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Abstract: In this article, using the scaled (weighted) residual life variable, some scaled measures, the
scaled mean residual life and the scaled hazard rate, are introduced. Several scales are considered
as examples of the derivation of the scaled measures. The measures are developed for the case of a
weighted residual life at a random time, and it is shown that the measures are scale-free in these cases.
This property proves useful in situations where a relative comparison of the lifetime distribution is
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examine, and satisfy the obtained characterizations.
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1. Introduction and Preliminaries

A characterization is a particular distributional or statistical property of a statistic
or statistics that uniquely determines the associated stochastic model. The study of the
characterization properties of probability distributions plays an essential role in many areas
of statistics and applied probability. In the context of lifetime research, such properties have
proven useful in testing the fit of particular lifetime distributions. There are many aspects
in a lifetime distribution that may not be observable. However, a particular characterization
property of a particular distribution reveals a particular aspect or feature of that distribution.
This aspect may be useful in finding further applications of distributions as they are used
in modeling a natural phenomenon (cf. Nassar and Mahmoud [1], Navarro et al. [2],
Nagaraja [3], Sunoj et al. [4], and Iwinska and Szymkowiak [5]).

The concept of aging as a qualitative behavior that can be realized using lifetime
distributions is often used in reliability and survival analysis. There are many classes of
lifetime distributions that quantitatively account for various aspects of aging (see Lai and
Xie [6]). The residual lifetime random variable as a concept related to the aging process of a
lifespan plays a central role in reliability theory (see, e.g., Jeong [7]). The distribution of
the residual lifetime random variable can induce an aging property that sometimes results
from stochastic comparisons of the lifetimes of units with different ages. There are many
characterizations of distributions based on the residual lifetime random variable, and also
the corresponding quantities derived from the residual lifetime random variable, such as
the hazard rate function (HR) and the mean residual lifetime (MRL) function (Ruiz and
Navarro [8] and Gupta and Kirmani [9]). More recently, some authors have developed
some characterizations of the exponential distribution and other specific distributions using
the concept of residual lifetime at random time (RLRT) (see, e.g., Kayid and Izadkhah [10],
Shrahili and Kayid [11], Shrahili and Kayid [12], and Alomani and Kayid [13]).
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The aim of the present paper is, first, to propose, study, and argue two scaled relia-
bility measures based on the weighted residual lifetime variable and, second, to present
some characterizations that are developments to the characterization properties discussed
in Shrahili and Kayid [11] and Alomani and Kayid [13] and are more applicable in
many situations.

Let X be a non-negative random variable (RV) with probability density function (PDF)
fx, cumulative distribution function (CDF) Fx, and survival function (SF) Fx. The RV
X;:=[X —t| X > t], which is valid for all t after which survival is possible, i.e., for all ¢,
for which F(t) > 0, is called the residual lifetime of a device with original random lifetime
X after the age t. Note that [X | A], where A is an event, denotes a conditional RV whose
distribution is identical with the distribution of X conditional on A. The RV X; has SF

_ _ Fx(t + x)
Ft(x) - FX(t) ’ (1)
and the corresponding PDF is given by
_ fxlttx)
ft(X) - Fx(t) (2)

Based on the residual lifetime, the RV X;, the MRL function of the RV X when it has a
finite mean, is defined as follows:

7% Fx(x)dx
Fx(t) 7

The MRL function is a useful characteristic of distribution, which summarizes the en-
tire residual lifetime in an average number. This characteristic has found many applications
in the context of reliability theory, system sciences, and survival analysis. Some authors
have discussed different models in the context of distribution theory in the context of MRL
function (see, e.g., Finkelstein [14], Nanda et al. [15], and Alshehri, Kayid [16]). The MRL
function determines the underlying distribution uniquely, as the following inversion for-

mula affirms it: A
. __r Y A
Fx(t) = mx(t) eXp( -/0 mx(x)dx) @

where yt = mx(0) is the distribution mean. In terms of (4), there is a one-to-one correspon-
dence between the SF and the MRL function of a distribution, so that if mx (t) = my(t)
forall t > 0, then Fx(t) = Fy(t) forall t > 0, i.e.,, X and Y are equal in distribution and
vice versa (cf. Nanda et al. [17]).

Another reliability measure which is closely related to residual lifetime is the HR
function. The HR function is an instantaneous risk measure defined as below:

P(X; <4) _ JfX(t)’ Fx(t) > 0. ©)

mx(t) = E(Xt) = Fx(t) > 0. ®)

hx() =lm =5 Ex(0)

The HR function, in parallel with the MRL function, has had a central role in stud-

ies accomplished in survival analysis and reliability modelling. For some preliminary

discussion on the distribution theory using HR function, we refer the reader to Prentice

and Kalbfleisch [18] and Aarset [19]. The HR function also characterizes the underlying
distribution uniquely. The next inversion relation validates it:

F(t) = exp( '/; hX(x)dx>, ©)

From (6), there is a direct correspondence between the SF and the HR function of a
distribution, so that if hx(t) = hy(t) for all t > 0, then Fx(t) = Fy(t) forall t > 0, i.e., X
and Y are equal in distribution and vice versa.
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In the literature there are many results on characterization of lifetime distributions.
To justify the new proposal of characterization properties, our work contributes to charac-
terize lifetime distributions by mathematical expectations of some other reliability measures
instead of hazard rate function and mean residual lifetime function evaluated at some
random points as proposed by Alomani and Kayid [13], Shrahili and Kayid [11], and
Shrahili and Kayid [12]. To answer the question of why the results enable someone to do
what they cannot do by other means, it is worth mentioning here that our study leads in
particular to the characterization of lifetime distributions using mathematical expectations
of the relationship between the hazard rate and the mean remaining lifetime of a lifespan
and also mathematical expectations of the coefficient of variation of the remaining lifetime
when the expectations are evaluated at some random points according to a sequence of
probability distributions with a commonly used construction. To highlight the novelty
of our study, here we further develop the work of Alomani and Kayid [13], Shrahili and
Kayid [11], and Shrahili and Kayid [12] to characterize lifetime distributions with a number
of additional reliability measures.

The contents of the paper are organized as follows. In Section 2, based on a scaled
residual lifetime, two scaled reliability measures are presented. Some preliminary proper-
ties of these measures are given with some typical examples. The proposed measures are
developed for the case where the weighted residual lifetime is evaluated at random time
points. The property of being scale-free is established for the scaled measures at random
time points. In Section 3 using the concept of scaled measures evaluated at random time
points, some characterization properties are presented, with the property of completeness
playing an essential role in functional analysis. Examples of characterization of certain
parametric distributions are given. In Section 4, we conclude the paper with further remarks
and mention some possible future work.

2. Scaled Reliability Measures

In this section, we propose two scaled reliability measures using the residual lifetime
variable. The age of a fresh component with random lifetime X is scaled with respect to
a weight function, w. Then, using the weighted residual lifetime variable we define two
scaled reliability measures, namely the scaled hazard rate and the scaled mean residual
lifetime. Properties of these measures and the connection they have are investigated.

Let us suppose that w is a non-negative function such that w(t) > 0 for all + > 0.
Then, the RV Xy, := w(t)X; is called the weighted residual lifetime, which contributes to a
change in time scale of the item under consideration at the age t. The RV Xy, ; has CDF

Px(t+ 2k)

=1- = >
Fw,t(x) 1 Fx(t 7 X - 0/ (7)
and, consequently, it has PDF
fX(t + wj(ct) )
= > 0.
fu,(x) (D (t) x>0 (8)
The SF of Xy, is also given by
_ Fx(t+ 31m)
= > 0.
Fopr(x) MO x>0 )

The residual lifetime of a lifetime unit can be scaled with respect to the current age
of the unit. In this case, w(t) = % is an appropriate choice. In this context, consider a
situation where the residual lifetime of a human is considered according to his current age
after a medical operation. The performance of the person’s remaining life after surgery
depends not only on the benefit of the surgery itself, but also on his current age. Therefore,

the RV Xy,+ = 5, which measures the residual life by separating the age effect, is a useful
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tool to evaluate the residual life process. The RV Xy,; = % has an essential role in the
study conducted by Righter et al. [20] where several ageing notions based on the scaled
conditional lifetime Xgc =1+ % have been introduced.

If the residual life is scaled with respect to the mean residual life at the age ¢, then
w(t) = ﬁ(t) In parallel, if the residual life is scaled with respect to the standard deviation
1
V(Xt)
residual lifetime function defined by V(X;) = E(X;)?> — E?(X;). For all x > 0 and for all
t > 0, from (9) one can get

of residual life after the age t, then w(t) =

, where V(X;) represents variance

- Fx (t+x) _

Fyi(w(t)x) = D Fi(x),
therefore, it becomes apparent that the weighted residual lifetime at age ¢, i.e., the RV Xy,
follows an accelerated life model in terms of the residual lifetime distribution at age t.
The accelerated life distributions have had an important role in reliability theory and life
testing strategies (see, e.g., Oakes and Dasu [21], Bagdonavicius and Nikulin [22], Zhao
and Elsayed [23], Gebraeel et al. [24], and Ling and Hu [25]).

We apply the weighted residual life distribution to obtain two reliability measures.

Let us fix t > 0. The first quantity is the scaled hazard rate at time ¢ given by

let (5)
o

P(t< X <t+ ﬁ)
= lim
610 SP(X > t)
Fx(t+6¢) — Fx(t)
i = S (O Fx ()
_ hx()
w(t)

where ¢; := %. Ifw(t) = %, then Shx(t) = thx(t), which is known as proportional hazard

th(t) = 1()1&‘)1

, 120, (10)

rate function. The monotonicity of Shx(t) based on t in this case induces some aging

properties for a lifetime distribution (see, e.g., Oliveira and Torrado [26]). If w(t) = #(t)'

then Shx(t) = hx(t)mx(t) = 1+ m'y(t). In this case, the monotonicity of Shx(t) in terms
of t indicates convexity (concavity) of the MRL function. These properties for MRL function
have found some potential interest in the literature (see, e.g., Belzunce and Shaked [27]

and the references therein). If w(f) = mx(t), then the interest centers on the risk of
hx(t)

i (1) is of

instantaneous death in terms of the mean residual life, the measure Shx(t) =

relevance (see, Gupta and Kirmani [9]).
The second quantity on the basis of weighted residual lifetime distribution is the
scaled mean residual lifetime, defined by

Smx(t) = E(Xws) = w(t)mx(t). (11)

Ifw(t) = 1, then Smx(t) = tmx(t) is known as the proportional mean residual lifetime
function. In this case, the monotonicity of Smx(t) proposes some new aging perspectives
(see, e.g., Kayid et al. [28]). In this case, a new stochastic order has also been proposed
based on Smyx(t) (see, Kayid et al. [29]). If w(t) = ﬁ(t)’ then Smyx(t) = 1 and thus it

does not provide any information on the distribution of X. Let us choose w(t) = Vl(X 5
t
1

Then, Smyx(t) = 0L where CV(t) is the coefficient of variation of residual lifetime
X;. The monotonicity of Smx(t) may be of interest in reliability and life testing (see,
for instance, Gupta and Kirmani [30]). The scaled mean residual life can also be useful

in insurance and risk analysis. In this context, let us choose w(t) = Fx(t), and observe
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that Smx(t) = E(X — t)4, where 11+ = max{a 0}. Note that for any non-negative RV Z

with finite mean, E(Z — t)4 = f ; z)dz where F7 is the SF of Z. The scaled mean

residual life could be a relative measure. For example, for two non-negative RVs X and Y if
£ = XU

w(t) Ev—1); - then

CE(X—t) [ Fx(x)dx
O = B0, T T Ry 2

Note that the scaled MRL function given in (12) is decreasing in t > 0 if and only if X
is less that Y in the MRL order, denoted by X <pry Y. For the definition of MRL order we
refer the reader to Shaked and Shanthikumar [31].

!
It is known in the literature that hx(t) = 1:26(;) , where m'(t) = %mx(t). To see

how the scaled HR in (10) is connected to the scaled MRL in (11), when w(-) is a positive
differentiable function, one has

Shy(£) = W _ %ln{w(t)}, (13)

where Sm'y (t) = & 4 Smy (t). Various properties of scaled HR measures following the scaled
MRL measure can be revealed via (13). However, that whether the scaled HR or the
scaled MRL characterizes the underlying distribution uniquely depends on the weight
w(t). For instance, if w(t) does not depend on Fx (the underlying distribution) then Shx (t)
and Smx(t) each characterizes Fx uniquely. That is, if Smx(t) = Smy(t), for all t > 0,
then X and Y have identical distributions, i.e., for all t > 0, Fx(tf) = Fy(t). Further,
if Shx(t) = Shy(t), forall t > 0, then X and Y are identical in distribution. This is because
in this case using the inversion formulas, we have

Fx(t) = exp(— /Otw(x)ShX(x) dx)

and,

A0 = S5t () Sty )

However, there may be cases where w(-) depends on FX and Shx(t) or Smx (t)
characterizes the distribution in a unique way. For example, if w(t) = then

FX( )
Shx(t) = fx(t), which is obviously a unique characteristic of Fx. In parallel, if w(t) = Fx(t)

then Smx(t) = E(X — t), which uniquely determines Fx. Gupta and Kirmani [9] showed

that Shx (t) = hX(( )) which is the scaled HR when w(t) = mx(t), determines the distribu-

tion uniquely. It has also been proved by Gupta and Kirmani [30] that the coefficient of

variation of residual lifetime and hence Smx(t) = m"/‘((;)) = CV T which is the scaled
t

, characterizes the distribution uniquely.

: _ 1
MRL function when w(t) = T
To develop the weighted residual lifetime to the case where the ages are random we
consider the residual lifetime at random time. Let X and T be two non-negative RVs with
CDFs Fx and Fr, respectively. The conditional random variable X7 := [X — T|X > T]
when P(X > T) > 0is called residual lifetime at random time (RLRT). For example, if T is
interpreted as a moment of a stroke or a traumatic accident the law of the residual lifetime
after T is an important measure. The RV Xr is also useful to represent the additional
lifetime of a device with lifetime X compared to the lifetime of another device with lifetime
T, assuming the first device survives when the second device fails. The concept of RLRT has
found many applications in reliability and systems science (see, e.g., Patra and Kundu [32],
Amini-Seresht et al. [33], and Patra and Kundu [34]). The idle time in a classical GI /G/1
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queuing system can be interpreted as RLRT. The results obtained involving this variable
find application in the study of this type of queuing system (see, Dequan and Jinhua [35]).

Suppose that X and T are two independent RVs such that P(X > T) > 0, then the RV
Xw 1 = w(T) X1, which we call weighted inactivity time at random time has SF

Fur(x) = P@(T)(X ~T) > x| X > T)

B P(X>T+ ﬁ)
P(X > T)
I Bkt ) fr(nat ”
o " Ex(t)fr(t)dt
. - E[Fx (T+ 57y)]
where fr denotes the PDF of T. It is clear from (14) that F, r(x) = —ERT] If

w(t) =1 then Xy is equal in distribution with X, and also in this case X, r is identical in
distribution with Xt. The PDF of X, T is derived as

o " (x(t+ i) /w(t)) fr(t)dt
Jo'™ Ex(0) fr()dt

E[(fx(T+ %) /w(T
in which fx represents the PDF of X, i.e., f;, 7(x) = U EJE:(T%;] w(m) anda/b = j. Let

us now derive the scaled HR and the scaled MRL in the context of RLRT. Let F,, 7 is the
CDF of Xy, r. From (15), we define and obtain random scaled HR measure as follows:

RShy (T) i= 1{}?01%“)
:fw,T(O)
_ o U /w(®)) fr(bdt
o Ex(t) fr(t)dt
:/+°° fx(t) Fx(t)fr(t)
o w(t)Fx(t) [ Fx(t)fr(t)dt

[T hx(t)
*/o ) J

= E[Shx(To)], (16)

for(x) = (15)

where T, is an RV with pdf f,(t) = % which is the PDF of a weighted distribu-
JO

tion of T (cf. Nanda and Jain [36]) in which v(t) = Fx(#) is the underlying weight function.
In the same line, from (14), random scaled MRL measure is defined as follows:
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RSmx(T) := E[Xu,1]
+oo _
—/ wT
O 0 “ Fx (t—l—ﬁ)ﬁ(t)dtdx
)fr(t)dt

AT
= [T B ) "

_ +oow e dx' fT(t)

-, (t)</ Fx(x)d ) ()

_/+°° e FX( Ndx" Fx(t) fr(
Fx(t) 0+°°Fx(t)fT

_ /0+°° Smx (8)fo (£) dt
= E[Smx(Tv)}- (17)

Remark 1. In the case when w(t) = 1, the scaled HR given in (10) corresponds to the ordinary
HR function of X. In this case the random scaled HR in (16) reduces to the random hazard measure
defined in Shrahili and Kayid ([12]). In this case where w(t) = 1, the scaled MRL given in (11)
becomes the MRL function X has. In the random case, we can see that random scaled MRL in (17)
corresponds to E[X1] = E[mx(Ty)] (cf. Kayid and Izadkhah [10]). Let us denote by hy the HR of a
lifetime variable Y and take w(t) = hy(t). Then, (10) becomes the ratio of the HR function of X
divided by the HR function of Y, and also (16) corresponds to the random relative HR proposed by
Alomani and Kayid [13]. If w(t) = #(t) where my is the MRL of the RV'Y, then (11) becomes the
ratio of MRL of X and the MRL of Y and, further, (17) corresponds to the random relative MRL
introduced by Shrahili and Kayid [11].

One of the advantages of using (16) and (17) is that both of these measures are scale free.
Suppose X and T are random lifetimes of two devices and assume that w(-) does not depend
on Fx. Then, for any k > 0, if w(kt) = @ then RShyx (kT) = RShx(T) and also for every
k >0, RSmyx(kT) = RSmx(t) as will be proved in the sequel. Therefore, the introduced
random scaled measures could be a scale-free relative measure for comparison of two
devices and their performance. Let us observe from (16) that, for any k > 0 whenever w(-)

is such that w(kt) = @ forall t >0,

RShkx(kT) _ /0+00 ka(t) kT (t) dt

w(t)P(kX > kT)
o fx()fr(z)
_/ kZXk(;;kT)dt

_ ot W) )
/ kwkt’) P

—/+°° IQEJ;(T( )T)dt — RShx(T).
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In parallel from (17), for any k > 0 if w(kt) = @ for all t > 0, then

RSmyx (kT) = /+oo w(t) </t+oo Fkx(x’)dx/) P(kj;k{Tg)det

0

+o0 +oo _ " 1 fT(i)
= [} o) [T R e
:/O-l-ookw(kt/) /t,+oopx(x”)dx”P(f§(i’)T>df/
= [ [ Bt O = o)

For example, if w(t) = ; then for every k > 0, the property w(kt) = @) holds true

k
for all t > 0. This concludes that the random scaled HR RShx(T) = E(Tyhx(Ty)) and the
random scaled MRL RSmx(T) = E [%fz’)} are both scale-free measures to evaluate the

1

performance of a system or lifespan with lifetime X relative to another system or lifespan
having lifetime T. Eryilmaz and Tutuncu [37] used the measure E[Ts, — Ts, | Ts, > Ts,]
as a quantity for measuring relative behaviour of a coherent system with lifetime Ts,
with respect to another coherent system with lifetime Ts,. This measure is not scale-free
under the transformation (Ts , Ts,) — (kTs,, kTs,) when k is an arbitrary positive value.

T, .
However, the measure RSmTS1 (Ts,) =E [T—z; -1 Ts, > TSZ} is a scale-free measure under

the foregoing transformation and, therefore, it is a more appropriate relative measure.

Remark 2. In the definition of Xy, the weighted residual life, if w(t) depends on Fx, is written
as wx (t). It can be proved quite similarly as above that if kwyx (kt) = wx(t) for all t > 0, then
for any k > 0, RShyx(kT) = RShx(T) for all t > 0 and also RSmyx(kT) = RSmx(t) for all

t > 0. For example, if wy is either the HR hx(t) = g g% or the reversed hazard rate (RHR) of X

hx(t) = J;ﬁ 8, then the required condition on wy is fulfilled. Thus, the random scaled HR and the

random scaled MRL are both scale-free quantities.

3. Characterization Results

In this section, the scaled random quantities proposed in Section 2 are developed
to a random sequence on T. It is proved that if such sequence follows a typical fam-
ily of distribution then some characterization properties are produced. We utilize the
concept of completeness in a particular Hilbert space as a well-known methodology in
functional analysis.

Definition 1. The sequence 1,4y, - - - in a Hilbert space H is complete if the only member in H
which is orthogonal to each and every y, is the null member, so that

<¢,¢n >‘:O, VWGN:>¢:0,
in which 0 stands for the zero element of H.

The symbol < -, - = indicates an inner product of H. The Hilbert space L?[a, b], along
this paper, is supposed to be accompanied with the following inner product

b
<9192 -= [ Bi@E

in which ¢;,i = 1,2 is a real-valued function which is square integrable in [a,b]. Note
thatif 11, ¢», - - - is a complete sequence in the Hilbert space H, then ¥} b, 1, in which
by == f, P > converges in H provided that Y% |bs|?> < +o0, and the limit corresponds
to f.
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Let us set a sequential family of probability distributions to play the role of the law of
T in the weighted residual life at random time. Based on the random scaled HR and the
random scaled MRL, a couple of characterization properties is presented.

Assume that the random time T}, for n € N, follows the PDF

r()s' (1) s

)= T i

in which 7(+) and s(-) are two non-negative functions for which 0 < f0+°° r(t)s' (t)dt < +oo.
We will assume that in the family (18), we have 1 < v; < v < ... such that Z;ﬁ'& % = 400
and also will assume that s(t) is a monotone function throughout. The family of distribu-
tions recognized by the PDF (18) is fulfilled in many situations in statistics and reliability
modelling. To see some typical families of distributions we refer the reader to Shrahili and
Kayid [11], Shrahili and Kayid [12] and also Alomani and Kayid [13].

We will denote the CDF of T, by Fr,. Let us consider w;(-),i = 1,2 for which the

corresponding weighted residual life at random time, i.e.,
Xy, 1, = [Wi(Tu) (X = T) | X > Ty
is taken to consideration. As given in (10) and also in (11), we consider

hx(t)
w;(t)

Let us set, accordingly, RSh[)?(Tn) = E[Sh[;g(Tn,z,)} and RSm[;g(Tn) = E[Sm[;(](Tn,z,)]
where T, , follows a weighted distribution with baseline (18) which has pdf

shil(r) = and Smlll(t) = w;(£)mx ().

_u(B)r(#)s™(t)
fr,.(t) = T (e (0 (19)

where v(t) = Fx(t). We will show below that if the random scaled HR (or the random
scaled MRL) at the random time T, with PDF (18) does not vary withn =1,14+1,... (for
some | € N) then the function w;(-) also does not vary with i = 1,2 and vice versa.

Theorem 1. Let Ty, n = 1,2, ... denote a sequence of RVs which is independent of X. Then,
(i) If there exists an | € N such that RShE}(Tn) = RShg](Tn),for alln =1,1+1,..., then
w1 (t) = wy(t) forall t > 0 and vice versa.

(ii) If there exists an | € N such that RSmg] (Ty) = RSm[}g] (Tn), foralln =1,14+1,..., then
w1 (t) = wy(t) forall t > 0 and vice versa.

Proof. The assertion (i) is firstly proved. It is trivial that if wy (t) = w;(¢) for all t > 0, then

Shg](t) = Sh[;](t), for allt > 0. Hence, RShg](Tn) = RSh[)?}(Tn), foraln=11+1,....To
prove the converse, assume that T, , follows the PDF (18) with v(t) = Fx(t). We then have

RSh(T,) — RS (T) = E[ShP (Tr0)] — E[SHE (T,0)]

_ (a2 _ o2 o(t)r(t)s" (t)
- /0 (i (1) = Shic (1) o o) (t)sva (t)dt
oo 1 1 v — v},
= cn/O (wz(t) - W)hx(ﬂs Y(Hyo(H)r(£)s% (£)dt
=Cp < ¢,s ==0, foralln=1,2,....
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where v;, = v, 1 — v+ 1forwhich1l=v] <) <..,,

¢®—<1—1)MUW”WW@NQ

wy(t)  wi(t)

and C;, = — > 0. Therefore, we deduce that if RShm(Tn) = RSh[ ]( Tw),

JARCOEOeTOT
foralln=1,1+1,...,then < 4>,s”n ==0,foralln =1,2,.... From Lemma 2 in Alomani
and Kayid [13], since s(t) is a monotone function, thus, sva,n = 1,2,... constitutes a
complete sequence and, therefore, ¢(t) = 0 which is equivalent to wy (t) = w;(t), for all
t > 0. The proof of (i) is complete. We now prove the assertion (ii). It is plain to see

that if wy (t) = wy(t) for all t > 0, then Smg](t) = Smg}(t), for all + > 0. Consequently,
RSmL ]( T,) = RSm[)?] (Ty), foralln =1,1+1,.... We prove now the converse part. We get
RSm(T,) — RSmly) (T,,) = E[Sm[}?(nv)] — E[Sm (T )]

_ ml2 mi2 (1)) 2O B)s™ ()
/ (8 ~Smy(t ))f0+°°v(t)r(t)svﬂ(t)dt i

+00 ,
:@A (wa(t) — wy () ymx (£)s% (£ (£)r(£)s (¢)dt
:Cn<¢*,sv; ==0, foralln=1,2,....

where

¢* (1) = (wa(t) — wi (5)mx (£)s*~H (£)o(t)r(1).

Hence, if RSmE](Tn) = RSmg](Tn), foralln =1,1+1,...,then < 4)*,5”;1 == 0, for
alln =1,2,.... From Lemma 2 in Alomani and Kayid [13], as in the proof of assertion
(i), it follows that ¢* () = 0 which means w; (t) = wy(t), for all t > 0. The proof is now
complete. [

Remark 3. In Theorem 1(i), let us take wy(t) = hy(t) and wy(t) = hx(t). Then, for all

n=114+1,..., weget RShg] (Ty) = E [%} and RSh[)? (Ty) = 1. 1t is, therefore, deduced

from Theorem 1 that E {%] =1,foralln=1,1+1,...,ifand only if hx(t) = hy(t), for all
t > 0, which means that X and Y are equal in distribution. This is the result of Theorem 3(i) in
Alomani and Kayid [13]. In Theorem 1(ii), if one take w1 (t) = ﬁ(t) and wy(t) = ﬁ(t) Then,
foralln =1,2,..., we get RSm[l](Tn) =E {7"1XET"'Z'H and RSmg](Tn) = 1. From Theorem 1 it

follows that E[mXéT:Z”I)} =1, foralln =1,2,...,ifand only if mx(t) = my(t), forall t > 0,

which means that X and Y are identically distributed. This is the result of Theorem 4(i) in Shrahili
and Kayid [11].

The result of Theorem 1 can be useful in many ways. In the sequel, before we close the
paper, some examples of characterization properties are brought.

Example 1. Let Z be a lifetime RV with CDF Fz. Suppose that wz(-), a quantity of distribution,

characterizes Fz. Let us denote Hy 7(t) = lims o w and My 7(t) := E[wz(t)X¢]. Then,

it is obvious that when X has a particular (known) distribution, then Hx 7 (t) and also Mx 7 (t) each
characterizes Fz, uniquely. Let us now suppose that Z; follows CDF Fz,,i = 1,2. From Theorem 1(i),
we conclude that Hy 7, (Ty) = Hx,z,(Ty), foralln = 1,141,..., if, and only if, wz, (t) = wz, (t),
forall t > 0, and equivalently, Z1 is identical in distribution with Zy. From Theorem 1(ii), it is
realized that if Mx 7, (Tu) = Mx,z,(Ty), foralln = 1,1 +1,..., if, and only if, wz, (t) = wz,(t),
forall t > 0, and this means that Zy and Zy have a common distribution.
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In the following example, using Theorem 1 we characterize the exponential distribu-
tion. Gupta and Kirmani [30] proves that the coefficient of variation of residual lifetime
determines the underlying distribution uniquely.

1
Example 2. Suppose that wq(t) = Vl(Xt) and wy(t) = mxl(t). Then, RSmg(](Tn) =
E[(CVx(Ty0)) "] where (CVx(t))~! = mé(t()t) is the reciprocal coefficient of variation of X;.
X

Further, RSm[;](Tn) =1 Letl € N From Theorem 1(ii), E[(CVx(Ty0))"Y] = 1, for all
= LI1+1,...1f and only if, \/W X(t),for all t > 0, which holds if, and only if,

CVx(t) =1, forall t >0, i.e., when X has an exponential distribution with unspecified mean.

In the next example, another characterization of the exponential distribution using
Theorem 1 is stated. Gupta and Kirmani [9] in their Theorem 3.1 proved that the ratio of the
HR function of a distribution divided by the MRL function of that distribution determines
the distribution uniquely. We can plainly see that this ratio is constant if, and only if, X has
an exponential distribution.

Example 3. Suppose that wy(t) = mx(t) and wy(t) = Ohx (t) where 6 > 0 is a constant. Then,
RShm(Tn) = E{hX((T””))] and RShg](Tn) = 1. Fix | € N. From Theorem 1(i), E[:Z’;((%’;ﬂ =1,
foralln =1,1+1,...if, and only if, mx(t) = 6hx(t), for all t > 0, which is satisfied if, and only

if, Shg] (1) = Z’;((t)) = e,for all t >0, i.e., X has an exponential distribution with mean /8.

Nanda et al. [38] introduced a reliability measure, called aging intensity (AI) func-
tion, defmed as the ratio of the HR function to a baseline HR function. Let us take
Hyx/( =1 fo hx(x)dx for t > 0. The Al function is then defined as

hx(t) — thx(t)

Alx(f) = Hx(t) fot hy(x)dx

In the following example, the waxbill family of distributions is characterized using
Theorem 1(i).

Example 4. Suppose that wy(t) = Hx(t) and wy(t) = hXT(t) where & > 0 is free of the time t.
Then, RSKY (T,,) = E[AIx(T,,)] and RSKZ/(T,) = w. Let I € N be fixed. By Theorem 1(i),
E[AIx(Typ)] = &, foralln = 1,1+ 1, ... if, and only if, «Hx (t) = hx(t), for all t > 0, which is
satisfied if, and only if,

sl = arc(n) = X0 o pran 120,
X

which holds from Theorem 2.1 in Nanda et al. [38], equivalently if, X has Weibull distribution with
the shape parameter «.

We say X follows a Hall-Wellner family of distributions, written as X ~ HW(A, B)
whenever it has the following SF:

) B +1
+

where a4 stands for max{0,a} when a € R. It is noticeable that if A > 0,A = 0 and
—1 < A < 0 then the HW family corresponds to, respectively, a Pareto, an exponential and
a resealed beta distribution. Note that in this case X has a linear MRL function obtained as
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mx(t) = At + B and, thus, m/y (t) = A. The example below presents a characterizations of
the Hall-Wellner family of distributions.
1

Example 5. Let us assume that wy(t) = ) and wy(t) = Ohx(t) where 8 > 0. Then,

RSh[}}](TH) = E[1+ m(Ty0)] and RShg](Tn) = L. Take 1 € N as a fixed number. From
Theorem 1(i), E[1 4+ m (Typ)] = 3, foralln =1,1+1,... if, and only if, ﬁ(f) = 0hx(t), for all
t > 0, which holds if, and only if,

SHU () = hx(Hymx(f) = 1+ mi () = % forall t>0,
which holds, equivalently if, X ~ HW(% - 1,;4) where y = E(X).

Remark 4. Characterization relationships have been shown to be useful for constructing potential
indices for testing statistical hypotheses and then performing the test on real data sets. For example,
a characterization property of the exponential distribution can be used to construct goodness-of-fit
tests for exponentiality (see, e.g., Angus [39], Ascher [40], Ahmad and Alwasel [41], Baringhaus
and Henze [42], and Alwasel [43] among others). Characterization properties of other distributions
can also be found in Metiri et al. [44] and the references there. In general, from a mathematical
point of view, the characterization properties lead to typical functional equations and non-standard
methods used to solve them. The practical aspect behind these properties can be seen in the model
construction based on some properties of the observed statistics. Simulation studies are usually used
to validate the characterization relationships. For example, in the context of Example 5, since X
has distribution F that belongs to the Hall-Wellner family of distributions, simulated observations
of X and then estimated the variance 6, (F) = RShgy (Ty) — RShg] (Ty) forn = 1,2, ... using
the simulated data show that foranl € N,andn = 1,141, ..., ,(F) is close to zero. However,
the deviations 6, (F),n = 1,2, ... can be a potential index for constructing a goodness-of-fit test for
the linear mean residual life model. In this context, using real data, if 6, (F), forn =1,1+1,...0r
sup,,~; 0n (F) is sufficiently close to zero for some I € N, then strong circumstantial evidence can
be gathered that the model can be accepted as the underlying one.

Remark 5. To answer the question of how exactly a practitioner might use the results in a specific
problem, some comments are made here. One of the advantages of the main characterization results
(given in Theorem 1) is that the specification or deterministic determination of a problem is based on
the criterion of sequences with matching tails. In the context of the characterization of exponential
distributions, it is well known that E(X;) = E(X), for all t > 0 if and only if X is exponentially
distributed. Moreover, CVx(t) = 1, for all t > 0 if and only if X is exponentially distributed
(see, e.g., Example 2). The statements E(X;) = E(X), for all t > 0 and CVx(t) = 1, for all
t > 0 each contain an unmanageable number of conditions because time is a continuous feature,
so a practitioner cannot use these statements to characterize the exponential distribution. In the
characterization results we have presented in this paper, countable conditions have been considered
to characterize a particular situation. This can give the practitioner some real clues to work
with. For example, consider a situation where the practitioner wants to test whether X1, Xo, .. .,
which denote the identically distributed random lifetimes of a particular type of electronic device,
follows an exponential distribution using a real data set. Let us perform a test and examine these
devices in parallel with a series system containing n components with independent and identically
distributed lifetimes Y1,Y>, . . ., Yy, which have a general (arbitrary) continuous lifetime distribution.
The lifetime of the series system is T, = min{Y1,Y>,..., Yy}, whose density function satisfies
the Equation (18). This is an empirical experiment to obtain a lot of data about the lifetime of the
device and also the series system with n number of components. Note that the determination of n is
also available to the practitioner and series systems with different numbers of components can be
considered. The random variables [X — Ty, | X > Ty] forn = 1,2, ... are then observable, so the
mean and coefficient of variation can be estimated. For example, if it turns out that the estimated
mean and coefficient of variation for some I € N and the number of components of the series system
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n=11+1,...donotvary greatly, then one obtains a large practical proof of the claim that the
devices have exponential lifetimes.

4. Conclusions

This work had two objectives. The first was to propose the concept of weighted
remaining life, i.e.,, RV Xy, ; = w(t)X;, whereupon two scaled reliability measures, called
scaled HR and scaled MRL, were introduced. The remaining life of a lifetime unit is not
always affected by the current age of the unit, but perhaps in terms of functions of the
current age. This function is called w(t), which scales the remaining lifetime RV X; at age .
Thus, the weighted residual life distribution has been shown to satisfy the properties of an
accelerated life model. The residual lifetime RV is itself not scale-free and, therefore, it is not
useful to perform, for example, a comparison of two lifetime units relatively. The introduced
scaled measures, which refer to the residual lifetime at a random time point, have been
shown to have the scale-free property. This property is necessary in comparative studies
where the influence of the dimension of the variable is not so strong. The second goal of the
work was to derive two characterization properties using the introduced scaled measures.
The property of completeness of sequences in functional analysis is satisfied by a typical
family of density functions of random times. The change of scale w(t) in the scaled HR and
the scaled MRL is shown to be invalid for an infinite number of random times according to
the above typical density. The exponential distribution, the Weibull distribution, and the
family of Hall-Wellner distributions have been characterized as examples where the results
are applicable. The strength of our study is that our characterization results have a dynamic
property, so they can incorporate many quantities that uniquely characterize the underlying
lifetime distribution and are related to the residual lifetime variable, such as the residual
lifetime coefficient of variation and also the ratio of the hazard rate and the mean residual
lifetime functions. The conditions are straightforward and can be aligned with statistical
lifetime test experiments, as illustrated in Remark 5. The weakness of the characterization
properties derived in our work, and also of those obtained by Alomani and Kayid [13],
Shrahili and Kayid [11], and Shrahili and Kayid [12], is that all characterization results
require an infinite number of conditions. However, in the future, a reduction in the number
of conditions could be considered.

For the future of this work, it is also hoped that the authors will apply the introduced
scaled measures and weighted residual lifetime to the stochastic comparison of coherent
systems and, in parallel, to the study of the relative aging behavior of the lifetime of systems.
Other reliability models can also be built using the scaled HR and the scaled MRL, as well
as the weighted residual lifetime. Scaled reliability measures related to the inactivity time
of a lifetime can also be proposed and similar characterization results using these measures
can be sought.
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