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A cost-informed component maintenance index and its applications”

Hongyan Dui?, Tianzi Tian?, Shaomin Wu®, Min Xie®
aSchool of Management Engineering, Zhengzhou University, Zhengzhou 450001, China
bKent Business School, University of Kent, Canterbury, Kent CT2 7FS, UK
“Department of Systems Engineering and Engineering Management, City University of Hong Kong
Abstract: All systems and components are unreliable in the sense that they will fail. While a failed component
in a system is being repaired, preventive maintenance (PM) may be conducted on the other components to
improve the reliability of the system. The selection of different components for PM may result in a variety of
maintenance policies with different cost implications. It is therefore necessary to develop appropriate tools
such as importance measures to guide the selection of components for PM in order to minimize relevant cost.
There is little research, nevertheless, that jointly minimizes the total expected cost of maintenance and
meanwhile maximizes the number of components for PM. This paper proposes an importance index, Cost-
Informed Component Maintenance Index (CICMI) to aid in such a joint optimization. It also derives some
properties of the proposed index and different maintenance policies, respectively. Subject to cost constraints,
a method is proposed to optimize the number of components for PM. A case study on a reactor coolant system
is performed to illustrate the applicability of the proposed methods.

Keywords: Maintenance; Cost; Importance measure; Opportunistic maintenance; Optimization

1. Introduction
A large-scale complex system is normally composed of many different components. Due to components
ageing, deterioration, and/or other reasons, the chance for a system to fail increases over time. Timely
conducting preventive maintenance (PM) on those components is therefore needed to retain the system at a
specified level of availability.
System performance and reliability can be improved by effectively planning maintenance interventions.
With limited maintenance capacity in practice, it is often not possible to perform PM on every component in a

system (Wu et al., 2016). Therefore, making the best use of available resources to maximize the reliability of

* Suggested citation: Hongyan Dui, Tianzi Tian, Shaomin Wu, Min Xie, A cost-informed component maintenance index and its
applications, Reliability Engineering & System Safety, 2022, DOI: 10.1016/j.ress.2022.108904.
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a system is needed (Wu et al., 2016; Truong Ba et al., 2017; Tian et al., 2014). Recent developments have
revealed that importance indexes in reliability engineering can provide valuable information to constantly
optimize a specific objective function. For example, Peng et al. (2012) proposed an importance measure
discussing how certain degraded components affect the reliability of the system. Some importance indexes
have been proposed to guide PM, which may be used to maximize system performance (Dui et al., 2019), to
aid maintenance selection (Wu and Coolen, 2013; Dui et al., 2017), or to perform maintenance for joint
importance (Dui et al., 2020).

Predecessors have conducted research in the use of importance measure to select components for PM
(Vaurio, 2011). Borgonovo et al. (2016) proposed an importance to guide PM considering mean failure time.
Zhang et al. (2020) used Griffith importance and integrated importance to determine the maintenance sequence
for the components of the heave compensation system. Dui et al. (2020) used joint integrated importance to
guide PM so as to improve system performance as much as possible. Meshkat and Mahmoudi (2017) proposed
a joint reliability importance to study maintenance problems. Chen and Feng (2020) proposed a new group
importance measure for maintenance, which combines the system structure and the cost of PM. Du and Si
(2019) proposed an importance to rank the contribution of component maintenance. At the same time, group
maintenance can improve maintenance efficiency. Liu et al. (2014) proposed the importance measure of
revenue cost to rank important components and gave the best maintenance level. Vu et al. (2016) proposed a
preventive group maintenance policy considering the average remaining life of components. Ahmadi (2020)
distinguished whether to perform preventive maintenance or corrective maintenance through component states,
and then formulated a maintenance decision model based on the length of the life cycle.

While a component fails, other components can be selected for PM. This is an opportunistic maintenance
policy, in which recent publications include (Li et al., 2021; Chien et al., 2019; Dui et al., 2017). Erguido et al.
(2017) proposed a dynamic opportunistic maintenance policy in consideration of dynamic factors such as
weather. Zhang et al. (2017) studied the opportunistic maintenance when the system was shut down for
maintenance. Levitin et al. (2019) studied the opportunistic maintenance policy for the cost-effective
scheduling to minimize the total expected loss. Jafari et al. (2018) developed models and algorithms for
collecting corrective maintenance information. Then the opportunity preventive maintenance policy under

corrective maintenance for component are given. Wu and Coolen Error! Reference source not found.
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considered two types of costs for the opportunistic maintenance, one is the cost caused by system failure, and
the other is the maintenance cost. However, it does not consider the joint influence between failure components
and components for PM. The failure of certain components will cause the failure of the system, which depends
on the specific system structure. Zhao et al., (2007) gave a opportunistic maintenance model considering the
system structure and applied it to the sleeper system. The cost-based IIM proposed by Dui (2017) can also be
used for opportunistic preventive maintenance, but it does not consider the influence of the structural position
of the component in the system on the maintenance decision.

While a component failed and is being repaired, PM can be performed on some components. If the
maintenance resource such as maintenance budget or the number of available repairmen is limited, it is
necessary to maximize the performance of the system at the lowest cost. This raises a question: which
components and how many components should be chosen for PM, considering the expected cost of
maintenance? When different components fail, the selection of different components for PM may result in
different maintenance policies. It is therefore intriguing to develop appropriate tools such as importance
indexes to guide the selection of PM components in order to minimize the cost impact during the selection
process.

This paper proposed a new importance index to guide the development of maintenance policies for the
scenario when a system or a group of components fails, considering the cost of maintenance such as cost of
repairing components, cost of repairing the system and cost of PM on components. The proposed method
selects components for PM based not only on the maintenance cost of the components, but also on the extent
to which components can improve the performance of the system at the lowest cost. Meanwhile, on the
mathematical level, some properties are derived to gain a more in-depth understanding. The impact of critical
and non-critical components on PM policies are considered. The joint impact of different components on
system performance and maintenance costs is investigated. The paper also illustrates the application of this
proposed index on series-parallel and parallel-series systems, and discusses the index combined with
maintenance policies. Finally, a method to optimize the number of components for PM is proposed.

The remainder of this paper is structured as follows. Section 2 analyzes the total expected maintenance
cost of the system. Section 3 proposes a Cost-Informed Component Maintenance Index (CICMI), derives some

properties, and discusses the CICMI for series-parallel and parallel-series systems. Section 4 discusses several
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issues regarding the PM policies, and the optimization model of the CICMI for multiple components PM.

Section 5 demonstrates the validity of the measure using a case of a reactor coolant system. Section 6 concludes

the paper and proposes future research suggestions.

Notations

pi(t)
p(t)

Xi

(xi, pi(£))
X (1))

d(x;, pi(1))

Prx;(t) = 1]

C(t)

C(0;0)

C
ljji
of

Assumptions

Cost per failure of component i

Expected cost per system failure caused by the failure to component i

PM cost of component j

Reliability of component i

(P1(0), ..., Pr (D))

Indicator: x; = 1 if component i is working at time t, x; = 0 otherwise

(1), p2 (1), ., Pi—1 (), X:(2), P1 (), Pi41 (), ooe, PR (D))

System structure function with domain {0,1} at time t, and range {0,1}, ¢(X (t)) =
B (1 (), x2(8), e, X1 (1))

¢(p1 (t); D2 (t), e pi—l(t); Xi)P1 (t), pi+1(t), ~Pn (t))

The probability that component i works at time ¢t

Expected total cost of maintaining the system within time (0, t)

Expected total cost of maintaining the system within time (0,t) when component i fails;
meanwhile, as a function of the reliability of other components, it can also be expressed
as C(0;,p(t))

Cost-Informed Component Maintenance Index

The priority ranking of components selected for PM when component i fails

a) Suppose a system is composed of #n components.

b) When maintenance (either PM or CM) is conducted on a component, the component must stop

operating.

c) When the system fails due to the failure of a component, PM can be performed on other components.

d) Component states in this system are statistically independent of each other.
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e) The system and components have only two states: working (i.e., state 1) and failed (i.e., state 0).
f) Components in the system can be critical or non-critical. The failure of a critical component will cause

the system to fail while the failure of a non-critical one will not.

2 The total expected maintenance cost of the system

Suppose that the failure of a component can be announced immediately, i.e, it is a self-announcing
component. Only the failure of a critical component can cause the system to fail. Denote c,; as the cost of
system failure and repair due to component i. If the failed component is not a critical one, its failure will not
cause the system to fail and it will not incur the cost of system failure, but only incur cost of repairing this
failed component or cost of PM on other components. Hence, in addition to the cost of PM, the total expected

maintenance cost of the system within time interval (0,t) is given by
C(t) = Tk, {{es: Prip(0, 1) = 0] + ¢; + CF (O} Prixi(t) = 0]}, (1)
where c; is the cost of repairing the failed component i. Pr[¢(0;, X(t)) = 0] is the probability that the
system is at state 0 when component i fails. Pr[x;(t) = 0] is the probability that component i fails and is
a function of time. CF(t) represents the expected cost of PM on other components when component i fails.
PM can be performed on components that have failed while CM (repair) is performed on failed
components. If PM is performed on a component, j, say, then this implies that the component is at working
state and its probability is Pr[xj (t) = 1]. We now discuss the expressions of €7 (t) for two situations of
critical and non-critical components.
Assuming component i is critical, if it fails, the expected cost of PM on other components is obtained
by
CH(8) = oy jei Cp, Prx;(6) = 1] Pr[$(04, 05, 1) = 0] = Zf_y jui ¢, Prx;(8) = 1], (2)
where Cp; is the cost of PM on component j. Pr[d)(Oi, 0;,1; j) =0 ] is the probability that the system is at

state 0 when both components i and j fail, but the others are working. Because component i is critical,
Pr[¢(0;0;,1;;)=0] = 1.

However, if a non-critical component, i, say, fails, the number of other components for PM is limited.
Then, PM can be performed on a component, j, say, which should not lead to the system to stop operating or

result in unnecessary cost of system failure. Thus, component j should meet two conditions: it is not a critical
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component and components i and j do not form a cut set.
Assume component i is non-critical. When it fails, the cost of PM on other components is obtained by
CL(O) = Xy ji Cp; Pr[x(0) = 1] Pr{9p(0;, 05, 1;)=1], 3
where (0;,0;,1;;) represents both components i and j stop working while the other components are
working. The system is still working if a non-critical component fails. So Pr[qb(Ol-,Oj,lij):l] is the

probability that the system does not fail when component j is selected for PM, which implies that component
j should meet two aforementioned conditions.

We can derive some properties of the total expected maintenance cost of the system as follows.
Property 1
(1) Assume that the maintenance cost and properties of components i and [ are the same. If
Prix;(t) = 1] > Pr[x;(t) = 1], then C(0;,t) > C(0;,t).

(2) Assume that the reliabilities of components i and [ are the same. If cs; Pr{¢(0;1) = 0] +¢; >
51 Pr[¢(0,,1) = 0] + ¢; and, ¢, < cp,, then C(0;,t) > C(04,1).
The proof of this property and those of the other properties are given in Appendix.

The first part in Property 1 shows that the expected cost function caused by a component failure relates
to the reliability of the failed components. When all other conditions are kept constant, the higher the reliability
of the failed components, the greater the expected total cost of the system due to the failure of the components.

The second part in Property 1 shows that when component reliability is not considered, the cost of
repairing a component and the system due to the failure of a component will positively affect the expected
total cost of the system. However, the PM cost of the failed components will negatively affect the total cost,
which can be interpreted as follows: If the cost of PM on a component is low, it is not suitable for CM. In other
words, when a component fails, the total expected maintenance cost is higher than the PM cost on other

components.

3 Cost-informed component maintenance index
3.1 Definitions and some properties
This section studies the impact of the cost of maintaining non-failed components on the cost of system

maintenance while a failed component is being repaired. We first investigate the situation of the failed
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components: whether the failed component is a critical component or not.
Definition 1 Assuming component i is critical, when it fails, the impact of component j on the maintenance
cost of the system can be defined by

c _ _ aC(Oi,p(t))
Ifli - i) (4)

Definition 2 Assuming component i is non-critical, when it fails, the impact of component j on the

maintenance cost of the system can be defined by

c _ aC(Oi,p(t))
Lijy = — ¢(0;,0;, 1ij)w’ (5)

where (0;,0;,1;;) represents components i and j stop working and all the other components are working;

¢(0;,04,1;;) is able to restrict critical components so that critical components cannot be selected for PM.

We refer the | ﬁi of component i to as the Cost-Informed Component Maintenance Index (CICMI). If a
component I fails, CICMI suggests the magnitude of the impact of the cost due to maintaining component j

on the expected total cost when component j is selected for PM. One may then rank the values of Iﬁi in

ascending order, which prioritizes components for PM to reduce the total cost of maintaining the system.
When component i fails, other components can be ranked in terms of the priority for PM according to

jc|l-. The best CICMI matrix for PM based on cost can be given by

_[yc c c
Ji= [i(1)|i' @)l ""If(n—1)|i]' ©

c

where [ Wi

decreases in k. J; suggests which component j may be selected for PM so that the total cost

of maintaining the system can be minimized, given that component i has failed.

The priority ranking of components selected for PM can be given by

0f ={jayJy ~rim-1} @)

where j,_q) represents component j corresponding to J; at the n—1 position. This set can help
maintenance analysts make judgments. They need to consider not only the cost of maintaining each individual
component but also the cost of maintaining the entire system. PM decisions can be made more specifically for
the failure of different components.

Similar to Property 1, we can derive some properties of CICMI as follows.

Property 2
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(1) Assume that components j and h have the same reliability and maintenance cost. When component i
fails, if p;(t) < pu(t), then If; = If);.

(2) Assume that the reliability values of components j and h are the same. When a component i fails, if
Cpp > Cpj» Cs,j Pr[cl)(Oj, 1) =0]+ ¢j > csp Pr(¢p(0p, 1) = 0] + cp, then Iﬁi > I,f“-.

The first part in Property 2 means that when we do not consider the cost, it is a better decision for us to
maintain the current components with lower reliability. The second part in Property 2 means that when
reliability is not considered, it is more appropriate to perform PM on components with lower PM cost but
higher in the sum of the cost of system failure and the cost of repairing failed components.

Property 3 For the failure situations of two different components, assume that (1) the states of the remaining
components except for the two components remain the same, and (2) only one of componentsi and [ may
fail. If p;(t) < py(t), then Ifj; (x; () = 1) > If;(x; () = 1).

The meaning of Property 3 in reality can be expressed as repairing components with lower reliability is

more valuable.
3.2 Discussions on series-parallel and parallel-series systems
This subsection uses two series-parallel systems and a parallel-series system to illustrate the proposed

method, as shown in Figs. 1, 2, and 3, respectively.

— 11— — 21 — nl

— 12 — 22 — N2

L= 1m, L= 2my, - nm, —

Fig. 1 A series-parallel system

In Fig.1, we can see that there is no critical component in the series-parallel system and cg; will not be

incurred. The expected cost of the system is

C(®) = 2 {{ei + ¢F ©) Prixi(e) = 0]} (8)
The expected cost is derived as follows

Ct)={c;1 + Cﬁ(t)}(l - P(xn)) + {c12 + sz(t)}(l - P(xlz)) + -+ {Cnmn + Cﬁmn(t)} (1 - p(xnmn))-

8
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The total number of components is my +m, + -+ my, = Xi_1mg =M. We denote x; = x; = x) =
{xll,xlz, s X1my X21, X225 - +» X2my» o) Xns ...,xnmn}, where i=j=k=12,..,M. That is, the
components are numbered according to the order of the parallel group set, from top to bottom, and from left
torightas 1, 2, 3,..., M.

If mg> 2, for a=1,2,..,n,, or if there is no second-order cut set in the system, then for any

component i and component j, d)(Oi, 0;,1; j) = 1 holds. Plugging it into Equation (3) and Equation (5), we

have
Cf () = Xy jei Cp, Prx(0) = 1], 9)
and
{ {e; + PO —plx) + {ez + CEOI1 = p(x)) + - }
o _0C(0,p®) _ e + 2031~ p(imn) + (i + CEOI(L — (i)
Jjli apj ® apj ©

=¢ + ij(t) - ij{ZkM=1,k¢j,i(1 - Pk(t)) + 1} =¢ + Z;\clzl,kii,j Cp, Pr(t) — ij{ZkM=1,k¢j,i(1 - Pk(t)) + 1}- (10)

If m; =2, a=1,2,..,n, ie., two components are connected in parallel, as shown in Fig.2.
12 22 n2

Fig. 2 series-parallel system when m, = 2

If one of the two components in parallel fails, PM cannot be carried out. The component in parallel with

component j is component o. Then we obtain

c_ ac(0;,p(®)
e ap;(t)

0 {{cu + CEOI(1 = pu(®) + {e + CHOI = pia(©)) + + + {ew + Ch O} = pia(©))}

ap;(t)
2n 2n
=c+ Z CpPi(8) = Cp, Z (1-pe(®)+ 1. (11)
k=1,k#i,j,0 k=1,k+j,i,0
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— 11 12 — — —— Imy

21 22 _ 2m,

— nl n2 - — 1 nm,, —

Fig. 3 parallel-series system
In Fig. 3, we give the structure of the parallel system. Apparently, if a component has failed and PM is

performed on another component, the system will not fail. This case is similar to the series -parallel system for
mg>2 . e, I = ¢+ Xkt ki P () = (ke peni(1 =P (®) + 1}, where i=j=k=

{xll,xlz, ...,xlml,le, sz, ey mez, ey xnl, ey xnmn}.

4 Optimization model of CICMI for PM policies
4.1 Analysis of PM policies

If a component is non-critical, the failure will not cause the system to fail. This leads to Policy 1 for
system failure. Whatever a component is non-critical or critical, the failure of a component can be immediately
located. This leads to Policy 2 for component failure. In the following, we give detailed discussions.

Policy 1. The failure of a component cannot be immediately identified. But if the system fails, repairmen
will check the system to locate the cause of the failure. The reason for the failure of the system may be due to
the failed components containing critical components, or it may be due to the failed components being all non-
critical components but constituting a cut set. Assume that there are n, minimal cut sets in the system. The
set of components iy, i3, ..., Iy, 18 the ith minimum cut set. The number of components in the cut set is m;.
This means that the failure of all components of this set will cause the system to fail. Therefore, when
components iy, iy, ..., Iy, fail, they are maintained and the system has to stop working. In this situation, PM
can be performed on other components.

Generally, under Policy 1, the system fails because at least one minimal cut set failed, and the PM can be
performed on all other components. The cost incurred in time interval (0,t) is composed of three components:

the cost of repairing the system due to the failures of the n, minimal cut sets, the cost of repairing each

10
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component in the failed minimal cut sets, and the cost of all components in the system except the component

in the failed minimal cut sets. Thus, we have

No m; n-m;
C(t) = Z Coi + z i, + z ¢y Prix, = 1,t] } Pr [oil,oiz,...,oim,], (12)
i=1 =1 z=1

where cg; is the expected cost per system failed, due to the failure of the ith minimum cut set, and Ci; is

the expected cost per failure of component i;. ZZ:_I" ‘ Cp, represents the sum of cost on PM for components

that are not included in the ith cut set. Pr [(Oi 004,04 )] represents the probability that the cut set
mi

{i1, i3, ., iy, } failed. When a set of components composed of a cut set fails, the impact of a component j on

the maintenance cost of the system can be defined by

—0C(0;,,04,, .., 0, , P ()

F0) (13)

C —
Lty gt () =

For specific application scenarios, if components {il, iy, ) iml.} fail, we can choose the component with

the largest I

. i (t) as the first component to perform PM because this component can minimize the
]lll’Lz""’lmi

total cost. Then, according to the ranking of I§ (t), we can select components for PM.

Jliviz, im,
Similar to Property 3, we give the property of CICMI under Policy 1 as follows.
Property 4 Suppose a system failure is caused by the failures of two different cut sets. Assume that (1)
the states of the remaining components except for the components included in cut sets k and [ remain the

same, (2) component j does not participate in forming the minimum cut sets k and [, and (3) only one of

cut sets k and ! can cause the system to fail. If Pr [Okl’okz""'okmk] > Pr [011,012,...,0%1], then

Iﬁkl,kz,...,kmk ®) >, m, ®).

Policy 2. The failure of a component can be immediately identified. While CM on the failed component
is being performed, it can perform PM on other components. If the failed component is critical, PM can be
performed on all other components. However, if the failed components are non-critical components, it requires
that the components with PM cannot form a cut set.

If components with PM performed constitute cut sets, then the system will fail and results in increased
maintenance cost. The total expected system cost function in which multiple components can be performed on

maintenance is given by

11
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C5() = Z {{Cs,i Pri¢(0;,1) = 0] + ¢; + CFP (O} Prix;(t) = 0]}; (14)
i=1
Cr (e = z cp;, Prlx;,(6) = 1] Pr($(0;, 05, ., 0,0 1i gy gy, )= (15)
z=1

where C7F(t) represents the PM cost of the system when component i fails. The maximum number of

components to be performed on PM is m. (0;, 0j,..,0; ,1

iy ) represents those components

Ljdzmaiz-1
i,j1,J2, -, Jz—1 stop working while all the other components are working. Therefore, Equation (14) takes into
account the situation of the multiple components’ PM at the same time, which is related to the component
structure in the system and can affect the PM plan.

Similarly, we can obtain the CICMI under the condition of the multiple components’ maintenance at the

same time. Assuming component i is critical or non-critical, when it fails, the impact of component j on the

maintenance cost of the system can be defined by

SC _ _ aCs(0,p(1))

Ijli - apj(t) ’ (16)

and

acs(0;,p(1))

O a7

IJSIiC == ¢(0i'0 U)

respectively.
4.2 Optimization model for multiple components’ PM
We assume PM is performed on only two components. When the component i, which can be critical or

non-critical, fails, the impact of components j and k on the maintenance costs of the system can be defined

by
02¢(0;,p(D))
c __Z “\TvPAVI)
L NGYINGY a8
and
a2¢(0,,
190 = —6(05,0;,15;)B (0, 0y, 1) 1 (0)) (19)

9p;()0pk (t)’
respectively, where components j and k are any two indexes of the n — 1 components, then there are C2_;

combinations. Different sets of components j, k and [ will get the corresponding Ifk”. The combinations are
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ranked according to the descending order of the value of I ki to form a set 02“. 02“ =
{{j, k}1y, U, kY2 ...,U,k}(c%_l)}, where {j, k};) indicates that the combination of components j and k

maximizes the value of [, )i+ Selecting the first combination of PM can reduce the system maintenance cost

to the greatest extent.

PM is performed on only three components. Similarly, we can obtain

63C(0i; p(t))
c =
I dp; () (H)ap,(8)’ -

and

03¢(0;,p(®)
dp;(£)0px (t)dp,(t)

I = —#(04,05,1;;) (04, 0x, 15) (04, 04, 1) (21)

where components j,k,and [ are any three of the n — 1 components, then there are C3_; combinations.

The combinations are obtained according to the descending order of the value of I fk, i to form a set 0§|i =
{{j, k, l}(l), {j,k, l}(z), Uk, l}(cg_l)}' where {J, k, l}(l) indicates that the combination of components j, k
and [ that maximise I¢ e1i> U ki l}(2) and indicates that the combination of components j, k and [ that

make I i,1yi the second largest, and so on.

When performing PM, we often not only perform PM on one component, but also on multiple components
to improve system reliability. As such, we investigate the impact on the total cost of maintaining a group of

components. Generalizing to k components, we can also obtain

o oo 0°C(0p@®) =
T opj, (Op;, (©) ...0p;, ()’
and
9*C(0,p(®))
I]i,jz.---.]'kli = _(,b(oi. 0]1' 111)¢(Ol’ J2 ijz) _..(]5(01': Ojk’ lijk) api (t)apj ® apj (t)’ )
) ,(©) ...0pj,

respectively, where ji,ja, ..., jx(k <n—1) are any k of the n—1 components. There are CX_,

combinations. The combinations are ranked according to the descending order of the value of | 11 Jorili 1O

form a set 0% = {Urjz s Jiday Un o o jid@y o Undo wodidge ) Where G for iy

indicates that the combination of components jq, j,, ..., ji that make [ the largest.

11 J2reaJ k|l

It is still considered that maintenance should be carried out one by one. From the perspective of the system,
13
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what is the optimal number of components for PM? Consequently, we may as well compare the combinations
in sets Oﬁ i Og| oo 0g| ; according to the corresponding CICMI to select the maximum value.

In applications, it may be more common to consider specific cost constraints in maintenance policies.
Therefore, this article gives the arrangement of maintaining components according to cost constraints.
When one component fails, to perform PM on other components one by one, we need to solve the
following integer programming.
n
max Z Ifiiz;, (24)
j=1,j=i
subject to Z?:l,j:ticjzj <cC,
where ¢; is the cost of the PM component j, C is the total cost constraint of PM, z; is the decision variable
representing whether component j should be chosen for PM and it can only be 0 or 1. Subsequently,

}’=1’ j=iZj 1s expressed as the total number of components that are performed on PM. For policy 1 above, the

integer programming can be changed to:

n

c
max Z Ij|i11i2,___,imizj , (25)

JELj#E L i,
: n
subject to Zj=1.j¢i1.iz.....imi ¢z < C.

This integer programming can solve the problem of PM plan when cut sets cause the system to fail.
The above integer programming problem cannot solve the optimization of the number of components for
PM. For policy 2, when considering multiple components for PM, the difference between the selection of
maintenance components here and the selection of the above maintenance plan lies in the need to investigate
whether the failed components are critical components. If a critical component, i, say, fails, PM can be
performed on the other components. When component i is a non-critical component, the other non-critical
components for PM cannot form a cut set and cause system failure. Subsequently, we construct the
corresponding integer programming model.
n
max qb(Oi,x]-l, o Xj li,jl,jz,...,jn) Z Iﬁiczj, (26)
j=1,j#i
subject to ¥7_q 4 €2 < C,

where z; indicates that the PM component j is selected, then it is 1, otherwise it is
14
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0. (],’)(Oi, Xjr e X Liji g jn) ensures that the selected PM components will not cause system to fail.

5 Application to reactor coolant system

In this section, we use a reactor coolant system (Fig. 4) to illustrate the proposed method. As the most
important system of nuclear power plants, the main coolant system may cause huge economic losses and
serious social impact if a critical component fails. PM on the main coolant system can reduce the probability
of system failure, reduce maintenance cost, and therefore avoid the negative impact on society. This section
uses the proposed CICMI to analyze the reactor coolant system and further illustrates the application and

effectiveness of CICMI.
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Fig. 4 Schematic diagram of main coolant system
Fig. 4 shows the system components of the reactor coolant system. The structure of the main coolant
system is quite complex. It can be seen from Fig. 4 that there are three loops in the system. While the whole
system is still running and if a component in one loop fails, the two other loops are operating and will not be
affected by the failure of the component.
Table 1 lists the 17 main components of the system. Among the main components, loop 1 consists of

components N2, N3, N4, N5, N6, and N7. Loop 2 consists of components N8, N9, N10, N11, and N12. Loop
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3 consists of components N13, N14, N15, N16 and N17. The components of a loop are connected in series,

and the loops are in parallel. Component N1 is a critical component, so its failure causes the entire system to

fail. The repair cost, system failure cost, and PM cost for each component are shown in Table 2.

Table 1 The major components

Code Name Code Name
N1 pressure reactor reaction vessels N10 main pump II
N2 voltage stabilizer N1l safety injection pump IV
N3 safety injection pump I N12 safety injection tank II
N4 steam generator | N13 safety injection pump V
N5 main pump I N14 steam generator 111
N6 safety injection pump II NI15 main pump III
N7 safety injection tank | N16 safety injection pump IV
N8 safety injection pump III N17 safety injection tank I1I
N9 steam generator 11

Table 2 Reactor coolant system related costs

NO. Code ¢ of Cpi NO. Code Cs i Ci Cpi

1 N1 27896 33157 21364 | 10 NI0 32562 29875 15533
2 N2 23562 25752 17654 | 11  NI11 13245 12864 8873
3 N3 13245 12864 8873 12 NI12 29345 13453 10743
4 N4 35623 22245 11863 | 13 NI13 13245 12864 8873
5 N5 32562 29875 15533 | 14 NI14 35623 22245 11863
6 N6 13245 12864 8873 15 NI15 32562 29875 15533
7 N7 29345 13453 10743 | 16 N16 13245 12864 8873
8 N8 13245 12864 8873 17  NI17 29345 13453 10743
9 N9 35623 22245 11863

The Weibull distribution is widely used in reactor systems (Prabhakar et al., 2004). We assume that the

failure time of component i follows the two-parameter Weibull distribution W (t; 0;;, i), and repair time

follows the Weibull distribution W (t; 6 2,y 2). Table 3 lists the scale and shape parameters of each

component's time to failure and repair time.

Table 3 The scale and shape parameters of each component's failure time and repair time.

NO. Code 0y Y 020 vai | NO. Code 6y Yu G2 Va
1 N1 2150 346 12 278 | 10 NI10 880 2.14 20 2.13
2 N2 250  3.92 212 11 N11 2600 2.03 8 2.37
3 N3 2600 2.03 2371 12 NI12 180 243 10 2.23
4 N4 100 2.36 312 | 13 NI3 2600 2.03 2.37
5 N5 880 2.14 20 2.13| 14 NI4 100 2.36 3.12
6 N6 2600 2.03 8 237| 15 NI5 880 2.14 20 2.13
7 N7 180 243 10 223 ] 16 NIl6 2600 2.03 & 237
8 N8 2600 2.03 8 237| 17 N17 180 243 10 2.23
9 N9 100 236 5 3.12

The CICMI of a component relates to its own PM costs and repair cost when a component fails. As

maintenance cost increase, CICMI increases. This implies that if a component fails and incurs higher
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maintenance cost, it is more valuable to perform PM. When a component fails, the CICMI relates to the
component location in the system. The impact of the component location for PM on the value of CICMI
depends only on whether the component is a critical component or not. In the following, we will conduct a
more specific analysis on the CICMI under the failure of critical components and non-critical components, as
shown in Fig. 5 and Fig.6.

Fig. 5 is for the critical component N1 (pressure reactor reaction vessels). Because the CICMI of the
components of the same type are the same, we only select one of the same types for drawing. Fig. 6 is for the
non-critical components N2 (voltage stabilizer), N3 (safety injection pump), N4 (steam generator), N5 (main

pump), and N7 (safety injection tank).
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Fig. 5 CICMI when critical component N1 fails

Fig. 5 shows the CICMI over time when the critical component N1 fails. CICMI is affected by not only
the cost associated with its own PM components but also the reliability of other component selected for PM.
Obviously, the CICMI curves of different components are interleaved with each other. Consequently, we can
find that the priority of PM components sorted according to CICMI has changed over time as in Table 4. This
further shows that the model is very useful, and PM can be more reasonably arranged according to the priority
of specific time, to reduce cost as much as possible.
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379 Table 4 PM priority 0%, at different times under Weibull distribution (critical component N1 fails)
t 0%,
10 N15, N9, N2, N3, N17
35 N9, N15, N2, N3, N17
50 N9, N15, N3, N17, N2
65 N9, N3, N15, N17, N2
80 N9, N3, N17,N15, N2
200 N9, N17, N3, N15, N2
250 N9, N17, N3, N2, N15
380
381 When the non-critical redundant components N2, N3, N4, N5 and N7 fail, the CICMI for the
382  corresponding components of the PM is shown in Fig. 6.
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Fig. 6 CICMI when non-critical components fail

From Fig. 6, if t = 100 and component N2 fails, components selected for PM have the priority rank
0§, = (N9,N3,N17,N15). If t = 230, 0%, = (N9,N17,N3,N15). Similarly, if ¢ = 100, and component
N3 fails, 05, = (N9,N8,N17,N15,N2).If t = 230, 05, = (N17,N9,N8,N15,N2). We can conclude that
the priority of components sorted by CICMI evolves over time. At different time points, components selected
for PM may be different. In addition, if different components fail, components selected for PM may be different.
This also shows the flexibility and usefulness of the proposed method, which can provide repairmen with the
optimized total maintenance cost at the time when a component fails.

For this reactor, the components in loop 2 and loop 3 are of the same type, which implies that the same
type of components in the two loops are the same in structure. Such two components include components N8
and N13, components N9 and N14, components N10 and N15, and components N12 and N17. Components
N3 and N6, components N8 and N11, and components N13 and N16 not only have the same type of
components but also are the same in structure. Hence, the CICMI of these two components are the same. Fig.
7 depicts the CICMI under multiple components maintenance at the same time when a component fails. I[f PM
is performed on the remaining components at the same time, and the system has not failed, we cannot perform
PM on all the remaining components. Then the location of the component in the system becomes more

important, which also leads to the difference between Fig. 7 and Fig. 6.
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408 Fig. 7 CICMI under multiple components maintenance at the same time
409 From Fig. 7, if t = 150 and component N1 fails, the priority ranking of components for PM is 035 =
410 (N4,N7,N9,N3,N12,N8,N5,N10,N2).
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411 If t=230, then 035 = (N4,N10,N7,N12,N3,N8,N2,N10,N5) . Similarly, if ¢t =150 and
412 component N3 fails, then 035 = (N9,N4,N12,N8,N7,N6,N10,N5,N2) . If t =230, then 03§ =
413  (N9,N23,N8,N4,N7,N6,N10,N2,N5). We can see that the priority of the components evolves over time. In
414  addition, when component N1 fails, for component N5 and component N10 at different times, the
415  corresponding CICMI is also different. It is also reflected in the failure of other components. Moreover, for the
416  same type of components (such as components N4 and N9, components N5 and N10), the corresponding
417  CICMI is different. Consequently, the PM will be more complicated, and it can be accurate to the specific
418  location of the component in the system, rather than the type of components.

419 Based on Equation (24), we now analyze the relationship between the number of components based on

420  the component priority rank and cost constraints in Fig §.
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422 cost constraints %1 05 cost constraints «10°
423 Fig. 8 Number of components for PM under the cost constraints
424 Fig. 8 shows different repair capacity with the corresponding cost when component N1 fails. The number

425  of components for PM can be determined, subject to cost constraints. For example, when the cost constraint is
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80000 at t = 10, the optimal number of components for PM is 5. However, when t = 80, the optimal number
of components for PM is 8, and when t = 120, the optimal number of components for PM is 7. The occurrence
of this situation is also due to the change in the priority of components for PM. This shows that the discussion
of the number of components for PM is very necessary.

Meanwhile, considering multiple components maintenance at the same time, we discuss the components
for PM under the constraints of the cost of the maintenance based on Equation (26). When component N1 fails
and the cost constrain is 90000, we can obtain the PM policy for different periods, as shown in Table 5, where

1 represents the corresponding component for PM, and 0 means that no PM is performed on this component.

Table 5 PM policy in different periods when component N1 fails

time N1 N2 N3 N4 N5 N6 N7 N8 N9 NIO NIl NI2 NI3 NI4 NI5 NI16 NI17

10 0 1 1 1 1 1 1 0 0 0 0 0 1 0 1 0 0
20 0 0 1 1 1 1 1 1 1 0 1 1 0 0 0 0 0
30 0 0 1 1 1 1 1 1 1 0 1 1 0 0 0 0 0
40 0 0 1 1 1 1 1 0 0 0 0 0 1 1 0 1 1
50 0 0 1 1 1 1 1 0 0 0 0 0 1 1 0 1 1
60 0 0 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1
70 0 0 1 1 1 1 1 0 0 0 0 0 1 1 0 1 1
80 0 0 1 1 1 1 1 0 0 0 0 0 1 1 0 1 1
9% 0 0 1 1 1 1 1 1 1 0 1 1 0 0 0 0 0
100 O 0 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1

From Table 5, we can see that for different periods, the components needing PM have also changed, which
is reflected in the system structure. At t = 10, we need to perform PM on components N2, N3, N4, N5, N6,
N7, N13, and N15. The number of components obtained from the best solution is 8. However, at t = 20, we
need to perform PM on components N3, N4, N5, N6, N7, N8, N9, N11 and N12. The number of components
given by the best solution is 9 when the cost constraint is met. This can indicate that as time changes, the

number of components for PM may also change.

6 Conclusions and future work
This paper proposed an importance index, Cost-Informed Component Maintenance Index (CICMI) for
optimizing preventive maintenance policies. It then applied the CICMI to analyze series-parallel and parallel-
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serial systems. For different policies such as group failure and simultaneous maintenance, some properties of
the CICMI were given. Considering the cost constraints, this paper optimized the number of components for
PM and maintenance policies. Finally, a case study on a reactor was given to illustrate the applicability of the
proposed measures.

Numerical examples show that CICMI is not only affected by the costs associated with its own PM
components, but also by the reliability and cost of other components selected for PM. When a component fails,
the priority of the component performing PM is not fixed, but changes over time. In other words, the
components for PM at different times under cost constraints are different. Over time, the number of PM
components under cost constraints may also change.

Our future work will be focusing on extending the proposed index to multistate systems. Cost in this paper
is assumed fixed, which can be extended to a time-dependent variable. We may comprehensively investigate

cost and system reliability to discuss which state is most suitable for components to be performed on PM.
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Appendix
Proof of Property 1

(1) Considering the total expected system cost function under different component failures,

O, = ) {{eskPridu 1) = 0]+ + CL O} Prize®) = 0]}
k=1,k=#i,l

+e5,; Pr[dp(0;,1) = 0] + ¢; + CF(t) + {csy Pr(¢p(0,1) = 0] + ¢, + CF ()} Prlx,(¢) = 0],

O, = ) {{eskPridu 1) = 0]+ + L O} Prize®) = 0]}
k=1,k=#1i,l

+{cs; Pri¢p(0;,1) = 0] + ¢; + CF (D)} Prix;(t) = 0] + ¢5; Pr[¢p(0, 1) = 0] + ¢, + C/ (0),

€(0;, ) — €C(0;,t) ={cs; Pr[¢(0;,1) = 0] + ¢; + CF ()}(1 — Prlx;(t) = 0]
+{cs; Pri¢p(0,1) = 0] + ¢, + CF (D)} (Pr[x,(t) = 0] — 1)

n

= {Cs,i Pr[¢(0;,1) =0] +¢; + Cp, Prlx,(t) = 1] + ¢y, Prx,(t) = 1 }(1 — Prlx;(t) =0])

z=1,z#i,l

n

{cslPr [¢(0,,1) =0]+ ¢, + z Cp, Prlx,(t) = 1] + cp, Prix;(t) =

z=1,z#i,l

1 }(1 Prix;(t) = 0])
= { (Pri¢p(0,1) =0] +¢; + Z Cp, Prlx,(t) = 1] + ¢, Prlx,(t) = 1] }Pr[xl(t) =1]
z=1,z#i,l
{cslPr ¢0,1)=0]+¢ + Z , Prix,(t) = 1] + ¢, Prx;(t) = 1] }Pr x(t) =1]
z=1,z#i,l

n

{Cs,i Pr[¢$(0;,1) =0] +¢; + cp, Prlx,(t) = 1]} Prix;(t) = 1]

z=1,z#i,l

n

{cslPr [¢(0,1) =0]+¢ + Cp, Prlx,(t) = 1]}Pr[xl(t) = 1]

z=1,z#i,l

(Cm Cp, )Pr[xl(t) = 1] Prlx;(t) = 1].

Let Csi Prip(04,1) = O] + ¢; + X7y 1iy Cp, Prix,(t) = 1] = ay, sy Pr(¢(0,,1) = 0] +¢; +
Y7=12%i1Cp, Pr[x,(t) = 1] = ay, ¢, — cp, = by . Subsequently, a; —a, = ¢5; Pr[¢p(0;,1) =0] +¢; —
cs; Pr(¢(0;,1) = 0] —¢;. Then we can obtain, C(0;t) — C(0,,t) = a; Pr[x;(t) = 1] — a, Pr[x;(t) =
1] + by Pr[x;(t) = 1] Pr[x;(t) = 1].

When the maintenance cost and properties of component i and component [ is the same, we have

Pr[¢(0;,1) = 0] = Pr[¢(0;,1) = 0], then a; = a,. Then we have C(0;,t) — C(0;,t) = a,;(Pr[x;(t) =
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1] — Pr[x;(t) = 1]). Consequently, a; > 0, if Pr[x;(t) = 1] > Pr[x;(t) = 1], then C(0;,t) > C(0;,¢).
(2) When the reliability values of component i and component [ are the same, we have
C(0;,t) —C(0;,t) = ay Prlx;(t) = 1] — ay Pr[x;(t) = 1] + by Pr[x;(t) = 1] Pr[x;(t) = 1] = (a; —

ay)R + by R
Duo to R >0, when cg; Pr[¢(0;,1) = 0] + ¢; > c5; Pr[¢(0,,1) = 0] + ¢}, ¢, < cp,, thatis, a; —a, >

0 and b; > 0. Hence, we can obtain C(0;,t) > C(0,,t). [ ]

Proof of Property 2
(1) When failed component i is a non-critical component and components j and h are also non-critical
components, (,i)(Oi,Oj, lij)and ¢(0;, 0y, 1;,)are both 1. At this time, the expression of Iﬁi is the same as

when failed component i is critical component. When failed component i is a non-critical component and

components j and h are both critical components, ¢(Oi,0j,1ij) and ¢(0;,0p,1;,) areboth 0, then Iﬁi =

I ,fli. When failed component i is the critical component, we have

c _ aC(Out)
T apy(®

0 Yk=1jexij {{Cs,k Pr¢(0,,1) = 0] + ¢, + CF ()} Prlx,(t) = 0]} + €5 Pri¢(0;,1) = 0] + ¢; + C(t)
+cs; Pr[¢(0;,1) = 0] + ¢; + CF ()} Pr{x;(t) = 0]
ap;(t)

O Yt ke sk Pridp(0r, 1) = 0] + ¢, + CL (D)} P t)=0
_ Zk— Jk#i,j {{C k T[¢( k )ap.(i) Ck k( )} T[XR( ) ]} _ ij + s Pr[(j)(Oj,l) _ 0] + ¢ + ij(t)
J

= —Cp, Z Prix,(t) =0] — Cpj + Cs Pr[(l)(Oj, 1) = 0] +c + 2 Cp, Prlx,(t) = 1] + chPr[xl(t) =1]

k=1,k#i,j z=1,z#],l

n

= —¢p, Z Prx(t) = 0] — ¢, Prx,(t) = 0] — ¢, + ¢ Pr[¢(0;,1) =0] +¢; + Z cp, Prix,(t) = 1]

k=1,k#i,j,l z=1,z#]j,1
+cp, Prix,(t) = 1].

c _ aC(OU t)
MET ap(e)

0 Yie=1,k2in {{Cs,k Pr(¢(0y, 1) = 0] + ¢, + C}f(t)} Prx(t) = 0]} +¢5; Pr[¢p(0,1) = 0] 4+ ¢; + C/ ()
- apn ()

OXR 1 kzini{csk Prlp(0y, 1) = 0] + ¢, + CE (D)} P t)=0
_ 0%k n{{ess Prig O )ap (1) .+ GO} Prlx(©) ]}_cph+cs,hPr[¢(0h.1)=0]+ch+Cf’f(t)
h
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Z Prix(t) = 0] = ¢, + con Prip(0, 1) = 0] + ¢, + Z ¢y, Prlx,(6) = 1] + ¢, Prx; (D) = 1]

k=1,k#i,h z=1,z#j,h

n
=—Cp, Z Prx(t) = 0] — ¢y, Pr[xj(t) = 0] — Cp, + Csp Pr[p(0,,1) = 0] + cp,
k=1kzi,j,h

+ Z L, Prix,(t) = 1] +ep; Pr[x](t) = 1]

z=1,z#j,h

Ifi = I = —¢p, Z Prx.(t) = 0] = cp, Prlxa(t) = 0] = ¢, + ¢5 Pr[¢p(0;,1) = 0] + ¢; + ¢, Prixs (t) = 1]

k=1,k%i,j,h

‘{‘Cvn Z Pr[xk@=01—cphPr[x,-(t)=0]—cph+cs,hPr[¢(oh,1)=01+ch+c,,jpr[xj(t)=1]}

k=1,k=i,j,h

= —cpj< Z Prlx(t) = 0] + Prlx,(t) = 0] + 1 + Pr[x;(t) = 1]) + ¢y Pr(¢(0;,1) = 0] + ¢
k=1,k#i,j,h

+cph< > Prin ) = 01+ Prix(©) = 0] + Prix,(©) = 1] + 1) — Con Prl(0,,1) = 0] — ¢,
k=1,k%i,j,h

= —Cp, Z Prix;(t) =01+ 2 —pp(®) + pj(®) | +¢5; Pr[¢(0;,1) = 0] + ¢
k=1k#0,j,h

o D PrIn® = 01+2=p;© +pu(®) |~ s Prig(0n 1) = 0] — Gy
k=1,k+i,j,h

When the maintenance cost and properties of component j and component h is the same, we can obtain

I§

i 1h|1 = 2¢p, (pr(t) — p;(t)). Hence, when component i fails, if p;(t) < pp(t), then I ]ll > Ih|l

(2) When the reliability values of component j and component h are the same,
I]|z Ih|l (Zk Lk#i], nPrixg(t) =0l +2 —p;(t) + ph(t)) (Cph — cpj) + cs ) Pr[(p(Oj, 1) = O] +c¢—
Cs,n Prl@p(0,, 1) = 0] — cp.

It is not difficult to draw that if ¢p, > Cpj» Cs,j Pr[(p(Oj, 1) = 0] +¢; > c5p Pr(¢p(0p, 1) = 0] + cp,
then I|l = 1h|1

Specially, in the serial-parallel system,

Ifi = ¢ + z szpz(t)—ij{ Z (1—pk(t))+1}

z=1,z#1,j k=1,k#i,j
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n M
=c + Z Cp, () — cpj{ Z (1 — pk(t)) + 1} + ¢p,pn(t) — cph(Z — ph(t))

z=1,z#i,j,h k=1,k#i,j,h
n M
=¢+ Z Cp, () — Cp; Z (1 - pk(t)) +1;,— 2Cph(1 - ph(t)).
z=1,z#i,j,h k=1,k#i,j,h
n M
If = cn + Z cp, P2 () — ¢, (1-p@®)+1p— 2¢y, (1 - pj(t)).
z=1,z#i,j,h k=1,k#i,j,h

Then we have Iﬁi - I,f” =¢j — Cp + 2¢p, (i (t) — p;(t)). More specifically in the serial-parallel system,
when ¢; = cp, if pp(t) <p;(t), then Iﬁi > I,f”. Considering component i fails, when py(t) = p;(¢), if

¢j > cp, then Iﬁi > I}f”. |
Proof of Property 3

c _ aC(OL’ t)

e dp;(t)

0 X k=12 {{Cs,k Pr(¢(04,1) = 0] + ¢ + CF ()} Prlx, (t) = 0]} + ¢5,i Pr(¢(0;,1) = 0]
+c; + €L () + {5y Prl¢p(0,1) = 0] + ¢, + CF ()} Prx,(¢) = 0]
ap;(t)

0 Xk=1k=il {{Cs,k Pr(¢(0y,1) = 0] + ¢ + Cf (t)}Pr[xk(t) = 0]}
T ap;(t) = Cp; = Cp; Prx(t) = 0].

€ - aC(0,t) _ 0 X ko1 ki {{Cs,k Pr(¢(0s,1) = 0] + ¢ + CF ()} Prlx,(t) = 0]}
T api() ap,(®)

—Cp; — Cp; Prix;(t) = 0].

For the failure of two different components, the states of the remaining components except for the two
components remains the same. When only one of component i and component [ fail, we have Iﬁi (x (1) =
D -1 =1) = cp, Prlxi(t) = 0] — ¢, Prx,(t) = 0] = cpj(pl(t) —p;(©)) . Duo to cp; >0, if

(t) < p,(b), then IS, > IS
bi pit), then [y = L.

Specially, in the serial-parallel system,

Iﬁi =¢+ ij(t) — Cp; Zlkw=1,k==j,i,z(1 - Pk(t)) - ij(z - Pz(t))'
Iﬁl =¢+ ij(t) — Cp; Zlkw=1,k¢j,i,z(1 - Pk(t)) - ij(z - Pi(t)),

Ifita(@® = D) = [{;0a(®) = 1) = ¢ (0. (0) — pu (). L]

Proof of Property 4
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) n-m;

c(t) = Z Csi +ch Z CpZPT'[XZ(t) =1]¢Pr [011’012’ ’Ol ]

i=1
ng n-m;
= Z Cs,i +ch Z cp, Prix,(t) =1] ¢ Pr [Oll,O ig2een lm]
i=1,i%k,l
n—-mg
+{con +chj + Z ¢y, Prix,(t) = 1] Pr [okl,okz,...,okmk]
j z=
n-mg
+14 sy +ch Z Cp, Prlx,(t) = 1] ¢ Pr [011,012, ,Olm]
ng n-m;
C<0k1,0k2,..,,0kmk,X(t)) - Z Cs.i +ch Z ¢y, Prlx,(t) = 1] Pr [oll,olz, imi]
i=1,i%k,1
n-mp
+{csk + Z Cr; + Z cp, Prlx,(t) = 1]
n-my
+1¢sq +2ck Z cp, Prix,(t) =1] ¢ Pr [011,012, Ozm]
ng n-m;
€ (0404004, X®O) = > ey, +ch Z ¢, Prlx, () = 11 { Pr[04,04,,...,0;, |
i=1ik,1
n-mp

+4Csp +ch,- + Z Cp, Prx,(t) = 1] ¢ Pr [Okl,Okz,...,Okmk]

z=
n-mp

+1¢sq +ch + Z cp, Prix,(t) = 1] .

When component j does not participate in forming the minimum cut set k and [,

ac <0k1, Oy s Okmk,X(t)>

Iﬁkl,kz,...,kmk ) =- )
621 1”"”{%" + X e+ X e, Pring () =1 }Pr [011, LZ,...,Oimi]
i ap;(t) — Cp,
_cpAPr [011, 0,,-.., 0y, ]
vty = ORI fesi + Z ey + 0 6, Prix (© = 1} Pr[0,040, ]

ap;(t)
—Cp].PT [Okl’ Okzl"" Okmk]'

For the failure of the system caused by two different cut sets, except for the components included in the

cut sets k and [, the states of the remaining components remain the same. When only one of cut sets k and

l can lead to system failure, we have Iﬁkl‘kz_ (t) 1”1 .. l(t) =Cp; (Pr [Okl,Okz,...,Okmk] -
Pr [011,012,...,01ml]).Considering ;> 0, if Pr [okl,okz,...,okmk] > Pr [011,012,.. Y ] then I |k e Jem (t) >
|l1 la,.. (t) u
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