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Abstract. We consider a (n— k+ 1)-out-of-n system with exchangeable
lifetimes of the components. The paper investigates the stochastic or-
dering properties of the residual lifetime of the system under condition
that, at time ¢, at least (n — r 4+ 1) components are alive. Some results
are then extended to the case where the system has a coherent structure
with exchangeable components.
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1 Introduction

Consider a technical system having n components which is working if
at least (n — k + 1) of its n components are operating. The system
fails if k£ or more components fail. In reliability theory such a system is
called the (n — k + 1)-out-of-n system (see Barlow and Proschan, 1975).
If the components lifetimes (life lengths) are denoted by X1, Xo, ..., X,
and the system lifetime denoted by T' = T'(X1, Xo, ..., X;,), respectively,
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then the reliability of the system is P{T" > t} = P{Xj., > t}, where
Xin < Xo.p < -+ < X, are the order statistics of random variables
X1, Xo, ..., X,,. If K = 1 the system is a series system and if k = n the sys-
tem is a parallel system. In the case of independent and identically dis-
tributed (i.i.d.) components lifetimes with common distribution function
F, Bairamov et al. (2002) defined the mean residual life (MRL) function
of a parallel system under the condition that all components are alive at
time ¢, as ¥ (t) = E{Xnn —t | X1.n, > t}. This function involves joint
distributions of order statistics Xi., and X,., and unlike usual mean
residual life function ¥p(t) = E{X; —t | X1 > t} does not characterize
the distribution function for a given n. It is shown that the distribution
function F' can be uniquely determined by v, (t) and ,—1(t), for some
n. In the case when X1, X, ..., X, are i.i.d. random variables, Asadi and
Bairamov (2005, 2006) studied the monotonicity and ageing properties
of the MRL function of a parallel system under the condition that, at
time ¢, at least (n —r + 1) components are alive and the MRL function
of (n — r + 1)-out-of-n system under the condition that, at time ¢, all
the components are working. In general, the mean residual life function
of (n — k + 1)-out-of-n system under the condition that, at time ¢, at
least (n — 7 + 1) components are alive is ¥ (t) = E(Xgp — t | Xy > 1),
r < k. For developments and further results for i.i.d. components life-
times see Khaledi and Shaked (2007), Navarro et al. (2008), and Li and
Zhang (2008). Attempts have also been made to investigate the reliabil-
ity properties of the coherent systems for which the components are not
necessarily i.i.d. In this regard, one can refer to Navarro et al. (2005,
2007, 2008, 2013), Gurler and Bairamov (2009), Kochar and Xu (2010),
Navarro and Rubio (2010, 2011), Zhang (2010), Belzunce et al. (2011),
Sadegh (2008, 2011), Tavangar and Bairamov (2012), Tavangar (2014),
Tavangar and Asadi (2015) and Gupta et al. (2015).

This paper investigates the stochastic ordering properties of residual
lives and mean residual life function of k-out-of-n system with lifetimes
being exchangeable random variables. The results presented in this pa-
per can be used for applications in reliability analysis where the assump-
tion of independence can not be accepted and the exchangeability is a
more realistic assumption.

Throughout this paper for any random vector Z and any event A,
we denote by (Z | A) a random vector having as its distribution the
conditional distribution of Z given A. Also we assume that the left
end-point of all univariate marginals is zero.
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2 Residual Lifetime of k-out-of-n System

Consider a (n — k + 1)-out-of-n system consisting of n components. As-
sume that the components lifetimes X, Xo,..., X,, have an arbitrary
joint distribution function F(xi1,x2,...,x,) with corresponding joint
survival function F(x1,9,...,2,). Let Xp,,1 < k < n, denote the
kth order statistic of the sample X1, Xo, ..., X,,. The residual life of the
system, given that at time ¢ > 0 at least (n — r + 1) components are
working, is defined as (Xx., —t | Xy, > t). In the following, some repre-
sentations for the survival function of this conditional random variable
are given.

An elementary result in the theory of order statistics shows that the
survival function of the rth order statistic can be written as

r—1

P{X,., >t} = Z P{exactly i of the X; are less than or equal to t}
=0
r—1

Sl

=0 C;

where

0 (t) = P{Xyp <t, Xy, <t,...,Xp <t,Xp,,, >t,...,Xq, >t}

(51,52, ,fn) S Ci,

Xy, = 0, almost surely, and C; is the set of all permutations {¢1, {2, ..., £, }
of {1,2,...,n} for which 1 < /; < --- </l;<mand 1 </l <---<{, <
n. Also one can observe that

P{Xyp > t, X >t +x}
r—1 k—i—1
= Z Z P{exactly i of the X; are less than or equal to t,
i=0 j=0
exactly j of the X; are between ¢ and ¢ + z}.

If, for (41,42, ..., 4y) € C;, we denote the event [ Xy, <t, X, <t, .., Xy, <
t, Xg, > t,..., Xyg, >t] by A®C) i =0,1,...,7r—1, then the right-hand
side of the last expression can be written as
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1k—i-1

ﬁ
|

Z ZP{)@O <t, Xy, <t Xy <tt< X,
C’.

i=0 j=0 C; Cy
Stdw,o t< Xy, <t+w, Xg, >t+w,. ., Xy, >t}
r—1 k—i—1
=>" 3 Y > 0PN, —t <, Xy —t< T,
ij—tél',...,XsJ.H t>x, Xsn_i—t>x‘A(t’Ci)},
where X, = t, almost surely, the summation on C; has been inter-

preted as before, and Cj(j) is the set of all permutations {81,582, .. Sn—i}
of {liy1,....,0,} for which 1 < 51 < -+ < 55 < nand 1 < 5541 <
© < Sp—i < n. It should be mentioned here that a similar expres-

sion is also considered in Zhang (2010). Now, let us define the vector
(X(tfci) (tvci)
Liy1,m) "l

tion of (Xy,,, —t,..., Xy, — 1| A®C)Y Then we can write

) as any random vector which has the same distribu-

P{Xr.n >t Xpp >t+a}

— k—i—1
— S0 S Y PN < 0 X < XU <
=0 C _] =0 Cz(])
XS(J+1)n>:L“ Xéich >z}
r—1
— ZH(Ci)(t)
i=0 C;
k—i—1
P{exactly j of the X(t “) are less than or equal to x}
j=0
r—1 (
CZ t,C;)
= 0 () P{xX,"CY > a}
i=0 C;
r—1 c
i (6,05
=330 IWELS) (@),
i=0 C;
where X S(ﬁ%) = 0, almost surely, and X ,it ?Tz ; is the (k — i)th order

statistic of the conditional random vector (Xy,,, —¢,..., Xy, —t | ALC))

with survival function F (t.C2)

b_in—i(®). This implies that the survival func-
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tion Fr7k7n7t(1}) of (Xk:n —t | Xypn > t) can be represented as

B (o) Dm0 Za S OORL) (@)
e Yin Yo 0w

(1)

(t,Ci)

which is a mixture representation of survival functions of the X, 7" .,

i=0,1,....,r— 1.

Remark 2.1. Let the components lifetimes be i.i.d. with the common
distribution function F(x) and survival function F(x). Then, it is easy
to show that 6(¢: )() = {o®)}Y F"(t), where ¢(t) = F(t)/F( ), and
Flgt_lcil) () = P{X > z}, where X,g)m ; is the (k — i)™ order
statistic from the i.i.d. sample X{t), Xé ), vy Xr(f) with common survival
function Hy(z) = F(t +z)/F(t), x > 0. Now representation (1) can be
written as

k—im—i

Sizo (et >} P{X),, >}
Sz (M{e®Y ’

which reduces to the expression in Lemma 2.2 of Li and Zhao (2006).

Fr,k,n,t(x) =

Order statistics have been studied quit extensively in the case where
observations are i.i.d. Bairamov and Parsi (2011) considering the distri-
butions of order statistics from mixed exchangeable random variables as
a special case obtained the joint distribution of two nonadjacent order
statistics from exchangeable random variables. It also follows that

P{Xpn < 2} = Z(_l)j_k (Z} : 1) Zp{maX(X@N "'7ij> <z},
=k c;

where the summation extends over all permutation £1, {5, ...0, of 1,2, ....n
for which 1 </ <--- </; <mand 1 < /1 <--- < /¥, <n;see David
and Nagaraja (2003, p. 46). Therefore, we have

£C:) = )i G=1\ e
AL =1 3 o (0 )R,

where

tc) ZP{max tc) X(tc)) x},

8j,m
Ci)
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and the summation can be interpreted as before. Thus we get

r— . n—i i . +.C;
Frpne(z)=1— Zizé 2.0 () 2 j=k—i(=1) - k(lcj—iil)Fj(:j )(93)
o S e, 0C(t) :

which is an expression for the survival function of (Xg., —t | X,y > t)
in terms of the distribution functions of lifetimes of parallel structures.

In a special case when (X7, X»,..., X,,) is a random vector with ex-
changeable distribution, the representation will be more simpler. If we
denote the probability P{Xy < t, X7 <t ...X; <t,X;11 >t ... X, >

t} by F;,(t), then
0 (t) = (") Fin(t)
2 ()

and
7C’i n i 34Vg
S EEC) (2) = () S Plmax(XEN, L XEN) < ).
Ci Nigj)

where N; = {1,2,...,i} and Ny(; is the set of all permutations {s1, s, ...,
sSp—iy of {i+1,...,n} for whichi+1<s; <---<sj<mn,and i+ 1<

sj41 < -+ < 8, < n. Here we assume that Xy = 0, almost surely.
It is easy to see that (Xl(if[;), ,Xffﬁfvl)) is also a random vector with

exchangeable distribution. This implies that

(X(tvNi) ”.’X(fggi)) 4 (X(tvNi) ’X(tvNi)).

81,1 ) S], i+17n,... i+j,7’l
Therefore, we obtain the representation
- i i+j—k (n—iy ( §—1 \ (®)
B y(z) = 1— >ico (D Fin() X514 (s y) Fion ()
T? ?/rl’7 - _1 ,
where Fy(t) = P{A{"}, Fl(?n(x) =P{Xip1 <t+m . Xy <t+a|

Agt)}, and Al(-t) denotes the event [Xo < t,X; < ¢,...,.X; < t,X;41 >
tyo Xn > 1), i=0,1, 07 — L.

Remark 2.2. We may wish to rewrite a representation for F}. j. ,, ;() in
terms of the survival functions of series structures. The survival function
of the kth order statistic from an arbitrary sample X1, Xo, ..., X, is given
by

n

Fun(@) = 3 (—1)rkH1d (jL ) ;) S P{min(Xe,, . X)) > o,

j=n—k+1
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(see, for example, David and Nagaraja, 2003, p. 46). Therefore, we
obtain

~(t,Ci = n—ki—j (J =1\ a0
TR S e i L)
j=n—k+1

where o
A (@) =Y P{min(Xy,, ..., Xg,) > 2}
Cs

J

Substituting this in representation (1) we get

-1 ; —i —k4+1—j(i—1\ &(t,Cs
TS X 00 S (DI () RS @)
Yiso Y, 09 (t)
In the case where (X1, X, ..., X;,) is a random vector with exchange-
able distribution, we have

] S (M Fin(t) S0 (~1)r T (T (Y EY (a)
Fr,k,n,t(m) = —1 )

Zi:O (?) Fin(t)

Fr,k’,n,t (:E)

where

F(t) (.CI}) = P{Xi+1 >t+x, ...,X@'+j >t+x | Al(t)}

i7j7n
For practical calculations, we may wish to obtain an explicit expres-

sion for Fnk’n,t(az) in terms of the joint survival function F(z1, 22, ..., Z).
The following lemma serves for this purpose.

Lemma 2.1. Let (X1, Xo, ..., X)) be a random vector with exchange-
able joint survival function F(xq,,...,x,). Then
(a) fori=0,1,...,n—1,

Fin(t)=P{Xo<t, X1 <t,...X; <t,Xiy1 >t,...., X, >t}

K2 .
=> (-1) (?)F(t,t, ., 1,0,0,...,0);
— J —— ——
J=0 n—i+j i—j
(b) fori=0,1,..n—1, j=12,...n, i+j<n
P{XO <t, X1 <t X <t X >t ---,XiJrj >,
Xi+j+1 >t+4+z,.., X, >t+ .T}
i .
=SV V)Rt ettt 2,0,0, 0, 0),
v ——— ———— —— ——
0 J+e n—i+j it

where Xo = 0, almost surely.
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Proof. Denoting the event [X;11 > t,..., X, > t] by A, and the event
[X; > t] by By, £ =1,...,4, we have

Fin(t) = PLA\|J B}
=0
It is easily shown that
P{A\UBE}:P{A}—P{UCZ}, (2)
=0 =0

where Cy = AN By, £ =1,2,...,i. By the inclusion-exclusion principle
(see Feller, 1968, pp. 98-101), we have

P{UCg}:i(—l)j_l Z P{CglﬂCgQQ...ﬂng}

=0 7=1 1<l < <<
% .
. 7\ —
= Z(_l)]_l ( )F(t> ta R t7 07 07 seey 0)>
= 1) SN
- n—i+j ]

where the second equality follows from the fact that (X1, Xo,..., X,)
has exchangeable distribution. Substituting the last expression in (2),
we get the required result in part (a).

A similar argument can be used to prove part (b). B

Theorem 2.1 Let (X1, Xo, ..., X)) be a random vector with exchange-
able joint survival function F(x1,x2,...,zy,). Then

_ Ki(t,x)
Fr n = T N 3
k, ,t(‘r) Kg(t) ( )
where
r—1 i n ; k—i—1 j n—i\ (j
e - SEr ) S B0
i=0 ¢/=0 j=0 =0 J
xF(t,t,...t,t+x,...,t+2,00,..,0),
—_—— ———— — — —
o+ n—i—j+~ i—L
and
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Proof. The probability that the random point (1, &2, ...,&,) falls into
parallelepiped a; < & < b;, i = 1,2,...,n, where a; and b; are arbitrary
constants, is (see Gnedenko, 1978, p. 135)

Pla; <& <bp,az <& <bg,...,an <& < by}

= P{& > a1,8 > ag,...,& > an}

= P+ Py =+ (“)"P{& > bi, & > by G > b}
i=1

1<j

where p;; 1 denotes the probability P{{; > ¢1,& > c2,...,& > cu} for
¢ = b, ¢; = bj,...,c;;, = by and for the other indices c¢; = as. One can
modify this expression as

Pla; <& <bi,ap <& < by, ...,an <&, < by, A}

— P{fl > ay,& > ag, ..., &y > an,A}

- Zp'/L + Zp;j — (_1)”P{€1 > b17§2 > b27 7§n > bnaA}a
i=1 1<j

for any event A, where p;jmk denotes the probability P{&; > c¢1,& >
€2, .., €n > Cp, A} for ¢; = by, ¢; = by, ..., ¢, = by, and for the other indices
Cs = ag.

Let A=[Xo<t,X; <t ., X;< L, Xipjpp>t+x, .., Xy >t + x).
Then, using Lemma 2.1, we have

P{XO <t, X1 <t X; <tt<Xip §t+1},...,t<XH_j <t+uz,

Xipjr >t+x, .., X, >+ x}
=P{Xo<t, Xy <t,..,. X; <, Xip1 >, Xy >

Xi+j+1 >t+ax,.., X, >t+ x}
+ (—1)5(@ P{Xo<t, X1 <t,.X; <t,Xip1 >t,...., Xirjg > 1,
1

<.

~
I

Xi+j_g+1 >t+ax,..., X, >t+ x}
+ (=1 P{Xo <t, X1 <t,., Xi <, Xiy1 >t + a0, Xipj

>t+w,..., X, >t+a}
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(] .
:E (—1)£,<Z>F(t,t,...,t,t+x,...,t+x,0,0,...,0)
720 ———— ———— — —
J+e n—i—j it

7j—1 . [ .
_ ¢ 1 _ Vi 1 —
+Z§( 1) <€>§ (—1) <£,>F(t,t,...,t,t+a:,...,t+:c,0,9,...,0)

=0

G—l+e! ntl—i—j it
7 .
1\ _ Y 1 —
+(-1) Z( 1) <€/>F(t,t,...,t,t+x,...,t+x,0,0,...,0)
=0 v n—i it
7 . i i\
=S V) S0 () F(t ettt 4 2,0,0,..,0).
14 y A ———— —————— — —
(=0 =0 A n—i—j+¢ it

Substituting this to expression (1) and then applying Lemma 2.1 again,
the required result follows. B

3 Some Examples

In this section we study the behavior of the mean residual life (MRL)
function of k-out-of-n systems consisting of n components with exchange-
able lifetimes. The MRL function of (n — k + 1)-out-of-n system is de-

fined as the expectation of the residual lifetime of the system described
in Section 2. If we denote this conditional expectation by M, j ,,(t), then

Mr,k,n<t) = E(an —t ‘ Xr:n > t), t> 0.

Note that by Theorem 2.1,
S —
Mr,k,n(t) = / Fr,k,n,t(aj)dl‘
0

1 o0
= Kz(t)/o Ki(t,z)dx. (4)

Example 3.1. For a special version of Marshall and Olkin’s multi-
variate exponential distribution with survival function

i=1
x; >0, A>0,\" >0,

n
F(x1,x9,...,2,) = exp {)\sz — A max(x1, 9, ..., J:n)} ,
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(see Kotz et al., 2000), one can easily see that

F(t,t,...,t,0,0,....,0) = exp{—[(n — i + )\ + X\*|t},
( ) = exp{—[( ) It}

n—i+¢' i—
—[(n—i+ )X+ \*|t
/ Pttt bt £2.0,0. 0)dy = P U 4 X+ A1)
— L (n—i—j+ 0N+ A
j—e+v n—i—j+¢ =

From (4), we obtain

re1 i oy (i N (i) 1) 1 T2 e
S0 =0 (=D (D () { 25207 Zico xmmigshiar (€
SiZo Xir—o(=D¥ () () emAn—itenFane

Figure 1 shows the graphs of MRL M, j ,(t) of Marshall and Olkin’s
multivariate exponential distribution with parameters A = 1 and A\* = 5,
for the case where n = 6 and k = 5.

Mr,k,n(t) =

Example 3.2. Mardia’s multivariate Pareto distribution of the first
kind with equal parameters has the joint survival function,

—a

F(x1,29,...,2,) = <01in —n+ 1> , x;>0>0, a>1;
i=1

see Kotz et al. (2000). We have, for ¢ > 0,

/ F(t,t,...t,t+x,..,.t+x0,0,..0)dx

0 —_——— ——— ——— — —

Gl n—i—j+0 it
_/ {0 n—i+j+0z+0  (n—i+l)t—(n—i+)+1} "dz
0

0 _
T a—Dn—i—j+0) 16

Yn—i+l)t—(n—i+l)+1}7°

Since n — i+ j + £ > 1, one can conclude that

Mr,k,n(t)

_ 0 2:2—01 Zz,:o(—l)el (1) (Z,) {67 n—i+ )t —(n—i+ )+ 1}1_a Cij kit
a—1 S (DI () {0 =i )t — (n— i+ ) + 1}

where
S )

k—
Ci ikt = Z Z TL—Z—]-l—E

j=0 ¢=0

b
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Figure 2 shows the graphs of MRL M, ,(t) of Mardia’s multivariate
Pareto distribution with parameters a = 6 and 6 = 1, for the case where
n =6 and k = 5.

Example 3.3. Warmuth (1988) extended the well-known Fréchet bi-
variate bounds for n-dimensional distributions (see also Kotz et al., 2000,
p. 45). Based on n univariate distributions Fi(z1), Fa(x2), ..., Fn(xn),
the upper bound is min{ F (z1), Fa(z2), ..., Fr(zy) }, a n-dimensional dis-
tribution function. In a similar way, one can obtain the n-dimensional
survival function min{Fy(z1), Fa(x2), ..., Fy,(z,)} as an upper bound for
any joint survival function with marginal survival functions £ (x1), F(x2),
.., Fy, (). Consider the exchangeable survival function

F(x1,29,...,2,) = min{F(x1), F(x2), ..., F(z,)},

where F(x) is a lifetime survival function. We have

oo o
/ Fltt, oty t 4 2yt 4+ 2,0,0, .., 0)dz — / Flt + 2)dz = m(t) (1),
0 ——— e e — 0
ettt e jl it

(since n —i — j + ¢ > 1), where m(t) = E(Xy — ¢t | X1 > t) is the MRL
function corresponding to F'(x). From (4), we obtain M, j ,,(t) = m(t).

4 Stochastic Comparisons among Residual Lives
of k-out-of-n Systems

Before giving the main results of this section, we first recall some aging
concepts and stochastic orders that are pertinent to the developments
of the paper.

Definition 4.1. Let X and Y be two random variables with distribu-
tion functions F and G and survival functions F = 1—F and G = 1 -G,

respectively. Then X is said to be less than Y in stochastic order (de-
noted by X <4 Y) if G(z) > F(x).

For a comprehensive discussion on other univariate stochastic orders,
we refer the reader to Shaked and Shanthikumar (2007) and Miiller and
Stoyan (2002).
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Figure 1: The MRL of a 2-out-of-6 system
with Marshall and Olkin’s multivariate ex-
ponential components lifetimes
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Figure 2: The MRL of a 2-out-of-6 system
with Mardia’s multivariate Pareto compo-
nents lifetimes
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Definition 4.2. Let X and Y be two n-dimensional random vectors
with joint density functions f and g, respectively. Then X is said to
be smaller than Y in the multivariate likelihood ratio order (denoted
by X <, Y) if (A and V denote, respectively, the minimum and the
maximum operations)

f(l'l,xQ, "'7xn)g(y17y27 ceey yn)
< flri Ay, z2 Aya, o @ AYn)g(x1 V yr, 22 V Y2, o, Tn V Yn),

for all (z1,z9,...,2,) and (y1,y2,...,yn) in R™ (see Shaked and Shan-
thikumar (2007) and references therein).

The following theorem from Shaked and Shanthikumar (2007) will
be essential for our derivations.

Theorem 4.1. Let {X1,Xs,...} and {Y1,Ys,...} be two sequences

of (possibly dependent) random variables such that (X1, Xa, ..., Xg) <g
(Y1,Ys,...,Yy), k> 1. Then Xy <ot Yjin, whenever i < j and m—i >
n—j.

Corollary 4.1. Let {X1,Xs,...} be a sequence of (not necessarily
independent) random variables. Then X, <st Xj.n, whenever i < j
andm—1i>n—7j.

The next result reveals that, for any fixed r, n and ¢, the residual
lifetime (Xg., —t | Xy > t) is stochastically increasing in k. The proof
is trivial from the definition of order statistics.

Theorem 4.2. For any integers v, k and n such that 1 <r <k <n,
(Xk:n —t | Xr:n > t) Sst (Xk+1:n —t | Xr:n > t)-

It seems that more results are possible only under simplifying the as-
sumptions such as exchangeability of the components lifetimes. Hence
we suppose that X = (X1, Xo, ..., X;;) be an exchangeable random vec-
tor. Then the survival function of (Xy.,, —t | X, > t) in (1) can be
expressed as

()
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t = (4.t
where A = [Xo < t, X1 <., X; <, Xis1 >, X > ], BM) ()

= P{X(i’t) > z} and x5 s the (k —i)th order statistic corre-

k—in—1 k—in—1
sponding to the conditional random vector (X;41 — ¢, ..., X, — t | Agt)).
The following theorem proves that when X satisfies the multivariate
totally positive of order 2 (MTP3) property (i.e. if X <j X), (Xgu —1 |
X, > t) is decreasing in r in the sense of stochastic order. We refer the
reader to Karlin (1968) and Karlin and Rinott (1980) for some properties
of MTP5 random vectors.

Theorem 4.3.  Let (X1, Xo, ..., X,,) be an absolutely continuous and
exchangeable random vector which satisfies the MTPy property. Then
for any integers r and k with 1 <r —1<k <mn,

(Xk:n —1 ’ Xr:n > t) Sst (an —1 ’ Xr—l:n > t)7
for allt > 0.

Proof. Using (5), it can be shown, after some simplifications, that
Frpnt(x) — Fry1 knt(z) has the same sign as

r—1
n = (i, = (r,
=0

]

Let ¢ = (x1,22,....xpn), A={x: 21 <t,..,xp <t XTpy1 >ty oy >t}
and B = {z: 29 < t,z1 < t,.,x; < tywiyr > t,...,x, > t}, where
i=0,1,...,7—1. Then we have AVB ={axVy:x € A,yc B} = B and
ANB ={zANy:x € A,y € B} = A, where A and V denote, respectively,
the minimum and the maximum operators. Since X satisfies the MTPo
property, from Theorem 6.E.2 in Shaked and Shanthikumar (2007), we
have (X | X € A) <;, (X | X € B). But since the multivariate likelihood
ratio order is closed under marginalization (see Theorem 6.E.4 in Shaked
and Shanthikumar (2007)),

(Xn — 1, -~-7Xi+1 —1 ‘ Xe A) <ir (Xn — 1, ...,Xi+1 —1 ‘ Xe B)
Using Theorem 6.E.8 in Shaked and Shanthikumar (2007), we obtain
(Xn —ty e, Xig1 — 1 | Xe A) <st (Xn — 1y, Xig1 — 1 | Xe B)

Now since ¢ < r, from Theorem 4.1, we have F,&?nﬂ(w) —F,Ei?nir(:r) >
0, and hence Fnk,n,t(x) > Fr+17k7n’t(x) for x > 0. This completes the
proof of the theorem. l

The next example shows that if we remove the MTP5 assumption in

Theorem 4.3, then the conclusion of the theorem does not remain valid.
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Example 4.1. Consider the bivariate exponential distribution of
Gumbel (1960) with joint reliability function

— I X9 AT1T2
F(x1,x9) = exp {

},azl,xg >0,01,00 >0, € (0,1),

see also Kotz et al. (2000) and Castillo et al. (1997). It is known that the
joint density function of the Gumbel’s bivariate exponential distribution
does not satisfy the MTPy property. On the other hand, we have

P{Xg;g —t>x ’ Xq.9 > t}

x T at(t+x) 2
B T 05 \p 010 — (L 1 — a(t+z)
(e 7 +e 2)e 0102 exp{ (91 —1—02)3; 7.0,
- _ at? ’
e 0102

and

P{XQ;Q —t>zx | Xo.9 > t}

_t4=z _t+z

irx 2
e 1 +e % —exp{—(%%—é)(t—kx)—%}

e 1,1 at? ’
e e e {-(F+ )t 55 )

for each x > 0. Figure 3 shows the graphs of the survival functions

P{Xoo—t>z| Xp2>t},r=12fora=02and =6, =1ata
fixed point ¢ = 3. It is obvious that (Xo.g —t | Xo.0 > t) Let (X2 — |
X0 > t).

Remark 4.1. The behavior of (Xg.,, —t | Xy > t) in terms of n is
considered in Rezapour et al. (2013). They have shown that the above
residual lifetime is stochastically decreasing in n when the components
lifetimes following an Archimedean copula. We do not know whether
a similar result also holds for exchangeable or arbitrary dependent life-
times.

Theorem 4.4.  Let S;, and Sy be two (n — k + 1)-out-of-n systems
with exchangeable vectors of component lifetimes X = (X1, Xo, ..., Xy)
and Y = (Y1,Ys,....Y,), respectively. If (X|X € E;i(t)) <& (Y|Y €
Ei(t)), for all i = 0,1,....,7 — 1, and for Ei(t) = [0,t]* x (t,00)""" or
[0,2]° x [0,00) x (t,00)" "L then

(Xk:n -1 ‘ Xr:n > t) Sst (Yk:n -1 | K":n > t)’ t Z 0.
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P(Xz:z—t>xD X > t)
o o o I3 © o o
w » (%)) o ~ [oe] ©0
o
N -
’

o
N

o
s

o

1 1 1 1 1 I
0.5 1 15 2 25 3 3.5 4

o

Figure 3: The survival function P{Xs.5 —t > x | X;.0 > t} for Exam-
ple 4.1.

Proof. Suppose that an observer observes that exactly first ¢ compo-
nents of the system with lifetime X have already failed by time ¢t. Thus,
a history that the observer has observed is of the form

AD Z (X e Bi(t)] = [X1 <t Xi <4, Xip1 > £, Xy > 1.
Similarly, one can consider the history
BY = [YEEW) =[Yi <t,..Y; <t,Yiiy >t,...Y, > 1],

for another system with component lifetimes Y. Let Grknt( ) be the
survival function of (Yy., —t | Yy > t) and Gt x) = P{Y @y

kznz —in—i

x}, where Yk(i’@ - denotes the (k—i)th order statistic of the conditional

—tn—1

random vector (Y41 —¢,..., Y, —t| Bi(t)). Using (5), we have

7‘ ,M, (l‘) 'rknt(x) (6)
z:: (HP{BIGE), (@) Sisy () P{AVYRD, @)
>iss () P{BY} s () P{AY

X () {P{A<’”}P{B@}>G£”2n (@) = PLAYPABYELY, (o)}
(S5 Pa s )Py}
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The numerator in the right-hand side of the equality can be rewritten
as

S i (?) ( )P{A NPBOEN, @) - B, @)}

i=0 j=0
r—1r—1
+3.3 () () {praeist?s - papa} 79, o)

(7)

We show that each term of this expression is nonnegative.

It is known that the usual multivariate stochastic ratio order is closed
under marginalization. Hence, from the assumption of the theorem, we
have for j =i+ 1,...,n,

(Xip1 =t X — | AD) <y (Yier — ..., Y5 =t | BY).

Now, we get from Theorem 4.1 that F(Z t) (x) < Gg tl)n J(x), i =

0,1,...,7m — 1, x > 0. Therefore the ﬁrst term in the rlght hand side
of (7) is nonnegative. The second term can be rephrased as

i;(?) (J) [PLAOYP(EY) - PLAYYPBO) FE), (@

* Z (D) () {Pearipisy - pLatypsy £, e

Z: <n> @ [Py P(BY) = P PBIY ] F), ()

+Z <> <J> {PLADYP{BYY - PRATYPIBOY B, ()

%;@XDMwWW%PMWw%}MM@

f;J@@FWWW}mwmw§MMm

TS () (2) (e - oy 5, o
-
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By Corollary 4.1, we have F,gl_?n_l(x) < F,gj_’?n_j(x), for j <. It is not

difficult to show that under the assumption of the theorem,

(Xiy1 | Xo <, X1 <t,..,X; <, Xipa > t,..., Xy > 1)
<st (Y;+1 ’ }/0 < t,Yl <t, ’}/’L < t7Yi+2 > t? 7Yn > t)

This implies that

P{Yiy1 >t | Yo<t,Y1<t,...Y; <t,Yiio >t .. YV, >t}
P{Xprl >1 | Xo<t, X1 <t,.,.X; <t,Xiq2>t,...,. X, > t}
P{Yig1 <t|Yo<t,Y1 <t,...Y; <t Yo >t,...,Y, >t}
- P{XiJrl <t ‘ Xo<t, X1 <t,.. X; <t,Xiq2>t .., Xy >t}7

which, in turn, implies that

P{Yo<t,Y1 <t,..Y;i<t, Y1 >t .. Y, >t}
P{Xo<t, X1 <t,...Xi<t,Xijp1>t,...X, >t}
P{Y1<t,...Yiy1 <t,Yio>t,.. Y, >t}
- P{Xl <ty e, Xig1 <, X490 >t ., X > t}.

That is
t
P8}y _ P{BI)}

P{AY}Y T PLAY,

Therefore P{BZ.(t)} / P{Agt)} is decreasing in i. Hence for j <1,

PB) _ P{B}
P{AY} ~ P{A")

Thus, the second term in the right-hand side of (7) is also nonnegative,
and we obtain the desired result. That is Gy g nt(2) > Fy g pe(2), for all
x,t >0,and all r,k, and n suchthat 1 <r—-1<k<n. R

Remark 4.2.  There are some results, in the i.i.d. case, describing
the properties and behavior of the residual lifetime (Xy., —t | Xy > t)
in terms of the time ¢ > 0. For example, it is known that when the
common distribution of the observations has increasing failure rate, then
the residual lifetime of the system is stochastically decreasing in ¢; see,
for example, Asadi and Bairamov (2005, 2006) and Li and Zhao (2006).
The natural question that arises here is to what extent these results can
be generalized to the case of exchangeable components.
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5 Extensions to General Coherent Systems

According to Barlow and Proschan (1975), a coherent system can be
defined as a structure function which is nondecreasing in each vector
argument and such that each component is relevant (a component is
irrelevant if it does not matter whether or not it is working). The k-out-
of-n systems described in previous sections are special cases of coherent
Systems.

Samaniego (1985) introduced a signature of coherent system, a use-
ful concept that can be used to express the distribution function of
the lifetime of a coherent system with independent and identically dis-
tributed continuous components lifetimes Z1, Zo, ..., Z, as a mixture of
the distribution functions of the order statistics Zi.n, Zo.m, ..., Zpm Of
the Z;. Kochar et al. (1999) further studied and developed this con-
cept. More precisely, the signature of the lifetime 7(Z1, Zs, ..., Z,) of
a coherent system is a probability vector p = (p1,pe,...,pn) where
pi = P{1(Z1,Zs,...,Z,) = Zi;n}. The probabilities p1,pa,...,p, can
be computed by

n; .
i = 727 Z:1a2a"'7n7
n!
where n; is the number of ways that distinct 71, Z», ..., Z, can be or-
dered such that 7(z1,22,...,2n) = 2im, © = 1,2,...,n, where z;., is the

value of Z;.,. Because the vector p is a probability vector, and does
not depend on the common distribution function of the Z;, the survival
function of 7(Z1,Zs,...,Z,) is a mixture of the survival functions of
iy Loy - - - 5 Lnen With weights p1, po, ..., py, respectively. That is

P{r(Zy,Zs,...,Zn) > 2} = Y piP{Zin > x}. (8)
=1

Navarro et al. (2005) proved that the representation (8) also holds in
the case of absolutely continuous exchangeable distributions.

Now consider a coherent system with the property that, with proba-
bility 1, it is operating as long as (n — s + 1) components operate. Such
systems must have a signature of the form (0,0,...,0,ps,Ps+1,---,Pn)-
Let (X1, Xo,...,X,) be a nonnegative random vector representing com-
ponents lifetimes of the system. If we denote the lifetime of the system
by T = 7(X1, Xs,...,X,), then, under the condition that all compo-
nents of the system are alive, the residual lifetime of the system is
(T —t| Xpp, > t), 7 = 1,2,...,5s — 1. Khaledi and Shaked (2007)
showed that the survival function of the residual lifetime of the system
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can be expressed as

n
PT —t> x| Xpp >t} = piP{Xin —t > 2| Xpp >t} (9)

=S
The next theorem may be useful for system operators to be able to
stochastically compare the residual lives of systems with different types
of components. We mention here that for any two probability vectors
p=(p1,p2,...,pn) and ¢ = (1,42, - - -, qn), P is said to be smaller than g
in the usual stochastic order (denoted by p <y q) if > 7" ;i < S ; Qi

ji=12...,n.

Theorem 5.1. Let X1, X5,..., X, be the exchangeable components
lifetimes of a coherent system with life function 11, and let Y1,Ys, ..., Y,
be the exchangeable components lifetimes of another coherent system with
life function To. Denote Th = 11(X1, Xo, ..., Xy) and Ty = 7o(Y1, Yo, ...,
Y,). For some 2 < s < n, suppose that the signatures of T, and 15 are of
the forms (0,0,...,0,ps,Ds41s---,Pn), and (0,0,...,0,4s,qs+1s---,Gn),
respectively. If p <g q and (X|X € E;i(t)) < (Y1Y € E;(t)), for all
i=0,1,...,7 — 1, and for E;(t) = [0, x (t,00)"~% or [0,2]* x [0,00) X
(t,00)" "1 then

(Tl—t’XT:n>t) <st (Tg—t’Y;,;n>t), r=1,2,...,s — 1.

Proof. From (9), we have

n
P{Ty—t>x | Xpy >t} =Y piP{Xin —t >z | Xpopy > t}

=S

n
<Y piP{Yin —t > x| Yyn > t}

=5

n
SZQiP{K:n_t>$’K‘:n>t}

=5

=P{Th —t>zx| Y, >t}

where the first inequality follows from Theorem 4.4 and the second one
follows from the fact that P{Y;,, —t > z | Y,., > t} is increasing in
i =8,....,n (see Theorem 4.2), and from Theorem 1.A.6 in Shaked and
Shanthikumar (2007). This completes the proof of the theorem. W

The next result follows directly from Theorem 4.3 and equality in (9),
and shows that the residual lifetime (T" — ¢ | X,., > t) of a coherent
system is decreasing in r in the sense of stochastic order.
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Corollary 5.1.  Let (X1, Xo,..., X,) be the exchangeable components
lifetimes of a coherent system with life function T and lifetime T =
7(X1, X9, ..., Xp). For some 1 < s < n, suppose that the signature of
7 is of the form (0,0, ...,0,ps, Pst+1,---Pn). Let (X1, Xo,..., X,) has the
MTPsy property. Then for any integer r such that 2 <r <s+1,

(T —t | Xr:n > t) <st (T_ t ‘ Xr—l:n > t),

for allt > 0.
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