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Abstract

System failures are usually observed during regular maintenance or inspection and this
is especially the case for systems in standby or storage, which is common: for safety
critical systems. A periodic inspection policy is usually adopted. During the inspection,
a lot of information is gained about the status of the system. Such information should be
used in deciding upon the time for the next inspection. Hence sequential inspection is
more appropriate, especially when the aging property of the system is unknown, and has
to be estimated with the information from inspection. In this paper, a model is
developed and sequential inspection strategies are studied in this situation. The focus is
on the case when there are multiple systems inspected at the same, but discrete times.
We also do not assume a known distribution of the system lifetime, and the estimation
of that is incorporated into the analysis and decision-making. An availability criterion is
considered and numerical example is provided to illustrate the procedure.
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1 Introduction

A system can either be in an operational state or a down state. When the system is in
a down state, which represents the failure condition of the deteriorating process, this
event is named as a failure of the system. However, the state of the system may actually
be usually unknown unless it is inspected. This is typical for systems in storage and for
systems that can still perform a limited function after failure of some of its components.
Although continuous monitoring and inspection is possible; periodic or discrete time
inspection is usually employed, due to the cost and other practical constrictions. Here
the term of periodic inspection used does not necessarily mean that the system is
inspected after every fixed period of time regularly, but rather that the system is
inspected at some discrete points in time.

For systems for which failures are only detected at the time of inspection, it is
important to be able to determine the optimal time of inspection. Fewer inspections will
lead to lower availability upon demand, and frequent inspection will lead to higher cost.
When there is an availability requirement, the problem is usually to develop an
inspection policy that meets the availability requirements. The problem is formulated
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for periodic inspection to minimize the cost with respect to the time interval for
inspection (Cerone, 1993; Ito and Nakagawa, 2000; Hariga, 1996; Vaurio, 1999). Most
of the optimal policies are derived based on average cost or reliability that are valid only
asymptotically. In general, the system reaching the limiting or steady-state, for example,
requires a long period of usage and usually it is not clear when its asymptotic results are
accurate enough.

Yang and Klutke (2000) studied some inspection schemes, in which they focused on
steady-state availabilities for several models under some inspection schemes. The
inspection policy defined is based on the availability of the system when it is required.
It is given as follows.

Suppose an inspection is carried out at-time ¢, and-this shows that a down state (or
failure) of the system has not yet occurred. We now have to schedule the next
inspection. Let ¥ be the random time to failure of the system. Then we schedule the next
inspection at time 7> £, where 7 satisfies

Pr{Y >1;¥ >t} =1-a. (1)

| Equation (1) says that the next inspection is scheduled so that, with probability 1-c, the
| system 1is still working and free of a failure prior to inspection. Let Fy (y) be the
| cumulative distribution function of the time to failure, where &is a known parameter (in
general, vector). Then the inspection times (7, 7, ...) can be calculated recursively in
the following way. It follows from (1) that

F,(zr,
Do), -a, j20, 2

Fy(zr,)
where E,(r) =1-F,(r), =0, E(ro) =1. It can be shown that (2) is equivalent to the
equation

1— E(TM) _ E(T/')_ E(T/‘—I) o l_FH(T,')"[l_FH(T,‘H)] _ FH(TM)_FG(T/) _
F)(z)) Fy(z) 1-Fy(z;) 1-Fy(r))

a, j20,

3)
that is, in other words, the probability that the failure occurs in the time interval (7,7;,)
without failure at time 7 is always assumed .
It follows from (2) that
Fy(z;,) = (1= @)F,(z)), J20. 4

With =0, 77, &, ... can be calculated recursively from (4). So that:
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Fy(r)=0-a), j=12,3,.., (5)
the time 7 (=1, 2, 3, ... ) is given by
r,=F'[0-a)], j=1,2.3,.. (6)

Let N be the random number of inspections until the failure occurs. Then

Pr{N < j} =Pr{YSri} =Fo(7)) (7

and

E(Ny =Y jPriN = i = 3 j[PrN > j—1}~PriN > j}]

0

=0 j

=Y P(N>j}=) Fr)=a. (8)

For example, if a=0.05 then, from (8), on average 20 inspections will be necessary.
Thus,

n=sup{t>0: Pr{¥>¢} 2 1-af, (9)

r=sup{t> 1. Pr{Y> £ Y> 1.} 2 l-a}, j22. (10)

This inspection policy is named as "quantile-based inspection policy”. It makes use of
the information about the remaining life that is inherent in the sequence of previous
inspection -times. The value of 1-& can be seen as "minmimum availability required”
during the next period when the system was still operational at last inspection time.
However, it is assumed in (Yang and Klutke, 2000) that the distribution of system
lifetime is known and the policy is used for a single system, that is, only one item is
inspected. In many cases, there can be several similar systems operating simultaneously
on one site or under the same environment. The distribution of system lifetime, in most
cases, is also unknown.

Lam and Yeh (1994) discussed a sequential policy and compared it with some
continuous strategies based on a finite-state continuous-time Markov model; see also
(Yeh, 1997). Brint (2000) discussed the problem of sequential inspection sampling for

148



B R T SR, o chSlan

maintained system and presented a Bayesian formulation. Chelbi and Ait-Kadi (2000)
also considered some general inspection strategies. These papers all deal with the case
of a single system.

In this paper, we develop a sequential inspection policy for the case when there are a
number of systems on the site or in storage. The condition of the systems is inspected
and failed systems are replaced or repaired in such a way that they become as good as
new. The time to the next inspection is determined based on the results of previous
inspections. Furthermore, the system lifetime distribution is not assumed to be known,
but incorporated into the analysis and decision-making. Availability criterion is

‘ discussed and numerical example is provided to illustrate the procedure.

‘ 2 In-Service Inspections of Multiple Systems

| We assume that there are m items (or systems) in the field and they are inspected at
the same, but discrete times. The following assumptions are used: (i) the inspections are
carried out at times 71, 7, ... ; and all m systems are inspected each time; (ii) failures are
observed only by inspection, and replacement or perfect repair is carried out for failed
systems; (iii) the inspection action does not intervene with the system if failure is not
found; (iv) the inspection time and repair/replacement time are negligible; (v) the
lifetimes of all systems have the same distribution with cdf F ().

| 2.1 Complete Information About Fy (y)

Let us assume that the parameter @ is known and 1-« is the required availability or
| the probability that the system is still functioning (i.e., it is in an operational state). Let

_J1, if a failure of the kth systemis detected at the jth inspection; (a1
k= 0, otherwise.

When the reliability function F,(z) of the kth system is known and there is only one

system k, then it follows from (4) that the time to the next inspection is Ajx which is the
solution of

E(Tj(k) +4A,4) =(1-a)Fy(7,4), 20, (12)

assuming Y = - = Yjo = 0, where 7y is the time of the jth inspection of the kth
system. To determine the time to the next inspection of all the m items (or systems) it
can be used the following criterion:

A, =minA . (13)

i<k<m
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Then the time of the next inspection of all the m systems is given by
=G4 (14)

In this case, every system in the field satisfies the minimum availability not less than
1-a when the system is operational on the last inspection time.

It will be noted that the time of the first inspection of all the m systems, 7;, can be
found from

Pr{min ¥, 27} =1-a, (15)

I<k<m

where Y} is a random variable representing a lifetime of the kth system, ke {1, ..., m}.
2.2 Incomplete Information About Fy (y)

" Let us assume that the parameter € is not known, but there is a sample of
observations X"=(X;, X3, ..., Xu) from Fy(x) as the results of tests conducted on the
similar systems. Let Y be the random time to failure of the system and Fy(y) = Fo(x).
After the jth inspection at time 7, the state of each system is observed and the state
vector is denoted by Y=(Yjq)s...,Yjm)). We summarize the information as

X""=(X", Yy, ..., Y)). (16)

Let W¥ = W(Yi5u,X""™) be an ancillary statistic (Nechval, 1982, 1984; Nechval et

j+l
al., 2000, 2001a, 2001b, 2002) whose distribution does not depend on 6, where Y is the
random time to failure of system &. The inspection times (74, ), -..) for only one
system & can be calculated recursively on the basis of relation

§ .wntjm _ n+jm
Pril, > 7,4 X" " =x"")

Pr{Y, > 7.1 iYe > Tiprs X7 = x"H/") =
k j+lk) Lk jlk)o Lyntjm _ on+jm
Pril, > 7,4y X =x"""}

k k. ygn+jm _ _n+jm
_ Pr{Wi+l > Wj+l’x =X }

= 4 —— =1-¢a, >0, 17
PI‘{W,k >wf;X”””’=x”””’} J ( )

where
WF= W(¥egaw.X"""), (18)
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k + ji k + jm
Wi =W s Ty X s Wi = Tk Ty X ), 19

Pr{Wy > wi;X" =x"}=1. In this case, for only one system k, the time to the next

inspection is Ajx which is the solution of (17) assuming Yig = - = Yjg) = 0 and
Tir107= Tkt k- To determine the time to the next inspection of all the m systems, it can
be used the following criterion:

Aj=minA,,. (20)
Then the time of the next inspection of all the m systems is given by
G= A (21

In this case, every system in the field satisfies the minimum availability not less than
1—a when the system is operational on the last inspection time.
It will be noted that the time to the first inspection, 77, can be found from

Pr-{]nzin Vo> X"=x"}=Pr{ >w; X" =x"} =(1-a), 22)
|
i where
W = W(lrrzin Y, X"), w=w(z,x"). (23)
3 Example

We consider in this example the problem of estimating the time to the first inspection
(or warranty period) for a number of aircraft structure components, before which no
visually detectable cracks in materials occur, based on the results of previous warranty
period tests on the structure components in question. If in a fleet of m aircraft there are
m of the same individual structure components, operating independently, the length of
time until the first visually detectable crack of the minimum size 4* initially formed in
any of these components is of basic interest, and provides a measure of assurance
conceming the operation of the components in question. This leads to the consideration
of the following problem. Suppose we have-observations of times X, ..., X, ..., X, to
initiation of the visually detectable crack of the size " as the results of tests conducted
on the components; suppose also that there are m components of the same kind to be put
into future use, with times Y, ..., Y}, ..., Y., to visually detectable crack initiation. Then
we want to be able to estimate, on the basis of Xj, ..., Xj, ..., X,, the shortest time Y,
among the times Y1, ..., Yy, ..., Yy, to initiation of the visually detectable crack of the size
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a’. In other words, it is desirable to construct lower simultaneous prediction limit (or

the time to the first inspection), 7;, which is exceeded with probability 1-a by
observations or functions of observations of future sample consisting of 77 units. In this
example, the problem of estimating Y{;), the smallest of m observations from the
| underlying distribution, based on an observed.sample.of n observations from the same
| distribution, is considered. A solution is proposed for constructing a lower simultaneous
| prediction limit, 7;, for Y(;). The results have direct application in reliability theory,
| where-the time until the first failure in a group of m items in service provides a measure
| of assurance regarding the operation of the items.
| Here we consider also the problem of sequential inspections. Attention is restricted to
| invariant families of distributions. The technique used here emphasizes pivotal
| quantities relevant for obtaining ancillary statistics. It is a special case of the method of
| invariant embedding of sample statistics into a performance index (Nechval, 1982,
| 1984; Nechval et al., 2000, 2001a, 2001b, 2002) applicable whenever the statistical
| problem is invariant under a group of transformations that acts transitively on the
| parameter space (i.e. in problems where there is a unique best invariant procedure). The
analysis of problem considered here is easily seen to be invariant under location and
scale changes.

3.1 Data Model

Let Z'=(Z;, Z», ..., Z,) be a random sample of observations

7 - ln[a,v(Tj(i))/ai(z-j‘i(”)]

il

=1(m; =1, (24)
Tith = T

is the size of the crack which was detected at the time of flight hours gz in the ith
component. It is assumed that cracks start growing from the time the aircraft entered
service, i.e. =0, and a( 7;))=a( n) (an initial crack size) is approximately between 0.02
and 0.05 mm that was found through quantitative fractography for typical aircraft
metallic materials (Barter et al., 2005). Choosing a typical value for initial crack size
(e.g., 0.02 mm) is more conservative than choosing an extreme value (e.g., 0.05 mm).
This implies that if the lead cracks can be attributed to unusually large initiating
discontinuities then the available life increases.

Let us assume that Z;, Vi=1(1)n, follows the Weibull distribution with the cumulative

|

|

|

|

|

|

| from fatigue tests on a particular type of structural components of aircraft, where ai zjs)
|

|

|

|

|

|

|

|

|

| distribution function
|

|

|

o
Fy(z) = {:)_ exp[—(z;/0)’], z; >0, 55

" otherwise,
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where 6=(0o;,0), the parameters o and & (0>0, 8>0) are not known. For instance, consider
the data of fatigue tests on a particular type of structural components of aircraft IL-86
given in Table 1. The data are for a complete sample of size n =7.

Table 1: The data of fatigue tests on a particular type
of structural components of aircraft IL-86 for a( 7)=0.02 mm initial discontinuity

r > Gl )
| Component Flight hours 4 1 g ’
| i (x10%) alnpy=a” | alw) Z L
, @m) | (mm) |
| 210) | | |
1 46 2.0 002 | 1.001124 |
~
] H
| 3 53 2.0 0.02 - 0.3689
f
3 5.7 2.0 [ o002 | 0807925 |
- ; |
| ! 4 6.2 2.0 0.02 | 0.742769 |
| ( ;
‘ | 5 6.4 2.0 | 0.02 0.719558 |
l T , ,
} , 6 6.9 2.0 .0 | 0.667416 |
r T '
| r 7 7.9 2.0 0.02 | 0.582933
| ]
|
|

3.1.1 Goodness-of-Fit Testing

We assess the statistical significance of departures from the Weibull model by
performing empirical distribution function goodness-of-fit test. We use the S statistic
(Kapur and Lamberson, 1977). For complete datasets, the S statistic is given by

nz—] ln(z(i+l) /Z(i)) i ln(z(,q,;) /z(,'))
M & 0.68

_ i=[n/2]+] i _ =4 i

M, M

i=1 { i=1 i

(26)

The values of M; are given in Table 13 (Kapur and Lamberson, 1977). The rejection
region for the « level of significance is {S>Sy;1.}.The percentage points for Sy were
given by Kapur and Lamberson (1977). For this example,

5=0.68 < S)—7. 1-2=0.95=0.8. (27)
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Thus, there is not evidence to rule out the Weibull model.
It is well known (Nechval et al., 2003) that if S , 0 are maximum likelihood estimates
for 6, o from a sample of size n, then the quantities

W, = Sln(—Z}J, i=1,2,...,n-2, (28)
o

form a set of n—2 functionally independent ancillary‘ statistics.
3.2 Time to the First Inspection

Let us assume that we deal with a fleet of the m aircraft, which are entered service.
Then it can be shown that for the single structural component of each of the m aircraft
with a(7)e(0.02, 0.05) at the time 7=0, the first inspection time (or warranty period),
71, is given by

_ Infa*/ a(zy)]

- ? (29)
aexp(w/8)

with w which satisfies
PriY, > 132" =2"} =Pr{W <w;Z" =2"} =1-Pr{W > w;Z" =2"} =1 ¢, 30)
where

W =5 (1 In[a" /a(ro)]\ 31)

0 Yo

is an ancillary statistic whose dxstrlbunon does not depend on the unknown parameters &
and o (Nechval et al., 2003), 4" is the initial size of the visually detectable crack, Yy is

the minimum time to initiation of this crack in the above components, &and & are the
MLE’s of o and &, respectively, and can be found (by a fixed point iteration) from

solution of
N /6
n

-1
’\_ idd 6 n J_ _—l— n
5= (Zz,- lnz,)(\Zzi] ”Zmz,. . (33)
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3.3 Sequential Inspections

Let us suppose now that an inspection is camed out at time 7, and this shows that the
visually detectable crack of the initial size a" has not yet occurred. We now have to
schedule the next inspection. Then the inspection times can be calculated recursively as

# =
T =7;+ min [M}, (34)

isksm &, exp(wh.,/5))

where ay(7) is the crack size which was found (say, through quantitative fractography)
at the time of flight hours 7 in the kth component, ke {1, ..., m},

a(ry) < max ak(rj)<a#, 35)
1<k<m
wj;, is determined from
Pri¥, > 7, 2" =2" ")
PT{YA > 2_j’Zn+./m - zn+./M}

. n+jm _ _n+jm
PriY, >7,,pY > 7, 27" =2" "} =

n+jm __ n+jm k n+jm __ _n+jm
P, <wh 2 ="y =P, > w2 =2

— - =1-a, (36
Pr Wk < M’-,Z"+"m :zn+1m} 1-Pr va > wrk.,er-jm :zn+jm ( )
/ ] J J

L2720y oy Zny ZAD), ey Zin1)s ooy ZiE)s ooy ZaD), <y Z1())s - -5 Z))

= (Zl‘! eesy n+/m), (37)
Zk(l‘) = ln[ak(rr)/ak(fr—l)]’ k=l(l)m, r___l(l)l’ (38)
T, -7
- n[a*/a(z, P nla*/a, (z._)|)
wh=f] L A s gl L0 R (e (39)
B G/ e R I a2
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Pr{Wlk > Wj;Z'Hjm — Zn+jM}

n+ jm

® s6; 3 inlz/6,) n+ jm
J'Sn+jm—ze i~ B e“"/ + Z 58 inz

0

—(n+jm)
J ds
8 (40)

n+jm
= = J

\i=l

| In[a*/a(z, )]] v

c; Y-z

j+[ :5 h’l[

Priwt, >

/+I ;+1*

- nt+jm

(n+jm)
‘& ; In n+jm  _ .
Jlsn+jm~leA i 2 ( )[ Z ewi ln(z,' /0’/)) o
0 /

n+jm __ n+jm
YA

-
Lo gt iR

© s 2./ n+jm
— E‘m(.,,a, - M . inle;
S e e +

0

>

—(n+jmj)

ds

& _ n+jm ( ) i
- $0 In{z; /o; ) "tm - )
n+jm-2 "/ E] L §O ln(:,- lo; )
S e e
0 i=l /

. , (42)

\—(n+jm)

ds

0 ;and é s which are the MLE’s of o and 4, respectively, can be found (by a fixed point

iteration) from solution of

(43)

"A= éj | n+jm7$j _]- 1 n+jm |
5;=|| X z'Iz | >z — Yz | . (44)
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4 Conclusions

In this paper the model in (Yang and Klutke, 2000) is extended to the case of
multiple systems. Under availability requirement, sequential inspections are obtained to
ensure that the availability is at the required level. Sequential inspections are important,
especially during the set-up and installation stage. Frequent inspection leads to a high
cost and infrequent inspection will lead to low availability of the system upon demand.
Although the cost might be an issue in this type of analysis, the focus here is to meet the
availability requirement with an appropriate time to next inspection.

The sequential inspection procedure and decision making procedure studied in this
paper allows an appropriate level of availability to be reached with minimum cost as
well. Furthermore, we do not assume the distribution of system lifetime to be
completely known which is usually the case. The information from the inspection can
be used to determine the parameters of system lifetime distribution. Hence, such a
combined estimation and decision-making analysis is important and useful in practice.

Although the procedure proposed in this paper can be implemented easily, there are
several interesting questions that could be raised. Since the estimation for parameters of
the lifetime distribution is required at the beginning, one could investigate different
estimation methods and also investigate the effect of the estimation error. A common
assumption is the independence of the failures and the case of dependence is of
interesting. Modelling of the dependence is generally difficult, as specific models
describing the degree of dependence will be needed.
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