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This paper concentrates on the evaluation of reliability measures of a computer system of two-
identical units having independent failure of h/w and s/w components. Initially one unit is
operative and the other is kept as spare in cold standby. There is a single server visiting the
system immediately whenever needed. The server conducts preventive maintenance of the unit
after a maximum operation time. If server is unable to repair the h/w components in maximum
repair time, then components in the unit are replaced immediately by new one. However, only
replacement of the s/w components has been made at their failure. The priority is given to the
preventive maintenance over repair activities of the h/w. The time to failure of the components
follows negative exponential distribution whereas the distribution of preventive maintenance,
repair and replacement time are taken as arbitrary. The expressions for some important
reliability measures of system effectiveness have been derived using semi-Markov process and
regenerative point technique. The graphical behavior of the results has also been shown for a
particular case.

© 2015 Growing Science Ltd. All rights reserved.

1. Introduction

Over the past few decades, the demand of reliable h/w and s/w components has increased manifolds
due to their applications in every sphere of life, particularly in industrial management. Therefore,
importance of reliable computer systems has been desired for the successful operation and to protect
the integrity of stored information. The failure of computer system causes organizations several hours
or days of downtime. Therefore, a major challenge to the industrialists is to provide a high reliability
computer system for the customers. For this purpose, they are exploring new techniques for the
improvement of reliability of their products. In spite of these efforts, a little work has been carried out
for the reliability modeling of computer systems. In addition, most of the research work carried out so
far in the subject of s/w and h/w reliability has been limited to the consideration of either h/w subsystem
alone or s/w subsystem alone. However, there are many complex systems in which h/w and s/w
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components work together to provide computer functionality. Friedman et al. (1992) and Welke et al.
(1995) tried to develop a combined reliability model for the whole system in which hardware and
software components work together. Lai et al. (2002) proposed a model for availability analysis of
distributed hardware/software systems. Recently, many researchers such as Malik and Anand (2010),
Kumar and Malik (2011), Malik et al. (2009) and Malik (2013) studied reliability models of a computer
system with different repair policies. Barak and Barak (2013) discussed a reliability model of a cloud
under the concept of maximum operation and repair times.

Further, it is a common knowledge that the continued operation and ageing of operating systems
gradually reduce their performance, reliability and safety. Moreover, a breakdown of such systems is
costly, dangerous and may create confusion in our society. It is, therefore, of great importance to
maintain the reliability up to a certain level of such systems with high reliability. It is also proved that
preventive maintenance can slow the deterioration process of a repairable system and restore the system
in a younger age or state. Thus, the method of preventive maintenance can be used to improve the
reliability and profit of system. The concept of preventive maintenance has been used by Malik and
Nandal (2010) while analyzing a redundant system with maximum operation time. Kumar et al. (2012)
and Malik and Kumar (2012) proposed a reliability model for computer system introducing the concept
of preventive maintenance of the unit after a maximum operation time and repair time. Further, the
reliability of a system can be enhanced by making replacement of the components by new one in case
repair time is too long i.e., if it extends to a pre-specific time. Singh and Agrafiotis (1995) analyzed
stochastically a two-unit cold standby system subject to maximum operation and repair time. Kumar
and Malik (2012) developed a reliability model for a computer system with priority to s/w replacement
over h/w replacement under the assumption of maximum operation time. Sureria et al. (2012)
established a reliability model of a computer system with priority to s/w replacement over h/w repair
under the assumptions of independent h/w and s/w failures. Anand and Malik (2012) suggested a
reliability model of a computer system with arbitrary distributions for h/w and s/w replacement time.

Keeping in view of the above facts and to fill up the gap, a stochastic model for computer system of
two-identical units having independent failure of h/w and s/w components has been designed. Initially
one unit is operative and other is kept as spare in cold standby. There is a single server who visits the
system immediately whenever needed. The server conducts PM of the unit after a maximum operation
time. If the server is unable to repair the h/w components in the unit in maximum repair time then
components are replaced immediately by new one. However, only replacement of the s/w components
has been made at their failure. The priority is given to the preventive maintenance over repair activities
of the h/w. The time to failure of the components follows negative exponential distribution whereas the
distribution of preventive maintenance, repair and replacement time are taken as arbitrary. The
expressions for some important reliability measures of system effectiveness such as mean time to
system failure (MTSF), availability, busy period of the server due to PM, busy period of the server due
to h/w repair, busy period of the server due to h/w replacement, busy period of the server due to s/w
replacement, expected number of h/w replacements, expected number of s/w replacements, expected
number of visits of the server and profit function are obtained using semi-Markov and regenerative
point technique. The graphical behavior of MTSF, availability and profit function has also been
observed for a particular case.

2. Notations

E The set of regenerative states

NO The unit is operative and in normal mode

Cs The unit is in cold standby

a/b Probability that the system has hardware / software failure
M/ Constant hardware / software failure rate

0o Maximum constant rate of Operation Time
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Bo Maximum constant rate of Repair Time,

Pm/PM The unit is under preventive Maintenance/ under preventive maintenance
continuously from previous state

WPm/WPM The unit is waiting for PM / waiting for preventive maintenance continuously
from previous state

HFur/HFUR The unit is failed due to hardware and is under repair / under repair continuously

from previous state

HFurp/HFURP  The unit is failed due to h/w and is under replacement / under replacement
continuously from previous state

HFwr / HFWR  The unit is failed due to h/w and is waiting for repair/waiting for repair
continuously from previous state

SFurp/SFURP  The unit is failed due to the s/w and is under replacement/under replacement
continuously from previous state

SFwrp/SFWRP  The unit is failed due to the software and is waiting for replacement / waiting for
replacement continuously from previous state

h(t) / H(t) pdf/ cdf of replacement time of unit due to software

g(t) / G(t) pdf/ cdf of repair time of the hardware

m(t)/ M(t) pdf/ cdf of replacement time of the hardware

f(t) / F(t) pdf/ cdf of the time for PM of the unit

qij (t)/ Qy(t) pdf/ cdf of passage time from regenerative state i to a regenerative state j or to a
failed state j without visiting any other regenerative state in (0, t]

pdf/ cdf Probability density function/ Cumulative density function

Qijkr (1)/Qjjke(t)  pdficdf of direct transition time from regenerative state i to a regenerative state j or
to a failed state j visiting state k, r once in (0, t]

pi(t) Probability that the system up initially in state Si € E is up at time t without
visiting to any regenerative state
Wi(t) Probability that the server is busy in the state S; upto time ‘t” without making any

transition to any other regenerative state or returning to the same state via one or
more non-regenerative states.
mjj Contribution to mean sojourn time (L;) in state S; when system transit directly to

state Sj so that p, = Zm,j and mjj = J.tinj ()= —q; '(0)
j
®/© Symbol for Laplace-Stieltjes convolution/Laplace convolution
~/* Symbol for Laplace Steiltjes Transform (LST) / Laplace Transform (LT)

Py =0,(®) = [ q,(0dt as (1)

3. Transition Probabilities and Mean Sojourn Times

Simple probabilistic considerations yield the following expressions for the non-zero elements

POF%, PozZ%,Pm: % , p1o=/"(A), pre= %[ - (M)Fpie , pis= %[ I-f

(A= pizs, pris= %[ 1-£"(A)]= pir13, po=g (B), pu= %[ 1- g *(B)] ,p2s = %[ 1-

g (B)l,pan = %[ 1- g'(B)], p212 = %1[ 1- g (B)l,p30o = h'(A), p37 = %1[ 1- h'(A)]=

pu7pso= 200 1- K'(A)Epsio,  pao= m'(A), psio= blary R (A)]=pssao,. ps2=/"(0),
A A (2
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@ * * K * *
pate= "4 [ 1-m (A)] pisa=£(0), pr=h"(0).pss=/"(0), pss=/"(0), pro3=h'(0), pus
_ * _ * _ biz * _ _ * _
=g (Bo), piria=1-g (Bo), ps17 = 7[ 1-m (A)] = pa317, pr22=g (Bo), prais=1-g
*(Bo), p131=/£1(0), paz=m"(0),pa1s = %[ 1- m*(A)]= pazis, pis2 = m (0), p173 = m"(0),

pis2 = m'(0), past = %[ 1- ' B[ g (Bo)]. pas.ina = %[ 1- g’ B)[1- g “(Bo)]. pro.i> =

‘%1[ 1-g'(B)] g “(Bo)p22.12.15 = ‘%1 [1-g'B)][1- g "(Bo)],

where A= g2+ bAsr+ o and B= aki+bixt+ootPo.
It can be easily verified that

portpoztpos = protpietpistpi.iz = p2otp2atp2st p2,11tp2iz

= p30tP37HP39tP3,10 = PaotPa.16TP4.17F Pa18= P52=P72 = P83 = po1 =Pp103 =pi113+ piia=pnr2t+ (3)

Pi2.15 = P13.1 = P14.1=P152 = P16.4 = P17.3 = P18.2= P10 TP1.6T P11.13 TP13.8 = P20 TP24 TP25tp23,i1
+p23.11,14 TP22,12 TP22.12,15= P30TP31.97P32.71P33.10 = P40 TP4.16+ Pa2.18t paz.i7—= 1.

The mean sojourn times (L) is the state S; are

11 1 1 1
ARSI I STy S
'V Ay2+(a/11+b/12)y2+yaoA—(a/11+b/12)(A+y)2 C1 C1 1 1
i D) s My = —» = —» Hs = — 5 Hyg =™ —
Ay (y+4) p * ’ ’

O+B)3(0+ /30)3+(a/11 +b2)B2{0(0+B)B+6(6+B)(6+B0)~0B0 (0+ o)} +(ak +bi )N(6+B)

{(8)3(9+ﬂ0)3+(8)3(9+ﬂ0)3+(B)3+(9+/30)—9(9+B)(9+[30)}—a0(9+B)2(9+ﬂ0)38+9a08
_(O+BX0+0)-05%0+ ) 0

Hy 5 ) )
B2(0+B) " (0+Pp)
Also
My + Mgy + Moy = Ky My + My + g +my 3 = L)
Myy + My +Mys + 1, ) + 1, 1, = 12 Myo + 1My 17 1My 15 1My 16 = Hy
M5y +Ms 16 = Hs My g+ 1y 3= My Mg ys T, = My Mey = He Mgy = Hg> Mgy = Hy> (5
My = ty> Myg3 = Hyg» My +myg +myy g +my, = (say)

_ ’
My + Moy + M5 + My 15+ My 1515+ M3 1) T M350 14 = My (say)

My + Mg + My 5 + Moy g = 13 (S2Y), Mg+ My, g+ My g +my = py(say) ,
4. Reliability and Mean Time to System Failure (MTSF)

Let ¢i(t) be the c.d.f of first passage time from the regenerative state i to a failed state. Regarding the
failed state as absorbing state, we have the following recursive relation for ¢; (t):

(4)
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¢i(t):ZQi,j(t)®¢j(t)+ZQi,k(t)’ ©)
i k

where j is an un-failed regenerative state to which the given regenerative state i can transit and & is a
failed state to which the state i can transit directly.

Taking LST of Eq. (6) and solving for &0 (8) yields,

(7

The reliability of the system model can be obtained by taking Laplace inverse transform of (7). The
mean time to system failure (MTSF) is given by

R 170

MTSF =1imm - N where (8)

S0
S 1

N1 =y + poitdy + Pty + Postds + Doy Pooty and D1 = 1= po,pig — Py, Pag = Pos P30 — PoaPasPao-
5. Steady State Availability

Let Ai(t) be the probability that the system is in up-state at instant 't' given that the system entered
regenerative state i at t = 0. The recursive relations for A; (t) are given as

4 (1)=M; (1) + 2.} (1) ©4; (1)
> ©)

where j is any successive regenerative state to which the regenerative state i can transit through n
transitions. Mi(t) is the probability that the system is up initially in state S, € E' is up at time t without
visiting to any other regenerative state, we have

1\40 (t) — e—(all+blz+a0)t , A41 (Z) — e—(all+bﬂ.z+a0)tF(z) aMz([) — e—(all+blz+a0+ﬁ0)t G([) (10)
M3 (t) — e—(ail+hiz+al,)tH(t) , M4(Z) — ef(ail+biz+a0)tM(z) .

Taking LT of above relations (9) and solving for A4;(s), the steady state availability is given by

M@ﬂﬂ%@=%u (11)

2

where

No=(-p24) {Ho[(1-p11.13)(P12.6P43.17-P42.18P13.8) TP 12.6P31.9P43.17  —P13.8  P31.9p43.18)]- 4y [Po1  {p32.7p43.17
+p42.18(1-p11.13)  +P31.9P01P43.17-P03P42.18P31.9] } + 13 {-po1(P12.6p43.17-P42.18p13.8)—(1-P11.13)p32.7p02t P42.18Po3
(1-p11.13)}- #y [po1 {(1-p33.10) P12 +p13sp3z7it poz{(1-pi11z) (1-p3s.10)-p13.sp3rof+pos{ps2.7(1-piiiz)t
p319p12.6} H(1-paiepiea){ 1o [ (1-p11.13){ (1-p33.10)(1-paz.12-p22.12,15-P52p2s)- (P23.11+ p23.a1,14)ps2.7}-(p23.t
P23.11,14) P31.9p12.6 -(1-p22.12-p22.12,15-Ps2p2s) P13.sp31.o]t 4y [ por{ (1-p3s.10)(1-p22.12-p22.12,15-ps2pas)- (p23.11+
p23.11,14)p32.7)-(P23.1t P23an14) p3ropis -(1-prai2p22.iz,i5-psap2s) pia.spsrolt(#5)[ por{(1-pss.i0) pize

+p13.8p32.75+ po2{(1-p11.13) (1-p33.10)-p13.sp31.9)+po3{ps2.7(1-p11.13)t p3ropizet [+ a3 por{ pizs(l-paz.ia-

p22.12,15-ps2p2s)H (P31t p23ania)pizeH(1-piriz)(p2s.iit p23.a1i4)poz H(1-p22.12-p22.12,15-ps2p2s) pos(l-
pi113)]} and

Do=(-p24) {po[(1-p11.13)(P12.6P43.17-P42.18P 13.8)HP12.6P31.9P43.17  —Pi3g  P3ropaz.is) -4 [por  {P32.7paz.7
+paz.18(1-p11.13) }+P31.9P01P43.17-Po3Paz.18P31.9] L + 43 {-Po1(P12.6Pa3.17-Paz.1p13.8)—(1-p11.13)P32.7p02 +Paz.18po
(1-p11.13)}-(/1'4+p4_16 Hig) [po1{(1-p33.10) pize  tpizsp327it po2{(1-pi1.13) (1-p33.10)-
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p13.sp3rottpos{ps27(1-priz)+  psropiaes [ H(1-paispisa){ #ol (1-pir13){ (1-p3s.10)(1-p2z.12p22.12,15-
Ps2p25)- (P23.11F P23.11,14)p32.7}-(P23.117F P23.11,14) P31.9p12.6 -(1-P22.12p22.12,15-P52P25) P13.8P31.9]+ m[ por{ (1-
P33.10)(1-p22.12p22.12,15-P52P25)- (P23.11F P23.11,14)P32.7} -(P23. 117+ P23.11,14) P31.9P12.6 -(1-P22.12-P22.12,15-P52P25)
p13spsrolt(un + Dys #5)[ poi{(1-p33.10) p12.6 +p13.sp32.75+ po2{(1-pi1.13) (1-p33.10)-p13.sp3io} +pos{ps27(1-
pi)t paopizel]tas] por{ pias(1-pazizpazizis-psap2s) (it pasitia)pizet+(1-piiis)(pas.iit
p23.11,14)po2 H(1-p22.12-p22.12,15-P52p25) po3(1-p11.13)]}.

6. Busy Period Analysis for Server

Let B"(t) Bf(t) B’(t) and B (¢)be the probabilities that the server is busy in Preventive
maintenance of the system, repairing the unit due to hardware failure, replacement of the software and
hardware components at an instant ‘t’ given that the system entered state i at t = 0. The recursive
relations for B (1) BF(¢t) B’(t) and B (¢) are as follows:

B (t) =W, (t)+§)q,(,r;~)(f)©Bj GF BR () =W, (1)+ 24" (1)0©BF (1),
.i ‘ .i ‘ . 2
B; (t)—”i(t) 2611(,’}) (t) :Ei (t)’ EiH (t) ii(t) qu(”}) (t) J (t)’ (12
j ‘ j

where j is any successive regenerative state to which the regenerative state i can transit through n
transitions. W;(?) be the probability that the server is busy in state S; due to preventive maintenance,
hardware and software failure up to time t without making any transition to any other regenerative state
or returning to the same via one or more non-regenerative states and so

W, = AP () 1 (e PO 1) () +(ake PO D) +(bAe AT DR,

W = B Gig) 1 (e ARG (1) +(ade RIS 1)) +(bAe “HE RO 1G)

W, = W20 L) (e PO CDH () +(ake U0 D) H(E) +(bA,e AN HE),

W, =€ AP M) o VWM (O)H@he DO DMO+BRE DO DME) | W, = F (1) Wy = F0)-
Taking LT of above relations (12) and solving for B (t) Bf(t) B’(t) and B (t) the time for
which server is busy due to PM, h/w repair and h/w and s/w replacements respectively is given by

H _ 1 *H N3H 5 _ 1 xS N3S . . N
By =limsB,"(s) = —— , B, =limsB;°(s) = —— , B =IlmsB,*(S)=— and (13)
0 5o 0 D 0 50 D 10 D
2 2 2
i ) . N
B™ = 1}£r[1) sB,"™ (§) = DS, .

where

NE(©)=(p24)[ W, (0) [-Po1 {p32.7p43.17 *+P42.18(1-P33.10) } +P31.9P02P43.17-P03P42.18P31.9]+ W, (0)  Pa.16[por {(1-
P33.10) p12.6tp13.8p32.7;+ po2 {(1-pi1.13) (1-p33.10)-p13.8p31.9} tpo3 {p32.7(1-p11.13)+ p3ropi26} |+ (1-pa.1spis.sa)[
W (0) {po1 {(1-p33.10)(1-P22.12-P22.12,15-P52P25)-(P23.11+ P23.11,14)p32.7}H(P23. 11+ P23.11,14) Po2p3ro + pos (1-
P22.12-p22.12,15-P52p25)p31.9 s+ W, (0)  pas[por{(1-p33.10)  Pize  +pi3spsz7i+  po2{(1-piriz)  (1-p3s.i0)-
P13.8p31.9}TPo3{p32.7(1-pi1.13)+ p3topize} ]

NE@®)=W, (0) [po1 {(1-p33.10) P126 +P13sp327}+ poz{(1-p11.13) (1-p33.10)-P13.8p31.9}+pos {p32.7(1-prr.iz)+
p31opi26}].

N; (£)=W, (0) {p24  [po1(p12.6p43.17-P42.18P13.8)+(1-p11.13)P32.7p02-P42.18p03(1-p11.13) [+ (1-p4.16p16a)]  Poif
p13.8(1-p22.12-p22.12,15-p52p2s)H(p23. 11+ pas.aiia)pize}t(1-priiz)(p2s.1t  p2sania)poz +(1-p22.12-p22.12,15-
ps2p2s) pos(1-pi1.13)]}
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N ()= p2aW, (0) [por {(1-p33.10) P26 +P13sp327}+ poa{(1-pi113) (1-p33.10)-p13.sp31.9}+pos{ps27(l-
p11.13)+ p31.9pize}].

7. Expected Number of Replacements of the Units

Let R (t) and R} (t)the expected number of replacements of the failed hardware and software

components by the server in (0, t] given that the system entered the regenerative state i at t = 0.
The recursive relations for R/ (¢) and R’ (¢) are given as

R (1)=30% (N[5, + R (1)] . B (1)=20 ()®[5;+ R} (1)] .

where j is any regenerative state to which the given regenerative state i transits and 0j=1, if j is the

(15)

regenerative state where the server does job afresh, otherwise 0j=0. Taking LT of relations and, solving

for EOH (s) andEOS (s). The expected numbers of replacements per unit time to the hardware and

software failures are respectively of given by
~ N/ ~ N,
H 1 H _ 1Yy s _ 1 S —
Ry () = limsR)(s) = 5= and R} (o) =limsR) (5)= - (16)

where

Rl

N (t)= (1-pa16p164) (P22, 12,15+ P23, 11.14) [po1{(1-p33.10) P26 +pi3.sp327}+ po2{(1-pi1.13) (1-p33.10)-
pP138p31.9}tpo3{p327(1-pi.13)+ p3ropize} [F(paot paz.ist paz17) p24 [por{(1-p33.10) pizes +tpi3sps27}+
po2{(1-p11.13) (1-p33.10)-p13.8p31.9 }+po3 {P32.7(1-p11.13)+ p31.9p12.6}]

NJ(£)= poi[pr26{(p23.11+ p23.i1,14) (1-pa.1epiea)t p2apas.i7}+pi3s{(1-p2z.12-p22.12,15-ps2p2s) (1-pa.16pie.4)-

p2apazig} [ (1-piii3)[ po2{(p23.11i+ p23.i1,14) (1-paiepies)t p24pas.i7}+pos{(1-p22.12-p22.12,15-ps2p2s) (1-
Pa.16P16.4)- p24p42.18} ] and D is already mentioned.

8. Expected Number of Visits by the Server

Let Ni(t) be the expected number of visits by the server in (0, t] given that the system entered the
regenerative state i at t = 0. The recursive relations for Nj(t) are given as

N, (t)=§Q£?)(f)®[5j+N; (0] . (17)

where j is any regenerative state to which the given regenerative state i transits and 0j=1, if j is the
regenerative state where the server does job afresh, otherwise 8j= 0. Taking LT of relation (20) and
solving for N, (s) . The expected number of visit per unit time by the server are given by
.~ N
No(oo)—yg)lSNo(S)— 325 (18)

where

Ns ==(-p24){ (1-p11.13) [p32.7p43.17tPp42.18 (1-P33.10) | TP12.6P31.9P43.17 —P13.8 P31.9p42.18) }+ (1-pa.iepis.a){ (1-
pit3)  (1-p33.10)(1-p22.12-p22.12,15-Ps2p25)-(p23.11+  P23.i1,14)p32.73-Pi2s(P23.i1t  p23ini4)pste  ~(1-p2zio-
P22.12,15-P52P25) P13.8P13.8]}

9. Cost-Benefit Analysis

The profit incurred to the system model in steady state can be obtained as

P:KOAO—KIB(I;—KZBOR—K3B§—K4BOHRP—K5R([)1 —Kng—K7N0 (19)
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Ko = Revenue per unit up-time of the system

K = Cost per unit time for which server is busy due preventive maintenance
K> = Cost per unit time for which server is busy due to hardware failure

K3 = Cost per unit replacement of the failed software component

K4 = Cost per unit replacement of the failed hardware component

Ks = Cost per unit replacement of the failed hardware

K¢ =. Cost per unit replacement of the failed software

K7 = Cost per unit visit by the server

316 l}}iWRP- HFURP
SFwrp | 17
S18 S12 \V
HFwr 8
Pm [ NO
S2 bA2 HFUR
S5 fp) HFur h(t) SFwrp |
s [PM SFURP ¢ po
HFwr | [g© HFwr g(t)
HFutp S14 \
SFWRP | 1)
\V all
anl b2
so | N ] — P
S13| WPm Cs <h(t) il NO S3
PM
a0\ g()
a0 10 SFwrp
fte) f(t) §9 SO SFURP [0
ft)
SFURP
Wpm -
NO <
Pm () 0 PM S8
—> SFwrp
b2
S1
O —> Operative State
|:| —> Failed State , e = Regenerative Point

Fig. 1. State Transition Diagram
10. Conclusion

For the particular case, g(t)=60e™® h(t)= e, f(t)=oe “andm(t)=ye™ the graphs for mean time

to system failure (MTSF), availability and profit are drawn with respect to preventive maintenance rate
(o) for fixed values of other parameters as shown respectively in Figs. 2 to 4. These figures indicate
that MTSF, Availability and profit increase with the increase of PM rate (o) and repair rate (0) of the
hardware components. But the value of these measures decrease with the increase of maximum
operation time (o). However, if we increase maximum constant rate of repair time (o), then the value
of MTSF increases while availability and profit follow a decline trend. It is also observed that
availability and profit decrease by interchanging the values of a and b i.e. a=.3 and b=.7. Hence, it is
suggested that a computer system of two identical- units having independent failure of h/w and s/w
components can be made more profitable
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(i) By reducing the maximum repair time of the h/w components.
(i1) Making replacement of the hardware components by new one in case repair time is too long.
(ii1)By controlling the failure rate of the software.
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