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ABSTRACT

provided to support the theoretical results.

The present paper studies a cold standby repairable system consisting of two identical components namely component 1,
component 2 and one repairman is studied. Assume that each component after repair is not 'as good as new' and also the
successive working times form a decreasing a-series process, the successive repair time's form an increasing geometric process
and both the processes are exposing to exponential failure law. Under these assumptions we study an optimal replacement policy
N in which we replace the system when the number of failures of component 1 reaches N. We determine an optimal repair
replacement policy N* such that the long run average cost per unit time is minimized. We derive an explicit expression of the long-
run average cost and the corresponding optimal replacement policy N* can be determined analytically. Numerical results are

1. Introduction

Most repairable systems assume that the system after repair is “as
good as new"”. This leads to a perfect repair model. But it is not
always true for deteriorating systems due to ageing and
accumulated wear. In this direction Barlow and Hunter [1959]
developed a minimal repair model in which the minimal repair
does not change the age of the system.Brown and Proschan
[1983] studied an imperfect repair model under which the repair
will be perfect repair with probability'p' and with probability '(1-p)’
as a minimal repair. It is reasonable to assume that the successive
working times of the deteriorating systems after repair will
become shorter and shorter, while the consecutive repair time of
the system will become longer and longer. Finally, neither it works
nor repaired any more.

Furthermore, to model such a deteriorating repairable system Lam
[1988 a] proposed a geometric process repair model in which he
studied two kinds of replacement policies, one based on the
working age T of the system and the other based on the failure
number N of the system. He provided an explicit expression for the
long run average cost per unit time under these two kinds of
policies and also proved optimal policy N* is better than the
optimal policy T*. Stadje and Zuckerman [1992] presented a
general monotone process to generalize Lam's work. Further
much research work has been carried out by using geometric
process to generalize Lam's work and corresponding optimal
replacement policies were developed by Nakagawa and Osaki
[1975], Zhang [1994] Zhang at.al [2001,2002] determined an
optimal replacement policy for a deteriorating production system
with preventive maintenance by generalizing Lam's [1988 a]
works. Many optimal replacement policies were also developed
for cold standby repairable systems using geometric processes.

Zhang et.al [2002] considered a cold standby repairable system
consisting of two identical components and one repairman. He
developed two kinds of repair replacement policies namely
replacement policy T, under which the system is replaced when
working age of component 1 reaches T and replacement policy
N under which the system is replaced when the failure number of
component 1 reaches N. He derived an explicit expression for
long-run average cost per unit time of the system under these two
kinds of policies. However the geometric process is more useful
model for deteriorating system, Braun et .al [2005] introduced an
alternative model, the a-series process, which contributes these
characteristics. Furthermore, Braun et al [2005] explained the
increasing geometric process grows at most logarithmically, while
the decreasing geometric process is almost certain to have a time
of explosion. The -series process grows either as a polynomial or
exponential in time. Further it is also noted that the geometric

process does not satisfy a central limit theorem, while the -series
process does.

Further, Braun et. al [2005] also presented that both the increasing
geometric process and the -series process have a finite first
moment under certain general conditions. However the
decreasing geometric process usually has an infinite first moment
under certain conditions. Thus, the decreasing -series process may
be more appropriate for modeling system working times while the
increasing geometric process is more suitable for modeling repair
times of the system.

Based on this understanding the present paper studies a cold
standby repairable system consisting of two identical components
namely component 1, component 2 and one repairman is
studied. Assume that each component after repair is not 'as good
as new' and also the successive working times form a decreasing -
series process, the successive repair time's form an increasing
geometric process and both the processes are exposing to
exponential failure law. Under these assumptions we study an
optimal replacement policy N in which we replace the system
when the number of failures of component 1 reaches N. We
determine an optimal repair replacement policy N* such that the
long run average cost per unit time is minimized. We derive an
explicit expression of the long-run average cost and the
corresponding optimal replacement policy N* can be determined
analytically. Numerical results are provided to support the
theoretical results.

In modeling these deteriorating systems, the definitions according
toLam [1988 a] are considered.

2. TheModel

In this section we develop a model for two component cold
standby repairable system with one repairman using geometric
process and exposing to exponential failure law in such a way that
the long-run average losse is minimized with the following
assumptions.

ASSUMPTIONS

1) At the beginning, both the components are new and
component 1 is in working state while the other is in cold
standby state.

2) The two components appear alternatively in the system. i.e.,
when the working component fails immediately the standby
component begins to work and the failed one is repaired by
the repairman. Whenever the repair of the failed one is
completed, it becomes cold standby. If one fails and the other
is still under repair, it must wait for repair and the system
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breaks down.

3) A component in the system is replaced some time by an
identical one and the replacement time is negligible.

4) The components after repair are not as good as new. The time
interval between the completion of the (n-1)" repair and the
completion of the n"" repair on component i is called n" cycle
of componentifor i=1,2and n=1,2,....

5) Acomponentin the system can't produce the working reward
during cold standby and no cost is incurred during the waiting
period for repair.

6) Let X!'and ¥!"  fori=1,2andn=1,2...areall S-independent.

7) Let xi' be working time which follows decreasing a —series
processes exposing to exponential failure law and ¥\ be the
repair time which follows an increasing geometric processes
exposing to exponential failure law of componenti in the n"
cycle, fori=1,2andn=1,2, .... .

8) LetE(X")=2and E(y")= u, fori=l,2

9) Let Flka x) =F,(x) and G(b™ y)=G,(y) be the distribution
functions of x* and ¥ respectively fori=1,2 andn=1,2,3,...
where >0 and O<b<1.

10) Let the repair cost rate of each component is C,, the working
reward per unit time of each component is C, and the
replacement cost of the systemis C.

3. Optimal Solution

We study an optimal replacement policy N based on the number of
failures of component 1. As two components appears
alternatively in the system, component 2 may be in the repair
state of the (N-1)" cycle or in the cold standby state in the N" cycle.
Naturally, a reasonable replacement policy N should be that
component 1 can not be repaired any more when the number of
its failures reaches N and component 2 works until failure in the N"
cycle.

According to the renewal reward theorem Ross [1970], the long-
run average losse of the system under policy N is :

Trie expected cost incurred in a renewal ovele

Ciny= 0 . N (3.1)

Thie expected length of rencwal cycle

Where the length of a system in a renewal cycle under policy N is:

N N-1 N
'F-_Z.,\'J”:'ZY\III*L“: 1"]; +LH 1 },nu = " ;.lt,(l\.“

k=1 k=1 k= i d

(3.2)

where the first, second, third, fourth and the fifth terms refers to
working age, repair time, waiting for repair time, cold standby
time of component 1 and working age of component 2 in the Nth
cyclerespectively.

The expected length of arenewal cycle is:

L;LI—Z.‘:(X }+ZL{Y )+ZL (=X M g
'Z"{ B A L .}J Eix

Where | is the indicator function, such that

] = I if event A occurs
4 7 )0 ifevent A doest vceurs.

According to the assumptions of the model, definition of
probability density function, convolution and Jacobian

transformations, the probability density functionof 1% x!"'and
X7y arerespectively.

glu)= j-.l'(_‘»‘,u +v )y (3.4
Where x}" 2 v, Y =n+v. suchthat w =¥ —x",
And &60)= [ £ uvar)ds, (3.5)

b

where XM =w+v; Y" =n such thatv=x7""—¥"" (3.6)
Therefore

f_'[}';-_',’ XM e ] —ju.\,‘. (o Yedu 3.7)

Eoxeer

= O (3.8)

Now the expected length of working time can be obtained as
follows:

Let X"~ exp(kh) for k=123... and i=12.

Then the distribution function of x.", for k=1,2,3,....and i=1,2is:

Fd=Fkx)=1-¢" x>0 >0 (3.9)

By definition the expected length of working time is :

)= [CxarGes) =12 (3.10)
J' . i a

:F, where =12, (3.11)

The expected length of repair time of component 1 can be
obtained as follows:

Let ¥” ~exp(u) then the distribution functionof ¥ fori=1,2,
andk=1,2,3,....,is
15|
Fimy=Fp"pmy=l-e" " y>0p>0 (3.12)
By definition, the expected length of repair timeis:
1l - E-1 -

EQO)[Tvdrpiy)  i=12,
=t i1z

PR (3.13)

The expected length of waiting time for repair can be computed as
follows:

Let g(u) be the probability density function of 1 =¥"%/ = X" then

by definition of probability density function and using Jacobian
transformation we have:

glu)= J F(vou+ vy,
o

where X" =v, ¥* =u—v, suchthat w=¥" - x".

Since X}" and ¥/"areall independent, fori=1,2andk=1,2,3,.....,.n.

gf.!a]='|‘_f (V). F tu+v v, (3.15)
From equations (3.9)and (3.10) we have:
% gk .

g['n):ﬁe'”-“: foru =0 (316)
Let F_[}”” X", ,_‘_i,,vu}—_[ug(u}dn (3.17)

i+

KA +hTh

b _ .
BN TR R C A L)

Similarly, the expected length of cold standby time can be
computed as follows:

D N N (3.19)

[

Where g(v) bethep.d.fof v = X"] Y;" By definition of p.d.f
and using Jacobean Transformation we have:
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gv)= If(u+v,u)du (3.20)
0

where X7 - n+v, Y[ - u such thatv - X -y 3.21)

Since X" and ¥ fori=1, 2 are all independent and form a

geometric process,

glv)= J-_f'(:: +v).f ()t (3.22)
]
Using equations (3.17) and (3.18), we get:
L:'L"}‘,gf;h* ;”L ¢ for vzl (3.23)
From equations (3.15) and (3.20), we have:
EXP X, |=[emd
(3.19)

Using the equations (3.6), (3.8), (3.13) and (3.19) ,equation (3.3)
becomes:

YTATE SRANE SN LA
Em_;k" Ew T e b ) Sk G h ) N
(3.20)
Using the equations (3.1), (3.3)and (3.12) to (3.15) we have:
c',a‘[i(:-‘; "+ r_.':')]+c —L',,E[i()(i" L x )]
o) = . =
(L)
2('il Yec-c 2i .
N = — e
Z.i_ Z. ;f u(& #\+e"‘ 'M]ZHQU* u} (3.21)

This is the long-run average cost function under policy N.

Using C (N) we determined an optimal replacement policy N* such
that the long-run average losse is minimum and also we provide
numerical work to highlight the theoretical results.

4. Numerical Results And Conclusions

For the give hypothetical values of the parameters of &, u, a, b, C,,
C, and C the values of long-run average cost per unit time are
calculated from the expression (3.3.21) as follows:

Table 3.4.1: Values of long run average cost per unit time.

A =10, p=20,,0=0.95,C=3000, Cw=10 Cr=50

CONCLUSIONS

a)

b)

d)

Fromthe table 4.1, We can observe that the long-run average
cost per unit time at the time C (6) = 98.5680 is minimum at
b=0.55. We should replace the system at the time of 6" failure.
From the table 4.1, we examined that the long-run average
cost per unit time at the time C (6) = 97.89295 is minimum at
b=0.65. We should replace the system at the time of 6" failure.
If the repairman experiences with repair then the successive
repair times form a decreasing geometric process, while the
consecutive working times form a an increasing alpha process.
Thus this model can also be applied for animproved model.
Similar conclusions can be drawn at different values of the
parameters.
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b=0.55 b=0.65

N cN) C(N)

2 126.2512 126.2512
3 105.8242 106.2895
4 100.1968 100.2799
5 98.72032 98.34467
6 98.568 97.89295
7 98.79244 97.99933
8 99.0675 98.28836
9 99.29496 98.60374
10 99.45876 98.88481
11 99.56867 99.11361
12 99.63936 99.29054
13 99.68355 99.42291
14 99.71063 99.5197
15 99.72698 99.5893
16 99.73675 99.6387
17 99.74252 99.67343
18 99.74592 99.69763
19 99.7479 99.7144
20 99.74904 99.72577
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