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CHAPTER

ONE

Introduction

The crux of the problems of probability theory is random variables (r.v.s) and
their distribution functions (d.f.s) or their asymptotic distributions. Since every
Borel measurable function of a r.v. is again a r.v. (Laha and Rohatgi, 1979,
Page 5, Remark 1.1.1.), there are several relationships among r.v.s. A r.v. may
be expressed as a function of one or more r.v.s. Some of the examples are:
if X ~ N(0,1), then Y = X? ~ x?(1). If X, ~ Poisson (},), X, ~ Poisson
(A\,) and if X, and X, are independent, then their sum X, + X, ~ Poisson
(A, + A,). A negative binomial (n,p) r.v. with n = 1 is the geometric (p)
r.v. If X ~ B(n,p), and if n is large and np approaches to A > 0, then the
d.f. of X can be approximated by Poisson distribution. If {X }, is a sequence
of i.i.d. binomial r.v.s, then for S, = Z?Zl X, the distribution of normalized
sequence of partial sums, approaches to Normal distribution. Some of the
relationships among the r.v.s which we discuss in this thesis are the partial

maxima and partial minima of sequence of independent r.v.s, {X }, defined

by M, = max(X,,X,,...,X,) and m, = min(X,, X,,...,X,) respectively.



Another measurable function of r.v.s X, X,,..., X, , we discuss in this thesis
are their corresponding ordered r.v.s, X, < X, < ... < X . known as
order statistics. Note that X, = m, and X, = M, . We also consider the
componentwise maxima and componentwise minima of bivariate sequence of

independent r.v.s {(X,_,Y,)}.

1.1 Objective and Summary of the Thesis

Tools for studying r.v.s are selected based on their compactness and ease of
use. The d.f., probability mass function (p.m.f.), probability density function
(p.d.f.), integral transforms like characteristic function (c.f.), moment gener-
ating function and probability generating function are some of the most com-
monly used tools in the study of r.v.s. When a sequence of r.v.s is independently
distributed, the d.f.s of partial maxima, M _  and partial minima, m_ are in a
compact and explicit form, see for example David (1970). However, the c.f.s of
partial maxima and partial minima of a sequence of independent r.v.s, {X, },
do not have a compact and explicit form in the literature. The main objective
of the thesis is to investigate the conditions under which the c.f.s of partial
maxima and partial minima of a sequence of independent r.v.s to be written in
a compact form. The restricted families of distributions for which the c.f.s can
be derived in compact form are discussed giving enough illustrative examples.
Sufficient conditions for d.f.s of r.v.s to belong to such classes of distributions
are obtained. Some important properties of these classes of distributions are
also discussed. The compact forms of the c.f.s of partial maxima and partial
minima of a sequence of independent r.v.s are also derived under the condi-
tions identified and the results corresponding to independent and identically

distributed (i.i.d.) sequence of r.v.s are derived as special cases. The results



discussed for partial maxima and partial minima are then extended to 7" or-
der statistic of a sequence of independent r.v.s for every fixed n and the results
corresponding to i.i.d. sequence is deduced as a particular case. An attempt is
also made to extend these results to the bivariate set up. Necessary and suffi-
cient conditions for a family of bivariate distributions to have closure property

under the minima or maxima are also obtained.

1.2 Organization of the Thesis

The thesis is organized into seven chapters. As discussed above, Chapter 1
of the thesis presents the problem addressed in the work in a gentle manner.
Section 1.2 describes the organization of other chapters of the thesis. The rest
of the thesis is organized as follows.

Chapter 2 introduces the basic concepts in probability theory which are
required to understand the later developments of the thesis. The measurable
functions of a sequence of r.v.s on a probability space, like partial sums, partial
maxima and partial minima are discussed in this chapter. We verify that, in
general the c.f.s of partial minima and partial maxima can not be written in
a compact form and identify some special families of distributions for which
one can write the c.f.s of partial maxima or partial minima in a compact form.
Section 2.1 reviews the basic concepts of probability theory required. This in-
cludes the probability space induced by a r.v., the d.f. of a r.v. and the c.f. of
a r.v., and the existence and interrelationship between d.f. of a r.v. and the
corresponding c.f. Section 2.2 is on the partial sums of independent r.v.s which
describes the representation of the exact distribution of partial sums as convo-
lutions and the c.f.s of partial sums as the product of the c.f.s of the underlying

distributions. This section also discusses the stability properties of a sequence



of partial sums of independent r.v.s like the weak and strong laws of large num-
bers and the central limit theorem. These discussions are based on Billingsley
(1995) and Laha and Rohatgi (1979). Section 2.3 gives a review on the partial
minima and partial maxima. The representation of the d.f.s of partial maxima
and partial minima in terms of the d.f. of the underlying distribution for both
i.i.d. and independent non-identical r.v.s are discussed. Then the discussion
move on to the limiting distribution of a sequence of linearly normalized max-
ima (Embrechts et. al., 1997, Leadbetter et. al., 1983 and Resnick, 1987) and
non-linearly normalized maxima (Pancheva, 2010). The corresponding results
for the minima follow from the simple relationship between the maxima and
minima. In Section 2.3, we also observe that, in general, the c.f.s of minima and
maxima can not be expressed in terms of the c.f.s of the underlying distribution
in a simple form.

Chapter 3 of the thesis is on families of distributions closed under the min-
ima or maxima. These concepts are defined and illustrated with suitable ex-
amples. Some important properties of these families are also obtained in this
chapter. The results corresponding to sequences of i.i.d. r.v.s is based on
Aparna and Chandran (2017) and those corresponding to independent non-
identically distributed r.v.s is based on Aparna and Chandran (2018a). Section
3.1 discusses various types of closure properties of sets. Section 3.2 provides
the definitions of the concepts of closure under the minima and maxima of r.v.s
or corresponding families of distributions. This section gives suitable examples
to illustrate these concepts. Sufficient conditions for families of distributions to
have closure property under the minima or maxima are also derived in this sec-
tion. Section 3.3 is on how the closure property under the minima or maxima

changes under monotone transformations of the r.v.s closed under the minima



or maxima. Section 3.4 discusses how the closure property under the minima
and maxima holds for truncated r.v.s.

Chapter 4 obtains the representations for the c.f.s of partial minima and
partial maxima of a sequence of independent r.v.s in terms of the c.f. of the
underlying distribution. Section 4.1 derives the representation for the d.f.s
of partial maxima in terms of the d.f.s of partial minima and vice-versa for a
sequence of independent r.v.s. From these representations, when the underlying
family of distributions is closed under the minima or maxima, we deduce the
representations for the d.f.s of partial minima and partial maxima in terms
of the d.f. of the underlying distribution. By the one to one correspondence
between the d.f.s and their integral transforms, we have similar representations
for the c.f.s and are discussed in Section 4.2. All other integral transforms like
moments, probability generating function etc. have similar representations,
whenever they exist. Representations for the moments are given in Section 4.3
and an application of this result is also discussed. The results corresponding
to a sequence of independent non-identical r.v.s is based on the discussions in
Aparna and Chandran (2018a) and the results deduced as a particular case,
corresponding to i.i.d. sequence, is discussed based on Aparna and Chandran
(2017).

Another measurable function of { X }, interested in mathematical statistics,
is the 7" order statistic for a fixed integer n and any integer r between 1 and
n. The minima and maxima are special cases of this 7" order statistic when
r takes the values 1 and n respectively. Chapter 5 extends the results derived
in Chapter 4 to other order statistics and is based on Aparna and Chandran
(2018b). Section 5.1 gives a brief introduction on order statistics. In Section

5.2, we see that, for every fixed n the d.f.s of order statistics of a sequence



of independent r.v.s also have representation in terms of the d.f.s of partial
maxima and partial minima. Furthermore, when the r.v.s are closed under the
minima or maxima, the d.f.s of 7" order statistic can be expressed in terms of
the d.f. of the underlying distribution and are discussed in this section. Section
5.3 introduces similar representations for the c.f.s of order statistics. Section
5.4 provides similar representations for the moments, whenever they exist, and
an application of this result is also discussed.

Chapter 6 extends the closure property under the minima and maxima dis-
cussed in Chapter 3 to bivariate case. Even though, our discussions are on the
two-dimensional random vectors (R.V.s), the results can be extended to higher
dimensional R.V.s. The chapter is based on Aparna and Chandran (2018c).
Section 6.1 reviews the basic probability theory of R.V.s. Section 6.2 intro-
duces the notions of the componentwise minima and componentwise maxima.
The function which uniquely identifies the joint d.f. with the marginal d.f.s are
called copulas, and is discussed in Section 6.3 with the help of Nelson (1999).
Section 6.4 defines families of bivariate distributions closed under the minima
and maxima. A necessary and sufficient condition for a family of bivariate dis-
tributions to have closure property under the minima or maxima is obtained.
In this section, copulas closed under extrema are defined and some examples
are given. Sections 6.5 deals with the changes in bivariate closure property un-
der the minima and maxima on the monotone transformations of the marginal
r.v.s. Section 6.6 describes how the bivariate closure property under the min-
ima and maxima changes, on the truncations of the marginal r.v.s. In Section
6.7 we see that the representations for the d.f.s of partial minima in terms
of the d.f.s of partial maxima and vice-versa can not be extended to the two

dimensional case.
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Chapter 7 summarises the overall content of this thesis work. Cited refer-

ences of the thesis are given at the end of the thesis.



CHAPTER

TWO

Preliminaries

In this chapter, we review some basic concepts in probability theory required
to understand this thesis. Measurable functions of a sequence of r.v.s like the
partial sums, partial minima and partial maxima are described. The exact and
limiting distributions of these measurable functions are also discussed. The
chapter also introduces the main problem addressed in this thesis.

The chapter is organized as follows: Section 2.1 introduces basic concepts
in probability theory. Section 2.2 is on partial sums. The exact distributions
of partial sums and their stability properties are discussed. Section 2.3 reviews
partial minima and partial maxima. Their exact distributions and the stability
property under linear and non-linear normalizations are discussed. In this
section, it is observed that the c.f.s of partial minima and partial maxima can
not be expressed in terms of the c.f. of the underlying distribution unless some

restrictions are imposed.

11
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2.1 Introduction

Probability theory, which deals with any bounded and normed measure is
mainly devoted to the study of random variables (r.v.s). To each outcome
of an experiment if we assign a number, then we define a measurable function
on the sample space called the r.v. Mathematically, if (€2, &7, P) is a probability
space, a real valued ./-measurable function on € is called a r.v. on (2, <7, P).

That is, if for every B € A, the Borel o-field in R,

X' B)={weQ: X(w) € B} e #, (2.1.1)

then X defines a r.v. on (€,.o7, P). The r.v. X induces a probability measure

P, on the measurable space (R, %) given by

(B)=P(X YB)), V Bec%A, (2.1.2)

called the probability distribution of X. Hence, (R, %, P, ) is a new probability
space called the probability space induced by the r.v. X on its range space.
The distribution function (d.f.) of a r.v. X is a mapping F, : R — R, which

can be derived from (2.1.2) as follows

X(x) = PX((—OO,I‘D, V zeR
= P(X '(-o00,z]), V z€R
= PweQ: Xw) <z), V z€R

= P(X<x), V zekR (2.1.3)



13

That is, corresponding to every r.v. X there is a d.f. F,. The d.f. is non-
decreasing, right-continuous and attains the value zero as * — —oo and one
as * — +o00. Hence, more precisely we can say that, the d.f. of a r.v. is a
mapping from R to [0, 1] with these properties. Conversely, if F' is a nonde-
creasing, right-continuous function on R satisfying xE@WF () = F(—00) =0
and xErEOOF(:I:) = F(400) = 1, then by Theorem (1.1.2) of Laha and Rohatgi
(1979), there exists a probability measure P, on (R, %) determined uniquely
by the relation P, ((—o0,z]) = F(z), for all z € R. Hence, by Remark (1.1.3)
of Laha and Rohatgi (1979), there exist a r.v. X on some probability space
such that F'is the distribution function of X. That is, consider the probability
space (R, %,P,) and let X(w) = w for all w € R. Now, this X induces a

probability measure P, on (R, %) given by P, (B) = P

F

(X~H(B)) = P,

F

(B).
In particular, if B = (—o0, z], then F (z) = F(x) for all x € R. That is, F'is
the d.f. of the r.v. X. Hence, corresponding to any d.f. F, there exists a r.v.
on some probability space with F' as its d.f.

If X is a r.v. on some probability space, then the transformation given by

¢y (t) = E("), teR (2.1.4)

— /eitxdFX(x)’ (215)

R

is known as the characteristic function (c.f.) of the d.f. F, or the r.v. X.
If ¢(t) is a c.f., it is a complex valued function and it satisfies the following

properties:

i) 6(0) = L.

ii) ¢(—t) = ¢(t), the complex conjugate of ¢(t).
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i) [o(0)] < 1.
iv) ¢(t) is uniformly continuous on R.

By Cramér (1946), (page 84, Section 7.4), any bounded and measurable func-
tion is integrable with respect to any d.f. over R, which assures the existence of
the c.f. for every d.f. There is a one to one correspondence between the d.f. of
ar.v. and its c.f. That is, two d.f.s | and F, are identical if, and only if, their

c.f.s ¢, and ¢, are identical. This is the content of the uniqueness theorem of

the c.f. For an absolutely continuous r.v. X with p.d.f. f, the c.f. is given by

oi(0) = [ e (@)t (2.16)

T

and for a discrete r.v. X with p.m.f. p, it can be expressed as

b (t) =) e"p(x), (2.1.7)

x

where p, (z) = P(X = z). For more details of the above discussions see Laha
and Rohatgi (1979) and Lukacs (1960).

Suppose there are n r.v.s say X,, X,,..., X, on (2,4, P). Then the Borel
measurable functions of these r.v.s, like their sum, maximum and minimum are

defined by

S, = > X (2.1.8)
j=1
M, = max(X,,X,,...,X)) (2.1.9)

m, = min(X,X,,..., X)) (2.1.10)

and are also r.v.s on (9,47, P) whose d.f.s are determined by the d.f. of
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X,,X,,...,X,. Hence, the exact distributions of these functions are dealt in
probability theory. In many situations, the exact distributions of these statis-
tics may not be easy to handle or useful for further statistical treatments. In
such situations, generally the asymptotic distribution of the above mentioned
statistics are derived and applied in the statistics literature. The following sec-
tion provides a description of the d.f.s and c.f.s of partial sums of a sequence

of independent r.v.s.

2.2 Partial Sums

Let {X,,n > 1} be a sequence of independent r.v.s with X having d.f. FXj
and c.f. qSXj. Then {S,} is the sequence of partial sums of {X }, where S,
is as defined in (2.1.8) for every n > 1. The d.f.s of S, of independent r.v.s
are usually expressed as convolution of individual d.f.s. The convolution of two

d.f.s, say F, and F, is given by

G(z) = /OOFI(Z—$)dFQ($)

_ f: E,(= — 2)dF, (x)

= F xF,. (2.2.1)
If the d.f. G is the convolution of 3 d.f.s F, F,, and F}, then

G = (F,«F)xF,=F «(F,«F),)

= F «xF,*F,. (2.2.2)
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Similarly, if the d.f. G is the convolution of n d.f.s F, F,,..., F , then

G=F xF,«...xF . (2.2.3)

When these independent r.v.s are identically distributed as F', the representa-
tion in (2.2.3) reduces to G = F*", the n-fold convolution of F. For details see

Feller (1966) and Lukacs (1960). Hence,

Fg =F «F %« F (2.2.4)
and for the i.i.d. sequence {X }
F, =F. (2.2.5)
From equation (2.1.4), we have for t € R
¢s (1) = f[céxj ), n>1, (2.2.6)
and when the r.v.s are i.i.d. as X with c.f. ¢, (2.2.6) reduces to
¢s (1) = (o ()", n=>1 (2.2.7)

We can see that the c.f. of S, has more compact and useful representation
compared to that of its d.f. It is these explicit forms of ¢, (t) that helps to
derive the stability properties of the sequence {X } of i.i.d. or independent
r.v.s in terms of the partial sum sequence {S,}. For example, the central limit
theorem, the laws of large numbers and the laws of iterated logarithm of the

sequence {X } of r.v.s are derived in the probability literature with the help
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of (2.2.6) and (2.2.7). Even though, the expressions (2.2.4) and (2.2.5) appear
simple, it is not so. In general, the d.f. of the partial sum, S, does not have
an explicit form for either the i.i.d. or independent non-identical case. In such
situations, generally the asymptotic distribution of .S, is used in the literature.
If for a sequence of independent r.v.s, {X,}, E(X?) < oo, then

S, —FE(S,)

n

P
—0 as n— o

and if they have common mean u, then

S,

n

P
— = as n — 0o.

n
The only condition for this convergence is that the variance, V' (%") — 0 as
n — oo and the condition of independence is not necessary and this is the
content of Chebychev’s weak law of large numbers. Khintchine’s weak law of
large numbers is a stronger result which says, if {X } is a sequence of i.i.d.

r.v.s with common mean ,

S

n

P
— — | as n — 00.

n

We can see that, the weak laws of large numbers discuss the convergence in
probability of the sequence of partial sums. When the mode of convergence
changes to almost sure convergence, we have the strong laws of large numbers.

The Kolmogorov’s strong law of large numbers says,

Sna.s‘
— = oas n— oo
n
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if, and only if, E|X, | < oo. For details, see Billingsley (1995) and Laha and
Rohatgi (1979).

Since convergence in probability and almost sure convergence imply con-
vergence in distribution, when normalized with n, the sequence of partial sums
converges to the mean in distribution. That is, ST“ converges to a d.f. de-
generated at the mean, which does not provide much information. But, if we
normalize S, with \/n and change to convergence in distribution, we get more
information about the stability of j—"ﬁ This is the main idea used in the central
limit theorems. The first attempt in this direction is on the convergence in
distribution of a sequence of i.i.d. Bernoulli r.v.s normalized with y/n. If {X }
is a sequence of i.i.d. Bernoulli r.v.s with P(X, = 1) = p, 0 < p < 1, and

P(X. =0) =1—p=q, then for every z € R,

J

S —np > 1 /x 2

Pl—<z2| —- — e 2du as n — oo.
(\/npq V2 J_

This is the content of the Bernoulli’s central limit theorem, by DeMoivre and
Laplace. Later Lévy identified that this result holds not only for i.i.d. Bernoulli
r.v.s but also for any sequence of i.i.d. r.v.s. The Lévy central limit theorem
says that for a sequence {X} of i.i.d. r.v.s, if 0 < V(X)) = 02 < o0, for every

n

reR,

- F 1 v >
P(S"—(S")Sx)ﬁ— e " 2dy as n — oo.
O'\/ﬁ 2 J_

This is the most useful version of the celebrated central limit theorem in the
i.i.d. case. By relaxing the identically distributed condition, Lindeberg ob-
tained a set of sufficient conditions for the convergence of suitably centered

and normalized S, to the Normal r.v. These conditions were later proved to
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be necessary by Feller.

Theorem 2.2.1 (Lindeberg-Feller Central Limit Theorem). Let {X, }
be a sequence of independent but not necessarily identically distributed r.v.s
with V(X,) =0> <oo,n=1,2,.... Let E(X,) =a, and S, = > X, Set
V(S,) = B%. Let F, be the d.f. of X,,. Then the following two conditions:

i) lim max (02/B?) =0,

n—oo 1<k<n

i) lim P{[S, — E(S,)]/B, <z} = —u 2y,

e

for every x € R, hold if, and only if, for every e > 0 the condition
lim > / (z —a,)%dF, (z) =0 (2.2.8)

15 satisfied.

Lindeberg showed that (2.2.8) implies (ii) and Feller showed that (i) and
(ii) imply (2.2.8). For proof see Laha and Rohatgi (1979). In general, the
more precise content of the central limit theorem is, if there exists sequence of
constants {a,} and {b,}, with b, > 0, such that the normalized sequence of
partial sums {S”b;n“"} converges in law to some non-degenerate r.v. Z whose
d.f. is G, then G is an a-stable distribution for some o > 0. A non-degenerate
r.v. X is stable if, and only if, for all n > 1, there exist constants a, € R and

b, > 0 such that

S Lbh X+a, (2.2.9)

where X, X,,..., X are independent, identical copies of X. A r.v. X is
strictly stable if, and only if, a, = 0 for all n. Stable laws are also known as

a- stable or Lévy stable. The a- stable distributions require four parameters
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for complete description: an index of stability also known as the tail index,
tail exponent or characteristic exponent « € (0, 2], a skewness parameter 3 €
[—1, 1], a scale parameter ¢ > 0 and a location parameter u € R. The normal
distribution arises as a special case of this when o = 2. This approximation is
extensively used in the statistics literature when the exact distribution of S,
cannot be computed. For example, if the second moment of X exists for a
sequence of i.i.d. r.v.s, {X,}, S, has an asymptotic normal distribution. For

details, see Billingsley (1995), Feller (1966) and Laha and Rohatgi (1979).

2.3 Partial Minima and Partial Maxima

Let {X,,n > 1} be a sequence of i.i.d. r.v.s. Then {M_ } and {m,} are the
corresponding sequences of partial maxima and partial minima, where M and
m,, are as defined in (2.1.9) and (2.1.10) respectively. Unlike the d.f. of S, the
d.f. of M, and m, of an i.i.d sequence {X,} are expressible in explicit form

given by

Fy (x) = (Fy(z))" (2.3.1)

F, () = 1—=(1—=F.(x)" (2.3.2)

where F (z) is the survival function of F (z). When the sequence of r.v.s are
independent but not identically distributed, the d.f. of M and m,_ are given
by

w (@) = JIF @ (2.3.3)

F, (x) = 1-]J(-F, (x)) (2.3.4)
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For convenience, the expressions in (2.3.2) and (2.3.4) can be rewritten using

the survival function F of F as

(r) = (Fe(x)" (2.3.5)
) (2.3.6)

T
Enn (x> = ‘F_jX‘7 (

respectively. These exact distributions are extensively used in the statistics
literature. For detailed account of the exact distributions of M, , m _ and other
Borel measurable functions of M, and m,, see David (1970).

As in the case of partial sums discussed in Section 2.2, in many situations
the limiting distribution of the normalized maxima will be more useful. Let us
look at the behavior of M as n — oo for a sequence of i.i.d. r.v.s. Obviously,
as n increases, M increases. Hence, asymptotic behavior of M is related to
the d.f. of X at its right tail. Let x, be the right end point of the d.f. F. That
is,

z, =sup{z e R: F, (z) < 1}.

Now,

Hence, as n — o0

0, z<ux,

1, z>ua,.

i.e., M, converges to a r.v., degenerated at z,,.

Example 2.3.1. Let {X } be a sequence of i.i.d. U(a,b) r.v.s. Then x, =b
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and F\(z) = =%, a < x < b. Now, forx <b, 0 < F,(r) <1 and hence

a’

F

w (¥) = 0 asn — oo, Forx >b,b<oo, Fy(z) =1 and hence F,, (z)— 1.

i.€.,
d 0, x<b

1, x>0

That is, sequence {M,} of a sequence of i.i.d. U(a,b) r.v.s converges to a r.v.

degenerated at b.

When the distribution does not have a finite right end point, {M, } con-
verges to a r.v. degenerated at a point mass z, near 4+oo. Convergence in

distribution to a degenerate r.v. implies convergence in probability and hence,
as n — o0.

Since M, is monotone increasing, the above convergence implies convergence
almost sure. That is,

a.s.
M =z as n — oo.

These convergence concepts are not much useful as they do not provide much
information. As discussed for the partial sum sequence {S, }, the weak conver-
gence results of the centered and normalized maxima provides more insight into
the order of magnitude of the maxima. But, this need not exist always. One
needs certain continuity conditions at the right end point z,, for the existence
of the limit of P <M’;)—;a" < w) =P(M, <u,)asn — oo, whereu, =b,x+a,.
For example, if X follows Poisson distribution, P(M, < u,) will never have
a limit in (0,1) for any sequence {u,}. That is, the normalized maxima of

i.i.d. Poisson r.v.s do not have a non-degenerate limit distribution. Here comes

the crucial difference between the sums and maxima. In the case of sums, the



23

condition of the existence of the second moment assures the convergence to
Normal distribution and its failure leads to the class of other a-stable distribu-
tions (see, Section 2.2). The following theorem provides the limit distribution

of normalized maxima, whenever it exists.

Theorem 2.3.1. Let {X } be a sequence of i.i.d. r.v.s on (2,4, P) having

d.f. F. If for some constants {a,} and {b, > 0} P (M’;)—;a“” < :p) — H(z),

then

where (1 + &x) > 0.

H,(x) is known as the generalized extreme value (GEV) distribution. This

is the Jenkinson-Von Mises representation of the standard extreme value distri-
butions, where £ = 0 corresponds to the standard Gumbel distribution (Type
I), £ = a=! > 0 corresponds to the standard Fréchet distribution (Type II)
and £ = —a~! > ( corresponds to the standard Weibull distribution (Type III)

given by

Gumbel: A(z) = e ¢, zeR, (2.3.7)
(

0, <0
Fréchet: & (z) = ,a>0 (2.3.8)

e a
e, x>0
(

e )% 2 <0
Weibull: V¥ _(z) = ,a >0, (2.3.9)

1, x>0

\

which are the max-stable or standard extreme value distributions referred in

the fundamental Fisher-Tippett theorem. The three standard extreme value
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distributions are very different for the purpose of modeling, but in the mathe-
matical point of view they are closely linked. Suppose X is a positive valued
r.v., then

X~d < InX~A & —X'1AU.

o @

The r.v.s corresponding to extreme value distributions are called extremal r.v.s.
For details, see Embrechts et. al. (1997), Leadbetter et. al. (1983) and Resnick
(1987).

There is a very nice mathematical relation between m,_ and M . We can

rewrite expression (2.1.10) as

m, = —max{—-X,,—X,,...,—X} (2.3.10)
= —M/ (2.3.11)
where M," = max{—X,,—X,,...,—X_}. By this relation, the GEV distribu-

tion, G corresponding to the minima and H corresponding to the maxima are
related by
G(z)=1—- H(—x)

and hence, G is given by

1—e ™ e
G (r) =

the GEV distribution corresponding to minima, where (1 — {x) > 0 and the
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standard extremal types distributions for minima are given by

Gumbel: A(z) = 1—-e“, z€R. (2.3.12)
(
1—e 27 2<0
Fréchet: @ _(z) = ,a>0 (2.3.13)
1, x>0
(
(
0, z <0
Weibull: VU _(z) = ya >0, (2.3.14)
1—e®% >0
(

For more details, see Embrechts et. al. (1997), Leadbetter et. al. (1983) and
Resnick (1987).

Max-stability we discussed above is under affine transformations. But, do
the norming mappings have to be linear? The answer is ‘not’ and Theorem
2.1 of Pancheva (2010) gives three equivalent conditions which characterize
the generalized max-stable distributions on R under a more general normaliza-
tion. According to Pancheva (2010), any continuous strictly increasing d.f. is
max-stable and the corresponding version of the min-stability under non-linear
normalization is obtained by the relation (2.3.10). For details see Pancheva
(2010).

Does there exist any situation in which one can express the c.f.s of partial
maxima or partial minima or both of a sequence of independent r.v.s in an
explicit form? This natural curiosity is the motivation behind this work. From
equations (2.1.6) and (2.1.7), for t € R, the c.f.s of M and m, can be expressed

as

[ e*f, (x)dx, if F is absolutely continuous

Oy, (1) = , (2.3.15)
>, eP, (x), if Fis discrete
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and

[ e*f,, (x)dz, if F is absolutely continuous

6 (1) = (2.3.16)
>, ¢"P, (x), ifFis discrete

respectively. If the sequence of r.v.s are i.i.d., then (2.3.15) becomes

e n[F (2)]" Y f (x)dz, if F is absolutely continuous
> e[[F (@)]" — [Fy (x—)]"], if F is discrete.

and (2.3.16) becomes

enll — F (z)]"Vf (z)de, if F is absolutely continuous
o = | e Bl v condmoys,
> e[F (x—)]" — [Fy(x)]"], if F is discrete.

No further simplifications to the above integrals or sums in equations (2.3.15)
and (2.3.16) are possible unless or until we impose some restrictions over the

d.f. F. Let us try to evaluate these through some specific situations.
Example 2.3.2. Suppose {X,} is a sequence of independent r.v.s such that

J

X, ~exp(0,). Therefore, F, () =1~ e %" x>0, 0, > 0. Then for all

n > 1, the d.f.s of partial mazima, M are given by
—0.x
FMn;Bl,GQ,...,Gn (33) = H(l —€ ! )
j=1

and the d.f.s of partial minima, m, are given by

->" 6.z
— — =1 7J
mn;91 ,92,4.4,971 (I) ]' € J .

It is to be noted that minima of n independent exponential r.v.s with parameter
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0., 7=1,2,...,n has an exponential distribution with parameter ijl 0.. Let

¢yo denote the c.f. of X,. Then ¢, (t) = % Now, due to the one to

6. —it
J

one correspondence between the d.f. and the c.f. of a r.v., the c.f.s of partial
minima, m,_, are given by
0 (e LR
mn;el,ez,.“,en - Zn 6 _ Zt - X3

j=1 1]

) (2.3.19)

j=1"7

In the above example, if the r.v.s are identically distributed with parameter

0, then
Conf—it

Py (1) P (1)-

That is, the c.f. of m, of i.i.d. exponential r.v.s can be expressed in a very
compact form. Even for independent non-identical exponential r.v.s the c.f. of
m, is in a compact form. Does there exist a class of distributions for which the
c.f.s of partial minima or partial maxima can be expressed in a simple form?
The next chapter introduces such a new class of distributions and study their

properties.



CHAPTER

THREE

Families of Univariate Distributions Closed under the

Minima or Maxima

The discussions in this chapter is on families of distributions for which the d.f.s
of either the maxima or minima belong to the same family. The concept is
defined and described providing various examples. Sufficient conditions for a
family of distributions to have this property are obtained. Some properties of
such families are also discussed. The results corresponding to i.i.d. sequence
of r.v.s is based on Aparna and Chandran (2017) and those corresponding to
independent non-identical case is based on Aparna and Chandran (2018a).
The chapter is organized as follows: Section 3.1 discusses various types of
closure property of sets. Section 3.2 provides the definitions of the concepts of
closure under the minima and maxima providing suitable examples to illustrate
these concepts. Sufficient conditions for families of distributions to have closure
property under the minima or maxima are also obtained in this section. Section
3.3 is on how the closure property under the minima and maxima changes on

monotone transformations of the r.v.s. Section 3.4 discusses how the closure

28
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property under the minima and maxima changes on truncation of r.v.s.

3.1 Introduction

Let A be a set and * a binary operation defined on that set. Let a, and a, be
any two elements of the set A. If a, *a, is also in A, then we say that A is closed
under the operation x. That is, a set is said to be closed under an operation if,
and only if, on applying that operation on any two or more elements of that set
provides another element of the same set. The basic operations in elementary
algebra are addition, subtraction, multiplication and division. Some examples

of sets having closure property with respect to these elementary operations are:

Example 3.1.1. The set of positive integers is closed under addition and mul-

tiplication and is not closed under subtraction and division.

Example 3.1.2. The set of integers is closed under addition, subtraction and

multiplication and is not closed under division.

Example 3.1.3. The set of real numbers is closed under addition, subtraction,

multiplication and division.

From the above examples one can see that, the set of positive integers, the
set of integers and the set of real numbers are all closed with respect to the
operations of addition and multiplication. The set of integers and the set of
real numbers are closed with respect to subtraction, while the set of positive
integers is not closed with respect to subtraction. Similarly, the set of real
numbers is closed with respect to division, while the set of integers and the set
of positive integers are not closed with respect to division. Closure property
of a set with respect to an operation does not necessarily imply closure on all

subsets and supersets.
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In some situations, the elements of a set will be again sets. Such sets are
called a class of sets. Some examples of the operations on these sets are; union,

intersection and complementation.

Example 3.1.4. A o-field is a non-empty class of sets which is closed under
countable union, countable intersection and complementation. That is, if o7 is
a o-field and A,, j > 1 integer, are elements of <, then U?:l A, and ﬂ?zl A,

are in <7 , and for any element A of o/, A¢, the complement of A is also in <.

Let .% be a family of distributions of independent r.v.s with same functional
form except for a parameter. One of the most common operations on such a set
is convolution of d.f.s. Such a family of distributions is said to be closed under
convolution, if the convolution of any two or more members of that family
belongs to the same family of distributions. A set of independent r.v.s are
said to be closed under addition if the corresponding family of distributions

are closed under convolution.

Example 3.1.5. The family of Binomial distributions with common probability

of success is closed under convolution.

Example 3.1.6. The family of Normal distributions is closed under convolu-

tion.

We have discussed different types of closure properties. In the following
section we are going to define families of distributions for which the d.f.s of
either the maxima or minima belong to the same family of distributions. Suf-
ficient conditions for a family of distributions to have these properties are also

obtained.
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3.2 Families of Distributions Closed under the Minima

or Maxima

In this section we first define the closure property under the minima as well
as maxima of a sequence of r.v.s or a family of distributions and provide
suitable examples. Let {X } be a sequence of independent r.v.s such that
X, ~ FX;aj € .- Let us denote the collection of parameters (o, a,, ..., a,),

Y 29

corresponding to X,, X,,..., X, whose d.f.s belong to .#, _ by o, n > 1.

X

Definition 3.2.1. A family of distributions, .7, ,, is said to be closed under

the minima with respect to o, if for alln > 1 and F,, € F, _,7=1,2,...,n,
o ;

the d.f.s of minima, F, ., =F, . €F,  withparameter g(a,) depending

on o

<~n"*

Remark 3.2.1. A set of r.v.s is said to be closed under the minima, if the

corresponding family of distributions is closed under the minima.
For a sequence of i.i.d. r.v.s, we can restate the above definition as follows.

Definition 3.2.2. Let X be a r.v. with d.f. F_ involving a parameter o and
(X, X,,...,X,) bei.id copies of X. Then F\  is said to be closed under the
minima, with respect to the parameter o, if for every n > 1, the d.f. of m, is

ig (o) JOT SOME g, () which is a function of n and the parameter .

Remark 3.2.2. When the r.v.s are i.i.d. g(a,) coincides with g, («) of Defi-

nition 3.2.2.

Example 3.2.1. Let X, j = 1,2,...,n be independent r.v.s such that, X, ~

F., andF,, (z) = 1—e %" 2 >0, 0,>0. Then F, , (z)= 1—e =1 % =

X;0 .
J

F (x), where g(8,) = Z;; 0,. If X,s are i.i.d. with parameter 0, then

X59(05)

g,(0) =nb.
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Example 3.2.2. Suppose X, j = 1,2,...,n follows Pareto distribution with

my ;o

df Fe, (x) =1—=(2)%, 2 >p p>0 a >0, then F, () =1-

(f)zyﬂ Y= Fy (@), where g(a,) = Z?:l o, When the r.v.s are i.i.d.,
g, (a) = na. i.e., the family of independent Pareto distributions is closed under

the minima.
Example 3.2.3. Let X, j =1,2,...,n be independent r.v.s which follows the

Geometric distribution with parameter 0 <p, <1, i.e.,

0, =<0

i 1_<1_pj)[:c]+17 x>0,

where [x] denote the greatest integer less than or equal to x. Then the d.f.s of

the minima s given by

0, =<0
an%?<x> = [ ]+1
1—H7:1(1—pj)x ., x>0.

So, m, has Geometric distribution with parameter 0 < 1 — H?zl(l —p,;) <L
Here, g(p,) = 1—1_[?:1(1 —p,). Therefore, the family of geometric distributions
is closed under the minima. If X ;s are i.i.d. Geometric with parameter p, then

9.(p)=1-(1-p"

Remark 3.2.3. The Geometric distribution with support on 1,2,... is also
closed under the minima with g(p,) =1 — H;;(l —p,).

T

Example 3.2.4. Let F, (z) = 1 — e_<@> ;o >0,0,>0,a>0and X,,

j =1,2,...,n be independent r.v.s such that X; ~ Fy, . Then F, (x) =

1

o a 1/a\ @
l—e E;ﬂ(giﬂ') T <x<zj1<0j) ) ) . Therefore, the family of Weibull

n
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distributions is closed under the minima and g(0,) = S If X s

V)"

are i.i.d. with parameter 6, then g, (0) = nl%.

Definition 3.2.3. A family of distributions, % 15 said to be closed under

Xl
the mazima with respect to e, if foralln > 1 and F,, € F, _,j=1,2,...,n,
o ;
the d.f.s of mazima, F,, , =F € F .. with parameter h(q, ) depending

Xsh(ay)

on

<~n"

Remark 3.2.4. A set of r.v.s is said to be closed under the mazxima, if the

corresponding family of distributions is closed under the mazima.

When the sequence of r.v.s are i.i.d. we can restate the above definition as

follows.

Definition 3.2.4. Let X be a r.v. with d.f. F  involving a parameter o and

[e3

(X,,X,,...,X,) be a random sample of size n from F, . Then F,  is said

to be closed under the maxima, with respect to the parameter «, if for every
n>1, the d.f. of M, is ., ., for some h, () which is a function of n and

the parameter a.

Remark 3.2.5. When the r.v.s are i.i.d. h(q,) coincides with h, («) of Defi-

nition 3.2.4.

Example 3.2.5. Suppose X, j = 1,2,...,n are independent observations
having the power distribution with d.f. Fx;aj (x) = (%)aﬂ' , 0<x <0, a >0.

Then F (x) = (%)Z?:1 Y =F (x). i.e., the family of power distribu-

My, ;o X§h(9‘n>

tions is closed under the mazima with h(a,) = Z::l a,. In the i.1.d. case with

parameter o, h, (o) = nao.

Example 3.2.6. If X, j = 1,2,...,n are independent inverse Weibull

0.
J

r.v.s with corresponding d.f. F,, (x) = e_<””> ,x > 0,0 > 0,a > 0, then
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0.
J

F (x)=¢€ X (7> =F (x). Hence, inverse Weibull distribution is

M,, 30, X;hy, (0)

closed under the mazima. In this case h, () = n/0.

Example 3.2.7. Suppose X, j =1,2,...,n are independent r.v.s having the

generalized exponential distribution with d.f. F,_ (x) = (1 —e™ )%, 2 > 0,
)

Ao, >0. Then F,, . (x) = (1—6*’\"’3)2;:1 “i. Hence, the family of generalized

exponential distributions is closed under the mazima with h(a, ) =" o . If

J=1

X, s are i.i.d. with parameter «, then g, (o) = na.

The next example describes a family of distributions which is closed under

both the minima and maxima.

Example 3.2.8. If X, j = 1,2,...,n has independent Bernoulli r.v.s with
d.f.

0, =<0
Fyo, (@) =9 1-p, 0<z<1l, 0<p <1
1, z>1
Then
0, =<0
Frp @) =9 1=T1"p,, 0<z<1, 0<p <1 =F, (@),
1, z>1

where g(p,) =II'_ p, and

<0

F

My,

0,
b @ =9 I, (1=p), 0<z<l, 0<p <1 =F, (o)
L,

z>1
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where h(p,) =1~ [1I",(1—p,). Hence, the family of Bernoulli distributions is

j=1

closed under both the minima and mazima. When the r.v.s are i.i.d. g, (p) = p"

and h,(p) =1— (1 —p)™.

Remark 3.2.6. Every two point distribution is closed under both the minima

and mazima.

Remark 3.2.7. Families of max-stable (min-stable) distributions are closed

under the mazima (minima,).

Remark 3.2.8. FExponential distribution is closed under minima, but is not
closed under mazxima in the sense of Definition 3.2.4. However, exponential

distribution is maz-stable and min-stable in the sense of Pancheva (2010).

Note 3.2.1. If a family of distributions is either closed under the mazxima or
closed under the minima, we say that the family of distributions is closed under

extrema.

From the examples discussed above we can see that in most of the cases
g(a,) or h(a,) is equal to Z?Zl a, and it is not so always. In the following
we will be looking into how the functional form of g(a, ) or h(a,) is related
to the functional form of the s.f. or d.f. respectively. We can see that except
in Example (3.2.3) and Example (3.2.8), the parameter with respect to which
the family is closed is an exponent parameter, while in these two cases it is the
base parameter. The following theorem gives a sufficient condition for families
of distributions to have closure property under the minima with respect to the

exponent parameter.

Theorem 3.2.1. Let { X} be a sequence of independent r.v.s such that X, ~

FX;oc-
J

€ Z,._ and x be a one-one onto function from R* to RT. The fam-

X
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ily F. is closed under the minima with respect to the erxponent parame-

ter if for every j and all v € R, F, (z) = (FX;l(x))X(O‘j), then g(a,) =

CHE X))

Proof. Let F, () = (FX;l(x))X(O‘J') for every j and all z € R. Then

“n

Fror@) = [[(Fy. (@)

()X

(
( _x;1 (x))X(X_I{Z?:1 x(a;)})

- Fx;xfl{zyil x(e;)} ()

= FX;g(gn) (SL’),

where g(a,) = X—1{Z?:1 x(a;)}. =

Corollary 3.2.1. If X, j = 1,2,...,n are iid. as X with Fx;a(x) =

(Fy ()X then g(e,) = x {nx ()}

Example 3.2.9. Consider Example 3.2.1, since F,, (z) = ¢ 5" = (e=*)%
Theorem 3.2.1 can be applied. Therefore, x(0,) =0, and x~'(6,) = 6,. Hence,

000 =X (5 x0)) = 370,

j=1

T

Example 3.2.10. From Example 3.2./, FX;Q_ (x) = 6—(9‘7.) . Hence, by Theo-
1/a

rem 3.2.1, g(0.) = L

- 7 N

=, ()
=1\ 9;

The next theorem, similar to the previous one, gives a sufficient condition

for families of distributions to be closed under the maxima with respect to the

exponent parameter.
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Theorem 3.2.2. Let {X,} be a sequence of independent r.v.s such that X, ~

F

X, € F o and X be a one-one onto function from RY to R*. The fam-

ily F. is closed under the mazima with respect to the exponent parame-

ter, if for every j and all x € R, F,_(z) = (F, (2))X\%), then h(a,) =
o ;

HE, wa))-

Proof. The proof is similar to that of Theorem 3.2.1. n

Corollary 3.2.2. If X, j = 1,2,...,n are i.id. as X with F, (v) =

(Fyy ()X then h(a,) = x {nx(a)}.

The following theorem gives a sufficient condition for a family of distribu-

tions to be closed under the minima with respect to the base parameter.

Theorem 3.2.3. Let { X} be a sequence of independent r.v.s such that X, ~

F.. € Z,. andx be a one-one onto function from (0,1) to (0,1). The family

X

F .o 18 closed under the minima with respect to the base parameter, if for every

joand allz €R, Fy, (x) = (x(p,))*"), then g(p,) = x*(IT_, x(p,))-

Proof. Let F, (z) = (x(p,))*" for every j and all z € R. Then
)

Fo @) = T](F, @)

= O x) e

j=1

- Fx;xfl(nyzl x(p;)) ()

FX;g(?n) (ZE),

where g(p,) = X_l(H?zl X(®,))- =

U3
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Corollary 3.2.3. If X, j = 1,2,...,n are iid. as X with F, (z) =

(x())*®, then g(p,) = x*(x"(p))-

Example 3.2.11. Consider Ezample 3.2.3 where F, (z) = (1—p,)**!. This

is of the form (x(p,))*™ withw(z) = [z]+1, x(p,) = 1—p, and x"*(p,) = 1—p,.
Hence, by Theorem 3.2.5, g(p,) = x"(IT_, x(p,)) =1 =II"_, (1 = p,)-

Sufficient conditions for a family of distributions to be closed under the

maxima with respect to the base parameter is given in the following theorem.

Theorem 3.2.4. Let {X,} be a sequence of independent r.v.s such that X, ~
F

X .
J

€ F.. and x be a one-one onto function from (0,1) to (0,1). The family
F .o 18 closed under the mazima with respect to the base parameter, if for every

joand allz €R, Fy, (x) = (x(p,))*"), then g(p,) = x*(IT_, x(p,))-
Proof. The proof is similar to that of Theorem 3.2.3. O

Corollary 3.2.4. If X, j = 1,2,...,n are iid as X with F (v) =

(x())“®), then h(p,) = x (X" (p)).

From Example 3.2.4 we can see that the Weibull distribution is closed under
the minima with respect to the scale parameter. Dose it have closure property
under extrema with respect the shape parameter? The answer is ‘no’ and is

illustrated in the following example.

_ [z \™1 _ oz \*2
Example 3.2.12. Let F, (z) = e (91) d F, ( )=c¢e ("2) . Then the

d.f.s of their minima, given by F (x) = <91) (Qi) s not Weibull.

Remark 3.2.9. The Family of Weibull distributions does not have closure

property under the minima with respect to the shape parameter.
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The above examples of families of distributions or corresponding set of r.v.s
which are closed under the minima or maxima are of standard distributions.
Given an arbitrary distribution F', can one construct families of distributions
having closure property under the maxima or minima? The answer is YES, and
is as follows: consider an arbitrary distribution F', the family of distributions
F., ={F* «a > 0} is closed under the maxima with respect to a with h(q, ) =
Z?:l o, and the family of distributions ., = {1 — (1 — F))*;a > 0} is closed
under the minima with respect to o with g(a,) =37 «a;.

So we have gone through some sufficient conditions for the families of dis-
tributions to be closed under the minima or maxima. The next section is

on strictly monotone Borel measurable transformations of a set of r.v.s closed

under extrema.

3.3 Monotone Transformations and Closure Property

under Extrema

Let X be a r.v. on a probability space (2, <7, P) and £(X) be any Borel mea-
surable function of X. Then £(X) is also a r.v. on (2,7, P) and the d.f.
of £(X) is determined by that of X (Laha and Rohatgi (1979), Page 5, Re-
mark 1.1.1.). In this section, we discuss the closure property under extrema
of strictly increasing or strictly decreasing Borel measurable transformations
of the elements of a set of r.v.s closed under extrema. Some examples of such

transformations are; £(X) = In X, £(X) = —X and £(X) = +, with some re-

1
X
strictions on the support of X. We observe that closure property under extrema
is invariant under strictly increasing transformations and they interchange un-

der strictly decreasing transformations. Let us denote the range of a r.v. X by
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RanX. Then we have the following theorem for strictly increasing measurable

transformations.

Theorem 3.3.1. Let the family 7, be closed under extrema with respect to
a and & be a Borel measurable and strictly increasing function on RanX. Let

¢ is the family of distributions of £(X). Then the following results hold.

§(X)se

i) If 7., is closed under the mazima, then so is 9, . ..

i) If 7y, is closed under the minima, then so is 9, . ..

Furthermore, the corresponding g(a,) or h(a,) for both the families will be

same.

Proof. Let Y, = {(X,) and G, bethed.f. of Y . Since ¢ is strictly increasing,

we have
GY oz] (‘,L‘) = Paj <€(X) S 'I)
= P, (X <¢H(a)
- P, (€@)
Let #, . be closed under the maxima. Then for all F\, , j = 1,2,...,n

a

belonging to 7, _;

Hence,

G = 1[G @)
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= Frpe, E'(@)
= Gy, (@)-

ie., 9, . is closed under the maxima with h(a,) of Z, . Now, let F,

be closed under the minima. Then for all ', , j = 1,2,...,n, belonging to
g

F

X;a?

Hence,

i.e., 9, y.a i closed under the minima with g(a,,) of 7

- Hence the proof. [

The following results provide particular cases of strictly increasing Borel

measurable transformations of X.

Result 3.3.1. Let the family F, ., X > 0 a.s., be closed under the minima
(mazima) with respect to o and £(X) =In X. Then the family 4, is closed

n X;o

under the minima (mazima) with respect to a.

Result 3.3.2. Closure property under extrema is invariant under change of

scale and origin.

The next theorem is on strictly decreasing measurable transformations.
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Theorem 3.3.2. Let the family 7, be closed under extrema with respect to

a and & be Borel measurable and strictly decreasing on RanX. Let gax);a 18

the family of distributions of £(X). Then the following results hold.

i) If ., is closed under the maxima, then the family Y, ) 18 closed under

the minima with corresponding g(a,) = h(a,) of F..

i) If 7., is closed under the minima, then 9, . is closed under the mazima

with corresponding h(a,) = g(a,,) of F,...

Proof. Let G, be the df. of Y, = {(X,). Since ¢ is strictly decreasing, —¢§

is strictly increasing. Hence, by Theorem 3.3.1 and the relation (2.3.10),

Gm s (ZL’) = Pgn (min(g(Xl)ag(Xz)v ce 7§(Xn)) > ZL’)

= Pgn (_ max(_g(Xl)v _§(X2)’ R _g(Xn)) > :L‘)

is closed under the minima with g(o, ) = h(a,) of #, . Similarly,

n

Le., 9,

(X);ex

by Theorem 3.3.1 and the relation (2.3.10), we have

GMn;gcn (CL’) = P(_xn (maX(S(XI)’g(X2)7 e a§<Xn)) < x)
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= P, (EX) =z

GY;g(gn) (33)

ie, 9, is closed under the maxima with h(a,) = g(a, ) of F

v.a- Hence the

(X)sex

proof. O

The following results are particular cases of strictly decreasing Borel mea-

surable transformations of X.

Result 3.3.3. Let the family 7, be closed under the minima (mazima) with
respect to a and {(X) = —X. Then¥ .  is closed under the mavima (minima)

with respect to cx.

Result 3.3.4. Let the family 7, ,, P(X # 0) = 1, be closed under the minima
(mazima) with respect to o and £(X) = . Then the family 4, is closed
5o

under the maxima (minima) with respect to o.

Result 3.3.5. Let the family 7, be closed under the minima (mazima) with

respect to a and £(X) = X7. Then

1. the family 9., ., X >0, a.s., is closed under the minima (maxima) with

Y0’

respect to a, for v > 0, a constant.

2. the family 9., ., X >0, a.s., is closed under the mazima (minima) with

Y,

respect to o, for v < 0, a constant.

3.4 Truncation and Closure Property under Extrema

Truncated distributions are obtained by restricting the domain of a probability
distribution. The restriction can be either on the left side of the domain or the

right side of the domain or both. The probability distribution of X, conditional
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on X > a, is called “the left-truncated distribution of X, truncated at a” and
the probability distribution of X, conditional on X < b, is called “the right-
truncated distribution of X, truncated at b”. If X has a p.d.f. or p.m.f., then
the truncated distribution also has a p.d.f. or p.m.f. respectively and is equal
to that of X restricted to x > a or X < b or a < X < b and normalized to
have total mass 1. The d.f. of X truncated at both ends, or doubly truncated,

is denoted by F' - and is given by

Ja (z) = =X X (3.4.1)

with corresponding s.f.

Fy (z)=

XT(a,b)

(3.4.2)

for x, <a <2 <b <z, where z, and z, are respectively the left and the
right end points of the support of X. If a = z, and b < z,, we get a right
truncated distribution. Similarly, if @ > x, and b = z, we get a left truncated

distribution. Hence, the d.f. of a right truncated distribution truncated at b is

given by
_ (@)
FXT(b) (.Z') - FX (b) (343)

(z) = =2 (3.4.4)

For details, see page 62 of Johnson et. al. (2005).
In this section, we see how truncation affects the closure property under

extrema of a set of r.v.s closed under extrema. From (3.4.1) and (3.4.2) we can
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easily say that the closure under extrema is not preserved under truncation
at both the ends. Let us denote the family of distributions truncated at b on

the right side of the support of r.v.s whose d.f.s belong to ., _, a family of

jo?

distributions closed under extrema, by .#, . The next theorem is on closure
T()

property under the maxima of %, .
T(b)’

Theorem 3.4.1. Let the family ., be closed under the marima. Then the

right truncated famaily, ﬂ’xT 15 also closed under the mazrima.

‘o)
b) %

Proof. Since #

v Closed under minima, we have F’ () =F Then

My, 50, X;h(iin)'

>

I
—=
e
=

Mn 1y i%n (b))

<.
Il
=

~
Il
-

I
X.ﬁ Xﬁj

FX;h(f}n) (b
- FXT(b>;h(9«n)< )
Hence the proof. n

We have seen that closure property under the maxima is invariant under
the truncation at the right side of the support of the family of distributions.
Let us denote the family of distributions truncated at a on the left side of the
support of r.v.s having d.f.s belonging to .7, a family of distributions closed
under extrema, by Q’XT(G) - The next theorem is on closure property under

the minima of .#, .
T(a)’

Theorem 3.4.2. Let the family .7, . be closed under the minima. Then the

left truncated family %, s also closed under the minima.

T(a)



Proof. Since .7

.. closed under minima, we have F _ (z) = F_ Then
El n=rn

in the same line of the proof of Theorem 3.4.1, we get F,
nT<b)’~n

. (z). Hence, ., is closed under the minima. O
XT(a) ,y(‘}n) ’ XT(a)’a

The theorem says that closure under the minima is invariant under the left

truncation of r.v.s closed under the minima.

Example 3.4.1. Let X, j = 1,2,...,n be distributed as in Ezample 3.2.1.
Then the s.f. of m, is given by an;f?n (x) = e Zi=1 %% The s.fo of X,

left truncated at ‘a’ is given by FXT( o = e %@ 5 =12 ... n. Hence
a)’’j
the s.f. corresponding to the minimum of XjT( ¥ 7 =1,2,...,n s given by
() =€ 2 fleme) Fy  wn , (x). Therefore, the left truncated
nopp) T T(a)’~j=1 "7

family of exponential distributions is also closed under minima.

In this chapter, we introduced the concepts of a family of distributions or
corresponding set of r.v.s being closed under extrema. Sufficient conditions for
families of distributions to have closure under extrema are discussed. After
that we discussed how closure property under extrema changes under strictly

monotone transformations and truncations, of the r.v.s closed under extrema.
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FOUR

Characteristic Functions of Extrema

In Example 2.3.2, we have seen that partial minima of a sequence of indepen-
dent exponential r.v.s are also exponential and hence we can express the c.f.s of
these partial minima in terms of the c.f. of the underlying distribution, which
is exponential. In Chapter 3, we saw that there exist a class of distributions
having the property, closure under extrema. Hence, similar result hold for all
other members of this class and is stated as a theorem later. What about
the c.f.s of partial maxima in Example 2.3.27 In this Chapter, we raise the
question; whether one can represent the c.f.s of partial maxima of a sequence
of independent r.v.s in terms of the c.f.s of the underlying distribution, closed
under the minima? Similarly, is it possible to represent the c.f.s of partial min-
ima of a sequence of independent r.v.s in terms of the c.f.s of the underlying
distribution, closed under the maxima? These problems are addressed in this
chapter. The results corresponding to a sequence of independent non-identical
r.v.s are based on Aparna and Chandran (2018a) and that corresponding to a

sequence of i.i.d. r.v.s are based on Aparna and Chandran (2017).

47
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The chapter is organized as follows: Section 4.1 obtains the representations
for the d.f.s of partial maxima in terms of the d.f.s of partial minima for a
sequence of independent r.v.s. From these representations, when the sequence
of r.v.s is closed under the minima, one can represent the d.f.s of partial max-
ima in terms of the d.f. of the underlying distribution. Similarly, when the
sequence of r.v.s is closed under the maxima, one can represent the d.f.s of
partial minima in terms of the d.f. of the underlying distribution. The results
corresponding to i.i.d. sequence of r.v.s are deduced as particular cases. By the
one to one correspondence between the d.f.s and their integral transforms, one
can obtain similar representations for the c.f. and other integral transforms,
whenever they exist and is discussed in Section 4.2. Section 4.3 provides sim-
ilar representations for the moments of partial extrema of r.v.s closed under

extrema. An application of this result is also discussed.

4.1 Distributions of Extrema

In this section we derive the relationships between the d.f.s of partial maxima
and partial minima, of a sequence of independent r.v.s. The d.f.s of partial
maxima can be represented in terms of the d.f.s of partial minima and the d.f.s
of partial minima can be represented in terms of the d.f.s of partial maxima.
This has special significance when the sequence of r.v.s is closed under extrema.
The p.d.f. and p.m.f. also have similar representations, whenever they exist.
Let us first introduce some notations.

Let {X,} be a sequence of independent non-identically distributed
r.v.s such that Xj ~ ij- Let D,, 1 < k < n, represents the set of
all subsets of {1,2,...,n} having cardinality k. We denote an element

of D, by d, = (4,,Js,---,7,)- Let m, = min(le,XjQ,...,Xjk) and
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M, = max(X ,X ,...,X. ) (ie., the minimum and maximum of r.v.s
dy ITRRAr » N, )

corresponding to d,) with corresponding d.f.s E, () and Ey. (x). We
k

k

denote the collection of parameters (o, ,c, ,...,a, ) of (X, , X ,...,X )

1 J2 T J1 Jg Jg
corresponding to an d, by a, . le, q, = (ozjl,ozh,...,ajk). Note that
Q, = aq, .

n

Lemma 4.1.1. Let {X} be a sequence of independent r.v.s and X, ~ F, .
J
Then the d.f.s of partial maxima, M and partial minima, m_ have the repre-

sentations given by

n

L (z) = Z(—l)’“‘lemdk (z) (4.1.1)

k=1 dk eDk

and

n

F, (x) = > (1! ZFMdk (z). (4.1.2)

k=1 dkEDk

Proof. From (2.3.3), we have the d.f. of M given by

Fy (2) = J]Fx (@)

1<j; <n 17y <jg=n

e P_’le(x)...FX‘ (z)+ ...
1<, <. <jp <n

HED Y B (@) By (@)

J1 In
1§j1 <...<jp<n
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1<j; <n 1<j; <jg<n

+=DF YT (1-F (). F, (@) +...

Jq I
1<j1 <.-<jp, <n

HD™ Y - F @) B @)

= Z (1=(1=F (@) - Z 1-JJa- Fe @)+
+(—1)’”1<A Z < (1- f[a ~Fy @)+
RCUSED DRN(E | (EVNE)

= > F,, (a:) — Z; F,, (g;) +.+ (-1)“2; F,, (@)
+ - (—1)"—1:267;2Fmdn (z) o

- Zn:(_nk—lg; E,, (@),

Similarly, from (2.3.4), we have the d.f. of m, as:

F, (@) = 1-[[0-F ().

j=1
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On expanding and simplifying, we get

n

F. @ = Y)Y R, @

k=1 d; €Dy
Hence the proof. n

When the sequence of r.v.s are i.i.d., we have F, (x) = F,(z), Y j.
Hence, for all d, € D

and

Number of elements of D, = (Z), which is the number of subsets of {1,2,...,n}

having cardinality k. Therefore,

2; F,, (@)= (Z) F, (x).

Hence, from (4.1.1), we have

F, (z)=)Y (-1)* (Z) F, (2). (4.1.3)

Similarly,
n
Y F (ac):( )F (2).
dkEDk dek k Mk

Hence, from (4.1.2), we have

F, (r)=Y (~1)®" (:) F, (2). (4.1.4)
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When the r.v.s are absolutely continuous with respect to the Lebesgue mea-

sure, we have the next corollary.

Corollary 4.1.1. Let {X,} be a sequence of independent r.v.s with X, ~ F

J

having p.d.f. f, . Then the p.d.f.s of partial mazima, M, and partial minima,
J

m, are given by

n

fu @) = (VY L, @ (115)

n
k=1 dech

and
f@) = YUY g, () (4.1.6)
k=1 dkEDk
Proof. Since the p.d.f. exists, the proof follows from Lemma 4.1.1. O

When {X, } is a sequence of i.i.d. r.v.s, the expression (4.1.5) reduces to

fon @)= 305 (1) 7, 0

When the r.v.s are absolutely continuous with respect to the counting mea-

sure, the next corollary follows.

Corollary 4.1.2. Let {X} be a sequence of independent r.v.s with X, ~ F,

having p.m.f. p, . Then the p.m.f.s of partial mazima, M, and partial minima,
J
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m, are given by

P (@) = S S (@) (4.1.7)

k=1 dkeDk

and
P 0) = S0 Y, (@) (118)
k=1 dkEDk k
Proof. Since the p.m.f. exists, the proof follows from Lemma 4.1.1. O

When {X, } is a sequence of i.i.d. r.v.s, the expression (4.1.7) reduces to
a VAL
b, (@) = 20 (), @
k=1

and (4.1.8) reduces to

@)= 2000 (3, )

Now, if {X } is a sequence of independent r.v.s closed under extrema, we

have the following theorem.

Theorem 4.1.1. Let {X } be a sequence of independent r.v.s having d.f. be-

longing to F .. If F, is closed under the minima with respect to «, then

n

e () = DT F, @) (4.1.9)

k=1
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and if F . is closed under the maxima with respect to o, then

He%

F, . (z) = Z )k 12 Xh%) (4.1.10)

k=1 d eD

Proof. Suppose %, _is closed under the minima with respect to a. Then

X

F. (z)= FX;Q(%k>(x) vV d, eD,.

m
dy,

Hence, we have the representation given in equation (4.1.9). Similarly, if .7,

is closed under the maxima with respect to a, then

FMd (x) = FX;M% >(ac) vV d, eD,.
k k
Hence, the representation given in equation (4.1.10) follows. O

If {X,} is a sequence of i.i.d. r.v.s whose d.f. belongs to a family of

distributions having closure property under the minima, then (4.1.9) becomes

F, (2) =Y (~1)FD <Z> Foy (@) (4.1.11)

F, .(z)= Z(_l)(k—l) <Z> FX;hk(a)(x)' (4.1.12)

If #

v.o 15 a family of absolutely continuous distributions closed under ex-

trema, then we have the following corollary.
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Corollary 4.1.3. Let {X} be a sequence of independent r.v.s having d.f. be-

longing to %

X;a?

with X, having p.d.f. f. . If F. is closed under the

minima with respect to o, then

n

Fityson (£) = Z(—l)kflzfx;g(gdk)(ﬂf) (4.1.13)

k=1 dk €Dy,

and if F ., is closed under the maxima with respect to o, then

n

fmn;gn<x) _ Z(_l)k—l fo?h(‘}dk)(x). (4114)

k=1 d, EDk
Proof. Since the p.d.f. exists, the proof follows from Theorem 4.1.1. m

Suppose {X } is a sequence of i.i.d. continuous r.v.s having d.f. belonging

to F, . Then, if # is closed under minima, (4.1.13) reduces to

and if F#

v 18 closed under maxima, from (4.1.14), we have

) = 04 () £ 00

When #

+.. 1s a family of discrete distributions closed under extrema, we

have the next corollary.

Corollary 4.1.4. Let {X} be a sequence of independent r.v.s having d.f. be-

longing to F

X’

with X, having p.m.f. Py, - If 7. s closed under the
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minima with respect to o, then

n

Paye, (@) = D (F)F pr;g(gdk)(x) (4.1.15)

n'=n
k=1 dk e’Dk

and if F .., is closed under the mazima with respect to o, then

He%

n

P (I’) _ Z(_l)k—l Z pX;h(gdk)(I). (4116)

k=1 dk EDk
Proof. Since the p.m.f. exists, the proof follows from Theorem 4.1.1. n

Suppose {X } is a sequence of i.i.d. discrete r.v.s having d.f. belonging to

F

v Then, if Z#  _ is closed under the minima, (4.1.15) reduces to

n

@) = 300 () 0 2)

k=1

and if . is closed under the maxima, from (4.1.16), we have

Prel0) = 30 ([ )

Now, we have derived the expressions for the d.f.s of partial maxima in
terms of the d.f. of the underlying distribution, closed under the minima and
the d.f.s of partial minima in terms of the d.f. of the underlying distribution,
closed under the maxima. In Chapter 2, we have discussed the one to one cor-
respondence between the d.f. of a r.v. and its c.f. Due to this correspondence,
we have similar representations for the c.f.s. of extrema and are discussed in

the next section.
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4.2 Characteristic Functions of Extrema

We have seen from equations (2.3.15) and (2.3.16) that, in general, the c.f.s of
partial maxima and partial minima do not have a compact form in terms of
the c.f.s of the underlying distribution. However, in Example 2.3.2, we have
seen that the c.f.s of partial minima of a sequence of independent exponential
r.v.s, with X, having parameter 6, j = 1,2,...,n, is same as the c.f. of
an exponential r.v. with parameter E?Zl 0., which is in compact form. In
this section, we derive the c.f.s of partial minima in terms of the c.f. of the
underlying distribution, when the r.v.s are closed under the maxima and the
c.f.s of partial maxima in terms of the c.f. of the underlying distribution, when
the r.v.s are closed under the minima. If {X } is a sequence of independent
r.v.s closed under extrema, we have the following theorem for the c.f.s of partial

extrema.

Theorem 4.2.1. Let { X} be a sequence of independent r.v.s with X, ~ F, €
J

F.

X

and let the c.f. of X, be ¢ . If F,  is closed under the minima with

respect to o, then

(bmn;gn (t> = ¢X;9(£¥n) (t) (421)
and
(ﬁ]\/fn;gn <t) - Z(_l)kil Z (bX;g(?d )<x)7 (422)
k=1 dy €D, 4§
If 7, is closed under the mazima with respect to «, then

¢Mn;9n t) = ¢X;h(gn)(t) (4.2.3)
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and

n

G () = D (DY 6 hey, ( (4.2.4)

k=1 d eD

Proof. Suppose .7 is closed under the minima. Then

Hence, by the one to one correspondence between the d.f. and the c.f. of ar.v.,
we have (4.2.1). Now, from Theorem 4.1.1 and the one to one correspondence
between the d.f. and the c.f. of a r.v., we have(4.2.2). Similarly, if .7,  is

closed under the maxima similar arguments give (4.2.3) and (4.2.4). [

N1
Example 4.2.1. In Ezample 3.2.1, ¢, (t) = <1 - ;—t> , then

1
it
Do (t) = <1 - W)

o it \
Do, () = Z<_1) Zk (1 - ZL 9]‘1 ) |

k=1 d, €D

and

Example 4.2.2. If X, are distributed as in Evample 5.2.5, then ¢, (t) =

a; ZS . s, (@, . Hence, the c.f.s of partial maxima is given by

(it0)*
Drtyian Z Zs' a, +s)

=1 J
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and that of partial minima by

n

R “zz]lz oy

! Q
k=1 ;. €D 1=1 l 1

+5)

J

If {X,} is a sequence of i.i.d. r.v.s whose d.f. belongs to a family of

distributions closed under minima, (4.2.1) becomes

6, )=y, (D) (4.2.5)

n?

and (4.2.2) becomes

n

) = 30 (), (12:6)

k=1
Example 4.2.3. In Ezample 4.2.1 if the r.v.s are i.i.d. with F ,(z) = 1—e %,

then ¢ ,(t) = ﬁ. Hence, the c.f.s of minima,

nb
nb — it

¢'mn;0 (t) =

and the c.f.s of mazrima is

6al) = 31 (Z) k@k—e it

k=1
Example 4.2.4. Suppose X has Weibull distribution with d.f. F, (z) =1 —
e’(%yx, r>0,0>0, a>0andcf ¢.,(t) =737 = (Zw) T (1+ 2). Then the
c.f.s of m, is
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and hence, that of M is

o ® = L0 (1) Y e+ D),

k=1

If {X,} is a sequence of iid. r.v.s whose d.f. belongs to a family of

distributions closed under maxima, (4.2.4) becomes

¢]Mn;a (t) = ¢X;hn(a) (t) (427)

and (4.2.3) becomes

n

¢mn;a(t) _ Z(_l)k_l(z>¢x?hk<a)<t)' (428)

k=1

Example 4.2.5. If Example 4.2.2, if the r.v.s are i.i.d. as I (x) = (%)a,

(it0)*®
sl(a+s)

O<l‘<97a>07 then¢X;a()_aZSO

. Hence,

> (it0)®
(b]\/la _nazs'na—i—s

and
n

4 (n = (ith)*

t) = —1)Ft k _—.

o= 20 (i 2
k=1 s=

The c.f. is a particular case of integral transform with kernal e®*. The

kernel of an integral transform k(¢,z) is a function of the variable x and also

have a parameter t. The parameter can be either discrete or continuous. The

integral transform is given by

/OO k(t,z)dF(x), (4.2.9)
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provided the integral (4.2.9) exist. The kernels which are useful in the study
of d.f:s are:

i) K(t,z) =2a'
i) K(t,z)=|z|*
i) K(t,z) =2® =x(x —1)(z —2)...(x —t+1), where z(© =1
iv) K(t,x) =e"
v) K(t,x) =t*
vi) K(t,r) = " where i = \/—1.

In (i), (ii) and (iii) the parameter ¢ can take values on non-negative integers. To
emphasis this discrete character we replace t by k. And hence by substituting
(i), (ii) and (iii) in (4.2.9) we will obtain the k" moment denoted by E(X*),
k™ absolute moment and k' factorial moment of F(x) respectively. In (iv),
(v) and (vi) the parameter ¢ takes real values. By putting (iv) in (4.2.9) we get

the moment generating function of F'(z) given by

M(t) = /OO e"dF(x). (4.2.10)

The kernel (v) is used when F(x) is a d.f. of a discrete r.v. and this integral

transform is called the probability generating function given by

Q(t) = / t"dF(z) =Y tp,, (4.2.11)
o -
where p, > 0 are the probabilities that = takes the value j and Z;’ZO p, = 1.
On substituting the kernel (vi) in (4.2.9) we get the c.f. For details see Lukacs

(1960).
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As in the case of the c.f., there is a one to one correspondence between a
d.f. and all other integral transforms of that d.f. But unlike the c.f., the other
integral transforms need not exist always. If an integral transform exists, then
we have the corresponding representations for that integral transform of partial
maxima and partial minima of a sequence of r.v.s closed under extrema, as that
of the c.f.s in Theorem 4.2.1. The next section gives the representations for the
k™ moment, that is, the integral transform (i) of partial maxima and partial

minima and its application in reliability theory.

4.3 Moments of Extrema and their Applications

In this section we obtain the moments of partial extrema (whenever they exist)
of a sequence of independent r.v.s closed under extrema. An application of the
result is also discussed. The s** moments of partial extrema of a sequence of
r.v.s closed under extrema exist, if the s moment of the underlying distribu-
tion exists. The following results hold true under the assumption that the s

moments of the r.v.s corresponding to the family of distributions exist.

Theorem 4.3.1. Let {X }, be a sequence of independent r.v.s whose d.f.s are

from F

o and the s'™ moment of the family exists. If F,. is closed under the

minima with respect to o, then

Il
o
e

(4.3.1)

Emn;a (mi) X;g(a

“n

and

E, . (M) = Y (1)) Brttag 1 (X7): (4.3.2)

k=1 d, €Dy,
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%

v 18 closed under the mazima with respect to o, then

Ey o (M) = E (X?) (4.3.3)

ni%n Xih(ap)

and
n

E, . m) = Y (-1)>" EX;h(gdk)(X“”). (4.3.4)

k=1 dk eDk

Proof. Since the s moment exist, the proof follows on the similar lines of the

proof of Theorem 4.2.1, from Theorem 4.1.1. O
Suppose {X, } is a sequence of i.i.d. r.v.s whose d.f:s are from .#, , and

the s moment of the family exists. Then (4.3.1) reduces to
E, .(m)= EX;gn(a)(XS) (4.3.5)

and (4.3.2) becomes

By (1) = S0 (1) By (), (4.36)

if .#, . is closed under the minima. Similarly, (4.3.3) becomes

E, .(M’)=E X*) (4.3.7)

M, Xihy, (o) (

and (4.3.4) becomes

n

o) = 31 () B ), (438)

k=1
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when .7, _ is closed under the maxima.

Suppose that the expectations of the r.v.s corresponding to .%#,  exists.

X

Then we have the following corollary.

Corollary 4.3.1. Let {X,}, be a sequence of independent r.v.s whose d.f.s are
from F. . and the expectation of the r.v.s evist. If F, , is closed under the

minima with respect to o, then

B, o (m)=E, . (X) (4.3.9)
and
Elwn:‘?‘n (M") - Z(_l)k_l Z EX?Q(Q‘d )(X) (4310)
k=1 deDk k
If 7, is closed under the mazima with respect to o, then
EMn;gn (Mn) - EX;h(gn)(X) (4311)
and

n

B, . (m,) = Z(—N—IZEXW%)(X). (4.3.12)

k=1 d, €Dy,

Proof. Since the expectation of X exist, substituting s = 1 in the proof of

Theorem 4.3.1, the corollary follows. O]

Suppose {X,} is sequence of i.i.d. r.v.s whose expectation exists. If the

d.f.s of the r.v.s belong to a family of distributions closed under the minima,
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from (4.3.9) we get

(4.3.13)

B, (L) =3 (<1 (Z) By, (X). (4.3.14)

Similarly, if the d.f.s of the r.v.s belong to a family of distributions closed under

the maxima, from (4.3.11), we have

E]Mn?a (Mn) = EX;hn () (X) (4.3.15)

and from (4.3.12) we get

n

B, (m)=3 (-1 <Z) By, o(X). (4.3.16)

k=1

Suppose that the second moment of the r.v.s corresponding to the d.f.s of
the family % exists. Then we have the following corollary for the variance
of partial maxima and the partial minima of a sequence of independent r.v.s

closed under extrema.

Corollary 4.3.2. Let {X,}, be a sequence of independent r.v.s whose d.f.s are
from F. . and the 2" moment of the family exists. If F .o 18 closed under

the minima with respect to a, then

m)=V. (X) (4.3.17)
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and
n

(L) - Z(_Dkflzvx;g@dk)()(). (4.3.18)

k=1 dkeDk

If the family F .. is closed under the mazima with respect to o, then

V, (M) = V. (X) (4.3.19)

and

Vo m) - Z(_Dk_lzvx;h(gdk)()(). (4.3.20)

k=1 d, €Dy,

Proof. Since the 2" moment X exist, the 1% moment also exist. Hence, the

proof follows from Theorem 4.1.1. O

Suppose {X } is a sequence of i.i.d. r.v.s whose second moment exists. If
the d.f.s of the r.v.s belong to a family of distributions closed under the minima,

from (4.3.17) we get

Vo (m,) =V - (X) (4.3.21)

VMn;a (M'n) = Z(_Dk_l (Z) VX;gk(a) (X) (4'3-22)

Similarly, if the d.f.s of the r.v.s belong to a family of distributions closed under
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the maxima, from (4.3.19), we have

VM HeY (Mn) = Vx;hnm)(X) (4323)

V, J(m,) =3 (~1)" (Z) Vi o (X). (4.3.24)

k=1

The next two examples provide an illustration of the results in this section.

Example 4.3.1. Consider a parallel system consisting of 3 components each

having the Weibull distribution with shape parameter o and scale parameters

0,,0, and 0, respectively for components 1, 2 and 5. What will be the expected

life time of the system?

The life time of the j** component, 7 = 1,2,3 is distributed as FX;GJ_ (x) =
(&)

1—e 2, . Since this is a parallel system, it functions as long as at least one

of the component functions. So the life of the system is distributed as

x

3
—(g-)
FMS@(x):H<1—e 7 )
j=1

Since the Weibull distribution is closed under the minima when the shape pa-

rameter a is fized, we have

my;9d, - FX;g(gdk)(m)7
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The expected value of X, is given by

Hence,
Emk;gdk (m,) = EX;g(Qdk)<X>
B F'l+1/a)
= .
=)
7
Therefore,
3
k=1 dkeDk k

_ Z(_l)k—l Z F(l + 1/&)

a\ 1/a
- dkeDk (Ef <61 ) )
=1 .
I

S I'l+1/a) S I'1+1/a) Py I'(1+1/a)

ax 1/a a\ 1/o ay 1/
wln()) @) @)
=1 jl =1 jl =1 jl

0.0
- T(14+1 _ N

0,0, 0.0,
(00 4 o)t/ (G + )L/

. 6,60,6, )
(0,07 +(0.0,)° + 6.0))7 )

Example 4.3.2. Consider a parallel system consisting of 5 components each
having life distribution F\ () = 1 —e %, 2 > 0, 60 > 0. What will be the

expected life time of the system?
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A parallel system fails if all of its components fail. So the lifetime of the

system is gwen by F,, ,(x) = P(M, < z) = (P(X < x))°. Since exponential

Mg ;0

distribution is closed under the minima, ka;g(:c) = Fx;gk(e)(:c) = F,(2) =

1—e k2 k=12 ...5 and Emk;e(mk) — F X) = L. Therefore,

Xig), 0 (X) = 13-

L7
600

In this chapter, we saw that if the r.v.s are independently distributed and
are closed under the minima or maxima we can represent the distributions and
integral transforms, whenever they exist, in terms of that of the underlying
distribution. In particular, one can express the c.f.s of the partial minima and

maxima in terms of the c.f. of the underlying distribution.



CHAPTER

FIVE

Characteristic Functions of Order Statistics

In the last chapter we saw that, the d.f.s of partial maxima can be expressed
in terms of the d.f.s of underlying distribution, when the underlying family of
distributions is closed under the minima. Similarly, the d.f.s of partial minima
can be expressed in terms of the d.f.s of the underlying distribution, when
the underlying family of distributions is closed under the maxima. Similar
representations hold for the p.d.f.s and p.m.f.s according as the sequence of r.v.s
are absolutely continuous with respect to the Lebesgue measure or counting
measure respectively. We also saw that, due to the one to one correspondence
between the d.f.s and c.f.s, the c.f.s of partial maxima can be expressed in
terms of the c.f.s of the underlying distribution, when the underlying family of
distributions is closed under the minima. Similarly, the c.f.s of partial minima
can be expressed in terms of the c.f.s of the underlying distribution, when the
underlying family of distributions is closed under the maxima. We have similar
representations for all other integral transforms, whenever they exist. Another

measurable function of r.v.s, (X,,X,,...,X,), is the r'* order statistic, for

70
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r=1,2,...,n. When r is equal to 1, we get the minimum, m,_, and when r
is equal to n, we get the maximum, M, . Suppose that, the underlying family
of distributions is closed under the minima or maxima (i.e., the maxima or
minima). Can one express the c.f.s of other order statistics (forr =2,3,...,n—
1) in terms of the c.f.s of the underlying family of distributions? This is the
problem investigated in this chapter. The chapter is based on the results in
Aparna and Chandran (2018b).

The organization of this chapter is as follows: Section 5.1 defines order
statistics of r.v.s X, X,,..., X, and reviews their d.f.s. This section also de-
scribes some applications of order statistics. In Section 5.2 we obtain the
representation for the d.f. of X in terms of the d.f.s of partial maxima and
the partial minima for independent sequence r.v.s. When these r.v.s are closed
under the minima or maxima, the representations for the d.f. of order statis-
tics in terms of the d.f. of the underlying family are also obtained. The results
corresponding to the i.i.d. sequence of r.v.s are deduced as special cases. In
Section 5.3 the representations for the c.f. of X in terms of the c.f.s of the
underlying distributions is obtained. Section 5.4 discusses some applications of

the results we proved.

5.1 Introduction

Let {X,,n > 1} be a sequence of r.v.s on a probability space (2, &7, P) with
X, having d.f. ij (z) and c.f. ngj (t). Then for a fixed integer n, the order
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statistics of (X, X,,..., X)) are defined as follows:

29+ -

X,., = max(X,,X,,..., X))
Xn—l:n = maX({X17X27 tte 7Xn} - {Xnn}>

Xr:n = max({Xl7X27 tte 7Xn} - {Xn:n7 anlz'n? R 7Xr+1:n})

Xl:n - maX({Xl7X27"’7Xn}_{Xn:n7anl:n7"'7X2:n}) :min(XNsz”'
The above order statistics are Borel measurable functions of X, X,,..., X and

hence are r.v.s on (2, <7, P). That is, if X, X,,..., X arer.v.s on (Q, <7, P),
then X, < X, < ... < X, , the corresponding order statistics are also
r.v.s on the same probability space, (2,47, P). The r.v. X _ is known as
the r'* order statistic of X,,X,,..., X, for r = 1,2,...,n. Even if the r.v.s
are independently distributed, order statistics are dependent r.v.s due to the
ordering relation among them. The properties and applications of these ordered
r.v.s and their measurable functions are studied under the head ‘order statistics’
in probability theory. The minima and the maxima are particular cases of order
statistics. When r = 1, we have X, = min(X,,X,,...,X,) =m, and when
r=n, we have X =max(X,,X,,..., X )=M,.

Some important Borel measurable functions of these order statistics which
are quite frequently seen in the statistics literature are; the range, W =
X,.,—X,. , which provides a quick estimator of standard deviation, has tremen-
dous applications in quality control and other areas of applied statistics. The

extreme deviate from the sample mean, X — X is another basic tool which

is used for identifying outliers. The linear functions of order statistics can be

X))
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used systematically for the estimation of location and scale parameters. Order
statistics are of key importance for ranking treatment means in the analysis of
variance. Another field of application of order statistics is in the study of relia-
bility theory. Suppose that a machine works on n batteries and it works as long
as 1 batteries work or it fails when any of the (n — r + 1) batteries fail. Hence,
this is an r —out —of —n : G (G-good) system or (n—r+1) —out —of —n : F
(F-fail) system. Then we will be interested in knowing the distribution of order
statistics X, or X _ .. .

Let {X,} be a sequence of i.i.d. r.v.s. Then for a fixed n, the d.f. of the

rth order statistic X is given by

F, (1) = Z(ﬁ)@{(z))i(l—mx))“% (5.11)

Fo (1) = 30 (7)<Fx<x>>f<1—ﬁx<x>>“. (5.12)

When the r.v.s are independent non-identically distributed, the d.f. of X is
given by

Fy (@) = ZZHFX].Z (@) [T~ Fy, (7)) (5.1.3)

=7 7)7,' =1 l=i+1

and the corresponding s.f. is given by

Fx,m (.CE) = Z ZHFX].Z (.T) H (1 o ijz (I))a (514)

i=n—r+1 73'1. = l=i+1

where summation P, extends over all permutations (j,,7,,...,7,), of
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(1,2,...,n) for which j, <...<j, and j,,, <...<j,. For a detailed review
on order statistics, their measurable functions, d.f.s and other properties see

the monograph by David (1970).

5.2 Distributions of Order Statistics

In this section, using (5.1.3) to (5.1.4) of Section 5.1, we obtain the d.f.s of

the r'* order statistic, X , r = 1,2,...,n, in terms of the d.f.s of partial

maxima and the partial minima, for sequence of independent r.v.s and a fixed
integer n. These representations have great significance when the underlying
r.v.s is closed under extrema. From these representations we deduce the rep-
resentations for the d.f.s of the r** order statistic in terms of the d.f. of the
underlying distribution, when the underlying family of distributions is closed
under extrema, as defined in Section 3.2. The representations corresponding
to a sequence of i.i.d. r.v.s are given as special cases.

Let {X, } be a sequence of independent r.v.s such that X, ~ ij . Let P, be
the set of all permutations, (j,,7,,...,4,), of {1,2,...,n} for which j, < ... <
j, and j,,, < ... < j,. Each such permutation, partition the set {1,2,...,n}
into two sets d, = {4, ,,...,J,} and d’ = {j,,,,J,1s>---,J,}- Let us denote the
collection of all d, by D,, which is the set of all subsets of {1,2,...,n} having

cardinality 7, 1 <7 <n. Let A_, be the set of all subsets of d’ having cardinal-

k,d’
i

ity k, 1 <k < (n—1). We denote an element of A, , bya, , = {j,77,...,j’}.

Let m, = min(X, , X ,...,X, ) and M, = max(X,,X, ,...,X ) with
k 1 J2 Tk k 71 J2 Tk

corresponding d.f. F, and F,, . Let m, =min(X,, X .,...,X ) and
dk dk k7d§ 31 32 Jk
M = max(X ,,X,,..., X ,) with corresponding d.f. F| and F,
Y] 02 Tk T d %k, d

Note that, for a particular d,, the set {d, Ua and hence the prod-

k

}:DH-

k,d’
i
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uct, > F,, (x) >  F,, (z),is equal to ) F, (z). We denote

dep, % A “k.d! %tk €Pitk di

the collection of parameters (o, ,a, ,...,a; Jof X, , X ..., X correspond-
1792 T J1 J2 Tk

ing to a d, by a, (i.e., Q, = (ajl,..

. ,ajk)). Note that d, ={1,2,...,n} and
a, = a,. With these notations, the next lemma provides the d.f. of the 7"

~dn

order statistic in terms of the d.f.s of partial maxima.

Lemma 5.2.1. Let {X} be a sequence of independent r.v.s such that, X ~

F. (x). Then for fizedn and r = 1,2,...,n, the d.f. of the r'" order statistic,
J

X,., in terms of the d.f.s of the partial mazima, Mdk Jk=r,(r+1),...,n, is

given by

F, (1) = Z(-N—r(’j :i) Y £, (@) (5.2.1)

k=r

Proof. We have,

Fo@ = S IIF,@ [0 F, @)
= XX IIr@(- > F@

+ > F.(@)F () ...
Jigq S3E<33<in

+(-1)F Z F.(x)...F, (x)+...

7
Jiq 9T <<if <in

+ (=) > F.(x)...F, ()

j . <gF<..<g* <j
Jig1 S0 <<Iy_;SIn
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ZZFMd (Q?) 1_ZFM“1d/ (x)_'_ZFMan/ (:C)—
=P Al,d; o A2,d; o
+(=1)" ZFMaW z)+ .. (=) Z F, » (2)
Ak,d; o n—i,d’ o
ZF]\J (ZL‘)—ZFMd (x)ZF]Ma ,(x)_‘_
P, P, Al b
DY R, (@) Y F, @)+
P, " A oy
H YR, @ Y R (@)
Pr 7 n—r,d! k,di
| Tr, ©-Ya, @ X A @
Pri1 Pry1 A o i
+(_1)kZFMd . (ZL’) Z FMakd' ZL’)—|—
PT+1 Ak7d:‘+1 41
)T R, @ Y By, @+
Pri1 n—r—l,d;+1 o

r+k r+k 1,d’
Pr+k Pr+k A1 d’! e
r+k
k
+(_1) § , FMd (I) § , FMa :L’) +
r+k k’d/+k
Prik Ak,d’ "
r+k
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D F, @ =D By @ Y Ry, @+

T n—r,d/
Pr n—r,d{r "
r+1

ZFM (I)—i— Z FM (x)<l_< 1 )>+
d,. €D, " dy 1 €D, 41 i

r+k r+k r+k
+ > FMw(a:)(l—( 1 )+( ; )— (-1)( . ))

&k €Pryk

T r+1
SETCEED S A LANCEED S (M LR
d. €D, i d.11€D g ™ dry2€Pryo !
r+k—

D SN (R LA O!

dr+kEDr+k '

n—r n_l
e 3 (22 )R, @

d, €Dy

— r+k—1
St X (TR, @
k=0 dr+k €D7'+k i
— r+k—1
e T m, @
k=0 d
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n

= S (r_l)ZF (x).

k=r d E’D
Hence the proof is complete. ]

When {X} is a sequence of independent r.v.s whose d.f.s are absolutely

continuous, the following corollary holds.

Corollary 5.2.1. Let {X} be a sequence of independent r.v.s and X, ~ F,
with corresponding p.d.f. f, (x). Then for fited n and r = 1,2,...,n, the

p.d.f. of the r'" order statistic, X _, in terms of the p.d.f.s partial mazima

rin’t

M

dy

,k=r(r+1),...,n, is given by

n

fo (@) = > (=D (T_l) > fM . (5.2.2)

k=r d ED

Proof. Since the p.d.f.s of the r.v.s exist, the proof follows from Lemma 5.2.1.

[]

When {X} is a sequence of independent r.v.s whose d.f.s are absolutely

continuous with respect to the counting measure, we have the next corollary.

Corollary 5.2.2. Let {X,} be a sequence of independent r.v.s and X, ~ F,

J

with corresponding p.m.f. py.. (x). Then for fited n and r = 1,2,...,n, the
)

p.m.f. of he r'" order statistic, X __ in terms of the partial mazima Mdk’

k=r(r+1),...,n, is given by

n

Py, (@) = Y (=1 (r—l) ZpM (). (5.2.3)

k=r d ED

Proof. Since the p.m.f.s of the r.v.s exist, the proof follows from Lemma 5.2.1.

]
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If {X,} is a sequence of i.i.d. r.v.s, then (5.2.1) reduces to

Fo@ = Y (F21)(3) R

k=r

(5.2.2) reduces to

—_

fo@ = e (F2) (D) anw

pe. @ = XE () (@

k=r

Now, if {X} is a sequence of independent r.v.s closed under the maxima,

then the d.f. of X have the representations given in the following theorem.

Theorem 5.2.1. Let { X } be a sequence of independent r.v.s and X, ~ F, €
v

Fw - If F . is closed under the mazima with respect to «, then for fized n
I "
andr=1,2,...,n,

P = SO0 )Y A, @ 624

k=r dk €D,

where D, is the class of all subsets of {1,2,...,n} having cardinality k and
h(gdk) is as in Definition 3.2.3.

Proof. Since the d.f.s of the r.v.s belong to a family of distributions closed

under the maxima, the theorem follows from Lemma 5.2.1. O

If the family of distributions, .#

x> 15 absolutely continuous and closed

under the maxima, we have the next corollary.
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Corollary 5.2.3. Let {X} be a sequence of independent r.v.s and X, ~

F. €%, . Letf..  Dbethe p.d.f -corresponding to F, . If F
g g g g
closed under the maxima with respect to o, then for fitedn and r =1,2,...,n,

n

Fonen@ = S0 (PN S f, 0 629)

k=r d €D,

where D, is the class of all subsets of {1,2,...,n} having cardinality k and
h(gdk) is as in Definition 3.2.3.

Proof. Since the p.d.f.s of the r.v.s exist, the proof follows from Theorem 5.2.1.
O

If the family of distributions, .%, | is a discrete family of distributions and

X

is closed under the maxima, we have the following corollary.

Corollary 5.2.4. Let {X} be a sequence of independent r.v.s and X, ~

F. €%, . Letp, bethe pm.f. corresponding to F, . If F
g ] g g
closed under the maxima with respect to «, then for fitedn andr =1,2,...,n,

n

Papon (@ = D (=D <r—1) Z Prsiay (@ (5.2.6)

k=r

where D, is the class of all subsets of {1,2,...,n} having cardinality k and
h(gdk) is as in Definition 3.2.3.

Proof. Since the p.m.f.s of the r.v.s exist, the proof follows from Theorem

5.2.1. [l

When {X } is a sequence of i.i.d. r.v.s, from expressions (5.2.4), (5.2.5)
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and (5.2.5) reduces to

F, . (2) = i(—n’” (’; - i) (Z) Fep @), (5.2.7)

o) = X0 (T (1) by

and

n

peel®) = S0 (E2 ) (D)@,

k=r

respectively, where A, («) is as in Definition 3.2.4.
The following Lemma is on the representation of the d.f. of the r* order

statistic in terms of the d.f. of the partial minima.

Lemma 5.2.2. Let {X} be a sequence of independent r.v.s and X, ~ F, .

J

Then for fired n and r = 1,2,...,n, the d.f. of the r'" order statistic, X

rint Zn
terms of the d.f.s of the partial minima, m, k=n—-r+1),(n—7r+2),...,n,

15 given by

n

@)= (—1)k—(n—r+1)<fb:i> > F,, (@ (528)

k=n—r+1 dk:EDk

Proof. Starting from (5.1.4), on expanding and simplifying as in the proof of

Lemma 5.2.1, we have

n

Fe (x) = ) (=1t (f; :i) > F, (z). (529

k=n—r+1 d
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Now, by replacing F by 1 — F, we have

n

I S (s D ST

k=n—r+1 d, €D,

Hence the proof. O

If {X,} is a sequence of independent r.v.s whose d.f.s are absolutely con-

tinuous, then the following corollary holds.

Corollary 5.2.5. Let {X,} be a sequence of independent r.v.s having p.d.f.

fx
X

rnl

_ .Then for fited n and r = 1,2,...,n, the p.d.f. of the r'"™ order statistic,
g

in terms of the p.d.f.s of the partial minima m, k=n-r+1),(n—

r+2),...,n, is given by

n

o (@) = (—1)k—<n-r+1>(7’z :7{) > fo, (2) (5:2:10)

k=n—r+1 dkEDk

Proof. Since the p.d.f.s of the r.v.s exist, the proof follows from Lemma 5.2.2.
O

When {X,} is a sequence of independent discrete r.v.s, the next corollary

holds.

Corollary 5.2.6. Let {X } be a sequence of independent r.v.s r.v.s having

p.m.f. py. . Then for fived n and r = 1,2,...,n, the p.m.f. of he r'" order
g

statistic, X, in terms of the p.m.f.s of the partial minima, my k=(n-r+

1),(n—r+2),...,n, is given by

n

Py, (1) = ) (—1)k(nr+1><i:i> medk (z). (5.2.11)

k=n—r+1 dkED
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Proof. Since the p.m.f.s of the r.v.s exist, the proof follows from Lemma 5.2.2.

]

When the sequence of r.v.s are i.i.d. the expressions (5.2.8), (5.2.10) and
(5.2.11) becomes

o= Y coer (P (e, o)

k=n—r+1

Fou@ = 3 e (P () @

k=n—r+1

and

p @ = 3 coe (ST, 0

k=n—r+1

respectively.
Now, if the sequence, { X }, of independent non-identically distributed r.v.s
have d.f.s belonging to a family of distributions closed under the minima, the

d.f. of X have the representations given in the following theorem.

Theorem 5.2.2. Let {X } be a sequence of independent r.v.s with X, ~
F

Xsa
J

fixedn andr =1,2,...,n,

e ZF,.., . If 7, isclosed under the minima with respect to «, then for
o T

n—r
k=n—r+1 dk G’Dk

Fe o (x) = Y (=1t (k—1> 3 Froy (1) (5:2:12)

where D, is the class of all subsets of {1,2,...,n} having cardinality k and

g(gdk) is as in Definition 3.2.1.
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Proof. Since the r.v.s are from a family of distributions closed under the min-

ima, the theorem follows from Lemma 5.2.2. O

If the family of distributions, .%, , is a family of absolutely continuous

d.f.s, we have the next corollary.

Corollary 5.2.7. Let {X} be a sequence of independent r.v.s and X, ~

F. € %, . Let f,  bethe p.d.f corresponding to F . If F, _ is
g ’ ) g ’
closed under the minima with respect to «, then for fivred n andr =1,2,...,n,

n

r;n;gcn(lf) = Z (_1)]“—(”—7“4-1)(7]2:7{) Z fX?g(‘?dk)(x)7 (5.2.13)

k=n—r+1 dk GDk

Ix

where D, is the class of all subsets of {1,2,...,n} having cardinality k and

g(gdk) is as in Definition 3.2.1.

Proof. Since the p.d.f.s of the r.v.s exist, the proof follows from Theorem 5.2.2.
O

If the family of distributions, .7, _, is a family of discrete distributions, we

have the following corollary.

Corollary 5.2.8. Let {X,} be a sequence of independent r.v.s and X, ~

F., 6 € %,,.. Letp,_  bethe p.m.f. corresponding to F, . If F, . is
) ’ ) ) ’
closed under the minima with respect to «, then for fixred n and r =1,2,...,n,

n

7.m;gn(l') = Z (_1)]‘3—(71—7"-%1)(7]2::1) Z pX;g(?‘dk>(x)’ (5214)

k=n—r+1 dk: GDk

where D, is the class of all subsets of {1,2,...,n} having cardinality k and

g(gdk) is as in Definition 3.2.1.
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Proof. Since the p.m.f.s of the r.v.s exist, the proof follows from Theorem

0.2.2. [l

If {X,} is a sequence of i.i.d. r.v.s whose d.f.s are from .%, _, then from

(5.2.12), we have

Py @) = 3 (c1tr (S :i) <Z)Fx;gk(a)(a:), (5.2.15)

k=n—r+1

from (5.2.13), we have

n

I DIVl (e [ (4 VN Y

k=n—r+1

and from (5.2.14), we have

RCIED SR e (e [ () TR

respectively, where g, («) is as in Definition 3.2.2.

From the above discussions we conclude that, if the sequence of independent
r.v.s have d.f.s belonging to a family of distributions closed under the maxima,
then for every fixed n, we can represent the d.f.s of the order statistics in terms
of the d.f.s of the partial maxima. Similarly, if the sequence of independent
r.v.s have d.f.s belonging to a family of distributions closed under the minima,
then for every fixed n, we can represent the d.f.s of the order statistics in terms

of the d.f.s of the partial minima.
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5.3 Characteristic Functions of Order Statistics

In this section, we obtain the c.f.s of order statistics, for fixed n, of a sequence

of independent r.v.s closed under extrema.

Theorem 5.3.1. Let {X} be a sequence of independent r.v.s with X, ~
F

X, € T If ., is closed under the mazima with respect to a, then

TRCEEED 3 eiind (N D D STNUINNCE !

k=r dk €D,

and if the family is closed under the minima with respect to o.. Let ¢ be the
g

c.f. corresponding to F.  , then
)

n

O (1) = D (FD)F Y (i:i) Y b, (D) (53.2)

rin<n

k=n—r+1 dkEDk
where D, is the class of all subsets of {1,2,...,n} having cardinality k, and
g(gdk) and h(gdk) are as in Definitions 3.2.1 and 3.2.3 respectively.

Proof. By the one to one correspondence between the d.f. and the c.f. of ar.v.,

(5.3.1) follows from Theorem 5.2.1 and (5.3.2) follows from Theorem 5.2.2. [

Now, when {X }, is a sequence of i.i.d. r.v.s closed under the maxima,

(5.3.1) reduces to
- (E=1\[n
6y (1) = S (-1 (T - 1) (k> B () (5.3.3)
k=r
and if the r.v.s are closed under the minima (5.3.2) reduces to

bt = 3 e (B (Mo o, 5

k=n—r+1
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respectively, where g, (o) and h, («) are as in Definitions 3.2.2 and 3.2.4 respec-
tively.

Hence, if the sequence of independent r.v.s are closed under extrema, for
fixed n, we can represent the c.f.s of order statistics in terms of the c.f. of
underlying family of distributions. The following example gives an illustration

of the above results.

Example 5.3.1. Let { X} be a sequence of independent r.v.s and X, ~ F, , =
g

1 — e %, For fized n, from Ezample 3.2.1, we know that the corresponding

family of distributions is closed under the minima with respect to 0 and g(0) =

Z?:l 0.. Then m, ~ FX;Z?:1 0 From Example 4.2.1, we have

Hence,

n

bt = 3 e (P e, 0

k=n—r+1 dk GDk
D ] (i PO L
k=n—r+1 n—=r dkeDk g(Qdk) o Zt

where g(0, ) = «9].1 +.. .—}—ij . Now, let us obtain the expression for fived values

~dk

of n and r.

If we fitn =4 and r = 2, we get

4

@ = () 0, 0

k=3 dkEDk

¢
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- () S

k=3 4 ep, 7%
0 6
- > (~>d3—) 7 (~>d4—) i
d3 €Dy ~dg dyeDy ~dy
0,46, +0, 0,46, +0,
0, +0,4+06,—it 0, +0,+0, —it
0, +0,+0, 0, +0,+0,

0, +0,+0,—it ' 0,+0,+0,—it
0, +0,+6,+0,

-9 0, +0,+0,+0, —it

If we denote Eizl 6, =0 and Zizlﬁk =607, we have
oy

ot 0% 0 o 9
3% 535
—atEoate—a Te—a Co—a 39

by pall) =

In the above example if we consider X, j =1,2,...,n to be ii.d. exp(f),

the expression (5.3.5) reduces to

30 40 1262

4 pu—
g W (B0l — i)

(5.3.6)

and if they are i.i.d. exp(1), then (5.3.6) reduces to

dx S gyt gy Azidostd
3—it 4 — it (4 —it)(3 —it)
12

d—at)(3—it)

When the r.v.s are i.i.d. exp(#), from David (1970, page 18), we have

1 A
X == —— =1,2,... 5.3.7
rn 6 Zn—j+1 ) r 9 ) 7n7 ( )
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where Z ~ exponential(1). Hence, for r = 2 and n = 4, from (5.3.7), we have

o (t) = ¢X,40 (t)¢x,30 (t)
1262

(30 — it) (40 — it)

2:4;0

which is same as the expression obtained in (5.3.6).

9.4 Moments of Order Statistics and their Applications

In this section we discuss some applications of the results proved in the previous
sections. In Section 4.2, we have already discussed the one to one correspon-
dence between d.f.s and their integral transforms. The s moment of order
statistics of r.v.s closed under extrema exist whenever the s moment of the
underlying r.v.s exists. The following results hold under the assumption that

the s moment of the underlying r.v.s exists.

Theorem 5.4.1. Let {X } be a sequence of independent r.v.s and X, ~ F
g
from a family Z ., and the s'" moment of the family exists. If F v 18 closed

under the mazima with respect to o, then the s moment of X is given by

n

By e (X7, = Z(—l)’”(fj) > Brpey (X (5:41)

k=r dk €Dy,

and if F ., is closed under the minima with respect to «, then
E (X°) = zn: (—1)k=(r=r+1) bl > E (X*), (5.4.2)
XpopiQn, rn - n—r X;g(gdk> ’ o
k=n—r+1 deDk

where D, is the class of all subsets of {1,2,...,n} having cardinality k and

g(gdk) and h(gdk) are as in Definitions 3.2.1 and 3.2.3 respectively.
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Proof. By the one to one correspondence between the d.f. and the c.f. of ar.v.,

(5.4.1) follows from Theorem 5.2.1 and (5.4.2) follows from Theorem 5.2.2. [

If the sequence of r.v.s are i.i.d., then from (5.4.1), we have

B = S0 (T () Eaw 64

k=r

and from (5.4.2), we have

E, (X)) = i (—1)k=(n=r=+1) (i:i) <Z)Ex;gk<a><Xs>‘ (5.4.4)

k=n—r+1

The following is the corollary for the expected value of the 7" order statistic

of a sequence of independent r.v.s closed under extrema.

Corollary 5.4.1. Let { X} be a sequence of independent r.v.s and X, ~ Fx;aj
from a family F ., whose expectation exist. If F . is closed under the mazrima

with respect to o, then the expectation of X, 1is given by

n

By ) = Y0 (00]) X B (9 649

k=r dk EDk

and if F ., is closed under the minima with respect to «, then

- —(n—r k—1
E, . (X.) = Y (=1t <n_r) Y Erye, (X), (5.46)
k=n—r+1 dk’EDk k

where D, is the class of all subsets of {1,2,...,n} having cardinality k, and

g(gdk) and h(gdk) are as in Definitions 3.2.1 and 3.2.3 respectively.

Proof. Since the expectation of the family of distributions exist, the proof fol-

lows from Theorem 5.4.1 by substituting s = 1. [
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When the sequence of r.v.s are i.i.d., (5.4.5) reduces to

n

o W(X) = Z(—l)’”(f:i) (Z)EX%WQ)(X) (5.4.7)

k=r

n

) = (—1)“"”1)(7’2 :i) <Z)Exggk(a)(X). (5.48)

k=n—r+1
The following is an example for the application of results in this section.

Example 5.4.1. Consider a machine that works on 4 batteries whose lives are
exponentially distributed with parameter 6. Suppose that the machine works as
long as 2 of its components work. What will be the expected life time of the
machine?

Here the system fails when any of the 3 batteries fails. So we want to calculate
the expected value of the 3" order statistic. We know that for exp(f)

E_(X)z% and FE (X) = —.

Xigy, (0)

CRPERID S (o [ e
- S0 () g

k=2

6 8 3

20 30 40
13

120°

In this chapter, we derived the d.f.s of order statistics of a sequence of
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independent r.v.s, for fixed n, closed under extrema in terms of the d.f.s of the
underlying distribution. By the one to one correspondence between d.f.s and
their integral transforms like c.f., similar results hold for the corresponding c.f.s

and all other integral transforms whenever they exist.



CHAPTER

SIX

Families of Bivariate Distributions Closed under Extrema

Till now all our discussions were on univariate r.v.s. In many situations, one
may be interested in multivariate r.v.s or random vectors (R.V.s). This chapter
extents the concept of closure property under extrema of univariate distribu-
tions to multidimensional distributions. Even though our discussions are on
two-dimensional R.V.s, the results hold true for all n-dimensional R.V.s. Some
properties of such classes of distributions are also discussed. The chapter is
based on Aparna and Chandran (2018c).

The chapter is organized as follows: Section 6.1 introduces basics of two-
dimensional R.V.s. Section 6.2 defines the concepts of componentwise max-
ima and componentwise minima. Section 6.3 discusses some basic concepts
in copula theory. In Section 6.4 we define bivariate distributions closed under
extrema. The necessary and sufficient conditions for a family of bivariate distri-
butions to be closed under extrema are obtained and the copulas closed under
extrema are defined in Section 6.4. In Section 6.5, the discussion is on how the

bivariate closure property changes under strictly monotone transformations of

93
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marginal r.v.s. The changes in bivariate closure property under extrema on
truncation of the marginal r.v.s are discussed in Section 6.6. Section 6.7 is on

c.f.s of componentwise extrema.

0.1 Introduction

Random vectors (R.V.s) are multivariate generalisation of r.v.s. such that, each
component of a R.V. is a univariate r.v. on the same probability space say,
(Q, 97, P). We can define a R.V. X = (X, X,,...,X,) as a mapping from
to R, such that, if B, € %,, the Borel sigma-field over R,

X'B) = {weQ:X(w)eB,}e .

n

= {we: (X,(w),X,(w),...., X (w) €B,} € .

As in the univariate case, the R.V. X induces a probability measure P, on the

measurable space (R, %) given by

(B,) = P(X7(B,), Y B,e%,

= PlweQ:X(w)eB,). (6.1.1)

Then (R, , %, , P, ) is the probability space induced by the R.V. X. Note that,

n?

if X is an n-dimensional R.V. and g : R, — R, is measurable, then g(X) is
a k-dimensional R.V. (see, Laha and Rohatgi (1979), page 20). Now, let us

concentrate on 2-dimensional R.V.s.



95

Let (X,Y) be a two-dimensional R.V. Hence, it is a mapping from Q to R,

such that, if B, € %4,, the Borel sigma-field over R,,

(X,Y)"Y(B,) = {weQ:(X(w),Y(w)) €B,} e (6.1.2)

Then (6.1.1) can be written as:

P

X,y

(B,) = PweQ: (X(w),YWw)) €B,), B,c%A, (6.1.3)

known as the probability space induced by the R.V. (X,Y’). Then the function
H on R, defined by

HX,Y(xay) - PX,Y{(_OO7x] X (—OO,y]}, v (l’,y) € Rz
= P(X_l(_oo’x]vy_l(_ooay])’ v ($7y> €R,
= PlweQ: Xw) <z,Yw) <y}, V (z,y) €R,

— P(X<a,Y<y), V (ry) €R, (6.1.4)

is called the joint d.f. of the R.V. (X,Y’). The joint d.f. H satisfies the following

conditions:

i) lim H(z,y) = H(—o0,y) =0= lim H(z,y) = H(z, —00).

T——00 Yy——00

ii) xinJroo(x,y) = H (400, +00) = 1.

iii) H is right continuous in each of its arguments.

iv) For every z,,x,,y,,y, € I such that z, <z, and y, < ,,

H(x2>y2) - H<x27y1) - H(xlﬁyQ) + H('rl?yl) 2 0. (615)
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Conversely, any function satisfying the above conditions uniquely determines a
probability measure P, on %,. The conditions (i) and (iv) above implies that
H is non-decreasing in each of its arguments. Unlike the s.f. of a r.v., the joint
s.f. of a R.V., denoted by H, is not the compliment of H. For all (z,y) € R,,
the joint s.f. of a R.V. (X,Y) is given by

H , (r,y) = PX>uxY >y)
= 1-PX<z)—PY <y +PX<zY <y)

= ]‘_FX(I’) _GY(y)_’_HX,Y(:L‘?y)' (616)
For a R.V. (X,Y) on some probability space, the transformation given by

¢(X.,Y) (t17t2) = F (ei(t1X+t2Y)) , t1’ t2 cR (617)

= / ei(t1x+t2y)dHX,Y(x, Y) (6.1.8)

Roy

is called the c.f. of the R.V. (X,Y).

6.2 Componentwise Minima and Componentwise Max-
ima

Let {(X,,Y,)}>, be a sequence of independent pairs of r.v.s with (X,,Y,) ~
HXJij (x,y) and joint s.f. ij,Y]- (z,y). Let FXj (z) be the marginal d.f. of X,
and GYj (y) that of Y. Let us denote X,, = max{X,,X,,..., X, }andV, =
max{Y,,Y,,..., Y, }. Then the sequence {(X,, ,Y,, )} is called the sequence
of componentwise maxima. Similarly, let X, = min{X,, X,,..., X, } and
Y, =min{Y,,Y,,...,Y,}. Then the sequence {(X,, ,Y, )} is known as the

My

sequence of componentwise minima. From the discussions on the d.f.s and the
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s.f.s of partial maxima and partial minima in Section 2.3, we have the d.f. of

X

M,

and Y, given by

The joint d.f. of componentwise maxima, (X a0 Yar, ), n > 11is given by

= 1%, @y (6.2.1)

and when the R.V.s are i.i.d., we have

(x,y) = (HX,Y('T7y))n (6'2'2)

Xy oY
M, "M,

The joint s.f. of componentwise minima, (X,, ,Y, ), n > 1is given by

H,  (v,y) = PX, >zY, >y

mp

= J[a, . (x.y) (6.2.3)
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and when the R.V.s are i.i.d., we have

HX (xay) = (HX,Y(x7y))n' (6'2'4)

Y,
Mgy 25 My

For a given bivariate distribution we can uniquely identify the marginal d.f.s.
But the converse is not unique. That is, for a pair of univariate distributions

the joint d.f. is not unique.

Example 6.2.1. Consider the following two bivariate d.f.s with support x > 0,

y > 0 and parameters o > 0, >0 and 0 <0 < 1.

Hy (z,y) = (1—e®)(1—e) (6.2.5)

2 _ —ax -0 —(ax+PBy+0afx
H  (z,y) = 1-e™—e+e (az+By v) (6.2.6)

Both (6.2.5) and (6.2.6) have marginals as X ~ exp(a) and Y ~ exp(f3)
but the joint distributions are different. Copulas are functions which connects
a joint d.f. and the corresponding marginal d.f.s. i.e., copula evaluated at the
margins gives the corresponding joint d.f. This is the content of Sklar’s theorem
(Sklar 1959). Hence, the marginal distributions along with a copula uniquely
determines a joint distribution. We can also view this as a joint d.f. whose
one dimensional margins are uniform (0,1). It is also referred in the literature
as uniform representation and dependence function. It is a scale free measure
of dependence and a starting point of construction of bivariate or multivariate

distributions.
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6.3 Copulas

In this section, with the help of Nelson (1999), we review the basic concepts in
copula theory that we require in the subsequent sections. The statements given
in the previous section about copulas are not actual definitions. The definition

of copulas is as follows.

Definition 6.3.1. A two-dimensional copula is a function C' from [0,1] x

[0,1] — [0, 1] satisfying the following conditions:

i) For every u,v € I,

C(u,0) =0=C(0,v) (6.3.1)

and

C(u,1) =u and C(1,v) =v. (6.3.2)

ii) For every u,,u,,v,,v, € I such that u, < wu, and v, < v,,

C(u,,v,) — Cluy,v,) — C(u,,v,) + C(u,,v,) > 0. (6.3.3)

The conditions (6.3.1), (6.3.2) and (6.3.3) above means that; C'is grounded,

C has marginals and C' is 2-increasing respectively. The Sklar’s theorem, a
celebrated theorem in the literature of copula theory, sheds light on the rela-
tionship between multivariate d.f.s and their univariate marginal d.f.s. It is

stated below, for the bivariate case.

Theorem 6.3.1 (Sklar’s Theorem). Let H, , be a joint d.f. with marginal

d.f.s F,, and G, . Then there exists a copula C such that for all x,y in R (the
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extended real line),

HX,Y (IL‘, y) - C(FX (I)7 GY (y)) (634)

If F, and G, are continuous d.f.s, then the copula C' is unique; otherwise, C
15 uniquely determined on RangeF x RangeG. Conversely, if C' is a copula and
F and F, are d.f.s, then the function H, . defined by (6.5.4) is a joint d.f.

with marginal d.f.s F, and G, .
Proof. See Nelson(1999). O

Survival copulas are copulas that joins the joint s.f. to their one dimen-
sional marginal s.f.s. The joint s.f. of a bivariate R.V. (X,Y’) with joint d.f.
H, ,(z,y) = C(Fy(x), G, (y)) is given by

HX,Y<:C73/) = Fx(x) + éy(?/) -1+ C(l - Fx(x)> 1 - Gy(?J)) (635)

The function C is defined from I x I — I by C(u,v) = u+v—1+C(1—u,1—v)

is a copula. Then we have

HX,Y (ZL’,y) = é( X(x)7 GY (y)) (636)

and C is called the survival copula of (X,Y). Survival copula couples the joint
s.f.s to its univariate marginal s.f.s. The following theorem gives the copula of

componentwise maxima of i.i.d. bivariate R.V.s having copula C.

Theorem 6.3.2. If C' is a copula and n a positive integer, then the function
C\,, given by

Cy (u,v) = Cr(ut/™ oy, foru,v el (6.3.7)

is a copula. Furthermore, if (X,)Y,), j = 1,2,...,n are i.i.d. pairs of r.v.s
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with copula C', then C\, is the copula of X,, andY,, .

Proof. See Nelson(1999). O
Now, if (X,,Y,), j =1,2,...,n are i.i.d. pairs of r.v.s with survival copula

C’, then
émn (u,v) = C™(u*™, o™, for u,v eI (6.3.8)

is the survival copula of X, ~andY,, .

Let (X,,Y,),(X,,Y,),...,(X,,Y,) be iid. pairs of r.v.s having a common
copula C. Let C}, be the copula of componentwise maxima. From (6.3.7), we
have C,, (u,v) = C"(u!™, v"/"). limit of the sequence, {C,, (u,v)} leads to
the notion of extreme value copula. If there exists a copula C' such that

C™ (ut/m, oM™y = C* (u, v), (6.3.9)

n—oo

then C* is known as the extreme value copula or max-stable copula. Further-
more, C is said to be in the MDA of C*. Some examples of extreme valu

copulas are:
i) Clu,v) =uv
ii) C(u=v) = min(u,v)
iil) C(u,v) = e(l=lmw)’+(=mo) ]9 g o [1,00)

-«

iv) C(u,v) = min(u' v, uv'?), 0<a,p<1.

In this section, we reviewed the concept ‘copula’. How this function connects a
joint d.f. to its marginal d.f.s is discussed. The copulas (survival copulas) cor-
responding to the componentwise maxima (minima) and extreme value copulas

are also discussed.
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0.4 Families of Bivariate Distributions Closed under

Extrema

In this section we extend the concept of ‘closure under extrema’ of a family of
univariate distributions to a family of bivariate distributions. The necessary

and sufficient conditions for R.V.s to be closed under extrema are also obtained.

Let 7,

cvape D€ a family of independent bivariate distributions. Let .7

and ¢, , be the corresponding families of marginal distributions and 6 be the
dependence parameter. The following is the definition of family of bivariate

distributions closed under the minima.

Definition 6.4.1. A family of bivariate distributions, I, 1S said

X,Y;e,3,67

to be closed under the minima with respect to (a,(3,0), if for every

HX,Y;a]-,ﬂj,Gj € Hivapo J = 1,2,...,n, n>1, the joint d.f.s of component-
wise minima, Hy 0= HX,Y;g(%),g*(?nm(_gn) belong to H, .. 5 With

n n

parameter (g(a.,),g°(8,).1(0,)) depending on (a,,,5,.6,).

Remark 6.4.1. A set of R.V.s is said to be closed under the minima, if the

corresponding family of bivariate distributions is closed under the minima.

Remark 6.4.2. When the bivariate r.v.s are i.i.d., we denote g(a,) = g, (),
g (8,) = g:(B) and n(0,) = n,(0) respectively, which are functions of n and

the corresponding parameters.

Remark 6.4.3. If X, and Y,, j = 1,2,...,n are identically distributed then
a=0 and g, (o) = g:(0).

Example 6.4.1. Let (X,,Y,) j =1,2,...,n follows bivariate exponential dis-
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tribution (Gumbel (1960)) with joint d.f.
—a T —B. —a . z+B.y+0.a. B . x
HX,Y;uj B0 (x7 y) = 1l—e"" —e ﬁjy +e i +Bjy+ J JBJ ya

a,>0,8,>0,0<0 <1

Then

1 _eizrf lajx J— eiz?zl’gj

n
P L, (o atByt0; 0,6, 2y)

Yie

= H

XY 50(en )% (Br) (@) (z,y),

(6.4.1)

n * n Z;l=1 a;8;9;
where g(a,) =327 a,, ¢°(8,) =>_"_ B, and n(0,) = (W)

j=1"3

In the above example if the R.V.s are i.i.d., then g, (o) = na, g*(8) = nf
and n,(0) = £.

Next, we have the definition of family of bivariate distributions closed under

the maxima.

Definition 6.4.2. A family of bivariate distributions, 15 said to be

X,Y;e,8,67

closed under the mazima with respect to (o, 3,0), if for every H €

X,Y;aj ”Bj ,9]-
I

viaper J = L,2,...,n, n > 1, the joint d.f.s of componentwise mazrima,

= H belong to

X, Yo, 1900 0n XY ih(an ) ¥ (B (0n) X.Yia8,6

(h(a,),h*(B,),v(0,)) depending on (o, 3,,0,).

with parameters

Remark 6.4.4. A set of R.V.s is said to be closed under the mazxima, if the

corresponding family of bivariate distributions is closed under the maxima.

Remark 6.4.5. When the bivariate r.v.s are i.i.d., h(a,) = h,(a), h*(8,) =

h*(B) and v(0,) = v,(0), which are functions of n and the corresponding pa-

<n

rameters.
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Remark 6.4.6. If X, and Y., j = 1,2,...,n are identically distributed then
a=03 and h, (o) = h*(B).

Remark 6.4.7. Definition 6.4.1 and Definition 6.4.2 hold true even if we

replace d.f.s by corresponding s.f.s.

So for the sake of convenience, we will be using joint and marginal d.f.s while
discussing closure under maxima and joint and marginal s.f.s will be used while
discussing closure under minima.

The following theorem gives the necessary condition for a family of bivariate

distributions to be closed under the minima.

Theorem 6.4.1. If a family of bivariate distributions is closed under the min-

ima, then so are its marginal families of distributions.

Proof. Suppose P_[an . oY) = Hx,Y;gma),g;w),nn(e)("E’ y). Then
Fan e ($) = _X'mn ’Ymn ;o 3,0 ($’ OO)
= Hy v @10 00 ®) (, 00)
= FX;gn () (:C)

Hence, X is closed under the minima with respect to . Similarly, Y is closed

under the minima with 3. Hence the proof. ]

A necessary condition for a family of bivariate distributions to be closed

under the maxima is given in the next theorem.

Theorem 6.4.2. If a family of bivariate distribution is closed under the maax-

ima, then so are its marginal families of distributions.

Proof. The proof is similar to that of Theorem 6.4.1. [
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The conditions given in Theorem 6.4.1 and Theorem 6.4.2 are not sufficient
for a family of bivariate distributions to be closed under the minima or maxima
respectively.

Let (X,,Y)),(X,,Y,),...,(X,,Y,) be i.i.d. R.V.s. Then consider the fol-

lowing examples.

Example 6.4.2. For the s.f.s F (z) = e "2 > 0,a > 0 and G, ,(z) =
e .y > 0,3 >0, the bivariate exponential distribution (Gumbel (1960)) have

joint s.f. given by
HX,Y;a,ﬁ,G ($’ y) = e—(ocar+ﬁy+90¢ﬁzy), O S 0 S 1 (642)

Hence,

HX Y, 4@0(357?/) = e_n(ax+ﬁy+9aﬁxy)

my, > m

= H (z,9).

X7Y;na7nﬁ,%

The survival copula corresponding to the joint s.f. in Example 6.4.1 is given

by

~

C,(u,v) = uve ?unv 0 <9 < 1. (6.4.3)

For this copula,

C;L(Ul/n,vl/n) — uve—%elnulnv — OQ (U,U).

n

Now, for the same marginal s.f.s as in Example 6.4.1, consider the joint s.f.

given in the following example.
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Example 6.4.3. Consider the bivariate distribution with joint s.f. given by

_ 6_(az+ﬂy)
HX,Y;(x,ﬁ,9($7 y) = 1 - 9(1 . e_aw)(l _ eﬁy) . (6-4.5)

Then

. (T 0,a+ T A)
o i et (D9) = " (1—6.(1—e o)1)

j=1 J

is not of the form HX’Y;Q(%)’Q*%M(%)(x,y).

Here marginal distributions are exponential which have closure property
under the minima by Example 3.2.1, but the joint d.f. is not so. So the
converse of Theorem 6.4.1 and Theorem 6.4.2 need not be true. i.e, marginal
distributions are closed under the minima (maxima) need not imply that the
joint distribution is closed under the minima (maxima). Hence, we need some
additional conditions on how they are dependent. Here comes the importance of
‘Copula’. Recall that, the bivariate exponential distribution given in Example
6.4.1 is closed under the minima.

The copula corresponding to Example 6.4.3 is

N uv

Ce(u’v)zl—e(l—u)(l—v)’ -1<6<1, (6.4.6)

known as the Ali-Mikhail-Haq family of copulas (Hutchinson and Lai (1990)).

For this copula,

m(, 1/n _1/n\ __ uv
G 01") = g e # G (00).

Let us consider another example.



107

Example 6.4.4. Consider the copula in (6.4.3) and the marginal s.f.s given
by Fe () =1-=(3)0<z <A A>0,a>0adG, (y) =1- (%)5,
0<x<7v,v>0,0>0. Then the corresponding joint s.f. is

Hyyoa(@y) = (1= (@/N)%)(1 = (y/7)")e "G00 (6.4.8)
Hence,

H,

o (8Y) = (1= (z/N)*)"(1 — (y/v)ﬂ)ne—nelnu—(;)")1n(1_(g)ﬁ)

a Hy o v son (@028 ®) (,9)-

The above example shows that even if the copula satisfies the condition

Cr(utm vty = €, (u,v) (here n,(f) = 6/n), the joint s.f. is not closed

n(0)

under the minima when the marginal s.f.s are not so (see Example 3.2.5). The
following theorem gives a necessary and sufficient conditions for a family of

bivariate distributions to be closed under the minima.

Theorem 6.4.3. Let 77, be a family of bivariate distributions with corre-

X,Y;0,8,0

sponding families of marginal distributions F ., and %,

Y8’
Then

X,Y;a,3,0

and copula C,(u,v).
is closed under the minima with respect to («, 3,0) if, and only
if, F .o 18 closed under the minima with respect to o, 9, , is closed under the

minima with respect to B and C’;(ul/”,vl/") = CA’W o (U V).

Proof. Suppose that 57, is closed under the minima with respect to

X,Y;a,,60

(a,,0). Then by Theorem 6.4.1, .%,  is closed under the minima with re-

spect to a, ¢, , is closed under the minima with respect to 3. i.e., Fxm W) =

n
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FX;gn(a) (33‘) and GYmn 8 (y) = GY;Q;(B) (y)

Hy s ano@8) = Hy v om0 00 (25 Y)

= C(:L (F;{,ZL o (:L‘), Gi’{:l B8 (y)> - Cnn(G) (FX,gn(a)(x)’ GY;Q;‘L(ﬂ) (y)>

= C:(ul/", v/ = C, o(u,v).

Xigp ()

To prove the converse, suppose that Fxm W(z) = F (z), G

Gy;g* () and (j;l(ul/n,vl/n) = C‘n o (1, 0). Now, substituting u = Fxm and
V= GYm , we have
(R @.a W) = ¢ (P, 0.0 L)
- Cnn(ﬂ) < Xugn<a)(x)7GY;g;‘l(,8) (y)>
which implies
men Y, i006,0 (LE, y) - HX,Y;gn(a),g,ﬁ(ﬂ)mn(G) (LE, y)
Hence the proof. 0

The necessary and sufficient condition for a family of bivariate distributions

to be closed under the maxima is given in the next theorem.

Theorem 6.4.4. Let 7, be a family of bivariate distributions with corre-

X,Y;o,3,0
sponding families of marginal distributions F ., and 9, ,, and copula C,(u,v).

Then S, is closed under the maxima with respect to (o, 3,0) if, and only

X,Y;a,8,0

if, F . s closed under the mazima with respect to o, 4, ; is closed under the

mazima with respect to B and CM(u/",v'/") = C | (u,v).

Proof. Suppose that 7, , . ;, is closed under the maxima with respect to
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(cr, 3,0). Then by Theorem 6.4.2, %, is closed under the maxima with respect

X

to a, ¢, , is closed under the maxima with respect to 8. ie., F,  (v) =

FX;gn(a) (I’) and GYmn iB (y) = GY;g;‘L(ﬂ) <y)

H, sol®y) = Hy v gm0t 901 0) (z,9)

=G (FZ,Z o), GZZ 5 (y)) =C 0 (Fx,gnm)(x)’ Grano (y))

n 1/n 1/n\ __
:>C'9(u/,v/)—C'

7 (0) (u, )

To prove the converse, suppose that Fxm Jz) = F (x), G’Ym sy) =

X3y, ()

Gy e (y) and CP(u!/", 01"y = C (u,v). Now, on substituting u = F

MNn (6) X'm

and v = G

+ » we have

my,

e (P @.6 W) = € (P,

= C.o (Fx,gn<a)(x)’GY;g;<ﬁ> (y))

L@0.G, L)

m m

which implies

HX Y, ;a,ﬁ,@(x7y) = Hx,y;gnm),g;(@),nn(e)(x>y)'

My 27 My

Hence the proof. O
Now, we define the closure under extrema for a copula C'.

Definition 6.4.3. A copula satisfying the condition C™(u'/" v'/™) =
C, (9)(u, v) for all n > 1, integer, is called ‘copula closed under extrema’.

Remark 6.4.8. The set of extreme value copulas discussed in Section 6.3 is a

subset of copulas closed under extrema.

The following table gives some examples of copulas closed under extrema.
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C, (u,v) Cg(ul/”,vl/") 1(0) | Range of 6
uv uv
min(u,v) min(u,v)
e(— (= mw)? (= mw)?11/9) e(—H{(=mw)?+(—1mv)?31/0) 0 [1,00)
[max(u=04+v=0-1,0)]"1/¢ | [max(u="+0o=%"—1,0)]""/¢ | 6/n | [1,00)\{0}
wv/[1+(1—u?) (1= /0 | wv/[1+(1—u?/™)(1—00™)]"/0 | 0/n (0,1]
(u=1/6 4y=1/6 _1)=0 (u=1/m0 4 yy=1/nb_1)—nb no (0,00)

Table 6.1: Examples of Copulas Closed under Extrema

6.5 Monotone Transformations and Bivariate Closure

Property under Extrema

In Section 3.3, we discussed how the closure property under extrema of uni-
variate r.v.s changes under strictly increasing or strictly decreasing measurable
transformations. In this section, we extend this to bivariate case and discuss
how closure property under extrema of R.V.s changes under strictly increasing

or strictly decreasing measurable transformations of marginal r.v.s.

Theorem 6.5.1. Let the family FZ,

viape V€ closed under extrema with respect

to (e, 3,0) and, & and ¢ be Borel measurable and strictly increasing on RanX

and RanY respectively. Suppose %&(X),w(y);aﬁﬂ 1s the family of distributions of

(&(X),¥(Y)). Then the following results hold.

i) If A

is closed under the maxima, then so is 4.

Y, 8,0 §(X)¥(Y);e,8,0

1s closed under the minima, then so is g‘é(X),w(Y);a,,B,G'

ii) If 7,

Yia,3,0

Furthermore, the corresponding (g(gn),g*(@n),n(gn)) or (h(gn),h*(@n),y(ﬁn))

for both the families will be the same.

Proof. Let G be the joint d.f. of (£(X),¥(Y)). Since £ and ¢ are

(X)W (Y)ia 8,0,
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strictly increasing, we have

Gg(x),w(y);a ,a.,e.(x>y) = P 8 e(f(X) < $a¢(Y> <vy)

373073 37373

Let J, ... 5., e closed under maxima. Then for all nyygaj 50,00 = 1,2,...,n
belonging to 7 . . ,; HXMn Vrgy o n = HX’Y;M%)YM(%),V@”). Hence,

G

|
=

¢ E(X)(Y)ia, 8,0, (357 Z/)

€y ) py 0 B b (z,y) 18,0,

.
Il
-

I
—=

-1 -1
HX,Y;&.,/B.,GV (g (‘/L‘)7 w (y))
27070
j=1

_ -1

= HX,Y;h@n),h*(gsn),u(en)(é (x))

- G&(X)ﬂ/)(Y);h(gn),h*(@n),u(gn)(‘T7y)‘
e, 9, 5y urape 15 closed under the maxima with (h(a,), h*(3,),v(0,)) of
Hiyapo Let H ., 5, be closed under minima. Then for all nyy;aj 5,0,
J=1,2,...,n belonging to J, ., ;4 men Yo HXX;Q(%),Q*(_BHM(%).

Hence,

€ = G

=

E(X),(Y)ia, 8,0, (957 Z/)

€y ) py 0 B b (z,y) 18,0,

S
Il
-

I
—=

X,Yia,85.6; (5_1(1‘)7 ¢_1 (y))

1

—1
x,Y;g@n),g*(@n),n(@n)(g (z))

|
sl

£(X) (Y )ia(en )% (Br) (8 (z, y)-
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iLe., ¢, is closed under the minima with (g(a, ), g*(5,),n(0,)) of

(X),%(Y);e,,0

A Hence the proof. n

X,Y;e,8,0 "

Theorem 6.5.2. Let the family 7, ,, be closed under extrema with respect

to (e, 3,0) and, £ and 1 be Borel measurable and strictly decreasing on RanX

and RanY respectively. Suppose %E( i1s the family of distributions of

X):%(Y);e,3,0

(&(X),¥(Y)). Then the following results hold.

i) If Hyyape 15 closed under the mazima, then G . . ., s

closed under the minima with corresponding (g(c,),g*(8,),n(0,)) =
(hle,), h*(8,),v(0,)) of iy apo-

i) If I, is closed wunder the minima, then % 18

Yia, 8,0 §(X),%(Y);e,8,0

closed under the mazima with corresponding (h(a,),h*(8,),v(0,)) =
<g<gn)7g*<@n)7n(gn)) Of%;(,Y;a,B,G'

Proof. Since £ and v are strictly decreasing, —¢ and —1) is strictly increasing.
Hence, by Theorem 6.5.1 and the relation

(X, .Y, ) = (—max{—X,,-X,,..., =X },—max{-Y,,-Y,,...., =V })

n n

The proof follows on the similar lines of Theorem 3.3.2. O]

Result 6.5.1. Let the family 5, ., 54, P(X #0) =1 and P(Y #0) =1, be
closed under componentwise minima (maxima) with respect to (e, 3,80). Then

the family I, | 0 is closed under the maxima (minima) with respect to
X Y iP,

(o, 8,6).

Result 6.5.2. Let the family 7, ,, be closed under componentwise minima
(mazima)with respect to (e, 3,0). Then the family € _, ., ,, is closed under

the mazima (minima) with respect to (o, 3,0).
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Result 6.5.3. Closure under componentwise maxima (minima) is invariant

under change of origin and scale.

Result 6.5.4. Let the family 7, ,, be closed under componentwise minima

(mazima)with respect to (o, 3,0). Then

1. the family J_

Vo’ X >0,Y >0 a.s., 1s closed under the minima

(mazima) with respect to e, 3,0, fory >0, 6 > 0 constants.

2. the family J€_ X >0,Y >0 a.s., is closed under the mazima

Y%:a,8,0’

(minima) with respect to o, 3,0, for v >0, § > 0 constants.

6.6 Truncation and Bivariate Closure Property under

Extrema

Recall that, in Section 3.4, we have seen that truncated distributions are ob-
tained by restricting the domain of a probability distribution. We also discussed
how closure property under extrema of r.v.s changes on truncation. In this sec-
tion, we are going to discuss how closure property under extrema changes on
the truncation of marginal r.v.s. The probability distribution of (X,Y") condi-
tioned on X > a, Y > cis called left-truncated distribution of (X,Y") truncated
at (a, c) and the probability distribution of (X, Y") conditioned on X < b, Y < d
is called right-truncated distribution of (X,Y") truncated at (b,d). The joint
d.f. of (X,Y) truncated at both ends, or doubly truncated, is denoted by

and is given b
X (a,b) YT (e,d) & Y

X1 (a,b) YT (e,d)



114

with corresponding joint s.f.

|
]

]:{X,Y (l’, y) XY (:L“, d) - ]flx,y (bv y) + HX,Y <b7 d)
HX,Y (CL, C) - H (CL, d) - HX,Y <b7 C) + HX,Y (b7 d)
(6.6.2)

Xr(ab) YT(e,d) (z,y) = ]
for x, <a <z <b<z, where z, and z, are the end points of the support
of Xandy <c<y<d<y, lfa=2,b<uz,c=y andd <y, weget
a right truncated distribution. Similarly, if a > z,, b = z,, ¢ >y, and d = v,
we get a left truncated distribution. Hence, the joint d.f. of a right truncated

distribution truncated at (b, d) is given by

(ZL' y) — HX,Y (x7y)
’ HX,Y

o (6.6.3)

X1y Y1)

and the joint s.f. of a left truncated distribution truncated at (a, c) is given by

H (z,y) = Hyyl@w) (6.6.4)

X1a) Y1 (c)

In this section we see how the closure property changes under right and left
truncation of bivariate distributions. From (6.6.1) and (6.6.2) we can easily
say that closure under extrema is not preserved under truncation at both the
ends. But, from (6.6.3) and (6.6.4) we observe that closure under the maxima
is invariant under right truncation and closure under the minima is invariant

under left truncation respectively. This is the content of the following two

theorems.
Theorem 6.6.1. Let the family ., ,, be closed under the mazima. Then
the right truncated family J, 15 also closed under the maxima.

T() Y1 (2) %P0
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Proof. We have HX]VIn Yo, wpo(Ty) = HX,Y;hn(a),h:‘l(ﬁ),u(Q)' Then
n
‘ r,y) = HH (T3 Y)
X LY, ,a,ﬁ,O( ) X LY, ;3,0 ?
T(b)Mn T(d)Mn o T(b) 'T(d)
n
_ H (HX,Y;a,ﬁ,G (‘Ta y))
=1 HX,Y;a,ﬁ,a (bv d)
~ Hevi@n o (@ Y)
Hy v i@ 00) (b,d)
= H . T, ).
X1y Y1 (ayihn (@0, <5>’”<9>( ’ y)
Hence the proof. O
Theorem 6.6.2. Let the family H, , , ,, be closed under the minima. Then
the left truncated family J, ) Yy 5.0 is also closed under the minima.
T(b)" T(d) " *F
Proof. We have men Vi, o Ty) = Hy v s 0rmo)” Then from

(x,y) on simplification we get H

* X .
XT(b)M ’YT(d)M ie,8,0 XT(b)7YT(d):gn(a)yyn(B)m<0)( ’y)

Hence the proof. O

6.7 Characteristic Functions of Componentwise Ex-

trema

Let {(X,,Y,)} be a sequence of independent bivariate r.v.s. Due to the one
to one correspondence between the joint d.f. and the joint c.f, if the joint d.f.
of R.V.s belong to a family of bivariate distributions closed under the minima,
then one can represent the joint c.f.s of componentwise minima in terms of the

joint c.f. of the underlying distribution.

Theorem 6.7.1. Let {X , Y.} be a sequence of independent bivariate r.v.s with
(X,,Y))~H, , (z,y) €, and let the c.f. (X,,Y)) be ¢y 4 4 -

X,Y;0,8,0
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i) If Ky ope 5 closed under the componentwise minima with respect to

(a’ /87 0>; then ¢an 7Ymn ?Q‘nvpnuen = ¢XYY;g(t}n)vg*({3n)m(€n) e %71/;047579'

i) [ Hyape 15 closed under the componentwise mazima with respect to

(o, 8,8), then (bXJ\l Yup ionoBnbn (bx,y;h(%),h*(pn),u(gn) € '%ﬂx,y;a,g,a'

Can one represent the joint c.f.s of componentwise maxima in terms of the
joint c.f. of the underlying family of distributions? This will be possible if one
can represent the joint d.f. of componentwise maxima in terms of the joint
d.f. of the underlying family of distributions. Similar question exists, when
a family bivariate of distributions is closed under the maxima. This is the
problem addressed in this section.

Suppose (X,,Y,) ~ H, (x,y) and (X,,Y,) ~ H,(z,y) are independently

distributed. Then the joint d.f. of their maxima is given by

v, (@)Gy (y) + Fy ()G, (2)
_Fxl (.I') _X2 Y, ([L’, y) - FX2 ([L’) _Xl,Yl (‘1'7 y)
_GYI (y)HXQ,Y2 (l’, y) - GY2 (y)Hxl,Yl (x’ y)' (671)
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Now, if (X,,Y]) and (X,,Y,) are i.i.d. having joint d.f. H, , (z,y), then (6.7.1)

becomes

v v (zy) = 1=2F(x)—2G(y) + 2H (z,y)

My " M,

+F(2) 4+ G*(y) + H*(2,y) + 2F (2)G(y)
—2F(z)H(x,y) — 2G(y)H(z,y).
= 1-2F, (2)- Qéyml (y) + QETXml . (z,y)

+F, (@) + G, W+ H, , (vy)+2F (2)G, ()

7'n2

1

_QFXm (x)HX Y, (.Qf,y) _QGle (y)ﬁx Y, (x,y).

= 2me1 Yo, (iL’, Z/) - me2 Yo, (x, y)
w2, (o) +2F, (@G, )
_QFXm1 (x)ﬁxml Yoy (33’, y) - QGle (y)ﬁxml Yo, (l’, y)(6.7.2)

From (6.7.1) and (6.7.2), we conclude that in the bivariate case, the joint
d.f.s of componentwise maxima does not have a representation in terms of
the partial joint d.f.s of componentwise minima. Similarly, the joint d.f.s of
componentwise minima does not have a representation in terms of the partial
joint d.f.s of componentwise maxima. Hence, the corresponding joint c.f.s does

not have similar representations.



CHAPTER

SEVEN

Conclusion

The d.f.s of partial maxima and partial minima of a sequence of independent
r.v.s can be represented in terms of the d.f. of underlying distribution. But
in many situations they are hard to handle. However, when the sequence of
r.v.s have closure property under extrema, the study of partial minima, partial
maxima, and all other order statistics for every fixed n, reduces to the study of
underlying distribution. In this case it is possible to express the distributions,
c.f.s and other integral transforms in terms of that of underlying distribution.
That is, if the sequence of r.v.s is closed under the minima or maxima, then the
study of these statistics reduces to the study of underlying distribution. The
thesis identifies the class of distributions closed under extrema.

In the case of bivariate or multivariate r.v.s, the concept can not be extended
completely. That is, even if the sequence of R.V.s is closed under the minima
it is not possible to express the joint d.f. of componentwise maxima in terms of
the partial joint d.f. of componentwise minima. Hence, similar representations

does not exist for joint c.f.s and other integral transforms, even if they exist.
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Similar is the case when the sequence of R.V.s is closed under the maxima.
‘Copulas closed under extrema’ can be used as a starting point for construction
of families of bivariate distributions closed under the minima or maxima. By
joining the d.f.s of univariate distributions having closure property under the
maxima using a copula closed under extrema we get a bivariate distribution
belonging to a family closed under the maxima. Similarly, by joining s.f.s
of univariate distributions having closure property under the minima using a
copula closed under extrema, we get a bivariate distribution belonging to a

family closed under the minima.
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