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THE SEMI - MARKOV HYPER CASUAL APPROACH TO THE ESTIMATION OF RISKS OF
SYSTEMS

An effective approach to estimating risks of systems is considered. The approach semi — Markov models
construction for estimation of multifactorial risks is modified on the basis of the hyper casual phenomena. An
optimal method for construction of average densities of hyper casual law distribution is proposed. The re-
ceived results are applied to semi — Markov GERT - models.
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BUKOPUCTAHHS TEOPII IETEPMIHOBAHOI'O XAOCY ITPY OBPOBJIEHHI
BIBPOAKYCTHUYHUX CUI'HAJIIB

B cmammi npoiniocmposano enemenmu meopii 0emepmin08aH020 Xaocy, GUKOPUCIOBYIOUU KL, MOJICHA
docsiemu niosuwerHst 00CMOGIPHOCIIE USHAUCHHS IHHOPMAYITIHUX NAPAMEMPIE BIOPOAKYCIMUYHO20 CUSHATLY.

Knwuogi cnosa: ammpaxmop, eiopodiacnocmuxa, npoyedypa 6xkiddeHHs, pieens 6ibpayii, meopis de-
MepMIHOBAHO20 XAOCY, Meopis camoopeanizayii (cunepeemura), ¢pazosa mpackmopis.

Beryn

[ligBuieHHs HAIIHHOCTI, €(PEKTUBHOCTI €KC-
TuTyartanii MalyvH 1 MeXaHi3MiB TOB’s3aHO 13 HE0O-
X1IHICTIO KOHTPOJIFO iX TeXHIYHOTO cTaHy. [locuTh
9YacTO MPU KOHTPOJII TEXHIYHOTO CTaHy B 3aCTOCO-
BYETHCSI BIOPOIIarHOCTHKA, B SIKIH 3 BUKOPUCTAHHSIM
NEBHUX METOJIB (OPMYETHhCS CHCTEMa O3HAK, IO
XapakTepu3ye TEXHIYHUHN CTaH MEXaHi3My.

[Ipy MOHITOpHHTY TEXHIYHOTO CTaHy O0Jaj-
HAaHHS OCHOBHHMM ITapaMETPOM € 3araJlbHUi piBEHb
BiOpalliif, EpEeBUIEHHS SKHUM JOMYCTUMHX MEX €
CUTHAJIOM JUIS TPUUHATTS BIJNOBIHUX 3aXO/IiB.
[IpoTe "acTo Ha MpaKTHLi, HE 3BaYKAIOYH HA 3arajb-
HUHM piBeHb BiOpalii, B MeXaHi3Mi PO3BHUBAIOTHCS
iHm AedekTH, BIUIMB SKUX Ha 3aralbHU piBEHb
BiOparlii crmoJyaTky HE3HAYHWH, aje depes MeSKUi
Yac MIBUAKICTH PO3BUTKY Ae(EKTy IMOYMHAE POCTH,
IO B KiHIIEBOMY BHIIQJIKy IO3HAYA€THCS Ha PIiBHI
BiOpamii. Ilpn bOMy AOCHTH BaXXKO 3armoOIrTH BH-
HUKHEHHIO aBapiiHOI CUTYaIlii.

ToMy BHHMKaE HEOOXIIHICTH Yy po3poOLi HOBHUX
METOJIIB aHayi3y BIOPOCHUIHAJIB, SIKI J03BOJISIOTH
OBl sIKICHO OmiHIOBaTH iH(oOpMamiro. OmxHUM 3
TaKUX MiIXOJIB € BUKOPHCTAHHS €JIEMEHTIB TEOpii
JIETEPMIHOBAHOTO Xa0CYy, MapaMeTPH SIKOTO € TOCUTh
YyTJIUBUMH A0 3MiHU iIHPOPMAaTUBHHUX O3HAK.

OcHOBHA YaCTHHA

Teopist camoopranizanii (cHHepreTuka) BHBYAE
MOBEJIIHKY CKJIQJHUX CHUCTEM, YMOBH iX CTIHKOCTI,
MIPUPOJTy HECTIMKOCTI 1 EBOJIIOIIID CHCTEM JalleKO
BiJl TEPMOJIMHAMIYHOT piBHOBaru. MeToau cuHepre-
THKH, SIKI SIBJSIIOTH COOOIO HIIIO IHINE SIK METOIH
HeNiHIHHOT (i3UKH, Jal0Th MOXKIUBICTH ONHCATH
0araTo IpoIECiB, sIKI CIIOCTEPIral0ThCsl B CHUCTEMAX,
30BHIIIHBO HE MAIOYM HIYOIO CHLJIBHOIO OJWH 3 OJI-
HHM, 3 JOIIOMOI'OK OJHHUX 1 THX CAMHX MaTeMaTH4-
HUX MOJIEJIeH, YUCIIO SAKUX BIIHOCHO HeBeauke [1-3].

OfHMM 3 BaXXJIMBUX 1 HAWOUIBII I[IKABUX PO3JIi-
JB CHHEPTeTHUKH € Teopis AWHAMIYHOTO Xoacy. B
JIAHWI 4Yac BUBYCHHMU IIIMH KJIAC CHCTEM, KOTpi B
JISTKAX 00J1acTsAX (Pa3oBOro MPOCTOPY, HA3UBAIOTHCS
«IABHUMH aTTPAKTOPAMID 1 MPOSBISAIOTH XaOTHJHI
BJIACTHUBOCTI.

[Ipu aHamizi BiOpOCHTHANIB arperatiB pi3HOTO
TUTy TPUHAHATO BBaXKaTH, IO XAOTHYHA IITyMOBa
CKJIQJIOBA B CUTHAJI € MPUKPOIO Mepemkoaoro. [Ipo-
T€ BUIAJKOBI KOJMBAaHHS, SIKi BUHUKAIOTh B TEXHO-
JIOTIYHUX CHCTEMaX MaloTh IETEPMIHOBAHHUH Xapak-
Tep [4]. BoHu MOpOIKYIOTHCS CaMOK CHUCTEMOIO 1
TOMY MOXYTh CIyTYBaTH BaXKIIMBUM JDKEPEJIOM iH-
(dopmaiiii ipo i1 BHYTPIlIHI XapaKTEPUCTHKH.

KinpkicHOIO Miporo, sika XapakTepusye CTaH
JMUHAMIYHOI CHCTEMH MOXE CIYyryBaTH (ppakTanbHa
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PO3MIpHICTh JMBHOTO aTpakTopy. HukHs oOIiHKa
i€l BEJIMYMHA BU3HAYAETHCS NUITXOM BUPAaXyBaHHS
KOpEJSIIiHHOT pOo3MIpHOCTI 3a MeToauKo [lakkap-
na-Takenca [2, 3]. Bapro BiAMITHTH, 1110 ITPOLIEAYpa
[Nakkapna-TakeHca g03Bostst€e ineHTU(DIKYBaTH, TKUM
€ JDKEpeso BUIAJKOBHUX CUTHAIIB — JIeTEPMiHOBA-
HUM YM IIYMOBHM. SIKIIO JIIarHOCTYEThCS JE€TEPMi-
HOBaHMIA Xa0C, TO Il O3HAYae, MO CUCTeMa KepoBa-
Ha, TOOTO 3MIHOIO JICSKHUX MapaMeTpiB MOKHA BIIO-
psaakyBatu i pyx [4].

Y Oyap-IKOMY BUNAJAKY ITOYaTKOBAM ETarioM
JUIS JOCIIDKEHHS CUTHAJIIB METONAMH HEJIHIHHOT
JUHAMIK{ TIOBUHHA OyTH TpolLieAypa PEeKOHCTPYKIIT
(a3oBoi TpaekTopii TUHAMIYHOI CHCTEMH, IO IIO-
polLKye curHayi. €JIMHHM METOJIOM, IO JO3BOJISIE
PEKOHCTPYIOBAaTH XapakTep $a3zoBoi TpaeKTopii cuc-
TEMH Ha OCHOBI aHaJi3y eKCIePUMEHTAIbHO OTPH-
MaHOTO0  CUTHaJy, € Tpoleaypa BKJIAJCHHS
(embedding procedure).

ITimcraBoro ISt Takoro MiTX0ay € Teopema Ta-
KeHca [5], sika CTBEpIKY€E, 10 HUISIXOM IPAaBUIBHO-
ro miadopy po3MipHOCTI m 1 mapaMmeTpa 3aTpUMKU T
MOKHa oTpuMatu (m+1)-mipHuil (azoBuil oOpas,
SIKUI JJOCUTH TIOBHO BiJI0Opaka€e BIACTUBOCTI iCTHH-
HOI TpaekTopii MUHAMIYHOI CHCTEMH Yy (Ha30BOMY
npoctopi. PiBHAHHS 1€l CHHTETUYHOI TPAEKTOPIi
MOKe OyTH 3aIUCaHO Yy BUIIISIL Z ; 41 = X (t - i7), e
iHgeKc (i+1)-HoMep KOOpAWHATH PEKOHCTPYHOBaHO-
ro ¢aszosoro npocropy Z = {zy, ..., 2 +1}, a Iapa-
MeTp I IpuiiMae MiIouucensHi 3Ha4eHHs Bijg 0 10 m.
B excriepuMeHTANBHUX JOCTIDKEHHSIX JUHAMIKA
JlaHa MpoIielypa Ha3UBAEThCS BKIAJICHHSAM KpaTHOC-
Ti m, a poeKIii ofiepyBanoro (m+ 1)-mipaoro ¢a-
30BOro 00pasy {zi, ..., 2 ;+1} Ha IJIOIMUHY {Z j, Z ¢},
Jie j <> k MOXyTb NpUiMaTH 3Ha4YeHHs Bif 1 10 i+1,
KapTamu 3aTpuMKH. CTBEpIKYETBCA, IO PO3MIip-
HICTh CKJIQAHHUX IPOIIECIB 3a3BHYAN 3HAXOAHWTHCS B
Mexax Big m = 3 qo m = 6. Takum yuHOM, pO3Mip-
HICTh BiIMOBITHUX (Pa3oBUX 00pa3iB Bix 4 1m0 7.

[Ipn mpoBeneHHI MpoueaypH BKIAJACHHS BaK-
JIUBUM TIApaMETPOM € 3aTPUMKa 7, sIka He 000B'SI3K0-
BO TOBHMHHA OyTH piBHA IHTEpBAIy AUCKpPETH3AIlil /1
npu nudpoBomy anamizi. Haitwacrime ii BuOuparors,
BUXOJISTYM 3 OYIKYBaHOTO a0O OI[iIHEHOIr'0, HAIpH-
KJIaZl, 32 METOIOM aBTOpErpecii, mepiomy OmHIel 3
TOJIOBHHUX MOJ Tporiecy. B ocTanHbOMY BUMAIKy 3a
nepioJ] MPUNMArOTh YaCOBUM 1HTEpBaJ, SKHH BiJlO-
BiJIa€ TIEPIIOMY IEPETHHAHHIO KPUBOi aBTOperpecii
3 BicClo a0cIuc.

Ha mpaxTtuui ¢opma xBuii BiOpauiiiHOro cur-
HaJly € OJHOMIPHUM DSJIOM 3HAa4YeHHsl piBHS BiOpa-

i1, OTPUMAHUM 3 MEBHOIO AUCKPETHICTIO, SIKUH I10-
TiM 00pOOJISE€THCS OAHUM 3 METOIB 00pOOKH BiOpO-
CUTHAITY.

Ha mepmuii moryisg 34a€Thes, IO MOCIIA0B-
HICTh 110 €JTUHIN 3MiHHIN JJa€ TOCUTH OOMEXKEHY iH-
(hopmarito npo gociipKyBanuii 00’ekT. [IpoTe BH-
SIBIISIETHCS, 10 YaCTOTHA TIOCIIJIOBHICTE OHIET
3MIiHHOI MiCTHTh Habarato Oimpmry iH(pOpMaIito —
Ma€ CIiJU BCiX 3MIHHHUX, 110 OepyTh y4acTh B OIU-
CaHHI JMHAMIKH CHCTEMH, a TAKOXK JI03BOJISIE OE3MO-
JIETBHAM CIIocoO0OM ieHTHdIKyBaTH Jeski ii KiTro-
YOBi OCOOJIMBOCTI.

Hexaii, A (?)- 4acTOTHa MOCIIOBHICT €KCIIe-

PUMEHTAIbHO BUMIPSIHUX aMIUTITY]] BiIOPOMIBUAKOCTI
KOJIMBaHb, SKi 30Yy/UKYIOTBCS KOPITyCOM arperary.
Tak sIK monepeaHbO He OIMMPAEMOCS Hi Ha SIKY KOHK-
peTHy Mojeib, To Oyno O OakaHO BiTHOBUTH IIFO
JMUHAMIKY BUKIIOYHO Ha OCHOBI BiJJOMOI ITOCIIiZOB-
HocTi A (7). 3 wmiero MeTor0 posrisiHeMo (a3oBuii

mpOCTip, YTBOpeHMit 3MiHHMME {A } k=0,.,n—1.

CraH AocHiKyBaHOTO O0’€KTa B IbOMY IPOCTOPI
BIAIIOBiZA€ TOYIl, a IOCIIJOBHICTh CTaHIB, SIKI BiH
NPOMIIOB, BU3HAYAE JESKY KPUBY — (ha3oBy Tpaek-
TOPIt0. 3 YaCOM B CHUCTEMIi BCTAHOBJIIOETHCS JIEAKUN
MOCTINHUHN PEXHUM, SIKIIO TUTHKUA JUHAMIKA CHCTEMHU
3BOJIUTBCSI 10 CYKYITHOCTI JIETEPMiHICTUYHUX PiB-
HSIHb, 10 ONUCYIOTh JAUCUNATUBHI potiecH. Lle 3Ha-
XOJIUTh BiJOOpaXXeHHsI B 301’KHOCTI CiMEHCTB (a3o-
BUX TPAEKTOPIH 70 JeAKOI MiAMHOXHHUA (Da30BOro
npocropy. Llfo iHBapiaHTHY MiIMHOKUHY TPUIHSTO
Ha3MBaTH aTTPAKTOPOM.

TakuMm 4YMHOM, TIPU JOCTIJKCHHI JUHAMIYHUX
MPOIIECIB eKCIUTyaTallii o0JiaiHaHHS MO Oyb-sKil
MOCITIZIOBHOCTI €KCIIEPUMEHTAIBHNX JaHuX He00-
XiHO imeHTH(IKYBaTH aTTPAKTOp, SIKIIO BiH iCHYE.
[HmMMu cnoBamM, TOTPIOHO BCTAHOBHUTH, UM MO-
JKYyTh BJIACTUBOCTI 00’€KTa, MO MOCIHIIKYETHCA 3
JIOTIOMOTO0 Li€1 TOCIiIOBHOCTI, PO3TISAaTHCS SIK
NposiB JeTepMiHOBaHOI (DyHKILIT 4 B Hili MiCTUTBCA
JIeTKUH HEYCYBHHHN €JIEMEHT CTOXACTHYHOCTI.

SIxmo Oyzae BCTaHOBJICHO, IO aTTPAKTOP iCHYE,
TO B&KJIMBY anpiopHy iHdopmarlio Hece Horo pos-
MipHicTh V. Po3MipHicTs V J1a€ HaM BKpail BaxIIu-
BY XapaKTEPUCTUKY AMHAMIKH JKEpesia CUTHAIIB.

Jns BU3HAYCHHS MiAXOJIIOro HaOopy 3MiH-
HHX, III0 CTBOPIOIOTH (ha30Buil MPOCTip, 3py4HO PO3-
BEPHYTHU BUXIJIHY 9aCTOTHY TociifoBHICTE A (f) B

psia HAOOPIB 3 MOCHIOBHO 3POCTAlOYMMHU 3CYBaMH,
BU3HAUYCHUMH SIK BEJIMUMHM KpaTHi Jesikii QikcoBa-
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Hilf 3aTpumui r - pisHuni ¢az (r =mAf ), ne m —
e i Af - iHTepBan MiX IMOCIiIOBHUMHU BHOIpKaMn).
To0Oto, BHOMparo4n 3 Ha0Opy EKCIIEPUMEHTAIBHUX
OPUXOAMMO JI0 HACTYHHOTO Halopy
JIUCKPETHUX 3MIHHUX:

AOAO(-f‘l)”A[)(fN)’
A A +1)0 Ay +7); (1
A A f+m=Dr),., A (f, +(=Dr).

aHUX,

[Ipu HamexHOMY BHOOPI 7 MOXKHA CTIOZIBATHCH,
o 1l 3MiHHI OyAyTh JIIHIHHO HE3aJIC)KHUMU, a IIe
€IMHA BUMOTa, HEOOXiaHA TSl BU3HAUCHHS (ha30BO-
ro mpoctopy. I[Ipudgomy, BCi 11i 3MiHHI MOYKHa OTpH-
MaTd B OJHIM YacOBiM MOCIIJOBHOCTI, SKa BIJHO-
cutbest 10 A,(f), 10 BU3HAUECHA €KCIIEPUMEHTATIb-

Ho. JIMBHI aTpakTopu SBISIOTH cO00r0 (ppakTanbHi
MHO>KHHH, TOJIOBHI BIIACTUBOCTI SKUX BH3HAYAIOTHCS
PO3MIPHICHUMH ~ XapaKTepUCTUKAMH  (PO3MIpHICTb
Xaycnopda, xopensiiiiHa po3MipHicTh). HaiOinbi
MIPOCTO BU3HAYAETHCS KOPEIALIHA PO3MIPHICTE V 3
JIOTIOMOT OO0 KOPEJISIIIHHOTO iHTerpana

1y .
C(e)=lim > (e -|4 -4, @)

ne 0(z) - dynkuis Xeicaiia, a came

1,z>0;

0(z) =
0,z<0.

Tyt A; — BEeKTOp, MO OMHUCYE TOJOKEHHS BiJI-
MOBIIHOT TOYKH Yy (Pa30BOMYy TPOCTOPI B JEAKHN
MOMEHT vacy ¢, =t,+ir(i=1,...,N), ne r - nesxuii
3aJlaHuil POMIKOK 4acy, N — 00’emM BuOipku. 3Ha-
yenHst C(€) BU3HAUYAE BIJIHOCHE YHCJIO Map TOYOK,
BIICTaHb MIXK OYIb-STKHMH TBOMa CYCIITHIMH 3 SIKUX
He mepeBuiye €. [lpn Mammx € KopemsamiiHui iH-
terpan C(g) =¢€", TOMy pO3MIpHICTH V MOXXHA BH-
3HAYUTH 10 TAHT'CHCY KyTa Haxwiy 3ajexHocTi InC
BiJ In€, orpumanoi pospaxynkom C(g) mo dpopmy-
7i (2) npu pi3HUX 3HAYEHHAX & MJIS1 IOCTAaTHBO Be-
aukux N. B posrisHyTOMy BHIAAKY JIOCTOBIPHO
BUMIPSHOIO € JIMIIE OFHa i3 KOOPAMHAT BEKTOpa
A (f), a came amrutityaa BiGporuBuakocti. B mosi-

OHMX BUNAQJKaX JUIA BiJTHOBICHHS PO3MIpHO-
JIMBHOTO aTTPAaKTOPy BHKOPUCTOBYIOTH MPOLICAYPY
[Takkapna — TakeHca.

Hexait 4, —  peani3anis oHi€el 3
KOOpMHAT (aszoBoro POCTOpY CHCTEMU
A(f):A =A(t),i=12,..,N. Beeremo B posr-

TSI HOBHH (pa30BUil mpocTip (MpocTip BKIaJICHHS),
PO3MIPHOCTI 71, TOYKH SIKOTO BH3HAYAKOTHCS BEKTO-
pamu

"= {Aj’Aﬂl’“"Aﬁm }’ ©)

SKi CKOHCTpYHOBaHI 3 TIOCITIIOBHUX 3HA4YeHb BEIH-
ynan  A(j =1,2,...,.=N —m+1). Ilpu 3mini ¢
OTPUMAEMO B IILOMY IIPOCTOPI TPAEKTOPIIO, IO Bij-
TBOPIOE JIESIKY MHOXKHUHY, KOPEISIIHHY PO3MIpHICTD
AKOI V, MOXKHAa BMPaxyBaTH 4Y€pe3 KOPENALIHHMN

IHTEeTpa

5 (M) 5m)

cm(g)zg;ﬂizie(a—yj —yk) @)

n =l

mo Haxwry 3ayiexxHocTi InC,, Bix In€. Maroun po3s-
MIpHICTh BEKTOpA ), POAHANII3ye€MO 3aJI€XKHICTD V
Big mm. O4eBUAHO, 10 TPU MAJIUX 71 PO3MIPHICTH V
13 301IbILICHHSM 711 IOBUHHA 301nbIryBatucs. [Ipore,
SKILO BUIAIKOBUN CUTHAII € MPOSBOM JIETEepMiHOBa-
HOT'O XaoCy, TO TIpU JCIKOMY m=miy BEIHYHHA M
nepectae 3poctat. JlocsSrHyTe mpHu bOMy 3HAuCH-

HA V, 1 IPUMMAEThCA 3a PO3MIPHICTE V, JIMBHOTO

0
aTTPaKTOPy BUXIJHOI CUCTEMH 1 Ha3HBAETHCA PO3-
MIpHICTIO peanizamii. fIKmo sk picT VvV, NpOIOB-
JKYETBCsI 0€3 HACHYEHHSI, TO 1Ie CBITYUTH PO Te€, 1110
CHUTHAJI, SIKMH CIIOCTEPITracThCsl, € «OITUM [HIyMOMY.
TakuM 4YMHOM, 3BUYAWHUN IIYMOBHUM BHIIAJIKO-
BUH IIpoLleC MOXHA PO3IJLIIATH SIK PyX CUCTEMH Ha
aTTpakTopi Oe3kiHeuHOi po3mipHOcTi. KiHmeBa po3-
MIpHICTb V, O03Hayae€, W0 JAHWUH CHIHAIl MOXKHA

BiI[HOBI/ITI/I 3 JOIIOMOI'0IO I[I/IHaMi‘IHOi CHCTCMH.

BucHoBku

®da3oBuil TOPTPET 1 HOTO PO3MIPHICTH peaiiza-
Iii OJHO3HAYHO OMNHCYIOTh CTaH BiOPOCUTHANY.
Haiimenmri 3MiHu B curHaii BimoOpa)karoTbCs SIK B
CTPYKTYpi (ha30BOTO TOPTpETy, TaK i B 3HAYCHHSX
po3MipHOCTI peaizalii. Xapakrtep AedeKTy, o po-
3BHBAETHCS B arperari CIiiji BU3HAYATH TOPIBHSIHHSIM
CTPYKTYpH (ha30BOro MOPTPETy BiOpocHrHATy 31
CTpyKTypamu (ha30BHX MOPTPETIB «EIEMEHTAPHHIX
CUTHaJIiB. AHali3 3HAa4eHb PO3MIPHOCTI peamizamii
(ha30BOTO MOPTPETy BIOPOCHTHANIY B 4Yaci JI03BOJISIE
BU3HAYUTH MOMEHT 3apOJKCHHS OyIb-SIKOTO JIe(eK-
Ty, KOJIM 3Ha4eHHS HOT0 BiOpaIliifHOT CKJIaJOBOI HisIK
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