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Abstract

The notion of ordered system signature, originally defined for independent and identical
coherent systems, is first extended to the case of independent and non-identical coherent
systems, and then some key properties that help simplify its computation are established.
Through its use, a dynamic ordered system signature is defined next, which facilitates a
systematic study of dynamic properties of several coherent systems under a life test. The
theoretical results established here are then illustrated through some specific examples.
Finally, the usefulness in the evaluation of aging used systems of the concepts introduced
is demonstrated.
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1. Introduction

For coherent systems consisting of n independent and identically distributed (i.i.d.) compo-
nents with an absolutely continuous lifetime distribution, the system signature was originally
defined in [22] as a vector s = (sq, ..., S,), Where s; is the probability that the system fails
due to the failure of the ith ordered component. The system signature plays an important
role in describing structures of reliability systems, and it can be more efficient than the tra-
ditional structure function for some large complex systems. Comparisons between different
system structures can be carried out based on stochastic orderings of their corresponding sys-
tem signatures [15], while transformation formulas for signatures of different sizes established
in [21] facilitate the comparison of systems with different numbers of components. Elaborate
discussions on the theory and applications of system signature can be found in [23], while
comparisons of different computational methods for system signature can be seen in [31].

Some other concepts related to system signatures have also been introduced based on dif-
ferent types of systems; for example, maximal/minimal signature for coherent systems with
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exchangeable components [19], dynamic signature for used working coherent systems with
known numbers of component failures [24], joint signature for two coherent systems with
shared components [20], survival signature for coherent systems with multiple types of com-
ponents [6], joint survival signature for multiple coherent systems with multiple types of shared
components [7], ordered system signature for several independent and identical coherent sys-
tems under a life-testing experiment [5], and progressive censoring signature for coherent
systems with censoring plans [8, 9]. For multi-state coherent systems with binary/multi-state
components, concepts such as multidimensional D-spectrum [13], bivariate signature [10],
multi-state survival signature [12, 29], and multi-state ordered signature [28] have also been
introduced and studied in detail by a number of authors.

In the present work, we mainly focus on the notion of ordered system signature due to
[5], which is quite useful in developing inference for component lifetime distribution based on
system lifetime data [26, 27]. This concept was originally defined in [5] for several independent
and identical coherent systems under a life test, but the assumption of identical systems is really
not necessary. Here, we first extend this notion of ordered system signature to the case of
independent and non-identical systems, then use it to develop the concept of dynamic ordered
system signature, which is then used to study dynamic properties of coherent systems.

To investigate residual lifetimes of used systems, [18] considered representations of their
reliability functions and found that the residual lifetime of a used system is indeed a mixture
of residual lifetimes of several k-out-of-n systems. As in [18], but under a particular con-
dition on the number of failed components, [24] introduced the notion of dynamic signature
through distribution-free coefficients of the reliability representation for used working systems.
Similar concepts and related properties of used coherent systems were further investigated in
[17] under different conditions on the system lifetime. Subsequently, different types of used
systems have been investigated using some concepts similar to dynamic signature, such as
networks under nonhomogeneous Poisson processes [32], three-state networks under differ-
ent conditions on system and components [1], coherent systems with dependent components
[11, 14], and multi-state coherent systems with shared components [30]. More discussions on
related stochastic ordering results can be found in [16, 25].

In this paper, some properties of used coherent systems are studied using a newly intro-
duced concept called dynamic ordered system signature, which is defined in terms of a general
ordered system signature based on independent and non-identical coherent systems under a
life-testing experiment. The rest of the paper proceeds as follows. In Section 2 we first extend
the notion of ordered system signature to independent and non-identical coherent systems
and then establish some of its key properties which assist in simplifying its computation. In
Section 3 we propose the dynamic ordered system signature that is useful in studying dynamic
properties of several coherent systems under a life test. Next, in Section 4, we present several
examples to illustrate all the developed results. An application of these concepts to the evalua-
tion of aging properties of used systems is demonstrated in Section 5. Finally, we present some
concluding remarks in Section 6.

2. Ordered system signature for independent and non-identical systems

Based on a life test of several independent and identical coherent systems, [5] introduced
the concept of ordered system signature as follows.

Definition 2.1. (Ordered system signature.) For a life test of n independent and identical coher-
ent systems, each of which has m i.i.d. components and a common system signature s, the
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ith i=1,...,n) ordered system signature is defined as the vector s(:"") = (s(li:"), s ")),
where, forj=1,...,m,

5 Zp[ in:X(k)} ZIE”{ Tin =X | Tin = }

is the probability that the ith ordered system failure corresponds to a system that failed

due to its jth ordered component failure. Here, for system k (k=1, ..., n), component life-
times X(k) Xf,]f) are assumed to have a common continuous distribution function F, and
Xgl?n, .. X,(,’f m are the corresponding ordered (in ascending order) lifetimes; similarly, the
system llfetlmes Ti, ..., T, are ordered (in ascending order) as T1.,, . . ., Tp:p-

Even though this definition was given in [5] for the case of independent and identical coher-
ent systems, it can easily be directly extended to the case of independent and non-identical
coherent systems of the same size, and then subsequently to independent and non-identical
coherent systems of different sizes by using the idea of equivalent systems and related trans-
formation formulas developed, for example, in [21]. The use of equivalent systems, of course,
hides information about components in the systems, such as the expected number of failed
components and possible maintenance policies in the original system. However, since equiv-
alent systems of the same size share the same system lifetime distribution and component
lifetime distribution, the generalization can be quite useful for describing system structures
and in developing statistical inferences. Here, we first discuss some important properties of
ordered system signature for the case of independent and non-identical coherent systems.

Let us consider a life test of n independent coherent systems with all their components i.i.d.,
and assume that they can be divided into N groups according to their equivalent systems of size

m, namely, the k; systems in each group i=1, ..., N have the same equivalent system with
m components and a system signature s = (s<1’), e (’)) Note that m is often chosen to be
the largest number of components in the n independent coherent systems. Also, k; € {1, ..., n}

foralli=1,..., N, with Y%, k; = n, and s are different for different i (i=1, ..., N). The
component lifetimes and the system lifetimes are defined and ordered exactly as explained
in Definition 2.1. Then, along the lines of [5], associated properties of their ordered system
signatures can be presented. The first of these is the distribution-free property, as established
in the following proposition.

Proposition 2.1. The ordered system signature s = (s(li:"), R sﬁ,’;’” ) is a distribution-free

measure, i.e. free of the underlying component lifetime distribution F.

Proof. In each group i=1, ..., N, assume that there are /;; (j=1, ..., m) of the k; i.i.d.
coherent systems that failed due to the jth ordered component failure. Evidently, all possible
combinations of those /; j can be given as

Lr={=(ij, 1<i<N, 1<j<m):lj1+--+lj,=kforalli}.

Then, as in the discussions of [5], (i 1, - . ., l; m) are distributed as multinomial with parameters
(kl,s(l) .. sf,?) i=1,...,N,sothat,fori=1,...,Nandj=1, ..., m we have

m lwr
0 = Zp;l’})-ni(zw,l,.. lwm)ﬂ }

lely w=l1
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where pj(.i‘";) is the conditional probability that the ith system under test failed due to the jth
ordered component failure, given a fixed value of I, that is, given that [; =1; j +---+ Iy

(G=1,...,m)systems failed due to the jth ordered component failure. Note that p( ") depends

onl only through /1, ..., I, which means that it can also be denoted as p(" ';) Iy Clearly,

p(l?) can be expressed as probabilities of orderings of X,(f)m, which are independent of the

component lifetime distribution F. Hence, the proposition. O

According to Proposition 2.1, the ordered system signature s can be computed directly
from system signatures sV, ..., "), The required computation can be simplified by utilizing
some properties of the conditional probabilities pj(.l‘:;') presented in the following lemma.

Lemma 2.1. Foranyi=1, ..., n, the conditional probabilities pj(.ili?), j=1, ..., m, satisfy the
following:

(i) Forlij+---+Iyj=n, we have pJ(.’lz;') =1;

(i) Forlyj=---=Iy;=0, we have pj(.'lz?) =0;

(iff) Y7y Py = Yoy b
@iv) p(’ ) —p’(Z:;ill:lnr)evl, whererevl=(l; ;,_j;1, 1 <i<N, 1 <j<m)is simply the reverse
ordering ofl=(;j, 1<i<N, 1<j<m).

Proof. (i) I j + - - - + Iy j = n means that all failures of the n coherent systems are caused

by the jth ordered component failure, which clearly implies that the ith failure is in them, i.e.
(i:n)

Piyi = L.
(11) l1j="---=Iy;=0 means that all failures of the n coherent systems are not caused by
the jth ordered component failure, which clearly implies that the ith failure is not in them, i.e.
(itn) _
P =0.
(iii) Given the value of I, there should be levzl lsj G=1, ..., m) failures among the n

coherent systems that are caused by the jth ordered component failure. The same number can

also be given as > i, p](l| ';) (with p(l| ;l) =1 for the case that the ith ordered system failure is

caused by the jth ordered component failure and pj(.T’;) = 0 for the case that it is not, under any
possible realization of related order statistics), leading to the fact that "}, p(" ';) e Zﬁv 1 Lsj

@iv) p ‘ l ) is the probability of a class of orderings of n order statistics from distribution F.
If we use a transformation X — M — X (where M is a large positive number greater than all
the realizations of the order statistics) to reverse all the realizations of order statistics, then
the ith smallest one in each ordering will become the (n — i 4 1)th smallest one, and each
system that failed due to the jth ordered component failure would then become a system that
failed due to the (m — j + 1)th ordered component failure. This then implies that, for any i =

I,...,N, if there are [;; (j=1, ..., m) systems that failed due to the ordered component
failure before the transformation, then following the transformation there will be /; j,—jy1 (=
1, , m) systems that failed due to the jth ordered component failure. Now, as the probability

(itm) -

pj|; is distribution-free, we will clearly have p(’ ) — plnihln

11 =Pm—jt1|revi- Hence the lemma. O
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Based on Proposition 2.1 and Lemma 2.1, we can simplify the computation of ordered
system signature in the following manner.

Corollary 2.1. For any signature vectors sV, ... sM), foralln=1,2,...andj=1,...,m
we will have sJ(1 M= s?n:n) =0 if and only ifSJ('l) =...= SJ(N) =0.
(1) (N) . .
Proof. For §p == = 0, the terms in the expression
- I
(l ”) (i:n) (w)]w.r

Zj” {(Wla"' lwm)l_[[sr] }

le Ly ’ r=1
can be classified into two classes: forl € Ly such that/; j = - - - = Iy ; = 0, corresponding terms

(i:n)

will all be 0 w1thp = =0 according to Lemma 2.1(ii), and for [ € Ly such that ZW 1w #0,
the corresponding terms will all be 0 with

N 1 N
l—[ [s](w)] Wi _ [s](_l)]Zw=1 bei — 0.

w=1
Then, it is clear that we have s; =0 for any i, i.e. s(l m -~:sj(.":") =0.
For sj(1 ")_---=s](.":”)=0, we have
n n N m
_ (im) _ (i:n) . Loy
-4 S| 11 {( )H }

i=1 tecy Li=1 w=1 r=1
N N m

lely \s= w=1 UATEERS r=1

N . ) y
s=

s=lpef, r=1
since vectors I € /35 ={Us1, - s lsm) ls1+- -+ n=ks are distributed as multino-
mial with parameters (k;, sgs) . (S)) for s=1, ..., N. Then, we clearly have s( )=
sj(»N) =0. O

In addition to the above-stated properties, there are also some other interesting sym-
metry properties for ordered system signatures that could be used to further simplify the
computational process.

Proposition 2.2. The ordered system signatures sV ..., "™ satisfy

n N
Z s — Z kis®, rev s = (rev 5) I i=1,...,n,

where s = (sV, ..., s™) and revs = (revsV, ... revs™), with revs® = (sﬁ,‘?, o s(f))
(s=1,...,N) given by the reverse ordering ofs(s) = (s(ls), . s,(ﬁ)).
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Proof. From the proof of Corollary 2.1, we have

no N
Zsj(t.n)zzkss(_s)’ j=1,...,m,
i=1 s=1

which clearly leads to 37, 5@ = Y | ks This means that the summation of all ordered
system signatures equals the summation of all system signatures of the original equivalent
systems of size m.

From the formula of sj(-i:") (i=1,...,n, j=1,..., m)in Proposition 2.1, we have
N k - I
(n—i+1:n) __ (n—i+1:n) . w (w)7bw.r
Sm—j+1 mefjJrlll 1_[{<lwlv-~-’lwm>l_[[sr ] }
Ly w=1 ’ M) =1
N k m .
(i:n) w (w)]tw.r
—Zp|revl l_[{<lwl,--‘7lwm>1_[[Sr] }
lely w=1 ’ ’ r=1
=3 . H ki ﬁ [ 1 = rev
pjll lwla---slwm Sm—r+1 - reVSj ’
le Ly w=1 ’ ’ r=1
which leads to rev s = (rev )10 (=1, ... n). O
Corollary 2.2. If the system signatures sV, ..., s™) are all symimetric (i.e. sO =revs? forall
i=1,...,N), then the ordered system signatures satisfy rev sm = gn=i+ln) G — 1  N).
Proof. This can be established directly from Proposition 2.2. O

The ordered system signatures also possess another important property: stochastic orderings
between them, as presented in the following proposition.

Proposition 2.3. For any 1 <i| < iy < n, the ordered system signatures s o gln) satisfy
the stochastic ordering s/ <g s In addition, if s\ > s for any 1 <iy <ip <n,
then sV = ... =sW) js the signature of a k-out-of-m system.

Proof. For 1 <ij < iy <n, the property that s < g1 cap be proved similarly to [5,
Proposition 3], and the only change caused by the difference in system signatures sV, . .. s®¥)
is in the formula for probability C(S, u, v, jy, jr). For this reason, the corresponding proof is
omitted here for brevity.

If s > s for any 1 < i < iy <n, then clearly we have s(17) =527 Let «;, s =

1, ..., N, be the smallest k such that s,(:) > 0, and « be the smallest among the kg, s=1, ..., N.
We then have
il k - l
_ i) (i) _ (rn) (i) w (w)7bw,r
o= = 3 (7 ) T (1, 2 ) TTEE0)
lely w=1 ’ ’ r=1

To prove k1 = - - - = ky = k, we assume that there exists at least one «; such that x5 > k. Let
Il be such that [; ., =k; (i=1, ..., N). Then, by an argument similar to that in [5], we have
pf(”ll" ) _ p,((lzll" ) > 0, which implies an impossible result that [[Y_, (s,((v:) )" =0,ie. so) =
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S%) = 0. Thus, we conclude that k| = - - - = ky = k. As discussed above, forany s=1,..., N

and any k <k, <m, letl be such that lS,,(é =k and l; , = k; (i # 5), and we then have

N
1 T 61 <o

w=1
i.e.s‘;‘?zo. This implies that s*) = (0, ...,0,1,0,--- ,0)foralls=1,...,N. O
s N —’ N ——
k—1 m—K

3. Dynamic ordered system signature

As mentioned in Section 2, the concept of ordered system signature is applicable for inde-
pendent and non-identical coherent systems of any sizes. In this section we introduce a new
concept, called dynamic ordered system signature, which will be useful in examining dynamic
properties of used coherent systems.

Consider a life test of n independent coherent systems with all their components being i.i.d.,
and assume that they can be divided into N groups such that the k; systems in each group, i =
1, ..., N, have the same system size m; and the same system signature s = <s(ll), e, sg,l,),)
Note that k; € {1,...,n} forall i=1,..., N, with Y%, k;=n, and the s? (i=1,...,N)
are different for different i. The component lifetimes and the system lifetimes are defined
and ordered exactly as explained in Definition 2.1. Let us further use E(t), k= (k;j, 1 <
i<N, 1<j<m),to denote the event that there are k;; i=1,...,N, j=1,...,m;) work-
ing systems in group i with exactly j working components at time ¢, i.e. there are exactly
ko=n— YN, 3" ki failed systems at time 7 with 0 < Y kij<kfori=1,...,N.Let
n= vazl ;’n=[1 k; j be the total number of working systems at time ¢, m =sup{j: k;; #0, i=
1,...,N, j=1,...,m} denote the largest number of working components in each of the n
working systems at time #, and 71; = min{m;, m} denote the smaller number between m; and m.
Then, the concept of dynamic ordered system signature can be introduced as follows.

Definition 3.1. (Dynamic ordered system signature.) The ith i=1, ..., n) dynamic ordered
system signature is given by s 1% = (sgl o sg,l,‘k)), where, forj=1,...,m,

n n
10 = 3 P Tistgn = X0 1B} = 3P| Tostgn = Xy | B0, Tigagon = Ti}
k=1 k=1
is the conditional probability that the failure of the (i + ko)th system corresponds to the failure
of a system whose equivalent system (of size m) at time ¢ fails due to the jth ordered component
failure, given that there are k; j (i=1, ..., N, j=1, ..., m;) working systems in group i with
exactly j working components at time ¢. Here, for system k (k=1, ..., n), the component
lifetimes )?ik), R f(,(,f) of its equivalent system (of size m) at time ¢ also have a common

continuous distribution function F and are ordered (in ascending order) as Xikr)n, o ,)~(,(,]f;)m,
and similarly the (equivalent) system lifetimes T4, ..., T, are ordered as T1.,, . . ., Tpp-

Then, along the lines of Section 2, some properties of dynamic ordered system signature
can be presented as follows.

Proposition 3.1. The dynamic ordered system signature @10 = (s(lilk), ey sﬁ,ilk) ) is
distribution-free, i.e. free of the underlying component lifetime distribution F.
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Proof. Given event Ey(t), there are =Y\ | Zm’ kij=Y"N, ZJM:’] ki j working systems
in the life test at time ¢. For the k;; i=1,...,N, j= 1, ..., m;) working systems in group
i with exactly j working components and m; — j failed components, according to [24], their

dynamic signature can be given from the system signature s = (s(li), . S%) as
- 1 . .
) — ® (0
s — — ik (sn1i7j+l, e, s,ﬁ,i),

Zw:mi —j+1 Sw

with the corresponding component lifetime distribution F being the left-truncated form of
F given by F(x| ) =[F(x) — F(®)]/[1 — F(?)], x > t. According to [2], the signature of their

equivalent system (of size m) at time ¢ is given by §E) — (5(]["[), e, ng,’j)), where, for
r=1,...,m,
min{j,r} EON -1
= 3 _ Tmimitl  fm r=1\(m-r}|
r Zmi s(l) Jj [—1 j—1
I=max{1,j+r—m} w=m;—j+1 "W
Then, the distribution-free property of s¢ 1% = (s(lilk), RN sﬁ,i,‘k)) follows directly as s(l‘k)
(G=1,...,m)can be expressed as
N my m p
(k) _ (ik) ~(u,v) v,
Sj _Z]‘l nl—[{(uvls---’luvm)l_[[sr ] }’
lely u=1v=l1 o r=1

with p( |‘l ), I € Ly, as defined in Proposition 2.1,

£k:{l:(lu,v,r» I1<u<N, 1=<v=<my, 1frfm):lu,v,l+"'+lu,v,m:ku,vforalluvv},

and p( ') is the conditional probability that the failure of the (i 4 ko)th system corresponds to
the fallure of a system whose equivalent system (of size m) at time ¢ is due to the jth ordered

component failure, given a fixed value of [, i.e. given that [; = ZQI 1 Z'h‘ LuvjG=1,...,m)

systems failed due to the jth ordered component failure. Note that p(llll ) depends on / only

through [y, ..., 1, and is independent of k, which implies that it can also be denoted as

p](l| ';1) . Clearly, similar to Proposition 2.1, p(l| b i independent of the component lifetime
dlstrlbutlon F. Hence, the proposition. U

As in Corollary 2.2, the elements in the dynamic ordered system signatures s1o),
, 8710 are zero if and only if the corresponding elements in the system signatures

s s™ are zero.

Proposition 3.2. For any signature vectors sV, ... s™ for all n=1,...,n and j=
1, , m, clearlys( L2 '=sj(.mk) =0 lfandonly lfku v§(” v =0forallu=1,...,N and
v=1,...,m ie max [ku,mﬁl,[, R ku,min{rhu,mu+j—l}] ~sl :Ofor allu=1,...,N and
l=max{l,my, +j—m}, ..., my

Proof. As for Proposition 2.2, we can prove that s(1 L

if 5 =0 for all u=1,....N and v=1,.... 7, suchthatk,”>1 ie. ks =0.
u,v)

=0 if and only

Then, from the expression of S“J( it is clear that k, s]("’v =0 is equivalent to

https://doi.org/10.1017/jpr.2022.110 Published online by Cambridge University Press


https://doi.org/10.1017/jpr.2022.110

990 H. YI ET AL

(1)

() _ _ _ ~(u,v) __
ku,vsmax{me]’mﬁjfm} =...= ku»vsmin{mu,mrwj} =0. Then, for fixed u, ku,vsj =0 for
all v=1, ..., m, should be equivalent to ku,vsg") =0 for all v, [ such that max{m, —v +
1, my +j—m} <l <min{m,, m, —v+j}, ie. max{ku’mﬁ]_l, e ku,min{,hu‘mﬁj,[}} . sﬁ“) =
O(=max{l,my, +j—m}, ..., my).

Similarly, as in Proposition 2.3, the dynamic ordered system signatures s 10 s@1©)
are also stochastically ordered, and any two of them are the same only when the corresponding
elements in the system signatures sV, ..., s®™) are zero.

Proposition 3.3. For any 1 <ij <i» <fi, the ordered system signatures satisfy s/ 10 <
s@10 - addition, if s10 > s@10 for any 1 <iy <ir <h, then §*Y s the signature

for a k-out-of-m system, for all u=1,...,N and v=1,...,my such that k,,>1, ie.
max{Ky, m,+1—1» - - » Ku,min{iig, mu-+i—1) ) - sﬁ”) =0 for all G=1,...,6c—1,c+1,...,m, I=
max{1, m, +j—m}, ..., my).

Proof. As in Proposition 2.3, for any 1 <ij <i» <7, we can prove that s(110 < g2 16
and §%" is the signature of a k-out-of-m system forallu=1,...,Nandv=1, ..., m, such
that &k, , > 1, if U] >t s@ 15 Then, from the expression of EJ(-”’V) , it is clear that, for any

fixed u, ky,3*” =0 (v=1,... 7y, j=1,....k — L.k +1,.... m), which is equivalent to
ku’vsgu) =0, for all v, [ such that max{m, — v+ 1, m, +j — m} <[ < min{m,, m, — v + j}, with
any j=1,....,c =1L k+1,....m, ie max{kim1-1: - - - Kuminie,metj—1) | -sE”) =0 (=
..., —Lk+1,...,m I=max{l, m, +j—m}, ..., m,). Hence, the proposition. O

4. Some illustrative examples

In this section, for a clear understanding of the theoretical results established in the pre-
ceding sections, we discuss the computation of the dynamic ordered system signatures for
two independent coherent systems (System 1 and System 2) with three components, when
they are both series-parallel systems with a common signature s = (%, %, O), parallel-series
systems with a common signature s = (O, %, %), and parallel systems with a common signa-
ture s = (0, 0, 1); and when they are a series-parallel system and a parallel-series system, a
series-parallel system and a parallel system, and a parallel-series system and a parallel system.
Assume that both systems are working at time ¢. Then, for example, we shall consider the
number of failed components in each system to be as follows:

Case 1: There is no failed component in any of the two systems at time ¢, i.e. kj; =0, kj2 =0,
k13 =1 and k1 =0, ko =0, ko3 = 1, for which case the pertinent calculations are
presented in Example 4.1.

Case 2: There is no failed component in System 1 but one failed component in System 2, i.e.
k11 =0, k12 =0, k3 =1 and k31 =0, kpp = 1, kp3 =0, for which case the pertinent
calculations are presented in Example 4.2.

Case 3: There is no failed component in System 1 but two failed components in System 2, i.e.
k11 =0, k12 =0, k;3 =1 and k1 =1, kpp =0, ko3 =0, for which case the pertinent
calculations are presented in Example 4.3.

Case 4: There is one failed component in each of the two systems, i.e. k;; =0, k12 =1, k13 =0
and k>1 =0, k22 =1, ko3 = 0, for which case the pertinent calculations are presented
in Example 4.4.
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Case 5: There is one failed component in System 1 but two failed components in System 2, i.e.
k11 =0, kijp=1, kj3=0 and ky1 =1, kpp =0, kp3 =0, for which case the pertinent
calculations are presented in Example 4.5.

Before presenting these five examples, we need to provide some basic discussions first. For

System i with signature s = (s(') 5(2') , sg)) (i=1, 2), according to [24], its dynamic signature

with two failed components and one failed component are given by s¢-1) = 1 if s(3i) # 0 and

() (t)
§02 [ %2
EORCURON.

# 1, respectively. Also, from [21], system signatures of their equivalent systems with

if 5\

1 1
three components are given by §*-" = (1, 1, 1) and
(1) (@)
25, 1 25,
3[s(21) + sg’)] 3 3[s(2’) + sgl)]
respectively. Moreover, as presented in [5], Systems 1 and 2 have their ordered system

(S(11:2)’ S(21:2)’ s(;:z)) and s@? = (S(12:2)’ (22 2, §2 2)) where

502

signatures as s(1'? =

. 4 19
12 = 052 1 2[00 1 o2 DL 4 05

1 4
sgz):_[s<11>s<22>+s<21)s<12)]+ (D | 5[ QNI g2>]’

5
9 210[ ONCION <2)]+é[s(21)s(32)+ gl)s(22>]+sgl> @,
§2D _ (D@ ;[ (0@ | (D (2>] " 210[ (@ 4 (D <12>],
§22 ‘5‘[ SECIOR (12>]+ D@ ;[ SECIOR (2>]’
§2 ;g[ ORCION (2>] n ‘g‘[s<21>s<32)+ 5 (2)] OGS

For the computation of dynamic ordered system signatures, the probability that an order
statistic X;.,, is less than another order statistic X,’:m when they arise from two indepen-
dent groups of m i.i.d. component lifetimes with the same distribution F' can be given, for
i=1,...,mandj=1, ..., m, withm=2, 3, as follows:

P{Xiym < / < ) P " ()P (X < x} dF(2)
0

( ) FlF= ’@Z( )Fk(x)Fm_k(x) dF(x)

k=i
1

f
£ s
L)
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TABLE 1. Probabilities P{X;., < Xjun)} fori=1,...,mj=1,...,
J

m i 1 2 3
1 : 2 NA
2 i 3 NA

1 4 19

3 1 3 3 0

1 1 4

2 5 2 5

1 1 1

3 20 5 3

TABLE 2. Values of p](.ilzi) bl for different i, j and [y, >, [3.

H. YI ET AL

m,m=2,3.

(, b, 1)

i j (200 (0,20

0,0,2) (1,

Lo (1,

0,) (@O LD

I 1 1
2 0
3 0
2 1 1
2 0
3 0

0
1
0

0
0
1

S wi= vk

S vk wi=

o e

g-

o 8-

Sl
(=] Ne)

D= Uil

(=)

[N

which is clearly free of F, i.e. the probability remains the same if F is replaced by F. (See
[2, Lemma 1] for an alternate proof.) Table 1 presents values of these probabilities (with NA

meaning ‘not applicable’).

Then, according to the discussions in Proposition 3.1, for m = 3 (Cases 1-3), we have

P(1]|:2 0,0) :pﬁ:g 0,0) zp(zl\% 2,0) =P(22|:%()) 2,0)
A0 =P5 10 = PXis < X23) = 4,
P =P = PXis > Kas) = L,
P(llﬁ 0,1) —P(32|2 0.1 = P{X13 <Xs3} = 5.
Pﬁ?? 0.1) —Pgl&l oy =PiX13 > X3} = 55,
p(21|?())1 1)—p§2|%01 1y =P{X2:3 <X%3}—%,
p(22|%()J L1 —pgl|%()> 1.1 = P{X2:3 > X33} = %
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TABLE 3. Values of p}"i) I for different i, j and [y, I».

(i, )
i Jj 22,0 0, 2) (1,1

1 1 1 0 2
2 0 1 i
1
2 1 1 0 5
2 0 1 2
and p(’| %1) bl =0 for other i, j, 1, >, I3. With these, we find the values of p | l Ltz A8 presented
in Table 2
Similarly, for m =2 (Cases 4 and 5), we have
(1:2) (2:2) (1:2) (2:2)
Pii@0o =Piien=P202=P2j02 =1
(1:2) (2:2) _5
Pria,n —Pz\(l H= =P{Xi» <X2:2} =%
(2:2) 1

p] [, = pz \'(1,1) =P{X12 > X202} = 5’

an;l)lp é 11 L= =0 for other i, j, I1, [. With these, we find the values of p/ Il 5, a8 presented in
Table

We now proceed to the computation of dynamic order system signatures for the five cases
listed at the start of this section.

Example 4.1. To present the dynamic ordered system signatures of the two coherent systems
at time ¢ in Case 1, values of p(le,O,l;0,0,l) (i=1,2,j=1,2,3, 1€ Lo0.1.0.0,1) need to be
presented first by

(i10,0,1;0,0,1) __ (i2) (i:2)
jll =Pj1,b. = Pji s+ 504032, 0033+0.3.3°

with the values of p]("?l) .5 in Table 2 and

L£0,0,1:001={=U131,0132 0133031, 032, 033):
hai+hso+hss=1Lhb31+hb3a+hsz=1}
={(,0,0;1,0,0),(1,0,0;0,1,0),(1,0,0;0,0, 1), (0, 1, 0; 1, 0, 0),
©,1,0;0,1,0),(0,1,0,0,0, 1), (0,0, 1;1,0,0), (0,0, 1,0, 1, 0), (0, 0, 1;0, 0, 1)}.

Then, for k=(0,0, 1;0,0, 1), the dynamic ordered system signatures s — (s(ll lk),

RO |k)> and s@10 — <S<12|">, G 2 "‘>) are given by

(1|k) (1:2) (1) (2) (1:2) (nH (2 (1) (2)
51 =P112,0,051 +1’1\(1,1,0)[1 5y + 8 +P1|(1,0,1)[1 537+ 83 ]

S(12|k) (2:2) 1 2 (2:2) [ (2 (2:2) [ >, M (2)]

(1) (2)] (1:2) 1 (2

=P112,00% 51 TP ,1L,0]51 $2 T +Pi 0|51 S3 53

(11k) (1:2) (D)) 1:2) D@ 4 (D)D) (1:2) O, DD
S =P2020%2 %2 T 2\(1,1,0)[1 515 ]+ 2|(011)[52 S3° 5375 ]

(1) (2)]
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@1k _ (22 1 2 (2:2) O, DO (2:2) O, DO
S =P2020% %2 +P2\(1,1,0)[51 S 578 ]+P2|(0,1,1)[52 §3° 5375, ]

(LK) _ (1:2) ONE) (1:2) (ONCRNCONE) 1:2) 2, D2
53 =P310,02% 53 +p3\(1,0,1)|:s1 375308 ]+P3|(o,1,1)[sz 5375305 ]

Qlk) _ (22 1 (2 (2:2) O, DD (2:2) 0.2, D2
53 =P310,02% 53 +P3\(1,0,1)[51 S3° 5378 ]+P3|(0,1,1)[52 §3° 5375 ]

that is,

§(110.0.1:0,0.1) _ (s(ll 10.0.1:0.0.) S(zl 10.0.1:0.0.1) s(; |0,0,1;o,o,1))
1
= @(203(11)5(12) + 165(11)3(22) i 16s(21)s(12) i 19s(11)sgz) n 19sg1)s(12),
2055557 + s}y + 45y sy + 165555 + 165555,
zosgl)sgz) + S(ll)s(32) + sgl)s(lz) + 45(21)5(32) + 4s(31)s(22)),

; 2 1;0,0,1) (2 1;0,0,1) (2 1;0,0,1
§(210.0.1:0,0.1) _ (S(l 10,0.1,0,0.1)  /(210.0,1:0,0.1) £(210,0,1:0.0, ))

» 09 » 03

1
=% (ZOSEI)S(IZ) + 4s(11)s(22) + 4s(21)s(]2) + s(ll)sgz) + s(31)s(12)’

2Os§1)s52) + 16s§1)s(22) + 16s(21)s22) + 4s(21)sgz) + 4s§1) s(zz),

ZOSgl)sgz) + 19s(11)sg2) + 19sgl)s(12) + 165(21)sg2) + 16sgl)s(22)).

From these expressions, we have, for different s and s, the dynamic ordered system sig-
natures in Case 1, as presented in Table 4. From the results in Table 4, theoretical results like
Propositions 3.2 and 3.3 can be readily verified.

Example 4.2. To present the dynamic ordered system signatures of the two coherent systems
(i10,0,1;0,1,0)

at time ¢ in Case 2, values of Pi\i (i=1,2,j=1,2,3, 1€ Lo0.1.0.1,0) need to be
presented first by

(i10,0,1:0,1,0) _ (2  _ _(i2)

Jll T EjlhLs T Ejlhsathoh3atho2,033 10,230

with the values of p]("?l) bl in Table 2 and

Lo.0.1;01,0={=U131,132, 11331221, 022, 023):
hai+hsot+hsz=1 hoi1+thi2+hboz=1}
={(,0,0;1,0,0),(1,0,0;0,1,0),(1,0,0;0,0, 1), (0, 1, 0; 1, 0, 0),
0,1,0;0,1,0),(0,1,0;0,0, 1), (0,0, 1; 1,0, 0), (0,0, 1;0, 1, 0), (0, 0, 1;0, 0, 1)}.

Then, the dynamic system ordered system signatures s 10-0-1:0.1,0) 5(210.0.1:0.1.0) ¢ap be given

by replacing the signature s® = (s(lz), 5(22), s?) of System 2 in Example 4.1 by

(2) 2
5(2,2):( 25 1 253 )
@, D137 2[P® L 1)
3[sy" +55] 3 35 +537]
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TABLE 4. Dynamic ordered system signatures s 1©), sC 15 in Cases 1-5 for different s(, s,

k
0,0, 1; 0,0, 1; 0,0, 1; 0,1, 05 0, 1,0;
s, s 0,0, 1) 0,1,0) 1,0,0) 0,1,0) 1,0,0)
(530) (450 (340 NA (1,0) NA
(3.3.0) (340 (3.3.0) NA (1,0) NA
(021) (0e1> (u@;) 17 8 11 (2 i) (z 1)
373 > 55 45° 45° 15 60’ 15° 60 27 27 4> 4
(021) (Oﬁl) <L2Q> 17 2 (52) 5 1
373 150 15 157 45° 45 207 15° 60 7 27 127 12

©,0, 1) 0,0, 1) (0. % %) o4 s ©, 1) 3L
0,0, 1) 0,0, 1) (0. 45. 1) EIR T (©, 1) 54

2

~~
=z
=

N——"

O\ll\J
I
Gl=
Sl

N TN N TN N TN N TN N TN
o\ —
g=
Giloe
Ol—
[« BN}
N— N N— N N— N N— N N— S

g~

e

Sie
s

NN

N TN
Nl_ Q|
S O
WIN W
2z B~
N— N
e R
g~
SN

—
=z
=

N——"

Sl
Slo

N TN N TN N TN VN
sl=
—
N|—‘

N— N N— N—— N— S—— N—

12 198 3 331 29 7 1 51 o1
33 60° 15° 20 100 5° 10 60’ 15° 20 6’6 120 12
1 2 17 1 2 17 11 8 17 1 5 7 5

0.0, 1) (@’B’E) (m@m) 60 15° 60 (aa) EAR )
2 1 8§ 17 2 1 17 8 11 5 4 31
(0» 3 5) (0’ 15 E) (0, 3 5) 80° 15 60 (6’ 5) (Z’ z)
2 13 1 2 1 7 29 1 8 5 7

(Os Oa 1) (Os ﬁ? ﬁ) (09 51 5) 2_07 ﬁv m (69 g) (ﬁv ﬁ)

namely,

; 1 1;0,1 1 1;0,1 1 1;0,1
§(110,0,1:0,1,0) _ (S(l 10,0,1:0, ,())’s(2 10,0,1:0, ,0),Sg 10,0, 1:0, ,0))

1 1 2 1 2 1 (2 1 (2
= 3()(2)—(2) . (28S1 S2 +27S1 S3 + ]6S2 S2 + ]9S3 SZ s
S5 —i—s3
14s(21)s(22) + 26s(21)sg2) + 2s(11)s(22) + 2s(]1)s(32) + SSgI)s(ZZ) + 8sgl)sgz),
22052 + 5052 + 36052 + 45052),

210,0,1;0,1,0) __ ( (210,0,1;0,1,0) (2]0,0,1;0,1,0) (2]0,0,1;0,1,0)
sCl ) — (51 ) S5 ) 83 )
1
— 1 (2 1 (2 on e, DO
—W-<22s1 Sy 38y 78370 +dsy sy 5308,
30[s2 + 53 ]
26s(21)s(22) + 14s(21)sg2) + 8s(11)s(22) + 8s(]1)s(32) + 2sg1)s(22) + 2sgl)s22),

28sgl)sgz) + 19s(11)sgz) + 27sgl)s(22) + 16s(21)s(32)).

https://doi.org/10.1017/jpr.2022.110 Published online by Cambridge University Press


https://doi.org/10.1017/jpr.2022.110

996 H. YI ET AL

From these expressions, we have, for different s and 5@, the dynamic ordered system
signatures in Case 2 as presented in Table 4.

Example 4.3. To present the dynamic ordered system signatures of the two coherent systems
at time ¢ in Case 3, values of p(th,O,l;l,0,0) (i=1,2,j=1,2,3,1€Ly0.1..00) need to be
presented first by

(i10,0,1;1,0,0) _ (i:2) (i2)

Jl =Pjin.n.0s =P hsathaaisothi0 a3+ 0050
with the values of pj("i) bl in Table 2 and

L£0,0,1;1,00 ={=U131, 132,133 12,1,1, 2,12, 2,1,3) :
hai+hsot+hss=Lbii+hia+hbiz=1}
={(1,0,0;1,0,0),(1,0,0;0,1,0),(1,0,0,0,0, 1), (0, 1, 0; 1, 0, 0),
©,1,0;0,1,0),(0,1,0,0,0, 1), (0,0,1;1,0,0), (0,0, 1,0, 1, 0), (0, 0, 1;0, 0, 1)}.

Then, the dynamic ordered system signatures s(!10:0-1:1.0.0) ' ¢210,0.:1.0.0) can be given by

( 5(2) 2 @

replacing the signature s®) = 55, s5) of System 2 in Example 4.1 by §*" = (4, 1, §):

(110,0,1;1,0,0) (110,0,1;1,0,0) (1 10,0,1:1,0,0) (1 10,0,1:1,0,0)
N =% Y » 83

- (55s(ll> 1655 + 106", 45 + 405" + 1658 5{" + 45t + 25),
s(2 10,0,1;1,0,0) _ (S(lz \ 0,0,1;1,0,0)’ S(22 | 0,0,1;1,0,0)’ ng | 0,0,1;1,0,0))

1
= (25" + 45 7 16500 440557 4451050 + 1655 + 55641,

From these expressions, we have, for different s and s@, the dynamic ordered system
signatures in Case 3 as presented in Table 4.

Example 4.4. To present the dynamic ordered system signatures of the two coherent systems at
time 7 in Case 4, values ofp(l 10.1,0:0.1.0 i=1,2,j=1,2, l€Ly1,01.,0) need to be presented

first by
(i10,1,0;0,1,0) _ (i2) _ (i2)
Jll =Pjii,b = Pjh g +ho 22+ h 0

with the values of p]("i) I in Table 3 and

Lo.1,0,0,1,0=U=U121, 1122021, 022) ho1+h22=1,bo1+b2r=1}
={(1,0;1,0),(1,0;0, 1), (0, 151, 0), (0, 150, 1)}.

Then, the dynamic ordered system signatures s 10:1.0:0.1.0) apg 210.1.0:0.1.0) are ojven by
replacing sV = (5", s{") and s@ = (s\?, 5{”) in

(1 10,1,0;0,1,0) (1:2) 1 (2 (1:2) [ (D (2 nH @7
=Pieo 5151 TPy 151 %2 +5578

(2\0,1,0,0,1,0) (2:2) 1 (2) (2:2) (1) (2) (1) (2)
=Pi120 51 51 TPy 8§y + 8

(1\010010) (1:2) M@, 12 [0
=P202 %2 % TP 151 %2 +5;

(2\0,1,0,0,1,0) (2:2) @ 22 [ (1) ()
=P2102 %2 % TPy 151 %2 +5;

(1) (2)

(1 (2)
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with
(1 (1) (2) (2)
D= 52 @ 5y
(1)+S(1) (1)+s(1) (2)+S(2) (2)+S(2)
that is,
110,1,0;0,1,0) __ ¢.(1]10,1,0;0,1,0) (1|O,1,0,0,1,0)
st )—(51 ) )

1 ( 1 (2 1 (2) 1 (2
. 6s2 S5 + 5s 5583 ~|—5s3 Sy,
6[ (1 S(l)][S(Z) S(Z)]

65(31)5(32) + s(zl) SgZ) + sgl)s(;)),

§(210,1,0,0,1,0) _ ((2|0,1,0,0,1,0) (2|0,1,0,0,1,0))

1 ( nme, OHo , (OO
65y sy 8,085 +8308,
6[ (1 +S(l)][s(2) +S(2)]

6s (l) (2)+5S(1) (2) +5s(1)s(22)>.

Then, their equivalent systems with three components have the following signatures:

{1102.0) (6S(1) (2)+5s(1) (2)+5S(1) (2) 1 6s(1) (2)+s(1) (2)+s(1) (2)>
S T =

9[ (1>+S<1>][<2>+s(2>] 3’ 9[ (0 <1>][<2>+S<2)]

H.e , Mo, (D2 1 (2 1) (2 1) (2
5(2|0’2’0)=(6s2 sy sy 83 +s308,0 1 6s3 83 +5s, 83 —|—5s3 85 )

9[ (1>+S<1)][ <2)+s(2>] 3 9[ (1>+S<1)][ <2)+s(2>]

From these expressions, we have, for different s and s@, the dynamic ordered system
signatures in Case 4 as presented in Table 4.

Example 4.5. To present the dynamic ordered system signatures of the two coherent systems at

qqqqq

first, where

Lo 1,00=I=U121l122:011,212):hp1+lp22=1, bi1+bi12=1}
={(1,0;1,0),(1,0;0, 1), (0, 15 1, 0), (0, 150, 1)}.

Then, the dynamic ordered system signatures s(! 10-1:0:1.0.0) apg §(210.1.0:1,0.0) are given by
replacing s() = (s(]l), s(zl)) and s@ = (s(lz), s(22)) in Example 4.4 with sV = (%, %) and 5@ =

(%, 3), respectively, that is,

) 1
gonotoo (lls(1)+5sg1)’S(21)+7S(1))7
12+ ]

. |
sIO0100 o e (76 5, 55 1161,
12+ ]
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1.0 1.0
0.9 0.9
0.8 0.84
0.74 0.7
0.6 0.6
0.5 0.5
0.44 0.4
0.3 0.3
0.2 0.2
0 02 04 056 038 i 0 02 0.4 0.6 08 1
x x
Original system -~ - -~ Case 1 Case 2 Original system -~ - - - Case 1 Case 2
Case 4 Case 4

FIGURE 1. Conditional survival probabilities of the first (left) and second (right) failed coherent systems
in Cases 1-5 for stV =@ = <1 Z O).

33
Then, their equivalent systems with three components have the following signatures:
s 45587 1 470
185" + 57| 3 18[54 5]
(1 (1) (1) ()
5(2‘ 1,1,0) _ 752 +S3 l 5S2 + 115‘3
18[00+ o] 3" 15[+ o]

From these expressions, we have, for different s/ and s, the dynamic ordered system
signatures in Case 5 as presented in Table 4.

SUILLO)

5. Applications to evaluation of aging properties of used systems

The computation of dynamic ordered system signatures discussed in the preceding sections
facilitates comparison of used systems at time 7 in different cases (see Table 4 for their dynamic
ordered system signatures). Suppose the component lifetimes in each system are all i.i.d. from
an exponential distribution F with F(x) =1 —e™, x > 0, which leads to the corresponding
residual lifetime distribution as F x|H=1- e~ x>t In this case, the respective con-
ditional survival probabilities in Cases 1-5 that the first/second failed system among the two
used systems fails after time x + 7, given Ej (), are plotted in Figs. 1-6 for different s and s,
along with the survival probability that the first/second failed system among the two original
systems, with signatures s() and s and component lifetime distribution F(x | 1) = 1 — e ¢,
x > t, fails after time x + 7. As seen in Figs. 1-6, for any s and s@ in Table 4, the best systems
are the original systems or the systems in Case 1.

6. Concluding remarks

In this paper, we first generalized the notion of ordered system signature from independent
and identical coherent systems to the case of independent and non-identical coherent systems,
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0.3
0.44
(') 0t2 0?4 0.'6 0.'8 1' (') 0?2 0.'4 0.'6 0.'8 1
X x
Original system - - - - Case 1 Case 2 Original system - - - - - Case 1 Case 2
Case 3 Case 4 - Case 5 Case 3 Case 4 - Case 5

FIGURE 2. Conditional survival probabilities of the first (left) and second (right) failed coherent systems
in Cases 1-5 for s(D =@ = (O, %, %)

0.64 0.7
0.5
0.6 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
x x
Original system - -~ -~ Case 1 Case 2 Original system -~ - Case 1 Case 2
Case 3 Case 4 Case 5 Case 3 Case 4 Case 5

FIGURE 3. Conditional survival probabilities of the first (left) and second (right) failed coherent systems
in Cases 1-5 for s() =@ = 0,0, 1).

and then established some related properties for the purpose of simplifying its computation.
Based on such a general ordered system signature, a new concept, called dynamic ordered sys-
tem signature, was then proposed for several coherent systems under a life-testing experiment.
Then, several examples were presented to illustrate the established results. The usefulness of
these results in the evaluation of aging properties of used systems was also demonstrated.

It is important to mention here that the notions introduced and their properties would be
quite useful in developing parametric/non-parametric inferential methods for component life-
times in coherent systems along the lines of [3, 4, 26, 27]. As shown in [26], the ordered system
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FIGURE 4. Conditional survival probabilities of the first (left) and second (right) failed coherent systems
in Cases 1-5 for sl = <%, %, 0), s@ = (0, % %)
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FIGURE 5. Conditional survival probabilities of the first (left) and second (right) failed coherent systems
in Cases 1-5 for sV = <% D 0), s@ =(0,0, 1).

signature leads to a more efficient method than the system signature for inferences on compo-
nent lifetimes based on system lifetime data in a life test of several i.i.d. coherent systems.
With the use of ordered system signature generalized in this paper, inferential methods can
be developed for a life test of several independent and non-identical coherent systems, which
would be a less restrictive life test in practice. Furthermore, the concept of dynamic ordered
system signature can be applied to study dynamic properties of used systems in a life test,
which would assist in studying maintenance policy, for example. We are currently working on
these problems and hope to report the findings in a future paper.
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