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Abstract

At the entropy measures and their generalization path, in the direction
of statistics and information science, recently, Sunoj & Linu (2012) proposed
the cumulative residual Renyi’s entropy of order o and its dynamic version
and studied its main properties. In this paper, we introduce an alternative
measure of cumulative residual Renyi’s entropy (CRRE) of order a which,
unlike the mentioned one, is positive for all distributions and all values of a.
We also consider its dynamic version and study their main properties in the
context of reliability theory and stochastic orders. We give an estimator of
the proposed CRRE and investigate its exact and asymptotic distribution.
Numerous examples illustrating the theory are also given.

Key words: Aging classes; Cumulative residual entropy, Mean residual
lifetime, Stochastic orders, Shannon entropy, Tsallis entropy.

Resumen

En las medidas de entropia y su camino de generalizacion, en la direccion
de las estadisticas y la ciencia de la informacion, recientemente, Sunoj &
Linu (2012) propuso el residual acumulativo la entropia de Renyi de orden
a y su versién dindmica y se estudiaron sus principales propiedades. En
este articulo presentamos una medida alternativa de la entropia residual
acumulada de Renyi (CRRE) de orden « que, a diferencia de la mencionada,
es positiva para todas las distribuciones y todos los valores de a. También
consideramos su versiéon dindmica y estudiamos sus principales propiedades
en el contexto de la teoria de la confiabilidad y los érdenes estocasticos.
Damos un estimador del CRRE propuesto e investigamos su distribucién
exacta y asintotica. También se dan numerosos ejemplos que ilustran la
teoria.

Palabras clave: Clases de envejecimiento; Entropia residual acumulada;
Entropia de Shannon, Entropia de Tsallis; Vida 1til residual media; Ordenes
estocasticas.
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1. Introduction

It is well-known that the approach in Shannon (1948) was one of the first
works for mathematically quantifying of the information entropy that employed the
probability and chance notion and linked between these two notions. Considering
different point of views, various generalizations of Shannon’s entropy have been
given by many researchers. For a comprehensive entropy-related works review and
the history of the derivation of Shannon’s entropy and its different generalizations,
we refer the reader to Nanda & Chowdhury (2019). It is worth to mention that
Shannon’s entropy and its different versions were firstly introduced for the discrete
probability spaces. The continuous versions of the entropy measures have been
usually given by replacing the sum notation with the integral, straightforwardly.
Among the several generalizations of Shannon’s entropy, Rényi (1961) has
introduced an important one which for a non-negative continuous random variable
X with density function f(z) is given by

1
1-p

where log is the natural logarithm. The dynamic version of £3(X) has been
studied by Abraham & Sankaran (2005). However, the density function is not
necessarily exist for all random variables. On the other hand, the obtained entropy
measures by the density function may does not have the required main properties
of an information measure. For example, they may take negative values (see,
Figure 1 for a plot of £3(X)). Regarding these and other limitations, alternative
generalizations of entropy measures have been introduced by researchers through
replacing the density function with the survival and distribution functions. This
kind of generalization has been started by Rao et al. (2004) when they proposed
the generalized version of Shannon’s entropy as

£5(X) = —— log( /0 fPa)da), B#1, B>0,

E(X) = /000 F(z)logF (z)dx,

where F(z) = 1 — F(z) is the survival function of random variable X with
distribution function F. Recently, motivated by the usefulness of Renyi’s entropy
and Rao et al.’s cumulative residual entropy (CRE) measure, Sunoj & Linu (2012)
have introduced cumulative residual Renyi’s entropy (CRRE) of order 3 as

v(8)

1 <
—yloe([ o) 51 50
1-p 0
They also considered the dynamic version of the CRRE (DCRRE, by extending
it to the residual lifetime variable) and studied its main properties useful in
reliability modelling.

As Figure 1 depicts, y(8) has still the drawback that it may take negative
values for some distributions. It is also worth to recall that the Tsallis entropy is

one of the well-known entropy measures which its cumulative version of order «
(CTE) has been introduced by Rajesh & Sunoj (2019) as
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Here, 7,(X) is always positive.

In this paper, by re-parametrization of «(8) (replacing 8 by a + 1) and by
normalizing it, we propose an alternative measure of the CRRE of order a by the

following:
(X) = - 11 Jy FHw)d 0 2)
Ya(X) = ——log [ Fayds ) a > 0.

It is clear that 7,(X) is always positive. The rest of the paper is organized
as follows. In Section 2, we first give the main properties of v, (X). Comparing
values of the CRRE under various stochastic orders between random variables
are also studied in this section. Section 3 is devoted to the dynamic CRRE
and its properties. The estimation of the proposed CRRE and its properties are
investigated in Section 4. Finally, some conclusions are given in Section 5.

Before proceeding to give the main results of the paper, we overview some
preliminary concepts of ageing and stochastic orders (For more details of these
concepts see, for example, Shaked & Shanthikumar, 2007).

Let X and Y be non-negative random variables with the distribution functions
F and G, survival functions F'=1— F and G = 1 — G, hazard functions

d. - d.
Ax(t) = 3 log F(t) and Ay (1) = —— log G(1),

and mean residual life functions

mx(t) = Ftt) /too F(z)dz and my(t) = G%t)/too G(z)dz,
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respectively. Throughout this paper we assume that these functions all exist and
increasing (decreasing) means non-decreasing (non-increasing).

Definition 1. The random variable X is said to be:

(i) increasing (decreasing) failure rate in average, IFRA (DFRA), if —1 log F(t)
is increasing (decreasing) in ¢,

(ii) new better (worse) than used, NBU(NWU), if F(z +t) < (>)F(z)F(z), for
all z,t >0,

(iii) new better (worse) than used in expectation, NBUE(NWUE), if mx (t) < (>
) mx(0), for all ¢ > 0,

(iv) increasing (decreasing) mean residual life (IMRL(DMRL)) if mx(¢) is
increasing (decreasing) in t,

(v) smaller than Y in the usual stochastic order (denoted by X < Y) if
F(t) < G(t) for all ¢,

(vi) smaller than Y in the hazard rate ordering (denoted by X <, Y) if
Ax (t) > Ay (t) for all ¢,

(vii) smaller than Y in the mean residual lifetime ordering (denoted by X <,,,,; Y)
it mx(t) < my(t) for all ¢,

(viii) smaller than Y in the DMRL order (denoted by X <gms ) if %

is increasing in u € [0, 1],
(ix) smaller than Y in the NBUE order (denoted by X <,py Y) if %:IEZB <
% for all u € [0,1],

(x) smaller than Y in the increasing convex order (denoted by X <,.. Y) if
E[¢(X)] < E[¢p(Y)], for all increasing convex functions ¢,

(xi) smaller than Y in the dispersive order (denoted by X <us, V) if F71(3) —
F1(a) < G7Y(B) — G7Y(a), whenever 0 < a < < 1,

(xii) smaller than Y in the Lorenz order (denoted by X <, Y) if
ﬁ Jo F~H(v)dv > ﬁ Jo G (v)dv for all u € [0,1].

2. Some Properties of v,(X)

Note that 7, (X) can also be written as

1 e
Ya(X) = =~ log(BIF* (X)), (3)
where, X, is the equilibrium random variable corresponding to X with density
function f,(z) = #, p= BE[X] = [;° F(z)dz. The following theorem gives the

main properties of the CRRE ~,(X) for @ > 0.
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Theorem 1. (a) v,(X) > 0.
(b) va(X) is decreasing in o.
(¢) lima 0 7a(X) = £

(d) If Y =aX, a>0, then 7,(Y) = 7o (X).

Tat+1(X) E(X)
(e) m <a(X) < T

(f) 7a(X) > —Llog (%El‘a[Xﬁ]) Lfor0<a<1.

Proof. We only give the proof of parts (b), (e) and (f). For a proof of (b), use
(3) and the Lyapounov inequality. To prove (e), first note that v, (X) can also be
expressed as

W) = Lo (122 [T mx@rire) (4)

—log(1 = ST (X)), (5

where the last equation follows from equation (7) in Rajesh & Sunoj (2019). Now,
applying the inequality —log(1—z) > z, 0 < x < 1, implies that v, (X) > T%(X)
On the other hand, using the log-sum inequality we have

Joo Fott(z)de ) 1 [ F(z)dx E(X)
e ) =58 ( fOOOOFa+1(x)dx> =T

This completes the proof. O

To prove part (f), the integration by parts gives that

a(X) = _é log (“:1 /Om xF’O‘(x)dF(a:)> . (6)

The result now follows from Holder’s inequality with p = é and q = ﬁ

Example 1. Let X be a random variable with a Weibull distribution and survival
function F(z) = e~*®°. Then

1a(X) = =5 logla + 1)

Example 2. Let X be distributed as Pareto with survival function F(z) =
(b_%x) , ¢,b>0,a > 1. Then

Ya(X) = 1 log (a_l> .

o ax+a—1
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262 Vali Zardasht

The following theorem compares the CRRESs of two random variables when one
is smaller than the other in some stochastic orders.

Theorem 2. (i) If X <, Y, then v4(X) > 7a(Y) — £ log (E[Y]) for all o > 0.
(ii) If X <iee Y and E[X]| = E[Y], then v,(X) <vo(Y), for all o > 0.
(i) If X <upue Y, then vo(X) <7 (Y), for all o > 0.

(iv) If X <, Y, then 7,(X) < 7,(Y), for all a > 0.

Proof. O

For part (ii), first note that the CTE given in (1) can also be rewritten as

To(X ] / F7Hu)[1 - a(l —u)* Y)du. (7

This along with Theorem 4.A.4 in Shaked & Shanthikumar (2007, p. 183) implies
that if X <;e, Y, then Toq1(X) < Toq1(Y). Part (ii) now follows from (5) and
the hypothesis E[X] = E[Y].

To prove part (iii), one can see that equation (4) can also be given as
1 1 o
Ya(X)=——1log|(1- mx(F~ (u)(1 —u)%u | .
@

The result now follows from the fact that X <,,;,. Y is equivalent to that

mx (F~'(u))
E[X]

my (G~ ()
EY]

< 0<u<l,

(see Shaked & Shanthikumar, 2007).

Finally, for the proof of (iv), using the integration by parts, we obtain from
equation (6) that

1 Y FE N (u)
(X)) = ——1 1 1—u)%
(X)) = —ploal(a+1) [ eE - wrdw
1 1
= - log(a(a + 1)/ (1 —u)* ' Lx(u)du), (8)
0
where Lx(u) = X) fo v)dv is the Lorenz curve corresponding to X. The

result now follows from the fact that under the hypothesis, Lx(u) > Ly (u), for
all w € [0,1].

It is readily seen from (8) that, for any integer k > 1, 7x(X) = — log(1 — Gy),
where Gy, is the kth Gini index (see Farris, 2010).
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Remark 1. Note that the CTE can also be given by
T = [ pr(aia)iF()
0

where ¢p(z;a) = fo — Fo~Y(y)]dy is an increasing function of x for all
a > 0. Additlonally, X <s Y if and only it E[¢(X)] < E[¢(Y)] for all increasing
function ¢ Shaked & Shanthikumar (2007 p- 4). Thus, X <4 Y implies that
To(X) < [ ep(z;0)dG(z) < [1° pa(z;a)dG(z) = To(Y), for a > 0. Since
hma_ﬂ Ta(X) = £(X) we get that if X <4 Y, then £(X) < £(Y). This improves
the inequality given in Proposition 2.1 in Navarro et al. (2010).

Remark 2. One can see from the proof of part (i) in the above theorem that
if X <;er Y, then Toi1(X) < To41(Y). Letting « goes to zero implies that if
X <iep Y, then £(X) < E(Y). This relation has been used in Zardasht (2015) to
test the increasing convex order hypothesis.

3. Dynamic Cumulative Residual Renyi’s Entropy

If random variable X has survival function 7', then, the corresponding residual
lifetime variable X; = X —t | X > t has survival function F}(x) = 1;((3) , x>t
Indeed, if X is the failure time of a new product or an engineering system, X,
is that of the product or system at its age ¢. The probability distribution of X,
and its properties play an important role in reliability and life testing studies. By
replacing F'(x) with Fy(x) in (2), the dynamic CRRE can be defined as

Ll (ST t>)““dm
a1g< ft ( F(t)) dx )

B 1 [ Fot(z)da
= ——log <Fa(t) = F(x)dx> . a>0. (9)

Example 3. Let X be a random variable with a Weibull distribution and survival
function F(x) = e~ Then

L (Bl + 1)(0)f)en”’
W(X:t)=——=1o g ’
Va(X5) o 8 ( (a+1)7 Fy((At)P) )

where F,(.) is the survival function of the gamma distribution with shape and
scale parameters ﬂ and 1, respectively.

Ya(X;51)

Example 4. Let X be distributed as power with distribution function F(x) = 2,
0<z<1,8>0. Then

Ya(X5t) =

L, F(1—1",a+2,§)Bla+2,73)
o B\ )rR0 -2, )B2 1))

where, Fy(z,a,b) is the distribution function of a beta random variable with

parameters a and b, and B(a,b) = Fr(ﬁiig) is the beta function.
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Figure 2 shows the plot of 7, (X;t) for the above two examples.

Weibull distribution Power distribution

— beta=2 lambda=1,alpha=2 — beta=2,alpha=2

"""""" beta=0.5lambda=1,alpha=2 beta=1,alpha=2
- beta=2,lambda=0.5,alpha=2 - beta=0.5,alpha=2

————— beta=2,lambda=1,alpha=0.5 g 7 _—— - beta=2,alpha=0.5

FIGURE 2: Plot of 74(X;t) for Power and Weibull distribution.

It is clear that v,(X;0) = 7,(X). Analog to equations (4), (5) and (6), the
DCRRE can also be rewritten as

B = Lie (1o @fe mx(@)F(@)dF(a)
'Yoz(th) - _O[ IOg <1 Fo‘(t) ftoo F(x)dm ) (10)
_ 1y _ aTaq1(X51)
= -1 g(l “x @ > (11)
1 (a+1) [ (x —t)F*(2)dF (x)
- ‘al"g( Fort (B (1) ) 13
where, mx(t) = %ftoo F(x)dr is the mean residual lifetime function of X

and equation (11) is obtained using equation (12) in Rajesh & Sunoj (2019), an
equivalent equation for the CRTE which is given by

( T F“(x)dsc) [ mx (@) Fe (@) dF (x)
mx (t) = )

1
0= 0 o

a—1

The following theorem gives some results for v, (X;t) when X belongs to some
reliability aging classes.

Theorem 3. (a) If X € IFRA(DFRA), then

mx ((a+ D) F((a + 1)t)>
(a+ Vmx(t)Foti(t) )°

Ya(X5t) < (=) = élog (
(b) If X € NBU(NWU), then vo(X;t) > (<)7a(X) + é]og(mx(t))'

14

Revista Colombiana de Estadistica - Theorical Statistics 45 (2022) 257-273



Cumulative Residual Renyi’s Entropy 265

(¢c) If X € NBUE(NWUE), then 7o(X;t) < (>) — L1og (1 - M‘%)
(d) If X € DMRL(IMRL), then vo(X;t) < ()X log(a + 1).

Proof. To prove part (a), it is not hard to show that X € IFRA(DFRA) is
equivalent to F%(t) > (<)F(at), for a > 1. Thus, for a > 0,

/ Fetl(z)de > ( / F((a+1)z)dx
t

a+1/(o<+1)t (=)

= ! mx((a+ 1Dt)F((a+1)t).

a+1

The result now follows from equation (9). For part (b), the hypothesis implies
that

1 Pz +t)\ M 1

(X5t = ——1 —= d —1 t
Ta(X51) aog</0 (Fer) o) + Ziogtmsto)
1 < 1
> (<) ——log P (z)dr | + — log(mx (1))
a o a

This completes the proof. Parts (c) and (d) similarly follow from equation (10). [

As an application in reliability theory, let X;, Xs,...,X,, be the independent
random lifetimes of the components of a series system which are copies of X. Then,
the lifetime of the system is X7, = min{X;, Xo,..., X, }. It is not difficult to see
from equation (9) that

Yo (X1mit) = (0@ + 1) = Dnarn)-1(X51) = (2 = Dyn-1(X58). (13)

This reveals that the DCRRE of series systems is straightly related to that of its
components.

Consider also another series systems with Y3, Y5, ... Y, being its components
lifetime which are independent and are copies of Y. For these series systems, the
following result gives that, if v, (X;t) < v,(Y;t), for ¢ > 0, then under a condition,
the DCRRESs of the systems are also ordered.

Theorem 4. If v,(X;t) < v, (Y;t), for all a > 0,t > 0, and if X € IMRL and
Y € DMRL, then vo(X1.n;t) < Yo(Yin;t), for t > 0.

Proof. Under the first assumption, and using equation (13) we obtain that

Yo (Yimit) = Ya(Xin; )] 2 (n = Dyn—1(X5t) — yn-1(Y;1)].

The second assumption along with Theorem 3(d) now gives the result.
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Furthermore, using equation (9), for n > 1, we have

] (19

which ensures that Xi.,, <. X.

The following theorem shows that when the components of two series systems
are ordered in the sense of the mean residual lifetime and the DCRRESs, then their
mean residual lifetime functions are also ordered. O

Theorem 5. If X <, Y and v,—1(X;t) > yn_1(Y5t), for t > 0, then
Xl:n Smrl Yl:n-

Proof. Using equation (14) ~,_1(X;t) > ~,-1(Y;¢) is equivalent to that

mﬂ’;;'&()t) < mnf;?t()t). The result now follows from the fact that X <,,,; Y means

that mx (t) < my(t), for t > 0. O

In the sequel, we give some results comparing the DCRRE of two random
variables which are stochastically ordered in some notions.

Theorem 6. If X <;,. Y, then v,(X;t) > vo(Y;t) — élog (mY(t)), fort > 0.

mx (t)

Proof. The hypothesis is equivalent to f;((f)) < GG((f)), for all ¢t < z (cf. Shaked &

Shanthikumar, 2007, p. 16). The result now follows from (9). O
Theorem 7. If X <gmn Y, then vo(X; F71(p) < 7. (Y;GL(p)), for 0 <p < 1.
Proof. First, using equation (10) we have

o [ mx (F~H(w)(1 — u)*du
(1 =p)timx(F~1(p))

11— e—a’ya(X;Ffl(P)) — (15)

.. . mx (F~1(u)) my (G~ (u))
On the other hand, the hypothesis implies that T -7=r5y < T G=Tq)), for

p < u. The result now, follows from the above equation.

Theorem 8. If X and Y are non-negative random variables with common
left endpoint zero, and if X <gisp Y, X € DMRL, then v,(X;F(p)) <
Ya(X;G7H(p)), for 0 <p < 1.

Proof. Using equation (15) and by applying inequalities 3.C.5 and 3.C.9, and
Theorem 3.b.13(a) in Shaked & Shanthikumar (2007), pp. 165, 166 and 154,
respectively, we obtain that

(1 — e (XE O (G (p))

(1 — e (XG0 )y o (F~1(p)).

(1 — e @ XE )Yy o (F~1(p))

IN A

Hence, we get that v, (X; F~1(p)) < 7.(X; G 1(p)), for 0 < p < 1. This completes
the proof. O
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Differentiating equation (2) with respect to ¢, we have
amx (£)9h(X;58) = e _ i (8) — (o + 1), (16)

A new class of distributions can be considered based on the mathematical
behaviour of the DCRRE.

Definition 2. A random variable X is said to be increasing (decreasing) DCRRE,
denoted by IDCRRE(DDCRRE), if 7,(X; ) is an increasing (decreasing) function
of t.

Note that, equation (16) implies that X € IDCRRE(DDCRRE) if
01 (X;1) > (<) log(am (f) + a + 1),
or equivalently, if

Yo (X;t) > (<) loglamx () Ax (t) + 1).
Example 5. If X has a weibull distribution with survival function F(z) = Q)
then X € IDCRRE(DDCRRE) if § > (<)1.

Example 6. Let X be distributed uniformly on (0,8). Then, ~,(X;t) =
—Llog (O%rz), which is a constant function of ¢.

Sunoj & Linu (2012) have characterized some distributions using the
relationship between their own version of the DCRRE and the mean residual
lifetime function. Rajesh & Sunoj (2019) have also obtained characterizations
for some distributions using the DCTE and mean residual lifetime function. The
following theorem gives a characterization of some distributions using the same
relationship between the mean residual lifetime function and ~,(X;t).

Theorem 9. Let X be a non-negative random variable with continuous survival
function F(x) and the mean residual lifetime function mx (x). Suppose that the
relationship avy,(X;t) = log(c(t)mx(t)) holds, for a nonnegative function c(t).
Then, fort >0

mx(t) = ! 0] [/0 _(O;;_ D \/c(x)e%(;)dx + K], (17)

where, C'(t) = c(t), and k is a constant.

Proof. Under the given relationship, equation (16) implies that

which is a differential equation and has a solution in the form of (17). O
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The following result gives a characterization result similar to that of Theorem
2.3 in Sunoj & Linu (2012).

Theorem 10. Let ay,(X;t) =log(C). Then, X has

(i) Pareto distribution with survival function F(z) = (1 +bx)~%, 2,b > 0,a > 1,
(ii) ezponential distribution with survival function F(x) = e, 2, A > 0,

(iii) finite range distribution with survival function F(z) = (1 —bx)?, 0 < z <
1
B a, b > 0,

>
according as w < 0.

Proof. Under the above relationship, equation (16) follows that m/(t) =

W = k, a constant. This is equivalent to mx(t) = kt + d, where d is
z

also a constant, which characterizes the distributions (i)-(iii) according as k < 0.

The converse part is easy to prove. O

Note that the uniform distribution in Example 3 is just the distribution in part
(iii) of the above theorem with b = ﬁ and a = 1.

4. The estimation of CRRE

In this section, we propose an estimator of v, (X) and investigate its exact and
asymptotic distribution under some conditions. Let Xi,..., X, be independent
positive random sample from the population of X with continuous distribution
functions F' and corresponding order statistics X(y),..., X(n)- Let also F,, be the
empirical distribution function of X.

Regarding equation (6), 7,(X) can also be given through an L-functional (cf.
Shao, 2003, p. 343) by

Jo~ #a(Flx >>dF(x>> | (18)

’Ya(X):_a g( f wdF(z)

where, J,(u) = (a+1)(1—u)*. Now, by replacing F' in (18) with F,,, an estimator
of 7, (X) can be given by the following:

Yo (Fp) = — ilog ()1( /000 xJa(Fn(x))an(x)>
—;log< ZJ X(Z>.

The following theorem gives the exact distribution of the above estimator under a
random sample from an exponential population.

(19)
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Theorem 11. Let Xi,...,X, be a random sample from an exponential
distribution with an arbitrary hazard rate. Then, the survival function of v4(Fy)
is given by

Plya(F, ZH ( __ d:w) I(dg, > o),

i=1 j=1 J,m
J#i

where, df, =
function.

= — l+1 ZJ i Ciny O = (a+ 1)1 — L) and I(.) is the indicator

Proof. First note that, (19) can also be expressed as

1 > o X
TalF) = oy  Zmp X0 )
Zz lX

On the other hand, by using the normalized spacings D; = (n—i+1)(X;)—X-1)),

i=1,...,n ( Xy =0), one can see easily that
Z dl n = Z(Z C;x,n)(X(z) - X(i—l))
i=1 j=i
n J n
= DD GalXe — Xa-n) = Y X,
j=1i=1 =

which implies that v, (F},) can also be given by

1 27'11 e?nDi
F,)=——log [ ==
Tl =74 °g< ST D,

The result now follows by applying the Theorem 3.1 in Belzunce et al. (2005). O

It is clear from the almost sure convergence property of the L-estimators (see
Example 1 and 2 in Wellner, 1977 and Helmers, 1977) and the continuous mapping
theorem (cf. Theorem 1.10 in Shao, 2003, p. 59) that as n — oo,

Yo (Fn) = Ya(X),

with probability one, provided that the population mean is finite. The following
theorem gives the asymptotic distribution of v, (F},) under some mild conditions.

Theorem 12. Assume that E(X?) < co and

o2(F,J) =2 / N / " F@)F(y)Ja(F(@))Ja (F(y))dyde > 0. (20)

Then, as n — oo,
d
\/ﬁ[’Ya(Fn) - ’Va(X)] - N(Oa 02)7
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where, 4y denotes convergence in distribution, N(0,0?) stands for the mnormal
2
2 _ _oa(FJ)

random variable with mean zero and variance o° = 22T (X)
la

Ya(X) = (a+1) /000 2 F*(z)dF(z).

Proof. We have v, (F,) = —élog(%) where Y10 (F,) = 2370 Jo (L)X (5.
It follows from Theorem 2 and 3 in Stigler (1974) that as n — 00, vn[y1a(Fn) —
T (X)] converges in distribution to a normal random variable with mean zero and
variance (20). On the other hand, X is a consistent estimator of the population
mean, | = fooo F(x)dz. Applying the Slutsky and Delta-method theorems now
gives the result. O

It is worth to mention that a consistent estimator of the asymptotic variance
can be obtained by replacing F in (20) with F,.

Crescenzo & Longobardi (2009) have used the following data sets to apply their
cumulative entropy for analyzing the lifetime data. As an example, we use these
data and compute the estimators of the CRRE ~,(X) and «(8) in Sunoj & Linu
(2012). Since, it has not been proposed any estimator of v(3) in Sunoj & Linu
(2012), we rewrite it as

18) = 15 lou(s [ PPN @)ar (o)),

and consider the corresponding estimator by the following

) L og(? -
A(8) = logfz 1—*6 "Xi))-
Example 7. The data set analyzed in Crescenzo & Longobardi (2009) includes

43 sample lifetime data which are as follows.

7,47,58,74,177,232,273, 285,317,429, 440, 445, 455, 468, 495, 497, 532,

571,579,581, 650, 702, 715, 779, 881, 900, 930, 968, 1077, 1109, 1314, 1334,

1367, 1534, 1712, 1784, 1877, 1886, 2045, 2056, 2260, 2429, 2509.

For these data, Crescenzo & Longobardi (2009) obtained the estimate of their
cumulative entropy as 572.3. Figure 3 depicts the plot of the estimators 7, (F},)
and 4(B) for different values of o and 8. One can see from the plot that the
estimator 4(8) takes negative values for 8 > 1.
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F1aUrRE 3: Plots of 74 (F,) (left) and 4(8)(right).

5. Conclusion

In this paper, we have proposed an alternative measure of cumulative residual
Renyi’s entropy (CRRE) of order o which unlike the one by Sunoj & Linu (2012)
preserves the main property of an information measure and is always positive.
We have investigated the main properties of the proposed measure and studied its
relation with other entropy measures. Assuming some well-known stochastic orders
between two random variables, the imposed orders between their corresponding
CRRE were revealed. The dynamic version of the CRRE was also considered and
its main properties and its relation to Tsallis’s Entropy were studied. The dynamic
CRREs of the stochastically ordered random variables were also compared. The
estimator of the proposed CRRE and its exact distribution under a random sample
from an exponential distribution and also its asymptotic distribution were studied.
Throughout the paper numerous examples and plots illustrating the theory were
given.
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