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AGEING PROPERTIES AND SERIES SYSTEMS
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Abstract

The comparison of lifetimes has been treated extensively during the last decade. A wide
variety of mathematical objects have been defined, which, in reliability theory, are used
to quantify ageing properties. In this work, using the equilibrium variable, we give a new
viewpoint on ageing properties. Moreover, we give new bounds on the moments of series
systems.
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1. Introduction

Ageing was defined for positive random variables forty years ago. In the last decade,
many developments have taken place. In order to take into account the numerous fields of
application, various new approaches have been proposed. Usually an ageing property is based
on a comparison (with respect to a stochastic order) between the lifetime and the residual time
(or another lifetime).

1.1. The equilibrium variable

Let X be a nonnegative continuous random variable with absolutely continuous distribution
Fx. Let us denote the survival distribution by Fx =1— Fy, the density function by fx, the
expectation, which is assumed to be finite, by m = E[X], and the second-order moment, which
is also assumed to be finite, by my = E[Xz].

Now, let X be a random variable with density function f, defined from the tail of X by

Fx(t
[z @) = x(®) for any positive ¢.
Its survival function is denoted by 7;((), and its mean 77 is well known to be
~ mj
m= —.
2m

We call X the equilibrium variable of X . Its distribution is known as the equilibrium distribution
of X in renewal process theory. It is also called the integrated tail function.

If the variable X has a finite moment of order k, k > 2, then the equilibrium variable of
order k is defined as

—_~—

X® — x®&-1

Received 29 November 2002; revision received 5 July 2004.

* Postal address: Laboratoire CNRS Paul Painlevé, UMR 8524, Université Lille 1, 59655 Villeneuve d’ Ascq, France.
** Email address: jean-louis.bon@polytech-lille.fr

*** Email address: abbas.illayk @math.univ-lille1.fr

279

https://doi.org/10.1239/jap/1110381388 Published online by Cambridge University Press


https://doi.org/10.1239/jap/1110381388

280 J.-L. BON AND A. ILLAYK

using the following density:

F (1)

STxw () = E[X¢—D]’

where, fork = 1, XU = X.
Let [x = min{u : Fx (u) = 0} and, for t < lyx, let us define X, the residual lifetime of X,
using its survival distribution, as follows:

— Fx(t
Fy, () = TXUHD
Fx (1)
Also, the hazard rate is defined by
t
hx(t) = &
Fx(t)

1.2. Usual stochastic orders

In order to compare different ways to define ageing, let us recall the usual definitions of the
partial stochastic orders that we will use (see, for example, Shaked and Shanthikumar (1994)).

Deﬁnitio_n 1. Let X and Y be nonnegtive continuous random variables such that [y =
min{u : Fx(u) =0} and ly = min{u : Fy(u) = 0}, respectively, and [ = min{ly, ly}.

(a) The random variable X is said to be smaller than Y with respect to the usual stochastic order
(written X <y Y)if, for any u > 0,

Fx(u) < Fy(u).

(b) The random variable X is said to be smaller than Y in the hazard-rate order (written X <p; Y)
if, for any u € [0, [],

hx ) > hy(u)

or, equivalently,
Fx(u)

— is decreasing. (1)
Fy(u)

(c) The random variable X is said to be smaller than Y in the likelihood ratio (denoted by
X < Y)if,forany0 <u <v <,

fx @) fy () — fx () fy () = 0.

These definitions come from different fields of reliability theory, and they are used in the
limiting case, where [ = 4-00.

For two nonnegative random variables X and Y, the following chain of implications is well
known:

X< Y=>Xz<ptV=X=<Y (2)
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1.3. Ageing properties

The ageing property is introduced in reliability to quantify the fact that a system which is
functioning at time ¢ has a survival lifetime that is less than the initial one. The comparison
can be based upon various criteria depending on stochastic order. The most popular notions of
ageing are based on the comparison of the residual lifetime to the initial lifetime with respect to
the failure rate and the stochastic and mean orders (see, for example, Desphande et al. (1986),
Klefsjo (1982), and Shaked and Shanthikumar (1994)).

We propose to define these ageing properties in terms of equilibrium variables.

Definition 2. A nonnegative continuous random variable X can be defined as follows. (This
list is not exhaustive.)

(a) The random variable X is increasing failure rate (IFR) if, for any ¢ € [0, Ix],

t
hx(t) = IX( ) is increasing,
Fx (1)
or, equivalently,
5( <Ir X.

(b) The random variable X is decreasing mean residual life (DMLR) if, for any ¢ € [0, [x],

[7° F(u)du

E[X;] = —
[X:] 20

is decreasing,

or, equivalently (see, for example, Belzunce et al. (1999)),
X is IFR, 3)

or, equivalently,
X < X. 4)

(¢) The random variable X is harmonic new better than used in expectation (HNBUE) if, for
any x > 0,

00 —
/ Fxu)du < me™*/™.
X
This is equivalent to (see Klefsjo (1982))
X SSI 8}’)15

where &, is an exponential random variable with mean m.

The following implications are well known (see, for example, Shaked and Shanthikumar
(1994)):
IFR = DMRL = HNBUE. 5)

2. Ageing properties and series system

In this section, we are interested in the mean time of a series system. We recall the following
result (see Shaked and Shanthikumar (1994)) about the preservation of the orders st and hr.
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2.1. Stability by series
Propositi(gl 1. Let )i I X_,, and Y, e Y, be independent random variables with survival
functions Fx,,...,Fx,and Fy,, ..., Fy,, respectively.

IfX; <, Yiforalli =1,...,n, then

XA AXy <o YI A ATy,

where <, denotes st or hr order and X A'Y = min(X, Y).
For Ir ordering this implication is true for independent, identically distributed variables.

The stability-by-series system is quite natural in an ageing context because of the following
relation:
(X AN Y)t =st Xl AN Yt for all ¢ > 0.

Therefore, it is sufficient to have stability of the minimum.
The stability of the ageing property DMRL, based upon the residual life of k-out-of-n
systems, is given by Li and Zuo (2002).

2.2. Bounds for the moment of a series system

Bounds exist for the mean time-to-failure of a series system in the case of ageing components.
Here, we present bounds for the moments of order n, n > 2, under the DMRL assumption.
First, recall the following results.

Lemma 1. (Klefsjo (1982, p. 333).) Let Xy, ..., X, be p independent nonnegative random
variables. If X; has the HNBUE property for all i, then

1

E[XiA-AXp]> —————.
i P (I/EX])

(6)

Proposition 2. Let X be a nonnegative random variable and X% be the equilibrium variable
of X of order k. If X has a finite moment of order n (denoted by m,,), then

n—1
m, = n! 1_[ m® foralln > 2, @)
k=0

where m® = E[X®)] is the mean of the equilibrium variable X®_ Moreover, n© = m and
mM = m.
Proof. We have seen that, forn = 2,
mo = 2mm.

Integrating by parts gives

m, = nm"~D

mup—1,
which proves (7) by induction.

Corollary 1. Let X be a nonnegative random variable and X™ be the equilibrium variable of
X of order n. If X has a finite moment m,, of order n, then the mean of X"~V is equal to

,;l(n—l) — E[Xv(n—l)] — my .
nnmp—1
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The connection between the ageing properties of the variable and its equilibrium variable is
presented in the following result.

Lemma 2. Let X be a nonnegative random variable with a finite moment of order n. If X has
the DMRL property, then the equilibrium variable X™ of X of order n is IFR.

Proof. From the DMRL property of X and the property given by (3), X is IFR. Using the
relation (5) gives the DMRL property of X. Thus, X® is IFR and, clearly, X" has the IFR

property.

Theorem 1. Let X and Y be independent nonnegative random variables. Let X® and Y®
be, respectively, the independent equilibrium variables of X and Y of order k. If X and Y have
the DMRL property and if the nth moments of X and Y are finite, then

XMAY® < . XAY (8)

where X NY  is the equilibrium variable of X A\'Y of order n.

Proof. Forn =1, X and Y are independent and, thus, the density of XAY ,fort € [0,1],
can be written as follows:

Finp @) = fx@OF (1) + f3(0)F 3 (1).

The density of XAY is

_ Fx()Fy()
fxo7® = EX AT

Using the notation m = E[X], r = E[Y], m(¢t) = E[X,], and r(¢#) = E[Y;], the likelihood ratio
can be written as
fXAy( 5 = E[X/\ Y]

fX/\Y

——m() +r@)).

From the assumption that X and Y have the DMRL property, we find that m(¢) and r(¢) are
decreasing. Thus, forany 0 < u <v </,

Tiny W fiog ) = fraz ) firg @) =0

which leadsto X A Y <;; X A Y.
Now, by induction, (8) is assumed to be true for n — 1, that is,

1
X=1 A ya=1) <ir XAY(n ).

The density of X A ¥ is

ff((n)/\f'(n) (t) = .fj’((ll) (t)Ff}(n) (t) + f‘f‘(n) (t)Ff((n) (t)

(n)
and the density of X A Y ! is

f ( ) fm(nfl) (t)

—m) () = .
—— D)

ot E[X Y ]
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The likelihood ratio fw) .y (¢)/ fﬁm) () is
A

E[XAY

("1)]< F 361y () F iy (1) Fyuen () F g (1) )
X —D1F y—D1F____._ ’
E[X ]FXAY( n() E[Y ]FXAY( (1)

Since X and Y have the DMRL property, the equilibrium variables of order k, X®) and ¥®),
are [FR for all k > 1 (see Lemma 2).
The relation (5) implies that Y ®=D js DMRL and, from (4,) we obtain

y <hr y@e=D
The preservation of hazard-rate order in a series system (see Proposition 1) gives
XD Ay < F0=D 5 =D

The induction assumption is

XD A70-D < XAy

and the implication (2) gives

X®=D Aye=D < X AY ,

which leads to

—(n—1)

XD Ay™ < X AY
From the relation (1), the ratio

f}}('lfl) (t)ff(n) (t)
X-DF__ o
E[X ]FXAY< 1 (1)

and, symmetrically, the ratio . .
Ff'(n—l)(l)Ff((n) ()
y—D1F .
E[Y"=D1F —a-n(1)

are both decreasing, which completes the proof.
A consequence of this result is given in the following corollary.

Corollary 2. Let X and Y be independent nonnegative random variables. If X and Y have the

DMRL property, then, for any x > 0,
o _ oo _
/ Fx(u)du / Fy(u)du.
X

X

/X Fx Py du > ——

Proof. Since X and Y are DMRL, using Theorem 1 we obtain

XAY

[A

rXAY

and, from the relation (2),

<
>
~h
IA
>
>
~
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This inequality can be written as

/Oofx(u)Fy(u)du > M/mfx(u)du /wﬁy(u)du.
X mr X

X

The relations (5) and (6) give

E[X ANY] > ——FF7F,
1/ m+1/r

and the above two inequalities yield

/fx(u)fy(u)duz ! /fx(u)du/ Fy@) du.
x m+r Jy

X

Theorem 1 can be generalized to the case of p random variables.

Theorem 2. Let X1, ..., X, be p independent nonnegative random variables and X ;k), i =
1, ..., p, their independent equilibrium variables of order k. If X; has the DMRL property and
the moment of order n, n > 1, exists, then

5 s o)
X{PAAXD < (X1 A AXp)

forall p > 2.
Now we are ready to propose a lower bound on the nth moment of a series system.

Theorem 3. Let X and Y be independent nonnegative random variables and let my, and ry,
n > 2, be their nth moments, respectively.
If X and Y have the DMRL property, then

1

n—1
E[(X AY)"] = n! —_—
¢ )]_ngl/m(k)+1/,7(k)

where m -
rh(k) _ k+1 and R k+1
my kry
are the means of X® and Y® respectively.

Proof. The nth moment p,, of the random variable X AY can be written, using Proposition 2
(see (7)), as

However, Theorem 1 gives
. - (k)
XOAY® < XAy
Since X® and Y® have the IFR property, (6) gives

Lo - 1
EXOAYO]> — —
[ 12 Uam 1m®
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SO we obtain

(k) 1
E[XAY |>EX©OAy®]>
[ |z El V2 a1 7@

and the result follows.

It is worth noting that this inequality is an equality in the exponential case. In terms of
reliability, the lower bound is particularly useful.
The result in Theorem 3 can also be generalized to the case of p random variables.

Theorem 4. Let X1, ..., X, be p independent nonnegative random variables. If X; has the
DMRL property and its nth moment m,, exists (for all i), then the nth moment of the random
variable X1 A --- A X, satisfies

n—1 1
E[(XiA---AXp)"] > n! ~(k)
k=0 Zz—l 1/
Corollary 3. Let X1, ..., X, be p independent, identically distributed nonnegative random

variables. If X; has the DMRL property and its nth moment exists (for all i), then the nth
moment of X1 A --- A X, has the lower bound

E[(XlA-“AXp)”]ZW- ©))

A similar corollary can be deduced for other families of ageing properties, not only DMRL.
For example, DRLy; is a class introduced by Belzunce et al. (1999), (2001) from the Laplace
order, and our formula (9) is valid for DRL.

As in the previous case, the inequality turns out to be an equality in the case of an exponential
distribution. Computing the lower bounds above requires the computation of certain moments
of the equilibrium variables. There are many ways to approximate these moments when the
distribution is not completely known. A special case, which is particularly interesting, isn = 2
when the mean time-to-failure must be estimated with few data points.
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