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Some properties and applications of cumulative
Kullback-Leibler information

Antonio Di Crescenzo*" and Maria Longobardi®

The cumulative Kullback-Leibler information has been proposed recently as a suitable extension of Kullback—-Leibler information
to the cumulative distribution function. In this paper, we obtain various results on such a measure, with reference to its relation with
other information measures and notions of reliability theory. We also provide some lower and upper bounds. A dynamic version of the
cumulative Kullback-Leibler information is then proposed for past lifetimes. Furthermore, we investigate its monotonicity property,
which is related to some new concepts of relative aging. Moreover, we propose an application to the failure of nanocomponents.
Finally, in order to provide an application in image analysis, we introduce the empirical cumulative Kullback-Leibler information
and prove an asymptotic result. Copyright © 2015 John Wiley & Sons, Ltd.
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1. Introduction

Information measures have a fundamental role in informational sciences and other applied fields. As well known, the
basic notion describing the information content in a nonnegative absolutely continuous random variable is the differential
entropy, also known as Shannon information measure. However, because it may be not suitable for some applications
(see, for instance, Section 5 of Schroeder [1]), various authors introduced other suitable information measures, such as
the cumulative residual entropy (see Rao et al. [2]) and the cumulative entropy (see Di Crescenzo and Longobardi [3]
and Navarro et al. [4]). The notion of differential entropy has been extended in the past to the relative entropy, which
is a discrepancy measure between two distributions. It is also called Kullback—Leibler information (see Kullback and
Leibler [5]).

Our research is stimulated by the need of describing the uncertainty content in dynamic stochastic models involving
truncated distributions. Indeed, in the last two decades, wide attention has been given by several authors to measure uncer-
tainty of truncated random variables, due to their relevance in applied fields such as reliability theory and survival analysis.
One of the first papers in this context is due to Muliere ef al. [6], who investigated the residual entropy function and the
right truncated entropy function. Quite strangely, to a certain extent, this contribution passed unnoticed. The aforemen-
tioned measures were investigated later independently by Ebrahimi and Pellerey [7], Ebrahimi [8], and Di Crescenzo and
Longobardi [9]. Along these lines, several recent studies involve dynamic information measures based on truncated ran-
dom variables. See, for instance, Kapodistria and Psarrakos [10], centered on the residual lifetime and its relation with the
cumulative residual entropy. Other results on dynamic discrimination measures based on the Kullback—Leibler information
have been provided by Khorashadizadeh et al. [11], Kumar et al. [12], Navarro et al. [13], and Taneja et al. [14]. More-
over, recently, Park et al. [15] defined a discrepancy measure named cumulative Kullback—Leibler information, which can
be viewed as the analog of the Kullback—Leibler information with reference to the cumulative distribution function.

The first aim of this paper is to study some properties of the cumulative Kullback-Leibler information. We also investi-
gate a dynamic version of such discrimination measure that is relevant for stochastic models whose uncertainty is related
to the past. It is defined in terms of the cumulative Kullback-Leibler information for past lifetimes. Such a measure also
involves other dynamic information measures, as the cumulative inaccuracy of past lifetimes and the dynamic cumulative
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entropy, as well as the mean past lifetimes. Furthermore, we provide two applications. In the first case, we employ the
cumulative Kullback-Leibler information to the design of nanocomponents. In the second case, we introduce the empirical
cumulative Kullback—Leibler information and study its asymptotic properties for measuring the discrepancies in the gray
levels of digitalized images.

This is the plan of the paper: In Section 2, we analyze some properties of the new notion, such as the effect of linear trans-
formations, and its behavior under the proportional reversed hazard model. In Section 3, we develop certain inequalities and
bounds for the cumulative Kullback—Leibler information. In Section 4, we investigate the dynamic version of the cumula-
tive Kullback-Leibler information for the past lives of random lifetimes. In Section 5, we provide some results on notions
of relative aging and study monotonicity properties of the dynamic cumulative Kullback—Leibler information. Finally, the
preannounced applications of the cumulative Kullback—Leibler information to the failure of nanocomponents and in image
analysis are given in Sections 6 and 7, respectively.

For readability convenience, the proofs of the theoretical results have been included in the appendix. Moreover,
throughout the paper , we denote by [X|B] any random variable having the same distribution of X conditional on B.

2. Cumulative Kullback-Leibler information

We first recall some notions of information theory. Let X and Y be nonnegative absolutely continuous random variables
having probability density functions (pdf’s) f(x) and g(x), respectively.

« The differential entropy of X is defined by

Hy = —E[log(f(X))] = —/ J(@) log(f(1)) dr, (D
0

where ‘log’ means natural logarithm, Olog0 = O by convention. We recall that H, describes the ‘uniformity’ of
the distribution of X, that is, how the distribution spreads over its domain, and is irrespective of the locations of
concentration.

o The cumulative residual entropy of X is defined by

+oo
EX)=— / F(log(F(n) dt, )
0

where F(t) = P(X > 1) is the survival function of X.
o The cumulative residual entropy of X is defined by

+o0
CEX) =~ / F()log(F(1) dt, )
0

where F(t) = P(X < 1) is the distribution function of X. The measures defined in (2) and (3) constitute the cumulative
residual and the cumulative analogs of the differential entropy given in (1), respectively.
« The relative entropy of X and Y is defined by

e [
Iy, = 1 — ) dr. 4
Xy /0 f(®log <g(t)> t “4)

Equation (4) defines a discrepancy measure between two distributions and is also called Kullback—Leibler information
(see Kullback and Leibler [5]). Note that Iy , measures the inefficiency of assuming that the pdf of a stochastic model is g
when the true pdf is f.

In the following, for any random variable 7" with cumulative distribution function F;, we denote its left-hand point and
right-hand point by

Iy =inf {t R : Fr(1)> 0}, rp=sup{t€R : Fp(t) < 1}.

Let us now consider a discrimination measure between two random variables X and Y, with distribution functions F(¢) and
G(?), introduced recently by Park et al. [15].
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Definition 2.1
Let X and Y be random variables with finite means and having the same left-hand points [ = [y, = [,. The cumulative
Kullback—Leibler information of X and Y is defined by

max{ry,ry} F(t)
CrX,Y) = / F(t)log <—> dr + E(X) — E(Y), (5)
! G(1)

provided that the integral in the right-hand side is finite.

The measure given in (5) can be seen as a suitable extension of the Kullback—Leibler information to the cumulative
distribution function. It is suitably rescaled in order to be nonnegative. Indeed, because log(x) < x — 1 for all x > 0, we
have Cy; (X, Y) > 0. Specifically, Cxy (X,Y) = 0 if and only if F(u) = G(u) almost everywhere. Otherwise, Cg; (X, Y) #
Cx1.(Y, X), as shown in the following example.

Example 2.1
If X,, and X, have uniform distribution over (0, a) and (0, b), respectively, then Cg; (X, X},) # Cx.(X,,. X,) for a # b, because
from (5), we have

a a b—a .
ay (—) if b,
2og b + 5 if0<a<

(a = b)?
4a

Cx (X, X)) =

, if0<b<a.
Other examples are given in Table I.
Let us analyze the effect of linear transformations on the cumulative Kullback—-Leibler information.

Proposition 2.1
Let X and Y be random variables with finite means and having the same left-hand points; for a,c > 0 and b > 0, we have

Ce (aX +b,cY +b) = aCyy (x £Y> +aEX) - cE(Y)
a
=c CKL(%X, Y) +aEX) — cEY).

For any pair of random variables X and Y having the same left-hand points /, the cumulative inaccuracy is defined by
(see Di Crescenzo and Longobardi [16])

max({ry,ry}
KX.Y) = - / F(7)1og(G(1)) dr, (6)
!
provided that the integral in the right-hand side of (6) is finite. This measure is the analogous of the cumulative residual
inaccuracy studied in Taneja and Kumar [17].

Remark 2.1
For any pair of random variables X and Y with finite means, having the same left-hand points, and such that Cy; (X, Y) is
finite, from (5), we have

Cki(X,Y)=KX,Y) - CEX)+ EX) — E(Y), @)

Table I. Examples of cumulative Kullback—Leibler information.

Fy(,i=12 Co (X1, X5)

ex {—cx”’i} Ci/yl [F(—i)+c_72/7'c r(“—”)]+c‘/"r<1—i>—c'/hr(1—l>
P=¢ 7 " 1 2 i 1 n 2 n
x>0,¢;,>0,7,>1

exp {c,(1-x7")} (c; =) [1 = (1 +¢)e 00, ¢ + ¢, T(0, ¢;) — c,e2 T(0, ;)
0<x<1,¢>0
Here, as usual, I'(+) is the Euler gamma function and I'(-, -) is the upper incomplete gamma function.
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where CE(X) and K(X, Y) are defined in (3) and (6), respectively.

The reversed hazard rate function of a nonnegative absolutely continuous random variable X, representing a random
lifetime, is 7y () = f(¢)/F(¢), for t > 0.

Remark 2.2
If X and Y are nonnegative absolutely continuous random variables, then CE(X) and K(X, Y) satisfy (see Proposition 3.1
of [3], and Proposition 8.2.1 of [16]):

CEX)=E [Tf)(X)] . KX,Y)=E [T?(X)] , @®)
where
+00 +oo +oo
90 = - / log(F(s)) ds = / / Ty(x)deds, >0, ©)

and 7' (¢) is similarly defined.

For any nonnegative absolutely continuous random variable Y, let us now set

+0o
Ty (1) := —log(G()) = / 7,(x) dx, t € (0, +00). (10)

This function is involved in the following representation of the cumulative Kullback-Leibler information in terms of
the cumulative entropies of X and Y. Such a representation is based on the probabilistic mean value theorem due to Di
Crescenzo [18].

Proposition 2.2
If X and Y are nonnegative absolutely continuous random variables, with finite unequal means, with the same left-hand
points, and such that X <, Y or ¥ <, X, then

Cx (X, Y) = CE(Y) — CEX) + {E [Ty(2)] - 1} [E(Y) — E(X)], (11)

where Z is a nonnegative absolutely continuous random variable with pdf

G@) - FQ@)

ECO —E(Y)’ 0 <z < +oo.

fz(2) =

Table II. Some discrimination measures, for X and Y exponentially distributed with parameters 1 and y,
respectively, where BC(X,Y) = f_t:c’ V.f(x)g(x) dx is the Bhattacharya coefficient, y ~ 0.577216 is the
Euler’s constant and w(z) = I'(z)/T'(z) is the digamma function.

I, (Kullback-Leibler information) 1_ 1+ log(u)
' U
Cx.(X,Y) (cumulative Kullback-Leibler information) 2—y— 1_ "+ é(u — D —w(u)
u
doy(X,Y) = f e [F(x) = G(x)]* dF(x) (Cramer-von Mises distance) 2(”—_1)2
CM —o 6+ 15u + 642

2
dp,(X,Y) =log [ /_J;:e(f(x))z(g(x))‘1 dx] (Renyi divergence of order 2)  log < K >

2u—1
_ ) e 2 , (4= 1)
dp(X,Y) =2 ["7 [F(x) - G(x)]* dx (energy distance) T
U
2 24/u
dyX,Y) = %f:: [\/f(x) - \/g(x)] dx (Hellinger distance) 1- %
u
. u+1
dg(X,Y) = —log[BC(X,Y)] (Bhattacharya distance) log| ——
24/u
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(a) (b)

Figure 1. Plot of measures given in Table II for p € [0, 2], with (a) C; (X, Y) (line), dcy, (X, Y) (dot-dashed), dp(X, Y) (dashed), Iy y
(dotted) and (b) dy(X, Y) (line), dg ,(X, ¥) (dot-dashed), dp(X, Y) (dotted).

In the next example, the cumulative Kullback—Leibler information is compared with other suitable discrimination
measures. Further examples of distances can be found in Finkelstein [19].

Example 2.2

Let X and Y be exponentially distributed with parameters 1 and u, respectively. In Table II, we evaluate the Kullback—
Leibler information and the cumulative Kullback—Leibler information obtained via Equations (4) and (5), and compare
them with other discrimination criteria. See Rényi [20] and Frery er al. [21] for their definitions. Such measures are
also shown in Figure 1 as functions of u. As expected, all measures are close to 0 when y approaches 1 and increase
monotonically when y goes away from 1.

We conclude this section by showing a connection with the proportional reversed hazard model. In such a model, the
distribution functions of X, and X are related by

F,(x) = [Fx)] VxeR, 6> 0. (12)
See, for instance, Di Crescenzo [22], Gupta and Gupta [23], Sankaran and Gleeja [24] for various results about this model.

Proposition 2.3
If X and X, are random variables satisfying the proportional reversed hazard model expressed by (12), then

C(X.Xp) = (6 — 1) CEX) + E(X) — E(X,).

3. Inequalities and bounds

Lemma 1 of Ebrahimi ef al. [25] shows that the differential entropies of two stochastically ordered random variables
are suitably related. Hereafter, we provide a similar inequality concerning the cumulative entropy function given in (3).
To this aim, and in order to perform some comparisons, we recall some well-known stochastic orders (see Shaked and
Shanthikumar [26]). Given two random variables X and Y having distribution functions F(f) and G(t), then X is said to be
larger than Y in the

— usual stochastic order (denoted by X >, ¥) if F(r) < G(¢) forall t € R,
— reversed hazard rate order (denoted by X >, Y) if F(s) G(r) < F(¢) G(s) for all s < 1.

Proposition 3.1
If X <, Y, then
CEX)—EX) S CEY)—-EQ).

Let us now provide some lower bounds for the cumulative Kullback—Leibler information.

Proposition 3.2
(i) If X and Y are absolutely continuous random variables taking values in [0, 7], with r finite, then

r—EX)
r—E®Y)
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(i) If X and Y are random variables with finite means, and having the same left-hand points / = [y, = [, then

3 M) By — Gu))?

Making use of inequality xlog(x) = x — 1, x > 0, it is not hard to see that the right-hand side of (13) is nonnegative, and
that it vanishes when [E(X) = E(Y).

The following example shows that there are no implications between the bounds given in Proposition 3.2. Hereafter, we
denote by 1, the indicator function of A.

Example 3.1
Let X be uniformly distributed in (0, 1) and let Y have distribution function

a X =

X a a
with 0 < a < 1. Figure 2 shows the cumulative Kullback—Leibler information and the bounds obtained in Proposition 3.2
as functions of a € (0, 1).
Hereafter, we obtain some upper bounds for the cumulative Kullback-Leibler information.

Proposition 3.3
Let X and Y be random variables with finite means and having the same left-hand points [/ = I, = [;.

(1) Then,

max{ry,ry} F(u)
CrLX,Y) < F) | == — 1] du+EX) - E(Y), (15)
! G(u)
provided that the integral in the right-hand side is finite.
(i) If X >, Y, we have
max{ry,ry}
1 o F(u) F(u)
CkX,Y)< = F — —1| |3——=——=| du+EX)-EY 16
kL (X, ¥) 2/1 (M)[G(M) ][ G| ¢ X) = E(Y) (16)
and
max{ry,ry} F(u) 2
CrL(X,Y) £ —2.45678 F(u [1- Gan du + E(X) — E(Y). a7
1 u

We remark that, under assumption X >, Y, the bound shown in (16) is better than the bound provided in (15), in the
sense that the right-hand side of (16) is smaller than the right-hand side of (15).

0.7;
0.6¢ i
0.5 l
0.4; _
0.3¢ P
0.2} ~ -

0.1° - -

0.0 0.2 0.4 0.6 0.8 1.0

Figure 2. Plot of the cumulative Kullback—Leibler information (line), lower bound (13) (dashed curve), and lower bound (14) (dot-
dashed curve) of Example 3.1, for 0 < a < 1.
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(a) ®)
0.30¢
0.25§
0.20F
015K,
010}

0.05F

0.0 0.2 0.4 0.6 0.8 1.0 k 0.0 0.5 1.0 1.5 2.0 p

Figure 3. Plot of the cumulative Kullback-Leibler information (18) (lower line), lower bound (13) (dot-dashed curve), lower bound
(14) (dashed curve), upper bound (16) (dotted curve) and upper bound (17) (upper line) of Example 3.2, for 0 < f < a, witha =1
(case a) and a = 2 (case b).

Example 3.2

Let X and Y be random variables having power distribution functions F(x) = x* and G(x) = x#, 0 < x < 1, with « > 0 and
B > 0. They satisfy the proportional reversed hazard model G(x) = [F(x)]?, x € R, with § = #/a. From (5), noting that
EX)=a/(a+ 1)and E(Y) = §/(f + 1), we have

(a=p)>

G0 =

(18)
For brevity, we omit the expressions of the bounds evaluated previously and provide some plots in Figure 3. We note that
in case (b), the upper bounds intersect each other, and thus, there are no implications between them.

4. A dynamic measure for past lifetimes

We consider two nonnegative random variables X and Y, representing the lifetimes of two items, and having support (0, ry)
and (0, ry), respectively. For 7 > 0, let X,) = [X |X < t] and Yo =1Y |Y < t] be their respective past lifetimes. These
notions deserve interest in applied fields such as survival analysis, reliability theory, and actuarial science. For each ¢ > 0,
we denote the distribution functions of X, and Y, by
Fy(x) = %, Gyx) = %, 0<x<y, (19)

respectively. See Sunoj et al. [27], Vonta and Karagrigoriou [28], and Sachlas and Papaioannou [29] for various results and
applications of past lifetimes.

In analogy with the discrimination measure between past lives given in Definition 1.1 of Di Crescenzo and Longobardi
[30], we now introduce a dynamic version of the cumulative Kullback—Leibler information referred to the past lifetimes
Xy and Y. It involves the mean past lifetimes of X and Y, which are respectively

' F(x) ' GO)
ux(@® =E|X =/ [1——]dx, uy(® =E|Y =/ [1——]d, (20)
X [Xo] o F() Y Y] o con |
for all € Dy y, where Dy y := (0, min{ry, ry}). In agreement with Definition 2.1, we now consider the following.

Definition 4.1
The cumulative past Kullback-Leibler information of two random lifetimes X and Y, for any ¢ € Dy y is defined by

'F) . (F(x) GO
Cr (X Yo) *= /0 F) 08 ( 70 Gm) dx + py (1) = py (D), 1)

where py(#) and py(2) are given in (20).

Roughly speaking, Cy; (X,), ¥(,)) measures the closeness of the distributions of the two lifetimes, when the items are
inspected at time ¢ > 0, and both are found failed.
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Remark 4.1

From Definitions 2.1 and 4.1, it is easy to see that Cy; (X, Y,)) is nonnegative for all 1 € Dy, and the following
limits hold

lim Cp. (X ) =0, lim  Cyp (X Y)) = Cro (X, Y).

t—sup Dy y

Remark 4.2
Lett € Dy y. In analogy with Equation (7), from (21), it follows that the cumulative past Kullback-Leibler information of
X and Y can be expressed as

Cr (X Yoy) = K [Xes Yio) = CE(X(y) + px(®) = py(0), (22)

where, due to (6) and (19), K[X,,), ¥,] is the cumulative inaccuracy of the past lifetimes, that is,

"F(x) G(x)
K [Xo), Y(:)] = —/0 0 log <%> dx, (23)
and where
_ "F(x) F(x)
CE(X,) = /0 o) log <—F(t)>dx, (24)

is the dynamic cumulative entropy of X, introduced in Section 5 of Di Crescenzo and Longobardi [3].

Note that the cumulative measure given in (23) is an analogous of the dynamic measure of inaccuracy between two past
lifetime distributions proposed in Equation (9) of Kumar et al. [12].

Let us now obtain some lower and upper bounds for Cy; (X, ¥{;)). The next result immediately follows from Proposition
3.2, and thus, the proof is omitted.

Proposition 4.1
For all r € Dy y, the following lower bounds hold

1 — px(t)
Cir (X Yp) 2 [1 = ux(0] log <—X> + ux(0) = uy (), (25)
t— py(1)
and
2
1 [ [Fo@ = Gy
Cxr (X(t)’ Y (t)) > 2 / 1 2 dx. (26)
Proposition 4.2
For all 7 € Dy y, the following upper bound holds
[ F2 (w)
(1)
Cr (X Y) < / lG—(”) - F(z)(”)] du + pux (1) — py(2). 27
0 ®
Moreover, if X >,, Y, then
1/’ F(z)(”) F(t)(u)
C (X,Y)S—/F(M)[——l 3- du + py (1) — py(0), (28)
and
C t Fi()1?
k(X Y) < =245678 [ Fy(u) |1 — ———| du+ px(t) — py(0). (29)
0 G(z)(“)
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Example 4.1
Let X and Y have distribution functions

F(x) = exp {—cl/xz} , G(x) = exp {—cz/xz} , x>0,
respectively, with ¢, ¢, > 0. Hence, from Equations (20) and (21), for r € DX’Y, we have

1 Vr exp{c,/*} (2¢, + 1) erfe { \/a/t}

Cxr (X Yiy) = (c; =) | = =
kL (X Yo) = (1 -2 ! 24 /ci (30)

+Je\m exp {c, /1 } erfe{/c,/1} — \Jeym exp {cy /P } erfc {/c,/t},

where erfc(-) is the complementary error function (see Gradshteyn and Ryzhik [31], p. 888).If ¢; > ¢,, then X >, ¥, and
thus, inequalities provided in (28) and (29) hold. Figure 4 shows the plots of the bounds given in Propositions 4.1 and 4.2
for a case when ¢; > ¢,.

In the following counterexample, we show that the assumption X >, Y is necessary to obtain inequalities expressed in
(28) and (29).

Counterexample 4.1
Let X be uniformly distributed in (0, 1), and let Y have distribution function

4 \® 4\7
G(x) = <§x) Liocuctyay + (5) L1 sa<ysy X Vo nccty + Loy

with @ > 0. Hence, it is not hard to see thatif 0.5 < @ < 1, then X 3/,;, Y. Moreover, in this case, one can show that both
the functions given in the right-hand side of (28) and (29) intersect Cy; (X,), ¥(,)) for suitable choices of a (see an example
in Figure 5).

1.4}
1.2}
1.0}
0.8}
0.6

0.4}f
0.2

1 1 1 1 1 1 1 t
0 5 10 15 20 25 30 35

Figure 4. The upper bounds given in (29), (27), and (28), the cumulative past Kullback—Leibler information shown in (30), and the
lower bounds provided in (26) and (25) for Example 4.1 (from top to bottom) for ¢; = 5and ¢, = 1.

0.07 A
0.06¢ VA
0.05+ ‘
0.04
0.03
0.02+
0.01+

0.0

Figure 5. The cumulative past Kullback—Leibler information (line), the right-hand side of (28) (dotted curve), and the right-hand side
of (29) (dot-dashed curve) when a = 0.95 for Counterexample 4.1.
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5. Relative aging and monotonicity property

Let us now provide some results on relative aging that will be used in the succeeding text. To this purpose, consider a
nonnegative random variable X, with support (0, +00), denoting a random lifetime. We recall that X is said to be increasing
(decreasing) failure rate, in short IFR (DFR), if the survival function F(7) is logconcave (logconvex), that is, if the hazard
rate function A,(r) := f(t)/F(¢) is increasing (decreasing) in # > 0.

Given two nonnegative random variables X and Y describing random lifetimes, in reliability theory, it is of interest to
study the reliability of one variable relative to the other. For instance, we recall that X is said to be aging faster than Y if the
random variable Z = Ty(X) is IFR, where Ty (¢) is defined in Equation (10) (see Definition 1 of Sengupta and Deshpande
[32]). This fact introduces a notion of relative aging, in the sense that X is aging faster (slower) than Y if and only if the
ratio of hazard rates A,(f)/4,(?) is increasing (decreasing) in ¢. See also the contribution by Rowell and Siegrist [33] on
this topic.

We now consider an analogous concept, which involves the ratio of reversed hazard rates of X and Y.

Proposition 5.1
Given two nonnegative random variables X and Y, the following statements are equivalent:

(i) Z =Tx(Y)isIFR (DFR);
(ii) TyoTy'is convex (concave);
(iii) 7y (¢)/7y () is increasing (decreasing) in ¢.

We remark that condition (iii) of Proposition 5.1 is involved in point (b) of Theorem 1.C.4 of Shaked and Shanthikumar
[26], where it is stated that if X <,;, ¥ and zy(7)/7,(¢) is decreasing in ¢, then X is smaller than Y in the likelihood ratio order.

Condition (iii) of Proposition 5.1 will be used in Proposition 5.2. It is not hard to see that such a condition defines a
stochastic order (see Rezaei et al. [34]).

Let us now investigate the monotonicity property of Cg; (X, ¥ ;)

Theorem 5.1
Let X and Y be nonnegative absolutely continuous random variables, and let # € Dy y. Then, Cy; (X, ¥(,)) 1s increasing in
t if and only if

Cxr (X Yyy) SB() Vi€ Dyy, GD
where
L Ty (1) a _
B() := [TX(I) 1] [y (@) = ux(®)] .

In the following proposition, we find sufficient conditions such that B(¢) is increasing. The proof easily follows from the
definitions of the involved notions, and thus is omitted.

Proposition 5.2
Let 7, (f)/7,(¢) be decreasing in 7, and let p,(f) — py(¢) be increasing in 7. Then, B(?) is increasing in z.

Example 5.1 ,
a
Let F(r) = (f) and G(¢) = <5> ,for0 <t < r. If 0 < a < f, then the assumptions of Proposition 5.2 are satisfied. In

r

this case, it is easy to check that Cy; (X, ¥{,)) and B(z) are both linearly increasing in z.

6. Application to failure of nanocomponents

The design of nanocomponents with specific physical properties often requires the assessing of items reliability. In this
framework, a current problem is related to the contiguous nanocrack. With reference to Ebrahimi [35], we recall that a
nanocrack is a region of a nanocomponent where there is no bonding between adjacent atoms of the lattices. A contiguous
nanocrack is formed when the accumulated number of broken bonds for the crack reaches a certain threshold. Denoting
by b such threshold, and by S the random stress level, then, according to the Maxwell-Boltzmann distribution of thermal
energies of atoms, the net probability of permanent bond breakage at the given stress level S = s is 2 exp(—a) sinh(fys),
s > 0, where «, f, and y are suitable parameters. Specifically, a = k% and f = kLT, where T is the absolute temperature,
Q is the activation energy, and k is the Boltzmann constant, whereas y is an appropriately chosen constant (see Ebrahimi
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(b)

0 2 4 6 8

Figure 6. Plot of the cumulative Kullback—Leibler information given in (33) for e*/ ¢y =1,b=1,and py = 0.5,1,2 (from top to
bottom), with (a) 0 < s; < 8ands, =1,(b)0 <5, <8ands; = 1.

[35] for details). Hence, if X denotes the load duration needed for the accumulated number of broken bonds to reach the
threshold b, then the distribution function of [X|S = s] is (cf. Equation (1) of Ebrahimi [35])

b o
Fys(xls) = <i> . 0<x<r(s) i= = csch(Bys), (32)

r(s) o
forb > 1,5 > 0,a >0, fy > 0, and where c; > 0is an appropriately chosen constant. In this section, we adopt the notation
X, to represent the random variable [X|S = s], that is, the load duration leading to the formation of a contiguous nanocrack
conditional on the stress level S = s. Aiming to study the dependence between pairs of random variables belonging to the
family {X,;s > 0}, from (5) and (32), we obtain the following expression of the cumulative Kullback-Leibler information:

b? r(sy)
——r(sy)log <—> — b B,(sy,5,), 0<s, <5,

b+l r(sy)

Cko (Xsl»st) = b )17 (33)
Trr r(s]){ [WT)] - 1} + B,(51,5,), 0 < 5, < 5,
where
b _
By (5,5 = PO =102

b+1

Figure 6 shows some plots of Cy; (X; , X;,) for various choices of the involved parameters.
From (33), it is easy to check that Cy; (X, X;) = 0, s > 0. Moreover, the following limits hold:

lim Cy (X, , X, ) = lim Cy (X, , X, ) = oo,
5,0 ! 2 5,—0 ! 2

lim Cy (X, ,X,)= ab? csch(cs,) lim Cy (X, ,X,)= ab?
—+00 51775 b+1 27 §y—=+00 KL %512 s b+ 1)2
This shows that the discrepancy between X, and X, measured through the cumulative Kullback-Leibler information tends
to become infinitely large when the stress level s, or s, goes to 0, whereas Cy, (X; , X, ) tends to a finite value when s, or
s, goes to infinity. Hence, consider the load durations leading to the formation of a contiguous nanocrack conditional on
two different stress levels S = s, and § = s,. Such load durations tend to be very different when the stress level s, or s, is
close to 0. On the contrary, if the stress level s, or s, grows, then the discrepancy between the load durations does not grow
indefinitely because it tends to a constant. This information may help engineers to design nanocomponents. For instance,
aiming to affect the load duration that causes a contiguous nanocrack, the knowledge that the baseline stress level is large
implies that it is not useful to reduce the stress slightly.

csch(ces)).
Sy

7. Application in image analysis

Information measures are often employed in image analysis as well as in other applied fields. For instance, we recall that
the cumulative entropy and its conditional version have been successfully exploited by Nguyen et al. [36] to perform cluster
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analysis on multidimensional data. Moreover, with reference to the cumulative residual entropy defined in (2), Wang et al.
[37] proposed the empirical version of such a measure to solve the alignment problem in image analysis. We also recall
the papers by Contreras-Reyes and Arellano-Valle [38] and Frery et al. [21], where useful methods of information theory
are proposed and applied to investigate images obtained from real sensors. Specifically, their studies involve the flexible
families of multivariate skew-normal distribution, and Wishart distribution, respectively.

On the line of some previous investigations, in this section, we focus on a suitable application of the cumulative
Kullback—Leibler information in image analysis. To this purpose, we first address the problem of estimating the cumula-
tive Kullback—Leibler information by means of an empirical measure of discrimination. Consider two independent random
samples ¥ = (X;; i = 1,2,...,n)and Y = (Yj; j=12,...,m), where X; and Y] are independent copies of X and Y,
respectively. According to (5), we give the following.

Definition 7.1
Let X and Y be absolutely continuous and nonnegative. The empirical cumulative Kullback—Leibler information of X and

Y is defined by
PN B | F (%) GiX T
Cxo (F,.G,) = F,(x) log +X,-Y,,
0 G, (x)

m

where
n

m

. 1 A 1

Fy =+ Dlyey  Gu= — Y lyey XER,
i=1

=1
are the empirical distributions of the samples, and where Xn and Ym are the sample means.

In order to obtain a computationally effective formula for Cy; (F,,G,,), we introduce the order statistics of the first
random sample, X < X(2> <£...< X(n). Similarly, we denote by Y(l) <Yy <...< Y(m) the order statistics of ), and set
Yo = —0.

©)

Remark 7.1
In agreement with (7), it is not hard to see that the empirical cumulative Kullback—Leibler information can be rewritten as

Cx (F,.G,) =K|F,.G,| -CE(F,) +X,-Y,,. (34)
Note that

i) c& (f”,l) is the empirical cumulative entropy (see Di Crescenzo and Longobardi [3])

CEFF,) =~ / cx>fvn(x) log (F,(x)) dx
i (35)

=—ZU log( )

where U| = X(l), U, = X(l-) - X(i_l), fori =2,3,...,n, are the sample spacings of the first sample;
(i) K (F s Gm] is the empirical cumulative inaccuracy (see Di Crescenzo and Longobardi [16], for the case n = m)

+oo
K|F,.G,]=- / F,(u)log (G,,)) du

Yorn
=_z/ F(u)log< >du (36)

1| Ny —N;

m— j+1 J .
1 J
=;Z 2 Xip +NYg = Ny Yy, [log <;>
Jj=1 r=1
where
n
]vj - Z I{XSY(/)} J = 192, 9ma
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denotes the number of random variables of the sample X that are less than or equal to the j-th order statistic of Y,
and where we rename by XJ r=12,... ,(Nj 1 Nj), the random variables of the first sample belonging to the
interval (Y(i)’ Y(j + l)], if any.

,r?

The following asymptotic result holds.

Proposition 7.1
Let X and Y be nonnegative random variables. If X is in L” for some p > 1, and X >, Y then the empirical cumulative
Kullback—Leibler information of X and Y converges to the cumulative Kullback—Leibler information of X and Y, that is,

Cx(F,G,) = Cy (X, Y) a.s.asn — 4oo and m — +oo.

Example 7.1

Let us now adopt the empirical cumulative Kullback—Leibler information to measure the discrepancies in the gray levels of
the digitalized images shown in Figure 7. The pictures are formed by 1600 cells; the gray level of each cell being measured
by a real number ranging from O (black) to 1 (white). Figure 8 shows the gray levels arranged in increasing order. Hence, a

0] (i) (iif)

@iv) v) (vi)

Figure 7. Images studied in Section 7.

gray level gray level

1.0 -
[ 10
[ [ (vi)
081 0.8] )
I I (iv)
0.6 0.6
04l 04]
02l 02l
A S S | ) S RS |
0 500 1000 1500 500 1000 1500

Figure 8. Ordered gray levels of the images in Figure 7.
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Table III. Mean gray levels

of the images of Figure 7.

Image Mean gray level

0] 0.205311

(ii) 0.5

(iif) 0.562977

@iv) 0.607250

) 0.738219

(vi) 0.802999
Table IV. Cy, (F,, G,,) for the images of Figure 7.
X\Y U] @i (iitd) @) Q) (vi)
0] 0 0.0937469  0.122712  0.218842  0.414844  0.402350
(i) 0.0755055 0 0.0110273  0.0244186  0.0984964  0.109691
(iii) 0.0987752  0.0100067 0 0.0216801 0.0688432  0.0583435
(@iv) 0.149475  0.0182159 0.0168919 0 0.0285125  0.0640901
) 0.258760  0.0729513  0.0510091  0.0248633 0 0.00282724
(vi) 0.332174 0.127517 0.0899049  0.0662241 0.0151126 0

graph close to 0, such as case (i) of Figure 8, corresponds to a picture with many black cells. Moreover, the mean gray level
of the six images are presented in Table III. The empirical cumulative Kullback—Leibler information of the gray levels for
the pairs of images are evaluated by means of Equation (34), for n = m = 1600 (Table IV). The maximum discrepancy is
found between images (i) and (v), whereas the minimum value of CKL(Fn, Gm) is attained for images (v) and (vi).

Example 7.1 provides a suitable application of the empirical cumulative Kullback—Leibler information in image analysis.
In this context, starting from the gray levels of images in random samples X’ and Y, higher values of CKL(F s Gm) correspond
to marked differences in the nuances of the figures. Therefore, an automatic procedure that evaluates the empirical
cumulative Kullback—Leibler information may allow to categorize images on the base of their gray (or color) levels.

8. Concluding remarks

The present paper is centered on the study of the cumulative Kullback—Leibler information. This is an asymmetric measure
of discrimination for pairs of random variables. We have first investigated some properties, inequalities, and bounds of this
measure. The analysis also focused on its dynamic version, which is specially suited for past lifetimes. A monotonicity
property of its upper bound has been related to a quite new notion of relative aging. In conclusion, in order to shade some
light on the practical use of this measure, we considered two applications:

(i) The first is about the failures of nanocomponents, with reference to a stochastic model for the load duration needed for
the number of broken bonds that leads to a contiguous nanocrack. The cumulative Kullback-Leibler information in this
case may give some advice on the role of the stress level involved in this model.

(1) In the second case, the empirical cumulative Kullback—Leibler information is applied in images analysis. After pro-
viding a convergence result, we adopt this empirical measure to compare the gray level in some images. Differently from
various papers mentioned in Section 7, our approach is nonparametric. The extension to cases involving specific families
of distributions is too heavy in this context, and thus will be the object of future investigation.

Appendix

Proof of Proposition 2.1
It immediately follows from Definition 2.1, and recalling that the distribution function of aX + b is F (% ), xeR. O

Proof of Proposition 2.2

From Theorem 4.1 of [18], for a measurable and differentiable function A(¢) such that E[A(Y)] and E[A(X)] are finite,
and its derivative /'(¢) is measurable and Riemann-integrable of the interval [x,y] for all y > x > 0, we have E[A(Y)] —
E[h(X)] = E[I'(Z)][E(Y) — E(X)], under the given assumptions. Hence, by choosing h(f) = T\, (¢), and thus /() = ~Ty (1)
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due to (9) and (10), and recalling the identities given in (8), we obtain (see also Proposition 8.2.2 of Di Crescenzo and
Longobardi [16]):

CEY)—K(X,Y) = —E|Ty(2)] [EY) - EX)].
Hence, Equation (11) follows by use of (7). Il

Proof of Proposition 2.3
Because of Equation (12), recalling Equations (3) and (6), we have K(X,X,) = 6 CE(X). The proof then immediately
follows from (7). ]

Proof of Proposition 3.1
From Equation (7), recalling that Cy; (X, Y) > 0, we have

CEX)-EX) <KX, Y)—-EX).
Proposition 3.1 of Di Crescenzo and Longobardi [16] states that assumption X <,, ¥ implies K(X, Y) < CE(Y). The proof

then follows. O]

Proof of Proposition 3.2
The proof of (13) immediately follows applying the well-known log-sum inequality (see, for instance, Cover and Thomas
[39]) to the pdf’s of X and Y. Because

—1)?
xlog(x);x—1+32(();—+2)) for all x > O,
the proof of (14) follows from Equation (5), by taking x = F(u)/G(u). ]

Proof of Proposition 3.3
Recalling that log(x) < x — 1, Vx > 0, the proof of (15) follows from Definition 2.1. From the following inequalities

log(x) < %(x ~DB-x), logkx)<—245678(1 —x?2, 0<x<l1,

and the definition of Cg; (X, Y), we easily obtain the proof of (16) and (17). ]

Proof of Proposition 4.2
We note that X, >, Y, forall 7 € Dy y if, and only if, X >,, Y. The proof thus follows from Proposition 3.3. O

Proof of Proposition 5.1
The equivalence between (i) and (ii) has been shown in Theorem 5.1 of Di Crescenzo [22]. Noting that the hazard rate
function of Z = Ty (Y) is

o (17'0)

= L togF ) = —=, (15 @) Sr = X
k) = = YoalF0) = =5 (T310) g T30 = =25

t>0,

the equivalence between (i) and (iii) immediately follows. Il

Proof of Theorem 5.1
From (23) we have

%K X Yool = 7@ [t = mx®] = 2O K [Xe, Y]

whereas (see Section 6, proof of Theorem 6.1, Equation (32) of Di Crescenzo and Longobardi [3])

%Cf(x(,)) = 1y(1) [t = ux(0) = CE(Xy )] -
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Moreover, from (20), we obtain

%Mx(t) = 7y (O]t — px(®)].

Hence, recalling Equation (22), we obtain

%CKL(X(,), Yo = [ty (@) — (0] [1y(0) = py ()] = 75 (0) Cip. (X Yey)) -

It thus follows that Cy; (X, ¥{,)) is increasing in ¢ if and only if the inequality given in Equation (31) holds. 0

Proof of Proposition 7.1 _ _

By the law of large numbers, we have X, — E(X) a.s. asn — +o0,and Y,, - E(Y) a.s. as m — +o00. Moreover, under the
given assumptions CE (ﬁn) — CE(X) a.s. as n — +oo (see Proposition 2 of Di Crescenzo and Longobardi [40]). Similarly,
in the same line of Theorem 9 of Rao ef al. [2] making use of assumption F(f) < G(¢) for all + € R, one can prove that
K [Fn, Gm] — K(X,Y) a.s.asn —» +oo0 and m — +o00. The proof thus follows immediately from the relations given in (7)
and (34). ]
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