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AHHOTANMA

Beenenue. lccnenoBansl BO3MOKHOCTH TPAaHUIHOHN OLEHKH HAIEKHOCTH KIIACTEPA, COCTOSIIETO 3 MHOXKECTBA Y37I0B,
Ka)KIBIH 13 KOTOPBIX MOXKET HAXOANUTHCS B 3HAYUTEIEHOM YUCIIE COCTOSHHM, PA3INYAIONIUXCS IPON3BOANUTEIFHOCTEIO
BEITIOJTHEHUST TPeOyeMbIX (DYHKIHUH U CPEIHUM BPEMEHEM BOCCTAHOBIICHUS JI0 UCIIPABHOTO COCTOSIHUS y3ma. OeHka
HaJIe)KHOCTU TAKOU KJIACTEPHOU CHCTEMBbI Ha OCHOBE MAapKOBCKUX IIPOLIECCOB 3aTPyJHEHA Ha 3Tale IOCTPOCHUS
JarpaMMBbl COCTOSIHUI M TIEPEX0JI0B M3-3a OOJIBLION ee pa3MepHOCTH. TPYJHOCTH IOCTPOCHHS MOJIEIN 0COOEHHO
BO3pacTaeT NP OrPaHUYEHHOM BOCCTAHOBJICHUH Y3J10B, IPUBOIAILEM K OUepeid Y3108, TPEOYIOLIUX BOCCTAHOBIICHUSL.
IIpeononers yka3aHHy1O TPyAHOCTb IO3BOJIAET MpeanaraeMslii noaxon. IlpencraBieHHbli MOAXOM MPENYCMATPUBAET
JEKOMITO3UIINIO MapKOBCKOM MOZENH KJacTepa U MOATAMHOE MOCIEe0BATEIbHOE YTOYHEHNE BEPXHE 1 HIKHEN
TPAaHUYHBIX OLEHOK HAJEKHOCTH KJIACTEpa C y4EeTOM BIHSHHUS HA 3aMEJIEHHE BOCCTAHOBICHHUS Ka)KIOTO y3la
KJIacTepa Apyrux ero y3inos. MeToa. OcoOeHHOCTD MpeiaraeMoro Moaxo/a 3aKkIlo4aeTcs B ICKOMIIO3UIUH MOIETH
C BBIJCICHUEM HEKOTOPOr0 OTACIBHOIO y3Ja KjlacTepa U MOCTPOCHUU €ro MapKOBCKOI MOJENH C BBEJCHUEM
COCTOSIHMH OXKHMJIaHWs Hadasjia BOCCTAHOBJIICHUH y31a N3-3a 00CITy)KMBaHHUS OYePEe/I Ha BOCCTAHOBIICHHUE IPYTHX paHee
OTKa3aBLIMX Y3J10B Ki1acTepa. OnpenenuB Ha MapKOBCKOM MOJIEIIHU BBIJICJIEHHOTO y3J1a BEPOSATHOCTU BCEX €r0 COCTOSIHUM,
YUUTBIBasE UACHTHYHOCTb BCEX Y3JIOB KJlacTepa, Ha 0CHOBE (opMyIibl epebopa rHIoTe3 ONpeACIsIIOTCsl CPeJHIe
3aJepKKM 10 BOCCTAHOBIIEHUSI MCIPABHOTO COCTOSHUS OCTAllbHBIX Y3J0B KJIAaCTePa, UMEIOUIMX PaHEe BO3HUKIINE
OTKa3bl. BeruncaeHHbIE CpefHIe 3a0epKKH HCIOMb3YIOTCS Ha CIEAYIOLIEM dTale pacueTa MapKOBCKOI MOJENH y3ia
C YTOUHEHHEM 33aJCP>KKH Hadajla BOCCTAHOBICHHUS BBIACICHHOTO y3JIa M3-3a BIMSAHUSA OUYEPEIN BOCCTAHOBICHUS
OCTAJILHBIX y3710B Kitactepa. OcHOBHBIE pe3y abTaThl. Ha ocHoBe npesaraemMoii Mozenu JaHa oreHKa ko3 Quimenrta
TOTOBHOCTH KJIacTepa, KOMILICKTYEMOIO U3 3HAYUTEIBHOIO YHUCIIA CTPYKTYPHO CIIOKHBIX Y3JI0B, XapaKTEPH3YIOILUXCS
MHOKECTBOM COCTOSIHUM Pa3HOM MPOU3BOAUTENILHOCTH U BPEMEHU BOCCTAHOBJICHUS y3J1a 0 UCXOJHOIO MCIPAaBHOIO
coctostuus. Oocy:knenue. [IpeacraBieHHas B pe3yibTare JJeKOMIIO3ULIUH MOJIEIb IT03BOJISIET PEOI0JIeTh IIpodiemMy
JIaBUHOOOPA3HOIO BO3PACTaHUS CII0KHOCTH MOJISIIH KJlacTepa IIPY YBEINYEHUH YHCIIA €r0 Y3JI0B M YHCIIa UX COCTOSIHUM.
BeinonHeHHbIe pacyeThl OKa3aan CXOAUMOCTD ITPeIaraeMoil TPaHUYHON OLIEHKH HaJIEXHOCTH KJIacTepa U3 CTPYKTYPHO
CIIOXKHBIX y3710B. [lomyueHHbIe pe3ynbTaThl MOTYT OBITH HCIIOIB30BAHBI IIPH OIEHKE HAAEKHOCTH U 000CHOBAHUHU
BBIOOpA CTPYKTYPHI KITACTEPOB, a TAKKE AUCIUIUIMH UX 0OCITYKUBAHHS 1 BOCCTAHOBJICHHS IIPHU HAKOTIIEHUU OTKa30B C
Y4ETOM OTPaHUIECHHBIX PECypCOB BOCCTAHOBIEHHS, IPUBOAAMINX K 00pa30BaHUIO Odepeneii 0TKa3aBIINX JIEMEHTOB,
TMOJUTeKAINX BOCCTAHOBICHUIO. [IpeaoskeHHast MOJeIb MOJKET OBITh IPUMEHEHA ITPU aHAIM3€ BIMSHUS HAKOILICHHS
OTKa30B B Pa3HbIX y3Jax KJIacTepa Ha 3aJepiKKH 00CITy)KHBAHHUS MTOCTYIIAIOIIETO TOTOKA 3aIIPOCOB.
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Abstract

The possibilities of a boundary assessment of the reliability of a cluster consisting of many nodes, each of which can be
in a significant number of states, differing in the performance of the required functions and the average recovery time
to a healthy node, are being investigated. Estimating the reliability of such a cluster system based on Markov processes
is difficult at the stage of constructing a diagram of states and transitions due to its large dimension. The difficulty of
building a model increases especially with limited node recovery, leading to a queue of nodes requiring recovery. The
proposed approach allows us to overcome this difficulty. The differences between the proposed approaches are that it
provides for the decomposition of the Markov cluster model and a step-by-step sequential refinement of the upper and
lower boundary estimates of cluster reliability, taking into account the impact on slowing down the recovery of each
cluster node of its other nodes. The peculiarity of the proposed approach is the decomposition of the model with the
allocation of a certain individual cluster node and the construction of its Markov model with the introduction of waiting
states for node recoveries due to queue maintenance for the restoration of other previously failed cluster nodes. Having
determined the probabilities of all its states on the Markov model of the selected node, taking into account the identity
of all cluster nodes, the average delays until the restoration of the serviceable state of the remaining cluster nodes with
previous failures are determined based on the hypothesis enumeration formula. The calculated average delays are used in
the next stage of calculating the Markov node model, specifying the delay in starting recovery of the allocated node due
to the influence of the recovery queue of the remaining nodes in the cluster. Based on the proposed model, the availability
coefficient of a cluster is estimated, consisting of a significant number of structurally complex nodes characterized by
a variety of states of different performance and recovery time of the node to its initial working condition. As a result
of decomposition, the proposed model makes it possible to overcome the problem of an avalanche-like increase in
the complexity of the cluster model with an increase in the number of its nodes and the number of their states. The
calculations performed have shown the convergence of the proposed boundary estimate of the reliability of a cluster of
a significant number of structurally complex nodes. The results obtained can be used to assess the reliability and justify
the choice of cluster structure as well as the disciplines of their maintenance and recovery when failures accumulate,
taking into account limited recovery resources leading to the formation of queues of failed elements to be restored. The
proposed model can be used to analyze the impact of the accumulation of failures in different cluster nodes on the delays
in servicing the incoming request stream.
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BBenenue

K coBpemMeHHBIM pacipeiesieHHBIM cCucTeMam 0opaboT-
KU U XpaHEHHUs JJAHHBIX MPEABSIBISIIOTCS BEICOKHE TPeOo-
BaHUsI 10 HaIeXKHOCTH [ 1-3], oTKazoycToitunBocTH [4—6] 1
MaJIbIM 3a]Iep>KKaM BBIIOJIHEHUsI (DYHKIIMOHAIBHBIX 33]1a4
[7, 8]. B psine ciayuaeB Jyisl CUCTEM pEalibHOTO BPEMEHU
JIOTIOJIHUTEIBHO TPeOyloTCsl obecIieueHne HenpepbIBHO-
CTU U CBOEBPEMEHHOCTH BBIUUCIUTEIBHOTO Ipolecca,
KOTJIa 3aIPOCHI JIOJDKHBI BHITTOJIHSTHCS 38 OTPAaHHMYCHHOE
NpenesabHo AonyctuMoe Bpems [7]. Mepbl 1o nojaepxke

HaJIe)KHOCTH U CHIDKEHHUIO 3aJIepKEK Pean3yIoTCs Ha BCeX
YPOBHSIX M CTaqusX (YHKIMOHUPOBAHUSI HHPOKOMMYHH-
KallUOHHOW CHCTEMBI, B TOM YMCJIE NMPU MEKMAIIMHHOM
oOMeHe M pacupeeeHHH 3alpocoB (Harpy3Kku) uepes
CeTb U MX BBINOJHEHUHN B LIEHTPaX 00pabOTKH U XpaHEHHS
JaHHbIX [8—10]. Bricokast HaJIe)KHOCTb TIPU MaJIbIX 3a/1€PK-
Kax o0CIIy>)KHBaHUs 3alIPOCOB MOXET AOCTUTAThCS MPH
KOHCOJIM/IAIINY PECYPCOB XpaHEHHS 1 00paOOTKH TaHHBIX B
KJIaCTEPhI C MHOTOIYTEBBIM JJOCTYTIOM K HUM 4Yepe3 CTPYK-
TypHO n30bITOuHYTO ceTh [11-13]. OcobenHo ocTpo 3amada
obecriedeHnsT BBICOKOHM HAa/Ie)KHOCTH OTKA30yCTOMYMBOCTH
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['PaHn4Has oueHka HageXHOCTU KNacTePHbIX CUCTEM HA OCHOBE OeKOMMO3ULLMN MapPKOBCKOM MOENM. ..

MIpH YIBTPaMaJIBIX 3aJIepiKKax Mepeqadd JaHHBIX CTOUT
JUTSL pacTipeIeNICHHBIX 001auHbIX cucTeM [14—17] u cuctem
HMHTEpHET Belllel peanbHoro Bpemenu [ 18-20].

CoBpeMeHHbIE pe3epBUPOBAHHBIE KOMITBIOTEPHBIC CH-
CTEMBI, B TOM YHUCIIC y3JIbI KIIACTEPOB XpaHEHHs i 00padoT-
KH JTAaHHBIX, KaK IPABUIIO TIPEICTABISIOT COOO0H CTPYKTYPHO
CIIO)KHBIE YCTPOWCTBA, MMEIOIIIE MHOKECTBO BO3MOKHBIX
COCTOSIHUH pazTmIHON 3(h(EKTUBHOCTH U 3armaca Ha1e:KHO-
ctu ¢pyHKIFoHnpoBanus [21-23]. Takas cuTyanus yciox-
HSET TOCTPOCHHUE MOJIETeH OIeHKH (TPOTHO3UPOBAHNA)
HAZEKHOCTH KJIACTEPOB M ONTUMM3AIUIO UX CTPYKTYPHO
rapaMeTpUYecKoil OpraHnu3alny, a Takke 000CHOBaHUE
BBIOOPA AMCUUIUIMH OOCITY)KMBaHHUSI ¥ BOCCTAHOBJICHHS
rocye 0Tka3oB. TPyTHOCTb OLIEHKU Ha/IeXKHOCTH KJI1aCTePOB
ycyryosercsi XxapakTepHO! JUIsl HUX OIPaHHMYCHHOCTBIO
BOCCTaHOBJICHHSI, IPH KOTOPOH B K)KIBIi MOMEHT BPEMEHH
BOCCTaHABIMBACTCS TOJNBKO OIUH 3JIEMEHT U BO3MOXKHBI
oYepeny Ha BOCCTAaHOBJICHUE OTKA3aBIINX YIEMEHTOB pa3-
HEIX y310B [1-4]. [Ipeomonenne yka3aHHOW CIOKHOCTH
OIICHKHU HAJIEKHOCTH KJIACTEPOB BO3MOYKHO IIPH €€ Tpa-
HUYHOM BepxHEeW U HkHel oneHke. [Ipu aTom HUKHEe
an6aneHne HCIOJB3YCTCA 11 OUCHKHW HAJICKHOCTHU, a
BECPXHEC JId BBIYMCIICHU €€ TOrPEIIHOCTU.

[TpubnmxeHHast BEpXHsist OLIEHKA HAJEKHOCTH BOCCTa-
HaBJIMBAEMBIX KIIACTEPHBIX CUCTEM MOXKET OCHOBBIBATHCS
Ha MPEAINOI0KEHNH HEOTPAHUYEHHOT0 BOCCTAHOBJICHUS,
TP KOTOPOM PEMOHT BJIEMEHTa HAYMHAETCS Cpasy I1ocie
ero orkaza. OHaKO TaKoe yMPOIIECHHE MOJIEIN CBSI3aHO C
HEOOXOIMMOCTBIO OLIEHKH €€ MOTPeITHOCTH. B mpeamomno-
YKCHUU HEOTPAaHMYCHHOTO BOCCTAHOBIICHHS pacyeT HaIeK-
HOCTH MOJKHO CBECTH K MapajuieIbHO-TIOCIIeI0BATSIIFHON
CTPYKTYpE COEANHEHHUS IEMEHTOB, HO 3TO MMPOUCXOINUT HE
Bcerna [ 1-4]. st cuctem, MOIenb KOTOPBIX HE CBOAUTCS
K MapaaiaeabHO-TI0CIEI0BaTeIbHON CTPYKTYpE, pacyeT
HaAaAC)KHOCTHU MOXET 6aSI/IpOBaTbC$[ Ha T'paHUYHBIX OICH-
kax D3apu—Ilpomana, JIuTBaka—YimakoBa WJIH IpYTUX
M3BECTHBIX METOAAX pacyeTa CTPYKTYPHO CIOXHBIX CH-
cteM [1-4]. OgHako NpeanoNoKeHne HeOrPaHUUYEHHOTO
BOCCTAHOBIJICHHUSI MOXKET HE TapaHTHPOBAaTh, YTO OLIEHKA
110 MUHUMAJIBHBIM cedeHusIM D3apu—IIpomany npusener
K HIDKHEH OICHKE HAZeKHOCTH. TOXKEe OTHOCUTCS K OIICHKE
T0 MUHUMAJIBHBIM HeTIepeceKarmmmMes myTsM JInTBaka—
VYmakoBa. Prck BMECTO MCKOMOTO HIDKHETO TIPHUOTIKESHHUS
HAJEKHOCTH TOJTyYUTh €T0 BepXHEe MPUOIIKeHHE CyIIe-
CTBYET, TaK KaK OLIEHKa BEPOATHOCTH PaboTOCIIOCOOHO-
cti (K03 PHUIIMEHT TOTOBHOCTH) 3JI€MEHTa MPHU Heorpa-
HUYEHHOM €r0 BOCCTAHOBJICHUU SIBIISETCS 3aBBIIICHHOM.
JeiicTBUTENbHO, B IPEAIOI0KEHUN HEOIPAHUYEHHOTO
00CITy)KMBaHUsI 33/ICpPKKa Hayajla BOCCTAHOBIICHUS DJIEMEH-
Ta U3-32 OYEPEAN HAa PEMOHT APYIHX paHee OTKa3aBIIMX
9JIEMEHTOB HE YUYHUTBIBACTCS, YTO MOXKET IIPUBECTH K He-
JIOITYCTHMO 3aBBIIICHHOHN OIIEHKE HAJIGKHOCTU CTPYKTYPBI
JTaKe TP UCIIOIh30BAaHUH N3BECTHBIX METO/IOB, OPUCHTH-
POBaHHBIX Ha €€ HIDKHIOIO TPAaHHUYHYIO OLICHKY.

IIpu paccMOTpeHUN y3710B KOMIIBIOTEPHON CUCTEMBI
B JIByX COCTOSTHHSIX — PabOTOCIIOCOOHOM M OTKa3aBIIEM
[23] — Momens HaEKHOCTH OTPAHUYEHHOTO BOCCTAHOB-
JIEHHSI MOKET OBITh CBE/ICHA K M3BECTHOM U3 TEOPUH MACCO-
BOTO OOCITY>)KUBaHUsI MOJIEJIM PasMHOXKEHUsI ¥ ruodenu [24].
HenocTarok Takoro moaxosa 3akiI04aeTcs B JOCTaTOYHOMN
MOTPEIIHOCTH pacyera MpHU CTPYKTYPHO CIIOKHBIX y3J1ax

KJIacTepa, KOTOpble peajibHO MOTYT HaXOAUTHCS B HECKOJIb-
KHX pabOTOCIIOCOOHBIX COCTOSIHUSIX C Pa3HBIM KaueCTBOM
00CITy’)KUBaHHS TOCTYTAIOIINX B KJIACTEP 3allPOCOB U pas-
HBIM BpEMEHEM BOCCTaHOBJIeHHUs [23, 24].

PaccunTarh HaIE)KHOCTH HECIOKHBIX CHCTEM TPU He-
3HAYUTEITHFHOM YHCIIC COCTOSHUM Ja)Ke TP OTPaHIYCHHOM
BOCCTAHOBIICHHH BO3MOYXHO Ha OCHOBE MapKOBCKHX ITPO-
reccoB. Tak M3BECTHB MAapKOBCKHE MOZIEITH KOMITBIOTEp-
HBIX CHCTEM C TyONMpPOBAaHUEM BBIYHCINTENCH U YCTPOHCTB
nmaMATH [25, 26], u cuctem ¢ opranuzarpeii maMaTi Ha 6ase
Redundant Array of Independent Disks maccusos [27-30].
ITocTpoeHus MOTyMapKOBCKUX MOJENIEH JBYXY3JIOBBIX
CUCTEM, TO3BOJIAIONIUX YUECTh HE TOJIBKO MPOCTEHIINE
MOTOKU OTKa30B M AKCIIOHEHI[MAIbHOE BOCCTAHOBJICHUE,
npeaiokeHs! B padote [31]. OmHako B cirydae Kiactepa u3
JIOCTATOYHO OOJBIIOTO YHCIIa CTPYKTYPHO CIIOXKHBIX Y3JI0B
Pa3MEpHOCTD JHarpaMMbl COCTOSHUI U MEPEX00B (B TOM
YHUCIIe MapKOBCKOH MOJIENH) pe3ko Bo3pacrtaeT [32], 9uTo
3aTPyOHSIET OLEHKY Ha/Ie)KHOCTH KIIAaCTEPOB.

Lemnpro HacTOsIIEH PaOOTHI ABISAETCSA TPAHUIHAS OIICH-
Ka HaJIe)KHOCTH KJIacTepa ¢ OrpaHIMYEHHBIM BOCCTAHOBIIC-
HHEM M3 3HAYUTEIIFHOTO YHCIIA Y3JI0B, KaXKIbIH 13 KOTOPBIX
MMeeT MHOYKECTBO COCTOSIHUH, XapaKTepHU3YIOIIUXCS pa3-
JIMYHBIM 3aI1acOM HaJEeKHOCTH, BPEMEHEM BOCCTAHOBIICHUS
JIO UCIPABHOTO COCTOSHUS U NMPOU3BOJUTEIBHOCTHIO 110
o0ciyKMBaHHMIO TpaduKa.

Metoa rpaHNYHOMH OLIEHKH HAJeKHOCTH KJIACTEPOB

IIpennaraemblii METOX MPEAYCMaTPUBAET AEKOMIIO3U-
IIUIO MapKOBCKOI MOZIEIH ¥ TTOSTAITHOE TTOCIIEI0BATEILHOE
YTOUHEHHUE BEPXHEU U HUKHEH T'PAHUYHBIX OLIEHOK HaZICK-
HOCTH KJIacTepa C y4eTOM BIMSHUS Ha 3aMeJICHUE BOCCTa-
HOBJIEHMS KaXK/I0TO y3J1a KJacTepa ouepesieil Ha BOCCTaHOB-
JIEHUE pPaHee OTKA3aBIINX 2JIEMEHTOB OCTAIbHBIX €r0 y3JI0B.

Knacrepbl U3 CTPYKTYPHO CJOKHBIX Y3JI0B.
[Ipumepsl K1acTepoB U3 CTPYKTYPHO CIIOKHBIX Y3JI0B, KO-
TOpPBIE MOTYT HAXOJUTHCS B COCTOSIHUSIX C Pa3HBIM BpeMe-
HEM BOCCTaHOBIICHISL, TIPEICTaBICHBI Ha puc. 1. OTMeTHM,
YTO BO3MOKHA MOJHM(UKANS CTPYKTYPBI KIIACTEPOB, IPH
KOTOPOH yCTPONCTBA NAMSITH 3aMEHSIFOTCSI HA CEPBEPBI.

BepxHss rpy0asi oneHka ko3¢ duiuueHTa roroBHO-
CTH KJacTepa ¢ NpeAnoJokeHneM HeOrPpAaHMYEeHHOT 0
BOCCTAHOBJICHHS 3J1eMEHTOB M y3J10B. BepXHIOI0 OIICHKY
HAJEKHOCTHU KJIACTEpa C y3JIaMH, XapaKTepU3yIOIUMUCS
MHO)KECTBOM PabOTOCIIOCOOHBIX COCTOSTHHI, MOYKHO TPy00
paccuuTaTh B MPEAIONI0KEHUN HEOTPAaHUUEHHOTO BOCCTA-
HOBJIEHHUs Kaxa0ro anementa. [Ipu ycmoBuu, 4To cpasy
IocJe 0TKasa KjlacTepa HadYMHAETCS! €r0 BOCCTAHOBJICHHUE
6e3 yuera, YTO MOTYT BO3HHKATh OUEPEAN CPEIH APYTHX
OXHJIAIOIINX BOCCTAHOBJICHHE 3JIEMEHTOB B TOM )K€ WM
MHBIX y371aX KIacTepa.

OreHKy cTalnoHapHOTO K03 (HUnreHTa roTOBHOCTH
MIPOBEIEM JUISI CTPYKTYpbI 1o puc. 1, b. Ilpu HeorpannveH-
HOM BOCCTAHOBJICHHH 3JIEMEHTOB, B IPEANOIOKESHUHN UTO
KJIaCTep COXpaHsieT paboToCIIOCOOHOCTD, €CIIM pabOTOCIIO-
coOeH XoTs1 ObI OJIMH €ro y3ell, ToydaeM Hanbosee rpyoyro
BEPXHIOI OICHKY (), ONIPEIeIIIeMYI0 KaK

Kio=1-(1—ky,

rae k — ko3 (pUIKEeHT TOTOBHOCTH y371a KiacTepa
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Puc. 1. Knacrepsl U3 CTpyKTypHO CJIOXKHBIX y3JIOB.

V3en kiaactepa comepkut: oauH cepsep (S) U 01HO yCTporcTBO maMstH (M), mpu 3TOM A — HMHTEHCHBHOCThH BXOTHOT'O MOTOKA (a);
JIBa CEpBEpa U OJIHO YCTPOUCTBO mamaTH (b); 1Ba cepBepa U JiBa yCTpoicTBa naMiaTH (¢)

Fig. 1. Clusters of structurally complex nodes. The cluster node contains: one server and one memory device (a); two servers and one
memory device (b); two servers and two memory devices (c)

k= ky[1— (1= k2.

[pu atom s crpykryp (puc. 1, b) ky u ky — xoadpdu-
LIUEHTHI TOTOBHOCTH CEPBEPOB S 1 yCTPOUCTB XpaHeHus M.

ky = (g + )7L k= (g + 1y,

e Ay, Ay, 1y, 1y — MHTCHCHUBHOCTH OTKA30B U BOCCTaHOB-
JIeHUH cepBepoB S U yCTPOUCTB XpaHeHHs M.

Pacuersl  BBINOAHUM 1pu A = 2-104 u- L
A=2-10%ul, p, =510%al, p,=4-10%uql
B sTom cinyuae kodpdunHeHT rOTOBHOCTH KilacTepa
Kj0=0,9999999993795285.

[IpoBenem yTOUHEHHYIO BEPXHIOIO OIEHKY KO3 hu-
IIMEHTa TOTOBHOCTH KJIacTepa B IPEIOI0KEHUN OTpaHH-
YEHHOTO 00CITyKUBAaHHS KaXK/I0TO €ro y371a, KO/ 3a1epiK-
Ka BOCCTAHOBJICHHS YUMTBHIBAETCSI TOJIBKO M3-3a OTKA30B
3JIEMEHTOB BHYTPH Y3114, a 33JeP>KKH H3-3a 00pa3oBaHUs
oYepeid BOCCTAHOBJICHUS OTKAa30B B JIPYTHX y371aX KilacTe-
pa He yuuThIBaloTCsl. Takoe MpeanonoKeHne MPUBOJIUT K
3aBBILICHHON OIIEHKE HaJIe)KHOCTH Ki1acTepa.

[IpennaraeMpiil MOAX0/ XapaKTEepU3YeTCs TOITATHBIM
MOCJIEIOBATENILHBIM MTPUOIMIKEHHEM BEpXHEH U HUDKHEH
TPaHUYHBIX OIIEHOK Ha/IS)KHOCTH KJlacTepa ¢ yTOYHEHHEM
Ha Ka)XIOM 3Talle BIMSHUS Ha 3aMe/UIeHHe BOCCTaHOBIIE-
HUSI KaK/I0TO y371a KiacTepa odepesieii Ha BOCCTaHOBICHUS
paHee 0TKa3aBIINX 3JIEMEHTOB JAPYTUX €T0 Y3JIOB.

OtmeHKa BBINIOTHSETCA B J[Ba JTAIIA.

Oram 1. [TocTpoeHne MapKOBCKOW Mozenu y3ia 0e3
yueTa BIUSHUS Ha 3aJIEPKKY €r0 BOCCTAHOBIICHUS IPYTHX
y3J0B KJIaCTepa, YTO MPUBOAUT K 3aBBILICHHON OIEHKE
HaJISKHOCTH y3J1a KJlacTepa.

Otan 2. [lo BBIUMCIEHHBIM Ha MapKOBCKOH MOJEIH
BEPOSITHOCTSIM BO3MOYKHBIX Pa0OTOCIIOCOOHBIX COCTOSIHUM
y371a, no ¢opmyie nepedbopa runore3 HaXoJUM HaJleK-
HOCTB KJ1acTepa nenukoM. [lorydenHast oreHKa HaJle)KHO-
CTH KJ1acTepa OyeT 3aBBIIICHHOH, HO ITOIPEITHOCTD OyIeT
MEHBIIIE, YEeM JUIS IEPBOTO PACCMATPHBAEMOTO MTPHUOIHKeE-
HUSI, TIOJTyYeHHOTO Ha dTare 1.

Jns y3ma knacrepa o puc. 1, b 6e3 yduera BIUsSHUSA Ha
3aJIep>KK BOCCTAHOBJICHHSI IPYTUX Y3JI0B KiacTepa aua-
rpamMMa COCTOSIHHH ¥ IIEPEX0/10B MPE/ICTABIECHA Ha PHC. 2.
Kaxxnoe BO3MOXKHOE COCTOSTHME y371a KilacTepa IpecTaB-
JICHO Y3JIOM (BEpIIMHOI) InarpaMmbl, B MoJe KOTOPOTO
BEpXHEH CTPOKOH 0003HaueHbI COCTOSIHUSI paboTOCIOCO0-
HOCTH JIBYX CEpPBEpOB, a HM)KHEN — yCTpONCTBA NaMSTH,

TIPH 3TOM pabOTOCHOCOOHBIE COCTOSIHHUSI COOTBETCTBYIOIIMX
3JIEMEHTOB Yy3J1a KJacTepa 0003Ha4YeHbI Kak «1», a oTka3as-
mme — «0». PamoM ¢ BepmmHaMu (y31aMu) TAarpaMMbl
MOKa3aHbl BEPOATHOCTH COOTBETCTBYIOLINX COCTOSTHUH
Py, Py, P,, P5, P4. K paboTOCIIOCOOHBIM COCTOSIHUSIM y3J1a
KJIacTepa OTHOCATCS COCTOSTHUS IIPU UCIIPABHOCTHU XOTS ObI
OZIHOTO cepBepa U YCTPOKHCTBA NAMSATH (BEPOATHOCTH STHX
cocTostHuit Py unu Py).

[To nuarpamme (puc. 2) coctaBuUM cucTeMy airedpau-
YEeCKUX ypaBHEHUIL:

—(2h; + )Py + P3Py =0,

*M1P2+)\,1P1:0,
Py + 2P =0,

Py+ P +Py,+P;+P,=1.

[To nmpencraBieHHOM cucTeMe ypaBHEHUN MOKHO HATH
BEPOATHOCTU BCEX COCTOSHUM y3na knacrepa Py, Py, P,
P, Py

CraunoHapHbIi KOO QUIMEHT TOTOBHOCTH OIPE/ICIIUM
KaK BEPOSITHOCTb TOT'0, YTO B IIPOU3BOJIbHBIA MOMEHT Bpe-
MEHHU pabOTOCIIOCOOCH XOTs ObI OIMH U3 7 Y3JIOB KJlacTepa
BHE 3aBUCHMOCTH 4MCJIa UCIPABHBIX B HEM CEPBEPOB S

Py Py P,

Puc. 2. Jlnarpamma cOCTOSIHII U IIEPEXOI0B y3i1a KiacTepa mpu
HEOTPAaHWYECHHOM €0 BOCCTAHOBIICHUH O€3 yueTa 3aJepiKeK
BOCCTAHOBJICHUS U3-3a OTKA30B JPYrUX Y3JIOB KJIacTepa.

Py, P\, P,, P;, Py — BEpOATHOCTH COCTOSHUI
Fig. 2. Diagram of the states and transitions of a cluster node

with unlimited recovery without taking into account recovery
delays due to failures of other cluster nodes
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Ky = ZICQ(Po*PO’(l —Po =Py (1
P

Ecnu ycioBue paboToCocoOHOCTH KilacTepa 3aKiIio-
4yaeTcsl B pabOTOCTIOCOOHOCTH HE MEHEE g €ro Y3JIOB, TO:

n
Ky = 2 Co(Py+ Pl = Py — Py,
i=g
Ecin crieyer pasrpaHHYMBaTh YHCIO PaGOTOCIOCO0-
HBIX Y3JI0B ¢ UCIPABHOCTBHIO OJHOI'O UJIU JABYX CCPBEPOB,
TO K03(1)(1)I/IHI/I€HT TOTOBHOCTHU ONPECACIISACTCS KaK:
n n-i L L o
Ky = ZE) .Z;') 8,;C, Gl PoP{(1 —Py— Py, (2)
=0 j=

5 Lif i+j>1, 3)
volo,if i+j<l.

Pasrpanndenune paboToOCOCOOHBIX COCTOSHHUU IO
YHCITy COXPAHCHHBIX CEPBEPOB MO3BOJSET BEIYHCIIUTH Ta-
KHe TTOKa3aTe CHCTEMBI KaK KOA(PPHUIIMEHT COXPaHECHHUS
3¢ (HEeKTUBHOCTH WIH CPEIHHE 3aJePKKU 00CITyKUBAHUSI
3aI[pOCOB ¢ HaKOIUICHMS OTKa30B B y3nax kiactepa. Tak,
k03 durtneHT coxpaneHus 3HHEKTUBHOCTU B 3aBUCHMO-
CTH OT O01Iero yKcia paboToCHOCOOHBIX CEPBEPOB MOKET
OBITh BBIUKCIICH 110 (POPMYJIC

= i+ NCLC . PEPI(1 — P — —ij

Koy =2 2 8,21+ )C, G PoP{(1 = Py — Pyyri.

i=0 j=0

3aMeTHM, 4TO pe3ysIbTaThl pacyera ko3 duuneHra ro-
TOBHOCTH 110 (popmyinam (1) u (2) coBnagaroT 1 paBHBI

K1 =0,9999999993717164.

Pacuer BBITIONHEH ISl NCXOIHBIX JAAHHBIX, 3aJaHHBIX
IIpH OLIEHKE K.

Taxum 00pa3om, TOYHOCTH OIIEHKH KOA(PPHUIHEHTA TO-
TOBHOCTH HOBBICHJIACH CPABHUTEIILHO C HanOoee rpyobiM
BEPXHUM NpubIMxKeHueM K.

OLIeHI/IB BEPOATHOCTU BO3MOKHBIX COCTOSTHUM KaxJ1010
y3na knacrepa Py, Py, P,, P;, P4, BbII€IMM HEKOTOPBII
y3el KJIacTepa U Cpeu OCTalbHBIX /1 — 1 y370B KiacTepa
BBIYMCIIUM MaTe€MaTHYeCKOe OXKHMJAHUE YMCIIa y3JI0B, Ha-
XOAAIIUXCA B KaXKIOM (i-OM) U3 BO3MOXKHBIX COCTOSIHUI, C
Pa3HBIM BpeMEHEM BOCCTaHOBJIEHUSI 10 UCIIPABHOIO COCTO-
STHUS y37a. VIckoMoe MareMaTHiecKoe OKHIaHue HaiaeM
o opmyie

n,=Pn—1). @)

Takum 00pazoM, MaTeMaTHIECKOE OXKHIAHHE 3aICPIK-
KM T Ha4yaja BOCCTaHOBJIEHHS HEKOTOPOTO BBIAEIECHHOTO
y351a U3-3a O4eped BOCCTAHOBJICHUS paHee OTKa3aBIINX
SIIEMEHTOB B OCTANBHBIX 72 — | y37ax KiacTepa MMEeT BH
ny 2}’12 n3 1 1
T=—+—+—+m|l—+—|, &)
i B K2 Hi K2

U COOTBETCTBEHHO Y = T, IJie Y — MHTEHCUBHOCTH Tiepe-
X0Jla K Haualy BOCCTAHOBJICHUS y371a.

ITocne cooTBETCTBYIOIUX NIPEABAPUTEIBHBIX PACUETOB
nepeiaeM K JalbHENIIEMy YTOUHEHUIO BEPXHEH OLIEHKHU
k03¢ (HHUIICHTA TOTOBHOCTH.

YTouHeHue BepxHeil oueHkN ko3 duuueHTa ro-
TOBHOCTH KJIACTEPa € y4eTOM 3ajJep:KeK H3-3a BOCCTa-
HOBJIEHHMSI 0TKa3aBIIHX JJIEMEHTOB BCEX €ro y3JIoB.
OCo0eHHOCTD MpeJIaraeMoro yTOYHEHHs 3aKIII0UaeTCs B
JICKOMITO3MIIMH, TIPE/ITIoJIaralonieii BbleeHHe HEKOTOPOTro
OTJICJILHOTO y3J1a KjlacTepa ¥ HOCTPOSHUU €r0 MapKOBCKOM
MOJIEJIH C BBEJCHHEM COCTOSHMI OXKHMJIAaHMS Hadaya BOC-
CTAHOBJICHUH y3J1a M3-32 00CITY)KMBaHMS OYEPEaN Ha BOC-
CTaHOBJICHHUE APYIUX PaHEe OTKa3aBIIMX y3JIOB KIacTepa.

Ha nanHOM 3Tame nmocTpoeHus MapKOBCKOW MOIEIH
yuTeM 3a/Iep KKy Hadalia 00CIyKHBaHNS B HEKOTOPOM BBI-
JIETIEHHOM Y3JI€ M3-3a OUepEIN Ha BOCCTAHOBJICHHE HIIEMEH-
TOB, OTKa3aBIINX B JIPyTUX y3J1axX KIacTepa.

[TocTpoenue Moaeny peannus3yercs B 1Ba dTala.

Oran 1. @opMupyeM MapKOBCKYIO MOAETh HEKOTOPOTO
y371a ¢ y4eTOM BO3MOXKHBIX 3a/IepKeK Hadajia ero BOCCTa-
HOBJICHUS M3-32 00CITy)KUBaHUSI OYepeIy paHee OTKa3aB-
HIMX DJIEMEHTOB JAPYIUX Y3JIOB KJacTepa.

Oran 2. C yueToM BBIYHUCIIEHHBIX Ha 3Tane 1 BeposTHO-
CTel pa3IMYHBIX COCTOSHHUN y3JI0B KiacTepa 1o (opmyie
nepedopa runore3 HaxoAuM Ko3((UIIMEHT TOTOBHOCTH
BCETO KJIacTepa.

Juarpamma coCTOSIHUM U IEPEXO0B MaPKOBCKOM MOjIe-
JIM HEKOTOPOTO y3J1a KJIacTepa ¢ yIeTOM 3aJepKeK Hauaia
BOCCTAaHOBJIEHU T = 1/y mpuBeaeHa Ha puc. 3. Eciu pe-
CYPCHI y371a MO3BOJISIOT BEIUYMCIATE TpeOyeMble (hyHKIINH,
TO BOCCTAHOBIIGHHE MOXKET OBITh COBMEIIEHO ¢ 00CIy-
JKUBAHHMEM TMOCTYNAOMNX (YHKIIMOHAIBHBIX 3alIPOCOB,
YTO BO3MOYKHO CBSI3aHO C JIOTIOJIHUTEIBHBIMH OTKa3aMH H
HEePeXolaMU U3 COCTOSIHUSL C BEPOATHOCTBIO Pg, B COCTO-
SIHHS, BEPOATHOCTH, KOTOPBIX P unu P, (puc. 3, a). Eciu
BOCCTAHOBJICHHE OTKa3aBIIMX JJIEMEHTOB y3J1a KJlacTepa
MPOBOJUTCS IIPH OTKJIFOYCHHOM JIEKTPOITUTAHUH, YTO HC-
KIIFOYaeT OTKa3bl pabOTOCIIOCOOHBIX AJIEMEHTOB Y3714, TO
JrarpaMMa COCTOSIHUI M TIEPEXOI0B y3J1a Ipeodpasyercst
K BUIY Ha puc. 3, b.

MaremaTtudeckoe OKUIaHHUE 3aCPKKH T Hadajia BOC-
CTAHOBJICHUSI HEKOTOPOTO BBIACIICHHOTO y3Jla U3-3a Ooue-
pelu paHee OTKa3aBIIMX 3JEMEHTOB B OCTaJbHBIX /7 — 1
y3J1ax Kiacrepa Beraucium 1o gopmyine (5). B pesynsrare
MHTEHCHBHOCTb II€pPeXo/ia K Hauayly BOCCTAHOBJICHHS BbI-
JIEJIEHHOTO y371a Oyzer paBua y =1 1.

OrieHKa T IpOBE/ICHa C YYETOM CPEHEr0 YKcia y3JI0B
ny, Ny, N3, Ny, ONIpENEIAeMBbIX 110 opMyIie (4) ¢ pa3IuYHbIM
Ha0OpOM OTKa3aBILIMX JIEMEHTOB (110 PHUC. 2), U BpEMEHH,
TpeOyeMOoro A1 BOCCTaHOBJICHNS HICIIPABHOCTH 3THX Y3JI0B.

st onpeneneHust BEpOSTHOCTEN COCTOSIHUI 1O 1Ha-
rpamMme (puc. 3) chopMupyem cuctemy aiaredpandecKix
YPaBHEHUM:

—(2h; +M)Py + iP5 + Py =0,

M+ M+ Y)P+MPy =0,

—yP, + P =0,

4Py +M,Py =0,

—YP4+ 0P =0, (6)
“Ps +yP =0,

—pPg +yP3=0,

—W Py +yPy+ 0Py =0,
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Puc. 3. JlnarpaMMbl COCTOSIHUM U EPEX0J0B MapKOBCKOH MOZEIIH y3I1a KJlacTepa ¢ y4eTOM 3aJIepiKeK Havajla BOCCTaHOBIICHUs 0e3
OTKJIFOUECHMS NICKTPONUTaHHS BO BPEMsI BOCCTAHOBIICHHUS (@) ¥ C €0 OTKJIIOYEHHEM JI0 BO30OHOBIICHHS HCIIPABHOTO COCTOAHMS y31a (D).

Py 1 P| — BEepOSITHOCTU COCTOSIHH C BBIIONHEHHEM TpeOyeMbIX (QYHKIMIT IpK HCIIPaBHOCTH JIBYX M OJHOTO cepBepa; Py, Py u Py —
BEPOATHOCTH HEPaOOTOCIIOCOOHBIX COCTOSHUM ¢ OXKMIaHHEM Hadasla BOCCTaHOBJIEHUS; Ps—Pg — BEPOSTHOCTH COCTOSHUM, B KOTOPBIX
IIPOM3BOIUTCS BOCCTAHOBJICHHE Yy371a

Fig. 3. Diagram of the states and transitions of the Markov cluster node model, taking into account delays in the start of recovery
without power outage during recovery (a) and with its shutdown until the resumption of the serviceable state of the node (b)

CrannoHapHBIH K03((UIHEHT TOTOBHOCTH KJIacTepa
BBIYHCIIAM TI0 (opMyIie

n
Ky = Zlch(P0+P1 +Pg)(1—Py—Py—Pg)™. (7)
-

Ecnu cnemyeT pasrpaHHYnBaTh YUCIIO PabOTOCIIOCO0-
HBIX Y3JI0B C UCIIPABHOCTBIO OJIHOTO WM JIBYX CEPBEPOB,
TO K03((HUIIMESHT TOTOBHOCTH TIOJYYUM B BHJIC:

n n—i L .
— ] 4 /) —]—]
Kip1 = X 2 8,C,Cl Po(Py + PgY(1 — Py— Py — Pg)"-i,
i=0 j=0
e §;; 3azaetcs mo dopmyie (3).

YTouHEeHHO BepXHel oreHKe K03 (hUIIeHTa TOTOBHO-

CTH KJIacTE€Pa COOTBETCTBYET

K;» =0,9999999993065137.

Jl1st IpOrHO3MPOBaHUS HAIEKHOCTH TEXHHUECKHUX CH-
creM OoJjiee BaXKHA ee HWXKHss olleHka. OcTaHOBUMCS Ha
MIO3TAITHOM MTEPAIMOHHOM TPHOIKeHNN HUKHEH OleH-
K. Pe3ynbTarsl BepXHEH OIEHKH MOTYT OBITh UCIIOIb30Ba-
HBI [IPU pacyeTe MOrPeIHOCTH HI)KHEH OLICHKH.

Hu:xkusis oueHka HajJe:kHOCTH Kiaacrepa. [Ipu rpy-
OOM HIKHEM NPHUOIIKEHHN BBIICIUM HEKOTOPBIH y3el ’
OylieM CYMTaTh, YTO B KaXJOM M3 OCTAJIBHBIX 7—1 y3JI0B
KJIacTepa OTKa3bIBAIOT JIEMEHTHI, BOCCTAHOBJICHHE COBO-
KYIHOCTH KOTOPBIX J0 UCIIPABHOTO COCTOSIHUSI y3J1a Tpe-
Oyer HanOombIIee Bpems. J[uarpamMma coCcTOSHUI 1 mepe-

XOJIOB MapKOBCKOM MOJIENH KaXKJIOTO U3 7 Y3JI0B KiacTepa
COOTBeTCTBYeT puc. 3. Cuctema ypaBHEHUH IS TTOMCKA
BEPOSITHOCTEHN COCTOSIHUM BBIJIEIEHHOTIO y3J1a UMEET BU/I
(6), mpuYeM MHTEHCUBHOCTD TMEpeXo/ia K Hayaly BOCCTa-
HOBJICHHUA y3J1a HAXOAUM JJIs1 HAUXYAIICTO Ciiydas

Y= w/2(n—1).

Koa¢dumuent roroBroctu knacrepa K,,; (7) A Hux-
Hel olleHKH (1) BeUHCIsieTcst o Gopmyie nepebopa ru-
MoTE3.

Ha ocHoBe ypaBHeHHI (6), BEIYHCIHB BEPOSTHOCTH
BCEX COCTOSHHI Ka)KIOTO y371a, YTOYHEHHOE BPEMsI OK1/1a-
HHS HadaJla BOCCTAHOBIICHHS HEKOTOPOTO y3J1a OLIEHUM Kak

n—1 2P7 Pg P5
t=(1-P)—————— [+ 242
Ps+PstP;+Pg| i 1 W

1 1

+ P | —+—

M1 Mo

Brruucnus YTOUHEHHOC 3HAYCHHUEC MHTCHCUBHOCTHU
v =t Ha ocHOBe cucTeMBbI ypaBHeHuUH (6), HAXOIUM YTOY-
HEHHbIC 3HAYCHUsI BEPOATHOCTEH COCTOSHUNI y3J1a KIIacTe-
pa, niociie uero o Gopmyie (7) BerauciseM koddhuiueHt
TOTOBHOCTH Kiactepa K.

J11s 3aJaHHBIX UCXOHBIX JAHHBIX HMEEM

K, 0 =0,9999984687564836,
K,; =0,9999999981600136.
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Tadfluua. ITosTamnHbie YTOYHECHUA BerHeﬁ U HUOKHEH OLICHOK HaJACKKHOCTU KJ1acTepa

Table. Step-by-step refinement of the upper and lower estimates of cluster reliability

BepxHsist oneHka

Hwxuss onenka

oTal yTOYHCHUS 3HAYCHHC JTall yTOYHCHUSL 3HAYCHHC
Ko 0,9999999993795285 Ko 0,9999984687564836
K 0,9999999993717164 K, 0,9999999981600136
K 0,9999999993065137 K, 0,9999999992045664

B PE3YIbTATC YTOUHCHUA HIDKHEH OLICHKH B COOTBCT-
CTBUU C NPCIJIOKCHHBIM MECTOAOM OBLI TOJIYYCH PE3yJIbTaT

K,» =0,9999999992045664.

OcHOBHBIE pe3yJIbTAThI

OCHOBHOI pe3yJbTar 3aKJII04aTcs B TOM, UYTO HPEJIo-
JKeHa BEPXHsIsSl M HWIKHSISI OLICHKH CTallMOHAPHOTO KOd(du-
LIMEHTa TOTOBHOCTH KJIACTEPa, U3 CTPYKTYPHO CIOKHBIX
y3JI0B, K&Kl U3 KOTOPOTO B PE3YJIbTATEe PA3TUIHBIX
KOMOMHAIMI OTKa30B JIEMEHTOB MOXKET 00J1a/1aTh pa3iny-
HBIM 3aI1acoM HAJIEXKHOCTH U TpeOyeMOoro BpeMeHH BOC-
CTAHOBJICHUSI JI0 UCIIPABHOTO cocTostHUS. [Ipemaraemplii
METOJI TT03BOJISIET Ha OCHOBE MHOTO3TAITHOM MPOLELypbl
YTOUHEHUsI BEPXHETO M HIDKHETO NPUOMKEHUH 10ONThCS
TpeOyeMoif TIOTPEITHOCTH OLeHKH K03 duineHTa roros-
HOCTH KJIACTepa C y4ETOM BIHMSIHUS OIPAaHUYEHHBIX BO3-
MOYKHOCTEH €r0 BOCCTaHOBJIEHUS. Pe3ylbTaThl MOSTaHOro
YTOYHEHHUSI BEPXHEN U HUKHEW OLIEHOK HAJEeKHOCTH KJla-
cTepa NPHUBECHBI B TAOJIHIIE.

HwoxHsist oneHka ko3¢ (uireHTa rorToBHOCTH Kilactepa
MOYKET MCIIOJIb30BaThCsl B KAYECTBE MMOKA3aTENs HaJIe)KHO-
CTH KJIacTepa, a BEPXHsIS JAJIsI OLIEHKH TIPEAEIBbHOM Iorpen-
HOCTH 3TOH OIICHKH, KOTOpasi yMEHbIIACTCS Ha KaXI0H
NTEpALNH TIpeAIaraeMoi TPaHUYHOMN OLCHKH HaIeKHOCTH
KJacrepa.

[IpencTaBneHHBIE PE3YyNBTATHl PAcUeTa MOTYUEHBI A
ciydas, KOTJla yCIOBHE pabOTOCTIOCOOHOCTH KiacTepa
3aKITIOYAIOTCA B TPEOOBAHUH pabOTOCTIOCOOHOCTH XOTSI OB
omHOTO ero y3ia. [Ipu TpeGoBaHnU paboTOCIIOCOOHOCTH
HE MEeHee g y3JI0B KllacTepa Pe3ysIbTaThl OLIEHKH HCKOMOTO
koddduIeHTa rOTOBHOCTH OyIyT HUXKE MPEACTABICHHBIX
B TaOJIMIIE, HO TIOATAITHOE CHU)KEHUE MIOIPELIHOCTH pacue-
TOB COXPaHHTCSI.

OO0cy:xaeHHne pe3yJibTATOB M HANIPABJICHUS PA3BUTHS

HayuHnas HOBHU3HA IPEUI0KEHHOIO0 METOA IPAHUYHON
OIICHKH HAJIeKHOCTHU KJIacTepa M3 CTPYKTYPHO CIOKHBIX
Y3JI0B 3aKJIOYAETCS B IEKOMITO3UIIMH MOJIENH KiIacTepa Ha
OCHOBE MOCTPOEHUSI MapKOBCKOW MOZAENH y3ja KiacTepa
C YYETOM MOATAMHOTO YTOUHEHMSI BIUSHUS Ha 3a/I€PKKU
€ro BOCCTaHOBJIEHUS APYTUX Y3JIOB KJIacTepa. 3HAYMMOCTh
MIPEJCTABICHHOTO METO/Ia OICHKH KOA((HUIIMCHTa TOTOB-
HOCTH KJIacTepa OOyCIIOBIICHA TE€M, YTO OH MO3BOJISIET U3-
0exaTh JTABHHOOOPA3HOTO POCTa CIOKHOCTH MapKOBCKOM
MOJIETTH TP YBEIUYCHUHU YHCIIA CTPYKTYPHO CIOMKHBIX
y3JI0B Kjactepa. MeTon mpeaycMaTpuBaeT MOATAITHOE
YTOYHEHHE BEPXHETO W HIDKHETO MPUOMMKEHUN OLEHKH
K03 pHIIHEHTa TOTOBHOCTH KIlacTepa.

[IpennoxeHHBINH METOJI MOXKET OBITh UCTIONB30BaH NPH
OLICHKE HAJIeXKHOCTH ¥ 000CHOBaHUH BBIOOPA OpraHN3aliy
W JUCHUIUINH OOCITYy>)KUBaHHUS KJIACTEPOB M3 CTPYKTYPHO
CIIOJKHBIX Y3JIOB C yY4ETOM MX OFPAaHMYEHHOTO BOCCTaHOB-
JICHUS, CONPSDKEHHOTO ¢ 00pa3oBaHMEM ouepenei Ha UX
BOCCTAaHOBIIEHHE.

OrpaHudeHNE TPEIIOKEHHOW MOJIENIN HAa/IeKHOCTH
KJIaCTepa 3aKJII0Yarcs B €€ OPUEHTALNU Ha KIACTEPhl U3
OJHOPOJIHBIX Y3JIOB.

B xauecTBe JanpHEHIIEro pa3sBUTHS IPEIIOKEHHOM
MapKOBCKOH MOJIENTN Ha/IeKHOCTH NpeyCMaTpUBaETCs ee
MOJEpHU3ALMS ISl KIACTEPOB, COACPIKALUX IPYIIIbI U3
HEOJHOPOJHBIX CTPYKTYPHO CJIO’KHBIX y3JI0B.

3akiouenune

[IpennoxeHa rpaHUYHAas OIlEHKA HAJIEKHOCTH KJla-
cTepa, KaKJbIH U3 y3JI0B KOTOPOTO UMEET MHOKECTBO
COCTOSIHUH, XapaKTepU3YIOUUXCS Pa3IMUHBIM 3allacoM
HaJIS)KHOCTH M TpeOyeMOro BpeMEHHU BOCCTAHOBJICHUS JI0
UCTIPABHOTO COCTOSTHMUS.

[Ipennaraemast MapKOBCKasi MOJIENb Ha/Ie)KHOCTH Kila-
cTepa OTpakaeT OrPAaHHYCHHOCTh BOCCTAHOBJICHUS y3II0B
13-32 BO3MOYKHOTO 00pa30BaHUs O4Yepe I Ha PEMOHT JIpy-
THX Y3JI0B KJIacTepa.

IIpencraBieHHbI METOA XapaKTeEpU3yeTCs OITAIHBIM
TIOCJICZIOBATENIEHBIM MPHUOIMKCHHEM BEpXHEH W HIDKHEH
TPaHUYHBIX OIEHOK HAJAKHOCTH KJIacTepa C YTOUHCHHEM
Ha Ka)KJIOM 3Tare BIMSHUS Ha 3aMe/IJICHHE BOCCTaHOBIIE-
HUSI KQXKJI0TO y3J1a KJIacTepa ouepesiell Ha BOCCTaHOBJICHUS
paHee OTKa3aBIIHUX IEMEHTOB OCTAIbHBIX €T0 Y3JIOB.

OCOo0EHHOCTB TpeIaraeMoro MojIXo/a 3aKJIuaeTcs
B JICKOMIO3HIIUU MOJIENH C BBIJICJIEHUEM HEKOTOPOIo OT-
JIENIBHOTO y3J1a KJIacTepa U MOCTPOCHUU €0 MapKOBCKOM
MOJICITH C BBEICHUEM COCTOSIHUN OKHIaHHS Havdasia BOC-
CTaHOBIJICHUH y371a M3-32 00CTYyKHBaHUS OYepeIU Ha BOC-
CTaHOBJICHHE IPYTHUX paHee OTKA3aBIIUX y3JIOB KacTepa.
OmpenenuB Ha MapKOBCKOW MOJENH BBIICIEHHOTO y37a
BEPOATHOCTH BCEX €r0 COCTOSHUH, YUUTHIBAsS UACHTHY-
HOCTB BCEX y3JIOB KJIacTepa, Ha OCHOBE (JOpPMYJIBI Tepedopa
TUIIOTE3 OMPEACIISIIOTCS CPeTHHE 3a1ePKKHU 10 BOCCTAHOB-
JICHUS MCIIPABHOTO COCTOSHUS OCTAJIBHBIX y3JIOB KJlacTe-
pa, UMEIOIUX PaHee BO3HUKIINE OTKa3bl. BeluncieHHbIe
CpeIHME 3aAEeP>KKH UCIIONIb3YIOTCS Ha CIEAYIOLIEM 3Tame
pacueTa MapKOBCKOM MOJIENH y3J1a C yTOUHEHUEM 3aIePoKKU
Hayvaia BOCCTAHOBJICHUSI BBIICIICHHOTO Y371a M3-3a BIHSHHSA
BOCCTAHOBIICHHS OCTAJIFHBIX y3JIOB KJIacTepa.

Ha ocHoBe mpemraraeMoii MOJIeNTH TaHa OI[CHKA KOd(-
(hureHTa TOTOBHOCTH KJIacTepa ¢ yU4eTOM HAKOTUICHUH
OTKa30B Y3JIOB, MIPUBOAANINX K CHIKCHUIO UX BBIYUCIIU-
TEJIbHBIX BO3MOKHOCTEH.
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HpeﬂnaraeMaﬂ MOACIb MO3BOJACT NPCOJO0JICTh ITPO-

OsieMy JIaBHHOOOPa3HOTO BO3pAaCTaHUs CIOKHOCTH MO-
JIeJId KJTacTepa MPU YBEJIHMYEHUH YKHCIIA €r0 Y3JI0B U MX
COCTOSTHUH.
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