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Abstract: In this manuscript, we gain a mixture representation for reliability function of the residual
lifetime of unfailed components in a coherent system under periodical inspections, given that the
number of failed components before time #; is (> 0), but the system is still operating at time #;,
and the system eventually failed at time #,(> #;). Some aging properties and stochastic orders of the
residual lifetime on survival components are also established. Finally, some numerical examples and
graphs are given in order to confirm the theoretical results.
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1. Introduction

Reliability is one of the most crucial properties of coherent systems; it is widely used in many
engineering fields and is significant to scholars and engineers. A system that consists of n(n > 1)
components is called a coherent system, such that the structure function of the system is monotone at
each component and there are no irrelevant components in the system (i.e., irrelevant components
mean that their performance will not affect the performance of the system), see [1] to know more
details regarding the coherent systems.

Suppose that a coherent system has #n components with independent and identically distributed
(ii.d.) lifetimes X1, X», ..., X, where X; has an absolutely continuous distribution function (CDF) F.
Let X1., X2:n, . . ., X be the ordered statistics of components lifetimes and 7 is structure function of
coherent system, then T = 7(X1, Xy, ..., X;) can express the lifetime of coherent system. For example,
a series system has lifetime 7(X1, Xy, ..., X;;) = min(Xy, X, ..., X») and a parallel system has lifetime
(X1, Xa,...,Xy) = max(Xy, X, ..., Xy). If Fr denotes the reliability function of coherent systems
lifetime T, then Fr is denoted by

Fr(t) = Y siFin(t), )

where s; = P(T = X;,) is the element of probability vector s, F;.,(t) is survival function of
Xin,1=1,2,...,n. We call the probability vector s = (sq,5,,...,5,) as the signature vector of the
coherent system, and it is a vital tool for studying the lifetime of coherent systems, see [2,3] for
more details regarding the signature vector of coherent system. Ref. [4] demonstrated that the
representation (3) is still valid when the components of coherent system are exchangeable. Ref. [5]
developed the concept of signature of coherent systems with dependent components. Equation (1) is

Mathematics 2020, 8, 2181; d0i:10.3390/ math8122181 www.mdpi.com/journal/mathematics


http://www.mdpi.com/journal/mathematics
http://www.mdpi.com
https://orcid.org/0000-0002-5043-6967
https://orcid.org/0000-0003-2012-7204
https://orcid.org/0000-0002-2418-8859
http://dx.doi.org/10.3390/math8122181
http://www.mdpi.com/journal/mathematics
https://www.mdpi.com/2227-7390/8/12/2181?type=check_update&version=2

Mathematics 2020, 8, 2181 2 0of 18

a great tool for scholars and engineers to research the reliability properties of coherent systems. The
residual lifetime and past lifetime of coherent system are some significantly concepts in reliability
theory and survival analysis. In the past decades, a lot of scholars have shown extreme interest in
investigating the lifetimes of a coherent system or the components of a coherent system. There have
been many articles regarding the residual lifetime and past lifetime of coherent systems in the literature;
one can refer to [6-15]. However, there are few results in the literature about the residual lifetime and
past lifetime of components in a coherent system. To the best of our knowledge, only few results in the
literature, for example, ref. [16-20].

Consider a coherent system with 7 i.i.d. components, and suppose that the signature vector of the
system, as following;:

S:(51,82,...,Si,0,...,0),i:1,...,1’1—1. (2)

It is obvious that a coherent system has a signature vector of form (2), which has the property
when the system failed, the components with lifetime X;.,(k =i+ 1,...,n) remains alive in a coherent
system; meanwhile, these unfailed components can be removed from the original system and used
for other points, such as placing on another system (cf. [18,19]). Therefore, the investigation of the
stochastic and aging properties of these unfailed components in system may be of interest for engineers.

Under a coherent system with signature vector of form (2), ref. [18] considered the reliability of
the residual lifetime of unfailed components under the assuption that the system has failed before
time ¢, but the component with lifetime Xj.,,,k = i+ 1,...,n is still alive at time ¢; they researched
the stochastic orders and aging properties of the residual lifetime of unfailed components by random
variables, as follows:

(X —HT < t < Xpp), k=i+1,...,n. 3)

Ref. [19] investigated the reliability properties of the residual lifetimes on unfailed components
in a coherent system on the conditional that the failure time of the system is time t. They explored
the following conditional random variables in order to consider the residual lifetime of unfailed
components in coherent system:

(Xgn —HT =),k =i+1,...,m. 4)

In real-life case, a system is planned to be monitored at different times. Under these periodical
monitors, engineers would obtain some information regarding the system. It is impossible or expensive
in practical life because of continuous inspection; thus, a coherent system is planned to be monitored
twice at different times. In more recent years, some scholars have considered the residual lifetime of
coherent systems under double monitoring, one can see [21-27].

Our main work extends two conditional random variables of (3) and (4) to the case of double
monitoring (5), and considers the statistical properties of the residual lifetime on unfailed components
in a coherent system, such as the stochastic orders and aging properties. As shown in Figure 1,
assume that the system is monitored once at time ¢, and it is observed that there are ¥ components
(0 < r < i) have failed and the system is still functioning. Subsequently, the system failed at time
tp(> t1). This manuscript mainly considers a coherent system with 7 i.i.d. components where the
signature vector of the system has the form (2), and we are interested in investigating the residual
lifetime of unfailed components in coherent system

RXk:n(tll tr) = (Xk:n - t2|Xr:n <t < Xpp1m, T = tZ)/ for0<r <k <n. ()

In fact, RXy.,, (11, t2) is the residual lifetime of unfailed components X;.,(k =i+1,...,n) in the
coherent system at time £, (> t1).
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Figure 1. The number of failed comments is exactly (< i < n) at time t1 (> 0), and the system failed
at time (> f1).

The remainder of this manuscript fanning, as follows. In Section 2, we provide some definitions
of the stochastic orders and useful lemmas. In Section 3, we will derive a mixture representation
for the survival function of the residual lifetime on unfailed components, obtain several stochastic
comparisons between two coherent systems, and some aging properties that are based on the proposed
conditional random variable. Finally, some conclusions and remarks are made in Section 4.

2. Preliminaries

The term increasing and decreasing are used instead of monotone non-decreasing and monotone
non-increasing, respectively. For the sake of discussion, we denote R™ = (0, +o0). Before introducing
the results of this manuscript, we will recall some basic definitions on the stochastic orders, and it will
be discussed in our subsequent discussion.

Definition 1. Suppose that X and Y are two random variables with distribution functions F(x) and G(x),
survival functions F(x) = 1 — F(x) and G(x) = 1 — G(x), and density functions f(x) and g(x), respectively.
If X is said to be smaller than'Y in the stochastic orders, then:

(i) the usual stochastic order (denoted by X <4 Y) if F(x) < G(x) forall x € RY;

(ii) the hazard rate order (denoted by X <, Y) if G(x)/F(x) is increasing in x € RY;

(iii) the reversed hazard rate order (denoted by X <,, Y) if G(x)/F(x) is increasing in x € R™*;

(iv) the likelihood ratio order (denoted by X <;, Y) if g(x)/ f(x) is increasing in x € RT.

Letp = (p1,p2,---,pn) and q = (91,492, - - -, qn) be two discrete probability distributions, if p is said to
be smaller than q in the stochastic orders, then

p<saqif 5L jpi <Yiqij=12....n

(ii) p <ir q, if q;/ pj is increasing in j.

As is well known, the likelihood ratio order means that the (reversed) hazard rate order and the
usual stochastic order; the (reversed) hazard rate order also implies the usual stochastic order, but the
reversed statement is not true in general. One can refer to [28,29] in order to know more properties
and details about the various stochastic orders.

The following lemma plays a crucial role in founding the main results.

Lemma 1 ([28]). (i) Let X1, X», ..., Xy be n independent random variables, all with absolutely continuous
distribution functions, all having the same supportm which is an interval of the real line, and all having
differentiable densities. 1If X1 <;, Xo < -+ <p Xu, then Xg_ 1. <pp Xp2 < k < o,
and Xg—1:0-1 <ty X, 2 <k < n.

(ii) If X <g Y and g is any increasing [decreasing] function, then g(X) <g [>4]g(Y).

(iii) Let o and B be the real valued function such that p is nonnegative, and «/p and B are decreasing.
If X4 <, Xa,, then

Elu(X))]E[B(X2)] > Ela(X2) EB(X))].

(iii) Let o and P be the real valued function, such that B is nonnegative, and «/p and P are increasing.
If X1 <py Xo, then
E[a(X1)]E[B(X2)] < Ela(X2)]E[B(X1)].

3. Main Result

Let T be the lifetime of a coherent system that has # i.i.d. components with lifetimes Xj, X, ..., Xy,
and X; has distribution function F. When considering the coherent system with the signature vector
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of form (2) under the assumption that the number of failed components is r(0 < r < i) at time #y,
the system is still functioning at time ¢, and the system failed at time £ (> t1).

The following theorem provides the representation of the reliability function for the residual
lifetimes RXy.,(t1,t2) of unfailed components with lifetime Xj.,,k = i+ 1,...,n in a coherent
system. Following Equation (6), the reliability function of RXj., (t1, t2) can be expressed as a mixture
representation of the residual lifetime on the unfailed components with lifetime X.,,,k =i+1,...,nin
a (n — m + 1)-out-of-n system on the condition that exactly r(r < i) components have failed before time
t1(t1 > 0), and the system has failed at time f,(cf. [18,19,30]). Hence, by this mixture representation of
the reliability function on the residual lifetime RXy.,(t1, f2), we can further investigate the statistical
properties of the residual lifetime on unfailed components in a coherent system under the scenario of
double monitoring, such as the stochastic orders and aging properties.

Theorem 1. Assume that X1.,, Xo., . . ., Xu:n are the order statistics of the random variables X1, X5, ..., Xu.
Subsequently, forany 0 <r <k,i =2,...,nand 0 < t; < ty, the reliability function of RXy.,(t1,t2) can be
represented as

IP>(RXk:n(t1rt2) > x) = ]P)(Xk:n —t > x|Xr:n <h < Xr+1:an = tZ)
i
= Z Qm(rl tlth)P(Xk:n —t > x|Ar(t1), X = fz), (6)
m=r+1

where Ar(ty) denotes the event { Xy, < t < Xyy1.}, and
Gm (1, t1,t2) = P(T = Xpen|Ar(t), T = t2).
Proof. Forany x € R™ and 0 < #; < t, the reliability function of RX.,,(t1, f2) can be represented as

P(RXy.n(t1,t2) > x)
= P(Xk:n — b > x|Xr:n <t < Xpqp1, T = t2)

= Y P(Xgn—t2 > %, T = Xpu|Ar(t), T = t)
=1

3

1
= Y P(Xpy—tr>x|Ar(t), T =t2, T = Xpun)P(T = Xpeu|Ar(11), T = 1)
m=r+1
i

= Y qgu(rt, ) P(Xen — t2 > x|Ar(t1), X = t2).
m=r+1

Leth; > 0(i =1,2), we have

gm(r,t1,t2) = P(T = Xpn|Ar(t), T = t2)
P(T = Xy, Ar(11), T = 1)
P(Ar(ty), T = tp)
P(Ar(t)), T = £2|T = X)) P(T = Xypn)
z;l:rﬂ P(Ar(t), T =tp, T = Xjn)
P(Ar(t), T = t2| T = Xpnist)B(T = Xop)
Lip1 P(Ar(t1), T = ta| T = X )P(T = Xj.y)
s limy, o P(Ar(t1),t2 < Xypen < to + )
Z};Hl sjlimy, o P(Ar(t1),t2 < Xj.y < t2 + h2)
SmWWFr(tl)(F(fz) — F(ty))" " F (1)

!

Ciri1 St F () (F(t2) = F(t)) "1 F i (1)
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m—r—lﬁn—m(tz)
t)) T R ()

smClly (F(t2) — F(t)
Sij,]-(P(fz) —F

: )
;:r+1 (
n F(t)—F(t

5mCll < ( 1F)(t2)( 2)>

_ _ j
i n [ F(t)—F(t
Lj=r+15iCr <(1F(fz)2)>
SmCrm(@(t1, t2))"
E}:Prl Sjc;lf,j(4)(t1/ tZ))j,

Where (P(tl,tz) - %, C;l’m - Wm D

Remark 1. It is noticed that the probability vector

q(tl, tz) = (O, . .,O, er(r,tl,tz),. ..,pi(r,tl,tz),o,. . ,0)

can be considered to be the conditional signature vector of the coherent system, and it only depends on the
distribution function F. It follows from Equation (6) that the conditional residual lifetime RXy.,(t1,t2) of
unfailed components under double monitoring can be expressed as the mixture of the residual lifetime (Xy.,, —
tr|Ar(t1), Ximen = t2) of the unfailed components with Xy.,,(k > i) ina (n — m + 1)-out-of-n system, under the
assumption that the number of failed components is r(r < i) at time t1(t; > 0), and the system failed at time t5.
Theorem 1 extends the residual lifetime of the unfailed components in [19] to the scenario of double monitoring.

Next, consider the reliability function of (Xj., — t2| Ar(t1), Xm:n = t2). It is noted that (Xj., —

tr|Ar(ty), Xmn = t2) and Z}iz_ non—m have the same distribution function. We have the following lemma.

Lemma?2. Form=r+1,...,i,and 0 <r < k, we have

d
(Xien — t2| Ar(h), Xinn = t2) < Z;2

k—m:m—m’
where < denotes equality in distribution, and Zi{ mn—m 18 the (k — m)th order statistics in (n — m) i.id.
random variables with survival function
- F(tp +x)
Gi(x) = —=——%, x€R".

Proof. Let /i be a small positive real number, the reliability function of (Xy.,, — t2|Ar(t1), Xmm = t2)
is given as

]P)(Xk:n - t2|A1’(t1), X = t2>
lim ]P)(Xk:n —tr > x, Ar(tl)/ tr < X <t + h)
h=0 P(Ar(t1),t2 < X < b2+ h)
ntm i —m\ (F(ty +x) — F(t2))" "™ TFi(tp + x)
= ( j ) Fr=m(tp)

j=n—k+1

(") Gutya-cumy @

jen—k+1 N\ ]

where Ctz (x) = % Thus, from (7), we obtain the equality in distribution

d
(Xk:n - t2|Ar(t1), X = t2) = zh

k—mm—m"
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The proof of the result is completed. [

Example 1. Assume that X1, Xy, X3, and X4 are i.i.d. random variables. Let T = min(Xy, Xo, X3) be the

lifetime of a coherent system, where the signature vector of the system is s = (%, %, 0,0). Suppose that there

is one component failed before time t1, but the system failed at time to(> t1). The residual lifetime of unfailed
components Xy.,, k =i+1,...,nis given by

RXyn(t, t2) = (Xpn — 2| Ar(h), T = t).
Now, according to Theorem 1, the survival function of RX.,,(t1, t2) can be written as
P(RXy.,(t1,t2) > x) = P(Xp — b2 > x|Ar(f1), T = )

1
= Y qulrt, )P(Xgy — t2 > x|Ar(ty), Xpn = t2).
m=r+1

Forr =1,k = 3, we have
P(X3;4 — 1ty > x\Ar(tl),T = tz) = q2(1, 1, tz)P(X3:4 — iy > X|A1’(t1),X2;4 = tz),

where

F(ty+x)\? N
E]z(],l‘l,fz) =1, P(Xzq—tr >x|Ar(t), Xp4 =t) = W , xeR™.

Thus,

F(ta+x)\ ;
P(RX34(t1,£2) > x) =P(X34 — by > x|Ar(f), T =) = W , xeR™.

Forr =1,k = 4, we have
P(Xgq —tr > x|Ar(t1), T = t2) = q2(1, t1, t2)P(Xaea — t2 > x|Ar(t1), X4 = £2),

where
qZ(lr tl/ t2) = 1/

and

- - 2
P(Xps —tr > x| Ar(ty), Xoa = o) = 1 — (F(tZ) —Fg()tz ”)) , xeR*
2

Thus,

= 2
F(t t
P(RXg4(t1,52) > x) =P(Xgq — tp > x|Ar(1), T=1) =1— ( (f2) G +x)) , x€RT.

F(t2)

Suppose that X; follows the Weibull distribution (cf. [31]), i.e., F(x) = e ¥, x € RT. Subsequently,
we have

= 2
P(RXza(h, fa) > ¥) = <F(;2(;F)x)> _ 20 L e R

- - 2
P(RX4:4(t1,t2) > x) —1_ (F(tZ) ;5(;2 + x)) _ zeA“(tg—(tz-‘rx)"‘) _ eZA"‘(t"Z‘—(tz—l-x)“), xeRT.
2

Figures 2 and 3 show the graphs of the reliability function of RX3.4(t1, t2) and RXy.4(fq, t2) in Example 1
when o =06, =1.1,and « = 1.3, A = 0.8.
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Figure 2. The graphs of the reliability function of RX3.4(f1,t2), for the Weibull (« = 0.6,A = 1.1) (left) and
(e =1.3,A = 0.8) (right).

D
AT
SR

Figure 3. The graphs of the reliability function of RXy.4(f1,t2), for the Weibull (¢ = 0.6,A = 1.1) (left) and
(e =1.3,A = 0.8) (right).

The following Theorem 2 compares the conditional residual lifetimes (Xj.,, — t2| Ar(t1), Xin = t2)
of the unfailed components in two (n — m + 1)-out-of-n systems by the likelihood ratio order.

Theorem 2. For ] < m, we have
(Xien — to| Ar(11), Xinn = t2) <pp (Xpon — 2| Ar(t1), Xpp = 12).
Proof. Combining Lemma 1(i) with Lemma 2, it holds that
thcz—m:n—m Sir thcz—l:n—l‘
O

Remark 2. Theorem 2 shows a (Xy.,, — ta| Ar(t1), Xm:n = t2) decrease in m from the view of the likelihood ratio.

The following theorem provides a sufficient condition of the usual stochastic order for conditional
signature vector q(t1,t2).

Theorem 3. Suppose that q(ty,tp) is the vector of conditional signature qn, (v, t1,t2). If 1 < tp < t3,
then q(t1, t2) <st q(t1, t3).

Proof. For obtaining the required conclusion, we need to prove that forallm > r 41,

CnsiCri(@(t, 1)) _ Y siCr (ot 1))
Y SIC (@t )~ T,y siCL (9l 1))
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which is equivalent to

Y ssCC (@ 5) (9t 1)) — (9l 1)) (9(t1,15))']

j=ml=r+1
n m—1
= Y Y ssCHCH (9t 1) (¢t t2)) [(9(tr, 1)) ! = (01, £2) V'] 8)
j=mlil=r+1
Y SsICC (@t ) (0, 02))! — (9t )Y 9k, 15))] > 0.
j=ml=m

It is easily seen that the second term of (8) equals zero, and for t; < t; < t3 and ! < j,, due to
¢(t1, t2) increasing in tp, thus (8) is nonnegativity. The proof of the result is completed. [

Example 2. Assume that X1, Xp, X3, and Xy are i.i.d. random variables. Consider a coherent system with
lifetime T = min(Xy, max(Xa, X3, X4)), the signature vector of the system is s = (1,1, %,0). Suppose that
there is one component failed at time ty, and the system failed at time to(> t1). It is easy to compute the

conditional signature vector of the system that can be written as

E(t) 4F(t7) — 4F(t)
q(ty, t2) = (0, 4F () _zgp(tz)' 4F(t1) — 3F(t§)'0>'

Suppose that X has a Weibull distribution, i.e., F(A, a; x) = e MY let A =17, 0 = 0.6and m = 3. It is
follows from Figure 4 that verifies the nonnegativeness of (8); hence, the validity of Theorem 3 is confirmed.

Figure 4. The graphs of the function of H(ty, t, t3), for the t1 = 1,t, = 3 (left) and t; = 1, t3 = 4 (right).

Some sufficient conditions for the stochastic orders of two coherent systems with i.i.d. components
but having different structures are given by the following Theorem 4.

Theorem 4. Let T; = T]'(X1,X2, ..., Xn) be the lifetime of two coherent systems, where X1,Xa, ..., Xn
are i.i.d random variables with common distribution function F. Suppose that coherent system T;

has signature vector s() (sgj),...,sfj),o,...,O) and conditional signature vector q(j)(tl,tz) =

0,---,0, 45{21 (r,t1,t2), .. '/%Q) (r,t1,12),0,...,0),j = 1,2. Subsequently, for any 0 < t < t, we have
(i) Ifq(l)(tl,tz) <st q(2)(t1,t2), then

(Xyy — 12| Ar(t1), Th = t2) >t (Xpoy — t2] Ar(t1), To = £p);
(i) If q (11, 12) < @@ (11, t2), then

(Xjy — 2] Ar(t1), Tr = t2) > (Xpen — 2| Ar(t1), T2 = t2);
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(iii) If V) (11, t2) <pr 9@ (11, 12), then
(Xpn — 2| Ar(t1), Ty = t2) 2 (X — t2|Ar(h1), T2 = t2);
(i0) 1f M) (11, 2) <1y G (11, 1), then
(Xin — t2|lAr(t), Ty = t2) 21y (X — t2| Ar(h1), T2 = 12).
Proof. (i) According to Theorem 1 and Lemma 2, the reliability function of (X., — t2|Ar(t1), Tj = t2),

j = 1,2, can be represented as

P(Xpp — 12| Ar(t1), T; = t2) Z qm 1t t2)P(Xiey — tal Ar(tr), Xon = ta). )
m=r+1
Because q(V) (t1, ) <5 q'? (t1,t2), thus, from Theorem 2 and Lemma 1(ii), it implies that
Z qm 7, tl,tz)IF’(Zk nm > X Z qm 7, tl,tZ)]P’(Zk e > X)- (10)
m=r+1 m=r+1
Hence, from (9) and (10), we have

P(Xpy —t2 > x|Ar(t1), Ty = tp) > P(Xp.y — b2 > x|Ar(ty), To = 1o).

The proof of part(i) is completed.
(ii) In order to obtain the required result, it is suffices to show that

]P)(Xk:n — 1ty > X|A1’(t1), T, = tz)
P(Xgn — t2 > x[Ar(h), To = t2)

(11)

is increasing in x € R, that is, for any 0 < x1 < xp,

P(Xp.y — t2 > x2|Ar(t1), Ty = 1)
P(Xpn — t2 > x2|Ar(t), T2 = t2)

]P)(Xk:n — 1ty > X1|Al’(t1>, T = tz)
P(Xgn — t2 > x1|Ar(t), T = t2)”

>

which is equivalent to

=141 Elm (1, t1, 82)P(Xien — t2 > %2|Ar(t1), Xpn = 1)

m=r+1 ‘im (Vr t1, 02)P(Xiey — 2 > x1|Ar(t1), Xipn = £2)

- T @ (111, 12)P(Xien — b2 > 22| Ar(t1), Xonan = t2)
X 05 (b )P (X — b > x1 | AF(t1), X = £2)

Define, for 0 < x1 <xp,m=r+1,...,i,
a(m) = P(Xk:n — 1t > Xz‘Ar(fl),Xm;n = fz), ﬁ(m) = ]P)(Xk:n — 1ty > x1|Ar(t1),Xm;n = tz).
According to Theorem 2,

IED(Xk:n — > x|Ar(t1), Xm+l:n = t2)
P(Xk:n — 1t > X|A1’(t1),Xm;n = tz)

is decreasing in x € RT. That is, for any x; < x,, we have

P(Xpy — t2 > x2|Ar(t1), X100 = £2) < P(Xp.y — to > x0|Ar(11), X = £2)
P(Xp — t2 > x1|Ar(t1), Xips1:n = t2) = P(Xpoy — t2 > x1|Ar(t1), Xinin = t2)”




Mathematics 2020, 8, 2181 10 of 18

thus, a(m)/B(m) is decreasing in m, note that () is also decreasing in m. Because qV)(t1, 1) <.,
q(Z) (t1,t2), hence, from Lemma 1(iii), (11) is increasing in x € R™. This completes the proof of part(ii).
(iii) By Lemma 1 (iv), the proof of part (iii) is similar to that of part (ii), and is, thus, is omitted here.
(iv) Forany 0 < f; < tp, let ij(tll ta, x) denote the density function of (Xj., — t2| Ar(t1), Tj = t2),
j =1,2.In order to obtain the required conclusion, we need to prove that

le (tl/ t2/ x)
sz (tll t2, x)

is increasing in x € R™; hence, for any x; < x5,

i 1
lm r+1 111(41)(7’, tl/tZ)hm(tlrtZI xl) < :11:;’4,-1 5]1(11)(7’1 tl/tZ)hm(tll t2/ x2)

ﬁﬂ r+1 qgn)(rlflffz)hm(h/fz/xl) - Ymeri1 qg)(nh,fz)hm(fl/tz/xz)

7

which is equivalent to

i i
Y ¥ qfﬁ)(r, f1,f2)q1(2)(7’, t1, £2) [hm (1, b, x2) by (t1, b2, X1) — B (b1, 2, 1) By (11, £, X2) ]
m=r+11=r+1

i m
= Y Y qﬁ})(r, t1,f2)q1(2)(7’, t1, £2) [hm (1, t2, x2) By (B, £, X1) — B (F1, 2, x1) By (11, 82, X2) ] (12)
m=r+11=r+1

i
+ Y ) %g)(f, t1,f2)q1(2)(7’, t1, £2) [hm (1, b2, x2) Ry (B, £, X1) — h (F1, 2, x1) by (11, 82, X2) ]

m=r+11=m

is nonnegative, where h,, (11, 5, x) is the density function of (X.,, — t2| Ar(t1), Xm:n = t2). Note that
the second term in the right side of (12) can be represented as

i
Y. ) 117(7})(7’, tl/t2)ql(2)(rr tr, t2) [ (t, b2, X2 )y (t1, b2, X1) — B (f1, b2, %0 Py (11, 2, X2) |
m=r+11=m
i !
= Yy ) ﬂlr(rp(ff f1,f2)ql(2)(7, t1, b2) (B (t1, b2, X2) Iy (b1, 82, X1) — P (11, £2, 1) 1y (1, 2, X2) |
I=r+1m=r+1

i
= ) Z th (r,t1,t2) 171(11)(7,1‘1,1‘2)[hz(tl,tz,x2)hm(t1,tz,x1) — Iy (t1, t2, 1) b (1, t2, X2) .
m=r+1Il=r+1
Thus, the right side of (12) can be rewritten by
i m

Z [qgr}) (7’, tl/tZ)ql(z) (7’, tlrtZ) - QI(HZ) (1’, tlrtZ)QI(l) (T, tlrtZ)]
m=r+1I1=r+1

X [l (t1, to, x2)ly (1, 82, x1) — h(t1, t2, 1)y (t1, 12, X2) ] (13)

Due to qV) (1, t2) <, q@(ty,t,) implying that (q( \(r, tl,tz))/(qg)(r, t1,t2)) is increasing in
m(m=r+1,...,i), whichis,

q,(nl)(r, tl,tz)ql(z) (r,t1,t2) — q,(ﬂz) (r, tl,tz)ql(l)(r, f1,t2) <0, forl < m. (14)
Additionally, according to Theorem 2, for I < m, we have
h(t1, t2, X2 )by (t1, 2, 1) — hin(t1, t2, x1)hy (f1, £2, x2) <0, for x1 < x. (15)

Hence, it is follows from (14) and (15) that (13) is nonnegative. The proof is completed. O
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Remark 3. It is noted that Theorem 4 extends Theorem 2.4 of [19] to the stochastic orders of residual lifetimes
of the unfailed components under double monitoring.

The following example illustrates the results of Theorem 4.

Example 3. Assume that X1, Xy, X3, and X4 are i.i.d. random variables. Consider two coherent systems with
lifetime T1 = max(min(Xl, Xz, Xg), mil’l(Xz, X3, X4)) and Tz = min(X1, max(Xz, X3, X4)), which have
the signature vectors s(1) = (%, 3,0,0) and s = (}1/ %/%/0), respectively. Suppose that there is one
component failed at time ty, and the system failed at time ty(> t1). Set X has a Weibull distribution,
ie, FAwx)=e M A =04, a=12andr =1,k = 4.

(i) Figure 5 plots the reliability functions of RX‘E4 and RXEI, it is easily see that F (RXE& x) > F (RXEL; x);

(it) As in Figure 6, it is clearly seen that (F (RXEL; x))/(F (RX;F:24; x)) is increasing in x € RT;

(iii) Figure 7 clearly shows that (F(RXEL; x))/(F(RX‘Bl; x)) is increasing in x € R™;

(iv) From Figure 8, we clearly see that ( f (RXEL; x))/(f (RX£14; x)) is increasing in x € RT.

Hence, it follows from (i), (ii), (iii), and (iv) that confirms the validity of Theorem 4.

Figure 5. The graphs of the reliability function of RX&(tl,tz) and RXZEl(tl,tz), for the t; = 1 (left) and
ty = 8 (right).

O FrFr

Figure 6. The graphs of the (F(RX,; x))/(E(RX}2;x)), for the t; = 1 (left) and t, = 8 (right).
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1.0

O it T - O it

Figure 8. The graphs of the(f(RXI}‘l; x)) /(f(RXI}4; x)), for the t; = 1 (left) and t, = 8 (right).

In the next, we will consider aging property of the residual lifetimes on survival components in a
coherent system. Before giving the theorem, we first introduce a lemma.

Lemma 3. Assume that X1, X, ..., Xy, are i.i.d. random variables that have common distribution function F.
If X; is IFR(increasing failure rate), then for 0 < r < k, P(Xy.,, — to > x|Ar(t1), X = t2) is decreasing in
ta(> ).

Proof. Forany x € R*,and 0 < #; < t;,, note that

]P(tZ — Xjen > x|Xr:n =t1, Xppn = tz)

= T (") a0y Gy 16)
j=n—k+1 N/

_ ! n—m k—m— n—k+m

- /1@t2(x)(k_m) <k—m>u 1(1 —Ll> + du/

where Gy, (x) = Fgf;r )x ) Note that X; is IFR, which is equivalent to Gy, (x) = Fggt;x )

Thus, it follows from (16) that P(Xy., — tp > x|Ar(t1), Xu:n = t2) is decreasing in tp. [

is decreasing in tp.

Theorem 5. Consider that a coherent system is composed of n i.i.d. components with lifetimes X1, X, ..., Xy.
Suppose that the system has signature vector s = (s1,52,...,5;,0,...,0). If X; is IFR, then P(RXy., (t1,t2) >
x) is decreasing in to (> ty).
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Proof. First, taking the partial derivative of reliability function of RX., (t1, f2) with respect to t, gives

rise to

OP(Xpen — b2 > x|Ar(t), T = t2)
dtr

azin:ﬂrl G (1, t1, t02) p(Xiew — t2 > x|Ar(t1), T = t)
oty

i
= Y MP(XM —ty > x|Ar(t1), T = )
m=r+1 t2
' OP(Xye — t2 > x| Ar(h), Xun = t2)
ot

1
+ 2 Qm(f’r tl/t2)

m=r+1

(17)

Because F is IFR, it follows from Lemma 3 that the second term in (17) is nonpositive. Note that

Let g(m)

9 _smcltl,m(qb(tlrtZ))m ]
aqm(f’,tl,tz) . Z}:r+15jcﬁj(¢(tlrt2))j
dty o dty
d i .
WLy smsiCluCl (@11, £2))" 1 (m — )

( Z]’:r+1 s]-Cf’j(qb(tl, tZ))j)z

= P(Xk:n —t > X|A1’(t1), Xy = tz), then

Xl: G (1, tl'tz)g(m)

m=r+1 ai’z

i 99(tit) ] o sms]C” C;lrj(4)(t1, £))" =1 (m — f)

Z dty

2
m=r+1 ( j—r+1 SjC;l,j((l)(tl’tz))])

Z Z smSiCrmCri(¢(t, £2))"™ 1 (m — f) g (m)

m= r+1] r+1

35 s Gl 9(t1,12))" (o — g

m= r+1] r+1

+ Z ZSmS;C” Cri(@(t1, £2))"™ T (m — f)g (m)

m=r+1j=m

g(m)

i

Z Z SmS rm 1’] ¢(t1/t2))m+j71(m_j)g(m)

m—r+1] r+1

+ Z 2 smsiCrmCri(@(t1,£2))"™ T (m — j)g(m)

j=r+1m=r+1
i m .
Y. Y swsiCluCli(@ (b, 42))" T (m — j)g (m)
m=r+1j=r+1
i .
- ) Z smsCrmCrli(@ (b1, £2))" T~ (m — )8 ()

m:r+1] r+1

2 Y smsiCly Cli(¢p(tr, 1)) [(m = ) (8 (m) — g(7))]-

m=r+1j=r+1

(18)
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Hence, according to Theorem 2, g(m) is decreasing in m, which implies (m — j)(g(m) — g(j)) <0,
that is, (18) is nonpositive. Thus, (17) is nonpositive. The proof is completed. O

Remark 4. It should be noted that Theorem 5 generalizes Theorem 2.6 in [19] to the case of coherent system
under double monitoring.

Notice that random variable X is [FR in Example 1 when « > 1. From the right of Figures 2 and 3,
we can clearly see that P(RX.,(t1,t2) > x) is decreasing in t,(> t;), which confirms the validity
of Theorem 5.

Theorem 6. Suppose that two coherent systems are composed of n iid. components with lifetimes
X1,Xo,..., Xy and Y1,Ya, ..., Yy, which have distribution functions F and G, respectively. Let Ty =
T(X1,Xo,..., Xn) and To = 1(Y1,Yo,...,Yy) be the lifetime of two coherent systems that have common
signature vector s = (sy,...,s;,0,...,0). If X3 <p, Y1, then

(an — tz‘AT(fl) Tx = tz) <t (Ykn — t2|an =H,Ty = i’z)

Proof. Form =r+1,...,i,and 0 < t; < tp, let

smClm (% (t1,£2))" smClL, (¢Y (t1, 1) )™
qu(r,h,tz): lm rm(('b (1( ) -, qm(r t, 1) = mCrn (@ (yl ) -
j=r+1 ]C (4) (tl’tz))] Z] zS] ,]((P (tlrtZ))
where ¢X(t1,t) = (h) (t,t2) = E — 1. According to Theorem 1 and Lemma 2,

() t2)
the reliability function of inactivity times RXy., (t1,t2) and RYj.,,(t1, t2) are

L sl
P(Xiy —tr > x|Ar(t), Tx =) = ) —— P(z2 > x),
m=r+1 Z}:r—l—l S]C:l,] (¢X(t1/ tZ))] e
and
i s C?Z Y tl,t2 m
P(Yk:n —tr > x]Ar(tl), Ty = tZ) = Z = r,m(¢ ( )) P(Zliz—,li/n:n—m > x>’

m=r+1 Z;‘:H—l S]'Cf,j((l)y(tll t2))j
respectively, where Z; tz’ _,, is the (k — m)th order statistics in (n — ) ii.d. random variables with
distributed distribution (F (ta+x) —F(t2))/(1 —F(t2)), and Z]tf’ mn—m 18 the (k — m)th order statistics

in (n — m) i.i.d. random variables with distributed distribution (G(t, + x) — G(t2))/(1 — G(t2)).
Thus, in order to show the desired conclusion, we only need to prove that

i
Z Qm r, tl/tZ)]P( l?’mn m = x) > Z q%(rltl/tz)lp(zltczji:nfm > x)’
m=r+1 m=r+1
it is equivalent to

i i
Y
Y X swsiCluCri(¢Y (t, 1)) (9% (t, )V P(Z2 0y > )
m=r+1 j:r+l

Z Z smSiCruCli(¢ Xt 02))" (Y (11, 12)YP(Z2X > x) >0,
m=r+1j=r+1
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that is,

i

Y Y susiCl Cri(9 (1, 02))" (@ (1, )V [P(Z), > ) = B(Z20 0 > )]

m=r+1 j=r+1
i i
tr, X i
YL SO P2 > 1) (@) (1, 2)" (6% (11 12))
m=r+1 j=r+1

— (¢ (b, ))"(9" (11, 12))'] > 0. (19)
Owing to X1 <j, Y1 meaning that F(t; + x)/F(t2) < G(t2 + x)/G(t), it follows from (16) that

P(Z>Y >x)—P(Z2* > x)>0,

k—m:n—m k—m:n—m

which implies that the first term in the left side of (19) is positive. It is easily observed that the second
term in the left side of (19) can be written as

YYD susChaCB(ZER > 1) [0 (1) (0¥ (1, 1)) — (% (1, 12))™ (Y (11, 1))]
r+1

m=r+1j=

= ) i smstZ’,meJIP(Z,?’;n > 0) [(9Y (1, 0)™ (9% (t1, 1)) — (9% (t1,12))™ (¢ (11, 12))]
m=r+1j=m

i m—1 . .
+ ) ) lemsjcrn,mcf,jp(zi?};n > X) [(¢Y(t1/fz))m(¢x(f1,t2))] - (‘Px(fl/tz))m(¢y(f1/fz))]}
m=r+1j=r+

= ¥ 1 Z smsjCrmCy P (22X > ) (@Y (t,02))™ (9% (11, 12) ) — (9% (11, 02))" (9" (11, 12) )]

m=r+1j=m

+ Z Z smsjCrmCy LP(ZR > ) [0 (t, ) (@ (t, 1)) — (9K (11, 12))" (@Y (11, 12))]

jErtlm=j
= mZm]ZmSmS (O CIP(ZE > %) (@Y (B, 1)) (9% (11, 22) Y — (9% (11, 12))" (9" (11, 12))]
mZM]stfns]C mChP(ZE5 > ) (97 (1) (9% (1, 12)) = (9% (11,22))" (9 (1, 12))]
= mi+1j§nSmstchzj [(@¥ (b1, 22))™ (@ (11, 12))] — (¢% (11, £2))" (9" (11, 12))]
X [B(Z 0 > X) —P(Z25, > 2)]. (20)

From Theorem 2, for any m < j, it holds that

P(z2X > x)—P(z2X > x) >0 (1)

k—m:m—m
Because of X; <, Yj, it is easy to see that
(@7 (11, £2))™ (@ (11, 82))) — (@™ (11, 22))" (9" (11, £2) ) > 0. (22)

According to (21) and (22), the nonnegativity of (20) is verified, which yields the result. O
Remark 5. Theorem 6 provides a sufficient condition for the usual stochastic order holds between two coherent
systems having the same structure, but with two heterogeneous sets of i.i.d components. This extends Theorem 2.8

of [19] to the scenario of double monitoring.

The next example confirms the result of Theorem 6.
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Example 4. Based on the Example 1, suppose that Xy and Y, have a Weibull distribution, i.e., F(Aq,aq;x) =
M O G(Ay, a5x) = e M2 Lot M = 15 A = 04, a9 = ap = 0.6. Ouwing to
G(Ag,a0;x)/F(A,a1;x) = £0-698345x%¢ increasing in x € R, obviously, X1 <y, Yi.

(i) For r = 1,k = 3, Figure 9 plots the reliability functions of RX3.4 and RY3.4, it is easily seen that
F(RXSA; X) < G(RY3:4; X),‘

(ii) For r = 1,k = 4, from which it is clear that the survival functions F(RXy4;x) < G(RYy4;x)
in Figure 9.

Therefore, it follows from (i) and (ii), which confirms the validity of Theorem 6.

Figure 9. The reliability functions of RX3.4 and RY3.4.

In combination with Theorem 4(i) and Theorem 6, it is easy to gain the next corollary.

Corollary 1. Suppose that X1,Xp,..., Xy and Y1,Y,,..., Y, are i.id. random variables with common
distribution function F and G, respectively. Let Ty = 7(X1,X2,...,Xn), To = (X1, X2, ..., Xn),
and Ty = 12 (Y1, Yo, ..., Yn) be the lifetimes of three coherent systems, where Ty has the signature vector s(t) =
(sgl), ... ,sl(l),O, ...,0), and T, and T3 have a common signature vector s(23) = (552’3),. .. ,352’3),0, ...,0).

ifpM) <y p® and Xy >y, Yy, for any t1 < ty, then
(Xpn — 2| Ar(t), Tt = t2) 25t (X — b2 Ar(t1), T = t2) 25t (Yiew — t2| Ar(t1), T3 = t2).

4. Conclusions

In this manuscript, we consider the residual lifetime on unfailed components in a coherent system,
which has n i.i.d. components, under the assumption that there are r(r < i) failed components at
time t1, but the system did not fail at time #;, and the failure time of the system is time t,(> t1).
The survival function of the residual lifetimes on unfailed components in a coherent system can be
expressed as a mixture representation of the survival function for the residual lifetime on the unfailed
components with lifetime Xy.,,,k =i+1,...,nina (n — m + 1)-out-of-n system on the conditional that
the failure time of the system is time £ (> t1). With the help of the reliability function, some stochastic
comparisons of condition residual lifetime of unfailed components between two coherent systems
are obtained. We also provide the aging properties of the residual lifetime of unfailed components.
In fact, we provide conditional random variable (Xj., — t2|Ar(t1), T = t;) that is a generalization of
conditional random variable (Xy., — t|T = t), which is proposed in ([18,19]).

In the practical case, the components of the system may be statistically dependent. In fact, it will
be interesting to consider the residual lifetimes of unfailed components in a coherent system with
dependent components. However, these problems remain open and merit further discussion, owing to
the complexity of modeling for the system with dependent components.
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