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I. INTRODUCTION

AK =-CGEE=J;= H9J9<A?E ?G=K E9AFKLJ=9E, 9
LJ=E=F<GMK 9LL=FLAGF @9K :==F HML GF =-CGEE=J;=
KQKL=EK, O@A;@ 9J= =PH=;L=< LG <=DAN=J @A?@ IM9DALQ
K=JNA;=K GFDAF=. B=KA<=K =P@A:ALAF? @A?@ H=J>GJE9F;=K LG
=-CMKLGE=JK J=?9J<AF? L@= GH=J9LAGF9D KH==< GJ J=KHGFK=
LAE=, L@=Q 9DKG @9N= LG := @A?@DQ <=H=F<9:D=, A.=. @A?@DQ
J=DA9:D= 9F< 9N9AD9:D=. IF<==<, L@= 9KK=KKE=FL G>
H=J>GJE9F;=K, J=DA9:ADALQ 9F< 9N9AD9:ADALQ AK 9 C=Q KL=H AF
L@= <=KA?F, 9F9DQKAK 9F< LMFAF? G> ;GEHML=J KQKL=EK,
=KH=;A9DDQ =-CGEE=J;= KQKL=EK. IF ?=F=J9D, L@=
9N9AD9:ADALQ G> W=: K=JNA;=K :=;GE=K GF= G> L@= EGKL
KA?FA>A;9FL ;@9J9;L=JAKLA;K L@9L K@GMD< := KM;;=KK>MDDQ
9<<J=KK=< :Q ;GEH9FA=K O@A;@ JMF K=;MJ= LJ9<AF?
:MKAF=KK=K, :9K=< GF IFL=JF=L L=;@FGDG?A=K, =.?.
=-CGEE=J;=, =D=;LJGFA; >MF<K LJ9FK>=J (EFT) KQKL=EK,
=-B9FCAF?, GFDAF= 9M;LAGFK, 9K O=DD 9K GFDAF= :JGC=J9?=.
FGJ KM;@ :MKAF=KK=K, L@= 9N9AD9:ADALQ G> W=: K=JNA;=K AK 9
C=Q QGS E=LJA;K, KAF;= L@= MF9N9AD9:ADALQ G> L@=
;GJJ=KHGF<AF? W=: K=JNA;=K E9Q D=9< LG L=JJA>A; DGKK=K,
G>L=F E=9KMJ=< AF EADDAGFK G> <GDD9JK H=J @GMJ [1]. T@AK AK
=N=F EGJ= =P9??=J9L=< OAL@ D9J? -CGEE=J;= KQKL=EK

L@9L <=HDGQ EAKKAGF-;JALA;9D 9HHDA;9LAGFK. IL AK FGL
MF;GEEGF >GJ D9J?= W=: KAL=K LG := =PLJ=E=DQ ;GEHD=P,
KAF;= L@=Q 9J= :MADL GML G> L@GMK9F<K G> ;GEHGF=FLK
AF;DM<AF? K=JN=JK, >AJ=O9DDK, ;GEEMFA;9LAGF DAFCK, KLGJ9?=
:GP=K, <9L9 ;=FL=JK 9F< 9DD KGJLK G> KG>LO9J= KQKL=EK. OF
L@= GL@=J @9F<, L@= JMK@ LG :=;GE= NAKA:D=/GH=J9LAGF9D
GFDAF= 9K KGGF 9K HGKKA:D=, G>L=F ;GE=K 9L L@= =PH=FK= G>
D9;C G> ;9J=>MD <=KA?F 9F< L=KLAF?, D=9<AF? LG E9FQ KQKL=E
NMDF=J9:ADALA=K. T@= D9;C G> HJG9;LAN= 9F< ;GFLAFMGMK
;9H9;ALQ HD9FFAF? HJG;=<MJ= E9Q D=9< LG H=J>GJE9F;=
HJG:D=EK, :ML 9DKG LG 9F MF=PH=;L=< MF9N9AD9:ADALQ, ;9MK=<
:Q >9AD=< JGML=JK, LAN K=?E=FLK, GJ GL@=J ;GEHGF=FLK.

DGOFLAE=K E9Q := >AF9F;A9DDQ <=N9KL9LAF? LG KM;@
;GEH9FA=K, KAF;= 9N=J9?= <GOFLAE= ;GKL H=J @GMJ E9Q
J9F?= >JGE L@GMK9F<K LG EADDAGFK G> <GDD9JK, <=H=F<AF? GF
L@= AF<MKLJQ [2]. FGJ AFKL9F;=, L@= 9N=J9?= @GMJDQ
<GOFLAE= ;GKL AF ;J=<AL ;9J< LJ9FK9;LAGFK AK =KLAE9L=< LG
:= $6.5 EADDAGF [3]. R=;=FLDQ, EE=JKGF N=LOGJC PGO=J
[4] @9K J=D=9K=< 9 J=K=9J;@ J=HGJL :9K=< GF L@= PGF=EGF
IFKLALML= KLM<Q [5] L@9L E9C=K 9F AFKA?@L LG L@= >MDD
=;GFGEA; ;GKLK G> MFHD9FF=< <9L9 ;=FL=J GML9?=K, KL9LAF?
L@9L L@= K=JAGMK >AF9F;A9D ;GFK=IM=F;=K ;9F J9F?= >JGE 9
EAFAEME ;GKL G> 9DEGKL $40,000 LG 9 E9PAEME ;GKL G>
EGJ= L@9F $1,000,000 H=J 9 KAF?D= AF;A<=FL (EGJ= L@9F
$11,000 H=J EAFML=). A;;GJ<AF? LG L@= K9E= KGMJ;=, L@=
9N=J9?= ;GKL H=J 9 KAF?D= <GOFLAE= AF;A<=FL AK =KLAE9L=<
EGJ= L@9F $500,000. IF 9<<ALAGF, :9K=< GF 9 KMJN=Q
;9JJA=< GML :Q ITIC, DADAG [6] @9K J=N=9D=< 9 KA?FA>A;9FL
>9;L K9QAF? L@9L, O@AD= GFDAF= ;GEH9FA=K ;9FFGL 9;@A=N= 9
YR=JG <GOFLAE=Z AF HJ9;LA;=, GF= GML G> L=F G> L@=E F==<=<
9F 9N9AD9:ADALQ ?J=9L=J L@9F 99.999% AF 2010, A.=. 9 YF=9J
R=JG-LAE= <GOFLAE=Z. T@=K= >A?MJ=K 9J= HJ=LLQ EM;@ AF
DAF= OAL@ G:K=JN9LAGFK ;D9AEAF? L@9L [59% G> FGJLMF= 500
;GEH9FA=K =PH=JA=F;=< 9 EAFAEME G> 1.6 @GMJK G>
<GOFLAE= H=J O==C\ AF 2010 [7].

HGO=N=J, L@= ;GFK=IM=F;=K G> <GOFLAE=K 9J= >9J >JGE
:=AF? KGD=DQ >AF9F;A9D :Q F9LMJ=, KAF;= L@=AJ AEH9;L GF L@=
GN=J9DD :MKAF=KK H=J>GJE9F;=K 9DKG @9N= DGF?-L=JE 9F<
AFL9F?A:D= =>>=;LK, DAC= K=N=J= J=HML9LAGF9D <9E9?=K,
;MKLGE=J ;@MJF, 9K O=DD 9K DGKL :MKAF=KK GHHGJLMFALA=K,
O@A;@ ;9F := <=N9KL9LAF? >GJ <GAF? :MKAF=KK GFDAF=.

ADD G> L@=K= AEHGJL9FL AFKA?@LK HGAFL GML L@= ?J=9L MJ?=
G> =-CGEE=J;= ;GEH9FA=K LG 9KKMJ= 9F< E9AFL9AF
H=JLAF=FL QGS D=N=DK G> W=: K=JNA;=K :=AF? <=DAN=J=<
GFDAF=, AF;DM<AF? @A?@ 9N9AD9:ADALQ. T@=J=>GJ=, KLG;@9KLA;
HJ=<A;LAN= EG<=DK, :GL@ 9F9DQLA;9D 9F< KAEMD9LAGF-:9K=<
GF=K @9N= LG := ;GFLAFM9DDQ <=N=DGH=< 9F< =N9DM9L=<.
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II. AVAILABILITY: DEFINITION AND BASIC CONCEPTS

FGJ =9;@ K=JNA;= J=IM=KL E9<= LG 9 KQKL=E, L@=J= 9J=
K=N=J9D HGKKA:D= GML;GE=K L@9L ;9F := ?=F=J9DDQ ;D9KKA>A=<
AFLG L@J== <AKBGAFL ;9L=?GJA=K, A.=. (1) L@= KQKL=E E9Q
H=J>GJE L@= K=JNA;= ;GJJ=;LDQ, (2) L@= KQKL=E E9Q H=J>GJE
L@= K=JNA;= AF;GJJ=;LDQ, 9F< (3) L@= KQKL=E E9Q J=>MK= LG
H=J>GJE L@= K=JNA;=. I> L@= KQKL=E <G=K FGL H=J>GJE L@=
K=JNA;= 9L 9DD, AL AK K9A< LG := <GOF, >9AD=<, GJ MF9N9AD9:D=.
AN9AD9:ADALQ :=DGF?K LG L@= ?JGMH G> ?DG:9D E=LJA;K, O@A;@
J=>D=;L L@= KQKL=EOA<= MLADALQ. IL ;9F := <=>AF=< 9K 9
>J9;LAGF G> LAE= <MJAF? O@A;@ 9 ?AN=F KQ  AK
9N9AD9:D=/GH=J9LAGF9D LG K=JNA;= MK=  J=IM=KLK [3] [8] [9].
T@AK AK J=;G?FAR=< 9K KL=9<Q-KL9L= 9N9AD9:ADALQ. Y=L 9FGL@=J
<=>AFALAGF G> 9N9AD9:ADALQ K9QK L@9L AL AK L@= HJG:9:ADALQ L@9L
9 KQKL=E/;GEHGF=FL AK >MF;LAGFAF? HJGH=JDQ 9L 9 ?AN=F
AFKL9F;= G> LAE=, FG E9LL=J @GO EM;@ LAE=K AL @9K :==F
<GOF :=>GJ= [9]. T@AK AK CFGOF 9K AFKL9FL9F=GMK, A.=.
HGAFL, LJ9FKA=FL, GJ LAE=-<=H=F<=FL 9N9AD9:ADALQ. T@=
MF9N9AD9:ADALQ G> 9 KQKL=E AK 9 ;GEHD=E=FL G> ALK
9N9AD9:ADALQ. IL ;9F := ;9MK=< :Q E9FQ J=9KGFK O@A;@ ;9F
:= ;9L=?GJAR=< AF K=N=J9D KM:;9L=?GJA=K :Q 9HHDQAF?
L9PGFGEQ >GDDGOAF? L@J== <A>>=J=FL <AE=FKAGFK, AF;DM<AF?:
L@= <MJ9LAGF (=.?. H=JE9F=FL, J=;GN=J9:D=, 9F< LJ9FKA=FL
>9ADMJ=K), L@= =>>=;L (=.?. >MF;LAGF9D 9F< H=J>GJE9F;=
>9ADMJ=K), 9F< L@= K;GH= (=.?. H9JLA9D 9F< LGL9D >9ADMJ=K) [3].

A ;GF;=HL N=JQ KAEAD9J LG L@9L GF= G> 9N9AD9:ADALQ AK
J=DA9:ADALQ, O@A;@ ;9F := <=>AF=< 9K L@= HJG:9:ADALQ L@9L 9
KQKL=E/;GEHGF=FL AK >MF;LAGFAF? HJGH=JDQ 9F< ;GFKL9FLDQ
GN=J 9 >AP=< LAE= H=JAG< [10]. T@= <A>>=J=F;= :=LO==F L@=
LOG ;GF;=HLK AK L@9L J=DA9:ADALQ L9C=K AFLG 9;;GMFL L@=
;GJJ=;LAN= E9AFL=F9F;= G> L@= >9AD=< KQKL=EK/;GEHGF=FLK.
IF >9;L, L@= ;GF;=HL G> 9N9AD9:ADALQ AK :9K=< GF L@= FGLAGF
L@9L 9 ?AN=F KQKL=E/;GEHGF=FL 9DL=JF9L=K :=LO==F LOG
KL9L=K: 9 KL9L= O@=F AL AK GH=J9LAGF9D (MHLAE=, MH H=JAG<),
9F< 9 KL9L= O@=F AL AK FGL >MF;LAGF9D (<GOFLAE=, <GOF
H=JAG<).

IL AK 9 ;GEEGF HJ9;LA;= LG D9:=D ;GEHML=J KQKL=EK :Q
L@= FME:=J G> Y9ZK, J=HJ=K=FLAF? L@=AJ 9N9AD9:ADALQ. T9:D= 1
<=HA;LK 9 ;D9KKA>A;9LAGF G> ;GEHML=J KQKL=EK 9;;GJ<AF? LG
@GO ?GG< L@=AJ 9N9AD9:ADALQ AK, K@GOAF? 9DKG L@= HJGB=;L=<
FME:=J G> EAFML=K G> <GOFLAE= H=J Q=9J, >GJ =9;@
9N9AD9:ADALQ ;D9KK [11]. E9;@ =-CGEE=J;= KAL= @9K LG :=
9:D= LG E9C= 9 J=9D =KLAE9LAGF G> L@= F==<=< 9N9AD9:ADALQ
;D9KK, L9CAF? AFLG ;GFKA<=J9LAGF HGL=FLA9D J=N=FM= DGKK=K
<M= LG MF9N9AD9:ADALQ 9F< MH?J9<AF? ;GKLK.

TABLE I. CLASSES OF SYSTEMS VS. THEIR AVAILABILITY
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V=JQ @A?@DQ

9N9

7 99.99999% 0.05256 UDLJ9 9N9AD9:D=

FA?. 1 K@GOK L@= J=D9LAGFK@AH 9EGF? L@= M=9F TAE= LG
F9ADMJ= (MTTF), L@= M=9F TAE= LG R=H9AJ (MTTR), 9F<
L@= M=9F TAE= B=LO==F F9ADMJ=K (MTBF), O@A;@ 9J= L@=
:9KA; L=EHGJ9D ;GF;=HLK ;GF;=JFAF? 9N9AD9:ADALQ.

FA?MJ= 1. R=D9LAGFK@AH 9EGF? MTTF, MTTR, 9F< MTBF
(SGMJ;=: M=F9K;V & ADE=A<9, 2002, H. 420)

FJGE FA?. 1, L@= >GDDGOAF? LOG =PHJ=KKAGFK ;9F :=
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III. COMMON MODELING APPROACHES TO ADDRESS

AVAILABILITY

IF ?=F=J9D, O@=F AL ;GE=K LG 9KK=KK 9FQ E=9KMJ= L@9L
@9K :==F <=>AF=< HJ=NAGMKDQ, L@=J= 9J= K=N=J9D GHLAGFK
9N9AD9:D=, AF;DM<AF? L@= >GDDGOAF? GF=K: (1) 9HHDA9F;= G>
KM:B=;LAN=, =PH=JA=F;=-:9K=< �� ��� HJG;=<MJ=K, A.=. JMD=K
G> L@ME:; (2) L9CAF? E=9KMJ=E=FLK GF L@= J=9D KQKL=E; (3)
:MAD<AF? HJGLGLQH=K 9F< L9CAF? E=9KMJ=E=FLK; (4)
;GFKLJM;LAGF G> 9F9DQLA;9D EG<=DK LG G:L9AF ;DGK=<->GJE
KGDMLAGFK; (5) G:L9AFAF? 9 FME=JA;9D KGDMLAGF MKAF? 9
KAEMD9LAGF EG<=D =AL@=J :Q MKAF? KH=;A9DAR=< KG>LO9J=
LGGDK GJ :Q H=J>GJEAF? <AK;J=L=-=N=FL KAEMD9LAGF (DES).
E9;@ 9HHJG9;@ @9K ALK GOF KLJ=F?L@K 9F< O=9CF=KK=K AF
L=JEK G> ALK 9;;=KKA:ADALQ, =9K= G> ;GFKLJM;LAGF/9HHDA9F;=,
=>>A;A=F;Q, 9;;MJ9;Q, 9F< 9N9AD9:ADALQ G> KG>LO9J= LGGDK.

M9FQ KH=;A9DAR=< L=;@FAIM=K @9N= :==F <=N=DGH=< KG
>9J, AF GJ<=J LG 9<<J=KK L@= ;GF;=HL G> 9N9AD9:ADALQ (9DGF?
OAL@ L@= J=DA9:ADALQ) G> KQKL=EK, AF;DM<AF? L@= >GDDGOAF?
HJG:9:ADAKLA;, <AK;J=L=-KL9L= EG<=DK [9]: ;GE:AF9LGJA9D
J=DA9:ADALQ EG<=DK: K=JA=K-H9J9DD=D J=DA9:ADALQ :DG;C-
<A9?J9EK (RBDK), >9MDL LJ==K (FTK), 9F< J=DA9:ADALQ ?J9H@K;
<AJ=;L=< 9;Q;DA; L9KC HJ=;=<=F;= ?J9H@K; HJG<M;L->GJE
IM=MAF? F=LOGJCK (PFQNK); M9JCGN 9F< K=EA-M9JCGN
EG<=DK, AF;DM<AF? M9JCGN J=O9J< EG<=DK; SLG;@9KLA; P=LJA
N=LK (SPNK). R=;=FLDQ, L@= MK9?= G> <QF9EA; J=DA9:ADALQ
:DG;C-<A9?J9EK @9K :==F HJGHGK=<, 9K 9 F9LMJ9D =PL=FKAGF
G> L@= GJ<AF9JQ J=DA9:ADALQ :DG;C-<A9?J9EK, O@A;@ ;9F :=
;GFN=JL=< 9>L=JO9J<K AFLG CGDGJ=< P=LJA N=LK (CPNK) LG
H=J>GJE 9 <QF9EA; 9F9DQKAK G> L@= :=@9NAGJ9D >=9LMJ=K,
AF;DM<AF? L@= ;GJJ=;LF=KK G> L@= EG<=D ALK=D>. ADKG, 9
@A=J9J;@A;9D 9HHJG9;@ L@9L ;GE:AF=K L@= 9<N9FL9?=K G> L@=
J=DA9:ADALQ :DG;C-<A9?J9EK 9F< L@= ;D9KK G> G=F=J9DAR=<
SLG;@9KLA; P=LJA N=LK (GSPNK) @9K :=  HJ=K=FL=<
J=;=FLDQ, LG IM9FLA>Q :GL@ L@= J=DA9:ADALQ 9F< 9N9AD9:ADALQ. IF
9<<ALAGF, L@= @A=J9J;@A;9D ;GEHGKALAGF 9HHJG9;@ @9K :==F
MK=< LG =N9DM9L= L@= <=H=F<9:ADALQ E=9KMJ=K G> ;GEHD=P
9J;@AL=;LMJ=K, :9K=< GF L@= 9HHDA9F;= G> :GL@ J=DA9:ADALQ
:DG;C-<A9?J9EK 9F< GSPNK.
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IL AK 9DKG OGJL@Q HGAFLAF? GML L@= >9;L L@9L <M= LG
KL=9<ADQ AF;J=9KAF? ;GEHD=PALQ G> J=9D-OGJD< ;GEHML=J 9F<
;GEEMFA;9LAGF KQKL=EK, L@= MK9?= G> <=<A;9L=< KG>LO9J=
LGGDK >GJ 9KK=KKAF? <=H=F<9:ADALQ AKKM=K @9N= :==F BMKLA>A=<
9F< =F;GMJ9?=<, 9K O=DD. T@=K= AF;DM<= DSPN=PHJ=KK 9F<
TAE=NET, ?=F=J9D-HMJHGK= KG>LO9J= =FNAJGFE=FLK L@9L
@9N= :==F <=N=DGH=< :Q 9;9<=EA9, AFL=F<=< >GJ G:L9AFAF?
KL=9<Q-KL9L= 9F< LJ9FKA=FL KGDMLAGFK >GJ ;=JL9AF ;D9KK=K G>
KLG;@9KLA; P=LJA N=LK, 9K O=DD 9K ;GEE=J;A9DDQ 9N9AD9:D=
KG>LO9J= LGGDK, DAC= BDG;CSAEU 1 , 9 KH=;A9DAR=<, Q=L
;GEE=J;A9DDQ 9N9AD9:D= KG>LO9J= LGGD O@A;@ HJGNA<=K 9
KQKL=E 9F9DQKAK MKAF? RBDK 9F</GJ FTA 9HHJG9;@, GJ
AN9AD9:ADALQ WGJC:=F;@_ (ANSAE+ 9F< RCMCGKL)2, >GJ
KQKL=E 9N9AD9:ADALQ KAEMD9LAGF 9F< J=DA9:ADALQ ;=FL=J=<
E9AFL=F9F;=, :9K=< GF MLADAR9LAGF G> EG<=DAF? E=L@G<K
KM;@ 9K FMECA, J=DA9:ADALQ :DG;C <A9?J9E (RBD) 9F9DQKAK
9F< >9MDL LJ== (FT) 9F9DQKAK.

IV. MODELING AVAILABILITY WITH GSPNS AND

CTMCS

T@= ;D9KK G> G=F=J9DAR=< SLG;@9KLA; P=LJA N=LK
(GSPNK) @9K :==F AFALA9DDQ AFLJG<M;=< 9K 9 @A?@DQ KMAL9:D=
EG<=DAF? 9F< =N9DM9LAGF LGGD >GJ 9<<J=KKAF? H=J>GJE9F;=K
G> ;GEHMLAF? KQKL=EK. WAL@AF GSPN =9;@ LJ9FKALAGF @9K
:==F 9KKA?F=< 9 >AJAF? LAE= O@A;@ ;9F := =AL@=J
=PHGF=FLA9DDQ <AKLJA:ML=< (LAE=< LJ9FKALAGFK), GJ ;GFKL9FL
R=JG (AEE=<A9L= LJ9FKALAGFK). IEE=<A9L= LJ9FKALAGFK 9DO9QK
@9N= HJAGJALQ GN=J LAE=< GF=K LG >AJ=. HGO=N=J, A> K=N=J9D
AEE=<A9L= LJ9FKALAGFK ;GEH=L= >GJ >AJAF?, 9 KH=;A>A=<
HJG:9:ADALQ E9KK >MF;LAGF (HE>) AK MK=< LG :J=9C L@= LA=.
OF L@= GL@=J @9F<, A> K=N=J9D LAE=< LJ9FKALAGFK ;GEH=L= >GJ
>AJAF?, 9 J9;= EG<=D AK 9HHDA=< KG L@9L 9 LJ9FKALAGF O@GK=
>AJAF? LAE= =D9HK=K >AJKL AK L@= F=PL GF= LG >AJ=. T@= >AFAL=
J=9;@9:ADALQ K=L G> 9 :GMF<=< GSPN ;9F := H9JLALAGF=<
AFLG LOG <AKBGAFL KM:K=LK ;GFKAKLAF? G> N9FAK@AF? 9F<
L9F?A:D= E9JCAF?K. V9FAK@AF? E9JCAF?K ;GEHJAK= L@GK= AF
O@A;@ 9L D=9KL GF= AEE=<A9L= LJ9FKALAGF AK =F9:D=<, O@ADKL
L9F?A:D= E9JCAF?K AF;DM<= L@GK= O@=J= GFDQ LAE=<
LJ9FKALAGFK GJ FG LJ9FKALAGFK 9J= =F9:D=<. FJGE 9 ?AN=F
GSPN, 9F =PL=F<=< J=9;@9:ADALQ ?J9H@ (ERG) ;9F :=
?=F=J9L=<, ;GFL9AFAF? L@= E9JCAF?K (:GL@ N9FAK@AF? 9F<
L9F?A:D= GF=K) G> L@= J=9;@9:ADALQ K=L 9K FG<=K, :=AF?
;GFF=;L=< OAL@ 9J;K K@GOAF? L@= LJ9FKALAGF9D J9L=K LG EGN=
>JGE 9 ?AN=F E9JCAF? LG 9FGL@=J GF=. B9K=< GF ERG, 9
J=<M;=< J=9;@9:ADALQ ?J9H@ (RRG) ;9F := ;GFKLJM;L=<,
;GEHJAK=< G> GFDQ L9F?A:D= E9JCAF?K. A;LM9DDQ, L@=
J=KMDLAF? RRG G> 9 ?AN=F GSPN EG<=D AK ALK MF<=JDQAF?
CTMC [12] [13].

T@= KLG;@9KLA; HJG;=KK MF<=JDQAF? 9F 9J:ALJ9JQ GSPN
EG<=D AK CFGOF 9K CGFLAFMGMK-TAE= M9JCGN C@9AF
(CTMC). IF >9;L, M9JK9F, CGFL=, 9F< B9D:G [14] @9N=
HJGN=< L@9L =P9;LDQ GF= CTMC ;GJJ=KHGF<K LG 9 ?AN=F
GSPN MF<=J ;GF<ALAGF L@9L GFDQ 9 >AFAL= FME:=J G>
LJ9FKALAGFK ;9F >AJ= AF >AFAL= LAE= OAL@ FGF-R=JG
HJG:9:ADALQ. CTMC AK 9 E9L@=E9LA;9D EG<=D O@A;@ L9C=K
N9DM=K AF KGE= >AFAL= GJ AF>AFAL=DQ ;GMFL9:D= K=L, CFGOF 9K
KL9L= KH9;= 
, 9F< >GJ O@A;@ L@= LAE= KH=FL AF =9;@ KL9L=
L9C=K FGF-F=?9LAN= J=9D N9DM=K, =PHGF=FLA9DDQ <AKLJA:ML=<.
T@AK ;GFLAFMGMK-LAE= KLG;@9KLA; HJG;=KK AK :=AF?

1 BDG;CSAE
 AK 9 J=?AKL=J=< LJ9<=E9JC G> R=DA9SG>L CGJH.
2 AN9AD9:ADALQ WGJC:=F;@_ AK 9 J=?AKL=J=< LJ9<=E9JC G> IKG?J9H@, IF;.

;@9J9;L=JAR=< :Q L@= M9JCGN HJGH=JLQ, CFGOF 9DKG 9K L@=
YE=EGJQD=KK HJGH=JLQZ: L@= >MLMJ= :=@9NAGJ G> L@=
EG<=D/KQKL=E (:GL@ J=E9AFAF? LAE= AF L@= ;MJJ=FL KL9L=
9F< ;@GGKAF? F=PL KL9L=) <=H=F<K GFDQ GF L@= ;MJJ=FL KL9L=
G> L@= EG<=D, 9F< FGL GF ALK H9KL :=@9NAGJ. E9;@ CTMC AK
:=AF? MFAIM=DQ <=>AF=< :Q (1) L@= KL9L= KH9;= 
, (2) L@=
;GJJ=KHGF<AF? LJ9FKALAGF J9L= IM9<J9LA; E9LJAP �, CFGOF
9K 9F AF>AFAL=KAE9D ?=F=J9LGJ E9LJAP, @9NAF? <AE=FKAGFK
=IM9D LG L@9L G> L@= KL9L= KH9;= 
, 9F< (3) L@= AFALA9D
HJG:9:ADALQ <AKLJA:MLAGF JGO-N=;LGJ, <=>AF=< GF L@= KL9L=
KH9;= 
. FGJ KL9L=K � 	 �, L@= =D=E=FLK �AB G> L@= E9LJAP �
9J= FGF-F=?9LAN=, <=K;JA:AF? L@= J9L=K L@= KLG;@9KLA;
HJG;=KK LJ9FKALK >JGE KL9L= � LG KL9L= �. HGO=N=J, L@=
=D=E=FLK �AA (� = �) ;GEHJAKAF? L@= E9AF <A9?GF9D 9J=
<=>AF=< KM;@ L@9L =9;@ JGO G> L@= E9LJAP � KMEK LG R=JG.

FGJ 9 ?AN=F CTMC, LOG LQH=K G> =N9DM9LAGFK 9J=
HGKKA:D=, AF;DM<AF? 9 LJ9FKA=FL 9F< 9 KL=9<Q-KL9L= 9F9DQKAK.
T@= LJ9FKA=FL (LAE=-<=H=F<=FL, AFKL9FL9F=GMK) :=@9NAGJ G>
9 CTMC <=K;JA:=K L@= L=EHGJ9D =NGDMLAGF G> L@= EG<=D=<
KQKL=E AF =9;@ KAF?D= AFKL9F;= G> LAE=. T@= 9F9DQKAK G> L@=
KL=9<Q-KL9L= :=@9NAGJ G> 9 CTMC, 9DKG CFGOF 9K 9
DAEALAF? :=@9NAGJ, QA=D<K 9 KL9LAGF9JQ HJG:9:ADALQ
<AKLJA:MLAGF, 9F< J=>=JK LG 9 KLM<Q G> L@= KLG;@9KLA; HJG;=KKZ
;GFN=J?=F;= O@=F LAE= L=F<K LG AF>AFALQ (" � �). T@=
KL=9<Q-KL9L= HJG:9:ADALQ <AKLJA:MLAGF <=H=F<K F=AL@=J GF L@=
AFALA9D HJG:9:ADALQ <AKLJA:MLAGF, FGJ GF LAE= [12] [15].

SAF;= GSPNK 9F< CTMCK 9J= EMLM9DDQ =IM9D 9F<
K=E9FLA;9DDQ A<=FLA;9D EG<=DAF? 9HHJG9;@=K, O= HJG;==<
:Q 9<<J=KKAF? L@= 9N9AD9:ADALQ G> L@J== KH=;A>A;
;GF>A?MJ9LAGFK G> =-CGEE=J;= KQKL=EK, MKAF? L@GK= LOG
EG<=DAF? H9J9<A?EK AFL=J;@9F?=9:DQ. BGL@ 9HHJG9;@=K 9J=
KMAL9:D= >GJ ;GFKLJM;LAF? 9F9DQLA;9D EG<=DK LG G:L9AF
;DGK=<->GJE KGDMLAGFK.

�� ��� ��!�� ������# �"��� �� �� ������� �� 
%!"��

OF 9 KQKL=E D=N=D, L@= EGKL KAEHD= ;GF>A?MJ9LAGF G> 9
LQHA;9D =-CGEE=J;= W=: KAL= ;GFKAKLK G> 9 KAF?D= KQKL=E,
O@A;@ 9DL=JF9L=K :=LO==F LOG HGKKA:D= KL9L=K: GH=J9LAGF9D
(MH, 9N9AD9:D=) 9F< FGF-GH=J9LAGF9D (<GOF, MF9N9AD9:D=).
T@= G;;MJJ=F;= G> >9ADMJ=K AK 9 KLG;@9KLA; HJG;=KK, A.=. AL AK
9 PGAKKGF HJG;=KK, KAF;= L@= >GDDGOAF? L@J== ;JAL=JA9 @9N=
:==F E=L: (1) >9ADMJ=K G;;MJ ;GFK=;MLAN=DQ, A.=. L@=
HJG:9:ADALQ L@9L LOG >9ADMJ=K OADD G;;MJ 9L L@= K9E= HGAFL G>
LAE= AK =IM9D LG R=JG; (2) L@= FME:=J 9F< AFL=FKALQ G>
>9ADMJ=K AF L@= >MLMJ= AK AF<=H=F<=FL GF O@9L @9N=
@9HH=F=< AF L@= H9KL; (3) L@= FME:=J G> >9ADMJ=K AF L@=
>MLMJ= AK 9F AF<=H=F<=FL 9F< A<=FLA;9DDQ <AKLJA:ML=< (A.A.<.)
J9F<GE N9JA9:D= AF LAE=, A.=. L@= HJG;=KK AK KL9LAGF9JQ. IF
9<<ALAGF, L@= LAE=K :=LO==F 9FQ LOG ;GFK=;MLAN= >9ADMJ=K
;GEHJAK= 9F A.A.<. J9F<GE N9JA9:D=, =PHGF=FLA9DDQ
<AKLJA:ML=<. SAF;= L@= M9JCGN HJGH=JLQ AK >MD>ADD=< 9L =9;@
H9JLA;MD9J AFKL9F;= G> LAE=, L@= =PH=;L=<, A.=. L@= E=9F
LAE= LG L@= F=PL G;;MJJ=F;= G> 9 >9ADMJ= (MTTF) AK 9
;GFKL9FL, ?AN=F :Q 1/', O@=J= ' AK L@= >9ADMJ= J9L=.
CGFK=IM=FLDQ, L@= E=9F LAE= LG L@= F=PL J=H9AJ (MTTR) G>
L@= KQKL=E, 9>L=J AL @9K >9AD=< <GOF, AK ?AN=F :Q 1/(, O@=J=
( AK L@= J=H9AJ J9L=. KFGOAF? L@AK, L@= 9N9AD9:ADALQ G> L@=
KQKL=E O@A;@ AK KM:B=;L LG >9ADMJ= 9F< J=H9AJ ;9F :=
J=HJ=K=FL=< :Q 9 LOG-KL9L= @GEG?=F=GMK CGFLAFMGMK-
TAE= M9JCGN C@9AF (CTMC), <=HA;L=< GF FA?. 2. T@AK AK
L@= KAEHD=KL HGKKA:D= CTMC, O@A;@ ;9F := MK=< LG EG<=D
L@= KLG;@9KLA; :=@9NAGJ G> E9FQ J=9D KQKL=EK [12].
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FA?MJ= 2. TOG-KL9L= CTMC 9N9AD9:ADALQ EG<=D
(9 KL9F<9J< ;GF>A?MJ9LAGF)

SAF;= CTMC AK L@= MF<=JDQAF? KLG;@9KLA; HJG;=KK G>
L@= ;D9KK G> G=F=J9DAR=< SLG;@9KLA; P=LJA N=LK (GSPNK),
L@= ;GJJ=KHGF<AF? GSPN EG<=D AK K@GOF GF FA?. 3. BGL@
J=HJ=K=FL9LAGFK 9J= EMLM9DDQ =IMAN9D=FL J=?9J<AF? L@=AJ
K=E9FLA;K.

FA?MJ= 3. GSPN 9N9AD9:ADALQ EG<=D
(9 KL9F<9J< ;GF>A?MJ9LAGF)

IF >9;L, L@= CTMC GF FA?. 2 ;9F := G:L9AF=< <AJ=;LDQ
>JGE L@= GSPN EG<=D GF FA?. 3, KAF;= L@= LOG KL9L=K
J=HJ=K=FL L@= LOG L9F?A:D= E9JCAF?K OAL@AF L@=
J=9;@9:ADALQ ?J9H@, <=<M;=< >JGE L@= GSPN EG<=D. T@=
AF>AFAL=KAE9D ?=F=J9LGJ E9LJAP G> L@= CTMC AK ?AN=F :Q
(3):

�
�

�
�
�




�

�
�

��

��
� (3)

T@= LJ9FKA=FL KGDMLAGF G> L@= CTMC ;9F := G:L9AF=<
>JGE L@= KGDEG?GJGN <A>>=J=FLA9D =IM9LAGF (4) [12]:

� � � � �"
�"

"�
�� �

�
(4)

WAL@AF (4), � �"� <=FGL=K L@= N=;LGJ ;GFL9AFAF? L@=

LJ9FKA=FL HJG:9:ADALA=K, � �1 "� 9F< � �2 "� G> :=AF? AF L@=

KL9L=K S1 9F< S2 (FA?. 2), J=KH=;LAN=DQ, A.=.

� � � � � �1 2" " "� � �
 �� � � , O@=J= � � � �1 2 1" "� �� � . T@=

J=KMDLAF? LJ9FKA=FL HJG:9:ADALQ >MF;LAGFK >GJ :GL@ KL9L=K, S1
9F< S2, 9J= ;GFK=IM=FLDQ ?AN=F :Q (5) 9F< (6) [12], 9F<
L@= 9N9AD9:ADALQ 9K 9 >MF;LAGF G> ' 9F< (, AF 9 ?AN=F LAE=
AFKL9F;= " = 0.5, AK HJ=K=FL=< GF FA?. 4:
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� � �� � �
� �
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(� � 0.5)

	����� ����� �

� � � �� �1
"

" �
� �� �

�
� � � �

� � �� � �
� �

FA?MJ= 4. 3D KMJ>9;= K@GOAF? L@= 9N9AD9:ADALQ G> 9 KL9F<9J<
;GF>A?MJ9LAGF, >GJ ' 9F< ( J9F?AF? >JGE 0.0 LG 10.0, 9F< " = 0.5

SG, L@= AFKL9FL9F=GMK (LJ9FKA=FL) 9N9AD9:ADALQ G> L@=

KQKL=E � �� " AF 9 KH=;A>A; LAE= AFKL9F;= " ;9F := G:L9AF=<

:Q MKAF? L@= =PHJ=KKAGF >GJ ;9D;MD9LAF? � �1 "� , ?AN=F :Q

(5), O@ADKL L@= AFKL9FL9F=GMK (LJ9FKA=FL) MF9N9AD9:ADALQ G>

L@= KQKL=E AK J=HJ=K=FL=< :Q � �2 "� , ?AN=F :Q (6). T@=

DAEALAF? (KL=9<Q-KL9L=) 9N9AD9:ADALQ � G> L@= KQKL=E ;9F :=

G:L9AF=< >JGE L@= =PHJ=KKAGF >GJ ;9D;MD9LAF? � �1 "� , :Q

D=LLAF? " �� (FA?. 5), A.=.

� �1
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1 1"

	���� "
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� �

� �
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�� 61(0)� �

� � 0.4
 � � 0.7

FA?MJ= 5. AKQEHLGLA; ;GFN=J?=F;= (L ��) G> L@= LJ9FKA=FL 9N9AD9:ADALQ

�1(") LGO9J<K L@= KL=9<Q-KL9L= 9N9AD9:ADALQ �, >GJ ' = 0.4 9F< ( = 0.7

NGL= L@9L L@= N9DM= G> L@= KL=9<Q-KL9L= 9N9AD9:ADALQ � ,
?AN=F :Q (7), AK A<=FLA;9D LG L@= GF= 9DJ=9<Q ?AN=F :Q (1).

�� ���� 
"����% ������# �"��� ��"� � 
�����

���#����" 	��#��

IF GJ<=J LG AEHJGN= L@= 9N9AD9:ADALQ G> 9 ?AN=F KQKL=E,
9 N=JQ ;GEEGF L=;@FAIM= AK LG 9<< 9F 9<<ALAGF9D
J=<MF<9FL EG<MD= AF 9 ;GD< KL9F<:Q [16], O9ALAF? LG :=
9;LAN9L=< O@=F L@= E9AF EG<MD= >9ADK (FA?. 6).

� � ��
�
�
��
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T@= H=J>GJE9F;=- 9F< J=DA9:ADALQ-J=D9L=< ;@9J9;L=JAKLA;K
G> L@= KH9J= EG<MD= 9J= MKM9DDQ FGL 9K ?GG< 9K L@GK= G> L@=
E9AF EG<MD=ZK, KAF;= AL AK DAC=DQ LG := 9 ;@=9H=J N9JA9FL G>
L@= E9AF EG<MD=, L@MK <=DAN=JAF? DGO=J QGS D=N=DK G>
W=: K=JNA;=K GFDAF=.

T@= =PL=F<=< J=9;@9:ADALQ ?J9H@ (ERG) G> L@= GSPN
EG<=D HJ=K=FL=< GF FA?. 6 AK HGJLJ9Q=< GF FA?. 7, O@ADKL
L@= J=<M;=< J=9;@9:ADALQ ?J9H@ (RRG), ;GFL9AFAF? GFDQ L@=
L9F?A:D= E9JCAF?K (A.=. L@= KL9L=K S1, ^, S5), AK ?AN=F GF
FA?. 8. T@= L9F?A:D= E9JCAF?K 9J= HJ=K=FL=< :Q GN9DK,
O@ADKL L@= GFDQ N9FAK@AF? E9JCAF? AK <=HA;L=< :Q 9
J=;L9F?D=. IF >9;L, L@= RRG AK L@= MF<=JDQAF? CTMC G> L@=
GSPN EG<=D.

FA?MJ= 6. GSPN 9N9AD9:ADALQ EG<=D
(9 ;GD< KL9F<:Q ;GF>A?MJ9LAGF OAL@ 9 KAF?D= J=<MF<9FL EG<MD=)

FA?MJ= 7. EPL=F<=< J=9;@9:ADALQ ?J9H@ (ERG) G> L@= GSPN EG<=D

FA?MJ= 8. R=<M;=< J=9;@9:ADALQ ?J9H@ (RRG) G> L@= GSPN EG<=D

T@= AF>AFAL=KAE9D ?=F=J9LGJ E9LJAP �, ?AN=F GF FA?. 9,
;9F := <=JAN=< <AJ=;LDQ >JGE L@= RRG GF FA?. 8.

TJ9FKA=FL HJG:9:ADALA=K 9J= ?AN=F :Q 9 JGO-

N=;LGJ � � � � � � � � � � � �1 2 3 4 5" " " " " "� � � � � �
 �� � � ,

KAF;= L@= KL9L= KH9;= 
 G> L@= ;GJJ=KHGF<AF? CTMC @9N=

=P9;LDQ >AN= KL9L=K (S1, ^, S5), @9NAF? � �
5

1

1�

�

"�
�

�� . T@=

LJ9FKA=FL 9F< KL=9<Q-KL9L= HJG:9:ADALA=K ;9F := <=JAN=< AF
L@= K9E= O9Q 9K K@GOF HJ=NAGMKDQ. T@= LGL9D 9N9AD9:ADALQ
G> L@= KQKL=E AK KAEHDQ 9 KME G> KL=9<Q-KL9L= HJG:9:ADALA=K
;GJJ=KHGF<AF? LG KL9L=K S1, S3 9F< S5.

FA?MJ= 9. T@= AF>AFAL=KAE9D ?=F=J9LGJ E9LJAP �

�� �� �&��"���% 
����� ������# �"���

IF GJ<=J LG AEHJGN= H=J>GJE9F;=K, E9FQ =-CGEE=J;=
W=: KAL=K @9N= AEHD=E=FL=< @GJARGFL9D K;9DAF? (A.=.
K;9DAF? GML) :Q EMDLAHDQAF? A<=FLA;9D KQKL=EK LG OGJC AF
H9J9DD=D AF 9 ;DMKL=J. T@AK AK =KH=;A9DDQ ;9K= OAL@ H9JLA;MD9J
;GEHGF=FLK/KM:KQKL=EK, =.?. W=: K=JN=JK L@9L @9N=
MKM9DDQ HJGN=< GML LG := :GLLD=F=;CK AF L@= O@GD= KQKL=E.
BQ K;9DAF? GML, L@= LGL9D ;9H9;ALQ AK AF;J=9K=<, 9DGF? OAL@
H=J>GJE9F;=K, 9F< L@= O@GD= KQKL=E :=;GE=K @A?@DQ
9N9AD9:D=, A.=. A> 9 KAF?D= KQKL=E >9ADK, AL OADD FGL 9>>=;L L@=
=-CMKLGE=JZK 9:ADALQ LG ;GFLAFM= MKAF? KDA?@LDQ <=?J9<=<
W=: K=JNA;=K. T@= CTMC G> KM;@ ;GF>A?MJ9LAGF AF;DM<AF?

 = 2 KQKL=EK OGJCAF? AF H9J9DD=D AK ?AN=F GF FA?. 10.

FA?MJ= 10. CTMC EG<=DAF? L@= 9N9AD9:ADALQ G> 9 KQKL=E OAL@ LOG
EG<MD=K OGJCAF? AF H9J9DD=D
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IL ;9F := =9KADQ K@GOF L@9L L@= 9:GN= CTMC ;9F :=
<=<M;=< <AJ=;LDQ >JGE L@= GSPN EG<=D GF FA?. 11.

FA?MJ= 11. GSPN 9N9AD9:ADALQ EG<=D
(KQKL=E OAL@ LOG EG<MD=K OGJCAF? AF H9J9DD=D)

T@= ;GJJ=KHGF<AF? AF>AFAL=KAE9D ?=F=J9LGJ E9LJAP � G>
L@= CTMC AK ?AN=F :Q (8).

� �
� �

� �
� �

1 2 1 2

1 1 2 2

2 2 1 1

2 1 1 2

0

0

0

0

�

� � � �

� � � �

� � � �

� � � �


 �� �
� �

� �� �� � �� �
� �

� �� �� �

(8)

SAF;= =9;@ G> L@= 
 KQKL=EK OGJCAF  AF H9J9DD=D ;9F :=
AF GF= G> L@= LOG HGKKA:D= KL9L=K (9N9AD9:D=/FGF-9N9AD9:D=)
9L =9;@ KAF?D= AFKL9F;= G> LAE=, L@= LGL9D FME:=J G> KL9L=K
OAL@AF L@= CTMC =IM9DK 2
 >GJ L@AK ;GF>A?MJ9LAGF.

V. CONCLUSION

IF @A?@DQ <=E9F<AF? :MKAF=KK =FNAJGFE=FLK, KM;@ 9K
=-CGEE=J;=, L@= ;GJJ=;LAN= E9AFL=F9F;= ;GKLK 9F<
AFGH=J9:ADALQ 9KKG;A9L=< OAL@ <GOFLAE= H=JAG<K 9J= IMAL=
AF;GEH9LA:D= OAL@ L@= F9LMJ= G> GFDAF= W=: 9HHDA;9LAGFK
9F< K=JNA;=K JMF :Q =D=;LJGFA; KLGJ=K, O@A;@ 9J= =PH=;L=<
LG := 9N9AD9:D= >GJ L@=AJ HGL=FLA9D =-CMKLGE=JK 9JGMF< L@=
OGJD< 24/7 H=J Q=9J. AN9AD9:ADALQ G> =-CGEE=J;= KQKL=EK
AK ;GFKA<=J=< GF= G> L@= E9AF K=JNA;= D=N=D ?G9DK G> 9FQ
=D=;LJGFA; :MKAF=KK, KAF;= DGO 9N9AD9:ADALQ ;9F ;GKL 9F
GFDAF= :MKAF=KK 9 KA?FA>A;9FL DGKL J=N=FM=, J=<M;=< E9JC=L
K@9J=, 9F< :9< HM:DA;ALQ.

T@JGM?@GML L@= HJ=NAGMK K=;LAGFK, L@J== <A>>=J=FL
;GF>A?MJ9LAGF  G> =-CGEE=J;= KQKL=EK @9N= :==F
;GFKA<=J=< J=?9J<AF? L@=AJ 9N9AD9:ADALQ. IF 9DD L@J== ;9K=K 9
;GJJ=;LAN= E9AFL=F9F;= AK KMHHGK=< LG L9C= HD9; , O@ADKL
L@= ;9K= G> HJ=N=FLAN= GF= @9K FGL :==F ;GFKA<=J=< 9L 9DD.
T@AK >9;L @9K >9;ADAL9L=< L@= HJG;=KK G> KLG;@9KLA;
EG<=DAF?, KAF;= 9DD J=KMDLAF? P=LJA N=L-:9K=< EG<=DK
:=DGF? LG L@= ;D9KK G> GSPNK, O@A;@ 9J= D=KK LAE=-
;GFKMEAF? LG 9F9DQR= ;GEH9J=< LG EG<=DK :9K=< GF
MLADAR9LAGF G> D=L=JEAFAKLA; 9F< SLG;@9KLA; P=LJA N=LK
(DSPNK). T@= ;9K= G> HJ=N=FLAN= E9AFL=F9F;=, O@A;@ AK
GML G> L@= K;GH= G> L@AK H9H=J, 9KKME=K AF;DMKAGF G>
K;@=<MD=< <GOFLAE=K AF J=?MD9J LAE= H=JAG<K, O@A;@
F=;=KK9JADQ AEHGK=K MLADAR9LAGF G> L@= ;D9KK G> DSPNK 9F<
;GJJ=KHGF<AF? 9F9DQKAK E=L@G<K.

T@= 9HHDA;9LAGF G> KLG;@9KLA; P=LJA N=LK 9F< M9JCGN
;@9AFK @9K HJGN=F LG := 9 HGO=J>MD 9F< 9F =>>=;LAN= LGGD
>GJ 9F9DQRAF? 9N9AD9:ADALQ 9KH=;LK G> N9JAGMK ;GFL=EHGJ9JQ

=-CGEE=J;= KQKL=EKZ ;GF>A?MJ9LAGFK. SLG;@9KLA; P=LJA
N=LK HGKK=KK 9F AEE=FK= K=E9FLA; HGO=J LG ;9HLMJ= L@=
:=@9NAGJ G> 9F 9J:ALJ9JQ KQKL=E/;GF>A?MJ9LAGF, O@A;@
=P@A:ALK H@=FGE=F9 DAC= KQF;@JGFAR9LAGF, ;GF;MJJ=F;Q,
:DG;CAF?, EMLM9D =P;DMKAGF, H9J9DD=DAKE =L;. D=KHAL= L@=
>9;L L@9L M9JCGN ;@9AFK, 9HHDA=< <AJ=;LDQ, HJGNA<= ?J=9L
>D=PA:ADALQ, L@=Q 9J= FGL 9DO9QK AFLMALAN= LG := :MADL >JGE
K;J9L;@, 9F< L@= KAR= G> L@=AJ KL9L= KH9;= ?JGOK EM;@ >9KL=J
L@9F L@= FME:=J G> KQKL=EK/;GEHGF=FLK AFNGDN=<, E9CAF?
:GL@ L@= KH=;A>A;9LAGF 9F< 9F9DQKAK <A>>A;MDL LG ;9JJQ GML.
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