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Abstract. In this paper, we consider series systems consisting of arbitrary dependent
components. We study the residual lifetimes of such systems based on copulas family
from a new point of view. First, we extract a new explicit expression for the reliability
functions of residual lifetimes of the systems. Moreover, we give some stochastic or-
dering properties for the residual lifetimes of series systems based on the dependence
structure of the components and the corresponding mean functions. The results are
expanded for series systems having used components of age t > 0. Subsequently,
the problem of the stochastic comparison of a series system having used components
and a used series system has been considered. To show the application of results, we
provide some numerical examples. Finally, we present some dependence properties
of the residual lifetimes of series system based on the properties of the lifetimes of
components.

Keywords. Copula, Dependence, Mean function, Reliability, Residual lifetime, Stochas-
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1 Introduction

Historically, numerous authors have focused their attention on conducting studies
on the coherent systems, especially series and parallel systems. The reliability of a
system depends on the structure of the system and obviously to the reliability of its
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components. To get more information about coherent systems and details in this
regard, refer to Barlow and Proschan (1981) as a comprehensive resource. The series
system is a system with no redundancy which is utilized in various industries. Several
researchers have tried to study this system according to various concepts and criteria.
The mean residual lifetime (MRL) is a significant and useful criterion which has been
seriously considered in recent decades. Suppose that the considered component or
system is working, the matter of interest is to study the aging properties, especially
the residual lifetime of component or system at the given time f. There are several
papers with regards to the studies on mean residual lifetime of systems, among which
we can refer to Bairamov et al. (2002), Asadi and Bayramoglu (2006), Li and Zhao
(2006), Bairamov and Arnold (2007), Li and Zhang (2008), Zhao et al. (2008) and
Navarro et al. (2008). Moreover, a large number of authors have tried to make a
stochastic comparison between the residual lifetimes of systems among which Li and
Zhao (2008), Kochar and Xu (2010), Zhang and Yan (2010), Gupta (2013), Sajadi et al.
(2020) and Guo et al. (2020) can be referred.

It is important to be noted here that all the mentioned results were gained on the
condition of system components being independent. In fact, we encounter systems
which have arbitrary dependent components. Therefore, the analysis of dynamic
reliability, particularly the study of the residual lifetimes of systems, is the matter of
interest in this case, which is usually analyzed according to copulas theory. Copula
function is a useful and efficient tool for describing the dependence structure between
the components of a system. Recently, many researchers have focused their attention
on this field, for instance you can see Navarro and Spizzichino (2010), Zhang (2010),
Navarro and Rubio (2011), Rezapouretal. (2013), Durante and Foschi (2014), Tavangar
(2014), Jiaetal. (2014), Tavangar and Asadi (2015), Salehi (2016), Salehi and Hashemi-
Bosra (2017), Navarro (2018), Salehi and Tavangar (2019), Amini-Seresht et al. (2020),
Barmalzan et al. (2020) and Zhang and Yan (2022).

In some situations, it is possible for us to select a used system consisting of n
components and a similar system made up of used components and compare them
together (see for example Gupta (2013), Gupta et al. (2015)). Therefore, the attractive
issuein here is to make a comparison between the residual lifetimes of these two systems
from the theoretical viewpoint of dynamic reliability which is to be investigated in this
paper for series systems. The present paper has been arranged as follows. Some
required concepts and preliminaries for giving main results are presented in Section 2.
In Section 3, at first an explicit expression is obtained for the reliability function (survival
function) of the residual lifetime of series systems supposing that the components are
arbitrary dependent. Consequently, necessary and sufficient conditions on dependence
structure of components and corresponding mean functions have been provided for
stochastic comparison of residual lifetimes for such series systems. Besides, we extend
the results for series systems having used components. Then, we compare the residual
lifetime of a used series system of age t > 0 with the lifetime of the similar series
system made up of used components of age t > 0. Our findings are evaluated by some
numerical examples. Finally, we present some dependence properties of the residual



Stochastic Comparisons on the Residual Lifetimes 53

lifetime of series systems based on the survival copula of components lifetimes.

2 Preliminaries

In this section we introduce the copula function and dependence concepts, for more
details see Nelsen (2007). Besides to provide the main results, we need to define the
Schur-concave (Schur-convex) and the mean function.

Definition 2.1. A (n-variate) copula is a function C : [0, 1]" — [0, 1] such that
1. forany u; € [0,1], C(1,...,1,u;1,...,1) = u;,
2. forany uq, ..., ui—1,Uis1, ..., Uy €[0,1], C(uy, ..., ui-1,0,ujy1,...,uy) =0,
3. Cis n-increasing.

Definition 2.2. Let F be the bivariate distribution function (X, Y), F survival bivariate
distribution function (X, Y) and Gx(x), Gy(y) be marginal functions.

a) Fis positively (negatively) quadrant dependent (PQD(NQD)) if for every (x,y) €
R?, then F(x, y) > (<)Gx(x)Gy(y).

Fvy)
Gx(x)

c) X and Y areright corner set increasing denote by RCSI(X, Y),if P(X > x,Y > y|X >
x',Y > y’), is non-decreasing in x” and y’.

b) F is right tail increasing denote by RTI(Y]X), if is non-decreasing in x.

Definition 2.3. Let T = (Tq,T»,...,T,) be a n-dimensional random vector. Then T is
positively upper orthant dependent (PUOD) if for all t = (¢4, 15,...,t,) in R",

n
P[T > t] > H P[T; > t].
i=1
Definition 2.4. Consider two intervals A and B in R, a function K : A X B — R is said
to be reverse regular of order two, we write by RRy, if for any x1,x, € Aand y1,y2 € B
such x; < x2,y1 <o,

K(x1, y1)K(x2, y2) < K(x1, y2)K(x2, y1)-

To present the next definitions we need to explain the majorization order. A vector
u = (uy,u,...,uy,) is said to be majorized by another vector v = (vy, vy, ..., v,) (Written
as (uy,uy, ..., uy) <pm (v1,02,...,04)) if Z';:l uj = Z';:l v; and 23:1 Ujy 2 Z}:l iy for
i=1,2,...,n—1,where uj, (vj,) is the jth smallest element of u (v), j = 1,2,...,n.
Definition 2.5. Let ¢ : R" — R be a real-valued function, then g is Schur-concave
(Schur-convex) if
g(ur, uz, ..., up) < (2)8(v1,02, ..., 0n),

whenever (uq,uy, ..., u) >y, (01,02,...,0n).
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Definition 2.6. Let g : R" — Rbeareal-valued function, then gis weakly Schur-concave
(weakly Schur-convex) if

- _ 1 n
for all (u1,uy, ..., u,), where it = - ¥\ u;.

If a copula family is Schur-concave (Schur-convex), in fact it is weakly Schur-concave
(weakly Schur-convex), too. In the following we give the concept of mean function that
is useful to present the main results (see Hardy et al. (1934)).

Definition 2.7. Let ¢ : R — R be a real-valued function, then the mean function
associated with ¢ is any function m, : R" — R such that

g(u1’u2/ . .,Mn) = 8(2/2/ s /Z)/
for all (u1,u, ..., uy), where z = mg(uy, uy, . .., uy).

Lemma 2.1. If mg is the mean function associated with an increasing function g, then g is
weakly Schur-concave (weakly Schur-convex) if and only if

n

1
mg(”l/uzl s /uﬂ) < (Z)E Z uj.

i=1

Definition 2.8. Let X and Y be two nonnegative random variables with survival func-
tions F and G, respectively. X is said to be smaller than Y in the usual stochastic order,
denoted by X <gt Y, if for all t, F(t) < G(¢).

3 Results of Stochastic Comparisons

Let T1,T»,..., T, be the arbitrarily lifetime variables of n components. Denote by
T1:, Toin, - - ., T the ordered lifetimes of the components. The survival function of a
n-dependence- components system is denoted by

F(ti,ta, ..., t)) =P(Ty > t1, Ty > to,..., Ty > t,), (3.1)

with marginal survival functions F;(f) = P(T; > t),i = 1,2,...,n. From Sklar’s theorem
(see Nelsen (2007)), the joint reliability function in (3.1) can be written as

F(ty,ta, ..., ta) = C(F1(t1), Fa(ta), ..., Fu(tn)),

where C is the survival copula. For more details about survival copulas see Nelsen
(2007) (p. 32). We also suppose that Fit),i=1,2,...,n,is strictly decreasing; therefore,
these functions are invertible and their inverse will have the same behavior. Moreover,
F(ty,...,ts) will be strictly decreasing in each of its elements. In this section we focus on
the series system with dependent components. In following, we obtain the reliability
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function of the residual lifetime of a series system using the family of copulas {C;}»o,
(see Foschi (2010)).

Let C be the survival copula of the lifetime vector T = (T4, T»,...,Ty). It is known
that the lifetime of the series system is Ty, = min{Ty,T>,...,T,}. The conditional
random variable (T1.;); = {T1., — t|T1., > t} defines the residual lifetime of the series
system under the condition that all of components of the system are working at time .
The survival function of (T1.,); denoted by 11.,(x|t), is equal to

l;blzn(x|t) = Ft(xr v ,.’X) = P((len)t > X)
Fx+t,...,x+1)
Et,...,t)

P(len > X+ tllen > t) =

(3.2)

Foschi (2010) showed that the evolution of the dependence among ((T1 —t,..., T, —
HiTy > t,..., Ty, > t), can be studied in terms of the upper threshold copulas (ét), as
follows:

A - - 1 _ - _
Colu..,u) = B (B ), .. (B (), (3.3)
where F Ei) is the univariate marginal survival function defined as
FOG) = P((Ty)r > x) = P(Ty > t +x|Ty > t,..., Ty > ),  i=1,2,...,n (3.4)
In fact, C; is the survival copula of the random variables Ty —¢,..., T, —t, provided that

Ty >t,..., T, >t

From continuity and monotonicity of F; and Fi(.), i = 1,2,...,n, we can write C; in
terms of C as follows:

C(FL(FM) @) + ), Fu((F) () + 1)
Ci(u,...,u) = — - : (3.5)
CRA(E), .., Fu()

Using (3.5), the mean residual lifetime of the series system composing of n arbitrary

dependent components that denote by \Iflé:n(t), is equal to:

. 1
C _
Yinlt) = C(F1(t), ..

1
0 fo C(FUED) @) + b, Fu((E) ) + 1)) du.

On the other, using (3.2) and (3.3), we have

Ebl:n(xlt) = P((T1)t > x)
= GEVw),..., ")
= Cio@,b),...,0x1), (3.6)

where ¢(x,t) = me, (Fil)(x), e ,FE”)(X)) is the mean function of C;.
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Remark 1. If the joint survival function F is symmetric (see Foschi (2010)), for i =
1,2,...,n,Fi()=F()and

F(x+t,t,t,...,1t)
F(tt,..., b

F(x) = Fy(x) = , x>0,

then the survival copula is symmetric and it can be written as

¢ (F(F;l(u) +1),..., F(F Y (u) + t))

Ceu, ..., u) = CE®),..., E®)

(3.7)

Now we can prove the following theorems.

Theorem 3.1. Let T = (T1, Ty, ..., Ty), denote the arbitrary dependent lifetimes of the compo-
nents of series system. Assume that T's, i = 1,2,...,n, have the survival copula C with mean
function mp. Then (T1.4)t <st (T1:n-1)t holds if and only if for all t > 0,

=(1 = =(1 A(n—1
me, (BV@),...,FP(x) < me, (FP),..., F" V),

where C; is defined in (3.3) with mean function me,, and Fii)(x) is the univariate marginal
survival function of (T;); that is defined in (3.4), fori =1,2,...,n.

Proof. Using (3.6), we have for all x,t > 0,

¢ (F§1>(x), . .,Fg")(x))
Cier(x, 1), ..., p1(x, 1)),

I;blzn(x|t)

where @1(x, t) = mg, (Fil)(x), e, FE")(x)). Also, the reliability function of (T7.,-1); can be
written as follow

G (FV), ..., B D)
Cil@a(x, 1), ..., @a(x, 1))

I;blzn—l (x|t)

where @a(x, t) = me, (Fgl)(x), ., an_l)(x)). Since C; is an increasing function, Py, (x[t) <
Y1:n-1(x]t) if and only if @1(x, t) < @2(x,t) for all x and t. O

Theorem 3.2. Let T = (T1,12,...,Tp) and Z = (Z1,2Zs, . .., Z,) be the arbitrary vectors of
component lifetimes of two series systems. Assume that T and Z have the same survival copula
C with mean function me. Then (Tr.n)i <ot (Z1:0)r if and only if for all x,t > 0,

me, (FV(), ..., FP () < mg, (GP(@), ..., G (),

where ng)(x) and Gf)(x) are the univariate marginal survival functions of (T;); and (Z;) for
i=1,2,...,n, respectively.
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Proof. Let ¢1T:n(x|t) and 1pin(x|t) denote the survival functions of (Tq.;); and (Z1.,):,
respectively. Using (3.6), we have

YL, = G(FV@),... F@) = Cler b, .., p1(x, 1),

and
Pl = G (GPw),..., G () = Cipax, b, ..., palx, 1),

where @1 (x, t) = me, (Fil)(x), . ,F;")(x)) and @a(x, t) = me. (Gﬁl)(x), e GE")(x)). Since for
fixed t > 0, C; is an increasing function, we can conclude that l,blT:n(xlt) < I,D% n(xlt) if and
only if p1(x, t) < @a(x, t) for all x. O

Remark 2. In Theorem 3.2, if the component lifetimes of two series systems are in-
dependent then the survival copula C is the independent survival copula (denoted
Cr(us, ..., un) = [T, u;). Tt is known that the mean function of C; is equal to

1
n n
me (U1, U, ... Uy) = [H ”i) /

i=1
(See Navarro and Spizzichino (2010)). Therefore, (T1.,): <st (Z1:4)¢ if and only if
1 1
~ Fi(x+ 1) |" = Gix+1) |"
| SAazl ) y el iy
1 Fi®) 1 Gi()

It is notable that, {T; — t|T; > t} <¢ {Z; — t|Z; > t},i = 1,2,...,n, is one of the cases to
establish the above inequality.

Examples 3.1. Let T = (T1,T2) and Z = (Z1, Z») be the vectors of component lifetimes
of two series systems. Assume that T and Z have a Ali-Mikhail-Haq (AMH) bivariate
survival copula C. Also, let T; has exponential distribution with mean All and Z; has
Weibull distribution with marginal distribution function G;(x) = 1 — e~ BY § =12
Using (3.2), we have

Fy(x + HF(x + £)(1 - OF1()Fa(1))

#J{Z(Xlt) ~ ~ p
Fl(t)Fz(t)(l — OF;(x + HF»(x + t))

Gi(x + HGa(x + 1)(1 = 0G1 (HG (1))

I;b%:z(xlt) ~ = ,
G1(HGa(t)(1 = OG1 (x + Ga(x + 1))

where F; and G; are the marginal distribution functions of T; and Z; (i=1,2), respectively.
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Since, the mean function of Archimedean copulas is equal to ¢~ (% 1 qb(ui)) (See
Navarro and Spizzichino (2010)), after some simplifications, the mean function of
AMH bivariate survival copula is obtained as follows:

me(u, v) = 1-9 0 €[-1,1]. (3.8)

\/(1—9(141—@) (1—95)1—7;)) B 6’

By replacing u = Fgl)(x) and v = Fiz)(x) in equation (3.8) and simplifications, we can
obtain mg, (Fgl)(x), F(2)(x)), where

Fi(x +H(1 - OF1()F2(1)) o Fax + H(1 - OF:(1)Fa(t))
o) =

(1) _
V@) = - , )= — .
Fy(t)(1 = OF1(x + HFy (1)) Fa(t)(1 = OF1())Fa(x + 1))

In the same way we can obtain g, (Ggl)(x), G?)(x)).

The graphs of the survival functions ¢, (x|t) and ¢Z,(x|t) are given in part (a) of
Fig. 1,for Ay =08, A2 =2, a1 =2,61 =1, ap = 1.5 and B = 0.5 at the fixed point
t = 3 for 0 = 0.4. Also, we plot the graphs of mean functions m, (Fgl)(x),l:"?)(x)) and
me, (Ggl)(x), ng) (x)) for the listed values of the parameters in Fig. 1 part (b). According to

Fig. 1, it can be seen that m, (Fil)(x),l:"iz)(x)) < me, (Gil)(x), GEZ)(x)) and (T1:2): <st (Z1:2)t,
forall x,t > 0.

a) b)
l'l 1_\_
| h
081" 084!
\ I
I\ I
06411 064 |\
| '\ \ \
1y (NN
0.4 ! \ 041 |\
[ (NN
| N RN
024 | N 024 \ N
\ ’ AN \ \‘\>
\ N \\ T~ -
0 s == = 07 e
0 1 i 3 4 0 1 § 3 4
— =y () —— v (D — M B m, D

Figure 1: The curves of ¢1T:2(x|t) and l][)i ,(x]t) and related mean functions in Example 3.1.

From Theorem 3.2, we immediately deduce the following result.
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Corollary 3.1. Let T = (Tq, T, ..., Ty) be the arbitrary components lifetimes of a series system
and Z = (Z1,2Z2,...,Zy,) be the exchangeable components lifetimes of another series system.
Also, assume that T and Z have the same survival copula C with mean function me. Then
(T1:n)t <st (Z1:)e if and only if for all x,t > 0,

me (F)(x), ..., P (x)) < Gy(),

where Ff)(x) and Gy(x) are the univariate marginal survival functions of (T;); and (Z;); for
i=1,2,...,n, respectively.

Proof. The proof can be obtained easily using Theorem 3.2. m|

The following theorem is given a result about comparison between series systems,
when the dependence structure of the component lifetimes of such systems are modeled
by different copulas.

Theorem 3.3. Let T = (T4, T2,...,Tp) and Z = (Z1,2Z», .. ., Z,,) denote the arbitrary depen-
dent lifetimes of the components of two series systems. Assume that T and Z have the survival
copula Crand Cy, respectively, and Ct,T < (Aftlz. Then (T1:n)t <st (Z1:n)s, if for all x,t > 0,

me, (FO@),..., @) <me, (GP(),..., G (), (3.9)

where ng)(x) and Gf)(x) are the univariate marginal survival functions of (T;); and (Z;) for
i=1,2,...,n, respectively.

Proof. Using (3.6) and after some simplifications, we have for all x,t > 0,

Pl (xl)

ét,T((Pl(x/ t)l sy (Pl(x/ t))
Cor(pa(x, 1), ..., @a(x, 1))
Coz(@2(x, 1), .., pa(x, 1) = YT (xlE),

INIA

where 1 (x,1) = me, (FV(x),..., E(x)) and pa(x, ) = me, (G (), ..., G (x)). In the
above expression, the first inequality follows from (3.9) and the second inequality
obtain by (A?t,T < Ct,Z- Therefore, the proof is complete. m|

The following example gives an application of Theorem 3.3.

Examples 3.2. Let T = (T1, T2) and Z = (Z1, Z;) be the vectors of component lifetimes
of two series systems. Assume that T and Z have a Ali-Mikhail-Haq bivariate survival
copula (Cr) and Gumbel-Hougaard (GH) bivariate survival copula (C2), respectively,
ie.

uv
1-011-u)(1-0) ’

CT(”/ 'U) 61 € [_1/ 1]/

Cr(u,v) = exp {—[(— Inu)? + (—lnv)ez]%}, 07 €[1, ).
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The mean function of AMH survival copula is presented in (3.8). By a similar argument
as in Example 3.1, the mean function of GH survival copula is obtained as follows:

(~Inw)® + (= In v)ﬂé} - (3.10)

méz(u, V) = exp {— [ >
Now, assume that T; and Z; are distributed, respectively, as
FE(h=1-eM,  Gt)=1- (ﬁ?)a ,  i=1,2
1, (xlt) and me,  are obtained in Example 3.1. However,

exp {—[(— InGi(x +1)% + (= InGo(x + t))ez]%}

By replacing u = Gil) (x)andv = (_352) (x) in equation (3.10) and simplifying the equations,
we can obtain me, 7, where

Proll) =

S

exp {‘[(— In G (1) + (- In G (1)

exp {—[(— InGi(x + )% + (- In Gz(t))GZ]%}
exp {—[(— InG1(1)% + (= In Go(x + t))ez]%}

For A1 =051 =2, (a1 =2,1 =1), (a2 =2,62 =2),01 =0.3 and 0, = 4, the graphs of
the survival functions T, (x|f) and ¢%,(x|t) and corresponding mean functions at the
fixed point t = 3 are given in Fig. 2, that confirms the result of Theorem 3.3.

Gil) (x)

Il
S

exp {_[(— In G1(£)% + (- In G (1)

G (x)

S

exp {_[(— In G1(£)% + (- In Gy (1)
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Figure 2: The curves of gblT:z(xIt) and ¢f ,(x|t) and related mean functions in Example 3.2.

Remark 3. It is worth noting that in Theorem 3.2, wheneveréT =C 1 (i.e.
T1,T>,..., Ty

are independent), if

Fi(x + Fx(x + 1) <

2
Fi(OF()  ~ ’

[me, (61" 0), 6P )]
then (T12): <st (Z12):-

In the following, we present a numerical example as an application of Remark 3,
in which the residual lifetime of series system consisting of dependent components is
compared with the residual lifetime of another series system consisting of independent
components with the same marginal lifetime distributions.

Examples 3.3. Consider two components with lifetimes T; and T, that have the

exponential distribution with mean 2 and Pareto distribution (o« = 2, = 2) with

F(t) =1- (é)a, respectively. First, assuming that these two components are depen-

dent, we connect them as a series system. In the next case, assuming independence
between T7 and T», we connect the second series system. Suppose that in the first
system T = (T4, T>) has AMH survival copula. The copula of T in the second system is
the same as the independent copula, that is, C;. For 6 = 0.6 and point t = 2, we plotted
graphs of the corresponding mean functions of each copula as well as graphs of relia-
bility functions of residual lifetime for two series systems in Fig. 3. As you can see from
Fig. 3 and based on the conditions of Theorem 3.2 for the AMH copula, the reliability
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function of residual lifetime for first series system (dependent case, i, (x|f)) is greater
than the reliability function of residual lifetime for second series system (independent

case, ybia(xlt)).

T T T
X 0 1 2 3 4 5 6 7
D

X

m X, 1
" —m g — ) - x|t
c A AMH ‘ V1.2( 1) v 1_2( | )‘

Figure 3: The curves of reliability functions gbi:z(xlt) and l,b{’:z(xlt) and related mean functions
in Example 3.3.

When the components lifetimes of series systems are distributed identically, the
following theorem indicates that the reliability function of residual lifetimes of such
systems improves whenever the survival copula is weakly Schur-concave.

Theorem 3.4. Let T = (T1,To,...,Ty) and Z = (24,25, ..., Z,) denote the arbitrary depen-
dent lifetimes of the components of two series systems. Assume that T and Z have the same
survival copula C and C; is weakly Schur-concave (weakly Schur-convex). If FE’)(X) is the uni-

variate marginal survival function of (T;); and Gi(x) = % r Ff)(x) is the univariate survival

function of (Z;) fori=1,2,...,n. Then fort >0,
(len)t <st (Zst)(zlzn)t-

Proof. From (3.6), we have

C(FP ), ..., F ()

Cilp1(x, 1), ..., p1(x, 1))
(2)CH(Gi(w), ..., Gi(x))

e (xlb),

EMED)

IA I

where @1(x, ) = me, (Fgl)(x), ..., F"(x)) and me, is the mean function associated with o
and the last inequality follows from Lemma 2.1 and hence the proof is complete. O
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Examples 3.4. Let the arbitrary lifetimes of two components T; and T, have a FGM
bivariate survival copula, C. Assume that T; has a continuous distribution F,i=1,2.
Also, let T1:» (Z12) be a series system lifetime consisting of two arbitrary (exchangeable)

components. In this case (T1); and (T2); have the marginal survival function F gl)(x) and
ng) (x), and consider that (Z1); and (Z); are identical with common marginal survival
function G¢(x) = %[F El)(x) + ng)(x)]. Therefore, we have

_ Fi(x+ HFo(x + £)(1 + OF(x + )Fa(x + 1))
- Fi(H)F2(t)(1 + OF1(t)F2(t)) '

] ) , o
(Fix + 1) + Fa(x + 1)) [1 + (1 - Falstetteen) ]

C(EP (), FP (x))

%T;z(x't)

¢1Z;2(x|t) Ct(Gt(x), Gi(x)) =

(Fit) + Fz(t))2[1 +o(1- w)z]

Durante and Sempi (2003) showed that FGM copula is Schur-concave, in fact, it is
weakly Schur-concave. Hence, from Theorem 3.4, it is trivial that for all x > 0,

WL () < 92 ().

The graphs of the survival functions of (T1.2); and (Z1.):, at a fixed point ¢t = 3, are
plotted in Fig. 4, when T; and T> have the FGM bivariate exponential distribution with
AM=2,A=05and 6 =0.2.
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Figure 4: The curves of survival functions of (T1,); and (Z1.), in Example 3.4.

The reliability analysis and stochastic ordering properties of systems consisting of
used components of age t > 0 studied by Zhang and Li (2003), Gupta (2013) and



64 E. Salehi and S. S. Hashemi-Bosra

Gupta et al.  (2015). Let T = (T4, T»,...,T,) have the survival copula C. Also, let
(Ty)i = (T;—t|T; > t),i=1,2,...,n, are the residual lifetimes of used components, where
(Tt); has the marginal survival function Féj;:)t),
the lifetime of the series system including used components denoted by ({1.,(x));, is

equal to

i=1,2,...,n. The survival function of

Y1a(x)): = P((T)1n > x)
B C(F1(x+t) Fn(x+t))
- Fi(y "7 Fa(d)
= C(x(x,1b),...,x(x, 1), (3.11)
where «(x, t) = me (F%(lx(;t), s, F}(nx(:r)t))

The following theorems can be proved similarly to Theorems 3.1-3.4, respectively,
and hence their proofs are omitted.

Theorem 3.5. Let T = (T4, To, ..., T,) denoted the arbitrary dependent lifetimes of the compo-
nents of a series system. Let Ty's, i =1,2,...,n, have the survival copula C with mean function
me. Then (Ti)1.n <st (Tt)1:n-1 if and only if for all x,t > 0,

(Fl(x +1) Fo(x+ t)) -
Fi(ty "7 Falt) )~

C

me

(Fl(x + t) Fn_l(x + t)
Fity "7 Faa(t) )’

F;(x+t)
Ei(t)

Theorem 3.6. Let T = (T1,15,...,Ty) and Z = (21,25, . .., Z,) be the arbitrary vectors of
components lifetimes of two series systems. Also assume that T and Z have the same survival
copula C with mean function me. Then (Ty)1.n <st (Zt)1: if and only if for all x,t > 0,

C(Fl(x+t) Fn(x+t))S

where is the marginal survival function of (Ty);, 1 =1,2,...,n.

Fity "7 Fa)

C

7

(Gl(x+ t) Gu(x +1t)
Gitty " Gald)

Fi(x+t)

where 0]

respectively.

Gi(x+t)
Gi(t)

and are the marginal survival functions of (Ty); and (Zy);, 1 =1,2,...,n,

Theorem 3.7. Let T = (T4, T», ..., Ty) be the arbitrary components lifetimes of a series system
and Z = (21,2, ...,Z,) be the exchangeable components lifetimes of another series system.
Also, assume that T and Z have the same survival copula C with mean function mg, then
(To)1:n <st (Z)1:n if and only if for all x,t > 0,

(Filx+1) Fi(x+1) <(_3(x+if)
"\TRG RO )T em

7

F,‘(X-}-t)
where 20)

respectively.

G(x+t)
G(t)

and are the marginal survival functions of (Ty); and (Zy);, i = 1,2,...,n,
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Theorem 3.8. Let T = (T1,T5,...,Ty) and Z = (Z1,Zs, .. ., Z,) denote the arbitrary depen-
dent lifetimes of the components of two series systems. Also, assume that T and Z have the
survival copulas Ct and Cz, respectively, such that Ct < Cz. Then (Ti)1:n <st (Z¢)1:n, if for all
x,t>0,

. (F1(x +1) F(x+ t)) <mp, (Gl(x +1) Gu(x + t)), (3.12)

Fi(y "7 Fa®) Gty " Gul®

Fi(x+t) Gi(x+t)
FO e
respectively.

where

are the marginal survival functions of (Ty); and (Zy);, 1 =1,2,...,n,

Proof. From (3.11) and after some simplifications, we have for all x,t > 0,

@ )y = Cra(xb),...,xi(x 1)
< Crkax,b),...,12(x, 1)
< CZ(KZ(X, £), ..., x2(x, 1)) = (lzb%n ()t

Fy(x+t Fo(x+t Gy (x+t Gplx+t
where x1(x,t) = mCT( %(lx(:r)),..., F(nx(:r))) and xo(x,t) = mCZ( é(lx(:)),..., Gix(:))) In the

above expression, the first inequality follows from (3.12) and the second inequality
obtain by Cr < Cy. Therefore, the proof is complete. m]

Examples 3.5. Let us consider two random vectors T and Z in Example 3.2 that have
AMH and GH survival copulas, respectively. Then we have

Fi(x + HFy(x + t)

T —
V120D = EOE = 01Fa0) — Falx + D)(Eald) — Fala 4 B’
, B G+ \* (L G+ D)2
YT = exp [( In Gi(f) ) +( . Ga(t) ) }

Fi(x+t) Fz(x+t)) d - (Gl(x+t) Gz(x+t))
Fi(t) 7 Fa(b) Cz\ Gi(t) 7 Ga(t) J°
ForAi=1 A =2a1=3p=1a=1,p=2,01 =04 and 0, = 3, the graphs of
the survival functions (gb{z(x))t and (l]biz(x))t and their corresponding mean functions
are given in Fig. 5 at the fixed point t = 2. Hence, this shows that the result of Theorem

3.8 holds.

From (3.8) and (3.10), we can obtain easily me. (
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Figure 5: The curves of the survival functions of (T})1:» and (Z;)1» and related mean functions
in Example 3.5.

Theorem 3.9. Let T = (T4, T2,...,Ty) and Z = (Z1,Z», .. ., Z,,) denote the arbitrary depen-
dent lifetimes of the components of two series systems. Also, assume that T and Z have the
same survival copula C, such that C is weakly Schur-concave (weakly Schur-convex). If b

_ _ Fi(t)
is the marginal survival function of (Ty); and Gg(:r)t) =iy, i ’élx(;r)t) is the marginal survival

function of (Z); fori=1,2,...,n, then for t > 0,

(Tt)lzn st (Zst)(zt)lzn-

In the following theorem, under some conditions, the residual lifetime of a used
series system of age t with the lifetime of similar series system made up of used
components of age t, are stochastically compared.

Theorem 3.10. Let T = (Ty,Ty,...,T,) denote the arbitrary dependent lifetimes of the com-
ponents of series system. Also, assume that T has the survival copula function C, such that for
all t >0, C; < (2)C. Then (Ty.n)t <st (25t)(Tt)1:0 holds if for all x,t > 0,

me, (pg)(x), o pgm(x)) < Gm, (Fl(x +1)  Fux+ t)),

Fiy "7 Falh)
where Ff)(x) and F’F(L(:)t) are the univariate survival functions of (T;); and (Ty);, i =1,2,...,n,
respectively.

Proof. Let i1.,(x|t) and (1.4(x)); denote the survival functions of (T1.,); and (T¢)1.n,
respectively. Then using (3.6), we have, for all x,¢ > 0,

l;blzn(x|t)

G (FV), ..., B ()
ét((P(xl t), ey (P(X, t))/
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where ¢(x, t) = me, (Fgl)(x), ... ,Fi”)(x)). However, the reliability function of (T¢);., can
be written as follow

oA Fl(X + t) Fn(x + t)
(Lpl:n(x))t - C( F] (t) JARRY Fn(t)

= C(x(x,b),...,x(x,1),
where «(x, ) = mg (F 1F(1x(:r)t), e, F”Ffi:r)t)). Since C is an increasing function, 11.,(x|t) < (2)
(Y1:0(x))r if and only if @(x, t) < (2)x(x, t) for all x, ¢. .

To show the application of Theorem 3.10, we provide the following numerical
example.

Examples 3.6. Let T = (T, T2) be a random vector of lifetimes of components with
the GH bivariate survival copula. Assume that the marginal distribution of T; is
Pareto distribution with parameters (a;,f:), i = 1,2. From (3.10), we can compute

me, (F gl)(x), F EZ) (x)) and mp (Flp(lx(:)t) , F%(:(:)t) ) Let us consider the used series system of age
t and the other series system including the used components of age . From (3.2) and
(3.11) we obtain 1., (x[t) and (P1.4(x))r. Fora; =1,1 =1, a2 =2, o =2 and 0 = 4, the
graphs of the survival functions gblT:z(xlt) and ( iz(x))t and their corresponding mean

functions, i.e. me, and m, at the fixed point t = 2 are given in Fig. 6.
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1.0" 1.0't'
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Figure 6: The curves of mean functions me, and m and the curves of the survival functions of

(T1:2)r and (T)1:2 in Example 3.6 .

Remark 4. When T = (T4, T», ..., T,) is the independent lifetimes variables of n compo-
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nents of a series system, then the survival function in (3.1) equals to

F(t ta, ) = Ci(Fa(h), Fa(ta), ., Fulta) = | [ Fitt),
i=1

S

As mentioned in Remark 2, the mean function of C; is mél(ul, U, ..., Uy) = (H?:l ui) .
Hence,

me, (@), F'()

[ﬁﬁwy
i=1

~ ﬁ?i(x+t)%_ A(Fl(x+t) Fn(x+t))
- Eo | C"O\TRe T RG )

i=1

Now suppose that the component lifetimes of series system are exchangeable and
the survival copula is symmetrical as well. Under these assumptions, in the follow-
ing theorems we investigate some dependence properties of the residual lifetime of
series system according to the properties of the lifetimes of dependent exchangeable
components.

Proposition 3.1. C; is RTI for all t > 0, if and only if C is RRy.

Proof. From Definition 2.2 part b), C; is RTI, if and only if Foy) 4o non-decreasing in x,

G(x)
forall y > 0. It means that forall f > 0, and x’ > x > 0,
Fx+t,x+1) - F(x’ +t,x +t)

F(x+tt) ~— F@ +tt)

Therefore,
F(x+t,x+ ) F(xX +t,1t) < F(x" +t, X + HF(x + 1, 1).

After some simplifications, we have
Flx+t,x+t)F(x" +t,x" +t) < F(x’ +t,t)F(x + t,t). (3.13)
The inequality in (3.13) implies that [ is RR,, then C is RR,. Hence, the proof is

complete. O

Proposition 3.2. If Cy is RCSI, then

W () > WE (), forall t> ¢

Proof. From Definition 2.2 part d), if C; is RCSI, then % is non-decreasing in t, i.e.
fort>1t,

F(x-_kt,x+t)ZF(xw_Lt,x+t) (3.14)
E(t,t) E(t,t)
Hence, (3.14) implies that C; > Cy. Taking the integral from both sides of inequality

(3.14), we obtain \I’Ez(t) > \Piz(t’), for t > t'. Therefore, the proof is complete. O
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Theorem 3.11. C; is PUOD for all t > 0, if and only if

n-1 .

[C(u,...,u)] cw,...,u")> [C(u,...,u,u’)]

n
, O<u <u<l.

Proof. Itis known that the survival copula connecting to a multivariate survival function
F is PUOD if and only if the joint survival function F is PUOD, i.e.,

F(x1,...,xn) > F(x1) X ... x F(x,).
Then, Ci(u, ..., u) being PUOD is equivalent to F; being PUOD, for all t > 0, i.e.,

F(x+t,...,x+if)>F(x+t‘,...,if,t‘)>< ><l:“(t‘,...,t‘,x+t)
Et,..., 1 ~ F(t,...,D E(t,..., b

(3.15)

By multiplying F(t, ..., t) > 0, on the sides of inequality (3.15) and using Sklar’s Theo-
rem, we have

[CE),... ,F(t))]n_lé(F(x +1),.., B+ 1)
> C(F(x + 1), F(t),.., F(t)) x ... x C(F(t), ..., F(t), F(x + 1)).

By replacing u = F(t), u’ = F(x + t), and using symmetric property of the copula, the
proof is complete. o

Remark 5. An immediate result of Theorem 3.11 is that, C; is PQOD(NQD) for all t > 0, if
and only if
A A . 2
Clu, w)C(, ) 2 (S[Cuw,m)|, 0<u<ii<l.

4 Discussions and Conclusions

In this article, we studied two types of series systems (the used series system and the
series system composed of the used components) consisting of arbitrary dependent
components based on the copulas family and a concept called mean function. First,
we extracted a closed expression for the reliability functions of residual lifetime of
the series system with arbitrary dependent components from the view point of Foschi
(2010) in term of the upper threshold copulas. Then, the residual lifetime of two
series systems consisting of different components are compared in usual stochastic
order based on the dependence structure of components mean functions. As a special
case of these results, the residual lifetime of series system composed of dependent
components is compared with the residual lifetime of another series system composed
of independent components with the same marginal lifetime distributions. Another
special case is when both series systems consist of independent components. In this
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case, the residual lifetimes of the systems is investigated and we reached to the well-
known results in the existing literatures. In order to apply the derived results, various
numerical examples have been presented along with graphs.

In the following, the series systems consisting of the used components are examined
and the stochastic comparative results based on the mean function and the dependence
structure of components have also been obtained. Afterwards, the residual lifetime of a
used series system of age t, consisting of arbitrary dependent components is compared
with the lifetime of the similar series system made up of used components of age . At
the end, we presented some dependence properties for the residual lifetime of a series
system based on the lifetime properties of its components.
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