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Ilpenucaosue

Kak camocrostenpHOe HaydHOE HAIPABICHHE TEOPUS HAIEKHOCTH
sapommtack B CIHIA depe3 HeCKOOBKO JieT nocie OkoHyanus Bropoil Mu-
pOBOH BOWHEI, KOT7ia aMEpHKaHI(bl Hauaid BOCHHbIC AercTBus B Kopee,
JaJeKO OT CTallMOHAPHBIX 6a3, rae MOXHO ObIIO OBl OTPEMOHTHUPOBATH
WM 3aMEHUTh OTKA3aBIIYIO BOCHHYIO TEXHUKY. J[ns permeHus npoOnemsl
Hanexdoctd B Muctutyre Pammoumxenepos CIIA(IRE) Owsina co3mana
CEeKIMs HAJIeKHOCTH W KOHTPONSL KauecTBa, KOTOpas CTaja BhIIYCKATh
€KEKBapTAJIbHBIE KYpHaJbl H, HauuHas ¢ 1954 1, co3bIBaTh €XETONHEIE
CHMITO3UYMBI TI0 HAJISXKHOCTH. B 3T0 xe Bpems BompocaM HaJIeXKHOCTH
TEXHHYECKHX OOBEKTOB CTANIO YACIATHCA JODKHOE BHUMaHuE U B CoBet-
ckom Coroze. Yxe B 1954 . BbImen nepBolii COOPHAK NEPEBOIOB 3apy-
OCXKHBIX MATEPHAIOB, 3aTPArHBAOIMX BOIPOCH HANEGKHOCTH, HOI PEl.
axkamemuka B.. CrdopoBa. Bo3MOXXHOCTH COBETCKOH cHCTEMBI IO OBICT-
PO MOGHIHM3AIMY HHTEIIEKTYAIbHBIX U MATEPHATIBHBIX PECYPCOB B HYX-
HOM HaIpaBIIEHWH NaJii CBOU INofbl. brima cdopmupoBana rpynma cre-
ITHATHCTOB ( B OCHOBHOM BOEHHBIX U3 Akanemuu JKyKOBCKOTO0), KOTOpbIE
Bo3miaBwin paborel B Mockse: B.B. Bacumses, I'B. [lpyxusns,
B.A. Kysuenos, b.P. Jlesun, 1.1. Mopozo, M.A. Cuunia, K.®. Ilgeraes.
B 1958 1. coctosuace IlepBast Beecoro3nast koH(bEpEHLHS 110 HAEKHOCTH.
JleruHrpanckuMu crienpanuctaMu yxe B 19591 B mepBoM 0TeueCTBEHHOM
oTene HagexHocTH (B oxHoM u3 Jlennmurpaackux HUM Cymipoma) Obita
BBIMYICHA TIepBast KHIKKA - «OCHOBBI TEOPUH M pacyeTa HaAEKHOCTH
(aBTOpBI KHHUTH — ONHH U3 OCHOBOIIOJOKHHKOB OTEUECTBEHHOM IIKOJIBI Ha-
nexsocty: U.M. Manukos, A.M. llonosko, H.A. Pomanos u I1.A. Uykpe-
eB). A B 1959r. B nexabpe mpoxomuna yxe Bropas Bceecorosnas konde-
PEHIMA [0 HaJeXHOCTH, INIABHBIM OpraHU3aTopoM KoTopod 6buio HTO
uM. A.C. TlonoBa. Beur co3pan crnenuanbueii oObeqHHEHHBIH OTIE Ha-
JIGKHOCTH BCEX OOOPOHHBIX MHHHUCTEPCTB MO PYKOBOACTBOM 3ameda-
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TEIBHOIO YYEHOIO U opraHusaropa — fxkoBa Muxainosrnua CopuHa, B KO-
TOpoM paboTall Torja elle MONOAOH CIIeIHANHCT, a HhIHE KPYIHbIA yue-
HBI{, aBTOP BCEMHPHO M3BECTHOTO CIIPABOYHHKA 10 TEOPHH HAJEKHOCTH,
Hrops AnekceeBnu YmiakoB. Brimaromuecs TeOpeTHUECKHE PE3yNBTATHI
paboThI ITUX YYEHBIX M HX BBICOYAIIas MpaKTHUYECKas [EHHOCTH ITO3BO-
JWITH J{OKa3aTh Psfly TOTAAILIHUX ITIABHBIX KOHCTPYKTOPOB OIIOOYHOCTD
MHEHHS O TOM, YTO “‘CUMTAIOT HAJIEKHOCTh TE€, KTO €€ HE YMEET JAENarh .
B 60-x romax mouru omHoBpemenHo B CCCP u CIIIA 6buma BEITyTIIEHBI
JIB€ KHUTH, 32JI0XKUBIUME TEOPETUYECKUH (PYHIAMEHT aHAIU3a HaJE)HO-
cTH, “MaremaTHuecKie METOIBI B TEOpHH Ha/iexkHOCTH M “Mathematical
Theory of Reliability”. ABropamu riepBoii KHUTH OBUTH BBIIAIOIIHECS CO-
BETCKUE MaTE€MaTUKH, “Kiaccuky mpH xu3au” — b.B. ['menenxo, F0.K. be-
nseB, A.Jl. ConoBbeB, pykoBoauTenu Kadeapsl U JabOpaTopHn TEOPHH
BepostHocTed MI'Y. Akanemuk, 3aBenyromnuit kadeapoil Teopunt BeposT-
Hocreit MI'Y bopuc BrnapumupoBuu I'HepeHko — ydeHbIH, KITacCHUYeCKHE
PEe3YIBTaThl KOTOPOTO B TEOPHH AKCTPEMABHBIX BEIMYHH, B CTATHCTHKE U
TEOPHUU MaccOBOIO OOCITY>KMBAHMA H3BECTHHI BO BceM Mupe. Jlokrop du-
3MKO-MaTeMaTH4eCKuX Hayk, mpodeccop Anekcanyp Jmmrpuesmy Co-
NIOBBEB — M3BECTHBIM YUCHBIN, KPYIHEHIIHH CIENHAIUCT 110 aCHMIITOTH-
YECKHM METOZaM TEOpUM HaNeKHOCTH. JIOKTOp (pU3HMKO-MaTeMaTHIeCKuX
Hayk, npoeccop Opwuit Koncrantunosrna benses - yuenuk A.H. Koamo-
TOpOBa, BBINAIOMIMNACS YYeHBIH, CIEHHATM3HPYIOMMHACA HA CTaTHCTHYe-
CKUX METOZlaX OLIEHKH IOoKa3aTeNel HaJIeXHOCTH U METONAaX KOHTPOJIA Ka-
gecTBa. Bropas xHura Opina Hammcana npodeccopoM KanmudopHutickoro
yHuBepcutera P. Bapnoy u mpodeccopom yHuBepcutera ®Onopumsl, co-
TPYAHHKOM HaydHOW saboparopum ¢upmsl Boeing @. Ilpomanom. 3a
BKJIQ/l B Pa3BUTHE TEOPHH HAJEXKHOCTH OHH OBUTH YHOCTOCHBI MPEMHH
don Heiimana Amepukanckoro O6mectsa Hcenenosanus Orneparuii.
JanbHeiniee pa3BUTHE OTEYECTBEHHON TEOPHU HAIEXKHOCTH CBA3AHO
C MMEHaMH MHOTHX Bbljaromuxcs yuensix. Cpenn HuX, agmupain Mrops
Anexceeud PaOMHMH — ojMH U3 co3aareneil IOTMKO-BEpOITHOCTHOTO Ha-
TIpaBICHUS TEOPHU HAJEKHOCTH, POAUBILIETOCS B CBSA3M C HEOOXOOHUMO-
CTBIO IIOCTPOEHHUS aICKBATHBIX MOJIENIEH HaAeKHOCTH MHOTOJIEMEHTHBIX,
BBICOKOPE3EPBUPOBAHHBIX KOpabenbHBIX cucTeM, [enHanuit HuxomaeBud
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YepkecoB, aBTOp OPUTHHAIBHEIX PAOOT IT0 aHAIU3Y HAEKHOCTH CHCTEM C
BpeMeHHBIM pesepupoBanueM, Wb boprcosny ['epudax, HamucaBmmi
OJIHY H3 JIYHIIMX KHUT [0 MOJEJSIM CHCTEM C NPOQHIAKTHYECKHM 0DCIy-
xuBanueM, ydeHUkn b.B. I'menenxo Bnamumup Cemenornu Kopomox u
Urops Huxonaesuu KoBanexko, nonyduBOIME OY€Hb MHTEPECHBIE TEOpPE-
THYECKHE Pe3yNbTarhl B 00NaCTH HAJIEKXHOCTH M MaccOBOTO OOCIYXHBa-
mus, I'eopruit Bacunsesuy [JIpyxuHuH, aBTOp OJHOM M3 MEPBBIX OTEYECT-
BEHHBIX MOHOTpaduil o Teopuu HajexHocTH “HamexsocTs ycTpolcTs
ABTOMATHUKH, BBUIYINEHHOM B 1964f, m opraHu3arop Hay4HOIO CEMHHAPA
[0 HAJISKHOCTH, B KOTOPOM TPHHEMAJIH YJAaCTHE BCE BEYIIHE CIICI[HAIH-
crei crpansl, bopuc Crenanosuy COTCKOB, OAMH M3 OCHOBATeleH Harpas-
JICHHSI, CBS3aHHOIO C (DPM3UKOH OTKAa30B 3JIEMEHTOB M YCTPOHCTB aBTOMa-
THKH W BEIYUCIIATEIbHON TEXHUKH, I MHOTHE IPYTHE.

Yuraremio, KOTOpLI Xouer Gonee MoapoOHO O3HAKOMHTECS C HCTO-
puel CTaHOBIEHUS OTEHECTBEHHONW HAyWHOM LIKONBI HAJIEKHOCTH, MOXKHO
MOPEKOMEH/I0BAaTh IPOYECTh 3aMEYaTENIbHBIM HCTOpHUYECKUH  0030p
HU.A. Vmakora, noMemeHHs uM Ha ¢opyme I'Hesenko mo web agpecy
http://www.gnedenko-forum.org/history.htm.

CoBpeMEHHBIMU POCCHIMCKHMH CICLHAIUCTAMHA BEOYTCS TEOPETH-
YECKHE HCCICNOBAHMSA BO BCEX pasfenax Teopuu HajaexHocTu. I1lmpoko
H3BECTHBIMH sBJSIOTCA pabotrhl AkynoBoit JLI., Moxaesa A.C., Pabunu-
Ha ML.A., Ymaxosa U.A., ®miuna b.I1. (JJOTHKO-BEPOSTHOCTHBIE METOJIBY),
Jy6rosa H.B., Ilonosxo A.M., Peixoa B.B., Ymaxkosa U.A., Illyburnckoro
W.B. (MapKoBcKHe, MOIYMapKOBCKHE CllydaiiHble porecchl), Kamanmuko-
Ba B.B., CoroBseBa A./l., (aCHMITOTHIECKHE METOBI - TIOITYMapKOBCKHE,
pETreHEpHPYIOIKE TPOIECChl, Teopust BoccraHoBneHus), bysHoBa b.b.,
Kanammnukoa B.B., Ky3nenosa H.IO., Jlybxosa H.B. (yckopenue crari-
CTHYECKOTO MopenupoBanusi), Bomuka b.I'., Psbunvna U.A., Yimakosa U.A.
(ananu3 >¢dexTUBHOCTH 1 TeXHOreHHOU Oe3onmacHocTtn), [lerpyxuna b.I1.
(mporHo3upoBanue O€30TKAZHOCTH HIEKTPOHHOH 3IEMEHTHOH 0asbl) H
MHOTHX JIPYTHUX.

JlaHHass KHUTa OPHEHTHPOBAHA Ha M3JIOXKEHHE MOZENEH U METO/0B
HPOEKTHOTO aHATIM3a HAJIEKHOCTH CIOKHBIX TeXHHYECKUX cucreM. OIbIT,
MPHOOPETEHHBIN aBTOPAaMU B XOJI€ BHINIOJIHEHHUS 3THX MPOEKTOB, MOKa3bl-
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BAET, YTO CYIIECTBYET PH3HAHHKIN TOPSJOK U COCTAB ATAMOB MPOEKTHOTO
aHAIH3a HAJIEKHOCTH. JTO - OHPENECIEHHE CTPYKTYpPh! CHCTEMEI M pacyer
XapaKTEPHCTUK Oe30TKa3HOCTH M PEMOHTOIPUTOJHOCTH €€ 3JIEMEHTOB,
TPOBEJICHUE aHANM3a BUJIOB M TOCIEICTBHM OTKa30B (Yalie BCEro Ha
YPOBHE THITOBBIX 3JIEMEHTOB 3aMEHb!); aHAIH3 HAJCHHOCTH Ha CUCTEMHOM
YPOBHE C YY€TOM pa3JIMYHBIX BUAOB PE3EPBHPOBAHHSA, OCOOEHHOCTEH
(GyHKIIMOHHPOBaHUSA, OOCTyXHBaHMSI, PEMOHTOB. XapaKTEPHOH OCOOEH-
HOCTBIO BBIITONHEHHS TIPOEKTHBIX HCCAECAOBAHHIA B NAHHOH OONacTH SIBIIS-
eTcsl HCTONb30BAHKUE CIEIMAIM3UPOBAHHOTO IIPOrPAMMHOTO 0OECITEICHIUS
aHAIIM3a HafeKHOCTH. [IporpamMmHoe obecneueHne aHaI3a HAIEKHOCTH
kommepyeckoro yposast (Windchill Quality Solutions, Isograph, RAM
Commander...), COREPXHUT CTaHIAPTHBIH HAOOp MOMYNEH, MOIACPNKH-
BAIOIMX IIPOBEIECHUE IPOEKTHOrO aHanu3a cucreM. K HHUM oTHOCATCS
OJIOK-CXEMBI HAJIEKHOCTH, J€PEBbS OTKA30B/AEPEBBS COOBITHIH, MOMYIb
MapKOBCKOTO MOJIEIUPOBaHKHA. B COOTBETCTBHM C ITHM [ICICHHEM H
CTPYKTYpHpOBaH Marepran KHurd. B rmase 1 pambr oOmue monmKeHus n
BBEJICHHE B MOJICIHPOBAHUE HAJEKHOCTH. [71aBa 2 MOCBAIEHA MOETAM
aHaIM3a HAJEXKHOCTH PE3EPBUPOBAHHBIX HOCIEAOBATENHHO-TAPAIIETh-
HBIX 1 MOCTHKOBBIX CHCTEM, HCTIONBL3YIOMHM OCHOBHBIE (JOPMYIIBI TEOPUH
BEpOATHOCTEH coObITHH. B m1aBe 3 M3/I0KEeHB! 6a30Bble IOHATHS JIOTHKO-
BEPOSTHOCTHBIX METO/IOB aHANM3a HANEXKHOCTH. B raBe 4 omucaHsl an-
naparthl JIEPEeBbEB OTKA30B, NEPEBHEB COOBITHIA, NMPUBOAATCA MHOTOYHC-
JICHHBIE TIPUMEPHI MOCTPOEHHUS IEPEBLEB OTKA30B MOHOTOHHBIX M HEMOHO-
TOHHBIX CHCTEM, PaCCMOTPEHO NMPHUMEHEHHE HarpaMM JBOUYHBIX pellle-
HUI IIpH IPOTPAaMMHON peaH3aliuy AEPEBBEB OTKA30B, AaH KPHTHICCKHUH
0030p Mozenel orkazoB no oOmiei mprduHe. [NaBa 5 mocesmena Map-
KOBCKOMY MOJIEITUPOBAHHIO HAJEKHOCTHOTO MOBEAEHUs cicTeM. B mage 6
pPaccMOTPEH COBPEMEHHBIH anmapar aHaJIU3a HaJeXHOCTH CIOXHBIX CHC-
TEM, OCHOBAHHBIN HA arpeTHPOBAaHWH JIOTHKO-BEPOSTHOCTHBIX M MapKOB-
CKHX MOJI€JIeH HaAeXHOCTH, IHHAMHYECKUE NepeBbs OTKa30B. B miaee 7
00CYKHAIOTCs TIONXOBI K MPOBEICHHIO HA PAHHUX CTAIHSAX IPOECKTHPOBA-
HHsl KQ4E€CTBEHHOI'O M IIPEBAPUTENBHOTO KONHYESCTBEHHOIO AHAIH3A BH-
JIOB Y TIOCIIEICTBHH OTKA30B.
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Ipunoxenne 1 COnepXUT OCHOBHBIE (QOPMYNBI TEOPHH BEPOSTHO-
creif coBpITHI, HCITOTb3yeMbIe IIPH pacyeTax Iokasarenei HajexxHocTy. B
IIPUIOKEHHH 2 TIPHUBEAEHBI OCHOBHBIC TTOJIOKCHHS H COOTHOILCHHUS anred-
PbI TOTHKE .B mpujiokeHnn 3 paccMOTPEHbI CIOCOOB! BEIYUCTICHHS MTOKA-
3arenis cpeHei HapaOOTKU Ha OTKa3.

Krura Oyer mone3Ha cTyAeHTaM U aclpaHTaM, COOTBETCTBYIOMUX
CIENHANIBHOCTEH, COTPYAHHKAM OTAENOB HAJECKHOCTH, IIPOBOISIHM aHa-
JIU3 KOHKPETHHIX CHCTEM M 3HAKOMBIM C OCHOBAMH TEOPUH HAJEKHOCTH,
MOJIOZIBIM CLIEIHATNCTaM, KOTOPbI€ Ha4Yald CBOE 3HAKOMCTBO C HAJIEKHO-
CTBIO HE C U3yYEHHS] TEOPETHYECKUX OCHOB, @ C MCIOIL30BaHUS CIIELHA-
JIA3HPOBAHHOTO MTPOrPaMMHOI0 00ECTICUCHHS aHAIM3a HAJIeXHOCTH. MBI
HAJIeeMCsl, UTO 9Ta KHHTa IIOMOXET CO3/1aBaTh a/ICKBaTHbIE MOJIEIIH aHANH-
38 HAIEKHOCTH HCCIIENYEMBIX CHCTEM, KOPPEKTHO 3a/aBalb IapaMeTphl
MOJIEJIH, TIPABWIILHO HHTEPIIPETHPOBATH IOMYICHHBIE PE3yNIbTaTHL.



I'maBa 1

Beenenne B MOaeIHpPOBaHUeE
HAIEKHOCTH CJI0KHBIX CHCTEM

1.1. OcHoBHBIE TEPMHHbBI H OHSATHSI

I[JISI OJTHO3HAYHOCTH TOJIKOBAHHS OCHOBHBIX ITOHSTHIA TCOpUH Ha-

nexxHoctd B 1989 rony (nara mocneanero m3nanus - 01.07.2002) Geu1 yr-
BEPIKIEH TOCYJAPCTBEHHBIH CTAaHIAPT, PENIAMEHTHPYIOIHH TEPMHHOIO-
rui0 Teopun HagexHoctH: [OCT27.002-89 “HAJIEXKHOCTDL B TEX-
HUKE. OcHOBHbIC TOHATHSA, TEPMHHB] H ONpeeicHns . PaciApeHHbIl 1
TEMATUYECKU YIIOPSIOUCHHBIN NMEPEYCHb TEPMHHOB M ONPECIICHHH, TIPH-
MEHAEMBIX B T€OPHH HAJEXHOCTH, IPHBENEH B crpaBodHuKe [1]. OcHOB-
HBIMHM TIOHATHSMH TEOPHU HAZEKHOCTH SBISIOTCS

0bbeKkm - TEXHAYECKOE U3JIENUE ONPEIEIeHHOTO [ENEBOr0 Ha3Haue-
HUSl, PaCCMaTpUBAEMOE B MEPUOABI IPOSKTUPOBAHUS, IPOM3BOJICTBA,
HCTBITAHUM 1 IKCILTyaraluu

cucmema - 0OBEKT, PEACTABIAIOIIKI COOON COBOKYITHOCTD AJIEMEH-
TOB, B3aMMOJIEHCTBYIONMX B MPONECCE BHIIOTHEHHS ONPEAEIEHHONO
KpyTra 3a/1a4 ¥ B3aMMOCBSI3aHHBIX (DYHKIIHOHAIIBHO

anemenm cucmemvt — 0OBEKT, TIPEICTABIIOIINN COO0H MPOCTEHITYIO
4acTb CHCTEMBI, OTACIBHBIE YaCTH KOTOPOTO HE HPEACTABIAIOT CaMO-
CTOSITENIBHOTO MHTEPECA B PAMKAX KOHKPETHOTO PACCMOTPEHHS
HAOENHCHOCMb — CBOMCTBO OOBEKTa COXPaHATh BO BPEMEHH B yCTa-
HOBJIEHHBIX TIpENENax 3HAYCHHSA BCEX MAPaMeTpoOB, XapaKTepHusylo-
IUX COOCOOHOCTH BBITIONHATH TPEOyeMbie (YHKIUH B 33/1aHHBIX Pe-
KUMax U yCIOBHSX PUMEHEHHs!, 0OCTy)KUBaHHUS, PEMOHTOB, XpaHe-
HHA M TPaHCIOPTHPOBKH. HajeXHOCTh — 3T0 CHOXHOE CBOMCTBO,
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BKJIFOUAOIIEe (B 3aBUCUMOCTH OT HA3HAYEHHSA H YCJIOBHH IpHMEHE-
HUH) TaKHe CBOMCTBA, KaK 6e30TKa3HOCTD, JIOJTOBEYHOCTh, PEMOHTO-
OPHTOAHOCTD H COXPaHAEMOCTD
— besomxazHocms — CBOMCTBO 0OBEKTA HENMPEPHIBHO COXpaHATH pabo-
TOCMOCOOHOCTh B TEUCHHE HEKOTOPOH HapaOOTKU
— 001206€4HOCMb — CBOKCTBO 0OBEKTa COXPAHATH pabOTOCHOCOOHOCTH
10 HACTYIUICHHs TIPEAEIILHOTO COCTOSIHUS ¢ IepepbiBamMi Ha TO u
PEMOHT
— DEMOHMONPUL0OHOCHb ~ CBOUCTBO OOBEKTa, 3aKITIOUArOMIEECs B €0
MPHCIIOCOOICHHOCTH K NMPEeAyNpPEeXACHUI0 U OOHAPYKEHHIO OTKa30B
¥ OBPEXICHHM, K BOCCTAHOBIICHAIO PabOTOCHOCOOHOCTH U HCIIPaB-
HoctH B npouecce TO 1 pemonTa
— coxpansemocms — CBOMCTBO 00BEKTA HEMPEPHIBHO COXPAHATH pabo-
TOCIMOCOOHOCTH B T€IEHHE (U [TOCNE) XpaHEHHS U (UITU) TPAHCTIOPTHU-
POBKHU
— UCHPABHOCHIL — COCTOSIHME OOBEKTA, TP KOTOPOM OH COOTBETCTBYET
BCeM TpeOOBAHHAM HOPMATMBHO-TEXHUYECKOH JJOKYMEHTAIHIO.
HewcnpaBHOCT — HE COOTBETCTBYET XOTS ObI OHOMY TPEOOBAHHIO
— pabomocnocobHocms — COCTOSHHE OOBEKTa, IPH KOTOPOM OH CIOCO-
OCeH BBITONHATH 33/IaHHbIe (YHKIUH, COXPAHSA 3HATCHUS OCHOBHBIX
IIApaMeTPOB B MPEAEIIAX, YCTAHOBICHHBIX HOPMATHBHO-TEXHUHYECKON
noxymerTaueir. Hepaborocmocobnocts — cocrosiaue oObexTa, Ipu
KOTOPOM OH He BBIIIOJHAET XOTs ObI O7iHY (QYHKIHIO.
— omka3 — COOBITHE, 3aKTIOYAIOIIEECS B HAPYIIEHHH PaboTOCIIOCOOHO-
CTH 00BEKTA
— goccmanogieHue — Tpoliecc 0OHAPYKEHUS ¥ YCTpaHEHHS 0TKa3a
— goccmanasnusaemblil (Hegoccmanasnueaemiil) 0bbexm— oObEKT, pa-
60TOCIOCOOHOCTH KOTOPOTO B CIIy4de BOSHUKHOBEHMS OTKa3a MOANE-
XKUT (HE IMOJUICKHT) BOCCTAHOBICHUIO B PACCMATPUBAEMBIX YCIOBHAX
Kpome Hazie’KHOCTH TEXHHYECKHE OOBEKThl MOTYT XapaKTepH30BaTh-
CA M IPYTHMH CBOMCTBAMH, ONpeAeisiolimmMu ux paborocriocobnocTs. K
HHUM OTHOCSITCS: XXHBY4YeCTh, 3(eKTUBHOCT U Oe30macHOCTh. Bornpocam
CPaBHHUTENFHOTO AHANM3a 3THX CBOMCTB IIOCBSINICHBI PaboTHl JOKTOpa
TeXHHYECKHX Hayk, mpodeccopa Bomuka b.I' [2-5]. HanexuocTs, KuBy-



1.1. OcHOBHEIE TEPMHHEI W TTOHATHA 13

gecTh AQPEKTHBHOCTD U BE30MACHOCTh ONPEAEIAIOT PA3HbIE CTOPOHBI H3-
mereHUH pabotocmocoOHoCTH 00bexTa. OIHM OCHOBBIBAIOTCS Ha aHATH3E
HCTOYHUKOB HapyrieHHH paboTocmocOOGHOCTH, JPYTHE — HA aHAIM3E HX
nocnencTBuil. UcTounnKy — pa3iuyaiorcs Ha BHYTPEHHUE M BHEITHHE KC-
TouHHKH. K BHYTpeHHHM OTHOCSTCS OTKa3bl TEXHUYECKHX CPEICTB OOBEK-
Ta, OMHOKK B mporpaMMax (YHKIMOHHPOBAHHA M IKCIUIyaraldH, Hapy-
ICHWS. KOOPAMHAIMH  [POTEKAIONIMX B OOBEKTE IPOIECCOB, OMIMOKM
YIPaBIIOMEro # 00CHyKUBAOIIETO Mepconasia. BRenmHme - 910 cimy4aii-
HbIe W/WIY MIpeHAMEPEHHbBIE BO3NCHCTBUI Ha O0BEKT, COCOOHBIE Hapy-
Tk €ro paborocnocoOHocTh. HanexHOCTh XapakTepusyer MoBeCHHE
00BeKTa 10 OTHOLICHUIO K BHYTPEHHUM HUCTOYHHKAM, KUBYYECTh — II0 OT-
HOUICHHMIO K BHEITHUM.

Kueyuecms — cBOWCTBO 0OBEKTa BBHIMOJHATH 3aJAHHBIC (DYHKIHH,
X0oTst ObI B MMHHMAJHHOM JOIYCTHMOM 00OREMe, TP BHEIIHUX HeOnaro-
NPUATHBIX BO3JEHCTBUAX HAa HETO HE MPEJyCMOTPEHHBIX 3aMaHHBIMUA
IITATHBIMH YCIIOBHSIMA TIPHMEHEHUS 110 HA3HAYCHHIO.

IocnencTeus HapymeHU paboTOCIOCOGHOCTH MO CYUIECTBY SBIIA-
FOTCSl HICTOYHHMKOM KaKoro-nu6o ymepba ToM Ha/ICHCTEMBI, 3IEMEHTOM KO-
TOpOM SABJISIETCS paccMarpuBaeMblif 06bekT. HecMoTpst Ha MHOroobpasue
BO3MOXKHBIX MOCJIEACTBHN HapyLIeHHH paboTOCIOCOOHOCTH, WX MOMKEHO
0000IMTh B JBE MPUHIMITHAIBHO pasiudHsie rpynmsl (A u b):

A. Tlorepu neneBoit otaaun oObeKTa. DTO YaCTHIHOE UITH MOJNHOE He-
BBINOJTHEHUE TIPEIUCAHHBIX GYHKINH, QHHAHCOBBIE HIIA MATEPHAIHHBIC
IIOTEPH.

b. Tlorepu 3mOpOBBS WM JKH3HH NEPCOHANA M HACEICHHS, TOMajar0-
IUX B 30HY AEHCTBUs mopaxarommx (axropoB oObekra, ymepb oxpy-
JKAIOLIEN CPeJie CBEPX YCTAHOBICHHBIX HOPM.

[MocnencTBus rpynmbl A ONPENENAIOT CBOMCTBO Ha3zBaHHOE hdher-
THBHOCTHIO, a rpyrnbl b — 0e30omacHoCThIO

Oghexmuenocms — cBOUCTBO 00BEKTa 0OECIICUNBATh, HA 3a1{aHHOM
MHTEPBAJIC BPEMEHH JKCIUTyaTallly, LENEBY0 OTJady HE HIDKE 3aIaHHOTO
YPOBHSL

S deKTHBHOCTh MOXKET BBICTYHATh HHIMKATOPOM CPABHECHES KOHKY-~
PUPYIOLIUX BAPHAHTOB OOBEKTA.
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besonacnocms — cBOWCTBO 00BEKTA HE OITYyCKAaTh BEIXOZIA B 001aCTh
BO3MOXHOTO HAXOXJICHHUSI IIPOM3BOJCTBEHHOIO TIEPCOHANA W/ Hacerne-
HUS TIOPAXKAIOIINX JUIA UX KU3HH U 310POBBS (PaKTOPOB, a Takxke (PakTo-
pOB, HAHOCSIIMX YIIepd OKpyXalolmeH cpene CBEPX YCTAHOBIECHHBIX
HOPM.

1.2. Oomue Moa0:KeHUs aHAJIN32 HANE)KHOCTH

Ha coBpeMeHHOM 3Talle pa3BUTHUS TCOPHH HAJEXHOCTH YETKO BBIIE-
JITACH YETHIPE OCHOBHBIX HAITPaBICHHUS.
1. Pa3paboTka Mogejield ¥ METOA0B aHAJIN3A HAJEKHOCTH CHCTEM.

Mogenu aHanu3a HaISXKHOCTH JENATCS Ha [IBA KJIacca: OuHAMUYecKue,
KOIJIa IPOUCXOJISIIIAE COOBITHS, OTKa3bl pacCMaTPUBAIOTCS KaK MPOIIECCH,
Pa3BHBAIOMIMECS BO BPEMEHH; CcramuyecKkue, B KOTOPBIX COCTOSHUS CHC-
TeMbI Omperensrorcs HabopaMu paboTocmocoOHBIX M HEpaboTocmocob-
HBIX 3]IEMEHTOB B MOMEHT BPEMEHH L.

B paMkax UHAMHYECKHIX MOZEIEH MPUMEHSIOTCS:

— MOJENTMPOBAHHE CHCTEM MapKOBCKHMH, MOTyMapKOBCKMMH IIpOLEC-
camu [1,6-13]

— METOIbl TEOPHH BOCCTAHOBIICHHSA, MOJYMAapKOBCKHX M PEreHEpH-
PYIOIIHX FPONEccoB (B OCHOBHOM, MCIIONB3YIOTCS aCUMIITOTHYECKUE
pe3ynbTarsl MO0 UL CUCTEMBI B I[EJI0M, MO0 I OTHENbHBIX pe-
3EPBHPOBAHHBIX 3BEHEEB) [ 1, 6, 14-17]

— CTAaTHCTHYECKOe HWMHTAIMOHHOe MonermpoBanne (Mowure-Kapio)
[12, 16, 18-21]

B pamkax cTaTHuecKMX MOJIENEH aHANH3 HaACKHOCTH IIPOBOJUTCS
CHEAYIOIUMHI METOAMH:

— METOJ, HCTIOJIB3YIOIHK OCHOBHbIE (OPMYNBI TEOPUU BEPOSTHOCTEH
(BEPOATHOCTH CYMMBI M TIPOH3BENCHHUS COOBITHH, (popMmyna mosnHOH
BEPOSTHOCTH) H KOMOMHATOPUKM; IPAMEHSIETCS, TIaBHBIM 00pa3oM,
UL TIOCIENOBaTeIbHO-APAIUICIBHEIX, — MapaieTbHO-I0CHeJ0Ba-
TEeJILHBIX CTPYKTYPHBIX HAJIEKHOCTHBIX CXeM U cxeM m u3 n [1, 6, 7,
9,11, 15]
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el

4.

METO/Ibl, OCHOBAHHBIE Ha 3allMCH JIOTHYECKUX YCIOBUH, HHTEPECYIO-
IMUX UCChaenoBarest QYHKIHMN 4€pe3 COCTOSHUS MEMEHTOB CHCTEMEI
C MOCNEAYIOIUM TPUMEHEHHEM TEOpHH anreOpbl JIOTHKH (JIOTHKO-
BEPOSITHOCTHBIE METOJIBI, MCIIONb3yEMBIC B AEPEBBIX OTKA30B, CXeMax
(bYHKIMOHATBEHOHN [ENOCTHOCTH, OOK-cxeMax HaAexHocTu) [22-30]
IloaroToBKa HMCXOMHBIX JAHHBIX [JJsi CHCTEMHBIX Mojeicii Ha-
AEKHOCTH:

IIPOTHO3UPOBAHUE OE€30TKa3HOCTH, BKIIIOUATOMICE PacyieT HaexHO-
CTH 3NIEMEHTHOH 6a3bl Ha OCHOBE (DM3HKH OTKA30B NEMEHTOB M CTa-
TUCTHYECKAX UCIbITaHmi [31-40]

IPOTHO3UPOBAHAE PEMOHTOIPHUIOIHOCTH, T.€. OIPEACICHHE CPENHHUX
BpEMEH BOCCTaHOBJIEHUS! [UI CTAHIAPTHBIX OTEpaluil OOCTyKHBa-
HUS ¥ PEMOHTOB [41]

aHaNH3 BUJOB, NMOCIEACTBHN U KPHUTHYHOCTH OTKAa30B, B ITPOIECCE
KOTOPOTO BBIIBIISIOTCS BO3MOJKHBIE THITBI OTKAa30B JJIEMEHTOB, HX
JACTOTHBIE XapPaKTEPUCTUKH, CTETIEHb BIUSHUS STUX OTKA30B HA CHC-
Temy B mienom [42, 43]

Ynpasiienne HaAeKHOCTHI0 CHCTEM HA OCHOBe HWCIBITAHMI H
xenayaramun [44-48]:

pa3paboTKa METOIOB M OPTaHM3AIHs OIPEICITUTEIBHBIX U KOHTPOIb-
HBIX HCILITAHHUH HA HAIEKHOCTD

NIPOBEICHHE UCTIBITAHHUH C LEJIBI0 IPUPAOOTKH

OpraHH3aIliA YCKOPSHHBIX UCIBITAHUH HA HAZICKHOCTD
CTATUCTHYECKAH aHANM3 PyHKUUI pacnpeneneHus HapaboTKH Jo OT-
Ka3a M BPEMEHH BOCCTAHOBJICHHS

CTaTUCTHYECKAs OLICHKa MOKa3arenaed Halle)XKHOCTH IO Pe3yibTaram
UCTIBITAHKUI U SKCIUTYaTallH{ U MOCHEAYIONasi KOPPEKIHS IPOEKTHBIX
peIeHni

000CHOBaHHE U KOPPEKIUSI CPOKOB ¥ 00BbEMOB TEXHHYECKOTO 00CITy-
xuBanus, kommdectsa 3UI1 u pemoHTHOTO NMEpcoHana
ABTOMATH3aIUA AHAIN3A HAJIEKHOCTH

3ajava afleKBaTHOTO MOJEIUPOBAHHSA HAJICKHOCTH CUCTEM CIIOJKEHOH

'TPYKTYpbl MOXeT ObITh pelIeHa TOJNHKO ¢ IIOMOINIBIO ABTOMATH3AIHH,
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npuyeM, mporpamMmHOe obecrieueHHe aHauHu3a HAJEXHOCTH IODKHO
BKJIFOYATL B Ce0sl BCIO COBOKYITHOCTh METOJOB KaK CTATHYECKUX, TaK M
JIMHAMHYECKHX MOJIENEH, MOMIEPKKY IIPOrHO3HPOBaHHS OE30TKa3HOCTH,
PEMOHTOTIPUTOJHOCTH, aHAIK3a BHIOB U HOCIE/ACTBHI OTKA30B.

Haunbonee pa3sBUTBIMEA H HU3BECTHBIMH OTEUECTBEHHBIMH IIPOrpaMM-
HbIMH CpE/ICTBAMHA AaHAKM3a HAJEKHOCTH W O€30I1aCHOCTH SIBISIOTCS:
APBUTP (IIK ACM C3MA) — nporpaMMHbIH KOMILIEKC aBTOMATH3UPO-
BaHHOTO CTPYKTYPHO-JIOTHUECKOTO MOJCITHPOBAHMA U pacyeTa HajexHO-
cTH # OE30MACHOCTH CHCTEM; ABTOMATH3UPOBAHHAS CHCTEMA PACUETa Ha-
nexsoctu (ACPH-2000, 2002), peanusyromas CTaHIApTH30BAHHBIE MO-
nenu 0e30TKa3HOCTH PaIHONIEKTPOHHOM sneMenTHoH 6a3p;; ACOHUKA-
K — mporpamMmHO€E obecnieueHue pacyera HaleXKHOCTH Ha OCHOBE METOLOB
CTaTHCTHYECKOTO MOJIEITUPOBAHHS, COIEPIHKAIEee TAKKe MOJIENH Oe30TKa3-
HOCTH PpaJiMO3NIeKTpOHHOM snemeHTHOM Oasbi; YHUBEPCAJI — mpo-
rpaMMHOE 0DecIeueHHe aHIM3a HAJIEXHOCTH H 0e30MacHOCTH, UCHONb-
3YI0IIEE MONYMapKOBCKOE MOJIETTMPOBAHHE.

JImnepamu 3apyOeKHBIX MPOTPAMMHBIX TIPOAYKTOB SBISIFOTCS [So-
graph (Anrmus, CIIA), ITEM iQRAS (Arrmms, CIITA), RAM Command-
er (M3pawne), Windchill Quality Solutions (Relex) (CHIA). O1o unaTerpu-
POBaHHEIE MPOrPAMMHBIE CPEICTBA, BKITIOYAIONINE DA3JIHYHBIE METOJIBI
aHAN3a, Peanu3yIomye pa3HoobpasHble (opMbl 3aJanus Moxenel (rpa-
¢b1, 1epeBbs OTKa30B, AEPEBbs COOBITHIH, OIOK-CXEMbI HAZEKHOCTH), CO-
aepxaime oOmmpHsle 0a3bl MCXOMHBIX [AHHBIX, MMEIOIIME DPa3BUTHII
rpadudeckii MHTEp(hEHC ITOIB30BaTENs], HUCUEPIILIBAIONIE TOKYMEHTHPO-
BAaHHBIC, HMEIOIHE KaK JIOKAThHYI0, TAK U CETEBYI KOH(QHIYpalHH, CO-
IpsSTaeMble TI0 HMIIOPTY-IKCIIOPTY ¢ 0a3aMu JaHHBIX, TEKCTOBBIMH PeliaK-
TOpaMH, JMEKTPOHHBIMU Tabmrmamu, goructuyeckum 110, CAIIP. O3na-
KOMHTCS C BO3MOXXHOCTSIMH COBPEMEHHBIX NPOTrPaMM AHANM3a HAJIEXKHO-
cTd MOXHO B paborax [30, 49-56).

CoBpeMEHHBIN TTEPHOR PA3BUTHS TEXHHKH XapaKTepH3yeTcs paspa-
OOTKOH W BHEAPEHHEM CIOXHBIX TEXHUYECKHX CHCTEM M KOMILIEKCOB.
Co3zparorcs ¥ yCHEIHO IPUMEHSIOTCS OJTHOCTHIO aBTOMATH3MPOBAHHBIE
TEXHOIOIHIECKHe KOMIUTEKCHI. [Ipu pa3paboTKe, HCHBITAHMAX U IKCILTya-
Tal[HHd TAKMX KOMIDIEKCOB 0CO00€ 3HAYCHHE MMEIOT BOMPOCH MPOTHO3H-
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poBaHM K oOecIedeHHs] HaJEKHOCTH. BaxxHocTh 3T0i rmpobnemer o0y-
CIIOBJIEHA TEM, 4TO HANEKHOCTb B CIOKHMBIIMXCH TPEACTABICHUAX OIpe-
HeJIsieTcs He TOJBKO KaK OHO U3 OCHOBHBIX CBOMCTB CHCTEMBI, XapaKTe-
pusyromee e€ cnocoOHOCTh BBIIONHATH 3aJaHHbIe QyHKIHH. «HamexHo-
CTHBIM IIOBEICHHEM» ONpEAeNsieTcs TeXxHH4Ieckas J(PPEeKTHBHOCTH H
0e30macHOCTh (DYHKIHOHHPOBAHUA CHCTEM. ABTOPHl KHHI'H YIaCTBOBAJIH
B PEIIEHHH BOIIPOCOB aHANM3a U OOECIICYCHUS HAJEKHOCTH H TEXHHYE-
ckoi addexTUBHOCTH psia MPoeKToB. B gacTHOCTH, poeKT M0 00beKTam
YHUYTOXEHUS XHMuIeckoro opyxust (2002-2006rr), mpoekThl Mo TexHO-
JOTHYecKoMy KoMiutekcy IIITOKMaHOBCKOTO T'a30KOHIEHCATHOTO MECTO-
poxaenns (2005-2006rr, 2010-2012rr), mpoekTsl Mo MOJEPHH3ALAN
KOJIBLIEBOTO Ta3ompoBosa Mockosckoit Obmactu (2007-2008rT) 1 1o razo-
npoBony Caxammu — Xabaposck - BrnagmBoctok (2008-20091T) mpoexTs
no camoneram SSJ100 (2006-2011rr) 1 MC-21 (2011-2013rr). TpeGora-
HUSL K HAZEKHOCTH TIOJOOHBIX CHCTEM Pa3sHOOOpa3HBI M BHICOKH. 3[€Ch
TpeOOBaHUS 10 KAYECTBEHHOMY aHAH3Y BHIOB H TOCIIE/ICTBAA OTKA30B U
OTKa30YCTOHYHBOCTH, BEICOKME TPEOOBAHHS IO ITOKA3ATENIM HANEKHOCTH
1 K03 puImeHTy coxpaneHus PPEeKTUBHOCTH, TpeOOBAHUS TI0 TIOKa3are-
JSIM KOHTPOJICTIPUTOAHOCTH (TIOIHOTE U TyOWHE KOHTpOINS, AOCTOBEPHO-
CTH KOHTPOJIS).

MOoHO BBIJENHTH TPU B3aMMOZIONOINHSIOMIUX Moaxona K obecmede-
HHUIO HAJIE)KHOCTH U TEXHUYECKOH 3Q(EKTHBHOCTH IPOCKTHPYEMEIX CHC-
TEeM: TIOBBIECHHE HAJIEKHOCTH SMEMEHTHOW 0a3bl, BBEICHUE PE3CPBHPO-
BaHMS, 00€CIIeUeHIe MHOTOYPOBHEBOTO XapakTepa (PyHKIIMOHUP OBAHNS.

[lepBBIif ITOAXOJ MPEMONAraeT HCIONB30BAHIE BBICOKOHAIEKHBIX
MEMEHTOB, U3TOTOBIECHHBIX B COOTBETCTBHE C COBPEMEHHBIMH TEXHOIIO-
TUSAMH U TIPOBEPEHHBIX W OTOOPAHHBIX HA 33/IaHHBIX PEXUMax padOoTHl,
3aILUTY IEMEHTOB OT BHEIIHHUX BPEIHBIX BO3NEHCTBHIN (KIIMMATHYECKHX,
MEXaHWYECKHX, PA[MAMOHHBIX. . . ), CHH)KEHHE HATPY30K Ha IEMEHTEL

Ecnu mMeponpusaTrst nepBoro moaxona OKa3plBalOTCH HEIO CTAaTOYHEI-
MH U HaJIeXHOCTh KOMIUICKTYIOLIUX 3JIEMEHTOB He o0ecriednBaer Tpedye-
MYIO HaJIeXKHOCTb CHCTEMBI, TO IPUMEHSIOT Pe3epeUposaHue.

Pe3epBrpoBaHHe - 3TO METOJ IOBBILUICHUS HANEKHOCTH CUCTEMEI
IyTEM BBEICHHUS JOMONHUTEIBHBIX JIEMEHTOB U (PYyHKIHOHATLHBIX BO3-
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MOXHOCTEH CBEPX MHHUMAIIbHO HEOOXOMMBIX IJIsI HOPMAJIGHOTO BBIHOJI-
HEHMS CHCTEMOH BO3NIOKCHHBIX Ha Hee (yHKuuid. B [1] BeiAeneHs! nATh
BHUJIOB PE3EPBUPOBAHMA: CTPYKTYpPHOE, BPEMEHHOE, HH(OPMAIHOHHOE,
¢yHKIIHOHANBHOE, Harpy3ouHoe. CTPyKTypHOE PEe3epPBHpOBAaHHE ITO Me-
TOJI TIOBBIIIICHHS HANEKHOCTH 00bEKTa, IPELyCMaTPHBAOIIMH HCIIOIb30-
BaHHE WM30BITOUHBIX 3JIEMEHTOB, BXOMALIUX B (PU3HMYECKYIO CTPYKTYpY
oObekTa.

Emé omumm criocoboMm obecrieyeHus] TIOKa3aTeled HaJeKHOCTH (B
HacTHOCTH, Kod(unmenTa coxpaHenus >pQeKTHBHOCTH) SBISETCS pa3-
paboTKa CHCTEM C MHOTOYPOBHEBBIM XapakKTepoM (YHKIIHOHUPOBAHUSI
MPH BO3HUKHOBEHHH OTKa30B. MHOroypoBHEBOCTh ()YHKIHOHUPOBAHUS C
HAJIEKHOCTHOCTHBIX MMO3UIMMA 03HAYaET, YTO MPH BO3HUKHOBEHUH OTKA30B
CHCTEMa HE OCTaeTCs Ha TOM XK€, Hampumep, 100%-0oM ypoBHE MPOHU3BO-
JATEILHOCTH, UTO UMEET MECTO B PE3ePBHPOBAHHBIX CHCTEMAX, M HE CHH-
KaeT YPOBEHb NPOM3BOAUTENHLHOCTH 10 0% (OTKa3 CHCTEMBI), a HEPEKIIO-
YaeTcs Ha MPOMEXYTOYHBIE, KaK IIPABHIIO, JUCKPETHBIC YPOBHH, CHIDKAS
CBOIO 3PEeKTUBHOCTB (IIPOU3BOAUTENHHOCTD).

B knwre OymyT paccMOTpPEHB! BOTIPOCH! aHANM3a HAJIEKHOCTH CHCTEM
CO CTPYKTYPHBIM PE3EPBUPOBAHHEM M C MHOTOYPOBHEBBIM (DYHKIIHOHUPO-
BaHHEM.

1.3. OcHoOBHBIC MOKA3ATEIH HAJAEKHOCTH
TEXHUYCCKHUX 00HEeKTOB

[Tokazarenp HalEKHOCTH — TEXHHYECKask XapaKTepHCTHKA, KOJIHYe-
CTBCHHBIM 00pa30M OIpEeNeAfOmas OQHO WIH HECKOJIBKO CBOHCTB, CO-
CTABJISIOMINX HAJIEKHOCTh 00bekTa. [Toka3aTens HAAEKHOCTH KOJIHUECT-
BEHHO XapaKTEpH3yeT, B KakoH CTENeHW NAHHOMY OOBEKTY WM HaHHOH
rpytire o0beKTOB IPUCYIM OTIPEeTeHHbIe CBOWCTBA, 00yCIaBIHBAIOINE
HaIeXHOCTh. [loka3aTenu HAJEKHOCTH MOTYT HMETh pPa3MEpHOCTh HIIH
OBITh Oe3pasMepHbIMH. McciienyeMbie B paMKax TEOPUH HAJAEKHOCTH 00b-
eKTHl MOXKHO Pa3leuTh Ha JiBa OONBIIMX KIacca — BOCCTAHABIMBAEMbIE 1
HeBoccraHapiuBaeMble. ClieyeT UMeTh B BHIY, UTO 3TH HOHATHS OTHOCH-
TENBHBIC U 3aBUCAT OT BBIMOTHAEMBIX 0OBEKTOM (YHKIHI U PEXXKHMOB pa-
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60oTe1. OJIHO M TO k€ M3/IEIHE - KOMIBIOTEP MOXKET PACCMATPHBATECH KaK
HEBOCCTAHAB/IMBAEMBIH OOBEKT, €CITH OH HCIIONB3YETCS B CHCTEME YITPaB-
JNICHUSI PaKeThl, JeTsnied Ha Mapc, Id KaKk BOCCTAHABIMBAEMERL 00REKT,
¢CITM OH paboTaeT B IOKATBHOM PEXHME U UCIIOAb3YETCs TS TTPOBECHIS
Oyxranrepckux pacueros. [lox BoccTaHOBIEHHEM 00BEKTA MOHAMAETCA HE
TONBKO PEMOHT TOU HJIM UHOM €ro YacTH, HO M WX 3aMEHA, a BOZMOXKHO, U
TTOJTHAS 3aMEHA BCEro oObeKTa.

[Noxazareny HaJEKHOCTH TAKKE MOXHO Pa3JENnTh Ha JBa Klacca —
ITOKA3aTeNd Ha[eXHOCTH HEBOCCTAHABIUBAEMBIX M BOCCTAHABIHBAEMBIX
00BeKTOB.

Ompenenenus mokasarenei Ha€KHOCTH 0OBIMHO NAiOT B ABYX (op-
Max: BEpOSTHOCTHOW ¥ CTaTHCTHUUYeCKOH. BepositHocTHas (popMa OBEMEO
OBIBaeT yHoOHEE IpU ampHOPHEIX AHATATUYECKUX Pacderax HaJeKHOCTH.
Crarucriyeckas — MpH KCTIEPUMEHTAIBHOM HCCIEOBAHNY HANEIKHO CTH
TEXHMYECKUX 0OBEKTOB.

BaxupIM NOHATHEM, OPUCYTCTBYIOIUM BO MHOTHX (HOPMYITHPOBKaX
TIOKa3aTened HajeKHOCTH, SBIAETCS Hapabomxa. HapaboTka 310 mpo-
JOJDKUTENHHOCTh MM 00beM paboThl 0OBEKTa, T.€. HAPaOOTKAa MONKET M3-
MEpATHCSA HE TONBKO B CIMHMIAX BPEMEHH, HO M SAWHMIAX BLIPADOTKH
[IPOIYKIIMH, IPOHIEHHOM pacCTOSHUH U 1ip. Hanpumep, B o1HOM M3 3apy-
OeXHBIX CTAHAAPTOB MO PAcIeTy HAJEKHOCTH YCTPOKMCTB BOCHEHO-
MOPCKOH TEXHUKH YaCTOTHBIE TI0KA3ATENN UMEIOT Pa3MEPHOCTD 1/MIIE0,

Mopnenu ¥ MeTozbl, PeCTaBIEHHBIE B JaHHOW KHHTE, OPHEHTHPO-
BaHBl HA aHAIU3 I10 OTHOLIEHHIO K BHE3AITHBIM OTKa3aM, T.€. OTKa3aM, Xa-
PAKTEPU3YIOMHMCS CKa4KOOOPa3HBIM M3MEHEHHEM 3HAUCHUH OJTHOTO MUTH
HECKOJbKUX OCHOBHBIX TIapaMeTpoB oOwBekTa. Ilocrerednbie oTKa3bl, Xa-
PaKTEPUIYIOMUECS MOCTEIIEHHBIM H3MEHEHHEM 3HAYEHHH ONFHOTO WM HE-
CKONTbKHX OCHOBHBIX IapaMeTpoB 00BEKTA, B JAHHOW KHUTE HE paccmar-
PUBAIOTCAL.

Ilpu onpenenenuy moxasareneii OymeM HCIIONB30BaTh CICAYFOLITHE
0003HaueHNA:

£, — ciny4aliHas HapaboTKa OOBEKTa JI0 IEPBOTO OTKA3A.

£,9 — peanmsanwst clyHaiHOl BETWUHMHB &; A i-T0 00BEKTA.

F\(t) = P(§,<t) — pacnipenencHue BpeMeHH [0 IIEPBOTO OTKA3A
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n(t) — 4MCIO OTKa3aBIIMX 0OBEKTOB K MOMEHTY BPEMEHH t.
N(t) — uucito paboTocrrocoOHBIX 0OBEKTOB K MOMEHTY BPEMEHH t.
An(t,t") — urcno 0OBEKTOB, OTKA3aBIIMX Ha HHTEpBale BpeMeHH (t,t').

1.3.1. TMTokazareju HAJAEKHOCTH
HEBOCCTAHABJIMBAEMbIX 00HEKTOB

Byznem rnpuBOAUTH BEPOSTHOCTHYIO M CTaTUCTHUECKYIO (DOPMBI Ipel-
craBieHus nokasaresneil. CrarucTiyeckue mokasareny OymeM o0o3madaTh
KaK ¥ BEPOATHOCTHBIE HO C “KpblIIeukoi” cBepxy. HIpu cratucrryeckom
IPEICTABNCHUN OyIeM paccMaTpHBaTh CXEMY, KOITIa HECKONbKO OOBEKTOB
paboTaroT 10 OTKa3a. B 3ToM cirydae CTaTUCTHYECKHE MOKA3aTEIH HMEIOT
IPOCTOE YACTOTHOE TOJKOBAHUE M C POCTOM YHCIIA UCIBITBIBAEMBIX 00b-
eKTOB Oy/lyT CXOJMTHCS B IIPEesie K aHAIOTHYHBIM BEPOSTHOCTHBIM TIOKa-

3aTCIIAM.

1. Beposimuocms bezomkasHou pabomel 00bEKTa HA HHTEPBAJIC Bpe-
Mmeun oT 0 o t

P(t) =P(0,t) = Prob(&, > t) =1 - E(t) . (1.1)

BeposstHocTs Oe30TKa3HOM paboThl ompemensercs Kak BEpOSTHOCTD
TOTO, UT0 00BeKT npopaboTaeT 6€30TKA3HO B TEUEHHE 3aaHHOTO BPEMEHH
(HapaboTKy) t Tipu Hagasne paboTHI B HYNIEBOH MOMEHT BPEMEHH:

CraTucTHYEeCKHH TOKa3aTeNb (TodeqHast OLICHKA) BEPOSTHOCTH 06e3-
OTKA3HOM PabOTHI ONPEENAeTcsl Kak OTHOIIEHHE YACTa OOBEKTOB, 6€30T-
Ka3HO MpopabOTaBIIHX 0 MOMEHTa BpeMeHH t, K YHCIy OOBEKTOB, HC-
IIPaBHBIX B Ha3YaJIbHBIH MOMEHT BPEMEHH

N(t)
P(t)=—= ) (1.2)
2. Beposimnocms omkasa 06bekma Ha UHTepBane Bpemenu ot 0 jio t
Q(t)=Q(0,t) =Prob(§, <t)=E(t) =1-P(t) . (1.3)
o =20 _1_p (1.4)

N(0)
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3. Beposmuocme Gezomkasnot pabomvl 00bekma Ha unmepédre
8pemeHu om t 00 ty

P(t,t+t,)= Prob(§, >t+1t,/§ 2t)=P(0,t+1,)/P(0,t) =P(t+1,)/P(t),

(1.5)

T.e. P(t,t+1t,) - €cTh yCIOBHAA BEPOATHOCTH TOTO, YTO ClydyaidHas Hapa-

00TKa 0OBEKTa 0 OTKa3a oKaxkeTcs OonbIIe BEMHIHMHEI tHy Mpe yCnoBEH,
4TO OOBEKT yke rpopaboTal Oe30TKa3HO 10 MOMEHTA BPEMEHH .

[lpu crarrcTH4ecKodl HHTEPHPETAlHH 5TO ©CTh OTHOMICHHE YEICIA

00BEXTOB, MPOPabOTABIINX A0 MOMEHTA BPEMEHH t+ty, K UUCITY 0OBEKTOB,
HCIIPABHBLIX K MOMCHTY t

P(t,t+1t,) = N(t+t,)/ N(t) (1.6)

4. ITnomunocms pacnpeoenetus, OmKA308
d d d
f(t)y=—F(1)=—Q(t) =——P(t 1.7
(t) dt() dtQ() dt() a.7

CrarrcrHieckass NIOTHOCTh ONpENENsAeTcsl KaKk OTHOIICHHE YHCIA
OTKa30B B MHTepBase (t,t+At) K POU3BEACHHIO YNCIA HCIIPABHEIX O0BEK-
TOB B HaYaJIbHBIH MOMEHT BpeMeHH t=0 Ha JUIITeIbHOCTh HHTEpBasa At

_ n(t, t+At)—n(t) _ N(t) - N(t,t+At) _ An(t, t + At)

f(t) (1.8)
N(0)At N(0)At N(0)At
5. Humencuenocme omkasoe 00bEKTa B MOMEHT BpEMEHH t
0ty =—— L gy = L0 (1.9)

1-F(t) dt P(t)

Mt) — ycnoBHas INIOTHOCTB BEPOATHOCTH OTKa3a 0OBEKTa K MOMEHTY
BPEMEHH t TIPH YCIIOBHH, YTO 0 3TOTO MOMEHTA BPEMEHH OTKa3a o0beKTa
He OBLTO.

CrarncTHYECKOe ONPEEICHHE TIOKA3aTe IS

n(t,t+At)—n(t) N(t)—N(t,t+At) An(t,t+At)
N(mAt  N@OHAt  N(D)At

A = (1.10)
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Ha puc.1.1. nmoka3ana Tak HasbiBaeMas “BaHHOOOpa3Has” KpHBad,
WUIOCTPHPYFOIIAs NOBEJICHHE MHTCHCHBHOCTH OTKAa30B HAa BCEX OCHOB-
HBIX TEPHONAX XM3HH TeXHUUECKUX 00bekToB. Ilepuox nmpupaborku, Ha
KOTOPOM BBISBISIOTCSL X YCTPAHSIOTCS OMUOKH IPOEKTUPOBAHUS U IIPOU3-
BOJICTBEHHBIE HEOCTATKH, HMEET YOBIBAIOILYIO A(t). [l MOIemMpoBaHus
3TOrO JTalla CIeRyeT NPUMEHATh (YHKIHH pacnpesieneHus ¢ yOrBatomeit
YCIIOBHOIT [IIOTHOCTHIO, HAIIPUMED, paclipenencrue Belibyina ¢ napamer-
pom dopmer < 1. Ilepuon HOpMaIBHOM SKCIITyaTalMy, IPH KOTOPOM OTKa-
351 BBI3BIBAIOTCS CIYYalHBIMU (aKTOpaMH H HMEIOT NOCTOAHHYIO HHTCH-
CHRHOCTB, a/ICKBaTHO OIHMCHIBAETCS SKCIOHCHIMANBHBIM DaCIpeeieHu-
eMm. B mepron crapesns, oOycloBieHHBIH H3HOCOM 0OOpyHOBaHHA, Ha-
Omropaercs Bo3pacTanue A(t). 37ech IPHMEHSIOT “cTaperoue’” pacipene-
JieHUA ¢ BO3pacTralomed QyHKIueH WHTEHCHBHOCTH, HAIIpUMEp, pacipe-
nenenue BeiiOysuia ¢ mapamerpom popmsr > 1.

Apupaborka cTapeHue

HOpManbHas akcanyaTaumna

IKCROHEHUMANLHOS pacnpejensrne

HHTEeHCUBHOCTD OTKABOB

Bpemsa

Puc.1.1. “Bannoobpasnas” kpusas (BOU — Bozpacraomas GyHxims
uHTeHCHBHOCTH, YU — yOsiBaromas GyHKIMH HHTCHCHBHOCTH )
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6. Cpeonsaa napabomka obvekma 00 nepeo2o omxaza (MareMaTHue-
CKO€ OXU/JIaHHE CITydaifHOH HapabOTKH [0 EPBOTO OTKA3a)

T, =M[¢§,] = ]Erf(r)dx :T dQ(7) :TP(t)dr (1.11)

0
N(0)

T, = N(O) Zal (1.12)

[Tokazaremu (1.1+1.12) xapakTepusyroT ciydaifHOE BpeMs MOABICHHS
HEPBOTO 0TKa3a, [103TOMY OHH ITOTYYMIIM HA3BaHUE — noKA3amenu Gezom-
KA3HOCMU.

7. I'amma- npoyenmuas napabomxa 0o omxasza T,

Huorpa ObiBaeT BaXKHO y3HATH 3HAYCHHE HAPaOOTKH 1O oTKaza 00b-
€KTa, KOTopas TapaHTHPYeTCsA ¢ 3aJaHHOW BEPOATHOCTHIO y. OueBHHO,
4TO BeNU4MHA T, onpenensercs Kak KopeHb ypasHeHus P(t)=y.

Hcnons3ys Gopmymny (1.9) moxHO 3anucars

Lo
K(t) - dt

P(t)

OTO COOTHOIIECHHE MO3BONAET BBIPA3UTH BEPOATHOCTH O€30TKa3HOH pabo-
THI Y€pe3 HHTCHCUBHOCTD OTKa30B. /(715 3TOro MOMEHsEM JIEBYIO W TIPABYIO
YacTH MECTaMM M BO3bMEM OT HMX WHTErpanl B Ipeienax OT Hyld A0 t:

i‘%)(%) = —j). A(t)dt. Orcrona monyuaem In(P(t)) = —j; Mr)dt v nazee

—}X(r)d‘c
0

P(t)=¢ (1.13)

INonydennoe Beipaxenue (1.13) cpaBennuBo 1ist nr00BIX pacipene-
JCHUH CITYUaiHOTO BpeMeHH paboThI J1o 0TKa3a. MHOIIa 9TO COOTHOIICHHE
HAa3BIBAIOT “OCHOBHBIM 3aKOHOM HaJeXHOCTH . LI SKCIIOHEHIHANEHOIO
pacnpenenenus (1.13) npeobpasyercs k Buxy

P(t)=e™ (1.14)
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Ha ocuoBanuu (1.13), BeIpaxkenue Juisi cpejHel HapaOOTKH O OTKa-
3a (1.11) MOXXHO 3amucaTh B BHJE

® -jx(r)dr
T=[e® dt (1.15)
0
I[J'ISI IKCIIOHCHIIMAJIBHOTO pacr[pe)leneHHx HMEEM
1
T =— 1.16
1= (1.16)

1.3.2. lloxkazare/id HANEKHOCTH
BOCCTAHABJIMBAECMbIX 00LEKTOB

Bce IPUBECACHHBIC BBIIMIC HOKA3aTCIIN 0€30TKa3HOCTH MOI'yT OLITH
NPUMEHCHBL M JIst UCCIIENOBAHNA HaACKHOCTU BOCCTAHABIMBACMBIX 00b-
CKTOB. OHHaKO TaK Kak (bYHKI_lI/IOHI/IpOBaHI/Ie BOCCTAHABIUBAEMEIX OOLEK-
TOB HMECT CBOH OCOGCHHOCTI/I, TO 1A XapaKTCPHUCTHUKH 3TUX 0COOeHHO-
cTel BBOJATCA ClICIMATBHBIC 1T0KA3aTEIIH.

1. Cpeonsas napabomxa mexcdy omrazamu T.

ITporece HyHKIHOHHPOBAHUS BOCCTAHABIUBAEMOTO OOBEKTa MpE/i-
craBisieT co00H MOCHEN0BaTENbHOCTh YEPEIYOIMXCS CIIy4aiHbIX HHTEP-
BasioB pabotsl (&) u mpoctost (6y) (puc 1.2.). IlpocTon HacTynaoT nocie
oTKa3a 00BEKTa, KOTJa HaJl HAM HPOBOATCS BOCCTAHOBHTEIBHBIC ONEpa-
uu. BoccraHoBnerue paboTOCIOCOOHOCTH MOXET ObITh KaK TMOJHBIM
(3aMeHa Ha aHAOTWYHBIA HOBBIM OOBEKT), TAK M YaCTHIHBIM (HAIpHMED,
PEMOHT TOJIBKO HEHCIIPABHOMH HacTH).

. 0'r\xaa « 0TKa3 % oTKaz
& . 52 ~ :
- 2z -
e T '\______f__jﬁ?
npocToR pabora NDOCTOM patora NpOCToH

Puc.1.2. Crannonapusiii y9acTok QyHKIIMOHHPOBAHHS
BOCCTAHABIUBAEMOIO 00BEKTa
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B ofmem ciayyae, npu HENOJHOM BOCCTAHOBICHHHU CITydyaiiHBIC Bpe-
MeHa &, paborsl niocne k-1-ro Boccranosnenus u 1o k-ro orkasa nMelor
pasHoe pactpesienerne ¢ miotHocTsiMu fi(t). B aTom criyuae cpenrsas Ha-
paboTka Mexy oTka3amu T BEIMHCIAETCS KaK

. C1g
T—ggM[Tk]—lggg;;Ti , (1.17)

I7Ie Kaxas U3 CpeIHUX HapaboToK 0OBheKTa OT MOMEHTAa OKOHYAHHUA K-1-10
BOCCTAHOBJIEHHUA JI0 k-TO OTKa3a onpeaensercs Kak

T, =M[E, = j tf, (t)dt (1.18)
0
Wnnm cratucTHuecku
5 N(0)
1.19
=5 2 o (119)

Ecim Mbl OyeM OIMCHIBATH Iporiecc (yHKIHMOHHPOBAHHUA BOCCTa-
HABIMBAEMOTO OOBEKTA ¢ HOMHBIM BOCCTAHOBIICHHEM €10 PaboTocIoco6-
HOCTH, TO B 3TOM CJIy4ae BEeMHUHHEI & W 0y B3aUMHO HE3aBHCHMEI M HX
pactpeneneHue He 3aBUCHT OT K. B atom crydae Berducienus nokasarens
cpenHelt HapaboTku Mexay orkaszamu (1.17, 1.18) ynpomaiores, a opo-
necc {£,0} HocHT Ha3BaHUE ANTFTEPHHUPYIOIIETO MPOLIECcCa.

2. Cpeonee 6pems 80CCMAHOBNEHUS T, WA MAaTEMaTHYECKOE OXHIa-
HKE CIly4allHOTO BPEMEHU BOCCTaHOBJIEHNM O:

= M[0] = Ttg(t)dt = Tth(t) :T (1-G(t)dt. (1.20)

3necs G(t) — QyHKIMS pacmpeneneHus CIy4alHOTO BPEMEHH BOC-
craHoieHHs, g(t) — INIOTHOCT PacIpeAcIeH!s BpEMEHH BOCCTAHOBIEHHA
CrarucTideckoe OnpeneneHue

1 NO

rB=W§9. (1.2
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3. Humencusnocme 6occmanosnenus 00beKTa

() =——<.G(0) = (1.22)
1-G(t) dt 1-G(t)

u(t) — ycrnoBHast INIOTHOCTH BOCCTAHOBIECHHS 0OBEKTa B MOMEHT Bpe-
MeHH t TIpy YCIIOBHH, YTO JIO 3TOTO MOMEHTAa BPEMEHH BOCCTAHOBICHHE
00BEKTa HE MPOU3OLILIO.

CrarucTuyeckoe orpeeieHue:

. An_(t,t+At)
at)=———--—, (1.23)
N, (DAt
T.c. [i(t)ompenensercs KaK OTHOIIEHHE YHUCIA BOCCTAHOBIEGHHBIX OOBEK-
ToB B uHTepBase (Lt+At) (Any(t,t+At)) K NPOM3BEJEHHIO YHCNA €IIE HE
BOCCTaHOBIICHHBIX 00BbEKTOB K MOMeHTY BpeMeHH t (Ny(t)) Ha pnuTens-

HOCTBH HHTepBaza Af.

4. BaxHoW KONHYCCTBEHHOW XapaKkTEpPUCTHKOH IOTOKAa OTKA30B
BOCCTAHABIMBAEMOTO OOBEKTa B MOMEHT BPEMEHH t SBISETCS [TOKA3ATENb ~
HApAMemp nomokd OmKazoe (t). ITOT NOKa3aTelb OHpEReniercs Kak
HPOM3BOMIHAS TIO BPEMEHH OT CPEIHEro YHCIa OTKAa30B Ha MHTEpBale

(0,8) — Nep(1):

dN (t)
o(t) = (1.24)
CraTucTHIECKOE OTpe/ieNICHHE
. An(t,t
o(t) = M , (1.25)
N, At

e Ny— KOjugecTBO paboToCIOCOOHBIX 0OBEKTOB B MOMEHT BPEMEHH t.
Broipaxenwne (1.24) He sBnsercs pacueTHoH (opmyioil. Bonpoc ana-
JIATHYECKOTO OMpeNeTeHus mokasaremst o(t) OyneT paccMOTpeH TpH H3y-
YEHUH JIOTHKO-BEPOSTHOCTHBIX M MapKOBCKHX MoOJleNleH aHAIu3a Hajex-
HOCTH.
CymecrtByeT psaf KOMIUIEKCHBIX TOKa3aTelied HAAEKHOCTH BOCCTa-
HaBIHBAEMBIX 00BEKTOB, XapaKTEPHU3YIOIUX UX CBOHCTBA 0€30TKA3HOCTH
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U pCMOHTOITPUTOAHOCTH. BaxueimmMy n3 HUX SABISIOTCA HOKA3aTeIH TO-
TOBHOCTH H OHCpaTHBHOﬁ TOTOBHOCTH.

1. Koagppuyuernm eomosnocmu K (t).

K(t) — ecTp BeposATHOCTH 3acTath 00BEKT B PabOTOCTIOCOGHOM CO-
CTOSHUH B NPOHM3BOJIBHBIH MOMEHT Bpemeru t. Ha mpakTrke oObuHO HC-
N0Jb3YETCAd ACHMITOTHYECKOE 3HAUCHHE IOKa3arelis, 0003HaYaeMOe KaK
K, ¢ Ha3bIBaeMoO€ CTAIMOHAPHBIM K0 HIHEHTOM TOTOBHOCTH:

T

K =limK (t)= , (1.26)
Tt T T+t

B

T.€. CTallHOHApHBEIN KO3(Q(HUIMEHT TOTOBHOCTH OINpENENIsIeTCA KaK OTHO-
IIEHHE cpefHEH HapabOTKH MEXY OTKAa3aMH K CyMMe CpelHel HapaboTKe
MEX/ly OTKa3aMH ¥ CPEITHETO BPEMEHH BOCCTAHOBIICHHS.

Bonpoc aHanMTHYECKOrO ONPEAETECHHA HECTAalMOHApHOTO Kodddu-
IIMEHTa T'OTOBHOCTH OyIeT NoApo6HO pacCMOTPEH MPH M3YYSHHH MApPKOB-
CKHUX U JIOTHKO-BEPOSTHOCTHBIX MOJIENICH HAJIEHHOCTH.

CrarucTuyeckoe orpe/ieNneHue mokasaress

K. (t)= i, (1.27)
N(0)
e Ny — uncio 06bekToB paboTococOOHBIX B MOMEHT BPEMEHH f.
2. Kosgpuyuenm onepamuenou comosrnocmu K,(1,ty).
Kor(t,ty) — BEPOSTHOCTD TOTO, 9TO OOBEKT OKaKETCS paboTOCIOCOb-
HBIM B IPOM3BONBHEIN MOMEHT BPEMEHHU t U aliee npopaboraer Ge30TKa3-
HO B TEUECHME MHTEpBania BpeMeHH (t,ty).

K, (tt,) =K (D)P(t,t,). (1.28)
Craructuueckoe OITpCACIICHUC
- t,t
Kr(t,t0)="—N(’ 0), (1.29)
N(0)

rae N(t,tp) — uncno 0OBEKTOB HCIIPABHEIX B MOMEHT t M GE30TKa3HO TpO-
paboraBuirx B uHTEpBaNE (t,t)).
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3. Kooghghuyuenm mexnuyeckoeo ucnonvsosanus K,

T

K.= T+, +
TB TH

(1.30)

[Toka3aTens aHAJIOTHYEH CTalIOHAPHOMY KOI(GOHIMEHTY TOTOBHO-
CTH, HO YYHTHIBAET HE TOJBKO BPEMS PEMOHTA, HO H IPOCTOH OOBEKTA,
CBSI3aHHBIE C TEXHHYECKMME OCMOTPAaMH U MPOQPUIAKTHIECKUM 00CTyKHU-
BAHHUEM Ty

[pu TpoBeneHUH aHAIM3a HAEXKHOCTH HEOOXOIMMO TOMHMTh, UTO
KO3()(HUIMEHT TOTOBHOCTH ABIACTCA “TOMEYHBIM IOKa3aTelieM, Ompese-
JSIOINMM HAIEKHOCTh OOBEKTA B 3a/IaHHBII MOMEHT BPEMEHH, B OTIMUHH
OT BEPOSTHOCTH 6€30TKa3HOM paboTHl, XapaKTepU3yIOIeH HaJeXKHOCTh Ha
uHTepBane. JIs neMoHCcTpanuy 3Toro (hakra Ha puc 1.3. npuBeneHa Bpe-
MeHHas smopa padotst 10 ycTpoiicTB, TOCTaBICHHBIX Ha ucnbITaHue. [1o-
Kazarend Ko3(UIMEHT TOTOBHOCTH U BEPOSTHOCTH 0€30TKa3HOM paboThI
onpenensaoTcs Kax /bl qac B Teuenue 10 gacos.

pocToi npoé;rosi ‘ npocTol “
1 pabota "1 pabora r'" _I paBota r—
2 [ 1 [ | I
3 J 1 |
4 1 ] | I S
5 | ]
6 i
| 1 | |-
3 — [ T =
9 I [
10 ] ,
VVVVVVVVVVVVVVV 1 2 3 4 3 6 7 - 8 8 10
R Or U O - 0 08

X UE L S N A

Puc 1.3. Crarucruueckoe onpezneneHue KOXpQHIHEHTa TOTOBHOCTH
¥ BEPOATHOCTH 0€30TKA3HOH paboThl
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4. Cpeonaa napabomra na omkas T,

B nopmarusHroii (sanpumep, ['OCT 27.002-89, 'OCT 27.003-90) n
CIIPaBOYHOU JMTeparype [l] IpuBOANTCA ONpENETICHHE EME ONHOTO TOKa-
3ares, a AMEHHO cpenHss HapaboTka Ha otka3 (T,,), KOTOpEIi pernamesn-
TUPYETCsi KaK OIVH W3 OCHOBHBIX NOKasarenell Oe30TKa3HOCTH MM BOC-
CTaHABIMBAEMBIX OOBEKTOB,

t

Tﬂa(tu) = M9

(1.31)

T.€., OTHOIICHHE CYMMapHOH HapaboTku 0ObeKTa (t,) K MaTEMAaTHIECKOMY
OXKHJIAHHIO Y¥Cla 0TKa30B n(ty) 3a 3Ty HapaOOTKYy.
CraructHyeckoe OnpeeeHue

. ot

L=—t5 (132)

DTOT HoKa3aTeNlb BHECEH B HOPMAaTWBHYIO TUTEparypy B Hadane 80-x

rOJI0B HE B KAYECTBE JIOMONHUTENBHOTO ITOKA3aTENs, XapaKTEPH3yIONIero

KaKy[0-TH00 0COOGEHHOCTh MPUMEHEHUST 0OBEKTA, KOTOPYIO HE OTPaKAIOT

IpyTHe IMOKa3aTely, a B3aMEH HOoKa3aTels cpefiHel HapaboTKH MEXIy OT-
kazamu. [IpuBeiEM pe3yabraThl KPUTHYECKOTO aHAIM3A OKa3aTens Ty,.

— mokasareib T, sBngercs QyHkumeit HapaOOTKH, MOITOMY HOPMHPO-
BaTh M BBIUUCIATH €0 HEOOXOIWMO Ha 3a/laHHOHW HapaboTKe, T.c.
NPaBUIILHO 0003HAYATh €10 HE Ty, a Toulty).

— CpaBHUM HapabOTKy Ha OTKa3 ¢ ApyrMMH HapaborkaMu, (urypm-
PYIOIIMMH B OripefielieHusaX nokazareneit. Cpenass napabotka jo oT-
ka3za (T)) xapakrepusyeT TONbKO HapaOOTKH IO TEPBOIO OTKa3a. Tak
KaK BCe M10Ka3aTesd B HOPMAaTUBHOW JTOKYMEHTAIUH OIPEJIENEeHE Iy
MOJTHOCTBIO WCHPABHOTO HAYANBHOTO COCTOSHHS OOBEKTa, TO A
pacripezneneHni ¢ HeyOpIBaromel QyHKIHUEH HHTCHCHBHOCTH OTKAa30B
cpenHss HapaboTKa [0 MepBoro oTkasza Oyner Haubonpmei. Cpeausia
HapaboTka Mexky oTkazamu (T) He oxBaThIBaeT HapabOTKH JO Iep-
BOTO OTKaza, a ycpenHseT (Ha OeckOHEYHOCTH) HapalboTKm rocne
nepBoro otkasa. Jlms pacupeneneHuil ¢ HeyObIBaromieH (yHKIMeir
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MUHTECHCHBHOCTH OTKa30B cpefiHAs HapaboTka MexXIy oTKazaMu Oyner
HauMeHbmer. OTMETHM, HYTO BCE pE3EpPBHPOBAHHBIE CTPYKTYPHI
HMEIOT BO3paCTAIONIyI0 (YHKIHIO HHTEHCHBHOCTH OTKa30B. CpenHsis
HapaboTrka Ha oTka3 (T.a(t;)) BKIIOIaeT B obmeM ciydae H HapaboT-
Ky O OTKa3a W HapabOTKW MexJy OTKazaMH. Takum o6pasoM, u3
TPUBENCHHEIX OOBSCHEHMIT JOJDKHO Ce/l0BaTh CIENyFOIEee COOTHO-
menne Mexay nokaszarensiMu: Ty > Ty (t,) > T. Ilpudem, oHo BepHO B
Ju1s yOBIBAIOIIMX paciIpefie/iecHui HapabOTKH [0 0TKa3a, TOJIBKO C IIe-
peMeHOH CHMBOJIOB OOJIBIITE MIIH PaBHO Ha MeHbIIE wid pasHo. Ho
3TO HE BBIOJHAETCSA, 4TO OyeT NPOAEMOHCTPHPOBAHO HA IPUMEPAX.
MeTo0B Boruuciaenus T,,(t;) HET HH B OXHOM HM3BECTHOM JIUTEpA-
TYPHOM HCTOYHHKE. VIMeercs B BHIY, YTO HET YETKO cHOPMYIHPO-
BaHHOTO crnocoba NOMyYeHHs 3HAYCHHWH ITOKA3aTeNs U IPUMEPOB
€ro BBIYMCIICHAS IS PE3ePBHPOBAHHBIX BOCCTAHABIHBAEMBIX
cTpykTyp. CBs3aHO 3TO € TeM, UTO HapabOTka Ha 3aqaHHOM KaJeH-
JApHOM BpeMeHH (YHKLMOHHPOBAHUSA OOBEKTa fABISETCA Clydai-
HO BEJIINYHHOM.

MPAKTUYECKH BCErna, KOIna HOPMUPYETCS UIH BBIUHCIAETCS N10Ka3a-
tenb Ty, HMeeTcs B BULY OKazarenb 1 — cpeaHss HapaboTKka MexXRy
OTKa3aMH, a HHOTA — CPenHss HapaboTka o orkasa T).

npu ty—0 Ty(t,) — T, uMerHO no3TOMY (BO3MOXHO H HE IIOHMMas])
rOBOPAT ¥ THIUYT T,y XOTS OIPENENSIOT €10 aCHMITOTHYECKOE (CTa-
HHOHAPHOE) 3HaUeHHUE, paBHOE T.

npu t,—0 moka3areins Ty,(t,) pacTeT, B TOM YncIe 10 6ECKOHEYHOCTH.
CTATHCTHYECKOE OIPENENICHUE JIOyCTHMO JIHIIb B TPEIION0KCHAN
3PTOAMYHOCTH (T.€. 3aMEHHI HAOMNIONEHHH 32 MHOKECTBOM OXHOTHII-
HBIX 00BEKTOB Ha JTUTENbHbIE HAOMOACHHA 338 OMHHM OOBEKTOM).
[Iprdem, i HONYYEHHS MPHEMIIEMOH TOYHOCTH OIIEHKH, HEoOXo-
JIMMa XOpOIas CTATHCTHKA (4HUCIO OTKa30B HE JNOJDKHO OBITH Ma-
aev). IpencraBuTenbHas CTaTHCTHKA MOXET OBITH MOJy4€HA TOJIBKO
TP JOCTATOYHO [UIMTENBbHBIX HAOMIONEHUSX, UTO OITATH XK€ IPHBO-
JUT K OONBIMM BENHYHHAM t,, a 3HAYUT TONYYEHHOE 3HAYCHHE

'i“m (t,) Oyner Omm3ko K cpeHel HapabOTKe MEXIy OTkazaMu T.
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IToka3arens cpennssd Hapabotka Ha orka3 (Ty,(t,)) ecnn u momxkeH
[IPUCYTCTBOBaTh B HOPMATUBHOH JIUTEpPATYpE, TO TOJIHKO B Ka4€CTBE Crie-
IMAJIBHOTO NOKa3aTels U 0OBEKTOB C 3aaHHOH CTPOro ONpEACIEHHON
HapabOTKOH (10 HCTEYEHUN KOTOPOH ODBEKT CHIMAETCS ¢ IKCILIYaTalHH,
JIXKE €CIH HE 3aKOHYCHO BBITIOIHEHHE MM ONpPEACIEHHOTO 3aJaHus). AB-
TOpaM TI0i00HBIE 0OBEKThI HE M3BECTHBL. M3 OCHOBHBIX noKazamenei oH
oondicer Ovimb YOpaH, a nokazamens CpeoHsis HAPAbOMKa Mexcdy omKa-
3aMU 66e0€H 8 CRUCOK OCHOBHBIX NOKA3AMENE HAOCHCHOCILL.

Emé pa3 momuepkHeM, 4TO MPaKTHYECKH BCETIA 3allCHIBACTCS B
TpeOOBaHHUAX U OICHHWBACTCS NPH MPOEKTHOM aHANH3E IIOKA3aTeNb Cpei-
HAs HApaboTKa MeXJy OTKa3aMH, a Ha3bIBaloT e€ cpemHel Hapaborkoli Ha
otka3! [Ipu aToM HUKOTZIA HE YKa3bIBAIOT HApabOTKY, Ha KOTOPOM HEOOXO-
IAMO OIIPEJIEIUTh CPEAHIO HApaOOTKY Ha OTKA3.

B 3apyGesxHOM HOPMATHBHOM M TEXHUUYECKOH JIMTEpaType HoKasarens
aHanoru4yHoro Ty,(t,) HeT. B 3apyOexHBIX cTapiapTax U creldanbHOH JIu-
Teparype IpUcyTCcTByIoT nokazarenn MTTF — cpenaee Bpems 1o oTkasa u
nokazarens MTBF- cpennee BpeMs mexny orkazamu. MTTF onpenenseT-
cs Taxoke Kak u T; — cpennsas napaboTka mo orkasa. [lokasaremrs MTBF
PaBEH CyMME CpefHel HapabOoTKu MEXIy OTKa3aMH H CPEIHETO BPEMEHH
BocctanoBnieuus MTBF =T + 1.

IlpuMepsbl BBIYUCIICHUST TIOKA3aTelsl CpefHed HapabOTKHM Ha OTKa3
JIaHBI B IPUIIOXKEHUA 3.

5. Koagpuyuenm coxpanenus sgppexmusnocmu K, o4 (1).

OrHomneHnre 3Ha4eHMs ToKa3aTelnsd 3(QeKTHBHOCTH HCIIONb30BaHMA
00BEKTa II0 HA3HAYCHHIO 3a ONPEHECICHHYIO IPOJOIDKHTETBHOCTh JKC-
TIUIyaTaluy K HOMHHAJIGHOMY 3HAY€HHIO 3TOTO TI0Ka3aTesis, BEMYUCICHHO-
My TIpH YCIIOBMH, 9TO OTKa3Bl 00BbEKTa B TEUCHHUE TOTO JKE IEPHONA HE
BO3HHMKAIOT. JTOT I10KA3aTeNb XapaKTEPU3YeT CTEICHb BIIMSHHS OTKa30B
00bexTa Ha 3G (HEKTHBHOCTS TIPUMEHEHHS ero no HasHauernuo. Copepixa-
HHE NOHATHA PPEKTUBHOCTH U TOMHBIA CMBICI TTOKa3aTess YPHEKTHBHO-
CTH IIpH HOpMUpOBaHY K¢ o4 () OIpenensroTcs TEXHHUECKHM 3aJaHHEM H
BBOJIITCSA B HOPMAaTHBHO-TEXHHYECKYIO H IPOEKTHYIO HOKYMEHTALHIO.

Ko 50.(t) = M{D()}/u(t) . (1.33)
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1.4. OCHOBHBIC AHATUTHICCKHE
METOIbI AHAJIHU3A HAACKHOCTH CUCTEM

B kuure OyJlyT H3NararsCi TPY OCHOBHBIX AHAIHTHYECKHX METONA
OIICHKH HAJIE)KHOCTH CUCTEM:

— METOJI, HCIIOJIb3YIOINUH OCHOBHBIE TEOPEMBl TEOPUH BEPOSTHOCTEH
CITyqaiiHbIX COOBITHH (CM. OpwiIoxeHUe 1) U xoMOuHaTtopHBIE (op-
MYJIBI

— JIOTHKO-BEPOATHOCTHBIE METOMBI

— METOJ| MAPKOBCKHX TIPOIECCOB.

OCHOBHBIME BH3YaJIbHBIMH CLIOCOOAMU TIPECTaBICHUS HAJIEKHOCT-
HOW MOJIENY CUCTEMBI SBILTFOTCS ONOK-CXEMRI HAJIE)KHOCTH, IEPEBhs OTKa-
30B. /Iyt pacyeToB 1o GIOK-CXeMaM HCIOIB3YIOTCS, B OCHOBHOM, GopMy-
JIBI ¥ JIOTHKO-BEPOSATHOCTHBIE MeTONEL. IIpH mpuMeHeHnu nepeBbeB OTKa-
30B MCIIONB3YIOTCSA JIOTHKO-BEPOATHOCTHBIE MeTOABI. Kpome Toro, nssect-
HBl ¥ IPHMEHAIOTCS COCOOBI BH3YAIbHOTO 33/IaHUS MOJENU B BHJE Tpa-
¢doB cBa3u [57] U cxem (yHKnHOHANBHOM LenocTHocTH [28, 29]. Tpadsr
CBA3H B OCHOBHOM IPHMEHSIOTCS JUISL 3aJIaHUS MOJENeH HaJeXHOCTH U
[POTYCKHOHN cocoOHOCTH ceTeBsIX cTpyKTyp. Hexnocrarkom rpagos cBs-
31 ABIAETCA (€CIH TOBOPHUTH O KJIACCHYECKOM HMX IPHUMEHEHHM) HEBO3-
MOXXHOCTb TIPE/ICTABJICHHUS CTPYKTYp C IOBTOPSIOIIMMHUCS 3IEMEHTaMHU,
CTPYKTYp M 13 N ¥ HEMOHOTOHHEIX Mogienieli’ . Kiaccudeckue 6IOK-cXeMsl
MPAKTHYECKH UMEIOT T € HENOCTATKH, OHAKO MPUHIUITHAILHO M03BO-
JIIOT OTOOpaXkaTh W YYUTHIBATH IOBTOPSIONIMECS DIEMEHTHl B PasHBIX
YaCTSAX CXEMbL. 3TH HEJJOCTATKH B OCHOBHOM OTIPENEILIIOTCS TEM, UTO, BO-
TEPBBIX, ORUIO PHHATO B y371aX, Kylla BXOAHT HECKOJIBKO CBS3€H, peann-
30BBIBATH MO yMOMTYaHuko Joruueckyro ¢pyskmuio WIN. A, Bo-BTopsix, HE
IPE/lyCMaTPHBACTCS OJHOBPEMEHHOTO NPUCYTCTBHS Ha CXeMe Kak Ips-
MBIX, TaK U HHBEPCHBIX BBIXOZIOB C ONIOKOB U CXeMBI B LenoM. JlepeBbs oT-
Ka30B HE HMEIOT OIpaHHYCHMH Ha IIPENCTABACHHE JFOO0H JIOTHIECKOH
¢yHKIHH 0TKAa30B/paborocnocobrocTH. Ho ctpouts epeBbs A0CTaTouHO
CIIOXKHO, BUJ| TIPEJICTABIICHUS a0CONIOTHO HE TIOX0XK Ha QyHKIHOHANEHYIO

! [osicHeHus mo TOBTOPAIOIIMUMCA JIEMCHTAM U HEMOHOTOHHBIM JIOI'HKO-BEPOAT-
HOCTHBIM MOACIAM 6yI1)’T JIaHbl B TTIaBax 2 ¥ 4 COOTBETCTBEHHO
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CXEMY, MOXHO CTPOUTH OJHY H TY K€ JIOTHIECKYIO (PYHKIMEO HECKOIBKH-
MH pa3HbIMH CIIOCODaMH, a TO3TOMY NPOBEPATH MPABUIFHOCTS (OCOOSHHO
IpYyTOMy 4eJOBEKY) €ILE CIIOKHEE, 94€M CTPOMTh. CXeMBl (QYHKITHOHAIb-
HOM IETIOCTHOCTH SBIAIOTCA OYEHb YHOOHBIM CIIOCOOOM BH3YAIBHOTO 3a-
JAHKMS MOJieNel, 00beAVHAIOMUM NyUIIHe CTOPOHBL ONOK-CXEM B JIEpeBb-
B 0TKa30B. OHHU CYIECTBEHHO PACIIUPSIOT BOSMOKHOCTH HPEACTABICHHAS
Mofenei Kak pas 3a c4eT TOro, YTO CHAMAIOT YKa3aHHBIE BBINIE OrpaHHde-
HuA rpadoB u 6I0K-cXEM.

[lepeurcnennsie CriocOObI IPEACTABICHUS CTPYKTYP B KIACCHYECKOM
BApPHAHTE OPHEHTHPOBAHHEI Ha MPUMEHCHUE CTATHUECKUX MOJENEH M s
PacyeToB HCIONB3YIOTCS [Ba NEPBBIX METONA, & HIMEHHO, METO/, HCIOMNb-
3YIOIUH TPH OCHOBHBIC TEOPEMBI TEOPHH BEPOATHOCTH CIy4aHHBIX COOBI-
THH H JIOTUKO-BEPOATHOCTHBIE METOMEL. B 0611eM ciiyyae, B NporpaMMEEIX
OPOXYKTaX, HCIONB3YIOT JIOTHKO-BEPOSTHOCTHBIE METOIbBI, a ()OpMYIBL
TEOPHU BEPOATHOCTEHM NPUMEHAIOT MU IPY “pydHBIX” pacdeTax He
OYEHb MHOTOPA3MEPHBIX U CIOKHBIX CTPYKTYp. M camoe riiaBHoe, 10rHKo-
BEPOATHOCTHBIE METO/IB (MMeeTcs B BUIy OWHapHas anre6pa JIOTHKH W
IV BIEMEHTOB U JIJIS CHCTEMBI B IIEJIOM) HE BBIXOIAT 332 PAMKH TpeX Oc-
HOBHBIX TEOPEM TEOPHU BEPOSATHOCTEH COOBITUI M MOITOMY HHYEro HO-
NOJHUTENBHO YUECTh HE NO3BOILIOT. MOXKHO CKa3arh, YTO OHH SIBISIEOTCS
(opMasEHBIM alapaToM IPUMEHEHHUS 3THX TPEX TEOPEM.

HeobxonuMo OTMETHTH, YTO JIOTHKO-BEPOSTHOCTHBIE METOMEI TI03BO-
JSIOT MOZEIHPOBATh TOJIBKO CHCTEMBI ¢ HATPYKEHHBIM PE3EPBUPOBAHAEM
M HE32BHCHMBIM (PYHKIIHOHHPOBAHHEM JIEMEHTOB. BBIYHCILIFOTCA TONBKO
MTIHOBEHHBIE [IOKA3aTeNH B MOMEHT BpemerHd t. [{1st yuera kakux-nro 3a-
BHCHMOCTEH, BEIYUCIICHHS [TOKa3aTeseil He TOIBKO MIHOBEHHBIX, HO M MH-
TEPBANGHBIX, IMOKa3aTenel, onpefensieMblX Ha OeCKOHEYHOCTH (THIa
cpenHuX HapaboTOK), MPUMEHSIOTCS JPYTHe METONbI, B YaCTHOCTHU, METO-
JibI MAPKOBCKOTO MOJIENTUPOBAHKSL, KOTOPBIE OYAYT pacCMOTPEHHI B IIIaBe 5.



ITmaBa 2

MeTtoa aHaJIM3a HAAEKHOCTH,
ACIOJIbL3YIOMINA OCHOBHBIE TEOpEeMbl
TEOPHH BEPOATHOCTEH CIY4aHHbIX
coObITHIl

2.1. AHaau3 HAAEKHOCTH
MocJie10BaTeIbHO-NAPaIeJbHbIX
HEBOCCTAHABJIUBAEMBIX CHCTEM

[TpuBenem psx TEPMHUHOB, HCHIONB3YEMBIX TIPH aHATH3E HAJCKHOCTU
Pe3epPBHPOBaHHBIX crcTeM. OnpeneneHye TEpMUHOB B3ATO U3 [1].

Ocnosnou (pabouuti) snemenm - IEMEHT OCHOBHOHM (u3MUecKoi
CTPYKTYPBI CHCTEMBI, MUHHMAJIFHO HEOOXOMMMBIH /IS BBITOJIHEHHUS BO3-
JIO)KCHHBIX HA Hee 3a/1ad.

Pesepenvlii anemenm — 37€MEHT, TIpeMHa3HAYEHHBIN Ui obecnede-
HHS paboTOCIOCOOHOCTH CHCTEMEI B CIIy4ae OTKa3a OCHOBHOTO /IEMEHTA.

Obuwjee pesepsuposanie — pe3epBUPOBAHNE, TIPU KOTOPOM PE3EPBHU-
pyeTcs CHCTEMA B LIEIOM.

Pazodensroe pezepsuposanue — pe3epBUpOBAHKE, MPU KOTOPOM pe-
3€pBUPYIOTCS OTAENBHBIE KOMIIOHEHTHI CUCTEMBEI.

Haezpyosicennwiii pezepé — pe3epBHBIN DIIEMEHT, HAXONAIMICI B TOM
e pEKUME, YTO H OCHOBHOH.

Henazpyoicennwiii pezepe — pe3epBHBIM 3EMEHT, [IPAKTUUECKU HE He-
CYIIMH Harpy3oK.

Obnezuennviii pe3ep — pe3epBHBII NEMEHT, HAXOMSAMIUICA B MEHEE
HArpy»EHHOM PEKHME, YEM OCHOBHOM.
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Hauynem Hame paccMOTpeHHE C NPOCTEHIIMX CXEM HArpy»eHHOTO
PS3epBHPOBAHKS, TaK HA3bBAGMBIX I10CIIEOBATECIbHO-TIAPAIENHHEIX
cTpyKTYyp (cucrem). YnobHoi rpaduyeckoll HHTEpIpeTaLHeil mocaeaoBa-
TeJIbHO-NAPalIEIbHBIX CTPYKTYp SIBISIIOTCS ONOK-CXeMbl HaJiesxHOCTH (B
3apybexHoH nmTeparype — reliability block diagram wian RBD). 3ta Buzy-
anpHas MOZENDb MPEACTABIAET HANEKHOCTHBIE B3ANMOCBI3H MEKITYy KOM-
MIOHEHTAaMHU ¥ HE BCEINIA COOTBETCTBYET PEANBHOMY COCIHHEHHIK) IEMEH-
TOB CHCTEMEBL PacueT nokasareneil HaJe)KHOCTH B PaMKaxX DTHX MOJEICH
MOYET OCYIIECTBIATLCS PA3MHYHBIMHU METOAAMHU — (HOPMYIBHEIMH, JOTH-
KO-BEPOATHOCTHHIMH, HHTErPAJIbHBIMU COOTHOIICHHAMH, CTATHCTHYECKHAM
MozenupoBanreM. B naHHOM pasmene Mbl OyzieM paccMarpHBare TIpO-
CTEUIIMMA METOJ pacueTa HoKaszarenell HaaexXHOCTH (Oe30TKa3HOCTH) He-
BOCCTaHABIIMBAEMBIX NOCHIEIOBATENHHO-TIAPAILICIBHEIX CHCTEM, OCHOBAH-
HBIA HA HMCNOJb30BAHUM COOTHOUICHHHM TEOPHM BEpPOSTHOCTEH, ITOJIYHeH-
HBIX M3 TEOPEM MOIHOH BEPOATHOCTH U TEOPEM CIOXKECHUS H yMHOKCHHA
BEPOATHOCTEH.

XoTsT METOJI OPMEHTHPOBAH HA IPOM3BONBHOE PACIPENENCHHE CIY-
4alHOTO BPEMEHM BO3HHKHOBEHHUS OTKA30B 3JIEMEHTOB, MBI OIPaHHYHMCS
PAacCMOTPEHUEM HKCIIOHEHIUANLHOTO chy4vast. J[Jisi ofHOTO “SKCTIOHEHINH-
aJIbHOTO” JMeMEeHTa (OPMYIIBI OCHOBHBIX TOKa3aTeliel Oe30TKazHOCTH
cBefieHB! B Tabnuiy 2.1.

Tabmmua 2.1. OcHoBHBIE TOKa3aTe iy 0€30TKA3HOCTH dIEMEHTA
€ KCIIOHEHIHATBHO PACTIPEECHHON HapaDOTKOH 10 OTKa3a.

AHaJMTHYECKOE
HaunmenoBanue nokazareis
BBIPAMNEHHE
BepostHOoCT 6e30TKa3HOH paboThI Bt
ua uHTepBaie (0,t)
Beposaraocts orkasa Ha uaTeprane (0,t) l-e™
[TnoTHOCTH pachpeAene U CydaiHo#i HapaboTKu A
JI0 OTKA3a
WHTEHCHBHOCTE OTKa30B A
Cpenmuss HapaboTka J0 0TKa3a L/
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1. llocnedosamensvHoe coeounenue Sn1emMeHmos

[MocenoBarenbHOE COEMHEHHE JJIEMEHTOB IIPEJCTAaBIAET COOOM
HEU3OBITOYHYIO CTPYKTYPY Oe3 pesepBupoBaHus. OTKa3 KaxIOro U3 diie-
MEHTOB IIPHBOIMT K OTKa3y CHCTEMBL B LIENOM. BIOK-CXema HaJexHOCTH
HOCIIE0BATEIILHOTO COSJIMHEHHUS N JIEMEHTOB IIpeJicTaBlIeHa Ha puc.2.1.

e -atee s

Puc. 2.1. biiok-cxema HaJeKHOCTH
NOCIEN0BATENLHOrO COEIMHEHN

BepostHocTs Ge30TkazHoi pabdorsl P(t) nns nociaenoBarensHOTO CO-
€IMHEHAS ONPEJENieTcs Kak NMPOU3BEICHUE BEPOATHOCTEH Ge30TKa3HON
paboTEL ee HemMeHToB pi(t)

P() = (0, (0)-, (0 =] [ i) @)

JIst OKCITOHEHIMAIBHOTO CIIy4asi:
=Mt —Apt ~A =(AFhg Ayt
P(t)y=e M e e =g hithet it (2.2)

VIHTEeHCUBHOCTL OTKA30B OIIPECIICTCA Kak CyMMa HHTEHCHBHOCTEN
OTKAa30B JJICMCHTOB CHCTCMBI.

P'(t)
AM)=——"=A, +A, +...+A_ =As. 2.3
( ) P(t) 1 2 n > ( )
Cpennsis HapaOOTKa J0 OTKa3a €CThb
T= IP(t)dt :Ie_kztdt ] (2.4)
0 0 7‘2 0 }“Z

2. Ilapannenshoe coeOuHeHUe S1eMeHmos

[TapansenbHOe COCTUHEHHE EMEHTOB IIPECTABIAET COO0H U3OBITOU-
HYIO CTPYKTYPYy € HATPYKCHHBIMU (aKTWBHBIMH) PE3EPBHBIMH DJIEMEHTa-
MH, TI0Ka3aHHYT0 Ha ONok-cxeme puc.2.2
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Puc.2.2. lapannensroe
COCIMHEHNE HIIEMEHTOB

OnnoBpemeHHO paboTaioT Bce n sneMenToB. Cucrema paborocmo-
cobHa moka pabortaeT XoTA OBl onuH 3MeMeHT U3 n. OTKA30M CHCTEMBI AB-
JASETCA OTKAa3 BCEX N €€ AIEMEHTOB. Torma BEpOATHOCTh OTKA3a CHCTEMbI
Q(t) Gyzmet paBHa IPOM3BEIECHUIO BEPOATHOCTEH OTKa3a ee 3IeMeHToB di(t):

Q=] Ja0. 25)

BeposatHocts 6e30TKa3HOM paboOTHL:
P(t)=1-]Ja-p;(t). (2.6)
i=]

n UL PABHOHAACKHBIX 3JIEMCHTOB

P(t) =1-(1-p(t)" =1-(q(t)". 2.7

PaCCMOTpI/IM YaCTHBIC CIIy4au NapajljI€IbHOI0 COCAUHEHHS U3 BYX U
TPEX IEMECHTOR.

3. Ily6nuposannas cxema

BepositHOCTE 0€30TKa3HOW PadOTHI MyOMHPOBAHHOM CXEMBI MOMKET
OBITh TIpEe/CTaBicHA Yepe3 MPOM3BEICHHE BEPOSTHOCTEH HE3aBHCHMEIX
COOBITHII OTKa3a ¢ ITEMEHTOR

P(t) =1-(1-p, ()1 -p,(V) (2.8)

WM KaK CyMMa BEPOATHOCTEH COBMECTHBIX COOBITHH MX HCIPABHOH pa-
60TEI
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P(t) = p, (1) + p, () —p, (Dp, (). 2.9)
TIpH SXCTIOHEHIMANBLHOM PACIIPE/ICICHIH Oy daeM
P(t) = e Mty gt | gmGaria)t (2.10)
Hapa0oTxka 0 0TKa3a eCTh
:—1—+—L— 1 . (2.11)
A A, A HA,
n IIpY paBHOHACKHBIX JJIEMEHTaX UMECM
P(t)=2e™ ™. (2.12)
me™ —2me™ 2 -2he™
MO=—" = v =, 2.13)
3
T=—. 2.14
Ty (2.14)
ML)
$.00% }\‘
oSS
£.0008 e
M@
00005 | ra
o
/
GO002 ggg
o § t

€ 3250 S50G TS0 1000 125G 1500 TS0 2000 2950 2500 2750 3000
t="Tavba.

Pnec.2.3. 3aBHCHMOCTD OT BpEMEHH HHTEHCUBHOCTH OTKA30B
IyOTHPOBAHHON CXEMBI
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HUccrnenosanue Beipaxenus (2.13) mokassiaer, 4TO HHTEHCHBHOCTD
OTKa30B AyOIHPOBAHHOM CXEMBI, COCTOAIICH U3 HIEMEHTOB ¢ IT0CTOSHHbI-
MU HHTEHCHBHOCTAMH OTKa30B, ABIAETCA (DYHKIWEH BPEMEHH, pu OOJIb-
IIMX BpeMeHax cTpemsiuelics k A oxsoro amementa ( A(0) =0; A(t) t:) A).

»

Tpadux M) nyOnupoBaHHON CXEMBI TTOKa3aH Ha puc.2.3.

4. Tpoupoeannas cxema

TpoupoBaHHas cXeMa MMEET TpU HapajlIeNbHO PabOTalomMX HArpy-
KEHHBIX 3eMeHTa. OTKa3 CXeMbI IPOHCXOIUT MPH OTKA3€ BCEX TPEX 3JIe-
MECHTOB.

BepostHOCTh 6€30TKa3HO#H pabOTH paBHA

P(t) =1-(1-p,()(1-p, ()1 —p; (1)) (2.15)
HIIn
P(t) =p, () +p,(t) +p; (1) —p,(Dp, (1) ~
+p, (1)P; (1) — P, ()5 () + p, (D)p, ()P, (V) (2.16)

I[JIS[ IKCHOHCHIMAJILHOTO Cliy4yas U PABHOHAJICKHBIX JJICMCHTOB

P(t)=3e™ -3 4 ¢ (2.17)
Cpenuss HapaboTka 0 0TKa3a
11
T= = (2.18)

5. Cxemut “muzn”

PaccmoTpum 00muid ciydaif cxem HapajUIeNBbHOIO COERMHEHHA N
97IeMeHTOB — cxeMy “m u3 n”. Takas cxema cauraercs padorocnocobnolt
11oKa paboTaroT XOTA OBl M A1eMeHTOB U3 N. OTKA30M CXEMBI SBISETCS OT-
Ka3 MUHHMYM n-m+1 ee aneMeHToB, T.e. n-m+1, n-m+2, ..., n:

Paccmorpum 00LIyo mporieypy BBIUHUCIEHHS MOKa3aTeNed HaIex-
HOCTH, OCHOBaHHYIO0 Ha (JOPMHPOBAHHH HMOIMHOKECTBA COCTOSHHIT pabo-
TOCIIOCOOHOCTH MM TMOAMHOXECTBA COCTOSHUH OTKa3a MHOMECTBa BCEX
BO3MOXHBIX COCTOSHHI CXEMBI, OTIMYAONIMXCA Pa3NUIHBIMH KOMOWHa-
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EsAMA paboTOCIOCOOHBIX W OTKA3aBIIUX 3JeMeHTOB. Beero mmeem n+l
cobpitie Ay, Ay, ... A,, U3 KOTOPHIX n-m+1 cCOOBITHE COOTBETCTBYET pa-
GorocnocobrocTd cxeMsl (i=0-+n-m), a m coObITHil COOTBETCTBYIOT OTKA3y
cxemsl (i=n-m+1-+n). Kaxnoe cobsitue Gopmupyercs us CL KOMOHHaIWH
1 OTKa3aBIIKMX ¥ N-1 pabOTOCIIOCOOHBIX EMEHTOB:

OueBuiHO, YTO COOBITHA Ag, Aj, ... A, COCTABIAIOT NIOJHYIO IPYIITY
HecoBMeCTHBIX coObTHit. Torma BeposTHOCTS Oe3oTKasHON pabotst P(t) u
BEPOSITHOCTh 0TKa3a Q(t) MOTyT OBITH BEIMMCIEHBI KaK CyMMa BEPOSATHO-
CTel BO3HUKHOBEHHS COOTBETCTBYIOMIMX COOBITHIL:

Pty =P(A A, - JA LA, ) = “ZmCLpn_iqi (2.19)

QO =PA, . UA a-UA)= Y Cp™d (220)

i=n—m+!

Ecm m < (n+1)/2, 10 BeposATHOCTH 0€30TKa3HOM pabOTHI menecoo0-
Pa3HO BHIYUCISTH Kak 1-Q(t).

Tatnuua.2.2. GopMmyns [yis pacyeTa BEpOSTHOCTH Oe30TKa3HON paboThi
cxeM “mu3n”

I
B
=

Il
W

m=1 m=2 m=3 m

4 +4p3q

*+5p'q+10p’q” p°+5p'q

6 5 4 2

p +6p’q+15pq

p’+6p°q

6. Masicopumapnas cxema "2 uz 3”
HauGonee pactpoctpaHeHHOH KOH(UIyparuen cxeM “m u3 n” gB7s-
ercs koHurypamua “2 u3 3”. Yacto 3Ta KOHPUTYpaLys MCTIONB3YETCS B
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HH(POPMAIIMOHHBIX CHCTeMax (3HAJOTOBBIX HIIH JUCKPETHBIX), B KOTOPHIX
IIPOMCXO/IUT CPABHEHUE 3HAYCHHH BBIXOJHBIX CHTHAJIOB U BbifOp mpa-
BUJIBHOTO 3HA4CHUS [0 OONMBIOMHCTBY. Takue CXEMBI MOMYYHITH HA3BAHHE
MaXopuTapHbIx (puc.2.4).

0

BO
@ > Puc. 2.4. biiok-cxeMa HaZEKHOCTH

MaXOPHTAPHOI CrpykTyphl 2 u3 3™

Ilpenmonaraercs, YTo B MaXOPUTAPHBIX CXEMaX MPUCYTCTRYET CIie-
[MaTbHOE YCTPONCTBO, HA3FIBAEMOE BOCCTaHABIMBatoNmM opranom (BO),
KOTOPBIA M OCYLIECTBIIET ONEPALMIO BEIOOPA YPOBHS (3HAYECHHMS) BEIXOI-
Horo curHana cxembl. B obmem ciayvae BO He oGnagaer ujeanbHOR Ha-
JEeXKHOCTBIO, YTO AOJKHO OBITH YUTEHO TIPH COCTABICHUY BBIPAKCHHH [T
BBIUMCIIEHHUS [OKa3aTeNei HagexkHocTy. Tak Kak otkaz BO cpazy npuzso-
JUT K OTKa3y BCEH CXEMBI, TO BEpOsATHOCTH He30TKa3HoM paborsl ornpesie-
JseTCA KaK MPOHM3BENCHHE BEPOATHOCTeH 6e30TkasHol padorsl mapat-
JENHHOTO COSAMHEHHS “2 u3 3” ¥ BOCCTaHABIIMBAIOIIETO OPraHa:

P(t) = Paa(t)*Ppo(t), (2.21)
rae
P, (= p'+3p’q=3p - 2p’. 2.22)
[Iycts Ppo(t) = 1, Toraa muis SKCIOHEHIUANBHOTO PACTIPEISICHHS
P(t)=3e"" -2, T= %x . (2.23)

3HaueHHe cpeHeH HapabOOTKM 0 OTKa3a MaXKOPUATAPHON CXEMBI OKa-
3aJI0Ch XyX€ HE TOIBKO TPOMPOBAHHOW W IyONMpOBaHHOH CXEMEI, HO M
Xyse, 4eM HapaboTKa OHOTO HEpE3epBHPOBAHHOTO deMeHTa. Takum 06-
pa3oM, NMPUMEHEHHE MaXOPUTAPHBIX CTPYKTYP 6e3 60ccmanosneHus 1e-
necooOpa3Ho JIMIIb ¢ TOYKH 3PEHHS MOBBIMIEHUS AOCTOBEPHOCTH BBIXOJ-
HOM MH(OpMaIMK HAa KOPOTKUX HHTEPBAJIAX BPEMEHH.
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7. Pacuem cpedneu napabomku 00 omkasa
PaccmorprM ciydail pe3epBUPOBaHHBIX CTPYKTYp “l u3 n”, cocros-
IHX U3 PABHOHAJIEKHBIX SKCIIOHEHITHAIBHO PACIPEAETICHHBIX EMEHTOB!

T= TP(t)dt = T[l —(1-e™)"1dt.

0
[Tpumenum npolienypy, onucanuylo B [15]. Crenaem 3ameHy mepeMEHHBIX

1—e_M=x;t:lln ! ;dt= dx .
Ao 1-x A(l=x)

Torxa cpenpsist HapaboTKa 10 OTKa3a U1 cxeM “1 u3 n” Oyzer onpeeicHa
Kak

1 rl-x" ] o 1,1 1
=— =—|(1+x+..+x" )dx =—(I+=+..4+4—) (2.24
k! l{( Jx = (k=) (2.24)
A cpenuas HapabOTKa 10 OTKa3a /Ul CXeM “m U3 n” paBHA
1
T=- l+—1——+—1—-...+ij . (2.25)
Aln n-1 n-2 m

B Tabnuiy cBeneHs! BRIpAKEHHS IS CPEIHHMX HapabOTOK 10 OTKaza Oc-
HOBHBIX BHIIOB CXeM “M U3 1", noiy4dceHHbIe 1o dpopmynam (2.24 ,2.25).

Tabanmna 2.3. Gopmynsi L1 pacuera CpeIHHX HapabOTOK 10 OTKa3a
cxeM “m w3 n”

m=1 m=2 | m=3 [ m=4 m=>5
n=2 3
2h
n=3 1 S
6A 6h
25 13 7
n=4 —_— —_— —_
12), 121 121
nes | 17 a7 AT
602 60A 602 201
e | o1 s 3|
60 201 60 607 30h
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8. Pacuem HaoexicHocmu ClLOXCHbIX HOCTe008aMeNbHO-NAPAA ENbHLIX
HE8OCCMAHABIUBAEMBIX CUCTEM

Peanbabie BRICOKOHAIEKHBIE CHCTEMEI OOBIMHO MPEACTABIAIOT COO0H
COBOKYITHOCTh MPOU3BOJILHO COSIUHEHHBIX PEe3epBHPOBAHHEIX ¢XeM. Ec-
JTH KaK CaMH CXEMBI, TaK M HX COENMHEHHS MEXIy Co00if ecTh paccMor-
pEHHbIE BBIIE KOHOHUTYpaluu (myOIMpoBaHHBIE, TPOMPOBAHHBIE, ‘M W3
n”), TO TaKHM€ CHCTEMBI HA3BIBAIOT CIOXHBIMH IOCIEI0BATENEHO-NAPA-
eTbHBIMU cHcTeMaMH. [l pacdeTa mokasarencd 0e30TKa3HOCTH TakMX
CHCTeM NPHMEHAETCS IPOIEAypa MOCIIEA0BATENBHOTO PACYETa 3BEHBEB 10
IPHUBEJCHHBIM BBIIIE (OpMylaM M 3aMEHE PE3epPBHPOBAHHOTO 3BEHA OfI-
HHM 3JIEMEHTOM C HM3BECTHOH BEPOSTHOCTBIO Oe30TKaszHoil palbotel. Ota
IIpoLIeAypa TOBTOPSETCS JI0 TeX MOp, NOKa CHcTeMa He OyleT cBencHa K
M3BECTHOHM TOCTIEHOBATENHHO-IApAICNbHOH KoHpurypammn. [loscHuM
OpUMEHEHHUE IPOIeAYPHl Ha IPUMEPE pacueTa CIOXHON CHCTEMDI, IT0Ka-
3aHHOM Ha puc.2.5. Ha mepBoM 3ramne pacueTa BEAEIUM 3BEHO [10CTIEN0BA-
TeNbHOTO coenunenus (A) u ABa ny6nupoBanHbiX 3BeHa (B u C). Jlg Hirx

Po=p.+ps -0,

@ D Py=p.ps
T
E Ps =P-Pc

® 0]
W’_

?mm =pPs (ps +P: _pgpg)

Puc. 2.5. Oramsl pacdeTa CIIOKHOH
HOCIIENOBATEIFHO-TAPAIIISTILHOH CHCTEMEI
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no u3BectHBIM (opmynaMm (2.1,2.9) paccunTaeM BepOSATHOCTH 0€30TKa3-
Ho# paborsl (Pa,Pg,Pc) W 3aMeHnM 3TH 3BeHbS Ha SKBUBAJICHTHBIE DJE-
MeHTH A, B, C. . Ha BropoM aTare mocieioBaTelibHOE COETUHEHHUE 3IIe-
MenToB 4 u B u 7 u C 3ameHnM Ha 3kBHBasieHTHBIE 3teMeHTsl D 1 E ¢ co-
OTBETCTBYIOIMMH BEPOATHOCTsIMH Oe30Tka3HOH paborer Pp u Pg . s
HOJTYYEHHOH MPOCTOM MOCIENOBATENbHO-NAPAIIEIEHOW CXEMbL HA TPETh-
€M JTale 3alMChIBAEM BBHIPAXKCHHE ISl CHCTEMHOH BEpOSTHOCTH 0Oe30T-
Ka3HOH paboTBhL.

2.2. PacueT Ha/le)HOCTH HEBOCCTAHABJINBAEMBIX
CJIOKHBIX Pe3ePBHPOBAHHBIX CTPYKTYP

1. Pacuem HadexcHocmu MOCHMUKOBbIX CXeM

PaccMoTpuM cxemy reperaun CUrHalla MEKIy HCTOYHUKOM A U mpu-
eMHHKOM B B ceTn MOOWIBHOM Tene(OHHON CBA3H C PETPAHCIATOPaMHU.
DyHKIMOHANBHAS cXeMa CETH IIpeACTaBleHa Ha puc.2.6.

———
\\

Puc.2.6. Oysxumonanenas cxema MTC
C PEeTPAHCIATOPAMH

Ilpn OTCYTCTBHHM CBA3H MEXIY PETPAaHCIATOPAMHM CHTHAN MOXET
ObITh nepenad no mapuipyTam: 1,3; 2,4. BeneHue JBYXCTOPOHHEHN CBA3H
(5) mMexny perpancistopamu C u D nmo3somno nepenars HHGoOpMaiuio
MEXy y3maMu A u B 1o crneayrommM Mapmpyram: 1,3; 2,4; 1,5,4; 2,5,3.

Ha puc. 2.7 npuBeneH upuMep €Ule ORHOH CIIOKHOM CXEMBI - HOJ-
cucreMsl (HOpMHPOBAHKA M TMOJAIM fapa Ha TYpOMHBI 3HEPreTHUECKOTO
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6noxa ADQC [30]. IoxcucremMa COCTOUT U3 YCTAHOBKH MOAACPKAHHS Ba-
KyyMa B CEKIHAX IIaBHOTO KoHfeHcaropa (1), CEeKIUM ITIaBHOTO KOHNEH-
caropa JeBOro M MpaBoro KaHanoB (2, 3), KOHACHCATHBIX HACOCOB JIEBOTO
H TIPaBoro KaHauos (5, 6), IEpeMbIYKH MeXIy KaHaiamu (4), mHTarelsh-
HBIX HAcOCOB JIEBOTO ¥ IIpaBoro KaHaiaoB (7, 8), OMOKOB MATATENEHEIX
KJIallaHOB JIEBOTO U IpaBoro kanaios (9, 10), maporeneparopos JeBoro u
npasoro kaHanos (11, 12, 13, 14), ryp6oreneparopa (15).

Hannuwue nepembruxy (4) no3sonseTr obecmeyuTs paboTy KOHISHCAT-
HOTO Hacoca OMHOTO KaHaja Ha NHTaTeNbHbIA Hacoc jpyroro. [l obec-
HEYECHHU HOPMalbHOTO (YHKILMOHMPOBAaHUS TypOOreHeparopa M0 CTaTod-
HBIM SBJIETCA HAXOXKAEHHE B paboTe MOOBIX JBYX (M3 YETHIPEX) mapore-
HEparopoB.

k]
o o EH oH EIK a
— 2 5 7 g e Hr
12

T

i |ciiB ol 4 —— 15

2md

13
— 3 6 8 10 ar
CrE EH oH F357% 14

Puc.2.7. PynxuuonansHas cxema QparMenTa sjepHoil SHEPTETHIECKOR
YCTAHOBKH

PaccmorpenHble cxeMbl HE MOTYT OBITH IPEACTABICHHI IOCIEN0BA-
TEJIBHO-TIAPAJIIEIbHBIM COCUHEHNEM B CMBICIIE HAJIEKHOCTH. Xapakrep-
HOM 0COOEHHOCTBIO 3THX CXEM SIBIACTCS HAIMUME NEPEMBIYKH MEXKIY Ka-
HaJlaMH, YTO TIO3BOJLIET IIPU OTKA3€ MOCIENOBATENRHOrO (hparMeHTa oHo-
IO KaHaJia paboTaTh, HCIIOJB3Ys alapaTypy PYToro KaHaja.

CxeMbl OJOOHOTO POZia MONYYHIIN HA3BAHUE MOCMUKOGbLX CXeM AIM
IpOCTO “MOCTHKA”.



46 Tnapa 2. MeTon, HCTIONB3YIOMMIL OCHOBHEIC TEOPEMBI TEOPHH BEPOATHOCTEH

Briok-cxeMbl HafeKHOCTH DPETPAHCIALMOHHOH CETH M (pparMeHTa
AACPHOH JHEPreTHIECKOH YCTaHOBKH [PEACTaBIeHbI Ha puc.2.8 u 2.9 co-
OTBETCTBEHHO.

1 3
B
:
2 I 4
Puc.2.8. biiok-cxema HaJAeKHOCTH
MTC c perpancnsTopaMu
{...,. ‘i‘! .
- 2 § 7 1 8 ™~
| , 12
M’EL g‘"" 43
3 8 8 - 10
aipryl

Puc.2.9. brox-cxema HaJIeXHOCTH (parMenTa sAepHO
SHEPreTHYECKOH yCTaHOBKH

Ipu pacyeTe MOCTHKOBBIX CTPYKTYpP HCIOJB3YeTCS METOJ pasioxKe-
HMS OTHOCHTENHHO 0COOOro 3MEMEHTA, OCHOBAHHBIA Ha (opMyiie TOIHOH
sepostHocTH (cM. miproxerue 1). ChopMupyeM IOJHYIO Tpymmna coObl-
THE OTHOCHTENIBHO TepeMblukH “MocTika” (dnemeHT 5). Cobbitue B, -
HepeMbluka He OTKasana, coObitue B, - mepembruka orkasana. s onpe-
JIETICHNs] BEPOSITHOCTH cOOBITUS 0e30TKa3HOM paboThl “MocTHKa” (A) IpH
ycnosud By u B, paccmarpuBatotes ero npeobpasoBaHHbIe cxeMbl. Eciu
peanu3oBanoch yciaosue B, TO MocTHKoBas cxema Ipeodpasyercs B IIO-
ClIeJIOBaTeNIbHOE COCIUHCHHE IBYX NYONHPOBAHHBIX CTPYKTYp, Kak 3TO
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noxaszaHo Ha puc.2.10.a. Ecnu peann3oBanocs ycnoBre B;, TO MOCTHKOBAst
cxema Ipeobpasyercs B IyONHPOBAHHYIO CTPYKTYPY, BEPXHHMI KaHal KO-
TOPOM COCTOHMT U3 MOCJEAOBATENFHOTO COCIWHEHHUS 3eMeHTOR | K 3, a
HWKHKMA — 2 u 4 (cM. puc.2.10.6). Torma BeIpaxkeHHe VISl BEPOATHOCTH
0e30TKa3HOU pabOTHl MOCTHKOBOM CXEMBI HMEET BHJ

P(A) = P(B1)P(A/B,) + P(B;)P(A/B,) =
=ps[(1 - @1q2)(1 - q3qa)] + (1-ps)[1 — (1-pip3)(1-p2pa)] (2.26)

1 3 1 3
2 4 2 4
a) Dnement 5 (IepeMpIvKa) 6) Omement 5 (IepeMBINKa)
pabotocnocobeH OTKa3an

Puc.2.10. IlpeoGpazosanue cxembl “mMocTHKA”

Wpes Meroma paznokeHHs MOXET OBITh TIPUMEHEHA He TOJBKO JIL
OJJHOTO, HO M IS TPYIHIBI 0COOBIX 31eMEHTOB. B 3TOM citywae paccMarpw-
BAIOTCA BCC KOMOHHAIMM COCTOSHHH pabOTOCHOCOOHOCTH H OTKasza die-
MEHTOB TPyNnsl. Eciy Uit BcexX KOMOMHAIMI aHAIM3UPyeMas CXeMa CBO-
JATCA K HOCHEN0BATENFHO-NAPAIIENTBHOMY COSJUHEHHIO, TO PacdeT Ha-
JEXHOCTH IIPOM3BOAUTCS 110 H3BECTHHIM (hOpMYnaM, OCHOBAHHEIM Ha TEO-
PEMAxX O BEPOATHOCTH CYMMBI M IPOU3BEACHHUS CIYUalHBIX cOObITHE. Ec-
JU TIpA KakuX-THOO KOMOMHALMX CXeMa He CBOAMTCA K MOC/E0BATeTh~
HO-TIAPAJIJIENPHOMY COEIMHEHHIO, TO CHOBA BBIOMPAETCS OCOOBIE IEMEHT
WM TPyNna ¥ OpOBOAUTCA onepamus pasinoxkeHus. [Ipomecc BriGopa u
Pa3IOKEHHsT OTHOCUTEIBHO OCOOOTO 3JIEMEHTAa MOBTOPAETCA BINIOTH [0
CBEICHHA CXEMBI K IOCIIEA0BATENHHO-TIAPATUIENEHOMY COSTUHEHHIO.

PaccmMoTpuM pe3epBHPOBAHHYIO ABYXKAHAJIBHYIO CHCTEMY C JIBYMS
OZIHOHAIPABJICHHBIMM I1€PEMBIYKAMHM MEXIy BEPXHHM H HHKHAM KaHa-
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oM. brok-cxema HameXHOCTH cHCTeMbl, HaOpanHas B momyne RBD
Windchill Quality Solutions, noka3ana Ha puc. 2.11.

Puc.2.11. brnok-cxeMa HaJ&KHOCTH JBYXKaHATbHOM
CUCTEMBI C OJIHOHAIPABICHHBIMHU TIEPEMBIYKAMHU

IMepempruka 1 dpopmupyeTcs U3 HMEMEHTa 5 U obecriednBaeT pesep-
BUpoBaHHE deMmeHTa 3 snmementoM 4. Ilepembruka 2 ¢opmupyercs u3
anieMeHTa 6 U ofecnednBacT pe3epBUPOBAHUE dIeMeHTa 4 dIeMeHTOM 3.
Bce aneMeHTBI CHCTEMBI PABHOHAJICKHBI (P-BEPOATHOCTH 6€30TKa3HOM pa-
OOTHI IIEMEHTA, ( — BEPOSTHOCTD OTKA3a).

B kadecTBe TpymIbl 0COOBIX IEMEHTOB BHIOEPEM JIBE TIEPEMBIUKA —
aniemeHTs! 5 1 6. [lonHas rpynma coOBITHII OTHOCHUTENBHO 3THX IEMEHTOB
6YI[CT {Bl,Bz,B3,B4}Z

B =A;-Ag B,=A;-Ag By=A;-Ag; B,=A A
rae A, —cobOsiTie paboTOCHOCOOHOCTH i-TO 31eMEHTa,

A, —coOpITHE OTKA3a 1-T0 IEMEHTA.

Pesynbrar nepBoii HTepayy pa3ioXXeHHs PHBEIEH HUXe

Ne BepoaTHOCTH 6e30TKA3HOM
ColbiTHe Houayuennas cxema
cXeMBI paboThI cXeMbl

Cxema | CobriTHe B,

1 P(B)) = p2 Pi=(1-q")
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Oxoxuanye Ta0mansl

Ne BepositHOCTh Ge30TKA3MOI
CobpiTHE Moay4ennas cxema
CXeMbI PadoThi CXeMBI
Cxema | CobpiTHE B, Heobxomumo maneHeiinee
2 |PB2)=pq paznoxeHHE
Cxema | CoOriTre B; Heobxomumo maneHeimee
3 P(B;)=qp pasnoxeHue
Cxema | CoOriTre By 01
P=1-(1-
4 P(B,) = qz =1-(1-p")

Cxembl 2 ¥ 3 He ABISIIOTCA [OCIEOBATENBHO-MAPAIICIBHBIM COS/TH-
HEHHEM, II09TOMY HEOOXORMMO IIPOBE/ICHHE €IIe OXHOW HTEepAI[HU Pa3lio-

KCHUA.

Cxemy 2 paznoxum o anemeHTy 1. Cobbitre B, — anement 1 pabo-
Taet, By, — anmeMeHT 1 oTkazan.

Ne BeposTHOCTE Ge30TKA3HOIM
CobriTHe MostyuenHan cxema
cXeMbl paGoThI cxeMbi
Cxema | Cobmrtre By, 3
Py=(1-

21 |PBa)=p 2=(1-4)

Cxema | Cobritue By, 2
P,=
22 |PBy)=q 2P

Cxemy 3 pasmoxum 110 anemeHty 2. Cobsitie B;; — anement 2 pabo-
TaeT, Bs, — aneMenT 2 oTkazai.
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]
Ne BeposiTHocTh §€30TKA3HO#

CoObiTHe MMoay4yennas cxema
cXeMbl padoThl cxembl

Cxema | Cobritae Bs;
3.1 P(B;) =p

Cxema | CoObrrue B, BX. — BBIX. )
32 |PBy)=-q H» Py,=p

W oxoHYaTeNnbHO, BEPOSTHOCTH O€30TKa3HOH pabOThl ABYXKaHAILHOM
CXeMBI C JIBYMSI OTHOHAIIPABIICHHBIMH [IEPEMbIYKAMH OYIET:

P=P(B1)P+P(B;))P21+P(B2,)Py+
+ P(B31)P31+P(B32)P32+ P(B4)P4 . (227)

Py=(1-q")

2. Pacuem nadexcHocmu cxem ¢ ROBMOPAIOWUMUCI SNeMEHMaMU

Wrorna npy ananm3e HaEKHOCTH TIPUXOTUTCSA YUUTHIBATH HAEMEHT,
OTKa3 KOTOPOTO MPHBOOWT K OTKAa3y Cpa3y HECKONBKHMX YacTel aHalH3H-
pyemoii cucteMpl. KitacCHYeCKHM MPHMEPOM TAKOM CHTYallHH SIBISIOTCS
OTKa3bl HCTOYHMKOB MUTaHMS, OJHOBPEMEHHO IPHBOIAIHE K Hepaboro-
COCOOHOCTH 3HAYMTENHHBIX YacTed cHCTeMbl B IenoM. B Onmok-cxemax
HAZICKHOCTH TAKOW JIEMEHT YYUTHIBAETCS C MTOMOILBIO “TIOBTOPSIOMETOCS
6moxa” (“HOBTOPSIOMIETOC 3MEMEHTA”), KOTOPhIA MOXET IIPHCYTCTBOBATh
B Pa3HBIX BETBSX OIIOK-CXEMBI, (PU3NYECKU ABISISICH ONHUM IIEMEHTOM.

PaccMoTpuM cxeMy pa3lenbHOTO MHTAHHSA HIDKHETO M BEPXHETO Ka-
HAJIOB ABYX XyOnupoBaHHBIX cTPYKTYp (puc.2.12). Eciu Mul chopmupyem
rpymiy ocoObIX 3meMeHTOB M3 ucrogHukoB muTanms I1; u II, To cxema
cBeieTcs K TOCHe0BaTeNbHO-APAILIENIBHBIM COSNHCHUSM, TOKA3aHHBIM
Ha puc.2.13 u coorBercTByroMM padotocnocobroctd 11 u I, (2.13.a)
paborocnocobHoctu 1) u otxazy I, (2.13.6), paborocnocobroctu II;
otkasy I1; (2.13.8).

BeposiTHOCTL 6€30TKa3HOH pabOTBI CXEMBI Pa3lenbHOro MHTAHUSL
Oymet

P=P,P,(1-9,9,)(1-9;q,) +P,Q.,p,p; + P,Q.pop,,  (2.28)
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Puec.2.12, Cxema pa3aensHOTO MUTAHUS
HW)KHETO U BEPXHETO KaHAJIOB

IyOITPOBAHHBIX CTPYKTYP

a) Uctounnkn nvranuss  6) Mcrournk muTamms B) UcTounux muranus
I1) u I, pabotocioco6-  II; paborocnocoben, I1, paborocmocobet,

I1,- orkazai. I1, oTkazair

Puc. 2.13. [IpeobpazoBanmas cxeMa pa3aenbHOTO MHTAHAS

04 o
“*"‘b«.
42 =
I8 SERE - = -
B 200 408 300 GERH H
S ¢OWRETON DRETOPSIGILINCE INEMERTCE 9 B3 yWSTY ROBTERAICLLICH IREMERTCE

Puc.2.14. Ipadux 3aBHCAMOCTH OT BPEMEHM BEPOSTHOCTH
0€30TKa3HOI paboTEI CXEMBI Pa3AEIbHOTO IUTAHMS
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Ha puc.2.14 npuBeneHa 3aBHCHMOCTb OT BPEMEHH BEPOATHOCTH 6e3-
OTKa3HOW PabOTHl CXEMBI, PACCUMTAHHASA C Y4eTOM U 0e3 ydera IIOBTO-
PAFOIIMXCS AMEMEHTOB (MCTOYHMKOB TUTaHus). I'paduk mokassiBaeT, 4To
HpUOTIKEHHBIH pacdyeT Oe3 ydeTa ITOBTOPSIOMMXCS EMEHTOB 3aHIDKACT
BEPOSTHOCTh 0e30TKa3HOH pabOTI CXeMBl HO CPABHEHHIO C TOYHBIM 3Ha-
YeHHEeM, PacCUMTaHHbIM 10 (2.28).

2.3. CpaBHeHHME OCHOBHBIX CXeM
HArPY>KEHHOT0 Pe3epBHPOBAHUA

[IpoBenieM cpaBHEHHE OCHOBHBIX CXEM HArpyXEHHOTO Pe3epBHPOBa-
HHS TI0 TI0KA3aTeNio BEPOSITHOCTH GesorkaszHod pabotel (BBP). Paccmor-
pUM CIEyIOIMe CXeMBl: JyOIUpOBaHHYI0, TPOMPOBAHHYIO, MaXOPHTap-
Hy0 “2 w3 3” m MocTHKOBYIO. byneM mpejamnonarars, 94To Bce CXEMBI €O-
CTOST M3 OIMHAKOBBIX PAaBHOHA/EKHBIX HEBOCCTAHABIMBAEMBIX B3IEMEH-
T0B. bazolf nns cpaBHenms Oyzer ciyxuTh HeH3DBITOUHAS CXEMa, CO-
CTOSIII[ast U3 ONHOTO IEMEHTA.

Ha puc. 2.15 mpencrasnensr 3aBucuMoctd BBP pesepBupoBaHHBIX
cxem oT BBP snemenrta (p). I'padmk mokaseBaet, uto cxembl “1 u3 n”
(myGnupoBaHHas,, TPOUPOBAHHAS) OKA3BIBAOTCS TyUYIIMMU Ha BCEM JMama-
30He U3MEHEHMs p. MaopHTapHbie U MOCTHKOBBIE CXEMbI IOKa3bIBAIOT
yIyqIIeHHe BEPOSTHOCTH 6e30TKazHoH paboTel Tonsko mpu p>0.5. Ilpu
HEHaJeXBbIX dneMenTax (p<0.5) 5TH cXeMBI OKa3bIBAIOTCS XyXe HEH30bI-
TOYHOU CTPKTYpBI U3 OIHOIO AMeMenTa. B Touke p=0.5 BeposTHOCTH Oe3-
OTKa3HOH padoThl MaXKOPUTAPHON U MOCTHKOBOM cxeM paBHsetcs 0.5, T.e.
BEpPOATHOCTH 0e30TKa3HOH paboThl OIHOTO 3IEMEHTA. JTOT (PaKT MOXKHO
HCIIOJIB30BATh NMPH TECTHPOBAHUU CIIEIMATIH3HPOBAHHOIO MPOTPAMMHOIO
0becleueHHs ML pacIeTOB HaJEXKHOCTH.

Ha puc.2.16 npexcraBnens! 3aBucuMocTd BBP pesepsupoBanHbIx
CTPYKTYp OT BpeMeHH. 3aBHCHMOCTH MOCTPOEHBI Ul CIy4as paBHOHA-
JEXKHBIX AKCIOHCHIHANBHO PACIpe/ieNICHHbIX 3JIEMEHTOB CXEM IpH
A=0.002 1/4. IloBeneHMe cXeM HCClEJOBAHO HA MHTEPBAE BPEMEHH paB-
HOM ofiHOMY Toxy (8760 1acoB). I'paduk nEMOHCTPHpPYET IPEUMYILECTBO
IyOMUpOBAaHHOW M TPOMPOBAHHOM CXeM HA BCEM BPEMEHHOM JHAIa3oOHE.
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BBEP cxembl

BEP cxemMb!

1 L) T ) ¥ 1 T

0 01020304050607 0809 1

BEP 1 sneMeHTa

——1 132
i1 113 3
—k—2133
~3¢ MOCTME
—%—1 anemeHT

Puc.2.15. 3asucumocts BBP pesepsuposanubix cxem ot BEP
OJ{HOTO 2IEMEHTa

0,6
04

0,2

0
)

AN
AN

o Fd R STLE ST PSS
RN A SR SR U

Bpems (4ac)

—a—1n32
~a— 1133
——2n3 3
—¢— MOCTHK
~3~ 1 SNEMEHT

Puc.2.16. 3asucumocts BBP pe3sepBHpOBaHHEIX CXeM OT BpeMEHA
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MaskopuTapHble U MOCTHUKOBBIE CXEMBI ITOKA3bIBAIOT YIIYYIIEHHE MOKa3a-
TEJIA BEPOSTHOCTH O€30TKa3HOH pabOTH! M0 CPaBHEHHIO C OMHHM 3JIEMEH-
TOM JIMIOb Ha wWHTepBanax BpemeHn t < In(2)/A mwim t < 0.69/A. Ilpu
t > 0.69/A BBP maxopuTapHOil ¥ MOCTHKOBOH CXEM OKA3bIBAIOTCS XYKE
BBP oproro anementa. OtMeTnM, 9to TouKa t = 0.69/A IeXUT Ha BpeMeH-
HOM OCH JieBe€ TOYEK CpeHeH HapabOTKH JI0 OTKa3a KaK OHOTO IIEMEHTa
(1/X), Tak 1 MaXXOpUTAPHOH cxeMbl (5/61).

B 3aknroueHHH OTMETHM, YTO B [ApauIeNbHBIX pPEe3ePBUPOBAHHBIX
CTPYKTypax pe3epBHBIE JeMEeHTHI paboTa0T HapaBHe ¢ paboduM, ro3To-
My 5(GEKTHBHOCTD IOOBIX CXeM HArpyX€HHOTO PE3€PBUPOBAHMSA J[OCTa-
TOYHO Maja. J{jisl JKCIIOHEHIINAIBHO PACIpPe/IeIEHHBIX IEMEHTOB, HCXOS

1 1
3 ¢opmynsr T, :I(l+_+"'+_)’ MOKA3aHO, YTO MOBBIIICHUE Hapa-
n

w3 n

OOTKH CXeMbI ¢ HarpyXXeHHBIM pesepBHpoBanueM B 10 pa3 Tpebyer mog-
kmouserns ~ 10000 anemenTos, a noBenuenne HapaboTkd B 100 pa3 Tpe-
OyeT HOAKIIOUCHHUS! TOYTH 10* snemento. st “cTaperomux” MeMeHTOB
TaKoe MOJoKeHHe TONbKO ycyryomsercs. [lostomy B cucremax 6e3 Boc-
CTaHOBJIEHHS YaCTO IPHMEHSIOT HEHATPYKCHHBIA PEXHUM paboThl pe3epB-
HBIX 3JIeMEHTOB. Takoil BHA pe3epBUPOBaHHA IIONYYHIl HA3BaHHWE HEHA-
rpyxkeHHOe ([IACCHBHOE) PE3ePBUPOBAHME WIIH PE3CPBHPOBAHUE 3aMelle-
HueM. B 3amajHO# nuTepaType 1o OTHOLIEHHIO K HEHArpy)XEHHOMY pe-
3epBy NpUMeHseTcs TepMUH standby.

Knaccuueckas cxema HEHarpyXeHHOTO pe3epBUPOBAHUSA COCTOMT U3
OIHOrO paboyero 3MeMEHTa ¥ HECKONBKUX PE3ePBHBIX 3IEMEHTOB, KOTO-
phIe 1TOCTIEA0BATENLHO MOAKITIOYAOTCS HA MECTO OTKa3aBIIEro paboyero.
PesepBHbie 2eMEHTHl HAXOIATCA B HEHAIPYXXEHHOM COCTOSHHUU (He pac-
XOJYIOT CBOW pecypc U He MOTYT OTKa3bIBarh). Cxema paboraer 1o oTkasa
HOCIIEAHETO PE3EPBHOTO IEMEHTA.

OueBuHo, uTo cinyvaitHas (Es) u cpennsist (Ty) HapaboTKa 1o oTka3a
TAKOH CXEMbI OIPEIENAETCS CyMMHPOBAHUEM COOTBETCTBYIOIINX Hapabo-
TOK BCEX €€ IMEMEHTOB:

’gz:iéi;Tz:M iél ZiTx

i=1
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Yro6s! yBenmuauts B 10 pa3s cpesHior0 HapaOOTKy CXEMBI, Hajio yBe-
munTh B 10 pa3 9ucno pe3epBHBIX 21eMeHToB. JlIs yBennden s HapaGor-
xu B 100 pa3, peseps Hano yBennuuth B 100 pa3 u T.a. Takum ofpasom,
cpefHsa HapaboTKa 0 0TKa3a CXEM PE3epBHPOBAHMS 3aMEILICHHEM PACTET
TAHEWHO OT YKCJIA PE3EPBHBIX EMEHTOB.

Ecnu snemeHThI, HAXOMSAIIUECS B pe3epBe, MOTYT OTKa3bIBarb, HO C
MCHBUIEH BEPOSTHOCTHIO (MHTEHCHBHOCTBIO), YEM TIpH padoTe B 0CHOB-
HOM KaHajle, TO TaKO# BHJ Pe3epPBUPOBAHKS HA3BIBACTCS OONErycHHEIM.
BepositHOCTh OTKa3a 00JIEIYEHHOTO PE3epPBHOIO ANEMEHTA  HAXOMUTCS B
nuarnas’one 0<q<qpasouero- 110CTIE OTKa3a paboOUETo IIEMEHTA H HOCIELYTO-
IIeTO BKJTIOUESHNS Pe3epBa B OCHOBHOM KaHall q = (pagouero-

CraTudecKkue MOZIEIM HAIEKHOCTH, pacCMaTpUBaeMble B NaHHOIL [Ta-
BE, HE TO3BOJSIOT OMMCHIBATh HAJEKHOCTHOE NOBENCHHE CXEM HEHAIDY-
EHHOTO M OOJEr4eHHOr0 PE3ePBHPOBAHKA. DTO CBA3AHO C TEM, YTO B
paMKax JTHX MOJIENeH HEBO3MOXKHO OINHKCATH MOCIEN0BATENHOCTL COOBI-
THH OTKa3a pabodyero 3MeMeHTa M MOCIEAYONIETO BKIIOYEHHE pe3ePBa B
pabouyro KoHOHUTYpaIHo. DTa MOCIEA0BATEINFHOCTE MOKET OBITH cMope-
JIAPOBAHA C TOMOMIBIO AMHAMUYECKUX MOZEIEH, HAIPUMEDP HHTErpai-HbIX
COOTHOILEHUH, ONMMCAHHBIX B [1, 7, 9], 1 MapKOBCKHX IIPOLECCOB, KOTOPBIE
OyAyT pacCMOTpEHBI B IIATOH ITIaBE HACTOAIIEH KHUTH.

2.4. CpaBHeHme CxeM pa3ieJibHOIO
M MOKAHAJILHOI0 HATPYKEHHOTO
pe3epBHpPOBAHHUS

Yacto B mponecce NPOEKTHPOBAHHS BHICOKOHAIEHKHBIX CHCTEM IEPE]
pa3paboTIMKaMH BCTaeT BOIIPOC O BEIOOpe “Maciiraba” pe3epBHpOBAHMS.
ANETEpHATUBBI 37€Ch TAKOBBI — Pa3ieibHOE (MOTEMEHTHOE) PE3epPBUPO-
BaHHUE, o0IIee (MOKAHATBHOE) PE3EPBHPOBAHUE:

1. Pasodenvnoe (noanemenmuoe) pesepeuposanue.
OOmmit ciryyali cXembl PasAENbHOTO IO3JEMEHTHOIO PE3EPBHPOBA-
HHs mpefcTaBieH Ha puc.2.17. UmeeM n pabounx 3eMeHTOB, K KaKIOMY
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U3 KOTOPBIX JIODABJISIOTCS M PE3EPBHBIX IEMEHTOB, PabOTAIONMX B Ha-
IpyXeHHOM pexuMe. [lonydeHHbIe nmapajenbHble CXeMbl PaboTaroT 1o
kputeprio “1 13 m”. BepositHocTh Ge30TKa3HOH PabOTHI TaKkOH CXEMBbI
Pa3deNbHOro Pe3epBUPOBAHHS €CTh

P =]J0-0-p.0)") 229)

Cuyuaiinas HapabOTKa JO OTKa3a &y CXEMBI Pa3enbHOro pPe3epBHU-
POBaHUS ONpENENIeTCS KaK

£ = ¥nin max &; (2.30)
<j<n I<i<m
] ] 3
— ] - >
[ i1 Py
859 e w LY 2 o 85 ©
{p] {p,]
R O——
m 3NemeHToB

Puc.2.17. Cxema pa3ensHOTO, O3IEMEHTHOTO
Pe3epPBUPOBAHUS

2. Obwee (noxananbHoe) pe3epeuposane

OOt criyyail cXeMbl IOKAHAILHOTO PE3EPBUPOBAHMS IIPEACTABIIEH
Ha puc.2.18. MveeM orue paboumii KaHa, MpeACTABILIIONIHI cobol mo-
CIIENIOBATENHHOE COSMHEHME N eMeHToB. K paGodemy kaHanmy noGasis-
IOTCS M Pe3epBHBIX KAaHAOB, pabOTaIOIMX B HAarpy>keHHOM pesxume. [lo-
JydJeHHas apajiiebHast cxeMa paboraeT 1o KpuTeprro “1 H3 m” KaHaJIoB.

BepostHocTh 0€30TKa3HOW paboTBHl CXeMBbl MOKAHAIBHOIO PE3EPBU-
POBaHHS €CTh

P, =1-0-[ [p (0" @.31)
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P By [-eeo{p, |—
8 S 8
P P o
m KaHanes

Puc.2.18. Cxema 1OKaHAIEHOTO
pe3epBUPOBAHUSA

CiyqaitHas HapaboTKa JI0 0TKa3a &y CXEMbl MOKAHAIBHOTO PE3epBH-
POBAHUS OIPENENIETCS KaK

&, =maxming

1<i<m 1<j<n 9

2.32)

B [10], ucions3yst u3BeCTHOE COOTHODIEHHE MAT€MATHYECKOTO aHA-
nu3a (min max > max min), II0Ka3aHo, YTO CITyvaiiHas HapaboTKa Jo OT-
Ka3a CXEM IIODJIEMEHTHOTO PEe3epBUPOBAHMS IIPEBOCXOIUT CIYHAHHYIO Ha-
pabOTKy UpH NOKAaHAILHOM PE3CPBHPOBAHUM. A, CIEIOBATEABHO, CXEME]
TI0ANIEMEHTHOTO Pa3elIbHOTO PE3ePBHPOBAHUS SBILTIOTCI OoJiee TIpeIoy-
THTETLHBIMH TI0 TIOKA3aTeNIsM BEPOATHOCTH Oe30TKa3HOU paboTwr U cpej-
Hel HapaboTKH 10 OTKa3a:

R(D)=P{E; 2 2P, (1) =Py, 28}, (2.33)
T, (t)= M{an:} 2 Tz(t) = M{Z}zz}- (2.39)

HeobxoaumMo oTMETHTH, YTO TIPH NPOSKTUPOBAHUM BBICOKOHA/ICKHEIX CHC-
TEeM BBIOOP OKOHYATEIHHOTO PEIEHHS 10 KPaTHOCTH U “Maciuraby” pesep-
BHPOBAHKA OOBIYHO [IPOBOMUTCS C y4ETOM MHOTHX (aKTOPOB (CIIOKHOCTH
TEXHUYECKO! peaiu3aluy, Beco-rabapiuTHbIE XapaKIepHCTUKH, CTOAMOCTS
u 1p.). [ToaroMy noaneMeHTHOE pe3epBUPOBAHME HE BCETIA HCIOIb3YETCS
B peIbHBIX IIPOEKTAX.



58 TI'masa 2. Meron, HCTIONB3YIOMIIH OCHOBHBIC TEOPEMEI TEOPHH BEpOSTHOCTEH

2.5. CnenuanbHble C1y4Yau IPUMeEHeHHUs
0JI0K-CXeM HAIeKHOCTH

BioK-CXeMBbl SBISEOTCS KOMITAKTHBIM, YAOOHBIM Ui YeJIOBEYECKOTO
BOCTIPHSITHS BU3YaJIbHBIM [IPEACTABICHIEM Pa3IUYHBIX MOJIENIEH Ha IEXKHO-
CTH PE3EePBHPOBAHHBIX CTPYKTYp. VIMEHHO MO3TOMY BCe CIEHHAU3UPO-
BaHHOE MPOTPAMMHOE 00eCIeueHHe aHaNM3a HAJIe)KHOCTH KOMMEPUYECKOTO
ypoBrs (Windchill Quality Solutions, Isograph, A.L.D. ...) obsa3arensHo
COIEPXHUT MOYNb OJTOK-CXEM HAIEXHOCTH (AHIVIO-I3bIUHBIH TepMuH — Re-
liability Block Diagram — RBD). Haubonee pa3purbie mporpamMmsl, Hatpu-
mep Windchill Quality Solutions, comepxxar pacmmpeHHs KIaCCHYECKHX
OJIOK-CXeM HaJEXHOCTH, Ha3bIBaeMble (ha30BBIMH JHarpaMMaMH U OIOK-
CXEMaMH IPOU3BOIUTEIFHOCTH [IOTOKOBOTO H AJIEKTPHYECKOTO THIA.

1. ®a30Bblc AHArPaMMBL

Da30Bbie AHATPAMMEI IPUMEHSIOTCS JUIS MOASIMPOBAHMA HAaAEKHO-
CTHOTO MOBECHMS CUCTEM, paboTaromux B MHOTOda3HOM pexume. C To4-
KH 3pCHUS aHAITN3a HAIe)KHOCTH 3TO 03HAYACT, YTO CHCTEMA MOXET HMETh
Pa3IUUHbIC HAJEKHOCTHBIC XapaKTePHUCTHKH B KaXIoil dase. Moxer us-
MEHATHCA KaK TEXHHUYECKasl CTPYKTypa CHCTEMBI, TaK H TlapaMerTphl Ha-
JIEXKHOCTH €€ DIEMEHTOB.

Jlnst ormrcanws Mozeld (a3oBbIX AUArpaMM HEOOXOAUMO 3a]1aTh

— obmee KomruecTBO (a3, HX ATUTETHHOCTh U OYEPEIHOCTD

— KOH()UCYypalHiO CHCTEMBI B KaX0H (ase

— BHJ U niapameTps! (pYHKIHH pacnpeneseHus ciyYalHbIX HapaboToK
0 OTKa3a 7IEMEHTOB CHCTEMBI B KaxJoH (ase

Kongurypamus cuctemsl 331aeTcs B BUJIE ONOK-CXeM HaIEKHOCTH.

Bexrop pacrpezneneHust BEpOATHOCTEH COCTOSHUM CHCTEMBI Ha KOHEL|
i-o# (ha3pl ABISETCSA BEKTOPOM HAYAJIBHBIX COCTOSHHI J1st i+1-0# (ha3bl.

[losicaum paboTy (ha3oBBIX IHArpaMM HAa MPOCTOM IpuMepe GopTo-
BOM BBIYKCIIMTENBHON CHCTEMBI.

BoproBasi BerYHCIHTENbHAS CHCTEMA, COCTOSTIAS W3 TPEX KOMIBIOTE-
poB (bB;), paboraer B aByxtaznom pexume. Ilepas ha3a — ynpapnenune
B3JIETOM JIETaTelbHOTO amiapara. Bropas ¢a3a — yIpapieHHE MONeTOM
(puc.2.19). AnurenpHocTs epBoit ¢aszel T, Bropoit T,. [Ipu B3nere, nns
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TMOBBIIEHUST JJOCTOBEPHOCTH BBIXOAHOH HH(OPMAlMH TPH KOMITBEOTEpE
paboraloT 1o MaxxopuTapHOMYy IpuHIMNY “2 U3 3”. B monere kondurypa-
must MeHsieTes Ha “1 u3 3”. BuOparms mpu B3jieTe NPUBOJUT K MOBGIMIE-
HUIO MHTEHCUBHOCTEH OTKA30B DIEKTPOHHKU M0 CPAaBHEHUIO CO IITATHHIM
pexxuMoM Tionera. [103TOMy MHTEHCHBHOCTH OTKA30B KOMITBEOTEPOB HA

NEPBOH (ase BbIlIE, YeM Ha BTOPoH (A, > A,).

BeposTHOCTS O€30TKa3HOM paboThI HA MOMEHT OKOHY2HHA BTOPOH
(a3el, ¢ y4eTOM TOrO, YTO OHA MOXET HAYaThCA KaK M3 TPeX, TaK U U3
JBYXMAIIHHHON KOH(PHTYPAIIMH, BEIYUCISAETCS KaK

POT +T,)=e (1= (1~e™))+
13 (1-e Y1 - (1-e727)), (2.35)

Puc.2.19. ®azonas quarpamMma 60pTOBOH
BBIYHACIMTETFHON CHCTEMBI

2. Pacwupenue 610K-cxeM HAOEICHOCMU 0N pacuema NPou3800u-
menbHOCMU

Jlis oTBETa Ha BOIIPOC O TOM, HACKOJIBKO MONHO YIOBIETBOPSET CHC-
TEMa 3a/aHHEIM Ha Hee TPeOOBAHMAM, OKa3bIBACTCH HENOCTATOIHBIM [IPO-
BEJICHHE PACUETOB TOJBKO TIOKa3aTeNnei Hale)KHOCTH. YacTo Mepoit cooT-
BETCTBUS CHCTEMBI CBOEMY HA3HAUSHHIO ABJISIOTCS [TOKA3aTEIN TEXHIUe-
CKOM 3((}eKTHBHOCTH, HAmpUMep, CPeqHAs NPOU3BOAUTENEHOCTD, {1
pacyeTa TioKazaresel MPOH3BOAUTENBHOCTH Ha OIOK-CXeMaxX HaEKHOCTH
MIOMHUMO OOBIYHBIX WCXOIHBIX JAHHBIX (BHI W IapaMeTphbl QYHKIMI pac-
IpeaeneHns CIlyJaiHbIX HapaOOTOK 10 OTKaza OJ0KOB) HeOOXOAMMO 3a-
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JaTh JOUONHHTEABHBIC NaHHbIe. K HHM OTHOCATCS CpelHss IIPOM3BONH-
TEeJILHOCTh Kaxkaoro Onoka u TpeGyemas IPOH3BOIHTEIFHOCTh Ha BBIXOZE
CHCTEMEI. B 3aBHCHMOCTH OT TMpaBuia, 0 KOTOPOMY ITOTOKH HPOXYKI[HH
CYMMHpYIOTCS Ha BXOZIE U JIEJIATCS HA BBIXOJE Y3JI0B PA3IHYAIOT SIEKTPH-
YECKHE U MOTOKOBBIE OIIOK-CXEMBI Ul pacyeTa HPOIYCKHON CIIOCOOHOCTH
(TIPOM3BOUTENBHOCTH).

IIpasuno anexmpuueckou cxemvl. Ha BXofe y3mOB DIEKTPHYECKON
CXEMBI POU3BOUTENHHOCTH OT BCEX PAOOTOCIHOCOOHBIX BBIXOJOB CYMMH-
pytorcs. Ha kaxnpiit BeIXom W3 y3ima K OJ0KaMm Iepefaercs BCE TO, 9TO
CYMMHPOBAIIOCh Ha BXOJIE

IIpasuno nomokosoii cxemvl. Ha BXome y3IIOB IOTOKOBOM OIOK-
CXEMBI IPOU3BOUTEIBLHOCTH OT BCEX pabOTOCIOCOOHBIX BBIXOOB CYMMH-
pyrorcs. Ha xaxnpiid BBIXOA U3 y371a K OnokaM nepegaercs 1/n Toro, uro
CYMMHPOBAJIOCH Ha BXO/€ (N-4HCIIO BRIXOZOB U3 y371a).

DhdekTHBHOCT (MEpa COOTBETCTBHS CBOEMY HA3HAYEHHIO) BXOIHO-
ro ysna Bcerga paBHa 100% Kak UL NMEKTPUYECKOM, TaK M MOTOKOBOK
OJTOK-CXEMBI.

TIpon3BORHTENEHOCTD JF000TO y3/1a Beerna MeHbIe Wi pasHa 100%

Brixoquas mpou3BOAUTENBHOCTE 1-r0 O70Ka €CTh Cipyr=min{Cigy,
Ci}, tne Ciyx — BXOAHAS IPON3BOAUTENBHOCTB 1-10 O110Ka; C; — Ipou3BOaH-
TEABHOCTH i-TO OII0Ka.

PaccmorpuM mprMeps! pacdeTa MpOH3BOAUTEIFHOCTH.

Ilpumep. 1. Dnexmpuueckas cxema paciema npou3E00UMeNLHOCU.

Ha puc. 2.20 npuBeneHa OIOK-cXeMa pe3epBHPOBAHHOH CTPYKTYpbI
“1 u3 4”. Bee nneMenTsi cHCTeMBI paBHOHAISKHBI (Ki(t) — koadpumeHT
TOTOBHOCTH 3/1eMeHTa). ECii 3MeMeHT HeBOCCTaHABIIMBAEMbIH, TO KO3(-
(MIMEHT TOTOBHOCTH IEMEHTa PaBEH BEPOATHOCTH €ro Oe30TKa3HOH pa-
6otel. Ilpu pacupeneeHHH NPOU3BOAUTENBHOCTH IO 3JEKTPHIECKOMY
npuHIIy Bxogubie 100% HEMOCPEACTBEHHO MEPENAIOTCS HA KAXIBIH H3
ueTIpex 070koB, T.e. Cy = 100%. bnoku nmeror 30% mponeHTHYO 1po-
H3BOJMTEIEHOCTh. Ha BBIXOMHOM Yy37l€ CYMMHPYETCS IIPOM3BOLHTEIb-
HOCTB OT KaXJIoro ucipaBHoro 6noka. Torna nokaszarens cpefHen IPou3-
BOIMTENHHOCTH Ha WHTEepBasie BpeMeHH (0,t) paccuMTBIBaeTCA CIELYIO-
UM 00pazoMm:
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C(t) =K} (t)-100% + 4K ()(1 - K, (1)) -90% +
+6K2 (H)(1-K,(1))* - 60% + 4K_(H)1-K, (1))’ -30%.  (2.36)

IIpumep 2. [lomokoeas cxema paciema npou3800UMenbHOCHIU,

Ecnm mns cxemsl (puc. 2.20) pacupenencHue MpOH3BOIUTEIHHO CTH
OCYIIECTBIAETCS 110 MOTOKOBOMY mpuHIMITY, TO BXoxusie 100% moposey
PA3ENAIOTCA MEXY BXOJAMH KXI0T0 U3 deTbipex 0mokoB (Cy, = 25%).
Boixoas! 6nokoB paBubl 25% (Cjy,,=min{25, 30}, i=1+4). Ha serxomrom
y371e CyMMHpYeTcs IPOH3BOJUTEIBHOCTE OT KaXJOT0 HCIPABHOIO OI0Ka.
[Tokazarens cpefHed NPOUBOAWTEABHOCTH HA WHTEPBANE BPEMEHH
(0,t) ectp

C(t) = KX (t)-100% + 4K (1) (1 - K, (1)) - 75% +
+6K (1)(1-K, (1)) - 50%. (2.37)

YieH, cOOTBETCTBYIOIMI PAObOTOCTIOCOOHOMY COCTOSIHMIO CXEMBI M3
OJIHOTO PabOoTAOMIETO H TPEX OTKA3aBIIUX OIIOKOB

(4K, (D(1-K, (1) -25% ),

He BKJFOueH B (2.37), Tak Kak cHCTeMa He 00CCHEYHBAET B 3TOM COCTOS-
HuH Tpebyemyio mpousBopuTensHOCTs 30%.

Tpebyeman
BPOHABOANTEABHOCTE
Ha BeIxoae 30 %

Start | 100%

[>—

1001

Puc.2.20. brox-cxeMa pacdera IpOU3BOAUTETHHOCTH
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JIOruKo-BePOATHOCTHBIEC
MeTOIbl AHAJIN32 HAIeKHOCTH
CTPYKTYPHO-CJI0KHBIX CHCTEM

Ion cTpyKTYpHO-CIOXHOM CHCTEMOM C TOYKM 3pEHHA aHAIN3a Ha-
JIeXHOCTH Oy/ieM MOHMMATh CHCTEMY, COCTOSIYIO U3 TIPOH3BOIBHOIO KO-
JIAYECTBA [IPOU3BOILHO COCAUHEHHBIX 3BEHBEB C HATPYKCHHBIM PE3epBU-
poBaHHEM ([apauienbHO-HOCIENOBATENbHbIX, MOCTHKOBBIX). B mpensr-
OyIMX paszenax ObUIM pacCMOTPEHBI JIBA METOJA UCCIENOBaHMS HAJEXK-
HOCTH CTPYKTYPHO-CIIOKHBIX CHCTEM: METOJ JEKOMIIO3HIHU H arperupo-
BaHWH MOCIE0BATEIBHO-IAPAIUIENBHBIX CTPYKTYDP, METOJ DaslOKeHHA
OTHOCHTENBHO 0co00T0 nemMeHTa. IIpu 60IBIIOM KONTHYECTBE 1EMEHTOB
M MEXDJIEMEHTHBIX CBA3€H IPOBEICHUE PACYETOB HAEKHOCTH STHMH Me-
TOJAMH SIBISCTCS KpPAaHHE CIIOKHOW 3aja4ei. ABTOMATH3aLMs PacyeToB
II03BOJISIET PELIATh NPoOIeMy aHamm3a HAJEeXHOCTH CTPYKTYPHO-CIIOX-
HbIX cucreM. [ OCyIIecTBIEHUS aBTOMAarH3alli¥ HEOOXOIMMO HMEThH
obmee ¢opmansHOE ONMUCAHHE “HANIEKHOCTHOTO ITOBECHHs aHAIIM3H-
pyeMoii cucTeMbl. B kauecTBe Takoro omucanus Oblna BeIOpaHa amreOpa
noruky (cm. npunoxenre 2). Meron aHann3a HaJeKHOCTU CIIOXKHBIX CHC-
TEeM, IIPH KOTOPOM MX CTPYKTYpa OIICBHIBAETCS CPEICTBAMM MaTeMaTHye-
CKOTO ammapara OWHApPHOH anreOphl JOTHKM, a KOAWYECTBEHHAs OLEHKA
HaJA&KHOCTH TIPOM3BOJUTCS C IIOMOMIBIO TEOPHU BEPOSTHOCTEH, ITONYYHII
Ha3BaHHUE J02UKO-BEPOMHOCIMHO20 MEMOOQ.
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3.1. JdTansl npuMeHeHus
JIOTHKO-BEPOSITHOCTHOIO METO/A

IlpumeHeHre NTOTMKO-BEPOATHOCTHBIX METOAOB IS OHMPEACACHHS
3HA4eHNH BEPOATHOCTHBIX MMOKa3aTeileil HATCKHOCTH B MOMEHT BPEMEHH t
JUTSL CHCTEMBl, COCTOSIIEH M3 N 2MEMEHTOB, OCYIIECTBISETCS B HECKOIEKO
3TaIoB:
— KOHCTPYMpPOBaHHE JIOTHYECKOH (QYHKIMH paboToCrocoOHoCTH
CHCTEMBI

— mpeoOpa3oBaHue TOrHueckod PyHKIUM K (PopMe Tiepexora X 3a-
MEMIECHUIO

— TIOMyY€HHE PACUETHONU BEPOATHOCTHOM (hOPMYITEI

1. Koncmpyupoeanue noeuueckoll @yuxkyuu pabomocrocobuocmu
(nepabomocnocobrocmu) cucmembl

Jenaercs IpeMIoNoKeHHe 0 TOM, YTO Kak caMa CHCTEMa, TaK H CO-
CTABJIAIONIVE €C HIEMEHTHI MOTYT HAXOMUTCS TONBKO B JIBYX COCTOSHHASX —
paboTOCIOCOOHOCTH M OTKa3a, NPUYEM OTKAa3bl NIEMEHTOB MTpefnoliara-
I0TCSL He3aBHCHMbIMH. Torma, MCXOAsS W3 YCIOBUH PaboTOCHOCODHOCTH
(HepaboTOCIIOCOOHOCTH) CHCTEMBI, MOXHO CKOHCTPYHPOBATH JIOTHIECKYIO
dyrKmmIO ee paborocmocobHOCTH S(X) (HepaGoTocmocoGHOCTH S(X))

1, xorzma cucrema paboTocmocoOHa
S(x) = (3.1)
0, Korja cucTema oTKasaja.

AprymenToM QyHKIUMKM S SBIAETCA BEKTOP-CTPOKA X JIOTHYECKHX TIC-
PEMEHHBIX X., 1=1,n, TakKX YTO

1, xorma 3neMeHT i paboTocTocobeH 32)
X, = .
" |0, xorna anemenT i oTKazaN

Hanpumep, ecimm 3a BcXomHOE OIMHMCAHUE CHCTEMbI MIPUHATH OIOK-
CXeMBI HAJ[eKHOCTH, TO IS CHCTEMBI, COCTOAINEH M3 ABYX ITOCIENOBA-
TeILHO COENMHEHHBIX B CMBICIE HAXEKHOCTH HIEMEHTOB (OTKAa3 KaXKH0oro
ABIAETCS OTKA30M CHUCTEMBI B 1iesioM) (puc.3.1.a),
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S(x)=x,X,,a S(X) =X, VX,.

@Oyukims paboTocnocoOHOCTH TyOIHPOBAHHOM CHCTEMBI, B KOTOPOU OAH-
HOYHBIC OTKa3bl MEMEHTOB He MPUBOAT K ee orkasy (puc.3.1.6), paBHa
S(x) =x, Vv x,, HepaboTOCTIOCOOHOCTH - S(X) =X, AX,. [l MOCTHKOBOM
cTpykrypsl (prc.3.1.8)

S(X) = X,X; VX, X, V X X,Xs V X, X;Xs,

S(X) =XX, VXX, VXXX VXXX

Ot PYHKIUH ITOCTPOCHEI JI0CTATOUHO (HOPMaANIbHO — OHH OTPaXKaroT Ha-
nruye XoTs Ob1 OMHOM CBsi3U (IIyTH) MEX/LY BXOHOM H BBIXOJOM HaJIeXHO-
CTHOW cXeMbl cHcTeMbl. IlyTh paborocmocobeH, eciau paboToCocoOHbI
BCE BXOIIME B HETO AIIEMEHTHI, CIEIOBATENbHO, VIS KaXJOro IyTH
¢dopmupyeTcs dIeMeHTapHasi KOHBIOHKIHS COOTBETCTBYIOIIMX IEPeMEH-
Heix. Torma QyHKUIMS pabOTOCIIOCOOHOCTH €CTh NU3BIOHKIHUS BCEX Iie-
MEHTApHBIX KOHBIOHKLMH, COOTBETCTBYIOIIHX BO3MOXHBIM IIyTSAM OT BXO-
a2 x BbIXOAmy. s cucreM HeGONBINION Pa3sMEpHOCTH 3amHCh MOTOOHBIX
JIOTHYECKUX BBIPAKEHHUH HE TpPeICTaBIsAeT TPYAA, IS CIOXKHBIX CHCTEM,
COCTOSIIIMX U3 OOJBIIOTO YHCTa KOMIOHEHTOB, TPEOYIOTCS ClIEIHAIbHBIC
aNrOpPUTMBI IPOXOAA CXEMBI H (POPMHPOBAHHSA My TEH.

b

a) 0) B)

Puc. 3.1. Biok-cXeMBbl HaieKHOCTH

2. Ilpeobpaszosanue nozuveckou @yukyuu K popme nepexooa K 3a-
MeweHuIo

IMonyuennas Ha miepBoM 3Tarme ¢Gopma norudeckoi GyHKImH S(X)
Ha3pIBACTCS UCX0OHOU. PaboTas TombKO ¢ HcxoxHO# (yHKImMen paboro-
criocobHOCTH (HEpabOTOCHOCOOHOCTH), Mbl HEe CMOXEM IOCTHTHYTh KO-
HEUHOM TeNHW — MONYYUTH U3 S(X) BEPOATHOCTHOE aHANUTHYECKOE BhIpa-
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xerne (P(S(x)=1) na pacuera moka3areineit HagexHocrn. Hanprumep, ec-
JI1 3aMEHUTh COOTBETCTBYIOIIHMH BEPOSTHOCTSAMH JIOTHYCCKHE [1EpeMEH-
Hble B BBIPAXEHHH (QYHKIHH pabOTOCHOCOOHOCTH [UIsl MapasilebHbIX
cucteM “l U3 n”, TO, OUEBHIHO, MOXHO TIONY4YHMTh 3HauUeHue Oonpinee
enuauubl IloaTomy ucxomHyo dopMy HeoOXomuMo mpeoOpa3oBaTs B Ofl-
Hy U3 CHEIHANbHBIX (OpM, Ha3bIBAGMBIX opmamu nepexodd Kk ameu)e-
nuro (®I13). Ecim S(x) npencrapnena B OI13, To mpu 3aMemnieHus norude-
CKHX IIEPEMEHHBIX BEPOSATHOCTSIMH, a JOTHYECKHUX OMepanui apudmMern-
4eCKHMH, MBI TONYYMM TOYHOE 3HAYCHHME BBIYMCISEMOrO IMOKA3arens Ha-
JAEKHOCTH.

dopMaMu Tiepexoa K 3aMELIEHHIO SBISIIOTCS COBEPIIEHHAS [A3B-
foHKTHBHAA HopMaisHas opma (CJITH®D), 6ecrioBropras gopma B Hasuce
KOHBIOHKIUS-OTPULAHHE, JM3BIOHKIUA OPTOTOHANBEBIX (opm B Gasuce
koubioHKUM-oTpuianue (ODII3) [9]. Hocrarouno mogpobHoe onrcanye
¢opmaneHeIx MeTon0B nodydeHns PII3 nano B [59, 60]. Ilpumepst OII3
JUIS pe3€pBUPOBAHHOM CTPYKTYph! “1 U3 3” ecTh B MpUIOXKEHHH 2. AJro-
purmbl nonyderus CIIH® xopomo ¢opMannsyeMmsl, a, CIea0BaTCIbHO,
JOCTATOYHO JIETKO TIEPEBOJATCS B IPOTPAMMHBIE KOBI, OAHAKO opMa
TpeJCTaBIEHU ABIETCA TpoMo3aKoi. becroBropras dopma B Gasuce
KOHBIOHKIMS-OTPHIIAHUE SBISETCS 00Jiee KOMIIAKTHBIM MPEZICTABICHHEM
JIOTHIeCKON (YHKIMH, HO AITOPUTMBI €€ TIOMYIeHHUS, OCHOBAHHBIE HA TIO-
CII€[IOBATENHOM IIPHMMEHECHHMH OIlepalMi MOIVOMIEHHS, CKIECHBAHUA H
npaBuia ae-Moprana (CM. IpUIOXEHHE 2), OPUEHTHPOBAHBI HA HCTIONB30-
BaHKE YETOBEKOM, a HE Ha MAIIMHHYIO PEATTH3AIIHIO.

Haubonee ymoOHBIMH [UIs aBTOMATH3ALMH SBISIIOTCS Pa3IHYHbIC
CrocoOBl IIPEe/ICTaBICHUST NCXOOHOW JIordeckol Qynkmuu S(X) B BHIE
AU3BIOHKIH OPTOrOHANBHLIX KOHBIOHKIHMHA Yi: S(x)=Y,vY,v..vY ,

Y;AY;=0ms1# j. YcnoBUs OPTOTOHAIBHOCTH KOHBIOHKLAH 1 HE3aBH-

CHMOCTH JIOTMYECKHX IEPEMEHHBIX B KAKNOW KOHBIOHKIMH TIO3BOJIAIOT
HOPUMEHATH K 3TOH (popMe TeopeMy CyMMbI HECOBMECTHBIX COOBITHH, UTO
U 00eCriednBaeT KOPPEKTHOCTE MPSIMOM 3aMEHBI JIOMMYECKUX TTePEMEHHBIX
COOTBETCTBYIONIAMY BEPOSTHOCTSIMH.

Jlns mpeoOpasoBanus norudeckod ¢yakmun k OO®II3 paspaboran
anropuT™ “paspesanus’, orvcanuni B {59,601 u ocnoBanHb Ha TeopeMe
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pasnoxeHus JOrudeckoldl (yHKIMH HA €IHMHHYHYIO H HYIEBYIO COCTaB-
JASIOINIVE TIO APTYMEHTY X;:

S(X), Xy, Xi5- X, ) = X,8(X, Xy, Lo X, ) VES(X), X, 5040, ). (3.3)

O6pgro s nomyderns O®II3 tpebyercst BHITIOMHUTE MOCIENOBA-
TENBFHOCTH “‘pa3zpe3aHuy” M0 HECKOJBKHM JIOTHIECKHM apryMeHTaM. llpu-
4eM, BEIOOP 9TUX apIyMEHTOB AOCTATOYHO MPOHM3BOJICH M PEKOMEH [aIHeR
37€Ch ABJIAETCS BBIOOpP apryMeHTa MO YKCITy HauOONBIIMX BXOXICHUH B
¢byHKnuIO.

B [9] mpuBeneH mpHMep KCIIONB30BaHHS AJIMOPUTMA Pa3pe3aHHs Ha
npumepe monydeHnst O@II3 s norrueckoit Gyrknmm paborocmocobHO-
CTH MOCTHKOBOH cxemsbl (puc 3.1.B):

S(x) =X, (X5 VX, X5) VX, (X, V X;X). (3.4)

Paspesanne no x5 gaer

S(x) = x5(X, (X5 VX)) VX, (X3 VX)) VX (XX, V XyXy). (3.5)

Ilprmensas npaBuno ae-Moprana K KauJaoH U3 OPTOrOHANBHBIX

KOHBIOHKIHH, nonydaeM ODII3 B Buzne

S(x) = x5 (X, VX ) V(X3 v X)) VX (X VX;) - ()_(2\/ X)) =

=x5((X,* Xp) - (X3 - XIVE((X, - x3) - (X, - X))

OCHOBHBIM HEOCTaTKOM HM3JIOKEHHOIO AJITOPUTMA SIBISIETCA TO, YTO
OH OPHEHTHPOBaH HA YEIOBEKA, KOTOPBIM BHIOHUPAET SIEMEHTHI PaslIOKe-
HES, BUJTUT OCTaBIIMECS JOTHYECKHe KOHCTPYKIMH M NPUHHMaeT penle-
HHE O TIPOAOIDKEHHH “‘paspe3aHus’ WM IPUMEHEHHH mpaBuia ne Mopra-
Ha. Takyio mocnenoBaTeNbHOCTh JASHCTBHH YpE3BHIYANHO TPYAHO 3aIpo-
rpamMmupoBath. I1105TOMy B COBpEMEHHBIX Pa3BHTHIX IPOIPAMMHBIX CHC-
TeMmax, HarpaMep B Windchill Quality Solutions, mpumeHSrOT NpUHIMIHT-
albHO MHOM IIOXOM, a HMEHHO RMAarpaMMbl ABOMYHBIX pemeHui (Binary
Decision Diagram —BDD), xotopble onmcans: 8 pasnene 4.6.

(3.6)

3. Ilonyuenue pacuemmnou 6epoSMHOCMHOU (HOpMYbL

IMocne mpuBeneHUS HCXOMHOM JIOTUYECKOM pyHKIM# paboTocnocod-
HOCTH (HepabOTOCIOCOOHOCTH) K JIFo00H U3 paccmorpenHbx OII3, mony-
YeHHE pacueTHOM (OpPMyibl AN BEPOATHOCTH HMCTHHHOCTH B MOMEHT
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BPEMEHU t JIOTMYeCKOH (QYHKIMH CHCTEMBI HE MpPEJCTaBIsLeT Tpyna. Jis
3TOTO HAJO JOTMYECKYIO MIEPEMEHHYIO X; 3aMEHHTb COOTBETCTBYIOIIEH Re-
posTHOCTBIO p; = P(X; = 1), X;- BepoaTHOCTEIO q; = P(X; = 0), norm4eckymo
ONEPALUI0 AMU3BIOHKIMH v — apH(PMETHUECKOH Orepauied CIIOKEHMS,
KOHBIOHKIIMIO A — YMHOXXEHHEM, ONEPAlHIO JOTHIECKOrO OTPHILIAHKA 7 -
BEIUMTaHUEM M3 eauHuIpl: 1- P(y=1). Berauciasemas takum o0paszom Be-
POATHOCTHAs] XapaKTEPUCTUKA ABIIeTCS Koadduuuertom rorosrocTd (K, )
(xoappumuentom npoctost K,;=1-K) u1st cucteM ¢ BOCCTAHOBICHHEM 3)IE-
MeHTOB. [ cucTeM 0Oe3 BOCCTAHOBICHHS JICMEHTOB BEPOATHOCTE Hc-
THHHOCTH B MOMEHT BpPeMEHH t OYHeT SBIATHCSA BEPOSTHOCTHIO GE30TKa3-
HOU pabotsl (oTKa3a) Ha uHTepBaie (0,t).
Tak, ncxons u3 OPII3 mocTukoBoi cxemst (3.6), momyyaem

PS(x)=1)=p,(1-q,9,)d~-q;9,) +qs(t-A-p,p,)1-p,p,)) (B.7)

[Tonyuennas Gopmyna HIEHTHYHA BRIpaXKeHHIO (2.26), KOTOPOE Mo~
JyYEHO METOIOM PA3I0KEHHsI OTHOCHTEIBHO 0COO0T0 dNIeMeHTa.

3.2. Pacuer noxa3arejieif HAZEKHOCTH
HA OCHOBe TeOpeMbl CJIOKEHHMS BEPOSATHOCTEH
COBMECTHBIX COOBLITHIA

Ilpy aBroMaru3alMM PacCMOTPEHHOTO B TPENBIIYIIHX pa3femax
MOAX0a K ONPEAENCHHIO IOKa3aTeNied HaJeKHOCTH, OCHOBAHHOIO Ha
npeoOpazoBaHuy TOTHYCCKUX PyHkimi paboTocnocobHoCTH B HOpMY Tie-
pexonia K 3aMEILEHHIO, BOSHUKAIOT OIPEEICHHBIC TPYIHOCTH, CBA3AHHABIE
¢ pa3paboTKOH ANTOPUTMOB NONYYeHUS OECMOBTOPHBIX OPTOTOHANEBHEIX
¢opm. B cBsi3r ¢ 3THM B paMKaXx JOTHKO-BEPOSTHOCTHBIX METOZOB CO3/Ia-
0TCS  Apyrue MOAXOJBl, IHOPOKAAOIUE OOoJee peryaspHbIE alrOPUTMEIL
OIIEHKH ToKa3arened HaseXXHocTH. OfHUM M3 HHX SBISETCS TIOIXOH, OC-
HOBAHHBIA Ha TEOPEME CIIOKCHHS BEPOSTHOCTSH COBMECTHBIX COOLITHIL
pearu3anui MHHUMAJIBHBIX ITyTed (cedeHuil). J{ag cHCTEMbI MPOM3BOIL-
HOH CTPYKTYpHl Munumanvuoim nymem (MII) Ha3eIBaeTCss MUHMMATBHOE
MHOXECTBO pabOTOCIIOCOOHBIX 3MEMEHTOB, KOTOpOe obecrieunBaeT pabo-
TOCIIOCOOHOE COCTOSTHHE CUCTEMBI:
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— TpyIIa 3/1eMeHTOB 11; €CTh MHHMMAaNBHBINA ITyTh

a) ecxm »neMenTsl MEOKecTBA [I; paboTocnocobHsl, To cucTema pa-
60TOCIIOCOOHA HE3aBUCHMO OT COCTOSIHHSA JPYTHX DIEMEHTOB

6) nukakoe noxMuOKecTBO I He yNOBIETBOPAET IIEPBOMY YCIOBHIO

Munumansrvim ceyernuem (MC) B cucteMe IPOU3BOIBHOM CTPYKTY-
PbI HA3bIBAETCS MUHUMAJIBHOE MHOXECTBO JIEMEHTOB, 0TKa3 KOTOPBIX
TIPUBOJIAT K OTKA3Y CHCTEMBIL:

~rpymmna snemenTtoB C; Ha3pIBaeTCsl MUHUMAJIBHBIM CEUCHUEM

a) eCIIM OTKAXKYT BCE JIEMEHTHI CEUEHHUS, TO CHCTEMa OTKaXeT Hesa-
BHCHMO OT COCTOSIHHS JIPYTHX JIEMEHTOB

6) HEKaKoe MOAMHOXECTBO C; HE YIOBIETBOPSAET IEPBOMY YCIOBHIO.

Jloruueckyro dynkmio pabotocnocobrHocTd S(x) (HepaboTocnocob-
HOCTH S(X)) CHCTeMBI MOXHO TIpeicTaBuTh B JIH®, B KOTOPO# 3Memen-
TapHast KOHBIOHKIHS [1 j(Cj) COCTABJISAETCS M3 DIEMEHTOB, BXOIAIINX B j-i

MHHHUMAJIBHBIN TyTh (i-€ ceueHue):

S(x) = v II, (3.8)

=1
_ 1
S(0=vC, (3.9)

CobpiTHs peanru3andy MHUHUMAIBHBIX MyTeH (CeueHuMil) CHCTEMEI B
o0IeM cliiydae SBISIFOTCS COBMECTHBIMH coObiTHsMH. [loaToMmy, mpume-
HSSL TEOPEMY CIIOXKEHUS BEPOATHOCTEH COBMECTHBIX COOBITHH, MOXHO 3a-
[Hcarh:

R= P{VH =1}= ZP{H} ZZP{H AT} +

+§ZZP{Hi/\Hj/\Hk}—...
i=l i k>j
H=D)"TPYL AT ATLY =
=1- ZP{C}+ZZP{C AC} =t (=) "P{C AC,...AC}. (3.10)

i=l j»i
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3nech {II;}- cobbitre, cocrosmiee B Ge3oTkasnHol pabore Beex 3ie-

merToB 1yTH II; {C,}- cobbITHE, COCTOsMIEE B OTKA3¢ BCEX ITEMEHTOB Ce-

gerus C;; r — YHCI0O MUHUMAJIBHBIX MyTeH, | — 9HCIi0 MEHHMANBHBIX Cede-
Huit; R-BeramcnseMpili MoKa3aTeNnb HaJEKHOCTH (KO3(POUIIHEHT TOTOBHO-
CTH JUISl BOCCTaHABIHBAEMbIX CHCTEM, BEPOSTHOCTh O€30TKA3HOM palOTEI
17151 ccTeM 0e3 BOCCTaHOBJICHHS).

Hanpumep, 1715 MOCTHKOBOE cxeMbl 6€3 BOCCTAHOBJICHUS TI0 (DOPMy-
ne (3.10) nonyyaem cienyromee BEIpaXXEHUE UL BEPOSTHOCTH De30TKa3-
HO#H paboTh

R =P{S(x) =1} = P{x,x;} + P{x, X, } + P{x;x, X} +

+P{x, XX} = P{x R x X - P{x xx X} - P{x X X3} -
FP{X XXX = PUx XX X} = PO X XX, X} +
FP{X X, XX X} + P{x XXX X} + P{x XX, X, x ) +

+P{x, X, XX X} — P{XX,X,;X X}, G.11)

rae P{XiXj,...Xc}=pipj...Px; Pi — BEPOATHOCTH Oe30TKa3HOH paboTH! i-TO
3JIEMEHTA.

Ecmu S(X) comepxuT HocTarodHo OONBIIOE KOJIMYECTBO KOHBEOHK-
i (myTeii, cedenmit), To Bpems cuera 1o (3.10) pesko BospacraeT. 3nech
CIeAYeT OTMETHTBH, YTO BhIpaXeHue WL R mpencrapiser coboii 3Hakome-
peMeHHBIH psin. Eciu ero nocnenoparenbHO HapamuBaTh, KX ABIH pa3 oc-
TaHABJIMWBAACH MEpe] CMEHOH 3HaKa, To OyneM momyuars oneHku. Ecme oc-
TAHOBHJIMCH IIEpe]] 3HAKOM MHHYC, TO ITOJy4aeM BEpPXHIOK OILEHKY COOT-
BETCTBYIOIIEH BEpPOATHOCTH (paboTOCIIOCOOHOCTH — MO MyTSM, OTKa3a —
Mo cedeHUssM). Eciu OCTaHOBHIMCH [EPE] 3HAKOM IUIIOC, TO MONy4aeM
HIKHIOIO OIleHKY. [Ipuuem, monydaeMble OLIEHKH CTPEMSTCS K TOUHOMY
3HAYECHHIO IIPH YBETHUYCHHM YICHOB (T.€. PA3HOCTh MEXAY BepxXHed H
HIDKHEH OIEHKaM YMEHBIIAETCS). Dmo CE0UCME0 Modcem OviMb UChOTb-
306aHO npu npocpammuou peanusayuu memodda. OCOOEHHO aKTYyaJbHO
TIPOBEJICHHE OLEHOK, & HE TOYHBIX BBIUHCIICHUH, I CIIOXKHBIX CHCTEM C
OONBIIMM KOJIMYECTBOM MUHHMMAIIBHBIX MyTeH (CeUeHHH) M JOCTATOYHO
HaJIe)KHBIMA dIeMeHTaMH. [1o3ToMy coBpeMeHHOe NporpaMMHoe obecrie-
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yeHme Ui pacueToB HajgexHoctn (Hanmpamep, Windchill Quality
Solutions) mpenocTaBiAseT BO3MOKHOCTD NIOJNB30BATEN0  YIIPABIATh IIpO-
neccoM BeraucieHus mo ¢opmyne (3.10), orpaHnunBasg KpaTHOCTH Hepe-
CEYEHHA KOHBIOHKIHH.

3.3. IIpnOausKeHHAs] OUCHKA HA/IEHKHOCTH
MOHOTOHHBIX CTPYKTYP

Bce u3yucHHBIC HAMH PE3€PBHPOBAHHBIC CHCTEMBI C HArpy)XCHHBIM
pesepBoM  (TIOCIENOBATENbHO-IAPAIIIEIBHBIE, MOCTHKOBBIE) SBIAIOTCH
CHCTEMAMH C MOHOMOHHOU cmpykmypou. Jis HAX XapaKTepHO CIEAYIO-
mee: O0TKa3 J000ro M3 3JIEMEHTOB NPUBOAUT K YXYAIICHHIO HAJEKHOCTH
WM OTKa3y BCeHl CHCTEMBI, a BOCCTAHOBJIEHHE O00TO M3 JIEMEHTOB He
MOXET TPUBECTH K YXYMINEHUIO HAIEKHOCTH cUcTeMbl. B [6] naHo crpo-
o€ OIpeeNIeHHEe NOHATHS MOHOTOHHOCTH

S(L1,...1) =1
$(0,0,...0) =0 (3.12)

ecIma X; 2 Y;, TO S(X |, X5,...X, ) 2 S(¥;, ¥s5---¥, )

JIs TaKHX CHCTEM MOXXHO TONyYaTh NPHONMKEHHBIC OIIEHKU BEpO-
ATHOCTH 0e30TKa3HO# paboThl (0TKa3a).

JIys HaXeXHOCTH CHCTEM C MOHOTOHHOH CTPYKTYPOM, COCTOSLIHX 3
HE3aBHCHMBIX 3JIEMEHTOB, CIIPABEHINBbI OLEHKH 0 MHHHMAIILHBIM Iy TAM
U ceueHusM (onenku I3apu-Ilpomana):

ﬁP{Ck(x) =1 <P{S(x)=1) sl—f[(l—P{Hj(x) =)  (3.13)
k=1 j=1

rae I1- noruueckas ¢yHkuus paborocnocoGHOCTH j-o 1myTH, Cy- Nornye-
ckas QyHKIMS paboTocnocoOHOCTH k-ro ceuenus, r (1) — obmee xonuge-
CTBO myTel (CCUeHHH ).

OO60CHOBaHHE CIIPABEINBOCTH OLEHOK M0 MUHUMAIIBHBIM MyTAM H
MHUHHMAJIbHBIM CEYCHHAM J1aHO B [6].
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Berucnum BepXHIOW U HIDKHIOWO OnfeHKH J3apu-1Iponrana Mo cra-
KOBO¥# cxeMHI (puc.3.1.B).

1. BepxHss oreHKa BEpOSTHOCTH 6€30TKa3HOM pabOTHI MOCTHKOBOM
CXEMBI 110 MUHUMAJIFHBIM Iy TAM.

I, =x,-x5; P(Il, =) =p;p, =P,
I, =x,-x,; P, =) = =P

2 27Xy ,=D=p,p, =P, (.14)
I =%, -x,-X5; P(I; =) =p,p,ps = P,

, =x, %, -X5; P(I, =1) = p,p;p;s =P,

P=1 _H(l =P)=1-(-p,p;)A-p,p, )= D,p,ps)1—D,P3D5),

i=]

YTO COOTBETCTBYET Napa/lIeIbHOMY COSIMHEHHUIO BCEX MUHUMATLHBIX ITy-
Tell MOCTHKOBOI cxeMsI (puc.3.2.a).

2. HuXHAS OLgHKa BEPOSTHOCTH O€30TKa3HOU paboThl MOC THKOBOH
CXEMBI IO MUHUMAJTLHBIM CEHEHUSIM.

C, =% +x; P(C, =) =1-(~p)1-p,) =P,

C, =% +x,4P(C, =) =1-(1-p;)(1-p,) =P,

Cy =% +%,+x5 P(C;=1) =1-(1-p)A -p, )1 -ps) =P,
C,=x,+x,+x; P(C, =) =1-(1-p,)1-p;)1-p5) =P,

4

P=[]P

1

(3.15)

i=l

9TO COOTBETCTBYET MOCIEA0BATENPHOMY COSIUHEHHIO BCEX MUHHAMAIBHBIX
CEeYCHUH MOCTHKOBOH cXeMsl (puc.3.2.0).

B rabmumy 3.1 cBeneHsl 3HaUeHUS ONeHOK D3apu-IIponrana Bepost-
HOoCTH 0€30TKa3HOH paboThl MOCTHKOBOM CXEMBI M3 PaBHOHAIEKHBIX JTe-
MeHTOB. OIEHKH BEIMHUCIICHBI IIPH BAPHHPOBAHUE BEPOSTHOCTH O€30TKA3-
HO# paboTsl 3neMeHTOB B npeaenax ot 0.01 mo 0.99. Brruucnenns mnoxa-
3BIBAIOT, YTO HIDKHSAA OIEHKA IO CEYECHHSM, TEM TOYHEe, 4eM Oonee Ha-
JeXKHBI JIEMEHTHI CXEMBL.
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O‘ICBI/IJIHO, 4TO €clid OBl IyTd U CEHYCHUA HE COAEPIKAIIN OBl TIOBTO-
PAIOIIHXCST JJIEMEHTOB, TO OHCHKa 93ap14-Hp0maHa JaBajia OBl TOYHOE
3HaAYCHHUEC BBIYUCIICMOI'0O II0KA3aTCIIA.

1 3
1 2
— 2 5 |— 1 3
¥ > *{ H 4 3
i 4 5
] 2 4
5 5
2 3 —' 5 }—-
a) [TapannensHoe 6) [locnenoBarensHOE
COEIMHEHUE ITyTeH COCTUHCHHAC CCUCHHH

Puc.3.2. [IpencraBnenrie MOCTHKOBOH CXeMBI Yepe3 MHHUMAJIBHEIE Ty TH
U CeYEHHA

Ta6nuua 3.1. Ilorenenne onenok D3apu-IIpomana mjis MOCTHKOBOH CXEMBI

BbBP Ouenka BBP Ouenka BBP
Tounoe
3JIEMEHTOB 0 CEUEHHAM o MyTAM
3nauenne BbP
(p—p) (maKHS) (Bepxnssn)
0,01 0,00000035 0,0002 0,0002
0,1 0,0026 0,0202 0,0219
0,5 0,4307 0,5 0,5697
0,9 0,9781 0,9798 0,99926
0,99 0,9998 0,9998 0,9999934

3.4. O0 oneHKe MOKa3arejied HAACKHOCTH
BOCCTAHABJIUBACMBIX CUCTEM
JIOFI/IKO-BGPOSITHOCTHLIMH METOOAMH

B obmem ciygae nokaszarenu HauexHOCTH (B YaCTHOCTH, O€30TKa3-

HOCTI/I) CHCTEM ¢ BOCCTAHOBJICHHMECM OTKa3aBIIKUX 3JICMCHTOB JIOTHKO-
BECPOATHOCTHBIMHA METONAMHN HE BBIYMHCIIAIOTCA. HaHOMHI/IM, YTO JIOTHKO-
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BEPOSTHOCTHBIE METOIBI HO3BOLAIOT BEIYHCIIATH JIHIIb MTHOBEHHEIE 10K~
3arend (TOKa3aTeld B MOMEHT BpPEMEHH t), a UMEHHO kod(¢HImeHT 1o-
TOBHOCTH Y IapaMeTp NOTOKAa OTKa30B. J[Isi MHOTOYpPOBHEBEIX JIOTHKO-
BEPOSTHOCTHBIX Mofeneldl (QyHKIMOHMPOBAHKS BBIYHCIISEMBIMH [10KA3a-
TEISAMH SIBJIAIOTCS BEPOATHOCTH 3aCTaTh CHCTEMY B MOMEHT BpeMEHH t B
3a[JaHHOM JIOTMYECKHM BBIPHKEHMEM HOAMHOXKECTBE COCTOSHHA H Iapa-
METp TIOTOKA NEPEeXO/OB B 3TO WM JONONHUTEALHOE MTOAMHOKESCTBO CO-
crosauil. To ecTh, A CUCTEM ¢ HE3aBHCHMBIMH OTKa3aMH H BOCCTAHOB-
JICHUEM JIEMEHTOB [PHHLUITHAIBHO MOT'YT BHIYHUCIIATECS JIUIIb [T0KA3aTe-
¥ - kK03(Q(HUIEEHT TOTOBHOCTH H APaMETpP MOTOKA OTKA30B. [[jia BhIMEC-
neHust ko3 ULEeHTa TOTOBHOCTH CHCTEMBI B MONYYEHHOE JOIHYECKOE
BBIpAXKEHHUE B BHAE (OPMBI 3aMEINEHHA BMECTO NIEPEMEHHBIX TIOACTABIIS-
10TCS KO3(QQHUIMEHTH! TOTOBHOCTH, IPOCTOS. BHIUuCIeHnio napamerpa mo-
TOKA OTKa30B B JIOTMKO-BEPOSATHOCTHBIX MOJENAX OYAyT MOCBSIIEHB OT-
IeNbHBIE Pa3[eNbl, TAK KaK 3TOT BOIPOC JIO MOCIENHETO BPeMEHH Obiil
npopabotaH crnabo u aropamu Monorpaduu B 2007-2011 r.r. 6sutr nomy-
4eHBI HOBBIE pe3ynbTaThl. OCTaHOBHMCS OTAEIHLHO HA YCIIOBHM HE3ABUCH-
MOCTH OTKA30B UL BOCCTAHABIMBAEMBIX CHCTEM, KOTOPOE C TEOPETHIECKOH
TOYKH 3PEHHS IIO3BOJISET MPUMEHATH JOI'HKO-BEPOITHOCTHOE MOEHpO-
BaHHE. BoccTaHOBIICHNE 3HAYMTENBHO PACIIMPAET BO3MOXKHEIC HapymIe-
HHS YCIIOBHHM HE3aBHCHMOCTH OTKAa30B, KOTOPHIE TEIEPh YXKE CBA3AHBL HE
TOIBKO C (PU3UKON NPOIECCOB OTKA30B B JIEMEHTAX, KaK B HEBOCCTAHAB-
JIMBAacMBIX CHCTEMAaX, a M C Pa3lHM4YHBIMU OCOOCHHOCTAMH BOCCTAHOBIE-
uusa. TakuMu O0COOEHHOCTAMH ABIIIIOTCS, HAIPUMED, CTPATErHH BOCCTa-
HOBJICHUSI, OTpaHUYeHHs Ha uucino Opuran, 3UII, xapakrepucrrke (1 cama
BO3MOKHOCTB) OTKA30B 3EMEHTOB B COCTOSHHAX HEpabOTOCHOCOOHOCTH
cucTeMsl. B 1raBe 5 (MapKoBCKHE MOJIEIM HA/Ie)KHOCTH) IPHBEACH IPH-
Mep MMOCIIE0BATENbHON BOCCTaHABIMBAEMON CHCTEMBI, OTKa3 KOTOPO# Ha-
CTYIIAeT TIOCIIe OTKa3a Jr000ro ofHoro sneMenTa. Ecim npu BoccTaHOBIE-
HUM OTKa3aBLIETO 3JIEMEHTa M CHCTEMBI OTKa3bl JAPYTHX O3IEMEHTOB
HEBO3MOXHEI (T.K. CHCTeMa He ()yHKIMOHHPYET), TO 3TO O3HAYaeT Heco-
BMECTHOCTh OTKA30B JJIEMEHTOB (a 3HAYHUT 3aBUCHUMOCTH!) U HENB3SI MPH-
MEHSATh TEOpPEeMY IPOH3BEACHHA BEPOATHOCTEH HE3aBHCHMBIX COOBITHH.
Takum 00pa3zoM, rpousBegcHHE KO3(QQHUIMEHTOB IOTOBHOCTH BCEX 3Jie-
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MEHTOB [IaCT HEBEPHBIN pe3ynbTar. Ho omenka yepes npousBeneHne Maér
HUXHEe (XyIlee) 3HaYeHHE TOTOBHOCTH H, Ooliee TOro, eCITH Mpou3Bese-
HHe JacT 3Hauenue Gompinee 0,9, TO MOrPENIHOCTEI0 MOXHO MpeHeOpeyb
(IT0 HETOTOBHOCTH — €JMHUIIBI TIPOLIEHTOB, TI0 TOTOBHOCTH — MeHee | Tpo-
IIEHTA).

Hrak, JIOruKo-BepoOSTHOCTHBIE METO/B! IPUHIMIHATIBEHO MO3BOJISIOT
orpenensTe ko3()QUIHEHT FOTOBHOCTH IUIS CHCTEM C HE3aBUCUMBIMH
MPOLIECCaMK OTKA30B M BOCCTaHOBJIEHHUS MEMEHTOB. i 2IeMEeHTOB 10
3aJaHHBIM QYHKIMAM pacTipefieieHHs HapaOOTKU N0 OTKa3a U (yHKIHIM
pacrpeneNneHuss BpeMEHH BOCCTaHOBICHHS BBIYHCILIFOTCA Kod(GQuLHeHT
TOTOBHOCTH H MapaMeTp MOTOKA OTKa30B (HEeCTaHOHApHbIE, CTAllHOHAP-
HBIE), YePE3 KOTOPHIE OINPENEIAIOTCS HaIeKHOCTHBIE TOKA3aTeN! AN CHC-
TeMbl. IpH SKCIIOHEHIHAIIBHEIX PACTIPEIENICHISIX HApaOOTKH 10 OTKas3a u
BPEMEHHM BOCCTAHOBJICHHUS SJIEMEHTa, 3HaYeHUS kod(uIieHTa roToBHO-
CTH W TapaMeTpa MOTOKA OTKa30B 3allUCHIBAIOTCS B SBHOM (POPMYIEHOM
Brge. Eciu 9TH pacnipefielieHds HeAKCTIOHEHIHAIBHBIE, TO 3HAYCHUs YKa-
3aHHBIX MMOKA3ATENICH 1711 SIEMEHTOB MOTYT OBITh MOMY4EHBI YUCICHHBIMA
METOIaMH, B YACTHOCTH, CTaTHCTHYECKHM MOJICTHPOBAHUEM.

OCTaHOBMMCS. Ha MHOTOYPOBHEBBIX MOJIEJISIX. MHOrOypOBHEBBIE MO-
JICNTH TTO3BOJISIOT TPEACTABUTh MPOCTPAHCTBO COCTOSHUIN CHUCTEMBI 0OIB-
muM, deM 1aBa (paboTocriocoOHOCTH/HEPaBbOTOCIOCOOHOCTh CHCTEMEI),
KOJIMYECTBOM KJIACCOB COCTOSIHHH. DTO NAET BOMOXKHOCTH OTPasUTh CO-
CTOSHHS CO CHIDKEHHBIMH YPOBHSMH 3PQEKTHBHOCTH (YHKIMOHHPOBA-
HHSI, COCTOSIHHUS C PA3IHYHON KPUTHYHOCTBIO 0TKa30B. OJTHUM M3 OCHOB-
HBIX TIOKa3aTelNicH HAajIeKHOCTH SBISAETCH KOIPQUIMEHT coxpaHEeHUS 3¢-
(EeKTHBHOCTH, U UIMEHHO MHOTOYPOBHEBBIE MOJETH MO3BOJLIFOT €T0 OMpe-
nensTh. JIorHKko-BEpOsATHOCTHOE MOJETHPOBAHHE B 3TOM Clydae Tpedyer
NPUMEHEHNS HEMOHOTOHHBIX JIOTHYECKHX (QYHKIMA. A MMEHHO, HE00XO-
IUMO OIPENETNTh KIacC COCTOSHHH COOTBETCTBYIOIMH CHHXXECHHOMY
ypoBHIO 3 deKkTHBHOCTH (QYHKIMOHMPOBAHUS. JIOrHdeckoe BBIpaKeHHE
JUISL 3TOTO KJacca JOJDKHO CONEPXKATh B KaXJOW KOHBIOHKIHH, Kak pabo-
TOCTIOCOOHBIE DIIEMEHTHI, TaK U OTKAa3aBINHE, YTO M SBIAETCS KPHTEPUEM
HEMOHOTOHHOCTH. BEHIMUCIIEHHE pacHpeieneHus BEPOATHOCTEH 3acrarh
CHCTEMY B MOMEHT BpPEMEHH t B KWKIOM KJIACCE COCTOSHHN SBIACTCA
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0OBIYHOH 3a[a9el, He OTIHYAIOLIEHCS OT BEIYHCICHHS KO3 PHIIUEHTA TO-
TOBHOCTH/TIPOCTOSI.

B MHOTOYypoBHEBBIX MOZENAX QYHKIMOHHPOBAHHUA CHCTEM CPEAHEE
(mo ypoBHAM) 3HaueHHEe MHTETpanbHOH 3¢bdexrHBHOCTH E(0t) Ha HETEp-
Baye (0,t) MoxeT OBITh IIPECTABIICHO TaK:

t t
EQ,) =) j Pr(Dhdr+ Y j o, (Dh, dr, (3.16)
19 L]0

rie Pri(t) — BepOsSTHOCTD 3aCTaTh CHCTEMY B MOMEHT T B i-M COCTOSHHUH;

i (T)- mapaMeTp MOTOKa MEPEXOOB U3 i-TO COCTOSHHA B j-€ B MO-
MEHT T,

h; — noxon (ToTepH) B EJIMHUILY BPEMEHH OT MPeOBIBAHMS CHCTEMEL B
COCTOSIHHH 1;

h;j — enHOBpEMEHHEBIE TOXOMBI (TIOTEPH) 32 [IEPEXO].

ITepBBIi MHTErpaJl ONPENENSET CpeqHee BPeMs MpeObIBAHHA CHCTE-
Mbl Ha HHTEpBase (0,t) B KaXI0M H3 COCTOSHHH YMHOXEHHOE HA [IOXOJ B
€/IMHUILY BpEMEHH TIPeOBIBAHKA B 3THX COCTOSHHAX. A BTOPOH HHTErpal -
CpE/lHEE YHUCIO IIEPEXO0B MEXKIy BBIIENEHHBIMH COCTOSHHUSME, B3BE-
IIEHHOE N0XoAaMH (MOTEPAMHU) OT Kaxporo repexoxa. Ecnm, Hampumep,
IPH HEKOTOPBIX OTKa3aX IOBPEXKIALTCS «COCEHES» 000pYINOBaHHE (CBI-
3aHHOE C OTKa3aBIIHM IO TEXHOJOTHYECKOH [EMH T PACIOIMKEHHOE
PAA0OM) MM TepsAeTCS HaXOIAMMICA B TEXHOJOTHYECKOH 00pabotke 06b-
KT (U3enue, BEmeCcTBO, MHQOPMALIHS, ...), TO IAPAMETP HOTOKa OTKA30B
MO3BOJIUT OLIEHUTH MOTEPH.

H3BectHas TpagMuuMoHHas oleHka cpenHed s(dexruHocTH E(t) B
MOMEHT BpeMeHH t 10 BBIpakeHHUIO (3.17) B TAaKOM ciTydae JacT CHHIIKOM
ONTHMHCTHYECKHI pe3ynbrar 6e3 yueTa elMHOBPEMEHHBIX TIOTEPb:

E(t) = 2 Pr(t)-E, (), (3.17)

rae E(t) — addexriuBHOCTD B cocTosHuH 1 (B YacTHOCTH, Ei(t) MOXeT OFITE
paBHO h; 1 Torma (3.17) macT oXumaeMBbIA HOXOM, HapUMep, MPONU3BOIHU-
TEJTBHOCTh, B MOMEHT BPEMEHH t).

OcHoBHOM ¥, NOXalyd, SAMHCTBEHHOH TPYAHOCTBIO IIPUMEHEHHS
JIOTHKO-BEPOATHOCTHBIX METOJOB SBJAETCS PA3MEPHOCTH aHANH3UPYEMOH
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cucreMbl. Pa3zpaGoTki METONOB M alrOPUTMOB HOTYy4YEHHS JIOTHYECKOTO
onucaHusl, mpeoOpa3oBAHKIE HTOTO OMUCAHKS B CIICHAILHYIO HOpMY, IpH-
TOIHYIO 1A pacueTa, Hadanuch Oonee 50 NET Ha3ad M MPOMOIDKAIOTCS B
HacTosee BpeMsi. Bee 3TH pa3paboTKK B OCHOBHOM HAIpaBiCHB! HA IIpe-
ofonieHre “mpokiAThs pasMepHoct”. [Ipuuem eciu Oonee pannue pabo-
THI TIPECTABISUIH cOOOH B GOMbIIEH CTENEHM «UYENOBEUECKUI) (T.€. OpH-
SHTUPOBAHHBIN Ha “pydHbIE” PacyeThl) METOI, AJITOPUTM, TO B HACTOSLICE
BpeMs. MOXKHO TOBODHTH 00 OpPHEHTALIH METONOB H OCOOEHHO aNrOpHT-
MOB Ha NpUMEHeHre BBHYUCIHTENHHON TeXHUKH. [IpumepoM Takoro ma-
IMHHHO-OPUEHTUPOBAHHOTO AJTOPUTMA SIBIAETCS AITOPHTM IOTYyYEHHS
OPTOrOHANBHON (HOPMBI JIOTHYECKOTO BBIPAXKEHUS, HCIOIB3YIOMHUH CIIO-
cob onmmcaHHMsA M MPOXOIA JCPEBHEB OTKa3a C TOMOIIBI0 OMHApHBIX J€-
peBbeB. s “pyuHOro” pacuera OH CIOXKEH M TPOMO3J0K, HO B MAIMHHOM
peanu3anuy 0cTaroqHo 3¢ QekTuBeH. ITOT aIrOpUIM BEChMa CBOEOOD-
PasHO UCIIONB3YET METO] Pa3IOKEHHs 110 SIEMEHTaM CUCTEMBL B pasgene
4.6 npuBE/ICH AJITOPUTM U [POJEMOHCTPHPOBAHO €0 IPUMEHEHHE.

DddexTuBHEIM CrIOCOOOM pemeHns MpobaeM pa3sMEPHOCTH B 3a/a-
YaxX aHaJIW3a HAJCKHOCTH SABISIETCS ACKOMIO3UIMSA CTPYKTYPBI CHCTEMBI
WM JIOTHIECKOTo onucanus. [Ipu 1exoMIO3UIINE MOKHO BBLIEIIHTD!

1. OHOCBS3HYIO JEKOMIIO3UIAIO CTPYKTYPBL, KOTJa BBIAEISEMBIE TIO/-
CHCTEMBI (3BEHbBSI, MOIYJIH H p.) CBA3LIBAKOTCA APYT C APYTOM TOJb-
KO Yepe3 [IBe CBOM BEPIUMHEL, TIPUYEM OfiHA BEPIIHHA SBISETCS BXO-
1oM (pebpa cBs3ell B Hee TONBKO BXOJAT), a Apyras — BHIX0OAOM (peb-
pa CBA3EeH W3 HEe TONBKO BBIXOLAT), T.€. HMEEM IIOCIEN0BAaTENbHOE
coefuHeHne roacucTeM. Kaxnas U3 NOACHCTEM MOXKET MPEACTaB-
JATH CO0OH pe3epBUPOBAHHYIO CTPYKTYPY ¢ HEKOTOPOH JIOTHYECKON
¢byHKIHEH B BHIXOAHOH BepiMHE (MM 2NeMeHTe). B nanHoM cnoco-
0¢ HeT CIOKHOCTEH C BBHIUMCICHHEM U arpeTHPOBAHUEM IIOKA3are-
el HaJleXHOCTH, 6€30MaCHOCTH, TEXHHUECKOH 3 (EKTHBHOCTH.

2. MHOTOCBSIBHYIO IHEKOMITO3UIHI0, KOTJa BbIJENAeMble IIORCHCTEMBI
MOTYT HMETH JIF000€ YHCIIO BXOZIOB U BHIXO0B. COXpaHAIOTCA JIUNTh
CIIEYIONIHE OTPaHHYEHHS (AIHKIHIHOCTD CBI3EH ):

a. Bce BxonHbBIE BEPIIMHBI NOJCUCTEME LY semsrorcs mubo ro-
JNOBHBIMH, THOO CBA3aHbl C APyTHMH (HE BXomsmmuMu B L* )
3EMEHTAMK TIOCPEICTBOM BXoasmmx B L¥ pebep;
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b. Bce BBIXOIHBIE BEPIUHHBI SBISIOTCS JIMOO KOHEYHBIME, THOO

CBSI3aHBI C JIPYTMMH JIEMEHTaMH MOCPE/ICTBOM HCXOMAIIHX H3

L* peGep.

CroxxHOCTEH B 3TOM cr1ocobe MHOTO, KaK B BBIJCICHHE TaKAX
MOJCUCTEM, TaK K B arperdpOBaHHU HEKOTOPBHIX MOKasaTeyel (Ha-
IIpUMEp, apamerpa 1oToka otkasoB). Ho abdexTrBHOCTS €ro MoxeT
OKa3arbcs 0Y€Hb BBICOKOM IPH PEIICHHH IPOOIEM Pa3sMEPHOCTH, H
IpH ydere 0COOEHHOCTEH «HaIEKHOCTHOYO NOBEACHUS» (CM. IIpH-
MEp HUXE).

3. JlekOMITO3HIIMIO, CBA3AHHYIO C PA3JIIOKEHHEM IO TIOJHOM IPYTIE CO-
OBITHH OTHOCHTENLHO BBIICJIEHHBIX JIIEMEHTOB, OJIOKOB, ... .
4. Jloruyeckyio JEKOMIIO3HIHIO. B 3TOM cmocobe, He TpenycMarprBa-
IOTCA KakKue-TH00 MpeoOpa3oBaHUs UCXOOHON CTPYKTYPHI CHCTEMEL
Ha 6osiee mpocTble acTH pa3OuBaeTcs cama 3aavya Ha/[eXHOCTHOIO
MOJICTTAPOBAHKA. ITO JOCTHTAETCS Pa3fieNiCHHEM OOIIETO JIOrHIeCKo-
ro Kputepus paboTocmocoOHOCTH, O0TKa3a HAa HECKONBKO YACTHEIX H
YCTaHOBJICHHM KX CBA3H (JIyulle apu(MEeTHIECCKOH) C CHCTEMHOM
¢ynkumed. OmAEM U3 croco0OB arperupoBaHus MOKA3aTENEH MOKET
OBbITh IPUMEHEHHE TEOPEMBI CyMMHIPOBAHUS BEPOSTHOCTEH COBMECT-
HBIX COOBITHIL, YTO TIO3BOJHUT IOTy4aTh ByXCTOPOHHHUE OIEHKH TIOKA-
3arenei.
Crioco0BI IeKOMIO3HIIY, OCODEHHO MPUBEACHHbIE B ILIL. | 1 3, H3-
BeCTHBI [23, 26, 28] ¥ IIHUPOKO OIPUMEHSIOTCS, HO MTPEUMYIIECTBEHHO 1A
BBIIUCIICHUA KO3 PHUIIIEHT2 TOTOBHOCTH (TIPOCTOS).

Puc.3.3. CrpykrypHO-ClHOXKHAs CXeMa, [OIyCKAoLIas
MHOTFOCBA3HYO JIEKOMIIO3HIIUIO
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PaccMorpuM TpEMEp MHOTOCBSI3HOH JEKOMIIO3HIIHH CTPYKTYPHO-
CHOKHOM CXEMBI, IOKa3aHHOM Ha pHc.3.3.

[IpoBenem CTPYKTYpPHYIO MHOTOCBS3HYIO JAEGKOMIO3HIHIO 3TOH CXe-
MbL «Pa3pesaemy Orok-cxemy Ha JJBe YacTe 1O BeIxonaM 61mokoB 3 u 4 (ys,
y4) H paccMarpMBacM BC€ KOMOHMHALMM C BBIXOAAMHU Y3, i, Obecnedn-
BAOIIHMHU PaboTOCTIOCOOHOCTD BCEH CTPYKTYPHE. A HMEHHO

Z =Yy Y, =Xy X [Xs (X +X,) + X5 X, X, | =
=X, X, [Xs (X, +;1'X2)+X5-X1 X, ]

Ly, =Y, Y, =X4 (X3 X1°X, - X5+ X3 (X, +X,-X5)] =
=X, -[x3-;1 -xz-;s +X3 (X, +;2-x1 “Xs)]
Zy=Y;-Ya = X3 [Xe X) X2 X5 + X4 (X, + X, - X5)] =
=X, [Xy X, X2-Xs +;(.4-(x1 +X1-X, " Xs)]]

ITocne [eKOMITO3MIIMH CTPYKTYPa B COOTBETCTBHH C TEOPEMOM IO~
HOM BEPOSTHOCTH IPUHAMAET BHJ(

Puc.3.4. JlexoMITO3UIM CTPYKTYPHO-CIIOXHOM CXeMBI

U oxoHYaTeNBbHO NOJXydacM:
Y =27 [(Xg +X;) (Xg + X))+ Z, - X; - Xg +Zy - Xg - Xg =

=7, [(xg+X6-X;) (Xg + X8 X))+ Zy - X; - Xg +Zy - X - Xg
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3.5. Beiuncienne napamMeTpa NOTOKA 0TKA30B
B JIOTHKO-BEPOATHOCTHBIX MOJIEJISIX

BonpomHCTBO paboT Mo METONAM M AJITOPUTMAM OIEHKH IT0Ka3are-
ned HafeKHOCTH, OE30IIaCHOCTH CHCTEM B KJIACCE JIOTHMKO-BEPOATHOCT-
HOTO MOZEIMPOBAHKS NOCBAMICHEI BHIYACICHUAM BEPOSTHOCTH BLIIIONHE-
HUs (MCTHHHOCTH) HEKOTOPOH JIOTHYECKOH (QYHKIMH, ONPEACICHHON Ha
OyNEBCKUX NEPEMEHHBIX (TIEMEHTAX CHCTEMBI), B YaCTHOCTH, KO3 duim-
€HTa TOTOBHOCTH/TIPOCTOA. BaXHBIM MOKazareneM, XapakTepHu3yIomuM
TIEPEXOJIbl CUCTEMBI, HAIIPHUMEP, U3 COCTOSIHHS PabOTOCIOCOOHOCTH B CO-
CTOsIHHE HepabOoTOCIIOCOOHOCTH, ABNACTCA IAPAMETP IMOTOKA OTKA30B.
OroT noka3zarenas HeOOXOIUMMO BBIYMCIATH TIPU HCCIENOBAHUE I DHEKTHB-
HOCTH, 0€30I1aCHOCTH, PHCKAa 3KCILIyaTalMd cucTeM. Ilapamerp noroka
OTKA30B OILIPEJENAETCS KaK IPOHU3BOJHASL IO BPEMEHH OT MaTeMaTHYECKO-
ro OKUJaHUs YHCIa 0TKa30B. [foaToMy cpenHee 3HaUCHHE YHMCHA OTKA30B
(a B obmem ciydae 4HCHa MHTEPECYIONIMX HCCIENOBATENS MEPEXOLOB)
MOXHO ONIPEAEIHTh MHTETPUPOBAHUEM Ha 33/IJaHHOM WHTEPBAIEC BPEMEHH
napaMerpa I0TOKa OTKa30B (I1apaMeTpa MOTOKA ITEPEXOJIOB B HHTEPECYIO-
Iee MOAMHOXECTBO cocTosHmi). I[lapamerp moToka OTKa30B H cpemHee
YHCIO OTKAa30B SBISIOTCS OCHOBHBIMHM IOKA3aTENIIMH, €CIH OAEO#A (oc-
HOBHOH) M3 COCTaBJIAIOIIUX MOTEPh SBIIOTCS €HHOBPEMEHHBIE TIOTEPH
IIPY EPEXOJIE B HEKOTOPOE MOAMHOKECTBO 0TKa30B. OTMETHM TAKXE, YTO
C WCNONB30BaHUEM ITapaMeTpa IOTOKA OTKA30B MOXKHO OLEHHBATL TAKOH
OCHOBHOM MOKa3aTeqb HAafACKHOCTH KaK BEPOATHOCTH Ge30TKazHOW pabo-
Tl Ha 3a[JaHHOM WHTEPBAJe BPEMEHH IJIA BOCCTAHABIHUBACMBIX CHCTEM,
KOTOPBIH HEMOCPEACTBEHHO HE MOXET OBITh IOIYYEH B JIOTHKO-BEPOST-
HOCTHBIX MOJEIISIX.

M3BecTHBIH METON BBMYHCICHHS IapaMeTpa IOTOKA OTKA30B, OCHO-
BBIBAIOIIHICS HAa (OpMyNe BEPOSTHOCTH OOBCAMHEHUS COBMECTHEIX CO-
Ovrruit (3.10), NpUBOOUT K 3HAUMTENBHBIM 3aTPAaTaM BPEMEHH M JAKe K
HEBO3MOKHOCTH MOJy4EHHA TOYHOTO 3HAYeHUS HpH OONBIINX pasMepHO-
CTSX 3aJa4d M3-3a NIepeOOPHOTO XapaKTepa ajlrOpUTMa. ABTOpaMH paspa-
0oTaH MEHEe TPYHOEMKUN METOl BEIYMCIICHHS apaMeTpa MOTOKa OTKa308
cucreM OombInoil pasMepHOCTH. M3M0knM H3BECTHBIM W NperiaracMblit
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metonsl. HamoMuuM, uro ko3¢ ¢uIHeHT roroBHOCTH (IIPOCTOS) CHCTEMEI
onpezieAeTCs Ha OCHOBE 3HaHUA MMHMManbHbEIX mytedt (I1;), MHHEHMaNs-
HbIX cedenni (C;) 10 CleMyIONMM BEIPKEHHAAM:

P{S(x,t)=1} = P{S(x,t) = 0} = P{\r,nj=1} =1- P{ \l,ci=1}, (3.18)

j=1 i=l

- ! r
P{S(x,0)=0} =P{S(x,) =1} =P{,,C; =1} = 1 - P{ IL;=1}, (3.19)
i=1 j=
rae P{.} - BeposTHOCTE HAaCTYIUIEHHS B MOMEHT t 3aKI[IOYEHHOrO B CKOOKH
coOBITHA.

Jlns BerumcneHus kodpdHIueHTa roOToBHOCTH (HPOCTOS) CHCTEMBI
HpeIOKEHO HOJIBIIOE YHCIO METONOB H anropuTMoB. OCHOBHOH Hampas-
JIEHHOCTBIO 3THX Pa3paboTOK SBISETCS CTPEMAEHHE ITOBBICUTD Y PeKTHB-
HOCTh IpeoOpa30BaHMil jorudeckux BeipaxkeHud (3.8) u /mmu (3.9) mns
nony4eHus BepositHocTed (3.18) u /wmm (3.19). Tpobnema 3akirouaercs B
IKCIIOHEHIMAIBHOM POCTE BBIUHCTHTENHHOH CIOKHOCTH IIPU POCTE pas-
MEPHOCTH CHCTEMBI (YHCIa 3JIEMEHTOB, YHC/Ia MHHHMAJIBHBIX MyTeH, ce-
uernil). Tak, mpy BbUMCIEHAU Koaddunmenta npocros no (3.19) ¢ npu-
MEHEHHEM METO/Ia, HCIIOMB3YIOmETo (GOPMYITy BEPOSTHOCTH O0BbEUHEHHS
COBMECTHBIX COOBITHH, HMEEM CIIE/YIOIIee BRIPAXKECHNE

-2 1-1 1

1 -1 1
QW)=Y P{C,}-D D P{C, AC }+D > D P{C, AC, AC, }—...+
ij=1 i =iy >, i=11y>i1 iy>iy
+H=1)""P{C, AC, AL AC)
(3.20)

Yucno cnaraeMeix B mpaBoit yactu (3.20) Oyner 2' —1. Cnoxzoit
3ajadell ABNsSETCA TaKXKe aNTOPHTMH3AIMS HAXOXKACHHS NEpEeCEYCHH
CHMBOJIBHBIX MOAMHOXECTB IyTeH, ceueHuil. Harpumep, TecToBBIN npu-
Mep KopabeNibHOH IEKTPOIHEPIETHIECKON CHCTEMbI, H3BECTHEIH TION Ha-
3parmeM «3afaua Ne35 U.A. Pabununa» [23,71], umeeT 15 anemMeHTOB,
31 MuEMMaTBEHOE cedeHne 92 MuRAMaTBHEX yTd (2°! > 2-10%). B npo-
IPaMMHBIX TIPOIYKTaX, PEAIH3yOIIUX 3TOT METOM BRIYHCIICHHS ITIOKa3aTenei
HazexHocTr (Hanpumep, nporpamma Risk Spectrum ¢upmer RELCON,
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HIBerms), BEIHYX/IEHB OTKA3bIBATHCS OT ITOJYYEHHS TOYHBIX 3HAYEHHI Ho-
Ka3arelied U OrpaHWuNBaTHCS MPHONHKEHHBIMH, KOTOPHIE TIPH HEBBICOKHX
HaJIe)KHOCTSIX EMEHTOB JIAl0T CIIHINKOM IpyOyIo oneHky. OTMETHM BechMa
a¢dexruBHbe (B nocradoBke (3.18), (3.19)) merons: sorducnenns koa¢du-
IMEHTA TOTOBHOCTH (IIPOCTOA) CHCTeM, mpejioxkenusie B [28, 57, 61-65].

[TapameTrp MOTOKA OTKa30B CHCTEMBI €CTh OXXKHIAEMOE UYHUCIIO [1OAB-
JIeHHs OTKa3a CUCTEMBI B MOMEHT BpeMeHH t (T.€. Ha (t, t+At) npn At—0),
YTO 03HAYAET BOSHUKHOBEHME MO KpallHed Mepe OIHOIO CEYSHHA B MO-
MeHT Bpemenu t. IIycTh e; — cobbITrE mosiBReH:S i-ro cedeHus B (t, t+At),
rae e(t+At) — KOHBIOHKIHUS 1; IEPEMEHHBIX (MEeMEHTOB), 00pa3ylonmx
ceuenne C;. IlosBieHue e; Ha At o3HavaeT (PH OPAMHAPHOM ITOTOKE OT-
Ka30B), 9T0 B MOMEHT t HepaboTocmocoOHmMU Oblk (n; — 1) neMeHToR
ceuenus C; (310 coObITHE 0603Ha‘-II/IMe;), U TIPOU30IIIe] OTKa3 Ha At ofiHO-
ro (paboTocmocoOHOro B MOMEHT t) 3neMeHTa. BeposTHOCTh MOABIIEHHS
Ha At ceueHus €; OIPeNenuTes o hopMyle ONHOU BepOITHOCTH TaK

0§

Ple=w/(®-At=YTw, 0 [[Q, 1A,  (321)

Hi=t 8i#i
e w, (t),Qgi (t)- mapameTp MOTOKa OTKa30B H Kod(hQHULHEHT mpocTos

(HETOTOBHOCTE) JMEMEHTOB §;, g B MOMEHT BpEMeRu t, W, (t) — napamMeTp
[I0TOKA OTKa30B, 00YCIIOBIEHHEIHN MosiBIeHUEM ceucHus Ci.

WspecTapiii MeTO [26] BEIYMCIICHHS apaMETPa OTOKA OTKA30B ()
TaKXe 0CHOBBIBacTCA Ha popmyine (3.20):

o - At = P{(S(x,t)=1) A(LlJe,-)}=

= P{Uei} ~P{(S(x,t)=0) A( Uei)} = (g, —0g,)- AL, 3.22)

| 1o =2 11
g 'At:ZP{eil}——Z Z P{eil nei2}+z Z Z P{eil nei2 ﬂeiS}_ T

i=1 ij=liy>i b=y i, i3>i

+=D""P{e,(Neo )---Nert: (3.23)
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1 ] 1-1 1
0, M=Y[YPIC Aet-D Y P{C, AC, Ae}+..+

=1 Ji=liz=h+1
Ji#

+H-1)"-P{C, A...AC_ AC,, A...AC Ac, |-

i+l

+Z z [Z P{C, /\(ellﬂel2)}— Z Z P{C, AC, ACe e, )b+t

i=lig=ij+l jiLiy o J=hHl
Jl Jz iy

+H=1)"P{C, AC, A AC  AC  ALLAC  AC AL AC A e )} ]+

i+l

+ot 2 DTPC AN Nes - et

=

(3.29)

Coberrne {C, AC; A(e; ﬂ% )} 03HAaYaeT, 4TO B MOMEHT t CHCTEMa Ha-
XOJ[FIIaCch B OTKa3e MO NpUYMHE peanu3auuu IByX ceuenuil C i ,C i,» B3
At npomsowen orxas obmero jia cedenui C,; ,C; onemenra (r.e. Ha

(t, t+At) mosBUIMCH CEYEHUA 1) U 1,). Ecim Takoro snemenra HeT, TO Bepo-
ATHOCTH COOBITHS TIOABJICHHS Cpasdy AByX (u Oonee) ceyenuii Ha At paBHa
Hyno. OO uleH paBeH

P{C, AC, A...ALAC, /\(ei,ﬂeizﬂ"-neig)}Z‘*)Gu(t)'At'ﬁQ(t),
 (3.25)

rae Ogy(t) - mapamerp MOTOKA PyHIbI AMEMEHTOB 001X It G cedeHni

.G
u He Bxonsamux B U m3 octanssbix (/ — G); [[Q) - mpousBeneHue ko3d-
jy

¢unmentoB npoctos Beex dnemMeHToB Bxopanux B G ceuenuit u U ceue-
Hul U3 ocTamsHEBIX (/ — (), 33 UCKIIOYEHHEM TEX JIEMEHTOB, KOTOPBIE
UCIONB3YIOTCS IPH BEMUCICHHH 0gy(t) (Ogy(t) BeruHCcseTcs o Gopmy-
ne aHanoru4Hoi (3.5), eci €€ NPUMEHHTD UL TPYIIBl OOMUX JIIEMEH-
ToB, Bxogaumx B G cevyenwii). Ilpu 9TOM B Npom3BENeHHH KaXIbIA die-
MEHT YYMTBHIBAETCS TONBKO ONUH pa3. BblumcieHHMsA napaMmerpa MOTOKa
orkazoB mo (3.21-3.24) emé Oomee Tpymo€Mkas 3amgada (Oonee yeM B
3 paza), ueM ko3 dunpenTa roroBHOCTH (pocTost) 1o (3.20).
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B [63] npeanoxen METOR PEKYPCHBHOTO HAPAIUMBAHHS [1EPEMEHHEIX
Js BBIUHCIIEHN kKod¢duimenta roroHocTH (mpoctost). CyTh €ro B cie-
nytoieM. [TycTs
k
p® = P{S(x,.Xp,- X s)=1/X, = 1%, , =1,...%, =1}

" (3.26)
% = P{S(X,,X, ... X = 1/%,,, = 0x,,,=1,...x, =1}

n

Brruncnenus npoBozsiTes mo popmyne
p“? =R, (1) p® +Q,., (1)t (327

e R, ()=1-Q,,,(t)=P{x, () =1}, p(o) =1. IlocnenoBarensHO BBI-
aucnss p,p?,...,p™, Ha nocenEeM n-oM mare pekypeun TIOJYYHM KO-
3¢ PUIHEHT TOTOBHOCTH CUCTEMBL. OTMETHM, YTO ONPEAENSATH C IIOMOILIBIO
JIOTHKO-BEPOSTHOCTHEIX TPE0OPa3OBaHMH H BBIYKMCICHHH HEOGX0AMMO
tomsko 1, k. p*™ ompenensrores o (3.27).

Ilogxoxn pekypcuBHOTO HapamuBaHus TiepeMeHHBIX (3.26, 3.27)
NPUMEHHUM M JULI BEIYHC/ICHHA [TapaMeTpa oToka oTka3os. Ilycts

o™ (t)- At = P{(S(x,)=1) A( Ue;) [ Xy = Xppy =0 =X, =1}

1 (3.28)
VO ) At =P{SxD=D) A(|Je)/ Xy =0,%p,, =...=x, =1}

i=1

Ymeepscoenue
ITapaMeTp NOTOKa OTKA30B CHCTEMbI PEKYPCHBHO BEIYMCISETCS ClIe-
IyroHmuM 00pazom

0" () =R, (1) 0P (1) +Q,,,(t)-v¥ (1) +
Pk (1) 0, (), () =0, (3.29)

PEAOTK

e P (1) = (p® -r™), k=(0,1, ..., n-1)

npenoTx

Hoxazamenncmeo. Ha (k+1) mare pekypcus 3JIEMEHTHI Xy, ..., Xp
CHCTEMBI aOCOIIOTHO HANICKHBI M PACCMATPHBAETCA TONHAS TPYIIA HECO-
BMECTHBIX COOBITHI OTHOCHTEIBHO MEMEHTA Xic+(:
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— JJIEMEHT Xp+y B MOMEHT t pabotocniocoben. BeposiTHOCTS 3TOTO CO-
osrtust Ry, (t), a mapamerp oTkasos cuctemst paseH (k) B coorser-
CTBUH C MEPBHIM BhIpaxkeHrneM (3.28);

— BJIEMEHT Xy+; B MOMEHT t HepaborocrocobeH. BepoaTHoCTh 3TOTO
coObITHs Qy1(t), a TTapameTp oTKa3oB cucrems! paBeH V(k) B cooT-
BETCTBHH CO BTOPHIM BhIpaxeHHeM (3.28);

— BJIEMEHT Xy4 OTKa3biBaeT Ha (t,t+At). BeposTHOoCTh 3TOTO COOBITHS
Ok+1(t)-At (T.e. TapameTp IOTOKA OTKA30B paBeH Oy.((t)). A mia Toro,
4TOOBI IIPH OTKA3€ HMEMEHTA X4 CHCTEMA IEpPEIliia B COCTOSHHE He-
paboToCIOCOOHOCTH HEOOXOOUMO, YTOOBI OHA HAXOAHMJIACH B TAKOM
TIPENOTKA30BOM ITOJIMHOXECTBE COCTOSHHE, B KOTOPOM 3JIEMEHT Xy
paborocrnocobeH, HO €ro OTKa3 HEePEBOIHUT CHCTEMY B OTKa3. Bepost-
HOCTb TAaKOTO ITOAMHOXECTBA MPETOTKA30BBIX COCTOSHHH 0003HAYMM

P enorc (1) - B [66] noxasbiBaercs, 4o

P (=R (0 5, =B~ R (0/{x,20)  (330)

rne R, . (t)/{A} - ycnoBHBIH K03(hOHUUHEHT FOTOBHOCTH CHCTEMBI,
IIpH YCIIOBHH A.
C yaerom (3.30) ra (k+1) mare pexypennr P (t) =p™ -1,

npenoTK

B cootBercTuu ¢ hopmynoil monHO#M BeposTHOCTH HosydaeM (3.29).

Otrmernm, uro (3.30) sBiseTcs 3HAYMMOCTBEO 1-TO 3JIEMEHTA I10
bupubaymy, Psbuauny [26,67].

Meron BhuMCIeHHS napaMeTpa oToka otkasos (3.28), (3.29) (kak u
ko3¢ drIMeHTa TOTOBHOCTH, NpocTost (3.26), (3.27)) MOXHO MPUMEHSTH
JUIS BEIYMCIICHHMIL, HE JIEKOMIIO3Hpys cucteMy. Ho st mpeomosnenust mpo-
OeM pa3sMEpPHOCTH, TOBBINICHUS OBICTPONCHCTBUS YMCJICHHBIX AJITOPHUT-
MOB HeJIECO00Pa3HO POBOMKUTH JEKOMITOZUIIHIO CUCTEMBI. B 3TOM Ciyuae
ANTOPUTM BBIYHCIICHHUS ITapamMeTpa MOTOKA C HCIOJIb30BAHHEM PaCCMOT-
PEHHBIX CIIOCOOOB JEKOMITO3ULIH TaKOB:

— BCE TIOCHE/IOBATENbHEIC, TIApalienbHbie 1 K M3 M HaAeKHOCTHHIE
TPYIIBL 3EMEHTOB «YKPYIHSIOTCS» B OJWH 3JIEMEHT C BBIYHCIICH-
HBIM I10 HIDKE NPUBEJCHHBIM BoipaxkeHwsM (3.31 - 3.33, 3.35) mapa-
METPOM IOTOKA OTKa30B (a ML ko3 dumuenTa TOTOBHOCTH, mpO-
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CTOS - TI0 U3BECTHBIM GOPMYIaM TIOCIENOBATENBHOIO, aPaIenLHO-
o # K M3 m coeHeHus).

— ocraBmafcsi CTpyKTypa (BO3MOXHO, IOCIC HECKOJBKHX HTepalmii
«yKPYIHEHWs») HA3BIBACTCA B [IUTEPATyPe «HEMPHBOAMMOW». Buoi-
YHCIIEHUS [IapAMETPa TIOTOKa OTKa30B B 3TOM CIy4ae MPOBOIATCA MO
(3.28, 3.29). ITpnuem sneMeHTaM HanOONBIIee YHCIIO PA3 BXOASIM B
Pa3NMUHbIE KOHBIOHKIMHA (TYUIIE B MUHUMAITBHBIC Ty TH), PasiHyHbM
TmepeMbIuKaM B rpadax cBA3H, ONOK-CXeMaX HANEKHOCTH, Lenecoob-
pa3HO TIPUCBOHTH Hanbombimie Homepa. Toria BBIYMCIICHUS Ha mep-
BBIX IIarax pexypcus (HOKa 3TH 3MEMCHTh! PaCCMaTPHBAIOTCS KaK pa-
6OTOCITIOCOOHBIE B COOTBETCTBHH € TIEPBLIM BhIpaXkeHHeM (3.28)) oka-
3BIBAOTCS JOCTATOYHO TPOCTHIMK MO (OPMYNaM MOCIEA0BATENBHO-
HapaieNbHBIX coeuHenui. Iipu (opManmsayy drama noTyqeHss
MHHHMAJIBHBIX ITyTEH, CEYEHHH MOKHO BOCIOIB30OBATHCH AJIrOPHT-
MOM, TIPEIUIOKEHHBIM B [57, 68], KOTOpHIH T03BOJLIET BRIIEIATE Je-
MEHTBI, “IeNaloNHe” HAREKHOCTHYIO CTPYKTYPY «HETIPHBOAMMON».
ITapaMeTp rOTOKa OTKA30B [JIsl MOCIEAOBATEIBHBIX, IAPAINENBHBIX K

(k 13 m) CTpYKTyp HMEET BUA:

— M mapauIeNbHO COECAMHEHHBIX DIIEMEHTOB, KOIZAa JUIi paboTocmo-

cobHocTH Tpebyercs ofuH (1 u3 m)

w]mm{t}i[wj(t)-ﬁczg(t)] G.31)

8]

~ M MOC/IEOBATENbHO COEIHHEHHBIX JJEMEHTOB, KOTAA Iy paGoTo-
criocoGHOCTH TpeOyrTCA BCe m (M 13 m)

D = 20,0 [ TR0 6.3)

g#]
— M HapawIelbHO COCAMHEHHBIX 3JIEMEHTOB, KOIIA JULL paboTocmo-
cobrocTH Tpebyrores k anemenTos (k w3 m)

m

O)kmm{t}: Z Qi]’QiZ.”..Qim—k.[ i [Wj(t). anI Rg(t)]]j

iy <iy << g J=Law#y g el ko g=lg#j,ij ’il"'-im—k
(3.33)



86 Inaga 3. Jloruko-BepOSTHOCTHBIC METONB! aHATIN3a HAJISKHOCTH

e R.(t), Q.(t)=1-R(t), o,(t)- ko3 dUIHEHT TOTOBHOCTH, KO-

3 GHIMEHT TPOCTOSI, TAPAMETp TIOTOKA OTKA30B IEMEHTA i.

Buipaxenns (3.31) — (3.33) moryr ObiTe momydeHs u3 (3.22) —
(3.24), mu00 HETOCPECTBEHHO U3

g = P{(S(x,D=1) A( Ue;)}. (3.34)

CxeMbl pe3epBHpOBaHHS Kk M3 M 4acTO OCYLIECTBIAIOTCA H3 M
OJIMHAKOBHIX 2IEMEHTOB, TOTa BhIpaxkernue (3.33) mpuMeT BUA

Oy ith = Con - Q™7 (1) - k- w(t)-R*7 (1), (3.35)

-k o
rae Cﬁ - YHCIIO COYETaHH# U3 M 3jieMeHToB Mo (m — K).

3amumiem BbIpaKEHHE JUTS TAPAMETpa OTOKA OTKA30B, ECIIM IIPHME-
HATH JEKOMIIO3UIIMIO CHCTEMBI pa3ioxeHueM I1o anementy. 13 (3.29) cue-
nyer

og(1) =K, (1) 0, () + (1=K, (1)) 05 () + (KA (1) - Kg (1)) - 0, (1) (3.36

e K, (t) — ko3 (UImMeHT roTOBHOCTH 3MEMEHTA X, TI0 KOTOPOMY OCYIIE-
CTBIISETCS Pa3IOKEHHE;

o,(t) - MapaMeTp MOTOKa OTKA30B JIEMEHTA X, [0 KOTOPOMY OCYIIIE-
CTBIISICTCS Pa3TIOKEHHUE;

Ka(t), Kg(t), — k03hUIHEHTH TOTOBHOCTH CHCTEMBI ITPU X=1 K
x=(0, COOTBETCTBEHHO;

04(t), wp(t) — mapameTpsl OTOKA OTKA30B CUCTEMBI TIpH X=1 1 x=0,
COOTBETCTBEHHO.
O6mwii crioco6 Berucienns > u v cocrout B cremyromem. Ha
KaXIOM I1are PeKypCHH 3HAUCHHS X;, YKa3aHHBIE B YCIOBHH, IOACTABIIA-
10TCa B Joruyeckne Boipaxernus (3.8), (3.9) u nonydeHHbIe BBIPAXCHUS
IpeoOpasyloTcs B BEPOSTHOCTHBIE PYHKIMH OTHOCHTENBHO KO3(QQUIHEH-
Ta TOTOBHOCTH M IapameTpa MOTOKa OTKa30B (Ha maHHoM mare). Ilpu
“py4HOM” pacuere MOXHO TAKKe H300pakaTs NOIYyJaEMyH0 CTPYKTYpY,
TOrJa BCE BO3MOXHOCTH MCIIONB30BaHUs Ui pacdeToB ¢opmyn (3.31 —
3.33, 3.35, 3.36), npuMeHsis JCKOMIO3HIMIO H arperupoBaHue, OymyT

(k)
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BuEEL OTMETHM, 9TO0 B 06mEM cayyae npu Berancirennd 1 1 v® na me-
KOTOPBIX IIarax MoxeT HOHaXOOUTHCS PEKyPCHs ML JAHHOTO [11ara, eCiiH
HOTy4aeMBIE JIOTHIECKUE BEIPaKEHHUS HE Oy/lyT COOTBETCTBOBATH CXEMAM,
CBONSAILMMCH K IOCHECAOBATENBHBIM M IapajUICNIbHBIM  COCHUHECHHSM.
B sTOM ciTy4ae Ha JaHHOM INare pemraercsa Kak Obl HOBas 3ajava C HOJTy-
YEHHBIM JIOTUYECKHM OIUCAHHEM, B KOTOPOM MEHBINEE YHCIIO NEPEMEH-
HBIX B MEHBIIIEE YUCIIO YWICHOB B IOTHUECKOH dopme.

Ipumep.

PaccMoTpuM KIIacCHYECKYIO «HETIPHBOAMMYIO» MOCTHKOBYIO CTPYK-
Typy (pmc.3.1.B) M mpoBeseM BBIYMCIIEHHE IIapaMeTpa [0TOKa OTKA30B
JIBYMS U3JIOKEHHBIMH METOIAMH.

C,=1.2; C,=3-4 C,=1.5-4, C,=2-5-3
(BMCCTO JNEMCHTOB X; MHIICM TOJBKO MHIACKCHI, CHMBOJI KOHBEOHKIIUHA 3a-

MEHAEM Ha CUMBOJ YMHOKCHHS).
1. IIpuBenem pacuer mo (3.22) — (3.25).

g1 = (0;°Q; + ©:Q)) + (03:Q4 + 04:Q3) + (01°Qs -Q4 + w5 -Q-Qy +

+ oy -Q1'Qs) + (@7 -Qs -Q3 + 05:Qr Q3 +

+@3-QyQs) — 01 Q2-Qs Q- 0 Q1 Q5 -Qs -

+ g Q1 -Qs5 Q3 - 03 - Q2 Qs -Qq — w5 Qp -Q2 Q3 Q4. (3.37)

B wg, Bommyu Bce €; (coorBercrByionme C; -M) — IIEPBBIE YETHIPE
cKoOKH, M IepeceueHns 1o 1Ba €, ¢; (nepeceuenne ¢,Ne; He uMeer 06-
IIHX HIEMEHTOB, TIO3TOMY JUISL ATOT0 COOBITUS MApPaMeTP MOTOKA OTKA30B
paBeH HYIIO).

052 = [(01- Q2 + @2 Q1) Q3 Qg+ @2 -Q1"Qs Q4 +

o Q2 Qs *Qs]i — [@2 Q1'Q3 *Qs -Qy +

+ @ Q2 Qs 'Q3 *Qul + [(w3 Qs + 04 Q3) -Qy -Qz + 03 -Q1-Q5 -Qs +
T o4 Q2 Qs "Qsl3 ~ [@3-Q1Qy Qs *Qu + w4 -Q1-Q; *Qs Q3]s +

+ (04 Qs + 05 Q4) Q1 Q2 + (@1 Qs + @5 Q) Q3 -Qu + (@1- Q4 +

+ oy Q) "Qy Qs Q3]s - [05-Q1°Qy Q3 Qs + @4 -Q1"Q7 *Qs -Q3 +

+ o5 “Q3:Q4 *Qy "Qsls + [(03- Qs + @5 Q3)-Qy Q2 + (@ Qs +

+ s Q2)-Qs3 -Qq + (w2 Q3 + 03 Q2)Q1-Qs:Qu)y — [5 Q1 Qz *Qs "Qu +
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+03-Q1°Q2 *Qs "Qs + 02 -Q1Q3 °Qs -Qyls - [01 -Q3Q4 *Q2 Qs +

+ 0,-00~00Qs — 6,:-Q3Q4~Q-Qs]o — [0 Q1" Q3 *Qs Q4 +

+ @002 Q3 Qs—Qs —0-Q1r Q3 Qs5-Qu10 {4 Q1"Q2 "Qs Q3 +

+ 097010052 Q; — ©-QrQr-Qs—Qs]i — @3 -Q1rQy "Qs *Qq +

+ @;-Q1:Qr-Q5-Qy — ©-QpRQrQ5=Qu]1n — [®5 Q' Qy Q3 "Qu +

+ 05-Q1*Qr Qs Q- #5-Q1 Q- Q- Quli (3.38)

B oy, Bomk coObitus: €, AC; — mepBas kBajipaTHas cKoOka (000-
3HaumM [...];); €. AGAC; — Bropas kBajparHas ckobka (cobbitne C3 AC,
COJIEPYKHUT OTKA3 BCEX HNEMEHTOB CHCTEMBI, I03TOMY MapaMeTp JULL HErO
pasen uynwo); e,AC;, e;AC;, e4AC;, - kBajpaTHEle cKoOKH 3, 5, 7, COOT-
sercTBeHHO; &;ACAC;, esACAC;, e4ACAC; - xBanparHble ckobku 4, 6,
8, coorBerctBenHo; €;MNe3AC,, eNesAC,;, eNe;AC,AC, — kBagparHas
ckobka 9; €,NesAC,, e1NesAC;, eNesAC,AC; — xBagpatHas ckodOka 10;
eNesAC,, exNesAC,, e;Ne;ACAC, — kBaaparHas ckodka 11; e,NesAC,
e:NesACs, e;NeyACIAC; — kBafpatHas ckobka 12; esNesAC, esNesAC,,
e3NesACAC, — kBaipaTHas ckobka 13.

[lepeceueHust €; IO TPU U YETHIPE CCUCHHS JUI g U sy HE UMEIOT
o0mpx 3meMeHTOB (MTO3TOMY MX COCTaBIISIOIMIAS ITapaMeTpa MOTOKa OTKa-
30B paBHa Hyn0). Ho mponenars Bce 3TH nepecedeHHs Hajo (M YeNOBEKY,
¥ MAIl¥HE).

3anuiieM OKOHYATENbHOE BHIPAKEHHE I NapaMeTpa IOTOKa OTKa-
308 B cooTBeTCTBHH C (3.22) cnexyronmm obpa3om:

Do = D1 ~ Oy =[0 - (Q +Qq - Qs —Q,-Qy - Q5 —Q;-Q5-Q, —Q, Q5 -Q5 -
+QyQ Q5 +2:Q,-Qy- Q- Q)+, (Q +Qy- Q5 = Q- Q- Qs - Q- Q5 Q, -
+Q-Qu Qs —Qy-Qy Qs +2:Q,-Qy-Q, - Q)+ - (Qy +Qy - Qs ~ Q- Q, - Qs -
+Q,-Qy- Q= Q- Q- Qs — Q3 Q- Q5 +2:Q,-Qy - Q, - Q)]+ - (Q +Q, - Qs -
+Q,Q Qs —Q Q- Q —Q Q- Qs —Q-Qy Qs +2-Q-Q, - Q- Q)+, - (Q +
+Q Qs —Q- Qs Qs — Q- Qy Qs —Qy Q- Q — Q- Q- Q5 +2-Q1 - Q- Q- Q)1+
oy (QQu+QyQ—Q Q- Q- Q- Q- Q —Q - Q- Q- Q- Q- Q, +
+2:Q-Q,- Q- Q)]

(3.39)
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2. BorapcnuM Teneph MapaMeTp MOTOKA OTKA30B MPEUIaraeMEIM Me-
TOZIOM, TIPEIBAPHUTEINHHO MOMYUHB BEIPAXKEHHUS IS YCIOBHBIX k03¢ ¢nnm-
€HTOB TOTOBHOCTH (TIpOCTOST) B cOOTBETCTBHH C (3.26), (3.27).

Jlornueckyro GyHKIMI0 paboTOCIOCOOHOCTH JUIS BEMHICITEHHS 3a-
NYIIEM Yepe3 MyTH

S(x,t) = {4 }:1, A=13A,=2-4A,=1-54A,=2.53.
j=1
p" =R, -p?+Q 1" =R, 1+Q,-1=1
@ =P{8(x)=1/x,=0,x,=x, =x, =x, =} = 1),
p?=R,-p"+Q, 1 =R, 1+Q, -P{S(x)=S(x,)=1/x, =0,
X, =X, =x;=1}=R, +Q,-R,,
p? =R, p?+Q, ¥ =R, (R, +Q,-R)+Q,-r? =
=R; (R, +Q, R))+Q; -P{S(x)=
=8(x,%,)=1/%,=0,%, =xs =1} =R;- (R, +Q,-R ) +
+Q, R, +Q,-R))=R,+Q, R,
p¥ =R, p¥ +Q,-1¥ =R, (R, +Q,-R,)+Q, -P{S(x) =
=S8(X,,X,,X,)=1/X, =0, =1} =
R, (R, +Q, R)+Q,-R,-(R,+Q,-R,) =
=R, +Q;-R)- (R, +Q4-R)
R gyerows = P{SG D=1} =p” =R, -p? +Q, -1 =
=Rs (R, +Q,R)-(R,+Q, Ry)+ (3.40)
+Q, - P{S(x) =8(x,,X,,%,,X,)=1/x, =0} =
=R, (R, +Q,-R))-(R,+Q, R )+
+Q,-(1-(1-R,-R,)-(1-R,-R,))

Haiinem mapamerp moToka oTka3oB B cootseTcTBHH ¢ (3.28), (3.29).

=R,- @ +Q1 v© +co (p(o)—r(o))=R,-0+

+Q, - P{(S(x,H)=1) /\(Ue;)/x] =0,x, =...=x, =l}+ 0, -(1-1)=0;

i=}
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(2) (Y] ) o _ 0
@7 =R, 0 +Q, v +0,-(p ~r’)=

=R, -0+ Q, -P{(Sx,1)71) A( L“Je;)/x2 =0,x, =X, =X, =1} +®,-(1-R))=

i=l

=Q, o+, (1-R)=Q, -0, +®,-Q;;
o? =R, 0 +Qv? +m3-(p(2) -1?)=R, Q0 +0,-Q)+ (3.41)

+Q; - P{(Sx.t=D) A ( Oe;)/x3 =0,x, =x, =1} +

i=1

+0;-(R, +Q,-R,-R,-Q,-R))=
=R;(Q, &, +®,-Q)+Q;-(Q, 0, +0,-Q)=Q, - +®,-Q;;

(4) (3) (3) 3) 3)
® ' =R,-07+Q, v '+o,-(p7-r7)=R,(Q, -0, +w, Q)+

+Q, - P{(Sx,t)=1) A (Oe;)/x4 =0,x, =1}+

+o,-(R, +Q, R, -R;- (R, +Q;-R)))=

=R, (Qy 0 +0,-Q)+Q, - (03-(1-Q,-Q,) +

+Ry - (0-Q, +0,-Q )+, -Q;- (R, +Q; -R,);

Oy = (1)(5) =R5 ~(1)(4) +Q5 _V(4) +a, ‘(p(4) _r(4))=

=Rs-[Ry(Q- o0 +@,-Q)+Q, -[0,-(1-Q - Q) + Ry (0, - Q, + 0, - Q)] +
+0,-Qy (R, +Q, R+ Qs -[(w R, +

+o,-Ry)-(1-R,-R)+(®,-R, +w, -R,)-(1-R,-R)}+

+o, - [(R,+Q, - R)- R, +Q,-R;)-(1-(1-R,-R,)-(I-R,-R )]

(k)

[TpoKOMMEHTHpPYEM BEIYHCICHHE HEKOTOPBIX T ®

nv.
1 =P{S(x)=1/x,=0,x,=x, =x, =x, =1} =1

- TIPY YCJIOBHOM COOBITHH B MOMEHT t HEpabOTOCTIOCOOHOCTH X M paboTo-
CIMOCOOHOCTH OCTABHBIX EMEHTOB, S(X) =1 ABNACTCS JOCTOBEPHBIM CO-
OBITHEM M MCKOMAas BEpOATHOCTH paBHa 1.

v At=P{(S(x,H)=1) A( Oe;)/x1 =0,x,=...=x, =1}

i=l
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- mpu paboTOCIIOCOOHOCTH B MOMEHT t 371eMEHTOB 2 — 5 OTKa3a cHCTEMbI
4

OBITH HE MOXKET (T.€. Uei - HEBO3MOXHOE cobbITHE), mosTomy VO =
i=1l

O = P{S(x,t) =S(x,,t) =1/x, =0,x, =x, =x; =1} =R,

- [IPH OTKa3aBLIEM JIEMEHTE X; H Pa0OTOCIIOCOOHBIM X3 ~- X5 (noncraBus ux
B S(x), 3aMHCAHHYIO 9epe3 MyTH A;), momydaem S(X) = Xj, moatomy r'= R,

v At = P{(S(x,H)=1) A (Ue‘i)/x2 =0,x;, =%, =X; =1} =@ - At

i=1
- mozpctasssd X, = 0, X3 = X4 = X5 =1 B mytu Ai(t) u cedennms C; (t+At), no-
aygaem  S(x) = Xy, €i(t+At) = X, -1 =X, ocransnbie ¢; =0. Uro6m B t+At
IIPOH30IIEN OTKa3 X;, Haflo, YTOOBI B MOMEHT t oH ObuT pabotocnocoben,
nostomy ¢ (t) = x;. Mrak, vl =

2
) =P{S(x) =S(x,,%X,) =1/%, =0,x, =x5 =1} =R, +Q, R,
- TIOZICTABYIM 3HAYCHUS TIEPEMEHHBIX B YCNOBUY B S(X,1), BRIpaxenHoe ue-
pes myth. omyanm S(x,t) = S(X1,X2,t) = X +X3, 4TO Cpasy NO3BONsET 3ame-
catp ') = R, +Q, R, (mapannenbHoe COENMHEHNE X H X))

4
v At =P{SEH=D) A (Je)/x,=0,x, =x,=1}=Q, -0+, Q,

i=l
- Beipaxenue it S(X,t) (C y4ETOM yCHOBHS) YXKE NONYYCHO, & IpH TI0f-
CTAaHOBKE YCIIOBHS B CCUEHHS, KOTOPHIE JIOJDKHBI TMOSBUTHCA B MOMEHT
(t, t+AL), mmeeM e;(t, tHAL) = Cy(t, tHAL) = X1 - X2. UroOst B (1, t+At) pearnu-
30BaJIOChH 3TO CEYEHHE, HEOOXOMMa pealT3ais B MOMEHT t CoGbITHs
e,(t) =%, - X2 + %, -x1. (S(x,t) =

= x1+xz)A(e;(t) =X, X2 +X, -;1) = X, X2 +X, ~;1,

MO3TOMY VO = Q, - ®, + ®, - Q,(4T0 MOKHO OBLIO 3aMHUCATH CPa3sy 10 BUILY
S(x,t) st MapaUIeIbHOTO COSMHEHNA B COOTBETCTBHE € (3.31)).

Eciti B Oguoren (3.41) 3aMeHUTSH Bee R; Ha (1-Q;) ¥ IpHBecTy omo6-
Hbie, To onyumM (3.39).
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Bw1800 no npumepy.

ITpn pacuere u3BecTHRIM MeToAoM Tio (3.22) — (3.25) 6bu10 caenano
creayouee gucio L maros npeobpa3oBanuil TOIHYECKOTO OMACAHH (J10-
I'MYECKOE OIUCAHHUE COCTOSIO M3 4-X CEeUCHHH ):

— U1 BEIYMCIICHUS Mg

L(ws)) = (C,=4)HC,=6)+(Ci=4yHC;=1)=15. (3.42)

B (3.42) nepBas ckoOka paBHA YUCITy WICHOB [IEPBOM CyMMBI B BBIpa-
KEHUH U ®g; (3.23) U COOTBETCTBYET IEPBHIM HETHIPEM KPYTIIBIM CKOO-
kaM B (3.37). Bropas ckobka B (3.42) paBHa uHCly WICHOB BTOpOH (ABOii-
HOM) CyMMBI [UIst gy B (3.23) U COOTBETCTBYET OCTABIINMCS IATH ClIarae-
MBIM (C MHHYCOM; [IecToe craraeMoe pasxo Hymo) B (3.37). OcranbHbie
nBe ckoOku B (3.42) COOTBETCTBYIOT YHC/Iy WIEHOB TpeThed (TpPOHHON)
CyMMBI | TIOCIENHEMY cllaraeMoMy s o, B (3.23). B (3.37) cocrapmsro-
TIKE OT 3THX TpeoOpa30BaHuil OTCYTCTBYIOT, T.K. OHH PaBHBI HYIIO.

— IS BHIYHCIEHHS sy (B cooTBeTcTBHH € (3.38)):

L(ws) = [(C,=4)( Cy+Ci+Ci=T)]+
H(Ci =6 )(C; + C=3)LH(Ci=4)(C=D];=50.  (3.43).

B nepBrIX KpyriabIX CKOOKax B KaXKIOM M3 TPEX ClIaraeMbIX, Olpese-
JIEMBIX KBA/IpaTHBIMA CKOOKaMHM, YUCIO TIOSBJICHUA OMHOTO, ABYX H TPeX
e; (ceyennii) Ha At, COOTBETCTBEHHO. A BTOpPBIE KPYIIBIE CKOOKH — YHCIIO
BO3MOMHBIX KOMOHHAIIMA HAJTMYHS OCTAJILHBIX CEYCHHH B MOMEHT t.

B pe3ysbrare BBIIONHEHMS Psifia MaroB MOTYT MOJNYYaThCs ITyCTHIE
MHOXECTBA, M03TOMY (HOPMYJIbHBIE COCTABIAIOIINE OT TAKUX HIArOB paB-
Hbl Hymo. Emé pas momuepkHeM, YTo Bce STH [IAard Hajo NpoAenarh, B
TOM 9HCTIE Te, KOTOpbIE JaAyT HYJEeBOH pe3ynbTar.

Takum obpasom, ob1ee uncro maros L = 65.

Ilpu pacuere npemnaraempiM MetozoM ((3.28), (3.29) ¢ yuerom
(3.26), (3.27)) nepeOOPHLIX KOMOWHATOPHEIX [IArOB HET. 3AeCh MIaraMH
pacuera SBISIOTCSH PEKYPCUBHbIE MTEpAlli HAPAIIMBAHUS NMEPEMEHHBIX.
Jlist paccMarpuBaeMoro IpuMepa ObUIO IPOZETaHO 5 MAaroB BBIYMCICHHUS
® (r(o),. - r(4)) ¥ 5 maros BeunciacHrs v (V(O), e v(4)).
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@opma MpeCcTaBIeHHI KOHETHOTO PE3YIbTaTa B IPEAIaracMoM Me-
Tofie Oonee ’KOHOMHAA U Oonee ymoOHas Jua aHaM3a (IPUOIMKEHAE K

KOHEYHOMY DPE3YyNBTATy MPOMCXOMUT JIHIIE CYMMHPOBAHHEM COCTABIIAKO-
IUX PEKYPCHBHBIX UTEPALHN).

3.6. Merton BbIYHCIeHUS NapaMeTPa MOTOKA
OTKA30B B HEMOHOTOHHBIX MOJIEJIsIX

OcTaHOBHMCS Ha OCOOEHHOCTSX BBHIYMCIACHHS apamerpa moToka Ie-
PEXOIIOB B 33JIAHHOE JIOTMYECKHMM HEMOHOTOHHBIM BBHIPAXEHHEM MOIMHO-
XKECTBO cocTosHUKA. HamoMHIM, 4T0 HEMOHOTOHHBIE JIOTHKO-BEPOSTHO CT-
HBIE MOJIENIH CHCTEM O0A3aTENBHO COEPXKAT KaK paboToCHOCOOHEIE, TAK K
HepaboTocmocobHble HabOpH! 31meMeHTOB. HeMoHOTOHHEIE MOZeaH ¢Gop-
MaJM3yIOT HEKOTOPBIE, MOXHO CKa3aThb «IPOMEXYTOYHBIE», COCTOSHHUSL
CHCTEMBI, B KOTOPBIX 00513aTEBHO MPUCYTCTBYIOT KAK OTKa3aBIue HaOOpb
3JIEMEHTOB, TaK U paborocrnocobHble. Ha prc.3.5 npuBenes Buy HASKHO-
CTHOH MOJENH B BUAE Ipadha COCTOSHHI U TIEPEXONOB HEKOTOPOHA CHCTCMEL
Ha pucyHKe cTpenku oT COCTOSHHIT ¢ MEHBIIUMH HOMEPAMH K COCTOSHHSM
¢ OONBIIMMYM — 3TO IIOTOKH OTKA30B 3JIEMEHTOB, @ CTPEIIKH OT COCTOSHHH ¢
OonmpIIMMU HOMEPAMH K COCTOSIHHSAM C MEHBIIUME — 3TO MOTOKH BOCCTa-
HOBJICHHSL 2JIEMEHTOB (€CJIH HyMEpaIys COCTOSHHIH TakoBa, YTO COCTOSHIML
¢ OoJbIIEH KPaTHOCTBIO OTKA30B HMEIOT H 0OIbHIMI HOMeD).

L

Puc. 3.5. I'pad nmepexonoB Mexmy
COCTOSTHUAMH CHCTEMBI
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Ilycts oOBeneHHBIE cocTosHUs 4, 5, n-1 ompedensdior kiacce (mo-
MHOXECTBO) COCTOSHHU CHCTEMBI, B KOTOPHIX 3({EKTHBHOCTb (PYHKIHO-
HUPOBaHHS COCTaBNseT yposeHb Ej. Torna mepexofisl B 370 MOAMHOKECTBO
COCTOSHHHU OMPENENAIOTCS KaK MOTOKOM OTKA30B IO CTPENKaM HM3 COCTOS-
HHEl ¢ MEHBUIMMM HOMEPAaMH B COOTBETCTBYIOIIHE COCTOSHUS NAHHOTO
HOZIMHOXXECTBA, TaK W IIapaMEeTPOM BOCCTAHOBIICHHUA - II0 CTPENIKaM H3 CO-
CTOSHHE ¢ GONBIIMMH HOMEPAMHU B COOTBETCTBYIOIIHE COCTOSHHSA C MEHb-
MIMMH HOMEPaMH JIAHHOTO KJ1acca cocTossHUH. OTMETHM, YTO B Kilacce Mo-
HOTOHHBIX JBYXYPOBHEBEIX MOZAEJICH BCE MHOXKECTBO COCTOSHHI Pa3leieHo
Ha JIBa MMOIMHOXECTBA, OTHO COOTBETCTBYET pabOTOCIIOCOOHOCTH CHCTEMBI,
apyroe — orkasy. Pasmensonias 3Tu JiBa NMOAMHOXECTBA JIUHHSA SBISETCA
HE3aMKHYTOH U TIepeXONbl H3 OXHOTO ITOJMHOXECTBA B JPYTO€E OIpeJieis-
FOTCS OJIHAM ITOTOKOM JIGO OTKA30B, IGO0 BOCCTAHOBICHHS.

Jlormyeckas pyrxums Y(E;), Bbraesnstomas k1acc COCTOAHUM, IKBH-

BAJICHTHBIX IIPOMEXYTOYHOMY YPOBHIO Ej, MoxeT OBITh paszieneHa Ha JBe
cocrapnsionpe A u B, 00neIHHERHBIX KOHBIOHKI[HUCH

Y(E,)=AAB, (3.44)

e A — JorHYecKoe BhIpaXKeHHE pabOTOCHOCOOHOCTH YacTH CTPYKTYPHI
CHCTEMEI, HeoOxonuMoi s obecneuenus yposHs He Huke E;; B - mormye-
CKO€ BHIpKCHEHE HEPAOOTOCIIOCOOHOCTH YACTH CTPYKTYPHI CHCTEMBI, HE
TI03BOJLAIOLIEH cHcTeMe paboTarh Ha ypoBHe Beie E;.

Ipennaraercs BbMHCICHHE MapaMeTpa IOTOKA IEPEXOAOB U3 MOJ-
MHOXecTBa coctostamil Y (B ;) B moamuoxectso Y(E;) mposomute cre-

JYIOIHM 00pa3zoM:

1. Bripaxenune (3.44) HeoOXomumoO MPEICTaBUTH B JH3IBIOHKTHBHOM
HopMansHOH (opme (JIHD), rne kaxmas KOHBIOHKIMS OYAeT cogepikarh
KaK paboToCrioCOOHBIE B MOMEHT BpeMeHH t 3eMEeHTHI (U3 COCTaBsIoNIeH
A Boipaxenus (3.44); 0ObIYHO B BHjie¢ MUHAMAIBHBIX NTYyTEH), TaK U HEpa-
60TOCIIOCOOHbIE MEMEHTH (M3 COCTaBIAMed B Bhpaxenus (3.44);
OOBIMHO B BHIe MUHHMAIBHBIX CEUCHHUH). DIEMEHTH COCTABIIOMUX HO-
MEUaroTCs, YToObI UL OMHHX 3alMCHIBATH MAPaMETP IOTOKA BOCCTAHOB-
JeHUH (1711 SIEMEHTOBR COCTABILIIONIEH A), a JUIA APYTHX (IJISL JIEMEHTOB
cocTapysronieil B ) — napaMeTp MOTOKa OTKA30B.
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2. Ilyers  K; — coObrtue nosBaenus B (t, t+At) i-ii KOHBIOHKI[HH, CO-
JiepKaleil OfHO CEYeHHE M3 B H OIvH MyTh U3 A, T.€. i-1 KOHbIOHKEFA
nmeeT BU K; = C; A A, npuuem B C; 11 A; Her oburmx anemenToB. [ogaire-
aue K;Ha At o3Hauaer (IIp# OpIMHAPHOM MOTOKE OTKA30B, BOCCTAHORICHEA):

a) B MOMEHT t HepaboTocnocoOHbIME Oblrm (1; — 1) AIEMEHTOR ceue-
aus C; (n; wucio snemMeHToB ceuenus C;) u iponsolien otkas Ha At ogHoro
(paboTOCIIOCOOHOTO B MOMEHT t) JIEMEHTa; TIPH 3TOM BCE HICMEHTH! Iy TH
A — paborocnocoOHBT;

6) B MomeHT t paborocriocobnsMu Obm (h; — 1) 97eMeHTOB iyTH A;
(h; duc0 sneMeHTOB MyTH A;) W IPOH30LUIO BOCCTAHOBICHHE OIHOIO
(HepaboTOCOCOOHOTO B MOMEHT t) HMIEMCHTA; IIPH 3TOM BCE DIEMEHTEHI
ceuenus C; — HepaborocnocobHbl. Torna BepOATHOCTH IOABICHHA Ha At
KOHBIOHKIMH K onpeﬂenmcsl 110 $HopMyIie TIONHOM BEPOSTHOCTH Tak

P{K,} = w, (t)-At= HR (1) Z[w (t)- HQ (t)]- At+

Ji=t gi%ji
+HQ (t)- Z[wj (t)- H R, (t)]-At, (3.45)
ji=t gi*li
rae W, (t)- mapameTp [OTOKA OTKA30B H BOCCTAHOBICHNUS SEMEHTOB j;;
¥, (t)- mapaMeTp noToKa BOCCTaHOBIICHHS EMCHTOB Jis
Q,(1), Q,i(t)- xodddurmeHT pocTos (HErOTOBHOCTE) HIEMEHTOB T,

£; B MOMEHT BPEMCHH {;

R, (1), Ry (t) - K03)HULHEHT TOTOBHOCTH SIIEMEHTOB T, & B MOMEHT
BPEMEHH t;

w:(t) — TIapaMeTp I0TOKA MEPEXO0B, 00YCIOBICHHBIM [TOABICHACM

roubIoHKIMH K.
3. Urak, nmMeeM ONMUCaHKE TIOMHOKECTBA COCTOSHUM, KyJa OCyIIe-
CTBIISETCA TIEPEXO]] B BUJIE

Y(E)=K, vK,v---vK,. (3.46)

Jlanee BHIYHCTICHAS MOXXHO TPOBOAUTH JIAOO B COOTBETCTBUH C Bbi-
paxenusmu (3.22 — 3.25) (kotopsie peanmusytor dopmyny (3.20), ¢ zame-
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HOH ceuenni C; Ha KOHBIOHKIMK K, comepxalye U ce4eHus ¥ IIyTH, He-
00XOmUMBIE ISl TIEpexoia B HCKOMOE IOAMHOXECTBO COCTOSHHH). Jlnd
kaxaoro Habopa K; Berumcinenumst nposopsrcs no (3.45). Jub6o moxuo
OPUMEHHTDH peKypcuBHYO rponenypy (3.28, 3.29) (3anmumeM BhIpaxeHA
JUIS OTOM TIPOIEAYPH emé pa3, YTOOHl BELAEIUTh HEMOHOTOHHYIO (DyHK-
maro Y(E;)). Bepaxerus fist napameTpa 1oToKa OTKa30B TOM YacCTH JI0-

THYECKOTO KPUTEPHs, KOTOPas CBA3aHa ¢ 0TKa3aMH OyAyT MMETh BHJ

@ (t)- At =P{(Y(E;, x,)71) A( Uei)/xkﬂ =Xy =...=X, =1}

i=l

1 (3.47)
Vi) A =P{(YE, x,0=1) A({Je)/ % =0,%,,, =...=x, =1}
i=1

e X; — i-bli 37MeMeHT cucteMHl (x; =1 — paborocriocoOHOCTS, X; =0 — oT-
ka3 i-ro snementa); Y(E;, x,t) =1 — nmoruueckas ¢pyHkuus nepexona B Hc-
KOMOE€ MOJIMHOKECTBO; €; — COOBITHE TIOSBICHUS 1-r0 CEYSHHS 0TKa3a JInho
IyTH BOCCTaHOBIEHHs pabotocrocobHocTH B (t, tHAL); 0¥, v* — yemosHerit
IIapaMeTp MOTOKa OTKAa30B CUCTEMBI Ha K 11are pekypcuu.

A BBIpakeHHs JUIS TApaMeTpa MOTOKA BOCCTAHOBICHHUS COCTABIISIO-
IIHX JIOTHYECKOTO KPUTEPHS, CBI3aHHBIX C pabOTOCIOCOOHOCTHIO BIEMEH-
TOB NIPHUMYT BHJ

Y (1) At =P{(Y(E,;, x,t)=0) A( Uﬂi)/xm =0, =...=x, =1}

i=1

¢ ()- At = P{OY(E,, x,070) AN/ Xy = Xpua = =%, =1}

VO = QO W O+ R, 0 ) + (P -T) v, 0, v(O=0 (3.49)

k k
[AC y ,0 - YCIIOBHBIC IIapaMETPEI IOTOKAa BOCCTAHOBICHUA CHCTEMBI Ha

(3.48)

k-OM Iare pexypcus; y,,, - IapameTp I0TOKa BOCCTAHOBICHHS JIEMEHTa
k +1; M- MHO)XeCTBO MHHHMAJILHBIX MyTeW MOMAJaHUS B COCTOSHHSA, OII-
perensemble norudeckoi pynkuued Y(E,).

B Boipaxenusx (3.47 — 3.49) napamerpsl notoka oTkazos (a(t)) u
OTOKa BOCCTaHOBNeHus snmeMenta (Y(t)), B IPENHONOKEHHH SKCIIOHEH-
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IUAIBHBIX pacnpe)leneﬂuﬁ Hapa60TKI/I JO OTKa3a U BPEMCHH BOCCTAHOB-

JICHUA, UMCHOT BH/!
2

A A
a(t) = i—u P (~O+p)t) (3.50)
W) = - exp -t (3.51)
+p

I A — HHTEHCHBHOCTh OTKAa30B IEMEHTa, |l - MHTEHCHBHOCTE BOCCTa-
HOBJICHHS JIEMEHTA.

Takum 00pa3oM, 0CyIIeCTBIIsAs IPeoOPa3OBaHUA U BEIYUCIICHES B €O-
OTBETCTBUH € NOMITYHKTaMH 1 — 3, MOMy4nM TapaMeTp [OTOKa TepPeXosoB
B 33[IaHHOE HEMOHOTOHHBIM JIOTHYCCKHM BHIpaKeHUEM (3.44) nonMEoxKe-
CTBO COCTOSHHH.

ANrOpHTM BEIYHMCICHHUS CHEAYFOLINM:

— JUIS HHTEPECYIOIIEro UCCIIENOBATENS IO JMHOKECTBA COCTOSHUH CHC-
TEMBI 3aIMCHIBACTCS JIOTHUECKoe BEIpaxeHue (3.44), koTopoe 3aTeM
npeobpasyercs k Buay (3.46)

— BBIYHCISIIOTCS YHCJIEHHBIE 3HAYEHVs MApaMeTpoOB IIOTOKA OTKA30B H
BOCCTAHOBJICHHUS TSI KAXJIOTO 3MIeMenTa crucTeMsl 1o (3.50), (3.51) u
uX K03 HUIUEHTHI TOTOBHOCTH, IPOCTOA

— mpoBopATcs BhruMcineHus Aubo mo (3.22-3.24), rme mna KaxAoH
KOHBIOHKIME K; ¥ NepeceyeHns KOHBIOHKLMN (TIepeceueHrne Takxe
OyzeTr KOHBIOHKIIUEH ), TapaMerp moToka onpeaensiercs 1o (3.45).

— I00 BBIYMCIEHHUS TIPOBOASTCS /U1l YCIOBHBIX KOHBIOHKIMHA 1O (3.47 —
3.49) taxke ¢ ucnoib3oBanueM (3.45), Tie Brj YCIOBHBIX KOHBIOHK-
Ui MOCNIEOBATENbHO C IIaraMu PEKYPCHU ONpENersieTcs cOCTOos-
HHSAMHM IEMEHTOB, CTOSIMMHE B YCIOBHAX BIpaxeHui (3.47, 3.48).
[Ipakruaeckoe MpUMEHEHHE METONONIOTHMY aHAIN3a HaJIeKHOCTH MHO-

TOYPOBHEBBIX CHCTEM C OLEHKOM MoKazarenel BeposTHOCTeH IpedniBaHus
Ha KaXIOM YpOBHE 3(Q(deKTUBHOCTH (HYHKIMOHHPOBAHHUS, TAPaMETPOB TIe-
PEXOIOB MEXIY YPOBHAMH H CpelHMX BpeMEH IpeObIBaHWA HA YpPOBHE
OCYIIECTRISLIOCH TIPH TEXHAUECKOM [IPOEKTHPOBAHUM BapHAHTOB Pa3BHTAL
Komsiesoro I'azonpoBoga Mockosckoi obnactu (KI'MO). Tlo BerHcneH-
HBIM BBIIIE YKA3aHHBIM TOKA3aTeIsIM OIIEHMBAJICA OCHOBHOH TOKAa3aTenp -
ko3 durreHT coxpaneHus s¢dexrrBHOCTH razocHabxkerus [69, 70].



I'maBa 4

JlepeBbst 0TKa30B,
nepeBbs COOBITHH

4.1. OcHOBHDBIC MOJIOKEHHUA METOI0JIOTHH
JepeBbeB 0TKA30B

Meroon0rus IepeBbeB OTKA30B Hayajda pa3BHBarbes ¢ 1962 r., ko-
ria srepssie Gbina npumereHa B Bell Telephone Laboratories 11 anannsa
HAJE)KHOCTH CHCTEM YIpPaBICHHUS 3amyckoM pakeT “Munmut™en”. aib-
HellIee pa3BUTHE METOJOJIOTHH CBS3aHO C HCCIENOBAHUAMH HaIEXKHOCTH
1 6e30I1aCHOCTH, IPOBOIUMBIMHA KomIlaHHEH Boeing. B Hacrtosmee BpeMs
METOOJIONMAS Ka49€CTBEHHOTO M KOJIMYECTBEHHOIO aHAIN3a JIEPEBLEB OTKA-
30B ABISETCA CTAHAAPTOM e (aKTo I HCCIEOBAaHMH HAJEKHOCTH M
0e30MacHOCTH B TAKAX BAKHEUIIHX 00JaCTIX Kak aBUACTPOCHHE, AaTOMHAS
SHEpreTHka, KOCMHYECKas IPOMBIIUIEHHOCTh, HedTerasoBas OTpacib,
O0BEKTHl YHHUTOXKEHHS XUMUYECKOTO OPYKHSL.

Hepesbs otkasoB (Fault Tree) mpencraBisioT coO0l BH3yaIH3aluio
JIOTHKO-BEPOATHOCTHBIX MOJENEH TeopHH HaJeXHOCTH. B Kiaccudeckom
BAapHaHTE, C TOYKU 3PECHUS YUUTHIBAEMBIX B MOJENIH (haKTOPOB “HAJIEKHO-
CTHOTO MOBeJCHUA” HCCICHAYEMbIX 0OBEKTOB M MPUMEHSIEMOr0 MaTeMaTu-
YeCKOro arrapara, JACpeBbsi OTKa30B HHYEM HE OTIMYAIOTCH OT JOTHMKO-
BEPOSTHOCTHBIX METONOB. EJIMHCTBEHHBIM OTIMYHMEM JAHHOH METOZONO-
T'HH ABASETCS (POPMATTBHOE MPECTABICHUE JIOTUKH BOSHUKHOBEHHUS OTKa-
3a CHCTEMBI TPH BO3HUKHOBEHHH OTKAa30B €€ JJIEMEHTOB H, BO3MOXHO,
BIMSIHMH BHEIIHUX (DaKTOpOB B Buje AepeBbeB. [Ipuuem, cama meTonono-
TUSL TOCTPOCHHUS JIEpeBa OTKa30B OCHOBBIBAETCA HA, TaK HA3BIBAEMOM, e~
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IYKTUBHOW JIOTHKE MCCJIEHOBAHUH, KOTZla MHTEPECYIOIIEe HCCIENOBATENs
HEXENaTeNbHOE COOBITHE ABIAETCS BEPIIMHOW AepeBa (BEPIIHHHBIM CO-
osrtieM (Top Event)), u BBIABISIOTCS BCE NPUYNHBL, KOTOPBIE MOTYT MPH-
BECTH K JIAHHOMY HEXeNaTelnbHOMY cOOBITHIO. TO ecTh, Ha KaXJI0M YpOB-
HE PAacCMOTpeHUs COOBITUH 3a7aeTCa BOMPOC “KaKUM 00pa3oM 3TO MOKET
npom3oitu?”. [Ipu BH3yallbHOM IPEACTABICHUE B BHJIE J€peBa apTyMeH-
THI JIOTMYECKOH (QYHKIMH 3aMeHSIOTCS 0a30BLIMH COOBITHAMH, a OmEpa-
UK JU3BIOHKIMH VU KOHBIOHKIMHA JIOTHUECKMMH BEpIIMHAMH (Omepa-
topamu) OR (MJIN), AND (M) coorBercTBeHHO. B Tabmume 4.1 mepeunc-
neHsl Haubollee PacTIPOCTPAHEHHBIE BEPIIMHBL W 0a30BBIE COOBITHSA Jie-
peBbeB 0TKa30B. [lepBoHAYANBHO JIepeBbs COREPIKAIH TOIBKO JOTHISCKHE
BeprrHEL OR 1 AND, 4TO IOJIHOCTBIO TOBTOPSIIO JIOTHKO-BEPOATHOCTHEIE
MOHOTOHHBIE MOJIENH. Takue NepeBbs Ha3bIBAIOT KAACCUYECKUMU UTU KO-
2epeHMHBIMU 0ePEebAMU OMKA308.

AHAJIOTHYHO JIOTHKO-BEPOATHOCTHBIM METONIaM, B KOTOPHIX MOXET
OBITh CKOHCTPYHPOBaHA KakK (pyHKIHs pabOTOCTOCOOHOCTH, Tak U (yHK-
sl OTKa3a UCCIeayeMoro 00beKTa, BEPIIHHHOE COOBITHE JiepeBa MOXKET
COOTBETCTBOBAaTh KaKk OTKa3y, Tak u paborocriocobHoctH. B mocnemnem
ciyvae TEpMUH “IepeBO OTKa30B” 3aMEHAIOT Ha “mepeBo ycnexoB”. Ha
puc.4.1 a u 6 moKa3aHBI KIIACCHYIECKUE JIEPEBDsl OTKA3a U ycrexa 00beKTa,
BBIMOJIHAIONIEro /B¢ QyHKIUH. OTKa30M O0BEKTa CUNTACTCS HEBBITOTHE-
Hue xots 061 ogHoW QyHKIHH (4.1.2). Ecnm 06e dhyHKIMM BBINONHSAOTCA,
00beKT cuutaercs paborocnocobHsM (4.1.0).

JanpHeliee pa3BUTHE METONOIOTHH JEPEBLEB OTKA30B CBA3AHO C
noGasnenneM norudeckoro oneparopa NOT (HE), uro ananormyno Hemo-
HOTOHHOM JIOTHKO-BEPOSATHOCTHOH Teopun. Hanpumep, Ha puc.4.1.B noka-
3aHO HeKozepenmHoe 0epeso, COOTBETCTBYIOIIEE BHITOJIHEHHIO 00bEKTOM
tonpko ¢yakumr @2 u orkazy ®@1. Beenenue oneparopa XOR (uckiio-
varomee MJIN) no3sonser 0600IMTh 3TOT Cityyaid ¥ 0TOOpa3UTh COOBITHE
paboTHl TONRKO OffHOM U3 ABYX (yHKImi, 160 D1, mubo P2 (puc 4.1.r).
B03MOXKHOCTD BBIIENEHHUS ONPE/ICTICHHBIX (QYHKIMHA C IIOMOUIBI0 HEKOTe-
PEHTHBIX JIEPEBHEB MO3BOJIIET CTPOUTH MHOTOYPOBHEBBIC MOJIEIH HAIEHK-
HOCTH, T.€. yYUTHIBATH HECKOIIBKO YPOBHEH 3¢ dekTHBHOCTH (TIPOH3BOAH-
TENBHOCTH) GYHKIMOHUPOBAHUS, U OIpPEAeNATh moka3aTenH dpdexTuBHO-
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cti. KpoMe TOro, CTaHOBHTCS BO3MOXHBIM BBIIENATH COCTOSHHS OTKa3a
Pa3HO¥ CTENeH! KPUTHYHOCTH.

B mocinenee BpeMs JepeBbs 0TKa30B CTalH aKTHBHO IPUMEHATLCS B
aganuse OesomacHocTH. Tak, JepeBbs OTKAa30B SBIAIOTCS OCHOBHOH YT-
Bepxennoii MATATD® metogonorueli IIpy IIPOBEAEHHH BEPOSTHOCTHOTO
ananus3a OesomacHocT aroMubIX cranuuid. HaGop Bepmma OR, AND,
XOR, NOT, NOR, NAND, nonyunBOidX Ha3BaHHE CHAMUYECKUE 6epuiu-
Hbl, HE TO3BOJISET HPOBOKMTH MOTHONECHHBIA aHAIU3 Oe30HaCHOCTH, TakK
KaK ¢ MX TOMOIIBIO HENb3s OIMUCATH Pa3BePTHIBaHUE BO BPEMEHH MOJEIH-
pyemoii curyaiuu. IIpoGiiema pelaeTcs BBEACHHEM OUHAMUYECKUX 6ep-
wun (em. Tabmuity 4.1). Baxuelimed u3 AMHAMAYECKUX BEPIINH ABIACTCH
PAND (mpuopuretoe 1). C nomonipio npuopureTHoro M MoxHo oTo-
OpasuTh MOCIEOBATENBHOCTh BO3HUKHOBEHHMS OTKa30B. Tak, ecin Hac
HHTEPECYET BEPOSTHOCTD TOTO, 4To 0TKa3 ®1 BozHukHeT panbine O2, To
HMEEM JIEPEBO OTKA30B, IpHBENeHHOE Ha pHC. 4.1.1. JlepeBhs, B KOTOPbIE
BXOJAT ONEPATOPHI, YYUTHIBAIOIIHE Pa3BHTHE ITPOLECCA BOSHHUKHOBEHUS
6a30BbIX COOBITHE BO BPEMEHH, HA3BIBAIOTCS OUHAMUYECKUMU OepesbsiMu
omxkaz06. JIAHAMUYECKHE [EPEBbS PEATM3YIOTCA ¢ MOMOLIBI0 MaPKOBCKUX
IpoLeccoB U OyAyT MOAPOOHO ONKCAHBI IOCIE M3IOKEHHA MAPKOBCKHMX
MoJieJiei HaJIe)KHOCTH B IIaBe 6.

Ta6anua 4.1. O603HaueHNHE BEPIIMH H COOBITHI AEPEBBEB OTKA30B

Bepmuna HasBanue Onucanue
AND noruueckoe U
OR sorunueckoe NIV

NAND gorupaeckoe U-HE

NOR norgaeckoe WIM-HE

NOT noruueckoe HE

2 MATAT? (IAEA) — MexyHapoaHoe ATeHTCTBO TIo ATOMHOM DHepreTHke



4.1. OCHOBHEIE TTONOXCHUSK MCTOROJIOTUH ACPCBBEB OTKA30B

Oxonuanue Tadmmup! 4.1

m:N TOJI0 COBaHHUE ( BBIOOP BXONOB MO KPATEPHIO M

VOTING (k/n)
U3 n)
INHIBIT soruueckoe U c 3ampeniaromyM BxoxoM (MHTHOR-
topHoe 1)
ﬁ XOR ucximouarornee UM
ﬁ PRIORITY npropuTeTHOe U (HamMmryeckuit oneparop)
AND (PAND) |"P"°P A oreparop
$yHKUMOHAJIBHAS 3aBHCUMOCTD (IUHAMAYECK T
¢ FDEP
oneparop)
SPARE ruOpHIHOE Pe3epBUPOBAHIE (IUHAMUYECKHH OTIe-
parop)
@ SEQ TIOCIIEA0BATEIbHOCTh BOBHUKHOBEHHS COOBITHH
(TIHAMHMYECKHIH OTIeparop)
A TRANSFER pa3sOHBaeT NepeBo Ha MOAJCPEBA, paSHOHaFaCMBIE
Ha Pa3HBIX JUCTaX (BCIOMOTATENBHEINA OepaTop)
REMARKS |BBon koMMeHTapreB (BCIOMOTATENBHEIN OIIeparop)
CobbiTne HazBanne Onucanne
BASIC 6a30Bo€ COOBITHE
BASIC MOBTOpSAFOLIIeeCs 0a30BO€ COOBITHE
Repeated Event PO
EVEL- OXKHOE (cocTaBHOe) 6a30BO€ COORITHE
OPED cI bI
UNDEVEL-
OPED MOBTOPSIIOMIEEC CTIOKHOC 0a30B0OE COOBITHE

Repeated Event
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Bomnontesue pDyseps
§2 4 HEBLINONHEHHS
dovhrm O1

GateahD

oTKas &1 pabota 2
Eventt GateNCT

6) KorepenrtHoe mepeBo yCIexoB

{783 OF BEINOAHEHIS
nabo dyregn 1
mbo dysays ©2

GateXUR

oTRas U2

orras §1

orkar ©2

Event?

Evant

Event?

B) HekorepenTHOE IEpeBO
orkaza @1 u paborer ®2

r) HexorepentHoe epeso oTkasa
OIHOM U paboTeI Apyrod GyHKUHH

Puc.4.1. [lepesbs oOpexTa, BoinoNHsOMmEro sBe GyHxiuu @1 u G2
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THa2 OT BLINCAREHIA
dhyrroan 01, 3 saTen
doynsipm §2

GatePAND

oTras Gf otras §2

Eventt

1) Nepeso orkxazoB dyukmmm @1, a satem O2.

Puc.4.1 (Ilponomxenne). /lepesns o0nekTa,
BBIMONHsIOMIEro JiBe Qyrximy @1 u @2

4.2. Iloaxoabi K NOCTPOEHMIO IePEBbLEB 0TKA30B
CTPYKTYPHO-CJI0KHBIX CHCTEM

[Mpouiece nocTpoeHUs iepeBa NOCTATOYHO I3BPUCTUYEH, & €0 PE3yilb-
TAaT BO MHOI'OM 3aBHCHT OT 3HaHHI U kBanmudukanyuy aHanutuxa. Ommucel-
Bas JIOTHKY, OPHBOJSINYIO K BOSHUKHOBEHHIO BEPLIIMHHOTO COOBITHSA,
MOXHO CTPOHTH pa3iaH4HbIe AepeBbi. OIHAKO JIOTHYECKHE (YHKIHH, CO-
OTBETCTBYIOIIUE 3TUM JICPEBBSIM, NOJDKHBI OBITh 3KBUBATXECHTHBI, C TOUYKH
3peHusl MoiyuaeMoro pesynsrara. [Ipuseaem npuMepsl NOCTPOSHHUS KoTe-
PEHTHBIX (MOHOTOHHBIX) M HEKOTEPEHTHBIX (HEMOHOTOHHBIX) J€PEBBEB
0TKa30B U ycuexoB. HauneM ¢ mocTpoeHus AepeBhEeB OTKa30B MOCTHKOBOK
cxembl (puc.3.1.8). HecMoTpa Ha KaXymiyrocs MPOCTOTY MOCTHKOBOU
CXEMBI, Ha ee TIPHMEePEe MOXHO IPOIEMOHCTPUPOBATh TPH OCHOBHBIX MOJ-
X071a K TIOCTPOSHHMIO JEPEBLEB CTPYKTYPHO-CIIOXKHBIX cxeM. IlepBrlil mox-
XOZ1 OCHOBaH HA NMEPEYHCICHHH MUHHUMAJIBHBIX CEUeHUH (IyTel) CXeMBI U,
CIIeIOBATEeNbHO, IPUTOEH TOJBKO JUI CHCTEM HEDONBIION Pa3sMEPHOCTH.
Bropo#i Gosnee yHuBepcanbHBIH MOAX0J OCHOBAH Ha 0OpaTHOM MPOXOje
BCEX Y3JI0B CXeMBbI, HAUMHas ¢ BhIXogHoro. Ilpyu npoxone ans kaxmoro ysna
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s

Puc.4.3. Jlepeso 0Tka30B MOCTHKA, IOCTPOCHHOE HA OCHOBE
TIPOXOAA Y3JIOB CXEMBI OT BBIXO/2 K BXOTY
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orpenienseTcs JOTHKa ero otkaza (padorocnocobHocTH). Tpetnit momxon
OCHOBaH HA TIPHMEHEHHMH HPHHIMNA PA3jIOKEHHS OTHOCHUTENBHO BEIIE-
NIeHHBIX DIeMeHTOB. [locnmemoBarenpHOE pas3ioXkeHHe AepeBa Ha HECO-
BMECTHBIE COCTABJIAIONIHE MO3BOJET MPOBOANTH AHANU3 JOCTATOYHO
CIOXKHBIX cucTeM. Tak, Uit MOCTPOCHHUS JiepeBa OTKA30B H3BECTHOH
“35 zanaun” W.A. PsOunnna [71] nocrarouno nmpoBeneHue TpeX UTeparui
Pa3IOKEHUS.

Ha puc.4.2 nokazaHo /iepeBO OTKa30B MOCTHKOBOM CXEMBI, IMOCTpPO-
€HHOE Ha OCHOBE AIPUOPHOTO 3HAHMS Habopa MMHHMMAJBHBIX CEUCHHH
{1,2}, {3,4}, {1,4,5}, {1,3,5}. Ha pucyrkax 4.3 u 4.4 cOOTBETCTBEHHO
IIPUBEECHBI IEPEBb OTKA30B W YCIIEXOB MOCTHKA. JTH AEPEBbs MOCTPOE-
HbI HA OCHOBE MPOXOJia Y3IIOB CXEMBI OT BbIXOZa K Bxoxy. Jlepeso Ha puc.
4.5 moCTPOEeHO HA OCHOBE PA3IOKEHHA OTHOCHTEIHHO MEPEMBIYKH MOCTH-
ka (3aemMeHT 5). 3mech u jjanee NpeCTaBIeHHbIE JIePEBbs HAOpaHbI B MO-
nyie FTA amamuza Windchill Quality Solutions. IIpu nabope mepeBbeB
MOMHMO CTAHAPTHBIX 0a30BBIX COOBITHH M JIOTHYECKHX ONEpPaTOpOB HC-
TONIB3YIOTCS TIOBTOpsTIommecs cobniTs (repeated events) (cm. Tabn.4.1).
[losropsiromuecs: 6a3oBbie COOBITUA aHAJOTHYHO MOBTOPSIOMUMCS diie-
MeHTaM OJIOK CXeM YUHTHIBAIOT BO3MOKHOCTD TIPUCYTCTBHUS OHOTO M TOTO
e CoOBITHS B Pa3HBIX BeTBsix nepesa. Hampuwmep, B nepese (puc.4.2) ot-
ka3 anemenTa | (moBTopsrouieecs 6azoBoe cobbiTHe event 16) nmpuBeneT K
TOMY, YTO COOTBETCTBYIOIHE BXObI reiitoB 14 1 16 onqHOBpeMeHHO MpH-
MyT 3Ha4eHue true (UICTHHHA).

4.3. ®opMau30BaHHOE NPeICTABICHHAE
JIOTHKH Pa3BHTHSA ONACHBIX CHTyaLHi
B BH/I¢ iepeBbeB

JlepeBbsi OTKA30B ABISIOTCA OAHOM M3 Hambolee pacupOCTPaHEHHBIX
Mopenei Iuisi rpadHuecKoro NpeACTaBICHHS NPUUMHHO-CIEICTBEHHbIX
B3aHMOCBSI3€H M IPOBE/ICHHUS Ka9€CTBEHHOTO M KOJMIECTBEHHOTO AHAIH3a
pazButHs cutyanuil. HanbGonee yacto Taxue 3ajauy BOSHUKAIOT IIPU aHa-
nu3e 6e30macHOCTH. B 3TOM citydae omacHas CHUTyamusi COOTHOCHTCS BEp-
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MUHHOMY COOBITHIO JiepeBa, a 0a30BbIe COOBITHS BO3MOMKHBIM OTKA3aM
00Opy/I0BaHUS, HEMPABWIBHBIM JCHCTBHAM 4YEJOBEKa, HEONAronpusTHEIM
BO3IEHCTBHAM OKpPYXAaIOIEH cpeasl U np. PaccMOTpeHHBIE B TIpeIbINy-
IIeM paszesie OaXo/bl K MOCTPOCHHUIO JIEPEBREB OIS CXEM C 3aJaHHOM Ha-
AEKHOCTHOW CTPYKTYPOH NPUMEHHMMB! M B CAYYAAX MOMACIHAPOBAHHSA JTO-
TMKH BO3HUKHOBEHHS OIACHBIX CHTYAI[WH:

Cumyayus 1.Pa3peis 6axa mexHoi02ui4eckou ycmanoeku

Pacemorpum omucanuyio B [26] TEXHONOIMYECKYIO YCTAaHOBKY, CO-
crosmIyro u3 0aka M Hacoca, MOJAONIET0 B HETo XHAKOCTh (puc.4.6). Ye-
TAHOBKY BK/IIOYaeT 4eIOBEK. VMeeTcst Ba YCTpOWCTBA, IPEAOTBPAIAiO-
HME ONIACHYI0 CUTYAlMIO, CBA3aHHYIO C IeperonHeHueM Oaka: TakiMep H
capera. TaliMep CIyXHUT JUIsl pa3MBIKaHHS KOHTAKTOpA [0 UCTEYEHHH OIl-
pefleNIeHHOro HHTepBaaa BpeMend. CUpeHa IIpH repenonHeHnn 6aka qaet
3BYKOBOM CHI'HAJI YETOBEKY Ha OTKJIFOYEHHE (Pa3MBIKAHUE BBIKJIIOUATENS ).
Paspsi 6aka MOXeT IIPOU30IMTH, Kak M3-3a OTKA30B 3EMEHTOB 0aka, TaK u
13-3a TPEBHINCHHUS JABICHHS XKUAKOCTH B Oake. [lpeBblieHue AOMYyCTH-
MOTO YPOBHS JaBJICHHSA MOXET TIPOH30NTH, €CNIH KOHTAKTOP M BBIKIKOYA-
TEJTb HAJOITO 3aMKHYTHL. JlepeBo pa3ppiBa Oaka TEXHONOTMYECKOH yCTa-
HOBKH IIOKa3aHO Ha pHC.4.7. J[ns OnMCAaHHUS JOTHKU COOBITHH, TPHBOJA-
IMHX K pa3peiBy, AocrarodHo BepiyH U u WIN, rmostomy aepeBo sBmser-
¢S KOTEPEHTHBIM (MOHOTOHHBIM ).

CUpeHa

Tanmep

Prc.4.6. biiok TeXHOMOrHYECKOH YCTAHOBKU
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Puc.4.7. [lepeso pa3peiBa 0aKa TEXHOIOTMYECKOH YCTAHOBKH

Cumyayus 2. Aeapus Ha yuacmke Hcene3Hou 0opou.

PaccMOTprM 3HAMEHHUTHIH NPUMED, ONMMCHIBAIOIAN CHTYAlUIO BO3-
HUKHOBEHHS aBapHH HA XEJIC3HOU Jopore. DTOT IpuMep OBLT NMPEATOKEH
A.C. MoxaeBsIM B IPOLIECCE MPOBENCHIUS BEpU(HKALIH TPEX IPOTpaMM-
HBIX cpencTB ananu3a Hagexsoctd APBHUTP, Relex, Risk Spectrum [30]..
IIpumep IeMOHCTpUpYET BO3MOXKHOCTH 3THX IPOIpaMM IIO 3a/IaHHI0 H
HCCNENOBAaHHI0 HEMOHOTOHHBIX JIOTHKO-BEPOSTHOCTHBIX MOZIEIICH.

Ha puc.4.8 npuBesieHa (yHKIMOHATbHAA CXEMa y4acTKa XKEJIE3HOM
JIOpOTH, BO3MOXKHAS aBapysi Ha KOTOPOM MOKET IPOU30UTH MO NPHUMHAM —
W3/I0Ma penbca W/HIKM BO3HHUKHOBEHHE IIpeiMeTa Ha penbcax. Ecnd mpo-
W30IILTH COOBITAS U3JI0MA Pelbca M GE30TKA3HOM paboThl CHCTEMBI MHUKA-
[IHH M3]I0Ma Peiihca, TO 3eNeHbIH pasperiaroii CHrHal cBeTodopa u3Me-
HAETCA Ha 3aNMpEIIAONHi KpacHsli curran. Ecin MammHuCT He OIyCTUT
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MANTEMCT YEHAEN DIACHOCTS H
BRJTOTII] TOPMOSHYIO CHCTEMY
besoTHAZHOCTE R
HHIMKATOPA

N

BOSHHKECBEHHE DE3I0THATHOCTE
IpERMETa HA PETBCAX TOPMOZHOH CHCTEMEL

B=0.1 B=0999

Puc.4.8. ABapuiinas cuTyanyst Ha JXeJIe3HOH opore

OITMOKM W YBHIIUT IPEAMET Ha PeNbCcax /MW KPACHBIH CHUTHAN CBETO(O-
pa, TO OH BKJIIOYHT CHCTEMY TOPMOMKEHMs moeszia. Torna, IpH YCIOBUM
0e30Tka3HOH pabOTBI CHCTEMBI TOPMOXKCHHS, JKEIE3HONOPOXKHAS aBapus
Oyzer npeporspanieHa. HeMOHOTOHHOCTB JIOrHKO-BEPOSTHOCTHOM Moje-
1 BO3HHUKAET II0 NPUYMHE TOTO, YTO HEXKENATeIbHOE COOBITHE “BO3HUK-
HOBEHHE HpEJMETa Ha penbcax’ INPUBOAUT K CHIDKCHUIO BEPOATHOCTH
BO3HHUKHOBEHHMS aBapHH NpH HecpabaThIBaHUH cBeTodopa.

ITocTpoum fiepeBO OTKa30B, ONUCHIBAIONIEE 3Ty CHTyarumo. [Ipume-
HUM TPHUHIMII Pa3iOXEHUS U IOCTPOUM HECOBMECTHBIE BETBH JIEpEBa, CO-
OTBETCTBYIOILHE COOBITHIM

— €CTh H3JIOM pellbca U IpefMeT Ha peibcax (B ITOM ciydae aBapys
BO3HHKAET [IPH “OTKa3e” YelnoBeKa MM TOPMO3HOU CHCTEMBI)

— ecTb M3JIOM pelbca U HeT NpeaMeTa Ha pellbcax (B 3TOM ClIydae aBa-
pHs BO3HUKAET IIPU “OTKa3e” YeI0BeKa UM TOPMO3ZHOH CHCTEMBI MU
cBetodopa)

— HET U3JI0Ma U ecThb IPEAMET Ha pelbcax (B 9TOM ClIydae aBapus BO3-
HUKAEeT IPH “OTKa3e” 4enoBeka HiIM TOPMO3HOU CHCTEMBI).

HepeBo aBapuM ydacTKa KE€He3HOM JOpOrH MOKa3aHO Ha puc.4.9.
IMomyueHHOe AepeBO OKA3an0Ch JOCTATOYHO HAMTISAHBIM, XOTS U TPOMO3/I-
KuM. bonee KOMIIaKTHOE TIpe/ICTaBlIeHHe ITOH )ke CUTYallMH PEeaCTaBIeHO
Ha fepeBe puc.4.10. O0a nepeBa 3KBUBAJICHTHBI, HO YTOObI MOCTPOHTH
KOMITAKTHOE JIEPEBO HAJ10 00NaAaTh JOCTATOYHBIM OITBITOM.

HexorepeHTHOE €peBO YCIIEXOB, BEPLIMHHBIM COOBITHEM KOTOPOTO
ABIsIeTCA “0e3011aCHOE COCTOSHNE YYacTKa JKele3HOl Nopory” IPUBEEHO
Ha puc.4.11.
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4.4. /lepeBbsl 0TKA30B, HCNOJbL3YIOLIHE
BCIIOMOraTeIbHbIe CTATHYECKHE BEPIIHHbI

Jlns obnerdeHus 3ajaHus JIOTUKH JiepeBa U Ooliee KOMIIAKTHOTO €10
IIPE/ICTAaBICHUS BBEACHEI IBE IOMONHUTENLHbBIE CTATHYECKHE BEPIIHHb]

— BepumHa naruouTop (INHIBIT)

— BepmHHa BbIOOpa BX0710B 110 kpurepuio “m u3 n” (VOTING m:n)

Hnzubumop 1MONTHOCTHIO MOBTOPSET JIOTHKY BEPIIMHBI JTOTHYECKOTO
N (AND), omHako omuH U3 BX00B orpezeneH kak ycinosue (Conditional
Event), 3anpemarommee wiy paspemaroniee cpabarbiBaHUe BEPIIMHEBI TTPH
HUCTHHHOCTH BCEX OCTAJIBHBIX BXONOB. Bee BXOIBI HHTHOUTOPA, KPOME YC-
JIOBUSI, MOTYT OBITb KaKk 0a30BBHIMHU COOBITHSAMH, TaK M BBIXOJAMHU JPYTHX
JIOTHYECKHX BEPLIHH JepeBa. Mcmons3oBanne HHIMOWTOPA YIIydIIaeT YH-
TaeMocTth aepeBa. Ha puc.4.12 npuBeneHo aepeBo, oToOpaxaroniee JIOTH-
Ky BO3HHUKHOBEHUS MO0Xapa TNPH HATHYUH HCTOYHHKA BOCIJIAMEHEHHS W
TOPIOYMX MAaTEpHANOB. YCIOBHOE COOBITHE COOTBETCTBYET HANMYMIO KH-
CIOpOa B BO3/yXe, 0€3 KOTOPOro HEBO3MOXKEH Nporecc ropeHus. Iipumep
B34T U3 on-line cripaBku rporpammel Windchill Quality Solutions.

Bo3HMRHeBEHKE
noxapa

HammMe KHomopega B
BOZEYXE

Gatel182

Eventi4d

Y

Fopiouke MaTepranst

H

METOUHKK
BOLTINAMEHEHINA

Eventi4l Eventi42

I 1
| 9:0.100000 |

:;maaoé]

Puc.4.12. Jlepeso orkazos ¢ Bepmmnoil INHIBIT
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Jloruka BEIOOpa BXOIOB IO KPUTEPHIO “m W3 h” MOXET OBITh HoCTa-
TOYHO [POCTO peam30BaHa C IIOMOIIBI0 Kiaccudeckux BepmuH U (AND),
WJIA (OR) u nepeunciienus ceyennil (myrteil). Ogaako 4To0bI 00MEr4UTh
Habop mepesa W chenarh ero Oonee KOMIIAKTHBIM, Oblia BBE/ICHA BEPIMHA
VOTING m:n. PaccMoTpuM IpuMep MOAEIHAPOBAHMS HAJIEXKHOCTH TPEXH-
SIPYCHOM CTPYKTYpBI, IOKa3aHHOH Ha puc.4.13. OTka3oMm CTPyKTYpsI ABIIS-
eTcs oTka3 Oonee Tpex BhIXOA0B. JlepeBo paboToCIIOCOOHOCTH CTPYKTYpHI
nokaszaso Ha puc.4.14. Ecim Ob1 MBI HEe WCIIONB30BAld B KayecTBE Bep-
mHHHOTO coObITHs 3Toro fepeBa VOTING 5:8, To Ham Heobxomumo ObLIo
651 copMupoBare Bee 56 myTelt cxembl (C5) M OOBEIHHUTE HX C MOMO-
weio Bepmuasl UJIM (OR). Ilpu noctpoennn nepesa Takske ObLm HC-
nonb3oBanb! BepmuHbl-riepexofHuky (TRANSFER). Kaxnas TRANSFER
BEpILKHA PACKPBIBACTCS BIIOXKEHHBIM JIEPEBOM.

Puc.4.13. Tpexpapycnas CIpykTypa
€ MO)XOPHPOBAHHEM BBIXO/IOB
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4.5. KauecTBeHHbIH aHAJIH3 [IEPEBbEB 0TKA30B

KauecTBeHHBIN aHAM3 COCTOUT B OpeeNeHu: HabOpOB MUHHUMAIIb-
HBIX CEYEHMHl MO JIepeBy OTKA30B WM MUHUMAIIBHBIX ITyTEH I10 IepeBy yc-
1exoB (B JiepeBe yCmeXxoB 0a30Bble COOBITHS COOTBETCTBYIOT paborocmo-
cobHoCTH 1eMeHTOR). OCHOBHBIMH AJITOPUTMAMH HaXOXKICHHS CEUCHUN 1
nyreil mo nepesy apisiorcs anroput™Mel MOCUS [26,27,72] u MICSUP
[73]. Anroputv MOCUS ocHOBBIBaeTCsl Ha OOIIENPHHITOM B aHAIIM3E Jie-
PEBBEB OTKA30B MOAXOIE “‘CBepXy-BHU3 (top-down) U ydere Tex (axToB,
qro reiTel OR mopoxaaroT HOBbIE ceueHMs Aepesa, a redTsl AND ysenu-
YHBAIOT pa3Mep cedeHus (100aBISIOT HOBEIE Oa30BbIe COOBITHS).

Hanpumep, [uis epeBa OTKa30B, MOKa3aHHOTO Ha puc.4.15, 06o3Ha-
uuB redT 1-Gj, 6a3oBoe cobbrtie 1 —E;, momyuaem HaOOp MUHMMAJILHBIX
CEYCHUI:

G, =G +G,>G,G,+(E, +G,) >

= (B, +G)E;E))+(E, +E, +E() =

> (E, +E+E)EE)+E, +E. +E, =
=E,BE.E, +E;E,E,+E,E,E, +E +E, +E, =
=E,E.E, +E;E,E, +E, +E; +E.

Aunropurm MICSUP ocHOBBIBaeTCA Ha TeX K€ MONOKEHHAX, YTO W
MOCUS, onHako MOpoxox MO JepeBy OCYLIECTBIAETCS ‘‘CHHU3Y-BBEPX
(bottom-up), 4TO NO3BONSAET CTPOUTH CEUEHUS (IIyTH) HE TOJBKO JUIL BEp-
IIMHHOTO COOBITHA, HO U JUIS IPOMEXYTOYHHIX reitoB. Tak, juis jepeBa
Ha puc.4.15 umeem

cedenue BepumHbl G6: E¢tE;

ceyenue BepumHbl G5: Es+Eg

cegenne Bepumabl G4: E;E,

ceyenne BepuinHbl G3: E, +Gg= EytEtE;

ceqenne Bepumubl G2: E+Gs=E+Es+E¢

ceuerue Bepumsbl G1: G3Gs= (E)+E¢+E7)E;E,

cedenne BepurmHHOTO cOOBITUS GO: G+G=E | +Es+E¢+E,E3E+E;E E;
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Gatel

Puc.4.13. Jlepeso oTka308 ¢ mosTOpsrommuMcs 6a30BbIM cobbiTHeM (E6)

4.6. Ucnonp3oBaHue AUarpaMm ABOMYHBIX
peleHUH ANA KOJHYECTBEHHOI0 AHAJIH3A
JiepeBbeB 0TKA30B

OOmenpUHATEIM, 10 HENABHErO BPEMEHH, MOIXO0IOM K MPOBEICHHIO
KONMYECTBEHHOTO aHAIN3a JEPEBHEB OTKA30B ABISUICS TONXOM, OCHOBAH-
HBIA Ha TEOPEME CIOMKEHHS BEPOSTHOCTEH COBMECTHBIX COOBITHH pealn-
3allMl MHHUMAJIBHBIX ITyTed (ceuenmii) (cMm. gopmyny 3.10 pasmena 3.2).
B 3anagnoi nureparype [26,27] 3T0oT MOAXO[ NPMHATO HA3bIBaTh “TIPHH-
[IANOM BKIIOYEHHA-UCKIOUEHUA”, a Bblpakenue (3.10) — “dopmynoi
BKJIFOUeHUs-UckmodeHus” (cross product). Tak kak mpoBeAeHHE PYUHBIX
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PacueTOB HAEKHOCTH MHOTODIEMEHTHBIX TEXHHYECKMX CHCTEM HA OCHO-
Be NPHUHIUIA BKIIOYCHHA-HCKIIOYEHH KpalHe 3aTpyJHUTENBHO, TO HC-
TIOJIB3YIOT COOTBETCTBYIOMIEE NporpaMMHoe obecniedenue. IIporpamMmuas
pea3aiins 3TOT0 MOAXOA SBISETCS CIOKHON NPOrPaMMHCTKOH 3a/a4eH,
Tak Kak Tpebyer pa3paboTky OBICTPHIX alrOPHTMOB IeHepaiuu HabopoB
MHMHHMAJEHBIX CEYEHHH M CIOXHBIX NPOLENYp KOAUPOBAHHS BBHIPAKEHUS
3.10. Hopeiimei TeHAeHIMEH B aBTOMATH3ALMK aHAJIN3a JEPEBBEB OTKa-
30B SBIAETCS ITPHUBICYEHHE COBPEMEHHBIX P(HEKTUBHBIX METONOB JHC-
KPETHOH MAaTeMarnKd [UIs [PEJICTABICHHS H MAHWMYIAUHH OyleBBIMH
(YHKIMAMHE, COOTBETCTBYOIINMHE JEPEBHIM OTKa30B. B kauecTBe MCKOMO-
o Ipe/CTABIeHHs JIOTHKH JiepeBa NpesiaracTcs NPHMEHSTh THATPaMMBL
nBomuHHIX pemeruic (Binary Decision Diagram — BDD) [74]. B tepmu-
Hax BDD Jrorudeckue (yHKUMH MPEACTABIAITCA B BHAE HAIPABICHHOIO
arpkargeckoro rpada (brnHapHOrO JIepeBa), y KOTOPOro BHYTPEHHHE BEp-
IIMHBI TIPEACTABILIIOT apryMeHThl ¢yHkumu. Kpome Toro, BBIAENEHBI 1BA
THITa TEPMHHAJBHBIX BepIIHH, oO6o3HadeHHsle kak 0 u 1. Kaxxnas Herep-
MHHANbHAsS Bepuinia rpada v uMeeT AByX rnoroMmkoB left(v) u right(v).
BetBu rpada ynopsaodeHs! — IPOXoj O JIEBOH 03HAYAET, YTO apryMEHTy
IPUCBOSHO 3HadeHue 1, a mo mpaBod — 3HaueHue (. IIpucBoenune 1 oro-
OpaxaeTcs CIUIOMIHOM JIMHUEH BEeTBH, NpUcBoeHHe 0 — MyHKTHpHOH. 3Ha-
YeHHe JOTMIeCKOH (PYHKIMH OIpereseTcs CyCKOM M0 JepeBY OT KOPHA
K TepMHHAIBHBIM BepmuHaM. PasmepHocts BDD Moxer ObITh CHIDKEHA
nyTeM O0bEeANHEHHUS BCEX CAMHUYHBIX U HYJIEBBIX TEPMHHAJIBHBIX BEPILHH
B /1B€ TepMHHANbHbIe BepunHbl | 1 0. JlansHeiimas penykius BDD cBs-
3aHa ¢ OOBCAMHEHHEM HETEPMHUHAILHBIX BEPIIHH, COOTBETCTBYFOLIMX
OZIMHAKOBBIM apryMEHTaM M HMEIONIMX OJMHAKOBBIX IIOTOMKOB. Bep-
mIMHEL, Y KoTophix left(v) = right(v), MoryT ObiTe ynanensl. Ha puc.4.16
NpHBEACHA MaXOPUTApHAS cxeMa ¢ PyHKIueH padbotocnocobHOCTH S(X) =
= X1X24X1X34X2X3, [PEICTABICHHON B BUJE [JBYX SKBMBaJIeHTHBIX BDD.
IlepBas muarpamm mosropsieT TabnuIly UCTHHHOCTH. BTopas monyuena u3
IIEpPBOY IIyTeM YyHAJIeHHS KpaWHUX HETEPMHHAIBHBIX BEPIIHH X3 H 00Be-
JIMHEHHs IByX BHYTPECHHHX BEPIIUH X3 B OFHY.

3
Taxxe OPUMEHSAIOT TEPMUHBL: «(ABOUYHLIE DASPCIIAIOIIME NUATPAMMBI,« 6HHap-
HbIC JUarpaMmmsl pemeﬂnﬁ».
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Puc.4.16. [IvarpaMMb! JBOMTHBIX PEIICHNH MAXKOPUTAPHOM T0THKH “2 U3 3”

Ilpu aBTOMaTH3alMM aHAJM3a HAIEKHOCTH BRXKHBIMU IIPEHMYIIECT-
BOM JiMiarpaMM JIBOMYHBIX PEILIEHHUIT ABIISIOTCS

— NpeICTaBICHAE JOTHYECKUX GyHKUMH B dopMax mepexona X 3ame-
IEHHIO, JIOITYCKAOIUX 3aMENIeHUe JIOTHISCKUX [IePEMEHHBIX BEPO-
ATHOCTAMH, a@ JOIMYECKUX onepaiuil apudmernueckimu. 31O 0C-
THTAeTCs 32 CYeT TOro, 4TO caM NPHHIMN nocTpoerns BDD, monob-
HO aNropuTMy paspe3anus (cm. pasfen 3.2) , ofecHeuynBaeT pasno-
*KeHUe JIOTHIECKOH (yHKIMA Ha OPTOTOHAITBHBIE ClIaraeMEIe.

— Ipu MamMHHON peanu3anyu BDD Bomnomaercs nenuHeiHoOH iHa-
MHYECKOH CTPYKTYpOH JAHHBIX — JBOWUYHBIM JIEPEBOM, /IS KOTOPOTO
pa3paboTaHsl 3(p¢eKTHBHBIE aNrOPUTMBI 00X04a Y3JIOB, CIOXKHOCTEH
KOTOPBHIX 3aBHCHT OT KOIHMYeCTBA YPOBHEH JepeBa, T.e. MPUOIH3H-
TENBHO OT log,n (n — KOJMUYECTBO Y3JIOB).

Hepoctatkom BDD sBisiercs To, 9T0 pa3sMepHOCTh NOPOKIAEMBIX
ZWarpamMM CHIBHO 3aBHCHT OT NPEABAPUTENHLHOIO 3Tala yHOPATOYCHUS
ApryMEHTOB, KOTODBII B HACTOAIIIEE BPEMS HEIOCTATOUHO (hOPMAIU30BaH.

Jns Toro 4To0BI COXPaHHUTH B KAYECTBE BXOIHOIO OTIUCAHUS JIEPEBbS
OTKa30B, a BHIUKMCIICHUS peanu3oBbBare Ha BDD, paspaborans! coorser-
CTBYIOLIHE AJITOPHTMEI IIPe0Opa30BaHUS JAEPEBHEB B JHAIPAMMBbl JIBOHY-
HBIX pemeHnit [75-80]. OTH anropuTMbl UCHONB3YIOT PAa3TIOKEHHE JIOTH-
yeckoil ¢pyHkmuu f no aprymenty xi: f=(x,Af__ )V (X Af,,), uHOLI2
HazpiBaeMoe paznoxenueM [lennona. Pasnoxenne llennona onvceiBaior
wotamueit ITE(x;,1,f,), rae ITE ectb coxpamenne ot IF THEN ELSE.

PaccMoTpHM 0fHY M3 BO3MOXKHBIX pealu3aliiii aropuT™Ma rpeobpa-
30BaHHUA.
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— yIopsAouUTs 6a30BbIe COOBITHS IEPEBA: X1<X7<...Xy
~ KaxmoMmy 0a30BOMy COOBITHIO J€peBa COOTHECTH HOTALHUIO

ITE(x;,1,0)

IV KaXIOH BEpPINHMHEL AepeBa c(OPMHUPOBATh HOTALUIO €€ JIOTHYE-
cxoti pyuxuun ITE(x;,F,Fo), pykoBoACTBYACH ClENyOMUMH [IPABH-
JaMH:

ecn (x; <x,;) = ITE(x;, 8, *H,g, *H)
eciH (X, == xj):ITE(xi,gl*hl,go*hO), 4.1)
rae G= ITE(Xa glago); H= ITE(Y7hUh())’

* . jjoruueckui oneparop Bepumus! JepeBa (OR wm AND); G, H —
Joruyeckie QYHKIMM ee BXOAHBIX BEPILHH.

HOCJIEIOBATENBHO TIPUMeHsst TipaBuia (4.1) s Kaxaod BepIIMHEI,
noay4uts ITE HOTAIHIO BEPITHHHOTO COOBITHS AepeBa OTKa30B

TOP =1ITE( x;, (Xj’glng)’ (X, hy,1hp)) (4.2)
—— R R

KOPEHb porpy, rrpu x;=—1 BETBb mpyt X;==0

TIOCTIC/[OBATE/IEHO PACKPBIBAS “eMHMHUYHBIE” M “HyJEBHIE” COCTaB-
nsionue Berpaxkerus (4.2), chopMupoBaTh IBOUUHOE AEPEBO

NpoWAA Bce MyTH JBOMYHOTO JIEPEBA, BEAYIHE OT KOPHS IO TEPMH-
HAJIBHOW BepmHHBI “1”, MONYYUTH BHIpAXKCHHME IS JIOTHYECKOH
(GYHKIMH peali3allil BEPIIMHHOTO COOBITHSA JepeBa OTKa3oB B
IM3BIOHKTHBHON oproronansHoi gopme: f=Y; v Y, Vv ... v Ym, e
Yi AY;=0 mns i#j; Y; - 6ecnioropHas Gpopma B 6azuce KOHBIOHKIHS-
OTpHIIAHHKE.

YYUTHIBAS, 9TO INIONy9IeHHass popMa JIOTHUECKOH (PyHKIMM sSBIsETCS
(bopMoii Trepexoa K 3aMENISHHUIO, BBIYHUCIUTL BEPOSTHOCTh peajn3a-
[IMM BEPITHHHOTO COOBITUS UCXOJHOTO AEPEBA OTKa30B HEHOCPECT-
BEHHOM 3aMEHOH JTIOTMYECKHX MEePEMEHHBIX COOTBETCTBYIOIIUMY Be-
POATHOCTSAMH, a JJOTHYECKHUX onepauil apuMeTHIeCKUMH
PaccmorpuM mpumep npeoOpa3oBaHus JepeBa OTKA30B C IOBTOPSIO-

mUMHCA 3NeMeHTaMu (puc.4.17) B uarpaMMy ABOUUHBIX PEIUECHWIA:
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1. VIopsimouum 35eMeHThL: X <X,<X3<x4 W 3armmeMm ITE(x;1,0)
(i=1+4)

2. Ompenenum omneparopsl G; A4 KaxkAOH JIOTHYECKOH BEpIIIMHEL
BKJIFOYas BEPIIUHHOE COOBITHE:

G, =x, +x, =ITE(x,,1,0) +ITE(x,,1,0) = ITE(x,,1,ITE(x,,1,0))
G, =x, +x, =ITE(x,,1,0)+ITE(x,,1,0) = ITE(x,,1,ITE(x,,1,0))
G, =G, -G, =ITE(x,,1,ITE(x,,1,0)) - ITE(x,,,ITE(x,,1,0)) =
=ITE(x,,L,ITE(x,,ITE(x,,1,0),0))
TOP =x, +G, =ITE(x,,1,0)+ ITE(x,,,ITE(x;,ITE(x,,1,0),0)) =
=ITE( X, LITE(X,,1,ITE(x,,ITE(x,,1,0),0)))

i 1

KOPeHt 0

0

3. JluarpamMma JBOMYHBIX PEIUCHHH, NMOCTPOEHHAs B COOTBETCTBHH C
BbIpaXeHHeM i1 BepmuHHOro coObTus (TOP), mokazama Ha
puc.4.18

4. ITo nony4yennoit BDD 3anumieM noruyeckyro (GyHKIHIO OTKa3a IS
JIByXKaHAJIIbHOH CXeMbl, KaK OOBCAMHEHHE IyTEH, NMPUBOMAIINX K
€IMHAYHBIM TEPMUHANBHBIM BEPIIMHAM: X, +X X, +X,X,X,X,. Op-
TOTOHAIBHOCTH TIONYYEHHOH (OPMBI 3allHCH TIO3BONAET ITOACTAHOB-
KOH COOTBETCTBYIOIIUX BEPOSTHOCTEN ONpenenuTs Gopmyiry s Be-
POATHOCTH OTKa3a CUCTEMBL:(, + P, +P;P,q39,-

IlpuMmenenne guarpaMm JBOMYHBIX PEINEHHH HE OTPAaHHYUBAETCS
ZiepeBbsIMH  0TKa30B/ycnexoB. BDD moryT ucrnonbsoBaTees mpu 1000M
crmoco0e BU3yaTH3alUM JTIOTHKO-BEPOSTHOCTHRIX MOZe/IeH, B YACTHOCTH, B
OJ0K-cXeMax HaIeXHOCTH. BepHeMcs K paccMOTpeHHI0 ONOK-CXeMbl Ha-
NEXHOCTH MOCTHKOBOHM CTPYKTYpsI (puc.3.1) u mpeobpasyem ee mormde-
Ckyt0 OQYHKUUIO pabOTOCHOCOOHOCTH S(X)=X X3+X X4+X|XsXsHXoX3Xs B
¢dopmar BDD:

1. YnopsaounM 3MEMEHTBI: X1<X,<X3<x4< X5 M 3anmmem [TE(x;1,0)

(i=1+5)
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OTHAQ CIACTEND

TOP

OTREE SSRRNErs i
RERKRETD KaHana

¥1
DTEAZ AneHRHTS 1

G3

OTRAS BERRRED RIHIRE

N2 wme X3}
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Puc.4.17. [lepeBo 0TKa30B ABYXKaHAJIHHON CHCTEMBI
C NIOBTOPAIOMINMUCS IEMEHTAMH

Puc.4.18. lnarpamma
JIBOMYHBIX PEMICHHH OTKa3a
JIByXKaHAJIBHOH CHCTEMBI
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2. 3anumeM NOTHYECKHE (PYHKIMH peaTu3aldd MHHUMAJIGHBIX [TyTeH
moctHka B ITE HoTanum:

X,X; = G, = ITE(x,, ITE(x5,1,0),0);
X,x, = G, =ITE(x,,ITE(x,,1,0),0);
X,X,X; = G, =ITE(x,,ITE(x,,ITE(x,1,0),0),0);
X,X;Xs = G, = ITE(x,,ITE(x,,ITE(x,,1,0),0),0);
3. 3anumiem Joruyeckue GpyHKINH OOBEMHEHHS MUHHMAIBHBIX ITyTeH
moctrka B ITE HoTamuu:
H, =G, +G, =ITE(x,,S,,0),
rae S, = ITE(x,,1,1TE(x,, ITE(x,,1,0),0));
H, =G, +G, =ITE(x,,S,,0),
rae S, = ITE(x,,1, ITE(x,,ITE(x,,1,0),0));
S=H, +H, =1TE(x,,S;,ITE(x,,S,,0)),
rae S, =S, +1TE(x,,S,,0) =
=ITE(x,,LITE(x,,ITE(x,,1,ITE(x,,1,0)),0));
4. Ilo nony4eHHOMY BBIPXKEHHIO A S TIOCTPOUM JUArpamMmy JIBOHU-
HBIX perreani (puc.4.19)

5. ITo BDD (pwc.4.19) BoimuineM BbIpakeHHE JUIS TOKA3aTens BeposT-
HOCTH 0€30TKa3HOU pabOTEl MOCTHKA:

P = p,(p; +930,(Ps +45p,)) + 4P, (P4 +94P3P5)- 4.3)

B03MOXKXHOCTh aBTOMATHUECKOH TEHEPALMH PAcCUYETHHIX (OpMYI IO-
Ka3aTeleil HaIeXXHOCTH SBIIETCA €€ ONHUM [IPEUMYLIECTBOM AUArPaMM
nBonuHbIx pemendi. Tak, wanpumep, Windchill Quality Solutions, mc-
ronb3yommuii BDD B noruko-pepositHocTHBIX Moayisix (RBD, FT), moxer
BBIBOIUTh AHAJIMTHYECKHUE BBIPAXEHUs ITOKA3aTelsi BEPOATHOCTH 6e30T-
Ka3Ho# paboTel HeBoccTaHaBiuBacMblX cucTeM. Ha puc.4.20 nmpusencHa
pacriedaTka 3KpaHa BbIIadM pe3ynsraToB pacdera momyins RBD. Ilomy-
wqeHHas (GopMyJia aHaJOIMYHa BEIpaXxeHuIo (4.3).
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T imasssisct ™

Puc.4.19. /lnarpaMma JBOUYHBIX PEIICHHH
paboTocnocoOGHOCTH MOCTHKA

R;\Iacmua:

=R "R, +F ‘R, R,

RJ=R_3+F*3 'R_4 "R,

R,=R ,+F ,"R

Ri=R ,4F ;'R Ry

Puc.4.20. Pacnedarka 3KpaHa BEIIA9H PE3yITETATOR PacueTa MOIYNA OII0K-CXeM
gagexsocta Windchill Quality Solutions (R.; (F.;) - BeposTHOCTH Ge30TKa3HOI
pabotsi (0TKa3a) i-ro aneMeHTa).
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4.7. Ananu3 oTka3oB no o0mie NpuYHHe

Jl71s y9eTa KpaTHBIX OTKAa30B B IPYIIIIE HICHTHYHBIX JIEMEHTOB ObLIH
pa3paboTaHbI CHEIMAIbHBIE MOJEIH, HOMYYHBINKHE HA3BAHUE MOLEIH OT-
ka3oB o obmei npuunne (Common Cause Failures -CCF). Tomuxom x
Pa3paboTKe 3THX MOJENEH IOCHYXHIAa CTaTHCTHKA OTKa30B, IOATBEp-
JKJAK0INAS HEHYIEBYIO BEPOATHOCTH OJHOBPEMEHHOTO OTKAa3a HECKOIBKHX
OJJHOTHITHBIX 3IEMEHTOB CHCTeMBI [81]. IpuunHaMM MOABIEHUS KPaTHBIX
HEHCTIPaBHOCTEH ABIAIOTCS

— OINMOKY HPOEKTHPOBAHUA H KOHCTPYHPOBAHHSA
~ HapylIeHHE TEXHOJIOTHH H3TOTOBIEHHS U COOPKH
— OWMOKHU IIpU TEXHHIECKOM 00CIy)XHBAHHH ¥ PETYIHPOBKE
HeOIaronpUATHbIE BO3ICHCTBHS OKPYKAOIIEH CPebt
Brruncnenus ¢ yuerom oOIIUX IPUYHH OTKA30B COCTOST M3 JBYX CO-
CTaBIISOIIHNX
1. BBIMHCIIEHHE BEPOATHOCTHBIX XAPAKTEPUCTHK KPATHBIX OTKA30B 3Jie-
MEHTOB
2. BKJIIOYEHHE B OOLIECHCTEMHYIO MOJIENb HAJACKHOCTH BBIYHCICHHBIX
BEPOSTHOCTHAIX XapaKTEPUCTHK KPaTHBIX OTKA30B.

1. Mooenu pacuema 6eposmnoCmHbIX XAPAKMEPUCTUK KPAMHBIX
0mKa3o8

Hanbonee pacnpocTpaHEeHHBIMA U Peaii30BAHHBIME TIOYTH BO BCEX
3apyOeHBIX MPOrPaMMHBIX IIPOAYKTaX aHAIM32A JIEPEBHEB OTKA30B SBIIA-
I0TCSL MOZIENY BBIYHCIICHHS] BEPOSTHOCTHBIX XapaKTEPUCTHK KPATHBIX OT-
Ka30B, U3BECTHBIE 1O]] Ha3BaHMsMU Mojaend B pakropa (Beta-Factor Mod-
el), a dakropa (Alpha-Factor Model), MHOXeCTBEeHHBIX Ipedeckux Oyks
(Multiple Greek Letter Model), 6unomuanssoit (Binomial Failure Rate
Model) [82,83].

Bce pacuernrie cootHomenus CCF Mopenel 1ocTtarousHo mpocTsl n
OasupyroTcs Ha komOuHaTOpHBIX MeTofax [84]. IIpocrora Moneneit cBa3a-
Ha C BBEJCHWEM B HUX OrpaHUYCHHS HA PABHYIO BEPOSTHOCTH OTKA30B
Bcex m aneMeHToB CCF rpynmsl, 4to BIIOJIHE KOPPEKTHO MPH PAacCMOTpe-
HUH CXEM IIOCTOSHHOTO pe3epBHpoBanua. CymMMapHas BEpOATHOCTh OTKa-
3a 3neMeHTa (; yaUTHIBaeT KaK HE3aBUCHMBIC OIMHOYHBIC OTKa3bl, TaK ¥
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k-xpatnbie orkassl (k=2+m), npoucxonsuEe OXHOBPEMEHHO C NPYTUMH
k-1 amemenramu CCF rpynmsr:

Q=>.CilQ, . (4.4)
k=1

[Tpenmonaraercst, 4T0 KPaTHOCTH OTKA30B IEMEHTOB B IpyIIe 00y-
CIAaBJIMBAETCS TONBKO OOIIEH TPHYHHOM.

Bema-®axmopnas Mooens (Beta-Factor Model - BFM)

3T0 mpocTedimas ogHOIApaMeTpUIECKas MOJEh, B KOTOPOM mpen-
noJNaraeTcs, YTo MEXaHHU3M BO3NCHCTBHUS o0mIel MpHYrHB! TAKOB, UTO OJ-
HOBPEMEHHO OTKa3piBaroT Bce m 3nemMeHToB CCF rpynnel. EnuacTBeHHRIN
napameTp MOIENH B - JoNs KPaTHAIX HEHCIPABHOCTEH, 00yCIOBICHHBIX
nosBnerueM obme pranHbl. Torna BEpOATHOCTs BOSHUKHOBEHHS OIHO-
BpeMeHHOTO oTka3a k anemenToB (Qy) BRIUHCIAETCS KaK

1-PQ,, k=1
Q, =10, I<k<m 4.5)
BQ,, k=m
Mooens Mrnoxcecmsennoix I peveckux byke (Multiple Greek Letter -

MGL)

Jl1s ydera 0TKa30oB BBIACIEHHOIO SIEMEHTA, KaK O/IMHOYHOIO, TaK U
KpaTHBIX COBMECTHO ¢ ApyruMH dnemenTamu CCF rpynmsl 6bl1a pa3pabo-
tada MGL mozens. 9Ta MofieNs peonaraeT MpOM3BONEHYI0 KPaTHOCTh
k 0TKa308B 10 0OIIEH IPHIHHE:

k
Q=Coi([Ip)-puQ (k=1 m), (4.6)

rae p=1, p=B, p= 15 P79, -, Prn=0;

p; (i = 2+k)- ycioBHAsA BEPOATHOCTH TOrO, YTO IIPOM3OHUMET OTKa3
BBIJICIICHHOIO 9JIEMEHTa OO ONMHOYHBIN, SO0 B TpyNNe ¢ APYTHMH
3eMeHTaMt (KPaTHOCTH > 1), IIPU YCIOBHH, 9TO MPOU3OILIEN OTKa3 KpaT-
HOCTH > i-1.
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[losicHuM CKa3aHHOE Ha TIPUMEPE TPYIIIBI M3 HYETHIPEX HICHTHIHBIX
aNeMeHTOB (m=4), Ha KOTOpble BO3NEHCTBYET O0mast IPHYHHA TaKHM 00pa-
30M, YTO MOXET BbI3Barb AByKparabie (k=2), tpexkparabie (k=3) u qetripex-
kpatable (k=4) orxaspl. OOmas BepOATHOCTh OTKa3a JJEMEHTa [PyIEL
BKJIIOYAs HE3aBMCHMBLH ONMHOYHBNA OTKa3, Oyzer Q, =Q, +3Q,+3Q,+Q,,

a HApaMeTPhl MOACTIN BLIMUCTIAIOTCS KaK

B= 3Q,+3Q;+Q,
T Q,+3Q,+3Q, +Q,

_3Q,+Q,
Y_3Q2+3Q3+Q4 “7
s Q

3Q,+Q,

Torna BepOATHOCTE K-KPATHOTO OTKa3a B TPYNIIE U3 YETHIPEX dleMeH-
ToB Yepe3 napamerpsl MGL Mozens, KoTopele HOTyJeHbl IyTeM 00paboTKu
CTaTUCTHYECKOTO MaTepuana, oupejesseTcs caelyIolHuM oOpa3oMm:

Q =(1-PQ,
Q2 - B(l h3’Y)Qt
(4.8)
_Brd-9)Q,
Q= 3
Q= BYSQt

Anvgpa-@axmopras Mooens (Alpha-Factor Model — AFM)

[TapameTphl PACCMOTPEHHBIX BBIINIE MOZENEH JIOKHBI OBITH MOMyYE-
HbI U3 aHAJIM3a CTATHCTHKH OTKA30B EMEHTOB Ipynmbl. OpraHu3amus Ta-
KHX HCIBITAHAN ¥ HaOMIONEHHH SBISETCS YPE3BHIYANHO CIOXHOM 3a7a-
Yeit, 4To moka3aHo B [82]. OcyiecTBieHre MHOTOITApaMETPUIECKOTO CTa-
THCTHYECKOTO aHalM3a OTKa30B I10 CHCTEME B IICJIOM (B OTIIMYHE OT Ha-
OmroneHUH 32 OJHHAM DJIEMEHTOM) oOrerdaeT 3ajiady | I03BOJiEeT Oonee
crporo obocropars mapamerpsl CCF mozmenn. B cBsasu ¢ atum Opbra pas-
paboTaHa MOZENb OTKA30B 0 OOMIeH NPHYHHE, OCHOBAHHAS HA CTATHCTH-
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K& OTKa30B CHCTEMHOTO YPOBHS, HOTYy4YMBIash Ha3BaHWE alb(da-PaxTop-

Hoit Mozemu. [lapameTpamu 3TOW MOAENH ABISIOTCA KOXDOHIMEHTH Oy,
ompezenseMble KaKk OTHOLICHME BEPOSTHOCTH OTKa3a KpaTHOCTH kK K cyM-
MapHOH BEPOATHOCTH OTKa3a B TPYNIIE U3 M SIEMEHTOB:

k
o = (4.9)
2.CQ,
k=1

3uauenue napamerpos oy 41t CCF rpymrs! u3 TPeX I€MEHTOB OIl-
PENEIIOTCS KaK

S T,
3Q,+3Q,+Q,
o, = ——3Q2 , (4.10)
3Q,+3Q, +Q;
Q;

Lo A ——
> 3Q,+3Q,+Q,

W3 (4.4) u (4.9) MmoxHO BBIBeCTH QOpMYITY JUlsl BHIYKMCICHUS BEPOAT-
HocTel Qy, KaK GyHKIUM ITapaMeTPOB Oy U CYMMApHOU BEPOATHOCTH OT-
Ka3a anemenra Q,

moy,

= 4.1
Qk Ck(l Qt’ ( 1)

mt

m
e o, = Zk(xk .
k=1

OueBujHa B3auMOCBs3b nmapamerpoB MGL u anbda-paxtopHOi Mo-
nenu. Hanpumep, st m=3 umeem
_ 2a,+304
o, + 20, + 301,
4.12)

3a,

= 20, +30,
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Bunomuansnas Mooens (Binomial Failure Rate Model - BFR)

BFR mopens mocTpoeHa HPH NPEAIONOKEHHH O TOM, YTO MPHYE-
HOM KpaTHBIX HEMCHPABHOCTEH ABJLIIOTCA BHEIIHHE IIOKOBBIE BO3JCHCT-
Bug (YOapHBle Harpys3kd, cotpscenus...). Lok, Bozme#cTByrommil Ha
CHCTEMY, MOXET OBITh JleTanbHbIl 1 HeeTanbHbIN. [Ipu neTansHpIX BO3-
JICUCTBHSX C BEPOSTHOCTHIO PAaBHOM SIWHWIIE MOPAKAIOTCA ¥ OTKA3BIBA-
10T BCE M 31IeMEHTOB cucTeMbl. IIpH HeleralbHOM IMOKOBOM BO3JEHCT-
BHM MOT'YT BO3HHMKATh OTKa3bl JIEMEHTOB CHCTEMBbI IPOM3BOIBHON KpaT-
Hoctu. Kpome toro, 8 BFR, kak H B npepIaymyX MOAENAX, YIHTHIBAET-
C BO3MOXKHOCTh BO3HHKHOBEHHS HE3aBHCHUMBIX OIMHOYHBIX OTK230B
aneMeHToB. TakuM 00pa3oM, BEpOATHOCTH TOFO, YTO B IPYIIIE H3 M 3Jie-
MEHTOB BO3HHKHET OXHOBPEMEHHBIH 0TKa3 k ameMeHToB Qy, ompenens-
ercs Kak

Q +ppl—p)"" mpuk=1
Q, ={up“(1-p)™™* mpul<k<m. 4.13)

o+pp" mpuk=m

ITapamerpsr BFR Mopmenn B nureparype 4HacTto HAa3BIBAOT T10-
Pa3HOMY — HHTCHCHBHOCTBIO, YACTOTOI, fONei, BeposTHOCTRIO. Ha cavom
Ace BCE 3TH MAPaMETPBI NOIYUYAIOT U3 aHANU3a CTATHCTHYECKOrO Mare-
puana (HaOMIOACHHH, HCIIBITAHKH) H ONPEACTAIOT KaK OTHOIICHHE HEKOTO-
POTO YHCIIa HHTEPECYIOMUX HCXOMOB K OOIIEMY YHCITY HCXOJOB, TO €CTb,
IO CYIIECTBY, BCE OHH ABIAIOTCS TOYEYHBIMH OLEHKAMHU BEPOATHOCTER CO-
OTBETCTBYIOIHUX COOBITHH. [T0aTOMY MBI OyneM Ha3bIBaTh ITH MapaMeTphl
BepoATHOCTIMH. MTak

Q| — BEpOATHOCTh BO3HUKHOBEHHUSA OIMHOYHOTO HE3aBUCHMOTO OTKa3a
OT/IEJIBHOTO DJIEMEHTA;

|\ - BEPOSTHOCTD BOSHUKHOBEHHS HENETANBHOTO MIOKA,

p - YCIOBHasg BEPOSTHOCTh OTKa3a 3JIEMEHTA MPH YCIOBHH, UTO NIPO-
H30LIEI HEJIETeNbHbIN IHOK;

® - BEPOATHOCTh BO3HUKHOBEHH IETAIFHOTO MIOKA.
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2. Bxmiouenue 8 obujecucmemmyio Mooeib HAOENCHOCMYU BEPOSIMHO-
CMHbIX XAPAKMEPUCIUK KPAMHBIX OMKA306.

Brumouenue B 00MECHCTEMHYIO MOZIENb KPaTHBIX OTKA30B UL BCEX
METONOB BBIYMCICHHUS XapaKTEepHCTHK KpaTHeIXx oTka3oB (BFM, AFM,
MGL, BFR) nenaercst omunaakoBo. B 06braHO# Mozenn cucteMsl (6e3 yae-
Ta KPaTHBIX OTKA30B) KaXIbIA HIEMEHT, 0a3ucHOe COOBITHE M3 TPYIIH C
obmiel NpUYHHON OTCOEAUHSETCS OT JIOTHYECKOrO OHEPaTopa, K KOTOPOMY
OH TIONKIIO4YEH. BMECTO HETO B 3TO0 MECTO BCTABILIETCS JIOTHYECKHUH Orle-
parop WIH, Ha BXOZ KOTOPOTO BKJIIOYAETCS CaM 3TOT 3JIEMEHT (C BBIYMC-
JICHHO! XapaKTePHCTUKOH OJHOKPATHOTO OTKa3a) U BCE BO3MOXKHBIE KOM-
Ounalmy (ABYKpaTHBIE OTKAa3bl, TPEXKPATHHIE OTKA3bl ...) Hepabortoctio-
CoOHOCTH 3TOTO 3nMeMenTa. Hampumep, eciu rpynmna u3 Tpex 1eMEHTOB
A, B, C (puc.4.21) MoxeT oTKa3bBarh 10 OOINEH MPUYMHE, [IPUYEM BO3-
MOXXHBI H JIByKPaTHBIE OTKA3bl, U TPEXKPATHBIE, TO KAXKIBIH OHH JIEMEHT
Oynet nopxmouarses kK MM kak nokasano Ha puc.4.22.

OTKas CHOTEMb

Gatedd

E %

OTEES INEMEHTa A oTEas anementa B 0T3S anemenTa C

Eventt Eventd? Event38

Puc.4.21. [lepeso 0TKa30B pe3epBHpOBaHHOH cxeMsl “1 u3 37
0e3 yueTa 0TKa30B IO o0IIeH npuInHe

B 3akimodeHnH crienaeM CleIyonue KPUTHICCKHE 3aMEYaHus 1o I0-
BOJY PACCMOTPEHHON METOZOJIOTHM y4eTa OTKA30B I10 00LIeH npuymne:
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— OCHOBHBIM HPH BBIYHCICHHH 6EPOAMHOCHHbIX XAPAKMEPUCIN UK
KpamHbIX OMKA306 SABISICTCS HE PACCMOTPEHHE MOJE/eH BHEIHHX
BO3JECHCTBHH M peaKknyii Ha 3TO AEMEHTOB CTPYKTYPBIL, & BLIUACIE-
HMS, «BBIPE3AIONINE» M3 CTAaTHCTHUECKOH OIEHKH BEPOSTHOCTHOM
XapaKTePHCTHKH OTKa3a J/eMEHTa (BEpOATHOCTH OTKa3a, HHTECHCHB-
HOCTH OTKa3a) COCTaBIAIOLIUX, KOTOpPbIE ONPEACISIOT KPaTHEIEe OTKa-
3bl. B pesynerare Takoro «BBIPE3aHHSD) BEPOSATHOCTH HE3ABHCHMOIO
OZHOKParHOTO OTKa3a 3JEMEHTA YMEHBIIAETCA, YTO MOMKET TIPHBO-
JHMTh K HEKOTODBIM HEOXHJIAHHBIM pe3ynbTaraM, KOrja yuer oOImx
[IPUYUH [IPHBOAUT K YMEHBUICHHIO BEPOATHOCTH OTKA3a CHACTEMEL
CratucTuueckoe 00OCHOBaHHE TAKOTO TIOIXO/a OCHOBBIBAETCS Ha
TOM, YTO B CTaTHCTHYECKYIO HEHANEKHOCTD IEMEHTa IpH obpabor-
K€ MOT'YT TaKXe OBITh BKJFOUEHbl H KpaTHBIE OTKA3bl (OJHOBPEMCH-
HBIH OTKa3 HECKOJBbKHMX JIEMEHTOB). Paznuums B mepedrCIeHHbIX
BBIILIE MOJIEJISIX B COCTOUT, HUMEHHO, B METO/IaX BBIYMUCIICHHS KPATHO-
0 OTKa3a.

— BKJIIOYECHHE B OOIIYI0 MOJENb NPOUCXOIHUT C CEPbE3HBIMH HEOCTaT-
KaMH, YTO TaKX€ BHOCHUT AOILOIHHUTEIBHBIE TOTPEIHOCTH. STH He-
JOCTaTKU 00YyCIaBIUBAIOTCS T€M, YTO 0a30BOE COOBITHE, COOTBETCT-
BYIOILIEE ONMHOYHOMY OTKa3y JEMEHTa, 3aMensercs redtom MIIH,
BXOZIHBIMH 0a30BBIMH COOBITHSIMH KOTOPOTO SIBJIAIOTCS OJHHOYHEBIE
OTKa3 M BCE KOMOHMHAIMK KPATHBIX OTKA30B, COACPXKAIMX AaHHBIL
3NEMEHT. BEpOATHOCTH BOSHUKHOBEHHS 3THX BXOAHBIX 0a30BBIX CO-
OBITHH PaCcCUUTHIBAIOTCS 110 COOTHOMWCHWSM (4.5, 4.6, 4.11, 4.13),
BBIBEIICHHBIM, UCXOZA U3 IPEAIIONOXEHHS O HECOBMECTHOCTH OTKa-
30B pa3nM4HOM KpatHocTH. HecoBMecTHOCTH cOOBITHII TIpe/ionara-
€T UX 3aBHCHMOCTbB, B TO BPEMS KaK BCE JIOTUKO-BEPOATHOCTHEIE Me-
TO/bI ¥, B YaCTHOCTH, JEPEBbs OTKAa30B “paboTarOT” TOIBKO MPH YC-
JIOBHH HE3aBHCHMOCTH COOBITHI{ OTKa30B.

Bce B COBOKYNHOCTH, KaK BEIYHCIICHHS, YMEHBIUAMIIHE BEPOAT-
HOCTh OJIHOKPATHOIO OTKa3a, TaK M HEKOPPEKTHOE BKIOYEHHE B olimee
JEPEBO, TIOPOKAAET TPYXHO OOBACHUMBIE SBICHUS, HAIPUMEp, KOrua pe-
3epBUpOBaHHAsA cucreMa “1 u3 37, B KOTOPOH MOTYT BO3HHKATh TOIBKO
OZIMHOYHBIE OTKa3bl, OKA3bIBACTCS MEHEE HAJIEIHOH, YEM Ta e CHCTEMA,
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B KOTOPOH MOTYT BO3HHMKAaTh KaK OZIMHOYHBIC OTKA3BI, TAK M OTKA3EI TIO
o0uiel MpHYHHE PasiIMYHOM KpaTHOCTH (cM. rpaduk prc.4.23). Berunc-
JIeHUA BEPOATHOCTH OTKa3a CHCTEMBL C Y9IETOM KpPaTHBIX OTKA30B [0 0O~
el npuurHe OBUTH poBeNeHb! Ha beTa-hakropHo# Monemu. CemelicTBo
KpHBBIX BEPOATHOCTH OTKa3a II0CTPOCHO IIPH 3HAYCHHUAX IapaMeTpa =0,
0.05, 0.1, 0.2. VIHTeHCHBHOCTB 0TK430B OTAEHbHOrO 3neMenta A=0.001 1/q.

03

025

o
N

0.15 —

BEpOoATHOCTL OTKasza

©
-

0.05

b=0
o
0 100 200 300 400 500 600 700 800 900 1000
b=0 0 8.62E-04{0.005956| 0.017411| 0.035833]0.060916| 0.091849(0.127579/0.166985| 0.208982| 0.25258
=0.05 0 0.005493)0.014124/0.027693| 0.0467 |0.070874{0.099532| 0.1318 | 0.16676 [0.2035310.241318
b=0.1 0o 0.010139| 0.02239 (0.038282/ 0.058229}0.082008| 0.109056 | 0.138664(0.170096; 0.20265 (0.235704
b=0.2 [ 0.019465| 0.039193| 0.060288| 0.083073 0.107429[0.133021 0.159427|0.1862140.212986|0.239396

spema {4}

Puc.4.23. BepostHocTh 0TKa3a cHcTeMBI “1 13 3” ¢ y4eTOM KpaTHBIX
0TKa30B 0 00Mmel npumne

Yto xacaeTcs HpaKTHYECKON OPraHU3AUH PACYETOB OTKA30B II0
o01e# NIPHYKMHE, TO B OTEUECTBEHHOH NpakTHKe OOBIYHO JENAIOT Cire-
JYIOIHUM 00pa3oM: pacCYUTHIBAIOT HHTCHCHBHOCTH OTKA30B 3JIEMEHTOB,
ucnonb3ya cranaaptsl Tviia MIL-HDBK-217, a 3arem Bbraucinennyro se-
POATHOCTH OTKa3a JJEMEHTa “pa3BelIMBaloT” rapameTpoM P Oera-(hak-
TopHOH Monenu. [Ipudem, 3HadeHUe  ompenensioT Ha OCHOBE 3KCIEPT-
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HBIX OIEHOK. Tako¥ MoAXox HEMOMYCTHM, TaK KaK IIPUMEHECHHE MONENEH
OTKa30B IO 00MIeH NpHYMHE IPABOMEPHO B TOM U TOJIBKO TOM CIIyYae, €C-
JU TIPEBAPUTENLHO MPOBOAATCA CIENHAIBLHO OpPTaHU30BAHHBIE CTATH-
CTUYECKHE HCTIBITAHKS IPYMII JIEMEHTOB ¢ TpeOyeMbIM aHAIM30M CTaTH-
CTHYECKOTO MaTepralia Ha [PeAMET BbIABICHUS OOMUX NPHYHH.

4.8. Ouenka 3HAYNMOCTH 0230BBIX COOBITHI

K 110ruKo-BepOATHOCTHEIM METOJaM KOJMYECTBCHHOH OLEHKM Ha-
IEXHOCTH OTHOCHTCS TPYIITIa METOAOB OLEHKH 3HAYHMMOCTH JIEMEHTOB B
cucreMe [23,67, 85]. B mporpammMax, peanusyromux aHaJIN3 AEPEBLEB OT-
Ka30B, OOBIYHO HPHCYTCTBYIOT CIEIYIOIHE OLUCHKU 3HAYMMOCTH: bHpH-
Gayma, ®accena-Beceny, oneHKr KpuTH4HOCTH [86-89].

Ouenka bupnbayma snauumocmu GazoBoro coOsitast A (Birnbaum
Importance Measure) (dame BCETO 3TO COOBITHE COOTBETCTBYET OTKA3Y
MEMEHTAa) OIPENeNeTcs KaK YacTHas NPOU3BOAHAS BEPOATHOCTH Peaiu-
3allMH BEPIIMHHOTO TelTa nepesa (Quys) MO BeposTHOCTH 6230BOrO COOLI-
THA (qQa):

0
Iz(A) =—6gs-¥s— (4.14)
A

[Iposenenre oneHok bupHOayma TpeOyeT 3HAHHS BEPOATHOCTHBIX
XapakTepucTuK 0a30BBIX COOBITHH pepeBa. EcniM OIEHKAa 3HAYMMOCTH
TIPOBOJIUTCS TPH OTCYTCTBUY CBEEHUH 00 3THX BEPOSATHOCTAX, TO NAKOTCH
PEKOMEH/IAIHE TIONIOXKHTH BEPOSITHOCTh BCeX Oa30BBIX COOBITHH PaBHOU
0.5. B 3TOM criyuae OIeHKA HAa3bIBAETCS CMPYKMYPHOU OYEHKOU 3HAYUMO-
cmu (Structural Importance Measure — Is(A)). Ouenka Ig(A) ckoHCTPYH-
pOBaHa TakAM 00pa3oM, UTO OHA HE YUUTHIBAET BEPOSATHOCTH BOZHHUKHO-
BeHus coObiThsa A. [l ydera 3ToM BeposTHOCTH OBLIa BBENEHA OYEHKA
kpumuunocmu (Criticality Importance Measure):

5,
IC(A):a—Qf--—(%ﬂB(A)-gi @.15)
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Ouenka Qaccena-Becenu (Fuessel-Vesely Importance Measure) zna-
YMMOCTH 31€MeHTa (0a30BOTO COOBITHSA) A BBIPAXKAETCA Hepe3 BEpoAT-
HOCTh OOBENMHEHVS MHHHMMAJIBHEIX CEUCHHU (CiA), COZEPKaLIAX 3TOT
DIEMEHT:

P(C UCS...UCY)
sts

IIpoBezem OLEHKH 3HAYUMOCTH EMEHTOB A U B B iyOnuposartoit
(D) u nocaenoBarenpHOM (S) cxemax:

IFV (A) =

(4.16)

gqs=0.1
=0.1 as=0.2
e
qs=0,2

Puc.4.24. llpocTeiimne nocneoBaTeNbHO-APAIIIENbHBIE CXEMEI

Oyenxa no bupnbaymy
IMocnenoBarensHas cxema:

0 —
I]SB(A) _ (;isys _ a(qA +;]§ quB) - l_qB =(,8; IE(B) =1 -q, =0,9;
A A

HybmupoBanHasd cxema:
0
D)= 2 0 g 02 Bw)=g, -0k
0q, 0q,

Cmpyxkmypras oyenxa
IlocnegoBarenbHas cxema:

L(A)==1-q,=0,5 IL(B)=1-q, =0,5
HyGnupoBaHHas cxema:

Ip(A)=q;=0,5; Ip(B)=q, =0,5,
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Oyenka kpumuunocmu
TlocnenoBarenbHas cxeMa:

IE(A) = (1- ) —— 22— =0,286;
da t98 —qA9s

S 9s

cB)=(1-q,)—————=0,643;
g, t95 —949p

JybmupoBaHHas cxema:

I2(A)=q, da__ 1. IE(B)qu_qB_zl;

BYA B1A

“

Oyenxa Daccena-Becenu
IlocnenoBarenbHas cxema:

BA)=—  _0357;, BB)=—2 0,714
da t95 —9.95 ga t95 —9a9s

JlyOnmupoBaHHas cxema:

I\D, (A)= qx9s =1; Ig (B) = 9a9s _ 1;
4zda qg9a

[poananusupyeM noxyyeHHbE pe3ynbrarsl. CHauana HaJl0 OTBETUTh
Ha BOUPOC, YTO OXKHUIAETCA OT OLEHKH 3HAaYMMOCTH 3EMEHTOB B CHCTEME.
OCHOBHBIM Ha3HAYEHUEM 3THX OILEHOK JOIKHA OBITh BOBMOXXHOCTh BBLAB-
TIEHHUS «CNabBIX MECT» B CHCTEME, KaK B BEPOSTHOCTHOM, TaK H B CTPYK-
TypHOM Tu1aHe. C 3TOH TOYKU 3peHHs BCE NPHBEACHHBIE OLCHKH HE YIOB-
JIETBOPSIOT 3TOMY Ha3Ha4eHUI0. Tax, B oreHke bupubayma B xybnuposan-
HOH cxeme Oonee HEHANEKHBIA HJIEMEHT MMEET MEHBINYIO 3HAYUMOCTD.
A nomxHo ObITh HA000POT, B OXHOPOIHBIX CTPYKTYpPaX (TOJBKO MOCIENO0-
BaTENbHbIX, TONBKO HAPAIUICIBHBIX, TOIBKO M K3 n) Oojee HEHANECKHBIN
MEMEHT ZoJDKEeH OBITh M Gonee 3HauuM. [lisi moCieoBaTENbHOR CXEMBI
TaK M MOMYYHIIOCh, & UM HAPAIICIIBHON TOIyYHId OOpAaTHYIO KapTHHY.
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B 1pyrux oueHkax 3HaYMMOCTH MOIYYCHHBIE 3HAYEHHMS, paBuble | nas
JyOnUpOBaHHOM CXEMBI, BOOOMIE HE COOTBETCTBYIOT HMKAKUM IpENCTaB-
JIEHHSAM O BIMSHHMH OTKAa3a JJIEMEHTa Ha OTKA3 CHCTEMBI (SHHUIA — 3TO
MaKCHMalbHas 3HaYUMOCTb IEMEHTa B CTPYKTYpE).

Tpynso cornacurbes ¢ AKOOBI NOMy4YaeMOil CTPYKTYPHOH 3HAUMMO-
CTBIO, KOTZIa B OUCHKU 110 bHpHOayMy NOACTABISIOTCS 3HAYCHMS BEPOAT-
HOcTH paBHBIMU 0,5. /[ OLIEHOK CTPYKTYPHBIX XapaKTEPHCTHK XOJHKHBI
UCTIONIB30BATHCA CTPYKTYPHBIE CBOMCTBA, MAPAMETPHI BNIEMEHTOB, MyTeH,
CEYEHHH, a HE BEPOATHOCTH, TeM OOIIEE, YTO HUKAKHX BPA3YMHTEIbHbIX
NONOXEHHH, M0YEMY MOACTAHOBKA I 3IEMEHTOB 3HAa49eHui 0,5 mact
CTPYKTYPHYIO 3HAYUMOCTh, HeT. Hanmprmep, CTpYKTypHBIMH ITapaMeTpamMu
MOTYT OBITh KOJNHYECTBO IyTeH (CEYECHWi), B KOTOPBIE BXOIHT JaHHBIHA
DIEMEHT, KOJIMMECTBO 3IEMEHTOB B IMYTAX (CEYEHMAX), KOIMYECCTBO Ipe-
JIOTKa30BBIX COCTOSHMH, B KOTOPbIE BXOJOUT JaHHBIH 21eMenT u T.0. [lox-
CTaHOBKa BeposTHOCTeH 10 0,5 nama, €CTECTBEHHO, BEPOSTHOCTHYHO Kap-
THHY SKOOBI CTPYKTYPHOH 3HAYHMOCTH, OIIPENCIHB U B IOC/IE0BATEID-
HOM M B MapaiensHOU CXeMaxX CTPYKTYPHYIO 3HAYMMOCTH KayK[Oro die-
menTa, paBHyo 0,5. To eCTh, B IOJIOBHHE CIIy4aeB ¥ OAHA, H JPyras cXe-
MBI OTKA3bIBAIOT II0 MPHYMHE HIEMEHTA 1, a B TIONIOBUHE — dleMenTa 2. B
TO BPEMS KaK OY4EBHUAHO, YTO CTPYKTYPHAS 3HATAMOCTh KaX/IOTO MOCIERO-
BaTeJIbHO COCAHHEHHOIO TIEMEHTA JOPKHA ObITh 1 (HE3aBHCHMO OT KONH-
4eCTBa JIIEMEHTOB M HAJEXKHOCTHBIX CTPYKTYpP C JPYTHMH DIICMEHTaMEH),
TaK KaK OTKa3 JIFOO0TO IMOCIEKOBATEALHO COSIUNHCHHOTO B CMBICIIE HAZEXK-
HOCTH 3JIEMEHTA NPUBOJMT CHCTEMY K OTKasy. AHANOTHYHO, CTPYKTYpHAs
3HAYMMOCTH KaX/IOTO JIEMEHTA B NapaileNbHbX cxeMax (1 u3 n) momkHa
OpiTh 1/n. Kcrary, oneHKa CTPYKTYpHOH 3HAYAMOCTH IO OTHONICHHIO KO-
JTM9ECTBA IIyTeH, B KOTOPHIE BXOAUT 3JEMEHT i, K 0OLIEMY KOITHUECTBY ITy-
Te JacT, B 4aCTHOCTH, 3TOT pe3yabrar [90]. Onnako u Takas oneHka HMe-
er HENOCTarkd, HO €€ MOXHO MOAM(HUUPOBATH, OCTABACH B PAMKAX
TOJIBKO CTPYKTYPHBIX IIapaMETPOB.

HWcxoas U3 cIelaHnHoro aHajM3a, MOXKHO PEKOMEHIOBATh BECbMa OC-
TOPOXXKHOE M OIPaHHUYEHHOE [PHUMEHEHHE IIPEIUIOKEHHBIX ONEHOK LA
aHalln3a HaIeXKHOCTHOH BaXKHOCTH, 3HAYMMOCTH 3JIEMEHTOB CHCTEMBL.
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4.9. lepeBbs coOBITHIA

Merton nepeBbeB coOwbiTHii ([IC) aHANOrMYHO [EPEBBAM OTKA30B
OIHPACTCS Ha Ipadudeckoe NpeCTaBICHHE COOBITHI U X B3aHMOCBA3EH.
B kawecTBe COOBITHH MOTYT PaccMaTpUBATHCS KaK BHYTPEHHHE COOBITHS
cuCTEMBI (OTKa3bl €€ IIEMEHTOB), TaK W BHENIHHUE (yparaHsl, NaJIcHAS Me-
TEOPHUTOB, CAMONETOB, AcicTBUA mozel). [Ipuamunuansaoe ommuune JIC
OT ICPEBBEB OTKA30B COCTOMT B TOM, UTO MIPH COCTaBJICHUH IpaduiecKux
CBSI3EH MEXY COOBITHAMM HCIIONB3YETCS MPSAMOMN X0/ aHAIM3a OT MPUIHH
K TocencTBUAM. [IpH 3ToM B KauecTBE HaYaIbHOH BEPLIHHBI (PUTYpHpYeT
UCCIIENyeMOE HHHIMUPYIOUIEeE COOBITHE, KOTOPOE TIOPOKAAET (B 3aBHCH-
MOCTH OT Pealli3aiuy ApYyrHX COObITHH) MHOXKECTBO NocneacTsuil. [Ipo-
eAypa MOCTPOCHHS fiepeBa COOBITHI MpeacTasiser COO0H HHIAYKTUBHBIH
IPOIIECC, COMIACHO KOTOPOMY HCCIIEIOBATE/h HAYMHAET aHAU3 C HEKOTO-
pOTO MHHIMMPYIOIIETO COOBITHS M ONpPENETsIeT BO3MOXHbIE HabOpHI CO-
OBITHI, CBS3aHHBIX C JAHHBIM, YTOOBI NIPOCIEIHUTD MYTH BO3HHKHOBEHHS
OMACHBIX (MJIM 0e30MacHBIX) UCXONOB. YacTo aHanu3 Ha JiepeBe cOOBITHI
HA3LIBAIOT aHAIM30M [TOCIENOBATENLHOCTH OMACHBIX coOnITHi. Ho 910 He
tak! Cobvimus 8 Oepege He paccMampueaiomcs, KaKk 803HUKAIOWjue no-
crnedosamenvro 60 epemenu. Kaxmnas onacHas 1emoyka (0T HHUIHUPYO-
mero COOBITHA IO UTOTOBOTO) MPEACTABIAET COOOH COBOKYIHOCTh COOBI-
THH, O0BEINHCHHBIX JOrHYECKHM onepatopoM M. YuuThIBas 3T0, MOXHO
COIPATaTh JIEPEBbs OTKA30B U AEPEBBS COOBITHH.

IlpuBeneM MpUMeEpHl UCIIOIB30BAHUA NIEPEBLEB COOBITHI UL MOZE-
JIMPOBAHUS PA3NHIHBIX CHUTYAIHH.

Ha puc.4.25 mokazano nepeBo coObIThil H3 MeToOMYeCKHX YKa3aHUH
MO0 MPOBEJICHHIO aHAIN3ad PHCKA ONACHBIX IPOM3BOACTBEHHBIX OOBEKTOB
P/1 03-418-01 [91]. [epeBo omucHIBacT aBapuio Ha yCTAHOBKE IIEPBUYHON
nepepaboTku Hedru. Beixoas! AepeBa coObITHI 0OhSANHEHBI B IPYIIIBI 110
YpOBHIO ymepba oT aBapuu. BepoATHOCTD pean3aiyy KaxXmaoro BEIXOAA
OTIPE/IETIAETCS TIEPEMHOKEHUEM BEPOATHOCTEN BeTBEH (COOBITHIA), MPUBO-
JSIMX K 3TOMY Bbixojty. Hampumep, BEpOSTHOCTD MHHUMATIBHOTO YPOBHS
ymrepba BBIUHCIISETCS KaK

0.05%0.04*0.05 + 0.95*%0.45*0.1 + 0.95*0.45*0.45.
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Puc. 4.25. [lepeBo coOpITUi aBapuy HA YCTAHOBKE NEPBAYHOM
nepepaboTkH HeQTH

B [92,93] monmenb nepeBbeB COOBITHH HCIONB3YETC sl BHIUHCIIE-
HHSL YCJOBHBIX BEPOSTHOCTEH, BXOMANIMX KaK COCTABISIOIHE B KOM-
IMJISKCHBIA MMOKa3aTellb JOCTOBEPHOCTH KOHTpons. [lepeBbsi cobbitwii, B
MPHUHIIAIIE, SBISSCH MepeOOPHBIM METONOM, YIOOHBI /ISl BHIYMCJACHAS yC-
JIOBHBIX BEPOSATHOCTEH TEM, YTO NO3BOJIIOT JEKOMITO3UPOBATh BCHO 3a1a-
1wy, TOMEIIast yCIOBUE B KOPEHD JIEPEBA H PACCMATPHBAS €TI0 KAK HCXOJHOE
coOpiTHe. [IpHaemM yCIOBHE MOXKET COCTOSTh HE U3 OTHOTO COOBITHS, & H3
n060# ux orudeckodl koMOHHarwH. 1Ipy OLeHKe CpescTB KOHTPOMS HC-

XOJTHBIMHE COOBITHSIMHE (YCIIOBHAMM) MOTYT SBIATBCS coObITHS A(A) pabo-
tocriocoOHocTH (HepaborocmocobHocTH) 00bekTa KOHTpOJA. COOBITHS

B(B) ompeenienpl Kak DpU3HAHUE 00bEKTa paboTocmocobubmM (Hepabo-
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TOCMOCOOHBIM) CPEJICTBAMH KOHTPOJL. B KadecTBe yUHTHIBAEMBIX (aKTo-
POB PAcCMaTPUBAIOT MOJIHOTY KOHTPONSA U ero cocrosHus (paborocro-
COBHOCTB, OTKa3 TUMa HecpabaThIBaHHE, OTKA3 THUIIA JIOKHOE CpabaThIBa-
HUE). ATperupoBaHie MoKa3aTenel, BEIUUCIEHHBIX IS BBIICIEHHBIX NIPH
JEKOMITO3UIUH YacTel, B JAHHOM Clly4ae, IPOBOJUTCA IO (bopMynaM yc-
JoBHOH BepostHOCTH. O003HAUMM, T - moiHOTA KOHTpoud, C, Ch, Cuo -
COOBITHS pabOTOCTIOCOOHOCTH U OTKA30B THIIA JOXHOTO cpabaThIBaHUS U
HecpabarsBanus kouTpons. Ha puc 4.26, 4.27 npencraBieHsl COOTBETCT-
BYIOIIHE AEPEBbS COOBITHH.

¢ AB
N 653 5
— AB
A g’“’ B ACa
— AB
1-1 Cta AR
EﬁO ASB

Puc.4.26. JlepeBo cOOBITHI JUIS1 BEIMHMCIIEHUS YCIOBHOM
BEPOATHOCTH NPU3HAHHA KOHTPOJNEM OTKa3a 0ObEKTa, IIPH
YCIOBHH ero paboTocnocoGHOCTH P(B/ A)

=1
Q

s
ailola
@' =

AB A (Cao {10

AB
00 AR

1-7

inllinllle
2 e

Puc.4.27. [lepeBo coObITHIT Aj1s1 BEIYACIEHUS YCIIOBHOM
BEPOSTHOCTH NIPU3HAHMI KOHTPOJIEM paboTocnocoOHOCTH
00BEKTa, IPH YCIOBHUH €70 0TKa3a. P(B/A)

ITo mocTpoeHHBIM JIEPEBBSIM COOBITHI MOXHO (POPMAIIBHO OIIpefe-
JIATH CJICAYIOIIME PE3yNIBTAaThl B3aUMONIEHCTBUS 00BEKTA H CPENCTB KOH-
TPOJIS:
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— paboTocnOcObHOE COCTOAHHE 00bEKTa MPU3HAETCA KOHTPOJIEM KaK
paboTtococobHOe, UTO 3aIHChIBAETCS A AB;

— pabotocnocobHOe COCTOAHHE 0OBEKTa MPH3HAETCS KOHTPOJEM KaK

HepaboToCIOCOOHOE, YTO 3aIMHCHIBACTCA A A E;

HepaboTOCHOCODHOE COCTOSIHAE OOBEKTA IPHIHACTC KOHTPOIEM KaK

paboTocnocoOHOE, YTO 3aITHCHIBAETCS A A B;
HepaboToCcocoDHOE COCTOsTHAE OOBEKTa IPH3HACTCS KOHTPOIEM KAK

I

HepaboTOCoCcODHOE, UTO 3ammichiBacTca A A B.
lpaBuibHas OlEHKA COCTOSHHA 00BEKTa KOHTPOIISL IPOHCXONT, KOLIa Pe-
3yJABTaT B3aHMOJCHCTBUS OOBEKTA W CPEACTB KOHTPOIS HMeer BHA A AB

A A AB. ITostomy mocroBepHOCTH KOHTpOILE D onpenenum kax
D=P(AAB) + P(AAB) , @4.17)
a HEAOCTOBCPHOCTH KaK
D=1-D=P(AAB) + P(A AB). (4.18)
COCTaBJBIIOIHI/Ie HENOCTOBCPHOCTH KOHTPOJIA MOXHO 3ariucarbh
P(AnB) =P(A) -P(B/A) u P(AB)=P(A)-P(B/A), (4.19)

rme P(A), P(A) - BepoATHOCTH pabOTOCIIOCOOHOIO COCTOSIHMS. K OTKA-

3a 00BEKTa KOHTPOIIA, P(E / A), P(B/ X) - YCIIOBHBIE BEPOSTHOCTH MPH-
3HaHMA KOHTPOIIEM OTKa3a OOBEKTa, IIPH YCIOBUH €ro paboTOCHOCOOHO-
CTH, ¥ paboTOCTIOCOOHOCTH 0OBEKTA, TIPH YCIOBHH €T0 0TKAa3a, COOTBEICT-
BEHHO.

[Tocne BBIYMCHEHHS 10 HHM HCKOMBIX YCIOBHBIX BEPOATHOCTEH B
cooTBeTcTBUH € (4.18) momyunm

D = P(A) ‘P(Efa) + P(K) -(P(C,,)+ (1-m)-P(C)). (4.20)

JepeBbsi cOOBITHH MOKHO HCHONB30BATh IS ONpPeeNneHN mpodst
MPOU3BOAUTENRHOCTH TexHOoNormdeckoro kommiekca (TK), mnocnemosa-
TENBbHO PEATU3YIONIETO BBIIONHEHNE OTAEIBHBIX CTAJUH TEXHOIOrHYECKO-
TO MpOoHecca aBTOHOMHBIMH ¥ HE33BHCUMBIMH (TI0 TEXHUYECKOH peari3a-
IIMH) TEXHOIOTHICCKUMH cHcTeMaMHu. [IpuMepamMu Takux KOMILIEKCOB siB-
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JIFOTCS Ha3eMHble M MOPCKHE T'a30-100buHbIe KOMIUIEKCHL. OCHOBHBIME
IIPHYMHAMH W3MCHEHMS NPOM3BOJUTENHHOCTH TEXHONOTHYECKHX CHCTEM
ABJISEOTCA: H3MEHEHHE 00beMa U Ka9eCTBEHHOTO COCTaBa ITOTOKA BXOTHO-
ro MPOAYKTa; CHIDKEHHE YPOBHS PabOTOCHOCOOHOCTH TEXHONOTHIECKOH
CHCTEMBI, & COOTBETCTBEHHO M oObeMa mepepabarTblBaeéMOTO TIPOAYKTa,
00yCIIOBIICHHOE OTKa3aMH 000PY/{OBAHUSI.

Ormicanve M3MEHEHHH MPOU3BOJUTENFHOCTH TEXHOIOTHISCKUX CHC-
TEM MOXET BBIIONHATHCA C [OMOLUBIO 3aJaHUS NPOGIIL HPOU3BOAH-
tensHOCTH IIII — MHOXecTBa map {11y, Py} 3HaueHmit ypoBHeit mpou3Boay-
tensHocTH I} M BeposiTHOCTEH 3THX 3HAUeHH#H P

[Tpodrine MPOH3BOAUTENPHOCTH TEXHOIOIHYECKOYO KOMILIEKCA OIl-
penensercs cymeprosuimeit S npoduneir T, THT.. . . IIIN N mocneno-
BATENBHBIX TEXHONOTUYECKUX CHUCTEM TIO CIEAYIOMIEMY MPaBHITY

(IIT STITE) = {min(IT}, IFy), (PP )}.

Tax, nns AByX TIOCIIEIOBATENBHBIX CHCTEM C

= {I1" =100%, P';=0.8} {IT';=80%, P';=0.1} {II':=0%, P';=0.1}

III*={I1%,=100%, P*=0.7} {I1%=60%, P%,=0.2} {I1%:=0%, P*;=0.1}
BBIXOAHOM ITPOGHIIb TIPOU3BOAUTEIBHOCTH I Oyzner

{IT’ | =100%, P*,=0.56} {IT>,=80%, P*,=0.07}
{IT3=60%, P*;=0.18} {II*;=0%, P*,=0.19}.

Jns coBokyrHOCTH M3 N cucTeM NpodHib POH3BOUTEILHOCTH Ol
penesieTcs MoCieoBaTeNibHOH CYNEPHIO3UIMENH X poduneH

M=(...WOI'STIR). . ) SIS ) . .. S o) S ).

IIpoduis npou3BONUTENEHOCTH IIIT' OTHEeNBHOM CHCTEMBI CTpOHTCA
[0 pe3ylbTaTaM aHajlu3a TeXHOIOTMYECKOro Mporiecca, BKIIoYas Kak dKc-
HEPTHBIE 3aKIIOYEHHS, TaK H HA OCHOBE aHANM3a HAJIEXKHOCTH IIPOEKTHBIX
PEILICHUM 3TOU CUCTEMBI.

Ha ocHoBe mnomyueHHOro npouis IPOU3BOAUTEISHOCTH MOXET
OBITH paccCYHTaH OCHOBHOW MOKa3aredb >((EKTHBHOCTH KOMILIEKCA KO-
3¢ duuentT coxpaneHus 3PPeKTUBHOCTH:
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Texnonoruieckui
KoM

. QuereMa 1 Cacrema 2 Oacremal
_108%; Prob=0.5 L00%
130%; Frob=0.35 60%s; Prob=0.08 0%
0%; Prob=0.02 0%
100%; Prob=0.% 0%
B0% ;Prob=0.05 60%; Prob=0.08 500
0%; Prob=0.02
. =f. bl d 0%
100% ;Prob=0.8 100%;Prob=0.9 o
60%;Probw0.1 §0%; Prob=0.08 1%
0%; Prob=0.02 o
100%; Prob=0,8 ol
0%;Erobu0.1 §0%; Prob=0.08 -~
%; Prob=0,02 oy
100%:; Prob=0.9 0%
100%: Prob=0.75 60%; Prob=0.08 0%
0%;Prob=0.02 e
100%;Prob=0.9 30%
80%; Prob=0.05 60%:; Prob=0.08 %
80%; Probwg.1 #%;Prob=0.02 "%
10056; Prob=0.9 0%
60%; Prob=0.1 :::t; Pl:b: 0028 0%
7 PTOD=0.| %
100%:;Prob=0.9 0%
0%; Prob=0.1 60%; Probe=0.08 "
0%; Prob=0.02 ;;
100%; Prob=0.9 "
100%; Prob=0.75 60%; Prab=0.08 1;%
e
¢ Prob=0.9 10%
80%:; Prob=0.05 60%; Prob=0.08 %
0%; =0.02
40%;Prob=0.05 %;Prob=0 %
100%:; Prob=0.9 0%
60%; Prob=0.1 :3:; Pr:h; t:;:s 0%
G %
1008%; Prob=0.9 %
{0%; Prob= 0.1 £0%:; Prob=0.08 %
0%; Prob=0.02
0%
100%,; Prob=0.9 %
100%,; Prab=0.75 $0%; Prob=0.08 0%
0%; Prabe0.02 %
1{10%,; Probw=0.9
%
80%; Prob=0.05 60%; Prob=0.08 %
0%:; Prob=0.02
0%; Prob=0.05 0%
100%; Prob=0.9 0%
160%; Prob=0.1 60%; Prob=0.08 %
0%; Prob=0.02 o
100%; Prob=0.9 ;*
09%; Prob=0.1 60%; Prob=0. 0 0%
0%; Prob=0.02 o

Puc. 4.28. Jlepeso cobrithii 11st pacuerta npotdui npoussogurensrocT TK
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M
> PII,
=l

coxp.ad. I »

HOM.

K @.21)

[T om, — €CTb HOMHHAIIBHBIN YPOBEHb MPOU3BOAMTENLHOCTH, M — umc-
JI0 YPOBHEH [POU3BOAUTENHFHOCTH KOMILIEKCA.

Hepeso cobbrruil ans pacaeror npodruis npoussogutensHoctd TK
CTPOMTCA TAKAM 00pa3oM, YTOObI MOXKHO OBLIO OCYIIECTBUTH MOIHBIN I1€-
pebop BCeX BO3MOXKHBIX COUCTAHHH YPOBHEH MPOH3BOAMTEIBLHOCTH CHC-
TEM, BXOAIMX B KOMILIEKC. KOpHIO JepeBa COOTHOCHTCS TEXHOIOTHYE-
CKHH KOMILIEKC, KaXIBIi IOCIEAYIOMUiA CTON0eI IepeBa COOTBETCTBYET
cucreMe. KommuecTBo Berseit s-ro cronbua JaepeBa Ompeiensercs mpon3-

S
BEJICHUEM Hni, i€ N; — KONMYECTBO YPOBHEN MPOU3BOIAUTEIBHOCTH i-H
il
CHCTEMBI, KaXkJ[ast BETBb S-TO cTONIONA ormchiBaroTcs mapoit {I1°%,P%}. Bei-
XOZHBIE BETBH 1IEPEBA, HMEIONHE ONMHAKOBbIEe T, 06BbeIMHsIOTCS, a CO-
OTBETCTBYIOIME UM BEPOSITHOCTH CYMMHUPYIOTCSL.

JlepeBo CcOOBITHH TEXHOIOTHYECKOr0 KOMIUIEKCA, COCTOSAINENO M3
TPEX CHCTEM, MOKa3aHo Ha puc.4.28. Pesymbrar pacdera BBIXOIHOTO TIPO-
¢uns npoussogurensHocT! TK tpuBeneH va puc.4.29. [lepeBo HaGpaHo
paccuuTano B moxyie Event Tree Windchill Quality Solutions.

E T ——
Calculation Results ||«

File Name: Npoéusb nponsscgrrensrocte TR
s G b 3L
[ BEnoRTHODH:

0.162100
B,044100

0,145800
G, 108000
8,540000

Page #:1 Print Bate: 23.81.2011
Print Time: 18:43

Pnc.4.29. Pesynerars! pacdaera npoduns npoussogutensnocty TK
B Moayiae Event Tree Windchill Quality Solutions



I'maBa 5

JIuHAMUYeCKAE MOIe/IH
HAAEKHOCTH

B pasnmene 1.2 Bce Momenu HaAeKHOCTH ObUIM PaslclacHB! Ha [1Ba
Kjfacca CTaTHYeCKHe U JuHamuueckre. CTaTmdeckas MOAENb OHMChIBAET
“HaJIEIHOCTHOE” COCTOSHHE CHCTEMbI B MOMEHT BpeMeHH t Habopom pa-
6OTOCIOCOOHBIX H HEPabOTOCTIOCOOHBIX 3eMeHTOB. 11aBsl 2-4 ObLM [10-
CBAMEHBI METOJAM AaHan3a, HCIIONB3YyeMBIM B CTaTHYECKHX MOMELIX.
B maBe 2 paccMaTpuBaloch NPUMEHEHUE OCHOBHBIX (POPMY/1 TEOPHH Be-
posTHOCTEl (BEpPOATHOCTH CYMMBI M IIPOH3BECHHA coObITHIL, ¢opmyia
T[IOJTHOM BEPOATHOCTH) JUISL pacdeTa Mmokas3arenei 6€30TKa3HOCTH Pe3epBH-
POBaHHBIX CHCTEM C Harpy>KE€HHEIM pe3epBoM. B miaBax 3 u 4 msy4aurce
JIOTHKO-BEPOSITHOCTHBIE METO[Bl aHAlM3a HAJEKHOCTH, OCHOBAHHBIC HA
3alKCH JIOTHYECKHX YCIOBHH padorocnmocobHOCTH (HepaboTocnoco6Ho-
CTH) M UX MOCJICAYIONIEro Mpeodpa3oBaHus B BEPOITHOCTHYIO $opmy. OTH
METOJIbl OKAa3bIBAIOTCS HEJIOCTATOUHBIMHM IS HCCICHOBAHMS CJOMKHBIX
cucreM. C TOYKH 3pCHHA AHANK3a HAJICKHOCTH CIIOXHOCTb CHCTEM 00y-
CIIABIIMBAETCS CNEAYIOMINMH (PaKTOpaMu:

— HAJIMYHE HECKONBKUX YPOBHEH 3(Q¢eKTHBHOCTH (yHKIIMOHHPOBAHHS
(TIpOH3BOMUTENBHOCTH) B pabOTOCTIOCOOHBIX COCTOSHHAX M IIOCTE-
ricHHast Jierpafanys no 3pGHeKTHBHOCTH NP BO3HUKHOBEHMH HEHC-
IPaBHOCTEH; COCTOSHHS HEpabOTOCHOCOOHOCTH MOTYT TaloKe Pa3JIH -
YaTHCS IO MOCIEACTBUIM

— peanuzanys pa3sHOOOPAsHBIX COCOOOB Pe3epBUPOBAHHS (CTPYKTYp-
HOTO, BPEMEHHOTO, alTOPUTMHYECKOTO0)

— HCIOJB30BAHHE PA3NHYHBIX CTpaTerHil BoccTaHOBiIeHUS. OTpaHHde-
ure Ha 3UII u yrcno peMOHTHBIX OpHTa.
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— TpUMEHEHHE AITOPUTMHYECKUX METOf0B 00pabOTKM HEHCITPARHO-
cTeil (B OCHOBHOM [JISI BEIYMCIUTENBHBIX YCTPOKCTB) ¢ KilacCH(bHKa-
HeH Ha COOM 1 OTKA3EL

— BO3MOXXHOCTh BO3HMKHOBEHHS HECKONHKMX HECOBMECTHBIX BHIOB
OTKa30B 3JIEMCHTOB, IPUBOSIIMX HPH ONpPENEeIeHHON KpaTHOCTH M
HOCJIEIOBATENIbHOCTH BOZHUKHOBCHHA K PA3NUYHLIM HOCHEACTBHASM
Ha CHCTEMHOM YPOBHE; HAJIMUHE CKPBITHIX ¥ ABHBIX OTKA30B

— OTKa3sl 10 O0IIEH IPUIHHE, HHIYLIMPOBaHHBIE OTKa3bl.

VY4eT nepeurcieHHbIX (PaKTOPOB BO3MOXKEH B paMKax AWHAMUYIECKUX
MofeNeil HaeXXHOCTH, ONMCHIBAIONIMX HPOUCXOIAININE B CHCTEME COOBI-
THSL, OTKA3bI KaK TIPOLECCHI, PA3BUBAIOILUECS BO BPEMEHH.

Haubonee pacnpocTpaHEHHBIMH IWHAMHYECKHMH MOJIENSIMH ‘‘Ha-
JI©KHOCTHOTO” TOBEACHUSA CHCTEM SBIAIOTCS MAapKOBCKHE CIIydaiHble
TIPOIIECCH, MOITOMY [aHHas INaBa OyJeT MOCBAIMEHA HCIIONb30BaHUIO
MapKOBCKUX MOJIEJIEH HaJle)KHOCTH ISl aHAJIM3a CIOKHEBIX CUCTEM.

S.1. MapxkoBckue ciay4aiiHbie Ponecchbl

B Teopuu BeposTHOCTEH BBEICHO IOHATHE CIydaiHON QYyHKIMH, T.€.
TaKkoW QyHKIWY, 3HAYCHUE KOTOPOH IPH KKIOM JAHHOM 3HAYCHUH apry-
MEHTa (WIM apTyMeHTOB) sBIsieTCsl cilydaiiHoi BemmumnoH. CiyyaitHyro
(GYHKIHIO MOXHO paccMarpuBaTh KakK COBOKYIIHOCTH CIIy4aWHBIX BEJH-
YMH, IPECTABISIONINX €¢ 3HAUCHUS IIPK PA3IIYHbIX 3HAYCHUAX apryMeH-
Ta. B obmmeM ciydae ciyyaiiHas ¢GyHKIMs paBHOLIEHHA OECKOHEUHOMY, He-
CUCTHOMY MHOXECTBY CIydadHBIX BelwdmH. Kaknmas koHKperHas QyHK-
1151, KOTOpasi MOXKET OBITh 3apeTHCTPHpPOBAHA IIPH OXHOM HAOIFONEHHMU
CIy4alHOH (yHKIUH, Ha3pIBACTCS pealld3anuell dToH (QyHKIHH. JIEMEH-
TApHOE U3JIOXEHHE TEOPUH CIyYaWHBIX (YHKIMH, JOCTATOYHOE IS IIO-
HUMAaHHS TEXHUYCCKUX TPHIOKEHHH TEOPHH BEPOATHOCTH H, B YaCTHO-
CTH, TCOPHH HAJISKHOCTH JiaHO B [58, 94, 95].

CryvaitHast QyHKLMS BPEMEHH XapakKTepU3yeT MPOLECC H3MEHEHHSA
CIIyYaiHOH BEIHYMHBI ¢ TeueHHWEeM BpeMenu. CnydaiiHpie (yHKIMH Bpe-
MEHH Ha3bIBAIOT CIYYAUHbIMU UITH CHOXACMUYECKUMY NPOYECCAMU.



5.1. MapkoBckue ciryvaiHble IPOIECCH 149

I'oBoOpAT, 4TO B HEKOTOPOH CHCTEME S IIPOTEKAET CIIy4aHHBIH [TPO-
[[€CC, €CITH €€ COCTOSHMS MCHSIOTCA C T€IEHHEM BPEMEHH CITy¥aiHbiM 00-
pasoMm. IIporiecc, MPOTEKAOMHI B CHCTEME, Ha3bIBAETCSA MAPKOGCKUM HIU
npoyeccom 6e3 nociedelicmeiisi, SCIIK JUISL KOXKIOTO MOMEHTA BPEMCHH Be-
POSITHOCTB JEO0OOTO COCTOSIHHSI CHCTEMB! B OYIYIIEM 3aBHCHMT TOJEKO OT
COCTOSIHUSL CHCTEMBI B HACTOSIUN MOMEHT M HE 3aBHCHT OT TOTo, KAKHM
00pa3oM cHCTEMA IIPHIITIA B 3TO COCTOSIHHE.

IIpocTpaHCcTBO BO3MOXHBIX COCTOSIHUH CHCTEMBI MOJKET OBITE Kak
HEMPEPHIBHBIM, TaK U JUCKPETHBIM, KOTAA COCTOSHHUSI CHUCTEMbl MOXKEHO
[EePEYHCIUTh WIN TPOHYMepoBaTh. [Ipy HCCleOBaHHH HAIEXHOCTH CHC-
TEM, COCTOSIINX W3 JEMEHTOB C 3aJaHHBIMH HaJIE)KHOCTHBIMH XapaKTe-
PUCTHKAMH, IIPOCTPAHCTBO COCTOSIHUN BCETAa AUCKPETHO.

Maremarnueckoe OIHCAaHHE MAapKOBCKOIO CIIy4aifHOIO IIpolLecca,
HPOTEKAIOILETO B CHCTEME C AUCKPETHBIMH COCTOSHHSAMH, 3aBHCHT OT TO-
r0, B KAKHE MOMEHTHl BPEMEHH MOTYT IIPOUCXOJUTH IIEPEXOMBl CHCTEMEL
U3 COCTOSHMA B COCTOAHHE. ECIM Iepexoibl MeXAy COCTOSHMSMH MOTYT
[IPOMCXO/IUTh TONBKO B 3apaHEe ONpeJcleHHbIE MOMEHTHl BPEMEHH, TO
TAaKOH MPOLECC HA3BIBAIOT MAPKOBCKUM IPOLECCOM C IUCKPETHEIM BpEMe-
HeM. Ecnu nepexompl MOTYyT IPOHCXOIHTD B JIOOBIE CIIyJaiHbie MOMEHTHI
BPEMEHH, TO TaKOH IPOLECC Ha3bIBal0OT MAPKOBCKUM IIPOLIECCOM C Hellpe-
pBIBHEIM BpeMeHeM. [[pu 3KCTIOHEHUMANBHOM paclpeneneHun Crydaino-
r0 BPEMEHHU NPEOBIBAHUS CHCTEMBI B KQKIOM H3 CBOUX COCTOSHHWA Map-
KOBCKHM TIIPOLIECC SABJISETCS ONHOPOJHBIM (MHTCHCHBHOCTH HEPEXOLOB
MEXY COCTONHUAME HE 33BUCAT OT BpeMen#). OHOPOIHBIE MAPKOBCKHE
[POLIECCHI C AUCKPETHBIM MHOXECTBOM COCTOSIHHH M HEITPEPhIBHBIM Bpe-
MEHEM SBILIIOTCS OCHOBHBIM alIIapaToM HCCHENOBAHHUSA Ha/IKHOCTH
CHOXKHBIX CHCTEM € BOCCTAHOBICHUEM. JTO OOBICHICTCS TEM, Y10 HMEHHO
OHH [O3BOJIAIOT IMONy4Yarb AHANUTHYECKUE BBIPAKECHHS HIM BBITHCITH-
TeNbHBIE CXEMBI I pacdera pasIMyHbIX HoKazarened HagexHocTH. Kpo-
M€ TOTO, B NOJABIMIONIEM OONBIIMHCTBE CIy9acB UCXONHBIMU NaHHBIMA
VI DIEMEHTOB ABJAIOTCSA MO0 KOHCTAHTHBIE MHTEHCHBHOCTH OTKAa30B,
1460 cpefHUe HapabOTKHU [0 OTKA3a.

HocTpoenne MapKOBCKMX MOJeNel Hage)KHOCTH TPOMCXOOUT Ciie-
nyromuM obpasom. Ha ocrHoBe MHGbOpMalMK 0 CTPYKType W TPHHLIMAIAX
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(yHKIHOHUPOBAHHUS MCCIIEAYEMON CHCTEMBI ONPEIEIETCS MHOKECTBO €
BO3MOXXHBIX COCTOSIHUM. DTO MHOMKECTBO pas3elsieTcs Ha JJBa TOAMHOMXKE-
CTBa — pabOTOCIIOCOOHBIX COCTOSIHHH M COCTOsSHHU#M oTKa3a. Janee cTpout-
Csl MapKOBCKHA rpad) IepexoyioB, BEPUIMHAMH KOTOPOIO SBIAIOTCA CO-
CTOSIHMSL CHCTEMBI, a peOpaMi — BO3MOXHEIC ITEPEXOIbI MEXKIY COCTOS-
HUAMH. VHTEHCHBHOCTH TEPEXOIOB OIPENEISIOTCS XapaKTePHCTHKAMH
0€30TKa3HOCTH M PEMOHTONPHIOAHOCTH 3eMeHToB cucTeMbl. [lo rpady
HepPEXO0B COCTABIAETCS HEOOX0MMasd CHCTEMa YpaBHEHHUH, aHAIUTHIE-
CKO€ pEIIeHHE KOTOPOH MO3BOJAET IOMYYUTH (HOPMYIbHBIE BBIPOKSHUS
Just TpeOyeMBIX IOoKasaresned HaJexHOCTH. Ecnu pelmenne crucTeMsl BO3-
MOXHO TOJBKO YHCIEHHBIMH METOJIAMH, TO MONYHYAIOT YHMCJICHHBIE 3HaUe-
HHUS [T0Ka3aTeNcH HA/IS)KHOCTH B 33/IaHHBIE MOMEHTHI BPEMEHH.

S.2. YpaBHenue Koamoroposa-Henvena.
MapkoBcKas MojieJib HATEKHOCTH
BOCCTAHAB/JIHBAEMOI0 3JIEMEHTA

PaccmorpuM  QYHKIMOHHpOBaHME BOCCTAaHABIWBAEMOrO 3JIEMEHTA,
IpH CHEAYIOMHMX Ipeanonokermsx: (1) moTok oTka3oB sIeMeHTa — IIyac-
COHOBCKHH C MapaMeTpoM A (MHTEHCHBHOCTH OTKa30B); (2) IIOTOK BOCCTa-
HOBIICHHH 3JIEMEHTA - MMyaCCOHOBCKHU C MapameTpoM [ (HHTEHCHBHOCTH
Boccranosnenus). [Ipenmonoxenus (1) 1 (2) paBHOCHIBLHBI HPEATONOKE-
HHIO 00 3KCIIOHEHLUAIBHOM paclpeeleHHH CIIyYalHbIX BpEMEH OTKa3a U
BOCCTAHOBIICHHS. JJIEMEHT MOXET HAXOAUTHCS B JIBYX COCTOSHMAX: 1 -
HCIPaBHOE COCTOSIHME; 2 — COCTOSHNE OTKa3a. MapKoBckHi rpad mepexo-
JI0B 3JIEMEHTa MEXAY HCIPABHBIM COCTOSHHEM M COCTOSHHMEM OTKa3a II0-
Ka3aH Ha puc.5.1.

X
Puc.5.1. Mapkosckuii m@
rpad nepexoJoB it @ ) <7
BOCCTAHABIUBAEMOTO 3IIEMCHTA TNWM

O603Haurm: P((t) — BepOATHOCTs HAXOXJCHUS NIEMEHTa B MOMEHT
BpeMeHH t B cocTosHUE 1. P,(t) — BEpOATHOCTD HAXOXKICHUS IIEMEHTA B



5.2. ¥Ypasuenue Konmoroposa-Uenmena. Mapkorckas MOIEb 151

MOMEHT BpeMenH t B cocTogHu 2. CobbiTue A paboTOCIIOCOOHO CTH Hile-
MeHTa (HaXOXJEHHA B COCTOAHUE 1) B MOMEHT BPEMEHH t+AL MOXET [1po-
M30HTH JByMs crocobamu. Jlnbo mpomsoiiner cobeitre B, cocrosmuge B
TOM, YTO B MOMEHT t 3IIEMEHT yXKE Haxojuics B paboTocmocoGHOM c¢o-
crosnuy 1 1 3a Bpemst At He BBIIIEN M3 HTONO COCTOSHUSA (0TKa3 3a At He
mpousoruen). JIubo npomsoiiaer cobbitue C, cocrosiiee B TOM, 4T0 B MO-
MEHT t 2/IEMEHT ObLIa B COCTOSHHHU OTKa3a 2 ¥ 3a BpeMs At meperrien u3
cocrosaus 2 B cocrosiHue 1 (paborocnocobHOCTD aneMenTa Op1na BoccTa-
HOBIIEHA 33 At).
BepoaraocTts cobbrtg B paBHa

P(B) = P (t)e ™ (5.1)
Paznaras sKCIiOHEHTY B P, HOAYYaeM

2 3
oM :1—}\At+%—(x%'t)+... — 1-MAt+0(AD),

Wit ¢ TOYHOCTBIO /10 BEIMHHH BBICLIETO TTOPSIIKA MaJIOCTH
P(B) = P, (t)(1-AAt) (5.2)
BeposrHocTs cobbiTHs C paBHa
P(C) =P,(t)(1-e™) = P, (t)pAt (5.3)

Torna BeposTHOCTE cobbitHs A (paboTOCHOCOOHOCTH DHIIeMEHTA B
MOMEHT BpeMeHH t+At), ¢ yuerom Toro, uto coObitust B u C HecoBMeE CTHBI,
OIIpesieIIseTcs Kak:

P(A) =P (t+At) =P, (t)(1-AAt) + P,(t)pAt (5.4)
Ecmu mbl niepenecem Pi(t) B 1eBYIO uacTh ypaBHEHHS, PAIEIHM [10-
JIyY9eHHOE NpHpaeHre QyHKIUN Ha MPHPANICHHE apTyMEHTa, YCTPEMEB

At K Hymo, TO NOMY4HM IHDPEepEeHIHATBHOE YPABHEHHAE OTHOCHTEIBHO
HEU3BECTHOH BeposTHOCTH P (t):

B, (1) = P, (tY-A)+ P, (D) 5.5)
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AHanoryHO paccyKnas, MOXHO MNONYYUTh AupdepeHanbHoe
ypaBHEHUE OTHOCHUTEIHHO BEPOATHOCTH P(t). Takum obpa3om, Mbl momy-
gpme Juist BepositHocTed Pi(t) u Py(t) cicTemy OOBIKHOBEHHBIX JH(hEpeH-
[[MAJIBHBIX YPaBHEHHHA:

P (t) = =AP, (1) + P, (t)u
P, (t) = AP, (1) - P, (D)p

[onyuennyro cucteMy auddepeHIUaNbHbIX YpaBHEHMI pEmIaoT
npu HaganpHbIX yenoBuax Pi(0), Py(0), 3amatommx pacnpeneneHue Bepo-
ATHOCTEH COCTOSHMI B HauajbHBIA MoMmeHT BpeMeHH t=0. Tak kak i
MO0Or0 MOMEHTa BPeMEHH COOBITHS HaXOXIEHUS SIEMEHTa B ONHOM H3
CBOHX BO3MOXHBIX COCTOSIHHM COCTABIISIOT [TOTHYIO IPYIIITY, TO BBIIOJHS-
eTcsi HopMupoBOUHOE yeiosue Py(t) + Py(t) = 1.

WurencuBHOCTH YpaBHEHHS (5.6) MOXHO IIPEACTaBUTH B BUIC KBAJ-
PaTHOH MaTpPHULIbI

(5.6)

T:‘o x”

p 0

MMEIONIEH OHO3HAYHOE COOTBETCTBHE C MAPKOBCKUM IPagoM.
B marpuunom Buze (5.6) MOXHO 3anmcars KaKk

[P{(t),}g(t)]z[P1 (t),Pz(t):i [‘3 _ﬂ wm P () =P(t)-A.  (5.7)

3mecs P'(t), P(t) — BexTOp cTpokH, A — HAGHHUTE3UMAIBHAS MATPH-
a. Mexty anementamu Marpur] T 1 A ©MeeTcs O4eBUIHAS CBA3b:

n
Ay =ty TpH i A == t, mpHi=]
j=l
Eciu MbI OyZieM CTPOMTH MapKOBCKHE MOZEN HAJEKHOCTH CHCTEM,
COCTOSIINX U3 HECKONBKHX 3JIEMEHTOB, YUYHTHIBATh JOHIOTHUTEIBHBIE (haK-
TOPBI, TO OYEBHIHO, YTO IIPOCTPAHCTBO COCTOSHHH Mozenn OyleT yBelH-
yuBarhes. Cucrema quddepeHIMalbHbIX YPAaBHEHHH OTHOCHTENBHO Pi(t)
(i=1,2,...,n)B o0meM BHIE 3alHChIBAaETCA KaK
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Pll(t) = ——Pl(t)zj\‘li + Z Pi(t)kn

ieg[ iEG]
Pe(t) =—B (1) Ay + D (D (5.8)
iegy icGy

Pxi(t) = —-Pn (t)zlm + Z Pi(t);\‘m’
i€g, ieGy
TJie gx — MHOXKECTBO COCTOSIHHE, B KOTOPBIE BO3MOXEH HEIOCPECTREHHBIK
HepexXof, M3 NAHHOTO cocTosnms k; Gy — MHOKECTBO COCTOSIHMIA, K3 KOTO-
PBIX BO3MOMKEH HEMOCPEICTBEHHBIN TIEPEX0A B cocToAHueE k.

VpaBHeHus BHza (5.8) 411 BEPOATHOCTEH COCTOSHHI MApKOBCKOTO
Hporecca ¢ HENMPEpPHIBHLIM BPEMEHEM M [HCKPETHBIM MHOXECTBOM CO-
CTOSHUH Ha3bIBalOTCs ypaBHeHHAMH Konmoroposa-Yenmena.

Ilpoussenenne Pi(t)h; ¥MeeT Haspamde MOTOKa BeposTHocTH. Ilpu
cocraBienuy ypasHenuii Konomoroposa-Uenmena 1o rpady nepexomos
yIOOHO HOJB30BATBCA CAEAYOLIM [IPABUIIOM: MPOM3BOIHAS BEPOATHOCTH
M000ro COCTOSHHA PaBHA CYMME HOTOKOB BEPOSTHOCTH, MEPEBOASIIHX
CUCTEMY B 3TO COCTOSHHUE, MMHYC CyMMe BCEX IOTOKOB BEPOSTHOCTH, BEI-
BOJAIIUX CHCTEMY M3 3TOTO COCTOSHHSI.

5.3. AHaJIMTHYEeCKHe METO/IbI PeLCHHUS
ypasuenuii Kosimoroposa-Yenmena
Ha MpUMepe BOCCTAHABJIHMBAEMOTI0 3JieMEHTA

1. Memoo pewenus, ocrosanusill na npeobpasoéanuu Jlanaaca.

ITpumenuM k cucteme TuddepeHHanbHbIX YPaBHEHHH (5.6), OMACH-
BAIOIMX IIPOLIECC OTKAa30B M BOCCTAHOBIEHUH DIIEMEHTa, NpeobpasoBaHue
Jlannaca. B pesynerare nony4aeM cuCTeMy anreOpandeckix ypaBHEHHIT

{Spl (s)=1=-AP,(5)+P,(s)n (5.9

sP, (s) =AP (s)-P,(s)p,
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e P.(s) =IPi(t)e_Stdt - ecTh mpeobpazoBanue Jlaruaca ams Pi(t).
0

Tabmuna npeobGpasoBanuid Jlammaca OCHOBHBIX (DyHKHHH, HMCIIONb-
3yeMBbIX IIPH pacyeTax HaJEKHOCTH, IIPUBE/ICHA HUXKE.

Tabéauna 5.1. @opmynsr npeobpazopannii Jlamnaca

H300paxenne Opurunan H3o06pakenne Opurunan
ap:(s)+Bpa(s) apy(t)+Bpa(t) 1/s 1(t)
sp(s)-p(0) p'(t) /5" ,n=1,2... "' /(n-1)!
e-"p(s) p(t-b) 1/(s-b) e
(1/b)p(s/b), 6>0 p(bt) Usb) ,n=12... [ N(n-1))e”
Cuctemy (5.9) ynobHo 3amnmcarhb B BUE
(s +M)P(8)— P, (s) =1
5.10
{xP,<s>—(u+s)Pz<s>=o G190

Haxonum pemenme cucrembl anreOpandeckux ypasHeHui (5.10),
HaImpiMep, HCHob3ys npaswio Kpamepa, H Janee NpeEACTaBIseM €ro B
BHJIE CYMMBI IIPOCTBIX ApoOei s modydenus oOparHoro npeobpasosa-
Hus Jlamnaca:

P (S)z__&_zﬁ+i_
s(s+(A+p) s s+(A+p) 5.11)
s(s+(A+p) s s+(A+p)
CootHoImEHUs
(A, +B)s+ A A+p)=p+s; (A, +B,)s+A,(A+p) =4
HO3BOJISIOT HANTH UCKOMBIE KOI(PDHLIMERTHI:
A=top=ta -t gt s
A+p A+p A+p A+p
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BocnonpzoBasmmcs hopmynama TabrmHLE! S. 1, Haxomum Pi(t) u Ps(t)
Kkak oOparHoe mpeobpazoBanue Jlamtaca or Pi(s) u Py(s):

P(=—B it
A A+n
(5.13)

Py(£) = — (L~ ),
A+

BepostHocTs P((t) ecTh BEpOATHOCTB 3aCTaTh BOCCTAaHABIMBAEMEBIEH
JJIEMEHT B paboTOCTIOCOOHOM COCTOAHHH 8 MPOU3BOTbHBIU MOMEHM 6pe-
Menu t. JTa BEPOSTHOCTh SBISETCS ONHAM U3 BOKHEHIIUX MOKA3aTelei
HAJI©KHOCTH BOCCTAHABIIMBAEMBIX CHCTEM M Ha3bIBaeTCs K03duIImeHTOM
roroBHOCTH Kf(t).

BepostaOCTs P(t) €CTh BEpOATHOCTH 3aCTaTh BOCCTAHABIMBAEMbBIH
97IeMEHT B HEPabOTOCTIOCOOHOM COCTOSHHH 6 HPOU3GONbHLILE MOMEHH
épemenu t. ITOT TIOKa3aTeNb HasbIBaeTcs kodddummentom npoctosd Kyft).

2. Memoo pewenus, 0CHOBaHHbIU HA CBEOCHUU CUCMEMBL NI YPAgHe-
HU K YDAGHEHUIO N-20 HOPAOKQ

BeipaszumM u3 BToporo ypaBHeHAA cHcTeMBI (5.6) HEH3BECTHYIO Bepo-
ATHOCTH Py(t)

P, (t)+uP,(t
P](t):_g.g_)_up.z_(_). (5.14)
A
IToncraBuB momy4eHHOE BEIpAXKEHHE B MEPBOE YPABHEHHE CHCTEMEI

(5.6), nonyunM JHHeHHOE OAHOPONHOE AU(PEpeHIHANBHOE YpABHEHHE
BTOPOT'0 HOPSAAKA:

P,(t)+(A+p)P,(t) =0. (5.15)
Xapakrepuctryeckoe ypaBaeHne Juis (5.15) umeer Buj
X +(A+p)x=0. (5.16)
KopHnu xapakrepiucTH4ECKOro ypaBHEHHS PABHEBL:

X =0,x,=-(A+p)_
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Koprto x,=0 cootserctpyer pemtenrie Cie*| '= C;. Koprmo x, = -(A+1)
COOTBETCTBYET PEICHHE

C26X2[=C2.e—(“u)t
OO0mmee pemeHnne oHOPOTHOTO ypaBHeHHMs (5.16) nmeer BuA:
P,(t)=Ce" +C,e™ =C, +C,e ™! (5.17)

Hatinem 3nayeHue mpou3BONBHEIX MOCTOSHHBIX C; u C,. lina storo
TofICTaBUM B o0Iee pemenne HauanbHoe ycinosre Py(0)=0. Torna C, = - C,.
Bripasum (5.14) uepes obuiee peleHne M, yUHThIBas HaYalbHOE yCIOBHE
P1(0)=1, momyuum

A A

= (5.18)

Cl:k—; 2 .
+u A+p

PaccMoTperHbIe [[Ba METOZIA HE SBNSAOTCS €MHCTBEHHBIMM METO/A-
MU aQHAIUTHIECKOTO pelleHus cucTeM AudGbepeHInaNbHbIX ypaBHEHUH,
OIMCHIBAIOIINX JHHAMUKY BEPOATHOCTEH MpeOBIBAaHUS CHCTEMBI B MHOXE-
CTBE €¢ BO3MOXHBIX “HAJIeXHOCTHBIX COCTOSHHH. Harmpumep, u3BecTHBI
M YCIIEIIHO NPUMEHSIOTCS IPH PEINCHUH 3314 aHAIIM3a HAJEKHOCTH Me-
TOJIBI, OCHOBAHHbBIE HA BBIYHCICHAN COOCTBEHHBIX 3HAYCHHH U COOCTBEH-
HBIX BEKTOPOB [96]. B 3akmoueHry OTMETHM, YTO BCE AaHATUTHIECKHE Me-
TOJBI SIBHBIM HJIY HESIBHBIM 00Pa30M CBSI3aHbI C PELICHHEM XapaKTEPHCTH-
YECKOTO YpaBHEHHUs, KOTOPOE JUL CUCTeM OOJIBIION PasMEPHOCTH HE pe-
maercs aHanuTHiecku. [103TOMy B COBPEMEHHOM NPOTrpaMMHOM obecrie-
YEeHHH aHaJn3a HAJCKHOCTH Ha MApKOBCKMX MOJEISIX pEIICHHE ypaBHeE-
uuii KonMoroposa-Uerivena peanmsyeTcss YHCIEHHBIMH MeTofamu. Tak
KaK MapKOBCKHE MOJIENTH HaleKHOCTH B BHJLy OOJbILOH Pa3HUIBI B 3HAYE-
HIAIX HHTEHCHBHOCTEH otkazoB (A=10°+10”) u mrTencusHOCTEH BoCCTA-
sopyienni (LU~1+100) mopoxknaror xecrkue AU(epeHInanbabe ypaBHe-
HUSL, TO MONTB3YIOTCS CrICNMAIBHEIMA YHCIeHHBIME MeTonamu. CosnaHue
3((peKTUBHBIX METOIOB /IS PEIUICHAS XECTKUX YPaBHEHHH sBIAETCS 00-
JaCTHEIO AKTHBHBIX MaTeMaThMueckux uccienoBanui. OOcyxIeHHe 3THX
METOIOB BBIXOJUT 32 PAMKH TEMATHKH JaHHOM KHHIH, 4 MHTEPECYFOMUM-
¢ YATATEISIM MOXHO NPeIIoKUTh myonukanmu [97,98]
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5.4. Pacuer nmoxa3areiaei 0€30TKA3HOCTH
BOCCTAHABJHBAEMBIX CHCTEM
HA MAPKOBCKHX MOJEJISIX

1. Pacuem seposimnocmu be3omxasrou pabomeL.

JUisl BOCCTaHaBIIMBAaEMbIX CHCIEM IPH HAXOKICHHM MOKA3ATEIS Be-
posITHOCTH 6e30TKa3HOH paboThl HEOOXOMHUMO BCE COCTOSHMA OTKA3a Clie-
Jate nomomaromumu. GopMansHO 3T0 03HAYaeT yHalleHHe BCEX BeTBEH
MapkoBCkoro rpada (umm oOHyIeHre HHTEHCHMBHOCTEH mepexona), cooT-
BETCTBYIOIIMX BO3BpaTy M3 OTKA30BLIX COCTOSHHE B PaboTocmoco0Hsie.
Hocne storo g xaxzaoro k-ro cocTogHHs paboTOCIIOCOOHOCTH CHCTEMBI
MOXHO 3aricarh cienyioniee 11 pepeHnran-Hoe ypaBHEHHE

Pﬁ(t):—— k(t)z;\’ki + Z Pi(t)x’ikﬂ (5.19)
iegy ieG, NGy
rae G - MHOXKECTBO COCTOSHHIA pabOTOCIOCOOHOCTH CHCTEMEL.

Jlns ciydas BOCCTaHaBIHBAEMOIO SIEMEHTA MapKOBCKHH Tpad) ¢ mo-

[JIOLIAIOIIAM COCTOSHHEM OTKA3a HMEET BH[, NOKA3AHHBIN Ha pUC.S.2.

(’N Puc.5.2. Mapxosckui rpad

C MOTJIOUIAI0 UM COCTOAHHUEM

O @ 0TKA23a EMEHTA

Torna BeposiTHOCTBIO OGe30TKa3zHOM padoTel OyaeT P((t), xoTopas om-
penenseTcs U3 pellleHHs ypaBHEHHS:

Pi(t) = AP, (). (5.20)

Hauanenoe ycnosue: Py(0)=1.

Paznerss nepeMeHHBIC 1 HHTETPHPYS JEBYIO U TIPaBYIO Y2CTH, HOTY-
qaeM H3BECTHOE BBIpaKEHHE [UI1 BEPOATHOCTH O€30TKA3HOM pabOThI JKC-
TIOHEHIIMAIBHO pactipeneneHnoro snementa (P(t)):

Iﬂ@ldt =~ MR =Ce™; PO =1=C =1,
P (1)

P(t)=P ()= (5.21)



158 I'masa 5. [luHamMugeckue MOfe HaIE)KHOCTH

2. Pacuem cpeoneii napabomxu 0o omkasa
WsBecTHO, uTO cpennss HapaOoTka 1o otkasa (T) n BeposrHOCTh Oe3-

0

OTKa3HOW PabOTHI CBA3AHBI COOTHOMICHUEM T = J.P(t)dt. CrepoBarensHo,
0

NOKa3aTeilb cpeHed HapaOOTKH JI0 OTKAa3a MOXHO IOIYYHTh, UHTEPHPYS

cucreMy JubdepeHIHANBHEIX YPAaBHEHHUH I MOAETH ¢ “TIOTIOLICHAEM .

Paccmorpum obmmit ciryqait CHCTEMBI C 1 COCTOAHHAMH, B KOTOPOH CO-

CTOSHHE N SABJIAETCS NOMIOMAIONTAM (OTKa3 CHCTEMBI):

Pll(t) = "*Pl(t)lei + Z Pi(t)}\'il

ieg, ieG,. NG,
P()=-P (D A+ D PO, (5.22)
iegy i€G, NGy

Pt;_](t):—— n~](t)€ Z }\‘(n—l)i + Z Pi(t);"i(n—l)

ieg, 1 ieG, NGy

Hagamsusie yenosus: Pi(0)=1, ...Py(0)=0,...P,(0)=0.
[IpouHTerpUpyeM JIEBbIC H ITPaBbIC YaCTH YpaBHEHHUH (5.22). YUHTHI-
BAasi, YTO MPH HAJMYHMH MOLIOMIAIOIIETO cocTosHmsA P, (0) = 0, umeem

T A+ Y. Ty =-1

ieg ieG,. NGy
T Mg+ ), Th =0 (5.23)
iegy ieG, NGy

-T. z }\‘(n—l)i + z TA, =0,
icgy.y 1€G, NGy
rae T; — cpenree BpeMst npeObBaHUA B pabOTOCTIOCOOHOM COCTOSIHHM 1
TpH Hayaje paboThl U3 HCIIPABHOTO COCTOSIHUSA.
Cpennsis napaboTka no otkasa T ompenensiercs cymmupoBanueM T;
10 BCeM paboTOCIOCOOHBIM COCTOSHUSM:
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T=)T (5.24)
ieG,
Jlns onHOrO Anemenra, ¢ yuetom Pi(0)=1, mmeem: -1=-AT, oTkyna
1

T=—. (5.25)

5.5. Pacuer cTanuoHapHbLIX NOKa3aTenei
HA MapKOBCKHMX MOJEJISIX HAJEHKHOCTH

B Teopuu cnysaiHbIX IPONECCOB JJOKA3aHO, YTO OMHOPOAHEIN Map-
KOBCKHH MpoLecc O3 IONIOMAIOIIHAX COCTOAHMN (COCTOSHEH, H3 KOTOPBIX
HET BBIXOJa) HMEET CTALMOHAPHBIA PeKHM, KOTOPBII 00s3aTeNbHO HACTY-
IIUT IPH JOCTAaTOYHO OONBIIHX BpeMeHax (t—0). CranuoHapHLH pexuM
XapaKTEPHU3YETCsI TEM, YTO BEPOATHOCTH P; yke He 3aBUCAT OT BPEMEHH, a,
CIIE[0BATENBHO, X MPOM3BOJHLIE CTAHOBATCH paBHBIMH Hy0. [losTomy
IJs BHIYHCJICHHS CTAIOHAPHBIX BEPOATHOCTEH COCTOSHHII CHCTEMBI He-
00XOANMO TPUPABHATH K HYJIIO IPOH3BOIHBIE, CTOAIIME B NEBhIX YACTAX
ypaBHeHuH (5.8). YroObl MONydernHas cuctema He ObUia BHIPOKICHHOH,

n
OTHO 3 YpaBHEHHH 3aMEHSIOT Ha YCIIOBHE HOPMHUPOBKH ( ZR =1). B pe-
i=1
3ynbTare MoiaydaeM CIEIYIONTyI0 CHCTEMY N anreOpanyeckux ypaBHEHHU
VIS OTIpeieTICHUS CTAlMOHAPHEIX T0Ka3aTelell HaleXHOCTHU:

"Plzlli + Z Pi}‘il =0

ieg; ieGy

-P, Zkki + Z Pi?\‘ik =0

iegy ieGy (5 _26)

Py Z }“(n—l)i + Z Pixi(n—l) =0

iegnq ieGy 4

P+..+P +.+P_, +P =1
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Pemienue cuctems! (5.26) NO3BONAET MOMy4uTh TAKHE TOKA3ATEIH
HAJIEXHOCTH KaK CTalMOHApHbIA Kod¢duruent roroBHocTH Kr (BeposT-
HOCTb 3acTarh OOBEKT B pabOTOCTIOCOOHOM COCTOSHHH B ITPOHM3BOBHEII,
JTOCTAaTOYHO YIAJICHHBI MOMEHT BPEMEHH) U CTAIHOHAPHBIN KO3(DPuIin-
enT npoctos Ky (BeposTHOCTH 3aCTaTh 0OKEKT B HepaboTOCHOCOOHOM CO-
CTOSTHHH B [IPOM3BOJIBHBIH, JOCTATOYHO YIaJI€HHBI MOMEHT BPEMEHH).

K=Y P, (5.27)
ieG,
K, = Z P, (5.28)

jeG_

rae G. - MHOXECTBO BCeX HEPAOOTOCTIOCOOHBIX COCTOAHHI CHCTEMBL
IlpoBenem uccrnenoBanve HAJEKHOCTH CHCTEMBl M3 OJHOTIO BOCCTa-

HaBIHBaeMoro dmeMenTta (puc.5.1) Ha crammonaproM ydactke. Cucrema

anreOpandecKuX YpaBHEHHUH, TIOMYICHHBIX U3 (5.6) mpu t—co, UMEET BUI

AP, +uP, =0
5.2
P +P, =1 .29)
A
Pemenue cucremer: P, = a P, = .
A+u A+p

IlonyuyenHple Ha MapKOBCKOM MOJIENH OKa3aTe/Id HAIEKHOCTH BOC-
CTaHABJIUBAEMOTO 3JIEMCHTA CBEICHBI B TAOIHITY 5.2.

Ta6mana 5.2. GopMynsl roxasareneii HAEKHOCTH BOCCTAHABIHBAEMOTO
JJIEMEHTA.

Ao
Kos(duiment rorosHoctH K.(t)= S G
A+p A+p
_ A (e
Koabduuuent mpocros Kp(t)=——(1-¢ )
A+
y __u
CraionapHbtit Ko3GdHLUHEHT rOTOBHOCTH K.=—
hA+p
A
Cranvionaphbiii kosbdHLHenT 1pocTos Ky=7—
A+p
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Oxonuaune TaOmmge 5.2

BepostihocTs GesortkasHol paborsr P(t) = e’xt

Cpennsia napaborka [0 0TKa3a T=

1
)

5.6. Yxpyunenue cOCTosiHUII MAPKOBCKO# MOJe/IH

AHanUTHYECKHE MAPKOBCKUE MOJENH SBILIFOTCA MOIIHBIM M J0CTa-
TOYHO YHUBEPCATHGHBEIM MaTeMATHIESCKHM alMapaTtoM aHAIH3a HAJIEKHO-
CTH CIHOXHBIX cHcTeM. OIHAKO TIPH UX NPUMEHEHHH BO3HHKAKOT H3BECT-
HbIE TIPOOIEMET Pa3MEPHOCTH — POCT MPOCTPAHCTBA COCTOMHHUM MOJICIH U
CBA3EH MEXAy COCTOSHWSAMH IIPH YBEIHYCHHH KOIUYECTBA IEMEHTOB
aHaIM3UPYEMOM cHCTeMBL. B 06mIeM ciyuae pa3MepHOCTEH ITPOCTPAHCTBA
COCTOSHUN MapKOBCKOH Momenu > f[Ki, e N — KOJHYCCTBO 3IEMEHTOB

i=l

cucreMel, K; — KonH4eCTBO COCTOAHH, B KOTOPBIX MOXET HAXOAUThCS i-H
3JI€MEHT CHCTEMBI, HAIPUMED, YCTPOHCTBO KOHTPOJIS MOXKET HAXOHTHCA B
TpEX COCTOSHMAX (paboTOCOCOOHOM H COCTOAHHMSIX, COOTBETCTBYHOIIMX
JIBYM BHJ2 HepabOTOCIOCOOHOCTH: 0TKa3a TUMA HECpabaThIBAHMS, OTKa3a
TUIIA JIOKHOE cpabarsBanue). Ecnu sleMeHT MOXET HaXOAHTBCK B [IBYX
COCTOSHHMSAX, PabOTOCIIOCOOHOM B HEpabOTOCHOCOOHOM, TO PA3MEPHOCTL
MapKOBCKO# Mozenn Oyzer > 2"

CpaBuuM ¢ TOYKH 3pEHUSA PA3MEPHOCTH TPH MOZEIH HALESHOCTH:
OIIOK-CXeMy, JepeBO OTKa30B, MAapKOBCKHH Ipad MIL CUCTEMbI M3 Tpex
PA3HOHANCKHBIX NapaIeNbHO PaOOTAIONMX JIEMEHTOB, OTKAa30M KOTO-
pOHi ABIAETCS OTKA3 BCEX TpeX ee weMeHToB (Kputepwmii paborocrnocot-
HocTH “1 u3 3”). Ha puc. 5.3 a,0,B IoKa3aHbl TPH pa3HBIE MOJETHA HAJEK-
HOCTH 3TOH CHCTEMBI — MapKoBCKuil rpad), OIOK-CXema, IepeBO 0TKa30B,
Habpaunsle B ITO Windchill Quality Solutions. OueBu/HO, 4TO B aHHOM
clydyae JIOTHKO-BEPOSTHOCTHBIE MOJENH OKA3BIBAIOTCS Topasno Oomee
KOMITAKTHBIMH, YeM MapkoBckue. Eciy k ToMy e y4ecTh, YT0 Wd pacye-
Ta TIOKa3aresiel HaZleXkHOCTA HAa MapKOBCKOM MOJIENH HEOOXO[HMO COCTa-
BHTh M PelUTh CUCTeMy JuepeHInanbHbIX YPaBHEHHH, a pacuer Ha
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OIoK-cXeMax U JIepeBbAX CBEAETCS B AAHHOM ClIydae K JOCTAaTOYHO TPo-
CTOMY IIpeoOpa3oBaHUIO JOTHIECKUX (QYHKIMH W 3aMeHe JIOTHYECKHX Te-
PEMEHHBIX BEPOATHOCTHBIMH, TO CpaBHEHHE Oy[eT HE B MOIb3y MapKOB-
CKoro MozenupoBanus. OIHAKO 3TO He TaK:

1. Kak TONeKO MBI 3aXOTHM CHATH MPENMONIOKEHUE O IOJIHOW HE3aBH-
CHMOCTH TIpOLIECCAa BOCCTAHOBJICHHS JJIEMEHTOB (MoAend puc.5.3
HOCTPOEHBI UIMEHHO MPHU 3TOM IIPEATIONOKEHHH), TO JIOTHKO-BEPOST-
HOCTHBIE METOBI IepecratoT “paborars”. Ha MapkoBckoH mojenu
MBI MOXKEM YYeCThb psiii 0COOCHHOCTEH MpoIecca BOCCTAHOBICHHUS
(orpaHuueHNE HA YMCIIO PEMOHTHBIX OpHTaj, IPHOPUTETHI, OCTAHOB
CHCTEMBI IIPH PEMOHTE | Tp.). JIOTHKO-BEepOATHOCTHBIE MOJIENH OIH-
CHIBAIOT TOJIBKO CJlyYaid HEOrPaHHMYEHHOTO, HE3aBHCHMOIO BOCCTa-
HOBJIEHHS DJIEMEHTOB, IIPHYEM BOCCTAHOBJICHHE NPOU3BOIUTCS IIPH
paboTaroriei CHCTEME, YTO OYSHB PEAKO BHIIIONHACTCS Ha MPAKTHKE.

2. Jis cHCTEM C BOCCTAHOBJICHHEM HA JIOTHKO-BEPOSTHOCTHBIX MOJE-
JSX PacCUUTHIBAIOTCA JIMIID TOUYSUHBIE [TOKA3ATENN HAIE)XKHOCTH, OIl-
perenieMble B MOMEHT BpeMEHH t, HanpuMmep, Ko3QQUIHEHT TOTOB-
HOCTH, Kod(umpeHT rmpoctos. MapKoBCKHE MOJIENH II03BOJSIOT
BBIYHCIIATh BCE OCHOBHBIE ITOKa3aTelld HaJEKHOCTH, KaK TOYEUHBIE,
TaK ¥ UHTEPBAIbLHEIC, HAIPHMED, BEPOATHOCTH OE30TKa3HOM paboThI
(oTka3a) Ha uHTEpBate BpemerH (0,t), cpenHss HapaboTKa J0 OTKa3a.

3. BoluncIuTeNnbHBIE MOLIHOCTH COBPEMEHHBIX KOMITBIOTEPOB II03BO-
NS0T HAXOIUTDH YHCICHHOE PelieHre cUcTeM JH(pepeHInanbHbIX 0
anreOpanveckuX ypaBHEHHH OONBIION Pa3MEPHOCTH, HOPOXAAEMBIX
MapkoBckumu rpadamu. B camom nene, OwicTponeiicTBre, 00bEMBI
ONEPATUBHOM IIAMSATH, CPEACTBA JWHAMHUYECKOTO PaCIIPEACIECHHS
DaMATH BPEMEHH HCIOMHEHHUS, MPHCYTCTBYIOIHE B COBPEMEHHBIX
S3BIKAX MPOrPaMMHPOBAHMA, MO3BOIAIOT JIETKO PpEmaTh CHCTEMbI
YpaBHEHHUH C ThICA4aMH U 0olice HEM3BECTHBIX JaXX€ HA COBPEMEH-
HBIX NEPCOHAJBHBIX KOMIBIOTEpax M HOyTOyKax, HE rOBOpS yXe O
KpYITHOMACINTA0HBIX CIICIUAIU3HPOBAHHBIX BBIMUCIHATENBHBIX Ma-
muHax Tuna MeiiadpermMos (http://www.serverwatch.com).

Bce xe mpobiema pazMepHOCTH MapKOBCKHX Mojesiel penieHa OBITh
HONHOCTBIO HE MOXET. AKTYaJIbHOM SIBIACTCA 3PIOHOMHYECKAT YacTh
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mpoOIIEMEI, CBI3aHHAL ¢ TPYAHOCTEK BXOJHOIO ONHCAHHUS MOACIH H Of-
peZnelieHHs ee apaMeTpoB ueoBeroM. [TocTpoeHne MapkoBckoTo Tpada ¢
THICAYBIO BEPIIMH ARMACTCS YPE3BLIMAHHO TPYAHOH 3amadeil HMEHHO M
4eJloBeKa. 3AeCh He TIOMOTaloT JakKe CaMbl€ COBEpIICHHbIE Ipa@ruecKne
penakTopsl, BHeApeHHble B coBpeMenHoe [10 ananmza Hazexnocty. [lo-
3TOMY TIPH MOCTPOEHHK MAPKOBCKHX MOIENEH 00BIIHO HE PacCMaTPHBAOT
BCE MHOXECTBO BO3MOXKHBIX COCTOSHHH CHCTEMBI, a CTApaloTes WU Via-
JIATh HEKOTOPbIE COCTOSHHUS, HMCXONA W3 YCIOBHM (DYHKITHOHHAPOBAHML
CHCTEMBI, W/UIH YKPYTHUTE (00BEIHHNTE) HEKOTOPBIE TPYIIIEl COCTOSHMEL
B ozro. [loaToMy faHHBIHA pasmed OyAeT HOCBSICH H3YYCHHIO (QOPMAND-
HBIX MPaBHJ YKPYITHEHHS COCTOSHHAIN MapKOBCKOH MONETIH.

R S
\ &

a) MAPKOBCKAS MOACTH

Puc.5.3. Mogeny HaaeKHOCTH CHCTEMBI
“1 m3 3” u3 pa3HOHALEKHBIX ATEMEHTOB
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s ‘E Y ™ ———
ALK T
Start \2,H2 End
1.3
.......... ;“\ 2 3 "y S

0) OioK-cxeMa Ha/IeKHOCTH

Omeas tuz 3

Gate A0 R

otxazl ovkaz 2 oTKaz 3

Eventt Event 2 Event3

B) JIEPEBO OTKAa30B

Puc.5.3 (Iponoaxenune). Mozenu HaexKHOCTH
cucteMbl “1 13 3” U3 pa3HOHAJEKHBIX IIEMEHTOB

VKpyNnHEHHE COCTOSIHMI MapKOBCKOTO IIporecca MOKET ObITh TOYHBIM
M npubimkeHHbIM. McenenyeM yclioBHA peanu3alid TOYHOTO YKPYII-
HEHUS W TIPOJEMOHCTPUPYEM TEXHHKY OObeIMHEHHsS COCTOSHUH Ha KOH-
KpeTHOM mpumepe. [TocTpoum MapKOBCKYIO MOAEIb HAACKHOCTH OVOuU-
POBAHHOU CUCEMbL U3 PA3HOHAOENCHBIX 1eMeHMO8 ¢ MHTEHCHBHOCTHIO
OTKa30B A, A, © HHTEHCHBHOCTBIO BOCCTAHOBJEHHS [l|, |1, COOTBETCTBEH-
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HO (puc.5.4). 3necy (0 —ucrpaBHoe cocTosHUe, 1 U 2 — paborocnocobHbIE
COCTOSHHSA OTMHOYHOTO OTKAa3a, 3 — 0TKa3 CACTEMBL.

Ay My
1

‘{ Ay by
2

Puc.5.4. Mapxoscknii rpa¢ 1y0mmapoBaHHON
CHCTEMBI H3 Pa3HOHAIEKHEBIX JIEMEHTOB

Cucrema muddepeHIHaIbHEIX YPABHEHAH OTHOCHTENBHO COCTOAHHI
MapKOBCKOTIO ITPOLECCA MMEET BUJ

Po(t) =—(h, + )P, () + WP, () + 1, P, (1)
Pi(t) = APy (1) = (hy + )R (D) + Py (1)
P (t) =R, Py (1) — (b + 1 )P (8) + 1 Py (t)
P(t) = AP (0 + MPo (D) = (1) + 1) By (1)

Hauansasie ycnosus: Py(0)=1; P,(0)=P,(0)=P5(0)=0.
[Ipsmoe npeoGpazoBanne Jlamnaca ot cucteMs! U depeHTHanbHBIX
ypaBHeruii (5.30):

sPy(8) —1=—(A, +2,)P () + WP, (s) + 1, Py (5)
sP(s) = 4, Py(s) = (Ay + 11 )P, (8) + Ly P3(s)
sP,(s) = A,P,(s)— (A, + u,)P,(s)+ p,P,(s)
sPy(s) = A, P (3)+ AP, (8) — (u; + 14,)P5(s)

Kopuu xapaktepuctigeckoro ypasHenus |Q-sE|=0, roe Q — maduHu-
Te3uManbHas MaTpHLa, E- eMHAYHAs MaTpHrIla, paBHBL:

Si= 0; So= - (M p); S5= - (atpa); Se= - Aty tAgtus).

(5.30)

(5.31)
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O603naunM

B=Aitp, y=Aat o, Toraa Si=0; S;= - B; S3=- 1; S4=- (B +y).

Hanee, pasnaras Beipaxerus 1y Pi(s) Ha npocteie apobu 1 obpamast
UX [0 CTaHJAPTHBIM (popmynam obparHoro npeodpasoBanus Jlamnaca, no-
JTy4aeM OTBET:

! - - -(B+

P(t)= m(uluz e+ e + AL, e

B@®= ﬁ(}ﬁuz —leze_m +ahe™ —7»[7»26_(&7)[) (5.32)
L . - —(B+

P, (t) :m(}”zul +AA,e B -, " ~Ahe ® v)t)

2
P(t)=1- ZPi ) =%1_71(1 —e e e
=0 . fY

W3 (5.32) nomyuaem BbIpaXxeHHe A HECTALIMOHAPHOTO KO3(dHIK-
€HTa TOTOBHOCTH AyONHUPOBAHHONW CHCTEMBI C JIByMsl Pa3HbIMH dIEMEH-
TaMH:

K. (t) = iPi (t) (5.33)

CramonapHbIe BEpOSTHOCTH COCTOSHHUM paBHBI:

2
B-y By By i=0 By

CraunponapHbiil K03(GHULHUEHT TOTOBHOCTU CACTEMBL:

K = B, AR, Hhop
(R + )Ry +p1p)
TToripoGyem cokparuTh TPOCTPAHCTBO COCTOSHUE Mojenu, obbenu-

HMB [1Ba COCTOSHUA 1 ¥ 2 B 0f1HO. DT0 OyIET COOTBETCTBOBATH CUTYallUH,
KOTZIa OJIHH 3JIEMEHT paboTaeT, a Jpyro OTKazajl M BOCCTaHABIIUBACTCA,

(5.35)
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TO €CTh MBI HE OyAeM pa3nuyaTh KAaKOH H3 JIEMEHTOB paboTaer, a KaKou
otkazan (puc.5.5). Ho ecim HHTEHCHBHOCTH OTK230B H BOCCTAHOBJICHHI
KOKJIOTO 3JIEMEHTa pa3Hble, TO CBOHCTBO MAPKOBOCTH Oyner mph TaKom
ykpyraenun Hapymeno! Ecimu B 0600menHoe (YKpPYIHEHHOE) ¢OCTOSHHE
TIEpeXoy MPOUCXOANT HOPH OTKA3E IIEMEHTA 1, TO BBIXOn OyrieT CBsI3aH ¢
OTKa30M 3JIEMEHTA 2 HITH C BOCCTAHOBJIECHHEM 3leMenTa 1. B cnydae mo-
MaflaHKst B HEro TIPH OTKA3e MEMEHTA 2 — Bee Haob0poT. Iy MapKOBCKOro
KE Tpolecca HEBAKHO KaK CHCTEMA. TIOTIaZiaeT B COCTOSHYE, U3 KOTOPOTO B
NaHHBIH MOMEHT cTapTyeT. Hamuilo HapyIueHHe CBOHCTBA OTCYTCTBHA ITO-
ceieHCTBUS — IMEET 3Ha4YEHAE [IPONUIOE W TOYHO HANHUCATh HHTEHCHBHO -
CTH BBIXOJd U3 YKPYITHEHHOTO COCTOAHHS HENB3A. B arom crnydae MoxHo
MOCTPOUTh TPHONMKCHHYIO YKPYIHEHHYIO MOJENh, TMOKA3AHHYI0O HA
puc.5.6. DKBUBAJICHTHBIE HHTCHCHBHOCTH MEPEXONOB A, W |, MPHOIH-
JKEHHOU MOJIENH PacCUUTHIBAIOTCA IO (PopMynam

P P
L = Ay —— A — (5.36)
P +P, P, +P,
h +u 2 (5.37)
M, =l .
© 'R+P, PR+
P
3necs Py u P, paccunrrgaiores no Gopmynam (5.34), —— - ecth
+
1 2
CTaIlOHApHAs YCIOBHAA BEpOATHOCTH OTKa3a IIEPBOTO JJIEMEHTA IIPH yC-
. . P
JIOBHH, YTO OTK&KET OO MepBEIid, 1160 BTOPOH, —— - crampoHapHas
+
1 2

YCIIOBHAsI BEPOSTHOCTh OTKa3a BTOPOTO JIEMEHTA MPH YCIIOBHH, YTO OT-
KaxeT Ju00 rmepBhId, MHO0 Bropok. ToYHOCTb HMPHONMKEHHA HCXOMHOIO
(HEYKpPYIHEHHOI'0) TIpOLEcca YKPYIIHEHHOMY 3aBHCHT OT COOTHOLICHHA
WHTEHCHBHOCTEH OTKA30B M BOCCTaHOBIeHUA. YeM Oonbuias pasHuiia Me-
KIY A; M |, TEM TOIHEE IPHOIHKEHHE.

B nogasisronieM GoNbITHHCTBE CIyHacB PE3EPBHPOBAHHEIE CHCTEMBI
(POpPMHPYIOTCS M3 OMHAKOBBIX YIEMEHTOB. PaccMOTpEM myOIHpoBaHEYIO
CHCTEMY C PaBHOHAJICKHBIMU IEMEHTaMH (M = Ay U 1y = ). Jlas Moge-
¥ 3TOH CHUCTEMBbI (pHC.5.7) HHTEHCHMBHOCTH BEIXONA U3 YKPYIHEHHOIO
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: %, A, npu OTKa3e | nocne oTKasa 2
/ 2, npy oTkaze 2 noche oTkasa 1|

O e ®

i, Ap# OTKa3e 1 ; /
, FipH OTKa3e 2 N /
DT N

Puc.5.5. [lonsiTka YKpyITHEHHSI COCTOSHUHN OTHOKPATHOTO OTKa3a
MAapKOBCKOI MOAEIH AyOIMpOBAaHHOH CHCTEMBI B3 Pa3HBIX JIIEMEHTOB

AitAs

Puc.5.6. [pudnmxeHHOe YKPYIHEHE COCTOSHMI OXHOKPATHOIO OTKa3a
MapKOBCKOH MOJICTH NyONHpPOBaHHOH CHCTEMBI M3 Pa3HBIX JIEMEHTOB

Puc.5.7. Tounoe ykpynHEHHE COCTOAHIH OTHOKPaTHOTO OTKa3a
MapPKOBCKO#M MOJIEITH JiyONMpPOBaHHOH CHCTEMBI M3 OMHAKOBBIX JIEMEHTOB

COCTOSHUSL OJITHAKOBBI U HE 3aBHCAT OT TOTO, KAKUM 00pa3’oM MBI B HETO
nonaay. B aTom ciyyae yKpynHEHHE KOPPEKTHO M HE HAapyIUAET CBOMCTBO
MapKOBOCTH.
Hrak, TouHOE YKPYIHEHHE COCTOSHHUHM MapKOBCKOM MOZEIH MOXHO
IPOBOJUTH IIPH BHIIOJHEHHH CIECAYIOIIUX YCIOBHH:
1. Ilepexonpl M3 KaXJOro U3 YKPYMHAEMBIX COCTOSHHM BO3MOXHEI
JHMID B OFHHU M T€ K€ COCTOAHUS, T.€., €CITH W3 OJHOTO M3 COCTOSHMM,
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YKPYIHAEMEIX B OJHO, €CTh MEPEXOABl B HEKOTOPOE MOAMHOME CTBO
JPYTUX COCTOSHHIA, TO U3 APYIUX COCTOSHHH, YKPYIHACMEIX B OLHO,
JOJIKHBI OBITh TIEPEXOABI B 3TO KE TIOAMHOMKECTBO COCTOSHHM.

2. IHTeHCHBHOCTH BBIXOAA W3 COCTOSHUM, YKDYIHSEMEIX B OOHO,

JOJDKHB! OBITh OJHHAKOBBIMHA

[Ipn cobmromeruu ycropuii | 1 2 HEOOXOMHMMO PYKOBOLCTBOBATHCH
CIEMYIOIIMY IIPaBHJIAMH:

1. IATEHCMBHOCTE NEPEX0/1a B YKPYIHEHHOE COCTOAHHE PaBHA CYMME

WHTCHCHBHOCTEH HEPEXOJIOB B KAXK/IOC U3 YKPYMHIEMbIX COCTOAHIH.

2. IHTEHCUBHOCTH BEIX0/1a H3 YKPYITHEHHOTO COCTOSHUS PAaBHEI HHTCH-

CHBHOCTSIM BBIX0[a U3 OMHOTO U3 YKPYITHAEMBIX COCTOSHHI.

B cooTBETCTBHM C NEPEYHCIECHHBIME NPABUAAME IPOBENEM YKPYH-
HEHHE COCTOSHMI MapKOBCKOH MOJenH MyONupOBaHHOM BOCCTAHABIMBAE-
MOl CHCTEMBI C PE3EPBHBIM 3JIEMEHTOM, PAOOTAOIIAM B O0NETUEHEOM
pexume (puc.6). IHTEHCHBHOCTL OTKAa30B OONEICHHOTO pesepBa = OA

(0<aLl).
put {0
,; 1 i’-‘h\ A+ah
& .
o, H = v 12
2 ?»I" " l2p
3

Pnc.5.8. MapxoBckasg Mosielb AyOIHpOBAHHOM CHCTEMBE
¢ 00NeTYeHHEIM PE3EPBOM

Cucrema nuddepeHIpanbHEIX ypaBHEHHUIL:
y(1) =—(h -+ Gy (1) + P, () + 1P, ()
PI(t) = AP (6) ~ (A + WP, (1) + uP, (1)
PI(t) = kP, (1)~ (h-+ )P, (1) + Py (1)
Pj(t) = AP, (1) + AP, (1) ~ 2uPy(1)

(5.38)
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B atoii Mozen MOXHO YKpymHHUTH coctostHusA 1 1 2. CucteMa aud-
depeHIMaTbHEIX YpaBHEHHH TIOCTIE YKPYIIHEHU HMEeT BUJ

Po(t) = —(h + a)P (t) + 1P, (1)
P/, (1) = (h+ oh)Py (D) — (A + )P, , (D) + Py (D20 (5.39)
Pi(t)= M)l,z (t)—2uP;(t)

OrmeruM, uto cucrema (5.39) Morna OHITH noydeHa (OPMAILHO B
pesyibrate CJIOKEHWs YpPaBHCHHH OTHOCHTENILHO cocTosHud 1 m 2
(P,(t) =P/(t) +P;(t)). Cucrema (5.39) monuocTeio Huentruna (5.38) (B

CMBICIE OJIMHAKOBOCTH PEIICHUHM M ONpEeNeNeHMs BCEX NOKa3aTeleH Ha-
IEXHOCTH), 9TO TOATBEPKIAET MOIHYI0 MICHTHYHOCTH MCXOQHOIO U YK-
pynuserHOTO rpadoB nepexonos (puc.5.8).

JIOCTaTO4HO 4acTO MOBBINICHUE HAJEKHOCTH OOCCIICUMBACTCA KOM-
OmHalHeH HarpyXEHHOTO ¥ HEHarpyXXeHHOro pezeppa. B atom cnyuae ro-
BOPSIT, YTO B CHCTEME PealIM30BaHO THOpuHOE pesepBupoBanue. Iloctpo-
MM MApKOBCKYIO MOJIENb HAZIGKHOCTH CUCTEMBI C THOPHUIHBIM PE3EPBOM, B
KOTOpPOit uMeeTcs pabourit 610K, COCTOSIMA M3 TPEX OJMHAKOBEIX Iapaj-
JNeSIbHO paboTaronyX MeMeHTOB. KpoMe Toro, uMeeTcs Ba HEHArpyKeH-
HBIX PE3EPBHBIX JNEMEHTA, MOJKIFOYAEMbIX Ha MECTO OTKAa3aBLIUX JJe-
MeHTOB pabouero 6noka (puc.5.9). Boccranosnenue paborocnocobHOCTH
OTKA3aBILIUX JIEMEHTOB OCYNIECTBIISIETCS BYMS PEMOHTHBIMA OPHIafaMH.

Al
— 1

Ll 5 |

Puc. 5.9. Cucrema ¢ rubpuziHbIM pe3epBHPOBaHUEM
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ITocne rnonagax#s B OTKA30BOE COCTOSHHE 3aYCK CHCTEMBI B pafory
OCYIECTBILIETCA TOMBKO TOCIIE TOTO, KaK OYIeT MOJHOCTIO BOCCTAHOBIEH
pabounii 610K (OTPEMOHTHPOBAHEI BCE TPH IEMEHTA).

Mapkosckuii rpag cucreMsl okasas Ha puc.5.10. Kaxuxomy cocros-
HuKO (BepmmHe rpada) npanmcan xkoa — N,K,W, rae N — xommectso pa-
0oTocnocoOHbIX AeMenToB pabodero Oioka, K —~ konudecto paGotocmo-
COOHBIX HEHArpyXECHHEIX PE3€PBHBIX JIEMEHTOB, W — KOJIHYECIBO 3jic-
MEHTOB, OXHIAIOUHX peMoHTa. byksa G 03HayaetT HCIpaBHOE COCTOSHAE,
OykBa F — otkas.

- ~, - -~

{320 {310 ) £ ioe _03 N 7103 Y
\\*, ,) {\ ¢ )} Ug ) . KG ) 5\; )i

2% /
\, F A U
Nt \W/

Puc.5.10. Mapkoscknii rpad cHCTEMBI ¢ THOPUIIHEIM PE3¢PBHPOBAHUEM

B nocTpoerHONM MapKOBCKOH MOZEHH YUTEHbB! CIEIYIOLIHe 0CoOeH-
HOCTH:
~ HEHArpy>XCHHOE PE3ECPBHPOBAHHE
— OrpaHWYEHHE Ha YHCJI0 PEMOHTHBIX Opuran
— cheluaigbHas CTPaTerns BOCCTAHOBICHHS CHCTEMBI
Hu ofiHa B3 DEpeYnCIIEHHBIX 0COOEHHOCTEH He Mora Obl ObITh YyTena
B JIOTHKO-BEPOATHOCTHBIX MOIEILIX. 32 CHET yKPYHHEHUS COCTOSHUE OMHA-
KOBOM KParHOCTH OTKa30B pabodero GIOKa pasMEPHOCTh MOIECIH CHIDKEHA.

5.7. HccaenoBanue HATEKHOCTH
CJIOKHBIX BOCCTAHABIUBAEMbIX CHCTEM
HA MAPKOBCKHX MOJAEJISIX
ITponomxuM HCcnenoBaTh HaJeXHOCTh CHCTEM, /ULl KOPPEKTHOro

MOJEITHPOBAHU KOTOPEIX HEOOXOMMMO NPHMEHATh MapKOBCKHE MpPOLEC-
cbl. PaccMoTpuM TpH ipEMepa
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I. Pacuer xos¢dumrenta TOTOBHOCTH CHCTEMBI C 3aBUCUMBIM (yHK-
ITHOHMPOBAHKUEM NIEMEHTOB.

[I. TlocTpoeHne MOIEIN HAREKHOCTH CHCTEMB] C BCTPOEHHBIM KOHTPO-
JIEM U BOCCTaHOBJICHHEM, OTIOKECHHBIM JI0 OKOHYAHHS BBHITOJIHEHHS
3a1aHUSL.

III. Pacuer crarMOHAapHBIX WOKA3aTelicil rmapamerpa NOTOKa OTKA30B U
CpefHero BpeMeHU paboThl MEXTY OTKa3aMH I PE3€PBHPOBAHHBIX
CTPYKTYp C BOCCTAHOBJICHHEM IEMEHTOB.

1. IochienosaTenbHAas BOCCTAHABIHNBAaeMAas CHCTEMA
€ 3aBHCHMbBIM QYHKITNOHAPOBAHHEM HJIEMEHTOB

PaccmoTpuM CHCTEMY, COCTOSIIIYIO U3 N ITOCJIE0BATENBHO B CMBICIIE
HAJEKHOCTH COEIUHEHHBIX 31eMeHTOB. [1ycTh npH oTKa3e MH060ro OHOro
3JIEMEHTa CHCTeMa OTKITIOYaeTcs, T.¢. QyHKIHMOHMPOBAHHUE NIPEKPAIIAETCs
IS BOCCTAHOBJICHHS 3TOTO 3IEMEHTa. JTO camMoe 0OBIYHOE YCHOBHUE JKC-
rryaraiuy. HanpaMep, TeleBU30p COCTOUT U3 MOAYJIEH NMHUTaHHs, CTPOU-
HOM pa3BepTKH, KaJJPOBOH pa3BepTKH, OJIOKa 11BETa, YCHIIHTENA 3ByKa, BbI-
COKOYACTOTHOTO yCHIIHTENS CHrHaga... OTka3 Jirob0ro U3 MOZYNEN NpH-
BOJUT K OTKa3y TENCBM30PA, & I BOCCTAHOBNEHHS (PEMOHTa) Hazio 00s-
3aTENbHO TEEBHU30P BBIKIIOUMTb. OTO O3HAYaeT, YTO BO BPEMA PEMOHTA
OTKA3aBIIEr0 MOAYJSA OTKA3bl APYrHX MORYIEH MM HEBOIMOXHBI HIIH HX
BEPOSTHOCTHEO MOXKHO HpeHeOpeus! Torna 4ucio cocTOAHHI MapKOBCKOH
MOJIENH cucTeMbl Oyaer paBHo n+1, a He 2" (puc.5.11).

}\.g u§ }»2;’1’2 ?"npn

Puc.5.11. MapkoBckast MOAEIIb CUCTEMBI € 3aBHCHMBIM
(YHKIHOHUPOBAaHUEM BJIEMEHTOB

Bripaxenue 1 CTalHOHAPHOTIO KOI(PUINEHTA TOTOBHOCTH HAX0-
JIUTCS U3 CUCTEMBl YPAaBHEHHH:
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APy - P =0
APy -n,P, =0
Mo By =y P =0
Py+P+..+P +P =1
Penras (5.40), monydaem
A
P, :u—;PO’ (541)

To ecTs BbIpaXkaeM CTaI[HOHAPHYIO BEPOSTHOCTH OTKA3a i-TO JEMEH-
Ta (i=1, 2,...n) Yepe3 BepOATHOCTh NCOPABHOTO COCTOAHUA Py,

Honcrasus (5.41) B nocuenHee ypaBHeHune cucTeMsl (5.40), mo-
JAy4aeM BBHIPaXCHHE AJS CTAllMOHAPHOIO KO3()(GHIMEHTa TOTOBHOCTH
CHCTEMEI

K, =P, =

C.CTAl.

(542)
1+Z—
=M
Bripa3uM cTalOHAPHBIH KOY(PGHUIMEHT TOTOBHOCTH CHCTEME! K ooy
uepe3 Ko3QQUIMEHTE FOTOBHOCTH €€ 3/1EMEHTOB K, rjie

K-t
Ayt ‘
Torna p; == K , OTKyZAa Nolly4aeM
K, gy =P =—51— (5.43)

&1
1+§ —-1

e (K~ )

=1 71

ITycts n=3 K;=0,61, K,=0,72, K5=0,63. Toraa u3 (5.43) K;.cra;, =0,38

OOpiunas ommOKa COCTOHT B BBIYMCICHHH KOY(P(HUIHMEHTa [OTOBHO-
CTH TaKo¥ CHCTEMbl YMHOXEHHEM KOI(DOHIUEHTOB TOTOBHOCTH 3JIEMEH-
TOB: Kicrar, = Ki Ky K3 = 0,28, 9r0 raeT HeBepHbIH pe3ynsTar. ITo oObsic-
HSETCA TEM, YTO MEPEMHONKATH KOI(PPUIIMEHTHI TOTOBHOCTH 3JIEMEHTOB
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VIS TIONYYEHHUS OIIEHKH MOKA3aTeNs TOTOBHOCTU CHCTEMB! MOXHO JIMIIb
IIPH HE3aBHCHMOCTH SIeMeHTOB! B laHHOM ciydae UMeeTcs 3aBUCHMOCTD -
TIPH OTKa3¢ OJJHOTO M3 3NIEMEHTOB JPYrHe He OTKa3bIBaroT. PaccuMThiBarh
HaJ0 10 BBIpaXeHWo (5.43), TONYYEHHOMY € MOMOIIBI0 MAapKOBCKOTO
MOZIENTMPOBAHHU.

II. Cucrema ¢ BCTpPOEHHBIM KOHTPOJIEM H BOCCTAHOBJIEHHEM,
OTJIOKEHHBIM /10 OKOHYAHMS BLITOJHEHMS 32[aHUSA

OnepatuBHBIH BCTpoeHHbIH KoHTpoIb (BIT — built-in-test) Texnmye-
CKOTO COCTOSIHHUSI 3JIEMEHTOB M CHCTEM, KOHTPOIb HMPABIUIILHOCTH BBINIOJ-
HeHHs (QYHKUMH TO3BOJSET B IIOJHOM MEpE pealu3oBaTh BO3MOXHOCTH
Pe3epBUPOBAHKS, CBOSBPEMEHHO NPHUHUMATh MEPHI O PeKOH(QHIYpalHu
CHCTEM M H3MEHEHHIO PEKXHMMOB (YHKIIHOHHPOBAHUSA, 00ECIEUNBas, TEM
CaMBIM, CBOWCTBO OTKa300€30MaCHOCTH CHCTEMSBI B IenoM. OnHaKo KOH-
TPOJIb HE SIBILIETCS UNICATBHBIM — BO-IIEPBBIX, OH CaM OTKa3bIBAET, a, BO-
BTODEIX, HE abCOMIOTHO BCce OTKa3hl UM pacnosHatorcsa. Ilostomy s
o0ecrnieueHnst BRICOKHX TOKa3areseil HaexXHOCTH U 6e30macHoCTH Tpedy-
€TCS IPOBEICHKE TIIATEHHOTO «HAZIE)KHOCTHOIO» aHAIN3a CHCTEM C yde-
TOM XapaKTepUCTHK KoHTpons. OnHOH U3 BAKHEHIIMX TaKMX XapaKrepu-
CTHK SBIMIETCA NOAHOMA KOHMPONA, XaPaKTEPU3YIOIIAs OO OTKa30B
00BbEKTa KOHTPOIIS, OOHAPYKMBASMBIX [IPH KOHTPOIE paboTOCIOCOOHOCTH.
B o6miem citydae KauecTBO KOHTPOJS ONIPENeAeTCs IEPETHEM JIIEMEHTOB
(Momyreit), OTKa3sl KOTOPBIX BBLBIAIOTCA KOHTponeM. IloaToMy oanOM U3
XapaKTEPUCTUK TOJHOTHI KOHTPOIS MOXET ObITh OTHOIIEHHE YHCIA KOH-
TPOJNUPYEMBIX IIEMEHTOB K 00IEMY YHCHY 3IEMEHTOB PACCMATPHBAEMOIO
00beKTa KOHTpPOJISL (HarmpuMep, B mpoleHTtax). OJHAaKo Ui COBMECTHOTO
MOJICITHPOBAHHS «HAIEXKHOCTHOTO MOBEICHHs» OOBEKTa M CPEICTB KOH-
TPOJISL XKEJIATENHHO 33][aBaTh MONHOTY KOHTPONA KaK HEKOTOPLIA BEPOSAT-
HOCTHBIM [OKA3areih WM KaK OTHOLICHHE XapaKTEPHCTUK HAEKHOCTH
(0TKa3a) KOHTPOIHPYEMBIX 3JIEMEHTOB KO BCeM dneMeHTaM. Llenecoob-
Pa3sHOCTH TAKOIrO 3ajilaHusi OOBACHAETCS TEM, YTO IIPH MOIETHMPOBAHUM
«HAJIEKHOCTHOIO MOBENECHUS AHAIH3UPYeMOT0 O0beKTa MOXKHO OyneT
«pa30uThy OOIIMH ITOTOK OTKA30B HA J(BE COCTABIAIOIIME — BBIABIAEMbIC
KOHTPOJIEM OTKa3bl ¥ CKPHITHIE OTKa3bl. [I0JHOTY KOHTpOIA B 9TOM Clly4Yae
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MOXHO OMpPCACIHTh KAK YCIOBHYK» BEPOSTHOCTHED KOHTPOIHAPYEMOTO OT-
Ka3a, IpH YCJIOBHM, YTO OTKa3 MPOH30LICIL:

N = Prob{xorTpomupyemsiii 0TKa3/ oTkas mpousomen Ha (0,1)} =

t
_I Ax( (1)d1
0

1—¢ (544

t >
-fA{t)dt
l-¢?

rae A — cyMMapHasi HHTeHCHBHOCTh OTKa30B 00LeKTa KOHTpOs (KOHTPO-
nhpyeMsie + HEKOHTPOJUpYeMbie); Ay - CyMMapHas HHTEHCHBHOCTEH KOH-
TPOIHPYEMBIX OTKA30B.

IIpoBenst ycpenneHne MHTEHCHBHOCTEH OTKa30B Ha muHTepBaie (0,t),
IOy YaeM:

N=———r = (5.45)

t
1
e A, —jk(t)dt ¥ [ PEATbHBIX BEICOKOHAJEHKHBIX CHCTEM Aot << 1.
t
0
O6mmme BeIpakerus (5.44, 5.45) mis MOAHOTHI KOHTPOJIA IIPH IKCTIO-
HEHIMAIILHBIX PacIpefieeHmsIX HapaboTKy 0 OTKa3a 3MEMEHTOB Haubo-
Jiee yaoOHO 3a[aBaTh KaK OTHOIICHHE CYMMAapHOH WHTEHCHBHOCTH OTKa-
30B KOHTPOJHPYEMBIX JIEMEHTOB K CyMMapHON MHTCHCHBHOCTH OTKA30B
BCEX JIIEMEHTOB, T.C.
2%

n=2K__ (5.46)

i=1

I7IE 1] - IOJHOTA KOHTPOJIS; N —KOJIMYECTBO MEMEHTOB 00BEKTA KOHTPOILS,
K - IonMHOXECTBO KOHTPOIHMPYEMbIX HEMEHTOB; A; — HHTEHCHBHOCTD OT-
Ka3a djeMeHTa. B aToM ciydae ompenensemasl IOJHOTA SBISIETCS YCIIOB-
HOH CTallUOHAPHOM BEPOATHOCTBIO KOHTPONHMPYEMOIO OTKa3d, PH YCIO-
BHH, 9TO OTKA3 IPOH30LIEI.



176 I'mana 5. J[uHaMuaeckue MOACTH HAJCKHOCTH

[MocTporM MoOnENh HAJEKHOCTU TyOMHPOBAHHON CHCTEMBI ¢ BCTPO-
€HHBIM KOHTPOJIEM U BoccTaHOBNeHHEM. CpencTBa KOHTPOIIs OyzieM cuu-
Tarh a0CONIOTHO HAJEXKHBIMH, a €r0 KauecTBO OyJieM OLIEHHBATh II0Ka3a-
TeJieM HONHOTHI cornacHo (5.46). BoccranopneHne paboToCnOocOOHOCTH
5JIEMEHTOB ITPOUCXOIUT JIMIIb TIPY BO3HHKHOBEHHH OTKAa30B, BBIABIIAE-
mbix BIT. Torma nyOnupoBaHHas cuCTEMA MOKET OBITH IIPECTABICHA KaK
MAPaJUIENTEHOE COSMHEHUE IBYX KAHAJOB, KQXIbIH H3 KOTOPBIX COCTOHMT
U3 KOHTPOIIMPYEMOI W BOCCTAHABIMBAEMON M HEKOHTPOIMPYEMOM H He-
BOCCTaHaBIuBaeMOH uacted (puc.5.12). VIHTEHCHBHOCTH OTKAa30B KOH-
TPOJUPYEMOii ¥ HEKOHTPONHpPYeMo# dacTell paBHbI NA U (1-n)A cooTBeT-
CTBEHHO.

G£1]£1 3}’;\‘3!& B (1—“}1

rer
o

& . LV
{
HOHTPDOMIPISMBR HACTE HORORTDONBDFOMAN HacTs
Puc.5.12. [lybnupoBaHHas cHcTEMa C BOCCTAHOBICHHEM
H HEMONHBIM KOHTPOIEM

Orpa3uM B MOAEIH IMKIMYECKHH pexxuM paboTsl chucTeMbl. Llmki
COCTOMT 3 BBINOJIHCHHS 3a/IaHKUs U BOCCTAHOBUTETBHBIX paboT, KOTOpHIE
MPOBOAATCS JIUNIb IIOCIE BHINONHEHHMA 33laHui. PeXHM THIMYEH WA
TPAHCIIOPTHEIX CHCTEM. MapKOBCKas MOZIEb HaIe)KHOCTH CHCTEMBI I10Ka-
3aHa Ha puc.5.13.

Jns onpeneneHns HHTEHCUBHOCTH NIEPEX0J]a U3 COCTOSHHA 2 B CO-
CTOSHUE 5 BRIYHCIMM CPEIHEe BpeMst HACTYIUIEHHS OTKa3a IpH YCIOBHH,
YTO OTKa3 HACTYINHI HA WHTEPBAJE BPEMEHHU BHINOJHEHUSA 3aAHUS
(O’B) Tcp/t3:
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til
T, =M{1/t<t3}=jtf(t/t<t3)dt =

t,

- JuF/<t)= jtdp(§<t/§<t) jtd F((tt)) (5.47)

<

ty

j P -P(1), Lo 1
A A

0

© 1-P(t) 1-e™

rme M{t}, F(t), f(t) — ecTp COOTBETCTBEHHO MATEMATHYECKOE OXKHUJIAEHE,
(QYHKIHMS pacmpeeneH s | [IIOTHOCTb PACTIPEICICHHS CIYYailHOTO Bpe-
MEHH BO3HUKHOBSHHUS 0TKA3a.

JUtst 3Ha4eHnH MHTCHCHBHOCTH OTKa3a A = le-3 Ha puc. 5.14 mocrpo-
eH Tpa(uK, NeMOHCTpHpYONmMiA ToT BakT, 9ro ecan t, << 1/h = T, TO

Cucrena Bonpassa

323AHAC BEMIOTHEHD.  _.mu]
Mowmo saguuaTs ’
BOCCTANORISHHR

{ nexonTpOTEpYeME
{cxparrsd) oTHaz
OIOTO AAEMEHTR

KOBTPOIHPVEREbE
TKa3 OFEOTS
aneMedTa

A

Orxasz cucTesst
{OTX223TH J8E HAENLHT}

Puc.5.13. MapxoBckas Mofens NyOITHPOBAHHON CHCTEMBL
€ BOCCTAaHOBJICHHEM H HETIONHEIM KOHTponeM. Llnxnndeckuii
pexum paboTh
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Pnc.5.14. YcnoBHOe cpefiHee BpeMs BOZHUKHOBEHHUS OTKa3a
Ha WATEpBANC BPEMEHY BHIIOIHECHNS 3aaHUs

Tepis-m /2. Tpw t, > Tey Tepns —Top. IlosTOMY M CHCTEM, BpEMS BBIION-
HEHHS 3a/]aHHS KOTOPBIX HE TPEBbINIaeT HECKOIBKHX JECATKOB YaCOB,
BIIOJIHE KOPPEKTHBIM SBIISIETCS JAOIYIICHHE O TOM, YTO OTKA3 IPOUCXONUT
Ha cepenuue uHTepBaia (0,t,), a ciemoBarelbHO HHTEHCUBHOCTD ITEpEXoa
u3 2 B 5 paBHa 2/t,.

III. Pacuer cTanMoHapHBIX NoKa3aTeJeld napamerpa
MOTOKA 0TKA30B U CPeIHEro BpeMEeHH padoThl
Mesdy OTKA3aMH JJIsl Pe3epPBHPOBAHHBIX CXeM
€ BOCCTAHOBJ/ICHHEM IEMEHTOB

CraruoHapHbId pexxuM paboThl BOCCTAHABINBAEMON CHCTEMBI, MO-
NeMAPYEMOi OHOPOIHBIM MapKOBCKHM TIpOLieccoM 0e3 ITOIIOMAronIHuX
COCTOSIHHH, MOXET OBITh OXapaKTepH30BaH PSAIOM CHELMANbHBIX TTOKa3a-
tenei. JlBa BaXHEHIIMX IOKA3aTeNsl - CTAIMOHAPHBIH KO3(QQHUIUEHT ro-
toBroCTH (5.27)] ¥ craipoHapHbIH Koadduuuent npoctos (5.28) ObuH
paccMOTpeHs! B pasziene 5.5. 3Aech Mbl PACCMOTPHM JiBa JPYTHX CTallHo-
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HapHBIX MOKa3aTell — IapaMeTp [I0TOKA OTKAa30B M CpeqHAs Hapaborka
MEX/TY OTKa3aMH 1 00CYHM CBSI3E MEX Ty STHMH NOKA3ATeIAMYA.

B MapKkoBCKHX MOJIEIAIX Ha/JEKHOCTH TIapaMerp MMOTOKa OTKAa30B OIl-
peJieNseTCs U3 CAEAYIOLIEer0 BhIPaXK CHUSL:

a(t) = Z P (t)- Z }\‘ij . (5.48)

ieG, jeG

s cTanHoHapHOTO yyacTKa

O = 2P DN (5.49)

ieG,  JjeG_

e Gy - MHOXECTBO COCTOSHHI paboTOCHOCOOHOCTH cHCTEMBI, G. - MHO-
KECTBO COCTOSHNN HEPabOTOCTIO COOHOCTH CHCTEMBL.

ITapameTp NOTOKA OTKA30B SBIAETCS MPOU3BOAHOW IO BPEMEHH OT
CpemHero grcia oTka3oB. IloaToMy, 3Has mapamerp moTOKa OTKAa30B, MOX-
HO BBIYHCIMTD CPEHES YHCIO OTKA30B Ha UHTepBaiie BPEMEHH (1),17):

, N, (t,t,) = j (t)dt (5.50)

fy
I[JUI CTaI_II/IOHapHOFO yqaCTKa
Ncp(tl’tZ) =('0c1‘au (t2 - t]) (5‘51)

IapameTp IMOTOKa OTKa30B YacTO MCHONB3YETCS B MOJENSX AHANK3A
6€30MaCHOCTH, I7Ie HeOOXOAUMO OLIEHUTH IOTEPH, CBI3AHHBIE C TIEPEXONa-
MH B COCTOSTHHS OTKA30B.

Ecim paccmarpHBaTh CTAMOHAPHBIH YYACTOK, TO TapaMeTrp IIOTOKA
OTKa30B, XapaKTePHU3YIOILUI 9aCTOTY BOSHHKHOBEHHS COOBITHH OTKasa B
BOCCTAHABIMBAEMBIX CHCTEMAX, OOpaTHO IIPOIMOPLHOHAJIEH CPENHEMY
BpPEeMEHH MeXy OTKa3aMH (CTPOroe JIOKa3arelbCTBO JTOTO IONOMKEHHS
IPHBEACHO B TEOPHHM BoccTanobierus [14]). [Tostomy

1

epmercy = o (5.52)
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Jlns 0603HadeHMs TOKA3aTeNs CPSAHETO BPEMEHH MEXITY OTKa3aMHy B
3alaHOM JNUTeparype Ucmoibiyercs abopesuarypa MTBF (Mean Time
Between Failures), xoTopas B Hacrosmee BpeMs cTajga IMPUMEHSTHCA H
OTEYEeCTBCHHBIMU CHEIMATNCTaMU. 31ech HeoOXOIUMO OTMETHTH, YTO B
OTEYECTBEHHOH JIMTEpaType NPHCYTCTBYET MOKa3aTels cpeoHeli Hapabom-
ku Mexjy orkazamu (T, ) (prc.5.15). Cpa3b MexIy STHMH ITOKA3ATEIAME
cIeRyromas:

T, vy SMTBF =T, +T, , (5.53)

cp.MeXIY

rae T,— cpenHee BpeMsl BOCCTAHOBIICHUS.

E—%apaﬁarﬁg\memy CTRasAMI HapaboTig exgy omkasass  HapaboTrg Mexay oTkasamm

oTRAZ oTKaz orkas
.@—.—g’—‘@. sas
BOCCTaHOBNCHKE BOCCTaHOBREHHKE
3aBepiieHo 3asepilieHo

Puc.5.15. CrannoHapHsi y9acToK paboThl BOCCTAHABIHBACMON CHCTEMBI

C y4eToM TOro, 4To

K Tcp.
rera. T +T

cp. B
u BeIpaxerus (5.49) momyqaum
K 2F
T = Lo o= (5.54)

cp.Mexay ® = z P.l ] Z }\,ij .

ieG, jeG_

T, =K

op r.cman,

J1s BOCCTaHABIMBAEMOIO DJEMEHTa IapaMerp IIOTOKa OTKa30B
paBeH

") 1
Oy = A = (5.55)
Atp o L1

v
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B rmaBe 2 OBUTH BBIBEACHE! GOPMYITEI [UIsl BEIMHCICHHA KOSQGHANH-
€HTa TOTOBHOCTH OCHOBHEIX CXEM HATPYXEHHOrO Pe3ePBUPOBAHAL.
PaccmoTpum 0DIIyr0 MOJeNb pe3EPBHPOBAHHBIX CXEM 13 HICHTHY-
HBIX 3J1EMEHTOB, [IOKA32HHYIO Ha pHc.5.16. Monens npuroaHa urs aramm-
33 HA/ISXKHOCTH CIEAYIOMPX CXEM:
1. nyOnupoBaHHOH CXEMBI C HATPY>KCHHBIM PE3ePBOM
2. nyOnupoBaHHOH CXeMBbI C HEHATPYKEHHBIM Pe3€PBOM
3. MaXXOpUTAPHO! CXEMBI

2

0
o)

CranmoHapHbI€ BEPOSTHOCTH COCTOSHHH ONPEAEISIOTCL Mo GopMy-

Puc.5.16. O6mas MapKoBckad
MOJIEIb Pe3ePBHPOBAHHEIX CKEM

JlaM:
_ Kk,

Ky + A1, 10,
_ My,

Midy + MMy + ik,
_ A,
B Aoy + My + I,

0

1

(5.56)

2

Wcxons u3 Beipaxenui (5.52)-(5.54) u yunrsBas, uro K =F, +P,

TIOJJY4CHBI pacuCTHBIC Q)OPMYHLI JJIs1 OCHOBHBIX MOKa3aTenek HaXCXKHO-
CTH PE3EPBUPOBAHHEIX cXeM (cM. Tabmuny 5.3). Beison hopmyn ans mo-

Ka3arejis CpeﬂHCﬁ HapaGOTKI/I 0 OTKasza OCYH_ICCTBHHJ]CH COIMIaCHO
(5.23,5.24).



182

I'nama 5. lunamudeckue MOIEIH HaJeXHOCTH

Tadaana 5.3. OcHOBHEIC IOKAa3aTeNH HAAEKHOCTH PEe3ePBUPOBAHHBIX CXEM

Cpen- | Cpen-
Crpare- Mapa- CTfumouap- Mapawerp HAAS Ha- | Hee
U3 BOC- HblIi K03 Pu- paGorka| Bpems
Cxema METPBI MOTOKA
cTanoBJIe- LHHEeHT Mexay | pabo-
MoeJgn 0TKA30B
HUS TOTOBHOCTH OTKa- | ThI 10
3aMM | 0TKa3a
Heorpann-
J;[yﬁ.mdpo- uennoe  |A =24,

AHHas BOCCTa- Az =R, 2Au+ pz 27»2;1 p+20 | n+3A
CXeMACHa- | _ e y P e e
TPYRCHHEM | o il - 12‘;1 (A+p (A+u

2 .
pesepeoM Spurasi)
Orpanu-
,]131}' Garpo- YEHHOE =2\,

AHHas BOCCTa- Ay =A, 20+ p 22 L+2A {pu+3A
cXeMa ¢ Ha- 3 3 3 3 3 5

HOBITEHHME |py =}, | 20" +2Apu+p” [ 207 +2Apu+p 2L 2h
TPYXeHHBIM (omra b

2 = U.

pesepBoM Spurana)
Hybnupo- |Heorpanu-
BanHas YEeHHOE A=A,
cXeMa C He- |BOCCTa- Ay =4, 2u(u+1) 207 pHA | p+2)
Harpyxed- |HoBienne [py=p, | A+2Ap+2pt [aZ+oat+2ut | A2 A?
HBIM pesep- |(aBe Uy =241
BOM Opuraznr)

Heorpanu-
Masxopn-  |ueHHOE Ay =34,
TapHas BoccTa-  |Ay =24, p’ +3Ap 6171 p+3% | p+si
cipykrypa |HoBmenue |p=p, | pt+3ap+6r7 | pi43au+6r7 | 6AT | 6)
“2u33” (mBe He =24,

Opurajbi)

5.8. MapkoBcKuHe Npouecchl ¢ A0X0NaMH

MapkoBCKHE HAJIEXKHOCTHBIE MONCIH (YHKIMOHHPOBAHHI M OTKa30B
CTIOXKHBIX CHCTEM TIO3BOIISIOT YYHTHIBATH IPAKTHYECKH JIFOOBIE 3aBUCHUMO-
CTH ¥ YCJIOBHS BO3HHMKHOBEHHMS OTKA30B, YCIIOBHS H3MEHEHWS XapaKTepH-
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CTHK. EQUHCTBEHHBIM TpeOOBAHHEM SBISETCS HEOOXOMUMOCTE HKCTIOHEHT (1~
ANBHBIX PACIIPENENCHUE BCEX YIHTBBAEMBIX (PAKTOPOB, IEPEMEHHBIX MOJE-
4. OTCYTCTBHE NOCTENEHCTRAS IKCIIOHEHIMATIBHBIX PACTIPEICICHHI mpH-
BOIMT K OTHOCHUTEIBHOH IIPOCTOTE (POPMHPOBAHHS IIPOCTPAHCTBA COCTOS-
HUH U rpada mepexoaoB, CHCTEMb YPaBHEHHH 11 cocTosHui. CIOKHOCTE
3aKMIOYAETCA UG B OBICTPOM POCTE PA3MEPHOCTH MOMIENM IPH YBEIINte-
HHMH YYHTBIBAEMBIX (DAKTOPOB, NEPEMEHHBIX. YaCTHUHO 5Ty pobneMy mMox-
HO PEIIHTL YKPYMHEHUEM COCTOSHMII C PaCeTOM 3KBHBAICHTHBIX ACHMIITO-
THYECKUX MHTCHCHBHOCTEH BBIXOIOB U3 YKPYITHEHHOTO COCTOSHE.

MapkoBCcKHe TIPOIIecchl TAKKE MOTYT OBITh HCIONBb30BaHb] IPH MOTie-
JTUPOBaHHUH MHOTOYPOBHEBBIX CHCTEM M BEIYHCIEHHH Pa3NMIHbIX TIOKa3aTe-
Jeit 3¢ GEeKTUBHOCTH UX (YHKITHOHHPOBAHMS, B TaCTHOCTH, HHTETDABHOMN
BEIPAOOTKH, HHTErpadbHOIO JOXON2, Kod(pduimenTa coxpaneHus 3ddek-
tusHOCTH. B MHCTHTYTE IIpo6iiem Ynpasnenus PAH B naGoparopuer NeS B
cepemune 80-X ron0B ObliM pa3spabOTaHEl VIS MOAEIHPOBAHEL MHOITOYPOB-
HEBBIX CHCTEM METOJ H aJFOPHUTMEI BHIUMCICHHS [TOKa3aTelied HA OCHOBE
MapKOBCKHX ITpoiieccoB ¢ goxonamH [12,99]. Meton mMapkoBCKUX mporec-
coB ¢ poxofamu (MILZ] — MeToz1) B HEKOTOPOM CMBICIE 00001IAET METOTbI
MapKOBCKHX IIPOLECCOB C HENPEPHIBHBIM BPEMEHEM H JHCKPETHBIM IIpO-
CTPAHCTBOM COCTOSHMH. Ero npHMeHeH e Mo3BoIIeT BEIYUCISTS P MOKa-
3areneil, BBIYHCIEHHE KOTOPBIX B OOBIMHBIX MAPKOBCKHX MPOLECCAX He MO-
HKeT OBITh OCYIIECTBIEHO BIPAMYIO. DOPMaIIbHO, MapKOBCKHE ITPOLIECCHI C
ZI0XO[IaMU SBJISIOTCS CIOCOOOM BEIMHCIICHNUS TIOKA3areiieli 1o BHIPAKEHUEO
(3.16), HO HE TOIBKO HHTETPATBHBIX, HO H A epeHIMAIBHEIX.

PaccmoTpuM mpuMeHeHHEe MapKOBCKHX IIPOHECCOB ¢ AOXOJaMH
(MII) x BBIYKCIIEHHIO [TOKa3aTenell HaaeXHOCTH U YPPEKTHBHOCTH CHC-
TeM CJIOXKHOH CTPYKTYpEL

Maremarnueckoe oxupganue noxorna H(t) ynmosmersopsier cucreme
IQdepeHIHaTBHBIX YPABHEHHH:

dH(Y
dt
rie H(t) - Bexrop cronben maTeMarndeCKux OXKHIAHHH JOXOAa,
H'(t) = (H;(t), Ha(t), ..., Hy(t)) — TpaHCTIOHMPOBAHHBIH BEXTOP CTON-
Gerl; M - YHCIIO COCTOAHUIA CHCTEMBI,

>

= AH(t) + R, (5.57)
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H;(t) - MmaTemMaTHUYeCKOE OXKUTAHNE JOXO/[a CUCTEMBI 3a BpeMsl QyHK-

[IMOHUPOBAHHUA t, €CITH B MOMEHT t=0 cHcTeMa Haxomuiach B COCTOSHUH i;
A - Marpuna HHTEHCHBHOCTH HEPEXOIOB U3 i-TO COCTOSHHA B j-0€;
R - BexTOp cTONmGe1 cBOGOTHBIX WIEHOB

Ri=w;+) h;w;;
gl

Wi (i # j) -Hoxox, HONy4YaeMblil B CHCTeME TIPU MEPEXOAE U3 1-TO CO-
CTOSIHUSA B j-€;

W; - JIOXO/I B SIMHULLY BPEMEHH, €CITH CHCTEMA HAXOIHUTCS B COCTOA-
HHH 1.

3nech moHATHE H0XOH - 000OmAromui TepMUH. ITO MOXET OBITh
Kakoi-HHOynb d(QeKT, MPOH3BOAUTENBHOCTD, IOTEPHU, 3arparbl H T.IL
CoenuanbHBIM BEIOOPOM MATpHIBI A0X0A0B W=(Wj) JOCTUIaeTcs BO3-
MOXHOCTb BBIYHC/ICHHST OONBIIOTO CIIEKTPA MMOKA3aTeleH Hae)KHOCTH
spdexTrBHOCTH (MPAKTHIECKH JTIOOBIX BCTPEYAIOIIUXCS B HOPMATHBHO-
TEXHUYECKHUX [OKyMeHTax). llepeuncisrs 31ech BCEe BHJBI MAaTPHIBI
JOXOZIOB JUIS BCEX NOKa3areled Mbl He OymeM, 3TO MOXHO IIOCMOTPETh
B [99].

Jlsist ipEMepa yKaXeM JIMIIb HEKOTOpPHIE:

1. Bepossmnocms omkasa Q) cucmemst 3a 6pemsi 1.

IIpu Bbryrcnennn Q(t) HEOOXOMMMO B3STh MaTpuily A0xoznoB W, y
KOTOPOil 37eMEHTHI CToJI01a (CTONOIOB), COOTBETCTBYIOIINE COCTOSHHIO
(COCTOSHHAM) OTKa3a CHCTEMbl, PABHBI SNUHUIE, 3 BCS OCTANBHBIC 3Mie-
MEHTHI paBHBI HyIO. [Ipy 3TOM COCTOSHHS OTKa3a Halo CHeNaTh IOINIO-
IAMOUIMMH, TOCKOJIbKY [AaHHBIN IIOKAa3aTellb XapaKTepHU3yeT IIOBEICHHE
CHCTEMBI [0 TEPBOTO MOMAJaHUS €e B COCTOSHHE OTKasa. Brramcnenus
ppoBoaarcs 1o (5.57).

2. Cpeodnsis Hapabomxa 0o omxaza Icp.

Marpua W 10/DKHa HMETh JIHAroHaAJIBHBIE SIEMEHTBI Wi, COOTBETCT-
ByIOImHe paboTOCIIOCOOHBIM COCTOSIHHSIM, PaBHBIMH €IHHHUIIE, OCTab-
Hble - Hymo. COCTOSHMA OTKa3a HEOOXOOUMO CIHENaTh IOINIOMAIOMMMH.
Tak KaK 3TOT [0Ka3aTellb onpenesiercs Ha (0, o ), To ypaBHeHus (5.57)
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IpeneIbHBIM epexonoM npeobpasyrorcs B (5.58), i pacueT BEIMOMHSETCS
o (5.58).

A-H+R =0. (5.58)

3. [lapamemp nomoxa omrasoe o(t) u cpednee uucio omxazoe N(t)

ITapamerp moroka oTka3oB o(t) sBIAETCH AU EePSHIHANEHBIM T0Ka-
3aTelleM TIO OTHOLICHHEO K HHTErpaibHOMY nokazaremo N(t) (cpenHemy
qucimy otkasoB Ha (0,8)). To ects w(t) = dN(t)/dt u ompenenserca B Mo-
MeHT t. Berancnenne o(t) mpousBogurcs B /Ba srana. Caauana 1o (5.57)
ompenensercs N(t). B marpuue W it 3T0ro HeoOXOAUMO TIOIOKHUTH SIIE-
MEHTBI W;; PaBHBIC elMHANE (i#]), eClH i - cocTosHEE PaboTOCITOCOOHO-
CTH, & ] - COCTOsSHME OTKa3a. OCTalnbHbIe NEMEHTHI PABHBI HYIK. 3aTeM
fony4eHHbIH Bexkrop N(t) moiactabnsercs B (5.57) U HaXOmAT MPOHM3BOI-
HYIO, PaBHYIO B 3TOM CIIy4ae [1apaMeTPy TIOTOKA OTKA30B.

dH(t) dN(t)

dt dt
B moznemu MITJ] pazpaboTano Takoke BHIMHCIICHHE CAETYIOUHX MOKa-
3arenel HafleXXHOCTH U 3(Q¢eXTHBHOCTH (B TOM HHCIIC B MHOIOYPOBHEBBIX

MOJIETIAX CHCTEMBI):
— CpeaHee BPeMS BOCCTaHOBIECHHS

—a(t). (5.59)

— MHTEHCHBHOCTH OTKA30B CHCTEMBI B MOMEHT t

— JHCHepcHs BpeMeHH Oe30TKa3HOH paboThl

— BEPOSTHOCTH NPEObIBAHMS B MOMEHT BPEMEHH { Ha i-OM YPOBHE
dynxumonuposanns (B ABYXypOBHEBOUW Moznenu ( paboTocnocosd-
HOCTB/OTKa3) 3TOT IIOKA3aTelb HA3BIBAETCH KOIP(OHIUEHTOM [OTOB-
HOCTH/TIPOCTOST)

— BEPOSITHOCTH 3aCTaTh CHCTEMY B MOMEHT BPEMEHH t Ha i-OM YPOBHE
(yHKUMOHUPOBAHMS H HE OIyCTHTCS. HHKE 3TOIO YPOBHS 33 BpeMs T
OT MOMEHTa t (B ABYXYPOBHEBOH MOJIEIIH 3TOT OKA3aTeNb HA3bIBAET-
st K03 PHIUEHTOM OIIePAaTABHOM ITOTOBHOCTH)

— CpefHee Yucio IEPEXOIOB C 1-I0 Ha j-bIH YpoBeHs paboTococobHo-
cTH (B IBYXYPOBHEBOH MOJEIN CPEIHEE YHCIO OTKA-
30B/BOCCTaHOBJICHHI)
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— CpefHee cyMMapHOe BpeMsi IpeObIBaHKS CUCTEMEI Ha i-OM YPOBHE

¢bysKIHOHUpOBaHUA Ha MHTepBane (0,t)

— MaTeMaTH4YecKoe OXugaHue 3pPexTuBHOCTH (YpOBHS QYHKIHOHH-

POBaHUS) B MOMEHT BPEMEHH t

~ MAaTeMaTHYECKOE 0XKHUIaHUE HHTETPAIBHON 3P (PEeKTHBHOCTH QyHK-

HoHKUpoBaHus Ha uHTEpBaNeE (0,t)

— ycpenrernHoe Ha uaTepBaie (0,t) 3HaveHne >PHeKTHBHOCTH HYHK-

IIMOHHPOBAHUS

~ K03 duimeHT coxpaneHus 3QPEKTHBHOCTH Ha HHTEPBaJe yHKIIHO-

auposanui (0,t)

MonenupoBanue cHCTEM ¢ MPHUMEHEHHEM MAapKOBCKUX MPOIECCOB C
JI0XOIaMU TIO3BONHIIO PAcIIUPHTh HEPEUeHb ONpPEeieSIEMbBIX [TOKa3aTeleH
HAJ©KHOCTHU U JTOMOIHHATH ero NoKa3aTesIMH 3P eKTHBHOCTH.

Paccmorpum mpumep npuveHenuss MIIJI-mMeTona ans aHanmm3a u
obocHoBaHus TpeOoBaHMU 00beKTa ¢ 3ammTol. [Ipumep Obin pazpaboran
aBTOpPaMH B IIPOLIECCE BBIMONHEHHS pabOThI 10 CPABHEHUIO IPOTPAMMHBIX
KOMILIEKCOB aHanm3a HajgexHocTu [30]. PaccmarpuBaeTcss KOHQHIyparys
texHonorudeckuii 06bekr (TO) + cucrema sammter (C3) (puc. 5.17.).
CucTema 3aIuThl COCTOMT B CBOKO 04epenp U3 ycrpoiictBa koHTpons (YK)
U HCTIONHUTENBHOTO Mexann3ma (UM).

Puc. 5.17. Konduryparus
(TEXHOIOTHYECKHH
00BEKT + CHCTEMA 3AILUATHDY

Paccmorpum 6onee monpoOHO paboTy B OTKA3bI B CHCTEME.
IloacucTeMBI 3aIATHI IPSTHA3HAYCHBI TS BEIPAOOTKH YIPABIITIOIHX
BO3JICHCTBUI Ha 3aIUIIACMBIH 00BEKT (TEXHOMIOIHYESCKOE 000PYIOBaHIE) C
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[EIbIO IIPEAOTBPAIICHMS PA3BHTHS HEIITATHRIX OTKJIOHEHHI B pabore 00b-
€KTa W, B YaCTHOCTH, [EPEPACTAHMS OTKA30B B aBapHI0 (34eCh OyzeM pac-
CMarpuBarh TONEKO OTKICHEHHS B paboTe 0OBEKTa, CBI3AHHBIC C OTKA3AMH).
Yopapiaronme BO3AEHCTBHA MOTYT OBITh Pa3HYHbIMU (HAIPAMED, H3ME-
HEHHE pEXMMa PabOTBl, CHIDKEHHE ITPOU3BOAMTEILHOCTH). B HEXOTOPHIX
CllydasiX OHHM PeaT3yIoT OTKIIOYSHHE aBapHITHO OTKA3ABILMX SJEMEHTOB M
JIPYTHX 3JI€MEHTOB, CBA3AHHBIX C MEPBBIMH 110 TEXHOJIOrHYeCKOH nema. Tem
CaMbIM IIPEROTBPAIAETCA PA3BUTHE COOBITHH, IMPHBOIMIIX K apapru. Kak
TIPABMIIO, 3TO OBIBAET DKBUBANICHTHO OCTAHOBY OOBEKTA, TEXHOIIOIHYECKOTO
npouecca. 3aech OylieM paccMaTpiBaTh HMEHHO Tako CITyyaid, HO Tpefyia-
TaeMbIH ITOAXO/ TOAUTCS H [UIA YIIPABISIOIMX BO3ACHCTBHIMA, IIPHBO,ISIIHX K
CHIDKCHUIO TIPOU3BOAUTENLHOCTH, H3MCHEHHIO PEXUMA.

@yHKIWA TPOTUBOABAPUIHHON 3aIIUTHI BHIIOJHSETCA DIH30JHICCKH,
B MOMEHT BO3HMKHOBEHHS aBapUHHOM curyarnm, mostomy C3 padoraer B
KIYIEM BPEMEHHOM pEXHME. XapakTep AOXOLOB B pabOTOCIOCOOGHEIX
COCTOSIHUAX M MOTeph B HEPAOOTOCTIOCOOHBIX COCTOSMHHSIX TEXHONOTHYE-
ckoro obbexra (TO) npeamonaraercs caenyroumm. Bo-niepebix, B cucreme
(B marHOM 1puMepe 310 TO + C3) BO3MOXHEI YETHIPE TPYIITEI TEXHAYE-
CKHX COCTOSHHM (TEXHHUYECKOE COCTOSHHE Xapakrepusyercs Habopamu
OTKa3aBIIKX U paboTocniocoOHBIX snemerToB Monenu (C3, TO), sugamu u
II0CJI€IOBATENPHOCTBIO BO3HUKHOBEHHA OTKa30B). Ilepsas rpymma copep-
JKHUT TaKM€ TEXHUYECKHE COCTOSHHS, B KOTOPBIX 0OBEKT HOPMATEHO (PYHK-
LHOHHPYET U IIPHHOCHUT YJCNBHBIH 10X/ B €IMHHIY BpeMeHH mpeCbiBa-
HHS B 3THX COCTOSHMAX (HAIIPUMEP, 3THM COCTOSHHSM COOTBETCTBYET HO-
MHHAIIHAS POU3BOAUTENBHOCT, TO). OTMETHM, 4TO B 3TY IPYIITy BXO-
JAT COCTOSIHUSA CO CKPBITBIM OTKa30M (THITa HecpabaThiBaHus Ha TPeOOBa-
HH€) CHUCTEeMBbl 3amuThl. BTopasd rpynma COCTOSHHMIT XapaKTepH3yercs
Oe3aBapuifHBIM OCTaHOBOM oObekTa. IloTepu 371ech CBS3aHBl TONBKO C
npocToeM 00BEKTa; HOXO[ B 3THX COCTOAHHAX MO0 paBeH Hymo, 1160
OTPHUATENBHBIN, €CIIH NPOCTOH TIPHBOAUT K ONOJIHUTENBHEIM TIOTEPAM B
CAMHHILY BpeMEHH. TpeTha m yerBepTas IPYIIIb COCTOSHUM — aBapHIHEIS
OTKa3bl 00beKTa JBYX BHOB. [lepexom B 3Ty rpymimy coCTOSHEEH U3 CO-
CTOSIHMH IEPBOM IPYIHIBI NPUHOCHT €AUHOBPEMEHHEIH yiiep6 (oTpuma-
TENBHBIA JIOXOM) CBSI3AHHBIA ¢ BOSHHKHOBEHHEM aBapdu (rubeis Jornel,
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TIOJIOMKH 00OpYNOBaHMs, BEIOPOCH! B aTMoc(hepy U T.I.). Takum oOpasom,
HOpMAllbHOE (PYHKIHOHHPOBaHHE OOBEKTAa COMPOBOXKAAETCS JNHUHEHHBIM
POCTOM HHTETPATBFHOIO J0XO/a NMPOMOPLIHOHATEHO BPEMEHH IpeOhIBaHMS
B IlepBoii rpymnme coctosHuil. [IpocTon 06bekra B COCTOSHHMAX BTOPOH,
TPETbEN U YETBEPTOM I'PYINI BEAYT K COXPAHCHHIO JOCTHTHYTOIO YPOBHS
HHTErpasbHOTO 70Xofa (TP HyJIEBBIX 3HAYEHUSX YIOENBHBIX JOXONOB B
KaX/IOM M3 COCTOSIHHMM 3THUX TPYIII) MO0 K ero yObIBaHHIO (IPU OTpULA-
TENBHBIX 3HAYEHUSIX COOTBETCTBYIOIIUX YAENIBHBIX JOXOIOB) IPOHOPIHO-
HAIBHO BPEMEHH NPeObIBAHHA B 3TUX COCTOAHIAX. [IpH mepexoax Mexy
COCTOSIHASIMH AMEET MECTO CKaukooOpa3Hoe H3MeHeHue (Jalle yMEeHbIIe-
HHE) HHTETPabHOTO JOXOIa B T€X CIIydasiX, KOIJa C COOTBETCTBYIOIIUMHU
HepexXoJaMH CBS3aHbl €IMHOBPEMEHHBIE JOXONBI 33 KaXObIH IEPEXOf,
OOGBIYHO 3TH TOXOABI OTPHIIATEIBHEI, 00yCIOBIEHBI 3aTpaTaMK Ha BOCCTa-
HOBJICHHE TOCJIEICTBHI OTKa30B, aBapHi, MpHoOpereHue 00OpyIOBaHHUS,
3UIT'a, mTpadsl, cTPaxoBKy H T.IL.

[IpenmomnoxuM, 4To BCE aBapHHHBIE CUTYAlMd BO3ZHHUKAKOT TOIIBKO
IIPH O0TKa3ax TeXHonormyeckoro obopynosarus. [lycrs C3 npu Bo3HUKHO-
BCHHHU PACITO3HABAEMOM €/ aBapHHHON CHTYalliM MTHOBEHHO OCTaHABIIH-
BAeT TEXHOJOTHYECKHI IpPOIECC, MPOU3BOAsS HEOOXOAMMOE YIIpaBJIcHHE
obopynoBanuem (Harpumep, otkiouenue). [paaem paborocnocodras C3
¢ "mokpeitueM” § (0<P<1) pacnosnaer aBapuiiHble curyamuu. OTKa3bl B
C3, KoTOpbIEe BO3HHKAIOT HA HHTEPBAJIC HOPMAIBHOTO (PYHKIMOHUPOBAHUS
TO, MOryT NPUBOMMTL K Pa3IMYHBIM MOCIEACTBHSIM. BBUIEIAM OTKa3bl
IBYX BHIOB: CKPBITBIE OTKa3bI U JIOXHBIE cpabaTpiBaHust. CKPBITHIE OTKA3bl
HE TIPUBOMAT K cpabaThIBaHHIO 3aIMTHl U HE H3MEHSIIOT PEXHM PaboThI
o0bekTa. OHM MPOSBISIOTCS B BHAC HECpaOaThiBaHWs 3aIUTHI TIPU BO3-
HUKHOBEHHH aBApHHHOM CUTYyaluH, 9TO BIeUeT 3a co0oi aBapuro.

ITapamerps! Monenu:

W;; — HOTEPH OT NIEPEXOJIOB B COCTOSHMS ABAPHH,

P - “moxpsiTHe”- 0N PACIIO3HABAEMBIX aBApPHHHBIX CUTYaIHi pabo-
tocnocobuoi C3;

0L - JIOJIS CKPHITHIX OTKa30B ycTpoicTB C3 THITa «HecpaOarbBaHUEY;

1-0 - nonst IBHBIX OTKa30B ycTpoicTB C3 THITA «IMKHOE CpadarhiBa-
HUEY,;
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N1, N2 — Aoist aBapuidHbIX 0TKa30B TO 11 11 pona;
A, | - HHTEHCHBHOCTH OTKa30B M BoccranoBiaeHus C3, TO.
PaccmarpuBaemas cuctema (TO + C3) umeer 4 moAMHOKeCTB €O-
CTOSHHI:
— HOpMaJlbHOE QYHKIMOHHPOBAHHC;
— ocTaHOB (Oe3aBapHIHEIH);
— asapus [;
— asapus L.
HeobxormMo cremare pacdeT CpeJHHX pPHCKOB HA HHTEPBANe
(t =0 -+ 10004) mrs Tpex 3HaqeHmit napamerpa P. PaccMarpusarores ciy-
YaH HAIM9IAA W OTCYTCTBHA BOCCTAHOBICHHMS M3 COCTOAHHA aBapH.
Cpennee BpeMs BOCCTaHOBICHHS M3 aBapuu I — 5 cyTok. Cpexree Bpems
BoccranoBneHus u3 asapuu II — 10 cytok. YmepOer ot nepexona B co-
crosiaue aBapuu 11 paBusl 8 6208, B cocrosuwme apapu I - 4 6amra.
I'pad mepexonoB MapkoBCKOH MOJIeNH MPeCTaBIEH Ha puc. 5.18.

PusAE )
A37

N,
~,

RN 5 ™~
. A35.ABAPUAL

. R

Pnc. 5.18. Mapkosckas Moaeins HAZIERHOCTH koudurypamun TO+C3

HuTteHcuBHOCTH IIepexo40B MEXKy COCTOAHUSIMH PABHBI
le = [1 '(1 'B)(ﬂl”l 2)]7\40+( 1 'ayk)xyk—i_( 1 -(I‘HM)A'HM 5
Ai3= ayKA’yK 5
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}\'14 = aHMkI/IM 5
Ais=(1-BMitro;

M7= (1-B)Motro;

A=hei =

)\'32 = (1 '111'712)7\'.0"‘(1 -Q'HM)}\’MM >
A37= Mg = Makao 5

Ais=Mas = Nk

As= (1-M1-M2) Ao -

YrcieHHbBIE 3HAUYCHUS napaMmeTpoOB MOICIIN:

dro = 0.005; Ay = 0.001; Ay = 0.002; s = 0.3; @, = 0.5; 71, =

M =0.3; n=0.05.

04;

bannbHas oneHka ymepOoB Ipon3BeieHa HO pe3yisTartaM IIpoBese-
HHS SKCTICPTAMH KaYe€CTBEHHOTO aHAIN3a BHJIOB U MIOCIECTBHI OTKA30B:

Tabonuna 5.4. Bunsl v 6aiibHag OLIEHKA TOCIEACTBHI OTKA30B

XapakTepucTHKA NOCICNCTBHI 0TKA32

Bbajel

OtKka3 BBI3EIBAET PA3rePMETH3AMMIO ANNAPaToB 0GBEKTa, BRIOPOC OMacHoH
CpEJIEL, TI0Xkap, B3pHIB, 0Opa30BAHAE TOKCHYECKOTO 00JaKa, HEMHOe pa3-
BHTHE 4BAPHU Ha MPOMIUIOIMIAKE TPCNUPHATAL H 33 Cr0 MpeeIaMu.
Cpemn mepcoHala W HAceNeHHsA MOTYT OBITH JKEPTBBI, €CTh HeoOxomw-
MOCTH 3BaKyallHH HaceJICHMs; OKPYXAIoMas cpea HOMYYHT 3HAYHTEIb-
HblH ymep0; 0OBEKT — IIONHOE pa3pyIICHHE; OCTAHOBKA IIPOU3BOACTBA
MOxeT ObITh 1 Mecsi 1 Ooee.

OTKa3 BBI3HIBACT PA3rePMETH3ALMIO ANAPaToB 0OBEKTa, BHIOPOC OMacHOH
Cpelpl, oKap, B3PLIB, IOBPEkKICHNE Orin3nexariero 060pyIOBaHMs, pas-
BHTHE aBApPUM HE BEIXOAHT 3a Mpedens! npeanpuarast. Cped mepcoHana
MOr'YT GBITh TPABMUPOBAHHBE; BO3MOXKHA JBAKYAIMS HACCIECHHS W HAHe-
CCHHE BOCTIONIHHMOro ymiep0a OKpYXKalomel Cpesic, OCTaHOBKA IIPOM3-
BozctBa Gornee 10 cyTok.

Orxka3 BBI3BIBACT PasrepMeTH3ALHIO AIIapaToB 00bEKTa, BEIOPOC ONAcHOH
CpeBl, TOKap, PA3BUTHE aBApHH He BEIXOIUT 3a IPEHENIB TECXHOIOIHYE-
CKOH yCTaHOBKH 00BekTa. IlepcoHal MOXET NMONYYHTh HE3HAUUTEIHHBIE
TPaBMEIL; HACETEHHE — ONIACHOCTHU HET; OKpYXaromas cpefa — yiuepba Her;
OCTaHOBKa MPOU3BOICTBA Gomee 5 CyTOK.
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Oxongaunne TabIuuE 5.4

XapakTepHCcTHKA MOC/ el CTBHI 0TKA32 Bamnnr

OrKa3 BEI3BIBACT PAsrePMETI3ALIII0 annaparos o0sexTa, BROPOC OMaCHOl
CPEMBL U3 aNlaparypsl, OMkKap, Pa3BATHE aBapHH HE BBIXOMHT 32 MPEACIE
TEXHONOTHIECKOr0 GIoKa.

3-4
[epcoran MOXKET MHONYYATH HE3HATHTEIBHEIE TPABMBI, HACENEGHHE —
ONACHOCTH HET; OKpyXkaloinad cpeia — ymepda HET, OCTaHOBKa TpPOH3-
BOJICTBA DoJiee CyTOK
OtKa3 BEI3BIBAET HE3HATUTENHHYIO PA3TEPMETH3ALEIO, 3ATOPAHHE Herlo-
CPEICTBEHHO B Ipeaenax TexHonormacckoro Omoka. Ilepconany, Hacene- 1.2

HHIO, OKPYKAFOIIEH Cpejie yIpo3bl HET; OCTAHOBKA MPOM3BOCTEA MeHee
CYTOK.

Pesynbrare! pacueToB nprBenens! B Tabmume S.5.

Tabnuna 5.5. CpegHue puCKX SKCIITYaTaLlMH TEXHONOTAYSCKOTO 00BeKTa
Ha HHTepBane (t =0 + 1000uq).

B cC3 be3 C3
0.8 C BOCCTaHOBJICHHEM 53 -12
) 0e3 BOCCTAHOBICHHL -39 -5.5
€ BOCCTaHOBJICHHEM -29 -12
0.99
0e3 BOCCTaHOBIEHHS -2.6 -5.5
: C BOCCTAHOBIICHHEM -2.8 -12
6€e3 BOCCTaHOBICHHS -2.5 -5.5

5.9. Ananu3 HaI)KHOCTH OTKA30yCTONYMBBIX
BBIYHCIHTEIbHBIX CHCTEM METOAOM
arperspoBaHus MApKOBCKHX MoJeei

KparkoBpemeHHas yrpara paGoTOCITOCOOHOCTH, BBI3BaHHAS BHENI-
HUMH TIOMEXaMH, WM COOH €CTb XapakTepHOE SBICHHE, CBOMCTBCHHOE
TOTyTIPOBOJHUKOBBIM CXEMaM, KOMILIEKTYIOINM (yHKOHOHATbHbIE OIIOKH
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BBIMHCIMTENBHBIX cHcTeM. YacTora BOHUKHOBEHHS COOEB Ha HECKOIHKO
NOPAAKOB IIPEBLINIAECT YACTOTY BO3ZHUKHOBEHHS IOCTOSHHBIX OTKAa3OB,
npuyeM HabmoaeTes yeyryOneHue 3Toi TeHICHIMH B CBS3U € CO31aHIEM
HOBBIX TE€XHOJIOTHH 1 COBEPILICHCTBOBAHHEM METOZIOB [IOBHINICHHUS BbIXO/IA
ropubix CBHC. Ilpu mpoeKTHpOBaHHM COBPEMEHHBIX OTKAa30yCTOMUHBBIX
BbrqucauTeNbHBIX cucTeM (OBC) Gompnme anmaparHble U MIpOrpaMMHBIC
peCypCHI TpaTsTCs Ha IapHpoBaHHe cOOEB, OITOMY B MOJIETISX HAAEKHO-
CTH JOJDKHBI 00S3aTeNbHO YUUTHIBATBCSA KaK OTKa3bl, TaK U COOHU C Ipo-
IPaMMHO-PEATH30BAHHBIMY AJITOPHTMAMU HX 0OpabOTKH.

Wseectasie Momenu HanexHoctH OBC [100-107], paspaboTamubie
JUISL OLICHKH () (QEKTHBHOCTHU IPOSKTHBIX PEIICHUH, OCHOBBIBAIOTCS Ha Jie-
KOMIIO3UIIMSL HAJeKHOCTHOTO TIOBENCHHS CHCTEMBI Ha MEJUICHHBIE (BO3-
HHKHOBEHHME HEHCIIPAaBHOCTEH) U ObICTpble (00paboTKa HEHCIIPaBHOCTEN)
nporecchl. 1Iponiecc BO3HHKHOBEHHS HEHUCIPABHOCTEN U IOCHEAYIOLLEH
IETpajalliil TEXHHYECKOH CTPYKTYpBl CHCTEMbI OOBIYHO HCCIELYyeTCs C
TIPUBIICYECHUEM JIOTHKO-BEPOSTHOCTHBIX MOJENeH HIH MapKOBCKHX IpO-
IIeCCOB C HETIPEPhIBHEIM BpeMeHeM. Jlisl aHasm3a CIoXHOM MHOTOITAIIHO
IIpoLeTypbl 00pabOTKN HEUCIIPaBHOCTEH U OIEHKH 3(P(HEKTUBHOCTH MPO-
Hefyp MapHpoBanus cOOeB NPHBIECKAIOTCS JUCKPETHBIE MAPKOBCKHE LIEIH
WM CTaTHCTUYECKOE MOJEIUPOBAHKE Ha OCHOBE (H)OPMAIIBHOTO OIMCAHHSA
B BHie ceTe [lerpn.

[Ipu arperupoBaHuUM Mozened OBICTPBIX IMPOLECCOB 0OpabOTKH He-
HCIpaBHOCTEH B MapkoBckue moaend HanexHocrd OBC 06bruHO 1poBO-
JAT yKPyIHEHHE COCTOSHIUH cOOM W 0TKa3 B OIHO COCTOSIHHE M KOPPEKTH-
POBKY MHTCHCHBHOCTEH BBIXOJA W3 YKPYNHEHHOTO COCTOSHHSA C y9eTOM
YCIIEMHOCTH 3aBepUIeHUs. TpOLEayp ITapHpoBanHus cOoeB. AHamu3 pe-
3yNbTAaTOB PACYETOB ITOKa3arenell Hafle)KHOCTH Ha MOJENSAX C YKPYIHEHH-
€M MOKAa3aJl, 9T0 YKPYIHEHHE CYNIECTBEHHO Pa3INYHBIX COCTOSHUM (COOi,
M3 KOTOPOTO €CTh BO3BpaT B MCXONHOE COCTOSIHWE; OTKa3, M3 KOTOPOro
MPHHIMOAAIBHO OTCYTCTBYET BO3BPAT B HCXO/IHOE COCTOSIHUE) IIOPOXKIAET
HEAOMYCTHMYIO TOFPEIIHOCTD, YTO MO3BOIMIO CEIATh BHIBOJ| O HEJOITyC-
THMOCTH Tof0OHOTO yKpyrHEeHus [ 108].

B naHHOM paszerie Ha IpHMepe aHaIM3a HaJEeXKHOCTH TPEXMAIIVH-
Hoii OBC Oyzner npogeMoHCTpHpoBaHa CBOOOIHAS OT yKa3aHHBIX HENOC-



5.9. Ananv3 HaJ|eKHOCTH OTKa30yCTOMYMBbIX BEITHCIHTENBHBIX CHCTEM 193

TarkOB MOJENb 00pabOTKH HEMCIIPABHOCTEH M TEXHHKA €¢ MHTETDALHH B
0buryro Mozies HajiexHOCTH cucTemsl [109].

AHanu3npyemass OTKa30yCTOMUHBAS BBIYMUCIHTENBHAS CHCTEMA CO-
CTOMT W3 TPEX MAIIMH, CBI3aHHBIX MEXTY coOOM (IIONHOCBA3HENA rpad,
T.€. Ka)KJasi BEIYMCIHTENBHAL MAIIMHA CBA3aHA C ABYMS apyremu). Ot-
JenbHas MalliHa cocTOMT n3 O6asopoi wactu (BY), agantepa ceasn ¢ abo-
HeHTOM (A), npHeMo-TieperaTIrKa MeXMAIMHEOro obmena ([IUIT). Kpu-
tepueM OTKaza OBC sBisgercss HEBOIMOKHOCTH TIPABHIBHOA PabOTHI He
MeHee, YeM II0 ByM (M3 Tpex) KaHalaM CBA3H ¢ a0OHEHTOM BHEMIEEH Cpe-
apl. Ha puc.5.19 nprBeneHa yKpymHEHHas (yHKUHMOHAILHASL CTPYKTypa
TpexmamraHOH OBC.
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Pnc.5.19. OynxunonanpHas cIpykTypa rpexMamuaaoin OBC

daxTopaMy, YIUThIBAEMBIMIL [IPY IOCTPOSHUH MOJCITH Ha/|CKHOCTH,
ABILFOTCA
— BO3MOXKHOCTb BO3HHKHOBEHHS JBYX THIIOB HEMCIIPABHOCTEH — OTKa-
30B U cboeB
— OTCYTCTBHE BOCcTaHOBIeHUA paborocmocobnoctd OBC, napymien-
HOH BO3HMKHOBEHHEM OTKa30B
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~ HaJIMYHe Pe3epBUPOBaHUs (TPOHpPOBAHME) Oa30BBIX W NepHpepuii-
HBIX YacTed

~ BBEJIEHHE CHEHHANBHBIX Mpouenyp o0paborku c6oeB 6a30BbIX dac-
Tell MalliH

~ HaJIM4Ue BHIOB OTKA30B (HarpuMep, IpoOOi 10 IMUTaHUIO) dIeMEeH-

ToB He Gazopoit yact OBC (aganTep, IpHEMHHK-TIEPENATINK), KO-

TOPbIC MOTYT IPUBECTH K HEUCIIPaBHOCTH 0a30BOH YacTH

TIporerypa 06paboTKM HEHCHPABHOCTEH PacCMaTpUBAETCS Kak IIO-
ClIe0BATeIbHOCTH K IIPOrpaMMHEIX MOITBITOK BOCCTaHOBICHHS HOPMallb-
HOIO XOJa BBIYMCIMTEIBHOTO mponecca ((Iepe3anuch HamaTH, IOBTOPBI
CErMEHTOB [POrpamMM, OTKAaThl Ha KOHTPOJbHbIE TOUKH...)). IIpeanonara-
€TCA, YTO HEYCIIeX i-OH MOMBITKH BOCCTAHOBIECHUS MOXET ObITh BBI3BaH
TpeMs pakropam

— JUTHTENBHOCTh c00s (KaK (pU3HUIECKOTO SBICHHA) IPEBHIMACT JIH-

TEeIbHOCTS 1-O IMOIMBITKHA BOCCTAHOBICHHS

~ 33 BPEMs BBITIOJIHEHMS i-Of TOIMBITKH BOCCTAHOBIECHHA IPOHM3OILEN
HOBTOPHBI cO0H BoccTaHaBnmBaeMoH 0azoBoil yactu OBC

— 33 BPEMS BBIMOJIHECHAS i-OM IOIBITKH BOCCTAHOBJIEHHA MPOH3OILIEN
cOoit i orka3 apyrux gacred OBC

Kpowme toro, mpemonaraeTcs, 9To 4aCTh OTKa30B U COOEB MOXKET HO-
CUTh KaracTpo(uyecKuil Xapakrep (CHCTEMa NEPEXOAUT B OTKa3, MUHYS
Jerpasialiio).

OOmiuii mMoAXo K MOJAEIHPOBAHHIO 3aK/II0YAETCS B Pa3fieIbHOM IIO-
CTPOCHHH Mofieneil 06pabOTKU HEHCIIPaBHOCTEH M MOJesIeH Jerpajanuu
texauaeckoit crpykrypsl OBC. Ha monenu o6paboTku HeHCHPaBHOCTEH
PACCUHMTBHIBAIOTCS BEPOSATHOCTH YCIIEXa M HEYCIIeXa BOCCTAHOBJICHHS IO
c6OAM, ¢ TOMOLIBIO KOTOPBIX KOPPEKTHPYIOTCS HHTEHCUBHOCTH HEPEXOI0B
MOJIENH IeTpaaliu.

Monens 06paboTky HencpaBHOCTEH, BosHuKatomux B OBC, npex-
CTaBIACT COOOH IUCKPETHBIA MApKOBCKUH IIPOLECC, OKA3aHHBIA HA Ipa-
de, mpuBencHEOM Ha prc.5.20. J[HCKpETHOCTL BpeMeHH IIPOI(Ecca Orpe-
JENAETCS TEM, YTO MEPEXOJ B COCTOSIHHSA BBHIIONHEHUS i-OH IIPOLEAYPbI
BOCCTAHOBJICHHSI, YCITCIITHOTO HIIM HEYCHEITHOTO 3aBEPIICHHS BOCCTAHOB-
JICHHS BO3MOXKCH JIMIIb B CTPOTO ONpPE/CICHHBIE MOMCHTBI BDEMCHH, OII-
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pezieNnseMble IPOTOKOJIOM OTKa30-CO0eyCTONYMBOrO 0OMEHa JaHHbIMH Oa-
30BBIX yacteit OBC [110].

B
H

{  BOCCTAHOBOEHHS
~ e

Puc. 5.20. MapxoBeku# rpad npoiiecca 00paboTKu HeUCHPaBHOCTERH
otaensHOoi MammHbl OBC (k=3)

Cocrosnue 1 — cboit Mmamune: OBC. Cocrosiaue 4 — 0TKa3 MAIHHBI
OBC. Cocrosausa 2 ¥ 5 rpada COOTBETCTBYIOT HEYCIICIIHOMY 3aBEpIie-
HHIO MEPBOH MOIBITKA HOPOIPaMMHOTO BOCCTaHOBIEHHS ‘“‘cOOAmER” Ma-
nmasl OBC. Cocrostans 3 u 6 — Heycnexy BTOpOit noneITke. Beero B cuc-
TEMe pealH30BaHO TPH IONBITKH BoccTtaHoBiaeHns. Cocrosuue 7 — pado-
TOCIOCOOHOCTh MAIIIHHBI, HAPYLIEHHas cOoeM, BoccTaHOBieHa. CocTos-
Hue 8 — mpomsomen orkaz OBC. Cocrosaune 9 — ferpafanus CTpyKTYphI
OBC (mammHa oTrrouaercs 13 padodeit konduryparmm).

OneMeHThl MaTpHLbl epexofoB P HaxomsaTcs w3 Clenyrommx cooT-
HOIICHHH:

Pi2 =945 Pis =Yoo P17 = PasPig = Yoo P23 = Qs Pos = Qomr P27 = Ps
P23 = Qo P37 = PysPss = Qs Pag = Uy + Qo Pus =145, (5.60)
Py = qu’ Pss =1—Q»Pss = qio’ Peo =1 _q':m’p68 =q,
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BCPOSITHOCTI: YCIICIHIHOrO BOCCTAHOBJICHHU 110 cO0saM:

pn :pncp2(1_qorx)(l_pt)(l-qCG) s (561)

rae

—2(Ac6+16+AHO)T
€ - BEPOATHOCTD OTCYTCTBHUSA cbos WIHM OTKa3a ¢ ABYy-

P, =
Ms IPYTHMH MAIMHAMHU, As — AHTEHCHBHOCTH OTKa30B 0a30BOM 4acTH Ma-
IWHBI, Ay MHTEHCHMBHOCTH OTKa30B He 6a30BOH 4acTy;

P,.-YCIOBHAs BEPOATHOCTb BO3HHKHOBEHHMS HEKAaTacTpPO(uyeckoro
cOos;

P,,-YCIIOBHAs BEPOSATHOCTh BO3HMKHOBEHHS HEKATaCTPO(HIECKOTO

OTKa33;
-/
p, =€ " - BEPOATHOCTH TOTO, YTO JUTHTENBHOCTD COOsl () TpeBbia-
€T BpeMsi O/IHOH MOIBITKH BOCCTAHOBICHU (T);
—hebr
Qs =1-¢ """ - BEPOATHOCTH [IOBTOPHOTO COOS MAIIKHEL BO BPEMS ee
BOCCTaHOBJICHHUS;
~(A6-+Aub)t
Qure =1—€ - BEpPOATHOCTH OTKa3a MALINHBEI BO BPeMs €€ BOC-
CTAHOBJICHHA.
BeposTHOCTb HeycIieXxa BOCCTaHOBIEHHS 10 COO0sIM:
9y = PucP2 (1= 45 N =P )des +P,) (5.62)
BeposTHOCTS IEpeXo/ia B 0TKA3 BO BPEMsi BOCCTAHOBIICHHUS:
Yso zl_pﬂc +pl—lc(1_p2) (563)

BeposTHOCTS IIEpexozia B OTKa3 CHCTEMBE BO BpeMs 0€CCMBICTIEHHOTO
BOCCTAHOBJICHHUS 11O COOAM MAIIMHBI, B KOTOPOH Ha caMOM JieJie IPOH30-
[Iejl IOCTOSHHBIN OTKA3

qio = 1 - puop2 (564)

[Tepexonnas marpuna P u BekTop HauanbHBIX yciaoBui p(0) mosso-
JITIOT BBIYKUCIHTH paclpelencHie QUHANBHEIX BEPOATHOCTEH 3a N MIaros,
xak [0, 0, 0, 0, 0, 0, ps(n), ps(n), po(n)] = p(0)P". TIpuuem, ecnu p(0) =
=[1,0,0,0,0,0, 0, 0, 0], Te. MmopenmmpyeTcst COOBITHE BO3HUKHOBEHHS
TOCTOSIHHOTO OTKa3a, TO pH n > 3 ps(n) = 0, ps(n) = Pg, po(n) = Pp. Ecnu
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paccMarpHBaeTes BOSHHKHOBEHHE ¢O0s1, TO p(0) =10, 0,0, 1,0, 0, 0, 0, 0]
¥ Ipu n >3 py(n) =Py, ps(n) = Py, po(n) = Py. Taxum oGpasom, MuHys yk-
PYIIHEHHA COCTOSHHH COOM M OTKa3, MONYYeHBI KOX(DQHUIIHEHTH, KOppeK-
THPYIOIIHE HHTCHCUBHOCTH IIEPEXONOB HENIPEPHIBHON MApKOBCKOH MOJE-
m HasiexkHocty OBC.

Mozens perpagarue TexHA4ECKOH cTpykTypsl OBC B memom rpes-
CTaBlser COOOH HENpEepsIBHBIA MApKOBCKHH TPOLECC C AHCKPETHBIM
MHOXECTBOM COCTOAHHM, MOKa3aHHBIH Ha rpade, HpPHBEAECHHOM Ha
puc.5.21

Puc.5.21. Mapkosckuii rpad qerpafanun TeXHHYECKo# cTpykTypsr OBC

CocTosiHIA MapKOBCKOH MOMIEITH:

S1 — cucrema ucrpasHa

S2 — paboraroT B¢ MAIINHBL, OHAa 320J0KHpOBaHa

S3 — paboTaroT TpH MAIllMHEL, HO Y OJHOW M3 MAIlMH OTKa3ala
1 MexmamHHas CBA3h
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S4 — paboTtatoT TpH MaIIHHK], HO Y OTHOM OTKa3ala CBsi3b ¢ aOOHEH-

S5 — paGoTaroT iBe MAIKHB! Ha 2 KaHaja CB3U ¢ a0OHEHTOM

S6 — paboTarot J18e MallIUHBI HA 2 KaHAJA CBA3M ¢ aDOHEHTOM

S7 — orkaz OBC

S8 — omHa mammHa paboraer, Bropas — “HOACIYIIMBAET” M TPaHC-
JHPYET CBA3b C aDOHEHTOM

HHTEHCUBHOCTH EPEX0A0B MAPKOBCKOM MOJIEITH:

A =30sPy+3h,  Ay=6A., A,=3X, A,=3A:P+30P;
Ay =20y +hy + 2, +7h)s Mgy =2-(1=7)hyg

Ays =hsPy+ 20+, +A Py, Ay =A,

Ay = Ay + YA +AsP + AP, Ay =(1-7)A

7»45 = 4?um, + }\'ZPD’ 7\’46 = 27\’nr1’ 7"47 = 2(7“2 + }”a + Y}%) + }bZPf

hig =2-U=Phgs hgy =20y +A, A0 + V), Agg=2-(L=7
ey =30y + YA )+ A +2hy, A =3-(1=7)g

g =2(As +A, + A +A)

(5.65)

As = Ag *+ Aug; Aqn — HHTEHCHBHOCTH OTKa30B [TPHEMO-TIEPENATIHKA;
X, — HHTEHCHBHOCTh OTKa30B angantepa, (1—v)- fois orka3oB He 6a30BoH
YaCTH, IPUBOJALIEH K OTKa3y 0a30BOM.

OcymiecTiss pacyeThl TPH BapbUPOBAHHM [1APAMETPOB MOAEIH,
MOXHO HCCIIENOBaTh MHorme acnektsl HagexHoctd OBC. B gactHOCTH
OTBETHTH Ha BOMPOCHI O TOM, KaKo# BKJIaJ{ B OOIIYI0 HEHAEKHOCTh CHUC-
TeMBI BHOCAT COOHM, HACKOJIBKO yHaeTcs MOBBICHTH HajexHocTs OBC 3a
CYET BBEJCHUS CICIHATBHBIX Tporeayp oopaborku cboes. [l oTBeTa Ha
3TH BOTIPOCHI OBLIH TPOBEIICHBI PacueTHI, CBENCHHBIE B Tabnuiy 5.6. Pac-
YeTHI BBIITOJIHEHBI IS CIIEAYIOIMX 3HAUYCHUH [apaMeTPOB MOZEIU W UH-
TeHCUBHOCTEH 0TKa30B nogcucreM OBC: MHTEHCHBHOCTH OTKa30B 0a3o-
BOM wacth Ag= 4*10°, uHTeHCHBHOCTP OTKa30B HE0A30BOH wacTH
A= 0,6%10°, uHTEHCHBHOCTH OTKA30B TPHEMO-TIEPENIATIUK. Ay = 0,9%10°,
MHTEHCHBHOCT 0TKa30B ananrepa A, = 0,6%10° nons orkasos e 6azoBoit
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4acTH, He BISIOIEH Ha orxasel 6a3oBoii y=0,3. IlapameTpsl mpoenypsr
BOCCTAHOBJICHHS. MO COOSIM: YHCIIO ITOIILITOK BOCCTaHOBJICHUS k=3, cpel-
HSS AUTENbHOCT ¢00st 6=10MC, AIMTENPHOCTE OJiHOW TOIEITKY BOCCTa-
HOBIeHHS 1=20MC, HHTEHCHBHOCTE MOTOKa cOoeB B 100 pa3 ripeBHIiacT
MHTCHCHUBHOCTh NOCTOSHHBIX 0TKa30B OBC. Bpems (GyHKLHOHHPOBAHHS
cucremst 87604 (1 ron).

Tadnuna 5.6. Pacuer noxazareneit nanesxsoctr OBC

Bua pacuera

Pacuer o coonm u | Pacyer no cooam n
Pacuer o mocto- | TOCTOHHBIM OTKa- | TOCTOSIHHBIM 0TKa-
nocTo-
Hokasarenn 3am §e3 yuera cme- | 3aM € YUeToM cHe-
AHHBIM OTRA3aM OHaJILHBIX Hpomel HANBHBIX Mpoue-
i}

0e3 yuera cGoeB P P p

o0palorku Hesc- | ayp o6paGoTKH He-

npapHocTeil HCIPaBHOCTEI
BeposiTHOCTH
OesorKaston 0,992122 4,137050E-03 0,348385
paborst
Beposthoets |5 ¢2e1008.03 0,995863 0,151615
OTKa3a

AHanu3 OTKa30yCTOMYHBOTO TPEXMAIIMHHOTO BBIYHCIMTEILHOTO
KOMILIEKCa Ha HPEI0XKEHHOM MOJZENM TIOATBEpXKJaer (akT CylecTBeH-
HOH 3aBucumoctd HagexuocTH OBC or c6oeB. Heyuer B Mojenax Ha-
nexsHoctd OBC cOoeB mpHBOTUT K TONYYEHUIO HEOOOCHOBAHHO 3aBHI-
IICHHBIX OLICHOK I10Ka3areneil HajekHOCTH. B ToXe Bpems, ecam B Moze-
JX HaJeXHocTH OYIyT y4uTsIBaThCs COOH, HO He OymeT OTpaxeH (akrt
IPOCEUBAHUS NOTOKA COOEB BBENEHHEM CIEIMAIBHEIX MPOLENYp BOCCTa-
HOBJIEHUS, TO OyeT moiydyeHa HeJOMYCTHMO 3aHMKEHHAS OLEHKA HAJIeXK-
HocTH cucTembl. [loka3arenu BeposTHOoCcTH Ge30TKa3HO#M paboThl, paccun-
TaHHbIE 0€3 ¥ ¢ YIETOM MapHpoBaHHA cOOEB, OTIMYAIOTCS APYT OT Jpyra
oonee, yem B 200 pas.
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III/IHaMI/I‘IeCKPIe ACPECBbi 0TKa30B

B mporecce coznanus Moaeneil Hafie)XHOCTH CIIOKHBIX CHCTEM BO3-
HHKAET [IPOTUBOPEYNE, CBA3AHHOE CO CTPEMIICHHEM YyUeTa CYIECTBEHHBIX
(akTOpOB, ONPEAENAIONINX HALEXKHOCTH CHCTEMBI, C OJHOH CTOPOHBI, M
HEOOXOIMMOCTHIO IIPEONONICHHS OONMBIIONW Pa3MEPHOCTH, C IPYTOM CTOPO-
HEL PemieHueM IpoGieMsl SBISETCA MPOBEACHUE NCKOMIIO3UIMH CHCTE-
MBI, IOCTPOEHHE CTATUYECKHX W/MIIM AMHAMHUYECKHX MOJENEeH BBIJENEeH-
HBIX HaCTE€H M arperdpoBaHUE MOJNYYECHHBIX MOAENeH, Jub0 yXe BBHIYHC-
JICHHBIX TIOKa3areneil Uit yacTel CHUCTeMbl B OOIIECHCTEMHYIO MOZIETh
W TIoKazatTenu. s OneHKN XapakTepUCTHK HaJeHHOCTH YacTel CHCTe-
MBI, BBIJIENAEMBIX NMPH ACKOMIIO3HIMH, BOMOXHO HMCIIOIb30BaHHE pa3-
JIMYHBIX METOZOB, a[€KBATHBIX YUHTBIBAEMBIM OCOOEHHOCTAM “‘HafCKHO-
ctHoro nopenenus”’. Haubonee panioHabHBIM COUYETAHHEM 3/€CH ABILS-
eTcsl KOMOMHALHA JIOTHKO-BEPOSTHOCTHBIX MOJIENEH EPEBHEB OTKA30B U
MapKOBCKOTO MOJIEIMPOBAHUSA IPU COXPAHCHHM MHEMOHHKH JEPEBHEB OT-
Ka30B. B nepeBbs 0TKa30B BHEAPAIOTCA JUHAMHUYECCKHUE OLIEPATOPHI (JHHA-
MHYECKHE BEPIIUHEI), YIATHBAIOIINE PA3BUTHE NIPOLIECCA BOSHUKHOBEHHS
0a30BbIX COOBITHII BO BPEMEHH C ITOMOINBI0 MapKOBCKHUX MOZENeH. ITu
arperupoBaHHbIE MOJIETH Ha3bIBAIOT AHHAMHYECKUMH AEPEBbAMHU OTKA30B
[122,123]. Kpynneiinme pa3paboTHuky CHENUaNM3HPOBAHHBIX IPOTPaMM
aHaNM3a HAJIEXKHOCTH W OE30MaCHOCTH HaYalyd aKTUBHO PEaln30BHIBATH
JMHAMMYECKHME JEPEBbS OTKA30B. BO3MOXXHOCTH IOCTPOEHHA JAUHAMUYE-
CKHX MOJieNeH HaJeKHOCTH € MOMOINBIO allapara JepeBbEB OTKA30B
obecriedMBacTCA BBEJCHHEM B HHX YETHIPEX CIENHANBHBIX BEPIIHH
PAND, SEQ, SPARE, FDEP. Peanusaitusi 3THX BEpIIUH C TIOMOIIBIO Map-
KOBCKHX MOJENEH M MHTErpaibHBIX COOTHOIIEHHH Oyner JeraabHO pac-
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CMOTpeHa B JaHHOH raBe. Bce mpencraBicHHBIC IPHAMEPH! JHHAMHYC-
CKHX JICpPeBLCB OTKa30B HaOpaHBI M paccumraHbl B Moxyne Fault Tree
Windchill Quality Solutions.

6.1. Junamuyeckas sepmnna PAND

PAND (Priority AND Gate) - munamuueckas eepuiuna (onepamop)
npuopumemnoe U, obo3HadaeMas Kak @ PAND moznenupyer cHTyanuio
HOCNEN0BATEIBHOTO BO3HUKHOBEHHSA BXOAHBIX COOBITHH. BXOmHBIME CO-
OBITUSIMH MOTYT OBITH Kak 0a30Bble COOBITHS, TAK W BBIXOJB! APYTHX JIO-
ruueckux BepmuH. [locienoBarensHocTs “cpabarbiBaHus” BXOZOB (op-
MHpYETCS ClieBa Ha mpaBo (TIEPBBIH 37IEMEHT MOCIIEJOBATENFHOCTH - CAMOE
JeBOE BXOZIHOE coObITHE). Tak Kak TMHAMUYECKHUE BEPLIUHBI PEATHIYIOTCH
MapKOBCKUMH MOJIENSMH, TO CilydalfHple BpeMEHa BO3HMKHOBEHHS BXOJ-
HBIX COOBITHIM OMMCHIBAIOTCS IKCIIOHECHITHAIEHBIM PACTIPE/ICIICHUEM.

PaccMoTpum MexaHH3M “cpabarbiBanus” npuopHreTHOro Y Ha rpu-
Mmepax. IlycTs cucTeMa COCTOHMT M3 JIBYX pa3HOHAJEKHBIX, BOCCTAHABIIH-
BAEMBIX AIIEMEHTOB ¢ HHTCHCHBHOCTSIMH OTKAa30B M BOCCTAHOBIIEHHS COOT-
BETCTBEHHO A, Ay ¥ W), Mp. OTKA30M CHCTEMBbI SBISETCS OTKAa3 IBYX €€
HJIEMEHTOB B TIOCTIEIOBATEIFHOCTH - TIEPBBII IEMEHTA, a 3aT€M BTOPOM
aMeMeHT. JlMHamMudeckoe AepeBo 0Tka30B ¢ BepIWHHBIM PAND reifrom,
MOJICTIUPYIOIIEe ATy CUTYyalUIo, Ipe/cTaBieHo Ha puc.6.1. Ipencrasnen-
HOE JIEPEBO PeaI3yeTcs MapKOBCKUM rpad)oM, IOKa3aHHBIM Ha pHC.6.2.
JIs KOMMPOBKU COCTOSTHHH Trpada 37ech U Jalee UCHOIb3yeTcs MO3HIH-
OHHBIH KoA (i j), O3HAYAIOIIMI OTKAa3 HJIEMEHTa 1, a 3areM dieMeHTa j; 0 —
yka3biBaeT Ha paborocriocobrocTs aneMenta. Cocrosaue (1 2) sBnsercs
COCTOSIHHEM OTKa3a CHCTEMEL

Tpexsxomooii PAND u coorBeTcTBYrOmMii MapkoBCKHE rpad mis
cllydass HEBOCCTAHABIMBAEMBIX PABHOHAJCKHBIX DJIEMEHTOB [T0Ka3aHbL Ha
puc.6.3 u 6.4 coorserctBenHo. CoctosiHue S; rpada cooTBETCTBYeT OlH-
HOYHOMY OTKa3y JIEMEHTOB 2 WM 3; COCTOSHHE S; — JII0O0OMY JABOMHOMY
0TKa3y, KpOMe 0TKa3a B MOCieNoBarenbHocTH 1,2; S3 — mo6oMy TpoHHOMY
OTKa3y, KpOME OTKa3a B [ocyieoBarensHocty 1,2,3.
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OTKaz snemenTa 1,
S3TeNM JeMeHTa 2

Gate3

H H

rias aneMenTa 1 07Kaz 3memenTa 2
MCT: 1 Hours FR:Q,001( (MCT:2 Hours FR:0,0015
Eventl Event2

Puc.6.1. [lunamMuyeckoe IepeBo OTKAa30B

¢ nByxBxomoBssiM PAND.
Orxaz anementa 1,
y ATeN PREMeNTa 2
f!j_ﬁ\,."“‘\ = “w\.\.\\‘»b }da .‘fﬁ,_..a'-*"* “““\\,_\\“ o ~ . N
i P \?‘, guwb{ 19 ; 12 ”«T‘
\ Prob: 0,096013 1 _ & Prob: 99601364 p, Frob: 88601387
o ) N - i, - . o
M, ;“2 e \\_\ - \\'\~
'\\\M ""‘-\’,,ff 79 ,_)?_\.,,\-A“w—\»v 21 \
T g ProbI 0002988 jg .- PTODI 19920386
,» iy e

G

Puc. 6.2. Mapxosckuii rpad ans npyxsxoaosoro PAND

[Ipu oTcyTCTBHE BOCCTAaHOBICHHS THHAMUYecKas BepiiuHa PAND
MOXET OBITb CMOJEIMPOBAHA NHTETPAILHBIM COOTHONIEHHEM KaK CBEPTKA
pacnpesienteHni 6a30BbIX coObITHI. Harpumep, Ans Aepesa, MOKa3aHHOIO
Ha pHC.6.1, BeposTHOCTE BepummHHOTO Ieiita PAND (Q(t)) MoxHO 3amm-
carh JI00BIM H3 JIBYX CIIOCOOOB

Qraro (1) = [ (DI-E,(@)F, (t-)dr 6.1)
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Omaa 3ne-73 1, 2aTen
3m-Ta 2, 3avem 3n-13 3

O7Kaz snemenTa 1 OTHaz anemenTa 2 O7xa3 neMerTa 3
FR: @,081 _ FR: 8,001 _ FR: 8,001
BEvantt Event? Fvent8

fg:0,632121 ) [G:0,632121 |

Puc.6.3. lunamudeckoe JepeBo OTKA30B ¢ TPEXBXOA0BEIM PAND

{OvRaz anevenTa 1,

23TER ZAEMENTR 2,
N 2ATeM MIelENTa 3
129 b
. Prob: 8,073498

. o N

s

~
123 \:
. Prob: 0,842087

%,

; 080 ey 180 ‘
.« Frob:o.04e787 \  Prob: 0085348

N

53 |
\ Prob: g210484

. o \

Puc.6.4. MapkoBckuii rpad [uis Tpexsxogosoro PAND

HJIa

Qoano () = [ £,(E)dE)dr. (62)
0 0

3necs fi(t), Fi(t) — cOOTBETCTBEHHO TIOTHOCTH U QYHKIMS pactpesie-
JEHHS CIIYIAHHBIX HapabOTOK JI0 OTKa3a, COOTBETCTBYIOMMX i-My 6a30BO-
MY COOBITHIO.

Jnsa obmrero cnydas PAND ¢ n BXogaMu HHTETPalbHOE PEKYPPEHT-
HOE COOTHOTIEHHE OyJieT HMETh BHA
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Qb (V) = [ £, () Qi (D) (6.3)
0

IIperMymecTBOM MCTIONB30BAHUS PEKYPPEHTHOTO HHTETPAIBLHOTO
COOTHOIIEHUA BMECTO MAPKOBCKOM MOJENH MOCIEA0BATEIFHOCTH OTKA30B
SBIAETCS CHATHE OTPaHUYECHMS Ha DKCIOHEHIMANBLHOCTH PaclpeeieHs
CITy4YaifHbIX HapabOTOK >IE€MEHTOB.

JlI1s DKCTIOHEHIMATHHOTO ClTydasi HHTETPHPOBAHUE BeIpaskeHUH (6.1)
i (6.2) MO3BOJIACT IOTYYUTH POPMYITY

A }\' —(A+Ag)t —Agt
QPAND(t): LI 2o (A+22) —e (64)
A A+h, A +A,

KOTOpas TaK e Morna OBITh MOMy4eHa Ha MapKOBCKOH MozenH 6e3 Boc-
CTaHOBJIECHHSI.

HuddepeHnunanpyble ypaBHEHHUS, COOTBETCTBYIOIIHE MAPKOBCKOMY
rpady (puc.6.2), B KOTOPOM OTCYTCTBYIOT IICPEXOABI, CBS3aHHBIE C BOC-
CTAHOBJICHHEM, HMEIOT BALL:

Poov(t) = _(}\’] + 7“2 )Poo (t)
PIO‘(t) = )"1P00 (t)- 7“21)10('[)

: (6.5)
P, () =A,P,(t)
Poo (0)=1
Pemas (6.5), nomyanm
Py (D) = o Ur+ha)t
P, (t) =g —g TN (6.6)

P(1)= SRS (N
A A, A+,

Hcnome3zys PAND, M0o%HO MOAenMpoBaTh ‘‘Ha/Ie)KHOCTHOE ITOBEHE-
HHe” CHCTEM, ¢ HECKOIBKMMHM BHIAMH OTKAa30B, PAsIHYAOIIHXCS IO TH-
XKECTH nocneacTBui. Pacemorpum paboTy 00beKTa C CHCTEMOH aBapHIHON
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6.1. Junamudeckas epmmaa PAND
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3amuThl (C3), OCTaHABIHBAIOINEH OTKA3aBIIHH OOBEKT C HOMOIIBK) HC-
nonauTensHoro MexanmMa (MM) mpu nonmyveru# curHana o6 orkase
o0bekTa ¢ ycrpoictsa koHTpo (YK) (puc.6.5). Ilpu nocrpoernu nepesa
OTKa30B HEOOXOJMMO YYHTHIBATH OYEPEIHOCTh BOZHHKHOBCHHSA OTKA30B
A3 n 00beKTa, TAK KaK aBapHs MOKET BO3HHKHYTH JIUIIIh MIPH OTKa3e 00b-
exra mocne orkaza A3. Eciau 00beKkT OTKaxeT Nmpd paboTocrocoOHOCTH
3allUTHL WM [0 €€ 0TKa3a, TO OH OyHeT mepeBeieH B PSXUM IITaTHOTO 0C-
TAHOBA, NPENATCTBYIONINA BO3HHKHOBEHHIO aBapHu. Takum oOpasom,
BEPIIMHHOE coObITHE OTKa3a cHcTeMHbl (omeparop OR) cknambiBaercst U3
TPEX COCTABNSFOIIIK:

— asapus (oTKasana A3, a 3aTeM 00beKT)

— HeaBapuiHbIA (TaTHBIH) ocTanoB I (oTKa3an oOLexT, a 3arem A3)

— HeaBapuitHBIN (mTaTHBI) ocTanoB 1l (orkazan 00beKT, A3 HcnpaBHa).

JuHaMHYeCKoe JIEpeBO OTKA30B CHCTEMB! “00BEKT + A3” moka3aHo

Ha puc.6.5. llomaganne B COCTOSHHSA aBapuy W HEaBapHHHOTO OTKa3a |
MOJENHpPYIOTCs BepnmHaaMy npuoputersoro U. Jlpyrumu Bepiimnamu je-
pEBa SBILTIOTCA:

- AND (Y1), ﬁ - OR (WJTH), é - NOR (WJIV-HE).

MapkoBscKasi MOZENb, COOTBETCTBYIOINAs JEPEBY, NpHBEACHA Ha
puc.6.6.

N Has
¥

\._Prob: 0,660066 .~

B
(LPN ‘

e Prob: 0,330033 e«
i A3

Prc.6.6. MapxoBckas MOJCIh THHAMIYECKOTO AEPERA OTKA30B CHCTEMBL
“obpeKT+A3”
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6.2. Innamuyeckas sepmuna SEQ

SEQ (Sequence Enforcing Gate) — nuraMudecKkas BepilxHa (onepa-
TOp) IOCIENOBATEIHHOTO BO3HUKHOBEHUS COOBITHH, 0003Hauaemass Kak

. SEQ Monenmpyer mporuecc BO3HUKHOBEHUS COOBITUH, KOTOPBIE MOTYT

OPOHUCXOMHTD B OAHOH M TOJBKO OIJHOH ONpeNeNeHHOH N0CIe0BaTebHO-
ctu. Takue mpoieccs IPOMCXONST B CHCTEME HEHATPY)KEHHOIO Pe3CpPBH-
POBAHUS W3 MICHTUYHBIX EMEHTOB; B CHCTEME HEHATPYXEHHOTO (PyHK-
[MOHAJIBHOTO PE3ePBHPOBAHIA ¢ PA3THIHBIMHE 3IEMEHTAMH; B CHCTEMAX C
HaKoIJIeHHeM HapyieHuid. Sequence enforcing gate Tax e MoxeT OBITH
MICTIONB30BaHa TIPY MOJICIMPOBAHHH IIPOLECCOB Pa3sBUTHA aBapuu. Bep-
muHa SEQ ¢ Tpems Bxomamu mokaszaHa Ha puc.6.7. BosmoxHas uHTEp-
nperanys BXOAHBIX 6a30BBIX cOOBITHH M Bepuinubl SEQ npencrapieHa B
Tabnmre 6.1.

B ommune or PAND B mapkoBckoil Mofenu SEQ He paccmarpHBa-
I0TCS AJIBTEPHATHBHBIC HOCIENOBATENBHOCTH COOBITHIL, IO3TOMY Tpad co-
CTOSHHH MOJENH mpencTasiser coOoi cxemy THOENM U Pa3sMHOXCHHUA
(puc.6.8).

13253

I:6.39358e-004

l

1
FR: 0.001 MCT: 1, Hours

2
FR: 0,002 MCT: 2, Houwrs

3
FR: 0,004 MCT:4, Hours

Eventl]

Everti?

Event13

Puc.6.7. JlvHaMugecKkoe JEpeBO OTKA30B ¢ TPEXBX0A0BEIM SEQ
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Tadnuua 6.1. [pumeprr SEQ monemu

Mopeaupyemas BepuunHoe
cHCTEMA Bxon 1 Bxon 2 Bxon 3 co0bITHE
HJIH CHTYanus SEQ
Hewnarpyxennoe pe- Orxkas nepso- | Otka3 BTopo-
3¢PBHPOBAHNE IO pe3EpBHO- |TO PE3ePBHO-
(upentHynbie 3ne- | Otkas pabo- | ro anemeHTa, |To anementa, |OTKa3 pesep-
MeHTHL). OfUMH 57e- | 4ero sleMeH- |ITocne MoX-  |mocne moa- | BUPOBAHHOM
MeHT pabouui, fBa |Ta KITIOUEHHS Ha |KITFOUCHHS HA | CXEMBEL,
B XOJIOOHOM pE3€p- Mecto pado-  |MecTo pabo-
BE. 4er0. Yero.
HenarpyxeHHOE
byHKIHOHATBHOE
PE3epBUPOBAHHC B
yIpapitomes cac-
Teme. [epeas Orkas ycr-
P . Y Orxka3 “rony- |Onmmbka ve-
dyuxuas — nonHO- | poicraa an- »
apromMara”, |JoBeka-ome- |(OTKa3 OT BbI-
CTBIO ABTOMATHYE- | TOMATAYECKO-
IepexoA Ha  (patopa, ocy- | ITOTHCHHMS
CKOC YIIpaBIeHHE, |TO yIpasle-
MOJMHOCTREO | MECTBIAK- | QYHKIUK
BTOpas — CMEIUaH- | Hus. [lepexon
“ py4HOe HIETO PYUHOE | YIpaBICHUS
HOe yIpagileHHe Ha “TIOTyaB-
. YOPaBACHUE | yYIPABICHNWC
(aBromar + uerno- TOMaT
BEK), TPETbA — MOM-
HOCTEIO Py4HOE
yIIpaBJieHHe (4e0-
BEK)
MunuMmank- | Cpenuass cre- | Makcumais-
Tlonnoe za-
. Hag CTEHEHL | TI€HB 3aTYI- | Has CTENeHb
VYerpolicTro HHPKY- TyIUICHAE
. 3aTyIUIEHAs  |JICHHSA IU- | 3aTyrUIeHHS .
NSPHOM IM/IBI LMPKYIAPHOLH
THJISETO JAINET0 JHC- | MHIIAIETo
TIHITBL
JIHCKa Ka JHCKa
TlosmueHne Asapus (mio-
VeragoBka iepBHt-
. Beibpoc Hed)- | ncrourmka | Bocmramewe- |xap v (n)
HOH niepepaborku
sedH TH BOCIUTAMEHE- | HHE MTPONHBA | B3pEIB 00mMa-
HUS xa)
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o7ras cucTemst {1->2-23)

123
State: Fajled 3

Am,»-w«»-.w—.‘\\\ 04.001 ,..«'““'“\wwm‘\\““«—«.v‘

nog 108 -
b State: Good

T, Probr 8.98887E-4

[ 05

State. Good
. Prob: 3.98583E6

i State: Good
b Prob 098898

Ao 4

Puc.6.8. Mapxosckuii rpag Juis TpexexoaoBoro SEQ

6.3. Iunamuveckas sepiunna SPARE

SPARE (Spare Gate) — nuHaMH9ecKas BeplInHa (OIEparop), Moze-
JTUPYIOIIHI Ha [e)KHOCTHOE OBEICHHE CXeM I'MOPHIHOTO Pe3epBUPOBAHMUS

U 0003HAYAEMBIA KaK SPARE ormmceiBaeT nponece OTKasa CIOKHBIX

PE3epBHPOBAHHBIX CXeM, PabOTAIOIMX BINIOTH [0 OTKa3a ITOCHENHErO
KOMIIOHEHTa cxeMbl (KpuTepuid paGorocmocobrocTy “1 n3 n”). B xauecTse
BxonoB BepinnHa SPARE moxer mpuHEMaTh TONBKO 0a30Bble COOBITHS

crelMaibHoro Buaa, HasbiBacmbic SPARE Event 4 910 COOBITHE

¥UMeeT [IBa IapaMerpa, OMPEACISIONIHX CTPYKTYpY pe3epBHPOBaHHON
cxeMbl: Sp - spare pool (KONMMYECTBO WJICHTUYHBIX PE3EPBHBIX JJIEMEH-
toB), Df - dormancy factor (x0>QHIHEHT HaTpyKEHHOCTH PE3EpBa).
BapeupoBanue kodduiueHra HarpykeHHOCTH B auanasone ot 0 no 1
TIO3BOJISICT MOJIETHPOBaTh PaboOTy CXEM: PE3epBHPOBAHHs 3aMEICHHEM
(HeHArpy XeHHBIH pe3epB), CXeM MOCTOSHHOTO Pe3epPBHPOBAHUSA C I1apaji-
JebHO PadOoTAIONIMMA HArpY)XECHHBIMH 3JIEMEHTAMH, CXeM C OOlerdes-
HbIM pe3epBoM. AHanormaHo redity PAND noruka “cpabarbBanus” Bep-
muabl SPARE 3aBucut ot pacrionoxernst BxonHbeix SPARE coObituii. Bee
BXOJIHbIE COOBITHS JIETATCS HA [Ba MOAMHOXECTBA OCHOBHBIX (pabourX) 1
PE3EPBHBIX DJIEMEHTOB cXeMbl. K paboumM s1eMEeHTaM OTHOCATCA BCE
JIeMeHThI, BXozsue B kpaiinee jeBoe SPARE coGrirne. Pabouee non-
MHOXECTBO MOXET COCTOATh KaK M3 OJHOIO JMIEMEHTa, TaK M U3 IPOH3-
BOJIEHOTO KOJIMYECTBA UICHTHIHBIX IIEMEHTOB, 33JaBAEMOI0 IIapaMeTpoM
Sp nesoit Bepmmubl, Ocramsasle SPARE cOOBITHS SBIAIOTCA PE3EPBOM,
MOCNEIOBATENIFHO TIOKITIOUAEMBIM TIOCIIE OTKa3a BCeX pabouMx sneMeH-
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TOB. JTOT PEKUM ITOAKIIOUECHHUSA HECKONBKO OTIHYECH OT KIACCHYECKOU
CXeMBI THOPUIHOTO pe3epBUPOBAHUS, TAE HCHATPYKEHHBIC Pe3epBHBIC
3MEMEHTEl 3aMEMIAIOT MapawieNbHO paboTaomuye pabovue HIEMeHTH 110
Mepe UX OTKa3a.

Ha puc. 6.9. npeacTasiena Monenb HAIEKHOCTH CXeMbl PE3epBUPO-
BAaHIA 3aMEIIEHUEM C OJHUM OOJIErYCHHBIM PE3€PBOM B BUJC JHHAMHYE-
CKOTO JiepeBa 0TKa30B ¢ BepimuHoi SPARE ¥ rpad mepexonoB MapKOBCKOM
peasM3ai|y 3TOM BEPIIMHBL 3amuIneM BepOATHOCTh Qgparg(t) BOSHUKHO-
BEeHHs coObITHA OTKa3a cxemsl, MozenupyeMoit SPARE Bepuiunoii puc.6.9,
B o0meM BUIE IS MPOU3BOJIBHO PACIPENCICHHBIX JIEMEHTOB CXEMBI.
OrKa3 3TO# CXeMbl MOXET IIPOH30MTH Ha MHTepBane BpeMenu (0,t), eciu
IIPOU30HAET OAHO U3 JBYX HECOBMECTHBIX COOBITHIL:

— Ha unTepBaie (0,t) CHagasa OTKaXXEeT PabOIHIA AIIEMEHT, a 3aTeM IIof-

KJIIOYEHHEIN Ha €10 MECTO pe3epB

— Ha uHrepBane (0,t) cHauanma OTKAXKET Pe3CpBHBIN INEMEHT, a 3aTeM
paboumit

Hcxons u3 atoro

Qurae (1) = [ A-Fop (D (DF, (t=D)dr + [Epp (o) ()de,  (6.7)

rae fi(t) — mIoTHOCTH pacmpenenenus caydaiHoH Hapabotku pabouero
anemenTa, Fop(t) — QyHKIMS pacnpenenenns ciydaiiHoll HapaOOTKH pe-
3epBa 10 BKIIOYEHHS ero B paboty, Fya(t) — QyHKIms pacnpenenenus ciy-
4aifHOM HapabOTKK pe3epBa MOC/E BKIHOYSHUS €10 B padoTy.

Pan amanormgHeix Monmened il MOACTHPOBAHHA JHHAMUYECKHX
oneparopoB MOXHO nocmorpers B [113,114]. [IpuBenem kputuaeckue co-
0OpaXkeHHsI OTHOCHTENBHO MOIXO0Na ¢ MHTETPAIBHBIMH BBIPAKCHHAMH K
MONEIHUPOBAHHUIO THHAMITIECKHX OMEPATOPOB B IEPEBbIX OTKa30B. Bo-1iep-
BBIX, TOT [IOAXOJ CIPABSIUIMB JIUIIL [PH OTCYTCTBHU BOCCTAHOBICHHS
BO3HHKAIOIIMX OTKa30B (T.€. IPHMEHNM /1711 HEBOCCTAHABIMBAEMBIX CHCTEM,
monyiei). HaBepHoe, Bce IPOMBIIIIEHHBIE CHCTEMB! SBJISIFOTCS BOCCTAHAB-
JIUBACMBIMI OOBEKTaMH. BO-BTOPHIX, HAXOXKICHNIE aHANMTHYECKOTO perie-
HMS 3THX HHTEIPaJIbHBIX BBIPAXCHUH IMPH NMPOU3BOJBHBIX QYHKIMAX pac-
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}’ OTKa3 xesbi

obervenungl peseps
L ¥ ..I
&

Gatelld

Omas pabodery

OTraz pazepea
SneMeHTa peaep

Evantla? Eventidg

:0.900665 |
A [ 4
Spt
Dfxa
- " pabouero
! IAeMRNTS .

._Prob: 0.001847.

s s

Orkas N\
CREMB ;

WCnpagUa ,
S Prob: 1.56731E6-4
S, -

e T R

OTRas e

Pe3RPSHOTD
IALMEHTE

. Prob: 1.84729E-4 7

Pac. 6.9. [lunamugeckoe EPEBO OTKA30B CXEMBI
PE3CPBUPOBAHMS 3AMEIICHUEM C OOIETUCHHAIM PE3CPBOM

npefeneHHH TpakTHdeck HeBO3MOXHO. Ilo-BHIMMOMY, M3 IHHMPOKO pac-
TPOCTPABEHHBIX (HEIKCHOHCHIMAIIBHEIX) PACTIPEIC/ICHUI MOXHO TOBOPHTH
JMINb 0 BO3MOXHOCTH PEIleHHs TS pacnpeneneHuil BeiOynna, Dpnanra.
Ja 1 to, moyyaeMsle perieHust OYAyT JOCTATOYHO Ipomo3aku. Ecmm xe
PeIlCHYe HCKATh YHCISHHBIMA METOAAMHY, TO, OXaTyH, HanGosnee o6ImymM
BAPYAHTOM HAXOXJIEHHUSA PEIICHHUA JUIS IIPOH3BONBHEIX pacHpeNeNeHHH
OyneT MpUMEHEHUE CTATHCTHYSCKOTO MOJenupoBaHus. [IpuueM paccMoT-
peHHe He Bcel CHCTEMBI, @ OTHENBHBIX OIEpaTOpPOB, BHIAENCHHHIX LPH
CTPYKTYPHOH NEKOMIIO3HI{MH, [TO3BOJUT IPHUMEHSATH pasiuyHbie 3Qdek-



212 I'naBa 6. JlunaMU4ecKye AEPEBbS OTKA30B

THBHBIE METOIB! YCKOPEHHS MOAEIIMPOBAHNSL, YTO TMOBBICHT TOYHOCTH OI[E-
HOK. Hamny4imum crocodoM st 9KCHOHEHIMANLHBIX pacnpefesICHUi sB-
JIsieTCs IPUMEHEHHE MapKOBCKOTO MonemvpoBanus. M MapkoBckoe, u cTa-
THCTHYECKOE MOZIENPOBAHHE TIO3BONIAT yUECTh U Pa3HOOOpa3Hble CTpaTe-
THH BOCCTAHOBIICHUS.

JlMHaMU4eCcKOe AEPEBO OTKA30B CXEMBI I'MOPUIHOTO pe3epBHPOBa-
HHS, COCTOSIIIIEH M3 ABYX IapajvlenbHO paboTaronux pabodux 31eMeHTOB
(1,2), mByx “xonmomHbIX” pe3eproB (3,4) U OAHOTO PE3CPBHOIO INCMEHTa,
paborarorero B obnerdeHHoM pexume (5), mokasano Ha puc.6.10.

Orear cxestsl iBpUgMone |
1 8 W 232 PEUPOBAHISA
luz2 pezene
Gatz15
2
Z
"xOIOaHbE" pezeps ; i
. ot ™ 13 T PocnejoBarenyHes oYRas Ortras 00nerueunore
3 Tras cxeni e aEyx "XGNOgHLX" DesepBes oegepsa
Evemt2? Eyvent2f 1 Eventdl
t , j : (@ 0,632121]
4 B .
obnerwermsit peseps Sp=2 Sp=2 Sp=
5 5 Df=1 Df=0 Df=a

Prc.6.10. [lunamuueckoe AepeBo OTKA30B CXeMBI THOPHHOTO
pesepBupoBanus ¢ Bepuuaoii SPARE

MapkoBckast MOJIENb JepeBa OTKAa30B CXEMbl THOPHIHOTO PE3epBU-
poBanHs rokasaHa Ha prc.6.11. s KOAMPOBKH cOCTOAHHH Tpada wc-
noxb3yercs kog M,N,K, rme M — konu4ecTBo mapamienbHo pabOTaromuX
pabourx aremenToB Me{0,1,2}, N — KOMHYECTBO EMEHTOB XOJIOJHOTO
pesepsa Ne{0,1,2}, K — konuuecTBO 31eMeHTOB OOJISrYeHHOr0 pe3eppa
Ke{0,1,}. & — NATCHCHBHOCTD OTKA30B 3NEMEHTOB | M 2 M 3/1eMEeHTOB
3,4,5 (mocne BiOUEHHUs), A0 — WHTCHCHBHOCTD OTKA30B OOIErYEHHOTO
Pe3epsa 10 BKIIFOYCHHS.
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6.4. lunamuyeckas Bepunna FDEP

FDEP (Functional Dependency Gate) — IuHAMHYECKas BEpIIHHA
(omeparop), Moxenupyionias GyHKIHOHANEHYIO 32BHCHMOCTH OTKa30B U
0003HaTaeMas Kak

Nunamuyeckas Bepmuaa FDEP monenupyeT npouecc BO3HHKHOBe-
HWSL 3aBHCHMbIX KacKaJHBIX OTKAa30B M KPATHBIX OTKA30B IO OOIIEH Ipu-
uuHe. MapkoBckue Moenu, nonoxenubie B 0cHOBY peanmmsanuu FDEP,
HPeOCTAB/IAIOT OOMBITHE BO3MOKHOCTH, YeM H3BECTHBIC KOMOHHATOPHEIC
MOJZETH aHa/IH3a OTKa30B Mo O0LeH IpHYKHe, OIHMCaHHbIe B pasaene 4.7
(Alpha, Beta, MGL CCF model). Bepmrna FDEP wmeer asa Buaa BXoji-
HEIX COOEITHII — TpUITepHOe COOBITHE MM IPOCTO TPUITED H 3aBUCHMEIS
COOBITHA. 3aBHCHMEBIE COOBITHS MPENCTABISIOT COOOH MOBTOPAIOMIMECT
0azoBEe coGpITHs (repeated event), MPUCYTCTBYIOLIME B IPYTHX BETBSIX
nepeBa. CpabGatbiBaHHE TpUITEpa MOJCTHPYET COOBITHE BOHHKHOBEHHUS
oOmEHR MPUUMHBL, BO3OCHCTBYIOMEH HA 3aBUCHMBIE BXOAHBIE COOBITHS
FDEP. Paccmorpum mpocTyro mocieqoBarelbHO-NAPAUIENEHYI0 CXEMY,
NoKasaHiyio Ha puc.6.12. Ha nyGnmupoBaHHYIO 4acThb CXeMbl MOXKET BO3-
JEUCTBOBaTh 00INAs IIPUYHMHA, BRI3EIBAIOIAsN ONHOBPEMEHHbIH OTKA3 dJle-
MeHToB | w 2. Jlng ywera obmiell mpuuMHBI B AEPEBO OTKA30B CXEMBbI
(puc.6.12) Brmiovena Bepmmsa FDEP. MapkoBckuii rpad, COOTBETCT-
Byomw# nanHod FDEP Bepumnae, nokasawn Ha puc.6.13. A — MHTEHCHB-
HOCTb OTKa30B JJIEMEHTA CXEMBI, Aqs — MHTEHCHBHOCTh BOSHHKHOBEHHS
obmeit mpramuel. Cocrotane rpaga S1 COOTBETCTBYET HCPABHOMY CO-
CTOSHAIO CHCTEMBI, 52 — OJMHOYHBIA 0TKa3 dlieMeHTa 1 Wi dneMenTa 2,
S3 — oTKa3 AyOIUPOBAHKOM CXEMEL, BRI3BAHHBIN MOSBICHUEM OO Mpy-
YHHBI AJIM OTKa30M JIBYX €€ IeMEHTOB.

MocnexoparenbHO-NApANIENbHBIA XapaKTep CXEMBI TO3BOJISAET 3allk-
carb NpocTyro (popMyiry sl BEIYACICHUS BEPOATHOCTH €€ 0TKasa ¢ yde-
TOM OCINEH IpHHIHHLL:

Qo (1) = Qect () Qi (1) + (1= Qe (1) Qs (1), (6.8)

rae Q.:(t) - BepOSTHOCTH BO3HUKHOBEHHUs OOIIEH NPHYAHBI HA HHTEPBA-
ae (0.t);
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6.4. lunamuieckas epunaa FDEP
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Qixew (t)- BepodTHOCTb OTKa3a cxeMsl Ha (0,t) OpH BOSHHKHOBCHUH
obmen nppmum,l: QL (D=1;

(t)- BepOSTHOCTHL oTKa3a cxemsl Ha (0,t) npu orcyTcTBuuM 00-

CXCMH

el MPHAHHbL Qg (1) = G, (D, (1) + 65 (£) ~ 4, (19, (DG4 (1), T (1) —
BEPOSATHOCTH OTKa3a i-TO DJEMEHTA CXEMEL

YucneHHble 3HAYEHHS BEPOATHOCTH PEATH3AUH BEPUIMHHOTO COOBITHS
JepeBa (puc.6.12) ¥ BEpOITHOCTH OTKa3a 110 (6.8) MOMHOCTHEO COBIA/IAFOT.

v
emr— by R Yy T
st e, S2 IR -;d S3
. Prob: 0353455 ’ -\.\Prob 0347676 N Prob 029887

-""u—v i o " s s K._. s
hegt

Pne.6.13. Mapkoscknit rpadh nponecca nonajiadus B COCTOSHAE OTKa3a
¢ yueToM 00mel NPUIUHBL A yOnpoBaHHOM CXEMBbI.

6.5. CiiojcHbIE JTHHAMHAYECKHE epeBbA 0TKA30B

CnoxHBIM TUHAMAYECKHM JIEPEBOM Oy/ieM Ha3hiBarh JEPEBO, CONMEP-
alee HeCKOJIBKO PasHbIX BHOB JMHAMUYeCKUX BepmuH. Haubonee pac-
IPOCTPaHEHHOH KOMOHHaN el NuHaMHUeCKuX BepIiuH sBiusercs SPARE+
+FDEP. OTa xoMOuHAIKS TIO3BOIAET MOJEIUPOBATH JOCTATOUHO CIIOXHOE
MIOBEACHUE PE3ePBHPOBAHHBIX CHCTEM, IOABEPKEHHBIX BIMSHHIO OOIINX
npudrH. Tak HampHMep, cXeMma CKONB3SIIETO Pe3epBHPOBAHUI ¢ HeabCco-
JIOTHO HAJISKHBIM IEPEKTIOYAIOIHMM YCTPOHCTBOM OMUCHIBACTCS JHHAMEL-
YECKHM JIepEBOM, IPEACTABICHHEIM Ha prC.6.14. Cronpidmmee pe3epBUpo-
BaHMe, KOI/Ja OJIMH U TOT Y€ PE3EPBHBIHM 3NIEMEHT MOXKET 3aMECHUTH 000
U3 OTKa3aBIIHX pab0vuX JIEMETOB, YUHTHIBAETCS BBOOM B JIBE OTAE/THHEIE
SPARE sepmmnsl nosropsromerocsi SPARE cobsrrus (Event44). Vuer
HEHaZleXKHOCTH MepeKIotaTens ocymecrsiserca ¢ nomompio FDEP Bep-
IIFHBL, BXOIOM KOTOPO# Takxke sisiercs nosropsorreecs SPARE cobbrrre,
COOTBETCTRYIOIIEE OTKa3y CKONB3SINETO pe3epsa. Takas KOHGHUIypaums
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JepeBa OIKCHIBACT CIEAYIOIIee “HafeKHOCTHOE nosencHue”. [Ipm mc-
NPaBHOM IIEpEKITI0YaTeNie CXeMa JIeTPaiupyeT MO TPAeKTOPHH
(25 1 )'>(230)'>( 1 50)">(090)'
Ilpu oTKa3aBIIEM MEPEKAIOYaTeNe —
(2,0)->(1,0)->(0,0).

MapxkoBckas Mofenb JAHHOTO [JUHAMHYECKOTO JepeBa IMOKa3aHa Ha
puc.6.15. Orka3 nepexiroyaresnst IPHBOIUT K TOMY, 4TO PE3epPB CTAHOBHT-
¢4 HEAOCTYIIEH BHE 3aBUCHMOCTH OT TOTO IOAKTIOUEH WIH HE MOAKIIOUSH
oH B pabouyto koHburypauuro. [lostomy u3 cocrosus (2, 0, 1m) (mepe-
KIII04aTe]s HCHpaBeH M IMapajiiebHO paboTaroT JBa dIEMeHTa, OMHH H3
KOTOpHIX paboumii, a Jpyrodl — pe3eps, MOAKIFOUYCHHBIA HAa MECTO OTKa-
3aBILETO Ppaboyero) BOSMOKEH IIEPEX0/] B TPH COCTOSHHA:

(1, 0, Im) (1) — mpm orxase paboyero emeHTa

(1, 0, 1m) (2) — npu oTka3e pe3epBa, 3aMEHHBIIIETO OTKA3aBIIHA pa-
©04nii snemeHT

(1, 0, Onn) — ipy oTKa3e MepeKIIoYaTens, KOTOPhIH JiefaeT HeNOCTyII-
HBIM pe3¢pPB, 3aMEHUBIIHI 0TKa3aBuMit paboyunii dieMeHT.
Cxema THOPHAHOIO PE3€PBHPOBAHMSA C HEHAJEXKHBIM NEPEKIIOYATEIeM
Mozenupyercsa aepesoM (puc.6.16). 3nech kaxgas SPARE sepmmvna mme-
eT yHuKaibHEIE SPARE COOBITHS, COOTBETCTBYIOIIHE JKECTKO 3aKPEIUICH-
HBIM 3a pabounmu dneMeHTaMu ‘XonmomHeM” pesepsam  (Event36,
Event38). Orxa3 nepeximodarens, Mogenupyemsrii FDEP Bepiuumo#, mpu-
BOJHT K ONHOBPEMEHHOMY OTKa3zy 00oux peseproB. COOTBETCTBYIONIAL
MapKoBCKas MOJeJIb IpUBeIeHa Ha puc.6.17.

2 0p, 1{1 \‘y—»-wb_.»--"' I Op, 111 e

Prob:0,013476 S Prob: 0009679
X N >4, op, in_ e “oeop
Prob 0005733 PERY . Pmb 0(}41774 Ja N Prob 0389897,

% n v. Z Op, on \r .

-1, 0p, On
. Pro: 0,128597 2~ Prob: 0,409839 _

Puc.6.15. MapxoBckas MOJEIb THHAMUIECKOTO JEPEBA OTKA30B CXEMBI
CO CKOIB3SIUM PE3CPBUAPOBAHUEM H HEHAICKHBIM MEPEKITHOTATEIEM
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“1,1p, 1n
Probi 0,009679

?rob 0123597 ¢ Prob 0441933

Pmc.6.17. MapxoBckas Moaens AUHAMHYECKOTO JIEPEBA OTKA30B CXEMbL
THOPHZHOTO pe3epPBUPOBAHHEM C HEHA/IXKHBIM EPEKIIIOTATEIEM

B 3axiroueHHe OTMETHM, YTO, XOTS ZIEPEBbS OTKA30B SBJISEOTCS [IH-
POKO PacipoCTpPaHeHHBIM Ha MPAKTHKE aIliaparoM aHANK3a HaeKHOCTH,
HMEIOTCS. OTPAHHYEHUs] Ha MX HCIOJIb30BAHUE JUIS aHANM3a HaJeKHOCTH
CIIOXHBIX CHCTEM, CBA3AHHBIE C HEBOBMOXHOCTBIO ydyeTa IIOCNEIOBATENb-
HOCTH W 3aBHCHMOCTH OTKa30B JIOTHKO-BEPOSTHOCTHBIMH MeToamu. CHi-
THE TUX OTPAHMYCHUH JOCTHTAeTCS BBEIECHHEM AMHAMHYECKHX BEPIIHH
JIEPEBBEB OTKA30B, PEATH3YEMBIX C IOMOIIBI0 MapKOBCKUX Mozened. Hc-
N071b30BaHKe TUHAMUYECKHUX JAEPEBLEB OTKA30B II03BOISIET CTPOUTH (onee
aJIeKBaTHbIE MOJENH H, KaK CIEICTBHE, [IOBHICHTh TOYHOCTEH PACcUETOB I10-
Kazare/iell HaJeXHOCTH CJIOXHBIX cHcreM. Kpome Toro, JMHaMHYecKHe
BEPLIMHEI ABISTIOTC 3P PEKTUBHBIM CpeCTBOM GOpBOBI ¢ Pa3MepHOCTHIO
MapKOBCKHX MOAEJIEH HaZIeXHOCTH 32 CUET aBTOMATH3AIMH MX MOCTPOe-
Hug. IIprMensempie B HacTosIlee BpeMs ¥ BHEAPEHHBIE B BEAYILHE TPO-
IpaMMHbIE KOMILIEKCH! AHAIH3a HANEKHOCTH IMHAMUYECKHE BEPIIMHBI
peaU3yOTCS TOIbKO Ha MApKOBCKUX MOZENSX. JlanpHenee HarpaBieHHe
HCCIENOBAHHH B JAaHHOM 06JacTH MOXET ObITh CBA3aHO C HNPHBICHCHUEM
CTaTHCTHYECKOTO MOJCITHPOBAHUS H TOMYMapKOBCKHX CITYYaWHBIX IIpO-
11ECCOB /1711 peali3aldy JUHAMHUECKUX BEPHIUH JISPEBhEB OTKA30B.



I'nmasa 7

AHAJIU3 BHIOB, NOCJIEACTBHIA
H KPUTHYHOCTH O0TKA30B

B oreuecTBeHHOW HOpMaTHBHOH noxymeHTanuu [115, 116] ananms
BHIIOB U mocnenctuit otka3zoB (cokp. ABIIO mnu ABOII) onpeaensercs
Kak “opMasi30BaHHAs, KOHTpOJIHpyeMas IIpOIeAypa KaueCTBEHHOTO
aHaiM3a MPOEKTa, TEXHOJIOTHU HM3TOTOBICHHS, MPaBH/I 3KCIUIyaTallud U
XPaHEHUs, CHCTEMBl TEXHHYECKOro OOCTYXHBAaHHS ¥ PEMOHTA W3JCIIHI,
3AKITIOYAIONIASCS B BBIICJICHHY Ha HEKOTOPOM YPOBHE Pa3yKPyIHEHHUS €10
CTPYKTYpPBI BOSMOMKHBIX (HaOMIOAaeMBIX) OTKAa30B pa3HOrO BHIA, B MpPO-
CIIeXUBAHWH TIPUIUHHO-CIIEJICTBEHHBIX CBsi3eH, OOYCIaBIHBAIOIIMX HX
BO3HHKHOBEHHE, U BOSMOXHBIX (HaOMIONAEMbIX) ITOCIIEICTBUN ITHX OTKA-
30B Ha JIAHHOM H BBIMIECTOSAIIMX YPOBHAX, a TAKKe - B KaueCTBEHHOH
OLEHKE ¥ PAHKHPOBAHHHU OTKA30B 110 THKECTH HX MTOCACACTBHI .

Haubonee pazButoit u pacripocrpanenHoi (popmoii ABOII sBnsercs
TIPOEKTHBIH aHAM3 BHJIOB M IOCIESACTBHI OTKa30B KOMIOHEHTOB TEXHH-
9eCKOH M (YHKIHOHAJIBHOW CTPYKTYp IHpOeKTHpyeMmoil cucreMbl. Kak
npaBmwiio, ABOII sBiseTcs mepBrIM M OHUM U3 BOKHEHIIHNX 3TAfIOB IIpO-
eKTHOTO MCCJIEIOBAHIS HAe)KHOCTH 1 OE30IIaCHOCTH CHCTEM. Pe3ynbTars
soimonHennss ABOII Ha cTaguu 1poeKTHpOBaHMA MMEIOT KaK CaMOCTOs-
TENBHOE 3HAYEHHE VIS XapaKTePHCTHKH HaJEeKHOCTH M 0e30IacHOCTH
IPOEKTUPYEMOI CHCTEMBI, TaK M MOTYT HCIIOJNb30BaThCs KaK HCXOJHBIE
JaHHbIE UL NpOBENCHUA ajibHeilero 6onee AETaNbHOIO aHAAH3a Ha-
IEXHOCTH HA NOTHKO-BEPOATHOCTHBIX M MApKOBCKHX MOJENSX, PacCMOT-
PEHHBIX B IPEABIAYIIHX IJIaBax.

OOuienprHATON MEXAYHAPOAHOH ab0peBHaTypoil 1 0003HAUEHUS
Ka4eCTBEHHOTO W YNPOICHHOTO KONMYESCTBEHHOTO aHAJIM3a BUJOB U HO-
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cencreuit orkasos seiseTcs FMEA (failure mode and effect analysis).
Ecnu 1poBoATCs KOMMYECTBEHHBIE OLEHKH, TO YHOTPEONSeTCS TCPMUH
FMECA (failure mode effect and criticality analysis — anamu3 Buzos,
HOCHEACTBUE H KPUTHYHOCTH OTKa30B). [lepBble OMBITHI MPOBECHHS
FMEA orrOCATCS K aspokocMuueckuM npoekraM 60-x romoB CCCP u
CHIA. B 80-x romax mpouenypst FMEA cTanu BHEApSTHCH B aBTOMO-
oumbrOi npomsimnerHoctd CUIA B Ford Motor Company. B macros-
Iee BpeMA aHalH3 BHAOB H IIOCIEACTBHI OTKAa30B ABNSETCSA 003aTellh-
HEBIM 3TaloM ITPOCKTHOM OIICHKH HaJeKHOCTH H 0e30IIaCHOCTH 0OBEKTOB
KOCMHY€ECKOW, aBUACTPOUTENIBHOH, aTOMHOH, XUMHKO-TEXHOJOTHYECKOM,
rajo-sHeQrenepepadarsiBaloNUx ¥ jip. orpacnedn. B obmacrsx, rme stor
JTalL HE SABNAETCA 00fA3aTeNbHBIM, BOZHHUKAIOT OIACHBIC HWHIMACHTE,
HpHBOAANHE K OONBINMM 3KOHOMHYECKHM U HKOJOTHYECKHM HOTEPSM H
YTPOXAIOMIHE KH3HU U 310POBLIO Jofel. JIOCTaTOYHO BCIIOMHHTH JIpa-
MaTHyeCcKre coOBITHS OOpymeHus MyONHIHBIX MOCKOBCKHX 3IaHHi, IMO-
CTPOCHHBIX TI0 TPOEKTaM, IIe Ae(EeKT JHIIL OJHOTO SIEMEHTa HeCyIIeH
KOHCTPYKUEH (UrudTa, KOJOHHBI) MPHBENT K KAaTaCTPOPHICCKUM I10-
CIIE[ICTBHAM.

FMEA BpInoOnHSIETCS BO BCEX MEXKAYHAPOAHBIX TEXHHYECKHX IIPO-
€KTaX, OCYyIIeCTBISIEMbIX B HaIlel CTPaHe, NOITOMY MPH BBEACHAH HaK-
Boxee ynorpedisieMbIX TEPMHHOB MBI OyieM PHBOJHTH HX AHITIHHACKHE
IepeBOA.

Moo BbLienuTh cnexyrome >ramnst BoinonHeHus FMEA/FMECA
Ha CTa/IuH [P OCKTHPOBAHUS:

— NOCTPOGHHE HEpapXH4YecKoH, (DYyHKIMOHATBHOM WIM TEXHHYECKOH,

CTPYKTYpPBI CHCTEMbI

~ BBUIBIICHUE ITOTCHIMATLHO-BO3MOXHBIX BHIOB OTKA30B/HEUCIIPABHO-
cret (failure modes) KOMIIOHCHTOB CTPYKTYpPhl M ONpelElcHHUE WX

BIMSHHS Ha pabOTOCIHOCOOHOCTh CaMOr0 AHATH3HPYEMOrO KOMIIO-

ueHTa (local effect); 6moka, moacucTems!, GYHKIHMA, K KOTOPOHA OH

otHOcHuTcA (next higher level effect); cucremsr B memom (end effect)
— ONpENEACHUE BO3MOXHBIX IMPHYMH BO3HUKHOBEHMA BHIOB OTKA30B

(cause of failure) u ciocobos (cpencTs) ux obnapyxenus (failure de-

tection method)
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— xnaccuduxanms u GayuTbHAsA Ol[EHKA BUIOB OTKA30B IO YaCTOTE BO3-
HUKHOBEHHS (OCCUIrence), YPOBHSIM KPUTHIHOCTH/CEPHE3HOCTH/TA-
KECTH TOCTCACTBHH (severity), BOBMOXXHOCTH OOHAPYXEHHS CPe/ICT-
BaMH KouTpoins (detection) ¥ BBHIYMCIICHHE arperdpoBaHHOMN Oallib-
HOH OITEHKH KaXJI0TO BA/Ia OTKa3a

— TPOBEICHUE PACUETOB IIOKa3arelell KPUTUYHOCTU ANS KaXKJO0TOo
YPOBHSI HEPAPXUH TEXHUYECKOH MM (yHKIHMOHANBHON CTPYKTYPEI
CHCTEMBI

— rpadudecKkas HHTEPIpETALlUs PE3y/IbTaTOB aHaIN3a B BUJE MATPHI]
KPUTHYHOCTH U AUarpamMM ypoBHEH pHcka

— BBIa4a PEKOMEHIALMH IT0 MEPeCMOTPY MPOEKTHBIX PEIICHHH C
[eTbI0 KOMIICHCAMH HJIM YCTPAHEHHUS ONACHBIX BHJOB OTKa3OB,
BO3MOXHAs HOCJEAYIOIas OmcHKa 3PQEKTUBHOCTH 3THX pPEKO-
Menanui
FMEA spnsiercs Haubomnee cTaHAAPTU30BAHHOM 001acThio “Hamex-

HOCTHBIX” HcciemoBanui. [Iponenypa mpoBedeHUs M BHI BXOXHON/BBI-
XOAHOH JOKYMEHTAIWH PErTAMEHTUPYETCS COOTBETCTBYIONMMH CTaHAAP-
taMu. MexlyHapoAHO IPH3HAHHBIMH ABILTFOTCA JJOKYMEHTBI:

— MIL-STD-1629 - pyKoBOACTBO ITO IPOBEAECHUIO aHAIU3a BHIOB W I0-
CIIE/ICTBHI OTKA30B, OIEHKH KPUTHYHOCTH, BBIIBICHUIO Y3KHX MECT
KOHCTPYKIMI € TOYKH 3PEHHS PEMOHTOMNPUTOTHOCTH H JKMBYYECTH.
IlepBoHa"abHO OBLT OPHEHTHPOBAH HA BOCHHbIE IPUMEHEHHSL.

— SAE J1739, AIG-FMEA3, FORD FMEA — naker JOKyMEHTOB, per-
JIAMEHTHPYIOMUX TIPOBEACHHE aHATH3a BHAOB H ITOCIEICTBHH OTKa-
30B 1 OOBEKTOB ABTOMOOMITBHON ITPOMBINIIEHHOCTH, BKIIOYAs CTa-
AU TIPOCKTUPOBAHMS M H3TOTOBIICHUS

— SAE ARP5580 — pykoBoacrso o mposeaennto FMEA kak kommep-
YeCKHX, TAK H BOCHHEIX MTPOEKTOB, 00beHHstoMIee nonomkeHus MIL-
STD-1629 u aBroMOOHIIBHBIX CTAaHIAPTOB. BBEACHO NOHATHE Iy
SKBHBAJIEHTHBIX OTKA30B, T.€. OTKA30B, IOPOKAAOMIUX ONMHAKOBbIE
HOCIEACTBHAMH Y TPeOyIOINX MMPOBEIeHHs OAUHAKOBBIX KOPPEKTH-
PYIOLIMX ACHCTBHIA
OO0mwM 15 BCeX CTaHAApTOB SIBIETCS TO, YTO OHM PEITIaMEHTHPY-

10T JTHUIL TIOCTEN0BATeIFHOCTD H B3aMMOCBA3b 3TAIIOB aHAIN3a, OCTABIAL
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HPOEKTHPOBIIHKY CBOOOXY NEHCTBHHA [P KOHKPETHOM peaM3allii Kax-
joro srama. Tak, nomyckaeTcs MPOU3BONBHAS HACTPOHKA CTPYKTYpPhI TA0-
i FMEA, onpenenenue nikain 9acToT BO3HHKHOBEHUS OTKA30B U TSIKE-
CTH [IOCIIENCTBUH, BBEACHHE JOIONHUTEIbHBIX MMPH3HAKOB Kiaccuduka-
MK OTKa30B H IIp.

7.1. Onucanne CTPYKTypbi

ABOII mMoxeT IpoBOAUTECS OTHOCHTEIBEHO

— dyHKUMOHATLHOM CTPYKTYpHI cuctemst (functional FMEA)

— TEXHHYECKOU CTPYKTYpBI cucTeMbl (component FMEA)

— TIPOHECCOB U3TOTOBICHUA B 00CTyUBaHMS crcTeMbl (process FMEA)

Paccmotpum Bo3MOxHEIE BHAB 1 aTansl ABOII Ha npumepe man-
HIETHOrO KOMIBIOTEPA MPOMBILIECHHOIO THIIA, OAHHBIE IS KOTOPOro
B3ATHl M3 JeMOHCTpanronHoro mpoekra Windchill Quality Solutions
“Tablet PC”.

Texnrueckas crpykrypa miadmersoro 1K umeer Tpu ypoBHs we-
papXxHm, Kak 1okazaHo B Tabnuue 7.1. Yposers 0 — 3T0 cam MiaHINeTHBIH
[1IK. Yposens 1 nnm ypoBenb arperatoB (assembly) comepxuT 3 Kommo-
HEHTA (CHCTEMHAd IUlara, I1ara namaTH, cOOpKa »KeCTKOTO IHcKa). Ypo-
BEHb 2 ITO YPOBEHB JEMEHTOB (part), K KOTOPOMY OTHOCATCS aKKyMyJIsi-
TOp, CEHCOPHa MaHelb, MUKporponeccop, SRAM, TakToBEI TeHEparop,
suzeonponeccop, DRAM, kortpomnep DRAM, xecTkuii JUCK, KOHTPOII-
nep RAID. Ha xaxnpii KOMIIOHEHT (IIOMMMO OMHCaTenbHOH HH(opma-
[IHA) 33[JaE0TCS MJIM BBIYHCISIOTCS MHTEHCHBHOCTH OTKAa30B, HEOOXOM-
MBIC J1f JalbHEHINHX PACYETOB IOKa3aTeyied KpUTHIHOCTH. MIHTeHCHB-
HOCTH OTKa30B 3JE€MEHTOB BBIYMCIIIOTCS COTIACHO METOIMKAM COOTBET-
CTBYIONMX HOpPMaTUBHBLIX AOKyMeHTOB [31-35,38,39] wnum 3amatorcs Ha
OCHOBE CTATUCTHYECKUX JaHHBIX [36,37].

Ynpomennas $ynKIMOHAIBPHAS CTPYKTYypa NpHBEJCHA B TaOIHIE
7.2, TR BHIACIEHBI iBE OCHOBHBIE (yHKIIOHANBHBIE TIoAcHCTeMEl TTK —
00pabarbiBarOImasi CeKIAL H YCTPOHCTBO BBOJIA.

FMEA uponecca ¥3rOTOBICHUS PACCMOTPHM Ha mpUMeEpe Maiikv W
cOOpKH akKyMynaTopHOit Oarapen (Tabmmnua 7.3).
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Ta6auua 7.1, Hpombinnenssii nnanmernsti [IK (Texumdaeckas cTpyKTypa).

HaumenoBanue Hneurn- Koau- Hur.otk Ypo-
cucreMpl/arperara/ireMeHTa uscatop YeCTBO *10-6 ReHb
(part number) (1/9)

Egzﬁgiﬁgzgiiz PC070101 1 [23.175339) 0
AxkymynatopHas Gataped (AB) | BATS56A04 1 2.242700 2
CercopHasd manens TP55401A 1 6.550000 2
Cucmemnas niama MB060415 1 5.298192 1
Miukpornpoueccop (MI1) MIC870A 1 4.670594 2
Craruueckoe O3Y (SRAM) SRAMO31 4 0.512888 2
Takrossii rereparop (TI) CLKS04 1 0.056319 | 2
Buneenponeccop (BIT) VP899011 1 0.058390 §y 2
IThama namamu MEMO061789 1 1.355120 1
Konrponnep DRAM DRAMCT7001 1 0.958604 2
Huramigeckoe O3Y (DRAM) | DRAMS512-31 2 0.396516 2
Cbopra sicecmrozo Ouckd HDO061455 I 7.729327 1
Kontpomnep RAID RAID-023C 1 0.229327 2
Kectxuii muck HD70AS-500 2 7.500000 2

Taéamma 7.2. IlpomenunenHbit nanmeTrsil [[K (byaxmnonanshas

CTpyKTYpa)

Haumenosanue
cAcTeMBbI/PYyHKIIHOHATBEHOM
NONCHCTEMBI

Onucanue
yHKIHK

TIpombmpreHEBIH
nnanmeTHsii IHK

Obpabamvisarowas cexyus

Tlepenaua n 0OpaboTKa nanHLIX

Yempoticmeo s6oda Oanmbix

3arycK IpHIOKEHHUI, BBOX JaHHBIX, B3aAMO-

AcHCTBHE ¢ OTIEPALHOHHOH CHCTEMOH
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Taénuna 7.3. AKKyMysATOPp (3TaIbl IPOLECCA H3TOTOBICHNUN)

Haumenosanue npouecca Onncanne nponecca
AxkymynatopHas Oarapes
Chopra C6opxka 1 mpoxireika AKKYMYIATOPHBIX TIACTHH,
COEMHEHHE C IEYaTHOH IUTaTOH
llatixa [Tpomaiika neyarHoiH IUIaTH U BEIBOLOB HA KIEMMBI

7.2. DopMHpoOBaHKE CIINCKOB
NMOTeHIHAJNBHBIX 0TKA30B

Bre 3aBucumoctu o1 Bupa ABOIL npu dopMupoBanum crmcka mo-
TEHOHANEHBIX OTKa30B PEKOMEHAYeTCS NpUMEHEHHe IOIX0Aa ‘‘CHH3Y-
BBEpX”, TIPH KOTOPOM BO3MOXHBIE BH/IbI OTKA30B IIEPEIUCIISIOTCS TS KOM-
NOHEHTOB HIDKHETO YPOBHA (JEMEHTORB), & MX MOCIENCTBHSA OICHUBAIOTCH
C TOYKH 3pEHMSA BISTHUA HA MOJCHCTEMEI CIIEAYIOIIEr0 YPOBHSA U CHCTEMY
B nesoM. [l obecriederts EJTOCTHOCTH JAHHBIX PEKOMEHAYETCS He 3a/1a-
Barb BH/B! OTKa30B KOMIIOHEHTOB BBICIIMX YPOBHEH Hepapxuw, a ¢popmu-
pOBaTh MX Ha OCHOBE JIOKaNbHBIX mocieiactsuii (local effect) kommonenTo
HH3IIMX YPOBHEH. OTH PEKOMEHAANH HCIONB3YIOTCS IIPH aBTOMATH3AIHY
ABOIL. ITpouenypa aBTOMaTHYECKOrO MOPOXNIEHHUS CIHCKOB MOTEHIHAITb-
HBEIX OTK230B KOMIIOHEHTOB BCEX YPOBHEH HECpapXUH, KpOME HU3ILEH (3ie-
MeHTH), HazsBaercs “Roll Up FMEA”. Croucok BUIOB OTKa30B AJIs Biie-
MEHTOB (JOPMHPYETCS B PE3Y/bTare COBMECTHOM PaboThl POESKTUPOBILIH-
KOB CHCTEMBI M CIIELHATMCTOB IO HajleKHOCTH. [Ins obmeryeHHs 5Toro
TPYAOSMKOTO U IUIOXO (POPMATTM3YEMOTO MPOIlEcca MOXHO HCIONIB30BaTh
crenpanpHble 6a3bl JaHHBIX M U3aBacMbIC HA UX OCHOBE CIIPABOYHHUKH IO
BHIaM OTKA30B 3JIEKTPOHHOIO, MEXaHHIECKOTO, JIEKTPOMEXaHHYECKOIO,
TEIUIOTEXHUICCKOTO U XUMUKO-TEXHONIOrAYeckoro obopynosanust (FMDI1,
FMD97, MIL-HDBK-338, NPRD3, RADC-TR-84-244, OREDA).

Bus: orkasos snemenros ruanmeTroro 11K cBerners: B Tabmume 7.4°,
Ha ocnoBaHMK TIOCHEACTBHMH OTKa30B KOMIIOHEHTOB HIDKHETO YPOBHS

4 ) ~
Hpamep FMEA nnanuietsoro TTK HocHT yueOGHBIH, J€MOHCTPALMOHHBIH Xapak-
T€p, [I03TOMY PACCMATPUBAECTCA YCCYCHHBIH CIUCOK BMJOB OTKAa30B 3IEMEHTOB C YIPO-
LICHHBIMI (QOPMYTHPOBKAMH.
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(ypoBens 2) cpopMHpOBaKDI CIIMCKH BHIOB OTKA30B arperaros (yposeHs 1,
tabnuma 7.5). Mcxond U3 mocneIcTBHI OTKAa30B arperaros, cHOpMHpO-
BaH CIUCOK BHJOB W NpHYHH 0TKa3oB miaHmerHoro ITK (yposess 0, Tab-

yvna 7.6).

Tabmuna 7.4. Bugs orxasos aneMenToB wiaHmerHoro 11K (yposens 2)

HHUE MHUKPOCXEM

Kpn- OGua-
Komnonent/ Yac-
Buj orkaza Tlocnencrrue THY~ py- |R.PN.
DyHKumA TOTa
HOCTH weuue
Yxynuenue
l\&lf}l;p/{){x{poueccop y:gfewf{g?:;a_ dyHKUMONATbHO- 7 2 2 28
(MIT)/ Yupapnenne  [paktep CTH Npoueccopa
1K, suimonueque 0 7
apuMETUYECKHX 1 PHiB pfﬂ 10 Orias nporecco- 9 1 1 9
JIOTHYECKHX onepanuit POTKOE 3aMbli@- pa
HUE MUKPOCXEM
Craruueckoe O3Y Horeps 6yron Tloteps nuop- 9 1 1 9
(SRAMY/ TaHHBIX MaliuH
XpaHeuye H 1pous-  [O6PbIB MM KO-
BOJIbHAs BLIOOpKa potkoe 3ambika- | Orkas SRAM 9 1 1 9
JAHHBIX HHE MHKPOCXEM
T . 3a/uiianyAe BhIX0- | 3aNHIaHHE BBIXO~
;}(T/OBBIH TCHEPATOP | 1a na muskom wm |na T na onwom u3| 9 1 1 9
(TT) BBICOKOM YPOBHE |YpPOBHE#
T'enepauus CUHXpOUM- 06 -
NYJIBCOB PHIB BXOAA WM | tror curnana TT 9 1 1 9
BBIXOZQ
[onuas nm uac-
YXymueme THYHAS HOTEPst
Konrposep/ paﬁ;);rn;( o | ymumonanio- 9 1 2 18
Yrpapsser Bso- XApAKTCPUC CTH KOHTpPOJIIEPA
JIOM/BRIBOLOM HH(DOP- -
maumy Bz DRAM | O0PuB I KO- {
POTKO® 3aMbIKa- 9 1 1 %
KOHTpOJIEpa
HUE MUKPOCXEM
[loteps 6uros Toreps 9 I { 9
Juuamugeckoe Q3Y/ [ AaHHBIX HEGOpMALHH
Xparenue uapopMa-  |O6pus wiu ko- | OTxas
uuu POTKOC 3aMBbIKa~- | IMHAMUYECKOrO 9 1 1 9
Hre Muxpocxem  |O3Y
Oyuxnuonanbust (Otkasz RAID 9 2 1 18
1 OTKa3 KOHTpOIiepa
Konrponnep RAID/ e
Vipasienye AHCKoM OBpis i 0= o RAID
POTKOE 3aMBIKA- 9 2 1 18
KOHTpoOsIepa
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Kpn- Obna-
Komnonent/ : Yac-
Bun orkaza HocxencTue THY- py- |R.PN.
Pynxuns TOTA
HOCTH IeHMe
Heucnpasuocts  |OTxas skecTkoro 9 2 1 18
Kecripit auck/ HAKOTIHTENSt AMCKa
Xpanenpe fauHBIX Orxas Orka3 *xecTkoro 9 ) 1 18
MHKPOCXEM JcKa
OOpHIB HIH KO-
Buneonpougeccop potkoe 3ambika- | Otkas BT 7 3 1 21
(BITy HHE MAKPOCXeM
VYmpaBneHuHe BUICOBbI- -
xozom K PORME BIAN | Orycas BIT 9 |1 1 9
HEUCIIPaBHOCTEH
Vxynumenne pa- | Cuvxkenne
Gounx xapak- BBIXORHOM 7 2 3 42
TEPUCTHK MomHOCTH AD
Ipouue BunEr
HEHCIIPaBHOCTEH
Axkymyasitopras 6a-  |(oTkass BXoji-
Tapes (ABY HEIX/BBIXOAHBIX  [Orka3 AB 7 2 1 14
Hcrounmk smexrpane- |uened, npeno-
CKOH SHEpriu XpaHuTens,
TpaHchopMaTopa)
Hanecenne ymep-
Vreukn Oa oGopynosano 10 1 1 10
JWIH YEJOBEKY M3~
3a yreuex Ab
Ta6mmma 7.5. Buus! otkaszos arperaros wianmeraoro [1K (yposens 1)
- O6na-
Kommo- Kpu Yac- "
Bupa oTkaza Nocnexctene | THu- py- |R.PN.
HeHT/®yH kI TOT2
HOCTD KEeHHE
(yHKL HOHANILHO YHICH o 7 2 2 28
TH CUCTEMHOH
CuctemMaan nnata/ CTH 1pareccopa
TUTaTh
OGBeauEseT U KOOD-
NMHUPYET PEOOTY Orxaz O71Kas CHcTeMHOM 9 | 1 9
MIl, SRAM. TT, BI1 |mpoueccopa jIaThl
Tlorepst manabx  |OTKA3 CHCTEMHOM 9 | 1 9

SRAM

TI1aThI
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Oxonyadue TaOIULEL 7.5

K Kpu- Yac Oona-
ommo- Bua oTkaza TlocnencrBne | TH4- py- |R.PN.
HeHrT/PyRKuns HOCTE TOTA | e
Orias SRAM 1?;:$ CHETEMEOHY g9 | 1 9
3ammnanue - Otka3 cucTeMHOH
xoma TT na on- aTh 9 1 1 9
HOM H3 YPOBHEH
Her curnana TT Orias cucremnoi 9 1 1 9
1aThI
Orxas BI1 OTka3 cucTemMHOM 9 2 | 18
I1aThl
Horeps Orkas DRAM 9 | 1| 1 ]9
uHbopMaLuu
Monuas unu gac-
THYHAS OTEPS
[siara mamsiti dyuxuumonans-  |Orkas DRAM 9 1 2 18
(DRAM)/ HOCTH KOHTPOJI-
XpauneHue pe3yabra- nepa
TOB BbIYMCIICHUH
npoueccopa Oricas Orxaz DRAM 9 1 i 9
KOHTpOJUiepa
Ortxas
nuaamudeckoro | Otkas DRAM 9 1 1 9
o3y
Haxomurens na xecr- |OTkas RAID Otkasz HDD 9 2 1 18
koM gucke (HDD)/  |KOHTpojuiepa
OHEproHe3aBUCHMOE  |Oria3 HKECTKOTO
XpaHeHHe JaHHbIX JHCKa Oricas HDD ? 2 ! 8
Oreyrersie pe- Orxa3 ceHcopHOH 9 3 1 27
Cencopuas nanep/  |3KTMAHATPH- 4
Baoy utopmaiuy 1 |KOCHOBEHHE
YUPaBISFOLIMX BO3- H HOB MO3H [Toteps ynpasie-
JefCTRHI CTORHOC O3 | ) cercophoit 7 3 1 21

HAOHHPOBAHHE

NAHEIBIO
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7.3. bajabHasl OlleHKa BH/I0B 0TKAa30B
H ee rpaQHuecKan HHTEPHpeTaAuus

I1pu BBITIOTHEHNH KONUYECTBEHHBIX OLIEHOK ITPOEKTHBIX PEIICHIH 110
FMEA Bupbl 0TKa30B KOMIIOHEHTOB IIPHHATO XapaKTEPH30BATH C TOUKH
3pEHUS YaCTOThl BO3HUKHOBEHHS, BO3MOKHOCTH OOHApYKEHMS pa3iuy-
HBIMH CPEICTBAMH KOHTPOIS, TSHKECTH MOCIeACTBHH. Eciu pacders! HO-
CAT TIPE/IBAPUTENbHBIN XapakTep W MMPOBONATCS Ha CaMbIX PAHHUX 3Tarax
[IPOEKTHPOBAHHS, TO OOBIYHO UCITONB3YIOT GaIBHBIE IKCIIEPTHEIE OICHKH
3TUX MAPaAMETPOB.

WNHAXKATOpOM TSHKECTH ITOCTEACTBHI MOXKET SBAATHCS KK YUCIIO, TaK
U cioBecHoe onucanue. [Ipumepamu mkan (CIIMCKOB) /IS XapaKTepHCTHKH
TSOHKECTH MMOCIEACTBHH BHAOB orka3oB spmwsrorcs: {1,2,3,4}, {Catastrophic,
Hazardous, Major, Minor}-npumeHserca B 3apyOeXHOM CaMOIETOCTpOe-
Hu, {Karacrpoduueckwii, Asapuiinsiii, CroxHas cuTyauus, YCIOXHEHUE
YCIOBHH IMOJIETa} - IPUMEHSETCS B OTEUECTBEHHOM CaMOJIETOCTPOCHHHU,
{1,2,3,4,5,6,7,8,9,10} — npumensercs B 3apyOexHOM aBTOMOOUIECTPOCHHIH.
TsoKecTh MMOCNENCTBHI YXyAlIaercs cripaBa-HaleBo. Kaxaomy 3Ha4eHHIO
CITUCKA NPHCBAMBAIOTCH ompeneacHAble Oamnsl. [lpumep xmaccuduxaum
BHJIOB OTKA30B MO TSDKECTH ITOCIEACTBUM MpuBesieH B Tabmurie 7.7.

Tabauna. 7.7. Knaccndyxanus BHAOB OTKA30B 110 TOKECTH NOCIEICTRHHM.

- Kare- By,
Bupn orkaza TaxecTh nociencTBUi
ropus | 02JIbI
Orxa3s DpHBOAKT K CMEPTH JIONEH, noTepe
Karactpogude- PHBOR P » HoTep
— 00bEKTa, HAHOCHT HEBO CIIONHUMBIH (B 0060- i 9-10
3prMOe BpeM#) yIiepO OKpyXKarouicH cpene
Ortxa3 IPHBONHT K HEBBITOMHEHHIO 00BEKTOM
. | cBoux dyHKIMI, YTO MOXKET YTPOXKATH KUZHH
Kpurmaeckuit Vq)y 1, yp I 7-8
ToIeH, IPHBOIKTE K OTEpe 00beKTa, HAHO-
CHTB BpEJI OKpyKatomel cpene
Hexputuaeckuit | OTra3 IPUBOAUT K IKOHOMHUYECKAM ITOTEPSIM. I 4-6
HecyniecTBeHHRIH 0TKa3 ¢ IPCHEOPEKIMO Ma-
Hecymecrren- yi p P

JIBIMH  TIOCIIEACTBHAMH, KOTOPBIE HE OTHOCATCA v 1-3

HEBIH N N
HH K OJHOM U3 MEepeINCICHHBIX KaTETOPHH.
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Igassl 4acTOT BUJIOB OTKA30B 711 BOCHHBIX 0OBEKTOB HMEKOT 00BIY-
HO 5 moswmimit - {Frequent, Reasonable Probable, Occasional, Remote,
Extremely Unlikely}, {Yacteiii, Beposrubiii, Penxuii, Ouess penxuii,
HepepoaTHbiit }; B aBTOMOOKITBHON NpoMsiiuieHHocTH -10 mosunuit {1, 2,
3,4,5,6,7,8,9, 10}.

OKcrepTHAas MHTEPIPETalMs YacTOTHI OTKa3a JOCTATOYHO OTHOCH-
TENpHAA Y 3aBUCUT OT OONACTH TPUMEHEHWS AHAJIM3UPYEMOro O0OBeKTa.
st 06beKTOB OOIIEIPOMBIIIIICHHOTO HIPUMEHEHHS K aBUaCTPOCHHS Kare-
TOpHH BHJOB OTKA30B, HAI[PUMEp, “pEAKUI”, MO 3HAYCHHIO MOKA3aTels
MHTEHCHBHOCTH OTKa30B MOTYT OTJIMYATh B HECKOIBKO MOpsakoB. [Ipumep
KITacCH(pHKAIIMK BUJIOB OTKA30B MO YaCTOTE I OMACHBIX MPOM3BOACT-
BEHHBIX 0OBEKTOB MpHBereH B Tadmmue 7.8.

Tabmaua 7.8. Knaccudnkamisa BUAOB 0OTKa30B 1O 9ACTOTE

XapakTepACTHKA 4ACTOTHI 0TKA30B | UHTeHCHBHOCTE oTKa3oB [1/4]|B,, Gamnnl
HesepoAresiit 10°-10® 1-2 |
OueHs penkai 10% - 107 3-4
Pexxuit 107-10° 5-6
Beposrusri 10°-10" 7-8
Yacreiit >10* 9-10

Bo3MoxHOCTE 0OHApYXeHUsI BUJIOB OTKa30B OOBIYHO TaKXKe OLCHH-
BAacTCAL MO AecsTHOaIpHON mikane. Tak, Hampumep, B [115] npuBemex
CIEAYIOMAA nmpuMep KiracchuHKAIHK BU0B OTKA30B MO BEPOSTHOCTH KX
OOHApPYKEHHH JI0 TIOCTABKA H3NENUA MOTPEOUTEIIIO:

Tatanna 7.9. OueHka BepOSTHOCTH OOHAPYKEHHS O0TKA3a O TTOCTABKH
W3RV NOTPEOUTENIO

Beposruocth obHapyxkenus | Onenxa se-
0TKa32, OIICHEHHAN PACYETHBIM | POITHOCTH B
MM IRCHEPTHEIM NyTeM fannax B;

Buanl 0TKa30B M0 BepOSITHOCTH
O0GHAPYKEHMS 10 MOCTABKH

Ouens BHCOXast BEPOSITHOCTS BBI-
ABJICEUS OTKA3A [IPH KOHTPO.IE, Bonee 0,95 1
c6opixe, ACTEITaHIAX
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Oxonvanue Tabnuisl 7.9

BepostHocTh 00HapyxkeHns | Onerka Be-
0TKAa3a, OllcHEHHAS PACYETHHIM | POATHOCTH B
HJIH IKCHIEPTHBIM MyTEeM 0aaax B;

Buei 0TKa308 O BEPOATHOCTH
o0HApYKeHus /10 MOCTABKH

Bricokast BepOATHOCTD BEISBIIE-
HUS OTKa3a IpH KOHTpone, cOop- Ot 0,95 no 0,85 2-3
K€, ACIBITAHMX

YMepeHHas BEPOSTHOCTE BBISB-
JICHRS OTKa3a NPH KOHTPOIIE, Ot 0,85 mo 0,45 4-6
cOOpKe, UCITRITAHMIX

Bricokas BEPOATHOCTE MOCTABKH

HOTpeOUTENrO Ae)eKTHOIO H3MIE- Ot 0,45 10 0,25 7-8
TS

O4eHB BHICOKAs BEPOATHOCTH IT0-

CTaBKH IOTPEOUTENIO NeheKTHO- Mesnee 0,25 9-10
TO MRICIVS

ArperupoBanHas OaJulbHas OIEHKA PUCKA BHJA OTKA3a, XapakTepu-
3yIoIast THXECTh MOCHECTBHH, YaCTOTy U CTEIEHDb BBIIBIICHHS, PACCUH-
TBHIBAIOT Kak mpomssenenne OamioB B;-B;'B; B samamHoi nureparype
3TOT arperHpOBAHHBIA OAUIBHBIN ToKa3arens HazbiBaroT R.PN. — Risk
Priority Number. O6rruso R.P.N paccunThiBaroT Ast BU0B OTKa30B BCEX
KOMITOHEHT MepapXuuecKoid CTPYKTYPhI — eMeHTOB (Tabiuna 7.4), arpe-
raroB (tabmuana 7.5), cucremsl B neiaoM (Tabmuma 7.6). lone3Hsim Jyid Je-
MOHCTpaIH 3GPEKTUBHOCTH KOPPEKTHPYIOMX JEHCTBHH SBISETCS IPO-
BEICHHMS TOBTOPHBIX BBIYMCIICHHH 3TOTO IOKa3aTens, KaK 3TO [TOKA3aHO B
Tabmure 7.6.

Vnobror rpaduueckoil HHTEpHOpeTanHed pacyeToB KPHTHYHOCTH
BHJIOB OTKAa30B SIBJIAETCSA Marpuna KpUTHYHOCTH. CTPOKM 3TOM MaTpHIBI
OOBIYHO COOTBETCTBYIOT ILKAJIE YACTOTHL, @ CTONOILBI — INKane THKECTH
nocienctBuil. BoamoxHO mio0ast Apyras momapHas KOMOWHALMS IIKaJl
YACTOTHL, TSHKECTH MOCIIECTBHH, 0OHapyKeHHd. PUKCHPOBAHHOMY 3Ha4e-
HHIO YaCTOTHI-TSDKECTH HOCIENCTBHIM COOTBETCTBYET KOIHYECTBO OTKA30B,
BeIsBNICHHBIX B X01e nposenenus FMEA. Tax wva puc.7.1. nmokaszana mar-
pHIa KPUTHYHOCTH, COOTBeTCTRYIomas TabmuiaM FMEA npomsliuieHHO-
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ro wianmeteoro [IK (taén.7.4-7.6). Ha marpuie KpurudHOCTH nocpe-
CTBOM BbIOOpa FPAHMYHEIX 3HAYEHHH LIKAT MOXHO 3aJ1aTh YPOBHH PHCKa
(risk level). O6BMHO 3a1aK0T TPH ypoBHs pucka — Beicokuit (high), cpex-
HAH (medium), Huskait (low). Ha puc. 7.1. BEICOKOMY YPOBHIO PHCKA CO-
OTBETCTBYIOT BUBI 0TKa30B ¢ 7< B <10 u 7< B,<10; cpennemy ¢ 3< B|<7
u 3£ B;<7; mmzxkomy 0<B < 2 1 0<B,< 2. OTHOCHTENIbHO BUAOB OTKA30B,
PacIIpeieCHHBIX 110 PA3HBIM 00ACTAM PUCKA, MOTYT OBITH PEKOMEHI0BA~
HEl Pa3]MMYHbIE KOPPEKTHPYIOIIHME MEpONPHATHS OT MHHUMAIBHBIX O
MOJHOIO IEPecMOTPa MPOEKTHBIX PEISHNH.

=
N

-0 (loveps yopamenv) CBALOPRON Nanenti - Model 97 ﬁ

YyacroTa

RS 7 = i " -rs
TARECTh NOCASACTBAU

Puc.7.1. Martpuua KpHTHIHOCTH NPOMBIIUIEHHOTO TIAHIIETHOTO KOMITRIOTEpa

7.4. Koan4ecTBeHHBIH pacyer
TIOKa3aTe/iel KPHTHYHOCTH

KomnvecTBeHHBIH pacueT nokasarened KPHTHYHOCTH, PEITAMEHTH-
pyemsidi crapaaproMm MIL-STD-1629, mposomurca Ha Oonee ITO3MHAX
3Tanax TPOEKTHPOBAHMUS, KOLA2 AHAIMTHKAM YK€ MOTYT ObITbH H3BECTHBI
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HaJIeKHOCTHBIE XapaKTEPUCTHKH 3JIeMEHTHOH 6a3bl MPOEKTHPYEMOI CHC-
TEMBI, 3Talbl BEIIONHEHUS 3aJaHHUA M YCIOBMI JKCILTyaTalMu. B sTom
cllydae 0 OTHOIIEHHIO K BUJIaM OTKa30B M KOMIIOHEHTAM CHCTEMBI MOTYT
OBITH BBIYKCIIEHBI IPOCTHIE BEPOSTHOCTHBIE MOKA3aTeNd. DTH PACUeThi
TaKKe Kak M OanjbHBlE OLEHKM HOCAT IIPEIBAPHTENBHBIN XapaKTep, TakK
KAaK HE YYHTHIBAIOT PE3CPBUPOBAHUS, BOCCTAHOBICHUS U JPYTHX OCOOEH-
HOCTEeH HaJeKHOCTHOTO IOBEICHUS CIOXHBIX CHCTeM. Jlis IpoBeneHus
pacueToB rokaszarened KpuruyHocTH Tabmuiyy FMEA pnomonmstor che-
AYIOIUMH CTOIOIAMHu:
— CyMMapHast HHTEHCUBHOCTb OTKa30B i-r0 KOMIIOHEHTa (A;)
~ JOIs Kay(0T0 BH/A OTKa30B OT CyMMapHOH HHTEHCHBHOCTH (CL;j)
— YCIOBHAs BEPOATHOCTH TOTO, YTO IAHHBIM BHJ OTKa3a IPHBENET K
MOCE/ICTBUAM JJAHHOM TSXKECTH, IPH YCIIOBUH, YTO JAHHBIM BHJ| OT-
Kka3a nipomsonzed ([3;)
Ha ocHoBe 3HaqeHHH TUX CTOIOIOB BEIYHCIISIOT CIEIYIOIIHE MOKa-
3aTeNu:
KpHTHYHOCTS j-T0 BUA OTKA3a i-TO KOMIIOHEHTA CHCTEMBI HA HHTEP-
Basie Bpemenu (0+t)
Cy=a;-B;- At 7.1

KpHTH’-IHOCTL 1-r0 KOMIIOHEHTa CHCTEMBI Ha HHTCpBAJIC BPCMEHU

(0~t)
C = i o ‘Bij At (7.2)

Pacnpenesniende KpUTHYHOCTH BHIOB OTKa3a 1-r0 KOMIIOHEHTA TIO
ypoBHM 1=[ 1+1] TsDKECTH TOCACACTBUM SEV:

-3¢ (73)

Jsevj=r
rge 1 — konwaecTBo Kareropuit (ypoBHett) Taxecta nocaencrsuil. B MIL-
STD-1629 ucnosnb3syrorcs setsipe Kareropuu {Catastrophic (1), Critical (I1),
Marginal (I1l), Minor (IV)} u 4dersipe rpajaiiy YCIOBHON BEPOATHOCTH
Bij {Actual loss(ff;=1), Probable loss(0.1<[3;<1), Possible loss (0<f;<0.1,

No effect (§;=0)}.
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Pe3ymerarsl aHamM3a BHIOB, HOCHEACTBUM M KPUTHIHOCTH OTKA30B
ranmersoro K cBenens: B Tabnuiy 7.10.

Ta6auna 7.10. Pacuer noxazareinell KpHTHYHOCTH BHIOB OTKA30B
naanmernoro 1K

Komnoment/ Pacnpene-
Hurencuruocrs J]e}?l/l:l
otrkason [1/4]/ Bug oTkaza a(®) | B |Sev| C; C
KPHTHYHO-
Bpemn dyuxano-
CTH
Huposanus [}
Ortxa3 ceHcopHO#H 3 1 I 02628
naseny
Torepa yfpabnermst | 5 1)y 19 43g7
CEHCOpPHOH MAHENBI0
Yxyamenue
GYHKIHOHANLHOCTY 10 )1 )1V )0.8767
CACTEMHON MaThl
OTKa3 CHCTeMHOH N .
Hpombimnesnmbi | ;ar 2011 ) 1Sz £-0.0876; .
nnasmernEdi K/ 8672411~ 3-5188;
Orkas DRAM 20 11 [ I v m-0;
h=0.001/1=28760 , %
Orkas HDD 20 |1 |1 ]195%2 1V -3.066
Orkaz Ab 10 |1 |1V ]0.876
Hanecenne ymep6a
06opyroBauio win 2 105) 1 [0.0876
YeNOBEKY M3-3a YTe-
qek AB
CHuKeHuye BHIXONHOM 0 11 w0876
morHocTH AB

IIpu mpoeKTHpOBAHNM YHHKANLHEIX TEXHHYECKHX 00LEKTOB, B yCio-
BUIX OTCYTCTBHS HH(pOPMAIH 10 00BEKTAM-aHAIOTaM PE3YIbTaThl IPo-
BerieHrs FMEA spistroTes OfHMM H3 OCHOBHBIX MCTOYHHKOB HCXOIHBIX
[AHHBIX U1 pa3sAuuHbIX HANpPaBICHHH HCCIENOBAHUA CBOHCTB CIIOXKHBIX
CHCTEM, B YACTHOCTH, aHaIH3a 6€30MacHOCTH, KOHTPOJICTIPHIORHOCTH, JIO-
rucTekd. B coorBercBru ¢ nokymeHTom MSG-3 FMEA spnstercs ocHO-
BOM HPOEKTHON pa3pabOTKH PEKOMEHAALMH MO IPOBEACHHIO ILIAHOBOTO
TEXHHYECKOTO OOCITY>XHBAHHS 0OBEKTOB (CaMONETOB, 3IEKTPOCTAHIINIA. .. )
Ha HAYANLHOH CTaUM HX SKCIlyaTalliH.
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CnyuaitHbie coObITHS. OCHOBHbIE
(opMyJibI TEOPUU BEPOSTHOCTEH

OIHHUM H3 OCHOBHBIX NORSITHH TEOPHH BEPOATHOCTEH SBASETCS NOHATUE
ciyqaiinoro cobrris. JIrobas KauecTBEeHHasE XapaKTEPUCTUKA PE3YIIbTaTa OIbI-
Ta ecTh coObiTHe. COOBITHS MOXKHO pa3ficiHTh HAa TPH BUIA — JOCTOBEpPHBIE,
HEBO3MOXHBIE, ClydailHbIE.

— JIOCTOBEpHOE COOBITHE - COOBITHE, 00fA3aTeNnbHO MPOUCXOJAIIEE B pe-
3yIbTaTe OMbITa

— HEBO3MOXKHOE COOBITHE - COOBITHE, 3aBEIOMO HE MPOUCXOJAINIEE B pe-
3ynETaTe OMbBITA

— Ccy4aiiHoe COOBITHE - COOBITHE, KOTOPOE€ JNUGO MPOHCXOIHT, JHOO HE

TIPOUCXOIUT B PE3YIIBTATE OTIbITA.

Crygaitiple COOBITHS MOTYT OBITH COBMECTHBIMU U HECOBMECTHBIMH.

Co6pITHA Ha3EIBAIOTCS COBMECTHBIMH, €C/IH HOSBACHUE OJIHOTO W3 HAX HE
UCKITIOYAET TIOABIICHHE JIPYTUX COOBITHI

CobbiTys Ha3BIBAIOTCS HECOBMECTHBIMHY, €CIIH MOABIEHNE OTHOTO W3 HUX
HCKITIOHAeT TIOSBIIEHAE J{PYFuX COOBITHH

Cnyvaiinsie coObITHS OBIBAIOT 3aBUCHMBbIC H HE3aBHCUMEIC.

HesasucumEeie cOOBITHS - NOABICHHE OJHOTO W3 HUX HE BIHACT HA M10AB-
JIeHHE JIPYTUX

3aBUCHMEBIC COOBITHS - MOSBJICHUE OAHOIO M3 HHUX BIMACT HA MOSBICHHUC
Apyrux

IIporusononoxkaoe (IOMONHATENBHOE) COOBITHE OTHOCHTEIBHO CITydaii-
HOTO COOBITHSA A €CTh COOBITHE K, COCTOsIIIEE B HETIOABIICHHH A.

Ionwas rpynna coOBITHH — TaKasi COBOKYITHOCTh COOBITHH, UTO B Pe3yib-
Tare ONBITA OBA3ATENHHO JOMDKHO MPOM30HTH X01d OBl OHO W3 COOBITHH 3TOM
COBOKYITHOCTH.

OcHOBHOM TEOPETHYECKOH XAPAKTEPUCTHKOH CITy4aiHOro cOOBITHSA A siB-
nsercs ero BepositHocth P(A). B coBpeMeHHOW TEOpHH BEPOATHOCTEH BEPOAT-
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HOCTb CIy4aiHOro cobrrrnsa A BBomuTCa akcnomarngeckd [58]. Ho ¢ npuxnan-
HOH TOUKH 3PEHUS BEPOSTHOCTHIO COOBITHS HA3hIBACTCS YHCIIO, XapaKIepUu3yio-

Hlee 9acToTy coOBITHA NpH OomsmoMm auciae ombitoB ((W(A) SLLIEN P(A)),
n n—-w

T7l€ M — YHCJIO TIOABACHMH COOBITHE A, n — 00IIEe YUCIO OIBITOB.
HamnGonee gacTo n3yuaeMbie B TCOPUE HAEKHOCTH CITy4aiinble COOBITHS —
€CTh COOBITHA OTKA30B TEXHUIECKHUX OOLEKTOB.

1.Teopema cnoxenus BEPOATHOCTEH

Cymma cobpituit A 1 B — 3710 cobuitue (A+B), cocrosmee B nospiacHuy
coOprTuit A, B, nimm ux obonx (AB). Jlnx tpex cobsituit: (A+B+C) — A, B, C,
AB, AC,BC, ABC.

Ecaux A u B — HecoBMeCTHBI, TO

P(A+B)=P(A) + P(B) (I11.1)
Ecnu A u B — coBmecTHsl, TO
P(A+B)=P(A) + P(B) - P(AB) (I11.2)

Ana mmocrpanun Ha puc.Il1.]1 nokasana cymma aByx coOwituii A u B
KaK o01acTh, 00beHEeHHAs JKUPHOM YepToi. a) COOTBETCTBYET ClIydalo, Koraa
A 1 B coBMeCTHBI, 0) — HECOBMECTHEL.

@
a) 6)

Puc. I11.1. O6nenunenne coOosrtuil A u B

Teopema o6o6maeTCes Ha IPOH3BOMEHOE YHCIO COOBITHIA,
Ecmu A, B, C, ... - monHasi rpynina HeCOBMECTHBIX COOBITHIA, TO

PA)+PB)+PC)+....=1 (I11.3)
J1st IpOTHBOTIONOKHBIX COOBITHI:

P(A)+P( A)=1 (I11.4)
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2. TeopeMa yMHOXKeHHSI BEPOATHOCTEH

[lpoussenenue cobprrrii A, B — 310 cobbiTHE, COCTOsMIIEE B COBMECTHOM
HosiBIeHNH coObITHI (AB)
Ecin A u B — He3aBuCHMBI, TO

P(AB) = P(A)*P(B) (I11.5)
Ecnn A u B — 3aBHCHMBI, TO
P(AB) = P(A)*P(B/A) = P(B)*P(A/B), (I11.6)

rae P(B/A) — yciioBHas BepoSTHOCTS TIosBIIeHHA cOOBITHS B mpu ycnoBuy, 4to
co0bITHE A TIPOHM3OLLIO0
Teopema 060011aeTCs HA IPOU3BONBHOE YHCIIO COOBITHH.

3. ®opMyna noJIHON BEPOSTHOCTH

[lycts By,By,...B, — nonuas rpynna HecoBMeCTHBIX coObriuil. Cmywait-
HOe cOOBITHE A HaCTymaeT Ipu HacTyiwieHue oanoro 3 B. Torma BeposTHOCTS
HOABICHUS COOBITHS A paBHa

P(A)=P(B))P(A/B))+ P(B,)P(A/By) +...+ P(B)P(A/B,)  (IIL.7)
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OCHOBHBIC OJIOKCHUSA
U COOTHOUICHUS aJreOpbl JOTHKH

OyHK1uuY, TpUHNMAIONIHE UG ABa 3Hauenus (1 wim 0) u onpenense-
MBI€ Pa3IHYHEIMH HA0OpaMH JBOWYHBIX ApTYMEHTOB, HA3HIBAKOTCS (QyHKIIUAMHA
anredbpst xorvkn (OAJD). ©AJl Moryr ObiTh 3aaanbl B TabmuyHOM WM (op-
MylbHOM BHje. Tabnuunoe npencrapnenue GAJL, mpu KOTOPOM HEPEUUCIIAIOT-
CA BCE BO3MOXHBIE 3HAUECHHs apTyMEHTOR (IIEPEMEHHBIX) H YKA3BIBAIOTCH CO-
OTBETCTRYIOIINE UM 3HAdEHHS GYHKIIMH, HA3bIBAIOT TAOIHIEH HCTHHHOCTH.

B amrefpe noruku paccMarpuBaioTCs TPH OCHOBHBIE ONEPAIHKM HAJ JIO-
THEECKUMH ITepEMEHHBIM K

Ompuyanue (unsepcus). Eciu A — BoickassiBanne (IPHHUMAET 3HAYCHHE
1 —uctnsa, 0 — moxp), TO OTpHaHKuEe A 0003HAYAETCA KaK A M YHTAETCA, Kak
“ae A”. 1=0,0=1

Kowviouryus (ymuoorenue, nepecevenue): A&B umn A*B wia AAB, Yu-
taercd kak “A 1 B”. 0&0=0, 0&1=0, 1&0=0, 1&1=1.

Juzvronxyus (choxcerue, obvedunenue): A+B umu AvB. Unraetcs xax
“Auma B”. 0v 0=0,0v1=1,1v0=1,1v I=1

[lpeobpa3oBanye JOTHISCKUX BBIPAKEHHH OCYTHECTBASETCS IO OHpefe-
JCHHEIM IpaBHIaM, KOTOPELE JIETKO TOKA3BIBAFOTCS, TMOO OUEBHIHBI,

ITpesuaa dns 000l HepemennotL.

LAAL=A 2.AA0=0 3.AAA=A 4AAA=0 5Avi=1

6.Av0=A 7.AvA=A 8AvA=1 9A=A 10A=A
Ilpasuia Ons 08yx, mpex nepemenHbix.
CoueraTenbHbIA (acCoOMaTHBHbLIA) 32KOH.

ILAABAC)=(AAB)AC=AABAC
12Av(BvC)=(AvB)vC=AvBvC(C
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B cuny 11,12 noruqeckue BhipaskeHHA MOXHO IHcath 6e3 ckoOOK, KaK B
00B9HOH anredpe, H YMHOKSHHE TAKXKE CAMTACTCS CTapIIeil oneparuei.
[lepemecTHTEBHBL (KOMMYTaTHBHELH) 3aKOH.

13AAB=BAA 14AvB=BvA
PacnpenenutenbHbiii (JucTpHOy THBHBLH) 3aKOH.
IS AABVCO=(AAB)V(AAC) 16Av(BAC)=(AVvB)A(AV()

Beipaxenus 11-16 — “cuMMeTpudHBI”, T.€. TIOLYJAIOTCA OXHO H3 PYroro
3aMEHOl AHA V H Ha00OpOT.
3aKoH ABOMCTBEHHOCTH (MHBEpCHUil).

17.(AAB)=AVvB 18.(AvB)=AAB
Ecmn x 17,18 npumennts 9, To nonyauM ¢gopmynst oe Mopzana:

19.AAB=(AvB) 20.AvB=(AAB)
Orniepaiiys MoTI0NICHHS.

21.(AAB)VA=A 22 AA(BVA)=A

Onepaum CKJICUBAHU .
23(AAB)V(AAB)=AA(BVB)=A
U3 4 1 15 MOXKHO HOTYHUTh:
24AA(AvB)=AB 25.Av(AAB)=AVvB

Onemenmaproll KOHbIOHKYYell Ha3bIBACTCS KOHBIOHKIINA HECKOILKUX JI0-
THYECKHX MEPEMEHHBIX, B3ATHIX C OTPHIAHWEM WK 0€3 OTpHIaHMsA, PHIEM
CpENU IEPEMEHHBIX MOT'YT OBITH OI[HHAKOBHIE.

Onemenmaproti OUzvIoNKyUell Ha3hIBAETCA ANIBIOHKIMS HECKOIBKHX Tie-
PEMEHHBIX, B3ATHIX C OTPHL@HHEM Win 6e3 OTpUIAHUs, IPHIEM Cpely mepe-
MEHHBIX MOT'YT OBITh OJIHHAKOBHIE.

Besikyro  TM3BIOHKIMI SIEMEHTAPHBIX KOHBIOHKUUHA HA3BIBAIOT OU3b-
jonxkmusnon nopmansholi gopmoti (JHO). Besaxyio KOHBIOHKL{HIO IeMEHTap-
HbIX AU3BIOHKIIHH HA3HIBAIOT KOHBIOHKMUBHOU HopManbHot (popmoti (KHD).

Cosepuennoii JJH® noruueckoit pynxipn (CIH®D) nazssaeres [THD, B
KOTOPO# HET PaBHBIX ICMEHTAPHBIX KOHBIOHKIMH W BCE OHH COAEPKAT ONHH U
Te JKe IePeMEHHBIE, TIPUYEM KDKIYIO NEPEMEHHYIO TONBKO OTUH pa3 (BO3MOX-
Ho ¢ orprnanuem). Cosepuennoti KH® (CKH®) nasnmaercs KHO, B xoTopoit
HET PaBHBIX JIEMEHTAPHBIX AM3BIOHKIMHA ¥ BCE OHM COAEPXKAT ONHH M TE XKe
HepeMeHHbIe, MPUYEM KaKIYI0 TepEMEHHYIO TOJBKO OfMH pa3 (BO3MOXKHO ¢
OTpPHIIAHUEM).
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becnosmopnoii HaseBaloT GOpPMYINly NOrHUECKOH (QYHKIWH, B KOTOPYIO
KaXkJad [epeMEHHAd BXOAMT TOIbKO OfUH pa3. [Ing momydeHns 6ecrioBTOpHOH
¢GOpMEl MCHOME3YIOT ONEparuM TIOITON[EHHs, CKICHBAHHUS, PACIPEICITUTEIb-
HbIH 3aKOH.

Dopmoil nepexoda K 3amenenuio NoTHIeCcKoi GyHKIH padorocmnocod-
HOCTH (OTKa3a) CHCTeMBl HA3BHIBAETCA (OpMa MPEACTAB/ICHHA JIOTHIECKOM
¢yHKIHH, IPH KOTOPOIT 3aMEHA JIOTHICCKUX NEPEMEHHBIX BEPOSTHOCTAMH, a
JIOTHYECKHX ONepaiii apHQMETHICCKUMA TO3BONAET IMOAYYUTH TOYHOE 3Ha-
YeHHE HOKa3aTens HafekHocTH. ORHHMH H3 (QOpM Iepexola K 3aMeliEHHIO
apisorcs CIHH® u Gecmosropras dopma norudeckont ¢yHKkuuu B Oazuce
KOHBIOHKIMs-OTpHLanye. [t nepexoga K 6a3ucy KOHBIOHKIHUS-OTPHI[AHUE
BEITIOITHAIOT MCKITFOYCHKE ONEPAlH TH3BIOHKIWH 110 npasuty ae-Moprasa.

Hmxe npuBesieHb HEKOTOPBIC BO3MOXKHEIE GOPMBI TIPEACTABICHHS JIOTH-
qeckoll QyrkIu padorocnocobHocTH cxembt “1 u3 3”7 (Tabnuia WCTHHHOCTY,
JH®, CIH®D, OI13):

S(x1,X5,x3) | 1. IHD:
1 S(X,,X,,X;) =X, VX, VX,
2. CIHD:
S(XX5,%;) =

XX, X5 V XX, X3 V X, X2Xy V

XiX,X5 VX X2X3 V X1X, X3 V X1X2X,
3. OII3:

S(Xy,X,,X5) =X, VX, V Xy = X1X2X3

o|o|o|—=|c|—|—]|—|X

-

o= | —|S|—|—|*
ol—|olo|—|—c|—|

Sl == [ = [ | —
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IIpuMepbl BHIYHCIAEHHS MOKA3aTesA
cpexHeit HapaGoOTKH HA 0TKA3

Ipumep 1.
Paccmorpum nybmmpoBanHBIH OJOK C BOCCTaHOBJIEHHEM, MapKOBCKAS
MOJIEITh HAZICHKHOCTH KOTOPOTO ITPHBEACHA HIDKE:

2

Puc. I13.1. MapxoBckas Mozieb ”\\{ N
HaIEKHOCTH yGIUPOBAHHOTO (D:@M@

610Ka ¢ BOCCTaHOBIICHAEM iy Ho

Cocrostane 1 — o6a 610Ka paboToCIOCOOHB!; COCTOSHAE 2 — O(HH 13 6i10-
KOB OTKaszal, Jpyrod paborocnocolen; cocrosnue 3 — 00a GIMOKa OTKa3aiH.
Cocrostuust 1 w0 2 coOTBETCTBYIOT pPabOTOCHOCOOHOCTH pPEe3epBHPOBAHHOM
CTPYKTYpBI, COCTOSIHME 3 — OTKa3 Pe3epBUPOBAHHON CTPYKTYpbl. MHTeHCHB-
HOCTh OTKa3a KAXJOT0 U3 OJIOKOB paBHa A, HHTEHCHBHOCTb BOCCTAHORBICHHS
O/IHOTO J1I000T0 OJI0KA U3 COCTOSHUA 2 PABHA |, @ U3 COCTOTHUSA 3 - 1.

Cmocob seramcricHus Ty,(t,) cocTouT B cnegyrwomeM. [Jonmygum ananm-
THYECKOE BBIp@KEHHE /I CPEAHETO 4yHcia oTKa3oB Ni(t) ¢ HCHONb30BaHHEM
MapKOBCKHX IPOLECCOB C AOXOMaMH (t KaleHIapHoe BpeMs QyHKIHOHMPOBa-
HUS CTPYKTYPHI, KOTOPOE COCTOMT M3 Oe30TKa3HOH HapaOoOTKH t, U BPEMEHH
npeObIBaHks B HEPabOTOCIOCOOHOM ULl CTPYKTYpPBL COCTOSHHH 3). YcTpe-
MHM [l B OECKOHEYHOCTh, TOTAAa BOCCTAHOBIEHHE W3 COCTOAHHA OTKa3a
CTPYKTYpHI OyieT MTHOBEHHBIM M BpeMs, IPOBENCHHOE B COCTOSAHUM 3, OyzeT
paBHO uymw0. [loaToMy BCE Bpems MoAenaMpoBaHus t oKaXeTcs paBHBIM 0e3-
orka3Ho# Hapaborke t,. [anee nposeneM Boraucienns no (1.31), pazaenus t
Ha N(t).

Cucrema nuddepeHnnaTbHbpIX ypaBHEHHH JUTS CPEIHETO YHCIa OTKA30B
umMeeT BU (cM. pasgen 5.8, 0.3)
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N, (t) = =2AN, (1) + 24N, (t)
Ny () = N, (1) = (A + ) N, (1) + AN (1) + 24 (I13.1)
N3 (t)= “2N2 (t)- H2N3 (t)
Hanomanm, uto N(t) — cpennee uncno otkasos (onpenensiemoe BoIGOpOM
MaTpHIBl ZOXOAOB C E€NMHHUIEH HA MECTE MEpPexofa M3 COCTOSHHUSL 2 B COCTOS-
BHe 3 (B Marpuie W wy=1)) Ipu yCIOBMM HAYAIEHOTO COCTOAHMS 1.

Pemas cucremy ypasHenmit (113.1), momydum HeonnopoxHoe mudepeH-
[MAJIFHOE YPABHEHHE TPETHEI0 NOPSIKA

N +Gh R, + )N (0 + (207 + 20, + )N (0 =207, (T13.2)
obmee pemreHre KOTOPOTO UMEET BU/T

207, t
207 + 204, +

N,(t)=C, +Ce™ +C,e™ + ) 113.3)
1 i 2 3

T/e IEPBbIE TPH CIATAaeMBIX ¢ KOHCTaHTaMH C; i KOPHAMH XapaKTepUCTHIECKO-
TO ypaBHEHRL Xy = 0, Xy, X, IpencTaBistior cobo obmee pelieH e OHOPOIHO-
ro ruddepeHIHaIbHOIO YpaBHEHHS, COOTBETCTBYIONICro ypastennio (113.1), a
YETBEPTOE CHAraeMoe — YaCTHOE PelIeHue HeoqHopoaHoro ypasHenns ([13.1).

Hccrenys pemenve (I13.3), koncrantsl Ci M KOPHH Xj IPH |1 — © TIO-
IyMEM IpeaenbHOE pelcHue

2 2 2
N () = 247t N 2i : oM _ 2A .
e (2R 4+1) (A +p) (2h+p)

(113.4)

[IpoBexeM HEKOTOPEIE YHCIEHHBIE pAcUeThl A Tyy(t,).

ITycrs A = 1-E-3 aac’, pu=0,1 gac™ (COOTBETCTBYET CpENHEMY BPEMEHH
BOccTaHOBIEHHA T,=10 yac.). B tabmuue I13.1 npuBenens! 3xadenns (B uacax)
Tualts) RO5 pasHbIX ty, cpeauad HapaboOTKAa MexAy OTKazamu T W CpemHsas Ha-
paborka no otxasa T;.

Tadmuna I13.1. Pesynbrarsi pacaeros nokasaresnei T,,(t), T, T

1,= 0,1 t=1 t,=10 | =100 | t,=2000
Tah) | 142857143 | 1030927,8 | 1366808 | 565432 | 512522
T 51000
T, 51500
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Tpumep 2.

PaccMOTpHM OMH BOCCTAHABIMBAEMBIH 3JIEMEHT C JKCIIOHEHIMANBHO
pacnpeaeneHHbIME HapaOOTKOH 10 oTKa3a (C HHTCHCHUBHOCTBIO A) H BPEMEHEM
BOCCTaHOBNeHHUs (¢ UHTEHCHBHOCTHIO W), [IpuBenem dbopmymsl ang BeIMHCIE-
HHS OCHOBHBIX IT0Ka3arenell Hale)KHOCTH.

BepoarHocts Ge30TKazHOM paGorsr:  P(1) = e™

cpenHsis Hapabotka no orkaza: T =T,,=1/A;

koaddunuent roroBrocta: K. = W/ (A+p);

napamerp IoTOKa OTKAa30B: o = pu-A/(A+p);

cpenmsit Hapaborka Mexy oTkazaMu: T = Tyexny = 1/A;

cpefHee wuCio oTkazoB: Ni(t) = [wA-thA +)] + I+ w)) [l - et u)'t]
U [PH [i—> 0O

N;(t) — At, mosToMy cpennas mapaborka Ha oTKa3 T,(t,) = 1/A.

Mns nannoro npumepa (oguoro smemenra) T =T (t) =T

Tlpumep 3.

Paccmorpum nybnupoBaHHBIH ONOK, aHANIOTWYHBIH OMHCAHHOMY B IIPH-
Mepe 1, HO B JAHHOM CITydae IPEATIONOXHUM HEBO3MOKHOCTh BOCCTAHOBIICHHA
B Tponiecce (PYyHKIMOHUPOBAHWIL. A MMEHHO, CHcTeMa paboTaeT [0 OTKasa,
NOC/E YETO BOCCTAHABIMBACTCS B MOMHOCTBI HCIIPaBHOE cocTosHue. Monen
u3o06paxeHa Ha puc.J13.2.

Puc.I13.2. MapxoBckas MOZIEITb
HaJeKHOCTH NyOIHMPOBAHHOTO O10Ka
C BOCCTAHOBJIEHUEM U3 COCTOAHHUSA OTKa3a

CucreMa ypasnenuit 1 onpenenesus T,, UMeeT BUA:

~1=-2-T,
. I13.5
0=21-T,-1-T, aB-5)
PennB cuctemy, MOTYYHM H3BECTHBIH PE3YIIBTAT
3
T,=T +T2:i' (I13.6)

st onpenenerust Tyexny HaiimeM K u o. Cucrema ypasnennii jia K,
WMEET BH;
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0=-P -2A+P, -p
0=P-2A-P,-% . (I13.7)
1=P +P,+P;
Pemue cucremy I13.7, nomyaum
K =P +P,=—F (I13.8)
20 +3p
ITapameTp OTOKA OTKA30B
2h
=P, A=—nt (I13.9)
2h +3u
Torma
K
T, =—r=—3—, (I13.10)
@ 2%

T.€. COBHAZAET € T

na onpepenenus T, caemaem 1o xe, uTo i B ipuMepe 1. Cucrema
ypaBHEHHIT MAPKOBCKOTO IIPONECCa € JJOXOLAMM UL ONPENCIIEHIs CPEAHETO
YHCTA OTKA30B HMEET BHL;

N, =-2A4-N, +2A-N,
N, =—A-N, +A-N, +2 (I13.11)
N,=p-N,~u-N,.

[Tpnsenem xoHeuHbIH pe3ynsTaT 683 IPOMEKYTOYHEIX BBIKIANO0K, TEM
Gonee, 910 MLI €10 HONYYHM H IpyruM cnocobom. Pentas ypasuewus i ycr-
pemisis kX GECKOHEHHOCTH, TIOJYIHM

122 (I13.12)
379

IlpoaemvoncTpupyem e onus cnocod BeraucneHus. Buipaxenue (I113.12)
MOXeET OBITH [ONYYCHO W JAPYIHM CIIOCOO0M, €CITH TPUMEHHTH PE3yITBTATHI
TEOPHA BOCCTAHOBIICHNA. 1I3BECTHA Takasi MOLENb KaK HPOCMOl BpoYecc 80C-
cmarosnenusi. CyThb ITOTO HPOUECCa 3aKMOIASTCA B TOM, UTO HOBBIN DJIEMEHT,
HayaB (YHKIMOHUPOBATh B MOMeHT t=0, MpH OTKa3e B MOMEHT t; MPHOBEHHO
3aMEeHMeTCS HOBBIM, KOTOPEIH, popaboTae BpeMs ty W OTKAa3aB, TAKOKE MIHC-
BEHHO 3aMEHJeTCs cnefyomuM H T.4. [L1oTHOCTH pacnpeneneHus BpeMeHH
Oe30Tka3HO# paboThl AMEMEHTOR OTMHAKOBH! M paBubl f(t). [lia ¢yHkiwu Boc-
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CTaHOBIEHUS ~ CPEIHETO YHCa BOCCTAHOBICHHH 32 BpeMs t — W3BECTHO BBI-
paxkenye (A1 IPOCTOTO TPOLECCA BOCCTAHOBICHHA) B GopMe npeodpasoBaHus
Jlammaca [14]. D10 BeIpaXeHHE HMEET BUM;

N(s):JL, (113.13)
s-(1-1(s))
rae N(s) — peoOpazoranme Jlamaca or QyHKIMYE BOCCTAHOBIICHHS,
f(s), s — npeoOpazosanue Jlammaca OT IIOTHOCTH PACTIPEACICHHSA H e~
peMeHHas npeoOpa3oBans, COOTBETCTBEHHO.

OTMeTHM, YTO, BO-MEPBHIX, BCE BPeMs t ABISETCH CyMMapHOH Hapabor-
KOif, T.K. BpeMs BOCCTAHOBREHHA PAaBHO HYMIO, M, BO-BTOPBIX, YHCIO BOCCTA-
HOBJIEHHH PABHO YHCITY OTKA30B, T.K. MOMeHT t=0 He CUMTAETCS BOCCTAHOBIIE-
HHEM, @ MOMEHT ITOCJICIHETO OTKa3a (B MOMEHT t) ABJIACTCA H MOMEHTOM BOC-
CTAHOBIICHHS H3-32 MPHOBEHHOTO BOCCTAHOBIICHHS.

HaiineM mi0THOCTE pacupenenenus mis npumepa 3. Tak kak 310 00bId-
HOe myOmaposanyie 0e3 BOCCTAHOBIEHHS u3 PabOTOCIIOCOOHOTO COCTOSHMS C
OJ[HMM OTKa30M, TO MOXHO HE PemiarTs cucreMy AnddepeHIHATbHbIX YPaBHe-
HAR st Mozenu puc.l3.2 ¢ «omIomAonMM IKpaHoM», a HEMOCPEACTBCHHO
Harrcath (GopMyny s QYyHKIHHA W [IOTHOCTH pacnpexenerus F(t), f(t):

F(t) = (I-exp{-A-t})’

, . (113.14)
f)=F(t)y=21-(1—exp{-A-1})-exp{-A-t}
[Ipeobpazosanue Jlamiaca ot f{t) umeet BuA:
2A 2A
f(s) = ——— . 113.15
®=0 e (B-19)

Ioncrasmss B ([13.13) 1 nenas obparroe rpeodpazosanue Jlamnaca, mo-
Ty9aeM

2
2 +Z.M_§:N(t), (I13.16)

NE)= § - (s+3h) 9 3

yto cosnanaer ¢ (I13.12) u roBopHUT 0 NPaBUILHOCTH IORXOA ¢ HCTIOAb30BA-
HYEM MOZENEH MAPKOBCKHX TPOLECCOB C JOXOMAMH.

IIpumMenene MapKOBCKHX MOJETEH NPH HANWYHH TIPOTPAMMHOTO IPO-
JYKTa, PEATH3YIOIIEro YACICHHBIC MPOUENyPhl peleHus auredpandecknx u
I depeHIEaAbHbIX YPAaBHCHUH, Tydile, YeM NPUMEHEHHE ONEePaHOHHBIX
npeobpasopannii, HarmpumMep, Jlaruaca. [leno B ToM, 9TO «pydHOE» HpPHMEHE-
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HuEe npeoOpa3oBanus Jlamiaca Bce paBHO TpedyeT pelleHus XapaKkTepHCTHYe-
CKOTO YPABHEHHSI [T HAXOXKAEHHS KOPHEH. A 7TO BO3MOKHO (I Pa3MEPHO-
creif Oompme 2) AN HA MAIMMHE 9UCICHHEIMH Metomamu. Jlanee, B obieM
BHJE (HE ¢ YHCIAMH, a C BHIDXKEHUAMH!) HEOOXOIHMO OCYIIECTBUTH P Tpe-
o0pa3oBaHrii M HAHTH Kak rpsiMoe mpeoOpazoBaHue, Tak W OOPATHOE, ONATH
[pEIBApUTENEHO OCYLIECTBHB Psijf TNpeoOpa3oBanmii ¢ BEIpakeHusmHd. [Ipn
OOJBIIHMX Pa3MEPHOCTAX BBIIOIHUTEH TaKHE MPeoOpa30OBaHms MPAKTHYECKH He-
BO3MOXHO. UMCIEHHBIE X€ ANTOpHTMB IpeobGpasopanmii Jlammaca Beckma
CIIOXKHBI, Jia H MaJo M3BECTHBl. Hanporus, arropiTMBl 9HCTEHHOTO PEINEHUS
mrddepeHnmaIeHpIX U anredpandecKuX ypaBHEHU XOPOIO W3BECTHEI M HOC-
TATOYHO IIPOCTHI (ke ECIA MMETh B BUAY KECTKUE, MIIOX0 00YCTIOBIEHHbIE
CHCTEMBI YpaBHEHHH [98]).

OxoHuaTeNnbHO A% IpEMeEpa 3 HMeeM:

t !
T, = . (113.17)
g.e_”ﬂ +g}\‘t_g
9 3 9
Ouepnano, uto mp t — 0 T,y — (3/24) = Tyeuny = Tpo- A pu t — 0,
T — .
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