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AHHOTanua

B naHHO# pa6oTe Mbl pacCMaTpUBaeM MaTeMaTHYECKYH MOJieJib BOCCTAHABJIMBAEeMOW pe3epBHUpPO-
BaHHOM CHCTEeMbI Mepeiadu JaHHbIX KaK MOJesb 3aMKHYTOH OZHOPOJHOM CUCTEMBI 06JIErYEHHOT0
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HHS BpeMeHU 6e30TKa3HOM paboThl M MPOU3BOIBHON QyHKIIMEN pacipe/iesieHUsI BpEMEHU PEMOHTA
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Abstract

In this paper, we consider the mathematical model of the repaired data transmission system as a model
of a closed homogeneous warm-standby system with one repair device, with an arbitrary number of
data sources with an exponential distribution function of uptime and an arbitrary distribution function
of the repair time of its elements. Using the method of additional variables and the method of variation
of the constant with the help of the Markov process, explicit analytical expressions were obtained for
the steady-state probabilities of the system states and the steady-state probability of failure-free op-
eration of the system. The obtained formulas showed the presence of an explicit dependence of these
characteristics on the types of distribution functions of the repair time of the system elements. How-
ever, numerical studies and analysis of the plotted graphs have shown that this dependence becomes
vanishingly small with a “fast” recovery of system elements.
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0Go3HayeHus [2]:

A —cnyyaiiHas BeIM4HMHA (C.B.) 9KCIOHEHIMAJIBHOTO pacnpejee-
HHA BpeMeHH /10 0TKa3a OCHOBHOTO 3/IEMEeHTa;

B — C.B., BpeéMsd BOCCTAHOBJIEHHUA OTKAa3aBILIEro 3J;IieMeHTa;

A (x) — ¢yukuus pacnpegesnenus (PP) c.B. 4;
B(x) — dynkuus pacnpepenenus (PP) c.s. B;

b(x) — mI0THOCTH pacnpepenenus (I1P) c.s. B;

l;(s) = _[ef‘“b (x)dx — npeo6pasosanue Jlamaca (IJI) nuoTHO-

cru b(x);
E [A] — cpeaHee BpeMsi 6€30TKa3HOM PaboThl 31eMEeHTa;

E[B] — CpejHee BpeMda peMOHTAa OTKa3aBLIEro 3JIEMEHTa;
E[4
p =

[B] — OTHOCHUTEJIbHAA CKOPOCTb BOCCTAHOBJIEHHU A,

B (x) = —b(x) — ycnoBHast [IP ocTaTOYHON J/IMTENILHOCTH pe-
1-B(x)

MOHTA 3JIEMEHTA, HAXOASIEerocsi B peMOHTe BpeMs [ (MHTEeHCHB-
HOCTb BOCCTaHOBJIeHUS [24]);

A — mapaMeTp 3KCNOHEHIMaJbHOrO pacrnpejieJieH|Us BPEeMEHH
6€e30TKa3HOU pabOTHI IJIEMEHTA;

o, =A+ (n —-1- i);/ — mapaMeTp HWHTEHCHUBHOCTEH Iepexo/j0B
pacmpesiesieHUs BpeMeHHM 6e30TKa3HOW paboThl 3JIEMEHTa,

i=0n—1,7={0:4},
BBeaeHue

B nocieaHee BpeMsi GpyHKIMOHHPOBAHHE PA3JIMYHBIX ACIEKTOB
COBpPEMEHHOI0 00LIeCTBA CTA0 KPUTHYECKH 3aBUCETb OT CEeTel
cBsi3U [1, 2]. C mepeHOCOM KPUTHYECKH BaXXHBIX 0G'bEKTOB B CETH
CB$131 )KU3HEHHO Ba)KHO 00€CIeYUTb HaZIe)KHOCTh U JJOCTYITHOCTD
ceTell U CUCTEM NepesiayM JaHHbIX. P MpeAbIAYLIINX HCCIel0Ba-
HU [3-8] 6b1J cOCpeioTOYEH Ha aHA/IM3€e HaZIeXKHOCTH PA3TUYHBIX
CJIOKHBIX TeJ€KOMMYHHUKAIMOHHBIX cucTeM'. B yacTHOCTH, 6BLIO
IIPOBeJIeHO HCC/IeJ0BaHNe HA/IeXKHOCTH CUCTEM Nepeladyr JaHHBIX
C X0JIOAHBIM pe3epBoM. Kak U B pyrux pa6oTax, MHOTMX aBTOPOB
HMHTEepecyeT MOJie/Ib HaZleXXHOCTH.

B [9] paccMoTpeHO co3/jlaHHe UMUTALMOHHBIX MOJiesIel U CPeJCTB
JUIS1 IOAJIEPXKKH aBTOMAaTU3WPOBAHHOTO MPOEKTUPOBAHUS BBICO-
KOHAZIeXHBIX paclpejie/IeHHbIX KOMIBIOTEPHBIX cucTeM. B [10]
ObL1a Ipe/icTaBJeHa MO/ieJIb 0TKa3a INHUY 3JIEKTPOIepesayy, Ko-
TOpasi JONOJHEeHA CUCTEMOM INHAMUY€eCKUX TETJIOBBIX XapaKTepH-
CTHK, a TaKXKe 6bUIN HccIefoBaHbl 3pdeKThl HeoNpeeeHHOCTH
apaMeTpOB MOZe/N 0TKa3a JIMHUY, BIUsSHUE HA/IeXXHOCTH CHUCTe-
Mbl U BJIMSIHHE KOPPEJISAUs MOTOJHBIX JAHHBIX C [I0Ka3aTeassMU
HaJIe)XHOCTH 3HeprocucteMsl. B [11] mpezicTaBieH aHaIN3 HaZex-
HOCTH NAaporasoBoi ra3oTyp6unHoi. B [12] 6pL1a npesacTaBieHa
CTPYKTypa MOZeJIMPOBAHUS YIPO3 Ha NPHUMepe UCIaHCKOH CHUCTe-
MBI IepeJlayy, YTO NOAYEPKUBAET HEOOXOJUMOCTD B YJIy4YII€HHOM
c6ope JaHHBIX U MOJIe/ITMPOBAaHHUHM HHTEHCHBHOCTH O0TKa30B. B [13]

GBI 06CY)K/JIeH pe3y/bTaT NPAKTUKU XpaHEeHUs JaHHBIX U ObLIO
npe/JIoKeHO pelleHue [/ HaxX0XJeHUsl MaTPULbl CKOPOCTH Tle-
pexoja AJ11 KOMIIOHEHTHOHN MoJie/I, Kor/Jja JaHHble 0CTYNHbI 151
pacyeTa BepOsITHOCTeH COCTOSIHUH, HO JlaHHbIe /Il OLeHKH CKO-
pocTu nepexoja JIM60 HeNoJHbL, 160 HeJoCTyNHbL. Llenbio pa6o-
ThI [14] AiBAsieTcs pa3paboTKa HE3aBHCHMOW OT MPOU3BOAUTEJS
MO/JIeJIU JIJIs1 UCCJIeJOBaHUs HaZleXKHOCTH CUCTEMbI M aHaJ/IN3a YyB-
CTBUTEJIbBHOCTH JJOCTYITHOCTH cUcTeMBI. B [15] 6611 cdoKycupoBan
Ha BbILIEyNOMSHYTOH Npo6JjeMe U NMpeJJioKeH MeTo/, yTOUHEeHUs
MO/IeJIMPOBaHUs1, 0CHOBAaHHBIN Ha MeTO/le BePOSITHOCTHOM OLleHKH
PHCKa, KOTOPbIN MOKET CHHTETHYEeCKH IPUHATH JlepeB0 COOBITHH,
JlepeBo 0TKa30B, AMHAMHUYeCKoe JlepeBoO OTKa30B. U GaiiecoBcKUe
CeTH JJI MOJeJUPOBAaHUSA M aHa/M3a BblllleyKa3aHHbIX Xapak-
TEPUCTHUK, IPUMEDP B 3TOH cTaTbe MOKa3biBaeT 3PPEeKTUBHOCTD
npe/JIoKeHHOI'0 MeTO/a, U 3TOT METO/, MOXKET HUCI0JIb30BaThCS B
KauyeCTBe CIPaBOYHOT0 MaTepuaJia J/isl MOJleJINPOBaHUs U OLleHKH
CpOKa CJyK6bI M HaJIEXXHOCTU CyTHUKA. B [16] 6b11 mpeiioxkeH
yJIy4IlIeHHbIH MeTOJ, OTCJAEKUBAHUSl CHUXKEHHUS MPOU3BOAUTEIb-
HOCTHU NIpU JIJINTEJNbHOM 3KcIyaTanuu. B [17] 6611 paccMoTpeH
MEeTO/I UMUTALMOHHOTO MOJeJMPOBaHUs [/ MOJeJUPOBAHUSA
HaJIeXKHOCTH CJIOXKHOM CUCTeMbl NOCPEACTBOM MOJeJUPOBAHUS
npoduist MUCCHUH, MOJIeJIMPOBaHUs PO OKpyXKalolel cpe-
JIbl U MeTOJI0B MOJIeJIMPOBaHUsl JJMHAMHUYECKON HazexHOoCTH. B
[18] 6bLM mpencTaBieHbl METOAbl MOZEJIUPOBAHUS U OLLEHKH,
M03BOJISIIOLIME ONTHMU3UPOBATh HAJIEXKHOCTb MHOIOIIPOLECCOP-
HOU cucteMbl Ha kpuctaie (MPSoC) c yueTtom TemnepaTtypsl. U,
Hanpumep, [19], B koTopoM Oblia NpejcTaB/IeHa HOBasi MOJe/b
HaJIeXKHOCTH JJIs1 pe3epBHON KOHQUTrypal My ropsiuero pesepna c
6J10KaMH, KOTOpbIe TepBOHAYa/IbHO PAGOTAIOT B aKTUBHOM PEeXHU-
Me, a 3aTeM, IPU BKJIIOYEHUH [TIepBOHAYa/IbHO pe3epPBHbIX 6JIOKOB,
NepPeBOJATCA B PEXXUM ropsidero pesepBUpOBaHUS.

B naHHO# pa6oTe 06061 eHbI Pe3y/IbTaThl NPeAbIAYIINX UCCIe0-
BAHUH /111 C/1yyast TaK Ha3blBaeMoro 06JIer'YeHHOr0 pe3epBUpoBa-
HHUS CUCTEMbI U IPOU3BeEJIEH pacyeT U CpaBHEHHUE CTAlMOHAPHbIX
XapaKTePUCTUK HA/IEXKHOCTH JIJIs PAa3HbIX TUIIOB pe3epBoB. Llesibio
paboTHI SABJISIETCA MaTeMaTH4YeCKoe MOZleJIMPOBaHHe CUCTEMbI 00-
JIEr'YeHHOI0 pe3epBa C IPOU3BOJIbHON QYHKIMEN pacnpe/eeHust
B (X) ¥ cooTBeTCTBYyIOLIEH JIOTHOCTBIO pacnpeesenus b (x) Bpe-
MEHHU PeMOHTa €€ 3JIEMEHTOB, a TaKXKe 3KCIIOHEeHIIMaJbHbIM pac-
npezieJieHUeM BpeMeHHU 6e30TKa3HOH paboThl eé 3/1eMeHTOB C 1a-
pamMeTpoM «, .

OnucaHue MoAe/I4 U OCTAaHOBKA 3aja4U

MpbI paccMaTprBaeM 3aMKHYTYI0 OJJHOPO/IHYIO CHCTEMY X0JIOIHOTO
pe3epBUPOBAHMS C SKCIIOHEHLMAIbHOH QYHKLUEH pacnpezese-
HUSI BpeMeHU 6e30TKa3HOM paboThl U MPOU3BOJIBHON PyHKIHEN
pacrpezieJieHUs] BpeMeHU PEMOHTA eé 3JIeMeHTOB, KOTOPBIH, Co-
[JIaCHO M3MeHeHHbIM 0603HauyeHusAM Kenpasnna [20], 6yzeT 060-
3HavaThcA Kak < M, /GI /1>. Cucrema COCTOMT U3 71 OJHOTHII-
HBIX KaHAJIOB IepeJiayd JAHHBIX C OAHMM PEMOHTHBIM YCTPOH-
cTBOM. B jaHHOH pa6GoTe 6yzeT pacCMOTpeHa 3aBUCHUMOCTb BEPO-
SITHOCTH 6€30TKa3HOM paboThl CUCTEMBI OT OTHOCUTENBHOM CKO-
POCTH BOCCTAHOBJIEHHUS C pa3HBIMU KO3QPULHEeHTaM1 BapHaliH.

! PoikoB B. B, Yan AHb Hrua. O 4yBCTBUTEJIbHOCTH XapaKTEPUCTHK HAZEXKHOCTH CUCTEM K BUJY QYHKLHMH pachpejiesieHHsi BpeMeHU 6e30TKa3HOW paGoThbl U
BOCCTAHOBJIEHUsI UX 3J1IeMeHTOB // BecTHuK Poccuiickoro yHuBepcuTeTa ApyK6bl HapooB. Cepusi: MaTemMaTtrka, nHbopMaTuka, dpusuka. 2014. Ne 3. C. 65-77. URL:

https://elibrary.ru/item.asp?id=21757061 (gaTa o6pauenus: 10.08.2021).
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TEOPETUYECKME BOMPOCHI UHOOPMATUKN, MPUKIAQHOW MATEMATUKY,
KOMMbIOTEPHbIX HAYK 1 KOTHUTUBHO-MH®OPMALMOHHbBIX TEXHONOT WA

[. K. K. YaHkno

P u c. 1. Tpad MHTeHCUBHOCTeH nepexo/ioB

Fig. 1. Transition Intensity Graph

B laHHOU cucTeMe, pe3epBHbIe 3JIEMEHThI Haxo/sI[Mecs] B MeHee

Harpy>KeHHOM pe>XHM, UeM OCHOBHOM 3/ieMeHT. Tak KakK, U3 UHTeH-

CUBHOCTH Nlepexo/ia, NpY U3MeHeHuH nnapamerpa /' = 0;...545...

MO>KHO IONACTb B X0JIOAHBIA pe3epB UK ropssuuit peseps. Kpome

TOrO, CHCTeMa yJJ0BJIeTBOPSIeT CJIeYIOLUM NPeAno0KeHUAM:

[lpu 7 = 0, o ecTb x0mO/HBIH peseps:

[Ipeanosnoxenue 1: nepBoHavasbHO, paboTaeT B CUCTEME TOJIBKO

O/IVH 3JIeMeHT (OCHOBHBIM 3JIEMEHT);

[IpeanosnoxeHnue 2: mpu paboTe OCHOBHOTO 3JIEMEHTa, pe3epBHbIe

3JIeMEeHTbI HAaXOAATCSA B X0JI0O[lHOM pe3epBe;

[Ipeanosnoxenue 3: pesepBHBIN 3/1eMeHT y4acTByeT B QyHKIHO-

HHUPOBAHHUM CUCTEMBI TOJILKO I0CJIe 0TKa3a OCHOBHOTO

[Ipeanonoxenue 4: oTkasaBliMe KOMIIOHEHTBI MOCTYNAIOT B pe-

MOHT I10 OJJHOMY.

MbI MOKeM pa3zieIMTh CUCTEMY I0J] XOJIOJHBIM pe3epBOM Ha CJie-

JyIolye COCTOSHUSA:

Cocrosinue 0: ofuH (OCHOBHOI) aneMenT paboraer, 7—1 Haxo-

JSITCA B XOJIO[HOM pe3epBe; -

CocrosiHue 1: OfMH 2/IeMeHT BBbIILEJ U3 CTPOSI U PEMOHTHUPYeTCH,

ofMH — paGoraeT, 71—2 HaXOAATCHA B XOJIOJHOM pe3epBe;

CocTtosiHue [ : [ BBIIUIM U3 CTPOSA [ 3/1€MEHTbI, OJIMH PEMOHTHUPY-

erca, i—1 xper (xayT) cBOE OYepe M HA PEMOHT,  O\MH — pabo-

Taer, n—i—1 HaXo/JATCA B XOJIOJLHOM pe3epBe, | = 2 n—1;

CocTosHue 7 : Bce asmeMeHTHhI BBILLIY U3 CTPOS, OJMH PEMOHTHPY-

eTcsl, OCTaJIbHbIE Ky T CBOEH oyepeii Ha PEMOHT.

lpu ¥ =A ,To ecThb ropstauii peseps:

[Ipeanonoxenue 1: nepBoHayaJbHO pe3epBHble 3JIeMEHTHl y4a-

CTBYIOT B QYHKIIMOHUPOBAHUH CUCTEMb] HapaBHEe C OCHOBHbBIM;

[Ipeanosioxenue 2: oTKasaBliMe KOMIIOHEHTBI MOCTYIAIOT B pe-

MOHT I10 OJJHOMY.

MBI MOKeM pacCMOTPETB C/IeAlyIole COCTOSTHUSA CUCTEMBI M0/, To-

pSYUM pe3epBOM:

CocTrosiHue 0: Bce KOMIIOHEHTbI paboTaloT; *

CocTosiHMe 1: OJJMH 3JIeMEHT OTKasaJ M HAXOAMUTCA B PEMOHTE,
n—1 anemenToB paGoTaior;

CocTtosiHue [ : [ BBIIUIM U3 CTPOsA [ 3/1€MEHTbI, OJIMH PEMOHTHPY-

ercsi, i—1 xpaer (kAyT) cBOei ouepesy Ha PEMOHT, OUH — PaGo-

Taet, N —1 371eMeHTOB pa6oTarwT, = 2, n—1 ;

CocTtosiHue 7 : Bce 3/1eMeHTBI BBIILIW U3 CTPOs], OJJUH PEMOHTHPY-

eTcsl, OCTaJ/IbHbIE Ky T CBOEH ouepe/ii Ha PEMOHT.

3aziauya — HaWTH IBHble aHAJIMTUYECKHe BbIPAXKEHUs AJ1S CTALHO-

HapHOTO pacnpesie/leHUs] BepOATHOCTENH COCTOSHUM CUCTEMbl U

JUISL CTallMOHApPHOM BEPOATHOCTHU 6e30TKa3HON paGoThl CUCTEMBI

KakK B 0011eM cJ1y4dae, Tak U /11 HEKOTOPBIX YaCTHBIX CIy4aeB pac-

npejeeHuit. I 3TOro paccMOTPUM cay4aiHblii nponece V(7

YHCJIO OTKA3aBIIUX 3JIEMEHTOB CUCTEMbI B MOMEHT BpeMeHH [, U

mHoxecTBO cocrostanid cuctembt € =10,1,2,...,1¢ 1 mapxoBu-

3allMy 3TOTO MPOLEeCcca, TO eCThb JJIsl ONUCAHUs NIOBeJIeHUs CUCTe-

CoBpemeHHble
MH(OPMaLMOHHbIe
TeXHONnornun

n UT-o6pa3oBaHue

MbI ¢ ToMo1bio Mapkosckoro nponecca (MII) [9], BBeaéM gomoJ-
HUTEJIbHYIO [IepeMEeHHY0 x(t) € R, — BpeMs, 3aTpayeHHOe B MO-
MeHT ! Ha PeMOHT OTKa3aBLIEro 3JIEMEHTA, U BOCIIOJIb3yeMCsl pac-
IIMPEHHBIM TPOCTPaHCTBOM coctosuuit £ =& X R] | B pesynbrare
noJiyuuM AByMepHbIii [10] nponecc (v t),x(t) C paClIMPeHHbIM
[POCTPaHCTBOM COCTOSIHUM E = (0),(1,x),(2,x),...,(n,x)}.

0603HayuM yepes Py (7 ) BepoaTHOCTB TOTO, 4TO B MOMEHT BpeMe-
Hu ! cucreMa Haxogurcea B cocroanuu i =0, nyepes P, taxs)—HP
(mo HempepbIBHOW KOMIIOHEHTE) BEPOSTHOCTEH TOTO, YTO B MO-
MEeHT BpeMeHH [ cucTeMa HaxXOJUTCSl B COCTOSHMM [, M Bpewms,
3aTpayeHHOe HAa PEMOHT OTKa3aBLIEro 3JJeMeHTa, HAXOJUTCS B UH-

TepBasie X, X +dx ,
Do t)=p v(t):O , _ @8]
P t,x)dx:p{v(t :i,x<x(t)<x+dx},i:1,n_ )

PaccMOTpHM BepoOsITHOCTH HEKOTOPBIX COGBITHH, KOTOpPbIE OYAYT
WCII0JIb30BAThCS B Ja/IbHEHIINX pacyeTax.

TlepBoe co6biTHe: 3a BpeMsa A mpu6op coMaeTcsi, MpU yCJIOBUH,
YTO OH 0TpaboTas X eAMHHUIL BpeMeHH 6e30TKa3HOH paboThl.

plrsdseajazs) - LEEASTA]
P{AZx}
:A(X+A)_A(x)= a(x)A :aieja‘xA:a,»AﬁLo(A)
l—P{A<x} I—A(x) o

BTopoe co6bITHE: HAYMHASI C paCCMaTPHUBAEMOr0 MOMEHTa BpeMe-
HH, 33 BpeMs A Npu60p BOCCTAaHOBUTCSA, IPH YCIOBHMH, 9TO OH Ha-
XOJIMJICS] B pEMOHTE X eJIMHHI] BpeMeHU

plrsBsxsapey LI EETTA
p{B>x}

_B(x+A)-B(x) _ B(x)A .
~ 1-p{B<x} 1-B(x) =Bx)arola)

Teopema 1. CTaI.[I/IOHaprIe BEPOATHOCTHU COCTOAHUA BOCCTAHAB-
JINBa€MOU CHCTEMbI UMEET BU/:

b(ay) 1-b(a,)
P, =G s 1 =G
a, a,
7 i1 i1 1-b
p=C q/ll b(a) (71)"/[ % ]q/ («) ci=2n—1 n>2
@; j=1 k=j O = Oy a;

G [V’nE[B]_Wn—l M], n=2

p,= ~ = 2 _ila
e [w,,E[B]—wn,.Mﬁzvl)“’[nﬂ}w,w} n>2

@, =1 kej O = Py
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JlokasarenbcTBo. U3 (1) u (2) cnouMomb}o NpaBuJia NOJTHOU Bepo- Bla) 1-b(@) @ 1-5@) &, (s a 1-3(a,) o
ATHOCTH MBI IepeXoJuM K NpsMoi cucteMe AuddepeHnranbHbIX o T 7 - Vi— — * :I(*l) H a Vi *
ypaBHeHUH KosiMoropoBa, KoTopas NO3BOJIIET HAaWTH crapuo- C = R ' . ~ ' ;n>2
HapHble BepOSITHOCTH COCTOSIHUM paccMaTpUBaeMON CHCTEMBI. +[%E[B]7WM l_b(a”")fi(fl)"’/[h P ]w/ lfb(a’)J
Ucnonb3ys ¢popMysry HOSTHOU BEPOSITHOCTH U IIEPEXO/S K ITpeJiesy i ! 7 T &
npu A = 0, Mbl BBIBOAUM CJIeAyIOLIME CUCTEMBI JUbdepeHIHab-
HBIX ypaBHeHUH Kosmoropoga: v,=y, =L n=2
b a ~ 1
opy =+ [, (x) B (x) e v, = 1—(1— ! ]b( ) |3 n>2
5 a, —a, b(a,)
dp, (x)
——==-p(x)(o, +B(x . (= w2 (e )
dx ]( )( I ( )) 3) v, =y, (146 (e, )+ 2 (-1)" '[Ha fa ]V’,’Z(’l) '[ aoi; J%b(a,) n>2
dpi X . = =i i+l =t =i % i+l
dfc ):—p‘.(x)(oc,+ﬁ(x))+a,71p,7l(x); i=2,n-1 B B , ’ 1
i wu.:[wz(—lr"[na o ]w,—z<—1)“"’[na % ]w;(a,)],;(a i 0
p” x Jj=t k=j Y% k+1 Jj=t k=j j k+1 i+l
o =D, (x) B (x) T O, 1Py (x)
X Kak BUJHO U3 NpUBeAEHHBIX BHIPAXKEHNUH, UMEETCS1 3aBUCUMOCTh
C rpaHUYHBIMU YCJIOBUAMHU: CTAllMOHAPHBIX BEPOSTHOCTEH COCTOSIHUI CHCTEMBI OT BHAA pac-
gy , 4 npeJie/leHUi BpeMeHH peMoHTa. OJHAaKO 3Ta 3aBUCHMOCTb CTaHO-
P (0) =Pt j-pz (x)ﬂ (x)dx BUTCS MCYe3aolle MaJod NMpU «ObICTPOM» PEMOHTE OTKa3aBILHX
* 0 L — 3JIEMEHTOB, T.€. C POCTOM OTHOCHUTEJBbHOH CKOPOCTH BOCCTAHOBJIE-
0) = Ipi+1 (x)ﬂ(x)dx; i=2,n-1 (5) HUA P . YucneHHble U rpaduyeckre pe3ynbTaThl NPUBeJEHbI B
0

JTta cucTeMa M03BOJISET HAM HAXOJUTh BEPOSTHOCTU COCTOSIHUN
[21] paccmaTpuBaeMoii cucteMbl. Mbl mpejnojaraeM, 4To [Jist
ONHMCAaHHOI'0 Mpollecca CyIecTBYeT CTAallMOHApHOe pacmpejesie-
HUe BeposiTHOCTeH npu I —> 0 |, [IpUCTYyNHUM K pelleHHI0 MoJy-
YEeHHOU CcHCTeMbl 6aJaHCOBBIX YPABHEHUH METO/I0OM IOCTOSTHHOM
Bapuanuu®. OTCI0a Mbl HAaXOAWM CTallMOHApPHbIE BEPOSITHOCTH
MaKpO-COCTOSIHUH. B pe3ysibTaTe nosiydaeMm ciaefyouiye aHaJIUuTH-
YyeCcKue BBIPaKeHUs /Il CTAllMOHAPHBIX BEPOSITHOCTEN COCTOS-
HUH BOCCTAHOBJIIEMOW CHUCTEMBl B CJEAYIOIIEM B CJEAYIOLIEM
BU/IE:

b(e,) 1-b(a,)
P =G > b =4
a, a,
1_];( ) i1 NS o ]7b~(a/_) .
p,=C vy, 24y (-1 k vy ———2 1 i=2,n-1; n>2
I[ a; ;( ) [k:j afia,(ll] ’ a/
o [%E[B]—w,,,l M]; n=2
a,,
P, = - -
l’b(a 71) 'S i1 @ l_b(ar)
C, E[B]- — Yy (-1 ey —— T p>2
‘[W" [ ] Yo @y ;( ) Ea/_akﬂ v a;
e E[B]— maremarnueckoe oxxnpanue c.s. BPEeMEHH PeMOHTa OT-
KasaBllero 3jieMeHTa. Ycnosb3ys yc10Be HOpMUPOBKU Zp =1
HalJileM KOHCTaHTy C . pry
~ ~ ~ -1
b(ay) 1-b( 1-b(a,,
C = MJF#JFW”E[B]_WM M s n=2
0 1 n-1

caeaywolieM pasjesne [22-25].

IIpumep. YucieHHBIN aHAIU3 Moaeml

Paccmotpum YacTHbIE yau Mozenn npu
n=2; E[4]=20; E[B]=1; c= 0 51,2} ¢ cneayromumu pac-
npesie/IeHUsIMA BpeMeHU peMOoHTa: Belbysi-rHesieHko (WG), Ila-
peto (PAR), l'amma (G) u JlorHopmanbHoe (LN).

B Ta6sune 1, npuBeseHbl 3HAUYE€HUSI BEPOSTHOCTU 6€30TKA3HOM
pa60Tbl BOCCTaHaBJINBA€MOM CHUCTEMbI XOJIOLHOTO U ropda4dero pe-
3epBUPOBAHUS.
Ta6auial 3HaueHUsI BEPOATHOCTH 6e30TKa3HOM paGoThl
BOCCTaHAB/IMBaeMoii cucTempr 1 — P
T able 1. Values of the probability of non-failure operation of the restored

system1-p,
C1
0.5 1 2

WG y=0 0.9983066 0.9976247 0.9959706
y=A 0.9967741 0.9954751 0.9923235

PAR y = 0 0.9984997 0.9980036 0.9974742
y=A 0.9971422 0.996197 0.9951884

G y=0 0.998478 0.9976247 0.9945867
y=A 0.9971008 0.9954751 0.9896862

LN y=0 0.9984795 0.9976577 0.995211
y=A 0.9971037 0.9955379 0.990876

BuziHO, 4TO [Jisi BCeX paccMaTpPUBaeMbIX paclpejiesieHUH, dyeM
MeHblIe K03$UIUEHT BapUalLlly, TeM O0JIbIlle BEPOSITHOCTb 6€e3-
OTKa3HOH paboThbl cucTeMbl. TakKe XOJOAHBIH PEXHUM SIBJISETCS
JIYYLIMM PEXHMOM U MoZeJb ¢ [lapeTo pacnpejiesieHUss BpeMeHU
PEMOHTA SIBJISIETCS] CAMOW HaJIe)KHOUM Mogesbio [25].

2 TlerpoBckuii U. I JIeK11K 110 TEOPUH 06bIKHOBEHHBIX ArddepeHIHalbHbIX YpaBHEHUH. 4-e u3z. M.-J1.: TUTTJI, 1952. 232 c.
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B pucyHke 2 1 3 npe/icTaBeHbl rpadUKH 3aBUCUMOCTH BEPOSITHO-  Thl CUCTEMBI XOJIOZHOTO M IOPSiYero pesepBUpPOBaHUS € K03 du-
CTH 6€30TKa3HON paGoOThl CUCTEMBI COOTBETCTBEHHO XOJIOAHOTO U IIMEHTOM BapHalllM, KOTOPBIM MMeeT CaMbli JIYYIIHHA BeposiT-
ropsiiero pesepBUpPOBAHUSA C PAa3HbIMU KO3$OHUIMEHTaMU Bapyda-  HOCTb 6€30TKa3HOH paGOThl CUCTEMBI OT OTHOCUTENBHON CKOpO-
L[UM OT OTHOCHUTEJIbHOM CKOPOCTH BOCCTAHOBJIEHHUs. /lajsiee B pU-  CTH BOCCTAHOBJIEHUS P .

CyHKe 4 rpadUKM 3aBUCHUMOCTH BEPOSITHOCTH 6€30TKa3HOU pabo-

o | o |
© _| o |
o o
o | o |
. ° <M_2/WG/1>-XonoaHsii peseps || . < <M_2/PAR/1>-XonoaHblil peseps
= — ¢=05 ® — ¢c=05
- ---- c=1 L === ¢=1
S c=2 =1 | c=2
o o
! N
o | o
o _| o
o o
T T T T T T T T
5 10 15 20 5 10 15 20
p=EA/EB
o | e
© _| @® _|
o o
©o | ©o |
o ° <M_2/G/1>-XonoaHenipesepe || =~ © <M_2/LN/1>-XonoaHeli pezeps
= — ¢=05 = — ¢=05
: s il -
< - =2 < | ] e c=2
o o
o N
o o
o | o |
o o
[ [ | T | | I I
5 10 15 20 5 10 15 20
p =EA/EB p =EA/EB

P u c. 2. Tpaduky 3aBUCHMOCTH BePOATHOCTH 6€30TKa3HOH paboThl CHCTEMBI 1- P> xonopxoro pesepsupoBanusi ot P

Fig. 2. Graphs of the dependence of the probability of non-failure operation of the cold backup system 1- Py on P
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Fig. 3. Graphs of the dependence of the probability of non-failure operation of the hot backup system 1- P> on P
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Fig. 4. Graphs of the dependence of the probability of non-failure operation of the cold and hot backup system 1- P> on P

paduyeckre pe3ysnbTaThl MOATBEPKAAIT BbIIIENPUBEEHHbBIN
BBIBOJ, O TOM, YTO 4YeM MeHblie KO3(pPUIMEHT BapHallH, TeM
6oJibIlle BEPOSITHOCTh 6€30TKAa3HOW paboThl cucTeMsbl. Janee xo-
JIOHBIA pEXHUM, U MoAesb C IlapeTo pacnpejesieHUs] BpeMeHH
PEMOHTA SIBJISIIOTCS COOTBETCTBEHHO JIYYIIUM PEXHUMOM U CaMOM
HaJleXKHOW MOJIeJIbl0. A TaKXKe MPU «BbICTPOM» BOCCTAHOBJIEHHUHU
OTKa3aBILEro 3JIEMEHTA, 3aBUCUMOCTb CTAllMOHAPHBIX BEPOSIT-
HOCTEH COCTOSIHMHM CHUCTEMbI OT THIA pacnpejieieHUs1 BpeMeHH!
PEMOHTA CTAaHOBHUTCS MCYe3alollie MaJiol, TO eCTh BbICOKAsh aCUM-
MTOTHYECKAass HEYYBCTBUTEJIbHOCTh BEPOSTHOCTH 0e30TKa3HOU
pa6oThl cucteMsl [22-25].

CoBpemeHHble
MH(OPMaLMOHHbIe
TeXHONnornun

n UT-o6pa3oBaHue

3akK/o4yeHue

Jl1s BoccTaHaBJIMBaeMOW 3aMKHYTOH OJHOPOJHOH pe3epBUpO-
BaHHOU cuctembl <M, /GI /1> o6GneruénHoro pesepBUpoBa-
HHS C OJJHUM PEMOHTHBIM YCTPONCTBOM, C 3KCITIOHeHIIMabHON PP
B.6.p. €é 3/1IeMeHTOB U NPOU3BOJIbHBIM 3aKOHOM paclpesiesleHUs
BpeMeHM HX PeMOHTa. BbliM NoJiydeHbl sIBHble aHAJIUTHYeCKHe
BbIpa)KeHUs [JJIl CTAallHOHAPHOTr'O paclpejie/leHUs BepOsTHOCTEH
COCTOSIHUH CHUCTeMBbI KaK B 06I1leM cJyvae, Tak U JIJIs HEKOTOPbIX
YaCTHBIX CJy4aeB pachpefiesieHUH (TakMX Kak pacrnpejesieHue
Benibynna-T'nesenko, pacnpesnenenue I[lapero, amma pacnpege-
JIEHUS U JIOTHOpMaJibHOe pacnpejesieHue). [losyyeHHble popmy-
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JIbI TIOKA3bIBAKOT, YTO UMEETCSI 3aBUCUMOCTD CTAllMOHAPHBIX BEPO-
SITHOCTEH COCTOSIHUHM CHCTEMBI OT BHU/IA pacrpe/ieJieHHi BpeMeH!
peMonTa. OIHAKO 3Ta 3aBUCHMOCTb CTAHOBHUTCS MCYe3alolle Ma-
JIOW MpH «BBICTPOM» PEMOHTE OTKAa3aBLIMX 3JIEMEHTOB, T.e. C PO-
CTOM OTHOCHTEJIbHOH CKOPOCTH BOCCTAHOBJIEHHS.

YuceHHBIH aHA/IM3 OKA3bIBAET, YTO YeM MeHblle KO3PHUIUEHT
BapHaLNH, TEM 60JIbIlIe BEPOSTHOCTb 6€30TKa3HOM paboThI CUCTE-
Mbl. [lasiee X0JIOHBIN pexuM, U MojeJib ¢ [lapeTo pacnpezesieHus
BpeMEHH PEMOHTA SIBJISIIOTCSI COOTBETCTBEHHO JIYUIIUM PEKUMOM
Y caMOW HaJIeXKHOW MOJiesiblo. A TakKe MPHU «ObICTPOM» BOCCTa-
HOBJIEHWU OTKa3aBIIEro 3JieMeHTa, 3aBUCUMOCTb CTal[MOHAPHbBIX
BEPOSITHOCTEH COCTOSIHUM CUCTEMbI OT THIIA pacnpe/iesieHus Bpe-
MEeHU PeMOHTa CTAaHOBUTCS MCYe3alolle MaJoi, TO eCTb BbICOKasi
ACUMIITOTHYECKAs: HEYyBCTBUTEJIbHOCTh BEPOSITHOCTH 6€30TKa3-
HOU PabOThI CUCTEMBI.

CIUCOK COKpaleHu |
OP - pyHKIMS pacnipesesieHUs
B.0.p. - BpeMs1 6e30TKa3HOH paboThl

References

[1] Ahmed W, Hasan O., Pervez U,, Qadir . Reliability modeling
and analysis of communication networks. jJournal of Net-
work and Computer Applications. 2017; 78(C):191-215. (In
Eng.) DOI: https://doi.org/10.1016/j.jnca.2016.11.008

2] Ometov A., Kozyrev D.V, Rykov V.V, Andreev S. Gaida-
maka Y.V, Koucheryavy Y. Reliability-Centric Analysis of
Offloaded Computation in Cooperative Wearable Appli-
cations. Wireless Communications and Mobile Computing.
2017; 2017:9625687. 15 p. (In Eng.) DOI: https://doi.
org/10.1155/2017/9625687

[3] Rykov V.V, Kozyrev D.V.,, Zaripova E. Modeling and Simu-
lation of Reliability Function of a Homogeneous Hot Dou-
ble Redundant Repairable System. In: Ed. by Z. Z. Paprika,
P. Hora’k, K. Va'radi, P. T. Zwierczyk, ‘A. Vidovics-Dancs,
J. P. R’adics. Proceedings of the 31st European Confer-
ence on Modelling and Simulation ECMS2017 (May 23-26,
2017, Budapest, Hungary). Germany, Digitaldruck Pir-
rot GmbH.; 2017. p. 701-705. (In Eng.) DOI: https://doi.
org/10.7148/2017-0701

[4] Houankpo H.G.K., Kozyrev D.V. Sensitivity Analysis of
Steady State Reliability Characteristics of a Repairable Cold
Standby Data Transmission System to the Shapes of Life-
time and Repair Time Distributions of its Elements. CEUR
Workshop Proceedings. 2017; 1995:107-113. Available at:
http://ceur-ws.org/Vol-1995 /paper-15-970.pdf (accessed
10.08.2021). (In Eng.)

[5] Efrosinin D., Rykov V.V. Sensitivity Analysis of Reliability
Characteristics to the Shape of the Life and Repair Time
Distributions. In: Ed. by A. Dudin, A. Nazarov, R. Yakupov, A.
Gortsev. Information Technologies and Mathematical Model-
ling. ITMM 2014. Communications in Computer and Informa-
tion Science. 2014; 487:101-112. Springer, Cham. (In Eng.)
DOI: https://doi.org/10.1007/978-3-319-13671-4_13

[6] Rykov V., Efrosinin D., Vishnevsiy V. On Sensitivity of Reli-
ability Models to the Shape of Life and Repair Time Distri-
butions. 2014 Ninth International Conference on Availability,

Vol. 17, No. 3. 2021 ISSN 2411-1473 sitito.cs.msu.ru

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Reliability and Security. IEEE Press, Fribourg, Switzerland;
2014. p. 430-437. (In Eng.) DOI: https://doi.org/10.1109/
ARES.2014.65

Rykov V.V, Kozyrev D.V. Analysis of Renewable Reliabili-
ty Systems by Markovization Method. In: Ed. by V. Rykov,
N. Singpurwalla, A. Zubkov. Analytical and Computational
Methods in Probability Theory. ACMPT 2017. Lecture Notes in
Computer Science. 2017; 10684:210-220. Springer, Cham. (In
Eng.) DOL: https://doi.org/10.1007/978-3-319-71504-9_19
Rykov V., Kozyrev D. On Sensitivity of Steady-State Proba-
bilities of a Cold Redundant System to the Shapes of Life
and Repair Time Distributions of Its Elements. In: Ed. by J.
Pilz, D. Rasch, V. Melas, K. Moder. Statistics and Simulation.
IWS 2015. Springer Proceedings in Mathematics & Statistics.
2018; 231:391-402. Springer, Cham. (In Eng.) DOI: https://
doi.org/10.1007/978-3-319-76035-3_28

Parshutina S.A., Bogatyrev V.A. Models to support design of
highly reliable distributed computer systems with redun-
dant processes of data transmission and handling. 2017
International Conference “Quality Management, Trans-
port and Information Security, Information Technologies”
(IT&QM&IS). IEEE Press, St. Petersburg, Russia; 2017. p.
96-99. (In Eng) DOI: https://doi.org/10.1109/ITMQ-
1S.2017.8085772

Teh J., Lai C.-M., Cheng Y.-H. Impact of the Real-Time Ther-
mal Loading on the Bulk Electric System Reliability. [EEE
Transactions on Reliability. 2017; 66(4):1110-1119. (In
Eng.) DOI: https://doi.org/10.1109/TR.2017.2740158
Lisnianski A., Laredo D., BenHaim H. Multi-state Markov
Model for Reliability Analysis of a Combined Cycle Gas Tur-
bine Power Plant. 2016 Second International Symposium
on Stochastic Models in Reliability Engineering, Life Science
and Operations Management (SMRLO). 1IEEE Press, Beer
Sheva, Israel; 2016. p. 131-135. (In Eng.) DOI: https://doi.
org/10.1109/SMRLO0.2016.31

Perkin S., et al. Framework for Threat Based Failure Rates in
Transmission System Operation. 2016 Second International
Symposium on Stochastic Models in Reliability Engineering,
Life Science and Operations Management (SMRLO). 1EEE
Press, Beer Sheva, Israel; 2016. p. 150-158. (In Eng.) DOI:
https://doi.org/10.1109/SMRL0.2016.34

Singh C. Assigning transition rates to unit models with in-
complete data for power system reliability analysis. 2015
Annual IEEE India Conference (INDICON). New Delhi, India;
2015. p. 1-5. (In Eng.) DOI: https://doi.org/10.1109/INDI-
CON.2015.7443163

Tourgoutian B., Yanushkevich A., Marshall R. Reliability and
availability model of offshore and onshore VSC-HVDC trans-
mission systems. 11th IET International Conference on AC
and DC Power Transmission. IEEE Press, Birmingham; 2015.
p- 1-8. (In Eng.) DOI: https://doi.org/10.1049/cp.2015.0101
Li X,, Ao N., Wu L. The refining reliability modeling meth-
od for the satellite system. 2014 10th International Confer-
ence on Reliability, Maintainability and Safety (ICRMS). IEEE
Press, Guangzhou, China; 2014. p. 484-488. (In Eng.) DOI:
https://doi.org/10.1109/ICRMS.2014.7107244

Xu M, Zeng S., Guo ]. Reliability modeling of a jet pipe
electrohydraulic servo valve. 2014 Reliability and Main-

Modern
Information
Technologies
and IT-Education



540

TEOPETUYECKME BOMPOCHI UHOOPMATUKN, MPUKIAQHOW MATEMATUKY,

KOMMbIOTEPHbIX HAYK 1 KOTHUTUBHO-MH®OPMALMOHHbBIX TEXHONOT WA

[. K. K. YaHkno

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

tainability Symposium. 1EEE Press, Colorado Springs, CO,
USA; 2014. p. 1-6. (In Eng.) DOI: https://doi.org/10.1109/
RAMS.2014.6798480

Cao ], Wang Q., Shen Y. Research on modeling method of
complex system mission reliability simulation. 2012 In-
ternational Conference on Quality, Reliability, Risk, Main-
tenance, and Safety Engineering. Chengdu, China; 2012.
p.- 307-311. (In Eng.) DOI: https://doi.org/10.1109/IC-
QR2MSE.2012.6246242

Gu Z., Zhu C,, Shang L., Dick R.P. Application-Specific MPSoC
Reliability Optimization. IEEE Transactions on Very Large
Scale Integration (VLSI) Systems. 2008; 16(5):603-608. (In
Eng.) DOI: https://doi.org/10.1109/TVLSL.2008.917574
Huang W.,, Loman J., Song T. Reliability modeling of A warm
standby redundancy configuration with active — standby
— active units. 2014 Reliability and Maintainability Sympo-
sium. IEEE Press, Colorado Springs, CO, USA; 2014. p. 1-5. (In
Eng.) DOI: https://doi.org/10.1109/RAMS.2014.6798473
Kendall D.G. Stochastic Processes Occurring in the Theory of
Queues and their Analysis by the Method of the Imbedded
Markov Chain. The Annals of Mathematical Statistics. 1953;
24(3):338-354. (In Eng.) DOI: https://doi.org/10.1214/
aoms/1177728975

Sevast'yanov B.A. An Ergodic Theorem for Markov Process-
es and Its Application to Telephone Systems with Refusals.
Teoriya Veroyatnostei i ee Primeneniya = Theory of Proba-
bility & Its Applications. 1957; 2(1):104-112. (In Eng.) DOI:
https://doi.org/10.1137/1102005

Houankpo H.G.K, Kozyrev D.V, Nibasumba E. Mouale
M.N.B., Sergeeva L.A. A Simulation Approach to Reliability
Assessment of a Redundant System with Arbitrary Input
Distributions. In: Ed. by V. M. Vishnevskiy, K. E. Samouy-
lov, D. V. Kozyrev. Distributed Computer and Communica-
tion Networks. DCCN 2020. Lecture Notes in Computer Sci-
ence. 2020; 12563:380-392. Springer, Cham. (In Eng.) DOI:
https://doi.org/10.1007/978-3-030-66471-8_29
Houankpo H.G.K, Kozyrev D.V, Nibasumba E. Mouale
M.N.B. Reliability Analysis of a Homogeneous Hot Standby
Data Transmission System. In: Ed. by P. Baraldi, F. Di Maio,
E. Zio. Proceedings of the 30th European Safety and Reliabil-
ity Conference and 15th Probabilistic Safety Assessment and
Management Conference (ESREL2020 PSAM15). Research
Publishing, Singapore; 2020. p. 1-8. (In Eng.) DOI: https://
doi.org/10.3850/978-981-14-8593-0 5755-cd

Houankpo H.G.K, Kozyrev D.V, Nibasumba E. Mouale
M.N.B. Mathematical Model for Reliability Analysis of a Het-
erogeneous Redundant Data Transmission System. 2020
12th International Congress on Ultra-Modern Telecommuni-
cations and Control Systems and Workshops (ICUMT). Brno,
Czech Republic; 2020. p. 189-194. (In Eng.) DOI: https://
doi.org/10.1109/ICUMT51630.2020.9222431

Houankpo H.G.K., Kozyrev D. Reliability Model of a Homoge-
neous Warm-Standby Data Transmission System with Gen-
eral Repair Time Distribution. In: Ed. by V. Vishnevskiy, K.
Samouylov, D. Kozyrev. Distributed Computer and Communi-
cation Networks. DCCN 2019. Lecture Notes in Computer Sci-
ence. 2019; 11965:443-454. Springer, Cham. (In Eng.) DOI:
https://doi.org/10.1007/978-3-030-36614-8_34

CoBpemeHHble
MH(OPMaLMOHHbIe
TeXHONnornun

n UT-o6pa3oBaHue

Ilocmynusa 10.08.2021; odobpeHa nocie peyeH3uposaHus
17.09.2021; npunama k ny6aukayuu 20.09.2021.
Submitted 10.08.2021; approved after reviewing 17.09.2021;
accepted for publication 20.09.2021.

Yankno Iexktop ’Ku6con KmHMaHOH, acnyvpaHT Kadespbl NMpu-
KJaJJHOW HMHPOPMATUKU U TEOPUH BEPOSTHOCTEH, (aKynabTeT
¢dU3NKO-MaTeMaTUYECKUX U eCcTecTBeHHbIX Hayk, ®ILAOY BO
«Poccuiickuit yHuBepcuTeT LpyK6b1 HapozoB» (117198, Poccuii-
ckas Penepanus, r. MockBa, yi. Mukiayxo-MakJias, a. 6), ORCID:
https://orcid.org/0000-0003-1399-3817, gibsonhouankpo@
yahoo.fr

Asmop npouumas u 0006pus OKOHYaMeAbHbLU 8APUAHM PYKONUCU.

About the author;

Hector G. K. Houankpo, Postgraduate Student of the Department
of Applied Probability and Informatics, Faculty of Science, Peoples’
Friendship University of Russia (6 Miklukho-Maklaya St., Moscow
117198, Russian Federation), ORCID: https://orcid.org/0000-
0003-1399-3817, gibsonhouankpo@yahoo.fr

The author has read and approved the final manuscript.

Tom 17, N2 3. 2021 ISSN 2411-1473 sitito.cs.msu.ru



