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ABSTRACT

The present paper deals with a reliability model of a two unit cold
standby system that exposed to two types of failures. In each unit
there are hardware and software componentes work together and
fail independently. there is a single server who visits the system
immediately when required. The server inspects the unit in case
of software failure and decides either to repair or replace it. The
h/w components undergo for repair at their failure and are replaced
by new one in case of arriving to maximum repair time. All time
distributions are considered to be exponential. Various measures
of reliability of the system are obtained using regenerative point
technique. Finally simulation study is done to illustrate the results.
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1. INTRODUCTION

Recently, with technological progress most of the Industrial Sys-
tems consist of software subsystems and hardware subsystems. A
lot of research [6, (7,8l 19] that have been implemented in this region
have been taken into account hardware subsystem alone. But there
are a lot of complex systems, which have the two subsystems to-
gether, such as control systems. [2|[11] developed a combined reli-
ability model for the whole system in which software and hardware
components work together. [3] formulated reliability models of a
computer system with independent failure of software and hard-
ware components.

Furthermore, the continued operation and ageing of these systems
gradually reduce their performance and reliability. [1} [10] proved
that the reliability of a system can be increased by making replace-
ment of the components by new one when the repair time is too
long. Sl 4] discussed stochastically a two unit cold standby system
with the concept of periority subject to maximum operation and
maximum repair time.
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The aim of this paper is to study a two unit cold standby system
considering hardware, software failures and inspection with maxi-
mum repair times. Explicit expressions for the following reliability
measures of the system are obtained:

1. The mean time to system failure (MTSF).

2. Pointwise and steady state availability.

3. Busy periods with repair due to hardware failures or software
failures or replacement or inspection.

4. The profit gain of the system, are obtained.

Finally numerical example is presented to illustrate the theoretical
results.

2. ASSUMPTIONS

1. The system consists of two identical units.

2. Initially one unit is operating and the other is in standby case
(cold standby).

3. The online unit suffers two types of failure, namely, software and
hardware failure.

4. There is one server man and always available.

5. If the operating unit fails with software failure the server man
inspects the unit and decides either to repair with some probability
or replace it .

6. When the online unit exceeds maximum repair time of hardware
failure, the server man will replace it.

7. If the operating unit suffers software failure while replacing the
other unit so, there is periorty to repair it after replacing the other
unit.

8.The distributions of all times are considered to be stochastically
independent random variables, each having an exponential distri-
bution.

9.The connected switch is perfect.

10. After repair, the unit is as good as new.



3. NOTATIONS

Ey: State of the system at t = 0.

E: Set of regenerative states.

E: Set of nonregenrative states.

F(t)(i=1,2) Cdf of hardware and software failures
respectively.

Cdf of repair times.

Pdf and Cdf of time for the system transits
from regenerative state S; to S .

Pdf and Cdf of time for the system transits
from regenerative state S; to S;

via the non-regenerative state E.

I1; (¢): Cdf of time to system failure starting from
state S; € E.
myj;: Contribution to mean sojourn time in state .S; ,

when system transits direct to S;.
i J P[System sojourns in state S;

for at least time t] dt.
M; (t) P [system is up initially in state S; € E
is up at time t without passing through any other
regenerative state or returning to
itself through one or more states € E1].
AV (t) P [The system is up at time
k(t), K (¢): Pdf and Cdf of replacment time.
m(t), M (t): Pdf and Cdf of maximum repair time.
h(t), H (t): Pdf and Cdf of inspection time.
0,1—0: probability that the unit goes for repair due

to software failure/ probability that the

unit will be replaced due to software failure.
B; (t): P [server man is busy with repair of

hardware, software failures, replacement

and inspection respectively at time

t starting from state S; €

E,(i=1,2,3,4)]
C(t): The expected profit incurred in (0, t].
U: Dummy variable in Laplace transform (LT).
*: Symbol for LT.
©: Symbol for convolution of f (t) and g (t)

isf()© gt)=f, f(x)dG (t-x).

3.1 Symbols for the states of the system

O/S: Unit in normal mode / in standby mode.

r1/r3: Unit is in failure mode due to hardware failure and
under repair /Unit is in failure mode due to software
failure and under repair.

wry/wry:  waiting for repair of hardware failure / waiting
for repair software failure .
repl /insp:  Unit under replacement/ Unit under inspection.

Considering these symbols, the system can be in any one of the
following states.

So=(0,S) S1=(0,11) S = (0, insp)
S3=(0,r2) Sy = (wrg, 12) S5 = (wry, r2)
S¢ = (wro, repl) S7 = (O, repl) Sg = (wrg, insp)

Sg = (wry, 1) S10 = (Wrg, 11)
S12 = (wry, repl)

Up states :Sg, S7 ,S52 ,S3 and S7. Down States: Sy, S5, S¢ , Ss

So, S10,S11 and S;5 . One can see that all states are regenerative

states.

S11 = (wry, insp)
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3.2 Transition Probabilities and Sojourn Times

It can be observed that the epoch of entry into any of the states S; €
E is regenerative point. Let T} (= 0), T3, Ty, ...denote the epochs
at which the system enters any state S; € F let X, denote the state
Visited at epoch T,,+, i.e . just after transition at T5,. {X,,, T, } is
a Markov renewal process with state space £/ and

Qij (t) = P[Xn+1 = j, Tn+1 — Tn <t \ Xn = ’L], is the semi
Markov kernel over E

The transition probability matrix of embedded Markov chain is
P=(p;;)=(Q;; (00) = Q (00)), With non zero elements.

By probabilistic arguments, the non zero elements P;; are,
Transition form Sy :

Por = 35

where Py 1 means that the software failure does not occur until time
t and hardware failure occurs at time t .

All other transition probabilities can be explained in the same man-
ner.

— (a3
P0,2 — M fa
it . - __a . S
Transition form Sy : Pio = saterm Do = statarm
_ a —_ m
Pl,l()  Aatat+m P177 - Xata+m
.s . _ A _ e _
Transition form S : Py 11 = storn 28 = xgaqm P =
h _ h
(1 - 9) Aa+th P273 - (9) Aa+th
[ . _ A _ a _ b
Trans%tpn form Sz : P35 = pu—" P34 = P P3p= Fatb
Transition form Sy : Py 3 =1
Transition form S5 : P51 =1
Transition form Sg : Ps3 =1
. . _ k — A =
Transition form S7 : Pro = 5555 Priz = sxyags Pre =
(o3
Ata+k
Transition form Sg : Pgg = (1 — 6) Ps 4 = (0)

(
Transition form Sg : Py =1
Transition form Sy : Pig,3 =
Transition form S1q : Py15 = (0) P12 = (1 —0)

Transition form S12: Pio; =1

We can prove that, Py 1+FPo 2 =1, Pio+Pio+Piio+Pi7z=1,
Poyn+Pog+Por+Poa3=1,P0+P3s+P3s5=1P3=
P51 =Ps3=DPy1=Pos="Pio1=1,Pro+Priat+Prg=
1, Pse+Pga=1,Pns+Pii2=1 )

The mean sojourn time p; in state S; € E are, ug = Sta

H1 = m’ 2
Hs = %HUG = %7,&7
11 = %7 Hi2 = %

We can prove that, (19 = mo1 +Mo2, 1 = M1o +M19 +M1, 10+
mi7, B2 = M2 11 + Mag + Mar + Ma3, U3 = M35 + M34 + M3,
g = Mys, s = Ms51, e = M3, 7 = Mro + M7 12 + Mre,
Qg = Mmge + Msgyg, b9 = Mo1, 10 = M10,3, H11 = M11,5 +
mi112, H12 = Mi12,1-

_ 1 _ 1
= Nrath' M3 T XTagu H4

[e3
1
b
— _ 1 _ 1 1
= 3otk M8 = moHo = 5 Hio = 4

)

3.3 MEAN TIME TO SYSTEM FAILURE

According to the arguments of theory of regenerative processes, we
obtain the following equations,

1:[0 (t) = Fl (t) F2 (t)+q01 (t) ©ﬁ1 (t)+QO2 (t) @ﬁQ (t) - (D

The above equation can be explained as follows: The left hand side
means that the system works until time t. The first term in the right
hand side means that the hardware failure does not occur until time
t and software failure not occur until time t. The second term means
that the system moves from state Sy to state Sjat a time less than
time t and the system completes its operation until time t starting
from state S;.The third term means that the system moves from
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Fig. 1. Transition diagram ) : Up state, (J : Down state.

state Sy to state S, at time less than time t and the system completes
its operation until time t starting from state S5 .
All other equations can be explained in the same manner.

I (t) =F1 (1) F2 (t) G1 (8) M (8) + quo (1) ©I14 (2)

_ 2)
+aqi7 (t) ©1l7 (t) ,

o (t) = Fy (t) By (¢) H (t)+qe3 (t) ©3 (t)+q27 (¢t) ©I17 (%):

5 (t) = F1 (t) F2 (t) G1 (1) + g30 (t) ©Io (2), 4)

M7 (t) = F1 (t) F> (t) K (t) + gr0 (t) ©ILo (1) . (5)
Making use of Laplace transform (LT) for Equations|[T}[5]l and solv-
ing for IIf (u) considering u = 0, we have the time to system fail-
ures (MTSF) as follows:

MTSF = E(T) = (6)

l
Z )
where,

U= po+ Pi(p1 + Prpar) + Papz + Paaps + Parpiz),
and
L =1— Py(Pio + Pi7Pro) — Po(Pa3 P30 + ParPro)

4. AVAILABILITY ANALYSES

Making use of probabilistic arguments, we obtain the following re-
cursive relations for ,i=0, 1, 2, 3,4, 5, 6.7,8,9,10,11,12.

Where
AVy (t) = Mo (t) + qor (t) ©AVh () + qoz (t) ©AVL (1), (D)

AVy (t) =M1 (1) + qi0 (1) ©AVL (1) + qu7 (1) © AVZ (1)

T auo () @AV (1) + quio () ©AVig (1),
AV, (t) =My (t) + qo3 (1) © AVa (1) + gas (£) © AV (1) ©)
+ qa7 (t) ©AVz () + g2,11 (1) ©AV11 (B),
AV (t) =M3 (1) + g35 (1) © AV (1) + g30 (1) © AV, (1) (10)
+ 34 (1) © AV, (1),
AV, (t) = qu3 (t) ©AV3 (1), (11)
AVs (t) = g51 (1) ©AVL (1), (12)
AV (t) = ge3 (t) ©AV3 (1), (13)

AV7 (t) =M7 (t) + g70 () , © AVh (t) + g7,12 (t) © AVi2 (%)

+ a7 (1) ©AVs (1),
(14)

AVs (t) = gsa (1) © AV () + gss (1) ©AVs (t) , (15)



AV, (t) = qo1 (1) ©AVL (1), (16)
AVio (t) = quo3 (t) ©AV3 (1), (17)
AVi1 (1) = qu1,5 (1) ©AV5 () + 11,12 (1) © AV (T), (18)

AVia (t) = qu2,1 (1) ©AVL (1), (19)

Where, MO (t) = 671(&+)\), M1 (t) = efz(a+/\+a+m)’ M2 (t) =
efz(oz+)\+h)7 M3 t) = efz(a+/\+b)’ M7 (t) — efz(a+)\+k).
Taking LT of [[7}[19]] to solve them for AVj (u) , then we get the
steady state availability of the system AV in the form,

. . b
AVy = 11}3% uAVy (u) = I (20)

5. BUSY PERIOD ANALYSIS

5.1 Expected Busy Period with Repair due to
hardware failure:

Using probabilistic arguments we obtain

B} (t) = qo1 (t) ©AVy (t) + qoz (1) © AV, (£),  (21)

B (t) =G1 (t) + quo (t) © AV, () + qu7 (t) ©AV7 (1)
(22)

+q1,10 (1) ©AVig (t) + q1,0 (1) ©AV (8) ,
Bj () =qa3 (t) ©AV3 (t) + gos (t) ©AVs () + go7 (t) ©AV7 ()

+¢2,11 (1) ©AVI (1),
(23)

B} (t) = 35 (t) ©AV5 (t)+gs0 (£) ©AVp (£)+q34 (t) ©AVL (1),

(24)
Bj (t) = a3 (t) ©AV; (1), (25)
B3 (t) = gs1 (t) ©AV: (1), (26)
Bg (t) = qe3 (t) ©AV; (1), (27)

B (t) = gro (t) ©AVp (£)+q7,12 (1) ©AVi2 (£)+qr6 (t) ©AVs (1),

(28)

B (t) = qsa (t) ©AVy (t) + gse (t) ©AVs (1), (29)

Bg (t) = G1 (t) + o1 (t) ©AV; (2), (30)
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Biy (t) = G1 (t) + quo3 (t) ©AV; (1), 31
Bl () = qi1,5 () ©AVs (t) + qu1,12 () ©AVia (t),  (32)

Bi, (t) = qu2,1 (t) ©AV; (1), (33)

Using LT to solve equations - for By (u) , we have the
expected busy period with repair due to hardware failure in steady
state as follows

ly

1_ x _ 2
By = zltlil(l) uBj (u) = I (34)

5.2 Expected Busy Period with Repair due to software
failure:

Similarly as in (5.1), we can get the expected busy period with re-
pair due to software failure in the steady state in the form,

ls

2 _ « -3
B = lltlg(l) uBj (u) = L (35

5.3 Expected Busy Period due to Replacment:

Similarly as in (5.1), we can get the expected busy period due to
replacment in the steady state in the form,

. . l
Bff = lim uB; (u) = L—“l (36)
5.4 Expected Busy Period due to Inspection:

Similarly as in (5.1), we can get the expected busy period due to
inspection in the steady state in the form,

l
4 _ 7. % _ 5
By = }LI% uBj (u) = % (37

where
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0 Apy Agze 0 0 O 0 0O 0 O 0 0 0
0 1 0 0 0 0 0 Az 0 Ay A0 O 0
0 0 1 Az 0 0 0 A7 Asg O 0 Ax; O
0 0 O 1 Asy Az O 0O 0 O 0 0 0
0 0 O 1 1 0 0 0O 0 O 0 0 0
0 1 0o 0 O 1 0 0O 0 O 0 0 0
1,(0) = % o 0o 1.0 0 1 0 O O O O 0 [,
£ 0 0 0 0 0 Ay 1 0 0 0 0 Az
O 0 0 O @ 0 1-6 0 1 0 0 0 0
0 1 o 0 0 o0 0 0 0 1 0 0 0
0 0 O 1 0 o0 0 0O 0 O 1 0 0
o o0 o0 o0 o0 @ 0 0O 0 O 0 1 1-6
% 1 o 0 0 o0 0 0O 0 O 0 0 1
and
0 Agy Ago 0 0 O 0 0o 0 O 0 0 0
0 1 0 0 0 0 0 Az 0 Ay A0 O 0
0 0 1 A3 0 O 0 As7 Asg O 0 A1y O
0 0 O 1 Ay Az O 0o 0 O 0 0 0
% 0 o0 1 1 0 0 0o 0 O 0 0 0
0 1 0o 0 O 1 0 0O 0 O 0 0 0
I5(0)={0 0 O 1 0 O 1 0O 0 O 0 0 0
0 0 0 0O 0 0 A 1 0 o0 0 0 Ao
% o 0 0 @ 0 1-6 0 1 0 0 0 0
0 1 0o 0 0 o0 0 0 0 1 0 0 0
0 0 O 1 0 0 0 0o 0 O 1 0 0
% o o0 o0 o0 @ 0 0o 0 O 0 1 1-6
0 1 o 0 0 o0 0 0o 0 O 0 0 1
6. COST BENEFIT ANALYSES
where, .
Aog = ﬁ’ Ay = m , Since
Aso = ﬁ’ Aqo = )\+a+k g
Ao = 575 Ao = 5o Clt)y=¢ ZK (38)
Alg — W, A110 — Wﬁ’ /“Lup ILLR
AT T Amm T ERS where
A28 _ (Aés& A27 _ (—7)\) Ateth? € : revenue per unit of up time
23 ! Afath’ 357 Xtagb Ky, K5, K3, K, : cost per unit time of repair due to hardware,
Ay = T‘&*”’ Aqip = Aatk’ software failures, replacement and inspection respectively.
Aqze = otk
and
gm - —(J(*)l Eug s g(ﬂ - _q82 Eu§7 t
10 = —qio (u 17 = —qi7 (u), up (T :/ AVy (u) du 39
Byg = %9() Biio = —q; 10 (u) , pur (1) 0 ) &
Bz = —g53 (u), Bar = —q3; (u),
Bas = —q35 (u) , Ba11 = —¢5 11 (u), ) o
Bsg = —q3g (u) , By = —q3y (u), g = / By (u) du (40)
Bzs = —q35 (u), Bus = —qj3 (u), 0
Bs1 = —¢z; (u), Bes = —qg3 (u), Using ([38), (39) and {@0), we have
Bro = —qz0 (u), Brs = —q36 (u) ,
Bri2 = —¢; 15 (u), Bsy = —qg4 (u),
Bgs = —qg¢ (u), Bg1 = —q5 4 (u),
Bios = —fffg,s () , Biis = —fﬁl,s (U)> C* (t) = euy,, (t Z K; uf; 41)

Since the expected profit per unit of time in steady state is,

C = lim cw = lim u?C* (u) (42)

t—oo u—0



Then form ([2), we get
C = (6[1 — Kllg — Kglg — K3l4 — K4l5)/L1 (43)

where

€ : is the revenue per unit up-time of the system,

K :is the cost per unit time for which the server is busy due to
hardware failure,

K5 : is the cost per unit time for which the server is busy due to
software failure,

K : is the cost per unit time for which the server is busy due to
replacement,

K, : is the cost per unit time for which the server is busy due to
inspetion.

7. NUMERICAL EXAMPLE

By setting ¢ = 2000, K; = 30, Ky = 40, K3 = 100, K4 =
5 figures display the variation of AV, MTSF, and profit respec-
tively, for different values of a, b, k, m, h, a and .

Fig. 2. Variation of Mean Time to System failure (MTSF) with o, A (a =
2.5,b=5k=1.2,m=230,h =40,0 = 0.98)

Fig. 3. Variation of Availability (AV) with a, A (@ = 2.5,b = 5,k =
1.2, m = 30,h = 40,0 = 0.98)
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Fig. 4. Variation of Proft Gain (GT) with a, A\, (a = 2.5,b = 5,k =
1.2,m = 30,h = 40,6 = 0.98)

bp due to H/W failure

Fig. 5. Variation of Expected Busy Period due to hardware faliure (bp)
with A\,a, (b =5,k =1.2,m = 30,h =40,a = 0.02,6 = 0.98)

bp due to S/W failure

Fig. 6. Variation of Expected Busy Period due to software faliure (bp)
with a, b, (a = 2.5,k = 1.2,m = 30,h =40, = 0.2,0 = 0.98)



003

=]
o
B

002

Fig. 7. Variation of Expected Busy Period due to replacement (bp) with
m,k, (@ =2.5b=5h=40,A=0.1,a = 0.02,0 = 0.98)

Fig. 8. Variation of Expected Busy Period due to Inspection (bp) with
a,h,(a=25b=5k=12m=30,A=0.1,0 =0.98)

8. CONCLUSION

In this paper we successfully obtained some reliability measures of
the system such as, the MTSF, the steady state availability, the ex-
pected busy periods of the serverman and the expected profit of the
system considering hardware failure, software failure, replacement
and inspection using regenerative point technique .

1. The MTSE, AV and GT increase with decreasing of .

2. The MTSF, AV and GT increase with decreasing of «.

3.The busy period due to h/w failure increase with increasing A and
decreasing with increasing of a.

4.The busy period due to s/w failure increase with increasing o and
decreasing with increasing of b.

5.The busy period due to replacement increase with increasing
m and decreasing with increasing of k.

6.The busy period due to inspection increase with increasing o and
decreasing with increasing of h.

According to the results obtained for a particular case, it is con-
cluded that the system model can be more reliable and profitable to

bp due to replacement
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use by increasing the repair and inspection rates of the unit and by
making immediate replacement of the unit after the completion of
maximum repair time.
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