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Abstract

A computer system with hardware redundancy in cold standby has been analyzed stochastically by giving
maximum repair time to the server. The components may fail independently from normal mode. A single server
is immediately provided to carry out repair activities. The failed hardware is replaced by new one in case its
repair is not feasible by the server in a given maximum repair time. However, software is up-graded when it
fails to function as per requirements. The falure time of the components follow negative exponential
distribution whereas the distributions of repair, up-gradation and replacement times are taken as arbitrary. The
semi-Markov process and regenerative point technique are used to analyze the system model. The behaviour of
some reliability measures have been observed graphically for arbitrary values of the parameters. The profit of
the present model has also been compared with the model Malik and Munday (2014).

Keywords: Computer System; Hardware Redundancy; Up-gradation; Replacement; Maximum Repair Time;
Profit Comparison; Stochastic Modelling.

1. Introduction

The expectations of the modern society on the use of systems of high performance have increased
exponentially during past few years. The performance of systems can be improved by adopting proper repair
policies and components of low failure rates. The technique of redundancy has also been considered as a tool to
enhance durability of the systems. The scientists and engineers have proved that the technique of cold standby
redundancy in computer systems is useful for improving their performance. It is a known fact that most of the
academic and analytical works in ingtitutions and offices have been performed by computer systems. Therefore,
software and hardware firms are stressing on the development of faultless computer systems with latest
technology. And, a major challenge to the manufacturersis also to provide reliable components with minimum
overall costs. Most of the academicians are also trying to explore new techniques for reliability improvement of
the computer systems. In spite of these efforts, a little work has been dedicated to the reliability modelling of
computer systems. And, most of the research work carried out so far in the subject of hardware and software
reliability has been limited to the consideration of either hardware or software subsystem aone. Osaki and
Nishio (1979) and Lai et a. (2002) evaluated the availability analysis of distributed hardware/software systems.
Malik and Anand (2010, 2011), Malik and Sureria (2012) and Kumar and Malik (2013) discussed reliability
models of a computer system considering different repair policies. Recently, Malik and Munday (2014) studied
a cold standby computer system with hardware repair and software up-gradation by a server who visits the
system immediately whenever needed.

While considering the practical importance of computer systems in our day to day work, the stochastic
modelling of a computer system has been done by providing hardware redundancy in cold standby and
maximum repair time to the server. The system comprises hardware and software components which have
independent failure via normal mode. A single server visits the system immediately as and when needed. The
hardware component under goes for repair at its failure and replaced by new onein caseit is not repaired up to a
fixed repair time. However, software component is up-graded at its failure. The failure time distribution of the
components is taken as negative exponential whereas the distributions of up-gradation time, repair time and
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replacement time are assumed as arbitrary with different probability density functions. Various performance
measures of the system model such as transition probabilities, mean sojourn times, mean time to system failure
(MTSF), availability, busy period of the server due to hardware repair and replacement, busy period of the
server due to software up-gradation, expected number of hardware repairs, expected number of software up-
gradations, expected number of hardware replacements by the server and profit function have been obtained
using semi-Markov process and regenerative point technique. The graphical study has also been made to depict
the behaviour of some important reliability measures. The profit comparison of the system model has also been
made with that of Malik and Munday (2014) for different parametric values.
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2. Notations
Set of regenerative states
Set of non-regenerative states
Computer system is operative
Hardwareisin cold standby
Probability that the system has hardware / software failure
Hardware/Software failure rate
Rate for which component undergoes for replacement after a maximum repair time't
The hardwareis failed and under/waiting for repair
The software is failed and under/waiting for up-gradation
The hardware is failed and continuously under/ waiting for repair from previous state
The software isfailed and continuously under /waiting for up- gradation from
previous state
pdf/cdf of hardware repair time
pdf/cdf of software up-gradation time
pdf/cdf of hardware replacement time
pdf / cdf of first passage time from regenerative state S to a regenerétive state S or to
afailed state § without visiting any other regenerative state in (0, t]
pdf/cdf of direct transition time from regenerative state S to aregenerative state S; or
to afailed state § visiting state S, oncein (0, {]
pdf/cdf of direct transition time from regenerative state S to aregenerative state S; or
to afailed state § visiting state S and S oncein (0, t]
Probability that the system up initialy in state S € Eisup at timet without visiting
to any regenerative state
Probability that the server isbusy in the state S up to time ‘t” without making any

transition to any other regenerative state or returning to the same state via one or
more non-regenerative states.

The mean sojourn time in state S; which is given by

u; = E(T) = waP(T > t) dt = };m;; , where T denotes the time to system failure.
Contribution to mean sojourn time (W) in state § when system transits directly to
state § sothat y; = X;my; and my; = [ tdQy;(t) = —q;;(0)

Symbol for Laplace-Stieltjes convolution/Laplace convolution

Symbol for Laplace Transformation (L T)/Laplace Stieltjes Transformation (LST)
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3. Transition Probabilities and M ean Sojourn Times

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

pij = Qij(0) = f(:oql'j (t)dt

A bA « *
p01=ma Pozzm » Pro = g"(ad; + bA; + ag), D13 zﬁ{l_g (ad; + bA; + ap)
1 . bA .
P14 = aalfb—;ﬁ%{l —g'(ad; + bA; + ay) , p1s = m{l —g*(ad; + bA; + ap)
. . yi . bA .
P20 = f7(0) ,p3o =77 (ald; + bA;) , P3¢ = al(11+;/12 {1—-r"(ad; + bAy) ,p3; = a/11+212 {1—7r"(ad; + bA,),

Pa1 =Ps2 = 9" (@), Pao =Dsg =1 — 9" (@) , D1 = D72 = Ps2 = Po1 = 77(0)

For g(t) = ae™®, f(t) = 8e % and r(t) = Be P! we have
But, /*(0) =g*(0) =r*(0)=1landa+b =1

_ aaly _ apaly
P14 = (a+ag)(ar;+bAy+a+agy) ' Pi149 = (a+ag)(ari+bAy+a+ag)
abA agbA
p — 2 P — oba;
125 7 (gtag)(al; +bAz+atag) 12.58 ™ (gtagp)(ats+bAz+atag)
_ aly _ bA,
P316 = Qi vba,+p P327 = Qi vba,+6

It can be easily verified that
Po1 T Poz = P10 + P13 T P14 + P15 = P20 = P30 T P36 + P37 = P41 + Pag = Ps2 t Psg = De1
= P72 = DPs2 = Po1 = P10 + P13 + P114 + P11.49 + P125 + P12ss = P30 T P31.6 T P327 =1

The mean sojourn times (u;) isthe state S; are

1 1 1

Ko = ady+bA, M= ari+biztagta K2 = ali+bA+f

+ _ (a+B)(ady+bAy)+B(atap)
1= B(a+ag)(ari+bA+a+ag)

) .U3—E
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Also myy + Moy = Uo, Myg + My3 + Myy +Mys = Uy, Myg+ Mze+ Mzy = U

And mqg 4+ Mz + My 4+ Myggg + Myps +Mipsg = Uy, Mzg+ Mg+ Mapy = s

4. Réiability and Mean Timeto System Failure (MTSF)

Let ¢;(t) bethe cdf of first passage time from regenerative state S;to afailed state. Regarding the failed state as
absorbing state, we have the following recursive relations for ¢; (t),

Po(t) = Qo1 () © p1(1) + Qo2 ()

$1(1) = Q10(1) © () + Q13(1) © ¢3(1) + Q14(0) + Q15(D)
B3 (1) = Q30(t) © Po(t) + Q36(t) + Q37 (1) D
Taking LST of above relations (1) and solving for ¢,"(s) , we have

R*(S) — 1_¢S*(s)

N
Thereliability of the system model can be obtained by taking Laplace inverse transform of the above equation.
The mean time to system failure (MTSF) is given by

MTSF = lim =2 & _ N )
s-0 N Dq
Where Ny = pg + po1 (1 + p13pz) and Dy = 1 — po1 (P10 + P13P30) 3

5. Steady State Availability

Let A;(t) be the probability that the system is in up-state at an instant't’ given that the system entered
regenerative state S; at t = 0. Therecursiverelationsfor A;(t) aregiven as.

Ao (t) = My(t) + qo1(1)OA (1) + qo2(1)© Ay (1)

A1 () = My(8) + q10(O)OA0(8) + {q11.4(0) + G11.40(0)}O A1 (1) + {G125(t) + q1258(0)}O© Ay (0) +
q13()©A3(t)

Az (t) = q0(£)OA (1)

Az(t) = M5(t) + q30(1)OA(t) + q31.6(DOA; (L) + G327 (DOA, (L) 4
where

Mo(t) — e—(a11+bﬂz)t) Ml(t) = e—(aAi+bAz+ag)t mand M3(t) = e~ (adi+bA)t m

Taking LT of relations (4) and solving for A;(s), the steady state availability is given by

Ag(0) = limg_g 5 A5 (s) = 2 ()
Where N, = pio(1 — p11.4 — P11.49 — P13Ps1.6) + Por (1 + H3P13)

Dy = pio(1 = P11.4 — P114s — P13P316) + Por(iy + UsP13) + 2 (D125 + Przss + P13Paz7

+Po2(P10 + P13P30)) (6)

6. Busy Period of the Server
6.1 Due to Hardware Repair

Let Bf(t) be the probability that the server is busy in repairing the unit due to hardware failure at an instant‘t’
given that the system entered state S; at t = 0. The recursive relations for BY (t) are asfollows:

B () = qo1(DOBf () + qo2(t)©BS (t)
B () = Wi (@) + q10(O)OBF () + {q11.4(t) + q11.49()}OBT (t) + {q12.5(t) + q1258(1)} © B (t)

+q,3()OBH (1)
B (1) = q,0(t)OB{ (1)
BY (1) = q30()OB (t) + q316(t)OBY (t) + q3,7,(t)©B3 (t) 7
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where WlH (t) — e—(a11+b12+a0)t G(t) + (alle‘(“’11+“2+“°)t©1)6(t) + (blze_(a)‘1+b)‘2+a°)t©1)6(t)

6.2 Due to Software Up-gradation

Let BS(t) be the probability that the server is busy in upgrading the unit due to software failure at an instant't’
given that the system entered state S; at t = 0. Therecursive relations for B (t) are asfollows:

B3 (£) = qo1(£)OB; (£) + qo2(t)©OB; (t)

Bf () = q1o(1)O©B5 (t) + {q11.4(t) + q11.40(t)IOBF (£) + {q125(t) + q1255(0)} © B3 (t) + q13(£)OB3 (t)
B3 (t) = W5 (t) + q20()OB§ (t)

B3 (t) = q30(t)OBg(t) + q31.6(t)OBS (1) + q3,.,()OB3 (t) 6)
whereW$(t) = F(t)

6.3 Due to Hardware Replacement

Let BL.R’” (t) be the probability that the server is busy in replacement of the unit due to hardware failure after an
ingtant't’ given that the system entered state S; at t = 0. The recursive relations for Bf (t) are asfollows:

BEP(t) = 401 (DOBP () + o2 (OB (1)

pr @®) = Q1o(t)©B§p(t) +{q114() + Q11.49(t)}©35p @) +{q125() + g1253()} © pr ®)
+ 413 (t)©B3Rp ®

B;P(t) = q20(t)OB;" (t)
BP () = W™ (8) + g3 (OB, P (£) + q31.6()OB; () + 32, ()OB,* () (9)
where WP () = e~ (@M+b2t R(E) + (ad e~ (@h+tb2N)R(E) + (bA,e~@A1+bAt)R(t)

Taking LT of relations (7), (8) & (9), solving for BY" (), B (t) and B(f”*(t). The time for which server is busy
due to repairs, up-gradations and replacements respectively are given by

. H
BH(t) = limy_o s B (¢) = ’[V)—S (10)
2
S — 1 s* _ N3
B3 (t) = limy_o s B (£) =32 (11)
* Rp
ByP () = lim_o 5 By (8) = - (12)

where N’ = po, W{*"(0)
N5 = ((P125 + Pi258) + ProPoz + P13Pa27 + P13Po2 (P30 — DIWs
N3Rp = p01p131/|/3R”*(0) and D, is already mentioned. (13)

7. Expected Number of Hardware Repairs

Let NHR;(t) be the expected number of hardware repairs by the server in (0, t] given that the system entered the
regenerative state S; at t = 0. Therecursiverelationsfor NHR; (t) are given as:

NHRy(t) = Qo1(t) © NHR(t) + Qo (t) ©) NHR,(t)

NHR{(t) = Q10(t) © (1 + NHRy(£)) + Q114(t) © (1 + NHR,(t) + Q11.40(t) © NHR,(t)
+Q125(t) © (1 + NHR, () + Q12.58(t) © NHR,(8) + Q13(t) © NHR5(t)

NHR,(t) = Q30(t) © NHR,(t)

NHR;3(t) = Q30(t) © NHR(£) + Q316(t) @ NHR, (t) + Q327,(t) © NHR,(t) (14

Taking LST of relations (14) and solving for NHR;*(s). The expected number of hardware repair is given by
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NHRq = lim_ SNHR5" (s) = =* (15)

2

where N, = po1(P10 + P11.4 + P125) and D, is already mentioned. (16)
8. Expected Number of Software Up-gradations

Let NSU;(t) be the expected number of software up-gradations in (0, t] given that the system entered the
regenerative state S; at t = 0. The recursiverelationsfor NSU;(t) are given asfollows:

NSU,(t) = Qo1 (t) © NSU,(t) + Qo (t) Q) NSU,(t)

NSU; (t) = Q10(t) © NSU,(£) + {Q11.4() + Q11.49(£)} O NSUL () + {Q125(t) + Q1255(t)} © NSU,(t)
+Q13(t) © NSU5 (1)

NSU,(t) = Q,0(t) © (1 + NSU,(t))

NSU5(t) = Q30(t) © NSU,(£) + Q31.6(t) © NSU, (1) + Q327 (t) © NSU, () (17

Taking LST of relations (17) and solving for NSU*(s). The expected numbers of software up-gradations are
given by

NSUy(0) = limg_q SNSUZ" (s) = =& (18)

Dy

Where
Ns = D125 + P125g + P1oPoz + P13P327 + P13Po2 (P30 — 1)

and D, is already mentioned. (29
9. Expected Number of Hardwar e Replacements

Let NHRp;(t) be the expected number of hardware replacements by the server in (0O, t] given that the system
entered the regenerative state S; at t = 0. Therecursiverelationsfor NHRp; (t) are given as.

NHRp,(t) = Qo1(t) © NHRp, (£ + Qo2 (t) © NHRp,(t)

NHRp;(t) = Q10(t) © NHRp,(t) + Q11.4(t) © NHRp, (£) + Q11.49(t) © (1 + NHRp, (t))
+Q125(t) © NHRp,(£) + Q12.58(t) © (1 + NHRp, (1)) + Q13(t) © NHRps(t)

NHRp,(t) = Q20(t) © NHRpy(t)

NHRp5(t) = Q30(t) ® (1 + NHRpy (1)) + Q31.6(t) © (1 + NHRp,(£)) + Q32,(t) © (1 + NHRp,(t)) (20)

Taking LST of relations (20) and solving for NHRpg*(s). The expected numbers of hardware replacements are
given by

NHRq = lim_q SNHRp' (s) =2 (21)
2
where Ng = po1 (P13 + P1149 + P12.53)and D, is already mentioned. (22)

10. Profit Analysis
The profit incurred to the system model in steady state can be obtained as:
P = KoAo — KyBY — K;B§ — KsNHR, — K,NSUy — KsBy® — KsNHRp, (23)
where
K, = Revenue per unit up-time of the system
K, = Cost per unit time for which server is busy due to hardware repair
K, = Cost per unit time for which server is busy due to software up-gradation

K; = Cost per unit repair of the failed hardware
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K, = Cost per unit up-gradation of the failed software

K- = Cost per unit time for which server is busy due to hardware replacement
K, = Cost per unit replacement of the failed hardware
and Ao, BY, B35, NHR,, NSU,, B(f”, NHRp, are already defined.

11. Particular Cases
Suppose g(t) = ae~%, f(t) = e~ 0 and r(t) = Be~Ft
We can obtain the following results:

Ny
MTSF (To) = 7+

1

N.
Availability (A,) = —
D,

NH
Busy period due to hardware failure (B¥) = D—3
2

NS
Busy period due to software failure (B3) = D—3
2

R

i . Rp\ __ N3 P

Busy period due to replacement of hardware failure (BO ) =7
2

N,
Expected number of repair at hardware failure (NHR,) = D—4

2

Expected number of up — gradation at software failure (NSU,) =

_s

2

Expected number of replacement at hardware failure (NHRp,) = D_6
2

where
(ady + bA, + a + ap)(ar; + b, + B) + ar(ar, + bA, + B + ap)
17 (ads + bA,)(ah, + bA, + @ + ag)(a; + bA, + B)
(aAy + by + a + ap)(ar, + bA; + B) —ari(a(ar; + bA; + B) + apfB)
1= (aly + bA,)(ad, + bAy + a + ag)(ak, + bA, + B)
oo 1
27 (al + bAy)

Bla+ag)(ari+bAz+a+ag)(0((ari+bAz+B)(ar+bAz+a+ag)—ari(ari+bAz+B+ag))+bA((adi+bAy+B+ag)
(ady+bAy)+a(ady+bAy+B)+agB))+al 6 (ars+bA,+B)(B(a+ag)?+(at;+bAz)(B(at+bAy+2(a+ag)+
D, = a(ari+bly+a+ag))+Bag(a+ag)(ari+bAl+a+ag)
2 BB(a/11+b12)(a11+b12 +a+ao)2(a11+b12 +B)(a+a0)

NH all

— NS _ bAy(adli+bAr+a)
3 7 (ar+bAy)(ad +bAy+B) ]

3 7 9(ar;+bAy)(ad,+bA+a+ag)

NRp _ agaly N, = aalq
3 7 (ady+bAy)(adi+bA+a+ag)(ad; +bAz+B) 47 (@A +bag)(a+ag)
bAy(adli+bAy+a) apgaiy
N5 = , N6 =
(aAi+bAy)(aly+bAy+a+ag) (ar+bAy)(a+ag)

12. Conclusion
The effect of various parameters on the reliability measures of a computer system has been observed
for g(t) = ae %, f(t) = e~% and r(t) = fe~F! as shown in figures 2, 3, and 4. It is analyzed that mean
time to system failure (MTSF), availability and profit function go on decreasing with the increase of failure rates
(A, and A,) while their values increase with the increase of hardware repair rate (o)) and software up-gradation

ISSN : 2319-7323 Vol. 4 No.05 Sep 2015 234



V.J. Munday et a. / International Journal of Computer Science Engineering (1JCSE)

rate (0) provided a > b. However, the effect software failure rate is more on these measures. On the other hand,
system model will have less values of MTSF and availability in case of a> b but profit has more value. Hence, a
computer system in which software has more chances of failure can be made more profitable by providing
hardware redundancy in cold standby and maximum repair time to the server.

Comparative Study

The study reveals that present model is profitable over the model Malik and Munday (2014). And, so
we analyze that a computer system can be made more profitable to use by giving maximum repair time to the
server for getting repair of the failled hardware. Thus, the graphical behavior of the profit difference of the
models with respect to hardware failure rate (\;) has been shown in figure 5.
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