqeHa MHOXKHMHA POOIT 13 KOMIICHCAIIIEIO 3ami3HEHHS Ha 3HAYCHHS
maxT .

Taoanns 2.
MHoxuHa pOOIT 13 KOMIICHCAIIIEIO 3aITi3HEHHS
r - end; — | 1, - end;,, — r— end, —
maxT maxT maxT maxT maxT maxT
J1d11pj j+1’dj+l’ pj+]_ e n,dr”pn
PoGotn HeoOXimHO po3TamryBaTH 3a TNPUHIMIIOM — «poOOTH 3 HAWOLIBIINM

JTUPEKTUBHUM TEPMIHOM Ta HAWMEHIIIOIO TPUBAJICTIO BUKOHAHHS — B KIHEIIbY.

Cepen Bcix pobit obupaemo i, st sikux T; =0. Orpumannii Habip poOir He Oyne
OpaTu y4acTb y mpoiieci oOMiHy.

PosrnsiHemMo BUNIAIOK 3 BUKOPUCTAHHSIM JIEKIJTBKOX MPUCTPOIB.

Bukopucrtaemo BopsiikoBaHy MHOKUHY poOIT, HaBeeHy y TabauIi 2.

Hwxde HaBezieHO aropuT™ po3B’sizanHs 3aaadi [20].

Kpok 1. Tlomyk npucTporo, MaKCUMaJbHO IMi3HIH MOMEHT 3aKiHUEHHs SKOT0 HaiOIbII
HaONMKeHUH Ta He OlnbIne 3HaYeHHs d .

Kpox 2. Tomyk poOoTh 3 MHOXHMHH J , 11 AKOT cripaBeiuBa HepiBHicTh d; >d .

Kpox 3. Axuo MHOXMHA J HE MICTUTH XOJHOI pOoOOTH, 10 3a/10BOJIbHSE HEPIBHICTD —
NOLIYK POOOTH 3 HAHOLIBII HAOIMKEHUM 3HAYCHHSA IMPEKTUBHOIO TepMiHy d; .

Inaxwe — cepen orpumMaHoro Habopy poOiT oOupaemo poOOTYy 3 HAWMEHIIIO
TPUBATICTIO BUKOHAHHS.

Kpox 4. llpusnauaemo otpumany po6oty Ha Kpowui 3 Ha mnpuctpiil, oTpuMaHuUi Ha
Kpoui 1.

Kpox 5. SIxmo pobora Mae 3ami3HEHHS — 3MEHIIYEMO MOMEHT MOYaTKy BMKOHAHHS,
YHUKHYBIIIY 3aI1i3HEHHS.

Kpok 6. flkwjo MHOXUMHA J 1€ MICTUTh HE BIOPSAIKOBAaHI poOOTH — MEPEXOAUMO 0
Kpoky 1.

Inaxwe — no Kpoky 7.

Kpox 7. Jlns xoxHOTO TpUCTpor0 1€M HeoOXimHO YHUKHYTH mpoctoi. Tomy
3MEHIIIYEMO MOMEHTH II0YaTKy BHMKOHAHHS |-i poOOTH HAa MaKCHMaJIbHE JOMYCTHME
3HavyeHHs. [lepia poboTa 11 KOKHOTO MPUCTPOIO HE Oepe ydacTh y Mmpolieci OOMiHy.

3amaui Oyau po30UTI HA MIAKIACH 3a7ad.

Twur 3amadl 3aJI€KUTh Bif:

® 3aKOHY PO3MOJILITY TPUBAJIOCTEH;

® 3aKOHY PO3MOJUTY TUPEKTUBHUX CTPOKIB.

KoxeH po3mo/iijl Mae OCHOBHI TapaMeTpH:

® MaTeMaTH4YHE CIIOAIBaHHS (CEepeTHE 3HAUCHHS);

® JIHCIIEpCis.
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[Toku Oymemo BBaxkarw, 1m0 BumnaakoBi BenuunHu (BB) «rpuBamicts pobotu» Ta
«IUPEKTUBHUI CTPOK» MAIOTh PIBHOMIpHHIA po3moain [22].

Bimomo, mo BB X piBHOMIpHO pO3MOIii€Ha, SKII0O BOHA Ma€ TaKy (YHKIIO
HIIBHOCTI MiMOBipHOCTEH [23]:

1 :
f(x)={p_a @bl
0,x ¢ |[a;b].
YMoBHHI 3ammc piBHOMIpHO po3noxineHoro BB X : X ~U [a; b] , MaTreMaTH4He
2
crioziBanus nopistioe M (X)) = b+7a , mucnepeis — D(X) = % [23].

PiBHomipHo posmnoaineny BB X ~U[a; b] MOXKHa 3a/1aBaTH 1 IHIIUM CHOCOOOM,

.. b-a )
3aJlaBIIU CEPENHE 3HAYEHHS C = Ta 3HAYCHHs HamiBiHTepBany f = T (came TaK 1

Oynemo Hajmami 3aAaBaTH piBHOMIpHO posmnonuieHi BB). Binmmitumo, mio HamiBiHTepBal

CHIBBITHOCHTBCS 13 IUCIIEPCIEIO TaK:
f =3,/D(X),

TOMY HOTO TaKOK MOXKHA TaKOX BBaXKaTu Miporo po3kuny BB [21].

XapakTepucTHKH pooiT

CepennHe 3HaueHHs TpUuBaiocTel pooit [21]. OmiHIOBaTH CEPEAHIO TPUBATICTh B pooiT
K «Mallay, «CepefHs» Ta «BeJIHKay OyneMo 3 OIISIIy Ha Te, sIK BOHA CITIBBIJIHOCHUTBHCS 13
3HAYEHHSM JUPEKTUBHOTO CTPOKY (a caMme, CepeIHIM 3HaYeHHSIM TUPEKTUBHUX CTPOKIB d ).

[IpononyeThes knacudikaiist 3a7ad M0 3HAYEHHIO CEpeHbOI TPUBAIOCTI POOIT B , SIK
1Ie ITIOKa3aHo B Ta0IuIl 3.

Taoauns 3.
Knacudikaiist o 3Ha4€HHIO CepeIHbO1 TPUBAJIOCTI
[lo3HaueHHs migKIacy InTepBai 3HaUeHBb
S, pe[0.01d;0.05d |
M, pe[0.06d;0.1d |
L, pe[0.11d;0.15d |

IMpumitka. Kpaiini Touku iHTepBadiB migiOpaHi 3 ypaxyBaHHSM pe3yJbTaTiB
€KCIIEpUMEHTIB (pe3yibTaTH, OTPUMaH1 I PI3HUX KJAcCiB, CYTTEBO BIAPI3HAIOTHCS OJIMH BiJl
OJTHOTO).

JHucnepcis TpuBanoctedd podit [21]. HacTtymHuMm mapamerpom, 3a SIKUM MPOBOAMTHCS
kiacudikaiis 3anad, € JUCHepcis TPUBAJIOCTI poOIT, sIKa XapaKTepU3ye CTYMIHb PO3KUITY
3Ha4YeHb TPUBAIOCTEN pOOIT BIJHOCHO CEPEIHBOTO 3HAYCHHSI.

3nauenns HaniBinTepBany f s posmoniny TpuBanoctedt pobit Gynemo 3anaBatu K

BIJICOTOK BiJI CEPEIHBOrO 3HAUEHHS TPHBAIOCTEH P . 3 orisay Ha 1ie, OyAeMo pO3IiIsTH
3a7a4i Ha TPH MifKIacy (Tad. 4).
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Taoaung 4.
Knacudikarris 3agad 3a AUCHIEPCi€r0 TPUBAIOCTI
[To3HayeHHs miaKIacy InTepBai 3Ha4eHBb
S, pe [0.9_p;1.1_p]
M, pe [0.55;1.55]
L, pe[0.1p;1.9p |

OcranHiil mapametp kiacu@ikailii — CTYIIHb PO3CIFOBaHHS JUPEKTHBHUX CTPOKIB [21].
AHAJIOTIYHO CTYNEHIO PO3CIIOBaHHS TPUBAJIOCTEH, BU3HAYMMO 3HA4YCHHs HamiBiHTepBady f,
JUISL PO3MOALTY NUPEKTHBHUX CTPOKIB POOIT SK BIJICOTOK BiJl CEPEIHBOTO 3HAYEHHS
nupexTHBHUX cTpokie d (Tabu. 5).

Tao6auns 5.
Knacudikamis 3a1a4 3a 1ucnepciero TMPeKTHBHUX TEPMiHIB
[To3HayeHHs miaKIacy InTepBai 3Ha4eHBb
S, de|0.8d;1.2d |
M, d <[ 0.6d;1.4d |
L., d[0.4d;1.6d |

3 ypaxyBaHHSAM NPUIHATOTO MiAXOAy A0 Kiacudikamii 3aaay, BUIUIEHO ychoro 27
KJIaciB 3a/1a4, KOJYBaHHS SKUX HaBeJCHO pooOoTi [21].

Bbyno nposeneno no 200 ekcriepuMeHTIB AJs Pi3HOT KIIBKOCTI poOiT B 3amavax (BiJ 5
70 8) Ta Uil pI3HUX MIJKIAcIB 3a/a4 JUIsl JEKIJIbKOX MapajellbHUX MPUCTPOiB, pe3yabTaTaMU
SKMX OyJIO BIJHOIIEHHS KUIBKOCTI 3ahay, Jie pO3pOOJIEHHH ajaropuTM JaB Take X caMme
CyMapHe BUIIEPEKEHHS TPHUBAIOCTI pOOIT, sIK 1 MOBHUM Tepebip, M0 3arajbHOi KIJTBKOCTI
3ajad.

st mepeBipkr poOOTH aITrOpUTMY CKJIQJaHHS PO3KIIATy OYB pPO3pOOJICHHI alrOpuTM
reHepaunii 1HAMBIyaJbHMX 3a/1ad, SKUH TeHepye HaOOpH poOIT, 3HAUYEHHS TPHUBAJIOCTI
BUKOHAHHS Ta TUPEKTUBHUX TEPMIHIB SIKUX BU3HAYAIOTh BiANOBIHI 3HAYEHHSI TUCTIEPCIH.

Jlo BHU3HaAueHMX KiaciB 3ahay Oyiau MpPOBEAEHI EKCIEePUMEHTANIbHI JIOCIIIKEHHS,
pe3ynbTataMu  SKMX € e(eKTHUBHICTh pOOOTH aJroOpUTMy CKIAJaHHS pO3KIALy 10
BIJTHOIIEHHIO /10 METOJTy TOBHOTO 1epedopy.

Jlnst pi3HOI KUJIBKOCTI pOOIT Ta Kiacy 3aJad OTpUMaIM OKpeMi 3HaY€HHS BlJHOLIEHHS,
rpadiune BimoOpaskeHHs 3HAUEHHS SKUX HaBEICHI Ha pUCyHKax 1-9, 1o J03BOJIs€ JOCTIIUTH
TEHJCHIIII0 3MIHU €()EeKTUBHOCTI aJIFOPUTMY CKJIaJIaHHS PO3KJIAAy MPHU 3MiHI KIIBKOCTI POOIT
B 3a/1a4i, TUCTIEPCii TPUBAIOCTEH i AMPEKTUBHHUX TEPMiHIB pooiT [21].

1/1/1 1/1/2 1/1/3

100 100 00 200 190

anosi

BincoTok signosigHocTi

BificoToK Bif

Kinkicts pobit Kinsricre pobit Kinskicto pobit

Result (%) Result (%) Result (%)

Puc. 1. Pe3ynbrartn ekcriepuMeHTiB [uist 3aaa4 kiacis 1/1/1-1/1/3

309



J.0. BomommH, O.I'. XXnanosa, M.O. Crepkau

1/2/1 1/2/2 1/2/3
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B

g
o
E
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60
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0

an
L]

BigcaTok slanosiaHocti
2
BigcaTok signosigHocti

BiacoToK Blanosiay

e
=

5 6 7 8 5 6 7 8 5 6 7
Kinbkicts pofiT Kinskicts pobir Kinskicts poGit

—Result (%) e Rsult (%) e Result (%)

Puc. 2. Pe3ynbratu ekcriepuMeHTIB Ui 3a1a4 kiacis 1/2/1-1/2/3

1/3/1 1/3/2 1/3/3
_ 120 _ 120 _ 1
B oo E § 1o
g a0 3 w0 g 80
g g ]
60 60
: a
g " E o 8 o
g 20 g 2w
T 0 2 0 g0
= 5 6 7 E = 5 6 7 8 @ 5 6 7
Kinbxicts posit Kinexicte pofiit Kinukicts poGir
—e—Result (%) ——Result (%) —Result (%)

Puc. 3. Pe3ynbratu ekcriepuMeHTiB Ui 3a1a4 kiacis 1/3/1-1/3/3

2/1/1 2/1/2 2/1/3

_ _ 1 _ 10

B 100 B 1o 1 100 B

5 3 g

g s g g w

H

2 & 2 &0 g &

g & 2 % w0

= w0 P £

g 20 E 20 E 20

g 0 g 0 g 0

@ 6 7 8 = 5 3 7 8 @ 5 6 7
Kinbkictb pobit Kinbkice po6it Kinekicte pobit

—a—Result (%) e Result (%) ———Result (%)

Puc. 4. Pe3ynbTati eKcriepuMeHTiB Juis 3a1a4 kiacis 2/1/1-2/1/3

2/2/1 2/2/2 2/2/3

- 105 _ 10 _ 1

§ o 1 g 00 16 g 10 1

g o5 g0 g o9

g o 2 o 2

g s 5 97 g%

x 98 S 9 g 97

B ors 2 o5 2

g8 w g 9 % 95

El 5 6 7 8 a 5 6 7 8 @ 5 6 7
Kinbkicts poBiT KinskicTs pobit Kinskictb posit

—a—Result (%) —e—Result (%] —e—Result (%)

Puc. 5. Pe3ynbraTu ekcriepuMeHTIB JuIs 3a1a4 Kiacis 2/2/1-2/2/3

2/31 2/3/2 2/3/3

_ 10 102 02

E [ B

g 1w ¥ 8 10 1 g 100 R

g3 % 5 &

g 2 9 2 =

§Y g § =

g - g o

g 95 g g

54 g o g0

= 5 [ 7 8 & 5 6 7 8 2 5 6 7

Kinskicts pobiT KinbicTs posiT Kinukicri posir
—a—Result (%) —e—Result (%) E————

Puc. 6. Pe3ynbTati eKCriepuMeHTiB Juts 3a1a4 kiacis 2/3/1-2/3/3

3/11 3/1/2 3/1/3
120 _ 10 _ 1o

- - -

8 10 o0 8 10 100 100 g 10

£ T z

g a0 g 80 g 80

g

£ 60 £ 60 c 60

= = g

2 4 z 40 g w0

g 20 E 20 E 20

g o 5 0 g 0

= 6 7 8 = 6 7 8 @ 5 6 7
Kinbiicte posit KinskicTs poiT KinbKicTs poBiT

—aflesult (%) —a—Result (%) e Result (%)

Puc. 7. Pesynbratu ekcriepuMeHTiB i 3aaa4 kiacis 3/1/1-3/1/3
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3/2/1 3/2/2 3/2/3
105 10
100 106 100, g 100 100,

98 o,
e 98 o8- as

97

d

BiacoTox signosiaHocTi
ianoei

KinskicTs pobir KinskicTs pofiT Kinskicts pobit

Result %) Result (%) Result %)

Puc. 8. Pe3ynbraTn ekcriepuMeHTIB JuIs 3a1a4 Kiacis 3/2/1-3/2/3

3/3/1 3/3/2 3/3/3

98 s s

s

BiacoTox aignosignocti

BiacoTox eianoeiaHocTi

BincoTox sianos)
© @

8 5 6 7 8 ;
KinbHicTb poBiT Hinskicri posiT

Result %)

Puc. 9. Pe3ynbTaTtu ekcriepuMeHTiB [uis 3a1a4 kiaciB 3/3/1-3/3/3

byna momiyena TeHJeHINS MOTIpIICHHS €()EeKTHUBHOCTI alroputMmy (y Mexax HOPMH)
npu 30UIbIICHH] 3HaUeHHs qucrepciid. Tomy, aaropuT™ € 1ocuTh €peKTUBHUM B 3aj1adi, 110
PO3IIISAAETHCS.

Po3pobnennii anroputm OyB MOPIBHSHHUIA 3 METOAOM Mepedopy, B pe3ysbTaTi 4Oro
oTpuManu He MeHIe 94% BiAMOBIAHOCTI pe3y/bTaTiB.

ExcniepumeHTanbHi JOCTIKSHHS MIATBEPAUIN €(pEeKTUBHICTH POOOTH aIrOpUTMY, IO €
ONITUMAaJIbHUM 3HAUYEHHSM B paMKax JaHoi 3ajadi.

BucnoBku

VY po6OTI pO3MIISIHYTO METO]] BUPILLICHHS 33/1a4l CKJIaJJaHHs KaJeHIapHOro MjaHy pooiT
3 MIHIMI3ALI€I0 CYMapHOTO BUIEPEKEHHS MO JUPEKTHUBHUM TEpMiHAM Ta MaKCHMI3alll€ro
CYMapHOT0 BUIEpEKEHHs] BUKOHAHHS poOiT. byB 31iliCHEHH OIJsii HasBHUX AHAJIOTIB Ta
METOJIIB BUPIIIEHHS JaHoi 3ajadi, OyJau HaBeJeHl IepeBard Ta HEAONIKHM IOPIBHAHO 3
ICHYIOYMMH pIlIeHHAMU. BusHaueHo wMery Ta 3aBaaHHs poOotu. CdopmylboBaHO
MOCTAaHOBKY  3amavi. HaBegeHo  MOCHIKEHHS  BJIACTUBOCTEW  3adadi. Po3risHyTO
3aCTOCYBaHHA 3ajjadl SIK A OJHOTO MPHUCTPOI0 Tak 1 Uil HapajlelbHUX IPHCTPOIB.
Po3pobneno anroput™ po3s’s3aHHs 3afadl. i nepeBipku epeKTUBHOCTI pOOOTH alrOpUTMY
Oynu 311MCHEHI eKCIIepUMEHTANbHI JOCIIKEHHS 3 TOMepeIHIM po30UTTSIM KJIaciB 3a/la4 Ha
M1JKJIacH, 1110 JO3BOJWIO OLIBII TOYHO BUSBUTH TEHAEHLIIO 3MIHU €(PEKTUBHOCTI AJITOPUTMY
13 30UIBIIEHHSAM KITBKOCTI poOIT B 3amaui. ExcriepuMeHTanbHI JOCTIIKEHHS MiATBEPIMIH
ONTUMAITLHICTh aJITOPUTMY B paMKax pO3TIITHYTOI 3a/1adi.
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B pabGote paccmarpuBaeTcs 3ajada COCTABICHHS KAJICHAAPHOTO IUIAHA BBIOJHCHUS Ha
MPEIIPUSATHA ¢ MUHUMHU3AIUCH CYMMAapHOTO OINEPEKCHUE JUPCKTHBHBIX CPOKOB paboT U
MaKCHUMH3aleii MOMEHTa Hadajla BBITIOJTHEHHUS paboT mapaiebHBIMU YCTPOUCTBAMH. 3a
MOCTIEIHIE TOABl MOSBHIIOCH MHOXKECTBO METOJOB DPEIICHHSA ITAHHOW 3aJadd, KOTOpHIC
CTpEeMSATCS YIPOCTHTH IIPOIECC COCTABICHUS ONTHMAIBHBIX KalCHAAPHBIX IUIAHOB
BEIMIOTHEHUST Pa0OT 10 3aJaHHBIM AUPEKTHBHBIM CPOKOM M MPOJOIKHTEIEHOCTHIO
BEIIOJTHEHNsI. Pa3pa0OTaHHBIA METOA TO3BOJISIET COCTaBUTh KaJCHOApHBIA  IUIaH
BEIMIOTHEHUST Pa0dOT MJsl 3aJadd, TZe €CTh ONpEeICICHHOE KOJNWYECTBO YCTPOMCTB,
paboraronux mapamienbHo. B pabore paccMoTpeHbl Hambosiee H3BECTHBIE METObI
peueHus Takoro Kiacca 3ajad U BBIIOJHEHO HMX CPaBHUTCIBHYIO XapaKTEPUCTUKY.
OmnpezencHsl nenu U 3agadd padoTel. CHopMyTUpOBaHO MOCTAHOBKY 3amaun. [IpuBeneHbI
WCCJIEIOBAHMsI CBOWCTB 3ajaud. PaccMOTpeHO NpHMeHeHHe 3aJauyd Kak Juisl OJHOTO
YCTPOMCTBA TaK ¥ JJIs MApaJUICIbHBIX YCTPOHCTB. Pa3paboTan anroput™ perieHus 3a1aqu.
[IpoBeneHsI KCTIEPIMEHTABHBIC HCCIICOBaHUSA PabOTHl pa3pabOTaHHOTO aIrOpUTMAa, TAC
OBLTO BBIAETICHO KJIACCHI 33724, KOTOPEIE B CBOIO OuYepeAb OBUIH Pa3OWUTHI Ha IOAKIACCHI,
KaXIBII W3 KOTOPBIX OIpEAeIsieT CpemHee BpeMs, IUCHCPCHIO MPOAOIDKUTEIBHOCTH
BEITIOJTHEHUSI pa0OT U JHCIIEPCHIO €€ TUPEKTUBHOTO cpoka. C y4eToM MPHHATOTO TMOAX0a
K KIaccHpUKAIMH 3a/ad, BCEr0 BBIOCNCHO 27 MOIKIACCOB 3amad. B pabote ObwIO
npoBeaeHo 1mo 200 SKCIepUMEHTOB [T KaXKAOTO TOAKIACCA 33/1a4 ¢ Pa3HBIM KOJTUIECTBOM
paboT Ui HECKOJBKUX MapaUICIbHBIX YCTPONCTB, pe3yJbTaTaMH KOTOPBIX SIBIIACTCS
cpaBHEHHE pabOThl Pa3pabOTAHHOrO AIrOpUTMa M METOJa IOoJHOro nepedopa. s
MIPOBEJICHUS SKCIIEPUMEHTOB ObLJI pa3paboTaH ajJroOpUTM T'€HepaluH 3ajad cO 3HaueHHEM
JUITNTSIHOCTH BBINIOJHEHUSI W JUPEKTUBHOTO CPOKa, COOTBETCTBYIOIIEEC KAXKIOMY
MOJKIAcCy 3a7ad. JKCIECPUMEHTAJbHBIC HCCICHAOBaHMSA MOATBEpImIn 3()(HEKTHBHOCTD
pa3paboTaHHOTO aIrOpUTMA B paMKax IMPHUBEACHHOM 3a1a4H.

KiroueBble c10Ba: mapajuieibHBIC YCTPOICTBA, KaJlCHAAPHBIA TUIaH, JUPEKTHBHBIC CPOKU
BEITIOJTHEHUST pa0OT, MAaKCHMH3alKs MOMEHTa Hadaia BBITOJHEHHs padoT, MUHUMU3AIIUS
CYMMapHOTO OTICPE)KEHHS.
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WORK PERFORMANCE SCHEDULING WITH MINIMIZATION OF OVERALL
ADVANCE IN SCHEDULE DATE AND MAXIMIZATION OF THE MOMENT OF
THE BEGINNING OF THE WORK PERFORMED BY PARALLEL DEVICES

D.O. Voloshyn, O.G. Zhdanova, M.O. Sperkach

National technical university of Ukraine “Igor Sikorsky Kyiv polytechnic institute”
37, Peremogy Ave., Kyiv, 03056, Ukraine; e-mail: denvol1996@gmail.com,
zhdanova.elena@hotmail.com, sperkachmaya@gmail.com

The work considers the work performance scheduling with minimization of overall advance
in schedule date and maximization of the moment of the beginning of the work performing
by parallel devices. Over the past years, many methods have emerged for solving this
problem, which seek to simplify the process of compiling optimal scheduling plans for the
performance of work for specific schedule date and execution time. The developed method
allows you to draw up a work schedule for a case where there is a certain number of
devices working in parallel. In the work, the most famous methods for solving this class of
problems are considered and their comparative characteristic is performed. The goals and
objectives of the work are defined. The statement of the problem is formulated.
Investigations of the properties of the problem are presented. The application of the task for
both a single device and parallel devices is considered. An algorithm for solving the
problem is developed. Experimental studies of the work of the developed algorithm were
carried out, where classes of tasks were distinguished, which in turn were divided into
subclasses, each of which determines the average execution time, variance of the duration
of the work, and variance of its schedule date. Taking into account the adopted approach to
the classification of tasks, a total of 27 subclasses were identified. In the work, 200
experiments were conducted for each subclass with a different number of jobs for several
parallel devices, the results of which are a comparison of the developed algorithm and the
exhaustive search method. For the experiments, an algorithm for generating tasks was
developed with a value of the duration and the deadline corresponding to each subclass.
Experimental studies have confirmed the effectiveness of the developed algorithm in the
framework of the above task.

Keywords: parallel devices, schedule, schedule date, maximizing the moment of the
beginning of the work, minimizing overall advance.
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ITPOI'PAMHOE OBECIIEYEHUE ABTOMATHU3AIIUM OHEHKH PUCKA
OTKA30B CJTOXHbBIX TEXHUYECKUX CUCTEM

B.B. Beiuyxanun, H./I. Pynnnuyenko, A.B. Boruy:xxanun, A.E. Ko3zios

Opecckrii HATMOHANBHBIA TIOJUTEXHUIECKAN YHUBEPCUTET,
npoci. [leuenko, 1, Omecca, 65044, Yipauna; e-mail: 126.ist.onpu@gmail.com

Hane)xHOCTh CIIOKHBIX TEXHHYECKHX CHCTEM 3aBHCUT OT MHOTOYMCIEHHBIX (haKTOpPOB,
XapaKTepU3YIOUIUX MX KOHCTPYKLUIO, YCJIOBUS TPOM3BOJICTBA M  OKCIUIyaTallUH.
[lpoBeneHHBI aHaNM3 TNPOLECCOB HM3MEHEHUS TEXHHYECKOTO COCTOSIHUSI CIIOMKHBIX
TEXHHYECKUX CHCTEM IIOKa3all, YTO IPOLECChl HOCAT CiydaiHblil xapaktep. OneHka u
aHaJM3 MOKa3aTeNel HA/Je)KHOCTH CUCTEM HYKIAETCS B HMCIOJIb30BAHUM METO/IOB TCOPHU
BEpOSITHOCTH. [IepCHEKTUBHBIM B TaKHX CIIy4asx SIBISETCS NMPUMEHEHHE KOTHUTHBHOI'O
HMHTAIIMOHHOTO MOJCIUPOBAHUS U JUATHOCTUKH YPOBHS OE€30MACHOCTH CIIOXKHBIX
TexHH4Yeckux cucteM. CyIecTBYOIIas TeopeThudeckas 0a3a U HaJu4Ke IMUPOKOro CIeKTpa
MPOrPaMMHOTO 00eCTIeYeHHs UMUTAI[MOHHOTO MOJICTIMPOBAHUS B BHJE TAKUX MPOIYKTOB,
kak Arena, AutoMod, AnyLogic, Extend, GPSS World u npyrux croco6cTByeT akTHBHOMY
MMPUMEHCHUIO KOTHUTUBHOI'O UMUTAIMOHHOT'O MOACJIMPOBAHUA [JIsI OHCHKHU pHUCKa OTKa30B
CJIOKHBIX TEXHHYECKHX cucTeM. OJIHAaKO M3BECTHBIE NMPOTrPaMMHBIE CpPelCTBa O0JIEryaror
TOJIBKO CaM IMpo1necce UCIBITAHUN W HE peuaroT TPYAOCMKUE 3aaadu, CBA3AHHBIC C
TOJIYUYCHUEM HCXOHHOﬁ I/IH(I)OpMaHI/II/I O TCXHHUYECKOM COCTOSAHHH CHUCTEM, a4 UMCHHO €€
HHTEPIPETANHIO, (GOpMATH3ALUI0O U aIeKBATHOE COOTHOIICHHE C KOHKPETHBIM OOBEKTOM.
Ha O6a3e paHee pa3pa0OTaHHON KOHICMIIMK JHATHOCTUKH COCTOSIHHUS — CJIOMKHBIX
TEXHHUYECKUX cucTeM co3nana MporpaMMHast peanu3anus obecrieueHus
ABTOMATH3MPOBAHHOTO MpOIecca OLCHKH PUCKAa OTKA30B, a TaKke ymepda OT OTKa30B
JJIEMEHTOB U MEXJIJIEMEHTHBIX CBs3€i CIIOKHBIX TEXHHUUYECKHX CHCTeM. Pa3paboranHoe
NpOrpaMMHOE  OOeClieYeHHe aBTOMATH3alMKd OICHKM pPHCKAa OTKa30B  CIIOMKHBIX
TEXHUYECKHUX CUCTEM MPHU WX JUATHOCTUKE 0a3upyeTcs Ha KIUEHT-CEPBEPHON apXUTEKType
U TIO3BOJISACT BBISIBUTH HAUMCHECEC pa6OTOCHOCO6HI)Ie DJICMCHTBI U MCXKJJICMCHTHBIC CBA3H,
(YHKIIMOHUPOBAHHE KOTOPBIX CYIIECTBEHHO OTPaKaeTcs Ha pabOTOCMOCOOHOCTH U
HAJIS)KHOCTH BCEU CUCTEMBI.

KiamoueBble cJ0Ba. CI0KHAsg TEeXHHYCCKAs CUCTEMa, PUCK OTKAa30B, KOIHUTHUBHAA
HUMUTAllUOHHAsA  MO/JCJIb, MNporpaMMHOC  MPHJIOKEHUEC, AdarpaMmbl  IIPEHEACHTOB,
ArarpaMMbl KJIaCCOB HMCIOJIb30BaHUA IIPOTPaMMHOTO obecreueHus.

BBeaenue

HanexHocth cinoxHbIX TexHudYeckux cucteM (CTC) 3aBUCHT OT MHOTOYHMCIICHHBIX
(aKkTOpOB, XapaKTEPHU3YIOUIUX WX KOHCTPYKIIMIO, YCIOBHUS MPOW3BOJACTBA M IKCIUTyaTalluu
[1,2]. Hapexunocts CTC 3aBUCHT OT pUCKA OTKa30B DJIEMEHTOB CHCTEM U HX MOJCHUCTEM.
[ToaTomy perieHne 3amad, CBS3aHHBIX ¢ oOleHKOM pucka oTtkazoB CTC, cmocobcTByeT
MOBBIIIEHUIO HAJISKHOCTH crucTeM [3-6].

[Ipoueccsl n3menenus: texunyeckoro coctosiuust CTC HocAT ciyyaillHbI xapakTep, a
MpU OILIGHKE W aHalu3€ II0Ka3aTele HaJIeKHOCTH CHCTEM HEOOXOIUMO HCIIOIh30BaTh
METOJIbl TEOpUH BeposiTHOCTH [7,8].

Hns nmarnoctuku pucka otkazoB CTC B Takux ciaydasx MEpPCIEKTHUBHBIM SIBIISETCS
UCITIOJIb30BaHUsI  KOTHUTHBHOTO  HMMHTAI[MOHHOTO MojenupoBanus (KMM) [1,9-11],
WCITOJTB3YIOIIETO MOJIENTM B BUJIE OPUEHTUPOBAHHBIX TPaoB, OTPAKAIOINUX B3aUMOICHCTBUE
snemenToB CTC.

CymecTBytomas TeopeTudeckas 0a3a W HAIMYKE IMHUPOKOTO CIEKTpa MPOrpaMMHOTO
obOecrieyeHnss WMUTAIIMOHHOTO MOJEITUPOBAHUS B BHJIE MOIIHBIX MPOAYKTOB, TAaKUX Kak
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Arena, AutoMod, AnyLogic, Extend, GPSS World u npyrux cmocoOCTBYeT aKTUBHOMY
MPUMEHEHHIO KOTHHUTUBHOTO WMHUTAIIMOHHOTO MOJEIHMPOBAHUS /ISl OLEHKH PUCKA OTKa30B
CTC [12-15]. OgHako M3BECTHBIC MPOTPAMMHBIC CPEACTBA 00JIETYaIOT TOJIBKO CaM IMPOIIECC
WCTIBITAHUN M HE KAacarTCs CaMOM TPYAOEMKOW 3ajauu cOopa MCXOAHOH mHpopmarmu, ee
MHTEepHpeTanuu, (GpopManu3anvd M aJAeKBAaTHOTO COOTHOIIEHUS C KOHKPETHBIM OOBEKTOM.
OcBoeHMe TaKuX MPOrPaMMHBIX Cpefl TPeOyeT 3HAUNTEIbHBIX YCHIIHIA.

Ha G6ase, omwmcanHoi B [/] KOHICNIIMU OIEHKH pHcka oTka3oB anemeHToB CTC,
CTaHOBHUTBCS BO3MOXHOH pa3padOTKa TMPOTrpaMMHOIO OOCCIICYEHHs, IO3BOJISIONIETO
OCYIIECTBIATh ABTOMATH3UPOBAHHBIM IPOLIECC OLEHKM pPHCKA OTKA30B DJJIEMEHTOB U
MeskameMeHTHBIX cBsazeil CTC ¢ yueToM UX TEXHUYECKOro cocrostaus [16-18].

Hean padoTsl
Llenvio  cratbu  sBiIsSIETCA  pa3pabOTKa  KPOCCIUIAT(OPMEHHOrO  MPOTrpaMMHOTO
o0ecrieyeHus1 Ayl aBTOMATHU3alluH TPOLIECCOB OLIEHKHU pucka otkazoB CTC.

IIporpammHoe o0ecnieueHre aBTOMATH3AlUM OLleHKH pucka oTka3zoB CTC

st onpenenenus oOIIMX TPaHUI] U KOHTEKCTa MOJACIUPYEMOM MPEAMETHOM 00JacTh
Ha HAYaJBHBIX ASTamax pa3pabOoTKU MPOrpaMMHOTO OOECHeYeHHs] aBTOMATHU3AlMU OLEHKU
pucka otkazoB CTC, ymepOoB OoT moTepu paboTOCTIOCOOHOCTH CUCTEMBI B (hOPMYITUPOBAHUS
o0mux TpeOOBaHUI K €€ MOBEACHHUIO UCIIONIBb3YIOTCA AMarpaMMbl BAPHAHTOB HCIIOIb30BAHUS

(mpeuenentos) (puc.1).
w Beibop amroprraa ©
Cosgarnie cBAsei MKy

B"-Pmm‘}r'ﬁm v 7 ITocTpoeHte cEoaHOL
§<inclu demo . - = TAGIHLBI
o <<include=> ~ c<include==
Cosamie Beprm rpada™ -S<include=> \ O
RN
O PacueT prickoB H yirepbos
<<includez>— "
= — Cozmarrie KITMV creTeMbI
O v T~
<<inelude=>

Hazearme RIOJC L

IMomps0BaTE B L
OCTPOCHHE
/ pPAaIBKUp OB aHHBIX rpadi MK OB
QOroicaHIie Mo ¢ O

TIpocmoTp ¢O3MAHHBIX
MoJenetl
HnatopT rpadra (Tson)

DKECIIOPT MOJIE T

Puc. 1. I[I/IarpaMMa BapHWaHTOB UCIIOJIB30BAHUS IPOTPAMMHOIO obecneueHUst

PazpaboranHoe mporpaMMHoOe oOecrieyeHre O3BOJIsIeT MOIb30BATENIO:

e coznaBatb KM CTC B Bune rpada, ¢ nogaepxkkoil GpyHKunii HazBaHUS MOJENH,
3aJlaHusl KPaTKOro OINMCaHUs, CO3/IaHUS HOBOM BEPIIMHBI U €€ HM300paKeHUs Ha TaHelH,
CO3JIaHMsI CBSI3M MEXIY BEpIIMHAMH, BbIOOpa ajaropuTMa paclojIOKEHHS U OTOOpakeHUs
CTPYKTYpPHI B rpapuueckoM KOHTEHHEpE;

e [pocMaTpuBaTh CTPYKTYpy panee co3ganHoil KM B Buze rpada c otodpaxeHueMm
obmiero ymcina BepmIMH W pedep, MOJAEpKHUBas OIepaluio ee 3arpy3kd B pabouee
IIPOCTPAHCTBO MTPOrPaMMBlI;
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® UMIOpPTUPOBATH rpada B popmare *.json 11t €ro BU3yaTU3aIMH B CUCTEME;

e okcrnoptupoBath KMIM B Buzae rpada B oTaenbHbN rpaduyeckuit dain dhopmara
*.jpg;

® TPOBOJMTH PACUYETHl 3HAYCHHH YyIIEpPOOB OT OTKA30B W PUCKA OTKA30B AJIEMEHTOB
monenupyemoid CTC u oToOpakaTh MOTy4YEHHBIC PE3YyIbTAaThl B TAOJUYHOM BHUIE CBOJIHOUN
TaOJIMIIEL;

® TIOCTPOHTH TpaUKKU BHU3yaIM3alMU TOJYYECHHBIX PE3yJbTaTOB B PaH)XUPOBAHHOM
BUJIC.

JunarpamMma BapuaHTOB HCIIOJIb30BAHUSA MPOrPAMMHOIO 00ECIEeYeHHs] T03BOJISET
pa3paboTaTb MOJIEIM OCHOBHBIX CYIIHOCTEH pealM3aldd TPOEKTa IYTEM CO3JaHHS

JUuarpaMmbl

KJIaCCOB.

®parmMeHT

oOecrieyeHns MPUBEJCH HA PUCYHKE 2.

CO3JJaHHOM  JTMarpamMMbI

KJIaCCOB

IPOrpPaMMHOTO

[Content
|CarnponentConnector [ComponentCaonnectar [ComponentConnector [CornponentConnectar
|Cantent (P [CamponentCannector | [Content (P [MotifyPropertyChanged| [StyleConnector (P [HotifyPropertyChanged| [Content
( GraphsQverview  # | MainWindow # | ChartiewWind.. A | GraphsOvervie... # | GraphWindow # | GraphWindowY.. # [ CalculatePage # |
Knace Knace Knace Knace Knace Knace Knace
+ UserControl + Modemiindow + UserContiol + Usaontrol + UsarControl
4 Mong 4 MMona
4 T il 4l - i - i
f g ! N4 f LLE 9, graphDirectory _ on4 9, qrach ! ons
¥ contentloaded @ contentloaded @ contentloaded @ graphFiles @ contentloaded @ graphOldName @ contentloaded
‘?, ButtonCalculat.., Qa viewhodel ". ButtonSaveChart 9: graphs “‘, Buttondddyertex g: layoutdlgorith . “‘, ButtonBuildChart
@, ButtonOpenGra..| 4 MeToge @ viewhtodel Cou @, ButtonCreatefd..| @ layoutiigorith @, DataGridCalcul .
5 4 Cpolictsa 2 ] .
@, ListBodGraphs @ CheckGraphDir.. | 4 MeToabi 5 G ®, ButtonSave @, verteresFrom @ graph
@ raphs @ r el
a viewhodel fﬂa [CarmponertCa., fﬂa ButtanSawveCha .. N ComboonLayo.... @ verteresTo a rests
4 Metogel @ IntielizeCompo...| @ ChatViewtbind...| Mm’“"_ @ ComboBodeti.,| - s 4 Metogs
&, ButtonCalculat... @ MainWindow @, IComponentCa.. %, GetfilesFromGr.. ?' CormboBusbeti.. @, ButtonBuildCha..
@, ButtonOpenGra.. |- 4 @ InitializeCompo.., @ LoadGraphs :" Deletelfertex 1®Mem,qb| @ CalculatePage
©  GraphsOvendew EINDtn‘mepert),'CI'wangedI OnFragrmentiNa.. g LoafilmageToM..‘ ‘; graphl.ayout . AddMewGraph .. ©, CaleulateStability
@, ICompanentCo.. l.Chart\I’iewModel Al © OnMavigatedfr., s MotifyProperty . ‘: RichTedtBoxDes..| @ Aqueﬂex @, FilDstaGrid
@ InitializeCompa... | Knace ©  OnNavigatedTo | 4 Cobbimits 9' TextBoxGraph... g AssignhewGraph @, ICompanentCo..
@ OnFragmentha.. @ OnMavigatingF.. | % PropertyChang.. e‘ T.exton\.'ertexN... l‘ﬂa Chec.kIfGrath‘.. @ InitializeCompa...
@ OnMavigatedFr.. | 4 Mona ) : s viewhadel w Configurelaya., | g OnFragmenthla...
@ OnNavigatedTo ®, plothodel GraphFile al GraphOvertiewl... a | 4 Metope @ Createbdge @ OnMavigatedFr..
@ OnMavigatingF.. 4 Coni Knace Knace @, Buttonfddvert.. @ DeleteSelected.. @ OnNavigatedTa
BOMCTER
?IN ifyP Changed ¥ ©, ButtonCreateEd.. g Getierteses @ OnNavigatingF..
) otifyProperty aﬁnge Plottodel 4 CpoicTea 4 CpofcTea @, ButtonSave_Click @“ grapn Vertest,, |
[ MainWindowyi.. A 4 Meroas F limage ¥ Image @, ComboBoert.,| s draphertede..
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@ ChartViewhodel K Path @, Configurelayout r; NotifyProperty .
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pertythang mﬂ |5tyleConnector., ©  SelectVertex
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Puc. 2. Jluarpamma KJ1acCoB IpOrpaMMHOT0 00ecTieueHHsI

Knaccet  GraphsOverview, MainWindow, ChartViewWindow, GraphsOverview
Window, GraphWindow, GraphWindowView, CalcutePage, MainWindowView u
ChartViewModel ummiiemeHTHpYIOT psan uHTepdelicoB g obecrieueHUs HEOOXOAMMBIX
(YHKIIMOHATHHBIX BO3MOYKHOCTEH 0 BH3yaIN3alliu 00padaThIBAEMbIX M PACUETHBIX JAHHBIX.
Jns peanuzanuu 0003HAYEHHOM JIOTMKM MCIOJIB30BaHbI M 33JI€HCTBOBAHBI CIEIYIOLIHE
untepdeiicel 11 KUM B Buze rpada:

e IComponentConnector (mis oOecnedeHuss CBS3HM OOBEKTOB DJIEMEHTOB MEXIY
coboit);

e [Content (Juit oTOOpakeHHs W peanu3anuu (QYHKIMHA JTUHAMUYECKON MPUBSA3KH U
00pHUCOBKH 00BEKTOB pabouero rpaduyeckoil KOHTEHHepa Ha COOTBETCTBYIONLIEH (popme);
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¢ [NotifyPropertyChanged (anst 00paboTku cOOBITHII M3MEHEHUS CBONCTB CO3JIaHHBIX
rpaguIecKux 0OBEKTOB);

e [StyleConnector (Juist ©3MEHEHHSI TUTIA CBA3H MEX]y DJIEMEHTAMH ).

Ha ocHoOBe co3qaHHBIX quarpaMM ONMUCaHbl 0COOCHHOCTH (PU3NYECKOTO MPECTABICHUS
cucTeMbl B BHJE (hOpMaIMU3alUU MOPsAAKA B3aUMOCBA3M 0a30BBIX AJIEMEHTOB cCUCTEMBIL. JlJis
4ero MCHOJIb3yeTCs JuarpamMma KOMIIOHEHTOB (puc.3), MO3BOJSIOUIasl OINpPEAesaTh
apXUTEKTYpPy CHUCTEMbI, YCTAHOBUB 3aBHCUMOCTU MEX]y NMPOrpaMMHBIMU KOMIIOHEHTaMH, B
POJM KOTOPBIX MOXKET BBICTYNATh HMCXOIHBIN, OMHAPHBIA M UCHONHAEMBIA Koi. [ aBHBII
monynb (MainApp) ocyiecTBiseT (QYHKUMU BbI30BAa COOTBETCTBYIOIIMX MOJIyJEH Juis
00paboTKa MOIB30BATEILCKUX 3aMIPOCOB MMO: ocTpoeHuto Mojenu rpada (GraphBuilder), na
0a3e ucnosib30BaHUsl BHEMIHMX 3aBucuMocTel Graph# m OxyPlot, a Taxke momymnss WPF
GraphLayout s obecrieuenusi paOOTbl HMHTEPAKTHBHOTO KOHTEWHEpa BHU3YyalIM3alluU
IIOJly4YEeHHOM MOJEeNM; pacueTy 3HadeHHWH yuiepba M pUCKAa OTKAa30B MOJEIU CHCTEMBI;
IIPOCMOTPY IOJIYYEHHBIX pPE3YyJbTaTOB B TAaOJIMYHOM BHJE MAJ OLEHKM HUX 3HAYEHUIl;
IOCTPOCHUIO UM IPOCMOTPY TIpaduka, OTOOpa)KaroIIero pe3yiabTaTbl pPacyeToB B
paH>XMpPOBAaHHOM BHU/IE.
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Puc. 3. lmarpamma KOMIOHEHTOB IPOTPAMMHOTO 00ECTICUeHHS

—

B kagectBe Tpaduueckux OHOIMOTEK, MOJIKIIOYEHHBIX KaK BHEIIHHE 3aBHCHMOCTH,
ucnonb3oBanbl Graph# u OxyPlot. Graph# (Oubnuorexka ans Bu3yanuzauuu rpados),
cojieprKalasi HeKOTOpbIe aJrOPUTMBI KOMITIOHOBKH, a TaKoke st kontposs GraphLayout WPF
npunoxenuid. [lomnepxuBaemble anropuTMbl KOMIIOHOBKM W ynanenus: Fruchterman -
Reingold; Kamada - Kawai; ISOM; LinLog; npocroii maker aepeBa; Sugiyama; Force-Scan;
AJITOPUTM BBIJICTICHHS.

B nensx MoaenupoBaHus B3aUMOICHCTBUSI OOBEKTOB B MPOSKTHPYEMOM TPOTPAMMHOM
o0ecredyeHnn BO BPEMEHH, a TakKe OOMEHa COOOIIEHHSMHM MEXIy HHMH HCIHOJb3YeTCs
JFarpaMmma TocCIIeI0BaTeNbHOCTH (puUc. 4), SBISIOMAsICS OJHON U3 Pa3HOBUIAHOCTH JHarpamMm
B3aUMOJICHCTBHS.
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MamForm GraphMod CalculateMod Owverviewhlod Charthod Ual

1: CosnaHrie mo e ma | |

I
2: OTKPBITHE OKHA ITOCTP 0CHE MOZ[TJ‘[[/I I
I

I
I
I
3: Cosgamiie Bepq.l:[dﬂ K |

< | I I
4: Cosgariie cBﬁS?I/I RMEHTY Bepm—l?l\m KM |

I

5: Hactpoiika 0TcI|6pa}KcHua Moz[em/Il |

I

= m—
6: rrnpiarnia rqI)ouez[ypm pacquaI

7: llpoBenctrie pIr]C‘-ICTHZbIX onepa.JYwu‘»i
-1

8 Hpez[crasﬂkl—me JMAHHEIX B ‘IIaGJIPI'{HOM BPI,Z[A

9: IIpocmoTp CHOFIbIX RAHHBLX |

10: 3arpoc Ha BI»lsyamdaa.u;mo ,I(%H]{b]}(
11: Hoc“rpoel—qde rpatixa

12: I/Irmmdan#lsaum SKCIIOPTa

13: Pxenopr rpadika B dafin
FE—

.
I
I
I
I I
I I
I I
I I
I I
I I
I I
|

15: Coxpanerrie J10/[em B cITHCKe |
I I
I I

I
I
I
I
14: Tlepexox Ha rnasHyro dopmy
I
I
I
I

g S S S

Puc. 4. JluarpamMMa nocne0BaTeIbHOCTH ACUCTBUN TPOrPAMMHOTO 00eCTIeueHHs

Kaxnas w3 npuBeneHHbIX (GopM (KpoMe IJIaBHOM) SBISIETCS OTICIBHBIM ()ParMEHTOM,
JMHAMHYECKH 3arpy)kaeMbIM B CIMHOM IPOCTPAHCTBE TIJIaBHOW (OpMBI B BHIE HOBOMH
BKIagKu (00bekT TabPane). ba3oBoii cocrapmstomiell MeToga MOCTPOSHHs CTPYKTYpBI rpada
spnsiercss anroput™M CyrusiMel. B ero ocHoBe JieXaT OCHOBHBIE JTallbl: paclpeleieHue
BEPIIMH TI0 YPOBHIM TakK, 4TOOBI peOpa ObLIM OJHOTO HAINPABJICHUS M JUIMHA KaXXIOTO U3 HUX
ObUla MHHUMAIBHON, MHHUMH3AIUS KOJMYECTBa (PUKTUBHBIX BEPIIUH, T.K. BpeMs
BBITIOJTHEHUS CIICAYIONIMX [IaroB 3aBHCUT OT CyMMapHOTO 4YHCJIa BEPIIUH, a H3TUOBI pedep B
KOHEYHOM HM300paKCHHHU TOSIBIISIOTCS TOJILKO HAa MeCTaX (PMKTUBHBIX BEPIIMH U CHUKAIOT
HaIJSHOCTh  M300paKeHWs; MUHHMHU3AIMs KOJMYECTBA TMEpecedeHnil pebep ImyTemM
U3MCHEHHsSI MOPSIJIKa BEPIIMH Ha KaXXJIOM YPOBHE; BHIOOP KOOPAMHAT BEPIIMH HAa KaXIOM
YPOBHE Ui MUHUMH3aLlUH KOJIMYECTBA U3TNO0B pedep.

B memsix ommcanus mporpamMmMHOro (yHKIMOHaNa 0003HAYMM KIFOUEBBIE KIIACCHI,
peanu3yromne OM3HeC-IOTHKY paboThl CO3JAHHOTO MPOTrPAMMHOTO 00ECICUSHHUS:

e kiacc mpoBenmeHus pacderoB public partial class CalculatePage: UserControl,
IContent, IComponentConnector; WHTEPIIPETHPYET W HCIONB3YET MOJTYYCHHBIE PE3YIIbTaThl
TIOCTPOEHHSI MOJIETIH CUCTEMBI B BUJIE Tpada Ui OLEHKH yiiepOa M prucKa OTKa30B;

® KJIacC MOCTPOCHHS M OTOOPAKEHUSI PAHKHUPOBAHHOTO Irpadika pacueTHHIX 3HAUYSHHN
puicka otka3oB public class ChartViewModel: INotifyPropertyChanged;

e wiacc mnocrpoenus KHWM B Bume rpada class GraphWindowViewModel:
INotifyPropertyChanged;

e Kjacc OTOOpaKeHWs IOJydeHHOH Mojenu rpada cuctembr  public  class
GraphsOverview: UserControl, IContent, IComponentConnector.

Untepdeiic popmbr cozpanus rpapa KM CTC pa3paboTaHHOTO HPOTrpaMMHOTO
obecrieueHus TPUBENICH HA PUCYHKe 5. B puBeIecHHOM OKHE MOYHO MTOCTPOUThH HOBBIH rpad)
WIM PEAaKTUPOBATh CYIIECTBYrOIIMi. Takas ¢opMa TO3BOJISET BBHIOMPATh OAMH U3
HOJIJIEPKUBAEMbIX aJITOPUTMOB MOCTPOCHUSI U OTOOpaXkeHUsi rpada B paMKax KOHTEHHepa,
3a7aTh €My UMs B BHJIE CTPOKH, a TAaK)KEe BBECTH €TI0 TEKCTOBOE OIMCAHUE M COXPAaHUTH
CO3JIaHHYIO MOJIeTTb B popmare *.xml.
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Mma sepLunHbl: ]
AoBaEnTe BERLKHHY

¥AaNNTe BEPLUNHY

Havano KoHeu

El - . a -

CeAzaTL

Anroputm

NoCTpoeHMA rpada: [Tree h

HassaHue rpada: test

/ \ Mpoesepka paBoTkl ANTOPUTMOE

OnucaHuwe rpada:

CoxXpaHuTe rpag

Puc. 5. Unrepodeiic hopmer coznanus rpadpa KUM CTC paspabdorannoro I10

Puc. 6. KM CTC (1- pyneBasi MaiinHa, 2- CErMEHT YE€PBSIYHOIO KOJIeCa U TOPMO3a, 3-4epBb,
4- pymnens, S-peaykTop, 6- pyneBoH LITHIPh, 7 - PyJIEBOM CEKTOP, 8-TOIYOCh, 9-KpaHIITEHH
noanaona, 10- 6ont, 11-60xT c raiikoi, 12- maiiba, 13-ctonopnas nnanka, 14, 15, 16, 24, 25-
mectepHu, 17-Boguno, 18-cBoOommbIit »smurmki, 19-3y0uareie koseca, 20-cBoOOmHOE
BOJWIO, 21, 22-Basbl, 23-TOPMO3HON MUIMKII, 26-1BUraTeNb, 27-IpYyXHUHa, 28-0anep pyis,
29-nipoduibHBIH pyIb, 30-TpHBOIHOE KOJIeco, 3 1-TpedHo Ba, 32, 33-Baibl TypOMH HU3KOTO
U BBICOKOTO JaBlieHus, 34-HaaqyBOuHbI arperar, 35-mpuBoAHOE Kojeco, 36-
MPOMEXKYTOUHbIE  IIECTEPHH,  37-MPUBOAHOE  KOJIECO  KOJeH’YaToro  Bama,  38-
pacnpenenuTenbHblii Ban, 39-maryH, 40-nopimiens, 41-nunuHapoBas Twib3a, 42-kamepa
OXJIQXKTAroIIel BOMbBI, 43-KOJeHYaThld Baj, 44-0XJaauTellb HAJTyBOYHOTO BO3ayxa, 45-
TpyOompoBos oTpaboTaBmmMX Tra3oB, 46,47-TpyOONpoBOABl HAAMAYBOUYHOTO BO3AyXa H
OXJaXIarone Boxbl, 48, 49- MacisSHBIA W TOIUIMBHBIN TpyOompoBojabl, 50-mtanra, 51-
TOIUIMBHBIN Hacoc, 52-MacisiHOe KOJbLO, S3-Kphlllika HuauHApa 54, 55, 56-BBITYCKHOH,
BITYCKHOW M TOTUTMBHBIM KJIAITaHBI, 5/-CTaHWHA JABUTATENs, S8-MacisHas BaHHA KapTepa, 59-
OJIOK IIMIIMHIPOB
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Jns anpobanun mporpammHoro mnpuioxkenus co3gan B Hed KMM CTC B Buze
OPHEHTHPOBAaHHOTO Tpada Ha TpUMEpe BEKTOPHOTO YHPABICHUS pPYJIEBOW Tmepenadei ¢
ANIEKTPUYECKUM MPHBOIOM MOpckoro cyaHa (puc. 6) [19,20]. [To pe3ynbpraTaM mpoBeIeHHBIX
pacueToB (OPMHUPYETCsi COOTBETCTBYIOIIAs TA0IUIIA, a Takke rpaduk (puc.7) OLEHKH pUCKa
OTKa30B O3JCMCHTOB CHUCTEMbI, Ha OCHOBE IIOJy4CHHBIX IPH pacyeTe JaHHBIX.
[MognepxuBatoTcs GyHKIMU (GUIBTPALMH AAHHBIX MO KOJOHKAaM TaOJIHIBI B yIOOHOM BHUJE.
M3 mnpoBeACHHBIX PAaCcYeTOB CIIEAYET, YTO HauOoyee YSA3BUMBIMH O3JIEMEHTAMH CUCTEMbI
SIBJISIFOTCSL PYJICBOM CEKTOP, YEPBb, CETMEHT YEPBSIYHOTO Kojieca M TOpMO3a, peaykrop. OTkas
UX MPEJCTABIISIOT HAaNOOJBIIYIO YTPpo3y sl (YHKIIMOHHUPOBAHHS BCEH CHCTEMbI BEKTOPHOI'O
yIIPaBJICHUSI PYJIEBOM Mepenaueii ¢ IEeKTPUYeCKUM MPUBOJIOM. B 3Toil CBsI3M HEOOXOIMMO
OCYILICCTBIISATh TOCTOSIHHBIA MOHHMTOPHHI (DAKTHYECKOTO COCTOSHHS W OOECHECYHTh UX
pe3epBUpOBaHKE. DTO MO3BOJIUT M30€KaTh MOTEPHU PAOOTOCIIOCOOHOCTH 3JIEMEHTOB CHCTEMBI,
CHHM3UTh PHCK UX OTKA30B.

Mogenb BekTOpHOI pyneBoil nepeaauv
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Puc. 7. I'paduk o11eHKN pUCKOB 2JIEMEHTOB CHCTEMBI

BriBoabI

Pa3zpaboTtanHoe mporpamMmHOEe obOecredeHHe aBTOMATH3alMM OIEHKH PHUCKA OTKa30B
CIIOKHBIX TEXHUYECKUX CHCTeM MpPU HMX JUArHOCTHKE CHUCTEM Oa3upyeTcss Ha KIHMEHT-
CEpPBEPHOU apXUTEKTYpE.

[Ipumenenne pa3pabOTaHHOTO MPOTPAMMHOTO OOECTIeUeHUs] aBTOMATU3AIUU OIICHKU
puUcCKka OTKa30B CJIOXKHBIX TEXHUYCCKUX CUCTEM IIO3BOJIACT BBISIBUTH HAanMCHCEC
paboTOCTIOCOOHBIE DJIEMEHTHl M MEXDJIEMEHTHBIE CBS3M, (DYHKIIMOHHUPOBAHHE KOTOPHIX
CYIIIECTBEHHO OTPaKkaeTcsi Ha pab0oTOCIIOCOOHOCTH M HAJC)KHOCTH BCEH CHCTEMBI.
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MPOTPAMHE 3ABE3NEYEHHS ABTOMATHU3AIII OLIHKHA PU3UKY
BIIMOB CKJIAJJHUX TEXHIYHUX CUCTEM

B.B. Buuyxanin, H.JI. Pynniuenko, A.B. Buuyxanin, A.E. Ko3nos

Opnecbkuii HalllOHAJILHUH MTOJITEXHIYHUH yHIBEPCUTET
npocr. lllepyenka, 1, Oneca, 65044, Ykpaina; e-mail: 126.ist.onpu@gmail.com

HapiifHiCTh CKIaOHUX TEXHIYHHX CHCTEM 3QJICKHTh BiJl YHCICHHHX (PaKTOPIB, IO
XapaKTepu3yloTh X KOHCTPYKIiI0, YMOBM BHpOOHHMITBa 1 ekciuryarauii. [IpoBemeHuit
aHaJli3 TPOIECiB 3MIHM TEXHIYHOTO CTaHy CKJIQAHHUX TEXHIYHMX CHCTEM II0Ka3aB, IO
MPOIIECH HOCSITHh BUMAAKOBUH xapaktep. OIiHKa 1 aHaNi3 MOKa3HUKIB HAAIHHOCTI cucTeM
notpedye BUKOPHUCTAHHS METOJIB Teopii WMOBipHOCTI. IlepCeKTHBHUM B TaKUX BHITAAKaX
€ 3aCTOCYBaHHS KOTHITMBHOTO IMITalliiHOTO MOMENIOBAHHS JJIsl JIarHOCTUKU PiBHA
0e3mexn CKIAIHUX TeXHIYHUX cHUCTeM. ICHyiowa TeopeTmyHa 0a3a i HasBHICTH IIHPOKOTO
CIIEKTpa NPOrpaMHOr0 3a0e3NeUeHHs IMITAI[IfHOrO0 MOJENIOBAHHS Yy BHIVIAI TaKHX
nponykriB, sk Arena, AutoMod, AnyLogic, Extend, GPSS World ta iHmmx cnpuse
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aKTHBHOMY 3aCTOCYBAaHHIO KOTHITUBHOTO IMIiTalliiHOTO MOJEITIOBAHHS IS OI[IHKA PU3UKY
BiIMOB CKJIAIHUX TEXHIYHUX cucTeM. OfHAaK BioMi TporpamMHi 3aco0H IOJIETIIYIOThH
TUTBKH CaM MpoIleC BUMPOOYBAaHb i HE BHUPINIYIOTH TPYAOMICTKI 3aBIaHHs, MOB'A3aHI 3
OTPUMAHHAM BHXiIHOI iHpOpMaii Mpo TEXHIYHUI CTaH CHCTEM, a caMme ii IHTepIIpeTaIliio,
(dopmarizarito i aJekBaTHE CIIBBITHOIIEHHS 3 KOHKpeTHHM o0'ektoMm. Ha 06a3i panmimie
po3pobieHoi KOHIENmii JiarHOCTUKM CTaHy CKIQJHAX TEXHIYHHX CHCTEM CTBOpEHa
MporpaMHa peanizailis 3a0e3MeUCHHs aBTOMATH30BAaHOTO TPOIIECY OLIHKU PU3UKY BiIMOB,
a TAaKoXK IIKOIM BiJ BiAMOB €JIEMEHTIB 1 MEXKEIEMEHTHUX 3B'A3KIB CKIAIHUX TEXHIYHUX
cucteM. Po3pobneHe mporpamHe 3a0e3MEUYCHHS aBTOMATHU3aIlil OIHKH PU3UKY BiMOB
CKJIQJIHUX TEXHIYHUX CHUCTEM NPH JIarHOCTUIl CHCTeM O0a3yeTbcsi Ha KIIE€HT-CEpBEpHIH
apxiTeKTypi 1 MO3BOJISIE BUSBUTH HAWMCHIN MpaIEe3aTHI €JIEMEHTH 1 MEKEICMCHTHHE
3B'sI3KM, ()YHKIIIOHYBaHHS SKHUX ICTOTHO BiOMBAa€ThCS HA TMPAIC3NATHOCTI 1 HAMIHHOCTI
BCi€1 CHCTEMH.

KirouoBi cjoBa: ckimagHa TexHIYHA CHCTEMa, PU3UK BiIMOB, KOTHITHBHA iMiTamiiiHa
MOJieNb, MPOTPaMHUN IOIATOK, JAiarpaMH TpeIe/eHTIB, AiarpaMH KJIACiB BHKOPHCTaHHS
MIPOTPaAMHOTO 3a0e3MeUeHHS.

EVALUATION AUTOMATION SOFTWARE RISK OF FAILURES OF COMPLEX
TECHNICAL SYSTEMS

V.V. Vyuzhujanin, N.D. Rudnichenko, A.V. Vyuzhujanin, A.E. Kozlov

Odessa National Polytechnic University,
Shevchenko Ave., 1, Odessa, 65044, Ukraine; e-mail: 126.ist.onpu@gmail.com

The reliability of complex technical systems depends on numerous factors characterizing
their design, production and operating conditions. The analysis of the processes of changing
the technical condition of complex technical systems showed that the processes are random
in nature. Evaluation and analysis of reliability indicators of systems requires the use of
methods of probability theory. Promising in such cases is the use of cognitive simulation to
diagnose the level of security of complex technical systems. The existing theoretical base
and the presence of a wide range of simulation software in the form of products such as
Arena, AutoMod, AnyLogic, Extend, GPSS World and others contribute to the active use
of cognitive simulation to assess the risk of failure of complex technical systems. However,
well-known software tools facilitate only the testing process itself and do not solve the
laborious tasks associated with obtaining initial information about the technical condition
of the systems, namely its interpretation, formalization and adequate relationship with a
specific object. On the basis of the previously developed concept for diagnosing the state of
complex technical systems, a software implementation has been created for providing an
automated process for assessing the risk of failures, as well as damage from failures of
elements and inter-element connections of complex technical systems. The developed
software for automating the risk assessment of failures of complex technical systems during
system diagnostics is based on the client-server architecture and allows to identify the least
efficient elements and interconnections, the functioning of which significantly affects the
operability and reliability of the entire system.

Keywords: complex technical system, failure risk, cognitive simulation model, software
application, use case diagrams, software usage class diagrams.
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CTET'AHOT'PA®IYHUUN METO/I, CTIMKHI 1O 3BYPHUX AIN

M.€. Hleaect, T.B. Bapaa, L.1. Poxtok

Opnecbkuii HalllOHAJIBHUI MTOJIITEXHIYHUH YHIBEPCHTET,
npocr. [lleBuenka, 1, Oxeca, 65044, Ykpaina; e-mail: mishel3141@gmail.com, tomavarda@gmail.com,
ivan.rodiuk1999@gmail.com

Jo creranorpadiyHuxX CUCTEM BHCYBA€THCS P BUMOT, Cepell AKX OJHOIO 3 OCHOBHHX €
BUMOTa CTIHKOCTI CTETaHOMETOIB IO aTaK MPOTH BOYZOBAHOTO IOBiIOMIICHHS. 3amada
3a0e3meuyeHHs i€l BUMOIM HE € IIOBHICTIO BHPIIIEHOI B LEH 4Yac, 3aJUIIaeThes
aKTyaJbHOIO. ['OJIOBHOI NPUYMHOKI IIBOTO € OPIEHTOBAHICTHP MAaTEMATHYHUX Oa3uCiB
ICHYIOUMX METO/iB Ha KOHKpPETHI aTaky NPOTH BOYIOBaHOTO MOBIZOMIIEHHS. Y po0OTi
po3pobneHuii HOBMH creraHorpadiyHuil Meroj, CTIHKWE g0 30ypHUX Jii, sKui
BUKOPHCTOBYE B SIKOCTI KOHTelHepa undpose 300paxeHHs. CTIHKICTh METOy TEOPETHYHO
OoOIpyHTOBaHA 3 BHKOPUCTAHHAM CHELU(IKH BIACTUBOCTEH CHUHTYJISAPHUX YHUCeN OJIOKIB
MaTpHIll OPUTIHATHHOTO 300paXCHHS: BCI CHHTYJISIPHI YHCIa € HEUYTIMBUMH 0 30YpHHUX
niit; mns Oinmbmocti /X/-OIIOKIB, OTPUMAaHUX MUISXOM CTaHAApPTHOI pO30OWBKH MAaTpHII,
MakCHMaJlbHE CHHTYJSPHE YHCIO 3HAayHO NEpeBHIIyE BCi IHIN, WO HPUBOTUTH [0
OJHM3BKOCTI J0 HYJIA KyTa MiXK BEKTOPOM CHHTYJISIPHUX YHUCEII, Y3ATHX y HOPSAAKY CIaTaHHS
3HAYCHb, 1 MEPIINM BEKTOPOM CTaHAAPTHOTO 0a3WCy MPOCTOPY BiANOBITHOI BUMipHOCTI.
[TokazaHo, 10 CTIMKICTH INPOLECY CTETaHOIEPETBOPEHHS MOXKe 3ade3nedyBaTHcs 3a
JIOTIOMOTOI0  KOpeKIii MaKCHUMaJbHUX CHHTYJSIPHHX 4HceNl OJIOKIB KOHTeifHepa, IO
BIJIMIOBiZla€ JOCTATHIM yMOBI HEYYTJIIMBOCTI CTEraHOMOBIIOMIICHHS. BuKOpHCTOBYBaHa
cnenu(ika CHHTYISAPHUX YHCET HIiSK HE MOB'S3aHa 3 KOHKPETHUM BHAOM aTaKH MPOTH
BOY/JI0BaHOI'O TMOBiTOMJICHHSA. BOymoBa Oita momatkoBoi iHdopMarlii B OJIOK KOHTEitHepa
3IIHCHIOETBCSI B OJIHY 13 JIBOX CHUMETPUYHHMX MATpHIb, SIKI CTaBIATbCS y BiJIOBIIHICTH
MaTpHUIll OJIOKYy 300pa’keHHS MNUITXOM BIPTYAJIBHOTO BIiTOWUTTS BEPXHBOTO (HHUKHBOTO)
TPUKYTHHKA IIOJ0 TOJNOBHOI JiaroHami. Lle 3a0e3nedyye NpOIyCKHY CIPOMOXKHICTB
TPUXOBAHOTO KaHATY 3B'sI3KY, [0 OpraHi3yetses, 1//x/ 6it/mikcens.

KawuoBi cioBa: creraHorpadiqauii METOM, CTIHKICTh METOMY, aTaKH MPOTH BOYJOBAHOTO
MOBITOMJICHHSI, CHHTYJIAPHI YUCJIa, CHMETPHYHA MATPHUIIS.

Beryn

Creranorpadist cbOrojHi - 1€ OJWH 3 HaWOUIbLI MEPCHEKTUBHUX HAINPSAMKIB 3aXHUCTY
iHpopmanii [1,2], ska B cydacHUX yMOBaX, €(EKTHBHO MOETHYIOUMCH 13 KpHUITOrpadiero
[3,4], BneBHEHO 3aiiMa€ MPOBIJHI MO3MUINI Y BHUKOPUCTOBYBAHMX IMIX0Jax 3a0e3medeHHs
iHpopMaiiiHoi Oe3neKu.

VY sKoCTi KOHTEHHEPIB y cydacHii creraHorpadii HIMPOKO BUKOPUCTOBYIOThHCS LU(POBI
KOHTeHTH: 300paxenHs (L[3), Bimeo, aymio. Ilpu mpomy creranomeperBopeHHio came L3
MPUCBSYCHI YMCIIEHHI JOCHTIDKEHHS B 00JacTi 3axuCTy iH(OpMAIlii, y TOMy YHCII JdaHa
pobora.

Jlo creranorpaiYHIX CUCTEM BHCYBAETHCS PSIII BUMOT, CEPEell STIKHX OJJHOO 3 OCHOBHHX
€ BUMOTa CTIMKOCTi CTEraHOMETOJIIB JI0 aTak MpOoTH BOyqOBaHOTO moBigomieHHs [1]. PoGoTa
B JAaHOMY HAIPSIMKY BEJEThCS B JaHWH MOMEHT IyK€ aKTUBHO, NIPU I[bOMY IJIsi BOYIOBH
noxatkoBoi iHpopMarii (II) BUKOpPHCTOBYIOTHCSI pi3HI 00JIACTI KOHTEWHepa: MpOCTOpPOBa,
NEepeTBOpPeHHsl (4acToTHa, oOsacTi pi3HUX pos3kiaagans Marpuui [[3). Tak B [5] Oy
po3pobnieHuit creranorpadiyHuil METO/ 1 peani3ylouuil Horo epeKTUBHUHN MOTIHOMIaTbHUMA
CTETaHOAJITOPUTM, B SIKOMY B CTEraHONEPETBOPEHHI 3aJ1I0€ThCS MpocTopoBa obmacth 13-
KOHTEWHepa Micysl MONepeHbOro po30UTTs Horo MaTpulli Ha OJOKH, 10 HE ePETHHAIOTHCS.
OnHak HENONIKOM METOAY € HerapaHTOBaHE 30C€peKEHHS HaIIMHOCTI CIPUHHATTS
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(OpMOBaHOTO CTEraHOMOBIJOMJICHHSI B TOMY BHMAaJKy, Konu L[3-koHTeliHep Mae 3HAa4YHI 1O
po3mipi GoHOBI o0macTi. YCyHEHHIO I[LOIO HEAONIKY MpHUCBideHa poborta [6], B sKii
3arponoHoBaHa MoJUQIKaIlis METOAy, IO JOCITAETbCA 32 PAaxyHOK 3MEHIICHHS CTpUOKa
GyHKIIT SCKpaBOCTI MiKCeNiB Ha rpaHuIll O0JokiB marpuii L[3-konTteiinepa npu BOymoBi I
IIISIXOM 3MIiHU BUJLy MaTpUIll 30ypeHHs OJIOKY KOHTEHHepa MpH cTeraHoneperBopenHi. B [7]
MIPOTIOHYEThCS CTiKa A0 30ypHMX nii cxema BOymoBu JII s 3a0e3medeHHS 3aXUCTy
aBTOpCchkuX mpaB. Tyt BOynoBa 6it [l BigOyBa€eThCs B CHHIO KOMIIOHEHTY KOJIb0poBoro L3 (B
KoJpopoBii cxemi RGB) abo B koMmoHEeHTY sickpaBocTi (B KombpopoBiii cxemi YUV) B
obnacTi  JHUCKpETHOro  BeiBier-mepeTBOpeHHs.  Jmst  3a0e3nedeHHs  CTIHKOCTI
CTEraHoanropuT™My KoxHUK OiT JII BOymOBYeThCS B TpW TO3UIII BUIIJICHOI MaTpPHII
KOHTEWHepa, SKi BH3HAYAIOTHCS CEKPEeTHHM KioueM. Benumka dYacTuHa Cy4acHUX
pO3pOOTIOBAaHUX  CTIMKMX CTETAaHOAITOPUTMIB MPALIOIOTH B 00JIACTI  TUCKPETHOTO
KOCHHYCHOTO TEPETBOPEHHsS Ta MepeTBOpeHHs Dypbe. AKTYaIbHICTh TaKUX AJITOPHUTMIB
BHU3HAUYAETHCS] IEBHUMHU 00JACTAMHU X 3aCTOCYBAaHHS 3 MependadyBaHUMHU 30ypHUMH A1SIMH.
[TpuknazoM TakuX alrOpUTMIB € CTETAHOAITOPUTM 3 [8], 3acHOBaHMI HA TEOpPEMi JIUIIKIB, Ta
Oararo iHImMX. Aje mpoOiieMa 3a0e3MeUYeHHS CTIMKOCTI CTETaHOAITOPUTMIB 10 aTak MPOTH
BOY/IOBAaHOT'O IOBIJOMJICHHSI HE € IMOBHOIO MIpOI0 BHPINICHOI, 3IHIIAETHCS AKTYAIBHOIO,
OCKUTbKM OLIBINICTh 3 ICHYIOYMX METOJIB OpIEHTOBaHA Ha KOHKPETHI 30ypHI Iii, cTao4yu
HECTIPOMOKHUMHM B yMOBaxX arak, IO BiAPI3HAIOTBCA Bix mnependadyBaHux. [ 010BHOIO
OPUYMHOI IBOTO € OOMEXKEHICTh MaTeMaTUYHUX Oa3uciB ICHYIOUHMX METOMIB, iX
OpIEHTOBAHICTh HAa KOHKPETHI aTaK MPOTH BOYJOBAHOTO MOBI1TOMIICHHS.

BpaxoBytoun Te, mo 30ypeHHs napamertpiB LI3, mo BinOyBaroThes mipu BOymosi I B
Oynap-siKiii 00yacTi KOHTEHepa (MMPOCTOPOBiK, 00IaCTi IEPETBOPEHHS) MTPUBEAYTH A0 MEBHUX
30ypeHb B IHIIHUX 00NacTsIX (MIEPEeTBOPEHHS, MPOCTOPOBIii), CTIHKICTh CTEraHOAITOPUTMY
MoOXke OyTH 3a0e3meueHa MpHU TPOBEICHHI CTETAHONEPETBOPEHHS B OyIb-sKii o0jacTi
KOHTEiHepa, ane ¢opMajbHi JOCTaTHI YMOBH 3a0€3MeUYeHHsI CTIHKOCTI CTEraHOAITOPUTMY 10
aTak MpoTH BOYJIOBAHOTO MOBIIOMJICHHS, Briepiie 3anpornoHoBaHi B [9, 10], BukopucToBy0OTH
00J1aCTh CHHTYJISIPHOT'O PO3KJaJaHHs Marpuli (OJ0KiB MaTpulll) KOHTEeHHEpa, TOMy came L
obnacte 113 posrasgaeTscst B poOOTI.

MerTta cTaTTi Ta 3a7a4i JOCTiIKEeHHS

Memorw poOoTH € po3poOKa CTeraHorpadiyHOro METOdy, CTIMKOTO 10 aTak MpPOTH
BOYZI0BaHOTO MOB1IOMJICHHSI HE3aJIEXKHO BiJl KOHKPETHOTO BUY 30ypHOT Jii.

Jljis nocATHEHHS TOCTaBJIEHOI METH B poOOTI pO3B’A3YIOThCS HACTYIHI 3a0ayi.

e OOrpyHTyBaHHS BUOOpPY (hOpMaIbHUX MapaMeTpiB 113, sAKi 3a/iI0I0ThCS NpU BOYAOBI
Ta aHaNI3YyIOTHCS MPH JIEKOYBaHHI Mi, Ta 1X KUIbKICHUX XapaKTEepUCTHK;

e OOIpyHTYBaHHS CTIMKOCTI 10 aTak TMpPOTH BOYAOBAHOTO  TOBIJOMJICHHS
3aMpONOHOBAHOI'0 CTEraHOMEPETBOPEHHSI.

OcCHOBHA YaCTHHA

Posrnsimaetses 113, ¢popManbHUM TIPEACTABICHHSIM SKOTO, HE OOMEXYIOUYH CITUIBHOCTI
MipKyBaHb, € ogHa NxN-Marpuus F , ska miggaerscs cranmaptHiid po3ousni [11] ma | x| -
0JIOKH, 1110 HE MEePETUHAIOTHCS, JOBUIBHHUM 3 SKUX Jalli Mo3HadaeTbes B. J{ns 3abe3nedeHHs
CTIMKOCTI cTeraHorpadiyHoro ajropuTMy 10 aTak MPOTH BOYIOBAaHOIO TOBIJOMJICHHS
HEOOX1/THO 3aJiTH B IMpPOLEC] CTEraHONepeTBOPEHH Ti (opMaIbHI MapaMeTpHu, ki, Oyaydu
TaKUMHU, 110 BU3HAYAIOTHCS OJHO3HAYHO, € HEUYTJIMBUMHU J10 30ypHUX Hii.

Sx Bimomo [9], y sikocTi Habopy mapameTpiB, SKi OHO3HAYHO BHU3HA4aroTh 113, MoxkHa
pPO3MIIIHYTH MHOXMHY cUHryasipHux umcen (CHY) i cunrymsapaux BekropiB (CHB) iioro
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Matpuii (OJOKIB MaTpHIli), IO 33JOBOJLHSIOTH MEBHUM BIIACTUBOCTSIM, SIKI MOXYTh OyTH
OTPUMaHI MIJISXOM i1 HOPMAJIBHOTO CHHTYJISIPHOTO PO3KJIaIaHHS .

F=UzVT, (1)

ne U'U=E, V'V=E (E - omuamuna NxN-marpuns), crosmmi mMarpuni U (V) — miBi
(mpaBi) CHB F, niBi CHB — nekcukorpadiuno momatai [9], 2=diag(csl(F),...,Gn(F)),
c,(F)>..>c,(F)>0-CHY F.

Bci CHY Oynp-sixkoi MaTpuili € HEYYTIIMBUMHU A0 30ypHHUX [iil BIAMOBIIHO 10
criBBigHOIIEHH: [12]:

max

1<i<n

ci(F)-o,(F +AF) <[AF],,

ne AF - matpuus 30ypenHs F, ||0|| , — CIIEKTpajibHa MaTpU4Ha HOPMA, YOr0 HE MOXHA B

3aranbHOMYy BUNAKy ckazatu npo CHB [12], y cunmy dYoro B paMmkax 3agadi, WO
posrisinaerbes, MHokuHa CHY € xpamoro y mopiBasiHHI 3 MHOkuHOIO CHB miist opramnizarii
IIPOLIECY CTEraHONEPETBOPEHHS.

B [10] Oynu otpuMani ¢popmasbHi 10CTaTHI YMOBH CTIHKOCTI CTETAHOMETOMY /10 CTHCKY
3 BTpaTam, 10 BpaxoBYTh crerudiky 30ypenHss CHY O6mokiB maTpulll KOHTeWHepa, sKi
3a0e3MeuyoTh y IJIOMY CTIHKICTh JIO arak MpoTH BOYIOBAHOTO TMOBIIOMJICHHS U
BUKOPHUCTOBYIOTbCSI B poOOTI mpu po3poOui creraHomeroqy. CyTh YMOB IOJSrae B
HactymHoMYy. Jlnsi 3a0e3medeHHsi CTIMKOCTI CTEraHONEPEeTBOPEHHS JOCTaTHBO MPOBOIUTH
TakUM 4YUHOM, 0I00 #oro QopmanbHUM NpPEACTaBICHHAM Oyla CYKYIHICTh 30YypeHb
HaitOinpmmx CHY O70KiB MaTpuili KOHTEHHEpa, MPH HbOMY JJISi IPUHIUIIOBOT MOKIIMBOCTI
nexonyBaHHs J{I cykymHuii pe3ynbraT 30ypeHb Ipu ii BOYAOBI NOBHHEH MEPEBHIYBATH
30ypeHHs, sike Oyzie 3a3HaBaTu OJIOK CTETaHOMOBIIOMIIEHHS B pe3yibTari 30ypHoi aii [10].

Hexait 6,206,2>..206,20 - CHY 6noky B. lns CHY OnokiB opuriHamsaoro 113

OCTaHHE CIiBBiIHOIIEHHS MOXHA yTOYHUTH [13]:

c,>>0,2..20,20. (2)

CniBBiiHOMIEHHS (2) MTPUBOAUTH JI0 TOTO, IIO JUIsi OLTBIIOCTI OJI0KiB opuriHaipHOTro 113 [13]
/o.8)~0, ®3)

ne Z(c,e,) - Bemumma kyra Mix Bektropam CHY 6=(0,,0,,.,5,) i ¢ :(1,0,...,0)T eR' -

MepIIMM BEKTOPOM CTaHAAapTHOro Oasucy mpoctopy R'. Bemmumza L(G,el) CTaHE TOIO
XapaKTepUCTHKOIO, siIka OyJe BUKOPUCTOBYBATHCS JI1 OpraHizaiii CTeraHONepeTBOPEHHS 1

. . n m
nexonyBanHs /1. B sxocti Al po3rnsnaeTscst 6GiHapHa {T} X [T} -MaTpuId, 1o cpopmMoBaHa

BHITQIKOBUM YHUHOM (JIe [] - IiJ1a yacTuHa aprymenty). B koxuuit | x| -6110kx BimOyBaeThCst
BOymoBa 1 ©Oira [II, mns doro HeoOXigHO mepen0dadyuTd JBa BapiaHTH BiANOBIAHOTO

nepeTBopeHHs 6710Ky. Bpaxoytouu 1ie, koxHOMy Onoky B 3 enementamu by, i,j=1..,1,

[OCTaBUMO B BiAMOBigHiCTH ABI cumerpuuHi |x|-marpumi B, i B, 3a nHacrymHum
npaBuiioM [9]:
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BimoOpaxkaroun BepxHidl (mus B, ), HwkHiil (s By ) TpukyrHuk B BiTHOCHO TOJOBHOI

niaronani. Koxna 3 oTpuMaHux MaTpulb Oyae BHUKOPUCTOBYBATHCS JJsi BOYIOBH
KOHKpETHOTo 3Ha4YeHHs Oita [{I.

OCHOBH1 KPOKH METOJ1Y, IO MPOTIOHYETHCS, HACTYIIHI.

Boéyoosa /1.

Kpok 1. Matpuiio F I13-konTeiitHepa po30uTu cranmapTHuM duHOM Ha | x| -Giokwu,
110 HE IEPETHHAIOTHCS.

Kpok 2 (66yoosa JI). lns koxuoro |x|-0moky B marpuili KoHTelHepa, mo Oepe
y4acTh y CTEraHONEPETBOPCHHI (MOPSJIOK BHUKOPHCTAHHS OJIOKIB € YaCTHHOK CEKPETHOIrO

KIfoya) 11t BOynoBu Py - ueprosoro Oira JII, poburu:
2.1. Chopmysaru matpuii B, i By BiamosigHo 1o (4).
22. Jlnn B, i B, smwsmauntm Bextopy CHY: o(B,)=(c,(B,)....c,(B,)) i

G(BN ) = (Gl(BN ),..., o, (BN ))T BIJNOBIIHO  IUISXOM  HOPMAJIbHUX  CHHTYISIPHUX
po3knananb (1):

B, =U,Z,V,", B, =U.ZV, .

[Tpu BOyoBi 6ita /{1 3MiHu OyayTh BHOCHTHCS B O1HY 3 MaTpuls B, , By .

2.3. Axwo
P =0,
mo
2.3.1. 3a0e3neunTH YMOBY:
L(G(BN )’el) > Z((S(B\/ )’el)1 ®)

30yprorount CHY B, . Pesynbrar: 30ypena marpuns CHU N
I

2.3.2. CpopmyBatu 30ypeHy MaTPHIIIO Bn 3 eleMeHTaMu Bij(N), I,j=
By = U, ZwV, .

2.3.3. ChopmyBatu 00k B crTeraHomoBimOMIICHHS, SKHMi BiAnoBinae 00Ky B
KOHTEIHepa, B BUTJISAL:

(6)
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iHaKue
2.3.1. 3abe3meunTy yMOBY:

£(o(By )e)) < £(o(By )e,). W)

3Gyprotours CHU B, . Pesynbrar: 36ypena marpuus CHY y .

2.3.2. ChopmyBaTy 36ypeHy MAaTPULIO By 3 eneMeHTaMu Bij(v) d,)=11:
By = U, EVV\,T .

2.3.3. ChopmyBaru Omox B creraHomoBimoMiieHHS, KW BiAmoBinae OJoKy B
KOHTEHEpa, B BUTJISIL

b, b .. by
B= by by . ba" . (8)
by b, by

Kpok 3. 3 ypaxyBaHHSAM 3MIHEHHX y pe3yJbTaTi CTETaHONIEPETBOPEHHS OJIOKIB MaTpPHII
113 copmysatu matpumto F creranonosinomienns. [Iponec BOynosu /1 3aBepiieHo.

Y pe3ynpTaTi atak MpoTH BOYIOBAaHOTO MOBIJIOMJIGHHS B XOA1 MepecuiIaHHs abo
30epiraHHs CTETaHOMOBIJOMIICHHS MOTO MAaTpHUIll MOXKE 3a3HATH 3MIHM M TOMY JAaii mpH

JICKOTyBaHHI TTO3HAYa€ThCS F .
Jexooyeanns JI.

Kpox 1. Marpumto F [[3-creraHomoBigoMIeHHS PO30UTH CTaHJAPTHUM YHHOM Ha
| x| -6moKkw, 1110 HE TEPETHHAIOTHCS.

Kpox 2 (0exooysamns  JI). [Jnsa  koxkHoro |Ixl-6moky B marpumi
CTETaHOIOBIJOMIICHHSI, KM OpaB y4acThb B CTEraHONEPETBOpPeHHI (MOPSIOK OJIOKIB €
YACTHHOK CEKPETHOTO KJIF0Ya), POOUTH:

2.1. Jlns 6moka B chopMyBaTH MaTpHIIi Bv i Bw BiAMOBITHO 710 (4).

= = = = = \T'
22. Jna Bv i Bwn BusHauntH Bekropu CHU: G(B\,)=(01(Bv )1 (By )) i
= — = \T =
G(BN): (GI(BN ),...,G|(BN )) . Hexaii Py - gyepropuii Oit [[I, mo jmekomyerbes 3

4EeproBoro OJOKy B CTEraHOMOBITOMJICHHA.
2.3. Bu3HaYuTH 3HaYEHHs KYyTiB L(c_S(BN )., ), Z(C_S(B\, ),el).

2.4. Axwo _ —
o(B,)e)< Zo(8,)e),
mo _
_pij =1,
iHakuwe _
_pij =0
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OCHOBHUM MUTAHHSAM Y XOJi pO3POOKH alIrOPUTMIYHOI peaiizaiii METOay € MUTaHHSI
3abe3nevyeHHss ymoBu (5) (abo (7)) mpu BOymosi JI (xkpok 2.3.1). OmgHa 3 MOXIMBOCTEH
IPYHTYETbCS Ha BpaxyBaHHI CHiBBIJHOIICHHS (2) HACTYMHMM 4YWHOM. OYEBHIHO, LIO JUIA
CHUY 6mokiB 113 BennunHa KyTa L(o,el) Oyze 3a1eKaTh BiJl TOTO, HACKUIBKH BIPI3HAIOTHCS
onne Bix iHmoro mepme ¥ apyre CHY, ockimbku Bci HactymHi CHY OyayTte HE3HAyHO
(3HAYHO MEHIIE) BiAPIZHATUCS OPYT BiA Apyra, 3ajJUINAOYNCh HEBi1 €éMHUMHU. Buxonsun 3
[bOT0, KEPYBAaTH BEIMUYMHOIO KyTa L(G,el) MOXKHa JTy’)K€ «HEIOPOro» B OOUYHUCIIOBAIBHOMY
CEHC1, KOPEKTYIOUM 3Ha4eHHs Juie apyroro i neporo CHY 6oky, 3MeHIyi0ud BiCTaHb
MK HUMH, 3a0€3leuyloud NMpH LbOMY BUKOHAHHS JIOCTaTHHOI YMOBH CTIHKOCTI JO arak
npotu BOynoaHoro noBigomiieHHs [10]. Takum yumHOM, Kpok 2.3.1 mpu BOymoBi JII moxxkHa
YTOYHUTH, HATIPUKJIIAJl, Y TAKUN CTIOCIO:

2.3.1. 3abe3meunT yMOBY.

£(o(By)e)> £(o(By )& .. (£(o(By )& ) < £(o(B, ) &),

30yproroun CHY B, (B, ):

c51(BN):C71(B\/)_T' Gz(BN)zcz(Bv)+T (Gl(Bv):G1(BN)_T’ Gz(B\/):Gz(BN)"'T)!

ne T >0 - mapamerp, yCTaHOBIIIOBaHUH €KCIIEpUMEHTaNIbHO. Pesynprar: 30ypeHa
marpunsg CHY Zn (Zv).

[Tpu Bu3HAueHH] 3Ha4YeHHs MapameTpa I HEOOXiJHO BpaxOBYBaTH JBi B3a€MOBHKIIIOUHI
BUMOTH: JJi 3a0€3MeUYEeHHs CTIMKOCTI BiIMOBIAHOIO ajJTOPUTMY JI0 aTaKk MPOTH BOYIOBAHOTO
noBiomieHHs T OakaHo 3pOOWTH SKHAWOUIbIIE, OCKUTBKU JJISl TIPUHIIMIIOBOI MOYIJIMBOCTI
nexonyBanHs JII cykymHui pe3ynbTar 30ypeHb npu BOyaoBi /Il moBHHEH mnepeBuIlyBaTH
30ypeHHs, sike Oy/Je 3a3HaBaTH OJIOK CTETaHOMOBITOMIICHHSI B pe3ynbTaTi 30ypHoi aii [10],
ane Ui 3a0e3nedeHHs HaAiHHOCTI CHPUHHATTA (OPMOBAHOTO CTETaHONOBIIOMIEHHA T
NOBHHHE MAaTH SK MOYKHA MEHIIE 3Ha4eHHA. HeoOXiTHO BiI3HAYMTH, IO TOBOPSYH IPO
CTIMKICTh cTeraHorpagiuHux airopuTMiB 1O aTak HpOTH BOYIOBAHOTO MOBIJIOMJICHHS,
HallyacTille MaroTbCsd Ha YBa3l aTakd, (OpPMAJIbHUM MPEICTaBICHHSM SKHX € HEe3HayHl
30ypeHHsI MaTpHUIll CTEraHOMOBIAOMIIEHHS, OCKIJIBKY 1HAKIIIE aTaka MOKe MPUBECTH JI0 TOSBU
BunuMux aptedakrtiB Ha [[3 - BTpaTi HamIHHOCTI COPHUIHATTS, y YOMY aTaKylda CTOPOHA
OUYEBHUJIHO He 3allikaBiieHa. KoMmpomicHe 3HaueHHs Oyje BCTAHOBJIEHO €KCIIEPUMEHTAIBHO B
X0/Jl1 pO3pO0KH aITOPUTMIYHOI peastizallii MeToay.

3aysarncenna. Tlpu dpopmysanui 010Ky B creranonosigomienns 3rigao 3 (6) i (8)
BRXUIMBO, IO TOJIOBHA JiaroHains Matpuii B BignmoBimae Oioky B KOHTeWHepa: Taka
JliaroHalTh 3aIMIIAETHCS OPUTIHATBHOIO 1S Tiei 3 matpuns B, , By, sy BOynosa Oita /I He

TOPKHYJIAcs, 3aJUIIA0YM KYT y Hili Mk HOopMoBaHMM BekTopoM CHUY i mepimum BeKTOpoM
CTaHJapTHOro 0a3ucy BIAMOBIIHOTO MPOCTOPY OJIM3BKUM J10 HYJS (TOOTO B OpUTiHAILHOMY
Buai (3)), 1 1 XK JiaroHanb € JIOJAaTKOBUM 30ypeHHSM I MaTpPHIl, HUIIXOM 3MiHU SKOT
IPOBOJIMIIOCST CTETaHONEPETBOPEHHS, JAOAATKOBO 30ypIOIOYH KYT A(G,el), 10 TO3UTHUBHO
BiIOMBAETHCS HA XO1 AekoayBaHHs [I1.

OaHMM 3 OCHOBHMX MUTaHb MPU pO3pOOII aIrOpUTMIYHOI peani3allii MeToly € MUTaHHS
BUOOpPY po3Mipy OJ0KiB, Ha siki MaTpullsd L[3 po3OuBaeThes B IpoIieci CTeraHONepeTBOPEHHS
it nexomysanus J1I. Ileii BuOip Oyae MpOBOAMTUCS TAaKUM YHHOM, 1100 CriBBigHOIICHHS (3)
BUKOHYBAJIOCS JIUIsL SIK MOYKHA OiIBIIOI KiTBKOCTI OTpUMyBaHHX mpu po3ousii | x| -6mokiB
MaTpHlll KOHTEeHHepa.

[IponyckHa CIPOMOKHICTH (POPMOBAHOTO 32 JOMTOMOTOI0 pO3POOJICHOTO CTETAaHOMETOY
MIPUXOBAHOTO KaHAIIy 3B'A3Ky B HE3QJICXKHOCTI BiJ] WOro aJrOpUTMIYHOI peanizarii Oymae
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BHU3HAYATHUCS SIK ZI/ 1% 6it/mikcens. OGUUCTIOBANBHA CKIAAHICT BHU3HAYAETHCA KUIBKICTIO
O10KiB, Ha sKi po30uBaeThcst Marpuis L3 B xomi pobotu meroxdy, i mis Nxn-L3 ckiane
Q(nz) oreparii.

BucHoBxku

VY poboTi po3pobienuii HOBUH cTeraHorpadiyHUNA METOJ, CTIMKMHA 1O arak MPOTH
BOY/IOBAaHOTO TOBIJOMJICHHS, 110 TE€OPETUYHO OOIPYHTOBAHO 3 BUKOPUCTAHHSAM CHEHU(IKU
BIIACTHBOCTEH CHHTYISpHUX 4mcen OmnokiB wmarpuii [[3: yci cuHrynspHi yucma €
HEUYYTIUBUMH 0 30ypHUX [id; I OUTbIIOCTI OJIOKIB opuriHagsHOro I3, oTpumanux
[UISIXOM CTaHJApTHOI po30MBKH ioro matpuili, Mmakcumaibie CHY 3HayHO mepeBuiye BCi
1HIIT, 110 MPUBOJUTH J0 OJM3BKOCTI 0 HYJs KyTa Mk BekTopom CHY 1 mepmmm BekTOpOM
CTaHJApTHOTO 6a3ucy MPOCTOPY BiANOBIAHOT BUMIPHOCTI.

3anponoHoBaHUI MeTO1 MOXke OyTH BUKopucTanui sik 1uist 13 B rpaganisix ciporo, Tak i
Uil KOJbOpoBUX. Ilpy mboMy [UIS KOJBOPOBOTO 300pa)KeHHS, 30€pEKEHOr0 BIATOBIAHO 10
komipHoi cxemu RGB, y creranomepeTBopeHHI Moxe OyTH 3ajisiHa KOXKHa (AEKUIbKa) 3
matpuils R, G, B. [lns xonipraoi cxemu YUV nependayaeTsest 3ai9TH MAaTPHUIIO ICKPABOCTI.

Pesynbratn po3poOKM anropuTMIuHOI peanizailii MpPeACTaBICHOTO METONdy, IO
MiATBEPKYIOTH Ha MPAKTHILII HOTO €eKTHBHICTD, Y TaHUI MOMEHT TOTYIOTBCS JI0 ITyOJTiKaIlii.
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CTETAHOTPA®UYECKUA METOX, YCTOWYUBBINA K BO3MYIIAIOIUM
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K creranorpaduueckum cuctemMam BBIIBUTaeTcs psil TpeOOBaHMH, CpPed KOTOPHIX OJHUM
U3 OCHOBHBIX fBIISIETCS TpeOOBaHHE YCTOMUMBOCTU CTETaHOMETOJOB K aTakaM HpOTHUB
BCTPOEHHOTO COOO0IIeHNUs. 3aja4a o0ecTieueH s 3TOro TPeOOBaHMSI HE SIBJISICTCS MTOJTHOCTHIO
peIlIeHHOH B HAacTOsIEee BpeMs, OCTAeTCs aKTyanbHOU. [ TaBHON MPUYMHOM 3TOrO ABIAETCA
OpPHUEHTHPOBAaHHOCTh MaTEeMaTHYECKUX 0a3MCOB CYIIECTBYIOIIUX METOJOB Ha KOHKPETHBIE
aTaky MPOTHB BCTPOEHHOTO coodmieHus. B padoTe pa3paboTaH HOBBINH METOJ, yCTOWYMBBIN
K BO3MYIIAONIAM BO3ICHCTBUAM, HCIIONB3YIOMIHKA B KadecTBe KOHTEHHepa mnuppoBoe
n3o0pakeHne. YCTOWYMBOCTh METOJAa TEOPETUYECKH OOOCHOBaHA C HCIIOJIB30BAHHEM
crenu(pUKN CBOHCTB CHHTYJIIPHBIX YHCEN OJOKOB MaTPHUIIBI OPUTHHAIBHOTO H300pasKeHHUS:
BCE CHHTYJISIPHBIEC YHCIA ABISIFOTCS HEUYBCTBUTEIBHBIMHU K BO3MYIIAIONINM BO3ICHCTBHSIM;
st GonbruHCTBA | X|-6JI0KOB, TONMYYSHHBIX IIyTEM CTaHIAPTHOTO Pa3OMEHUS] MaTpPHULIbI,
MaKCHMaJIbHOE CHHIYJISIPHOE YHCJIO 3HAYUTENBHO IPEBOCXOAWUT BCE OCTAIBHBIC, YTO
NPUBOJMUT K OJM30CTH K HYJIO yrjla MEXIy BEKTOPOM CHHIYJISIPHBIX UYHCEJ, B3STHIX B
nopsiiKe yObIBaHUSI 3HAUCHUH, W MEPBBIM BEKTOPOM CTaHIApTHOro 0Ga3uca MpOCTPaHCTBA
COOTBETCTBYIOLLIEH  pPa3MEPHOCTHU. [Tokazano, YTO  YCTOMYMBOCTH  MHpolecca
CTEeraHonpeoOpa3oBaHKs MOXKET 00ECIIEUUBATHCS TPHU MOMOIIN KOPPEKIIMHA MaKCUMAabHbBIX
CHUHTYJISIDHBIX 4YHcCel OJIOKOB KOHTEHHepa, YTO OTBEYaeT [JOCTAaTOYHOMY YCIIOBHIO
HEYyBCTBHUTEIILHOCTH CTETaHOCOOOIIeHNs. Mcnonb3yemas crieriuka CHHTYJISIPHBIX YHCEI
HUKaK HE CBs3aHA C KOHKPETHBIM BHJOM aTaKH IIPOTHB BCTPOCHHOTO COOOIICHMUS.
IMorpyxenue 6uta nomomHUTENBHOM MHGOpManuy B OIOK KOHTEIfHEpa OCYIIECTBISIETCS B
OJIHY U3 JIBYX CUMMETPUYHBIX MaTpHII, KOTOPBIE CTABATCS B COOTBETCTBHE MaTpHIE OJIOKa
IIyTEM BHUPTYAJbHOTO OTPAKEHHS BEPXHETO (HW)KHETO) TPEYroJbHUKA OTHOCHTEIBHO
TJIABHOW [HaroHagw. JTO O0OECIeYnBaeT MPOIMYCKHYIO CIIOCOOHOCTH OpPTaHU3yEeMOTO
CKpBITOTO KaHana cBsi3u 1/1 x| Gur/mukcers.

KoaioueBble ciioBa: creraHorpauyeckuii METOA, YCTOWYHMBOCTH METOJa, aTakH IMPOTUB
BCTPOCHHOTO COOOIICHNS, CHHTYIISIpHBIE YHCIIAa, CHMMETPHYHAsI MaTpHUIIa.

331



M.€. lllenect, T.B. Bapaa, 1.I. Poxtok

STEGANOGRAPHIC METHOD RESISTANT TO DISTURBING INFLUENCES
M.E. Shelest, T.V. Varda, I.l. Rodiuk

Odessa National Polytechnic University,
Shevchenko Ave., 1, Odessa, 65044, Ukraine; e-mail: mishel3141@gmail.com,
tomavarda@gmail.com, ivan.rodiuk1999@gmail.com

A number of requirements are being put forward for steganographic systems. One of the
main requirements is the stability of steganomethods against attacks against embedded
messages. The task of ensuring this requirement is not completely solved at this time. This
task remains relevant. The main reason is the orientation of the mathematical bases of
existing methods to specific attacks against the embedded message. Therefore, most of the
existing steganographic methods are effective only for specific small attacks. A new
method has been developed that is resistant to disturbing influences. This method uses a
digital image as a container. The stability of the method is justified theoretically. This
justification is based on the specific properties of matrix blocks singular numbers of the
original image. All singular numbers are insensitive to disturbing influences, well
conditioned. The maximum singular number significantly exceeds all other singular
numbers in most /x/-blocks of the image matrix. Blocks obtained as a result of the standard
partition of the matrix. Therefore, the angle between the vector of singular numbers and the
first vector of the standard basis of the corresponding space is close to zero. In a vector of
singular numbers, they are taken in descending order of their values. It is shown that the
stability of the stegano process can be ensured by correcting the maximum singular
numbers of container blocks. Such a process corresponds to a sufficient condition for the
steganomessage to be insensitive to disturbing influences. The specificity of the singular
numbers that is used does not depend on the specific type of attack against the embedded
message. Embedding a bit of additional information in the container block is carried out in
one of two symmetric matrices. These matrices are mapped to the block matrix by virtual
reflection of the upper (lower) triangle relative to the main diagonal. This provides the
hidden communication channel capacity 1//x/ bit/pixel.

Keywords: steganographic method, method stability, attacks against embedded messages,
singular numbers, symmetric matrix.
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