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ABSTRACT

In this paper a bivariate optimal replacement policy for a repairable system
consisting of one unit and a single repairman with NONN repair times under Alpha
series processe is studied . Assume that the system after repair is not as good as new.
Under this assumption, a bivariate optimal replacement policy (T, N), and we consider
a replacement policy T is adapted by which the system will be replaced whenever the
working age of the system reaches T; another replacement policy N is the number of
failures of the system with NONN repair times of the system is studied. Furthermore,
The successive survival times of the system after repair form a decreasing Alpha series
process or a renewal process while the consecutive repair times of the system consitute
an increasing Alpha series process or a renewal process.Our problem is to determine
an optimal replacement policy (T, N)*, such that the long run average cost rate of the
system is minimized.The explicit expression of the long- run average cost is derived, the
corresponding optimal replacement policy can be determined analytically.
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A Bivariate Optimal Replacement Policy for A Repairable System with Nonn Repair Times Under
Alpha Series Process

1. INTRODUCTION

A typical maintenance and replacement model may be described in the following way, a system
(or a component) is subject to random failure;upon failure, the system is either repaired or
replaced by a new and identical one. Moreover, we assume that the repair of a failure system
will yield a functioning system which is “as good as new” under this assumption, the succssive
survival times of the system after repair or replacement consitute a renewal process. Also, the
repair times are assumed to be negligible or non negligible (NONN). It is not true that the repair
times always negligible. The repair times usually depend on the type of failure occurred at
specific moment in the system. To over come this, Thangaraj and Rizwan (2001) have
introduced probability for different types of failure of a repairable system and called it NONN
repair times. Thus it is reasonable to assume this alternative repair model.

On the other hand , the replacement policy is either T based on the working age of the
system or N based on the failure number of the system. We know that the working age of the
system is actually a cumulative time when the system is in working state. If the system has to
make replacement or repair decision based on the working age, it requies extra effort to measure
and record the actual working time of the system. Clearly, this is more trouble from the view
of system engineering management.

In this article, a simple repairable system with NONN repair is studied. By using the Alpha
series process repair model. It was introducd by Braun (2005), we consider a optimal
replacement policy T based on the system age under which the system is replaced when the
system age reaches T. The system age is calender age of the system, another replacement policy
N is the number of failures of the system with NONN repair times of the system which is very
easy to measure from the point of view of engineering management. Our problem is to
determine an optimal replacement policy (T, N)*, such that the average cost rate of the system
IS minimized.

2. ALPHA SERIES PROCESS REPAIR MODEL

In order to introduce the Alpha series process repair model for a deteriorating system with
NONN repair times. We first give some definitions and assumptions.

2.1. Definition

Now we state the definitions of NONN repair times , stochastic order and Alpha series process
as follows.

Definition 1

If a repair to a system after failure is done in negligible or non-negligible time, then it will be
called a model with NONN repair times.

In this case, whenever the system fails, two possibilities may arise: either , the repair takes
Negligible time with probability p; or Non-Negligible time with probability 1 — p.

Definition 2

Given two random variables X and Yif P(X > a) = P(Y > a) forall real a,

Then X is called stochastically larger than Y or Y is stochastically less than X. This is denoted
by X >, YorY < X (Seee.g. Ross [5] for reference.)

Definition 3

Given a stochastic process {Z,,n = 1,2...} if for all n, Z,, <g; (=5t)Zn41, then {Z,,n =
1,2 .... } is called a stochastically increasing (decreasing) process.
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Definition 4

Let {X,,n=1,23....} be asequence of independent, non negative random variables. If the
distribution function of ¥, is given by H(n%x) for n = 1,2,3 ... where « is a real number.
Then {X,,,n = 1,2,3 ... } is called an Alpha series process. (See e.g., Braun (2005))

According to Definition 2.4, we have
(i) Given a Alpha series process{X,,n = 1,2,3 ...}

(@) If a > 0 then {X,,,n = 1,2,3 .... } is a stochastically decreasing sequence.
(b) If @ < 0 then {X,,,n = 1,2,3 ... } is a stochastically increasing sequence.
(c) If a = 0then {X,,,n = 1,2,3 .... } is a renewal process.

(ii) LetE(x) =y, Var(x) = o2 thenE(X,) = nla See e.g. Braun (2005)
2.2. Model Assumptions
We consider a maintenance and replacement model and make the following assumptions.
Assumption 2.1. At time t = 0, a new system is used. Whenever the system fails, it it will be
repaired. The system will be replaced by an identical new one, some times later.

Assumption 2.2. The system after failure cannot be repaired immediately, and the system after
repair is not “as good as new”. The time interval between the completion of the (n — 1)th
repair and the completion of the n — th repair of the system is defined as the n — th cycle of
the system, forn = 1,23, ....

Let X, Y, be the random variables with represent the operating time, the repair time of the
system in the —th cycle, for n = 1,2,3, .... Respectively. According to definition 4, ,

we have E,(x) = F(n*"x), G,(y) =G(n%*y) where a; >0 and a, <0, for n =
1,23, ...

Moreover, assuming that E(X;) =y > 0,E(Y;) =u>0.

Let X; be the first operating time, for n > 2, Let X, be the operating time of the system
after(n — 1)st repair. Then the distribution function of X(n)is F(n*ix)for n=1,2,3,.....
where a; > 0 is a real number .That is the Successive survival times {X,,, n = 1,23, .... }form
an decreasing « -series process . E(X,) = —

no1’

Let &, be the NONN repair time after the n — th failuren > 1

By assumption, E(¢,) = E(Y,)P(Y, > 0) + 1 P(Y, = 0)

=——(-p)+p

na2

and Z be the replacement time.

Assumption 2.3. The survival times (X;); the NONN repair times (§;) and the replacement
time Z,i = 1,23, .... are independent.

Assumption 2.4. Let r be the reward rate per unit time of the system when it is operating and
¢ be the repair cost per unit time of the system. Assume further that the replacement cost
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comprises of two parts: one part is the basic replacement cost R and the other part is the cost
proportional to the length of replacement time Z at rate c,,

Assumption 2.5. The replacement policy T is adapted under which the system will be replaced
whenever its working age reaches T.

3. THE REPLACEMENT POLICY T WITH NONN REPAIR TIMES.

Our problem is to determine an optimal replacement policy T* such that the long-run average
cost per unit time is minimized.

Let T; be the first replacement time and in general for n > 2, let T,, be the time between the
(n — 1) — st replacement and n — th replacement. Thus the sequence Ty, T, ... ... ... constitutes
a renewal process. Further , a cycle is completed, if a replacement is done. By the renewal
reward theorem, the long-run average cost per unit time under the replacement policy —T for a
deteriorating system with NONN repair times, is given by

the expected cost incurred in a cycle

the expected length of a cycle

_ CE(II_1&) + R+ c,E(Z) —rE(Z]_, Xi)
E(Z]_ X)) +E(ZI_ &) + E2)

(1)

Where 71 is a random variable denoting the number of failures in time T. Since n is also a
stopping time with respect to the o — fields {o (X, X5, ... ... X,,)}, we have

n
E sz = E[E(Xy[n)]
k=1
= Yn=1[Xk=1 E(X)IP(K = k)
=Z$10=1[ k=1 al]F (T) = Fr4a(T)
Y i (o) Fal) 2)

Where F,(.) Is the n-fold convolution of F(.) with itself and
Consider E(S721 &) = E [ (SI2LE (&l
= N [BP EGOIP(K = k= 1)
= Ty [Zoa s (1= p) + | Guea (1) = G (1)

= U Xn= 1( = {A=-p)+
P) Ga(T) (3)
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Where G, (.) is the n-fold convolution of G (.) with itself

Using equation (2) and (3) , equation (1) becomes

3y (2 (L =p) +D) Gu(T) + R+ 7 — 1y 5oy (=) Fu(T)
C(T) = . (4)
Y E () Fa(D) + 2oy (G (1= p) +p) Gu (D) + 7

Where E(z) = t. Further

(c+m) iy (L (1 =) +p) Ga(T) + Ry

Y2 () B + 2oy (5 (1= p) 1) Ga(D) +
—r (5)

C(T) =

Where Ry = R + (¢, + 7)1.
_ _ K
LetAn—Eand Bn—n72(1—p)+p

Then C(T) can be rewritten as

(c+7r)¥nz1 B Go(T) + Ry
Yome1 An By (T) + X071 B G (T) + 7
-r (6)

We observe here that Y7, B, G,(T) and }:;—_; A, E,(T)converge absolutely. It follows from
Mertens theorem [Rudin (1976)] that

i By G (T) i An Fo(T) = i Z Gic () BiFi(T)An-s

n=1k=1

C(T) =

Since both the series are uniformly convergent, term by term differentiation is applicable. We
now differentiate (6) with respect to T and equating it to zero, and simplify it to obtain

[(Z;’f’:l An By (T) + 351 Bn Go(T) + 0)((c +7) X2y By Ga(T)) —
((c+ M) Xris BaGa(T) + Ry)(Ere14n B (1) + X5ty Br Gy (1)

¢ = (Tt An Fa(T) + Ty By Gu(T) + 1)2

c'(T)
l(C +7) Yoy Yiet Bi Ani (Gr(T)Fp_i(T) = G (T)Foy (1)) + (e + 1) (Tizy Bn Gn(T))
—R; (Z%o=1 B, G, (T) + X1 Ap Fn,(T))

En=1An B (T) + X321 Bn Gu(T) + 7)?

On equating C'(T) to zero, we obtain
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€+ D> Bedn e (G FaieT) = Ge(DFy i (M) +7c +1)| D By Gi(T)

1 n=1

M 1
TN =

“Ri| D BaGi' (D + ) AR/ | =0 ™
n=1

1

S
Il

If C""(T) > 0, then we must have

€+ ) D Bihn e (GLMIFae(T) = Gy (M) + (e +7)| D Ba G (T)

n=1k=1

—Ry z Bn Gn”(T) + z An Fn”(T) >0 (8)
n=1 n=1

For C(T) to attain its minimum, C'(T) = 0 and C"'(T) > 0. Thus (7) gives T* for which C(T™)
IS minimum. Summarizing the above facts, we have the following result.

Theorem 3.1 The long run average cost per unit time , C(T) given by (4) for the monotone
process alternative repair model of a repairable system under T policy with NONN repair times
IS minimum, if (7) and (8) hold.

Remarks.

(i) When p = 0, that is , when the repair times are non-negligible, equation (4) reduces
o

e Xy (5) 6T + R + ¢y =y By () F(T)

Y55 (o) R + 32, () 6u(T) +

né1

(i) When p =1, that is, when the repair times are negligible, equation (4) reduces to

oo Ioe) 1
€ N1 Gu(T) + R + 6,1 = 1y By (o) Fa(T)

C(T) = -
Yo (o) (1) + iy Gu(T) + 7

4. THE REPLACEMENT POLICY N WITH NONN REPAIR TIMES

In this section, we study the alternative repair model if the previous section for the maintenance
problem of a repairable system and we use the N — policy with NONN repair times. Under the
replacement policy N, the problem is to determine an optimal N * such that the long-run average
cost per unit time is minimized. We make the following assumptions.

Assumptions 4.1 to 4.6 are the same as assumptions 2.2 to 2.6.
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4.7. A replacement policy N with NONN repair times is adopted. By applying the replacement
policyN, the system will be replaced by an identical new one at the time following the N — th
failure. The replacement time is a random variable Z with E(Z) = .

By the renewal reward theorem, the long-run average cost per unit time under the replacement
policy — N for a multistate degenerative system with NONN repair times, is given by

The expected cost incurred in a cycle

C(N) =
(V) The expected length of a cycle

_ CE(Zg;ll S;n) +R+ CpE(Z) - rE(Zﬁ:lxn)
- EQN. XD +ECNIE) +E2)

(C + T') Zggll Efn + Rl

TSVTEG, + 5 EXptT | ¢
where
R,=(C,+r)t+R
=A(N) —r
where
AN) = (C+r)INIEE + Ry

YN IEE, + XN _EX,+7

In order to minimize C(N), we define A(N) and note that minimizing C(N) is
equivalent to minimizing A(N).

Now our aim is to determine an optimal policy N* for minimizing C(N)
explicitly. Since C(N) = A(N) —r. We can minimize A(N) for determining an
optimal policy N* instead of minimizing C(N). Now we study the difference between
A(N + 1) and A(N). We have

(C+n X1 E& + Ry (C+7r)¥n=iEén + Ry

A(N+1)—A(N) = —
N+ 1) = AN = Sy e + SV EX, 11 SNTEG, + X0, EXp 11

_ (C+1r)EEy Zg=1 EX,— (C+71)EXyiq 271\1];11 Eén — RiEENy — RiEXNyq
(ZgzlEEn + Zgzll EX, + T)(Zg;ll Efn + 2113:1 EX, + T)

_(CH+NEEN(EN-1 EXp +T) = EXyy1 Xn=i E§n] — Ri(Eéy + EXpyy1)
- En=1E&n + ZR2 EXp + D(ERZ1 Eén + X0 EXp +T)

According to the numerator of A(N + 1) — A(N), we structure an auxillary function.

(CH+MEENEN-1 EXp +7) — EXyyq XNZ1 EE]
Ri(Eéy + EXyi1)
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Because the denominator of A(N + 1) — A(N) is always positive. It is clear that the sign of
A(N + 1) — A(N) is the same as the sign of its numerator. So we have the following
lemma.

Lemmad.l. A(N+1) > (5<)AN) & B(N) > (5,91
Lemma (4.1) shows that the monotonicity of A(N) is determined by the value of B(N).
Lemma 4.2. B(N) is non-decreasing in N.

B(N + 1) — B(N)
<(C + 1) [E&ys1 R EXy + 7) — EXyyp Yoo 1E§n]>
Ry(E$n41 + EXpy2)
B <(C +1)[E&y(En=1 EXy +7) — EXyyq 2021 Efn])
Ri(Eéy + EXyy1)

N+1
ESn+1EXn+1 Z EXy + TEXN+1ESn+1 + EXyi1ESn+a Z ES,
— G(N) n= 1 N1 n=1
—EXy, By Z Eén — EXyi2Béy ) EXy = TEXy oEéy
n=1 n=1

where
(C+r)

Ri(Eéyi+1 + EXny2)(Eéy + EXyyq)

N+1 N+1
E&yi1EXy1 <Z EX, +7+ Z Efn> EXyi,E€y (Z EX, + 7T+ Z E$n>

N+1
= G(N) (Z EX,+1+ Z Efn) (Eéns1EXN41 — EXyny 2 EEN)

1 =1

G(N) =

= G(N)

(C + T)((ZNHEX + T+ YN EE) (Eéy1EXye1 — EXN+2E€N))
Ri(Eéns+1 + EXni2) (ESy + EXyiq)

Since X,, is stochastically non-increasing in n and &,, is stochastically non decreasing in n, we have
EXyy1 = EXyyp and Eéyyq = EE&y, respectively. Therefore EEy 1EXyy1 — EXyni2EEN =0,
then the inequality above holds.

Theorem 4.1. The optimal replacement policy N* can be determined by
N* = min {N/B(N) = 1}

Proof. According to lemmas 4.1 and 4.2, an analytic expression for an optimal policy for minimizing
A(N) is obtained through the study of B(N).
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Remarks 4.1

E($n) :n%(l_p)‘l'p

|4
E(Xn) =2

C+nr)YN-1EE + R
C(N) — I(V_l )Zn-lN S;n 1 —r
YN LEE XN _EX,+T

€+ ENE (O -p)+p)+R

V(L A-p) +p)+ BN, Lt

na2

C(N) =

-Tr

(C+r[EENEN-1 EXp +7) — EXyyq X1 EE]
Ri(Eéy + EXyt1)

B(N) =

C+n|(E -0 +p)(Thy L +7) - L3N (L1 -p) +p)|

Na2 (N+1)%1 noz

(C,+7)T+R <(ﬁ (1-p)+ p) + ((N+V1)a1)>

B(N) =

Remarks 4.2

(i) When p = 0, that is, when the repair times are non-negligible, C (N)reduces to

(€ +m) 2N (&) + Ry

u

c) =
— )4
Nt () + S T

-Tr

(i) When p =1, thatis, when the repair times are negligible, C(N)reduces to

ey = LEXDW =D +F
(N-D+3, Lte

Remark 4.3. If N = 1 then B(N)reduces to

c+n  |[@a-»+pe +0-24]

(G +7)r+R ((u(l —p)+p)+ ((z)y“1)>
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If B(1) = 1, then N* = 1, this means that an optimal replacement policy is to be replace
the system immediately, whenever it fails.

If B(0) exist and B(o) < 1, then N* = oo. This means the optimal policy is to continually
repair the system as it ages without ever replacing it.

5. THE BIVARIATE POLICY (T,N) WITH NONN REPAIR TIMES.

In this section, we study a bivariate policy (T, N) with NONN repair times under which the
system is replaced at working age T or at the time following the N-th failure whichever occurs
first. The problem is to choose a optimal replacemet policy (T,N)* such that the long run
average cost rate of the system is minimized. We make the following assumptions.

Assumptions 5.1. At time t = 0, a new system is put in to field use.Whenever the system
fails, it will be repaired. The system will be replaced by an identical new one,some time later.

Assumptions 5.2. The system state at time ¢, denoted by S(t) is

S

_ { 0, if the system is working at time t

U i, if the systemisinthe i type of failure state at timet,  i1,2,3....k
Thus the state space is Q = {0,1,2 ........k} if the system fails, the with probability p, the

system will be instate i, i = 1,2,.......kand ¥ p; = 1.

Assumptions 5.3. Let X; be the first operatig time. For n > 2, Let X, be the operating time
of the system after (n — 1) — st repair. Let Y,, be the repair time after the n — th failure ad Z
be the replacement time. Now, denote the time of the n — th failure by ¢,,.

Assumethat P(X; <t) = U(t)and P(X, < t|S(ty) =i) =U(a;t), i=12....k
Ingeneral, forj =1,2....n=1; ;=12 ..k

P(Xy < t|S(ty) =iy, oo e S(tn=1) = in=1) = U(Qi, oo v @y, 1))
Wherel <a; <a, < .....< ay
Similarly, assume that and P(Y; < t|S(t;) = i) =V(b;t), i=12....k
Ingeneral, forj =1,2....n; i; =1,2..k

P((Ya )|S(t) =iy, e e S(tn) = in) = V(by,, eve e e by 1)

Where1>b; =2b, > .....2 b, >0

Assumptions 5.4. The working age of the system at time T is the cumulative life-time given

t—M L.+ M, <t<lL + M
b Tt :{ n» n n — n+1 n
YTO =00ss, Logs + Mo << Loyt +Mpss

where L, = Y-, X; and M, =Y",Y; and My = L, = 0.
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Assumptions 5.5. Let r be the reward rate per unit time of the system when it is operating
and c be the repair cost per unit time of the system. Assume further that the replacement cost
comprises of two parts: one part is the basic replacement cost R and the other part is the cost
proportional to the length of replacement time Z at rate c,,,

Assumptions 5.6. The replacement policy (T, N)is used.
Let T, be the first replacement time and in general for n > 2, Let T,, be the time between
the (n— 1) — st replacement and the n — th replacement. Then the sequence {T;, n1,2....}

forms a renewal process. Therefore, the inter arrival times between two consecutive
replacement is a renewal cycle.

Let C(T, N) be the long-run average cost per unit time under the replacement policy (T, N)
for a repairable system with NONN repair times, is given by

the expected cost incurred in a cycle

C(T,N) =
(T N) the expected length of a cycle

_E{(€X016n — D)X} + CE@) + E{(CENZE & — 7 X0oa X)X sn)} + R
EW)

(1)

Where 7 is a random variable denoting the number of failures before the working age of the
system reaches T, W is the length of the cycle and y(.) denotes the indicator function. Therefore
n=012......N—1.

The length of the cycle under the replacement policy (T, N) is

W = (T + ZZ=1 'Sn)X(LN>T) + (271\1];11 nt Zrl;I:an)X(LNsT) +7Z

Where n =0,1,2........N — 1 is the number of failures before the working age of the
system exceeds T.

Now,
E[(ZN-1 X)X ayen ] = E {E [(ENr X)X ayen |Ln)]}
= Jy E(ENy X |L) dFy ()
= J, ud Fy(w) (2)
and E[(EN=3 &) xaysn] = E{E [(EN éxaen]|in )]}
= Jy E((EN=1 & |Ln =) dFy (w)

= [ ENZFE(E)) d Fy(w)
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= [) SN —p) +p) dFy(u)

= INHE A —-p) +p) f, dRy@)

= INiGo (1= p) +p) Fy(D) (3)
Further

EW) = E[(T + X7 _1 &) xans>m] + E[(ER=1 &n + 0=t X)X ansr] + E(2)
= BTt ] + El(Zher )knom ] + BB | st +
Zh=i fn)X((LN < T)‘LN)l} +E(Z)
= TFy(T) + E[EN3 &0 xaiarano] + 5 ud Fy() + EN2H (o (1= p) +p) F(T) +

T 4)

Where a, is as given in section 2. Let Wy_, =Z§‘=n+1X]-. Then Ly =L, + Wy_p.
Moreover L, and Wy_, are independent and

Hyon(0) = [ Hyoqon( o (€ —
Y)dH(y) (5)

Where Hy_1_pn(t) is the distribution of Z?znﬂxj and a; is given in section 2 . Since the
distribution function of X,,, is H(t) = F(n“tt), equation (5) can be written, by
induction, as Hy_p,(t) = Fy_n((n + 1)%6). Now E[x(, <r<iy)] = P(Ln <T < L, +
WN—n)

= [} [, dHy_; ()dFy(w)

= [} Fron((m+ DA (T - w)) dF, (W),

So that equation (4) becomes

=

-1

E(W) = |TFx(T) + (ﬁ (1-p)+ p)f Fren((h + D) (T — 1)) dF, (w)
1 0

S
1]

T

Z

-1

+fudFN(u)+ (

0 1

U
n%z

(1-p)+p) Fn(T) +7

S
1l
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N-1
fOTFNm) du + Z S (L=p) +p) Fy(T)

1

2
»—\II

i (nL (1-p)+p) fo Fyon((+ DT —w) dF,(w) + 7.

Equation (1) becomes
C(T,N)
CINt (L =p) +p) [ Faon((n + DA (T =) dFy(w) — rTFy(T)
+f CYN- (’;2(1 p)+p)dF(u) rf udF,(uw) + R + C,T
f Fy(w) du + ¥N-1 (nTz (1-p)+ p) Fy(T) +
SN (5 (=) +p) fy Fuon((+ D@ (T = w) dRy(w) + 7

na2

V(LA -p) +p) (D + 2N (s (1 -p) +p)
x [} Faon((@+ D4 (T — w)) dF, (w)
Jy FuQu)du+ EN2E (2 (1 - p) +p) Fn(T) +
V(=) +9) [y Froa(+ D@ (T =) dRy () + 7

+R+Cor— rfOTﬁN(u) du

(6)

This is a bivariate function . Obviously, when N is fixed, C(T, N) is a function of T. For

fixed N = m, it can be written as C(T,N) = C,,(T),m = 1,2, ... ... ..... Thus, for a fixed m, we
can find T,, by analytical methods such that C,,(T,,) is minimized. That is when N =
1,2...m,..... we can find Ty, T5, T3 . oo oo . Ty e . respectively, such that the corresponding

C1(T), Co(T5), wuvevn . Co (T}, ... ... are minimized.

Because the total lifetime of the repairable system is limited, the minimum of the long-run
average cost per unit time exists. So we can determine the minimum of the long-run average
cost per unit time based on C;(Ty), C2(T3), o cue . Cou(Ty), oo ... For example, the minimum is
denoted by C,,(T,;). Therefore we may obtain the bivariate optimal replacement policy (T, N)*
such that C((T,N)*) = ml\}n Cn(T).

Remarks.

(i) When p = 0,equation (6) reduces to
C(T,N)

| {Zhot () AT + 202t (5) [y Fren((n+ DA (T =) dFy )} + R + Gt — 7 f; Fy(w) du
[l P du+ SN () A + 203 () fy Frea(+ DT - w) dFy () + 7]

https://iaeme.com/Home/journal/lJRMC @ editor@iaeme.com



A Bivariate Optimal Replacement Policy for A Repairable System with Nonn Repair Times Under
Alpha Series Process

(if) When p = 1, equation (6) reduces to
C(T,N)
[cv = DFT) + 282 f) Faca (0 + D™ (T — ) dF, (u) + R + Cor — 1 f Fy () du
- Jy Fy) du + (N = DF(T) + ZNZ1 [ Fyon((+ DA (T — w)) dFy(u) +

6. CONCLUSION

By considering a bivariate optimal replacement policy for a repairable system with NONN
repair times under Alpha series processes, an explicit expression for the long-run average cost
per unit time under a univariate replacement policy T is derived. Assuming an alternate repair
model, for the same system, expressions for the long-run average cost per unit time under T
policy with NONN repair times, N policy with NONN repair times are derived. Furthermore
we have derived the long-run average cost per unit time under a bivariate (T, N) policy with
NONN repair times. Also, a bivariate optimal replacement policy (T,N)*, such that the long
run average cost rate of the system is minimized.The explicit expression of the long- run
average cost is derived, the corresponding optimal replacement policy can be determined
analytically.
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