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CTpyKTypHasi HaaeXHocTb. Teopusa 1 NpakTuka

Yepkecos .H.

O KPUTEPUAX BbIBOPA KOMITJIEKTOB 3UIl

B cratbe 006Cyxa[alTcs KOHLEeNTyaslbHble BOMNPOCkl CO34aHus 3anacoB AJisi BOCCTaHOoB/IeHusT paboTocrio-
COBHOCTU TEXHUHECKMX CUCTEM, B TOM YMCJI€ BOMPOCHI Bbibopa komriekTtoB SUI u kputepueB vx ontu-
Mu3aumn, COOTHOLLEHUS [BYX CrIOCOOOB yCTPaHeHUsI 0TKa30B — MyTEM PEeMOHTa U MyTeM 3aMeHbl OTKa-
3aBLUero 3/IeMeHTa Ha 3arnacHylo 4acTb. Yka3blBaloTCs HeAOCTaTKu UCTOJIb3YEeMOU B MPOMbILLIEHHOCTU
nPUGINXKXEHHON METOANKM pacyeTa HaaeXHOCTU cuctem ¢ ydetom 3UTI.

Knro4eBble csoBa: HagexXxHOCTb, BOCCTAHaBMBaeMasi CucTtema, 3arnacHasi 4actb, komraekt 3UTl, nokasa-
TeJlb 4OCTartO4YHOCTU, cTparerusd rnorioJiIHeHvsl.

BBepeHue

B nocnennee BpeMsi yCHITMIIOCh BHUMaHKE CIIEMAIMCTOB B 00IaCTH HaZe:KHOCTH K Tipobneme 3UIT.
3TO MOXHO OOBSICHUTD CIECAYIONIMMHU TPUIMHAMU:

Bospacraromas pons 3UI1 kak 0JHOTO U3 INIaBHBIX peCypcoOB 00eCIIEUEHHS HaIEXKHOCTH COBPEMEHHBIX
CUCTEM, 0COOEHHO BBICOKOTEXHOIOTHYHBIX cucTeM (hi-tech);

Henocrarounoe pazBurre METOI0B TEOPUHN HAZECKHOCTH BOCCTAHABIMBAEMBIX CUCTEM, KOTOPBIEC YUH-
TBHIBAJIM ObI 0COOEHHOCTH 3TOTO XOPOIIO U3BECTHOTO B MHKEHEPHO MPAaKTHKE pecypca;

[TonnmaHue HeCOBEPIIEHCTBA METOJUK pacueTa HaJAeKHOCTH u3aenuil npu Hannuuu 3UII, kotopsie
HCIIONIB3YIOTCSA B IPOMBIIIJIEHHOCTH U IOJJAEPKUBAIOTCS aBTOPUTETOM JEHCTBYIOIUX HOPMATUBHBIX
noxkymeHToB ypoBHs 'OCT u P/I;

ObocTpeHHOe BHUMaHUE K MpoOsieMe HAJIe)KHOCTH B IIEJIOM, B CBSI3H C YYACTUBIIMMUCS CIyYasiMH
CEPBE3HBIX IPOUCIIECTBUN B PsAJIe OTBETCTBEHHBIX CUCTEM M3-3a OTKa30B TEXHUKHU.

K aTOMy MOXXHO 1T00aBUTH COBEPIIIEHHO €CTECTBEHHBIE B COBPEMEHHBIX YCIIOBUSX MPOSBICHNUS KOHKY-
PEHLINN IPOrPAMMHBIX CPECTB, IPEAJIaraéMbIX IPOMBIIIUICHHOCTH U1 OAACPKKH PACUE€TOB U OLICHKH
komruiekToB 3UII. O6 3TOM CBUAETENBCTBYET, B YACTHOCTH, MyOIHKanus cTaThu [1].

O4eBHUIHO, UTO HEOCTATKU METOAMK pacueTa 1 olieHKH koMiiekToB 3UIT npuBoasT k ommokam aByx
TUTOB: IN0O K He0O0CHOBaHHOW M30bITOUHOCTH KOMIUTEKTOB 3UIT, 1100 K HEBBIMOTHEHHUIO TPEOOBAHHIA
K HaJie)kHOCTU. U mepBoe, 1 BTOpOE, B KOHEYHOM cueTe, 000pauynBaeTcs NpsiMbIMU SKOHOMHUECKUMH TT0-
TEpsIMH, HHOTJIa BECbMa 3HAYUTEIbHBIMMU, a B PSJIE CIIy4aeB U APYTMMHU HE MEHEE OLLy TUMBIMU IIOTEPSIMU
(mpectuxa, yTpaToil NO3UIMI Ha BHYTPEHHEM U MEKYHApOIHOM PhIHKAaX U Ip.).

B nanHoOI cTaThe 00Cyk1a10TCs aKTyaJIbHbIE BOIPOCHI poekTupoBaHust koMiuiekToB 3MI1 u naercs cpas-
HUTEIbHBIN aHAIN3 pa3InyHbIX MeToauK pacueta 3UII u HanesxxHocTn usnenui, ucnonb3yroumx 3UIT.
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O KPUTEPUAX BbIBOPA KOMMJIEKTOB 3UnN

1. AKTyaJsibHble BOMNPOCHI NPOeKTupoBaHna Komnsekrtos UM

B Hactosmiee Bpemst HanboJjiee akTyaIbHBIMA MOYKHO TIPU3HATH CJIEIYIONINE BOMPOCHI:

1.1. KakoBa rmaBHas 11eJ1b co31aHus KoMIiekTa uiu cucreMbl 3UIT: obecnieuenne TpeboBaHuit K Ha-
JICKHOCTHU WJIW YIyYIIICHHUE TIOKa3aTeIe TEXHMUYECKOTO 00CTyKuBaHus? B 3aBHCMMOCTH OT OTBETa Ha
ATOT BOMPOC MPOBOAUTCS BHIOOP THITA TTOKA3aTeNs, KOTOPBIM MOMJIEKUT HOpMUpPOBaHHO. Eciu 1enbro
SIBJISICTCS YITYUIIICHUE TTOKa3aTeIe TEXHUYECKOTO OOCTYKUBAaHHUs, TO HOPMHUPOBATh HAJI0 TTOKA3aTeNb J10-
crarounocty komruiekra 3UIT. Eciu sxe 1iembio sBisieTes yaydiieHue HaJeKHOCTH, TO HOPMHPOBATh HAJIO
MoKasaresb HaJe)KHOCTH Ha OCHOBE TPEOOBaHMH, 3aJaHHBIX B TEXHUYECKOM 3a/IaHUH HA U3JIeITHE.

1.2. Ecnu npu3Hath, 4To 1Eabl0 co3nanus komruiekta 3UII sBnseTcsa ymydiieHue HaAeKHOCTH, TO
MOJKHO JIM B 3TOM ciTydae mpoekTupoBath komruiektT 3UIT mo mokasarento qocrarounoctu? Ecnu na, To
BO3HHKAET CJICTYIONTUH BOTIPOC.

1.3. Kak HaliTu HOpMaTUBHOE 3HAYEHUE MMOKA3aTeNs JOCTATOYHOCTH, TI0 KOTOpoMY OyzeT ¢popMupo-
Batbcs KoMruiekT 3UII, mpu Hamuuuu BHEITHUX TpeOOBaHUM (B TEXHUYECKOM 3aJIaHUH) K TIOKA3aTEII0
HaAeKHOCTU?

1.4. Ecnmu dpopmupoBanue komruiekta 3111 u ero onTumMu3amnus mpoBOAUTCS MO TTOKA3aTENI0 JOCTATOY-
HOCTH, TO MOXKHO JTH CYJIUTh O KaueCTBE 3TOTO pecypca 1o 3HaueHuto [1J1? Hampumep, ecnu koadgdurmeHt
roroBHOCTH KoMIuiekTa 3UII pasen 0,95, To 3170 MHOTO MK Masio? A eciiv oH paBeH 0,2, 3HAUUT JIU 3TO,
YTO KOMIUIEKT HE IOCTATOYEH M B ATOM CMBICIIE MaJl (HEIOCTATOUYHO BEJHK)?

1.5. Beerna mu komriekt 3UIT kak pecypc obecriedeHus HaAe)KHOCTH U 3aMeHa 0TKa3aBIIETo JIEMEHTa
Ha pabOTOCIIOCOOHYIO 3aMacHyI0 YacTh KaK MPOIeypa BOCCTAHOBICHHS pPabOTOCTIOCOOHOCTH HU3ICTHS
MOTYT 00€CIIEUHNTh TOBBINICHNUE HAJIGKHOCTH HEPE3epPBUPOBAHHBIX cucTeM? Hampumep, MOKHO U HC-
nmosib30BaTh kKoMmIuiekT 3UII, ecnu HepesepBUPOBaHHOE U3JEINE PadOTAET B PEKUME HEIPEPHIBHOTO
nutenbHoro npumenenus (HITJIIT) u ayis Hero HOpMHUpyeTCst ToKazareiab 0€30TKa3HOCTH?

1.6. Eciii mpu oTBeTax Ha BOMPOCH! 1 — 3 cOmacuThes ¢ TeM, 4TO 1eNblo co3aanus komruiekta 3UIT
SIBJISICTCS TIOBBIIIICHUE HAJIEKHOCTH, HO sl (hopmupoBanusi komruiekta 3UIT crneayer mcmonab3oBaTh
nokasarens goctarounoctu (I11), n ecu mpu 3TOM Kak-TO yaaeTcst HaWTH HopMaTuBHOE 3HaueHue 111,
COOTBETCTBYIOIIIEE HOPMATUBHOMY 3HAYEHUIO MMoka3aresns HaaexxHocty (ITH), To Bo3HuKaeT crieayromiuit
BOIpoc. MOXHO JT TPOBOAUTE onTUMu3aruio komriekra 3UIT mo kpureprto MUHUMyMa CyMMapHBIX
3arpar Mpu BeINoaHEeHUH TpeboBanuii k [1/] (mpsimast 3agaga onTUMH3AINMN) HIIA ONMTUMHU3AIIHIO TI0 KPH-
teputo makcumyma I1JI mpu orpaHnueHUsX Ha cymMMapHbIe 3aTpaThl (0OpaTHas 3amada)? Ecnu ma, To
€CTb JIM YBEPEHHOCTh B TOM, YTO KOMILIEKT, ONITUMAIbHBINA 110 Kputeputo 1], Oymer onTuMaibHBIM U
pu ucnoiib3oBanuu orpanndeHunit Ha [TH (mo kpurepuro [TH)? A eciu HET, TO BOSHHKAET CIIETyONTUI
BOIIPOC.

1.7. Ecnu mpu3HaTh HEIenecoo0pa3Hoi ONTUMH3AIINIO ¢ UcToiab3oBanueM [1]1, To 3auem Toraa Hamo
HopMupoBaTh 1] 1 BOOOIIIE €ro BEIYUCIIATH?

1.8. B Hacrosmiee BpeMsi BOIPOC OIIEHKHU U onTuMu3anuu koMmiuiekta 31T nepeBeieH B MpakTHYECKYO
I0CKOCTh. IMeeTcs1, 1o KpaitHe# Mepe, Tpu nporpaMMHbIX komiuiekca (I1K), kotopsie pean3yroT aHa-
JIUTUYECKHE METOBI OIIEHKH U onTuMu3anuu komruiektoB 3UIT: POK329PCHU3 [2], ACOHUKA-K-3UII
[3], IHTEJUUIEKT-3UII [4]. Kpome Toro, umeetcs emie oaun [IK ACOHUKA-K-POC, koTopblii HCTIOJb-
3yeT i pacuera komruiekta 3UIT meTon crtatuctuueckoro moaenupoBanus [1]. OHu pa3BuBaroTCs B
00cTaHOBKE 370pOBOI KOHKYpeHIHH. B padote [1] mpuBoauTcs kputuka ogHoro u3 [1K B monb3y apyroro
IIK — xpuTHKa BIOJTHE TMOJIE3HAS M HANPABJICHHAs] HA TTOMCK HAMIYYIINX 00JacTel MPUMEHEHHUS TIPEI-
JIaraeMbIX MPOMBIIIICHHBIX cpeACcTB. HO B CBSI3U ¢ 3THM BO3HHMKAET Borpoc: «Kakue MeTonbl U cpeacTra
MIPOTrPaAaMMHOM TIOJJIEPKKH CIISAYET PEKOMEHI0OBATh MPOMBIIIIICHHOCTH /IS PAKTUYECKOTO TPUMEHEHUS
C YYETOM BCETO KOMILJIEKca CPOPMYTUPOBAHHBIX BOTIPOCOB?»
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O KPUTEPUSAX BbIBOPA KOMMJIEKTOB 3UN

Yurarenb HE HaWAET B CTaThbe TOTOBOIO OTBETA HA MOCTABICHHEIC BOIIPOCHI, HO 6YJICT OTKpbITA JUC-
KyCCHS U U3JIOKCHA ITO3UIHA aBTOPA 110 BCEM YIIOMAHYTLIM aCIICKTaM HpO6HeMLI.

2. MaBHag uenb co3pgaHua Komnaekrta unv cuctembl UM

[To moBoxy nenu cozaanus komiuiekta 3UI1 B HOpMaTUBHBIX JOKYMEHTAX UCIIONB3YIOT (POPMYIHPOBKH,
noryckatronie HeogHozHagHoe TonkoBanue. B 'OCT B 15.705-86 yrBepakmaercs, 4To eI pa3paboTKH,
MIPOM3BOCTBA U HCTIONIb30BaHUs KoMILIeKTOB 3UI1 siBisieTcst MOCTOSIHHOE MOJepKaHe Py SKCILTyaTa-
U pabOTOCTIOCOOHOCTH U3IENUS TPOBEACHUEM TEXHUUECKOTO (PETTIaMeHTHUPOBAHHOTO) OOCITYKUBaHUS,
MJIaHOBBIX U HeraHOBBIX peMoHTOB. B TOCT PB 27.3.03-2005 yka3bIBaeTcsi, 9TO OJUHOYHBIC U (HJIH)
IpYIIOBBIE KOMIUIEKTHI 3aMIaCHBIX YacTel, MHCTpyMeHTa U ipuHaanesxxnoctei (3UI1) nnm aByxXypoBHEBbIe
cuctembl 3UI1 npegycmarpuBaroTces 11 o0ecriedeHrs Haie)KHOCTH (PEMOHTOIIPUTOAHOCTH ) u3aenuid. B
pykxoBosiiem qokymente P/ B 319.01.19-98 ykazano, 4To HACTOSIIIMI JOKYMEHT pacpoCTpaHsIeTCsl Ha
BOCCTaHaBIIMBaeMbI€ 1 00CITyKHBaeMbI€ B yCIOBHX SKCIUTyaTalluU: allliaparypy, IpruOopskl, yCTPOHCTBA,
o0opyaOBaHUE U Ipyrue u3enus, TpeOoBaHUs K HaJEKHOCTU KOTOPBIX, B TOM YHcie TpeOOBaHUS 1O
J0CTaTOYHOCTU U 00beMy KomiuiekToB 3UII 3a1anbl B HOpMaTHUBHBIX IOKyMEHTaX.

Orcrona cienyer, uro 3UII co3maercs, ¢ 0MHON CTOPOHBI, 111 0O0eCTIeUeHUsT HaAC)KHOCTH, MOAACP-
)aHus paboTocrmocoOHOCTH (0€30TKa3HOCTH, TOTOBHOCTH ), BBIMIOJHEHHS TPeOOBaHUN K HAIC)KHOCTH.
C npyroit cTOpOHBI, OH HYKEH JJIs1 00€CIIedeHUs] PEMOHTOIIPUTOIHOCTH, TPOBECHUS] TEXHHIECKOTO
00cITy’)KUBaHMs B MHTEPECAX MOAACPKaHUS pab0TOCTIOCOOHOCTH. A PyKOBOISAIINMA JOKYMEHT JOTYyCKa-
€T, UTO B COCTaBe TPeOOBaHUU K HAJCKHOCTH 33JIAFOTCS TPEOOBAHMS K MOKA3aTeIsAM JOCTAaTOUHOCTH
u 00bemy kKoMruiekToB 3UII.

Ecau BBIICISATE B 3TOM MHOTOOOpAa3WM TJIaBHYIO II€JIb, TO BCE-TaKH €CTh OCHOBAHHUS CUMUTATh, YTO
IJIaBHOM 11€JThI0 B HOPMATHUBHBIX JIOKYMEHTAX OOBSIBISAETCS 00ecTeueHrne HaJeKHOCTH. DTO BIIOJTHE CO-
OTBETCTBYET U JIOTUKE MTPOCKTUPOBAHMS, M 3a7]a49aM IKCILTyaTalllH.

3. Kputepumu pocrtaroyHoctu komnnekra 3UIM

[Ipu Be1OOpe xommuiekTa 3UII cneayer ykaszarh kputepuanbHylo GyHKIHIO. B HacTosiee BpeMs
€CTbh, 110 CYIIECTBY, TOJBKO J[BA MPEAJIOKEHUS: B KQYECTBE KPUTEPUS HCIIOIb30BATh JINOO MOKa3aTeln
ToCTaToYHOCTH (Kod(ddummeHT roToBHOCTH 3amnaca (komiuiekta 3UII) nmu cpennee Bpems 3aIepKKH B
YIIOBJIETBOPEHUH 3asIBKH ), TUOO MOKa3aTesn HaJASKHOCTH (0€30TKa3HOCTH, TOTOBHOCTH).

Ecnu ncnonp3oBaTh mokaszareiay 1OCTaTOYHOCTH, TO BOSHHUKAET JBa Bompoca. [I0cKkobKy THI CXeMbl
BHYTPEHHETO PE3epPBUPOBAHUS B M3/CIMU HE BIUSET HAa MOKa3aTelld JOCTAaTOYHOCTH, a Ba)KHA JIUIIb
CyMMapHasi HHTEHCUBHOCTb 3asIBOK Ha 3allacHbIE AJIEMEHTHI, TO €AUHCTBEHHBIM U YHUBEpCaIbHbIM [1]]
cTaHOBUTCA KO3 duimeHT roroBHOCTH 3anaca (komruiekra 3UIT). [Toatomy 1t BEIOOpa WM ONTUMU-
3aruu komruiekTa 3UIT Heobxonumo 3HaTh HOpMaTtuBHOE 3HaYeHUe [1J]. OHO MOMIEKHUT BHIYUCICHUIO
C UCMOJb30BAaHUEM HOPMATHUBHOTO 3HAYEHMsI 33JJaHHOTO TOKa3aTess HajaeKHOCTH. W mepBslil Bompoc
COCTOHUT B TOM, Kak 3To cnenarb. [IpuBenennyto B 2, ¢.16] popmyny cBsizu

mp — gmp
K2,3HH - Kz /Keoc (1)
MOKHO HUCITIOJIb30BaTh TOJBKO IIPH BBIITOJTHCHUHN IBYX YCHOBPIP'IZ HOPMHPYECTCA KOB(l)(i)I/IHI/IeHT TOTOBHO-

CTH W3/ICJIHSI, ¥ B M3/ICIHH HET pe3epBUPOBaHUs. [Ipr HOpPMHUPOBAHUH JPYTOTO MMOKA3aTessl HAJACKHOCTH
(Hanmpumep, cpeaHel HapaOOTKU 0 0TKa3a, BEPOATHOCTH OE30TKA3HOW PabOThI) WITH MPH HATMYHUH BHY-
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TPEHHETOo pe3epBUpOBaHUs B uznenuu Gopmyny (1) ucmonb3oBaTh HENMb3s. A 3a7a4a HAXOXKICHUS CBA3H
HopMmaTuBHbIX 3HaueHu# [1J] u ITH mo cioxHoCcTH cpaBHUMA C 3a7a4eld MPsIMOTO pacyeTa HaIeKHOCTH
W3/1eNIis TpU KOHEYHOM 3anace B komruiekre 3UII.

Koneuno, moxxHo HopmupoBath [1]1, He cBsi3bIBas 3TO 3HaYE€HUE C HOpMATUBHBIM 3Ha4eHueM [1H, Ho
TOT/Ia BOSHUKAET BTOPOM BONPOC: KaK mpu u3BecTHOM KomruiekTe 3UIT oniernTh hakTudyeckoe 3HaUCHHE
[TH. ®opmyna [2, c.16]:

Ke = K2,3HHKeoo (2)

BEpHA TOJIBKO JJIsl pacyeTa MoKas3aress TOTOBHOCTH M3JEIHsS MPU OTCYTCTBUU BHYTPEHHEIO pesep-
BUPOBaHMA. /sl Apyrux cily4aeB UCIOIb3YETCS MOAEIb HAJEKHOCTH BOCCTAHABIMBACMOIO M3EIHS
npu HeorpanudeHHoM 3UII, B koTopoil IpOBOAUTCS KOPPEKIUS CPEAHETO BPEMEHU BOCCTAHOBIICHUS 10

dbopmyie:
To =Taso + Alyyy_o. 3)

DTOT METOMYECKUI preM JaeT MpUOIMKEHHOE 3HaUeHUE MTOKa3aTelsl HaJeKHOCTH C HeHCCIe10BaH-
HOU MOTPENTHOCTHI0. be3 OlleHKH U KOHTPOJIS MOTpentHoCTH BhIOop komruiekTa 3UIT MmoxkeT okazarbes
HEBEPHBIM.

B paznuuHbIx MeTOIMKAX pacyeTa KZ, 3717 TOKE BOBHUKAIOT pasHoriacus. Tak, B pabore [8] BbICKa3bIBa-
eTCsl PEJIOKEHHE O TOM, YTOOBI HCKIIFOYUTh CUTYAINH, Koraa B coctaBe komiuiekta 31T ects no3unuun
C HYJIEBBIMU HayaJIbHBIMU 3allacaMu, U MpUepKuBaThcs npuHiuna noiaHotsl 3UIL. 1o npennoxenue
HE BBIJICPKUBACT KPUTHKHU. Bo-1IepBbIX, B COCTaBe U3/ENNs MOTYT ObITh JOPOTOCTOSAIIUE MOYIH U MTPH-
6opsl. Bxirouenue ux B coctaB komiuiekta 3UI1 npunyaurensHo, 6€3 000CHOBaHUS 110 IPUHATOMY KpH-
TEpHI0, MPUBEJIET K 3HAUUTEIHLHOMY POCTY 3aTpaT Ha HaYaJIbHbIE 3arackl. BO-BTOPBIX, 3TO MpeAioKeHNEe
HE YYHUTBIBAET BO3MOXKHOTO pe3epBupoBaHus B uzneiuu. M xors Beidop xomruiekra 3UII mpoBoautcs
I10 TIOKA3aTeio TOCTaTOYHOCTH, HA3HAYCHNUEM KOMIUIEKTa BCe-TaKu SBIIseTCs obecrneyeHre TpeOoBaHmii
K Hajie’)kHOCTH. Ho Torja BHoiHEe MOXKHO MPEACTaBUTh MPUEMIIEMBIM U BBIPOXKICHHBIN cilydaid, Koraa
komruiekT 3UI1 BooO11e Hyl1eBOM, TO €CTh HE COJIEPYKUT HU OJTHOM 3amacHoi yactu. [Ipu nepuoanueckom
MOTIOJIHEHUHU MTOCTYNAIOIINe U3 HenccsakaeMoro ucrounuka nomnonnenus (HUII) 3anacubie yactu OyayT
MCIIOJIb30BaThCs TOJIBKO ISl BOCCTAHOBIEHUS 0a30BoW cTpyKTypbl. U mpu 3ToM mpouenype OyayT Bbl-
MOJTHEHBI TPeOOBaHUS K HA/IEKHOCTH.

Urak, nonyvaercs BecbMa napajiokcaibHasi CUTyalusl. 3a UCKIIOYEHHUEM JOCTATOYHO MPOCTHIX U HE
YacTO BCTPEUAIOLIUXCS HAa MPAKTHKE CIIy4aeB, OKAa3aTeu JOCTATOYHOCTH U MOKA3aTeNd HAa/IeKHOCTH
CBSI3aHbI COOTHOIICHUSIMH, KOTOPBIE Mbl HE B COCTOSIHUM YCTaHOBUTD. TeM He MeHee, TpU3HaBasi [JIaBHOU
1eNblo 00ecrieueHue HaJIeXHOCTH, Mbl BbiOupaem komruiekTsl 3UIT o mokazarensM J0CTaTOYHOCTH.

Ho u 510 ente He Bce. Hopmupys mokaszarenu 10cTarouHOCTH, He 3Has cBsa3u [1J] u I[TH, Mb1 ymyckaem
U3 BUJY BaXXHYIO CTENEHb CBOOObI, @ UMEHHO BHUJl M IIyOUHY CTPYKTYpHOTO WM (DYHKIIHOHAIBLHOTO
pesepBupoBaHus. B pesyibrare, ctpeMsich 00eCeunTh HEKOTOPBINA ypoBeHb 11, MbI BOOOIIIE HUYETO HE
MOkeM cka3ath 0 3HaueHuH [1H. OH MokeT ObITh HU3KUM NpU BbICOKOM 3HaueHuu [1/] 1 BEICOKUM npu
HuzkoM 3HadeHuu [1J1. ITpu kosddunmente roroBHocTH 3anaca 0,95 BeposSsTHOCTH 6€30TKa3HOM pabOTHI
MokeT ObITh paBHO# 0,1, naxe 0,001 unu emie Mmenpine. Hanpotus, mpu koddGHUIEEHTE TOTOBHOCTH 3a-
naca 0,3 BepoATHOCTh 0€30TKa3HOM PaboThl MOXKET OBITH paBHOM 0,95 ninu eme 6ombie. Ho ecium 3To Tak
(a masee OynyT NPUBEACHBI IPUMEPHI TOTO, YTO TAKOE BO3MOXKHO) U 3apaHee Hellb3sl Mpe/icKa3arh, Oyner
JIM XOPOIIIO WJIH TI0X0, TO BO3HUKAET €CTECTBEHHBIHN BOIPOC, KAKOBA POJIb IOKA3aTENeH 10CTaTOUHOCTH,
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HY>KHBI JIU OHU BOOOIIIE. A €CJIM OHHM HYXKHBI, TO JUIsl KaKHX Lieieil. SICHO, 9YTO X pacueT BO MHOTHX CITy-
qasx He MPUOIMIKAeT HAC K PEIICHUIO 3a/1a4K 00ecreueHus HaJie)KHOCTH. A BbIOOp komruiekra 3UIT o
I1/] He rapaHTHpPYET BHITIOJIHEHHE TPEOOBAHUH K HAJICKHOCTH.

4. Kputepumn ontumunsauum komnnekros 3UIM

[Tpu ontumuzanuu komiuiekta 3UI1 Bo3HUKaeT Ta ke AuieMma, uyTo U 1pu Beioope komriekra 3UIT:
MPOBOJIUTH €€ MO KPUTEPUIO HAZEHKHOCTH WUITU IO KPUTEPHIO JOCTAaTOUHOCTH. [[oCKONBKY mepecuer Tpe-
O0OBaHMI K HAJCKHOCTH B TPEOOBAHUS K JTOCTATOYHOCTH MPAKTUYECKH HEBO3MOXKEH, 332 HCKIIOUCHHEM
CiTydasi, yKa3aHHOTO B pasfiesie 3, TO ONTUMHU3AIS TI0 KPUTEPHUIO JOCTATOYHOCTH MOXKET OBITh TIPOBEIe-
Ha TOJILKO B CiTy4ae, eciu Hopmuposanue [1]] mpoBomuTcs HeE3aBUCHUMO OT TpeOOBaHU K HAJIEKHOCTH.
[Ipennaraempie 1y1si TPUMEHEHHUS B MPOMBIIIIIICHHOCTH CEPTUHUIIUPOBAHHBIC TPOTPAMMHBIE KOMILIEKCHI
[1,2] mpoBOAAT ONTHUMHU3ALMIO 110 KPUTEPUIO TOCTATOYHOCTH. ONTUMM3AIUS JTOKHA TTPOBOAUTHCS TIO
KpUTEPUI0 MUHUMYMa 3aTpar Ha co3anue komruiekta 3UIL. M aero oTkaza oT yyeTa CTOMMOCTH 3allaCHBIX
gacTel [8] mpu onTUMHU3aUK HENTb3sl paccMaTpuBaTh Bcepbe3. OT 3aMEeHBI IMOKa3aTels HaIe)KHOCTH Ha
MOKa3arelb JOCTATOYHOCTH CIEAYET OXKHUIATh MOCIEACTBUN, aHAJTOTHIHBIX TEM, YTO ObUTH OTMEYCHBI
pu popmupoanuu komruiekta 3UII. KonudecTBeHHO 3TH MOCIEACTBUSI MOKHO YCTaHOBHUTH ITyTEM
CPaBHUTEIBHOTO aHAJIN3a PE3YJIBTATOB ONTUMHU3AIMU HA MPAKTUYECKUX IIPUMEPaX.

PaccmoTpuM B kauecTBe nmpuMepa (pparMeHT OTHOTO U3 PEASIbHBIX POEKTOB, BHIMOJIHEHHBIX aBTOPOM 10
3aKasy MPOMBIITUICHHOCTH, PACCMOTPEHHOTO JeTaibHO B KHUTE [4]. CrucTeMa yrpaBieHUs! TEXHOJIOTHYE-
ckumiu cpenctBamu 65oka ADC (CY TC BADC) npencrapiseT co00# CIOKHBIN KOMITJIEKC IPOTPAMMHO-
texunueckux cpeacts (I1TC), npeanasHayeHHbIHN 1)1 HAIEKHOTO U O€30M1aCHOT0 AaBTOMATU3UPOBAHHOTO
yIpaBieHHs TeXHOJIorndeckumu cpeactaMu bADC B HopMaibHBIX M aBapuiHBIX pexumax. OnHa BETBb
ATOU 7-ypOBHEBOW MEpapXUUECKOil cucTeMbl conepkuT 41 smement 18-tu TunoB. Cpenuss HapaboTka
CHUCTEMBI JI0 OTKa3a 0e3 ydera CTPYKTypHOro pe3epBupoBanus paBHa 89550 uwac. TpeboBanms k Ha-
NEKHOCTH cOPMYITHPOBAHbBI TaK: BEPOATHOCTH 0€30TKa3HOM paboThl cucTeMbl B TeueHue 1 roga (8760
yac) noimkHa ObITh He MeHee 0,95 (BapuanT 1) nnu He menee 0,9 (BapuaHT 2). ONTUMHU3ALUIO CIEAYET
MIPOBOJIUTH 110 KPUTEPHUIO MUHMMYMa CyMMAapHBIX 3aTpar Ha cozganue komiuiekta 31I1-O npu nepuoau-
YECKOM TOIOIHEHUH 3aM1acoB ¢ nepuoaoM nonoiaHenus 7' = 1 roa. [Ipu ontuMusanuu o nokasareinsm
JIOCTaTOYHOCTHU CIIeAyeT o0ecneunTs 3HaueHne ko unuenTa roroBHocTH komruiekra 3UI1 ne menee
0,95 (Bapuant 1) wnu He menee 0,9 (BapuaHT 2).

be3 xommnexra 3UII BeposiTHOCTS 6€30TKa3HON pabOTHI B TEUEHHE IO/1a C YUETOM CTPYKTYPHOTIO pe-
3epBupoBanus pasHa 0,151. Koaddunuent roroBaoctn komruiekra 3T nmpu HynneBbIx 3amacax paBeH
0,23. Pe3ynbrarhl ONTUMH3AIIMN TPUBEICHBI B Ta0ImIE 1.

Ta6auna 1
Ne | Kpurepuii | Hopmaru | L C::IT.\;;%T.L OcTT]({)azloTceTT:l‘{’/iﬂ P(?) K un
1 K 3u2K, 0,95 19 839 47,4 0,9512 0,953
2 K 3u2K, 0,90 15 655 34,7 0,825 0,910
3 P(t) 2P, 0,95 12 411 21,8 0,9524 0,67
4 P(t) 2P, 0,90 10 368 19,5 0,902 0,613
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CpaBHuBas pe3ysabTaThl ONTUMHU3ALUY 10 ABYM KPUTEPUSM, MOKHO YBHUJETh, YTO MPHU pacyeTe KOM-
mekra 3UII mo kputeputo 1] momyyaeTcs 3aBbIllIEHHBIN YPOBEHB 3al1aCcoOB 10 CPABHEHHUIO C YPOBHEM,
TpebyeMbIM 15 oOecnieueHus HaaexxHocTu. B BapuanTe 1 (Hopmarus 0,95) croumocTs komrutiekTa 3UTT
Bo3pocia ot 411 Teic. py6. 10 839 ThIC. py0., TO ecTh OoJiee yem BaBoe. [Ipu 3TOM BepoATHOCTH 6€30T-
Ka3HOU pabOoThI HE TOJILKO HE YBEIUYMIACh, HO HEMHOTO YMeHbIuack: ot 0,9524 no 0,9512.

B BapuanTte 2 (HopmatuB 0,90) crommocts komruiekta 3UIT Bo3pocia ot 368 Thic. py0. 10 655 ThIC.
pyO., T0 ecth B 1,78 paza. [Ipu 3TOoM BEpOATHOCTH OE30TKAa3HOM PaOOTHI HE TOJIBKO HE YBEIWYUIACH, HO
3aMeTHO ymMeHbImiIack: ot 0,902 no 0,825.

BapuanT 1 B Ta611.1 — equHCTBEeHHBIN BapuaHT KoMiiektanuu 3UI, oOecrieunBaromnuii 3HaYeHUS Kr31/1n
u P(f) na ypoBHe He meHee 0,95. [Tpu atom kommutekT 3UI1-O, BeiOpannblii 1o kputepuro [1]1, momyuaercs
cambIM joporuM. B Bapuanre 3 u3 Ta6i. 1 TpeGoBaHus K HAJIEKHOCTHU TAKXKE BBITIOIHAIOTCS, HO IIPU TOM
komruiekT 3UII-O Gosee yem BaBOE AcmieBie, yeM B BapuanTe 1, a koadduruent roropHoctu 3UIT Ha
yposHe 0,67. Bpsin 11 MOXXHO OIIpaBIaTh CTOJIb BHICOKYIO IIEHY 3a Oosiee BbhICOKUH ypoBeHb [1]], ecin
TpeOOBaHUs K HAJIC)KHOCTH BBITIOJIHEHBI U IPU 00JIee SKOHOMUYHOM KOMILIEKTE.

[Ipu HOpMaTuBHOM ypoBHE 0,90 pe3ynbrarhl eme Oojiee BhIpa3uTeabHbI. J[00MBasch TpeOyeMoro
3Ha4eHUs K 5, MBI HE MOXEM 00eCrednTh ypoBeHb P(f) He MeHee 0,9, XOTs Py BIBOE MEHBLIEM I10
CTOMMOCTH KOMIUIEKTE YAAeTcsi 10CTHYb ypoBHA P(1)>0,9. [lpu atom K 5, paBen Bcero jmuib 0,613.
Pesynprar nonyvaercs napaioKcaiabHbIM: IPU BABOE OOJBIINX 3aTpaTax He yAaeTCs BBIIOJIHUTH TPeOo-
BaHUS K HAJCKHOCTH, XOTs ¢ BbIIoJHeHHeM TpeboBanuii k I1/] Bce B mopske.

5. Ucnonb3oBaHune komnnekta 33Ul B He pe3epBUPOBaAHHON cUcTemMe

CpaBHuBasi pEMOHT U 3aMEHY OTKa3aBILIEro MOyl Ha 3amacHyro yacth u3 komiiekra 3UI1, npaso-
MEPHO 337aTh BOIPOC O BO3MOYKHOCTSIX M DKBUBAJIEHTHOCTH ATHX CIOCOOOB BOCCTaHOBIIEHUS PabOTO-
criocoOHOCTH. SICHO, YTO BO3MOKHOCTh PEMOHTA HE TIO3BOJISIET YBEIIMYUTH BEPOSATHOCTh O€30TKAa3HOM
pabOoThI, HO TTO3BOJISIET YBEITMYUTH KOA((UIIMEHT TOTOBHOCTH M31emusl. Eciii BpeMst 3aMeHbI OTKa3aBIIIeTo
MOTYJISl TP HATMYIHUH 3aITAaCHOM YaCTH CPABHUMO CO BpEMEHEM BOCCTAHOBIICHUS ITyTEM PEMOHTa, TO 00a
croco0a BOCCTaHOBJICHUS SKBHBAJICHTHBI. ECIT B COOTBETCTBHHY C HAa3HAYCHUEM H3/ICITUS U CBOWCTBAMU
MPOIIECCOB (PYHKITMOHUPOBAHUSI, B KOTOPBIX y4aCTBYET M3/€NINe, AOMYCKAeTCs] HEKOTOPHIM MepephiB B
paboTe I BOCCTAHOBJICHHS ITyTEM PEMOHTA WJIA 3aMEHBI, TO MOYKHO TOBOPUTH O HATMUUH pe3epBa Bpe-
MeHu. Toraa cornacHo [S] BEpOsSTHOCTh O€30TKa3HON PaObOThI OJHOPOIHOMN MOICUCTEMBI C AIIEMEHTaMHU
[-TO THIIA CIIEYEeT PACCUUTHIBATH IO (hopmye:

B (t’ tdom' > OO) = eXp(_ki}\’i maX(O’t - t()om' )(1 - P;i (tdoni )))5 (4)

e ¢, . — JOIyCTUMOE BpeMs NepepuiBa, F (£, ) — BEPOATHOCTh BOCCTAHOBIICHHS IO MCTEYEHMS
BPEMEHH [, . ITO MOXKET OBITH BOCCTAHOBJIEHUEM ITyTEM PEMOHTA UITH ITyTEM 3aMEHBI.

Ecom e BpeMst peMOHTa B CpeTHEM MHOTO OOJIbITIIE BPEMEHH 3aMEHBI, TO PEMOHT 1 3aMEHa MOJTYJIsl Ha
34 e skBUBaJIeHTHHI. Hanpumep, ecinu

Lo << toon << Taccs (5)

TO COTITACHO (4) BEPOATHOCTH 6€30TKa3HOM paboThI OyIeT OJM3Ka K €IMHUIIE TTPU BOCCTAHOBJICHUH ITY-
TEM 3aMeHbI 1 OJIM3Ka K HYJII0 IIPY BOCCTAHOBJIEHUH ITyTeM peMoHTa. Brinonnenue ycinosus (5) TpedyeT
TINATEIBHOW NpOoBepKH. U ecin pe3epB BpeMeHH JEHCTBUTEIBHO UMEETCSI, TO BOZHUKAET CXEMa MPOCEH-
BaHUs MIOTOKA OTKA30B TUMa PeHbU, mpu KOTOPOH pacyeT HaJeKHOCTH MMPOBOAUTCS TP SKBUBAJIEHTHOM
VHTEHCUBHOCTH OTKa30B A =kA(1- F_(t, )).
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Ecau pesepBa Bpemenu Hert, To komruiekT 3UIT He ymydmaer moka3arenu 6e30TkazHoctu. M Torma s
COOTBETCTBYIOIIMX COCTABHBIX YacTel uz/ienus TpedyeTcs CTpyKTypPHOE pe3epBUPOBAHKE, TO3BOJISIONIEE
MCIOJIb30BaTh 3aMlaCHbIe YaCTH [Tl YIyUllIeHHs] 0€30TKa3HOCTH.

Bormpoc o 3HaueHn# pesepBa BPeMEHH — 3TO HE TOJIBKO BOMPOC O €r0 U3MEPEHUHU. ITO MOXKET OBITH U
3a1a4€ei npoeKTUpoBanus [S]. YToObI ONpenenuTh 3HAYEHHE £, , HA/I0 MOJEIMPOBATH TIOBEJIEHUE MIPO-
necca (pyHKIIMOHUPOBAHUS B YCIOBUSX BPEMEHHOU MOTEpHU pabOTOCIOCOOHOCTH MpUbOopa, B KOTOPOM
HAXOJUTCS OTKa3aBILINi AJIeMEHT. B HEKOTOPBIX ciIyyasx MOTyT HOTPeOOBaThCs AaKe HOBBIE IIPOCKTHBIE
pellIeHus, HapuMep, BpeMEHHOE U3MEHEHHe pexkuMa (DYyHKIIMOHUPOBAHUS, 4TOObI 3aMeINTh Heba-
TONPUSATHBIE MPOLECCHl M YBEIMYUTD £, = JIO 3HAYEHHUS], TOCTATOYHOIO IS BBITIOJIHEHHUS YCIOBHA (5).
B cucremax pa3nnyHOro HazHauY€HUS MOKHO CO3[1aBaTh CIICHUAIbHBIC YCIOBUS, KOTOPbIE IPUBEIYT K
MOSIBIICHUIO pe3epBa BPEMEHH, HCIIOIB3YEMOTrO JIJIsi 3aMEHbI OTKA3aBIIETO0 MOAYJS 3alacHOM 4acThlo.
DTO 3HAYUT, YTO U B HEPE3EPBUPOBAHHOM CUCTEME JIONyCTUMO ucnoib3oBanue 3UII s ymydmenus
nokaszaresieil 6e30TKa3HOCTH.

6. CpaBHeHMe MeTOoA0B U MEeTOAMUK pacyeTa nokasartenemn
AOCTAaTOYHOCTU U HAAEXXHOCTU

Metoauka, U3J10KeHHasi B HOPMATUBHBIX IOKYMEHTax [2, 6], mpenHa3HayeHa /s OIIEHKH U pacueTa
xomiiekToB 3UIT Ha ocHOBe mokasarenel focTaroyHOCTH. MeToMKa peaan3oBaHa B AByX MPOrpamMMm-
HbIx komiuiekcax POK39PCHU3 u ACOHUKA-K3UII. B kauecTBe anbrepHaTHBEI METOAUKE [2,6] MOKHO
paccMmarpuBaTh aHaJTUTHYECKHUM METOJ MPpsIMOTO yueTa coctaBa koMruiekTa 3UI1 B Moaensax Hafie)KHOCTH
1 COOTBETCTBYIOIYIO METOJIUKY, U3JIOKEHHYIO B [4], 1 METO/ CTAaTUCTUYECKOTO MOJEIUPOBaHUs MoOHTe-
Kaprno. Ha 6a3e atux MetonoB u MeToauk cosfanbl nporpammubie komiuiekcbl ACOHUKA-K-POC u
WHTEJIJIEKT-3UIIL. IlpeacraBnser npakTUYECKH MHTEpeC MPOBECTU CPAaBHUTEIbHBIA aHAU3 pas-
JIMYHBIX MPEAJIOKEHHUH C 1IETBI0 OLEHUTh UX (PaKTUYECKHE BOZMOKHOCTH, IOCTOUHCTBA, HEIOCTAaTKH 1
YCTaHOBUTH 001aCTH UX LIE€JIECO00Pa3HOro MPUMEHEHUS.

[TockonbKky BecbMa pacrpocTpaHeHO MHEHHE 00 YHUBEPCAIbHOCTH METOUKH [2,6], ciemyeT noapodHee
PaccMOTPETh €€ peabHbIe BO3MOXKHOCTH B paMKax ONpe/IeICHHON KiTaccupuKanuy nu3nenuii. B kauectse
MPU3HAKOB KJIACCU(UKALMU MOXHO UCIIOJIb30BaTh:

® Tum CTpyKTypBhl;

e PexxuM nmpuMeHEeHHsS U HOPMUPYEMBIH MTOKa3aTelb HaIeKHOCTH;

e KonnuyecTBO BBIMOMHAEMBIX (YHKIIHIA;

e Crpareruto nonojaHeHus 3anacoB B komriekte 3UIL.

[Io Tuny CTpyKTYpbl MOXKHO pa3JINyaTh:

e He pesepBupoBaHHBIC (ITOCTIEIOBATEIBHBIC) CHCTEMBI;

e CucreMsl ¢ MOCICAOBATCIIbHBIM COCAMHCHUEM OJHOPOJAHBIX PE3CPBUPOBAHHBIX IMMOACUCTEM,

e (CucreMsl ¢ MOCaCaA0BATCIIbHBIM COCAUHCHUEM OAHOPOAHBIX YaCTUYHO PE3CPBUPOBAHHBIX ITOACH-
CTEM;

e CucreMsl ¢ MMOCICAOBATCIIbHBIM COCAMHCHNEM HCOAHOPOAHBIX PE3CPBUPOBAHHBIX ITOACUCTEM,

® CTpyKTYpPHO-CJIOKHbBIE CUCTEMBI.

s cuctem kiacca 1 u 3 meroauka [2,6] mo3BossieT HAaUTH KOYPOUITUEHT TOTOBHOCTH U3JICIHS C

MOMOIIIbIO (hOpMYIBI (2), HO HE JTaeT PEeKOMEHIallNi Mo ONpeeIeHUIO MoKa3areyeil 0e30TKa3HOCTH.
ITpnuem B knacce 3 npobGiaema ucnonbs3oBanus 3UII n pacyera HalEeKHOCTU BO3HUKAET IOTOMY,
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YTO B OJIHOPOJIHOM MOJCHCTEME YaCTh 2JIEMEHTOB He pe3epBHupoBaHa. Jljis cuctem kiacca 2 MOKHO
HaXOJHWTh W MOKA3aTeJIM TOTOBHOCTH, U TTOKa3aTeau 0€30TKa3HOCTH ¢ nmomoinbio Gopmyssl (3). I1o
CYyHIECTBY, 3TO €AMHCTBEHHBIN KJIACC CUCTEM, JJIs1 KOTOPOrOo METOAMKA [2,6] U Teopuss HaIEKHOCTHU
BOCCTAHAaBJIMBAEMbIX CUCTEM MOTYT MPEAJIOKHUTh U3BECTHbBIE pacueTHbIe (OPMYJIBI IJIsl TOKa3aTenei
0€30TKa3HOCTU M TOTOBHOCTHU. J{J1 OCTaJIbHBIX KJIACCOB IIpeasiaraeTcs TOJIbKO 0011as uaes, OCHOBaH-
Has Ha UCIOJIb30BaHUU KOPPEKIIUU CPEHEr0 BPEMEHH BOCCTAHOBJIEHUS C TOMOIIbIO hopmyisl (3).
[TockonbKy 3aj1aya HaxXOXKJACHUS MMOKa3aTeae HaJe)KHOCTH B yCI0BUAX HeorpanndenHoro 3UII mo
CJIO)KHOCTHM CpaBHUMaA C 3a7a4eil OLIEHKU HaJeKHOCTH Npu npsimoM BkiatoueHuun 3UIT B Monens Ha-
JIe)KHOCTH, UCIIOIL30BaHNE TPUOIMIKEHHON METOAUKY [2,6] MpU HAIMYUU TOYHON METOAUKHU BPSJI
JIY 11e1eco00pas3Ho.

[To TpeTbeMy npu3HaAKy (KOJIMYECTBO BHITOIHAEMBIX (DYHKIIHI) METOUKA [2,6] TaK)Ke UMEET OrpaHH-
yeHus. OHa paccMaTpHUBAET TOJIBKO OHO(PYHKIMOHATBHBIE CUCTEMBI, B KOTOPBIX MOTPEOUTENSIMU 3aI1aCOB
ABIISIFOTCS T€ cocTaBHbIE YacTu (CH), KOTOpbIe BXOSAT B MOJIENb HaJIS)KHOCTH. B MHOTO(YHKIIMOHATIBHBIX
CUCTEeMax MOoKa3aTeu HaJIe)KHOCTH PACCUUTHIBAIOTCSA [T OTJCNIbHBIX ()YHKIIMOHATIHLHO CAMOCTOATEIBHBIX
onepanuii (PCO). B aToM cimyuae 3anackl nmoTpedistores He Toiabko TeMu CY, KOTopble y4acTBYIOT B
BeInosiHeHnH fanHoi @CO, Ho u npyrumu CH. Meronuka [2,6] He paccMaTpHUBaeT B KaueCTBE OOBEKTa
aHaJIM3a MHOTO(YHKIIMOHAIbHBIE CUCTEMBI.

[Ipu yuere cTpaTeruii HOMOJIHEHUS B MOJIEH HAJIS)KHOCTH TPEOYyeTCs ONPEIeIUTh, BO-IIEPBBIX, MOMEHT
(dbopMupoBaHus 3a4BKU Ha MOMOJHEHHE 3a1acoB, @ BO-BTOPBIX, 00bEM 3aI1acoB, KOTOPbIE TOJKHBI OBITH
MOCTaBJIEHBI 110 3asBKe. B meTonuke [2,6] mpu cTpaTeruu nepruoguyecKoro NOMOJIHEHUS C SKCTPEHHBIMU
nocrtaBkamu (I13]/]) paccmarpuBaeTcst BApHaHT COCTABIICHHS 3asBKH 110 (akTy oTkaza komruiekra 3UII.
Ho ectb 1 npyrue Bapuantsl. Hanpumep, coctapneHue 3asiBKU Mo GakTy 0TKa3a pe3epBUPOBAHHON MO-
CUCTEMBI, 110 OIpPE/IEJICHHOMY YPOBHIO JIETPaJlallii pe3epBUPOBAHHOI mojacuctemsl U 1p. [1o o6bemy
3asiBKM pacCMaTpPHUBAETCA TOJBLKO BAPUAHT MOJIHOTO BOCCTAHOBJICHHS HAYaJIbHBIX 3aI1aCOB TOTO TUIIA, TIPU
HCUEpIaHUK KOTOPBIX BO3HUKJA 3asBKa. OHAKO €CTh MHOXECTBO JPYTUX BapUAHTOB (DOPMUPOBAHUSA
cocrana 3asBku. Hanpumep, 1octaBka TOJIBKO OJHOM 3amacHOM 4acTu npu crpareruu [19]1, mononne-
HUE HayaJIbHBIX 3aI1aCOB HECKOJIBKUX THIOB WJIM BCeX THMOB Mpu crpaterusix [19]] u nomonHenus no
ypoBHI0. He npegycMoTpeHa B METOIMKE U KOPPEKIIHSI 3asBKU MOocIie ee GOpMUPOBAHUS, HO 10 MOMEHTA
JIOCTaBKHU.

Bue cdepbl neiicTBUS METOAMKU HAXOIUTCS U TAKOM MHCTPYMEHT KaK peKOH(Urypalus CUCTEMBbI, B
nporecce KOTopoi paboTocrocoOHbIE AIEMEHThI OTKa3aBIIMX COCTABHBIX YACTEH MOT'YT HCIIOIb30BATHCS
B KaueCTBE 3allaCHbIX YacTEH.

Takum oOpaszom, cpaBHEHHE METOAMKH [2,6] ¢ aJIbTepHATUBHBIMH METOJAMKAMHU BO3MOXKHO TOJIBKO B
Ipe/enax HblHe CYHIeCTBYIOLIEH U TOCTAaTOYHO Y3KOi chephl ee MpUMEHEHUSI.

Uro xacaeTcsi MeTo/la CTAaTUCTUYECKOTO MOJICJIMPOBAHUS, TO €r0 JIOCTOUHCTBA M HEJJOCTATKH XOPOLIO
M3BECTHBI U B [TOJTHON Mepe MPOSIBIIIOTCS IIPU OLICHKE HA/IEKHOCTU CUCTEM C OTPaHUYE€HHBIM KOMIUIEKTOM
3UII. K nocTonHCTBaM MO’KHO OTHECTH YHUBEPCAJIBHOCTh METO/1A U C1a0yI0 3aBUCUMOCTh TPYAOEMKOCTH
pacueToB OT TUIA CTPYKTYPHI U3JIEHsI, CTPATETUU MOMOJIHEHHUS 3a1MacoB, CTpyKTypsl cucteMbl 3UIT. K
HEJIOCTaTKaM METO/1a CJIEAYEeT OTHECTH BO3pACTaHHE TOTPELUTHOCTH U TPYIOEMKOCTH PAaCueTOB MIPU OIICHKE
MaJIbIX BEPOSITHOCTEM, CIIOKHOCTD MPOLEAYpbl onTUMU3au komiuiekra 3UIL.

KonuuecTBeHHOE cpaBHEHUE PA3IMYHBIX METOJUK U IPOIPAMMHBIX KOMILIEKCOB yA0OHO MPOBECTH HA
oOuiem npumMepe. B nanHoM citydae 1y1st CpaBHUTENBHOTO aHAJIM3a BBIOPAHO PaIu03IEKTPOHHOE U3/IEIHe
«ITamup-1», paccmorpennoe B npumepe 1 [Ipunoxenuss A HOpMaTUBHOTO TOKyMeHTa [2].
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7. CpaBHUTENIbHbIN KOJIN4ECTBEHHbIA aHaNIU3 MEeTOA0B U MeTOAUNK
Ha npumMepe pagnoasieKTPoHHOro nsaenua tuna «MNamup-1» [5]

OO6m1as XxapakTepUCTUKA U3ICTTHSI.

[Ipumep pacuera xommiiekra 3UII mo kpuTepuio JOCTATOYHOCTH B3AT U3 HOPMATUBHOIO JJOKYMEHTA
[2]. U3nemue «Ilamup-1» comepxut 1422 snementa (OPU u CY) 30 nanmeHoBanuii. B cTpykTypHO-
HAJEKHOCTHOW CXeMe U3JIeNHe MPEeACTABIEHO KaK MocieoBarebHoe coenHenue 30 0MHOPOIHBIX MO-
CHCTEM, pa30UTHIX Ha 4 TPYTIIIBI 110 TUITY CTPATEr MOMOHEHUS 3aracoB. JlJis 6 moJcucTeM UCTIONb3YeTCs
HEIPEPBIBHOE MOMOJIHEHUE CO CPEIHUM BpeMeHeM aoctaBku | Henens = 150 gac. g 12 nogcucrem
HCIIOJIB3YETCsI HEMPEPBIBHOE MOMOIHEHUE CO CPEAHUM BpeMeHeM AocTaBku 2 Heaenu = 300 gac. g 7
MOJICUCTEM — IEPUOAUYECKOE MONOJIHEHHE ¢ IeprogoM nonoiaHeHus 1 rog= 8000 yvac. s S noacucreM —
nepuoandeckoe nomnoiaHeHue ¢ nepronom 8000 yac v cpeTHIM BpEMEHEM IKCTPEHHOM JOCTaBKH 3 CYTOK
= 65 yac. CymmapHbIil motok otka3oB paseH 0,02772, cpennsas HapaOoTKa A0 oTKa3a paBHa 36,1 yac.
TpeboBaHus K HaZEKHOCTH HE chopMynupoBaHbl. BHYTpeHHSs CTPYKTypa U3/1eI1sl HEU3BECTHA U HET
CBE/ICHUI O HaJIMUMU B HEM CTPYKTYPHOT'O WK ()YHKIIMOHAJIBHOTO pe3epBUpoBaHust. OJHAKO IPUBOIATCS
TpeboBanus Kk pocrarounoctu Komiekra 3UT-O: kosdpuument roroproctn xkommiekra 3UIT K
020,95 mpu pereHnu IPsIMOM 331241 ONITUMHU3ALMHI 110 KPUTEPHIO I0CTATOYHOCTH.

B tabnuuax 2 u 3 npuBeneHbl pe3yabTarhl pacueToB Kod(dduirenta roroBHocTH Komruiekra 3UI-O
1 BeposTHOCTH Oe30Tka3Hoi padoThl. CoctaB komiuiekra 3UII-O npu cymmapHOM KOJTUYECTBE 3ariac-
HBIX yacTeit L=245 B3sT u3 pabotsl [2]. PacueTsl BepossTHOCTH 0€30TKa3HOM paOOThI M3/IENUS U COCTaBa
komruiekta 3UII-O nposeaenst ¢ momonisto [TK «MHTEJIJIEKT-3UIT» [4] nin 3aumcTBOBaHbI U3 [1].
[TapameTp m BbIpa)kaeT CyMMapHO€ KOJMYECTBO PE3EpPBHBIX 3JIEMEHTOB B OJHOPOJIHBIX MOJICHCTEMAX,
B KOTOPBIX HCIIOJIb3YETCsI CKoJb3sliee pe3epBupoBanue. [Ipu m= 0 pesepBupoBaHue oTcyTcTBYeT. [1pn
m =25 monynu 19, 20, 22 1 23 umeroT 1o JBa pe3epBHBIX dJIEMEHTA U enle 17 UMEIOT M0 OJTHOMY PE3EPB-
Homy anemeHTy. [Ipu m= 26 B rpymnme 19 (pene POC-49) umeetcst Tpu pe3epBHBIX DJIEMEHTA.

3UII-

Ta6auna 2. [psamas (n3) u ooparHas (03) 3agaumn

POK329PCH3, n3 ACOHHUKA-K3MUII, n3 ACOHHUKA-K3MUII, o3
Ne L P() L P(?) I P()

m=0 m=26 m=0 m=25 m=26 m=0 m=26
1 1 1099814 | 0,999996 | 1 |0,99814 | 0,999996 | 0,999996 | 2 | 1,000000 | 1,000000
2 1 (091813 |0,998422 | 2 |0,99651 | 0,999978 | 0,999978 | 2 | 0,999976 | 0,999978
3 1 10,64895|0,976906 | 2 | 0,96008 | 0,999224 | 0,999224 | 2 |0,999699 | 0,999224
4 1 |0,98375|0,985370 | 1 |0,98375 |0,983751 | 0,983751 | 2 |0,999998 | 0,983751
5 I |0,72095 | 0,991816 | 2 |0,97364 | 0,999766 | 0,999766 | 2 | 0,999806 | 0,999766
6 I |0,95646 | 0,999728 | 1 |0,95646 | 0,956460 | 0,956460 | 2 | 0,999991 | 0,956460
7 0 |0,82531 0,998973 | 1 |0,99869 | 0,999996 | 0,999996 | 1 | 0,998688 | 0,999996
8 1 1098002 |0,999708 | 1 | 0,98002 | 0,999708 | 0,999708 | 2 | 0,999992 | 0,999997
9 I 10,99301 | 0,999945 | 1 |0,99301 | 0,999945 | 0,999945 | 1 | 0,993005 | 0,999945
10 I 10,99796 | 0,999992 | 1 |0,99796 | 0,999992 | 0,999992 | 1 | 0,997958 | 0,999992
11 1 10,99869 | 0,999997 | 1 |0,99869 | 0,999997 | 0,999997 | 1 | 0,998688 | 0,999997
12 1 10,99483 | 0,999970 | 1 |0,99483 | 0,999970 | 0,999970 | 1 | 0,994834 | 0,999970
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13 1 10,99707 | 0,999992 | 1 |0,99707 | 0,999992 | 0,999992 | 1 | 0,997071 | 0,999992
14 1 ]0,95667 | 0,999016 | 1 | 0,95667 | 0,999016 | 0,999016 | 2 | 0,999974 | 0,999986
15 1 |0,94409 | 0,998533 | 2 | 0,99729 | 0,999976 | 0,999976 | 2 | 0,999961 | 0,999976
16 1 10,99349 | 0,999962 | 1 |0,99349 | 0,999962 | 0,999962 | 1 | 0,993487 | 0,999962
17 1 ]0,90834 | 0,996690 | 2 | 0,99412 | 0,999928 | 0,999928 | 2 | 0,999913 | 0,999928
18 1 10,99483 | 0,999980 | 1 |0,99483 | 0,999980 | 0,999980 | 1 | 0,994834 | 0,999980
19 | 112 | 0,52510 | 0,999990 | 40 | 4,0E-15 | 0,964811 | 0,999343 | 58 | 1,40E-08 | 0,999875
20 | 14 | 0,52812 | 0,999778 | 9 |0,09177 | 0,999526 | 0,999526 | 19 | 0,528121 | 0,999993
21 2 10,45060 | 0,991640 | 4 | 0,83501 | 0,998682 | 0,998682 | 6 | 0,450605 | 0,999701
22 | 25 |0,48016 | 0,999499 | 14 | 0,00792 | 0,998140 | 0,998140 | 31 | 0,480164 | 0,999972
23 | 25 | 0,48016 | 0,999499 | 14 | 0,00792 | 0,998140 | 0,998140 | 31 | 0,480164 | 0,999972
24 | 18 |0,99281 | 0,992813 | 21 | 0,99930 | 0,999300 | 0,999300 | 23 | 0,999880 | 0,999300
25 | 3 10,99997 | 0,999968 | 3 |0,99997 | 0,999968 | 0,999968 | 4 | 0,999999 | 0,999968
26 | 13 10,99684 | 0,996843 | 16 | 0,99985 | 0,999855 | 0,999855 | 17 | 0,999953 | 0,999855
27 | 4 1099977 | 0,999771 | 5 |0,99998 | 0,999980 | 0,999980 | 6 | 0,999998 | 0,999980
28 0,99976 | 0,999764 | 7 | 0,99997 | 0,999966 | 0,999966 | 8 | 0,999996 | 0,999966
29 | 3 10,99993 | 0,999935 | 4 | 1,00000 | 0,999997 | 0,999997 | 4 | 0,999997 | 0,999997
30 | 3 1099995 |0,999953 | 4 | 1,00000 | 0,999998 | 0,999998 | 4 | 0,999998 | 0,999998
245 | 0,00740 | 0,926783 | 164 | 1,5E-20 | 0,899650 | 0,931849 | 239 | 7,53E-10 | 0,93835
30ecv «n3» — npamas 3a0aua, «03» — 0Opamuas 3a0aya
Tabauna 3
Ne | 3agaua IIporpamma L | Croumocts, ThIC.pYy0. m K sun P(?)
1 | npsamas POK332PCH3 245 3395,65 0 0,95719 | 0,0074
2 | obparnas | ACOHUKA-K-3UII | 239 3391,1 0 0,98504 | 7,53E-10
3 | mpamas | ACOHUKA-K-3UII | 164 1942,15 0 0,95312 | 1,51E-20
4 | npsamas POK335PCH3 245 3395,65 26 0,95719 | 0,9268
5 | obparnas | ACOHUKA-K-3UIT | 239 3391,1 26 0,98504 | 0,9384
6 | mpamas | ACOHUKA-K-3UII | 164 1942,15 25 0,95312 | 0,8997
7 | npsmas | ACOHUKA-K-3UII | 164 1942,15 26 0,95312 | 0,9319

AHanm3 pe3ylbTaToB pacyeTa MO3BOJIAET CAENaTh CICAYIOIINE BbIBOBI:
1. He BbI3bIBaE€T COMHEHUS YTBEPKIEHUE, CelaHHOe B paboTe [1], 0 TOM, YTO IpH peleHuu npsmMoit
3a71a4M ONTUMU3ALMU TT0 KPUTEPUIO JOCTATOYHOCTH KOMIUIEKT M3 164 3amacHbIX yacTei ciaeayer npes-
MOYECTh KOMIUIEKTY U3 245 3amacHbIX yacTel, Tak kak 00a obOecrieunBaioT TpeOyeMblil ko3P PHUIeHT
TOTOBHOCTHM KOMILJIEKTA, HO OJJUH CYILIECTBEHHO MEHBIIIE U SKOHOMHUYHEHN APYTOTO.
2. AHanmoru4yHbIi BBIBOJ MOXKHO CJlIe€JaTh U 1O pe3yibTaTaM peuieHus oOpaTHOM 3adadu, COITaCHO
KOTOPOMY J[Ba IPUMEPHO OJMHAKOBBIX MO cronmocTu komriekta 3UII-O obecnieunBaroT pasinuyHbie
3HaueHus1 kodddurmenta rorouoctu 3UI-O: B ogqaom cimyuae 0,957, a B apyrom — 0,985. fAcHo, uro
MPEINOYTeHHE CIeIyeT OTAaTh KOMILIEKTY ¢ Oosee BbicokuMm [1/].
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3. OaHako XOpOIIUE B OJHOM H IJIOXHME B JPYrOM CIy4yae pe3yiabTaThl aHajdn3a OOCCIEHUBAIOTCS U
TEPSIIOT BCSIKUI CMBICII, €CJIM BEPHYTHCS K 3a/1a4e oOecreueHns HaiesKHOCTH. Eciiy mpeanonokuTh, 4To
B M3/CJIMU OTCYTCTBYET CTPYKTYpPHOE pe3epBUpOBaHUE, TO Bce BapuaHThl komiuiekta 3UII-O nenpu-
€MJIEMBbI, TaK KaK B OJTHOM Clly4ae BEpOsITHOCTh 0e30TKa3HO# paboThl B TeueHue rona pasna 0,0074, a
B IpyroM BooOie npaktudecku Hyato: 1,51E-20. Jlaxke caMblii He SKOHOMHUYHBIN BapHaHT KOMIUIEKTa
HEJI0CTaTOYeH, TaK Kak He o0ecreunBaeT TpeOyeMoil HaJe)KHOCTH.

4. Ecnu npeAnonoXuTh, 4T0 B U3JEIIUU €CTh CTPYKTYPHAsE H30BITOYHOCTD, TO CPAaBHEHHE MPHOOpETaET
cmbici. [IpuBenieHHbIE B TAOIMIIE BAPUAHTHI CO CTPYKTYPHOUM U30BITOYHOCTHIO OTIMYAIOTCS KOTMYECTBOM
pe3epBHBIX 1eMeHTOB. PacueTsl o popmymnam u3 [4] mpoBeAeHBI Al CTPYKTYPHBIX CXeM, B KOTOPBIX JIJIs
psiia OJCUCTEM HCIIONBb3YEeTCsl HarpyKEHHOE pe3epBUpPOBaHUE APOOHON KpaTtHOocTH. [l moacuctem c
HOMepaMu (cortacHo Hymeparmu B [2]) 1-3, 5, 7-18, 21 BBeieH oi1H pe3epBHBIN AIEMEHT, [T TIOICUCTEM
¢ Homepamu 20, 22 un 23 — nBa pe3epBHBIX MeMeHTa. B noxcucreme ¢ HomepoM 19 it BapuanToB 4, 5
1 7 u3 TabnuIel 2 BBEACHO TPU PE3EPBHBIX DIIEMEHTA, a JJs BapuaHTa 6 — /Ba snemenTa. M3 tabnuibt 2
BUJIHO, YTO TIPU TAKOH KPATHOCTU PE3EPBUPOBAHUS BEPOSTHOCTh OE30TKA3HOW pabOThI B TEUEHHUE ToAa
YBEITUUMBACTCS OT 3HaU€HUs, OMM3KOro K Hymo a0 3HadeHuit 0,9 — 0,94. [Ipuuem Takoi CyIeCTBEHHBIH
poct BBP nocturaercs mpu o011eM KoJIM4ecTBE Pe3ePBHBIX AIEMEHTOB B 6 — 9 pa3 MeHbIIe, YeM YHUCIIO
3aracHbIX YacTen.

5. C yBennuyeHUEM KPaTHOCTH CTPYKTYPHOTO Pe3epBUPOBaHUS TPeOOBaHUS K HAJEKHOCTH JOCTH-
ratotcs npu 6onee Hu3kux 3HadeHusx [1J] (kak u B mpumMepe, IpuUBEACHHOM 371eCh B pasnene 5). Eciu
BbIOMpaTh KoMIuiekT 3UII-O no kputepuro HaASKHOCTH, TO MO (aKTy MOTYT CTaTh MPHUEMIEMbIMU
3HaueHus K 5, pasubie 0,9, 1 0,5, u 0,1 u eme 6onee HU3KKE 3HAYEHUS. DTO 3HAYMT, YTO MPH MPO-
eKTUPOBAHUU U3JIENUi, B TOM unciie u uznenus [lamup-1, nokazarenu 10CTaTOYHOCTH HE UHTEPECHBI.
OHu MOTYT NPEACTABIATH UHTEPEC TOIBKO MPU MPOSKTUPOBAHUU CUCTEM TEXHUYECKOTO 00CITYKUBaHUS.
PanmonansHOe pacnpeneneHue oOUIMX PECypPCOB MEXKIY ABYMSI BUJAMU: CTPYKTYPHBIM pe3epBUPO-
BaHHeM U KoMIUIeKTOM 3UIT BO3MOXKHO ¢ TOMOIIBIO IOMOJHUTENBHBIX KPUTEPHUEB (OTpaHUYCHUN 110
o0Bemy, rabaputam, sHepronoTpedaeHuto u mp.). CienoBaTenbHO, MpoeKTupoBanue komrekra 3UIT
U BBIOOp CXEeM pe3epBUPOBAHMS JOHKHBI IPOBOJUTHCS COBMECTHO B Mpejenax oOImiei 3amaun ooe-
CIIEYEHUs HAJCKHOCTH.

9. CpaBHeHue aHaJimMTun4eckmnx metTonoB n MmeTooB CTaTUCTUYECKOro
MoaennpoeaHunsa

AHanUTUYECKUE METOMBI JUOO0 MMEIOT METOAMYECKYIO MOrpemHocTs [7], mubo TpeOyroT BechMa
OONBIINX YCUTTUI JJI TOTYYeHHs PACYETHBIX (POPMYIT MIIM BBIYUCIUTENBHBIX Mpolenyp. OqHaKo ¢ ux
MOMOIIbIO MOYKHO OLIEHHWBATh 3HAUEHUSI BEPOSATHOCTEH, OM3KKE K HYITIO U €AMHUILIE, TIPOBOAUTEH ONTH-
Muzanuio komruiektoB 3UII, ycTranaBnmBaTh B Ipolecce aHaIM3a HEKOTOpbIe 0011e 3aKOHOMEPHOCTH.
Mertonsl cratrctudeckoro monenuposanusi (MCM) 00magaroT BBICOKOH YHUBEPCAIbHOCTBIO, JOCTATOYHO
HSKOHOMMYHBI MIPU PYyYHOI MOATOTOBKE UCXOAHBIX JaHHBIX JIJISl OLIEHKH MOKa3aTeseld HaJeKHOCTH U J10-
crarouHocTH u3aenuii komriektoB 3UIL. OqHako oHu TpeOyroT OONBIINX U WHOTIA HEMPUEMIIEMbIX 3a-
TpaT BpeMEeHH JJIsl OLICHKH MaJIbIX BEPOATHOCTEH U TAI0T MIPU 3TOM 3HAYUTEIbHYIO K HEKOHTPOIUPYEMYIO
MOTPENTHOCTH OleHKH. [Ipumepom TpynHocTei npumeHeHnss MCM MOryT ObITh TaHHBIE U3 TAOJUIIBI 2.
C nomompto MCM He ynaeTcs OLIEHUTh BEPOSTHOCTh 0€30TKa3HON pabOThl U3AENUS PU OTCYTCTBUU
CTPYKTYPHOTO PE3EpBUPOBAHUS, TaK KaK olleHUBaeTcsi BenuuuHa 1,5E-20. Bei3biBaeT onpeneneHHbIe
TPYAHOCTH M pemieHue 3aaa4d ontumuzanuu. [Iporpamma ACOHUKA-K-POC B Hacrosiiiee Bpemsi He
npucrnocobieHa K pemeHuto 3a1ad ontumusaiuu, [Iporpamma MHTEJIJIEKT-3UIT moket pemars 3a-
Ja4u onTuMu3auu ¢ nomoinbto MCM. OpgHako ee BO3MOKHOCTHU TpU Ucnoinb3oBaHun MCM emie He
J0CTaTOYHO HCCIIeN0BaHbl. TeM He MeHee, IPECTAaBIIEeT UHTEPEC OLIEHUTh TOUHOCTh U TPYIOEMKOCTh

13
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MCM Ha HEeKOTOPBIX KOHKPETHBIX IPUMEPaX, YTOObI CPABHUTH aHAJTUTHUECKHE METO/IbI U METO/IbI CTa-
TUCTUYECKOTO MOZAEIUPOBAHUSI.

BepneMmcs k npumepy, 3auMcTBOBaHHOMY U3 [4] 1 paccMoTpenHoMy B paszzaene 4 st CY TC BADC.
Pesynpratel ontumu3zanuu komiuiekra 3UI-O ¢ momolibio aHaTuTUYEeCKUX MeTO/10B U MeTojia CM nipu-
BesleHbl B Tabnuiax 4—6. Ilpu HopMmarusHOM 3HadeHnu PY=0,95 u BeiGopke o6bema N=1000 B 10 npo-
TOHAaXx MOJXY4YEHHbIN ¢ nomoibio MCM onTtuManbHbIA KOMIUIEKT COBIIAJ C KOMIUIEKTOM, TIOJyYE€HHBIM C
IIOMOLIBIO aHATMTHYECKUX METON0B, B 50% mporonos. A npu P°=0,99 u Bei6opke 06bema N=1000 B 10
MPOTOHAX MOJIYYEHHbIN ¢ moMonipio MCM onTuMabHbI KOMIUIEKT HU pa3y HE COBIAJ C KOMILJIEKTOM,
MOJIyYEHHBIM C IIOMOIIBI0 aHAIMTUYECKUX METOAOB. B Tabnuiie 4 npuBeneHbl pe3ysbTaThl IByX U3 MPO-
roHoB m1sa P'=0,95. Ipu 12 3anacHBIX YacTAX OLIEHKA BEPOSTHOCTH Oe30TKa3HOM padoTsl P(7)= 0,9559
OKasayiach OOJIbIIE TPEOYEeMOTO 3HAYEHUS M 0OJIbIe (PaKTHYECKOTO 3HAYCHUS, MOTYUYEHHOTO aHAIUTH-
yeckuM MetonoM. Ilpu 13 3anmacHbIX yactsax BeposTHOCTH P(f)= 0,9631. OTHOCUTENBHAS CTOMMOCTh
komriekTa 3UI1 Bo3pocia Ha 0,29%. [Ipu ToM e HOpMaTHBHOM 3HaueHUU U 00beme BeiOopku N=10000
onTuMM3aIus ¢ moMouipio MCM yBepeHHO TaeT KOMIUIEKT, COBIAJAIOIIHNMI C PE3YJIbTATOM ONITUMH3ALINKU
C TIOMOIIIBIO aHATTUTHYECKUX METO/IOB.

Ecmu P°=0,99, To ipu oobeme BeIOopku N=10000, u gaxxe mpu N=10° MeTO1 CTATUCTUYIECKOTO MOJICIIH-
POBaHHMS AT HEYCTOMYMBEIN pe3ynsTar (Tabm. 5 u 6). Tonsko npu N=107 oH 1aeT pe3ynbTar, COBIaAak0-
IIUH C pe3yJIbTaTOM aHATUTHYECKOM onTUMU3anuH (Tadi.6). dakruueckue 3HaueHus P(f), moaydeHHbIe
JByMsI METOZaMH, OJTM3KH IPYT K APYTy (pa3inyus B MATOM 3HAKE MOCIE 3alsIToN).

Taémuua 4. N=1000, P’=0,95, BEP (MCM) = 0,9559

Ne MonyJb k| KAT*10%1/4 | L, AM Ky AM | BBP,AM | L, MCM | L, MCM
1 P III 2 0,3590 1 0,98199 0,993835 1 1
2 Mon 4 1,4016 1 0,82942 0,9961981 1 1
3 CPU-434 2 0,0727 0 0,96451 0,9950821 0 0
4 TBL 2 0,1752 1 0,99531 0,9991964 1 1
5 XBP-010 3 0,0045 0 0,99777 0,9970172 0 0
6 DDO 1 0,0365 1 0,99978 0,9986981 1 1
7 CHS 2 0,0235 0 0,98835 0,9994616 0 0
8 CPS-114 1 0,0159 1 0,99996 0,9997513 1 1
9 CPS-124 4 0,0634 0 0,96895 0,9999991 0 0
10 CRP 2 0,0280 0 0,98611 0,9992359 0 0
11 CRA 1 0,0142 1 0,99997 0,9998005 1 1
12 NOE 2 0,0293 0 0,98551 0,9991686 0 0
13 TSX 1 0,0394 1 0,99975 0,9984869 1 1
14 UPS 5 0,6570 3 0,99899 0,9907869 3 3
15 RPS-60 4 0,1577 0 0,92515 0,988538 1 0
16 RS2 2 0,0282 1 0,99987 0,9992193 1 1
17 NRP 2 0,0477 1 0,99963 0,9978011 1 1
18 RXN 1 0,0004 0 0,99978 0,9991244 0 0
19 Bcero 41 3,1541 12 0,67020 0,95241 13 12

20 | CtoumocTts % 21,77 22,06 21,77

—h
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Taonamua 5. N=10000, P0=0,99

L, L, L,

Ne MoayJb k | KAT *106, 1/a | L, AM | Kr3UII, AM | BBP, AM MCM | MCM | MM
1 P III 2 0,3590 2 0,9984419 | 0,9994609 2 2 2

2 Mon 4 1,4016 2 0,9484916 | 0,9991841 2 2 2

3 CPU-434 2 0,0727 0 0,9645113 | 0,9950821 0 1 0

4 TBL 2 0,1752 2 0,9997982 | 0,9999653 1 1 1

5 XBP-010 3 0,0045 1 0,9999967 | 0,9999934 1 1 1

6 DDO 1 0,0365 2 0,9999980 | 0,9999842 1 1 2

7 CHS 2 0,0235 0 0,9883529 | 0,9994616 0 0 0

8 CPS-114 1 0,0159 1 0,9999584 | 0,9997513 1 1 1

9 CPS-124 4 0,0634 0 0,9689487 | 0,9999991 0 0 0
10 CRP 2 0,0280 0 0,9861141 | 0,9992359 0 0 0
11 CRA 1 0,0142 1 0,9999667 | 0,9998005 1 1 1
12 NOE 2 0,0293 0 0,9855124 | 0,9991686 0 0 0
13 TSX 1 0,0394 2 0,9999975 | 0,9999802 2 1 2
14 UPS 5 0,6570 5 0,9999902 | 0,9998724 4 4 4
15 RPS-60 4 0,1577 2 0,9998513 | 0,9999882 2 1 1
16 RS2 2 0,0282 1 0,9998692 | 0,9992193 1 1 1
17 NRP 2 0,0477 2 0,9999956 | 0,9999652 2 2 2
18 RXN 1 0,0004 1 1,0000000 | 0,9999998 1 0 1
19 Bcero 41 3,1541 24 0,84960 0,990147 21 19 21
20 | Croumocts % 36,74 33,85 | 40,98 | 34,37
21| BBP,AM 0,9901 0,987 | 0,989 | 0,988

AM — ananumuueckuii memoo

Taoauna 6. P0=0,99

Ne MonyJab L, N=105 | L, N=105 | L, N=105 | L, N=106 | L, N=107 | BBP, MCM, N=107

1 P III 2 2 2 2 2 0,999482

2 Mon 2 2 2 2 2 0,999190

3 CPU-434 1 0 0 0 0 0,995075

4 TBL 1 2 2 2 2 0,999977

5 XBP-010 1 1 1 1 1 0,999993

6 DDO 2 2 2 2 2 0,999984

7 CHS 0 0 0 0 0 0,999459

8 CPS-114 1 1 1 1 1 0,999752

9 CPS-124 0 0 0 0 0 1,000000
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10 CRP 0 0 0 0 0 0,999233
11 CRA 1 1 1 1 1 0,999802
12 NOE 0 0 0 0 0 0,999167
13 TSX 1 2 2 2 2 0,999979
14 UPS 4 5 5 5 5 0,999871
15 RPS-60 1 1 2 2 2 0,999987
16 RS2 1 1 1 1 1 0,999214
17 NRP 2 2 2 2 2 0,999964
18 RXN 0 1 1 1 1 1,000000
19 Bcero 20 23 24 24 24 0,990163
20 | Croumocts % | 41,79 36,45 36,74 36,74 36,74

21 BbBP, AM 0,9905 0,9899 0,9901 0,9901 0,99015

W3 cBomHOM TaObmuIBl 7 CIEyeT, YTO MPH HEAOCTATOYHOM O00BbeMe BBIOOPKH Pe3yNIbTaThl PacyeToB
B pa3IMYHBIX MPOTOHAX BeAyT ceOsi HeycToHunBO. ONTHMaIbHbIE KOMIUIEKTHI HE COBIAAAIOT I pa3-
JIMYHBIX IIPOTOHOB U OTJIMYAIOTCA OT KOMIUIEKTA, IIOJIy4YEHHOTO AaHAIMTHYECKUMHU MeTonaMu. [Ipu sTom
BO3MO)KHBI OTKJIOHEHHUSI B JIIOOYIO CTOPOHY: OoJbIIel U MeHbIIeH cTouMOCTH. OIEHKH BEpOSATHOCTH
0e30TKa3HON PadOThI OTIAMYAIOTCS OT PACUETHBIX C IIOMOIIIBIO AHATUTUYECKIX METOIOB. B GonbInHCTBE

CIIy4aes
HOpMaTu

OIICHKA TIOTy4YaeTCs 3aBbIICHHON U (pakTHYeckoe 3HaueHne BEP oka3biBaeTcst MHOTIA MEHBIIIE
BHOTO 3HaYeHUs. Pe3yibTarel yCTOWYMBEI PU BeChbMa OOJIBININX 00beMax BRIOOpKH. B maHHOM

npumepe 31o gocruraercs mpu N=10000 g P°=0,95, a mpu N=1000000 ms P°=0,99.

Taoauna 7. CBogHast TAa0JAMIA CTATHCTHYECKON onmTUMM3anuu Komiuiekra 3UII

MeTox N P L P(t),AM | P(H),MCM C Toas

AM - 0,95 12 0,952412 411,24 21,77
MCM 1000 0,95 13 0,963161 | 0,954943 416,71 22,06
MCM 1000 0,95 12 0,952412 | 0,955884 411,24 21,77
MCM 1000 0,95 13 0,963161 | 0,961660 416,71 22,06
MCM | 10000 0,95 12 0,952412 | 0,952637 411,24 21,77
MCM | 10000 0,99 21 0,987069 | 0,990035 | 639,412 33,85
MCM | 10000 0,99 19 0,989248 | 0991136 | 774,138 40,98
MCM | 10000 0,99 21 0,988050 | 0,990238 | 649,276 34,37
MCM | 100000 0,99 23 0,989857 | 0,990236 | 688,548 36,45
MCM | 100000 0,99 20 0,990522 | 0,991097 | 789,475 41,79
MCM | 100000 0,99 24 0,990147 | 0,990254 | 694,021 36,74
MCM | 1000000 | 0,99 24 0,990147 | 0,990268 | 694,021 36,74
MCM | 1000000 | 0,99 24 0,990147 | 0,990219 | 694,021 36,74
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Jst m3nenust [lamup-1 cpaBHUTH METOIBI MOXKHO TOJIBKO TTpH orieHke [1/, Tak kak TpeboBaHuUs K Ha-
JIEKHOCTH U CXEMBI CTPYKTYPHOIO pe3epBHpOBaHus Heu3BecTHBL. IIpu N = 10° onenku ans HaumeHee
HaJiexHoro eMenTa POC-49, nonyyennsie ¢ nomoibto nporpammel « MHTEJUIEKT-3UID», npuBeneHst
B Tabm. 8.

Taoaunma 8. POC-49

3agaya oNTHMH3ALUU L K 3y MCM, N=10° K 3y AM
[Ipamas 40 0,9782 0,98175
OGparnas 58 0,9847 0,98950
[Ipsimast 112 0,9920 0,99541

Mertoa cTaTUCTUYECKOTO MOJAEIUPOBAHUS TAET YCTOWUNBO 3aHWKEHHbIE 3HaueHus [1]]

10. 3aknwo4yeHue

1. AHanu3 pe3ynbTaToB IPUMEHEHUS METOAUK (POPMUPOBAHUS M ONTUMHU3AIUN KoMILIIeKToB 3UIT
10 MTOKa3aTesIM J0CTaTOYHOCTHU NMPUBOAUT K HEYTELIMTEIbHBIM BBIBOJAM. B psne ciiyuaeB peko-
MeHayeMbll cocTaB KoMIuiekTa 3UII, umeromero BeICOKHE MOKAa3aTeNN JOCTaTOYHOCTH, HE MOXKET
o0ecreynTh NpUEeMJIEMbI YPOBEHb HAaJIS)KHOCTH u3aenus. /laxe B mpumepe, npuBeeHHOM B PykoBo-
JSIEM JOKYMEHTE U pacCMaTpUBaEMOM B KaU€CTBE HEKOTOPOTO ATAJIOHA, PACCYUTAHHBIM KOMIIJIEKT
3UII obecnieunBaeT BeposITHOCTH 0€30TKa3HOi paboTel Bcero 0,0074. [TonbITKa yly4IIeHUst COCTaBa
xomruiekta 3UIT-O B [1] mpuBoaUT K CyliecTBeHHOMY yMeHblIeHuto kommuiekTa 3UIT-O 6e3 camxe-
Hus ko3 dunuenta roropHocTH 3UII, HO TP ATOM BEpPOATHOCTH OE30TKAa3HOM PabOTHI MajgaeT 10
ypoBHs 10-2°. Bo3HHMKaeT BONPOC, 3a4€M HaJ0 YMEHBIIATH 3aMachl U 100MBAThCS BHICOKUX 3HAYEHH I
IOKa3aTess JOCTaTOYHOCTH, €CJIM HAJAEeKHOCTh MU3/ENH OT TAaKOM aKIMM NafaeT NPaKTUYECKHU A0
Hyns. [Ipuunna abcypIHOCTH 3TOM CUTYyaIlMu 3aKII0YaeTCsl B OMMOOYHON KOHUENIUHY Ha3HAYSHUS
3anacoB B komiuiekte 3UII.

2. Bri6op xomruiekta 3UII gomkeH NpoBOIUTHCS MO KPUTEPUIO TOCTHKEHUST TpeOyeMOoro 3HaueHUs
nokasaress HaJeKHocTu. [lokazaTenyu JO0CTaTOYHOCTH 3aacoB HE MPEJICTAaBIIAIOT 0COO0r0 HHTEpeca U
MOT'YT PaCCUUTBIBATBCS Pa3Be JIMILB [ CBEACHU. McTonb3yeMble B HACTOSALIEE BPEMS B IIPOMBIIILICH-
HOCTH METOAMKH BbIOOpa KomiuiekToB 3UII, ocHOBaHHBIE Ha MOKAa3aTeNsiX JAOCTATOYHOCTH, AOJKHBI
OBITh 3aMEHEHbI METOIMKAMH, OCHOBAHHBIMH Ha TIOKA3aTeNsAX HAaJIEKHOCTH. JTO MO3BOJIUT YCTPAHUTH
OYEBHIHOE POTUBOpPEUNE MEX 1y Ha3HaueHueM koMiuiektoB 3UII u kpurepueM BbIOOpa UX COCTaBA.

3. Ontumuzanusa komiuiekToB 3UIT Takke qomkHA TPOBOAUTHCS MO MOKA3aTeN0 HajaexkHOCTH. M-
M0JIb30BAaHUE B KAUECTBE KPUTEPUS ONTUMHU3ALIMH OJJHOTO U3 IOKa3aTeiel I0CTaTOYHOCTH MOXKET J1aBaTh
pelieHus1, yCTyNnanme ONTUMaIbHOMY 0 KPUTEPHUIO HAJIEKHOCTU KaK MO CTOMMOCTHU 3alacoB, TaK U
0 JOCTUTAEMOMY 3HAYCHHIO TTOKa3aTells HaIeKHOCTH (Tpu OoJiee TOpOroM KOMIUIEKTE Oojiee HU3Kas
HaJIe)KHOCTB ).

4. JleficTByIOIIME B HACTOSIIEE BPEMS HOPMATHUBHbBIE JJOKYMEHTHI, IPEANUCHIBAIOIINE TPOBOAUTH BbI-
60p u ontuMm3anuio komruiekToB 3UIT mo mokazaTensM JOCTaTOYHOCTH, TOJDKHBI OBITH TIepepaboTaHbl
B HANpaBICHUH W3MEHEHUS KPUTEPUEB BHIOOpA WIIH JOMOIIHEHBI HOBBIMH Pa3/ieliaMH, OTPaKAIOIIMMHU
BBIOOD U onrTuMM3aIHi0 KoMIUIeKToB 3UIT 1o KpuTepuio HaIeKHOCTH.
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5. MeToJ cTaTUCTUYECKOTO MOJICTTUPOBAHHMS CIIETyeT MPU3HATh BIIOJHE KOHKYPEHTOCIIOCOOHBIM MPH
CpPaBHEHUH C aHAJTUTUICCKUMH METOJIaMHU, TaK KaKk OH 00J1a1aeT OOJIBIIION CTENIEHBIO YHUBEPCATBLHOCTH.
Bwmecrte ¢ Tem, OH HE 10CTaTOYHO MCCIICIOBAH B YaCTH OIEHKH U KOHTPOJIS TOYHOCTH MOTYyYaeMbIX CTa-
TUCTUYECKUX 3HAYCHUH MOKa3aTesied HaJAS)KHOCTH U IOCTaTOYHOCTH. [ToaTOMY Mpu penieHny npsMoi
3aJ1a4¥ METOJI CIIEAYEeT MPUMEHSITH C KpaiHEe 0CTOPOXKHOCTHIO. [Ipu HeroCTaTOYHBIX 00beMax BHIOOPKHU
BO3MOKHBI CYIIECTBEHHBIE OTKJIOHCHHS OLICHOK IMOKa3aTeJIe OT WX MCTHUHHBIX 3HadeHuH. Jljia onTu-
Muzaruu komruiektoB 3UIT meton eme MeHee mpucocoOieH, Tak Kak BBIOOpP CIEAYOIICH 3armacHOM
YaCTH HA OYEPETHOM IIIare ONTUMHU3AIMH TPUXOIUTCS MPOBOIUTH 110 3HAYCHUSIM BEPOSITHOCTEH, OYCHB
ONMM3KUM K enuHuIe. [ nmpaBuiIbHOTO BIOOpa TpeOyeTCsl BHICOKAs TOUHOCTh OLICHKH BEPOSITHOCTEH,
a, CIIEJIOBATEIIbHO, OOJIBIIINE 0OBbEMBI BEIOOPKH.
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Structural reliability. The theory and practice

Cherkesov G.N.

ON CRITERIA OF SELECTION OF SPTA KITS

This paper discusses conceptual issues of stocking for recovery of technical systems, including issues
of selecting SPTA kits and their optimization criteria, correlation of two methods of failure correction,
by repairing and by replacing a faulty element by a spare part. The paper indicates disadvantiges of
the approximate method of system reliability calculation taking into account SPTA and used in the
industry.

Keywords: reliability, restorable system, spare part, SPTA, sufficiency factor, strategy of replenishment.

Introduction. Recently the attention of specialists in reliability has been increasingly focused on the
problem of SPTA. It can be explained by the following reasons:

* The growing role of spares as one of the main resources to ensure reliability of modern systems,
especially high-tech systems (hi-tec);

* Insufficient development of the methods of the reliability theory of restorable systems that whould
take into account the peculiarities of this resource that is well known in engineering;

* Understanding of imperfection of the product reliability calcuilation methods in case of availability of
spares, which are used in the industry and supported by the authority of existing regulations at the level
of GOST and guidance documents;

* Accute attention to reliability in general in connection with the increasing number of serious accidents
in some of safety critical systems due to equipment failures.

We can also add manifestations of competition of software offered to the industry to support the
calculation and evaluation of spares, which is completely natural in the modern conditions. It is restified
in particular by the article [1].

It 1s evident that the disadvantages of the methods of SPTA calculation and evaluation lead to errors
of two types: either unjustified redundancy of spares kits or non-fulfillment of the requirements for
reliability. In the end both cause direct economic losses, sometimes quite significant, and, on a number
of occasions, other losses which are not less significant (prestige, loss of the position in domestic and
international markets, etc.).

This article discusses the relevant issues of SPTA designing and provides a comparative analysis of
different methods for calculation of spares and reliability of products using SPTA.
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1. Relevant issues of SPTA designing

Currently the most relevant issues can be recognized as follows:

1.1. What is the main objective of creation of spares or SPTA system: to meet reliability requirements
or improve maintenance? Depending on an answer to this question, one selects the type of indicator which
is subject to standardization. If the objective is to improve the performance of maintenance, then it is
necessary to standardize the sufficiency factor of a spares kit. If the objective is to improve reliability,
the reliability parameter based on the requirements defined in the technical specification for a product
shall be standardized.

1.2. If we recognize that the objective of spares kit is to improve reliability, is it possible to design a
spares kit according to the sifficiency factor in this case? If yes, then the following question arises.

1.3. How to find the standard value of sufficiency factor that will be used to form a spares kit when
external requirements (in the technical specification) for reliability are available?

1.4. If development of a spares kit and its optimization are carried out accroding to sufficiency, can the
quality of this resource be estimated by the value of sufficiency? For example, if availability of a spares
kit is 0.95, is it much or little? And if it is 0.2, does it mean that the kit is not sufficient and in this sense
it is small (not big enough)?

1.5. Is it always that a spares kit as a resource to ensure reliability and replacement of a faulty element
by an operable spare part as the procedure for recovery of a product can provide more reliability of
nonredundant systems? For example, is it possible to use SPTA, if a nonredundant product operates in
continuous long-term mode and the faultness factor is standardized for it?

1.6. If while answering to questions 1 — 3 we agree that the objective of spares kit creation is to
improve reliability but in order to form a spares kit, the sufficiency factor should be used, and if
we somehow manage to find the standard value of sufficiency corresponding to the standard value
of reliability, then the following question arises. Is it possible to optimize SPTA according to the
criterion of minimum aggregate costs while fulfilling the requirements for sufficiency (direct problem
of optimization) or criterion of maximum sifficiency with constraints on the aggregate costs (inverse
problem)? If so, is there any confidence that the kit which is optimal according to sufficiency will be
optimal with constraints on reliability (according to the reliability criterion)? And if it is not so, then
the following question arises.

1.7. If to admit that optimization using sufficiency is not appropriate, then why should we standardize
sufficiency and calculate it at all?

1.8. Now the question of spares kit estimation and optimization is treated in practical terms.
There are at least three software packages which implement the analytical methods of spares kit
estimation and optimization: ROKZERSIZ [2], ASONIKA-K-ZIP [3], INTELLEKT-ZIP [4]. In
addition, there is another ASONIKA-K-RES software package which is used to calculate a spares
kit by the statistical simulation method [1]. They are developing in the environment of healthy
competition. In the work [1] there is some criticism of one of the software packages in favor of
another one. The criticism is quite useful and aimed at finding the best applications of the proposed
industrial facilities. But some question arises in this regard. What methods and means of software
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support should be recommended to the industry for practical application in view of the whole
complex of the stated questions?

The reader will not find ready answers to the questions, but there will be an open discussion, and the
author’s position on all these aspects of the problem will be set forth.

2. The main objective of creation of spares kit or system

As for the objective of spares kit creation, normative documents use unclear wordings which allow of
various interpretations. In GOST V 15.705-86 it is stated that the objective of development, production
and application of spares kits is to support permamently product availability by conducting (specified)
maintenance services, scheduled and unscheduled repairs. In GOST RV 27.3.03-2005 it is indicated that
single and (or) group sets of spare parts, tools and accessories (SPTA) or two-level systems of SPTA are
provided to ensure reliability (maintainability) of a product. In RD V 319.01.19-98 guidance document
it is indicated that this document is applied to restorable and servicable apparatuses, devices, equipment
and other products in operating conditions, whose requirements for reliability, including requirements
for sufficiency and volume of spares kits, are specified in the regulations.

Hence it ensues that, on the one hand, SPTA is created to ensure reliability, to support operability
(faultness, availability) and to meet the requirements for reliability. On the other hand, it is necessary to
ensure maintainability, to conduct maintenance for the benefit of operability. And the guidance document
allows that reliability requirements include requirements for sufficiency and volume of spares Kkits.

If we should single out the main objective within this variety, there are still grounds to believe that the
main objective of the regulations is to ensure reliability. This is consistent with the logic of designing
and and operational tasks.

3. Criteria of SPTA sufficiency

When selecting a spares kit, the criterion function should be specifed. Currently there are, essentially,
only two proposals: to use sufficiency (stock availability (of SPTA) or the average delay in request
fulfilment) or reliability (faultness, availability) as the criterion.

If we use sufficiency parameters, two questions arise. Since the type of the pattern of internal redundancy
of'a product does not affect sufficiency, and the total intensity of requests for spare parts is only important,
then the parameter of stock availability (of a spares kit) becomes the sole and universal sufficiency
parameter. Therefore, to select or optimize a spares kit it is necessary to know the standard value of
sufficiency. It is subject to computation using the standard value of the given reliability parameter. The
first question is how to do it. The link formula given in [2, p.16]

Ken:l];HH :szp /Keoc (1)

can be used only if two conditions are satisfied as follows: product availability is standardized and there
is no redundancy in the product. When standardizing another parameter of reliability (e.g. mean time to
failure, probability of failure-free operation) or with internal redundancy in the product, the formula (1)
cannot be used. With respect to complexity the task of finding the link of standard values of sufficiency
and reliability is comparable to the problem of direct calculation of reliability of a product with finite
stock in SPTA.
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Of course, it is possible to standardize sufficiency without linking its value with the standard value of
reliability, but then the second question arises: how with the known spares kit to estimate the actual value
of reliability. The formula [2, p.16]:

Ke = Ke,BHHKeoo (2)

is true only for calculation of product availability in the absence of internal redundancy. For other cases
the model of reliability of a restorable item with an unlimited spares kit is used in which the correction
of the mean to time to recovery is carried out according to the formula:

Ty =Taso + Alyyy_o. 3)

This methodological approach gives an approximate value of reliability with an unexplored error.
Without evaluation and control of the error the selection of a spares kit may turn out to be faulse.
Discrepances occur in different methods of K, 5, calculation too. So, [8] suggests that in order to avoid
the situation when a spares kit includs items with zero initial stock we should stick to the principle of
spares kit integrity. This suggestion is beneath cricisim. First, a product can include expensive modules
and devices. Their compulsory inclusion in a spares kit without justification according to the accepted
criterion will lead to a significant increase in the cost of initial stock. Second, this suggestion does not
take into account possible redundancy in a product. And though the selection of SPTA is conducted in
accordance with sufficiency, the purpose of SPTA is still to meet reliability requirements. But then it is
possible to consider the case of degeneracy as acceptable when a spares kit is zero, i.¢. it contains no spare
parts. With periodic replenishment, spare parts coming out of an inexhaustible source will only be used
to restore a baseline structure. And with this procedure the reliability requirements will be met.

Thus, we get a very paradoxical situation. Except for rather simple cases not often faced in practice, the
sufficiency and reliability parameters are linked by correlations which we are not able to establish. However,
recognizing the main objective of ensuring reliability, we select spares kits according to sufficiency.

But there is more to come. Standardizing sufficiency without knowledge of the link between sufficiency
and reliability, we do not take into account an important degree of freedom, namely the type and depth
of structural or functional redundancy. As a result, trying to insure some level of sufficiency, we can say
nothing about the value of reliability. It can be low with high sufficiency and it can be high with a low
sufficiency value. When the factor of stock availability is 0.95, the probability of failure-free operation
can be equil to 0.1, even 0.001 or less. On the contrary, with the factor of stock availability of 0.3 the
probability of failure-free operation can be equal to 0.95 or higher. But if it is so (further the examples
will be given that it is possible), and it is impossible to predict in advance whether it is good or bad, then
it is natural to ask what the role of sufficiency parameters is and whether they are necessary at all. And
if they are necessary, then what their purpose is. It is clear that their calculation in many cases does not
bring us to the solution of reliability problem. The selection of SPTA according to sufficiency does not
guarantee that the reliability requirements will be met.

4. Criteria of SPTA optimization

While optimizing SPTA, the same dilemma occurs as in the case of spares kit selection: to carry it
out according to reliability or sufficiency criterion. Since the conversion of reliability requirements into
sufficiency ones is not practically possible, except for the case referred to in Section 3, optimization by
sufficiency criterion can be conducted only if sufficiency standardization is carried out independently
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of reliability requirements. The certified software packages [1, 2] offered for application in the industry
conduct optimization according to sufficiency criterion. Optimization should be performed by minimum
cost of spares kit creation. The idea of not taking into account the cost of spare parts [8] in optimization
can not be considered seriously. One should expect that replacement of reliability parameter by sufficiency
one shall bring consequences similar to those observed in the formation of spares kit. In terms of quantity
these consequences can be defined by the comparative analysis of optimization results by practical
examples.

Let us consider the example of some fragment of a real project performed by the author on request
of the industry and discussed in detail in [4]. The control system of nuclear power plant technological
means is a complex set of software and hardware tools designed for reliable and safe automated control
of technical equipment in normal and emergency modes. One branch of this seven-level hierarchy
system contains 41 items of 18 types. The mean time to failure of the system without taking into account
structural redundancy is 89550 hours. The reliability requirements are stated as follows: the probability
of failure-free operation of the system for a year (8760 hours) should be at least 0.95 (option 1) or not
less than 0.9 (option 2). Optimization should be performed by the criterion of minimum aggregate costs
of a single spares kit with periodical stock replenishment of 7=1 year. While optimizing according to
sufficiency, the factor of SPTA availability should be ensured at the level of not less than 0.95 (option 1)
or not less than 0.9 (option 2).

Without SPTA the probability of failure-free operation for a year taking into account structural
redundancy is equal to 0.151. The factor of SPTA availability with zero stock is 0.23. The optimization
results are shown in Table 1.

Table 1.
Ne | Criterion Standard L | Cost, thousand rubles |Relative cost, % | P(¢) | K,pya
1 K prazK, 0.95 19 839 474 0.9512 | 0.953
2 K prazK, 0.90 15 655 34.7 0.825 | 0.910
3 P(t) 2P, 0.95 12 411 21.8 0.9524 | 0.67
4 P(t) 2P, 0.90 10 368 19.5 0.902 | 0.613

Comparing the results of the optimization by two criteria, one can see that the calculation of a spares
kit according to sufficiency gives an overrated stock level compared to the level required to ensure
reliability. In option 1 (standard 0.95) the cost of a spares kit has increased from 411 thousand rubles
to 839 thousand rubles, i.e. more than twice. With that the probability of failure-free operation has not
increased but decreased a little: from 0.9524 down to 0.9512.

In option 2 (standard 0.90) the cost of a spares kit has increased from 368 thousand rubles up to 655
thousand rubles, i.e. 1.78 times. In addition, the probability of failure-free operation has not increased
but declined significantly: from 0.902 down to 0.825.

Option 1 in Table 1 is the only option for spares kit composition that provides K ., and P(t) value of
not less than 0.95. With that the single spares kit selected by sufficiency turns out to be the most expensive.
In option 3 in Table 1 the reliability requirements are also satisfied, but a single spares kit is more than
half the price than in Option 1 and the availability factor is at the level of 0.67. It is hardly possible to
justify such a high price for a higher level of sufficiency, if the reliability requirements are satisfied by a
more cost-efficient kit.
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With the standard level of 0.90, the results are even more significant. Achieving the required value of
K, spra» We can not provide the level of P(t) as not less than 0.9, though with half the cost of the kit, P(t)>0,9
can be reached. In this case K ¢, is only equil to 0.613. The result is paradoxical: with twice the costs it is
not possible to satisfy the requirements for reliability, although the requirements for sufficiency are ok.

5. Application of SPTA in nonredundant systems

Comparing repair and replacement of a faulty module by a spare part from SPTA it is legitimate to ask
about the probability and equivalence of these ways to restore operability. It is clear that the opportunity
to repair does not allow us to increase the probability of failure-free operation, but allows us to increase
the availability factor of a product. If the time to replace a faulty module, when a spare part is available, is
comparable to the time of recovery by repairing, then both ways to recover are equivalent. If, in accordance
with the purpose of a product and functioning features in which the product may be used, some interruption
in operation for recovery by repair or replacement is acceptable, then we can speak about time reserve.
According to [5], the probability of failure-free operation of homogeneous subsystems with elements of
the i-th type should be calculated using the formula:

B (t’ tdom' > OO) = eXp(_ki}\’i maX(O’t - tt)om' )(1 - P;i (tdoni )))5 (4)

where ¢, . is the accepatable interruption, F_(z, ) is the probability of recovery before the expiration
of time #, . It can be a recovery by repair or replacement.

If the repair time on average is much longer than the replacement time, repair and replacement of the
module by a spare part are not equivalent. For example, if

Lo << oon << Taccs (5)

then, according to (4), the probability of failure-free operation will be close to one with recovery by
replacement and close to zero with recovery by repairing. Satisfaction of conditions (5) requires careful
inspection. And if time reserve is actually available, there is the Renyi type pattern of failure flow sifting,
with which reliability calculation is performed with the equivalent failure rate A_=kA(1- F_(z, ).

Iftime reserve is not available, the spares kit does not improve reliability. And then for the relevant components
of a product the structural redundancy which allows using spare parts to improve faultness is required.

The importance of time reserve is not just a matter of its measurement. It can be a problem of designing
[5]. To determine the value z, , it is necessary to simulate the functioniong process in the condition of
temporary performance loss of a device which contains a faulty element. In some cases new design solutions
may be required, such as a temporary change in the functioning mode to slow down adverse processes
and increase #, up to the value sufficient to satisfy conditions (5). In systems of different purposes, it is
possible to create special conditions that will lead to time reserve used to replace a faulty module by a spare
part. It means that it is accepatable to use spares kits to improve faultness in a nonredundant system.

6. Comparison of methods and methodologies
of sufficiency and reliability calculation

The methodology specified in the documents [2, 6] is designed for evaluation and calculation of spares
kits on the basis of sufficiency. The methodology is implemented in two software packages of ROKZERSIZ
and ASONIKA-K-ZIP. As an alternative to the methodology [2,6], it is possible to consider the analytical
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method of direct registration of spares kit composition in the reliability models and a relevant methdology
described in [4], as well as the statistical method of Monte Carlo simulation. On the basis of these methods
and methodologies, ASONIKA-K-ZIP and INTELLEKT-ZIP software packages are developed. The
comparative analysis of various proposals to estimate their actual opportunities, advantages, disadvantages
and identification of areas of their appropriate applications are of practical interest.

As the opinion of universality of the methodology [2,6] is quite common, the real opportunities within
the framework of a certain product classification should be considered in detail. As characteristics of the
classification it is possible to use the following:

* Type of the structure,

* Application mode and standardized value of reliability,

* Number of executed functions,

* Strategy of stock replenishment in a spares Kkit.

According to the type of structure it is possible to distinguish:

* Nonredundant (sequential) systems,

* Systems with series connection of homogeneous redundant subsystems,

* Systems with series connection of homogeneous partially redundant subsystems,
* Systems with series connection of heterogeneous redundant subsystems,

e Structurally complex systems.

For systems of class 1 and 3, the methodology [2,6] allows finding the availability factor of a
product using the formula (2), but does not provide guidance for the definition of faultness parameters.
In class 3 the problem of spares kit application and reliability calculation occurs due to the fact that
a part of the elements of homogeneous subsystems is not redundant. For systems of class 2, the
availability and faultness parameters can be found with the help of formula (3). In fact, it is the only
class of systems for which the methodology [2, 6] and the reliability theory of restorable systems can
offer known formulas for calculation of faultness and availability parameters. For the other classes a
general idea based on correction of mean time to recovery using the formula (3) is suggested. Since
in terms of complexity the problem of finding the reliability parameters in the condition of unlimited
spares kits is comparable to the task of evaluation of reliability with direct inclusion of SPTA into
the model of reliability, the use of the approximate methodology [2, 6] is hardly reasonable when
the accurate one is available.

According to the third characteristic (number of executed functions), the methodology [2, 6] is also
limited. It considers only single function systems in which stock consumers are only those components
included in the model of reliability. In multifunction systems reliability is calculated for individual
functionally independent operations. In this case stocks are consumed not only by the components which
are involved in the performance of the functionally independent operation but by the other ones. The
methodology [2, 6] does not consider multifunction systems as an object of the analysis.

When taking into account replenishment policies in the model of reliability, it is required to define,
first, the time of request generation to replenish the stock, and second, the amount of stock that should
be supplied on request. In the methodology [2, 6] using the periodic replenishment strategy with urgent
delivery, the option of request generation upon actual failure of a spares kit is considered. But there
are other options. For example, reqest generation is carried out upon redundant subsystem failure, at a
certain level of degradation of redundant subsystems, etc. According to the request volume, the option
of full restoration of the initial stock of that type whose exhaustion has been the reason for the request
generation is only considered. However, there are many other options for request generation. For example,
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delivery of only one spare part, when replenishment strategy with urgent delivery is used, replenishment
of the initial stock of several or all types, when replenishment strategy with urgent delivery is used, and
replenishment according to the level. The methodology does not foresee any correction of the request
upon generation but before the moment of delivery either.

Outside the framework of the methodology there is also such tool as reconfiguration of the system
during which operable elements of faulty components can be used as spare parts.

Thus, comparison of the methodology [2, 6] with alternative ones is only possible within the existing
framework of a quite narrow area of its application.

As for the method of statistical simulation, its advantages and disadvantages are well known and fully
observed when estimating the reliability of systems with a limited spares kit. The advantages include
universality of the method and weak dependence of calculation labour intensity on a structure type of a
product, replenishment strategy and structure of a spares kit system. The disadvantages of the method
are increasing errors and labour intensity of calculations in the evaluation of small probabilities and
complexity of optimization procedure of a spare kit.

It is convenient to show quantitative comparison of different methodologies and software packages with
the help of a general case. In this case for the comparative analysis the radioelectronic device Pamir-1 is
selected which is considered in Example 1 of Appendix A of the normative document [2].

7. Comparative quantitative analysis of methods and methodologies
using the example of radopelectronic product of Pamir-1 type [35]

General characteristics of the product

The example of spares kit calculation according to the sufficiency criterion is taken from the
normative document [2]. Pamir-1 contains 1422 elements (radioelectronic devices and components)
of 30 items. In the structural and reliable pattern the product is presented as a serial connection of
30 homogeneous subsystems divided into 4 groups according to the type of replenishment strategy.
Continuous replenishment with average delivery time 1 week = 150 hours is used for six subsystems.
Continuous replenishment with average delivery time 2 weeks = 300 hours is used for 12 subsystems.
Periodic replenishment with the period of restocking of 1 year = 8000 hours is used for seven subsystems.
Periodic replenishment at the interval of 8000 hours and the mean time of urgent delivery of 3 days =
65 hours are used for five subsystems. The total flow of failures is equal to 0.02772, the mean time to
failure is 36.1 hours. The reliability requirements are not stated. The internal structure of the product
is not known and there is no information on structural or functional redundancy in it. However, the
sufficiency requirements for a single spares kit are given as follows: the availability factor of a spares
kit is K >0.95 with the solution of direct problem of optimization according to the sufficiency

- 2 TtaSPTA-S
criterion.

Table 2 and 3 shows the results of calculations of the availability factor of a single spares kit and the
probability of failure-free operation. The single spares kit composition with the total amount of spare
parts L = 245 is taken from [2]. Calculations of the probability of failure-free operation of the product
and the single spares kit composition were performed using INTELLEKT-ZIP softeware package [4]
or taken from [1]. The parameter m expresses the total number of redundant elements in homogeneous
subsystems that use moving redundancy. With m = 0 there is no redundancy. With m = 25 modules 19,
20, 22 and 23 have two backup elements, and 17 ones have one backup element each. With m = 26, in
group 19 (relay RES-49) there are three backup elements.

26



ON CRITERIA OF SELECTION OF SPTAKITS

Table 2. Direct and inverse problems

(I;i(rllc(tzp?:aleﬁ ASONIKA-K-ZIP, direct problem Aii(v)ij:fﬁrjﬁ'lfg’
Ne
. 120) . P . P®®)

m=0 m=26 m=0 m=25 m=26 m=0 m=26
1| 1 [0.99814 |0.999996 | 1 |0.99814 | 0.999996 | 0.999996 | 2 | 1.000000 | 1.000000
2| 1 [0.91813|0.998422 | 2 [0.99651 | 0.999978 | 0.999978 | 2 | 0.999976 | 0.999978
30 1 |0.64895|0.976906 | 2 |0.96008 | 0.999224 | 0.999224 | 2 | 0.999699 | 0.999224
41 1 [0.98375(0.985370 | 1 |0.98375|0.983751 | 0.983751 | 2 |0.999998 | 0.983751
51 1 [0.72095|0.991816 | 2 |0.97364 | 0.999766 | 0.999766 | 2 | 0.999806 | 0.999766
6| 1 |0.95646|0.999728 | 1 |0.95646 | 0.956460 | 0.956460 | 2 | 0.999991 | 0.956460
71 0 |0.825310.998973 | 1 |0.99869 | 0.999996 | 0.999996 | 1 | 0.998688 | 0.999996
8 | 1 |0.98002|0.999708 | 1 |0.98002 | 0.999708 | 0.999708 | 2 |0.999992 | 0.999997
9 | 1 [0.99301|0.999945 | 1 |[0.99301 | 0.999945 | 0.999945 | 1 |0.993005 | 0.999945
10| 1 {0.99796 | 0.999992 | 1 |0.99796 | 0.999992 | 0.999992 | 1 |0.997958 | 0.999992
11| 1 {0.99869 | 0.999997 | 1 |0.99869 | 0.999997 | 0.999997 | 1 |0.998688 | 0.999997
12| 1 {0.99483]0.999970 | 1 |0.99483 | 0.999970 | 0.999970 | 1 |0.994834 | 0.999970
13 1 [0.99707{0.999992 | 1 |0.99707 | 0.999992 | 0.999992 | 1 |0.997071 | 0.999992
14| 1 {0.95667 | 0.999016 | 1 |0.95667 | 0.999016 | 0.999016 | 2 |0.999974 | 0.999986
15 1 |0.94409 | 0.998533 | 2 |0.99729 | 0.999976 | 0.999976 | 2 |0.999961 | 0.999976
16 | 1 {0.99349 | 0.999962 | 1 |0.99349 | 0.999962 | 0.999962 | 1 |0.993487 | 0.999962
17 1 [0.90834(0.996690 | 2 |0.99412 | 0.999928 | 0.999928 | 2 |0.999913 | 0.999928
18| 1 {0.99483|0.999980 | 1 |0.99483 | 0.999980 | 0.999980 | 1 |0.994834 | 0.999980
19 | 112 | 0.52510 | 0.999990 | 40 | 4.0E-15 | 0.964811 | 0.999343 | 58 | 1.40E-08 | 0.999875
20 | 14 |0.52812]0.999778 | 9 |0.09177 | 0.999526 | 0.999526 | 19 | 0.528121 | 0.999993
21| 2 |0.45060 | 0.991640 0.83501 | 0.998682 | 0.998682 | 6 | 0.450605 | 0.999701
22| 25 | 0.48016 | 0.999499 | 14 | 0.00792 | 0.998140 | 0.998140 | 31 |0.480164 | 0.999972
23 | 25 | 0.48016 | 0.999499 | 14 | 0.00792 | 0.998140 | 0.998140 | 31 | 0.480164 | 0.999972
24 | 18 |0.99281 | 0.992813 | 21 | 0.99930 | 0.999300 | 0.999300 | 23 | 0.999880 | 0.999300
250 3 10.99997 | 0.999968 | 3 | 0.99997 | 0.999968 | 0.999968 | 4 |0.999999 | 0.999968
26 | 13 | 0.99684 | 0.996843 | 16 | 0.99985 | 0.999855 | 0.999855 | 17 | 0.999953 | 0.999855
27 0.99977 | 0.999771 | 5 |0.99998 | 0.999980 | 0.999980 | 6 | 0.999998 | 0.999980
28 0.99976 | 0.999764 | 7 |0.99997 | 0.999966 | 0.999966 | 8 | 0.999996 | 0.999966
29 0.99993 | 0.999935 | 4 | 1.00000 | 0.999997 | 0.999997 | 4 | 0.999997 | 0.999997
30| 3 ]0.99995 | 0.999953 | 4 | 1.00000 | 0.999998 | 0.999998 | 4 | 0.999998 | 0.999998
245 | 0.00740 | 0.926783 | 164 | 1.5E-20 | 0.899650 | 0.931849 | 239 | 7.53E-10 | 0.93835
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Table 3.

Ne | Problem Software L Cost;ltlll:(l);sand m K, pra P@

1 direct ROKZERSIZ 245 3395.65 0 0.95719 0.0074

2 inverse ASONIKA-K-ZIP | 239 3391.1 0 0.98504 7.53E-10

3 direct ASONIKA-K-ZIP | 164 1942.15 0 0.95312 1.51E-20

4 direct ROKZERSIZ 245 3395.65 26 0.95719 0.9268

5 inverse | ASONIKA-K-ZIP | 239 3391.1 26 0.98504 0.9384

6 direct ASONIKA-K-ZIP | 164 1942.15 25 0.95312 0.8997

7 direct ASONIKA-K-ZIP | 164 1942.15 26 0,95312 0,9319

The analysis of the calculation results allows us to make the following conclusions:

1. We can’t doubt the claim made in [1] that with the solution of the direct problem of optimization
according to the sufficiency criterion, the kit of 164 spare parts should be preferred to the kit of 245 parts,
as both provide the required availability factor, but one is substantially smaller and more cost-efficient
than the other.

2. The same conclusion can be made by the results of the inverse problem, according to which two
single spares kits of an approximate equal value provide different values of availability: in one case it is
0.957 and in the other case it is 0.985. It is clear that the preference should be given to the kit with higher
sufficiency.

3. However, good results of the analysis in one case and bad ones in the other case lose value and become
pointless, if we return to the problem of reliability. If we assume that there is no structural redundancy in the
product, then all the options of a single spares kit are not acceptable, as in one case the probability of failure-
free operation for a year is equal to 0.0074, and in the other one it is practically equil to zero: 1.51 E-20.
Even the least cost-efficient option is not sufficient because it does not provide the required reliability.

4. If we assume that there is structural redundancy in the product, the comparison makes sense. The
options with structural redundancy shown in the Table differ in the number of backup elements. Calculations
according to formula [4] are carried out for the structural patterns in which loaded redundancy of fractional
multiplicity is used for a number of subsystems. For subsystems with numbers 1-3, 5, 7-18, 21 (according
to the numbering in [2]), one backup element is introduced, for the subsystems number 20, 22 and 23
two backup element are introduced. In the subsystem with numbers 19 for options 4, 5 and 7 in Table 2
three backup elements are introduced, and for option 6 two elements are introduced. Table 2 shows that
with such redundancy multiplicity the probability of failure-free operation for a year has increased from
the value close to zero up to the values of 0.9 — 0.94. Moreover, such significant increase in the probality
of failure-free operation is achieved with the total number of backup elements 6 — 9 times less than the
number of spare parts.

5. With the increased multiplicity of structural redundancy, the reliability requirements are met at lower
sufficiency (as in the example shown in Section 5). If you choose a single spares kit by reliability, K ¢pp.
values 0f 0.9 and 0.5, and 0.1, and even lower may, in fact, become acceptable. It means that during product
designing, including Pamir-1, the sufficiency parameters are of no interest. They may be of interest only
in the designinig of maintenance systems. Rational allocation of common resources between two types
(structural redundancy and spares kit) is possible with the help of additional criteria (constraints on the
volume, dimension, power consumption, etc.). Therefore, spares kit designing and selection of redundancy
patterns should be carried out jointly within the framework of common problem of reliability.
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9. Comparison of analytical methods and statistical
simulation methods

The analytical methods have a methodological error [ 7] or require very large efforts to obtain calculating
formulas or computational procedures. However, they can be used to estimate the probability values that
are close to zero and one, to optimize spares Kkits, to establish some general patterns in the analysis. The
statistical simulation methods (SSM) are highly universal, cost-effective enough with manual preparation
of initial data to evaluate reliability and sufficiency of spares kit products. However, they require large
and sometimes unacceptable amount of time to estimate small probabilities and provide a significant and
uncontrollable error of estimation. The example of the difficulty of SSM application may be the data of
Table 2. The probability of failure-free operation of a product without structural redundancy is impossible to
estimate by SSM, as the value of 1.5 E-20 is estimated. There are certain difficulties in solving optimization
problems. ASONIKA-K-RES is currently not adapted to solve optimization problems. INTELLEKT-ZIP
can solve optimization problems by SSM. However, its possibilities when using SSM is not yet sufficiently
investigated. Nevertheless, it is interesting to evaluate the accuracy and labour intensity of SSM in some
specific examples to compare analytical methods and methods of statistical simulation.

Let us return to the example taken from [4] and discussed in Section 4 for the control systems of nuclear
power plant technological means. The optimization results of a spares kit by means of the analytical
methods and the method of statistical simulation are shown in Tables 4-6. With the standard value P’=
0.95 and the sampling volume N = 1000 in 10 trials obtained with SSM, the optimal kit coincided with
the kit obtained by means of the analytical methods, 50% of the trials. With P° = 0.99 and the sampling
volume N = 1000 in 10 trials obtained with SSM the optimal kit never coincided with the kit obtained
by the analytical methods. Table 4 shows the results of two trials for P= 0.95. With 12 spare parts the
evaluation of the probability of failure-free operation P(z) = 0.9559 turned out higher than the required
value and the actual one obtained by the analytical method. With 13 spare parts the probability is P(?)
= 0.9631. The relative cost of a spares kit increased by 0.29%. With the same standard value and the
sampling volume N = 10000, the optimization using SSM definitely gives a kit whose values coincide
with the result of the optimization using the analytical methods.

If P°=0.99, then with the sampling volume N = 10000 and even for N = 10°, the statistical simulation
method gives unstable results (Table 5 and 6). When N = 107 only, it gives the result coincided with the
results of the analytical optimization (Table 6). Actual values of P(?) obtained by two methods are close
to each other (the difference is in the fifth decimal place).

Table 4. N=1000. P’=0.95, the probability of failure-free operation (SSM)=0.9559

Ne Module k |KAT*105 1/h| L, AM | K,gpyss AM | P(#), AM | L,SSM | L, SSM
1 P III 2 0.3590 1 0.98199 | 0.993835 1 1
2 Mon 4 1.4016 1 0.82942 | 0.9961981 1 1
3 CPU-434 2 0.0727 0 0.96451 | 0.9950821 0 0
4 TBL 2 0.1752 1 0.99531 | 0.9991964 1 1
5 XBP-010 3 0.0045 0 0.99777 | 0.9970172 0 0
6 DDO 1 0.0365 1 0.99978 | 0.9986981 1 1
7 CHS 2 0.0235 0 0.98835 | 0.9994616 0 0
8 CPS-114 1 0.0159 1 0.99996 | 0.9997513 1 1
9 CPS-124 4 0.0634 0 0.96895 | 0.9999991 0 0
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Ne Module k |KWT*1051/h| L, AM | K,qpri AM | P@),AM | L,SSM | L, SSM
10 CRP 2 0.0280 0 0.98611 | 0.9992359 0 0
11 CRA 1 0.0142 1 0.99997 | 0.9998005 1 1
12 NOE 2 0.0293 0 0.98551 | 0.9991686 0 0
13 TSX 1 0.0394 1 0.99975 | 0.9984869 1 1
14 UPS 5 0.6570 3 0.99899 | 0.9907869 3 3
15 RPS-60 4 0.1577 0 0.92515 | 0.988538 1 0
16 RS2 2 0.0282 1 0.99987 | 0.9992193 1 1
17 NRP 2 0.0477 1 0.99963 | 0.9978011 1 1
18 RXN 1 0.0004 0 0.99978 | 0.9991244 0 0
19 Total 41 | 3.1541 12 0.67020 0.95241 13 12
20 Cost % 21.77 2206 | 21.77
Table 5. N=10000. P’=0.99
Ne| Module |k |KAT*10%1/h| L, AM |K,qpris AM | P(), AM |L,SSM |L, SSM |L, SSM
1 P I 2| 03590 2 | 0.9984419 | 0.9994609 | 2 2 2
2 Mon | 4 1.4016 2 | 09484916 | 0.9991841 | 2 2 2
3| CPU434 | 2| 00727 0 | 09645113 |0.9950821 | 0 1 0
4 TBL |2| 0.1752 2| 09997982 | 0.9999653 | 1 1 1
5 | XBP-010 |3 | 0.0045 1| 09999967 |0.9999934 | 1 1 1
6| DDO |1 0.0365 2 | 09999980 |0.9999842 | 1 1 2
7 CHS |2 0.0235 0 | 0.9883529 | 0.9994616 | 0 0 0
8 | CPS-114 |1 0.0159 1| 09999584 |0.9997513 | 1 1 1
9 | CPS-124 | 4| 0.0634 0 | 0.9689487 |0.9999991 | 0 0 0
10| CRP |2] 00280 0 | 09861141 |0.9992359 | 0 0 0
11| CRA |1 0.0142 1| 09999667 |0.9998005 | 1 1 1
12| NOE |[2] 00293 0 | 09855124 |0.9991686 | 0 0 0
13| TSX 1 0.0394 2 | 09999975 |0.9999802 | 2 1 2
14| UPS 5| 0.6570 5 | 09999902 |0.9998724 | 4 4 4
15| RPS-60 |4 | 0.1577 2 | 09998513 |0.9999882 | 2 1 1
16| RS2 2| 0.0282 1| 09998692 |0.9992193 | 1 1 1
17| NRP | 2| 0.0477 2 | 0.9999956 |0.9999652 | 2 2 2
18] RXN |1 0.0004 1 1.0000000 | 0.9999998 | 1 0 1
19| Total |41] 3.1541 24 0.84960 | 0.990147 | 21 19 21
20 | Cost % 36.74 33.85 | 40.98 | 34.37
21| P(t), AM 0.9901 0.987 | 0.989 | 0.988

AM - analytical method
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Table 6. P’=0.99

Ne| Module | L,N=10° | L, N=105 | L, N=105 | L, N=10° | L, N=107 | P(#), N=107
1 P I 2 2 2 2 2 0.999482
2 Mon 2 2 2 2 2 0.999190
3 | CPU-434 1 0 0 0 0 0.995075
4 TBL 1 2 2 2 2 0.999977
5 | XBP-010 1 1 1 1 1 0.999993
6 DDO 2 2 2 2 2 0.999984
7 CHS 0 0 0 0 0 0.999459
8 | CPS-114 1 1 1 1 1 0.999752
9 | CPS-124 0 0 0 0 0 1.000000
10 CRP 0 0 0 0 0 0.999233
11 CRA 1 1 1 1 1 0.999802
12 NOE 0 0 0 0 0 0.999167
13 TSX 1 2 2 2 2 0.999979
14 UPS 4 5 5 5 5 0.999871
15| RPS-60 1 1 2 2 2 0.999987
16 RS2 1 1 1 1 1 0.999214
17 NRP 2 2 2 2 2 0.999964
18 RXN 0 1 1 1 1 1.000000
19 Total 20 23 24 24 24 0.990163
20| Cost% 41.79 36.45 36.74 36.74 36.74
21| P(r), AM 0.9905 0.9899 0.9901 0.9901 | 0.99015

Summary table 7 shows that with the insufficient sampling volume the calculation results in different
trials behave erratically. The optimal kits do not coincide for different trials and differ from the kit obtained
by the analytical methods. It is then possible to observe deviations in either direction: greater and lesser
cost. The estimation of the probability of failure-free operation differs from the calculations using the
analytical methods. In most cases the estimation is too high, and the actual value of the P(¢) is sometimes
less than the standard value. The results are sustainable for very large sampling volumes. In this example
this is achieved with N = 10000 for P° = 0.95, and with N = 1000000 for P®= 0.99.

Table 7. Summary table of statistical optimization of SPTA

Method N P L P(#),AM | P(t), SSM C Share
AM - 0.95 12 0.952412 411.24 21.77
SSM 1000 0.95 13 0.963161 | 0.954943 | 416.71 22.06
SSM 1000 0.95 12 0.952412 | 0.955884 | 411.24 21.77
SSM 1000 0.95 13 0.963161 | 0.961660 | 416.71 22.06
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Method N P L P(),AM | P(t), SSM C Share
SSM 10000 0.95 12 0.952412 | 0.952637 | 411.24 21.77
SSM 10000 0.99 21 0.987069 | 0.990035 | 639.412 33.85
SSM 10000 0.99 19 0.989248 | 0.991136 | 774.138 40.98
SSM 10000 0.99 21 0.988050 | 0.990238 | 649.276 34.37
SSM | 100000 0.99 23 0.989857 | 0.990236 | 688.548 36.45
SSM | 100000 0.99 20 0.990522 | 0.991097 | 789.475 41.79
SSM | 100000 0.99 24 0.990147 | 0.990254 | 694.021 36.74
SSM | 1000000 | 0.9 24 0.990147 | 0.990268 | 694.021 36.74
SSM | 1000000 | 0.9 24 0.990147 | 0.990219 | 694.021 36.74

For Pamir-1 the methods can only be compared with the evaluation of suffucuency, since the requirements
for reliability and structural redundancy patterns are not known. With N = 10 the estimations for the least
reliable element of RES-49 obtained by INTELLEKT-ZIP are given in Table 8.

Table 8. RES-49

Optimization problem L K, gpras SSM, N=10° K, spras AM
direct 40 0.9782 0.98175
mnverse 58 0.9847 0.98950
direct 112 0.9920 0.99541

The statistical simulation method gives consistently reduced values of sufficiency.

10. Conclusion

1. The analysis of the results of the methodologies for SPTA formation and optimization according to
sufficiency gives disappointing conclusions. In some cases the recommended composition of a spares
kit with high sufficiency can not provide the acceptable level of reliability of a product. Even in the
example given in the guidance document and considered as a benchmark, the calculated spares kit
provides the probability of failure-free operation of 0.0074 only. An attempt to improve the composition
of a single spares kit in [1] leads to a significant reduction of SPTA composition without reducing the
availability factor, but the probability of failure-free operation drops to 10-2°. The question arises why
one should reduce stock and achieve high values of sufficiency, if the reliability of products due to
that drops practically to zero. The reason of the absurdity of this situation is a misconception of stock
purpose in SPTA.

2. Selection of SPTA should be carried out according to the criterion of the required reliability
parameter. Stock sufficiency parameter is not of particular interest and can be calculated for information
only. The methodologies currently used in the industry for spares kit selection based on sufficiency
should be replaced by methodologis based on reliability. This will allow us to eliminate the apparent
contradiction between the purpose of spares kits and the criterion of their composition selection.
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3. Optimization of spares Kits should also be conducted according to reliability. Usage of one of
the sufficiency parameters as a criterion for optimization may provide decisions which are worse
than the optimal one according to the reliability criterion in terms of stock cost and achievable
reliability value (with a more expensive Kkit, a lower reliability).

4. Valid regulations prescribing to conduct selection and optimization of a spares kit according
sufficiency should be revised in favour of the change in the selection criteria or supplemented by new
sections reflecting the selection and optimization of SPTA according to the reliability criterion.

5. The method of statistical simulation should be recognized as quite competitive in comparison with
the analytical methods, as it has a high degree of universatility. However, it is not investigated enough in
terms of estimations and accuracy control of the obtained statistical values of reliability and sufficiency.
Therefore, while solving the direct problem, the method should be used with extreme caution. With an
insufficient sampling volume, it is possible to observe significant deviations of estimates from their true
values. For optimization of spares kits, the method is less adapted, as the selection of the following spare
part for the next step of optimization has to be carried out according to the probabilities which are very
close to one. For the right selection, the high accuracy of probability estimation, and thus, large sampling
volumes are required.
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CTpyKTypHasa HaaeXHOCTb. Teopus v NpakTuka

Bosnogapckuii B.A.

onTUMNIALUUNA NPEAYNPEOUTEJIbHbLIX SAMEH
U PEMOHTOB B YCJIOBUAX HEOMNPEAEJIEHHOCTU

U3noxeH metoandeckuii noaxoa K roctaHoBKE U peLieHVio 3agaqd ornrtumMundaunu rnpeagyripeantesibHbIX
3aMeH 1 PeMOHTOB TEXHUYEeCKUX yCTpOl7]CTB B yCJIOBUSIX HeorpenesieHHoOCTu MCxXoaHou l/lHd)0,0MaL[Ml/I.

Knioyesblie cnoBa: ontuMu3aums, PEeMOHT, 3aMeHa, MHpOPMALINS, HEOMNPEene/1eHHOCTb.

1. UcxoaHble NoJIoXXeHUus

B nacrosiiiee Bpemsi ONTHMHU3ALMOHHBIE pacueThl MapaMeTpoB HpeaynpeautenbHbix 3aMmeH (I13) u
npenynpeautenbHbix peMoHToB (I1P) Texunueckux ycrpoiicts (TY) npoBoasTces, Kak IpaBUilo, B Ipea-
MOJIO)KEHUH O CTPOTON TOCTOBEPHOCTH ¥ OTHO3HAYHOCTH MCTIONIb3YEMOM HCXOTHON HH(POPMAITUH H, CIIe-
JI0BaTeIbHO, O CTPOTOM OIHO3HAYHOCTH NOJIy4YaeMbIX peieHuil. Hemoctarkom Takoro noaxoza siBisieTcst
3aBEZI0MOE IIPEYBETNUEHNE TOUHOCTH ONITUMM3ALIMN U HEBO3MOYKHOCTD BBISIBUTD PELLIEHHSI, SKOHOMUUECKH
O1M3KMe K OHO3HAYHO OIpeieNnsieMoMy (OpMaIbHO-ONTHUMAIEHOMY PEIIEHHIO.

[Ipu pemennu npaxkruueckux 3ajnad ontuMuszanuu [13 u [P HensOexna Gonplias WM MEHbIIAs
HEOIPEIeIEHHOCTh UCXOAHOH nHpopManuu. OHa IPOSIBISETCS B HEJJOCTOBEPHOM 3HAHUH YHCIICHHBIX
3HA4YE€HUI UCXO/IHBIX [TOKa3aTese MM MX BEPOSATHOCTHOIO onucanus. [103ToMy CTaHOBUTCS OUEBUIHBIM,
YTO METOABI ONTHMM3ALMOHHBIX PACUYETOB IMPH MOJHOCTHIO ONpeaesieHHONH MH(OpMaIK Bce B OONIb-
1Iel Mepe NPUXOAAT B MPOTUBOPEUHE C peaIbHON JE€HCTBUTENBHOCTHI0. OOBEKTUBHO CYILECTBYIOIAs
HEOIPEIeIEHHOCTh HCXOHON HH(opMauy TpedyeT MPUHIMITHAIBHO HOBOTO MOIX0a K TOCTaHOBKE U
pemeHuro 3a1a9i. ONTUMU3AIUS B yCIOBUAX HEONPEAETICHHOCTH HEN30EKHO CONIEPIKUT IBPUCTUIECCKHIE
HPOLIEAYPBI, UCKIIIOUAIOIIUE TTOJIHYI0 (hopMaIi3anuio 3TOro mpouecca. IIpu 3Tom peds naer He 0 TEXHH-
YECKHUX, @ UMEHHO O TIPUHIMITUAIBHBIX TPYIHOCTAX (pOpMaIH3aliy, BHI3BAHHBIX HEMOJIHBIM 3HAHHUEM.

VYder (hakTOpoB HEONPEAETCHHOCTH TPU NMPUHATUH perneHuid o mapamerpax [13 u 1P umeer psin
npeumyniecTB. Bo-nepBrix, Hanbonpiee npuOmmxeHne GopMaaTu30BaHHBIX METOJOB PEIICHUS K pe-
aJIbHBIM yCIIOBHSIM SKCIUTyaTauu. Bo-BTOPBIX, 0053aT€IbHOCTH MHOTOBAPHAHTHBIX PACUETOB U BO3MOXK-
HOCTbh aHAJIM3a Ha UX OCHOBE MOCIEICTBUHA OT NPUHATHS pelIeHuil. B-TpeTbux, BO3SMOKHOCTD BBIOOpA
HanOosee rHOKUX pelIeHUH U3 YMClia MPAaKTHYECKH PABHO SKOHOMHYHBIX. B-4eTBEpTHIX, BOSMOXXHOCTh
npUHATHS 00Jee 000CHOBAHHBIX PELIEHUH U yMEHBIIEHUE PUCKA IIEPEPACX0/Ia CPECTB, 00y CIOBICHHOTO
HETOYHBIM 3HAHHUEM.
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2. NMNocTaHoBKa 3apaum

Oco60ro BHUMaHUS B YCJIOBUSIX HEOTIPEIETIEHHOCTH TpeOyeT cama MOCTaHOBKaA 3aja4H, KOTopasi 3aKJIko-
qaercs: 1) B OMMCaHUN TEXHUKO-I)KOHOMHUYECKOM CYIIHOCTH 3a/1auu, 1IeJiel U KpUTepreB ONMTUMU3AIINH;
2) B MaTeMaTH4eCcKoi (hopMann3aluy 3a/1auu, BKIIOUAIOIIEH olpeieNieHre 1eeBoi GyHKIIUY, OTpaHuye-
HUH U cOCTaBa MapaMeTpoOB, HEOMPEAETEHHOCTh KOTOPBIX MOXKET MOBJIHATH HAa PE3yIbTaThl PEIICHUS.

Ontumuzanus 3akjI04aeTcsl B yCTAHOBICHUM TakuX 3HadueHuil mapamerpoB 13 u TP, mpu koTopsix
o0ecrednBaeTcs MakCHMMalbHO BOBMOXKHBIN B orpeneraeHHbIX yciaoBusx a¢ddekt. [Ton adpdexrom 3mech
MTOHUMAETCS MMOJTHOE WIIM YaCTUYHOE TOCTHKEHHE OTIpe/IeNIeHHBIX 11esieil. Beinennm Hanbomnee cyiiecTBeH-
HBI€ IIeJIM U COOTBETCTBYIOIIME UM KpuTepuu. OueBuaHo, yto cuctema I13 u [1P He Mmoxer cuutarbes
COBEpIIIEHHOH, €CIM OHA HEeI0CTAaTOUHO SKOHOMHYECKH 3P dekTuBHA. [103TOMY OCHOBHBIM KpUTEpUEM
ONITHMU3AIINHU SBJISIETCSI MUHUMYM YAENBHBIX 9KCIUTyaTallMoHHbIX 3aTpaT Ha [13 u [1P u aBapuiinoe Boc-
CTaHOBJICHHE C y4eTOM yIiepOa oT BO3MOXKHBIX 0TKa30B TY. B ornenbHbIX ciydasx otkassl TY MoryT
MPUBOAUTD K HAPYLICHHUSIM O€30M1aCHOCTH, HAIPUMEDP, 0€30MaCHOCTH IBUKEHHSI TPAHCIIOPTHBIX CUCTEM.
[ToaTomy BTOpEIM KpuTepueM IipH onpeneneHuu napamerpos [13 u IIP cnenyer cunrars obecrneuenue
0€e301MacHOCTH MpH dKcruryaTaruu TY.

[Ipu ontumuzaruu 113 u [TP HeBO3MOXKHO paccMaTpuBaTh SKOHOMHUYECKYIO 3((EKTUBHOCTh U 0e3-
OIAaCHOCTh B OTPBIBE OT HaJeKHOCTU. ClieAyeT MOJYePKHYTh, YTO MPUMEHUTENHHO K TY HaIekKHOCThb
nproOpeTaeT Kak Obl ABOHHYIO 3HAYMMOCTh. OHa, ¢ OHON CTOPOHBI, CYIIECTBEHHO BIHUSIET HA SKOHOMH-
4ecKyto 3(h(HEeKTUBHOCTS, a C APYTOil — B 3HAUUTENIbHOI Mepe mpeaonpeaenseT 6e3onacHocTs. B pamkax
KOMITJIEKCHOTO MO/AXO0/Ia PallMOHAIBHO CYMTATh, YTO OCHOBHBIMHU SIBJISIFOTCSI KPUTEPHUH IKOHOMUYECKOM
3¢ deKTUBHOCTH U 0€30MaCHOCTH, a HAJIEKHOCTh — CPEJICTBO, C MMOMOIIBIO KOTOPOTO JOCTUTAIOTCS Tpe-
OyeMble 3HaueHUs ATHX Moka3zareneil. Toraa 3aaaqy onTUMU3AIMKA MOKHO C(OPMYITHPOBATH CIIETYIOIIUM
oOpa3oM: HaiiTu Takue 3HaueHus napametpoB [13 u 1P, mpu KOTOpBIX JOCTUTAETCsI MUHUMYM YAETbHBIX
HKCIUTyaTallMOHHBIX 3aTpar ¥ 00ecreunBaeTcs AOMYCTUMBIHN MO yCIOBUSAM 0€30MacHOCTH YPOBEHb Ha-
nexuaoctu TY.

C ToukM 3peHust MaTeMaTudecKon opMain3auy 1 0OUINX MOAXO0A0B K €€ PEeLICHHIO 3a/1a4a ONTUMHU-
3anuu [13 u [P oTHOCUTCS K Kaccy 3a1a4 uccieaoBanus onepanuii [1]. OHa cBOIUTCS K HAXOXKIECHUIO
TaKHX 3HAUYEHUH yIpaBisieMbIX mapaMeTpoB U, MpHU KOTOPBIX B YCIOBUSAX BO3AEHCTBHUS HEYTIPABISEMBIX
Z u puxcupoBaHHbIX W mapameTpoB ueinesas pyukuus C(U,Z W), onpeaensitoas yaeabHble SKCIUTya-
TallMOHHBIE 3aTPaThl, MPUHUMAEeT MUHUMAJbHOE 3HaUeHHe. B kaduecTBe ympaBisieMbIx mapamerpo U
BBICTYMAeT nepuoandHocTh 7 U mryouna o [13 u [IP ycrpoiicTB. dukcupoBaHHBIMH TapameTpamu W
ABISTFOTCSE cTOUMOCTD [13 1 [P B 1 cTOoMMOCTh aBapUIfHOTO BOCCTAHOBIICHHS C YYETOM yIiepOa OT OT-
ka30B TY A. B kauecTBe HEyNpaBIsseMbIX MapaMeTPOB Z BHICTYMAIOT BEPOSTHOCTh O€30TKa3HON pabOThI
(BBP) P 1 BEposSTHOCTH ¢ TOTO, 4TO 0TKa3 TY OyAeT ycTpaHeH MHHUMAIbHO HEOOXOMUMBIM aBapUHHBIM
PEMOHTOM.

Ha napametps! neneBoil GyHKIIMH MOTYT OBITh HAJOXKEHBI OTPAaHUYEHHS B BUJE PABEHCTB U Hepa-
BeHCTB. BBP, onpenenstomas cocrosaue TY 3aBUCUT OT TapaMeTPOB T U @ U ONUCHIBAETCS (PYHKITUEH
pacnipenenenus F. [1o ycnoBusim o6ecriedenus 6e3onacHocty BBP nomkHa ObITh He HUYKE ONPeeIeHHOTO
nomyctumMoro 3HaueHus P,. Ilockomnbky 113 u [IP HanpasiieHbl Ha peynpexaeHie otkazos TV, nepuo-
JUYHOCTH MX JOJKHA OBITh MEHbIIIe HapaOoTku Ha oTka3 7. Toraa B o0ieM BUe 3a/1aua ONTUMHU3ALNH
I13 u TP ycTpoiicTB MOKET ObITh (hOpMaTM30BaHa CIAEAYIOIIMM 00pa3oM:

C (rv,a) = min C(r,a;4,B;P.q) ipu P = F(r,0), 020, 0<t<T, P2 P, (1)
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Benem nonsarusa C — kputepus, 10 KOTOPOMY ONPEIENSIOTCS onTUMaibHble mapameTps! 113 u 1P u3
YCJIOBHSI MUHUMYyMa YZAEIIBHBIX SKCIUTYyaTal{HOHHBIX 3aTpart, U P — KpUTEpUs, I10 KOTOPOMY ONPEACIISIOTCS
napametpsl [13 u 1P u3 ycnoBus obecneuenus nomnyctumoii no 6ezonacnoctu BBP. Ha mpaktuke npu
nposegenuu 113 u IIP cymecTByer psi orpaHUYeHU MaTepUalbHbIX PECYPCOB, YACIEHHOCTU MEPCO-
HaJja, JUIMTEIbHOCTH MPOBEIEHUS, NOTOAHbIX Ycia0BUH U T.11. Cpoku I13 u IIP pasnuuneix TY nosmkHsl
OBITH yBsi3aHBI MeKAy co00i. B pamkax C- u P- KpuTepHueB TPYIHO, UHOTIa HEBO3MOXHO YUECThb BIIHSA-
HUE MHOXKECTBA OIPaHMYCHUN U (PAKTOPOB, PsJl U3 KOTOPBIX MOXKET OBITh 33aJaH JIUIIb B KAY€CTBEHHON
¢dbopme 1 He BIMSET Ha MOMCK ONTUMAaNIbHBIX 3HaueHuil napameTpos 13 u I1P. ITosTtomy npencrasnsercs
11eJIeCO00pa3HbIM TaKUe OTpaHUYCHUs HEe (POPMaNINU30BBIBATh, @ YUUTHIBATH UX NMPHU NPUHATHH OKOHYA-
TEJIbHBIX PELICHUM.

Ecnu nyis napametpos 1ieneBoii gyHkuuu Z, Wu GyHkumu pacnpeaeneHus ' MIMeroTcs OHO3HAYHbIE
CTaTUCTHYECKUE XaPAKTEPUCTUKH, TO pelIaeMasl ONTUMM3alMOHHas 3a1a4da (1) OyaeT BeposTHOCTHO-
onpeneneHHol. Ecnu anst Z u W uMeroTcst TONbKO 1aHHbIE 00 UX BO3MOXKHBIX JMaNa3oHax, a F MOXeT
ObITh 3a/laHa cepueil BO3MOXKHBIX (DyHKIUH pacmpesenenus, To 3a1ady (1) Heobxonumo pemarb B
BEPOSITHOCTHO-HEONPE/IeICHHON nocTaHoBKe. TakuM 00pa3oM, MaTeMaTHYECKUE MPUHLIUIIBI PELICHUS
3agaun ontuMuzanuu I13 u I1P B cymecTBeHHOM Mepe 3aBUCAT OT CTENEHU ONPEAEIEHHOCTH HCXOJHON
uHpOpMaLuU O (GYHKIUHN paclpesieleHus] BepOITHOCTH Oe30TKa3HOW paboThl U MapaMeTpax LeJIeBon
¢bynkuuu. [ToaToMmy npuMeHeHHIO POPMaTH30BaHHBIX METOJI0B ONTHUMHU3ALIUH JOJKEH MTPE/IIeCTBOBATh
aHaJIN3 UCXOIHON MH(POPMAIINH, HEOIIPEAEICHHOCTh KOTOPO BIMSAET Ha PE3yJbTaThl PELICHUS 3a1a4H.

3. AHann3 paKkTopoOB HeEONpenesIeHHOCTHU

3amaveit aHaau3a ABISETCS KiacCU(pUKAIK U Ka4eCTBEHHOE ONMKMcaHue (DaKTOPOB HEONPEICIECHHOCTH
JUTSI TOTO, YTOOBI BEISICHUTH BOSHUKAIOIIME IPU ONTUMU3AIMYA METOJMYECKHE U MPAKTHUECKHUE TPYIHOCTH
pEIIeHUs U HAMETUTH I TH UX MPEOI0JICHUS, a TAK)KE YCTAHOBUTD B IANIbHEHIIIEM CTENIEHb BIMSIHUS 3 TUX
dakropoB Ha TouHOCTh ontuMu3anuu 13 u 1P ycrpoiictB. To4HOCTH ONTUMU3ALNUK MOYXKHO OLIEHUTH
M0 OTKJIOHEHHUSM LIeTIEBOM (PYHKIIUU OT ONTUMATBHOTO 3HAYEHHUS MOJ1 IEHCTBUEM MHTEPECYIOIIEro HacC
napameTpa B Buae kooppuuuenra K = C/ C, rne C- 3Ha4eHUE UENEBOH (QYHKIMM NPH OTKIOHEHUH
napameTpa; C, — 3HaYEHHE LENEBOM QYHKIMK IPH ONITHMAIBHOM 3HAYE€HUH MapaMeTpa.

Ucnoneiys knaccudukanuio [2], ucxoanyro undopmanuio B 3aaa4ax ontumusanuu [13 u [TP moxxno
pa3fenuTh Ha YeThIpe BUua: 1) AeTepMHUHUPOBAHHYIO; 2) BEPOSTHOCTHO-ONPEIETICHHYO0, KOTJIa U3BECTHBI
(bYHKIMY U TapaMeTphl paclpeielieHNs CIyYaiiHbIX BETUYHH; 3) BEpOITHOCTHO-HEOMPEIEICHHYO0, KOT/Ia
(byHKIMM pacipeesieHus CIIy4ailiHbIX BeJIMUYUH HEM3BECTHBI U 4) COOCTBEHHO HEONPECICHHYIO.

C “nomHOCTHIO” HEONpeIeIeHHON nH(OpMaIeli Ha IPAKTUKE ONIEPUPOBATh, KaK MPABUIIO, HE TIPHXO-
JIUTCS, TaK KaK 110 JI000MY MapamMeTpy MOKHO TEM MU UHBIM CIIOCOOOM, BKITFOUAsi SKCIIEPTHBIE OLIEHKHU
CHEIMAINCTOB, MOTYUYUTh HEOOXOIUMBII MUHUMYM OpPUEHTHUPOBOUHOUN mMHbopMmaruu. K nerepmunu-
poBaHHO# oTHOCUTCS nH(MopManus o croumoctu 13 u [1P B, cpennee 3Ha4eHHe KOTOPOH OTHO3HAUHO
OTpeziesIeH0 HOPMATUBHBIMU JIOKyMeHTaMu. MHpopMa1Hio 0 CTOMMOCTH aBapuHHOTO BOCCTAHOBJICHHS,
BXOJIAIIEH B COCTaB MapameTpa 4, MOKHO OTHECTH K YCIIOBHO — IETEPMUHUPOBAHHOM, TOCKOJIBKY OHA HE
MOKET OBITh OIpeielieHa OJHO3HAYHO M3-32 HEKOTOPOH €€ 3aBUCUMOCTH OT Psijia CIy4ailHbIX ()aKTOPOB,
TaKHX, KaK BHE3aIMHOCTh 0TKa30B TY, kBanudukaius 00CIy>KMBaroIero nepcoxania u T.m. Mudopmanuro
00 ymep6e oT oTkazoB TY B cuily ciydyallHOro, a MHOT/A HEAOCTATOYHO OMPEAENIEHHOTO XapakTepa,
MO>KHO OTHECTH K BEPOSITHOCTHO — OIPEICTICHHON UIIM BEPOSTHOCTHO — HEOMPEACTICHHOM.

Ha npaktuke GombIye TPyIHOCTH BOSHUKAIOT C TOYHOW OLIEHKOH MTyOMHBI pEMOHTA o M €€ BKJIaJa B
M3MEeHeHue nokazareneil HanexHoctu TY, mockonbKy kadecTBo [P 3aBUCHT OT psifa cirydallHbIX, TPYIHO
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YUHUTBIBaeMbIX (PaKTOPOB, TAKUX KaK cocTosiHue TV, KauecTBO 3alacHbIX YacTel U MPOoLeayp PEMOHTA,
KBaJIM(UKALIMS PEMOHTHOTO IIEpcoHaa u Jip. B 3aBUCUMOCTH OT HAJIMYKS CTAaTUCTHYECKOTO MaTepuaia
MH(GOPMAIUIO O MapaMETPe o MOKHO OTHECTH K BEPOSITHOCTHO — OMPEACICHHON WM BEPOSITHOCTHO —
HEOIPEEICHHOM.

OcoOble TPyAHOCTH Ha MPAKTHKE BOSHUKAIOT IPU BbIOOpE (MYHKIMK pachpeneseHus F u3-3a Majioro
o0beMa CTaTUCTHYECKOTro Marepuaia 06 otkazax TY. Onpenenuts QyHKIUIO pacipeesieH s CyIIeCTBYIO-
IIMM METOJIOM MaTeMaTHU4eCKON CTAaTUCTHKHU [3] MOXKHO MpHU KOJIMYECTBE OTKA30B Oojee MATUICCATH.
B stom ciyyae undopmaius o F' OyzieT BEpOITHOCTHO — OIPE/ICICHHOM, a B IPOTUBHOM Cllydae — Be-
POATHOCTHO — HEOMPEIEICHHOM, TaK KaK IIPU 3TOM MOYKHO IMOJIyYUTh HECKOJIBKO BOBMOXKHBIX (DYyHKITUIT
pacnpeznenenusi. Mudopmanus o napaMerpe g B 3aBUCUMOCTH OT 00beMa CTaTUCTUYECKOrO MaTepuaia
00 oTkazax TY MoxkeT ObITh BEpOSITHOCTHO-OIIPEICTICHHON WIIM BEPOSITHOCTHO-HEOIPEICTICHHOM.

Heonpenenennocts ncxonHoi vHGOpMaUU IPUBOIUT K METOAUYECKUM U IPAKTUYECKUM TPYAHOCTIM
pewenus 3agaun ontumu3zanuu 113 u [1P. [Ipu 5ToM 3HAUUTEIHHO MOBBILIAETCS PAa3MEPHOCTh PEIIaeMO
3aJlauu, TaK KaK MOSBJISETCS OOJBIIOE YHCIO BOBMOXKHBIX COUeTaHUN HHPOpMAIK O PYHKLNHU paciipe-
JIeJIeHUs] BEpOSITHOCTU 0€30TKa3HOM paboThI U MapaMeTpax 1eneBoi pyHkuuu. Hanpumep, ecnu 3a1aHo
TpH BUAa GYHKIMU F U KaXIblil U3 mapamMeTpoB A, @, g 3aJaH TpeMs 3HAYCHUSIMU, TO B 3TOM CIIy4yae
uMmeeT Mecto 81 coueTaHue UCHOIb3yeMOl MH(GOPMAIUH, KaXKI0MY M3 KOTOPBIX MPHU PEIICHUHU 3a/1a41
COOTBETCTBYET CBOE ONTHUMaIbHOE 3HaUeHue napamerposn [13 u I1P.

Taxum 00pa3oM, HEOTIPEIEICHHOCTh UCXOTHON HH(OPMALIMU TPUBOAUT K HEOAHO3HAYHOCTH PELICHUS
ONTUMU3ALMOHHOM 331a4n. PacueTHBIM ITyTeM MOKHO OIPEEIIUTh TOIBKO 30HY, BHYTPH KOTOPOH Kax/1as
nepuoaudHocTh 13 u [1P mpu Tex mnm MHBIX COUETaHMSIX MCXOAHOW MH(pOpManuu OyleT ONTHMallb-
HoH. Takas 30Ha Ha3BaHa akajeMUKOM JI.A.MeleHThEeBbIM «30HOM HEOMPEIETICHHOCTH ONTUMAJIbHBIX
pemenuiin[2]. IlpakTudeckoe cieAcTBHE HEOMPEASICHHOCTH UCXOIHON MH(POPMAIIMA COCTOUT B TOM,
YTO HEOJAHO3HAYHOCTh PE3yJbTaTOB PEHICHUS ONTUMH3AIMOHHOM 3a/1a41 MPUBOAUT K HEOIIPEIEICHHOCTH
nipu BeIOOpe nmapametpoB [13 u [1P. O4ueBuaHO, YTO B 3THUX YCIOBUAX OKOHYATEIBHOE PEIICHHUE JTIOJKHO
MIPUHUMATHCS JIFOJIbMHU Ha SBPUCTHUECKON OCHOBE U TaKOM «CyObEKTUBHBINY BHIOOP MPHU HEOIpeIesIeH-
HOCTH HUCXOHOM MH(MOPMAIK HEM30SKEH.

TpyaHocTH 1 OTpHULIATENbHBIE TOCIEACTBHUS, CBSI3aHHBIE C HEOIPEIEICHHOCThIO HCXOAHOM HH(pOpMaLIny,
MOYKHO IIPEOI0JIEBATH IO IBYM HAIIPABJICHUAM: 1) yMEHbIIICHHEM HEONPEAETICHHOCTH CaMOi HHPOPMAIIIH;
2) pa3paboTKOIl COOTBETCTBYIOIIMX METOAOB ONTUMH3AIMH U IIPUHSATHUS PELICHUH B yCIOBUSIX HEOIPEIe-
JeHHOCTU. PaboThI 110 MepBOMY HapaBJICHUIO UpEe3BbIUaiHO TPYIOEMKH U Joporu. Kpome Toro, Hukakue
YCWJIHS B 3TOM HAIIPABJIEHUU HE MO3BOJIAT MOJHOCTHIO JTUKBUIMPOBATH HEOMPEICICHHOCTh UCXOIHOM
uHpopmarun. [loaTomy BecbMa akTyaabHO MPOBEACHUE UCCIIEIOBAHUIA [T0 BTOPOMY HAIPABICHUIO C LENIBIO
CO3/1aHUsl METO/IOB, MO3BOJISIOLIUX MIPU HEONMPEIEICHHOCTH UCXOAHON MH(POpPMALMKU TPUHUMATE 000-
CHOBAHHbBIC PEILICHUS TTO TPAKTUUYECKH ONTUMaIbHbIM apameTrpaM 13 u [P TexHu4eckux ycTpoucTB.

4. MeTtoanyeckve NpuUHUMMbI pelueHus 3agadym

Mertonst pemenus 3anaun ontumu3aiuu [13 u [1P B cymecTBeHHOI Mepe 3aBUCSAT OT CTEIEHHU OTpeJie-
JIEHHOCTH HCTIONTb3yeMOM ncXoaHou nHpopMaruu. Jlaaum kiaccuuramuro 3a1a4d ONTHMHA3AINAN B 3aBUCH-
MOCTH OT CTEIIEHH OIpeIeIEHHOCTH HH(OpMaIK O (PyHKIIMH pacipeeIeHHs BEpOSITHOCTH 0€30TKa3HON
paboThl U MapaMeTpax 1eneBo pyHkuuu. PaccMoTpum Tpu cTeneHu onpeaeaeHHOCTH HHopMaluu o
¢byHkuuu pacnpenenenus: 1) F'u e€ mapameTpbl U3BECTHBI; 2) U3BECTEH TOJIBKO kK03 puimeHt Bapuanuu V;
3) u3BecTHa TOJIbKO HapaOoTka Ha oTka3 7. [lepBasi creneHb COOTBETCTBYET BEPOSTHOCTHO-OMPEIETICHHOM,
BTOpasi U TPEThS — BEPOSITHOCTHO-HEOIIpeIeIeHHOM nHpopMaluu. PaccMoTpuM Tpu CTENEHU ONpeiesieH-
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HOCTH MH(]OpManuu o mapamerpax 4, a, q: 1)aeTepMuHUpOBaHHAas; 2) BEPOSTHOCTHO-OIPEICICHHAS;
3) BEpOSTHOCTHO-HEOIPEICTICHHAS.

Turnbl BO3SMOXKHBIX ONTUMH3AIMOHHBIX 33]1a4 MPEJCTaBUM B BUe MaTpullbl (Tabnuna 1). Tun 3agaun
XapaKkTepu3yeTcs ABOWHBIM MHIEKCOM: TIEPBbII MHAEKC 03Ha4aeT HOMEP CTPOKU; BTOPOiIl — HOMeEp CTOJI0-
11a. Homepa cTpok COOTBETCTBYIOT CTEIIEHU ONPeeIeHHOCTH HHGOopMaIiK 0 (YHKIINH paclpeneIeHus,
CTOJIOIOB — O MapameTpax 1eneBoi GpyHkiuu. Bee 3amaun, kpome 11,12, SABIAIOTCS BEPOATHOCTHO —
HeoTpeIeICHHBIMU.

Taoauna 1

CreneHp onpeaeeHHOCTH HH(OPMALMH 0 TapaMeTpax A, a, g

CreneHnb onpenesieHHOCTH
undopmannuu o gynxuun F 1. lerepmunupo- | 2. BepositHocTHO- | 3. BeposiTHOCTHO-
BaHHaA onpeaejJieHHAsI HeomnpeaeJIeHHAs
N3BecTHa F 11 12 13
N3Becten V 21 22 23
N3BectHa T' 31 32 33

B nacTosiiiee BpeMs B TEOpUM HAJIEKHOCTH pa3pad0TaHbI TOJILKO METO/IbI peteHust 3aaa4 11 [4,5]u 31
[6]. [Tockonbky Ha ipakTuke pu ontumusanuu [13 u [P HeoOxonumast ncxoaHast *HGOPMAITHS SBIISET-
Cs1, KaK TIPaBHIIO, BEPOSTHOCTHO — OTIPECIICHHOM MM BEPOSITHOCTHO — HEOTIPEICIICHHOM, HaNnOOIb TN
WHTEpEC MPECTABIIIET pa3padoTka METOAOB peleHus 3a1a4 Tunos 12,13,22,23,32 u 33.

OnuH 13 BO3MOXKHBIX METOJUYECKHUX IMOAXOA0B K PEIICHUIO TIEPEUUCICHHBIX 3aJ1ad 3aKII0YaeTCs B
cienyrouieM. Perienre BepoSTHOCTHO — HEOIIPEIETIEHHBIX 3a/1a4 CBOAUTCS K X BEPOSITHOCTHO — OTIpEie-
JICHHOMY 3KBHBaJICHTY. [1JIs1 3TOTO 3HAUEHUsI MapaMeTpoB 1iesieBoi GYHKINU A, @, ¢ B CIydae yCIOBHO-
JETCPMUHUPOBAHHOMN U BEPOSTHOCTHO-OIPEISIICHHOW HH(DOPMAIINH 33JaI0TCS MATEeMaTHIECKIM OXKH/1a-
HUEM, a B ClTydae BEPOSITHOCTHO — HEOTIPEICTICHHON HH(pOpMAINK— IHANa30HOM 3HaueHuH. B mocieaaem
CJIy4ae Mpy OTCYTCTBUU HEOOXOUMBIX UCXOHBIX JAHHBIX TTAPaMETPHI IeJICBOU (PYHKIIMH OIEHUBAIOTCS
SKCIIepTHBIM MyTeM. HensBecTHble QPyHKIIMU pacnpeseneHus F BeiOupatoTcs sBpuctudecku. [Ipuyem
JUTSI OOJTBITICH HAIEXKHOCTH MOTyYaeMBIX PEIICHUH HEOOX0IMMO 3a1aTh HECKOJILKO BOSMOXKHBIX (DYHKITHI
pacnpezeneHusl.

JLis perieHus oJy4eHHOM SYKBUBAJICHTHON BEPOSTHOCTHO — OIIPEIEIICHHOM 3414l MOXKHO IIPUMEHSTh
U3BECTHBIE METO/IbI, [TO3BOJIAIONINE HAXOAUTD ONITUMAJIBHBIE PELICHHS, COOTBETCTBYIOIIME MaTeMaTHye-
CKOMY OJKHMJaHMIO 11€JIEBOM (PyHKIIMK BHUJA

C(t/a) = min M[C(t; A ,B, a; P, q)], tne M — 3HaK MareMaTH4eCKOTO O>KUJaHUSI.

B pesynbrare pernienus Takoi 3a1auu HEOOXOAUMO OTPEACIISATh HE TOJNBKO (hOpPMaTbHO — ONTHMAITb-
Hble napameTpsl [13 u [P muis kaXxao# mpeaBapuTenbHO NPUHATON (GYHKIIUH pacnpeaeneHus F, a Takoke
30HY BC€X BO3MOKHBIX YCJIOBHO ONTHUMAJIbHBIX 3HAYEHUM, UCXOIs M3 JHMANA30HA U3MEHEHUs Mapame-
TPOB 1IeNIeBOi QYHKUUH A, ¢, ¢ WU 3alaHHOTO KO3 HIneHTa TOUHOCTH onTuMu3anyn K. B ycinoBusix
HEONPeIEICHHOCTH NCXOTHOM HH(popManny opMaIrn30BaHHBIE METO/IBI PEILICHHS TOCTABICHHOHN 3a1a4n
SBISIIOTCSI HEOOXOIUMBIM, HO JIMIIB BCIIOMOTATEIFHBIM WHCTPYMEHTOM, TTO3BOJISFOLIUM TIPU UCTIONb-
30BaHUM BBIYMCIIUTENBHON TEXHUKU aBTOMAaTHU3MPOBATh YpPE3BBIYAITHO TPYJOEMKHI, HO HEOOXOIUMBIN
IIpoLeCcC MTOKMCKA YCIOBHO ONTUMaJIbHBIX 3HaueHui napamerpos [13 u [1P. OxoHuarenbHbIN BEIOOD perie-
HUW IIPOBOAUTCS CHELUATUCTAMU C YYETOM OIIBITA dKCIUTyaTallui U C IIPUBJICYEHUEM JOTIOJIHUTEIBHBIX
HEe(OPMATU30BAHHBIX KPUTEPHUEB.
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Pemenue 3agaun ontumu3zanuu [13 u [1P ¢ ucnonb3zoBanrem npeaioKeHHOTO METOAMYECKOTO MOAX0/1a
COCTOHWT U3 CIICTYIOIIUX OCHOBHBIX 3TAIOB.

1. ITpoBomuTCst cOOp MCXOMHBIX JAaHHBIX 00 0TKa3ax, crouMocTH [13 u I1P 1 aBapuitHOro BOcCTaHOBJICHHUS,
a Taxoke 00 ymepoe ot 0Tka3oB TY, Ha OCHOBaHUH KOTOPBIX OIMPEIEISIETCS HEOOX0AMMast 1J1s1 pEIICHHS 3a-
Ja4u UcxoHast mHpopmarys o GyHKIMK pacrpeneiacHus F 1 mapameTpax mneneBoit GyHkimu 4, B, a, g.

2. B 3aBUCMMOCTH OT CTENEHHU OINPEAEICHHOCTH UCXOAHOW MH(popMamuu 1o tadbiuie 1 BeiOupaercs
TUM PEIIaeMO ONTUMU3ALUOHHON 3a]auH.

3. JIs1 BepOSITHOCTHO-HEONPEISTICHHBIX 3a/1a4 BEIOMpPAETCS MHOXKECTBO (DYHKIIUU paciipenesieHus £,
OIICHUBAETCS IMAITA30H 3HAYCHUH MapaMeTpOB 1esIeBor QYHKIUHU A, a, ¢ 1 3a1aeTcst KOdOPHUITUEHT TOU-
HocTH ontumuianuu K.

4. ITo C — kpurepuio:

- B CJIy4yae BEpOsITHOCTHO-OIPE/IETICHHBIX 3a1a4 BBIUMCIISIETCS ONTUMaibHas nepuonndHocts 113 u TP
1 COOTBETCTBYIOIIUNA €i MUHUMYM I1€JI€BO (DYHKITUH;

- B Clly4ae BEpOsITHOCTHO-HEOIPEIEICHHbIX 3a/1a4 JIsl MHOXKECTBa (PyHKUUN pacrpeneneHus F Bbl-
YHUCIISAETCS MHOKECTBO ONTUMaNIbHBIX niepuoandHocTei 113 u I1P u cooTBeTCTBYIOIIEE UM MHOKECTBO
MUHUMAaJbHBIX 3HAYEHUI MaTeMaTU4eCcKOro OXKUIaHUs 1IeJIeBOM PyHKUIMHU. 3aTeM MpHU 3aJaHHOM KO3(]-
¢dbunuente K onpenenseTcs AUana3oH HIDKHUX U BEPXHUX 3HAYCHU TEPUOANYHOCTH U YCTaHABIIMBACTCS
30HA YCJIIOBHO-ONTUMAJIbHBIX 3Ha4eHuM napametpos 113 u T1P.

5. ITo P- kputeputo:

- B ClIy4ae BEPOSTHOCTHO-OIPEACIICHHBIX 3a/1a4 BBIYMCIISIFOTCS JOITYCTUMBIE 10 YCIOBHSAM Oe3orac-
HOCTH 3Ha4eHus nepuoguynoctu 113 u I1P;

- B clly4ae BEpPOSTHOCTHO-HEOIPEACIICHHBIX 3a7a4 Il MHOXKeCTBa (PyHKIMH pacupeaeneHus F
OTIPEACIAETCS MHOXKECTBO JIOMYCTUMBIX IO YCJIOBHUSM
6e3omacHoCTH 3HaueHur nepuoandnoctu 113 u 1P u u3
HEro BBIOMpPAETCs HauMEHBIIIEe.

n
[

6. [Tonydyennbie o C — u P — KpUTEpUSIM 3HAYEHUS
CPaBHUBAIOTCS U OMPEIEISIETCS 30HA 11eJIeCO00pa3HbIX
3HaueHui nepuoanuHoctu 113 u I1P. KCo

G

7. IIpon3BOANTCS aHAITM3 TTOTYYEHHOM 30HBI 11e1ec000pas-

HBIX 3HAYEHHUI 1 IPUHSTHE OKOHYATEIILHOTO PEILICHHS O TIPaK- 0
TUYECKH ONTUMAITbHBIX 3HaYeHUsAX napametpos 13 u [P,

[IpoumutrocTpupyem perieHre ONTUMHU3AIMOHHBIX 3314
Ha sTanax 4, 5 u 6.

3amaum 11 u 12. [To C- kpuTeputo HAXOAUTCS ONTUMATIb-
Hoe 3HayeHue neproauuHoctu 113 (I1P) 7 v MUHUMAEHOE
3HayeHue nesneBor pyukuuu C , a 1o P — KpUTEPHIO J10-
IMyCTUMOE TI0 YCJIOBHSAM 0€30IIaCHOCTH 3HAYCHHE Mepuo- A2
muaHoctH [13 (TTP) 7,. Torna 1esecoo0pa3Hble 3HAYCHUS /
NEePHOAMYHOCTH 7, JICKAT B IMANA3OHE: IPU 7,<T , 7, <7, P’
<1, Amnpuz,>1,7, <17, Puc. 1. IlpuHuun pernenus 3agadn 13 st caygas 1
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Puc. 2. Hpunrwm pemenus 3anad 21, 22, 31 n 32 ans cnyqas 3 pyc. 3. [puanun perenust 3a1a4 23 1 33 Ui ciiydas 2

3anaya 13. [To C- kpurepuro onpenensiercs 7, u C , a TAKKe NP 3a1aHHOM Kodduumnente K HIK-
HEE 7, M BEPXHEE T , SHATCHUS 113 (Hl:). ITo P — xputepuio onpenensercs t, Torna nomyyaem: 1) npu
T,<TL,STST,; 2)upuz, < 7,< T, 7, < 7,575 3) mpu 7, > 7,5 T,

Ha puc.1 npeacrasiaen npuHIun pemeHus 3aaa4u 13 ais caydast 1, U3 KOTOpOTro BUIHO, YTO 1ielie-
cooOpa3HbIe 3HAUCHUS NTEPUOJUYHOCTH MPHU 3aJaHHON TOYHOCTH ONTHUMU3ANMKU K HaXOAsSTCS B AMA-
MasoHe 7, ... T, ONPEAEIEHHbIX 110 C- KpuTepuio. Takum 00pa3oM, B JaHHOM CIIy4ae ONpPEAEIISIONHIM
npu BeiOOpe nepuonuuHoctu 113 (I1P) sBnsieTca kputepuit MUHUMYyMa YIeTbHBIX SKCILTyaTallMOHHBIX
3arpar.

Bagaun 21,22, 31 u 32. Io C- kputepuio a1 MHOkecTBa GpyHKIMI pactpenenenus {F,F2, ..., F"} ompe-
JIeSI€TCS MHOYKECTBO ONTUMAJIbHBIX 3HAYEHU M IEPUOIUYHOCTU {rol, 102, ...,T,"} ¥ COOTBETCTBYIOIIEE EMY
MHOKECTBO MUHUMAIIbHBIX 3HAUECHUH 11eJIeBOU (PYHKIIUH { COI , COZ, CO”}. 30Ha yCIOBHO ONTUMAJIbHBIX
3HAYEHUH TIEPUOJIUYHOCTH OTIPENENIACTCS IMANa3oHoM 3Hadenuii 7 ""...t ™. 1o P- kputepuio onpere-
JISIETCSI MHOXKECTBO JIOMYCTUMBIX 110 YCIOBHSM 0€30MacCHOCTH 3HAYCHHH MEPHUOAUYHOCTH {ra’, T 02, T
U u3 HeFO.BbI6I/Ip?.eTC§I HanMEHbIIee ra”””.l Torma TIOTy4aeM: 1) pu tom_ax <7, MM < 7, MY
2) HpI/I Tomm < Tamln < Tomax Tomll’l S Tu S Tamm; 3) HpI/I Tomll’l > .C()mm .cu S Tamll’l.

Ha puc. 2 npencrasnen npuHiun pernenus 3aaad 21, 22, 31 u 32 ans ciaydas 3 npu Tpex GyHKIMIX
pacnpenenenust F. V3 pucyHka BUAHO, YTO IesiecO00pa3Hble 3HAYCHUS MEPUOIUIHOCTH HAXOMATCS B
JuanaszoHe 3HaueHuii (...7,"", onpeneneHHbX o P- kpurepuio. Takum 00pa3oM, B JJAHHOM Clydae
OTIPEETSIONINM MPU BIOOpE MEPUOIUYHOCTH SABTSETCS KpuTepuii 6esonacHoctu TVY.

3amaun 23 u 33. Tlo C— kpuTtepuio s MHOKeCTBa {F/,F7, .. F"} onpeiensercs MHOXKeCTBO {7, /7 %, ...,7 "}
U COOTBETCTBYIOIIIEE €My MHOXKECTBO { COI , COZ, ...,C "}, a TAKoKe Npy 3a1aHHOM K MHOXKECTBO BEPXHHUX U
HIKHUX 3HAYCHUHN MEPUOANIHOCTH {zol T 01 ;10'2 T 02; S ?0” '}. 30Ha yCIIOBHO ONTHUMAJIbHBIX 3HAUEHU I
IEPUOJMIHOCTH OTPENEISETCS UANa30HOM 3Ha4YeHui ¢ ""... T ™. [lo P — KpUTEPUIO ONPENENAETCS
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ONTUMUIALUNSA NPEAYNPEAUTEJIbHbIX 3AMEH U PEMOHTOB B YCJIOBUAX HEONPEAENEHHOCTU

MHOKecTBO {T,!,t,%,...,T,"} 1 U3 HUX BBIGHpaeTcs 7,". Torma momydaeM: mpy 1) T M < g min ¢ min <
+ max. min mine 7 max , min min min min min
’CHS T, 2)npu g, ™M < T,M<T z, STHSI() ;3)HpI/IIO > 1, ’CHSTO _

Ha puc. 3 mpencrasnen npuHOu pemeHus 3a1a4 23 u 33 s ciydas 2 mpu Tpex QyHKIUIX pacipe-
nenenus. V3 pucyHka BUIHO, UTO LIeIecO00pa3Hble 3HAYEHUS IEPUOAMYHOCTH HAXOAATCS B AMANa30He
3HAYCHUM T min ¢ a’"i” , onpezeneHHbIx o C —u P — kputepusiM. Takum 00pa3oM, B JaHHOM CITy4ae MO>KHO
o0ecreuuTh Kak SKOHOMHYECKH 11e1ecO00pa3Hoe MPH 3aJaHHOM TOYHOCTH ONITHMU3AIMH 3HAYCHHE Y/IeITb-
HBIX HKCIUTyaTallMOHHBIX 3aTpart, TaK U 3a/laHHOE 10 YCIOBHSIM oOecredeHns: 0€30MacHOCTH 3HaYCHHE
BEPOSTHOCTH Oe30TKa3HOM paboTsl TY.

3akndeHue

B pamkax KOMIUIEKCHOTO ITOIX0Aa OCHOBHBIMU KPUTEPUSIMU ONTUMHU3ALMH IPEAYTIPEAUTEIBHBIX 3aMEH
U PEMOHTOB II€7IECO00Pa3HO CUNTATh MUHUMYM YAETbHBIX SKCILTyaTallHOHHBIX 3aTpaT U JIOMYCTUMBIIA
M0 YCJIOBHSIM OOecrieueHus: 0e30MacHOCTH yPOBEHb BEPOSTHOCTH O€30TKA3HON pabOThl TEXHUYECKUX
YCTPOMCTB.

Pemenwne 3agaun ontumuzanuu [13 u [1P ycnoxHsieTcst n3-3a HeOnpeAeIeHHOCTH UCXOAHON HH(pOpP-
MaIiH, KOTOpasi MPOSIBIETCS B MOTPEITHOCTH YUCIEHHBIX 3HAYCHU MTapaMeTpoB 11eJIeBOM (QYHKIMH U
B HEJIOCTOBEPHOM OIKCaHUU (DYHKIUI pacripeneneHus mokasarenei HaaexxHocTu. HeonpeneneHHOCTD
UCXOJHOW MHGOPMAINH MOBBIIIAET PA3MEPHOCTh 3aJauu, MPUBOJUT K HEOIHO3HAYHOCTH PE3yIbTaTOB
e€ peweHust 1 Beioopa nepuonuuHocTy I13 u I1P TexHH4YecKnX yCTpOHCTB.

Pemenne BeposTHOCTHO-HEONpeeIeHHbIX 3a1a4 ontumuzanuu [13 u [TP nenecooGpa3Ho cBECTH K HX
BEPOSATHOCTHO-ONPENCIICHHOMY SKBUBAJICHTY ITyTE€M 3aJIaHMs JUaNla30HA 3HAYEHU M [1apaMeTPOB LEIEBOM
¢dbyHKIMH U BEIOOpa Hanbosee BepOATHBIX (DYHKIIMH pacnpeiesieHus ToKa3aTeneil HaIeKHOCTH.

Lenpro popmMann30BaHHOTO PELICHHUS BEPOSITHOCTHO-HEOMPEACTICHHBIX 3a/1a4 SBISETCS ONpeiesieHue
30HBI YCJIOBHO ONTUMAJIbHBIX 3HaYueHuM nepuonnunoctei 113 u [1P, mupuna KoTopoii 3aBUCUT OT cTere-
HU OTIPEAENIEHHOCTH UCXONHOM nHpopMmau. OKOHYATENbHBIN BEIOOpP PEIICHUN JOMKEH MPOBOAUTHCS
CHEIMAMCTAMU C PUBJICYCHUEM JOTIOHUTEIBHBIX He(POPMATN30BAaHHBIX KPUTEPHUEB.
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Structural reliability. The theory and practice

Volodarsky V.A.

OPTIMIZATION OF PREVENTIVE REPLACEMENTS
AND REPAIR UNDER CONDITIONS OF UNCERTAINTY

The paper presents a methodological approach to definition and solution of tasks related to preventive
replacement optimization and technical equipment repair under conditions of uncertainty of initial
information.

Keywords: optimization, repair, replacement, information, uncertainty.

1. Background

Nowadays, optimization calculations of parameters of preventive replacement and repair of technical
equipment are carried out, as a rule, upon the assumption of strict verification and unambiguousness of
initial information used and, consequently, strict unambiguousness of obtained solutions. The disadvantage
of this approach is a known overestimation of optimization accuracy and impossibility to find out solutions
economically close to a uniquely defined and formally optimal solution.

When solving practical tasks of optimization of preventive replacement and repair, more or less
uncertainty of initial information is inevitable. It reveals itself in uncertain knowledge of numerical values
of initial data or their probabilistic description. Therefore, it becomes evident that methods of optimization
calculations in case of fully defined information are increasingly coming into conflict with reality. Real
uncertainty of initial information requires a fundamentally new approach to task definition and solution.
Optimization under uncertainty condition inevitably contains heuristic procedures that exclude complete
formalization of this process. And it is a fundamental difficulty in formalization caused by incomplete
knowledge that matters rather than the technical one.

Consideration of uncertainty factors while taking decisions on parameters of preventive replacement
and repair has a number of benefits. First, it provides maximum approximation of formal methods of
solution to real operational conditions. Second, it ensures compulsory multivariate calculations and a
possibility of analyzing the consequences of decision making on their basis. Third, it gives a possibility
of selecting the most flexible solutions among those that are practically identically cost-effective. Fourth,
it gives a possibility of taking more justified decisions and of reducing the risk of over expenditure of
funds stipulated by inaccurate knowledge.
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2. Task definition

It is the definition of a task that requires special attention under uncertainty conditions. It involves
the following: 1) description of technical and economic essence of a task, objectives and criteria of
optimization; 2) mathematical formulization of a task, including the definition of a target function,
constraints and composition of parameters whose uncertainty may affect the results of the solution.

Optimization consists in establishing such parameters of preventive replacement and repair that ensure
maximum possible effect in certain conditions. The effect means a complete or partial achievement of
certain objectives. Let us single out the most significant objectives and their corresponding criteria. It
is evident that the system of preventive replacement and repair cannot be considered perfect if it is not
enough cost-effective. Therefore, the main criterion of optimization is a minimum operating cost per unit
for preventive replacement and repair and emergency recovery, with the damage of possible equipment
failure taken into account. In some cases equipment failure may result in safety violation, e.g. violation
of traffic safety of transport systems. Therefore, the second criterion of the definition of parameters for
preventive replacement and repair should be the safety of equipment operation.

While optimizing preventive replacement and repair, it is impossible to consider cost efficiency and
safety in isolation from reliability. It should be stressed that reliability gains sort of double importance
for technical equipment. On the one hand, it affects significantly cost efficiency, and on the other hand,
it predetermines safety to a great extent. In the context of comprehensive approach it is reasonable to
consider that the main criteria are cost effectiveness and safety, and reliability is some means to achieve
required values of these parameters. Then the optimization task may be formulated as follows: finding
such values of preventive replacement and repair which allow to achieve minimum operating cost per
unit and to secure acceptable safety related reliability of technical equipment.

In terms of mathematical formulization and common approach to its solution, the optimization task of
preventive replacement and repair refers to research of operations [1]. It is reduced to finding such values
of controlled parameters U when under influence of uncontrolled Z and fixed W parameters the target
function C(U,Z, W) defining total operating costs per unit takes on minimum value. The periodicity 7 and
the depth a of preventive replacement and repair of equipment arise as the controlled parameter U. The
fixed parameter W is the cost of preventive replacement and repair B and the cost of emergency recovery,
with the damage of technical equipment failure 4 taken into account. Probability of failure-free operation
P and probability g of the event that equipment failure will be eliminated by minimum emergency repair
appear as the uncontrolled parameter Z.

Constraints in the form of equality and inequality may be imposed upon the parameters of the target
function. Probability of failure-free operation defining the state of technical equipment depends on the
parameters 7 and o and is described by the distribution function F. According to safety conditions, the
probability of failure-free operation should be not lower than a certain acceptable level P,. As preventive
replacement and repair aim at failure prevention of technical equipment, their periodicity should be lower
than the time to failure 7. Then in general, the optimization task of equipment preventive replacement
and repair may be formalized in the following way:

C (r,@) = min C(r,a;4,B;Pq) with P = F(r,a), 020, 0<t<T, P=P, (1)
Let us introduce the criterion C according to which optimal parameters of preventive replacement
and repair subject to minimum operating cost per unit are defined, and the criterion P according to

which parameters of preventive replacement and repair subject to acceptable safety related probability
of failure-free operation is defined. While executing preventing replacement and repair in practice, there
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is a range of constraints on materials, number of personnel, duration, weather conditions, etc. Times of
preventive replacement and repair of different equipment should be coordinated between each other. In
the framework of criteria C and P it is difficult, sometimes impossible, to take into account the effect of a
set of constraints and factors, a range of which can be given in a qualitative form only and does not affect
search for optimal preventive replacement and repair parameters. In this regard it seems reasonable not
to formalize such constraints but to take them into account for final decision making.

If for parameters of the target function Z, W and the distribution function F there are unambiguous
statistical characteristics, then the optimization task in question (1) would be of definite probability. If
for Z and W there are data on their possible range and F may be given by series of possible distribution
functions, then task (1) should be solved in the form of probabilistic indefinite statement. Thus, the
mathematical principles of task solution of preventive replacement and repair optimization significantly
depend on a degree of certainty of initial information about distribution function of failure-free operation
and target function parameters. In this regard a formal method of optimization should be preceded by the
analysis of initial data whose uncertainty affects results of the task solution.

3. Analysis of uncertainty factors

The task of analysis is to classify and to give qualitative description of uncertainty factors in order
to find methodological and practical difficulties in optimizing and to set out the ways of their solving
as well as further to establish a degree of influence of these factors on the accuracy of optimization of
equipment preventive replacement and repair. Optimization accuracy may be estimated by target function
deviations from optimal value by the influence of the parameter of interest to us as the coefficient
K =C/C,, where Cis the target function value with parameter deviation; C is the target function value
with the optimal parameter.

With the help of classification [2], the initial information in optimization tasks of preventive replacement
and repair can be divided into four categories: 1) deterministic; 2) probabilistically definite, when functions
and parameters of the random variables distribution are known; 3) probabilistically indefinite, when
function of the random variables distribution are unknown and 4) properly indefinite.

In practice, as a rule, no one has to use “completely’” uncertain information as it is possible to get the
required minimum of approximate information by one way or another, including expert analysis, for any
parameter. Deterministic information is referred to cost of preventive replacement and repair B, whose
average value is uniquely defined by regulations. Information of emergency recovery cost as part of the
parameter 4 can be referred to conditionally deterministic information as it cannot be defined uniquely
due to some dependence on a number of random factors such as suddenness of equipment failure,
qualification of maintenance personnel, etc. Damage information due to equipment failure in case of
sudden and sometimes insufficiently defined character can be referred to probabilistically definite or
probabilistically indefinite information.

In practice, a great challenge occurs in accurate estimation of repair depth a and its contribution to
equipment reliability variation as quality of preventive repair depends on a number of random factors
which are difficult to take into account, such as equipment state, quality of spare parts and repair
procedures, qualification of service personnel, etc. Subject to statistics, information on the parameter o
can be categorized as probabilistically definite or probabilistically indefinite information.

In practice, special challenge is faced when choosing the distribution function F due to poor statistics on
equipment failure. It is possible to define a distribution function by the available method of mathematical
statistics [3] when the number of failures exceeds fifty. In this case information on /' will be probabilistically
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definite, or otherwise, it will be probabilistically indefinite as it is possible to get several possible distribution
functions. Information on the parameter ¢ subject to the volume of statistics on equipment failures can
be probabilistically definite or probabilistically indefinite.

Uncertainty of initial information leads to methodological and practical difficulties in solving tasks of
preventive replacement and repair optimization. In addition, dimension of the task to be solved increases
significantly as a large number of possible combinations of information on distribution function of failure-
free operation probability and target function parameters arises. For example, if three types of the function
F are given and each of the parameters 4, @, g is given by three values, then in this case, there are 81
combinations of the information used. Each combination corresponds to an optimal value of preventive
replacement and repair parameter when solving a task.

Thus, uncertainty of initial information leads to ambiguity of optimization task solution. Calculation
can determine an area only within which every periodicity of preventive replacement and repair will be
optimal with one or another combination of initial information. Academician L.A. Melentyev called this
area as “an ambiguity area of optimal solutions™[2]. Practical consequence of ambiguity of the initial
information is that ambiguity in results of optimization task solution leads to ambiguity when selecting

kCo
&>
. “
Pa
/
o

Fig. 1. The approach to solving of task 13 for case 1
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preventive replacement and repair parameters. It is clear that under these conditions a final decision should
be taken by humans on a heuristic basis and such “subjective” choice is inevitable in case of ambiguity
of initial information.

Difficulties and negative consequences related to ambiguity of initial information may be overcome
by two approaches: 1) reduction of information ambiguity; 2) development of relevant methods of
optimization and decision making under ambiguity conditions. Works following the first approach are
extremely effort-consuming and expensive. Moreover, no efforts in this case will make it possible to
nullify ambiguity of initial information. Therefore, it is of great interest to carry out researches following
the second approach with the aim of creating methods which allow us to take reasonable decisions on
practically optimal preventive replacement and repair parameters of technical equipment with ambiguity
of initial information.

4. Methodological principles of task solution

Methods of solving optimization tasks for preventive replacement and repair significantly depend on
certainty of the initial information used. Let us provide classification of optimization tasks in accordance
with a degree of certainty of the information on a distribution function of failure-free operation
probability and target function parameters. Let us consider three degrees of information certainty about
the distribution function: 1) F' and its parameters are known; 2) variance coefficient V is only known; 3)
time to failure 7" is only known. The first degree corresponds to probabilistically definite information,
the second and the third ones correspond to probabilistically indefinite information. Let us consider three
degrees of information certainty of the parameters 4, a, ¢g: 1) deterministic; 2) probabilistically definite;
3) probabilistically indefinite.

The types of possible optimization tasks are represented in the form of matrix (Table 1). Type of task is
characterized by a double index: the first index means a row number, and the second one means a column
number. The row numbers correspond to a degree of certainty of information about the distribution function,
the column numbers corresponds to the target function parameters. All the tasks, except for 11,12, are
probabilistically indefinite. By now the reliability theory has only developed task solution methods for
11 [4,5] and 31 [6]. Since in practice for preventive replacement and repair optimization, the required
initial information is, as a rule, probabilistically definite or probabilistically indefinite, the development
of methods for task solution of 12,13,22,23,32 and 33 type is of great interest.

Table 1
Degree of information Degree of information certainty about the parameters A4, a, ¢
certainty about the func- 1. Deterministic 2. Probabilistically | 3. Probabilistically
tion F ) definite indefinite
F'is known 11 12 13
V'is known 21 22 23
T'is known 31 32 33

One of the possible methodological approaches to solving the above mentioned tasks is as follows.
Solution of probabilistically indefinite tasks is reduced to their probabilistically definite equivalent. To this
end, in case of conditionally deterministic and probabilistically definite information, the target function
A, o, g are given by mathematical expectation, and in case of probabilistically indefinite information, the
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function is given by a range of values. In the latter case when the required initial data are unavailable, the
target function parameters are estimated by expertise. The unknown distribution functions F are chosen
heuristically. In addition, it is necessary to give several possible distribution functions for more reliable
solutions to be obtained.

In order to solve the obtained equivalent probabilistically definite problem, it is possible to use the
known methods which allow finding optimal solutions corresponding to mathematical expectation of
target function of the following type

C(t/o) = min M[C(z; A ,B, o, P, q)], where M is expectation sign.

As a result of this problem solution, it is necessary to define not only formally optimal parameters of
preventive replacement and repair for every preset distribution function F, but also an area of all possible
conditionally optimal values based on a range of variations of the target function 4, @, g or the given
optimization precision factor K. Under uncertainty of initial information, formal methods of solving defined
tasks are a necessary, although auxiliary tool that allows us to automate an extremely effort-consuming
but necessary process of research for conditionally optimal values of preventive replacement and repair

Q
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Fig. 2. The approach to solving of tasks 21, 22, 31 and 32 for case 3
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parameters when using computers. Final decision making is carried out by an expert taking into account
operation experience and involving additional unformalized criteria.

Task solution of preventive replacement and repair optimization using the proposed methodological
approach consists of the following stages.

1. Initial data on failures, cost of preventive replacement and repair and emergency recovery as well
as equipment failure damage shall be collected, and based on these data, the required initial information
on the distribution function F and the target function 4, B, a, g for task solution shall be defined.

2. According to a degree of initial information certainty in Table 1, the type of optimization task to be
solved shall be chosen.

3. A set of the distribution function F shall be chosen, a range of values for the target function 4, a, ¢
shall be estimated and the optimization precision factor K shall be given for probabilistically indefinite
tasks.

4. According to the criterion C:

- In case of probabilistically definite tasks, the optimal periodicity of preventive replacement and repair
and its relevant minimum of the target function shall be calculated;

1‘r-~1

Fig. 3. The approach to solving of tasks 23 and 33 for case 2
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- In case of probabilistically indefinite tasks, for a set of the distribution function F' we shall calculate
a set of optimal periodicities of preventive replacement and repair and a set of minimal mathematical
expectations of the target function related to them. Then a range of lower and upper values of the periodicity
shall be defined with the given factor K, and an area of conditionally optimal values of preventive
replacement and repair shall be set.

5. According to the criterion P:

- In case of probabilistically definite tasks, the acceptable safety related periodicity value of preventive
replacement and repair shall be calculated;

- In case of probabilistically indefinite tasks, for a set of the distribution function F we shall define a
set of the acceptable safety related periodicity values of preventive replacement and repair. The minimum
value of this set shall be chosen.

6. The obtained values according to the criterion C and P shall be compared, and an area of the appropriate
values of preventive replacement and repair periodicity shall be defined.

7. Analysis of the obtained area of the appropriate values shall be performed, and final decision on
practically optimal preventive replacement and repair values shall be made.

Let us illustrate the solution of the optimization task at stage 4, 5 and 6.

Task 11 and 12. According to the criterion C, we find the optimal value of preventive replacement
(preventive repair) periodicity 7, and the minimum value of the target function C , and according the
criterion P, we find the acceptable safety related periodicity 7, of preventive replacement (preventive
repair). Then the appropriate periodicity values 7, are in the range: with 7 <7, 7, < 7,57, and with 7 >

<
), 7,51,

Task 13. According to the criterion C, z and C_, shall be defined as well as the lower z, and upper T
values of preventive replacement (preventive repair) with the given factor K According to the criterion
P, 7, shall be defined. Then we obtain as follows: 1) with T <7,z < 7, < » 2)withz <7,< 7T
7,57y 3) withz >t 7,57,

Figure 1 presents the solving approach to task 13 for case 1 which shows that the appropriate values
of periodicity with the given optimization precision K are in the range z, ... T  defined according to the
criterion C. Thus, in this case the main criterion for the periodicity choice of preventive replacement
(preventive repair) is minimum operating cost per unit.

<
’0—

Task 21, 22, 31 u 32. According to the criterion C, for a set of the distribution function {F/, F?, ..., F"} we
shall define a set of the optimal periodicity values {rol ,102, ...,7,"} and its corresponding set of minimum
values of the target function { CDI, C02, ...,C "}. The area of the conditionally optimal periodicity values is
defined by the value range roml”...rom“x. According to the criterion P, a set of the acceptable safety-related
values of the periodicity {Ta ,r() ,...,T)"} shall be defined and the minimum z,”*" shall be chosen. Then
we obtain: 1) with t o <, M, T M < g < g, T ; 2) with ©_ mingy amm<1 max romm <t1,<7T, min .3) with
romm >1 ()mm 7,57 amm Figure 2 presents the solvmg approach to task 21, 22, 31 and 32 for case 3 with
three dlstrlbutlon functions F. The figure shows that the appropriate values of periodicity are in the value
range (...7,”" defined by the criterion P. Thus, in this case the main criterion for periodicity choice is

equipment safety.

Task 23 and 33. According to the criterion C, for the set {F',F?,...F"}, the set {z ',z 7, ...,z "} and its
corresponding set {C,/,C ?,...,C "} as well as the set of upper and lower periodicity values {z,’, T /;z,?7
02; ..;z.)", T "} with the given K shall be defined. The area of the conditionally optimal values of periodicity

is defined by the range of values z ""... T ™. According to the criterion P, the set {t al,t 02,. ..,T,"} shall be

defined, and ¢ ami" shall be chosen out of it. Then we obtain: with 1) T ™*<t amin, z, ming IHST o, %5 2) with
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g Mincg mingg max gz mingg =T, min; 3) with g min>g min, 1 =T, min_Figure 3 presents the solving approach
to task 23 and 33 for case 2 w1th three dlstrlbu‘uon functlons The Figure shows that the appropriate

periodicity values are in the value range z, min 7, defined according to the criteria C and P. Thus, in
this case it is possible to provide a cost efficient value of total operating costs for the given optimization

precision as well as a failure-free operation probability value stipulated by safety requirements.

Conclusion

In the framework of an integrated approach, it is reasonable to consider minimum operating costs per
unit and an acceptable level of equipment failure-free operation probability in terms of safety requirements
as the main criteria of preventive replacement and repair optimization.

The solution of preventive replacement and repair optimization becomes more complicated due to
uncertainty of initial information which reveals itself in errors of numerical values of target function
parameters and in inadequate description of the distribution function of reliability values. Uncertainty
of initial information increases the dimension of a task and leads to ambiguity of its solution results and
choice of periodicity for equipment preventive replacement and repair.

It is reasonable to reduce the solution of probabilistically indefinite tasks of preventive replacement
and repair optimization to their probabilistically definite equivalent by giving a value range of the target
function parameters and choosing the most probable distribution function of reliability parameters.

The aim of formalized solution of probabilistically indefinite tasks is to define areas of conditionally
optimal periodicity values of preventive replacement and repair whose depth depends on a degree of
certainty of initial information. Final choice of decisions should be made by experts using additional
unformalized criteria.
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CTpyKTypHasi HaaeXHocTb. Teopusa 1 NpakTuka

Yymakos U.A., Yenypko B.A., AHTOHOB A.B.

OLIEHKU OCTATOYHOIO BPEMEHU AJIbTEPHUPYIOLLLEIO
NPOLIECCA. OBLLUMA NoAXo4 K OLEHKAM
OCTATOYHOIO BPEMEHU

Crarbs onvceiBaeT 00600LLEHHbIVI METO/ OLE€HVNBAHWS OCTATOYHOIr0 BPEMEHU /19 OObEKTa C MpOn3BOJIbHOM
cTparerveri QyHKUNOHUPOBaHus. [10/1ydeHbl aCUMITOTUYECKUE U HEACUMITOTUYECKME OLIEHKU roka3arte-
N1evi, cxoasaLmecs npuv 4MTeabHOM QYHKLMOHUPOBaHU obbekTa. OCHOBHOM vAeeN noay4eHHOro noaxoaa
SIBIISETCS CBEAEHME MpoLiecca BOCCTaHOBJIEHUS MPOU3BOIbLHOIO BMUAA K XOPOLLUO U3YYEHHOMY asbTEePHU-
pyroLemMy npoueccy. Metoa no3BossieT rnporHo3MpoBaTb OCTATO4YHOE BPpeMsi paboTbl 060pya0BaHUsS Ha
cTaguun aKcriiyataumm v MOXeT ObiTb UCI0JIb30BaH B paboTax no OLEHKE PECYPCHbIX XapakTepucTmk ob6o-
pyaoBaHus ASC.

KnioyeBble cnoBa: ocTato4HOE BPeMsl, asibTePHUPYIOLLMI MPOLECC, CTpaTervus QyHKLMOHUPOBAaHMUS.

BBepeHue

B HacTosiiee BpeMsi B OOJNBIIMHCTBE CIIy4aeB MPH MPOBEJECHUH BEPOSITHOCTHOTO aHAIM3a XapaKTe-
PUCTHK HAJEKHOCTU HCIOJB3YIOT TaK HAa3bIBAEMYIO MPOCTEHUIIYI0 MOJEIb PEMOHTA: MOCHE Ka)KJI0To
OTKa3a CHCTEMa MPUBOIUTCS B MCIPABHOE COCTOSHHE 3a MPEHEOPEIKUMO KOPOTKOE BPEeMsI U cpasy ke
BO3Bpariaercs B pabouee cocrosiare. OqHako GyHKIIMOHUPOBAHUE COBPEMEHHBIX TEXHUYECKUX CUCTEM,
KakK TpaBUIIO, TIPEACTaBIIET co000i Ooiee CIOKHBIN Mpolece, Ui KOTOPOTo XapaKTepHO HAJIWYHE TIie-
PHOANYECKOTO WM IMTOCTOSTHHOTO KOHTPOJISl HEMCTIPABHOCTEH, CXeM 00HApyKEHHS OTKa30B, TIPOBEICHHS
aBapUITHO-BOCCTAHOBUTEIIBHBIX paboT U T.1I.

Kpowme 3toro, creyer OTMETHUTB, UTO, KOT/Ia pedb HIET 00 OIIEHKE WIIH TPOTHO3UPOBAHUH OCTATOYHOTO
pecypca, B OCHOBHOM BCE CBOJIUTCS HE K pacdeTaM XapaKTEPUCTHUK JIOJITOBEYHOCTH, a K aHAJIU3y IO-
KazaTelneil HaZie)KHOCTH, TAKUX KaK HHTEHCUBHOCTH OTKa30B, BEPOATHOCThH 0e30TKa3HOH paboTsl (BBP),
K03((UIHEHT TOTOBHOCTH, ¥ TIO PE3YNIbTaTaM JeNIaeTCsl BBIBOJ O TEXHMUYECKOM COCTOSIHUH 00bekTa. Jlist
MpoBeeHHs OoJIee TOYHOTO MCCIIEOBAaHUS pecypca 000pyIOBaHUS BOSHUKAET HEOOXOIUMOCTh pa3pa-
OOTKHM METOIMK OICHUBAHUS UMEHHO XapaKTEPUCTUK JOJITOBEUYHOCTH. Takke HEOOXOIUMO YUUTHIBATH
0COOEHHOCTH U PeXHUMBbI (DYHKIIMOHUPOBAHUS 000pYIOBaHUSA, KOTOPBIE, KaK MOKA3BIBACT OIBIT, MOTYT
CYLIECTBEHHO BIHATH HAa HAJEKHOCTD.

Pecypc u cpok ciyx0bl, OyyuH moKa3aTeIsiMU J0JITOBEYHOCTH, SBJISIFOTCS. OJJHUMHU M3 OCHOBHBIX T10-
HATHI Teopuu HaaexkHOCTH. Oco00e MECTO IPU STOM 3aHMMAeT MPOTHO3UPOBAHUE pecypca 0OBEKTOB
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Ha CTaguM SKCILTyaTaluu. OL[GHKG MOJJICKUT OCTATOYHBIM pecype, KOTOpBIfI OnpeacrsICT BO3MOXHYHO
MPOAOJDKUTCIIBHOCTD OKCIUTyaTallun 00BeKTa ¢ AaHHOTO MOMCHTA BPEMCHU N0 NOCTUKCHUS TapaMETPOM
TEXHUYCCKOI'O COCTOAHUSA €TO IMPEACIIBHOIO 3HAYCHU.

B nmanHoit pa60Te mpeaACTaBJICHbI MCTOABI CTATUCTUYCCKOIO OUCHHUBAHUA OCTATOYHOI'O peCypca, KO-
TOPBIC MMO3BOJIAIOT YUUTBIBATH XAPAKTCP (I)yHI(I_[I/IOHI/IpOBaHI/ISI n 06CJ'Iy>KI/IBaHI/I$I OJICMCHTOB CJIOXHBIX
TEXHUYCCKHUX CHUCTCM.

1. HeacuMmnToTYeckne OuEeHKN CpeaHero oCTaTo4HOro BpeMeHu
ONS9 anbTepPHUPYIOLLEro npouecca

CymectByeT psiji myOIHKaIHii, B KOTOPBIX YAEIEHO BHUMaHUE TAKUM PECYPCHBIM XapaKTepUCTUKAM,
kak npsimoe octarounoe Bpems (IIOB), oOparHoe octarounoe Bpems (OOB), a Takxe cpeaHee mpsamMoe
octatouHoe Bpems (CIIOB) u cpennee o6parnoe octarounoe Bpems (COOB). B pa6ore [1], Hanpumep,
paccMoTpeH crocol ompenenenus octarouHoil Hapabotku (CITIOB) mis HeBoccTaHaBiMBaeMoro 06o-
pynoBanus. B GoNbIIMHCTBE HAyYHBIX MyOnuKaiui [2, 3] Mo JaHHOW TeMaTHUKe onpeesieHne (1, COOT-
BETCTBEHHO, (hopMyiibl ¥ pacdeTsl) [IOB u CITOB gans 115 citydasi mpocTOro mpoIiecca BOCCTAHOBICHHS
(T.e. mpenmonaraeTcs, YTo BpeMeHEM BOCCTAaHOBJICHHSI MOXKHO MpeHeOpeys). Bo3HukaeT HeoOXoAMMOCTh
pa3paboTKu METOIOB OIIEHKU OCTATOYHOTO BPEMEHH JIJIsl 60siee CI0KHBIX (aJIbTepHUPYIOIINX) MpoIiec-
COB.

[Ipocroii mpoliecc BOCCTaHOBIEHUS MPEACTABISAET COOON MOCIEA0BaTEIbHOCTh HAPAOOTOK IO OTKa3a
UCCIIEyeMOT0o 00BEKTa, BpPeMs BOCCTAHOBIICHUS CUMTAETCsI paBHBIM HyIt0. B Takom ciryudae, CITOB —st0
MaTeMaTH4eCKOe 0KHUJIAHUE OCTABIIETOCS BpeMEHHU pabOThl CUCTEMBI JI0 OUYEPETHOTO OTKa3a, HaYuHas ¢
MOMEHTa BPEMEHHU ¢, B KOTOPBIK cucTeMa Obl1a padoTocrocodHa [2]:

V() =MY @, —0)-Ift, <t <1} 1)

TI€e. 7, — MOMEHT i-I'0 OTKa3a,
I{A} — byHKUMS-UHIUKATOP UCTUHHOCTH apryMeHTa, paBHas €IUHUIIE, €CIM A — UCTHUHA, U HYJIO B
MIPOTUBHOM CITydYae.

Pacmmpum monsitue «I10OBy» Ha ciaydaild mpon3BONIBHOTO TMpoIecca BOcCTaHOBIEHUs. B pabdote [5],
CIIOB TpakTtyeTcs Kak MaTeMaTU4eCKOe 0KUIaHUE OCTABIIETOCS BPEMEHU PabOThI CUCTEMBI 10 OYepe-
HOTO OTKa3a, HAYMHAas C MOMEHTa BPEMEHH £, B KOTOPBIH cucTema Oblia paboTocrnocoOHa:

V() =MD @ —1)- T, St<T,; @
i=0
31€eCh Vv, M T, — MOMEHTHI i -TO BOCCTAHOBJIEHHS M i -T0 0TKa3a, v,= 0, v, <, <v. . [lonuepknem, 4To
B opmyie (2) MpUCYTCTBYET yCIOBHUE HaXOXKACHHUS 00BEKTa B MOMEHT BPEMEHH / B paOOTOCIIOCOOHOM
COCTOSTHUH.

[IpogemoHcTpupyem 00U MOIXOA K MOJYYEHUIO OLIEHOK OCTaTOYHOTO BPEMEHHM MAJisi CTpaTeruu
(bYHKIIMOHUPOBAHUS, OTIMCHIBAEMOM € MOMOIIIBIO aJIETEPHUPYIOIIETO MPOoIlecca BOCCTAHOBICHUS 00BEKTA.
Taxoii iporiecc moapoOHO U3yUeH B TEOPUH BoccTaHOBIICHHS [2]. CuuTaeTcs, 4TO B HA4YaJIbHBII MOMEHT
BpeMeHH £, = 0 0ObEKT HAXOAUTCsL B pabOTOCTIOCOOHOM COCTOTHUU. OOBEKT PYHKIIMOHUPYET 10 MOMEHTA
0TKa3a — T;, [IOCJIE Y€TO MPOBOUTCS aBAPMHHOE BOCCTAHOBIIEHUE JI0 MOMEHTA BOCCTaHOBNIeH s — v,. [Tocnie
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BOCCTAHOBJICHHS OOBEKT Mpoa0JIZKACT CBOKO pa60Ty A0 OUCpCAHOTO MOMCHTA OTKa3ad, JaJICC IPOUCXOAUT
BOCCTAHOBJICHHC U IIEPECXOI B pa60Tocnoco6Hoe COCTOAHHUEC. CHy‘iaﬁHHe BCJIIMYMHBI a; 151 ﬁi — JJIUTCIIb-
HOCTH i-I'0 HUHTCpBAJIA pa6OTOCHOCO6HOCTI/I u Hepa60TOCHOCO6HOCTI/I COOTBETCTBEHHO. TaKoM IIUKIJI I1O-
BTOPSCTCA 10 BBI6paHHOFO MOMECHTa BPEMCHHU {. I[aHHBIﬁ mnmpounece I/1306pa)KeH Ha PUCYHKC 1:

ay /31 a2 ﬁz

- A ~ A - A ~—— A

| «+» | “«“» | «+» | «>» | «+»

| | | | | :

t
0 T; V; (% V2
Puc. 1. AasrepHuUpyOIIUIA MPOIIECC BOCCTAHOBICHUS
®opmyity (2) 1u1st JTaHHOTO MTpoLiecca MOYKHO 3alKcarh B BUJIE:

V(t):MZ(Vi_i_am_t)'l{viSt<vi+ai+1}; 3)

i=0

ANBTEepHUPYIOIIUI IPOIIECC SBISETCS YACTHBIM CIIy4aeM pacCMOTPEHHOTO B [5], OCHOBBIBasiCh Ha pa-
6otax [4, 5], ZOCTATOYHO MPOCTO MOIYYUTh HeacUMNTOTUYECKY0 orleHKy CITIOB B Bujie HHTETpasbHOTO
ypaBHeHust Boisreppa 2-ro pona B oOpa3ax npeodpa3opanus Jlamnaca:

Gu(p)
V = o ; 4
R A PSYRTS @

e Ga(p):MO‘_—ch(p);

W B mpocTpaHCTBE OpUTHHAJIOB (3/1€Ch U Jajiee CUMBOJIOM “*” 0003Ha4YeHa orepanus HHTETpaIbHON
CBEPTKH):

V(=G )+ * £, * f)); )
rne G (1) — cBOOOMHBIH UlleH ypaBHEHHS (5), TakoM, 4To:

o

= oo t t
G, (1) = [xg, (t:x)dx = [ xf, (t+x)dx = [ P, (x)dx = Mo~ [ P, (x)dx = Mo~ t+ [ F, (x)dx;  (6)
0 0 t 0 0
e f (1), ];}(t) — IJIOTHOCTH paclpeieNieHus JUIMTeILHOCTEH i-T0 HHTepBaia paboToOCIOCOOHOCTH U
HEpabOTOCITOCOOHOCTH COOTBETCTBEHHO.

OTmeTnM, 4TO Takas XapakTepUCTHKa, Kak oOpatHoe octarouHoe Bpemsi (OOB), sBisercs ciabo
m3ydeHHoil. I1o onpenenenuto OOB ecTb Bpemsi ¢ MOMEHTa MOCEAHET0 0TKa3a 10 MOMEHTa BpEMEHU
t. IllponemMoHCcTpUpyeM, Kak JiJIsi cpeaHero ooparnoro octarounoro Bpemenu (COOB) BeiBecTH HeacuM-
MTOTHYECKYIO OIIEHKY, MoM00HYyt0 (5). O603HaunM COOB kak R(?), ananmorudso [4-5] nmomy4uum:
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R =MY (t—v,) I, <t<v, +a,,} = 3 ¢,0); )

me ¢, =M[(t—v,)- IV, <t <v,+o, = [ [(t=y)- Iy <t <y+x} £, (0) £, (v)dxdy =
= [t=21,0) [ S @)xdy = [t = )£, 0P (E=y)dy = (£, *4,)(0); (8)

rne A, ()=xP (x).
[Ipumenum ¢ (t) npeoOpasoBanue Jlannaca, momy4nm:

9,(p)= 1, ()4, (p)

Nzobpaxkenue no Jlarutacy ais (7) Oyzner BBITJISACTh TakK:

R(P)=30.(0)= X £, (DA, ()= 403 £, ()

OO6paruM BHUMaHUE, YTO:

i

Vizz((xj+Bj)a i:1>2>""V0:0'

J=1

Otcrozna:
£.(0)=(f,(P) [ (P)s
ifv (p)= ! .
i 1-f,(p)- 13 (P)
[Tonyyaewm:

R(p)=4,(p)+R(p)f,(P)fs(P);

ITepexons k opurrHanam, 3anuiiemM uckomoe Boipaxenne COOB:

R(t)= A4, @) +(R* f, * g )() =1, () + (R* £, * [y )(D). ©)

[To ananoruu ¢ CI1OB u COOB, BBeeM U ucciielyeM HOBbIE PECYPCHBIE XapAKTEPUCTUKU:

W(t) — cpennee ipsimoe octatouHoe BpeMst HepabotocnocooHocT (CITOBH) — maremarnyeckoe 0xku-
JTaHHE OCTABILIErOCsl BpeMEHU HepabOTOCIIOCOOHOCTH OOBEKTA JI0 OUEPETHOTO BOCCTAHOBIICHHSI HAUMHAS C
MOMEHTa BPEMEHH £, B KOTOPOM CHCTeMa HepaboTocmnocoOHa. ((t) — cpeHee o0paTHOE OCTATOYHOE BPEMSI
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Hepaborocnocoonoctu (COOBH) — maremaruueckoe oKujaHue BpeMeHU HepaboTOCIIOCOOHOCTH 00b-
€KTa C MOMEHTA MOCIIEIHETO 0TKa3a O MOMEHTA BPEMEHH £, B KOTOPOM CHCTEMa HEpaOOTOCIIOCOOHA.

O ﬁ i Qi+
p A N A — A \
| «+» | | «—=» | «+» |
-
| " |
Vi1 T o w() Vi Tit1

Puc. 2. CIIOBH u COOBH

Amnanoruyaso (3) u (7), popmynsl nus CIIOBH u COOBH moxHO 3anucaTh B BUE:

W) =M v, -0)-If, <t<1,+B.}:

0(0)=MY (t-1,)- Ift, <t <t,+P,};

[Monmyuum nnst W(t) HeacMMOTOTHYECKYIO OIICHKY, pacCyXzasi Mogo0HO TOMY, KaKk ObLIa MOJydeHa
BbInIe orneaka COOB:

W(p)=Gy(P)Y, [. (p);
i=l
e Gﬂ(p) — 06pa3 no Jlamtacy ¢yHKIMN Gﬂ(t):

t
Gy () =MP — [ B, (x)dx. (10)
0
O6parum BHUMaHUE, YTO:

i—1
T=0,+ (@, +B));
=1

L(p)=1,(p)- (S (D) f3 ()7

N _ N i1 _ Jo(P)
21 (P)= (DI (M (P = ONAT)

HTorosast orieHKa B IPOCTPaHCTBE 00Pa30B:

W(p)=Gy(p) ., (P)+W(p) 1, (P) s (D).

B npocTpaHcTBE OpUTHHAIIOB:

W) =(Gy * f )OO+ * f, * f)©). (11)
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®opmyny (11) MmoxHo 3anucats B apyroi ¢opme. I[Ipumenus k (10) nmpeoOpa3oBanue Jlammaca,
uMeeM:

_MB-R(»)

Gy (p) (12)

Torna:

B-F(p)

M
Gy (p) S, (p)= Ju(P)

£y =Mp LB _p (L)
p p

[lepexonst B MpOCTPaHCTBO OPUTHHATIOB:

(G * f)(O) = MBE, () = (B, * F, )(®). (13)

®opmyna (11) mpuHUMaeT BUI:

W(t)=MPBF, (1) = (B * F)(O) + W * [, * fi )(©). (14)

Eme 6onee KopoTko KOCHEMCS BbIBOJIa HeacuMmnToTudeckor onenku st COOBH:

O(p) =4, (p)_i 1., (p);
rae A ﬂ(p) — obpa3 pyskumm 4 ﬂ(t) = xPﬁ (x).

Hckomoe ypaBHEeHHE B 00pa3ax:

O(p) =4, (p) 1, (P)+O(p) S, () [ ()

W nocne nepexonia K OpuruHagam:

O(1) = (4 * f )OO +(Q* 1, * fu)O). (15)

Ilpumeuanue 1:

Bce 4 monyuennbix ypaBuenus (4, 7, 14, 15) HeacCHMITOTHYECKUX OIEHOK UCCIEAYEMBIX peCypcC-
HBIX XapaKTEePUCTHUK SBISIOTCS ypaBHeHUsIMU Bonbreppa 2-ro pona ¢ pa3iu4HbIMU CBOOOJHBIMHU

oo N .
YIECHAMH, HO OJIHUM M TEM K€ AAPOM — QyHKUMEH (f, fﬁ) (t), mpencrapisoeil co00i HHTETPAIBHYIO
CBEPTKY IJIOTHOCTEH pacmpeiesICHUsI HHTEPBAJIOB pab0OTOCIIOCOOHOCTH U HEPAOOTOCIIOCOOHOCTH
00beKTa. B HEKOTOPBIX ciyyasx yao0HO BBECTH CIyYaldHYyIO BEIMYMHY ®, = o, + f,, Xapakrepu-
3YIOUIYIO JJITUTENIbHOCTh OJHOTO IUKJAa paboThl HCCIEAYeMOro 00bEKTa U COOTBETCTBYIOIIYIO e
= %

IUIOTHOCTh pacupenenenus f (1) = (f, fﬂ) (t), KoTOpas aajiee U pacCMaTpUBaeTCs KakK sS/IpO UHTE-
rpajbHbIX YpaBHEHUU.
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2. ACMMNTOTUYECKMNE OLLEHKU CpeaHero oCTaTo4HOro BpeMeHu
ON9 anbTepHMpYIoLWero npowuecca

ITponemoHCcTpHpyeM, Kak Ul aJIbTEPHUPYIOIIETO INPOLECCA NONYyYUTh ACHMIITOTHYECKYIO OLICHKY
CIIOB:
V i =MV (2); (16)
} 1—>o0

1-1 cnocob:
B npenene (16) nepeiizem B mpoCcTpaHCTBO 00pa3oB, YUUTHIBAS (4):

iy ()=l () =limply—e 2=l R
p=0 1= Jy B P e P ‘

OOpaTtym BHUMAaHUE, YTO:

lim(Ma. — P, (p)) = Mo, —lim j e P (t)dt = Mo, — JRX (t)dt =0;
p—0 p—0 0 0

lim £, (p) = 1imje-pf £ (tydt = j £ (0dt =1.

p—0 p—0 0 0

Yr1o0bI H30aBUTHCS OT HEONMPECACIICHHOCTHU BU A 6 , IPUMCHSAEM IIPAaBUIIO Jlanmrans:

lim¥ (p)p = lim (M“_B)ﬂ(p))’,znm : Pu(p) —
0 P (=1 (P) S5 (P 22 £ () Sy (D) + £ (D) fy ()

3amMeTuM, 4To:

(Mo.)* + Do

5 );

lim P/(p) =—lim j te” P ({)dt = — j (P, (1)dt = —(
p—0 p—0 0 0
lim £, (p) = —1imjte-’” £ ()dt =— j of ()dt =—Ma;
p—0 p—0 0 0

Hrtorosas oneunka aist CITOB:

(Ma)’+Do. ~ Mo?
2(Mo+MB)  2(Mo+MPB)’

Veewn =limV(p)p = (17)
i

2-ii cnoco0:
ANBTEepHUPYIONIIUI MPOIIECC MOXKHO PAcCMaTpPUBaTh Kak 0000IIEHHE KIAaCCHYECKOTo Mpoliecca Boc-
CTaHOBJICHUS [2], TOTIa MOMYy4YrM acUMNTOTHYeCKyt0 otieHky CITIOB:
Veewn =Vo o5
rie P, — BEPOATHOCTh NONaIaHus IPOU3BOILHOIO MOMEHTA BPEMEHH { Ha MHTEPBAT paboTOCIOCO0-
HoCTH, V, — acumnrorndeckas ouenka CIIOB s kiaccu4eckoro mpouecca, COCTOAMIETO U3 TOCIIEN0-
BaTENbHOCTH HAPaOOTOK Ha OTKa3 {a.}.

o7



OLLEEHKW OCTATO4YHOIO BPEMEHU AJIbTEPHUPYIOLLLETO MPOLLECCA.
OBLLMIA NOAX0A4 K OLLEHKAM OCTATOYHOIO BPEMEHU

Hanee numeem:

p-_M*
Mo +MB

ComnacHo [3] acuMOTOTAYECKAs OLIEHKA ISl KIIACCUYECKOTO Mpolecca:

v Mo’ (M)’ + Do
* 2Mo 2Mo

riae Mo? — 2-if MOMEHT CJIy4ailHOM BEJIMYHUHBI 0.

Hrorosas orieHka MpuHUMAET BU/I;
oo Mo’
@ Mo+ MB)
JlaHHOE BBIpa)KE€HHE TTOJIHOCTHIO COBIAIAET C paHee MOJyYeHHOU orleHKoM (17).
Taxum o6pazom, 3aga4a acumnrotTuaeckoi orieHkrn CI1IOB B o01iem ciryyae CBOAUTCS K OIIEHKE MOMEH-

TOB CITy4YalHBIX BEJIMYUH — JUIUTEIbHOCTENH HHTEPBAJIOB pabOTOCIIOCOOHOCTH U HEPAbOTOCIIOCOOHOCTH
o0ObekTa. Paccyxnas aHaIOTMYHO, MOYKHO MOJTYUHUTh:

Mo.?
RaClUl/"’l = K{CM,\/IVI = —; (1 8)
2(Mo.+ MB)
M 2
WLICI/L\’II’I = Qacu;wn = —B; (19)
2(Mo+ MB)

3. OueHKn OCTaToO4MHOIro BpemMeHu AJis Npom3BOJiIbHOIMO npouecca

B m060i1 cucteme BO3MOXKHO MPOBEACHUE TEXHUUECKHUX BOCCTAHOBUTENBHBIX MeponpuaTuil. Takue
MCPONPUATUSA MOTYT OCYIICCTBIIATHCS B 3apaHCC HA3HAYCHHBIC U B CHy‘I&fIHBIe MOMCHTEI BpEMCHHU. Tuner
paccMaTpUBaEeMBbIX CTpAaTEruii OTPaXkaroT HAIMYKE PA3IMUHBIX TUIIOB MPO(UIAKTUK (K IPUMEpY, IIJIaHOBast/
BHCIIJIAHOBAsI, aBapHﬁHaH/ Hpejlynpe)mTenLHas{), KOHTPOJIA, PA3JIMYHBIX TUIIOB OTKa30B, BOCCTAHOBJICHU,
MPOYHX pa3HOOOPA3HBIX YCIOBHUI SKCILTyaTaliy. Bee BhlmeonrcanHoe MopoKIaeT OTPOMHOE KOJTMIECTBO
cTpareruil 00CTyKUBaHUS 000PYIOBaHUA U €1lle O0NbIIee KOJTUISCTBO MATEMAaTHISCKIX MOJEICH st
OIMHUCAaHMUA MMPOUCXOOAIIUX SIBIICHUH.

IIponiecc BoccTaHOBIEHUS Ui TPOU3BOJIBHON CTPAaTEruy OOCITYKUBAHUSA B OOLIEM CIIydyae MOXKHO
CBECTH K aJIETEPHUPYIOLIEMY: 0003HAYMB Y€PE3 0, U B, 00IIME JIMTENBHOCTH HHTEPBAIIOB pabOTOCIIO-
COOHOCTH U HEPAOOTOCIIOCOOHOCTH 0OBEKTA COOTBETCTBEHHO, MbI IIOJYYUM MPOIECC BOCCTAHOBICHHUS,
aHAJIOTMYHBIA PACCMOTPEHHOMY Ha pUcyHKe 1. UTOOBI MPUMEHUTD BBIIIEONMCAHHBIA MaTeMaTHYeCKU
anmapar, Heo0X0UMO MTOCTPOUTH pacIpeieeHUs CyYailHbIX BEIMYHH o U f.

Jlnist mprMepa pacCMOTPHUM OJIHY M3 THUIIOBBIX BCTPEYAIOIINXCS HA MPAKTHKE CTPATeTUi (yHKIIMOHH-
poBanus 00bekTa. CUMTAETCS, YTO CHCTEMA B HAYAIIbHBIM MOMEHT BPEMEHHU /, HAXOIUTCSA B pabOTOCTIO-
COOHOM COCTOSHHM M KOO(D(GHUIMEHT TOTOBHOCTH CUCTEMBI B TOUKE /, = 0 paBeH enuuuie. B cucreme
MpeyCMOTPEHa TUIaHOBas MPO(UIAKTHKA, KOTOPasi OCYLIECTBISIETCS EPUOIUYHO Yepe3 MPOMEKYTOK
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BpeMenu T (1Ieproj NPOMUIAKTUKH) U JUIMTCS CITydaiiHOe Bpems 77, (CM. pucyHok 2). Ecin 1o MmomenTa
MIPOBEJICHUS OUEPETHOM TUIaHOBOM MPOMUIAKTUKY MPOUCXOAUT OTKA3 B CIIy4YalHbBIII MOMEHT BPEeMEHU
¢, TO IPOBOAUTCS aBapUHOE BOCCTAHOBJICHHE CHCTEMBI, KOTOPOE IJIUTCS CIy4ailHOe Bpems p [Tocne
aBapUIfHOTO BOCCTAHOBJICHUS CUCTEMbI IIPOUCXOAUT MEPEIIaHNPOBKA MOMEHTA MPOPHIAKTUKH, TO €CTh
TEKyIINH nepuoj Npo(UIaKTHKN CABUTAETCS BIIPABO HA MPOMEKYTOK BpeMeHH ¢ + My [Tocne Boccra-
HOBJICHUSI CHCTEMa MPOJ0JIKAaeT paboTaTh 10 MOMEHTA &, €CJIH ObLT 0TKAa3, WK 0 OYEPEAHOr0 MOMEHTA
npodunaktuku 7, eciau oTKaza He Obu10. J{anee mpouCcXOAUT COOTBETCTBYIOIIEE BOCCTAHOBICHHE U TTO-
NOOHBIN UK pabOThI HAUWHAETCS CHOBa. OnucanHas cTparerus (pyHKIIMOHUPOBAHUS IPEICTaBICHA HA
pHUCYyHKe 3:

/\ /\/N /

VO=O z'1 v T Tz v, Ty v. A

a3

Puc. 3. Crparerusi, yauThIBaronast BCTpOSHHbIH KOHTPOJIb ¢ IPO(UIaKTHYECKUM 00CITy)KUBAaHUEM
HO,[[ fl. IMOHUMAKOTCA MOMCHTBI BpCMCHHU OTKa3a, 1o/ Ti NIOHUMAKOTCA NPOMCIKYTKHU BPCMCHHU OT Ha4YaJia

paboThI CHCTEMBI 10 O4EPEHOTO MOMEHTA OTKa3a CUCTEMBI, IOJ1 V; IOHUMAIOTCSl IPOMEKYTKU BPEMEHH
OT Hayaia paboThl CUCTEMBI 10 MOMEHTA OKOHUAHUSI OYePEIHON pereHepaIuu.

CornacHo [6] MOMEHTBI BOCCTAHOBJICHHSI U OTKa3a OMPEIEISIFOTCS CIEAYIOIUM 00pa3oM:

T, =v,+T- I, >THETE, < T}+§1{§j <TYE, ) +1§, >T KT +n,);

Vv, =V + I <THE )+ I, >THT +nm)+21{§j <TYg,+n)+1§, >T KT +n,);

Ortcrona, i-if uHTEpBall PAOOTOCIOCOOHOTO COCTOSTHUS MOXKET OBITh IPECTABIICH, KaK

o =T,-V, :T'[{E«i > T}+éi1{§i <T};

AHaJIOTUYHBIM 00pa3oM MOJYyYUM BBIPAKEHHE JUIS i-TO MHTEepBaja HepaboTocmocoOHOro co-
CTOSHUS:

Bi =V, =T, =M, I{E-'i > T}+nf1{éi < T};

Cornacho (18-19), mst nonyuenus: acumnrorudeckoit onenku CIIOB HeoOxoqumMo HaTH epBbIe U
BTOPBIC IICHTPAIbHBIE MOMEHTBI CITy4allHbIX BEIMYHUH 0. U 5. J{7151 HeaCUMIITOTUYECKUX OIICHOK B 00IIeM
cllydae HaM MoTpeOyroTcest (DyHKIMU U TUIOTHOCTH PACTIPEIIICHUS CITyYaitHbIX BETMUMH HApaOOTKH MEXKITY
OTKa3aM{ ¥ BPEMEHH BOCCTaHOBIICHHS. McciemyeM ciydaiiHbie BEJTMYMHBI OL ¥ 3, 3aMETHUM, YTO:

F. (1), t<T.

F ()= { t>T
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Otcrozna:

Mo = [ P (6 0)

Jlnst mostydenus Mo?, 3anunieM QyHKIUIO pacrpee/eHUs B BUIE:
F,(x)=H(T —x)- F (x)+ H(x=T); 21
rne H(x) — bynkuus XeBucaiaa, nanee:
Jo () =F;(x)= H(T =x)- f,(x)=8(T —x)- F,(x)+8 (x = T); (22)
rae o(x) — aenpra-pyHkuus Jupaka.

[Tonyuaem:

oo oo oo

Ma? = [ f, (x)dx = [x*H(T =x)- f, (x)dx— [ X8 (T —x)- F, (x)dx+]:x25 (x—T)dx =

0 0 0

= ].xz fo ()dx=T*F,(T)+T?; (23)

Maremarndeckoe OXHNJaHHUEC BCIIMYNHBI :B .

MB=M, {g,>TH+Mm, I{E <TPh=Mn, PE >TH+Mn, P <T}=
=Mn,,. (I-F.(T)+Mn  F(T), (24)

Jlnst nonyuenus M3’ Haiinem QyHKIMIO pacnpenesieHus f:

F(x)=PB <x)=P{B <x}nf&2T}H)+P({B <x}nfL <T})=
=P(f, <x}nfe 2TH+P(f, <x}nfe <TH=F 0 (1-F D))+ F, (0F (T);

Otcrozna:

Sy = fo ) (A=F D)+ £, ()F(T);

oo

MB* = sz fy()dx = (1= F,(T))Mn,” + F,(T)Mn ; (25)

C yuerom (20), (23), (24), (25) acuMOTOTHYECKHE OIEHKH MPUHUMAIOT BUJI, TPUTOIHBIN /I YUCIICH-
HBIX PacyeTOoB:
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T
o ! X2 f, (x)dx—T*F,(T) +T*

Racuwn - VvacuMn = =
: 2(Mo,+ MB)

b

2([ R.(t)dt+ M, (1= F, () + Mn  F, (T))

_ Mmpr (1-F,(D))Mn,’ + F(T)Mn,*
S 2(Mo+MB)

b

VVacu,wn = Qacu.un T
2(] B (e + M, (1= F, (7)) + M F, (T)

Jlis osTy4yeHHs HeaCUMIITOTUYECKOM OLIEHKU PAacCMaTPUBAEMBbIX B CTAThe XapaKTEPUCTUK HEOOXOAUMO
peLIuTh UHTErpaibHble YpaBHeHUs (4, 7, 14, 15). CornacHo npuMeyanuio 1, 51poM ypaBHEHHI BO BCeX
YETBIPEX CIlydasx ABIACTCA QYHKUMSA [ (1) — IUIOTHOCTh PACIPENEICHHS CITy4alHON BENUYMHBI @. Jlist
paccMaTpuBacMoOl CTPATErMHA UMEEM:

oo E4m,, E<T
T+n,, &7’

Haiinem gyHKIuto pacnpeneneHus 3Toi ci1y4aiiHOW BEIUYHHBIL:

F,()=P@<t)=PUIE2THT+m, )+IE<THE+N,)<1)=

=P, <t-T; E>T)+PM, <t-&; §<T)=

= || £G4 Wdvdc+ [ LG, (v =

E<t™T
0<m,, <t-T 0<m ,<t-§

t"T t=x t"T

= [£@ [ £, 0)vde+ [ £ [, O)yde=(=E D), (¢-T)+ [ £0F, (t-x)dx;

o'~—,I]

I/ICKOMyIO IJIOTHOCTB paclpCACJICHUS MMOJTYYHUM ITyTCM I[I/I(b(bepeHI_II/IpOBaHI/I}IZ

th

=(1I=FD)A, =D+ [ £ (=2) d 26)

0

dr, (1)
dt

fO=

Hanee HaiijeM cBOOOIHBIE YieHbl HHTeTpaibHbIX ypaBHeHU. [yt CIIOB cBoOOHBIHM uiieH ypaB-
HeHwus onpeneneH (6), pynkuus pacnpenenenus u MO cinydaiiHON BeTUYUHBI o onipeaeneHsl B (20),
(21). dna COOB cBoboaubiit unen ypasHeHus onpeaene (8). dus CIIOBH-umeer Bun (13). Jns
COOBH Heobxonumo HalTu (4 5 *f.)(t). OTa 3a1a4a yCI0KHACTCA TEM, YTO B HAUJEHHOH BopmyJie
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OBLUMIA NoaxoAa K OLEHKAM OCTATOYHOIO BPEMEHU

(22) npucyrcTBytoT Aenbra-pyHkiuu Jupaka, nenarnme HEeBO3MOXKHBIM KOPPEKTHOE YHUCICHHOE
MHTErpUPOBaHHUE f (X). YuuThiBas (22) ¥ YETHOCTD A€NbTa-QYHKINH, 3aITMIIEM INIOTHOCTh pacmpe-
JIeJICHUS B BUJIC:

Jo(¥)=H(T =) f (x)+3(x=T)E, (x) = C(x) +6 (x—T)F (x);
rne C(x)=H(T —x)f. (x);
Torna:

(A * £,)(0) = _[AB (t—x)C(x)dx + j Ay (t=x) (x=T) R (x)dx =
= jAB (t—x)C(x)dx+ Ay (¢t~ T)R.(T)H (¢ ~T); 27)

tne Ay (1) =t(1—Fy (1) =1, (2);
CBoOonHbIH wiieH 1o ¢opMmyiie (27) yKe MOKHO pacCUYUTaTh YUCIECHHO.

Takum oOpazom, HaiiieHb! sapo (26) U cBoOOaHBIC WwieHBI (6, 8, 13, 27) HHTErpalbHBIX YpaBHEHUH
(4,7, 14, 15) cOOTBETCTBEHHO, B BUJIC, IPUTOAHOM JIsl YUCICHHOTO PEIICHHUS.

4. Npumep pacuyeTta

[IpousBenem pacyeTsl acuMNTOTHYECKOM U HeacumnToTuueckoil oneHok CITOB, COOB, CITOBH,
COOBH pns crparernu GyHKIIMOHUPOBaHUS, onmucaHHOW B myHKTe 3. [lepuon mpodunaktuku
MPUMEM PaBHBIM 7 yCIOBHBIX €IUHMUIL (y.€.) BpeMeHHU. B kauecTBe 3aKOHa pacupeeseHus s Ha-
pabOTKH U TJIAHOBOM MPOQUIAKTUKHA, BO3bMEM JIByXIIapaMeTpuiecKoe pacrpeneneHue BeliOymnma,
IS aBAapUMHOTO BOCCTAHOBJICHUS — raMMa-pacupeneneHue. [lapaMeTpsl 3akoHa pacrpeaeaeHus
yKa3aHbl B Tabnune 1:

Tabauna 1. IlapameTpsl 3aKoHa pacnpeneeHUs CJAYYAHHBIX BeJMYHH

CayuaiiHasi BeJIJMUMHA Oo0o3HaueHue Iapaverp Tapaverp
dopmbl, y.e. Macmrada, y.e.
JInmuTenbHOCTh HApAOOTKH /10 OTKa3a & 5 6
JTuTensHOCTh TIAHOBOM MPOMUITAKTUKA Ny 2 2
JnuTenbHOCTh aBapUIMHOTO BOCCTAHOBJIEHUS Mg 3 5

Ha pucynkax 4-5 npeacrasieHbl pe3y/bTaThl pacueTa aCUMITOTHUECKON M HEACUMITTOTHUECKON OLIEHOK
CIIOB u COOB, CITOBH u COOBH cootBeTcTBeHHO. JlaHHbIE PUCYHKH AEMOHCTPUPYIOT CXOAUMOCTD
ACUMITOTHYECKOM (ITyHKTHP) U HEACUMIITOTUYECKUX (HENPEPBhIBHASI JIMHUS) OLIEHOK:
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OLLEHKN OCTATO4YHOIO BPEMEHU AJIbTEPHUPYIOLLLEITO MPOLLECCA.
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Puc. 5. I'paduk nmoBenenus oueHok Maremaruueckoro oxxunanus CIIOBH u COOBH
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3akn4yeHue

brin pa3zpabotan 0000IIEHHBIN METOI pacdeTa CICAYIONINX PECYPCHBIX XapaKTEPUCTHUK NIl 00BEKTa
C MPOU3BOJILHOM cTparerueil pyHKIUNOHUPOBAHMUS:

CpPEIHEro MPsIMOTO OCTAaTOYHOTO BPEMEHH;

CpeIHero 0OpaTHOTO OCTATOYHOTO BPEMEHH;

CpPEIHEro MPsIMOTO OCTAaTOYHOTO BPEMEHH HEPAaOOTOCIIOCOOHOCTH;

CpeIHero 0OpaTHOTO OCTATOYHOTO BPEMEHU HEPAOOTOCTIOCOOHOCTH.

[Tonmy4eHbl Kak aCHMIITOTHYECKHE, TaK M HEACHMITTOTHYECKHE OIICHKH JaHHBIX IMOKa3aTeinei. AHAIN3
OIICHOK TIOKa3bIBAET, UYTO pa3HUIA MEKIY ACUMIITOTUIECKON H HEACUMITTOTUIECKOM OIIEHKOM Ha HadaJlb-
HOM TIPOMEKYTKE BPEMEHU MOXKET COCTABIISATh 3HAYUTEIBHYIO BEJMUMHY, TOTIA KaK MPH UTUTEIEHOM
(byHKIMOHNPOBAaHUH 00BEKTa JAHHBIC OLIEHKU CXOJISTCSI.

JIaHHBII METOI MOXKET OBITH UCIIOJIF30BaH B Pa0OTaX 110 OIIEHKE PECYPCHBIX XapaKTEPUCTHK 000py0-
BaHMst ADC. B TOM 4rcie — TeXHUYECKHX CHCTEM, JJISl KOTOPBIX XapaKTEPHO HATHYHNE MEPUOTUIECKOTO
WA TIOCTOSTHHOTO KOHTPOJISl HEUCTIPABHOCTEH, TIPOBEICHHE aBAPHITHO-BOCCTAHOBUTEIBHBIX pa0OT  T.JI.
Merton Mo3BOJISIET IPOTHO3MPOBATH OCTATOYHBIN pecypc OOBEKTOB Ha CTAJIMHU AKCIUTyaTalllH, ONpee-
JSFOIINAN BO3MOXKHYFO TPOJODKUTEIFHOCTD IKCILTyaTallii 00bEKTa C JJaHHOTO MOMEHTA BPEMEHH 10
JOCTHYKEHUS TIApaMETPOM TEXHUIECKOTO COCTOSIHUS €TO0 MPEIeIbHOTO 3HAYCHHSI.
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Structural reliability. The theory and practice

Chumakov I.A., Chepurko V.A., Antonov A.V.

ESTIMATIONS OF RESIDUAL LIFETIME OF ALTERNATING
PROCESS. COMMON APPROACH TO ESTIMATIONS
OF RESIDUAL LIFETIME

The paper describes a generalized method of estimating residual lifetime for an object with an arbitrary
operating strategy. Asymptotic and non-asymptotic assessments of factors converging in the long-term
object operation have been obtained. The main idea of the developed approach is to bring down an
arbitrary renewal process to a well-known alternating renewal process. The method makes it possible
to predict the residual lifetime of equipment at the operational stage, and it can be used in estimating
resource characteristics of nuclear power plant (NPP) equipment.

Keywords: residual lifetime, alternating process, operating strategy.

Introduction

Nowadays, the so-called elementary model of repair is used in most cases when carrying out a
probabilistic analysis of reliability characteristics. After each failure, a system is brought into sound
condition in negligibly short time and immediately comes back into operation. However, the functioning
of modern technical systems, as a rule, represents a more complicated process characterized by periodical
or constant control of faults, schemes of fail detection, emergency and renewal works, etc.

In addition, it should be noted that when dealing with estimation or prediction of a residual resource,
everything generally boils down not to calculations of durability characteristics but to analysis of reliability
parameters, such as failure rate, probability of failure-free operation (PFO), availability factor, and based
on the results, a conclusion is then made about the technical state of an object. To produce a more accurate
study of equipment service life, it is necessary to develop methods for estimating durability characteristics
per se. Also, it is necessary to take into account features and modes of equipment functioning that can
considerably influence reliability as seen from experience.

As parameters of durability, resource and service life are one of the basic concepts of the reliability
theory. Prediction of resource of objects at the operational stage is then of special importance. Subject
to estimation is the residual resource which defines possible duration of the operation of an object
from the given moment of time and up to the moment when the parameter of technical state achieves
its limit value.
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The present work presents methods of statistical estimation of residual resource which allow us to take
into account the peculiarities of functioning and maintenance of elements as part of complex technical
systems.

1. Non-asymptotic estimations of average residual time
for alternating process

There are a number of publications in which a lot of attention is paid to such resource characteristics as
direct residual time (DRT), reverse residual time (RRT), as well as average direct residual time (ADRT)
and average reverse residual time (ARRT). The study [1], for example, considers how to define residual
operating time (ADRT) for non-recoverable equipment. In the majority of scientific publications [2,
3] on this issue, the definition of DRT and ADRT (and, accordingly, formulas and calculations) are
provided for the case of simple renewal process (it is supposed that time of renewal can be neglected).
So, it is necessary to develop methods for estimating residual time for more complicated alternating
processes.

A simple process of renewal represents a sequence of times to failure of an object under
consideration, with the time of renewal set to zero. In this case, ADRT is an expectation of the
remained operating time of system to a next failure, starting from the time point ¢ in which the
system was efficient [2]:

V@zMi@m—ﬂﬂqSKqM; (1)
i=0

where 7, is the time point of i-¢4 failure, I {4} is function-indicator of the argument validity which is
equal to one, if A is true, and to zero if not.

Let’s extend the concept “DRT” for the case of any renewal process. In the work [5], ADRT is treated
as an expectation of the remained operating time of system to a next failure, starting from the time point
¢t in which the system was efficient:

V@:Mi@m—ﬂﬂwﬁqug )
i=0

Here v, and 7, are time points of the i -th renewal and i -th failure, v,= 0, v, <7, , <v,_ ,. It should be
noted that in the formula (2) there is a condition of the object being efficient at the time point z.

Let’s show the general approach to obtain estimations of residual time for the strategy of functioning
described by means of alternating process of object renewal. Such a process is in detail investigated in the
theory of renewal [2]. It is considered that at the initial time point 7,= 0 an object is in sound condition.
The object functions till the moment of failure z,, then the emergency renewal is carried out till the moment
of renewal v, After renewal the object continues to work till the next moment of failure, and then there
is renewal and transition into efficient state. Random variables o, and 3, are duration of the i-h interval
of availability and unavailability respectively. Such a cycle is reproduced again till the chosen moment
of time ¢. The given process is represented in figure 1:
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a; Bi a;z B:

A A . A A

- ~N e ~ N/

| «+» | “» | «+» | «» | «+»

| | | | | ”

t
0 T; V; (%] V2
Figure 1. Alternating process of renewal
The formula (2) for the given process can be written down in the form of:
V() =M (V;+ 0y =) T{v, St <V, + 0 }; 3)

i=0

Alternating process is a special case examined in [5], and based on works [4, 5], it is enough just to
obtain non-asymptotic estimation of ADRT in the form of integrated Volterra equation of the second kind
in images of the Laplace transform:

G, (p)
Vip)= ;
N TSYATS

(4)

Mo—-P
where Ga(p)=a—a(m;

And in space of originals (hereinafter the symbol “*” designates operation of integrated
convolution):

V(©)=G, () +(V* £, * f,)0); )
where G, (1) is a free member of the equation (5), such that:

oo

G, ()= ]oxga (t:x)dx = [ xf,, (¢ +x)dx = TPa(x)dx = Mo~ [P, (x)dx=Mo—t+[F,(x)dx;  (6)
0 0 t 0 0

where /' (1), 5 (1) is the density of durability distribution of the i-th interval of availability and
unavailability respectively.

Note that such characteristic as reverse residual time (RRT) is poorly studied. By definition RRT is a
time from the moment of the last failure till the moment of time ¢. We shall show how to deduce non-
asymptotic estimation for an average reverse residual time (ARRT) similar to (5). We shall designate
ARRT as R () similar to [4-5], so we shall obtain:

RO=MY (t=v) 10, St < v+ 0 = 3 0,(0) ™)

i=0 i=0
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where

(1) =Mt =v))- I{v; St < v, + o }]= [ [ (=) Iy St < y+x} £, (0) £, (v)dxdy =
00

=[e=)1, ) | furdrdy=[(t=p) f, (1B, (t= )y = (£, *4,)(0);
0 0

=y

where 4, (1)=xP,(x); 3

Let’s apply the Laplace transform to ¢,(7, so we will get the following:

¢, (p)= 1, ()4, (p);

The Laplace representation for (7) will look as follows:

R(p)= itp,«(p) = if (P4, (p)=4, (p)i £, (p);

It should be noted that
V=Y (0 +B;), i=12,.., vy =0
j=1
Hence
N ) [ —
S 1= f,(p) f3(P)’
We obtain

R(p)=4,(p)+R(p) [, ()]s (P);

Moving to originals, we shall write down the required expression of ADRT:

R(#) = A4, () +R* f, * f)O) =t () + (R* £, * [ )(O). )

By analogy with ARRT and ADRT, we shall introduce and investigate new resource characteristics:

W (t) is average direct residual time of unavailability (ADRTU) — the expectation of remained
time of object unavailability before the next renewal, from the time point 7 in which the system is in
unavailable state.
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O (1) is average reverse residual time of unavailability (ARRTU) — the expectation of object unavailability
time from the moment of the last failure till the moment of time ¢ in which the system is unavailable.

a; ﬂ i Qi+
I A AV — Y A N
| «*+» | | «=» | «+» |
>
Vi-1 T Q) W) Vi Ti+l

Figure 2. ADRTU and ARRTU

Similarly to (3) and (7), formulas for ADRTU and ARRTU can be written down in the following
form:

W) =MY (v, —0) I, <t <1, +B }:

i=0

00)=MY (t-1,)- It <t <t,+B}:

Let’s obtain non-asymptotic estimation for W (¢) similarly to the way how the estimation of ADRT has
been obtained above:

W(p)=Gy (P2 1, (P);
i=1
where G 5 (p) is the Laplace image of the function G 5 (1):
t
Gy (1) = MB— [ By(x)dx; (10)
0

It should be noticed that

i
T, =0 +2(aj +Bj);
=1

L0 = f,(p)- (L, (D) [ (P

S ~ = a_ L
Zf (p) mp);m (P (P)™ = AGIAG
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Final estimation in space of images:

W(p)=G,(p)f,(p)+W(p) S, (P)fs (P);

In space of originals:
W(t)=(Gg * f )OO+ * [, * f3)(@). (11)

The formula (11) can be written down in some other form. Applying Laplace’s transformation to (10),
we have:

MB -F,
Gy (= LR B, (12
p
Then:
MB -F,
Gumnwﬁhf—iﬂﬁawﬁwm‘ﬁm—%@ﬂﬁm;
Moving into the space of originals:
(Gy * [ )(0) = MBF, (1) — (B * F, )(0); 13)
The formula (11) becomes as the following:
W) =MBF, ()= (B * F,)@)+ WV * f, * f)©). (14)

Let’s more briefly dwell upon the conclusion of non-asymptotic estimation for ARRTU:

0P = 4 (WY £, (P

where A4 5 (p) is an image of function 4 5 (t) = xP 5 (x);

The required equation in images:

O(p)=4,(p) 1., (P)+O(p) [, (P)fs (P);

And after transition to originals:
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Q1) = (4 * O +(Q* f, * fu)D). (15)

Note I:

All the four obtained equations (4, 7, 14, 15) of non-asymptotic estimations of investigated resource
characteristics are Volterra equations of the second kind with various free members, but with the same
kernel — the function (7, * fﬂ) (1) representing the integrated convolution of distribution densities of object
availability and unavailability intervals. In some cases it is convenient to introduce a random variable
w,= o, + B, describing duration of one cycle of investigated object work and its related density of distribution
J,0 =" fﬁ) (t which further is considered as the kernel of integral equations.

2. Asymptotic estimations of average residual time
for alternating process

Let’s show how to obtain asymptotic estimation for alternating process of ADRT:

acumn

4 =1lim ¥V (z); (16)
f—>00

The first method:
In the limit (16), we shall pass in space of images taking into account (4):

, . . G,(p) o Mo —F (p)
limV (t) =limV (p)p =1 ¢ =1 PR
O o) P = ()

Note that:

lim(Mo. - P,(p)) = Mo. —lim j e "' P, (1)dt = Mo — J% (t)dt =0;
p—0 p—0 0 0

lim £, (p) = lim [ £, (1)t = [ £, (H)de =1;

p—0 p—0 0 0

To get rid of uncertainty of the kind%, we shall apply L’Hopital’s rule:

limV (p)p =lim—CLO BBV Pup)
" (=L (P Sy (P 0 £ (p)- £y (D) + £ 1y ()

Note that:
(Ma.)* + Do

5 );

lim P/ (p) =—lim j te” P ({)dt = — j (P, (1)dt = —(
p—0 p—0 0 0
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lim £, (p) =—lim [ ™" £, ())dt ==[ tf, (t)dt =—M;
p—0 p—0 0 0

Final estimation for ADRT has the following form:

(Ma.)’ + Do, Mo .
2(Mo+MPB) 2(Mo.+MB)’ a7)

Ve =MV (p)p =
i} p—0

The second method:
An alternating process can be considered as generalization of classical process of renewal [2], then we
shall obtain asymptotic estimation for ADRT:

:Vl?x;

acumn o

where P is the probability of any moment of time ¢ falling into the interval of availability, V' is the asymptotic
estimation of ADRT for the classical process consisting of a sequence of time between failures {a./.

Further we have:

p - Mo
“ Mo+MB’

According to [3], an asymptotic estimation for classical process:

v _ Mao®  (Ma)’+Do.
* 2Mo 2Mao,

where Ma? is the 2-nd time moment of a random variable a.

The final estimation takes the following form:

oo Mo _
@ (Mou+MB)

The given expression completely coincides with the earlier received estimation (17).

Thus, the problem of asymptotic estimation for ADRT is generally reduced to an estimation of the
moments of random variables — duration of intervals of object availability and unavailability. By similar
reasoning, we can obtain:

Mo?
Racu,wn = VacuMn = ’ (18)
2(Mo.+MB)
MB?
acumn Qacuﬂm 2(M0( + MB) (19)
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3. Estimations of residual time for an arbitrary process

In any system it is possible to carry out technical renewal actions. Such actions can be carried out at
moments appointed in advance and at random moments. Types of considered strategy reflect presence
of various preventive maintenance types (for example, scheduled/corrective, emergency/preventive),
control, and various types of failures, renewal, and other various conditions of operation. All aforesaid
generates a huge amount of equipment maintenance strategies and even more of mathematical models
for the description of occurring events.

Process of renewal for an arbitrary maintenance strategy can be generally reduced to alternating
process. By designating as o, and f, the general durations of object availability and unavailability intervals
respectively, we shall receive the renewal process similar to that in Figure 1. To apply the described
mathematical tools, it is necessary to describe distributions of random variables a and 5.

As an example, let’s consider one strategy of object functioning typically met in practice. The system
is deemed to be available at the initial moment of time 7, and the factor of system availability at the
point z,= 0 is equal to one. The system foresees scheduled preventive maintenance which is carried out
periodically in the time interval T (the period of preventive maintenance) and lasts for the random time
1, (see Figure 2). If before the moment of scheduled preventive maintenance there is a failure during the
casual moment of time &, then the emergency renewal of the system is carried out whose casual time is
equal tozy L After system emergency renewal there is a re-planning of the moment of preventive maintenance
that is the current period of preventive maintenance moves to the right at the time interval ¢ + p After
renewal the system continues to work till the moment &, if there was a failure or till the next moment of
preventive maintenance 7 if a failure did not occur. Further there is a corresponding renewal and a similar
cycle of work starts over again. The described strategy of functioning is presented in Figure 3:

/\ /\Z/N /

VO:O T

1 V 1 T Tz Vv, T3 VS

Figure 3. The strategy which takes into account the built-in control with preventive maintenance

¢; means the moments of failure, 7, means time intervals from the beginning of system operation till the
moment of the next failure of system, and v, means time intervals from the beginning of system operation
till the end of the next recovery.

According to [6] the moments of renewal and failure are defined as follows:

T, =V, +T-I1{, >THEITLE, < T}+iil{§i < T}(E”. +nf)+1{§]. > T}(T+nm );

v, =V, +I{E, <THE, +n ) +I{E, >THT +nm)+21{§j <TKg,+n )+, >TKT+n,);

73



ESTIMATIONS OF RESIDUAL LIFETIME OF ALTERNATING PROCESS.
COMMON APPROACH TO ESTIMATIONS OF RESIDUAL LIFETIME

Hence, the i-th interval of availability can be presented as
o =T,-Vi, =T'1{§i >T}+§i1{§i <T}§

Similarly, we shall obtain the expression for the i-t4 interval of unavailability:

B,=v,-1,=n, ]{&i > T}'H]f[{éi < T};

According to (18-19), in order to obtain asymptotic estimations of ADRT, it is necessary to find the first
and second central moments of random variables a and f. For non-asymptotic estimations, we generally
need distribution functions and densities of random variables of mean times between failures and time

of renewal. Let’s investigate random variables o and 3. Note that

F. (1), 1<T

F“(t):{l, t>T

Hence
T
Mo = [ P.(t)dt;
0
To obtain Ma?, we shall write down the distribution function in the form of:
F,(x)=H(T -x)-F,(x)+H(x-T);

where H (x) is the Heaviside function, then:

Jo ) =F,(x)=H(T =x)- f,(x)=8(T —x)- F,(x)+8 (x=T);

where ¢ (x) is the Dirac delta function.
So, we obtain:

= o oo

Mo’ =Ixzf(X(x)dx=szH(T—x)-fé(x)dx—JXZS(T—x)-}g(x)dx+jx28(x—T)dx=

0 0 0

:j.xzfé(x)dx—TzFé(T)+T2;

The mathematical expectation of the value f is

MB=Mw, I >TP+Mn I{ <TH=Mn, P >TH+Mn P <T}=

=Mn,, (- F, (T)+Mn ,F,(T);
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To compute Mp3?, we shall find the function of distribution of j:

F(x)=PB <x)=P({B <x}nf£2T}H)+P({B <x}nfL <T})=
=P(f, <x}nfe 2TH+P(f, <x}nfE <TH)=F 0 (- E D))+ F, (0F (T);

Hence

£ = fo, 0 (= Fe (D) fr (OF(T);
MPB® = [ fy(x)dx = (1= Fo(T) )M, + F(T)Mm s (25)
0

Considering (20), (23), (24), (25), the asymptotic estimations become suitable for numerical
calculations:

T
o ! X2 f, (x)dx—T*F,(T)+T*

Racuwn - Vvacwun = =
2(Mo.+ MB)

b

2([ R (t)dt+ M0, (1= F,(T))+ M F(T))

_ Mmpr (I-E@)Mn,’ + F (DM *
C2(Mo+MPB)

acumn Qacmm

3

2(| . (t)dt + M, (1= F. (T))+ Mn  F, (T)

To obtain non-asymptotic estimations of characteristics studied in this paper, it is necessary to solve
integral equations (4, 7, 14, 15). According to Note 1, a kernel of the equations in all four cases is the
function /' (¢), the density of distribution of a random variable w. For the strategy under consideration,
we have:

oo E4m,, E<T
T+n,, &7’
Let’s find the function of distribution of this random variable:

F,(t)=P@<t)=PU{2THT+,)+I{ <T}HE+n,)<1)=

=PM, <t-T; E>T)+PM,<t-&; E<T)=
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= [ A@s odvdcs ([ £ Gdvds=
Lo« 5, )

t " t-x t"T

| L@ [ £, G)vde=(1-E(D)E, (¢=T)+ [ £,(0F, (t-x)d;

0

Il
Ht—.z

JT fn (y)dydx +

We shall obtain the required density of distribution by differentiation:

dr, (t) —(-E(M)f,_(t-T)+ Z]T O, (-x) dx

’ (26)

fu®O=

Next we shall find free members of the integral equations. For ADRT the free member of the equation
is defined (6), the function of distribution and the expectation of the random variable a are defined in
(20), (21). For ARRT the free member of the equation is defined in (8). For ADRTU it looks like in (13).
For ARRTU it is necessary to find (4 5 *f ) (1). This problem becomes complicated by the fact that in the
found formula (22) there is a Dirac delta function, thus making the correct numerical integration f, (x)
impossible. Considering (22) and parity of delta function, we shall write down the density of distribution
in the following form:

Jo(X)=H(T =x) fe (x) +8 (x =T)E, (x) = C(x) +8 (x = T) K (x);

where C(x) = H(T —x) fz(x);
Then

(A * fu )0 = [ Ayt =x)C(x)dx + [ Ay (¢ —x)S(x—T) R (x)dx =
0 0
= [ 43t = x)C(x)dx + Ay (t = T)R.(T)H (£ - T; 27)
0

where Ay (1) = t(1— F3(¢)) = th(1);
It is already possible to calculate numerically a free member under the formula (27).

Thus, we have found a kernel (26) and free members (6, 8, 13, 27) of integral equations (4, 7, 14, 15)
respectively, in the form that is suitable for numerical solution.
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4. An example of calculation

Let’s compute asymptotic and non-asymptotic estimations of ADRT, ARRT, ADRTU, and ARRTU for
the strategy of object functioning described in Section 3. The period of preventive maintenance will be set
to 7 arbitrary units (a.u.) of time. As the law of distribution for time to failure and scheduled preventive
maintenance, we shall take a two parameter Weibull distribution, and for emergency renewal we shall
take a gamma distribution. Parameters of the distribution law are specified in Table 1:

Table 1 Parameters of the law of distribution of random variables

Random variable Designation Parameter of form, a.u. | Parameter of scale, a.u.
Time to failure & 5 6
Duration of scheduled ) )
preventive maintenance M
Duration of emergency
P 3 5
renewal

Figures 4-5 represent asymptotic and non-asymptotic estimations of ADRT and ARRT, ADRTU and
ARRTU respectively. The given figures show convergence of asymptotic (dotted line) and non-asymptotic
(continuous line) estimations:

- T Wttt eit it Rttty etttk ettt Sttt sttt el Sttt it
@ ' 1 I | | 1 1 1
= 1 1 1 1 1 1 1 1
i ! i | ! i I 1
54,5 _____________ B mTTTT T TS T T e TS L 1ttt ST T T T T T T TS r=-==-===7=7=7=7°7°7 L Tt TT T T T T T T e TS 1
a | : i
E V(t) ' 1 I 1 ' 1 ' 1
' 1 1 ' 1
g , 1\ /- T T R R S
g ¢ 1 : ' : i ! : 1
i 1 R(t) I 1 1 i 1 1
' 1 T 1 ' 1 1 1
35 4N e e = ] :
i i i i i i i i
' 1 1 1 | 1 1 1
3

2,5 9

1,5 1

05 ¢

Figure 4. Graph of behavior of estimations of ADRT and ARRT expectations
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Figure 5. Graph of behavior of estimations of ADRTU and ARRTU expectations

5. Conclusion

We have developed a generalized method for calculating the following resource characteristics for an
object with a random strategy of functioning:

1) Average direct residual time;

2) Average reverse residual time;

3) Average direct residual time of unavailability;
4) Average reverse residual time of unavailability.

We have obtained both asymptotic and non-asymptotic estimations of the given parameters. The
analysis of estimations shows that the difference between asymptotic and non-asymptotic estimations
at the initial time interval can be a significant quantity, whereas in case of long-term functioning of an
object the given estimations converge.

The method can be applied for estimating resource characteristics of NPP equipment, including
technical systems with periodical or constant control of faults, schemes of fail detection, emergency
and renewal works, etc. inherent in them. The method allows us to predict a residual resource of
objects at the stage of operation that defines possible duration of the operation of an object from
the given moment of time and up to the moment when the parameter of technical state achieves its
limit value.
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CTpyKTypHas HageXXHoCTb. Teopus u NnpakTuka

LWseyoBa-LUnnoeckas T.H., lpomoBa T.B., CokonoB @.I1., PatyweHko B.T.

PACYETHO-3KCNEPUMEHTAJIbHbIX METO[, OLLEHKU
NOKAS3ATEJIEN HAOEDXXHOCTU TEXHOJIOFMYECKOIO
KOMIMJIEKCA HA OCHOBE PE3YJ1bTATOB ElNO
UCMNbITAHUA C YYETOM ANNPUOPHOU MUHOOPMALIUU
O HAAEXXHOCTMU NO PE3YJIbTATAM UCNbITAHUN
COCTABHbIX YACTEHA

B paboTte npeasnoxeH pacyeTHO-3KCNEPUMEHTAIbHbIVI METOZ OLIEHKM roKa3aresieri HanexXHOCTU CJI0XHbIX
XUMUKO-TEXHOJSIOMNYECKUX CUCTEM HA OCHOBE PE3YJ/IbTaTOB UCMBLITAHUN C Y4€TOM UMEIOLLEHCS arnpuopHOM
MHpOpPMaLMN O HAAEXHOCTU N0 pe3ysibTataM UCMbITaHWI COCTaBHbIX HYacTeu. B pe3ysbtare rnojiy4eHo, 4To
y4eT arnpuopHoON nHGOPMaLUnyY rpuv OLEHKE U KOHTPOJIE HaLAEXHOCTU CUCTEeMb! MO3BOJISIET CYLLECTBEHHO
cokpatuTb 06beM ee TPEBYEeMbIX UCTLITAHWA.

Knro4deBble cnoBa: oueHka rnokasaresieni HageXHOCTU, PacyeTHO-3KCrepuMeHTasbHbIVi MeTo y4yeTta anpu-
OPHOM MHpOPMALIMN MPU OLLEHKE HaAEXHOCTU CJ/I0XHBIX CUCTEM, PE3Y/bTaTtbl NCMbITAHW.

Hacrosmuit pacyeTHO-3KCTIEpUMEHTAIBHBINA METO] IPUMEHSETCS JUIsl OLIEHKH HHKHUX JIOBEPUTEIIBHBIX
rpanul; BBP (BepostHOCTH Ge30TKa3HOM paboThl) U cpeHel HapaOOTKKU Ha OTKa3 TEXHOJIIOTHYECKOTO
KOMILJIEKCa (CHCTEMBI) HA OCHOBE PE3yJIbTaTOB MCHBITAHUI CHUCTEMbI Ha HAJEKHOCTh C YUETOM aIlpH-
OpHOI MHpOpPMaIMU O HAJEKHOCTU CUCTEMBI IO PE3YyJIbTaTaM aBTOHOMHBIX HCIBITAaHUI COCTaBHBIX
yactel (komrnoHeHTOB). [Ipu 3TOM B KauecTBe yUHUTHIBAEMOM allpHOPHON MHPOPMALIUK O HAJIEKHOCTH
CUCTEMBI UCITIOJIb3yeTCs olleHKa BBP B Buae noBepHUTENBHOTIO MHTEpBaja [PHO (tH ),1] IIpU J10BEPU-
TEJILHOM BEPOATHOCTHU Y, TAe Py (tH) — anpuOpHAsl OLICHKA HW)KHEN JOBEPUTENBbHOM rpaHuisl BbP
cucteMbl. Takas olleHKa MOXKET ObITh MOJy4Y€Ha C IMOMOUIbI0 PACYETHO-IKCIIEPUMEHTAIBHOIO METO/1a
OLIEHKH ITOKa3aTesiel HaJIeXKHOCTH KOMIUIEKca 000py0BaHUs IO Pe3yJIbTaTaM aBTOHOMHBIX UCIIBITAaHUN
€r0 COCTaBHBIX YACTEH.

OpnHako B IUTEpaType, NOCBSIIEHHOW METOIaM y4eTa alpruopHOi HH(OPMAITUH ITPH OLIEHKE HA/ICKHOCTH
CJIOKHBIX CUCTEM [1-6], 3TOT BasKHBIN ISl MPAKTHKHU CIy4yai, KOTza Mo pe3yinbraraM MpeaBapUTeIIbHBIX
HaTypaJIbHBIX UCTIBITAHUN U3BECTHA MHTEPBaJIbHAs olleHKa BBP, uTo mMeeT MecTo npu cTaTuCTHYECKOM
00paboTKe OTPaHUYEHHOTO YKCIIEPUMEHTAIBHOTO MaTepHalia, PaCCMOTPEH TOJIBKO B MPEANOIOKEHUH,
YTO JUIsl ©3BECTHOTO allpHOPH JOBEPUTEIHHOTO HHTEPBAIA IOCTOBEPHOCTh paBHA enuHUIIE [2, 4].
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Pazpabotan MeTox ydera anpuopHoil MH(OpMalMK B BUIE€ UHTEpBaIbHOI ouleHku BBP npu mobom
3aIaHHOM 3HAYE€HUU JOBEPUTEIILHON BEPOATHOCTH.

PaccMoTpuM moCIe10BaTeIbHOCTE U3 N HE3aBUCUMBIX MCIBITAHUN CUCTEMBI, B KAXKIOM M3 KOTOPBIX
U JUIUTEIbHOCTU UCIIBITAHUM #;; BO3MOXKHBI 1Ba Ucxofa: 4 u A (ycnex u oTka3). BeposTHocT HCX010B
paBHbI P (t I ) uQ (t I ) COOTBETCTBEHHO, lpu4eM P (t 1% ): 1-Q (t I ) B xa)x1oM HCIIBITAHUY BEPOSTHOCTD
P(t;; )= P = const . UcnibITaHus 110 TAKOH CXEME Ha3bIBAIOTCS MCIBITAHUAMU 110 cxeMe bepnymu.

Ecnu nocne npoeaenuss N HCHBITAHUN 3apErMCTPUPOBAHO 711 OTKA30B, TO HIDKHAA I'paHuna £, no-
BEPUTEJIBHOIO NHTEPBAJIA HAXOAUTCS U3 KIIACCUYECKOTO BBIpAaXEeHUs [7]:

m N
-y=3X| PV (1-PY,
k=0

N N

k)T =

B cnyuae oTCyTCTBHA OTKa30B IIPU UCHBITAaHUAX [8]:

HYCTL Pe [0,1] " U3BCCTHO, YTO IO pE3ylibTaTaM HNPCABAPUTCIIbHBIX aBTOHOMHBIX HUCIIBITAHUH CO-
CTaBHBIX YacTeM CHCTEMEBI Ha HaASKHOCTh MOJIy4YCHa alipuoOpHasa OLICHKA BEBP cucremsl B BUAE:

Bep{P e[Pyo.1]}=70.

rac PHO — allpyuopHad HUXXHAA I'paHULld Pu Yo - allpyuopHasa JOBEPUTECIIbHAA BEPOATHOCTD. HpI/I 9TOM
OYCBUIHO, YTO

Bep{P &[0,y [}=1-7,,

" alilpuopHas IJIOTHOCTb BEPOATHOCTHU 3alIUCBIBACTCA B BUIC [9]

™Yo vypefo.p,,]
PHO

Yo wpelpypl]

1= Py

q)(P): (1)

Br160p (hyHKIIMEY ITOTHOCTH BEpOATHOCTH B BUjIE (1) OCHOBaH Ha MCIIOIB30BaHUHU PACTIPEACTICHUS C Hau-
OOJIBIIMM paccessHUEeM IPY UMEIOIIEICs anpruopHOi HH(OpMAIIHH, YTO JeiaeT pacueT 000CHOBAaHHBIM.

ATIOCTEpUOPHYIO IIOTHOCTh MPHU UCIIBITAHUSX, IPOBOAUMBIX TI0 cxeme bepuymnnu [5-6], MoxHO 3a-
nucarb B Buje [2]:

()= MO

[P (1= PY" -0 (P)dP |

2)
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Bripaxenue (2) ¢ yuerom ypaBHenus (1) nmomyuyaem:

(=7, ) PV (1= PY" (PyoC) ', VPe[0,Py]

f(P)=
*) VP " (1_P)m (PHOC)_I’ VPG[PHO’I]

TAC NPUHATHI CIICAYIOIIHC 0003HAYCHUS:

c=lMogy Mo gy fPN’"(l PY" dP; lz_jPN’"(l PY'dP.
HO 1= Fyo Bio

Z[J'ISI yI[O6CTBa BBIYHUCJICHUSA UHTCTPAJIOB ]1 n 12 paccMOTpUM UX NPCACTABICHUC B O6H.[6M BUIC U,
IMPpUMCHUB OMHOM HLIOTOHa, MMOCJIC UHTCTPUPOBAHUS ITOJTYUUM:

-1y ( )
N-m N-m+i+l _ N-m+i+l
jP (1-PY" dP= Z m+l+1(b a ) 3)
Ecnu B Boipaxkenuu (3) a=0 u b=1, noxyuum 6era-pynkuuto [10]:

F(N—m+1)F(m+l)

B(N—m+1,m+l)= F(N+2)

; “4)

rae I () — ramma — QyHKIuS, onpezenseMas B Cy4ae HelbIX MOJ0KUTEIbHBIX yucen % paBeHCTBOM
r (19)= (1‘} - 1). C yueroM 3TOro BeIpakeHue (4) uMeeT BU/I:

(N—m)!m!_ 1

(N+1) N(+1)(nNJ :

Hcnons3ys popmyiny (3), MOXKHO 3anucarh cieyrouiee Beipaxenue i C:

B(N—m+1,m+1)=

(1j(m)pf
m = . |fHo
C_ ’YO 1 _ I_I_PHO PN—m l
1-P N Y Ho N-m+i+1
HO (N+1) 0 =0
m

OueHKy HIKHEH JOBEpUTENbHON MPAaHULIBI BEPOATHOCTU Py, 6€30TKa3HON pabOThI CUCTEMBI C Y4ETOM
anpuopHOi HH(pOpMALIUK HAXOIUM U3 YCIIOBUSL:

1
n=| r(P)ar, (5)
PHl
e ’Yl — aHOCTepI/IOpHaH ILOBepI/ITCJ'ILHa}I BePOHTHOCTB.
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[Tocne moacTaHOBKH B ypaBHEHHE (5) COOTBETCTBYIONIETO 3HAYCHUS [ (P) s Py = Py, v unaTe-
IpPUPOBaHUS OTYUYUM:

il m i
N v 1m (_1) i Hl
I-(N+1 Py
(V+1) ;0 N-m+i+l
"= - : (6)
(_1) . 130
N 1-P “ i
1-(N+1 |———Hophmy L
( +)m 0 1o %N—m+i+l

Hcnonb3ys QyHKIM0 OMHOMHAIBHOTO pacnpeaencHus B; [5], ypaBHeHue (6) MOXKHO MPEACTaBUTh B
6osiee y1oOHOM JIJIs TPAKTUYECKOTO MTPUMEHEHHSI BUJIE:

B,(N+1,Py,m)=1-v1, (7)

1 1-P,
e Y=Y, I_P 1- YHO
HO 0

B, (N+1,Pyy,m)|.

Kopens ypasuenus (7) Py, = f, (N +1,m,y] ), IpeICTABISAIONNI OO0 3HaYeHUE HUKHEH IPaHHILIbI
JOBEPUTEIILHOIO HHTEPBAJIA IS MapaMeTpa P ¢ yueToM anpuopHoi HH(popManuu, TabyaIupoBaH B [5], 4to
H03BOJISIET 0€3 0COOBIX 3aTPYJHEHUH MOJIy4aTh UHTEPBAIBHYIO OLIEHKY HAJIEKHOCTH CUCTEMBI C yUETOM
TEKyILMX OBITHBIX AaHHBIX (N,m), rae N — o0liee 4nciIo ucnblTaHuii (TakToB (GyHKIMOHNPOBAHNS),
M — YUCIIO UCTIBITAHUH, B KOTOPBIX 3a()UKCUPOBAH OTKA3, U allpHOPHON HHPOPMALIUU B BU/I€ HEKOTOPOTO
JOBEPUTEJILHOTO UHTEPBAJIA [PHO,I] IIPU JIOBEPUTEIILHOM BEPOATHOCTH Y .

Ha npakTtuke NpUMEHHUTENBHO K TAKUM TEXHOJOTHUECKHM KOMILUIEKCAM, HarpuMmep, Kak OObEKTHI
M0 YHUYTOXCHHUIO XUMHUYECKOTO OpPYKHSl, UCTIONB3YETCsI 0O0OPYIOBaHNE B €MHUYHBIX IK3EMIUIPaXx,
COOCTBEHHO U MPECTABISAIOMINX COO0I reHepaNbHyI0 COBOKYITHOCTh M3eNuil. B maHHOM ciyyae peub
uzaeT 00 00beTMHEHNN OTHOPOIHOM HH(OPMAIIUU O HAJIS)KHOCTH (OIHU H TE YK€ COCTABHbIC YaCTH B aB-
TOHOMHOM M KOMILJIEKCHOM BH/JI€) @ TPOBEPKY CTAaTUCTUYECKON COBMECTUMOCTHU allPHOPHOM U TeKyIlIen
MH(POPMALIUH 110 pe3yIbTaTaM UCTIBITAHUNH MOKHO HE TIPOBOJIUTH.

B cnyuae ucnons3oBanust HHGOPMALIMU O HAJISKHOCTH COCTABHBIX YacTEeH U CUCTEM-aHAJIOTOB IPO-
BEpKa CTATUCTUYECKON COBMECTUMOCTH allPUOPHOI M TEKyIIel HHPOpMAIIUK IO Pe3yIbTaTaM HCIIbITAHUN
OCYLIECTBJIIETCSA HA OCHOBE TEOPUM IPOBEPKHU cTaTUCTHUECKUX runores [3]. McxonHoii runores3oit, npu
KOTOPOH MOXKET ObITh IPMMEHEH METO/, ABJISETCs runoTesa H,, 3aKkirodaromascs B ToM, 4to Fy=Fp=
P,rne Fy, Pr, P— anpuopHoe, TeKyllee U UCTUHHOE 3Hauenne BbP cucremel coorBeTcTBEHHO. ECu
runoresa H, oTBepraercs, To IPUMHUMAETCS OJHA U3 JBYX KOHKYPHUPYIOIUX TUnores3 1, {PO <P } U
H,{p>P }.

Bo3MoxHBIE METO/TBI pEIIIeHUs TOJJOOHOTO PO 3a/1a4 U3JI0KeHbI B [ 11]. PaccMoTpum kpartko penienue
MOCTaBJICHHOMW 33]1a49H C yYETOM CIIEIU(PUKH UMEIOIIUXCS JAHHBIX. MHOKECTBO BCEX BO3ZMOKHBIX HCXOJIOB,
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OTIPENIETISIEMBIX YUCIIOM O€30TKAa3HBIX UCIIBITAHUN TIPU N UCTBITAHUSIX, COCTOUT U3 JUCKPETHBIX TOUCK,
R= {0,1,2,..., N } Pa3nenum 5T0 MHOKECTBO TOYKAMU 73 U 7 HA TPU NOAMHOXKECTBA, ONPEAETAIONINE
COOTBETCTBEHHO: 00JIaCTh HWXXHUX KPUTUUECKUX 3HaYeHUll R, = {0,1, 2,1y }; 00JIacTh AOMYCTUMBIX
3HaYCHUH R = {rH +Lry +2,..,15, }; 00/1acTh BEpXHUX KPUTUUECKUX 3HaYeHU Ry = {rB, Tgilses N }

3agaauMcst ypOBHEM 3HAYUMOCTH O = Ol + Oz , U3 KOTOPOTO MOXHO ObLIO OBbI ONPEEISATh TPAHULIBI
00JacTH JOMYCTUMBIX 3HaUE€HHUH ISl UCXOJI0B UCIIBITaHUH Npy runorese H,, .

ITo onpenenenuo HUKHASL KpUTHYECKast 00J1acTh OyAeT BEIOpaHa B COOTBETCTBHUH C 3aJJaHHBIM YPOBHEM
3HAYUMOCTH, €CJIU BBITNOJIHAETCS YCIOBUE

P(r<ry/Hy)<oy. )
1o oTHOWIEHHIO K BEpXHEH KPUTHUECKOW 00JIACTH TAKKe MOXKET OBITh YCTAHOBIIEHO HEPAaBEHCTBO
P(rzry/Hy)<op. 9)

OTH HEpaBEHCTBA IIPH CIPABEIJIMBOCTU THIIOTE3bl [, TapaHTUPYIOT MONAJAHNE MCXOIO0B OIbITA B
OZIHy U3 KPUTHUYECKHUX 001acTel C BEPOSITHOCTBIO He Oolee Ol .

[Tpu He3aBUCUMBIX HCXO/aX UCTBITaHUH cooTHOMEHUS (8) 1 (9) MOTYyT OBITH ONpeIeNeHBI HA OCHOBE
OMHOMHMAIIEHOTO 3aKOHA PACIIPEICTICHIS B BUJIC:

oo N—i

Y CyP(1-B) <oy (10)
i=0

N N—i

Y B (1-P) <oy, (11)

1=ry

Comnocrasnsis cootHomenus (10) u (11) ¢ cOOTBETCTBYIOIMMHU COOTHOILICHUSIMU JIsI BHIYMCIICHHUS J10-
BEPUTEIIHHBIX IPEIENIOB, TPUXOIMM K BBIBOJLY, UTO PELICHUE MTIOCTABICHHOM 33/1a41 MOJKET OBITH OCHOBAHO
Ha COOTBETCTBYIOIIMX TAaOIMLIAX JIJIs OTIpEeIICHUS JOBEPUTEIbHBIX HHTEpBaIOB [5]. IIpu aTOM BXOHaMHU
B TaOJIUIIBI B PACCMAaTPUBAEMOM CIIy4yae JOJKHBI ObITh P U N , KOTOpbIE IIPU 33JaHHOM 3HAYEHUH O
o0ecreunBaroT BBIOOD 7y U 7 . Ha OCHOBaHUM 3THX BEJIMUUH MOXKHO OIIPEAEISTh npefensl Py =ry / N
U P; =rz/ N, B KOTOPBIX IOJDKHO OBITh 3aKIIIOUCHO AllpHOPHOE 3HAYEHUE HAJIEKHOCTH, YTOOBI IIPH BbI-
OpaHHOM (. MOXKHO OBLIO YTBEpPKJIaTh O CXOAMMOCTH alPUOPHBIX M TEKYIIMX OIMBITHBIX AaHHBIX. [Ipu
3TOM YPOBEHb 3HAYMMOCTU (L MOXET ObITh BbIOpaH B npeaenax 0,2 — 0,05 mpu o, =0z =/ 2.

[Ipencrapnsier mpakTU4YeCKHii HHTEpeC MpuMeHeHue Gpopmyinsl (7) ans ciyyas, korga m =0, To ecTh

1- P
h= =Py )
1- Py | 1-—112

Yo
OTKYyJIa
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Py, = Nlll—=y, | 1-PY [ 1-
Yo

(12)

Kak BumHo u3 BwIpaxkeHus (12), moiaydeHHas MPU YCIOBHH MPOBEACHUS N HUCIBITAHUH CHCTEMBI
OLICHKA HIKHEH JoBepuTenbHOM rpanunsl BBP P, Oyner Bbie, ueM Py, TO €CTh BBILIE TOUHOCTb
WHTEPBAJbHOMN OLICHKU HAJC)KHOCTH.

[ToBbITIICHME TOYHOCTH OLIEHKH MTPU OTPAHUYEHHOM 00bEME UCTIBITAHUI SKBUBAJICHTHO YMEHBIIICHUIO
o0beMa UCTIBITAaHUH TIPH 3aJaHHOM TOYHOCTH.

ITo ypaBHeHuto (12) MOXXHO HalTH 00BbEM UCTIBITAHUN N , HEOOXOAMMBIN JJIsI TOATBEP K ICHHS 3a/1aH-
HBIX TPeOOBaHUI MO HAJAECKHOCTH CUCTEMBI I cirydast m =0 IpH yCIIOBUM, YTO allPHOPHOE 3HAYCHUE
JOBEPUTENBHOrO nHTepBana BBP, noaydeHHoe ¢ 10CTOBEpHOCTEIO Y, = 0 Ha 3Tane npeaBapuTENbHbBIX
UCIIBITAHUM, PABHO [PHO , 1].

Takum oGpa3om, BeipakeHue (12) MOXKET OBITh MCIIOJIIB30BAHO JJISI OIICHKH HAJIGKHOCTU CIIOKHOU
CHCTEMBI TI0 pe3yJibTaTaM ee UcTbITaHui (mpu m =0) ¢ y4yeToM anpuopHOW WH(POPMAIUH, TaK U TPU
TUTAHUPOBAHHUHU UCTIBITAHUN HA HAJICKHOCTh CJIOKHOM CUCTEMBI C yUETOM alpUOPHON MHPOPMAIUH.

Paccmotpum npumenenue pazpaboraHHoro Merona Ha npumepe. Ilycts no pesynpraram npeaBapu-
TEJIbHBIX UCTIBITAHUIN COCTaBHBIX YacTEH CUCTEMBI IOJIy4YeHA OLIEHKA HUKHEH IpaHUIIbl JOBEPUTEIIbHOTO
uHTepBana anpuopHoit BBP Ha Bpemsa t, =24 Py, (t;)=0,87 ¢ anpropHOi 1OBEpUTEIBHON BEPOSITHO-
cTbi0 Y,=0,8. TpeOyeTcs onpenenuT MUHUMAIIbHBIM 00bEM UCIBITAaHUN B BUAe N LUKIIOB UCIIBITA-
HU IpH ¢, =2 4 AJ1s1 NOATBEPXKAEHHS C y4ETOM allpUOPHON MH(OPMALUK 331laHHOTO 3HAYECHUSI HIKHEH
rpanunsl BBP cucremsr Py (2) = 0,912 ¢ noBepurenbHoi BepossTHOCTBIO Y, =0,8. Tak Kak pedb UAET O
MUHUMAaJIbHOM 00beMe UCIIBITAHUH, TO MJIAHUPOBAHUE UCIIBITAHUN OCYIIECTBIsAeTCs A ciydas m =0
u ucnosb3yercs Gopmyna (12). [Toacranss ucxonuele JaHHbIC B BeIpakeHue (12) u paccMaTpuBas €ro
KaK HepaBEHCTBO, UMEEM:

1-0,87

0,912 < n+11-0,8/1-0,87V [ 1 X

oTKyJa HaxoguM N =10 ucrnbeITaHuil.

OTMeTHM, YTO MUHUMAJIbHOE YHCIIO UCTIBITAHUIN CUCTEMBI JUIsl OATBEPKACHUS 3aJaHHOTO B IIpUMeEpe
YPOBHsI HAJIG)KHOCTH 0€3 ydueTa anpruopHoi nHpopMaiuu cormacHo [ 12] coctaBisier N =17 6€30TKa3HBIX
WCTIBITAaHUH.

Kak Bugum, yueTt anpuopHoi nH(GOpMaIuu MpH OLIEHKE U KOHTPOJIe HaIeKHOCTH CUCTEMBI [TO3BOJISET
CYLIECTBEHHO COKPATUTh O0bEM €€ TeKYIUX UCIBITAHUM.
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Structural reliability. The theory and practice

Shvetsova-Shilovskay T.N., Gromova T.V., Sokolov F.P., Ratyshenko V.G.

COMPUNATIONAL AND EXPERIMENTAL METHOD

FOR ESTIMATING RELIABILITY INDICATORS OF
TECHNOLOGICAL COMPLEX BASED ON THE RESULTS OF
ITS TESTING USING PRIOR INFORMATION ON RELIABILITY
DERIVED FROM TESTING OF ITS COMPONENTS

The paper offers a computational and experimental method for estimating reliability indicators of complex
chemical technological systems based on the results of tests using available prior information on reliability
derived from testing of components. As a result, it has been found that when estimating and controlling the
reliability of system using prior information, it allows us to reduce substantially the amount of its required
testing.

Keywords: estimation of reliability indicators, computational and experimental method for estimating the
reliability of complex systems using prior information, results of tests.

This computational and experimental method is used to estimate lower confidence bounds of FFP (fault-
free probability) and mean time between failures of technological complex (system) based on the results
of system reliability tests using prior information about the reliability of system derived from the results
of independent tests of constituents (components). As prior information on the reliability of system taken
into account, FFP estimator is used in the form of confidence interval [PHO (t i ),1] with the confidence
probability vy, , where Py, (t i )is a prior estimator of the FFP lower confidence bound of system. Such
an estimator can be obtained by means of a computational and experimental method for estimating reli-
ability indicators of technological complex upon results of independent testing of its components.

However, in the literature dedicated to methods of applying prior information for estimating the reli-
ability of complex systems [1-6], this very important in practical terms case when a FFP interval estimator
is known due to results of preliminary in-situ tests, which takes place in case of statistical processing of
limited experimental material, has been discussed only with the assumption that for a confident interval
known a priori, the confidence is equal to one [2, 4].

We have developed a method of applying prior information in the form of a FFP interval estimator for
any given value of confidence probability.

Let us consider a sequence of N independent tests of system, in which of them for testing duration
t;; there are two outcomes possible: 4 and A4 (success and failure). The probabilities of the outcomes
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are equal to P (t I ) and Q (t 1 ) respectively, with P (t I%s )= 1-0 (t 1 ) For each testing, the probability is
P(t;; )= P = const . Tests using such a scheme are called trials of the Bernoulli model.

If N trials provide m failures, then the lower bound P; of confident interval is found by the classical
expression [7]:

1—y=i(g]PN‘k(1—P)k,

N N!
where =
k) (N—k)k!
In case there are no failures during trials [8]:

Let Pe [O, 1] and it be known that upon results of preliminary independent reliability tests of system,
a prior FFP estimator is obtained as:

Pr{P € [Py0.1]}= 70,

where Py is a prior lower bound P, and v, is a confident probability. It is then obvious that

Pr{P [0, }=1-7,.

and prior probability density writes down as [9]:

"o vypelo,p,,]
o(P)=1 | O
— Y0 vpe[Py.1]
1= Py

A probability density function in the form (1) is chosen on the basis of using a distribution with the
most variance for available prior information, which makes the computation justified.

Posterior density for trials made according to the Bernoulli model [5-6] can be written as follows [2]:

PN o Yl %0

[PV (1= PY"-o(P)dP |

2

Expression (2) with equation (1) taken into account yields:
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(1_70)'PN_m (1_P)m (PHOC)_I’ VPe [O’PHO]
YoPV " (1= PY" (PyoC) " VP €[Pyo»1]

f(P)=

where:

c=tMogy Yo gy jPN’"(l PY" dP; Iz_jPN"”(l PY'dP.
Py 1Py, S

For the convenience of computation of integrals /; and/,, let us consider their representation in the
general form, and application of Newton’s binominal series, after integration, yields:

-1y ( J
N-m N m+i+l1 N—m+i+]
jP (1-PY" dP= Z m+l+1( iy ) 3)
If in expression (3) a =0 and b =1, we have a beta function [10]:

F(N—m+l)r(m+1)

B(N—m+1,m+l)= F(N+2)

: (4)

where I'(") is Gamma function defined in case of positive integers ¥ by equation I' (%)= (9 -1).
Considering that, expression (4) looks like:

(N—m)!m!_ 1

(N+1) N(+1)(iv1) :

Using formula (3), we can write the following expression for C:

B(N—m+1,m+l)=

e[
m . [£Ho
_ Yo 1 _(I_I_PHOJPN—m !

= HO - .
1= Py (N+1)(N) Yo o N-m+i+l
m

The estimator of the lower confidence probability bound P, of system fault-free operation, with prior
information taken into account, yields from the condition:

1
n= | f(P)dP, )

PHI

where 7, is a posterior confident probability.
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After substituting the corresponding value f(P) for Py,> P, into equation (5) and integrating,
there is:

N-m+i+1

Y= - (6)
1_(N+1)(Z)(1_1_YPHO] Z( l)( )

0 N-m+i+l1

1—(]\/+1)(N)P;,V1 '"”2(1)[)

Using the function of binominal distribution B; [5], equation (6) can be represented in a way more
convenient for practical application:

B, (N+1,Py;,m)=1-v;, (7

1-P,
where y{ =, |:1— 1 (1_ HO]Bi (N+1’PH0’m):|'
Py Yo

The root of equation (7) By, = f; (N +1,m,y{) representing the value of the lower confidence interval
bound for the parameter P with prior information taken into account is tabulated in [5], which permits
to quite easily obtain an interval estimator of system reliability considering the current experimental
data (N,m), where N is a total number of trials (functioning phases), m is a number of trials wherein
a failure is registered, and prior information in the form of some confident level [ Ho,l] with confident
probability y,, .

In practice, as regards such technological complexes as, for example, facilities for destroying chemical
weapon, equipment is used in single copies which as such represent a general population of products.
In this case we speak about combining homogenous information on reliability (the same components in
independent and integrated forms), so we may not carry out verification of statistical compatibility of
prior and current information upon results of trials.

In case of using information on reliability of components and analogous systems, verification of sta-
tistical compatibility of prior and current information upon results of trials is carried out based on the
theory of verification of statistical hypotheses [3]. An initial hypothesis when applying this method is
the hypothesis / that consists in that f,= P.= P where iy, P, Pis a prior current and true value of
system FFP respectively. If the hypothesis H|, is rejected, then one of the two competing hypotheses
H,{By < P; } or H,{P, > P, }is accepted.

Possible methods for solving problems of such kind are described in [11]. Let us briefly consider the solu-
tion of the given problem taking into account the peculiarities of available data. A set of all possible outcomes
defined by a number of fault-free trials with N trials consists of discrete points, R = {0, L2,...N } Divide
this set by points r,; and ry into three subsets defining respectively: the area of lower critical values

={0,1,2,...,7, }; the area of acceptable values Ry ={ry +Lry +2,...r5_, }; the area of upper critical
ValuesR = {rB,rB+1, LN}

Let us set a significance level o = o;; + 0.5 , from which we could define bounds of the area of accept-

able values for outcomes of trials with the hypothesis /.
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By definition, the lower critical area will be chosen in compliance with a given significance level, if
the condition is fulfilled

P(r<ry/Hy)<o,. (8)
In relation to the upper critical area, we can also set inequality
P(rzry/Hy)<Say. 9)
These inequalities with the hypothesis /|, being true guarantee that outcomes of trials will fall into
one of the critical areas with a probability not more than o .

In case of independent testing outcomes, relations (8) and (9) can be defined on the basis of the bi-
nominal law of distribution in the form:

Ty o N=i

Y P (1-P) <oy (10)
i=0

N N-i

Y P (1-P) <oy (11)

i=ry

Comparing relations (10) and (11) with the corresponding relations for computing confidence inter-
vals, we come to conclusion that a solution of the given problem can be based on corresponding tables
for defining confidence intervals [5]. In this case entries into tables should be P, and N which with a
given value o provide selection between 7;; and r . Based on these values, we can define the limits
Py =ry /N and Py =ry /N, wherein a prior reliability value should be enclosed in order that for a
chosen o we can assert convergence of prior and current trial data. A significance level of o can then
be chosen within 0.2 — 0.05, witho.; = oz =0 /2.

Of practical interest is the application of formula (7) for the case when m =0, that is

I_P]y{'—l

h= 1= Py |

1—P;,VO(1—1”)

Yo
whence
1-P,
PH1:N+11_71[1_P1£IVO(1_ HO]:|- (12)
Yo

As seen from expression (12), the estimator of the FFP lower confidence bound P, obtained in case
of having N trials will be higher than P, , 1.e. the accuracy of interval reliability estimation is higher.

Increasing the accuracy of estimation in case of a limited amount of trials is equivalent to reducing an
amount of trials with a given accuracy.
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Using equation (12), we can find the amount of trials N required to verify specified requirements for
reliability of system for the case m =0 provided that a prior value of FFP confidence interval obtained
with confidencey, = 0 at the stage of preliminary testing is equal to [PHO,I].

Therefore, expression (12) can be used for estimating the reliability of a complex system upon results
of its testing (for m =0) with prior information taken into account as well as for planning of reliability
testing of a complex system with prior information taken into account.

Let us consider the developed method using some example. Let upon results of preliminary testing of
system components there be an estimator of the lower confidence interval bound of prior FFP for the time
ty=2h Py, (t;)=0.87 with the prior confidence probability y,=0.8. It is required to define a minimum
amount of trials in the form of N cycles of trials for ¢,;=2h to confirm the given value of the FFP lower
bound of system F;;(2)=0,912 with confidence probability y,=0.8, with prior information taken into
account. Since we speak about a minimum amount of trials, planning of testing is made for the case m =0,
using formula (12). Substituting initial data into expression (12) and treating it as inequality, we have

0,912< N+\1/1_0,8[1_0’87N(1_%)] ’

whence we obtain N =10 trials.

Note that a minimum number of trials of system to confirm a reliability level specified in the example
without a prior information taken into account, according to [12], looks like N =17 fault-free trials.

As we can see, application of prior information for estimating and controlling the reliability of system
makes it possible to considerably reduce an amount of its current trials.
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dyHKUMOHaNbHaA HaAEXHOCTb. Teopua U NpakTuKa

Knunmos C.M., KotsawesB H.H.

METO/ PEryJIMPOBAHUA PUCKOB KOMIUJIEKCOB
CPEACTB ABTOMATU3ALUU B YCJTOBUAX
KOMMNBbIOTEPHbIX ATAK

Crartbsi NnocBsillieHa MeToAy PErynpoBaHnsi PUCKOB KOMIMIEKCOB CPEACTB aBTOMATN3aLmnm B YC/I0BUSIX KOM-
MbIOTEPHBIX atak Ha OCHOBE AVMHAMMYECKOrO YrpaBieHUs v MUHUMU3ALUMU PUCKOB HapyLleHus MH@Oop-
MaLMOHHbLIX PEcypcoB. B meToae npeanoxeHbl aHaIMTUHECKNE BbIPAXEHWsT A1 Lies1eBbiX QYHKLIMOHAI0B
M [0ryckoB Ha akTopbl pyucka, no3Bossiolme GopMUpoBaTh PaLOHasIbHbIE PELUEeHUS MO YrpPaBiaeHWIo
puckamy KOMIJIEKCOB CPEACTB aBToMartn3aLmm.

KnioyeBble cnoBa: KOMIEKC CPEACTB aBTOMAaTMn3aLmmy, KOMIbIOTEepHas araka, peryinpoBaHue PUCKOB.

AKTyanbHOU mpoOsieMol MHGOPMAITMOHHOW 0€30MaCHOCTH SIBIISIETCSI 000CHOBaHUE TPEeOOBaHUN K
PEryJIMpOBaHUIO PUCKOB (YNPABICHUIO PUCKAMHU) MPUMEHEHHS] KOMILJIEKCOB CPEICTB aBTOMATU3ALIUU
peanbHoro macutada Bpemenu (KCA) B ycoBUsIX KOMITBIOTEPHBIX aTak.

[Ton KCA Oynem noHuMaTh KpUTHUECKH BaXKHbIE CETMEHTHI aBTOMAaTHU3UPOBAHHBIX CUCTEM, (DYHKIIHO-
HUPYIOLIHE B peKuMax, OJU3KHUX K pealbHOMY MaclTaly BpeMEHH, BBIXO/1 TapaMeTpOB (BpeMeHu coopa,
00paloTKH, epeaun HHGOPMAIK U BbIJAYH YIIPABIISIOMINX BO3IEHCTBUI ) KOTOPHIX 3a YCTAaHOBJIEHHbBIE
IpeJieNbl IPUBOIUT K HAPYIICHUIO YCTOMYMBOCTH (DYHKIIMOHUPOBAHHUS.

Perynuposanue puckos paccMotrpuM it npoektupyemMbix KCA, cocTosiHue KOTOPhIX THHAMUYECKU
M3MEHSETCS BO BPEMEHHU B YCIIOBHUSIX KOMITBIOTEPHBIX aTakK.

CymHocts MeTona perynupoBanus puckoB KCA coctonT B MUHUMU3AIMHU PUCKOB BUa R=PY — min,
rae P — BeposiTHOCTh COOBITHS peain3allid KOMIIBIOTEPHON aTaky HapyILIUTENEeM 3a IepUoJl BpEMEHU
oOHapyXeHus; Y — MaTeMaTH4ecKoe OKuJaHue yuiepoa oT BO3AeHCTBUS KOMIIbIOTEpHOH aTaku. I1ycThb
VMEETCS JOCTUIHYTHIH ypoBeHb 3T0r0 pucka R =P *Y . Torma perynmupoBaHre pUCKOB 3aKJIIOYAETCS
B II€JICHAIIPaBJIC€HHOM HM3MEHEHUM (PAaKTOPOB PUCKA JI0 YPOBHS BO3MOXHOCTH BBIMIOJIHEHHS 1LEJIEBOM
¢yukuyu KCA no 18yM BO3MOXHBIM KPUTEPHSIM: CHHPKEHUE YPOBHSI pHCKa 10 TpeOyeMbIX 3HAUYSHUH 1in
MUHUMU3ALUS pPUCKa IPU UMEIOIINXCSI OTPAaHUYEHUAX Ha HH()OPMallMOHHbBIE PECYPCHI.

3anaua perynmupoBanus puckoB KCA perraeTcst B TMHEITHOW U HEMTMHEHHOM MocTaHoBKe. B padorax
[1, 2] paccMOTpeHBI IPUMEPHI PETYIUPOBAHUS PUCKOB B JIMHEHHOM MOCTaHOBKE IIPU MaJIbIX OTpaHHUYe-
HUSX Ha (JaKTOPBI pUCKA, KOTOPBIE CBEJICHBI K 3aJ1a4e JIMHEHHOTO MPOrpaMMHUPOBaHHS B HOPMUPOBAaHHOM
MIPOCTPAHCTBE (PyHKIIMOHAJIA 3aTpaT U OrPaHUYEHUH.
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METO/, PErYJIMPOBAHUS PUCKOB KOMIMJIEKCOB CPEACTB ABTOMATU3ALUUN B YCJTIOBUAX KOMIMbIOTEPHbIX ATAK

SC.Y)=(-a)P+(1-b)Y (1)
e X=(X-X,)/X,; X, <X<X,, a b —xo>(hUIHenTs 3aTpat Ha yMeHbIIIEHHe HAKTOPOB PUCKA.

AUTHBHOE peIcTaBleHne ()YHKIIMOHAA MTOTYYCHO ITyTeM 3aITUCH U PACKPBITHS MY IBTUILTUKATUBHON
dopmet Buga (PO+dP)(Y0+dY) c orOpackiBaHHEM YICHOB BTOPOTO MOPSIIKA MAJIOCTH U JOOABICHUEM (C
00paTHBIM 3HAKOM) yIpaBIsitouX 3arparamu coctaisirommx a(P-P0)YO0 u b(Y-Y0)PO.

BBuy TOro, 4To0 OnepaTtop HOPMUPOBAHKS HE MEHSIET MOJIOKESHHSI SKCTPEMYMA, 3Ta 3a/1a4a pa3permma
1 JIUTI1 HCHOPMHUPOBAHHBIX (PAKTOPOB PUCKA, UTO YIPOINALT 3a71a4dy

S(P,Y)=(1—a)-P+(1-b)-Y e X,< X < X,

[TpoBepka mo00HOI 3aMEeHBI OCYIIECTBIISIETCS Iy TEM MMPOBEPKH PaBEHCTBA YACTHBIX IIPOU3BOIHBIX OT
(GyHKIMOHAIOB 10 (paKTOpaM pHUCKa HapymeHHs ycToiunBocTH QyHKroHupoBanus KCA B ycnoBusax
KOMIIBIOTEPHBIX aTak He TOJIBKO JUIsl JIMHEHHBIX, HO U JJIs IPOU3BOJIbHBIX (DYHKIIMOHAJIOB, a TAK)KE B3aH-
MOOOpPAaTUMOCTH OTrpaHUYeHUH. J[aHHOE yTBEPkKAECHNUE BBITEKAET U3 MOJOXKEHUM TEOPUH UyBCTBUTENb-
HOCTH, ONPEAEISAIONINX COOTHOMICHHUS sl PyHKIOHANA U (PAKTOPOB pHUCKA.

Perynuposanue prckoB KCA B ycloBUsSX BEpPOSTHOCTHON HEOINPEIEIIEHHOCTH B 3aJaHUU (PaKTOpPOB
pHICKa U MX MaJIBIX BapHaIUsIX HA OCHOBE MCITOJIH30BaHUS (DYHKIMI 4yBCTBUTELHOCTH IIEPBOTO MOPSIIKA
[3] BEIIOTHSETCS CIIEAYIOMUM 00Pa30oM.

[Tycts puck obecneueHns ycToiunBocTH pyHKunoHnpoBaHust KCA B yCIIOBHSIX KOMITBIOTEPHBIX aTaK
ONMCBIBAETCS BBIPAKEHUEM

R=Y P,

rae Y u P — cpennue 3HaueHUs U151 BEPOSTHOCTH peaM3allii KOMITBIOTEPHBIX aTak U ymiepoa.
3anumieM pasnoxeHue GyHKIUHU pucka B pan Teitnopa ¢ yaepkaHueM B HEM TOJBKO JIMHEHHBIX diie-
HOB

dR dR
RWP,Y)=R,(P. Y, )+|1—— | dP+|1—— |- dY.
()= R (B 1, 1= i

[IycTe Takke 3amansl ux ucxoaHwle 3HaueHuss RO u YO u, 3HAYUT, UCXOAHBIA ypPOBEHb PHUCKA
RO=P0*YO.
CooTBeTcTBYIOIMUMHU (HYHKITUSIMU YyBCTBUTEIILHOCTH 110 TIapaMeTpaM pucKa OymayT

Fzp=98 9Dy
P RO P RO
u
FZp:a_R :M =P,
Y RO Y RO

VYpoBeHb BEpOATHOCTHOM HEOTPENEICHHOCTH OTJENIBHBIX (PaKTOPOB PHCKA MPH HOPMATBHOM 3aKOHE
pacnpeeneHus HOrpelHOCTeH UX 3a/1aHnsl COCTaBUT COOTBETCTBEHHO

SPZXC]GP’
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METOA PErYJIMPOBAHUSAA PUCKOB KOMMJIEKCOB CPEACTB ABTOMATU3ALUU B YCJIOBUAX KOMIMbIOTEPHbIX ATAK

oY =y -
X q G y s
rac Xq u Xy , d TAKKEC Gq n Gy - COOTBCTCTBYIOH_H/IG KBaHTUIIN U CpeI[HI/IC KBaHpaTI/I‘IeCKI/Ie OTKJIO-

Henus (CKO) pacnipenenenus morpemHocTeil 3a1anus 3Tux (HakTopos.
Torna dynkumsaMu BiussHUS Ha QYHKIUIO PUCKA YKa3aHHBIX HEOTIPEIEICHHOCTEH OyIyT

FWp = FZp-dP

FWy=FZy-dY .

B 3aBucumocTn ot GyHKIMOHANBHEIX 0ocobenHocTelt KCA oHM MOTyT cKianbiBaThCst MO0 apudme-
TUYECKH (HAMXYIIIUH ciydaii), 1100 reOMeTpuiecKH

FW, =FZp-dP+FZy-dY,

2 2
FW2=\/(FZp-dP) +(FZy-dY) .
B o6mem cityuae rapaHTHPOBAHHBIM PUCK COCTABUT
R =R, +FW.

Tax, wanpumep, s P,=0.5 n Y,=20, cnenosarensuo R =10, FZp=20, FZy=0.5, CKO o p=0.1 Hu Gy=1, a
TaKKe HEeOIpeNeIeHHOCTH ¢ ypoBHeM aoBepus 0.993 rapaHTHpOBaHHBIA ypOBEHBb pUCKa OyIEeT paBeH
JUIS HauXyaAllero ciydas Tojabko Rr=16.75.

[Ipu aTOM MeToaMYEecKast OMIMOKa JIMHEApU3alUK OTIPEIEISAETCS BhIpaXKEHHEM

dR.=R.—P.-Y.=P,-Y,—(P,—8P)-(Y,—8Y)

Y COCTaBHUT XOTS ¥ BIIOJIHE JIOMyCTUMYIO BenuuHy — 0.729, HO crTOCOOHYIO M3MEHHUTDH HAIPaBICHUE
yIpaBieHUs MO BbIpaxeHuto (1).

JIJiss KOMTIEHCAITMH ATOW CYMMAapHO# HEONpEeAeIEHHOCTH B 3aJJaHUH TOJIBKO OIHOTO (haKTopa pucKa,
HanpuMep, yIpaBJIeHus, MOTpeOyeTcs BBEICHHE CIEAYIOUINX YIPABICHUN

dPu = _—I-FW,
FZp
158
-1
dYu=——FW.
FZy

B 06oux cirydasix Oyzmem UMeTh HOBBII TapaHTUPOBAHHBINA PHCK, PaBHBIN UCXOIHOMY CpeTHEMY 3Ha-
YEHUIO

R'=P-Y =(P,-8P)-Y,+FW =P,-(Y,-8)+FW =R,
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METO/, PErYJIMPOBAHUS PUCKOB KOMIMJIEKCOB CPEACTB ABTOMATU3ALUUN B YCJTIOBUAX KOMIMbIOTEPHbIX ATAK

®dopmupoBanne KCA ¢ MUHUMAaJIbHBIM PUCKOM HapyIlIeHUs YCTOWYHMBOCTH (DYHKIIMOHUPOBAHUS Ha
OCHOBE HCIIOJIb30BaHUs (PYHKUUN YyBCTBUTEIBLHOCTH, KOT/Ia TPpeOyeTCs YMEHBIIUTh YPOBEHb PUCKA 10
HEKoToporo TpedyeMoro 3HaueHus Rtr, ocymiecTBisercs cieayomumM o0pa3om.

CocraBuM cucreMy anreOpandyeckux ypaBHEHHH C y4ETOM paBeHCTBA BKJIAJ0B (PAKTOPOB pUCKa B
dbyHKuo pucka cioxabix KCA

FZP -(P-F)) =FZy (Y -Y,)
¥ 33/[aHHOTO OrPaHUYEHKs Ha BeInunny QpyHkuuu pucka P-Y = Rir

FZ,-(P-F)=FZ, -(Y-Y,),
P-Y =Rw.

C yuerom Ytr(Rtr) = Rtr/ Ptr npusenem nepBoe ypaBHEHHE K BUIY

Rtr
FZp-(Ptr—E))—(FZy~(P—W—YO) =0.

Kopenp 3Toro ypaBHeHHs 1 OyJIeT HCKOMOU BETWYMHON Ptr (HAXOMUTCS C MCIIOIB30BAaHUEM CPEJICTB
KoMmmbloTepHOM MareMatukn MathCad «root») u3 orpaHu4eHus Ha BETMYUHY (DYHKIIUHA PUCKA

Rtr

Ytr(Rtr) = ————.
Ptr(Rtr)

[Tycts Rtr=1. DnemeHTapHble BEIYUCICHUS JAIOT

Ptr(Rtr)=0.158 u Ytr(Rtr)=6.35.

npu ycnosuu, uto Ptr(Rer)-Yir(Rtr)=1.

3HayeHus (aKTOPOB PHCKA UYBCTBUTEIbHBI K CBOMM Ha4YaJIbHBIM YPOBHSIM U K YPOBHIO TpeOOBaHUM
st GyHKIMK pucka (puc. 1).

10 J
[ ]
«®
[ J .-
Ptr (Rfr) ..'
. 5 .
Ytr (Rfr ) o
- o o .¢
-
-
-
™
0 e —————
0 1 2
Rtr

Puc. 1. 3aBucumocTy GakTopoB prCcKa OT TPEOOBAHUH K YPOBHSIM PHCKa

BecbMa BaxkHO aHATUTHYECKOE PCICHUC AJId OTIPCACIICHUS 3HAYCHUM paccMaTpuBacMbIX PUCKOB C UC-
IIOJb30BaAHHUEM (pyHKI_[I/Iﬁ JYBCTBUTCIIbHOCTHU U 3aTPAT IIPU OTPAHUUCHUAX HAa YPOBCHb HCOIIPECACIICHHOCTH
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METOA PEIYJIMPOBAHUSAA PUCKOB KOMMJIEKCOB CPEACTB ABTOMATU3ALUU B YCNIOBUAX KOMIMbIOTEPHbIX ATAK

pucka. Ilycts TpeOyercsi yMEHBIIUTh FapaHTHPOBAHHBIA YPOBEHb PUCKA 00CCIICUYCHUS! YCTOHYUBOCTH
¢dbynkunonupoBanusi KCA

R =P, Y,+FZ, -dP+FZ, -dY.

Nmetotuiicss ypoBeHb HEOIIPEIEICHHOCTH CHU3UM Hanbosee SKOHOMUYHBIM 00pa3oM 0 HEKOTOPOTo
3aJlaHHOTrO ypoBHS Rir. MuHuMu3upyem QyHKIHOHAI CTOUMOCTH BUIA

C,=C,-(R/dP) +C,-(Y,/dY)

e Cp u Cy — ko3 dunmeHTH 3aTpart, v — KodhuIeHT, 00ecrneuynBarmni BEIOOP HAMITYUIIINX arl-
MPOKCUMAIMH. 3a/1aIuM TaKXe YPOBEHb HEONPEICICHHOCTH BUIA

FZ,-dP+FZ  -dY =eps.

3aaua CBOIUTCS K MOMCKY 0€3yCIOBHOIO AKCTPEMYyMa C UCIIOb30BaHUEM MpuHIuna Jlarpanxa. 3a-
MUIIEeM JIarpaHkKuaH BUJa

FL(dP,dY,\)=Cp-(P0/dP)" +Cy-(Y0/dY)"+\-[ (FZp-dP+ FZy-dY)—eps |
HNmeeTcs aHamuTu4IecKoe peIICHUC

1
P eps - [Cp~(P0V/ dP)] 1+v

>

1 1
FZp- [Cp' (POV/dP)]m+FZy- [Cy. (YOV/dY)]m

Iy eps - [Cy . (YOV/ dy )]m

i i
Fzp-|cp-(pov1ap)| 14w+ F2y-[cv- (vovrar )] 1+

N3 3aBuCcMMOCTEN BUTHO, UTO YBEJIIMUEHUE UCXOIHBIX BEPOSATHOCTEN M YMEHBIIIEHUE YPOBHEW HEOIIpeie-
JneHHoCTH yBenuuuBaet 3arpatsl Z(dP, dY) (puc. 2).

5000
4000
3000
2000
10004

0
0.1
0.2
k)

1)
0.4
0.5

Puc. 2. 3aBucuMOCTh BO3pacTaHMA 3aTpaT OT CHIDKCHHS YPOBHEH HEONPEIEICHHOCTH B OI[CHKAX PHCKa
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METO/, PErYJIMPOBAHUS PUCKOB KOMIMJIEKCOB CPEACTB ABTOMATU3ALUUN B YCJTIOBUAX KOMIMbIOTEPHbIX ATAK

He u3mensist mpuHATHIX UCXOMHBIX MpeanoiiokeHuid u npuaumas eps=1, Cp=20, Cy=1, Oynem uMeTh
dP =0.036,dY=0.561 u CS =5.502-10%.
YpoBeHb HOBOT'O TaPaHTHPOBAHHOTO PUCKA COCTABUT
(B +dP)-(Y,+dY)=11.02.

Kak BunM, NOTpeNIHOCTh JIMHEAPU3AIUU OTHOCUTEIPHO HOMUHAJIEHOTO PUCKA U IPUHSATOTO OTPAHU-
YEHUS U B ATOM ciiydae He3HauuTenpHa (0.02).

J11s1 IPOBEPKH MPABHILHOCTH aHAJIMTUYCCKOTO PEUICHUsT ObUT MPOBECH YHCICHHBIA YKCIIEPHMEHT.
Brranciienus onTuManbHBIX Bapualuii (akTOPOB pUCKa OCYIIECTBISUIUCH C UCTIONIB30BAaHUEM JUPEKTH-
BBl «Giveny u nponeaypsl «Minimise» B cpencTBax KoMIboTepHoi maremaruku MathCad. Pesynbrarst
peleHHsI TPAKTHYECKH (C TOYHOCTHIO IO MAIIIMHHOTO MPEJICTABICHHS YHCeN) COBNanatoT. Ta ke 3aqaya,
HO NIPU OTPaHUYCHUH B BUJIE TEOMETPUIECKOM CyMMBbI (DYHKIIUH BIUSTHHUSI

\/ (FZp-dP)% +(FZy-dY)? = eps,

o0ecredrBaeT TaKkoi ke ypOBEHb rapaHTUPOBAHHOTO PUCKA ITPH O0Jiee BHICOKUX 3HAYEHUSIX (PaKTOPOB
pHUCKa B CPABHEHUU C HAUXY/IIUM CIy4yaeM

dP=0.047,dY=0.691 u CS =242.068.
YpoBeHb rapaHTUPOBAHHOTO PUCKA COCTABUT
R,=11.317

Puck HeBbImonHeHus pacyeTHOM PyHKIMoHaIbHON 3a1a4u KCA MokeT ObITh ONpeeniéH yepes mpo-
W3BE/ICHHE BEPOATHOCTH BO3SHUKHOBEHHSI OTTACHOTO COOBITHSI HA BeTMUMHY yiepoa [4]. Haubomnee cyme-
CTBEHHBIM SIBJISICTCS OTy4YeHHe GYHKIIMU PUCKA C yU4eTOM COCTOsTHUS nHpopMmalrronHoro pecypca KCA.
3aBUCUMOCTH JUIsl COCTOSIHUSI HHPOPMAIIMOHHBIX PECYPCOB (IIPU MOKa3aTeIbHOM 3aKOHE pacIpe/1eIeHUs
KOMITBIOTEpPHBIX aTak) U (PyHKUMHU pacmpereseHus BpeMeHu peanuzanuu mnpouecca B KCA, a taxxke
CpeIHui ymiep0 IpeIcTaBlIeHbl Ha pUCYHKE 3.

OYHKIHIO PUCKA C yU4ETOM COCTOSIHUS HH(POpMaMOoHHbIX pecypcoB KCA MOKHO MpencTaBUTh B clie-
JIyIOIlIeM BUJIE:

0 mpu t< t[N(t) = P@S’],

R(t) = FR(ng(ﬁg)-[P@B’—N(f)] npu  t>t[N(t) = P®3],

rne FR(t) — dbynkums pacnpeneneHus BpeMeHd (GOpPMHPOBaHUS HaOOpa Omepalnuii 1Mo yIpaBiICHUIO
uHpopmarmonasiMu pecypcamu KCA;

N (t) — Tekymuil nHGopMannoHHbIi pecypc KCA;

P®3 — ypoBenb pacueTHOM (PyHKIIMOHAILHOM 3a]1a4H;

T s~ MOMEHT BPEMEHH, KOT/Ia TEKYIIHH ypoBeHb HH(POpMaAIMOHHBIX pecypcoB KCA mocTuraer ypoBHs,
MUHUMAaJIbHO HEOOXOAMMOTO 7S petieHus PyHKINOHAIBHOM 3a1a4H.
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Nt(t)
100 B9 0 00 00D ES
PP3 03 (PO3-Nt( ) 10
100
LA A R
0
50 t 100

0
50 ¢ 100
Puc. 3. 3aBucuMOCTH (DyHKIUU PHCKA C YIETOM COCTOsTHUS HH(popMalonHoro pecypca KCA

Ha pucynke 4 npencrapineHsl QyHKIUU CPEIHETO PUCKA, BKIIOYAsl PUCK OTHOCHUTEIBHO PacyeTHON
¢byHKIMOHANBbHOM 3aa4u 1715 HenpepbIBHBIX KCA B yCIIOBUSIX KOMIIBIOTEPHBIX aTak, a TAKXKe UX HIDKHUE

Y BEpPXHUE TPaHUIIbI.
40
R(Y) - 7 -
R(1) 20 *
20 . Re(t)
Ru(t)

, L /1 |
100 200 300
t

300

0
100 200
t
Puc. 4. ®yHKunu U1 CpeHETO pUCKa MpUMeHeHHs HenpepbIBHBIX KCA

3HaueHus QyHKIUN Ha pUCYHKE 4 ONPEeNsIoTCs BHIPAKEHUSIMU

_ 0 npu tSt[N@(t) =P®3],
Ru(t) = FR(t < T gys)- [PD3 - Ne(t)] npu t>t[Ne(t) = PD3],

[0 npu t < t[Nu(z) = P®3],
Re(1)= FR(t < Tqb3)~[Pq>3—NH(z)] npu > t[Nu(t) = P®3],

rae NH(t) 1 NB(t) — HHKHSS M BepXHsis TpaHuLbl pa3dopoca nHpopmannoHHbIx pecypcoB KCA
Ha npakrtuke perynupoBaHie puckoB HapyeHus yctonunBocTd ¢pyHkunonuposanusi KCA B ycioBusx

KOMITBIOTEPHBIX aTak 00ecreynBaeTcs:
—noxanepxxanreM B KCA HeoOXoauMoro ypoBHs HHGOPMALIMOHHBIX PECYPCOB IIPU allPUOPHO 33/1aHHOM

3aKOHC pacCrpeaCICHUA KOMIIBIOTCPHBIX aTakK;

— aKTHUBHBIM HpOTHBO}IGﬁCTBH@M HCTOYHUKAM KOMIIBIOTCPHEBIX aTakK;
— MOBBIIICHUEM OINICPATUBHOCTHU BBIYUCIIMTCIBHBIX IMIPOHCCCOB YIIPABIICHUA U PACUCTHBIX (bYHKHI/IO-
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METOJ, PErNYJIMPOBAHUSA PUCKOB KOMIJIEKCOB CPEACTB ABTOMATU3ALIUM B YCJTOBUSAX KOMIMbIOTEPHbIX ATAK

Takum oOpaszoMm, mpeanoxeH MeTo ] peryaupoBanus puckoB KCA B yc10BUSIX KOMIIBIOTEPHBIX
aTak, OCHOBAHHBI Ha aHAJUTUYECKUX BBIPAXKECHUIX IS LeJIeBbIX (YHKIIMOHAJIOB U JOMYCKOB
Ha (pakTOphl pUCKa U MO3BOJAIOMUI GOPMUPOBATH pallMOHAIbHBIE PEIICHUS MO YIPaBJICHUIO
puckamu KCA.
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Functional reliability. The theory and practice

Klimov S. M., Kotyashev N.N.

METHOD OF RISK MANAGEMENT FOR AUTOMATED
SYSTEMS UNDER CONDITIONS OF CYBER ATTACKS

The paper considers a method for managing risks of automated systems under conditions of cyber attacks
based on dynamic control and risk minimization of information resource violations. The method offers
analytical expressions for target functionality and tolerances of risk factors enabling to make reasonable
decisions on risk management of automated systems.

Keywords: automated system, cyber attack, risk management.

A topical issue of information security is justification of risk management requirements for application
of automated systems (AS) in real time mode under conditions of cyber attacks.

By AS, we shall mean critical parts of automated systems that operate in modes near to real time, and
with their parameters exceeding specified limits (time of collection, processing and transmission of in-
formation and issue of control actions), it leads to operation stability violation.

In this paper, we shall consider risk management for designed automated systems, whose state dynami-
cally changes over time under conditions of cyber attacks.

The essence of AS risk management method is to minimize risks of the form R = PY — min, where P
is the probability of the event that an intruder realizes a cyber attack within the time of detection; Y is the
mathematical expectation of damage due to the impact of a cyber attack. Let there be an achieved risk
level R;=P,*Y,. Then the risk management consists in purposefully changing risk factors to the level that
allows AS to realize its functionality according to the two possible criteria: reducing a risk to the desired
values or minimizing a risk under existing limits of information resources.

The problem of AS risk management is solved in linear and nonlinear formulations. The studies [1, 2]
have considered examples of risk management in linear formulation at low limits of risk factors that are
reduced to a linear programming problem in normalized space of functional cost and limitations

S(P.Y)=(1-a)P+(1-b)Y (1)
where X = (X - X,)/X,; X, <X <X,, a,b are coefficients of costs for reducing risk factors.
Additive representation of the functional is obtained by writing and revealing the multiplicative form

of the type (PO+dP)(Y0+dY) along with discarding the terms of the second order of smallness and adding
(with the opposite sign) cost managerial constituents a(P-P,)Y0 and b(Y-Y ; )P,.
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Due to the fact that the normalization operator does not change the position of an extreme point, this
problem is also solvable for non-normalized risk factors, which simplifies the problem

S(P,Y)=(1—-a)-P+(1-b)-Y , where X, SXSXZ.

Proof of such a substitution is done by verification of equality of partial derivatives of the functionals as
per risk factors of AS operation stability under conditions of cyber attacks not only for linear functionals
but also for arbitrary functionals as well as mutual reversibility of limitations. This statement follows from
the propositions of the sensitivity theory that define relations between a functional and risk factors.

Risk management of AS under conditions of probabilistic uncertainty in specifying risk factors and
their small variations using the sensitivity functions of the first order [3] is carried out as follows.

Let the risk of ensuring AS sustainability under cyber attacks is described by the expression

R=Y-P

where Y and R are mean values for the probability of cyber attack realization and damage.
Write the expansion of a risk function in a Taylor series while retaining only linear terms in it

dR dR
R(P,Y)=R,(F),Y; 1-—— |-dP+|1——|-dY .
- 1))

Let also their initial values R, and Y, and hence the initial level of risk R, = P *Y, be set.
The corresponding functions of sensitivity as for parameters of risk will be

FZp= %R‘ _ @ _y,
R, Ry
And
FZp = a_R‘ - IP-T) =B
Y RO Y RO

The level of probabilistic uncertainty of individual risk factors in case of the normal error distribution
of their specification will be respectively

OP=%y4'Op

0¥ =74 Sy
where y, and y, as well as 6, and G, are corresponding quantiles and mean square deviations of
the error distribution for these factors.

Then, the influence functions for the risk function of the above uncertainties will be

FWp =FZp-oP
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and
FWy=FZy-8Y

Depending on the functional features of AS, they can be summed up arithmetically (the worst case)

or geometrically
Fwy1=FZp-dP+FZy-dY ,

2 2
FW2:\/(FZp-dP) +(FZy-dY) .

In general, the guaranteed risk will be
R, =R, +FW.
So, for example, for P, = 0.5 and Y, = 20, therefore, R, = 10, FZp = 20, FZy = 0.5, the mean square
deviation ¢ =0.1 and 6 =1 as well as for uncertainty with the confidence of 0.993, the guaranteed level

p
of risk for the worst case will be equal only to Rr=16.75.
The procedure error of linearity is found by the following expression

dR,=R, —P,- Y, =F,-Y,—(P,—0P)-(¥Y,—9dY)
and will make up albeit quite a permissible value, 0.729, but it can change the management direction
as per expression (1).
To compensate this total uncertainty in specifying only a single risk factor, such as management, it will

require the introduction of the following managements

dPu=—1 . Fw
Fzp
and
-1
dYu=———-FW.
FZy

In both cases, we will have a new guaranteed risk equal to the initial mean value
R!'=P .Y, =(B,—-0P)-Y,+FW=P,-(Y,-0)+FW =R,

AS construction with minimal risk of operation stability violation through the use of sensitivity func-
tions when there is a need to reduce a risk level to the desired value Rtr, is carried out as follows.
Let us set up a system of algebraic equations taking into account the equality of contributions of risk

factors in the risk function of complex automated systems

FZ,-(P=R)=FZ,-(Y Y,

and specified limits of the risk function value P-Y = Rtr
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FZ,-(P=R)=FZ,-(Y ),
P-Y =Rtr.

In view of Ytr(Rtr)= Rtr/ Ptr, we shall reduce the first equation to the form
Rtr
FZ,-(Pir—R)—(FZ, '(E_ %)) =0.

The root of this equation is the required value of Ptr (it is found using the computer mathematics means
of MathCad «root») from the limit of the risk function value

Rtr

Ytr(Rtr) = ————.
Ptr(Rtr)

Let Rtr = 1. Elementary calculations yield
Ptr(Rtr)=0.158 and Ytr(Rtr)=6.35.
Provided that Ptr(Rtr)- Ytr(Rtr)=1.

The values of risk factors are sensitive to their initial levels and to the level of requirements for the
risk function (Fig. 1).

10 J
[ ]
«®
[ J .-
Ptr (Rfr) ..'
. 5 .
Ytr (Rfr ) o
- o o .¢
-
-
-
™
0 e —————
0 1 2
Rtr

Fig. 1. Dependence of risk factors on the required levels of risk
It is quite important to have some analytical solution for defining values of the considered risks using
sensitivity functions and costs under limits of a risk uncertainty level. Suppose it is required to reduce
the guaranteed risk level of providing operation stability of AS.
R, =P, Y,+FZ, -dP+FZ -dY.

Let us reduce the current level of uncertainty in the most economical way to some predetermined level
Rtr. First, we shall minimize the value of the functional of the following form

Co=Cy (B /dP)’ +Cy (1, dY)"
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where Cp and Cy are cost coefficients, v is the coefficient that provides the best approximation option.
We also define the level of uncertainty of the following form

FZ,-dP+FZ,-dY = eps.

The problem is reduced to finding the unconditional extremum using Lagrange’s principle. We write
the Lagrangian of the form

FL(dP,dY,\)=Cp-(P0/dP)"+Cy-(Y0/dY)" +
+A-[(FZp-dP+FZy-dY )-eps ]

There is an analytical solution

1
eps- [Cp . (POV / dP)]m
1 1
FZp- [Cp (P dP)]m +FZy. [Cy (vov dy)]m

dP =

1
eps-[Cy-(YOV/dY)]m
1 1
FZp- [Cp (P dp)]m +FZy. [Cy (rov/ dy)]m

dY =

From these dependencies it is evident that the increase of initial probabilities and the reduction of levels
of uncertainty increase the costs Z (dP, dY) (Fig. 2).

5000

4000
3000
2000

1000

0
0.1
0.2
0=
0.4
0.5

Fig. 2. Relationship between the increase of costs and the reduction
of uncertainty levels in risk assessments

Without changing the adopted assumptions and taking eps=1, Cp=20, Cy=1, we will have

dP=0.036, dY =0.561 and CS =5.502x10%
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The level of a new guaranteed risk will make up
(Ry+dP)-(Y,+dY)=11.02.

As we can see, the error of linearization in regard to the nominal risk and adopted limits in this case
is also negligible (0.02).

To verify the analytical solution, some computational experiment has been carried out. Calculations of the
optimal variations of risk factors were performed using the directive «Given» and the procedure «Minimise»
of MathCad. Results of the solution practically (up to the machine representation of numbers) are the same.
The same problem but in view of limitation in the form of the geometric sum of influence functions

\/(sz -dP)2 +(FZy-dY)? = eps

provides the same level of a guaranteed risk at higher values of risk factors, compared to the worst-
case scenario

dP=0.047, dY =0.691 and CS =242.068.

The level of the guaranteed risk will make up
R,=11.317

The risk of non-fulfilment of the design functional task of AS can be defined as the product of the
probability of a hazardous event by the size of damage [4]. The most important thing is to obtain a risk
function taking into account the information resource state of AS. Dependences for the state of information
resources (with exponentially distributed cyber attacks) and the distribution function of time for process
execution in AS, as well as the mean damage are shown in Fig. 3.

Risk function in view of the state of AS information resources can be represented in the following
form:

0 mpu t< t[N(t) = P@S’],
k)= {FR(t <Tehs)- [PO3-N()] npu t>N(@) = P®3],

where FR(t) is the distribution function of time of generating a set of actions to manage AS informa-
tion resources; N(?) is the current AS information resource; P®3 is the level of the design functional task;
T s is the time point when the current level of AS information resources reaches the level minimally
necessary for the solution of a functional task.

1 20

(AL AL I NINE RS X2 ]

Q0.5 (PD3-Nt(f)) 10

0 0
50 ¢ 100 50 i 100

Fig. 3. Dependences of a risk function in view of AS information resource
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Fig.4 shows functions of the average risk, including the risk relative to the design functional task for
continuous AS under conditions of cyber attacks, and their lower and upper limits.

40 T T

o R(0) 20
R(® ,:-
20 Re(t)
RotH( 1) c_————
- Ra (1)
0 0

100 200 300
t

Fig. 4. Functions for the average risk of continuous AS application

Values of functions in Fig. 4 are defined by the following expressions

0 npu t<t[Ne(t) = P®3],

Ru(t) = {FR(t <Tghs): [P®3—Ne(t)| npu  t>1|Ne(t) = PD3],

0 npu t<t[Nu(t)=Pd3],
Re(1) = FR(t < Tqbg).[Pcps’—NH(t)] npu > t[Nu(t) = P®3],

where NH (t) and NB(t) are the upper and the lower boundaries of a spread of AS information re-
sources.

In practice, risk management of AS operation stability violations under conditions of cyber attacks is
provided by

— Maintaining the required level of AS information resources with a priori given distribution of cyber
attacks;

— Actively counteracting against sources of cyber attacks;

— Increasing the speed of computational processes of AS management and design functional tasks.

Therefore, we proposed a method for managing AS risks under conditions of cyber attacks based on
analytical expressions for target functionality and tolerances of risk factors enabling us to make reason-
able decisions on risk management of automated systems.
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dyHKuMoHanbHasa 6e3onacHocTb. Teopus U NpakTuka

Uenc Bpabanp!, Xenapuk Lie6e?

OLLEHKA HALMOHAJIbHbIX 3TATOHHbIX 3HAYEHUA
AN XENE3HOAOPO)XXHOU BE3OMNACHOCTM.
CTATUCTUYHECKAYA TPAKTOBKA

B HacTosier paboTe obcyxxaaeTcs npoueaypa rnpuHITUS PELLEHUs, ncrosb3yemas B PelweHun Komuccum
[1] ans onpeneneHns HauMoHasIbHbIX 3TaoHHbIX 3HadyeHui (NRV — national reference values). B cooTBeT-
CTBUM C ANPEKTUBOV B obsacTy 6e30rMacHOCTH, 41 KaxXgoro rocygapcrea-yieHa EC exerogHo nonara-
eTcs paccynTbiBaTh rokasaresay 6e30nacHoOCTU. B pelueHun ans pacyeToB riokasareseri 6e30rnacHoCTu v
OLIEHKW Haimunsi BO3MOXHOU aerpagaummn 6e30rnacHoCTy MCrnosib30BaHa GukcupoBaHHas npoueaypa. lpuv
OoLleHKe 6e30rnacHOCTU PELLUEeHNEe BMECTO CPEeAHEeapu@dMETUHECKOro 3Ha4YeHUs UCroJIb3yeT B3BELUEHHYIO
CYyMMY.

B 370l CBSI3N MHTEPECHO U3Y4UTb OCOOEHHOCTU Takow MpoLeaypbl NMPUHSITUS PELLIEHUS, a Takxe rnpeunmy-
LjecTBa n HeaocTaTky gaHHOro metoaa. B gaHHou paboTe ABOsSKKMM 00pa3oM paccMaTpuBaeTCs] HECKOJIbKO
YrpoLLEHHas1 Bepcusl rnpoueaypbl. Bo-nepBbix, aHanu3npyeTcs B3BELUEHHasi CyMMa v BbIBOAUTCS ee na-
pameTp 3pPeKTMBHOCTN. 3aTteM OHa CpaBHMBAETCS MyTeM pa3bpoca ¢ 00blI4HbIM BbIOOPOYHBIM COEAHUM.
TeopeTudeckme pe3ysibTarbl MoAKPENISIOTCS MPOCTbIM UMUTALMOHHBIM MOAENPOBAHNEM, MPOBOAUMbIM C
LIesIbI0 OLIEHKU BEPOSITHOCTEV OLUMOOK NepBOro u BTOPOro poda. B yacTHOCTM KOHCTPYMpYOTCS aHOMAaslb-
Hble a/lbTEPHATUBHbLIE PACMPEAENEHNS, KOTOPbIE HE PACMO3HAIOTCS MPOLEAYPOV NPUHSITUST PELLIEHUS.

KnioyeBbie cnioBa: HalMOHaIbHbIE 3Ta/IOHHbIE 3HAYEHWS], 10Ka3aTesn Xes1e3HOA0POXHOM 6e30MacHOCTH,
pPOBAaCTHbIE OLIEHKU.

1. BBepeHue

B Pemenun Komuccuu [1] mst kaxxnoro rocynapera-unena EC onpenensiercs Habop Tak Ha3bIBae-
MbIX 3Ha4eHuil NRV (HalMoHAIbHBIX 3TAJIOHHBIX 3HAYEHH ), KOTOPBII BHIBOJAUTCS HA OCHOBE JaHHBIX
O MPOUCIIECTBUSX 3a HECKOJBbKO JieT. CTaTUCTHKAa MPOUCIIECTBUM u3MepsieTcst B nokazarensx FWSI
(daTanbHBIE CiTyyan U B3BELIEHHBIE CEPbE3HBIC TPABMBI) JIsl PA3HBIX KATETOPUH JIFOJEH — JJI TACCaXKu-
pOB, IEPCOHANA, YYACTHUKOB JJOPOXKHOIO JBMKEHHUS HA KEIE3HOJOPOKHBIX MMEpPEe3aax, MPOUNX Ipak-
JIaH, JIMIl C HECAaHKIIMOHUPOBAHHBIM JIOCTYTIOM, /Il OOIIecTBa B 11eJ0M. BBIOOp B KauecTBe KpUTEpus
nokasarensi FWSI maccaxxupoB onpapian Tem, 4TO IPOUCIIIECTBUS, CBI3aHHBIE C OTICIbHBIMU JIFOIbMU,
HMMEIOT OTHOCHUTEIBHO BBICOKYIO BEPOATHOCTh U HE3HAUUTENIBHBIE MTOCIEACTBUS B CPABHEHUHU C MTPOUC-

! Siemens AG, Bpayniuseiir, Tepmanus
2 TUV Rheinland InterTraffic GmbH, KénbH, I'epmanus
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LIECTBUAMHU, CBI3aHHBIMHU, HAIIPUMED, CO CKOPOCTHBIMHU 10€31aMH, KOTOPBIE IIPOUCXOAAT PEAKO, HO I10-
TEHIMAJIbHO 03HAYal0T BEChMa CEPbE3HbIE MOCNIEACTBUSA. Bripouem, B 1aHHON paboTe paccMaTpuBaeTcs
He KoHKpeTHoe 3HaueHne NRV, a uzydaercs obmuit moaxon u ero ocodoeHHoctu. 3nauenus NRV 3arem
YCTaHaBJIMBAIOTCS B KAa4E€CTBE LIEJEBBIX 3HAUCHHUH /711 MOCIEAYIOMUX JIeT. TakuM 00pa3oM, eKeroHo
U1 Kaxkaoro rocynapcrBa-wieHa EC n qiis kaxnoro 3HadeHuss NRV nomkHa olieHMBaThCs CleayroIas
runoresa: «H,: VIMErTCs 1M CBUAETENLCTBA TOTO, YTO TOKa3aTe M OE30MaCHOCTH rOCY1apCTBa-4IeHa
EC c yuetom 3Hauenus NRV yxynmmunuce?»

I[aHHaSI THUIIOTE3a KAaK TAKOBaA XOPOIIO M3BCCTHA IIPU PCIICHUUN HpO6J'I€M, CBA3aHHBIX C KOHTPOJIEM
KadyecTBa. B aTom CJIy4ac OUCHHUBAKOTCA TAKHUC, HAIPUMED, [MApaMCTPhbI, KaK AJIMHA, IIUPUHA U T.A. Me-
TOO BBI60pKI/I MPUMCHACTCA [JIA TOIO, 4TOOBI BBISICHHUTD, HC MOABIIAOTCA JIX B IIPOLCCCC NPOU3BOACTBA
HU3ICIIUA, KOTOPBIC HC COOTBCTCTBYIOT CHCI_[I/I(I)I/IKaI_II/II/I. HpI/I 9TOM JISI KOHTPOJIUPYEMOTI'O IIapaMeTpa 1o-
CTYJIMPYCTCA CYIICCTBOBAHUC HOPMAJIBHOTO PACHIPCACICHUA CO CPCAHNUM 3HAYCHUCM L U pa36p0c0M G,
MOCJIC YCTO paCCUUTBIBAOTCA NIPCACIBbHBIC 3HAYCHU A, U €CJIIN OIIPCACIICHHOC YN CJIO WU3JICIINI BBIXOAUT 3a
AAaHHBIC I'PAHULIBI, CIUUTACTCA, YTO NPOLUECC HC KOHTPOJIUPYCTCH. HO)IPOGHOC OIMCAaHKWE MOYKHO HalTH B
MHOT'OYUCJIICHHBIX U3JaHUAX, ITOCBAMICHHBIX CTATUCTUYICCKUM METOAaM KOHTPOJISL Ka4C€CTBA, HAIIPUMED
B [5] B nemax MOHUTOPHUHI'Aa IpoHecCa MPOU3BOACTBA UCIOJIB3YIOTCA KapThl KOHTPOJISL KAYCCTBA, Kyaa
3aHOCATCA 3HAYCHUA I/I3MepeHI/II71 Hapsaay € NOPpAAKOBBIM HOMEPOM HJIM BPCMCEHEM IIPOBCACHUA U3MEPC-
HUs. 33.TCM, B COOTBCTCTBHUU C MPUMCHUMBIMH IIpABUJIAMHU, HA KapTaX YCPTATCA NPCAYIIPCAUTCIbHBIC
rpaHulbl 1 NPCACIIbL, IIPU BBIXOAC 3a KOTOPLIC Tpe6yeTc;1 BMCIIATCIILCTBO B HpOI/I3BOI[CTBeHHI>II71 mponecc.
B panpHelimeM JaHHBIC KapTbl KOHTPOJIA Ka4€CTBa ObLIH YTOUYHCHBI 1 KOMIIBFOTCPU3HUPOBAHBI.

Takum obpa3zom, npobnema, Tpakryemas B qupektuse [1] ERA (EBpomneiickoro JKene3HonopoxHOro
ATEHTCTBa), CX0Xa C MPOOIEeMOIl XOPOIIIO U3BECTHBIX KapT KOHTPOJIS Ka4ecTBa.

Opnnaxo ERA [1] npenuiaraercst HOBbIM aIropuTM, KOTOPBIA HUKOT/IA HE AaHAJIM3UPOBAJICS CO CTaTUCTH-
YECKOW TOYKH 3pEHMs. DTO KaK pa3 U ABIAETCSA IPEIMETOM PaCCMOTPEHUS HACTOSIILEN CTaThH.

Bo Bropom paszzaene Oyaer onucaH Mojaxof, Ucroib3yeMblid ERA 17151 MOHUTOpHHTa BBOAUMBIX areHT-
CTBOM IOKa3ateseil. B TpetbeM pasnerne OyaeT JaH TeOpeTUYECKUI aHaIM3 OCHOBHOI'O 3Taria MpOoLEaypbl
npunsatus pemenus ERA. Ilocne gero, B ueTBepToM pasaene, aHaau3 OyIeT MOAKPEIUIEeH UMUTALUOH-
HBIM MOJIEJIMPOBAHUEM IIPAaBUJIA C UCIIOIb30BaHUEM MeTona Monte-Kapno. [locnennuit pasnen Oyner
IIOCBSIIECH BBIBOJAM.

2. Nopxop, ncnonb3yemoiii ERA

ERA namepeno tectuposars runoresy H,: «Ilokaszarenn GesomacHocTh rocynapcrsa-aiena EC ne
YXYALIWIACH C yueToM 3HaueHuss NRV» myTem ucnosiab30BaHus MPOLEAYPHI, KOTOpasi HA CaMOM Jielie sIB-
JISIeTCS] KOMITJIEKCHBIM CTaTUCTHYECKUM TECTOM, COCTOSIIIIUM U3 HECKOIBKUX 3TaroB. CHavasa Mbl 1aJJUM
o01iee onpezeneHne MpoodIeMbl, KOTOPYIO XOTHM OOCYIUTh B TaHHOM CcTaThe:

ITycte Xj — rogoble 3HaueHus. Torga KOHKpETHOE CKoJb3s1ee B3BemeHHoe cpennee (MWA) MoxxHO
OTIPEIETTUTH KaK B3BEIICHHYIO CYMMY:

9
2w, (DX,
MWA ="

; : (1)
ZWM (i)
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Beca OIPCACIIAOTCA CICAYIOIIUM 06pa30M:

Wp,q ()= 1/max(&;Xj- X p gl (2)

rﬂe},— X, 3
pe = p+lz 3)

Kak apudmernueckoe cpenHee. 3HaueHue ¢ monaraercs paBHeiM 0,01 B [1], BeposTHO, HA OCHOBE
3BpUCTHYECKOro paccyxaeHusi. Ormetum, uto ERA paccuntsiBaer MWA TONbKO Ha OCHOBE MSITH 1O-
CJIEJTHUX JIET, KOTOpPbIe 0003HAYUM 3/1eCh KaK MWA | | 4> TTOCIIe Yero MOKeM HalTH BBIPAXKCHHE PaBUIIA
MHOTOCTYIEHYATOTO MPUHSITHSI PEIISHHSI, KOTOPOE, IO CYTH, 00peTaeT CHUITy 3aKOHa, OyIydH TUPEKTUBOM
EC, B cneayroiiem ajiropuTme:

AJroputm

ECJIM NRV2X WA NRV=2MWA,_ _ ,, TO IIPMHUMAEM H( IPYI'OE.

ECJIM NRVx1.2> MWA__,, TO TIPMHUMAEM H( IPYT'OE.

ECJIN «IlepBoe oTkimoHeHue (B marax 1 unu 2) 3a mocieanue Tpu roga», TO [IPUHUMAEM
Ho APYT'OE.

ECJIM «Yucno 3Ha4uTENbHBIX IporcLecTBUi HEe Bozpocio», TO IIPUHUMAEM Hq JIPYTOE.

OTBPACBIBAEM rumnotesy o TOM, 4TO MOKa3aTean 0€30MacHOCTH HE YXYAIIUIHUCh.

OTOT aJropuTM OBbLT HANPSAMYIO MOJY4YeH U3 onucaHus, npuBoaumoro B [1]. Ilpu stom B [1] He npu-
BOUTCS 000CHOBaHHMe anropurma. CieoBaTeabHO, OOBSCHUM, KaK 3TOT aJropuTM paboTaeT co cTa-
TUCTUYECKOM TOUKM 3peHHs. B HacTosiel crtarbe HaC 0COOEHHO MHTEPECYIOT BEPOSITHOCTH OIINOOK
TIIEPBOTO M BTOPOIO pozia, 8 MMEHHO 4To Hy 0TOpackiBaeTcs B ciiyyae, KOraa OHO CpaBeyInBo, u uto H,
npUHUMaeTcs, Oyayun J0KHbIM. O0G03HauMM COBNAAIONIUE OUIMOKU oL U 3, KaK BEPOSTHOCTH OLIMOKU
IIEPBOTO ¥ BTOPOI'0 pOJla COOTBETCTBEHHO.

HauneMm ¢ mpocThIX HaOMIOACHUIA, CAETaHHBIX HAMU BO BpEMs aHAIHM3a allfOPUTMA, COCTOSIIETO 3
maros 1-5:

e [Ilar 1 naet Gonee WM MEHEE CIIyHYaHBIN PE3yIbTaT C BEPOSTHOCTHIO MPUHATH mopsaka 0.25 — 0.5
MIPH pa3yMHBIX JOMYIICHUSAX; TAKUM 00Pa30M, OH HE SIBISETCS BaKHBIM IMOKa3aTeIeM U He IPUHUMAETCS
3[1€Ch B pacyer.

* B mare 2 noCTOsSIHHOE 10JI€ JOIMYCKA KaXKeTCsl COBEPLIEHHO 3BPUCTUUYECKUM.

e [Ilar 3 Taxke MOXKET CUMTATHCS MAJTOMH(OPMATHUBHBIM, TaK KaK JaHHBIC MOCIEIYIOMIMX JeT OymayT
MMETb 3aBUCUMOCTH, U BPSJ JIU MOXKET JIaTh KAKOI-TO OLLLyTUMBII pe3ysbTar.

* B mare 4 ERA 3KCrIMIIUTHO PEKOMEH1yET IPUMEHEHHE CTATUCTUYECKOTO TECTa U MPEeIaraeT pac-
npeaenenue [lyaccona s yuciia cepbe3HbIX MPOUCIIECTBUI B KAU€CTBE HYJIEBOM TUIIOTE3bI.

OCHOBBIBasICH Ha MOCJIEHEM HAOIIOIEHUH, MOXHO ClleNaTh BbIBOJ, YTO ERA npeiaraer B kauecTse
HyJIEBOM rUIoTe3bl cocTaBHOM nporecc [lyaccona, rue N, mpecrapiser co00# KOMMYECTBO IIPOMCHIECTBHH
JI0 MOMEHTA BPEMEHU t, a S|, S,,... — HE3ABUCUMYIO M OJIMHAKOBO PACHPENENCHHYIO (H.0.p.) HOCIEN0-
BaTEJIbHOCTD CIIy4alHBIX IIEPEMEHHBIX, XapaKTEPU3YIOLLYIO CTEIIEHb CEPbE3HOCTHU IPOUCIIECTBUMN, KAK
ObU10 paccMoTpeHo Hamu B [6]. [IpouciiecTBrst BO3HUKAIOT C YacTOTON A(t) B MOMEHTHI BpeMeHH T T2
U T.J1., T/I€ 1 — MHJIeKC IpouciecTBHsL. [/ KaXKa0ro NpoUCIeCTBUS C UHAECKCOM 1 CYIIECTBYET HeKOTOpa}I
«BBICOTA IIPBDKKA» Sj, ABJISIFOIIASICS CTENEHBIO TshKeCTU. CTENEHb TAKECTH U3MEPSAETCS YUCIIOM IPOMC-
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IIECTBUH ¢ (haTaTbHBIM UCXOIOM (MJIH SKBUBAJICHTHBIM yIiepoom). Takum 00pazom, 1i1st GUKCUPOBAHHOTO
unTepsaia [0,t] npouece X, OMUCHIBAET CBOJHOE KOIMYECTBO MPOUCILECTBUM C (paTabHBIM KCXOI0M, a
N, - 00111ee YMCII0 MPOUCIIISCTBHH.

JauHblii cocTaBHOM mportiece ITyaccoHa MoKeT UCIOIb30BaThCs JI1 PACUETOB MAPAMETPOB KOJIIEK-
THUBHOTO PHUCKA.

Takum oOpa3oM, UCX0OAs U3 HyJIEBOM TMIOTE3bl, HaOIOaeMas BeIUUMHA Xt SABJSETCA CIy4yailHOM
MIEPEMEHHOM, KOTOpast, Kak MO>KHO MPEANOI0KUTD, PACIIPEEseTCs CASAYIOIUM 00pa3oM:

DS, (4)

MIPU TIOCTOSIHHOM 4acTOTE MPOUCIIECTBHUM A(t) = A.
CrnemoBaTellbHO,

E(X)=ME(S,) uV (X,)=ME(S?) (5)

OCTarOTCs BEPHBIMH, KOI/a JIOIYCKAEM, YTO CYIIECTBYIOT MOMEHTSHI S,. IIpu yc1oBUM 10CTaTOMHOTO
qucia IPOUCILIECTBUH B IO, MOKHO IPUMEHUTD Ipe/ieIbHbIE TEOPEMBI JUIsl paclpeaesieHus X¢, Hallpu-
Mep, LEHTPAJIbHYIO IPECIIbHYIO TEOPEMY.

B cnenytomem pazzene Oyaet nmpoaHain3upoBaHa C TEOPETUUECKON TOUKH 3peHus oreHka (1), mocie
4yero OyJeT UCCIIEOBaH BECh MPOIIECC MPUHATUS PELICHUS C MPUBJICYEHUEM CTaTUCTUYECKOTO UMHTA-
LIMOHHOTO MOJEINPOBAHUS.

3. TeopeTuyeckuin aHanus wara 2 aaropmtma

[Ipu paccmorpenuu (1) ¢ TeopeTHuecKoil TOUKU 3pEHUs], BUIHO, YTO

a) yucIo HaOMIoAeHUH B BBIOOPKE Mallo, MOCKOJIBKY MCIIOJIb3YETCS BCEro 5 3HaUeHuH,

b) cpennee (1) — B3BemIeHHOE CpenHEe, TIe caM BecC (2) BBIBOAUTCS U3 BHIOOPKH,

¢) Bec (2) ycedeH CHU3Y, C TeM YTOOBI OTTPaHUYHUTH €TO OT HOJISA, @ BEIOOP KOHCTAHTHI yCEUCHHUS € He-
CKOJIBKO TIPOM3BOJICH,

d) Bec (2) cumxaeT BIUsHUE OONBINNX HAOMIONEHUN, TaK KaK OOpAaTHO MPOMOPIIMOHAIECH Pa3HUIIS
MeX1y HaOIIo€HUEM U BHIOOPOYHBIM CPEIHHM.

®opma onieHkH (1) xopoiio u3BecTHa B podacTHoM cratuctuke. Ee MoxHO BcTpeTuTs B [2], Pazaen 2.3d,
B BUJI€ Tak Ha3biBaeMoil W-onieHku Thioku, BBesieHHOM Thioku [3] ¢ BecoBoit pyHKiueit (2). Tem cambiM
pe3yabTaThl U3 [2] MOXKHO HaNpsSMYIO HCIIOJIb30BaTh i criennaibHoi Gopmbl (1) nanHoit W-oreHKu.
brino mponemMoHCcTpupoOBaHO B [2], 4TO cTaTucTHYECKOE MoBeAeHHE (1) TouHO TaKoe ke, KaK 1 MOBEIACHUE
M-onenku Xpro6epa ¢ pynkuen y(u)=u w(u). Creayet HamOMHUTE, 9TO M-o1ieHka XbproOepa onpese-
nsieTcs Kak oleHka Tj, ya0BIeTBOpSIONIasl paBEHCTBY

DV (X:T,)=0, (6)
i=1
Paccmotpum, Hanpumep, [2]. Teneps Teopuio poOACTHBIX OLEHOK MOKHO IMPOCTO MPUMEHUTH K (1),

YTOOBI TOCMOTPETh, KAKOBBI CBOMCTBA. JIByMsI OCHOBHBIMH CBOMCTBAMU SIBJISIOTCS POOACTHOCTH M A(-
(hEeKTHUBHOCT.
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a) Pob6acTHocTh

Onenka Ha3bpIBaeTCAd POOACTHOM, €CIIM OHA YCTOWYMBA K BBIOpOCaM, MPUCYTCTBYIOIINM B BBIOOPKE.
Br1OpoChl — 3TO 3HAUEHUS, BHIMAJAIONINE H3 HOPMAIBHOTO MPOCTPAHCTBA 3HAYEHUN BEIOOPKHU, KOTOPOE
COCTOMT U3 OIMHAKOBO PaclpeeNeHHBIX CTy4YallHBIX TEPEMEHHBIX.

MoryT NpUMEeHSThCS IBa OCHOBHBIX IMapaMeTpa poOacTHOCTU OIeHKU. [lepBbIil — Tak Ha3bIBaeMas
TOYKa CPBIBA. ITO TOT MOPOT BHIOPOCOB B BHIOOPKE, 10 KOTOPOTO OIIEHKA BCE €Ile JAaeT HEMPOTHUBOpE-
YHUBBIC PE3yIbTaThl. TO €CTh, HECMOTPS Ha TO YTO KaKas-TO YacTh JAHHBIX B BEIOOPKE BBIMAJAET U3 CO-
BOKYITHOCTH, ITapaMeTPhbl COBOKYITHOCTH OI[CHUBAIOTCS KOPPEKTHO. [locie HEKOTOPhIX pacyeToOB MOXKHO
00HapyXHTh, YTO TOYKA CPHIBA OMpeAensaTcs Ha ypoBHE 50%. DTo crpaBeqIuBO ISl BBLIOOPKH JF000TO
pa3mepa. JItoboe HabmoaeHne, eClii OHO JOCTAaTOYHO KPYITHOE, pa3aeNsieTcsi CBOMM a0COTIOTHBIM OTIH-
4reM OT BEIOOpOYHOTO cpeHero. BeibopouHoe cpeHee moaBepraeTcs HCKaKEHUIO TOIBKO B TOM cily4ae,
ecsin 6osee MoIOBUHbI HAOMIOAEHUH X SIBIISIOTCS BBIOPOCAMHU.

Bropoii BaxHOU XapaKTepuUCTHKOH sBIseTCS (DYHKIUS BIUSHUS, BBeAeHHas XammeneM. Jls cratude-
CKOro 3HaueHus T, MOCTPOEHHOTO Ha OCHOBE HE3aBUCUMBIX M OIMHAKOBO PACIPENEIEHHBIX CITy4YalHbIX
nepeMeHHbIX ¢ o0mell pyHnkiuen pacnpeaenenus F, 1 BbIOpoca y oHa onpenensercs Kak

T(1=0)F +tA,)~T(F)
!

EC.]]H(y;T;F)=1iI{)1 (7

Cwm. [2, Pa3znen 2.1b]. Ay 03HAYaET PaCIpeelICHUE BEPOSITHOCTU NPUBEIEHUS MacChl 1 K TOUKe y.
OyHKIMS BIUSHUS TOKa3bIBAET, HACKOIBKO CUIBHO €IMHUYHOE HAOII0JIeHHEe MOXKET MOBJIMATh Ha caMy
OLIEHKY. DTO MOYKHO JIETKO MIOCUUTATh, €CIIU AATh OMHOMY HAOIIOIEHUIO CTPEMUTHCS K OECKOHEYHOCTH U
IIOCMOTPETb, KaK IMPH ITOM MeHsIeTcs olleHKa. Ecim y — 3HaueHune BbIOpoca, a m — BBIOOPOUHOE CpeiHee
3HaueHUH Xj, MOKHO YBHUJIETh, YTO (PYHKIMS BIUSHUA cpeaHeaprudmerndeckoro (3)

(I-tm+ty—-m _

ECIIH(y) = Itim y—m, (8)

—0 t

Kak npaBuio, pobacTHast olileHKa XapaKTepu3yeTcsl OrpaHUnYeHHON QyHKIMeH BiusHus. MoxHoO 3a-
METHTb, YTO (YHKLHUS BIMSHHUS HOPMAJIbHOTO BBIOOPOYHOTO CPEIHEro He OrpaHHuYeHa M BO3pacTaeT
BMECTE CO 3Ha4€HHEM BbIOpoca y. BoT mouemy BbIOOpOUHOE cpeliHee He ABISIeTCs pOOACTHON OLIEHKOM
CPEIHEr0 COBOKYITHOCTH.

Onenka (1) MoXxeT BeIpaxkarbCsi B BUIE

— jw(x)xdF(x)
- [wixdr(x)”
e
w(x) = ;.
‘x - deF(x)‘

3IICCL H JaJIeC ICJIbIC pacCliojiararoTcsd Ha BCEH BEIIECTBEHHOM OCH.
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Jlnst ouenky (1) GyHKIMS BIUSHES BBITISIAT KaK

deF JB x|x—y|dF(x) wadF(x)IB2|x—y|dF
B2

ECJTH () +0(1), 9)

rae m— cpeanee F, w — B3Bemennas Gynkuus u 3 = [x-m|. Kpome toro, O(1) o3HauaeT uieH nopsiaka |
110 CPaBHEHHUIO C Y, KOTZIAa Y CTPEMHUTCS K OECKOHEYHOCTH.

Oyuknus BiusHus (9) He orpaHWueHa, eciu y Bo3pacraeT. Clie0BaTelIbHO, OAHO SIUHUYHOE Ha-
OmroieHre Xj MOJKET MOBIHUATH HA OIIEHKY CPETHETO TAaKUM 00pa3oM, 4TO €CIIM eAUHUYHOE HAOIIOCHUE
CTPEMHUTCS K OCCKOHEYHOCTH, TO M OIICHKA CPEIHETO TOXKE.

BriBoz 3TOTO HEOOIBIIOTO UCCIETOBAHUS COCTOUT B TOM, 4TO orieHKa (1) He siBiseTcs poOacTHOM.

b) IddexTBHOCTD
J11st TOTO YTOOBI OJYYUTh TUCTIEPCHUIO OLIeHKH (1), pe3ynbTarsl [2] IpOCTO UCIIONIB3YIOTCS AJIs OLIEHOK
THIa MecTorookeHus B Paznene 2.2b. lucniepcus (variance) BRIBOJUTCS CISAYIOMNUM 00pa3oM

Varty, F) = JW (10)

(v ar)

Tenepp, mamsarys o Tom, uyto y(u)=u w(u), mpu w(u) = max(em;[u-m|), BUIuM, 410

W) = w(w)+ u wi(w) = { T ERemD - for em <o)

)

max(em,ju-m|) u“Haue

Ecnu npeneOpeus BAMSHHEM €, KOTOPOE B JIFOOOM Cllydyae Majo, U MOMPOCTy CYUTATh €r0 PaBHBIM
HOJTIO, TIOJTy4aeM

sz (x - m)zdF |
(J(u+ |u—m |)a’F)2

Mo:xHO nnpeHedpeusb €, MOCKOIbKY OHO, TOX0KE, BBEJICHO JIJIsl TOTO, YTOOBI U30€XkKaTh IeJICHHs Ha HOJIb
U C/IeTIaTh BHIYMCIICHUE BO3MOXKHBIM.

OTmeTHM, 4TO JaHHOE 3HAYEHUE JJOJDKHO OBITh OZENIEHO Ha N, YTOOBI MOIYYUTh AUCIIEPCHUIO OLICHKH,
MMOCTPOCHHOM Ha BBIOOPKE pa3zmepa n. DTy BETUYMHY HEOOXOAMMO CPaBHUTH C JUCIIEPCUEH TTPOCTOTO
cpenHeapu(pMeTHuyecKkoro, TO €CTh

Var(y, F) = (12)

Var(F) = [ (x—m) dF =", (13)

N3 paBenctra (12) momyyaem

—2mm+m*

(m+f|x m|dF)

Var(y, F) =

(14)
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I7ie my4 ¥ m3 — OObIUHbIE YETBEPThIE U TPEThH MOMEHTHI pacipesesneHus. Tak kak 3HaueHust X CyTb
CYMMBI JIPYTHX CIIyYallHBIX MEPEMEHHBIX, HOPMAJIBHOE PACHpECIICHUE MOXKET CUMTATHCS XOPOIIUM
npubnmxkenueM. He 3a0yapre, 4T0 Mbl JOIYCTHIIM CYIIECTBOBAaHHE MOMEHTOB 3HA4C€HUH S, TaK 4YTO
rapaHTupyercs ciiabas CXOMUMOCTh K HOpMaJbHOMY pactpenenenuto. [Ipapna, npubnmkenue OyaeT Xo-
POLIMM TOJBKO TOTJIA, KOT/Ia YHCIIO COOBITHI TOCTATOYHO BEIMKO. Tak 4To JUIsi MAJIOTO YKCIa COOBITHIA
npubamxkeHue oyaet rpyosimM. Teneps i1t HopManbHOTO pactupeneneHus (14) momyyaem

Var(y;F)=2m* + 6m2¢2 + 30%)/(m+20)2. (15)
Henum (15) wa (13) 1 momyyaem
Eff = (2+6v2+3v4)/(v2+4v3+4vH), (16)

pu v = 6/m B KauecTBe KoddPurmenta Bapuanuu. Eff npencrapnser coboit oTHocuTeIbHYO 3P dek-
TUBHOCTH pOOACTHOM OLIEHKH, CBI3aHHYIO C HOPMaJIbHBIM BIOOPOUYHBIM CpeAHUM. MOXKHO 3aMETUTH, YTO
OHA CTPEMUTCS K OECKOHEYHOCTH, KaK V CTPEMHUTCS K HOJIO, T.€. oreHKa (1) uMeet ropa3fno OOIbIIHit
pasbpoc, yem oObI9HOE BIOOpOUYHOE cpenHee. Jlaxe npu v=1 MoxHO BuaeTh, uto Eff = 11/7, T.e. nuc-
nepcust poOacTHOU OLIEHKH MPUMEPHO Ha 57% Ooblie, YeM aucrepcusi OObIYHON OLIEHKH.

CrnenoBarenbHO, YeM OOJIbIIE YUCIO HAOMIOACHUN 32 €IUHUYHBIN rojl, TeM MEHbIIEe 3HAYeHUE V U,
TakuM 00paszoM, TeM OosbIie moteps 3PpGeKTUBHOCTH O1eHKH (1).

IIpumeyanus:

1. Mb1 nnpene6periiv TeM GakToM, 9To orieHKa (1) He sABIseTCS HTEPUPOBAHHON OIICHKOH, T.€. CpeIHEee
BBIUMCISETCS JUIsl OlleHKH (1) OfMH pa3, ¥ BEIYUCICHUE OLICHKH HE MOBTOPSIETCS MIPH MOTYyYEHUH HOBOTO
cpenHero, nociue Toro kak (1) paccuutaHo nis yiayuiieHus oueHku. [IpaBaa, BBeneHHas IPU ATOM MO-
IPEUIHOCTh UMEET MOPsAoK 1/n, rae n — pa3mep BEIOOPKHU.

2. [Ipu Berunciiennu 3pPeKTUBHOCTH MbI 3aMEHHIIIN BEIOOPOUHOE CPEIHEE CPETHIUM COBOKYITHOCTH B
BECOBOI (PyHKIIMHU, TEM CaMbIM BBEIS MMOTPEIIHOCTh Mopsiaka 1/n.

3. Llenble yucina 6e3 ykazaHus MpeesioB pacloiaraloTcsl Ha BCEM NMPOCTPAHCTBE OmpeieieHus QyHK-
uuu pacnapenesenus F.

B 3akiroueHue Halero TeoOpeTUYECKOT0 UCCIIeIOBaHMUS, MbI BUJIUM, 4TO OlleHKa (1) yTparuina s3¢gdek-
TUBHOCTh, IPUMEHSAET MEHBIINE Beca K OOIbIINM HaOMIOACHUSIM, HO HE sIBsieTCsl podacTHOM. UTo 310
O3HayaeT Ha nmpakThke? BHe3anmHOe W3MEHEeHNEe CTaTUCTUKHU 33 OJIMH TOJl MJIK HECKOJIBKO JIET HE OKaXKeT
BJIMSIHUS HA CTAaTUCTHUKY TaK, KaK 3TO MPOU30IILIO ObI B CITy4yae ¢ HEB3BEIICHHOW OIIEHKOH, T.€. BRIOOPOUHBIM
cpenauM. Kpome Toro, pazdpoc orieHKH ropasio 00JbIIe, 4eM pa3opoc 0OBIYHOTO BEIOOPOYHOTO CpeTHE-
ro. OTO 03HAYAET, YTO MbI HAOMIOAIN OBl TOPa310 OOJIbIIE «CAYYaitHOTO IIyMay B HallleM CKOJIb3SIIEM
B3BelIeHHOM cpeHeM MWA, T.e. B MWA Moru Ob IpHUCYyTCTBOBATh HEHY)KHBIE ClTydaliHbIE KOJIeOaHus,
B OTJIMYKE OT UCIOIB30BAHUS BBIOOPOYHOTO CPETHETO.

4. Pe3ynbTaTbl UMUTALUOHHOIO MOAENUPOBAHUA

J1st monKperieHns TEOPETUISCKUX M3bICKaHui Pa3aena 2 Ob11 TPOBEICH PsAl MUMUTAITMOHHBIX TECTOB
Ha pa3HbIX MOAENAX QYHKIUNA pactpeieeHusl.

MonenupyroTcst eKeroaHbIe H.0.p. HaOIIoNeHHsI 3aJaHHOTO pactpeneneHus co cpeqauM NRV, atoOs
MPOBEPUTH HYJIEBYIO TUNoTe3y 6. HekoTopeie SKCIEPUMEHTHI OCTABUIIN BIICYATICHHUE, YTO ISl TAKOTO
CUMMETPUYHOTO PACTIPEICIICHHS C TAKUM PETYISIPHBIM MOBEICHUEM HE OBLIO 3aMETHO KaKOW-TO 0OJTb-
IIOW pa3HMIIBI MEXKAY PEIICHUS MU, OCHOBAaHHBIMH Ha HOPMaJIbHOM ycpeaHeHUHU (3) U B3BEIICHHOM
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ckoub3sieM cpeaaeM (1). Tak uTo B kauecTBE BEPXHETO MpeJielia oL MOXKEM MOCTYTMPOBATh HOPMaIbHOE
MPUOTKECHUE

NRV
17
P(N > _5), (17)

rae N — craHgapTHasi HOpMajibHas ciaydaiiHas nepeMeHHas. JlaHHasi anmpoKcUManusl BIBOJAUTCS U3
ToTrO (hakTa, uTo MBI ycpeansiem S 3HaueHnit NRV cornachHo (1) u momyckaem HopMaabHOE TPUOIMKECHHE.
Hammm nMuTanimoHHbIE TECTHI MOATBEPIKIAAIOT, UTO pacupenencaue MWA, neficTBuTeIbHO, 00Jiee MII0THO
ueHTpupyercs Bokpyr NRV, npu 3ToM morpemHocTs Ha yIUBICHHE Malla. DTO BIIOJIHE JIOTUYHO, BEllb
MWA cxnagpIBaeTcsl U3 HECKOJILKUX 3HaueHuit NRV.

J1j1s BTOpOro 3KcrepuMeHTa 6epeM raMmma-pacipe/iesieHie B KaYeCTBE HECUMMETPUUECKOTO PeIIeHuUs
Y CpaBHHMBAEM pe3yibTaThl IEPEKOCa pacipeieeHUs sl pAaBHOTO G.

Pesynprarel B Tabnuie 1 moka3pIBatoT O0IBIIYIO 3aBUCUMOCTD BEPOSITHOCTEN MOTPEIIHOCTH JISI 111ara
2 ot . [Ipu ManoM G, oL IPaKTUYECKHU PaBHO HOJIIO, HO MPU U3MEHEHUAX B CPEJHEM 3HAYEHUU MEHEe
yeM Ha 20%, B Onu3ko K 1, B TO Bpems Kak MpH OOJIbIIEM G, O BO3PACTaeT, a [3 yObIBaeT. 3aMeTHM, YTO
cpenHee ObLIO BHIOPAHO PABHBIM €UHUIIE, TAK YTO G TAKXKE ABJSAETCSH KOA(D(GUIIMEHTOM AUCIIEPCHUH.

Taomuna 1. Pe3yJ1bTaTbl HMHUTAIMHOHHOI0 MOJAC/THPOBAHUA BECPOATHOCTH OIIUOKH nepBoro poaa o

DKCIEpUMEHT c=20% 6=30% 6=50%
HopmanbHoe npubnmxeHue 0,013 0,068 0,19
Hopmansroe MWA 0,01 0,074 0,18
Hopmanbabie maru ¢ 1 mo 3 0,0043 0,032 0,08
M'amma-MWA 0,029 0,084 0,15
I'amma-maru 1-3 0,011 0,032 0,06

Jlnana3oH 3HaYCHUH G, IPE/ICTaBICHHBIN B TAOMUIIE 1, MOXKET CUMTATHCS BIIOJIHE PENIPE3EHTATUBHBIM,
KaK JIEMOHCTPHPYET MOAPOOHAs OLICHKA IIBEHIIAPCKON CTaTUCTHKH ITporciiecTBUil. K coxanenuro, neranu
PE3YJIbTaTOB SIBIISAIOTCS KOH(UACHIIMAIBHBIMU. Pe3ynbTaThl TaKk:Ke MOKA3bIBAIOT a/IeKBaTHOCTh HOPMaJlb-
HOTO MPUOTMKEHUS, B 0COOCHHOCTH JUIsl O0JIbIINX 3HaYeHUH 6. OHHU TaKKe MOKA3bIBAIOT, UTO Iary 1 u
3 mpu KOMOMHUPOBAHUM TOJIBKO 00ECTIEUHBAIOT (PaKTOp MEXIY 2 U 3, UTO YKa3bIBaeT Ha BHICOKYIO CTE-
NEHb 3aBUCUMOCTH. OTMETUM, YTO MBI HE MOJICIIMPOBAIIU IIAT 4, TOCKOJIBKY ISl 3TOTO CIIy4as 3HaYCHHE
o onpeneneHo ERA kak pasuoe 0,05, HO Takke ¢ BBICOKOI CTENeHbI0 3aBUCUMOCTU. Kpome Toro, Ham
HPULTOCH OBI C/IEaTh ropasio 0oJblile TOMYyIIEeHUI B OTHOILIEHHH COCTaBHOTO nporiecca [Tyaccona.

Taxoke ObLIM IPOBENICHBI U APYTHE KaueCTBEHHbBIE IKCIIEPUMEHTBI, YTOOBI BBIIBUTH HEKYIO «ILIOXYIO»
aJIBTePHATUBHYIO TUIIOTE3Y, KOTOPYIO BPSAJ JM MOXHO Paclo3HaTh BO BpeMs MPOLETypbl MPUHATHUSL
pemieHus. B 3TuX skcrepuMeHTax H.0.p. HaOOAEeHUs ObUIN MCKa)KEeHb! (PUKCUPOBAHHBIMU UM PaHJIO-
MU3UPOBaHHBIMH JIUHEAPHBIMU TPEHAaMU JIUO0 MEPHOINIECKH BOSHUKAIOIIMMHU BEIOPOCAaMu, penpe3eH-
TUPYIOIIUMH KpyHnHOMacuTaOHble mporciecTBus. O01ee HaOI0AeHNE TAKOBO: MPOLelypa IPUHATHS
peleHust JOBOJIBHO MEIJICHHO OOHApY)KMBACT JIMHEAPHBIH TpeH, U TpedyeTrcs, Kak IpaBuio, oT 4 10
5 net, yToObI HyNeBas TUIIOTE3a ObLIA OTBEPTHYTA MPOLEYPOi, TOCIE TOrO KaK TeHACHIIUS yKe cTala
3aMETHOH B JaHHBIX. DTOT 3PPEKT MOKHO OOBSICHUTH KOMOMHUPOBAHHBIM JICHCTBHEM TO/IaBICHHUS BbI-
OpOCOB CKOJB3SIIIIMM YCPETHEHUEM B IIare 2 U «OJAHOKPATHBIMY UCKITIoueHreM B mare 3. Kak u oxxuia-
JI0Ch, BBIOPOCHI TAKXKe JOBOJBHO XOPOIIO MOJAABIISIOTCS MPOLEAYPOH NPUHATHS PELICHUS, HallpUMeED,
npu HU3KOM G, ckaxkeM 10% ot NRYV, npouenypa npuHATHS peLIeHUs TOIyCKaeT KPyHHbIe BEIOPOCHI,
CIIy4arolIrecs He peke, YeM pa3 B TPU Tofia, YTO HA MPAKTHKE HE MOIVIO OBl JOIMYCKAThCS.
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OLIEHKA HALIMOHAJTbHbIX 9TAJIOHHbIX 3HAYEHUN
AN XXENE3HOA0POXHON BESONACHOCTU. CTATUCTUYECKASI TPAKTOBKA

5. 3aknw4yeHue

B nacrosieli cratbe paccMOTpPEHa, Kak ¢ TOYKU 3pEHHUsI TEOPETUUECKON TPAKTOBKH, TaK U ITyTEM UMU-
TallMOHHOT'O MOZIETUPOBAHUS C UCTIOIb30BaHUEM MeTofa MoHTe-Kapiio, npoiieypa NpuHsATHS pEeLIeHUs,
npencrasieHHast B [ 1]. Bersicamnock, uto B3BenenHas cymma (MWA), rcrionb3yemast B porierype, iMeeT
OonbiInit pazdpoc, yeM 00bIYHOE BHIOOPOYHOE cpeiHee. 3aMETHM, YTO OLIEHKa MaKCUMAaJIbHOTO IIPaB/I0-
0710011 BCeria aCUMITOTHYeCKH 3(p(peKTHBHA, IPU YCIIOBUH, UTO BBITIOTHSIFOTCS YCIIOBUS PETYJISIPHOCTH.
B Hamewm ciyuae olieHKa MaKCUMaJIbHOTO MPaBAOINo00Us — BHIOOPOYHOE CPETHEE, U OHO OKAa3bIBACTCA
s dekTuBHOI oueHkoi. OeHka NpUMEHseT MEHbIINe Beca K 0ojee KpymHbIM HAOMIONCHUSAM, HO HE
sBisieTcst podactHoi. Metonm MWA naeT xopoiiee ycpeTHeHHOe 3HaueHue, HO TepseT 3 (HEKTUBHOCTD,
B OTJIMYHUE OT BHIOOPOYHOTO cpeiHero. Takke 0Ka3anoch, YTO €CJIM BEPOSTHOCTH OLIMOKHU MIEPBOTO poaa
JTIOBOJILHO Majia /il THTUYHBIX TapaMeTPOB, TO BEPOATHOCTH OLIMOKH BTOPOTO POa MOXKET OBITh BEChbMa
BBICOKOM, TaK KaK, B YaCTHOCTH, OOJIbLIINE 3HAYECHHUS MIPU ATOM HE MPUHUMAIUCH OBl B pacyeT MallbIMU
BECaMH, a CJIeI0BAaTEIbHO, TEHCHIINH B aJIbTEPHATUBHBIX TUIIOTE3aX HE PACIIO3HABAIMCH Obl HA paHHEH
CTa/IUU.

JlJig CTaTUCTUYECKUX MPOLEAYDP MPUHITHUS PELICHUI TaK)Ke He CBOMCTBEHHO YUUTHIBATH B MPOLIETYpPE
BBIOOPOUYHYIO BapHallMIO, a 3HAYHT, B CAMOM IPOIeaype HE ObLIO MPEeIyCMOTPEHO KaKOro-Iu0o GpUKCH-
POBAHHOTO LIETIEBOTO 3HAYECHHUS JJIsI BEPOSITHOCTHU MOTPELUTHOCTH MIEPBOTO POJa.

Ecnu Obl Hy>kHa ObL1a OLIEHKA C OTPaHUYEHHON pOOACTHOCTHIO, TO MOKHO OBLIIO ObI HCIIOTIB30BATh TaK
Ha3bIBAEMOE OL-yceueHHoe cpenHee. JlanHas olieHka npenedperaetr HauMmeHbumu y/*100% 1 Haubob-
M y/*100% HabaroneHus MU B BBIOOPKE U PACCUUTHIBAET TOJIBKO CpEHEE 3HAYEHHE IO OTHOLICHHIO K
OCTaBIIMMCSI AJIEeMEHTaM BbIOOPKH. Takasi OlleHKa ropasio Mpoile, a €e TOUKY CpbiBa (27) MOKHO U3Me-
HUTH B 3aBUCUMOCTH OT yceueHus. B 3Tom ciayuae He Haz0 ObL10 Obl MPUMEHSThH B3BEIIMBAHUE, a TIOTEPSA
s dexTuBHOCTH ObIIIa OBI TOPA3/I0 MEHBIIICH, YEM B CTydae C HACTOSAIICH OI[CHKOM.

baarogapHocTh
ABTOPBI BBIpAXAIOT 0J1arolapHOCTh JBYM aHOHMMHBIM PEIICH3EHTAaM 3a TIOMOIIb B PEIaKTHPOBAHUU
CTaTbH.
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Functional safety. The theory and practice

Jens Braband', Hendrik Schebe?

ASSESSMENT OF NATIONAL REFERENCE VALUES FOR
RAILWAY SAFETY A STATISTICAL TREATMENT

We discuss the decision procedure used in the Commission Decision [1] for national reference values
(NRV). According to the safety directive, every year seven safety indicators have to be computed for every
member state. In the decision a fixed procedure has been presented for computing the safety indicators
and to assess whether there is a possible deterioration in safety. In the safety assessment, the decision
depends on a weighted sum in place of an arithmetic mean.

It is then of interest how such a decision procedure would behave and what would be the advantages and
disadvantages of the particular method. In this paper, we study a slightly simplified version of the procedure
by two means. First, we analyse the weighted sum and derives its characteristic as efficiency. Moreover, we
compare it via a spread with an ordinary sample mean. We support the theoretical results with the help of a
simple simulation study in order to estimate failure probabilities of the first and second kinds. In particular,
we construct bad alternative distributions which the decision procedure cannot distinguish.

Keywords: national reference values, railway safety indicator, robust estimators.

1. Introduction

In the Commission Decision [1], a set of so-called NRV (national reference values) for each member
state of the EU is estimated from accident data for several years. The accident data is measured in FWSIs
(fatalities and weighted serious injuries) for different categories of persons: passengers, employees,
level-crossing users, others, unauthorized persons, society as a whole. The choice of measures as the
passenger FWSI is motivated by the fact that individual accidents have a relatively high frequency and
low consequences compared with rare but potentially very high consequence accidents, such as high
speed train collisions. However, for the purpose of this paper, we do not consider a particular NRV but
concentrate on the generic approach and its properties. These NRV are then set as targets for the following
years. In each year for each state and each NRV there the following hypothesis has to be assessed: “H,: Is
there evidence that the safety performance of the member state with respect to NRV has deteriorated?”’

This hypothesis as such is well-known for problems of quality control. There, parameters as e.g. lengths,
widths etc. are monitored. A sampling technique is applied to judge whether the process produces items that
are out of specification. For this sake, a normal distribution with mean value p and a spread o is supposed

! Siemens AG, Bpayniuseiir, Tepmanus
2 TUV Rheinland InterTraffic GmbH, Kénbh, Tepmanns
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to exist for the parameter to be monitored. Then, limits are computed and if a certain number of items
are outside the limits, the process is assumed to be out of control. Details can be found in many books
on statistical quality control, as e.g. [5]. In order to monitor the process, quality control charts are used,
where the measurement values are registered together with a running number or the time, the measurement
was carried out. Then, on the control charts the warning limits and the action limits are drawn according
to the rules applied. Later on, these control charts have been refined and computerized.

So, the problem treated by the ERA (European Railway agency) in its directive [1] is similar to that of
the well-known control charts.

However, the algorithm proposed by the ERA [1] is new and has never been analysed from a statistical
point of view. This is subject of the present paper.

In section two we will describe the approach used by the ERA to monitor their indicators. In the third
section we will provide a theoretical analysis of the main step of the decision procedure of the ERA.
This will then be supported by a Monte-Carlo simulation of the rule in section four. The last section is
dedicated to conclusions.

2. The Approach Used by the ERA

The ERA wishes to test the H:hypothesis:

‘The safety performance of the member state has not deteriorated with respect to the NRV”

by use of a procedure, which is in fact a complex statistical test consisting of several steps. We first
give a generic definition of the problem we want to discuss in this paper:

Let the yearly values be denoted by Xj. Then, a particular moving weighted average (MWA) can be
defined as a weighted sum:

q
> w, (DX,
— =p
MWA = 7 . (1)
2 VgD
i=p
The weights are defined in the following manner:
Wp q ()= Umax(e;|Xi- X p gl) (2)
T 1 Q
with X ,, = —ZXl. 3)

g-p+lis

as the arithmetic mean. The value € has been set to a value of 0.01 in [1], probably based on a heuristic
argument. Note that ERA calculates the MWA only based on the five most recent years, which we designate
MWA_ . 4 here. Then, we can express the multi-step decision rule which has in fact become law as a EU
regulation in the following algorithm:
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Algorithm

IF NRV>2X OR NRV>MWA .. THEN ACCEPT H( ELSE.

IF NRVx1.2>MWA ,, THEN ACCEPT H ELSE.

IF “First deviation (in steps 1 or 2) in the last three years”, THEN ACCEPT HyELSE.

IF “Number of significant accidents not increased”, then ACCEPT H)ELSE.

REJECT the hypothesis that safety performance has not deteriorated.

This algorithm has been generated directly from the description given in [1]. A justification for this
algorithm is not provided in [1]. Therefore, we will give explanations on how the algorithm works from
a statistical point of view. In this paper, we are particularly interested in the failure probabilities of the
first and second kinds, namely that H, is rejected in case it holds true and that H,, is accepted while being
false. We denote the coinciding failures by o and 3 as the probability of error of first and second kind,
respectively.

We start with some simple observations that we have made when analysing the algorithm consisting
of steps 1-5:

Step 1 yields a more or less random result with a probability of acceptance in the order of 0.25 to 0.5
under reasonable assumptions; so, it is not an important factor and is discarded here.

In step 2, the constant tolerance band seems completely heuristic.

Step 3 could also be uninteresting as there will be dependencies in the data of subsequent years and it
cannot be expected to contribute much.

In step 4, ERA explicitly calls for a statistical test to be applied and assumes a Poisson distribution for
the number of significant accidents as the null hypothesis

On the basis of the last observation, we may conclude that ERA assumes a compound Poisson process
as the null hypothesis with N, depicting the number of accidents until time tand S, S,,... an independent,
identically distributed (i.i.d.) sequence of random variables describing the severity of the accidents as we
have studied in [6]. The accidents occur with a rate of occurrence of A(t) at time T, Ty, etc., where i is
the index of the accident. For each accident with index i there exists a certain ,,jump height“ S;, which is
the severity. The severity is measured as the number of fatalities (or equivalent fatalities). So, for a fixed
interval [0,t], the process X describes the cumulated number of fatalities and N, describes the accumulated
number of accidents.

This compound Poisson process can be used to derive characteristics for collective risk.

So, under the null hypothesis, the observables X; is a random variables that can be assumed to be
distributed as

Nt

DS, (4)

i=1

With a constant accident rate A(t) = A.
Thus

E(X,)=ME(S,) and V(X,)=ME(S?) (5)
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holds, where we assume that the moments of S, exist. Given a sufficient number of accidents per year,
limit theorems for the distribution of X{ may apply, e.g. central limit theorem.

In the following section, we will analyze the estimator (1) from a theoretical point of view and afterwards
explore the complete decision process by statistical simulation.

3. Theoretical Analysis of Step 2 of the algorithm

When looking at (1) from a theoretical point of view we see that

a) the number of observations in the sample is small, since only 5 values are used,

b) the mean (1) is a weighted mean, where the weight (2) itself is also computed from the sample,

c¢) the weight (2) is truncated from below, ensuring that it is bounded away from zero, where the choice
of the truncation constant € is somewhat arbitrary,

d) the weight (2) reduces the influence of large observations since it is proportionally to the inverse of
the difference of the observation and the sample mean.

The form of the estimator (1) is well-known in robust statistics. It can be found in [2], Section 2.3d, as
the so-called Tukey’s W-estimator, as introduced by Tukey [3] with weight function (2). So, the results
from [2] can be directly used for the specific form (1) of this W-estimator. It has been shown in [2] that
the statistical behavior of (1) is the same as that of Huber’s M-estimator with function y(u)=u w(u). It is
to be recalled that Huber’s M-estimator is defined as an estimator T, satisfying the equation

iw(X,-;T,,)=0, (6)

See, for example, [2]. Now, the theory of robust estimators can simply be applied to (1) to see what its
properties are. The two main properties are robustness and efficiency.

a) Robustness

An estimator is called robust if it is not susceptible to the presence of outliers in the sample. Outliers
are elements of the sample that do not belong to the normal sample space which consists of identically
distributed random variables.

Two main characteristics for the robustness of an estimator can be applied. The first is the so-called
breakdown point. This is the fraction of outliers in the sample up to which the estimator still yields a
consistent result. That means, although a certain fraction of data in the sample does not belong to the
population, parameters of the population are estimated correctly. After some algebra, the breakdown
point can be found to be at 50%. This holds for any sample size. Any observation, if it is large enough,
is divided by its absolute difference from the sample mean. The sample mean is only influenced if more
than half of the observations X are outliers.

The second important characteristic is the influence function, introduced by Hampel. It is defined for
a statistic value T constructed on independent, identically distributed random variables with a common
distribution function F and for an outlier y as

T(1-0)F +tA,)~T(F)

IF(y;T;F)=1i1£1 ;

(7

See [2, Section 2.1b]. By Ay, we denote a probability distribution putting mass 1 to point y. The
influence function shows how much a single observation can influence the estimator itself. It can easily
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be computed by letting one observation tend to infinity and seeing how the estimator changes. If'y is the
value of the outlier and m denotes the sample mean of the values Xj, it can be seen that the influence
function of the arithmetic mean (3) is

IFAy) = im0 =Amty=m_ )

t—0 t

Usually, a robust estimator is characterized by a limited influence function. It may be noted that the
influence function of the normal sample mean is not limited and increases together with the value of the
outlier y. That is why the sample mean is not a robust estimator of the population mean.

The estimator (1) can be expressed in the form

_— jw(x)xdF(x)
jw(x)dF(x) ’
with
~ 1
) ‘ [ xar( )‘

Here, and furthermore, the integrals are over the entire real axis.
For the estimator (1), we derive the influence function as

deF(x)IB x|x—y|dF(x)- wadF(x)JB |x—y|dF
BZ

IF(y)=y +0(0), 9

with m being the mean of F, w being the weight function and = [x-m|. Furthermore, O(1) denotes a
term that is of order 1, compared with y when y tends to infinity.

The influence function (9) is not limited if y increases. Therefore, one single observation Xj can
influence the estimator of the mean such that if a single observation would tend to infinity, the estimator
of the mean would do the same.

The conclusion from this short study is that the estimator (1) is not robust.

b) Efficiency
In order to obtain the variance of estimator (1), simply the results of [2] are used for location-type
estimators in Section 2.2b.The variance is given by

Varty, F) = JW (10)

(v ar)

Now, remembering y(u)=u w(u) with w(u) = max(em;|u-m|), we see that

max(em,|u-m|)+uforem</u-m|

v(w) = w(u) +uw(w) = { (11D

max(em,|u-m|) otherwise
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If we neglect the influence of € which is small anyway, and simply set it to zero, we obtain

J 2(x- m) dF
J(u+|u m|)dF)

We can neglect € since it seems to be introduced to avoid division by zero and make the computation
feasible.

Var(y, F) =

(12)

Note that this value has to be divided by n to obtain the variance of an estimator constructed from a sample
of size n. This quantity has to be compared with the variance of the simple arithmetic mean, viz.

Var(F) = [ (x—m) dF =", (13)

Equation (12) yields

—2mm+m*

(m+I|x m|dF)

where my and mj3 are the ordinary fourth and third moments of the distribution. Since the values X
are sums of other random variables, a normal distribution can be assumed as a good approximation.
Remember, that we have assumed the existence of the moments of the S values so that weak convergence
to the normal distribution is guaranteed. The approximation, however, would only be a good one, if the
number of events is large enough. So for small numbers of events, it will be just a rough approximation.
Now, for a normal distribution, (14) yields

Var(y, F) = (14)

Var(y;F)=2m* + 6m2¢2 + 36%)/(m+20)2. (15)

Dividing (15) by (13), we arrive at

Eff = 2+6v2+3v4)/(vZ+4v3+4vH), (16)

with v = 6/m as the coefficient of variation. Eff is the relative efficiency of the robust estimator,
related to the normal sample mean. It may be noted that it tends to infinity as v tends to zero, i.e. the
estimator (1) has a much larger spread than the ordinary sample mean. Even for v=1, it may be observed
that Eff = 11/7, i.e. the variance of the robust estimator is about 57% larger than that of the ordinary
estimator.

So, the larger the number of observations in a single year, the smaller the value of v and thus the larger
the loss of efficiency of the estimator (1).
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Notes:

1. We have neglected the fact that estimator (1) is not an iterated estimator, i.e. the average is computed
once for estimator (1) and computation of the estimator is not repeated with the new mean, after (1) has
been computed for improving the estimate. However, the failure introduced is of order 1/n, where n is
the sample size.

2. When computing the efficiency, we have replaced the sample mean by the population mean in the
weight function, thus introducing an error of order 1/n.

3. Integrals without indication of the limits are over the entire domain of definition of the distribution
function F.

As a conclusion of our theoretical study, we see that estimator (1) has lost efficiency, applies smaller
weights to larger observations but is not robust. What does that mean practically? A sudden change in one
or several years of the statistics would not influence the statistics in the same manner as for an unweighted
estimator, e.g. the sample mean. In addition, the spread of the estimator is much larger than that of the
ordinary sample mean. That means we would observe much more “random noise” in our MWA, i.e. there
might be unnecessary random fluctuations in the MWA compared with the use of the sample mean.

4. Simulation Results

A number of simulations with different models of distribution functions have been carried out to support
the theoretical results of Section 2.

We simulate i.i.d. annual observations from a given distribution with the mean NRV to test
the null hypothesis. We start with a normal distribution and vary the standard deviation . From
some experiments, we have gained the impression that, for such a well behaved and symmetric
distribution, not a great difference between the decisions based on the normal average (3) and
the weighted moving average (1) was visible. So, as an upper limit for a, we can postulate the
normal approximation

NRV

m),

P(N > (17)

where N is a standard normal random variable. This approximation is derived from the fact that we
average 5 values of NRV’s according to (1) and assume a normal approximation. Our simulations confirm
that in fact the distribution of the MWA is centered more tightly around the NRV, but the error is surprisingly
small. This is only logic, since the MWA is built from several values of the NRV.

For a second experiment, we take the gamma distribution as a non-symmetric solution and compare
the results of the skewness of the distributions for equal .

The results in table 1 show the great dependency of the failure probabilities for step 2 on c. For small
o, a is virtually zero, but, for changes in the mean of less than 20%, B is close to 1, while, for larger o,
o 1s increasing and B is decreasing. Note that, the mean has been chosen to be one, so that ¢ is also the
coefficient of variation.
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Table 1 Results of simulation for first kind error probability a

Experiment 6=20% 0=30% 0=50%
Normal approximation 0.013 0.068 0.19
Normal MWA 0.01 0.074 0.18
Normal steps 1 to 3 0.0043 0.032 0.08
Gamma MWA 0.029 0.084 0.15
Gamma steps 1 to 3 0.011 0.032 0.06

The range of ¢ values shown in table 1 can be regarded as quite representative, as a detailed evaluation
of Swiss accident statistics has demonstrated. Unfortunately the detailed results are confidential. The
results also show the adequacy of the normal approximation, in particular for larger values of . They
also show that steps 1 and 3 when combined only contribute by a factor of between 2 and 3, indicating
that there is a high degree of dependency. Note that we have not simulated step 4 as, for this case, o has
been fixed by ERA to 0.05, but also with a high degree of dependency. Also, we would have had to make
many more assumptions on the compound Poisson process.

Also other qualitative simulations have been performed to find some “bad” alternative hypothesis that
the decision procedure can hardly distinguish. In these experiments the i.i.d. observations have been
distorted by fixed or randomised linear trends or by periodically recurring outliers, representing large
scale accidents. The general observation is that the decision procedure is quite slow in detecting a linear
trend, it generally takes 4 to 5 years until the decision procedure rejects the null hypothesis, after the trend
has become visible in the data. This effect can be explained by a combined effect from the suppression of
outliers by the moving average in step 2 and the “one off”” exception in step 3. As expected also outliers
are suppressed quite well by the decision procedure, e. g. for low o, say 10% of the NRV, large outliers
are tolerated by the decision procedure occurring as often as every third year, which in practice could
not be tolerated.

5. Conclusions

In this paper, we have discussed, both by theoretical argument and by Monte Carlo simulation, the
decision procedure as introduced in [1]. It has turned out that the weighted sum (MWA) used in the
procedure has more spread than the ordinary sample mean. . Note that, the maximum likelihood estimator is
always asymptotically efficient, provided the regularity conditions are fulfilled. In our case, the maximum
likelihood estimator is the sample mean and this is the efficient estimator. The estimator applies smaller
weights to large observations, but is not robust. The MWA gives a good average value but loses efficiency
compared with the sample mean. It has also turned out that, while the error probability of the first kind is
quite small for typical parameters, the error probability of the second kind can be very high, in particular
as large values would be discounted by small weights and therefore, trends in alternative hypotheses
would not be detected early.

It is also uncommon for statistical decision procedures that the sample variation is not taken into
account in the procedure and that no target value for the error probability of the first kind has been fixed
in the design of the procedure.

If an estimator with limited robustness were needed, the so-called a-trimmed mean could be used. This
estimator neglects the y/*100% smallest and y/*100% largest observations in a sample and computes the
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mean only with regard to the remaining elements of the sample. Such an estimator is much simpler and
its breakdown point (2y) could be changed, depending on the trimming. Then, no weighting would need
to be applied and the loss of efficiency would be much smaller than with the present estimator.
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dyHKuMoHanbHasa 6e3onacHocTb. Teopus U NpakTuka

lopsintos A.B., Sambiunsaes A.M., lNnartoHoB E. H.

AHAJIN3 BJINAHNA DAKTOPOB HA YLUEPB
OT NPOUCLUECTBUM HA TPAHCIMOPTE C MOMOLLbIO
PEFPECCUOHHbIX MOLEJIEA!

Crarbsi nocssiLieHa aHamm3y MpPOUCLLECTBUV Ha TpaHcropTte. [Uis aHanm3a B/VSIHUST Pa3/INyHbIX (akToOpOB Ha
6e30rnacHOCTb [ABWXEHUS MPeniaraeTcsl UCroIb30Barb METOLAbl PErPECCUOHHOro aHammaa. lpeanaraercs vc-
r0/1b30Barb MOAE/b 3aBUICUMOCTU yiljepba, HAaHECEHHOIO TPAaHCMNOPTHLIM MPOUCLLECTBMEM, OT Habopa ¢akTo-
OB, BJMSIIOLUMX HA €r0 BO3HUKHOBEHWE. 1719 noCTpOeHUs MOAEN UCTIONL3YETCS HEJIMHEVIHasl perpeccuoHHast
MOZeJIb C TOYKOV pa3pbiBa. Moaesib CTPOUTCS C LEsIbIO M0J1yHEHUS AaHHbIX O aKTUYECKOM W MPOrHO3upyemMom
ypOBHEe 6e30MacHOCTV ABWXKEHUS M0e340B. ITU AaHHbIE HEOOX0AMMbI [/151 OLIEHKM [OCTaTO4YHOCTY MEPOMPUSITUL,
HaripaBJ/ieHHbIX Ha obecriedeHe HOPMaTMBHOIO YPOBHST 6€30MacHOCTH, AJ1s1 MUHVMU3ALIMN PECYPCOB, BbiAesisie-
MbIX Ha pelueHne 3aaa4 6e30rnacHoro ABVKEHWST rMNoe3aoB, B TOM YUC/e [J1si OOOCHOBaHUSI MPUOPUTETOB Mpu
pacnpeaeneHun pecypcoB. B pabote paccmMoTpeHo ABa rnpymMmepa. B nepBom npumepe rnpuBeaeHbl pesysibtarsl
pac4eToB Mo pPeasbHbIM AaHHbIM O MPOUCLLECTBUSIX HA XENe3HOA0POXHOM TpaHcropTe CLLA. Bropovi npymep
[OCTPOEH Ha OCHOBE PE3YJ/IbTaTOB YUC/IEHHOO MOAEIMPOBAHNM BEJINYMHBI yLLiepba v pakTopos.

Kno4yeBble cnoBa: xene3HOAOPOXHbIVI TPaHCIopPT, 6e30MacHOCTb ABUXEHUS, PErpeCcCUOHHbIV aHain3.

BeBepeHue

N3BecTHO, uyTO 0OOEcnieueHNEe OE30MACHOCTH ABUKEHUSI IBJISIETCS] OTHUM U3 IPUOPUTETHBIX HaIlpaBiie-
HUH (YHKIIMOHHUPOBAHUS KEJIE3HOIOPOKHOTO TpaHcnopTa. PenepanbHblil 3akoH «O KeIe3HOTOPOKHOM
Tpancnopte B Poccuiickoit denepanmm» onpenenseT 6e301acHOCTb IBUKEHNUS, KAaK COCTOSIHUE CTAOUIIb-
HOCTH [IEPEBO30YHOTO MIPOLIECCA, IPH KOTOPOM OTCYTCTBYET HEIOIYCTUMBII pUCK BOSHUKHOBEHHMSI TPAHC-
MOPTHBIX IPOMCIIECTBUI U UX MOCIEICTBUI, BIEKYIINI 32 COOON NPUUMHEHHE BPEAA )KU3HU U 3I0POBBIO
rpakJaH, OKpy>Karoliel cpesie, MIMyIIeCcTBY (PU3NUIECKUX M FOPUINIECCKHUX JIUII.

B pa6ore [ 1] npemyioskeHa METOMKA OTICHKH YPOBHS ONTAaCHOCTH BOSHHKHOBEHHS TPAHCITOPTHBIX MTPO-
UCILIIECTBUI HA OCHOBE aHAJIN3a UX CBSI3U C (DaKTOpaMH, BIHMSIOIIMMH Ha X BOSHUKHOBEHHUE. PaznmuHbie
METO/IbI aHaJIM3a OE30MaCHOCTH Ha KeJIE3HOJOPOKHOM TPAHCTIOPTE NpeacTaBieHbl B [2—7]. [Ipu ananuze
0€301MacHOCTH Ha JKEeJIE3HOIOPOKHOM TPAHCIIOPTE KPOME BEPOSITHOCTH TOSIBJICHUS] CAMOTO TPAHCTIOPTHOTO
MIPOMCIIECTBHSI CIIEAYET YUUTHIBATh M BEIMUMHY YIIepOa, KOTOPBI HAHECEH 3TUM IpouciecTBreM. s
aHanmM3a yuiepoa npeaaraeTcsi HCIoiIb30BaTh METO/IbI PETPECCUOHHOTO aHanu3a [8, 9].

! PaGora BhInoHeHa 11pyu GpuHaHcoBoit noaaepsxke PODU (rpant 12-07-13114-0pu_m_PIKJT)
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1. AHanun3 yuwep0a oT TPaHCNOPTHbIX NPONCLLUECTBUN

O HeoOXOIMMOCTH yueTa BeTMUYHMHBI yIIepOa MOXKHO CYIUTh U3 THCTOTpaMMBI yiepoa (cMm. puc. 1),
HAaHECEHHOT0 3aJIepKKaMu M0e3/10B Ha xesie3HogopokHoM TpaHcnopte CIIA B 2010 romy [10].

Bunno, uto yiiep0 oueHb CUIBHO pa3NuvaeTcs OT MPOUCHIECTBUS K MPOUCIIECTBHIO, TO3TOMY y4YeT
TPAHCIIOPTHBIX MPOHUCILIECTBUH, KAaK PABHOIIPABHBIX HAOMIONEHUIN MOXKET MPUBECTH K TOMY, UTO MBI OyZeM
MIPUHUMATh MEPbI, HaIIpaBJIEHHbIC HA CHIKEHUE YHCIIa MPOUCIIECTBUH, YIIIEpO OT KOTOPHIX HEBEIHK. ITO
MIPOM30MAET U3-3a TOTO, YTO YHUCIIO MPOMCIIECTBUN ¢ HEOONBIIUM yIIepOOM Ha MOPSIOK OOJbIIE, YeM
MpoUCHIeCTBUI ¢ OonbiuM yuepoom. [Ipu 3Tom cymMMapHblit yiiepd OT MpoUCIIeCTBUNA ¢ HEOOIbIINM
yiepoom, Ha000POT, B HECKOJIBKO pa3 MeHbIIIe. AHAIOTUYHAs KapTHHA HAOIIOMaeTCsl ¥ O APYTUM BUaM
TPAHCHOPTHBIX MTPOUCHIECTBUH.

900

800 (@

700 T8 1

600 [

500 (@

400 T

300 |

200 [ 1

100 [

0 .
377 757808 1507238 2256669 3006099 3755530
383092 1132523 1881954 2631384 3380815

Puc. 1. 'ucrorpamma ymiep0a ot 3aJiepKeK 10e3/10B

Bemuuuny yiep6a MOXKHO y4€CTh, €CJIM IOCTPOUTH PErPECCHOHHYI0 3aBUCUMOCTB OT Habopa (pakTopoB.
Takue MoAenu MUPOKO MCIIONIB3YIOTCS MIPH aHaIu3e 0e30MacHOCTH Ha TpaHcmopre [3—7].

[Tycts X — ckansipHas nepeMeHHas1, ONUCHIBAIONIAs BEIUYHHY yiiepOa, HAaHECEHHOTO TPAHCIIOPTHBIM
MIPOUCIIECTBHEM HEKOTOPOTO BHJIA. DTO MOXKET OBITH yIIepO OT KpyIIEHHUs moe3/1a, O0KOBOTO CTOIKHO-
BEHUSI 110E3/10B, 3a/ICP’KKU MPUOBITHS 10e3/1a U T.1.

MBpI ipeanonaraem, 4To X 3aBUCHUT OT M-MEPHOTO BEKTOpa F HEKOTOPHIX (PAKTOPOB B TOM CMBICIIE, UTO
M3MEHEHUS BEKTOpa I BHI3BIBAIOT BIIOJIHE ONPEIEICHHbIE U3MEHEHUS BETUUYHUHBI X.

[Mocnennee npennoiaokeHNe MaTeMaTUYECKH MOJKHO MTPEJCTABUTh B BUJIE (PYHKIIMOHAIBHOM 3aBUCH-
MOCTH

X=f(F), XeR',FeR", (1)

rne f(F) — HexoTopas umncnoBas GpyHKIHS, 3aBUCAIIAS OT /71 TIEPEMEHHBIX.
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OnHOM M3 BaKHEHIINX 3a/1a4 ABJIAETCA pEIleHne npo6ieMsl onpenenenns Gpynkuuu f (F ), onucsBaro-
1IeH CBA3b MEXIYy epeMEHHON X U epeMEeHHbIMU [ 110 pe3yabraraM HalOmroneHui 3a X u F.
[IpeanonoKuM, 9TO Yy HAC MMEETCS BO3MOKHOCTH MOJNYYUTh COBMECTHbIE HabmoneHus {X,.F, },

k=1,...,n 3aXuF B n onblTax.
C y4yeToMm BBEZICHHOMH BHIIIIE CBSI3U MEX Ay X U F, CBS3b MKy pe3ylbTaTaMu OT/ICIbHBIX HAOTIOMEeHUI
MOHO TIPEACTAaBUTh B BUC

Xk:f(Fk)+£k5 kzla"'ana

rae €, — ciydaiiHas ommOKa (Irym) k-ro HaOmoaeHusl.

Ecin HaMm yiacTes IIoCTPOUTH XOPOLIEE IIPUOIMIKEHIE K HEM3BeCTHON QyHKIUK £ (F ), TO MBI IOy YHM
BO3MOXKHOCTb 110 3HaUE€HHIO HAOII0AaeMOr0 WM MPEAINOIaracMoro BeKTopa (pakropoB /' aHaIM3UpOBaTh
BO3MOYKHOE 3HaYeHME y1iepOa oT mpouciiecTBUsl. Mbl CMOXeEM MOHATh, Kakue U3 (PaKTOpOB OKa3bIBAIOT
HauOoIbllIee BIUSHUE HAa BEIMYUHY yliepOa U, COOTBETCTBEHHO, COCPEIOTOUUTHCS Ha 00pb0E C ITUMHU
¢bakropamu.

EctecTBenHO, 6e3 Kakux-1100 MpeaBapUTEIbHBIX JOIOBOPEHHOCTEH O BO3MOXKHOM BHJE (PyHKLIUHU
f(F)3ana4a ee BOCCTAHOBIIEHHS TI0 PE3yJIbTaTaM HAONIOIEHUH, YMCIIO KOTOPHIX KOHEYHO, MPEICTABIIS-
€TCsl PAKTUYECKU HepaspemumMoit. OObIMHO Mpeanonararot, uto GyHkuus f(F) sBusercs TMHENHOM

II0 IEpEMEHHBIM F;,...F [8,9].
PaccmoTpuM nuHeiHy0 QyHKIUIO f(F) ¥ COOTBETCTBEHHO JIMHEHHYIO MOJIENb PETPECCHMU:
f0.F)=6,+0,F, +6,F, +---+0,F,,

e 6 =[6,,6,,...,0,,]" — BekTOp HEM3BECTHBIX TAPAMETPOB.

2. Mopenb perpeccum ¢ TOYKOM pa3pbiBa

B kadecTBe anbTepHaTUBBI TUHEHHOM (PyHKIIMHM pACCMOTPUM KYCOYHO-TUHEHHYIO MOZIEIb UITH MOJIETb
perpeccuu ¢ Toukou paspsisa [9, 11, 12]:

o, +o, F+o,F, +--+a, F , ecwu f(o,B,b,F)<b,

f(o,B.b,F)= By + B F + B, Fy+-+ P, F eciu f(o,B,b,F)>b, @

m- m?

rae o = [OLO, o, .. .ocm] "B= [BO, Bis--- Bm]T — HEM3BECTHBIE MAPaMETPhI MOJIEIIH, b — HEU3BECTHASI TOYKA
paspbiBa pyukumu f(o,B,b, F).

O1eHKM HEM3BECTHBIX MMapaMeTpoB Oy/ieM UCKaTh KaK PEICHUE 3a/1a4 ONTUMHU3ALUH C KBaIPaTUIHOM
(byHKLIUY TOTEPh:
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A

o
éeargrrz)ini()(k—f(e,Fk))2 u B eargmﬁir;}n:(Xk—f(oc,B,b,Fk))z. 3)
k=1 «

~ TP =1

b

OneHka 0 Ha3pIBaeTCS OIICHKOM METO0J1a HAMMEHBIIIMX KBAJIPAaTOB U HAXOAUTCA aHaIUTU4eCKH [8]. st
MTOCTPOCHUS OLICHOK B KYCOYHO-JTMHEHHON MOJCIIA UCIIONIB3YIOTCSl UTEPAIIMOHHBIE YHCIICHHBIE METO/IBI,
Hanpumep, MeToJ] kBa3u — Hptotona [8, 9].

B xadecTBe nmpuMepa NpuMEHEHHs YKa3aHHBIX MOJIEJIEH PaCCMOTPUM 3aJ1ady BOCCTAHOBJICHHUS 3aBH-
CUMOCTH yIiep0a oT 3a7epKeK Moe3I0B 1Mo JaHHbIM 3a 2010 rog 1is *KeJe3HOIOPOKHOTO TPAHCTIOPTa
CIIA [13].

Paccmorpum cnenyromuii Habop (HakTOpOB:

F, — temneparypa no dapeHreiTy, F, — OCBEILIEHHOCTb, F;, — IOTOJHBIE yCIOBUS, F, — CKOPOCTb

JBIDKEHHS [T0€3/1a B MOMEHT TPAaHCIIOPTHOTO MPOMCUIECTBUSA, F; — TOHHAX MOe3/a.
Bcero umeercs 1546 natnroneHuii.
JluHeiHast MOJIENIb PErpPecCUr OKa3hIBAETCSl HEaJeKBATHOW M TIOXO COOTBETCTBYET HAOIIOAACMBIM

3HaueHuaM. JIns Hee koa(umuenT nerepmuHammu R’ e [0;1] okaswiBaercs paBHbIM Beero mmib 0,612,
a 3HaYeHUe KBaapatuyHoil GpyHkiuu norepsb (3) B 4,05 paza Oosblie, yeM 11 HETUHEHHON Moenu.
Koa¢¢punueHnt nerepMrHaLug MOKa3bIBAET, B KAKOH CTEMEHN paccMaTpuBaeMasi MOAEIb «Iydlle 00b-
SCHSICT» BETMUMHY X, UeM TpUBHAJIbHAs MOJENb (T.e. X He 3aBUCUT OT OOBSCHSIOIIUX NEPEMEHHBIX U

0 =0, ). Yem Ommxe R’ K 1, TeMm Gosbllee IPEBOCXOACTBO MMEET Hallla PETPECCUS HaJl TPUBUAJILHOM

perpeccueii. Hao6oport, ecimu R* GIU30K K HYJIIO, TO 9TO 03HAYAET, YTO MOJE/b JUHEHHON perpeccuu
IJI0XO OMHUCHIBAET OOBSICHIEMYIO MIEPEMEHHYIO X.

[IpuBeneM pe3ynbTaThl OLEHUBAHUS JIJIsl KyCOUHO-TMHEHHOM perpeccuu. [locne npumeHeHus meroaa
kBa3u-HeroToHa [11,12] nonyueHsl ciienyronie pe3ynbrarhl:

50806 | [—466770]
—4,236 - 600,2
b =1006970, o = 1374,9 , B= 361254 4)
2963,0 — 48123
5814.,6 33206
5,428 | 26,95

TOYHOCTh OLICHHBAaHUS MOXKHO 0XapaKTCPU30BATh BEJIMYMHOM OOBSICHEHHOM AUCTICPCUN De [0; 1] n

K03 (HUIIMEHTOM JIeTepPMUHAIIAN R? —4eM OMKe STH BEJIMUIHMHBI K €IUHUIIE, TEM TOUHEE moioOpanHast
¢byukuus f(F) oObsicHsieT HabmoneHus.

JIns Hae MOJEIu 3TH XapaKTEPUCTUKHU paBHbI D = 0,845, R?=0919.

BuaHo, 4TO OLIEHKH TapaMeTPOB PErpeccuy 3HAYUTENIBHO Pa3IMyatoTCs 7Sl POUCHIECTBHH € yiiepooM
MeHee MIIJIMOHA J0JIapoB U Oosiee MUJIMOHA.

K coxanenuro, uMeromascs CTaTUCTUKA HE CONEPXKUT MOAPOOHON MHPOpPMAIMK O 3HAYEHUH TaKHX
(akTOpOB, KaK TEXHUYECKOE COCTOSTHHE 10€3/1a, TOPOKHOTO IMOJIOTHA U COOPYKEHUH, KBaTu(puUKaus
nepcoHasna u T.4. [loaToMy mocTpouTs aIeKBaTHYIO PErPECCUOHHYIO MOJIENb BIMSIHUSA (DAaKTOPOB Ha pa3Mep
yiiep0a oT 3aAepKKH 1moe3aa s sxene3Hogopokaon cetu CIIA He mpencTaBisieTcsi BO3MOXKHBIM.
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3. YncneHHoe mopenuposaHue pakTopos

J11s TOTO, 4TOOBI TPEOAONIETh HETOCTATKU UMEIOIIEHCs pealbHOM CTaTUCTUKH, TPOBEAEM YHCIIEHHOE
MoJIeIMpoBaHue (HAKTOPOB, BIUSAIOMIMX HAa BOSHUKHOBEHUE TPAHCIOPTHBIX MPOUCHIECTBUM, a TaKXke
BEJIMUMHBI yIlepOa OoT 3TUX MpOUCIIECTBUN. MoaenupoBaHie MOXKHO paccMaTpUBaTh KaK OCHOBY IS
Oyny1ero MOHUTOpHUHra 3a paktopamu. [Tocie nmpoBeieH sI MOHUTOPUHTA YTOUHSIOTCS] MOZIEH (DAKTOPOB,
3aTeM C HUCIOJIb30BAaHUEM 3TUX MOJIEJIEH CTPOUTCSA MOJEINb /Ui yiiep0Oa, KoTopas B JajdbHeHIIeM MOXKeT
OBITh MCIIOJIB30BAHA B JIBYX HAIIPABICHUSX.

«Mcropryeckoe» MOJEIHMPOBaHUE TPOBOJUTCS, KOTJIAa YMCIIO PeasIbHBIX HAOIIOACHUH HEI0CTaTOuHO
JUTSL IOCTPOEHUS aJIeKBaTHOM MoieNu (YHKIIMOHUPOBAHMSI CHCTEMBI U IOCTPOEHHAs! MOJIENIb MOXKET OBbITh
MCIIOJIb30BaHa /ISl yBETUYEHUs 00bEMa BIOOPKH.

[TocTpoeHne mpoOrHO3HBIX 3HAUCHUI ymiepOa aisg TeKyUIUX 3HauyeHHUH (akTOpOB M MPOTHO3HBIX
3HAYEHU NIl TEOPETUUECKUX 3HAYeHUN (PAKTOPOB MO3BOJIUT MPOAHAIU3UPOBATH OOIIYI0 CUTYAIHIO C
0€30I1acCHOCTBIO U BbIpadOTaTh PEKOMEHJAIMH 10 Hambosee npoOneMHbIM (akTopaM, BIHUSIOMIUM Ha
YPOBEHB 0€30MMaCHOCTH JIBHIKCHHUS.

@DaxTOpbl, KOTOPbIE MOTYT IPUBECTH K TPAHCIIOPTHOMY MPOMCILIECTBUIO, MOJEIUPYIOTCS KaK HE3aBU-
CUMBbIE IPYT OT Apyra ciaydaiiHble GyHKIUN BpeMeHHU. [ kaxk10ro pakTopa yKa3bIBaeTCs KpUTUIECKUN
YPOBEHb, IPU NMPEBBIILIEHUU KOTOPOTo (PaKTOp HAYMHAET MPEICTABIATH CYLIECTBEHHYIO OMacHOCTb. City-
YaifHble JTMHBI IPOMEKYTKOB BPEMEHH, B TEUEHHE KOTOPHIX €r0 3HAYCHUs BbIIIE (HHKE) KPUTUYECKOTO
YpOBHS (T.€. BpeMsl O)KUJIaHUS IlepecedeHnsl (PAKTOpOM KPUTHUYECKOTO YPOBHS), UMEIOT JIJISl KaXKJI0TO U3
(haKTOPOB HKCIIOHEHIIUATIBHOE PACIIPE/IEIEHHE CO CBOMM NapaMeTpoM. B cityuae, eciy B TedeHHE Kakoro-To
MIPOMEKYTKA BpPEMEHHU 3HAYEHHsI OJTHOTO (PaKTOpa WM HECKOIbKUX (PaKTOPOB OJJHOBPEMEHHO IPEBbIIIA-
10T KPUTUYECKUN YPOBEHb, TO CUUTAETCS, YTO 3TO MOXKET IPUBECTH K TPAHCIIOPTHOMY ITPOUCIIECTBHIO C
HEKOTOPOU BEPOSTHOCTHIO. J[J1s1 KaK10T0 TAaKOro MPOMEXKyTKa BpEMEHH MOAEIIUPYETCS BpEMsI 0KUAAHUS
MIPOUCILIECTBUS — TAKXKE CITy4aiiHasi BEJIMYMHA C SKCIIOHEHIIMAIbHBIM 3aKOHOM pactipenienenus. [lapametp
pacnpezenieHust 3aBUCUT OT TOro, KaKhue UMEHHO (PaKTOphl MPEBBICHIIM KPUTHUECKOE 3HAYEHHE, HAYe
rOBOPS, 17151 KaXK10M KOMOMHAIMK (DAKTOPOB UMEETCS CBOSI MHTEHCUBHOCTb MOSIBICHUS TPOUCIIECTBHIA.
[IpoucmiecTBue cunTaeTcs MPOM3OMIEAIIMM B TOM ClIyyae, KOT/a BpeMsl OKUJaHUsS 0Ka3aJloCh KOpoue
paccMaTpuBaeMoro NpoMekyTKa (T.e. ciydaiiHasi BeJIMYMHA IONaa B OTPE30K, Ha KOTOPOM 3HAYCHHS
paccMmarpuBaeMbIX (PaKTOPOB MPEBBIIIATH KPUTHUECKHUE).

Jljig ynpoleHus MoaeIupoBaHus (PaKTOpOB ObLIH MPEATIOKEHBI TPU MOJIEIH:

1) Kycouno-nunelinas «3ursaroodpastas» QyHkuus. JIokaibHble MAKCUMYMBbI — CEPEIUHBI IPOMEXKYT-
KOB BPEMEHH, Ha KOTOPBIX 3HaYeHHE (PaKTOpa BbIIIE KPUTUYECKOTO, IOKAIbHBIE MUHUMYMBI — CEPEINHBI
MIPOMEKYTKOB BPEMEHH, Ha KOTOPBIX 3HaYeHHE (DaKTOpa HUKE KPUTHUECKOTO.
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Ha Puc. 2 npencrasien rpaduk GpyHKImu, Moaenupyomei nmoseaeHue gakropa nepporo tuma. Ilo-
TOOHBIN BH] (PaKTOpa MOXKET MCIIOJIb30BATHCS TIPU MOJICITMPOBAHUH ITOTOAHBIX YCIOBUN M IPYTUX MPH-
POIHBIX (paKTOPOB.

2) Kycouno-nocrosinnas ¢pynkuus. Ha otpeskax, s KOTOpbIX 3HaYeHUE (haKTOpa BBIIIE KPUTHUECKOTO,
3HaueHue (hakTopa — CiIydaiiHasi BeTUUYMHA, PABHOMEPHO pacipe/esi€éHHas Ha OTPE3Ke OT KPUTUYECKOTO
3HaueHus 10 100. Ha orpeskax, 11 KOTOphIX 3HaUYeHHE (aKTopa HUKE KPUTHIECKOTO, 3HAaYeHHE (DAKTO-
pa — ciiydaiiHas BeJIMYMHA, paBHOMEPHO pacipeesiéHHas Ha oTpe3ke oT () 1o KpUTHUECKOTrO 3HAYCHUSI.
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Puc. 3. ®akTop BTOpOro THIIa

O1oT BUJ (QYHKLIHUHU MOXKET XapaKTepu30BaTh (PAKTOPHI, OTBEYAIOUINE 32 TEXHUYECKOE COCTOSHHE
o0opynoBaHusl. 3HaueHue (pakTopa 0CTAeTCs HEM3MEHHO HUKE KPUTHUECKOTO YPOBHS JI0 TEX MOp, MOKa
KaKoe-TO cOOBbITHE He MPHUBENIET K PE3KOMY yXyAILIEeHUIo ero coctosiuus. [locne atoro cocrosinue 00o-
pyZOBaHUS O0CTAETCA HEM3MEHHBIM JI0 T€X MOp, NOoKa He OyJeT yCTpaHeHa HEHUCIPAaBHOCTb.

3) dakTopbl TPETHETO THUIA MOJIETUPYIOTCS CXOKUM 00pa3oM, OJHAKO 3aBUCUMOCTH B JAHHOM CJIy4yae
SIBJISICTCS] HE KYCOYHO-TIOCTOSTHHOM, a KyCOYHO-TMHEHHOM. B Havane kax1oro mpomMexxyTka paktop, Kak
U B IIpeIbIAYIIEM cllydae, IPUHUMAeT 3HaueHHe, pABHOMEPHO pacIipe/ieIEHHOE Ha OTpe3Ke OT KpUTHUde-
ckoro ypoBHs 10 100 wiu ot 0 10 KPUTHYECKOTO YPOBHSI, a 3aT€M JIMHEUHO BO3PACTAET CO CIIyYalHbIM
yII0BBIM KOX(hDHIIHEHTOM (CiTydaiiHasi BeTUYMHA C paBHOMEPHBIM pactipeaesnenuem ot 0 1o m/6).
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DTOT TUII (haKTOPa MOKHO UCTOIB30BATh PU MOJIETUPOBAHIH COCTOSHUS MTOJIBUKHOTO COCTaBa U J10-
POXHOTO MOJIOTHA, a TAKXKE YeJIOBEUECKUX (PaKTOpOB. Pa3pbIBbI COOTBETCTBYIOT MOJIOMKAaM U PEMOHTAaM,
a MeJIJICHHOE BO3PacTaHUE — MOCTENICHHOMY M3HAIIUBAHUIO 000PYIOBaHUSI.

4. MopenupoBaHue ywepb6a oT TPaHCMOPTHOIro NPoUcCLUEeCcCTBUSA

N3-3a oTCyTCTBUS OOIBIIOTO MACCHBA PEaTbHBIX IAHHBIX IO MPOUCIIECTBUSIM Ha POCCHUMCKHUX KEJIE3HBIX
JIoporax, BeJIMUMHA yIiepOa pacCYUTHIBAIACH HA OCHOBE CTATUCTHUECKUX JAHHBIX O JKEJIE3HOAOPOKHBIX
npoucmectBusix B CIIIA. Ymepd monenupyercs Kak JUHETHAs KOMOUHAIMs (aKTOPOB C alTUTUBHON
nomexoi (mrymom). lllym MonenupyeTcsi Ha OCHOBE OIIEHKHM 3aKOHa paclpeiesieHus] OCTaTKOB MpH Mo-
CTPOCHHH MOJENH JJIs yiepOa Ha OCHOBE CTaTUCTUYECKHUX JaHHBIX 0 mpouciiecTBusix B CIIA.

Ilycts X — ciyuaiiHas BEIWYMHA, IUNIOTHOCTH pacHpeleieHusl f(x) KOTOpPOM Mbl XOTMM OLIEHHUTb.
O1eHKa INIOTHOCTH BEPOSITHOCTH HAXOAUTCS O hopmyIie

P 1¢ (X, —x
f(x)—n—h;K( - )

rae X, — HaOdroZieHue 3a CIIy4aiiHOW BeTMYMHON X , n — 00BbEM BBIOOPKH, /1 — IIMPUHA OKHA, K(Z) —
snepHas QyHKIHsI. DTy OIIEHKY YacTO Ha3bIBAOT olleHKou Pozenbnart-ITapsena [16, 17].

SnepHyro GyHKINIO MOXXHO BBIOUpATh B IOCTATOUHO IIMPOKHX Mpeenax, 3Ta (PyHKIUsS B OCHOBHOM
OTBEYAeT 3a MIAAKOCTh U AuddepeHupyeMocTs olleHKH f(x). B HamieM ciiydae B KayecTBe siA€pHOM

_Z
2

1
¢dbyHKIMH ObLIa BRIOpaHA CTaHAAPTHAS TayCCOBCKAs MIIOTHOCTh K(z)= e
\2m

B otimume ot BeIOOpa siepHOiM (pyHKIMK BEIOOP IIMPUHBI OKHA /1 IBIISAETCS KIIOYEBON IPOOIEMOi pH
MOCTPOEHUU AJIepHO oLleHKH [ (x). CyIIecTBYIOT pa3IMyHbIe CIIOCOOBI BBIOOPA IMPHUHBI OKHA, ITUPOKO
ocBelEHHbIe B uTeparype [18]. B Hamewm cioydae 4 BbIOMpanach METOAOM MOJCTAHOBKHU.

1 | t i |
E [] T [} [] L]

Puc. 5. SimepHas oreHKa IUIOTHOCTH paciipeneneHus ymep6oa mo qaaabmM CIITA
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Hrorosoe pacrpeneneHue Juist rymMma ObLI0 MOTYUYEHO CIeIYIOIINM 00pa3oMm:

- IOCTPOEHA OLICHKA £(x) wiotHOCTH pactipenenenus yuiep0a mo nanaeiM CIIA;

- CMOJIEJIMPOBaHA pean3aliysi BBIOOPKH, COOTBETCTBYIONIEH CITy4aifHON BEJIMYMHE C TUIOTHOCTHIO f (x);

- IOCTpOEHA JTMHEWHAs perpeccus yiepoda oT 3HaueHuH (HakTopoB (peam3anust (HakTopoB ObLIa CMO-
JETMPOBaHA B COOTBETCTBUU C PaHEE U3JI0KEHHBIM AJITOPUTMOM);

- BBIUHCJIEHBI OCTATKU JJIs1 IOCTPOCHHOU PErpecCuy;

- Ha OCHOBE TTOJTYYEHHBIX OCTATKOB TIOCTPOCHA siIepHAst OIICHKA TUIOTHOCTH pacIipeieSieH s iryma f; (x);
- UTOTOBBIH yIIepO MOJIETTUPYETCS KaK JUHEHHass KoMOUHaIMs (PakTopoB C 3aAaHHBIMH KO3 HUITHEH-

TaMHU IJTIOC peann3anus clydyailHON BETMUMHBI C IJIOTHOCTHIO f; (X).

5. MoaenbHbI Nnpumep

PaccmoTpuM JnHEHHYI0 MOozeh HaOIIOCHHS
X, =0,+6,F+0,F, +---+0 F, +¢&, k=1,...,n,

rae X, — ymep0 ot k-ro mpoucmiecTBus, F, — (GakTop, BIUSIOMINI Ha BOSHUKHOBEHHE TPAHCIIOPTHOTO

MIPOMCHIECTBUS U BEIMUYHMHY yiepOa, 6, — HEU3BECTHBIEC TAPAMETPBI, €, — CIIyYalHBIH HIYM.
Cmonennpyem 260 HaONIOAEHUI CO 3HAUEHUSIMU ITapaMeTPOB JIMHEHMHON Moaenn
6 =[0 300 350 400 2500 500 100]".
OreHka mapaMeTpoB JTUHEWHOM PErpecCuy ¢ MOMOIIBIO0 METO]a HAMMEHBIITNX KBAApPaTOB:
6= [133331 0,027 0,036 -0,091 0,243 -0,011 -0, 041] "

Koapunument nerepmunanuu R = 0,28, 4To roBOPHUT O MIOXOM TOYHOCTH JTMHEHHON MOIENH.
Tenepp 110 HAOTIOACHUAM ITOCTPOUM MOJIECIIb PETPECCHH C TOUKOM pa3phiBa:

[~19400 ] [1433733]
284,2 ~1522
2548 ~1092
b=237768, d.=|3382 | f=[-3921
2121,1 —5496
4235 ~733
1362 3311

XapakTepUCTHKU TOYHOCTH oueHuBanus: D = 0,54, R? = 0,74.

CyMMBI KBaJpaTOB OCTATKOB JJisi OOBIUHONM TUHEHHON Mozenu B 9 pa3 Ooublie, yeM s MOAENH C
TOYKOM pa3phiBa.

Cmonenupyem erie 40 HaOIIOEHUI € TEMU ke 3HAYSHUAMHU KO3(PPUILIMEHTOB, YTO U paHee, U TOCTPOUM
MPOTHO3 yiIepOa, UCIOb3YsS MOJIEb C TOUYKOW pa3phIBa.
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[Ipu nporHo3upOBaHUY C UCIIOIB30BAHUEM MOJEIN C TOUKOM pa3pbiBa HEOOXOAUMO PEIIUTh, K KaKOH
YaCcTU perpeccruu OTHOCATCS HAOMIOEHHS, TaK KaK y HAaC HET 3HaueHus yiiepoa 1 Mbl HE MOXKEM HCIIOJb-
30BaTh 3HAUCHNUE b 1151 BbIOOPA BEKTOPA Ol UITH B. s pelIeHus TOU MPOOIEMbI MOXKHO BOCIIOIb30BaThCS
CJIEIYIOIIUM aJITOPUTMOM.

1. Paznenuts nmeromuecs HaOMOACHUS Ha ABe Tpymnibl. K mepBoii rpymime oTHOCSTCS Te HaOOphI 3Ha-
4yeHu# (PaKTOpOB, I KOTOPBIX yuiepd Y, MeHblue 3HaueHus b. Ko BTopoii rpymnme oTHOCITCS HabOpbl
3HauUeHUH (HaKTOPOB, AJIS KOTOPHIX yIIepod ¥, Oojble UM paBeH, 3HAUYCHHIO b.

. —, 1y
2. BBIHMCIHTB JUTs1 KaXKI0TO (haKTOpa BHIOOPOYHOE CPEHEE [0 HAGOpaM 13 OMHOM rpymmbl F,' =— Y F,
ny k=1
i=1,...,m, TOE n, — KOIMYECTBO HAOIIONEHUS B IEPBOM Ipymne, F;, — 3Ha4eHHs (aKTOpa C HOMEPOM

1

i B k-M HaGmoneHNH. AHAIOTMYHO BBIYHCIISIOTCS BEIGOpOUHbIE cpenue F,, i=1,...,m mis BTopoit
IpyIIbl HAOMIOACHUH.
3. IIpu noctpoenuu mporxosa yuepOa Juis HaOMIOACHUNH co 3HAYCHUAMH (akropos F, ... Fg

BBIOUPAIOTCS OLICHKH O TSl HAOIIOICHHH, OTHECEHHBIX K TIEPBOM rpymme u P asst Bropoit rpymimsl. Ha-

OJIFOZIEHNE OTHOCHMTCS K TIEPBOM TPYIIIE, €CIu Z‘ A ‘ 2‘ i —F ‘ ¥ KO BTOPOIi IpyIIIe, eCiu
! 1
2‘ lpr_F ‘ Z‘ lpr_F;' ‘

Brruncinm OTHOCHUTCJIbHYIO IMOTPEITHOCTD IIPOrHO3a 1o CpaBHCHUIO C MCTUHHBIMHA 3HAYCHUAMU ymep6a,

KOTOpbIe ObLIN Takke cMoenupoBaHbl. O003HAUMM MPOTHO3 uepe3 X , TorJa BEIMYUHA MOTPEUTHOCTH
(-«
JUTSL OTHOTO HaOmoaeHus X onpenensercs no popmyne A=

[TocuntaeM cpeHIOI0 OTHOCHTEIBbHYIO MOTPEHIHOCTh MporHo3a 1no 40 HabroAeHusIM 3a GpakropaMu
1 20
A= 4—0 Y A,.Dta BenuumHa JUIsl MOZEIH ¢ TOYKOH paspbiBa cocrasmua 0,15. [IpoueHT omuGoK IpH BbI-

oope rpynnm, K KOTOPO¥ OTHOCHUTCS HAOMFOEHMSI, COCTaBIsIeT mpuMepHO 5%. JInHeitHast Moaens CUITBHO
IIPOUTPHIBAET 10 BEJIMYMHE CPEIHEN OTHOCUTEIBHOM MOTPEIIHOCTH, ISl HE€ oHa cocTaBuia 0,52.

CToHuT OTMETHTB, YTO TOYHOCTH IPOTHO3A 3HAYCHUH JJIs TPYIIBI ¢ OONBITUMU 3HAYCHUSIMH YIiepOa
3aMETHO yCTyIaeT TOYHOCTHU MPOTHO3a JIIsl HaOMI0ACHNUH IepBOH rpynibl. Eciau cTpouThs NporHo3sl, uc-
T0JIBb3Ys TOJIBKO OLIEHKH O, TO OTHOCHUTEJIbHAS ITOrpenrHoCTh coctaut 0.17. JlanpHelme uecieaoBanus
MOTYT OBITh HAIPABJICHBI HA TO, YTO TIOCIIE Pa3/IeICHIs HAOMFOCHS Ha IBE TPYIIIIBI CIIEAYET 3ayMaThCs
HaJ TeM, YTOOBl U3MEHHUTH CIIOCOO MOCTPOSHUS MOJENH IS HAOMIONEHUN ¢ OONBIIMMU 3HAYCHUSMHU
yiiepOoB.
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Functional safety. The theory and practice

Goryainov A.V., Zamyshlyaev A.M., Platonov E.N.

ANALYSIS OF THE INFLUENCE OF FACTORS
ON DAMAGE CAUSED BY TRANSPORT ACCIDENTS
USING REGRESSION MODELS'

The paper analyzes accidents on transport. It offers to use regression analysis methods to analyze the
impact of various factors on traffic safety. The authors propose to apply a model of the dependence of
damages caused by transport accidents on a set of negative factors that influence its occurrence. A non-
linear regression model with discontinuity is applied for construction of the model. The model is constructed
to obtain data on actual or predictable levels of train traffic safety. These data are necessary to assess the
adequacy of measures aimed at ensuring the standard safety level to minimize the resources allocated to
the tasks of safe train operations, including justification of priorities in the allocation of resources. In the
paper, we consider two examples. The first example shows the results of calculations based on real data
about accidents on the USA railways. The second example is constructed using the results of computational
simulation of the degree of damage and factors.

Keywords: railway transport, traffic safety, regression analysis.

Introduction

It is known that train traffic safety is one of the priorities for railway transportation. The Federal Law
“About Railway Transport in the Russian Federation” defines train operation safety as a condition of stability
of the transportation process, wherein there is no unacceptable risk of accidents and their consequences
entailing damage to life and health, to environment and to property of individuals and legal entities.

The study [1] offers a method of assessing a risk level of occurrence of railway accidents based on their
relation to factors affecting their occurrence. Various methods of analysis of railway safety are presented
in [2 —7]. When analyzing railway safety, in addition to the probability of an accident occurrence, the size
of damage that is caused by this accident should be considered. For the analysis of damage, it is offered
to use regression analysis methods [8, 9].

1. Damage analysis caused by transportation accidents
The need to consider the size of damage can be seen from the histogram of damage (see Fig. 1) caused
by delays of trains on the USA railway transport in 2010 [10].

! The research has been made with RFFI’s financial support.
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It can be seen that the damage is very different from an accident to an accident, so record keeping of
traffic accidents as equal observations may lead to the fact that we will take action to reduce the number
of accidents, the damage from which is small. This will happen because the number of accidents with
insignificant damage is much higher than that of accidents with great damage, while the total damage from
accidents with little damage is much less. The picture is similar for other types of transport accidents.

900

800 |

700 [

600 [

500 [~

400 [

300 |

200 |

100 [

0 .
8377 757808 1507238 2256669 3006099 3755530
383092 1132523 1881954 2631384 3380815

Fig.1. Histogram of damage from train delays

The value of damage can be taken into account if we build a regression dependence on a set of factors.
Such models are widely used in the analysis of transport safety [3-7].

Let X be a scalar variable describing the size of damage caused by transport accident of some kind.
This may be the damage from a train derailment, a side collision of trains, train arrival delays, etc.

We assume that X depends on m-dimensional vector F’ of some factors in the sense that the change of
the vector F' causes some definite changes of the value X.

The latter assumption can be mathematically represented in the form of functional dependence

X=f(F), XeR',FeR", (1)

where f(F) is a numerical function that depends on m variables.

One of the major tasks is to solve the problem related to definition of the function f{F) that describes
the relationship between the variable X and variables F as a result of observations of X and F.

Suppose that we have an opportunity to get simultaneous observations {X,.F, }, k=1,...,n of Xand F
in n trials.

Remembering that we introduced the above relationship between X and F, the relation between the
results of individual observations can be presented as

X, =f(F)+eg, k=1,...,n,

where ¢, is a random error (noise) of the k-th observation.
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If we manage to construct a good approximation to the unknown function f(F), then we will have an
opportunity to analyze a possible value of accident damage using the value of an observed or supposed
vector of factors /. We will be able to understand which factors have the greatest effect on the value of
damage, and therefore focus on countermeasures against these factors.

Of course, without any prior agreements about a possible form of the function f{F), the problem of its
reconstruction based on observations whose number is finite, could be almost impossible. It is usually
assumed that the function f(F) is linear on variables F,...F, [8,9].

Let us consider the linear function () and thus a linear regression model:

f©.F)=6,+06,F +0,F, +---+0, F, ,

where 0 =[0,,6,,...,0, | is a vector of unknown parameters.

2. Regression model with discontinuity

Let us consider a piecewise linear model or regression model with discontinuity as an alternative to a
linear function [9, 11, 12]:

o, +o, F+o,F,+--+a, F . if f(a,B,b,F)<b,

BO+B1F1+B2F2+"'+BmFm’ lff(OC,B,b,F)>b, (2)

f(O("B’b’F):{

where o =[oty,0,,...00, ], B =[By,Bys-..B,, ] are unknown parameters of the model, b is an unknown
discontinuity point of the function f'(a,B,b,F).

We’ll look for estimators of unknown parameters as the solution for optimization problems with a
quadratic loss function:

A

(04
6 e argr%inZ(Xk —f(G,F,{))2 and [_’) € argmﬁirgi()(k —f(OL,B,b,Fk))Z. 3)
k=1 . Rl
b

The estimator  is called as the estimator of the least-squares method and is defined analytically [8].
To construct estimators in a piecewise linear model, iterative numerical methods such as quasi-Newton
methods are used [8, 9].

As an example of the application of these models, we shall consider the task of reconstructing damage
dependence on train delays using the U.S. railway transport data as of 2010 [13].

Let us consider the following set of factors:

F, is Fahrenheit temperature, F, is illumination, F; is weather conditions, F, is train speed at the
moment of a transport accident, F is train tonnage.

There are totally 1546 observations.

A linear regression model turns out to be inadequate and poorly corresponds to the observed values. For
this model, the coefficient of determination R* e [0;1]is set only to 0.612, while the value of the quadratic
loss function (3) is 4.05 times greater than that for a non-linear model. The coefficient of determination
indicates the extent to which the considered model “better explains” the value of X than a trivial model
(i.e. X is independent of explaining variables and® =8, ). The closer R* is to 1, the greater superiority
our regression has over trivial regression. And vice versa, if R”is close to zero, this means that a linear
regression model poorly describes the variable X to be explained.
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Let us present the results of estimation for a piecewise linear regression. We have applied the quasi-
Newton method [11,12] to obtain the following results:

[5080,6 | [— 466770
— 4,236 —600,2
b =1006970, o = 1374,9 , B= 361254 (4)
2963,0 — 48123
5814,6 33206
5,428 | 26,95

The estimation accuracy can be characterized by the value of the explained variance D e [0;1] and the
coefficient of determination R*, and the closer these values are to one, the better the chosen function f{F)
explains the observations.

For our model, these characteristics are set as D = 0,845, R* =0,919.
It is evident that the estimates of the regression parameters differ considerably for accidents with damage
less than a million dollars and those with damage more than a million dollars.

Unfortunately, the available statistics does not contain detailed information on the importance of factors
such as the technical condition of a train, railroad bed and facilities, staff skills, etc. Therefore, it does not
seem possible to construct an adequate regression model of the influence of factors on the size of damage
caused by train delays for the U.S. railway network.

3. Computational simulation of factors

In order to overcome the shortcomings of the available real statistics, we shall carry out computational
simulation of factors affecting the occurrence of transport accidents, as well as the size of damage from
these accidents. The simulation can be considered as a basis for future monitoring of the factors. After
monitoring, the models of factors are refined, then using these models, the damage model is constructed
that can later be used in two ways.

When the actual number of observations is not sufficient for construction of an adequate model of
system operation, the “historical” simulation is carried out and the constructed model can be used to
increase the sample size.

Construction of predictive values of damage for the current values of factors and predictive values of
damage for the theoretical values of factors will allow us to analyze the general safety situation and to
make recommendations on the most problematic factors affecting the level of traffic safety.

Factors that may cause a transport accident are simulated as random time functions, independent of each
other. For each factor, we identify a critical level, above which the factor becomes a significant hazard.
Random lengths of time during which its value above (below) the critical level (i.e. time of waiting for a
factor to cross the critical level), have an exponential distribution with its own parameter for each of the
factors. In case the value of one or several factors simultaneously exceeds the critical level within a certain
time interval, this is supposed to be able to lead to a railway accident with some probability. Expectation
time of an accident (also a random variable with an exponential distribution) is modeled for each such
time interval. The distribution parameter depends on which factors have exceeded the critical value, in
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other words, for each combination of factors there is its own occurrence rate of accidents. The accident

is considered as occurred if expectation time was shorter than the time interval under consideration (i.e. a

random variable hit the segment on which the values of considered factors exceeded the critical ones).
To simplify the simulation of factors, three models have been proposed.

1) Piecewise-linear «zigzag» function. Local maximums are the middle intervals of time, on which the
value of factor exceeds the critical one; the local minimums are the middle intervals of time, on which
the value of factor is below than the critical one.
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Fig.3. Factor of the first kind

Fig. 3 shows the function graph simulating the behavior of the first type factor. This kind of factor can
be used to simulate weather conditions and other natural factors

2) Piecewise constant function. On segments for which the value of a factor is above the critical one,
the value of a factor is a random variable identically distributed on the segment from the critical value
up to 100. On segments for which the value of factor is below the critical one, the value of factor is a
random variable identically distributed on the segment from 0 up to the critical value.
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Fig.4. Factor of the second kind

This kind of function can characterize factors responsible for equipment condition. The value of a factor

remains consistently below the critical level until some event leads to jump deterioration in its condition.
After that the state of the equipment remains the same till the fault is eliminated.
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3) The third type of factors are simulated in a similar way, however in this case the dependence is not
piecewise constant but is piecewise linear. At the beginning of each interval, as in the previous case, the
factor possesses the value identically distributed on the interval from the critical level to 100 or from 0
to the critical level, and then increases linearly with a random angular coefficient (a random value with
identical distribution between 0 and 7/6).
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Fig.5. Factor of the third kind

This type of factor can be used for simulating the condition of rolling stock and railroad bed, as well as
human factors. Discontinuities correspond to breakdowns and repairs, and the slow growth corresponds
to gradual wear and tear of equipment.

4. Simulation of damage caused by a transport accident

Because of the lack of a large array of real data about accidents on Russian railways, the size of damage
was calculated based on statistical data on railway accidents in the United States. The damage is modeled
as a linear combination of factors with additive interference (noise). The noise is simulated based on an
estimator of the distribution law of residuals for construction of the damage model using statistical data
on accidents in the United States.

Denote a random variable whose distribution of density f{x) we want to estimate, as X. The estimator
of the probability density is computed as follows

f(x>=liK(Xf‘x),

nh i=1 h

where X, is observation of the random variable X, » is a sample size, / is a window width, K (z) is a
kernel function. This estimator is often called a Rosenblatt-Parzen estimator [16, 17].

A kernel function can be selected at fairly wide ranges. This function is primarily responsible for
smoothness and differentiability of the estimator f (x). In our case, the kernel function was chosen as a
standard Gaussian density

141



ANALYSIS OF THE INFLUENCE OF FACTORS ON DAMAGE CAUSED BY TRANSPORT ACCIDENTS USING REGRESSION MODELS

Unlike selection of a kernel function, selection of the window width /% is a key problem in the construction
of the kernel estimator f(x). There are different ways to choose a window width, and they are widely
covered in the literature [18]. In our case / is selected by a method of substitution.

The final distribution for noise was obtained as follows:

- We constructed the estimator f(x)of damage density distribution according to the U.S. data;

- Then we simulated the sample implementation corresponding to a random value with density Fx);

- We constructed linear regression of damage from the values of factors (the implementation of factors
was simulated according to the previously described algorithm);

- The residuals for the constructed regression were computed;

- Base on obtained residuals, we constructed a kernel estimator of noise density distribution fS (x);

- The final damage is modeled as a linear combination of factors with given coefficients plus
implementation of a random quantity with density JAE)

T

& 1 1 ] 1 1
N 0 1 ] a E [] T [} [] 0

I 4 I !

Fig.6. Kernel estimation of damage distribution according to the U.S. data

5. An example of simulation

Let us consider a linear model of observation

X, =0,+0,F+0,F,+---+0, F +¢, k=1,...,n,

m= m

where X, is damage due to the k-th accident, F; is a factor influencing the occurrence of a transport
accident and the size of damage, 6, is unknown parameters, €, is random noise.
Let us simulate 260 observations with parameter values of a linear model as

6=[0 300 350 400 2500 500 100]".
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Estimation of linear regression parameters using the least squares method is
6= [133331 0,027 0,036 -0,091 0,243 -0,011 -0, 041] "

The coefficient of determination is R* = 0,28, which means poor accuracy of a linear model.
Now, based on the observations we’ll construct a regression model with a discontinuity point:

[—19400 ] 1433733
2842 —-1522
2548 —-1092
b=237768, ¢.=|3382 | P=[-3921
2121,1 —5496
4235 —-733
1362 | |—3311 |

Characteristics of estimation accuracy are D = 0,54, R*> = 0,74.
The sums of squared residuals for an ordinary linear model are 9 times greater than those for a model
with discontinuity.

Now we shall model other 40 observations with the same values of coefficients as before and construct
prediction of damage using a model with discontinuity.

In prediction using the model with a discontinuity point, it is necessary to decide, which part of the
regression the observations relate to, as we do not have the value of damage and we cannot use the value
b to select a vector d. or B. To solve this problem, you can take advantage of the following algorithm.

1. Divide the available observations into two groups. The first group includes those sets of values of
factors for which the damage Y, is less than the value b. The second group includes sets of values of
factors for which the damage Y, is greater than or equal to the value b.

2. Calculate for each factor a sample mean on the sets from the one group F' =L2Fi o i=1,m,
ny k=1 '

where 7, is the number of observations in the first group, F; , is the values of a factor with the number i in the
k-th observation. Sample means E” , i=1,...,mfor the second group are computed in a similar way.

3. When constructing the prediction of damage for observations with the values of factors F{ ,,,..., Fs ,,

estimators o are chosen for observations belonging to the first group, and estimators B are chosen for

6 6 —
those belonging to the second group. Observations belong to the first group if Z‘Fl »—F ‘ < Z‘FI »—F"
i=1 i=1

7

o

1

6 6
and to the second group if Z‘Fi‘pr -F' ‘ > Z‘Fw -E" ‘
i=1 i=1

Let us compute a relative prediction error compared to the real values of damage that were also

simulated. Denote the prediction as X , then the value of the error for one observation X is defined by the
|-

formula A="—+—.
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: _ . - 1 &
Let us now compute the mean relative error of prediction for 40 observations of factors A = 20 YA,
k=1

This value for the model with a point of discontinuity amounted to 0.15. Percentage of errors in selecting
a group, where observations belong to, amounts to about 5%. The linear model loses much as regards a
mean relative error. For this model it amounted to 0.52.

It should be noted that the accuracy of prediction values for the group with large sizes of damage is
noticeably lower than the accuracy of prediction for observations of the first group. If you build predictions
using only the estimators @, the relative error will make up 0.17. Further research may be focused on the
fact that after separation of observations into two groups one should think over the way how to change
the method of constructing a model for observations with large sizes of damage.
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HE3aBUCUMOMW JKCIEPTHON OpraHu-
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Pelinnang.

CocraBHo#t yacteio padoTsl TIOD
Pelinnann sBistorcs:

* SKCIEPTHU3a, ayIuT U cepTU(UKa-
LS JKEJIE3HOAOPOYKHBIX M IPOMBIIIUIEH-
HBIX CHCTEM 0€30MacHOCTU U CHUCTEM
YIPAaBIEHUS Kau€CTBOM;

* NIPOBEPKA aHAJIN30B JEPEBA OT-
Ka30B;

* [IPOBEJICHUE aHAJIM3a Ha OOHapy Ke-
HHE HEYCTOWYMBBIX, CIIA0BIX M OMACHBIX
MECT B CUCTEME; IPOBEPKA KOHLIEIITOB
0€30IacCHOCTH JUIS JKEJIE3HOIOPOKHBIX
CHCTEM;

* JKCIEPTHU3a KOHILIENTOB B3aUMO-
JIENCTBUS Pa3IMUHBIX YaCTEH CUCTEMBI
(LIETOCTHOCTh CUCTEMBI);

* KOHTPOJIb Ka4eCTBAa U NPUEMKA
(mpuéMOUHBIE UCTIBITAHUS) MEXaHUYe-
CKHX, DJICKTPUUECKUX U IP. KOMIIOHEH-
TOB CHCTEMBI;

* 1 MHOTO€ JIpyroe€.

OTH yCIyTy LIMPOKO BOCTPEOOBAHBI:

* IPOU3BOJUTEIISIMHU XKEIE3HOILOPOK-
HOTro 000pY/IOBaHHUS U MOCTABIIMKAMHU
KOMIIJIEKTYIOIMX K HEMY;

* OIepaTOpaMu XKeJIE€3HOLOPOKHBIX
CEeTe;

* OpraHM3aLsIMH, KOTOPbIE KOHTPOJIMPYIOT U Ha-
OmonaroT 3a (KeJIe3HOJOPOXKHBIM ) TPAHCIIOPTOM;

* 1 Jpyrue OpraHu3anuu.
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«HanexHocTh MHHPOPMANMOHHBIX CHCTEM

PykoBoauresib ceMunapa — npogeccop, A.T.H. lllyounckuii Urops bopucosuy,
IIaBHBIN penakTop xypHaia «HageskHocTby», skenepT HayqHoro coBeta CoBera bezonacnoctu PO
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IIporpamma cemuHapa

1-i1 nenb. CTPYKTYpHasi HAAEKHOCTH UH-
(opManMOHHBIX cHCTEM

1. Cranpaptet MOK u CEHEJIEK no mero-
nonorur RAMS (6e30Tka3HOCTH, TOTOBHOCTH,
PEMOHTONPUTOTHOCTH M OE30MIaCHOCTH).

2. Ilokazarenu RAMS

a. be3orkasznoctu

b. [oToBHOCTH

c. PemonTonpuronnoctu

d. bezomacnoctu

3. MapkoBcKue 1 MOIyMapKOBCKHE MOJIETTH
HA/IeKHOCTH U (PYHKIMOHAJIBHON 0€30MacHOCTH

a. O0mIre MoHATH

b. YpaBuenus Konmmoroposa

c. I'pacoBbie MeToIbI

d. [IpumMepsl mocTpoeHUs U peuieHus: Mo-
nenen

4. CtaniapTHbIe METO/IbI pacuyeTa HaJle)KHO-
CTH CTPYKTYP UH(POPMAITMOHHBIX CUCTEM

a. biok — cxeMbl Ha/IeKHOCTH

b. JlanHblie

. DKCIlepUMEHTaIbHAasl OIIEHKA JaHHBIX U
noKasaresiell HaJJe)KHOCTH

d. ITorpemHocTu pacueToB

5. O0ecnieyeHne CTPYKTypHOU Ha/IeKHOCTH

a. Knmaccugukarust MeTooB CTpyKTypHOTO
pe3epBUPOBAHUS

b. Mozenu CTpyKTypHOTO pe3epBUPOBAHHUS
0€e3 BOCCTaHOBJICHUS

c. Mozenu CTpyKTypHOTO pe3epBUPOBAHUS C
BOCCTAHOBJICHHEM

d. IlpenenbHble OIIEHKH HAIEKHOCTH CUCTEM
CO CTPYKTYPHBIM PE3EpPBOM.

6. O0ecnieueHre 0TKa30yCTONUNBOCTH

a. MeTozipl 0OecnieyeHus 0TKa30y CTOHUUBOCTH

b. [IpyHIUTIBI aKTUBHOM 3aLIUTHI OT OTKAa30B

c. TexHuyeckue pereHus 1o peajin3alnuy ak-
TUBHOM 3aIIIUTHI OT OTKA30B
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d. Onenkn 3(h(heKTUBHOCTH aKTUBHOM 3aIIUTHI
OT OTKa30B

2-ii 1eHb. OYHKIMOHAJbHAS HAIEKHOCTH
HHGpOPMATMOHHBIX CHCTEM

1. BeaeHue B GyHKIIMOHATBHYIO HAJACHK-
HOCTb

a. [TonsTre GyHKIIMOHAIBHOW HAJIEKHOCTH

b. ®yHKITMOHAIBHAS HA/I)KHOCTh U Oe301ac-
HOCTb

c. COoliHBIE OIIMOKH

d. OmuOKH JaHHBIX

e. [IporpammubIe OIMIMOKH

f. Ommbku oneparopos

g. CucreMaTHueCKHe OTKa3bl

h. Omubxu BcaeacTBue HHPOPMAIMOH-
HBIX aTak

2. [lokazaTenu pyHKIIMOHAIBHON HAICK-
HOCTH

a. TpeOGoBaHMs K TTOKa3aTessIM

b. EnnHnuHbIe oKa3aTenu GyHKIIMOHAIBHON
HaJIeKHOCTHU

c. KommekcHble moka3arenu

3. KonmnuecTBeHHAas O1leHKa COOMHBIX OLIU-
00K

a. MeTox pacyera MpaBIIBHOCTH BBITIOTHE-
HUS JJOTHYECKUX (DYyHKITHHA

b. [Ipumep pacdera rmokasarene MpaBUILHO-
CTH BBITIOJTHEHUS JIOTUYECKUX (PYHKITHI

c. [Topsaok orneHkn BIUSHHS cOOEB Ha Ha-
JIEKHOCTH ITU(POBBIX YCTPOUCTB

4. KauecTBO 1 HaJEKHOCTh MPOTPAMMHBIX
CpeICTB

a. XapaKTEepUCTHKH KaueCTBa

b. MeTonpl OIICHKH Ka4eCcTBa MPOrpamMm

c¢. CBoiicTBa HaIG)KHOCTHU MTPOTPAMM

d. ITokazaTenu HaIEKHOCTH TIPOTPAMM

e. [Ipumep pacdera HaJICKHOCTH TTPOTPAMMBI
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5. O6ecnieuenue GyHKIIMOHATBHOW HAIEK-
HOCTH

a. [Toctynarsl PyHKIIMOHAIBHON HAJEK-
HOCTH

b. Hanexxaocts 1 n306ITOYHOCTE. BHBI 13-
OBITOUHOCTHU

c. Uadbopmanmonnas, pyHKIIMOHAIbHAS, all-
TOPUTMUYECKAs U IPOrpaMMHasi U30bITOYHOCTH

d. Omum6KkoyCTOWYNBOCTD, OTKA300€301ac-
HOCTb

e. HaGmogaemocTh 1 ynpaBisieMocThb

f. UadopmaninonHas 3amuieHHOCTh

6. [ToBbIlIEHNE HAZIE)KHOCTH TPOTPAMMHOTO
olecrnieueHus

a. V-nmuarpamma pa3paboTKH MpOrpaMMHBIX
CpencTB

b. )KuzHennslii MK QyHKIIMOHAILHOMN Ha-
JIEKHOCTH TIPOTPAMMHBIX CPEIICTB

c. [Iporpamma obGecniedeHns U T0Ka3aTeib-
CTBO HaJIC)KHOCTH MTPOTPAMMHBIX CPE/ICTB

d. Cnetudukarwist TpeOGOBaHMI K HAJISKHBIM
porpamMmMamM

e. MeTobl peaynpexieHus OIIMOOK B IPO-
rpammax

f. Metonbl oOHapykeHne OO0k

g. MeToipl HcTIpaBiieHHE OIUO0K

h. Metonp! obecrieueHnst yCTOWIUBOCTH TIPO-
rpamMMm K ommOKam

Y4yacTHUKHN ceMMHAPa MOJIYYal0T COOTBETCTBYIOIIEe CBH/IETEeIbCTBO
(JIunen3us 00 odpasoBarenbHON AesATeabHOcTH Ne 027825 ot 20.12.2010 1)
Croumocts yuactusi B cemunape 12 000 py6., 6e3 HIAC
Jls ydqactusi B ceMUHape 3arojIHUTE MPUBEACHHYIO faiee (opMy U OTIIPaBbTE
10 JIEKTPOHHOM moute mary230@yandex.ru

3asiBKa Ha yyacTHe B CEMHHape

HaumenoBanue npeanpusitus/
OpraHu3anuu

[TouToBHIit aipec MpeanpusTHs/ OpraHu3a-
11U

KonTakTHblii Tenedon, e-mail

PeKBU3UTHI OpraHu3aIum

(ropuanueckuii aapec, MHH/KIIIT, OI'PH,
HOMEp PAacUYeTHOTO CUeTa U HAMMEHOBAaHUE
OaHka)

®OUO nuia, NOANMKUCHIBAIOIIETO I0TOBOP, U
OCHOBaHHE MOJTHOMOYHI

®.N.0., T0IKHOCTH COTPYAHUKOB, KOTOPBIE
OyayT NpUHUMATh Y4acTHE B CEMUHApe

[

Heo6xoaumocTh OpOHUPOBAHHS MECT B
TOCTUHHULIE

[Tocne mocTyruieHus 3asiBKU O JIEKTPOHHON MoyTe Oy/1eT BhICTIAH CUET JUIsl OIUIAaThl y4acTus B ce-
MHUHape, a TaKkKe cOOOIIeH TOYHBIN aJpec MecTa IPOBEIACHHUS.

Hupexrop HOUY «HUILD» Iletpummna Mapuna
Teneghonwt ona cnpasox 8(985) 134-43-67, 8(926) 726-09-67
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TPEBOBAHUA PEOAKLIMX MO ODOPMJIEHUIO CTATEN

B )XYPHAJIAX USOATEJIbCKOM rPYNMbl IDT PUBLISHERS

Mncbmo OT opraHmnzauum, roe padotaeT aBTop(bl), NMMOO
JINYHO OT aBTOPA(0B) C NPeaIoXeHneM o nNydnnkaumm
CTaTbV HaNpPaBASETCS B peaakumio XXypHana no dak-
Tnyeckomy agpecy: 107078, nMockea, OpnvkoB nepe-
ynok, a.5, opuc 755 000 «KYPHAJT «<HAOEXXKHOCTb»
wnn no agpecy e-mail: E.Patrikeeva@gismps.ru

(B OTCKaHMpOBaHHOM BUAE). [ng XXypHanoB 13-
patenbckon rpynnel IDT PUBLISHERS no agpecy:
105005, r.MockBa, HabepexHas akagemMuka Tynone-
Ba, O.15, kopn. 29 000 «M3paTenbckuin AoMm «Tex-
Honoruw» unu no agpecy e-mail: knstas@yahoo.com
(B OTCK@HMPOBAHHOM BUAE).

K nucbmy npunaraetcs B 91eKTpoHHOM Buae (Ha CD
W1 No NpuBeaeHHOMY Bbiwe E-mail) Tekct ctatbn C
aHHOTaUMeNn 1 KIIoYEBLIMU CloBamMu, HGOpMaumen
006 aBTOpax, C NnpucTatenHbiM 6ubnorpadnieckmm
CMNCKOM, NpeaocTaBnaeTcsd C OLAHUM KOMIMIEKTOM
PUCYHKOB

BHumaHue! HaseaHus ctatbn, PO aBTOPOB, aH-
HOTaLMs 1 KIOYEBbIE ClI0Ba 006593aTeNbHO NPeacTaB-
NA0TCS B COOTBETCTBUU C TpeboBaHuamu BAK Ha
PYCCKOM 1 aHMNIACKOM S13bIKax.

MHdopmaums 0 Kaxaom aBTope A0/KHA CoOAepXaTb
cnepyowpe ctTaHaapTHbIE CBEAEHNSA:

e damunus, MMs, 0THECTBO;

e YyeHas CTeneHb, yHeHOe 3BaHne, NOYETHOE 3BAHUE;
® YneHCcTBO B 00OLLECTBEHHbIX COO3ax U T.4.;

e MecT0 paboTbl, AOJIKHOCTb;

¢ [MepeyeHb n Homepa xypHanoB IDT Publishers, B
KOTOpPbIX paHee NybnnKoBannchb CTaTb aBTOPA;

e CBefeHus sl KOHTaKTOB.

TekcT Heobxoammo HabupaTtk B penaktope Word 97-
2003 wpudTom Ne 12; TekcT He popmaTtupyetcs. Ab-
3aLbl OpraHM3yloTCsa NyTeEM HaxaTua knasuwin Enter.
TekcT cTaTby HabrpaeTCs Yepes ABa MHTepPBasia Ha CTpa-
HuLe dopmaTa A4; cnesa AOMKHO ObITe None 4 cMm; cTpa-
HULbI HYMEPYIOTCS, «KpacHas CTpoka» oba3aTesbHa.
Bce 6ykBeHHble 06003Ha4YeHns, NpUBeAeHHbIe Ha
pUCyHKax, He06X0ANMO MOSICHATL B OCHOBHOM WA

noapuCcyHO4YHOM TekcTe. HegonycTumMbl OTANYmA B
0603HavYeHNsAX Ha pUCyHKax 1 B TekcTe. HymepoBaTtb
cnenyeT TONbKO Te GOoPMYJibl U YpaBHEHUS, HA KOTO-
pble eCTb CCblfika B TEKCTE.

HenocpencTeeHHO B TEKCTE HabMpatoTCs NPOCThIe
dopmysnbl (Hanpumep, m2; n%t, C=1+DDF -A,),
rpeyeckme 6ykBbl 1 CUMBOJIbI, HANPUMEP, B, © —
wpudTomMm Symbol. To, 4TO HEBO3MOXHO HabpaTb
HENnocCpeaCcTBEHHO B TEKCTOBOM peaakTtope, — C
ncnosib3oBaHnem pegakrtopa dopmyn Microsoft
Equation (Bxoasiiero B komnnekT noctaBku Microsoft
Office) nnun pepaktopa dopmyn Mathtype.

He pmonyckaeTcsa npeacTaBfieHne TEKCTA, B KOTOPOM
dopMynbl NpeacTaBneHbl B BUAE N306paxeHnus.
doTorpadurm 1 puCyHKN K cTaTbsiM NPeaoCcTaBAAOTCS
oTaenbHbiMu darnamum ¢ pacumpenvem TIF, nnn EPS
nnn JPEG c paspelieHnem He meHee 300 dpi .
Cnuncok Ncnosib3oBaHHOM NnTepaTypbl COCTaBASETCS
B NOpsiAKe UMTUPOBAHUS 1N OAETCS B KOHLE CTaTby.
Ccblinku Ha nUTepaTypy B TEKCTE OTMEeYaloTCs nopsia-
KOBbIMU LMdpamMu B KBaapaTHbIX CKOOKax.

BHMMaHUIO aBTOPOB, NYOJINKYIOLWMNXCSH B XXypHa-
nax IDT Publishers.

MpepctaBneHHasa MHGoOpMaLms O Kaxa0M aBTope
NoMMMO XypHana 6yaeT pasmeLlaTtbcs Ha canTe
techizdat.ru B pasgene “ABTOpbl” HA OTAENBHOM
VHTEPHET-CTPaHuLLE.

ABTOpaM TakxXe NpeaocTaBAsgeTcsd BOSMOXHOCTb Mpu
nyéamkaumm CBOUX cTaTel HanpaBnTb B peaakuuio
CBOIO 9/IEKTPOHHYIO poTorpaduio n 4ONOSHUTENbHbIE
Martepuasnbl 4N Pa3MELLLEHNS X HA 3TON MHANBUAY-
anbHom NHTepHeT-BM3nTKE. 10 CBOEMY YCMOTPEHUIO
aBTOP MOXET pacckasaTtb 6osiee noapobHo o cebe,
00 MHTEepPEeCHbIX NpUMepax N NCTOPUAX pPeLleHns
TEXHNYEeCKMX NpobnemM, 0 COBPEMEHHbIX 3afa4ax - B
COOTBETCTBUM C TEMATUKOIM COOTBETCTBYIOLLLENO XYP-
Hana - 1 T.n. XXenatenbHbli 06beM 3TOro Mmatepmana
— He 6onee 1000 3HakoB ¢ Npobenamu.

NoANMUCKA HA XYPHAJN «<HAAEXXHOCTb»

Moanucartbes Ha XypHan Ha 2013 rog MOXHO:

e Yepes areHTcTBO «PocnevaTtb» — nnaekc 817383;

e [No kaTtanory «[Mpecca Poccumn» arentctBa «KHura-Cepsuc» — niaoexkc 11804

e Yepes penakumo Ha ntoboi cpok

Ten.: 8-916-105-8131
e-mail: E.Patrikeeva@gismps.ru
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Jloporue kojaern!

B 2005 romy Obuta ocHoBaHa HedopMaabHas AcCOUHMANMs CICHHAIACTOB IO
HaJeKHOCTH, TIpuKIaanoi BepostHocTu U cTtatucThke (I.G.O.R.), koTopas umeeT cBOi caliT B
HMurepnere GNEDENKO FORUM. CaiT Ha3BaH B 4e€CTh BbIAAIOIIErocs maremMaruka bopuca
BragumupoBnua  I'memenko  (1912-1995). llensto  dopyma  sgBisieTcss  yiaydlleHHE
npoeccHoOHaNbHBIX M MEPCOHATBHLIX KOHTAKTOB CHEUUAINCTOB MO MaTeMaTH4YeCKOH
CTaTHCTHKE, TEOPHH BEPOSTHOCTEN M MX BaXKHBIX BEeTBEW, Kak Teopus Ha/leKHOCTH U KOHTPOJS
KayecTBa, Teopust MaccoBOro oOcIyKuBaHus, Teopuu yrpasieHus 3anacaMu U T.II.
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«Haoexcnocmo: Teopus u npunoxncenusn» (“Reliability: Theory & Applications”).
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Dear colleagues!

In 2005 the informal Association of Experts in Reliability, Applied Probability and
Statistics (I.G.O.R.) was established with its own Internet website GNEDENKO FORUM. The
site has been named after the outstanding mathematician Boris Vladimirovich Gnedenko (1912-
1995). The Forum’s purpose is an improvement of personal and professional contacts between
experts in the mathematical statistics, probability theory and their important branches, such as
reliability theory and quality control, the theory of mass service, storekeeping theory, etc.

Since January 2006, the Forum has published a quarterly international electronic
magazine

“Reliability: Theory and Applications”.

The magazine is registered with the Library of Congress in the USA (ISSN 1932-2321).
All rights reserved for authors so that articles can be freely published in any other publications or
presented at conferences.
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REQUIREMENTS OF EDITION ON EXECUTION OF PAPERS

IN JOURNALS OF PUBLISHING GROUP OF IDT PUBLISHERS

A letter from the organisation where the author (s)
works or from the author (s) personally with the paper
offered for publication should be sent to the de facto
editorial office address: 107078, Moscow, 5 Orlikov
lane, Office 755, LLC JOURNAL DEPENDABILITY” or
e-mail: E.Patrikeeva@gismps.ru (in scanned form).
For journals of the publishing group of “IDT PUBLISH-
ERS” the paper offered for publication should be sent
to the address: 105005, Moscow, 15 Quay of Aca-
demician Tupoley, building 29, LLC “the publishing
house Technology» or e-mail to: knstas@yahoo.com
<mailto:knstas@yahoo.com> (in scanned form).

The letter should be attached to a paper text containing
the summary and keywords, information on authors,
bibliographic list, and one complete set of figures. All
listed items are to be presented in an electronic form
(on CD or via the e-mail address provided above).
Attention! Titles of papers, names of authors, sum-
mary and keywords must be presented, in Russian
and English languages, according to the requirements
of the Higher Attestation Commission. The information
on each author should contain the following standard
data:

e Surname, name, patronymic;

e Scientific degree, academic status, honorary title;

e Membership of relevant public unions, etc.;

e Place of employment, position;

e The list and numbers of Journals of IDT Publishers
in which papers of the author have been previously
published;

e Contact information.

Texts should be presented in Word 97-2003 format

in a 12-point typeface; the text should not be format-
ted. Paragraphs should be arranged by pressing the
“return” key. The text of the paper should be double-
spaced on pages of A4; on the left there should be a
margin of 4 cm; pages should be numbered, the «first
line indent» is obligatory.

All alphabetical designations represented in figures
should be explained in the body text or in a legend.
Inconsistencies between designations in figures and
in the text are inadmissible. Numbering should only
be applied to those formulas and equations that are
referred to in the text.

Simple formulas appearing directly in the text (for
example, m2, n?t, ¢ =1+ DDF - A,), and the Greek
letters and symbols, for example, 3, © may be typed
using the Symbol font. When it is not possible to type
directly in the text editor, use the “Microsoft Equation”
formula editor (available with the complete installation
of Microsoft Office) or the “Mathtype” formula-editing
program. Representation of formulae in the text in the
form of images is not admissible. Photos and figures
for papers should be provided in individual files with
extension TIF, EPS or JPG with a resolution of not less
than 300 dpi. The list of literature referred to in the
paper (bibliography) is presented according to order
of citation and provided at the end of paper. Refer-
ences to the literature in the text are marked by serial
numerals in square brackets.

To authors that are published in journals

of “IDT Publishers”.

In addition to the journal, information on each author
will be presented at the techizdat.ru site in the «Auth-
ors» section on the individual web page.

Authors of papers for publication have the oppor-
tunity to send an electronic photo and additional
material to appear on this individualised Internet-
business card. At their own discretion, authors can
present more details about themselves, interest-
ing examples and stories of solutions to technical
problems, about contemporary problems according
to subjects of corresponding journal, etc. This ma-
terial should not exceed 1000 characters including
spaces.

SUBSCRIPTION TO THE JOURNAL «RELIABILITY»

It is possible to subscribe to the journal for 2013:

e Through the agency «Rospechat»

— for the first half of the year: an index 81733;

e Under the catalogue “Press of Russia” of the agency «Books-services»:
— for half a year: an index 11804

e Through the editorial office:

— for any time-frame
tel.: 8-916-105-8131; e-mail: E.Patrikeeva@gismps.ru
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KYPHAA HSOAETCS IIPH YYACTHH U ITIOOOAEPKKE

OTKPBITOI'O AKILIMOHEPHOT'O OBIIECTBA (HAYYHO-UCCAEOOBATEABCKUM U ITPOEKTHO-
KOHCTPYKTOPCKUM MHCTUTYT UHOGOPMATUSAIIMN, ABTOMATU3AILIUU U CBA3U HA
KEAEBHOAOPO2KHOM TPAHCIIOPTE»

(OAO <HMHAC»)

OAO «<HHHAC» — Benyuiee npearpuarre OAO «P2K/I»

B 00AaCTH CO3AaHHS KOMIIAEKCOB M CHCTEM ObOecIlleYeHNs
0€e30IIaCHOCTH [BUIKEHUs, VIIPABAEHUS [IBUKEHHEM,
reonH(OPMAIIIOHHOTO  O0eCHedYeHus, MOHUTOPHHTA
COCTOSIHUS IIOABHKHOIO COCTaBa U HHQPPACTPYKTYPHI
3KEeAE€3HBIX I0POT

IIean:

U s¢dppexkTuBHOCTD,
U Ge3ommacHOCTDb

U HamexXHOCTH
IIepPEeBO30K

OcHOBHEIE HaIIpaBAC€HHS OECATEABHOCTH

ellHTEeAAEKTYaABHBIE CHUCTEMbI YIIPABACHUS !
*TeXHOAOTHH YIIpaBAEHUS II€PEBO3KaAMU T NWAVANT ST
U TPAHCIIOPTHOTO O0CAYKUBAHUSI d ——
*CucTeMbl aBTOMATHKH U TEAEMEXaHUKU '

*[leHTpPBI aBTOMATH3UPOBAHHOIO VIIPABACHUS

s HOpMAaITOHHBIE CUCTEMbI
*l'eouH(pOPMAIIOHHbIE CUCTEMBI U CIIyTHHUKOBBIE
TE€XHOAOTHH

*CucTeMbl TPAHCIIOPTHOMH 6€30I1aCHOCTH
*CucTeMbl yIIpaBA€HUS HHPPACTPYKTYPOH
*CucTeMbl yIIPABACHUS TOIIANBHO-
SHEPreTHYEeCKUMH pecypcaMu

elcnbITaHus, cepTU(UKAIIN U 9KCIIePTH3a
*MudopmariionHast 6e3011acCHOCTD
*HopmaTuBHO-1IpaBOBOe obecriedeHe

www.vniias.ru
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OCHOBHbIE HANMPABJIEHUA

NYBJIMKALLUW B XXYPHAJIE «<HABEXHOCTb»

Il CTPYKTYPHASA HALEXXHOCTb
TEOPUA N MPAKTUKA

e MeToapl pacyeTa, TEXHONOMMN 1 MeToapl MOAENMPO-
BaHWS, NakeTbl NPUKNaOHbIX NPOrpaMm, NpakTuyeckmne
pacyeThl HAAEXHOCTU CNOXHBIX CUCTEM.

* Maremarunyeckas Teopua TEXHNHECKOro 00CNyXMBaHW4,
npakTUYEeCKne pesynsTarel SKCnayarauyi CAOXHBIX CUC-
TEM, XMBHEHHbIN LMK CUCTEM, ONTUMM3ALNS HAOEXHOC-
T U CTOUMOCTM Ha BCEX aTanax XMU3HEHHOMO LMKNa.

e MeTtoap! UCMbITaHNA, KOUTEPW MOUHATAS DELLEHWI NO pe-
3ynbTaram UCNbITaHWM, YCKOPEHHbBIE NCMbITaHMA, MeToabl
OLEHKN HaAEXHOCTU CUCTEM MO PE3yAbTaTam UCTBITaHNIA,
NPaKTUYECKMn ONbIT UCMBITAHWI Ha HAOEXHOCTb.

Il ®YHKUUOHAJIbHASA HALEXXHOCTb
TEOPUA N NMPAKTUKA

e OObEeKT, NPeAMET 1 LENN UCCNeaoBaHns, nokasarenm
QYHKLUMOHANBHOM HAAEXHOCTH, TEPMUHONOMA, MPUHLIM-
Nbl 1 METOAOB pacyeTa.

* MeToapl OLEHKN 1 MPOrHO3MPOBAHUA HAAEXHOCTU NPO-
rpamMMHOro obecnedyeHns, METOAR! pacyeTa HaaeXHOCTH
BbINOAHEHUS MHPOPMALMOHHBIX MPOLLECCOB B NPOrpam-
MHO — annapartHblX KOMMAIeKcax ¢ y4eToM COOMHBbIX,
NPOrpaMMHbIX OLIMOOK, OLMBOK ONepaTopos, OLWNOOK
BO BXOOHOW MHPOPMALMN.

® TexHONorM 1 MetToasl 0becneyeHma GyHKUMOHaNbHOM
HaOEXHOCTU — TEXHONOMMK MOCTPOEHUA PYHKLMOHANBHO
HaOEXHOMO NPOrPaMMHOr0 06EeCneYeHnst, MeToabl NOCT-
DOEHNST HEYYBCTBUTENBHBIX K COOMHBLIM OLUMOKaM 1 OG-
Kam onepaTtopoB anroputMoB 00paboTKM UHPOPMALIN I
yNpaBAEHNs, METOObI U CNOCOOb! 3aL/Thl OT OWNOOK BO
BXOOHOW MHGOPMaLWMK, NpakTU4eCKne PesynsTarsl.

Il PYHKUUOHAJIbHAAA BESBONMACHOCTb CUCTEM
TEOPUA N NMPAKTUKA

e QOObeKT, NPegMeT 1 LENN NCCNepoBaHua, nokasaTenm
OYHKLMOHANBbHOM 6830MacHOCT; GYHKLMN 6830NacHOC-
TW, NONHOTa 6e30MacHOCTM, TEPMUHONOIUS B 06NacTu
DYHKUMOHaNBHOW 6E30NaCHOCTY.

® PyicKu, NOCTYNaThl M IPUHLUMALI 6€30MaCHOCTY, OCTaTOu-
Hbl& DVCKM, METOAbI OLEHKI PUCKOB, A0Ka3aTeNbCTBO Oe-
30MacHOCTW. INpakTUiecKne pesynsTarsl PaHXMpPOBaHNA
OMNAaCHOCTEN 1 OLEHKM PDUICKOB.

® MaTtemarnyeckme MeToabl M MOAenu 3anaHns TpeboBa-
HWUIA K NONHOTE 6830NaCHOCTY 1 OONYCTUMOMY BPEMEHU
OBHapyXeH1sa 0nacHOro 0Tkasa, Moaen GyHKUMOHab-
HOW 6e30MacHOCTY MHOFOKaHaNbHbIX 1 MHOMOYPOBHEBBIX
CUCTEM.

e TexHonorum obecneveHa GyHKUMOHaNneHoM 6esonac-
HOCTWN CNCTEM Ha BCEX 3Tanax XM3HeHHOro uxkna.

Il OTKASOYCTOMYMBOCTb CUCTEM
TEOPUA N NMPAKTUKA

® MeToasl NaCCUBHOM 3aLUMTHI OT OTKa30B, MaremMatunyec-
Kne Moaenv CTPYKTYPHOMO PE3EPBMPOBaHNS, NOCTENEH-
HOW Oerpagaumm 3ObITOYHBIX CUCTEM, MaCKMPOBaHKS
HencnpaBHOCTEN, NPaKTUYECKNe Pe3ynsTaTbl NpUMeHe-
HWSI NaCCYBHOWM 3aLLMTbl OT OTKa30B.

e MeToabl akTUBHOM 3allnThl OT CTPYKTYPHbBIX OTKA30B U
OLWNBOOK B BBINOAHEHWM MHPOPMALIMOHHBIX MPOLECCOB,
MNPVHLMML! 1 CNOCOObI akTMBHOW 3alUMThl, TEOpEeTMdeC-
K1e OCHOBbI aKTVBHOW 3aLUMThl, TEXHNYECKNE peLleHs,
OLEHKN 3P DEKTUBHOCTU aKTUBHOW 3aLUNTHI.

Il CEPTUDPUKALLUA
TEOPUA N MPAKTUKA

e AKKpeauTauma opraHoB No ceptudurkaumm 1 ncnelta-
TeNbHbIX NabopaTopu — COCTOSIHWE Npobnemel B Poc-
cun 1 3a pybexom. Kak 0obuTbCsa B3auMONPU3HaHNS
PEe3yNbLTAaTOB UCMBITaHWU B Poccumn n 3a pybexom? MyTu
ceptTndumKaumm NPOrpaMMHO — annaparHbiX KOMMAEKCOB
no TPeboBaHUAM MEXOYHAPOAHbIX CTaHAAPTOB N0 PYH-
KUMOHaNbHOM 6e30NacHOCTA.

e (ObgazarensHas 1 40O6POBONBHaS cepTudurKaLym — OnblT,
MHEHUS, NPEeANOXEHNS.

® CeptndurkaLma B 061aCTy Ka4eCTBa U HaoexXHOCTN CUC-
Tem — TpeboBaHMA CTaHAaPTOB, METOAVIKA NCMbITAHNIA,
NpakTN4eckmne pPesynsTarhl.

o Ceptudukauysa GyHKUMOHANBHOM 6E30MacHOCTM CUCTEM
Ha OCHOBE V-TEXHONOMN — PUNOCOdUs, CNOCOOLI CEPTU-
duKaummn, NpakTMYeckme pesynsrarel BhIOOPOYHbBIX My00o-
KVIX MPOBEPOK J0Ka3aTeNbCTBEHHOV Ba3bl pa3paboTyvika.

Il CTAHAAPTU3ALUS B OBJIACTU HALEXXHOCTHU
U ®YHKLMOHAJIbHOW BE3OMNACHOCTU

® BavaHue 3akoHa «O TEXHUYECKOM PerynmpoBaHnm» Ha
Pa3BUTME TEOPUM U NPAKTUKA HAOEXHOCTN 1 QYHKLUMO-
HalbHOW 6€30MacHOCTU.

e CranpapTtel RAMS (IEC 62278, EN 50126 u ap.) v unx
oTpaxenue B ctangaptax FOCT P. passuTune ctaHgapTa
FOCT 27.002-89 ¢ y4eTOM TEPMWHOB U ONpeneneHui
cTtaHpapToB RAMS.

e COCTOSHME 1 NepCNeKTBLI CTaHOapTU3aummn B 06nactu
HaOEXHOCTU.

e (OCHOBHbIE NPUHLMNLI 1 6a30BbIE NONOXEHUA CTaHdap-
TOB NO PyHKUMoHanbLHon 6esonacHocTn FTOCT P /M3K
61508, IEC 61511, EN 50126, IEC 62278, IEC 62280,
EN 50128, IEC 62279, EN 50129, EN 50159 (1.2) n gp.

e COCTOSHME 1 MepCNeKTBLI CTaHOapTM3aummn B 06nactu
DOYHKUMOHaNBHOM 6e30MacHOCTH.



GUIDELINES FOR PUBLICATION IN THE JOURNAL

«DEPENDABILITY»

[l STRUCTURAL RELIABILITY
THE THEORY AND PRACTICE

e Methods of calculation, technologies and methods of
modeling, packages of applied programs, practical
calculations of reliability of complex systems.

e The mathematical theory of maintenance service,
practical results of complex system operations, life cycle
of systems, optimization of reliability and costs at all stages
of life cycle.

® Testmethods, criteria of decision-making by test results,
accelerated tests, methods of reliability assessment of
systems by test results, practical experience of reliability
tests.

Il FUNCTIONAL RELIABILITY
THE THEORY AND PRACTICE

e Qbject, subject and purposes of research, parameters of
functional reliability, terminology, principles and calculation
methods.

e Methods of assessment and forecasting of software
reliability, methods of calculation of information processes
reliability performance in software-hardware complexes
taking into account faulty program errors, errors of
operators, errors of input information.

e Technologies and methods of ensuring functional
reliability —technologies of functionally reliable software
development, methods of construction of algorithms of
information processing and management tolerant to
faulty errors and to errors of operators and methods and
ways of error protection in input information, practical
results.

Il FUNCTIONAL SAFETY OF SYSTEM
THE THEORY AND PRACTICE

e Object, subject and the purposes of research,
parameters of functional safety; functions of safety,
completeness of safety, terminology in the field of
functional safety.

® Risks, postulates and principles of safety, residual risks,
methods of an estimation of risks, the proof of safety.
Practical results of ranging of dangers and estimations
of risks.

e Mathematical methods and models of the task
of requirements to completeness of safety and
admissible time of detection of dangerous refusal,
model of functional safety of multichannel and multilevel
systems.

® Technologies for ensuring functional safety of systems at
all stages of life cycle.

[l FAULT TOLERANCE OF SYSTEMS
THE THEORY AND PRACTICE

e Methods of passive protection against failures,
mathematical models of structural redundancy, gradual
degradation of redundant systems, fault masking, practical
results of application of passive protection against
failures.

* Methods of active protection against structural failures and
errors in performance of information processes, principles
and methods of active protection, theoretical bases of
active protection, technical decisions, estimations of
active protection efficiency.

Il CERTIFICATION
THE THEORY AND PRACTICE

e Accreditation of certification bodies and test
laboratories — a problem state in Russia and abroad. How
to achieve mutual recognition of test results in Russia and
abroad? Methods of certification of software — hardware
complexes under requirements of international standards
on functional safety.

¢ Obligatory and voluntary certifications — experience,
opinions, offers.

e Certification in the field of quality and reliability of
systems — requirements of standards, techniques of
tests, practical results.

e Certification of functional safety of systems on the basis
of V-technology — philosophy, certification methods,
practical results of selective deep checks of a developer
evidentiary base.

[l STANDARDIZATION IN THE FIELD OF RELIABILITY
AND FUNCTIONAL SAFETY

® [nfluence of the law «Of technical regulation» on
development of the theory and practice of reliability and
functional safety.

® RAMS standards (IEC 62278, EN 50126, etc.) and their
reflection in standards of GOST R, development of the
standard GOST 27.002-89 inview of terms and definitions
of RAMS standards.

e States and prospects of standardization in the field of
reliability.

* Main principles and basic regulations of standards on
functional safety GOST R/MOK 61508, IEC 61511, EN
50126, IEC 62278, IEC 62280, EN 50128, IEC 62279,
EN 50129, EN 50159 (1.2), etc.

e Condition and prospects of standardization in the field of
functional safety.



