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Abstract

For nonnegative random variables X and Y we write X < Y if Tx(p) < Ty (p) for all
p € (0,1), where Tx(p) = fOF_l(p)(l — F(z))dx and Ty (p) = fOG_l(p)(l — G(z)) dz; here F' and
G denote the distribution functions of X and Y, respectively. The purpose of this article is
to study some properties of this new stochastic order. New properties of the excess wealth (or
right spread) order, and of other related stochastic orders, are obtained in the present article

as well. Applications in the statistical theory of reliability and in economics are included.

AMS Subject Classification: 60E15, 62N05.
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1 DMotivation and Definitions

Consider a distribution function F', of a nonnegative random variable X, which is strictly
increasing on its interval support. Let p € (0,1) and ¢ > 0 be two values related by p = F(t)
or, equivalently, by t = F~!(p), where F~! is the right continuous inverse of F. Every choice

of such p and ¢ determines three regions of interest:

Ap ={(z,u) :u € (0,p), z € (0,F ' (u)} = {(z,u) : 2 € (0,t), u € (F(z), F(t))},
Br ={(z,u):ue (p,1), 2z € (0,F 1 (p)} = {(z,u) : z € (0,t), u € (F(t),1)},
Cr={(z,u):ue(pl),zec(Fp),F 1w} ={(xzmu):zectox)uc (F(zx)l)},

as depicted in Figure 1. When we want to emphasize the dependence of Ar on p € (0,1) we
write Ar(p). When we want to emphasize the dependence of Ar on t > 0 we write Ag(t). Of
course, Ap(p) = Ap(t) when p = F(t). Similarly we denote By (p), Br(t), Cr(p), and Cp(t).

Figure 1: Depiction of Ar, Br and Cp

The areas of the regions depicted in Figure 1 have various intuitive meanings in different
applications. For example, if F' is the distribution of wealth in some community then ||Cr(p)||
(denoting by ||D|| the area of D for any two-dimensional set D with an area) corresponds
to the excess wealth of the richest (1 — p) - 100% individuals in that community (see Shaked
and Shanthikumar (1998)). Similarly, ||Ar(p)|| corresponds to the total income of the poorest
p - 100% individuals in that community. If F' is the distribution function of the lifetime of a

machine then
Tx(p) = [|Ar(p) U Br(p)ll, pe€(0,1),



corresponds to the total time on test (TTT) transform associated with this distribution (see,
for example, Figure 1 in Klefsjo (1991), or Figure 9.2 in Hgyland and Rausand (1994), or
Figure 2.1 in Hiirlimann (2002)). Notice also that

|AF(p) U Br(p) UCr(p)|l = | Ap(t) U Ap(t) U Ap(t)]

is the mean EX of that lifetime, provided the mean exists.

Let G be another distribution function, of a nonnegative random variable Y, which is also
strictly increasing on its interval support. Let G = 1—G be the corresponding survival function,
and analogously define Ag(p), Aq(t), etc. Assume the existence of the means EX and EY, if
necessary. Comparisons of areas of analogous sets of F' and G for each p € (0,1) or ¢t > 0, yield

and characterize many well known useful stochastic orders. For example,
(1465 U Br(1)]| < [ Aa(t) U Ba®)], ¥t € (0,00)) = X <iev Y, (1.1)

where <., denotes the increasing concave order (see Shaked and Shanthikumar (1994, Sec-
tion 3.A)), whereas

(ICe @I < ICa(®)], ¥t € (0,50)) <= X <iex V.

where <jcx denotes the increasing convex order (again, see Shaked and Shanthikumar (1994,

Section 3.A)). The normalized comparison
ICR@)I/F () < ICa®/C(t), t>0,

yields the mean residual life order <,,;; (see Shaked and Shanthikumar (1994, Section 1.D)).
Similarly,
(14r@)I/EX < I Ac@/EY, ¥p € (0,1)) <= X ZLorens Y,

where <poren, denotes the Lorenz order (see Shaked and Shanthikumar (1994, Section 3.A)).

The comparison
[CrP)I < ICal)ll, peE(0,1), (1.2)

yields the excess wealth order, that is, X <.y Y (see Shaked and Shanthikumar (1998)), or,
equivalently, the right spread order X <pg Y (see Fernandez-Ponce, Kochar, and Munoz-Perez
(1998)). The NBUE (new better than used in expectation) order of Kochar and Wiens (1987)

can also be characterized by the sets above as follows
(I14r(p) U Br(w) |/ EX < || AG(p) U Ba)|/EY, ¥p € (0,1)) <= X Zyue ¥

(see (3.5) in Kochar (1989)).

The various stochastic orders mentioned above share some similarities, but they are all
distinct, and each is useful in different contexts. For example, the order <. is location inde-

pendent (and thus it can be used to compare also random variables that are not nonnegative)



and it compares the variability of the underlying random variables (see Shaked and Shanthiku-
mar (1998)). Similarly the order <p,ren, is an order which compares variability. On the other
hand, the orders <jcx and <j., combine comparison of location with comparison of variation.

The order <,pue compares aging mechanisms of different items.

One purpose of this article is to study the stochastic order which is defined by

Tx(p) < Ty(p), pe(0,1), (1.3)

where Ty (p) = || Ac(p) U Ba(p)||. When (1.3) holds we write X <4 Y, and we say that X is
smaller than Y in the TTT transform order. We investigate in this article some properties of
this stochastic order. New properties of the excess wealth (or right spread) order, and of other

related stochastic orders, are obtained in the present article as well.

The inequality (1.3) has appeared already in Bartoszewicz (1986), but it has not been
studied there as a stochastic order. In fact, Bartoszewicz (1986) has derived (1.3) for the so-
called generalized TTT transforms. In the present paper we only study the order defined in (1.3)
for standard TTT transforms, and for such transforms the result obtained in Proposition 1 of
Bartoszewicz (1986) is trivial. The inequality (1.3) for the so-called normalized generalized TTT
transforms has appeared in Barlow and Doksum (1972), in Barlow (1979), and in Bartoszewicz
(1995, 1998), but, again, it has not been studied there as a stochastic order.

We also devote a section in this article to the excess wealth order. In that section we give

some new and useful properties of this order.

Applications in the statistical theory of reliability and in economics illustrate the usefulness

of our results.

In this paper “increasing” and “decreasing” stand for “nondecreasing” and “nonincreasing,”
respectively. For any distribution function F we denote by F = 1—F the corresponding survival

function.

2 Some Basic Properties of the TTT Transform Order

Let X and Y be two nonnegative random variables with distribution functions F and G,

respectively. It is easy to verify that X <i Y if, and only if,

F=Y(p) _ G p) _
/ F(z) dz g/ G(x)de, pe(0,1). (2.1)
0 0
A simple sufficient condition for the order <y is the usual stochastic order:
X <qV = X <t Y, (2.2)

where X < Y means F(z) < G(z) for all z € R (see, for example, Shaked and Shanthikumar
(1994, Section 1.A)). In order to verify (2.2) one may just notice that if X <g Y then F~!(p) <
G~ Y(p) for all p € (0,1).



Using the fact that for any nonnegative random variable X, and for any a > 0, we have

TaX(p) = (ITX(p), p € (07 1)7
it is easy to see that for any two nonnegative random variables X and Y we have
X <t Y = aX <y aY for any a > 0. (23)

The implication (2.3) may suggest that if X <y Y then ¢(X) <i ¢(Y) whenever ¢ is an

increasing function. However, this is not true, as it is shown in the following example.

Example 2.1. In this example we show that
X <it Y=5 o(X) <gr phi(Y') for all increasing functions ¢.

Let X, with distribution function F', be an exponential random variable with rate A > 0, and
let Y, with distribution function G, be a uniform (0, 1) random variable. Then a straightforward

computation yields

Tx(p) = [[Ar(p) U Br(p)|| = pe€(0,1), and

T () = 46 U B = 2252, pe 01,

When A = 4 we see that Tx (p) < Ty (p) for all p € (0,1), and thus X <y Y. Let us consider
the kth power of both X and Y when £ > 1. Then

o I

ko[~ le(-p) pP(k+1—kp
TXk(p):F/O * e " de, TYk(p):k'Wy p€(0,1).

Now,

lim 7'y ( )—ﬁ/ooxk_le_xdx—k—! and lim Ty« ( )—L
U Sk o VP T T

If A\=4 and k = 10 we get

10! 1
Em Ty (p) = o= > — = lim Tyr (p).
im T (p) = J35 > 77 = i Ty« (p)
So for some p near 1 we have T« (p) > Ty«(p), and thus X* %, Y* when k = 10. <

It is true, however, that the order <y is closed under increasing concave transformations.

This is shown in the next theorem, the proof of which is given in the Appendix.

Theorem 2.2. Let X and Y be two continuous nonnegative random variables with interval
supports, and with 0 being the common left endpoint of the supports. Then, for any increasing

concave function ¢, such that ¢(0) =0, we have

X Sttt Y — (ZS(X) Sttt ¢(Y)



A stochastic order < is said to be location independent if
XY= X=xY+c foranycée (—o0,00). (2.4)

For example, the order <. is location independent- —see Section 4. The order <y is not

location independent. However, if Y is a random variable with distribution function G, then

Ty +c(p) = [[Ag(—)(P) U Ba(—o)(D)|l = [Ac(p) U Ba(p)|| + ¢ =Ty (p) + ¢,
p € (0,1), c € (—o0,00).

It follows that the order <y is closed under right shifts of the larger variable; that is,
X<t Y = X <y Y + ¢ for any ¢ > 0.

Note that
X <t Y = EX < EY, (2.5)

provided the expectations exist.

3 The Relationship of the TTT Transform Order to Other
Stochastic Orders

In this section X and Y are continuous nonnegative random variables with interval supports,

and with distribution functions F' and G, respectively.

When EX = EY then the order < is equivalent to the orders <qy and <pp,e (described

in Section 1) in the sense
X<V = X Zew Y &= X Zppue V- (3.1)

However, these orders are distinct when EFX < EY—this will be shown later in this section.

It is useful to note that for nonnegative random variables X and Y with finite means we have

X Y
X znbue Y — ——

<irr ——. 2
EX —" gy (3.2)

Note that the inequality on the right side of (3.2) is just an inequality between two scaled
TTT transforms; such transforms are studied, for example, in Barlow and Campo (1975). This
provides an interesting illustration of the >, inequality. Furthermore, recall that the scaled
TTT transform that is associated with an exponential distribution (with any mean) is just
a straight line connecting (0,0) and (1,1). Recall also from Kochar and Wiens (1987) that
if X is an exponential random variable, then Y is an NBUE random variable if, and only if,
X >nbue Y. Thus it is seen from (3.2) that Y is an NBUE random variable if, and only if, its
scaled TTT transform is above the diagonal of the unit square; the latter is an observation in
Bergman (1979).



The next result, which is a corollary of Theorem 2.2, shows that the order <y is stronger
than the order <j.,. This agrees with the intuitive fact that the order <i; is a stochastic order

that combines comparison of location with comparison of variation.

Corollary 3.1. Let X and Y be two continuous nonnegative random variables with interval

supports, and with 0 being the common left endpoint of the supports. Then
X <t Y = X Siev Vo

Proof. Suppose that X < Y. Let ¢ be an increasing concave function defined on [0, c0).
Define ¢(-) = ¢(-) — #(0), so that ¢(0) = 0. From Theorem 2.2 we obtain ¢(X) < ¢(Y).

Hence from (2.5) we get E[¢(X)] < E[¢(Y)], and this reduces to E[¢p(X)] < E[¢p(Y)], provided

the expectations exist. O

The order <; seems to be closely related to the order <, and to the location independent
riskier (lir) order of Jewitt (1989) which is defined by

X < ¥ = (IDp)l < 106, Yo € 0,1)),
where, for p € (0,1) (and t = F~1(p)), the set Dp(p), depicted in Figure 2, is defined as
Dp(p) = {(z,u) s u € (0,p), x € (F~'(u), F'(p))} = {(z,u) : 2 € (0,¢), u € (0, F(x))},

and D¢g(p) is similarly defined. In particular, Kochar and Carriére (1997, Theorem 2.2) and
Shaked and Shanthikumar (1998, Theorem 2.1) showed, under the same conditions on the
supports of X and of Y as in the present Corollary 3.1, that X <., ¥ = X <jx Y (see
Corollary 4.3 in Section 4 below), and Fagiuoli, Pellerey, and Shaked (1999, Corollary 3.4)
showed, under some conditions on the supports of X and of Y, that X <;;; ¥ — X <iv Y.
Thus, one may ask: Can the result of the present Corollary 3.1 be directly derived from the
above mentioned facts? We could not prove the present Corollary 3.1 using such an argument.
In fact, we argue and show below that the order <y is strictly different from any one of the

orders < and <jj,.

First we show that none of the orders <, and <j;, imply the order <. In order to
see this, recall that the order <, is location independent in the sense of (2.4). The order
<)ir is also location independent (an easy way to see it is by using the fact (see Figure 2)
that |[Dp._¢)(p)ll = [ Dr(p)|l for any p € (0,1) and ¢ € (—00,00)). Thus, if X <ew YV
(respectively, X <j;; Y') had implied X <y Y then it would have followed that it would have
implied X + ¢ <yt Y for every ¢ > 0, and in particular it would have implied, by (2.5), that
E[X +¢] < EY for every ¢ > 0. But clearly the last inequality does not hold for ¢ > FY — EX.
Thus none of the inequalities X <., Y and X <j;; Y necessarily implies X <t Y. In a similar
manner it can be shown that none of the inequalities Y <¢w X and Y <j;; X necessarily implies
X <gee Y.

The following examples show that the converses are also false.



Figure 2: Depiction of Dp

Example 3.2. In this example we show that
X <y Y X Zew V-

Let X, with distribution function F', be an exponential random variable with rate A > 0,
and let Y, with distribution function G, be a uniform (0, 1) random variable, as in Example 2.1.
We saw there that if A =4 then X <i; Y. A straightforward computation yields

1—
Wx(m) = [Cr)l = . pe(0.1), and

W) = 0l = T5P2 pe o)
Note, when A = 4, that Wx (p) < Wy (p) if, and only if, p € (0,1/2), and thus neither X <., Y
nor Y < X hold. |
Note that Example 3.2 also shows that
X< Y= X <4 Y. (3.3)
This is so because for X and Y in Example 3.2 we have X £ Y.

Example 3.3. Let X, with distribution function F, be a uniform (0,1) random variable,
and let Y be a beta(2,1) random variable, that is, the distribution function of Y is given by
G(z) = 22, z € (0,1). Obviously X <4 Y, and therefore, by (2.2), X <t Y. On the other

hand, a straightforward computation yields

p2
|1 Dr(p)l| = 5 PE€ (0,1), and



p3/2
HDG(p)H :Tv pE(O,l).

That is, [|[Dr(p)|| < ||Da(p)|| if, and only if, p < 4/9, and thus neither X <j;; ¥ nor ¥V <y, X
hold. <

In light of (3.1) it is also of interest to note that without the assumption EX = EY, the

orders <itt and <;pue are distinct. This is shown in the following example.

Example 3.4. First we show that
X anue Y;'Q’ X <ttt Y.

In order to see this, first note that for any nondegenerate nonnegative random variable X, we
have X >, pue X. Since the order < pue is scale independent, it follows that for such a random
variable X we have aX >,y X for any a > 0. Now, obviously for ¢ > 1 we have FaX > EX.
Therefore, from (2.5) we get that aX £t X when a > 1.

Next we show that
X Sttt Y;&} X anue Y.

For this purpose, let X be a uniform (0,2) random variable, and let Y have the distribution

function G given by

0, x < 0;
x/2, z € (0,1};

G- 17 0.1
(x+1)/4, z€[L,3];
1, x> 3;

that is, G is an equal mixture of the uniform (0,1) and (1,3) distributions. It is easy to see
that X < Y, and therefore, by (2.2), X < Y. Actual computations of the TTT transforms
give

Tx(p) =2p—p2, pe(0,1); and
3/44 (4p—2)(3/4—p/2), pe[1/2,1].

Also, EX = Tx(1) = 1 and EY = Ty (1) = 5/4. Therefore Tx(p)/EX > Ty(p)/EY when
p € (0,1/2). That is, X/EX & Y/EY. It follows from (3.2) that X Zupue Y- <

Ty (p) =

4 Some New Properties of the Excess Wealth Order

Let X and Y be two random variables with distribution functions F' and G, respectively. It is
well known (or it can be easily seen from (1.2)) that X <gy Y, or, equivalently, X <prg Y, if,
and only if|

/00 F(z)dr < /OO G(x)dzx, pe(0,1). (4.1)

F-1(p) G=1(p)

8



The similarity between (2.1) and (4.1) may suggest that results which involve the order <
may have analogs that involve the order <. In this section we highlight some similarities and
some differences between these two orders. While doing that we also obtain some new results

involving the order <g.

First we note that the order <, is location independent (see (2.4))—an easy way to see it

is to notice (see Figure 1) that

1Cr—o) @) = [ICr@)l, pe(0,1), ¢ € (-00,00).

In contrast, the order <t is not location independent. We recall that the above facts about
location independence were used in Section 3 to show that ¥V <. X== X > Y.

Because of the location independence property of the order <.y, when we study this order we
do not need to assume that the compared random variables are nonnegative. As a consequence,
the random variables that are studied in this section can have any support in R, unless stated

otherwise.

Remark 4.1. In light of (3.1) it is of interest to note that without the assumption EX = EY,
the orders <.y and <;pyue are distinct. This can be seen using the facts that the order <.y is
location independent, whereas the order <;p,. is scale independent. Explicitly, for any random
variable X we have that X <¢w X + a for any a. Now, suppose that X is nonnegative, and
that EX > 0 is finite. Let p € (0,1) be such that Tx(p) < EX. Then, for any a > 0 we have

Tx(p) - Tx(p)+a  Txia(p)

EX = EX+a E(X+a)

Therefore X/EX #ut (X +a)/E(X + a), and hence, by (3.2), X Zypue X + a.

Conversely, for any random variable X we have that X <., aX for any a > 0. However,
if X is a uniform (0, 1) random variable then, as can be easily verified, X Zew aX when a < 1.
<4

In Theorem 2.2 we showed that the order < is closed under increasing concave transfor-
mations. In the following theorem it is shown that somewhat similarly the order <. is closed

under increasing convex transformations.

Theorem 4.2. Let X and Y be two continuous random variables with finite means. Then, for

any increasing convex function ¢ we have
X <ew Y = ¢(X) <ew ¢(Y)

The proof of Theorem 4.2 is given the Appendix.

A result which is similar to Theorem 4.2 holds for the dispersive order. It is reported in
Rojo and He (1991), but it is already implicit in Bartoszewicz (1985, p. 389).



Theorem 4.2 is a significant extension of Theorem 2.2 of Kochar and Carriere (1997) and
of Theorem 2.1 of Shaked and Shanthikumar (1998) (which are stated as Corollary 4.3 below).
Explicitly, let X and Y have the same left endpoint of support which, by the location indepen-
dence property of the order <., can be taken to be 0 without loss of generality. Let ¢ be an
increasing convex function. Define ¢(-) = ¢(-) — ¢(0), so that ¢(0) = 0. Then both ¢(X) and
q;(Y) have 0 as the left endpoint of their supports. By Theorem 4.2 we have &(X) Zew 0(Y),
and from (4.1) with p — 0 we obtain E[¢(X)] < E[¢(Y)], and therefore E[p(X)] < E[¢(Y)].
We thus obtain Theorem 2.2 of Kochar and Carriére (1997) and Theorem 2.1 of Shaked and
Shanthikumar (1998) for continuous random variables as the following corollary. This corollary

is used later in Section 5.

Corollary 4.3. Let X and Y be two continuous random variables with finite means, and with
a common left endpoint of support. Then X <e¢w Y = X <jx Y.

The following example shows that the convexity assumption in Theorem 4.2 cannot be

dropped.

Example 4.4. In this example we show that
X <ew Y=5 ¢(X) <ew ¢(Y) for all increasing functions ¢.

Let X, with distribution function F', be a uniform (0, 1) random variable, and let Y, with
distribution function GG, be an exponential random variable with rate 2. Then a straightforward
computation yields

R 1—p)2 R — 1—
/ F(x)dx:(ip), / G(x)d:r:—p, pe (0,1).
F=1(p) 2 G=1(p) 2

Therefore X <qw Y. Let ¢(x) =1 —e*, x> 0. Then

oo . (S} - _ »\3/2
/ F(z)¢' (z)dx = e ' — pe?, / G(x)¢/ (x)dr = &, p e (0,1).

F=1(p) G(p) 3

The first function is smaller than the second for p in a right neighborhood of 0. Therefore

P(X) Lew O(Y). «

5 Some Applications of the TTT Transform and the Excess
Wealth Orders

In this section we give various applications of the results that were developed in previous
sections. We remind the reader of (3.1); that is, the <t comparison is the same as the >¢y
comparison when the compared random variables have the same means. Below we do not
always state the results for both of the above orders, but in some cases (when the means are
equal) it should be easy to translate a result involving one order into a result involving the

other order (and to the order >, as well).

10



The first theorem below shows that if X < Y then a series system of n components
having independent lifetimes which are copies of Y has a larger lifetime, in the sense of <4,
than a similar system of n components having independent lifetimes which are copies of X. A
similar result for parallel systems involving the excess wealth order is also given. The proof of

the following theorem is given in the Appendix.

Theorem 5.1. Let X1, Xo, ... be a collection of independent and identically distributed random
variables, and let Y1,Ys,... be another collection of independent and identically distributed

random variables.

(a) If X1 and Y1 are nonnegative, and if X1 <y Y1, then min{ Xy, Xo, ..., X} <t min{Y7,Ya,..., Y},
n > 1.

(b) If X1 <ew Y1 then max{Xi, Xo,..., Xp} <ew max{¥1,Ys,...,Y,}, n>1.

Let X1, Xo,... and Y7,Ys,... be two collections of independent and identically distributed
random variables with 0 being the common left endpoint of the supports. Barlow and Proschan
(1975, page 121) proved that if X; <jcy Y7, then min{ X1, Xo, ..., X} <jey min{Y7,Ys,..., Y, },
n > 1. Comparing this to Theorem 5.1(a) we see, using Corollary 3.1, that the latter yields a
stronger conclusion, but under a stronger assumption. Barlow and Proschan (1975, page 121)
also proved that if X; <jx Y1, then max{Xy, Xo,..., X} <jex max{Y¥7,Yo,..., Y}, n > 1.
Comparing this result to Theorem 5.1(b) we see, this time using Corollary 4.3, that the latter

again yields a stronger conclusion, but, again, under a stronger assumption.

Application 5.2 (Reliability). Recall from Belzunce (1999) that if a random variable X
with mean p is NBUE then
X e Exp(p), (5.1)

where Exp(u) denotes an exponential random variable with mean p. Consider now a paral-
lel system of n components having independent and identically distributed NBUE lifetimes
X1, Xs, ..., X, with the left endpoint of the common support being 0. Denote the common
mean by u. Let Y1,Y5,....Y,, be independent and identically distributed exponential random

variables with mean p. From Theorem 5.1(b) we obtain
max{ X1, Xo,..., Xn} <ew max{Y1,Ys,..., Y, }. (5.2)

Since both max{Xj, Xo,..., X,} and max{Y7,Y>,...,Y,} have 0 as the left endpoint of their

corresponding supports, it follows that

Elmax{Xi, Xs,..., X, }] < Elmax{Y1,Ys,...,Y,}], and
Var[max{ X1, Xs,..., Xy }] < VarE[max{Y1,Ys,...,Y,}]

(this is so since if two random variables X and Y have 0 as the left endpoint of their respective
supports, and if X <., Y, then EX < EY and Var[X] < Var[Y]; the first inequality follows

11



from (4.1) with p — 0, and the second inequality follows from Corollary 3.3 in Shaked and
Shanthikumar (1998)). Now, computing

E[maX{Yl,Yg,...,Yn}]:/OOO [1—(1_6—%)”]dx:/o 6‘5(1—6‘5)’%:“2%,
and
o k: 1
E[(maX{YI,YQ,...,Yn})Q]:2/0 z[l—(1—e" M m—2u2z . < ),

we obtain the following upper bounds on the mean and on the variance of the lifetime of the

parallel system
Z” 1
E[maX{X17 X2 e 7Xn}] S lu’ — E (53)

and
Var[max{ X7, Xs .. | < p2 [2 i Dl ( > — (i l)2] . (5.4)
’ k=1 k=1 K
It should be remarked that (5.3) (but not (5.4)) can alternatively be obtained also as follows.
Let X; and Y; beasabove,i = 1,2,...,n. If X; <. Y;, and they both have 0 as the left endpoint
of their supports, then X; <jx Y; (see Corollary 4.3). It follows by Theorem 9 of Li, Li, and Jing
(2000) (or by a more general result of Ross (1996, p. 436) which is also given as Theorem 3.A.9
in Shaked and Shanthikumar (1994)) that max{X;, Xo, ..., X5} <jex max{Y7,Y2,...,Y,}, and
therefore (5.3) holds. In fact, (5.3) even holds if the X;’s are merely HNBUE (harmonic
new better than used in expectation, that is, X; <jex Exp(p), where p is the mean of X,
i=1,2,...,n) rather than NBUE.

We also mention that the inequalities (5.3) and (5.4) are reversed if the X;’s are new worse
than used in expectation (NWUE).

Finally it is worthwhile to note that from (3.1) and (5.1) it follows that if X is an NBUE

random variable with mean p then X > Exp(u). Therefore, from Theorem 5.1(a) we obtain
min{ X1, Xo,..., Xp} > min{Y1,Ys, ..., Y, },
where the X;’s and the Y;’s are the same as in inequality (5.2). ¢
From Theorem 5.1(a) and (2.5) we get the following corollary.

Corollary 5.3. Let X1, Xo,..., X, be a collection of independent and identically distributed
random variables, and let Y1,Ya,...,Y, be another collection of independent and identically

distributed random variables. If X1 and Yy are nonnegative, and if X1 <t Y1, then

Emin{ Xy, Xs,..., X, }] < E[min{Y1,Ys,..., Y, }].
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A similar result which compares E[max{X;, Xo,...,X,}] and E[max{Y7,Y>,...,Y,}] can
be derived under the assumptions that X; and Y; have the same left endpoint of support, and
X1 <ew Y1; see Application 5.2.

It is worthwhile to mention that whereas the conclusion of Corollary 5.3 easily follows from
X <4 Y, the assumption X <y Y of the corollary is strictly weaker than X <y Y see (2.2)
and (3.3).

A useful identity that involves the TTT transform T’x of a nonnegative random variable X

is given in the next lemma.

Lemma 5.4. Let X be a nonnegative random variable with survival function F. Then
o0
(n—1) / 1(1—p)"Tx(p)dp = / F'(t)dt, n>2. (5.5)
0 0

Proof. We compute

1

/01/0F V2R (t) dtdp
/OOO/O F(t) dtdF (x)

/Ooo/tooF F(t)dF (x)dt

_/0 nilF (t) dt,

and the stated result follows. O

/1(1 )" 2 Tx (p) dp
0

The identity (5.5) is used in the following application.

Application 5.5 (Economics). Let F' be the wealth distribution of some population. Bhat-

tacharjee and Krishnaji (1984) studied the following Lorenz measure of inequality:
o0
Lp=1- 2/ Fy(x)dF(x),
0
where F} is the length-biased distribution associated with F', given by

Fi(z) = u;ﬂ/() tdF(t), x>0.

A straightforward computation gives
2
LFZI—,LL}:I/ F(x)dzx
0

(this corrects a minor mistake in Klefsjo (1984, page 306)). Now, from (5.5) it is seen that if
X and Y are two nonnegative random variables corresponding to wealth distributions F' and
G, respectively, and if EX = EY and X <y Y, then Ly > Lg; that is, a wealth distribution
that is larger in the <y order yields a smaller inequality measure. In other words, by (3.1), a

wealth distribution that is smaller in the <.y order yields a smaller inequality measure. *
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A further application of the orders <itt, Zew, and >;pue is the following.

Application 5.6 (Statistical reliability). Let X, Xo,...,X,, be a sample (of size m) of
independent and identically distributed nonnegative random variables with a finite mean and
a common continuous distribution function F, and let Y7,Y5,...,Y, be another sample (of
size n) of independent and identically distributed nonnegative random variables with a finite
mean and a common continuous distribution function G. We assume that the two samples are

independent and we wish to test the null hypothesis
Hy: F =4 G (that is, F(-) = G(6-) for some 6 > 0),
against the alternative hypothesis
H; : Gis more NBUE than F' (that is, Y1 <ppue X1)-

Let X and Y denote generic random variables with distributions F' and G, respectively.
Motivated by (3.2) (that is, ¥ <ypuye X < % <ttt EY—Y) it is seen that for testing H versus

H1, one can base a test on an estimate of

s= [ -5

This integral is the difference between the area below the scaled TTT transform of X and that

below Y. A practitioner of the test described below should be aware that S may be positive

even if these transforms cross each other (that is, if Y1 €npue X1)-

Let 0 = Xom < X1m < Xou < -+ < X,.m denote the order statistics corresponding to
X1,Xo,..., X, The corresponding empirical TTT transform, Tﬁf , is defined by

. Frno(p) _
T (p) = /O F(z)dr, 0<p<l, (5.6)

where F, and F,, are the corresponding empirical distribution and survival functions. From
(5.6) we have

i

iy 1 , .
Tfrf(E) - Ez(m—jﬂ)(xm—){j_l;m), 0<i<m.
J:

Note that T:X (1) = X,,. Similarly define 7)Y (i/n), 0 < i < n. The cumulative empirical scaled
TTT statistics based on the X-sample and on the Y-samples are, respectively,

m—1 x/. n—1y,.
1 T (i/m) 1 T (i/n)
AX = — —mol 2 d AY == g Rl
e T T T R AT

Barlow and Doksum (1972) proposed a test based on large values of A;X for the one-sample

goodness-of-fit problem of testing the exponentiality of F' against IFR alternatives. Later
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Hollander and Proschan (1975) proved the consistency of the same test for NBUE alternatives.
The test was also generalized by Klefsjo (1983) to the larger HNBUE class.

For testing Hy versus H; above, we base out test on large values of the statistic

Spm =AY — AX.

Let N = m + n. Denote n(F) = [, ng)(?) dp. Note, by (5.5), that n(F) = [;* F2(t) dt. Define

Va(F) =2 / / 2F (x) — n(F)|[2F(y) — n(F)|F(x)F(y) dady. (5.7)

Similarly define v2(G). It follows from Theorem 6.6 of Barlow, Bartholomew, Bremner, and

Brunk (1972) that, under some regularity conditions, the limiting distribution of
N[0 = (n(G) = n(F))]

is normal with mean 0 and variance

v2(F) n v2(Q)
AMEX)2  (1-XN)(EY)2’

o2 =

(5.8)

where A = limy o 5 and 0 < A < 1.

Let 62, be a consistent estimator of ¢2. Such an estimator can be obtained, for example,
by replacing F' and G in (5.7) and (5.8) by the corresponding empirical distribution functions.
It follows that under the null hypothesis Hy the limiting distribution of N 1/ 2Smm [Omn is
normal with mean 0 and variance 1. Thus, the two-sample test for testing Hy versus Hi, which
reject Hy when

NI/ZSm,n/&m,n > 21—q,
where z1_,, is the quantile of order (1 —«) of the standard normal distribution, is asymptotically

unbiased whenever % <itt E_%/’ that is, X > pue Y.

Ideas similar to those used above have been utilized by Gerlach (1988) to propose a test for

the two-sample problem of testing that one distribution is “more NBU” than another. *

A Appendix

In this Appendix we give the proofs of Theorems 2.2, 4.2, and 5.1, as well as lemmas that are

used in these proofs.

Proof of Theorem 2.2. Let F and G denote the distribution functions of X and of Y, respec-
tively. First note that if F' and G are not identical, and do not cross each other, then, from
(2.1) it is seen that F < G at a right neighborhood of 0, and therefore F(z) < G(z) for all
x > 0; that is, X <4 Y. It then follows that ¢(X) <4 ¢(Y) for any increasing function ¢, and
from (2.2) we get ¢(X) <gt @(Y).
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Thus, let us assume that F' and G cross each other at least once. Denote the consecutive
crossing points by (0,0) = (to, po), (t1,p1), (t2,p2), . . .; see an example in Figure 3. Let ¢ be an
increasing concave function such that ¢(0) = 0. For simplicity we assume that ¢ is differentiable
with derivative ¢’. We note that

F=l(p)
Ty (p) = /0 Fa)d(2)dz, pe(0,1), and

G l(p)
Ty (p) = /0 G(x)¢!(z)dz, pe (0,1).

>
>

ba-—=== = — — — — — -

p3 ___________ F

pprr—-———-—- — — G

pip— — — — —= F

> 1

\
\
\
L
L
L
| !
0 1 t2 i3 t4
Figure 3: Typical graphs of the distribution functions F and G (of X and Y, respectively) when

X < Y

First consider p € (0,p1]. Then G~1(p) > F~1(p). Also, for x € (0,G~!(p)) we have
G(x) — F(x) > 0 and ¢/(x) > ¢'(t1) > 0 (since ¢ is increasing and concave). Thus

Ty )~ Too ) = ') | [ " ow -] e [° ta]

F~=1(p)
= ¢'(t)[Ty(p) — Tx(p)], p < (0,p1]. (A1)

Next let p € (p1,p2] (here py = 1 if F and G cross only once). Then G~1(p) < F~1(p
Also (recall that F~1(p1) = G~ Y(p1) = t1), for z € (t1, F~1(p)) we have F(x) — G(z) > 0 an
0 < ¢'(xz) < ¢/(t1) (since ¢ is increasing and concave). Thus

)-
nd
Tyvy(p) — Tox) (p)

G~1(p)
= Tyvy(p1) — Tyx)(p1) + / [

t1



G 'p) _ F~p) _
> Ty ) ~ T ) + 00| [ G0 ~Fao— [ " Fys
> ¢'(t1)[Ty (p1) — Tx (p1)] + ¢'(t) [Ty (p) — Ty (1) — Tx (p) + Tx (p1)],

where the last inequality follows from (A.1). That is,

Tov)(p) — Tyexy(p) = &' () [Ty (p) — Tx (p)], p € (p1,p2]- (A.2)

In a manner similar to the proof of (A.1) it can be shown that if F' and G cross at least

twice then for p € (pa, p3] we have

Tyovy(p) — Tyx)(P)
> Tyvy(P2) — Tyxy (p2) + &' (3) [Ty (p) — Ty (p2)] — [Tx (p) — Tx (p2)]]
> ¢/ (t1)[Ty (p2) — Tx (p2)] + ¢'(t3) [Ty (p) — Ty (p2)] — [Tx (p) — Tx (p2)]]
> ¢ (t3)[Ty (p2) — Tx (p2)] + ¢ (t3) [Ty (p) — Ty (p2)] — [Tx (p) — Tx (p2)]]

(here, if F' and G cross exactly twice we set p3 = 1 and ¢'(t3) = limy_ ¢'(t)), where the
second inequality above follows from (A.2), and the last inequality from the concavity of ¢ and
tg > t1. That is,

Tyvy(p) — Tyxy(p) = ¢'(t3) [Ty (p) — Tx(p)], P € (p2,p3)- (A.3)

Furthermore, if F" and G cross each other at least three times it can be shown, using (A.3) and
the ideas in the proof of (A.2), that

Ty y(P) — Tyxy(p) = ¢'(t3) [Ty (p) — Tx(p)], p € (p3,pal;

here py = 1 if F and G cross exactly three times.

In general, if F' and G cross each other at least ¢ times then

Tyvy(p) — Tooxy(p) > &' (i) [Ty (p) — Tx(p)], P € (pis Pitl, (A.4)

where j(i) =i if ¢ is odd, and j(i) = ¢ + 1 if 7 is even. If there are exactly 7 crossings, and i is
even, then in (A.4) we take piy1 = 1 and ¢/(t;(;)) = limy oo ¢/(t). From (A.4) and X <4 YV
we get that

Tyvy(p) — Tyxy(p) >0, p € (Pis g1 (A.5)
Since (A.5) is true for all relevant i we obtain Ty (p) — Ty(x)(p) > 0 for all p € (0, 1), that is,
A(X) <pwe A(Y). L]

For the proof of Theorem 4.2 we will need the following two lemmas.

Lemma A.1 (Belzunce (1999)). Let X and Y be two continuous random variables with
distribution functions F' and G, respectively. Then X <ew Y if, and only if,

/OOF(:U+F_1(p))d:E < /Oo Gl + G (p))de, t>0, pe(0,1).
t t
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Lemma A.2 (Barlow and Proschan (1975, p. 120)). Let W be a measure on the interval

(a,b), not necessarily nonnegative. Let h be a nonnegative function defined on (a,b).
(a) If ftb dW(x) >0 for all t € (a,b), and if h is increasing, then ff h(z)dW (x) > 0.
(b) If fj dW(x) >0 for allt € (a,b), and if h is decreasing, then f; h(z)dW(x) > 0.

Proof of Theorem 4.2. Let F' and G be the distribution functions of X and Y, respectively.
Assume that X <.y Y. Let ¢ be an increasing convex function; for simplicity we assume that

¢ is strictly increasing and differentiable.
Let Fy and Gy denote the distribution functions of ¢(X) and ¢(Y'), respectively. Then
Fy() = F(¢™'(2)), Golw) = G(61(2)), z€R, and
Filp)=o(F'(p), G,'(p)=0(G ' (p), pe(0,1)

Therefore
[, Felwyde= [ Fo e da
F; ' (p) P(F~1(p))
[ P wa
F~1(p)
- /0 Fly+ FL0)dy+ F ) dy, pe(0,1).
Similarly,

/O_ol @(f)dx:/wa(zﬁG‘l(p))¢’(y+G‘1(p))dy, p€(01).
G, (p) 0

Thus, in order to prove the theorem we need to show that

/00 G(x)¢' (v)dx > /Oo F(x)¢'(z)dz, pe(0,1). (A.6)

G-1(p) F~1(p)

or, equivalently, that
/O T GG ()¢ (G (p)) de > /0 T P P () (et P () de, pe (0,1). (A7)

First we show that (A.7) holds for all p € (0,1) such that G=*(p) > F~!(p). For such a p,

using the increasingness of ¢, we get

| [Bla+ 606+ 671 0) - Flo+ P )6 o+ P )]da
> [ [Ble+ 67 o) ~Flat P 0)|¢ @+ F o), pe 01 (A8)
By Lemma A.1 we have

/too [E(:ﬂ + G L(p)) — F(z + F_l(p))} dr >0, t>0.
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Since ¢/(x + F~1(p)) is nonnegative and increasing in z, it follows from Lemma A.2 that
| [+ 6 w) - Flas P o a s ) ds 20,
0

This inequality, applied to (A.8), yields (A.7) for all p € (0,1) such that G~(p) > F~1(p).
Consider now a p € (0,1) such that G=!(p) < F~1(p). Note that in such a case F and G

are distinct and they must cross each other because otherwise (4.1) would not hold in a left

neighborhood of 1. In fact, in the last point of crossing F' must cross G from below. Therefore

there exists a point py € (p,1) defined by pa = inf{u > p : G~*(p) > F~'(p)}. Define also

p1 =sup{u < p: G (p) > F~(p)}, where py = 0 if {u < p: G~(p) > F~1(p)} = @. Denote

t; = F~Y(p;) and note that t; = G~!(p;), i = 1,2, by the continuity of F' and G; see Figure 4.
p

A

1

F
G

pPr——==== = — — — —_=

pipr— — — — =

> 1

|
|
|
|
|
|
|
|
| |

| |

| |

| .

0 t1 to

Figure 4: Typical crossing points of the distribution functions F and G (of X and Y, respec-
tively) when X <ew Y

For p € (0,1) such that G~!(p) < F~!(p) we have G(z) < F(x) for all x € [G~(p1),
G~Y(p)]. Recall also that G~1(py) = F~!(p;). Therefore
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where the second inequality follows from the validity of (A.6) for p; proven earlier. This proves
that (A.6) holds also for p € (0,1) such that G=1(p) < F~1(p), and the proof of the theorem

is complete. O

Because the orders <., and <i; are essentially different, the proofs of Theorems 2.2 and 4.2
should be contrasted. On one hand, both proofs share the idea of obtaining the desired in-
equalities on one interval at the time, where the intervals are determined by the points in
which F' and G cross each other. On the other hand, the proofs differ significantly once the

inter-crossing interval is fixed.

We end this Appendix with the proof of Theorem 5.1.

Proof of Theorem 5.1. We only give the proof of part (a) since the proof of part (b) is similar.
So assume that X; <y Yi. It suffices to consider only the case n = 2. Let F and G denote
the survival functions of X; and of Yj, respectively, and let F; and G5 denote the survival

functions of min{ X1, X2} and of min{Y1, Y2}, respectively. That is,

and
Go(z) = 62(33), x> 0.

Now, from the assumed inequality (2.1) it follows that
P
[ - wd@tw - P =0, pe @)
0

By Lemma A.2(b) it is seen that

/p(l —w)2d(G7 (u) — F7Y(u)) >0, pe(0,1).
0

That is,
F=ip) _, G p) _,
/ F(x)dx < / G (x)dz, pe(0,1).
0 0
Since Fy '(p) = F~1(1— /T —p) and G5 (p) = G~ (1 — /T —p), p € (0,1), it follows that
Fyt(p) _ Gyl _
/ Fo(x)dx < / Go(x)dz, pe(0,1),
0 0
that is, min{ X1, Xo} <¢tt min{Y7, Y>}. O
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