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MoctaHoBKa Hp06/IeMbl.' nMpoeKTupoBaHune OTKa30yCTOI:1HMBbIX BbIYUCAUTEABHbIX CUCTEM, paéOTal-OLLLMX B YCAOBUSAX MOBbI-
LIEHHOM paanaumnu, Tpe6yer OLEHKWN BAUAHNA C6088, 3aKAHHAKLLUMXCA B UCKaXEHUU MHPOPMaLIMKU Npu MornasaHnn 3apskeH-
HOM YacTULibl. CpeactBa aHaam3a HapAEXKHOCTM TaKMX CUCTEM AOMKHbI YYUTbIBaTb BO3SHUKHOBEHME TaKmX cboeB, a TaKkxe Mo-
A€AnpoBaTb BAUAHUE CPEACTB NMepruoANYEeCKOro BOCCTaHOBAEHHUA UCKaXeHHOM UHGOpMaLMK, MPUMEHAEMbIX AAS [TOBbILLEHUS
XapaKTepUCTUK HaAEXHOCTH. LieAb: onpeaseneHmne rpaHuL, npUMeHUMOCTU METOAOB aHaam3a HaAEXXHOCTH, OCHOBaHHbIX Ha UC-
NMOoAb30BaHUN aHaAUTUYECKUX U UMUTaLIMOHHbIX MOAe/\eI;I, AN OLEHKW HaAE€XHOCTU CUCTEM C NEPUOANYECKNUM BOCCTaHOBAE-
HUWeM; cpaBHeHUe pe3yAbTatoB aHaAu3a rnokasarener HapeXHOCTU BOCCTaHaBAMBAEMOW CUCTEMbI, MOAYYEHHbIX C MOMOLLbIHO
aHaAUTUYECKOM M UMMTaLIMOHHOM MOAEAE. Pe3yAbTartsbl: C MOMOLLbIO aHaAUTUUYECKOM M UMMTaLIMOHHOM MOAEAes Nnpon3BEAEH
pacyetr u aHann3 BpemMeHU Hapaéomm BOCCTaHaBAMBAEMOM CUCTEMbI AO OTKa3a. BbISIBAEHO, UYTO HaAn4ue AETePMUHNPOBAH-
HbIX MPpoLeccoB BOCCTAHOBAEHUA OrpaHuynBaet npuMeHUMOCTb TPAAULMNOHHbIX METOAOB OLIEHKN HAaAEXHOCTU, TaKUX KaK Mo-
CTpoeHune MapKOBCKOl;I MOAEAM U AOTMKO-BEPOATHOCTHbIE METOAbI. OnpeaeneHa HeobxoAMMOCTb y4vetra BAUAHUA nporpaMmHoO-
ro obecneyeHus Py NPOEKTUPOBAHUM CUCTEM C NMEPUOANYECKUM BOCCTaHOBAEHMEM. lIpaKTUYeCcKas 3HaYUMOCTb: 6/\aroAapﬂ
npoBEeAEHHbIM MCCAEAOBaHUAM OlNpeAEeAeHbl obractu nMoUMeHeHUs MOAEAEHN HAaAEXKHOCTH Pa3HOIro BUAa Ha pPa3An4yHbIX atarnax
NMPOEKTUPOBaHUA OTKa30yCTOI:1‘-IMBbIX BOCCTaHaBAMBaeMbIX BbIYNCAUTEAbHbIX CUCTEM.

KaroueBble cAoBa — MMUTALMOHHOE MOAEAMPOBAHME, HAAEXHOCTb BOCCTaHaBAMBaEMbIX CUCTEM, PaAHaLMOHHO-CTOM-
Kasi BbIYNCAUTEAbHAS CUCTEMA, MapPKOBCKas MOAEAb, CTDYKTYPHOE pe3epBUpOBaHMe, MHPOPMAaLMOHHAsA M30bITOUHOCTb.

BBenenue

W3 paboT, mOCBANIEHHBIX NCCJEIOBAHUIO BJIMUA-
HUS pagualiiy Ha IOJYIPOBOTHUKOBBIE CTPYKTY-
pbl [1-3], usBecTHO, UTO IIOMaJaHUE 3aPAKEHHBIX
yacTul, Hambojiee YacTO HPUBOAUT K IIOSBIIEHUIO
JIOXKHBIX MMIYJIbCOB HA BBIXOAAX JOTUUYECKUX dJIe-
MEHTOB M COXPAHEHUIO MCKAKEHHON MH(pOpMAIUN
B TpUITEpax, WHBIMU CJIOBAMHU, K BO3HUKHOBEHUIO
«MATKUX» (MHPOPMAIIMOHHBIX) O0TKa30B. IIpu sTom
amnrmaparypa IpoaoJiKaeT HaXOJUTHCSI B paboTOCIO-
COGHOM COCTOSHUM, 4 9TO 3HAUUT, UTO 34 CUET MMe-
forreiicss BpeMeHHO# M30bITOUHOCTH U CIIeINAaJIbHOI
OpPraHM3aIluy BBIYMCJIUTEIHLHOTO IIPOIlecca MOXKHO
obecrieunuTh IEPUOAUYECKOEe BOCCTAHOBJIEHUE II0-
BpeKIeHHON MH(MOPMAIMU ¥ BO3BPATUTH YPOBEHD
paboTOCIIOCOGHOCTY YCTPOMCTBA K HAYAJbHOMY CO-
CTOSTHUIO.

CraTtucTruuecKue uccjefoBaHusd [4] moKas3bIBaIoT,
YTO IIOJIHOE PAas3pyIleH’e CTPYKTYPBI MOJYIIPOBO-
HUKa, KOTOpOe BJIeUeT OKOHUYATEJIbHBIN BBIXOJ dJIe-
MeHTOB BuIUMcaAUTeNbHOI cucteMmbl (BC) us crpos,
IIPOMCXOAUT B COTHU Pa3 PeXKe «MATKUX» OTKa30B.
ATo MeHseT B3IVIAL Ha OPraHm3aIlfuio IIPOEKTHUPO-
BAHUSA OTKA30YCTONUMBBIX CHUCTEM, IIOCKOJBLKY pac-
TpOoCTPaHEeHHBIE B TPAAUIIMOHHBIX IIOAX0ZAaX METO-
Ibl CTPYKTYPHOI'O Pe3ePBUPOBAHUS, UCIIOIb3yeMbIe

mpu 6opbbe ¢ HeBOCCTAHABJIMBAEMBIMH OTKA3aMU,
OJI’KHBI OBITH JOIIOJTHEHBI CPEICTBAMU IIePUOaUUe-
CKOT'0 BOCCTAHOBJIEHUS TOBPEKJAEHHOH HMHpOpMa-
IUU, YTO CYII[eCTBEHHO MOBLICUT HAJEKHOCTh CHCTE-
MblI. TaKo# TOAX0/ TPUBOAUT K HOBBIM apXUTEKTYP-
HBIM PeIleHUIM.

B paborax [5, 6] mpeagokeH mOAX0 K ITPOEKTH-
poBanuioo BC, ocHOBaHHBIII Ha IIPEACTaBJIEHUU CH-
CTeMbl B BUJe ceTu (PYHKIIMOHAIBHBIX O0JOKOB (KO-
HEYHOT'0 aBTOMATA C TaMATHIO UJIX MOAYJISA IaMATH),
BHYTPH KOTOPBIX PEAJUIYIOTCS CPEACTBA 3aIl[UTHI
OT «MATKUX» OTKAa30B IIyTEeM MEPUOANYECKOT0 BOC-
cTaHOBJIEHUS WHGOPMAIIUU C IIOMOIILI0 CTPYKTYP-
HOTO pe3epPBUPOBAHUSA [JIsI KOHEUHBIX aBTOMATOB
W HCIIOJB30BAHUS KOPPEKTUPYIOIIUX KOIOB C IC-
IpaBJieHreM OMINOOK AJisi 0JIOKOB ITIaMSTH.

Opranusamnusa BOCCTaHOBJIEHUS BJIEUET 3a cO0O0M
HOBBIE TPeOOBaHUSA K aHAJIU3Y HAJEIKHOCTH U K MO-
IeJaaM HaJesKHOCTU. AHaIUTUYeCKHe MO, OCHO-
BaHHBIE HA BEPOSATHOCTHOM OIleHKE BOBHUKHOBEHUS
OTKa30B, IPUMEHUMBI JJIs CJAydYaeB, KOT/a cpeaHee
BpeMsA MeXKIY OIBYMSA «MATKUMHI» OTKAa3aMu 3HAUU-
TeJIbHO MEHBLIIIe IIePHOJa BOCCTAHOBJEHUA WHOOP-
Manuu. IIpy HeZoCTAaTOUHON BPEeMEHHOH M30LITOY-
HOCTHU B CHICTEME 3TU OTPAHUUYCHUSA MOT'YT HE BBIIIOJI-
HATbCA. B Takol cutyanuu TpebyioTcsa MOAe U Ha-
IEeKHOCTH, YUUTHIBAIOIINE PEryJsapHbIe IIPOIeCChI
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BOCCTAHOBJIEHUSA U BINAHNE JIOTUKU IIPOIPAMMHOTO
obecmeueHnsA Ha IIPOIECCHI B cuUCTeMe. ITUM 000-
CHOBAHO IPHMEHEHNe MeToa OIeHKI, 0a3upyrole-
rocs Ha IIPOrPAMMHON MMHUTAIIAN IIPOIECCOB, IIPO-
TEKAIOIINX B cucTeMe (TaKMX KaK BO3SHUKHOBEHNE
OTKa30B, BOCCTAHOBJIeHNe MH(MOPMAINM, AeiCTBUE
BBIUMCJINTEILHOTO IpoIecca 1 T. 1.), T. €. UMUATAIH-
OHHBIX MOJIeJIeH.

B Hacrosieir pabote mpeasgaraeTca peaausanusa
UMUTAIIMOHHONM MOAENN HAaAeXKHOCTU, IT03BOJISIO-
el yYUTHIBATH BJIMAHNE IIPOIECCOB BOCCTAHOBJIE-
HUA Ha paboTocmocoGHOCTL cucTeMbl. C IIOMOIITBIO
ITaHHOM MMUTAIIMOHHON MOJEJIN IPOU3BOAUTCS OIleH-
Ka CUCTeMbI CO CTPYKTYPHOU M30BITOUHOCTHIO W BOC-
CTAHOBJIEHUEM.

O0BeKT uccaexoBaHus

I1a narocTpanuy UCIOJIb30BAHUA aHAJIUTIUE-
CKUX U UMUTAIIMOHHON MOJeJell OIleHUM CTPYKTYP-
HYIO HaJeKHOCTh (h)parMeHTa CTPYKTYPHI (puc. 1).

IIpencraBienHas CTPYKTYpPa ABJIAETCA YaCTHBIM
caydyaeM O0OOIITeHHOU CTPYKTYpPHI (cM. puc. 2), uc-
IOJIb3YeMOIl TIPU HPOEKTUPOBAHUU OTKAa30yCTOIi-
yuBbIXx BC, oCHOBaHHOM Ha pas0MeHUU CUCTEeMbI Ha
He3aBUCHUMBIE OJIOKV C MEPUOTUYECKUM BOCCTAHOB-
JeHneM paboTocrocobHOro cocrosaHuA Osoxa [T7].
Takoe moCTpoeHME CTPYKTYPHI 0O0CHOBAHO AJISA He-
BOCCTaHABJIUBAEMBIX CHCTEM U COOTBETCTBYET «IO0-
MEHHOM» OpraHu3alui, OOIYCKAIOI[ell MacIiTa-
OupoBaHme ypOBHA pesepBupoBanHusa. CTpyKTypa
obecrieurBaeT GJIOKMPOBAHNE PACIPOCTPAHEHUS OT-
KaB30B 3a IIPe/eJIbl OJI0Ka KaK JJIA HeBOCCTaHABJIUBA-
eMBbIX, TaK U IJIAd «MATKUX» OTKA30B.

Br160p 9TOM CTPYKTYPHI O0YCJIOBJIEH TaKIKe TEM,
YTO MMEHHO JJiA Hee B pabote [8] mosyueHa anaau-
TUYEeCKas MOJeJb pacueTa IIOKasaTesiell HaIes -
HOCTU C YYETOM IePUOAMYECKOr0 BOCCTAHOBJIEHUA
«MATKHX» 0TKa30B. C 5TOl aHAJUTHUYECKON Moje-

1,[0..2] f:: Vi A, T 04[0..2]
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1,[0..2] f:’"_ Vy A, —>0,0..2]
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I50..2] f::’ Vs A; T 040..2]

B Puc. 1. Uccnenyemslit (pparMeHT CTPYKTYpPBIL: I, Iy,
I3 — BxoxaHbIe faHHBIE; Vi, V,, V3 — rpynmsl
TPOMPOBAHHBLIX MasKOPUTApOB; Ay, Ay, Ag —
TPYIIIBI TPDOMPOBAHHBIX OJIOKOB THUIIA «KOHEU-
HBIJI aBTOMAT C HaMATBHIO» C IEePUOAUUECKUM
BOCCTAaHOBJIEHHEM (Kaskaas TpOiiKa OJIOKOB
UMeeT CBOII COOCTBEHHBIN ITePUOJ BOCCTAHOB-
nerua Ty, Ty, Ts); Oy, Oy, O3 — BBIXOIBI TPO-
MPOBAHHBIX OJIOKOB

JIbIO Oy/IeM CpaBHUBATh PacueThl Ha MMUTAIMOHHOM
mozean. Bompoc o 1esecoo0pasHOCTH MOAU(PUKA-
Y CTPYKTYPHI IPUMEHUTENLHO K CJyYaio IIpeBa-
JIUPOBAHUSA MATKUX OTKAa30B TPedyeT OTAeJBLHOTO
paccMOTpeHUs.

Ecau B KakKoM-1160 6JIOKEe ITPOU30IIes OJUH OT-
Kas 3a IepuoJ; BOCCTAHOBJIEHU:A, OH HUKAK He CKa-
JKeTesa Ha QYHKIIMOHUPOBAHUU APYTUX, CBABAHHBIX
C ero BeIXOAaMu, O6JIOKOB Ojiaromaps MasKopuTapam,
PacIoIo;KeHHBIM Ha X BXOAaX.

Cucrema cumTaeTrcsi paboTOCIIOCOOHOM, ecau Ha
KaKJoM u3 BeIX0Z0B O, O,, O5 BBICTaBJIE€HLI KOP-
PeKTHBIe JaHHbIe. OTO YCJIOBUE BBIIIOJHSIETCS, €CJIN
Ha BBIXOJle KaXKJI0ro OJIOKa IIPHUCYTCTBYeT He OoJiee
OIHOT'0 UCKAKEHHOTO CUTHAJIA U3 TPeX.

Ha mpumepe u3 puc. 1 mpogeMoHCTPUPYeM pacueT
HMHTeHCUBHOCTH IIOTOKA OTKa30B Ha BeIxogax O, O,
O3 B 3aBHCHMOCTH OT MHTEHCUBHOCTHU BOCCTaHOBJIE-
HUA nHQOpMaNuu B 010Kax Ay = A, IPK 3aJaHHBIX
BHAUEHUAX:

— MHTEHCUBHOCTH COOCTBEHHBIX OTKA30B KasKI0-
I'0 9K3eMILIAPa B TPOiiKe 6JI0KOB Ay = A, ;

— MHTEHCUBHOCTH COOCTBEHHBIX OTKA30B KaKI0-
ro Ma)xopuTapa B Tpoiike Vy=30,.

IMoagxonnl
K aHAJIUTHIECKOMY pacuery

Amnanurnueckas oleHKa JaHHOUN CUCTEMbI MOKET
OBITH TPOM3BEZEHA OJHUM U3 CIEAYIOIINX METOOB:

— KOMOMHATOPHOM OIIEHKOM BO3HUKHOBEHUS
Pa3IMUYHBIX KOMOMHAIIUNA OTKA30B B 0JIOKAX U MOJIY-
YeHNEM aHAJUTUUECKON (POPMYJIBI A pacuera 06-
el BEpOSATHOCTH OTKAa3a CUCTeMHEI [8];

— IIOCTPOEHWEM MaPKOBCKOU MOJEJIU U ee pelre-
HueM [9];

— IIOCTPOEHMWEM JIOTHUYECKO# (GpyHKIMU paboTo-
CIIOCOOHOT'O COCTOSHUS U €€ PeIleHUeM JIOTUKO-Be-
poATHOCTHBIMEU MeTomamu [10, 11].

KomOunHaTOpHAA Ol[EHKA

B pab6ore [8] BBIBOAUTCA 00600IIeHHAsA (hopMmMy-
Jia, OIeHMBAOIaA HAJEKHOCTh OTKAa30yCTOMYNBOMN
CTPYKTYpPHI (puC. 2), COCTOAIEN W3 TPOUPOBAHHBIX
MasKOPUTapoB V; Ha BXofe U MOAKIIOUEHHBIX K HUM
TPOMPOBAHHBIX IIEPUOANUYECKN BOCCTAHABJINBAEMBIX
0/10K0B A,,. [laHHaA CTPYKTypa ABJAETCA 0000IIeHN-
eM mcciaeayeMon (cMm. puc. 1) ¢ COOTBETCTBYIOIIUMU
HAaMMEHOBAHUAMU JJIEMEHTOB.

3aBHUCHUMOCTh MHTEHCHUBHOCTH TIOTOKA OTKAa30B
Ha BBIXOZE OJIOKA OT IIapaMeTPOB BOCCTAHOBJIEHUS
ompezesigeTcA mo hopMmyJie

2 2
hs=8 D Aitgi+3 > 8iKitR max()*
jel:N,, jel:N,

+6 > 88, Kjptr maxiy +6 D Sikjtr;. (D)
j.keLiN, icliN,
jeout(i)
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B Puc. 2. O60011IeHHAs CTPYKTYPa COeNHEHNI OTKAa30-
YCTOMYUBBIX OJIOKOB

B dopmyne (1) ucnosb3oBaHbI caenyoIe 060-
3HAUYEHUA:

A, — MHTEHCUBHOCTb OTKAa30B Ha BBIX0JaX CTPYK-
TYp&I (CM. puc. 2);

N, — KOJIn4ecTBO TPOUPOBAHHLIX GJIOKOB;

N,— KOIHM4YeCTBO TPOMPOBAHHBIX MaKOPUTAPOB;

K — Koa(puIimeHT KPaTHOCTHU IIePHUOJ0B 00HOB-
genud B 6sokax (1 < K < 2). IIpu KpaTHBIX IIepUOAaxX
obHoBJeHUuA K = 1;

out:V —» 2M — pyHKNUA, onpeneadoNiad MHO-
JKEeCTBO TPOEK Y3JI0B, IMOAKJIIOUEHHBIX K BBIXOJAM
3alaHHOU TPOUKY Ma’KOPUTAPOB;

7‘1‘ — HMHTEHCUBHOCTH COOCTBEHHBLIX OTKA30B K-
3eMILIAPOB OJIOKA j;
6]. — UWHTEHCHUBHOCTbL OTKAa30B MasKopuTapa j.

CTOUT OTMETUTH, UTO HTA BEJIUUYNHA OTPAKAET TOJIb-
KO OTKas3bl Ma’KOPUTAPOB, OKAa3aBIlIe HEI0oCpe[-
CTBEHHOE BJINJHIE HA IOIKJIIOUEHHBIN K HIM OJIOK,
T. €. TIOBJIEKINIe WN3MeHEHUe COCTOSHUS IIaMATHU
6Jioka. IIpu paccMoTpeHUN «MATKUX» OTKAa30B HE00-
XOANMO YUYUTHIBATh, UTO HE KarkI0oe momagaHue 3a-
PAMKEHHON YaCTUIILI B 00J1aCTh MasKopUTapa BJaeueT
3a co0oii cOoii B paboTe IMOAKJIIOUEHHOTO aBTOMAaTa.
HagBenenuble UMITyJIbChI, HE COXPAHUBIIIHECS B Te-
YeHMre BCEro BPEMEHU yIePKaHUs 3al0MUHAOIIEro
5JIeMEeHTa, He BbI30BYT 3aIIOMUHAHUS UCKAMKEHHOTO
o6ura. Taxkike mpuU OIleHKE BJIUSHUS MasKOPUTAPOB
HEOoOXOAVMMO YUUTHIBATH OCOOEHHOCTH UX CTPYKTY-
pBl — KaK MUHHUMYM TOT (PaKT, UTO BEPOATHOCTh
MOMAJAaHUsI YACTUIILI IIPSMO IIPOMOPIIMOHAJIbHA
IO, 3aHMMAaeMoli 9JIeMeHTOM Ha KpucTaJiie,
KoTopas [IJsi MaKOPUTAPOB OTHOCHUTEJIBbHO MaJia.

BrlimmenepeuncieHHble TPUUYMHBI yMEHBIIIAIOT Be-
POATHOCTH OTKAa3a CUCTEMbI M3-3a CO0EB B MaKOpU-
TapaxX ¥ YMEHBINAIOT UX CTPYKTYPHYIO 3HAUNMOCTH
C TOUKY 3pEHUA HAJIEIKHOCTHU;

tg;j — TEPHOJ BOCCTAHOBJIEHUS 0JI0Ka j;

UR max(j, k) — MAKCHMAJBHBIN U3 IEPHOJOB BOC-
CTaHOBJIEHU OJIOKOB j U k.

IIpu monyuenuu popmyJisl (1) IpUHUMAJIUCH CJIe-
IYIOIIVe TOMYIIeHUA:

— B 9JIEMEHTe B TeueHUe IIepHoJa BOCCTAHOBJIE-
HUS BOSHHUKAET He 0oJiee IBYX OTKAa30B (IIPEIOoJo-
JKeHUe O HaJIMYUU JOCTATOUYHOTO Pe3epBa BPeMeHU
s obeceueHU ST HY»KHOM MHTEHCUBHOCTHU PeryJsap-
HOT'O BOCCTAHOBJIEHU);

— OTCYTCTBYIOT HEBOCCTAHABJIMBAaEeMbIe OTKA3HEI.

OnuH 13 OCHOBHBLIX BBIBOIOB, TOJYUYEHHBIX U3
dopmyssl (1): MHTEHCUBHOCTh OTKAa30B HAa BBIXOZE
TPOUPOBAHHBIX OJOKOB HAXOOUTCA B HPSIMOU JIH-
HEWHOW 3aBUCUMOCTHU OT TEPUOJa BOCCTAHOBJIEHUSA
0JIOKOB.

MapKoBCKasi MOIeJIb

IIpu npoBemeHny KOMOMHATOPHON OIEHKU IIPU-
XOAUTCS OTPAHUYMBATL KOJMUYECTBO paccMaTpuBa-
eMBbIX COOBLITHI, BOBHHKAIOIMX 3a IIePUOJ BOCCTA-
HOBJIEHUHA, UYTOOBI COKPATUTH KOJUUYECTBO AHAJIU-
3UPYEeMBIX KOMOMHAIIUHA U YIPOCTUTH TEM CAMBIM
UTOTOBOE BBIpaKeHMNEe. ITOTO OTPAHUUYEHUA MOXKHO
u30eKaTh, €CJIU BBIJEJUTHL BCE BO3SMOJKHBIE COCTO-
AHUSA cucTeMbl (IIOJIHOCThI0 PabOTOCIIOCOOHOE U CO-
CTOAHUA C YACTUUHON [Ierpajainmeil B pe3yabTare
OTKAa30B 9K3eMILIAPOB OJIOKOB U MAa’KOPUTAPOB) U
OPEeNCTaBUTH CUCTEMY B BUJE MAapPKOBCKOI MOZEJIN.
B sTOM ciryuae MOMKHO IIOJYUYUTh TOUHBIN Pe3yIbTaT
IyTeM PeIleHnsi CUCTEMbI aJredpandyecKux ypaBHe-
auit Yenmena — Koamoroposa [9].

OpHaKo MApKOBCKAas MOZEeJIb HaKJIaAbIBaeT orpa-
HUYEHUA CIEYIOIIeTo poja:

— BEeJIUYWHBLI WHTEPBAJIOB BPEMEHU MEXKIy OT-
KasaMM U TIePUOIOB MEXK Y BOCCTAHOBJICHUSIMU TIOT-
YMHAIOTCA SKCIOHEHIIMAJILHOMY 3aKOHY pacIpeze-
JIEHUSA CIYUYANHO BeIMUNHBI;

— POCT CJIO}KHOCTU CHUCTEMBI BeNEeT K PE3KOMY
YBEJIUYEHUIO YKCJIa COCTOSTHU, UTO IIPUBOIUT K yC-
JIO’KHEHWIO CUCTEMbI YPaBHEHUH 1 ee pPelleHns.

ITepBoe orpaHuUYeHmne 3HAUUTEJBHO 3aTPYAHIET
aHaJIN3 CUCTEM C JeTePMHUHUPOBAHHBIM BOCCTAHOB-
genueM. K mpumepy, pacCMOTPpUM HOBeNEeHUE HEKO-
TOPOT'O 9JIeMeHTa CUCTEMBI, YCTONUNBOTO K IOSBJIE-
HUIO ONHOKPATHOrO cOOs 3a MeTepMUHUPOBAHHBIN
mepuoy BoccranoBaenus T, ... = 1/, IloTok oTka-
30B IYaCCOHOBCKUM C MHTEHCUBHOCTHIO A.

JJ1a mocTpoeHA MapKOBCKOM MOJEJIN TaKOU Cu-
CTEMBI HEOOXOIMMO IPUHATH AOMYIIleHre 00 9KCIIO-
HEHIIMAJbHOM 3aKOHE pacIIipe[esieHus WHTePBaJIOB
MEXXIy COOBITMAMMN KaK IIOTOKA BOCCTAHOBJIEHUS,
TaK W IMOTOKa OTKa30B. Mojeab OyaeT MMeTh BHU,
IpeacTaBJIeHHBIN Ha puc. 3.
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B Puc.3. Momenb COCTOSTHUM 3J€MeHTa, YCTOMYHBOTO
K OJHOKpaTHOMY c6OI0

IIycrs A,.= 1,0, A = 0,2. Torga omenka cpefHero
BpeMeHu T 10 mepexojga B HEPabOTOCIIOCOOHOE COo-
crosuame X M3 MOJHOCTHIO PAOOTOCIIOCOOHOTO COCTO-
aausg OK 1 cocToSHUSA ¢ YaCTUUHOM Jerpamamuei
ERR (error) Ha oCHOBaHUU MapKOBCKOM MOJeIU Ja-
et pesyabrar T = 33,78 (HeKOppPeKTHAas OIleHKAa).

IIpu wucmonb3oBaHWMU KOMOWHATOPHOTO MeETOHA
(KOPPEKTHOM OITeHKM) He0OXOIMMO OIeHUTEH BEPOSAT-
HOCTb BO3HUKHOBEHUSA IBYX U 00Jiee OTKA30B 3a Ie-
puon BoccraHoBiaenud 1,0. Tak KaK IOTOK OTKAa30B
IYaCCOHOBCKUI, 9TAa BEePOATHOCTH IIPUOIMIKEHHO

0 ) kne—k
paBHa P = Z P(n)= —'z0,0IS. HanHasa Be-

n=2 n=2 :
JUYNHA ONpeesideT cpeaHee KOJNUYECTBO IEePUOI0B
BOCCTAHOBJIEHUS, MIPOIIEAINNX 10 BOSHUKHOBEHUS
mepBoro c60s, U IT03BOJISAET OIeHUTh CpeHee BpeMs
HapaboTKu g0 oTKaza T = Taocer = L0 =55,56.

P, 0,018

Pacxo:keHne B pesyabTaTaX OLEHKU CpPeIHero
BpeMeH! HapaOOTKU ABYMS METOJaMU UJIIIOCTPUPY-
eT HEeKOPPEKTHOCTh AOMYIIeHUA 00 9KCIIOHEHI[UAb-
HOM B3aKOHEe pacIipelesieHUs IeproJa BOCCTAaHOBJIE-
HUS, UCIIOJIB30BAHHOT'O ITPHU ITOCTPOEHUY MapPKOBCKOIA
Momenu (IpU Mepexofie M3 COCTOSHUS B COCTOSHUE
MapKOBCKAa s MOJIEJIb «3a0bIBAET» IPEABICTOPHUIO IIEpe-
Xofa U, CJIeI0BaTeIbHO, MH(POPMAIIUIO O TOM, CKOJIb-
KO BPeMEHU OCTAJIOCH 10 HACTYILIEHUS CJIeIYIOIIEero
MOMEHTAa BOCCTaHOBJIEHUS).

JIOTMKO-BEePOSITHOCTHBIE METOIBI

PaccmoTpeHne MCIOJL30BAHUS JIOTHKO-BEPOST-
HOCTHBIX MeTonoB [10, 11] BEIXOAUT 3a pAMKU JaHHOI
cratbu. JIUIb OTMETUM, UTO IIPUMEHEeHNe 3TUX Me-
TOZOB II0 CPABHEHUIO ¢ MAPKOBCKUMU MOJEJIAMU 3a-
YacTyio u36aBJIAET OT TPYAOEMKOT'0 IIOCTPOEHUA MO-
eI COCTOSIHUI CHCTEMBI, HO COXpaHseT OrpaHu-
YeHUA Ha 3aKOH pacIpeleieHUs WHTEeHCUBHOCTEH
OTKAa30B U BOCCTAHOBJEHUI, XapaKTepHbIe IJId IMPU-
MeHEeHH!s MapKOBCKOUW MOJeJN, a TaKiKe J00aBJIsgeT
TpeboBaHe HE3aBUCUMOCTU COOBITUHM OTKa30B, BO3-
HUKAIOINX B 3JIEMEHTAX CUCTEMBI.

IIpymeHeHNMEe MMUTAIIMOHHON MOIEJIN

Ilensr npuMeHeHUS MMUTAIUOHHON Mojenau —
TMoJyueHre XapaKTepPUCTUK HAIeKHOCTH IJd CU-
cTeM, He YKJIAIbIBAIOIINXCSA B OTPAaHUYEHUA TPAIN-
IUOHHBIX AHAJUTUUYECKIX MOJIEJIe.

Haa sroro Ha 9BM npomsBOAUTCA MOIEJIUPO-
BaHWE TIOCJIeIOBATEIHLHOCTH BO3HUKIIUX B CHUCTE-
Me COOBITHH U ee peaKIuii Ha HUX (9KCIIEPUMEHT).
IKCIIepUMEHT 3aKaHUYMBAEeTCA NPU HACTYIJIEHUU
OIIPeIeJIEHHOTO YCJIOBUA (HampuMep, IIPU Iepexofe
CUCTeMBI B HEPaOOTOCIIOCOOHOE COCTOSHME UMW IO
WCTEeUYEeHUY BPpeMEeHU MOJAEeTNPOBAHMS).

B kKauecTBe MMHUTAIIMOHHBIX MOJeJeil HaleXHO-
CTH B Pa3JMUYHBLIX paboTax MIpeaaaraiTcs Jubdo Mo-
nIesu o01Iero Ha3HaueHuA (K mpuMepy, cetu I[letpn),
aubo crenuaIu3upOBaHHBIE, OPUEHTUPOBAHHBIE HA
OIIEHKY HaeKHOCTH creruuuyeckux cucrem [12].

NmuranuonHasd MOAeJNb, IIPeNJ0oKeHHAsa B TaH-
HOU paboTe, IMeeT CXOICTBA C MAPKOBCKOIA:

— IJIs ee TIOCTPOEHUA 3aJAI0TCSI COCTOAHUSA CU-
CTeMbI, OIpeesseMble MOCJeI0BATEILHOCTHIO BO3-
HUKINUX B cucTeMe c00eB (COCTOSHUA YaCTUUHON
nerpajanum);

— MeXKJY COCTOAHUAMU 3aJal0OTCA IIE€PEXOIHbI,
TJIaBHBbIE IPUUYNHBI KOTOPHIX — BO3HUKHOBEHUE OT-
Kas30B U COOBITHII BOCCTAHOBJIEHHs. Bec mepexoma
3a/1aeT MHTEHCUBHOCTh BOSHUKHOBEHUS JaHHOTO CO-
OBITHS.

C mpyroit CTOPOHBI, UMUTAIMOHHASI MOJEJHb pac-
MIUPAET BO3BMOXKHOCTY MAaPKOBCKUX MOJEJIET:

1. NaTEepBas bl BpeMEHU MEKAY IepexomaMu He
00A3aTeIbHO TOAYMHEHBI SKCIIOHEHIIMAJIbHOMY 3a-
KOHY pacipeesieHus CJOYUYalHOi BeJIWYUHBI. B 00-
IIeM cJIy4yae uMeeTcsA BOZMOKHOCTh BBIOOpa 3aKOHA
pacupefiesieHUA U TapaMeTpoB QYHKIIUU pacirpene-
JIEHUs I JAaHHOTO 3aKOHA. B wacTHOCTU, MOIKeET
OBITH 3a[laH AEeTePMUHUPOBAHHBIN MHTEPBAJ Bpeme-
HU, Yyepe3 KOTOPBIA OCYIIECTBJIAETCA MEPEeX0, UTO
TI0JIE3HO JJIA MOJEeJIUPOBAHUA IIPOIECCOB BOCCTAHOB-
JIeHUA.

2. Muorue coObBITHS, BO3HHKAIOIIE B CHCTEME,
He 3aBUCAT OT ee TeKYIIero cocroanusa. Hampuwmep,
BOCCTAHOBJIEHVIE IIPOUCXOAUT uYepe3 (DUKCHUPOBAH-
Hble MOMEHTHI BPeMeHI!, B KaKOM OBbl COCTOSHUU
cucTeMa He HaXouJjaach. Takue ABJIEHUA MOKHO 3a-
JlaTh C IIOMOIIIBIO TeHepaTopa II00aJTbHBIX COOBITHI
(Global Events Generator). Taxxe B Mogeu ompese-
JIAETCS PeaKIINA CUCTEMBI HA 3TU COOBITUSA, KOTOpasd
B 00II[eM cJyuae 3aBHUCUT OT TEKYIIer0 COCTOAHUA.

3. MapkoBckaa wmozesb TpebyeT ompemeseHUs
BCeX BO3MOJKHBIX COCTOSHUM CHCTEMBI U IIEPEX00B
Mexxay Humu. asa cucrembr u3 puc. 1 TpebGoBasioch
ObI BBIJEJIUTH OTAEJbHOE COCTOAHHNE JIs KasKIOHi
BO3MOJKHOM KOMOWHAIIMM OTKA3aBIIUX JJI€MeH-
TOB — MAasXKOpUTapoB 1 0J10K0B. Mozess B 9TOM CIy-
Jae comep:kaJtia 061 22 coctrosguuA. Ilpu BospacTaHu"
CJIOXKHOCTHY CUCTEMBI KOJIMUYECTBO €€ COCTOSHUI BO3-
pactajo Obl emle 3HauuUTesJbHee. [[Ia ycTpaHeHUA
YIIOMAHYTOT'O OTPaHWYEHUSA NpenJjiaraercda IIpes-
CTaBUTh UMUTAIIMOHHYIO MOJEJb B BUe CETH Hesa-
BUCUMBIX I'pad)OB COCTOSHMI, BBAMMOCBA3L MEXKIY
KOTOPBIMU OOecIieurMBaeTCs IIyTeM Ilepeadu CUT-
HaJIOB (MMEHOBAHHBIX COOBITHII) OT omHOro rpada
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K apyromy. Takoro poga coObITHE IOPOKIaeTCs rpa-
(oM pu BOSHUKHOBEHUYU B HEM IIepPeX0/ia U3 COCTO-
AHUS B cocToAHUe. JlaHHOEe COOBITHME MOJYKET CTaTh
IIPUYMHON IIepexosa MeK Iy COCTOSHUSMU B IPYTIUX
rpadax. Takoil mogxo MTO3BOJIAET IIePEUTH OT MOJie-
JIMPOBAHUS CJIOKHON CHUCTEMBI K MOIEJIUPOBAHUIO
HECKOJIBKUX IIPOCTHIX CO 3HAUUTEIHHO MEHBIINM
KOJIMYECTBOM COCTOSHUIM.

4. CnenctBueM u3 I. 3 ABJSETCA TO, UTO pado-
TOCHOCOOHOCTE ceTu rpad)oB 3aJaeTcsa B BUIE JIOTHU-
yeckoii ¢pyurmuu (Health Function), sasucsaimeit
OT TEKYII[er0 COCTOAHUSA 3aJaHHOTO IOJMHOKECTBA
rpadoB (HemmocpeaCcTBEHHO OIIPeIe Isaioniero paboTo-
CIIOCOOHOCTDH CUCTEMBI), BXOASAIIINX B COCTAB CETH.

PesysnbTaToM pacueTa MOAEJIH SBIAETCH:

— BEepPOSTHOCTHAA (PYHKIINI PA00TOCIIOCOOHOCT;

— cpenHee BpeMsA HapabOTKHU IO OTKAa3a;

— OIIEHKAa IIOI'PEIIIHOCTH PACCUYMTAHHBIX XapaK-
TEePUCTUK.

IIpumep pacuera

ITpu pacuete cucTeMsI (CM. puc. 1) HCIOTB3YIOTCA
cJeAyIOINe MOIYIIeHUs M OTHOCUTEJbHbIe 3Haue-
HUSA:

— IIOTOK OTKAa30B B OJIOKaX U MakKOpuUTapax faB-
JISIeTCS ITyaCCOHOBCKUM;

— OTCYTCTBYIOT HEBOCCTAaHABJIWBAaeMble OTKAa3hI
B 9JIeMeHTaX;

— MHTEHCUBHOCTH OTKA30B BCEX 9K3EeMILISPOB
6/0KOB A, Ay, A3 PABHBI A = A; = kg = Ay = 1,0;

— MHTEHCUBHOCTH OTKA30B BCEX 9K3eMILISPOB
MaxKopuTapoB Vi, V,, V3 paBHEI § = §; = 85 = 63=0,01;

— TIepuoj BOCCTAaHOBJIeHUS OJIOKOB A, Ay, A ne-
TePMHUHHPOBAH 1 PaBeH t,.= 1/A,.

AHaaumuyeckas OUueHKA KOMOUHAMODPHbLM Me-
modom.

JJia aHaIuTUYecKoi OlleHKY IPUMeHUM (hopMy-
ay (1), koropas o JaHHOU CTPYKTYPhI UMEeT BUJ,

by =3(AJt, +13t, +13¢, )+ 3(53t, +55¢, + 03¢, )+
+6(818at, +8283t, )+
+6(81 018, +81A9t, +8ohot, +39hgt, + B33t )=
—3t,(322+ 752 +1023). )

Dopwmyia (2) onpenenseT UHTEHCUBHOCTD ITIOTOKA
OTKa30B HCCJIeIyeMOH CTPYKTYDHI.

OyenkKa umMumayuoHHuLM MOOeSUPOBAHUECM.

NMuranuoHHas MOJeNb IJs CTPYKTYPbBI, IIpe.-
CTaBJIEHHOII Ha puc. 1, MoKeT OBLITH peasii30BaHa
CeThIO U3 CIAeNYIOINX Ipad)oB ¢ HE3ABUCUMBIMU CO-
CTOSTHUAMU:

V15> Vg, V3 — npuMuTuBHBIE rPadbl, MOAEIUPYIO-
mye cOOBITHUSA OTKA30B B COOTBETCTBYIOIINX MaiKo-
purapax;

A,[1], Ay[2], A[8] — rpadsl cocTosHMIT BK3EM-
ILIAPOB TPOMPOBAHHOTO OJI0Ka Ay;

A,[1], Ay[2], Ay[3] — amanoruuHo Ayia O610Ka Ay;

Ag[1], Ag[2], Ag[3] — amamoruvHo A7 6/10Ka Ag;

A,0ut, A,0ut, A;Out — rpadsl, MosenupyoIILe
COCTOSIHME BBIXOQHBIX MUHMY 0J10K0B O, Oy, Og.

I'pauueckasa wmHTepHpeTanud WNMHUTAIMOHHON
MOJieJIU IIpeicTaBJIeHa Ha puc. 4.

ITyaxkTupHBIMU JUHUAMU Ha puc. 4 obozHaue-
HBI He3aBUCUMbIE Ipadbl, BXOAAIINE B COCTAB CETU
(IBOMHBIMU TMTYHKTUPHBIMU — TPOUKU OJHOTUITHBIX
rpadosB). CocTosHUs, BbIAEIEHHBIE TOHKUM KOHTY-
poMm, ABISIOTCSA PAOOTOCIIOCOOHBIMU, YKUPHBIM — He-
paborocmocobHbIMU. Ecyiu Ha IepexoioM MeK Ty COo-
CTOSAHUSMU HEeT Has3BaHUSA, OH 0003HAUAET BHYTPEH-
Hee coObITUe B rpade. Eciu mepexon nMeHOBaHHBIM,
OH 0003HAUaeT BHEIIHee COOBITHE, IIepefaBaeMoe
Mexay rpadamu (CTpesika, BXOAAIAS BO BHYTPEH-
HUI TTepexo/l, CHMBOJIU3UPYET IIOPOKIeHIe BHYTPEH-
Hero rmepexojaa BHEITHUM coObiTreM). CTpeaku, mc-
XOIAIINE M3 MEPEX0/ia, UJLIIOCTPUPYIOT Te€HEePAIIMo
BHEIITHET'0 COOBITHUSA ITPU BOSHUKHOBEHUY JAHHOTO IIe-
pexozna. Ecau cTpesika BRIXOAUT U3 COCTOAHMUSA, 3HA-
YUT BHYTPEHHErO IIepexoja B MCXOAHOM rpade IIpu
BOBHUKHOBEHUU COOBITHUS HET. Y TOJIIIeHHbIE CTPEIKHI
0003HaUaI0T BO3IEHCTBYE IVIO0AJIBHOIO COOBITHSA, I10-
poxxkmaemoro remeparopom Global Event Generator
HEe3aBUCUMO OT IIEPEXOJOB B KaKoM-Iubo rpade
(B maHHOM cayuae — coObITHe BoccTaHoBaeHna REC
(recovery) ¢ IOCTOSHHBIM IIEPUOIOM).

Cuctema HaxXxoguTCA B PabOTOCIIOCOOHOM CO-
CTOSHHUMU, €CJIU BCe TPOMPOBAaHHEIE MOAYIH A;, A,,
A, uCIIpaBHEI, T. €. Ha UX BBIXOlaX BLICTABJIEHEI
KOPPEeKTHbIe CHUTHAJbI. [pyruMu CJIOBaMH, JIOT'H-
yeckasd QYHKIUA pabdOTOCIOCOOHOCTU CUCTEMBI
HealthFunction = A,0ut & A,0ut & A;Out.

PaccmoTpum mpuHIIUT QYHKIITMOHUPOBAHUSI MO-
nenu Ha npumepe 671o0ka A;. IlpuMuTuBHEIe Irpadbl
Vi[11, V4121, V1[3] mozenupyioT paboTy MOSKJIIOUEH-
HBIX K MOJYJIIO Ma’sKOPUTAPOB, KOTOPbIE ABJIAIOTCS
ucrouHnKamu orxkasos ViFault[k], roe £ = 1..3. Kax
BUHO U3 pUC. 4, TaHHbIEe OTKA3bI BJAUAIOT HA COOTBET-
creyromui rpadg A,[k], 4To mepeBoguT ero B HEPabo-
TocmocobHoe cocToarre ERR. 9ror mepexos B cBOIO
ouepenib moposknaer cobbitue A Fault. IIpu arom
B rpage A;Out, mMomenupyromeM COCTOSHNE BBI-
XONHOW JIHMHUM TPOHKM Mopmyneidl A;, IPOMCXOLUT
nepexon B cocrosiame DIST (distortion), cBumerenn-
CTBYIOIIlee O TOM, UTO OJHA M3 BBIXOAHBIX JUHUNA
6imoxa A; uckamena. OTmMeTHM, YTO IIOCJIE ITOTO
rpad A,[k], B KoToOpoM IIpOM30IIes OTKAa3, IPOLOJI-
JKaeT XpaHuTh HepaborocmocobHoe cocTossuue ERR
1 He MOKeT ObITh MCTOYHUKOM OTKa3o0B Aua A,Out.
BosuukuoBeHme coObITUS BoccTraHoBaeHUsa REC,
BO3JIEMCTBYIOIIEro Ha Bce 0JIOKHU, IIEPEBOAUT B COCTO-
aane OK kax A,[k], tak u A;Out. Otxas A,Out npo-
u3oijeT B TOM ciIyuae, ecau coosiTue A;Fault Bos-
HUKHET IBa’KIbl 3a MepPUOJ BOCCTAHOBJEHUHA, APY-
TUMU CJIOBAMMU, €CJU ABA PA3IUUHBLIX SK3eMILIapa
6s10Ka A, epeiilyT B HepaboTOCIIOCOOHOE COCTOTHIIE
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Global Event Generator

REC
V,Fault(k)

A;Fault

@@

f REC

AylE]

Vilk]

AyFault

A,Out

VyFault(k)
f REC

Aglk]

Volk]

AgFault

@
4 REC

A,Out

VsFault(k)
5 @

17 REC

Aglk]

Vlk]

B Puc. 4. 'padpuueckas UHTePIpPETAIIUI UMUATAITMOHHON MOIEJIN UCCIeTyeMOUi CUCTEMBbI

B Onwucanue rpad)0B COCTOAHUN CETH, MOLEIUPYIOIEH aHAIUSUPYEMYIO CTPYKTYPY

I'pag

Cocrossuus

ITepexonmbl

V]

n=1..3 — HOMep
TPONKYU MaKOpUTa-
poB

k=1..3 — HOMED
9K3EMILJIAPA B TPOI-
K€ Ma’KOpUTapOB

OK (paboTocmoco6Hoe) — rpadbl UMEIOT
BCEro OJHO COCTOSIHUE, TaK KaK HeIoCcpe.-
CTBEHHO He BJIUAIOT Ha Pa00TOCIIOCOOHOCTH
CHUCTEMBI, a JINIIb ABJIAITCA UICTOUHUKaAMN
BHEIITHUX C0O0EB [JIS CBSI3aHHBIX MOIYJIeN

OK — OK

3aKOH pacrnpere/eHns: S9KCIOHeHI[MAIbHBIH
WNuTencuBHOCTE: 6 = 0,01

BosHukaer npu oTKasze MaKopuTapa

Tenepupyercs coberTue V, Fault(k), ceunererscrayro-
11ee 0 ¢c60€e B COOTBETCTBYIOIIEM 9K3EMILIAPE MaKo-
purapa k

A, [K]
n=1..3 — HOMep
6JI0Ka

k=1..3 — HOMED
DK3eMILIAPA B OJI0OKe

OK (paboTocitoco6HOE) — COOTBETCTBYIO-
U 9K3eMILIAD GJI0Ka UCIIpaBeH

ERR (zepaboTocmoco6HOe) — COOTBETCTBY-
IOITWH 9KBEMILIAD MOy HEUCIIPaBeH
BCJIEICTBYE BOBHNKHOBEHU A BOCCTAHABIIN-
BaeMOro 0TKasa

OK — ERR

3aKOH pacrpeae/eHns: S9KCIOHeHIINAIbHbIN
HMurencusHocTs: A = 1,0

BosHUKAaeT IIpy BHYTPEHHEM OTKAa3e 9K3eMILIApa 6JI10Ka
Tenepupyetca cobbiTue A, Fault, cBuserenscrTayiomiee
06 OTKa3e COOTBETCTBYIOIIEro SK3eMILIAPa 6JI0Ka kB

OK — ERR

Bosuuxkaer npu remepanuu V,Fault(k) B ogaOM 13
MMOAKJIFOUEHHBIX K MOAYJII0 MaXOPUTAPOB
Tenepupyercsa coobrTue A, Fault

ERR — OK
Bosuukaer npu reiepanuu riiodaabHoro coositusi REC

N\
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B OxoHuaHue mab..

7

T'pad CocrossHUS ITepexombr
A, Out OK (paboTocnoco6Hoe) — tpoupoBaHHbIii |OK —> DIST
n=1..3 — HOMEep 0JIOK mMCIIpaBeH Bosuukaer npu HacTymieEnu coobitua A, Fault
0JI0Ka DIST (pa6oTocmoco6HOE) — OJUH U3 DIST — OK
OK3EeMIIAPOB 6I0KA HeUCIIPaBeH BosHUKaeT Ipu reHepanyiy rIo6aIbHoro cobsrtra REC
ERR (aepaboTocmnoco6HOe) — aBa UJIN DIST — ERR
6oJtee 9K 3eMILIsApa OJI0KA N HEUCITPABHBI, B 6 A Fault
YTO IPUBOLUT K BOSHUKHOBEHUIO HEBOCCTA- OSHHMKAET IIPH HACTYILTIEHUI CODBITIA A, Fau
HaBJINBAaeMOTr0 OTKa3a U BBIXOAY CUCTEMbI
u3 cTpos
a) 10,04 ) 0) 10,0 7
8,07 8,0
6,0 T //’ 6,0 i
4,0- 4,0 -
2,01 -~ 2,0
0,0 T T T T T 1 0,0

00 02 04 06 08 1,0 1,2

---- — aHaJIUTHU4YeCKad MOJeJIb

0,0 0,02 0,04 0,06 0,08 0,1 0,12

—— — IMHUTAIIMOHHAS MOJEJb

B Puc.5. 3aBUCUMOCTS NHTEHCUBHOCTHU ITOTOKA OTKA30B CUCTEMBI OT nepuoja BOCCTaHOBJIEHUA 6JI0KOB Al’ A2’ A3Z a —

0o0IIuit pe3yabTaT; 6 — HAYaJbHBIN yIaCTOK

B TeueHMe Ieproja BocCTaHOBJIeHUA. Moaesb coObI-
THH A5 OIOKOB Ay 1 A3 CTPOUTCS aHAJIOTUYHEBIM 00-
pasom.

Bosiee moapo6HO cBA3YW MeEKIY COOBITUAMU U CO-
CTOSHUAMH B rpadax OMUCAHBI B TAOIUIIE.

IIpu pacuere AJIA KaKA0ro (pUKCHPOBAHHOI'O
s3HaueHnd t, B Auamnasore ot 0,0 o 1,0 mpousBoauT-
cda 3amanHoe umncyo sxcaepumerToB (50 000), kaxk-
IBIN M3 KOTOPBIX IIPOAOJIIKAEeTCA A0 IIepexoja Cu-
cTeMbl B HepaboTocImocoOHOe cocTosgsHIEe. Bo BpeMs
KasKJIOTr0 9KCIIEPUMEHTA MOJEJUPYIOTCS BOSHUKHO-
BeHUE CIyUYaNHBIX U JeTePMUHUPOBAHHBIX COOBITUI
¥ peaKI[UU CUCTEeMbI, 3aKJIIOUAIOIIECs B Iepexomax
rpad)oB MeXKJY COCTOAHUAMU, U ITPOUBBOJUTCS U3~
MepeHre BpeMeHU HapaOboTKU 10 oTKasa. MITorosnie
pe3yabTaThl IIOJYUYAIOTCA IIYTEM CTATHCTHUYECKOI
OIleHKU ITPOM3BEeHHOr0 Habopa SKCIePUMEHTOB.

Ionyyennvie pe3yiomanbt.

Pacuer uccienyemoit cTpyKTypHEI (prc. 5, a) mpo-
BeJleH C TOMOIIbI0 KOMOMHATOPHOM OIeHKU U pac-
CUMTAHHON WNMMUTAIIMOHHON Mozenn. HauaabHBII
yYacTOK JaHHBIX KPUBBIX MMOKAa3aH Ha puc. 5, 0.

Ocs abcrucc: meproj BOCCTAHOBJIeHI OJI0KOB A4,
A2’ A3 (TBOCCT= l/kr)‘

Och OpAMHAT: MHTEHCHMBHOCTH IOTOKA OTKAa30B
Ha BRIXOZax O;, O,, O;. OTHOCUTeNbHAA eJUHUIA
usmepenus 1,0 obGosHauaeT MHTEHCUBHOCTL €00
B JM000M M3 TPOMPOBAHHBIX BJIEMEHTOB A, A,, Aj.
NHTEeHCUBHOCTL ¢60€B B JIIOOOM M3 TPOMPOBAHHBIX
masxkoputapos pasHa 0,01.

3akJioueHne

ITonmyuenHble pPe3yJbTATHI IIO3BOJIAIOT CIeJIaTh
CJIeTyIOI e BBIBO/IBI.

1. Amaautuueckasa ¢opMmysa [AaeT OgOCTaTOU-
HO TOYHYIO OILIEHKY HAJe)KHOCTH aHaJU3UPYyeMOI
CTPYKTYPHI AJIA MaJbIX IIEPUOIOB BOCCTAHOBJIEHUA.
W3 puc. 5, 6 BUAHO, YTO IIPU IIEPUOE BOCCTAHOBJIE-
Husa meublre 0,1 (B JecATh pa3 MeHBIIIEM TPUOIN3U-
TEJILHOTO TIepHoa MeKIY cO0AMU B KaKI0M 0JI0Ke)
ob0e XapaKTepUCTUKU HNMEIOT JUHEHHYI0 3aBUCHU-
MOCTH C OAVHAKOBBIM KO9(D(PUIIEeHTOM HaKJIOHA.

2. Ecau obecrneueHue QOCTATOUYHO MAaJIOTO IIEPHU-
07la BOCCTAHOBJIEHUA OJIOKOB HEBO3MOJKHO 13-3a He-
JOCTATOYHOTO pPes3epBa BPeMeHU, 3aBUCUMOCTHL WH-
TEHCUBHOCTU OTKAa30B OT MIEPUOJA BOCCTAHOBJIEHUI
BBIXOAUT HA HEJIUHEHHBIN yYacTOK, UTO IIPUBOIUT
K HeoOXOAMMOCTY NMPUMEHATHh MMHUTAIIMOHHYI0 MO-
IeJb IJIS KOPPEKTHOTO pacueTa.

3. PacueT ¢ mOMOIIbI0 MMUTAIMOHHOU MO
IIO3BOJIAET OIEHUTHh d9(P(PEKTUBHOCTL IIPUMEHEHUd
MeXaHU3MOB MOBBIIIIEHUS OTKA30yCTONYMBOCTH:

— ecJix OBI B crcTeMe He OBLJIO pean30BaHO HU
BOCCTAHOBJIEHNE, HU CTPYKTYPHOE pe3epBUpPOBaHUE,
TO OTKA3 B JII000M U3 Momyseit A;, Ay, A; IPUBOIUI
OBbI K BBIXOZY 13 CTPOs Bcel cuctembl. C yueTom To-
T0, UTO MEPUOJBI MEXIY OTKA3aMU ABJSAIOTCA CJIIY-
YaHOW BeJINYNHON, IIOJUYMHEHHON 9KCIOHEeHITNAIb-
HOMY 3aKOHY paclipeieieHns, a ”HTeHCUBHOCTb BO3-
HUKHOBEHUSA OTKa30B B KakaoMm OJioke paBHa 1,0,
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cpenHee BpeMs HapabOTKHU 0 OTKAa3a MOKET ObITh

oleHeHo Kak Ty =0,333;

XA +he+rg 3:1,0

— ecJI IIPUMEHSETCs TPOMPOBAHNE OJIOKOB U
MasKOPHUTAPOB (UTO COOTBETCTBYET Pe3yabTaTaM pac-
yeTa UMUTAIIMOHHONM MOJIeIN Ha OOJIBIIINX IIePUOAaX
BOCCTAHOBJIEHUSA), TO IIPU MHTEHCUBHOCTU OTKA30B
KasKJIoro Maskopurapa, paBHoi 0,01, mHTeHCUB-
HOCTh OTKa30B CHUCTEMBI CTPEMUTCS IIPUOIN3UTEb-
HO K 2,5, a BpeMs cpefHeil HapabOTKU [0 OTKAas3a —

K Thes = =0,4 (3TH BeJMYMHBI COOTBETCTBYIOT

2,5
pes3yJbTaTy pacyera MapKOBCKOI MO/[EJIV IIPU OTCY T~
CTBUHU IIEPEXOIO0B II0 COOBITHIO BOCCTAHOBJIEHUA). Ta-
KuM 06pasoM, 110 CPaBHEHUIO ¢ Hepe3epBUPOBaHHOM
(:lec"remof;1 BpeM"’g HapabOTKH’ [0 0TKas3a OLIJIO YBeJIU-
pea ~Tnex _ 0,470,388 550/ 909
Tuex 0,333

— obecreueHre PETryJIAPHOTO BOCCTAHOBJIEHUS
HCKaKeHHBIX OaHHBIX ¢ mnmepuomom 0,05 (B8 20 pas
yare BOBHMKHOBEHUA COOEB B MOAYJIAX) IIPUBOTUT
K yYBeJIWYEHUIO IIeprojfa HapabOTKU IO OTKasa o
T, o0er = 1/0,43 = 2,33, T. e. IpUOJUIUTEILHO B S pa3
OTHOCUTEJHLHO Pe3ePBUPOBAHHOM, HO He BOCCTaHAB-

JUBaeMOU CTPYKTYPHI, UTO JOKA3bIBAeT d3(P(PeKTUB-

YeHo Ha

HOCTh IIPMMEHEHHNS BOCCTAHOBJIEHUSA IJi OOPHOBI
C «MATKHIMI» OTKa3aMU.

4. BosbIlioe BAUSAHIE IIePHUOJa BOCCTAHOBJICHUS
Ha HAJEeXHOCTb CHCTEMbI MIOATBEPIKIAET He0o0XOo-
OIUMOCTb ydUYeTa IPOTPAMMHOTO O0ecIeueHUs IIPU
MPOEKTUPOBAHUM CHUCTEMBI, TAK KaK OHO OIIpele-
JISieT DOIYCTUMBIN pe3epB BpeMeHU, OTBOJUMBIN Ha
epruoanYecKoe BOCCTAHOBJeHMe 0JIoKoB. Tak Kak
UMUTAITNOHHAA MOJEJb IPUTOHA AJIA aHaau3a Ipu
JI00BIX BeJMUYMHAX TePUoAa BOCCTAHOBJIEHUS, OHA
IIOMOTaeT OIeHUTD, JOCTATOUEH JIM MMEIOIIUHICA pe-
3epB BpeMeHU AJa obecleueHrsa TpeOyeMbIX Xapak-
TEePUCTUK HaIeKHOCTH.

5. UMmuTaniuoHHas MOIeJbh TaKiKe HeoOXomumMa
s CPABHUTEJIHLHOTO aHaJM3a BO3MOMKHBIX OpTaHu-
3aIlii BOCCTAHABJIMBAEeMbIX OJIOKOB Ha JTalle CHUH-
Te3a C YUeTOM TaKHUX MoKasaTejell, KaK CJI0KHOCTb
peanusaiuu u OBICTPOAECTBIE.

6. ITocoe TOro KaK B mpolecce MPOeKTUPOBAHMS
OBLLJIN OIpPEeJIeHELI ITapaMeTPhl BOCCTAHOBJIEHUS MIJIS
KasKJI0ro 0JI0KA U C TIOMOIIHI0 UMUTAITUOHHOM MOIEJIT
BBIUNMCJIEHA MHTEHCHBHOCTH IIOTOKA OTKAa30B HA BbI-
Xoze OJIOKOB, HAJIEXKHOCTh CeTH OJIOKOB MOXKET OBbITH
OIleHeHa C TTOMOIIbIO TPAUIITMOHHBIX aHAJUTUUECKUX
MojieJIel UJIN JIOTUKO-BEPOATHOCTHBIMI METONAMU.
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Introduction: When designing fault-tolerant computing systems which must work under radiation, you have to estimate the
influence of information distortion caused by charged particles. Software tools developed to analyze the reliability of such systems
should take into account these particle-caused failures and simulate the features of periodic recovery of the distorted information
which are used to increase the reliability. Purpose: The goal of this study is to determine the bounds within which you can apply the
reliability analysis methods based on using analytical and imitational models in order to evaluate the reliability of systems with periodic
recovery. Another goal is to compare the results of analyzing the reliability characteristics obtained by the analytical and imitational
models. Results: The analytical and imitating models helped to calculate and analyze the time for which a recoverable system works
until a failure happens. It has been found out that determined recovery processes restrict the applicability of the traditional reliability
estimation approaches such as Markov models or logical-probabilistic methods. The necessity to take into account the software influence
when designing systems with periodic recovery has been substantiated. Practical relevance: The conducted research helped to specify
the application areas for certain reliability models at various stages of designing fault-tolerant recoverable computing systems.

Keywords — Imitational Modeling, Reliability of Recoverable Systems, Radiation Resistant Computing System, Markov Model,
Structural Reservation, Information Redundancy.
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