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Preface

Stochastic orders and inequalities have been used during the last 40 years,
at an accelerated rate, in many diverse areas of probability and statistics.
Such areas include reliability theory, queuing theory, survival analysis, biology,
economics, insurance, actuarial science, operations research, and management
science. The purpose of this book is to collect in one place essentially all that
is known about these orders up to the present. In addition, the book illustrates
some of the usefulness and applicability of these stochastic orders.

This book is a major extension of the first six chapters in Shaked and
Shanthikumar [515]. The idea that led us to write those six chapters arose
as follows. In our own research in reliability theory and operations research
we have been using, for years, several notions of stochastic orders. Often we
would encounter a result that we could easily (or not so easily) prove, but we
could not tell whether it was known or new. Even when we were sure that
a result was known, we would not know right away where it could be found.
Also, sometimes we would prove a result for the purpose of an application,
only to realize later that a stronger result (stronger than what we needed)
had already been derived elsewhere. We also often have had difficulties giving
a reference for one source that contained everything about stochastic orders
that we needed in a particular paper. In order to avoid such difficulties we
wrote the first six chapters in Shaked and Shanthikumar [515].

Since 1994 the theory of stochastic orders has grown significantly. We think
that now is the time to put in one place essentially all that is known about
these orders. This book is the result of this effort.

The simplest way of comparing two distribution functions is by the com-
parison of the associated means. However, such a comparison is based on only
two single numbers (the means), and therefore it is often not very informative.
In addition to this, the means sometimes do not exist. In many instances in
applications one has more detailed information, for the purpose of compari-
son of two distribution functions, than just the two means. Several orders of
distribution functions, that take into account various forms of possible knowl-
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edge about the two underlying distribution functions, are studied in Chapters
1 and 2.

When one wishes to compare two distribution functions that have the same
mean (or that are centered about the same value), one is usually interested in
the comparison of the dispersion of these distributions. The simplest way of
doing it is by the comparison of the associated standard deviations. However,
such a comparison, again, is based on only two single numbers, and therefore
it is often not very informative. In addition to this, again, the standard devi-
ations sometimes do not exist. Several orders of distribution functions, which
take into account various forms of possible knowledge about the two underly-
ing distribution functions (in addition to the fact that they are centered about
the same value), are studied in Chapter 3. Orders that can be used for the
joint comparison of both the location and the dispersion of distribution func-
tions are studied in Chapters 4 and 5. The analogous orders for multivariate
distribution functions are studied in Chapters 6 and 7.

When one is interested in the comparison of a sequence of distribution
functions, associated with the random variables X;, ¢ = 1,2,..., then one can
use, of course, any of the orders described in Chapters 1-7 for the purpose
of comparing any two of these distributions. However, the parameter ¢ may
now introduce some patterns that connect all the underlying distributions. For
example, suppose not only that the random variables X;, i = 1,2, ..., increase
stochastically in 4, but also that the increase is sharper for larger i’s. Then
the sequence X;, ¢ = 1,2,..., is stochastically increasing in a convex sense.
Such notions of stochastic convexity and concavity are studied in Chapter 8.

Notions of positive dependence of two random variables X; and X5 have
been introduced in the literature in an effort to mathematically describe the
property that “large (respectively, small) values of X; go together with large
(respectively, small) values of X5.” Many of these notions of positive depen-
dence are defined by means of some comparison of the joint distribution of
X1 and X5 with their distribution under the theoretical assumption that X
and X5 are independent. Often such a comparison can be extended to gen-
eral pairs of bivariate distributions with given marginals. This fact led re-
searchers to introduce various notions of positive dependence orders. These
orders are designed to compare the strength of the positive dependence of the
two underlying bivariate distributions. Many of these orders can be further
extended to comparisons of general multivariate distributions that have the
same marginals. In Chapter 9 we describe these orders.

We have in mind a wide spectrum of readers and users of this book. On
one hand, the text can be useful for those who are already familiar with many
aspects of stochastic orders, but who are not aware of all the developments in
this area. On the other hand, people who are not very familiar with stochastic
orders, but who know something about them, can use this book for the purpose
of studying or widening their knowledge and understanding of this important
area.



Preface IX

We wish to thank Haijun Li, Asok K. Nanda, and Taizhong Hu for critical
readings of several drafts of the manuscript. Their comments led to a substan-
tial improvement in the presentation of some of the results in these chapters.
We also thank Yigal Gerchak and Marco Scarsini for some illuminating sug-
gestions. We thank our academic advisors John A. Buzacott (of J. G. S.) and
Albert W. Marshall (of M. S.) who, years ago, introduced us to some aspects
of the area of stochastic orders.

Tucson, Berkeley, Moshe Shaked
August 16, 2006 J. George Shanthikumar






Contents

1 Univariate Stochastic Orders .............................. 3
1.A The Usual Stochastic Order. ............ .. ... ... ......... 3
1.A.1 Definition and equivalent conditions ................. 3
1.A.2 A characterization by construction on the same
probability space .. ....... . 4
1.A.3 Closure properties ... .........couueuiinennenenann... 5
1.A.4 Further characterizations and properties.............. 8
1.A.5 Some properties in reliability theory .............. ... 15
1.B The Hazard Rate Order ............. ... ... ... ... . ........ 16
1.B.1 Definition and equivalent conditions ................. 16
1.B.2 The relation between the hazard rate and the usual
stochastic orders ........... ... ... i 18
1.B.3 Closure properties and some characterizations......... 18
1.B.4 Comparison of order statistics....................... 31
1.B.5 Some properties in reliability theory ................. 35
1.B.6 The reversed hazard order .......................... 36
1.C The Likelihood Ratio Order ............ ... ... ... ... ...... 42
1.C.1 Definition ......... ... .. . 42
1.C.2 The relation between the likelihood ratio and the
hazard and reversed hazard orders................... 43
1.C.3 Some properties and characterizations................ 44
1.C.4 Shifted likelihood ratio orders . ...................... 66
1.D The Convolution Order ............. ... ... ... ... ... ...... 70
1L.E Complements ............o i 71
2 Mean Residual Life Orders ................................ 81
2.A The Mean Residual Life Order ............ ... ... ... ....... 81
2.A.1 Definition . ..... ... 81
2.A.2 The relation between the mean residual life and some
other stochasticorders ............................. 83

2.A.3 Some closure properties ........ ... 86



XII

Contents
2.A.4 A property in reliability theory...................... 94
2.B The Harmonic Mean Residual Life Order ................... 94
2.B.1 Definition ..........0 i 94
2.B.2 The relation between the harmonic mean residual life
and some other stochastic orders .................... 95
2.B.3 Some closure properties ........... .. ... i 97
2.B.4 Properties in reliability theory ...................... 105
2.C Complements . ............iiiii 106
Univariate Variability Orders ........... .. ... .. .. .. ... .. 109
3.A The Convex Order.......... ..o, 109
3.A.1 Definition and equivalent conditions ................. 109
3.A.2 Closure and other properties........................ 119
3.A.3 Conditions that lead to the convex order ............. 133
3.A.4 Some properties in reliability theory ................. 138
3.A.5 The m-convex orders ..............oviuiuueunenan... 139
3.B The Dispersive Order .......... ... ... 146
3.B.1 Definition and equivalent conditions ................. 146
3.B.2 Properties ...... ... 151
3.C The Excess Wealth Order ......... ... ... .. ... ... ....... 163
3.C.1 Motivation and definition............ ... ... ... ... 163
3.C.2 Properties . .......couiiii 165
3.D The Peakedness Order ............. ... ..o .. 171
3.D.1 Definition ........ ..o i 171
3.D.2 Some properties . ............iiiiiii i 172
3.E Complements .. ..... ..o 174
Univariate Monotone Convex and Related Orders ......... 181
4.A The Monotone Convex and Monotone Concave Orders .. ... .. 181
4.A.1 Definitions and equivalent conditions................. 181
4.A.2 Closure properties and some characterizations......... 185
4.A.3 Conditions that lead to the increasing convex and
increasing concave orders .. ............c.ooiiiiiia.. 193
4.A.4 Further properties ......... ... ..., 197
4.A.5 Some properties in reliability theory ................. 203
4.A.6 The starshaped order ............. ... ... ... ....... 204
4.A.7 Some related orders............ ... ... 206
4.B Transform Orders: Convex, Star, and Superadditive Orders . ..213
4.B.1 Definitions ... ... ..ot 213
4.B.2 Some properties ... ... ...t 214
4.B.3 Some related orders........ ... ... oo 221

4.C Complements .. ......iit 227



Contents

The Laplace Transform and Related Orders ...............
5.A The Laplace Transform Order............ ... .. ... ......
5.A.1 Definitions and equivalent conditions.................
5.A.2 Closure and other properties........................
5.B Orders Based on Ratios of Laplace Transforms ..............
5.B.1 Definitions and equivalent conditions.................
5.B.2 Closure properties . ...... ..ot ..
5.B.3 Relationship to other stochastic orders ...............
5.C Some Related Orders ........ .. .. .. ... .. . . i ..
5.C.1 The factorial moments order ........................
5.C.2 The moments order............ ... i ..
5.C.3 The moment generating function order ...............
5.D Complements . ..........o.iiii

Multivariate Stochastic Orders ............................
6.A Notations and Preliminaries ................ ... ... .......
6.B The Usual Multivariate Stochastic Order ...................
6.B.1 Definition and equivalent conditions .................
6.B.2 A characterization by construction on the same
probability space ......... ..
6.B.3 Conditions that lead to the multivariate usual
stochasticorder ........ ... ... .. .
6.B.4 Closure properties . ...t .
6.B.5 Further properties . ......... ... ... .. ... ...
6.B.6 A property in reliability theory......................
6.B.7 Stochastic ordering of stochastic processes ............
6.C The Cumulative Hazard Order ............................
6.C.1 Definition ..........0o i
6.C.2 The relationship between the cumulative hazard order
and the usual multivariate stochastic order ...........
6.D Multivariate Hazard Rate Orders . .........................
6.D.1 Definitions and basic properties .....................
6.D.2 Preservation properties............ ... i
6.D.3 The dynamic multivariate hazard rate order ..........
6.E The Multivariate Likelihood Ratio Order ...................
6.E.1 Definition ........ .. ...
6.FE.2 Some properties ........ ... .. i
6.E.3 A property in reliability theory......................
6.F The Multivariate Mean Residual Life Order.................
6.F.1 Definition ....... ... ..
6.F.2 The relation between the multivariate mean residual
life and the dynamic multivariate hazard rate orders . ..
6.F.3 A property in reliability theory......................
6.G Other Multivariate Stochastic Orders ......................
6.G.1 The orthant orders ............ ... .. ... .. .. ......



XIV  Contents

6.G.2 The scaled order statistics orders .................... 314
6.H Complements ....... ... 317
7  Multivariate Variability and Related Orders ............... 323
7.A The Monotone Convex and Monotone Concave Orders . ...... 323
7.A.1 Definitions ......... . 323
7.A.2 Closure properties .. ..........ouuiiueenenennenen.. 326
7.A.3 Further properties .......... ... ... 328
7.A.4 Convex and concave ordering of stochastic processes . ..330
7.A.5 The (my,mg)-icxorders...... ... 331
7.A.6 The symmetric convex order .............. ... ....... 332
7.A.7 The componentwise convex order . ................... 333
7.A.8 The directional convex and concave orders............ 335
7.A.9 The orthant convex and concave orders .............. 339
7.B Multivariate Dispersion Orders ... ......... ... ... ... ..., 342
7.B.1 A strong multivariate dispersion order ............... 342
7.B.2 A weak multivariate dispersion order................. 344
7.B.3 Dispersive orders based on constructions ............. 346

7.C Multivariate Transform Orders: Convex, Star, and
Superadditive Orders .......... ... .. i 348
7.D The Multivariate Laplace Transform and Related Orders .. ... 349
7.D.1 The multivariate Laplace transform order ............ 349
7.D.2 The multivariate factorial moments order............. 352
7.D.3 The multivariate moments order .................... 353
7.E Complements .........c.o i 354
8 Stochastic Convexity and Concavity ....................... 357
8.A Regular Stochastic Convexity .......... ... ..., 357
8.A.1 Definitions ........ ... 358
8.A.2 Closure properties . ... .......ueuviunineuneennen. . 362
8.A.3 Stochastic m-convexity ........ ... .. . i 365
8.B Sample Path Convexity .......... ... .. o .. 367
8.B.1 Definitions ........... .. 367
8.B.2 Closure properties . ... ... 370
8.C Convexity in the Usual Stochastic Order ................... 374
8.C.1 Definitions ........ ..ot 374
8.C.2 Closure properties . ..........uiiiinnennen. .. 376
8.D Strong Stochastic Convexity .......... ... ... .. .. ... 377
8.D.1 Definitions ........ ... 377
8.D.2 Closure properties . ... .......oouuiiiineinennen... 380
8.E Stochastic Directional Convexity .......................... 381
8.E.1 Definitions ........... i 381
8.E.2 Closure properties . ... .. 382
8.F Complements ........ .. .. 384



Contents XV

9 Positive Dependence Orders ............. .. .. ... .. .. .... 387
9.A The PQD and the Supermodular Orders.................... 387
9.A.1 Definition and basic properties: The bivariate case . . ... 387

9.A.2 CloSure properties . ... ... ..o uueiunenenenaen . 390

9.A.3 The multivariate case . ......... .. ... i, 392

9.A.4 The supermodular order............. ... ... ... .... 395

9.B The Orthant Ratio Orders............ ... ... ... oo, 404
9.B.1 The (weak) orthant ratio orders ..................... 404

9.B.2 The strong orthant ratio orders ..................... 407

9.C The LTD, RTI, and PRD Orders .......................... 408

9.D The PLRD Order ......... ..ot 414

9.E Association Orders ......... ... 417
9.F The PDD Order....... ..ot 420

9.G Ordering Exchangeable Distributions................ ... ... 423

9.H Complements . ........ ... 426
References. ... ... .. 431
Author Index .. ... ... 459

Subject Index ....... ... .. 467






Note

Throughout the book “increasing” means “nondecreasing” and “decreasing”
means ‘nonincreasing.” Expectations are assumed to exist whenever they are
written. The “inverse” of a monotone function (which is not strictly monotone)
means the right continuous version of it, unless stated otherwise. For example,
if F'is a distribution function, then the right continuous version of its inverse
is F~Y(u) = sup{x : F(x) <u}, u € [0,1].

The following aging notions will be encountered often throughout the text.

Let X be arandom variable with distribution function F' and survival function

F=1-F.

(i)

(if)

(iii)

(iv)

The random variable X (or its distribution) is said to be IFR [increasing
failure rate| if F is logconcave. It is said to be DFR [decreasing failure
rate] if F is logconvex.

The nonnegative random variable X (or its distribution) is said to be
IFRA [increasing failure rate average] if —log F is starshaped; that is,
if —log F'(t)/t is increasing in ¢ > 0. It is said to be DFRA [decreasing
failure rate average] if —log F' is antistarshaped; that is, if —log F'(¢)/t is
decreasing in t > 0.

The nonnegative random variable X (or its distribution) is said to be NBU
[new better than used] if F(s)F(t) > F(s+t) for all s > 0 and ¢t > 0. It
is said to be NWU [new worse than used] if F(s)F(t) < F(s +t) for all
s>0andt>0.

The random variable X (or its distribution) is said to be DMRL [decreas-

i ST F()ds 5 decreasing in t over {t: F'(t) > 0}. It

F(t) -
is said to be IMRL [increasing mean residual life] if JZ Fle)ds increasing

- (1)
in ¢ over {t: F(t) > 0}.
The nonnegative random variable X (or its distribution) is said to be

NBUE [new better than used in expectation] if % < EX for all

ing mean residual life]
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t > 0. It is said to be NWUE [new worse than used in expectation] if

ftoo F(s)ds
TzEXforalltz().

The majorization order will be used in some places in the text. Recall from

Marshall and Olkin [383] that a vector @ = (a1, az, ..., a,) is said to be smaller
in the majorization order than the vector b = (b1, b2, ...,b,) (denoted a < b)
Y ai = byandif )7 ap <37 by for j =1,2,...,n—1, where
ag [b] is the dth largest element of a [b], i = 1,2,...,n. An n-dimensional

function ¢ is called Schur convex [concave] if @ < b = ¢(a) < [>] ¢(b).
The notation N = {...,—-1,0,1,...}, Ny = {0,1,...}, and Ny =
{1,2,...} will be used in this text.
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Univariate Stochastic Orders

In this chapter we study stochastic orders that compare the “location” or the
“magnitude” of random variables. The most important and common orders
that are considered in this chapter are the usual stochastic order <, the
hazard rate order <y, and the likelihood ratio order <;,. Some variations of
these orders, and some related orders, are also examined in this chapter.

1.A The Usual Stochastic Order

1.A.1 Definition and equivalent conditions
Let X and Y be two random variables such that
P{X >z} <P{Y >z} forallze (—o0,0). (1.A.1)

Then X is said to be smaller than Y in the usual stochastic order (denoted
by X <4 Y). Roughly speaking, (1.A.1) says that X is less likely than Y to
take on large values, where “large” means any value greater than x, and that
this is the case for all 2’s. Note that (1.A.1) is the same as

P{X <z}>P{Y <z} forallze (—o0,00). (1.A.2)

It is easy to verify (by noting that every closed interval is an infinite intersec-
tion of open intervals) that X < Y if, and only if,

P{X >2} < P{Y >z} forallze (—oc0,00). (1.A.3)

In fact, we can recast (1.A.1) and (1.A.3) in a seemingly more general, but
actually an equivalent, way as follows:

P{X eU} <P{Y €U} for all upper sets U C (—o0, c0). (1.A4)

(In the univariate case, that is on the real line, a set U is an upper set if, and
only if, it is an open or a closed right half line.) In the univariate case the
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equivalence of (1.A.4) with (1.A.1) and (1.A.3) is trivial, but in Chapter 6 it
will be seen that the generalizations of each of these three conditions to the
multivariate case yield different definitions of stochastic orders.

Still another way of rewriting (1.A.1) or (1.A.3) is the following:

E[Iy(X)] < E[Iy(Y)] for all upper sets U C (—o0, 00), (1.A.5)

where Iy denotes the indicator function of U. From (1.A.5) it follows that if
X <4 Y, then

E[iailm (X)} —b< E[iaifw (Y)} —b (1.A.6)
=1

=1

forall a; > 0,i=1,2,...,m, b € (—00,00), and m > 0. Given an increasing
function ¢, it is possible, for each m, to define a sequence of U;’s, a sequence
of a;’s, and a b (all of which may depend on m), such that as m — oo then
(1.A.6) converges to

Elp(X)] < E[p(Y)], (LA.T)

provided the expectations exist. It follows that X <y Y if, and only if, (1.A.7)
holds for all increasing functions ¢ for which the expectations exist.

The expressions [*° P{X > y}dy and [ ° P{Y > y}dy are used exten-
sively in Chapters 2, 3, and 4. It is of interest to note that X < Y if, and
only if,

(o) oo
/ P{Y > y}du — / P{X > y}dy is decreasing in z € (—00,0).
xT xT

(1.A.8)

If X and Y are discrete random variables taking on values in N, then we

have the following. Let p; = P{X = i} and ¢; = P{Y = i}, i« € N. Then
X <4 Y if, and only if,

i [
j=—oo  j=—oo

or, equivalently, X <y Y if, and only if,
o0 (o)
Y.<) g, i€N
j=i j=i
1.A.2 A characterization by construction on the same probability

space

An important characterization of the usual stochastic order is the following
theorem (here =4 denotes equality in law).
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Theorem 1.A.1. Two random variables X and Y satisfy X <4 Y if, and
only if, there exist two random variables X and Y, defined on the same prob-
ability space, such that

X = X, (1.A.9)
Y =y Y, (1.A.10)

and . .
P{X<V}=1 (1.A.11)

Proof. Obviously (1.A.9), (1.A.10), and (1.A.11) imply that X < Y. In order
to prove the necessity part of Theorem 1.A.1, let F' and G be, respectively, the
distribution functions of X and Y, and let F~! and G~! be the corresponding
right continuous inverses (see Note on page 1). Define X = F~'(U) and
Y = G~ 1(U) where U is a uniform [0, 1] random variable. Then it is easy to
see that X and Y satisfy (1.A.9) and (1.A.10). From (1.A.2) it is seen that
(1.A.11) also holds. O

Theorem 1.A.1 is a special case of a more general result that is stated in
Section 6.B.2.

From (1.A.2) and Theorem 1.A.1 it follows that the random variables X
and Y, with the respective distribution functions F' and G, satisfy X <y Y
if, and only if,

F~Yu) <G Hu), foralluec(0,1). (1.A.12)

Another way of restating Theorem 1.A.1 is the following. We omit the
obvious proof of it.

Theorem 1.A.2. Two random variables X and Y satisfy X <g Y if, and
only if, there exist a random variable Z and functions ¢ and s such that
P1(2) < ha(2) for all z and X =4 Y1 (Z) and Y =g ¢2(Z).

In some applications, when the random variables X and Y are such that
X <4 Y, one may wish to construct a Y [X] on the probability space on
which X [Y] is defined, such that ¥ =¢ ¥V and P{X <Y} =1[X =y X and
P{X <Y} =1]. This is always possible. Here we will show how this can be
done when the distribution function F' [G] of X [Y] is absolutely continuous.
When this is the case, F(X) [G(Y)] is uniformly distributed on [0,1], and
therefore Y = GYF(X)) [X = FY(G(Y))] is the desired construction ¥
[X].

1.A.3 Closure properties

Using (1.A.1) through (1.A.11) it is easy to prove each of the following closure
results. The following notation will be used: For any random variable Z and
an event A, let [Z|A] denote any random variable that has as its distribution
the conditional distribution of Z given A.
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Theorem 1.A.3. (a) If X <4 Y and g is any increasing [decreasing] func-
tion, then g(X) <s [>st] 9(Y).
(b) Let X1,Xo,..., X, be a set of independent random wvariables and let
Y1,Ys,...,Y,, be another set of independent random variables. If X; <g
Y, fori=1,2,...,m, then, for any increasing function ¢ : R™ — R, one
has
V(X1, Xa, ooy Xm) <st ¥(Y1, Y2, ..., Y.

In particular,
m m
S <y,
j=1 j=1

That is, the usual stochastic order is closed under convolutions.

(c) Let {X;, j=1,2,...} and {Y;, j =1,2,...} be two sequences of random
variables such that X; —g X and Y; —s Y as j — oo, where “—g”
denotes convergence in distribution. If X; <« Y;, j =1,2,..., then X <y
Y.

(d) Let X, Y, and © be random variables such that [X|6 = 0] <s [Y |0 = 6]
for all 6 in the support of ©. Then X <4 Y. That is, the usual stochastic
order is closed under mixtures.

In the next result and in the sequel we define Z?zl a; = 0 for any sequence
{aj, j=1,2,...}.

Theorem 1.A.4. Let {X;, j = 1,2,...} be a sequence of nonnegative inde-
pendent random variables, and let M be a nonnegative integer-valued random
variable which is independent of the X;’s. Let {Y;, j = 1,2,...} be another
sequence of nonnegative independent random variables, and let N be a non-
negative integer-valued random variable which is independent of the Y;’s. If
X <Y, 1=1,2,..., and if M <s N, then

M N
ZXj Sst ZY)
j=1 j=1

Another related result is given next.

Theorem 1.A.5. Let {X;, j = 1,2,...} be a sequence of nonnegative in-
dependent and identically distributed random variables, and let M be a pos-
itive integer-valued random variable which is independent of the X;’s. Let
{Y;, j = 1,2,...} be another sequence of independent and identically dis-
tributed random variables, and let N be a positive integer-valued random vari-
able which is independent of the Y;’s. Suppose that for some positive integer
K we have that

K
ZX] <st [Zst] Yl
j=1

and
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MS t [Zst} KN7

then
M N
ZX] Sst [Zst] ZY}
j=1 j=1
Proof. The assumptions yield
M KN N Ki N
ZXZ <st [Zst] ZX’L = Z Z Xj <st [Zst] ZY; a
i=1 i=1 i=1 j=K(i—1)+1 i=1

Consider now a family of distribution functions {Gy, 8 € X'} where X is a
subset of the real line R. Let X (6) denote a random variable with distribution
function Gy. For any random variable @ with support in X', and with distri-
bution function F, let us denote by X (©) a random variable with distribution
function H given by

H(y) = /X Go(y)dF(6), yeR.

The following result is a generalization of both parts (a) and (c) of Theorem
1.A.3.

Theorem 1.A.6. Consider a family of distribution functions {Gy, 0 € X'}
as above. Let @1 and Oy be two random wvariables with supports in X and
distribution functions Fy and Fy, respectively. Let Y1 and Yo be two random
variables such that Y; =y X (0;), 1 = 1,2; that is, suppose that the distribution
function of Y; is given by

Hily) = /X Go(y)dFi(9), yeR, i=1,2.

If
X(0) <s X(0") whenever 6 <6, (1.A.13)
and if
61 <. 6. (1.A.14)
then

Proof. Note that, by (1.A.13), P{X(0) > y} is increasing in 6 for all y. Thus
PV, >y} = / P{X(0) > y}dFi(6)
X

< /X P{X(0) > y}dF5(6)
= P{Ys >y}, forally,

where the inequality follows from (1.A.14) and (1.A.7). Thus (1.A.15) follows
from (1.A.1). O
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Note that, using the notation that is introduced below before Theorem
1.A.14, (1.A.13) can be rewritten as {X(0), 0 € X'} € SL

The following example shows an application of Theorem 1.A.6 in the area
of Bayesian imperfect repair; a related result is given in Example 1.B.16.

Example 1.A.7. Let @1 and O be two random variables with supports in X =
(0,1] and distribution functions F; and F, respectively. For some survival

function K, define

Gy = Fl_e, 6 € (0,1],

and let X (#) have the survival function K. Note that (1.A.13) holds be-

’

cause fl_g(y) < Xl_e (y) for all y whenever 0 < 6 < ¢’ < 1. Thus, if
O, <4 O5 then Y;, with survival function H; defined by
Hi(y) = : K

“()AFi(0), yeR, i=1,2,

satisfy Y7 <g Yo.

1.A.4 Further characterizations and properties

Clearly, if X <4 Y then EX < EY. However, as the following result shows, if
two random variables are ordered in the usual stochastic order and have the
same expected values, they must have the same distribution.

Theorem 1.A.8. If X <y Y and if Eh(X)] = E[h(Y)] for some strictly
increasing function h, then X =g Y.

Proof. First we prove the result when h(z) = . Let X and Y be as in Theorem
LALIf P{X <Y} >0, then EX = EX < EY = EY, a contradiction to the
assumption EX = FEY. Therefore X = X=Y =4 Y. Now let h be some
strictly increasing function. Observe that if X <g Y, then h(X) <y h(Y)
and therefore from the above result we have that h(X) =g h(Y"). The strict
monotonicity of h yields X =, Y. 0O

Other results that give conditions, involving stochastic orders, which imply
stochastic equalities, are given in Theorems 3.A.43, 3.A.60, 4.A.69, 5.A.15,
6.B.19, 6.G.12, 6.G.13, and 7.A.14-7.A.16.

As was mentioned above, if X < Y, then EX < EY. It is easy to find
counterexamples which show that the converse is false. However, X <y Y
implies other moment inequalities (for example, EX? < EY?3). Thus one may
wonder whether X < Y can be characterized by a collection of moment
inequalities. Brockett and Kahane [109, Corollary 1] showed that there exist
no finite number of moment inequalities which imply X <4 Y. In fact, they
showed it for many other stochastic orders that are studied later in this book.

In order to state the next characterization we define the following class of
bivariate functions:

Gst = {6 : R? = R : ¢(x,y) is increasing in = and decreasing in y}.
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Theorem 1.A.9. Let X andY be independent random variables. Then X <g
Y if, and only if,

d(X,Y) <gt (Y, X) for all ¢ € G. (1.A.16)

Proof. Suppose that (1.A.16) holds. The function ¢ defined by ¢(z,y) = =
belongs to Gy. Therefore X <y Y.

In order to prove the “only if” part, suppose that X <y Y. Let ¢ € Gy
and define 9 (z,y) = ¢(x, —y). Then 4 is increasing on R2. Since X and Y
are independent it follows that X and —Y are independent and also that —X
and Y are independent. Since X <y Y it follows (for example, from Theorem
1.A.1) that =Y < —X. Therefore, by Theorem 1.A.3(b), we have

P(X,=Y) < (Y, - X),

that is,
d(X,Y) <4 (Y, X). a

The next result is a similar characterization. In order to state it we need
the following notation: Let ¢; and ¢ be two bivariate functions. Denote
Apar (z,y) = ¢2(x, y)—d1(x, y). The proof of the following theorem is omitted.

Theorem 1.A.10. Let X and Y be two independent random variables. Then
X < Y if, and only if,

E¢1(X,Y) < E¢y(X,Y)

for all ¢1 and ¢o which satisfy that, for each y, Adoi(x,y) decreases in x on
{z < y}; for each x, Apoi(x,y) increases iny on {y > x}; and Apoy(x,y) >
—Ap21 (y, ) whenever x < y.

Another similar characterization is given in Theorem 4.A.36.

Let X and Y be two random variables with distribution functions ' and G,
respectively. Let M(F,G) denote the Fréchet class of bivariate distributions
with fixed marginals F and G. Abusing notation we write (X,Y) € M(F,G)
to mean that the jointly distributed random variables X and Y have the
marginal distribution functions F' and G, respectively. The Fortret-Mourier-
Wasserstein distance between the finite mean random variables X and Y is
defined by

dX,Y)=  inf {E]Y - X|}. (1.A.17)
(X,¥)EM(F,G)
Theorem 1.A.11. Let X and Y be two finite mean random variables such
that EX < EY. Then X <4 Y if, and only if, d(X,Y)=EY — EX.

Proof. Suppose that d(X,Y) = EY —EX. The infimum in (1.A.17) is attained
for some (X,Y), and we have E|Y — X| = E(Y — X). Therefore P{X <Y} =
1, and from Theorem 1.A.1 it follows that X <y Y.

Conversely, suppose that X < Y. Let X and Y be as in Theorem 1.A.1.
Then, for any (X',Y’) € M(F,G) we have that E|Y' — X'| > |[EY' - EX'| =
EY — EX. Therefore d(X,Y) = EY —EX. O
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A simple sufficient condition which implies the usual stochastic order is
described next. The following notation will be used. Let a(z) be defined on I,
where [ is a subset of the real line. The number of sign changes of a in I is
defined by

Si(a’) = sup ST [a(xl)v a(IQ)a R a(xm)L (1A18)

where S™(y1,92,...,Ym) is the number of sign changes of the indicated se-
quence, zero terms being discarded, and the supremum in (1.A.18) is extended
over all sets 1 < xy < --- < x,, such that x; € I and m < oo. The proof of
the next theorem is simple and therefore it is omitted.

Theorem 1.A.12. Let X and Y be two random variables with (discrete or
continuous) density functions f and g, respectively. If

S7(g—f)=1 and the sign sequence is —,+,
then X <4 Y.

Let X; be a nonnggative random variable with distribution function F}
and survival function £y = 1 — F}. Define the Laplace transform of X; by

ox, (V) = / AR (2), A >0,
0

and denote

— X (n) o (_l)n d" |:1 — ¥X; (/\)

_ >
al A y } n20, A>0,

and
ay'(n) =A"ay'(n—1), n>1, A>0.

Similarly, for a nonnegative random variable X5 with distribution function Fs
and survival function Fy = 1 — Fy, define @, ?(n). It can be shown that @, *
and @f"’ are discrete survival functions (see the proof of the next theorem);
denote the corresponding discrete random variables by Ny (X71) and Ny (X32).
The following result gives a Laplace transform characterization of the order
ésb

Theorem 1.A.13. Let X1 and X5 be two nonnegative random variables, and
let Nx(X1) and Nx(X2) be as described above. Then

X1 <t Xo <= N (X1) <st Na(X2) forall X > 0.

Proof. First suppose that X; <g Xs. Select a A > 0. Let Z1,Z5,..., be
independent exponential random variables with mean 1/A. It can be shown
that ay'(n) = P{37 | Z; < X1} and that ay*(n) = P{ 3", Z; < Xo}. It
thus follows that Ny (X7) <g Nia(Xa).

Now suppose that Ny(X71) <g Nx(X2) for all A > 0. Select an = > 0.
Thus anx/lr(n) < Ef/zT(n) Letting n — oo, one obtains Fy(x) < Fa(z) for all

continuity points x of Fy and Fy. Therefore, X <s X by (1.A.1). O
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The implication = in Theorem 1.A.13 can be generalized as follows. A
family of random variables {Z(0), 6 € ©} (O is a subset of the real line) is
said to be stochastically increasing in the usual stochastic order (denoted by
{Z(0), 6 € ©} € SI) it Z(0) <4 Z(0") whenever § < . Recall from Theorem
1.A.3(a) that if X7 < Xa, then g(X7) <4 g(X2) for any increasing function

g. The following result gives a stochastic generalization of this fact.

Theorem 1.A.14. If {Z(0), 0 € O} € SI and if X1 <g Xa, where X, and
Z(0) are independent for k =1,2 and 6 € O, then Z(X1) <g Z(X2).

Note that Theorem 1.A.14 is a restatement of Theorem 1.A.6.

Let X be a random variable and denote by X(_ , the truncation of
X at a, that is, X(_o 4 has as its distribution the conditional distribution
of X given that X < a. X(4 ) is similarly defined. It is simple to prove the
following result. Results that are stronger than this are contained in Theorems
1.B.20, 1.B.55, and 1.C.27.

Theorem 1.A.15. Let X be any random variable. Then X (_ 4 and X (4 o0)
are increasing in a in the sense of the usual stochastic order.

An interesting example in which truncated random variables are compared
is the following.
Ezample 1.A.16. Let XM, X)X be independent and identically dis-
tributed random variables. For a fixed ¢, let X((ilo), X((tz,)oo), . ,X((Z()X)) be the
corresponding truncations, and assume that they are also independent and
identically distributed. Then

(max {X(l),X(Z),...,X(”)})(t’oo) < max {X((ilo),X((i)oo),..., (ZOO)},

where (max {X(l), xX@ oxm }) (£,00) denotes the corresponding trunca-
tion of max { XM, X® . X1 The proof consists of a straightforward
verification of (1.A.2) for the compared random variables.

Let ¢1 and ¢ be two functions that satisfy ¢1(z) < ¢o(x) for all z € R,
and let X be a random variable. Then, clearly, ¢1(X) < ¢2(X) almost surely.
From Theorem 1.A.1 we thus obtain the following result.

Theorem 1.A.17. Let X be a random wvariable and let ¢1 and ¢o be two
functions that satisfy ¢1(x) < ¢a2(x) for all x € R. Then

$1(X) <gt D2(X).

In particular, if ¢ is a function that satisfies x < [>] ¢(x) for all x € R, then
X Sst [zst] d)(X)

Remark 1.A.18. The set of all distribution functions on R is a lattice with
respect to the order <g. That is, if X and Y are random variables with
distributions F' and G, then there exist random variables Z and W such that
7 <q X, Z<4Y,W>4 X, and W > Y. Explicitly, Z has the survival
function min{F, G} and W has the survival function max{F, G}.
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The next four theorems give conditions under which the corresponding
spacings are ordered according to the usual stochastic order. Let X1, Xo, ...,
Xy be any random variables with the corresponding order statistics X (1) <
X(2) £+ < X(;n)- Define the corresponding spacings by U(;) = X(3) — X(i—1),
1 =2,3,...,m. When the dependence on m is to be emphasized, we will denote
the spacings by Ug;.pm,)-

Theorem 1.A.19. Let X1, Xo, ..., X, X;nt1 be independent and identically
distributed TFR (DFR) random variables. Then

(m —i+ 1)U(zm) st [Sst] (m - i)U('L—&-l:m)v i = 2; 3,...,m—1,
and
(m —i+ 2)Uv(zm+1) Zst [Sst] (m —i+ 1)U('Lm)a 1=2,3,...,m.

The proof of Theorem 1.A.19 is not given here. A stronger version of
the DFR part of Theorem 1.A.19 is given in Theorem 1.B.31. Some of the
conclusions of Theorem 1.A.19 can be obtained under different conditions.
These are stated in the next two theorems. Again, the proofs are not given.
In the next two theorems we take X () = 0, and thus Uy = X(y). For the
following theorem recall from page 1 the definition of Schur concavity.

Theorem 1.A.20. Let X1, Xo, ..., X,, be nonnegative random variables with
an absolutely continuous joint distribution function. If the joint density func-
tion of X1, Xo, ..., X, is Schur concave (Schur convex), then

(m —i+ 1)U(zm) st [Sst] (m - i)U(i—}-l:m)v i=12,...,m—1

Theorem 1.A.21. Let X1, Xo,...,X,, be independent exponential random
variables with possibly different parameters. Then

(m—i+ I)U(i:m) <st (m — i)U(i+1:m), 1=1,2,....m—1.

Theorem 1.A.22. Let X1, Xo, ..., X,, be independent and identically distri-
buted random variables with a finite support, and with an increasing [decreas-
ing| density function over that support. Then

U('Lm) Zst [Sst} U(iJrl:m)a t=23,....,m—1

The proof of Theorem 1.A.22 uses the likelihood ratio order, and therefore
it is deferred to Section 1.C, Remark 1.C.3.

Note that any absolutely continuous DFR random variable has a decreas-
ing density function. Thus we see that the assumption in the DFR part of
Theorem 1.A.19 is stronger than the assumption in the decreasing part of
Theorem 1.A.22, but the conclusion in the DFR, part of Theorem 1.A.19 is
stronger than the conclusion in the decreasing part of Theorem 1.A.22. It is
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of interest to compare Theorems 1.A.19-1.A.22 with Theorems 1.B.31 and
1.C.42.

From Theorem 1.A.1 it is obvious that if X(;) < X(g) < -+ < X, are
the order statistics corresponding to the random variables X7, X5, ..., X,
then X(l) Sst X(Q) Sst Sst X(m) Now let X(l) S X(Q) S s S X(m) be
the order statistics corresponding to the random variables X1, Xs,..., X,
and let Y(l) < Y(g) <. < Y(m) be the order statistics corresponding to the
random variables Y7, Y5, ..., Y,,. As usual, for any distribution function F', we
let F =1 — F denote the corresponding survival function.

Theorem 1.A.23. (a) Let Xy, Xo, ..., X,, be independent random variables
with distribution functions Iy, F5, ..., F,,, respectively. Let Y1,Yo, ..., Y,
be independent and identically distributed random variables with a com-
mon distribution function G. Then X ;) <g Y(;) for alli=1,2,...,m if,
and only if,

ﬁ Fi(x) > G™(x) for all z;
=1

that is, if, and only if, X () <st Y(m)-

(b) Let X1, Xo,..., X be independent random wvariables with survival func-
tions F1,Fo,...,F,,, respectively. Let Y1,Ys,...,Y,, be independent and
identically distributed random variables with a common survival function
G. Then Xy Zst Yy for alli=1,2,...,m if, and only if,

H )>G"(x)  for all x;

that is, if, and only if, X(1) >s Y(1)-

The proof of Theorem 1.A.23 is not given here.

More comparisons of order statistics in the usual stochastic order can be
found in Theorem 6.B.23 and in Corollary 6.B.24.

The following neat example compares a sum of independent heterogeneous
exponential random variables with an Erlang random variable; it is of interest
to compare it with Examples 1.B.5 and 1.C.49. We do not give the proof here.

Ezxample 1.A.24. Let X; be an exponential random variable with mean A, s
0, ¢ = 1,2,...,m, and assume that the X;’s are independent. Let Y;,
i =1,2,...,m, be independent, identically distributed, exponential random
variables with mean n~!. Then

zm:Xi zstiYZ«:» VA2 Am <7
=1 =1

The next example may be compared with Examples 1.B.6, 1.C.51, and
4.A.45.
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Example 1.A.25. Let X; be a binomial random variable with parameters n;
and p;, 2 = 1,2,...,m, and assume that the X;’s are independent. Let Y be a
binomial random variable with parameters n and p where n = >""" | n;. Then

m
Y XiZa Y == p< {ppst - ph,

i=1

and

D XY= 1-p< YU-p)m(L—p)m- (L= pm).
i=1
The following example gives necessary and sufficient conditions for the
comparison of normal random variables; it is generalized in Example 6.B.29.
See related results in Examples 3.A.51 and 4.A.46.

Ezample 1.A.26. Let X be a normal random variable with mean px and vari-
ance 0%, and let Y be a normal random variable with mean py and variance
0%. Then X <4 Y if, and only if, ux < py and 0% = 0%

Example 1.A.27. Let the random variable X have a unimodal density, sym-
metric about 0. Then
(X +a)* <4 (X +b)* whenever |a| < [b].

Example 1.A.28. Let X have a multivariate normal density with mean vector
0 and variance-covariance matrix 3';. Let Y have a multivariate normal den-
sity with mean vector 0 and variance-covariance matrix X7 + X5, where X5
is a nonnegative definite matrix. Then

X117 <se 1Y,
where || - || denotes the Euclidean norm.

The next result involves the total time on test (TTT) transform and the
observed TTT random variable. Let F' be the distribution function of a non-
negative random variable, and suppose, for simplicity, that 0 is the left end-
point of the support of F. The TTT transform associated with F' is defined
by

Fl(w) _
Hit(u) = /O F(z)dz, 0<u<l, (1.A.19)

where F = 1—F is the survival function associated with F. The inverse, Hp, of
the TTT transform is a distribution function. If the mean p = fooo xdF(z) =
Jo° F(x)da is finite, then Hp has support in [0, x]. If X has the distribution
function F', then let Xy be any random variable that has the distribution
Hp. The random variable Xy is called the observed total time on test.

Theorem 1.A.29. Let X and Y be two nonnegative random variables. Then
X <st Y = Xt <st Yt
See related results in Theorems 3.B.1, 4.A.44, 4.B.8, 4.B.9, and 4.B.29.



1.A The Usual Stochastic Order 15
1.A.5 Some properties in reliability theory

Recall from page 1 the definitions of the IFR, DFR, NBU, and NWU proper-
ties. The next result characterizes random variables that have these properties
by means of the usual stochastic order. The statements in the next theorem
follow at once from the definitions. Recall from Section 1.A.3 that for any
random variable Z and an event A we denote by [Z |A] any random variable
that has as its distribution the conditional distribution of Z given A.

Theorem 1.A.30. (a) The random variable X is IFR [DFR] if, and only if,
(X — t|X >t > [<at) [X — t’|X > t'] whenever t <t'.

(b) The nonnegative random variable X is NBU [NWU] if, and only if, X >4
[<at] [X = t|X > 1] for all t > 0.

Note that if X is the lifetime of a device, then [X —t|X > ¢] is the residual
life of such a device with age t. Theorem 1.A.30(a), for example, characterizes
IFR and DFR random variables by the monotonicity of their residual lives
with respect to the order <g;. Theorem 1.A.30 should be compared to Theorem
1.B.38, where a similar characterization is given. Some multivariate analogs of
Theorem 1.A.30(a) are used in Section 6.B.6 to introduce some multivariate
IFR notions.

For a nonnegative random variable X with a finite mean, let Ax denote
the corresponding asymptotic equilibrium age. That is, if the distribution
function of X is F, then the distribution function F; of Ax is defined by

R =5 [ Py a>0, (1.4.20)

where FF = 1 — F is the corresponding survival function. Recall from page 1
the definitions of the NBUE and the NWUE properties. The following result
is immediate.

Theorem 1.A.31. The nonnegative random variable X with finite mean is
NBUE [NWUE] if, and only if, X >4 [<s«] Ax.

Another characterization of NBUE random variables is the following. Re-
call from Section 1.A.4 the definition of the observed total time on test random
variable Xiit.

Theorem 1.A.32. Let X be a nonnegative random variable with finite mean
w. Then X is NBUE if, and only if,

Xt st Z/{(O, M>7

where U(0, 1) denotes a uniform random variable on (0, ).

Let X be a nonnegative random variable with finite mean and distribution
function F', and let Ax be the corresponding asymptotic equilibrium age
having the distribution function F, given in (1.A.20). The requirement
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X > [Ax —t|Ax >t] forallt>0, (1.A.21)

has been used in the literature as a way to define an aging property of the
lifetime X. It turns out that this aging property is equivalent to the new better
than used in convex ordering (NBUC) notion that is defined in (4.A.31) in
Chapter 4.

1.B The Hazard Rate Order

1.B.1 Definition and equivalent conditions

If X is a random variable with an absolutely continuous distribution function
F, then the hazard rate of X at ¢ is defined as r(¢t) = (d/d¢t)(—log(1 — F(t))).
The hazard rate can alternatively be expressed as

P{t <X <t+At|X >t
r(t) = lim { fA;L | }:gt), teR, (1.B.1)
(t)

where F = 1 — F is the survival function and f is the corresponding density
function. As can be seen from (1.B.1), the hazard rate r(¢) can be thought of
as the intensity of failure of a device, with a random lifetime X, at time ¢.
Clearly, the higher the hazard rate is the smaller X should be stochastically.
This is the motivation for the order discussed in this section.

Let X and Y be two nonnegative random variables with absolutely con-
tinuous distribution functions and with hazard rate functions r and ¢, respec-
tively, such that

r(t) > q(t), teR. (1.B.2)

Then X is said to be smaller than Y in the hazard rate order (denoted as
X < Y)

Although the hazard rate order is usually applied to random lifetimes
(that is, nonnegative random variables), definition (1.B.2) may also be used to
compare more general random variables. In fact, even the absolute continuity,
which is required in (1.B.2), is not really needed. It is easy to verify that
(1.B.2) holds if, and only if,

G(t)

—— increases in ¢t € (—oo, max(ux,uy)) (1.B.3)

F(t)

(here a/0 is taken to be equal to co whenever a > 0). Here F denotes the
distribution function of X and G denotes the distribution function of Y, and
ux and uy denote the corresponding right endpoints of the supports of X
and of Y. Equivalently, (1.B.3) can be written as

F(2)G(y) > F(y)G(x) forall z <y. (1.B.4)
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Thus (1.B.3) or (1.B.4) can be used to define the order X <p, ¥ even if X
and/or Y do not have absolutely continuous distributions. A useful further
condition, which is equivalent to X <y, Y when X and Y have absolutely
continuous distributions with densities f and g, respectively, is the following:

for all z <wy. (1.B.5)

Rewriting (1.B.4) as

F(t+s) - G(t+s)
F(t) — G@)

it is seen that X <y, Y if, and only if,

for all s > 0 and all ¢,

P{X—t>s|X >t} <P{Y—t>s]Y >t} foralls>0andallt (1.B.6)

that is, if, and only if, the residual lives of X and Y at time ¢ are ordered in
the sense < for all t. Equivalently, (1.B.6) can be written as

[(X|X >t] <o [Y|Y > 1] forallt. (1.B.7)
Substituting u = F_l(t) in (1.B.3) shows that X <, Y if, and only if,

(v)

GF '(v) _ GF |
>

> forall0 <u<wv<1.
U v

Simple manipulations show that the latter condition is equivalent to

1 —FG*1(1 —u) < 1 —FG*1(1 —v)
U - v

forall 0 < u<wv<1. (1.B.8)

For discrete random variables that take on values in N the definition of <y,
can be written in two different ways. Let X and Y be such random variables.
We denote X <, Y if

P{X =n} < P{Y =n}

N. 1.B.
P{X>n) ~ P{y=n) " (1.B.9)
Equivalently, X <, Y if
{(X=n} P¥=n}  _«

>
P{X >n} = P{Y >n}’
The discrete analog of (1.B.4) is that (1.B.9) holds if, and only if,
P{X >n1}P{Y > nao} > P{X > na}P{Y > ny} for all ny < nsy. (1.B.10)

In a similar manner (1.B.3) and (1.B.5) can be modified in the discrete case.
Unless stated otherwise, we consider only random variables with absolutely
continuous distribution functions in the following sections.
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1.B.2 The relation between the hazard rate and the usual
stochastic orders

By setting + = —oo in (1.B.4) (or ny = —oo in (1.B.10)), and then using
(1.A.1), we obtain the following result.

Theorem 1.B.1. If X and Y are two random variables such that X <y, Y,
then X <4 Y.

1.B.3 Closure properties and some characterizations

Let ¢ be a strictly increasing function with inverse ¢ ~!. If X has the survival
function F', then ¢(X) has the survival function F¢~!. Similarly, if Y has the
survival function G, then ¢(Y) has the survival function Go=1. If X <, Y,
then from (1.B.3) it follows that

increases in t over {t : G¢~'(t) > 0}.

We have thus shown an important special case of the next theorem. When ¢
is just increasing (rather than strictly increasing) the result is still true, but
the above simple argument is no longer sufficient for its proof.

Theorem 1.B.2. If X <y, Y, and if ¢ is any increasing function, then
P(X) <nr 4(Y).

In general, if X7 <y, Y7 and X5 <y, Y3, where X7 and X5 are independent
random variables and Y; and Y5 are also independent random variables, then
it is not necessarily true that X; + Xy <y, Y1 + Y5. However, if these random
variables are IFR, then it is true. This is shown in Theorem 1.B.4, but first
we state and prove the following lemma, which is of independent interest.

Lemma 1.B.3. If the random variables X andY are such that X <y, Y and
if Z is an IFR random variable independent of X and Y, then

X+Z<wY+2Z (1.B.11)

Proof. Denote by fiw and Fyy the density function and the survival function
of any random variable W. Note that, for z <y,
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Fxyz(x)Fyiz(y) — Fxyz(y)Fyz(x)

//> [fx(w)Fz(z —u)fy (v)Fz(y —v)
+ fx(W)Fz(z — ) fy (w)Fz(y — u)]dudv

_ / / , Ux(@Faly =l (0)Fz(z =)

+ fx(W)Fz(y — v) fy (u)F z(z — u)]dudv

- / / _ [Fxfy (@) = fx()Fy (w)]

X [Fz(y—v)fz(x —u) = fz(y —u)Fz(x — v)]dudv,

where the second equality is obtained by integration by parts with respect to
u and by collection of terms. Since X <y, Y it follows from (1.B.5) that the
expression within the first set of brackets in the last integral is nonpositive.
Since Z is IFR it can be verified that the quantity in the second pair of brackets
in the last integral is also nonpositive. Therefore, the integral is nonnegative.
This proves (1.B.11). O

The above proof is very similar to the proof that a convolution of two
independent IFR random variables is IFR. In fact, this convolution result can
be shown to be a consequence of Lemma 1.B.3; see Corollary 1.B.39 in Section
1.B.5.

Theorem 1.B.4. Let (X;,Y;), i = 1,2,...,m, be independent pairs of ran-
dom variables such that X; <p, Y;, i =1,2,....m. If X;,Y;,i=1,2,...,m,

are all IFR, then
m m
Sx < YV
i=1 i=1

Proof. Repeated application of (1.B.11), using the closure property of IFR
under convolution, yields the desired result. O

The following neat example compares a sum of independent heterogeneous
exponential random variables with an Erlang random variable; it is of interest
to compare it with Examples 1.A.24 and 1.C.49. We do not give the proof
here.

Example 1.B.5. Let X; be an exponential random variable with mean )\;1 > 0,
i = 1,2,...,m, and assume that the X;’s are independent. Let Y;, ¢ =
1,2,...,m, be independent, identically distributed, exponential random vari-
ables with mean n~!. Then

Em:Xi >hr zm:yi = VAo A
i=1 i1
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The next example may be compared with Examples 1.A.25, 1.C.51, and
4.A.45.

Ezxample 1.B.6. Let X; be a binomial random variable with parameters n;
and p;, 1 = 1,2,...,m, and assume that the X;’s are independent. Let Y be a
binomial random variable with parameters n and p where n = ZZ’;I n;. Then

m n
Xi2n Y <=p< =7
; > ic1(ni/pi)

and

“ n
Xi <ur Y—=1- p < m .
; > izt (ni/ (1= pi))
A hazard rate order comparison of random sums is given in the following
result.

Theorem 1.B.7. Let {X;, i = 1,2,...} be a sequence of nonnegative IFR
independent random variables. Let M and N be two discrete positive integer-
valued random wvariables such that M <p, N (in the sense of (1.B.9) or
(1.B.10)), and assume that M and N are independent of the X;’s. Then

The hazard rate order (unlike the usual stochastic order; see Theorem
1.A.3(d)) does not have the property of being simply closed under mixtures.
However, under quite strong conditions the order <y, is closed under mixtures.
This is shown in the next theorem.

Theorem 1.B.8. Let X, Y, and © be random wvariables such that [X‘@ =
0] <hr [Y’@ =0'] for all 6 and 6" in the support of ©. Then X <p, Y.

Proof. Select a 6 and a ¢’ in the support of ©. Let F(-|6), G(-|0), F(-|¢"),
and G(:|¢') be the survival functions of [X|© = ], [Y]|© = 6], [X|© =
'], and [Y‘@ = 0], respectively. For simplicity assume that these random
variables have densities which we denote by f(-|), g(:|6), f(-|¢"), and g(-|¢"),
respectively. It is sufficient to show that for o € (0,1) we have

af (t]6) + (1 — ) f(t]0") S ag(t|0) + (1 —a)g(t]e)

— — > — for all ¢ > 0.
aF(t‘@)—l—(l—a)F(t!@’) ozG(t|9)+(1—a)G(t‘9’)

(1.B.12)
This is an inequality of the form
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where all eight variables are nonnegative and by the assumptions of the the-
orem they satisfy

> > > and >

ole
w8
ole
N\&
ISWIES
w8
ISHIES
N\H

It is easy to verify that the latter four inequalities imply the former one,
completing the proof of the theorem. O

It should be pointed out, however, that mixtures, of distributions which
are ordered by the hazard rate order, are ordered by the usual stochastic
order. That is, if X, Y, and © are random variables such that [X |@ = 0] <ur
[Y|@ = 0] for all 0 in the support of @, then X <y Y. This follows from a
(conditional) application of Theorem 1.B.1, combined with the fact that the
usual stochastic order is closed under mixtures (Theorem 1.A.3(d)).

In order to state the next characterization we define the following class of
bivariate functions.

Gne = {¢ : R? 5 R : ¢(x,y) is increasing in , for each y, on {z > y},

and is decreasing in y, for each z, on {y > x}}

Theorem 1.B.9. Let X andY be independent random variables. Then X <y,
Y if, and only if,

H(X,Y) <g ¢(Y,X) for all ¢ € Gy (1.B.13)

Proof. Suppose that (1.B.13) holds. Select an x and a y such that > y. Let
(u,v) = I1y>z0>y), Where 14 denotes the indicator function of the set A. It
is easy to see that ¢(u,v) is increasing in w. In addition, for a fixed v and v
such that v > u, we have that ¢(u,v) =1 if u > z and ¢(u,v) =0 if v < z.
Therefore, ¢ € Gy,;. Hence,

F(y)G(z) = E¢(Y,X) > E¢(X,Y) = F(z)G(y) whenever z >y,

where I’ and G are the survival functions of X and Y, respectively. Therefore,
by (1.B.4), X <, Y.
Conversely, assume that X <y, Y. Let ¢ : R — R be an increasing function

and let ¢ € Gy,. Denote a(z,y) = ¥(éd(z,y)) — ¥(é(y,x)). For simplicity
assume that a is differentiable and that X and Y have densities that we
denote by f and g, respectively (otherwise, approximation arguments can be
used). Then

oo

Faxv)= [ el - Smst)dsdy

=[] st [Fet) - 165wy <o
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where the second equality follows from integration by parts, and the inequality
follows from X <y, Y, the fact that a(z,y) increases in « for all > y, and
(1.B.5). O

The next result is a similar characterization. It uses the notation of The-
orem 1.A.10, and their comparison is of interest. The proof of the following
theorem is omitted.

Theorem 1.B.10. Let X and Y be two independent random variables. Then
X < Y if, and only if,

Ed)l(XvY) S E¢2(Xa Y)

for all ¢1 and ¢o such that, for each x, Apay(x,y) increases iny on {y > x},
and such that Agoy(x,y) > —Adoi(y, x) whenever x < y.

A further similar characterization is given in Theorem 4.A.36. The next
result describes another characterization of the order <j,,.

Theorem 1.B.11. Let X and Y be two, absolutely continuous or discrete,
independent random variables. Then X <y, Y if, and only if,

[(X|min(X,Y) = z] <p, [Y|min(X,Y) = 2] for all 2. (1.B.14)
Also, X <y, Y if, and only if,
[(X|min(X,Y) = 2] <g [Y|min(X,Y) = 2] for all 2. (1.B.15)

Proof. First suppose that X and Y are absolutely continuous. Denote the
survival functions of X and Y by F' and G, respectively, and denote the
corresponding density functions by f and g. Then

PIX > z|min(X,Y) = 2] {1’ fo<s (1.B.16)
> x| min(.X, =z|= F(z)g(z) . b.
FOC@ G 1222
and
PIY > z|min(X,Y) = 7] {1’ o< (1.B.17)
> r|min(X, =z|= G(z)f(2) . .b.
FOG) e PG 1T =5
Therefore
PlY > z/min(X,Y)=2] |1 if v <z, (LB.18)
P[X > z|min(X,Y) = 7] %E; L8 i r >z o
X <y E ) gEz) 1, and E g is increasing in z. Thus (1.B.18) is

increasing in z, and (1.B.14) follows. Obviously (1.B.15) follows from (1.B.14).
Now suppose that (1.B.15) holds. Then from (1.B.16) and (1.B.17) we get
that F(z)g(z) < G(z)f(z) for all z > z. Therefore X <, Y by (1.B.5).
The proof when X and Y are discrete is similar. 0O
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Some related characterizations are given in the next result.

Theorem 1.B.12. Let X and Y be two independent random variables. The
following conditions are equivalent:

(a) X Shr Y.

(b) E[a(X)]E[B(Y)] < E|a(Y)|E[B(X)] for all functions a and 3 for which
the expectations exist and such that B is nonnegative and a/3 and 3 are
1nereasing.

(¢) For any two increasing functions a and b such that b is nonnegative, if
Ea(X)b(X)] =0, then E[a(Y)b(Y)] > 0.

Proof. Assume (a). Let o and 8 be as in (b). Define ¢1(z,y) = a(z)8(y)
and ¢2(7,y) = a(y)B(x). Then Agoi(z,y) = d2(z,y) — ¢1(z,y) = B(z)B(y) -
[a(y)/B(y) — a(x)/B(x)], which is increasing in y. Note that Aoy (z,y) +
Apa1(y,x) = 0. Condition (b) now follows from Theorem 1.B.10.

Assume (b). By taking, for some u < v, a(x) = I(y o) (z) and B(z) =
I(y,00)(2) in (b) one obtains (1.B.4), from which (a) follows.

Assume (b). Let @ and b be two increasing functions such that b is nonnega-
tive and such that E[a(X)b(X)] = 0. Define §(z) = b(z) and a(z) = a(x)b(z).
Substitution in (b) yields E[a(Y)b(Y)] > 0; that is, (c¢) holds.

Assume (c). Let o and 8 be as in (b). Denote ¢ = E[a(X)]/E[B(X)].
Define a(z) = afx)/B(x) — ¢ and b(z) = B(z). Then Ela(X)b(X)] = 0.
So, by (c¢), E[a(Y)b(Y)] > 0. But the latter reduces to E[a(X)]|E[B(Y)] <
Ela(Y)]E[B(X)], and this establishes (b). O

Ezample 1.B.13. Let {N(t), ¢ > 0} be a nonhomogeneous Poisson process
with mean function A (that is, A(t) = E[N(¢)], t > 0). Let 11,75, ... be the
successive epoch times, and let X,, =T,, — T,—1, n = 1,2... (where Ty = 0),
be the corresponding inter-epoch times. The survival function of 7T}, is given
by P{T, >t} = Z?:_()l Mgﬁ o= AWt >0,n=1,2,.... It is easy to verify

that % is increasing in ¢t > 0, n = 1,2,..., and thus, by (1.B.3),
T <t Tosr, n=12,.... (1.B.19)

A result that is stronger than (1.B.19) is given in Example 1.C.47.
If we denote by Fj, the distribution function of T,,, then

P{Xp41 >t} = / P{Tpi1 — Ty > t|Tn = u}dF,(u)
0

_ /0 " exp{—[A(t + 1) — A(w)]}dFy (u)
= Elexp{—-[A(t+ T,,) — A(T,,)]}, n=0,1,....

Fix t; <ty and let a(x) = exp{—[A(t2+z) — A(z)]} and S(z) = exp{—[A(t1 +
x) — A(x)]}. Note that if A is concave, then «(z)/B(x) is increasing. Thus, by
Theorem 1.B.12(b), if A is concave, then



24 1 Univariate Stochastic Orders

P{Xn+1 > tg} - E[a(Tn)]
P{X, >t} B Ela(T,-1)]

E[ﬁ(Tn)] — P{Xn+1 > tl}
E[B(T,-1)] P{X, >t} "’
n=12,....

>

It follows, by (1.B.3), that
Xn Sthn+1a n=12....

It can be shown in a similar manner that if A is convex, then X,, >, X411,
n=12...

As another example of the use of Theorem 1.B.12 consider an increasing
convex function H such that H(0) = 0. Let X and Y be nonnegative random
variables such that X <y, Y. Then

EH(X)] _ E[H(Y)]
EX] = E[Y]

Rather than using Theorem 1.B.12, one can also obtain the above inequal-
ity from (2.B.5) in Chapter 2, and from the fact that the hazard rate order
implies the hmrl order (which is discussed there).

Other characterizations of the order <y, can be found in Theorems 2.A.6
and 5.A.22.

Consider now a family of distribution functions {Gy, 8 € X'} where X is a
subset of the real line. As in Section 1.A.3 let X (6) denote a random variable
with distribution function Gy. For any random variable © with support in X,
and with distribution function F, let us denote by X(©) a random variable
with distribution function H given by

H(y) = /X Go(y)AF(6), yeR.

The following result generalizes both Theorems 1.B.2 and 1.B.8, just as The-
orem 1.A.6 generalized both parts (a) and (c) of Theorem 1.A.3.

Theorem 1.B.14. Consider a family of distribution functions {Gy, 0 € X'}
as above. Let @1 and Oy be two random wvariables with supports in X and
distribution functions Fy and Fy, respectively. Let Y1 and Yo be two random
variables such that Y; =g X(60;), i = 1,2, that is, suppose that the survival
function of Y; is given by

i) = [ Golwdri(o), yeR i=1.2

If
X(0) <pr X(0') whenever 6 <6, (1.B.20)
and if
O1 <nr O2, (1.B.21)
then

Y <ie Ya. (1.B.22)
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Proof. Assumption (1.B.20) means that Gy(y) is TPa (totally positive of
order 2) as a function of # € X and of y € R (that is, Gy(y)Ge (v/) >
Gy(y')Ge (y) whenever y <y’ and 6 < #'). Assumption (1.B.21) means that
F;(0), as a function of i € {1,2} and of # € X, is TPy. Also, from Theorem
1.B.1 it follows that Gg(y) is increasing in 6. Therefore, by Theorem 2.1 of
Joag-Dev, Kochar, and Proschan [259], H;(y) is TPy in i € {1,2} and y € R.
That gives (1.B.22). O

The following example shows an interesting and useful application of The-
orem 1.B.14

Ezample 1.B.15. Let {X’., n > 0} be a Markov chain with state space
{1,2,..., M} (M can be infinity) and transition matrix P, which starts from
state i; that is, X§ = i. If X} <y, X{ for all i < i, then

(a) I <y, I implies that Xt <;, X2 for all n > 0, and
(b) X! <pr X}, whenever n < n'.

In order to prove (a), first note that the result is trivial for n = 0. Suppose
that the result is true for n = k. Define Y (i) = X}. By the Markov property,
we have X | =y Y (X}) for all i. By induction, X,gl <pr X,g"'. In particular,
V(X)) <p Y(X}:) for all ¢ < 4'. Therefore, from Theorem 1.B.14 we get

I I I I
Xk:—l = Y(Xkl) <hr Y(XkQ) = in—l'
In order to prove (b), note that X} =1 <y, X{. So, by (a) and the Markov
1
property we have X! <, X5 =, Xh.

The following example shows an application of Theorem 1.B.14 in the area

of Bayesian imperfect repair.

Ezample 1.B.16. Let ©1 and O3 be two random variables as in Example 1.A.7.
Let Gy, X (), Y1, and Y5 also be as in Example 1.A.7. Note that (1.B.20) holds

because K * (y)/fl_e(y) is increasing in y whenever 0 < 6 < ¢’ < 1. Thus,
if ©1 <yp O2, then Y7 <y Yo

It is of interest to compare Example 1.B.16 to Example 5.B.13 which deals
with random minima and maxima.

The next example deals with the same proportional hazard model as in
Example 1.B.16; however, for convenience we change the notation.

Example 1.B.17. Let © and X be two nonnegative random variables with
distribution function F' and G, respectively. Let Y have the survival function
H defined as

— *®_9
7= [ G0are), yzo.
0
Suppose that G is absolutely continuous with hazard rate function r. Then

H is also absolutely continuous, and we denote its hazard rate function by
q. We will now show that if F® < 1, then X <j, Y. In order to see it,
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write H(y) = ( g G(y)), where M is the moment generating function of ©.
Differentiating — log H (y) we obtain
d. = M'(log G(y))
q =——1IlogH =r(y) —————"
(y) = =g, e Hw) = ()7 (o2 T (1))
EOe® logG(y) EOEe®loeG(y)
=W —omma S"TW—FamEma = TWEO <r(y),

Ee© log G(y) Ee®log G(y)

where the first inequality follows from Chebyshev’s Inequality (that is, Cov(O,
e® logG(y)) < 0), and the second inequality follows from E© < 1. The stated
result now follows from (1.B.2).

The following result gives a Laplace transform characterization of the order
<ir. It should be compared with Theorem 1.A.13.

Theorem 1.B.18. Let X7 and X5 be two nonnegative random variables, and
let N)(X1) and Nx(Xs3) be as described in Theorem 1.A.13. Then

X1 <ur X2 < N,\(Xl) <hr N)\(X2) fOT’ all A > O7
where the notation Nx(X1) <pr Na(X2) is in the sense of (1.B.9).
Proof. First suppose that X; <p, X5. Denote

(Az)n—1

_ — Az
F)\(n,x) = )de m,

n>1 x>0.

Let @y*(n) = P{Nx(X1) > n} and @y*(n) = P{Nx(X2) > n} be as in the
proof of Theorem 1.A.13. Then it can be verified that

Efl(n):/o I'y(n,r)F(x)dz and an(n):/o I'\(n,z)Fy(x)dz,

where F; and Fj are the survival functions corresponding to X; and X,. For
n1 < ng, some computation yields

oci( (nl)oc)\ ng) —a)\ (ng)aA (ny)
/ /OFA n1,2)Fa(nay y) — Da(n,y) (o, )]
Fi(@)Fa(y) = F1(y)Fa () dedy.

It is not hard to verify that if x < y and nq < ng, then [I'\(n1,z)I\(n2,y) —
I(n1,y) I (ng,x)] > 0. Also, using (1.B.4) it is seen that X7 <j, X5 implies

[Fl(x)Fg(y) —F1(y)F2 (:1:)] > 0 for z < y. Thus, from (1.B.10) it is seen that
NA(X1) <ne Na(X2).
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Now suppose that Nx(X71) <pr Na(X2) for every A > 0. Define ¢(n, A) =
ax*(n)/ay?(n). It can be shown that ¢(n, \) increases in A and decreases in
n. Thus, ¢(n,n/x) > c¢(n,n/y) whenever x < y. Letting n — oo shows that
Fi(x)/Fo(z) > Fi(y)/Fa(y) for all continuity points x and y of F} and F
such that  <y. Thus, from (1.B.3) it is seen that X; <;, Xo. O

The implication = in Theorem 1.B.18 can be generalized in the same
manner that Theorem 1.A.14 generalizes the implication = in Theorem
1.A.13. We will not state the result here since it is equivalent to Theorem
1.B.14.

A related result is the following.

Theorem 1.B.19. Let X1, Xo,..., X, ©1, and O3 be independent nonneg-
atiwe random variables. Define

n
i=1

where
1 if 60;X; >t,
Lo, x,)(t) = { SO

0 if 0,X; <t
If ©1 <pr O2 then N1(t) <py Na(t) in the sense of (1.B.9) for allt > 0.

The following easy-to-prove result strengthens Theorem 1.A.15. An even
stronger result appears in Theorem 1.C.27.

Theorem 1.B.20. Let X be any random variable. Then X (_ q and X (4 00)
are increasing in a in the sense of the hazard rate order.

In Theorem 1.A.17 it was seen that if ¢ is a function which satisfies that
¢(z) <z for all z € R, then ¢(X) <g X. The order <y, does not satisfy such
a general property. However, we have the following easy-to-prove result.

Theorem 1.B.21. Let X be a nonnegative IFR random variable, and let a <
1 be a positive constant. Then aX <y, X.

In fact, a necessary and sufficient condition for a nonnegative random
variable X, with survival function F, to satisfy aX <p, X for all 0 < a < 1,
is that log F(e®) is concave in z > 0.

In the next result it is shown that a random variable, whose distribution
is the mixture of two distributions of hazard rate ordered random variables, is
bounded from below and from above, in the hazard rate order sense, by these
two random variables.

Theorem 1.B.22. Let X and Y be two random wvariables with distribution
functions F' and G, respectively. Let W be a random wvariable with the dis-
tribution function pF + (1 — p)G for some p € (0,1). If X <y, Y, then
X Shr w Shr Y.
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Proof. Let ux, uy, and uy denote the right endpoints of the supports of the
corresponding random variables, and note that max(ux, uy ) = max(ux,uy).
Now, if X <y, Y, then

pE(t) + (1 - p)G()
F(t)

Ql

(t)
(t

is increasing in t € (—oo, max(ux,uw)). Therefore, by (1.B.3), X <, W.
The proof that W <y, Y is similar. 0O

=p+(1-p)

ol

Ezxample 1.B.23. For a nonnegative random variable X with density function
f, and for a nonnegative function w such that E[w(X)] exists, define X™ as
the random variable with the so-called weighted density function f,, given by

w@ i@

P = i) 2

Similarly, for another nonnegative random variable Y with density function g,
such that E[w(Y")] exists, define Y as the random variable with the density
function g,, given by

w(x)g(x)
>0
0= By T
We will show that if w is increasing, then
X< Y = xv <ur Yv. (1.B.23)

In order to do this, first note that the hazard rate function rx« of X" is given
by

w(z)rx (z)
Elw(X)|X > a]’

where rx is the hazard rate function of X. Similarly, the hazard rate function
ryw of Y is given by

rxw(z) = >0,

wEhry@

O By a7

where ry is the hazard rate function of Y. Now, from X <, Y it follows
that [X|X > x] <y, [Y|Y > a] for all # > 0. Next, using Theorem 1.B.2 and
the monotonicity of w, we get that [w(X)|X > 2] <u: [w(Y)|Y > 2], and
therefore, by Theorem 1.B.1, E[w(X)|X > 2] < E[w(Y)|Y > z]. Combining
this inequality with rx > ry, it is seen that rxw > ryw.

The above random variables are also studied in Example 1.C.59.

In particular, taking w to be the identity function w(z) = x, we see from
(1.B.23) that the hazard rate ordering of X and Y implies the hazard rate
ordering of the corresponding spread (or length-biased) random variables. See
Example 8.B.12 for another result involving spreads.
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Analogous to the result in Remark 1.A.18, it can be shown that the set
of all distribution functions on R U {oo} is a lattice with respect to the order
<hr-

The following example may be compared to Examples 1.C.48, 2.A.22,
3.B.38, 4.B.14, 6.B.41, 6.D.8, 6.E.13, and 7.B.13.

Example 1.B.24. Let X and Y be two absolutely continuous nonnegative
random variables with survival functions F and G, respectively. Denote
Ay = —logF, Ay = —log G, and \; = A}, i = 1,2. Consider two nonhomoge-
neous Poisson processes Ny = {Ny(t), t > 0} and No = {Nz(¢), t > 0} with
mean functions A; and A, (see Example 1.B.13), respectively. Let T; 1, T; 2, . . .
be the successive epoch times of process N;, i = 1,2. Note that X =g 111
and Y =st Tg’l.

It turns out that the hazard rate ordering of the first two epoch times
implies the hazard rate ordering of all the corresponding later epoch times;
that is, it will be shown below that if X <y, Y, then 11, <pr Top, 7 > 1.

The survival function Fl,n of Ty, is given by

S WO a0 Z 7 4,1), t>0, (1LB24)

where I',, is the survival function of the gamma distribution with scale pa-
rameter 1 and shape parameter n. The corresponding density function fi , is
given by

Jin(t) = (Ai(8)) M (), 20,

where 7, is the density function associated with I',,. The corresponding hazard
rate function rp, , is given by
ey, (0) =1, (A(#)M(t), ¢ =0,

where rr, is the hazard rate function associated with I',,. Similarly,

TRy, () = rp, (A2(t)A2(t), t>0.

If X <, Y, then

Ry, (1) =7, (A ()M () = rr, (A2()X2(t) = 7R, (1), t >0,

where the inequality follows from A1 (¢) > Ao(t), A1(t) > Aa(t), and the fact
that the hazard rate function of the gamma distribution described above is
increasing.

Now let X;,, = T}, — Tin—1, n > 1 (where T; ¢ = 0), be the inter-epoch
times of the process N;, ¢ = 1,2. Again, note that X =4 X1 and Y =4 Xo 1.
It turns out that, under some conditions, the hazard rate ordering of the first
two inter-epoch times implies the hazard rate ordering of all the corresponding
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later inter-epoch times. Explicitly, it will be shown below that if X <y, Y,
and if F and G are logconvex (that is, X and Y are DFR), and if

Aa(t)
A1 (t)

then X , <pr Xo, for each n > 1.

For the purpose of this proof let us denote F' by Fi, and G by F5. Let éim
denote the survival function of X, ,,, ¢ = 1,2. The stated result is obvious for
n =1, so let us fix an n > 2. Then, from (7) in Baxter [62] we obtain

is increasing in t > 0, (1.B.25)

AT N s O .
Gi,n(t)—/o Az(S)(n_2)!FZ(s+t)ds, t>0,i€{1,2}. (1.B.26)

Condition (1.B.25) means that
Ai(t) is TP2 (totally positive of order 2) in (i, t).

Condition (1.B.25) also implies that As(t)/A1(¢) is increasing in ¢ > 0, that
is, A;(t) is TP2 in (i,t). Since a product of TPy kernels is TP2 we get that

A2 ()
(n—2)!

)\z(t) is TP2 in (Z,t)

The assumption F; <y, F5 implies that

F;(s+t)is TPy in (4,5) and in (i,t).

Finally, the logconvexity of F; and of Fy means that

Fi(s+t)is TPy in (s, t).

Thus, by Theorem 5.1 on page 123 of Karlin [275], we get that G, ,(t) is TP
in (’L, t), that iS, le Shr X2,n-

The inequality X, <ur X2.,, n > 1, can also be obtained under slightly
weaker assumptions, namely, that X <y, Y, that (1.B.25) holds, and that
either X or Y is DFR; see Hu and Zhuang [245].

Example 1.B.25. Let X1, X9, Y1, and Y; be independent, nonnegative random
variables such that X; =g X5 and Y7 =g Y2. Denote by Ax and Ay the
hazard rate functions of X; and Y7, respectively. If Xy <, Y7, and if Ay /Ax
is decreasing on [0, 1), then

min{max(X1, X2), max(Y1,Y2)} <y, min{max(Xy,Y7), max(Xs,Y2)}.
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1.B.4 Comparison of order statistics

Let X1, Xs,...,X,, be random variables. As usual denote the corresponding
order statistics by X(1) < X(2) < -+ < X(;5). When we want to emphasize
the dependence on m, we denote the order statistics by X(1.,) < X(2im) <
+++ < X(m:m). The following three theorems compare the order statistics in
the hazard rate order.

Theorem 1.B.26. If X1, X5, ..., X,, are independent random variables, then
X(k) <hr X(k+1) f07" k= ].7 2, ey — 1.

A relatively simple proof of Theorem 1.B.26 can be obtained using the
likelihood ratio order which is discussed in the next section. Therefore the
proof of this theorem will be given there in Remark 1.C.40.

Theorem 12.5 in Cramer and Kamps [136] extends Theorem 1.B.26 to the
so called sequential order statistics.

Further comparisons of order statistics are given in the next two theorems.

Theorem 1.B.27. Let X1, X5, ..., X, be independent random variables. If
Xj <pe Xon forall j = 1,2,...,m — 1, then X(k—l:m—l) <ur X(k:m) for
k=23,...,m.

Theorem 1.B.28. If X1, X5, ..., X,, are independent random variables, then
X(k:m—l) Zhr X(k:m) fOT’ k= 1,2,...,m—1.

From Theorem 1.B.27 it follows that if X7, Xo,..., X,, are independent
random variables, then

X1y Zhr X1:2) Zhr - Zhe X(1:m)- (1.B.27)

One may wonder what kind of results of this type hold without the indepen-
dence assumption. Since X(1.1) > X(1:2) 2>+ + 2> X(1.m) a.8., it follows from
Theorem 1.A.1 that X 1.1y >st X(1:2) >t -+ >st X(1:m) hold without any (in-
dependence) assumption. However, a counterexample in the literature shows
that (1.B.27) does not always hold. We now describe some conditions under
which (1.B.27) holds.

Let X = (X1,Xs,...,X,,) be a random vector with a partially differ-
entiable survival function F. The function R = —log F is called the hazard
function of X, and the vector r x of partial derivatives, defined by

rx(z) = (Y (@), 7% (@),....r{ (@)
= (%R(w), %R(@ o %R(x)) (1.B.28)

for all x € {x : F(x) > 0}, is called the hazard gradient of X see Johnson

and Kotz [264] and Marshall [381]. Note that rg? () can be interpreted as
the conditional hazard rate of X; evaluated at x;, given that X; > z; for all
j #i. That is,
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_ filxs| X5 > x5,5 #1)
Fi(xi| X5 > 2,5 # 1)

where f;(-|X; > z;,7 # i) and F;(:|X; > x;, j # i) are the conditional density
and survival functions of X;, given that X; > z; for all j # . For convenience,
here and below we set Tg? (z) = oo for all z € {x : F(x) = 0}.

For any subset P C {1,2,...,m} define

9 ()

Yp = min X;.
iep
Denote

0 ifi¢ P,
1p(2) =
P (i) {1 ifiePp,
1p = (1p(1),1p(2),...,1p(m)), and 1pc=1-1p,

where 1 = (1,1,...,1), and P¢ denotes the complement of P in {1,2,...,m}.

o0 - I pe (Z) = { 1L ? ’

oo ifie Pe,

and 00 - 1pe = (00 - 1pe(1),00 - 1pe(2),...,00 - Lpe(m)). Then the survival
function Gp of Yp can be expressed as

Gp(t)=F(t-1p —o0o-1pc), teR.

Theorem 1.B.29. Let (X, Xo,...,X,,) be a random vector with an ab-
solutely continuous distribution function. Let P and @) be two subsets of
{1,2,...,m} such that P C Q. If

r(t-1p —o00-1pe) <r@D(t-1g —00-1¢g:), teR,icP, (1.B.29)

then
Yp > Y.

A sufficient condition for (1.B.29) is that
r(i)(acl,xg, ..., &) is increasing in z;, j#¢, i=1,2,...,m.

This is easily seen to be equivalent to the requirement that

nl !
F(l’h . 7.’1,‘i,1,$i,$i+1, e ,l’m)
F(xlv ey i1, LTy T 1y - - - 7xm)
is decreasing in z;, j # 4, whenever x; <z}, i =1,2,...,m. (1.B.30)

Condition (1.B.30) means that F is RRy (reverse regular of order 2) in pairs;
see Karlin [275]. In particular, it holds when X7, X5, ..., X}, are independent.
Karlin and Rinott [279] showed that some multivariate normal distributions,
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as well as the Dirichlet distribution, are RRy in pairs. So Theorem 1.B.29
applies to these distributions.

When (X7, Xs,...,X;n) has an exchangeable distribution function, then
the corresponding multivariate hazard function R is permutation symmetric.
Therefore each 7(¥) can be expressed by means of (V) as follows

i
rl )(I1,3327 e T 1, Ty Tig 1y Tn)
1 .
=l )(mi,xg,...,xi,l,xl,xiﬂ,...,xm)7 1=2,3,...,m.

Corollary 1.B.30. Let (X1, Xo,...,Xm) be a random vector with an abso-
lutely continuous exchangeable distribution function. If

1 1
r(t,t, ... t,—00,—00,...,—o0) < rM(tt, ... t,—00,—00,...,—0),
—— ——
i times m—1 times i+1 times m—i—1 times

teR,i=1,2,...,m—1, (1LB.31)

then
X(l:l) Zhr X(1:2) zhr e zhr X(lm) (1B32)

If (1.B.31) is not imposed, then (1.B.32) need not be true; this follows
from a counterexample in the literature.

The following result strengthens the DFR part of Theorem 1.A.19. Recall
that the spacings that correspond to the random variables X1, Xo,..., X, are
denoted by Uy = X3y — X(5-1), ¢ = 2,3,...,m, where the X(;)’s are the cor-
responding order statistics. When the dependence on m is to be emphasized,
we will denote the spacings by U;.p)-

Theorem 1.B.31. Let X1, X5, ..., X;m, Ximy1 be independent and identically
distributed, absolutely continuous, DFR random wvariables. Then

(m—i—Fl)U(i;m) <pr (m—i)U(i+1:m), 1=2,3,...,m—1, (1.B.33)
(m—i—l—?)U(i:erl) <hr (m—i—l—l)U(i:m), 1=23,...,m, (1.B.34)

and

U(z'mz) <hr U(i+1:m+1)v 1= 27 33 ceey M (1B35)
Note that (1.B.33)—(1.B.35) can be summarized as
(m = 3§+ 1)Uy <hr (0 =i+ 1)Uy whenever i@ — j > max{0,n — m}.

Theorem 1.B.31 is a simple consequence of Theorem 1.C.45 below. It is of
interest to compare Theorem 1.B.31 to Theorems 1.A.19 and 1.A.22.

A comparison of such normalized spacings from two different samples is
described next. Here Ug;.,) denotes, as before, the ith spacing that corre-
sponds to the sample X1, Xo, ..., Xy, and V{;.,,) denotes the jth spacing that
corresponds to the sample Y7, Y5, ..., Y,. It is of interest to compare the next
result with Theorem 1.C.45.
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Theorem 1.B.32. For positive integers m and n, let X1, Xo, ..., X,, be inde-
pendent identically distributed random variables with an absolutely continuous
common distribution function, and let Y1, Y3, ..., Y, be independent identically
distributed random wvariables with a possibly different absolutely continuous
common, distribution function. If X1 <y, Y1, and if either X1 or Yy is DFR,
then

(m = 3§+ DUy <st (0 =i+ 1)V(y)y whenever i — j > max{0,n —m}.

The hazard rate order is closed under the operation of taking minima, as
the next result shows.

Theorem 1.B.33. Let (X;,Y;), i = 1,2,...,m, be independent pairs of ran-
dom variables such that X; <y, Y;, i=1,2,...,m. Then

min{ X1, Xo, ..., X;n} <pr min{¥7,Ya2,..., Y, }.

Proof. Clearly, it is enough to show the result when m = 2. For simplicity
assume that X;, X5, Y7, and Y5 have hazard rate functions rq, 73, ¢1, and
g2, respectively. Then it is very easy to see that the hazard rate function
of min{Xy, X5} is 71 + r9 and the hazard rate function of min{Y7, Y5} is
q1 + g2. By the assumptions of the theorem (see (1.B.2)) r1(t) > ¢1(t) and
ro(t) > go(t) for all t > 0. Therefore rqi(t) + r2(t) > q1(t) + ¢2(t) for all ¢ > 0,
that is, min{ X7, Xo} <p, min{Y7,Y2}. O

If the X;’s in Theorem 1.B.33 are identically distributed and if the Y;’s in
Theorem 1.B.33 are also identically distributed, then all order statistics (and
not just the minima) corresponding to the X;’s and the ¥;’s can be compared
in the hazard rate order. This is shown in the following result.

Theorem 1.B.34. Let (X;,Y;), i = 1,2,...,m, be independent pairs of ab-
solutely continuous random variables such that X; <y, Y;, ¢ = 1,2,...,m.
Suppose that the X;’s are identically distributed and that the Y;’s are identi-
cally distributed. Then

X(k:m) <ur Yv(k:m), k= ].7 27 ceey M. (1B36)

If the X;’s or the Y;’s in Theorem 1.B.34 are not identically distributed,
then the conclusion (1.B.36) need not hold. However, the following result,
from Chapter 16 by Boland and Proschan in [515], gives conditions under
which (1.B.36) holds.

Proposition 1.B.35. Let X1, Xo,..., X, [respectively, Y1,Ya,..., Y] be m
independent (not necessarily identically distributed) absolutely continuous
random variables, all with support (a,b) for some a < b. If X; <u Y; for
all i and j, then X (hm) <hr Yk:m), k= 1,2,...,m.

A result which is stronger than Proposition 1.B.35, but which uses Propo-
sition 1.B.35 in its proof, is the following.
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Theorem 1.B.36. Let X, Xo,...,X,, be m independent (not necessarily
identically distributed) random variables, and let Y1,Ys, ..., Y, be other n in-
dependent (not necessarily identically distributed) random wvariables, all hav-
ing absolutely continuous distributions with support (a,b) for some a < b. If
X; <u Yj for alli and j, then

X(im) <nhr Y(im) whenever i — j > max{0,n —m}.

The proof of Theorem 1.B.36 uses the likelihood ratio order which is dis-
cussed in the next section. Therefore the proof will be given in Remark 1.C.41.

The following example describes an interesting instance in which the two
maxima are ordered in the hazard rate order. It may be compared with Ex-
ample 3.B.32.

Example 1.B.37. Let Y1,Ys,...,Y,, be independent exponential random vari-
ables with hazard rates Aq, Mg, ..., A\, respectively. Let Xq, Xo, ..., X,, be
independent and identically distributed exponential random variables with
hazard rate A = >_/" A;/m. Then

Let Z1,25,...,7Z,, be independent and identically distributed exponential
random variables with hazard rate A = (Hm )\Z—)l/ ™. Then

=1

In fact, from the arithmetic-geometric mean inequality (A > 5\) and Proposi-
tion 1.B.35, it follows that (1.B.38) implies (1.B.37).

1.B.5 Some properties in reliability theory

The order <y, can be trivially (but beneficially) used to characterize IFR
random variables. The next result lists several such characterizations. Recall
from Section 1.A.3 that for any random variable Z and an event A we denote
by [Z ‘A] any random variable that has as its distribution the conditional
distribution of Z given A.

Theorem 1.B.38. The random variable X is IFR [DFR] if, and only if, one
of the following equivalent conditions holds (when the support of the distri-
bution function of X is bounded, condition (iii) does not have a simple DFR
analog):

(i) [X — t|X > t] >nr [Swi) [X — /| X > ¢'] whenevert <t
(i) X >pe [<ne] [X —t|X > 1] for allt >0 (when X is a nonnegative random
variable).
(iii) X +¢ <py X + ¢ whenever t <t'.
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Note that if X is the lifetime of a device, then [X — t|X > t] is the
residual life of such a device with age ¢. Theorem 1.B.38(i), for example,
characterizes IFR random variables by the monotonicity of their residual lives
with respect to the order <y,. Some multivariate analogs of conditions (i) and
(ii) of Theorem 1.B.38 are used in Section 6.D.3 to introduce a multivariate
IFR notion.

Part (iii) of Theorem 1.B.38 can be used to prove the closure under con-
volution property of IFR random variables:

Corollary 1.B.39. Let X and Y be two independent IFR random variables.
Then X +Y has an IFR distribution.

Proof. From Theorem 1.B.38(iii) it follows that X + ¢ <,, X + ¢ whenever
t <t'. Also, Y is independent of X +t and of X+t for all ¢ and ¢/, respectively.
From Lemma 1.B.3 it now follows that X +Y +t <y, X +Y + ¢ whenever
t < t'. Thus, again from Theorem 1.B.38(iii), it follows that X + Y is IFR.
O

Recall from (1.A.20) that for a nonnegative random variable X with a
finite mean we denote by Ax the corresponding asymptotic equilibrium age.
Recall from page 1 the definitions of the DMRL and the IMRL properties.
The following result is immediate.

Theorem 1.B.40. The nonnegative random variable X with finite mean is
DMRL [IMRL)] if, and only if, X >nr [<n:] Ax.

1.B.6 The reversed hazard order

If X is a random variable with an absolutely continuous distribution function
F, then the reversed hazard rate of X at the point ¢ is defined as 7(t) =
(d/dt)(log F(t)). One interpretation of the reversed hazard rate at time t is
the following. Suppose that X is nonnegative with distribution function F.
Then X can be thought of as the lifetime of some device. Given that the
device has already failed by time ¢, then the probability that it survived up
to time ¢t — e (for a small £ > 0) is approximately e - 7#(t). Some of the results
regarding the hazard rate order have analogs when the hazard rate is replaced
by the reversed hazard rate.

Let X and Y be two random variables with absolutely continuous distri-
bution functions and with reversed hazard rate functions 7 and ¢, respectively,
such that

7(t) < G(t), teR. (1.B.39)

Then X is said to be smaller than'Y in the reversed hazard rate order (denoted
as X <, Y).

In fact, the absolute continuity, which is required in (1.B.39), is not really
needed. It easy to verify that (1.B.39) holds if, and only if,
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G(t)

0] increases in t € (min(lx,ly),o0) (1.B.40)

(here a/0 is taken to be equal to co whenever a > 0). Here F' denotes the
distribution function of X and G denotes the distribution function of Y, and
lx and ly denote the corresponding left endpoints of the supports of X and
of Y. Equivalently, (1.B.40) can be written as

F(z)G(y) > F(y)G(z) forall z <y. (1.B.41)

Thus (1.B.40) or (1.B.41) can be used to define the order X <., Y even if
X and/or Y do not have absolutely continuous distributions. The analog of
(1.B.5) for the reversed hazard order when X and Y have densities f and g,
respectively, is that X <., Y if, and only if,

fy) _ 9y
Fz) = G(z)

for all z < y. (1.B.42)

Another condition that is equivalent to X <., Y is

GF~Y(u) < GF~1(v)

forall0<u<v<l1.

Finally, another condition that is equivalent to X <,, Y is
P{X—-t< —S|X§t} >P{Y —t< —s|Y§t} for all s > 0 and all ¢,

or, equivalently,
[(X|X <] < [Y|Y <] forall t. (1.B.43)

For discrete random variables X and Y that take on values in N, we denote
X<pYif
P{X =n} < P{Y =n}
P{X <n} — P{Y <n}’
A useful relationship between the hazard rate and the reversed hazard rate
orders is described in the following theorem.

neN. (1.B.44)

Theorem 1.B.41. Let X and Y be two continuous random variables with
supports (Ix,ux) and (ly,uy), respectively. Then

X ghr Y — ¢(X) Zrh ¢(Y)
for any continuous function ¢ which is strictly decreasing on (Ix,uy). Also,
X< Y — ¢(X) Zhr QS(Y)

for any such function ¢.

Using Theorem 1.B.41 it is easy to obtain the following analogs of results
regarding the order <j,.
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Theorem 1.B.42. If X and Y are two random variables such that X <., Y,
then X <4 Y.

Theorem 1.B.43. If X <., Y, and if ¢ is any increasing function, then

Lemma 1.B.44. If the random variables X and Y are such that X <, Y,
and if Z is a random variable independent of X and Y and has decreasing
reversed hazard rate, then

Theorem 1.B.45. Let (X;,Y;), i = 1,2,...,m, be independent pairs of ran-
dom variables such that X; <., Y;, i =1,2,...,m. If X;,Y;,i=1,2,...,m,
all have decreasing reversed hazard rates, then

m m
Z Xz <ih Z Y;
i=1 i=1

Theorem 1.B.46. Let X, Y, and © be random variables such that [X’@ =
0] <in [Y’@ =0'] for all 6 and ¢ in the support of ©. Then X <., Y.

In order to state a bivariate characterization result for the order <,, we
define the following class of bivariate functions:

Gen = {¢ : R? = R : ¢(z,y) is increasing in z, for each y, on {z <y},

and is decreasing in y, for each x, on {y < z}}.

The proof of the next result (Theorem 1.B.47) is similar to the proof of The-
orem 1.B.9.

Theorem 1.B.47. Let X and Y be independent random variables. Then X
< Y if, and only if,

d(X,Y) < (Y, X) forall ¢ € G-

The next result uses the notation of Theorem 1.A.10.

Theorem 1.B.48. Let X and Y be two independent random variables. Then
X <Y if, and only if,

E¢(X,Y) < Epa(X,Y)

for all 1 and ¢o such that, for each y, Adoy(x,y) decreases in x on {x < y},
and such that Agoy(x,y) > —Ad21(y, x) whenever x < y.

A further similar characterization is given in Theorem 4.A.36.
The following result is an analog of Theorem 1.B.11.
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Theorem 1.B.49. Let X and Y be two independent random variables. Then
X <wm Y if, and only if,

[(X|max(X,Y) = z] <, [Y|max(X,Y) = 2] for all 2. (1.B.45)
Also, X <., Y if, and only if,
[(X|max(X,Y) = z] <g [Y|max(X,Y) =2z] for all z. (1.B.46)

Proof. First suppose that X and Y are absolutely continuous. Denote the
distribution functions of X and Y by F and G, respectively, and denote the
corresponding density functions by f and g. Then

F(2)g(2) it <
PIX < z|max(X,Y) = 2] = { TOCEHEFGE T =5 gy
1, if x> 2,
and
G(2)f(2) £ <
PIY < z|max(X,Y) = 2] = { TOCETEHFE DT =% (] g g
1, ifx > z.
Therefore
PlY <z|max(X,Y) =2] ggig - chgg’ if x <z, (1.B.49)
P[X < z|max(X,Y) = 2] 1, if x>z o

If X <., Y, then % is increasing in x, and ggg . ggz; < 1. Thus (1.B.49) is
increasing in z, and (1.B.45) follows. Obviously (1.B.46) follows from (1.B.45).

Now suppose that (1.B.46) holds. Then from (1.B.47) and (1.B.48) we get
that F(x)g(z) > G(z)f(z) for all z < z. Therefore X <,, Y by (1.B.42).

The proof when X and Y are discrete is similar. O

The following result is an analog of Theorem 1.B.12.

Theorem 1.B.50. Let X and Y be two independent random variables. The
following conditions are equivalent:

(a) X <th Y.

(b) E[a(X)]E[B(Y)] > Ela(Y)]E[B(X)] for all functions o and (8 for which
the expectations exist and such that (8 is nonnegative and o/ and 3 are
decreasing.

(¢c) For any increasing function a and a nonnegative decreasing function b, if
Ela(Y)b(Y)] =0, then Ela(X)b(X)] <O0.

Ezample 1.B.51. Let X and Y be two random variables with support [c,d],
where ¢ < 0 < d, and suppose that E[Y] > 0. Let u be an increasing differen-
tiable concave function, corresponding to the utility function of a risk-averse
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individual. Let kx be a value which maximizes gx (k) = E[u(kX)], and simi-
larly let ky be a value which maximizes gy (k) = E[u(kY)]. Theorem 1.B.50(c)
can be used to prove that if X <., Y, then kx < ky. In order to see it, first
note that the result is trivial if kx = —oo or if ky = oo. Thus, let us assume
that kx and ky are finite. Note that then kx and ky satisty E[Xu' (kxX)] =0
and E[Yu (kyY)] = 0, where v’ denotes the derivative of u. Also note that
from the assumption E[Y] > 0 it follows that ky > 0. Without loss of gen-
erality let ky = 1. Thus E[Y 4/ (Y)] = 0, and using the concavity of u the
assertion would follow if we show that E[Xu'(X)] < 0. But this follows from
Theorem 1.B.50(c).

Consider now a family of distribution functions {Gy, 6§ € X'} where X is a
subset of the real line. As in Section 1.A.3 let X (6) denote a random variable
with distribution function Gy. For any random variable © with support in X,
and with distribution function F', let us denote by X(©) a random variable
with distribution function H given by

H(y) = /X Go(y)dF(0), yeR.

The following result generalizes Theorem 1.B.43, just as Theorem 1.A.6 gen-
eralized Theorem 1.A.3(a). The proof of the next theorem is similar to the
proof of Theorem 1.B.14 and is therefore omitted.

Theorem 1.B.52. Consider a family of distribution functions {Gy, 0 € X'}
as above. Let @1 and Oy be two random wvariables with supports in X and
distribution functions Fy and Fy, respectively. Let Y1 and Yo be two random
variables such that Y; =g X (0;), 1 = 1,2; that is, suppose that the distribution
function of Y; is given by

Hily) = /X Go(y)dFi(9), yeR, i=1,2.

If
X (0) <in X(0') whenever 0 < ¢,
and if
01 <in O3,
then
Y1 < Yo

The following result, which is the “reversed hazard analog” of Theorem

1.B.18, gives a Laplace transform characterization of the order <,y,.

Theorem 1.B.53. Let X7 and X3 be two nonnegative random variables, and
let Nx(X1) and Nx(X2) be as described in Theorem 1.A.13. Then

X1 <o X <= Nia(X1) <;n Na(X2) for all X >0,
where the notation Nx(X1) <;n Nx(X2) is in the sense of (1.B.44).
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The implication = in Theorem 1.B.53 can be generalized in the same
manner that Theorem 1.A.14 generalizes the implication = in Theorem
1.A.13. We will not state the result here since it is equivalent to Theorem
1.B.52.

The reversed hazard analog of Theorem 1.B.19 is the following.

Theorem 1.B.54. Let X1, Xo,..., X, ©1, and O3 be independent nonneg-
ative random variables. Define N;(t) fort > 0 and j = 1,2 as in Theorem
1.B.19. If ©1 <, Os, then Ni(t) < Na(t) in the sense of (1.B.44) for all
t > 0.

The reversed hazard analog of Theorem 1.B.20 is the following.

Theorem 1.B.55. Let X be any random variable. Then X (_ s q) and X (4 00)
are increasing in a in the sense of the reversed hazard order.

Analogous to the result in Remark 1.A.18, it can be shown that the set of
all distribution functions on R U {—oc} is a lattice with respect to the order
<rh-

The reversed hazard analog of Theorem 1.B.26 is the following.

Theorem 1.B.56. If X1, X5, ..., X,, are independent random variables, then
X(k) <th X(k—i—l) fO?" k= 172, ey — 1.

The reversed hazard analog of Theorem 1.B.27 is the following.

Theorem 1.B.57. Let X1, X5, ..., X,, be independent random variables. If
X <on Xj forall j = 1,2,...,m — 1, then X_10n-1) <eh X(k:m) for
k=23,...,m.

The reversed hazard analog of Theorem 1.B.28 is the following.

Theorem 1.B.58. If X1, X5, ..., X,, are independent random variables, then
X(k:m—l) Zrh X(k:m) fOT’ k= 1,2,...,m—1.

The reversed hazard analogs of Theorems 1.B.33, 1.B.34, and 1.B.36 are
the following results.

Theorem 1.B.59. Let (X;,Y;), i = 1,2,...,m, be independent pairs of ran-
dom wvariables such that X; <., Y;, i =1,2,...,m. Then
max{ Xy, Xo,..., X} <on max{¥7,Ys,..., Y, }.

Theorem 1.B.60. Let (X;,Y;), i = 1,2,...,m, be independent pairs of ab-
solutely continuous random variables such that X; <., Y;, ¢+ = 1,2,...,m.
Suppose that the X;’s are identically distributed and that the Y;’s are identi-
cally distributed. Then

X(k:m) Srh }/(k:m)a k= 172,...,77],,
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Theorem 1.B.61. Let X1, Xo,...,X,, be m independent (not necessarily
identically distributed) random variables, and let Y1,Ys, ..., Y, be other n in-
dependent (not necessarily identically distributed) random wvariables, all hav-
ing absolutely continuous distributions with support (a,b) for some a < b. If
X; <m Yj for alli and j, then

X(im) <h Y(im) whenever i — j > max{0,n —m}.

Finally, the reversed hazard analog of Theorem 1.B.38 is the following.

Theorem 1.B.62. The random wvariable X with support (a,b), for some
—o00 < a < b < 00, has decreasing [increasing] reversed hazard rate if, and
only if, one of the following equivalent conditions holds:

(i) [X — t|X <t] > [<en) [X — /| X < t'] whenever a <t <t <b.
(i) X < [>m] [X —t|X < t] for all t € (a,b) (when X is a nonpositive
random variable).
(i) X + ¢ <n [>m] X +t' whenever a <t <t' <b.

Corollary 1.B.63. Let X and Y be two independent random variables with
decreasing reversed hazard rates. Then X +Y has a decreasing reversed hazard
rate.

1.C The Likelihood Ratio Order

1.C.1 Definition

Let X and Y be continuous [discrete] random variables with densities [discrete
densities] f and g, respectively, such that

t
,!]Z.Et)) increases in t over the union of the supports of X and ¥ (1.C.1)
(here a/0 is taken to be equal to co whenever a > 0), or, equivalently,

f@g(y) > f(y)g(x) forall z <y. (1.C.2)

Then X is said to be smaller than Y in the likelihood ratio order (denoted by
X <y Y). By integrating (1.C.2) over x € A and y € B, where A and B are
measurable sets in R, it is seen that (1.C.2) is equivalent to

P{X e A}P{Y €e B} > P{X € B}P{Y € A}
for all measurable sets A and B such that A < B, (1.C.3)

where A < B means that x € A and y € B imply that x < y. Note that
condition (1.C.3) does not directly involve the underlying densities, and thus



1.C The Likelihood Ratio Order 43

it applies uniformly to continuous distributions, or to discrete distributions,
or even to mixed distributions.

At a first glance (1.C.1) or (1.C.2) or (1.C.3) seem to be unintuitive tech-
nical conditions. However, it turns out that in many situations they are very
easy to verify, and this is one of the major reasons for the usefulness and im-
portance of the order <j,. It is also easy to verify by a simple differentiation
(at least when X and Y have the same support) that

X <, Y <= GF~! is convex. (1.C4)

Here F' and G are the distribution functions of X and Y, respectively.

1.C.2 The relation between the likelihood ratio and the hazard
and reversed hazard orders

Note that from (1.C.1) it follows (in the continuous case) that

y oo 0 ry
/ ft)gtHdt'dt > / f()gt)dt'dt for all z < y,
t=x Jt'=y t=y Jt'=x

which, in turn, implies that
/ f(t)dt/ g(tH)dt' > / g(t)dt/ fHdt for all z <y,
x Y x Y
that is, (1.B.4). We thus have shown a part of the following result. The other

parts of the next theorem are proven similarly (recall that the discrete versions
of the orders <y, and <,j, are defined in (1.B.9) and (1.B.44), respectively).

Theorem 1.C.1. If X and Y are two continuous or discrete random variables
such that X <, Y, then X <;,, Y and X <, Y (and therefore X <4 Y).

Remark 1.C.2. Neither of the orders <y, and <,;, (even if both hold simultane-
ously) implies the order <j,. In order to see it let X be a uniform random vari-
able over the set {1,2,3,4} and let Y have the probabilities P{Y =1} = .1,
P{Y =2} =3, P{Y =3} = .2, and P{Y =4} = .4. Then it is not true that
X <y, Y, however, in this case we have that X <p, Y and also that X <., Y.

Remark 1.C.3. Using Theorem 1.C.1 we can now give a proof of Theorem
1.A.22. Let F' and f denote, respectively, the distribution function and the
density function of X;. Given X(;_1.,) = v and X(j41.») = v, the conditional
density of Uy;.,) at the point w is %, 0 < w < v—u, and the conditional
density of Ug;y1.m) at the point w is %, 0 <w< v—u. Since f is
increasing [decreasing] it is seen that, conditionally, Ugi.m) >1r [<ie] Uit1:m)s
and therefore, by Theorem 1.C.1, Uiy >st [<st] Uit1:m)- Theorem 1.A.22
now follows from Theorem 1.A.3(d).
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Although neither of the orders <j, and <,; implies the order <j, (see
Remark 1.C.2), the following result gives a simple condition under which this
is actually the case. The proof is immediate and is therefore omitted.

Theorem 1.C.4. Let X and Y be two random variables with distribution
functions F' and G, (discrete or continuous) hazard rate functions r and q, and
(discrete or continuous) reversed hazard rate functions 7 and G, respectively.
(a) If X <p Y and if % increases in t, then X <, Y.

(b) If X <, Y and if ggg increases in t, then X <, Y.

1.C.3 Some properties and characterizations

The usual stochastic order has the useful and important constructive property
described in Theorem 1.A.1. There is no analogous property associated with
the likelihood ratio order. Therefore it is of importance to understand bet-
ter the relationship between the orders < and <. We already know from
Theorems 1.C.1 and 1.B.1 that the likelihood ratio order implies the usual
stochastic order. The following result characterizes the likelihood ratio order
by means of the order <. It says that X <;; Y if, and only if, for any in-
terval I, the conditional distribution of X, given that X € I, is stochastically
smaller than the conditional distribution of Y, given that Y € I.

As in Section 1.A.3, [Z |A] denotes any random variable that has as its
distribution the conditional distribution of Z given A. It is of interest to
contrast the next result with (1.B.7) and (1.B.43).

Theorem 1.C.5. The two random variables X andY satisfy X <, Y if, and
only if,

[X|a < X <b] <g [Y’a <Y <b] whenevera <b. (1.C.5)

Proof. Suppose that (1.C.5) holds. Select an a and a b such that a < b. Then

P{nggb}<P{u§Y§b} henever u € [a, b]
Pla<X<b} ~Pla<y <b} o
It follows then that

P{a§X<u}>P{a§Y<u}
Plu<X <b} =~ P{lu<Y <b}

whenever u € [a, b].

That is,

P{a§X<u}>P{u§X§b}
Pla<Y <u} = P{lu<Y <b}

whenever u € [a, b].

In particular, for u < b < v,
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P{u§X<b}>P{b§X§v}
Plu<Y <b} = P{b<Y <o}

Therefore, when X and Y are continuous random variables,

P{a§X<u}>P{b§X§v}
P{la<Y <u} =~ P{b<Y <}

whenever a < u < b <.

Now let @ — u and b — v to obtain (1.C.2). The proof for discrete random
variables is similar.

Conversely, suppose that X <;, Y, then clearly, [X|a <X <b] <y, [Y|a <
Y < b] whenever a < b (see also Theorem 1.C.6). From Theorems 1.C.1 and
1.B.1 we obtain (1.C.5). O

The likelihood ratio order is preserved under general truncations of the
involved random variables. This is stated in the next theorem, the proof of
which follows directly from (1.C.2).

Theorem 1.C.6. If X and Y are two random variables such that X < Y,
then for any measurable set A C R we have [X|X € A] <, [Y|Y € A].

By combining Theorems 1.C.5 and 1.C.6 it is seen that X <) Y if, and
only if,

[X|X € A] < [Y|Y € A] for all measurable sets A C R. (1.C.6)

In fact, one can take (1.C.6) as the definition of the likelihood ratio order.
The advantage of this approach is that it does not directly involve the under-
lying densities, and thus, similarly to condition (1.C.3), it applies uniformly
to continuous distributions, or to discrete distributions, or even to mixed dis-
tributions.

Using the characterization (1.C.3), it is not hard to obtain the following
result.

Theorem 1.C.7. Let {X;, j = 1,2,...} and {Y}, j = 1,2,...} be two se-
quences of random variables such that X; —s X and Y; = Y as j — oo. If
X; <Y, j=1,2,..., then X <, Y.

Let 1 be a strictly monotone increasing [decreasing] differentiable func-
tion with inverse ¢p~1. If X has the density function f, then t(X) has the
density function (f¢~1)/(¢'(x»~1')). Similarly, if Y has the density function
g, then 9(Y) has the density function (gyp=1)/(¥'(v~1)). If X <), Y, then

from (1.C.1) it follows that ngy i,iggjg;éz:gz,i EZ;;; decreases [increases| over the
unions of the supports of ¢(X) and (Y). We have thus proved an important
special case of Theorem 1.C.8 below. For discrete random variables the result
is proven in a similar manner. When ¢ is just monotone (rather than strictly
monotone) the result is still true, but the preceding simple argument is no

longer sufficient for its proof.
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Theorem 1.C.8. If X <}, Y and 1 is any increasing [decreasing] function,
then ¥(X) <ir [>1] ¥(Y).

If X1 < Y7 and X5 <, Y5, where X, and X5 are independent random
variables, and Y7 and Y5 are also independent random variables, then it is not
necessarily true that X; + X5 <j, Y7 + Y5. However, if these random variables
have logconcave densities, then it is true. In fact, a slightly stronger result is
true:

Theorem 1.C.9. Let (X;,Y;), i = 1,2,...,m, be independent pairs of ran-
dom wvariables such that X; <, Y;, i =1,2,....m. If X;,Y;, i =1,2,...,m,
all have (continuous or discrete) logconcave densities, except possibly one X

and one Yy, (I # k), then
Z Xi < Z }/l
i=1 i=1

Proof. Since a convolution of random variables with logconcave densities has
a logconcave density, it is enough to show that if Wy, W5, and Z are indepen-
dent random variables such that W7 <j, W5, and Z has a logconcave density
function, then Wy + Z <, W5 + Z. We will give the proof for the continuous
case; the proof for the discrete case is similar. Let fw,, fw,+z, ¢ = 1,2, and
fz denote the density functions of the indicated random variables. Then

fWi+Z(t) = L fz(t — w)qu(w) dw, 1=1,2,teR.

The assumption Wy <j, W3 means that fu, (w), as a function of w and of
1 € {1,2}, is TPy. The logconcavity of fz means that fz(t—w), as a function of
t and of w, is TPy. Therefore, by the basic composition formula (Karlin [275])
we see that fyw,;z(¢) is TPy in 4 € {1,2} and ¢; that is, Wy + Z <, Wa + Z.
O

Example 1.C.10. Consider m independent Bernoulli trials with probability p;
of success in the ith trial. Let ¢(k, p) denote the probability of k successes, k =
1,2,...,m, where p = (p1,p2,--.,Pm)- Then q(k + 1,p)/q(k,p) is increasing
in each p; for £k = 0,1,...,m — 1. In order to see it, let X; be a Bernoulli
random variable with probability p; of success, ¢ = 1,2,...,m, and assume
that the X;’s are independent. Similarly, let ¥; be a Bernoulli random variable
with probability p) of success, i = 1,2,...,m, and assume that the Y;’s are
independent. Obviously, the discrete density functions of the X;’s and of the
Y;’s are logconcave, and if p < p’, then X; <, Y;, i =1,2,...,m. The stated
result thus follows from Theorem 1.C.9.

For nonnegative random variables, Theorem 1.C.9 can be generalized fur-
ther by having more Y;’s summed than X;’s. Under the assumptions of The-
orem 1.C.9, one then obtains, for m < n, that
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i Xz <k zn: Y;
=1 =1

Of course, in this case, for m+1 < ¢ < n, the Y;’s only need to have logconcave
densities—they do not have to have corresponding X;’s to which they need
to be comparable in the order <j.. One may expect that the latter inequality
can be extended to the following one:

M N

> X<k ) Vi,

i=1 i=1

where M and N are two discrete positive integer-valued random variables, in-
dependent of the X;’s and of the Y;’s, respectively, such that M <;, N. Indeed
this inequality is true under some additional assumptions on the distributions
of the X;’s and the Y;’s that will not be stated here. An important special
case is the following theorem.

Theorem 1.C.11. Let {X;, i = 1,2,...} be a sequence of nonnegative in-
dependent random variables with logconcave densities. Let M and N be two
discrete positive integer-valued random variables such that M <;, N, and as-
sume that M and N are independent of the X;’s. Then

M N
Z Xi <ir Z X;.
i=1 i1

In Pellerey [445] it is claimed that the conclusion of Theorem 1.C.11 holds
even under the weaker assumption that M <y, N (in the sense of (1.B.9) or
(1.B.10)). However, there is a mistake in [445] (see Pellerey [446]).

It is of interest to compare Theorem 1.C.11 to the following result, which
combines uses of the likelihood ratio and the hazard [reversed hazard] rate
orders.

Theorem 1.C.12. Let {X;, ¢ = 1,2,...} be a sequence of nonnegative in-
dependent random wvariables that are IFR [have decreasing reversed hazard
rates|. Let M and N be two discrete positive integer-valued random variables
such that M <j, N, and assume that M and N are independent of the X;’s.

Then
M N
ZXi <hr [Sin ZXi-
i=1 i=1

Note that the hazard rate part of Theorem 1.C.12 is weaker than Theorem
1.B.7 because of Theorem 1.C.1.

The hazard rate order can be characterized by means of the likelihood ratio
order and the appropriate equilibrium age variables. Recall from (1.A.20) that
for nonnegative random variables X and Y with finite means we denote by
Ax and Ay the corresponding asymptotic equilibrium ages. The following
result is immediate from (1.B.3) and (1.C.1).
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Theorem 1.C.13. Let X and Y be two nonnegative random variables with
finite positive means. Then X <y, Y if, and only if, Ax < Ay.

In light of Theorem 1.C.13 it is of interest to note that the order <,
can also be used to characterize the hazard rate order as is described in the
next theorem. Let X and Y be two nonnegative random variables with finite
means and suppose that X <y Y and that EX < EY. Let F and G be the
distribution functions of X and of Y, respectively. Define the random variable
Zxy as the random variable that has the density function h given by

_ Gl -F()

h(z) = Ty —Ex .’ * > 0. (1.C.7)

Theorem 1.C.14. Let X and Y be two nonnegative random variables with
finite means such that X < Y and such that EY > EX > 0. Then

Ax <p Zxy <= Ay <p Zxy <= X <y Y,
where Zxy has the density function given in (1.C.7).

Proof. Denote by f. the density function of Ay. Then, using (1.A.20), we

obtain .
h(x) _ EY <1 B F(gc))7 c>0,
fex)  EY —EX G(x)
and the second stated equivalence follows from (
of the first equivalence is similar. O

1.C.1) and (1.B.3). The proof

It is of interest to contrast Theorem 1.C.14 with Theorems 2.A.5 and 2.B.3.

The likelihood ratio order enjoys a closure under mixture property which is
similar to the closure under mixture property of the hazard rate order stated
in Theorem 1.B.8. This is stated next; the proof is similar to the proof of
Theorem 1.B.8; we omit the details.

Theorem 1.C.15. Let X, Y, and © be random variables such that [X|@ =
0] <y [Y’@ =0'] for all 6 and 0" in the support of ©. Then X <, Y.

As a corollary of Theorem 1.C.15 we obtain the following result.

Corollary 1.C.16. Let N be a positive integer-valued random variable, and
let X;,1=1,2,..., be random wvariables which are independent of N. Let Y
be a random variable such that X; <, Y,t1=1,2,.... Then Xy < Y.

Consider now a family of (continuous or discrete) density functions {gg, 8 €
X'} where X is a subset of the real line. As in Section 1.A.3 let X (6) denote
a random variable with density function gy. For any random variable @ with
support in X, and with distribution function F, let us denote by X(©) a
random variable with density function h given by
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h(@/)Z/Xge(y)dF(e), yeR.

The following result generalizes both Theorems 1.C.8 and 1.C.15, just as The-
orem 1.A.6 generalized parts (a) and (c) of Theorem 1.A.3.

Theorem 1.C.17. Consider a family of density functions {gg, 0 € X} as
above. Let ©1 and O be two random variables with supports in X and dis-
tribution functions Fy and Fy, respectively. Let Y1 and Ys be two random
variables such that Y; =g X(6;), i = 1,2, that is, suppose that the density
function of Y; is given by

hay) = /X go(y)dF(8), yeR, i=12

If
X(0) <p X(¢') whenever 6 < ¢, (1.C.8)
and if
01 <i O2, (1.C.9)
then
Y] < Yo (1.C.10)

Proof. We give the proof under the assumption that ©; and @, are absolutely
continuous with density functions fi and fs, respectively. The proof for the
discrete case is similar. Assumption (1.C.8) means that gy(y), as a function
of 0 and of y, is TPy. Assumption (1.C.9) means that f;(0), as a function
of i € {1,2} and of 6, is TP5. Therefore, by the basic composition formula
(Karlin [275]) we see that h;(y) is TPy in i € {1, 2} and y. That gives (1.C.10).
O

A related result is the following; see also Theorems 1.B.19 and 1.B.54.

Theorem 1.C.18. Let X1, Xo,..., X;m, ©1, and O2 be independent nonneg-
ative random variables. Define N;(t) fort > 0 and j = 1,2 as in Theorem
1.B.19. [f @1 Slr @2, then Nl(t) Slr Ng(t) fO?” all t Z 0.

The following example is an application of Theorem 1.C.17; it may be
compared to Examples 1.A.7 and 1.B.16.

Example 1.C.19. Let ©1 and ©5 be two nonnegative random variables with
distribution functions F; and Fb, respectively. Let G be some absolutely con-
tinuous distribution function, and let g be the corresponding density function.
Denote by X () a random variable with the distribution function G?. Define
Y; = X(6;); that is, the distribution function H; of Y; is given by

Hily) = /0 G(y)AF(0), yeR, i=12
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Note that the density function kg of X () is given by
ko(y) = 09(y)G°(y), yeR.
It is easy to verify that (1.C.8) holds. Thus, by Theorem 1.C.17, if O <, Oq,
then Y1 Slr YQ.
Now, denote by X () a random variable with the survival function éa,

where G =1 — G. Define ¥; = X (©,); that is, the survival function H, of Y;
is given by

B = [ Gwane), yer i-12
0
Note that the density function kg of X (6) is given by

ko(y) = 09()G (), yeER.

It is easy to verify now that X (6) >, X(#') whenever § < ¢’. Thus, by an
obvious modification of Theorem 1.C.17, if @1 <, @5, then Y] >, Ys.

In order to state a bivariate characterization result for the order <;, we
define the following class of bivariate functions:

G ={¢:R* = R: é(z,y) < ¢(y, ) whenever z < y}.

Theorem 1.C.20. Let X and Y be independent random wvariables. Then
X <, Y if, and only if,

O(X,Y) <g ¢(Y,X) for all ¢ € Gy, (1.C.11)

Proof. We give the proof for the absolutely continuous case only; the proof for
the discrete case is similar. Suppose that (1.C.11) holds. Select u, v, Au > 0,
and Av > 0 such that v < v. As before, let 14 denote the indicator function
of the set A, and define ¢(z,y) = I{y—Au<y<uv<e<vt+av}- Clearly, ¢ € Gi.
Hence

Plo<X<v+Av,u—Au<Y <u} = E¢(X,Y)
<EHY,X)=P{v<Y <v+4+ Av,u — Au < X <u}.

Dividing both sides by AudAwv and letting Au — 0 and Av — 0, we obtain
(1.C.2), that is, X <, Y.

Conversely, suppose that X <, Y. Let ¢ € G}, and let ¢ be an increasing
function. Then

B (6(, X)) ~ (6(X, V)
/ J[10(00.2) = (o) f@)gl)dady

— [ | w(6t.) ~ w6 i)l @) - Fg(e)ldyds > 0.0
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A typical application of Theorem 1.C.20 is shown in the proof of Theorem
6.B.15 in Chapter 6. Another typical application is the following result.

Theorem 1.C.21. Let X1, Xo, ..., X,, be independent random variables such
that X1 <y Xo <y -+ <i Xyn. Let ay,a9,...,a,, be constants such that
a1 <ag <---<a,,. Then

m m m
E Am—it1 X Zgt E ar, Xi st E a; X,
im1 i=1 i=1

where w = (71, T2, ..., Tm) denotes any permutation of (1,2,...,m).

Proof. We only give the proof when m = 2; the general case then can be
obtained by pairwise interchanges. So, suppose that X; <;, X5 and that
a1 < ag. Define ¢ by ¢(x,y) = a1y + asz. Then it is easy to verify that
¢ € Gi,. Thus, by Theorem 1.C.20, a1 X5 + a2 X1 <4 a1 X1 +asXy. O

The next two results are characterizations similar to the one in Theorem
1.C.20. They use the notation of Theorem 1.A.10, and their comparison is of
interest. The proofs of the following two theorems are omitted.

Theorem 1.C.22. Let X and Y be two independent random variables. Then
X < Y if, and only if,

Ed)l(XvY) S E¢2(Xa Y)

for all functions ¢1 and o that satisfy Aoy (z,y) > 0 whenever x <y, and
Apoi(z,y) > —Ada1(y, x) whenever x < y.

Theorem 1.C.23. Let X and Y be two independent random variables. Then
X < Y if, and only if,

1 (X,)Y) <g $2(X,Y)

for all ¢y and ¢y that satisfy Agar(x,y) > 0 whenever x <y, and ¢1(z,y) <
2y, x) for all x and y (then, in particular, Apay(z,y) > —Apar (y, ) when-
ever x < y).

The next theorem gives a characterization of the likelihood ratio order in
the spirit of Theorems 1.B.11 and 1.B.49.

Theorem 1.C.24. Let X and Y be two independent random variables. Then
X < Y if, and only if,
[X|min(X,Y) = 21, max(X,Y) = 2]
<y [Y’ min(X,Y) =z, max(X,Y) = z3] for all z; < zs.
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Proof. First suppose that X and Y are absolutely continuous with density
functions f and g, respectively. Then
P[X = z|min(X,Y) = 21, max(X,Y) = 2]

=1- P[X = z|min(X,Y) = 21, max(X,Y) = 2]

= P[Y = 23| min(X,Y) = 21, max(X,Y) = 2]

=1-P[Y = z1|min(X,Y) = 21, max(X,Y) = 2]

_ f(z1)9(22)

f(z1)g(z2) + f(22)9(21)

and the stated result follows.
The proof when X and Y are discrete is similar. 0O

Another similar characterization is given in Theorem 4.A.36.

The following result gives a Laplace transform characterization of the order
<y;. It should be compared with Theorems 1.A.13, 1.B.18, and 1.B.53. The
proof is omitted.

Theorem 1.C.25. Let X1 and X5 be two nonnegative random variables, and
let Nx(X1) and Nx(X2) be as described in Theorem 1.A.13. Then

X < Xg <— N,\(Xl) <ir N)\(Xg) fOT’ all A > 0.

The implication = in Theorem 1.C.25 can be generalized in the same
manner that Theorem 1.A.14 generalizes the implication = in Theorem
1.A.13. We will not state the result here since it is equivalent to Theorem
1.C.17.

Some interesting simple implications of the likelihood ratio order are de-
scribed in the following theorem.

Theorem 1.C.26. Let X, Y, and Z be independent random variables. If
X <, Y, then

X|X+Y =v]<p [Y|X+Y =0v] forallv,
[X}X—i—Z =] <y [Y|Y—|— Z =wv] forallv, and
(Z|X + Z =v] >, [Z|Y + Z=0] for allv.

Proof. We give only the proof of the first inequality; the proofs of the other
two are similar. First suppose that X and Y are absolutely continuous with
density functions f and g, respectively. Denote the density function of X +Y

by h. Then the density function of [Y|X +Y = o] is given by %, and

the density function of [ X ’X +Y = 0] is given by %(v”)_) It is now seen that
the monotonicity of ¢g/f implies the monotonicity of the ratio of the above
two density functions.

The proof when X and Y are discrete is similar. 0O
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The next, easily proven, result is stronger than Theorems 1.A.15, 1.B.20,
and 1.B.55.

Theorem 1.C.27. Let X be any random variable. Then X (_ s q) and X(4,00)
are increasing in a in the sense of the likelihood ratio order.

A similar setting in which the order <, gives rise to the order <), is
described in the following result.

Theorem 1.C.28. Let X, Y, and T be random variables such that T is in-
dependent of (X,Y). If X <y, Y, then

[T|T < X] < [T|T <Y].

Proof. For simplicity assume that T is absolutely continuous with density
function fr. Let F x and F'y be the survival functions of X and Y. The density
function of [T}T < X] is proportional to frFx and the density function
of [T|T < Y] is proportional to frFy. The stated result now follows from
(1.B.3). O

An analog of the remark after Theorem 1.B.21 is the following result; its
proof is straightforward.

Theorem 1.C.29. Let X be a nonnegative, absolutely continuous, random
variable with the density function f. Then aX <i; X for all0 < a <1 if, and
only if, log f(e®) is concave in x > 0.

In the next result it is shown that a random variable, whose distribution is
the mixture of two distributions of likelihood ratio ordered random variables,
is bounded from below and from above, in the likelihood ratio order sense, by
these two random variables.

Theorem 1.C.30. Let X and Y be two random variables with distribution
functions F and G, respectively. Let W be a random wvariable with the dis-
tribution function pF + (1 — p)G for some p € (0,1). If X <y, Y, then
X Slr w Slr Y.

Proof. Let A and B be two measurable sets such that A < B; see (1.C.3). If
X <, 'Y, then

P{X € A}P{W € B} = P{X € A}(pP{X € B} + (1 —p)P{Y € B})
> P{X € B}(pP{X € A} + (1 —p)P{Y € A})
= P{X € B}P{W € A},

where the inequality follows from (1.C.3). Thus, by (1.C.3), X <;, W. The
proof that W <, Y is similar. O
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Analogous to the result in Remark 1.A.18, it can be shown that some
general sets of distribution functions on R are lattices with respect to the
order <j,.

Let X1, Xo,..., X, be random variables, and let X(4.,,) denote the corre-
sponding kth order statistic, k =1,2,...,m.

Theorem 1.C.31. Let X1, X5, ..., X, be m independent random variables,
all with absolutely continuous distribution functions, all having the same sup-
port which is an interval of the real line, and all having differentiable densities.
(a) If

Xl Slr X2 Slr Slr Xm7

then
X(kflzm) <ir X(k:m)a 2<k<m, and
X(krflszl) <ir X(k:m)7 2<k<m.
(b) If
X1 2w Xo 21 0 21 X,
then

X(km) <u X(k:m—l)a 1<k<m-1

A similar result for a finite population is the following. Consider a finite
population of size N which is linearly ordered, and suppose, without loss of
generality, that it can be represented as {1,2,..., N}. Here let Xy £ Xp) <
-++ < X(jn) denote now the order statistics corresponding to a simple random
sample of size m from this population.

Theorem 1.C.32. Let X (1) < X9y <--- < X,y be defined as in the preced-
ing paragraph. Then

Xy < Xo) i+ <ie Xy

Proof. For each k € {1,2,...,m}, let fi denote the discrete density of X.
Then

o)) 5 g bt N —m:
fk(]): (N) I J_ 9 +17"°7 + m;

0, otherwise.

Therefore, for k € {1,2,...,m — 1}, we have

0, J=k;

frr1(d) m—k)(j—k ‘

O k(]g_j_mkil), j=k+1k+2.. . k+N—m;
0, j=k+N-m+1.

This is increasing in j, and therefore Xy <ir Xgg1y- O
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Under some conditions the likelihood ratio order is closed under the for-
mation of order statistics. As above, let X(;.,,) denote the jth order statis-
tic associated with the random variables X1, Xo,..., X;,, and let Y{;.,,) de-
note similarly the ith order statistic associated with the random variables
Y1,Y5,...,Y,.

Theorem 1.C.33. Let X1, Xo,..., X, be m independent random variables,
and let Y1,Y5,...,Y, be other n independent random variables. If

X;i <Yy foralll<j<mand1l<i<n,

then
X(jim) <i Yiin) whenever j <i andm—j >n —1i.

Proof. First we give the proof when X7, X5,...,X,, and Y7,Y5,...,Y, all
have absolutely continuous distribution functions. In this proof we use an
idea of Chan, Proschan, and Sethuraman [123].

Let f;, F}, and Fj = 1 — F} denote the density, distribution, and survival
functions of X;. Similarly, let g;, G;, and G; denote the density, distribution,
and survival functions of Y;. The density functions of X(;.,,) and Y(;.,,) are
given by

fX(j:m) (t) = Z f‘ﬂ'l (t)Fﬂ'z (t) t FTFj (t)Fﬂj+l (t) T Fﬂ'm (t)7

T
and -
9Y(im) (t) = ngfl (t)GU2 (t) T GUi (t)GUi+1 (t) T Gdn (t)v
o
where )" signifies the sum over all permutations 7 = (7,72, ..., my,) of
(1,2,..., m), and }__ similarly denotes the sum over all permutations o =

(01,09,...,0,) of (1,2,...,n). Write

gY(i:n) (t) _ Za 9oy (t)Gaz (t) e Gaq; (t)§0i+1 (t) o '?on (t) (1 C 12)
fX(_]:m) (t) Zﬂ- fm (t)FTrz (t) T Fﬂ-g (t)FmH (t FTFm t
Now, for any choice of a permutation 7 of (1,2,...,m) and a permutation o

of (1,2,...,n) we have

9oy (t)foz (t) -G, (t)émﬂ (t> " 'éan (t)
F,

fﬂ'l (t)Fﬂ'z (t) T (t)Fﬂ'J'JA (t) Fﬂ'm t)
— 9o, (t) % GU2 (t) T GU]‘ (t) > éawl (t) o 'aon (t)
fﬂ'l (t) F7T2 (t) e Fﬂ'j (t) F‘/r7,kn+i+1 (t) o .Fﬂ'm (t)

 — G0.7‘+1 (t) 7 Go, (t)
Fﬂj+1 (t) T FTrm—rHri (t)
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Since X, <i; Y5, we see from (1.C.1) that the first fraction above is increasing
in t. From X, <i; Y,, and Theorem 1.C.1 it follows that X, <., Y5, ; but
that means that G, (t)/Fx,(t) is increasing in ¢, k = 2,..., j, and therefore
the second fraction above is increasing in ¢. Similarly, from X, ... < Y5,
and Theorem 1.C.1 it also follows that X, . <p Y,,; but that means that
Goy (t)/Fry s (t) is increasing in ¢, k = i+1,...,n, and therefore the third
fraction above is increasing in ¢. The fourth fraction above obviously increases
in ¢t too, and thus the whole product increases in t.

Note that if a1, a9, ..., a, and by, bo, ..., b, are all nonnegative univariate
functions, such that a;(t)/b;(t) is increasing in ¢ for all 1 < j < m and
1 <i<mn,then 337" a;(t)/ >, bi(t) is also increasing in ¢. It follows from
this fact, and from (1.C.12), that gy, (t)/fx;.., (t) is increasing in ¢, and
from (1.C.1) we obtain the stated result.

The result for the case when the random variables do not necessarily have
absolutely continuous distribution functions follows from the above proof and
the closure of the likelihood ratio order under weak convergence (Theorem
1.C.7). O

Some of the results that are described in the following pages are stated
in the literature (see Section 1.E) only for random variables with absolutely
continuous distribution functions. However, by the closure of the likelihood
ratio order under weak convergence (Theorem 1.C.7) these results are true
also for random variables that do not necessarily have absolutely continuous
distribution functions.

As a corollary of Theorem 1.C.33 we obtain the following result.

Corollary 1.C.34. Let X1, Xs,...,X,, be m independent random variables
and let Y1,Ya, ..., Y, be other m independent random variables. If X; <1, Y;
Jor all choices of i and j, then Xy <1 Ypy, k=1,2,...,m.

Example 1.C.35. Let X and Y be two independent random variables. If X <),
Y, then min{X,Y} <, Y and X <}, max{X,Y}.

Ezxample 1.C.36. Let X, Y, and Z be three independent random variables.
If X <, Y <, Z, then min{X,Y} <, min{Y,Z} and max{X,Y} <
max{Y, Z}.

By letting all the X;’s and Y;’s in Theorem 1.C.33 be identically dis-
tributed we obtain the following result.

Theorem 1.C.37. For positive integers m and n, let X1, Xa, ..., Xmax{mn}
be independent identically distributed random variables. Then

X(jim) <ir X(iin) whenever j < i andm —j >n —1.
In particular, it follows from Theorem 1.C.37 that

X1 <k X(m:m)a m = 2,3,... (1C13)
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and
X1 > X(l:m)> m:2,3,.... (1.0.14)

Note that (1.C.13) and (1.C.14) can also be obtained by induction from Ex-
ample 1.C.35.

The following two corollaries of Theorem 1.C.37 can be compared to The-
orems 1.B.27 and 1.B.28.

Corollary 1.C.38. Let X1, X5, ..., X, be independent identically distributed
random variables. Then X _1.m—1) it X(kim) for k=2,3,...,m.

Corollary 1.C.39. Let X1, Xo, ..., X,, be independent identically distributed
random variables. Then X (gm—1) 210 X(e:m) for k=1,2,...,m —1.

Remark 1.C.40. The likelihood ratio order can be used to provide a proof
of Theorem 1.B.26. Let X1, Xo,..., X,, be independent nonnegative random
variables, and let X(;) < X(9) < --- < X{,;,) denote the corresponding order
statistics. Fix s and ¢ such that 0 < s <t. For j =1,2,...,m, define M; =1
if X; <s,and M; = 0if X; > s, and also define N; = 1 if X; < ¢, and
Nj = 0if X; > t. Denote M = 377"} M; and N = 7" | N;. Note that, for
7 =1,2,...,m, we have

P{M < j} = P{X(;) > s}, and
P{N < j}= P{X(j) > t}.

Since P{M; = 1} = P{X; < s} < P{X; <t} = P{N,; = 1} it is easily seen
that M; <, N;j, 7 =1,2,...,m. Also, obviously, M; and N; have logconcave
discrete density functions. Thus, from Theorem 1.C.9 it is seen that M <;, N.
Therefore, by Theorem 1.C.1, M <,;, N. Thus, from (1.B.44), we get that

P{N <j}
P{M < j}

is increasing in j > 1.

Therefore, for k such that 1 < k < m — 1 we have

P{Xg >t} PN <k} _ PN <k+1} P{Xpn >t}
P{Xy) >s} P{M<k} = P{M<k+1} P{Xgy1) >s}

From (1.B.3) it thus follows that Xy <pr X (41

Remark 1.C.41. The likelihood ratio order can be used to provide a proof of
Theorem 1.B.36. Let the X;’s and the Y;’s be as in that theorem. Assume
that X; <y, Y; for all 4, j. We first show that there exists a random variable
Z with support (a,b) such that X; <p, Z <y, Yj for all 4, 5. Let rx, and ry,
denote the hazard rate functions of the indicated random variables. From the
assumption that X; <p, Y for all 4, j it follows by (1.B.2) that

min{rx, (t),rx,(t),...,rx, ()} > max{ry, (t),ry,(t),...,ry, (t)}, t€ (a,b).
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Let g be a function which satisfies

min{rx, (t),7x,(t),...,rx,, (£)} > q(t) > max{ry, (t),rv,(t),..., 7y, (1)},
t € (a,b);

for example, let ¢(t) = min{rx, (t),rx,(t),...,rx,, (t)}. It can be shown that
q is indeed a hazard rate function. Let Z be a random variable with the hazard
rate function g. Then indeed X; <y, Z <y, Y for all ¢, 7.

Now, let Z1, Za, ..., Zmax{m,n} be independent random variables which are
distributed as Z. Then, for j < ¢ and m — j > n — i we have

X(i:m) <ur Z(i:m) (by Proposition 1B35)
<iv Z(jin) (by Theorem 1.C.37)
<nhr Y(jn) (by Proposition 1.B.35),

and Theorem 1.B.36 follows from the fact that the likelihood ratio order im-
plies the hazard rate order.

Recall that for a collection X7, X5, ..., X,, of nonnegative random vari-
ables, the spacings are defined by Uy = X5 — X(;-1), ¢ = 1,2,...,m, where
Xy = 0. The following result may be compared with Theorems 1.A.19,
1.A.21, and 1.B.31.

Theorem 1.C.42. Let X1, X5,...,X,, be independent exponential random
variables with possibly different parameters. Then

a1
Uay <ir u-U@), 1=1,2,...,m.
m

It is worth mentioning that Kochar and Kirmani [313] claimed that if
X1, Xo,..., X, are independent and identically distributed random variables
with a common logconvex density, then Uy <y ((m —14)/(m — i+ 1))Ug41)
for i =1,2,...,m — 1. However, Misra and van der Meulen [396] showed via
a counterexample that this is not correct.

For spacings that are not “normalized” we have the following results. We
denote by Ugim)y = X(izm) — X(i—1.m) the ith spacing that corresponds to a
sample X1, Xo, ..., X, of size m.

Theorem 1.C.43. Let X1, Xo, ..., Xy, Ximt1 be independent, identically dis-
tributed, nonnegative random wvariables with a common logconvex density.
Then

U(zm) <ir U(iJrl:m)a 1<i<m— 1,
U(i:m+1) élr U(im)a 1 < i < m,

and
U(zm) <i U(H—l:m-‘rl)a 1 << m.
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Note that the three statements of the above theorem can be summarized
as
Ugiim) <ie Uizny  Whenever i — j > max{0,n —m}.

We also have the following result.

Theorem 1.C.44. Let X1, Xo, ..., X, Xm+t1 be independent, identically dis-
tributed, nonnegative random wvariables with a common logconcave density.
Then

U(i:m,) >Ir U(i+1:m+1)u 1<i<m.

A comparison of spacings from two different samples, that is similar to
Theorem 1.B.32, is described next. In fact, it will be argued after the next
theorem that the next result strengthens Theorem 1.B.31. Here Uy =
X(ism) — X(i—1:m) denotes, as before, the ith spacing that corresponds to the
sample Xy, Xo,..., X, and V;.,) denotes, similarly, the jth spacing that
corresponds to the sample Y7,Y5, ...,Y,. Other results which give related
comparisons can be found in Theorem 4.B.17 and in Examples 6.B.25 and
6.E.15.

Theorem 1.C.45. For positive integers m and n, let X1, Xo, ..., X,, be inde-
pendent identically distributed random variables with an absolutely continuous
common distribution function, and let Y1, Y3, ..., Y, be independent identically
distributed random wvariables with a possibly different absolutely continuous
common distribution function. If X, <y Y1, and if either X1 or Yy is DFR,
then

(m—=J 4+ DUgam) <ue (0 =i+ 1)V(ip)  whenever i — j > max{0,n —m}.

Taking X7 =4 Y7 in Theorem 1.C.45 it is seen that Theorem 1.B.31 is a
consequence of Theorem 1.C.45.

In the following example it is shown that, under the proper conditions,
random minima and maxima are ordered in the likelihood ratio order sense;
see related results in Examples 3.B.39, 4.B.16, 5.A.24 and 5.B.13.

Example 1.C.46. Let X1, Xo,... be a sequence of absolutely continuous non-
negative independent and identically distributed random variables with a com-
mon distribution function Fx, and a common density function fx,. Let Ny
and N, be two positive integer-valued random variables which are indepen-
dent of the X;’s. Denote X(1.n,) = min{Xy, Xo,..., Xn,} and Xy .n;) =
max{Xy, Xa,...,Xn;}, j = 1,2. Then the density function of Xy .x,) is
given by

fX(N N) ZnF}T{lHl le( )P{N :TL}, z>0,75=12
If Ny < Na, then P{N; = n} is TPy in n > 1 and j € {1,2}. Also,

nF}él_l(a:)fX1 (z) is TPy in n > 1 and & > 0. Therefore, by the Basic Com-
position Formula (Karlin [275]) it follows that fX(Nj:Nj)(QS) is TPy inz >0
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and j € {1,2}. That is, X(n,.n,) <ir X(n,:N,)- In a similar fashion it can be
shown also that X(1.n,) 21r X(1:nv0)-

Ezample 1.C.47. Let {N(¢), t > 0} be a nonhomogeneous Poisson process
with mean function A (that is, A(t) = E[N(¢)], t > 0), and let Ty, 75, ... be
the successive epoch times. The survival function of T, is given by P{T,, >

=3 ! (A(t)y e=A® t > 0, and the density function of T}, is given by

Falt) = A ()M e A0t > 0, where A(t) = $A(t), n = 1,2,.... It is

(n—1)! — dt
easy to verify that f?iét()t) is increasing in t > 0, n = 1,2, ..., and therefore

Tn ger’rH*lv TL:172,....

Theorem 2.6 on page 182 of Kamps [273] extends Example 1.C.47 (as
it extends Theorem 1.C.45) to the so called generalized order statistics. A
further extension is described in Franco, Ruiz, and Ruiz [205].

The following example may be compared to Examples 1.B.24, 2.A.22
3.B.38, 4.B.14, 6.B.41, 6.D.8, 6.E.13, and 7.B.13.

Ezxample 1.C.48. Let X and Y be two absolutely continuous nonnegative ran-
dom variables with survival functions F' and G and density functions f and
g, respectively. Denote A; = —logF, Ay = —log@G, and \; = A}, i = 1,2.
Consider two nonhomogeneous Poisson processes Ny = {Ni(t), t > 0} and
Ny = {Ny(t), t > 0} with mean functions A; and Ay (see Example 1.B.13),
respectively. Let T;1,T; 2,... be the successive epoch times of process IV;,
= 17 2. Note that X st T171 and Y =st T2,1-

It turns out that, under some conditions, the likelihood ratio ordering
of the first two epoch times implies the likelihood ratio ordering of all the
corresponding later epoch times. Explicitly, it will be shown below that if
X <, Y, and if

is increasing in ¢ > 0, (1.C.15)

then Tl,n <k T2,n7 n > 1.
From (1.B.24) it is easy to see that the density function fi, of T, is

given by )
_ ey @)
fin(t) = f(t)w7 t>0,n>1,

and that the density function f;,, of T3, is given by

Fonlt) = gl 2O

Thus,
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Now, if X <j, Y and (1.C.15) holds, then fa ,,/f1,, is increasing and we obtain
Tl,n <ir T2,n-

Now let X;,, = T;p — Tin—1, n > 1 (where T; ¢ = 0), be the inter-epoch
times of the process N;, i = 1,2. Again, note that X =4 X; 1 and Y =4 Xo 1.
It turns out that, under some conditions, the likelihood ratio ordering of the
first two inter-epoch times implies the likelihood ratio ordering of all the
corresponding later inter-epoch times. Explicitly, it will be shown below that
it X <, Y, if f and g are logconvex, and if (1.B.25) holds, then X3, <j, X2,
for each n > 1.

First note that by Theorem 1.C.4 we have X <, Y. For the purpose of
the following proof we denote f by f1 and g by f2. Let g; ,, denote the density
function of X , ¢ = 1,2. The stated result is obvious for n = 1, so let us fix
an n > 2. From (1.B.26) we obtain

= A |
gi,n(t) = /0 Aq(s)mﬂ(s + t) ds, t>0,i1=1,2.

As in Example 1.B.24, we have that

A7 2(1)

The assumption F; <, F5 implies that
fi(s+1t) is TPy in (4,s) and in (i,t).
Finally, the logconvexity of f; and of fo means that
fi(s +1t) is TP2 in (s,t).

Thus, by Theorem 5.1 on page 123 of Karlin [275], we get that g; ,(t) is TPy
n (i,t); that is, Xq ,, <jp Xap.

The following neat example compares a sum of independent heterogeneous
exponential random variables with an Erlang random variable; it is of interest
to compare it with Examples 1.A.24 and 1.B.5. We do not give the proof here.

Ezxample 1.C.49. Let X; be an exponential random variable with mean A, >
0, i = 1,2,...,m, and assume that the X,’s are independent. Let Yj,
i =1,2,...,m, be independent, identically distributed, exponential random
variables with mean 7~'. Then

m m A 4+ A\ ot A
ZXi21rZYi<:> e R <.
, ; m
i=1 i=1
A related example is the following. Recall from page 2 the definition of
the majorization order < among n-dimensional vectors. It is of interest to
compare the example below with Example 3.B.34.
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Example 1.C.50. Let X; be an exponential random variable with mean )\;1 >
0,7=1,2,...,m, and let Y; be an exponential random variable with mean
771-_1 >0,i=1,2,...,m. If (A1, A2, ..., Am) > (71,72, - -, m ), then

The next example may be compared with Examples 1.A.25, 1.B.6, and
4.A.45.

Ezxample 1.C.51. Let X; be a binomial random variable with parameters n;
and p;, 1 = 1,2,...,m, and assume that the X;’s are independent. Let Y be a
binomial random variable with parameters n and p where n = ZZ’;I n;. Then

m n
Xi>2nY = =7,
; > ie1(ni/pi)

and

m
n
Xi<pY<=1-p< .
; iti(ni/(1—pi))
The order <), can be used to characterize random variables with logcon-
cave densities. The next result lists several such characterizations. It shows
that logconcavity can be interpreted as an aging notion in reliability theory by

a correct use of the likelihood ratio ordering. This theorem may be compared
to Theorem 1.B.38.

Theorem 1.C.52. The random wvariable X has a logconcave density (that
is, a Polya frequency of order 2 (PFs3)) if, and only if, one of the following
equivalent conditions holds:

(i) [X —t|X > ] > [X — /| X > '] whenevert <t
(i) X >n [X —t|X > t] for all t > 0 (when X is a nonnegative random
variable).
(iiil) X +t <;p X +t' whenever t <t'.

Random variables that satisfy (i) in Theorem 1.C.52 (and hence any of the
conditions of that theorem) are said to have the ILR (increasing likelihood
ratio) property; see Section 13.D.2 by Righter in [515].

A multivariate extension of parts (i) and (ii) of Theorem 1.C.52 is given
in Section 6.E.3.

Another connection between logconcavity and the likelihood ratio order is
illustrated in the next result. It is worthwhile to compare the following result
with Theorem 6.B.9 in Section 6.B.3.

Theorem 1.C.53. Let X1, X, ..., X, be independent random variables hav-
ing logconcave density functions. Then
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m
[X ZXj:s’] whenever s <s', i=1,2,...,m
j=1
Proof. Since the convolution of logconcave density functions is logconcave, it
is sufficient to prove the result for m = 2 and ¢ = 1. Let f; and f; denote the
density functions of X; and X5, respectively. The conditional density of X,
given X1 + X5 = s, is

= 8} <ir |:Xi

P05 J(z1) = ff}l(m)ﬁ(j_—;lgu

Thus,

IxixieXo=s (X1)  fa(s' = 1) [ fi(u) fa(s — u)du
Ix X1+ x0=s(21)  fals—m ) [ fi(u) fa(s" — w)du

The logconcavity of f, implies that the expression in (1.C.16)) increases in
x1, whenever s < s’. By (1.C.1) the proof is complete. O

(1.C.16)

Theorems 1.C.52 and 1.C.53 have straightforward discrete analogs, which
we do not state here. A few other properties of the order <j, can be found in
Lemma 13.D.1 in Chapter 13 by Righter, and in (14.B.7) in Chapter 14 by
Shanthikumar and Yao, in [515].

An interesting closure property of logconcave density functions is described
in the following result.

Theorem 1.C.54. Let X1, Xo, ..., X,, be independent, identically distributed
random variables with a common logconcave density function. Then the ith
order statistic X ;. also has a logconcave density function, 1 <i < m.

Proof. Let f, F, and F denote, respectively, the density, distribution, and
survival function of X;. Then the density function of X(;.,,,) is given by

m—1

m—1 - —
@) = ("7 ) @@ F @),
Since the logconcavity of f implies the logconcavity of F and of F, it follows
that f(;.n) is logconcave. O

Misra and van der Meulen [396] showed the preservation of logconcavity
and logconvexity from the parent density to the density of the corresponding
spacings.

The likelihood ratio order can be used to characterize some aging notions
in reliability theory. Recall from (1.A.20) that for a nonnegative random vari-
able X with a finite mean we denote by Ax the corresponding asymptotic
equilibrium age. Recall from page 1 the definitions of the IFR and the DFR
properties. The following result is immediate. It is of interest to contrast it
with Theorems 1.A.31 and 1.B.40
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Theorem 1.C.55. The nonnegative random variable X with finite mean is

IFR [DFR] if, and only if, X >, [<1] Ax.

An interesting comparison of asymptotic equilibrium ages is described in
the next example. Recall from page 1 the definitions of the DMRL property.

Example 1.C.56. Let X and Y be two independent nonnegative DMRL ran-
dom variables with survival functions F and G, density functions f and ¢, and
asymptotic equilibrium ages Ax and Ay, respectively. Let Anyingx,y) denote
the asymptotic equilibrium age of min{X,Y}. Then

min{Ax, AY} <ir Amin{X,Y}'

In order to see this, assume, for simplicity, that the supports of X and of Y
are (0,00). Note that the density function of min{Ax, Ay} is given by

Fuintanas) () = (EXEY) ™ (F() / Gla) dr+G(1) / Fla)dz), 20,
t t
and the density function of Ap,,(x,yy is given by
Fuininory () = (Elmin{ X, Y}) F(OG(0), ¢ = 0.

Therefore

fAmin{X,Y}(t) . EXEY
Jmin{Ax, Ay} () Emin{X,Y}]

where m and [ are the mean residual life functions of X and of Y, given by
m(t) = E[Xft|X > t] and I(t) = E[th|Y > t], t > 0. The functions m and
[ are decreasing by the DMRL assumptions, and therefore min{Ax, Ay } <,
Amin{X,Y} by (101)

In the following example it is shown that if X is increasing in @ in the
likelihood ratio sense, then the posterior distribution of @ is increasing in X
in the same sense.

(m(t) +1(t)) ", >0,

Ezxample 1.C.57. Let X be a random variable whose distribution function de-
pends on the real parameter ©. Denote the prior density function of @ by ,
and denote the posterior density function of @, given X = z, by 7r*(|;v) Also,
denote the conditional density of X, given @ = 0 by f (~|9), and denote the
marginal density of X by g. If X is increasing in © in the likelihood ratio sense
(that is, if [X|© = 6] <), [X|© = 0'] whenever § < ¢’), then O is increasing in
X in the likelihood ratio sense (that is, [0|X = 2] <) [0|X = 2] whenever
2 < z’). The proof of this statement is easy by noting that

f(al6)(8)

7r*(0|$) = o(@)
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An extension of Example 1.C.57 to the multivariate likelihood ratio order
is given in Example 6.E.16.

Ezxample 1.C.58. Let X be a random variable whose distribution function de-
pends on the random parameter @, or, in other circumstances, on the random
parameter ©s. Denote the prior density functions, of ©; and O, by m and 7,
respectively, and denote the posterior density functions of ©; and @, given
X =z, by 7{(-|x) and 73 (-|z), respectively. Also, denote the conditional den-
sity of X, given ©1 =0 or O3 =0, by f(- |¢9), and denote the marginal density
of X by g1 or by go, according to whether X depends on ©; or on ©5. Then,
for any z, we have that

@1 Slr @2 - [91’X = {E] glr [92‘X = x]
The proof of this statement is easy by noting that

f(@|0)mi(0)

W;(9|x) - gi(z)

, 1=1,2.

Example 1.C.59. Recall from Example 1.B.23 that for a nonnegative random
variable X with density function f, and for a nonnegative function w such
that E[w(X)] exists, we denote by X the random variable with the weighted
density function f,, given by

folr) = =—==5, >0, (1.C.17)

Similarly, for another nonnegative random variable Y with density function
g, such that E[w(Y")] exists, we denote by Y the random variable with the
density function g,, given by

gu(r) = =—7%=, = >0. (1.C.18)

It is then obvious that X <, Y — X% <, YV

Example 1.C.60. Let X be a nonnegative random variable with density func-
tion f, and for a nonnegative function w such that Flw(X)] exists, let X be
the random variable with the weighted density function f,, given in (1.C.17).
It is then obvious that if w is increasing [decreasing], then X <, [>);] X™.
In particular, the inequality X <j. X™ holds when X" is the length-biased
version of X; that is, when w(z) =z, z > 0.

Example 1.C.61. Let the random variable X have a generalized skew normal
distribution with parameters n and A, that is, suppose that its density function

is given by 5 (3)0()
x)p(x

flzsn, A) = Cinn)

r €R,
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where ¢ and @ are, respectively, the density and distribution functions of a
standard normal random variable, and C'(n, A) is given by

Cln, \) = / " () p(a)de.

—00

Let Y have a generalized skew normal distribution with parameters n; and
A. It is easy to see that if A > [<] 0 and n < nq, then X <), [>1,] Y.

1.C.4 Shifted likelihood ratio orders

In this subsection we consider only random variables with absolutely contin-
uous distribution functions and interval supports (although it is possible to
state and prove analogs of many of the results here also for discrete random
variables). So let X and Y be such random variables. Let [x and ux be the
left and the right endpoints of the support of X. Similarly define Iy and uy.
The values I x, ux, ly, and uy may be infinite. Let f and g denote the density
functions of X and Y, respectively. Suppose that

X —2<, Y foreachz > 0. (1.C.19)

Then X is said to be smaller than Y in the up shifted likelihood ratio order
(denoted as X <i4 Y). Rewriting (1.C.19) using (1.C.1) it is seen that X <j4
Y if, and only if, for each > 0 we have

g9(t)
fit+2x)

It is readily apparent that

is increasing in ¢t € (Ix — z,ux — ) U (ly, uy). (1.C.20)

XSerYZ>X§er

The up shifted likelihood ratio order satisfies some closure properties given
in the next theorem.

Theorem 1.C.62. (a) Let X1, Xo,..., X, be a set of independent random
variables and let Y1,Ys, ..., Y., be another set of independent random
variables. If X; <14 Y; fori=1,2,...,m, then

m m
Z Xj <ut Z Y;.
=1 =1

That is, the up likelihood ratio order is closed under convolutions.

(b) Let {X;, j=1,2,...} and {Y;, j =1,2,...} be two sequences of random
variables such that X; = X and Y; = Y as j — oo. If X; <t Y,
j = 1,2,‘ ey then X Ser Y.
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Shanthikumar and Yao [530] proved Theorem 1.C.62(a) by establishing a
stochastic monotonicity property of birth and death processes. Hu and Zhu
[242] provided a straightforward analytic proof of this result. This result is
generalized in Hu, Nanda, Xie, and Zhu [237].

From Theorem 1.C.15 we obtain the following result.

Theorem 1.C.63. Let X, Y, and © be random variables such that [X|@ =
0] <irt [Y|@ =0'] for all 6 and 0’ in the support of ©. Then X <;4 Y.

Some further properties of the up shifted likelihood ratio order are listed
in the following theorems.

Theorem 1.C.64. Let X and Y be two absolutely continuous random vari-
ables with interval supports. If X or'Y or both have logconcave densities, and
ZfX Slr Y, then X Ser Y.

Theorem 1.C.65. Let X and Y be two absolutely continuous random vari-
ables with differentiable densities on the respective interval supports. Then
X <t Y if, and only if, there exists a random variable Z with a logconcave
density such that X <, Z <, Y.

Theorem 1.C.66. Let X be an absolutely continuous random variable with
an interval support. Then X <y X if, and only if, f is logconcave on
(—00,0).

Example 1.C.67. Let X be a random variable with a density function h. For
each 0 € (—00,0), let Xy be a random variable with density function fy
defined by

fo(x) =h(z—0), z€ (—00,0).

Then it is easy to see that Xg, <i4 Xp, whenever §; < 0, if, and only if,
X <t X; that is, by Theorem 1.C.66, if, and only if, h is logconcave on
(=00, 00).

A preservation result of the order <j4 is described next.

Theorem 1.C.68. Let X and Y be two absolutely continuous random vari-
ables with interval supports. If X <4 Y and if the density function of X is
increasing [respectively, decreasing] on (ly,ux), then ¢(X) <pq4 ¢(Y') for any
strictly increasing twice differentiable convex [respectively, concave] function
¢ (with first and second derivatives ¢' and ¢"') such that ¢"(x)/(¢'(x))? is
Increasing.

A characterization of the relation X <j4 Y for nonnegative random vari-
ables is given next.

Theorem 1.C.69. Let X and Y be two nonnegative absolutely continuous
random variables with interval supports; that is, assume that Ix > 0 and
ly > 0. Then X <y+ Y if, and only if,

[X—l“X > a;] <Y foralze (Ix,ux).
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Another shifted likelihood ratio stochastic order is defined next. Let X
and Y be two absolutely continuous random variables with support [0, 0o).
Suppose that

X<, [Y —2z|Y >a] forallz>0.

Then X is said to be smaller than Y in the down shifted likelihood ratio order
(denoted as X <j;; Y).

Note that in the above definition only nonnegative random variables are
compared. This is because for the down shifted likelihood ratio order it is not
possible to take an analog of (1.C.19), such as X <;, Y —x, as a definition. The
reason is that here, by taking x very large, it is seen that practically no random
variables would satisfy such an order relation. Note that in the definition
above, the right-hand side [V — z|Y > z] can take on (as x varies) any value
in the right neighborhood of 0. Therefore the support of the compared random
variables is restricted here to be [0, c0).

Let f and g denote the density functions of X and Y, respectively. An
analog of (1.C.20) is the following:

g(t+x)
f(t)

(A discrete version of the down shifted likelihood ratio order is defined and
used in Section 6.B.3.)

It is readily apparent that for nonnegative random variables with support
[0,00) we have

X< Y= is increasing in ¢ > 0 for all z > 0. (1.C.21)

X< Y= X<, Y.

We describe now some further properties of the down shifted likelihood
ratio order.

Theorem 1.C.70. Let {X;, j =1,2,...} and {Y;, j =1,2,...} be two se-
quences of random variables, with support [0,00), such that X; —y X and
Y=Y asj—o0 If X; <) Y, j=1,2,..., then X <y, Y.

The following result is an analog of Theorem 1.C.63, however, it does not
follow at once from Theorem 1.C.15. Its proof can be found in Lillo, Nanda,
and Shaked [361].

Theorem 1.C.71. Let X, Y, and © be random variables such that [X|© = 6]
and [Y'|© = 6] are absolutely continuous and have the support [0,00) for all
0 in the support of ©. If [X|0 = 6] <y [Y|O = 0'] for all 6 and 0 in the
support of ©, then X <y, Y.

More properties are listed next.

Theorem 1.C.72. Let X and Y be two absolutely continuous random vari-
ables with support [0,00). If X orY or both have logconvex densities on [0, 00),
and if X <, Y, then X <, Y.
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Theorem 1.C.73. Let X and Y be two absolutely continuous random vari-
ables with differentiable densities on their support [0,00). Then X <, Y
if, and only if, there exists a random variable Z with a logconvexr density on
[0,00) such that X <), Z <, Y.

Theorem 1.C.74. Let X be an absolutely continuous random variable with
support [0,00). Then X <y, X if, and only if, f is logconvezr on [0, 00).

Theorem 1.C.75. Let X and Y be two absolutely continuous random vari-
ables with support [0,00). If X <i,} Y and if Y has a decreasing density func-
tion on [0,00), then ¢(X) <iy ¢(Y) for any strictly increasing twice differ-
entiable convex function ¢ : [0,00) — [0,00) (with first and second derivatives
@' and ¢") such that ¢"(x)/(¢'(x))? is decreasing.

Example 1.C.76. An interesting family of distribution functions, with associ-
ated random variables that are ordered in the down shifted likelihood ratio
order, is the Pareto family. Explicitly, for 8 € (0,00), let Xy be a random
variable with density function fy defined by

fo(z)=0/(1+z), z>o0.

Then, by verifying (1.C.21), it is easy to see that Xy, <j.| Xy, whenever
01> 065 > 0.

Some results that compare order statistics in the shifted likelihood ratio
orders are described next. Again, X(;.,,) denotes the jth order statistic asso-
ciated with the random variables X1, Xo,..., X;,, and Y{;.,,) denotes the ith
order statistic associated with the random variables Y7, Y5, ..., Y,. An analog
of Theorem 1.C.33 for the order <4 is the following result. Note that in the
following theorem the assumption is stronger than the assumption in Theorem
1.C.33, but so is the conclusion.

Theorem 1.C.77. Let X1, X5, ..., X,, be m independent random wvariables,
and let Y1,Ys,...,Y, be other n independent random wvariables, all having
absolutely continuous distributions. If X; <4 Y; for all 1 < j < m and
1 <i<n, then

Xim) <iet Y(i:n) whenever j <iandm—j>n—1.

Proof. Fix an x > 0 and denote by (X — ) ;. the jth order statistic among
the random variables X7 — z, Xo — x,..., X,, — . By assumption we have
Xj—x2 <y Yiforalll < j <mand 1 <7 < n. Therefore from Theorem
1.C.33 we get (X — ) (jim) <ir Y(i:n) Wwhenever j < i and m —j > n —i. The
stated result follows from the fact that (X —x)(j.m) = X(jim) —2. O

For the down shifted likelihood ratio order, the method of proof used in
the proof of Theorem 1.C.33 only yields comparisons of minima as described
in the following result.
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Theorem 1.C.78. Let X1, Xo,..., X, be m independent random variables,
and let Y1,Ya,...,Y, be other n independent random wvariables, all having
absolutely continuous distributions with support [0,00). If X; <.} Y; for all
1<j<mandl<i<n, then

Xi:m) <iry Y(1:n) whenever m > n.

Now let X7, X5,... be independent and identically distributed random
variables. Taking Y; =g X, for all 4 and j in Theorems 1.C.77 and 1.C.78,
and using Theorems 1.C.66 and 1.C.74, we obtain the following analogs of
Theorem 1.C.37. Note that in the next theorem (unlike in Theorem 1.C.37)
we assume logconcavity or logconvexity of the underlying density function, but
the conclusion in part (a) of the next theorem is stronger than the conclusion
in Theorem 1.C.37.

Theorem 1.C.79. (a) Let X1, Xs,... be independent and identically dis-
tributed absolutely continuous random variables with an interval support.
If the common density function is logconcave, then

X(jim) <ut X(in) whenever j <i andm —j>mn—i.

(b) Let X1, Xo,... be independent and identically distributed absolutely con-
tinuous random variables with support [0,00). If the common density func-
tion is logconvex on [0, 00), then

X1m) <y X(1:n) whenever m > n.

1.D The Convolution Order

Let X and Y be two random variables such that
Y =4 X+U, (1.D.1)

where U is a nonnegative random variable, independent of X. Then X is
said to be smaller than Y in the convolution order (denoted as X <cony
Y). Obviously, the convolution order is a partial order. It is equivalent to
the information order which is defined for statistical experiments when the
underlying parameter is a location parameter.

The convolution order is obviously closed under increasing linear transfor-
mations. That is, for any a € R and b > 0 we have

X <conv Y = a+bX <¢ony a + Y.

The convolution order is obviously also closed under convolutions. That
is, let X1, X5,...,X,, be a set of independent random variables, and let
Y1,Y5,...,Y, be another set of independent random variables. Then
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n n
(Xj Sconv Y—ja ] = 1,27...,77,) = ZXZ gconv ZY;
=1 1=1

It is obvious from Theorem 1.A.2 and (1.D.1) that
X <comw Y = X < Y.

For any nonnegative random variable X we denote by Lx its classical
Laplace transform, that is,

Lx(s) = E[e™**], s>0.

Recall that a nonnegative function ¢ is a Laplace transform of a nonnegative
measure on (0,00) if, and only if, ¢ is completely monotone, that is, all the
derivatives ¢("™) of ¢ exist, and they satisfy (—1)"¢(™ (z) > 0 for all z > 0
and n =1,2,.... It follows that for nonnegative random variables we have

Ly(s)
Lx(s)

Ezample 1.D.1. Let X; be an exponential random variable with mean 1/A;,
i =1,2. If Ay > Ag, then X; <.onv Xo. To see this, note that the ratio of the
Laplace transforms of X5 and X; at s is equal to (A2/A1)((s + A1)/(s+ A2)),
and it is easy to verify that this ratio is completely monotone. The result thus
follows from (1.D.2).

X <conv Y <— is a completely monotone function in s > 0. (1.D.2)

Example 1.D.2. Let X, X5, ..., X, beindependent and identically distributed
exponential random variables with mean 1/ for some A > 0. Denote the cor-
responding order statistics by X(l) < X(g) <. < X(n). Then

X(i) <conv X(j) whenever 1 <i<j<n.

To see this, note that
X(kt1) =st X(ky + Zk,

where Zj, is an exponential random variable with mean ((n — k)A\)~%, k =
1,2,...,n— 1, and use the transitivity property of the order < ony.

1.E Complements

Section 1.A: The usual stochastic order is being used in many areas of ap-
plications, but there is no single source where many of the basic results can
all be found. Some standard references are the books of Lehmann [342],
Marshall and Olkin [383], Ross [475], and Miiller and Stoyan [419], where
most of the results described in Section 1.A can be found. For example,
Theorem 1.A.2 can be found in Marshall and Olkin [383]. The charac-
terization of the usual stochastic order by the monotonicity described in
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(1.A.8) is taken from Miiller [407], whereas the characterization given in
(1.A.12) can be found in Fellman [193]. The comparison of the random
sums in Theorem 1.A.5 is motivated by ideas in Pellerey and Shaked
[455]; it was communicated to us by Pellerey [444]. The application of
the order <y in Bayesian imperfect repair (Example 1.A.7) is taken from
Lim, Lu, and Park [364]. The result which gives conditions for stochastic
equality (Theorem 1.A.8) can be found in Baccelli and Makowski [27] and
in Scarsini and Shaked [494]. Lemma 2.1 of Costantini and Pasqualucci
[135] with n = 1 is an interesting variation of Theorem 1.A.8. The bi-
variate characterizations in Theorems 1.A.9 and 1.A.10 are taken from
Shanthikumar and Yao [532] and from Righter and Shanthikumar [466],
respectively. The characterization of the order <y by means of the Fortret-
Mourier-Wasserstein distance (Theorem 1.A.11) is taken from Adell and
de la Cal [3]. The Laplace transform characterization of the order <
(Theorem 1.A.13) can be found in Kebir [281] and in Kan and Yi [274].
An extension of Theorem 1.A.13 to more general orders can be found in
Nanda [422]. The closure of the order <y under a stochastically increasing
family of random variables (Theorem 1.A.14) is taken from Shaked and
Wong [524]. The condition for the usual stochastic order, given in Theo-
rem 1.A.17, has been communicated to us by Gerchak and He [210]. The
comparison of truncated maximum with truncations maximum (Example
1.A.16) can be found in Pellerey and Petakos [453]. The lattice property
of the order <y (Remark 1.A.18) is given in Miiller and Scarsini [418].
The four results that give the stochastic orderings of the spacings, Theo-
rems 1.A.19-1.A.22, can be found in Barlow and Proschan [35], Ebrahimi
and Spizzichino [178], Pledger and Proschan [458], and Joag-Dev [258],
respectively. The stochastic comparison of order statistics of independent
random variables with the order statistics of independent and identically
distributed random variables (Theorem 1.A.23) is taken from Ma [371]; it
generalizes some previous results in the literature. The stochastic compar-
ison of a sum of independent heterogeneous exponential random variables
with a proper Erlang random variable (Example 1.A.24) is taken from Bon
and Péaltanea [105], where more refined comparisons can also be found.
The stochastic comparison of a sum of independent heterogeneous bino-
mial random variables with a proper binomial random variable (Example
1.A.25) is taken from Boland, Singh, and Cukic [102]. The necessary and
sufficient conditions for the comparison of normal random variables (Ex-
ample 1.A.26) are taken from Miiller [413]; an extension of this result to
Kotz-type distributions is given in Ding and Zhang [168]. The stochastic
comparisons of norms, in Examples 1.A.27 and 1.A.28, are taken from
Lapidoth and Moser [333]. The TTT transform (1.A.19) is introduced in
Barlow, Bartholomew, Bremner, and Brunk [32], and is further studied
in Barlow and Doksum [34] and in Barlow and Campo [33]. The observed
total time on test random variable Xy is defined and studied in Li and
Shaked [356], where the implication in Theorem 1.A.29 can be found. The
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characterizations of the NBUE and the NWUE aging notions by means of
the usual stochastic order (Theorem 1.A.31) can be found in Whitt [565]
and in Fagiuoli and Pellerey [187]. The other characterization, by means of
the random variable Xy (Theorem 1.A.32), is taken from Li and Shaked
[356]. The aging notion that is described in (1.A.21) is studied in Mugdadi
and Ahmad [402].

Boland, Singh, and Cukic [103] studied an order, called the stochastic
precedence order, according to which the random variable X is smaller
than the random variable YV if P{X <Y} > P{Y < X}. If X and ¥
are independent, then X <y Y implies that X is smaller than Y in the
stochastic precedence order.

Section 1.B: Many of the basic results regarding the hazard rate order can
be found in Ross [475] and in Miiller and Stoyan [419]. The characteriza-
tion (1.B.8) can be found in Lehmann and Rojo [345]. The results regard-
ing the preservation of the orders <p, and <, under monotone increasing
transformations (Theorems 1.B.2 and 1.B.43) can be found in Keilson
and Sumita [283]. The closure under convolutions result (Theorem 1.B.4)
and the bivariate characterization result (Theorem 1.B.9) are taken from
Kijima [291] and Shanthikumar and Yao [532]. A special case of Lemma
1.B.3 can be found in Mukherjee and Chatterjee [403]. The hazard rate
order comparison of a sum of independent heterogeneous exponential ran-
dom variables with a proper Erlang random variable (Example 1.B.5) is
taken from Bon and Péaltanea [105], where more refined comparisons can
also be found. The hazard rate order comparison of a sum of independent
heterogeneous binomial random variables with a proper binomial random
variable (Example 1.B.6) is taken from Boland, Singh, and Cukic [102].
The hazard rate order comparison of random sums (Theorem 1.B.7) can
be found in Pellerey [445]; some related results are Theorem 7.2 of Kijima
[291] and Proposition 2.2 of Kebir [282]. The closure under mixtures result
(Theorem 1.B.8) can be found in Boland, El-Neweihi, and Proschan [97];
a generalization of it is contained in Nanda, Jain, and Singh [424]. The
bivariate characterizations in Theorems 1.B.10 and 1.B.11 are taken from
Righter and Shanthikumar [466] and from Cheng and Righter [128], re-
spectively. The characterizations given in Theorem 1.B.12 can be found in
Capéraa [118] and in Joag-Dev, Kochar, and Proschan [259]. The hazard
rate ordering result regarding the inter-epoch times of a nonhomogeneous
Poisson process (Example 1.B.13) is taken from Kochar [309] where other
applications of Theorem 1.B.12 can also be found. The hazard rate or-
dering of the epoch times of a nonhomogeneous Poisson process (1.B.19)
can be found in Baxter [62]. The closure property of the order <j, un-
der hazard rate ordered mixtures (Theorem 1.B.14) is taken from Shaked
and Wong [524]; a related result is Proposition 4.1 of Kebir [282]. The
preservation of the order <y, under the formation of a proper Markov
chain (Example 1.B.15) can essentially be found in Ross, Shanthikumar,
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and Zhu [478]; they gave a version of this preservation result for the order
<;n- The application of the order <y, in Bayesian imperfect repair (Exam-
ple 1.B.16) is inspired by Lim, Lu, and Park [364], but the result given here
is stronger than their Theorem 4.1(iii). The hazard rate order comparison
of a proportional hazard mixture with its parent distribution (Example
1.B.17) is taken from Gupta and Gupta [214]. The Laplace transform
characterization of the order <j,, (Theorem 1.B.18) can be found in Kebir
[281] and in Kan and Yi [274]. An extension of Theorem 1.B.18 to more
general orders can be found in Nanda [422]. The result about the inheri-
tance of the order <y, from the mixing scales to the underlying counting
processes (Theorem 1.B.19), is essentially taken from Ma [374]. The clo-
sure property which is given in Theorem 1.B.21 can be found in Kochar
[305]; the necessary and sufficient condition, given after Theorem 1.B.21,
is taken from Ma [374]. The result involving the hazard rate comparison
of weighted random variables (Example 1.B.23) is taken from Nanda and
Jain [423]; see also Bartoszewicz and Skolimowska [51]. The hazard rate
comparison of epoch times of nonhomogeneous Poisson processes in Ex-
ample 1.B.24 can be found in Ahmadi and Arghami [6] and in Belzunce,
Lillo, Ruiz, and Shaked [69]; in the latter paper the result is extended to
nonhomogeneous pure birth processes. The hazard rate order comparison
of inter-epoch times of nonhomogeneous Poisson processes in Example
1.B.24 is taken from Belzunce, Lillo, Ruiz, and Shaked [69], who also ob-
tained a similar result for the more general nonhomogeneous pure birth
processes. The hazard rate order comparison of series systems of parallel
systems (Example 1.B.25) can be found in Valdés and Zequeira [553]. The
proof of Theorem 1.B.26 (given in Remark 1.C.40) is taken from Boland,
Shaked, and Shanthikumar [101]. The hazard rate order comparisons of
order statistics described in Theorems 1.B.27 and 1.B.28 can be found
in Korwar [321]. The conditions that lead to the hazard rate ordering of
minima (Theorem 1.B.29 and Corollary 1.B.30) are taken from Navarro
and Shaked [430]. The two results that give the hazard rate orderings of
the spacings (Theorem 1.B.31) can be found in Kochar and Kirmani [313]
and in Khaledi and Kochar [285], whereas the comparison of spacings
from two different samples (Theorem 1.B.32) is taken from Khaledi and
Kochar [285]; further results can be found in Hu and Wei [240] and in
Misra and van der Meulen [396]. The closure property under formations
of order statistics (Theorem 1.B.34) is taken from Singh and Vijayasree
[537]; see also Lynch, Mimmack, and Proschan [369]. Boland, El-Neweihi,
and Proschan [97] show, by a counterexample, that the conclusion of The-
orem 1.B.34 need not hold when the X;’s or the Y;’s are not identically
distributed. Extensions of Theorem 1.B.34 can be found in Shaked and
Shanthikumar [516], in Belzunce, Mercader, and Ruiz [70], and in Hu and
Zhuang [247]. The general comparison result, given in Theorem 1.B.36, is
taken from Boland, Hu, Shaked, and Shanthikumar [99]; see related results
in Franco, Ruiz, and Ruiz [205] and in Hu and Zhuang [247]. The hazard
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rate order comparisons of maxima of heterogeneous exponential random
variables (Example 1.B.37) are taken from Dykstra, Kochar, and Rojo
[174] and from Khaledi and Kochar [287]. The closure under convolution
property of IFR random variables (Corollary 1.B.39) can be found, for
example, in Barlow and Proschan [36, page 100]). The characterizations
of the DMRL and the IMRL aging notions by means of the hazard rate
order (Theorem 1.B.40) can be found in Brown [111, page 229], in Whitt
[565], and in Fagiuoli and Pellerey [187]. The observation that essentially
reduces the study of the reversed hazard rate order into the study of the
hazard rate order (Theorem 1.B.41) is taken from Nanda and Shaked
[428]. The bivariate characterization results for the reversed hazard order
(Theorems 1.B.47 and 1.B.49) can be found in Shanthikumar, Yamazaki,
and Sakasegawa [529] and in Cheng and Righter [128]. The application of
the reversed hazard order in economics, described in Example 1.B.51, is
taken from Eeckhoudt and Gollier [180]; further results in this vein can be
found in Kijima and Ohnishi [293]. The closure property of the order <,
under reversed hazard rate ordered mixtures (Theorem 1.B.52) is taken
from Shaked and Wong [524]; a related result is Proposition 4.1 of Kebir
[282]. The Laplace transform characterization of the order <,;, (Theorem
1.B.53) is taken from Kebir [281]. The result about the inheritance of the
order <;j, from the mixing scales to the underlying counting processes
(Theorem 1.B.54), is essentially taken from Ma [374]. The results about
the reversed hazard rate ordering of order statistics (Theorems 1.B.56 and
1.B.57), and the characterizations of the reversed hazard rate order given
in Theorem 1.B.62, can be found in Block, Savits, and Singh [96], whereas
the result described in Theorem 1.B.58 is taken from Hu and He [232]. The
preservation of the order statistics in the sense of the order <,;, (Theorem
1.B.60) can be found in Nanda, Jain, and Singh [426].

An order among nonnegative random variables, which is defined by stip-
ulating the monotonicity of the ratio of the hazard rate functions (when
they exist), is studied in Kalashnikov and Rachev [271], Sengupta and
Deshpande [500], and Rowell and Siegrist [479]. Equivalently, if F' and G
are survival functions, and we denote Ry = —logF and Rg = —logG,
then the order mentioned above can be defined by requiring that the com-
position Rp o R&l be convex on [0, 00). The notion of the monotonicity of
the ratio of hazard rate functions is used in Examples 1.B.24 (see (1.B.25))
and 1.B.25, as well as in Theorem 1.C.4. Sengupta and Deshpande [500]
and Rowell and Siegrist [479] also studied the orders defined by stipulating
that Rp o Ral be starshaped or superadditive.

Brown and Shanthikumar [112], Lillo, Nanda, and Shaked [361], Hu and
Zhu [242], Di Crescenzo and Longobardi [165], and Belzunce, Ruiz, and
Ruiz [74] have introduced and studied various shifted hazard and reversed
hazard rate orders. Similar orders which extend the likelihood ratio order
are studied in Section 1.C.4.
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Section 1.C: Again, many of the basic results regarding the likelihood ratio
order can be found in Ross [475] and in Miiller and Stoyan [419]. Condi-
tion (1.C.3) is implicit in Block, Savits, and Shaked [95], and it is explicit
in Miller [408]. The relation (1.C.4) is mentioned in Chan, Proschan,
and Sethuraman [123]. The sufficient conditions for X <j, Y, given in
Theorem 1.C.4, have been noted in Belzunce, Lillo, Ruiz, and Shaked
[69]. The closure property of the likelihood ratio order under conditioning
(Theorem 1.C.5) is observed in Whitt [561]. Many variations of Theorem
1.C.5 with respect to general sample spaces can be found in Whitt [561]
and in Riischendorf [485]. The closure under limits property of the order
<)y (Theorem 1.C.7) is taken from Miiller [408]. The result regarding the
preservation of the order <j, under monotone increasing transformations
(Theorem 1.C.8) can be found in Keilson and Sumita [283]. The several
closure under convolution results (Theorems 1.C.9, 1.C.11, and 1.C.12) as
well as the bivariate characterization result (Theorem 1.C.20) are taken
from Shanthikumar and Yao [532]; a related result is Proposition 2.4 of Ke-
bir [282]. A special case of Theorem 1.C.9 can be found in Mukherjee and
Chatterjee [403]. The result about the number of successes in independent
trials (Example 1.C.10) is statement (7) in Samuels [488], who attributed
it to Ghurye and Wallace. The characterization of the order <y, by means
of the order <, given in Theorem 1.C.14, is taken from Di Crescenzo
[164]; a density of the form (1.C.7) can be found in Adell and Lekuona
[4, page 773]. The likelihood ratio order comparison of a random random
variable with a fixed random variable (Corollary 1.C.16) is a slight gen-
eralization of Problem B in Szekli [544, page 22]. The closure property of
the order <), under likelihood ratio ordered mixtures (Theorem 1.C.17) is
an extension of a result in Kebir [282]. The result about the inheritance of
the order <}, from the mixing scales to the underlying counting processes
(Theorem 1.C.18), is taken from Ma [374]. Example 1.C.19 is inspired by
Theorem 4.12 of Asadi and Shanbhag [23], but Example 1.C.19 has weaker
assumptions (@7 and @2 need not be degenerate) and stronger conclusions
(Y7 and Y, are ordered in the likelihood ratio order, rather than in the
hazard rate order) than the result of Asadi and Shanbhag [23]. The result
in Theorem 1.C.21 is a special case of a result in Ross [475]. The bivari-
ate characterizations in Theorems 1.C.22, 1.C.23, and 1.C.24 are taken
from Righter and Shanthikumar [466] and from Chapter 13 by Righter in
[515]. The Laplace transform characterization of the order <j, (Theorem
1.C.25) can be found in Kebir [281]. An extension of Theorem 1.C.25 to
more general orders can be found in Nanda [422]. The conditional likeli-
hood ratio orderings, described in Theorem 1.C.26, can be found in Ku
and Niu [324] and in Chapter 14 by Shanthikumar and Yao in [515]. The
setting in which the order <y, gives rise to the order <j,, as described in
Theorem 1.C.28, is essentially taken from Ross, Shanthikumar, and Zhu
[478]; they gave a version of this result for the order <,,. The necessary
and sufficient condition for aX <j; X (Theorem 1.C.29) can be found in
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Hu, Nanda, Xie, and Zhu [237]. The likelihood ratio order comparisons
of the order statistics given in Theorem 1.C.31 are taken from Bapat and
Kochar [31] and from Hu, Zhu, and Wei [243]; an extension of the first
part of Theorem 1.C.31(a) can be found in Ma [373]. The result about the
likelihood ratio order comparison of order statistics of a simple random
sample from a finite population (Theorem 1.C.32) can be found in Kochar
and Korwar [315]. The general result which compares order statistics from
two samples of different size (Theorem 1.C.33) is taken from Lillo, Nanda,
and Shaked [362]; see related results in Franco, Ruiz, and Ruiz [205] and
in Hu and Zhuang [247]. Belzunce and Shaked [78] extended Theorem
1.C.33 to comparison of lifetimes of coherent systems in reliability theory;
see also Belzunce, Franco, Ruiz, and Ruiz [66]. The closure property un-
der formation of order statistics (Corollary 1.C.34) can be found in Chan,
Proschan, and Sethuraman [123]; a special case of this result can be found
in Singh and Vijayasree [537]. The likelihood ratio order comparison of the
order statistics given in Theorem 1.C.37 is taken from Raqgab and Amin
[465]. Theorem 2.6 in Kamps [273, page 182] extends Theorem 1.C.37 to
the so called generalized order statistics; see also Korwar [322] and Hu and
Zhuang [247]. The special case of Theorem 1.C.37 when j = 4, is extended
in Nanda, Misra, Paul, and Singh [427] to the case when the sample sizes
m and n are random. Nanda, Misra, Paul, and Singh [427] also extend
the special case of Theorem 1.C.37 when m = n, to the case when the
common sample size is random. The likelihood ratio order comparison of
normalized spacings (Theorem 1.C.42) can be found in Kochar and Kor-
war [314], whereas the comparisons for nonnormalized spacings (Theorem
1.C.43) are special cases of results in Misra and van der Meulen [396] and
in Hu and Zhuang [246, 248]. The comparison of spacings that correspond
to random variables with logconcave density (Theorem 1.C.44) is a special
case of a result of Hu and Zhuang [246, 248]. The comparison of spacings
from two different samples (Theorem 1.C.45) is taken from Khaledi and
Kochar [285]; an extension of this result can be found in Franco, Ruiz, and
Ruiz [205], and a related result can be found in Belzunce, Mercader, and
Ruiz [70]. The results about the likelihood ratio order comparisons of ran-
dom minima and maxima (Example 1.C.46) are taken from Shaked and
Wong [526]; see a related result in Bartoszewicz [49]. The result about the
likelihood ratio comparison of the successive epochs of a nonhomogeneous
Poisson process (Example 1.C.47) is given in Kochar [307, 309], where it
is also shown that it implies the likelihood order comparison of successive
record values of a sequence of independent and identically distributed ran-
dom variables. The likelihood ratio comparisons of epoch and inter-epoch
times of nonhomogeneous Poisson processes (Example 1.C.48) are taken
from Belzunce, Lillo, Ruiz, and Shaked [69], who also extended them to
comparisons of epoch and inter-epoch times of nonhomogeneous pure birth
processes. The likelihood ratio order comparison of a sum of independent
heterogeneous exponential random variables with a proper Erlang ran-
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dom variable (Example 1.C.49) is a combination of results from Boland,
El-Neweihi, and Proschan [98] and from Bon and Palt&nea [105], where
more refined comparisons can also be found. For instance, the compari-
son in Example 1.C.50 is given in Boland, El-Neweihi, and Proschan [98].
The likelihood ratio order comparison of a sum of independent heteroge-
neous binomial random variables with a proper binomial random variable
(Example 1.C.51) is taken from Boland, Singh, and Cukic [102]. An inter-
pretation of logconcavity and logconvexity as aging notions can be found
in Shaked and Shanthikumar [506], where the proof of parts (i) and (ii)
of Theorem 1.C.52 can be found. A proof of (1.C.13) can also be found
there. The likelihood ratio ordering of random variables conditioned on
their sum (Theorem 1.C.53) is essentially Example 12 of Lehmann [343].
The closure property of logconcave densities under order statistics (The-
orem 1.C.54) is a generalization of an observation in Li and Lu [355].
The characterizations of the IFR and the DFR aging notions by means of
the likelihood ratio order (Theorem 1.C.55) can be found in Whitt [565].
The likelihood ratio order comparison of the asymptotic equilibrium ages,
given in Example 1.C.56, is a special case of a result of Bon and Illayk
[104]. The likelihood ratio monotonicity of the parameter in the obser-
vation, given the likelihood ratio monotonicity of the observation in the
parameter (Example 1.C.57), can be found in Whitt [560], whereas the
preservation of the likelihood ratio order of the priors by the posteriors
(Example 1.C.58) is given as Remark 3.14 in Spizzichino [539]. The com-
parison of the weighted random variables (Example 1.C.59) can be found
in Bartoszewicz and Skolimowska [51]. An extension of the implication
in Example 1.C.59, when X® and Y™ are the length-biased versions of
X and of Y, respectively, is given in Hu and Zhuang [244]. An extension
of the implication in Example 1.C.59 to multivariate weighted distribu-
tions can be found in Jain and Nanda [253]. The result in Example 1.C.60
is taken from Bartoszewicz and Skolimowska [51]; extensions of the in-
equality X <j; X", when X is the length-biased version of X, are given
in Ross [476]. The ordering of generalized skew normal random variables
(Example 1.C.61) is taken from Gupta and Gupta [215]. The up shifted
likelihood ratio order is introduced in Shanthikumar and Yao [530]. The
results described in Section 1.C.4 can mostly be found in Lillo, Nanda, and
Shaked [361, 362]. An extension of Theorem 1.C.77 is given in Belzunce,
Ruiz, and Ruiz [74]; see also Belzunce and Shaked [78]. Ramos Romero
and Sordo Diaz [464] defined an order that is reminiscent of the order
<yt as defined in (1.C.19). According to their definition, the nonnegative
random variable X is said to be smaller than the nonnegative random
variable Y if aX <), Y for every 0 < a < 1.

Lehmann and Rojo [345] used the characterization (1.C.4) in order to
define stochastic orders that are stronger than <),. For example, let X
and Y be two random variables with distribution functions F' and G,
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respectively, and consider the stipulation that, for a fixed k,

d%GF—l(u) >0 forall0<u<landaln=12,...,k.
If £ > 3, then X is stochastically smaller than Y in a sense that is stronger
than <j,. The order <), is obtained when k = 2. Lehmann and Rojo [345]
showed, for example, that if X, Xs,..., X,, are independent, identically
distributed, then X; is smaller than max{X;, Xs,..., X}, in the above
sense, with k£ = m.

Chang [126] considered four exponential random variables X1, X, Y7, and
Y5, with the corresponding rates A1, A2, p1, and po, where X7 and X, are
independent, and Y; and Y5 are independent. He obtained the necessary
and sufficient conditions on A1, Ao, p1, and puo, for each of the following
results: (1) X14+Xo < Y14Y5, (ll) X1+ X9 21 Y14 Y5, and (lll) X1+ Xo
and Y7 + Y5 are not comparable in the likelihood ratio order.

Section 1.D: The discussion in this section follows Shaked and Suarez-
Llorens [520].

Fagiuoli and Pellerey [185] have introduced an approach that describes a
unified point of view regarding some of the orders studied in this chapter and
some of the orders studied in Chapters 2, 3, and 4. This approach led Fagiuoli
and Pellerey to introduce some families of new orders. Several properties of
these orders were studied in Fagiuoli and Pellerey [185], in Nanda, Jain, and
Singh [424, 425], and in Hu, Kundu, and Nanda [236]; see also Hesselager
[221]. Another general approach that unifies some of the orders studied in
this chapter and in Chapter 2 was introduced in Hu, Nanda, Xie, and Zhu
[237].

Other orders that are related to the orders <y and <;. have been in-
troduced and studied in Di Crescenzo [163]. Yanagimoto and Sibuya [571],
Zijlstra and de Kroon [577], and Shanthikumar and Yao [532], extended the
definitions of X <4 Y, X <j,, Y, and X <, Y, to jointly distributed random
variables X and Y'; see also Arcones, Kvam, and Samaniego [15]. Ebrahimi
and Pellerey [177] have introduced a stochastic order based on a notion of
uncertainty and studied its relationship to some of the orders studied in this
chapter.






2

Mean Residual Life Orders

In this chapter we study two orders that are based on comparisons of func-
tionals of mean residual lives. Like the orders in Chapter 1, the purpose of the
orders here is to compare the “location” or the “magnitude” of random vari-
ables. Among other things, the relationship between the orders of Chapter 1
and the orders in this chapter will be analyzed.

2.A The Mean Residual Life Order

2.A.1 Definition

If X is a random variable with a survival function F and a finite mean s, the
mean residual life of X at t is defined as

m(t) = {E[X —t|X > 1), fort<t*; 2AD)

0, otherwise,

where t* = sup{t : F(t) > 0}. Note that if X is an almost surely positive
random variable, then m(0) = p. By the finiteness of p we have that m(t) < oo
for all t < co. However, it is possible that m(co) = lim;—,o, m(t) = 0o. A useful
observation is that m(t) = ([, F(x)dz)/F(t) when t* = oco.

Although in (2.A.1) there is no restriction on the support of X, the mean
residual life function is usually of interest when X is a nonnegative random
variable. In that case X can be thought of as a lifetime of a device and m(t)
then expresses the conditional expected residual life of the device at time ¢t
given that the device is still alive at time ¢. Clearly, m(t) > 0, but not every
nonnegative function is a mean residual life (mrl) function corresponding to
some random variable. In fact, a function m is an mrl function of some non-
negative random variable with an absolutely continuous distribution function
if, and only if, m satisfies the following properties:

(i) 0 <mf(t) < oo for all t >0,
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(i) m(0) >

(iii) m is contlnuous

(iv) m(t) +t is increasing on [0, oo], and

(v) when there exists a ¢y such that m(tg) = 0, then m(t) = 0 for all ¢ > ¢.
Otherwise, when there does not exist such a ¢y with m(tg) = 0, then

Clearly, the smaller the mrl function is, the smaller X should be in some
stochastic sense. This is the motivation for the order discussed in this section.
Let X and Y be two random variables with mrl functions m and [, respec-

tively, such that
m(t) <I(¢t) for all t. (2.A.2)

Then X is said to be smaller than'Y in the mean residual life order (denoted
as X < Y).

Analogously to (1.B.3), it can be shown that X <.,;; Y if, and only if,
[7° G(u)du

t

[7° F(u)du

t

increases in t over {t : / F(u)du > 0}, (2.A.3)
¢

or equivalently, if, and only if,

é(t)/ F(u)du < F(t)/ G(u)du for all t, (2.A.4)
t t
or equivalently, if, and only if,

EBl(Y —t)4] . :

———————= increases in t over {t: E[(X —t).]| > 0}, 2.A.5

where, for any real number a, we let a4 denote the positive part of a; that is,
ay =aifa>0and ay =0if a <O0.
Analogously to (1.B.5), we also have that X <1 Y if, and only if,

Fs) Gl
[ F(uw)du ~ [ G(u)du

such that the denominators are positive.

It is worthwhile to note that Condition (2.A.5) uses the expectations
E[(X —t)+] and E[(Y —t)4] as (3.A.5) in Chapter 3 and (4.A.4) in Chapter 4
do.

For discrete random variables that take on values in N the definition of
<ur1 should be modified. Let X be such a random variable with a finite mean
. The mrl function of X at n is defined as

forall s <t (2.A.6)

m(n) = E[X — n‘X >n], forn <n*
0, otherwise,
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where n* = max{n : P{X > n} > 0}. Note that for such a random variable
m(0) = p. By the finiteness of ;1 we have that m(n) < oo for n < co. Let X
and Y be two such random variables with mrl functions m and [, respectively.
We denote X <, Y if

m(n) <lIl(n) for allm > 0. (2.A.7)
The discrete analog of (2.A.3) is that (2.A.7) holds if, and only if,

>oie, PLY > 5}
doen P{X > 5}

The discrete analog of (2.A.4) is that (2.A.7) holds if, and only if,

increases in n over Ny N {n : Z P{X >j}>0}.

Jj=n

P{y>n} Y P{X>j}<P{X>n} ) P{Y>j} foralln>0.
j=n+1 j=n+1

The discrete analog of (2.A.6) is that X <., Y if, and only if,
P{X >m} < P{Y >m}
Sn PIX >4 X5, P{Y >}

such that the denominators are positive.

forallm <n

2.A.2 The relation between the mean residual life and some other
stochastic orders

If X is a random variable with mrl function m and hazard rate function r, it
is not hard to verify that

m(t) = /tt* eXp{ - /tT r(u)du}dx, for t < t*. (2.A.8)

Therefore, if Y is another random variable with mrl function ! and hazard
rate function ¢ and (1.B.2) is satisfied, that is, X <j,, YV, then X <,,; Y. We
thus have proved the following result.

Theorem 2.A.1. If X and Y are two random variables such that X <, Y,
then X <,n Y.

Neither of the orders <y and <, implies the other; counterexamples can
be found in the literature. The next result, however, gives a condition under
which X <., Y if, and only if, X <, Y. Therefore, in particular, under that
condition, X <, Y = X <, Y.

Theorem 2.A.2. Let X and Y be two random variables with mrl functions
m and [, respectively. Suppose that %tt)) increases in t. Then, if X <pn Y,
then X <y, Y.
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Proof. Tt is not hard to verify that m is differentiable over {¢ : P{X >t} > 0}
and that if X has the hazard rate function r, then

m!(£) + 1
m(t)

r(t) =

where m’ denotes the derivative of m. Similarly, if Y has the hazard rate

function g, then

U(t) +1
t) = ————
q(t) 0

The monotonicity of m(t)/I(t), together with (2.A.2), implies that

w1 U@ 1
m) T m@ =

that is, X <., Y. O

Under a condition that is weaker than the one in Theorem 2.A.2 one merely
obtains that X <1 Y implies that X <y Y. This is shown in the next result.

Theorem 2.A.3. Let X andY be two nonnegative random variables with mrl

functions m and [, respectively. Suppose that T(Sf)) >4 m(O) (that s, T(Ef)) > EX

when X andY are almost surely positive), t > 0. IfX Smrl Y, then X <4 Y.
Proof. Let F be the survival function of X. It is not hard to verify that

— EX

F(t)zm(t)exp{—/ot %dx} over {t: P{X >t} > 0}.

Similarly, the survival function of Y can be expressed as

— EY

G(t) = o] eXp{ - /Ot ﬁdx} over {t: P{Y >t} > 0}.

Q\

Therefore, under the assumptions of the theorem, it is seen that E ; ]

The mean residual life order can be characterized by means of the hazard
rate order and the appropriate equilibrium age variables. Recall from (1.A.20)
that for nonnegative random variables X and Y with finite means we denote
by Ax and Ay the corresponding asymptotic equilibrium ages. The following
result follows at once from (1.B.3) and (2.A.3). It may be contrasted with

Theorem 1.C.13.

Theorem 2.A.4. For nonnegative random wvariables X and Y with finite
means we have X <y Y if, and only if, Ax <p Ay.
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In the next theorem the order <,;,1 is characterized by ordering two related
random variables in the sense of the hazard rate order. Let X and Y be two
nonnegative random variables with finite means and suppose that X < Y
and that £EX < EY. Let F' and G be the distribution functions of X and of
Y, respectively. Define the random variable Zx y as the random variable that
has the density function h given by (1.C.7), as in Theorem 1.C.14; see also
Theorem 2.B.3.

Theorem 2.A.5. Let X and Y be two nonnegative random variables with
finite means such that X < Y and such that EY > EX > 0. Then

X< Y <= Ay <ir Zxy <= Ax < Zx v,
where Zx y has the density function given in (1.C.7).

Proof. Denote by G, and H the survival functions of Ay and Zx y, respec-
tively. Using (1.A.20) and (1.C.7) we compute

H(z)  EY (1 f;OF(u)du>
Go(z) EY -EX 1.7 G(u)du

and the first stated equivalence follows from (2.A.3) and (1.B.3). The second
equivalence is proven similarly. O

> 0,

Some characterizations of the hazard rate order by means of the order
< are given below. We denote by Exp(u) any exponential random variable
with mean pu.

Theorem 2.A.6. Let X and Y be two continuous nonnegative random vari-
ables. Then X <y, Y if, and only if,
min{ X, Exp(u)} <mpn min{Y,Exp(p)} for all p > 0.

The proof of Theorem 2.A.6 uses the Laplace transform order which is
discussed in Chapter 5, and it will be given in Remark 5.A.23.

Note that from Theorem 2.A.6 it follows, for continuous nonnegative ran-
dom variables, that X <y, Y if, and only if,

min{ X, Z} <y, min{Y, Z}

for any nonnegative random variable Z which is independent of X and of Y.
This is so because X <y, Y implies min{X, Z} <p, min{Y, Z} by Theorem
1.B.33, and the latter implies the above inequality by Theorem 2.A.1.

The proof of the next result is not given here.

Theorem 2.A.7. Let X and Y be two continuous nonnegative random vari-
ables. Then X <y, Y if, and only if,

1l—e X< nl—e*" for all s > 0.

A characterization of the order <p,1, by means of the increasing convex
order, is given in Theorem 4.A.24.
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2.A.3 Some closure properties

In general, if X7 <1 Y7 and Xo <1 Yo, where X7 and X5 are independent
random variables and Y; and Y5 are also independent random variables, then
it is not necessarily true that X1 + Xo <;1 Y1 4+ Y3. However, if these random
variables are IFR, then it is true. This is shown in Theorem 2.A.9, but first
we state and prove the following lemma, which is of independent interest.

Lemma 2.A.8. If the random wvariables X and Y are such that X <pn Y
and if Z is an IFR random variable which is independent of X and Y, then

X+Z<umY + 2. (2.A.9)
Proof. Denote by fw and Fyy the density function and the survival function
of any random variable W. Note that
/ Fx,z(z)de = / Fx(u)Fz(s—u)du for all s.

Now, for s < t, compute

/ Fsz(e)da / Fy+2(y)dy — / Frsz(o)de / Fy12(y)dy
r=s y T

=t =t y=s

_ / / ~ [Fx(@)Fz(s - w)Fy (0)F7(t - v)

+ Fx(0)Fz(s — v)Fy (W) F(t — u)} dudv
— / / ) [FX(U)FZ (t — u)Fy (0)F5(t —v)

+Fx(v)Fz(t—v)Fy(u)Fz(s — u)} dudv

//>U Fx(z)dz - Fy (v / Fy(2)da- FX()]

X [fz(s —u)Fz(t —v) — fz(t — u)F z(s — v)]dudv,

where the second equality is obtained by integration of parts and by collection
of terms. Since X <,,;1 Y it follows from (2.A.4) that the expression within
the first set of brackets in the last integral is nonpositive. Since Z is IFR it
can be verified that the quantity in the second pair of brackets in the last

integral is also nonpositive. Therefore the integral is nonnegative. This proves
(2.A9). O

Theorem 2.A.9. Let (X;,Y;), i = 1,2,...,m, be independent pairs of ran-
dom variables such that X; <y Y;, i = 1 2 yee,m  IfF X Y 0 =120

are all IFR, then
ZXz Smrl ZY;
i=1 i=1

7
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Proof. Repeated application of (2.A.9), using the closure property of IFR
under convolution, yields the desired result. O

Another interesting lemma is stated next. Recall that a random variable
X is said to be (or to have) decreasing mean residual life (DMRL) if m(t) is
decreasing in t.

Lemma 2.A.10. If the random variables X and Y are such that X <p, Y
and if Z is a DMRL random variable independent of X and Y, then
X+Z Smrl Y+ Z.

Proof. Integrating the identity in the proof of Lemma 1.B.3, we obtain that,
for s < t, one has

/oo Fxiz(x)da /OO Fy1z7(y)dy — /oo Fxiz(@)de /Oo Frezly

= t =t y=s

:Aﬁnﬁﬂwnw—hwﬂwﬂ

« [/ZJ:FZ(y—v)dy-FZ(s—u)—/oo FZ(x—v)dwFZ(t—u)}dudv.

Tr=s
The result now follows from the assumptions. 0O
It should be pointed out that a theorem such as Theorem 2.A.9 cannot be

obtained from Lemma 2.A.10. The reason is that the inductive argument used
to prove Theorem 2.A.9 does not have an analog based on Lemma 2.A.10.

Theorem 2.A.11. Let X be a DMRL random variable, and let Z be a non-
negative random variable independent of X. Then

X< X+ 2.

Proof. Let Fx, Fz, and Fxyz denote the distribution functions of the corre-
sponding random variables, and let F'x and F'xz denote the corresponding
survival functions. Then, for any ¢ € R we have

Fy(t) /t T P (u)du = Fx(t) /t h /O T P (u — 2)dF(2)du
=Fx(t) /OOO /Oofx(u — z)dudFz(z)
= Oofx(t) /OO Fx(u)dudFz(2)

0 t—=z

> /O T F(t—2) /t P (w)dud Fy (2)

= Faerlt) [ Fxwdn

where the inequality follows from the assumption that X is DMRL. The stated
result now follows from (2.A.4). O
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A mean residual life order comparison of random sums is given in the
following result.

Theorem 2.A.12. Let {X;, i = 1,2,...} be a sequence of independent and
identically distributed monnegative IFR random wvariables. Let M and N be
two discrete positive integer-valued random variables such that M <y, N (in
the sense of (2.A.7)), and assume that M and N are independent of the X;’s.

Then
M N
Z X7 Smrl Z X7
1=1 =1

The mean residual life order does not have the property of being simply
closed under mixtures. However, under quite strong conditions the order <,
is closed under mixtures. This is shown in the next theorem which may be
compared with Theorem 1.B.8.

Theorem 2.A.13. Let X, Y, and © be random variables such that [X|@ =
0] <mrl [Y|@ =0'] for all 0 and 0" in the support of ©. Then X <pn Y.

Proof. The proof is similar to the proof of Theorem 1.B.8. Select a 6 and a
¢’ in the support of ©. Let F(- |0 G |0 F |9’ ), and G(- |9’ ) be the survival
functions of | X|@ = 0], Y|9 = 0], X’@ = ¢’], and | Y|@ = 0], respectively.
It is sufficient to show that for o 6 (0,1) we have

o [ F(u|f)du+ (1 — ) [ F(ul6)du
af(t’@ 1—a7t‘9’
ozft G(ulf) du—|— ft G(ul6)du
- aG(t|0) + G(t]6")

for allt > 0.

The proof of this inequality is similar to the proof of (1.B.12). O

An analog of Theorem 1.B.12 exists for the order <. This is stated next.

Theorem 2.A.14. Let X and Y be two nonnegative independent random
variables. Then X <pu Y if, and only if, for all functions a and B such
that B is nonnegative and /3 and B are increasing, one has

Ela”(X)EB*(Y)] < E[a”(Y)E[5"(X)],

provided the expectations exist, where

a*(x) = /ff a(u)du and B*(z) = 01 O(u)du

0

In particular, if X <,,1 Y, then

is increasing in n. (2.A.10)
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Consider now a family of distribution functions {Ge, 6 € X} where X is
a subset of the real line. As in Sections 1.A.3 and 1.C.3 let X(6) denote a
random variable with distribution function Gy. For any random variable @
with support in X, and with distribution function F, let us denote by X(O)
a random variable with distribution function H given by

:/XGg(y)dF(ﬁ), yEeR.

The following result is comparable to Theorems 1.A.6, 1.B.14, 1.B.52, and
1.C.17.

Theorem 2.A.15. Consider a family of distribution functions {Gg, 0 € X'}
as above. Let ©1 and Oy be two random variables with supports in X and
distribution functions Fy and Fy, respectively. Let Y1 and Yo be two random
variables such that Y; =g X (0;), i = 1,2, that is, suppose that the distribution
function of Y; is given by

H y):/ Go(y)dF;(0), yeR, i=12.
X

If
X(0) < X(0")  whenever 6 <0, (2.A.11)
and if
O1 <nr O2, (2.A.12)
then
Yl >mrl Y2 (2A13)

The proof of Theorem 2.A.15 uses the increasing convex order, and is
therefore given in Remark 4.A.29 in Chapter 4.

A Laplace transform characterization of the order <., is given next; it
may be compared to Theorems 1.A.13, 1.B.18, 1.B.53, and 1.C.25.

Theorem 2.A.16. Let X; and Xs be two nonnegative random variables, and
let Nx(X1) and Nx(X2) be as described in Theorem 1.A.13. Then

Xl >mrl X2 — N)\(Xl) >mrl N)\(XQ) fO'f' all A > 0,
where the notation Nx(X1) <mr Na(X2) is in the sense of (2.A.7).

Proof. We use the notation of Theorem 1.A.13. Denote the distribution and
survival functions of X by Fj and Fy, k = 1,2. For K = 1,2, note that
afk (n) can be written as

— / e /\x) O )

) n =20,
PR 2.A.14
{fo e~ A® (g‘?fll)!le(a:)da:, n=12,.... ( )
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Therefore
* — Az (/\I)
P[X,=n]= e ——dFg(xz), n=0,1,2,.... (2.A.15)
0 n

From (2.A.15) it is seen that
E[Nx(Xp)] = AE[X}], k=1,2, (2.A.16)

provided the expectations exist.

First assume that X7 < X2 For the sake of this proof replace temporar-
ily the notation @y '(n) and @y?(n), by @x1(n) and @y2(n), respectively.
We also denote E[X;] and E[X3] by p1 and pe, respectively. The proof of
N (X1) <mrl Na(X2) will consist of showing the following three inequalities:

S o @a2(n) Zoola)\Q( )
Yo gani(n) Zn i (n)’ (2.A.17)
Zn 10‘/\2(n) Zn 204)\2(n)
Yoo ana(n) — Zn yaxni(n)’ (2.A.18)

and
(oo}
> @xk(n) is TPy in k € {1,2} and m > 2. (2.A.19)

In order to prove (2.A.17) note that from (2.A.16) it follows that

Za,\k Y=14+Mu k=12, and
Z )=k, k=1,2. (2.A.20)

But since X7 <,y Xo implies that gy < po it follows that

14+ Ape )\,uz
L+ A — )\M1

and (2.A.17) is obtained.
Next notice that (2.A.18) is equivalent to

ar2(l) > da(n)
&A,l(l) < 22116)\’1(”). (2.A.21)

Since 07 @y x(n) = Ak, k =1,2, and

ey o e8] oo
ank(l) = / e MFy(x)dz = )\{,uk - / )\e_”\x/ Fi(u)dudz|,
0 0 x
k=1,2,
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it follows that (2.A.21) is the same as

ul/ e /F2 dudm—ug/ e /F1 Ydudz > 0. (2.A.22)

Rewriting the left-hand side of (2.A.22) we see that

/OOO Ao [Ml _/:o Fa(u)du — pz /oo fl(u)du} dz

€T

_ /0 T e { /0 Py (u)du / P (u)du — /0  Fo(u)du /x h Fl(u)du} dz

>0,
where the inequality follows from the TPs-ness of f Fr(u)du in k = 1,2,
and x > 0 (see (2.A.3)). This proves (2.A.22), and hence (2.A.18).

Finally, in order to prove (2.A.19), notice, using a straightforward compu-
tation, that, for m > 2,

0 oo T m—2 ©
Zm,k(n): /O A%“M / Fi(u)dudz. (2.A.23)

By assumption, [ Fi(u)du is TPy in k € {1,2} and > 0. Furthermore,

A2e= Az ((’\x)m)z is TP2 in m > 2 and z > 0. Thus, it follows that > @y x(n)
is TPs in k € {1,2} and m > 2, and this establishes (2.A.19).

Now suppose that Ny(X1) <mn Na(Xz) for all A > 0. Then

Pomem O1(n) _ 302, Gaa(n)

=0,1,2,....
aA71 (m) — a)\’2 (m) ) m ) 7 )
For m > 2, by (2.A.23) and (2.A.14),
%) _ m—2 _ m—2
fo Ae /\u(/\u) U Fi(z ] fo A (()\72) 21 U Fo(z dx] du
IS Aem A"(()‘Tz)_l)! Fi(u )du f e~ (():1) I Fo(u)du

(2.A.24)
For a fixed y > 0, define A = (m — 1) /y. Letting m — oo (A — o0), we have

/ e —M ()™ )2 [/uooFk(x)dx} du—>/yooFk(x)dx,

> e —Au ()\u)m '

0 (m —1)!

as long as y is a continuity point of Fj(x) and Fa(x). For such y’s, (2.A.24)
gives us

and
Fr(u)du — Fi(y), k=1,2,
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fyoofl(x)dx _ fyoofg(.’b)d(ﬂ
Fi(y) = Fa(y)

It follows that X7 <u; Xz since the set of continuity points of Fi(z) and
Fo(x) is dense in the set of positive real numbers. 0O

An analog of Theorem 1.B.21 is the following result.

Theorem 2.A.17. Let X be a nonnegative DMRL random variable, and let
a <1 be a positive constant. Then aX <, X.

Proof. Tt is easy to verify that the mean residual life function of a X is given
by am(L), for all ¢, where m is the mean residual life function of X. Now

t t
am(=) <m(=) <m(t) forallt,
a a
where the first inequality follows from a € [0,1] and the second inequality
follows from the assumption that X is DMRL. The proof now follows from

(2.A.2). O

In the next result it is shown that a random variable, whose distribution
is the mixture of two distributions of mean residual life ordered random vari-
ables, is bounded from below and from above, in the mean residual life order
sense, by these two random variables.

Theorem 2.A.18. Let X and Y be two random wvariables with distribution
functions F and G, respectively. Let W be a random wvariable with the dis-
tribution function pF + (1 — p)G for some p € (0,1). If X <un Y, then
X Smrl w Smrl Y.

The proof of Theorem 2.A.18 is similar to the proof of Theorem 1.B.22,
but it uses (2.A.3) instead of (1.B.3). We omit the details.
The following result is proven in Remark 4.A.25 of Section 4.A.3.

Theorem 2.A.19. Let X and Y be two random variables. If X <, Y, then
D(X) <mn ¢(Y) for every increasing convex function ¢.

Analogous to the result in Remark 1.A.18, it can be shown that the set of
all distribution functions on Ry with finite means is a lattice with respect to
the order <.

Let X1, Xa,..., X, be random variables, and let X 4.,y denote the corre-
sponding kth order statistic, k =1,2,...,m.

Theorem 2.A.20. Let X1, Xo,...,X,, be m independent random variables.

If
XiSmrIXm, Z.:1,2,...,771—17

then
X(m—l:m—l) <mrl X(mm) .



2.A The Mean Residual Life Order 93

Let Xi,Xs,..., X, be nonnegative random variables and let U.p,) =
X(izm) — X(i—1:m) denote the corresponding spacings, i = 1,2,...,m (where
Uiim) = X(1:m))- Similarly, let Y7, Y5, ..., Y, be nonnegative random variables
and let V(;.,) denote the corresponding spacings, i = 1,2,...,n.

Theorem 2.A.21. For positive integers m and n, let X1, Xs,..., X, be
independent identically distributed nomnegative random variables, and let
Y1,Ys, ..., Y, be other independent identically distributed nonnegative random
vamables If X1 <un Y1, and if Xy is IMRL and Yy is DMRL, then

(m—J+DUgim) <mrl (0 =i+ 1)V forj <m andi <n.

The following example may be compared to Examples 1.B.24, 1.C.48,
3.B.38, 4.B.14, 6.B.41, 6.D.8, 6.E.13, and 7.B.13.

Example 2.A.22. Let X and Y be two absolutely continuous nonnegative ran-
dom variables with survival functions F and G and density functions f and
g, respectively. Denote A; = —logF, Ay = —log@G, and \; = A}, i = 1,2.
Consider two nonhomogeneous Poisson processes N; = {Ny(¢), ¢ > 0} and
Ny = {Ny(t), t > 0} with mean functions A; and Ay (see Example 1.B.13),
respectively. Let T; 1, T 2, . .. be the successive epoch times of process N;, and
let X;n = Tip — Tin—1, n > 1 (where T; o = 0), be the inter-epoch times
of the process N;, ¢ = 1,2. Note that X =4 X;; and ¥ =g Xo1. It turns
out that, under some conditions, the mean residual life ordering of the first
two inter-epoch times implies the mean residual life ordering of all the cor-
responding later inter-epoch times. Explicitly, it will be shown below that if
X <un Y, if X and Y are IMRL, and if (1.B.25) holds, then X1 ,, <p Xan
for each n > 1.

For the purpose of this proof we denote F by F; and G by F5. The stated
result is obvious for n = 1. So let us fix n > 2. The survival function @m
of X; ., t=1,2,is given in (1.B.26). From (2.A.3) it is seen that the stated
result is equivalent to

/ Gin(r)dr is TPq in (i,t);
t

that is, to

/ i ( An i )) /HSHFi(u)duds is TPy in (i,t). (2.A.25)

n—2
Now, from Example 1.B.24 we know that (1.B.25) implies that \;(s) /tihz()s!)

is TP2 in (7, s). The assumption Fy <;,;1 F» means that

(o)
/ F;(u)du is TPy in (i,s) and in (i,t).
u=s-+t

Finally, the assumption that F; is IMRL means that
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/ Fi(u)du is TPy in (s,t).
u=s-+t

Thus (2.A.25) follows from Theorem 5.1 on page 123 of Karlin [275].

2.A.4 A property in reliability theory

The order <,,;1 can be used to characterize DMRL random variables. As in
Section 1.A.3, [Z ’A] denotes any random variable that has as its distribution
the conditional distribution of Z given A.

Theorem 2.A.23. The random variable X is DMRL if, and only if, any one
of the following equivalent conditions holds:

(i) [X = t|X > ] > [X — V| X > t'] whenever t <.
(i) X >me [X —¢|X > t] for all t > 0 (when X is a nonnegative random
variable).
(iil) X + ¢ <pn X +t/ whenevert < t'.

The proofs of all these statements are trivial and are thus omitted.

Other characterizations of DMRL and IMRL random variables, by means
of other stochastic orders, can be found in Theorems 2.B.17, 3.A.56, 3.C.13,
and 4.A.51.

A multivariate extension of parts (i) and (ii) of Theorem 2.A.23 is given
in Section 6.F.3.

An interesting application of part (iii) of Theorem 2.A.23 is the follow-
ing corollary. Its proof consists of a combination of Theorem 2.A.23(iii) with
Lemma 2.A.8 (or, alternatively, a combination of Theorem 2.A.23(iii), Theo-
rem 1.B.38(iii), and Lemma 2.A.10).

Corollary 2.A.24. Let X be a DMRL random variable and let Y be an IFR
random variable. If X and Y are independent, then X +Y is DMRL.

2.B The Harmonic Mean Residual Life Order

2.B.1 Definition

Let X and Y be two nonnegative random variables with mrl functions m
and [, respectively, and suppose that the harmonic averages of m and [ are
comparable as follows:

Ll: /Ow mzu)du} T Ll: /Ow l(z)du] " el 0 (2.B.1)

Then X is said to be smaller than Y in the harmonic mean residual life order
(denoted as X <pmn Y).
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Notice that

mzu) = ff};?(ztv))dv = —%log (L F(v)dv).

Lfmb“—m(¢?3m>

Aiaw=m(¢§@@)

Thus it is seen that (2.B.1) holds if, and only if,

Therefore

Similarly

[ F(u)du < [ G(u)du
EX - EY

for all z > 0. (2.B.2)

For discrete random variables that take on values in N the definition of
<hmr should be modified. Let X and Y be two such random variables. We
denote X <y Y if

SR, PX>5) YR Py >
B < i ., o n=12,....

(2.B.3)

2.B.2 The relation between the harmonic mean residual life and
some other stochastic orders

Since the harmonic averages of m and [ are increasing functionals of m and [,
respectively, it follows that

X <mrl Y =X <hmrl Y.

The order <y is closely related to the order <;.x which is studied in
Section 4.A. The reader may find it helpful to browse over that section now,
since some of the ideas that are explained there are used below.

Note that both (2.B.2) and (2.B.3) are equivalent to

B[(X — 1).]
E[X]

E[(Y — )4]
EY]

< for all ¢ > 0, (2.B.4)

and from (2.B.4) it follows that X <p,n Y if, and only if,

Elp(X)] _ Elo(Y)]
EX] — E[Y]

for all increasing convex functions ¢ : [0,00) — R,

(2.B.5)
such that the expectations exist. It is worthwhile to note that condition (2.B.4)
uses the expectations E[(X —t)4] and E[(Y —t)4] as (2.A.5) and as (3.A.5)
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in Chapter 3 and (4.A.4) in Chapter 4 do. In Chapter 4, where the order <jcx
is studied, we will use (2.B.4) in order to derive a relationship between the
orders <pmy and <iex (see Theorem 4.A.28).

Neither of the orders <y and <y implies the other; counterexamples
can be found in the literature.

Letting  — 0 in (2.B.1) we obtain m(0) < [(0), that is,

X <pun Y = E[X|X > 0] < E[Y|Y > 0].
Thus, when X and Y are positive almost surely, then
X <imn Y = EX < EY. (QBG)

If EX = EY, then
X Shmrl Y — X Scx Y7 (2B7)

where the order <.y is studied in Section 3.A (see (3.A.7)). Thus, from (3.A.4)
it follows that if X <ppn Y and EX = EY, then Var[X] < Var[Y]. Under
the proper condition, even if X and Y do not have the same mean, one can
still get the variance inequality; this is shown in the next result.

Theorem 2.B.1. Let X and Y be two almost surely positive random variables
with finite second moments. If X <pmn Y, and if Y is NWUE, then Var[X] <
Var[Y].

Proof. From (2.B.5) we get

(2.B.8)

From Barlow and Proschan [36, page 187] it is seen that Var[Y] > {E[Y]}?,
since Y is NWUE. Thus, using (2.B.6), we see that Var[Y] > E[Y]E[X].
Therefore

Var[Y] > %V&r[i’] +{E[Y] - E[X]}E[X]
_ ElX] 2 2
- 2 by - gapx)
> BIX?] - {B[X]}?
= Var[X],

where the last inequality follows from (2.B.8). O

The harmonic mean residual life order can be characterized by means of the
usual stochastic order and the appropriate equilibrium age variables. Recall
from (1.A.20) that for nonnegative random variables X and Y with finite
means we denote by Ay and Ay the corresponding asymptotic equilibrium
ages. The following result follows at once from (1.A.1) and (2.B.2). It may be
contrasted with Theorems 1.C.13 and 2.A 4.
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Theorem 2.B.2. For nonnegative random variables X and Y with finite
means we have X <ymp Y if, and only if, Ax <g Ay.

In the next theorem the order <y, is characterized by ordering two re-
lated random variables in the sense of the usual stochastic order. Let X and
Y be two nonnegative random variables with finite means and suppose that
X < Y and that EX < EY. Let F and G be the distribution functions of X
and of Y, respectively. Define the random variable Zx y as the random vari-
able that has the density function h given by (1.C.7), as in Theorem 1.C.14;
see also Theorem 2.A.5.

Theorem 2.B.3. Let X and Y be two nonnegative random wvariables with
finite means such that X <4 Y and such that EY > EX > 0. Then

X < Y <= Ay < Zxy <= Ax <& Zxv,
where Zxy has the density function given in (1.C.7).

Proof. It is easy to see that (here H is the survival function of Z, G, is the
survival function of Ay, and F is as in (1.A.20))
_ _ EX _
_ - — > 0.
H(x) = Gelw) = 7= |Gela) = Fel@)|, 220
Thus the first stated equivalence follows from Theorem 2.B.2. The proof of
the second equivalence is similar. 0O

The order <y, can characterize the order <,,,1 as follows.

Theorem 2.B.4. Let X and Y be two nonnegative random variables with
finite means. Then X <un Y if, and only if, [Xft’X > t] <hmrl [th|Y > ]
for allt > 0.

The proof of Theorem 2.B.4 consists of applying (2.B.2) to [X — t‘X > t]
and [Y — t|[Y > t], for each ¢ > 0, and then showing that the resulting
inequality is equivalent to (2.A.3). We omit the details.

2.B.3 Some closure properties

Under the proper conditions, the order <y, is closed under the operation of
convolution. First we prove the following lemma. Recall that a nonnegative
random variable X with a finite mean is called NBUE (new better than used
in expectation) if E[X —t|X > t] < E[X]for allt > 0. Note that a nonnegative
NBUE random variable must be almost surely positive.

Lemma 2.B.5. If the two almost surely positive random variables X and Y
are such that X <pymn Y, and if Z is an NBUE nonnegative random variable
independent of X and Y, then

X+Z§hmrlY+Z~
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Proof. Let F, G, and H [F, G, and H| be the distribution [survival] functions
corresponding to X, Y, and Z, respectively. The corresponding equilibrium
age distribution [survival] functions will be denoted by Fi, Ge, and H, [F.,
Ge, and H.]. Let Ax, Ay, Az, Ax,z, and Ay .z denote the asymptotic
equilibrium ages corresponding to X, Y, Z, X + Z, and Y + Z, respectively.
Now compute

1

P{Ax+z > t} = m

oo
/ P{X +Z >wv}dv
v=t

= m /U:t o F('U — U)dH(U)d'U

1 o0 007
—m/u O\/’U tF('U*U)d'UdH(U)
v)dvd H
EX—&—EZ/u Ltu vd H (u)
t
v)dvdH
EX+EZ[/UOLM vdH(w)

// v)dvdH (u // dvdH}
u=t Jv=0 u=t Jv=t—u

M[EX/ o(t — w)dH (u)

+EX -H(t /H du}

1

where Ax and Z are taken to be independent in the above expression. Now,
since Z is NBUE we have that Z >4 Ay. Therefore

P{Ax+Z>t}2P{Ax+Az>t}ZP{Az>t}=ﬁe(t). (2.B.9)

Now notice that
: [
EX+ EZ

1 _
< - . .
*EY+EZ[EY P{Ax +Z >t} + EZ - H.(t)]

«_ 1
-~ EY+EZ
:P{Ay+z>t}

P{Ax+z>t}: EX-P{Ax+Z>t}+EZ'ﬁe(t)]

[EY - P{Ay + Z >t} + EZ - H(t)]

(Ay and Z are taken to be independent in the above), where the first inequal-
ity follows from (2.B.6) and (2.B.9), and the second inequality follows from
Theorem 2.B.2. The result now follows from Theorem 2.B.2. 0O
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Repeated application of Lemma 2.B.5, using the closure property of NBUE
under convolution, and noting that every NBUE random variable is almost
surely positive, yields the following result.

Theorem 2.B.6. Let (X;,Y;), i = 1,2,...,m, be independent pairs of non-
negative random variables such that X; <uymn Yi, t = 1,2,....m. If X;, Y;,
1=1,2,...,m, are all NBUE, then

m m
Z Xz <hmrl Z }/1
=1 i=1

Using Theorem 2.B.6 we can prove the following result.

Theorem 2.B.7. Let X1, Xs,... and Y1,Ys, ... each be a sequence of NBUE
nonnegative independent and identically distributed random wvariables such
that X; <pmn Yi, 1 =1,2,.... Let M and N be integer-valued positive random
variables that are independent of the {X;} and the {Y;} sequences, respectively,
such that M <pmn N. Then

M N
Z Xj Shmrl Z ng
j=1 j=1

Proof. The proof here is similar to the proof of Theorem 4.A.9. The reader
may wish to look at that proof before continuing to read the present proof.
From Theorem 2.B.6 and (2.B.4) it is seen that mE[(Zzl X; —

u)+] < mE[( S Y- u)+] (all the X;’s have the same mean, and also
all the Y;’s have the same mean). Therefore

E[(ZZl Xi— u)_J < E[(221 Yi— u)+]
E[X)] - EY1]

forallu >0, m=1,2,....

Thus
E[(sz\il X — u)+] - St BI(E, X — u)+]P{M =m}
B[y x] E[M]E[X1]

St B[22, Yi —u) | PAM = m}
E[M]E[Y:]

E[(Zf\ilyl - u)-J
B[yl v

Therefore (again by (2.B.4)) we have

IN

M M
i=1 i=1
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Now let ¢ be an increasing convex function and denote g(n) = E[¢(Y; +

Yo+---4Y,)]. In the proof of Theorem 4.A.9 it is shown that g(n) is 1ncreasmg

and convex in n. Therefore, since M <y, N, we have that [¢( i L)] <

— E[M]
N .
%, and since the Y;’s have the same mean we have that

Blo(Ei2,Y)] _ E[o(Ei2,Y:)] _ E[o(S,Y)] _ E[6(EL,Y)]
B[S V] EM|EY:] —  E[N]E[Y:] E[YN Y]

Thus we have that

M N
D Vi Shmn Vi (2B.11)
=1 =1

The inequalities (2.B.10) and (2.B.11) yield the stated result. O

A result that is related to Theorem 2.B.7 is given next. It is of interest to
compare it to Theorem 1.A.5.

Theorem 2.B.8. Let {X,;, j = 1,2,...} be a sequence of nonnegative inde-
pendent and identically distributed NBUE random variables, and let M be a
positive integer-valued random variable which is independent of the X;’s. Let
{Y;, j =1,2,...} be another sequence of nonnegative independent and iden-
tically distributed NBUE random wvariables, and let N be a positive integer-
valued random variable which is independent of the Y;’s. Suppose that for some
positive integer K we have

K
ZXz Shmrl [thrl] Ylv
i=1
and
M Shmrl [thrl] KN.
Then
M N
ZX <hmrl >hmr1 Z}G
j=1 j=1

We do not give a detailed proof of Theorem 2.B.8 here since it is similar to
the proof of Theorem 4.A.12 in Section 4.A.1. In order to construct a proof of
Theorem 2.B.8 from the proof of Theorem 4.A.12 one just uses the equivalence
(2.B.7) and one replaces the application of Theorem 4.A.9 by an application
of Theorem 2.B.7.

Two other similar theorems are the following. Their proofs are similar to
the proofs of Theorems 4.A.13 and 4.A.14 in Section 4.A.1.

Theorem 2.B.9. Let {X;, j = 1,2,...} be a sequence of nonnegative in-
dependent and identically distributed NBUE random wvariables, and let M
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be a positive integer-valued random wvariable which is independent of the
X;’s. Let {Y;, j = 1,2,...} be another sequence of nonnegative independent
and identically distributed NBUE random variables, and let N be a posi-
tive integer-valued random wvariable which is independent of the Y;’s. Also,
let {N;j, j=1,2,...} be a sequence of independent random variables that are
distributed as N. If for some positive integer K we have

K K
ZXZ Shmrl }/1 and M Shmrl ZNM
i=1

i=1
or if we have

KXI Shmrl Yi and M Shmrl KN7

or if we have

K
KXI Shmrl Yi and M Shmrl ZN’L7

i=1

then
M N
Z Xj <hmrl Z ij
j=1 j=1

Theorem 2.B.10. Let {X;, j =1,2,...} be a sequence of nonnegative inde-
pendent and identically distributed NBUE random variables, and let M be a
positive integer-valued random variable which is independent of the X;’s. Let
{Y;, 7 =1,2,...} be another sequence of nonnegative independent and iden-
tically distributed NBUE random variables, and let N be a positive integer-
valued random variable which is independent of the Y;’s. If for some positive
integers K1 and Ko, such that K1 < Ky, we have

K; K
ZXi Shmrl 71}/1 and M Shmrl KQN,
i=1 Kz

then
M N
Z Xj Shmrl Z ij
j=1 j=1

The harmonic mean residual life order does not have the property of being
simply closed under mixtures. However, under quite strong conditions the
order <pms is closed under mixtures. This is shown in the next theorem
which may be compared with Theorems 1.B.8 and 2.A.13.

Theorem 2.B.11. Let X and Y be nonnegative random variables, and let ©
be another random variable, such that [X|@ = 0] <hmrl [Y|@ =0’ for all 0
and ' in the support of ©. Then X <ymn Y.
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Proof. The proof is similar to the proof of Theorem 1.B.8. Select a 6 and a
¢’ in the support of ©. Let F(-|0), G(-|0), F(-|¢'), and G(:|¢’) be the survival
functions of [X|© = 0], [Y|© = 6], [X|© = #'], and [Y|O = '], respectively.
Let E[X|0], E[Y|6], E[X|¢'], and E[Y |¢'] be the corresponding expectations.
By (2.B.2) it is sufficient to show that for « € (0,1) we have

o [ F(ulf)du+ (1 — ) [ F(uld)du
aB[X]0] + (1 — ) E[X]0']
o [ Gulf)du+ (1 —a) [~ G(ulf)du
- aB[Y]0] + (1 — ) E[Y]0']

forallt > 0. (2.B.12)

The proof of this inequality is similar to the proof of (1.B.12). O

Another condition under which the order <y, is closed under mixtures
is given in the following theorem.

Theorem 2.B.12. Let X and Y be nonnegative random variables, and let ©
be another random variable, such that [X |0 = 0] <pmu [Y|© = 6] for all 6 in
the support of ©@. Furthermore, assume that

E[Y|6 = 0]

L — j . .B.1
ICEY) k  (independent of ) (2.B.13)

Then X Shmrl Y.

Proof. As in the proof of Theorem 2.B.11, select a 0 and a 6’ in the support
of ©. Let F(- ‘9 G ’9 F |9 , and G(- |9’ ) be the survival functions of
X|@ = 0], [Y]|0 =4, X|@ = 0'], and [Y|© = ¢'], respectively. Let E[X ],
Y|9 X ‘9’ and E Y|0’ ] be the corresponding expectations.
Let o € (0,1). Note that from (2.B.13) we obtain

QE[Y]0] + (1 — a)E[Y 0]
BE[X|0] + (1 — a)B[X|0]

= k. (2.B.14)

Also, from | X’@ = 0] <pmn Y|@ = 0, X|6 = 6] <pmn Y|8 = ¢’], and
(2.B.13), we get, for t > 0, that

k/ @mm<[mawmm wdkAmFmWMuglmGWWMu
and hence
ﬂa[mewMu+ua)[mF@Wm4
Sa[mGWWMu+ﬂ—a%[xGWWMu

From this inequality and (2.B.14) we obtain (2.B.12), and this completes the
proof. O
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Consider now a family of distribution functions {Ge, 6 € X} where X is
a subset of the real line. As in Sections 1.A.3 and 1.C.3 let X(6) denote a
random variable with distribution function Gy. For any random variable @
with support in X, and with distribution function F, let us denote by X(O)
a random variable with distribution function H given by

H(y) = /X Go(y)dF(8), y <R,

The following result is comparable to Theorems 1.A.6, 1.B.14, 1.B.52, 1.C.17
and 2.A.15.

Theorem 2.B.13. Consider a family of distribution functions {Gy, 0 € X'}
as above. Let ©1 and Oz be two random variables with supports in X and
distribution functions Fy and Fy, respectively. Let Y1 and Yo be two random
variables such that Y; =y X (0;), 1 = 1,2, that is, suppose that the distribution
function of Y; is given by

Hily) = /X Go(y)dFi(9), yeR, i=1,2.

If
X(0) <pmn X(0") whenever 0 < 0, (2.B.15)
and if
61 <py O, (2.B.16)
then
Y1 <t Yo. <2B17)

The proof of Theorem 2.B.13 uses the increasing convex order, and is
therefore given in Remark 4.A.29 in Chapter 4.

A Laplace transform characterization of the order <y, is given next; it
may be compared to Theorems 1.A.13, 1.B.18, 1.B.53, 1.C.25, and 2.A.16.

Theorem 2.B.14. Let X7 and X5 be two nonnegative random variables, and
let Nx(X1) and Nx(X2) be as described in Theorem 1.A.13. Then

X1 <hmn X2 <= Nx(X1) <tmr Na(X2) for all X >0,
where the notation Nx(X1) <nmn Na(X2) is in the sense of (2.B.3).

Proof. First assume that X <y Y. As in the proof of Theorem 2.A.16 we
temporarily replace the notation @ ' (n) and @y ?(n), by @ 1(n) and ay2(n),

respectively. We also denote the survival function and the mean of X by Fi
and py, respectively, k = 1,2. Let m > 2. Using (2.A.23) we have

H1 Z Pa(n) — pe Z Pi(n)

n=m n=m

_ /0 h A%M% I /m " Fau)du — i /x b Fi(u)du]da.
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The integrand is nonnegative by the assumption of the theorem, and one
direction of the proof is complete.

The proof of the converse statement is similar to the proof of the converse
of Theorem 2.A.16. O

The following result gives necessary and sufficient conditions for two ran-
dom variables to be equal in the sense of the order <pu.1.

Theorem 2.B.15. Let X and Y be two nonnegative random variables with
positive expectations, such that EX < EY. Then X =pnn Y if, and only if,
X =4 BY for some Bernoulli random variable B, independent of Y .

Proof. First assume that X =g BY for some Bernoulli random variable B,
independent of Y. Then

E[(X —1),] _ E[BY —t),] _ E[(Y —t),]P{B=1}

E[X] - E[BY] a E[Y|P{B =1}
E[(Y —t)4]
E[Y] 1 forall ¢ >0,

and thus X =pm, Y follows from (2.B.4).
Conversely, suppose that X =pu,1 Y. By (2.B.2) this means that

[ P{X > u}du _ [ P{Y > u}du

>
X 5y for all t > 0,

which yields
EX
P{X>t}=—- -P{Y >t t>0.
(X>ip= 0 PV >0} 12

That is, X =4 BY, where B is a Bernoulli random variable such that P{B =
1}=EX/EY. O

From the proof of Theorem 2.B.15 it is seen, in contrast to (2.B.6), that if
X <umn Y, then it does not necessarily follow that EX < EY (unless X and
Y are positive almost surely).

In the next result it is shown that a random variable, whose distribution
is the mixture of two distributions of harmonic mean residual life ordered
random variables, is bounded from below and from above, in the harmonic
mean residual life order sense, by these two random variables.

Theorem 2.B.16. Let X and Y be two nonnegative random variables with
distribution functions F' and G, respectively. Let W be a random variable with
the distribution function pF + (1 — p)G for some p € (0,1). If X <pmn Y,
then X Shmrl w Shmrl Y.

Proof. By assumption, (2.B.2) holds. Therefore
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[ F(u)du - p [  Flu)du+ (1—p) [ G(u)du - [ G(u)du
EX - pEX + (1 —p)EY - EY
for all x > 0,

and the stated result follows from (2.B.2). O

2.B.4 Properties in reliability theory

The order <jmn can be used to characterize DMRL random variables. As in
Section 1.A.3, [Z|A] denotes any random variable that has as its distribution
the conditional distribution of Z given A.

Theorem 2.B.17. The nonnegative random variable X is DMRL if, and only
if, [X — t|X > t] Zpun [X — ¢/| X > t'] whenever t' >t > 0.

The proof is simple and thus omitted.

Other characterizations of DMRL and IMRL random variables, by means
of other stochastic orders, can be found in Theorems 2.A.23, 3.A.56, 3.C.13,
and 4.A.51.

The order <jmr can also be used to characterize NBUE random variables
as follows.

Theorem 2.B.18. Let X be a nonnegative random variable with a finite pos-
itive mean. Then the following assertions are equivalent:

(i) X <pmn X +Y for any nonnegative random variable Y with a finite
positive mean, which is independent of X.
(ii) X is NBUE.
(iil)) X + Y7 <pmn X + Yo whenever Y1 and Ya are almost surely positive
random wvariables with finite means, which are independent of X, such
that Y1 <pmr Ya.

Proof. Suppose that (i) holds. Then, taking Y =, s y for some y > 0, we get
from (2.B.4) that

E(X—-t)¢] FE[(X+y—1t)]
BX] = BX+y ' =*

Upon rearrangement this gives
YE[(X —1);] < EX|{BI(X +y—1)] - B[(X —#).]}, >0
that is,

E[(X —1),] < E[yx] /tyP{X > uldu, t>0.

Letting y — 0 we obtain

E[(X —t),] < EIX|P{X >t}, t>0,
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that is, X is NBUE.

The statement (ii)==-(iii) is Lemma 2.B.5.
Now assume that (iii) holds. Let Y] =, 5 a and Y3 =, 5 y, where 0 < a < y.

It is easy to verify (for instance, using (2.B.4)) that Y7 <pmn Y. That is,

(BEX]+y)E[(X +a—1)4] < (BEX]+a)B[(X +y—1)4], t>0.

Letting a — 0 we obtain

(BIX]+y9)E[(X —t)] < EX]E[(X +y—1t)4], t=0,y=0.

Integrating both sides of the above inequality with respect to the distribution
of Y (Y is any random variable as described in (i)) we obtain

(B[X]+ EYDE[(X —1)4] < EIX]E[(X +Y —t),], t>0,

that is, by (2.B.4), we have X <;;n X +Y. O

Another characterization of NBUE random variables by means of the usual

stochastic order is given in Theorem 1.A.31.

2.C Complements

Section 2.A: Basic properties of the mrl function (which is also called the

biometric function) can be found in Yang [572] and references therein.
Some properties of the mrl functions are summarized in Shaked and Shan-
thikumar [513], where further references can be found. The counterexam-
ples mentioned after Theorem 2.A.1 can also be found in that paper and
further counterexamples can be found in Gupta and Kirmani [216] and in
Alzaid [12]. The conditions under which the <,,;; order implies the <y,
and the <y orders (Theorems 2.A.2 and 2.A.3) are taken from Gupta
and Kirmani [216]. The equivalence of the order <y, and (2.A.3) can
be found, for example, in Singh [536]. The characterization of the order
<mrl Which is given in Theorem 2.A.5 is taken from Di Crescenzo [164].
The characterizations of the order <y, by means of the order <, given
in Theorems 2.A.6 and 2.A.7, can be found in Belzunce, Gao, Hu, and
Pellerey [67]. The closure under convolution results of the order <, in
Section 2.A.3 were communicated to us by Pellerey [444]. A special case
of Lemma 2.A.8 can be found in Mukherjee and Chatterjee [403]. The-
orem 2.A.9 can be found in Pellerey [448] and Theorem 2.A.12 can be
found in Fagiuoli and Pellerey [186]. The fact that a DMRL random vari-
able increases in the order <., when a nonnegative random variable is
added to it (Theorem 2.A.11) is a result that is slightly stronger than a re-
sult in Frostig [207]. The closure under mixtures result (Theorem 2.A.13)
is taken from Nanda, Jain, and Singh [424]. The characterization of the
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mrl order that is given in Theorem 2.A.14 can be found in Joag-Dev,
Kochar, and Proschan [259], whereas its special case given in (2.A.10) is
taken from Fagiuoli and Pellerey [187]. Fagiuoli and Pellerey [187] have
extended (2.A.10) to sums of mrl ordered random variables. The closure
under mixtures property of the order <,,; (Theorem 2.A.15) is a spe-
cial case of a result of Hu, Kundu, and Nanda [236], and it can also be
found in Hu, Nanda, Xie, and Zhu [237]; see also Theorem 3.4 in Ahmed
[7]. The Laplace transform characterization of the order <,,;; (Theorem
2.A.16) is taken from Shaked and Wong [524]; see also Kan and Yi [274].
An extension of Theorem 2.A.16 to more general orders can be found in
Nanda [422]. The mean residual life order comparisons of order statistics
(Theorems 2.A.20 and 2.A.21) can be found in Hu, Zhu, and Wei [243]
and in Hu and Wei [240]. The comparison of inter-epoch times of two non-
homogeneous Poisson processes in the sense of the mean residual life order
(Example 2.A.22) is taken from Belzunce, Lillo, Ruiz, and Shaked [69].
The result that a convolution of an IFR and a DMRL random variables
is DMRL (Corollary 2.A.24) can be found in Kopocinska and Kopocinski
[320].

Nanda, Singh, Misra, and Paul [429] studied a notion of reversed residual
lifetime, and introduced and studied a stochastic order based on it.

An order which is related to the mean residual life order is introduced in
Ebrahimi and Zahedi [179]. If m and [ are the mrl functions of X and Y,
respectively, then the order is defined by requiring £ ({(t) — m(t)) to be
monotone in ¢. Ebrahimi and Zahedi [179] show that this order implies
the mean residual life order.

In Kirmani [297] it is claimed that the spacings, from a sample of indepen-
dent and identically distributed IMRL random variables, are ordered in
the mean residual life order. However, the proof of Kirmani is erroneous;
see Kirmani [298].

Section 2.B: The order <y, is studied, for example, in Deshpande, Singh,
Bagai, and Jain [161] and in Heilmann and Schréter [219]. Baccelli and
Makowski [28] call it the forward recurrence times stochastic order (see
an additional comment on the paper of Baccelli and Makowski [28] in
Section 4.C). The counterexamples mentioned after (2.B.5) can be found,
for example, in Mi [394]. In fact, Gerchak and Golani [209] have noticed
that the example given on page 489 of Wolff [567] shows that it is possible
for both X < Y and Y <pmn X to hold simultaneously in the strict
sense. The comparison of the expectations of <y, ordered random vari-
ables, described in (2.B.6), is a special case of a result of Nanda, Jain,
and Singh [425]. The variance inequality (Theorem 2.B.1) can be found
in Kirmani [297]. The characterization of the order <j,;; which is given
in Theorem 2.B.3 is taken from Di Crescenzo [164]. The characterization
of the order <,,;; by means of the order <pu; (Theorem 2.B.4) can be
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found in Hu, Kundu, and Nanda [236]. The preservation under convolu-
tion property of the order <pm, (Theorem 2.B.6) is taken from Pellerey
[448, 449] (the latter is a correction note), and the closure under random
summations property of the order <y, (Theorem 2.B.7) is also taken
from Pellerey [448, 449], though it is alluded to in Heilmann and Schréter
[219]. These results (Theorems 2.B.6 and 2.B.7) can also be found in Bac-
celli and Makowski [28]. A slight extension of Theorem 2.B.6 is given in
Lefevre and Utev [340]. Theorems 2.B.8-2.B.10 have been communicated
to us by Pellerey [447]. The closure under mixtures properties of the or-
der <pmp (Theorems 2.B.11 and 2.B.12) are taken from Nanda, Jain, and
Singh [424] and from Leféevre and Utev [340], respectively, whereas Theo-
rem 2.B.13 is inspired by Ahmed, Soliman, and Khider [9]. The Laplace
transform characterization of the order <y, (Theorem 2.B.14) is taken
from Shaked and Wong [524]. An extension of Theorem 2.B.14 to more
general orders can be found in Nanda [422]. The conditions under which
X =hmn Y (Theorem 2.B.15) can be found in Lefevre and Utev [340]. The
NBUE characterization, given in Theorem 2.B.18, is taken from Lefevre
and Utev [340].
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Univariate Variability Orders

In this chapter we study stochastic orders that compare the “variability” or
the “dispersion” of random variables. The most important and common orders
that are studied in this chapter are the convex and the dispersive orders. We
also study in this chapter the excess wealth order (which is also called the
right spread order) which is found to be useful in an increasing number of
applications. Various related orders are also examined in this chapter.

3.A The Convex Order

3.A.1 Definition and equivalent conditions
Let X and Y be two random variables such that
E[¢(X)] < E[¢p(Y)] for all convex functions ¢ : R — R, (3.A.1)

provided the expectations exist. Then X is said to be smaller than Y in the
convezx order (denoted as X <. Y'). Roughly speaking, convex functions are
functions that take on their (relatively) larger values over regions of the form
(—00,a) U (b,00) for a < b. Therefore, if (3.A.1) holds, then Y is more likely
to take on “extreme” values than X. That is, Y is “more variable” than X.
It should be mentioned here that in (3.A.1) it is sufficient to consider only
functions ¢ that are convex on the union of the supports of X and Y rather
than over the whole real line; we will not keep repeating this point throughout
this chapter.

One can also define a concave order by requiring (3.A.1) to hold for all
concave functions ¢ (denoted as X <., Y). However, X <., Y if, and only if,
Y <. X. Therefore, it is not necessary to have a separate discussion for the
concave order.

Note that the functions ¢; and ¢, defined by ¢1(z) = = and ¢2(z) = —x,
are both convex. Therefore, from (3.A.1) it easily follows that
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X <« Y = E[X]=E[Y], (3.A.2)

provided the expectations exist. Later it will be helpful to observe that if
E[X] = E[Y], then

/ ) [F () - G(“)}d’“ = / N [F(U) - @(u)] du =0, (3.A.3)

— 00 — 00

provided the integrals exist, where F' [F] and G [G] are the survival [distribu-
tion] functions of X and Y, respectively. The function ¢, defined by ¢(z) = 22,

is convex. Therefore, from (3.A.1) and (3.A.2), it follows that
X <o Y = Var[X] < Var]Y], (3.A.4)

whenever Var(Y) < .

For a fixed a, the function ¢,, defined by ¢,(z) = (x—a)4, and the function
©Ya, defined by ¢, = (a — )4, are both convex. (The reader is encouraged to
draw a sketch of ¢, and ¢, since they are very handy in the analysis of the
order <., as well as in the analysis of the monotone convex and the monotone
concave orders discussed in Chapter 4.) Therefore, if X <., Y, then

E[(X —a)1] < E[(Y —a)y] foralla (3.A.5)

and
El(a—X):] < El(a—=Y)4] for all a, (3.A.6)

provided the expectations exist. Alternatively, using a simple integration by
parts, it is seen that (3.A.5) and (3.A.6) can be rewritten as

/ F(u)du < / G(u)du for all x (3.A.7)
and ” .
/ F(u)du < / G(u)du for all z, (3.A.8)

provided the integrals exist.

In fact, when E[X] = E[Y], (3.A.7) is equivalent to X <. Y. To see
this equivalence, note that every convex function can be approximated by
(that is, is a limit of) positive linear combinations of the functions ¢,’s, for
various choices of a’s, and of the function ¢(x) = —z. By (3.A.7), Elp.(X)] <
E[¢4(Y)] for all a’s, and this fact, together with the equality of the means of
X and Y, implies (3.A.1). We thus have proved the first part of the following
result. The other part is proven similarly.

Theorem 3.A.1. Let X and Y be two random variables such that E[X]| =
E[Y]. Then

(a) X <« Y if, and only if, (3.A.7) holds.



3.A The Convex Order 111

(b) X <x Y if, and only if, (3.A.8) holds.

By adding a to both sides of the inequality in (3.A.5), it is seen that (3.A.5)
can be rewritten as

max{X,a}] < Emax{Y,a}] for all a. (3.A.9)

Thus, when E[X] = E[Y], then (3.A.9) is equivalent to X <. Y. In a similar
manner (3.A.6) can be rewritten.

The following theorem provides another characterization of the convex
order.

Theorem 3.A.2. Let X and Y be two random variables such that E[X]| =
E[Y]. Then X < Y if, and only if,

E|\X —a| <E|Y —a|] forallaeR. (3.A.10)

Proof. Clearly, if X <. Y, then (3.A.10) holds. So suppose that (3.A.10)
holds. Without loss of generality it can be assumed that EX = FY = 0. A
straightforward computation gives

E\X —al=a+ 2/ F(u)du = —a + 2/ F(u)du. (3.A.11)

The result now follows from (3.A.7) or (3.A.8). O

The function —E|X — -| is called the potential of the probability mea-
sure of X. Similarly, —F|Y — -| is the potential of the probability measure
of Y. Thus, (3.A.10) can be written as —FE|X — :| > —F|Y — -| pointwise.
Using this observation, we obtain from Chacon and Walsh [122] the following
characterization.

Theorem 3.A.3. Let X and Y be two random wvariables such that E[X] =
E[Y] = 0. Then X <. Y if, and only if, for a standard Brownian motion
from 0, {B(t), t > 0}, there exist two stopping times Ty and Ts, such that
Ty < Ty almost surely, and X =g B(Th) and Y =4 B(T>).

An immediate consequence of (3.A.5) is shown next. Denote the supports
of X and Y by supp(X) and supp(Y). Let lx = inf{z : z € supp(X)} and
ux = sup{z : € supp(X)}. Define ly and wy similarly. Then we have that
if X <. Y, then ly < Ix and uy > ux. As proof, suppose, for example,
that uy < ux. Let a be such that uy < a < ux. Then E[(Y —a)4] =0 <
E[(X — a)4], in contradiction to (3.A.5). Therefore we must have uy > ux.
Similarly, using (3.A.6), it can be shown that Iy < lx. As a consequence we
have that if X and Y are random variables whose supports are intervals, then

X < Y = supp(X) C supp(Y). (3.A.12)

An important characterization of the convex order by construction on the
same probability space is stated in the next theorem.
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Theorem 3.A.4. The random variables X and Y satisfy X <cx Y if, and
only if, there exist two random variables X and Y, defined on the same prob-
ability space, such that

X st Xa
}A/ st Ya
and {X, Y} is a martingale, that is,
EY|X]=X as. (3.A.13

~—

Furthermore, the random variables X and Y can be selected such that [}Af X =

x] is increasing in x in the usual stochastic order <.

It is not easy to prove the constructive part of Theorem 3.A.4. However, it
is easy to prove that if random variables X and Y as described in the theorem
exist, then X <. Y. Just note that if ¢ is a convex function, then by Jensen’s
Inequality,

E[¢(X)] = E[¢(X)] = E¢(E[Y|X]) < E{E[¢(Y)|X]} = E[s(Y)] = E[¢(Y)],

which is (3.A.1).
Other characterizations of the convex order are described in the next the-
orem.

Theorem 3.A.5. Let X and Y be two random wvariables with distribution
functions F' and G, respectively, and with equal finite means. Then each of the
following two statements is a necessary and sufficient condition for X <. Y:

/p F~ Y (u)du > /p G~ (u)du  for all p € [0,1]; (3.A.14)
0 0

and
1 1
/ F~ Y (u)du < / G~ Y(u)du for all p € [0,1]. (3.A.15)
P P

Proof. Since EX = fol F~Y(u)du and EY = fol G~ (u)du, and since EX =
EY, it follows that for any p € [0, 1] the inequality

1 1
/ F~l(u)du < / G~ (u)du (3.A.16)
P P
is equivalent to the inequality
P P
/ F~ Y (u)du > / G~ (u)du. (3.A.17)
0 0

It follows that (3.A.14) and (3.A.15) are equivalent. Thus, we just need to
show that X <. Y is equivalent to (3.A.14).
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We only give the proof for the case when the distribution functions F' and
G of X and Y are continuous; the proof for the general case is similar, though
notationally more complex. Without loss of generality, suppose that F' and G
are not identical. Since FX = EY, it follows that F' and G must cross each
other at least once. If either (3.A.7) or (3.A.14) hold, then, if there is a first
time that F' crosses G, it must cross it there from below. Similarly, if there is
a last time that F' crosses G, it also must cross it there from below. (Thus, if
there is a finite number of crossings, then it must be odd.)

Let (yo,p0), (y1,p1), and (y2,p2) be three consecutive crossing points as
depicted in Figure 3.A.1. Note that (yo,po) may be (—o0,0) (we then adopt
the convention that 0 - (—oco) = 0), and that (yo, p2) may be (0o, 1) (we then
adopt the convention that 0-co = 0). Note that by the continuity assumption
we have

pi = F(y:) =G(y:), i=0,1,2.

p
A
1
F
G
p2r — — - — — — — — — =
\
pnfr——— - — = = = |
G \
‘ \
‘ \
pof — — — — — F | ‘
o |
G \ | \
F \ ‘ \
\ ! \

Yo Y1 Y2
Fig. 3.A.1. Typical segments of F' and G when X <. Y

Assume that X <., Y. Then
/ F(r)dr < / G(r)d. (3.A.18)
Y2 Y2

Thus
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ol

/1F1(u)du:y2(1—p2)—|—/:o ()dz

P2 2

§y2(1*p2)+/ooé(x)dx (by (3.A.18))  (3.A.19)

2

= /1 G~ (u)du.

P2

Now, for u € [p1,ps] we have that F~1(u) — G~ (u) < 0 (see Figure 3.A.1).
Thus fpl(F_l(u) — G~ Y(u))du is increasing in p € [py,p2]. Therefore, from
(3.A.19) we get that

1 1
/ F~Yu)du < / G Y u)du for p € [p1, pa)]. (3.A.20)
P P
From X <., Y we also have
Yo Yo
/ F(z)dz < / G(z)dz. (3.A.21)
Thus

Po Yo
[t wdu=gom - [ P
0

Yo
> Yopo — G(z)dx (by (3.A.21)) (3.A.22)
Po =
= G~ (u)du.
0

Now, for u € [po,p1] we have that F~1(u) — G=1(u) > 0 (see Figure 3.A.1).
Thus fg’(F_l(u) — G7Y(u))du is increasing in p € [po,p1]. Therefore, from
(3.A.22) we get that

/p F~ Y (u)du > /p G~ (u)du for p € [po, p1]. (3.A.23)
0 0

Thus we see from (3.A.20) and (3.A.23) that for each p € [0, 1] either (3.A.16)
or (3.A.17) hold. Therefore, (3.A.14) (or, equivalently, (3.A.15)) holds.
Conversely, assume that (3.A.14) (or, equivalently, (3.A.15)) holds. Then

/1 F~Yu)du < /1 G~ (u)du. (3.A.24)

P2 P2

Thus
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g/ G Hu)du — y2(1 — pa) (by (3.A.24))  (3.A.25)

_ /y °° Cla)de.

Now, for € [y1,y2] we have that F(x) — G(z) < 0 (see Figure 3.A.1). Thus
fyoo(F(x) — G(z))dx is increasing in y € [y1, yo]. Therefore, from (3.A.25) we
get that

/00 F(r)dr < /00 G(x)dx for y € [y1, ya)- (3.A.26)

From (3.A.14) we also have

Po Po
/ Fﬁl(u)duz/ G~ (u)du. (3.A.27)
0 0
Thus

Yo PO
[ F@as = yop— [ P
0

— 00

< yopo — /0 "Gl wde by (3A27)  (3.A.28)

= /_y:o G(z)dz.

Now, for « € [yo,y1] we have that F(z) — G(r) < 0 (see Figure 3.A.1). Thus
[’ (F(z) = G(x))dx is decreasing in y € [yo, y1]. Therefore, from (3.A.28) we
get that

/y F(z)dz < /y G(z)dz for y € [yo,v1]- (3.A.29)

Thus we see from (3.A.26) and (3.A.29) that for each y € R either (3.A.7) or
(3.A.8) hold. Therefore X <., Y. O

We now give a bivariate characterization result for the order <. that is
similar to the characterizations given in Theorems 1.A.9, 1.B.9, 1.B.47, and
1.C.20, for the orders <g, <pr, <;n, and <, respectively. We define the
following class of bivariate functions:

Gex = {6 : R? = R : ¢(x,y) — ¢(y,x) is convex in z for all y}.

Theorem 3.A.6. Let X andY be independent random variables. Then X <.
Y if, and only if,

Ep(X,Y)] < E[@(Y,X)] for all ¢ € Gex. (3.A.30)
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Proof. Suppose that (3.A.30) holds. Let 1 be a univariate convex function.
Define ¢(x,y) = (). Then ¢ € Gex and from (3.A.30) we see that X <. Y.

Conversely, suppose that X <. Y. Let ¢ € G.x and let Y be another
random variable, independent of X and Y, such that Y = Y. Define ¢ by
(z) = E[¢(z,Y) — ¢(Y,x)]. From the independence of X and Y it follows
that v is convex. Therefore, since X <. Y, it follows that

E[p(X,Y)] = E[p(Y, X)] = E[¢(X)] < E[$(Y)] = 0. o

Another characterization of the convex order, by means of the number
of sign changes of two distribution functions, is given in Theorem 3.A.45 in
Section 3.A.3.

Let X be a random variable with survival function F, and let h : [0,1] —
[0,1] be an increasing function that satisfies h(0) = 0 and h(1) = 1. Such a
function h is called a probability transformation function. Consider the func-
tional -

VMX):—/‘aﬁMF@D; (3.A.31)

this functional is called the Yaari functional and it is of interest in economics.

Theorem 3.A.7. Let X and Y be two random variables with the same finite
means. Then X <. Y if, and only if,

Vi(X) < Vi(Y) for every convex probability transformation function h.

As can be seen from (3.A.2), only random variables that have the same
means can be compared by the order <... Often, however, we do not want
a variability order to depend on the location of the involved distributions.
Several ideas for using the order <. to define a variability order that is
independent of the locations of the underlying random variables X and Y
have been suggested in the literature. When X and Y have finite means, one
idea is to say that X is less variable than Y if

(X — BEX] <ex [V — EY]. (3.A.32)

This is sometimes called the dilation order. When the random variables X
and Y satisfy (3.A.32), we denote X <g4;3 Y.
For nonnegative random variables X and Y with finite means one can
define X as less variable than Y if
X Y
v Sex T
EX EY
This is sometimes called the Lorenz order. When the nonnegative random
variables X and Y satisfy (3.A.33), we denote X <porens Y. Bhattacharjee
and Sethuraman [88] introduced a stochastic order, for nonnegative random
variables with finite means, denoted by <pppue. Kochar [306] showed that the
orders <pnbue and <yorens are equivalent.
The dilation order can be characterized as follows.

(3.A.33)
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Theorem 3.A.8. Let X and Y be two random wariables with distribution
functions F' and G, respectively, and with finite expectations. Then X <431 Y
if, and only if,

1

l—p/,, [F~Y(u) — G~ (w)]du g/o F ) — G w)ldu for all p € [0.1).

(3.A.34)

Proof. Denote A = EX — EY. Then the stochastic inequality X <g; Y can
be rewritten as X — A <. Y. Denote by Fa the distribution function of
X — A, and note that from Theorem 3.A.5 we have that X — A <., Y if, and
only if,

1 1
/ Fil(u)du < / G (u)du for all p € [0,1]. (3.A.35)
P P

Since Fa(x) = F(z + A) for all 2 € R it follows that Fy'(u) = F~!(u) — A
for all w € [0,1]. Therefore (3.A.35) is equivalent to

1 1
/ [F~'(u) — Aldu < / G (u)du for all p € [0, 1];
P p
that is,
1 1
/ [F~(u) — G (u)]du < / [EX — EY]du for all p € [0,1];
P p
that is,

. /pl[Fl(u) — G Yu)]du < EX —EY forallpe0,1). (3.A.36)

Now, since EX = fol F~'(u)du and EY = [

o G H(u)du it is seen that
(3.A.36) is equivalent to (3.A.34). O

For each p € (0,1), the quantity fol [F~1(u) — G~!(u)]du on the right-hand
side of (3.A.34) is a weighted average of ﬁ fpl [F~Y(u) — G~ (u)]du and of
% JOIF~! (u)— G~ (u)]du. Thus, from Theorem 3.A.8 we obtain that X <q; ¥

if, and only if,
1 1 4
/ [Ffl(u) — Gil(u)]du < f/ [Fﬁl(u) — Gil(u)]du for all p € (0, 1].
0 P Jo
Also, X <43 Y if, and only if,

o -G e < [P -6t wlan oty 0.)
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For p € [0,1], let us denote the p-quantiles of X and of Y by z(p) =
F_l( ) and y(p) = G_l(p), respectively. As in Jewitt [256], we observe that

JPF Y (wdu = [F7® :ch( ) PE[X|X < a(p)]. Similarly, S F Y (u)du =
(1-p) X|X > 2(p)], [y G~ (u)du = pE[Y|Y < y(p)], and fpl G (u)du =
(1-p)E[Y]Y > y(p)]. Thus we see that each of the following three statements
is a necessary and sufficient condition for X <45 Y:

EX|X > z(p)] - E[Y|Y > y(p)] < EX —EY forallpe0,1), (3.A.37)
E[X|X <az(p)] - E[Y|Y <y(p)] > EX —EY forallpe (0,1, (3.A.38)

and

E[X|X > 2(p)] - EY|Y > y(p)] < E[X|X <z(p)] - EY|Y < y(p)]
for all p € (0,1).

Rewriting (3.A.37) and (3.A.38) we see that under the conditions of The-
orem 3.A.8 we have that X <g; Y if, and only if,

EX — EX|X > x(p)] < E[Y — EY|Y >y(p)] forallpe[0,1). (3.A.39)
Also, X <43 Y if, and only if|
E[X — EX|X <x(p)] > E[Y — EY|Y < y(p)] forallpe (0,1]. (3.A.40)

When EX = EY we have that X <43 Y < X <. Y. Therefore, when
EX = EY, the convex order can be characterized by noting that X <., Y if,
and only if,

E[X|X > z(p)) < E[Y|Y > y(p)] forallpe0,1). (3.A.41)
Also then, X <. Y if, and only if,
E[X|X <z(p)] > E[Y|Y <y(p)] forall pe(0,1]. (3.A.42)
Another characterization of the dilation order is given next.

Theorem 3.A.9. Let X and Y be two random wvariables with finite means,
and let the corresponding distribution functions be F' and G, respectively. Then
X <au Y if, and only if,

/ o ~ EXdp < / 6(p) |G~ (p) — EYdp,

for any increasing function ¢ on [0,1] for which the integrals above are well-

defined.
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The Lorenz order is closely connected to the so-called Lorenz curve defined
as follows. Let X be a nonnegative random variable with distribution function
F. The Lorenz curve Lx, corresponding to X, is defined as

_ Jy F~ 1 (u)du

fol Ffl(u)du’

Lx(p) p €10,1]. (3.A.43)

The Lorenz curve is used in economics to measure the inequality of incomes.
Let Y be another nonnegative random variable with distribution function
G. The Lorenz curve Ly, corresponding to Y, is defined analogously. The
next theorem, which follows from Theorem 3.A.5, highlights the connection
between the Lorenz curve and the Lorenz order.

Theorem 3.A.10. Let X and Y be two nonnegative random variables with
equal means. Then X <porenz Y (or, equivalently, X <. Y) if, and only if,

Lx(p) = Ly(p) for allp € [0,1].

Another related characterization of the Lorenz order is described next. Let
¥ be the set of all measurable mappings from R to [0, 1]. For any nonnegative
random variable X with a finite mean define the Lorenz zonoid in Ri by

200 ={( [ w@are). g [ eveire) v el

where F' denotes the distribution function of X.

Theorem 3.A.11. Let X and Y be two nonnegative random variables with
finite means. Then

X <porens Y <= L(X) C L(Y).

Ramos and Sordo [463] defined what they called a “second-order absolute
Lorenz order” by requiring two random variables X and Y, with finite means
and with distribution functions F' and G, respectively, to satisfy

/ | | 1w - Exjavde > | 1 [ 167w - BYlavau foralipe o1

3.A.2 Closure and other properties

Using (3.A.1) through (3.A.13) it is easy to prove each of the closure results
in the first two parts of the following theorem. (Recall from Section 1.A.3 that
for any random variable Z and any event A we denote by [Z ’A] any random
variable whose distribution is the conditional distribution of Z given A.)

Theorem 3.A.12. (a) Let X and Y be two random variables. Then

X <yY —= X<,V
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(b) Let X, Y, and © be random variables such that | X|8 =0] <ex Y}@ = 0]
for all 6 in the support of ©. Then X <. Y. That is, the convex order is
closed under miztures.

(c¢) Let {X;, j=1,2,...} and {Y;, j =1,2,...} be two sequences of random
variables such that X; =g X and Y; =4 Y as j — oco. Assume that

E\X;| = E|X| and E|Y;| = E|Y| asj— . (3.A.44)

If X; <x Y, 7=1,2,..., then X < Y.

(d) Let X1,Xs,...,X,, be a set of independent random wvariables and let
Y1,Ys,...,Y,, be another set of independent random variables. If X; <.
Y; fori=1,2,...,m, then

ZXJ Scx ZY;
j=1 Jj=1

That is, the convex order is closed under convolutions.

In order to prove part (c¢) of Theorem 3.A.12 we will use the characteriza-
tion of the convex order given in Theorem 3.A.2. Without loss of generality
it can be assumed that EX; = EY; = EX = EY =0 for all j. From (3.A.11)

we have that E|X; —a| = —a+ 2 [*_ Fj(u)du for all a, where F; denotes
the distribution function of Xj;. In particular, when a = 0, it is seen that
E|\X;| = 2f F;(u)du. Therefore E|X; — a| = E|X;| — a—|—2f0 w)du.

Using (3.A. 44) it is been that, as j — oo, the latter expression convergeb
to E|X| —a+ 2f0 u)du = F|X — a|, where F is the distribution func-
tion of X. That is, for all a, E|X; —a| - E|X —al, as j — oo. Similarly,
ElY;—a| = E|Y —a|, as j — 0o. The result now follows from Theorem 3.A.2.

One way of proving part (d) of Theorem 3.A.12 is the following. Note that
part (b) of Theorem 3.A.12 can be rephrased as follows: Let Zy, Z5, and ©
be independent random variables and let g be a bivariate function such that

9(Z1,0) <cx g(Zs,0) for all 6 in the support of 6. (3.A.45)

Then
g(Zh @) Scx g(ZQa @)

If Zy and Zj satisfy Z; <.x Za, then the function g, defined by ¢(z,6) = 246,
satisfies (3.A.45), since the order <. is closed under shifts. Thus we have
shown that if Z; <.x Z3 and © is any random variable independent of Z; and
ZQ, then

2146 < Zy + 0. (3.A.46)

Repeated applications of (3.A.46) yield part (d) of Theorem 3.A.12.

It should be pointed out, in contrast to part (a) of Theorem 3.A.12, that
if X and Y are such that X <., Y, it is not necessarily true that X <., -Y
also, even when EX = EY = 0. This can be seen easily from (3.A.12).
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Without condition (3.A.44) the conclusion of part (c¢) of Theorem 3.A.12
need not be true. For example, let the X;’s be all uniformly distributed on
[.5,1.5]. And let the Y;’s be such that P{Y =0}=(j—1)/jand P{Y; =j} =
1/4, j > 2. Note that the distributions of the Y;’s converge to a distribution
that is degenerate at 0. Here X; < Y;, j = 2, 3,..., but it is not true that
X gcx Y.

For nonnegative random variables, a “random sums” analog of Theorem
3.A.12(d) follows. We omit the proof (however, in Theorem 8.A.13 of Chap-
ter 8 we give a proof of a special case of the following theorem).

Theorem 3.A.13. Let X1, X5,... and Y1,Y>,... each be a sequence of non-
negative independent random variables such that X; <.x Y;, 1 = 1,2,.... Let
M and N be integer-valued positive random variables that are independent of
the {X;} and {Y;} sequences, respectively, such that M <. N. If the X;’s or
the Y;’s are increasing in i in the convex order, then

M N
ZX]' Scx ZY}
j=1 j=1

A result that is related to Theorem 3.A.13 is given next. It is of interest
to compare it to Theorems 1.A.5 and 2.B.8.

Theorem 3.A.14. Let {X;, j = 1,2,...} be a sequence of nonnegative in-
dependent and identically distributed random variables, and let M be a pos-
itive integer-valued random variable which is independent of the X;’s. Let
{Y;, j = 1,2,...} be another sequence of independent and identically dis-
tributed random variables, and let N be a positive integer-valued random vari-
able which is independent of the Y;’s. Suppose that for some positive integer
K we have

ZX <Cx Zcx Yla

and
M <cx [Zex] KN.

Then

Mz

Z X <CX CX

We do not give a detailed proof of Theorem 3.A.14 here since it is similar
to the proof of Theorem 4.A.12 in Section 4.A.1.

Two other similar theorems are the following. Their proofs are similar to
the proofs of Theorems 4.A.13 and 4.A.14 in Section 4.A.1.

Y;.
Jj=1

Theorem 3.A.15. Let {X;, j = 1,2,...} be a sequence of nonnegative in-
dependent and identically distributed random variables, and let M be a pos-
itive integer-valued random variable which is independent of the X;’s. Let
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{Y;, 7 = 1,2,...} be another sequence of independent and identically dis-
tributed random variables, and let N be a positive integer-valued random vari-
able which is independent of the Y;’s. Also, let {N;,j =1,2,...} be a sequence
of independent random variables that are distributed as N. If for some positive
integer K we have

K
ZXz <ex Yi and M <ex ZNi’

i=1 i=1
or if we have
KX, <Y1 and M <. KN,

or if we have

K
KXi <Y1 and M <o) Ni,
i=1

then
M N
Z Xj Scx Z ij .
j=1 Jj=1

Theorem 3.A.16. Let {X;, j = 1,2,...} be a sequence of nonnegative in-
dependent and identically distributed random variables, and let M be a pos-
itive integer-valued random variable which is independent of the X;’s. Let
{Y;, 7 = 1,2,...} be another sequence of independent and identically dis-
tributed random variables, and let N be a positive integer-valued random vari-
able which is independent of the Y;’s. If for some positive integers K1 and Ko,
such that K1 < K5, we have

K1 K
Y Xi<Sex =Yi and M < KoN,
i=1 Ko

then
M

N
> X< DY

j=1 j=1

Another result which involves a comparison of random sums, with respect
to the convex order, is given in Example 9.A.19.

Theorem 3.A.12(d) can be generalized to situations in which the X;’s or
the Y;’s are not necessarily independent. For example, the result (7.A.13)
in Chapter 7 is a generalization of Theorem 3.A.12(d). The next result is a
trivial illustration of a case in which one of the independence assumptions is
dropped.
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Theorem 3.A.17. Let X be a random variable with a finite mean. Then
X+ EX < 2X.

Proof. Let X’ be an independent copy of X. Then, for any convex function ¢
for which the expectations below exist, one has

E¢(X + EX) = E¢(E(X + X'|X))
< Eo(X +X')
< E¢(2X),

where the first inequality follows from Jensen’s Inequality and the second
inequality follows from Example 3.A.29 below (with n =2). O

Theorem 3.A.17 can also be easily proven using Theorem 3.A.4.

The following result provides a generalization of Theorem 3.A.17; see a
comment after Theorem 3.A.18. Recall from (3.A.32) the definition of the
dilation order.

Theorem 3.A.18. Let X be a random variable with a finite mean. Then
X <gin aX whenever a > 1.

Proof. Without loss of generality assume that FX = 0. Let ¢ be a convex
function which, without loss of generality, can be assumed to satisfy ¢(0) = 0.
Then, for £ > 1 we have

E¢p(X) < Elko(X)] < E¢(kX). O
From Theorem 3.A.18 it follows that
X+ (k—1)EX <. kX whenever k > 1,

which is, indeed, a generalization of Theorem 3.A.17.
From Theorem 3.A.12(a) it is not hard to see that

X<V <= —X <qa Y.

Another property of the dilation and of the convex orders is described in the
following theorem.

Theorem 3.A.19. Let X; and X5 (Y1 and Y3) be two independent copies of
X (Y), where X and Y have finite means. If X <qy Y, then X; — Xo <
Yi _}/2 IfXSCXY) thenXl _X2 Schi _}/2-

Proof. Using the fact that X <g; Y if, and only if, — X <4 =Y, and the fact
that the dilation order is closed under convolutions (see Theorem 3.A.12(d)),
the stated result follows. The proof of X <., ¥ = X; — X5 < Y1 — Y5 is
similar (using Theorem 3.A.12(a) and (d)). O
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An interesting comparison of sums of random variables in the convex order
is the following result.

Theorem 3.A.20. Let X1, Xo,...,X,, and Z be random variables. Then
X1+ Xy + -+ X, 2ex E[X1|Z] + E[X3|Z] + - - - + E[X,|Z],
provided the conditional expectations above exist.

Proof. Let ¢ be a convex function. By Jensen’s Inequality we have

E¢(X1 + Xo+ -+ X,) = B[E[¢(X1 + Xo + -+ + X,,)| Z]]
> B[¢(E[X1|2] + B[X2|Z] + - - + E[X,|Z])],

and the stated result follows. 0O

Consider now a family of distribution functions {Gg, 6 € X} where X is
a convex subset (that is, an interval) of the real line or of N. As in Section
1.A.3 let X () denote a random variable with distribution function Gy. For
any random variable @ with support in X', and with distribution function F,
let us denote by X (©) a random variable with distribution function H given
by

1) = [ Golw)ar®). yer

Theorem 3.A.21. Consider a family of distribution functions {Gg, 6 € X'}
as above. Let @1 and Oy be two random wvariables with supports in X and
distribution functions Fy and Fy, respectively. Let Y1 and Yo be two random

variables such that Y; =y X (0;), 1 = 1,2; that is, suppose that the distribution
function of Y; is given by

i) = [ Golw)are), yeR i=1.2

If for every convez function ¢

E[p(X(0))] is convez in 0, (3.A.47)
and if
@1 Scx 92a
then
Yl Scx }/2

The proof of Theorem 3.A.21 is similar to the proof of Theorem 4.A.18
below, and therefore we omit it.

It is worth mentioning that condition (3.A.47) is the same as the condition
{X(0), 0 € X} € SCX which is studied in Section 8.A of Chapter 8.

The following corollary of Theorem 3.A.21 shows that the convex order
is closed under products of nonnegative random variables. A variation of this
corollary is given in Example 4.A.19.
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Corollary 3.A.22. Let X1 and X5 be a pair of independent random variables,
and let Y1 and Ys be another pair of independent random variables. If X; <.
Y;) i= 172; then X1X2 <ex Y1}/2

Proof. Using Theorem 3.A.21 twice we see that
X1X9 <ex Y1Xo <cx Y1Y2,

and the stated result follows from the transitivity property of the convex order.
O

An interesting variation of Theorem 3.A.21 is the following. Again, we
omit the proof because it is similar to the proof of Theorem 4.A.18.

Theorem 3.A.23. Consider a family of distribution functions {Gg, 0 € X'}
as described before Theorem 3.A.21. Let @1 and Gy be two random variables
with supports in X and distribution functions Fy and Fy, respectively. Let Yy
and Yy be two random variables such that Y; =g X(0;), i = 1,2; that is,
suppose that the distribution function of Y; is given by

Hily) = /X Go(y)dFi(9), yeR, i=1,2.

If for every convex function ¢
E[p(X(0))] s increasing in 0,

and if
81 Sst @27

then
Y1 <« Yo.

The next result indicates the “minimal” and the “maximal” random vari-
ables, with respect to the order <., when the support and the mean are
given. The proof, using (3.A.7) or (3.A.8) for example, is trivial and is thus
omitted.

Theorem 3.A.24. Let X be a random variable with mean EX. Denote the
left [right] endpoint of the support of X by lx [ux] (see the paragraph preceding
(3.A.12) for the exact definition of lx and ux). Let Z be a random variable
such that P{Z = lx} = (ux — EX)/(ux —lx) and P{Z = ux} = (EX —
lx)/(uX — lx) Then

EX <ex X <ex Z, (3.A.48)

where in (3.A.48) (and in (3.A.49)) EX denotes a random variable that takes
on the value EX with probability 1.
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Another result that indicates the “minimal” random variable, with respect
to the order <., for some rich families of random variables when the mean
is given is Theorem 3.A.46.

It follows from the first inequality of (3.A.48) and from the fact that for
any two random variables U and V one has U <., V <= V <, U, that if X
is a random variable with mean E X, then

X <o EX. (3.A.49)

In analogy to Theorem 1.A.17 we have the following results. We omit the
proof of Theorem 3.A.25; however, the necessity part of Theorem 3.A.25 is a
special case of Theorem 3.A.26. In the next three theorems we assume that
all the random variables that are considered have finite means.

Theorem 3.A.25. Let X be a nonnegative random variable that is not degen-
erate at 0 and let g be a nonnegative function defined on [0,00). If g(x) > 0
for all > 0, and if g is increasing on [0,00), and if g(x)/x is decreasing
[increasing] on (0,00), then

g(X) SLorenz [zLorenz] X.
For example, if X is a nonnegative random variable, then
X 4+ a <porenz X whenever a > 0.

The proof of the next theorem follows from results in Chapter 4 (see The-
orem 4.B.5 and the first part of the proof of Theorem 4.B.4).

Theorem 3.A.26. Let X be a nonnegative random variable that is not de-
generate at 0, and let g and h be monnegative increasing functions, defined

on [0,00), such that g(x) > 0 and h(z) > 0 for all x > 0. If h(z)/g(x) is
increasing in x € (0,00), then

Q(X) SLorenz h(X)
Using Theorem 3.A.25 it is not too hard to prove the following result.

Theorem 3.A.27. Let X and Z be two independent nonnegative random
variables that are not degenerate at 0 and let g be a nonnegative function
defined on [0,00)? such that g(Z,X) is not degenerate at 0. If g(z,z)/x is
increasing in x for every z, and if g(z,x) is increasing in x for every z, then

X SLorenz g(Za X)

The Lorenz order often implies the harmonic mean residual life order, as
the following result shows.

Theorem 3.A.28. Let X and Y be two nonnegative random variables with
positive expectations. If X <iorens Y and if EX < EY, then X <pmn Y.
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Proof. For t > 0 we have

rY EX

_ E|(&L£-Y —t)
E[(J{Extmg[ - J_EKY )]

Fl0r-£5 0] _ By -0
EY - EY ’

where the first inequality follows from X <poren, Y (that is, X <g (%)Y),
and the second inequality follows from EX < EY. The stated result now
follows from (2.B.4). O

Let us now return to the characterization of the convex order given in
Theorem 3.A.4. This characterization is sometimes useful for establishing the
relation <., between two random variables. The next example is a fine illus-
tration of this procedure.

Example 3.A.29. Let X1, X5,... be independent and identically distributed
random variables. Denote by X,, the sample mean of X1, Xs,...,X,. That
is, X, = (X1 + X+ -+ X,,)/n. It is well known that if the variances exist,
then for every n > 2 one has Var(X,) < Var(X,_1). But more than that is

true. In fact, if the expectation of X; exists, then for each n > 2 one has
yn Scx yn—L

In order to see it note that from the exchangeability of Xy, Xs,..., X, it
follows that E[Xi|Xn] = X, for all i < n. Therefore E[Xn_1|Xn] = X,.
That is, {menfl} is a martingale. The result now follows from Theorem
3.A 4.

An extension of Example 3.A.29 to the multivariate case is given in Ex-
ample 7.A.11.

A result that is similar to Example 3.A.29 is the following (actually it is
a generalization of Example 3.A.29 as will be argued below).

Theorem 3.A.30. Let X1, X5, ..., X, be independent and identically distri-
buted random variables. Let ¢1, ¢, ..., ¢n be measurable real functions. De-
note ¢ = L 3" | ¢;. Then

Z%(Xi) <ex Y 6i(X0).

i=1

The proof of Theorem 3.A.30 consists of verifying, using the exchangeabil-
ity of the X;’s, that
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and that . .
% DD o (X)) = Y il Xa).
Towoi=1 i=1

The desired result then follows from Theorem 3.A.4.

Corollary 3.A.31. Let X1, Xo,..., X, be independent and identically dis-
tributed random variables. Let ai,as,...,a, be real constants. Denote a =

LS L ai. Then
n n
EZXi <ex Zain'-
im1 i=1

By taking a; = 1/(n—1) for i = 1,2,...,n — 1, and a, = 0, it is easily
seen that Example 3.A.29 is a special case of Corollary 3.A.31.

Ezample 3.A.32. Let m < m’ be two positive integers, and let M and N be
two Poisson random variables with means mA and m’\, respectively, for some
A > 0. Define X = mN and Y = m/M. Then, using Example 3.A.29, it can
be shown that X <. Y. This result can be extended to the case where m
and m’ are not integers, by approximating m/m’ with rational numbers.

Two other simple results that follow from Theorem 3.A.4 are the following
theorems.

Theorem 3.A.33. Let X and Y be independent random variables with finite
means and suppose that EY = a. Then

aX <o YX.

Proof. Clearly, E[Y X|X] = aX and the result now follows from Theorem
3.A.4. This result is also an immediate consequence of Corollary 3.A.22 if one
takes there X; = a almost surely, Xo = X, and Y3 =Y and Yo = X. O

Theorem 3.A.34. Let X and Y be independent random variables with finite
means and suppose that EY = 0. Then

X < X +V.

Proof. Clearly, E[X +Y|X] = X and the result follows from Theorem 3.A.4.
Another way of proving this result is to use Theorem 3.A.12(d). O

Recall from (3.A.32) the definition of the dilation order. From Theorem
3.A.34 it follows that if X and Y are independent random variables with finite
means, then

X <an X+Y. (3A50)

Recall from page 2 the definition of the majorization order a < b among
n-dimensional vectors. The next result strengthens Corollary 3.A.31.
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Theorem 3.A.35. Let X1, Xo, ..., X, be exchangeable random variables. Let

a = (ay,a9,...,a,) and b = (by,bs,...,b,) be two vectors of constants. If
a < b, then
D aiXi <ex Y biXi (3.A.51)
i=1 i=1

Proof. Below, for any constants a, b, ¢, and d the notation a < [b, ¢| stands for
a < min{b, ¢}, and the notation [b, ¢] < d stands for max{b, ¢} < d. By a well-
known property of the majorization order it suffices to prove the result only
for n = 2. Let X; and X5 be exchangeable random variables, and let a1, asg,
b1, and by be four constants such that by < a; < as < by and a1 +ag = by +bs.
Denote X (1) = min{Xy, X»} and X(9) = max{X;, Xo}. Then, almost surely,

b1 X2y + b2 X (1) < a1 X (1) + a2 X2y, a1 X(2) + a2 X(1)] < b1 X (1) + b2 X2
and
a1 X2y + ax X1y + a1 X (1) + aaX(2) = b1 X(2) + b2 X(1) + b1 X (1) + b2 X(2).
Hence for any convex function ¢ we have, almost surely,
dla1 X2y + az X 1)) + ¢a1 X (1) + a2 X(2))
< P01 X(2) + 02X (1)) + d(b1 X (1) + b2 X(2)).
Therefore,
2E¢(a1 X1 + a2 X2) = E[p(a1 X (2) + a2 X (1)) + dla1 X (1) + a2 X(2))]
S Elp(b1X(2) + b2 X (1)) + ¢(01.X (1) + b2 X(2))] = 2Eh(b1. X1 + b2 X>),
and the stated result follows. O

A result that is related to Theorem 3.A.35 is Theorem 4.A.39. Another
result that is related to Theorem 3.A.35 is Theorem 7.B.8 in Chapter 7 by
Tong in [515]; the latter compares > i, b;X; and Y. | a;X; in the sense of
the peakedness order of Section 3.D, rather than in the sense of the order <.

From Theorem 3.A.35 it follows that if the X;’s are exchangeable (in par-
ticular, if they are identically distributed), if a; > 0, ¢ = 1,2,...,n, and
S a; =1, and if X; <c Y for some random variable Y, then

D aiXi <ex Y. (3.A.52)
i=1

The next result shows that (3.A.52) is true even if the X;’s are not exchange-
able, but have any joint distribution.
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Theorem 3.A.36. Let X1, Xo,..., X, and Y be n+ 1 random variables. If
X< Y,i=1,2,...,n, then

Zn: a; X; <x Y,

i=1
whenever a; > 0,1 =1,2,...,n, and Y ;_, a; = 1.

Proof. Let ¢ be any convex function for which the expectations below exist.
Then

Blo(3 0] < B[ eo0x0] = S asiocs)
< iaiwm] _ Blo(v)),

where the first inequality follows from the convexity of ¢, and the second
inequality from X; <., Y,i=1,2,...,n. O

Similar results are described in Theorems 5.A.14, 5.C.8, and 5.C.18.

An interesting result in which the coefficients in (3.A.51) are replaced
by Bernoulli random variables is described next. Let I, denote a Bernoulli
random variable with probability of success p, that is, P{I, = 1} = 1-P{I, =
0} =p.

Theorem 3.A.37. Let X1, Xo,..., X, be nonnegative exchangeable random
variables, and let I, , Ip,, ..., I, and Iy, Iy, , ..., 14, be independent Bernoulli
random variables that are independent of X1, Xs,..., X,. If p < q, then

f: Iy, Xi >ex En: 1, X
i=1 i=1

A result that is related to Theorem 3.A.37 is Theorem 4.A.38.

Ezxample 3.A.38. If the X;’s in Theorem 3.A.37 are all identically equal to 1,
then we get that p < q implies that

n n

Z IPi Zex Z I(Ii'

=1 i=1

In particular,
n
Z Iqi <ex Ya
i=1

where Y is a binomial random variable having the parameters n and § =

(Z?:l ql)/n
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Conceptually it can be expected that if the random variables X7, Xo, ...,
X, are “more positively [negatively] associated” than the random variables
Y1,Y5,...,Y, in some sense, but otherwise X; =4 Y; for each i, then
St Xi Zex [Sex] Yoiey Yi. The following result is a formalization of this
idea. Recall that random variables X, Xs,..., X,, are said to be positively
associated if

Cov(hi1(X1,Xa,...,Xpn), ho(X1, Xo,...,X,)) >0 (3.A.53)

for all increasing functions h; and ho for which the above covariance is defined.
Similarly, X5, X, ..., X, are said to be negatively associated if

Cov(hl(Xi17Xi27 PN 7Xik)7 hg(le,ij, e 7Xjn—k)) S 0 (3A54)
for all choices of disjoint subsets {i1,is,...,ix} and {j1,J2,.-.,dn—k} Of
{1,2,...,n}, and for all increasing functions h; and hs for which the above

covariance is defined.

Theorem 3.A.39. Let X1, Xs,..., X, be positively [negatively] associated
random variables, and let Y1,Ys, ..., Y, be independent random variables such
that X; =4 Y;, 1 =1,2,...,n. Then

n

in Zcx [Scx] ZY;
i=1

i=1

Theorem 3.A.39 follows from Theorem 9.A.23 in Chapter 9; see a comment
there after that theorem.

A Laplace transform characterization of the order <. is stated next; it
may be compared to Theorems 1.A.13, 1.B.18, 1.B.53, 1.C.25, 2.A.16, and
2.B.14. We do not give the proof of this characterization here since it follows
easily from Theorem 4.A.21 in Chapter 4.

Theorem 3.A.40. Let X; and Xs be two nonnegative random variables, and
let Nx(X1) and Nx(X2) be as described in Theorem 1.A.13. Then

X1 <ex X2 <:>N,\(X1) <ex N/\(XQ) fO’/’ all A > 0.

Ezxample 3.A.41. Let © be a random variable whose realization, 0, is a param-
eter of interest. In the context of statistical inference the distribution function
of @ is called a prior distribution. Let X and Y be two random variables whose
distribution functions depend on @, that is, the conditional distribution of X
given © = 0 is, say, Fp, and the conditional distribution of Y given & = 0
is, say, Gg. Let L(a, ) be the loss incurred when © = 6 and when the action
a has been taken (a is a number in the action space A which is a compact
subset of R).

In the following discussion, every expected value that is mentioned is as-
sumed to exist.
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If X =z is observed, and action a is taken, then the expected loss is
E[L(a,0)|X = z].
The minimal expected loss, given that X = = has been observed, is then

zneixrqlE[L(a7 0)|X ==z].

Therefore the expected minimal expected loss, for an experiment in which X
is used for inference on 8, is

E{ iréiﬂE[L(a,Q)‘X] }.

Similarly, the expected minimal expected loss, for an experiment in which Y
is used for inference on 6, is

E{ grg}’{lE[L(a, 0)|Y]}.
We say that Y is more informative than X for O if

E{ gréig E[L(a,0)|X]} > E{ géig E[L(a,0)|Y]} (3.A.55)

for any loss function L, and any action space A, for which the minima and
the expected values above are well defined.

Let U = E[6|X] and V = E[O|Y] be the posterior means in the corre-
sponding experiments. Obviously,

EU = E[E[6|X]] = EO = E[E[O|Y]] = EV. (3.A.56)
Take A = [0,1] and consider the loss function
L.(a,0) =a(f —c),
where c is some constant. Then

gréiﬂE[Lc(a, 9)|X} = géig alE[© — c|X]] =min{0,U —c} = —(¢ = U)4,

and, similarly,

gélEE[Lc(a,QﬂY] =—(c=V);.
From (3.A.55) we get that E[(c — U)4] < E[(c — V)4] for all ¢. Therefore,
from (3.A.6) and (3.A.56) it follows that

E[0|X] < E[O]Y].

The following result is an analog of Theorem 1.A.8; similar results are
Theorems 3.A.59, 4.A.48, 4.A.69, 5.A.15, 6.B.19, 6.G.12, 6.G.13, and 7.A.14—
7.A.16.
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Theorem 3.A.42. Let X and Y be two random wvariables. Suppose that
X <& Y [X <o Y] and that E[X?] = E[Y?], provided the expectations
exist. Then X =4 Y.

Proof. Denote the distribution functions of X and Y by F' and G, respectively.
Then

=—00 =—00

42 /u i { / i(a(v) - F(v))dv} du.

By Theorem 3.A.1 both inner integrals are nonnegative. From E[X?] = E[Y?]
we thus obtain [ F(v)dv= [" _ G(v)dvforu <0,and [~ F(v)dv =
f;iu é(v)dv for u > 0. Differentiating these equalities we obtain FF = G. O

E[Y? - E[X?] zz/uo [/u (G(v)—F(v))dv} du

Theorem 3.A.42 can be strengthened as follows; we do not detail the proof
here.

Theorem 3.A.43. Let X and Y be two random wariables. Suppose that
X <x Y [X <. Y] and that for some strictly convez function ¢ we have
that E[¢p(X)] = E[¢(Y)], provided the expectations exist. Then X =4 Y.

Theorem 3.A.60 below is a generalization of Theorem 3.A.43.

3.A.3 Conditions that lead to the convex order

Once the relation X <. Y has been established between the two random
variables X and Y it can be of great use. However, given the two random
variables and their distributions it is sometimes not clear how to verify that
X < Y. In this section we point out several simple conditions that imply the
convex order. Recall the notation S~ (a) (defined in (1.A.18)) for the number
of sign changes of the function a.

Theorem 3.A.44. Let X and Y be two random variables with equal means,
density functions f and g, distribution functions F and G, and survival func-
tions F and G, respectively. Then X <. Y if any of the following conditions
hold:

ST (g—f) =2 and the sign sequence is +,—,+, (3.A.57)
S™(F—G)=1 and the sign sequence is +, —, (3.A.58)
ST(G—F)=1 and the sign sequence is +, —. (3.A.59)

Proof. We will prove the result for the continuous case; the proof in the dis-
crete case is similar. Suppose that S™(g — f) = 2 and that the sign sequence
is +, —,+. Let a and b (a < b) be two of the crossing points, where the defini-
tion of a crossing point is self-explanatory. Denote I; = (—o0,a], Is = (a,b),
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and Is = (b,00). Then g(x) — f(z) > 0 on I, g(z) — f(z) < 0 on I, and
g(x) — f(z) > 0 on I3. Therefore

G(a) ~ Fla) = [ fo(w) ~ f(w))du
is increasing on [;, decreasing on I, and increasing on I5. It is also clear that
lim, o [G(z) — F(z)] = lim;,[G(z) — F(x)] = 0. Combining all these
observations shows that S~(G — F) = 1 and that the sign sequence is +, —.
Now suppose that S™(G — F) = 1 and that the sign sequence is 4+, —. Let ¢ be
a crossing point. Denote J; = (—o0, ¢] and J; = (¢, 00). Then G(x)—F(z) > 0
on J; and G(z) — F(z) <0 on J;. Clearly

x

Jim [ [Gw) = F(w)du =0

and from the equality of the means (see (3.A.3)) it follows that

x

wlggo 3 [G(u) — F(u)]du = 0.

Combining these observations shows that (3.A.8) holds. This proves that
(3.A.57) and (3.A.59) imply X <. Y. Note that S=(F —G) = S=(G - F)
with the same sign sequence. This observation, together with (3.A.59), shows
that (3.A.58) implies X <., Y. O

The condition (3.A.58) (or, equivalently, (3.A.59)) is not only sufficient for
X < Y, but, for nonnegative random variables, it can also characterize the
convex order as the following theorem shows.

Theorem 3.A.45. Let X and Y be two nonnegative random variables with
equal means. Then X <. Y if, and only if, there exist random variables
Zh, 2o, ..., with distribution functions Fy, Fs, .. .Lsuchithat Z1 = X, EZ; =

EY,j=1,2,...,Z; =« Y as j = 00, and S~ (F; — Fj;1) =1 and the sign
sequence is +,—, 3 =1,2,....

If the random variables in Theorem 3.A.45 are not nonnegative then the
sufficiency part of that theorem is not correct. This can be seen by noting
that Example 1 of Miiller [410] describes a sequence of distribution functions
(say of the random variables Z1, Zs, . ..), and two other distribution functions
(say of the random variables X and Y, which are not nonnegative), which
satisfy all the conditions in Theorem 3.A.45, but such that X £. Y. We
thank Taizhong Hu for pointing out this fact to us.

In Theorem 3.A.24 we obtained the “minimal” random variable with re-
spect to the order <., when the support and the mean are given. Now, with
the aid of Theorem 3.A.44, we can obtain the “minimal” random variables
with respect to the order <., for some rich families of random variables when
the mean is given. This is shown in the next result.
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Theorem 3.A.46. Let X be a nonnegative random variable with mean .

(a) Suppose that X has a density function that is decreasing on [0,00). Let Y
be uniformly distributed over the interval [0,2u] (so that EY = p). Then

Y <ex X.

(b) Suppose that X has a density function that is decreasing and convexr on
[0,00). Let Z have the triangular distribution over the interval [0, 3p] with
density function

falw) = {i R

0, otherwise

(so that EZ = u). Then
Z <ex X.

Proof. In order to prove (a) let fx and fy denote the density functions of
X and Y, respectively. It is easy to see, using the fact that EX = FY, that
S~ (fx — fy) = 2 and that the sign sequence is 4, —, +. The result now follows
from Theorem 3.A.44. The proof of (b) is similar. O

Some illustrations of the applicability of Theorem 3.A.44 are shown in the
following examples.

Example 3.A.47. The following statements can be proven by verifying, using
the method in Shaked [502], that in each one of them the two random variables
have the same mean, and that their densities satisfy (3.A.57).

(a) Let X and Y have, respectively, the Poisson and the Pascal distributions
with the discrete densities f and g given by

f(z):(;/\/aw7 z=0,1,...,
9(z) = (1—T—éa)/\(1—|1—a)mplga(;;)_x>!\)’ =01,

where o > 0 and A > 0. Then X <. Y.
(b) Let X and Y have, respectively, the exponential and the power distribu-
tions with the densities f and g given by

f@)=( =15 Texp{—(y—1)6 'z}, x>0,
g(x) = (/)1 +z/7) 77, x>0,

where v > 1 and § > 0. Then X <. Y.
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(c) Let X and Y have, respectively, the binomial and the Polya distributions
with the discrete densities f and g given by

0= (1)) G5 P=0.1, .,
n\ la+B8)(a+2)I'(B+n—x)
0= () TG g 7O

where @ > 0 and 6 > 0. Then X <. Y.
(d) Let X and Y have, respectively, the discrete densities f and g given by

B a Ay B=1 N=I'(z+N) B

f(x)_<a+ﬁ—1) (a—|—ﬁ—1> Tovat L= 0L
(2) = INa+)I'(B+ NI (A+z)(a+x)
I = TP (BTN (a+ B+ A+ a)z!

where « > 0, > 1, and A > 0. Then X <., Y.

z=0,1,...,

Example 3.A.48. Let X and Y be Bernoulli random variables with parameters
p and g, respectively, where 0 < p < ¢ < 1. Then

X Y

p g
This can be seen by easily verifying (3.A.59), where F' and G there are the
distribution functions of Y and X, respectively.

A further illustration of the applicability of Theorem 3.A.44 is shown in
the following example.

Example 3.A.49. Let U;.,) be the ith order statistic from a sample of n uni-
form [0, 1] random variables. By examination of the density functions of the
normalized variables "T'H U(i:n) it is possible to verify (3.A.57) and obtain the
following results (see also Example 4.B.13):

Uti+1:n) <vorenz Ui:n)s foralli <n—1,
U(zn) <Lorenz U(i:n+1)a foralli <n+1,
U(n—i+1:n+1) <Lorenz U(n—i:n), for all ¢ < n,

and

U(n+2:2n+3) <Lorenz U(n+1;2n+1), for all n.

The last inequality may be described as “sample medians exhibit less vari-
ability as sample size increases.” Arnold and Villasenor [21], who derived the
above results, give many other Lorenz order inequalities for order statistics
and record values associated with various parametric families; see also Wilfling
[566] and Kleiber [304].
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Example 3.A.50. Let X(;.,) denote the ith order statistic in a sample of n
independent and identically distributed random variables having the common
distribution F, survival function F, and density function f. Recall that a
function ¢ : [0,00) — [0, 00) is said to be regularly varying at co with index
peRif

o(tx)

The function ¢ is said to be regularly varying at —oo with index p if ¢(—x)
is regularly varying at oo with index p. Finally, the function ¢ is said to be
regularly varying at 0 with index p if ¢(z~?1) is regularly varying at co with
index p.

For F with support (—oo, c0) Kleiber [303] showed:

=", forallte[0,00).

(a) If F is regularly varying at —oco with index o < 0, and if f is monotone
on (—oo, c] for some ¢, then X(j.) <aii X(i:n) implies 7 < j.

(b) If F is regularly varying at oo with index o < 0, and if f is monotone on
[¢, 00) for some ¢, then X(j:m) <dil X(i:n) implies n —1 <m — j.

For F' with support [0, 00) Kleiber [303] also showed:

(c) If F is regularly varying at 0 with index o < 0, and if f is monotone on
(Of} for some ¢ > 0, then X(;.;m) <vorenz X(i:n) implies i < j.

(d) If F is regularly varying at oo with index a < 0, and if f is monotone on
[c,00) for some ¢, then X(;.m) <Lorenz X(i:n) implies n —i < m — j.

The following example gives necessary and sufficient conditions for the
comparison of normal random variables; it is generalized in Example 7.A.13.
See related results in Examples 1.A.26 and 4.A.46.

Ezample 8.A.51. Let X be a normal random variable with mean px and vari-
ance 0%, and let Y be a normal random variable with mean py and variance
032,. Then X <. Y if, and only if, ux = py and Ug( < O'%/.

Analogous to the result in Remark 1.A.18, it can be shown that the set of
all distribution functions on R, with any fixed finite mean, is a lattice with
respect to the order <.

Let X and Y be two random variables with densities f and g, respectively.
Recall that supp(X) and supp(Y’) denote the respective supports. We say
that X is uniformly less variable than Y (denoted as X <,y Y) if supp(X) C
supp(Y) and the ratio f(z)/g(x) is unimodal over supp(Y’), where the mode
is a supremum, but X and Y are not ordered by the usual stochastic order
(see definition in Section 1.A).

The relation <, is not a transitive order. It is possible to have X <., Y
and Y <,y Z but not X <., Z. However, it is useful as a simple condition
which implies (3.A.57). The next theorem points out this relationship. The
proof of the theorem is easy and is therefore omitted.



138 3 Univariate Variability Orders

Theorem 3.A.52. Let X and Y be two random variables with densities f
and g, respectively, such that supp(X) C supp(Y). Then X <, Y if, and

only if,

S7(g — cf) <2 whenever ¢ > 0,
and in case of equality the sign sequence is +,—,+. (3.A.60)

From (3.A.60) and (3.A.57) we see that the order <, is a sufficient con-
dition for the order <. provided the underlying random variables have equal
means. This is formally stated in the next theorem.

Theorem 3.A.53. Let X and Y be two random variables with absolutely
continuous distributions and equal means such that supp(X) C supp(Y). If
X <wY, then X < Y.

A relation that is even stronger than <, is defined next. Its usefulness is
that it gives a simple sufficient condition for the order <., and therefore for
the order < . Again, let X and Y be two random variables with densities
f and g, respectively. We say that X is logconcave relative to Y (denoted by
X < Y) if f/g is logconcave. The relation <j., unlike the relation <, is
transitive, and it implies the relation <, as the next result shows. Again, the
proof is trivial and hence it is omitted.

Theorem 3.A.54. Let X and Y be two random variables with densities f
and g, respectively, such that supp(X) C supp(Y) and S~ (g — f) = 2. Then
X<V = X <, Y.

3.A.4 Some properties in reliability theory

Recall from page 1 the definitions of NBUE and NWUE random variables.
Such random variables are of interest in reliability theory. The next result
shows that NBUE [NWUE] random variables are smaller [larger] than expo-
nential random variables with the same means with respect to the convex
order. We denote by Exp(u) an exponential random variable with mean pu.

Theorem 3.A.55. If X is an NBUE [NWUE] random variable with mean p,
then
X < [Zcx] EXP(H), (3A61)

or, equivalently,
X >cv [<ev] Exp(p). (3.A.62)

The proof consists of showing that if F' is the survival function of X, then
| Fwdu <z pe, azo

and the result then follows from (3.A.7). We omit the details.
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Random variables that satisfy (3.A.61) are called harmonic new better
[worse] than used in expectation (HNBUE [HNWUE]). Sometimes such ran-
dom variables are defined by X <pmy1 [>nmr] Exp(p) rather than by (3.A.61),
but by (2.B.7) these two definitions are the same.

Recall from page 1 the definition of IMRL and DMRL random variables.
The following result characterizes such random variables by means of the di-
lation order defined in (3.A.32). Other characterizations of DMRL and IMRL
random variables, by means of other stochastic orders, can be found in The-
orems 2.A.23, 2.B.17, 3.C.13, and 4.A.51.

Theorem 3.A.56. The nonnegative random variable X is DMRL [IMRL] if,
and only if,

[(X|X > 1] >an [<an] [X|X > 1] whenever t < t'.

Two related results are stated next without proofs.

Theorem 3.A.57. Let X andY be two random variables that have a common
support of the form (0,00), and that have finite means. If X and/or Y is
IMRL, and ZfX Smrl Y, then X Sdil Y.

Theorem 3.A.58. Let X andY be two random variables that have a common
support of the form (0,00), and that have finite means. If X is NBUE and Y
is NWUE, then

X <Y <= X <q1 Y <= EX < EY.

3.A.5 The m-convex orders

Let S be a subinterval of the real line. The subinterval S may be open, half-
open, or closed, finite or infinite. Fix a positive integer m, and consider the
class MS . of all functions ¢ : S — R whose mth derivative ¢(™) exists
and satisfies ¢(") () > 0, for all € S, or which are limits of sequences of

functions whose mth derivative is continuous and nonnegative on S.
Let X and Y be two random variables that take on values in S such that
E[¢(X)] < E[¢p(Y)] for all functions ¢ € MS (3.A.63)

m-cx?

provided the expectations exist. Then X is said to be smaller than Y in the
m-convez order (denoted as X < __Y). For random variables X and Y that
take on values in Ny the definition of the m-cx order is similar — it can be
found in Denuit and Lefevre [146].

In a similar manner one can define the m-concave order and observe that

X <

—m-CcX

X <$ .Y when m is odd,
Y <—
Y <% X when m is even.

—m-CvVv

It can be shown that
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EXk=FEY*k Ek=1,2,...,m—1, and

3.A.64
EX-t)]'<BY -t} " foralltes, ( )

—Mm-CX

X<S Ve {
and also that

X <

—Mm-CX

EXk=FEY*k k=1,2,...,m—1, and
Y m—1 m—1
(-1)"[E¢-Y)P ' —EBlt-X)7"'] >0forallt €.

(3.A. 65)
Note that the order <, is just the order <, and that the order <$ __

is the order <.x. Menezes, Geiss, and Tressler [390] gave the following inter-
pretation to the order <§ _ :if X <§__ Y, then, of course, X and Y have the
same mean and variance, but X then has smaller rightside risk than Y.

Let F and G be the distribution functions of X and Y, respectively. Denote
FOl(t) = F(t), and, for k > 1, denote FIFI(t) = fi F[k*”( )dx Sirnilarly7

denote F) (t) = F(t), and, for k > 1, denote F[ ) = = [F z)dz.
Define G* and é[k] in a similar manner. Using the 1dent1tles
Et-Y) ' —Bt-X)7!

P - ) = CE]

and
B(Y )7 — B(X - )7

)= (m—1)!

(which are easily proven by induction and Fubini’s Theorem) we obtain from
(3.A.64) and (3.A.65) that

—lm—1] —lm—1]
Fy (t)-Fx

X <8

—M-CX

. EX*—EY* k=12 ... m—1, and
s _ _
(—1)m {F}[, Uty — plmtl (t)] >0 forallteR,

(3.A.66)
and also that

X <8

—m-CX

EX*=EY* k=1,2,...,m—1, and
Y —[m—1] —[m—1] (3.A.67)
Fy “(t)—Fx (t)>0 forallteR.

Using the identities
= [gim-1 F(m—1] _ m m
m! Fy “(x)-Fx (v)|de=E(Y —-t)]' - E(X -1t
¢
and

m! / (R (@) - FY Y (@)|de = B(t - V)7 — E(t — X)T7,

— 00

we obtain from (3.A.66) and (3.A.67) that
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EXF=FEYk k=1,2,...,m—1, and
E(Y —t)7 — E(X — ) is decreasing in t € R,

—MmM-CX

X< Ve {
and also that

X <8

—m-CX

v EXF=FEY* k=1,2,...,m—1, and
(=)™ [E({—Y)7 — E(t — X)7] is increasing in ¢ € R.

Fishburn [203] has reported some attempts at obtaining an analog of The-
orem 3.A.4 for the 3-cx order.
From (3.A.63) it is seen that if X <5 _ Y, then

—m-CX
EX* < EY* for k > m such that k — m is even.
If, moreover, X and Y are nonnegative, then
EX® < EY* for k>m.

Motivated by Theorem 3.A.42 (see also Theorems 1.A.8, 4.A.48, 4.A.69,
5.A.15, 6.B.19, 6.G.12, 6.G.13, and 7.A.14-7.A.16) we have the following re-
sult.

Theorem 3.A.59. Let X and Y be two random variables that take on values
inS. If X <5 Y, and if E[X™] = E[Y™], then X =4 Y.

—Mm-CX

Theorem 3.A.59 can be strengthened to the following result in a way that is
analogous to the way in which Theorem 3.A.43 strengthened Theorem 3.A.42;
we do not detail the proof here.

Theorem 3.A.60. Let X and Y be two random variables that take on values
inS. If X <5 .. Y and if E[¢p(X)] = E[p(Y)] for some ¢ € MS, .. which

satisfies ¢\ (x) > 0 for all x € S, then X =4 Y.

Note that Theorems 1.A.8, 3.A.43, and 3.A.59 are all special cases of The-
orem 3.A.60.

A generalization of (3.A.12) is given in the next theorem. The notations
Ix, ux, ly, and uy are described before (3.A.12).

Theorem 3.A.61. Let X and Y be two random variables that take on values
inS. If X <5 .. Y, then ux < uy. Also, if m is even, then lx > ly, and if

—m-CX

m s odd, then lx <ly.

Some closure properties of the order <5 __ are given in the next theorem.

Theorem 3.A.62. (a) Let X and Y be two random variables that take on
values in S. Then

X <o
Y <=S_—X when s is odd.

—m-CX

v {—X <-S.-Y when s is even,
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(b) Let X, Y, and © be random variables such that [X |0 = 0] <5 ., [Y|© =
0] for all 9 in the support of ©. Then X <5 .. Y. That is, the m-convex
order is closed under mixtures.

(e) If X < .. Y, then cX <5 __ cY whenever ¢ > 0, where ¢S = {z € R :
x/c e S}.

(d) If X <5 .. Y, then cX <5 __ cY whenever ¢ < 0 and m is even, and
cY <§fcx cX whenever ¢ <0 and m is odd.

(e) If X <5 .. Y, then X +d <51 Y +d for alld € R, where S+d = {z €
R:z—de S}, that is, the m-convex order is shift-invariant.

(f) Let {X;, j=1,2,...} and {Y;,  =1,2,...} be two sequences of random
variables that take on values in S, such that X; =4 X and Y; =g Y
as j — oo. Assume that E(X)7' and E(Y)m Y are finite and that
E(XJ)T Y= BX)T! and that E(Y; )’” Vs BT as j — oo
If X; <5 .. Y; for all integers i, then X <5 __ Y. That is, the m-convex
order is closed under limits.

(g) Let X1, X, ..., X, be a set of independent random variables and let Y1, Yz,

, Y, be another set of independent random variables, all taking on values
mS If X; <8 Y fori=1,2,...,n, then

ZX <mcx i}/ﬁ
=1

where R denotes the union of the supports of the distribution functions of
the two sums. That is, the m-convex order is closed under convolutions.
(h) Let X1, X, ... be a set of independent random variables and let Y1, Yo, . ..
be another set of independent random variables, all taking on values in
S. If X; <8 .. Yi fori = 1,2,..., then, for any positive integer-valued
random variable N which is independent of the X;’s and of the Y;’s, one

has N
ZX <m CcX ZY]?
=1

where R denotes the union of the supports of the distribution functions of
the two compound sums.

™m-CcxX

Theorem 3.A.62(h) can be extended as follows.

Theorem 3.A.63. Let X1, Xo,... be a set of independent random variables
and let Y1,Ys, . .. be another set of independent random variables, all taking on
values in S. Let N1 be an integer-valued random variable that is independent of
the X;’s, and let No be an integer-valued mndom variable that is independent
of the Y;’s, both taking on values in Q. If X; < Y; fori=1,2,..., and if
Ny <2 .. No, then

7”774 CX

N3
ZX <mchYJ
=1
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where R denotes the union of the supports of the distribution functions of the
two compound sums.

Theorem 3.A.19 can be extended as follows.

Theorem 3.A.64. Let X; and X5 (Y7 and Y3) be two independent copies of
X (V). If X <5, . Y, then X1 — Xo <F, .. Y1 — Yo, where R denotes the
union of the supports of the distribution functions of the two differences.

The proof of Theorem 3.A.64 is similar to the proof of Theorem 3.A.19
(using Theorem 3.A.62(a) and (g)).

Recall from (1.A.20) that for nonnegative random variables X and Y with
finite means, we denote by Ax and Ay the corresponding asymptotic equi-
librium ages.

Theorem 3.A.65. Let X andY be two nonnegative random variables. Then,
for m > 2 we have

X <[0,00) Y <— Ax <[07OO) Ay.

—m-cx —(m—1)-cx

In particular,
X <ex Y AX <st AY-

We now describe a generalization of Theorem 3.A.44. Let B,,(S; p1, p2, - - -,
tm—1) denote the class of all the random variables X whose distribution
functions have support in S and which have the first m — 1 moments EX* =
we, k=1,2....m—1.

Theorem 3.A.66. Let X and Y be two random variables in B,,(S; p1, pa, - . .,
tm—1) with distribution functions F and G, respectively, and with density
functions f and g, respectively.

a) If S™(F—G) < m—1 and if the last sign of F—G is a 4, then X <5 __ Y.
(a) 9 :

—M-CX

(b) If S~ (f — g) < m and if the last sign of g — f is a +, then X <5 Y.

The following example describes typical applications of Theorem 3.A.66.

Example 3.A.67. Let X have the Gamma density given by
fx(z) = ﬂ—xo‘*lefﬁz, x>0,

where o > 0 and 3 > 0 are constants, and let Y have the inverse Gaussian
density given by

—3/2 -~ 2
fy(z) = ijexp{%ﬁix)}, x>0,

where also here @ > 0 and 3 > 0 are constants. Note that X and Y have the
same mean «/3 and the same second moment a(a + 1)/3%. We claim that
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X Sg?’cio) Y. In order to see it, first note that without loss of generality we
can take the means to be equal to 1, that is, § = a. Now, a straightforward

computation yields

fx(x)
log v (@)

where C' is some constant. The first derivative of the above expression is a
quadratic form in 1/z, which cannot have more than two zeroes, so the ex-
pression itself has no more than three sign changes. In addition, the above
expression tends to —oo as x — oo. The stated result now follows from The-
orem 3.A.66(b).

Let Z have the lognormal density given by

falw) = — exp{—W}, £ 0,

TV 2T 272

« (64

20 2

:C+(o¢+%)logx+ x>0,

where 7 > 0 and v > 0 are constants. With the choice 72 = log(1 + %) and

v = %log ﬁ we have that X and Z have the same mean o/ and the

same second moment a(a + 1)/3%. We now claim that X gg?;ff) Z. In order
to see it, again note that without loss of generality we can take the means to

be equal to 1, that is, 8 = a. Now, a straightforward computation yields

Ix(x)
)

where C' is some constant. Substituting v = logx, the above expression is
seen to be the difference of a quadratic form in v and an exponential func-
tion, which cannot have more than three sign changes. In addition, the above
expression tends to —oo as & — oo. The stated result again follows from
Theorem 3.A.66(Db).

log? x

1 g T
272’

:C’Jr(aJr%)log:rfcm:Jr x>0,

Theorem 3.A.24 can be viewed as a result that gives the “minimal” and
the “maximal” random variables with respect to the order <§__ when the
(bounded) support and the mean are given. The following theorem gives the
extrema with respect to the order <§ .. when the first two moments are given.
Here we take S = [a, b] for some finite a and b.

Theorem 3.A.68. Let X € Bs([a,b]; u1, u2). Consider the random variables

Xr(fi)n and Xy in Bs([a,b]; p1, p2) defined by
2
@ _ a ] with probability m,
1+ % with probability %,

and
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i _ (bp)®
xB3) _ 1 b—p (b*#1)2+#227uf’

max . i __ HoTHy
b with probability (i E—2

with probability

Then X&) <lotl x <latl (&)

—3-cx

An effective method for deriving the support points and the associated
probabilities of the stochastic extrema in general (that is, for m’s other
than 3) will be described next. For the purpose of somewhat simplifying
the expressions below we take a = 0. Thus we describe how to obtain

the support points and the associated probabilities of X (m) and Xr({;,)( in

min
By, ([0 b] K1y 2y oy fm— 1)
If m is even, m = 2k, say, then the support of Xmln in Box ([0, 0]; p1, po, - - -,
tak—1) consists of k interior points x1, T2, ..., 2k, 0 < 21 < 23 < -+ <z < b,
which are the k distinct roots of the equation (denoting po = 1)

1z 22 .. 2k
Ho H1 H2 - Hi

fy p2 B3t ket | = 0
Hk—1 Pk Pk+1 * " H2k—1
the corresponding probabilities p1, ps, ..., pr are now found by solving
plx{+p2x§+-~-+pkxi =pun;, j=01,...,k—1
The support of dex in Bog ([0, b]; pe1, pea, - - -, ok—1) consists of the points 0,

b, and k — 1 interior points zs,x3,...,2%, 0 < x93 < x3 < --- < 2} < b, which
are the k — 1 distinct roots of the equation

1 T 22 ah—t
po —bpr  pz —bupz  pa—bpz -+ k1 — bug

s —bpa  pra—bps ps —bpa e pieg2 — bkt | = 0,

Mk — bitk—1 pey1 — Ok kg2 — bt - pok—1 — biok—o

the corresponding probabilities p1,pa, ..., pr+1 are now found by solving the
Vandermonde system

prtpzt- ot pe =1,
p2x§+p3x§+~-~+pkl‘i+pk+1b7Zuja J=12,...k

When m is odd, m = 2k + 1, say, then the support of X2F™1) in

mln
Bog11([0,b]; 1, 2, - - ., prog) consists ofO and k interior points za, 3, . . ., Tki1,

0<z9 <x3 <---<xpy1 <b, which are the k distinct roots of the equation
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1 =z 22 ... 2k
M1 2 B3t MR+
M2 p3 M4t flet2| = (;

Hi Pk+1 P42 - U2k

the corresponding probabilities pi,pa, ..., pr+1 are now found by solving

prtp2t -t ppr =1,
p2$%+p3$é+"'+l7k+1xi+1:,uja 7=12 ... k.

The support of XD i Baj+1([0,b]; g1, p2, - - -, phog) consists of the points
b and k interior points x1,x2,...,xk, 0 < 1 < g < --- < x < b, which are
the k distinct roots of the equation
1 T x2 e xk
1 —b  po—bur  pz—buz - pgpg1 — by

pz —bpy pz—bpz pa —bpz - pege — bk | = o

P — bpte—1 fik1 — bpg pip2 — bpt1 - -+ prok — bpiog—1
the corresponding probabilities p1, pa, ..., pr+1 are now found by solving the
Vandermonde system

Py + pawh o P @y T el =g, §=0,1,0 k.

Explicit descriptions for the distribution functions of XI(YTH) and X\, for
values of m up to 5, are given in Tables 3.A.1 and 3.A.2, where in Table 3.A.2
we use the notation

2
0= ((u1 = )(pa — bpz) — (2 — bpa)(p3 — bp2))
— 4((p1 — b)(p3 — bua) — (n2 — bpa)?)
X ((p2 — bpy) (pia — bps) — (s — bp2)?).
Denuit, De Vylder, and Lefevre [142] obtained also the extrema with re-
spect to the order <5 . when not only the first m — 1 moments and the
support are given, but also when the density function of X is known to be
unimodal with a known mode. Tables that are similar to Tables 3.A.1 and

3.A.2, but when the mode is known, are available in Denuit, Leféevre, and
Shaked [153, 154].

3.B The Dispersive Order

3.B.1 Definition and equivalent conditions

Let X and Y be two random variables with distribution functions F' and G,
respectively. Let F~! and G~! be the right continuous inverses of F' and G,
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Table 3.A.1. Probability distribution of XI(IZQ € B ([0,b]; 1, 2y - vy fim—1)
HmHSupport point ‘ Probability massH
1(/0 1
2 M1 1
2
H2— My
310 na
K2 K1
M1 H2
_ mz—prp2ty/(na—p1p2)2—4(uz2—p3) (n1ps —n3) p1—7r—
d|r+ = 2(p2—ni) T
I p3—p1p2—y/ (ps—p1p2)2—4(pe—p3) (p1pz—p3) 1 M=
- 2(u2—p3) [
5 0 1-— P+ — P—-
b= 1 pa—pops+r/ (1 pa—pops)2—4(p1 ps—pd) (u2pa—p3) _ uwa—t_p
- 2(p1p3—p3) P+ = -t
P pipa—paps—/(1pa—p2p3)?—4(uips—p3) (p2ps—n3)  pa—tim
- 2(p1p3—p3) P- =7
Table 3.A.2. Probability distribution of X% € Bu ([0, b]; pi1, fiz, - - - fm—1)

HmHSupport point

HProbability mass H

11b 1
b7
21|10 =
b o
3 bui—po 7077“1)2
b= (b—p1)2+p2—p3
b .Uf2*ll€ _
(b—p1)2+pz—p?
4|0 1—p1 —p2
pn3—bpo — (H?*bﬂl):}
p2—bpu1 b (n3—bp2)(p3—2bua+b2p1)
2
_ K1p3—p5
b P2 = 3005 —2bus+b%07)
_ (p1—=b)(pa—bpz)—(n2—bp1)(u3—buz)+y/0 _ po—(bF+z_)p1+bz_
5z = 2((p1—=b)(u3—bpa)—(n2—bp1)?) e T | =)
¥ = (p1—=b)(pa—bpuz)—(p2—bp1)(p3—buz)—\/o _ p2—(btz)pitbzy
- 2((11—b) (13 —bpz) — (w2 —bp1)?) a- G_—21)(e_—b)
b l—qy —q
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respectively, and assume that
FYB) - F o) <G B) -G a) whenever 0 <a<fB<1. (3B.1)

Then X is said to be smaller than Y in the dispersive order (denoted as
X <disp Y). It is conceptually clear that the order <g;sp indeed corresponds
to a comparison of X and Y by variability because it requires the difference

between any two quantiles of X to be smaller than the corresponding quantiles
of Y.
It is clear from (3.B.1) that the order <gisp is location-free. That is,

X <dgisp Y &= X +c<aisp Y for any real c. (3.B.2)
For a fixed «, one can find a ¢ such that the inverse of the distribution of
X + ¢, which is F~1(-) +¢, satisfies F~1(a) + ¢ = G~ (a) = o, say. It follows
then from (3.B.2) that F(z — ¢) > G(x) for all x > z¢. Similarly, it can be
seen that F(z —¢) < G(z) for all 2 < xg. This is true for every a (¢ and

are determined by «). By varying « one can obtain any desired ¢ of the form
G~ Ya) — F~'(a). In fact, it can be shown that X <gisp Y if, and only if,

ST(F(-—¢)—G(-)) <1 forall ¢, with the sign sequence
being —, + in the case of equality. (3.B.3)

It is not hard to prove that condition (3.B.3) is equivalent to the following
condition:

GG Ha)+c) < F(F'(a)+c) forallac (0,1)andc>0, (3.B.4)
or, equivalently,
GG a)—c) > F(F*a)—c) forallac (0,1)andc>0. (3.B.5)
Alternatively, (3.B.4) and (3.B.5) can be written as
(X —F o)) < (Y =G )y, ac(0,1). (3.B.6)
From (3.B.1) it is clear that X <gisp Y if, and only if,
G '(a) — F7'(a) increases in a € (0,1), (3.B.7)
or, equivalently, if, and only if,
5_1((1) — f_l(a) decreases in a € (0, 1), (3.B.8)

where F =1 —F and G = 1 — G are the survival functions associated with X
and Y, respectively. Let R = —log F' and ) = — log G denote the cumulative

hazard functions of X and Y, respectively. Note that R~!(z) = Fﬁl(e_z) and
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" (e7%). Thus from (3.B.8) we obtain that X <gisp Y if, and only

Q '(2) = R7%(z) increases in z > 0. (3.B.9)
Substituting o = F(x) in (3.B.7) we obtain that X <gisp Y if, and only if,

G (F(x)) —x increases in x. (3.B.10)

When X and Y have densities f and g, respectively, then X <gis, Y if, and
only if|
g(G7 ) < f(FY(a)) forall a € (0,1); (3.B.11)

this can be obtained at once by differentiation of (3.B.10) and a simple sub-
stitution. When X and Y have hazard rate functions r and ¢, then (3.B.11)
can alternatively be recast as

(G () <r(F~Y(a)) forall a € (0,1). (3.B.12)

The dispersive order can be characterized also by comparing transforma-
tions of the random variables X and Y. For example, for continuous random
variables X and Y we have that X <gjsp, Y if, and only if,

Y =4 #(X) for some ¢ which satisfies
é(2') — ¢(z) > 2’ — z whenever z < z’. (3.B.13)

In order to prove it just let ¢ be G=!F. When the ¢ in (3.B.13) is differentiable,
the condition on ¢ there is the same as ¢’ > 1, where ¢’ denotes the derivative
of ¢. An equivalent way of recasting (3.B.13) for continuous random variables
X and Y is the following:

Y =4 X +¢(X) for some increasing function . (3.B.14)

Condition (3.B.13) can also be rewritten as

X =4 ¢(Y) for some increasing ¢ which satisfies
o(z") — p(z) < 2’ — x whenever x < z’. (3.B.15)

In fact, (3.B.15) characterizes X <gisp Y even if X and Y are not continuous
random variables.

The next characterization of the dispersive order that we describe is by
means of observed total time on test random variables (see Section 1.A.4).
Let F' be an absolutely continuous distribution function of a nonnegative
random variable X, and suppose, for simplicity, that 0 is the left endpoint of
the support of F. Let H;l be as defined in (1.A.19), and let Xt have the
distribution function Hp. Denote by hp the density function associated with
Hp. Then it is easy to see that
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fE7 (W)

hie(Hp' (w) = =3—

, 0<u<l, (3.B.16)
where f is the density function associated with F'. Similarly, if G is another
absolutely continuous distribution function, then the density h¢, of the inverse
of the TTT transform H¢ that is associated with G, satisfies

9(G~1 ()

ha(Hg' (u) = . , 0<u<l, (3.B.17)
—u

where g is the density function associated with G.
Let Y and Yit have the distribution functions G and Hg, respectively.

From (3.B.11), (3.B.16), and (3.B.17) we obtain the following result.

Theorem 3.B.1. Let X and Y be two nonnegative random wvariables with
absolutely continuous distribution functions having 0 as the left endpoint of
their supports. Then

X Sdisp Y = X Sdisp Yite.

See related results in Theorems 1.A.29, 4.A.44, 4.B.8, 4.B.9, and 4.B.29.

Next we mention a characterization by means of the so-called Q-addition
(quantiles-addition). The random variable Y with distribution function G is
said to be the Q-addition of the random variables X and Z, with corresponding
distribution functions F and H, if G™!(a) = F~}(a) + H () for all a €
(0,1). If X and Y have distribution functions F' and G, respectively, then by
(3.B.1), X <gisp Y if, and only if,

H 'Ya) =G '(a) - F7'(a) is increasing in a € (0, 1).

That means that H~! is an inverse of a distribution function of a random
variable Z, say. Thus we see that X <gisp Y if, and only if,

Y is a Q-addition of X and Z for some random variable Z.

Another characterization of the order <gisp is given in the following theo-
rem.

Theorem 3.B.2. Let X and Y be two random variables. Then X <gisp Y if,
and only if, for every increasing function ¢ and increasing concave function
h such that ¢ and Y(-) = h(p(+)) are integrable with respect to the distribution
of Y, and for every real number ¢, we have that

E¢(X —¢) 2 B¢(Y) = E(X — ) > By(Y).

It is worthwhile to mention that two twice differentiable functions ¢ and
¥ satisty ¥(-) = h(¢(+)) for some increasing concave function h if, and only if,
¢" /¢ > " /" (see Pratt [459] or Arrow [22]).

Like the convex order (see Theorem 3.A.7), the dispersive order can be
characterized by means of Yaari functionals V}, defined in (3.A.31).
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Theorem 3.B.3. Let X and Y be two random variables with the same finite
means. Then X <gisp Y if, and only if,

Vi(X) < V(YY) for every probability transformation function h < 1.

Before leaving this subsection we should mention an alternative way of
comparing by dispersion random variables that are symmetric about 0. In
such a case one may say (as an alternative to (3.B.1)) that X is less dispersed
than YV if F~1(a)—F~1(1/2) < [>] G~} (a)—G~1(1/2) whenever a > [<] 1/2.
If X and/or Y are not necessarily symmetric, then one can define an order
that is weaker than <gisp by requiring

Fla)-F'1-a) <G Ha) -G (1 -0a), ac[l/2,1];
see Townsend and Colonius [552].
If X and Y are positive random variables, then, as an alternative to (3.B.1),
one can say that X is less dispersed than Y if log X <gjs, logY. The latter

condition is equivalent to log X <, logY, where the order <, is defined in
Section 4.B (see Theorem 4.B.1).

3.B.2 Properties

The dispersive order satisfies some desirable closure properties but does not
satisfy some other desirable properties. For example, it is very easy to verify
the following result (compare it to Theorem 3.A.18).

Theorem 3.B.4. Let X be a random variable. Then
X <gisp aX  whenever a > 1.

Theorem 3.B.4 can be generalized as follows. For two functions ¢ and v
let us denote ¢ <qisp ¥ if

6(y) — 6(x) < ¥(y) — () whenever & < y. (3.B.18)

Note that if ¢ and ¢ are differentiable then ¢ <gis, ¢ if, and only if, ¢’ < ¢/,
where ¢’ and 1)’ are the derivatives of ¢ and ), respectively. Now let X be
a random variable. Write ¢(X) = ¢(X) + (¢(X) — ¢(X)). From (3.B.14) we
obtain the following result.

Theorem 3.B.5. Let X be a random variable. Then
(b(X) Sdisp w(X) whenever (b Sdisp ¢

Another simple desirable property that is easily verified is the following
theorem.

Theorem 3.B.6. Let X and Y be two random wvariables. Then

X §disp Y<— -X Sdisp -Y. (3B19)
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However, the dispersive order is not closed under convolutions. In fact, it
is not even true in general that for any two independent random variables X
and Y we have that X <gisp X + Y. This observation follows from the next
theorem, the proof of which is omitted.

Theorem 3.B.7. The random variable X satisfies
X <adisp X +Y  for any random variable Y independent of X

if, and only if, X has a logconcave density.

A random variable Z is said to be dispersive if X +7 <gisp Y +Z whenever
X <aisp Y and Z is independent of X and Y. From Theorem 3.B.7 it follows
that every dispersive random variable must be strongly unimodal (that is,
have a logconcave density). It turns out that strong unimodality is also a
sufficient condition for dispersivity, as the next result shows. Again the proof
is omitted.

Theorem 3.B.8. The random variable X is dispersive if, and only if, X has
a logconcave density.

Other characterizations of random variables with logconcave densities are
given in Theorem 1.C.52.
From Theorem 3.B.8 we obtain, by iteration, the following result.

Theorem 3.B.9. Let X1, X5,..., X, be a set of independent random vari-
ables, and let Y1,Ys,...,Y, be another set of independent random variables.
If the X;’s and the Y;’s have logconcave densities, and if X; <aqisp Yi

1=1,2,...,n, then
n n
ZX1 Sdisp ZY;
i=1 i=1

The dispersive order is closed under increasing convex and decreasing con-
cave transformations when the underlying random variables are ordered in
the usual stochastic order. We have the following result.

Theorem 3.B.10. Let X and Y be two random variables such that X <4 Y.
(a) If X <aisp Y, then

d(X) <daisp (Y)  for all increasing convex and all

decreasing concave functions ¢. (3.B.20)

(b) IfX gdisp Y, then

O(X) >aisp ®(Y)  for all decreasing convezr and all

increasing concave functions ¢. (3.B.21)
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Proof. First we prove (3.B.20) when ¢ is increasing and convex. Let F' and
G denote the distribution functions of X and Y, respectively, and let F~!
and G~! be the respective inverses. For simplicity suppose that F, G, and
¢ are differentiable with derivatives f, g, and ¢, respectively. The condition
X <4 Y implies that (see (1.A.12))

F'a) <G '(a) forall ac(0,1).
Since ¢ is convex it follows that ¢’ is increasing. Therefore
¢ (F~Ha)) < ¢'(G7H(a)) forall a € (0,1). (3.B.22)
The condition X <gisp, ¥ implies that (see (3.B.11))
g(G™Ha)) < f(F~Ya)) forall a € (0,1). (3.B.23)

Since ¢ is increasing it follows that ¢’ > 0. Therefore, combining (3.B.22) and
(3.B.23), we see that

9(G™Ha))¢'(F~ (@) < f(F~H(a)¢'(G'(a)) forall a € (0,1),

and, again from (3.B.11), it is seen that the latter inequality is equivalent to
H(X) <aip DY),

If ¢ is decreasing and concave, then —¢ is increasing and convex. Therefore,
from what we just proved it follows that —¢(X) <gisp —¢(Y'). From Theorem
3.B.6 we obtain that ¢(X) <gsp ¢(Y). The proof of (3.B.21) is similar. O

Theorem 3.B.10 can be generalized in several ways. Here are two general-
izations of the increasing convex part of (3.B.20).

Theorem 3.B.11. Let X and Y be two random variables such that X <4 Y.

(a) If X <aisp Y, then ¢(X) <daisp ¥(Y) whenever ¢ <qgisp ¥ (in the sense of
(3.B.18)) and ¢ or ¢ is an increasing convezx function.

(b) If X <qisp Y, then ¢(X) <aisp ¥ (Y') whenever ¢ and ¢ are differentiable
and their derivatives, ¢' and v, respectively, satisfy ¢'(x) < ' (y) for all
z < y.

A relation similar to (3.B.20) can be used as a sufficient condition for
X <aisp Y. The next result states such a condition. Note that in (3.B.24)
the directions of the monotonicity in the convex and the concave cases are
interchanged.

Theorem 3.B.12. Let X and Y be two random variables such that X <4 Y.
If

O(X) <aisp #(Y) for some decreasing convex or

increasing concave function ¢, (3.B.24)

then X Sdisp Y.
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The proof of Theorem 3.B.12 uses Theorem 3.B.10. If ¢ in (3.B.24) is
increasing and concave, then ¢! is increasing and convex. Since X <y
Y it follows that ¢(X) <s ¢(Y). Therefore, by Theorem 3.B.10, X =
7 HBH(X)) <aisp @ H(P(Y)) = Y. The proof for a decreasing and convex
¢ is similar.

For random variables with equal left-end support points the assumption
in Theorems 3.B.10 and 3.B.11 of the comparison of X and Y in the usual
stochastic order need not be stated. This is because of the following obser-
vation. Here, for random variables X and Y, we denote the corresponding
endpoints of their supports by lx, ux, ly, and uy as defined before (3.A.12).

Theorem 3.B.13. (a) If X and Y are random variables such that lx = ly >
—o00, then
X Sdisp Y = X <4Y.

(b) If X and Y are random variables such that ux = uy < oo, then
X Sdisp Y =X >st Y.

For example, if X and Y are nonnegative random variables such that
Ix =ly =0, then Theorem 3.B.13(a) applies. A stronger version of this fact
is described in Remark 4.B.35.

The proof of Theorem 3.B.13(a) is based on the fact that if F and G are
the distribution functions of X and Y, respectively, then F~1(0) = Ix = ly =
G~1(0). Therefore, from (3.B.1) one obtains that F~1(3) < G71(3) for all
B € (0,1), that is, X <g Y by (1.A.12). The proof of Theorem 3.B.13(b) is
similar. The following result can be shown using the same kind of argument.

Theorem 3.B.14. If X and Y are random variables having the same finite
support and satisfying X <aqisp Y, then they must have the same distribution.

The next result is an analog of (3.A.12). We omit the proof.

Theorem 3.B.15. Let X and Y be random variables whose supports are in-
tervals. Then

X Sdisp Y = u{supp(X)} < ,u{supp(Y)},

where | denotes the Lebesgue measure.

Suppose that X and Y are two random variables with distributions F' and
G, respectively, such that X <gisp Y. Then by taking ¢ = 0 in (3.B.3) we see
that (3.A.59) holds for the random variables X — EX and Y — EY. We thus
have proved the following implication.

Theorem 3.B.16. Let X and Y be two random variables with finite means.
Then
X <gip Y =X <an Y.
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A more refined result can be obtained by combining (3.C.7) and (3.C.9)
in Section 3.C below.
From Theorem 3.B.16, (3.A.32), and (3.A.4) it follows that if X <gisp Y,
then
Var(X) < Var(Y), (3.B.25)

whenever Var(Y) < oo.
From Theorem 3.B.7 it follows that

(X <conv Y, and X has a logconcave density) = X <aqisp Y- (3.B.26)

In contrast to (3.B.19), if X <gisp Y, it does not necessarily follow that
X <aisp —Y. In order to see it, let X be an exponential random variable with
mean 1. Clearly X <gjsp X (in fact, this is the case for any random variable
X). The distribution function of X is concave on [0, 00), and the distribution
function of —X is convex on (—o0, 0). Since the order <g;qp, is preserved under
shifts, it follows that X Zqisp —X.

Using an argument as in the proof of Theorem 3.A.44, we obtain the
following sufficient condition for the dispersive order.

Theorem 3.B.17. Let X andY be random variables with respective densities
fandg. If

ST(f(-—¢)—g(-) <2 forall c,
with the sign sequence being —,+, — in the case of equality, (3.B.27)

then X Sdisp Y.
Another sufficient condition for X <gis, Y is given next.

Theorem 3.B.18. Let X and Y be two absolutely continuous random vari-
ables with hazard rate functions (see (1.B.1)) r and g, respectively. If

r(u) > qlu+z) for allu and z > 0, (3.B.28)
then X gdisp Y.

Proof. Let F and G denote the distribution functions of X and Y, respectively.
Condition (3.B.28) implies that 7(u) > g(u); that is, X <y, Y. This, in turn,
implies X <4 Y, which, in turn, implies (1.A.12).

Now, (3.B.28) therefore gives r(F~(a)) > q(G™'(a)) for all a € (0,1),
which is equivalent to X <aisp Y by (3.B.12). O

Let X be a random variable and denote by X(_ ,) the truncation of X
at a as defined in Section 1.A.4. One would expect X(_,, 4 to increase in
a in the sense of the dispersion order. This is not always the case, but it is
the case if the distribution function F' of X is logconcave; that is, if X has
decreasing reverse hazard (see Section 1.B.6). This is shown in the next result,
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which is an analog of Theorem 1.A.15 for the dispersion order. The proof of
the first part of the theorem consists of verifying that for o < 8 the quantity
F~Y(BF(a)) — F~Y(aF(a)) increases in a when F is logconcave. The other
parts of the theorem are proven similarly. The notation X, for a < b is
self-explanatory.

Theorem 3.B.19. Let X be a random variable with distribution function F'
and density f.

(a) If I is logconcave, then X(_ q] increases in a in the sense of the disper-
sion order.

(b) If F is logconcave (that is, if X is IFR), then X(a,00) decreases in a in
the sense of the dispersion order.

(c) If f is logconcave, then X,y decreases in a (< b) and increases in b
(> a) in the sense of the dispersion order.

Recall from page 1 the definitions of the IFR, DFR, NBU, NWU, DMRL
and IMRL properties. The following theorems list some relations between the
dispersion order and some other orders. The proofs are mostly straightforward
and are not detailed here.

Theorem 3.B.20. Let X and Y be two nonnegative random variables.

() If X <ip Y and X orY is DFR, then X <qisp Y.
(b) If X <4isp Y and X orY is IFR, then X <, Y.
(c) If X is NBU and Y is NWU, then X <qip ¥ <= X <p Y.

A version of parts (a) and (b) of Theorem 3.B.19, where <y, is replaced
by <, and DFR and IFR are replaced by monotonicity conditions on the
reversed hazard rate function, can be found in Bartoszewicz [44].

Recall from (1.A.20) that for nonnegative random variables X and Y with
finite means, we denote by Ax and Ay the corresponding asymptotic equi-
librium ages. The following result may be contrasted with Theorem 2.A.4.

Theorem 3.B.21. Let X and Y be two nonnegative random variables.

(@) If X < Y and X orY is IMRL, then Ax <qisp Ay .
(b) If Ax <daisp Ay and X orY is DMRL, then X <,n Y.
(c) If X <4gisp Y and X is DMRL and Y is IMRL, then X <, Y.

Ezxample 3.B.22. Let X1, X5, ..., X, be independent DFR random variables,
and let X(;) < Xy < -+ < X(,) be the corresponding order statistics.
Then X(y) is DFR (since its hazard rate function is the sum of the hazard
rate functions of the X;’s). From Theorem 1.B.26 we see that X1y <u. X(y),
i=2,3,...,n. Therefore, by Theorem 3.B.20(a), we have that

X(l) Sdisp X(i), i:2,3,...,n.
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Example 3.B.23. Let X1, Xo,..., X, X;m+1 be independent and identically
distributed DFR random variables and let the corresponding spacings be de-
noted by U(;.,) as in Theorem 1.B.31. It is easy to see then that the spacings
are DFR random variables (see Barlow and Proschan [35]). Then, from The-
orems 1.B.31 and 3.B.20(a) we get

(m—1i+ 1)U(i:m) <disp (m — i)U(i+1:m), 1=2,3,....m—1, (3.B.29)
(m —i+ Q)U(z'mz-i-l) gdisp (m —i+ ]-)U(zm)v i = 23 37 cees M, (SBSO)

and

U(?,m) Sdisp U(i+1:nl+1)7 1= 2, 3, cee,Mm. (3B31)
Note that (3.B.29)—(3.B.31) can be summarized as
(m —j 4+ 1)U¢m) <aisp (0 — i+ 1)Upny  whenever @ — j > max{0,n —m}.

The dispersive order can be used to characterize IFR and DFR random
variables as the following result shows.

Theorem 3.B.24. Let X be a nonnegative random variable. Then X is IFR
[DFR] if, and only if, [X — t|X > t] >aisp [SZaisp) [ X — t'}X > t'| whenever
t<t.

Proof. If X is IFR, then, by Theorem 3.B.19(b), [X|X > t] is decreasing in
t in the sense of the dispersive order. Since the dispersive order is preserved
under shifts, it is seen that [X — t|X > t] is decreasing in ¢ in the sense of the
dispersive order. The proof of the DFR case is similar, though one first needs
to prove a DFR version of Theorem 3.B.19(b). The converses of the above
statements are consequences of Theorems 1.A.30(a) and 3.B.13(a). O

Under some regularity conditions on the distribution function of X and
on its support, but without the assumption of nonnegativity of X, we have a
related characterization of the IFR and the DFR properties. We do not give
the proof of this result here.

Theorem 3.B.25. Let X be a random variable with a continuous distribution
function, and with support of the form (a,00), where a > —oo [respectively,
a > —oc]. Then X is IFR [DFR] if, and only if, X >aisp [<aisp) [X —t|X > 1]
forallt > a.

The next result states a preservation property of the order <gis, which is
useful in reliability theory as well as in nonparametric statistics. Let X and
Y be two random variables. Let X(1.,) < X(2:p) < +++ < X(4.) denote the
order statistics from a sample X7, Xo,..., X,, of independent and identically
distributed random variables that have the same distribution as X. Similarly,
let Y(1.n) < Y(2:n) < -+ < Y denote the order statistics from another sam-
ple Y1,Y5, ..., Y, of independent and identically distributed random variables
that have the same distribution as Y.
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Theorem 3.B.26. Let X and Y be two random variables. If X <qisp Y, then
X(j:n) <disp Y(j:n) forj=12...n.
The proof follows at once from (3.B.10) and the fact that
G;}LFj:n =G 'F forj=1,2,...,n,

where F', F.,,, G, and G}, are the distribution functions of X, X(;.,), Y, and
Y(j.n), respectively.

For the next result about comparison of order statistics we will need the
following lemma.

Lemma 3.B.27. Let E(j.;,) and E(;.,) denote the jth and the ith order statis-
tics of samples from the exponential distribution with rate A > 0 of sizes m
and n, respectively. Then

E(j.m) Zdisp E(i:ny whenever i —j > max{0,n —m}.

Proof. Write E(j.,) =st Zizl By j+k, where E,,_ ;1 is an exponential ran-
dom variable with rate (m — j + k)A, k = 1,2,...,J, and the E,,_;44’s are

independent. Similarly, write E(;.,) =gt 22:1 E;_, ., where E/ _, , is an
exponential random variable with rate (n —i + k)\, k = 1,2,...,4, and the

E; _;.,'s are independent. It is easy to check, for instance using Theorem
3.B.4, that E,,_ 11 <aisp E;_Hk because m — j > n — i. Since exponential
random variables have logconcave densities, we obtain from Theorems 3.B.9

and 3.B.7, respectively, that

J J %
/ !
E(gm) st ZEm—j-i-k Sdisp Z En—i-‘,—k Sdisp ZEn_iJ,-k; st E(zn)
k=1 k=1 k=1

because j <¢. O
Theorem 3.B.28. Let X ..,y and X(;.n,) denote the jth and the ith order
statistics of samples from a DFR distribution F of sizes m and n, respectively.

Then
X(jim) Zdisp X(i:n) whenever i —j > max{0,n —m}.

Proof. The distribution Fj.,, of X(;.,) can be expressed as Fj.,, = Bj.,F,
where Bj.y, is the beta distribution with parameters j and m—j+1. Similarly,
the distribution Fj.,, of X(i:n) can be expressed as Fy., = By I'. Now write

Fjn = Bj.nGG™'F = H;.,,G™'F,

where G denotes the distribution function of an exponential random variable
with mean 1, and Hj.,, = Bj.,,G. Note that Hj.,, is the distribution function
of E(j.m) in Lemma 3.B.27. Similarly, write

Fi:n = Hi:nG71F7
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and finally notice that
F;;Tanj:m = ¢H‘71Hj:m"/}_17

wn

where ¢ = F~'G. From Lemma 3.B.27 and (3.B.10) we see that H;,,} H,.,, () —
x is increasing in z. The function ¢ is strictly convex because F' is DFR, and
it satisfies ¢(0) = 0. Therefore, by a result of Bartoszewicz [40] it follows that
F; ' Fjm (%) — 2 is increasing in x. The stated result now follows from (3.B.10).

O

As a corollary of Theorems 3.B.26 and 3.B.28 we get the following result.

Theorem 3.B.29. Let X(;.n) and Y(;.n) denote the jth and the ith order
statistics of samples from the distribution F and G of sizes m and n, respec-
twely. If F' or G is DFR, and if X <gisp Y, then

X(jom) Zdisp Y(im) whenever i — j > max{0,n —m}.

PT’OOf. If Fis DFR, then X(j:m) Sdisp X(zn) Sdisp Yv(i:n) by Theorems 3.B.28
and 3.B.26, respectively. If G is DFR, then X .,y <disp Y(jim) <disp Y(i:n) DY
Theorems 3.B.26 and 3.B.28, respectively. O

It is of interest to compare Theorem 3.B.29 to the following example (which
follows from Example 3.A.50 and Theorem 3.B.16).

Ezample 3.B.30. Let X(;.,) denote the ith order statistic in a sample of n
independent and identically distributed random variables having the common
distribution function F, survival function F, and density function f. Recall
the definition of regular variation from Example 3.A.50. For F' with support
(—00,00) we have:

(a) If F is regularly varying at —oo with index o < 0, and if f is monotone
on (—oo, c] for some ¢, then X ;.p) <disp X(in) implies i < j.

(b) If F is regularly varying at oo with index o < 0, and if f is monotone on
[c,00) for some ¢, then X (j.m) <disp X(i:n) implies n —i < m — j.

The dispersive order between X and Y implies the usual stochastic order
between the corresponding spacings as the next result shows. In order to
state it we use the following notation. Let X(1.,) < X2:p) < o+ < X
and Y(1.,) < Youn) < -+ < Yy be the order statistics as above. The
corresponding spacings are defined by Uy = X(iin) — X(i—1:n) and Vi) =
Yiin) — Yi—1m), @ = 2,3,...,n. The proof of the next theorem is given in
Example 6.B.25 in Chapter 6.

Theorem 3.B.31. Let X and Y be two random variables. If X <qisp Y, then
Utiin) <st V(i) fori=2,3,...,n.

Theorem 2.7 on page 182 of Kamps [273] extends Theorem 3.B.31 to the
spacings of the so called generalized order statistics.
The following example describes an interesting instance in which the two

maxima are ordered in the dispersive order. It may be compared with Example
1.B.37.
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Example 3.B.32. Let Y1,Y5,...,Y, be independent exponential random vari-
ables with hazard rates A1, Aa,..., A\, respectively. Let Xq, Xo,..., X}, be
independent and identically distributed exponential random variables with
hazard rate A = 3" | A;/n. Then

X(nn) Sdisp Yr(nn) (3B32)

Let Z1, Za, ..., Z, be independent and identically distributed exponential ran-
dom variables with hazard rate A = ([}, A;)*/". Then

Z(nn) Sdisp YZnn) (3B33)

Note that from the arithmetic-geometric mean inequality (X > ) it follows
that X; <y Z1. Therefore, by Theorem 3.B.20(a), X1 <aisp Z1. Alternatively,
we can see that X <qisp Z1 from Example 1.D.1 and (3.B.26). Hence, by
Theorem 3.B.26, X(5.n) <disp Z(n:n)- LThat is, actually (3.B.33) is a stronger
result than (3.B.32).

Ezxample 8.B.33. Let Y1,Y5,...,Y, and X, Xs,...,X, be as in Example
3.B.32. Denote the corresponding spacings by Ug.n) = X(in) — X(i—1:n) and
V(i:n) = Y(zn) - Yr(i—l:n)a 1=2,3,...,n. Then

Utiiny <aisp Viim), 1=2,3,...,n.

A related example is the following. Recall from page 2 the definition of
the majorization order < among n-dimensional vectors. It is of interest to
compare the example below with Example 1.C.50.

Ezample 3.B.34. Let X; be an exponential random variable with mean A, s
0,7=1,2,...,m, and let Y; be an exponential random variable with mean
Nt >0,0=1,2..,m I (A, A2,y Am) = (11,72, - -+ 1), then

m

ZX’L Zdisp Z Y;

i=1 i=1
Similar examples are the following.

Ezample 3.B.35. Let X; be a uniform random variable on [0,); '], i =
1,2,...,m, and let Y; be a uniform random variable on [0,7; '],i = 1,2,...,m.
If ()\17 )\2, ey )\m) b (’I’]1,7727 . ,’I]m)7 then

m m
Z Xz Zdisp Z Y;
i=1 i=1

Example 3.B.36. Let X; be a Gamma random variable with density func-
tion (1/0(a)) ¢z te™® 2 > 0,4 = 1,2,...,m, and let ¥; be a Gamma
random variable with density function (1/I'(a))n®z®~te™% x > 0, i =
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1,2,...,m. Here a > 1, and the \;’s and the 7;’s are positive parameters. If
()\1; )‘27 ey A’n’L) >~ (77177727 e anm)7 then

m m
Z Xi Zdisp Z Y:L
=1 =1

The proof of the next example is omitted.

Ezample 3.B.37. Let {N(t), t > 0} be a nonhomogeneous Poisson process
with mean function A (that is, A(t) = E[N(¢)], t > 0), and let Ty, 75, ... be
the successive epoch times. If A is strictly increasing and concave, then

T, Sdisp Tn+1, n:1,2,....

In the following example the idea of the proof of Theorem 3.B.26 is used.
This example may be compared with Examples 1.B.24, 1.C.48, 2.A.22, 4.B.14,
6.B.41, 6.D.8, 6.E.13, and 7.B.13.

Example 3.B.38. Let X and Y be two absolutely continuous nonnegative
random variables with survival functions F and G, respectively. Denote
Ay = —logF and Ay = —logG, i = 1,2. Consider two nonhomogeneous
Poisson processes Ny = {Ny(t), t > 0} and Ny = {Nz(t), ¢t > 0} with mean
functions A; and As (see Example 3.B.37), respectively. Let T; 1,T; 2,... be
the successive epoch times of process N;, ¢ = 1,2. Note that X =g 77, and
Y =5 T51.

It turns out that the dispersive ordering of the first two epoch times implies
the dispersive ordering of all the corresponding later epoch times; that is, it
will be shown below that if X <qisp Y, then T, <qisp Ton, n > 1.

In order to see it, fix an n > 1, and denote by F3 ,, and F5 ,, the distribution
functions of T, and T ,, respectively. Note from (1.B.24) that

Fin(t) = ¢n(F(t) and  Fyn(t) = ¢¥u(G(1),
where ¥, (u) = I, (= log(1 — u)), u € [0, 1]. Therefore,
Fyn(FLa(t)) =t = (0a(G) " (Un(F(1)) —t = GTHF() —t, t2>0.
Thus, from (3.B.10) it is seen that X <gisp Y if, and only if, T1 », <aisp T2.n-

In the following example it is shown that, under the proper conditions,
random minima and maxima are ordered in the dispersive order sense; see
related results in Examples 1.C.46, 4.B.16, 5.A.24, and 5.B.13.

Ezxample 3.B.39. Let X1, Xo,..., and Y7,Y5,..., each be a sequence of inde-
pendent and identically distributed random variables with common distri-
bution functions Fx, and Fy,, respectively, and common survival functions
Fx, and Fy,, respectively. Let N be a positive integer-valued random vari-
able, independent of the X;’s and of the Y;’s, with a Laplace transform L.
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Denote X(; ) = min{X1,Xo,..., Xy}, Xnn) = max{X;, Xo,..., Xy},
Yi,n) = min{Y1,Ys, ..., Y}, and Yy n) = max{Y1,Ys,...,Yn}. The distri-
bution functions of Xy n) and Yy, n) are given by

Fx (%) = Ln(=log Fx, (z)), >0, j=1,2,

and
FY(N,N)(QU) = Ly(—logFy,(z)), >0, j=1,2.

If X <aisp Y1, then, for 0 < a < 8 < 1 we compute

Fyl (8)—Fxl () =Fx!(e v ®)) - Fyl

—Ly'(a)
N
X(N:N) X(N:N) € )

—_~

< F;ll (e—L;Vl(ﬁ)) _ F;l e—L;ﬂ(a))

1

= Fy . (0) = Fy (@),

Therefore X(n.n) <disp Y(n:n)- Similarly it can be shown that if X; <gsp Y1,
then X(1.n) <aisp Y(1:n5)-

Ezample 8.B.40. Let X (respectively, Y) have the central ¢-distribution with
vx (respectively, vy) degrees of freedom. If vx < vy, then X >qis, V.

Example 3.B.41. As in Example 1.C.59, for nonnegative absolutely continuous
random variables X and Y, let X and Y™ be the random variables with the
weighted density functions f,, and g,, given in (1.C.17) and (1.C.18). Suppose
that X <qisp Y. If X is DFR, if Y is IFR, and if w is decreasing and convex,
then X <gisp Y.

Analogous to the result in Remark 1.A.18, it can be shown that a certain
quotient set of all distribution functions on R is a lattice with respect to the
order <gisp-

A consequence of the order <gis, is given in the next theorem. It is a
motivation for a multivariate dispersion order that is described in Chapter 7.

Theorem 3.B.42. Let X and X' be two independent and identically dis-
tributed random variables and let Y and Y’ be two other independent and iden-
tically distributed random variables. If X <qisp Y, then | X —X'| <4 |Y =Y|,
that is,

P{X - X'| > 2} < P{lY =Y'| >z} forallz>0. (3.B.34)

Proof. Denote the common distribution function of X and X’ [respectively,
Y and Y’] by F [G]. Select a z > 0. Then

PUX - X'| < 2} = /jo [F(z+2) — Pz — 2)|dF(x)

_ /0 (FIF~(u) + 2] — FIF~}(u) — )}du
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> / (GIG(w) + 2] — GG (u) — 2]}du
0
=P{ly -Y'| <z},

where the inequality is a consequence of (3.B.4) and (3.B.5). This proves
(3.B.34). O

3.C The Excess Wealth Order

3.C.1 Motivation and definition

Let X be a nonnegative random variable with distribution function F' and
with a finite mean. Recall from (3.A.43) the definition of the Lorenz curve.
The nonstandardized (or the generalized) Lorenz curve Ly, corresponding to

X, is defined as
P
Lx(p) :/ F~Y(u)du, pel0,1].
0

Note that the requirement that X is nonnegative is not needed in order for Lx
to be well defined. Thus, in this section we will not assume the nonnegativity
of the discussed random variables, unless stated otherwise.

For a nonnegative random variable X with a finite mean, a transform that
is closely related to the nonstandardized Lorenz curve is the transform T'x
defined as

F~(p)
Tx (p) :/0 F(z)dz, pel0,1].

The transform T is called the TTT transform, and is denoted by H;l in
(1.A.19).

A third transform, that is related to the nonstandardized Lorenz curve
and to the TTT transform, and which will be heavily used in this section, is
the excess wealth transform Wy defined as

Wx(p) = /FOOI( )F(m)dx, p € (0,1].

Note that it is not necessary for the random variable X to be nonnegative in
order for Wx to be well defined; it is only required that X has a finite mean.
This useful property of the excess wealth transform is one of the main reasons
for its applicability as a tool that defines a stochastic order.

The transforms EX, Tx, and Wx, when X is nonnegative with a finite
mean, are depicted in Figure 3.C.1. For p € (0,1) the value Lx (p) is depicted
as the area of the region A in the figure. The value T'x (p) is the area of AU B,
and the value Wy (p) is the area of C. Note that the area of AUBUC is EX.

The order which is determined by the pointwise comparison of the excess
wealth transforms of two random variables is of interest in this section. Let X
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Fig. 3.C.1. Depiction of Lx (p), Tx (p), and Wx (p).

and Y be two random variables with distribution functions F' and G. Assume
that

Wx(p) = /OC F(r)dr < /oo G(x)dx = Wy (p) for all p € (0,1).
F=1(p) G~1(p) (3.C.1)

Then X is said to be smaller than Y in the excess wealth order (denoted as
X <ew Y).

Note that since F~1(p) = F 1(1 —p)and G71(p) = G 1(1 — D), we see
that X <. Y if, and only if,

/ F(x)dr < / G(x)dxr for all p € (0,1).
) G ')

If we define ¥x(y) = fyoo F(z)dz and Uy (y) = fyoo G(z)dz, * € R, then
X <ew Y if; and only if,

W, (2) —Wi'(2) s decreasing in z > 0. (3.C.2)

In order to obtain another characterization of the <., order, rewrite

(3.C.1) as

1 1
/ (F~Y(u) — F~(p))du < / (G (w) = G~ (p))du (3.C.3)

(this can be formally verified by Fubini’s Theorem or, informally, by rewriting
the area of the region C' in Figure 3.C.1 as the left-hand side above). It is thus
seen that X <., Y if, and only if,
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Gi(p) — F(p) < —— / (GHw) — F~Y(w))du, pe (0,1).

By a straightforward differentiation it can be verified that the latter is equiv-
alent to

1 1
ﬂ/ (G™'(u) — F~'(u))du is increasing in p € (0, 1). (3.C4)
P
Thus, X <. Y if, and only if, (3.C.4) holds.
Let mx and my, defined by mx(t) = [ F@)de and my (t) = [ Glydz

F(t) G(t)
(for ¢’s for which the denominators are not 0), denote the mean residual life
functions associated with X and Y (see (2.A.1)). Then it is seen that X <ey YV

if, and only if,
mx(F~'(p)) <my (G (p)), pe(0,1). (3.C.5)

Also, X <.w Y if, and only if,

mx(F' () <my(@ (), pe(0,1). (3.C.6)

Another characterization of the excess wealth order is given in Theorem
4.A.43.

Like the convex and the dispersive orders (see Theorems 3.A.7 and 3.B.3),
the excess wealth order can be characterized by means of Yaari functionals
Vi, defined in (3.A.31). Recall that an increasing function h : [0,1] — [0, 1] is
starshaped if h(t)/t is increasing on [0, 1].

Theorem 3.C.1. Let X and Y be two random variables with the same finite
means. Then X <ew Y if, and only if,
Vi(X) < Vi (Y)  for every starshaped probability transformation function h.

Jewitt [256] considered an order, called the location independent riskier
order that can be denoted by <j;;. It is shown in Fagiuoli, Pellerey, and Shaked
[188] that X <j;; YV <= —X <,y —Y. Thus every result that holds for the
order <., can be reworded by means of the order <j,.

3.C.2 Properties

It is easy to verify that the excess wealth order is location-independent. That
is,
X<ewY = X+a<w Y foranyaéeR.
From (3.C.4) and Theorem 3.A.8 we see that

X<wY = X<a?Y. (307)
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It follows that if EX = EY, then
X <Y = X < Y. (3.C.8)

Shaked and Shanthikumar [518] showed that if X <. Y, then it does not
necessarily follow that X <. Y.
From (3.C.7), (3.A.32), and (3.A.4) it follows that

X <ew Y = Var(X) < Var(Y),

provided Var(Y) < oc.
From (3.C.3) and (3.B.1) we see that for random variables with finite
means, we have

X Sdisp Y = X <Y (3C9)

A characterization of the excess wealth order, which is similar to the char-
acterization of the dispersive order, given in Theorem 3.B.2, is given next.

Theorem 3.C.2. Let X and Y be two random wvariables. Then X <gn Y
if, and only if, for all increasing convex functions ¢ and h such that ¢ and
U(-) = h(¢(+)) are integrable with respect to the distribution of Y, and for
every real number ¢, we have that

Bo(X —c) < B(Y) — E(X — c) < E(Y).

It is worthwhile to mention that two twice differentiable functions ¢ and
¥ satisfy () = h(¢(-)) for some increasing convex function h if, and only if,
¢///¢/ S w///,(/)/-

Another characterization of the excess wealth order is described in the
following theorem. It is similar to the characterization of the convex order
in Theorem 3.A.45. Below, for any random variable Z, the function ¥z is as
defined before (3.C.2).

Theorem 3.C.3. Let X and Y be two random variables with equal means.
Then X <eow Y if, and only if, there exist random variables Z1,Zs, ..., with
distribution functions Fy, Fy, ..., suchthat Zy = X, EZ; = EY,j=1,2,...,
Wz, (x) = Yy (z) as j — oo for all x € R, and, for any ¢ > 0, it holds that

S~ (Fj() —Fj(-— c)) =1 and the sign sequence is +,—, j =1,2,....
An important closure property of the excess wealth order is given next.

Theorem 3.C.4. Let X andY be two continuous random variables with finite
means. Then, for any increasing convex function ¢, we have

X <ew Y = ¢(X) <ew 0(Y).

In the next two results we describe some relationships between the orders
<ew and <;,;1. We denote the left endpoint of the support of a random variable
X by Ix.
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Theorem 3.C.5. Let X and Y be two random wvariables with distribution
functions F and G, respectively, with finite means, and with finite left end-
points Ix and ly such thatlx <ly. If X <ew Y, and if either X orY or both
are DMRL, then X <, Y.

Proof. We only give the proof for the case when the distribution functions F’
and G of X and Y are continuous; the proof for the general case is similar,
though notationally more complex. Let (yo,p0), (y1,p1), and (y2,p2) be three
consecutive points of crossing as in the proof of Theorem 3.A.5 (see Figure
3.A.1). Note that by the continuity assumption we have p; = F(y;) = G(y;),
i=0,1,2.

Suppose that Y is DMRL. For p € [p1, p2] we have F~1(p) < G~1(p), and
therefore, for such a p we have

mx (F~(p)) < my (G™(p)) < my (F~}(p)),

where the first inequality follows from (3.C.5), and the second from the as-
sumption that ¥ is DMRL. Thus,

mx(y) <my(y) fory € [y1,yal. (3.C.10)
If X (rather than Y') is DMRL, then (3.C.10) follows from

mx (G~ (p)) <mx(F~'(p)) <my (G (p), pE€ [p1,p2],

where the first inequality follows from the assumption that X is DMRL, and
the second from (3.C.5).
Since yo = F~1(po) = G~ 1(po), from X <., Y we also have that

Oof(x)dx < CX}a(ac)dx. (3.C.11)

Yo Yo

Now let y € (yo,y1). For x € (yo,y) we have F(x) > G(z). Therefore

/y F(x)dr > /y G(x)dx. (3.C.12)

Yo Yo
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Therefore - -
/ F(z)dr < / G(x)dz, for all y € [yo, y1].
y

Y

But since F(y) > G(y) for y € [yo,y1], we see that

(
fyoo F(x)dz _ fyoo G(z)dz _ fyoo G(z)dz
Fly) — Fl ~ G

So
mx(y) <my(y) fory € [yo,y]. (3.C.13)

That is, from (3.C.10) and (3.C.13) we have

mx(y) <my(y) fory € [yo,yal.

In order to complete the proof we need to show that the interval [Ix, 00)
is a union of segments [yg, y2) as above. Suppose that a last point of crossing
of F and G exists, and denote it by (y;,p;). Denote (y§,p5) = (Yi—1,p1-1),
(y),pY) = (yi,p1), and (y4,p5) = (00, 1), where (y;-1,p;—1) is the point of the
next to the last crossing of F' and G. From the facts that F~1(p{) = G=1(p}),
and that X <. Y implies f;.il(;n’l’) F(z)dz < fgoil(p,l,) G(z)dz, it follows that
F crosses G from below at (y{,p}), and therefore the interval [y, c0) is of
the type described above.

Now suppose that a first point of crossing of F' and G exists, and denote
it by (ys,py). If Ix <ly, then at the first point of crossing, F' crosses G from
above. Thus, from the above proof it follows that mx (y) < my(y) for all
y > yy. The proof that mx (y) < my (y) also for y < y is similar to the proof
of (3.C.10).

If ix = ly, then consider two possible cases: (a) in the first point of
crossing, F' crosses G from above, and (b) in the first point of crossing, F'
crosses G from below. In case (a) we obtain mx (y) < my(y) for all y, as we
obtained it above when Iy < ly. In case (b) denote y; = sup{y : F(y) =
G}, vh = F(uh)s (0h8h) = (9g,py), and (vhph) = (yys1,p741), where
(Yg41,Pf41) is the point of the second crossing of F' and G. The interval
[y6, %) is of the kind described above, and therefore mx(y) < my (y) for
Y € [y, y5), and from it it also follows that mx (y) < my (y) for y < yp. O

Theorem 3.C.6. Let X and Y be two random wvariables with distribution
functions F and G, respectively, with finite means, and with finite left end-
points Ix and ly such that Ix <ly. If X <un Y, and if either X or'Y or
both are IMRL, then X <. Y.

Proof. Again, we only give the proof for the case when the distribution func-
tions F' and G of X and Y are continuous; the proof for the general case is
similar, though notationally more complex. Let (yo, po), (y1,p1), and (y2,p2)
be three consecutive points of crossing as in the proof of Theorem 3.A.5 (see
Figure 3.A.1).
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Suppose that Y is IMRL. For p € [p1,ps] we have F~1(p) < G~1(p), and
therefore, for such a p we have

mx (F~(p)) < my (F~(p)) < my (G~ (p)),

where the first inequality follows from X <., Y, and the second from the
assumption that Y is IMRL. Thus,

mx(F~(p)) < my (G~ (p)) for p € [p1,pa]. (3.C.14)

If X (rather than Y') is IMRL, then (3.C.14) follows from

mx(F~1(p)) < mx(G7'(p)) <my(G™'(p)), p € [pr,p2,

where the first inequality follows from the assumption that X is IMRL, and
the second from X <, Y.
Since yo = F~1(po) = G~ 1(po), from X <., Y we also have that

mx(F~1(po)) < my (G (po))- (3.C.15)

Now let p € (po,p1)- Since F(z) > G(z) for = € [yo,y1] we see that

F~'(p) F~'(p) G 'p)
/ Flz)dz > / Glz)dz > / Glz)dz,  (3.C.16)

Yo Yo Yo

where the second inequality follows from F~1(p) > G~1(p). Therefore

_ f;il(p) Fa)dz
L—-p
B fyooo F(x)dx — fylz_l(p) F(x)dx
L—p
_ fyooo G(z)dz — fycjil(p) G(z)dz
< —p
=my (G~ (p)), for p € [po,pi]-

mx (F~(p))

[by (3.C.15) and (3.C.16)]

So, from the preceding inequality and from (3.C.14) we obtain

mx(F~'(p)) < my(G~(p)) for p € [po,pa).

In order to complete the proof we need to show that the interval [Ix, 00)
is a union of segments [yo, y2) as above. Suppose that a last point of crossing
of F and G exists, and denote it by (y;, p;). Denote (y(,p5) = (yi—1,D1-1),
(y1.pY) = (i, p), and (y3,p3) = (00, 1), where (y,—1,pi—1) is the point of the
next to the last crossing of F' and G. From the facts that F(y}) = G(y}), and
that X < Y implies fy? F(x)dx < f;; G(x)dx, it follows that F crosses
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G from below at (y{,pY), and therefore the interval [y, o) is of the type
described above.

Now suppose that a first point of crossing of F' and G exists, and denote
it by (ys,py). If Ix <ly, then at the first point of crossing, F' crosses G from
above. Thus, from the above proof it follows that mx (F'~1(p)) < my (G~1(p))
for all p > py. The proof that mx (F~*(p)) < my(G~!(p)) also for p < py is
similar to the proof of (3.C.14).

If Ix = ly, then consider two possible cases: (a) in the first point of cross-
ing, F crosses G from above, and (b) in the first point of crossing, F' crosses
G from below. In case (a) we obtain mx (F~1(p)) < my (G~1(p)) for all p, as
we obtained it above when [x < ly. In case (b) denote y) = sup{y : F(y) =
G} vo = Fuo), wri,p1) = (ys,ps), and (y,15) = (Yg+1,Ps+1), Where
(Yf+1,Pf+1) is the point of the second crossing of F' and G. The interval [y(, y5)
is of the kind described above, and therefore mx (F~1(p)) < my (G~1(p)) for
p € [ph,Ph), and from it it also follows that mx (F~1(p)) < my (G~1(p)) for
p < pp-

In summary, we have shown that mx (F~1(p)) < my(G~1(p)) for all p €
(0,1). Therefore X <. Y by (3.C.5). O

The following few results give conditions under which the order <. is
closed under convolutions.

Theorem 3.C.7. Let (X;,Y;), i = 1,2,...,m, be independent pairs of ran-
dom wvariables such that X; <ew Y, 1=1,2,....m. If X;,Y;, i =1,2,...,m,
all have (continuous or discrete) logconcave densities, except possibly one X,

and one Yy, (I # k), then
D> X <ew D Yi
i=1 i=1

In order to prove Theorem 3.C.7 one first proves that if X and Y are
two random variables such that X <., Y, and if Z is a random variable
with logconcave density that is independent of X and of YV, then X + Z <.
Y 4 Z. The statement of the theorem can then be derived from the fact that
a convolution of random variables with logconcave densities has a logconcave
density. We do not give the details here.

The next two results are analogs of Theorems 3.B.7 and 3.B.8.

Theorem 3.C.8. The random variable X satisfies
X <ew X +Y for any random variable Y independent of X
if, and only if, X is IFR.
Theorem 3.C.9. Let Z be a random variable. Then
X+Z<ew Y +Z whenever X <gisp Y and Z is independent of X and Y

if, and only if, Z is IFR.
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Since a convolution of IFR random variables is IFR (see Corollary 1.B.39),
repeated application of Theorem 3.C.9 yields the following result, which is an
analog of Theorem 3.B.9.

Theorem 3.C.10. Let X1, Xs,..., X, be a set of independent random vari-
ables, and let Y1,Ys,...,Y, be another set of independent random variables.
If the X;’s and the Y;’s are all IFR, and if X; <qgisp ¥, 1 =1,2,...,n, then

i X’L Scw zn: Y;.
i=1 i=1

An interesting closure property of the order <., is given next.

Theorem 3.C.11. Let X3, Xo,... be a collection of independent and iden-
tically distributed random variables, and let Y1,Ys,... be another collection
of independent and identically distributed random variables. Also, let N be a

positive, integer-valued, random variable, independent of the X;’s and of the
Y; ’s. ]le Sew Y17 then max{Xth, ce ,XN} Sew Hla.X{Yv]_,}/g7 PN 7YN}-

The following result may be compared to Theorem 3.B.31. By (3.C.9), we
assume below less than is assumed in Theorem 3.B.31, but the conclusion is

weaker. We use below the notation for spacings that was used in Theorem
3.B.31.

Theorem 3.C.12. Let X and Y be two random variables. If X <. Y, then
EU(n—l:n) < E‘/(n—l:n) forn=23,....

The order <., can be used to characterize DMRL and IMRL random vari-
ables. The following result may be compared with Theorems 2.A.23, 2.B.17,
3.A.56, and 4.A.51. As in Section 1.A.3, [Z|A] denotes any random variable
that has as its distribution the conditional distribution of Z given A.

Theorem 3.C.13. Let X be a continuous random variable with a finite left
endpoint of its support lx. Then X is DMRL [IMRL] if, and only if, any one
of the following equivalent conditions holds:

(i) [X = t|X > 1] >ew [Sew] [X — /| X > '] whenevert’ >t > Ix.
(i) X >ew [Sew] [X — | X > t] for allt > Ix (when lx =0).

The proof of this result is omitted.

3.D The Peakedness Order

3.D.1 Definition

In this section we discuss a variability order that applies to random variables
with symmetric distribution functions. This is one of the oldest (if not the
oldest) variability notions that can be found in the literature. It stochastically
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compares random variables according to their distance from their center of
Symimetry.

Let X be a random variable with a distribution function that is symmetric
about p, and let Y be another random variable with a distribution function
that is symmetric about v. Suppose that

X —pl <u [Y — .

Then X is said to be smaller than Y in the peakedness order (denoted by
X <peak Y). Note that, in the literature, often X is said to be more peaked
about i than Y about v if X < ek Y.

The following result is easy to prove.

Theorem 3.D.1. Let X and Y be two random variables with different dis-
tribution functions, but with the same mean. Suppose that the distribution
functions F' and G, of X and Y, respectively, are symmetric about the com-
mon mean. Then X <peak Y if, and only if,

ST(G — F) =1 and the sign sequence is +, —,

where S~ is defined in (1.A.18).

3.D.2 Some properties

The peakedness order satisfies some desirable closure properties. For example,
it is easy to verify the following result.

Theorem 3.D.2. Let X be a random variable with a symmetric distribution
function. Then
X <peak aX whenever a > 1.

The closure results in the next theorem can also be easily verified.

Theorem 3.D.3. (a) Let X, Y, and © be random wvariables such that the
distribution functions of [X’@ = 0] are symmetric about some p (which
is independent of 0) and the distribution functions of [Y|9 = 6] are
symmetric about some v (which is also independent of ) and such that
[X|@ = 0] <peak [Y|@ = 0] for all 0 in the support of ©. Then X <peak Y.
That is, the peakedness order is closed under miztures.

(b) Let {X;, j=1,2,...} and {Y}, j =1,2,...} be two sequences of random
variables with symmetric distribution functions such that X; —y X and
}/j —st Y as j — Q. ]fXj <peak Y}, j=12.., then X Speak Y.

The peakedness order is also closed under convolutions of random variables
that have unimodal symmetric distribution functions (that is, with mode at
their center of symmetry). This is shown next.
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Theorem 3.D.4. Let X1, X5,..., X, and Y1,Ys,...,Y, be two sets of inde-
pendent random variables, all having distribution functions that are symmetric
about possibly different centers, and all having unimodal densities with pos-
sibly some probability mass at their respective centers. If X; <jecax Y; for

i=1,2,...,n, then
n n
ZXZ Speak ZY;
i=1 =1

In particular, X <peak Y, where X and Y denote the corresponding sample
means.

Proof. Without loss of generality we may assume that all the centers of the
X;’s and of the Y;’s are 0. First we prove the result for n = 2. Let Fy, F5, Gy,
and G2 denote the distribution functions of X5, X, Y7, and Y5, respectively.
Select an a > 0. Then

P{|X: + X5| <a} = 2/000[F1(x+ a) — Fi(z — a)|dFs(z)

> 2/000[F1(:£—|—a) — Fi(z — a)]dGs(z)
= 2/000[6'2(:17 +a) — Go(x — a)]dFy(x)
> z/m[ag(x +a) = Golx — )]dGi (2)

0
= P{IV1 + Y2| < a},

where the first inequality follows from the unimodality of X; (therefore, the
integrand is decreasing in z > 0) and from X5 <peak Y2, and the second
inequality follows from the unimodality of Y3 and from X; <,cak Y1. This
proves the result for n = 2. The general result can be obtained by a simple
induction together with the observation that a sum of independent random
variables, all having distribution functions that are symmetric about 0 and all
having unimodal densities, also has a unimodal density symmetric about O.
O

If X1, Xo,... are independent and identically distributed random vari-
ables, then, for each n, we denote by X,, the sample mean of Xy, X5,..., X,,.
That is, X,, = (X1 + Xo + -+ X;,)/n. In Example 3.A.29 it is shown that

X, <cx Xn_1. The following result shows that a similar property holds for
the peakedness order under an additional condition.

Theorem 3.D.5. If X1, X5,... are independent and identically distributed
random variables, having a common logconcave density function that is sym-
metric about a common value, then for each n > 2 one has

Xn Speak Yn—l-
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A relationship between the dispersive and the peakedness orders is de-
scribed next.

Theorem 3.D.6. Let X and Y be two random variables having distribution
functions that are symmetric about possibly different centers. If X <qisp Y,
then X <peax Y.

3.E Complements

Section 3.A: For historical reasons, the convex order is sometimes referred
to as “dilation.” However, in recent literature the order defined in (3.A.32)
is often called the dilation order. Some standard references about the con-
vex order are Ross [475] and Miiller and Stoyan [419], where many of the
results described in Section 3.A can be found. Another monograph that
studies the convex order (under the mask of the Lorenz order) is Arnold
[19], and many of the results in this section that deal directly with the
Lorenz order can be found there. The proof of Theorem 3.A.2 is taken from
Munoz-Perez and Sanches-Gomez [421]; an alternative proof, using ideas
from the area of comparison of experiments, can be found in Torgersen
[651, page 369]. Result (3.A.12) is taken from Hickey [223]. The present
version of the characterization of the convex order given in Theorem 3.A .4
is taken from Miiller and Riischendorf [415]. The characterization of the
convex order in Theorem 3.A.5 can be found in Fagiuoli, Pellerey, and
Shaked [188]; see also Levy and Kroll [346] and Ramos and Sordo [463].
The characterization of the convex order by means of Yaari functionals
(Theorem 3.A.7) can be found in Chateauneuf, Cohen, and Meilijson [127].
The characterization of the dilation order, given in Theorem 3.A.8, is taken
from Fagiuoli, Pellerey, and Shaked [188]. The characterization given in
Theorem 3.A.9 can be found in Ramos and Sordo [463]. The characteriza-
tion of the Lorenz order by means of the Lorenz zonoids (Theorem 3.A.11)
is taken from Arnold [20]. The result about the convex ordering of ran-
dom sums (Theorem 3.A.13) is a special case of a result of Jean-Marie and
Liu [254]; the extensions of it when the underlying random variables are
identically distributed (Theorems 3.A.14-3.A.16) are taken from Pellerey
[450]. Theorem 3.A.17 and some related results can be found in Berger
[79]. The property of the increase in the dilation order with an increase in
the scale (Theorem 3.A.18) is taken from Hickey [223]. The result about
the dilation ordering of two differences (Theorem 3.A.19) can be found
in Kochar and Carriére [312]. The convex order lower bound on Y ; X;,
given in Theorem 3.A.20, is taken from Vyncke, Goovaerts, De Schepper,
Kaas, and Dhaene [557]. The property of inheritance of the convex order
from the mixing random variables to the mixed ones (Theorem 3.A.21) can
be found in Schweder [499]; its variation, Theorem 3.A.23, is taken from
Kottas and Gelfand [323]. The property of the preservation of the convex
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order under products of nonnegative random variables (Corollary 3.A.22)
can be found in Whitt [562]. The Lorenz order comparison of g(X) and
h(X) (Theorem 3.A.26) can be found in Wilfling [566]. The relationship
between the orders <poren; and <pml, given in Theorem 3.A.28, is taken
from Lefevre and Utev [340]. The result about the convex ordering of the
sample means (Example 3.A.29) can be found in Marshall and Olkin [383,
page 288|. Its generalizations (Theorem 3.A.30 and Corollary 3.A.31) are
taken from Denuit and Vermandele [158] and from O’Cinneide [439]. The
convex order comparison of scaled Poisson random variables (Example
3.A.32) is inspired by a result at the end of page 1078 in Bauerle [60]. The
convex order comparison in Theorem 3.A.33 can be found in O’Cinneide
[439]. The closure property (3.A.50) of the dilation order can be found in
Mufioz-Perez and Sanches-Gomez [421]. The majorization result (Theo-
rem 3.A.35) is a special case of a result of Marshall and Proschan [384];
related results can be found in Ma [375]. The preservation of the convex
order under linear convex combinations (Theorem 3.A.36) is taken from
Pellerey [452]. The convex order comparison of sums of random variables
with random coefficients (Theorem 3.A.37) can be found in Ma [375]. The
particular case of it, given in Example 3.A.38, is a result of Karlin and
Novikoff [277]; Marshall and Olkin [383, Section 15.E] obtained a gener-
alization of this special case which is different from the result in Theorem
3.A.37. The convex order comparison of sums of positively [respectively,
negatively| associated random variables, and independent random vari-
ables, given in Theorem 3.A.39, can be found in Denuit, Dhaene, and
Ribas [143] [respectively, Shao [535]]; see also Boutsikas and Vaggelatou
[107]. The Laplace transform characterization of the order <. (Theo-
rem 3.A.40) is taken from Shaked and Wong [524]; see also Kan and Yi
[274]. The convex order comparison of posterior means, in the context of
statistical experiments (Example 3.A.41), is essentially taken from Baker
[30]. The condition for stochastic equality of <.y-ordered random vari-
ables (Theorem 3.A.42) is a special case of a result by Denuit, Lefevre,
and Shaked [151], whereas its generalization (Theorem 3.A.43) has been
motivated by a result in Bhattacharjee and Bhattacharya [87]; see also
Huang and Lin [249]. The result that gives sufficient conditions for the
convex order by means of the number of crossings of the underlying den-
sities or distribution functions (Theorem 3.A.44) is taken from Shaked
[502], but its origins may be found in Karlin and Novikoff [277], if not be-
fore. A proof of the characterization of the convex order by means of the
number of crossings of two distribution functions (Theorem 3.A.45) can
be found in Miiller [407]; similar results are given in Borglin and Keiding
[106]. The convex order comparison of normalized Bernoulli random vari-
ables (Example 3.A.48) can be found in Makowski [379]. The necessary
and sufficient conditions for the comparison of normal random variables
(Example 3.A.51) are taken from Miiller [413]. The relations <., and <j.
were introduced in Whitt [564] as means to identify the order <... The
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characterization of DMRL and IMRL random variables by means of the
convex order (Theorem 3.A.56) is taken from Belzunce, Candel, and Ruiz
[64]. The relationships between the orders <q; and <y,,j that are described
in Theorems 3.A.57 and 3.A.58 can be found in Belzunce, Pellerey, Ruiz,
and Shaked [72] where further related results can also be found.

The results on the m-convex order (Section 3.A.5) are mostly taken from
Denuit, Leféevre, and Shaked [151]. The condition that implies the stochas-
tic equality of <$ . -ordered random variables (Theorem 3.A.60) is taken

—m-CX
from Denuit, Lefevre, and Shaked [152]. The method for deriving the dis-
tributions of the stochastic extrema in B, ([0, b]; g1, 2, - - -, thm—1) is taken

from Denuit, De Vylder, and Lefévre [142]. The stochastic comparisons of
the Gamma, inverse Gaussian, and lognormal random variables (Example
3.A.67) are taken from Kaas and Hesselager [270]. Tables 3.A.1 and 3.A.2
can be found in Denuit, Lefevre, and Shaked [153, 154]. Theorem 3.A.63
can be found in Denuit, Lefevre, and Utev [155]. The result about the
2m-cx ordering of two differences (Theorem 3.A.64) is taken from Bas-
san, Denuit, and Scarsini [52]. Denuit and Lefévre [146], Denuit, Lefévre,
and Utev [156], and Denuit, Lefevre, and Mesfioui [149] studied discrete
analogs of the m-convex order; in particular they obtained some analogs
of the results in Section 3.A.5 for arithmetic random variables, as well as
some specific results for the discrete case. Denuit, Lefevre, and Utev [155]
extended the m-convex order to Tchebycheff-type orders; see also Lynch
[367].

Bhattacharjee [85] studied the order <. under the restriction that the
compared random variables are discrete.

Metzger and Riischendorf [393] studied variability orderings, which are
related to <,, and <., defined by requiring the ratio of the distribu-
tion functions F//G or of the survival functions F'/G to be unimodal. For
example, they showed that if X and Y are two random variables with dis-
tribution functions F' and G, respectively, such that supp(X) C supp(Y),
and if X <., Y, then F/G is unimodal. They also considered the or-
der defined by requiring the ratio of a shifted density to another density
f(-+a)/g(:) to be unimodal for all a. This order is to be compared with
the order <, and also with the order <4 studied in Section 1.C.4.

Miiller [412] considered an order that is defined by requiring (3.A.1) to
hold for all so-called (a, b)-concave functions. Other related stochastic or-
ders can be found in Miiller [412] as well.

An order which is related to the Lorenz order is studied in Zenga [576].

Section 3.B: Doksum [169] studied some properties of the dispersive order

by stipulating (3.B.10) and calling it the “tail-order” (see Deshpande and
Kochar [159] for further early references in which this order is studied).
A basic paper on the dispersive order is Shaked [503] where many of the
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equivalent conditions described in Section 3.B.1 can be found. The condi-
tions (3.B.3), (3.B.4), and (3.B.6) are taken, respectively, from Saunders
[489], Hickey [223], and Munoz-Perez [420]. Another characterization of
the order <gjsp, which is related to (3.B.3), is given in Burger [115]. The
observation (3.B.15) has been noted in Miiller and Stoyan [419]. The char-
acterization of the dispersive order by means of the observed total time on
test random variables (Theorem 3.B.1) can be found in Bartoszewicz [42];
other related results can be found in Bartoszewicz [39, 42]. The notion of
Q-addition was introduced in Mufloz-Perez [420]. The characterization of
the dispersive order given in Theorem 3.B.2 is taken from Landsberger
and Meilijson [330]. The characterization of the dispersive order by means
of Yaari functionals (Theorem 3.B.3) can be found in Chateauneuf, Co-
hen, and Meilijson [127]. The properties described in Section 3.B.2 have
been collected from many sources. The result of Theorem 3.B.7 can be
found in Droste and Wefelmeyer [171]. Several versions of Theorem 3.B.8
can be found in Lewis and Thompson [347] and in Lynch, Mimmack, and
Proschan [368]. Some versions of Theorem 3.B.10 can be found in Bar-
toszewicz [37] and in Rojo and He [472]. Some related results appear in
Hickey [223]; for example, his Theorem 4 can be obtained from (3.B.21)
applied to the decreasing convex case. Theorems 3.B.14 and 3.B.15 are
also taken from that paper. The relationship between the orders <gisp
and <cony, given in (3.B.26), was noted in Shaked and Suarez-Llorens
[520]. The sufficient condition for the dispersive order by means of com-
parison of shifted hazard rate functions (Theorem 3.B.18) can be found in
Belzunce, Lillo, Ruiz, and Shaked [69]. Theorem 3.B.19 has been proved
in Mailhot [377], whereas Theorem 3.B.20 combines results from Bar-
toszewicz [38, 40] and Bagai and Kochar [29]. The relationships between
the orders <gisp and <y, given in Theorem 3.B.21, can be found in Bar-
toszewicz [44]. The result about the dispersive ordering of order statistics
of DFR random variables (Example 3.B.22) is taken from Kochar [308];
some other related results can also be found there. The results about the
dispersive ordering of the spacings of DFR random variables (Example
3.B.23) are taken from Kochar and Kirmani [313] and from Khaledi and
Kochar [285]; an extension of these results can be found in Belzunce,
Hu, and Khaledi [68]. The characterizations of IFR and DFR random
variables by means of the dispersive order (Theorems 3.B.24 and 3.B.25)
have been derived by Belzunce, Candel, and Ruiz [64], and by Pellerey
and Shaked [456]. The results on the dispersive order comparisons of or-
der statistics and spacings (Theorems 3.B.26, 3.B.28, 3.B.29, and 3.B.31)
can be found in Bartoszewicz [39], in Khaledi and Kochar [286], and in
Oja [440], whereas Example 3.B.30 is mentioned in Kleiber [303]; related
results can be found in Alzaid and Proschan [14], in Belzunce, Hu, and
Khaledi [68], in Belzunce, Mercader, and Ruiz [70], and in Hu and Zhuang
[247]. An extension of Theorem 3.B.26 to order statistics from samples
with random size can be found in Nanda, Misra, Paul, and Singh [427].
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The dispersive order comparisons of maxima of heterogeneous exponen-
tial random variables (Example 3.B.32) are taken from Dykstra, Kochar,
and Rojo [174] and from Khaledi and Kochar [287], whereas the com-
parison of the spacings (Example 3.B.33) is taken from Kochar and Kor-
war [314]. The comparison of sums of heterogeneous exponential random
variables (Example 3.B.34) can be found in Kochar and Ma [317]. The
comparisons of sums of uniform and Gamma random variables (Exam-
ples 3.B.35 and 3.B.36) are slightly weaker than results that are given
in Khaledi and Kochar [288, 289]. The result about the dispersive order
comparison of the successive epochs of a nonhomogeneous Poisson process
(Example 3.B.37) is given in Kochar [310], though it is stated by means
of the dispersive order comparison of successive record values of a se-
quence of independent and identically distributed random variables with
a common DFR distribution function. The dispersive order comparison
of epoch times of nonhomogeneous Poisson processes (Example 3.B.38)
can be found in Belzunce, Lillo, Ruiz, and Shaked [69] and in Yue and
Cao [575]. The results about the dispersive order comparisons of random
minima and maxima (Example 3.B.39) are taken from Shaked and Wong
[526]; a simple proof of these results is given in Bartoszewicz [49]. The com-
parison of ¢t-distributed random variables (Example 3.B.40) can be found
in Arias-Nicolds, Ferndndez-Ponce, Luque-Calvo, and Sudrez-Llorens [17],
whereas the comparison of weighted random variables (Example 3.B.41)
can be found in Bartoszewicz and Skolimowska [51]. Finally, the result of
Theorem 3.B.42 has been derived by Giovagnoli and Wynn [211] in order
to motivate a definition of multivariate dispersive order (see Section 7.B);
Theorem 3.B.42 was also obtained by Kusum, Kochar, and Deshpande
[327] who actually derived it for logarithms of positive random variables.

Ferndndez-Ponce and Sudrez-Llorens [197] introduced a “weakly disper-
sive” order by requiring that, corresponding to every interval of length e
in the support of the “larger” variable, there exists an interval of the same
length in the support of the “smaller” variable, such that the probability
mass of the latter with respect to the distribution of the “smaller” variable
is at least as large as the probability mass of the former with respect to
the distribution of the “larger” variable.

Belzunce, Hu, and Khaledi [68] studied an order, which they denoted by
<disp-hr, that is stronger than the order <gisp.

Condition (3.B.1) can be written as

FH(p) = F'(a)
G-1(3) - G1(a)

<M whenever 0 < a< (<1,

where M = 1. Lehmann [344] considered this condition for other possible
values of M in order to compare the tails of F' and G. Burger [115] studied,
among other things, the above condition (with M = 1), but only for «
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and 3 such that 0 < o < G7!(u) < B < 1, where u is some constant.
Rojo [471] studied the above condition with M = oo in the sense

. F~H u)

ISP G ()
and Bartoszewicz [43] obtained comparison results, with respect to the
latter order, for the observed total time on test random variables Xii¢
and Yiy, with distribution functions as defined in (1.A.19).

Section 3.C: Most of the results, about the excess wealth order, that are
described in this section are taken from Shaked and Shanthikumar [518],
Fagiuoli, Pellerey, and Shaked [188], and Kochar, Li, and Shaked [316].
Fernandez-Ponce, Kochar, and Munoz-Perez [195] also studied the excess
wealth order by the name of the right spread order. The characterization
of the excess wealth order given in (3.C.2) is taken from Chateauneuf, Co-
hen, and Meilijson [127]; the characterization of the excess wealth order
by means of Yaari functionals (Theorem 3.C.1) can be found in that paper
as well. The characterization of the excess wealth order given in Theorem
3.C.2 is a translation of the definition of the order <j; into the order
<ew, Which can be done by virtue of Lemma 3.1 of Fagiuoli, Pellerey, and
Shaked [188]. The characterization of the excess wealth order by means
of the number of crossings of two distribution functions (Theorem 3.C.3)
can be obtained in a similar manner from a correction by Miiller [410]
of Theorem 1 in Landsberger and Meilijson [330]. The conditions for the
preservation of the order <, under convolutions (Theorems 3.C.7-3.C.10)
can essentially all be found in Hu, Chen, and Yao [231]. The result about
the preservation of the excess wealth order under random maxima (Theo-
rem 3.C.11) is taken from Li and Zuo [358], and the result that compares
the expected values of the extreme spacings (Theorem 3.C.12) is a special
case of a result of Li [353]. The characterization of DMRL and IMRL ran-
dom variables by the order <g (Theorem 3.C.13) is taken from Belzunce
[63].

Belzunce, Hu, and Khaledi [68] studied a stochastic order, denoted by
<disp-mrl, Which is stronger than the order <.

Section 3.D: The peakedness order was introduced by Birnbaum [90]. The
characterization of this order, given in Theorem 3.D.1, was observed in
Kottas and Gelfand [323]. Theorem 3.D.4 was essentially proven by Birn-
baum [90]; the proof given here is adopted from Bickel and Lehmann [89].
The result about the monotonicity of the sample means in the sense of the
peakedness order (Theorem 3.D.5) is given in Proschan [461]; an extension
of Theorem 3.D.5 can be found in Ma [372]. The relationship between the
dispersive and the peakedness orders, given in Theorem 3.D.6, was ob-
served in Shaked [503].






4

Univariate Monotone Convex and Related
Orders

In Chapter 1 we studied orders that compare random variables according to
their “magnitude”. In Chapter 3 the studied orders compare random variables
according to their “variability”. The orders that are discussed in this chap-
ter compare random variables according to both their “location” and their
“spread”. The most important and common orders that are studied in this
chapter are the increasing convex and the increasing concave orders. Also the
transform orders that are studied here, that is, the convex, the star, and the
superadditive orders, are of interest in many theoretical and practical appli-
cations. In addition, some other related orders are investigated in this chapter
as well.

4.A The Monotone Convex and Monotone Concave
Orders

4.A.1 Definitions and equivalent conditions

Let X and Y be two random variables such that

E[¢(X)] < E[¢(Y)]
for all increasing convex [concave] functions ¢ : R — R, (4.A.1)

provided the expectations exist. Then X is said to be smaller than Y in the
increasing convex [concave| order (denoted by X <jex Y [X <jcv Y]). Roughly
speaking, if X <jx Y, then X is both “smaller” and “less variable” than Y
in some stochastic sense. Similarly, if X <j., Y, then X is both “smaller” and
“more variable” than Y in some stochastic sense.

One can also define a decreasing conver [concave] order by requiring
(4.A.1) to hold for all decreasing convex [concave] functions ¢ (denoted by
X <dex [€dev] Y). The terms “decreasing convex” and “decreasing concave”
are counterintuitive in the sense that if X is smaller than Y in the sense
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of either of these two orders, then X is “larger” than Y in some stochastic
sense. These orders can be easily characterized using the orders <j.x and <j.y.
Therefore, it is not necessary to have a separate discussion for these orders.

In analogy with Theorem 3.A.12(a), the orders <icx and <j., are related
to each other as follows.

Theorem 4.A.1. Let X and Y be two random variables. Then
X Sicx [Sicv} Y <= —-X Zicv [Zicx] -Y.

The proof of Theorem 4.A.1 is based on the fact that a function ¢ satisfies
that ¢(z) is increasing and convex in z if, and only if, —¢(—x) is increasing
and concave in x. We omit the straightforward details.

Note that the function ¢, defined by ¢(x) = z, is increasing and is both
convex and concave. Therefore, from (4.A.1) it follows that

X <iex Y = E[X]| < E[Y] (4.A.2)

and that

provided the expectations exist.

Let F' [F] and G [G] be the survival [distribution] functions of X and Y,
respectively. For a fixed a, the function ¢,, defined by ¢,(z) = (x — a)4, is
increasing and convex. Therefore, if X <;.x Y, then

E[(X —a):] < E[(Y —a)y] for all a, (4.A.4)

provided the expectations exist. Alternatively, using a simple integration by
parts, it is seen that (4.A.4) can be rewritten as

/ F(u)dug/ G(u)du for all z, (4.A.5)

provided the integrals exist. For any real number a let a_ denote the negative
part of a, that is, a_ = a if a < 0 and a_— = 0 if @ > 0. For a fixed a, the
function (,, defined by (,(z) = (x —a)_, is increasing and concave. Therefore,
if X <iov Y, then

E[(X —a)_] < E[(Y —a)_] foralla, (4.A.6)

provided the expectations exist. Alternatively, again using a simple integration
by parts, it is seen that (4.A.6) can be rewritten as

’ F(u)du > ’ G(u)du for all z, (4.A.7)
[z |

— 00

provided the integrals exist.
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In fact (4.A.5) [(4.A.7)] is equivalent to X <iex YV [X <iv Y. To see it,
note that every increasing convex [concave| function can be approximated by
(that is, is a limit of) positive linear combinations of the functions ¢,’s [¢,’s],
for various choices of a’s. By (4.A.5), E[¢q(X)] < E[pa(Y)] for all a, and
this fact implies (4.A.1) in the increasing convex case. Similarly, by (4.A.7),
E[¢.(X)] < E[(,(Y)] for all a, and this fact implies (4.A.1) in the increasing
concave case. We thus have proved the following result.

Theorem 4.A.2. Let X and Y be two random wvariables. Then X <ix Y
[X <icv Y] if, and only if, (4.A.5) [(4.A.7)] holds.

The next two results give further characterizations of the order <;... The
first one is an analog of Theorem 3.A.5.

Theorem 4.A.3. Let X and Y be two random variables with distribution
functions F and G, respectively. Then X <ix Y if, and only if,

1
/ F~ (u)du </ G~ Y(u)du for all p € [0,1].

Theorem 4.A.4. Let X and Y be two random variables with distribution
functions F and G, respectively. Then X <ix Y if, and only if,

/01 FH(w)do(u) < /01 G~ (u)dg(u)

for all increasing convex functions ¢ : [0,1] — R.

Another necessary and sufficient condition for X <;.. Y is the following:
1 1 &
F(p)+— F(z)dz
L=pJr1)
1 Rl
<G Hp)+ —— G(z)dz, pe€(0,1). (4.A.8)
L=pJo-1(p

Condition (4.A.8) may be compared with (3.C.1); see also Corollary 4.A.32.
An important characterization of the increasing convex and the increasing
concave orders by construction on the same probability space is stated next.

Theorem 4.A.5. Two random variables X and Y satzsfy X <iex Y [X <Sjen
Y] if, and only if, there exist two random variables X and Y, defined on the
same probability space, such that

X:st X7
Y:st K

and {X, Y} is a submartingale [{Y, X} is a supermartingale], that is,



184 4 Univariate Monotone Convex and Related Orders

E[Y!X] > X [E[X|)>] <Y] almost surely. (4.

>
L

Furthermore, the random variables X and Y can be selected such that [V|X =

x] [[)A(’}A’ = z]] is increasing in x in the usual stochastic order <.

The proof of this theorem is similar to the proof of Theorem 3.A.4. It is
not easy to prove the constructive part of Theorem 4.A.5. However, it is easy
to prove that if random variables X and Y as described in the theorem exist,
then X <;x Y [X <oy Y]. For example, if the first inequality in (4.A.9) holds
and if ¢ is an increasing convex function, then, using Jensen’s Inequality,

XD}
< E{E[¢(Y)

E[¢p(X)] = E[¢p(X)] < E{¢(E[Y

X]} = E[o(Y)] = Elg(Y)],

which is (4.A.1).

Theorem 4.A.6. (a) Two random variables X and Y satisfy X <iex Y if,
and only if, there exists a random variable Z such that

X Sst Z Scx Y.

(b) Two random wvariables X and Y satisfy X <ix Y if, and only if, there
exists a random variable Z such that

X SCX Z gst Y.

(¢) Two random wvariables X and Y satisfy X <icv Y if, and only if, there
exists a random variable Z such that

X SCV Z Sst Y.

(d) Two random wvariables X and Y satisfy X <icv Y if, and only if, there
exists a random variable Z such that

X Sst Z ch Y.

Proof. First we prove part (a). It is obvious (see, for example, Theorem 4.A.34
below) that X <g Z <x ¥ = X <jex Y. So suppose that X <. Y. Let X
and Y be defined on the same probability space, as in Theorem 4.A.5. Define
Z = E[Y‘X] It is seen that E[Y’Z] = E[Y’X] = Z. Thus, by Theorem 3.A.4,
Z < Y. Also, by Theorem 4.A.5, X < Z, and therefore, by Theorem 1.A.1,
X <st Z. Letting Z have the same distribution as A , we obtain the stated
result.

Now we prove part (b). Again it is obvious that X <. Z <y Y =
X <iex Y. So suppose that X <i. Y. Let X and Y be defined on the same
probability space, as in Theorem 4.A.5. Let Z = ¥V + X — E[}A/|X] Then,
by Theorem 4.A.5, Z < Y, and therefore, by Theorem 1.A.1, Z < Y. Also,
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E[Z’X] — X, and thus, by Theorem 3.A.4, X <. Z. Letting Z have the
same distribution as Z , we obtain the stated result.

Parts (c) and (d) can be proven similarly. Alternatively, using Theorem
4.A.1, part (¢) can be obtained from part (a), and part (d) can be obtained
from part (b). O

The following bivariate characterization of the orders <i.x and <j., is
analogous to Theorem 3.A.6. Its proof is similar to the proof of Theorem 3.A.6
and is therefore omitted. Define the following classes of bivariate functions:

Giex = {0 : R? = R : ¢(x,y) — ¢(y, x) is increasing and convex in x for all y}
and
Giev = {0 : R? 5 R : ¢(x,y)—0¢(y, x) is increasing and concave in z for all y}.

Theorem 4.A.7. Let X and Y be independent random variables. Then X
<iex Y [X <iev Y] if, and only if,

E[o(X,Y)] < E[p(Y,X)] for all ¢ € Giex [Gicv]-

Another characterization of the increasing convex order, by means of the
number of sign changes of two distribution functions, is given in Theorem
4.A.23 below.

4.A.2 Closure properties and some characterizations

Using (4.A.1) through (4.A.9) it is easy to prove each of the closure results
in the first two parts of the following theorem. The last two parts can be
proven as in Theorem 3.A.12. (Recall from Section 1.A.3 that for any random
variable Z and any event A we denote by [Z ‘A] any random variable whose
distribution is the conditional distribution of Z given A.)

Theorem 4.A.8. (a) If X <iex YV [X <iev Y] and g is any increasing and
convex [concave] function, then g(X) <icx [Siev] 9(Y).

(b) Let X, Y, and © be random variables such that [X|0 = 0] <iex [<icv]
[Y|9 = 0] for all 6 in the support of ©. Then X <ix [Siey] Y. That is,
the increasing convex [concave] order is closed under mixtures.

(c¢) Let {X;, j=1,2,...} and {Y;, j =1,2,...} be two sequences of random
variables such that X; —s X and Y; —« Y as j — oo. Assume that
EX, [EX_] and EY, [EY_] are finite and that

E(X;)y — EX, [E(X;)- - EX_] and
E(Y;)y — EY, [E(Y;)_ — EY_] asj—oco. (4.A.10)

IfX] Siex [Sicv] 1/}7 ,7 = 1a27 ceey then X <iex [Sicv] Y.
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(d) Let X1,Xs,...,X,, be a set of independent random wvariables and let
Y1,Ys,...,Y,, be another set of independent random variables. If X; <ijex
[Siev] Vi fori=1,2,...,m, then

m

m
§ J <iex 1cv § Y]

Jj=1

That is, the increasing convex [concave] order is closed under convolu-
tions.

In part (c), as in Theorem 3.A.12, the condition (4.A.10) is necessary —
without it the conclusion of part (¢) may not hold.
Part (d) of Theorem 4.A.8 can be strengthened as follows.

Theorem 4.A.9. Let X1, Xo,... and Y1,Y5,... each be a sequence of non-
negative independent and identically distributed random wvariables such that
Xi <iex [Siev] Vi, i =1,2,.... Let M and N be positive integer-valued random
variables that are independent of the {X;} and the {Y;} sequences, respectively,
such that M <iex [<icv] N. Then

M N
ZX] Sicx [Sicv] ZY}
j=1 j=1

Proof. Let ¢ be an increasing convex [concave] function and denote g(n) =
Elp(Xy + X2+ --- + X,,))]. Clearly g(n) increases in n. Denote S,, = X7 +
Xy + -+ X, for n > 1. Now, E[p(S, + Xny1) — ¢(Sn)|Sn = s] = E[¢(s +
Xn+1) — ¢(s)] = h(s), say. Since ¢ is convex [concave] it follows that h(s) is
increasing [decreasing] in s. Since S,, is increasing in n in the usual stochastic
order, it follows that g(n + 1) — g(n) = E[h(S,)] is increasing [decreasing] in
n. That is, g(n) is increasing and convex [concave] in n. Therefore

fo(3x)] < £la( L)

that is,
M N
DX Siex [Sied] D Xa (4.A.11)
i=1 i=1
From Theorem 4.A.8 (b) and (d) it follows that
N
ZX <1cx >icv ZYL
i=1

and the proof is complete by the transitivity property of the order <;cx [<icy]-
O
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A special case of Theorem 4.A.9 is stated, and proven in a different manner,
in Chapter 8 (see Theorem 8.A.13).

Remark 4.A.10. If in Theorem 4.A.9 the X;’s are only assumed to be increas-
ing [decreasing] in ¢ in the increasing convex [concave] order (rather than
being identically distributed), or if the same is assumed about the Y;’s, then
the conclusion of the theorem is still true.

As a special case of the result mentioned in Remark 4.A.10 we obtain the
following theorem.

Theorem 4.A.11. Let {X;, i =1,2,...} be a sequence of nonnegative inde-
pendent random variables such that X; <g X;41,t=1,2,.... Let M and N
be two discrete positive integer-valued random variables such that M <iex N,
and assume that M and N are independent of the X;’s. Then

ZX <1€XZX

=1

The following result follows easily from Theorem 4.A.9. It is of interest to
compare it to Theorems 1.A.5, 2.B.8, and 3.A.14.

Theorem 4.A.12. Let {X;, j = 1,2,...} be a sequence of nonnegative in-
dependent and identically distributed random variables, and let M be a pos-
itive integer-valued random variable which is independent of the X;’s. Let
{Y;, j = 1,2,...} be another sequence of independent and identically dis-
tributed random variables, and let N be a positive integer-valued random vari-
able which is independent of the Y;’s. Suppose that for some positive integer
K we have

E X <1cx ~icx» ICV7 icv] Y17

and
M <1cx [ icxy <icva Zicv] KN.
Then
M N
ZXj Sicx [Zicxa Xicvy 1cv ZY;
j=1 j=1

Proof. The assumptions yield

ZX <1CX ~icxs 1CV7 1cv Z_X

i=1
K1 N

N
Z X Siex [Ziex> Sievs Ziev] ZYiv
i=1j=K(i—1)+1 i=1

where the inequalities follow from Theorem 4.A.9. This gives the stated result.
O
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Some results that are related to Theorem 4.A.12 are given in the next
theorem.

Theorem 4.A.13. Let {X;, j = 1,2,...} be a sequence of nonnegative in-
dependent and identically distributed random wvariables, and let M be a pos-
itive integer-valued random variable which is independent of the X;’s. Let
{Y;, j = 1,2,...} be another sequence of independent and identically dis-
tributed random variables, and let N be a positive integer-valued random vari-
able which is independent of the Y;’s. Also, let {N;, j =1,2,...} be a sequence
of independent random variables that are distributed as N. If for some positive
integer K we have

K K
> Xi<ie Y1 and M <i Y N, (4.A.12)
i=1 i=1
or if we have
KX| <iex Y1 and M <iex KN, (4.A.13)
or if we have
K
KX| <ix Y1 and M < Z N;, (4.A.14)
=1
then
M N
DX <iex DY (4.A.15)
j=1 j=1

Proof. Assume that (4.A.13) holds. Then

N

M KN K1 N N
ZXZ Siex ZXZ:Z Z X] <ex ZKXZ Siex Z}/M
i=1 i=1 i=1 i=1

i=1 j=K(i—1)+1

where the first and the third inequalities follow from Theorem 4.A.9, and
the second inequality follows from Theorem 3.A.13 and Example 3.A.29. This
gives (4.A.15).

Next note, using Example 3.A.29, that Zfil N; <jex KN. Thus, by The-
orem 4.A.12, the conditions in (4.A.12) imply (4.A.15), and, by (4.A.13), the
conditions in (4.A.14) imply (4.A.15). O

A slight generalization of the conditions in (4.A.12) is given in the next
theorem.
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Theorem 4.A.14. Let {X;, j = 1,2,...} be a sequence of nonnegative in-
dependent and identically distributed random variables, and let M be a pos-
itive integer-valued random wvariable which is independent of the X;’s. Let
{Y;, j = 1,2,...} be another sequence of independent and identically dis-
tributed random variables, and let N be a positive integer-valued random vari-
able which is independent of the Y;’s. If for some positive integers K1 and Ko,
such that K1 < K5, we have

1
K
> Xi iex Vi and M < K3N,
— K,

then

7 _1cx

||M§
uMz

Proof. The first assumption and Example 3.A.29 yield

K2 Kl
1 X 1 X
Z <cx Kl Z < ﬁlev

K >icx
v KQ K KQ

that is, 25(:21 X; <iex Y7. The result now follows from Theorem 4.A.12. O

Parts (a) and (d) of Theorem 4.A.8 can be generalized as follows.

Theorem 4.A.15. Let X1, Xo,..., X, be a set of independent random vari-
ables and let Y1,Ys,...,Y,, be another set of independent random wvariables.
If X; <iex Y; fori=1,2,...,m, then

g(Xl,XQ,...,Xm) Sicx g(Yl,YQ,...,Ym) (4A16)
for every increasing and componentwise convex function g.

Proof. Without loss of generality we can assume that all the 2m random vari-
ables are independent because such an assumption does not affect the distri-
butions of (X1, Xa, ..., X;n) and g(Y1,Ya,...,Y,,). The proof is by induction
on m. For m = 1 the result is just Theorem 4.A.8(a). Assume that (4.A.16) is
true for vectors of size m — 1. Let g and ¢ be increasing and componentwise
convex functions. Then

E[¢(9(X1aX27 s 7Xm))’X1 = .’13} = E[d)(g(vaQa s 7X7n))]
< Elg(9(z, Yz, ..., Y))]
= E[¢(g(X171/2a st 7Ym))’X1 = ‘T"L
where the equalities above follow from the independence assumption and the

inequality follows from the induction hypothesis. Taking expectations with
respect to X7, we obtain
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E[¢(9(X17X27 cee »Xm))} < E[¢(9(X17Y27 e va))}

Repeating the argument, but now conditioning on Ys,...,Y,, and using
(4.A.16) with m = 1, we see that

E[¢(g(X17Y27 s 7Ym))] S E[qb(g(}/lv }/27 s 7Y77L))]’
and this proves the result. O

From Theorem 4.A.15 we obtain the following corollary.

Corollary 4.A.16. Let X1, Xo,..., X, be a set of independent random vari-
ables and let Y1,Ys,...,Y,, be another set of independent random wvariables.
If X; <ix Y5 fori=1,2,... ,m, then

max{ X1, Xo,..., Xin} <iex max{¥1,Ys,..., Y }.

From Corollary 4.A.16 and Theorem 4.A.1 it is easy to see that if
X1, Xs,..., X, are independent random variables, and if Y7,Y5,...,Y,, are
independent random variables, and if X; <;., Y; for i =1,2,...,m, then

min{Xl,Xg, . ,Xm} Sicv min{Yl,Y% N ,Ym}

A comparison of maxima of two partial sums in the increasing convex
order is given next. Recall from (3.A.54) the definition of negatively associated
random variables.

Theorem 4.A.17. Let X1, Xo, ..., X, be negatively associated random vari-
ables, and let Y1,Y>,...,Y, be independent random variables such that X; =g
Yi,i=1,2,....,n. Then

k k

Theorem 4.A.17 follows from Theorem 9.A.23 in Chapter 9; see a comment
there after that theorem.

Consider now a family of distribution functions {Gg, 6 € X} where X is
a convex subset (that is, an interval) of the real line or of N. As in Section
1.A.3 let X () denote a random variable with distribution function Gy. For
any random variable © with support in X', and with distribution function F',
let us denote by X (©) a random variable with distribution function H given
by

H(y) = /X Go(y)dF(6), yeR.

The following result generalizes Theorem 4.A.8(a), just as Theorem 1.A.6
generalized Theorem 1.A.3(a).
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Theorem 4.A.18. Consider a family of distribution functions {Gy, 6 € X'}
as above. Let ©1 and O be two random variables with supports in X and
distribution functions Fy and Fy, respectively. Let Y1 and Yo be two random
variables such that Y; =g X (60;), i = 1,2; that is, suppose that the distribution
function of Y; is given by

Hily) = /X Go(y)dFi(9), yeR, i=1,2.

If for every increasing convex [concave] function ¢

E[¢(X(0))] is increasing and convex [concave] in 0, (4.A.17)
and if
@1 Sicx [Sicv] @27 (4A18)
then
Yl Sicx [Sicv] YZ- (4A19)

Proof. Select an increasing convex [concave] function ¢ for which the expec-
tations below exist, denote

b(0) = E[p(X(9))], 0€X,
and notice that v is increasing and convex [concave] by (4.A.17). Then

Elp(M1)] = E[$(01)] < E[¢(62)] = [E[6(Y2)],
where the inequality follows from (4.A.18). This gives (4.A.19). O

Note that (4.A.11) can be easily obtained from the result above. It is
worth mentioning also that condition (4.A.17) is weaker than the condition
{X(0), 0 € X} € SICX [SICV] which is studied in Section 8.A of Chapter 8.
An extension of Theorem 4.A.18 is given as Theorem 4.A.65 below.

The following example illustrates the use of Theorem 4.A.18. It may be
compared to Corollary 3.A.22.

Ezxample 4.A.19. Let U, ©1, and @5 be independent positive random variables.
Define

If ©1 <iev [Siex] O2, then Y7 >icx [Ziev] Y2. This can be proven by a simple
application of Theorems 4.A.18 and 4.A.1.

An interesting variation of Theorem 4.A.18 is the following. Its proof is
similar to the proof of Theorem 4.A.18 and is therefore omitted.
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Theorem 4.A.20. Consider a family of distribution functions {Gy, 6 € X'}
as described before Theorem 4.A.18. Let @1 and ©4 be two random variables
with supports in X and distribution functions Fy and Fs, respectively. Let Y;
and Yy be two random variables such that Y; =g X(0;), i = 1,2; that is,
suppose that the distribution function of Y; is given by

H, y>=/XGe<y>dFi<e>, yER, i=1,2

If for every increasing convex [concave| function ¢
E[¢p(X(0))] s increasing in 0,

and if
81 Sst @23

then
Yl iex [ icv] Y2-

A Laplace transform characterization of the orders <j.x and <., is given
next; it may be compared to Theorems 1.A.13, 1.B.18, 1.B.53, 1.C.25, 2.A.16,
and 2.B.14.

Theorem 4.A.21. Let X; and Xs be two nonnegative random variables, and
let Nx(X1) and Nx(X32) be as described in Theorem 1.A.13. Then

Xl >icx [ 1cv] X2 — N)\<X1) >icx [ icv] N)\(XQ) fO’f' all x> 0.

Proof. First assume that X <jex [Siev] Xa2. For k = 1,2, denote the distribu-
tion function of X by Fj. Let ¢ be an increasing convex [concave] function.
Without loss of generality assume that ¢(0) = 0. Then, from (2.A.16) we have
that

o= [ 3 ome A ap ()

and therefore it is seen that it suffices to show that

n
§ ¢ —/\w )\il?)
is increasing and convex [concave] in . Now compute

e [(/\96)"_1 (Az)"

Z (n—1! nl
- i (n+1) — g(n)e —M(As!)n

If we denote Agy(n) = ¢(n + 1) — ¢(n), then it is seen that
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g'(x) = AE{Ay[N ()]},

where {N(z), z > 0} is a Poisson process with rate A. Since A,(n) > 0, by the
monotonicity of ¢, it follows that ¢'(z) > 0. Also, since Ay(n) 1 [}] n by the
convexity [concavity] of ¢, and since N(z) Tg z, it follows that ¢'(z) 1T [{] z.
Therefore g is increasing and convex [concave].

Now suppose that Ny(X7) <icx Na(X2) for all A > 0, that is, using the
notation of the proof of Theorem 2.A.16,

oo oo
Y @) < > @aan), m=012,....
n=m n=m

Then for m > 2, (2.A.23) yields

) m—2
/ )\e_/\“ () [ / Fi(z dm}du
0

S/o Ae_A“%[LOO Fg(l')d$:| du.

For any fixed y > 0 set A\ = (m — 1)/y. It follows that as m — oo (then
A — 00),

e o] ()\u m 2 oo
/ )\e_’\“[/ Fi(x dx]du—>/ Fr(z)de, k=12
0 (m 2)! y

Therefore we obtain
/ Fy(r)dx §/ Fo(z)dz, y>0,
Yy Yy

that is X7 <jcx X2 (see (4.A.5)). The proof of the converse for the <;., order
is similar. O

The implication = in Theorem 4.A.21 can be generalized in the same
manner that Theorem 1.A.14 generalizes the implication = in Theorem
1.A.13. We will not state the result here since it is equivalent to Theorem
4.A.18.

4.A.3 Conditions that lead to the increasing convex and increasing
concave orders

Once the relation X <;., Y or the relation X <., Y has been established
between the two random variables X and Y, it can be of great use. However,
given the two random variables and their distribution functions it is sometimes
not clear how to verify that X <j.x Y or that X <., Y. Parallel to the
analysis in Section 3.A.3 we point out here some simple conditions that imply
the increasing convex and the increasing concave orders.
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Theorem 4.A.22. Let X and Y be two random variables with distribution
functions F' and G and survival functions F and G, respectively, and with
finite means such that EX < EY.

(a) If ST (F—G) < 1 and the sign sequence is +, — [—, +] when equality holds,
then X Sicx Y [X Sicv Y]
(b) If ST(G—F) < 1 and the sign sequence is +, — [—, +] when equality holds,

then X Sicx Y [X Sicv Y]

The proof of this theorem is similar to the proof of Theorem 3.A.44 and
is not detailed here.

The condition in part (a) (or, equivalently, in part (b)) of Theorem 4.A.22
is not only sufficient for X <i.x Y, but, for nonnegative random variable,
it can also characterize the increasing convex order in a similar manner in
which (3.A.58) (or, equivalently, (3.A.59)) characterizes the convex order in
Theorem 3.A.45. This is stated next.

Theorem 4.A.23. Let X and Y be two nonnegative random variables such
that EX < EY. Then X <ix [Sicv] Y if, and only if, there exist random
variables Z1,Zs, ..., with distribution functions Fy, Fy, ..., such that Zy =4
X, EZ; <EY,j=12,..,Z; 54 Y as j = o0, EZ; -+ EY as j — oo,
and ST(F; — Fj+1) = 1 and the sign sequence is +,— [—,+], j = 1,2,....

If the random variables in Theorem 4.A.23 are not nonnegative, then the
sufficiency part of that theorem is not correct. This follows from the remark
after Theorem 3.A.45.

An interesting characterization of the mean residual life order by means
of the increasing convex order is the following result.

Theorem 4.A.24. Let X and Y be two random variables. Then X <1 Y
if, and only if,

(X —5|X > 5] <iex [V = s|Y > 5] forall s. (4.A.20)

Proof. Let F and G be the survival functions of X and Y, respectively. Con-
dition (4.A.20) can be written as

[ F(s+u)du - [ G(s + u)du
F(s) B G(s)

for all s and all ¢t > 0,

which is equivalent to X <,,;1 Y by (2.A.6). O

Remark 4.A.25. Let ¢ be an increasing convex function. For any s let s’ be
selected such that ¢(s') = s. Note that if (4.A.20) holds, then [X|X > ] <iex
[Y|Y > s']. Therefore E[¢p(X)|X > §'] < E[¢(Y)|Y > ], and therefore
E[p(X) — s|¢(X) > s] < E[¢p(Y) — s|¢(Y) > s]. Thus we have proven that if
X <mn Y, then ¢(X) <un ¢(Y) for every increasing convex function ¢.
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From Theorem 4.A.24 we see that if X <, Y, then [X’X > 8] <iex
[Y|Y > s for all s. Letting s = —oo we obtain from Theorem 4.A.8(c) the
following result.

Theorem 4.A.26. Let X and Y be two random variables with finite means.
If X <unY, then X <jx Y.

An analog of Theorem 4.A.26 for the increasing concave order is the fol-
lowing result.

Theorem 4.A.27. Let X and Y be two random variables with finite means.
If

EX|X <z]<E[Y|Y <a] foradlz€eR,
then X <., Y.

For positive random variables we have a result that is stronger than The-
orem 4.A.26:

Theorem 4.A.28. Let X and Y be two almost surely positive random vari-
ables with finite means. If X <ymn Y, then X <jx Y.

Proof. Let F and G be the survival functions of X and Y, respectively. From
(2.B.4) (or, equivalently, from (2.B.2)) it follows that

[ZFwdu [ G(u)du
< > 0. AL
X < oY forallt >0 (4.A.21)

Since, for almost surely positive random variables, X <pn, Y implies that
EX < EY (see (2.B.6)), it follows that (4.A.5) holds. O

Remark 4.A.29. With the help of Theorem 4.A.28 we can now provide proofs
for Theorems 2.A.15 and 2.B.13.

First we prove Theorem 2.A.15. From (2.A.3) it is seen that assumption
(2.A.11) means that fyoo Go(u)du, as a function of § and of y, is TP2, where Gy

is the survival function associated with G. Assumption (2.A.12) means that
F;(0), as a function of i € {1,2} and of 6, is TPy. From Theorem 4.A.28 and
(4 A.5) it follows that f > Gy(u)du is increasing in 6. Therefore, by Theorem

2.1(i) of Lynch, Mimmack, and Proschan [369], [, f Go(u)dudF;(0) is TPy
ini e {1,2} and y. But [, fy Go(u)dudF;(0) = f [IX Go(u)dF;()]du,
and that, by (2.A.3), gives (2.A.13).

Next we prove Theorem 2.B.13. Fix an x > 0. From (2.B.2) it is seen
that assumption (2.B.15) implies that fyoo Go(u)du is TPy in y € {0,z}

and 6, where Gy is the survival function associated with Gy. Assumption
(2.B.16) means that F';(f), as a function of i € {1,2} and of 6, is TPa.
From Theorem 4.A.28 and (4.A.5) it follows that fyoo Go(u)du is increas-

ing in #. Therefore, by Theorem 2.1(i) of Lynch, Mimmack, and Proschan
[369], fo Go(u dudF( ) is TPy in ¢ € {1,2} and y € {0,z}. But
S [, Go(u)dudFy(0) = [ [ [, Go(u)dFi(0)]du and this expression is TP,
inie{1,2} andy € {0,2} for all x > 0. Thus, by (2.B.2), we obtain (2.B.17).
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Under quite weak conditions the order <g; implies the order <;... This is
shown in the next theorem. For any random variable Z, let [; denote the left
endpoint of the support of Z.

Theorem 4.A.30. Let X and Y be two random variables with finite means.

If
Ix <ly (4.A.22)

and if X <qu Y, then X <ijx Y.
Proof. Suppose that X <45 Y. Then
[X — EX] < [Y — EY]. (4.A.23)

Therefore, by (3.A.12) we get that supp(X — EX) C supp(Y — EY’). Thus
ly — FY < ZX —FX. Hence,

EY - EX >y —Ix. (4.A.24)
Combining (4.A.22) with (4.A.24) it is seen that
EX < EY. (4.A.25)
From (4.A.23) it follows that
X < Y — (EY — EX), (4.A.26)
and from (4.A.25) it follows that
Y — (BY — EX) <y Y. (4.A.27)

Using Theorem 4.A.6(b) it is seen that, from (4.A.26) and (4.A.27), we obtain
X <iex Y. Tt is also easy to obtain X <;r Y from (4.A.26) and (4.A.27) by
noticing that the usual stochastic order and the convex order both imply the
increasing convex order. 0O

As a corollary of Theorem 4.A.30 we obtain the following result.

Corollary 4.A.31. Let X and Y be two nonnegative random variables with
finite means, such that X has the support [0,00). If X <an Y, then X <;x Y.

A corollary of Theorem 4.A.30 and of (3.C.7) is the following result.

Corollary 4.A.32. Let X and Y be two random variables with finite means.
Ifix <ly and if X <o Y, then X <jx Y.

The next result gives a simple condition that implies the increasing convex
order between a given random variable and a scale transformation of another
random variable. Let X7, X5,... be a sequence of independent and identi-
cally distributed nonnegative random variables with a common distribution
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function F, and let Y7,Y5,... be another sequence of independent and iden-
tically distributed nonnegative random variables with a common distribution
function G. Let X(,) = max{X;, X»,...,X,} be the nth order statistic of a
sample of size n from the distribution F, n = 1,2,.... Let Y, be similarly
defined for n = 1,2,.... Note that from Corollary 4.A.16 it follows that if
X1 <iex Y1, then X () <jex Y(y) for all n =1,2,.... The following theorem is
a weak converse of this observation. The proof is not given here.

Theorem 4.A.33. Let X1, Xo,... be a sequence of independent and identi-
cally distributed nonnegative random variables and let Y1,Y>, ... be another
sequence of independent and identically distributed nonnegative random vari-
ables. If E[X(n)] < E[Y(y)] for alln = 1,2,..., then X; <icx kY1 for some
constant k > 1 that is independent of the distributions of X1 and Yy. The
constant k can be taken to be equal to 2(1 —e~1)~1.

4.A.4 Further properties

Let X and Y be two random variables. If E[¢(X)] < E[¢(Y)] for all increasing
functions ¢, then (4.A.1) definitely holds. If E[¢(X)] < E[¢(Y)] for all convex
[concave] functions ¢, then (4.A.1) also holds. From (1.A.7) and (3.A.1) we
thus obtain the following result. Note that in the conclusion of the second part
of (b) in the next theorem the random variables X and Y are interchanged.

Theorem 4.A.34. Let X and Y be two random variables.

(a) If X <t Y, then X <iex Y and X <iey Y.
D) If X < Y, then X <;x Y and Y <oy X.

Thus we see that indeed the increasing convex [concave| order has both
properties of ordering by size and ordering by variability. One indication of
the ordering by size property is (4.A.2) [(4.A.3)], that is, the ordering of
the expected values (when they exist) that follows from the increasing convex
[concave] order. It turns out that the ordering of the expected values is actually
the only indication of the ordering by size property. If the two means are
equal, then the monotone convex and the monotone concave orders reduce
to the convex order of Section 3.A. This is stated formally in the following
theorem.

Theorem 4.A.35. Let X and Y be two random variables with finite means.

(a) If X <iex Y and EX = EY, then X < Y.
D) If X <iv Y and EX = EY, then Y <. X.

Proof. If X <jx Y, then (4.A.5) (which is the same as (3.A.7)) holds. Part (a)
now follows from Theorem 3.A.1(a). Part (b) is proven similarly using (4.A.7),
(3.A.8), and Theorem 3.A.1(b). O
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The order <;.x can be used to yield bivariate characterizations of the or-
ders <g, <pr, <;n, and <y, (compare the following result to Theorems 1.A.10,
1.B.10, 1.B.48, 1.C.22, and 1.C.23). Let ¢; and ¢2 be two bivariate func-
tions and let Agoy(z,y) = ¢o(x,y) — ¢1(x,y). Consider the following set of
conditions on ¢ and ¢s:

(a) Apor(z,y) > —Apa1(y, ) whenever z < y.

(b) Agai(x,y) > 0 whenever z < y.

(¢) é1(y,z) < pa(x,y) whenever x < y.

(d) For each x, ¢o(x,y) increases in y on {y > x}.
(e) For each y, ¢2(x,y) decreases in x on {z < y}.
(f) For each x, Ago (z,y) increases in y on {y > x}.
(g) For each y, Agai(x,y) decreases in z on {z < y}.

The proof of the next theorem is omitted.
Theorem 4.A.36. Let X and Y be two independent random variables. Then
(i) X <4 Y if, and only if,

djl (X7 Y) Sicx ¢)2 (X, Y) (4A28)

Jor all ¢ and ¢z satisfying (a), (b), (c), (d), (e), (f), and (g).

(il) X <y, Y if, and only if, (4.A.28) holds for all ¢1 and ¢2 satisfying (a),
(b), (c), (d), and (f).

(iii) X < Y if, and only if, (4.A.28) holds for all ¢1 and ¢y satisfying (a),
(b), (¢), (e), and (g).

(iv) X < Y if, and only if, (4.A.28) holds for all ¢1 and ¢o satisfying (a),
(b), and (c).

A typical application of Theorem 4.A.36 is the following result (compare
it to Theorem 1.C.21).

Theorem 4.A.37. Let X1, Xo, ..., X,, be independent random variables such
that X1 < X2 <ih - <ih X Let aq,a2,...,a, be constants such that
a1 <as <---<day,. Then

m m m
E A —i+1Xi Sicv E ar, Xi Sicy E a; X,
im1 i=1 i—1

where ® = (71,7, ..., Tm) denotes any permutation of (1,2,...,m).

Proof. We only give the proof when m = 2; the general case then can be
obtained by pairwise interchanges. So, suppose that X; <,;, X and that
a1 < as. Define ¢1 and ¢o by ¢1(z,y) = —a1x—agy and ¢o(x,y) = —a1y—aqx.
Then it is easy to verify that (a), (b), (c), (e), and (g) above hold. Thus, by
Theorem 4.A.36(iii), —a; X1 — a2 X2 <ijex —a1X2 — a2X;. By Theorem 4.A.1
this means a1 X9 + a9 X1 <iev 01 X7 + a0 Xo. 0O
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In the next few results we denote by I, a Bernoulli random variable with
probability of success p, that is, P{I, = 1} = 1 — P{I, = 0} = p. Recall
from page 2 the definition of the majorization order < among n-dimensional
vectors. It is shown after the next theorem that it partially extends Theorem
3.A.37.

Theorem 4.A.38. Let X1, Xo,..., X, be independent nonnegative random
variables, and let I, , Ip,, ..., I, and I, I, ..., 1, beindependent Bernoulli
random variables that are independent of X1, Xo, ..., X,,. Suppose that

1>p1>2pe>--2prandl>q > q2 > > gn,
(11) Xn Sst Xn—l Sst Sst Xl; and

(iii) p < q.

Then

zn: IpiXi <icv i: Iini~
i=1 i=1

If X1,X5,...,X,, in Theorem 4.A.38 are identically distributed, then
E(YX" 1, X:) = E(X!_, 1,,X;) and therefore the conclusion in this theo-
remis > i Ip X <ov Doiq 1g, Xy that is, >0 ) I, X, >ox oy Ig, X;. This
is the same as the conclusion of Theorem 3.A.37.

The following result partially extends Theorem 3.A.35.

Theorem 4.A.39. Let X1, Xs,...,X,, be independent and identically dis-
tributed nonnegative random wvariables, and let I, ,Ip,,..., I, be indepen-
dent Bernoulli random variables that are independent of X1, Xo, ..., X,. Let
a = (a1,as,...,a,) and b = (by,ba,...,by,) be two vectors of constants. Sup-
pose that

D)1>p1>p2>--->py,
(il)ay > as > - >a, and by > by > -+ > by, and
(iii) @ < b.
Then . §
leiaiXi Siex lellez
i=1 i=1

A family of nonnegative random variables {X(#), 8 > 0} is said to have
the semigroup property if, for all §; > 0 and 6y > 0, one has X (61 + 03) =
X(01) + X(02), where X (01) and X (62) are independent. As a corollary of
Theorem 4.A.39 we obtain the following result.

Corollary 4.A.40. Let {X(0), 0 > 0} be a family of random variables with
the semigroup property, and let I, , Ip,, ..., Ip, be independent Bernoulli ran-
dom variables that are independent of {X(6), 0 > 0}. Let @ = (01,0, ...,0,)
and v = (V1,92 - - - ,Yn) be two vectors of constants. Suppose that

() 1>p1>p2>-->py,
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(i) 01 >202>--->6, andy1 > 72 > -+ > 7, and
(iii) 6 < ~.
Then
n n
Z Ip, X (0;) <icex Z Ip, X (i)
i=1 1=1
The following characterizations of the dilation order, by means of the order

<icx, are similar to characterizations (3.A.39) and (3.A.40).

Theorem 4.A.41. Let X and Y be two random variables with distribution
functions F and G, respectively, and with finite expectations. Then X <431 Y
if, and only if, any of the following two statements hold:

(X —EX|X > F'(p)] Siex [Y —EY|Y > G ' (p)] for allp €[0,1),
and
(X —EX|X < F ') Ziex [Y —EY|Y <G '(p)] forallp €[0,1).

The following characterizations of the convex order, by means of the order
<icx, are similar to characterizations (3.A.41) and (3.A.42). These character-
izations follow at once from Theorem 4.A.41 and from (3.A.32).

Theorem 4.A.42. Let X and Y be two random variables with distribution
functions F' and G, respectively, and with equal finite means. Then X <. Y
if, and only if, any of the following two statements hold:

(X|X > F ' p)] Siex [Y|Y =2 G (p)] forall p € [0,1),

and

(X|X < F ()] Ziex [V]Y < G7H(p)] for all p € [0,1).

In a manner similar to the characterization (3.B.6) of the dispersive order
by the usual stochastic order, the increasing convex order can characterize the
excess wealth order as follows.

Theorem 4.A.43. Let X and Y be two continuous random variables with
distribution functions F' and G, respectively. Then X <. Y if, and only if,

(X = F 1)y <iex (Y =G 7))y, a€(0,1). (4.A.29)

Proof. We give the proof under the assumption that F' and G are strictly
increasing; the more general proof can be found in the literature.
First assume that (4.A.29) holds. Then, by (4.A.2) we get

B[(X ~ F ()4] < E[(Y -G )4l a€(0,1).

The latter inequality is easily seen to be equivalent to (3.C.5), and therefore
X <ew Y.
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In order to obtain the converse note that (4.A.29) is equivalent to

H(t,a) = / é(m)dm—/ F(x)dz >0, (t,a)€[0,00)x(0,1).
t+G—1(a) t+F=1(a)

Select an a € (0,1). Note that lim;_,, H(¢,a) = 0. If H(-, &) attains a min-

imum at t*, since H(-,«) is continuous and differentiable, ¢t* should satisfy
OH (t,«) ’
ot t=t*

= (. This equality holds if, and only if,
Ft*+ FYa))=Ft*+ G () = B, say.

Since F and G are strictly increasing it is seen that F~1(8) = t* + F~'(a)
and G71(8) = t* + G~1(«). Therefore

where the inequality follows from X <., Y. O

Let X and Y be two nonnegative random variables with respective distri-
bution functions F and G. Let H' and H;' be the TTT transforms asso-
ciated with F' and G, respectively (see (1.A.19)), and let Hr and Hg be the
respective inverses. Let Xyt and Yiy be random variables with distribution
functions Hr and Hg (see Section 1.A.4).

Theorem 4.A.44. Let X and Y be two nonnegative random variables. Then
X Siev Y = Xt <iev Yite-

See related results in Theorems 1.A.29, 3.B.1, 4.B.8, 4.B.9, and 4.B.29.
The next example may be compared with Examples 1.A.25, 1.B.6, and
1.C.51.

Example 4.A.45. Let X; be a binomial random variable with parameters n;
and p;, 2 = 1,2,...,m, and assume that the X;’s are independent. Let Y be a
binomial random variable with parameters n and p where n = >""" | n;. Then

m
ZXz Zicx Y =D S \ p?lpgz "'p?r{nv
1=1

and

m
XS Y e=p> -

i=1
The following example gives necessary and sufficient conditions for the

comparison of normal random variables; it is generalized in Example 7.A.13.
See related results in Examples 1.A.26 and 3.A.51.
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Example 4.A.46. Let X be a normal random variable with mean px and vari-
ance G'g(, and let Y be a normal random variable with mean py and variance
0%. Then X <ie Y if, and only if, ux < py and 0% < 0.

Example 4.A.47. Let X1, Xo, ..., X, beindependent exponential random vari-
ables with distinct hazard rates Ay > Ay > --- > A\, > 0. Then % Yo Xi <iex
X,.

Conditions for stochastic equality, for random variables that are <j.x- or
<jev-ordered, are given in the following result. This result may be compared
to Theorems 1.A.8, 3.A.43, 3.A.60, 4.A.69, 5.A.15, 6.B.19, 6.G.12, 6.G.13, and
7.A.14-7.A.16.

Theorem 4.A.48. Let X and Y be two nonnegative random variables. Sup-
pose that X <ix Y [X <icv Y] and that E[X"] = E[Y"] for some r € (1,00)
[r € (0,1)], provided the expectations exist. Then X =4 Y.

This result is a corollary of Theorem 4.A.69 below with p = 1.
In fact, the following stronger result, which is an analog of Theorem 3.A.43,
holds for the orders <;ox and <.

Theorem 4.A.49. Let X and Y be two random variables. Suppose that
X <iex [Siev] Y and that for some increasing strictly convex [concave] func-
tion ¢ we have that E[¢p(X)] = E[(Y)], provided the expectations exist. Then
X st Y

Of course, in Theorem 4.A.49 we can replace “increasing strictly convex
[concave] function” by “decreasing strictly concave [convex] function.”

Theorem 4.A.50. Let X1, Xs,..., X, and Y1,Y5,...,Y, (n > 2) be two
collections of independent and identically distributed random wvariables. If
X1 <iex Y1 oand if Emax{X1, Xa,...,Xp}] = Fmax{Y1,Ys,...,Y,}], then
X1 =4 1.

Analogous to the result in Remark 1.A.18, it can be shown that the set of
all distribution functions on R with finite means is a lattice with respect to
the order <;cx.

Meilijson and Nédas [389] have proved the following result which, for the
sake of simplicity, we describe informally. Let X be a random variable with
mean residual life function m (see, for example, (2.A.1)). Define H by H(x) =
m(z) + & = E[X|X > ], for all z, and note that H is increasing. Denote
X = H(X). Then X >, Y for every random variable Y which satisfies Y <;.
X. In fact, Meilijson and Nédas [389] proved that X is the least stochastic
majorant in the sense that if another random variable Z also satisfies Z > Y
for every Y such that YV < X, then X <4 Z.
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4.A.5 Some properties in reliability theory

We have seen in Theorem 1.A.30 that a nonnegative random variable is IFR
[DFR] if, and only if, [X — t|X > 1] >4 [<et] [X — | X > t'] whenever ¢ < ¢'.
A question of interest then is what does one get if in the above condition one
replaces the order >4 by the order >;... It turns out that the order >;.x can
characterize another familiar aging notion in reliability theory. Recall from
page 1 the definitions of DMRL and IMRL random variables. A combination
of Theorems 2.A.23 and 4.A.24 provides a proof of the DMRL part of the
next theorem. The proof of the IMRL part is similar.

Theorem 4.A.51. The nonnegative random variable X is DMRL [IMRL] if,
and only if, [X — t’X > 1] Ziex [Siex] [X — t"X > t'] whenevert < t'.

Other characterizations of DMRL and IMRL random variables, by means
of other stochastic orders, can be found in Theorems 2.A.23, 2.B.17, 3.A.56,
and 3.C.13.

We will now describe a generalization of the sufficiency part of Theorem
4.A.51. For two independent random variables X and T, let X1 denote a
random variable that has the distribution of [X — T‘X > T]. Note that X
is not the residual life of X given T.

Theorem 4.A.52. Let X, Ty, and Ty be independent random variables. If
Ty <n To, and if X is DMRL [IMRL], then X7, Zicx [Siex] X1 -

Proof. We will prove the DMRL part only. The proof of the IMRL part is
similar. Let F' denote the survival function of X, and let (G; denote the survival
function of Xr,, i = 1,2. Then, for any fixed  we have

/:O Ga(y)dy — /:o Gi(y)dy

= E {F(Tﬂ} E [ fzoo F(Ty + y)dy} -F [F(TZ)} E [ f"”oo P +ydy

E [F(Tl)} E [F(TQ)}

(4.A.30)

Define the functions a and 3 by a(t) = [ F(t +y)dy and 3(t) = F(t). Note
that § is nonnegative and decreasmg and that o/ is decreasing because X
is DMRL. Therefore, by Theorem 1.B.50(b), we see that the numerator in
(4.A.30) is nonpositive for any z. It follows, by (4.A.5), that X, >icx Xm,-
O

Note that if the nonnegative random variable X is DMRL [IMRL], then,
from Theorem 4.A.51 it follows that

X >iex [Siex] [X —t|X >t] forall t > 0. (4.A.31)
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Nonnegative random variables that satisfy (4.A.31) are called new better
[worse] than used in convex ordering (NBUC [NWUC]) or new better [worse]
than used in mean (NBUM [NWUM]). An equivalent definition of the NBUC
notion, by means of the usual stochastic order, is given in (1.A.21).

It is of interest to note that a nonnegative random variable X with survival
function F is NBUC if, and only if,

o F(t) x+t .
F(y)dy < ——— F(y)dy forallt>0andx>0. (4.A.32)

it 1—F() Js

It is worthwhile to point out that a nonnegative random variable X that
satisfies (4.A.31), but with the increasing concave (rather than the increasing
convex) order, is said to be NBU(2) [NWU(2)].

If a nonnegative random variable X satisfies

(X —t|X > 1] Ziey [Siev] [X = ¢/|X > '] whenever t </, (4.A.33)

then, in some places in the literature, the random variable X is said to have the
IFR(2) [DFR(2)] property. However, Belzunce, Hu, and Khaledi [68] proved
that the IFR(2) [DFR(2)] property is the same as the IFR [DFR] property.
Thus they obtained the following characterization of the IFR [DFR] property.

Theorem 4.A.53. The nonnegative random variable X is IFR [DFR] if, and
only if, (4.A.33) holds.

4.A.6 The starshaped order

A function ¢ : [0,00) — [0, 00), which satisfies ¢(0) = 0, is called starshaped
if ¢(z)/x is increasing in x on (0, 00) (here we use the convention a/oco = 0 for
a > 0). Note that such a function is increasing. Note also that every increasing
convex function ¢ on [0, 00), such that ¢(0) = 0, is starshaped.

Let X and Y be two nonnegative random variables such that

E[¢(X)] < E[¢p(Y)] for all starshaped functions ¢ : [0, 00) — [0, 00),
(4.A.34)
provided the expectations exist. Then X is said to be smaller than Y in the
starshaped order (denoted by X <4 Y).

Theorem 4.A.54. Let X and Y be two nonnegative random variables with
distribution functions F' and G, respectively. Then X <4 Y if, and only if,

/00 xdF(x) < /00 xdG(z), y=>0. (4.A.35)

Y Y

Proof. The function ¢,, defined by
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is starshaped. Thus, (4.A.34) = (4.A.35). Conversely, let ¢ be a starshaped
function. Then h(z) = ¢(z)/z is increasing in z on (0, c0). Approximate h by
a sequence of increasing step functions h,,. Then (4.A.35) yields

/0 " hn(2)AF () < /0 " o (2)AG ().

Letting n — oo, we obtain (4.A.34). O

Theorem 4.A.54 shows that when the compared random variables have the
same mean, then the starshaped order is equivalent to the usual stochastic
ordering of the corresponding length-biased (or spread) random variables.
Such random variables are studied in Examples 1.B.23, 1.C.59, 1.C.60, and
8.B.12.

Theorem 4.A.55. Let X and Y be two nonnegative random variables. Then
XSstY:ngsYz>X§icxy

Proof. The first implication follows from the fact that a starshaped function
¢, such that ¢(0) = 0, is increasing. In order to prove the second implication,
let ¢ be an increasing convex function. First suppose that ¢(0) = 0. Then ¢ is
starshaped and the inequality in (4.A.1) follows from X <. Y. If ¢(0) = a #
0, then define ¢Z(m) = ¢(x) — a, z > 0. The function ¢ is increasing convex,
and it satisfies ¢(0) = 0. Thus, by the previous argument E[¢p(X)] < E[¢(Y)];
that is, E[¢p(X)] —a < E[¢(Y)] — a, and the inequality in (4.A.1) follows. O

Some closure properties of the starshaped order are given in the next
theorem.

Theorem 4.A.56. (a) If the nonnegative random variables X andY are such
that X <i Y, and g is any starshaped function with g(0) = 0, then
9(X) < 9(Y). In particular, cX < cY for any ¢ > 0.

(b) Let X, Y, and © be random variables such that (X |6 = 0] <« [Y |0 = 0]
for all 0 in the support of ©. Then X < Y. That is, the starshaped order
is closed under mixtures.

(c) Let {X;, j = 1,2,...} and {Yj, j = 1,2,...} be two sequences of non-
negative random variables such that X; — X and Y; = Y as j — oo.
Assume that EX? and EY? are finite and that

EX? EX? EY}?  EY?

— d .
EX;,  Ex ™ EY,  BY

IfXj <ss Y—j7 J = 1727"'! then X Sss Y.

as j — oo.

Theorem 4.A.57. Let X be a nonnegative random variable. Then Ij4 )(X)
Zss I[p,00) (X) whenever b > a > 0, where I, o) and Ijy o) are the indicator
functions of the indicated intervals.

The proof of Theorem 4.A.57 consists of verifying (4.A.35) in each of the
cases y < a,a <y <b and y > b.
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4.A.7 Some related orders

Let X and Y be two random variables with survival function F' and G, and
distribution functions F and G, respectively. Let F[ F[k], GI¥l and é[k] be
defined as in (3.A.66) and (3.A.67). The inequalities (4.A.5) and (4.A.7) can
be generalized as follows: For a positive integer m suppose that

—[m—1]

F (x) < G (z) for all z, (4.A.36)

or that
Fr=l) > g=U(z)  for all x, (4.A.37)

provided these integrals are finite (the integrals are finite if F' and G have
finite (m — 1)st moments). If (4.A.36) holds, then X is said to be smaller
than Y in the m-icx order (denoted by X <, ix Y). If it is known that
X and Y take on values in N, then the definition of the m-icx order can
be modified, exploiting the special structure of N, | ; see Denuit and Lefevre
[146]. If (4.A.37) holds, then X is said to be smaller than Y in the m-icv
order (denoted by X <, icv Y).

It is seen from the definition that the orders <i_jcx and <j_jcy are equivalent
to the order <y, the order <5 ;. is equivalent to the order <;.x, and the order
<sicev is equivalent to the order <.

The orders <,,_icx and <, iy have some properties that are similar to the
properties of the orders <;.x and <;.,. For example, the extension of (4.A.4)
is that X <,,.icx Y if, and only if,

E[(X —a) ™ ' <E[(Y —a), ™! forall a. (4.A.38)
The extension of (4.A.6) is that X <, .y Y if, and only if,
E[(X —a)_ ™ ' < E[(Y —a)_]™""' for all a. (4.A.39)

The characterization (4.A.1) of the orders <;.x and <;., has an analog
for the orders <,n.icx and <,,.icv- We will not give the technical details here
(see Section 4.C for a reference), but we just mention the following results.
For m =1,2,..., let M, icx be the set of all functions ¢ : R — R such that
lim,_, o #(z) is finite, and whose first m—1 derivatives, ¢V, ¢, ... p(m=1)
exist, and are such that lim,_, o ¢\ (2) =0, =1,2,...,m—1, and ¢(™~ 1
is increasing. Let M, icx be the closure of M, icx in the topology of weak
convergence (that is, pointwise convergence in each continuity point of the
limit). Let X and Y be two random variables and suppose that the support
of each of them contains an interval of the form (—o0,a) for some a. Then
X <piex Y if, and only if,

E[¢(X)] < E[p(Y)] for all functions ¢ € Myicx, (4.A.40)

provided the expectations exist.
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Next, form = 1,2,.. ., let M, icy be the set of all functions ¢ : R — R such
that lim,_,~ ¢(2) is finite, whose first m—1 derivatives, oW, 32 plm=1),
exist, and are such that lim, .o ¢ (z) = 0, j = 1,2,...,m — 1, and
(—1) 1=V is increasing. Let M, icy be the closure of M, e, in the
topology of weak convergence. Let X and Y be two random variables and
suppose that the support of each of them contains an interval of the form
(a,0) for some a. Then X <,y Y if, and only if,

E[¢(X)] < E[p(Y)] for all functions ¢ € M,_icy, (4.A.41)

provided the expectations exist.
Let us denote X <ooiex [Soosiev] Y if

X <imicx [Smeiev] Y for all positive integers m. (4.A.42)

A characterization of the order <. _jcv is given in Theorem 5.A.17.
It can be shown that if X and Y have finite (m — 1)st moments, then

X <poiex Y = E[X] < E[Y]

and
X <piev Y = E[X] < E[Y],

provided the expectations exist. In fact we have the following more general
result.

Theorem 4.A.58. Let X andY be two random variables with finite first m—1
moments. If X <miex Y [X <poiev Y], then EX* < EYF [(-1)1EXF <
(—=1)**1EY*] for the smallest k for which EX* # EY*.

Some closure properties of the orders <,,.icx and <,,.icy are stated next.
We omit the proof of the following theorem. Note, however, that parts (b)
and (c) of the next theorem are easy to prove. The proof of part (a) uses
the fact that if ¢ € Moiex [Min-iev] then ¢U) [(=1)7¢U)] is nonnegative and
increasing [decreasing] for all j € {1,2,...,m — 1}, and therefore M,,_ jcx and
M _icv are closed under compositions.

Theorem 4.A.59. (a) Let X and Y be two random variables and suppose
that the support of each of them contains an interval of the form (—o0,a)
[(a,00)] for some a. If X <picx [Smeiev] Y and if g is any function in
Minziex [Mm—icv]7 then g(X) Srn-icx [Sm—icv} Q(Y)

(b) Let X, Y, and © be random variables such that, for all 0 in the support
of ©, we have that [X|9 = 0] <mciex [Smciev) [Y|(9 =0]. Then X <, icx
[Smcicv] Y. That is, the m-icz [m-icv] order is closed under miztures.

(c) Let {X;, j=1,2,...} and {Yj, j =1,2,...} be two sequences of random
variables such that X; —s X and Y; —« Y as j — oo. Assume that
E(X )™ ! and E(YL)™ ! are finite and that
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EX)7T ' = EXT[BEX)™ ! - EX™Y and
EY)T ' = EY TV [E(Y)™ - BEY™ Y asj— oo, (4.A.43)
If Xj Sm-icx [ m- 1cv] Y J = 1a27 ey then X Sm-icx [Sm-icv] Y.
(d) Let X1, Xo,...,X; be a set of independent random variables and let Y1, Yo,

Y be another set of independent random wvariables. If X; <iiex
[Simeiev] Yi fori=1,2,...,1, then

l

l
ZXj ém—icx >me-icv ZY’J
Jj=1

Jj=1
That is, the m-icz [m-icv] order is closed under convolutions.

In part (c), as in Theorem 3.A.12, the condition (4.A.43) is necessary —
without it the conclusion of part (¢) may not hold.

The following result, which extends the m-icx part of Theorem 4.A.59(d),
is essentially the same as Theorem 8.A.29.

Theorem 4.A.60. Let X1, Xo,... be a set of independent random variables
and let Y1,Ys,... be another set of independent random variables. Let Ny be
an integer-valued random variable that is independent of the X;’s, and let
Ny be an integer-valued random variable that is independent of the Y;’s. If
Xi <muiex Yi fori=1,2,..., and if N1 <p-icx N2, then

N1 N>
Z Xj Sm—icx Z }/g
j=1 j=1

For the orders <, icx and <, icv, the analog of Theorem 3.A.12(a) is the
following.

Theorem 4.A.61. Let X and Y be two random variables. Then
X Sm—icx [Sm—icv} V<= -X Zm—icv [Zm—icx] -Y

The proof of Theorem 4.A.61 easily follows from (4.A.36) and (4.A.37).
It is not hard to verify the next statement.

Theorem 4.A.62. Consider two random variables X and Y. If X < iex
[Sml—icv] Y; then X Smg—icx [§m2—icv] Y fOT’ all ma Z my.

Since the order <i_jcx is the same as the order < we see that
X Sst Y =X Sm—icx Y

and that
X<V = X < Vo

The following obvious relationships hold between the orders of Section 3.A.5
and the present orders:
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X <S Y =X Srn-icx Y7

—m-CX

and
X< V=X <picv Y.

—m-CV

Sufficient conditions for X <,,.icv Y and X <,,icv Y are given in the next
result, which is related to Theorem 4.A.22. It is of interest to compare the
next result with Theorem 3.A.66.

Theorem 4.A.63. Let X and Y be two nonnegative random variables with
distribution functions F' and G, respectively, and with density functions f and
g, respectively, such that E[X'] = E[Y?],i=1,2,...,m—2, and E[X™ 1] <
E[ym—l].

(a) If ST (F—G) < m—1 and if the last sign of F—G is a +, then X <,icx Y.
(b) If S~ (f — g) < m and if the last sign of g — [ is a +, then X <, iex Y.

The following example describes a typical application of Theorem 4.A.63.

Example 4.A.64. Let the inverse Gaussian random variable Y, and the log-
normal random variable Z, be as in Example 3.A.67; in particular they both
have the mean «/f3 and the second moment a(a + 1)/4%. We claim that
Y <4iex Z. In order to see it, first note, as in Example 3.A.67, that without
loss of generality we can take the means to be equal to 1, that is, 8 = a. Now,
a straightforward computation yields

fy(z) log?z azr «
=C
©8 fx(x) T 2 2z’

1

where C' is some constant. Substituting v = log z, the second derivative of the
above expression is seen to have two sign changes. Therefore the expression
itself has at most four sign changes. We also have here, by a lengthy compu-
tation (see Kaas and Hesselager [270]), that E[Y?3] < E[Z3]. The stated result
now follows from Theorem 4.A.63(b).

In fact, it can be shown that if X, Y, and Z, are, respectively, Gamma,
inverse Gaussian, and lognormal random variables (with parameters that are
different from the ones in Example 3.A.67), such that E[X] = E[Y] = E[Z]
and E[X?%] < E[Y?] < E[Z?], then X <3z Y, X <3iex Z, and Y <yjex Z.

Some comparisons of Gamma, inverse Gaussian, lognormal, and Birnbaum-
Saunders random variables in the <j ., sense were derived by Klar [300].

Consider now a family of distribution functions {Gy, 6 € R}. As in Section
1.A.3 let X () denote a random variable with distribution function Gy. For
any random variable © with support R, and with distribution function F', let
us denote by X (©) a random variable with distribution function H given by

H(y) = /X Go(y)dF(9), yeR.
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The following result generalizes Theorem 4.A.8(a), just as Theorem 1.A.6
generalized Theorem 1.A.3(a). Its proof is similar to the proof of Theorem
4.A.18, using the fact that M ,,_icx and M,,,_icv are closed under compositions.
We omit the details.

Theorem 4.A.65. Consider a family of distribution functions {Gy, 6 € R} as
above. Let @1 and Os be two random variables with support R and distribution
functions Fy and Fy, respectively. Let Y1 and Yy be two random variables such
that Y; =g X(0;), i = 1,2; that is, suppose that the distribution function of
Y; is given by

Hily) = /X Go(y)dFi(0), yeR, i=1,2.

If djd)! deﬁned by 1/%;5(9) = E[¢(X(9))]7 5 1N Mm—icx [Mm—icv] whenever Qb S
Mm-icx [¢ S Mm-icv]; and Zf

@1 Sm—icx [Sm—icv] @23

then
Yl Sm—icx [Sm—icv] Y2-

For example, the family {Gy, § > 0} of the Poisson distributions (or,
in fact, every family of distribution functions whose associated density func-
tions {gg, 0 € R} satisfy that gg(z) is totally positive of order m; see Karlin
[275]) satisfies the condition in Theorem 4.A.65 that ¥4 is in Moy, iex [Min-icv]
whenever ¢ € M, icx [@ € Moiev)-

A Laplace transform characterization of the orders <, icx and <, jcy iS
given next; it may be compared to Theorems 1.A.13, 1.B.18, 1.B.53, 1.C.25,
2.A.16, 2.B.14, and 4.A.21. Before stating it we make a few observations.
First, note that the random variables X; and X5 in the theorem below have
the support [0, 00). Then the characterizations (4.A.40) and (4.A.41) are still
valid provided the test functions ¢ in (4.A.40) satisfy that $()(0) = 0 (rather
than lim, , o ¢ (2) =0), j = 1,2,...,m — 1. Next, note that the random
variables Ny (X7) and Ny (X32) in the theorem below are discrete with support
N,. There are several ways of defining the orders <, icx and <, icv for such
random variables. One possible way is by the requirement (4.A.36) or (4.A.37)
(or, equivalently, by (4.A.38) or (4.A.39)). Another possible way is by replacing
the integrals in (4.A.36) or (4.A.37) by sums. In the theorem below we adopt a
definition that is a discrete analog of (4.A.40) and (4.A.41). Form = 1,2,.. .,
let KCpnoicx be the set of functions ¢ : N — R such that Ag)(O) =0,j=
0,1,...,m—1 (where Ag)) (n) = ¢(n) and A((;)(n) = A((;_l)(nJrl)fA((;_l)(n),
j=1,2,...), and such that Agbmfl)(n) is increasing on N. For the discrete
random variables M; and Mj denote My </, . Mo if E[¢p(M7)] < E[¢p(Ma)]
for all functions ¢ € K, icx. Similarly, let IC,, iy be the set of functions
¢ : N; — R such that lim,,_, A((zf)(n) =0,7=0,1,...,m—1, and such that
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(—1)m_1A((¢m71)(n) is increasing on N, . For the discrete random variables
My and Mj denote My <! ... M if E[¢(M7)] < E[p(My)] for all functions
¢ € Km—icv-

Theorem 4.A.66. Let X; and Xs be two nonnegative random variables, and
let Nx(X1) and Nx(X2) be as described in Theorem 1.A.13. Then

Xl <miex [Sm—icv] X2 — N)\(Xl) < [</

—me-icx l—=m-icv

| Nx(X2) for all X > 0.

The proof of this theorem is similar to the proof of Theorem 4.A.21 and
is therefore omitted.

Another family of orders that are related to the <.y, <jcx, and <., orders
can be defined by a generalization of (4.A.5) and (4.A.7) that is different from
the generalization that is described in (4.A.36) and (4.A.37). Let X and Y be
two random nonnegative variables with distribution functions F' and G, and
survival functions F and G, respectively. Let p > 0 and suppose that E[X?]
and E[Y?] exist. If

/ uP " F (u)du < / uP~ 'G(u)du for all z, and E[X?] = E[Y?],

then X is said to be smaller than Y in pth order (denoted by X <, Y). If

/ upflf(u)dug/ uP~ G (u)du  for all

then X is said to be smaller than Y in p+ order (denoted by X <, Y).
Finally, if
/ uP L F(u)du 2/ P~ G(u)du  for all z,
0 0

then X is said to be smaller than'Y in p— order (denoted by X <,_ Y).
It is not hard to verify that for nonnegative random variables X and Y
we have

X <Y = XP < YP, (4.A.44)
X §p+ Y = X? Siex Yp7

and
X <, YV = XP <0 Y. (4.A.45)

It is seen at once that
X<,y = X<, Y,

and that
X<, Y=Y <,_ X

Notice that, for p = m, the order <, [gp,} is not the same as the order
Srmiex |Smeiev]- In fact, X <, Y if; and only if,
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E[(X™—a)] < E[Y™ —a)y] foralla

(compare this to (4.A.38)), and X <,,_ Y if, and only if,
E[(X™—a)_] < E[Y"™ —a)_] foralla

(compare this to (4.A.39)).

It is easy to verify that the orders <,, <, and <,_ are closed under mix-
tures. They are also closed under limits in distribution provided a condition on
convergence of moments, which is an obvious modification of (4.A.10) (simi-
lar to (4.A.43)), holds. The following result points out some interrelationships
among these orders.

Theorem 4.A.67. Let X and Y be two nonnegative random variables. If
X <py [Sp-] Y, then X <44 [<q-] Y whenever ¢ > p [q < p].

A relationship to the order <, is given next (the order <, is defined in
Section 4.B below).

Theorem 4.A.68. Let X and Y be two nonnegative random variables that
have finite pth moments and that are not degenerate at 0. If X <, Y and if
E[XP] = E[Y?], then X <, Y.

A simple proof of Theorem 4.A.68 will be given in Remark 4.B.24.

Motivated by the result of Theorem 1.A.8 (see also Theorems 3.A.43,
3.A.60, 4.A.48, 5.A.15, 6.B.19, 6.G.12, 6.G.13, and 7.A.14-7.A.16), the fol-
lowing results have been derived.

Theorem 4.A.69. Let X and Y be two nonnegative random variables. Sup-
pose that X <,4 Y [X >,_ Y] and that E[X"] = E[Y"] for some r € (p, o0)
[r € (0,p)], provided the expectations exist. Then X =4 Y.

Theorem 4.A.70. Let X and Y be two nonnegative random variables with
finite means and distribution functions F' and G, respectively. If X <, Y and

if
[ rrwrasn = [ o] e
0 0

for somer > p and some increasing and strictly convex function ¢ : [0,1] = R,
then X = Y.

We end this section by mentioning still another sequence of orders that
is based on iterated integrals. If F is a distribution function, then let F~!
denote the inverse of F' (see page 1). Denote recursively

Fi'p)=F"'(p), pelo,1],
and

F. Y p) = / F ' (w)du, pelo,1], (4.A.46)
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for n = 2,3,.... Similarly define G;! for a distribution function G. For any
positive integer m, if the distribution functions F' and G, of the random vari-
ables X and Y, satisfy

F,'(p) <Gl (p) forpe0,1],
then we denote X < !VY. It is easy to see that
X <MY = X<, Y.
Also, if EX = EY, then, by Theorem 3.A.5 we see that
X< Y = X<, V.

From (4.A.46) we obtain at once the following result

Theorem 4.A.71. Let X andY be two random variables. If X <; 1Y, then
X ané Y for all mo > m;.

A necessary condition for X <!V is given in the next result.

Theorem 4.A.72. Let X and Y be two random variables. If X g;nl Y, then
Elmax{Xy, Xo,..., X;}] < E[max{Y1,Ys,..., Y%}, k>m—1,

where the X;’s [Y;’s] are independent random variables, all distributed accord-
ing to the distribution of X [Y].

Proof. Let F and G denote the distribution functions of X and Y, respectively.
A straightforward computation yields

F,1(0) = Elmax{Xy, Xa,..., Xpn1}]

m

and
G 10) = Elmax{Y1,Ya,..., Y 1}].

m

Therefore Elmax{X1, Xs,...,X;n_1}] < E[max{Y1,Ys,...,Y;,_1}]. The in-
equality for k& > m — 1 now follows from Theorem 4.A.71. O

4.B Transform Orders: The Convex, Star, and
Superadditive Orders

4.B.1 Definitions

Let X and Y be two nonnegative random variables with distribution functions
F and G, respectively. Suppose that the support of X is an interval (finite or
infinite).
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We say that X is smaller than Y in the convex transform order (denoted
as X <.Y) if G"1F(z) is convex in x on the support of F.

We say that X is smaller than Y in the star order (denoted by X <, Y)
if GT1F(x) is starshaped in x (that is, if G=1F(x)/x increases in x > 0). It
is easily seen that X <, Y if, and only if,

Gl (u)
F=i(u)

is increasing in v € (0, 1). (4.B.1)

Also, recalling the definition of the number of sign changes in (1.A.18), it is
easily seen that X <, Y if, and only if, for all b > 0 we have that

ST(F() - G(b)) < 1, (4.B.2)

and the sign sequence is —, 4 if a crossing occurs.

We say that X is smaller than Y in the superadditive order (denoted
by X <g Y) if G1F(z) is superadditive in x (that is, if G F(z + y) >
G 'F(z)+ G 'F(y) for all z > 0 and y > 0).

4.B.2 Some properties

Every nonnegative function that vanishes at 0, and that is increasing and
convex on [0, 00), is also starshaped on [0, 00). Furthermore, every nonnegative
function that vanishes at 0, and that is increasing and starshaped on [0, 00),
is also superadditive on [0, 00). Therefore, for any two nonnegative random
variables X and Y we have

X<,V =X<,Y, (4B.3)

and
XS*Y:>X§511Y

The star order is related to the dispersion order as follows:

Theorem 4.B.1. Let X and Y be two nonnegative random variables. Then
X <Y <= log X <gjsp logY. (4.B.4)

Proof. The relation X <, Y holds if, and only if, G~1F(x)/x is increasing in
x > 0; that is, if, and only if, log G~ F(x) — logz = log G™1F(el°8®) — log =
is increasing in x. The result now follows from (3.B.10). O

An equivalent way of writing (4.B.4) is the following. For any two nonneg-
ative random variables X and Y,

X <aiep Y =¥ <, €V

Under an obvious restriction, the superadditive (and hence also the star
and the convex transform) order implies the dispersion order as is shown in
the next theorem.
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Theorem 4.B.2. Let X and Y be two nonnegative random wvariables such
that X < Y. If X < Y, then X <gisp Y.

Proof. Let F and G denote the distribution functions of X and Y, respectively,
and let Sg denote the support of F. Let  and y be two values in Sg. Then

G 'Fle+y)—(z+y) > G 'Flz)+ G 'F(y) — (z +y)
2 G_lF(y) - Y,

where the first inequality follows from X <g, Y and the second inequality
follows from F(x) > G(x). Thus G='F(x) — z is increasing in x. Now, from
(3.B.10), we obtain X <gisp Y. O

The condition X < Y is clearly needed because without it it is impossible
that X <gisp ¥ (see Theorem 3.B.13). The condition X <y, Y by itself (in
fact, even the condition X <, Y') does not necessarily imply that X <, Y.

Theorem 4.B.2, together with (4.B.3), implies that if X and Y are two
nonnegative random variables with finite means such that X <g Y and if
X <a Y (and therefore if X <. Y or if X <, Y), then (see Theorem 3.B.16)
[X — EX] < [Y — EY], and in particular,

Var(X) < Var(Y).

Another condition, under which X <y, Y implies X <gisp Y, is given in
the next theorem.

Theorem 4.B.3. Let X and Y be two nonnegative random wvariables with
distributions F and G, respectively, such that lim,_,o(G~'F(z)/x) > 1. If
X <a Y, then X <gisp Y.

In particular, if F' and G are absolutely continuous with F(0) = G(0) =0
and their corresponding density functions f and g are such that f(0) > ¢g(0) >
0, then X <, Y implies X <gisp Y.

The relationship between the orders <, and <;.x is described in the next
theorem.

Theorem 4.B.4. Let X and Y be two nonnegative random variables such
that EX < EY.If X <, Y, then X <ix Y.

Proof. First we show that X <, Y = X <{grens, Y. For this end we can
assume temporarily, without loss of generality, since both orders are scale
invariant, that EX = EFY = 1. Let F' and G denote the distribution functions
of X and of Y, respectively. If F' = G, then the result is trivial. Thus assume
F # G. From (4.B.2) (with b = 1), and from the fact that EX = EY, it
follows that S~™(G — F) = 1, and that the sign sequence is 4+, —. Thus, from
(3.A.59) we obtain X <porens Y. (Another proof of X <, Y = X <porenz ¥
can be found in Section 4.B.3.)
Now suppose that X <yorens Y and that EX < EFY. Then
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EX
<x — Y < .
X =cx EY Y =st Y.

Thus we see from Theorem 4.A.6(b) that X <;., Y. O

The following theorem describes a star order comparison of two functions
of the same random variable.

Theorem 4.B.5. Let X be a nonnegative random wvariable that is not de-
generate at 0, and let g and h be monnegative increasing functions, defined
on [0,00), such that g(z) > 0 and h(z) > 0 for all x > 0. If h(z)/g(x) is
increasing in x € (0,00), then

9(X) <u h(X).

Proof. Denote by F' the distribution function of X. From the assumption that
h(z)/g(x) is increasing in x € (0, 00) it follows that
h(F~ (u))
g(F~1(u))

Therefore, denoting by F, and Fj, the distribution functions of g(X) and of
h(X), we have that

is increasing in u € (0,1).

is increasing in u € (0, 1).

Thus ¢g(X) <. h(X) by (4.B.1). O
For example, if X is a nonnegative random variable, then
X +a<,X whenever a>0.

An interesting property of the order <, is given in the next theorem.

Theorem 4.B.6. Let X and Y be positive random variables. If X <, Y, then
XP <, YP for any p # 0. In particular, 1/X <, 1/Y.

Proof. Let F' and G be the distribution functions of X and Y, respectively.
First consider the case where p > 0. Then the distribution functions F' and G
of XP and YP, respectively, are given by

F(z)=F(z'?) and G(z)=G(z'?), z>0.

Noting that G~(F(z)) = (G~ Y(F(2/?)))? we compute

G (F(x) _ (G H(F(='/7))y (G‘l(F(y)))P

xT x
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where y = 2!/?. From the assumption X <, Y it is seen that the right-hand
side of the above equation is increasing in y > 0, and therefore the left-hand
side of that equation is increasing in x > 0.

Now, in order to complete the proof it is only necessary to prove that
1/X <, 1/Y. Let now F and G denote the distribution functions of 1/X and
1/Y, respectively. These are given by

F(z)=F(1/z) and G(z)=G(1/z), x>0,

where F = 1 — F and G = 1 — G. Noting that G~ = 1/@71 and that
G 'F= G~'F, we compute

G L(F(x)) 1 1)z

x G '(F(1/z)z G HFQ/x))

From the assumption X <, Y it is seen that the latter expression is increasing
imz>0. 0O

Example 4.B.7. Let X and Y be two positive random variables, and let E; be
a mean 1 exponential random variable which is independent of both X and
Y. Define X = E;/X and Y = E;/Y; that is, the distributions of both X

and Y are scale mixtures of exponential distributions. Then
X<, Y =X<,Y.

The proof is obtained by showing that X <, ¥ = 1/X <, 1/Y, and then
using Theorem 4.B.6. We omit the details.
See Remarks 5.A.2 and 5.B.1 for similar results.

A characterization of the order <. by means of the observed total time
on test random variables (see Section 1.A.4) is given next. Let X and Y
be two random variables with absolutely continuous distribution functions F’
and G, respectively. Suppose that 0 is the left endpoint of the supports of X
and Y. Let Hy' and H' be the TTT transforms associated with F and G,
respectively (see (1.A.19)), and let Hr and Hg be the respective inverses. Let
Xty and Yit be random variables with distribution functions Hr and Hg.

Theorem 4.B.8. Let X and Y be two nonnegative random wvariables with
absolutely continuous distribution functions having 0 as the left endpoint of
their supports. Then

X < Y <= X <c Yo

Proof. Note that X <. Y if, and only if,

fFFH(u)

————=  isincreasing in u € [0, 1], 4.B.5
oG T(w) oY HB2)
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where f and g are the densities associated with F' and G. From (4.B.5),
(3.B.16), and (3.B.17) it is seen that X <. Y if, and only if, the ratio
hp(Hp'(u))/he(Hg' (v)) is increasing in u € [0,1] where hp and hg are
the density functions associated with Hr and Hg, respectively. Thus, again
by (4.B.5), we obtain the stated result. O

A related result is the following.

Theorem 4.B.9. Let X and Y be two nonnegative random wvariables with
absolutely continuous distribution functions having 0 as the left endpoint of
their supports. If X <, Y, then Xt <y Yitt-

See related results in Theorems 1.A.29, 3.B.1, 4.A.44, and 4.B.29.
The following characterization of the order <, is similar to the character-
ization of the order <y, in Theorem 1.B.12.

Theorem 4.B.10. Let X and Y be two random wariables with continuous
distribution functions F and G, respectively, with common support [0,00).
The following conditions are equivalent:

(a) X <, Y.

(b) For all functions  and 3, such that « is nonnegative and « and o/ are
decreasing, and such that fol a(u)dF~1(u) < oo, fol a(u)dG1(u) < oo,
0 # fol B(u)dF~(u) < oo, and 0 # fol B(u)dG~1(u) < oo, we have

[ a(w)dG= (u) - Iy a(w)dF = (u)
Jo Bu)dG=1(u) ~ f§ Blu)dF~L(u)
(¢) For any two increasing functions a and b such that b is nonnegative, if
[ a(u)b(u)dF~"(u) = 0, then [ a(u)b(u)dG~(u) < 0.

The orders <., <,, and <y, can be used to characterize, respectively, IFR,
IFRA, and NBU random variables as follows.

Theorem 4.B.11. Let Exp denote any exponential random variable (no mat-
ter what its mean is). Let X be a nonnegative random variable. Then

X is IFR «<— X <. Exp,
X isIFRA < X <, Exp, and
X is NBU <= X <, Exp.

The theorem follows at once from the definitions and the observation that
a random variable is IFR [IFRA, NBU] if, and only if, the negative of the
logarithm of its survival function is convex [starshaped, superadditive] on
(0, 00).

The claim in the next example is easy to prove.
Ezxample 4.B.12. Let X be a nonnegative random variable with an absolutely

continuous distribution function. Then X has a decreasing density if, and only
if, U <. X, where U is a uniform[0, 1] random variable.
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Ezample 4.B.13. Let Ujj.y,) and U,y denote the jth and the ith order statis-
tics of samples from the uniform distribution on [0, 1] of sizes m and n, re-
spectively. Then

Ugim) <« Uiy  whenever i — j > max{0,n — m}.

This follows from Lemma 3.B.27 and (4.B.4), and from the fact that if U is a
uniform random variable on [0, 1], then —log(1—U) is a standard exponential
random variable.

It is worthwhile to mention that the above inequality, together with The-
orem 4.B.4, yields the first three inequalities in Example 3.A.49.

The following example may be compared with Examples 1.B.24, 1.C.48,
2.A.22, 3.B.38, 6.B.41, 6.D.8, and 6.E.13.

Ezxample 4.B.14. Let X and Y be two absolutely continuous nonnegative
random variables with survival functions F and G, respectively. Denote
Ay = —logF and Ay = —logG, i = 1,2. Consider two nonhomogeneous
Poisson processes Ni = {Ny(t), t > 0} and Ny = {Ny(¢), t > 0} with mean
functions A; and Ay (see Example 3.B.37), respectively. Let T;1,T; 2, ... be
the successive epoch times of process INV;, i = 1,2. Note that X =g 771 and
Y =4 T5,1.

It turns out that any of the three transform orderings of the first two epoch
times implies the same ordering of all the corresponding later epoch times;
that is, if X <. [<i, <a] Y, then T1, <¢ [<i, <gu] T2,n, n > 1. The proof of
this fact is similar to the proof in Example 3.B.38, and is therefore omitted.

Similar to the orders <g, <p,, and <), (see Theorems 1.B.34, 1.C.33, and
6.B.23), the orders <., <,, and <y, are also preserved under the formation
of orders statistics. This is shown in the next result.

Theorem 4.B.15. Let (X;,Y;), i = 1,2,...,m, be independent pairs of ran-
dom wariables such that X; <. [<«,<su] Vi, i = 1,2,...,m. Denote the cor-
responding order statistics by X1y < X2y < -+ < X(m) and Y(1) < Y(g) <
< Y(n). Suppose that the X;’s are identically distributed and that the Y;’s
are identically distributed. Then

X(k) SC [S*; Ssu] }/(k)a k = 1727 c.., M. (4B6)

Proof. Let F' [G] denote the common distribution function of the X;’s [Y;’s]
and let Fij) [G(x)] denote the distribution function of X4y [Y(1)]. Then it is
well known that

m! ) k—1 m—k

and, similarly,
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m! @ m—k

Thus, G@I)F(k) = G7'F, and (4.B.6) follows from the assumptions of the
theorem. 0O

In the following example it is shown that, under the proper conditions,
random minima and maxima are ordered in the convex transform, star, and
superadditive order senses; see related results in Examples 1.C.46, 3.B.39,
5.A.24, and 5.B.13.

Ezxample 4.B.16. Let X4, Xo,..., and Y7,Y5,..., each be a sequence of inde-
pendent and identically distributed random variables. Let N be a positive
integer-valued random variable, independent of the X;’s and of the Y;’s.
Denote X(; )y = min{X1,Xo,..., Xn}, X(nn) = max{X;, Xo,..., Xn},
YNy = min{Y1,Ys,..., Yy}, and Yy n) = max{Y1,Ys,...,Yn}. It can
be shown that if X; <. [S*agsu] Y1, then X(l:N) <c [S*agsu] Y'(I:N) and
X(N:N) <c [S*agsu] }/(N:N)~

The convex transform order between X and Y implies the usual stochas-
tic order between ratios of the corresponding spacings as the next result
shows; related results can be found in Theorem 1.C.45, and in Examples
6.B.25 and 6.E.15. In the next result we use the following notation. Let
X(l:n) < X(2:n) <-..- < X(nn) and }/(l:n) < )/(2:n) < - < Yv(nn) be the
order statistics corresponding to samples X1, Xo,..., X, and Y71,Y5,...,Y,;
each consists of independent, identically distributed random variables, where
the X;’s have the same distribution as X, and the Y;’s have the same distribu-
tion as Y. The corresponding spacings are defined by U(;.n)y = X(5:n) — X(i—1:n)
and ‘/(i:n) = Y'(Z-:n) — }/(ifl:n)a 1= 2, 3, e, N

Theorem 4.B.17. Let X and Y be two random variables. If X <.Y, then

Ugm) o Vigm
U(zn) - ‘/(zn)

for2<i<j<n.

Proof. First note that from the convexity of G~'F we obtain

GilF(.’EQ) — GilF(.’El) < GilF(l'4) — GilF(l'g)

To — T1 Ty — T3

whenever x; < [zq, x3] < 24,

where 21 < [x9, 23] < x4 denotes z1 < x5 < x4 and z1 < x3 < x4. Thus, for
2<i<3<n,
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P{ Ugin) Z} _ P{Xu:n) = Xg—im) Z}

Uliin) KXin) — X(i—1:n)
<p GilF(Xjn)) G~ 1F(X(] ln)) S
- G~ 1Ir(*Xv(zn) G~ IF( (i— 1:n))

Viin
_ p{m S Z}
Wzn)
where the last equality follows from the observation that the joint distribution

of G_lF( zn)) G_lF(X(l 1 n)) G~1 F(X(J n)) and G~1 F(X(j 1.n)) is the
same as the joint distribution of Y(;.ny, Y(i—1:n), Y(jin), and Y(;_1.n). O

Under a weaker assumption than the one in Theorem 4.B.17 we have the
following results.

Theorem 4.B.18. Let X and Y be two random wvariables with distribution
functions F and G, respectively, such that F(0) = G(0) = 0. Let 0 < p < gq.
If X <, Y, then

(a) B[ X} G )]/E[ G n)] is decreasing in 1,
(b) BIX{,)]/ELY,
(c) E[X

(i n)] s increasing in n, and
J/ENY,

] is decreasing in n,
(n—i:n)

nzn

provided the expectations exist.
The notation in Theorem 4.B.17 is used in the next result.

Theorem 4.B.19. Let X and Y be two nonnegative random variables. If
X <Y, then E[U(imy] < E[Viimy), i =2,3,...,n

4.B.3 Some related orders

In this subsection we consider random variables X and Y with distribution
functions F' and G, respectively, and with supports of the form [0,a), a > 0
(a can be infinity). We assume throughout this subsection that X and Y have
finite means. Denote the mrl functions (see (2.A.1)) that are associated with
X and Y, by m and [, respectively.

The random variable X is said to be smaller than Y in the DMRL order
(denoted by X <gqmn Y) if

S

(D))

is increasing in u € [0, 1]. (4.B.7)

is increasing in v € [0, 1], (4.B.8)
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where IF and G are the survival functions associated with F' and G, respec-
tively. Condition (4.B.8) can be written equivalently as

EY — H;'(u)

——— 2 ——- s increasing in u € [0, 1],
EX — Hp' (u) 5 0,1

where H,.' and H;," are the TTT transforms (see (1.A.19)) that are associated
with F' and G, respectively.

Theorem 4.B.20. Let X and Y be two random variables, each with support
of the form [0,a). If X <. Y, then X <dqmn Y.

Proof. Let the equilibrium survival functions associated with F' and G be

defined as
= . [TF() — o\ [TG®)
Fe(.'I:) = ‘/1 ﬁdt and Ge(x) = /x\ ﬁdt

(F(x)) and let

——1

Y(u) =Fe(a™ (G, (v)), uel0,1].

For simplicity suppose that « and « are differentiable. A lengthy straightfor-
ward computation gives

v (u) = % : %a‘l(a:) . (4.B.9)

——1

Go (w)
By assumption, « is convex. It follows from (4.B.9) that ~ is convex, and
therefore v is starshaped. That is,
— ——1
Fo(F(G(G._(v))

u

is increasing in u € [0, 1].

Equivalently, -
Fo(F~(u))
Ge(G~1(u))

and (4.B.8) is obtained. O

is decreasing in u € [0, 1],

The random variable X is said to be smaller than Y in the NBUE order
(denoted by X <ypue Y) if

m(F () _ EX
G T(w) S oy for all u € [0, 1]. (4.B.10)

Note that (4.B.10) is the same as the condition
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oo

1~ 1
EX < EY . . .
X /Fl(u) Flz)de < Gil(u)G(x)dx forall w € [0,1].  (4.B.11)

Condition (4.B.11) can be written equivalently as

Hp'(w)  Hg'(u)
EX — EY
From (4.B.11) and (3.C.1) it follows that if EX = EY, then X <ppue

Y <= X <. Y. In other words, for nonnegative random variables X and Y
we have

for all u € [0, 1].

X Y
< — <o ——.
X >nbue Y & EX >ew EY
Without the condition that EX = EY the orders <,pu.. and <, are distinct
(see Kochar, Li, and Shaked [316]).

The following result is immediate from (4.B.7) and (4.B.10).

(4.B.12)

Theorem 4.B.21. Let X and Y be two random variables, each with support
of the form [0,a). If X <qmn Y, then X <jpue Y.

In the following two theorems some further relationships among some or-
ders are proven.

Theorem 4.B.22. Let X and Y be two random variables, each with support
of the form [0,a). If X <, Y, then X <ppye Y.

-1
Proof. If X <, Y, then, from Theorem 4.B.9, we have that g?léu; is increas-
bl u

-1 1
ing in u € [0,1 4.B.1)). Therefore, Za ) < Ho ) _ BY = 7
ing in u € [0, 1] (see ( ) erefore, Z€ros < Fere = By

Recall from Theorem 3.B.16 that for random variables with the same
means the dispersion order implies the convex order. Thus, from Theorem
4.B.2 it follows that for nonnegative random variables X and Y with finite
means, such that X(EX)™! <y Y(EY)™!, we have that the star order im-
plies the Lorenz order. However, a stronger result is true — one can obtain
the Lorenz order without assuming any usual stochastic comparison associ-
ated with X and Y. This follows from Theorem 4.B.22 and the next result.

Theorem 4.B.23. Let X and Y be two nonnegative random variables. If
X <nbue Y7 then X <Lorenz Y.

Proof. The proof follows at once from (4.B.11) and (3.C.8). O

A summary of the implications among orders that were mentioned so far
in this section is given in the following chart.

X< Y == XL Y = X<,Y
Y U

X Sdmrl Y= X Snbuc Y =X SLorcnz Y



224 4 Univariate Monotone Convex and Related Orders

Remark 4.B.24. Using the above facts, we provide here a simple proof of The-
orem 4.A.68. Recall from Theorem 4.B.6 that for any p > 0 we have that
X <, Y if] and only if, X? <, YP. Thus, from (4.A.44) and from Theo-
rems 4.B.22 and 4.B.23 it is seen that if X <, Y, then X? <piren, YP. This
observation, again with the aid of (4.A.44), proves Theorem 4.A.68.

The orders <gmr and <ppue can be used to characterize, respectively,
DMRL and NBUE random variables as follows.

Theorem 4.B.25. Let Exp denote any exponential random variable (no mat-
ter what its mean is). Let X be a nonnegative random variable. Then

X is DMRL <= X <gmn Exp, and
X is NBUE <= X <jpue Exp.

The theorem follows at once from the definitions and the observation that
the mrl function of an exponential random variable is a constant.

Recall from (1.A.19) the definition of the TTT transform. We will now
introduce and discuss an order that is defined through a comparison of TTT
transforms. Let X and Y be two nonnegative random variables with distribu-
tion functions F' and G, respectively. If

Folu) GTH(u)
/ F(z)dz < / G(z)dz, for all uwe (0,1) (4.B.13)
0 0

then X is said to be smaller than 'Y in the TTT order (denoted by X <ty Y).
A simple sufficient condition for the order <;y is the usual stochastic order:

X Sst Y - X Sttt Y (4B14)

In order to verify (4.B.14) one may just notice that if X < Y, then F~1(u) <
G~ Y(u) for all u € (0,1) (see (1.A.12)).
By letting uw — 1 in (4.B.13) it is seen that

From (4.B.11) and (4.B.13) it follows that if EX = EY, then X <
Y <= X >,pue Y. In other words, for nonnegative random variables X and
Y we have

X Y
X Zubue ¥ = EX <ttt ﬁ;
see a similar relation in (4.B.12).
It is easy to see that for any two nonnegative random variables X and Y
we have
X Sttt Y = aX Sttt aY for any a > 0.

An important closure property of the order <, analogous to Theorem
3.C.4, is given next.
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Theorem 4.B.26. Let X and Y be two finite mean 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 <ot Y = d(X) <pur H(Y).
As a corollary we obtain an analog of (3.C.8):

Corollary 4.B.27. Let X and Y be two finite mean continuous nonnegative
random variables with interval supports, and with 0 being the common left
endpoint of the supports. Then

X< Y = X S0 V0

Proof. Suppose that X <y Y. Let ¢ be an increasing concave function
defined on [0,00). Define ¢(-) = ¢(-) — ¢(0), so that ¢(0) = 0. From
Theorem 4.B.26 we obtain #(X) <wt &(Y). Hence from (4.B.15) we get
E[¢(X)] < E[¢(Y)], and this reduces to E[¢(X)] < E[¢(Y)], provided the
expectations exist. 0O

An interesting closure property of the order <i;, analogous to Theorem
3.C.11, is given next.

Theorem 4.B.28. Let X1, Xo,... be a collection of independent and iden-
tically distributed random variables, and let Yi,Ys,... be another collec-
tion of independent and identically distributed random wvariables. Also, let
N be a positive, integer-valued, random wvariable, independent of the X;’s
and of the Y;’s. If X1 and Y7 are nonnegative, and if X7 <t Y1, then
HliIl{)(l,)(Q7 . 7XN} Sttt min{Yl,Yg, . 7Y'N}.

Some interesting connections between the order <t and observed total
time on test random variables are given in the next theorem. Let X and Y be
two nonnegative random variables. Recall from Section 1.A.4 the definition of
the observed total time on test random variables Xy and Yigs.

Theorem 4.B.29. Let X and Y be two nonnegative random variables. Then
Kt Sst Yiee = X <ge ¥V

and
X <o Y = Xior Ztor Yets-

Some related results can be found in Theorems 1.A.29, 3.B.1, 4.A.44, 4.B.8,
and 4.B.9.

The following example describes comparisons of random variables that
arise in the model of imperfect repair, and as the lifetimes of series systems.
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Example 4.B.30. Let X be a nonnegative random variable with survival func-
tion F. For > 0, let X () denote a random variable with the survival function
(F)?. Similarly, if Y is a nonnegative random variable with the survival func-
tion G, then denote by Y (6) a random variable with survival function (G)".
Suppose that both X and Y have 0 as the left endpoint of their supports.

(a) Ife > 1, then X Sttt Y = X(@) Sttt Y(G)
(b) If 9 < 17 then X(@) Sttt Y(@) — X Sttt Y

A generalization of the TTT order is described next. This generalization
contains as special cases the orders <g, <ji;, and <. Let $ denote the set
of all functions h such that h(u) > 0 for u € (0, 1), and h(u) = 0 for u & [0, 1].
For h € §, if

F~(p) G (p)
[ e [T nGE@)s pe 0.,
then we say that X is smaller than Y in the generalized total time on test
transform order with respect to h. We denote this by X SE&) Y.

Ezxample 4.B.31. Let X and Y be random variables with the same left end-
point of support a > —oo. Let h be a constant function on [0, 1]; that is,
h(u) = ¢, u € [0,1], for some ¢ > 0, and h(u) = 0 otherwise. Then X SE@ Y
if, and only if,

F~'(p) <G7H(p), pe(0,1);

that is (by (1.A.12)), if, and only if, X <4 Y.

Ezample 4.B.32. Let h(u) = u, v € [0,1], and h(u) = 0 otherwise. Then
X SE&) Y if, and only if,

F~Y(p) G p)
/ F(z)dx < / G(z)dz, pe(0,1);

that is, if, and only if, X <j;; Y’; the order <j;, is defined in Section 3.C.1.

Example 4.B.33. Let X and Y be nonnegative random variables with 0 being

the left endpoint of their supports. Let h(u) =1 —u, u € [0,1], and h(u) =0

otherwise. Then X 3&?3 Y if, and only if,

Fl(p) _ GTHp) _
/ F(z)dx < / G(z)dz, pe(0,1);
0 0

that is, if, and only if, X < Y.
The next result describes a relationship among the orders SE&) for different
h's.
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Theorem 4.B.34. Let X and Y be two random wvariables with continuous
distribution functions, having 0 as the left endpoint of their supports. Let
hi,hs € . Suppose that

ha(u)/hy(u) is decreasing on (0,1).

Then
X Sgltl) Y =X SE?S) Y.

Remark 4.B.85. In Theorem 4.B.34 let hy(u) = u and he(u) = ¢ for some

constant ¢ > 0, u € [0,1]. Then by Theorem 4.B.34, X <"y — x <)
Y; that is, by Examples 4.B.31 and 4.B.32,

X<pV=— X<,V (4.B.16)

when X and Y are two random variables with continuous distribution func-
tions, having 0 as the left endpoint of their supports.

Recall from Theorem 3.B.13(a) that if X and Y have 0 as the left endpoint
of their supports, then X <gjsp ¥ = X < Y. It is not hard to see that
X <agisp Y = X <j;, Y. Thus (4.B.16) strengthens Theorem 3.B.13(a) when
X and Y have 0 as the left endpoint of their supports.

Some relationships between the usual stochastic order <y and the orders
SE&) are given next.
Theorem 4.B.36. Let X and Y be two nonnegative random variables with

continuous distribution functions, having 0 as the left endpoint of their sup-
ports. Let h € 9.

(a) If h is decreasing on [0,1], then X <4 Y — X SE@ Y.
(b) If h is increasing on [0,1], then X <MY — X <, Y.

A relationship between the order <;., and some orders SEZ;) is described
next.

Theorem 4.B.37. Let X and Y be two random wariables with continuous
distribution functions, and supports [0,a) and [0,b), respectively, for some
finite or infinite constants a and b. Let h € § be decreasing on [0,1]. Then

X<y —=X<,Y

4.C Complements

Section 4.A: Some standard references for the monotone convex and con-
cave orders are Ross [475] and Miiller and Stoyan [419], where many of
the results that are described in Section 4.A can be found. The character-
izations of the order <;.x by means of the quantile functions (Theorems
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4.A.3 and 4.A.4) are taken from Sordo and Ramos [538]. The condition
(4.A.8) is studied in Hirlimann [251]; there it is called the RaC (risk-
adjusted capital) order. The present version of the characterizations of
the orders <j.x and <i.,, given in Theorem 4.A.5, is taken from Miiller
and Riischendorf [415]. The two characterizations of the order <j.y, given
in Theorem 4.A.6, can be found in Makowski [378]; an alternative proof
of these results is given in Miiller [407]. The result that gives the clo-
sure under random convolutions property of the monotone convex and
concave orders (Theorem 4.A.9) and its proof are taken from Ross and
Schechner [477]. Extensions of Theorem 4.A.9 are given in Jean-Marie
and Liu [254]; for example, the results mentioned in Remark 4.A.10 can
be found there. Theorem 4.A.11 can be found in Fagiuoli and Pellerey
[186]. The comparisons of the random sums in Theorems 4.A.12-4.A.14
are motivated by ideas in Pellerey and Shaked [455]; they can be found
in Pellerey [450]. The result that gives the closure under general convex
increasing transformations property of the increasing convex order (Theo-
rem 4.A.15) and its proof can be found in Ross [475]. The ordering of the
maxima in the sense of <;.x (Corollary 4.A.16) is implicit in Theorem 9 of
Li, Li, and Jing [354]. The increasing convex order comparison of maxima
of partial sums (Theorem 4.A.17) is taken from Shao [535]; see also Bu-
linski and Suquet [114]. The icx and icv comparisons of ratios (Example
4.A.19) are restatements of results of Pellerey and Semeraro [454]. The
result that gives the closure under mixtures property of the increasing
convex and concave orders (Theorem 4.A.20) has been motivated by a
result of Ahmed, Soliman, and Khider [10]. The Laplace transform char-
acterization of the orders <j.x and <i., (Theorem 4.A.21) is essentially
taken from Ross and Schechner [477] and from Shaked and Wong [524]. A
proof of the characterization of the increasing convex order by means of
the number of crossings of two distribution functions (Theorem 4.A.23)
can be found in Miiller [407]. The characterization of the order <, by
the order <;.x (Theorem 4.A.24) is taken from Brown and Shanthikumar
[112]. The closure property of the order <,,,; given in Remark 4.A.25 is
also taken from Brown and Shanthikumar [112]. The sufficient condition
for the increasing concave order in Theorem 4.A.27 is given on page 484
of Landsberger and Meilijson [329]. The fact that the order <p,, implies
the order <j.x (Theorem 4.A.28) can be found in Fagiuoli and Pellerey
[185]. The relationship between the orders <g; and <jcx that is described
in Theorem 4.A.30 and in Corollary 4.A.31 can be found in Belzunce,
Pellerey, Ruiz, and Shaked [72]. The relationship between the orders <.y
and <jex that is described in Corollary 4.A.32 can be found in Fagiuoli,
Pellerey, and Shaked [188]; in Kochar, Li, and Shaked [316] it is shown
that Corollary 4.A.32 can be easily obtained from Theorem 3.C.4. The re-
sult about the expected values of the extremes and the increasing convex
order (Theorem 4.A.33) is taken from Downey and Maier [170]. The bi-
variate characterizations of the orders <y, <y, and <y, in Theorem 4.A.36



4.C Complements 229

are taken from Righter and Shanthikumar [466]; its application (Theorem
4.A.37) is taken from Kijima and Ohnishi [292]. The increasing convex and
concave comparisons of linear functions of random variables with random
coefficients, whose parameters are comparable in the majorization order
(Theorems 4.A.38 and 4.A.39 and Corollary 4.A.40), are taken from De-
nuit and Frostig [144]; further results of this type can be found there.
The characterizations of the dilation and the icx orders by means of the
increasing convex order (Theorems 4.A.41 and 4.A.42) are taken from
Sordo and Ramos [538]. The characterization of the excess wealth order
by means of the increasing convex order (Theorem 4.A.43) can be found in
Belzunce [63]. The inheritance of the icv order by the observed total time
on test random variables (Theorem 4.A.44) is given in Li and Shaked [356].
The icx order comparisons of a sum of independent heterogeneous bino-
mial random variables with a proper binomial random variable (Example
4.A.45) is taken from Boland, Singh, and Cukic [102]. The necessary and
sufficient conditions for the comparison of normal random variables (Ex-
ample 4.A.46) are taken from Miiller [413]. The icx comparison of average
of exponential random variables with the largest among them (Example
4.A.47) can be found in Argon and Andradéttir [16]. The condition for
stochastic equality in the icx case of Theorem 4.A.48 can be found Bhat-
tacharjee and Bhattacharya [87]; the condition for stochastic equality in
the icv case of Theorem 4.A .48 follows from the above condition and from
Theorem 4.A.1. The condition for stochastic equality in Theorem 4.A.50
is taken from Sordo and Ramos [538]. The characterization of the DMRL
and IMRL aging notions by means of the increasing convex order (Theo-
rem 4.A.51) can be found in Cao and Wang [117], who also defined and
studied the classes of NBUC and NWUC random variables. The terminol-
ogy of NBUM and NWUM is due to Bergmann [81]. The characterization
of NBUC random variables, given in (4.A.32), is taken from Belzunce,
Ortega, and Ruiz [71]. The notions of NBU(2) and NWU(2) are defined
in Deshpande, Kochar, and Singh [160]. The extension of the sufficiency
condition in Theorem 4.A.51, given in Theorem 4.A.52, is taken from Li
and Zuo [359]. Most of the results about the starshaped order (Section
4.A.6) can be found in Alzaid [13]. Most of the results on the orders <, jcx
and <, icy (Section 4.A.7) are taken from Rolski [473]; see also Mukherjee
and Chatterjee [404], Fishburn and Lavalle [204], Wang and Young [558],
Cheng and Pai [129], and references therein. Lefevre and Utev [339] stud-
ied some stochastic orders among discrete random variables by replacing
the integrals in (4.A.36) and in (4.A.37) by summations. Fishburn and
Lavalle [204] also studied discrete analogs of the <, ;. orders. Thorlund-
Petersen [549] characterized the <s;., comparison of arithmetic random
variables. The definition of the order <., .y can be found in Thistle [548]
or in Fishburn and Lavalle [204] and in other references that are given
in the latter paper. The moment inequalities that are given in Theorem
4.A.58 are also taken from Fishburn and Lavalle [204]; see further ref-
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erences there, and see also Carletti and Pellerey [121]. Theorem 4.A.60
can be found in Denuit, Lefévre, and Utev [155]. The sufficient condi-
tions for the m-icx order, in terms of sign changes (Theorem 4.A.63),
are taken from Kaas and Hesselager [270]; the stochastic comparisons of
the Gamma, inverse Gaussian, and lognormal random variables (Exam-
ple 4.A.64) can also be found there. A variation of Theorem 4.A.65 can
be found in Hesselager [222]. Some results that are related to Theorem
4.A.66 have been derived in Denuit [140]. Fishburn [201, 202] and Stoyan
[540, page 22] extended the orders <, icx and <, icy by allowing m to be
any positive number (that is, not necessarily an integer). They did it by
letting the m in (4.A.38) and in (4.A.39) be any number greater than 0.
Shaked and Wong [524] considered orders defined by requiring the test
functions ¢ in (4.A.40) [respectively, (4.A.41)] to satisfy that ¢) [respec-
tively, (—1)7¢")] is increasing, j = 0,1,...,m — 1. Denuit, Lefevre, and
Shaked [151] studied the orders defined by requiring (4.A.38) and (4.A.39)
to hold as well as E(X —a)! < E(Y —a)’,i=1,2,...,m — 1, where a is
the left endpoint of the support of the underlying random variables, and
a is assumed to be finite. The results about the orders <,, <, , and <,_
(Theorems 4.A.67-4.A.69) are taken from Bhattacharjee and Sethuraman
[88], Bhattacharjee [83], Li and Zhu [351], and Jun [265]. Note that the
order that we denote by <,_ is not the same as, but is a modification
of, an order discussed by these authors. Some generalizations of Theorem
4.A.69 can be found in Cai and Wu [116]. The condition for stochastic
equality in Theorem 4.A.70 is taken from Sordo and Ramos [538]. The
discussion involving the orders S;ll is motivated by Muliere and Scarsini
[406]; extensions of these orders are developed in Wang and Young [558]
and in Maccheroni, Muliere, and Zoli [376].

Bhattacharjee [85] studied the order <., under the restriction that the
compared random variables are discrete.

Baccelli and Makowski [28] denote X <pr.st Y whenever (4.A.21) holds
(that is, X <pr.st ¥ <= X <pmn Y). They also define the orders <pr_cx
and <pR.icx in a similar manner, and they study many closure properties
of the orders <ggr.st, <FR-cx, and <gRr.icx. The order <gpg_icx is a “hybrid”
of the orders <pm (see (2.B.2)) and <jgcx (see (4.A.36)). It is defined by
saying that the nonnegative random variables X and Y satisfy X <pgr_icx
Y if (here F and G denote the survival functions of X and Y, respectively)

f;o fxff($1)d1d$2 - f;o f;;é(xl)dxldxg
EX - EY

Clearly, if EX = EY, then X <pr.iex Y if, and only if, X <oicx Y. The
order <pg.cx is defined by saying that the nonnegative random variables
X and Y satisfy X <pr.ex Y if X <prix Y and if E[X?]/E[X] =
E[Y?]/E[Y].

for all z > 0.
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Section 4.B: A good reference about the convex transform, star, and super-
additive orders is Barlow and Proschan [36], where further references can
be found. Many of the results given in this section can be found there. An-
other basic reference about the convex transform order is van Zwet [578].
The result about the relation of the star order and the dispersive order
(Theorem 4.B.1) is implicit in Shaked [503], whereas the results about
the relation of the superadditive order and the dispersive order (Theo-
rems 4.B.2 and 4.B.3) can be found in Ahmed, Alzaid, Bartoszewicz, and
Kochar [8]. The relationship between the star order and the icx order (The-
orem 4.B.4) is taken from Szekli [544, page 23]; the idea of the first part
of the proof of Theorem 4.B.4 is adopted from Arnold and Villasenor [21].
The property of the star order given in Theorem 4.B.6, when p = —1,
can be found in Taillie [546]; Rivest [469] has obtained it for a general
p # 0. The comparison of the exponential mixtures with respect to the
order <,, given in Example 4.B.7, is taken from Bartoszewicz [50]. The
characterization of the order <. by means of observed total time on test
random variables (Theorem 4.B.8) can be found in Barlow and Doksum
[34]. The proof of the implication that is given in Theorem 4.B.9 can be
found in Bartoszewicz [42, 45]. An interesting study of the relationship
between the convex transform, star, and superadditive orders and some
variability orders can be found in Metzger and Riischendorf [393]. A char-
acterization of the star order, by means of the monotonicity in & of the
ratio of the quantile functions of the corresponding order statistics Xy,
and Y{;) (see (4.B.6)), is given in Bartoszewicz [41]. The characterization
of the star order given in Theorem 4.B.10 is taken from Bartoszewicz
[45]. The star ordering of order statistics from uniform distribution (Ex-
ample 4.B.13) can be found in Jeon, Kochar, and Park [255]. The three
transform orderings of the epoch times of two nonhomogeneous Poisson
processes (Example 4.B.14) are given in Gupta and Kirmani [217]. The
result about the preservation of the convex transform, star, and super-
additive orders under formation of order statistics (Theorem 4.B.15) is a
special case of a result in Belzunce, Mercader, and Ruiz [70]. The results
about the convex transform, star, and superadditive order comparisons
of random minima and maxima (Example 4.B.16) are taken from Bar-
toszewicz [49]. An extension of Theorem 4.B.15 to order statistics from
samples with a random size can be found in Nanda, Misra, Paul, and
Singh [427]. This extension of Nanda, Misra, Paul, and Singh [427] also
extends the results in Example 4.B.16. The fact that the convex transform
order implies the usual stochastic order among ratios of spacings (Theo-
rem 4.B.17) can be found in Oja [440]. The result about the monotonicity
of the ratios of expected values of the order statistics which is implied
by the order <, (Theorem 4.B.18) is given in Bartoszewicz [45]; see also
Barlow and Proschan [35]. The inequalities between the expected values
of spacings from different samples (Theorem 4.B.19) are taken from Paul
and Gutierrez [443]. The discussion of the DMRL and the NBUE orders in
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Section 4.B.3 follows the work of Kochar and Wiens [319] and of Kochar
[306], although some of the proofs here are different; see also Belzunce,
Candel, and Ruiz [65] and Fernandez-Ponce, Kochar, and Mufioz-Perez
[195]. The discussion of the TTT order in Section 4.B.3 follows the work
of Kochar, Li, and Shaked [316]. The result about the preservation of the
TTT order under random minima (Theorem 4.B.28) is taken from Li and
Zuo [358]. The connections between the order <4; and observed total time
on test random variables (Theorem 4.B.29) can be found in Li and Shaked
[356]. The comparisons of random variables of interest in reliability the-
ory, given in Example 4.B.30, are taken from Li and Shaked [357]. The
generalization Sé@ of the TTT order has been introduced and studied in
Li and Shaked [357].

The definitions of the orders <., <, and <g,, given in Section 4.B.1,
are proper when the comparisons apply to distributions of nonnegative
random variables. Van Zwet [578], Lawrence [334], and Loh [365] study
modifications of these orders which apply to symmetric distributions.
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The Laplace Transform and Related Orders

The most important common order that is studied in this chapter is the
Laplace transform order. Like the orders that were discussed in Chapter 4,
the Laplace transform order compares random variables according to both
their “location” and their “spread”. T'wo other useful orders, based on ratios
of Laplace transforms, are also discussed in this chapter. In addition, some
other related orders are investigated in this chapter as well.

5.A The Laplace Transform Order

5.A.1 Definitions and equivalent conditions

The relations X < Y, X < Y, X <ix YV, and X <y Y, as well as
many others, are defined by requiring E[¢(X)] < E[¢(Y)] to hold for all
functions ¢ in some class of functions. For example, the class of functions
which corresponds to the usual stochastic order is the class of all increasing
functions. The order that is discussed in this section corresponds to the class
of functions ¢ of the form ¢(x) = —e™5* where s is a positive number.
More explicitly, let X and Y be two nonnegative random variables such
that
Elexp{—sX}] > Elexp{—sY}] forall s > 0. (5.A.1)

Then X is said to be smaller than Y in the Laplace transform order (denoted
by X <r; Y). Throughout this section we consider only nonnegative random
variables.

For a nonnegative random variable X with distribution function F' and
survival function F = 1 — F, denote by

f*(s) = /OOo e **dF(z) and F (s)= /000 e 5" F(x)dx

the Laplace-Stieltjes transform of F' (or the Laplace transform of X) and the
Laplace transform of F', respectively. Then it is easy to verify that
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F'(s)=s"1(1— f*(s)) forall s> 0. (5.A.2)
Using (5.A.2), the following result is easy to verify.

Theorem 5.A.1. Let X and Y be two nonnegative random variables with
survival functions F' and G, respectively. Then X <11 Y if, and only if,

/ e F(z)dx < / e **G(z)dz  for all s > 0. (5.A.3)
0 0

Note that (5.A.3) can be written as
Emin{X,Es;} < Emin{Y, E,} forall s >0, (5.A.4)

where Ej is an exponential random variable with mean 1/s, which is indepen-
dent of X and of Y.

Using (5.A.2) it is also easy to verify the statement that is given in the
following remark.

Remark 5.A.2. Let X and Y be two positive random variables, and let F; be
a mean 1 exponential random variable which is independent of both X and
Y. Define X = E;/X and Y = E,/Y; that is, the distributions of both X

and Y are scale mixtures of exponential distributions. Then
X< V=Y <, X.
See similar results in Example 4.B.7 and in Remark 5.B.1.
If X <11 Y, then (1 — Elexp{—sX}])/s < (1 — Elexp{—sY}])/s for all
5 > 0. Letting s | 0 it is seen that
X<t Y = EX < FEY, (5.A.5)

provided the expectations exist.

A function ¢ : [0,00) — R is said to be completely monotone if all its
derivatives ¢(™ exist and satisfy ¢(0)(z) = ¢(x) > 0, ¢ (z) < 0, ¢ (z) >
0,...; that is, ¢ is completely monotone if (—1)"¢™ (z) > 0 for all > 0 and
n=0,1,2,.... It is well known that ¢ is completely monotone if, and only if,
there exists a measure p on (0,00) such that

o) = [ e utaw).

Therefore, if X <rt Y and ¢ is completely monotone, then

Blo(0)) = B[ [ e utau)] = / " Bl X pu(du)

0
2/ Ele™Y"u(du) = E[#(Y)],
0

provided the expectations exist. The function ¢, which is defined by ¢(z) =
exp{—sz}, is completely monotone for each s > 0. We thus have proven the
following characterization of the order <y.
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Theorem 5.A.3. Let X and Y be two nonnegative random variables. Then
X <14 Y if, and only if,

Elp(X)] = E[p(Y)] (5.A.6)

for all completely monotone functions ¢, provided the expectations exist.
A similar result is the following.

Theorem 5.A.4. Let X and Y be two nonnegative random variables. Then
X <14 Y if, and only if,

E[¢(X)] < E[¢(Y)]

for all differentiable functions ¢ on [0, 00) with a completely monotone deriva-
tive, provided the expectations exist.

Next we characterize the order <y by a function of the respective mo-
ments. In order to do that we notice that if X is a nonnegative random
variable with survival function F' such that all its moments exist, then

* 751756 T = - (_S)Z ooxi*x T = - (_S)i EXiJrl
/OeF()dZ /OF()d = .

7! i i+1
=0 =0 +

Using this fact and Theorem 5.A.1, the proof of the next theorem is apparent.

Theorem 5.A.5. Let X and Y be nonnegative random variables that possess

moments p; and v;, respectively, i =1,2,.... Then X <y Y if, and only if,
oo ; [ee] ;
(—s)" (=s)"
i < - 1 lls>0.
; i+ = ; it Joralts

A Laplace transform characterization of the order <p; is stated next. It
may be compared to Theorems 1.A.13, 1.B.18, 1.B.53, 1.C.25, 2.A.16, 2.B.14,
and 4.A.21. We omit its proof.

Theorem 5.A.6. Let X; and X5 be two nonnegative random variables, and
let N)(X1) and Nx(Xs3) be as described in Theorem 1.A.13. Then

X1 <pp Xo <— N)\(Xl) <Lt N)\(XQ) fO?“ all X > 0.

5.A.2 Closure and other properties

Using (5.A.1) and (5.A.6) it is easy to prove each of the closure results in the
following theorem. The first part of the theorem follows from the observation
that if ¢ is a completely monotone function and g is a positive function with
a completely monotone derivative, then ¢(g) is completely monotone. Com-
ments about the proof of the last part are given after the statement of the
theorem. (Recall from Section 1.A.3 that for any random variable Z and any
event A we denote by [Z|A] any random variable whose distribution is the
conditional distribution of Z given A.)
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Theorem 5.A.7. (a) If X <11 Y and g is any positive function with a com-
pletely monotone derivative, then g(X) <14 g(Y).

(b) Let X, Y, and © be random variables such that [X|© = 6] <p; [Y|O =
0] for all 0 in the support of ©. Then X <14 Y. That is, the Laplace
transform order is closed under miztures.

(c) Let {X;, j=1,2,...} and {Y;, j =1,2,...} be two sequences of random
variables such that X; =g X and Y; =4 Y as j — oo. If X; <1 Yj
j=1,2,..., then X <1 Y.

(d) Let X1,Xs,..., X, be a set of independent random wvariables and let
Y1,Ys, ..., Y, be another set of independent random variables. If X; <4
Y; fori=1,2,...,m, then

g(X17X27"'7Xm) SLt g()q?YQ?""Ym)

for all nonnegative functions g on [0,00)™ such that (0/0x;)g(x1,xa,. ..,
xn) 18 completely monotone in x;, i = 1,2,...,m. In particular, the
Laplace transform order is closed under convolutions.

The proof of Theorem 5.A.7(d) is very similar to the proof of Theorem
4.A.15. The basic difference is that one should use Theorem 5.A.7(a) rather
than Theorem 4.A.8(a) in the first step of the inductive argument.

Another closure property of the order <p is described in the following
theorem.

Theorem 5.A.8. Let X1, Xo,... and Y1,Y5,... each be a sequence of non-
negative independent random variables, and let M and N be integer-valued
positive random variables that are independent of the {X;} and the {Y;} se-
quences, respectively. Suppose that there exists a nonnegative random variable
Z such that X; <14 Z <14 Y; for alli and j. If M <14 N, then

M N
Z X <rt Z Y;.
j=1 j=1
Proof. Note that for all s > 0 we have
M 00 n
E {exp{ - SZX]-H = Z P{M =n} H Elexp{—sX,}]
j=1 n=1 j=1
> 3" P(M = nj(Elexp(~s2})"
= Z P{M = n}exp{—n(—log Elexp{—sZ}])}

n=1

> Z P{N = n} exp{—n(—log Elexp{—sZ}])}

n=1
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=Y P{N =n}(Elexp{-sZ}])"
n=1

>3 P{N =n} H Elexp{—sY;}]

:E{exp{—siifjﬂ,

J=1

where the first and the last equalities follow from the independence of M and
N of the {X;} and the {Y;} sequences, the first and the last inequalities follow
from X; <11 Z <r Y for all 7 and j, and the middle inequality follows from
M <i4 N. The stated result now follows. 0O

As a corollary of Theorem 5.A.8 we obtain the next result, which is an
analog of Theorem 4.A.9. It is worthwhile to point out that Theorem 7.D.7,
which is proven in Section 7.D.1, is a more general result than the following
theorem.

Theorem 5.A.9. Let X1, Xo,... and Y1,Y5,... each be a sequence of non-
negative independent and identically distributed random wvariables such that
X<t Y;,i=1,2,.... Let M and N be integer-valued positive random vari-
ables that are mdependent of the {X;} and the {Y;} sequences, respectively,
such that M <y; N. Then

M N
DX Su ) Y
j=1 j=1

A result that is related to Theorem 5.A.9 is given next. It is of interest to
compare it to Theorems 1.A.5, 2.B.8, 3.A.14, and 4.A.12.

Theorem 5.A.10. Let {X;, j = 1,2,...} be a sequence of nonnegative in-
dependent and identically distributed random variables, and let M be a pos-
itive integer-valued random wvariable which is independent of the X;’s. Let
{Y;, j = 1,2,...} be another sequence of independent and identically dis-
tributed random variables, and let N be a positive integer-valued random vari-
able which is independent of the Y;’s. Suppose that for some positive integer
K we have

K
> X <we [Pl 1,
i—1

and
M <p; [>1nt] KN.

Then

N
ZX <tt [>L4) ZYJ
j=1
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We do not give a detailed proof of Theorem 5.A.10 here since it is similar
to the proof of Theorem 4.A.12 in Section 4.A.1.

Two other similar theorems are the following. Their proofs are similar to
the proofs of Theorems 4.A.13 and 4.A.14 in Section 4.A.1.

Theorem 5.A.11. Let {X;, j = 1,2,...} be a sequence of nonnegative in-
dependent and identically distributed random variables, and let M be a pos-
itive integer-valued random variable which is independent of the X;’s. Let
{Y;, j = 1,2,...} be another sequence of independent and identically dis-
tributed random variables, and let N be a positive integer-valued random vari-
able which is independent of the Y;’s. Also, let {N;, j =1,2,...} be a sequence
of independent random variables that are distributed as N. If for some positive
integer K we have

K K
ZXi <wYr and M <y ZNz',
i=1 i=1

or if we have

KX <t Y1 and M <i4 KN,

or if we have

K
KXy <Y1 and M < Y N,
i=1
then
M N
> X< )Y
j=1 j=1

Theorem 5.A.12. Let {X;, j = 1,2,...} be a sequence of nonnegative in-
dependent and identically distributed random variables, and let M be a pos-
itive integer-valued random wvariable which is independent of the X;’s. Let
{Y;, j = 1,2,...} be another sequence of independent and identically dis-
tributed random variables, and let N be a positive integer-valued random vari-
able which is independent of the Y;’s. If for some positive integers K1 and Ko,
such that K1 < K5, we have

K, K
ZXi <rt ?1},1 and M <p; KN,
2

i=1

then
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Recall from page 2 the definition of the majorization order a < b among
n-dimensional vectors.

Theorem 5.A.13. Let X1, Xo,...,X,, be independent nonnegative random
variables. Let a4 > as > -+ > ap > 0 and by > by > --- > by, > 0 be
constants such that a < b. If

X1 <o Xo S Son X,

then

m m m m
> aiXi < Y amoinXi and Y biXi <pe > a;X;
i=1 i=1 i—1 =1

Proof. By Theorem 5.A.7(d) the order <p is closed under convolutions. Thus,
it suffices to prove the stated results for m = 2.

Select an s > 0. In Theorem 1.B.50(b), take a(z) = ¢~ *** and f(z) =
e~ "% to obtain

Elexp{—s(a1X1 + a2X2)}] > Elexp{—s(a1 X2 + a2 X1)}], s>0;

that iS, a1X1 + a2X2 SLt alXQ + a2X1.
In order to prove the second statement, take a(xz) = e~92%* and f(x) =
e~25% in Theorem 1.B.50(b) to obtain

Elexp{—b2Xas}] S Elexp{—b2X15s}]
Elexp{—a2Xss}] = Elexp{—a2Xis}]’

s> 0. (5.A.7)

Also, by Theorem 3.A.35 we have a1 X1 + a2 XT <c¢x b1X1 + b2 X7, where X7
is an independent copy of X;. Therefore, a1 X1 + a2 X7 >rt b1 X1 + b2 X7, and
hence,

Elexp{—b2X1s}] Elexp{—b2X7{s}] _ Elexp{—a1Xis}]

Elexp{—a2X1s}] - Elexp{—axX7s}] =z Elexpl—b1 X15)]’ 52> 0.
(5.A.8)

Combining (5A7) and (5A8) we obtain b1X1 + bQXQ SLt CL1X1 + ang. O

The Laplace transform order is closed under linear convex combinations
as the following theorem shows. This result is an analog of Theorem 3.A.36,
and its proof is similar to the proof of that theorem; therefore the proof is
omitted. Similar results are Theorems 5.C.8 and 5.C.18.

Theorem 5.A.14. Let X1, Xs,..., X, and Y be n + 1 random variables. If
X; 2w Y,1=1,2,...,n, then

n
D aiX; > Y,
i=1

whenever a; >0,i=1,2,...,n and Y, a; = 1.
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A result that is similar to Theorems 1.A.8, 3.A.43, 3.A.60, 4.A.69, 6.B.19,
6.G.12, 6.G.13, and 7.A.14-7.A.16, is the following.

Theorem 5.A.15. Let X and Y be two nonnegative random variables. Sup-
pose that X <py Y and that E[X%) = E[Y?] for some a < 0 or for some
a € (0,1), provided the expectations exist. Then X =4 Y.

The function ¢ defined by ¢(x) = exp{—sz} is decreasing and convex for
each s > 0. Therefore —¢ is increasing and concave. We thus obtain the next
result.

Theorem 5.A.16. Let X and Y be two nonnegative random variables. If
X <o Y, then X <14 Y. In particular, if X <4 Y, then X <y Y.

In fact, from (4.A.41) it follows that if X <, Y, for any m, then
X <it Y. For random variables with finite supports we have the following
characterization of the Laplace transform order by means of the orders <, icv
that were studied in Section 4.A.7.

Theorem 5.A.17. Let X andY be two random variables with finite supports.
Then X <yt Y if, and only if, X <ecicv Y (where <o oicy s defined in
(4.A.42)).

Another strengthening of Theorem 5.A.16 is stated and proven next. Recall
from Section 4.A.7 the definition of the order <,_.

Theorem 5.A.18. Let X and Y be two nonnegative random variables. If
X <p_ Y for somep <1, then X <1 Y.

Proof. Recall from (4.A.45) that if X <,_ Y, then X? <;., YP. Select an
s> 0. Define ¢(z) = e ** and let

1/p

h(z) = qb(xl/p) =e "

It is easy to verify that the function h is decreasing and convex, and therefore
—h is increasing and concave. From the fact that X? <;., Y? it follows that

—E[n(X")] < —E[n(Y")],

or, equivalently, that
E[e_sx] > E[e_sy].

Since the latter inequality holds for all s > 0 it follows that X <;; Y. 0O

Closure properties of an order under the operation of taking minima are of
importance in reliability theory. The next result gives conditions under which
the order <p is closed under this operation. We do not give the proof here.
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Theorem 5.A.19. Let the independent nonnegative random variables X1, Xo,
ey X Y1, Y5, Y, have the survival functions Fi,Fo,...,F.,, G1,Go,

.G, respectively. If X; <y Vi, i = 1,2,...,m, and F; and G;, i =
1,2,...,m, are completely monotone, then

min{ X1, Xo,..., X} <pt min{Y1,Ys,..., Y, }.

Remark 5.4.20. Let {X, X1, Xa,...} be a set of nonnegative independent
and identically distributed random variables, and let {Y,Y7,Y>,...} be an-
other set of nonnegative independent and identically distributed random vari-
ables. Denote by X(;.,) the ith order statistic in a sample of size n from
{X1,X2,...}, and denote by Y(;.,) the ith order statistic in a sample of size
n from {¥1,Ys,...}. If X <qisp Y, then, by Theorem 3.B.31, for 2 < i < n we
have X(i.n) — X(i—1:n) Sst Y(izn) — Y(i—1:n), and therefore, by Theorem 5.A.16,
we have

X(i:n) - X(i—l:n) <t }/(i:n) - Yv(i—l:n)a 2<i<n. (5A9)

Bartoszewicz [46] proved a similar result. He showed that if X <g;sp Y, and
if the X;’s and the Y;’s are independent, then

X(zn) + Y(i—l:n) <Lt X(i—l:n) =+ )/(i:n)7 2<i<n. (5A10)

This is different from (5.A.9) because X(;_1.,) and X(;.,) (and Y(;_1.,) and
Y(imy) in (5.A.9) have a particular joint distribution, whereas (5.A.10) involves
only the marginal distributions of X; 1.,y and X(;.n) (and of Y{;_1.,) and
Y(i:n)). Bartoszewicz [46] also proved that if X <gisp Y, and if the X;’s and
the Y;’s are independent, then

X(n+1—i:n+1) + Y—(n—i:n) <Lt X(n—zn) + Yv(n—&-l—i:n+l)7 0<i<n-—1,

and
X(zn) + Yr(i:n«#l) <it X(i:n+1) =+ )/(i:n)7 1<i<n.

In reliability theory, motivated by (3.A.62) and Theorem 5.A.16, one may
consider the class of nonnegative random variables X which satisfy

X > [<ui] Exp(p) (5.A.11)

or, equivalently,

/ e " P{X > u}du > [<] for s > 0,
0

14 sp
where p is the mean of X. Such random variables have interesting aging
properties. From Theorems 3.A.55 and 5.A.16 it is seen that if X is NBUE
[NWUE], then X satisfies (5.A.11).

Some researchers studied random variables X which satisfy



242 5 The Laplace Transform and Related Orders
X >y Gamma(o, §),

where Gamma(c, 3) denotes a Gamma random with shape parameter o and
scale parameter 3, which has the same mean as X. See Klar [300], Hu and
Lin [228], and references therein.

Let X be a nonnegative random variable with a finite mean. Recall the
definition of the asymptotic equilibrium age Ax whose distribution function
is given in (1.A.20). Let Y be another nonnegative random variable with the
corresponding asymptotic equilibrium age Ay . From (5.A.3) it is seen at once
that if EX = EY, then

X <y Y <= Ax >4 Ay. (5A12)

The next result indicates the “minimal” and the “maximal” random vari-
ables, with respect to the order <r;, when the mean and the variance are
given. It is worthwhile to contrast it with Theorem 3.A.24.

Theorem 5.A.21. Let Y be a nonnegative random variable with mean p and
variance o2. Let X be a random variable such that P{X =0} =1 — P{X =
(12 + %) /u} = 0% /(4 + 02) (so that EX = p and Var(X) = 0?) and let Z
be a random wvariable degenerate at . Then

X <1 Y <14 Z. (5.A.13)

Proof. The right-side inequality in (5.A.13) follows at once from Jensen’s In-
equality. Let F' and G be, respectively, the survival functions of X and Y. In
order to obtain the left-side inequality in (5.A.13) we will show that

/ e S F(x)dx < / e 5*G(z)dx for all s > 0. (5.A.14)
0 0

The result will then follow from Theorem 5.A.1.

Define the functions a and 3 on (0,00) by a(r) = F(x)/p and B(x) =
G(z)/p. It is easy to see that both o and 3 are density functions with a
common mean (u? + 02)/2u. In fact, « is the density function of the uniform
distribution over the interval [0, (u? 4+ 02)/u), whereas 3 is a density which is
decreasing on [0, 00). From Theorem 3.A.46 it now follows that

> F(x) > G(x)
/0 ¢($)de§/0 qﬁ(m)de

for all convex functions ¢, and in particular (5.A.14) holds. O

A characterization of the hazard rate order, by means of the Laplace trans-
form order, is described in the following theorem. Recall from Section 1.A.3
that for any random variable Z and an event A we denote by [Z|A] any ran-
dom variable that has as its distribution the conditional distribution of Z
given A.
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Theorem 5.A.22. Let X and Y be two continuous random variables with
right support endpoints ux and uy, respectively. Then X <y, Y if, and only

i,

(X —t|X >8] <o [Y —t|Y >8] for all t < minfux,uy}. (5.A.15)
Proof. The fact that X <jp, Y implies (5.A.15) follows from (1.B.6) and The-
orem 5.A.16. In order to prove the converse, let us assume, for simplicity,

that ux = uy = oco. Denote by F and G the survival functions of X and Y,
respectively. Now note that

X—tyX>t Sy [Y —t|Y >t forallt

oo
(:)/ u+t)d §/ e Mdu for all t and s > 0
F(t) 0 G(t)
—sué d ral

— foo “FEu;du > igg for all t and s > 0

f e~s u)du

S e Gluydu

< W 1S 1ncreasing 1n t fOI' all s > 0 (5A16)

f e SU F(u)du

Lo—st[a(t st [ a=su T (,)d
ie r( ) —e ftoo 7(u) v is increasing in ¢ for all s > 0
semst F(t) — est ft e_S“F(u)d“]
Glt) — e [ e~ “Clu)d
N r( ) e foo ¢ (u) u] is increasing in ¢ for all s > 0, (5.A.17)
[F(t) et [ = F(u)du]

where the second from last equivalence follows by integration by parts.
Using the Dominated Convergence Theorem, it is not hard to see that
lim, e [ e *“F(u)du = lim,_ge® [ e *“G(u)du = 0. Therefore, let-
ting s — 0 in (5.A.17) we obtain that G(t)/F(t) is increasing in ¢; that is,
X<,Y. O

Remark 5.A.23. The equivalence of X <y, Y and (5.A.16), together with
(2.A.3), yield a proof of Theorem 2.A.6.

In the following example it is shown, under a proper condition which is
stated by means of the Laplace transform order, that random minima and
maxima are ordered in the usual stochastic order sense; see related results in
Examples 1.C.46, 3.B.39, 4.B.16, and 5.B.13.

Example 5.A.24. Let X1, X5,... be a sequence of nonnegative independent
and identically distributed random variables with a common distribution
function Fx, and a common survival function FXI. Let N7 and N5 be two
positive integer-valued random variables, which are independent of the X;’s,
and which have the Laplace transforms Ly, and Ly,. Denote X(.n,) =
min{ Xy, Xo,..., Xy, } and X(y,.n,) = max{Xy, Xo,...,Xn; },j = 1,2. Then
the survival function of X(;.y;) is given by
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FX(LN],>(x) = LNJ.(—logFX1 (z)), j=12.

It is thus seen that if Ny <p; No, then X(1.n,) =5t X(1:n,)- In a similar manner
it can be shown that if N3 <p; Na, then also X(n,.n;) <st X(Ny:N,)-

An example with a similar spirit is the following.

Example 5.A.25. Consider a compound Poisson process with rate A\ and dis-
tribution ¢. Suppose that this process is the (randoLn) hazard rate function
of a random variable X. Then the survival function F' of X is given by

F(t) = exp{ - /0 - Lo(s))ds}, 120, (5.A.18)

where Ly is the Laplace transform of ¢ (see Kebir [280, page 873]). Similarly
let Y have the survival function G given by

G(t) = exp{ - /t AL — Lg,(s)]ds}, t>0, (5.A.19)
0

where ¢ is a distribution function, and where L, is the Laplace transform of
. It is now seen that if the random variable associated with ¢ is larger, in the
Laplace transform order, than the random variable associated with ¢, then
G(t)/F(t) is increasing in t > 0; that is (see (1.B.3)), X <p, Y.

A variation of this result is given in Example 5.B.14.

When X is a nonnegative integer-valued random variable, then it is cus-
tomary and convenient to analyze it using its probability generating function
E[tX], t € (0,1), rather than its Laplace transform E[e=*%], s > 0. This fact
suggests the following definition.

Let X and Y be two nonnegative integer-valued random variables such
that

E[t*] > E[tY] forallt < (0,1). (5.A.20)
Then X is said to be smaller than Y in the probability generating function
order (denoted as X <, Y).

It is not hard to verify the following relation which holds for any nonneg-
ative integer-valued random variable X:

E[t])

Y HP{X>j} =t /P{X >} = t(l%

; for all t € (0,1).

j=1 §j=0
We thus obtain the following analog of Theorem 5.A.1.

Theorem 5.A.26. Let X and Y be two nonnegative integer-valued random
variables. Then X <.t Y if, and only if,

oo oo

Y HP{X >4} <> HP{Y >j} forallte(0,1).
j=1 J=1

It is easy to see that (5.A.20) holds if, and only if, (5.A.1) holds. That is,
X Spgf Y <— X <1 Y.
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5.B Orders Based on Ratios of Laplace Transforms

5.B.1 Definitions and equivalent conditions

In this section, for a nonnegative random variable X with distribution function
F and survival function ' =1 — F, let us denote by

Lx(s) = /000 e **dF(z) and L%(s)= /000 e 5" F(z)dx

the Laplace-Stieltjes transform of F' (or the Laplace transform of X) and
the Laplace transform of F', respectively. If Y is another nonnegative random
variable, we similarly define Ly and Lj,. If

Ly (s)

Lx(s)

then X is said to be smaller than Y in the Laplace transform ratio order
(denoted by X <y, Y). If

1-— Ly(s)

1— Lx(S)

is decreasing in s > 0, (5.B.1)

is decreasing in s > 0, (5.B.2)

then X is said to be smaller than Y in the reverse Laplace transform ratio
order (denoted by X <r Ltr Y).

Since L% (s) = s71(1 — Lx(s)) and L} (s) = s~ (1 — Ly(s)) for all s > 0,
it follows that

1—sLi
X <pir Y = #(S) is decreasing in s > 0,
1 —sL%(s)
and that .
Ly (s)

X <t ¥ — is decreasing in s > 0.

L (s)

Using (5.A.2) it is easy to verify the statements that are given in the
following remark.

Remark 5.B.1. Let X and Y be two positive random variables, and let F; be
a mean 1 exponential random variable which is independent of both X and
Y. Define X = E;/X and Y = E1/Y; that is, the distributions of both X
and Y are scale mixtures of exponential distributions. Then

X< Y =Y < X and
X Sr-Lt-r Y <= i} Srh )’Z

See similar results in Example 4.B.7 and in Remark 5.A.2.
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The next theorem characterizes the orders <y, and <, ;.. by means of
functions of the respective moments. The characterization is an analog of the
characterization of the Laplace transform order given in Theorem 5.A.5.

Theorem 5.B.2. Let X and Y be nonnegative random variables that possess
moments p; and v;, respectively, i = 1,2, ..., (ug = v9 = 1). Then

(a) X <pr Y if, and only if,
Ym0 (7{!9)' Vi
>0 (7;)1/‘@‘

(b) X <iLtr Y if, and only if,
P (_;)1 Vi
Yo (;f)l/ii

Proof. By writing e™%" =Y (_Z.?)lti, the result follows easily from the def-
initions. 0O

is decreasing in s > 0.

is decreasing in s > 0.

5.B.2 Closure properties

We list below some preservation properties of the orders <pi., and <, pi.r.
Below, for any nonnegative random variable Z, we will denote by Lz the
Laplace transform of Z.

Theorem 5.B.3. Let X, Xs,... be independent, identically distributed non-
negative random variables, and let N1 and No be positive integer-valued ran-
dom variables which are independent of the X;’s. Then

N1 N2
Nl SLt—r [Sr—Lt—r] N2 - ZXZ SLt—r [Sr—Lt—r] ZXz
1=1 =1

Proof. For j = 1,2, we have

L,y xottxn, (8) = D P{N; = i}l 1 xp oy x, (5)

= PN, = i}, (9

— Ly, (~log Lx, (5)).
The stated results now follow from the assumptions. 0O

If the X;’s are not assumed to be identically distributed, then stronger
assumptions on the relationship between N7 and N5 yield the same conclusion.
This is shown in the next two theorems.
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Theorem 5.B.4. Let X1, Xo,... be independent nonnegative random vari-
ables, and let N1 and Ny be positive integer-valued random wvariables which
are independent of the X;’s. If Ny <., Na, then

Ny Ny
Z Xz SLt—r Z Xz
i=1 =1

Proof. For j = 1,2, we have

Lxy+Xo44xn, (8) = ZP{Nj =i} H Lx,.(s)-
i=1 k=1

For 0 < s1 < sy we need to show that

Yo PiNvi=m}][] ka(sl)l > P{N:=n}[] Lx, (82)]
m=1 k=1 n=1 k=1

> P{Ny =m} [] Lx,(s1)
m=1 k=1

> P{Ny =n}[] Lx, (52)1 <0.
n=1 k=1

This follows from the remark after Theorem 2.1 of Joag-Dev, Kochar, and
Proschan [259] by noting that

(9:(m), 92(m)) = (T i (52, [T L (o))
k=1 k=1

is a pair of what Joag-Dev, Kochar, and Proschan [259] call DP, functions of
m, whenever 0 < s1 < $a, and g1(m) is decreasing in m. 0O

Theorem 5.B.5. Let X1, Xo,... be independent nonnegative random vari-
ables, and let N1 and Ny be positive integer-valued random variables which
are independent of the X;’s. If Ny <y Na, and if X; <i.pt.r Xit1, then

Ny No
Z Xi Sr—Lt—r Z Xl
1=1 =1

Proof. For j = 1,2, we have

L= Lx,+Xo4+Xw, (s) = Z P{N; = m} {1 =11 Lxx (5)}

m=1 k=1

= Z P{Nj >m} H Lx,(s) [1 - LXm+1(S)]’
k=1

m=0

where szl Lx,(s) =1.So for 0 < s; < sy we have that
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[1 - LX1+X2+'“+XN1 (81)] [1 - LX1+X2+“'+XN2 (82)}

= [1 = Lxy+ Xt X, (5] [1 = Lxy 4 Xt X, (52)]

_ i S [P{Nl > m}P{Ny > n} — P{Ny > m}P{N; > n}}
m=1 n=0
X H LXk (51) H LXk (52)
k=1 k=1
x [ TT Lon(s0)(1— Ly (s2))(0— L, (52))
k=n+1
- H Lx,(s2)(1 = Lx,,,,(s2))(1 = Lx,.,(s1))
k=n-+1
<0.

The last inequality follows since N7 <y, Ny implies that
P{Ny > m}P{Ns > n} — P{Ny > m}P{N; >n} <0 form>n,

and X; <, rt, X;+1 implies that

(1 - LXm+1 (51)>(1 - LXn+1 (32)) - (1 - LXm+1 (52))(1 - LXn+1 (51)) > 0
for m > n.

The stated result now follows. 0O

Some other preservation results are given in the following theorems.

Theorem 5.B.6. Let X1, X5,..., X, be a set of independent nonnegative
random variables and let Y1,Ys,...,Y, be another set of independent non-
negative random variables. If X; <pir Y, 7 = 1,2,...,n, then X1 + Xo +
+Xn SLt-r}/l+Y2+"'+Yn'

Proof. Since Lx,1x,+.+x,(s) = [1i=; Lx,(s), we see that if 5;17((?) is de-

Ly 4 vot- 4y, (8)

T is also decreasing in s.
X1 +Xo++Xp (5)

creasing in s, j = 1,2,...,n, then
O

As a special case of Theorem 5.B.6 we see that if X and Y are nonnegative
independent random variables, then

X <px X +Y. (5.B.3)

Theorem 5.B.7. Let {X;} and {Y;} be two sequences of random variables
such that X; —g X and Y —4 Y as j — o0. If Xj <t [Seeltr) Y
j = 1, 2, ey then X SLt—r [Sr—Lt—r] Y.
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Theorem 5.B.8. Let X, Y, and © be random variables such that [X|9 =
0] <vtr [<rLtr) [Y|9 = 0'] for all 8 and 0’ in the support of ©. Then X <y,
[Sr—Lt—r} Y.

Proof. We only give the proof for the <p, order. The proof for the order
<,.1t.r is similar. Note that

Eo[Lixe(s)]

Eo[Liyie)(s)]

It can be verified that % [i)‘fg” > 0 if % [LL[[;SJ]((Z))} > 0 for all # and ¢ in
the support of ©. O

Lx(s
Ly(S

) _
)

In the next result it is shown that a random variable, whose distribution
is the mixture of two distributions of <, [<; 1+.] ordered random variables,
is bounded from below and from above, in the <p, [<,.Lt.r] order sense, by
these two random variables.

Theorem 5.B.9. Let X and Y be two nonnegative random variables with
distribution functions F and G, respectively. Let W be a random wvariable
with the distribution function pF + (1 — p)G for some p € (0,1). If X <y,
[Sr—Lt—r} Y7 then X SLt—r [Sr—Lt—r} w SLt—r [Sr—Lt—r] Y.

The proof of Theorem 5.B.9 is similar to the proof of Theorem 1.B.22, but
it uses (5.B.1) [(5.B.2)] instead of (1.B.3). We omit the details.

5.B.3 Relationship to other stochastic orders

In this subsection we describe some relationships between the Laplace ratio
orders and some other stochastic orders. We also mention some known coun-
terimplications.

Theorem 5.B.10. Let X and Y be positive random variables. Then
X < Y = X <y YV

and
X <r-Lt-r Y =X <Lt Y.

Proof. Denote Lx(00) = limg oo Lx(s) and Ly (0c0) = limg_, Ly (s). Since
Lx(0) = Ly(0) = 1 and Lx(c0) = Ly(oc0) = 0, we see that if X <., Y,
then

and if X <.y, Y, then

1—Ly(s) _ 1— Ly ()

1= Lx(s) = 1—Lx(oo) -

This proves the stated results. O
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As a corollary of Theorem 5.B.10 and (5.A.5) we see that
X <14, Y = EX < LY,

and that
X <Y — EX<EY

provided the expectations exist.
The proof of the next theorem will not be given here.

Theorem 5.B.11. Let X and Y be nonnegative absolutely continuous or
integer-valued random variables. Then

X<hY =X < ¥V

and
XY = X < Yo

The following result gives a relationship between the orders <., and <r;.,.

Theorem 5.B.12. Let X and Y be two nonnegative absolutely continuous
random variables that possess all moments and with bounded support [0, b]. If
X Smrl Y; thenb —-Y SLt—r b—X.

Proof. Denote g(1,n) = E[X"] and ¢(2,n) = E[Y™]. Since X <pn Y it
follows from (2.A.10) that g(i,n) is totally positive of order 2 in i = 1,2, and
in n > 0. Therefore, by the Basic Composition Formula (Karlin [275]) we have
that

oo n

h(i,s) = Z %g(i,n)

n=0
is totally positive of order 2 in ¢ = 1,2, and in s > 0. That is,

h(2,s)  Ee™
h(l,s) FesX

is increasing in s > 0. (5.B.4)

It is easy to verify that (5.B.4) implies b—Y <14, b—X. O

Counterexamples in the literature show that for nonnegative integer-valued
random variables X and Y we have

X Shr Y;’Q X th—r Y;&} X Sicv Y

and
X Srh Y# X Sr—Lt—r Y%@ X Sicv Y

It is of interest to compare the above counterimplications, and the implications
given in Theorems 5.B.10 and 5.B.11, with the implication X <j., ¥ —
X <14 Y given in Theorem 5.A.16.
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From the above counterimplications it follows that for nonnegative integer-
valued random variables X and Y we have

X <pr Y= X <iper ¥V
and
X Sr—Lt—r Y;E} X SLt—r Y.

Counterexamples in the literature also show that for nonnegative integer-
valued random variables X and Y we have

X SLt—r Y# X gicx Y

and
X <iLtr Y?S X <iex Y.

From (1.D.2) it follows that for nonnegative random variables,
X <conv Y= X <Lt-r Y. (5B5)

Ezample 5.B.13. The Laplace ratio orders are useful for the purpose of stochas-
tically comparing random minima and maxima. Let X, Xs,... be a se-
quence of nonnegative independent and identically distributed random vari-
ables. Let N1 and N> be two positive integer-valued random variables which
are independent of the X;’s. Denote X(1.n,) = min{X;, X»,...,Xn;} and
X(n;:n;) = max{ Xy, Xo,..., Xn,}, j = 1,2. Let the common distribution
function, and the common survival function, of the X;’s be denoted, respec-
tively, by Fi, and Fx,, and let Fx, ., and Fx , , denote, respectively,
the distribution function of X(y,.n;) and the survival function of X(.y,),
7 = 1,2. Note that

FX(Nj:Nj)('I:) = Z F)?}l ((L’)pN] (TL) = LNj(_logFX1 (SC)), .7 = 1727
n=1
and that

FX(I:N]-)(Z‘) = ZFT)LQ (x)pNJ (n) = LNJ(_logFXI (JJ)), .7 = 172

n=1
Thus,
Fxiny () _ Ly, (=log Fx,(z))
FX(I:NI)(x) Ly, (—log Fx, (x))
Therefore

N1 <vtr N2 = X(1:n)) Zhr X(1:7,)-

In a similar manner it can be shown that

N1 <vtr N2 = X(n;:Ny) Soh X(No:Nn)»
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N1 <pptr N2 = X1.ny) Zon X(1:4,)s

and that
N1 <pvtr N2 = X(vi:ny) Shr X(Vo:Ng)-

From Theorem 5.B.11 and the above implications it follows that

Ny <on No = X(I:Nl) Zhr X(l:N2)7 (5B6)
N1 <on No = X(ny:vy) Soh X(Np:Nn)»
N1 <pr N2 = X(1:ny) 20h X(1:4,), (5.B.7)

and that

N1 <pr N2 = X(n,:Ny) Shr X(NVo:V)-
See related results in Examples 1.C.46, 3.B.39, 4.B.16, and 5.A.24.

The following example is a variation of Example 5.A.25 — under a stronger
condition (the order <ps, is stronger than the order <i) we obtain a stronger
conclusion.

Example 5.B.14. As in Example 5.A.25, let X have a compound Poisson pro-
cess, with rate A and distribution ¢, as its (random) hazard rate function.
The survival function of X is given in (5.A.18), and it follows that its density
function f is given by

f(t) = A1 — Lg(2)] exp{ - /0 Al = L¢(s)]ds}, t>0.

Similarly let Y have a compound Poisson process, with rate A and distribu-
tion ¢, as its (random) hazard rate function. Its survival function is given in
(5.A.19), and its density function g is given by

o(t) = AL~ Ly(®)] exp { - /Ot ML Ly(9)ds}. 10,

It is now seen that if the random variable associated with ¢ is larger, in the
reverse Laplace transform order (and hence, by Theorem 5.B.10, also larger
in the Laplace transform order), than the random variable associated with ¢,
then g(t)/f(t) is increasing in ¢ > 0; that is, X <, Y.

5.C Some Related Orders

5.C.1 The factorial moments order

The factorial moments of a random variable X are y; = E[X(X —1)--- (X —
i+ 1)], i = 1,2,.... They are particularly useful when X is a nonnegative
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integer-valued random variable, since they can be easily obtained from the
probability generating function of X by repeated differentiation. Throughout
this subsection we consider only nonnegative integer-valued random variables.
The ith factorial moment of such a random variable X can also be written as
i = Z'E()f), where (%) is defined as 0 when i > z.

Let X and Y be two nonnegative integer-valued random variables such
that
E(X> < E(Y> for all i € N4 4. (5.C.1)

2 2

Then X is said to be smaller than Y in the factorial moments order (denoted
by X <fm Y)

For a real function ¢ defined on N, define A%¢(z) = ¢(x), and Alg(z) =
A tp(z+1)— A 1g(z), 2 € Ny, j = 1,2,.... It can be shown that for every
¢ : Ny — [0,00), one has

oo

o(x) =S Ag(0) <f> z € N,. (5.C.2)

Jj=0

The following characterization of the order <g, is a direct consequence of
(5.C.2).

Theorem 5.C.1. Let X and Y be two nonnegative integer-valued random
variables. Then X <gy Y if, and only if,

E[¢p(X)] < E[¢p(Y)] for all ¢ such that A7$(0) >0, j € N,.
It is easy to see that
X <Y = EX < EY.

Some closure properties of the order <g, are given in the next theorem.

Theorem 5.C.2. (a) Let X and Y be two nonnegative integer-valued random
variables. If X <p, Y, then X +k <pn Y + k for every k € Ny

(b) Let X and Y be two nonnegative integer-valued random wvariables. If
X <t Y, then kX <gy kY for every k € Ny

(c) Let X1,Xa,..., X, be a set of independent nonnegative integer-valued
random variables. Let Y1,Ys,...,Y,, be another set of independent non-
negative integer-valued random wvariables. If X; <gn Y, @ = 1,2,...,m,

then . .
> Xi < Y Vi
i=1 =1

Proof. Tt is enough to prove part (a) for k = 1; the proof can then be completed
by induction. But for k£ = 1 the desired result follows directly from the identity

r+1 _ T n T s eN
i+1) " i+1 i) DTS
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A lengthy straightforward calculation yields

o)

Part (b) then follows.
Finally, in order to prove part (c) it is enough to consider the case m = 2.
This case follows immediately from the identity

i
(xl_{—IQ) :Z<x1>(z2 .>7 $1,$2,i€N+. O
i \T NP

The next result shows that under some conditions the order <g,, is closed
under formation of random sums. We do not give the proof here.

Theorem 5.C.3. Let X1, Xs,... and Y1,Ys5,... each be a sequence of non-
negative independent integer-valued random wvariables such that X; <gm Y;
i =1,2,.... Let M and N be integer-valued nonnegative random variables
that are independent of the {X;} and the {Y;} sequences, respectively, such
that M <iex N. If the X;’s or the Y;’s are identically distributed, then

M N
> X Sm )Y
j=1 =1

Select a positive integer ¢ and consider the real function ¢ defined on
{i+1,i+2,...} by ¢(x) = (%). A straightforward computation yiclds that
d(z)+p(x+2) > 2¢(x+1) for v € {i + 1,9+ 2,...}. That is, the function ¢
is convex on {i 4+ 1,4+ 2,...}. Thus we have proven the following result.

>0, i,4keN;.

=0

Theorem 5.C.4. Let X and Y be two monnegative integer-valued random
variables. If X <iex Y, then X <g Y. In particular, if X <g Y, then
X <fm Y.

A relationship between the orders <, and <4 is given in the next result.

Theorem 5.C.5. Let X and Y be two nonnegative integer-valued random
variables with bounded support {0,1,2,...,b}. If X <, Y, then b —Y <o
b—X.

Proof. For a > 1 define Mx (a) = E[a*X] and My (a) = E[a"]. Note that the
ith derivative of Mx [My] at 1is M{(1) = E[X(X —1)--- (X —i + 1)
(MP(1) = E[Y(Y —1)---(Y — i + 1)]]. Expanding Mx and My about 1,
using the finiteness of the support for convergence, it is seen that

00 (2)
Mx(a) ZMX (1)(a_1)i

i!
0

-
Il

EX(X —1)--(X —i+1)]
il

(a—1)°

o

s
I
=)
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- 2 E[Y(Y —1) -i.'- (Y —i+1)

(a—1)"
- MY(a)7

where the inequality follows from the assumption that X <g, Y and from the
fact that a > 1. Thus,

E[aX] < E[ay] for all @ > 1. (5.C.3)

Now it is easy to verify that (5.C.3) implies that b —Y <,sb—X. O

5.C.2 The moments order

Consider now two general (that is, not necessarily integer-valued) nonnegative
random variables X and Y such that

E[X| < E[Y? forallieN,.

Then X is said to be smaller than Y in the moments order (denoted by
X <mom Y). Thus X <om Y if, and only if,

E[p(X)] < E[o(Y)] (5.C.4)

for all polynomials ¢ with nonnegative coefficients. In fact, X <pom Y if,
and only if, (5.C.4) holds for all absolutely monotone functions ¢ of the form
d(x) =Y pe, axx®, where the ay’s are nonnegative, provided the expectations
exist.
Clearly,
X <nom Y = EX < EY.

Some closure properties of the order <, ,m are given in the next theorem.
Its proof is similar to the proof of Theorem 5.C.2 (except that it is simpler)
and is thus omitted.

Theorem 5.C.6. (a) Let X and Y be two nonnegative random variables. If
X <mom Y, then X +k <pom Y + k for every k > 0.

(b) Let X and Y be two nonnegative random variables. If X <yom Y, then
kX <mom kY for every k > 0.

(c¢) Let X1, Xo,..., X, be a set of independent nonnegative random variables.
Let Y1,Y5,....Y,, be another set of independent nonnegative random vari-
ables. If X; <mom Yi, 1 =1,2,...,m, then

m

Z Xz' Smom Z 1/z
i=1

i=1

The next result shows that under some conditions the order <o, is closed
under formation of random sums. We do not give the proof here.
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Theorem 5.C.7. Let X1, Xo,... and Y1,Ys, ... each be a sequence of nonneg-
ative independent random variables such that X; <mom Yi, t =1,2,.... Let M
and N be integer-valued nonnegative random variables that are independent
of the {X;} and the {Y;} sequences, respectively, such that M <ix N. If the
X;’s or the Y;’s are identically distributed, then

M N
Z X] Smom Z Y}
Jj=1 j=1

The moments order is closed under linear convex combinations as the
following theorem shows. This result is an analog of Theorems 3.A.36 and
5.A.14. Its proof is similar to the proof of Theorem 3.A.36 and is therefore
omitted. A similar result is Theorem 5.C.18.

Theorem 5.C.8. Let X1, Xs,..., X, and Y be n + 1 random variables. If
Xi <mom Y, 1= 1,2,...,71} then

n
Z @; X <mom Y,
=1

whenever a; >0,i=1,2,...,n and Y i, a; = 1.
The following result gives a relationship between the orders <g;, and <y om-

Theorem 5.C.9. Let X and Y be two nonnegative integer-valued random
variables. If X <gn Y, then X <pom Y. In particular, if X <iex Y (or if
X <4Y), then X <pom Y.

Proof. Denote ;) = z(x — 1)+ (x — i + 1). The result will follow once we
have shown that '
K3
zt = Z a,(;)x[k], 1=1,2,..., (5.C.5)
k=1
where the a,(f)’s are some nonnegative constants. The expression (5.C.5) can

be found on page 4 of Johnson and Kotz [263]. The a,(f)’s in (5.C.5) are the
Stirling numbers of the second kind, which are known to be positive. 0O

In order to obtain a Laplace transform characterization of the order <,,om
we first prove the following result.

Theorem 5.C.10. Let X7 and Xo be two nonnegative random variables, and
let Nx(X1) and Nx(X2) be as described in Theorem 1.A.13. Then

X1 <mom X2 => Na(X1) <gm Nx(X2) for all X > 0.
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Proof. For k = 1,2, let Fy, denote the distribution function of Xj. By (2.A.15)
we have

E[NA(X3)(Nx(Xk) = D)(NA(Xx) = 2) - (Na(Xg) — i + 1)]

:Zn(n—1)(n—2)~--(n—i+1)/Oooe_M()\s) dF(z)

::AM{E:nm—qxn—mn.m—i+1)AI“@ dFy(z).

n!
n=0

It is not difficult to verify that the ith factorial moment of a Poisson random
variable with mean Az is given by

Z nn—1n—-2)---(n—i+1)e (Az)" = (\2)".

n=0

Therefore
E[NA\(X1)(NA(X1) = D)(NA(X1) —2) - (NA(Xy) =i+ 1)]
z)\l/o z'dFy(x) < /\l/0 2 dFy(x)
= E[N)\(X2)(Na(X2) = 1)(NA(X2) —2) - - (Na(X2) —i 4+ 1)],

where the inequality follows from X7 <pom Xa2. Thus Ny (X1) <gm Na(X2).
O

A Laplace transform characterization of the order <,,m is given next. It
may be compared to Theorems 1.A.13, 1.B.18, 1.B.53, 1.C.25, 2.A.16, 2.B.14,
4.A.21, and 5.A.6.

Theorem 5.C.11. Let X7 and Xo be two nonnegative random variables, and
let Nx(X1) and Nx(X2) be as described in Theorem 1.A.13. Then

X1 < mom X2 < N)\<X1) < mom N)\(Xg) fOT’ all A > 0.

Proof. If X1 <mom X2, then from Theorem 5.C.10 we get that Nx(X1) <pm
Ny (X3), and from Theorem 5.C.9 we get that Ny (X1) <mom Nia(X2).

Now suppose that Ny (X1) <mom Na(Xz) for all A > 0. Then E(Ny(X;))*
< E(Nx(X32))%, i = 1,2,.... In particular, E[Ny(X1)] < E[N(X3)], there-
fore, by (2.A.16),

E[X1] = EINA(X1)|/A < E[NA(X2)]/A = E[X,).
Let the induction hypothesis be

EX{]<EX), i=1,2,....,m
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Now observe the following. From (2.A.15) it is seen that

B[V (%)™ Zn’”“ [P anw)

n!
(A
/ [Z mHle 7>\z m) dFi(z), k=12
n=0
The quantity [ Y7 nmtle @ ()‘I,) | is the (m + 1)st moment of a Poisson

random variable with mean Az. It is not difficult to verify that

o0 A n
Z nmﬂe*/\m% = A1 (A2)™ T 4 a4 (A2)™ 4 - + a1 (Ax) + ag,
n=0 ’

where a; >0, 7 =0,1,2,...,m + 1. Therefore

m+1
E[(NA(Xy))™ ] Zaj/v/ e dF(x), k=1,2.

We know that E[(Nx(X1))™ ] < E[(Na(X2))™™!] and therefore,

m+1 m+1

Za])\J/ wIdFy (x Za])\J/ I dFy(z)

for some ag,a1,...,am+1 > 0 and all A > 0. Rewrite the inequality as
am N (B [XPY) - B [xp)) zaJw{E [X{] - E[x]}.

The right-hand side is nonnegative by the induction hypothesis. If
E[X - E[X5] >0,

then, by choosing sufficiently large A, the left-hand side would be greater than
the right-hand side, a contradiction. Thus we must have

E[Xp] - B [xp <0,
The result now follows by induction. 0O

The next result describes a relationship between the orders <;,om, and
<i-Lt-r; We omit its proof.

Theorem 5.C.12. Let X and Y be two nonnegative random variables. Then

1 1
X<r lr}/:> <mm7-
Lt- Y_O X
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Finally we mention a related order. Let X and Y be two nonnegative

random variables such that

EY"]
BE[X"]

is increasing in n € N, (5.C.6)

where, by convention, F[X°] = E[Y?] = 1. Then X is said to be smaller than
Y in the moments ratio order (denoted as X <pom.r Y).

From (5.C.6) it is seen that ggz% > g&z]] = 1. Thus we see that

X <momr Y = X <mom Y- (5.C.7)
From (2.A.10) it is seen that
X<imY = X <pomr Y-
Therefore, by Theorem 2.A.1, we also have that
X <Y = X <pom— Y- (5.C.8)

In the proof of Theorem 5.B.12 it is essentially shown that for nonnegative
random variables X and Y with bounded support [0, b] we have

X Smom—r Y=0b-Y SLt—r b—X.

This may be contrasted with (5.C.9) below (recall that X <p:, Y = X <p4
Y’; see Theorem 5.B.10).
The following result is obvious.

Theorem 5.C.13. Let X and Y be two nonnegative random variables. If X
<mom-r Y, then kX <om-r kY for every k > 0.

The next result describes a relationship between the orders <,om.r and
<Lt-r; We omit its proof.

Theorem 5.C.14. Let X and Y be two nonnegative random variables. Then

1 1
XSLt—rYz>?<

mom-r §-°*
X

From (5.C.7) and Theorem 5.C.14 it is seen that if X and Y are nonneg-
ative random variables, then

1 1
X < -T Y Evd <mom N
STt = y = X



260 5 The Laplace Transform and Related Orders
5.C.3 The moment generating function order

Let X and Y be two nonnegative random variables such that Ee®Y < oo for
some sg > 0, and
Ee’X < Eesy, for all s > 0.

Then X is said to be smaller than Y in the moment generating function order

(denoted by X <4 Y).
A simple integration by parts shows that X <.t Y if, and only if,

/ e*"F(z)dz < / e**G(z)dz for all s >0,
0 0

where F and G are the survival functions of X and of Y, respectively.
The following theorem is an analog of Theorem 5.A.5; its proof is similar
to the proof of that result.

Theorem 5.C.15. Let X and Y be two nonnegative random variables. Then
X <t Y if, and only if,

oo ; o0

s* i+1 5" i+1
ZmEX S;(i-i-l)!EY for all s > 0.

i=0
It follows from Theorem 5.C.15 that
X <ihom Y = X <t V-

Some closure properties of the order <, are given below (recall from
Section 1.A.3 that for any random variable Z and any event A we denote by
[Z ’A] any random variable whose distribution is the conditional distribution
of Z given A.)

Theorem 5.C.16. Let X and Y be two nonnegative random variables.

(a) If X <t Y, then X +k <ot Y + k for every k > 0.

(b) If X <igt Y, then kX <png kY for every k > 0.

(c) Let X, Y, and © be random variables such that [X |0 = 0] <mgt [Y|© = 6]
for all 0 in the support of ©. Then X <pner Y. That is, the moment
generating function order is closed under mixtures.

(d) Let X1,Xs,..., X, be a set of independent random wvariables and let
Y1,Ys,..., Yy, be another set of independent random variables. If X; <pgf
Y; fori=1,2,...,m, then

m m
Z Xz Smgf Z )/17
i=1 i=1

that is, the moment generating function order is closed under convolutions.
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The next result is an analog of Theorems 5.A.9 and 5.C.7.

Theorem 5.C.17. Let X1, Xo,... and Y1,Ys,... each be a sequence of non-
negative independent and identically distributed random wvariables such that
Xi <mgt Vi, 1 =1,2,.... Let M and N be integer-valued nonnegative random
variables that are independent of the {X;} and the {Y;} sequences, respectively,
such that M <pne N. Then

M N
Z Xj Smef Z Y;.
j=1 j=1

The following result is an analog of Theorem 3.A.36; similar results are
Theorems 5.A.14 and 5.C.8.

Theorem 5.C.18. Let X1, Xs,..., X, and Y be n+ 1 random variables. If
Xi<mgt Y, 1=1,2,...,n, then

n
Z aiXi gmgf Ya
=1

whenever a; >0,i=1,2,...,n and Y ., a; = 1.

The next result is an analog of Theorem 5.C.5; it describes a relationship
between the orders <o and <pg.

Theorem 5.C.19. Let X and Y be two nonnegative random variables with
bounded support [0,b]. Then X <ugt Y if, and only if, b—Y <14 b— X.

In particular, for random variables as in Theorem 5.C.19,

X <mom Y = b—Y <p b— X. (5.C.9)

5.D Complements

Section 5.A: We used three main sources in order to collect the results re-
garding the Laplace transform order. These are Stoyan [540, Section 1.8],
Kim and Proschan [294], and Alzaid, Kim, and Proschan [11]. The char-
acterization (5.A.4) is taken from Denuit [141]. The characterization of
the order <i in terms of exponential mixtures, given in Remark 5.A.2, is
taken from Bartoszewicz [50]. The characterization described in Theorem
5.A.4 can be found in Bhattacharjee [84]. The Laplace transform char-
acterization of the order <p given in Theorem 5.A.6 is essentially taken
from Alzaid, Kim, and Proschan [11]. Some further characterizations of
the Laplace transform order by means of infinitely divisible distributions
are given in Bartoszewicz [48]. The closure property of the order <j; un-
der random sums (Theorem 5.A.8) is taken from Bhattacharjee [86]. The
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extensions of the closure property of the order <i; under random sums
(Theorems 5.A.10-5.A.12) can be found in Pellerey [450]. The majoriza-
tion result (Theorem 5.A.13) is taken from Ma [375]. The result which
gives the closure of the Laplace transform order under linear convex com-
binations (Theorem 5.A.14) can be found in Pellerey [452]. The condition
which implies stochastic equality (in Theorem 5.A.15) is a combination of
results in Cai and Wu [116] and in Bhattacharjee [84], where some gener-
alizations of this condition can also be found. The characterization of the
Laplace transform order by means of the order <.,y (Theorem 5.A.17)
is taken from Thistle [548]; see also Fishburn and Lavalle [204] and fur-
ther references in that paper. The implication of the order <p; from the
order <,_ (Theorem 5.A.18) is essentially taken from Bhattacharjee [83];
see also Cai and Wu [116]. The closure property of the order <p; under
the operation of taking minima (Theorem 5.A.19) is taken from Alzaid,
Kim, and Proschan [11]. Alzaid, Kim, and Proschan [11] also have a ver-
sion of Theorem 5.A.19 which gives conditions under which the order <p;
is closed under the operation of taking maxima, however their condition
must be wrong, since it postulates that the F;’s and the G;’s (of Theorem
5.A.19) are completely monotone — but these functions are increasing,
whereas all completely monotone functions must be decreasing. Looking
over their proof it is seen that a sufficient condition, for the closure of the
order <p; under the operation of taking maxima, is that e™** F;(z) and
e~ G, (z) be completely monotone in x for each t > 0,7 =1,2,...,m. We
are not aware of any study of the latter condition. The class of random
lifetimes, defined by (5.A.11), is studied in Klefsjo [302]. The equivalence
of the Laplace transform ordering of nonnegative random variables with
equal means, and their corresponding asymptotic equilibrium ages, given
in (5.A.12), is taken from Denuit [141]. The lower bound in (5.A.13), in
the sense of <r, when the mean and the variance are given, can be found
in Stoyan [540, page 23], who credited it to Rolski. The characterization
of the order <j; by means of the order <p; (Theorem 5.A.22) is given
in Belzunce, Gao, Hu, and Pellerey [67]. The results about the stochastic
comparisons of random minima and maxima (Example 5.A.24) are taken
from Shaked and Wong [526]. The hazard rate order comparison of two
nonnegative random variables with random hazard rate functions (Exam-
ple 5.A.25) is a special case of Theorem 3 of Di Crescenzo and Pellerey
[166].

Section 5.B: Most of the results in this section can be found in Shaked

and Wong [525]. The characterizations of the orders <r;, and <, 14, in
terms of exponential mixtures, given in Remark 5.B.1, are taken from
Bartoszewicz [50]. Di Crescenzo and Shaked [167] used (5.B.3) in order
to obtain Laplace transform ratio order comparisons of many pairs of
random variables. The relationship between the orders <,,;; and <pi.,
(Theorem 5.B.12) is essentially proven in Fagiuoli and Pellerey [187]. The
relationship between the orders <pi., and <conv, given in (5.B.5), was
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noted in Shaked and Suarez-Llorens [520]. Extensions of the implications
(5.B.6) and (5.B.7) to order statistics other than the minimum can be
found in Nanda, Misra, Paul, and Singh [427]. The likelihood ratio order
comparison of two nonnegative random variables with random hazard rate
functions (Example 5.B.14) is essentially Remark 3 of Di Crescenzo and
Pellerey [166].

Section 5.C: Many of the results in this section are taken from Lefevre and
Picard [338]. A discussion about other related orders can also be found in
Lefevre and Picard [338]. The closure properties of the order <g, (The-
orem 5.C.2), as well as the simple proof of Theorem 5.C.9, have been
communicated to us by Lefevre [335]. The results that give the closure
under random convolutions property of the factorial moments order (The-
orem 5.C.3) and of the moments order (Theorem 5.C.7) are taken from
Jean-Marie and Liu [254]. Lefevre and Utev [339] have noticed that for
finite random variables with support {0, 1,...,b} the discrete versions of
the orders <, icx, m = 2,3,...,b (see Section 4.A.7), together with some
conditions on the factorial moments, imply the order <g,; thus they gen-
eralized Theorem 5.C.5. The result which gives the closure of the moments
order under linear convex combinations (Theorem 5.C.8) can be found in
Pellerey [452]. The Laplace transform characterizations of the order <;om
(Theorems 5.C.10 and 5.C.11) are taken from Shaked and Wong [524]. The
relationship between the orders <;,om and <, i, (Theorem 5.C.12) can
be found in Bartoszewicz [47]. The moments ratio order has been intro-
duced by Whitt [565] who has also obtained the implications (5.C.7) and
(5.C.8). The relationship between the orders <pom.r and <pi, (Theo-
rem 5.C.14) can be found in Bartoszewicz [47]. The moment generating
function order is called the exponential order in Kaas, Heerwaarden, and
Goovaerts [269]. Most of the results in Section 5.C.3 can be found in Klar
and Miiller [301]. The result that gives the closure of the order <5 under
linear convex combinations (Theorem 5.C.18) is taken from Li [352].
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Multivariate Stochastic Orders

In this chapter we describe various extensions, of the univariate stochastic
orders in Chapters 1 and 2, to the multivariate case. The most important
common orders that are studied in this chapter are the multivariate stochastic
orders < and <j,. Multivariate extensions of the orders <, and <.,,1 are also
studied in this chapter. Also, we review here further analogs of the univariate
order <, such as the upper and lower orthants orders. In addition, some
other related orders are investigated in this chapter as well.

6.A Notations and Preliminaries

In this chapter we will be concerned with random vectors that take on values
in R™ = (—o00,00)". When we say that the random vectors are nonnegative
we mean that they take on values in R = [0,00)". Elements in R" will be
denoted by x, y, and so forth, or, more explicitly, as € = (z1,a,...,Ty),
Yy = (y1,42,---,Yn), and so on.

The space R™ is endowed with the usual componentwise partial order,
which is defined as follows. Let @ = (z1,22,...,2,) and y = (Y1, Y2, - -, Yn)

be two vectors in R™; then we denote © <y if z; < y; for i =1,2,...,n. Let
@ be a vector in R™ and let I = {iy,1ia,...,4} C {1,2,...,n}; then we denote
wlz(xil,xiz,...,xik). (6A1)

For a random vector X that takes on values in R™, the interpretation of X is
similar. The complement of I in {1,2,...,n} is denoted by I = {1,2,...,n} —
I. The vector of ones will be denoted by e, that is, e = (1,1,...,1). The
dimension of e may vary from one formula to another, but it is always possible
to determine it from the expression in which it appears. For example, if we
write &y > te, then it is obvious that the dimension of e is |I|, that is, the
cardinality of I.
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Let ¢ be a univariate or a multivariate function with domain in R™. If
d(x) < [>] ¢(y) whenever x < y, then we say that the function ¢ is increas-
ing [decreasing]. A set U C R”™ is called increasing or upper [decreasing or
lower] if y € U whenever y > [<]  and € U. If U is Borel measurable,
then it is increasing [decreasing] if, and only if, its indicator function Iy is
increasing [decreasing]. In this chapter, and later in the book, when we con-
sider increasing and decreasing sets, they are implicitly assumed to be Borel
measurable.

6.B The Usual Multivariate Stochastic Order

6.B.1 Definition and equivalent conditions
Let X and Y be two random vectors such that
P{X eU} < P{Y €U} for all upper sets U C R™. (6.B.1)

Then X is said to be smaller than' Y in the usual stochastic order (denoted
by X <4 Y). Roughly speaking, (6.B.1) says that X is less likely than Y to
take on large values, where “large” means any value in an increasing set U for
any increasing set U.

Another way of rewriting (6.B.1) is the following:

ElIy(X)] < E[Iy(Y)] for all upper sets U C R"™, (6.B.2)

where Iy denotes the indicator function of U. From (6.B.2) it follows that if
X <4 Y, then

E{iaiIUi(X)} —b< E[iaifw (Y)} —b (6.B.3)

i=1

foralla; > 0,¢:=1,2,...,m, b € R", and m > 0. Given an increasing real
function ¢ on R™, it is possible, for each m, to define a sequence of U;’s, and
a sequence of a;’s, and a b (all of which may depend on m), such that as
m — oo, then (6.B.3) converges to

Elp(X)] < E[p(Y)], (6.B.4)

provided the expectations exist. It follows that X <y Y if, and only if, (6.B.4)
holds for all increasing functions ¢ for which the expectations exist.

6.B.2 A characterization by construction on the same probability
space

As in the univariate case, the usual multivariate stochastic order can be char-
acterized as follows:
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Theorem 6.B.1. The random vectors X andY satisfy X < Y if, and only
if, there exist two random vectors X and Y , defined on the same probability
space, such that

X =, X, (6.B.5)
Y =, Y, (6.B.6)

and . .
P{X<Y}=1 (6.B.7)

Obviously, if (6.B.5)—(6.B.7) hold, then X <y Y. We will not give the
proof of Theorem 6.B.1 here; however, in the next subsection we point out
an important special case in which the construction of X and of Y can be
described explicitly.

As in the univariate case (see Theorem 1.A.2) Theorem 6.B.1 can be re-
stated as follows.

Theorem 6.B.2. The n-dimensional random vectors X andY satisfy X <g
Y if, and only if, there exist a random variable Z and R™-valued functions
Y, and ¥, such that P, (2) < Py(2) for all z € R, and X =4 ¥(Z) and

Y —st ¢2(Z)

In light of Theorem 6.B.1, the following question arises. Let {X (), 0 € O}
be a collection of n-dimensional random vectors indexed by 8, where © is a
subset of R™ for some m (see the beginning of Chapter 8 for a discussion
about the meaning of this notation). Suppose that X (6) <s X (0') whenever
0 < @’; that is, that X () is stochastically increasing in 6. Is it possible
then to construct, on some probability space, a family {X (0), 8 € O} such
that X (0) =¢ X (0) for all @ € O, and such that P{X(0) < X(8')} =1
whenever 6 < 6'? It turns out that if © € R (that is, m = 1) the answer is in
the affirmative. However, when m > 2 this need not be the case; see Fill and
Machida [200] for a counterexample and a further discussion.

6.B.3 Conditions that lead to the multivariate usual stochastic
order

The first basic result described in this subsection gives sufficient conditions
for the usual multivariate stochastic order by means of the usual univari-
ate stochastic order. The proof is based on the well-known standard con-
struction: Suppose that we are given a distribution of a random vector
X = (X1,Xo,...,X,,) and we want to construct a random vector X =
(Xl, Xg, ... ,Xn) such that X =4 X. The interest in such constructions is in
simulation theory as well as in other areas of applications. In order to do it
let Uy, Us, ..., U, be independent uniform [0, 1] random variables and define

Xl = inf{xl : P{Xl S xl} Z Ul},



268 6 Multivariate Stochastic Orders

Xk :mf{xk : P{Xk S Tk X1 = Xh...,Xk,l = kal} Z Uk},
k=2,3,....,n

Then X =4 X.

The conditions given in the next result are natural for a construction of
X and Y, as needed in Theorem 6.B.1, using the standard construction. The
result then follows from Theorem 6.B.1. Recall from Section 1.A.3 that for
any random vector Z and an event A we denote by [Z |A] any random vector
that has as its distribution the conditional distribution of Z given A.

Theorem 6.B.3. Let X = (X1, Xs,...,X,) andY = (Y1,Ys,...,Y},) be two
n-dimensional random vectors. If

Xl Sst Yla (6B 8
[X2|X1 =x1] <g [Y2|Y1 =1y1] whenever x1 <y, (6.B.9)
and in general, fori=2,3,... n,

(Xi|X1=21,... . Xic1 = 2] <« Y|V =01, Yic1 = yid]
whenever x; <y;, j=1,2,...,i—1, (6.B.10)

then X <4 Y.

Proof. First we construct X, and Y; on some probability space as described,
for example, in Section 1.A.2. This is possible by (6.B.8). Any possible real-
ization (x1,y1) of (Xl,f/l) must satisfy z; < y;. Conditioned on every such
possible realization (x1,y1) we next construct Xg and f’g on the same prob-
ability space again as described, for example, in Section 1.A.2. This, _again,
is possible by (6.B.9). We thus have constructed so far (Xl, XQ) and (Yl, Ya).
Any possible realization ((z1,22), (y1,12)) of (X1, X2), (Y1, Y2)) must satisfy
z; < yj, j = 1,2. Therefore, conditioned on every such possible realization
((z1,22), (y1,y2)) we next can construct X5 and Y3 on the same probability
space and so on. Continuing this procedure we finally arrive at random vec-
tors X and Y, which satisfy (6.B.7). By the standard construction they also
satisfy (6.B.5) and (6.B.6). Therefore X < Y by Theorem 6.B.1. O

Conditions (6.B.8)—(6.B.10) can be used to define a new stochastic or-
der. More explicitly, if X and Y satisfy (6.B.8)—(6.B.10), then X is said to
be smaller than Y in the strong stochastic order (denoted by X <.t Y).
Theorem 6.B.3 simply says that

X<t Y = X <4 Y.

The order <y is not an order in the usual sense; see Remark 6.B.5 below.
Suppose that X = (X1, Xa,...,X,) satisfies, for ¢ = 2,3,...,n, that
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[X1|X1 =a1,...,Xic1 = xi—1] <& [Xi|X1 =ah,..., Xio =]
whenever z; < :z:;-, j=12...,i—1. (6.B.11)

Then X is said to be conditionally increasing in sequence (CIS). It is easy to
see that if X is CIS and if

(Xi| X1 =1, . Xici = 2] <a [Yi|Y1 =21, Yim1 = 4]
forallz;, j=1,2,...,i—1, (6.B.12)

then (6.B.10) holds. Similarly, if Y is CIS and (6.B.12) holds, then (6.B.10)
holds. We thus have proved the following result.

Theorem 6.B.4. Let X = (X1,Xs,...,X,) and Y = (Y1,Y5,...,Y,) be
two n-dimensional random vectors. If either X orY is CIS and (6.B.8) and
(6.B.12) hold, then X <4 Y.

Remark 6.B.5. The order <y is not an order in the usual sense. In fact, it is
obvious that
X Ssst X <~ X is CIS

Remark 6.B.6. Let (Up,Us) be a bivariate random vector with uniform|0, 1]
margins, and with an absolutely continuous distribution function F'. Then, as
can easily be verified, (Uy,Us) is CIS if, and only if, F(u,us) is a concave
function of uy € [0,1] for any us € [0,1].

A random vector X = (X1, Xo,...,X,,) is said to be weak conditionally
increasing in sequence (WCIS) if, for i = 2,3,...,n, we have

(X, ... 7Xn)’X1 =a1,...,Xi o =22, Xj_1 = 1]
<ot [(Xiy oo aXn)|X1 =x1,..., Xio =9, Xi_1 = x]_4]

forall z;, 7 =1,2,...,i—2, and 2,1 < x_;.

It can be shown that if a random vector is CIS, then it is WCIS. The next
result thus strengthens Theorem 6.B.4. We do not give its proof here.

Theorem 6.B.7. Let X = (X1, Xs,...,X,) andY = (Y1,Ys,...,Y},,) be two
n-dimensional random vectors. If either X or'Y is WCIS and (6.B.8) and
(6.B.12) hold, then X <4 Y.

The second basic result of this subsection is a multivariate analog of the
univariate implication X <, ¥ = X <4 Y (the latter follows from The-
orems 1.C.1 and 1.B.1). (Another multivariate analog is given in Theorem
6.E.8.) Recall the definition of association given in (3.A.53). Association, along
with the notions of CIS and WCIS, are concepts that indicate positive depen-
dence among the random variables X1, Xo,..., X,.
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Theorem 6.B.8. Let X = (X1, Xs,...,X,) andY = (Y1,Ys,...,Y,) be two
n-dimensional random vectors with density functions f and g, respectively. If
X is associated, and if g(x)/f(x) is increasing in x, then X <4 Y.

Proof. Let ¢ be an increasing function for which E[¢(Y )] exists. Then

> [otwiway | ff(Z; (v)dy
_ Blo(X)],

where the inequality follows from (3.A.53) and from the monotonicity of ¢(x)
and of g(x)/f(x) in x. The stated result now follows from (6.B.4). O

In order to motivate the third basic result of this subsection, consider m in-
dependent random variables X7, X5, ..., X,, and an increasing m-dimensional
function ¢. It seems reasonable to expect that [(X7, X, ... ,Xm)|¢(X1,X2,

..y Xm) = 8] is stochastically increasing in s. This is not always true, but the
next result indicates an important instance in which this is the case. We omit
the proof.

Theorem 6.B.9. Let X1, X, ..., X,, be independent random variables, each
with a logconcave density (that is, Polya frequency of order 2 (PFy); see The-
orem 1.C.52). Then

m m
(X0, X, Xo) [ D0 X = 5] < [(X0, Xy X)X = ]

i=1 i=1
whenever s < s’.

A variation of Theorem 6.B.9 is stated next. In stating the conditions
of Theorem 6.B.10 below we use the discrete analog of the univariate down
shifted likelihood ratio order (see Section 1.C.4). Explicitly, let X and Y be
univariate discrete random variables, each with support N, . Then we denote
X <y Yif

P{Y =m+1}

P{X = m} is increasing in m > 0 for all { > 0. (6.B.13)

Note that (6.B.13) is a discrete analog of (1.C.21).

Theorem 6.B.10. Let X1, X, ..., X, be independent random variables, each
with support N, . Denote S; = E}Zl X, i=1,2,...,m. If

X <uy Si, 1=2,3,...,m,
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and if
Si <iep Sit1, i=1,2,...,m—1,

then
m m
[(Xl,XQ,...,Xm)‘ Y oxi = 5} <4 [(Xl,XQ,...,Xm)’ X = S/}
=1 =1

whenever s < s' € Ny.

In Theorem 6.B.9, the function ¢ which is mentioned just before that
theorem, is ¢(x1,22,...,Zm) = Yoy &;. Another case of interest is when
¢(w1,22,...,2m) = 3(;), for some i € {1,2,...,m}, where x(; is the ith
smallest x;. In fact we have the following result, whose proof we do not give.
Note that it is not necessary to assume logconcavity in the next theorem.

Theorem 6.B.11. Let X1, X5, ..., X,, be independent and identically distri-
buted random wvariables with a continuous distribution function. Let X(l) <
Xy < < X denote the corresponding order statistics. Let 1 < r < m.
Then

(a) for 1 <ky <k <--- <k, <m, one has that [(X1, X, ... ,Xm)|X(,C1) =
51, X(ho) = 825+ X(ky) = sr| is stochastically increasing in s1 < sg <
. S Sry

(b) for s1 < s9 < < s,, one has that [(Xl,Xg,...,Xm)|X(kl) =
51, X(ky) = 82,...,X(k,) = 8] is stochastically decreasing in 1 < ky
ko <o < k. <m.

A

A related result is given in the following theorem.

Theorem 6.B.12. Let X1, Xo,..., X,, be independent and identically dis-
tributed random variables with a continuous distribution function. Let X(l) <
Xy < < X denote the corresponding order statistics. Let 1 < r < m.
Then for 1 < k < m, and s € R, one has that [(X17X2,...,Xm)|X(k,1) <
s < X(k)] is stochastically increasing in s, and is stochastically decreasing in

Another result that is related to Theorem 6.B.11 is the following.

Theorem 6.B.13. Let X1, X5,...,X,, be independent exponential random
variables with possibly different parameters. Let X(1) < Xy < -+ < X(pm)
denote the corresponding order statistics. Then [(X 1y, X(a),. .. ,X(m))|X(1) =
s1] is stochastically increasing in s;.

The proof of Theorem 6.B.13 uses ideas involving the total hazard con-
struction which is described in Section 6.C.2. Therefore we defer the proof of
this theorem to Remark 6.C.2.

For the next result we need the definition of a copula. Let F' be an n-
dimensional distribution function with univariate marginal distribution func-
tions Fi, Fy,...,, F,. Then there exists an n-dimensional distribution function
C, with uniform[0, 1] marginal distributions, such that
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F(z1,22,...,2n) = C(F1(x1), Fa(22), ..., Fp(zn)), (z1,22,...,2,) € R™
(6.B.14)
The function C' is a copula associated with F. If F' is continuous, then C' is
unique and can be obtained by

C(u17u27"'>un) = F(Fl_l(ul)vFgl(UQ)a'~-aF71(un))7

n

(u1,u2,...,u,) €1[0,1]"; (6.B.15)

see, for example, Nelsen [431]. Note that if (Uy,Us,...,U,) has the distribu-
tion function C, then from (6.B.15) it follows that
(F7H UL, Fy Y (U), .  EHUR)) =« (X1, Xy, X)), (6.B.16)

n

Theorem 6.B.14. Let the random vectors X = (X1,Xs,...,X,) and Y =
W,Ys,...,Y,) have a common copula. If X; <4 Y;, i = 1,2,...,n, then
X Sst Y.

Proof. We only give the proof for the continuous case. Let C' be the common
copula, and let (Uy,Us,...,U,) be distributed according to C. Furthermore,
let F; and (G; denote the univariate distribution functions of X; and Y;, respec-
tively, i = 1,2,...,n. From X; <4 Y; and (1.A.12) we get F; ' (u;) < G5 *(u;)
for all u; € [0,1], 7 =1,2,...,n. Hence

(F7H(U), Fy L (Ua), - FyH(Un) Sas. (GTH(U), G5 N (Ua), -, GLH(Un).

n n

The stated result now follows from (6.B.16). O

Theorem 6.B.14 may be compared with Theorem 7.A.38.

An interesting result, which gives conditions under which one can stochas-
tically compare vectors of partial sums of independent random variables, is
stated next.

Theorem 6.B.15. Let {Z;}_; be a sequence of independent random vari-
ables. If
Zl <i Z2 <k Zi Zn

then

<217Z1 +227sz’L) Sst (Zﬂ'l)Z‘ﬂ'l +Z7T27"~7ZZ7T1')
i=1 i=1

Sst (Zna Zn + Zn—17 ceey Z Zz)v
i=1

for every permutation (71, 7a,...,7,) of (1,2,...,n).
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In particular it follows from Theorem 6.B.15 that if the random variables
X and Y are such that X <;; Y, then

(X, X +Y) <y (V, X +Y). (6.B.17)

Conclusion (6.B.17) does not necessarily follow from merely assuming that
X <4 Y. This can be shown by a counterexample.

The proof of (6.B.17) can be obtained from Theorem 1.C.20 as follows.
Let @ be a bivariate increasing function. Then the function ¢, defined by
¢(x,y) = Y(z,z + y), belongs to Gy,. Therefore, from (1.C.11) one sees that
P(X, X +Y) <4 (Y, X +Y) and this gives (6.B.17). The proof of Theorem
6.B.15 uses the same idea together with a conditioning argument.

6.B.4 Closure properties

Using (6.B.1) through (6.B.7) it is easy to prove each of the following closure
results (note that parts (a) and (c¢) are special cases of part (b) in the next
theorem).

Theorem 6.B.16. (a) Let X and Y be two n-dimensional random vectors.
If X <4 Y and g : R" — RF is any k-dimensional increasing [decreasing]
function, for any positive integer k, then the k-dimensional vectors g(X)
and g(Y') satisfy g(X) <st [Zst] 9(Y).

(b) Let X1,Xo,..., X be a set of independent random vectors where the
dimension of X; is ki, i = 1,2,...,m. Let Y1,Yo,..., Y, be another
set of independent random vectors where the dimension of Y; is k;, i =
1,2,...,m. Denote k = ki +ko+- - +kp. If X; < Y; fori=1,2,...,m,
then, for any increasing function ¢ : R* — R, one has

V(X1 X, X)) St (Y1, Y2, Y ).

That is, the usual multivariate stochastic order is closed under conjunc-
tions. In particular, the usual multivariate stochastic order is closed under
convolutions.

(¢) Let X = (X1, Xo,...,Xp) and Y = (Y1,Y2,...,Y,) be two n-dimensional
random vectors. If X <4 Y, then X1 <4 Y for each I C {1,2,...,n}.
That is, the usual multivariate stochastic order is closed under marginal-
1zation.

(d) Let {X;,7=1,2,...} and {Y;,j =1,2,...} be two sequences of random
vectors such that X ; =5 X andY j =4 Y as j — oo, where — denotes
convergence in distribution. If X; < Y, j=1,2,..., then X <y Y.

(e) Let X, Y, and © be random vectors such that [X|© = 6] <y [V |© = 6]
for all 8 in the support of ©@. Then X <g Y . That is, the usual stochastic
order is closed under miztures.

In (6.B.1) the random vectors X and Y can be taken to be of countable
infinite dimension; that is, each of X and Y may correspond to an infinite
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sequence of random variables. In such a case, if (6.B.1) holds for all upper sets
in R*, then we still say that X is smaller than Y in the usual stochastic order
(denoted as X <y Y). A generalization of this idea is described in Section
6.B.7. The inequality (6.B.4), as well as Theorem 6.B.1, are still valid when
X and Y have countable infinite dimension. We thus get the following result
which involves multivariate random sums. Below, an empty sum is understood
to be 0.

Theorem 6.B.17. Let X1, Xo,..., X, be m countably infinite vectors of
nonnegative random variables, and let Y1,Y o, ..., Y, be other m such vec-
tors. Let M = (M, M, ..., M,,) and N = (N1, Na, ..., Np,) be two vectors
of monnegative integers such that M is independent of X1, Xo,..., X, and
N is independent of Y1,Y 2,...,Y,,. Denote by X;; [Y;] the ith element of
Xj [YJ] ]f(X17X2, . ,Xm) Sst (Y17Y2, “e ,Ym), and ZfM Sst N, then

My Mo

My, Ny N2 Nop
(ZXl,iszQ,iwnaZXm,i) <st <ZY17i,ZYé,i7--~7ZYm7i)-
i=1 i—1 i=1 i=1 i=1 i=1

Consider now n families of univariate distribution functions {G((f), 0 e X}
where X; is a subset of the real line R, ¢ = 1,2,...,n. Let X;(0) de-
note a random variable with distribution function Gél), i =1,2,...,n. Let
O = (01,6,,...,0,) be a random vector with support in [}, X;, and with
distribution function F'. Consider the n-dimensional distribution function H
given by

H(y17y27-~-7yn):/ / / HGéi)(yz)dF(Hl,Gg,,Hn),
Xy J X X,

ni=1

(y1,92,.--,yn) €ER™. (6.B.18)

The following result is a generalization of Theorem 6.B.16(e), and is a multi-
variate extension of Theorem 1.A.6; see Theorems 6.G.8, 7.A.37, 9.A.7, and
9.A.15 for related results.

Theorem 6.B.18. Let {G(QZ), 0 X}, i=1,2,...,n, be n families of uni-
variate distribution functions as above. Let @1 and @2 be two random vectors
with supports in [[;_, X; and distribution functions Fy and Fy, respectively.
Let Y, and Y5 be two random vectors with distribution functions Hy and Hy
given by

Hj(ylvaa"'ayn) :/ / / HGéi)(yl)dFj(ahg%agn)v
Xy J X X,

n =1

(y17y25"'7y’n) eRna j: 172

If
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X;(0) <g X;(0") whenever 0 <60, i=1,2,...,n,

and if
@1 Sst @23

then
Y, < Yo

6.B.5 Further properties

Clearly if X < Y, then EX < FY . However, similar to the univariate case,
if two random vectors are ordered in the usual multivariate stochastic order
and have the same expected values, then they must have the same distribution.
This is shown in the following result, which is a multivariate generalization of
Theorem 1.A.8. Similar results are given in Theorems 3.A.43, 3.A.60, 4.A.69,
5.A.15, 6.G.12, and 7.A.14-7.A.16.

Theorem 6.B.19. Let X = (X1, Xo,...,X,,) and Y = (Y1,Ys,...,Y,,) be
two random vectors. If X <4 Y and if E[h;(X;)] = E[h:(Y3)] for some strictly
increasing function hy, i =1,2,...,m, then X = Y.

We will not give the complete proof of Theorem 6.B.19 here, but we will
show a simple argument that proves it when X and Y are nonnegative random
vectors. From the assumption X <y Y and from Theorem 6.B.16(c) it follows
that X; <4 Y;. Since E[h;(X;)] = E[h;i(Y;)] it follows from Theorem 1.A.8
that X; =4 Y;, and thus, in particular, £EX; = EY; for i = 1,2,...,m
Therefore

m m m m
B[ aiXi] =Y wiBIX)] = Y aiB[Yi] = B[ Y avi]
i=1 i=1 i=1 i=1
whenever a; > 0,7 =1,2,...,m. Also, from X <y Y it follows that
Z%Xz‘ <st Z%‘Yi whenever a; >0, i =1,2,...,m
i=1 i=1
Therefore, again by Theorem 1.A.8, we have that
Z%Xi =gt Z%Yi whenever a; >0, 1 =1,2,...,m
; i=1
Thus

plow{ - Lo ] = e { - S av]]

whenever «; > 0, ¢ = 1,2,...,m. From the unicity property of the Laplace
transform we obtain X =4 Y.
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A straightforward analog of Theorem 1.A.15 is in general not true in the
multivariate case. That is, if X is any random vector and if U; and Us are
any increasing sets such that U; O Us, then it is not necessarily true that
[X |U1} <g [X |U2}; some property of positive dependence is needed to be
imposed on X in order for this result to hold. We do not give the details here.

Recall from (6.B.4) that X = (X1, Xo,..., Xm) <a Y = (Y1,Y2,...,Y.,)
if, and only if, E[¢p(X)] < E[¢p(Y)] for all increasing functions ¢, and that
(6.B.2) says that X < Y if, and only if, E[¢(X)] < E[¢(Y)] for all increas-
ing indicator functions ¢. When m = 2 we have a further similar characteri-
zation of the multivariate order <y, as is stated next. The proof is omitted.

Theorem 6.B.20. Let (X1, X2) and (Y1,Y2) be two random wvectors. Then
(X1, X2) <a (Y1,Y2) if, and only if,

d1(X1) + 02(X2) <ot 01 (Y1) + ¢2(Y2)

for all increasing functions ¢1 and ¢o.

A random vector (X1, Xo,...,X,,) or its distribution is said to be permu-
tation symmetric or exchangeable if

(X1, X9, ..o, Xm) =5t (Xnyy Xy ooy X))

for every permutation 7 of (1,2,...,m). A set U is said to be symmetric if
(x1,22,...,Zm) EU = (Tnys Trgy- -y T, ) €U
for every permutation 7 of (1,2,...,m). For permutation symmetric random

vectors the result in the following theorem holds. The proof uses symmetry
arguments and is omitted.

Theorem 6.B.21. Let X = (X1, Xs,...,X,) and Y = (Y1,Ys,...,Y.,) be
two permutation symmetric random vectors. Then X <4 Y if, and only if,
P{X €U} < P{Y € U} for all symmetric upper sets U C R™.

In the next result we obtain a comparison of order statistics with respect
to <g, but first we need a lemma. Let zq, 2o, ... be a sequence of constants or
of random variables. Denote by z(;..,) the ith smallest value among the first
m z;’s.

Lemma 6.B.22. For any sequence of constants z1,zs,... the following in-
equalities hold:

Z(i:m) < Z(i4-1:m)s 1<i<m-—1. (6B19)

Z(i:m+1) < Z(i:m), 1< < m. (6B20)

Z(i:m) < Z(i+1:m41)5 1<i<m. (6B21)
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Proof. The proof of (6.B.19) is obvious from the definition of the z(;.,)’s. The
proof of (6.B.20) is also quite simple—just note that if 2,11 < 2(j.m), then
2(im+1) < Z(imm), Whereas if 2y, 11 > 2(iim), then 2(.m41) = 2(i:m)- Finally, in
order to prove (6.B.21), note that if 2,11 < 2(.m), then 2 41m41) = Z(im)s
whereas if 2,11 > Z(im), then 2(m) < 2(i41:m41). O

Theorem 6.B.23. Let {X;,Xs,...} and {Y1,Ys,...} be two sequences of
random variables such that

(X1, Xo, ..., Xp) <ot (Y1, Ya,....Ya), k> 1. (6.B.22)
Then
X(ism) <st Y(jin) wheneveri<j andm —i>n—j. (6.B.23)
Proof. First note that from (6.B.22) it follows that
Xim) Sst Y(iom), 1<i<m. (6.B.24)
Now, if m > n, then

Xim) Zas. X(im) (by (6.B.20) and m > n)
Sa.s. Y—(j:n) (by (6B19) and 17 < j)

And if m < n, then

Zas. Y(itn—m:n) (by (6.B.21) and m < n)
<as. Y(jin) (by (6.B.19) and j > ¢ +n —m).

Since the almost sure relation <, 5 implies the relation <y, we obtain (6.B.23)
from the above inequalities. 0O

If in Theorem 6.B.23 we take Y; = X;, i = 1,2, ..., then obviously (6.B.22)
holds. Thus we obtain the following corollary.

Corollary 6.B.24. Let {X1, Xo,...} be a sequence of (not necessarily inde-
pendent) random variables. Then

X(izm) <st X(jin) wheneveri <j andm —i>mn—j.

The next example shows that if two random variables are ordered in the
dispersive order, then the corresponding vectors of spacings are ordered in the
usual stochastic order. Related results can be found in Theorems 1.C.45 and
4.B.17, and in Example 6.E.15.
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Ezample 6.B.25. Let X and Y be two random variables. Let X(l) < X(Q) <

- < X(,) denote the order statistics from a sample X1, X»,..., X, of in-
dependent and identically distributed random variables that have the same
distribution as X. Similarly, let Y(;) < Y(5) < -+ < Y{;,) denote the or-
der statistics from another sample Y7,Y5,...,Y,, of independent and iden-
tically distributed random variables that have the same distribution as Y.
The corresponding spacings are defined by Uy = X(;) — X(;—1) and V() =
Yi) — Y1), @ = 2,3,...,n. Denote U = (U, Us),...,Upy) and V. =
(Vi2), Vigys - +» Viny). We will now show that if X <gisp Y, then U < V.
Let F' and G denote the distribution functions of X and Y, respectively.
Define )Af(i) = G YF(X@u)), i = 1,2,...,n, and Vw = Y(i) - }A/'(i_l),
i =2,3,...,n. Clearly, (‘/(2), V(3), ceey V(n)) =st (‘7(2), ‘A/(3), ceey ‘A/(n)) Further-
more, from (3.B.10) we have that

Viy = GTHF (X)) — GTH(F(X(-1) = Xy — X(i-1) = Ugy) ass,
i=2,3,....n.

Thus, it follows from Theorem 6.B.1 that U <g V. In particular, from The-
orem 6.B.16(c) we get that Uyy <s V() for i = 2,3,...,n, and this proves
Theorem 3.B.31.

For the next two examples recall from page 2 the definition of the ma-
jorization order a < b among n-dimensional vectors.

Ezxample 6.B.26. Let X1, Xo,...,X,,Y1,Y5,...,Y, be independent Gamma
random variables where X; has the density function f; defined by

A

DN

Oé*lefAiiU’ T Z 0’

fi(z) =

where o > 0 and A\; > 0,7 = 1,2,...,n, and Y; has the density function g;
defined by

gi@) = Fogetle T w20,

where o > 0 is as above, and p; > 0,¢=1,2,...,n. Denote the corresponding
order statistics by X(l) < X(Q) <. < X(n) and Y(l) < Y(g) < ... < Y(n).
Suppose that (A1, Aa, ..., An) < (@1, 2, - -+, ). If @ < 1, then
(X(1)7X(2)a BREE) X(n)) <st (Y—(l)a }/(2)7 BERE) }/(n)>7
and if a > 1, then
Xa) Zst Yoy and  Xn) < Yin).

In particular, by taking o = 1, it is seen that the above inequalities hold for
heterogeneous exponential random variables.
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Ezxample 6.B.27. Let X1, Xa,...,Xn, Y1,Yo,..., Y, bg independent Weibull
random variables where X; has the survival function F'; defined by

Fi(x) =c " 2 >0,

where a > 0 and \; > 0, i = 1,2,...,n, and ¥; has the survival function G;
defined by

Gi(z) =e W™ >0,

where o > 0 is as above, and p; > 0,¢=1,2,...,n. Denote the corresponding
order statistics by X(1) < X(g) < -+ < X(p) and Y(3) < V(o) < -+ < V().
Suppose that (A1, Aay ..., An) < (p1, p2,y - -+, ). If @ < 1, then

(X1y, X255 X)) <st (Y1), Yi2y5 -5, Yim))-

Again, by taking o = 1, it is seen that the above inequalities hold for hetero-
geneous exponential random variables.

Ezample 6.B.28. Let X = (X1, Xo,...,X;n) and Y = (11,Ys,...,Y,,) be in-
finitely divisible random vectors with Lévy measures vx and vy, respectively;
that is, vx and vy satisfy [o,. (1A|2])rx (de) < oo and [, (1A |y|)ry (dy) <
o0, and the characteristic functions of X and of Y can be written in the form

ox (t) = exp { /R m\{o}(ei“-w) D (de) + it bx)}

and
oy () = exp { / oy (€Y D) i by>},

respectively, for some bx, by € R™. Assume that vx and vy are concentrated
on [0,00)™. If vx(U) < vy (U) for all Borel measurable upper sets in R, and
if bX S by, then X Sst Y.

The following example gives necessary and sufficient conditions for the
comparison of multivariate normal random vectors. See Examples 6.G.11,
7.A.13, 7.A.26, 7.A.39, 7.B.5, and 9.A.20 for related results.

Ezxample 6.B.29. Let X be a multivariate normal random vector with mean
vector px and variance-covariance matrix ¥ x, and let Y be a multivariate
normal random vector with mean vector py and variance-covariance matrix
Yy. Then X <4 Y if, and only if, px < py and X¥x = Xy

6.B.6 A property in reliability theory

In this subsection we show how the multivariate order <y can be used as a tool
for the purpose of defining aging properties for components whose lifetimes
are not necessarily independent. The notions and notations introduced in this
subsection will also be used in the rest of this chapter.
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Let T = (T1,T3,...,T,,) be a nonnegative random vector with an abso-
lutely continuous distribution function. In this subsection it is helpful to think
about 11,75, ..., T, as the lifetimes of m components 1,2, ..., m that make
up some system. Suppose that an observer observes the system continuously
in time and records the failure times and the identities of the components that
fail as time passes. Thus, a typical “history” that the observer has observed
by time ¢ > 0 is of the form

hi ={T;=t;,T;>te}, Oe<t;<te IC{1,2,...,m}. (6.B.25)

In (6.B.25) I is the set of components that have already failed by time ¢ (with
failure times t;) and I is the set of components that are still alive at time ¢.
Let

h,={T;=s;T7>se}, O0e<s;<se JC{1,2,....,m}, (6.B.26)

be another history. If ¢ < s and the histories h; and R/ are such that each
component that failed in h; also failed in b, and, for components that failed
in both histories, the failures in A/ are earlier than the failures in h;, then we
say that the history h; is less severe or “more pleasant” than the history h/,
and we denote it by hy < hl. Note that if h; and A/ are as in (6.B.25) and
(6.B.26), then hy < h% if, and only if, I C J and sy < ¢;.

For every vector a = (a1, as,...,a,) denote by a; the vector

ay = ((a1)+,(a2)+, - (am)+)-

Recalling Theorem 1.A.30 we can define a nonnegative random vector T as
multivariate IFR if for ¢ < s we have

(T —te)|he) >s (T — se)4|h,] whenever hy < R (6.B.27)

Another possibility is to call the nonnegative random vector T' multivariate
IFR if for ¢t < s we have

(T — te);|hi] >« [(T — se);|h.] whenever hy and h, coincide on [0, ).
(6.B.28)
These two different definitions of multivariate IFR have some desirable
properties. For example, a vector consisting of independent IFR random vari-
ables is multivariate IFR according to either one of these two definitions.
However, perhaps the most important feature of these kinds of definitions
is their intuitive interpretation. In the univariate case these two definitions
coincide with the usual univariate definition of IFR.
Further notions of multivariate IFR are studied in Section 6.D.3.

6.B.7 Stochastic ordering of stochastic processes

In Section 1.A.1 we saw how to define the usual stochastic order between two
univariate random variables. In Section 6.B.1 we saw how this comparison can
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be defined for two multivariate random vectors. The next level of generaliza-
tion, then, is the stochastic comparison of two stochastic processes. In fact,
several levels of generalization can be studied. The stochastic processes can
be univariate (if their common state space S is a subset of R). Or they can
be multivariate (if their common state space S is a subset of R™ for some
m). Or, more generally, the common state space S can be any general space,
according to the requirements of the particular application in which the order
is to be used. In this subsection we consider only the case in which the random
processes are univariate. Section 6.H contains some references for the more
general results.

Let {X(t),t € T}and {Y (), t € T} be two stochastic processes with state
space S C R and time parameter space 7 (usually 7 = [0,00) or T = N4 ).
Suppose that, for all choices of an integer m and t; < to < -+ < t,, in T, it
holds that

(X(t1), X(t2), -, X (tm)) <st (V(£1), Y (L2), ..., Y (tm)),

where here <y is in the sense of Section 6.B.1. Then {X(¢), t € T} is said
to be smaller than {Y(t), t € T} in the usual stochastic order (denoted by
{(X(),teT} < {Y(t), t€T}).

It can be shown that {X(t), t € T} < {Y(t), t € T} if, and only if,

E{g({X(®), te TH} < E{g({Y (¥), t € T})}, (6.B.29)

for every increasing functional g for which the expectations in (6.B.29) exist
(a functional g is called increasing if g({z(t), t € T}) < g({y(t), t € T})
whenever z(t) < y(t),t € T).

An analog of (6.B.1) can also be stated and proved, but it is not included
here. However, we do state the following important property of the order <g,
which is a generalization of Theorem 6.B.1.

Theorem 6.B.30. The random processes {X(t), t € T} and {Y(t), t € T}
satisfy { X (t), t € T} <a {Y(t), t € T} if, and only if, there exist two random
processes {X(t), t € T} and {Y (), t € T}, defined on the same probability
space, such that

{X(t), te T} = {X(t), teT},

{Y(t),teT}=x{Y(t), teT}

and
P{X(t)<Y(t), teT}=1.

For discrete-time processes (7 = N, ), an analog of Theorem 6.B.3 is given
in Theorem 6.B.31. The proof of it is the same as the proof of Theorem 6.B.3,
except that Theorem 6.B.30 is applied at the end of the proof rather than
Theorem 6.B.1.
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Theorem 6.B.31. Let {X(n), n € Ny} = {X(0),X(1),X(2),...} and
{Y(n), n € Ny} = {Y(0),Y(1),Y(2),...} be two discrete-time stochastic
processes. If

X(0) <« Y/(0),

and if

(X(@)|X(1) =z1,..., X (i — 1) = 1]

< [YO|Y (1) =w1,...,Y (i — 1) = yi_1]
whenever z; <y;, 7=1,2,...,i—1,1=1,2,3,...,

then {X(n), n € Ny} <4 {Y(n), n € N }.

Theorems 6.B.2 and 6.B.4 also have straightforward analogs that we do
not state here.

The order < for stochastic processes is closed under operations similar to
those described in Theorem 6.B.16. In particular, { X (¢),t € T} <q {Y(¢),t €
T = {g({X@),t e TH} <at {g{Y(t), t € T})} for all increasing function-
als g. The order is also closed under mixtures.

To see an important application of these ideas, consider two discrete-time
homogeneous Markov processes {X1(n), n € Ny} and {X3(n), n € N} with
a common state space S C R. Denote Yx, (z) =« [X1(n + 1)|X1(n) = 2] and
Yx,(z) =g [X2(n+1)|X2(n) = 2], z € S. The proof of the next result follows
directly from Theorem 6.B.31.

Theorem 6.B.32. Let {X;(n),n € Ny} and {X3(n),n € Ny} be two Markov
processes as described above. Suppose that X1(0) <g X2(0) and that

Yx,(z) <s Yx,(2') whenever x < z'.
Then {X1(n), n € Ny} <y {X2(n), n € Ny}

A variation of Theorem 6.B.32 for Markov chains (that is, discrete-time
homogeneous Markov process with state space in N) is given next. Recall that
a Markov chain is called skip-free positive if it does not have positive jumps
of magnitude more than one. For a Markov chain {X(n), n € N} with state
space S C N we denote Yx (i) =g [X(n + 1)|X(n) = i], i € S. The proof
of the following result is obtained by a straightforward construction of the
two underlying Markov chains on the same probability space, and then using
Theorem 6.B.30.

Theorem 6.B.33. Let {X1(n),n € N;} and {X2(n),n € Ny} be two Markov
chains. Suppose that X1(0) <g X2(0), that
YX1 (Z) <st YX2 (Z) fOT all ia
and
Yx, (i) > ¢ for all i, (6.B.30)

and that {X1(n), n € Ny} is skip-free positive. Then {X;1(n), n € Ny} <y
{Xa(n). n e N, ).
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The discrete-time homogeneous Markov process {X(n), n € N} is said to
be stochastically monotone if Yx (z) =4 [X(n+1)|X (n) = 2] is stochastically
increasing in x € S. Note that stochastic monotonicity is a different condition
than the almost sure monotonicity condition (6.B.30) — none of these implies
the other. Denote by {X(®)(n), n € Ny} the process {X(n), n € N} under
the condition that X (0) = z. The following result is a direct consequence of
Theorem 6.B.32.

Theorem 6.B.34. Let {X(n), n € Ny} be a discrete-time homogeneous
Markov process that is stochastically monotone. Then

{X®(n), ne Ny} < {X®)(n), ne Ny} (6.B.31)
whenever x < x'.

For example, a discrete-time birth and death chain (with state space N)
with birth probabilities P{X(n + 1) = i + 1|X(n) = i} = p; and death
probabilities P{X (n+1) =i —1|X(n) =4} =1 — p;, i € N, is stochastically
monotone if p; increases in ¢ € N. Hence it satisfies (6.B.31).

If two processes {X(¢), t € T} and {Y(¢), t € T} satisfy {X(¢), t €
T} <s {Y(t), t € T}, then, by Theorem 6.B.30, the first passage times
Tx(a) = inf{t: X(t) > a} and Ty (a) = inf{t : Y(¢) > a} (where inf & = 00)
satisfy T'x(a) >4 Ty (a) for all a. The reverse implication need not be true.
By removing (6.B.30) from Theorem 6.B.33 we obtain the following result. Its
proof consists of a proper construction of the two underlying Markov chains
on the same probability space, and then using Theorem 6.B.30.

Theorem 6.B.35. Let {X;(n),n € Ny} and {X3(n),n € Ny} be two Markov
chains. Suppose that X1(0) <g X2(0), that

Yx, (i) <g Yx, (i) for all i,

and that {X1(n), n € N4} is skip-free positive. Then Tx (a) >g Ty (a) for all
a.

Suppose now that the two processes that we want to compare are point
processes that, for distinction, we denote by {K(¢), t > 0} and {N(t), t >
0}. That is, for each ¢ > 0, K(¢t) and N(¢) are the numbers of jumps that
the corresponding processes have experienced over the time interval (0,¢]. In
addition to the possible relationship {K(t), t > 0} <y {N(¢), t > 0} between
these processes, we will consider also two other stronger possible relationships.

For any positive integer m, let By, Bs, ..., B,, be bounded Borel sets of
[0,00). Let K(B;) and N(B;) denote the number of jumps of the corresponding
processes over the set B;, i = 1,2,...,m. Suppose that, for all choices of an
integer m and bounded Borel sets By, Bs, ..., B,,, it holds that

(K(B1), K(Bs), ..., K(Bm)) <st (N(B1), N(Ba), ..., N(Bum)).
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Then {K(t), ¢ > 0} is said to be smaller than {N(t), t > 0} in the usual
stochastic order over N (denoted by {K(t), t > 0} <gn {N(t), t > 0}).
(Here N denotes the space of integer-valued Radon measures.) The usual
stochastic order over A gives a “global” comparison of the point processes
{K(t), t >0} and {N(¢t), t > 0}.

Let X; < X5 < --- be the sequence of interpoint distances of the process
{K(t), t > 0}, and let Y7 < Y2 < --- be the sequence of interpoint distances
of the process {N(t), t > 0}. We assume that the X;’s and that the Y;’s are
almost surely positive. Also we assume that the processes are nonexplosive
in the sense that lim, oo Y ;. X; = 0o and lim, e Y i, ¥i = co almost
surely. Suppose that, for all choices of an integer m and indices i1, 19, . .., im,
it holds that

<X217X7/27""Xi1n) (Y;17}/;2""’§/;7n)'

Then {K(t), t > 0} is said to be smaller than {N(t), t > 0} in the usual
stochastic order over R> (denoted by {K(t), t > 0} <gt-0o {N(t), t > 0}).
The usual stochastic order over R* gives a “local” comparison of the point
processes {K(t), t > 0} and {N(t), t > 0}.

Analogs of (6.B.29) can be stated and proven for the orders <g.n and
<st-0o- Also, “almost sure” constructions, that are analogs of Theorem 6.B.30,
can be shown for these orders. We do not give the technical details here. We
note, however, that in such constructions the counterparts K = {K(t), t > 0}
and N = {N(t),t > 0} of {K(t),t > 0} and {N(t), t > 0}, respectively, satisfy
the following properties: The relationship {K (¢), t > 0} <qn {N(t), t > 0}
means that K is a thinning of N. The relationship {K(t),t >0} <q {N( ), t
0} means that N has a.s. earlier and more numerous points than K before
each time instant ¢. The relationship {K(¢), ¢ > 0} <gt-00 {IN(¢), t > 0} means
that the corresponding interpoint distances are shorter for N than for K a.s.
From this it is immediate that

{K(t), t >0} <genw {N(), t >0} = {K(t), t > 0} <g {N(t), t > 0},
and that

{K(t), t > 0} <gtoo {N(t), t >0} = {K(t), t >0} <& {N(t), t > 0}.
(6.B.32)
It can be shown that, in general, {K(t), t > 0} <gn {N(¢), t > 0}
= {K(t), t > 0} <g00 {N(t), t > 0} and also that {K(t), t > 0} <00
(N(1), t > 0} = {K (1), t > 0} <qn {N(), t > 0}.
For renewal processes we have the following results.

Theorem 6.B.36. Consider two nondelayed renewal processes {K(t), t > 0}
and {N(t), t > 0} with generic interpoint distances X and Y, respectively.
The following three statements are equivalent.

1Y <4 X,
(i) {K(t), t > 0} < {N(t), t > 0},
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(iii) {K(t), t > 0} <gt-00 {N(¢), t > 0}.

Proof. Note that from the independence of the interpoint distances it follows
that (i)<=-(iii). From (6.B.32) it follows that (iii)=(ii). The implication
(il)=(i) is obvious. O

Theorem 6.B.37. Consider two nondelayed renewal processes {K(t), t > 0}
and {N(t), t > 0} with generic interpoint distances X and Y, respectively.
Let rx and ry denote the hazard rate functions corresponding to X and Y,
respectively. If

rx(t) <ry(s) forall0<s<t, (6.B.33)

then
{K(t), t >0} <gqn {N(t), t > 0}.

Theorem 6.B.37 can be easily proven using the fact, mentioned above, that
Kisa thinning of N. We do not give a detailed proof of it here.

Note that (6.B.33) holds if Y <j,, X and if X is DFR or if Y is DFR.

The proofs of the next two theorems are similar to the proofs of Theorems
6.B.36 and 6.B.37, respectively.

Theorem 6.B.38. Consider two delayed renewal processes {K%(t), t > 0}
and {N(t), t > 0}, with the corresponding delays X¢ and Y and with the
same interrenewal distribution after the delay. The following statements are
equivalent.

() Y <4 X9,
(i) {K%(t), t > 0} < {N(t), t > 0},
(iii) {K9(t), t > 0} <st00 {N9(t), t > 0}.
Theorem 6.B.39. Consider two delayed renewal processes {K(t), t > 0}
and {N%(t), t > 0}, with the corresponding delays X¢ and Y¢ and with the

same interrenewal distribution after the delay. Let rxa denote the hazard rate
function corresponding to X®. If Y¢ <y, X% and if

rxa(t) <r(s) forall0<s<t, (6.B.34)

where r is the hazard rate function associated with the common interrenewal
distribution function, then

{K(t), t >0} <gn {N(t), t >0}

Note that (6.B.34) holds, for example, if X <y, X¢, and if X is DFR or if
X4 is DFR.

Finally we give conditions for two nonhomogeneous Poisson processes to
be ordered according to the above orders.

Theorem 6.B.40. Let {K(t), t > 0} and {N(t), t > 0} be two nonhomoge-
neous Poisson processes with mean functions My and My, respectively, and
with intensity functions A and Ay, respectively.
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(i) If Mg (t) < Mn(t), t >0, then {K(t), t > 0} <g {N(t), t > 0}.
(i) If A (t) < An(¢), t >0, then {K(t), t > 0} <qn {N(t), t > 0}.
(i) If M (My(t)) — t is increasing in t > 0, then {K(t), t > 0} <g00
{N(t), t > 0}.

In the following example, parts (i) and (iii) of Theorem 6.B.40 are restated
in the terminology of Examples 1.B.24, 1.C.48, 2.A.22, 3.B.38, 4.B.14, 6.D.8,
6.E.13, and 7.B.13.

Ezxample 6.B.41. Let X and Y be two absolutely continuous nonnegative
random variables with survival functions F and G, respectively. Denote
Ay = —logF and Ay = —logG, i = 1,2. Consider two nonhomogeneous
Poisson processes Ny = {N1(t), t > 0} and Ny = {Nz(t), ¢ > 0} with mean
functions A; and As (see Example 1.B.13), respectively. Let T; 1,T; 2, ... be
the successive epoch times of process N;, ¢ = 1,2. Note that X =g 77, and
Y =4 To,1.

It turns out that the usual stochastic ordering of the first two epoch times
implies the multivariate usual stochastic ordering of all the corresponding
later epoch times. Explicitly, part (i) of Theorem 6.B.40 says that if X <y Y,
then (Tl,lu TLQ, . 7T1’n) Sst (Tg’l, T2’2, ey Tgyn), n 2 1.

Now let X;,, = T;p — Tin—1, n > 1 (where T; ¢ = 0), be the inter-epoch
times of the process N;, ¢ = 1,2. Part (iii) of Theorem 6.B.40 says that if
X <dgisp Y, then (X711, X1 2,..., X10) <t (X2,1,X22,...,X0,),n > 1.

6.C The Cumulative Hazard Order

6.C.1 Definition

Let T = (T1,Ts,..., ;) be a nonnegative random vector with an absolutely
continuous distribution function. In this section, as in Section 6.B.6, it is help-
ful to think about 11,75, ..., T, as the lifetimes of m components 1,2,...,m
that make up some system. Consider a typical “history” of T' at time t > 0,
which is of the form (see (6.B.25))

he ={T;=t;,T; >te}, Oe<t;<te, IC{1,2,...,m}. (6.C.1)

Given the history h; in (6.C.1), let i € I be a component that is still alive
at time t. Its multivariate conditional hazard rate, at time t, is defined as
follows:

1
Nir(t|tr) = iitrﬁ) th{t <T; <t+ At|T; =t;, Ty > te}, (6.C.2)

where, of course, 0e < t; < te, and I C {1,2,...,m}. As long as the
item is alive it accumulates hazard at the rate of )\il[(t‘t}) at time ¢. If
I = {il,ig, ‘e ,ik} and
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ty, <ty <00 <ty

then the cumulative hazard of component i € I at time ¢ is

Wi‘il,ig,...,ik (t|t11 ) tiz) ey tlk)

tig k tij
= / )\Z|g(u|tg)du—|—2/ )‘i|i1,i27...,ij,1(u|ti1ati27~-~7tij,1)du
0 g=2Yti; 4
t

+ / )‘i\il,ig,...,ik (’U/‘tzl s ti2, e ,tlk)du (603)

t'ik

Let S = (51,52,...,S,) be another nonnegative random vector with an
absolutely continuous distribution function and with cumulative hazard func-
tions 45.‘.(-|~), which are defined analogously to the ¥’s in (6.C.3). Select two
integers j and [ such that j <1 < m. Let t1,t2,...,t; and 51,...,5;,...,5 be
such that 0 <#; <ty <--- <t;,and 0 <53 < ¢, =1,2,...,7, and s; > 0,
i=7+1,...,1 Let

Sky S Sky < -0 - S

be the ordered s;’s. If for any integer o > | we have

¢a|k1,k2,...,kl (u|sk178kz7 ey Skz) 2 !pa|l,2,...,j (U’tl, t27 e 7tj) (6C4>

whenever u > max{t;, sj41, 842, ..., s}, and if the same holds with 1,2,...,1
replaced by 71,72, ..., m for every permutation 7 of (1,2,...,m), then S is
said to be smaller than T in the cumulative hazard order (denoted as S <,
T).

The order <., is not an order in the usual sense; a comment, similar to
the comment in Remark 6.B.5, applies to this order too. Explicitly, X <., X
means that X has the positive dependence property of “supporting lifetimes”
discussed in Norros [437] and in Shaked and Shanthikumar [511].

Condition (6.C.4) simply states that at any time ¢ the cumulative hazard
of S, is larger than the cumulative hazard of T, whenever the history of
the components corresponding to S is more “severe” than the history of the
components corresponding to T'. Thus (6.C.4) can be written as (see Section
6.B.6 for the definition of histories and for the definition of their comparison)

@, (hl,) > Ws(h,) whenever b > h,,

where « denotes a component that has not failed by time w« in the history h!,.
In the univariate case (that is, m = 1) condition (6.C.4) simply says that
—log P{S1 > u} > —log P{Ty > u}. Therefore, in the univariate case

S1 <an Th = 51 <t T1.

Thus, if the components of S are independent, and if the components of T
are independent, then S <., T <= S < T'. In the general multivariate case
the two orders are not equivalent, but it will be shown below that if S <., T,
then S <4 T.
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6.C.2 The relationship between the cumulative hazard order and
the usual multivariate stochastic order

The total hazard accumulated by the failure time T;, given that T; was the time
of the kth failure and that the previous failure times were 75;,,7},,...,T},_,,
18 Y15, o jis (Ti’le Tjys ..., T, ). It can be shown that the total hazards
accumulated by the failure times T;’s are independent standard (that is, mean
one) exponential random variables. This fact motivates the following total
hazard construction, which is of independent interest but we will use it here
in order to show that if S <, T', then S < T.

The idea of the construction is as follows. The components accumulate haz-
ard as long as they are alive with the rates given in (6.C.2). Each one of them
dies when its accumulated hazard crosses a random threshold. The random
thresholds are independent standard exponential random variables. Thus, by
continuously comparing the accumulated hazards to the independent expo-
nential random thresholds it is possible to determine the times in which the
accumulated hazards cross the respective thresholds, and these times have
the desired distribution. From this heuristic description it is seen that the
multivariate conditional cumulative hazard functions, given in (6.C.3), deter-
mine the distribution of the generated random variables. This, indeed, is well
known.

Let T = (Ty,Ts,...,T) be a nonnegative random vector with an ab-
solutely continuous distribution function. Given the functions y7|(‘) that
are associated with T, as described in (6.C.3), we will describe now how
to generate a random vector T = (Tl,’f’z, . ,Tm) such that T' =4 T. Let
X1, Xo,...,X,, be independent standard exponential random variables. The
total hazard construction will be described in m steps.

STEP 1. In this step we determine the identity i1 of the component that fails
first and its time of failure 7j,. This is determined by

T% ::nﬁn{jﬁ,fé,“.,jin},

where ~
T; =min{t > 0: ¥;5(t|2) > X;}, j=1,2,...,m,

and 7; is the index of the smallest Tj.

STEP k. (k = 2,3,...,m). Suppose that Steps 1,2,...,k — 1 have already
yielded

T’ilu i27"'7T

T—1"

Let I = {iy,ia,...,ix_1} and denote I = {41, 2, .-+, jm—k+1}- In this step we
determine the identity 75 of the component that is the kth one to fail and its
failure time 73, . This is determined by

T, = min{TjUsz? s 7Tj7n—lc+1}’

k
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where here, for j € I,

T; = min{t > ﬁk—l U

i 52,01 (

t‘ﬂl?Ti27"'7T

Gk—1

) = X;},
and iy, is the index of the smallest T}, j € T.

It can be shown that indeed T =4 T.

Let S = (51, 953,...,Sm) be another nonnegative random vector with an
absolutely continuous distribution function and multivariate conditional cu-
mulative hazard functions (15‘(|) Using the same independent standard ex-

ponential random variables X1, Xo, ..., X,,, construct S = (5'1, So,.. ., Sm)
using the total hazard construction described above. Thus S and T are con-
structed on the same probability space and they satisfy T =y T and S = S.
Also, if (6.C.4) holds, that is, if S <, T, then it is clear that P{S’ < T} =1.
Thus, from Theorem 6.B.1, we see that we have proved the following theorem.

Theorem 6.C.1. Let S and T be two nonnegative random vectors with ab-
solutely continuous distribution functions. If S <., T, then S <4 T.

It is worth mentioning that the total hazard construction is theoreti-
cally and practically different from the standard construction discussed in
Section 6.B.3. In the standard construction the uniform random variables
Uy,Us, ..., U,, which are used to generate the desired Tl, TQ, ces ,Tn, can be
used sequentially, that is, U; can be used to generate T;, once Ty, b, ..., Ty_y
have already been generated, ¢ = 1,2,...,n. On the other hand, in the total
hazard construction, the exponential random variables X1, Xo,..., X,, are all
used simultaneously in the generation of each T;.

Remark 6.C.2. Looking at Step 1 of the total hazard construction it is seen
that it can be split into two substeps. First the value of first order statistic,
T(l) say, of the Tj’s is determined, and then the identity (index) of T(l) is
selected. Similarly Step k can be split into two substeps. Suppose now that
T = (T1,Ts,...,T,) is a vector of exponential random variables with possibly

different parameters. Then also T = (Tl, Tg, ..., T),) is such a vector. Further-
more, T(l) is also an exponential random variable. If it is known that T(l) =5
say, and if the identity of the smallest Tj is also known, then, conditionally, the
residual lives of the remaining m — 1 components are independent exponential
random variables, and they do not depend on s;. If the identity of the smallest
Tj is not known known, then the conditional distribution of the residual lives
of the remaining m—1 components is a mixture of distributions of independent
exponential random variables, and it still does not depend on s; (notice that
the probabilities of the mixture do not depend on s;1). Therefore the condi-
tional distribution of (T{g) — s1,T(3) — 51, ..., T(m) — 51), given T(l) = 31, does
not depend on s;. It follows that [(T(l), T(2)7 ... ,T(m))‘T(l) = $1] is stochasti-
cally increasing in s;. Since T =g T we obtain a proof of Theorem 6.B.13.
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6.D Multivariate Hazard Rate Orders

6.D.1 Definitions and basic properties

The following notation will be used below. For any two real numbers x and y
we denote z V y = max{z,y} and x Ay = min{x,y}. If € = (z1,22,...,25)
and y = (y1,%2,...,Yn) are two vectors in R", then we denote  Vy =
(X1 Vy,2aVya, ..., @n Vyn) and 2 Ay = (1 Ay1, 22 A Y2, ..oy Ty A Yn).

Let X = (X1,Xo,...,X,) and Y = (Y1,Ys,...,Y,) be two random vec-
tors with respective survival functions F and G defined by F(x) = P{X > z}
and G(z) = P{Y > z}, = € R". We say that X is smaller than Y in the
multivariate hazard rate order (denoted by X <y, Y) if

F(z)G(y) < F(z Ay)G(x Vy) for every z and y in R™. (6.D.1)

We say that X is smaller than Y in the weak multivariate hazard rate order
(denoted by X <ypn, Y) if

ggi; is increasing in « € {x : G(x) > 0}, (6.D.2)

where in (6.D.2) we use the convention a/0 = co whenever a > 0. Note that
(6.D.2) can be written equivalently as

F(y)G(z) < F(z)G(y) whenever = < y. (6.D.3)
Thus, from (6.D.1) and (6.D.3) it follows that
X< Y=X<mY. (6D4)

Note that from (6.D.3) it follows that if y € { : G(x) = 0}, then y €
{x: F(x) = 0}. That is, if X <y, Y, then

{z: F(z) >0} C {z: G(z) > 0}.

It can be shown that the implication (6.D.4) is strict. However, when at
least one of the survival functions of X and of Y is MTP5 (recall from Karlin
and Rinott [278] that a function K : R™ — R, is said to be multivariate
totally positive of order 2 (MTP3) if K(x)K(y) < K(x Ay)K(zV y) for all
@,y € R™), then, under some regularity conditions, the orders <y, and <yp,
are equivalent. This is shown next. Recall that a set S C R™ is called a lattice
if for all ¢,y in S we have that x Ay and = V y are in S.

Theorem 6.D.1. Let X and Y be two random vectors with respective sur-
vwal functions F and G, and with a common support S which is a lattice. If
F and/or G are/is MTPs, then

X <o Y =X < Y. (6D5)
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Proof. Note that the left hand side of the implication (6.D.5) implies
F(xVvy)Gly) < F(y)GxzVy), =yeR",
and that the MTPs-ness of F implies
F(x)F(y) < FlxAy)F(xVy), =,ycR"
Multiplication of these two inequalities yields
F(zVy)G(y)F(x)F(y) < F(y)Ga Vy)F(x Ay)F(zVy).

Now, from the assumption that S is a lattice it follows that if F(x)G(y) > 0,
then F(y) and F(z V y) are positive. Canceling these we obtain that (6.D.1)
holds in this case. If F(x)G(y) = 0, then (6.D.1) obviously holds too. There-
fore X <p, Y. In a similar manner the implication (6.D.5) can be shown
when G is MTP,. O

The order <y, is not an order in the usual sense (that is, it is not reflexive)
because from (6.D.1) it follows that

X <pr X <= P{X > x} is MTPs.

Consider now a random vector X = (X1, Xa,...,X,) with a partially
differentiable survival function F. Let rx = (7“;), Tg), . ,rggl)) be its hazard
gradient as defined in (1.B.28). Let Y be another n-dimensional random vector
with hazard gradient ry = (rg),rg), . ,rgf)). The following result, which
can be obtained by differentiation of (6.D.2), justifies the terminology “hazard

rate order” for the orders that were introduced in (6.D.1) and (6.D.2).
Theorem 6.D.2. Let X andY be n-dimensional random vectors with hazard
gradients rx and Ty, respectively. Then X <y Y if, and only if,
r_(,?(m) > rgf)(a:), 1=1,2,...,n, ¢ € R™
A useful inequality is described next; we omit its proof.

Theorem 6.D.3. Let X = (X;1,Xo,...,X,) be a random vector, and let
X! = (Y1,Ya,...,Y,) be a vector of independent random variables such that
Xi=xY;,i=1,2,...,n. If the survival function of X is MTPy, then

XI ghr X.

The relation X <, Y does not necessarily imply X <y Y, where <
denotes the usual multivariate stochastic order discussed in Section 6.B. How-
ever, a generalization of the univariate Theorem 1.B.1 is given in (6.G.10) in
Section 6.G.1. Theorem 6.G.9 is a multivariate generalization of (1.B.7).
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6.D.2 Preservation properties

The orders <y, and <y, are closed under some common operations.

Theorem 6.D.4. (a) Let (X1, Xs,...,X,) and (Y1,Ys,...,Y,) be two n-

dimensional random vectors. If (X1, Xo,..., Xpn) <ir [<whe] (Y1,Y2,. ..,
Y,), then

(91(X1),92(X2), - -+, gn(Xn)) <hr [Swhe] (91(Y1),92(Y2), -+, 90 (Yn))
whenever g; : R — R is an increasing function, i = 1,2,...,n.

(b) Let X1,X5,..., X be a set of independent random vectors where the
dimension of X; is ki, i = 1,2,....m. Let Y1,Yo,..., Y, be another
set of independent random wvectors where the dimension of Y; is k;, i =
1,2, .. om If X <y [Sohe) Yi fori=1,2,...,m, then

(X1, X9, ., Xn) <ie [Swie] (Y1,Y9,...,Y ).

That is, the multivariate hazard rate orders are closed under conjunctions.

(c) Let X = (X1, X9,...,X,) andY = (Y1,Y2,...,Y,) be two n-dimensional
random vectors. IfX <hr [Swhe] Y, then X1 <y [<whr] Y71 for each
I C{1,2,...,n}. That is, the multivariate hazard rate orders are closed
under marginalization.

(d) Let {X;,7=1,2,...} and {Y;,j =1,2,...} be two sequences of random
vectors such that X; =4 X and Y; —s Y as j — 00, where —
denotes convergence in distribution. If X; <ur [<wne Y, 7 =1,2,...,
then X Shr [Swhr] Y.

We will now describe some preservation properties of the multivariate haz-
ard rate orders under random compositions.

Let {F@, 0e X } be a family of n-dimensional survival functions, where
X is a subset of the real line. Let X () denote a random vector with survival
function Fy. For any random variable © with support in X, and with dis-
tribution function H, let us denote by X (©) a random vector with survival
function G given by

Glx) = /X Fo(z)dH(9), zcR"

Theorem 6.D.5. Let {F@, 0 e X} be a family of n-dimensional survival
functions as above. Let @1 and Oy be two random variables with supports in
X and distribution functions Hy and Hs, respectively. Let Y1 and Y o be two
random vectors such that Y; =¢ X(0;), i = 1,2; that is, suppose that the
survival function of Y; is given by

G :L‘) = / Fg(il:)dHZ(e), b S Rn, 1=1,2.
X

If
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X (0) <wnr X(0')  whenever 0 < ¢, (6.D.6)

and if ©1 and O3 are ordered in the univariate hazard rate order; that is, if
01 <ur B2, (6.D.7)

then
Y1 <om Yo (6.D.8)

Proof. Assumption (6.D.6) means that for each j € {1,2,...,n}, the function
Fy(z1,22,...,7,) is TPy (totally positive of order 2; that is, bivariate MTP5)
as a function of € X and of z; € R. Assumption (6.D.7) means that H;(6)
is TPy as a function of ¢ € {1,2} and of § € X. Therefore, by Theorem 2.1 of
Joag-Dev, Kochar, and Proschan [259], G;(z1, 22, ..., ,) is TPy ini € {1,2}
andin z; € R, j =1,2,...,n. That is,

Go(z1,29,...,7p)

Gl(l‘l,itz,...,mn

is increasing in z;, j=1,2,...,n

By (6.D.2), this yields the stated result. O

In the case where Y1 and Y5 in Theorem 6.D.5 are vectors of condition-
ally independent random variables, the conclusion (6.D.8) can be strength-
ened. For this purpose, consider n families of univariate survival functions
{Fj’g, 0 € X}, j = 1,2,...,n, where X is a subset of the real line. Let
X;(0) denote a univariate random variable with survival function F;g. For
any random variable © with support in X, and with distribution function H,
let X;(O) denote a univariate random variable with survival function given
by [, Fjo(x)dH(9), 2 €R, j=1,2,...,n

Theorem 6.D.6. Let {Fj’e, 0 € X} be n families of univariate survival
functions as above, j = 1,2,...,n. Assume that for each j = 1,2,....n
the univariate supports corresponding to all the fjﬁ ’s are identical, V;, say.
Let ©1 and ©y be two random wvariables with supports in X and distribu-
tion functions Hy and Hs, respectively. Let Y1 = (Y11,Y12,...,Y1,) and
Yo = (Yo1, Yoo,..., Ya,) be two vectors of conditionally independent random
variables such that Yi; =g X;(0;), 1 = 1,2, j = 1,2,...,n; that is, suppose
that the survival function of Y ; is given by

éi(xl,l’g,... /H J?] dH 9)

(x1,22,...,2,) ER" i=1,2. (6.D.9)

If
X;(0) <nr X;(0") whenever § <6, j=1,2,...,n, (6.D.10)

and if
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01 <pr 69,

then
Y, < Yo

Proof. Let 8 < #'. From assumption (6.D.10), from the conditional indepen-
dence of the X;(6)’s, and from the conditional independence of the X;(¢')’s,
it follows by Theorem 6.D.4(b) that

(X1(0), X2(0),...,X,(0)) <nr (X1(6'), X2(0"),...,X,(0")) whenever § < 6.
Therefore, by Theorem 6.D.5 we get
Y, <uw Yo. (6.D.11)

Next, it is easy to verify that G; in (6.D.9) is TPy in each pair of its
variables when the other variables are held fixed, i = 1,2. Therefore G; is
MTP,, i = 1,2. Furthermore, from the assumption that for j = 1,2,...,n,
all the ijg’s have a corresponding univariate common support Y;, it follows
that Y1 and Y5 have a common support which is a lattice. The stated result
now follows from (6.D.11) and Theorem 6.D.1. O

An interesting property of the order <y,, for nonnegative random vectors,
is given next; see Theorem 6.G.15 for a related result.

Theorem 6.D.7. Let X = (X1, Xo,...,X,) andY = (Y1,Ys,...,Y,) be two
nonnegative random vectors. If X <un, Y, then

min{a1 X1, ..., 0, X} <pr min{a1Y1,...,a, Y5}
whenever a; >0, i=1,2,....,n. (6.D.12)

6.D.3 The dynamic multivariate hazard rate order

Let T = (T1,Ts,...,T,) be a nonnegative random vector with an absolutely
continuous distribution function. Denote the multivariate conditional hazard
rate functions of T by A..(-|) as defined in (6.C.2). Clearly, the higher the
multivariate conditional hazard rate functions are, the smaller T should be
stochastically. This is the motivation for the order discussed in this subsection.

Let S = (51, 953,...,Sm) be another nonnegative random vector with an
absolutely continuous distribution function. Denote its multivariate condi-
tional hazard rate functions by 77.|.(-’-), where the n’s are defined analogously
to the N’s in (6.C.2). Suppose that

i1 (u]sr, s5) > Nijr(ultr)
whenever JNIT =0, s; <t; <ue, and s; <we, (6.D.13)
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where i € TU J. Then § is said to be smaller than T in the dynamic multi-
variate hazard rate order (denoted as S <gyn-nr T').

The order <gyn-hr is not an order in the usual sense; a comment, sim-
ilar to the comment in Remark 6.B.5, applies to this order too. Explicitly,
X <dyn-nr X means that X has the positive dependence property of “hazard
rate increasing upon failures” discussed in Shaked and Shanthikumar [511].

Note that (6.D.13) can be written as (see Section 6.B.6 for the definition
of histories and for the definition of their comparison)

ni(hy,) > Ai(hy) whenever ki, > hy,

where 7 denotes a component that has not failed by time w in the history h!,.

The following example illustrates how the dynamic multivariate hazard
rate order can be verified. This example may be compared with Examples
1.B.24, 1.C.48, 2.A.22, 3.B.38, 6.B.41, 6.E.13, and 7.B.13.

Example 6.D.8. Let X and Y be two absolutely continuous nonnegative ran-
dom variables with survival functions F and G, respectively. Denote A; =
—logF, Ay = —logG, and \; = A}, i = 1,2. Consider two nonhomogeneous
Poisson processes N1 = {N1(t), t > 0} and Ny = {Nz(¢), ¢ > 0} with mean
functions A; and Ag (see Example 1.B.13), respectively. Let T; 1,T; 2, ... be
the successive epoch times of process IV;, i = 1,2. Note that X = 777 and
Y =4 T2,1.

It turns out that the univariate hazard rate ordering of the first two epoch
times implies the dynamic multivariate hazard rate ordering of the corre-
sponding vectors of the later epoch times. Explicitly, it will be shown below
that if X Shr Y, then (Tl,la TLQ, e 7T1,n) den—hr (Tg’l, 1—‘2’27 e 7T2,n) for
each n > 1.

Fix ann > 1. Let 7..(-|-) be the multivariate conditional hazard rate func-
tions associated with (T1,1,T12,...,T1,,) and let (|.(-|-) be the multivariate
conditional hazard rate functions associated with (T51,7%.2,...,T2.,).

First let us obtain an explicit expression for (; (u|t 1) under the restrictions
ontand u in (6.D.13). Since Tp; < Tho < --- < Th p, a.s., it follows that ¢ in
(6.D.13) can be a realization (“history”) of observations up to time u only if
I is of the form I = {1,2,...,m} for some m > 1, or I = & (that is, m = 0).
Then we have

Ao(u), ifi=m+1;

o where I = {1,2,...,m}.
0, ifi>m+1;

Gt (ultr) = {

Next, let us obtain an explicit expression for n;y J(U’S sus) under the
restrictions on s, ¢, and v in (6.D.13). Since Ty 1 < Ty 2 < --- < T}, a.s., we
see that when I = {1,2,...,m}, then syys in (6.D.13) can be a realization of
observations up to time u only if J is of the form J ={m +1,m+2,...,k}
for some k > m + 1, or J = & (that is, K = m). Then we have
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(1) = Aw), ifi=Fk+1;
U e ) ifi> k41

where I = {1,2,...,m}and J={m+1,m+2,...,k}.

Suppose that X <y, Y. Since ¢ in (6.D.13) must satisfy ¢ € T U J (that is,
i > k), we see that if k& > m, then

iz (u|srus) = A(u) >0 = Gr(ultr) ifi=k+1;
miros(ulsius) =0 = G (ultr) ifi>k+1;

so (6.D.13) holds with (.|.(-|) replacing A.|.(:|-). If k = m (that is, J = @),
then, using X <, Y, we get

iyt (u|sros) = A(u) > Aa(u) = Gjr(ulty) ifi=k+1;
miros(ulsius) =0 = G (ultr) ifti>k+1;

so (6.D.13), with (.(-|-) replacing A.|.(-|-), holds in this case too. Thus
(Th1, T2, - Thon) <dgnonr (T21,T22,. .., Top).

It should be noted that in Example 1.B.24 it was shown that if X <, Y,
then we have the univariate stochastic inequality 77 ,, <nr T3, for each n > 1.
This stochastic inequality does not follow from the above result because the
dynamic multivariate hazard rate order is not closed under marginalization.

In the univariate case (m = 1) condition (6.D.13) reduces to (1.B.2) [with
a different notation]. We have already seen that in the univariate case

S1 < Th = S1 < T

This is also true in the general dynamic multivariate case. In order to see it,
note that if (6.D.13) holds, then (6.C.4) holds, where in (6.C.4) the functions
U’s are defined by means of the functions \’s as in (6.C.3) and the functions
@’s are analogously defined by means of the functions 7’s. We thus have proven
the following result.

Theorem 6.D.9. If S and T are two nonnegative random vectors such that
S den—hr T; then S Sch T.

Let X(1) < X(2) < --- < X(;) be the order statistics corresponding to a
sample of independent and identically distributed nonnegative random vari-
ables X1, Xo,..., X,,. Similarly, let Y3y < Y(g) < -+ < Y{,,) be the order
statistics corresponding to a sample of independent and identically distributed
nonnegative random variables Y7, Y5, ..., Y,,. In the next result, the vectors of
order statistics are compared in the order <qyn.n,; it may be compared with
Theorems 6.E.12, 7.B.4, and 7.B.12. The proof of the next result is similar to
the proof of the main result in Example 6.D.8.
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Theorem 6.D.10. Let X1y, X(9),...,X(n) and Y(1),Y(2),...,Y(,) be order
statistics as described above. If X1 <y, Y7, then

(X(l),X(Q)a s 7X(n)) den—hr (Yv(l)aYv(Z)a .. aYv(n))

We will now see a property of the order <4yn_n, in reliability theory. Recall
from Section 1.B.5 that a nonnegative random variable 7" is IFR if, and only
if, either one of the following equivalent conditions holds:

[T —t|T > t] >y [T —t'|T > 1] whenever t < ¢/, (6.D.14)
T > [T —t|T >t for all t > 0. (6.D.15)

With the dynamic multivariate analog of the order >y, one can generalize
(6.D.14) and (6.D.15) to the multivariate case, thus introducing notions of
multivariate IFR distributions. This can be done in several ways. Below we
show that various generalizations of (6.D.14) and (6.D.15) actually yield the
same notion of multivariate IFR.

Let T be a nonnegative random vector. Recall from Section 6.B.6 the
definition, the notation h;, and the comparison of histories associated with
T. One possible multivariate analog of (6.D.14) is to require T to satisfy, for
t < s and histories h; and h/,

(T — te)4|hi] >aynne [(T — se);|h}] whenever hy < I, (6.D.16)

Still another possible multivariate analog of (6.D.14) is to require T to satisfy,
for t <s,

(T — te)1|hi] >aynne [(T —te);|hl] whenever hy and h, coincide on [0, ).

(6.D.17)
An analog of (6.D.15) is to require T to satisfy (6.D.16) or (6.D.17) with
t = 0; that is,

T >aynne (T — se)y|hl] for any history h, s > 0. (6.D.18)

It turns out that these three conditions are equivalent. If we say that the
nonnegative random T is multivariate IFR if it satisfies (6.D.16), then we
have the following result, the proof of which can be found elsewhere.

Theorem 6.D.11. Let T be a nonnegative random vector. The following three
statements are equivalent.

(i) T is multivariate IFR.
(ii) T satisfies (6.D.17).
(iii) T satisfies (6.D.18).

Note that if T is multivariate IFR in the sense of Theorem 6.D.11, it is
also multivariate IFR in the sense of both (6.B.27) and (6.B.28).
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6.E The Multivariate Likelihood Ratio Order

6.E.1 Definition

A multivariate analog of the univariate order <, from Section 1.C will be
introduced in this subsection. This order is sometimes also called the TP,
order.

Let X = (X1, Xo,...,X,) and Y = (Y1, Y5,...,Y,) be two n-dimensional
random vectors with absolutely continuous [or discrete] distribution functions
and let f and g denote their [continuous or discrete] density functions, respec-
tively. Suppose that

f(@)g(y) < fxAy)g(xVy) forevery x and y in R". (6.E.1)

Then X is said to be smaller than'Y in the multivariate likelthood ratio order
(denoted as X <); Y'). Indeed, in the univariate case (n = 1), (6.E.1) reduces
to (1.C.2).

The order <), is not an order in the usual sense; a comment, similar to
the comment in Remark 6.B.5, applies to this order too. Explicitly, X <, X
means that X has the positive dependence property of “multivariate TPy”
discussed in Karlin and Rinott [278] and in Whitt [563]; see its definition in
Example 6.E.16 below.

In the slightly more general case, when X and Y are nonnegative, some
of the X;’s may be identically zero and the joint distribution of the rest is
absolutely continuous or discrete. Suppose that X, Xs, ..., X, are those that
are identically zero for some 0 < m < n. Let f now denote the joint density
of (Xm+1, Xm+2,--.,Xn). In that case we denote X <}, Y if

J(®)g(y) < f(® A Ymst, Yma2s- -5 Yn))
X g((ylv Y2, -, ym)7 Vv (ym—i-h Ym+42, - - ,yn)) (6E2)

for every @ = (Tyt1, Tmaz,--->Tn) and Yy = (Y1,Y2,- -+, Yn)-

At a first glance (6.E.1) and (6.E.2) seem to be unintuitive technical con-
ditions. However, it turns out that in many situations they are very easy to
verify and this is one of the major reasons for the usefulness and importance
of the order <j,.

Another possible analog of (1.C.2) is to require that f(y)g(x) < f(x)g(y)
whenever & < y. However, this does not yield an intuitive notion; see Remark
6.E.10.

6.E.2 Some properties

The multivariate likelihood ratio order is preserved under conditioning on any
rectangular set A (that is, A of the form A = A; x Ay x---x A,, where A; C R,
1 =1,2,...,n). This is shown in the next result. The proof is quite trivial and
is omitted.
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Theorem 6.E.1. If X and Y are two n-dimensional random vectors such
that X <1, 'Y, then, for any measurable rectangular set A C R"™, we have that
[(X|X € Al < [Y]Y € A].

The above theorem can be generalized as follows. For A, B C R™ we denote
AVB={xVy:xc€ A yeBland ANB={xANy:x € Ay < B}.

Theorem 6.E.2. Let A,B C R" satisfy AVB C B and ANBCA. If X
andY are two n-dimensional random vectors such that X <, Y, then

[X|X € A] <, [Y|Y € B].

Proof. Let f and g denote the density functions of X and Y, respectively.
For any set C, let I denote its indicator function. The assumptions imply

Ix(z)Ip(y) < Ia(z Ay)lp(xzVy) and f(x)g(y) < flx Ay)g(zVy).
Therefore

f@)a(@) g9(y)ply) _ f@ry)la(ziy) g(zVy)lpVy) 0
P{X eA} P{YeB}~ P{X € A} P{Y e B}

The following result shows that the order <), is preserved under strictly
monotone transformations of each individual coordinate of the underlying
random vectors. The proof follows the lines of the proof of Theorem 1.C.8
and is omitted.

Theorem 6.E.3. Let 1; be any increasing function, 1 = 1,2,...,n. Let
X =(X1,Xs,...,X,,) and Y = (Y1,Ys,....Y,) be two n-dimensional ran-
dom vectors. If X <, 'Y, then

(¢1(X1)7¢2(X2), s 77/]n(Xn)) <ir (1/)1(}/1),1[)2(}/2), s 77/)71()/7%))

The order <), is closed under marginalization and under conjunctions as
the following result shows. The first part of the theorem can easily be proven
from the definitions. The proof of the second part uses ideas from the theory
of total positivity and is not given here.

Theorem 6.E.4. (a) Let X1, Xo,...,X,, be a set of independent random
vectors where the dimension of X; isk;, 1 =1,2,....m. Let Y1,Y o, ...,
Y .. be another set of independent random vectors where the dimension of

Y,isk,i=12,....m. If X; <, Y; fori=1,2,...,m, then
(X17X27'~'7Xm) Slr (YlaY27"'7Ym)~

That s, the multivariate likelthood ratio order is closed under conjunc-
tions.

(b) Let X = (X1, X9,...,X,) andY = (Y1,Y2,...,Y,,) be two n-dimensional
random vectors. If X <1, Y, then X <i, Y for each I C {1,2,...,n}.
That is, the multivariate likelihood ratio order is closed under marginal-
1zation.
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A result which shows the preservation of the order <), under random
summations is stated next. The proof is based on standard arguments from
the theory of total positivity, and is omitted.

Theorem 6.E.5. Let X1, Xo,..., X, be m countably infinite vectors of in-

dependent nonnegative random variables. Assume that X1, X4,..., X, are
independent. Let M = (My, Ms, ..., M,,) and N = (N1, Na,...,Np,) be two
vectors of monnegative integers which are independent of X1, Xo,..., X .

Denote by X;; the ith element of X ;. If X;; has a logconcave density func-
tion for all j =1,2,....m and i > 1, and if M <, N, then

M, M, M,, N N, N,
( E X1, E Xoiyoons E Xm,i) <ir ( E X1, E Xogyons E sz)
im1 im1 i1 i1 i1 im1

In the univariate case the likelihood ratio order implies the hazard rate
order. It turns out that this is also the case in the multivariate case as the
following two results show.

Theorem 6.E.6. If X and Y are two n-dimensional random vectors such
that X <1, Y, then X <, Y.

Proof. This result follows from Theorem 2.4 in Karlin and Rinott [278] with
the MTP; kernel K defined by K(x,u) = [[;_; 1(z;,00) (). O

Theorem 6.E.7. If X and Y are two nonnegative n-dimensional random
vectors such that X <, Y, then X <gyn-nr Y.

Proof. First suppose that X > Oe a.s. Split {1,2,...,n} into three mutually
exclusive sets, I, J, and L (so that L =T U J). Select 1, s, y;, and ¢ such
that €y < y; < te and x; < te. Denote the densities of (X, X s, X 1,) and of
(Y,Y;,YL) by f and g, respectively. The density of [XL’XI =z, X5 =
x|, with argument @y, is then f(ccf,a:J,a:L)/fLJ(mI,a:J) where fLJ is the
marginal density of (X, X ;). The density of [Y|Y =y;,Y; > te], with
argument y; , is then

fyj>te§(ylayJayL)dyJ
fyj>te g0y y)dy

where gy ; is the marginal density of (Y, Y ).
Now select a y; > te. Since y; > te and x; < te it follows that x; < y .
Also x; < y;. Therefore, from the assumption that X <;, Y it follows that

f(wl, x5, 2L)9(Yr, Y5, YL) < f(wfv x5, 2L ANYL)I(Y Yy, 2L VyL). (6.E3)
Integration of (6.E.3) over the region {y; : y; > te} yields

/ f(wbm]>mL)g(y17yJ>yL)dyJ
Yy ;>te

< / flenzy o Ay)i(y,yy,zVyL)dy,
Yy >te
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which, in turn, yields

f($17$Ja:BL) % ny>teg(ylayJ7yL)dyJ
,]EI,J(:B[,CCJ) ny>tegle(yI7yJ)dyJ

< fler,xy, 2z ANyy) " fyj>teg(yla Yy, xLVyL)dy,
fI,J(wwa) ny>te gI,J(yIayJ)dyJ

That is, we have shown so far that
(XX =z, X;=2;] < Y|V =y, Y, > te]. (6.E.4)

From Theorems 6.E.1 and 6.E.3 it now follows that

[XL—te|X[=$I,XJ=:UJ,XL >te]
<i [YL *t€|Y] = yI7YJ > tanL > te]a

and from Theorem 6.E.4(b) it follows that, for k£ € L, we have

[Xk 7t}X] = CC],XJ = :DJ,XL > te]
<ir [Yk —t|Y[ = yDYJ > te,YL > te], (6E5)

where here <j, denotes the univariate likelihood ratio order discussed in Sec-
tion 1.C.

From (6.E.5) it follows that the density of [X) — t|X; = =/, X, =
xy, X > te] at zero is larger than the density of [Y; — t|Y1 =y, Y >
te, Y, > te] at zero. But the density of [kat|XI =z, X;=x;,X > te]
at zero is nkou(t|mI,mJ) and the density of [Yj ft‘YI =y, Yy>te, Y >
te] at zero is Agr(t|y;), where A.|.(:|-) and 7.,.(:|-) denote the multivariate
conditional hazard rate functions of X and Y, respectively. We thus have
shown that X and Y satisfy (6.D.13) and this completes the proof of the
theorem when X > Qe a.s.

If X has some components that are identically zero a.s., then the above
arguments still apply after some simple modifications. O

A combination of Theorems 6.C.1, 6.D.9, and 6.E.7 shows that for non-
negative random vectors X and Y one has X <;, Y — X < Y. But this
is true in general as is stated in the next result, the proof of which we omit.

Theorem 6.E.8. If X and Y are two n-dimensional random vectors such
that X <1, Y, then X <4 Y.

Remark 6.E.9. A combination of Theorems 6.E.1 and 6.E.8 shows that

X<, Y=[X |A] <q [Y|A] for all measurable rectangular sets A C R™.
(6.E.6)
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The conclusion in (6.E.6) is a generalization of (1.C.6). However, the charac-
terization of the order <, in the univariate case, given in (1.C.6), does not
generalize to the multivariate case. That is, X <j Y does not necessarily
imply that [X|A] <y [Y'|A] for all measurable sets A € R"™.

Remark 6.E.10. Let X and Y be two n-dimensional random vectors with
(continuous or discrete) density functions f and g, respectively. If it is only
assumed that f(y)g(x) < f(x)g(y) whenever & < y (rather than (6.E.1)),
then it is not necessarily true that X <y Y'; counterexamples can be found
in the literature. Note, however, that, under some additional conditions, the
monotonicity of g(x)/f(x) in = implies that X <y Y; see, for example,
Theorem 6.B.8.

A result that may be viewed as a generalization of Theorems 1.C.9 and
1.C.52 is stated next.

Theorem 6.E.11. Let X be an n-dimensional random wvector.

(a) X < X +a for all a > 0 if, and only if, X has independent components
with logconcave density functions.

(b) If X has independent components with logconcave density functions, then
X <iy X +Y for any random vector Y > 0 independent of X.

In the next result, vectors of order statistics are compared in the multi-
variate order <j,. The result may be compared with Theorems 6.D.10, 7.B.4,
and 7.B.12.

Theorem 6.E.12. Let X (1), X(2),..-, X(n) and Y(1),Y(2),...,Y(n) be order
statistics as in Theorem 6.D.10. If X7 <y, Y1, then

(X1, Xe2ys -+ X)) <1 (Y1), Y2y, -+ -5 Yn))-

The following example may be compared with Examples 1.B.24, 1.C.48,
2.A.22, 3.B.38, 6.B.41, 6.D.8, and 7.B.13.

Example 6.E.13. Let X and Y be two absolutely continuous nonnegative ran-
dom variables with survival functions F and G, and density functions f and
g, respectively. Denote A; = —logF, Ay = —log@G, and \; = AL, i = 1,2.
Consider two nonhomogeneous Poisson processes N1 = {Ni(¢), t > 0} and
Ny = {N(t), t > 0} with mean functions A; and A (see Example 1.B.13),
respectively. Let T;1,T; 2,... be the successive epoch times of process IV;,
1= 1, 2. Note that X st T171 and Y st T271.

It turns out that, under some conditions, the univariate likelihood ra-
tio ordering of the first two epoch times implies the multivariate likelihood
ratio ordering of the corresponding vectors of the later epoch times. Explic-
itly, it will be shown below that if X <p, Y, and if (1.B.25) holds, then
(111717 TLQ, . ;Tl,n) <ir (T271, 712727 . ,Tg,n) for each n > 1. (Note that the
condition X <y, Y, together with (1.B.25), is stronger than merely assuming
X <3, Y, see Theorem 1.C.4.)
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As is mentioned above, the stated result is true for n = 1. So let n > 2.
The density functions of (751,75 2,...,Tin), ¢ = 1,2, are given by

hipn(z1, 22, ... 2n) = M(x1) A1 (z2) - - A (@n—1) f ()
for x1 <o < -+ <y,

and

hon(x1, T2, ..., xn) = Aa(z1)A2(22) - - - A2 (zp—1)g(xn)
for v <zg <--- <z,

Consider now (z1,%2,...,2yn) and (y1,Y2,...,Yn) such that 1 < zp < -+ <
zy, and y; <y < -+ < y,. We want to prove that

Mz Ay A (@2 Ay2) - A (@n—1 A Yn—1) f(Zn A Yn)
X A2(x1 V y1)Aa(z2 Vy2) - A2 (Tn—1V Yn-1)9(2n V Yn)
> Mz (22) - A (@n—1) f(20)
X Aa(y1)A2(y2) - - A2 (Yn—1)9(yn).  (6.E.7)

Let E={i<n—1:z; >y;}. Then (6.E.7) reduces to

(TIM@2e@) f@a A ya)g@a v ya) = (T] As@)Aa(w) F@a)glun):

i€E i€EE

and this follows from (1.B.25) and X <), Y.

From the above result, and the closure of the likelihood ratio order under
marginalization (Theorem 6.E.4(b)), it follows that if X <p, Y, and if (1.B.25)
holds, then 71 ,, <ir T2, n > 1. However, a stronger result is given in Example
1.C.48—this is so because the conditions X <y, Y and (1.B.25), together,
imply the conditions X <;; Y and (1.C.15).

Now let X;,, = T;.n — Tin—1, n > 1 (where T; ¢ = 0), be the inter-epoch
times of the process N;, i = 1,2. Again, note that X =4 X; 1 and Y =4 Xo 1.
It turns out that, under some conditions, the univariate likelihood ratio order-
ing of the first two inter-epoch times implies the multivariate likelihood ratio
ordering of the corresponding vectors of the later inter-epoch times. Explicitly,
if X <y, Y, and if f and/or g are logconvex, and if A\; and/or Ay are logconvex,
and if (1B25) hOldS, then ()(1717 X172, . 7X1,n) Slr (X271, X272, . ,Xg,n) for
each n > 1. The proof of this statement will not be detailed here.

From the above result, and the closure of the likelihood ratio order under
marginalization (Theorem 6.E.4(b)), it follows that if X <p, Y, and if f
and/or g are logconvex, and if A\; and/or A2 are logconvex, and if (1.B.25)
holds, then X, < X2, n > 1. This is a different set of conditions for the
last stochastic inequality than the set of conditions in Example 1.C.48.
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Example 6.E.14. Recall that the spacings that correspond to the nonnegative
random variables X1, X»,..., X, are denoted by Uy = X — X-1), 1 =
1,2,...,n, where the X(;)’s are the corresponding order statistics (here we
take X(9) = 0). The normalized spacings are defined by D) = (n —i —
DUg, i =1,2,...,n. Now, let D1y, D2y, ..., D) be the normalized spacings
associated with exponential random variables X7, Xo, ..., X,,, where X; has
the hazard rate \;, i =1,2,...,n. Let DZ‘U, DZ‘Q), R DZ‘n) be the normalized
spacings associated with a sample of n independent and identically distributed
exponential random variables that have the hazard rate (1/n) Y. ; A;. Then

(Dzkl)’ DE"2)7 PP 7DZ<TL)) S]r (D(l)7 D(Q), ceey D(n))

The following example is similar to Example 6.B.25 except that under a
different assumption we obtain a stronger conclusion. Other results which give
related comparisons can be found in Theorems 1.C.45 and 4.B.17.

Example 6.E£.15. Let X and Y be two random variables. Let X (1) < X(g) <

- < X(n) denote the order statistics from a sample X1, Xa,..., X, of in-
dependent and identically distributed random variables that have the same
distribution as X. Similarly, let Y{;) < Y(5) < -+ < Y{;,) denote the or-
der statistics from another sample Y7,Y5,...,Y, of independent and iden-
tically distributed random variables that have the same distribution as Y.
The corresponding spacings are defined by Uy = X(;) — X(;-1) and Vj;) =
Yiy — Yi-1), ¢ = 2,3,...,n. Denote U = (Uz),Us),...,Up)) and V =
(Vi2), Visys - - - » Viny). Kochar [311] has shown that if X <j, Y, and if either X
or Y have logconvex densities, then

U Slr V.

The next example extends Example 1.C.57 to the multivariate likelihood
ratio order.

Ezxample 6.E.16. Let X be an n-dimensional random vector whose distribu-
tion function depends on the m-dimensional parameter ®. Denote the prior
density function of ® by 7(+), and denote the conditional density of X, given
® =0, by f(~’0). Suppose that the m-dimensional density function of @ is
MTP; (multivariate totally positive of order 2), that is, suppose that @ <;, ©,
or, equivalently (see (6.E.1)), that ()7 (8") < 7(8 A0 )7 (0 V @') for every
and @ in R™. Then, if f(x‘@) is ((m + n)-dimensional) MTP5, then © is in-
creasing in X in the likelihood ratio sense (that is, [@]| X = ] <), [O|X = @]
whenever & < x’). The proof of this statement is similar to the proof of the
statement in Example 1.C.57 and is omitted.

6.E.3 A property in reliability theory

In Theorem 1.C.52 it was shown that a nonnegative random variable T has
a logconcave density if, and only if, either one of the following equivalent
conditions holds:
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[T —t|T > 1] >\ [T —¢/|T >t'] whenever ¢<¢, (6.E.8)
T >, [T—tT>t forall t>0. (6.E.9

We commented there that logconcavity can thus be interpreted as an aging
notion in reliability theory. Having a multivariate analog of the order >, one
can generalize (6.E.8) and (6.E.9) to the multivariate case, thus introducing
notions which can be considered as multivariate analogs of distributions with
logconcave densities. This can be done in several ways. In this subsection we
show that various generalizations of (6.E.8) and (6.E.9) actually yield the
same notion of multivariate PFo distributions.

Let T be a nonnegative random vector. Recall from Section 6.B.6 the
definition, the notation h;, and the comparison of histories associated with T .
One possible multivariate analog of (6.E.8) is to require T to satisfy, for ¢t < s
and histories h; and h’,

(T —te)1|hi] =1 (T — se)4|hl] whenever hy < R (6.E.10)

Still another possible multivariate analog of (6.E.8) is to require T' to satisfy,
for t <s,

(T — te);|hi] > (T — se)4|h}] whenever hy and k), coincide on [0, ).
(6.E.11)
An analog of (6.E.9) is to require T to satisfy (6.E.10) or (6.E.11) with
t = 0, that is,

T > [(T — se)4|h}] for any history hl, s > 0. (6.E.12)

It turns out that these three conditions are equivalent. If we say that the
nonnegative random vector T is multivariate PFq if it satisfies (6.E.10), then
we have the following result, the proof of which is similar to the proof of
Theorem 6.D.11.

Theorem 6.E.17. Let T be a nonnegative random vector. The following three
statements are equivalent.

(i) T is multivariate PFs.
(ii) T satisfies (6.E.11).
(iii) T satisfies (6.E.12).

6.F The Multivariate Mean Residual Life Order

6.F.1 Definition

Let T = (T1,T5,...,T,) be a nonnegative random vector with a finite mean
vector. Counsider a typical history of T at time ¢ > 0, which is of the form (see
(6.B.25))
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he ={T;=t;, Ty >te}, 0O0e<t;<te, IC{1,2,...,m}. (6.F.1)

Given the history h; as in (6.F.1), let i € I be a component that is still
alive at time ¢. Its multivariate mean residual life, at time ¢, is defined as
follows:

my(t|tr) = BT, — t|T1 = t;, Ty > te], (6.F.2)
where, of course, e < t; <te and I C {1,2,...,m}.

Clearly, the smaller the mrl function is, the smaller T' should be in some
stochastic sense. This is the motivation for the order discussed in this section.

Let S be another nonnegative random vector with a finite mean vector.
Denote its multivariate mean residual life functions by l.|.(-’-), where the {’s
are defined analogously as the m’s in (6.F.2). Suppose that

li‘]ul](u’3[7 s5) < mi|[(u’tl)
whenever JNI =g, s; <t; <ue, and s; <ue, (6.F.3)

where i € T U J. Then S is said to be smaller than T in the multivariate mean
residual life order (denoted as S < T).

The order <., is not an order in the usual sense; a comment, similar to
the comment in Remark 6.B.5, applies to this order too. Explicitly, X <., X
means that X has the positive dependence property of “mrl decreasing upon
failure” discussed in Shaked and Shanthikumar [513].

Note that (6.F.3) can be written as

l;(h.,) < mi(hy) whenever hl, > h,,

where 4 denotes a component that has not failed by time w in the history h!,.
In the univariate case (m = 1) condition (6.F.3) reduces to (2.A.2) [with
a different notation]. We have already seen that in the univariate case

S1 < Tt = 51 <pun 11

This is also true in the general multivariate case as will be shown in the next
subsection.

6.F.2 The relation between the multivariate mean residual life and
the dynamic multivariate hazard rate orders

Theorem 6.F.1. If S and T are two nonnegative random vectors with finite
mean vectors such that S <qyn.nr T, then 8 <pn T'.

Proof. Select a ¢t > 0 and two histories h; and h} such that h; < hj}. It is not
hard to verify that if S <4y T, then [(S — te)ﬁhé] <dyn-hr [(T — te)+‘ht}.
From Theorems 6.D.9 and 6.C.1 it is seen that if [(S — te)+ |h}] <ayn-n [(T —
te) 4|y, then [(S — te),|hj] <« [(T — te)+|hs]. Therefore, for a component
i, which is still alive at time ¢ in history hj, we have l;(h}) = E[S; — t|h}] <
E[T; — t|h¢] = mi(hy), that is, § <pn T. O
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6.F.3 A property in reliability theory

Recall from Section 2.A.4 that a nonnegative random variable 7" with a finite
mean is DMRL if, and only if, either one of the following equivalent conditions
holds:

[T —¢|T > t] >t [T —t'|T >t'] whenever ¢t </, (6.F.4)
T > [T —t|T > 1] forallt>0. (6.F.5)

With the multivariate analog of the order >, one can generalize (6.F.4)
and (6.F.5) to the multivariate case, thus introducing notions of multivariate
DMRL distributions. This can be done in several ways. In this subsection
we show that various generalizations of (6.F.4) and (6.F.5) actually yield the
same notion of multivariate DMRL.

Let T be a nonnegative random vector with a finite mean vector. A possible
multivariate analog of (6.F.4) is to require, for ¢t < s and histories h; and hZ,
that T satisfies

(T — te)1|he] >mn [(T — se)4|h,] whenever hy < h,. (6.F.6)

Still another possible multivariate analog of (6.F.4) is to require, for ¢t < s,
that T satisfies

(T — t€)4|hi] >mn [(T — se)4|h,] whenever h; and k) coincide on [0, ).
(6.F.7)
An analog of (6.F.5) is to require that T satisfies (6.F.6) or (6.F.7) with ¢t = 0,
that is,

T > (T - se)+‘h’s] for any history hl, s > 0. (6.F.8)

It turns out that these three conditions are equivalent. If we say that the
nonnegative random vector T is multivariate DMRL if it satisfies (6.F.6),
then we have the following result, the proof of which is similar to the proof of
Theorem 6.D.11 and is omitted.

Theorem 6.F.2. Let T' be a nonnegative random vector with a finite mean
vector. The following three statements are equivalent.

(i) T is multivariate DMRL.
(ii) T satisfies (6.F.7).
(iii) T satisfies (6.F.8).

6.G Other Multivariate Stochastic Orders

6.G.1 The orthant orders

The usual multivariate stochastic order, discussed in Section 6.B, is a possible
multivariate generalization of (1.A.4) or (1.A.7). In this section we discuss
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a few other possible generalizations of the univariate order <y which are
straightforward analogs of (1.A.1) and of (1.A.2). These generalizations yield
orders that are strictly weaker than the usual multivariate stochastic order.

For a random vector X = (X3, Xo, ..., X,,) with distribution function F,
let F be the multivariate survival function of X, that is,

F(xy,29,...,2n) = P{X1 > 21, X2 >29,..., X, >2,} forall .

Let Y be another n—diglensional random vector with distribution function G
and survival function G. If

F(xy,22,...,7,) < G(w1,22,...,7,) for all z, (6.G.1)

then we say that X is smaller than Y in the upper orthant order (denoted
by X <, Y). If

F(z1,29,...,2n) > G(x1,22,...,2,) for all x, (6.G.2)

then we say that X is smaller than Y in the lower orthant order (denoted
by X <), Y). The reason for this terminology is that sets of the form {x :
X1 > a1,y > Gg,...,T, > ap}, for some fixed a, are called upper orthants,
and sets of the form {z : x; < a1,22 < ag,...,z, < a,}, for some fixed a,
are called lower orthants.

Note that (6.G.1) can be written as

E[Iy(X)] < E[Iy(Y)] for all upper orthants U. (6.G.3)
Similarly, (6.G.2) can be written as
E[IL(X)] > E[IL(Y)] for all lower orthants L. (6.G.4)

Let 9 be an n-variate function of the form
n
w($1;$27"'axn):Hgi(xi)a ($17$2,...,In) ERn>
i=1

where the g;’s are univariate nonnegative increasing functions. Every such
function can be approximated by positive linear combinations of indicator
functions of upper orthants. Therefore, using (6.G.3), we obtain the first part
of the next theorem. The other part can be obtained similarly using (6.G.4).

Theorem 6.G.1. Let X andY be two n-dimensional random wvectors. Then

(a) X <uw Y if, and only if,

E[f{lgxxa] < E[f[lgm} (6.G.5)

for every collection {g1,92,...,9n} of univariate nonnegative increasing
functions.
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(b) X <10 Y if, and only if,

ELljlhi(Xi)] > E[i{lhi(n)} (6.G.6)

for every collection {hy, ha,...,hy,} of univariate nonnegative decreasing
functions.

For a real n-variate function g, the multivariate difference operator A is
defined by

Azg = Z (71)2?;1qg(eller(l*el)yla-~-a€n$n+(1*€n)yn>y
(e1,€2,..,6,)€{0,1}7™

where & and y are elements of R™. The function g is called A-monotone if
A¥g >0 whenever < y.

Let M be the set of all n-variate functions that are A-monotone in any of their
k coordinates when the other n — k coordinates are held fixed, 1 < k < n. It
can be shown that if ¢ € M and X <, Y, then E[¢(X)] < E[¢(Y)]. Every
distribution function is a member of M. Thus we have proven the first part
of the following theorem. The other part can be shown similarly.

Theorem 6.G.2. Let X and Y be two n-dimensional random vectors. Then
(a) X <uw Y if, and only if,
E[Y(X)] < ElW(Y)] for every distribution function . (6.G.7)
(b) X <o X if, and only if,
E[W(X)] > E[Y(Y)] for every survival function 1. (6.G.8)
It is clear, for example from Theorem 6.G.2, that
X <Y = (X <w Y and X <0 Y). (6.G.9)
Let X = (X1,Xo,..., X)) and Y = (11,Y5,...,Y,,) be two random vec-
tors. Note that if X <, Y, orif X <, Y, then X; < Y;,i=1,2,...,n. It

follows that

X <wY=FEX<<FY, and
X<,Y—FEX<EFEY.

The following closure properties of the orthant orders can be easily verified
using (6.G.1)—(6.G.4).
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Theorem 6.G.3. (a) Let (X1,Xs,...,X,) and (Y1,Y2,...,Y,) be two n-
dimensional random wvectors. If (X1,Xa,..., Xn) <uwo [<1o] (Y1,Y3,..
Y,), then

(91(X1), 92(X2), -+, 9n(Xn)) Suo [S10] (91(Y1), 92(Y2), - -5 gn (Yn))

whenever g; : R — R is an increasing function, i = 1,2,...,n.

(b) Let X1,Xo,..., X be a set of independent random vectors where the
dimension of X; is ki, i = 1,2,...,m. Let Y1,Yo,..., Y, be another
set of independent random vectors where the dimension of Y; is k;, i =
1,2, om If X <40 [S10) Yy fori=1,2,...,m, then

(X17X25- aXm) Suo [Slo] (Y17Y27~'- aYm)

9

That is, the orthant orders are closed under conjunctions.

(c) Let X = (X1, Xa,...,X,) andY = (Y1,Ya,...,Y,) be two n-dimensional
random vectors. If X <o [<10] Y, then X1 <uo [S1o] Y1 for each I C
{1,2,...,n}. That is, the orthant orders are closed under marginalization.

(d) Let{X;,7=1,2,...} and{Y;,j=1,2,...} be two sequences of random
vectors such that X; —g X and Y; —g Y as j — 00, where —g
denotes convergence in distribution. If X; <uo [<10) Yj, j = 1,2,...,
then X <o [<10] Y.

(e) Let X, Y, and © be random vectors such that [X|@ = 6] <, [<io]
[Y'|© = 6] for all 0 in the support of ©. Then X <y, [<1,] Y. That is,
the orthant orders are closed under mixtures.

From parts (a) and (e) of Theorem 6.G.3 we obtain the following corollary.

Corollary 6.G.4. Let X = (X1,Xo,...,X,) and Y = (Y1,Ys,...,Y,) be
two random vectors such that X <o [<10] Y, and let Z be an m-dimensional
random vector which is independent of X and 'Y . Then

(hl(X17 Z)? hQ(XQ) Z)7 ety h’n(XTH Z))
Suo [Slo] (hl(Yh Z)a h2(Y'27 Z)7 ey hn(Y’na Z))7
whenever h;(z,z), i =1,2,...,n, are increasing in x for every z.
By applying Corollary 6.G.4 twice (letting Z there be an n-dimensional
random vector, and letting each h; depend only on its first argument and
on the ith component of the second argument, i = 1,2,...,n), we get the

following result. A strengthening of the following result is Theorem 6.G.18
below.

Theorem 6.G.5. Let X, Y, Z, and W be n-dimensional random vectors
such that X and Z are independent and Y and W are independent. Let
c; : [0,00)2 — [0,00) be a continuous increasing function, i = 1,2,...,n. If
X <o [Slo] Y and Z <, [Slo] W, then

(CI(X17 Zl); 02(X27 22)7 ey Cn(X’rL7 Zn))
Suo [Slo} (Cl(Yla Wl)aCQ(Y’% W2)7 R Cn(Yn» Wn))
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Ezample 6.G.6. Consider an n-dimensional Markov chain {X; = (X 1,...,
Xkn), k> 0} defined by X = (0,...,0) and

X’f"rl = (gl(Xk?,l?U]iJa . 'aUI::r,Ll)v' . ,gn(thyU]i,n’ .. 'aU]::T}n)7 n 2 17

where, for each 1 < [ < m, the random vectors Uéc = (U}vﬁl,...,U,é’n), k=
1,2,..., are independent and identically distributed, and the g;’s are some
deterministic (m + 1)-dimensional functions. Consider another n-dimensional
Markov chain {Y, = (Yi1,...,Ysn), kK > 0} similarly defined by Y, =
(0,...,0) and

Yir1 = (@ Ve Vs Vi) oo 90 Ve, Vi - Vi), n>1,

where, for each 1 < [ < m, the random vectors V = (V,j71,...,V,€l7n), k=
1,2,..., are independent and identically distributed. If the g;’s are increasing
in their m+ 1 arguments, if U' = {U', k > 0},1=1,...,m, are 1ndependent
if V!={V%, k>0},1=1,...,m, are independent, and if Ul <u0 [<1o] V%,
l=1,...,m, k>0, then, for each k > 0 we have

(Xov : Xk) >uo [<10] (Y07~'-7Yk)~

The proof uses Theorem 6.G.5, Corollary 6.G.4, and Theorem 6.G.3(b). We
omit the details.

Another preservation property of the orthant orders is described in the
next theorem. In the following theorem we define 22:1 z; = 0 for any se-
quence {z;, j = 1,2,...}. Similar results are Theorems 9.A.6 and 9.A.14.
Theorem 6.G.7. Let X; = (X;1,Xj9,...,X;m), 7 = 1,2,..., be a se-
quence of nonnegative random vectors, and let M = (My, Ms, ..., M,,) and
N = (N1, No,...,N,,) be two vectors of nonnegative integer-valued ran-
dom wvariables. Assume that both M and N are independent of the X;’s.
If M <, [<10] N, then

M2 M7n

(S S
j=1

Ny Ny N,
<uo [S1o] (ZXj,ly ZXj,% ey ZXj,m>~
j=1 j=1 j=1

Proof. We only give the proof for the upper orthant order; the proof for the
lower orthant order is similar. For t = (¢, to, ..., ;) we have

Zfalp)

n1:O n2:0 71771:0

m
i=1

n; n;+1
{ZXj,iSti< ZXj’i}}
j=1

X P{M > (n1,n2,...,Nm)}
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[ele] [e'e] [e’e] m ng n;+1
DIDIED WAl POETETED WENY
i=1 ~ j=1 Jj=1

n1=0ns=0 N =0

x P{N > (ni,nz2,...,nm)}
m N;
:P{ﬂ{ Xj,i>ti}}' =
i=1 ~ j=1

Consider now, as in Section 6.B.4, n families of univariate distribu-
tion functions {G((;), 0 € X;} where X; is a subset of the real line R,

1 =1,2,...,n. Let X;(f) denote a random variable with distribution func-
tion Gg), 1 =1,2,...,n. Below we give a result which provides comparisons

of two random vectors, with distribution functions of the form (6.B.18), in
the upper and lower orthant orders. The following result is a generalization
of Theorem 6.G.3(e), and is a multivariate extension of Theorem 1.A.6 (an
extension that is different than Theorem 6.B.18); see Theorems 7.A.37, 9.A.7,
and 9.A.15 for related results.

Theorem 6.G.8. Let {G(gl), 0eX},i=1,2,...,n, be n families of univari-
ate distribution functions as above. Let @1 and @2 be two random vectors
with supports in [[;_, X; and distribution functions Fy and F, respectively.
Let Y, and Y5 be two random vectors with distribution functions Hy and Hy
given by

Hj(ylvaa"'ayn) :/ / / HGéi)(yl)dF](01702370n)7
X1 J X X,

n =1

(y17y27~'~ayn) ER"7 j=172

If
X;(0) <g X;(0") whenever 6 <0', i=1,2,...,n,
and if
@1 Suo [Slo] @27
then

Yl Suo [Slo] Y2~

An interesting relationship between the orders <., and < p, is stated
next; its proof follows easily from (6.D.3). Note that the following result is a
multivariate generalization of (1.B.7).

Theorem 6.G.9. Let X andY be two n-dimensional random wvectors. Then
X <unr' Y if, and only if,

[(X|X > ] <4 [Y|Y >a] foralzecR",

for which these conditional random vectors are well defined.
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It follows from Theorem 6.G.9 that
X< Y = X <,Y,; (6.G.10)

this is a multivariate generalization of Theorem 1.B.1.
An interesting relationship between the order <,, and the orders <&, .

and <, icx (defined in Sections 3.A.5 and 4.A.7, respectively) is given in the
next theorem.

Theorem 6.G.10. Let X = (X1, Xo,..., X)) and Y = (Y1,Ya,...,Y,,) be
random vectors such that the (m — 1)st moment exists for each X; and Y,
i=1,2,...,m.

a Suo , ana i = 7 = = 1) =L4....,m—1,
FX <wY, and if (X7, X)) = B(X7, V)" k=12 1
then > it X; <8 o Soit Vs, where S is the assumed common support of
., X;and of ) ., Y;, an is also assumed to be an interval.
"X and of Y1 Y, ds isal d to b ] l
b)If X <w Y, and if X and Y are nonnegative, then Z:il Xi <imsiex
S Vi

It is of interest to compare Theorem 6.G.10 with Theorem 7.A.30 and with
implication (9.A.19).

The following example gives sufficient conditions for the comparison of
multivariate normal random vectors. See Examples 6.B.29, 7.A.13, 7.A.26,
7.A.39, 7.B.5, and 9.A.20 for related results.

Example 6.G.11. Let X be a multivariate normal random vector with mean
vector px and variance-covariance matrix X, and let Y be a multivariate
normal random vector with mean vector puy and variance-covariance matrix
Y + D, where D is a matrix with zero diagonal elements such that ¥ 4+ D is
nonnegative definite. If p, < py and D > 0, then X <,, Y.

The following results give conditions that ensure stochastic equality; see
Theorems 1.A.8, 3.A.43, 3.A.60, 4.A.69, 5.A.15, 6.B.19, and 7.A.14-7.A.16 for
similar results.

First, in the bivariate case (n = 2) we have the following result; its proof
is not given here since it is a special case of Theorem 6.G.13.

Theorem 6.G.12. Let X = (X1,X3) and Y = (Y1,Y2) be two bivariate
random vectors. If X1 =g Y1, Xo =5 Yo, X < Y, and X <, Y, then
X st Y

Note that when n = 2, Theorem 6.B.19 is a special case of Theorem 6.G.12,
as can be seen from (6.G.9).

If n > 3, then the conclusion of Theorem 6.G.12 need not hold. The
following theorem gives conditions under which the conclusion X =4 Y holds.

Theorem 6.G.13. Let X = (X1, Xa,...,X,) and Y = (Y1,Ys,...,Y,) be
two random vectors with distributions and survival functions F', F, G, and G,
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respectively. If the m-dimensional marginals of X andY are equal (m < n—1)
and if X <. Y, that is,

F(z) <G(z) foralxeR", (6.G.11)

and if
(=D)"F(x) > (-1)"G(x) for allx € R", (6.G.12)

then X =, Y.
Proof. Write

i#j
>1-Y P{Yi<z}+» P{Yi<a,V;<az}—-+(-1)"G(z)
i iz
=G(z), z=eR",

where the equality of the m-dimensional marginals and also assumption
(6.G.12) were used. Thus we get that for each & € R™, F(x) > G(x). This,
together with (6.G.11), yields the stated result. O

An interesting relationship between the orders <j, and <p; (see Section
5.A) is revealed in the following theorem.

Theorem 6.G.14. Let X and Y be two nonnegative random vectors. If
(Xl,XQ, . 7Xn) Slo (}/1,}/27 e 7Yn>7 then

n n
ZaiXZ- <1t ZaiYi whenever a; >0, 1 =1,2,...,n.

i=1 i=1

Proof. Select an s > 0 and a; > 0,7 =1,2,...,n. The function g; defined by
gi(x) = exp{—a;sx} is decreasing and nonnegative. Therefore, from (6.G.6),
we obtain that

E{exp ( — sZaiXi)] > E{exp ( — sZaiYi)} for all s > 0,
i=1 i=1
and this yields the stated result. 0O

6.G.2 The scaled order statistics orders

Consider now nonnegative random vectors X = (X;,Xo,...,X,,) and Y =
(Y1,Y3,...,Y,). For any z = (21,22,...,2,) denote by z@u) = (z1,22,...,
zn)(k) the kth smallest z; in {z1,292,...,2,}. Thus, for a random vector

Z = (Z1,2,...,2Zy), the kth order statistic of Z1,Zs,...,2Z, is Z) =
(Z1,Z2, ..., Zn) k) In particular, Zy = min{Zy, Z>,...,Z,} and Z,) =
max{Z1,Za,...,Zy}. The next result describes the orders <, and <j, in a
new fashion when the underlying random vectors are nonnegative (see Theo-
rem 6.D.7 for a related result).
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Theorem 6.G.15. Let X = (X1,Xo,...,X,,) and Y = (Y1,Ys,....,Y,,) be
two nonnegative random vectors. Then

(a) X <uw Y if, and only if,
min{a1 X1,...,a, Xpn} <t min{a1Y1,...,a,Yn} (6.G.13)

whenever a; > 0,1 =1,2,...,n.
(b) X <10 Y if, and only if,

max{a1 X1,...,a, X} <g max{a1Y1,...,a,Y,} (6.G.14)
whenever a; > 0,1=1,2,...,n.

Proof. Condition (6.G.13) is the same as

whenever ¢t > 0, a; > 0,47 =1,2,...,n, which is the same as
F(ti,ta, ... tn) < G(ti,ta, .. tn) (6.G.15)
whenever t; > 0, ¢ =1,2,...,n. Using standard limiting arguments it is seen

that (6.G.15) is the same as X <, Y. This proves (a). The proof of (b) is

similar. O

Theorem 6.G.15 suggests the following class of orders which contains the
orders <,, and <j, as special cases. Let X = (X1,X5,...,X,) and Y =

(Y1,Ys,...,Y,) be two nonnegative random vectors. Suppose that
(a1 X1,00X0, .., an X)) (k) <st (1Y1,02Y2,...,0,Y0) (k) (6.G.16)
whenever a; > 0, ¢ = 1,2,...,n. Then we say that X is smaller than Y in

the kth scaled order statistic order (denoted by X <¢) Y), k= 1,2,...,n.
SOXSHOY@XS(UYandX§10Y<:>X§(n) Y.

The next theorem identifies a rich class of functions ¢ such that E[¢(X)] <
E[y(Y)] whenever X <) Y. First we need to introduce some notation. For
m € {1,2,...,n} let A,, be the set of all subsets of {1,2,...,n} of size m. As
in Section 6.A, for I = {i1,ia,...,im} € Ay and a vector & = (z1, T2, ..., Ty),
we denote

ry = (xil,xiz, ce ,.Tim).

Let M, , denote the class of all distribution functions corresponding to non-
negative finite measures on R’. For ¢ € R}, I € A,,, and ¢ € M, ,, we
denote

Y(xr,00e) = lim  Y(zq,29,...,Tp).
Tr—ooe

For k € {1,2,...,n} let My, be the class of functions ¢ : R? — R of the
form
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n

S(a1, 22y x0) = > cqqm—”HHl(Zij;> 3" (@, oce),

m=n—k+1 IcA,,

for some 1 € M; ,,, where ZIeAm denotes the sum over all the (;‘L) elements
of A,,. Note that for £ =1 the two definitions of M; , coincide. The proof of
the next result is not given here; it can be found elsewhere.

Theorem 6.G.16. Let X = (X1, Xs,...,X,,) and Y = (Y1,Ys,....,Y,,) be
two nonnegative random vectors. Then X <y Y if, and only if,

E[¢(X)] < E[¢(Y)]

for every ¢ € My, ,, for which the expectations exist.

Note that both parts of Theorem 6.G.2 are special cases of Theorem
6.G.16.

The orders <(;) are closed under general monotone increasing transforma-
tions as the following theorem shows. The proof is easy and is omitted.

Theorem 6.G.17. Let X = (X1,Xo,...,X,,) and Y = (Y1,Ys,....,Y,,) be
two nonnegative random vectors. Let b; : Ry — Ry be a right continuous
increasing function, 1 = 1,2,...,n. If X <)Y, then

(b1(X1),b2(X2), ..., bp(X0)) <(k) (b1(Y1),b2(Y2), ..., bn(Yn)).

The orders <) also satisfy the following general closure property, the
proof of which can be found elsewhere and is omitted.

Theorem 6.G.18. Let X, Y, Z, and W be n-dimensional nonnegative ran-
dom wvectors such that X and Z are independent, and Y and W are in-

dependent. Let c¢; : Ri — Ry be a right continuous increasing function,
i=1,2,...,n. If X <) Y and Z <,y W, then

(Cl(Xl, Z1)7 62(X27 22)7 ceey Cn(X’nv Zn))
< (e1(Y1, Wh), c2(Yo, Wa), ... ¢ (Yo, Win)).
From Theorem 6.G.18 we obtain the following two results as corollaries.

Theorem 6.G.19. Let X, Y, Z, and W be n-dimensional nonnegative ran-
dom wvectors such that X and Z are independent and'Y and W are indepen-
dent. If X <) Y and Z <) W, then

X+Z<uY+W;

that is, the orders <(y) are closed under convolutions.
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Theorem 6.G.20. Let X, Y, Z, and W be n-dimensional nonnegative ran-
dom vectors such that X and Z are independent and'Y and W are indepen-
dent. If X <) Y and Z <) W, then

(min(X1, Z1), min(Xs, Zs), ..., min(X,, Z,))
<(ky (min(Yy, W1), min(Ys, Wa), ..., min(Y,, W,))

and

(max (X1, Z1), max(Xa, Zs), ..., max(X,, Z,))
<(ry (max(Yy, W1), max(Ya, Wa), ..., max(Y,, W,)).

The next result states a closure under marginalization property. In its
statement X ¥ denotes (X1,...,Xi—1,Xi41,...,X,) and Y® denotes (Y,
...7K,1,K+17...,Yn), 1= 172,...,71.

Theorem 6.G.21. Let X = (X1,Xs,...,X,) and Y = (Y1,Ya,...,Y,) be
two mnonnegative random vectors. Suppose that X <) Y .

(a) If 1 <k <m, then
x @ <(k-1) a2l

(b) If X and Y are positive with probability one and if 1 <k <n —1, then
x (@ <tk vy (@
It is clear from (6.G.16) that

Let X = (X1,X2,...,Xp) and Y = (Y7,Y2,...,Y,,) be two random non-
negative vectors. By letting & — 1 of the a;’s in (6.G.16) go to 0, and by letting
n — k of the other a;’s be oo, it is seen that if X <(k) Y, then X; <y Y;,
i=1,2,...,n (this fact can also be obtained from Theorem 6.G.21). It follows
that

X <p Y = EX < EY.

6.H Complements

Section 6.B: Many of the results described in Section 6.B can be found, or
are alluded to, in Marshall and Olkin [383]. For example, the result given
in Theorem 6.B.2 can be found there. Some studies of so called inte-
gral stochastic orders, which have as their starting point relations such as
(6.B.4) or (6.G.7), can be found in Marshall [382], in Mosler and Scarsini
[400], in Miiller [408], and in Dubra, Maccheroni, and Ok [172]. A proof
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of fact that the usual stochastic order is equivalent to an almost sure con-
struction (Theorem 6.B.1) can be found in Kamae, Krengel, and O’Brien
[272], where this result is obtained for spaces that are more general than
R™. Theorem 6.B.3 was obtained originally in Veinott [556], but various
versions of it appear elsewhere and it is often rediscovered; Shanthiku-
mar [527] has identified a condition that is weaker than (6.B.8)-(6.B.10)
and which still implies X < Y. A standard reference for notions of
positive dependence such as association and CIS is Barlow and Proschan
[36]. The condition under which CIS random vectors are stochastically
ordered (Theorem 6.B.4) can be found, for example, in Langberg [332].
An extension of Theorem 6.B.4 can be found in Shanthikumar [527]. The
notation < and the result in Remark 6.B.5 are taken from Li, Scarsini,
and Shaked [348]. The characterization of the CIS notion for bivariate
distribution functions with uniform|0, 1] margins (Remark 6.B.6) is taken
from Nelsen [431, Corollary 5.2.11], where this result is derived in the con-
text of copulas. The notion of positive dependence WCIS is introduced
in Cohen and Sackrowitz [131], from which Theorem 6.B.7 is taken. The
fact that association, together with the monotonicity of the ratio of the
densities, implies the multivariate usual stochastic order (Theorem 6.B.8),
is essentially proved in Proposition 2.6 of Perlman and Olkin [457]. The
stochastic monotonicity of a random vector conditioned on the sum of its
elements (Theorem 6.B.9) is taken from Efron [181], who credited it to
Karlin; extensions of it can be found in Shanthikumar [527] as well as in
Efron [181]. This theorem is put into the context of queuing theory in
Daduna and Szekli [137]. The result which gives conditions, by means of
the univariate down shifted likelihood ratio order, under which a random
vector is stochastically increasing in its given sum (Theorem 6.B.10) can
be found in Liggett [360]. The results that involve the stochastic mono-
tonicity of a random vector conditioned on some of its order statistics
(Theorems 6.B.11 and 6.B.12) are taken from Block, Bueno, Savits, and
Shaked [91] and from Shanthikumar [527]; related results can be found in
Bueno [113] and in Joag-Dev [257]. The stochastic monotonicity of the or-
der statistics, of heterogeneous exponential random variables, in the first
order statistic (Theorem 6.B.13), is a strengthening of a result of Kochar
and Korwar [314]; its conclusion also holds if it is merely assumed that
X1, Xs, ..., X,, have proportional hazard functions (rather than having
exponential distributions). The stochastic comparison of random vectors
with a common copula (Theorem 6.B.14) can be found in Scarsini [491]; an
extension of it is given in Li, Scarsini, and Shaked [348]. The result on the
comparison of the vector of partial sums (Theorem 6.B.15) is taken from
Boland, Proschan, and Tong [100], where the counterexample, mentioned
after the theorem, can also be found. Some extensions of this result are
given in Shaked, Shanthikumar, and Tong [519]. The result which com-
pares random sums (Theorem 6.B.17) is taken from Pellerey [451], whereas
the comparison of mixtures result (Theorem 6.B.18) is taken from Denuit
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and Miiller [157]. The conditions for stochastic equality (Theorem 6.B.19)
can be found in Baccelli and Makowski [27]. The proof of Theorem 6.B.19
that is given in Section 6.B.5 follows the ideas of Scarsini and Shaked [494].
Lemma 2.1 of Costantini and Pasqualucci [135] is an interesting variation
of Theorem 6.B.19. The characterizations of the usual stochastic order
given in Theorems 6.B.20 and 6.B.21 are taken from Scarsini and Shaked
[495]. The comparisons of order statistics, given in Theorem 6.B.23 and
Corollary 6.B.24, can be found in Mi and Shaked [395]. These comparisons
extend some results of Nanda and Shaked [428] and of Belzunce, Franco,
Ruiz, and Ruiz [66, Corollary 3.2]; see a related result in Belzunce, Mer-
cader, and Ruiz [70]. The result that is given in Example 6.B.25 is stated
in Bartoszewicz [39], but without a detailed proof; an extension of it is
given in Belzunce, Mercader, and Ruiz [70]. The usual stochastic order
of vectors of order statistics of Gamma and Weibull random variables
with different scale parameters (Examples 6.B.26 and 6.B.27) are taken
from Hu [229] and from Sun and Zhang [543]. Several other examples of
this kind can be found in Hu [229], and a general method for identifying
such examples can be found in Hu [230]. The conditions under which in-
finitely divisible random vectors are comparable in the usual multivariate
stochastic order (Example 6.B.28) can be found in Samorodnitsky and
Taqqu [487]; see also Braverman [108] who has mistakenly confused the
usual stochastic order with the upper orthant order. The necessary and
sufficient conditions for the comparison of multivariate normal random
vectors (Example 6.B.29) can be found in Miiller [413]; extensions of this
result to Kotz-type distributions are given in Ding and Zhang [168]. The
multivariate IFR notions described in Section 6.B.6 are taken from Shaked
and Shanthikumar [512]; however, the notion corresponding to (6.B.28)
is equivalent to a multivariate IFR notion of Arjas [18]. General results
concerning the usual stochastic comparison of stochastic processes (that
is, results that are more general than Theorems 6.B.30 and 6.B.31) can
be found in Kamae, Krengel, and O’Brien [272]; see also Block, Langberg,
and Savits [93] and Rolski and Szekli [474]. Versions of the results regard-
ing the usual stochastic comparison of Markov chains (Theorems 6.B.32
and 6.B.34) can be found in Stoyan [540, Chapter 4]. The comparison
of Markov chains, one of which is skip-free positive (Theorem 6.B.35),
is taken from Ferreira and Pacheco [199]; they obtained stronger results
than Theorem 6.B.33 although they use a different terminology than the
one used in this theorem. The discussion about the stochastic orders of
point processes is based on Shaked and Szekli [521] and Szekli [544], al-
though the definition of the orders <y and <g._a for point processes can
be found already in Ebrahimi [176]; see related results in Schottl [497].
Kulik and Szekli [325] extended these orders to k-variate point processes.
The statements about the stochastic comparisons of the epoch and inter-
epoch times of two nonhomogeneous Poisson processes (Example 6.B.41)
are taken from Belzunce, Lillo, Ruiz, and Shaked [69].



320 6 Multivariate Stochastic Orders

Section 6.C: The development in this section follows the works of Norros
[436, 437] and of Shaked and Shanthikumar [504]. A result that is similar
to Theorem 6.C.1, but that gives conditions under which two point pro-
cesses are stochastically ordered, can be found in Kwiecinski and Szekli
[328]. The fact (which is mentioned in Section 6.C.2) that the cumulative
hazards of the components, by the time that they fail, are independent
standard exponential random variables, follows from more general results
of Aalen and Hoem [1, Section 4.5], Kurtz [326, Theorem 6.19(b)], and
Jacobsen [252, Proposition 2.2.11)].

Section 6.D: The development in Sections 6.D.1 and 6.D.2 follows the work
of Hu, Khaledi, and Shaked [235], although the definition of the order <,
(with a different name), and its characterization by means of the hazard
gradients (Theorem 6.D.2) can be found in Jain and Nanda [253]. In Hu,
Khaledi, and Shaked [235] it is claimed that (6.D.12) in Theorem 6.D.7 is
equivalent to X <y, Y, but this is erroneous, as was communicated to
us by Antonio Colangelo. An order that is stronger than the order <,
is mentioned in Collet, Lépez, and Martinez [134]. The development in
Section 6.D.3 follows the work of Shaked and Shanthikumar [505]. The
dynamic multivariate hazard rate order comparison of the epoch times
of two nonhomogeneous Poisson processes (Example 6.D.8) is taken from
Belzunce, Lillo, Ruiz, and Shaked [69]. The comparison, in the dynamic
hazard rate order, of vectors of order statistics (Theorem 6.D.10), can
be found in Belzunce, Ruiz, and Ruiz [75]; an extension of it is given
in Belzunce, Mercader, and Ruiz [70]. The multivariate IFR notions de-
scribed in Section 6.D.3 are taken from Shaked and Shanthikumar [512];
some related notion and results can be found in Bassan and Spizzichino
[56].

Section 6.E: The multivariate likelihood ratio order (though using a differ-
ent terminology) is studied in Karlin and Rinott [278] and in Whitt [563].
The preservation under conditioning result (Theorem 6.E.2) can be found
in Rinott and Scarsini [468]. The result which shows a preservation prop-
erty of the order <, under random summations (Theorem 6.E.5) is taken
from Pellerey [451]. The result about the relationship between the multi-
variate likelihood ratio and the multivariate hazard rate order (Theorem
6.E.6) is taken from Hu, Khaledi, and Shaked [235]. The relationship be-
tween the multivariate likelihood ratio and the dynamic multivariate haz-
ard rate order (Theorem 6.E.7) can be found in Shaked and Shanthikumar
[511], whereas the notion of multivariate PFy distributions is taken from
Shaked and Shanthikumar [512]. Theorem 6.E.8 has been proved in the
literature in various generalities; see, for example, Holley [226] or Pre-
ston [460]. For a proof of the present statement of Theorem 6.E.8 see
Karlin and Rinott [278]. The implication (6.E.6) can be found in Whitt
[563]. Shanthikumar and Koo [528] studied an order which is defined as in
(6.E.6), except that rather than requiring A there to be a rectangular set,
they require the right-hand side of (6.E.6) to hold for all planar regions
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A. The statement in Remark 6.E.9 that (1.C.6) does not generalize to the
multivariate case, follows from Riischendorf [485, Theorem 8]. The order
mentioned in Remark 6.E.10 is studied in Whitt [563], where other orders,
related to the multivariate likelihood ratio order, are also studied. One of
the counterexamples, mentioned in Remark 6.E.10, can be found in Whitt
[563]. Other counterexamples can be found in Lehmann [341]; in that pa-
per it is also claimed that Theorem 6.B.2 is wrong, but that claim is based
on erroneous examples. The conditions for the monotonicity of the order
<Ir, given in Theorem 6.E.11, are taken from Rinott and Scarsini [468].
The comparison, in the multivariate likelihood ratio order, of vectors of or-
der statistics (Theorem 6.E.12), can be found in Belzunce, Ruiz, and Ruiz
[75]; an extension of it is given in Belzunce, Mercader, and Ruiz [70]. The
multivariate likelihood ratio comparisons of epoch and inter-epoch times
of nonhomogeneous Poisson processes (Example 6.E.13) can be found in
Belzunce, Lillo, Ruiz, and Shaked [69]; in that paper these results are also
extended to nonhomogeneous pure birth processes. The likelihood ratio
order comparison of the vectors of the normalized spacings associated with
exponential random variables (Example 6.E.14) is taken from Kochar and
Rojo [318]. The result about the likelihood ratio ordering of the posterior
distributions (Example 6.E.16) can be found in Fahmy, Pereira, Proschan,
and Shaked [189]; see also Purcaru and Denuit [462, Proposition 5.1]. A
modification of Example 6.E.16 is Theorem 3.61 of Spizzichino [539]. The
proof of the equivalence of the various notions of multivariate PFs notions
(Theorem 6.E.17) is given in Shaked and Shanthikumar [512].

Section 6.F: The development in this section follows the work of Shaked and
Shanthikumar [513]. A notion that is related to the multivariate DMRL
concept in Section 6.F.3 can be found in Bassan, Kochar, and Spizzichino
[53].

Section 6.G: The orthant orders, which are already mentioned in Marshall
and Olkin [383], have been studied further by several authors. Some of
the results in Section 6.G.1 can be found in Tchen [547], Riischendorf
[481], and Mosler [401]. Several extensions of these orders can be found in
Bergmann [82]. The closure results of the orthant orders given in Theo-
rem 6.G.5, and the application to Markov chains given in Example 6.G.6,
are taken from Li and Xu [350]. The result about the preservation of the
orthant orders under random sums (Theorem 6.G.7) is taken from Wong
[568]; this result also appeared in Denuit, Genest, and Marceau [145],
and in Pellerey [451] there is an equivalent result with an alternative
proof. The comparison of mixtures result (Theorem 6.G.8) can be found
in Denuit and Miiller [157]. The relationship between the orders <,, and
<whr, given in (6.G.10), can be found in Hu, Khaledi, and Shaked [235].
The relationship between the order <,, and the orders an-cx and <,_iex
(Theorem 6.G.10) is taken from Boutsikas and Vaggelatou [107]. The suffi-
cient conditions for the comparison of multivariate normal random vectors
(Example 6.G.11) can be found in Miiller [413]. Theorem 6.G.13 is taken
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from Scarsini and Shaked [494], whereas Theorem 6.G.14 is adopted from
Baccelli and Makowski [27]. Dyckerhoff and Mosler [173] introduced some
relatively easy conditions for verifying X <,, Y or X <, Y when X
and Y have finite discrete supports. The development in Section 6.G.2
follows the work of Scarsini and Shaked [493]. Hennessy [220] considered
the order which is defined by taking all the a;’s in (6.G.16) to be equal
to 1; he obtained for this order a result which is analogous to Theorem
6.G.16.

A generalization of the order <., is mentioned and studied in Daduna
and Szekli [138].
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Multivariate Variability and Related Orders

In this chapter we describe various extensions, of the univariate variability
orders in Chapters 3 and 4, to the multivariate case. The most important
common orders that are studied in this chapter are the increasing and the
directional convex and concave orders. Multivariate extensions of the order
<4isp are also studied in this chapter. Some multivariate extensions of the
transform orders, and of the Laplace transform order, are investigated in this
chapter as well.

7.A The Monotone Convex and Monotone Concave
Orders

7.A.1 Definitions

The multivariate orders <;.x and <;., are defined in a similar fashion to their
univariate counterparts discussed in Section 4.A. Let X and Y be two n-
dimensional random vectors such that

E[p(X)] < E[¢(Y)]

for all increasing convex [concave] functions ¢ : R — R, (7.A.1)

provided the expectations exist. Then X is said to be smaller than Y in the
increasing convex [concave] order (denoted by X <ix Y [X <iev Y)).

One can also define a decreasing convex [concave| order by requiring
(7.A.1) to hold for all decreasing convex [concave] functions ¢. But the terms
“decreasing convex” and “decreasing concave” orders are counterintuitive be-
cause if X is smaller than Y in the sense of either of these two orders, then
X is “larger” than Y in some stochastic sense. These orders can easily be
characterized using the orders <i.x and <j¢y. It is therefore not necessary to
have a separate discussion about these orders.
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For any i,7=1,2,...,n, the function ¢;, defined by ¢;(x) = ¢;(x1,22,. ..,
Zn) = x;, is increasing and is both convex and concave. Therefore, from (7.A.1)
it easily follows that

X <iex Y = E[X]| < E[Y] (7.A.2)
and that
X <iw Y = E[X] < E[Y], (7.A.3)

provided the expectations exist.
If the two n-dimensional random vectors X and Y are such that

E[¢(X)] < E[¢p(Y)] for all convex functions ¢ : R" — R, (7.A4)

provided the expectations exist, then X is said to be smaller than Y in the
convez order (denoted by X <.« Y).Foranyi, i =1,2,...,n, the function ¢;,
defined as above, and the function t;, defined by ©;(x) = ¥;(z1, 22, ...,2y) =
—x;, are both convex. Therefore, from (7.A.4) it follows that

X <o Y = E[X] = E[Y], (7.A.5)

provided the expectations exist.

The multivariate convex order can be characterized by construction on the
same probability space as the univariate convex order (see Theorem 3.A.4).
This is stated next.

Theorem 7.A.1. The random vectors X and Y satisfy X <.x Y if, and only
if, there exist two random vectors X and Y , defined on the same probability
space, such that

X = X, (7.A.6)
Y =+ Y, (7.A.7)
and {X, Y} is a martingale, that is,
EY|X]=X as. (7.A.8)
Similarly, the multivariate extension of Theorem 4.A.5 is the following.

Theorem 7.A.2. Two random vectors X and'Y satisfy X <iex Y [X <iev

Y] if, and only if, there exist two random vectors X and Y, defined on the
same probability space, such that

X —st X7
Y —st Ya
and {X,Y} is a submartingale [{Y, X} is a supermartingale], that is,

ElY|X]>X [EX|Y]<Y] as
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The next theorem is a multivariate analog of Theorem 4.A.6. The proof
of the next theorem is similar to the proof of Theorem 4.A.6, and is therefore
omitted.

Theorem 7.A.3. (a) Two random vectors X and Y satisfy X <iex Y if,
and only if, there exists a random vector Z such that

X Sst Z Scx Y.

(b) Two random vectors X and Y satisfy X <iex Y if, and only if, there
exists a random vector Z such that

X gcx Z Sst Y.

The next result is similar to a result of Veinott that can be found in
Section 6.B.3. Veinott’s result deals with the multivariate usual stochastic
order (rather than the convex order) and does not assume independence of
either the X;’s or the Y;’s. However, the convex order is harder to work with
as compared to the usual stochastic order. Thus we have the following result.

Theorem 7.A.4. Let X = (X7, Xo,...,Xy) andY = (Y1,Ya,...,Y,) be two

n-dimensional random vectors. If Y1,Ys, ..., Y, are independent, and if
X1 <ex Y1, (7.A.9)
[Xg‘Xl =11] <x Yo for all zq, (7.A.10)
and, in general, fori=2,3,...,n,

[Xi’Xl :$17...,XZ',1 :J)ifl] SCXY; f07’ allxj 7j == 1,2,...,@'— 1,
(7.A.11)
then
X <, Y. (7.A.12)

The proof consists of constructing X and Y on the same probability space
such that (7.A.6)— (7 A.8) hold. This can be done by first constructing inde-
pendent 171, Yg, ceey Y, such that ¥ =y Y. To construct the X;’ s, note that
by Theorem 3.A.4 (using (7.A.9)) it is possible to construct an X; on the
same probability space such that E[Y1|X1] = X, as. Next, given X, = x1,
it is possible to construct, again using Theorem 3.A.4 and (7.A.10), an X,
on the same probability space such that E[YQ|X1, Xg] = X, as. Continuing
this way, using Theorem 3.A.4 and (7.A.11), the vector X is constructed. The
vectors X and Y satisfy the conditions of Theorem 7.A.1, and thus (7.A.12)
follows.

Note that under the conditions of Theorem 7.A.4 one has

Zn:Xj <ex in (7.A.13)
j=1 j=1

This inequality gives a stronger result than Theorem 3.A.12(d).
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7.A.2 Closure properties

The proofs of the following closure properties are similar to the univariate
counterparts and are omitted.

Theorem 7.A.5. (a) Let X and Y be n-dimensional random vectors. If
X <iex Y [X Siov Y] and g : R™ — R™ s any increasing convex [con-
cave] function, then g(X) <icx [Siev] g(Y).

(b) Let X, Y, and © be random vectors such that [X‘@ = 0] <iex [Sicv]
[Y|@ = 0] for all 8 in the support of @. Then X <icx [Siev] Y. That is,
the increasing convex [concave] order is closed under mixtures.

(c) Let {X;,7=1,2,...} and {Yj, j =1,2,...} be two sequences of random
vectors such that X; —s X and Y; =4 Y as j — oo. Assume that
EXj — EX and that EYJ — FY CLSj — 0Q. IfX] <ex [Sicxa Sicv] Yj,
j = 1, 2> Ry then X <ex [Sicxa Sicv] Y.

(d) Let X1,Xo,..., X be a set of independent random wvectors and let
Y.,Ys, ..., Y, be another set of independent random vectors. If X; <iex
[Siev] Y fori=1,2,...,m, then

Z Xj Sicx [Sicv] Z Yj~

Jj=1 Jj=1

That is, the increasing convex [concave] order is closed under convolu-
tions.

Parts (a) and (d) of Theorem 7.A.5 can be generalized as follows.

Theorem 7.A.6. Let X1, Xo,..., X, be a set of independent random vec-
tors, let Y1,Yo,..., Y, be another set of independent random wectors,
and assume that X; and Y ; have the same dimension, 1 = 1,2,...,m. If
X <ix Y, fori=1,2,...,m, then

g(XlaXZ,-“aXm) Sicx g(YlaYQa"'aYm)

for every function g of a proper dimension that is increasing and convex in
each argument.

A generalization of Theorem 7.A.5(d) is the following result which deals
with vectors of random partial sums of random variables.

Theorem 7.A.7. Let {X;} and {Y;} each be a sequence of independent ran-
dom wvariables. Also, let {M;} and {N;} each be a sequence of independent
positive integer-valued random wvariables, and suppose that the X;’s and the
M;’s are independent and also that Y;’s and the N;’s are independent. Let
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If
Y;>0a.s., i=1,2,..., (7.A.14)
MigstNia i:1727"'7

and
Xigicx}/i; i:1727"'7

then

(U1, Usy ..., Up) <iex (Vi,Vay oo, Vi) (7.A.15)

Proof. According to Theorems 1.A.1 and 4.A.5 there exist sequences of ran-
dom variables { X}, {Y;}, {M;}, and {N;} such that

Xi=e Xi, Yi=aYi, Mi=g M;, Ni=4Ni, i=12...,

and . . o
M; < N; as., X, <E[Y;|X;]as, i=1,2,
Define
- J R ~ J . R I\;Ij . . AZ]J N
Mj=) M, Nj=) Niy Uj=) Xi, Vi=) Y, j=12..m
i=1 i=1 i=1 i=1

: {Xk}} — B[V;[{X:}] as., j=1,2,...,m.

Let ¢ be an increasing convex real n-dimensional function. Then

E[¢(U1,Us,...,Up)] < El(E[(V4, Va, ..., Vi) {X}])]
< BE[p(V1,Va, ..., Vi) { X3 }]]
= E[p(Vi,Va, ..., Vi),

where the second inequality follows from Jensen’s Inequality. Since (A 1,
o Um) =s (U1, Us,...,Up) and (Vi,Va, ..., V) = (Vi,Va,...,Vin) w
obtain (7.A.15). O

7

Let X1,X5,...,X,, be m countably infinite vectors of independent
nonnegative random variables, and let M = (M, My, ..., M,,) and N =
(N1, Na, ..., Ny,) be two vectors of nonnegative integers which are indepen-
dent of X;’s. Denote by X ; the ith element of X ;. From Theorems 2.3 and 2.4
of Pellerey [451] it seems that if M <. [<jcx] IV, then (ZMl X1.4, ZMQ Xoi,

Zz 1sz) ex [Siex] (Z Xll,zl % Xo, .. E X ) However,
the proofs given in that paper yleld somewhat different rebultb see Theorem
7.A.36 for the details.

The following two results can easily be proven using Theorem 7.A.1.
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Theorem 7.A.8. Let X1, Xo,...,X,, be a set of independent random vari-
ables and let Y1,Ys,...,Y,, be another set of independent random wvariables.
If X; < Y; fori=1,2,...,m, then

(X17X2u"'7Xm) SCX (Ylv}/éa"'vym)'

A result that is slightly stronger than Theorem 7.A.8 is given in Theorem
7.A.24.

Theorem 7.A.9. Let the random vector X and the nonnegative random vari-
able U be independent. If E[U] =1, then X < UX.

From Theorem 3.B.15 [Theorem 4.B.23] and Theorem 7.A.8 we obtain the
following result.

Theorem 7.A.10. Let X1, Xo,...,X,, be a set of nonnegative independent
random variables, let Y1,Yo,...,Y,, be another set of nonnegative independent
random variables, and assume that EX; = EY;, i = 1,2,...,m. If X; <aisp
[<ubue) Yi fori=1,2,...,m, then

(X17X23 ce aXm) Scx (YhYQa c aYm)

An application of Theorem 7.A.1 is illustrated in the following example
(which is, in fact, an extension of Example 3.A.29).

Example 7.A.11. Let X1, Xo,... be independent and identically distributed
m-dimensional random variables. Denote by X,, the sample mean of X1, X,
.o, Xy That is, X, = (X1 + X2+ -+ + X,,)/n. If the expectation of X
exists, then for any choice of positive integers n < n’ one has

Yn’ <ex Yn .

In order to see it note that by the symmetry of Xy, Xo,..., X,/ it follows
that E[Xi|Xn/] = X, for all ¢ < n’. Therefore E[Xn‘Xn/] = X,. That is,
{X,/, X,} is a martingale. The result now follows from Theorem 7.A.1.

7.A.3 Further properties

Let X and Y be random vectors. If E[¢p(X)] < E[¢(Y)] for all increasing
functions ¢, then (7.A.1) obviously holds. Thus we obtain the following result.

Theorem 7.A.12. Let X and Y be two random vectors. If X <4 Y, then
X Sicx Y and X Sicv Y.

The following example gives necessary (and sufficient) conditions for the
comparison of multivariate normal random vectors. See Examples 6.B.29,

6.G.11, 7.A.26, 7.A.39, 7.B.5, and 9.A.20 for related results.
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Example 7.A.13. Let X be a multivariate normal random vector with mean
vector px and variance-covariance matrix X x, and let Y be a multivariate
normal random vector with mean vector py and variance-covariance matrix
Yy.

(a) If px < py and if Xy — X x is positive semidefinite, then X <;., Y.
(b) X < Y if, and only if, px = py and X'y — X'x is positive semidefinite.

Using Theorem 4.A.48 we can obtain conditions under which two nonneg-
ative random vectors, that are comparable in the <j., or in the <., orders,
have the same distribution; related results are Theorems 1.A.8, 3.A.43, 3.A.60,
4.A.69, 5.A.15, 6.B.19, 6.G.12, and 6.G.13.

Theorem 7.A.14. Let X = (X1,Xs,...,X,) and Y = (Y1,Ys,...,Y,,) be
two nonnegative random vectors.

(a) If X <iex Y, and if E[X;X;] = E[Y;Y;] for all i and j, then X =4 Y.
(b) If X <iev Y, and if EX = EY, and if E[X,;X,] = E[Y;Y;] for all i and
j, then X = Y.

Proof. First we prove (a). From the assumption that X <. Y it follows that
Z:‘L:I CL7X1 Sicx Z?:l aiY;' for all a; Z 0, 1= 1, 2, ey N Also

E(iaiXi) ZZazaJ XX ZZaZaj YY (Zal Z).

=1 j=1 i=1 j=1

It then follows, from Theorem 4.A.48, that Y I  a;X; =g > ., a;Y; for
all @; > 0, ¢ = 1,2,...,n. Thus we have that Elexp{—> 1 ;a;X;}] =
Elexp{— Y1, a;Y;}] for all @; > 0, i = 1,2,...,n. From the unicity prop-
erty of the Laplace transform we obtain X =4 Y.

The proof of part (b) follows from part (a) and from the observation that
if Y0 L aiXi <iev Doiqa;Y; and if E[Y"  a; X;] = E[Y a;Y;], then
Z?zl aiXi Zicx Z?zl azY; ]

In a similar manner, using now Theorem 3.A.42 rather than Theorem
4.A.48, we can obtain conditions under which two (not necessarily nonnega-
tive) random vectors, that are comparable in the <. order, have the same
distribution.

Theorem 7.A.15. Let X = (X1,Xs,...,X,) and Y = (Y1,Y5,...,Y,)
be two (not necessarily nonnegative) random wvectors. If X <. Y, and if
Var(X;) = Var(Y;), i=1,2,...,n, then X =4 Y.

Proof. From the assumption that X <., Y it follows that for i # j we have

a;EX} + a;EX7 + a;a; E[X; X;] = E(a; X; + a;X;)*
< E(aYi + a;Y;)? = afEY? + a}EY] + a;a; E[Y;Y}],
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where a; and a; are any constants. Since, by assumption, EX? = EY? and
EXJ2 = EYjQ7 we have that a,a; E[X;X;] < a;a;E[Y;Y;]. Since a; and a; are
arbitrary, we see that E[X,;X;] = E[Y;Y;].

Now, again from the assumption that X <. Y it follows that > ., a;X;
<ex >opq@;Y; for all a;, i = 1,2,...,n. As in the proof of Theorem 7.A.14
we can show that E(Y" aiXi)Q =E(>X", aiYi)Q. It then follows, from
Theorem 3.A.42, that >, a;X; =¢ > oqa;Y; for all a;, i = 1,2,...,n.
Therefore the characteristic functions of X and of Y are identical. This implies
that X = Y. O

An interesting application of the orthant order in the context of the in-
creasing convex and concave orders is given in the following result. The proof,
which can be found elsewhere (see Section 7.D), is not given here.

Theorem 7.A.16. Let X = (X1,Xo,...,X,) and Y = (Y1,Ya,...,Y,) be
two random vectors. Suppose that X <i, Y [respectively, X <., Y] and that

—00 < E[¢i(Xi)] = E[¢(Y;)] <00, i=12,...,m,

for some nonnegative strictly increasing convex functions ¢;, 1 =1,2,...,n. If
X andY are comparable in the order <i.x [respectively, <iey], then X =4 Y.

Two orders related to the multivariate monotone convex order are dis-
cussed in Sections 7.A.6 and 7.A.7 below.

7.A.4 Convex and concave ordering of stochastic processes

In Section 6.B.7 we showed that some of the results regarding the usual
stochastic ordering of random vectors can be extended to the usual stochastic
ordering of stochastic processes. It turns out that some of the results regard-
ing the monotone convex and concave orderings of random vectors can also be
extended to the analogous orderings of stochastic processes. In this subsection
we describe a basic result that formally states that two stochastic processes
are comparable in the sense of any of these orders if, and only if, any finite
dimensional marginals of them are comparable in the same sense.

Let {X(n), n € Ny} and {Y(n), n € Ny} be two discrete-time stochas-
tic processes with state space R. Suppose that, for all choices of an integer m,
it holds that

(X(1),X(2),..., X(m)) <ex [Siex> Siev] (Y(1),Y(2),...,Y(m)),

then {X(n), n € N4} is said to be smaller than {Y(n) ,n € Ny} in the
convez [increasing conver, increasing concave] order (denoted by {X(n), n €
Nit} <ex [Siex Siev] {Y(n), n € Ny }). Below, a functional g is called
convex [concave] if g({az(n) + (1 — a)y(n), n € Nyy}) < [>] ag({z(n), n €
Nyt}) + (1= a)g({y(n), n € Nyy}) for all a € [0,1] and {z(n), n € Nyy}
and {y(n), n € Nyi}.
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Theorem 7.A.17. Let {X(n), n € Nyi} and {Y(n), n € Nii} be two
discrete-time stochastic processes with state space R. Then {X(n), n €

N++} <ex [Sicm Sicv] {Y(n)7 ne N++} ifa and Only if7
E{g({X(n), n € Nyy D)} < E{g({Y'(n), n € Noi 1)} (7.A.16)

for every continuous (with respect to the product topology in R*) convex [in-
creasing convezx, increasing concave] functional g for which the expectations
n (7.A.16) exist.

Notice that the assumption of continuity with respect to the product topol-
ogy is quite restrictive, but, as far as we know, it is the best result available.

7.A.5 The (m1, mz)-icx orders

The multivariate <j.x can be extended in a manner similar to the way in which
the univariate order <,,_jex in Section 4.A.7 extends the univariate <;.. order.
Only the bivariate extension will be described here.

Let (X71,X2) and (Y1,Ys) be two random vectors with a common sup-
port I x J, where I and J are finite, or half infinite, or infinite intervals
in R. If El¢p(X;,X5)] < E[¢p(Y1,Ys)] for all (mq + mg)-differentiable func-

tions ¢ such that %(ﬁ(azl,xg) > 0 on I x J whenever 0 < k1 < myq,

0 < ky < mg, and k1 + ko > 1, then (X1, X5) is said to be smaller than
(Y1,Y3) in the (my1, my)-icz order (denoted by (X, Xy) <%/ (Y1,Y3)).

—(my,ma2)-icx

If E[p(X1,X32)] < E[¢p(Y1,Y3)] for all (m; + mg)-differentiable functions ¢

. k1+k
such that (—1)k1+k2+1ﬁ782,;2¢(x1,x2) >0on I x J whenever 0 < k; < mq,
.’L'l ./1)2

0 < ko < mg, and k;+ke > 1, then (X7, X5) is said to be smaller than (Y1,Y2)
in the (my,mg)-icv order (denoted by (X7, X5) §f7fl‘1]m2) ey (Y1,Y5)).
The (m1, m2)-icx and the (mq,mq)-icv orders are related as follows

(X1, X3) < <lavblxlaz be] (Y1,Y3)

—(m1,mz)-icv

= (b —Y1,b0 —Y3) < < [0:br=an]x[0.b> ~as) (b1 — X1,b2 — X>),

—(m1,mz2)-icx

and

(X1,X5) < Y1,Ys) <= —(¥1,Y2) < —(X1, X2).

(m1 mg)-icv ( (ml,mg) icx

Thus it suffices for most purposes to focus on the (mi, m2)-icx order only.

Note that the orders <R121) and <(1 1)- fov are the orders <y, and <), (see

ICX

Section 6.G.1). The orders <(2 2)-iex and <(2 2)icy AT€ the orders <uo ex and

<uo-cx Which are discussed in Section 7.A.9 below. Also, the order <®
is the order g?n which is discussed in Section 7.A.9.

Some closure properties of the (mj,msg)-icx order are given in the next
theorem. Some of the results below are stated for simplicity only for the case
in which I = J = [0,00), but they can be rewritten for the general case.

(m m)-icv
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Theorem 7.A.18. (a) Let (X1, X3) and (Y1,Y2) be two random vectors with
a common support I x J. Let K and L be two intervals in R, and let
¢1: 1 = K and ¢ : J — L be two univariate functions with nonnegative
first my and ma derivatives, respectively. If (X1, X5) <IxJ (1,Ys),

—(m1,m2)-icx

then (¢1(X1), ¢2(X2)) S@ffmz)_icx (p1(Y1), p2(Y2)).
(b) Let (X1, X3), (Y1,Y2), and © be random vectors such that [(X1, X2)|© =

0] <[0.00)" [(Y1,Y2)|@ = 6] for all 6 in the support of @. Then

—(m1,m2)-icx
2
(X1, X2) SE(jy’ioznz)_iCX (Y1,Y2). That is, the (my,mz)-icx order is closed
under mixtures.

(c) Let {(X11,X12), (X21,X22),...} be a sequence of independent random
vectors and let {(Y11,Y12), (Yo1,Y22),...} be another set of independent
random vectors. Furthermore, let N be a positive integer-valued random
variable which is independent of the above random vectors. If (X1, X;2)

2
<[0,00) (Yj1,Y)2) for j =1,2,..., then

—(my,mz)-icx

N N
0,00 2
D (X1, Xj2) <02 > (Vi Via):

=1 =1
In particular, the (my, ma)-icx order is closed under convolutions.

Part (c) of Theorem 7.A.18 can be used, for example, to prove (9.A.11) in
Chapter 9.

The bivariate (mq,mg)-icx orders imply some interesting results on their
univariate components.

Theorem 7.A.19. Let (X1, X5) and (Y1,Y2) be two random vectors with
a common support [0,00)2. Let ¢ be a bivariate function which satisfies

grithe d(x1,22) > 0 on [0,00)? whenever 0 < ky < my, 0 < ky < my, and

Bwal@w;Q
2

kit ke > 10 (X0, Xo) <00 0 (V1 Ya), then $(X1, Xa) < (omymaiox

d)(Ylv Y2)

This result can be used, for example, to prove the second inequality in
Theorem 9.A.18 in Chapter 9.

Theorem 7.A.20. Let (X1, X2) and (Y1,Y2) be two random vectors, of inde-

pendent components, with a common support [0,00). Then

(X1, X2) <07 e (1,72) = (X1 Spnycien Vi and X S Y2).

—(m1,m2)-icx

7.A.6 The symmetric convex order

Let X = (X1,Xs,...,X,) and Y = (Y1,Ys,...,Y,) be two random vectors.
When X and Y have exchangeable (that is, permutation symmetric) distri-
bution functions, it is of interest to consider orders defined by the condition
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E¢(X) < E¢(Y) for all functions in a certain class of (permutation) sym-
metric functions. One such order is defined as follows.
Suppose that X and Y are such that

E¢p(X) < E¢(Y) for all symmetric convex functions ¢ : R — R,

provided the expectations exist. Then X is said to be smaller than' Y in the
symmetric convex order (denoted as X <gymex Y).
The following relationship between the orders <.y and <gymcx is obvious.

Theorem 7.A.21. Let X and Y be two random vectors. If X <. Y, then
X Ssymcx Y.

A further discussion regarding the order <gymcx can be found in Chapter 7
by Tong in [515].

7.A.7 The componentwise convex order

Let X = (X1,Xs,...,X,) and Y = (Y1,Ys,...,Y,,) be two random vectors.
Suppose that X and Y are such that

E¢p(X) < E¢(Y) for all [increasing] functions ¢ : R® — R
that are convex in each argument when
the other arguments are held fixed,

provided the expectations exist. Then X is said to be smaller than Y in the
[increasing] componentwise convexr order (denoted by X [<icex] <eex Y).

The following relationship between the orders <cex [Sicex] and <ex [Siex)
is obvious.

Theorem 7.A.22. Let X andY be two random vectors. If X <cex [Sicex] Y,
then X Scx [Sicx] Y.

The functions ¢1(z1,x2,...,2,) = z;x; and ¢o(z1,22,...,2n) = —T;T;
are both componentwise convex, 1 < i < j < n. The next result thus follows
from Theorem 7.A.22 and (7.A.5).

Theorem 7.A.23. Let X = (X1,Xo,...,X,) and Y = (Y1,Ya,...,Y,) be
two random vectors. If X <.x Y, then Cov(X;, X;) = Cov(¥;,Y;), 1 <i<
7 <n.

Theorem 7.A.24. Let X1, Xo,..., X be a set of independent random vari-
ables and let Y1,Ys,...,Y,, be another set of independent random wvariables.
If Xl Scx [Sicx] Y; fOT 1= 13 25 cee,Mm, then (Xla X27 e 7Xn) gccx [giccx]
W,Ys,...,Y,).
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Proof. The parenthetical statement follows at once from Theorem 4.A.15.
The proof of the other statement is similar to the proof of that theorem. As
in there, we can assume, without loss of generality, that all the 2m random
variables are independent. The proof is by induction on m. For m = 1 the
result is obvious. Assume that the stated result is true for vectors of size m—1.
Let ¢ be a componentwise convex function. Then

E[¢(X1, Xa, ..., X)) | X1 = 2] = Elp(x, Xa, ..., Xpn)]
< Elp(z,Ya, -, V)]
= E[¢(X1,Ya, ..., Yn) | X1 = 2],

where the equalities above follow from the independence assumption and the
inequality follows from the induction hypothesis. Taking expectations with
respect to X7, we obtain

E[¢(X1,X27 v 7Xm)} < E[(b(XlaYQ, v »Ym)]'

Repeating the argument, but now conditioning on Y3,...,Y,, and using
X1 < Y7, we see that

E[¢(X17Y27 s 7Ym)] § E[QS(Yla YQa ey Ym)L
and this proves the result. O

It is not hard to show that if X = (X1, Xa,...,X,) and Y = (Y1,Y5,...,
Y, ) satisfy conditions (7.A.9)—(7.A.11) of Theorem 7.A.4, and if Y1, Y5, ..., Y,
are independent, then, in fact, X <..x Y. This observation provides an alter-
native proof for the <... case of Theorem 7.A.24

The following results may be compared with Theorem 6.B.17.

Theorem 7.A.25. Let X1, Xo,...,X,, be m countably infinite vectors of
independent nonnegative random variables. Let M = (My, Mo, ..., My,) and
N = (N1, Na,...,Np,) be two vectors of nonnegative integers which are in-
dependent of X1, X>,...,X,,. Denote by X;; the ith element of X ;. If
Xji <ex [Siox) Xjig1 forj=1,2,...,m, andi > 1, and if M <cox [<icox] IN,
then

M,

M, Mo
(ZXl,iaZXQ,iv"'v Xm,z)
i—1 i—1 i—1
N Na N
Seox [Sicex] (le,i7zx2,i7~-~7ZXm,i>~
i—1 i—1 i—1

The following example gives sufficient conditions for the comparison of
multivariate normal random vectors. See Examples 6.B.29, 6.G.11, 7.A.13,
7.A.39, 7.B.5, and 9.A.20 for related results.
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Example 7.A.26. Let X be a multivariate normal random vector with mean
vector 0 and variance-covariance matrix X', and let Y be a multivariate nor-
mal random vector with mean vector 0 and variance-covariance matrix X+ D,
where D is a nonnegative diagonal matrix. Then X <. Y.

7.A.8 The directional convex and concave orders

Let < denote the coordinatewise ordering in R™. For x,y, z € R™ we use the
notation [x,y] < z as a shorthand for < z and y < z. Also, the notation
z < [z,y] stands for z < x and z < y. A function ¢ : R” — R is said to
be directionally convex [concave] if for any x; € R™, i = 1,2, 3,4, such that
1 < [x2, x3] < x4 and x1 + x4 = T2 + X3, one has

P(22) + ¢(x3) < [>] ¢(x1) + P(T4). (7.A.17)

A function ¢ : R” — R™ is called directionally convex [concave] if the co-
ordinate functions ¢;, i = 1,2,...,m, defined by ¢(x) = (¢1(x), d2(x), ...,
¢n(x)), are directionally convex [concave].

Directional convexity neither implies, nor is implied by, conventional con-
vexity. However, a univariate function is directionally convex [concave] if, and
only if, it is convex [concave].

A function ¢ : R™ — R is said to be supermodular [submodular] if for any
x,y € R™ it satisfies

o(x) + o(y) < [>] d(x A y) + oz Vy),

where the operators A and V denote coordinatewise minimum and maximum,
respectively. If ¢ : R™ — R has second partial derivatives, then it is supermod-
ular if, and only if, #;%@ﬁ > 0 for all i # j. Many examples of supermodular
functions can be found in Marshall and Olkin [383, Chapter 6].

Proposition 7.A.27. The following statements are equivalent:

(a) The function ¢ is directionally convex [concave)].

(b) The function ¢ is supermodular [submodular] and coordinatewise convex
[concave].

(¢) For any x1, T2,y € R™, such that 1 < xo and y > 0, one has

(1 +y) — d(x1) < [2] p(x2 +y) — d(x2).

If ¢ is twice differentiable, then it is directionally convex [concave] if, and
only if, all its second derivatives are nonnegative [nonpositive|. Another useful
property of directionally convex [concave] functions is stated next.

Proposition 7.A.28. (a) If ¥ : R™ — R* is increasing and directionally
convex [concave] and ¢ : R™ — R™ is increasing and directionally con-
vex [concave|, then the composition ¥ (@) is increasing and directionally
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convez [concave]. In particular, if ¥ : R — R is increasing and convex
[concave] and ¢ : R™ — R is increasing and directionally convex [con-
cave], then the composition (@) is increasing and directionally convex
[concave].

(b) If ¥ : R™ — RF is increasing and directionally convex [concave] and
¢ : R™ — R™ is decreasing and directionally convex [concave], then the
composition P (@) is decreasing and directionally convex [concave]. In par-
ticular, if v : R — R is increasing and convex [concave] and ¢ : R™ — R is
decreasing and directionally convex [concave], then the composition ()
is decreasing and directionally convex [concave].

Let X = (X1,Xo,..., X)) and Y = (11,Y5,...,Y,,) be two random vec-
tors. Suppose that X and Y are such that

E¢(X) < E¢(Y) for all [increasing] functions ¢ : R” — R
that are directionally convex,

provided the expectations exist. Then X is said to be smaller than'Y in the
[increasing] directionally conver order (denoted by X [<idir-cx] <dir-ex Y )-
The orders <gir-cv and <jgir-cy are defined similarly.

The following relationships among the orders <girex [Sidir-cex] and <eex
[<icex] follow from Proposition 7.A.27. The last assertion in the next theorem
follows from the observation that —¢ is directionally concave if, and only if,
¢ is directionally convex.

Theorem 7.A.29. Let X andY be two random vectors. If X <cex [Sicex] Y,
then X Sdir—cx [Sidir—cx] Y. AZSO, ZfX Sdir—cx Y; then X Sidir—cx Y and
X Zdir—cv Y.

From Proposition 7.A.28 we obtain the following result (which may be
compared with Theorems 6.G.10 and 9.A.16).

Theorem 7.A.30. Let X and Y be two n-dimensional random wvectors. If
X <igir-ex Y, then ¢(X) <igir-ex @(Y) for any increasing and directionally
convex function ¢ : R™ — R™. In particular, $(X) <iex ¢(Y) for any in-
creasing and directionally convex function ¢ : R™ — R.

Theorem 7.A.31. Let {X;, j = 1,2,...} and {Y,, j = 1,2,...} be two
sequences of random vectors such that X; =4 X and Y; =« Y as j — oo.
Assume that EX; — EX and that EY j = EY as j — 00. If X <qir-cx Y j,
7=12..., then X <{irex Y -

From Theorems 7.A.24 and 7.A.29 we immediately obtain the next result.

Theorem 7.A.32. Let X1, Xo,..., X, be a set of independent random vari-
ables and let Y1,Ys,...,Y,, be another set of independent random wvariables.
If Xi Scx [Sicx] }/z fO’f’ 1= 17 27 B then (Xla XQ, CIE ;Xn) Sdir—cx [Sidir—cx]
", Ys,...,Y,).
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A stronger result than the <. and <gj;.cx part of Theorem 7.A.32 is
Theorem 7.A.38 below. Also, the <jcx and <jgir.cx part of Theorem 7.A.32
still holds if it is merely assumed that (Y7,Y3,...,Y,,) is CIS (as defined in
(6.B.11)) rather than assuming that it consists of independent components.

The following result (which is a generalization of Theorem 7.A.32) shows
that the directionally convex orders are closed under conjunctions.

Theorem 7.A.33. Let X1, Xo,..., X, be a set of independent random vec-
tors where the dimension of X; isk;, 1=1,2,...,m. Let Y1,Yo,..., Y, be
another set of independent random vectors where the dimension of Y; is k;,
1=1,2,....om. If X; <dgireex [Sidir-ex] Yi fori=1,2,...,m, then

(Xla X27 e 7Xm) Sdir—cx [Sidir—cx] (Y17 Y2a e 7Ym)

Proof. Tt is enough to show that if X, and Y'; are of the same dimension
k1, and if Z is another random vector, of dimension k, which is independent
of Xy and Y1, and if X <gjr-ex [Sidir-ex) Y1, then (X1, Z) <qir-ex [Sidir-cx]
(Y1, Z). The rest of the proof can then be obtained by induction and pairwise
interchanges.

So let ¢ be a (k1+k)-dimensional [increasing] directionally convex function.
Note that ¢(x, z) is [increasing] directionally convex in x for any z, where
the dimensions of  and z are k; and k, respectively. Thus from X1 <gjp-cx
[<idir-ex] Y1 and the independence assumption we obtain

E¢(X1,Z) I:E(b X17 ’Z} <E[E¢ Y17 |Z] E¢(Y17Z)7
and the proof is complete. O

The next result shows that the directionally convex orders are closed under
convolutions.

Theorem 7.A.34. Let X1, X,..., X, be a set of independent random vec-
tors and let Y1,Y o,..., Y, be another set of independent random wvectors,
all of the same dimension k. If X; <dir-ex [Sidir-cx] Yi fori = 1,2,...,m,
then

m

Z X1 Sdir—cx [gidir—cx] Z Y1

i=1 i=1

Proof. Let ¢ : RF — R be any [increasing] directionally convex function. Then
the function 1 : R¥™ — R, defined by ¥(x1,x2,..., %) = qS(ZZ 1 :131) is
[increasing] directionally convex function. The stated result now follows from
Theorem 7.A.33. (The idir-cx part also follows directly from Theorems 7.A.30
and 7.A.33.) O

A continuous analog of Theorem 7.A.34 (where the sums are replaced by
integrals) is the following result.
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Theorem 7.A.35. Let {X(t)}1cre and {Y(t)}icre be two R-valued ran-
dom fields which are a.s. Riemann-integrable. Suppose that (X (t1), X (ta),. ..,
X(tk)) Sidir—cx (Y(tl), Y(tg), N ,Y(tk)) fO’f’ all tl, tg, N ,tk S Rd, k =
1,2,.... Then

< X (t)dt, X(t)dt,..., X(t)dt>
Bl BQ Bk
<ues ([ vt [ vioae.... [ vioa)
Bl BQ Bk
for any disjoint bounded Borel-measurable sets Bi,Bs,..., By in R%, k =
1,2,....

The following result may be compared with Theorem 7.A.25.

Theorem 7.A.36. Let X1, Xo,...,X,, be m countably infinite vectors of
independent nonnegative random variables. Let M = (My, Mo, ..., My,) and
N = (Ny, Na, ..., Ny,) be two vectors of nonnegative integers which are inde-
pendent of X1, Xa,..., X ,,. Denote by X ; the ith element of X ;. If X;; <cx
[Sicx] Xj,iJrl fO?”j = 1;27~ -, m, and i > 1, and Zf M <gir-ex [Sidir—cx] N;
then

N, Ny N,
<dir-ex [Sidir-cx) ( Z X1, Z Xoiyons Z Xm,i) .
i—1 i—1 i—1

Consider now, as in Section 6.B.4, n families of univariate distribu-
tion functions {G((;), 0 € X;} where X; is a subset of the real line R,

1 =1,2,...,n. Let X;(f) denote a random variable with distribution func-
tion Gg), 1 =1,2,...,n. Below we give a result which provides comparisons

of two random vectors, with distribution functions of the form (6.B.18), in the
[increasing] directionally convex order. The following result is a multivariate
extension of Theorems 3.A.21 and 4.A.18; see Theorems 6.B.17, 6.G.8, 9.A.7,
and 9.A.15 for related results.

Theorem 7.A.37. Let {Gg), 0 X}, i=1,2,...,n, be n families of uni-
variate distribution functions as above. Let @1 and @2 be two random vectors
with supports in T[], X; and distribution functions Fy and Fs, respectively.

Let Y, and Y5 be two random vectors with distribution functions Hy and Hy
given by

Hj(ylvaa"'ayn):/ / / HGéz)(yl)dF](917927a0n)7
X1 J X X,

n =1

(ylvaa"'ayn) ean j:172
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If for every [increasing] convex function ¢,
E[p(X;(0))] is [increasing] convex in 0, i=1,2,...,n,

and if
@1 Sdir—cx [Sidir—cx] @27

then
Yl Sdir-cx [Sidir—cx] Y2~

The following result compares, with respect to <gi;.cx, two random vectors
with the same dependence structure. Recall the definition of CIS given in
(6.B.11). If every permutation of the coordinates of a random vector is CIS,
then the vector is said to be conditionally increasing (CI). Recall also the
definition of a copula, given in (6.B.14).

Theorem 7.A.38. Let the random vectors X = (X1,Xs,...,X,) and Y =
(W1,Ys,...,Y,) have a common copula that is CL. If X; <. Y;,i=1,2,...,n,
then X <gir-ex Y -

Theorem 7.A.38 may be compared with Theorems 6.B.14 and 7.A.32. A
result that is stronger than Theorem 7.A.38 is Theorem 9.A.25 in Section 9.A.
The following example gives necessary and sufficient conditions for the

comparison of multivariate normal random vectors. See Examples 6.B.29,
6.G.11, 7.A.13, 7.B.5, and 9.A.20 for related results.

Ezxample 7.A4.39. Let X be a multivariate normal random vector with mean
vector px and variance-covariance matrix ¥ x, and let Y be a multivariate
normal random vector with mean vector py and variance-covariance matrix
Yy. Then X <girex Y if, and only if, px = py and ¥x < Xy

It is worth mentioning that the result in Example 7.A.26 implies the suf-
ficiency part in Example 7.A.39.

In closing this subsection it is worthwhile to mention that a stochastic
order, which is defined by requiring E¢(X) < E¢(Y) to hold for all su-
permodular [rather than supermodular and componentwise convex, that is,
directionally convex] functions ¢, is studied in Section 9.A.4.

7.A.9 The orthant convex and concave orders

Analogous to the orthant orders studied in Section 6.G.1, one can introduce
and study orthant convex and concave orders. This is done in this subsection.
Let X = (X3, Xs,...,X,) be a random vector with distribution function
F and multivariate survival function F (see the exact definition of a multi-
variate survival function in Section 6.G.1). Let Y be another n-dimensional
random vector with distribution function G' and survival function G. If
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/ / / F(uy,ug, ..., u,)duydus - - - duy,
S/ / / G(ug, ug, ..., up)duyduy - - -du,, for all x
T1 T2 Tn

then we say that X is smaller than Y in the upper orthant-conver order
(denoted by X <yocx Y). If

ZT1 T2 Tn
/ / / F(uy,ugy ..., up)durdug - - - duy,
— 00 — 00 — 00
1 T2 Tn
> / / / G(uy,ug, ..., uy)durdus - - - du,, for all x,

then we say that X is smaller than Y in the lower orthant-concave order
(denoted by X <jo.cy Y).

In analogy with Theorem 6.G.1 it is not hard to obtain the following
characterizations of the orders <,.cx and <jo_cy.

Theorem 7.A.40. Let X and Y be two n-dimensional random vectors. Then

(a) X <yo.ex Y if, and only if,

e[ [Tox] < #[ {00

for every collection {g1,g2,...,9n} of univariate nonnegative increasing
conver functions.
(b) X <joey Y if, and only if,

E[f[hxxi)} < B[]

for every collection {hy,ha,...,hy,} of univariate nonnegative increasing
functions such that h; is concave on the union of the supports of X; and
Y;,i=1,2,...,n

From Theorem 7.A.40 it is easy to obtain the following result which is an
extension of the fact that if the random variables X and Y satisfy X <k Y,
then ¢(X) <iex ¢(Y) for all real increasing convex functions ¢ on R (see
Theorem 4.A.15).

Theorem 7.A.41. Let X = (X1,Xs,...,X,) and Y = (Y1,Ys,....Y,,) be
two random vectors.

(a) IfX Suo—cx Y; then (¢1 (Xl)a ¢2(X2), R} ¢n(Xn)) Suo—cx ((bl (Yl)7 ¢2(}/2)7
0 (Yy)) whenever ¢y, ¢a, ..., ¢ are increasing convex functions.

(b) If X <io-ev Y, then (¢1(X1), 92(X2), .-, on(Xn)) Sio-ev (91(Y1), P2(Y2),
oy 0 (Yy)) whenever ¢1,¢a, ..., ¢y are increasing concave functions.
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From Theorems 7.A.40 and 6.G.1 it follows that
X Suo Y=X Suo—cx Y

and that
X <lo Y =X <lo-cv Y.

The following results may be compared with Theorems 7.A.25 and 7.A.36.

Theorem 7.A.42. Let X1, Xs,...,X,, be m countably infinite vectors of
independent nonnegative random variables. Let M = (M, Mo, ..., M,,) and
N = (N1, Na,...,Ny,) be two vectors of nonnegative integers which are in-
dependent of X1, Xo,...,X,,. Denote by X;; the ith element of X;. If
Xjﬂ‘ Sicx [Zicv] Xj,i+1 forj = 1, 2, e, and i > 1, and ZfM Suo—cx [Slo—cv]
N, then

Mo

< My,
(ZXM, ZXQ,i, ceey Zsz)
=1 i=1 i=1
<uo-cx [Slo—cv} (Z Xl,i> Z XQ_]Z', N Z Xm,i) .

Consider now the function ¢ : R™ — R which is defined by ¢(x1, xa, ..., x,)
= [, gi(z;), where each g; : R — R is increasing and convex [concave]. It
is easy to verify that ¢ is increasing and directionally convex [concave]. Thus,
from Theorem 7.A.40 we obtain that

X Sidir—cx Y=X Suo—cx Y

and
X <idir-cv Y =X <lo-cv Y.

It is worth mentioning that the supermodular order, studied in Section 9.A.4,
implies the orders <., <jo, and <jgir.cx, mentioned above.

We now describe a multivariate extension of the univariate order <, icv
(see Section 4.A.7). A special case of this extension is the order f?;)m)_icv
which is discussed in Section 7.A.5. A similar extension of the univariate
order <,,,icx can also be defined and studied.

For ¢ € R", let L(x) = {y : y < «}. For an n-dimensional distribution

function I’ define

and
Fp(x) = / Fp—1(u)du.
L(x)

For n-dimensional distribution functions F' and G denote

F < G < F(x) > Gp(x) forall x e R™.
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When m = 1 the above order is equivalent to the lower orthant order defined
in (6.G.2). When m = 2 the above order is a multivariate (left-sided) analog
of (4.A.5). If X and Y have the distribution functions F' and G, respectively,
then (as can be easily seen by taking m = 2) the relationship F <§ G is
the same as X <jocv Y. Also, the order §72n is the order S]%{;)m)_icv which is
discussed in Section 7.A.5.

For any n-dimensional distribution function F, its (n — 1)-dimensional
marginal distribution functions are defined by

% —
F( )(mlw"7xi717xi+17'~-7xn) —F(.’L’l,...71',5717007.’11'1'4,1,...,.’1,'“)7

i=1,2,...,n.

The next result shows that the order <7, is preserved under marginalization.
Before stating the next result we need the following definition. The distri-
bution function F' is said to be margin-regular for m > 1 and i < n if for
each 9 = (1,...,%_1,2i11,...,%,) for which FO(2(®)) < oo, there is an
x; € R such that F(x1,22,...,2,) < 0.

Theorem 7.A.43. Forn > 1, m > 1, and i < n, let F and G be two n-
dimensional distribution functions such that F' <I' G and F' is margin-regular
form andi. Then F) <=1 G0,

7.B Multivariate Dispersion Orders

Different characterizations of the univariate order <gjsp give rise to different
multivariate dispersive orders. In this section we describe some such orders.

7.B.1 A strong multivariate dispersion order

Recall from (3.B.13) that for univariate random variables we have that
X <aisp Y if, and only if, Y =g ¢(X) for some ¢ that satisfies ¢(z’) — ¢(z) >
2’ — x whenever z < z’. An extension of this definition of the univariate dis-
persion order gives the multivariate dispersion order that is discussed in this
subsection.

A function ¢ : R™ — R" is called an expansion if

|lp(x) — d(x)|| > || — x'|| for all x and =’ in R™.
Let X and Y be two n-dimensional random vectors. Suppose that
Y =« ¢(X) for some expansion ¢. (7.B.1)
Then we say that X is less than Y in the strong multivariate dispersive order

(denoted by X <gp Y).
Let Jg(x) denote the Jacobian matrix of ¢ at x, that is,
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Totw) = {5}

It is useful to note that ¢ is an expansion if, and only if,
Jg(:n)Jqs(a:) — I is nonnegative definite,

where T is the identity matrix; see Giovagnoli and Wynn [211].
It is very easy to show that the strong multivariate dispersion order <gp
is closed under conjunctions as the following result states.

Theorem 7.B.1. Let X1, X5,..., X, be a set of independent random vec-
tors where the dimension of X; isk;, 1 =1,2,...,m. Let Y1,Yo,..., Y, be
another set of independent random vectors where the dimension of Y ; is k;,
1=1,2,....m. If X; <sp Y; fori=1,2,...,m, then

(X1;X27"~7Xm) §SD (YlaYQa"'aYm)~

The strong multivariate dispersion order <gp also satisfies the following
closure property, the proof of which is omitted.

Theorem 7.B.2. Let X and Y be two n-dimensional random vectors. Let
A be an n X n matriz such that for any orthogonal matriz I' there exists an
orthogonal matriz I' such that TAI' = A. If X <gp Y, then AX <gp AY.

The following result compares, with respect to the order <gp, two random
vectors with the same dependence structure. Recall the definition of a copula,
given in (6.B.14).

Theorem 7.B.3. Let the random vectors X = (X1,Xs,...,X,) and Y =
(Y1,Y2,...,Y,) have a common copula. If X; <aisp Vi, © = 1,2,...,n, then
X<spY.

An interesting application of Theorem 7.B.3 is the following result which
may be compared with Theorems 6.D.10, 6.E.12, and 7.B.12.

Theorem 7.B.4. Let X(1), X(2),. .., X(n) and Y(1),Y(2), ..., Y(n) be order sta-
tistics as in Theorem 6.D.10. If X; <qisp Y1, then

(X1, X2y, -+ X(ny) <sp Yy, Yays -5 Yiny)-

Proof. The vectors (X (1), X(2y,..., X)) and (Y{1),Y(2),...,Y(,)) have the
same copula. By Theorem 3.B.26, X1 <gisp Y1 implies that Xy <aisp Y(i),
i=1,2,...,n. The stated result now follows from Theorem 7.B.3. 0O

An interesting example in which the order <gp arises naturally is the fol-
lowing. See also Examples 6.B.29, 6.G.11, 7.A.13, 7.A.26, 7.A.39, and 9.A.20.
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Ezample 7.B.5. Let X = (X1, Xa,...,X,) be a multivariate normal random
vector with mean vector pq, and let Y = (Y¥7,Y5,...,Y;,) be a multivariate
normal random vector with mean vector p,. If X and Y have the same
correlation matrix, and if Var(X;) < Var(¥;),i=1,2,...,n, then X <sp Y.
This can be seen from Theorem 7.B.3 by noting that X and Y have the same
copula, and that Var(X;) < Var(Y;) implies X; <qgisp Y3, 1 =1,2,...,n.
Arias-Nicolds, Ferndndez-Ponce, Luque-Calvo, and Sudrez-Llorens [17] and
Fernandez-Ponce and Rodriguez-Grinolo [196] compared, respectively, some
multivariate t and Wishart random vectors with respect to the order <gp.

According to Oja [441], an n-dimensional random vector Y is said to be
more scattered than another n-dimensional random vector X (denoted as
X <A Y)Y =4 ¢(X) for some function ¢ : R” — R™ that has the
property that

Alp(x1), d(x2), ..., P(Tpt1)) = A1, T2, ..., Tpt1) (7.B.2)
for all {x1,x2,...,Tnt1} C R™, where A(xq,xa,...,xn41) is the volume of
the simplex with vertices @1, @, . .., Z,41. It is useful to note that a function ¢

satisfies (7.B.2) for all {x1, @2, ..., Tn+1} C R™if, and only if, the determinant
of the Jacobian matrix of ¢ satisfies

|Det(Jg(x))| > 1 for all x € R".

The order <, as the order <gp, is a multivariate extension of the char-
acterization (3.B.13) of the univariate order <gjsp.
We have the following relationship between the orders <, and <gp:

X<spY =X <,Y.

Fernandez-Ponce and Suarez-Llorens [198] introduced a multivariate dis-
persion order that is even stronger than <gp. They did it by essentially re-
quiring (7.B.1) to hold for a particular expansion ¢ which is a multivariate
analog of the univariate function ¢ = G7'F in (3.B.13) in Section 3.B.

7.B.2 A weak multivariate dispersion order

The property (3.B.34) of the univariate dispersive order has an obvious multi-
variate analog, which is used in this subsection in order to define a multivariate
dispersion order.

Let X and Y be two n-dimensional random vectors. Let X’ and Y’ be
such that X = X' and Y =4 Y’ and such that X and X’ are independent
and Y and Y are independent. Suppose that

X — X' <a IV =YY,

where || - || is the Euclidean norm and <4 is the usual univariate stochastic
order discussed in Section 1.A. Then we say that X is smaller than 'Y in the
multivariate dispersion order (denoted by X <p Y).
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The multivariate dispersion order <p has the desirable property that the
traces of the corresponding covariance matrices are ordered as expected. This
multivariate analog of (3.B.25) is shown in the next theorem.

Theorem 7.B.6. Let X and Y be two n-dimensional random vectors. If
X <pY, then
tr(Cov(X)) < tr(Cov(Y)). (7.B.3)

Proof. Let X' and Y’ be such that X = X’ and Y = Y’ and such that
X and X' are independent and Y and Y are independent. Then Cov(X) =
1E(X - X")T(X — X")], and Cov(Y) = E[(Y —Y')T(Y —Y")]. Therefore

-2

tr(Cov(X)) = 5 E[ir(X — X')(X ~ X')7]

= 2 B[IX - X'|7]
< BlIY - Y'IP]
= tr(Cov(Y))

and (7.B.3) is obtained. 0O

The multivariate dispersion order <p is location-free and rotation-free as
the next result shows. The proof is simple and is omitted.

Theorem 7.B.7. Let X and Y be two n-dimensional random vectors. If
X <pY, then
I'X +a <p AY + b,

for all orthogonal matrices I' and A and for all vectors a and b.

The multivariate dispersion order <p is also closed under conjunctions as
the following result states.

Theorem 7.B.8. Let X1, X,..., X, be a set of independent random vec-
tors where the dimension of X; isk;, 1 =1,2,...,m. Let Y1,Yo,..., Y, be
another set of independent random vectors where the dimension of Y; is k;,
i=1,2,....m. If X; <p Y, fori=1,2,...,m, then

(X1,X2,...,Xm)<p (Y1,Y2,....Y ).

Proof. Tt is sufficient to prove the result when m = 2. Let X, X5, Y/, and
Y, be such that

Xll —st Xl, XIQ st X2> Y/l =st Ylv and Y/Q =st Y2~
Let

X =(X1,X2), X' =(X1,X5), Y=(Y1,Y,), and Y' = (Y|, Y5).
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Then

[X — X'|? = | X1 — X112+ || X2 — X5
< Y1 =Y 2+ ||Y2 - Y5?
=Yy -Y'|.

That is, X <p Y. 0O

By construction on the same probability space (see Section 6.B.2), it is
easy to prove the following result.

Theorem 7.B.9. Let X and Y be two n-dimensional random vectors. Then

X<spY =X <pY.

7.B.3 Dispersive orders based on constructions

The standard construction of an n-dimensional random vector X = (X7, Xo,

..y Xpn), from a vector (Uy,Us,...,U,) of independent uniform|0, 1] random
variables, was described in Section 6.B.3. Here we first describe explicitly
the function that transforms (Uy,Us,...,U,) into (X1, Xa, ..., X,,). Let F be
the distribution function of X. Denote by Fj(-) the marginal distribution
function of X7, and denote by E+1|172,_”7i(-‘331, Z9,...,x;) the conditional
distribution function of X;;; given that X7 = z1,Xe = xo,...,X; = a4,
i=1,2,...,n—1. The inverse of F; will be denoted by F; *(-) and the inverse
of Fi+1‘1’2w,i(-|x1,x2, ..., x;) will be denoted by Fi111|1727___7i(-|x1,a:2, cey T)
for every (x1,a,...,x;) in the support of (X1, Xo,..., X;),i=1,2,...,n—1.
For (u1,us,...,uy) € (0,1)™ denote

x1 = F uy), (7.B.4)

and, by induction,
T = Fi|711)27m7i_1(ui|x17x2, CeXi1)y 1=2,3,...,m. (7.B.5)
Denote the transformation (u1,us,...,u,) — (z1,22,...,2,) described in

(7.B.4) and (7.B.5) by ¥y : (0,1)™ — R™. It is well known that
UL (U, Us, ..., Uy) = (X1, X2,..., Xn).

Let Y = (Y1,Y5,...,Y,) be another random vector with distribution func-
tion G, and denote the corresponding transformation by ¥¢,. Note that 5
and P¢ can be thought of as “inverses” of F and of G, respectively. The
following order is a multivariate extension of the characterization (3.B.7) of
the univariate order <gjs,. Suppose that

Ui (u) — Wr(u) is increasing in v € (0,1)".
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Then X is said to be smaller than Y in the multivariate dispersion order
(denoted by X <gisp Y).

It is easy to prove that the order <gisp is closed under conjunctions as the
following result states.

Theorem 7.B.10. Let X1, Xo,..., X ,, be a set of independent random vec-
tors where the dimension of X; isk;, 1=1,2,...,m. Let Y,Yo,..., Y, be
another set of independent random vectors where the dimension of Y ; is k;,
1= 172,.. ., m. Ile Sdisp Yi fori = 1,2,...,7’71, then

(X17X27~"7Xm) Sdisp (YlaYZa"'aYm)~

In particular, if the random variables X7, X5,...,X,, and Y7,Y5,....Y,
are independent and satisfy X; <gisp Y3, ¢ =1,2,...,n, then (X1, Xs,..., X,,)
édisp (Yla 1/2» R Yn)

A useful property of the multivariate order <gisp is given next. Recall
from Section 6.B.3 the definition of a CIS random vector, and recall from
Section 7.A.8 the definition of directionally convex functions. The proof of
the following result is not given here.

Theorem 7.B.11. Let X and Y be two nonnegative CIS random vectors. If
X Sdisp Y, then

Var[¢(X)] < Var[p(Y)] for all increasing directionally convex functions ¢.
In particular, if (X1, Xo,...,X,) <daisp (Y1,Y2,...,Y},), then
Var[X; + Xo 4+ -+ Xp] < Var[Y1 + Yo + - - + Y},

The following result may be compared with Theorems 6.D.10, 6.E.12, and
7.B.4.

Theorem 7.B.12. Let X1y, X(2),---, Xn) and Y1), Y(2),..., Y be order
statistics as in Theorem 6.D.10. If X1 <qisp Y1, then

(X1y, X255 X)) Zaisp (Y1), Y(2)5+ -+ Y(m))-

The following example may be compared with Examples 1.B.24, 1.C.48,
2.A.22, 3.B.38, 6.B.41, 6.D.8, and 6.E.13.

Example 7.B.13. Let X and Y be two absolutely continuous nonnegative
random variables with survival functions F and G, respectively. Denote
Ay = —log F and Ay = —logG. Consider two nonhomogeneous Poisson pro-
cesses N1 = {Ny(¢t), t > 0} and Ny = {Nx(¢), t > 0} with mean functions Ay
and Ap (see Example 1.B.13), respectively. Let T; 1, T; 2, ... be the successive
epoch times of process N;, i = 1,2. Note that X = 171 and Y =g T3 1.
If X gdisp Y, then (Tl,h TLQ, ey Tl,n) gdisp (T2,17 T2’27 N 7Tz’n) for each
n > 1.
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The total hazard construction of a nonnegative n-dimensional random
vector T = (T1,Ts,...,T,) with distribution function F, from a vector
(X1, Xo,...,X,) of independent standard exponential random variables, was
described in Section 6.C.2. The construction defines a transformation of
(X1,Xs,...,X,) to T = (Tl,Tg,...,Tn) such that T = T. Denote this
transformation from [0, 00)™ to [0,00)™ by R}.. Thus

Ry (X1, Xo,..., X)) =« (11, Ts, ..., Ty).

Let S = (51,52,...,S5,) be another nonnegative random vector with dis-
tribution function G, and denote the corresponding transformation by RF,.
Note that R}, and Ry, can be thought of as “inverses” of the “total hazards”
—log F and —log G, respectively. The following order is a multivariate ex-
tension of the characterization (3.B.9) of the univariate order <gisp. Suppose
that

R{.(x) — Ry (x) is increasing in @ € [0, 00)".

Then T is said to be smaller than S in the dynamic multivariate dispersion
order (denoted by T <ayn-disp S)-

The order <gyn-daisp is closed under conjunctions as the following, easy to
prove, result states.

Theorem 7.B.14. Let T, T5, ..., T,, be a set of independent random vec-
tors where the dimension of T; is ki, i = 1,2,...,m. Let §1,82,...,8,, be
another set of independent random vectors where the dimension of S; is k;,
i=1,2,...,m. If T; <ayn-disp Si fori=1,2,...,m, then

(T17T2a e 7Tm) den—disp (517 527 sy Sm)-

A version of Theorem 7.B.11 holds for the order <gyn-disp, and is given
next. Recall from Section 6.C.1 that a nonnegative random vector T' has the
positive dependence property of “supporting lifetimes” if T' <., T'. The proof
of the following result is not given here.

Theorem 7.B.15. Let T and S be two nonnegative random vectors with the
supporting lifetimes property. If T <qyn-disp S, then

Var[¢p(T')] < Var[¢(S)] for all increasing directionally convex functions ¢.

7.C Multivariate Transform Orders: Convex, Star, and
Superadditive Orders

In this section we review some extensions of the univariate orders <., <,, and
<su, which were studied in Section 4.B.
Let X = (X1,X5,...,X,) and Y = (Y1,Y2,...,Y,) be two nonnegative

random vectors with survival functions F and G, respectively. Denote
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=

CE1,~~~a$z‘—1,fﬂi,$i+1,~~,9€n)

F(xh'"7xi—170axi+1a"'axn)

and

éi(a_:):é(xlv"'axiflvmivmﬁklv"‘vl’n)’ :I:ZO
G(.Tl, NP ,xi_l,(),xiH, .. .,{En)

For any (z1,%2,...,2,) > 0 and for any i = 1,2,...,n, let u; be the solution
of

Gi(xlu"';xiflvu’iaxi+17"‘7xn) = Fi(x17"~7xi717xi7wi+17°'~7mn)'

If, for every i = 1,2,...,n and every (x1,...,&i—1,%it1,.-.,Zn), we have that
u; is convex in xz;, then X is said to be smaller than Y in the multivariate
convez transform order (denoted as X <y, Y).If, foreveryi =1,2,...,nand
every (Z1,...,%i—1,Tit1,--.,Tn), we have that u; is starshaped in x;, then X
is said to be smaller than'Y in the multivariate star order (denoted as X <.
Y). Finally, if, for every i = 1,2,...,n and every (1,...,2i—1,Tit1,---,Tn),
we have that u; is superadditive in x;, then X is said to be smaller than Y
in the multivariate superadditive order (denoted as X <pqu Y).
Obviously,

X< Y ==X <G Y =X <a Y.
The above three orders are partial orders in the sense that each of them
is transitive and reflexive. They are also closed under marginalization:

Theorem 7.C.1. Let X = (X7,Xo,...,X,) and Y = (Y1,Y5,...,Y,) be
two nonnegative n-dimensional random vectors. If X <pme [Smxs <msu] Y,
then X1 <me [Sms, <msu] Y71 for each I C{1,2,...,n}.

In analogy with Theorem 4.B.11, the above three orders can be used to
define multivariate notions of the IFR, IFRA, and NBU aging notions.

7.D The Multivariate Laplace Transform and Related
Orders

The orders we studied in Section 5.A have multivariate extensions, which we
will briefly review in this section.

7.D.1 The multivariate Laplace transform order

Extending (5.A.1), we have the following definition of the multivariate Laplace
transform order. Let X = (X7, Xs,...,X,) and Y = (Y7,Y5,...,Y},) be two
nonnegative n-dimensional random vectors such that
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E[exp{ — éSZXZH > E[exp{ — ésﬂﬁ” for all s > 0. (7.D.1)

Then X is said to be smaller than'Y in the Laplace transform order (denoted
as X <14 Y'). Throughout this section we consider only nonnegative random
vectors.

As in the univariate case (see Theorem 5.A.7), the multivariate order <p
is closed under mixtures, limits in distribution, and convolutions. We do not
formally state and prove these closure properties here.

The following property of the multivariate Laplace transform order can be
verified easily. Recall the notation X and Y from (6.A.1).

Theorem 7.D.1. Let X = (X1, Xo,..., X)) andY = (Y1,Ys,...,Y,) be two
nonnegative n-dimensional random vectors. If X <1+ Y, then X1 <1+ Y1 for
each I C {1,2,...,n}. That is, the multivariate Laplace transform order is
closed under marginalization.

From Theorem 7.D.1 and (5.A.5) we see that
X <, Y = E[X]|<E[Y), i=12,...,n, (7.D.2)

provided the expectations exist.
The following property is also easy to verify.

Theorem 7.D.2. Let X1, Xo,...,X,, be a set of independent random vec-
tors where the dimension of X; isk;, 1=1,2,...,m. Let Y1,Yo,..., Y, be
another set of independent random vectors where the dimension of Y ; is k;,
1= 1,2,...,7’77/. I_]CAXZ SLt Yi fOTi = 1,2,...,m, then

(X17X27"'7Xm) SLt (Y17Y27"'7Ym)'

That is, the multivariate Laplace transform order is closed under conjunctions.

Another closure property of the multivariate Laplace transform order is
given in Theorem 7.D.7.

Theorem 7.D.3. Let X and Y be two nonnegative random vectors. If X <j,
Y or X <iv Y or X >girex Y, then X <11 Y. In particular, if X <4 Y,
then X <14 Y.

Proof. The function h;, defined by h;(x) = exp{—s;z}, is nonnegative and
decreasing for each s; > 0,7 =1,2,...,n. Therefore X <,, Y —= X <14 Y
by (6.G.6) and (7.D.1). The implication X <;., ¥ = X <1 Y follows
from the fact that the function ¢, defined by ¢(x) = exp{—> 1| s;x;}, is
decreasing and convex for each s > 0 (and therefore —¢ is increasing and
concave). Finally, the implication X >gir.cx ¥ = X <14 Y follows from the
fact that the function ¢ above is directionally convex for each s > 0. O
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The following result is a multivariate analog of the right side of (5.A.13).
It can be obtained from Jensen’s Inequality.

Theorem 7.D.4. Let Y be a nonnegative random vector with mean vector
(1, ph2y - - -y o). Let Z be a random wvector degenerate at (p1, 2, .-, fin)-
Then

X <y Z.

The next result follows easily from (7.D.1).

Theorem 7.D.5. Let X = (X1, Xo,...,X,) andY = (Y1,Ys,...,Y,) be two
nonnegative n-dimensional random vectors. If X <14 Y, then

n n
E a; X; <1t E a;Y;, whenevera; >0, 1=1,2,...,n.
i=1 i=1

A multivariate analog of Theorem 5.A.3 is the following result. Its proof
is similar to the proof of Theorem 5.A.3 and is therefore omitted.

Theorem 7.D.6. Let X = (X1, Xo,..., X)) andY = (Y1,Ya,...,Y,) be two
nonnegative n-dimensional random vectors. Then X <1+ Y if, and only if,

E[ﬁ@(xi)} > E[ﬁ@(m}

for all completely monotone functions ¢;, i = 1,2,...,n, provided the expec-
tations exist.

When X and Y are vectors of nonnegative integer-valued random vari-
ables, it is customary and convenient to work with their probability generating
functions, rather than with their Laplace transforms. This suggests the fol-
lowing definition. Let X = (X1, Xs,...,X,) and Y = (Y1, Y5,...,Y,) be two
vectors, of nonnegative integer-valued random variables, such that

n n

E{Htx} > E[th] for all £ € (0,1)". (7.D.3)

=1 =1

Then X is said to be smaller than'Y in the multivariate probability generating
function order (denoted by X <.+ Y).
Tt is easy to see that (7.D.3) holds if, and only if, (7.D.1) holds. That is,

X <Y = X <11 Y.

A preservation property of the Laplace transform order is described in the
next theorem. It is a multivariate extension of Theorem 5.A.9.
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Theorem 7.D.7. For i = 1,2,...,m, let {X;;, j = 1,2,...} be a se-
quence of nonnegative identically distributed random vectors, and assume
that all the X;,;’s are mutually independent. Let M = (My, M, ..., My,)
and N = (N1, Na, ..., Ny,) be two vectors of nonnegative integer-valued ran-
dom wvariables. Assume that both N and N are independent of the X;;’s. If
M <,et N, then

M, M,, N1 Ny Ny,
(ZX ,l,zxﬂ,...,zxjym) < (XX Xz Y Xim )
j=1 j=1 j=1 j=1
Proof. For fixed (ny,n2,...,ny) and fixed b; > 0,7 =1,2,...,m, we compute
B [e* iy bs Z,’;1 vai] — H E[efbi Zj;1 X;, H LX1 i
i=1 i=1
where Ly, , denotes the Laplace transform of X, ;, i = 1,2,...,m. Therefore

E[e_ ity b Z;Vill XJF"'] = E|: (LX1 1(b))1wi|

{ LX1 ' }
=1
>

:E[ef ,:’1bi2j;1 Jz] 0O

—

=1

m

7.D.2 The multivariate factorial moments order

Let X and Y be two vectors of nonnegative integer-valued random variables
such that

n

E“:[l (Xﬂ <E[ﬁ<y)] forall j; e Ny, i=1,2,....,n. (7.D.4)

Ji i1 \Ji

Then X is said to be smaller than'Y in the factorial moments order (denoted
by X Sfm Y)
It is easy to see that

X <mY = EX LY.

The proofs of the following three results are similar to the proofs of Theo-
rems 5.C.2, 5.C.4, and 5.C.5, respectively. We omit the straightforward details.

Theorem 7.D.8. (a) Let X = (X1, Xo,...,X,) and Y = (Y1,Ys,...,Y,) be
two vectors of nonnegative integer-valued random variables. If X <g, Y,
then X + k <t Y +k for every k € N'}.
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(b) Let (X1,Xs,...,X,) and (Y1,Ya,...,Y,) be two vectors of nonnegative
integer-valued random variables. If (X1, Xa, ..., Xpn) <tm (Y1,Y2,...,Y),
then (k1 X1, ko Xa, ... knXy) <tm (k1Y1, kaYa, ..., k,Ys) for every (i, ka,

ooy k) €NTL
(c) Let X1, X9, ..., X be a set of independent n-dimensional vectors of non-
negative integer-valued random variables. Let Y 1,Y 5, ..., Y, be another

set of independent n-dimensional vectors of monnegative integer-valued
random variables. If X; <, Y, 1 =1,2,...,m, then

zm: X <tm Em: Y,.
i=1 i=1

Theorem 7.D.9. Let X and Y be two vectors of nonnegative integer-valued
random variables. If X <ix Y, then X <gn Y. In particular, if X <4 Y,
then X <t Y.

Theorem 7.D.10. Let X andY be two vectors of nonnegative integer-valued
random wvariables with bounded support [[:,{0,1,2,...,b;}. If X <gn Y,
then b —Y <,z b— X.

7.D.3 The multivariate moments order

Consider now two vectors, of general (that is, not necessarily integer-valued)
nonnegative random variables, X and Y such that

E[HX?} gE[HYf"} forall j; e Ny, i=1,2,...,n.

=1 i=1

Then X is said to be smaller than Y in the moments order (denoted as
X <pom Y).
Clearly,
X <pom Y = EX <FEY.

The following three results are analogs of Theorems 5.C.6, 5.C.9, and
5.C.19. We omit the straightforward proofs.

Theorem 7.D.11. (a) Let X and Y be two vectors of nonnegative random
variables. If X <pom Y, then X + k <pom Y + k for every k > 0.

(b) Let (X1,Xa,...,X,) and (Y1,Ys,...,Y,) be two wvectors of nonnega-
tive random variables. If (X1, Xo,...,Xn) <mom (Y1,Y2,...,Y,), then
(k‘le, kQXQ, ey ann) Smom (/ﬂl}ﬁ, k2Yv27 ey k‘nYn) for every (kl, ]{2,

coykn) > 0.
(c¢) Let X1,Xo,...,X,, be a set of independent n-dimensional vectors of
nonnegative random variables. Let Y1,Ys,..., Y., be another set of

independent n-dimensional vectors of nonnegative random variables. If
Xi Smom Yi, 1= 1,2,...,m, then
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m

ZXz gmom in: Yz
i=1

=1

Theorem 7.D.12. Let X andY be two vectors of nonnegative integer-valued
random variables. If X <gn Y, then X <pom Y - In particular, if X <iex Y
(orif X <4 Y), then X <pom Y-

Theorem 7.D.13. Let X and Y be two vectors of nonnegative random vari-
ables with bounded support [1;—_,[0,b;]. If X <mom Y, thenb—Y <13 b—X.

The <yo-cx order implies the multivariate moments order as it is described
in the following result. This result follows at once from Theorem 7.A.40.

Theorem 7.D.14. Let X and Y be two vectors of nonnegative random vari-
ables. If X <uo.ex Y, then X <pom Y-

7.E Complements

Section 7.A: The proofs of Theorems 7.A.1 and 7.A.2 can be derived from
results of Strassen [541]; see, for instance, Riischendorf [482]. Elton and
Hill [183] derived a constructive proof of Theorem 7.A.1. Further refer-
ences regarding these theorems and several variations of them can be
found in Elton and Hill [182]. Most of the other results in this section are
easy to derive. The first characterization of the order <j.x, given in The-
orem 7.A.3, can be found in Miiller and Stoyan [419]. The result about
the convex order comparison of two sums (7.A.13) is taken from Berger
[79]. The comparisons of vectors of random partial sums of random vari-
ables (Theorem 7.A.7) is taken from Jean-Marie and Liu [254]. Theorems
7.A.8 and 7.A.9 can be found in Arnold [19]. Results similar to the con-
clusions of Theorem 7.A.10 can be found in Alzaid and Proschan [14].
The convex order comparison of multivariate means (Example 7.A.11) is
a variation of Lemma 1 of Béuerle [59]. The necessary (and sufficient)
conditions for the comparison of multivariate normal random vectors
(Example 7.A.13) can be found in Miiller [413]; some variations of the
results in this example are given in Ding and Zhang [168]. The condi-
tions which yield the stochastic equality of X and Y (Theorems 7.A.14
and 7.A.15) are taken from Li and Zhu [351] and from Scarsini [492],
whereas Theorem 7.A.16 is taken from Baccelli and Makowski [27]. Some
orders that are weaker than the multivariate convex order are studied
in Mosler [399, Chapter 8]; for example, he studies the order defined by
Ep(a1 X1 +asXo+ -+ anXpn) < E¢(a1Y1 + a2Ys + -+ + a,Y,) for all
univariate convex functions ¢ and constants ai,as,...,a, for which the
expectations exist. Ferndndez and Molchanov [194] studied related orders.
The material in Section 7.A.5 follows Denuit, Lefevre, and Mesfioui [148];
a version of the (mq,ms)-icx order for discrete random vectors is studied
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in Denuit, Lefevre, and Mesfioui [150]. A more general version of Theo-
rem 7.A.17 can be found in Bassan and Scarsini [54]. The order <gymex is
defined and studied in Marshall and Olkin [383, page 282]. The fact that
random vectors, that are comparable in the order <..., must have the
same covariance matrix (Theorem 7.A.23), can be found in Miiller and
Stoyan [419]. The “preservation property” of the convex order under in-
dependence (Theorem 7.A.24) can be found in Miiller and Scarsini [417].
The results which compare random sums (Theorem 7.A.25) are taken from
Pellerey [451]. The result about the ordering of multivariate normal ran-
dom vectors according to the <..x order (Example 7.A.26) is taken from
Block and Sampson [94, Section 3]. The notion of directionally convex
functions is studied in Shaked and Shanthikumar [509], though Fan and
Lorentz [190], Marshall and Olkin [383, page 157], and Riischendorf [483]
mentioned such functions earlier. Most of the results about the direction-
ally convex order (Section 7.A.8) are taken from Chang, Chao, Pinedo,
and Shanthikumar [125] and from Meester and Shanthikumar [387]. The
closure under limits property of the directionally convex order (Theorem
7.A.31) can be found in Miiller and Stoyan [419]. The comparison of in-
tegrals result (Theorem 7.A.35) is taken from Miyoshi [397]. The results
which compare random sums (Theorem 7.A.36) are corrected versions of
Theorem 2.3 and a part of Theorem 2.4 of Pellerey [451]. The compar-
ison of mixtures result (Theorem 7.A.37) can be found in Denuit and
Miiller [157], whereas the comparison of vectors with the same depen-
dence structure (Theorem 7.A.38) can be found in Miiller and Scarsini
[417]. The necessary and sufficient conditions for the comparison of mul-
tivariate normal random vectors (Example 7.A.39) are taken from Miiller
[413]; an extension of this result to Kotz-type distributions is given in
Ding and Zhang [168]. A discussion about the order <., ¢x can be found
in Bergmann [82], where other orders, related to several unimodality no-
tions, are also studied; the characterization given in Theorem 7.A.40(a)
is taken from that paper. The preservation property of the order <uo.cx
given in Theorem 7.A.41(a) can be found in Bergmann [80]. The results
which compare random sums (Theorem 7.A.42) are taken from Pellerey
[451]. Dyckerhoff and Mosler [173] introduced some relatively easy con-
ditions for verifying X <yo.ex Y or X <jocv Y when X and Y have
finite discrete supports. The material about the orders <7’ is taken from
O’Brien and Scarsini [438]. Scarsini [490] has studied the order <2, in
some detail; in particular, he has identified a class U of functions such
that (X1, X2) <2, (Y1, Ys) if, and only if, E[¢p(X1, X2)] < E[é(Y1, Y2)] for
all p e U.

Miiller [412] studied stochastic orders that are defined by requiring (7.A.1)
to hold for all quasiconcave or increasing quasiconcave functions.
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Arnold [20], building on previous ideas, introduced a multivariate Lorenz
order that is based on the characterization of the univariate Lorenz order
given in Theorem 3.A.11.

Section 7.B: The development in Sections 7.B.1 and 7.B.2 follows the work
of Giovagnoli and Wynn [211]. The comparison of vectors with the same
dependence structure (Theorem 7.B.3) can be found in Arias-Nicolds,
Ferndndez-Ponce, Luque-Calvo, and Sudrez-Llorens [17]. The conditions
under which normal random vectors can be compared with respect to
the order <gp (Example 7.B.5) are taken from Arias-Nicolds, Ferndndez-
Ponce, Luque-Calvo, and Sudrez-Llorens [17]. The comparison, in the or-
der <gp, of vectors of order statistics (Theorem 7.B.4), has been communi-
cated to us by Sudrez-Llorens [542]. The orders that are studied in Section
7.B.3 were introduced in Shaked and Shanthikumar [518]; the properties
of these orders, given in Theorems 7.B.11 and 7.B.15, can be found in
that paper. The comparison, in the multivariate dispersive order, of vec-
tors of order statistics (Theorem 7.B.12), can be found in Belzunce, Ruiz,
and Ruiz [75]; an extension of it is given in Belzunce, Mercader, and Ruiz
[70]. The result that compares vectors of epoch times of nonhomogeneous
Poisson processes (Example 7.B.13) is taken from Belzunce and Ruiz [73];
an extension of it is given in Belzunce, Mercader, and Ruiz [70].

Khaledi and Kochar [290] and Belzunce, Ruiz, and Sudrez-Llorens [76]
introduced and studied multivariate dispersive orders that are general-
izations, respectively, of characterizations (3.B.12) and (3.B.13) of the
univariate order <gjsp.

Section 7.C: The multivariate transform orders in this section were intro-
duced and studied in Roy [480].

Section 7.D: A basic paper on the multivariate Laplace transform order is
Denuit [141], where many of the results in Section 7.D.1 can be found.
The result about the preservation of the multivariate Laplace transform
order under random sums (Theorem 7.D.7) is taken from Wong [568]; see
also Pellerey [451]. The multivariate factorial moment order is studied
in Lefevre and Picard [337], where Theorems 7.D.9 and 7.D.10 can be
found. That paper also mentions and studies the multivariate moments
order. The closure properties of the multivariate order <g, (Theorem
7.D.8) have been communicated to us by Lefevre [335].



8

Stochastic Convexity and Concavity

In this chapter we study stochastic monotonicities of parametric families of
distributions with respect to various stochastic orders. We have already en-
countered stochastic monotonicities earlier in this book. For example, condi-
tion (1.A.13) in Theorem 1.A.6, condition (3.A.47) in Theorem 3.A.21, and
condition (4.A.17) in Theorem 4.A.18 describe such monotonicities. In this
chapter a systematic study of such stochastic monotonicities is given. Various
notions of stochastic convexity and concavity are reviewed. A multivariate
extension of the notion of stochastic convexity, namely, stochastic directional
convexity, is investigated in this chapter as well.

Let {Py, 6 € O} be a family of univariate distributions. Throughout this
chapter O is a convex set (that is, an interval) of the real line R or of the set
N, . Let X () denote a random variable with distribution Py. It is convenient
and intuitive to replace the notation {Py, § € ©} by {X (), 0 € O}, which
we do throughout this chapter. Note that when we write {X(6), 6 € O} we
do not assume (and often we are not concerned with) any dependence (or
independence) properties among the X (6)’s. We are only interested in the
“marginal distributions” {Py, 8 € O} of {X (), § € O} even when in some
circumstances {X (), 0 € O} is a well-defined stochastic process. Note also
that X (0) does not mean that X is a function of 6; it only indicates that the
distribution of X () is Py.

8.A Regular Stochastic Convexity

We start our discussion with the weakest notion of stochastic convexity and
concavity and show its usefulness by a list of examples. Then, in the following
sections, we introduce stronger notions which provide a systematic way of
verifying the weak notion of this section.
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8.A.1 Definitions

In the following definitions SI, SCX, SCV, SICX, SIL, SD, SDCV, and so
forth, stand, respectively, for stochastically increasing, stochastically convex,
stochastically concave, stochastically increasing and convex, stochastically in-
creasing and linear, stochastically decreasing, stochastically decreasing and
concave, and so forth.

Let {X(0), 0 € ©} be a set of random variables. Denote

(a) {X(0), 8 € O} € SI [or SD] if E¢(X(0)) is increasing [or decreasing] for
all increasing functions ¢,

(b) {X(6), 8 € ©} € SCX [or SCV] if E¢(X(0)) is convex [or concave] for all
convex [or concave] functions ¢,

(c) {X(0), 6 € ©} € SICX Jor SICV] if {X (), 6 € ©} € ST and E¢p(X(0)) is
increasing convex [or concave] in € for all increasing convex [or concave]
functions ¢,

(d) {X(0), 8 € ©} € SDCX [or SDCV] if {X(#), 6 € O} € SD and E¢(X(6))
is decreasing convex [or concave] in 6 for all increasing convex [or concave]
functions ¢,

(e) {X(0), 0 €0} eSILif {X (), 0 € ©} € SI and E¢(X(0)) is increasing
convex in f for all increasing convex functions ¢, and is increasing concave
in 6 for all increasing concave functions ¢,

(f) {X(0),8 € ©} € SDLif {X(0), 0 € O} € SD and E¢(X(0)) is decreasing
convex in 6 for all increasing convex functions ¢, and is decreasing concave
in 0 for all increasing concave functions ¢.

Note that
{X(0), 0 € ©} € SIL < {X(0), 0 € O} € SICX N SICV
and
{X(0), 0 € O} € SDL < {X(0), 6§ € ©} € SDCX NSDCV.

Also, since a function is convex if, and only if, its negative is concave, we see
that
{X(6), 0 € O} € SCX <= {X(0), 6 € ©} € SCV.

Ezample 8.A.1. Let X (u,0) be a normal random variable with mean p and
standard deviation o. Then, for each o > 0, one has {X(p,0), p € R} € SIL.
This follows from Example 8.D.4 and Theorem 8.D.11 below.

Ezample 8.A.2. Let X () be a Poisson random variable with mean A. Then
{X(N\), A €]0,00)} € SIL. This follows from Example 8.A.7 below.

Equivalently, Example 8.A.2 shows that a homogeneous Poisson process
{K(t), t > 0} is SIL.
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Lynch [370] has found conditions under which a stationary renewal process
{K(t),t > 0} is SCX. Explicitly, let Xo, X3, ... be independent and identically
distributed interrenewal times with a distribution function F'. Let the time
until the first renewal, X, have the equilibrium distribution function G given

by G(z) = @, x > 0. Lynch [370] has shown that if X5 has a logconcave
density function, then {K(¢), t € [0,00)} € SCX.

Ezample 8.A.3. Let X (n,p) be a binomial random variable with mean np and
variance np(1—p). Then, for each p € (0,1), one has {X (n,p),n € N.;} € SIL
and, for each n € Ny, one has {X(n,p), p € (0,1)} € SIL. These follow from
Example 8.B.3 and Theorem 8.B.9 below.

Ezample 8.A.4. Let Y(n), n = 1,2,..., be a sequence of nonnegative in-
dependent and identically distributed random variables with mean 1. For
p > 0 define X (p,n) = pud> o_;Y(k), n € Nyi. Then, for each n € Nyg,
one has {X(u,n), p € [0,00)} € SIL and, for each p > 0, one has
{X(p,n), n € Ny } € SIL. The first result follows from Example 8.D.5
and Theorem 8.D.11 below. The second result follows from Example 8.B.4
and Theorem 8.B.9 below.

Specifically, when Y(n) in Example 8.A.4 is an exponential random vari-
able we have the following example.

Ezample 8.A.5. Let X (u,n) be an Erlang-n random variable with mean npu
and variance nu?. Then, for each n € N, one has {X(u,n), u € [0,00)} €
SIL and, for each p > 0, one has {X(u,n), n € Ny, } € SIL.

By taking n = 1 in Example 8.A.4 we obtain the following result.

Ezxample 8.A.6. Let Y be a nonnegative random variable. For p > 0 define
X(p) = pY. Then {X(u), p € [0,00)} € SIL.

Ezample 8.A.7. Suppose that © is [0,00) or N4 . The family of nonnegative
random variables {X (), § € @} is said to have the semigroup property if, for
all 6; and 65 in ©, one has

X(91 +92) =gt X(el) +X(92), (8A1)

where X (01) and X (f2) in (8.A.1) are independent. Note that {X(\), A €
[0,00)} of Example 8.A.2 has the semigroup property. Also, for each p > 0, it
is seen that { X (u,n),n € Ny} of Example 8.A.4 has the semigroup property.
If {X(0), 6 € O} has the semigroup property, then {X (), § € O} € SIL. This
result follows from Example 8.B.7 and Theorem 8.B.9 below.

Ezxample 8.A.8. The Beta distribution with parameters o > 0 and § > 0 is
the one that has the density function defined as

M1 -2)P7t o<z <,

fap(@) =

B(a, §)
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where B(a fo @=1(1 — 2)#~1dx. The beta distribution of the second
kind Wlth parameters o> O and 8 > 0 is the one that has the density function

defined as
(z) = ! v x>0
Jou B(a,B) (1 — x)aths’ '

Fix a t > 0. Adell, Badia, and de la Cal [2] proved the following results:
(a) If X(0) has the density function fi1-6y, 6 € (0,1), then {X(0), 0 €

(0,1)} € SICX.

(b) If Y( ) has the density function fio11 +(1-9)+1, @ € (0,1), then {Y(9), 0 €
(0,1)} € SICX.

(c) If Z( ) has the density function gp¢, 0 > 0, then {Z(0), 8 > 0} € SICX.

For a random variable Y, let Fy and Fy denote its distribution and sur-
vival functions, respectively. Similarly, for a random variable X (), let Fx (-, )
and Fx(-,0) denote the corresponding distribution and survival functions.
Since the class of functions f,(z) = max{zx — a,0} [min{z — a,0}] for all
a € R generates all the increasing and convex [concave] functions, and since
E(max{X —a,0}) = [ Fx(z)dz [E(min{X —a,0}) = — [*_ Fx(x)dz] (see
Section 4.A.1), we have the following equivalences.

Theorem 8.A.9. (a) {X(0), 0 € ©} € SICX [SICV] if, and only if, {X(0),
0 €0} eSland ["Fx(y,0)dy [[*_ Fx(y,0)dy] is increasing [decreas-
ing] convex in 0 for all x, and

(b) {X(9), 8 € ©} € SDCX [SDCV] if, and only if, {X(0), § € ©} € SD
and [ Fx(y,0)dy [[*, Fx(y,0)dy] is decreasing [increasing] convex in
0 for all x.

For discrete random variables we have the following analog of Theorem
8.A.9.

Theorem 8.A.10. Suppose that for each 0 € O, the support of X (6) is in N.
Then

(a) {X(9), 6 € ©} € SICX [SICV] if, and only if, {X(0), 8 € O} € SI
and Y72, P{X(0) > 1} [Zfzfoo P{X(0) <1}] is increasing [decreasing]
convez in 0 for all k € N, and

(b) {X(0), 6 € ©} € SDCX [SDCV] if, and only if, {X(0), 6 € ©} € SD
and Y 2, P{X(0) > 1} [Zfzfoo P{X(0) < 1}] is decreasing [increasing]
convex in 6 for all k € N.

Recall the following identity which holds for any random variable Z with
mean EZ: 0
EZ = —/ F(u)du +/ F(u)du, (8.A.2)
0

—0o0

where F' and F are the distribution function and the survival function of Z,
respectively. From Theorem 8.A.9 and (8.A.2) we thus obtain the next result.
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Theorem 8.A.11. Suppose that EX(0) is a linear function of .

(a) I {X(0), 6 € O} € SICX [SICV], then {X(6), 0 € O} € SICV [SICX],
and therefore {X (), 6 € ©} € SIL.

(b) If {X(6), 8 € ©} € SDCX [SDCV], then {X(8), § € ©} € SDCV [SDCX],
and therefore {X (), 6 € ©} € SDL.

From Example 8.A.6 it follows that if X (6) is uniformly distributed on
[0,6], then {X(0), 8 € [0,00)} € SIL. However, in order to obtain the discrete
analog of this result we need to proceed in a different route as in the next
example.

Ezample 8.A.12. Let X (n) be uniformly distributed on {0,1,...,n—1}. Then
{X(n), n € N1} € SIL. In order to see it first note that EX(n) is a linear
function of n. Thus, by Theorem 8.A.11 it is sufficient to show that {X (n),n €
N, } € SICV. Clearly, {X(n), n € N4} € SI. Now we compute

zk:P{X(n)<l}:1.(k+21)k'
1=0 n

This is a decreasing convex function of n. Thus the stated result follows from
Theorem 8.A.10(a).

We will now present an application of these notions in establishing a
stochastic inequality.

Theorem 8.A.13. Let {Y, k € N, } be a sequence of independent and iden-
tically distributed nonnegative random variables independent of the two non-
negative discrete random variables M and N. Then

(a) M <iex [Sier] N = Yol Vi <iex [Siev] Son, Vi, and
(b) M <cx N = 22/[:1 Yi <ex chvzl Y.

Proof. Let ¢ be an increasing and convex [concave| function and define
¥(n) = E¢(Yj_; Yi). Then ¢ is an increasing and convex [concave] func-
tion (see Example 8.A.4). Therefore M <iex [<icvy] IV implies that Eyp(M) =
E¢(XpL, i) < BE¢(Xh_,Yi) = EY(N). This establishes part (a). When
M <. N one has E(Zg/il Yk) = E(Zgzl Yk) (see Theorem 4.A.35). This
observation combined with part (a) completes the proof for part (b). O

A stronger result than Theorem 8.A.13(b) is stated as Theorem 3.A.13
in Chapter 3. A stronger result than Theorem 8.A.13(a) is stated as Theo-
rem 4.A.9 in Chapter 4. Theorem 8.A.13 can also be obtained from Theorem
4.A.18. In fact, we next restate Theorems 3.A.21 and 4.A.18 in terms of the
terminology of this section (the assumption in Theorem 8.A.14(a) below is
slightly stronger than the assumption in Theorem 4.A.18; see a comment af-
ter Theorem 4.A.18).
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Theorem 8.A.14. Let {X(0), 0 € X} be a collection of random variables,
and let @1 and Oy be two X -valued random variables that are independent of
{X(0), 0 € X}.

(a) If {X(8),0 € X} € SICX [SICV] and if O1 <icx [Sicy]|O2, then X (01) <iex

[Siev] X(62)
(b) If {X(0), g e X} € SCX and if ©1 <cx Os, then X(01) <cx X(O3).

8.A.2 Closure properties

Closure properties of the notions that were introduced in Section 8.A.1 serve
as the basis for studying the convexity and concavity properties of the per-
formance measures of stochastic systems. In this subsection we describe some
of these closure properties.

Theorem 8.A.15. Suppose that {X(0), 6 € O} and {Y (0), 0 € O} are two
collections of random variables such that X (0) and Y (0) are independent for
each 6. If {X(0), 8 € ©} € SICX [or SICV] and {Y (), 8 € ©} € SICX |[or
SICV], then {X () + Y (0), 6 € ©®} € SICX [or SICV].

Proof. We prove the convex case only. The concave case can be similarly
proven. Let 6; € ©, i = 1,2,3,4, be such that 6; < 6, = 03 < 6, and
01 + 04 = 05 + 03. The stochastlc monotonicity of X(0) and Y(0) can be
used to construct four random Varlables X 1, X4, Yl, and Y4 such that X
X(0;), Y; = Y(6;),i=1,4, X, < X4 a.s., and Y, <Y, as. (see Theorem
1.A.1). Furthermore (X, X4) and (1, Y}) can be constructed so that they are
independent. Let I; and I be independent random variables, independent of
Xl, )(47 Yl, and Y4, such that P{Il = 0} = P{Il = 1} = P{IQ = O} =
P{IQ = ].} = =. Define X2 = (]. — Il)Xl + I1X4, X3 = Ile + (]. — Il)X4,
Yy = (Al — 1) Yl + 12?4, and Vs = LY; + (1- IQ)Y4. It is then not hard to see
that Xo =g X3, Yo = Y3,

(X1, Y1) < [(X2,Y2), (X3,Y3)] < (X4, Va) as.

(where, for any four numbers a, b, ¢, and d, the notation a < [b, ¢] < d means
a < min{b, ¢} and max{b,c} < d), and

(X1 +Y1) + (Xs+ V1) = (KXo + V) + (X3 +Y3) as.
Then, for any increasing convex function ¢, one has
E¢(X1+ Y1)+ E¢(Xy +Ya) > E¢(Xa + Ya) + E¢(Xs3 + V3).

Observe that Xo >jex X (63) and Vo >iex Y (63). So by the preservation of the
order >, under convolution (see Theorem 4.A.8) it follows that Xg +Y2 >iex
X (02) + Y (02). That is, for any increasing convex function ¢, one has

E¢(Xy +Y2) > E¢(X(62) + Y (62)).
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Similarly, A .
E¢(X5 +Y3) > E¢(X(03) + Y (03)).

Therefore,

E¢(X(01) +Y(01)) + ES(X(04) + Y (64))
2 E¢(X(02) + Y (02)) + E¢(X(05) + Y (03)).

Combining this with the preservation of stochastic monotonicity under con-
volution (see Theorem 1.A.3), one has {X(0) + Y (0), § € ©} € SICX. O

A combination of Example 8.A.4 and Theorem 8.A.15 yields the following
generalization of Example 8.A.4 which will be used later.

Ezample 8.A.16. Let Y(n), n = 1,2,..., be a sequence of nonnegative inde-
pendent and identically distributed random variables with mean 1, and let Z
be a random variable which is independent of the Y'(n)’s. For u > 0 define
X(pun) = Z+pY oy Y(k), n € Nyy. Then, for each n € N4, one has
{X(u,n), u € Ry} € SIL and, for each p > 0, one has {X (u,n), n € Ny4} €
SIL.

Theorem 8.A.17. Let {X(0), 0 € O} be a family of A-valued random vari-
ables, where A C R is a convex set, and let {Y (X), A € A} be another family
of random wvariables. Suppose that X(0) and Y (A) are independent for any
choice of 0 € © and A € A.

(a) If {X(6), 6 € O} € SICX [SICV, SIL] and {Y'()\), A € A} € SICX [SICV,
SIL], then {Y(X(0)), 6 € O} € SICX [SICV, SIL).

(b) If {X(6), 6 € ©} € SDCX [SDCV, SDL] and {Y()\), A € A} € SICX
[SICV, SIL], then {Y (X (0)), 6 € ©} € SDCX [SDCV, SDL.

Proof. We will prove the increasing convex case only. The other cases can be
proven similarly. Using the construction in the proof of Theorem 1.A.1 for the
usual stochastic order, it is easily verified that {Y (X (6)), 6 € ©} € SI. Let ¢
be an increasing and convex function. Consider

Eo(Y (X (0))) = E(X(0)), (8.A.3)

where ¥(A) = E¢(Y (N)). Since {Y(\), A € A} € SICX, we see that ¢ is an
increasing and convex function. Therefore, since {X (0), 0 € ©} € SICX, one
sees from (8.A.3) that E¢(Y (X(0))) is increasing and convex in 6. Therefore
{Y(X(9)), 6 € ©} €SICX. O

Ezample 8.A.18. Let Y(n), n = 1,2,..., be a sequence of nonnegative inde-
pendent and identically distributed random variables as in Example 8.A.4,
but here, since we are interested only in convexity properties with respect
to n, we let the common mean of the Y(n)’s be a fixed x4 > 0. Denote
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X(n) =7, Y(k),n € N;y, and let X(n) be the forward recurrence time
associated with X (n), that is, let X (n) have the survival function given by

_ [ P{X(n) > u}du
ni ’

Then {X(n), n € N, } € SIL. This follows, by Examples 8.A.12 and 8.A.16,
and by Theorem 8.A.17, from the relation (proven below)

P{X(n) >z} x>0, ne N,

X(n) =« Y+ > Y(k), (8.A.4)

where U(n) is a random variable which is uniformly distributed on {0, 1,...,
n—1}, and Y is the forward recurrence time associated with Y (1), that is,

[ P{Y (1) > u}du

P{Y >z} = , x>0.
I
The relation (8.A.4) can be proven as follows: Consider n independent renewal
processes {N;(t), t > 0}, ¢ = 1,2,...,n, all with interrenewal times that are

distributed as Y'(1), and consider the renewal process {N(t), t > 0} with
interrenewal intervals which are the sums of the corresponding interrenewal
intervals of the n independent renewal processes {N;(t),t > 0},i=1,2,...,n.
That is, the interrenewal times that are associated with {N(¢), t > 0} are dis-
tributed as X (n). Select a t > 0 and consider the associated forward recurrence
time in the process {N(¢), t > 0}. Clearly the value ¢ falls in an interrenewal
interval which is the sum of the n interrenewal intervals corresponding to
{N1(t), t = 0}, {Na2(t), t > 0},...,{N,(¢), t > 0}. With probability 1/n, t
falls in the interrenewal interval corresponding to the process {N;(t), t > 0},
1=1,2,...,n. Let U(n) +1 be the index of the process in whose interrenewal
interval ¢ falls. Then U (n) is uniformly distributed on {0, 1,...,n—1}. If ¢ falls
in an interval corresponding to {N;(¢), t > 0} (that is, when U(n) =i — 1),
then its forward recurrence time is ¥ + Y7, Y(k) = Y + X2 Y (k).
Unconditioning with respect to the value i of U(n) 4+ 1 we obtain

~ ~ n—U(n)—1 ~ U(n)
X(n)=« Y+ > Yk =«Y+> Y(k),
k=1 k=1

and the proof of (8.A.4) is complete. In Example 8.B.12 of Section 8.B the
reader may find a related result.

Let {X(n), n € Ny} be a Markov chain with state space S (S = [0, 00)
or N;). Let Y(z) and Z(z) denote generic random variables representing
[X(n+1)|X(n) =z] and [X(n+ 1) — z|X(n) = 2], respectively (recall that,
for a random variable U and an event A, we denote by [U|A] any random

variable whose distribution is the conditional distribution of U given A). Note
that Y (z) =t x + Z(z), x € S.
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Theorem 8.A.19. Suppose that X(0) = 0 a.s. If {Z(z), z € S} € SD and
Z(x) >0 a.s. for each x € S, then {X(n), n € Ny} € SICV.

Proof. Since Z(z) > 0 a.s. we have Y (z) > z a.s., and therefore X(n) is
a.s. increasing in n. For any increasing and concave function ¢ we have that
¢(r+vy) —P(y) increasing in x and decreasing in y. Therefore, since {Z(y), y €
S} € SD, we see that E¢(Z(y) + y) — ¢(y) is decreasing in y. Since X (n) is
a.s. increasing in n, we have

BEH(Z(X(n+1))+ X(n+1)) — BEo(X(n+ 1))
< E¢(Z(X(n)) + X(n)) — E¢(X(n)).

Noting that X(n + 1) =g Z(X(n)) + X(n), from the above equation one
obtains

E¢p(X(n+2))+ Ed(X(n)) < Ep(X(n+1))+ Ed(X(n+1)).
That is, {X(n), n € Ny} € SICV. O

Let X (n) be the historical record value of a sequence of independent and
identically distributed random variables {D,,, n € Ny }. That is, X(n) =
max{X(n —1),D,} = max{X(0),D1,Ds,...,Dp}, n € N .

Theorem 8.A.20. If X(0) =0 a.s., then {X(n), n € N.} € SICV.

Proof. We apply Theorem 8.A.19. Here Y (x) =y max{D,,z} and Z(z) =4
max{D,, — x,0}. Clearly, {Z(x), = > 0} satisfies the conditions of Theorem
8.A.19. O

8.A.3 Stochastic m-convexity

Let S be a subinterval of the real line. Recall from Section 3.A.5 the class
M. of all functions ¢ : S — R whose mth derivative ¢(™ exists and
satisfies (™ () > 0, for all 2 € S, or which are limits of sequences of functions
whose mth derivative is continuous and nonnegative on S, m = 1,2,.... A
function ¢ : S — R is said to be m-increasing convex if ¢ € (), M .. A
set of random variables {X (), 8 € O} (O is a subinterval of the real line)
is said to be stochastically m-increasing convez if E¢(X(0)) is m-increasing
convex in 6 whenever ¢ is m-increasing convex. If © is a subinterval of Ny,
then the definition of stochastic m-increasing convexity is similar; we do not
give the details here — they can be found in Denuit, Lefévre, and Utev [155].

The proofs of most of the following examples, as well as many other ex-
amples, can be found in Denuit, Lefévre, and Utev [155].

Ezample 8.A.21. Let X (\) be a Poisson random variable with mean A. Then
{X(N), A € ]0,00)} is stochastically m-increasing convex for each m € N .



366 8 Stochastic Convexity and Concavity

Ezample 8.A.22. Let X (n, p) be a binomial random variable with mean np and
variance np(1 — p). Then, for each p € (0,1), one has that {X(n,p), n € N;1}
is stochastically m-increasing convex, and for each n € N, one has that
{X(n,p), p € (0,1)} is stochastically m-increasing convex, for each m € N ..

Ezample 8.A.23. Let Y(n), n = 1,2,..., be a sequence of nonnegative inde-
pendent and identically distributed random variables with mean 1. For u > 0
define X (p,n) = pud> p_, Y(k), n € Noy. Then, for each n € N4y, one has
that {X (u,n), p € [0,00)} is stochastically m-increasing convex, and for each
w > 0, one has that {X (u,n), n € N4} is stochastically m-increasing convex,
for each m € N .

Specifically, when Y (n) in Example 8.A.23 is an exponential random vari-
able we have the following example.

Ezample 8.A.2/4. Let X (u,n) be an Erlang-n random variable with mean nu
and variance npu?. Then, for each n € N, , one has that {X(u,n), pu €
[0,00)} is stochastically m-increasing convex, and for each p > 0, one has
{X(p,m), n € N4} is stochastically m-increasing convex, for each m € N, ..

By taking n = 1 in Example 8.A.23 we obtain the following result.

Example 8.A.25. Let Y be a nonnegative random variable. For y > 0 define
X(p) = pY. Then {X (1), p € [0,00)} is stochastically m-increasing convex
for each m € N .

When the set of random variables is parametrized by a location parameter
then we have:

Ezample 8.A.26. Let Y be a real random variable. For p > 0 define X (u) =
Y +p. Then {X (1), i € [0, 00)} is stochastically m-increasing convex for each
m e N++.

Another example of interest is the following.

Ezample 8.A.27. Let X (n) be uniformly distributed on {0, 1,...,7n—1}. Then
{X(n), n € N, } is stochastically m-increasing convex for each m € N, ;.

Since the composition of two m-increasing functions is m-increasing, we
obtain the following closure properties of stochastic m-convexity.

Theorem 8.A.28. (a) Let ¢ : S — R be an m-increasing convez function. If
{X(0), 0 € ©} is stochastically m-increasing convex, then {o(X(0)), 6 €
O} is also stochastically m-increasing convex.

(b) Let ¥ : @ — O be an m-increasing convex function. If {X(0), 8 € O} is
stochastically m-increasing convex, then {X (9(0)), 8 € O} is also stochas-
tically m-increasing convex.

From Theorem 8.A.28(a) and Example 8.A.23 we obtain the following
result.
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Theorem 8.A.29. Let {Y,,,n > 1} be a sequence of nonnegative, independent
and identically distributed random variables. Let {N (), 8 € O} be a set of
nonnegative integer-valued random variables, independent of the Yy, ’s. Define
X(0) = EN(Q)Y If {N(0), 0 € O} is stochastically m-increasing convet,
then {X (0), 6 € O} is stochastically m-increasing conver.

8.B Sample Path Convexity

Sample path convexity is one powerful tool that can be used for the purpose of
obtaining the regular convexity notions presented in Section 8.A. Two other
related tools will be described in Sections 8.C and 8.D.

8.B.1 Definitions

Consider a family {X (6), 0 € O} of random variables. Let §; € ©,7=1,2,3,4,
be any four values such that 6, < 6y < 03 < 60, and 6, + 04, = 05 + 03.

If there exist four random variables Xi, i=1,2,3,4, defined on a common
probability space, such that X; = X(6;), i = 1,2,3,4, and

(a) (i) max[Xy, X3] < X, a.s. and (i) Xo+ X3 < X1 +X, as., then {X(0),0 €
O} is said to be stochastically increasing and convex in the sample path
sense (denoted by {X(0), 6 € O} € SICX(sp));

(b) (i) X < mln[Xg,Xg] a.s. and (ii) X1+X4 < Xo+ X5 a.s., then {X(0),0
O} is said to be stochastically increasing and concave in the sample path
sense (denoted by {X(0), 6 € O} € SICV(sp));

(¢) (i) X; > max[Xy, X3] a.s. and (i) X4+ X, > Xo+ X5 a.s., then {X (), 6 €
O} is said to be stochastically decreasing and convez in the sample path
sense (denoted by {X(0), 6 € O} € SDCX(sp));

(d) (i) X4 < min[Xy, X3] a.s. and (i) X; 4+ X4 < Xo+ X3 a.s., then {X(0), 0
O} is said to be stochastically decreasing and concave in the sample path
sense (denoted by {X(0), 6 € ©} € SDCV(sp));

(e) (i) max[Xy, X3] < X4 a.s. and (i) X1 +X, = Xo+ X3 a.s., then {X(6), 0
O} is said to be stochastically increasing and linear in the sample path
sense (denoted by {X(0), 6 € O} € SIL(sp));

(f) (i) X1 > max[Xs, X3] a.s. and (i) X;+X4 = Xo+ X3 a.s., then {X(6), 0
O} is said to be stochastically decreasing and linear in the sample path
sense (denoted by {X(6), 0 € ©} € SDL(sp)).

Although Condition (i) in these definitions requires stochastic monotonicity
in X;, 4 =1,2,3,4, we do not require the construction of Xi, i = 2,3, to
satisfy any a.s. monotonicity property (that is, we do not require that either
X5 > X5 a.s. or Xo < X5 a.s. be satisfied).

Ezample 8.B.1. Let X (u,0) be a normal random variable with mean p and
standard deviation o. Then, for each ¢ > 0, one has {X(u,0), p € R} €
SIL(sp). This follows from Example 8.D.4 and Theorem 8.D.11 below.



368 8 Stochastic Convexity and Concavity

Ezample 8.B.2. Let X (\) be a Poisson random variable with mean A. Then
{X(N\), A € Ry} € SIL(sp). This follows from Example 8.B.7 below.

Ezample 8.B.3. Let X (n,p) be a binomial random variable with mean np and
variance np(l — p). Then, for each p € (0,1), one has {X(n,p), n € Ny} €
SIL(sp) and, for each n € N, one has {X(n,p), p € (0,1)} € SIL(sp). The
first result follows from Example 8.B.4 below. In order to prove the second
result, first note that X (n, p) =« X1(p) + Xa2(p) +--- + Xn(p), where X;(p),
j=1,2,...,n, are independent and identically distributed Bernoulli random
variables with P{X;(p)} = p. We will show that

{Xi1(p), p € (0,1)} € SIL(sp). (8.B.1)

The second result above then follows from Theorem 8.B.10 below. To prove
(8.B.1) let p;, i = 1,2,3,4, be such that 0 < p; < ps < p3 < ps < 1 and
p1 + ps = p2 + p3. Let U be a uniform (0,1) random variable. Let T4 denote
the indicator function of A. Define

X, = Liy<p.ys Xo = Iiy<p.y,
X3 = Lv<py + Lpo<v<pa}s Xy = Lu<psy-

Then X; =g X1(p),i=1,2,3,4, and X;,i=1,2,3,4, satisfy the conditions
given in the definitions of SICX(sp) and SICV(sp). This proves (8.B.1).

Ezample 8.B.4. Let Y(n), n = 1,2,..., be a sequence of nonnegative in-
dependent and identically distributed random variables with mean 1. For
p > 0 define X(p,n) = pdy p_, Y(k), n € Npy. Then, for each n € Ny,
one has {X(u,n), p € Ry} € SIL(sp) and, for each p > 0, one has
{X(p,n), n € Ny} € SIL(sp). The first result follows from Example 8.D.5
and Theorem 8.D.11 below. The second result follows from Example 8.B.7
below.

Specifically, when Y (n) in Example 8.B.4 is an exponential random vari-
able we have the following example.

Ezample 8.B.5. Let X (u,n) be an Erlang-n random variable with mean npu
and variance nu?®. Then, for each n € Ni, one has {X(u,n), p € Ry} €
SIL(sp) and, for each p > 0, one has {X (u,n), n € Ny} € SIL(sp).

By taking n = 1 in Example 8.B.4 we obtain the following result.

Example 8.B.6. Let Y be a nonnegative random variable. For p > 0 define
X(p) = pY. Then {X(u), pr € Ry} € SIL(sp).

Ezample 8.B.7.1f {X(0), 0 € O} has the semigroup property (see Example
8.A.7), then {X (), € O} € SIL(sp). In order to see it let §; € ©, = 1,2, 3,4,
be such that 91 S 92 S 93 S 94 and 91 +94 = 92 +93 Let ZZ‘, 1= 1,2,3,47 be
independent random variables such that
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Zl =st X(gl)v
Zy =g X (02 — 61),
Z3 =g X (03 — 62),

and

Zy = X (04— 03),
where, by convention, X (0) = 0. Define

X, =7,
Xy = Z) + Zo,
X3 =71+ Z3 + Zy,

and
X4:Z1+ZQ+ZB+Z4.

Then X; = X(0;),i=1,2,3,4, and X;, 0= 1,2, 3,4, satisfy the conditions
given in the definitions of SICX(sp) and SICV(sp). This proves the result
stated above.

The following theorem is obvious. A more general result is proven in The-
orem 8.B.13 (see Corollary 8.B.14).

Theorem 8.B.8. (a) If {X(0), 8 € ©} € SICX(sp) [or SICV(sp)] and if ¢
is an increasing conver [or concave| function, then {p(X(0)), 0 € O} €
SICX(sp) [or SICV(sp)].

(b) If {X(0), 8 € ©} € SDCX(sp) [or SDCV(sp)] and if ¢ is an increasing
convex [or concave] function, then {p(X(0)), 6 € ©} € SDCX(sp) [or
SDCV(sp)].

Theorem 8.B.8 shows that the sample path notions imply the regular no-
tions of stochastic convexity /concavity. Counterexamples can be constructed
to show that the reverse need not be true. We have the following results.

Theorem 8.B.9.

SICX(sp) = SICX,
SICV (sp) = SICV,
SDCX(sp) = SDCX,
SDCV(sp) = SDCV.
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8.B.2 Closure properties

In this section we present some closure properties of the sample path convexity
notions.

Theorem 8.B.10. Let {X (), 6 € O} and {Y(0), 0 € O} be two families of
random variables such that for each § € ©, X (0) and Y (0) are independent.
Then

(a) {X(0), 6 € ©} € SICX(sp) and {Y (), 6 € ©} € SICX(sp) = {X(0) +
Y(6), 6 € 6} € SICX(sp),

(b) {X(0), 6 € ©} € SICV(sp) and {Y(0), 8 € O} € SICV(sp) = {X(9) +
Y (6), 8 € ©} € SICV(sp),

(c) {X(0), 0 € ©} € SDCX(sp) and {X(0), 0 € O} € SDCX(sp) = {X(0)+
Y (6), 8 € ©} € SDCX(sp), and

(d) {X(8),0 € ©} € SDCV(sp) and {Y (0), § € ©} € SDCV(sp) = {X(0) +
Y (6), 0 € ©} € SDCV(sp).

Proof. We will prove part (a) only, since the other parts can be similarly
proven. Let 6; € ©, i = 1,2,3,4, be any four values such that 6; < 6y <
03 <04 and 61 + 04 = 05 + 93 From the definition of SICX(sp) one sees that
there exist eight random variables Xz7 K, i =1,2,3,4, defined on a common
probability space, such that X; =g X (6;), Y; = Y(H ), 1=1,2,3,4, and

maX[X2,X3} < X, a.s., max[f/g,f{g] <Y, a.s.,
X2+X3 §X1+X4 a.s., ?24’% SYl +Yf4 a.s.,

and X; and Y; are independent, i = 1,2, 3,4. Let Zi=X; + Yi, 1=1,2,3,4.
Then Z; =g X(6;) +Y(0;),i=1,2,3,4, and

max[Zg,Zg] < Zyas. and Zo+ Zs < Zy+ 24 as.
Therefore, {X () + Y (0), 6 € ©} € SICX(sp). O

A combination of Example 8.B.4 and Theorem 8.B.10 yields the following
generalization of Example 8.B.4 which will be used later.

Ezample 8.B.11. Let Y(n), n = 1,2,..., be a sequence of nonnegative in-
dependent and identically distributed random variables with mean 1, and
let Z be a random variable which is independent of the Y (n)’s. For p > 0
define X(p,n) = Z +pu> p_,Y(k), n € Nyi. Then, for each n € Ny,
one has {X(u,n), 0 € Ry} € SIL(sp), and, for each p > 0, one has
{X(1,n), n € Nyi} € SIL(sp).

Ezample 8.B.12. Let Y(n), n = 1,2,..., be a sequence of nonnegative inde-
pendent and identically distributed random variables with a common mean
u > 0, as in Example 8.A.18. Let Y™* be the spread of the renewal pro-
cess generated by the Y'(n)’s; that is, if f is the density function of Y (1),
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then the density function of Y* is (1/u)zf(z). Denote X (n) = Y ,_, Y(k),
n € Nyy, and let X*(n) be the spread corresponding to X(n). Then
{X*(n), n € Np;.} € SIL(sp). This follows, by Example 8B.11, from the
relation

X*(n) =g Y* + Ti Y (k). (8.B.2)
k=1

The relation (8.B.2) can be proven as follows: Consider n independent renewal
processes {N;(t), t > 0}, ¢ = 1,2,...,n, all with interrenewal times that are
distributed as Y (1), and consider the renewal process {N(t), ¢ > 0} with
interrenewal intervals which are the sums of the corresponding interrenewal
intervals of the n independent renewal processes { N;(t),t > 0},i =1,2,...,n.
That is, the interrenewal times that are associated with {N(¢), t > 0} are
distributed as X (n). Select a ¢ > 0 and consider the spread corresponding
to the process {N(t), t > 0}. Clearly the value ¢ falls in an interrenewal
interval which is the sum of the n interrenewal intervals corresponding to
{N1(t), t > 0}, {Na(t), t > 0},...,{N,(¢), t > 0}. With probability 1/n, t
falls in the interrenewal interval corresponding to the process {N;(t), t > 0},
i =1,2,...,n. Let U(n) be the index of the process in whose interrenewal
interval ¢ falls. Then U(n) is uniformly distributed on {1,2,...,n}. If ¢ falls
in an interval corresponding to {N;(t), t > 0} (that is, when U(n) = i), then
its spread is Y* + 37, Y/(k) =5 Y* + S™vZ1 Y (k). Note that the distribution
of the spread is independent of i. Therefore, by unconditioning with respect
to the value ¢ of U(n) we obtain (8.B.2).

Theorem 8.B.13. Let {X(0), 0 € O} be a family of A-valued random vari-
ables, where A C R is a convez set. Also, let {Y (X), X\ € A} be another family

of random variables. Suppose that X (0) and Y (\) are independent for any
choice of 0 € © and A € A.

(a) If {X(0), 6 € ©} € SICX(sp) [SICV(sp)] and {Y(N), A € A} € SICX(sp)
[SICV(sp)], then {Y (X (0)), 8 € O} € SICX(sp) [SICV(sp)].

(b) If {X(9),0 € ©} € SDCX(sp) [SDCV(sp)] and {Y(A), A € A} € SICX(sp)
[SICV(sp)], then {Y (X (9)), 8 € ©} € SDCX(sp) [SDCV(sp)].

Proof. We will prove the convex case of part (a) only, as the proofs of the
other cases are similar. Let 6, € ©, i = 1,2, 3,4, be any four values such that
01 <0y <03 <0, and 0, + 04 = 05 + 03. Since {X(G), 0 e @} S SICX(bp),
there exist four random variables )A(i, i = 1,2,3,4, defined on a common
probability space, such that X; = X(0;),i=1,2,3,4, and

[XQ,XE}] < X4 a.s. and XQ —|—X3 < X1 -|—X4 a.s.

Let
X; = min[X4,X1 + X4 - X3], (8B3)

and
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X! =X3+ X3 — X,
Clearly, X§ and X3 € A a.s., and
X; <X, and X3 > Xo. (8.B.4)
Also, A A R A
[X;,Xg] S X4 and Xik +X4 = X; +X3.

Therefore, since {Y'(A), A € A} € SICX(sp), there exist four random variables
Z3y, Z5, Zs3, and Zy, deﬁr}ed on a common probability space, such that Z7 =g
Y(XT), Z5 =« Y(X3), Z3 =« Y(X3), Z4 =« Y (X4), and

(23,73 < Zy a.s. and  Zi + Zs < Z} + Z4 a.s. (8.B.5)

Since Y (A) is stochastically increasing in A, from (8.B.4) it is seen that there
exist random variables Z;, i = 1,2, such that Z; =y Y (X;), : = 1,2, and

zZ7 < Z; and zZ5 > Zs.
Then from (8.B.5) one sees that
[22, 23] < Zyas. and Zo+ Z3 <721+ 74 as.
The proof is completed by observing that Y (X (6;)) = Zii=1,2,3,4. O

By letting {Y'(\), A € A} of Theorem 8.B.13 be deterministic (we denote
it then as a real function ¢ : A — R) we obtain the following corollary.

Corollary 8.B.14. Let {X(6), 0 € O} be a family of A-valued random vari-
ables, where A C R is a convex set, and let ¢ be a real function on A.

(a) If {X(0), 0 € ©} € SICX(sp) [or SICV(sp)] and ¢ is increasing and
convex [or concave|, then {$(X(0)), 8 € O} € SICX(sp) [or SICV(sp)].

(b) If {X(0), 8 € ©} € SDCX(sp) [or SDCV(sp)] and ¢ is increasing and
convex [or concave], then {$(X(0)), 0 € O} € SDCX(sp) [or SDCV(sp)].

By letting {X(0), 6 € O} of Theorem 8.B.13 be deterministic (we denote
it then as a real function ¢ : © — A) we obtain the following corollary.

Corollary 8.B.15. Let {Y(\), A € A} be a family of real-valued random
variables, where A C R is a convez set, and let ¢ be a A-valued function on
O, where @ C R is a convex set.

(a) If {Y(\), A € A} € SICX(sp) [or SICV(sp)] and ¢ is increasing and
convex [or concave], then {Y (¢(9)), 8 € ©} € SICX(sp) [or SICV(sp)].

(b) If {Y(A), A € A} € SDCX(sp) [or SDCV(sp)] and ¢ is increasing and
convex [or concave], then {Y (4(9)), 8 € ©} € SDCX(sp) [or SDCV(sp)].

Let {X(n), n € N4} be a Markov chain with state space S (S = R or
Ny). Let Y (z) =g [X(n+1)|X(n) = 2] and Z(z) =Y (z) —z, z € S.
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Theorem 8.B.16. Suppose X (0) = xo a.s. If Z(z) > 0 a.s. for each v € S
and {Z(z), x € 8} € SI, then {X(n), n € N, } € SICX(sp).

Proof. Since Z(xz) > 0 a.s., for ny < ng we have X(n1) < X(ng) a.s. Let
ng and n4 be such that n; < ny < ng < nyg and ny + ng = ny + n3. Define
m=ny —ny =ng —ny and Z" () =4 [X(m) — .Z"X(O) = z]. Since Z(x) is
stochastically increasing in z, using sample path construction (as in the proof
of Theorem 6.B.3 when it applies to Theorem 6.B.34 through Theorems 6.B.32
and 6.B.31), it can be established that Z(™)(z) is also stochastically increasing
in z. Then there exist two random vectors (X1, Z1) and (X3, Zo) defined on
a common probability space such that (X;,Z;) =« (X(ns), 2™ (X(n,))),
i=1,2, and

(X1,21) < (X2, Zy) as. (8.B.6)

Set X R R R R R
Xs=X14+727 and Xy= X9+ Zs.

Since Z(™)(z) > 0 a.s., from (8.B.6) it follows that
max[X27X3] < X4 and Xl + X4 > XQ + Xg.
The proof is now completed by noting that X (n;) = X;,i=1,2,3,4. O

Next consider a Galton-Watson branching process {X(n), n € Ni} in
discrete time. Let D;, 1 = 1,2,..., be independent and identically distributed
random variables such that D; has the same distribution as the number of
offsprings of an ancestor. Then, for this process, Y (z) =¢ Y ;; D;, v € N4.

Theorem 8.B.17. Suppose D; > 1 a.s. and P{D; > 1} > 0. If X(0) > 1
a.s., then {X(n), n € Ny} € SICX(sp).

Proof. First, condition on X (0) = zo. Since Z(z) =Y (z)—x =g >_;,(Di—1)
and D; > 1 a.s., one sees that Z(xz) > 0 a.s. Also, it is easily seen that
{Z(x), x € N} } € SL Then, conditioned on X (0) = g, the result of Theorem
8.B.17 follows immediately from Theorem 8.B.16. From the definition of sam-
ple path convexity, it is clear that by unconditioning with respect to X (0),
the sample path convexity of {X(n), n € N, } is preserved. O

Now consider a nonhomogeneous Poisson process { N (t), t > 0} with mean
value function M(t) = EN(t). To avoid trivialities we assume that M is
strictly increasing. Denote by R,, the nth epoch time of this process.

Theorem 8.B.18. If M is concave [convex], then {R,,n € Ny} € SICX(sp)
[SICV (sp)].

Proof. Let {K(t), t > 0} be a Poisson process with rate 1, and let T}, denote
the nth epoch time of this process. By Example 8.B.4 we have {T,,, n €
N, } € SIL(sp). Now,
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{Rn, n € Nyy} = {M71(T0), n € Npy ).

Since M is increasing and concave [convex] it follows that M ! is increasing
and convex [concave]. The result now follows from Corollary 8.B.14. O

Theorem 8.B.19. If M is convex [concave], then {N(t), t € [0,00)} €
SICX(sp) [SICV(sp)].

Proof. Let {K(t), t > 0} be a Poisson process with rate 1. By Example 8.B.2
we have {K (¢), t € [0,00)} € SIL(sp). Now,

{N(t), t €[0,00)} =5 {K(M(2)), t € [0,00)}.

The result now follows from Corollary 8.B.15. O

8.C Convexity in the Usual Stochastic Order

In some applications it is hard to find the construction needed to establish the
sample path convexity of Section 8.B. Then the stochastic convexity notions
of this section may be useful.

8.C.1 Definitions

Let {X(6), 0 € O} be a family of random variables with survival func-
tions Fy(r) = P{X(0) > z}, 0 € O. The family {X (), 0 € O} is said
to be stochastically increasing [decreasing] and conver [concave, linear] in
the sense of the usual stochastic ordering if E¢(X(0)) is increasing [decreas-
ing] and convex [concave, linear] for all increasing functions ¢. We denote
this by {X(6), 6 € ©} € SICX(st) [SICV(st), SIL(st), SDCX(st), SDCV(st),
SDL(st)].
It is easy to see the following characterization.

Theorem 8.C.1. The family {X(0), § € O} satisfies {X(0), 0 € O} €
SICX(st) [SICV(st), SDCX(st), SDCV(st)] if, and only if, F(z,0) is increas-
ing and convex [increasing and concave, decreasing and convezx, decreasing
and concave] in 0 for each fized x.

The following are other characterizations of these notions.

Theorem 8.C.2. The family {X(0), 6 € O} satisfies {X(0), 0§ € O} €
SICX(st) [SICV(st), SDCX(st), SDCV(st)] if, and only if, for any 0; € O,
i = 1,2,3,4, such that 01 < 0 < 03 < 04 and 61 + 04, = 05 + 03, there
ezist four random wvariables )A(i, 1 = 1,2,3,4, defined on a common proba-
bility space, such that X; =g X(0;), 1 = 1,2,3,4, and X, < [<,>,>] X4
a.s., min{ Xy, X4} > [<,>, <] min{Xy, X3} a.s., max{X;, X4} > [<,>,<]
max{f(g,f(g} a.s., and hence X1 + X4 > <, >,<] Xo+ X3 a.s.
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Proof. We prove the increasing convex case only since the other cases can be
proven similarly. Since X () is stochastically increasing in 6 there exist, on
a common probability space, random variables X, and X4 such that X;
X(60;),i=1,4and X, < X, as. Let U be a uniform random variable on (0 1)
and define

=ru< 22 o< 22005,

04— 01 04 — 01
and
oo < B < 2
Then
min[X3, X3] = min[X,, X,] (8.C.1)
and
max[ X5, X3] = maX[Xl,X4]. (8.C.2)

Also note that P{X3 > z} = 2=0LF(z,6,) + $=5F(x,6:), and P{Xj >
x} = gj gi F(z,01) + 03—3? F(x, 04) Since F(z,0) is increasing and convex in
f, it is then obvious that

X5 > X(0) and X3 >y X(6).

Therefore, there exist X, and X3 such that X; =g X(6,), i = 2,3, and
X! > X;, i =2,3. Then, from (8.C.1) and (8.C.2), one sees that

min[Xy, X3] < min[X;, X;] and max[X,, X3] < max[X;, X4].
The proof is now completed by observing that X (6;) =g X;,i=1,2,3,4. O

Ezample 8.C.3. Let X (p) be a geometric random variable with mean 1/(1—p).
Then {X(p), p € (0,1)} € SICX(st).

Ezample 8.C.4. Let X () be an exponential random variable with mean 1/\.
Then {X(X\), A € (0,00)} € SDCX(st).

It is evident from Theorems 8.C.2 and 8.B.9 that one has the following
results.

Theorem 8.C.5.

SICX(st) = SICX(sp) = SICX,
SICV(st) = SICV(sp) = SICV,
SDCX(st) = SDCX(sp) = SDCX,
SDCV(st) = SDCV(sp) = SDCV.

Observing that {1 (0), 8 € ©} € SICX(sp) for any increasing convex func-
tion ¢, and that it is not SICX(st), it is clear that the implications in Theorem
8.C.5 are strict.
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8.C.2 Closure properties

Unlike the two previous notions, stochastic convexity in the usual stochastic
ordering does not have many closure properties. For example, there are no
counterparts to Theorems 8.A.15 and 8.A.17 or Theorems 8.B.10 and 8.B.13
for this stochastic convexity notion. Instead, we present some specialized clo-
sure properties under random summation.

Theorem 8.C.6. Let {N(0), 0 € ©} be a family of discrete random variables
on Ny, let {X(n), n=1,2,...} be a sequence of independent and identically
distributed nonnegative random wvariables, and let X(0) = 0. Suppose that
{N(@9), 6 € ©} and {X(n), n € N1} are mutually independent. Set Y () =
SSN® X(n), 0 € 6. If {N(8), 0 € O} € SICX(st) [SICV(st), SDCX(st),
SDCV(st)], then {Y (0), 8 € O} € SICX(st) [SICV(st), SDCX(st), SDCV (st)].

Proof. Consider the case {N(6), 6 € O} € SICX(st). The other three cases
can be similarly proven. From Theorem 8.C.2 one knows that for any 6, € ©,
i, = 1,2,374, such that 91 S 92 S 03 S 94, and 01 + 94 = 92 + 03, there
exist four random variables Ni, 1=1,2,3,4, defined on a common probability
space, such that N; =4 N(0;),i=1,2,3,4, and

Ny > Ny a.s., (8.C.3)

min{Ny, Ny} > min{Ny, N5} a.s., (8.C.4)

max{N1, Ny} > max{Na, N5} a.s., and hence (8.C.5)

Ny + Ny > Ny + N3 a.s. (8.C.6)

Define V; = Zn 0 X(n),i=1,2,3,4. Then, clearly, V; =g Y(0;),i=1,2,3,4.
Furthermore, from (8.C.3)—(8.C.6), one sees that

Y, >V a.s., (8.C.7)

min{Y7, Y3} > min{Ys, Y3} as., (8.C.8)

max{Y7,V,} > max{¥s, Y3} a.s., and hence (8.C.9)

Vi+Yi>Ye+Ys a.s. (8.C.10)

Theorem 8.C.6 then follows from Theorem 8.C.2. O

Theorem 8.C.7. Consider {X(0), 0 € O} and {Y(0), 0 € O} and suppose
that, for each 6, X(0) and Y (0) are independent. Define

V() = max{X(0),Y(0)}

and
W () = min{X(0),Y(0)}.
(1) If {X(0), 0 € ©} € SICX(st) [SDCX(st)] and {Y (0), 8 € O} € SICX(st)
[SDCX(st)], then {W (), 6 € ©} € SICX(st) [SDCX(st)].
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(ii) If {X (), 6 € ©} € SICV(st) [SDCV(st)] and {Y(8), 6 € ©} € SICV(st)
[SDCV(st)], then {V(0), 8 € O} € SICV(st) [SDCV(st)].

Proof. The stated results follow immediately from the observations that (i) the
survival function of W () at x is equal to P{X(6) > z} P{Y (0) > «}, (ii) the
survival function of V(6) at x is equal to 1 — (1 —P{X(6) > z})(1— P{Y (6) >
z}), and from Theorem 8.C.1. O

Consider the imperfect repair model. A new item with an absolutely con-
tinuous survival function F undergoes an imperfect repair each time it fails
before it is scrapped. With probability p the repair is unsuccessful and the
item is scrapped. With probability 1 — p the repair is successful and minimal,
that is, after a successful repair at time ¢ the item is as good as a working
item at age t. It is well known that if X (p) denotes the time to scrap, then
the survival function of X (p) is F*. Thus, the following result is apparent.

Theorem 8.C.8. Let F be an absolutely continuous survival function such

that F(0) = 1. Then {X(p), p € (0,1)} € SDCX(st).

8.D Strong Stochastic Convexity

Another notion which is sometimes useful in verifying the sample path con-
vexity of Section 8.B is described in this section.

8.D.1 Definitions

Let {X(0), 6 € O} be a family of random variables. The family {X(¢), 6 € 6}
is said to be stochastically [increasing, decreasing] and convez [concave, linear)
almost everywhere if there exist {X(0), # € @} such that X (0) =4 X(0) for
each 0 € © and X (0) is [increasing, decreasing] and convex [concave, linear] in
0. We denote this by {X (), 6 € O} € SCX(ae) [SCV(ae), SL(ae), SICX(ae),
SICV (ae), SIL(ae), SDCX(ae), SDCV(ae), SDL(ae)].

Although it appears that the definition of strong stochastic convexity /con-
cavity is restrictive, several families of random variables do satisfy the condi-
tions of this class of convexity/concavity. This is shown in the next theorem
and in the corollaries and examples which follow it.

Theorem 8.D.1. Suppose that X(0) = ¢(0, Z), where ¢ is a real-valued de-
terministic function, and Z is a random vector. If ¢ is convexr [concave,
linear, increasing convex, increasing concave, increasing linear, decreasing
convez, decreasing concave, decreasing linear] in 6 € O, then {X(0), 0 €
O} € SCX(ae) [SCV(ae), SL(ae), SICX(ae), SICV(ae), SIL(ae), SDCX(ae),
SDCV (ae), SDL(ae)].
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Corollary 8.D.2. Suppose that X(0) = Z + (0), where ¥ is a real-valued
deterministic function, and Z is a random variable. If 1 is convex [concave,
linear, increasing conver, increasing concave, increasing linear, decreasing
convez, decreasing concave, decreasing linear] in 6 € O, then {X(0), 0 €
O} € SCX(ae) [SCV(ae), SL(ae), SICX(ae), SICV(ae), SIL(ac), SDCX(ae),
SDCV (ae), SDL(ae)].

Corollary 8.D.3. Suppose that X(0) = Z - (), where ¥ is a real-valued
deterministic function, and Z is a nonnegative random variable. If 1) is con-
vex [concave, linear, increasing convex, increasing concave, increasing lin-
ear, decreasing convex, decreasing concave, decreasing linear] in 6 € O, then
{X(0), 0 € ©} € SCX(ae) [SCV(ae), SL(ae), SICX(ae), SICV(ae), SIL(ae),
SDCX(ae), SDCV(ae), SDL(ae)].

Ezample 8.D.4. Let X (u,0) be a normal random variable with mean p and
standard deviation o. Since for a unit normal random variable N(0,1), we
have X (u,0) = p+ oN(0,1) =4 X(u,0), p € R, 0 € Ry, we sce that, for
each 0 > 0,

{X(u,0), p € R} € SIL(ae),

and, for each p € R,
{X(p,0), 0 € R} € SL(ae).

Similarly one can prove the result in the next example.

Ezample 8.D.5. Let Y(n), n = 1,2,..., be a sequence of nonnegative inde-
pendent and identically distributed random variables with mean 1. For p > 0
define X(p) = pd>p_,Y(k), n € Ny. Then, for each n € Ny, one has
{X(n), pe Ry} € SIL(ae).

Specifically, when Y'(n) in Example 8.D.5 is an exponential random vari-
able we have the following example.

Ezample 8.D.6. Let X (u,n) be an Erlang-n random variable with mean nu
and variance nu?®. Then, for each n € N, one has {X(u,n), p € Ry} €
SIL(ae).

By taking n = 1 in Example 8.D.5 we obtain the following result.

Example 8.D.7. Let Y be a nonnegative random variable. For p > 0 define
X(p) = pY. Then {X (u), pr € Ry} € SIL(ae).

The following generalization of Example 8.D.5 is easily observed.

Ezample 8.D.8. Let Y(n), n = 1,2,..., be a sequence of nonnegative inde-
pendent and identically distributed random variables with mean 1, and let
Z be a random variable which is independent of the Y (n)’s. For p > 0 de-
fine X(u) = Z+pd p_,Y(k), n € Npy. Then, for each n € Nj4, one has
{X(u), p € Ry} € SIL(ae).
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Another sufficient condition (in addition to Theorem 8.D.1 and Corollar-
ies 8.D.2 and 8.D.3) for strong convexity and concavity is described next.
Let {X(0), 6 € O} be a family of random variables, and let Fy denote the
distribution function of X (¢). If U is a uniform[0, 1] random variable, then
F; Y (U) =5 X (). The following result follows at once from this observation.

Theorem 8.D.9. Suppose that Fgl(u) is convex [concave, linear, increasing
converx, increasing concave, increasing linear, decreasing convex, decreasing
concave, decreasing linear] in 0 € O, for all w € (0,1), then {X(0), 0 €
O} € SCX(ae) [SCV(ae), SL(ae), SICX(ae), SICV(ae), SIL(ae), SDCX(ae),
SDCV (ae), SDL(ae)].

A sufficient condition for strong convexity and concavity, which is stated
on Fy (rather than on Fgl as in Theorem 8.D.9), is described next. Recall the
definition of supermodular and submodular functions given in Section 7.A.8.

Theorem 8.D.10. Let {X (), 0 € O} be a family of random variables, and
suppose that all the partial second derivatives of Fp(x) exist.

(a) If Fy(x) is concave and strictly increasing in x, and is decreasing and
concave in 0, and if Fp(x) is submodular in (x,0), then {X(0), 6 € O} €
SICX (ae).

(b) If Fy(x) is convex and strictly increasing in x, and is decreasing and con-
vex in 0, and if Fp(x) is supermodular in (z,0), then {X(0), 0 € O} €
SICV (ae).

(c) If Fp(x) is concave and strictly increasing in x, and is increasing and
concave in 0, and if Fp(x) is supermodular in (z,0), then {X(0), 6 €
O} € SDCX(ae).

(d) If Fp(z) is convex and strictly increasing in x, and is increasing and con-
vex in 0, and if Fp(x) is submodular in (x,6), then {X(0), 6 € O} €
SDCV (ae).

Proof. Only the proof of part (a) is given; the proofs of the other parts are
similar. Let U be a uniform[0, 1] random variable and define X () by

Fy(X(0) =U. (8.D.1)
Differentiating (8.D.1) for a fixed value of U, we obtain

o . 0. 0
oo F 5K+ g F =0, (8.D.2)

and

B) 9% 92 9 4\ 92 o . 02
%F~692X+<WF> (MX> + 255 F o, X o F =0, (3D.3)

The conditions stated in part (a) can be written as
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0 0 0? 02 0?2
— —F< —F< —_F<
8scF >0, 69F =0, 81;2F =0, 892F <0, and 0x00

F <0.

(8.D.4)
From (8.D.2), (8.D.3), and (8.D.4) it is seen that %X > 0 and aa—;X >0,
that is, {X (), 0 € ©} € SICX(ae). O

The following theorem is easily verified.
Theorem 8.D.11.

SICX(ae) = SICX(sp) = SICX,
SICV(ae) = SICV(sp) = SICV,
SDCX(ae) = SDCX(sp) = SDCX,
SDCV(ae) = SDCV(sp) = SDCV.

These are strict implications. It can be verified that the stochastic convex-
ity in the usual stochastic order neither implies nor is implied by the strong
stochastic convexity.

8.D.2 Closure properties

In this subsection we present some closure properties of the strong convexity
notions. These results trivially follow from the closure properties of determin-
istic functions. Thus we will not give the proofs here.

Theorem 8.D.12. Let {X(0), 0 € O} and {Y (0), 6 € O} be two families of
random variables such that for each 6 € ©, X(0) and Y () are independent.

(a) {X(0), 0 € O} € SICX(ae) and {Y(0), 0 € O} € SICX(ae) imply that
{f(X(6),Y(0)), 6 € O} € SICX(ae) for any increasing and convex func-
tion f.

(b) {X(0), 6§ € ©} € SICV(ae) and {Y(0), § € ©} € SICV(ae) imply that
{f(X(0),Y(6)), 8 € ©} € SICV(ae) for any increasing and concave func-
tion f.

(c) {X(0), 8 € O} € SDCX(ae) and {X(0), 6 € O} € SDCX(ae) imply
that {f(X(0),Y(0)), 6 € ©} € SDCX(ae) for any increasing and conver
function f.

(d) {X(8), 8 € ©} € SDCV(ae) and {Y(8), 8 € O} € SDCV(ae) imply
that {f(X(6),Y(9)), 0 € ©} € SDCV(ae) for any increasing and concave
function f.

Theorem 8.D.13. Let {X(0), 0 € O} be a family of A-valued random vari-
ables, where A C R is a convex set. Also, let {Y (), A € A} be another family
of random wvariables. Suppose that X(0) and Y (X) are independent for any
choice of 0 € © and X € A.

(a) If {X(0), 0 € ©} € SICX(ae) [SICV(ae)] and {Y(A), A € A} € SICX(ae)
[SICV(ae)], then {Y(X(0)), 8 € O} € SICX(ae) [SICV (ae)].

(b) If {X(9),0 € ©} € SDCX(ae) [SDCV(ae)] and {Y(A), A € A} € SICX(ae)
[SICV (ae)], then {Y (X (0)), 8 € O} € SDCX(ae) [SDCV(ae)].
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8.E Stochastic Directional Convexity

8.E.1 Definitions

In Sections 8.A-8.D of this chapter, the parameter space ©, of the families
of random variables {X(0), 0 € O} that we studied, was a subset of the real
line R. However, in some applications the parameter space is multidimen-
sional, that is, © is a subset of R™ for some positive integer m > 2. In this
section we study such families of random variables or vectors. In such cases
one is interested in convexity [concavity] properties with respect to the vector
0 = (01,04,...,0,,). Rather than studying convexity [concavity] properties
of {X(0), 6 € ©}, we will study here directional convexity [concavity] prop-
erties of such families of random variables or vectors. The reader may recall
the definition of directional convexity [concavity] given in (7.A.17) of Section
7.A.8. Below @ will always be a sublattice of R™.

Let {X(0), 8 € O} be a family of random vectors. The family {X (0), 6 €
O} is said to be

(a) stochastically increasing and directionally convex [concave] if {X (0), 0 €
O} € SI and if E¢(X(0)) is directionally convex [concave] in @ for
any increasing directionally convex [concave] function ¢. We denote it
by {X (), 6 € @} € SL.DIR-CX [SI-DIR-CV];

(b) stochastically increasing and directionally linear if {X(6), 8 € O} €
SI-DIR-CX N SI-DIR-CV. We denote it by {X (), 8 € @} € SI-DIR-L;

(¢c) stochastically decreasing and directionally convex [concave] if {X (0), 0 €
O} € SD and if E¢(X(0)) is directionally convex [concave] in 6 for
any increasing directionally convex [concave| function ¢p. We denote it by
(X(8), 6 € ©} € SD-DIR-CX [SD-DIR-CV];

(d) stochastically decreasing and directionally linear if {X(0), 8 € O} €
SD-DIR-CXNSD-DIR-CV. We denote it by {X (0), 8 € @} € SD-DIR-L.

In particular, if X(0) is a univariate random variable for all 8 € @, then
{X(0), 0 € ©} € SI-DIR-CX [SI-DIR-CV] if, and only if, {X (), 6 € @} € SI
and E¢(X (0)) is directionally convex [concave] in 0 for any increasing convex
[concave] function ¢. Similarly, {X (), 8 € ©} € SD-DIR-CX [SD-DIR-CV]
if, and only if, {X(0), 8 € @} € SD and E¢(X(0)) is directionally convex
[concave] in O for any increasing convex [concave] function ¢. If both the pa-
rameter and the random variables are univariate, then the notions of SI-DIR-
CX, SI-DIR-CV, SI-DIR-L, SD-DIR-CX, SD-DIR-CV, and SD-DIR-L, reduce
to the notions of SICX, SICV, SIL, SDCX, SDCV, and SDL, respectively.

In order to define stochastic directional convexity [concavity] in the sample
path sense let {X(0), 8 € O} be a family of random vectors as above. Let
0, € O©,i=1,23,4, be any four vectors such that 68, < [02,03] < 04 and
0.+60,=0,+0;.

If there exist four random variables X i,1=1,2,3,4, defined on a common
probability space, such that X; =¢ X (6;), i = 1,2,3,4, and
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(a) (i) [X2,X3] < X4 as. and (i) Xo+ X3 < X1+ X, as., then {X(0), 0 €
O} is said to be stochastically increasing and directionally convex in the
sample path sense (denoted by {X(6), 8 € @} € SI-DIR-CX(sp));

(b) (i) X, < [Xg,Xg,] a.s. and (ii) X14+X4 < Xo+X5 as., then {X(0),0 ¢
O} is said to be stochastically increasing and dzrectzonally concave in the
sample path sense (denoted by {X(0), 8 € @} € SI-DIR-CV(sp));

(¢) (1) X1 > [X3, X3]as. and (i) X14+X4 > X2+ X3 a.s., then {X(0),0 €
O} is said to be stochastically decreasing and directionally convex in the
sample path sense (denoted by {X(6), 8 € @} € SD-DIR-CX(sp));

(d) (i) X4 < [Xo, X3]as. and (i) X1+X4 < X2+ X3 as., then {X(0),0 €
O} is said to be stochastically decreasing and dzrectzonally concave in the
sample path sense (denoted by {X(60), 8 € @} € SD-DIR-CV(sp));

(e) (i) [X2, X3] < X4 as. and (i) X9+ X3 = X1+ X4 a.s., then {X(0),0 €
O} is said to be stochastically increasing and directionally linear in the
sample path sense (denoted by {X(8), 6 € @} € SI-DIR-L(sp));

(f) (1) X1 > [X2, X 3] as. and (i) X1+ X4 = X5+ X3 a.s., then {X(0), 0
O} is said to be stochastically decreasing and dzrectzonally linear in the
sample path sense (denoted by {X(0), 6 € @} € SD-DIR-L(sp)).

If both the parameter and the random variables are univariate, then the
notions of SI-DIR-CX(sp), SI-DIR-CV(sp), SI-DIR-L(sp), SD-DIR-CX(sp),
SD-DIR-CV(sp), and SD-DIR-L(sp), reduce to the notions of SICX(sp),
SICV(sp), SIL(sp), SDCX(sp), SDCV(sp), and SDL(sp), respectively.

8.E.2 Closure properties

The following two results are extensions of Theorems 8.A.17 and 8.B.13 to
the stochastic directional convexity setting. The proof of Theorem 8.E.1 is
similar to the proof of Theorem 8.A.17, using Proposition 7.A.28. The proof of
Theorem 8.E.2 is similar to the proof of Theorem 8.B.13, where the minimum
in (8.B.3) is performed coordinatewise.

Theorem 8.E.1. Let {X (0), 0 € O} be a family of A-valued random vectors,
and let {Y (A), A € A} be another family of random vectors. Suppose that
X (0) and Y (X) are independent for any choice of @ € © and X € A.

(a) If {X (), 0 € ©} € SI-DIR-CX [SI-DIR-CV, SI-DIR-L] and {Y (A), A €
A} € SI-DIR-CX [SI-DIR-CV, SI-DIR-L], then {Y(X(8)), 8 € O} €
SI-DIR-CX [SI-DIR-CV, SI-DIR-L].

(b) If {X(6), 6 € ®} € SD-DIR-CX [SD-DIR-CV, SD-DIR-L] and {Y (\), A
€ A} € SIDIR-CX [SI-DIR-CV, SI-DIR-L], then {Y (X (0)), 6 € O} €
SD-DIR-CX [SD-DIR-CV, SD-DIR-L].

Theorem 8.E.2. Let {X(0), 0 € O} be a family of A-valued random vectors,
and let {Y (A), X € A} be another family of random vectors. Suppose that
X (0) and Y (X) are independent for any choice of @ € @ and X € A.
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(a) If {X(0), 8 € O} € SI-DIR-CX(sp) [SI-DIR-CV(sp), SI-DIR-L(sp)]| and
{Y(A), A € A} € SI-DIR-CX(sp) [SI-DIR-CV(sp), SI-DIR-L(sp)], then
{Y(X(8)), 8 € ©} € SLDIR-CX(sp) [SI-DIR-CV(sp), SI-DIR-L(sp)].

(b) If {X(8), 8 € @} € SD-DIR-CX(sp) [SD-DIR-CV(sp), SD-DIR-L(sp)]
and {Y (M), A € A} € SLDIR-CX(sp) [SL-DIR-CV(sp), SLDIR-L(sp)],
then {Y (X (0)), 8 € ®} € SD-DIR-CX(sp) [SD-DIR-CV(sp), SD-DIR-
L(sp)]-

From Theorem 8.E.2 it is easy to verify the following results.

Theorem 8.E.3.

SI-DIR-CX(sp) = SI-DIR-CX,
SI-DIR-CV (sp) = SI-DIR-CV,
SD-DIR-CX(sp) = SD-DIR-CX,
SD-DIR-CV (sp) = SD-DIR-CV.

The next results will be stated only for the increasing convex cases, how-
ever, they have versions that apply to the decreasing convex, the increasing
concave, and the decreasing concave cases.

By combining independent SI-DIR-CX [SI-DIR-CX(sp)| families of ran-
dom vectors, one obtains a new SI-DIR-CX [SI-DIR-CX(sp)] family of random
vectors.

Theorem 8.E.4. Let {X;(0;), 0; € O,;} € SD-DIR-CX [SI-DIR-CX(sp)],
i =1,2,...,m, be mutually independent collections of random wvectors. De-
fine X(0) = (X1(01),X2(02),...,X(0)). Then {X(0), 0 € x",0,} €
SD-DIR-CX [SI-DIR-CX(sp)].

The (sp) part of Theorem 8.E.4 can be proven by observing that, by inde-
pendence, the constructions required by the definition of the SI-DIR-CX(sp)
notion can be done coordinatewise. The other part of Theorem 8.E.4 can be
verified by noticing that an m-variate directionally convex function is also
directionally convex in any subset of the m coordinates, and again using the
independence assumption.

As a special case of Theorem 8.E.4 it is seen that if the families of ran-
dom variables {X;(6;), 0; € ©,} € SICX [SICX(sp)], ¢ = 1,2,...,m, then
{(X1(91)7X2(92), . ,Xm(Qm)), (917(92, ey 9m) S X?llgi} € SD-DIR-CX
[SI-DIR-CX(sp)].

A version of Theorem 8.E.4, in which some or all of the parameters are
the same, can also be stated and proven. For example, if the families of ran-
dom variables {X;(0), 6 € O} € SICX [SICX(sp)], i = 1,2,...,m, then
{(X1(0), X2(0),..., X;n(0)), 6 € ©} € SD-DIR-CX [SI-DIR-CX(sp)] (here
all the parameters are the same).

Ezample 8.E.5. Recall from Example 8.B.4 that if Y(n), n = 1,2,..., are
nonnegative independent and identically distributed random variables, then



384 8 Stochastic Convexity and Concavity

{375 Y(k), n € Npy} € SIL(sp). Now, let {Y;(n), n = 1,2,...}, i =
1,2,...,m, be independent sequences of nonnegative independent and iden-
tically distributed random variables. Then { (Y31, Yi(k),> 2, Ya(k), ...,
S Yin(k)), (n1,ng,...,nm) € NP} € SIEDIR-CX(sp).

Similar examples can be constructed from the other examples in Section
8.B.

The following result illustrates the use of Theorems 8.E.1 and 8.E.2. For
each € © (where O is a convex subset of R or N) let {X(n,0), n € N;}
be a Markov chain with state space S (S = [0,00) or N;). Let Y (z,0) =4
[(X(n+1,0)|X(n,0)=2], z €S.

Theorem 8.E.6. Suppose that {Y (z,0), (z,0) € S x ©} € SI-DIR-CX [SI-
DIR-CV, S-DIR-CX (sp), SLDIR-CV (sp)]. If {X(0,8),68 € 6} € SICX [SICV,
SICX(sp), SICV(sp)], then {X(n,0), § € ©} € SICX [SICV, SICX(sp),
SICV(sp)] for each n € Ny.

Proof. As an induction hypothesis assume that for some n we have
{X(n,8), 8 € ©®} € SICX [SICV, SICX(sp), SICV(sp)]. (8.E.1)

Note that
X(n+1,0) =4 Y (X(n,0),0). (8.E.2)

Now, from (8.E.1), (8.E.2), and from a straightforward extension of Theorem
8.E.2(a) (for the (sp) cases) [or of Theorem 8.E.1(a) (for the other cases)|, one
obtains that

{X(n+1,0), 0 € 6} € SICX [SICV, SICX(sp), SICV(sp)]. O

8.F Complements

Section 8.A: The notion of (regular) stochastic convexity/concavity is in-
troduced in Shaked and Shanthikumar [508]. However, the condition
{X(0), 0 € ©} € SCX was encountered earlier by Schweder [499] who de-
scribed it by saying that {X(6), 6 € O} is “convexly parametrized.” The
basic closure properties (Theorems 8.A.15 and 8.A.17) are established in
Shaked and Shanthikumar [508]. As an example of the use of these results,
we note that Theorem 1(b) of Lefévre and Malice [336] can be obtained
from a combination of Example 8.A.3 with Theorems 8.A.15 and 8.A.17.
A slightly weaker version of the example regarding the forward recurrence
times (Example 8.A.18) can be found in Makowski and Philips [380]. Tem-
poral convexity of Markov processes (Theorems 8.A.19 and 8.A.20) are
studied in Shaked and Shanthikumar [507, 509], Shanthikumar and Yao
[534], and Li and Shaked [349]. Extensions of these notions to random
vectors can be found in Chang, Chao, Pinedo, and Shanthikumar [125],
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and to arbitrary random variables can be found in Meester [385] and in
Meester and Shanthikumar [388]. A study of regular stochastic convex-
ity by means of operators is developed in Adell and Perez-Palomares [5].
The results about stochastic m-convexity (Section 8.A.3) are mostly taken
from Denuit, Lefevre and Utev [155]. The stochastic m-increasing convex-
ity of a family with a location parameter (Example 8.A.26) can be found
in Denuit and Lefevre [147].

“Derivatives” of stochastically convex and m-convex processes are intro-
duced and studied in Adell and Lekuona [4].

Section 8.B: The notion of (sample path) stochastic convexity/concavity is
introduced in Shaked and Shanthikumar [508]. A generalization of the
notion of the semigroup property can be found in Shaked, Shanthikumar,
and Tong [519]; Example 8.B.7 is a special case of a result due to them. The
closure properties (Theorems 8.B.10 and 8.B.13) are established in Shaked
and Shanthikumar [508]. The relation (8.B.2) between the spreads can be
found in Goldstein and Rinott [212]. Temporal sample path convexity of
Markov processes (Theorems 8.B.16 and 8.B.17) is studied in Shaked and
Shanthikumar [508, 509]. Extensions of these notions to random vectors
can be found in Chang, Chao, Pinedo, and Shanthikumar [125], and to
arbitrary random variables can be found in Meester [385] and in Meester
and Shanthikumar [388]. Theorem 8.B.18 is essentially proved in Kirmani
and Gupta [299].

Section 8.C: Stochastic convexity/concavity in the usual stochastic order-
ing is introduced in Shaked and Shanthikumar [510]. Theorem 8.C.6 is
established in Shaked and Shanthikumar [514], and Theorem 8.C.7 is es-
tablished in Shaked and Shanthikumar [510].

Some variations of the stochastic convexity notions in Section 8.C, and
also of the notions in Section 8.A, can be found in Atakan [24].

Section 8.D: The notion of strong stochastic convexity (in a different form)
is introduced in Shanthikumar and Yao [531, 533]. The definition pre-
sented here is given in Meester and Shanthikumar [386].

Section 8.E: The notion of multivariate stochastic directional convexity is
introduced in Meester and Shanthikumar [387]. Most of the results of this
section are taken from that paper. The results yielding the parametric
stochastic convexity and concavity of Markov processes (Theorem 8.E.6)
can be found in Shaked and Shanthikumar [509].

Yao [573] introduced notions of stochastic supermodularity and submodu-
larity that are weaker than the notions of stochastic directional convexity
and concavity, respectively.
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Positive Dependence Orders

Notions of positive dependence of two random variables X; and X, have
been introduced in the literature in an effort to mathematically describe the
property that “large (respectively, small) values of X; tend to go together
with large (respectively, small) values of Xs.” Many of the notions of positive
dependence are defined by means of some comparison of the joint distribution
of X1 and X5 with their distribution under the theoretical assumption that
X1 and X, are independent. Often such a comparison can be extended to
general pairs of bivariate distributions with given marginals. This fact led
researchers to introduce various notions of positive dependence orders. These
orders are designed to compare the strength of the positive dependence of the
two underlying bivariate distributions. In this chapter we describe some such
notions.

In many sections of this chapter we first describe a positive dependence
order which compares two bivariate random vectors (or distributions). When
the order can be extended to general n-dimensional (n > 2) random vectors,
we will describe the extension in a later part of that section.

Most of the orders that we describe in this chapter are defined on
the Fréchet class M(Fy, Fy) of bivariate distributions with fixed marginals
Fy and F5. The upper bound of this class is the distribution defined by
min{ Fy(z1), Fo(x2)} (whose probability mass is concentrated on the set
{(z1,22) : Fi(x1) = Fa(x2)}). The lower bound of this class is the distri-
bution defined by max{F;(z1) + Fa(x2) — 1,0} (whose probability mass is
concentrated on the set {(z1,x2) : Fi(x1) + Fa(x2) = 1}).

9.A The PQD and the Supermodular Orders

9.A.1 Definition and basic properties: The bivariate case

Let the random vector (X7, X5) have the distribution function F', and let
F} and Fy denote, respectively, the marginal distributions of X; and Xs.



388 9 Positive Dependence Orders

Lehmann [343] defined (X7, X2) (or F) to be positive quadrant dependent
(PQD) if
F(x1,22) > Fi(x1)Fa(x2) for all 21 and xs. (9.A.1)

Note that (9.A.1) can be rewritten as
F(xy,x0) > FI(xl,J:Q) for all 1 and o, (9.A.2)

where F!(x1,22) = Fy(x1)Fz(x3) for all 71 and 5. This characterization of
the PQD notion leads naturally to the definition of the PQD order that is
described next.

For a random vector (X, X2) with distribution function F, let F be the
bivariate survival function of (X1, X»), that is, F(xy,12) = P{X; > 21, Xo >
xo} for all 1 and xs9. Let (Y1, Y2) be another bivariate random vector with
distribution function G' and survival function G. Suppose that F and G have
the same univariate marginals; that is, suppose that both belong to M(F}, F»)
for some univariate distribution functions F} and F5. If

F(x1,22) < G(x1,29) for all z; and zo, (9.A.3)

then we say that (X7, Xs) is smaller than (Y1,Y2) in the PQD order (de-
noted by (X1, Xs2) <pgp (Y1,Y2)). Sometimes it will be useful to write this
as F' <pgp G. Using the assumption that F' and G have the same univariate
marginals, it is easy to see that (9.A.3) is equivalent to

F(z1,72) < G(w1,22) for all 71 and 5.

Note that for random vectors (X1, X5) and (Y7, Y2), with distribution func-
tions in M(F}, F»), we have

(X1,X2) <pgp (Y1,Y2) <= (X1, X2) <u (Y1,Y5)

and
(X1,X2) <pgp (11,Y2) <= (X1,X2) >10 (Y1,Y2);

see (6.G.1) and (6.G.2) in Section 6.G.1. The reader should notice, however,
that in (6.G.1) and (6.G.2) it is not required that (X1, X2) and (Y7, Y2) have
the same marginals. Therefore, whereas the upper and lower orthant orders
measure the size (or the location) of the underlying random vectors, the PQD
order measures the amount of positive dependence of the underlying random
vectors.

From (9.A.2) it is seen that F' is PQD if, and only if|
F! <pqp F.

By Hoeffding’s Lemma (see Lehmann [343, page 1139]) we see that if
(X1, X2) and (Y1,Y3) have distributions F' and G in M(Fy, Fy), then
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COV X17X2 / / I‘l,l'g Fl({El)FQ(.’EQ)]dIEldIEQ

and
Cov Yl,YQ / / ZL’1,IE2 Fl(xl)FQ(xg)}delde,

provided the covariances are well defined. It thus follows from (9.A.3) that if
(X1, X2) <pqp (Y1,Y2), then

Cov(X1, X2) < Cov(Y1,Ys), (9.A.4)
and therefore, since Var(X;) = Var(Y;), i = 1,2, we have that
PX1,X2 < PY1,Y2s

where px, x, and py, y, denote the correlation coefficients associated with
(X1, X2) and (Y1, Y3), respectively, provided the underlying variances are well
defined. Yanagimoto and Okamoto [570] have shown that some other corre-
lation measures, such as Kendall’s 7, Spearman’s p, and Blomquist’s ¢, are
preserved under the PQD order. The inequality (9.A.4), and the monotonicity
of other correlation measures under the PQD order, can also be obtained as
corollaries from (9.A.17) below.

Let (X1, X5) and (Y1,Y3) be random vectors with distribution functions
F and G. If (Xl,Xg) SPQD (Yl,YQ), then

F(z1,72) < G(xy,m2) for all 7 and 3,
and
P{X; > x1,Xs < a9} > P{Y] >2x1,Ys < a5} forall 27 and xs.
Therefore
P{X5 > @’Xl > a1} < P{Ys > xg‘Yl > 1} for all 1 and o,
and
P{X, < Z‘Q’Xl >ax1} > P{Y2 < x2|Y1 > 1} for all 21 and xs.

Thus, for all 1 we have

0
E[X2|X1 > 331] = —/ P{X2 < .rg‘Xl > a:l}dxg
—o0

+/ P{X2 > 19| X7 > iEl}dIQ
0

IN

0
—/ P{ng < $2’Y1 > xl}dl‘g
—o0

+/ P{i/g > .TZQ’Yl > 3?1}(11‘2
0

= E[Y2|Y1 > .’ﬂl].
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For random vectors (Xi,X2) and (Y7,Y3) with distribution functions in
M(Fy, F»), the condition

E[X2|X1 > 21] < E[Y2|V1 > x1] for all a4 (9.A.5)

can be used to define a positive dependence stochastic order. Such an order is
discussed in Muliere and Petrone [405]. We see that if (X7, X2) <pqgp (Y1, Y2),
then (9.A.5) holds.

Let Fy, and Fy denote the Fréchet lower and upper bounds in the class
M(F}y, F,). Then, for every distribution F € M(Fy, F5) we have

Fy, SPQD F SPQD Fy. (9A6)

9.A.2 Closure properties

A powerful closure property of the PQD order is given in the next theorem.

Theorem 9.A.1. Suppose that the four random vectors (X1, Xs2), (Y1,Y2),
(U17U2)7 and (‘/13 ‘/2) satzsfy

(X1,X2) <pgp Y1,Y2) and (U1,Us) <pqp (V1,V2), (9.A.7)

and suppose that (X1, X2) and (U1, Us) are independent, and also that (Y1, Y5)
and (V1,V3) are independent. Then

(6(X1,U1),¥(X2,Us)) <pqp (6(Y1, V1), (Yz, V2)),
for all increasing functions ¢ and . (9.A.8)

Proof. From the monotonicity of ¢ and 1 it follows that the set {(uy,uz) :
d(x1,u1) < a1,¥(za,uz) < as} is a lower quadrant for all 1, xo, a1, and as.
Therefore, for all a; and as we have

P{p(X1,U1) < a1,4(X2,Uz) < as}
= // P{$(X1,u1) < a1, (Xa,uz) < ag}dH (u1,uz)

< // P{o(Y1,u1) < a1, (Y2, u2) < as}dH (u1, uz2)
= P{o(Y1,U1) < a1,¥(Ys,Usz) < as},
where H is the distribution function of (U, Uz). Thus,
(6(X1,U1),¥(X2,Us)) <pqp (¢(Y1,U1), (Y2, Uz)),
for all increasing functions ¢ and 1. (9.A.9)
In a similar manner one can show that
(6(Y1,Un),¥(Y2,Uz)) <pqp (¢(Y1,V1),%(Y2, V2)),
for all increasing functions ¢ and #. (9.A.10)
From (9.A.9) and (9.A.10) one obtains (9.A.8). O
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In particular, if (9.A.7) holds, then
(X1 4+ U1, X2+ Us) <pgp (Y1 +V1,Y2 + V2), (9.A.11)

that is, the PQD order is closed under convolutions. From Theorem 9.A.1 it
also follows that

(X1,X2) <pgp (Y1,Y2) = (¢(X1),%(X2)) <pqp (¢(Y1),¥(Y2)),

for all increasing functions ¢ and .
The closure properties that are stated in the next theorem are easy to
verify.

Theorem 9.A.2. (a) Let {(XV), X)), j =1,2,...} and {(V}\?, V7)), j =
1,2,...} be two sequences of random wvectors such that (ij),Xéj)) —>st
(X1, X2) and (Yl(j),Yz(j)) —st (Y1,Y2) as j — oo, where —; denotes con-
vergence in distribution. If (ij),Xéj)) <pq@D (Yl(j),Yz(j)), i=12...,
then (Xl,XQ) SPQD (Yl,}/g)

(b) Let (X1, X3), (Y1,Y2), and © be random vectors such that [(X1, X3)|@ =
0] <pgp [(Yl,Yg)‘@ = 0] for all 8 in the support of ©. Then (X1, X2)
<pgp (Y1,Y2). That is, the PQD order is closed under miztures.

Fang, Hu, and Joe [191] applied the idea of the PQD order to stationary
Markov chains and showed that, if the process is stochastically increasing,
then dependence (in the sense of the PQD order) is decreasing with the lag,
namely, if {X7, Xs,...} is a Markov chain and X is distributed according to
F and if (X1, X,,) is distributed according to Fi,, n = 2,3,..., then

Fia >pqp Fi3 >pap -+ >pap Fin >pqp - >pqp F?, (9.A.12)

where F®)(z,y) = F(x)F(y). See also Remark 9.A.29 below.
Another example is the following.

Example 9.A.3. Let ¢ and 9 be two Laplace transforms of positive random
variables. Then F' and G, defined by

F(x1,22) = ¢(¢™ (1) + ¢ (22)), (z1,22) € [0,1]?,

and
Gy1,y2) = V(W 1) + ¥ (y2)), (y1.92) € [0,1)7,

are bivariate distribution functions with uniform|0, 1] marginals (such F' and
G are called Archimedean copulas). Let (X1, X2) and (Y1, Y3) be distributed
according to F' and G, respectively. Then (Xi,Xs) <pqp (¥1,Y3) if, and
only if, 1~1¢ is superadditive (that is, v ~1é(x +y) > Y 1o(x) + v~ Lo (y)
for all z,3y > 0). Also, if ¢ !¢ has a completely monotone derivative, then
(X1,X2) <pgp (11,Y2).
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9.A.3 The multivariate case

Let X = (X1, Xo,... 7;)(") be a random vector with distribution function F'
and survival function F. Let Y = (Y1,Y5,...,Y},) be another random vector
with distribution function G and survival function G. If

F(x) < G(z) for all x, (9.A.13)

and - o
F(x) < G(z) for all x, (9.A.14)

then we say that X is smaller than Y in the PQD order (denoted by X <pqp
Y'). From (9.A.13) and (9.A.14) it follows that only random vectors with the
same univariate marginals can be compared in the PQD order.

From (9.A.13) and (9.A.14) it follows that

X SPQD Y = {X <w Y and X >, Y} (9A15)

An extension of Theorem 9.A.1 to the general multivariate case is the
following. The proof of Theorem 9.A.4 is a straightforward extension of the
proof of Theorem 9.A.1, and therefore it is omitted.

Theorem 9.A.4. Suppose that the four random vectors X = (X1, Xa,...,
X,),Y = V,Ys,....Y,), U = (Uy,Us,...,U,), and V = (V1,Va,..., V)
satisfy

X <pqpY and U <pqp V, (9.A.16)

and suppose that X and U are independent, and also that' Y and V are
independent. Then

(61(X1,U1), p2( X2, Uz), - - s 60 (X0, Un))
<pqp (01(Y1, V1), 2(Y2, V2), ..o, n (Y, Vi),
for all increasing functions ¢;, i =1,2,...,n.

In particular, if (9.A.16) holds, then
X+U SPQD Y + V7

that is, the PQD order is closed under convolutions. Also, from Theorem 9.A .4
it follows that

(X1, Xa,..., Xp) <pqp (Y1,Y2,...,Y,)
= (01(X1), 92(X2), - -, On(Xn)) <pqp (61(Y1), 92(Y2), ..., ¢n(Yn)),
for all increasing functions ¢;, 1 = 1,2,...,n.

The closure properties that are stated in the next theorem are easy to
verify.
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Theorem 9.A.5. (a) Let X1, Xo,..., X, be a set of independent random
vectors where the dimension of X; isk;, 1=1,2,....m. Let Y1,Yo,...,
Y .. be another set of independent random vectors where the dimension of
Y,isk;,i=12,... m. If X; <pqp Y; fori=1,2,...,m, then

(X1, X2,...,Xm) <pgp (Y1,Y2,...,Y ).

That is, the PQD order is closed under conjunctions.

(b) Let X = (X1, X2,...,Xy) andY = (Y1,Ya,...,Y,) be two n-dimensional
random wvectors. If X <pqp Y, then X; <pqp Y1 for each I C
{1,2,...,n}. That is, the PQD order is closed under marginalization.

(c) Let {X;,7=1,2,...} and{Y;,j=1,2,...} be two sequences of random
vectors such that X; —g X and Y; —g Y as j — 00, where —g
denotes convergence in distribution. If X; <pqp Y, j = 1,2,..., then
X <pqp Y.

(d) Let X, Y, and © be random vectors such that [X|© = 6] <pqp [Y|O =
0] for all @ in the support of @. Then X <pqp Y. That is, the PQD
order is closed under mixtures.

From Theorem 9.A.5(b) and (9.A.4) it follows that if (X1, Xa,..., X))
<pgp (Y1,Y2,...,Y,), then, for all 41 # i2, we have that

Cov(X;,,X;,) < Cov(Y;,,Y;,).
Since the univariate marginals of X and Y are equal, it also follows that
PXiy Xiy < PYiy Yy

where px, | Xy and PY;, Y, denote the correlation coefficients associated with
(X, X5, ) and (Y;,,Y, )7 respectively, provided the underlying variances are
well defined. Joe [260] has shown that some multivariate versions of the corre-
lation measures Kendall’s 7, Spearman’s p, and Blomquist’s ¢, are monotone
with respect to the PQD order.

Another preservation property of the PQD order is described in the next
theorem. In the following theorem we define 22:1 x; = 0 for any sequence
{z;, 7 =1,2,...}. Similar results are Theorems 6.G.7 and 9.A.15.

Theorem 9.A.6. Let X; = (X;1,Xj2,...,X;m), j = 1,2,..., be a se-
quence of nonnegative random vectors, and let M = (My, Ms, ..., M,,) and
N = (N1, No,...,N,,) be two vectors of nonnegative integer-valued ran-
dom wvariables. Assume that both M and N are independent of the X;’s.
IfM SPQD N, then

M,

M, Ny Ny N,
(ZX,17ZX]27"~7ZXj,m) SPQD (ZXj,lszj’Qp..,ZXj’m).
=1 j=1 j=1 =
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Consider now, as in Section 6.B.4, n families of univariate distribu-
tion functions {Géz), 0 € X;} where X; is a subset of the real line R,
1 =1,2,...,n. Let X;(f) denote a random variable with distribution func-
tion th), 1 =1,2,...,n. Below we give a result which provides comparisons
of two random vectors, with distribution functions of the form (6.B.18), in
the PQD order. The following result is obtained easily from Theorem 6.G.8;
see Theorems 6.B.17, 7.A.37, and 9.A.15 for related results.

Theorem 9.A.7. Let {G‘(gl), 0eX},i=1,2,...,n, be n families of univari-
ate distribution functions as above. Let @1 and @2 be two random vectors
with supports in [[;_, X; and distribution functions Fy and Fy, respectively.
Let Y, and Y5 be two random vectors with distribution functions Hy and Hy
given by

Hj(ylvaa"'ayn) :/ / / HGéi)(yl)dF](01702370n)7
X1 J X X,

n =1

(y17y27"~ayn) ER”7 7 =12

If
X;(0) < X;(0") whenever 6 <0', i=1,2,...,n,
and if
©; <pqp O2,
then
Y, <pqp Yo.

Example 9.A.8. Let X be an n-dimensional random vector with a density
function f of the form

f(@) = |27 2g(a2 ),
where X = (0y;) is a positive definite n x n matrix, and g satisfies fooc rn=l
g(r?)dr < oo. Such density functions are called elliptically contoured. Let Y
be an n-dimensional random vector with a density function h of the form

h(z) = A7 2g(xA 2),

where A = (\;;) is a positive definite n x n matrix. If o;; = A5, 1 =1,2,...,n,
and o;; < Ag;, 1 <@ < j < n, then

X SPQD Y.

In particular, multivariate normal random vectors with mean 0 and the same
variances are ordered in the PQD order if their covariances are pointwise
ordered.
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9.A.4 The supermodular order

The supermodular order, which is described in this subsection, is a sufficient
condition that implies the PQD order, but it is also of independent interest.

Recall from Section 7.A.8 that a function ¢ : R™ — R is said to be super-
modular if for any x,y € R™ it satisfies

d(x) + o(y) < p(xAy) + d(zVy),

where the operators A and V denote coordinatewise minimum and maximum,
respectively. Note that if ¢ : R™ — R is supermodular, then the function
¥, defined by ¥ (z1,xa, ..., x,) = d(g1(x1),92(x2), - - ., gn(xy)), is also super-
modular, whenever g; : R — R, ¢ = 1,2,...,n, are all increasing or are all
decreasing.

Let X and Y be two n-dimensional random vectors such that

E[¢(X)] < E[¢p(Y)] for all supermodular functions ¢ : R" — R,

provided the expectations exist. Then X is said to be smaller than Y in the
supermodular order (denoted by X <, Y).

Since the functions ¢g = I{y.ysqe) and ¥z = I{y.y<q) are supermodular
for each fixed x, it is immediate that

These implications also follow from Theorem 6.G.2 and (9.A.15) since every
n-dimensional (n > 2) distribution function, and any n-dimensional survival
function, are supermodular functions. In fact, when n = 2 we have that

(X1, X2) <em (1, Y2) <= (X1, X2) <pqp (Y1,Y2); (9.A.18)

see, for example, Tchen [547]. From (9.A.17) it is seen that if X <q, Y, then
X and Y must have the same univariate marginals.

Some closure properties of the supermodular order are described in the
next theorem.

Theorem 9.A.9. (a) Let (X1, Xo,...,X,) and (Y1,Ys,...,Y,) be two n-
dimensional random wvectors. If (X1,Xo,...,Xpn) <sm (Y1,Y2,...,Y),
then

(91<X1)a92(X2)7 s agn<X7l)) <sm (gl (Yl)’g2(}/2>7 ce 7gn(Yn))

whenever g; : R —- R, i =1,2,...,n, are all increasing or are all decreas-
mg.

(b) Let X1,Xo,..., X be a set of independent random vectors where the
dimension of X; is ki, i = 1,2,...,m. Let Y1,Yo,..., Y, be another
set of independent random vectors where the dimension of Y; is k;, i =
1,2,....om. If X; <sm Y, fori=1,2,...,m, then

(XlaX27"'7X7n) Ssm (Y15Y2?"'7Ym)'

That is, the supermodular order is closed under conjunctions.
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(c) Let X = (X1, X2,...,Xp) andY = (Y1,Ya,...,Y,) be two n-dimensional
random vectors. If X <¢ Y, then X1 <¢n Y for each I C {1,2,...,n}.
That is, the supermodular order is closed under marginalization.

(d) Let X, Y, and © be random vectors such that [X|@ = 0] <sm [Y|@ =
0] for all 8 in the support of @. Then X <, Y. That is, the supermod-
ular order is closed under miztures.

(e) Let {X;,7=1,2,...} and {Yj, j =1,2,...} be two sequences of random
vectors such that X ; —¢ X andY j —4 Y as j — oo, where —g; denotes
convergence in distribution. If X; <¢n Y, 5=1,2,..., then X < Y.

Proof. Part (a) follows from the fact that a composition of a supermodu-
lar function with coordinatewise functions, that are all increasing or are all
decreasing, is a supermodular function.

In order to see part (b) let X1 and X5 be two independent random vectors,
and let Y; and Y5 be two other independent random vectors. Suppose that
X1 <gm Y and that X5 <g,, Y. Then, for any supermodular function ¢
(of the proper dimension) we have that

E¢(X1,X,) = E[E¢(X1,X2)| X 5]
< E[E¢(Y1,X>2)|X,]
= E¢(Y1,X>)
S E¢(Y17 YQ)a
where the first inequality follows from the fact that ¢(x1, x2) is supermodular
in &1 when x5 is fixed, and the second inequality follows in a similar manner.
Part (b) of Theorem 9.A.9 follows from the above by induction.

Parts (c) and (d) are easy to prove. A proof of part (e) can be found in
Miiller and Scarsini [416]. O

From parts (a) and (d) of Theorem 9.A.9 we obtain the following corollary.

Corollary 9.A.10. Let X = (X1,Xo,...,X,) and Y = (Y1,Ya,...,Y,) be
two random vectors such that X <gn Y, and let Z be an m-dimensional
random vector which is independent of X and 'Y . Then

(h1(X1,2),ha(Xo, Z), ..., hy(Xp, Z))
<em (M(Y1,2),ho(Ys, Z), ..., hpy(Yn, Z)),

whenever h;(x,z), 1 =1,2,...,n, are all increasing or are all decreasing in
for every z.

Example 9.A.11. Let X and Y be two n-dimensional random vectors such
that X <;,, Y, and let Z be an n-dimensional random vector which is inde-
pendent of X and Y. Then from Corollary 9.A.10 it follows that

XNZ<imYNZ,

and that
X+Z< Y +Z.



9.A The PQD and the Supermodular Orders 397

By applying Corollary 9.A.10 twice (letting Z there be an n-dimensional
random vector, and letting each h; depend only on its first argument and
on the ith component of the second argument, i = 1,2,...,n), we get the
following result.

Theorem 9.A.12. Let X, Y, Z, and W be n-dimensional random vectors
such that X and Z are independent and Y and W are independent. Let
¢; : [0,00)2 — [0,00) be a continuous increasing function, i = 1,2,...,n. If
X <n Y and Z <gnw W, then

(c1(X1,Z1),c2(X2, Z2),...,cn(Xn, Zn))
Ssm (cl(YVh W1)7C2(Yv27 W2)7 ) Cn(Y'ru Wn))

Ezxample 9.A.13. Let {Xk = (Xk:,la .. .,ka), k> O} and {Yk = (Yk71, e,
Y n), k> 0} be two Markov chains as described in Example 6.G.6. If the g;’s
are increasing in their m + 1 arguments, if U' = {Uﬁc, k>0}1=1,...,m,
are independent, if V! = {Vﬁ€7 k >0}, 1=1,...,m, are independent, and if
UfC <em Vfg, l=1,...,m, k>0, then, for each k£ > 0 we have

(X0, Xk) <sm (Yo,...,Yy).

The proof uses Theorem 9.A.12, Corollary 9.A.10, and Theorem 9.A.9(b). We
omit the details.

Another preservation property of the supermodular order is described in
the next theorem. In the following theorem we define 22:1 z; = 0 for any
sequence {z;, j =1,2,...}. Similar results are Theorems 6.G.7 and 9.A.6.

Theorem 9.A.14. Let X; = (X;1,Xj2,...,Xjm), j = 1,2,..., be a se-
quence of nonnegative random vectors, and let M = (My, Ms, ..., M,,) and
N = (N1, Ns, ...,N,,) be two vectors of nonnegative integer-valued ran-
dom wvariables. Assume that both M and N are independent of the X;’s.
If M <¢, N, then

M,

(ZXJ,ZXQ,.. ZX) <om (ZXJ,ZXQ,...,J%?ij)

Proof. Let ¢ be a supermodular function. Conditioning on the possible real-
izations of (X1, Xo,...) we can write

M,

(L L 2
S CITO 9ETIH SRV 9 T S
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Now, it is easy to see that for any realization (x1,xs,...) of (X1,X2,...),
the function ¢, defined by ¥ (n1,ns,...,nm) = ¢( ?;1 zj1, Zyil Tjo, ...,
Z?;‘l xj,m), is supermodular. Therefore, since M <, IN, we have that

Mo My,

E[a&(%Xj,l,ZXm, . .,ijym)](xl,xg, )= (@)
j=1 j=1 j=1

Ny Ny N,
<Elo(Y X Xy Xy ) [(X1, Xa, ) = (@2, )]
=1 = i=1

and thus

M, M,

E[qﬁ(%XJ,ZXj,Q,...,me)}
j=1 j=1 j=1
Ny Ny Nom
<E{E[QS(ZX]-J,ZX]-,Q,...,Zijm)‘(Xl,Xg,...)]}
"~ "~ N - No N
:E{qs(ZXj,l,ZXj,Q,...,ij,m)}. 0
j=1 j=1 j=1

Consider now, as in Section 6.B.4, n families of univariate distribu-
tion functions {G‘(gz)7 0 € X;} where X; is a subset of the real line R,
i =1,2,...,n. Let X;(#) denote a random variable with distribution func-
tion Gél), 1 =1,2,...,n. Below we give a result which provides comparisons
of two random vectors, with distribution functions of the form (6.B.18), in
the supermodular order. The following result is a generalization of Theorem
9.A.9(d); see Theorems 6.B.17, 6.G.8, 7.A.37, and 9.A.7 for related results.

Theorem 9.A.15. Let {G((f), 0 e X}, i=1,2,...,n, be n families of uni-
variate distribution functions as above. Let @1 and @5 be two random vectors
with supports in H?:l X; and distribution functions Fy and Fy, respectively.
Let Y1 and Y o be two random vectors with distribution functions Hy and Hs
given by

Hj(ylvaa"'ayn) :/ / / HGéi)(yl)dFj(ahg%aan)v
Xy J X X,

n =1
(Y1,Y2,...,yn) ER", j=1,2.
If
X;(0) <g Xi(0") whenever 0 < ¢, i=1,2,...,n,

and if
@1 Ssm @2;
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then
Yl Ssm Y2~
Before stating the next result, it is worthwhile to mention that from Propo-
sition 7.A.27 it follows that
X <m Y = X <gir-ex Y-

The following result may be compared with Theorems 6.G.10 and 7.A.30.

Theorem 9.A.16. Let X and Y be two random vectors. If X <¢n Y, then
A(X) <iex O(Y) for any increasing supermodular function ¢ : R™ — R.

A consequence of Theorem 9.A.16, that is useful in queuing theory, is
described in the following example.

Example 9.A.17. Let {A4;}52, be a sequence of random variables, and let ¢ be
some constant. Define inductively

Qo=¢ Qi1 =[Qi+A —d4, i=12,...,

for some fixed ¢. Similarly, let {A[}5°, be another sequence of random vari-
ables, and define inductively

Q=q Qi =[Qi+A—c4, i=12,...

If (A(), Al; ey Az) Ssm (A6, A/17 ey A;) for all i = 1, 27 oy then Q,L Sicx Q;
for all @ = 1,2,.... In fact, the above result holds even if Qo and Qj are
random variables satisfying Qo <icx Q-

As a particular case of Theorem 9.A.16 we have that
n n
(X1, X2,y Xn) Sam (Y1, Y2, ., Y0) = ) Xi <o D Y: (9.A.19)
i=1 i=1

(since X <, Y = EX =LEY).

A related result is the following. It shows that the larger in the supermod-
ular order a random vector is, the “closer” are its coordinates in the proper
stochastic sense.

Theorem 9.A.18. Let (X1, X2) and (Y1,Y2) be two random vectors. If (X1,
X5) <em (Y1,Y2) (that is, (X1, X2) <pqp (Y1, Y2); see (9.A.18)), then

Y1 — Y2 <ex X1 — Xo.
Proof. Let ¢ be a univariate convex function. Then the function 1, defined
by
Y(z1,w2) = —d(x1 — 72),

is easily seen to be supermodular. Thus E¢(Y; — Ys) < E¢(X; — X3). This
proves the inequality. O
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A consequence of Theorem 9.A.14 and (9.A.19) is described in the following
example.

Example 9.A.19. Let X1, Xa,... and Y1,Y>,... be two sequences of random
variables. Let N7 and N5 be two independent and identically distributed pos-
itive integer-valued random variables independent of the X;’s and of the Y;’s.

Then
Ny

Ny Ny
DX+ Y Vi< Y (Xi+ Vi)
i=1 i=1 i=1
In order to see it, note that (N1, N2) <gm (N1, N1), and use Theorem 9.A.14
and (9.A.19). This proof was communicated to us by Taizhong Hu.

An interesting example in which the supermodular order arises naturally
is the following. See also Examples 6.B.29, 6.G.11, 7.A.13, 7.A.26, 7.A.39, and
7.B.5.

Example 9.A.20. Let X be a multivariate normal random vector with mean
vector 0 and variance-covariance matrix X, and let Y be a multivariate nor-
mal random vector with mean vector 0 and variance-covariance matrix X'+ D,
where D is a matrix with zero diagonal elements such that X + D is non-
negative definite. Then X <, Y if, and only if, all the entries of D are
nonnegative.

The supermodular order can be used to bound some quite general random
vectors. This is shown in the next three theorems. The proofs of the these
theorems are omitted. Theorem 9.A.21 can be considered to be an extension
of the right-hand side of (9.A.6).

Theorem 9.A.21. Let X = (X1, Xo,...,X,,) be a random vector and let Fx,
be the marginal distribution of X;, i = 1,2,...,n. Then, for a uniform|0,1]
random variable U we have that

X <an (Fx, (U), Fx, (U),.... Fx (U)),
and therefore

X <pqp (Fx, (U), Fx, (U),..., Fx (U)).

n

In particular, if the X;’s in Theorem 9.A.21, marginally, have the same
(univariate) distribution function, then

X Ssm (XlaXh e 7X1)a

and therefore
X <pqgp (X1,X1,...,X1).

Combining (9.A.19) and Theorem 9.A.21 it is seen, using the notation of
Theorem 9.A.21, that
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X1+ X+ + X, <o F(U)+ F(U) 4+ -+ FXH(U). (9.A.20)

A more detailed result is described next. Let X1, Xo,...,X,,, Z, and U be

random variables, where U has the uniform[0, 1] distribution. Let F ;}l ,(U)
denote the random variable ¢;(U,Z), where g; is defined by g;(u,z) =
Filgo,(w),i=12,...n

Proposition 9.A.22. Let X = (X3, Xo,...,X,) be a random vector, and let
Fx, be the marginal distribution of X;, i = 1,2,...,n. Let Z and U be two
other random wvariables, such that U has a uniform|0,1] distribution, and is
independent of Z. Then

X1+ X+ 4+ X, <ex F;jIZ(U) + ngl‘Z(U) 4+ F F;le(U)
<ex Fx'(U)+ Fx}(U) + -+ F5'(U). (9.A.21)

Proof. From (9.A.20) it is seen that for any convex function ¢ we have (below
Fy7 denotes the distribution function of Z)

Elp(X1 + -+ + Xy)]

= /_oo Elp(X1 + -+ X,)|Z = 2]dFy(2)

< [ B )+ B ()] 2 = aFa()
= E[p(Fy! ,(U) + -+ Fx! 1 (U))],

and the first inequality in (9.A.21) follows.

Next, note that the random vector (Fgle(U),F);:‘Z(U),. FZt (1))

has the same marginals as (X1, Xs,..., X, ) because
P(X;<zx)= / P(X; < x‘Z = 2)dFyz(z)

— 00

— /_ - P(F ) ,—.(U) < 2)dFz(2)

:P(F};illz(U) <z), —oo<z<oo,i=1,2,...,n,

and the second inequality in (9.A.21) therefore follows from (9.A.20). O

The next result has been motivated by the desire to generalize and unify
Theorems 3.A.34 and 4.A.17. Recall the definition of negative association in
(3.A.54). If the inequality (3.A.54) is reversed, that is, if the random variables
X1, Xo, ..., X, satisty

COV(hl(Xil,Xiz, [N 7Xik)7 hg(le,ij, PN Xjn—k)) Z 0 (9A22)

)

for all choices of disjoint subsets {i1,io,...,4x} and {ji,42,...,Jn—k} Of
{1,2,...,n}, and for all increasing functions h; and hs for which the above
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covariance is defined, then X7, X5,..., X, are said to be weakly positively
associated.

Theorem 9.A.23. Let X = (X1, Xo,...,X,) be a random vector, and let
Y = (N, Ys,...,Y,) be a vector of independent random variables such that,
marginally, X; =« Y;, 1 =1,2,...,n.

(a) If X1, Xo, ..., X, are weakly positively associated, then X >¢, Y.
(b) If X1, Xo, ..., X, are negatively associated, then X <¢n Y.

A result that is stronger than Theorem 9.A.23 is given in Section 9.E
below; see details in Remark 9.E.9.

Combining Theorem 9.A.23 with Theorem 9.A.16 (and using the fact
that positive association implies weak positive association) one obtains The-
orems 3.A.34 and 4.A.17 (for the latter, note that the function ¢(z) =

k . .
maxi<p<n » ;_; L is increasing and supermodular).

Theorem 9.A.24. Let X = (X1,Xs,...,X,) be a vector of nonnegative
random variables, and let F; denote the marginal distribution of X;, 1 =
1,2,...,n. Suppose that

XR:E(O) <1

Then there exists a unique random vector Y = (Y1,Ya,...,Y,) with marginal
distributions F;, i = 1,2,...,n, such that

P{Y;>0,Y; >0} =0 foralli#j, (9.A.23)

and this Y satisfies
Y <gm X.

The following result strengthens Theorem 7.A.38; the terminology that is
used there is also used in the theorem below.

Theorem 9.A.25. Let the random vectors X = (X1,Xs,...,X,) and Y =
(Y1,Ys,...,Y,) have the respective copulas Cx and Cy. Let Ux and Uy be
distributed according to Cx and Cy. If X; < Yi, 1 =1,2,...,n, if Ux <gn
Uy, and if Uy is CI, then X <girex Y -

Ezxample 9.A.26. Let Z1, Zs, ..., Z, be a collection of independent and identi-
cally distributed random variables, let Uy, Us, ..., U, be another collection of
independent and identically distributed random variables, and let V' be still
another random variable that is independent of the U;’s. Consider the random
vectors Y and X defined as

(H,}@,...,Yn) = (91(21)792(Z2)7'"7gn(Zn))
(X1, Xo,..., X)) = (G1(U1, V), 52U, V), ..., gn (U, V),

where ¢g; : R — R and §; : R? — R are measurable functions that satisfy
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9i(Zi) =s¢ 9:(Ui, V), i=1,2,...,n.

If g; is increasing in its second variable, i = 1,2, ..., n, then it is known that for
fixed values uy,ug,...,u, of Uy, Us,...,U, we have that g1(ui, V), g2(uz, V),
.y gn(un, V) are weakly positively associated. Thus, for a supermodular func-
tion ¢ : R” — R we have (here Vq,V5,...,V,, are independent copies of V)
E¢(X1; X27 o 7Xn)
= E[E[¢(51(U1,V),52(U2,V), ..., gn(Upn, V) |U, Uz, ..., Uy]]
2 E[E[¢(§1(U17 m)agQ(U27 ‘/2)7 .. 7§n(Un7 Vn))|U17 U27 ey Un]]
= Ed)(Yh}/Q? s 7Y’n)7
where the inequality follows from Theorem 9.A.23. Thus ¥ <y, X.

Ezample 9.A.27. Let 2 = {ay,aa,...,an} be a finite population. Let X7, X5,
..., X, be a sample without replacement of size n < N from (2; that is,

1
’xn)}:N(N—l)-~-(N—n+1)’

(z1,29,...,2,) € 27",

P{(Xl,XQ,...,Xn) = (16171'2,...

provided all the x;’s comprise different elements of (2. Let Y1,Y5,...,Y,, be a
sample with replacement of size n from {2; that is,
1

P{(YleQ) .. )Y’n) - (SCl,CUQ, e 7xn)} = W;

(z1,22,...,2,) € 2™

Then (X17X23 s aXn) Ssm (Yla)/27' . 7Yn)

Ezxample 9.A.28. Let ¢ and ¥ be two Laplace transforms of positive random
variables. Then F' and G, defined by

F(z1,32, ..., 20) = (¢ (1) + ¢~ (w2) + -+ ¢~ (z0)),
(z1,22,...,2,) €10,1]",

and

Gy, Y2, yn) = 0@ (1) + ¥ Hy2) + -+ ¥ Hyn)),
(ylvaa DR yn) S [07 1]11’

are multivariate distribution functions with uniform[0, 1] marginals (see Ex-
ample 9.A.3). Let X = (X1, X5,...,X,) and Y = (Y1,Ys,...,Y,) be dis-
tributed according to F and G, respectively. If ¢~ !4 has a completely mono-
tone derivative, then X <y, Y.

Hu, Xie, and Ruan [241] described various sets of conditions under which
two multivariate Bernoulli random vectors are ordered with respect to the
supermodular order.
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Remark 9.A.29. Hu and Pan [239] elegantly extended (9.A.12) to the super-
modular order. They also identified conditions under which any n correspond-
ing values of two stationary Markov chains are comparable in the order <gp,.
See also Miyoshi and Rolski [398].

9.B The Orthant Ratio Orders

Some multivariate stochastic orders, that compare the “location” or “mag-
nitude” of two random vectors, may be thought of as stochastic orders of
positive dependence if the compared random vectors have the same univari-
ate marginal distributions. For example, in the bivariate case, when this is the
situation, the orthant orders <,, and <), (see Section 6.G.1) become the or-
der <pqp, or, equivalently (see (9.A.18)), the order <gy. On the other hand,
some multivariate location orders do not give anything meaningful once the
marginals are held fixed. For instance, the usual multivariate stochastic or-
der < can order two random vectors, with marginals that are stochastically
equal, only if they have the same distributions (see Theorem 6.B.19).

In this section we study, among other things, some stochastic orders of
positive dependence that arise when the underlying random vectors are or-
dered with respect to some multivariate hazard rate stochastic orders that
were discussed in Section 6.D, and have the same univariate marginal distri-
butions.

9.B.1 The (weak) orthant ratio orders

Let X = (X1,Xs,...,X,) and Y = (Y1,Ys,...,Y,) be two random vectors
with respective distribution functions F' and G, and with survival functions
F and G. We suppose that F' and G belong to the same Fréchet class; that
is, have the same univariate marginals.

We say that X is smaller than Y in the lower orthant decreasing ratio
order (denoted by X <joar Y or F <joqy G) if

F(y)G(x) > F(x)G(y) whenever x < y. (9.B.1)

This is equivalent to
G . L
—— is decreasing in « € {x : G(x) > 0}, (9.B.2)

where in (9.B.2) we use the convention a/0 = co whenever a > 0. Note that
(9.B.2) can be written equivalently as

F(z —u) < Gz —u)

Flz) — Gz) ~’

u>0, x€{x: Flx)>0}Nn{z: G(x)> 0},
(9.B.3)
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and it is also equivalent to

(X —z|X <] >, [Y —2|Y <z], zc{z:F(z)>0}n{r:G(z) >0}
(9.B.4)
Note that from (9.B.2) it follows that {x : F(x) > 0} C {x : G(x) > 0}.
Thus, in (9.B.3) and (9.B.4) we can formally replace the expression {x :
F(z) > 0} n{x: G(x) > 0} by the simpler expression {x : F(x) > 0}.
We say that X is smaller than Y in the upper orthant increasing ratio
order (denoted by X <uoir Y or F <yoiy G) if

F(y)G(z) < F(z)G(y) whenever x < y. (9.B.5)

This is equivalent to

Ql

(x

is increasing in « € {x : G(x) > 0},

ol

(x

where here, again, we use the convention a/0 = co whenever a > 0. Note that
the above can be written equivalently as

and it is also equivalent to

(X —z|X > < [Y —2|Y >z], z€ {z: F(x)>0}n{z: G(z) > 0}.
(9.B.7)

Formally the expression {x : F(z) > 0} N {x : G(x) > 0} in (9.B.6) and
(9.B.7) can be replaced by the simpler expression {x : F(x) > 0}.

We note that if X and Y have the same marginals, then X <, Y if,
and only if, X <uu, Y; see (6.D.2).

The two orders <joqr and <,y are closely related, as is indicated in the
next result.

Theorem 9.B.1. Let X = (X1, Xs,...,Xp) and Y = (Y1,Ys,...,Y,) be two
random vectors in the same Fréchet class.

(@) If X <ioar Y, then (¢1(X1), ¢2(X2), -, $n(Xn)) <uoir (¢1(Y1), d2(Y2),
corsOn(Yn)) for any decreasing functions ¢1,da, ..., ¢n. Conversely, if
(61(X1), $2(X2), -+, dn(Xn)) Suoir (#1(Y1), $2(Y2), ..., ¢n(Yn)) for some
strictly decreasing functions ¢1, ¢, ..., ¢n, then X <joqr Y.

(b) If X Suoir Y7 then (¢1(X1)7¢2(X2)7 .. 7¢n(Xn)) Slodr (¢1(Y1)7¢2(Yv2)7
coysOn(Yy)) for any decreasing functions ¢1,da, ..., ¢n. Conversely, if
(¢1(X1)7 ¢2(X2)7 L ¢n(Xn)) <lodr (¢1 (Y1)7 ¢2(}/2)7 EER ¢n(Yn)) fOT some
strictly decreasing functions ¢1, ¢a, ..., ¢0n, then X <yoir Y.

The next result is similar to Theorem 9.B.1, but it involves increasing,
rather than decreasing, functions. It shows that the orders <jpq; and <ueir
are closed under componentwise increasing transformations.
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Theorem 9.B.2. Let X = (X1, Xs,...,X,) andY = (Y1,Ys,...,Y,,) be two
random vectors in the same Fréchet class.

(@) If X <ioar Y, then (¢1(X1), 92(X2),. .., 0n(Xn)) <todr (#1(Y1), p2(Y2),
corysOn(Yn)) for any increasing functions é1, da, ..., ¢n. Conversely, if
(@1(X1), 92(X2), - 0 (Xin)) Stoar (91(Y1), D2(Y2), ..., dn(Yn)) for some
strictly increasing functions ¢1, ¢a, ..., ¢pn, then X <joqr Y.

(b) If X Suoir Y; then (¢1(X1)7¢2(X2)7' . >¢n(Xn)) >uoir ((bl(Yl) (152(}/2)7
co s On(Yn)) for any increasing functions ¢1,¢a, ..., ¢n. Conversely, if
(¢1(X1)7 ¢2(X2)7 ey (bn(Xn)) Suoir ((bl(Yl)a ¢2(}/2)7 ey ¢n(Yn)) f07“ some

strictly increasing functions ¢1, ¢, ..., ¢On, then X <yoir Y -

Since the order <,q;, is equivalent to the order <y, when the compared
random vectors have the same marginals, it follows from Theorem 6.D.4 that
the order <, is closed under conjunctions, marginalization, and convergence
in distribution. Using Theorem 9.B.1 it is seen that also the order <juq, is
closed under these operations.

If X <jpqr Y, then from (9.B.4) it follows that [X|X <z > [Y|Y < x|
for all relevant . Letting @ — —oo it is seen that (9.A.13) holds (with F'
and G being the distributions functions of X and Y, respectively). Similarly,
if X <yoir Y, then (9.A.14) holds. Thus we have that

(X Stoar ¥ and X <y Y ) = X <pap Y.

Example 9.B.3. Recall from page 387 the definition of the Fréchet class
M(F}, F») and the Fréchet lower bound in that class which we denote here by
F~. Suppose that (X7, X2) has a distribution function in M(Fy, Fy). Then
F~ <lodr F and F~ Zuoir F.

Example 9.B.4. Let X and Y be two n-dimensional random vectors with
Marshall-Olkin exponential distributions F' and G with the survival functions
given, for & > 0, by

F(x) = exp{ Z i — Z Niyin (Tiy V T4y )

1<i1<i2<n

—_ e — A12~~n($1 \/1‘2 Vo \/xn)}a

and
G(z) = exp{ Z O;x; — Z Oiyin (T V Tiy)
1<i1<ip<n
— o =bpep(@ Vaa V-V Iﬂn)},
where the M\'s and the 6’s are positive constants. Denote vqg = Ay — 04,

ACH{L,2,...,n}. Then X <,oi Y if, and only if,
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v >0, ie{l,2,... n},
Vi, +Vi1i2 ZO, {il,ig} S {1,2,...,71},
Viy + Vigiy + Vigig + Vivigis > 0,  {i1,42,13} € {1,2,...,n},

and

Z Z/A:O.

A3i
AC{1,2,...,n}

9.B.2 The strong orthant ratio orders

Let X = (X1, Xo,...,X,) and Y = (Y¥1,Y5,...,Y;,) be two random vectors
with respective distribution functions F' and G, and with survival functions
F and G. As in Section 9.B.1, we suppose that F' and G belong to the same
Fréchet class; that is, have the same univariate marginals.

We say that X is smaller than Y in the strong lower orthant decreasing
ratio order (denoted by X <goar Y or F <godr G) if

F(x)G(y) < F(zVy)GyAz), =zycR" (9.B.8)

We say that X is smaller than Y in the strong upper orthant increasing ratio
order (denoted by X <guoir Y or F <guoir G) if

F(x)Gy) < F(xAy)GlyVz), =,ycR" (9.B.9)

We note that if X and Y have the same marginals, then X <guoir Y if,
and only if, X <y, Y; see (6.D.1).

By choosing « < y in (9.B.8) we get (9.B.1), and by choosing & > y in
(9.B.9) we get (9.B.5), that is,

X Sslodr Y =X Slodr and X Ssuoir Y =X Suoir . (9B10)

Thus the orders <gjoqr and <guoir are often useful as a tool to identify random
vectors that are ordered with respect to the orders <j,q, and <yoir.

The two orders <goqr and <guoir are closely related, and are preserved
under componentwise increasing transformations, as is indicated in the next
analog of Theorems 9.B.1 and 9.B.2.

Theorem 9.B.5. Let X = (X1, Xs,...,X,) andY = (Y1,Ys,...,Y,,) be two
random vectors in the same Fréchet class.

(a) If X <gloar Y, then (¢1(X1), ¢2(X2), .-, 9n(Xn)) Ssuoir (¢1(Y1), P2(Y2),
0 (Yy)) for any decreasing functions ¢1,¢2,...,¢n. On the other

hand, if (61 (X1), 63(Xs),s -, dn(Xn)) Ssuoir (01(Y1)s 62(Ya), -+ dn(Ya)

for some strictly decreasing functions ¢1,da, ..., ¢on, then X <goar Y.
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(b) IfX gsuoir Y: then (¢1(X1)1 ¢2(X2)a sy ¢n(Xn)) gslodr ((bl(yl)v ¢2(}/2)7
corysOn(Yy)) for any decreasing functions ¢1,pa, ..., ¢n. On the other
hand7 Zf (¢1 (X1)7 ¢2(X2)) MR ¢TL<X7I)) Sslodr (¢1 (Yl)7 ¢2(}/2)) MR ¢n(Yn))
for some strictly decreasing functions ¢1, o, ..., ¢0n, then X <guoir Y -

(C) IfX Sslodr Y; then (¢1(X1)7¢2(X2)7 .. '7¢n(Xn)) Sslodr (¢1(Y1)7¢2(}/2)7
co s On(Yn)) for any increasing functions ¢1,da,...,¢,. On the other
hand, if (¢1(X1), p2(X2), ..., dn(Xn)) <slodr (#1(Y1), 02(Y2), ..., dn(Yn))
for some strictly increasing functions ¢1, ¢, ..., o, then X <godr Y -

(d) If X <guoir Y, then (¢1(X1), 92(X2), .., on(Xn)) Ssuoir (01(Y1), P2(Y2),
ey O (YR)) for any increasing functions ¢1,da, ..., ¢dn. On the other
hand; Zf (¢1 (Xl)a ¢2(X2)a e ¢n(Xn)) Ssuoir (¢1 (Yl), ¢2(Y2)a R ¢n(Yn))

for some strictly increasing functions ¢1, @2, ..., 0n, then X <guoir Y -

Since the order <gu.ir is equivalent to the order <j, when the compared
random vectors have the same marginals, it follows from Theorem 6.D.4 that
the order <, is closed under conjunctions, marginalization, and convergence
in distribution. Using Theorem 9.B.5 it is seen that also the order <gq, is
closed under these operations.

The converses of the implications in (9.B.10) are not true in general. How-
ever, under an additional assumption they are valid; these are given in the
following theorem.

Theorem 9.B.6. Let X and Y be two random wvectors in the same Fréchet
class with respective distribution functions F' and G, and respective survival
functions F and G.

(a) If F and/or G are/is MTPy, then X <joar Y = X <qoar Y-
(b) If F and/or G are/is MTPsq, then X <uyoir Y = X <guoir Y -

Part (b) of the above theorem is similar to Theorem 6.D.1. However, it
turns out that since the compared random vectors are in the same Fréchet
class, it is not needed, in Theorem 9.B.6(b), that they have a common support
which is a lattice.

9.C The LTD, RTI, and PRD Orders

For any random vector (X7, X2) with distribution function F' € M(Fy, Fy)
(see page 387 for the definition of M(Fy, F3)) we define the conditional dis-
tribution function FX by

Ff (1) = P{Xy < 25| X1 <11} (9.C.1)

for all 1 for which this conditional distribution is well defined. Barlow and
Proschan [36] defined F' (or X; and X3) to be left tail decreasing (LTD) if

FE(z0) > FQLL,1 (x9) for all z; < 2 and zo,
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or, equivalently, if
(FxLl)fl(u) < (FEL/I)fl(u) for all z; < 2} and u € [0, 1]. (9.C.2)

Note that when (F)~!(u) is continuous in u for all 21, then (9.C.2) can be
equivalently written as

F;‘/l [(FE) Y(uw)] <u forall 2y <2} and u € [0, 1]. (9.C.3)

This notion leads to the following definition.

Let (X1,X53) be a bivariate random vector with distribution function
F € M(F1,F»), and let (Y1,Y2) be another bivariate random vector with
distribution function G € M(Fy, Fz). Suppose that for any 1 < z} we have

(FEF)Hu) < (F‘,f/l)*l(v) = (GL)'(u) < (Gi’i)fl(v) for all u,v € [0, 1].
(9.C.4)
Then we say that (X7, X2) is smaller than (Y1,Y2) in the LTD order (denoted
by (X1, X2) <prp (Y1,Y2) or F' <prp G).
Note that (9.C.4) can be equivalently written as

GL [(Ge) (W] < FL[(Ff) M (w)]  for all 2y < and u € [0,1]. (9.C.5)

It can be shown that if F- (22) and GE (22) are continuous in 2, for all
21, then (X1, X2) <prp (Y1,Y2) if, and only if, for any z; < i,

Fl(z9) > GL (24) = FIL,1 () > Gi‘/l (x}) for any xo and z5.  (9.C.6)
Note that (9.C.6) can be equivalently written as
(GE)HEFE (20)] < (Gﬁ/l)*l [Ff/l (z2)] for all z; < 2 and o,

that is, (GL )7'[FL (22)] is increasing in z; for all z».
In the continuous case, it is immediate from (9.C.3) and (9.C.5) that F' is
LTD if, and only if,
F' <yrp F,

where F7 is defined in Section 9.A, but this is true also when F is not con-
tinuous.

Theorem 9.C.1. Let (X1, X3) and (Y1,Ys) be two random vectors with dis-
tribution functions F,G € M(Fy,Fy), such that FX(x3) and GL (x3) are
continuous in xo for all x1. Then

(X1, X2) <prp (Y1,Y2) = (X1, X2) <pqp (Y1,Y2).

Proof. Since F and G have the same marginals, we see from (9.C.6) that
(Xl,XQ) SLTD (Yl,YQ) lf, and only lf,
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F(x1,72) > G(31,75) = F(x},22) > G(2, 1)

for any s, x5, and 7 < 7. (9.C.7)

If (X1, X2) <pgp (Y1,Y2) did not hold, then there would have existed a point
(20,y0) such that F(xg,y0) > G(x0,y0). Let y < yo be such that F(xzo,yo) >
F(zo,y) > G(x0,0). Since Fy(y) < Fa(yp), one can then find an x such
that x > zo and F(z,y) < G(z,yp). But then F(zg,y) > G(xg,y0) and
F(z,y) < G(z,y0) contradict (9.C.7). O

The LTD order is not symmetric in the sense that (X, Xs) <pyrp (Y1,Y2)
does not necessarily imply that (Xo, X1) <prp (Y2,Y1). However, it satisfies
the following closure under monotone transformations property.

Theorem 9.C.2. Let (X1, X5) and (Y1,Y3) be two random vectors with dis-
tribution functions in the same Fréchet class. If (X1, X2) <prp (Y1,Y3), then

(6(X1),¥(X2)) <vrp (0(Y1),¥(Y2)) for all increasing functions ¢ and 1.

Ezample 9.C.3. Let ¢p(t) = (1—t9)1/% ¢t € [0,1], 6 € (0,1). Then the function
Cy, defined as

C¢9(£L',y) :¢;1{¢9($)+¢9(y)}, T,y € [07 1];

is a bivariate distribution function with uniform|0, 1] marginals (it is a par-
ticular Archimedean copula). If ; < 65, then C¢92 <yuTtD C¢91.

An order that is similar to the LTD order, but which is based on condi-
tioning on right tails, rather than on left tails, is described next.

For any random vector (X7, X3) with distribution function F € M(Fy, Fy)
we define the conditional distribution function FF by

Fl(z2) = P{Xy < 22| X1 > a1} (9.C.8)

for all 1 for which this conditional distribution is well defined. Barlow and
Proschan [36] defined F' (or X; and X3) to be right tail increasing (RTT) if

Faﬁ (z2) > Fgﬁl (z2) for all z; < 2) and x4,
or, equivalently, if
(EF)Hu) < (Fﬁl)_l(u) for all z; < 2 and u € [0,1]. (9.C.9)
When (F)~!(u) is continuous in v for all z; then (9.C.9) can be written as
Fﬁl [(FF) ™" uw)] <u for all zy < 2 and u € [0, 1]. (9.C.10)

This notion leads to the following definition.

Let (X3,X3) be a bivariate random vector with distribution function
F € M(F1,Fy), and let (Y1,Y2) be another bivariate random vector with
distribution function G € M(Fy, F3). Suppose that for any 1 < 2} we have
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(EF) M (u) < (Fﬁl)_l(v) = (GE) (u) < (Gf/l)_l(v) for all u,v € [0, 1].
(9.C.11)
Then we say that (X, X3) is smaller than (Y1,Y2) in the RTI order (denoted
by (X1, X2) <grrr (Y1,Y2) or F' <gr1 G).
In analogy to (9.C.5) we note that (9.C.11) can be written as

Gf}l [(GE)H(w)] < Fﬁi [(FF) " '(u)] forall 21 <2 and u € [0,1].
(9.C.12)
It can be shown that if F7(z2) and GZ (z2) are continuous in z for all
x1, then (X1, X2) <grrr (Y1,Y2) if, and only if, for any 1 < f,

FE(z0) > GE () = Fﬁ () > Gf;l (xh) for any xo and z5.  (9.C.13)
Note that (9.C.13) can be written as

(Gfl)fl[Fﬁ (.132)] < (Gf}l)fl[Fﬁ (:52)] for all z; < 2} and x5,

that is, (GZ)*[F[ (x)] is increasing in x; for all z,.
In the continuous case, it is immediate from (9.C.10) and (9.C.12) that F'
is RTT if, and only if,
F! <gq1 F,

where F! is defined in Section 9.A, but this is true also when F is not con-
tinuous.

The following result is an analog of Theorem 9.C.1; its proof is similar to
the proof of that theorem, and is therefore omitted.

Theorem 9.C.4. Let (X1, X2) and (Y1,Y2) be two random vectors with dis-
tribution functions F,G € M(Fy,Fy), such that F(zs) and GE (z2) are
continuous in xo for all x1. Then

(X1, X2) <gm1 (V1,Y2) = (X1, X2) <pgp (Y1,Y2).

The RTI order is not symmetric in the sense that (X1, X2) <grr (Y1,Y2)
does not necessarily imply that (X2, X1) <gr1 (Yz,Y1). However, it satisfies
the following closure under monotone transformations property.

Theorem 9.C.5. Let (X1, X5) and (Y1,Y3) be two random vectors with dis-
tribution functions in the same Fréchet class. If (X1, X2) <wr1 (Y1,Y2), then

(6(X1),¥(X2)) <rri (6(Y1),¥(Y2)) for all increasing functions ¢ and 1.
The LTD and RTT orders are related to each other as follows.

Theorem 9.C.6. Let (X1, X5) and (Y1,Ys) be two random vectors in the
same Fréchet class.

(a) If (X1, X2) <urp (Y1,Y2), then ($1(X1), ¢2(X2))) <rr1 (¢1(Y1), P2(Y2))
for any decreasing functions ¢1 and ¢o. Conversely, if (61(X1), d2(X2))
<gr1 (¢1(Y1), d2(Y2)) for some strictly decreasing functions ¢1 and ¢a,
then (Xl,XQ) SLTD (YhYQ),
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(b) If (X1, X2) <rm1 (Y1,Y2), then (¢1(X1), ¢2(X2)) <vrp (61(Y1), 92(Y2))
for any decreasing functions ¢1 and ¢o. Conversely, if ($1(X1), p2(X2))
<urp (61(Y1), ¢p2(Y2)) for some strictly decreasing functions ¢1 and ¢z,
then (X1, X2) <grrr (Y1,Y2).

The orders <goar and <guoir imply the LTD and RTT orders under some
regularity conditions. This is shown in the next result.

Theorem 9.C.7. Let F' and G be in the Fréchet class M(Fy, Fy). Assume
that, for every x, the conditional distributions FX and FE (see (9.C.1) and
(9.C.8)) are strictly increasing and continuous on their supports. Then

F <goar G = F <ymp G and F <goir G = F <11 G.

Proof. Tt is enough to prove the first implication; the other implication then
follows from Theorems 9.B.5 and 9.C.6.
By (9.C.7), we need to show that for z < 2/, and for any y,y’, it holds
that
F(x,y) > G(z,y) = F(2',y) > G2, y). (9.C.14)

Now assume that F' <goq: G. So, for x <z’ and 3’ < y we have
F(z,y)G(2",y') < F(2',y)G(z,y). (9.C.15)

In the bivariate case, F' <qodr G implies that F' <pgp G. So the left-hand side
inequality in (9.C.14) can hold only for 3’ < y. If it does hold, then (9.C.15)
implies the inequality on the right-hand side of (9.C.14). O

In light of Theorem 9.C.7 it is of interest to note that the (weak) orthant
ratio orders <joq; and <eir do not imply the orders <;rp and <gr, respec-
tively. Counterexamples can be found in the literature.

An order that is of the same type as the LTD and RTT orders is the one that
we study next. For any random vector (X7, Xs), with distribution function
F € M(Fy, Fy), let F,, denote the conditional distribution of X5 given that
X1 = x1. Lehmann [343] defined F (or X; and X3) to be positive regression
dependent (PRD) if X5 is stochastically increasing in X7, that is, if

Fy, (z2) > Fyr (z2) for all z; < and o,
or, equivalently, if

1

F M u) < Fx_,ll(u) for all z; < 2} and u € [0, 1]. (9.C.16)

Note that when F, '(u) is continuous in u for all 21, then (9.C.16) can be
written as

Fy (F;'(w) <u forall zy < 2f and u € [0,1]. (9.C.17)

Z1

This notion leads to the following definition.
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Let (X1,X52) be a bivariate random vector with distribution function
F € M(F1,Fy), and let (Y1,Y2) be another bivariate random vector with
distribution function G € M(Fy, F3). Suppose that for any 1 < 2} we have

Fil(uw) < F;,ll(v) = G, (v) < G;,ll (v) forall u,ve|0,1]. (9.C.18)

Then we say that (X1, X3) is smaller than (Y1,Y2) in the PRD order (denoted
by (X1, X2) <prp (¥1,Y2) or I <prp G).
Note that (9.C.18) can be written as

Gt (G Hu)) < Fy, (F;'(w)) forallzy <azfandue[0,1.  (9.C.19)

X1 xry

It can be shown that if F,, (z2) and G, (x2) are continuous in zs for all
x1, then (X1, Xs) <prp (Y1, Y2) if, and only if, for any z; < zf,

Fy, (x2) > G, (2h) = Fyr (x2) > Gy (23)  for any xp and 25 (9.C.20)
Note that (9.C.20) can be written as
Gl (Fuy (22) < G;,ll (Fpr (z2)) for all 2y < ) and o, (9.C.21)

x
that is, G;ll (F:E1 (xz)) is increasing in x for all x».

In the continuous case, it is immediate from (9.C.17) and (9.C.19) that F'
is PRD if, and only if,

F! <pgp F,

where FT is defined in Section 9.A, but this is true also when F is not con-
tinuous.

The next result shows the relationship between the PRD, LTD, and RTI
orders. We do not give the proof of it here.

Theorem 9.C.8. Let (X1, Xs) and (Y1,Y3) be two random vectors with ab-
solutely continuous distribution functions F,G € M(Fy, F3). Then

(X1, X2) <prp (Y1,Y2) = (X1, X2) <yrp (Y1,Y2) and
(X1,X2) <prp (Y1,Y2) = (X1, X3) <gr1 (Y1,Y2).
The PRD order is not symmetric in the sense that (X1, Xo) <prp (¥1,Y2)

does not necessarily imply that (X2, X1) <prp (Y2,Y1). However, it satisfies
the following closure under monotone transformations property.

Theorem 9.C.9. Let (X1, X2) and (Y1,Y2) be two random wvectors. If (X,
X2) <prp (Y1,Y2), then (¢(X1),¥(X2)) <prp (¢(Y1),%(Y2)) for all increas-
ing functions ¢ and .

Example 9.C.10. Let U and V be any independent random variables, each
having a continuous distribution. Define

X=U Y,=pU+(1-p)Y?V, for —1<p<1.

Then (X,Y,,) <prp (X,Y,,) whenever p; < ps. A bivariate normal dis-
tribution is a particular case of this example when U and V are normally
distributed.
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Example 9.C.11. Let U and V be any independent random variables, each
having a continuous distribution. Define

X=U Yy=aU+V, for —oc0o<a< .
Then (X,Y,,) <prp (X, Y,,) whenever o < aa.

Ezxample 9.C.12. Let U and V be any independent random variables, each
having a continuous distribution, such that U is distributed on (0, 1), while
V' is nonnegative. Define

X=U Yo=00+al)V, fora>-1.

Then (X,Y,,) <prp (X, Y,,) whenever oy < a.

9.D The PLRD Order

Let the random variables X; and X5 have the joint distribution F'. For any
two intervals I; and I of the real line, let us denote I < Iy if 1 € 1
and xzo € I imply that x1 < zo. For any two intervals I and J of the real
line denote F(I,J) = P{X;, € I,X, € J}. Block, Savits, and Shaked [95]
essentially defined F' (or X; and X5) to be positive likelihood ratio dependent
if

F(Il, Jl)F(IQ, JQ) > F(Il, JQ)F(Ig, J1)7 whenever Il < IQ and Jl < JQ.
(9.D.1)
In fact, Block, Savits and Shaked [95] called F' totally positive of order 2
(TPy) if (9.D.1) holds. When F has a (continuous or discrete) density f, then
(9.D.1) is equivalent to the condition that f is TP, that is,

flx,y) f(x2,y2) > f(x1,y2) f(22,91), whenever x; < o and y; < ys.

Then (9.D.1) is the same as the condition for the positive dependence notion
that Lehmann [343] called positive likelihood ratio dependence (PLRD). This
notion leads naturally to the order that is described below.

Let (X1,X2) be a bivariate random vector with distribution function
F € M(F1,Fy), and let (Y1,Y2) be another bivariate random vector with
distribution function G € M(Fy, F3). Suppose that

F(Iy, J1)F(I2, J2)G(I1, J2)G (12, J1)
< F(Iy, J2)F(Iz, J1)G(I1, J1)G (12, J2),
whenever Iy < I, and J; < J3. (9.D.2)

where the generic notation G(I,J) is obvious. Then we say that (X1, X2)
is smaller than (Y1,Ys2) in the PLRD order (denoted by (X1,Xs2) <pLrD
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(Y1,Y3) or F <prrp G). Since only random vectors with the same univariate
marginals can be compared in the PLRD order, we will implicitly assume this
fact throughout this section.

When F and G have (continuous or discrete) densities f and g, then (9.D.2)
is equivalent to

(i, y1) f(z2,y2)9(x1, y2)9(x2,y1) < fo1,y2) f(@2, y1)9(x1, 91)9(22, y2),
whenever 1 < 9 and y; < yo.

If ag—gyf and 82—;!9 exist, then (9.D.2) is equivalent to
f2A, —g*Ap >0,
where

&g dg g

B or of L, o
0xly Ox Oy 9_gaxay Oxr Oy’

Ar=f
Obviously F' is PLRD if, and only if,
F' <pLrp F,
where F! is defined in Section 9.A.

Theorem 9.D.1. Let (X1, X2) and (Y1,Y2) be two random vectors with dis-
tribution functions F,G € M(Fy, Fy). Then

(X1, X2) <prrp (Y1,Y2) = (X1, X2) <pqp (Y1,Y2).

Proof. Assume (X1,X2) <prrp (Y1,Y2) and suppose that (X7, X2) €pgp
(Y1,Ys). Then
F(z,y) > G(z,y) (9.D.3)

for some (x,y). Let Iy = (—o0, 2], Iz = (x,0), J; = (—o0,y] and J5 = (y, 00).
Then from (9.D.3), and from the fact that F and G have the same marginals,
it follows that

F(I,J1) > G(I, 1),
F(Ia, Jo) > G(Iy, J2),
G(I4,J5) > F(I,, Js)

and

G(IQ, Jl) > F(IQ, Jl)

Multiplying these four inequalities we obtain a contradiction to (9.D.2). O
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We do not know whether (X7, X2) <prrp (Y1,Y2) = (X1,X2) <prD
(Y1,Ya).
The following closure properties of the PLRD order are easy to prove.

Theorem 9.D.2. (a) Let (X1, X5) and (Y1,Ys) be two random vectors such

that (X1, X2) <prrp (Y1,Y2). Then (¢(X1),¥(X2)) <prrp (¢(Y1),%(Y2))
for all increasing functions ¢ and 1.

(b) Let {(X, X0, j =1,2,...} and {(V;\, V7)), j = 1,2,...} be two
sequences of random wvectors such that (ij),XQ(j)) —st (X1,X2) and
(Yl(j)7Y2(j)) —st (Y1,Y2) as j — oo, where —4 denotes convergence
in distribution. If (Xl(j),XQ(j)) <PLRD (Yl(j),YQ(j)), j = 1,2,..., then
(X1, X2) <prLrp (Y1, Y2).

Let F;, and Fy denote the Fréchet lower and upper bounds in the class
M(Fy, Fy). Since F, assigns all its mass to some decreasing curve in R2, and

Fy; assigns all its mass to some increasing curve in R?, it follows that for every
distribution F' € M(Fy, Fy) we have

Fr <pirp F <prrp I'v.

By Theorem 9.D.1, this is a stronger result than (9.A.6).
The proof of the next result is similar to the proof of Theorem 9.D.1 and
is therefore omitted.

Theorem 9.D.3. Let (X1, X5) and (Y1,Y2) be two random vectors such that
(X1,X2) <prrp (Y1,Y2) and (X1,X3) >prrp (Y1,Y2). Then (X1, X2) =g

Ezxample 9.D.4. Let H and K be two continuous univariate distribution func-
tions. For —1 < o < 1, define the following distribution function

Fo(z,y) = H(x)K(y){1 +a[l — H(2)][l — K(y)]}, forall z and y.
Then F,, <pLrp Fu, whenever a; < a.

Example 9.D.5. Let ¢ and 1 be two Laplace transforms of positive random
variables and let the random vectors (X7, Xs) and (Y7,Ys) be distributed
according to F' and G as in Example 9.A.3. If 11 has a completely monotone
derivative, then (Xl,Xg) SPLRD (Yl,YQ).

Ezample 9.D.6. Let (X1, X5) and (Y7,Y3) be bivariate normal random vec-
tors with the same marginals, and with correlation coefficients px and py,
respectively. If px < py, then (X1, X2) <prrp (Y1,Y2).
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9.E Association Orders

The random variables X; and X5 are said to be associated if
Cov(K (X1, X2),L(X1,X2)) >0

for all increasing functions K and L for which the covariance is well defined
(see (3.A.53)). This notion leads to the order that is described below.

Let (X3,X53) be a bivariate random vector with distribution function
F € M(F1,Fy), and let (Y1,Y2) be another bivariate random vector with
distribution function G € M(F}y, F). Suppose that

(Y1,Y3) =g (K (X1, Xa), L(X1, X2)), (9.E.1)
for some increasing functions K and L which satisfy
K(x1,p1) < K(22,y2), L(21,91) > L(22,y2) = 71 < T2, 1 > y2. (9.E.2)

Then we say that (X1, X5) is smaller than (Y1,Y3) in the association order
(denoted by (X1, X2) <assoc (Y1,Y2) or F <ss50c G). Since only random vec-
tors with the same univariate marginals are compared in the association order,
we will implicitly assume this fact throughout this section.

The restriction (9.E.2) on the functions K and L is for the purpose of
making the association order applicable in situations which are not symmet-
ric in the X; and X5 variables. [In case (9.E.2) is dropped, (X1, X2) >assoc
(X2, X1) Zassoc (X1,X2).] If K and L are partially differentiable increasing
functions, then (9.E.2) is equivalent to

—K(z,y) - %L(x,y) > 2K(:E,y) . %L(Qz,y) for all  and y.

From the fact that increasing functions of independent random variables
are associated, it follows that if F'7 <,uoc F, then F is the distribution func-
tion of associated random variables, where F'! is defined in Section 9.A.

The following closure property is easy to prove.

Theorem 9.E.1. Let (X1, X32) and (Y1,Ya) be two random vectors. If (X1,
XZ) Sassoc (YlaYZ) then (¢(X1),¢(X2)) Sassoc (¢(Y1),¢(Y2)) for all strictly

increasing functions ¢ and 1.

The relationship between the association and the PQD orders is described
in the next result.

Theorem 9.E.2. Let (X1, X5) and (Y1,Y2) be two random vectors with dis-
tribution functions F,G € M(Fy, Fy). Then

(X1, X2) <assoc (Y1,Y2) = (X1, X2) <pqp (Y1, Y2).
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Proof. Denote by F and G the distribution functions of (X1, X2) and (Y1, Y2),
respectively. By assumption, (Y1,Ys) =g (K (X1, X3), L(X1,X3)) where K
and L are increasing and satisfy (9.E.2). Fix a pair (z1,x2). First suppose
that K(xz1,22) < 21 and that L(zq,22) < z3. Then

P{Y1 <21,Ys <o} > P{Y1 < K(x1,22),Y2 < L(z1,22)}
= P{K(X1,Xs) < K(z1,22), L(X1,X2) < L(z1,22)}
> P{X1 <x,Xs <z},

where the second inequality follows from the increasingness of K and of L.
Thus (9.A.3) holds in this case. Next suppose that K(x1,x2) < x; and that
L(z1,x2) > xo. Then

P{Yi >1xq,Ys < .232} < P{Y1 > K(Jﬁl,l‘g),YQ < L(.Tl,.lﬁg)}
= P{K(Xl,XQ) > K(ml,xg),L(Xth) < L(:I?l,xg)}
< P{Xl > £L'1,X2 < LEQ},

where the second inequality follows from (9.E.2). From the fact that (X7, X2)
and (Y7,Y2) have the same univariate marginals it is seen that (9.A.3) holds
in this case too. For the remaining two cases the inequality (9.A.3) follows in
a similar way. O

The relationship between the association and the PRD orders is described
next.

Theorem 9.E.3. Let (X1, X2) and (Y1,Y2) be two random vectors with distri-
bution functions F,G € M(F, Fs) such that Fx,|x, (x2|m1) and Gy, |y, (332‘331)
are continuous in xo for all 1. Then

(X1, X2) <prp (Y1,Y2) = (X1, X2) <assoc (Y1,Y2).

Proof. Suppose that (X1, X2) <pgrp (Y1, Y2). Define K and L by K(z1,29) =
1 and L(zq,22) = G;,;‘Yl [FX2|X1 (x2|z1)’x1}. Obviously K is an increas-

ing function. Also, obviously L(x1,x2) is increasing in xs. Furthermore, from
(9.C.21) it is seen that L(x1, z2) is also increasing in x1, and that (9.E.2) holds.
Now note that since X; =g Y1, we have, using the continuity assumptions
stated, that

(Y1,Y2) =g L(X1, X2).

That is, (X1, X32) and (Y7, Ys) satisfy (9.E.1) and (9.E.2). O
Ezxample 9.F.j. Let U and V be any independent random variables. Define
Xo=1Q1-a)U+aV, Y=U, foraecl,]l]

Then (XalaY) <assoc (Xazvy) whenever a1 < as.
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Example 9.E.5. Let U and V be any independent random variables. Define
Xa=(1-a)U+aV, Y=aU+(1-a)V, foracl0,i].
Then (Xo,,Y) <assoc (Xa,,Y) whenever ay < as.

Ezample 9.E.6. Let (X1, X5) and (Y7, Y2) have bivariate normal distributions
with correlation coefficients p; and pa, respectively. Then (X7, X3) <assoc
(Y1,Ys) if, and only if, —1 < p; < po < 1.

Capéraa, Fougeres, and Genest [119] introduced an order that is related
to the association order. In order to define it we need first to introduce some
notation. Let (X1, X2) be a random vector with a continuous distribution
function F' € M(Fy, F»). Define

VF = F(Xl,X2>,

and let Kz denote the distribution function of Vg. For example, if the dis-
tribution function of (X7, X3) is the Fréchet upper bound Fyy € M(Fy, Fy)
(see page 387), then Kp,(v) = v, v € [0,1]. If the distribution function of
(X1, X2) is the Fréchet lower bound Fr € M(Fy, Fy), then Kp, (v) = 1,
€ [0,1]. Finally, if X; and X5 are independent, with distribution function
FI ¢ M(Fy, F,), then Kpi(v) = v —vlogv, v € [0,1]. These facts suggest
the following order. Let (X1, Xs) and (Y7,Y3) be two random vectors with
continuous distribution functions F,G € M(Fy, F5). Suppose that

Kp(v) > Kg(v), forallvel0,1].

Then we say that (X1, Xs) is smaller than (Y1,Y2) in the Capéraa-Fougéres-
Genest order (denoted by (X1, Xso) <crg (Y1,Y2) or F <cpg G).

Capéraa, Fougeres, and Genest [119] showed that for every continuous
distribution function F' € M(Fy, F3) we have

Fr, <crc F <crc Fu.
They also proved, under some regularity conditions, that
(XlaXQ) Sassoc (YVIaYYQ) — (X1>X2) SCFG (Y17Yv2)

However, Capéraa, Fougeres, and Genest [119] showed that <crc=~<pqp,
whereas Nelsen, Quesada-Molina, Rodriguez-Lallena, and Ubeda-Flores [433]
showed that <pqp=>~<crg.

Nelsen, Quesada-Molina, Rodriguez-Lallena, and Ubeda-Flores [432] in-
troduced some generalizations of the order <gpg.

Another related order of interest is based on the notion of weak posi-
tive association which is defined in (9.A.22). Let X = (X1, Xs,...,X,) and
Y = (Y1,Y,,...,Y,) be two random vectors that have the same univariate
marginals, and that satisfy
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COV(hl(Xil,Xiz, .. .,Xik), h2(Xj17Xj2, N 7Xjn—k))
< Cov(hl(mlaifiza .. '7}/ik)ﬂh2(}/jl7y}‘2’ e "an*k))

for all choices of disjoint subsets {i1,i2,...,ix} and {j1,J2,.-.,Jn—k} Of
{1,2,...,n}, and for all increasing functions h; and hs for which the above
covariances are defined. Then X is said to be smaller than Y in the weak
association order (denoted by X <y assoc Y)-

Some closure properties of the weak association order are described in the
next theorem.

Theorem 9.E.7. (a) Let (X1,Xo,...,X,) and (Y1,Ya,...,Y,) be two n-
dimensional random vectors. If (X1, Xa, ..., Xpn) <w-assoc (Y1,Y2,...,Ys),
then

(91<X1)792(X2)7 e 7gn(Xn)) Sw-assoc (gl(yl)mgQ(YvQ)» e 7gn(Yn))

whenever g; : R — R, i=1,2,...,n, are all increasing.

(b) Let X = (X1, X2,...,X,) and Y = (Y1,Ya,...,Y,) be two n-dimensional
random vectors. If X <y.assoc Y, then X1 <y.assoc Y1 for each I C
{1,2,...,n}. That is, the weak association order is closed under marginal-
1zation.

An important useful property of the weak association order is the following.

Theorem 9.E.8. Let X and Y be two random vectors with the same uni-
variate marginals. Then

X Sw-assoc Y —= X <sm Y.

Remark 9.E.9. Note that if X = (X1,Xs,...,X,) is a vector of weakly
positively associated random variables, as defined in (9.A.22), and if Y =
(Y1,Ys,...,Y,) is a vector of independent random variables such that, margin-
ally, X; =« Y5, 1 =1,2,...,n, then X >y ass0c Y - Similarly, if X is a vector
of negatively associated random variables, as defined in (3.A.54), and if Y is
a vector of independent random variables such that, marginally, X; =4 Y;,
i=1,2,...,n, then X <y assoc Y. Thus it is seen that Theorem 9.E.7 is a
stronger result than Theorem 9.A.23.

9.F The PDD Order

Let the random variables X7 and X3 have the symmetric (or exchangeable,
or interchangeable) joint distribution F'. Shaked [501] defines F' (or X; and
X3) to be positive definite dependent (PDD) if F is a positive definite kernel
on S x S, where S is the support of X; (and therefore, by symmetry, S is also
the support of X3). Shaked [501] has shown that X; and X5 are PDD if, and
only if,



9.F The PDD Order 421

Cov(p(X1),p(X2)) >0 for every real function ¢, (9.F.1)

provided the covariance is well defined. This notion naturally leads to the
order that is defined below.

Let (X1,X32) be a bivariate random vector with distribution function
F € M®(F), where M) (F) is the class of all the bivariate symmetric
distributions with univariate marginals F. Let (Y1,Y3) be another bivariate
random vector with distribution function G € M) (F). Suppose that

Cov(p(X1),d(X32)) < Cov(e(Y1),d(Ys)) for every real function ¢, (9.F.2)

provided the covariances are well defined. Then we say that (X7, X5) is smaller
than (Y1,Y3) in the PDD order (denoted by (X1,X2) <ppp (Y31,Y2) or
F <ppp G). Since only symmetric random vectors with the same univari-
ate marginals are compared in the PDD order, we will implicitly assume this
fact throughout this section.

Since E¢(X;) = E¢(X2) = E¢(Y1) = E¢(Y2) for every real function ¢, it
follows that (X7, X2) <ppp (Y1, Y2) if, and only if,

Ep(X1)p(Xa2) < Ed(Y1)o(Ya) for every real function ¢, (9.F.3)
provided the expectations exist. Thus, if (X1, X2) <ppp (Y7,Y3), then
P{X, €A X, A} <P{Y1 € A Y, € A}

for all Borel-measurable sets A in R.
Another characterization of the PDD order is given in the next theorem.

Theorem 9.F.1. Let F' and G be two symmetric bivariate distributions in
ME)N(E). Then F <ppp G if, and only if, G(x,y) — F(x,y) is a positive
definite kernel.

From (9.F.1) and (9.F.3) it is easily seen that F' is PDD if, and only if,
F!' <ppp F,

where F! is defined in Section 9.A.
A powerful closure property of the PDD order is described in the next
theorem.

Theorem 9.F.2. Suppose that the four random vectors (X1,Xs), (Y1,Y2),
(U1,Us) and (V1,Va) satisfy

(X1,X5) <ppp (Y1,Y2) and (Uy,Us) <ppp (V1,V2), (9.F.4)

and suppose that (X1, Xs) and (U1, Us) are independent, and also that (Y1, Y5)
and (V1,V3) are independent. Then

(6(X1,U1), ¢(X2,Uz)) <ppp (6(Y1,V1), d(Yz, V2)),
for every increasing function ¢.
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In particular, if (9.F.4) holds, then the PDD order is closed under convo-
lutions, that is,

(X1 4+ Up, X2+ Uz) <ppp (Y1 + V1, Y2 + V3).
Using (9.F.3) it is easy to Verify the following closure properties

Theorem 9.F.3. (a) Let {(XV), X)), j = 1,2,...} and {(V\?, Y7, j =
1,2,...} be two sequences of random wvectors such that (ij),Xéj)) —st
(X1, X2) and (Yl(j),Yz(j)) —st (Y1,Y2) as j — oo, where —; denotes con-
vergence in distribution. If (ij),Xz(j)) <pDD (Yl(j),Yz(j)), i=12..,
then (Xl,XQ) SPDD (Yl,}/é)

(b) Let (X1, X5), (Y1,Y2), and @ be random vectors such that [(Xl,Xg)’@ =
0] <ppD [(Yl,Y2)|@ = 0] for all 8 in the support of ©. Then (X1, X2)
<ppp (Y1,Y2). That is, the PDD order is closed under miztures.

Ezample 9.F.4. Let (X1, X2) and (Y7, Y2) have exchangeable bivariate normal
distributions with common marginals and correlation coefficients p; and po,
respectively. If 0 < p; < py < 1, then (X7, X2) <ppp (Y1, Y2).

If (X1, X2) and (Y7, Y2) have distributions F' and G which are not symmet-
ric, but still have the same common marginals (that is, X, Xo, Y7, and Y5 are
all identically dlstrlbuted) then the PDD order can still be deﬁned on the sym-
metrizations F(z,y) = 1[F(z,y)+ F(y,z)] and Glz,y) = 1[G (z,y)+ Gy, z)]
of Fand G.

Hu and Joe [234] applied the idea of the PDD order to stationary reversible
Markov chains { X7, X3, ... }. They showed for such chains that, if X; and X»
are PDD (in the sense (9.F.1)), then dependence (in the sense of the PDD
order) is decreasing with the lag, namely,

2
Fis >ppp Fiz >ppp -+ >ppD Fin >p0D - >pDD FP,

where the Fy;’s and F'®) are as defined in (9.A.12).

An n-variate extension of the PDD order for the case when n > 2
is suggested by (9.F.3). Explicitly, let X = (X;1,X5,...,X,) and ¥ =
(Y1,Ys,...,Y,) have distribution functions with common marginals. Then we
can say that X is less positively dependent than Y if

E H o(X;) <E H ¢(Y;) for every nonnegative real function ¢. (9.F.5)

Note that for this definition it is not required that X and Y have exchange-
able distribution functions; it is only required that X and Y have the same
common marginals.

One reason for the usefulness of inequality (9.F.5) is that it implies that

P{X1€eA Xo€eA,.... X, € A} <P{Y1€AY,€eA, .. Y, A}

for all Borel-measurable sets A in R.
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9.G Ordering Exchangeable Distributions

Let X = (X1,Xo,...,X,) and Y = (¥1,Y5,...,Y;,) be two random vectors
with exchangeable distributions. Let X(;) < Xy < -+ < X(,) and Y{p) <
Yo < -+ < Y{(,) be the corresponding order statistics. Intuitively, if Y is
“more positively dependent” than X (or, alternatively, Y is “less dispersed”
than X), then we can expect the Y;’s to “hang together” more than the X;’s.
For example, we can expect quantities such as X ) — X(1) or Xy + X(—1) —
X(2) — X(1) to be stochastically larger than Y{,,) — Y1) or Y(,,) + Y(5,_1) = Y(2) —
Y(1). This observation naturally leads to the following definitions.

Let X and Y be two n-dimensional random vectors with exchangeable
distribution functions and with the same common marginals. We will write
X <pa1 Y if

DX > Y
=1 =1

When the interest is in the unordered components of the random vectors,
then the following definition is useful. We will write X <,4.0 Y if

n n
E ¢ X E ¢iY;
i=1 im1

Recall from page 2 the definition of the majorization order a < b among
n-dimensional vectors. For any random variable W, let Fy denote the distri-
bution function of W. We will write X <,4.3 Y if

>t whenever Z ¢; =0. (9.G.1)

i=1

n

whenever Z ci =0. (9.G.2)

i=1

zst

(FX(1) (17), FX(z) (x), s 7FX(7L) (1‘))
- (Fy(1>(x), Fy,, (x),... s By, (z)) for all z. (9.G.3)

It is easy to verify that (9.G.3) is equivalent to

(Eo(X(1)), E&(X(2)), -, E( X)) = (Ed(Y1)), E6(Y(2)), - - s EG(Y(n)))

for all monotone functions ¢ for which the expectations exist. A further insight
into the meaning of (9.G.3) can be obtained by rewriting it as the set of
inequalities

E{él(&m] (X(l-))] >FE {i I~ o021 (Y(z‘))} ;

i=1
for j=1,2,...,n,and all z, (9.G.4)

with equality holding for j = n. That is, for each j, the expected value of the
number of order statistics which are less than or equal to x among the first &k
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ordered X;’s is at least as large as the corresponding expected value based on
the ordered Y;’s.

When one is concerned only with the expectations of the order statistics,
then the following stochastic order is useful. We will write X <,q.4 Y if

(EX(l), EX(Q), ceey EX(n)) - (EY(l), EY(Q), ceey EY(n)) (9.G.5)

The next result describes some interrelationships among the orders <,q.x,
k=1,2,3,4.

Theorem 9.G.1. Let X and Y be two n-dimensional random wvectors with

exchangeable distribution functions and with the same common marginals.
Then
X Spd—l Y=X Spd—Z Y

I
X Spd—S Y=X Spd-4 Y

Proof. First suppose that X <p,q.1 Y. Let @ = (7, m2,...,m,) denote a per-
mutation of {1,2,...,n}, and let >~ denote a summation over all such permu-
tations. Then, by exchangeability, for any real z, and whenever > ; ¢; =0,
we have

g
i=1

Z CiX

z}:Z’i‘P{ ichZ >Z’X7T1<XWZ<"‘<X7TH}
: i=1
Z { icmX(i)i > Z}
1 Zzl
Zzn— { Zch(i)i >z}
™ i=1

and (9.G.2) follows.

If we denote a; = EX(;) and b; = EY(;), i = 1,2,...,n, then from (9.G.1)
it follows that a;—a;—1 > b;—b;_1,i=1,2,...,n—1. Also, >\ ;a; = >, b;.
Now it is easily seen that a > b, and thus (9.G.5) holds.

The proof of X <,q.3 Y = X <,q.4 Y is easy (see, for example, Marshall
and Olkin [383, page 350]). O

Some closure properties of the above orders are described in the following
theorem.

Theorem 9.G.2. (a) Forj=1,2,..., let X9 and Y9 be two random vec-
tors with exchangeable distribution functions and with the same common
marginals such that x©) —st X and Yy —st Y as j — 0o, where —g
denotes convergence in distribution. If xO) <pd-k Y(j), j=1,2,..., then
X <par Y, k=1,2,3.
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(b) Let X = (X1, X2,...,Xy) andY = (Y1,Ya,...,Y,) be two n-dimensional
random vectors with exchangeable distribution functions and with the same
common marginals. If X <pqr Y, then X <par Y1 for each I C
{1,2,...,n}. That is, the <pa.x order is closed under marginalization,
k=1,2,3,4.

(c) Let (X1, Xa,...,X,) and (Y1,Ya,...,Y,) be as in part (b). If (X1, Xo, ...,
Xn) <pd-k (Yl, Yo, ..., Yn), then (aX1 +b,aXs +0b,...,aX, + b) <pd-k
(aYr +b,aYa +b,...,aY, +b) for any constants a and b, k = 1,2, 3, 4.

(d) Let X and Y be as in part (b), and let © be another random vector. If
[X‘@ = 0] <pd-k [Y|@ = 0] for all 8 in the support of O, then X <,q.
Y. That is, the <pq.r order is closed under miztures, k = 1,2,3, 4.

In the bivariate case we have the following relationship.

Theorem 9.G.3. Let (X1, X3) and (Y1,Y32) be two random vectors with ex-
changeable distribution functions with common marginals. Then

(X1, X2) <ppp (Y1,Y2) = (X1, X2) <pa-z (Y1,Y2).
Proof. Suppose that (X1, Xs) <ppp (Y1, Y2). Then, for any real z we have
FX(I)(Z) =1— P{min(Xy, X5) > 2z}
=1 = E1(; 00)(X1)1(z,00)(X2)
> 1= El(5,00)(Y1)](z,00)(Y2)
= Fy,, (2),

where the inequality follows from (9.F.3). Now, since Fx,,(2) + Fx, (2) =
Fy(l)(z) +Fyy, (2), it follows that (FX(l)(z),FX(z) (2)) = (FX(l)(z),Fy(2) (2)
which is (9.G.3). O

A relationship between the star order (see Section 4.B) and the order <j4.4
is described next.

Theorem 9.G.4. Let X = (X1, Xo,...,Xp) andY = (Y1,Ya,...,Y,) be two
vectors, each consisting of independent and identically distributed nonnegative
random variables. If X1 <, Y1, and if EX, = EYq, then X <pq4 Y.

Example 9.G.5. If X1, X5,..., X, are conditionally independent and identi-
cally distributed (then they are exchangeable), and if Y7,Y5,...,Y,, are inde-
pendent and identically distributed, and if all the X;’s and Y;’s have the same
marginal distribution, then X = (X1, Xs,...,X,) and Y = (Y1,Y>,...,Y,)
satisfy X <p4.3 Y and, of course, also X <,q.4 Y'; this is shown in Shaked
and Tong [523]. Hu and Hu [233] have shown that if X3, X5, ..., X,, have some
other properties of positive or negative dependence, and if Y71,Ys,...,Y,, are
independent, and if X; =y Y; for i« = 1,2,...,n, then the above (that is,
X <pa-3 Y and X <,q.4 Y) also hold. Ebrahimi and Spizzichino [178] ob-
tained conditions on the expected values of the order statistics that are as-
sociated with X = (X1, Xo,...,X,) and Y = (Y1,Y5,...,Y},), under which
X <pas Y.
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Paul [442] gave conditions under which X; <. Y;, i = 1,2 (where
(X1,X2) and (Y1, Y>) are some bivariate random vectors) imply (Y71, Y2) <pa.4
(X1, X2) (in fact the conclusion of Paul [442] is stated as Emax{X;, X2} <
Emax{Y1,Y>}, but since EX; = EY;, i = 1,2, the stated conclusion is the
same as (Y7,Y2) <paa (X1, X2)). Miiller [414], however, noticed that in Paul
[442] there was a subtle mistake which invalidated his Theorem 1. Miiller [414]
provided other conditions under which the conclusion above is valid.

9.H Complements

A good review of the theory of positive dependence orders is the survey by
Scarsini and Shaked [496]. Section 2.2 in Joe [262] contains many of the re-
sults that are mentioned in Sections 9.A-9.F, as well as many examples and
counterexamples.

Section 9.A: The PQD order is first defined in Yanagimoto and Okamoto
[670]; it also can be found in Tchen [547]. The general closure property
of the PQD order (Theorem 9.A.1) is taken from Kimeldorf and Sampson
[295]. The definition of the PQD order for general n-dimensional vec-
tors (n > 2) can be found in Joe [260]. The conditions under which
Archimedean copulas are ordered in the PQD sense (Example 9.A.3) can
be found in Joe [262]. Brown and Rinott [110] showed that some pairs of
multivariate infinitely divisible distributions are PQD-ordered. The PQD
comparisons of convolutions and of mixtures results (Theorems 9.A.6 and
9.A.7) are special cases of results of Belzunce and Semeraro [77]. The PQD
ordering of random vectors with elliptically contoured densities (Exam-
ple 9.A.8) follows from Theorem 5.1 of Das Gupta, Eaton, Olkin, Perl-
man, Savage, and Sobel [139]; see also Landsman and Tsanakas [331]. The
results about the supermodular order (Section 9.A.4) are mostly taken
from Meester and Shanthikumar [387] and from Shaked and Shanthiku-
mar [517]; see also Joe [260] and Szekli, Disney, and Hur [545]. The closure
results of the supermodular order given in Theorem 9.A.12, and the appli-
cation to Markov chains given in Example 9.A.13, are taken from Li and
Xu [350]. An extension of the result in Example 9.A.13 can be found in
Kulik and Szekli [325]. The closure property of the order <y, under ran-
dom sums (Theorem 9.A.14) can be found in Denuit, Genest, and Marceau
[145]; it generalizes some results of Hu and Pan [238]. Extensions of Theo-
rem 9.A.14 are given in Lillo, Pellerey, Semeraro, and Shaked [363], and in
Kulik and Szekli [325]. The supermodular comparison of mixtures result
(Theorem 9.A.15) is taken from Denuit and Miller [157]. The property
that is described in Theorem 9.A.16 can be found in B&uerle [58] or in
Béuerle and Rieder [61], and the property that is described in Theorem
9.A.18 can be found in Miiller [411]. The inequality that is described in
Example 9.A.17 is taken from Vanichpun and Makowski [554, 555]; they
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credit it to Bauerle [58]. The fact that sums of components of supermod-
ular ordered vectors are ordered according to <jcx, described in (9.A.19),
is taken from Miiller [409]. The convex order comparison of random sums
in Example 9.A.19 is a generalization of a result of O’Cinneide [439]. The
result about the ordering of multivariate normal random vectors accord-
ing to the <gn, order (Example 9.A.20) can be found in Huffer [250]; see
also Miiller and Scarsini [416] and Block and Sampson [94, Section 2],
though in the latter paper there is a mistake which is corrected in Miiller
and Scarsini [416]. An extension of the result in Example 9.A.20 to Kotz-
type distributions is given in Ding and Zhang [168]. The bound on X,
which is described in Theorem 9.A.21, can be found in Tchen [547]. A
geometric proof of (9.A.20) is given in Kaas, Dhaene, Vyncke, Goovaerts,
and Denuit [268] and in Hoedemakers, Beirlant, Goovaerts, and Dhaene
[224]. The convex comparison of sums (Proposition 9.A.22) is taken from
Kaas, Dhaene, and Goovaerts [267]; some related results and extensions
can be found in Goovaerts and Kaas [213] and in Hoedemakers, Beirlant,
Goovaerts, and Dhaene [224]. The comparison of a vector of associated
random variables with its independence version (Theorem 9.A.23) can be
found in Christofides and Vaggelatou [130]; the first part of this theorem
strengthens a result in Shaked and Shanthikumar [517] which states the
same conclusion, but under the CIS condition (defined in (6.B.11)) which
is stronger than the weak positive association condition. The lower bound
on X by the so-called “mutually exclusive” random variables (that is,
that satisfy (9.A.23)), given in Theorem 9.A.24, is taken from Dhaene and
Denuit [162]; see related results in Frostig [207] and in references therein.
The sufficient condition by means of copulas, which imply the <gj,.cx order
(Theorem 9.A.25), can be found in Juri [266]. Theorem 3.1 and Corollar-
ies 3.2 and 4.1 in Riischendorf [486] are variants of Theorem 9.A.25. The
model that is described in Example 9.A.26 is a special case of a model dis-
cussed in Béuerle [57]; in fact, her Theorem 3.1 can be obtained from the
stochastic inequality of Example 9.A.26 and the closure of the supermod-
ular order under mixtures (Theorem 9.A.9(d)). Riischendorf [486] studied
various extensions of Example 9.A.26. The comparison of sampling plans
which is given in Example 9.A.27 was obtained in Karlin [276], and noted
by Frostig [206]. The comparison of multivariate Archimedean copulas
(Example 9.A.28), as well as further similar comparisons, can be found in
Wei and Hu [559].

If F and G of (9.A.3) are the distribution functions of bivariate vec-
tors with integer-valued components, then the comparison F' <pqp G is
the same as a comparison of the partial sums of two matrices with non-
negative entries (which sum up to 1). Nguyen and Sampson [434] studied
the geometry of such matrices.

The PQD comparison can be used also to compare contingency tables
that have the same row and column sums. Nguyen and Sampson [435]



428

9 Positive Dependence Orders

obtained some results regarding the number of such contingency tables
that are more PQD than a given contingency table.

Block, Chhetry, Fang, and Sampson [92] found necessary and sufficient
conditions (by means of orders of permutations) for two bivariate empirical
distributions to be ordered according to the PQD order. Further results
in this vein are given in Metry and Sampson [392]. Examples of pairs
of bivariate distributions that are PQD-ordered can be found in de la
Horra and Ruiz-Rivas [227] and in Joe [261]. Bassan and Scarsini [55]
characterized the PQD order by means of the usual stochastic ordering of
some related stopping times.

Ebrahimi [175] discussed negatively dependent distributions that are or-
dered according to the PQD order.

Some positive dependence orders that are ,weaker than the PQD order
were introduced in Rodriguez-Lallena and Ubeda-Flores [470].

Lu and Yi [366] gave a definition of an order that generalizes the bivariate
PQD order to higher dimensions. However, this order does not have the
desirable properties of being closed under mixtures and concatenations
(this follows from the fact that parts (c) and (e) of Theorem 2.4 in Lu
and Yi [366] may be incorrect).

Section 9.B: Most of the results in this section can be found in Colangelo,

Scarsini, and Shaked [133].

Section 9.C: Most of the results in this section, about the LTD and RTI

orders, are taken from Averous and Dortet-Bernadet [25]. The relationship
between the strong orthant ratio orders and the LTD and RTI orders
(Theorem 9.C.7) can be found in Colangelo, Scarsini, and Shaked [133];
the counterexamples that are mentioned after Theorem 9.C.7 can also be
found in that paper. The results about the PRD order are taken from
Yanagimito and Okamoto [570] and from Fang and Joe [192]. In addition
to the characterizations (9.C.19)—(9.C.21) of the PRD order, the reader
may find another characterization in Riischendorf [484]. In addition to
Examples 9.C.10-9.C.12, many other examples of pairs of random vectors
that are PRD-ordered can be found in Fang and Joe [192].

Hollander, Proschan, and Sconing [225] briefly considered some LTD and
RTT orders that are different than the ones in Section 9.C. Colangelo
[132] studied the relationships among these orders and the LTD and RTI
orders in Section 9.C, and Colangelo, Scarsini, and Shaked [133] studied
the relationships among these orders and the orthant ratio orders.

Block, Chhetry, Fang, and Sampson [92] found necessary and sufficient
conditions (by means of orders of permutations) for two bivariate empirical
distributions to be ordered according to the PRD order. Some variations
of the PRD order are discussed in Capérad and Genest [120] and in Fang
and Joe [192].
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Avérous, Genest, and Kochar [26] introduced an extension of the PRD
order which compares bivariate random vectors that need not have the
same univariate marginals. Their order is equivalent to the requirement
that the corresponding copulas are ordered in the PRD order.

Hollander, Proschan, and Sconing [225] briefly discussed the order accord-
ing to which (X7, X2) is smaller than (Y7, Y3) if

Gy, v, (1‘2’1‘1) — Fx,1x, (l‘g’ﬂh) is increasing in z; for all 5.

Section 9.D: Most of the material in this section is taken from Kimeldorf
and Sampson [295]. The conditions under which Archimedean copulas are
ordered in the PLRD sense (Example 9.D.5) can be found in Joe [262].
The comparison of two bivariate normal random vectors in the PLRD
sense (Example 9.D.6) is taken from Genest and Verret [208].

Yanagimoto [569] introduced a collection of 16 orders based on the idea
of (9.D.2). He did it by requiring (9.D.2) to hold for special choices of
intervals Iy, Is, Ji, and J>. The PQD order is one of the 16 orders in
the collection of Yanagimoto. Metry and Sampson [391] extended Yanagi-
moto’s idea and presented a more general approach for generating positive
dependence orderings. That approach makes it fairly easy to study the
properties of the resulting orders and the interrelationships among them.
Yanagimoto [569] also introduced an order that is similar to the PLRD
order, and which applies to random vectors of dimension n > 2.

Kemperman [284] and Karlin and Rinott [278] suggested an order accord-
ing to which the bivariate distribution F' (with density f) is smaller than
the bivariate distribution G (with density g) if

F(w1,y1)9(w2,y2) > f(21,92)9(22, 1) whenever 1 < 22 and y; < yo.

This order has not been studied in the literature as a positive dependence
order. In fact, Kimeldorf and Sampson [295] have noticed that it does not
satisfy some of the basic axioms that they introduced.

Section 9.E: The definition and many properties of associated random vari-
ables can be found in Esary, Proschan, and Walkup [184]. Most of the
results described in this section are taken from Schriever [498] and from
Fang and Joe [192]. In addition to Examples 9.E.4-9.E.6, many other ex-
amples of pairs of random vectors that are ordered by association can be
found in Fang and Joe [192]. Some variations of the association order are
also discussed in that paper.

Block, Chhetry, Fang, and Sampson [92] found necessary and sufficient
conditions (by means of orders of permutations) for two bivariate empirical
distributions to be ordered according to the association order.

The main result about the weak association order (Theorem 9.E.8) is
extracted from Riischendorf [486]; see also Yi and Tongyu [574].
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Kimeldorf and Sampson [296] and Hollander, Proschan, and Sconing [225]
discuss briefly an order according to which (X3, X2) is smaller than
(Y1,Ys) if

Cov(K (X1, X2), L(X1, X»)) < Cov(K (Y3, Ys), L(Y1, Ya)),

for all increasing functions K and L for which the covariance is well de-
fined. Kimeldorf and Sampson [296] showed that this order does not sat-
isfy one of their axioms. This order can clearly be extended to the case in
which the dimension is n > 2.

Section 9.F: Most of the results in this section are taken from Shaked [501]

and from Rinott and Pollak [467]. One can prove Theorem 9.F.1 using
the method of proof of Theorem 3.1 in Shaked [501]. Tong [550] has listed
some examples of vectors X and Y that satisfy (9.F.5), and has shown
some applications of this order.

Rinott and Pollak [467] have essentially shown that if (X3, X2) <ppp
(Y1,Y3), then some of the first-passage times of related Gaussian processes
are ordered in the usual stochastic order.

Section 9.G: The results in this section are mostly taken from Shaked and

Tong [523]. Many examples of pairs of exchangeable vectors that satisfy
the orders <pq4.x, kK = 1,2, 3,4, are listed in that paper. Further examples
can be found in Shaked and Tong [522]. The relationship between the
star order and the order <p4q.4 (Theorem 9.G.4) is taken from Barlow
and Proschan [35]; a slightly stronger result can be found in Shaked [502].
Gupta and Richards [218] have given examples of pairs of multivariate
Liouville distributions that are ordered according to <,4.; and therefore
also according to <pq.2 and <pq4.4.

Shaked and Tong [523] have noted that, intuitively, exchangeable random
vectors are “more positively dependent” if, and only if, they are “less
dispersed.” Thus they suggested to define orderings according to which
(X1, Xa,...,X,) is smaller than (Y7,Ys,...,Y,) if

E¢(X17X27 e 7Xn) Z E¢(YI7}/27 .. '7Yn)a

for every ¢ which belongs to some properly chosen class of permutation
symmetric functions. In addition to the classes defined in (9.G.1), (9.G.2)
and (9.G.4) [there exists also a class under which the above inequality
gives (9.G.5)], a natural choice of such a class is the class of all Schur-
convex functions. Chang [124] considered some orders that are defined by
the above inequality for several classes of permutation symmetric func-
tions. His paper contains a rich bibliography regarding several stochastic
majorization orders.

Mosler [399, Section 7.6] introduced some notions of positive dependence

orders that are based on volumes of central regions.
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