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Abstract

We consider an optimal stopping problem for the operation of system
that deteriorates with age and fails stochastically until the fixed time
limit in advance. When the system fails unexpectedly, we choose one of
two actions, repair or stop. The optimal stopping time which minimizes
the total expected cost is derived by means of a simple mathematical
model and dynamic programming technique. Some numerical examples
are presented to illustrate our results in detail when the failure and the
repair distributions are given specifically.

1 Introduction

In practice, most system operational periods are fixed in advance. For instance,
consider the management of some airline company with B747 jumbo jet. From
the view point of running cost, the company takes into consideration of replacing
B747 with B787 carbon fiber aircraft. The deliver time of a new aircraft is
3 years from now on. If the B747 jumbo jet fails unexpectedlly, there are
two alternatives, repair and revolve service or stop flighting service until the
delivery time. It is clear that if the failure such as engine trouble occurs just
before the fixed time limit, then it will be better not to repair sevice. Hence, it
is an important problem to find a critical point in time between repairing and
stopping.

Another example is concerned with the operation of atomic power plants
in Japan. As a turning point with the Fukushima’s nuclear accident in 2011,
the Japanese government has established the operating time limit of all atomic
power plants in 2030. In this case, the same problem happens, because the
voluntary moratorium on one atomic plant will loss about 1 billion dollar/year.
So, one of important problems to the electric power company is to find the
optimal operating and stopping policy for existing atomic power plant.

In general, all the system will deteriorate with age and will fail stochastically.
When the system fails, it is repaired with a specified repair time distribution or
left as it is until the fixed time limit in advance. From the view point of cost, if
the system fails close to the time limit, we should stop and not repair the system.
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As a result of stopping action, an idle time occurs and a cost is incurred due
to the failed system remaining idle[2,7]. It is an interesting problem to find
a critical point in time to repair or to leave the failed system as it is. Such
problems have been investigated by some authors in the fields of operations
research and reliability engineering[1,2,6]. Kijima and et al [4] discussed the
periodic replacement problem and Nair and Hoppl[5] gave a simple and efficient
algorithm for finding the optimal stopping rule of an equipment replacement.
A recent survey paper on maintenance strategy has been written by Wang][8].

In the next section, we provide a simple model to derive the optimal operat-
ing and stopping rule for the system with arbitrary failure and repair distribu-
tions. In section 3, numerical examples with some failure and repair distribu-
tions are given to derive the critical point in time explicitly. Section 4 includes
our conclusion.

2 Model and Formulation

Consider a system that deteriorates with age and fails stochastically. When the
system fails, we can choose one of two actions, repair or stop. If the repair action
with repair distribution R(t) is chosen, the setup cost K» and the idle time cost
per unit time C' are incurred. On the other hand, if the stop action is chosen,
the system will be idle until the fixed time limit and the fixed cost K; (cost
of decommissioning) and the idle time cost per unit time C are incurred. Our
problem is to find the optimal action in order to minimize the total expected
cost and to derive the critical point in time to repair or to stop the failed system.
Concentrating our model, we define the following notation:

e F(y) and f(y) = failure distribution and its density function

e \y) = f(y)/(1 = F(y)) = failure rate. So \(y)Ay represents the proba-
bility that the system aged y fails between y and y + Ay.

e U(x,y) = minimum expected cost up to the fixed time limit when there
is still a time z to go and the system aged y is in the state of failure

e V(z,y) = minimum expected cost up to the fixed time limit when there
is still a time x to go and the system aged y is in the operable state.

Under these notation, consider the situation in which the system aged y is failed
when there is still a time x to go and let us compare the system at two closely
spaced remaining times x and x — Az. In this case, we have two alternatives,
repair the system or stop the system. If the repair action is chosen at x, either
the system turns out to be an operable state with probability R(t) or the repair
action does not finish until the fixed time limit with probability 1 — R(t). If we
choose stop action, then the next state is still failure state and the cost K7 +Czx
is incurred.

On the other hand, if the current state is operable, then after the small time
interval Ay, the state remains as operable with probability 1 — A(y)Ay and the
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state will run into the failure state with probability A(y)Ay. When the repair
action is over, the age of the system is A, a given value which may not exceed
the system age prior to failure. It should be noted that A = y corresponds
to the minimal repair and A = 0 major repair. Then, we have the following
functional equation:

K+ Cu, : stop
(1)  Ulz,y) =ming K+ [ {Ct+V(x—t, A)}dR(t)
+(Ky + Cz) [ dR(t), : Tepair

For simplicity, we assume that the repair is minimal A = y. The first line in
the bracket represents the cost of stopping action and the second one the total
expected cost of repair service. If z is small enough, it is clear that the stopping
action is preferable. Thus, for small x,

(2) Uz,y) = K1 + Cx.

On the other hand, for small Ay, V(x,y) is expressed as
(3)
{ Viz,y) =My)AyU(z — Ay,y+ Ay) + (1 = Ay)Ay)V (z — Ay, y + Ay)
V(07 y) = Kl

Using a Taylor expansion for U and V and Ay — 0, we have a quasi-linear
partial differential equation with the boundary condition V(0,y) = K;.

(4) 6Véam:, y) 6Véz, )

Applying the standard method, the solution for this equation is given by

= M) (K1 + Co — V(z,y)).

V(z,y) = Ki+Ce” Jo Maty—2)d= / Mz +y— Z)zefoz Az+y—£)dE g,
0
= Ki+ 0/ (1 —e féy+§ A(z)dz)dg
0
C

5 = Ki++—F5— / Fly+¢&) — F(y))dg].

o) gl PO - P
Therefore, the functional equation (1) for U(z,y) can be written as
(6) U(z,y) = K1 + Cz+min{ 0; Gy(z)},

where V(z,y) is given by (5) and Gy(x) expresses the optimal stopping time
function as

G,(x) = Ks— K\R(z)— c/oz R(t)dt + /0 V(z —t,y)dR(?)

C x x—t
Ko = KiR(0) + =] /O /0 F(y+ €)d¢dR(t)

(7) - /O " R(t)dt + F(y)R(0)a].



319

Note that for each y > 0,
G,(0) = Ky — K1 R(0).

So, if Gy (0) = K2—K;R(0) > 0, then the stopping action should be made, where
K1 R(0) shows the expected stopping cost at z = 0. And if Ko — K3 R(0) < 0
then the repair action is preferential.

Since R(0) means the probability that finishes the repair action in a moment,
we assume that R(0) = 0 without a special case. Under this assumption, G (z)
is given by

Gy(o) = K 4 = // Py + €)dedR(t) /R #)dt]

and from this result we can observe that the solution of Gy(z*) = 0 does not
depend on K.

U

(Proposition) If R(0) = 0, then the optimal stopping time x*(y) does not
depend on the stopping cost K.

It should be noted that the relation
U(z,y) = K1+ Cxzx
is valid for the preferential region of stopping and
Ulz,y) = K1+ Cx + Gy(x)
gives the expected cost for repair action, that is
Gy(x) > 0 = stop action Gy(x) < 0 = repair action

Thus, the critical value of x, for which the repair action should be made, is
given by the minimum positive root of

Gy(z) =0.

Moreover,
*(y) = inf : <
2 (y) = if{ & : Gylx) <0}
represents the critical value for which the repair action should be made. It is
intuitively clear, and can be easily demonstrated, that the optimal region is
provided by the simple form as

stop for 0<a <a*(y)
repair for x> z*(y).
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3 Simple Examples

In this section, we show some simple examples to find a critical value z*(y)
explicitly.

0

(1) General Failure Distribution and Negligible Repair Time

The first example is shown by an instanteneous repair time distribution R(0) = 1
and a genenral failure distribution F(t). By equation (7), we have

C x
Gy(z :KQ_C(L"‘F*/ F(y+¢) — F(y)}dg].
(2) ol PO - P
Especially, if the failure distribution F'(t) is given by the exponential distribution
F(t)=1—e*, XA>0, then

C
Gy(2) = Ko+ S(e7 = 1),

Under the condition C' > AKs5, we have

i} 1. C—\K
7(y) = =5 In(——50).

On the other hand, if the repair is maximal( that is, after the repair the system’s
age is always y = 0) and F(0) # 1, we have

Gyfa) = Ko = Cort 1=l [ 17(©) ~ F(0))ag

and
Gy(0) = K3 >0, Gy(o0)=—00<0.

Therefore, the optimal stopping time equation G (z) = 0 has at least one root
for x > 0.

1. If F(0) = 1, then the optimal rule is always stop since Gy(z) = oo > 0
and the repaired system fails in a moment.

2. If F(0) # 1, then

Gy(2) = Kz — Ca + 1CF(O)[/0 F(€)d¢ — F(0)a).

So, the optimal stopping time z*(y) satisfies the following equation:

*

u—me@=c%xa—F@ma
Especially, if F(0) = 0, then

%@ﬁﬂ@—q[%—F@ma:m—cm—nwn
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where m is the mean time to failure and
To) = [ (@ - OdF(e),

Note that the transform Tr(z) is a nonnegative convex and strictly de-
creasing function of  as was pointed out by DeGroot[2]. So, the optimal
stopping time z* is given by

K
* —1 2
wt =Tp (m— ?)
as shown in Figure 1.
\ "
mi—K/C \
T—
0 x* ’ X

Figure 1: Graph of Tp(x)

(2) Gamma Type Failure Distribution
Suppose that the failure distribution F(t) is Gamma type as

t k
F(t):/o (kil)!e—*ﬁgk—ldg

Let .
Ti(a,b) = / e Mkt
then
Ay (a,b) = kT (a,b) + abe™** — pFe=?b

and equation (5) can be denoted as

V(z,y) = K1+ C)[(ffJ + )Ty, 2 +y) — Trgr(y,  +y)].

Fk(ya S8

It is difficult to carry out the operation of integral explicitly except for k = 1.
Let k = 1, then the failure distribution is reduced to an exponential distribution
and we have

V(z,y) = K1 +Cx — %(1 —e ),



322

Thus, OO
Gy(z) = Ky — Ce™ / e MO R(t)dt.
0

From this relationship, the critical value x* is given by the solution of

where the symbol * denotes the convolution integral.

In addition to the assumption that the failure distribution is exponential, we
suppose that the repair time is subject to an exponential distribution R(t) =
1 —exp(—pt) and /A = p > 1. Then the optimal stopping time function can
be written as

c - Cu - .Y
G =Ky——(1—-e") = ———— (e " — .
Letting e~ = z, we can write G, () = 0 as
Lo K ]
7 S iy o B Y

For A = 2,4 = 1,C/K> = 8, this equation yields a quardratic equation in z
which has the solution z* = In 2.

Especially, if C' > AK5, we can easily obtain the analytical form of this value
x* for two extreme cases p = 0o and p = 0. The assumption of y = oo shows a
negligible repair time. Thus, the above equation is expressed as

Gy(2) = Ky — %(1 _ ey,

Since Gy () is a decreasing function of z, there exists the unique value

1 — \K.
o= _Xln(%)

as was derived above.

On the other hand, we consider the case of ¢ = 0. This means that the
repair action never finishes in the finite horizon. Then we have G (z) = K2 > 0
and

U(z,y) = K1+ Cz +min{0: K2} = K7 + Cx.

The result shows that the optimal policy is to be always idle for any .
As the last example of repair time, we consider it as constant in time D. The
distribution function R(¢) is written as

0, for 0<t< D
for t> D
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Accordingly we have

G, (z) = Ko for 0<xz<D
v\ = Ky — §(1— e Me=D)) for x> D

From the equation the optimal policy is described as follows:
(i) C > A\K»
stop for 0 <z < z*

repair for x > 2*(> D)

where z* is given by
1. C—)K,
=D —In(——222
v e

O (ii) C < AK; idle for all x since the second term is positive for all z.
O
(3) Linear Failure Distribution

et Bt, 0<t<1/8
f, 0<t<
F(t){ 1, t>1/8,

then the failure rate is given by

B
11—t

Alt) 0<t<1/B)
To derive an explicit expression of V(z,y) and G, (z), we consider the following

three cases:
Case(i) z+y <1/8

C 2
V(z,y) = K1+ 2(£xﬁy)
and O c
* 1
Gy(w) = Ko+ 7 %y/o (e-+y—t = 3R

Note that the condition 4+ y < 1/ suggests that the time remaining until the
fixed time limit is short and the system is in the nearly new state.

Case (ii) z+y>1/fand y <1/p
This case means that the time remaining is long enough and the system is nearly
new. Then we have

Vey) = Ki+ Clat 30— )
and CR )
Gy(a) = Ko+ BTy - 2,

O Case(iii) y > 1/5
It is clear that V(x,y) = oo. It follows that the optimal action should be
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always idle since the system aged y(> 1/3) fails with probability 1. To study
the optimal policy in detail, we specify that distribution of repair time R(t) as
follows:

(A) Exponential Repair Distribution R(t) =1 — exp(—put)
From the results of three cases mentioned above, it follows that

Kot 25l + (=5~ e~ f(1—e )] foraty <1/8
Gy(z) = Kg—i-%(y—%)(l—e”””) forr+y>1/fandy <1/8
o0 for y > 1/

It is clear that the critical point * depends on x and y. We can find the critical
point by the numerical calculation and the following figure 2 and figure 3 are
useful.

1/B=15u-05,K/C= 2

Figure 2: 3 dimensional graph of G, (x) Figure 3: Graph of G (z)

(B) Straight Line Repair Distribution
Let the repair time distribution be a linear function as

foat, 0<t<1l/a
R() { 1, t>1/a

To avoid unnecessary complications, we assume that « > 3. Then we have the
following result:

Coo® iy — 1} for z+y<1/8,0<z<1/a
Clas — 7+ gaigy (2® — £+ 502)] foraz+y<1/8,1/a<a

Gy(z) = Ko+ %(y—%) fore+y>1/8,y<1/B,2>1/a
Yy—1) forz+y>1/8,y <1/8,x <1/a
00 fory>1/p8

The shaded portion in the figure shows a preferential region of repair service
for this example. Note that the optimal stopping time z*(y) depends on the



325

y=1/B - 2K2/Cox

/ K/C=1, 1/B=3,u=2

v/ @: y=1/p - axs/3(axz — 2K2/C)
/ @): y=1/B + (xe-x/a +1/303)/2(Ko/C +1/200 —X)

/

Figure 4: Repair Region

remaining time x and the system age y.

(4) Weibull Failure Distribution
Let ,
£(t) = aBlat)?le=@0”.

Then
A(t) = BaPtP1

1. If « = 1,8 = 2, then the failure distribution shows an increasing failure
rate(IFR). In this case we have

Gya) = Ko — OV [ (0(VE(w +y - 0) - (V) dR().

2. If « = 1,8 = 1/2, then the failure distribution shows a decreasing failure
rate(DFR). In this case we have

G,(z) = Ky — 2CeV? /O eI+ ) — VI — Ty D) }R().

Unfortunately, it is difficult to carry out the operation of integrals explicitly.

4 Conclusion

The present paper is concerned with an optimal maintenance policy for the
system with repair and idle time during the fixed time limit. An optimal policy
and a critical point in time to repair or to leave the failed system as it is
are provided by the method of dynamic programming technique. We show
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that the optimal policy depends not only the time until the fixed time limit
but on the system age. It is difficult to obtain an explicit form of optimal
policy for arbitrary distributions of failure and repair. The interesting results
are that the critical value z*(y) does not depend on the system’s age y for
the exponential ditribution family by the memoryless property. Except the
exponential distribution, the critical value depends on the remaining time x
and the system’s age y. A numerical calculation presents a solution to this
difficult problem. For some simple examples, convenient figures which specify
the critical point and the preferential region of repair action are easily described
by the numerical calculation. The results will be useful to solve the practical
problems.
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