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PREFACE TO THE THIRD EDITION

The Third Edition contains some new material. More specifically, the chapter on large sam-
ple theory has been reorganized, repositioned, and re-titled in recognition of the growing
role of asymptotic statistics. In Chapter 12 on General Linear Hypothesis, the section on
regression analysis has been greatly expanded to include multiple regression and logistic
and Poisson regression.

Some more problems and remarks have been added to illustrate the material covered.
The basic character of the book, however, remains the same as enunciated in the Preface to
the first edition. It remains a solid introduction to first-year graduate students or advanced
seniors in mathematics and statistics as well as a reference to students and researchers in
other sciences.

We are grateful to the readers for their comments on this book over the past 40 years
and would welcome any questions, comments, and suggestions. You can communi-
cate with Vijay K. Rohatgi at vrohatg@bgsu.edu and with A. K. Md. Ehsanes Saleh at
esaleh@math.carleton.ca.

Solana Beach, CA Viay K. ROHATGI
Ottawa, Canada A. K. Md. EHSANES SALEH



PREFACE TO THE SECOND EDITION

There is a lot that is different about this second edition. First, there is a co-author without
whose help this revision would not have been possible. Second, we have benefited from
countless letters from readers and colleagues who have pointed out errors and omissions
and have made valuable suggestions over the past 25 years. These communications make
this revision worth the effort. Third, we have tried to update the content of the book while
striving to preserve the character and spirit of the first edition.

Here are some of the numerous changes that have been made.

1.

The Introduction section has been removed. We have also removed Chapter 14 on
sequential statistical inference.

Many parts of the book have gone substantial rewriting. For example, Chapter 4 has
many changes, such as inclusion of exchangeability. In Chapter 3, an introduction to
characteristic functions has been added. In Chapter 5 some new distributions have
been added while in Chapter 6 there have been many changes in proofs.

The statistical inference part of the book (Chapters 8 to 13) has been updated.
Thus in Chapter 8 we have expanded the coverage of invariance and have included
discussions of ancillary statistics and conjugate prior distributions.

Similar changes have been made in Chapter 9. A new section on locally most
powerful tests has been added.

. Chapter 11 has been greatly revised and a discussion of invariant confidence

intervals has been added.

Chapter 13 has been completely rewritten in the light of increased emphasis on
nonparametric inference. We have expanded the discussion of U-statistics. Later
sections show the connection between commonly used tests and U-statistics.

In Chapter 12, the notation has been changed to confirm to the current convention.



Xvi PREFACE TO THE SECOND EDITION

8. Many problems and examples have been added.
9. More figures have been added to illustrate examples and proofs.
10. Answers to selected problems have been provided.

We are truly grateful to the readers of the first edition for countless comments and
suggestions and hope we will continue to hear from them about this edition.

Special thanks are due Ms. Gillian Murray for her superb word processing of the
manuscript, and Dr. Indar Bhatia for figures that appear in the text. Dr. Bhatia spent count-
less hours preparing the diagrams for publication. We also acknowledge the assistance of
Dr. K. Selvavel.

Vijay K. ROHATGI
A. K. Md. EHSANES SALEH



PREFACE TO THE FIRST EDITION

This book on probability theory and mathematical statistics is designed for a three-quarter
course meeting 4 hours per week or a two-semester course meeting 3 hours per week. It is
designed primarily for advanced seniors and beginning graduate students in mathematics,
but it can also be used by students in physics and engineering with strong mathematical
backgrounds. Let me emphasize that this is a mathematics text and not a “cookbook.” It
should not be used as a text for service courses.

The mathematics prerequisites for this book are modest. It is assumed that the reader has
had basic courses in set theory and linear algebra and a solid course in advanced calculus.
No prior knowledge of probability and/or statistics is assumed.

My aim is to provide a solid and well-balanced introduction to probability theory and
mathematical statistics. It is assumed that students who wish to do graduate work in prob-
ability theory and mathematical statistics will be taking, concurrently with this course, a
measure-theoretic course in analysis if they have not already had one. These students can
go on to take advanced-level courses in probability theory or mathematical statistics after
completing this course.

This book consists of essentially three parts, although no such formal divisions are des-
ignated in the text. The first part consists of Chapters 1 through 6, which form the core of
the probability portion of the course. The second part, Chapters 7 through 11, covers the
foundations of statistical inference. The third part consists of the remaining three chapters
on special topics. For course sequences that separate probability and mathematical statis-
tics, the first part of the book can be used for a course in probability theory, followed by
a course in mathematical statistics based on the second part and, possibly, one or more
chapters on special topics.

The reader will find here a wealth of material. Although the topics covered are fairly
conventional, the discussions and special topics included are not. Many presentations give
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PREFACE TO THE FIRST EDITION

far more depth than is usually the case in a book at this level. Some special features of the
book are the following:

1.
2.

10.
11.

A well-referenced chapter on the preliminaries.

About 550 problems, over 350 worked-out examples, about 200 remarks, and about
150 references.

. An advance warning to reader wherever the details become too involved. They can

skip the later portion of the section in question on first reading without destroying
the continuity in any way.
Many results on characterizations of distributions (Chapter 5).

Proof of the central limit theorem by the method of operators and proof of the
strong law of large numbers (Chapter 6).

A section on minimal sufficient statistics (Chapter 8).

. A chapter on special tests (Chapter 10).

A careful presentation of the theory of confidence intervals, including Bayesian
intervals and shortest-length confidence intervals (Chapter 11).

A chapter on the general linear hypothesis, which carries linear models through to
their use in basic analysis of variance (Chapter 12).

Sections on nonparametric estimation and robustness (Chapter 13).
Two sections on sequential estimation (Chapter 14).

The contents of this book were used in a 1-year (two-semester) course that I taught three
times at the Catholic University of America and once in a three-quarter course at Bowling
Green State University. In the fall of 1973 my colleague, Professor Eugene Lukacs, taught
the first quarter of this same course on the basis of my notes, which eventually became
this book. I have always been able to cover this book (with few omissions) in a 1-year
course, lecturing 3 hours a week. An hour-long problem session every week is conducted
by a senior graduate student.

In a book of this size there are bound to be some misprints, errors, and ambiguities of
presentation. I shall be grateful to any reader who brings these to my attention.

Bowling Green, Ohio V. K. ROHATGI
February 1975
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ENUMERATION OF THEOREMS
AND REFERENCES

This book is divided into 13 chapters, numbered 1 through 13. Each chapter is divided
into several sections. Lemmas, theorems, equations, definitions, remarks, figures, and so
on, are numbered consecutively within each section. Thus Theorem i.j.k refers to the kth
theorem in Section j of Chapter i, Section i.j refers to the jth section of Chapter i, and
so on. Theorem j refers to the jth theorem of the section in which it appears. A similar
convention is used for equations except that equation numbers are enclosed in parenthe-
ses. Each section is followed by a set of problems for which the same numbering system
is used.

References are given at the end of the book and are denoted in the text by numbers
enclosed in square brackets, [ ]. If a citation is to a book, the notation ([i, p. j]) refers to
the jth page of the reference numbered [i].

A word about the proofs of results stated without proof in this book. If a reference
appears immediately following or preceding the statement of a result, it generally means
that the proof is beyond the scope of this text. If no reference is given, it indicates that the
proof is left to the reader. Sometimes the reader is asked to supply the proof as a problem.



PROBABILITY

1.1 INTRODUCTION

The theory of probability had its origin in gambling and games of chance. It owes much
to the curiosity of gamblers who pestered their friends in the mathematical world with all
sorts of questions. Unfortunately this association with gambling contributed to a very slow
and sporadic growth of probability theory as a mathematical discipline. The mathemati-
cians of the day took little or no interest in the development of any theory but looked only
at the combinatorial reasoning involved in each problem.

The first attempt at some mathematical rigor is credited to Laplace. In his monumental
work, Theorie analytique des probabilités (1812), Laplace gave the classical definition of
the probability of an event that can occur only in a finite number of ways as the proportion
of the number of favorable outcomes to the total number of all possible outcomes, provided
that all the outcomes are equally likely. According to this definition, the computation of
the probability of events was reduced to combinatorial counting problems. Even in those
days, this definition was found inadequate. In addition to being circular and restrictive,
it did not answer the question of what probability is, it only gave a practical method of
computing the probabilities of some simple events.

An extension of the classical definition of Laplace was used to evaluate the probabilities
of sets of events with infinite outcomes. The notion of equal likelihood of certain events
played a key role in this development. According to this extension, if {2 is some region with
a well-defined measure (length, area, volume, etc.), the probability that a point chosen ar
random lies in a subregion A of (2 is the ratio measure(A)/measure(€2). Many problems
of geometric probability were solved using this extension. The trouble is that one can

An Introduction to Probability and Statistics, Third Edition. Vijay K. Rohatgi and A.K. Md. Ehsanes Saleh.
© 2015 John Wiley & Sons, Inc. Published 2015 by John Wiley & Sons, Inc.



2 PROBABILITY

define “at random” in any way one pleases, and different definitions therefore lead to dif-
ferent answers. Joseph Bertrand, for example, in his book Calcul des probabilités (Paris,
1889) cited a number of problems in geometric probability where the result depended
on the method of solution. In Example 9 we will discuss the famous Bertrand paradox
and show that in reality there is nothing paradoxical about Bertrand’s paradoxes; once
we define “probability spaces” carefully, the paradox is resolved. Nevertheless difficul-
ties encountered in the field of geometric probability have been largely responsible for
the slow growth of probability theory and its tardy acceptance by mathematicians as a
mathematical discipline.

The mathematical theory of probability, as we know it today, is of comparatively recent
origin. It was A. N. Kolmogorov who axiomatized probability in his fundamental work,
Foundations of the Theory of Probability (Berlin), in 1933. According to this development,
random events are represented by sets and probability is just a normed measure defined on
these sets. This measure-theoretic development not only provided a logically consistent
foundation for probability theory but also, at the same time, joined it to the mainstream of
modern mathematics.

In this book we follow Kolmogorov’s axiomatic development. In Section 1.2 we intro-
duce the notion of a sample space. In Section 1.3 we state Kolmogorov’s axioms of
probability and study some simple consequences of these axioms. Section 1.4 is devoted to
the computation of probability on finite sample spaces. Section 1.5 deals with conditional
probability and Bayes’s rule while Section 1.6 examines the independence of events.

1.2 SAMPLE SPACE

In most branches of knowledge, experiments are a way of life. In probability and statis-
tics, too, we concern ourselves with special types of experiments. Consider the following
examples.

Example 1. A coin is tossed. Assuming that the coin does not land on the side, there are
two possible outcomes of the experiment: heads and tails. On any performance of this
experiment one does not know what the outcome will be. The coin can be tossed as many
times as desired.

Example 2. A roulette wheel is a circular disk divided into 38 equal sectors numbered
from O to 36 and 00. A ball is rolled on the edge of the wheel, and the wheel is rolled
in the opposite direction. One bets on any of the 38 numbers or some combinations of
them. One can also bet on a color, red or black. If the ball lands in the sector numbered
32, say, anybody who bet on 32 or combinations including 32 wins, and so on. In this
experiment, all possible outcomes are known in advance, namely 00, O, 1, 2,...,36, but
on any performance of the experiment there is uncertainty as to what the outcome will be,
provided, of course, that the wheel is not rigged in any manner. Clearly, the wheel can be
rolled any number of times.

Example 3. A manufacturer produces footrules. The experiment consists in measuring
the length of a footrule produced by the manufacturer as accurately as possible. Because
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of errors in the production process one does not know what the true length of the footrule
selected will be. It is clear, however, that the length will be, say, between 11 and 13 in.,
or, if one wants to be safe, between 6 and 18 in.

Example 4. The length of life of a light bulb produced by a certain manufacturer is
recorded. In this case one does not know what the length of life will be for the light bulb
selected, but clearly one is aware in advance that it will be some number between 0 and
oo hours.

The experiments described above have certain common features. For each experiment,
we know in advance all possible outcomes, that is, there are no surprises in store after the
performance of any experiment. On any performance of the experiment, however, we do
not know what the specific outcome will be, that is, there is uncertainty about the outcome
on any performance of the experiment. Moreover, the experiment can be repeated under
identical conditions. These features describe a random (or a statistical) experiment.

Definition 1. A random (or a statistical) experiment is an experiment in which

(a) all outcomes of the experiment are known in advance,

(b) any performance of the experiment results in an outcome that is not known in
advance, and

(c) the experiment can be repeated under identical conditions.

In probability theory we study this uncertainty of a random experiment. It is convenient
to associate with each such experiment a set €2, the set of all possible outcomes of the
experiment. To engage in any meaningful discussion about the experiment, we associate
with  a o-field 8, of subsets of €2. We recall that a o-field is a nonempty class of subsets
of () that is closed under the formation of countable unions and complements and contains
the null set ®.

Definition 2. The sample space of a statistical experiment is a pair (€2,8), where

(a) € is the set of all possible outcomes of the experiment and
(b) 8isa o-field of subsets of 2.

The elements of € are called sample points. Any set A € § is known as an event. Clearly
A is a collection of sample points. We say that an event A happens if the outcome of the
experiment corresponds to a point in A. Each one-point set is known as a simple or an
elementary event. If the set {2 contains only a finite number of points, we say that (€2,8) is
a finite sample space. If €) contains at most a countable number of points, we call (£2,8)
a discrete sample space. If, however, ) contains uncountably many points, we say that
(€,8) is an uncountable sample space. In particular, if 2 = R; or some rectangle in Ry,
we call it a continuous sample space.

Remark 1. The choice of 8 is an important one, and some remarks are in order. If {2 con-
tains at most a countable number of points, we can always take 8 to be the class of all
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subsets of {2. This is certainly a o-field. Each one point set is a member of 8 and is the
fundamental object of interest. Every subset of (2 is an event. If ) has uncountably many
points, the class of all subsets of €2 is still a o-field, but it is much too large a class of
sets to be of interest. It may not be possible to choose the class of all subsets of €2 as S.
One of the most important examples of an uncountable sample space is the case in which
Q) =R or Qis an interval in R. In this case we would like all one-point subsets of 2 and all
intervals (closed, open, or semiclosed) to be events. We use our knowledge of analysis to
specify 8. We will not go into details here except to recall that the class of all semiclosed
intervals (a,b] generates a class B which is a o-field on R. This class contains all one-
point sets and all intervals (finite or infinite). We take § = B;. Since we will be dealing
mostly with the one-dimensional case, we will write ‘B instead of 25,. There are many
subsets of R that are not in B;, but we will not demonstrate this fact here. We refer the
reader to Halmos [42], Royden [96], or Kolmogorov and Fomin [54] for further details.

Example 5. Let us toss a coin. The set ) is the set of symbols H and T, where H
denotes head and T represents tail. Also, § is the class of all subsets of (2, namely,
{{H},{T},{H, T}, ®}. If the coin is tossed two times, then

Q= {(H7H)7 (H,T), (T,H),(T,T)}, §= {@’{(HvH)}v
{(H,T) 1 (T, H)}, {(T,T)}, {({,H), (H,T) },{(H,H), (T, H)},
{(H,H), (T, T)}, {(H,T),(T,H) },{(T,T),(T,H)}, {(T, T),
(H,T)}, {(H,H), (H,T),(T,H)}, {(H,H), (H,T),(T,T)},
{(H,H),(T,H), (T, T)},{(H,T),(T,H),(T,T)},Q},

where the first element of a pair denotes the outcome of the first toss and the second
element, the outcome of the second toss. The event at least one head consists of sample
points (H,H), (H, T), (T,H). The event at most one head is the collection of sample points
(H,T), (T, H), (T, T).

Example 6. A die is rolled n times. The sample space is the pair (£2,8), where €2 is the
set of all n-tuples (x1,x2,...,x,), x; € {1,2,3,4,5,6},i=1,2,...,n, and 8 is the class of
all subsets of €2. ) contains 6" elementary events. The event A that 1 shows at least once
is the set

A ={(x,x2,...,x,): at least one of x;’s is 1}
=Q—{(x1,x2,...,x,): none of the x;’s is 1}
=Q—{(x1,x2,...,%,): x; €{2,3,4,5,6}, i=1,2,...,n}.

Example 7. A coin is tossed until the first head appears. Then
Q={H,(T,H),(T,T,H),(T,T,T,H),...},

and 8 is the class of all subsets of 2. An equivalent way of writing {2 would be to look
at the number of tosses required for the first head. Clearly, this number can take values
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1,2,3,..., so that (2 is the set of all positive integers. The 8§ is the class of all subsets of
positive integers.

Example 8. Consider a pointer that is free to spin about the center of a circle. If the pointer
is spun by an impulse, it will finally come to rest at some point. On the assumption that
the mechanism is not rigged in any manner, each point on the circumference is a possible
outcome of the experiment. The set €2 consists of all points 0 < x < 27r, where r is the
radius of the circle. Every one-point set {x} is a simple event, namely, that the pointer
will come to rest at x. The events of interest are those in which the pointer stops at a point
belonging to a specified arc. Here § is taken to be the Borel o-field of subsets of [0,27r).

Example 9. A rod of length [ is thrown onto a flat table, which is ruled with parallel lines
at distance 2/. The experiment consists in noting whether the rod intersects one of the ruled
lines.

Let r denote the distance from the center of the rod to the nearest ruled line, and let 6
be the angle that the axis of the rod makes with this line (Fig. 1). Every outcome of this
experiment corresponds to a point (r,6) in the plane. As € we take the set of all points
(r,0)in {(r,0): 0 <r<1,0<6 < w}.For 8§ we take the Borel o-field, B, of subsets of
Q, that is, the smallest o-field generated by rectangles of the form

{(x,y):a<x<b, c<y<d, 0<a<b<l, 0<c<d<m}.

Clearly the rod will intersect a ruled line if and only if the center of the rod lies in the area
enclosed by the locus of the center of the rod (while one end touches the nearest line) and
the nearest line (shaded area in Fig. 2).

Remark 2. From the discussion above it should be clear that in the discrete case there is
really no problem. Every one-point set is also an event, and 8 is the class of all subsets of 2.

12
21

12

v

Fig. 1
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«~——————+—r==sinf

/2 T 0

Fig. 2

The problem, if there is any, arises only in regard to uncountable sample spaces. The reader
has to remember only that in this case not all subsets of €2 are events. The case of most inter-
estis the one in which 2 = R;. In this case, roughly all sets that have a well-defined volume
(or area or length) are events. Not every set has the property in question, but sets that lack
it are not easy to find and one does not encounter them in practice.

PROBLEMS 1.2

1. A club has five members A, B, C, D, and E. It is required to select a chairman and a
secretary. Assuming that one member cannot occupy both positions, write the sam-
ple space associated with these selections. What is the event that member A is an
office holder?

2. In each of the following experiments, what is the sample space?

(a) Inasurvey of families with three children, the sexes of the children are recorded
in increasing order of age.

(b) The experiment consists of selecting four items from a manufacturer’s output
and observing whether or not each item is defective.

(c) A given book is opened to any page, and the number of misprints is counted.

(d) Two cards are drawn (i) with replacement and (ii) without replacement from an
ordinary deck of cards.

3. Let A, B, C be three arbitrary events on a sample space (£2,8). What is the event that
only A occurs? What is the event that at least two of A, B, C occur? What is the event
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that both A and C, but not B, occur? What is the event that at most one of A, B, C
occurs?

1.3 PROBABILITY AXIOMS

Let (£2,8) be the sample space associated with a statistical experiment. In this section we
define a probability set function and study some of its properties.

Definition 1. Let (€2,8) be a sample space. A set function P defined on 8§ is called a
probability measure (or simply probability) if it satisfies the following conditions:

(i) P(A) >0forall A €S8.
(i) P(Q) = 1.
(iii) Let {Aj}, Aj € 8,j=1,2,..., be a disjoint sequence of sets, that is, A; N A; =
for j # k where ® is the null set. Then

P> A | =) P@y), (1)
j=1 j=1

where we have used the notation 22] A; to denote union of disjoint sets A;.

We call P(A) the probability of event A. If there is no confusion, we will write PA
instead of P(A). Property (iii) is called countable additivity. That P® = 0 and P is also
finitely additive follows from it.

Remark 1. If Q is discrete and contains at most n (< 0o) points, each single-point set {w; },
j=1,2,...,n,is an elementary event, and it is sufficient to assign probability to each {w;}.
Then, if A € 8, where § is the class of all subsets of 2, PA =" _, P{w}. One such
assignment is the equally likely assignment or the assignment of uniform probabilities.
According to this assignment, P{w;} = 1/n,j=1,2,...,n. Thus PA = m/n if A contains
m elementary events, 1 <m < n.

Remark 2. 1f Q) is discrete and contains a countable number of points, one cannot make
an equally likely assignment of probabilities. It suffices to make the assignment for
each elementary event. If A € 8§, where § is the class of all subsets of €2, define PA =

> weaP{w}-

Remark 3. If § contains uncountably many points, each one-point set is an elementary
event, and again one cannot make an equally likely assignment of probabilities. Indeed,
one cannot assign positive probability to each elementary event without violating the
axiom PS) = 1. In this case one assigns probabilities to compound events consisting of
intervals. For example, if {2 = [0,1] and 8 is the Borel o-field of all subsets of €2, the
assignment P[I] = length of I, where [ is a subinterval of €2, defines a probability.
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Definition 2. The triple (£2,8, P) is called a probability space.

Definition 3. Let A € 8. We say that the odds for A are a to b if PA = a/(a+b), and then
the odds against A are b to a.

In many games of chance, probability is often stated in terms of odds against an event.
Thus in horse racing a two dollar bet on a horse to win with odds of 2 to 1 (against) pays

approximately six dollars if the horse wins the race. In this case the probability of winning
is 1/3.

Example 1. Let us toss a coin. The sample space is (£2,8), where 2 = {H, T}, and 8 is
the o-field of all subsets of (2. Let us define P on & as follows.

P{H}=1/2, P{T}=1/2.

Then P clearly defines a probability. Similarly, P{H} =2/3, P{T} =1/3,and P{H} =1,
P{T} = 0 are probabilities defined on §. Indeed,

P{H}=p and P{T}=1-p (0<p<I)
defines a probability on (£2,8).

Example 2. Let Q = {1,2,3,...} be the set of positive integers, and let 8 be the class of
all subsets of 2. Define P on 8 as follows:

1
Pli} =, i=12,...
Then Y >, P{i} = 1, and P defines a probability.

Example 3. Let 2 = (0,00) and 8§ = B, the Borel o-Field on 2. Define P as follows: for

each interval I C (),
Pl = / e “dx.
I

Clearly PI > 0, PS) = 1, and P is countably additive by properties of integrals.

Theorem 1. P is monotone and subtractive; that is, if A,B € 8 and A C B, then PA < PB
and P(B—A) = PB— PA, where B— A = BN A, A° being the complement of the event A.

Proof. If A C B, then
B=(ANB)+(B—A) =A+ (B—A).
and it follows that PB = PA+ P(B—A).

Corollary. ForallA €8, 0<PA<I.
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Remark 4. We wish to emphasize that, if PA = 0 for some A € 8, we call A an event with
zero probability or a null event. However, it does not follow that A = ®. Similarly, if PB=1
for some B € 8, we call B a certain event but it does not follow that B = 2.

Theorem 2 (The Addition Rule). If A,B € 8, then

P(AUB)=PA+PB—P(ANB). 2)
Proof. Clearly

AUB=(A—B)+(B—A)+(ANB)
and
A=(ANB)+(A—B),B=(ANB)+(B—A).
The result follows by countable additivity of P.
Corollary 1. P is subadditive, that is, if A, B € S, then
P(AUB) < PA+PB. 3)

Corollary 1 can be extended to an arbitrary number of events A;,

P (UA,-) <> PA; 4)
J J
Corollary 2. If B= A, then A and B are disjoint and
PA =1—PA“. (5)
The following generalization of (2) is left as an exercise.

Theorem 3 (The Principle of Inclusion-Exclusion). Let A;,A;,...,A, € 8. Then
P(UAk> ZPAk— Z (Ar, NA,)
k=1 ky <k

+ Z P(Ar, NAg, NAL,)
ki <ka<ks

o ( "+1P<ﬂAk> (6)
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Example 4. A die is rolled twice. Let all the elementary events in Q2 = {(i,j): i,j =
1,2,...,6} be assigned the same probability. Let A be the event that the first throw shows
a number < 2, and B, the event that the second throw shows at least 5. Then

A={(ij):1<i<2,j=1.2,...,6},
B=1{(i,j): 5<j<6,i=1,2,...,6},
ANB={(1,5),(1,6),(2,5),(2,6) };

P(AUB) = PA+PB—P(ANB)
_ 1,1 _4_5s
=3t373% =0
Example 5. A coin is tossed three times. Let us assign equal probability to each of the 2°
elementary events in 2. Let A be the event that at least one head shows up in three throws.

Then

P(A) = 1— P(A°)
=1 —P(no heads)
=1-P(TTT) = 1.

We next derive two useful inequalities.
Theorem 4 (Bonferroni’s Inequality). Given n (> 1) events A, A, ..., A,
> PA; = P(A;NA) <P (UA,) <) PA (7)
i=1 i<j i=1 i=1

Proof. In view of (4) it suffices to prove the left side of (7). The proof is by induction.
The inequality on the left is true for n = 2 since

PA, + PA, 7P(A1 ﬂAz) = P(A] UAZ).

Forn =3,

3 3
P (UA,) =) PA;— Y _P(AiNA))+P(A NA2NA;3),
i=1

i=1 i<j

and the result holds. Assuming that (7) holds for 3 < m < n— 1, we show that it holds also

G (@))
—p (HA,-) +PApy —P (Am+1 N <L1JA,->>
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m+1 m m
> PA;—) P(AiNA;)—P (U(Ai mAm+1)>
i=1

i<j i=1
m+1 m m

> ZPA,’ - ZP(AiﬁAj) - ZP(AimAm+1)
TR -

=) PA= > P(AiNA)).
i=1 i<j

Theorem 5 (Boole’s Inequality). For any two events, A and B,

P(ANB) > 1 — PA° — PB". (8)
Corollary 1. Let {A;},j=1,2,..., be a countable sequence of events; then
P(NAj) > 1—> " P(AY). )
Proof. Take
B=()4; and A=A,
Jj=2
in (8).

Corollary 2 (The Implication Rule). If A,B,C € 8§ and A and B imply C, then
PC® < PA° + PB-. (10)

Let {A, } be a sequence of sets. The set of all points w € (2 that belong to A, for infinitely
many values of n is known as the limit superior of the sequence and is denoted by

limsupA, or lim A,.
n— 00 n—r00

The set of all points that belong to A, for all but a finite number of values of n is known
as the limit inferior of the sequence {A,} and is denoted by

lim infA, or lim A,.
n—oo n— 00

If

lim A, = lim A,
n— o0 n—00

we say that the limit exists and write lim,_, o, A, for the common set and call it the /imit
set.
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We have
lim A, = A C Ap = lim A,,.

If the sequence {A,} is such that A, C A, 44, forn = 1,2,..., it is called nondecreasing;
ifA, D A,+1,n=1,2,...,1itis called nonincreasing. If the sequence A, is nondecreasing,
we write A, [/ ; if A, is nonincreasing, we write A, ¥ . Clearly, if A, 7/ or A, J/, the limit
exists and we have

o0
limA, = UA,, ifA, )
n=1
and
limA, = ﬂA,, ifA, 7 .
n=1

Theorem 6. Let {A,} be a nondecreasing sequence of events in 8, that is, A, € S,

n=1,2,...,and
Ap DA, n=273,....

Then

lim PA,,:P(lim An):P<UAn>. (11)

n—00 n— 00 —1
Proof. Let

A=A
j=1

Then

A=A+ (A1 —A)).

j=n

By countable additivity we have

PA=PA,+Y P(Aj1—A)).

j=n
and letting n — co, we see that
PA = lim PA,+ lim Y " P(Ajj1 —4;).

n— 00 n—o0o "
Jj=n
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The second term on the right tends to 0 as n — oo since the sum Zfi] PA 1 —4A) <1
and each summand is nonnegative. The result follows.

Corollary. Let {A,} be a nonincreasing sequence of events in 8. Then

lim PA, =P (nlggoAn) —p (ﬂlA,,> . (12)

Proof. Consider the nondecreasing sequence of events {AS}. Then

n— o0

lim Af = |_JAS = A°.
j=1
It follows from Theorem 6 that

n—oQ n—o0

lim PAC = P( lim A;) =P [JAg | = Pa).
j=1

In other words,

lim (1 —PA,)=1—PA,

n— o0

as asserted.

Remark 5. Theorem 6 and its corollary will be used quite frequently in subsequent chap-
ters. Property (11) is called the continuity of P from below, and (12) is known as the
continuity of P from above. Thus Theorem 6 and its corollary assure us that the set function
P is continuous from above and below.

We conclude this section with some remarks concerning the use of the word “ran-
dom” in this book. In probability theory “random” has essentially three meanings. First,
in sampling from a finite population a sample is said to be a random sample if at each
draw all members available for selection have the same probability of being included.
We will discuss sampling from a finite population in Section 1.4. Second, we speak of a
random sample from a probability distribution. This notion is formalized in Section 6.2.
The third meaning arises in the context of geometric probability, where statements such
as “a point is randomly chosen from the interval (a,b)” and “a point is picked randomly
from a unit square” are frequently encountered. Once we have studied random variables
and their distributions, problems involving geometric probabilities may be formulated
in terms of problems involving independent uniformly distributed random variables, and
these statements can be given appropriate interpretations.

Roughly speaking, these statements involve a certain assignment of probability. The
word “random” expresses our desire to assign equal probability to sets of equal lengths,
areas, or volumes. Let 2 C R, be a given set, and A be a subset of (2. We are interested in
the probability that a “randomly chosen point” in 2 falls in A. Here “randomly chosen”
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means that the point may be any point of {2 and that the probability of its falling in some
subset A of {2 is proportional to the measure of A (independently of the location and shape
of A). Assuming that both A and €2 have well-defined finite measures (length, area, volume,
etc.), we define

PA— measure(A) .
measure(€))
(In the language of measure theory we are assuming that €2 is a measurable subset of R,
that has a finite, positive Lebesque measure. If A is any measurable set, PA = u(A)/u(Q),
where p is the n-dimensional Lebesque measure.) Thus, if a point is chosen at random
from the interval (a,b), the probability that it lies in the interval (c,d), a < ¢ < d < b,
is (d —c¢)/(b — a). Moreover, the probability that the randomly selected point lies in any
interval of length (d — ¢) is the same.

We present some examples.

Example 6. A point is picked “at random” from a unit square. Let Q = {(x,y): 0 <x <1,
0 <y < 1} Itis clear that all rectangles and their unions must be in 8. So too should all
circles in the unit square, since the area of a circle is also well defined. Indeed, every set
that has a well-defined area has to be in 8. We choose 8 = *B,, the Borel o-field generated
by rectangles in 2. As for the probability assignment, if A € §, we assign PA to A, where
PA is the area of the set A. If A = {(x,y): 0 <x < 1/2,1/2 <y <1}, then PA=1/4.If
B is a circle with center (1/2,1/2) and radius 1/2, then PB = 7(1/2)? = 7t /4. If C is the
set of all points which are at most a unit distance from the origin, then PC = /4 (see
Figs. 1-3).

Example 7 (Buffon’s Needle Problem). We return to Example 1.2.9. A needle (rod) of
length /is tossed at random on a plane that is ruled with a series of parallel lines at distance

(0,1) (1,1)

X

Fig.1 A={(x,)):0<x<1/2,1/2<y<1}.
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'

0.1) (1D

Fig.2 B={(xy):(x—1/2°+(—1/2 =1},

0,1) (1,1)

(0,0) (1,0) X
Fig.3 C={(x,y): (@ +y*<1}.

2[ apart. We wish to find the probability that the needle will intersect one of the lines.
Denoting by r the distance from the center of the needle to the closest line and by 6 the
angle that the needle forms with this line, we see that a necessary and sufficient condition
for the needle to intersect the line is that r < (I/2)sinf. The needle will intersect the
nearest line if and only if its center falls in the shaded region in Fig. 1.2.2. We assign
probability to an event A as follows:

PA— area ofsetA.
I
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Thus the required probability is

1 ! sinfdf = l

I Jo 2 m
Here we have interpreted “at random” to mean that the position of the needle is character-
ized by a point (r,6) which lies in the rectangle 0 < r </, 0 < < 7. We have assumed
that the probability that the point (r, ) lies in any arbitrary subset of this rectangle is pro-
portional to the area of this set. Roughly, this means that “all positions of the midpoint of
the needle are assigned the same weight and all directions of the needle are assigned the
same weight.”

Example 8. An interval of length 1, say (0, 1), is divided into three intervals by choosing
two points at random. What is the probability that the three line segments form a triangle?
It is clear that a necessary and sufficient condition for the three segments to form a
triangle is that the length of any one of the segments be less than the sum of the other two.
Let x,y be the abscissas of the two points chosen at random. Then we must have either

1 1
O<x<z<y<l and y—x< =
2 2
or

1 1
O<y<§<x<1 and xfy<§.

This is precisely the shaded area in Fig. 4. It follows that the required probability is 1/4.
If it is specified in advance that the point x is chosen at random from (0, 1/2), and the
point y at random from (1/2, 1), we must have

1
—<y<l,
B y

1
0 —
<x< g

©0,1) (1,1)

0,0)

(1,0) x
Fig.4 {(x,y):0<x<1/2<y<l,and (y—x)<1/20r0<y<1/2<x<1,and(x—y)<1/2}.
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and
y—x<x+l-y or 2(y—x)<l1.

In this case the area bounded by these lines is the shaded area in Fig. 5, and it follows that
the required probability is 1/2.
Note the difference in sample spaces in the two computations made above.

Example 9 (Bertrand’s Paradox). A chord is drawn at random in the unit circle. What is
the probability that the chord is longer than the side of the equilateral triangle inscribed in
the circle?

We present here three solutions to this problem, depending on how we interpret the
phrase “at random.” The paradox is resolved once we define the probability spaces
carefully.

SorLuTION 1.  Since the length of a chord is uniquely determined by the position of
its midpoint, choose a point C at random in the circle and draw a line through C and O,
the center of the circle (Fig. 6). Draw the chord through C perpendicular to the line OC.
If [ is the length of the chord with C as midpoint, /; > /3 if and only if C lies inside the
circle with center O and radius 1/2. Thus PA = 7(1/2)? /7 = 1/4.

In this case €2 is the circle with center O and radius 1, and the event A is the concentric
circle with center O and radius % 8 is the usual Borel o-field of subsets of €.

SoLUTION 2. Because of symmetry, we may fix one end point of the chord at some
point P and then choose the other end point P; at random. Let the probability that P; lies
on an arbitrary arc of the circle be proportional to the length of this arc. Now the inscribed
equilateral triangle having P as one of its vertices divides the circumference into three

12

12 X
Fig.5 {(x,y):0<x<1/2,1/2<y<land2(y—=x)<1}.
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AN

Fig. 6

Fig. 7

equal parts. A chord drawn through P will be longer than the side of the triangle if and
only if the other end point P; (Fig. 7) of the chord lies on that one third of the circumference
that is opposite to P. It follows that the required probability is 1/3. In this case 2 = [0, 27],
§=B,NNand A = [27/3,47/3].

SoruTioN 3. Note that the length of a chord is uniquely determined by the distance of
its midpoint from the center of the circle. Due to the symmetry of the circle, we assume that
the midpoint of the chord lies on a fixed radius, OM, of the circle (Fig. 8). The probability
that the midpoint M lies in a given segment of the radius through M is then proportional
to the length of this segment. Clearly, the length of the chord will be longer than the side
of the inscribed equilateral triangle if the length of OM is less than radius/2. It follows
that the required probability is 1/2.
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Fig. 8

PROBLEMS 1.3

1. Let © be the set of all nonnegative integers and 8 the class of all subsets of 2. In
each of the following cases does P define a probability on (£2,8)?

(a) For A €8, let

7)\)\x
A=Y x>0

X
XEA

(b) For A €8, let

PA=Y p(l-p)’, 0<p<l.
x€EA

(c) ForA € 8, let PA = 1 if A has a finite number of elements, and PA = 0 otherwise.
2. Let @ =R and 8 = B. In each of the following cases does P define a probability on

(2,8)?

(a) For each interval I, let

1 1
Pl = /7.7dx.
17T 1+x2

(b) For each interval [, let PI = 1 if [ is an interval of finite length and PI = 0 if [ is
an infinite interval.
(c) For each interval 1, let PI = 0 if I C (—oc, 1) and PI = [,(1/2)dxif I C [1,00].
(If I =1, + I, where I} C (—o0,1) and I, C [1,00), then PI = PI,.)
3. Let A and B be two events such that B DO A. What is P(A U B)? What is P(ANB)?
What is P(A — B)?
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4. In Problems 1(a) and (b), let A = {all integers > 2}, B = {all nonnegative
integers < 3}, and C = {all integers x, 3 < x < 6}. Find PA, PB, PC, P(ANB),
P(AUB), P(BUC), P(ANC), and P(BNC).

5. In Problem 2(a) let A be the event A = {x: x > 0}. Find PA. Also find P{x: x > 0}.

6. A box contains 1000 light bulbs. The probability that there is at least 1 defective bulb
in the box is 0.1, and the probability that there are at least 2 defective bulbs is 0.05.
Find the probability in each of the following cases:

(a) The box contains no defective bulbs.
(b) The box contains exactly 1 defective bulb.
(c) The box contains at most 1 defective bulb.

7. Two points are chosen at random on a line of unit length. Find the probability that
each of the three line segments so formed will have a length >1/4.

8. Find the probability that the sum of two randomly chosen positive numbers (both
<1) will not exceed 1 and that their product will be <2/9.

9. Prove Theorem 3.

10. Let {A, } be a sequence of events such that A, — A as n — oo. Show that PA, — PA

as n — oo.

11. The base and the altitude of a right triangle are obtained by picking points ran-
domly from [0,a] and [0,b], respectively. Show that the probability that the area
of the triangle so formed will be less than ab/4 is (1 +/n 2)/2.

12. A point X is chosen at random on a line segment AB. (i) Show that the probability
that the ratio of lengths AX /BX is smaller than a (a > 0) is a/(1 +a). (ii) Show that
the probability that the ratio of the length of the shorter segment to that of the larger
segment is less than 1/3 is 1/2.

1.4 COMBINATORICS: PROBABILITY ON FINITE SAMPLE SPACES

In this section we restrict attention to sample spaces that have at most a finite number of
points. Let Q = {w;,w»,...,w,} and 8 be the o-field of all subsets of ). For any A € 8,

PA=">"P{w}.

w;€A

Definition 1. An assignment of probability is said to be equally likely (or uniform) if each
elementary event in € is assigned the same probability. Thus, if €2 contains n points wj,
P{wj} =1/n,j=1,2,...,n.

With this assignment

number of elementary events in A

ey

~ total number of elementary events in Q

Example 1. A coin is tossed twice. The sample space consists of four points. Under the
uniform assignment, each of four elementary events is assigned probability 1/4.



COMBINATORICS: PROBABILITY ON FINITE SAMPLE SPACES 21

Example 2. Three dice are rolled. The sample space consists of 6> points. Each one-point
set is assigned probability 1/6°.

In games of chance we usually deal with finite sample spaces where uniform proba-
bility is assigned to all simple events. The same is the case in sampling schemes. In such
instances the computation of the probability of an event A reduces to a combinatorial
counting problem. We therefore consider some rules of counting.

Rule 1. Given a collection of n; elements a11,a12,...,d1,,, 12 elements asy,a, ..., du,,
and so on, up to n; elements ayy,dg, . - . , dkn,» it is possible to form ny -ny - - - ny ordered
k-tuples (ayj, ,az, . . ., aij, ) containing one element of each kind, 1 <j; <n;,i=1,2,... k.

Example 3. Here r distinguishable balls are to be placed in 7 cells. This amounts to choos-
ing one cell for each ball. The sample space consists of n" r-tuples (i1,i,...,i,), where j;
is the cell number of the jth ball, j =1,2,...,r, (1 <i; < n).

Consider r tossings with a coin. There are 2" possible outcomes. The probability that
no heads will show up in r throws is (1/2)". Similarly, the probability that no 6 will turn
up in r throws of a die is (5/6)".

Rule 2 is concerned with ordered samples. Consider a set of n elements a;,ay,...,a,.
Any ordered arrangement (a;,,a;,,...,a;) of r of these n symbols is called an ordered
sample of size r. If elements are selected one by one, there are two possibilities:

1. Sampling with replacement In this case repetitions are permitted, and we can draw
samples of an arbitrary size. Clearly there are n” samples of size r.

2. Sampling without replacement In this case an element once chosen is not replaced,
so that there can be no repetitions. Clearly the sample size cannot exceed n, the size
of the population. There are n(n—1)---(n—r—+ 1) = ,P,, say, possible samples of
size r. Clearly ,P, = O for integers r > n. If r = n, then ,P, = nl.

Rule 2. If ordered samples of size r are drawn from a population of n elements, there are
n” different samples with replacement and , P, samples without replacement.

Corollary. The number of permutations of n objects is n!.

Remark 1. We will frequently use the term “random sample” in this book to describe the
equal assignment of probability to all possible samples in sampling from a finite popula-
tion. Thus, when we speak of a random sample of size » from a population of n elements,
it means that each of n” samples, in sampling with replacement, has the same probability
1/n” or that each of , P, samples, in sampling without replacement, is assigned probability
1/.P,.

Example 4. Consider a set of n elements. A sample of size r is drawn at random with
replacement. Then the probability that no element appears more than once is clearly
WPy /0
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Thus, if n balls are to be randomly placed in n cells, the probability that each cell will
be occupied is n!/n".

Example 5. Consider a class of r students. The birthdays of these » students form a sample
of size r from the 365 days in the year. Then the probability that all r birthdays are different
is 36sP,/(365)". One can show that this probability is <1/2 if r = 23.

The following table gives the values of g, = 365P,/(365)" for some selected values of r.

r \ 20 23 25 30 35 60
0589 0493 0431 0294 0.186 0.006

qr

Next suppose that each of the r students is asked for his birth date in order, with the
instruction that as soon as a student hears his birth date he is to raise his hand. Let us
compute the probability that a hand is first raised when the kth (k = 1,2,...,r) student
is asked his birth date. Let p; be the probability that the procedure terminates at the kth

student. Then
EVECAY
pr= 365
and

Y - =1\ 1— 365—k \F
Pr=365)1 365 365 k11

Example 6. Let ) be the set of all permutations of n objects. Let A; be the set of all permu-
tations that leave the ith object unchanged. Then the set U!_,A; is the set of permutations
with at least one fixed point. Clearly

. k=23,....r

P(AiNA) = —=

By Theorem 1.3.3 we have

" 11 1
P(UA,) = (12!+3!~~~j:n!>.
i=1

As an application consider an absent-minded secretary who places n letters in n
envelopes at random. Then the probability that she will misplace every letter is

| | 1 1 :I:l
— _E+§_... )

It is easy to see that this last probability — e~! = 0.3679 as n — oc.
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Rule 3. There are ('r’) different subpopulations of size r < n from a population of n

elements, where
n\ n! @)
r) Fn—r)l’

Example 7. Consider the random distribution of r balls in n cells. Let A; be the event that
a specified cell has exactly k balls, k =0,1,2,...,r; k balls can be chosen in (;) ways. We
place k balls in the specified cell and distribute the remaining » — k balls in the n — 1 cells

in (n—1)"~* ways. Thus

e e HIOICH

Example 8. There are (}3) = 635,013,559,600 different hands at bridge, and (%) =

2,598,960 hands at poker.
The probability that all 13 cards in a bridge hand have different face values is 43/ (?)
The probability that a hand at poker contains five different face values is (7)4% /(%)

Rule 4. Consider a population of n elements. The number of ways in which the population

can be partitioned into k subpopulations of sizes r|,r,, ..., g, respectively, r| +r +-- -+
re =n,0<r; <n,is given by
n n!
Tl )
r,r,...,re Fpirpi---ry.

The numbers defined in (3) are known as multinomial coefficients.

Proof. For the proof of Rule 4 one uses Rule 3 repeatedly. Note that

()= GO C™)
Fiyl2y ey Tk r r Tr—1

Example 9. In a game of bridge the probability that a hand of 13 cards contains 2 spades,
7 hearts, 3 diamonds, and 1 club is

13 13\ /13 13
2 7 3 1
52 ’
13
Example 10. An urn contains 5 red, 3 green, 2 blue, and 4 white balls. A sample of size 8

is selected at random without replacement. The probability that the sample contains 2 red,
2 green, | blue, and 3 white balls is
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PROBLEMS 14

1.

10.

How many different words can be formed by permuting letters of the word “Missis-
sippi”’? How many of these start with the letters “Mi”?

. An urn contains R red and W white marbles. Marbles are drawn from the urn one

after another without replacement. Let A; be the event that a red marble is drawn for
the first time on the kth draw. Show that

k—1
R R
PAp=( ||  [P——
Rew—k+1) LU T Rew =it

Let p be the proportion of red marbles in the urn before the first draw. Show that
PA; — p(1—p)¥=1as R+ W — oo. Is this to be expected?

. In a population of N elements, R are red and W = N — R are white. A group of n

elements is selected at random. Find the probability that the group so chosen will
contain exactly r red elements.

. Each permutation of the digits 1, 2, 3, 4, 5, 6 determines a six-digit number. If the

numbers corresponding to all possible permutations are listed in increasing order of
magnitude, find the 319th number on this list.

. The numbers 1,2,...,n are arranged in random order. Find the probability that the

digits 1,2, ...,k (k < n) appear as neighbors in that order.

. A pin table has seven holes through which a ball can drop. Five balls are played.

Assuming that at each play a ball is equally likely to go down any one of the seven
holes, find the probability that more than one ball goes down at least one of the holes.

. If 2n boys are divided into two equal subgroups find the probability that the two

tallest boys will be (a) in different subgroups and (b) in the same subgroup.

. In a movie theater that can accommodate n + k people, n people are seated. What is

the probability that » < n given seats are occupied?

. Waiting in line for a Saturday morning movie show are 2n children. Tickets are

priced at a quarter each. Find the probability that nobody will have to wait for change
if, before a ticket is sold to the first customer, the cashier has 2k (k < n) quarters.
Assume that it is equally likely that each ticket is paid for with a quarter or a half-
dollar coin.

Each box of a certain brand of breakfast cereal contains a small charm, with & distinct
charms forming a set. Assuming that the chance of drawing any particular charm is
equal to that of drawing any other charm, show that the probability of finding at least
one complete set of charms in a random purchase of N > k boxes equals
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11.
12.

13.

14.

15.

16.

17.

SO OO
e (L))

[Hint: Use (1.3.6).]

Prove Rules 1-4.

In a five-card poker game, find the probability that a hand will have:
(a) A royal flush (ace, king, queen, jack, and 10 of the same suit).

(b) A straight flush (five cards in a sequence, all of the same suit; ace is high but A,
2,3,4,5 is also a sequence) excluding a royal flush.

(c) Four of a kind (four cards of the same face value).

(d) A full house (three cards of the same face value x and two cards of the same face
value y).

(e) A flush (five cards of the same suit excluding cards in a sequence).

(f) A straight (five cards in a sequence).

(g) Three of a kind (three cards of the same face value and two cards of different
face values).

(h) Two pairs.

(i) A single pair.

(a) A married couple and four of their friends enter a row of seats in a concert hall.
What is the probability that the wife will sit next to her husband if all possible
seating arrangements are equally likely?

(b) In part (a), suppose the six people go to a restaurant after the concert and sit at
a round table. What is the probability that the wife will sit next to her husband?

Consider a town with N people. A person sends two letters to two separate people,

each of whom is asked to repeat the procedure. Thus for each letter received, two

letters are sent out to separate persons chosen at random (irrespective of what hap-
pened in the past). What is the probability that in the first n stages the person who
started the chain letter game will not receive a letter?

Consider a town with N people. A person tells a rumor to a second person, who in

turn repeats it to a third person, and so on. Suppose that at each stage the recipient

of the rumor is chosen at random from the remaining N — 1 people. What is the
probability that the rumor will be repeated n times

(a) Without being repeated to any person.

(b) Without being repeated to the originator.

There were four accidents in a town during a seven-day period. Would you be sur-

prised if all four occurred on the same day? Each of the four occurred on a different

day?

While Rules 1 and 2 of counting deal with ordered samples with or without replace-

ment, Rule 3 concerns unordered sampling without replacement. The most difficult

rule of counting deals with unordered with replacement sampling. Show that there
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are ("+:_1) possible unordered samples of size r from a population of n elements
when sampled with replacement.

1.5 CONDITIONAL PROBABILITY AND BAYES THEOREM

So far, we have computed probabilities of events on the assumption that no information
was available about the experiment other than the sample space. Sometimes, however,
it is known that an event H has happened. How do we use this information in mak-
ing a statement concerning the outcome of another event A? Consider the following
examples.

Example 1. Leturn 1 contain one white and two black balls, and urn 2, one black and two
white balls. A fair coin is tossed. If a head turns up, a ball is drawn at random from urn 1
otherwise, from urn 2. Let E be the event that the ball drawn is black. The sample space
is Q = {Hb1,Hbio, Hwi1, Thy1, Twai, Twa, }, where H denotes head, T denotes tail, b;;
denotes jth black ball in ith urn, i = 1,2, and so on. Then

PE:P{Hb[],Hb]Z’szl} — % —_ %

If, however, it is known that the coin showed a head, the ball could not have been drawn
from urn 2. Thus, the probability of E, conditional on information H, is % Note that this
probability equals the ratio P{Head and ball drawn black} /P{Head}.

Example 2. Let us toss two fair coins. Then the sample space of the experiment is {2 =
{HH,HT, TH, TT}. Let event A = {both coins show same face} and B = {at least one
coin shows H}. Then PA = 2/4.1f B is known to have happened, this information assures
that TT cannot happen, and P{A conditional on the information that B has happened} =
1= 13 —PAnB)PE.

Definition 1. Let (2,8, P) be a probability space, and let H € § with PH > 0. For an
arbitrary A € § we shall write

(ANH)

P
PlAH} = =2 M

and call the quantity so defined the conditional probability of A, given H. Conditional
probability remains undefined when PH = 0.

Theorem 1. Let (£2,8,P) be a probability space, and let H € 8 with PH > 0. Then
(Q,8,Py), where Py (A) = P{A | H} for all A € 8, is a probability space.

Proof. Clearly Py(A) =P{A|H} > 0forall A € 8. Also, Py(Q2) =P(QNH)/PH = 1.
If A1,A,,... is a disjoint sequence of sets in 8, then
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= = P{>_"A)NH}
() - {Saiw) PR

_ Z?;P(AiﬂH)
B PH

= ZPH(A,)

Remark 1. What we have done is to consider a new sample space consisting of the basic
set H and the o-field 8y = SN H, of subsets ANH, A € 8, of H. On this space we have
defined a set function Py by multiplying the probability of each event by (PH)~". Indeed,
(H,8u,Py) is a probability space.

Let A and B be two events with PA > 0, PB > 0. Then it follows from (1) that
P(ANB)=PA-P{B| A},
(2)
P(ANB)=PB-P{A|B}.

Equation (2) may be generalized to any number of events. Let A;,A;,..., A, € 8, n > 2,
and assume that P(ﬂ;;llAi) > 0. Since

n—2 n—1
A1D (AINA) D (A1NANA3) DD [ (A ]| 2 [ (A ]
j=1 j=1

we see that

PA; >0, P(AjNA;) > (ﬂA)

It follows that P{A; | ﬂk !'A;} are well defined for k = 2,3,.

Theorem 2 (The Multiplication Rule). Let (2,8, P) be a probability space and Ay, Az, . ..,
A, €8, with P(M/ZA;) > 0. Then

{ﬂA} ANP{A2 | A YP{As | Al DA} - P{A |nﬂA} (3)

j=1

Proof. The proof is simple.

Let us suppose that {H;} is a countable collection of events in 8 such that H;NH; = P,
Jj#k, and Zfi] H; = Q. Suppose that PH; > 0 for all j. Then

PB = ZP )P{B|H;} forallBeS. (4)
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For the proof we note that
B=> (BNH),
j=1
and the result follows. Equation (4) is called the total probability rule.
Example 3. Consider a hand of five cards in a game of poker. If the cards are dealt at
random, there are (552) possible hands of five cards each. Let A = {at least 3 cards of
spades} and B = {all 5 cards of spades}. Then
P(ANB) = P{all 5 cards of spades}
(5)
52
5

P(ANB)
PA

and

P{B|A} =
13 52
5 5
13) (39) | (13) (39 (13 52\
3 2 4 1 5 5
Example 4. Urn 1 contains one white and two black marbles, urn 2 contains one black
and two white marbles, and urn 3 contains three black and three white marbles. A die is
rolled. If a 1, 2, or 3 shows up, urn 1 is selected; if a 4 shows up, urn 2 is selected; and if
a 5 or 6 shows up, urn 3 is selected. A marble is then drawn at random from the selected

urn. Let A be the event that the marble drawn is white. If U, V, W, respectively, denote the
events that the urn selected is 1, 2, 3, then

1 1 1 4

A simple consequence of the total probability rule is the Bayes rule, which we now
prove.
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Theorem 3 (Bayes Rule). Let {H, } be a disjoint sequence of events such that PH, > 0,
n=1,2,...,and Y ° H,=.Let B € 8 with PB > 0. Then

P(H,)P{B| H;}
ST P(H)P(B|H}

P{H; | B} = j=12,.... (5)

Proof. From (2)
P{BNH;} = P(B)P{H; | B} = PH;P{B | H;},

and it follows that

PH;P{B | H;}

P{H; | By = L

The result now follows on using (4).

Remark 2. Suppose that H|,H,, ... are all the “causes” that lead to the outcome of a ran-
dom experiment. Let H; be the set of outcomes corresponding to the jth cause. Assume
that the probabilities PH;,j = 1,2, ..., called the prior probabilities, can be assigned. Now
suppose that the experiment results in an event B of positive probability. This information
leads to a reassessment of the prior probabilities. The conditional probabilities P{H; | B}
are called the posterior probabilities. Formula (5) can be interpreted as a rule giving the
probability that observed event B was due to cause or hypothesis H;.

Example 5. In Example 4 let us compute the conditional probability P{V | A}.
We have

PVP{A|V}
PUP{A|U}+PVP{A|V}+PWP{A| W}

P{V|A} =

O\—= |\ —
[SSI1\S] [SNT] S

1
1

NIENNCTIE

+13+

L3
6

[o[]
W=
(e[S}

PROBLEMS 1.5

1. Let A and B be two events such that PA = p; > 0, PB=p, > 0, and p; +p, > 1.
Show that P{B | A} > 1—[(1—p2)/p1].

2. Two digits are chosen at random without replacement from the set of integers
{1,2,3,4,5,6,7,8}.
(a) Find the probability that both digits are greater than 5.
(b) Show that the probability that the sum of the digits will be equal to 5 is the same

as the probability that their sum will exceed 13.

3. The probability of a family chosen at random having exactly k children is apf, 0 <

p < 1. Suppose that the probability that any child has blue eyes is b, 0 < b < 1,
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11.

12.
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independently of others. What is the probability that a family chosen at random has
exactly r (r > 0) children with blue eyes?

. In Problem 3 let us write

px = probability of a randomly chosen family having exactly k children = ap*,
k=1,2,...,
ap
(1-p)
Suppose that all sex distributions of k children are equally likely. Find the probability

that a family has exactly r boys, r > 1. Find the conditional probability that a family
has at least two boys, given that it has at least one boy.

po=1-

. Each of (N + 1) identical urns marked 0,1,2,...,N contains N balls. The kth urn

contains k black and N — k white balls, k =0,1,2,...,N. An urn is chosen at random,
and n random drawings are made from it, the ball drawn being always replaced. If
all the n draws result in black balls, find the probability that the (n+ 1)th draw will
also produce a black ball. How does this probability behave as N — co?

. Each of n urns contains four white and six black balls, while another urn contains

five white and five black balls. An urn is chosen at random from the (n+ 1) urns,
and two balls are drawn from it, both being black. The probability that five white
and three black balls remain in the chosen urn is 1/7. Find n.

. In answering a question on a multiple choice test, a candidate either knows the

answer with probability p (0 < p < 1) or does not know the answer with probability
1 —p. I he knows the answer, he puts down the correct answer with probability 0.99,
whereas if he guesses, the probability of his putting down the correct result is 1/k
(k choices to the answer). Find the conditional probability that the candidate knew
the answer to a question, given that he has made the correct answer. Show that this
probability tends to 1 as k — oo.

. An urn contains five white and four black balls. Four balls are transferred to a sec-

ond urn. A ball is then drawn from this urn, and it happens to be black. Find the
probability of drawing a white ball from among the remaining three.

. Prove Theorem 2.
10.

An urn contains r red and g green marbles. A marble is drawn at random and its
color noted. Then the marble drawn, together with ¢ > 0 marbles of the same color,
are returned to the urn. Suppose n such draws are made from the urn? Find the
probability of selecting a red marble at any draw.

Consider a bicyclist who leaves a point P (see Fig. 1), choosing one of the roads
PR, PR,, PR; at random. At each subsequent crossroad he again chooses a road at
random.

(a) What is the probability that he will arrive at point A?

(b) What is the conditional probability that he will arrive at A via road PR3?
Five percent of patients suffering from a certain disease are selected to undergo a

new treatment that is believed to increase the recovery rate from 30 percent to 50
percent. A person is randomly selected from these patients after the completion of
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Ry Ry Ry

Fig.1 Map for Problem 11.

the treatment and is found to have recovered. What is the probability that the patient
received the new treatment?

13. Four roads lead away from the county jail. A prisoner has escaped from the jail and
selects a road at random. If road I is selected, the probability of escaping is 1/8;
if road 1II is selected, the probability of success is 1/6; if road III is selected, the
probability of escaping is 1/4; and if road IV is selected, the probability of success
is 9/10.

(a) What is the probability that the prisoner will succeed in escaping?
(b) If the prisoner succeeds, what is the probability that the prisoner escaped by
using road IV? Road 1?

14. A diagnostic test for a certain disease is 95 percent accurate; in that if a person has
the disease, it will detect it with a probability of 0.95, and if a person does not have
the disease, it will give a negative result with a probability of 0.95. Suppose only 0.5
percent of the population has the disease in question. A person is chosen at random
from this population. The test indicates that this person has the disease. What is the
(conditional) probability that he or she does have the disease?

1.6 INDEPENDENCE OF EVENTS

Let (2,8, P) be a probability space, and let A,B € 8, with PB > 0. By the multiplication
rule we have

P(ANB) = P(B)P{A | B}.
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In many experiments the information provided by B does not affect the probability of
event A, that is, P{A | B} = P{A}.

Example 1. Let two fair coins be tossed, and let A = {head on the second throw},
B = {head on the first throw }. Then

P(A)=P{HH,TH} = ;, P(B)={HH,HT} = j,

and

P(ANB)

PIAIBY =~

[STENESTR
Il
o=
Il
=2
S
S~—

Thus
P(ANB) =P(A)P(B).
In the following, we will write AN B = AB.
Definition 1. Two events, A and B, are said to be independent if and only if
P(AB) = P(A) P(B). (1)
Note that we have not placed any restriction on P(A) or P(B). Thus conditional prob-
ability is not defined when P(A) or P(B) = 0 but independence is. Clearly, if P(A) =0,
then A is independent of every E € 8. Also, any event A € 8 is independent of ® and ).
Theorem 1. If A and B are independent events, then
P{A|B}=P(A) ifP(B)>0
and
P{B|A}=P(B) if P(A)>0.
Theorem 2. If A and B are independent, so are A and B, A and B, and A° and B°.

Proof.

P(A°B) = P(B—(ANB))

(B)—P(ANB) since B2 (ANB)
(

(

B){1-P(A)}

P
P
P(A°) P(B).

Similarly, one proves that (i) A° and B¢ and (ii) A and B¢ are independent.
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We wish to emphasize that independence of events is not to be confused with disjoint
or mutually exclusive events. If two events, each with nonzero probability, are mutually
exclusive, they are obviously dependent since the occurrence of one will automatically
preclude the occurrence of the other. Similarly, if A and B are independent and PA > 0,
PB > 0, then A and B cannot be mutually exclusive.

Example 2. A card is chosen at random from a deck of 52 cards. Let A be the event that
the card is an ace and B, the event that it is a club. Then

52 7 130 )

PU) =% = PB=5=1
P(AB) = P{ace of clubs} = &,

so that A and B are independent.

Example 3. Consider families with two children, and assume that all four possible dis-
tributions of sex—BB, BG, GB, GG, where B stands for boy and G for girl—are equally
likely. Let E be the event that a randomly chosen family has at most one girl and F, the
event that the family has children of both sexes. Then

P(E)=3, P(F)=}, and P(EF)=1},

so that E and F are not independent.
Now consider families with three children. Assuming that each of the eight possible
sex distributions is equally likely, we have

so that £ and F are independent.

An obvious extension of the concept of independence between two events A and B to a
given collection 4l of events is to require that any two distinct events in L[ be independent.

Definition 2. Let i be a family of events from §. We say that the events L[ are pairwise
independent if and only if, for every pair of distinct events A, B € 4,

P(AB) = PAPB.
A much stronger and more useful concept is mutual or complete independence.

Definition 3. A family of events 4l is said to be a mutually or completely independent
family if and only if, for every finite sub collection {A;,A;,,...,A; } of 4, the following
relation holds:

k
P(A;, NA,N---NA,) = HPAiI.. )

J=1
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In what follows we will omit the adjective “mutual” or “complete” and speak of inde-
pendent events. It is clear from Definition 3 that in order to check the independence of n
events Aj,A,,...,A, €8 we must check the following 2" — n — 1 relations.

P(A:A;) = PA PA;, i#jij=12...n,
P(AiAjAL) = PA; PA; PA, itjtkijk=12,...n,

P(AjA;---A,) = PA PAy - PA,.

The first of these requirements is pairwise independence. Independence therefore implies
pairwise independence, but not conversely.

Example 4 (Wong [120]). Take four identical marbles. On the first, write symbols A|A,Aj3.
On each of the other three, write A;, A, A3, respectively. Put the four marbles in an urn
and draw one at random. Let E; denote the event that the symbol A; appears on the drawn
marble. Then
P(EY) = P(E) = P(Es) = }.
P(E\E>) = P(E>E3) = P(E\E3) = 1,

and
P(E\E2E3) = 5. 3)

It follows that although events E;, E,, E; are not independent, they are pairwise
independent.

Example 5 (Kac [48], pp. 22-23). In this example P(E|E»E3) = P(E;)P(E,)P(E3), but
E\, E,, E; are not pairwise independent and hence not independent. Let 2 = {1,2,3,4},
and let p; be the probability assigned to {i}, i =1,2,3,4. Let p; = % — 1 P2=1.p3=
32 py=1LetE, ={1,3}, B2 = {2,3}, E; = {3,4}. Then

3 V2 1 V2 V2
= (p1+p3)(P2+p3)(p3+ps)
= P(E,) P(Ey) P(E3).
But P(E|E) = % — % =+ PE|PE,, and it follows that E;, E,, F5 are not independent.

Example 6. A die is rolled repeatedly until a 6 turns up. We will show that event A, that
“a 6 will eventually show up,” is certain to occur. Let A; be the event that a 6 will show up
for the first time on the kth throw. Let A = >~ | A¢. Then

k—1
PAk:l<5> . k=12,....,
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and

1 /5\" 11
PA = - h - —1.
6Z<6) 61-2

k=1

Alternatively, we can use the corollary to Theorem 1.3.6. Let B, be the event that a 6 does
not show up on the first n trials. Clearly B, C B,, and we have A° = N2 | B,,. Thus

e olAr)_ (5
e () R 6

Example 7. A slip of paper is given to person A, who marks it with either a plus or a
minus sign; the probability of her writing a plus sign is 1/3. A passes the slip to B, who
may either leave it alone or change the sign before passing it to C. Next, C passes the slip
to D after perhaps changing the sign; finally, D passes it to a referee after perhaps changing
the sign. The referee sees a plus sign on the slip. It is known that B, C, and D each change
the sign with probability 2/3. We shall compute the probability that A originally wrote a
plus.

Let N be the event that A wrote a plus sign, and M, the event that she wrote a minus
sign. Let E be the event that the referee saw a plus sign on the slip. We have

P(N)P{E | N}
(M)P{E|M}+P(N)P{E|N}

P{N|E} =

Now
P{E | N} = P{the plus sign was either not changed or changed exactly twice}
— (! 3 +3 2\’ + !
- \3 3 3
and
P{E | M} = P{the minus sign was changed either once or three times}
2 3
2 1 2
=3(=)(= = .
HIONG

It follows that
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PROBLEMS 1.6

1. A biased coin is tossed until a head appears for the first time. Let p be the probability
of a head, 0 < p < 1. What is the probability that the number of tosses required is
odd? Even?

2. Let A and B be two independent events defined on some probability space, and let
PA=1/3, PB=13/4.Find (a) P(AUB), (b) P{A | AUB}, and (c) P{B | AUB}.

3. Let A, A, and A3 be three independent events. Show that A{, A5, and A§ are
independent.

4. A biased coin with probability p, 0 < p < 1, of success (heads) is tossed until for the
first time the same result occurs three times in succession (i.e., three heads or three
tails in succession). Find the probability that the game will end at the seventh throw.

5. A box contains 20 black and 30 green balls. One ball at a time is drawn at random,
its color is noted, and the ball is then replaced in the box for the next draw.

(a) Find the probability that the first green ball is drawn on the fourth draw.

(b) Find the probability that the third and fourth green balls are drawn on the sixth
and ninth draws, respectively.

(c) Let N be the trial at which the fifth green ball is drawn. Find the probability that
the fifth green ball is drawn on the nth draw. (Note that N take values 5,6,7,....)

6. An urn contains four red and four black balls. A sample of two balls is drawn at
random. If both balls drawn are of the same color, these balls are set aside and a new
sample is drawn. If the two balls drawn are of different colors, they are returned to
the urn and another sample is drawn. Assume that the draws are independent and
that the same sampling plan is pursued at each stage until all balls are drawn.

(a) Find the probability that at least n samples are drawn before two balls of the
same color appear.

(b) Find the probability that after the first two samples are drawn four balls are left,
two black and two red.

7. Let A, B, and C be three boxes with three, four, and five cells, respectively. There are
three yellow balls numbered 1 to 3, four green balls numbered 1 to 4, and five red
balls numbered 1 to 5. The yellow balls are placed at random in box A, the green in
B, and the red in C, with no cell receiving more than one ball. Find the probability
that only one of the boxes will show no matches.

8. A pond contains red and golden fish. There are 3000 red and 7000 golden fish,
of which 200 and 500, respectively, are tagged. Find the probability that a random
sample of 100 red and 200 golden fish will show 15 and 20 tagged fish, respectively.

9. Let (2,8, P) be a probability space. Let A, B, C € 8 with PB and PC > 0. If B and
C are independent show that

P{A|B} = P{A| BNC}PC + P{A | BN C}PC".

Conversely, if this relation holds, P{A | BC} # P{A | B}, and PA > 0, then B and C
are independent (Strait [111]).
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10.

11.

12.

13.

Show that the converse of Theorem 2 also holds. Thus A and B are independent if,
and only if, A and B¢ are independent, and so on.

A lot of five identical batteries is life tested. The probability assignment is assumed
to be

P(A) = /A (1/0)e/dx

for any event A C [0,00), where A > 0 is a known constant. Thus the probability that
a battery fails after time ¢ is given by

P(t,oo):/ (1/X)e™**dx, t > 0.
t

If the times to failure of the batteries are independent, what is the probability that at

least one battery will be operating after #y hours?

On Q = (a,b), —00 < a < b < 00, each subinterval is assigned a probability propor-

tional to the length of the interval. Find a necessary and sufficient condition for two

events to be independent.

A game of craps is played with a pair of fair dice as follows. A player rolls the dice.

If a sum of 7 or 11 shows up, the player wins; if a sum of 2, 3, or 12 shows up, the

player loses. Otherwise the player continues to roll the pair of dice until the sum is

either 7 or the first number rolled. In the former case the player loses and in the latter

the player wins.

(a) Find the probability that the player wins on the nth roll.

(b) Find the probability that the player wins the game.

(c) What is the probability that the game ends on: (i) the first roll, (ii) second roll,
and (iii) third roll?
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RANDOM VARIABLES AND THEIR
PROBABILITY DISTRIBUTIONS

2.1 INTRODUCTION

In Chapter 1 we dealt essentially with random experiments which can be described by
finite sample spaces. We studied the assignment and computation of probabilities of
events. In practice, one observes a function defined on the space of outcomes. Thus, if
a coin is tossed n times, one is not interested in knowing which of the 2" n-tuples in the
sample space has occurred. Rather, one would like to know the number of heads in n tosses.
In games of chance one is interested in the net gain or loss of a certain player. Actually, in
Chapter 1 we were concerned with such functions without defining the term random vari-
able. Here we study the notion of a random variable and examine some of its properties.

In Section 2.2 we define a random variable, while in Section 2.3 we study the notion
of probability distribution of a random variable. Section 2.4 deals with some special types
of random variables, and Section 2.5 considers functions of a random variable and their
induced distributions.

The fundamental difference between a random variable and a real-valued function of a
real variable is the associated notion of a probability distribution. Nevertheless our knowl-
edge of advanced calculus or real analysis is the basic tool in the study of random variables
and their probability distributions.

2.2 RANDOM VARIABLES

In Chapter 1 we studied properties of a set function P defined on a sample space (£2,8).
Since P is a set function, it is not very easy to handle; we cannot perform arithmetic or

An Introduction to Probability and Statistics, Third Edition. Vijay K. Rohatgi and A.K. Md. Ehsanes Saleh.
© 2015 John Wiley & Sons, Inc. Published 2015 by John Wiley & Sons, Inc.
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algebraic operations on sets. Moreover, in practice one frequently observes some function
of elementary events. When a coin is tossed repeatedly, which replication resulted in heads
is not of much interest. Rather one is interested in the number of heads, and consequently
the number of tails, that appear in, say, n tossings of the coin. It is therefore desirable to
introduce a point function on the sample space. We can then use our knowledge of calculus
or real analysis to study properties of P.

Definition 1. Let (€2,8) be a sample space. A finite, single-valued function which maps
Q) into R is called a random variable (RV) if the inverse images under X of all Borel sets
in R are events, that is, if

X '(B)={w: X(w)eB}€8  forall Bc B. (1)

In order to verify whether a real-valued function on (£2,8) is an RV, it is not necessary
to check that (1) holds for all Borel sets B € ‘B. It suffices to verify (1) for any class 2
of subsets of R which generates B. By taking 2 to be the class of semiclosed intervals
(—00,x], x € R we get the following result.

Theorem 1. X is an RV if and only if for each x € R
{w: X(w) <x}={X<x}es. )
Remark 1. Note that the notion of probability does not enter into the definition of an RV.

Remark 2. 1f X is an RV, the sets {X =x}, {a <X < b}, {X <x}, {a<X < b}, {a<
X < b}, {a <X < b} are all events. Moreover, we could have used any of these intervals
to define an RV. For example, we could have used the following equivalent definition: X
is an RV if and only if

{w: X(w)<x} €S8 forall x € R. 3)

We have

{X<x}—fj{X§x’11} ()

n=1

and

{ng}zﬁ{x<x+’11}. )

n=1

Remark 3. In practice (1) or (2) is a technical condition in the definition of an RV which
the reader may ignore and think of RVs simply as real-valued functions defined on €. It
should be emphasized though that there do exist subsets of R which do not belong to B
and hence there exist real-valued functions defined on 2 which are not RVs but the reader
will not encounter them in practical applications.
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Example 1. For any set A C (), define

{O, wéA,

I, weA.
I4(w) is called the indicator function of set A. I is an RV if and only if A € 8.

Example 2. Let Q) = {H, T} and 8 be the class of all subsets of (2. Define X by X(H) =1,
X(T) =0. Then

10) ifx <0,
X (~o0,x] =4 {T} ifo<x<l,
{H, T} ifl<x,

and we see that X is an RV.

Example 3. Let QQ = {HH, TT,HT,TH} and 8 be the class of all subsets of (.
Define X by

X(w) = number of H’s in w.

Then X(HH) =2, X(HT) = X(TH) = 1, and X(TT) = 0.

o, x <0,
Xfl( ] {TT}, 0<x<I,
—00,X] =
{TT,HT,TH}, 1<x<2,
Q 2<x.

)

Thus X is an RV.
Remark 4. Let (£2,8) be a discrete sample space; that is, let €2 be a countable set of points
and 8§ be the class of all subsets of 2. Then every numerical valued function defined on

(©,8) is an RV.

Example 4. Let Q2 =[0,1] and 8 =B N[0, 1] be the o-field of Borel sets on [0, 1]. Define
X on () by

X(w) = w, w € [0,1].
Clearly X is an RV. Any Borel subset of € is an event.
Remark 5. Let X be an RV defined on (2,8) and a, b be constants. Then aX + b is also

an RV on (£2,8). Moreover, X? is an RV and so also is 1/X, provided that {X = 0} = ¢.
For a general result see Theorem 2.5.1.
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PROBLEMS 2.2

1. Let X be the number of heads in three tosses of a coin. What is €2? What are the values
that X assigns to points of £2? What are the events {X < 2.75}, {0.5 <X < 1.72}?

2. A die is tossed two times. Let X be the sum of face values on the two tosses and Y
be the absolute value of the difference in face values. What is {2? What values do X
and Y assign to points of 2? Check to see whether X and Y are random variables.

3. Let X be an RV. Is |X] also an RV? If X is an RV that takes only nonnegative values,
is v X also an RV?

4. A die is rolled five times. Let X be the sum of face values. Write the events {X =41},
{X =6}, {X =30}, {X >29}.

5. Let 2 =0, 1] and 8 be the Borel o-field of subsets of (2. Define X on €2 as follows:
Xw)=wif0<w<1/2,and X(w) =w—1/2if 1/2 <w < 1.Is X an RV? If so,
what is the event {w: X(w) € (1/4,1/2)}?

6. Let 2 be a class of subsets of R which generates B. Show that X is an RV on 2 if
and only if X~!(A) € R for all A € 2.

2.3 PROBABILITY DISTRIBUTION OF A RANDOM VARIABLE

In Section 2.2 we introduced the concept of an RV and noted that the concept of proba-
bility on the sample space was not used in this definition. In practice, however, random
variables are of interest only when they are defined on a probability space. Let (£2,8, P)
be a probability space, and let X be an RV defined on it.

Theorem 1. The RV X defined on the probability space (£2,8,P) induces a probability
space (R, 95, Q) by means of the correspondence

O(B)=P{X'(B)} = P{w: X(w) € B}  forall B& B. (1)
We write Q = PX~! and call Q or PX~' the (probability) distribution of X.

Proof. Clearly Q(B) > 0 for all B € B, and also Q(R) = P{X € R} =P(Q) = 1.
Let B; € B, i=1,2,... with B;NB; = ¢, i # j. Since the inverse image of a disjoint
union of Borel sets is the disjoint union of their inverse images, we have

o{gn)-r{r (5))

:P{iX_'(B,-)}

=Y PX7'(B)=) 0(B).

i=1 i=1

It follows that (R,*B, Q) is a probability space, and the proof is complete.
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We note that Q is a set function, and set functions are not easy to handle. It is therefore
more practical to use (2.2.2) since then Q(—o0, x] is a point function. Let us first introduce

and study some properties of a special point function on R.

Definition 1. A real-valued function F defined on (—oo,0) that is nondecreasing, right
continuous, and satisfies

F(—o0)=0 and  F(4+o00)=1
is called a distribution function (DF).
Remark 1. Recall that if F' is a nondecreasing function on R, then F(x—) = lim, F (1),
F(x+) =lim, F(z) exist and are finite. Also, F(+00) and F(—oc0) exist as lim+1 . F(¢)
and lim,| . F(r), respectively. In general,

Fx—) < Fx) < Fxt),

and x is a jump point of F if and only if F(x+) and F(x—) exist but are unequal. Thus a
nondecreasing function F has only jump discontinuities. If we define

F*(x) = F(x+) for all x,
we see that F* is nondecreasing and right continuous on R. Thus in Definition 1 the non-
decreasing part is very important. Some authors demand left continuity in the definition
of a DF instead of right continuity.
Theorem 2. The set of discontinuity points of a DF F' is at most countable.
Proof. Let (a,b] be a finite interval with at least n discontinuity points:

a<x;<xp<--<x,<b.
Then

F(a) <F(x1—)<F(x;) <+ <F(x,—) < F(x,) < F(b).

Let pr = F(xx) — F(xx—), k=1,2,...,n. Clearly,
S i < F(b) — Fla),
k=1

and it follows that the number of points x in (a,b] with jump p(x) > & > 0 is at most
e~ '{F(b) — F(a)}. Thus, for every integer N, the number of discontinuity points with
jump greater than 1/N is finite. It follows that there are no more than a countable number
of discontinuity points in every finite interval (a,b]. Since R is a countable union of such
intervals, the proof is complete.
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Definition 2. Let X be an RV defined on (2,8, P). Define a point function F(.) on R by
using (1), namely,

F(x) = Q(—00,x] = P{w: X(w) <x} forall x € R. 2)
The function F is called the distribution function of RV X.
If there is no confusion, we will write
F(x) = P{X <x}.
The following result justifies our calling F' as defined by (2) a DF.

Theorem 3. The function F defined in (2) is indeed a DF.

Proof. Letx; <x;. Then (—00,x1] C (—00,x,], and we have

F()Cl) :P{X le} SP{X SXQ} :F(XZ).

Since F is nondecreasing, it is sufficient to show that for any sequence of numbers x, | x,
X;p>x > > X, > >x, Fx,) = F(x). Let Ay = {w: X(w) € (x,x¢]}. Then A, € §
and A 7. Also,

o0
lim Ay = A =
Jm Ay 101 K=o,

since none of the intervals (x,x;] contains x. It follows that lim;_, P(Ax) = 0. But,
P(A)) = P{X < x;} — P{X < x}
= Fla) - F(x),
so that

lim F(x;) = F(x)

k— o0

and F is right continuous.
Finally, let {x,} be a sequence of numbers decreasing to —oc. Then,

{X<x}2{X<xpp1} for each n

and

llm {X<x}= m{ng,,} = ¢.
n=1

Therefore,

F(—00) = lim P{X <x,} = P{nlggo{X < xn}} = 0.

n— oo
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Similarly,

F(400) = x,,li—I>nooP{X <x}=1,
and the proof is complete.

The next result, stated without proof, establishes a correspondence between the induced
probability O on (R,3) and a point function F defined on R.

Theorem 4. Given a probability Q on (R,®B), there exists a distribution function F
satisfying

Q(—00,x] = F(x) forallx € R, 3)

and, conversely, given a DF F, there exists a unique probability Q defined on (R,B) that
satisfies (3).

For proof see Chung [15, pp. 23-24].

Theorem 5. Every DF is the DF of an RV on some probability space.

Proof. Let F be a DF. From Theorem 4 it follows that there exists a unique probability Q
defined on R that satisfies

O(—00,x] = F(x) forall x € R.
Let (R,B, Q) be the probability space on which we define
X(w) =w, weR.
Then
Ofw: X(w) < x} = O(—00,2] = F(x),
and F is the DF of RV X.
Remark 2. If X isan RV on (2,8, P), we have seen (Theorem 3) that F(x) = P{X < x}isa
DF associated with X. Theorem 5 assures us that to every DF F' we can associate some RV.
Thus, given an RV, there exists a DF, and conversely. In this book, when we speak of
an RV we will assume that it is defined on some probability space.

Example 1. Let X be defined on (€2, 8, P) by

X(w)=c for allw € Q.
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Then

P{X=c}=1,
F(x) = Q(—00,x] = P{X ' (—00,x]} =0 ifx<c

and
F(x)=1 ifx>c.

Example 2. Let Q = {H, T} and X be defined by

If P assigns equal mass to {H} and {T}, then

1

P{X=0}= 2:P{X:1}
and
0, x<0,
F(x) = Q(—o00,x] = %, 0<x<1,
1, 1<x

)

Example 3. LetQ={(i,j): i,j € {1,2,3,4,5,6}} and S be the set of all subsets of (2. Let
P{(i,j)} = 1/6? for all 6 pairs (i,) in §2. Define

X(i,j) = i+J, I<ij<é.

Then,
Oa x<2,
. 2<x<3,
%7 3§x<4,
F(x) = Q(—00,x] = P{X < x} = { 36 4<x<5,
B 11<x<12,
1, 12 < x.

Example 4. We return to Example 2.2.4. For every subinterval 7 of [0, 1] let P(I) be the
length of the interval. Then (2,8, P) is a probability space, and the DF of RV X (w) = w,
w € Qis givenby F(x) =0ifx <0, F(x) = P{w: X(w) <x} =P([0,x]) =xifx € [0,1],
and F(x) =1ifx > 1.
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PROBLEMS 2.3

1. Write the DF of RV X defined in Problem 2.2.1, assuming that the coin is fair.
2. Whatis the DF of RV Y defined in Problem 2.2.2, assuming that the die is not loaded?
3. Do the following functions define DFs?
(@) F(x)=0ifx<0,=xif0<x<1/2,and =1 if x > %
(b) F(x)=(1/m)tan"'x, —00 < x < o0.
() F(x)=0ifx<l,and=1—(1/x)if 1 <ux.
d) F(x)=1l—e"ifx>0,and =0ifx < 0.
4. Let X be an RV with DF F.
(a) If F is the DF defined in Problem 3(a), find P{X > 1}, P{{ <X < 3}.
(b) If F is the DF defined in Problem 3(d), find P{—oc0 < X < 2}.

2.4 DISCRETE AND CONTINUOUS RANDOM VARIABLES

Let X be an RV defined on some fixed, but otherwise arbitrary, probability space (2,8, P),
and let F be the DF of X. In this book, we shall restrict ourselves mainly to two cases,
namely, the case in which the RV assumes at most a countable number of values and
hence its DF is a step function and that in which the DF F is (absolutely) continuous.

Definition 1. An RV X defined on (2,8, P) is said to be of the discrete type, or simply
discrete, if there exists a countable set E C R such that P{X € E} = 1. The points of E
which have positive mass are called jump points or points of increase of the DF of X, and
their probabilities are called jumps of the DF.

Note that E € *B since every one-point is in ®B. Indeed, if x € R, then

{x}zﬁ{(x—:l<x§x+:l>}. 0

n=1

Thus {X € E} is an event. Let X take on the value x; with probability p; (i = 1,2,...).
We have

Plw: X(w) =x;} =pi, i=1,2,..., p;>0foralli.
Then > .=, p; = 1.

Definition 2. The collection of numbers {p;} satisfying P{X = x;} = p; > 0, for all i and
Y=, pi =1, s called the probability mass function (pmf) of RV X.

The DF F of X is given by

Fx)=P{X<x}=) p:. )

xi<x
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If 1, denotes the indicator function of the set A, we may write
(o)
X(w) =Y xilxy) (w). 3)
i=1

Let us define a function &(x) as follows:

1, x>0,
e(x) =
{07 x < 0.
Then we have
F(x) = Zp,-s(x—x,-). 4)
i=1

Example 1. The simplest example is that of an RV X degenerate at ¢, P{X = c} = I:

0, x<c,
1, x>c.

F(x)—e(x—c)—{

Example 2. A box contains good and defective items. If an item drawn is good, we assign
the number 1 to the drawing; otherwise, the number 0. Let p be the probability of drawing

at random a good item. Then
0 1—
p _ _ 4

and
0, x <0,
Flx)=P{X<x}=q1-p, 0<x<1,
1, 1<x.
Example 3. Let X be an RV with PMF
6 1

Then,
6 = 1
Fx)=— > e —k).
k=1

Theorem 1. Let {p,} be a collection of nonnegative real numbers such that Y~ p = 1.
Then {p;} is the PMF of some RV X.
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We next consider RVs associated with DFs that have no jump points. The DF of such
an RV is continuous. We shall restrict our attention to a special subclass of such RVs.

Definition 3. Let X be an RV defined on (2,8, P) with DF F. Then X is said to be of
the continuous type (or, simply, continuous) if F' is absolutely continuous, that is, if there
exists a nonnegative function f(x) such that for every real number x we have

Fo= [ soa )
The function f is called the probability density function (PDF) of the RV X.

Note that f > 0 and satisfies lim_, ;o F(x) = F(+00) = [ f(1)dt =1. Leta and b
be any two real numbers with a < b. Then

Pla<X<b}=F(b)—Fla)
b
=/f(t)dt.

In view of remarks following Definition 2.2.1, the following result holds.

Theorem 2. Let X be an RV of the continuous type with PDF f. Then for every Borel set
BeB

PE)= [ i ©)

If F is absolutely continuous and f is continuous at x, we have

P =T ), )

Theorem 3. Every nonnegative real function f that is integrable over R and satisfies

/_Zf(x)dx:l

is the PDF of some continuous type RV X.

Proof. In view of Theorem 2.3.5 it suffices to show that there corresponds a DF F'to f.
Define

F(x) :/:r f(t)dt, xeR.
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Then F(—o00) =0, F(+00) = 1, and, if x; > xy,

(/ /> de/zof(t)th(xl).

Finally, F is (absolutely) continuous and hence continuous from the right.

Remark 1. In the discrete case, P{X = a} is the probability that X takes the value a. In the
continuous case, f(a) is not the probability that X takes the value a. Indeed, if X is of the
continuous type, it assumes every value with probability O.

Theorem 4. Let X be any RV. Then

P{X:a}:}i_rgP{t<X§a}. (8)
t<a

Proof. Lett) <t <---<a, t,— a,and write
A, ={t, <X <a}.

Then A, is a nonincreasing sequence of events which converges to ()2, A, = {X =a}. It
follows that lim,, o, PA, = P{X = a}.

Remark 2. Since P{t < X < a} = F(a) — F(t), it follows that

}%P{t <X<a}=P{X=a}=F(a) —}1_r)1£11F(t)
t<a t<a

=F(a)—F(a—).

Thus F has a jump discontinuity at a if and only if P{X = a} > 0, that is, F is continuous
at ¢ if and only if P{X = a} = 0. If X is an RV of the continuous type, P{X = a} = 0 for
all a € R. Moreover,

P{XeR—-{a}}=1.
This justifies Remark 1.3.4.

Remark 3. The set of real numbers x for which a DF F increases is called the support
of F. Let X be the RV with DF F, and let S be the support of F. Then P(X € S) = 1 and
P(X € §°) = 0. The set of positive integers is the support of the DF in Example 3, and the
open interval (0, 1) is the support of F in Example 4 below.

Example 4. Let X be an RV with DF F given by (Fig. 1)

0, x<0,
Fx)=qx, 0<x<I1,
I, 1<x.
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A

F(x)
1
0 0.5 1 1.5 "
Fig. 1
A
X
1 fix)
1 X
Fig. 2

Differentiating F with respect to x at continuity points of f, we get

0, x<Oorx>1,
1, O0<x<1.

The function f is not continuous at x = 0 or at x = 1 (Fig. 2). We may define £(0) and f(1)
in any manner. Choosing f(0) = f(1) = 0, we have

f(x):{l’ 0<x<l,

0, otherwise.
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Then
P{04<X<0.6}=F(0.6)—F(0.4)=0.2.
Example 5. Let X have the triangular PDF (Fig. 3)
, 0<x<1,

X
f(‘x): 2—)(, ISXS27
0

, otherwise.

It is easy to check that f is a PDF. For the DF F of X we have (Fig. 4)

if x <0,

0
x .
/tdt — if0<x<1,
0 2

1 2
/th—/ 2-fdi=2x—2 —1  ifl<x<2,
0 | 2
and

F(x)=1 ifx>2.

Then

P{03<X<15}=P{X<15}-P{X<03}
=0.83.

Sfx)

=V

0 1 2
Fig. 3 Graphoff.
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F(x)a

1 F (x)

-V

0 1 2
Fig.4 Graphof F.

Example 6. Let k > 0 be a constant, and

)= {kx(l—x), 0<x<l,

0, otherwise.

Then fol f(x)dx =k/6.1t follows that f(x) defines a PDF if k = 6. We have
3
P{X>03}=1 —6/ x(1—x)dx=0.784.
0

We conclude this discussion by emphasizing that the two types of RVs considered above
form only a part of the class of all RVs. These two classes, however, contain practically all
the random variables that arise in practice. We note without proof (see Chung [15, p. 9])
that every DF F can be decomposed into two parts according to

F(x) = aF (x)+ (1 —a)F.(x). )

Here F,; and F, are both DFs; F, is the DF of a discrete RV, while F, is a continuous (not
necessarily absolutely continuous) DF. In fact, F, can be further decomposed, but we will
not go into that (see Chung [15, p.11]).

Example 7. Let X be an RV with DF

0, x <0,

1

29 XZO,
FOO=310: 1

54’2, <x<l1,

1, 1 <ux.
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Note that the DF F has a jump at x = 0 and F is continuous (in fact, absolutely continuous)
in the interval (0, 1). F is the DF of an RV X that is neither discrete nor continuous. We

can write
1 1
F() = SFal0) + 5 Fe(x),
where
0, x<0,
F =
a) { I, x>0
and
0, x<0,
F.(x)=<x, 0<x<1,
1, 1<x

Here F,(x) is the DF of the RV degenerate at x = 0, and F,.(x) is the DF with PDF

, O<x<1,
c\X) =
fel®) {0, otherwise.

PROBLEMS 24

1. Let
pe=p(1—p)~, k=0,1,2,..., 0<p<]l.

Does {py} define the PMF of some RV? What is the DF of this RV? If X is an RV
with PMF {p;}, what is P{n < X < N}, where n, N (N > n) are positive integers?

2. In Problem 2.3.3, find the PDF associated with the DFs of parts (b), (c), and (d).
3. Does the function fy(x) = 6?xe=% if x > 0, and = 0 if x < 0, where 6 > 0, define

a PDF? Find the DF associated with fp(x); if X is an RV with PDF fj(x), find
P{X>1}.

4. Does the function f;(x) = {(x+1)/[0(0 + 1)]}e=*/? if x > 0, and = 0 otherwise,

where 6 > 0 define a PDF? Find the corresponding df.

5. For what values of K do the following functions define the PMF of some RV?

(@) f(x) =KW\ /x),x=0,1,2,..., A>0.
(b) f(x)=K/N,x=1,2,...,N.

6. Show that the function

is a PDF. Find its DF.

7. Forthe PDFf(x) =xif0<x < l,and =2—xif | <x <2,find P{1/6 < X <7/4}.
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8. Which of the following functions are density functions:
(@) f(x) =x(2—x), 0 <x<2,and 0 elsewhere.
(b) f(x) =x(2x—1), 0 < x <2, and 0 elsewhere.
(©) f(x) = +exp{—(x—0)/A}, x> 0, and 0 elsewhere, A > 0.
(d) f(x) =sinx, 0 <x < 7/2, and 0 elsewhere.
(e) f(x)=0forx<0,=(x+1)/9for0<x<1,=2(2x—1)/9 for 1 <x<3/2,
=2(5—-2x)/9for3/2 <x<1,=4/27 for2 <x <5, and 0 elsewhere.
) f(x)=1/[r(1+x?)], xeR.
9. Are the following functions distribution functions? If so, find the corresponding
density or probability functions.

() F(x) =0forx<0,=x/2for0<x<1,=1/2for 1 <x<2, =x/4 for
2<x<4and =1 forx > 4.
(b) F(x)=0ifx < —0, =5 (5+1) if [x <6, and 1 for x > § where 6 > 0.
(c) F(x) =0ifx<0,and =1— (1+x)exp(—x) ifx > 0.
(d) F(x)=0ifx<1,=(x—1)?/8if 1 <x<3,and 1 forx > 3.
(e) F(x)=0ifx<0,and =1 —e~ if x> 0.
10. Suppose P(X > x) is given for a random variable X (of the continuous type) for

all x. How will you find the corresponding density function? In particular find the
density function in each of the following cases:

(@ PX>x)=1ifx<0,and P(X > x) = e~ for x > 0, A > 0 is a constant.
(b) P(X>x)=1ifx<0,and = (1 +x/\)~*, forx >0, A > 0 is a constant.

() PX>x)=1ifx<0,and =3/(1+x)>—2/(1+x)*if x> 0.

(d) P(X>x)=1lifx<xp,and = (xo/x)* if x > x0; xo > 0 and « > 0 are constants.

2.5 FUNCTIONS OF A RANDOM VARIABLE
Let X be an RV with a known distribution, and let g be a function defined on the real line.

We seek the distribution of ¥ = g(X), provided that Y is also an RV. We first prove the
following result.

Theorem 1. Let X be an RV defined on (€2,8,P). Also, let g be a Borel-measurable
function on R. Then g(X) is also an RV.

Proof. Fory e R, we have

and since g is Borel-measurable, g ~!(—o0, ] is a Borel set. It follows that {g(X) <y} €8,
and the proof is complete.

Theorem 2. Given an RV X with a known DF, the distribution of the RV ¥ = g(X), where
g is a Borel-measurable function, is determined.
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Proof. Indeed, forall y € R
P{Y <y} =P{X € g~ (—o0]}. M
In what follows, we will always assume that the functions under consideration are
Borel-measurable.

Example 1. Let X be an RV with DF F. Then |X|, aX + b (where a # 0 and b are constants),
X* (where k > 0 is an integer), and |X|* (o > 0) are all RVs. Define

o — X, X>0,
0, X<0,

and

~ [x, x<o,
X =
{0, X>0.

Then X, X~ are also RVs. We have

P{X| <y} =P{-y<X<y}=P{X <y} -P{X < —y}
=F(@y)—F(-y)+P{X=—y}, y>0;
P{aX+b<y}=P{aX <y-—b}

b
P{X<y } ifa>0,

B a
N —b
P{Xzy } ifa <0;
a
0 ify <0,
P{X* <y} =} P{X <0} ity=0,

P{X<0}+P{0<X <y} ify>0.
Similarly,

1 ify >0,

PIXT <yt = {P{ng} ify <0.

Let X be an RV of the discrete type, and A be the countable set such that P{X € A} =1
and P{X =x} > 0 forx € A. Let Y = g(X) be a one-to-one mapping from A onto some
set B. Then the inverse map, g’l, is a single-valued function of y. To find P{Y =y}, we
note that

P{Y =y} =P{g(X) =y} =P{X=¢"'(y)}, y€B,
and  P{Y=y}=0, yeB.
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Example 2. Let X be a Poisson RV with PMF
k
A

P{xX=k}={% &’
0, otherwise.

k=0,1,2,...; A>0,

Let Y = X% +3. Then y = x> +3 maps A = {0,1,2,...} onto B= {3,4,7,12,19,28,...}.
The inverse map is x = /(y — 3), and since there are no negative values in A we take the
positive square root of y — 3. We have

7)\>\/

P{Y =y} =P{X=\/y—3} = m

Y€ B,

and P{Y =y} = 0 elsewhere.

Actually the restriction to a single-valued inverse on g is not necessary. If g has a
finite (or even a countable) number of inverses for each y, from countable additivity of P
we have

P{Y =y} = P{g(X) =y} ZP{U[XZa,g(a) =y]}

a

=Y P{X=a,g(a) =y}.

Example 3. Let X be an RV with PMF

P{X_—2}_é P{X_—l}_1 P{X:O}:é7
P{X=1}= 1 and P{X=2}= E

Let Y = X?. Then

A={-2,-1,0,1,2} and B=1{0,1,4}.

We have
5 y=0,
P{Y:y}: é+1 T)a y=1,
1, 11 _ 17 _
§+ = 30 y—4.

The case in which X is an RV of the continuous type is not as simple. First we note that
if X is a continuous type RV and g is some Borel-measurable function, ¥ = g(X) may not
be an RV of the continuous type.
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Example 4. Let X be an RV with uniform distribution on [—1, 1], that is, the PDF of X is
f(x)=1/2, -1 <x <1, and = 0 elsewhere. Let Y = X™. Then, from Example 1,

0, y <0,
P{y <y} 2 =0
<y}=
T4y, 1>y>0,
1, y>1.

We see that the DF of Y has a jump at y = 0 and that Y is neither discrete nor continuous.
Note that all we require is that P{X < 0} > 0 for X* to be of the mixed type.

Example 4 shows that we need some conditions on g to ensure that g(X) is also an RV
of the continuous type whenever X is continuous. This is the case when g is a continuous
monotonic function. A sufficient condition is given in the following theorem.

Theorem 3. Let X be an RV of the continuous type with PDF f. Let y = g(x) be differen-
tiable for all x and either g’(x) > 0 for all x or g’(x) < O for all x. Then ¥ = g(X) is also
an RV of the continuous type with PDF given by

flg7 )] ‘jy

0, otherwise,

'], a<y<p,

h(y) = 2)

where o = min{g(—00),g(+00)} and f = max{g(—0),g(+00)}.

Proof. 1f g is differentiable for all x and g’ (x) > O for all x, then g is continuous and strictly
increasing, the limits «, 3 exist (may be infinite), and the inverse function x = g~!(y)
exists, is strictly increasing, and is differentiable. The DF of Y for o <y < (3 is given by

P{Y<y}=P{X<g '}

The PDF of g is obtained on differentiation. We have

h(y) = %P{Y <y
d

T AN R
=flem g8 0):
Similarly, if g’ < 0, then g is strictly decreasing and we have
P{Y <y} =P{X>¢"'()}
=1-P{X<g'(y)} (X is a continuous type RV)

so that
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1

Since g and g~ ! are both strictly decreasing, (d/dy)g~'(y) is negative and (2) follows.

Note that
d _, 1
-8 W)= 77572 )
dy 0) dg(x)/dx x=g=1(y)
so that (2) may be rewritten as
X
h(y)=L ;o a<y<p. 3
|dg(x)/dx] x=g~1(y)

Remark 1. The key to computation of the induced distribution of ¥ = g(X) from the dis-
tribution of X is (1). If the conditions of Theorem 3 are satisfied, we are able to identify
the set {X € g7!(—o00,y]} as {X < g~ !(y)} or {X > g~ '(y)}, according to whether g is
increasing or decreasing. In practice Theorem 3 is quite useful, but whenever the condi-
tions are violated one should return to (1) to compute the induced distribution. This is the
case, for example, in Examples 7 and 8 and Theorem 4 below.

Remark 2. Tf the PDF f of X vanishes outside an interval [a,b] of finite length, we need
only to assume that g is differentiable in (a, ) and either g’(x) > 0 or g’ (x) < 0 throughout
the interval. Then we take

a=min{g(a),g(b)} and = max{g(a),g(b)}
in Theorem 3.

Example 5. Let X have the density f(x) = 1,0 < x < 1, and = 0 otherwise. Let ¥ = ¢*.
Then X = logY, and we have

1
h(y)‘}&, 0<logy<1,
y
that is,
! 1<y<
5 y e,
h(y)=1q

0, otherwise.

If y = —2logx, then x = ¢ /2 and

1, 0<e?<1,

1
hy) = | — —e—¥/2
) ‘ 5

) de2, 0<y< oo,
0, otherwise.
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Example 6. Let X be a nonnegative RV of the continuous type with PDF f, and let o > 0.
Let Y = X“. Then

P{X <y} ify>0
PIX® <y} = {x <y} ify >0,
0 ify <O.
The PDF of Y is given by
d
h _ 1/ay | & 1/
) =rf )dyy

1
ayl/“‘lf(y'/a), y >0,
0, y<0.

Example 7. Let X be an RV with PDF
flx)= v/, —00 < x < 00.

Let Y = X2. In this case, g’(x) = 2x which is > 0 for x > 0, and < 0 for x < 0, so that the
conditions of Theorem 3 are not satisfied. But for y > 0

PLY <y} =P{~\F <X <)
= F(\/3) ~ F(—/9).

where F is the DF of X. Thus the PDF of Y is given by

L) ) v 0.

h(y) =4 2V
0, y<0.
Thus
e 0<y,
h(y) =4 v2my
0, y<0.
Example 8. Let X be an RV with PDF
2x
—, 0
f(x)z 2 <x<m,
0, otherwise.

Let Y = sinX. In this case g’(x) = cosx > 0 for x in (0,7/2) and < O for x in (7/2,7),
so that the conditions of Theorem 3 are not satisfied. To compute the PDF of Y we return
to (1) and see that (Fig. 1) the DF of Y is given by
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A

N
=V

Fig.1 y=sinx, 0 <x <.

P{Y <y} = P{sinX <y}, O<y<l,
=P{0<X <xi]U[xa <X <},

where x; = sin~!y and x, = 7 —sin~'y. Thus
X1 ™
Py <y} = [ fwdcr [ s
0 X2

=) -3

.1 2
[_(T=sin_y
(=)

O0<y<l,

and the PDF of Y is given by

d (sin"ly ? d
h = — _
0) dy ( ™ ) &

2

= /1=y

0, otherwise.

In Examples 7 and 8 the function y = g(x) can be written as the sum of two mono-
tone functions. We applied Theorem 3 to each of these monotonic summands. These two
examples are special cases of the following result.

Theorem 4. Let X be an RV of the continuous type with PDF f. Let y = g(x) be differen-
tiable for all x, and assume that g’(x) is continuous and nonzero at all but a finite number
of values of x. Then, for every real number y,
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(a) there exist a positive integer n = n(y) and real numbers (inverses) x; (y),x2(y), ...
X,(y) such that

g[xk(y)}:yv g/[xk(y)]#o> k:1,2,...7n(y),
or

(b) there does not exist any x such that g(x) =y, g’(x) # 0, in which case we write
n(y) =0.

Then Y is a continuous RV with PDF given by

fok Jg' W™ ifn >0,

O ifn=0

Example 9. Let X be an RV with PDF f, and let Y = |X|. Here n(y) = 2, x1(y) =y,
x(y) = —yfory>0,and

Thus, if f(x) = 1/2, —1 <x < 1, and = 0 otherwise, then

I, 0<y<l,
h(y) = -
0) { 0, otherwise.

If £(x) = (1/v/27)e~®"/2), —00 < x < 00, then

2

h(y) = q v2m
0, otherwise.

e~ 0Dy >0,

Example 10. Let X be an RV of the continuous type with PDF f, and let Y = X2 where
m s a positive integer. In this case g(x) = x*", g’ (x) = 2mx*"~! > 0 forx >0 and g’ (x) <0
for x < 0. Writing n = 2m, we see that, for any y > 0, n(y) = 2, x;(y) = —y/", x5 (y) = y'/".
It follows that

h(y) = flx1(y)] - nyl%l/” +f[x2()’)]ny1%1/n

1 n n .
W{f(yl/ )+f(=y'/M} ify>0,
ny
0 ify <o0.
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In particular, if f is the PDF given in Example 7, then

2/n

2 y } )
—————exp{ — ify>0,
h(y) =< V2mnyl -1/ p{ ) Y
0 if y<O0.

Remark 3. The basic formula (1) and the countable additivity of probability allow us to
compute the distribution of ¥ = g(X) in some instances even if g has a countable number
of inverses. Let A C R and g map A into B C R. Suppose that A can be represented as a
countable union of disjoint sets Ay, k = 1,2,.... Then the DF of Y is given by

P{Y <y} =P{X € g '(—00,)]}

—P{XGZ{g ! ooy}ﬂAk]}

ZP{X €AN{g” 1(—oo,y]}}.

k=1

If the conditions of Theorem 3 are satisfied by the restriction of g to each Ay, we may
obtain the PDF of Y on differentiating the DF of Y. We remind the reader that term-by-term
differentiation is permissible if the differentiated series is uniformly convergent.

Example 11. Let X be an RV with PDF

fe= % x>0
= ’ T 0>0.
9 {0, 0

Let Y = sinX, and let sin~! y be the principal value. Then (Fig. 2), for 0 <y < 1,

P{sinX <y}
=P{0<X< sin~ 'y or (2n— l)w—sin_ly <X <2nm+sinly
for all integers n > 1}
=P{0<X< Sin_ly}—i—ZP{@n— D —sin~'y <X <2nm+sin~ 'y}
n=1

oo
L1 sl _ L1
-1 _e—Hsm Y4 2 [6—9[(2n—1)7r—sm ] —e 0(2nm+sin v)]

n=1
o

—1— efﬁsin"y_k (697r+05in71y _ ,—0sin™ ly E e~ (207)n

Osin~"! Or+6sin~" sin~! 20w
_1_ ,—0sin"'y m+0sin” 'y —Osin" 'y
=1—¢ + (e e )<1—e—29”)

P P
e—0ﬂ+951n y_e—081n y

1 — 270
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Fig.2 y=sinx, x> 0.

A similar computation can be made for y < 0. It follows that the PDF of Y is given by

06—971'(1 _8—2071')—1(1 _y2)—1/2[605in71y_|_e—97'r—95in71y] if —1 <y< 0’
h(y) — 0(1 767207r)71(1 7y2)71/2[67951n_1y+€797\'+951n_1y]

ifO<y<1,
0

otherwise.

PROBLEMS 2.5

1. Let X be a random variable with probability mass function

P{X:V}:<’:)pr(l_p)”rv 7‘:0,1,2,‘..,71, nggl

Find the PMFs of the RVs (a) Y = aX +b, (b) Y = X2, and (¢) ¥ = VX.
2. Let X be an RV with PDF

0 ifx<o0,

1

= if <1
f(.x): 3 10<x_ y

X

Find the PDF of the RV 1/X.
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3.

10.

11.

12.

Let X be a positive RV of the continuous type with PDF f(-). Find the PDF of the
RV U =X/(1+X).If, in particular, X has the PDF

£ = {1, 0<x<1,

0, otherwise,

what is the PDF of U?

. Let X be an RV with PDF f defined by Example 11. Let Y = cosX and Z = tanX.

Find the DFs and PDFs of Y and Z.

. Let X be an RV with PDF

fe=% if x>0,
X)) =
fox) {0 otherwise,

where 6 > 0. Let Y = [X — 1/6]?. Find the PDF of Y.

. A point is chosen at random on the circumference of a circle of radius r with center

at the origin, that is, the polar angle 6 of the point chosen has the PDF

f(0) = 0¢€(-mm).

%)
Find the PDF of the abscissa of the point selected.

. For the RV X of Example 7 find the PDF of the following RVs: (a) Y| = e*, (b) Y, =

2X?+1, and (¢) Y3 = g(X), where g(x) = 1if x>0, =1/2if x=0, and = —1 if
x <0.

. Suppose that a projectile is fired at an angle 6 above the earth with a velocity V.

Assuming that 6 is an RV with PDF

12 T T
il <=
=07 "e<'~%

0 otherwise,

find the PDF of the range R of the projectile, where R = V?sin26/g, g being the
gravitational constant.

. Let X be an RV with PDF f(x) = 1/(27) if 0 < x < 27, and = 0 otherwise. Let

Y = sinX. Find the DF and PDF of Y.

Let X be an RV with PDF f(x) = 1/3if —1 <x <2, and = 0 otherwise. Let Y = |X]|.
Find the PDF of Y.

Let X be an RV with PDF f(x) = 1/(26) if —0 < x < 0, and = 0 otherwise. Let
Y = 1/X?. Find the PDF of Y.

Let X be an RV of the continuous type, and let ¥ = g(X) be defined as follows:
(a) g(x)=1ifx>0,and = —1if x <0.

(b) gx)=bifx>b,=xif |x| <b,and = b if x < —b.

(c) g(x) =xif |x| > b, and =0 if [x| < b.

Find the distribution of Y in each case.



MOMENTS AND GENERATING
FUNCTIONS

3.1 INTRODUCTION

The study of probability distributions of a random variable is essentially the study of some
numerical characteristics associated with them. These so-called parameters of the distribu-
tion play a key role in mathematical statistics. In Section 3.2 we introduce some of these
parameters, namely, moments and order parameters, and investigate their properties. In
Section 3.3 the idea of generating functions is introduced. In particular, we study prob-
ability generating functions, moment generating functions, and characteristic functions.
Section 3.4 deals with some moment inequalities.

3.2 MOMENTS OF A DISTRIBUTION FUNCTION

In this section we investigate some numerical characteristics, called parameters, associ-
ated with the distribution of an RV X. These parameters are (a) moments and their functions
and (b) order parameters. We will concentrate mainly on moments and their properties.

Let X be a random variable of the discrete type with probability mass function
pk:P{X:xk},k: 1,2,.... If

> lalpe < 00, (1)
k=1

An Introduction to Probability and Statistics, Third Edition. Vijay K. Rohatgi and A.K. Md. Ehsanes Saleh.
© 2015 John Wiley & Sons, Inc. Published 2015 by John Wiley & Sons, Inc.
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we say that the expected value (or the mean or the mathematical expectation) of X exists
and write

p=EX= xpi ©)
k=1

Note that the series Y, xxpx may converge but the series >~ |x|px may not. In that
case we say that EX does not exist.

Example 1. Let X have the PMF given by
3 2
=P{X=(-1 1 = — 21,2
pj { (=1) j} 5 :
Then
oo 002
D gl =) % =0,
=1 =17

and EX does not exist, although the series

ZW;ZZ(—U’“%
=1 =1 J

is convergent.

If X is of the continuous type and has PDF f, we say that EX exists and equals [ xf(x) dx,
provided that

/Mﬂ@ﬁ<w

A similar definition is given for the mean of any Borel-measurable function 4(X) of X.
Thus, if X is of the continuous type and has PDF f, we say that Eh(X) exists and equals
J h(x)f (x) dx, provided that

/Wmﬂ@w<m

We emphasize that the condition [ |x| f(x)dx < oo must be checked before it can be
concluded that EX exists and equals [ xf(x)dx. Moreover, it is worthwhile to recall at
this point that the integral [ _(x)dx exists, provided that the limit lim§ % [, ¢ (x) dx
exists. It is quite possible for the limit lim, o [ fa ©(x) dx to exist without the existence
of [ fooo ©(x)dx. As an example, consider the Cauchy PDF:

11
f(x)zgm, —0o0 < Xx < oQ.
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Clearly

. “x 1
lim —
a—oo |_ m1+x2

dx=0.

However, EX does not exist since the integral (1/7) [ |x|/(1+x?)dx diverges.
Remark 1. Let X(w) = I4(w) for some A € 8. Then EX = P(A).
Remark 2. 1If we write h(X) = |X|, we see that EX exists if and only if E|X| does.
Remark 3. We say that an RV X is symmetric about a point « if
P{X>a+x}=P{X<a—x} for all x.
In terms of DF F of X, this means that, if
Fla—x)=1-F(a+x)+P{X=a+x}

holds for all x € R, we say that the DF F (or the RV X) is symmetric with « as the center
of symmetry. If a = 0, then for every x

F(—x)=1—F(x)+P{X =x}.

In particular, if X is an RV of the continuous type, X is symmetric with center « if and
only if the PDF f of X satisfies

fla=x)=f(a+x) for all x.

If o = 0, we will say simply that X is symmetric (or that F is symmetric).

As an immediate consequence of this definition we see that, if X is symmetric with «
as the center of symmetry and E|X| < oo, then EX = «. A simple example of a symmetric
distribution is the Cauchy PDF considered above (before Remark 1). We will encounter
many such distributions later.

Remark 4. 1f a and b are constants and X is an RV with E|X| < oo, then E|aX + b| < co
and E{aX + b} = aEX + b. In particular, E{X — u} = 0, a fact that should not come as a
surprise.

Remark 5. If X is bounded, that is, if P{|X| < M} = 1,0 < M < oo, then EX exists.
Remark 6. If {X > 0} = 1, and EX exists, then EX > 0.

Theorem 1. Let X be an RV, and g be a Borel-measurable function on R. Let ¥ = g(X).
If X is of discrete type then

EY = Zg(xj)P{X =X} (3)

j=1
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in the sense that, if either side of (3) exists, so does the other, and then the two are equal.
If X is of continuous type with PDF f then EY = [ g(x)f(x)dx in the sense that, if either
of the two integrals converges absolutely, so does the other, and the two are equal.

Remark 7. Let X be a discrete RV. Then Theorem 1 says that

J=1

D ex)P{X=x}=> wP{Y=n}
k=1

in the sense that, if either of the two series converges absolutely, so does the other, and
the two sums are equal. If X is of the continuous type with PDF f, let i(y) be the PDF of
Y = g(X). Then, according to Theorem 1,

[ety@an= [ vho)a.
provided that E|g(X)| < oo.

Proof of Theorem 1. In the discrete case, suppose that P{X € A} = 1. If y=g(x) is a
one-to-one mapping of A onto some set B, then

P{Y=y}=P{X=g"'(y)}, y€B

We have

D gP{X=x}=> yP{¥=y}.

X€A YEB

In the continuous case, suppose g satisfies the conditions of Theorem 2.5.3. Then

B
/ ¢(0)f (x) dx = / yf[g“(y)]diyg“(y)ldy

by changing the variable to y = g(x). Thus

Jetwras= [ Cyh)dy.

The functions h(x) = x", where n is a positive integer, and /1(x) = |x|*, where « is a pos-
itive real number, are of special importance. If EX" exists for some positive integer n, we
call EX" the nth moment of (the distribution function of) X about the origin. If E|X|* < co
for some positive real number o, we call E|X|* the ath absolute moment of X. We shall
use the following notation:

m, =EX"  Bo =E|X|%, “

whenever the expectations exist.
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Example 2. Let X have the uniform distribution on the first N natural numbers, that is, let

1
PX=k =1, k=12...N.

Clearly, moments of all order exist:

1
X — Z" 1 NL
Zkz (N+1)2N+1)
=
Example 3. Let X be an RV with PDF
f=q@ =t
0, x<l1
Then
* 2
1 x
But
EXZ—/ gdx
1 X

does not exist. Indeed, it is easily possible to construct examples of random variables for
which all moments of a specified order exist by no higher-order moments do.

Example 4. Two players, A and B, play a coin-tossing game. A gives B one dollar if a
head turns up; otherwise B pays A one dollar. If the probability that the coin shows a head
is p, find the expected gain of A.

Let X denote the gain of A. Then

P{X =1} =P{Tails} = 1—p, P{X=-1}=p
and

>0 ifandonlyifp
=0 ifandonlyifp= 2,

7

— =

EX:I—p—p:l—Zp{

Thus EX = 0 if and only if the coin is fair.
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Theorem 2. If the moment of order ¢ exists for an RV X, moments of order 0 < s < 7 exist.

Proof. Let X be of the continuous type with PDF f. We have

mxt= [ @ [ s

[x]s>1
<P{IX|’ <1} +E[X|' < .

A similar proof can be given when X is a discrete RV.

Theorem 3. Let X be an RV on a probability space (2,8, P). Let E|X|* < oo for some
k> 0. Then

n*P{|X| >n} -0 as n — oo.

Proof. We provide the proof for the case in which X is of the continuous type with
density f. We have

oo>/|x|kf(x)dx= lim |x[*F (x) dx.

n—00 x| <n

It follows that

lim lx[*f (x) dx — 0 as n — oo.

n—00 x| >n

But
/ xlff () e > *P{IX] > ),
|x|>n

completing the proof.

Remark 8. Probabilities of the type P{|X| > n} or either of its components, P{X > n} or
P{X < —n}, are called tail probabilities. The result of Theorem 3, therefore, gives the rate
at which P{|X| > n} converges to 0 as n — cc.

Remark 9. The converse of Theorem 3 does not hold in general, that is,
n*P{|X| >n} —0 as n — oo for some k

does not necessarily imply that E|X|*¥ < oo, for the RV

P{X=n}= ¢ n=23,...,

n?logn’
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where c is a constant determined from
oo

c
Z n?logn =1
2

We have
P{X>n}=c Oo#dxzcn*l(logn)*1
. Xx*logx

and nP{X > n} — 0 as n — oo. (Here and subsequently ~ means that the ratio of two
sides — 1 as n — 00.) But

c
EX = =
Z nlogn o

In fact, we need
nfOP{X| >n} =0 asn—0

for some § > 0 to ensure that E|X|* < co. A condition such as this is called a moment
condition.

For the proof we need the following lemma.

Lemma 1. Let X be a nonnegative RV with distribution function F. Then

EX = /000[1 —F(x)]dx, Q)

in the sense that, if either side exists, so does the other and the two are equal.

Proof. 1If X is of the continuous type with density f and EX < oo, then

EX:/OOxf(x)dx: lim nxf(x)dx.
0

0 n—o0

On integration by parts we obtain

/0 " () dx = nF(n) /0 "Flx)d
-
0

[1—F(x)]dx.

= —n| Fn)]+/
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But

and, since E|X| < oo, it follows that
n[l—F(n)] -0 as n — o0o.

We have

n

EX = lim nxf(x)dx: lim [ [1—F(x)]dx

n— o0 0 n—oQo 0

. /0 T - F)]dx.

If [°[1 = F(x)]dx < oo, then

/Onxf(x)dx < /0”[1 —F(x)]dx < /000[1 — F(x)]dx,

and it follows that E|X| < oc.
We leave the reader to complete the proof in the discrete case.

Corollary. For any RV X, E|X| < oo if and only if the integrals f_OOOP{X < x}dx and
Jo " P{X > x} dx both converge, and in that case

EX_/OOOP{X>x}dx/0 P{X < x}dx.

— 00

Actually we can get a little more out of Lemma 1 than the above corollary. In fact,
E|X|O‘:/ P{|X|“>x}dx:a/ x*7'P{|X| > x} dx,
0 0

and we see that an RV X possesses an absolute moment of order o > 0 if and only if
|x|*~1P{|X| > x} is integrable over (0,00).
A simple application of the integral test leads to the following moments lemma.
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Lemma 2.
EIX|* <oco Y P{X|>n'/"} < oc. (6)
n=1

Note that an immediate consequence of Lemma 2 is Theorem 3. We are now ready to
prove the following result.

Theorem 4. Let X be an RV with a distribution satisfying n®*P{|X| > n} — 0asn — oo
for some o > 0. Then E|X|? < oo for 0 < 3 < .

Proof. Given € > 0, we can choose an N = N(e) such that
P{|X|>n}<i foralln > N.
nOL

It follows that for 0 < 5 < «

N e}
E|X|® :ﬁ/o IP{|X| >x}dx+B/N KIP{|X| > x} dx

oo
§Nﬂ+65/ ey
N

< Q0.

Remark 10. Using Theorems 3 and 4, we demonstrate the existence of random variables
for which moments of any order do not exist, that is, for which E|X|* = oo for every o > 0.
For such an RV n®P{|X| > n} - 0 as n — oo for any o > 0. Consider, for example, the
RV X with PDF

1

70 = { ftlogh? TP
0 otherwise.
The DF of X is given by
1
2log |x]| ifxs—e
F(x) = % if —e<x<e,
— 21cl)gx if x> e.

Then for x > e

P{|X| >x} =1—F(x)+F(—x)
1
:21ogx’
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and x*P{|X| > x} — 0o as x — oo for any « > 0. It follows that E|X|* = oo for every
a > 0. In this example we see that P{|X| > cx}/P{|X| > x} — 1 as x — oo for every
¢ > 0. A positive function L(-) defined on (0,00) is said to be a function of slow variation
if and only if L(cx)/L(x) — 1 as x — oo for every ¢ > 0. For such a function x*L(x) — co
for every o > 0 (see Feller [26, pp. 275-279]). It follows that, if P{|X| > x} is slowly
varying, E|X|* = oo for every o > 0. Functions of slow variation play an important role
in the theory of probability.

Random variables for which P{|X| > x} is slowly varying are clearly excluded from
the domain of the following result.

Theorem 5. Let X be an RV satisfying

P{|X| > cx}

PIX[> 1) —0 asx — oo forallc>1; (7)

then X possesses moments of all orders. (Note that, if ¢ = 1, the limit in (7) is 1, whereas
if ¢ < 1, the limit will not go to 0 since P{|X| > cx} > P{|X| > x}.)

Proof. Let e > 0 (we will choose ¢ later), choose xj so large that

P{|X| > cx}
— < for all x > xj, 8
PUX > x} € or all x > xq (8)
and choose x; so large that

P{|X|>x} <¢ for all x > x;. )

Let N = max(xo,x; ). We have, for a fixed positive integer r,

r

P{|X|>c’x}:H P{|X| > c’x} <o (10)
p=1

P{|X| > x} P{IX| >cr~1x} —
for x > N. Thus for x > N we have, in view of (9),
P{|X| > c'x} <&t (11)
Next note that, for any fixed positive integer n,
EIX" = n /O T P{X] > ) d

N 00
:n/ x"—IP{\X|>x}dx+n/ X P{IX] > x}dx. (12)
0 N
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Since the first integral in (12) is finite, we need only show that the second integral is also
finite. We have

S o0 ¢'N
/ K P{IX] >x}dx:2/ FP{IX] > x} dx
N —1 YN

< Z(C’N)"_IE’ :2¢'N
r=1

= ZN"i(ec”)’
r=1

ec"

=2N"

1 —ect <00

provided that we choose ¢ such that ec” < 1. It follows that E|X|" < co forn =1,2,....
Actually we have shown that (7) implies E|X|° < oo for all § > 0.

Theorem 6. If /1, h,, ..., h, are Borel-measurable functions of an RV X and Eh;(X) exists
fori=1,2,...,n, then E{>_"_ hi(X)} exists and equals }_"_| Eh;(X).

Definition 1. Let & be a positive integer and ¢ be a constant. If E(X — c)* exists, we call
it the moment of order k about the point c. If we take ¢ = EX = u, which exists since
E|X| < oo, we call E(X — p)* the central moment of order k or the moment of order k
about the mean. We shall write

fe = E{X — p}~.

If we know my,m,, ..., m;, we can compute (i, i2, ..., [, and conversely. We have
p = E{X — pu}* = my — (T) g1+ (g) [y — -4 (1)t (13)
and
my = E{X — p+p}* = e+ (’f) [ii—1 + (’;) (P s+ -+ . (14)
The case k = 2 is of special importance.

Definition 2. If EX? exists, we call E{X — u}? the variance of X, and we write o =
var(X) = E{X — u}?. The quantity o is called the standard deviation (SD) of X.

From Theorem 6 we see that
0% = uy = EX* — (EX)%. (15)

Variance has some important properties.
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Theorem 7. Var(X) = 0 if and only if X is degenerate.
Theorem 8. Var(X) < E(X — c)? for any ¢ # EX.
Proof. 'We have
var(X) = E{X — p}> = E{X —c}> + (c — p)>.
Note that
var(aX +b) = a*var(X).

Let E|X|* < co. Then we define

= = 16
‘ var(X) o (10

and see that EZ = 0 and var(Z) = 1. We call Z a standardized RV.

Example 5. Let X be an RV with binomial PMF

P{X=k}= (Z)pk(l—p)"_k, k=0,1,2,....n; 0<p<]l.

Then
o0 n B
EX=Zk<k)pk(1—p>" ‘
k=0
n—1\ 4y —k
— 1— n
Yy (k_1>p (1-p)

= np;
EX? =E{X(X—1)+X}

= k(k—1) (Z)pk(l —p)"*+np

=n(n—1)p* +np;
var(X) = n(n— 1)p* +np —n’p?
=np(1—=p);
EX® =E{X(X—1)(X-2)+3X(X—1)+X}
=n(n—1)(n—2)p* +3n(n—1)p* +np;

pi3 = ms — 3pmy + 2407
=n(n—1)(n—2)p* +3n(n—1)p* +np —3np[n(n— 1)p* +np] +2n°p*
=np(1—p)(1-2p).
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A

v

0 »® 1

Fig. 1 Quantile of order p.

In the above example we computed factorial moments EX(X —1)(X —2)--- (X —k+ 1)
for various values of k. For some discrete integer-valued RVs whose PMF contains facto-
rials or binomial coefficients it may be more convenient to compute factorial moments.

We have seen that for some distributions even the mean does not exist. We next consider
some parameters, called order parameters, which always exist.

Definition 3. A number x (Fig. 1) satisfying
P{X <x}>p, P{X>x}>1-p, 0<p<]1, a7

is called a quantile of order p [or (100p)th percentile] for the RV X (or, for the DF F of X).
We write 3,(X) for a quantile of order p for the RV X.

If x is a quantile of order p for an RV X with DF F, then
p<F(x)<p+P{X=x}. (18)

If P{X =x} =0, as is the case—in particular, if X is of the continuous type—a quantile
of order p is a solution of the equation

F(x) =p. (19)

If F is strictly increasing, (19) has a unique solution. Otherwise (Fig. 2) there may be
many (even uncountably many) solutions of (19), each of which is then called a quantile
of order p. Quantiles are of great deal of interest in testing of hypotheses.

Definition 4. Let X be an RV with DF F. A number x satisfying

1

7 SFW) < % +P{X =x} (20)
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F(x)

><V

O

F(x)

0 1 X

Fig.2 (a) Unique quantile and (b) infinitely many solutions of F(x) = p.
or, equivalently,
P{X <x}> % and  P{X>x}> % (21)
is called a median of X (or F).

Again we note that there may be many values that satisfy (20) or (21). Thus a median
is not necessarily unique.

If F is a symmetric DF, the center of symmetry is clearly the median of the DF F.
The median is an important centering constant especially in cases where the mean of the
distribution does not exist.

Example 6. Let X be an RV with Cauchy PDF

1
L

()

—00 < X < 0.
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Then E|X| is not finite but E|X|° < oo for 0 < § < 1. The median of the RV X is
clearly x = 0.

Example 7. Let X be an RV with PMF

1 1 1
P{X:—Z}:P{X:O}:Z, P{X:l}:? P{X:Z}:E.
Then
P{X<0 _ d P{X>0 —3 !
{x< }—5 an {x=> }_Z>§'

In fact, if x is any number such that 0 < x < 1, then
1
P{X<x}=P{X=-2}+P{X=0}= 5
and
1
P{X>x}=P{X=1}+P{X=2}= >

and it follows that every x, 0 < x < 1, is a median of the RV X.
If p = 0.2, the quantile of order p is x = —2, since

1
P{X§72}:Z>p and P{X>-2}=1>1-p.

PROBLEMS 3.2

1. Find the expected number of throws of a fair die until a 6 is obtained.

2. From a box containing N identical tickets numbered 1 through N, n tickets are
drawn with replacement. Let X be the largest number drawn. Find EX.

3. Let X be an RV with PDF

c

f(x):m>

—oco<x<o0o, m2>1,

where ¢ = T'(m)/[['(1/2)T'(m — 1/2)]. Show that EX*" exists if and only if 2r <
2m— 1. What is EX?" if 2r < 2m—1?

4. Let X be an RV with PDF
kd*

fx) =9 (x+a)+!
0 otherwise (a > 0).

if x>0,

Show that E|X|* < oo for a < k. Find the quantile of order p for the RV X.
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5.

6.

10.

11.
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Let X be an RV such that E|X| < co. Show that E|X — ¢| is minimized if we choose
¢ equal to the median of the distribution of X.

Pareto’s distribution with parameters « and 3 (both « and 3 positive) is defined
by the PDF

BabP .
fy = e
0 if x < a.

Show that the moment of order n exists if and only if n < 5. Let 5 > 2. Find the
mean and the variance of the distribution.

. For an RV X with PDF
1x ifo<x<l,
fx)=17% ifl<x<2,
13—x) if2<x<3,

show that moments of all order exist. Find the mean and the variance of X.

. For the PMF of Example 5 show that

EX* =np+Tn(n—1)p*+6n(n—1)(n—2)p* +n(n—1)(n—2)(n—3)p*
and
p1a = 3(npq)* +npg(1 — 6pq),

where 0 <p<1,g=1-—p.

. For the Poisson RV X with PMF

X

A
P{X:x}:e”‘—', x=0,1,2,...,
X!

show that EX = X\, EX> = A+ 2%, EX? = A+ 3N+ X, EX* = A+ 707 +60% + A4,
and o = 3 = A, g = A+3)2
For any RV X with E|X|* < oo define

B 7
(12)3/% 13

Here a3 is known as the coefficient of skewness and is sometimes used as a measure
of asymmetry, and a4 is known as kurtosis and is used to measure the peakedness
(“flatness of the top”) of a distribution.

Compute a3 and ay for the PMFs of Problems 8 and 9.
For a positive RV X define the negative moment of order n by EX™", where n > 0
is an integer. Find E{1/(X + 1)} for the PMFs of Example 5 and Problem 9.

a3 =



GENERATING FUNCTIONS 83

12. Prove Theorem 6.
13. Prove Theorem 7.

14. In each of the following cases, compute EX, var(X), and EX" (for n > 0, an integer)
whenever they exist.

(@ f(x)=1, —1/2 <x<1/2, and 0 elsewhere.
(b) f(x) =e*, x>0, and 0 elsewhere.
(©) f(x)= ( —1)/x%, x > 1, and 0 elsewhere; k > 1 is a constant.
(@ f(x) =1/[r(1+x%)], —00 < x < o0.
(e) f(x) =6x(1 —x),0<x<1,andO0 elsewhere.
() f(x) =xe™*, x>0, and 0 elsewhere.
(@ PX=x)=p(1—p)~1,x=1,2,...,and 0 elsewhere: 0 < p < 1.
15. Find the quantile of order p(0 < p < 1) for the following distributions.
(a) f(x) =1/x% x> 1, and O elsewhere.
(b) f(x) = 2xexp(—x?), x > 0, and 0 otherwise.
(©) f(x)=1/0,0<x <0, and 0 elsewhere.
(d PX=x)=0(1-0)""1,x=1,2,..., and 0 otherwise; 0 < § < 1.
(e) f(x) = (1/8%)x exp(—x/83), x > 0, and 0 otherwise; 3 > 0.
() f(x)=(3/b*)(b—x)? 0 <x < b, and 0 elsewhere.

3.3 GENERATING FUNCTIONS

In this section we consider some functions that generate probabilities or moments of an
RV. The simplest type of generating function in probability theory is the one associated
with integer-valued RVs. Let X be an RV, and let

pk=PX=k}, k=0102,...
with thiopk =1.

Definition 1. The function defined by

P(s) =) s, (1
k=0

which surely converges for |s| < 1, is called the probability generating function (PGF)
of X.

Example 1. Consider the Poisson RV with PMF

k=0,1,2,....
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We have
= Z<S)‘)k7 =e et = MY, for all s.
k=0 ’
Example 2. Let X be an RV with geometric distribution, that is, let
P{X =k} = pq, k=0,1,2,...; 0<p<l, g=1—p.

Then

o
)= spg" = l—s ls| < 1.
k=0 q

Remark 1. Since P(1) = 1, series (1) is uniformly and absolutely convergent in |s| < 1
and the PGF P is a continuous function of s. It determines the PGF uniquely, since P(s)
can be represented in a unique manner as a power series.

Remark 2. Since a power series with radius of convergence r can be differentiated
termwise any number of times in (—r,r), it follows that

(oo}

PO = 3 nln—1)---(n— ke DPOX =),
n=k

where P is the kth derivative of P. The series converges at least for —1 < s < 1. Fors = 1
the right side reduces formally to E{X(X —1)---(X —k+ 1)} which is the kth factorial
moment of X whenever it exists. In particular, if EX < oo then P'(1) = EX, and if EX?> < co
then P’ (1) = EX(X — 1) and Var(X) = EX*> — (EX)> =P (1) — [P'(1)]2+P'(1).
Example 3. In Example 1 we found that P(s) = e~*(!=%)_|s| < 1, for a Poisson RV. Thus
P'(s) = Xe 179,
Pl/(s) _ )\Ze—k(l—s).
Also, EX = )\, E{X*> — X} = )2, so that var(X) = EX> — (EX)> = N2+ A= \? = \.

In Example 2 we computed P(s) = p/(1 —sq), so that

2
Pq /7 2pgq
Pls)= 11 d P'(s)=
(5 (1—sq? ) (1—s9)3
Thus
2 2 2
ex=2 =1, TT =L 41-1
p p P P> p p

Example 4. Consider the PGF

P(s)=[(1419)/2]", —o0<s<00.
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Expanding the right side into a power series we get

Ps) =) zi( Z Jsr = k;pks",

and it follows that

(%)

o

PX=k)=pyr= k=0,1,...,n.

We note that the PGF, being defined only for discrete integer-valued RVS, has limited
utility. We next consider a generating function which is quite useful in probability and
statistics.

Definition 2. Let X be an RV defined on (2,8, P). The function
M(s) = Ee™* )

is known as the moment generating function (MGF) of the RV X if the expectation on the
right side of (2) exists in some neighborhood of the origin.

Example 5. Let X have the PMF

6 1

-, k=1,2,...
fl={ @ Em e

0, otherwise.

Then (1/7%) Y2, €™ /k?, is infinite for every s > 0. We see that the MGF of X does not
exist. In fact, EX = oco.

Example 6. Let X have the PDF

f) = {;e—w, x>0,

0, otherwise.
Then
1 (oo}
M(s) = 3 | e=1/2% gy
1 - 1
1—2s7 T2
Example 7. Let X have the PMF
)\k
A _
P{X =k} = e k=0,1,2,...,

0, otherwise.
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Then
X A - A
M(s)=Ee* =e Ze o
k=0
= AMI=€) for all s.
The following result will be quite useful subsequently.

Theorem 1. The MGF uniquely determines a DF and, conversely, if the MGF exists, it is
unique.

For the proof we refer the reader to Widder [117, p. 460], or Curtiss [19]. Theorem 2
explains why we call M(s) an MGF.

Theorem 2. If the MGF M(s) of an RV X exists for s in (—so,80) say, so > 0, the
derivatives of all order exist at s = 0 and can be evaluated under the integral sign, that is,

MW (s)| _, = EX* for positive integral k. 3)

§

For the proof of Theorem 2 we refer to Widder [117, pp. 446—447]. See also Problem 9.

Remark 3. Alternatively, if the MGF M(s) exists for s in (—so,s0) say so > 0, one can
express M(s) (uniquely) in a Maclaurin series expansion:

M(0)  M"(0)

s “

so that EX* is the coefficient of s*/k! in expansion (4).
Example 8. Let X be an RV with PDFf(x) = (1/2)e™*/2, x > 0. From Example 6, M (s) =
1/(1—2s) for s < 1/2. Thus

2 4.2 1
M (s)= ——— d M (s) = — = _ -
O =G2m O =029 *<2
It follows that

EX=2, EX*=8, and var(X)=4.

Example 9. Let X be an RV with PDF f(x) = 1,0 < x < 1, and = 0 otherwise. Then

1
1
M(s):/ ey =S , all s,
0 N
S5 (e —1)-1
M= T <62 )1
se —e'+1 1

EX=M(0)=lim———— = —.
(O) sgr(l) S2 2

N
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We emphasize that the expectation Ee** does not exist unless s is carefully restricted.
In fact, the requirement that M (s) exists in a neighborhood of zero is a very strong require-

ment that is not satisfied by some common distributions. We next consider a generating
function which exists for all distributions.

Definition 3. Let X be an RV. The complex-valued function ¢ defined on R by
o(t) = E(e™) = E(costX) +iE(sintX), t€®R

where i = \/(—1) is the imaginary unit, is called the characteristic function (CF)
of RV X.
Clearly

o(t) = Z(cos tk+isintk)P(X = k)
k
in the discrete case, and

o(1) :/ costxf(x)dx+i/ sintx f(x) dx

— 00 — 00

in the continuous case.

Example 10. Let X be a normal RV with PDF

Flx) = <¢127T> exp (‘f) , xeR.

Then

1 2 I 2
_ —x°/2 : —x7/2
1) = costx e dx+ / sintx e dx.
o(1) (\/277) /_oo <\/27T) o

Note that sin zx is an odd function and so also is sinzx e /2. Thus the second integral on
the right-side vanishes and we have

o(t) = (\/12?> /jo costx e 2dx

2 o >
_ -2 )2
= costx e dx=e , tER.
(\/27T>/0

Remark 4. Unlike an MGF which may not exist for some distributions, a CF always exists
which makes it a much more convenient tool. In fact, it is easy to see that ¢ is continuous
on R, |¢(t)| < 1 for all ¢, and ¢(—1) = ¢(t) where ¢ is the complex-conjugate of ¢. Thus
¢ is the CF of —X. Moreover, ¢ uniquely determines the DF of RV X. For these and
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many other properties of characteristic functions we need a comprehensive knowledge
of complex variable theory, well beyond the scope of this book. We refer the reader to
Lukacs [69].

Finally, we consider the problem of characterizing a distribution from its moments.
Given a set of constants {o = 1,11, 2, ...} the problem of moments asks if they can be
moments of a distribution function F. At this point it will be worthwhile to take note of
some facts.

First, we have seen that if the M (s) = Ee** exists for some X for s in some neighborhood
of zero, then E|X|" < oo for all n > 1. Suppose, however, that E|X|" < oo forall n > 1. It
does not follow that the MGF of X exists.

Example 11. Let X be an RV with PDF
f(x)zcefpcla, O<a<l, —oo<x<oo,

where c is a constant determined from

c/ e M ax=1.
/ e dx:/ 6= gy
0 0

and since o« — 1 < 0, fooo s¢~*" dx is not finite for any s > 0. Hence the MGF does not
exist. But

Let s > 0. Then

o0 oo
EX]"= C/ |x|"eflx‘a dx = 2c/ Xle ™ dx < 00 for each n,
0

— 00

as is easily checked by substituting y = x“.
Second, two (or more) RVs may have the same set of moments.
Example 12. Let X have lognormal PDF
flx) = (xv2m) lemos/2 x5 0,
and f(x) = 0 for x < 0. Let X, |¢| < 1, have PDF

fo(x) =f(x)[1 +esin(2mwlogx)], x€R.
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(Note that f. > 0 forall e, |¢| < I, and f f=(x)dx =1, so f. is a PDF.) Since, however,

/OO xf(x) sin(27 log x)dx =

) e~ (/D +k sin(27t)dt
0 —00

1
V2T
1 /<2/2/OO —?/2 &
— e e '“sin(2mwy)d
Tw) - (2my)dy

<
5,

we see that

OO)ckf(x)d)c: /Oooxkfa(x)dx

0
foralle, [¢| <1,and k =0,1,2,.... But f(x) # fz(x).
Third, moments of any RV X necessarily satisfy certain conditions. For example, if

B, = E|X|", we will see (Theorem 3.4.3) that (/3,)!/" is an increasing function of v.
Similarly, the quadratic form

n 2
E (ZX“’L») >0
i=1

yields a relation between moments of various orders of X.
The following result, which we will not prove here, gives a sufficient condition for
unique determination of F from its moments.

Theorem 3. Let {my} be the moment sequence of an RV X. If the series

mk k
Dot (5)
converges absolutely for some s > 0, then {m; } uniquely determines the DF F of X.

Example 13. Suppose X has PDF
f(x)=e¢*, forx>0, and =0forx<0.

Then EX* = [ x*e~*dx = k! and from Theorem 3

o0

Zm—' ;sk:s/(l—s)

k=1
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for 0 < s < 1 so that {my } determines F uniquely. In fact, from Remark 3

M(s) = kas Zs =

k=0

0 < s < 1, which is the MGF of X.
In particular if for some constant ¢
Im| <& k=1,2,...,

then

o |y o (e)f
Zk—s Szlz o <e for s > 0,

k=1

and the DF of X is uniquely determined. Thus if P{|X| < ¢} = 1 for some ¢ > 0, then all
moments of X exist, satisfying |my| < ¢*, k> 1, and the DF of X is uniquely determined
from its moments.

Finally, we mention some sufficient conditions for a moment sequence to determine a
unique DF:

(1) The range of the RV is finite.
(ii) (Carleman) $°;°  (ma;)~'/? = oo when the range of the RV is (—00,00). If the
range is (0,00), a sufficient condition is 3"~ | (my) ~1/% = 0.
(i) 1imy, o0 {(m2,)"/?" /2n} is finite.

PROBLEMS 3.3

1. Find the PGF of the RVs with the following PMFs:
(@ P{X=k}=(})p"(1—p)"* k=0,1,2,..,0<p<1.
b) PIX=k}=[e/(1—eM(N/k!), k=1,2,...; A >0.
(¢) PIX=k}=pg*(1—¢" ™)1, k=0,1,2,....N;0<p<1l,g=1—p.
2. Let X be an integer-valued RV with PGF P(s). Let o and /3 be nonnegative integers,
and write Y = aX + (. Find the PGF of Y.

3. Let X be an integer-valued RV with PGF P(s), and suppose that the mgf M (s) exists
for s € (—s0,50), So > 0. How are M(s) and P(s) related? Using M¥) (s)|;—o = EX*
for positive integral k, find EX* in terms of the derivatives of P(s) for values of
k=1,2,3,4.

4. For the Cauchy PDF

=2

ﬂ_m, —00 < x < 00,

does the MGF exist?
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5. Let X be an RV with PMF
P{X:j}:pj7 j=0,1,2,....

Set P{X >j}=gq;,j=0,1,2,.... Clearly ¢, = pj11 +pjs2+---,j > 0. Write Q(s) =
> im0 g;s’. Then the series for Q(s) converges in |s| < 1. Show that

0(s) = ll—f’(ss) for |s] < 1,

where P(s) is the PGF of X. Find the mean and the variance of X (when they exist)
in terms of Q and its derivatives.

6. For the PMF
a]ﬂf

P{X:j}:m’ j=0,1,2,..., 6>0,

where a; > 0 and f(0) = >3- a;¢/, find the PGF and the MGF in terms of f.
7. For the Laplace PDF

1
f(X)zﬁe*‘X*“w‘, —o0<x<o00; A>0, —oo<p<oo,

show that the MGF exists and equals

M(t) = (1= N\) " tet lt| < %

8. For any integer-valued RV X, show that
ZS"P{X <n}=(1-s5)""P(s),
n=0

where P is the PGF of X.
9. Let X be an RV with MGF M(¢), which exists for t € (—1y,1y), to > 0. Show that

EX|" <nlsT"M(s)+M(—s)]

for any fixed s, 0 < s < 9, and for each integer n > 1. Expanding ¢ in a power
series, show that, for 7 € (—s,s), 0 < s < 1,

oo

M =3 2

n!
n=0
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10.

11.
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(Since a power series can be differentiated term by term within the interval of
convergence, it follows that for 7| < s,

M® (1)],—o = EX*

for each integer k > 1.) (Roy, LePage, and Moore [95])
Let X be an integer-valued random variable with

n
k! ifk=0,1,2,....n
EX(X—1) (X—k+1)} = ( k)
0 if k> n.

Show that X must be degenerate at n.
[Hint: Prove and use the fact that if EX* < oo for all k, then

o~ (s =D
P(s)=)_ E{X(X—1)---(X—k-+1)}.

k!
k=0
Write P(s) as
[e) o) k
Ps)=> P(X=ks=> PX=k)> (s—1)

k=0 k=0 i=0

=> -1 ( Ij JPX=K).]
i=0 k=i

Let p(n,k) =f(n,k)/n! where f(n,k) is given by

fn+1,k) =f(nk)+f(nk—1)+---+f(n,k—n),
n
fork:O,l,...,( ; ) and

f(n,k)=0 fork<0,f(1,0)=1,f(1,k) =0 otherwise.

Let
1 oo
P,(s) = JZskf(n,k)
" k=0

be the probability generating function of p(n, k). Show that

1—s*
1—s

Is] < 1.

Pas) =)' ]
k=2

(P, is the generating function of Kendall’s 7-statistic.)
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12. Fork=0,1,..., ( Z > let u, (k) be defined recursively by

un (k) = uy—1(k—n) +u,—1 (k)

with uy(0) = 1, up(k) = O otherwise, and u,(k) = 0 for k < 0. Let P,(s) =
> reos“u, (k) be the generating function of {u, }. Show that
Py(s)=]J(1+¢) forls|<1.
=1
If p, (k) = u,(k)/2", find {p,(k)} for n = 2,3,4. (P, is the generating function of
one-sample Wilcoxon test statistic.)

3.4 SOME MOMENT INEQUALITIES

In this section we derive some inequalities for moments of an RV. The main result of this
section is Theorem 1 (and its corollary), which gives a bound for tail probability in terms
of some moment of the random variable.

Theorem 1. Let 4(X) be a nonnegative Borel-measurable function of an RV X. If EA(X)
exists, then, for every £ > 0,
Eh(X)

PIH(X) 2 e} < =2 (1)

Proof. 'We prove the result when X is discrete. Let P{X = x;} = pi, k= 1,2,.... Then

Eh(X) =Y h(x)pc
k

= (Z + Z) h(x)p

where
A={k:h(xy)>¢e}.
Then
Eh(X) > Zh(xk)pk 2 SZPk
A A

=eP{h(X) > ¢€}.

Corollary. Let 2(X) = |X|" and ¢ = K", where r > 0 and K > 0. Then
X1

EX
P{IX| > K} <

K

2
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which is Markov’s inequality. In particular, if we take h(X) = (X — p)?, ¢ = K*0?, we get
Chebychev—Bienayme inequality:

1
P{IX —u| = Ko} < 27, 3)

where EX = 1, var(X) = o?.

Remark 1. The inequality (3) is generally attributed to Chebychev although recent
research has shown that credit should also go to I.J. Bienayme.

Remark 2. If we wish to be consistent with our definition of a DF as Fx(x) = P(X < x),
then we may want to reformulate (1) in the following form.

P{h(X) > e} < Eh(X)/e.
For RVs with finite second-order moments one cannot do better than the inequality in (3).

Example 1.

1

1

EX =0, EX* =

K > 1, constant,

ﬁa UZE»
1

P{|X| > Ko} =P{|X| > 1} = ek

so that equality is achieved.

Example 2. Let X be distributed with PDF f(x) = 1 if 0 < x < 1, and = 0 otherwise. Then

1 1 11 1
EX—f EX" = - :7_7:7,
3 4 12

|X |<2 <X<1+1}—1

2 V3

From Chebychev’s inequality

1 1 1
- = — Vv >1—->-=0.75.
P{|X Sl<2 12} 1 0.75

In Fig. 1 we compare the upper bound for P{|X — 1/2| > k/+/12} with the exact
probability.

It is possible to improve upon Chebychev’s inequality, at least in some cases, if we
assume the existence of higher order moments. We need the following lemma.
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A

Exact

Upper bound

»
»

0 1 V3 k

Fig. 1 Chebychev upper bound versus exact probability.

Lemma 1. Let X be an RV with EX = 0 and var(X) = o2. Then

0.2
+x?
2

X
PiX>x!>—u-—
e

P{X>x} <

; if x>0,
ag

if x <0,
Proof. Leth(t) = (t+c¢)? ¢ > 0. Then h(t) > 0 for all t and

h(t) > (x+c¢)? fort > x> 0.

It follows that

P{X >x} < P{h(X) > (x+c)*}
- E(X+c)?

(i) forallec >0, x>0.
x+c

95

“4)

®)

(6)

Since EX = 0, EX? = 02, and the right side of (6) is minimum when ¢ = o2 /x, we have

o2
P{XZX}SW, x> 0.

Similar proof holds for (5).

Remark 3. Inequalities (4) and (5) cannot be improved (Problem 3).

Theorem 2. Let E|X|* < 0o, and let EX = 0, EX*> = 0. Then

M4—04

4+ K4 —2K2 04

P{|X| > Ko} < forK > 1,
W

where py = EX*.

(M
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Proof. For the proof let us substitute (X> — o) /(K?0* — %) for X and take x = 1 in (4).
Then

var{(X? —o?)/(K*0* —0?)}

+var{(X?—0?)/(K?*c?—02)}
_ pig — o
oM K> — 1)+ py— o
4
4 — 0O
= , K>1,
pa + o*K* —2K?0*

P{X* -0 > K0’ —0*} < ;

as asserted.

Remark 4. Bound (7) is better than bound (3) if K? > 14 /0* and worse if 1 < K? < iy /o*
(Problem 5).

Example 3. Let X have the uniform density

f(x):{l ifo<x<l1,

0 otherwise.

Then
EX = l, var(X) = i, ,u4—E{X—1}4— i,
2 12 2 80
and
1 1 5 — T 4
P{\X‘z’” 12}< AT )
that is,

1 1 45
- = — > —=0.
P{’X 2‘<2,/12}49 0.92,

which is much better than the bound given by Chebychev’s inequality (Example 2).

Theorem 3 (Lyapunov Inequality). Let 3, = E|X|" < co. Then for arbitrary k, 2 < k <n,
we have

BN < gl/k, (8)

Proof. Consider the quadratic form

O(u,v) = / N (ufx] * D72 4y x| EFD/2)2£ () i,
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where we have assumed that X is continuous with PDF f. We have

O(u,v) = u?Bi_1 + 2uvfy + By V>

Clearly Q > 0 for all u,v real. It follows that

Br—1 B >0,
ﬁk ﬂk+1
implying that
;fk < 31]57151i(+1~
Thus

BL<Bby  B<BB... BN <
where 5y = 1. Multiplying successive k — 1 of these, we have
gla<st o gV <p
It follows that
B <<l < <
The equality holds if and only if
Bl =g fork=1,2,...,

that is, {5,:/ k} is a constant sequence of numbers, which happens if and only if |X] is
degenerate, that is, for some ¢, P{|X| =c} = 1.

PROBLEMS 3.4

1. For the RV with PDF

ey

fls ) = I

x>0,

where A > 0 is an integer, show that

A
P{O<X <2(A+1 —.
o<X<20+1}> 15

2. Let X be any RV, and suppose that the MGF of X, M () = Ee™, exists for every 7 > 0.
Then for any r > 0

—

P{tX > s +logM(t)} < e
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3. Construct an example to show that inequalities (4) and (5) cannot be improved.
4. Let g(.) be a function satisfying g(x) > 0 for x > 0, g(x) increasing for x > 0, and

E|g(X)| < oo. Show that

Eg(1X])
g(e)

P{|X| >¢e} < for every € > 0.

. Let X be an RV with EX = 0, var(X) = 02, and EX* = pu4. Let K be any positive real

number. Show that

1 ifK? < 1,
1 : 2
P{X|> Ko} <{® \ if 1 <K° <,
Pa 9 if K2 > 1,

4+ 0*K* —2K% 0%

In other words, show that bound (7) is better than bound (3) if K> > y14/0* and worse
if 1 < K? < pg/o*. Construct an example to show that the last inequalities cannot
be improved.

. Use Chebychev’s inequality to show that for any k > 1, e¥T! > k2.
. For any RV X, show that

P{X >0} <inf{p(r):t >0} <1,

where (1) = Ee™X, 0 < ¢(t) < c0.

. Let X be an RV such that P(a <X < b) =1 where —0o < a < b < co. Show that

var(X) < (b—a)?/4.



MULTIPLE RANDOM VARIABLES

4.1 INTRODUCTION

In many experiments an observation is expressible, not as a single numerical quantity, but
as a family of several separate numerical quantities. Thus, for example, if a pair of distin-
guishable dice is tossed, the outcome is a pair (x,y), where x denotes the face value on the
first die, and y, the face value on the second die. Similarly, to record the height and weight
of every person in a certain community we need a pair (x,y), where the components repre-
sent, respectively, the height and weight of a particular individual. To be able to describe
such experiments mathematically we must study the multidimensional random variables.

In Section 4.2 we introduce the basic notations involved and study joint, marginal,
and conditional distributions. In Section 4.3 we examine independent random variables
and investigate some consequences of independence. Section 4.4 deals with functions of
several random variables and their induced distributions. Section 4.5 considers moments,
covariance, and correlation, and in Section 4.6 we study conditional expectation. The last
section deals with ordered observations.

4.2 MULTIPLE RANDOM VARIABLES

In this section we study multidimensional RVs. Let (€2,8,P) be a fixed but otherwise
arbitrary probability space.

An Introduction to Probability and Statistics, Third Edition. Vijay K. Rohatgi and A.K. Md. Ehsanes Saleh.
© 2015 John Wiley & Sons, Inc. Published 2015 by John Wiley & Sons, Inc.
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Definition 1. The collection X = (X;,X5,...,X,) defined on (2,8, P) into R, by
X(w) = (X1 (w), X2 (w),..., X, (w)), w e,
is called an n-dimensional RV if the inverse image of every n-dimensional interval

I={(x1,%2,...,%,): —c0 <x; <aj,a; €ER,i=1,2,...,n}

is also in 8, that is, if
X ={w: X;(w) <a,....X,(w) <a,} €8 fora; € R.
Theorem 1. Let X;,X5,...,X, be n RVs on (£2,8,P). Then X = (X;,X5,...,X,) is an
n-dimensional RV on (2,8, P).
Proof. Letl={(x1,x2,...,%,): —oo<x;<a;, i=1,2,...,n}. Then

{X1,X2,.. ., Xp) €1} ={w: X1 (w) < a1, X2 (w) <az,.... Xy (w) <a,}

= ﬂ{w: Xk(w) Sak} S

as asserted.

From now on we will restrict attention mainly to two-dimensional random variables.
The discussion for the n-dimensional (n > 2) case is similar except when indicated. The
development follows closely the one-dimensional case.

Definition 2. The function F(-,-), defined by
Fxy)=P{X<xY <y},  all(x,y)€Ry, M

is known as the DF of the RV (X,Y).
Following the discussion in Section 2.3, it is easily shown that

(i) F(x,y) is nondecreasing and continuous from the right with respect to each
coordinate and
(ii) Jim Fx,y) = F(+o0,+00) = 1,
y——+o00

lim F(x,y) =F(x,—00) =0 for all x,

y—r—00

lim F(x,y) = F(—00,y) =0 for all y.

X—r— 00

But (i) and (ii) are not sufficient conditions to make any function F(-,-) a DF.

Example 1. Let F be a function (Fig. 1) of two variables defined by

0, x<Oorx+y<lory<O,
1, otherwise.

F(xvy) = {



MULTIPLE RANDOM VARIABLES 101

Ya

Flxy)=1

Flxy)=0

Fig. 1

Then F satisfies both (i) and (ii) above. However, F is not a DF since
P{l<X<1,i<Y<1}=F(,1)+F(,3)—F(1,5)—F(3,1)
=140-1—-1=-1%*0.
Let x; < x; and y; < y,. We have
Plx; <X <xy <Y <y} =P{X <x2,Y <y} +P{X <x1, Y <yi}
—P{X<x;,Y <y} —P{X<x,Y <y}

= F(x2,y2) + F(x1,y1) — F(x1,y2) — F(x2,51)
>0

for all pairs (xy,y1), (x2,y2) with x; < xa, y1 < y» (see Fig. 2).

Theorem 2. A function F of two variables is a DF of some two-dimensional RV if and
only if it satisfies the following conditions:

(i) F is nondecreasing and right continuous with respect to both arguments;
(ii) F(—00,y) = F(x,—0o0) =0 and F(400,+00) = 1; and
(iii) for every (x1,y1), (x2,y2) with x; < x; and y; < y, the inequality
F(x2,y2) = F(x2,y1) + F(x1,y1) = F(x1,y2) > 0 (2)
holds.
The “if”” part of the theorem has already been established. The “only if”” part will not

be proved here (see Tucker [114, p. 26]).
Theorem 2 can be generalized to the n-dimensional case in the following manner.
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(x1.y2) (*2,y2)

(xl’yl) (Xz,y])

><"

0

Fig.2 {x <x<ux,y <y<ym}

Theorem 3. A function F(x;,x,,...,x,) is the joint DF of some n-dimensional RV if and
only if F is nondecreasing and continuous from the right with respect to all the arguments
X1,X2,...,X, and satisfies the following conditions:

(1) F(—OO,)Cz,...,Xn) :F(X],—OO,XE;,..-,X,I)"'
:F(-xla'-w-xnfla_oo)zoa
F(+00,+00,...,+00) = 1.

(ii) For every (x1,x2,...,%,) € R, and all €; > 0(i = 1,2,...,n) the inequality
F(xi+en,xa+en,...,x,+¢,)

n
— E F(xi4e1,. . Xim1 + i1, X, Xip 1 + €151 Xn +Ep)
i=1

n
+ E F(xi+er,.. X1 F &1, X Xig1 + €15, Xj—1 +Ej—1,

l',']':'l
<j
XisXjp1 T Ej415- -5 Xn —|—En)
+...
+(=1)"F(x1,x2,...,%,) >0 3)

holds.

We restrict ourselves here to two-dimensional RVs of the discrete or the continuous
type, which we now define.
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Definition 3. A two-dimensional (or bivariate) RV (X,Y) is said to be of the discrete type
if it takes on pairs of values belonging to a countable set of pairs A with probability 1. We
call every pair (x;,y;) that is assumed with positive probability p;; a jump point of the DF
of (X,Y) and call pj; the jump at (x;,y;). Here A is the support of the distribution of (X,Y).

Clearly ;p;j = 1. As for the DF of (X,Y), we have
F(xay) = Zplja
B

where B = {(i,j): xi < x,y; <y}

Definition 4. Let (X,Y) be an RV of the discrete type that takes on pairs of values
(xi,v7),i=1,2,...,andj=1,2,.... We call

pij:P{X:Xi,Y:yj}7 i:1,2,...,j:1,2,...,
the joint probability mass function (PMF) of (X,Y).

Example 2. A fair die is rolled, and a fair coin is tossed independently. Let X be the face
value on the die, and let Y = 0 if a tail turns up and Y = 1 if a head turns up. Then

A={(1,0),(2,0),...,(6,0),(1,1),(2,1),...,(6,1)},

1
pij:ﬁ fori=1,2,...,6; j=0,1.

The DF of (X,Y) is given by

0, x<l,—o0<y<oo;—00<x<00,y<0,

%, 1<x<2,0<y<1,

é, 2<x<3,0<y< 1 <x<2,1 <Ly,

1

7 3<x<4,0<y<1,

%, 4<x<5,0<y<1;2<x<3,1<y,
F(x,y) = 5

i 5<x<6,0<y<1,

%, 6<x,0<y<1;3<x<4,1<y,

2

3 4<x<5,1<y,

5

5 5<x<6,1<y,

1, 6<x,1<y.
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Theorem 4. A collection of nonnegative numbers {p;;: i =1,2,...;j=1,2,...} satisfy-
ing 7% pj = 1 is the PMF of some RV.

Proof. The proof of Theorem 4 is easy to construct with the help of Theorem 2.

Definition 5. A two-dimensional RV (X,Y) is said to be of the continuous type if there
exists a nonnegative function f(-,-) such that for every pair (x,y) € R, we have

F(x,y) = / [/ fuvdv}du (4)

where F is the DF of (X,Y). The function f is called the (joint) PDF of (X,Y).
Clearly,

F(+00,+00) = lim / / Sf(u,v)dvdu

x~>+oo
y—+oo

:[w[mf(u,v)dvduzl.

If f is continuous at (x,y), then

°F(x,y)

Tay =f(x). (5)

Example 3. Let (X,Y) be an RV with joint PDF (Fig. 3) given by

e 0P 0<x<oo, 0<y<oo,
f( V) = .
0, otherwise.

Then

Flx.y) (I—e)(1—e?), 0<x<oo, 0<y<oo,
X,y) = .
Y 0, otherwise.

Theorem 5. If f is a nonnegative function satisfying [*°_ [*_ f(x,y)dxdy =1, then f is
the joint density function of some RV.

Proof. For the proof define

F(x,y) = /_xoo [/_Lof(u,v) dv] du

and use Theorem 2.
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Fig.3 f(x,y) =exp{—(x+y)},x>0,y>0.

Let (X,Y) be a two-dimensional RV with PMF

p[j:P{X:Xi,Y:yj}.

Then
D_pi=) PX=xY=y}=P{Y=y} (6)
i=1 i=1
and
Y pi= P{X=x.Y =y} =P{X=x}. (7)
j=1 j=1
Let us write
oo 0o
pi = sz:/‘ and p;= sz:f- ®)
J=1 i=1

Then p;. > 0and 2%, pi. = 1,p; > 0and 33 °, p,; = 1, and {p;. }, {p,;} represent PMFs.

Definition 6. The collection of numbers {p;.} is called the marginal PMF of X, and the
collection {p;}, the marginal PMF of Y.
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Example 4. A fair coin is tossed three times. Let X = number of heads in three tossings,
and Y = difference, in absolute value, between number of heads and number of tails. The
joint PMF of (X,Y) is given in the following table:

o2 s er=y
vl 3 E o]
3 § 0.0 ¢| 2
=g 43 1 4l

The marginal PMF of Y is shown in the column representing row totals, and the marginal
PMF of X, in the row representing column totals.
If (X,Y) is an RV of the continuous type with PDF f, then

mn:[fmw@ ©)
and
mwaﬁfwwm (10)

satisfy f(x) > 0, fo(y) > 0, and [*_fi(x)dx =1, [ fo(y)dy = 1. It follows that f; (x)
and f>(y) are PDFs.

Definition 7. The functions fi (x) and f>(y), defined in (9) and (10), are called the marginal
PDF of X and the marginal PDF of Y, respectively.

Example 5. Let (X,Y) be jointly distributed with PDF f(x,y) =2,0 <x <y < l,and, =0
otherwise (Fig. 4). Then

1
2—-2x, O<x<1
ﬁ@/Z@{

0, otherwise

and

0, otherwise

Y 2y, O0<y<l1
fz(y)Z/ 2dx:{ Y y
0

are the two marginal density functions.
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Ya

fley)=2

v

0 1 X
Fig.4 f(x,y)=2,0<x<y<]1.

Definition 8. Let (X,Y) be an RV with DF F. Then the marginal DF of X is defined by

Fi(x) = F(x,00) = lim F(x,y) (11)

y—0oo

DN if (X,Y) is discrete,
B fjoo-fl (t)dr if (X,Y) is continuous.

A similar definition is given for the marginal DF of Y.

In general, given a DF F(x;,x,,...,x,) of an n-dimensional RV (X;,X>,...,X,), one
can obtain any k-dimensional (1 < k <n— 1) marginal DF from it. Thus the marginal DF
of (X;,,Xy,,...X;, ), where 1 <ij <ip <--- <i; <n,is given by

Jm P, X, x)
[E AN Z N %

= F(400,...,400,x;,,400,...,400,...,X;,+00,...,400).

We now consider the concept of conditional distributions. Let (X,Y) be an RV of the

discrete type with PMF p;; = P{X = x;,Y = y;}. The marginal PMFs are p;. = Zﬁl and

D= Z;’i \pij- Recall that, if A, B € § and PB > 0, the conditional probability of A, given
B, is defined by

P{AB}—[;E?BB)).
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Take A={X=x;}={(x,y): —oo<y<ootandB={Y =y;} ={(x,y); —00 <x < o0},
and assume that PB=P{Y =y;} =p.; > 0. ThenANB={X =x;,Y =y} and
Pij
P{A|B} =P{X=x;| Y:y,-}:;{.
J

For fixed j, the function P{X =x; | ¥ =y;} >0and } .°, P{X =x; | Y = y;} = 1. Thus
P{X = x; | Y = y;}, for fixed j, defines a PMF.

Definition 9. Let (X,Y) be an RV of the discrete type. If P{Y =y;} > 0, the function
P{X =x;,Y =y}
P{Y =y;}
for fixed j is known as the conditional PMF of X, given Y = y;. A similar definition

is given for P{Y =y, | X = x;}, the conditional PMF of Y, given X = x;, provided that
P {X = )C,'} > 0.

PIX=x|Y=y}= (12)

Example 6. For the joint PMF of Example 4, we have for Y =1

0, i=0,3,
PX=i|Y=1}=¢
-, i=1,2.
2
Similarly
1 ifi=0,3
P{X=i|lY=3}=42 Y
0, ifi=1,2,
0, ifj=1
Ply=j|x=0y=4" S
1, ifj=3,
and so on.

Next suppose that (X,Y) is an RV of the continuous type with joint PDF f. Since
P{X=x}=0, P{Y =y} = 0 for any x,y, the probability P{X < x| Y =y} or P{Y <
¥ | X = x} is not defined. Let £ > 0, and suppose that P{y —¢ < Y < y+e¢} > 0. For
every x and every interval (y — e,y + €], consider the conditional probability of the event
{X <x}, giventhat Y € (y—¢e,y+¢]. We have

P{X<xyy—e<Y<y+e}

P{X<x|y—e<Y<y+e}= PV e (—cyre]]

For any fixed interval (y — €,y + €], the above expression defines the conditional DF of X,
giventhat Y € (y—e,y+¢], provided that P{Y € (y—¢,y+¢]} > 0. We shall be interested
in the case where the limit

lim P{X<x|Ye(y—e,y+e]}
e—0+

exists.
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Definition 10. The conditional DF of an RV X, given Y =y, is defined as the limit

lim P{X<x|Y e (y—e,y+el}, (13)
e—=0+
provided that the limit exists. If the limit exists, we denote it by Fyy(x | y) and define
the conditional density function of X, given ¥ =y, fy|y(x | y), as a nonnegative function
satisfying

Fxly(x | y) = / fx‘y([ ‘ y) dt for all x € R. (14)

For fixed y, we see that fyy (x| y) > 0and [ fyjy(x | y)dx = 1. Thus fyy(x | y) is a PDF
for fixed y.

Suppose that (X,Y) is an RV of the continuous type with PDF f. At every point (x,y)
where f is continuous and the marginal PDF f5(y) > 0 and is continuous, we have

P{X<uxY _
Fyjy(x|y) = lim (X<xYe@—eyte]}
e—0+ P{YE(y_57y+E]}

— lim Jos {fﬁ:ef(u,v)dv} du.

+
e0+ R av

Dividing numerator and denominator by 2¢ and passing to the limit as ¢ — 0+, we have

" u,y)du
Fyy(x|y) = f_oo]];((y)y)

X
_ / {f(u,y) } du.
—o0 f2 (y)
It follows that there exists a conditional PDF of X, given Y =y, that is expressed by

fxy)
L)’

We have thus proved the following theorem.

fx|Y(x|Y) =

L) >0.

Theorem 6. Let f be the PDF of an RV (X,Y) of the continuous type, and let f, be the
marginal PDF of Y. At every point (x,y) at which f is continuous and f>(y) > 0 and is
continuous, the conditional PDF of X, given Y =y, exists and is expressed by

f(xy)

. 15
£) (15)

fX|Y(x |y) =
Note that

/ " Fluy)di=f0)Fyy(x ] ),
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so that

A= [ { [ sty du} o= [ EOFwEE a9

where F is the marginal DF of X.

It is clear that similar definitions may be made for the conditional DF and conditional
PDF of the RV Y, given X = x, and an analog of Theorem 6 holds.

In the general case, let (X;,Xa,...,X,) be an n-dimensional RV of the continuous type
with PDF fx, x,.... x, (X1,X2,...,X,). Also, let {ij <ip < -+ < iy, j1 <jo<---<ji} bea
subset of {1,2,...,n}. Then

F(x,-],xiz,...,x,-k \le,sz,...,xﬁ), (17)
X; Xik k
_1(,)0 T _/ooinlwazk’leywajl(uil yee s Wiy Xjps oo 7sz) Hp:l duip
- poo oo k
f,OO T f,OOan7---7X|/(7X;'1---,le(uil oy Wiy Xjys e 7xj1) Hp:l duip

provided that the denominator exceeds 0. Here fx,] oo X X e X, is the joint marginal PDF
of (Xil aXiza e 7.)( X, X;

i»Xj,Xj,,-..,X;). The conditional densities are obtained in a similar
manner.
The case in which (X;,X>,...,X,) is of the discrete type is similarly treated.

Example 7. For the joint PDF of Example 5 we have
fluy) 1

fix) 1—x

so that the conditional PDF fy y is uniform on (x, 1). Also,

frix(y]x) = ) x<y<l,

1
fX\Y('x‘y):;v 0<x<y,

which is uniform on (0,y). Thus

1 1 o
PyY >~ | :}:/ ——dy=1,
{ 2 2 1pl1-1

1

> Z

-3

X
{ ‘ 2 2/3 1 1
P<LX y}/ —dx= —.

We conclude this section with a discussion of a technique called truncation. We con-
sider two types of truncation each with a different objective. In probabilistic modeling we
use truncated distributions when sampling from an incomplete population.

Definition 11. Let X be an RV on (£2,8,P), and T € B such that 0 < P{X € T} < 1.
Then the conditional distribution P{X < x | X € T}, defined for any real x, is called the
truncated distribution of X.
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If X is a discrete RV with PMF p; = P{X = x;}, i = 1,2,..., the truncated distribution
of X is given by

P fyer,
D erPi (18)
0 otherwise.

P{X=x,XET}

PX = | XeTh= = o

If X is of the continuous type with PDF f, then

PX<x,XeT} JicoomnrfO)dy

P{X<x|XeT}= = 19)
WX = ey o) dy
The PDF of the truncated distribution is given by
&’ X E T’
h(x) =13 [pf(y)dy (20)
0, x¢T.

Here T is not necessarily a bounded set of real numbers. If we write Y for the RV with
distribution function P{X < x | X € T}, then Y has support 7.

Example 8. Let X be an RV with standard normal PDF

f)=—=e

Let T = (—00,0]. Then P{X € T} = 1/2, since X is symmetric and continuous. For the
truncated PDF, we have

Ot

Some other examples are the truncated Poisson distribution

e X
P{X:k}:mﬁ, k:l727...,

where T = {X > 1}, and the truncated uniform distribution
fx)=1/6, 0<x<6, and =0 otherwise,

where T = {X < 6}, 60 > 0.

The second type of truncation is very useful in probability limit theory specially when
the DF F in question does not have a finite mean. Let a < b be finite real numbers. Define
RV X* by

= X, ifa<X<b
B 0, ifX<a,orX>bh.
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This method produces an RV for which P(a < X* < b) = 1 so that X* has moments of all
orders. The special case when b = ¢ > 0 and a = —c is quite useful in probability limit
theory when we wish to approximate X through bounded rvs. We say that X¢ is X truncated
at ¢ if X¢ = X for |X| < ¢, and = 0 for |X| > c. Then E|X[* < c*. Moreover,

P{X £X°} = P{|X| > ¢}

so that ¢ can be selected sufficiently large to make P{|X| > ¢} arbitrarily small. For
example, if E|X|* < oo then

P{|X| > c} <E|X|?/c?

and given £ > 0, we can choose ¢ such that E|X|?/c? < e.
The distribution of X is no longer the truncated distribution P{X < x| |X| < c}. In fact,

0, y<—c

F(y) = F(y)—F(—c), —c<y<0
1-F(c)+F(y), 0<y<c
1 y>c,

where F'is the DF of X and F*, that of X¢.
A third type of truncation, sometimes called Winsorization, sets

X =X, ifa<X<b,=a ifX<a, and =b if X > b.

This method also produces an RV for which P(a < X* < b) = 1, moments of all orders
for X* exist but its DF is given by

F*(y)=0 fory<a, =F(y)fora<y<b, =1fory>b.

PROBLEMS 4.2

1. Let F(x,y) =1if x+2y > 1, and = 0 if x+ 2y < 1. Does F define a DF in the
plane?

2. Let T be a closed triangle in the plane with vertices (0,0), (0,v/2), and (v/2,v/2).
Let F(x,y) denote the elementary area of the intersection of 7 with {(x1,x2): x; <
x,x; < y}. Show that F defines a DF in the plane, and find its marginal DFs.

3. Let (X,Y) have the joint PDF f defined by f(x,y) = 1/2 inside the square with
corners at the points (1,0), (0,1), (—1,0), and (0,—1) in the (x,y)-plane, and = 0
otherwise. Find the marginal PDFs of X and Y and the two conditional PDFs.

4. Letf(x,y,z) =e 7%, x>0,y >0, z>0, and = 0 otherwise, be the joint PDF
of (X,Y,Z). Compute P{X <Y <Z}and P{X =Y < Z}.

5. Let (X,Y) have the joint PDF f(x,y) = §[xy+ (x*/2)] if 0 <x < 1,0 <y <2, and
= 0 otherwise. Find P{Y < 1 | X < 1/2}.
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6. For DFs F,F,F,,...,F, show that

I—Z{l— ()} < F(xp,x2,...,%,) < min Fi(x;)

1<i<n

for all real numbers x,x»,...,x, if and only if F;’s are marginal DFs of F.
7. For the bivariate negative binomial distribution

(x+y+k—1)!
xlyl(k—1)!

where x,y =0,1,2,...,k > lisaninteger,0 <p; < 1,0<py < l,andp; +p, < 1,
find the marginal PMFs of X and Y and the conditional distributions.

P{X=xY=y}= -pip5(1—p1—pa)*

In Problems 8—10 the bivariate distributions considered are not unique generalizations
of the corresponding univariate distributions.

8. For the bivariate Cauchy RV (X,Y) with PDF

i(cz 12 +y2)_3/2,
27
find the marginal PDFs of X and Y. Find the conditional PDF of Y given X = x.

9. For the bivariate beta RV (X,Y) with PDF

f(xvy) =

—0 < x<00,—00 <y<oo,c>0,

L(pi+p2+p3) 1t -1
—xpl 2 17](7 P3 ,
TooTeatpy)” 7 Y
x>0,y>0x+y<1,

flxy) =

where p1,p»,ps are positive real numbers, find the marginal PDFs of X and Y and
the conditional PDFs. Find also the conditional PDF of Y /(1 — X), given X = x.

10. For the bivariate gamma RV (X,Y) with PDF

a+y
f(x,y)—r(i)wxa Hy—x)7le™P, 0<x<y;aB,v>0,

find the marginal PDFs of X and Y and the conditional PDFs. Also, find the con-
ditional PDF of ¥ — X, given X = x, and the conditional distribution of X /Y, given
Y=y.

11. For the bivariate hypergeometric RV (X,Y) with PMF

-1
N N N N —Np; — N,
rc=sr == () (V)T
n X y n—x—y
x,y=0,1,2,...,n,
where x < Np;,y < Npy,n—x—y < N(1—p; —p>), N,n integers with n < N, and

0<p1 <1,0<py <1sothatp;+p, <1, find the marginal PMFs of X and Y and
the conditional PMFs.



114

12

13.

14.

15.

16.

17.
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Let X be an RV with PDF f(x) = 1 if 0 < x < I, and = 0 otherwise. Let T =
{x: 1/3 <x < 1/2}. Find the PDF of the truncated distribution of X, its means,
and its variance.

Let X be an RV with PMF

X
P{X:x}:e**f', x=0,1,2,....A>0.
X

Suppose that the value x = 0 cannot be observed. Find the PMF of the truncated
RYV, its mean, and its variance.

Is the function

exp(—u), 0<x<y<z<u<oo
0 elsewhere

f(x7y7z7u) = {

a joint density function? If so, find P(X < 7), where (X,Y,Z,U) is a random
variable with density f.
Show that the function defined by

24
1+x+y+z+u)

f(xayaz7u):( 5 X>O,y>O,Z>O,M>O

and 0 elsewhere is a joint density function.

() FindPX>Y<Z>U,).

(b) Find PX+Y+Z+U>1).

Let (X, Y) have joint density function f and joint distribution function F. Suppose
that

J e y0)f (x2,y2) < f (e, y2)f (x2,31)
holds for x; < a < x; and y; < b < y,. Show that
F(a,b) < Fi(a)Fa(b).
Suppose (X, Y,Z) are jointly distributed with density

g(x)g(y)g(z), x>0,y>0,z2>0
Floyz) = (x)g(v)g(2)
0 elsewhere.

Find P(X > Y > Z). Hence find the probability that (x,y,z) € {X > Y > Z} or
{X <Y < Z}. (Here g is density function on R.)

4.3 INDEPENDENT RANDOM VARIABLES

We recall that the joint distribution of a multiple RV uniquely determines the marginal
distributions of the component random variables, but, in general, knowledge of marginal
distributions is not enough to determine the joint distribution. Indeed, it is quite possible
to have an infinite collection of joint densities f,, with given marginal densities.
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Example 1. (Gumbel [39]). Let f1,f>,/5 be three PDFs with corresponding DFs F, F5, F’3,
and let «v be a constant, || < 1. Define

Jalx1,x2,x3) = fi(x1)f2(x2)f3(x3)
{1+ a2 (x0) — 1]2Fa(52) — 1][2F5 () — 1),

We show that F,, is a PDF for each « in [—1,1] and that the collection of densities
{fa; — 1 < a < 1} has the same marginal densities fi, />, /3. First note that

|[2F1(x1) = 1][2F2(x2) — 1][2F3(x3) = 1]| < 1,
so that
L+ a2F (x1) — 1][2F2(x2) — 1][2F5(x3) — 1] > 0.

Also,
// fa(X17XQ,X3)dX1 dedX3
=14+« (/[2F1 (xl) - llfl (xl)d)q) </[2F2()C2) — 1V2(X2)d)€2>

: (/.[2F3(X3) B 11f3(x3)dxs>

= 1+ a{[F(n)| =~ IF () |7~ 1IF ()| = — 11}
= 1.

(oo}

It follows that f,, is a density function. That f1,f>, f3 are the marginal densities of f,, follows
similarly.

In this section we deal with a very special class of distributions in which the marginal
distributions uniquely determine the joint distribution of a multiple RV. First we consider
the bivariate case.

Let F(x,y) and F;(x),F>(y), respectively, be the joint DF of (X,Y) and the marginal
DFsof X and Y.

Definition 1. We say that X and Y are independent if and only if
F(x,y) = Fi(x)F2(y) forall (x,y) € R,. (1)
Lemma 1. If X and Y are independent and a < ¢,b < d are real numbers, then
Pla<X<cb<Y<d}=P{la<X<c}P{b<Y<d}. (2)

Theorem 1. (a) A necessary and sufficient condition for RVs X, Y of the discrete type
to be independent is that

P{X =x;,Y =y} = P{X = x;}P{Y = y;} 3)
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for all pairs (x;,y;). (b) Two RVs X and Y of the continuous type are independent if
and only if

f(x7y) =/ ()C) 2(y) for all (x,y) € Ry, 4

where f,fi,/>, respectively, are the joint and marginal densities of X and Y, and f is
everywhere continuous.

Proof. (a) Let X,Y be independent. Then from Lemma 1, letting ¢ — ¢ and b — d, we
get

P{X=c,Y=d}=P{X=c}P{Y =d}.

Conversely,
F(x,y) = Z P{X =x;,Y =y},
B
where
B={(i,j): xi <x,y; <y}.
Then

F(x,y)=>_ P{X=xi} P{Y =y}
=Y D P{Y=y}IP{X=x} = F(x)F(y).

X <x y;<y
The proof of part (b) is left as an exercise.

Corollary. Let X and Y be independent RVs. Then Fyx(y | x) = Fy(y) for all y, and
Fy|y(x | y) = Fx(x) for all x.

Theorem 2. The RVs X and Y are independent if and only if
P{X€A,YEA}=P{XEA }P{Y €Ay} (5)
for all Borel sets A on the x-axis and A, on the y-axis.

Theorem 3. Let X and Y be independent RVs and f and g be Borel-measurable functions.
Then f(X) and g(Y) are also independent.
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Proof. We have

P{f(X) vag(Y) Sy} =P{X€f_1(—oo,x ) Ye g_l(_oo7y]}
=P{X ef™ (o0} P{Y € g7'(~00,)]}
=P{f(X) <x} P{g(Y) <y}.

Note that a degenerate RV is independent of any RV.
Example 2. 1Let X and Y be jointly distributed with PDF

I 4+xy
fey)=q 47

0, otherwise.

x| <1,y <1,

Then X and Y are notindependent since f; (x) = 1/2,|x| < 1,and f2(y) = 1/2, |y| < 1 are the
marginal densities of X and Y, respectively. However, the RVs X? and Y? are independent.
Indeed,

ul/2

/2
P{X* <u,Y? <v}= f(x,y)dxdy
/2 )12
Wi/2 W72

1
:7/ [/ (1—|—xy)dx] dy
4 ENVEN I SV

— /212

=P{X* <u}P{Y* <v}.

Note that ¢(X?) and v)(Y?) are independent where ¢ and ¢ are Borel-measurable
functions. But X is not a Borel-measurable function of X?.

Example 3. We return to Buffon’s needle problem, discussed in Examples 1.2.9 and 1.3.7.
Suppose that the RV R, which represents the distance from the center of the needle to the
nearest line, is uniformly distributed on (0,/]. Suppose further that ©, the angle that the
needle forms with this line, is uniformly distributed on [0, 7). If R and O are assumed to
be independent, the joint PDF is given by

11
—.— f0o<r<L0<m,

fro(r,0)=fr(r)fe(@)=q1 « "= g
0 otherwise.

The needle will intersect the nearest line if and only if

ésin@ > R.
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Therefore, the required probability is given by

% )sin6
{sm@ > } / / fro(r,0)drdd
:E/O ismﬂd@:;.

Definition 2. A collection of jointly distributed RVs X}, X5, ..., X, is said to be mutually
or completely independent if and only if

F(x1,x0,...,%,) = HF,-(x,-), for all (x1,x2,...,%,) € Ry, 6)

where F is the joint DF of (Xi,Xa,...,X,), and F;(i = 1,2,...,n) is the marginal DF of
X;. Xi,...,X,, which are said to be pairwise independent if and only if every pair of them
are independent.

It is clear that an analog of Theorem 1 holds, but we leave the reader to construct it.

Example 4. In Example 1 we cannot write

Ja(x1,5%2,%x3) = fi (x1)f2 (x2)f3 (x3)

except when av = 0. It follows that X, X5, and X3 are not independent except when o = 0.
The following result is easy to prove.

Theorem 4. If X;,X,,...,X, are independent, every subcollection X, ,X;,,...,X; of
X1,X,...,X, is also independent.

Remark 1. 1t is quite possible for RVs X|,X5,...X, to be pairwise independent without
being mutually independent. Let (X, Y,Z) have the joint PMF defined by

3
6 if (x,y,z) € {(0,0,0),(0,1,1),
1,0,1),(1,1,0
PIX=xY=y,Z=z}=4 00 (100,
16

— if (x,y,2) €{(0,0,1),(0,1,0),
(1,0,0),(1,1,1)}.
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Clearly, X, Y, Z are not independent (why?). We have

PX=xY =3} =5, (63) €{(0,0),(0,1),(1,0).1, 1)},
PY=yZ=c}=7, (9 €{(0,0,(0,1),(1,0),(1,1)},
PX=xZ=2)=7, (52 €{(0,0),0,1),(10),(11)},
P{X:x}:%, Xx=0,x=1,
P{Y=y}=%, y=0,y=1,
P{Z:z}:%, 2=0,z=1

It follows that X and Y, Y and Z, and X and Z are pairwise independent.

Definition 3. A sequence {X,} of RVs is said to be independent if for every n =2,3,4,...
the RVs X1, X5,..., X, are independent.

Similarly, one can speak of an independent family of RVs.

Definition 4. We say that RVs X and Y are identically distributed if X and Y have the
same DF, that is,

Fx(x) = Fy(x) forallx e R
where Fx and Fy are the DF’s of X and Y, respectively.
Definition 5. We say that {X,} is a sequence of independent, identically distributed
(iid) RVs with common law £(X) if {X,} is an independent sequence of RVs and the

distribution of X,,(n = 1,2...) is the same as that of X.

According to Definition 4, X and Y are identically distributed if and only if they have
the same distribution. It does not follow that X = Y with probability 1 (see Problem 7). If
P{X =Y} =1, we say that X and Y are equivalent RVs. All Definition 4 says is that X
and Y are identically distributed if and only if

P{X €A} =P{Y €A} forall A € B.
Nothing is said about the equality of events {X € A} and {Y € A}.

Definition 6. Two multiple RVs (X;,X,,...,X,,) and (Y;,Y,...,Y,) are said to be
independent if

F(x17x27’"7-xmuy17y27"‘7yn) :Fl(-xla-x27~~~7-xm)F2(yl7y2u"'7yn) (7)
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for all (x1,X2, ..., Xmy V1,25 - -+ Vn) € Ryytn, where F, Fy, F, are the joint distribution func-
tions of (X1,Xa,..., Xy, Y1,Y2,...,Y,),(X1,X2,...,Xn), and (Y1,Y2,...,Y,), respectively.

Of course, the independence of (X1,X»,...,X,,) and (Y;,Y,...,Y,) does not imply the
independence of components X;,X>,...,X,, of X or components Y;,Y,,...,Y, of Y.

Theorem 5. Let X = (X;,X>,...,X,) and Y = (¥},Y>,...,Y,) be independent RVs.
Then the component X; of X(j = 1,2,...,m) and the component Y, of Y (k=1,2,...,n)
are independent RVs. If & and g are Borel-measurable functions, A(X;,X>,...,X,,) and
g(Y1,Y,,...,Y,) are independent.

Remark 2. Tt is possible that an RV X may be independent of Y and also of Z, but X may
not be independent of the random vector (Y,Z). See the example in Remark 1.

Let X1,X5,...,X, be independent and identically distributed RVs with common DF F.
Then the joint DF G of (X;,X>,...,X,) is given by

n
G(x1,x2,..,x) = [ [ F(x)-
j=1
We note that for any of the n! permutations (x;,,%x,,...,x;,) of (x1,Xx2,...,X,)

n
G(x1,X0, ... %) = HF(xij) = G(xi,,Xiys - - -5 X))
=1

so that G is a symmetric function of x1,x,, ..., x,. Thus (X1, X5, ...,X,) 4 X, Xy, X)),
where X £ Y means that X and Y are identically distributed RVs.
Definition 7. The RVs X, X5, ...,X, are said to be exchangeable if
(X1, X0, X)) 2 (X, X, X;)
for all n! permutations (iy, iz, ...,i,) of (1,2,...,n). The RVsin the sequence {X, } are said

to be exchangeable if X;,X>,...,X, are exchangeable for each n.

Clearly if X;,X>,...,X, are exchangeable, then X; are identically distributed but not
necessarily independent.

Example 5. Suppose X, Y, Z have joint PDF

x+y+z), 0<x<1,0<y<1,0<z<]I
0, otherwise.

f(xvyaz) = {

Then X, Y, Z are exchangeable but not independent.
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Example 6. Let X|,X,,...,X, be iid RVs. Let S, = Z]n=1X] n=12...and ¥, =
X —S,/n,k=1,2,...,n—1.Then Y},Y>,...,Y,_; are exchangeable.

Theorem 6. Let X, Y be exchangeable RVs. Then X — Y has a symmetric distribution.

Definition 8. Let X be an RV, and let X’ be an RV that is independent of X and X’ 4x.
We call the RV

X=Xx-X
the symmetrized X.

In view of Theorem 6, X* is symmetric about 0 so that

1 1
P(X*20}>7 and P{X'<0}>.

If E|X| < oo, then E|X*| < 2E|X| < oo, and EX® = 0.
The technique of symmetrization is an important tool in the study of probability limit
theorems. We will need the following result later. The proof is left to the reader.

Theorem 7. For e > 0,

(@) P{X°| > e} <2P{|X|>¢/2}.
(b) Ifa > O such that P{X >a} <1—pand P{X < —a} < 1—p, then

P{|X*| > e} > P{|X| >a+e},

fore > 0.

PROBLEMS 4.3
1. Let A be a set of kK numbers, and € be the set of all ordered samples of size n from
A with replacement. Also, let 8 be the set of all subsets of €2, and P be a probability
defined on 8. Let X;,X>, ..., X, be RVs defined on (€2, 8, P) by setting
Xi(ay,az,... a,) = aj, (i=1,2,...,n).
Show that X, X>, ..., X, are independent if and only if each sample point is equally

likely.
2. Let X1, X, be iid RVs with common PMF

1
PX=x1}=>.

Write X3 = XX;. Show that X;,X;,X3 are pairwise independent but not
independent.
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10.

11.
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. Let (X;,X>,X3) be an RV with joint PMF

1 .
fxr,x0,x3) = if (x1,x2,x3) €A,

4
=0 otherwise,
where
A ={(1,0,0),(0,1,0),(0,0,1),(1,1,1)}.

Are X1, X, X3 independent? Are X, X,, X3 pairwise independent? Are X; + X, and
X3 independent?

. Let X and Y be independent RVs such that XY is degenerate at ¢ # 0. That is,

P(XY = c) = 1. Show that X and Y are also degenerate.

. Let (92,8, P) be a probability space and A, B € 8. Define X and Y so that

X(w) =I1(w), Y(w) = Ig(w) forall w € Q.

Show that X and Y are independent if and only if A and B are independent.

. Let X1,X5,...,X, be a set of exchangeable RVs. Then

{x+&+m+&

k
==, 1<k<n.
Xi+X+--+ X,

n

. Let X and Y be identically distributed. Construct an example to show that X and Y

need not be equal, that is, P{X = Y} need not equal 1.

. Prove Lemma 1.
. LetX;,X>,...,X, be RVs with joint PDF f, and let f; be the marginal PDF of X;(j =

1,2,...,n). Show that X;,X>,...,X, are independent if and only if

FOx,x,.,x,) = Hﬁ(xj) for all (x1,x2,...x,) € R,.
j=1

Suppose two buses, A and B, operate on a route. A person arrives at a certain bus
stop on this route at time 0. Let X and Y be the arrival times of buses A and B,
respectively, at this bus stop. Suppose X and Y are independent and have density
functions given, respectively, by

filx)=—=, 0<x<a, and 0 elsewhere,
H(y) =+, 0<y<b, and 0 otherwise.

What is the probability that bus A will arrive before bus B?

Consider two batteries, one of Brand A and the other of Brand B. Brand A batteries
have a length of life with density function

f(x) =3 % exp(—Ax*), x>0, and 0 elsewhere,
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whereas Brand B batteries have a length of life with density function given by
g(x) =3py*exp(—py’), y>0, and 0 elsewhere

Brand A and Brand B batteries operate independently and are put to a test. What
is the probability that Brand B battery will outlast Brand A? In particular, what is
the probability if A = p?
12. (a) Let (X,Y) have joint density f. Show that X and Y are independent if and only
if for some constant k > 0 and nonnegative functions f; and f>

f(x,y) =k (x)f(y)

for all x,y € R.
(b) Let A = {fx(x) > 0}, B={fy(y) > 0}, and fx, fy are marginal densities of X
and Y, respectively. Show that if X and Y are independent then {f >0} =A x B.
13. If ¢ is the CF of X, show that the CF of X* is real and even.
14. Let X, Y be jointly distributed with PDF f(x,y) = (1 —x%y)/4 for |x| < 1, |y| < 1,
and = 0 otherwise. Show that X £ ¥ and X — Y has a symmetric distribution.

4.4 FUNCTIONS OF SEVERAL RANDOM VARIABLES

Let X1,Xa,...,X, be RVs defined on a probability space (£2,8, P). In practice we deal with
functions of X1, Xy, ..., X, suchas X; + X, X; — Xz, X; X2, min(Xy,...,X,), and so on. Are
these also RVs? If so, how do we compute their distribution given the joint distribution of
X1, X,...,X,?

What functions of (X;,X>,...,X,) are RVs?

Theorem 1. Let g : R, — R, be a Borel-measurable function, that is, if B € 95,,, then
¢ '(B) € B,. If X = (X1,Xs,...,X,) is an n-dimensional RV (n > 1), then g(X) is an
m-dimensional RV.

Proof. For B € ‘B,
{g(Xth,.. . 7Xn) € B} = {(X1>X27"'7Xn) € g_] (B)}’

and, since g~ !(B) € B, it follows that {(X,X>,...,X,) € g~ 1(B)} € 8, which concludes
the proof.

In particular, if g : R, — R, is a continuous function, then g(X;,X5,...,X,) is an RV.

How do we compute the distribution of g(X;,X>,...,X,)? There are several ways to
go about it. We first consider the method of distribution functions. Suppose that ¥ =
g(Xy,...,X,) is real-valued, and let y € R. Then
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Z P(X, =x1,...,x, =X,) in the discrete case
{(Xl»--Avxn)ig(m,-~7Xn)§y}

F(x1,...,x,)dx; ...dx, in the continuous case,
{0 )28 (xr e 0) <y}

where in the continuous case f is the joint PDF of (X,...,X,).

In the continuous case we can obtain the PDF of ¥ = g(X;,...,X,) by differentiating
the DF P{Y < y} with respect to y provided that Y is also of the continuous type. In the
discrete case it is easier to compute P{g(X1,...,X,) =y}.

We take a few examples,

Example 1. Consider the bivariate negative binomial distribution with PMF

(x+y+k—1)

! X
PX =¥ =y} = rin(l=p -p2),

where x,y = 0,1,2,...;k > 1 is an integer; p;,p> € (0,1); and p; + p> < L. Let us find
the PMF of U = X + Y. We introduce an RV V =Y (see Remark 1 below) so that u =
x-+y,v =y represents a one-to-one mapping of A = {(x,y) : x,y = 0,1,2,...} onto the
set B={(u,v):v=0,1,2,...,u;u=0,1,2,...} with inverse mapping x =u—v,y =v. It
follows that the joint PMF of (U, V) is given by
u+k—1)!
=y —s) = { o P o) €

0 otherwise.

The marginal PMF of U is given by

P{U: u} — <M+k— 1)' (1 —P1 _PZ)k Xu: <‘lf)p1i¢—vp;

(k—1)'u! ~
u —1)!(1—p—py)*
_ (utk (}c)'—(:)!j L

= <u+];_l)(P1+P2)"(1—p1—P2)k (u=0,12,...).

Example 2. Let (X;,X>) have uniform distribution on the triangle {0 <x; <x; < 1), that
is, (X1,X>) has joint density function
2, 0<xi<x<l

0, elsewhere.

flxi,x) = {

LetY =X;+X,. Thenfory <0, P(Y <y)=0,andfory >2,P(Y <y)=1.For0<y <2,
we have

P(Y < y) = P(Xl +X, < y) = // f(xh)(?z)dxld)@.

0<x) <xp <1
x1+x2 <y
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(a)

24

0 V2 1 X1

(b)

X2

0 y=1y/2 1 X

Fig.1 (@) {xi+x0<y,0<x1<x<1,0<y<I}and (b)) {xi+x <y,0<x <x, <1<y<2}.

There are two cases to consider according to whether 0 <y <1l or I <y <2 (Fig. la
and 1b). In the former case,

e

and in the latter case,

P(ng):l—P(Y>y)+1—/1 (/ 2dx1>dx2

x=y/2 1=y—x2

y—X] y/2
/ 2dx2> dx) = 2/ (y—2x1)dx; = y2/2
X 0

2=X]

1 _22
:1—2/ (200 —y)dy = 1— B =2
y/2 2
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Hence the density function of Y is given by

s 0<y<l
0, elsewhere.

The method of distribution functions can also be used in the case when g takes values
in R,,, 1 < m < n, but the integration becomes more involved.

Example 3. Let X, be the time that a customer takes from getting in line at a service desk
in a bank to completion of service, and let X, be the time she waits in line before she
reaches the service desk. Then X; > X, and X; — X, is the service time of the customer.
Suppose the joint density of (X1,X>) is given by

e 0<x<x <o

0, elsewhere.

f(xlvxz) = {
Let Y1 = X; + X, and ¥, = X; — X,. Then the joint distribution of (¥;,Y>) is given by

P(Y) <yi, Y2 <) Z//f(xlyxz)dxldxz,
A

where A = {(x1,x2) : x1 +x2 < y1, x1 —x2 < y2, 0 < xp < x1 < o0} Clearly, x; +x; >
X1 — X3 so that the set A is as shown in Fig. 2. It follows that

X2

»

0 1 X1

Fig.2 {xi+x <y,xi—x <y,0<xn <x <oo}.
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(1—»2)/2 X2+
PY <y, » S)’2)=/ (/ €_X'dx1> dx;
X

xn=0 1=X2

vi/2 Y1 —X2
+/ (/ e"‘dx1> dx;
xa=(y1—y2)/2 X1=x2

(yi—y2)/2
:/ e (1—e)dx,
0

yi/2
—|—/ (e™2 — e 2 dx,
(yi—y2)/2

_ (1 _ e_yz)(l — el —yz)/Z)
+ (e*()w*yz)ﬂ _ e*y1/2) e (e)’1/2 _ e(,Vl*VZ)/z)
=12 /2 0= nH12)/2
Hence the joint density of Y}, Y; is given by
eI 0 <y <y < oo
le,Yz(ylvyZ) -
0, elsewhere.

The marginal densities of Y7, Y, are easily obtained as

fu(yi) =€ fory; >0, and O elsewhere;
fOn) = e*yz/z(l — (fyz/z)7 for y, > 0, and 0 elsewhere.

We next consider the method of transformations. Let (X, ...,X,) be jointly distributed
with continuous PDF f (xy, x5, ...,x,), and lety = g(x1,x2,...,%,) = (y1,¥2,- - -,Yn), Where

vi=gi(x1,x2,...,x,), i=12,....n
be a mapping of R, to R,,. Then

P{(Y1,Ys,....Y,) € B} = P{(X,X>,....X,) €g ' (B)}

= SO, x2, . x0) | | dxi,
/g‘(B) ,1;[1

where g=!'(B) = {x = (x1,%2,...,%,) € R,: g(x) € B}. Let us choose B to be the
n-dimensional interval

B=By ={()|,)5,--,V,): —co<y;<y,i=1,2,....,n}.
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Then the joint DF of Y is given by
P{Y € By} =Gy (y) = P{a1(X) <y1,8(X) <y2,....8:(X) <y}

= Flx,x,. x| | d,
/g*1(3y>/ " 1;[1

and (if Gy is absolutely continuous) the PDF of Y is given by

V) = "Gy (y)
Oy 0y, -+ Oy,

at every continuity point y of w. Under certain conditions it is possible to write w in terms
of f by making a change of variable in the multiple integral.

Theorem 2. Let (X;,X>,...,X,) beann-dimensional RV of the continuous type with PDF
Fxr,x2, .00, %).

(a) Let

Y1 :gl(xlax27"'7xn)a

Y2 = gZ(xl,-x2, cee ,Xn),

Yn = gl’l(xlaxZa s axl’l)a

be a one-to-one mapping of R, into itself, that is, there exists the inverse transfor-
mation

X1 = hl(y17y27" . 7yn)7 X2 = hZ(ylay25 cee 7yil)a LR}
Xn = hn()’h)’b oo ayn)

defined over the range of the transformation.
(b) Assume that both the mapping and its inverse are continuous.
(c) Assume that the partial derivatives
Ox;

—, 1<i<nl1<j<n,
3yj

exist and are continuous.
(d) Assume that the Jacobian J of the inverse transformation

ox  Ox Ox
dyr Oy2 T O
% 8}(2 8)(2
O(X1y. . yxp) oy 9y, T Dy
J = ——
a(yh' . -7)7;1)
Ox, Ox, Ox,
Oyr Oya 7 O

is different from O for (y1,y2,...,y,) in the range of the transformation.
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Then (Y1,Y,,...,Y,) has a joint absolutely continuous DF with PDF given by

W(ylayZa--wyn) = ‘Jlf(hl(ylwnyn)?'"7hn(y17'”7yn))' (1)

Proof. For (y1,¥2,.--,¥n) € Ry, let

B:{(y/laylbvy;l)egzﬂ _oo<yz/§ylv l:1,2,,n}

Then

gfl(B) ={xeR,: g(x)eB} ={(x1,%2,...,%0): g(x) <y;, i=12,....n}
and

Gy(y)=P{Y<cB}=P{Xcg '(B)}

/ /f X1,X0, ., Xp) dxy dxy - dx,
'(3)

1 Vi O(X1,%2, -+, %n) ’
h L A LA VA N TR
[ty | SR gy

Result (1) now follows on differentiation of DF G .

Remark 1. In actual applications we will not know the mapping from x,x;,...,x, to
Y1,Y2,...,y, completely, but one or more of the functions g; will be known. If only
k,1 <k < n, of the g;’s are known, we introduce arbitrarily n — k functions such that the
conditions of the theorem are satisfied. To find the joint marginal density of these k vari-
ables we simply integrate the w function over all the n — k variables that were arbitrarily
introduced.

Remark 2. An analog of Theorem 2.5.4 holds, which we state without proof.

Let X = (X1,Xa,...,X,) be an RV of the continuous type with joint PDF f, and let
yi = gi(x1,X%,...,%,), i =1,2,... n, be amapping of R, into itself. Suppose that for each
y the transformation g has a finite number k = k(y) of inverses. Suppose further that R,

can be partitioned into k disjoint sets A;,A»,...,Ax, such that the transformation g from
A;(i=1,2,...,n) into R, is one-to-one with inverse transformation
xl:hli(y17YZa~-->)’n)7~~-» xn:hn,'(ylay27"'ayn)a l:1a277k

Suppose that the first partial derivatives are continuous and that each Jacobian

Ohy  Ohy ... Ohy

Oy Oy> Oyn

Ohy; dhy; ... Ohy

oy; Jya Oy
Ji=

dhyi Ohy; . Ohy;

dy, Oyz Oyn
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is different from O in the range of the transformation. Then the joint PDF of Y is given by

k
W(yl7y27" . Jn) = Z ‘-L‘V(Mi()’ld% cee 7yn)a~ .. 7hni(y17y27' 7)’n))
i=1

Example 4. Let X;,X,,X3 be iid RVs with common exponential density function

) = {ex if x >0,

0 otherwise.

Also, let

X+ X yo_ X
Xi+X+X" XX

'i=X1+X+X3, 1
Then

X1 = y1y2y3,%2 = y1y2 — X1 = y1y2(1 —y3) and
X3=y1—y1yz=y1(1—Y2)-

The Jacobian of transformation is given by
Y23 yiy3 yiy2

J=|y(l—=y3) yi(l—y3) —yiy2 |=—y
1—y2 | 0

Note that 0 < y; < 00, 0 <y, < 1, and 0 < y3 < 1. Thus the joint PDF of Y;,Y>,Y3 is
given by

w(y1,y2,y3) = yiyae "

1 ,
= (2y,) <2y%e“>, 0<y <00,0<y,y;3<1.

It follows that Y;, Y>, and Y3 are independent.

Example 5. Let X, X, be independent RVs with common density given by

flx) =

1 if0<x<1,
0 otherwise.

Let Y; = X; + X5, Y> = X — X». Then the Jacobian of the transformation is given by

ST ST
B— D=

-
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Y24

Fig.3 {0<y +y,<2,0<y —y, <2}.

and the joint density of Y}, Y, (Fig. 3) is given by

Lyt Yi—»n
le,Yz(ylvy2)2f< 5 >f< >
yi+y»

2

if 0 < <1,0< <1,

yi—Y2
2
1 .

=3 if (y1,y2) €{0<y1+y2<2,0<y; —y <2}.

The marginal PDFs of Y| and Y, are given by

1
V1 —
_ylidh—)m 0<y <1,
= 2—y 1
fri(n) hh gdn=2-y, 1<n<2,
0, otherwise;
y2+2 1

“» i =r+l 1<y <0,

_ v 1
Tr.(v2) = fyzz ”Edylzl—)% 0<y <1,

0, otherwise.

Example 6. Let X|,X,,X; be iid RVs with common PDF

1
f(x):—e*xz/z, — 00 < x < 00.
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Let Y, = (X; — X»)/v2,Y, = (X; + X, — 2X3) /+/6, and Y3 = (X; + X, + X3)/+/3. Then

X= =t =

‘}, X1,X%2,x3 € R.
It is easily checked that
B+ =V V4,

so that the joint PDF of Y}, Y5, Y3 is given by

{_ﬁ+ﬁ+%}
: .

1
w(yi,¥2,y3) = (2n) ex

It follows that Y7, Y5, Y5 are also iid RVs with common PDF f.

In Example 6 the transformation used is orthogonal and is known as Helmert’s trans-
formation. In fact, we will show in Section 6.5 that under orthogonal transformations iid
RVs with PDF f defined above are transformed into iid RVs with the same PDF.

It is easily verified that

3 2
X1 +x+x3
N O

j=1

We have therefore proved that (X; +X> + X3) is independent of ZJLI Xi- (X +X+
X3)/3]}2. This is a very important result in mathematical statistics, and we will return to
itin Section 7.7.
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Example 7. Let (X,Y) be a bivariate normal RV with joint PDF

1
f(x,Y) - 27T0'10’2(1 _p2)1/2
1 (=)’ 2p(x—p)y—p2) | (v —p2)?
~exp{—2(l_p2) { ol a 0102 i o3 ]}’

—00<x <00, —00<y<oo;pu €R uy€R;
and oy > 0,0, > 0,|p| < L.

Let
X
U= VX2+7Y2, UZ:?.
For u; > 0,
VX2 +yr=u and ! =u
y
have two solutions:
uiuy ui d
X = —F— V= an X2 = —X1, Y2= )1
V1+u3 V1+u3
for any u; € R. The Jacobians are given by
up up
S V1 +u3 (1+u3)3/? - u
1=J2= 1 L mup __1+u%'

Jitd  (1+B)pP

It follows from the result in Remark 2 that the joint PDF of (Uy, U,) is given by

up f uiuy up
Lt [P\ /1+d 1+

iful >0,M2 GfR,

w(ur,up) = n —uily —u;
VI+E T+

0 otherwise.

In the special case where 1) = pp =0, p =0, and 0y = 0, = 0, we have

L -2 h)/207)

2o

flxy) =
so that X and Y are independent. Moreover,

f(xay) :f(_x7 _y)a
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and it follows that when X and Y are independent

1 2u1 efuf/2(72

uy >0, —oo <up < oo,

W(“ly”Z): 27TO'21+M%
0, otherwise.
Since
1 uy _2 2
w(uy,up) = e /20,

m(1+u3) o2

it follows that U; and U, are independent with marginal PDFs given by

u—lzef"%/z"z7 u; >0,
wl(ul): [
07 u1§0
and
(u2) ! <up <
wy(p) = ————, — 00 < Uy < 00,
T (14 4) g

respectively.

An important application of the result in Remark 2 will appear in Theorem 4.7.2.

Theorem 3. Let (X,Y) be an RV of the continuous type with PDF f. Let
Z=X+Y,U=X—Y,V=XY;

and let W = X/Y. Then the PDFs of Z, U, V, and W are, respectively, given by

= [ " flnzxar,

Ju(u) = /_Oo flu+y,y)dy,

)= [ (e 2)

— 00

Jw(w) = /_00 £ oow,x) |x| dx.

Proof. The proof is left as an exercise.

@)

3

“)

(&)
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Corollary. If X and Y are independent with PDFs f; and f5, respectively, then

)= [ AtG-nax ©)
o) = [~ A0 s ™
o= [ Zﬁ s (%) e ®)
)= [ ilonls(oalas. ©)

Remark 3. Let F and G be two absolutely continuous DFs; then

W= [ Fa-nGtd= [ G-nF o)
is also an absolutely continuous DF with PDF
HW=[ Fa-nchd=[ cL-yFoa.

If

F(x) = Zpks(x—xk) and G(x)= qus(x—yj)
k J

are two DFs, then
H(x) =) > pige(x—xc—y))
ko

is also a DF of an RV of the discrete type. The DF H is called the convolution of F and G,
and we write H = F * G. Clearly, the operation is commutative and associative; that is, if
Fy,Fy,F3are DFs, Fy «F, = F)«Fy and (Fy x Fp) « F3 = Fy % (Fp x F3). In this terminology,
if X and Y are independent RVs with DFs F and G, respectively, X + Y has the convolution
DF H = F x G. Extension to an arbitrary number of independent RVs is obvious.

Finally, we consider a technique based on MGF or CF which can be used in certain
situations to determine the distribution of a function g(X;,X5,...,X,) of X;,X5,....X,.

Let (X;,Xa,...,X,) be an n-variate RV, and g be a Borel-measurable function from R,,
to R;.
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Definition 1. If (X;,X>,...,X,) is discrete type and >~ [g(x1,x2,....%,)|P{X; =
x1,Xo = x2,...,Xy = X, } < 00, then the series

Eg(Xl,X27...7Xn) = Z g(xl,xz,...,xn)P{Xl :xl,Xz :.)Cz,...7xn :x,l}

X15eeyXn

is called the expected value of g(X1,Xa,...,X,). If (X1,X2,...,X,) is a continuous type
RV with joint PDF f, and if

o0 o0 o0
/ / / lg(x1,x2, . x0) |[f (X1, X2, .. ., X de,<oo
—oo0J —c0 —o0

then

oo o0 oo
Eg(Xl,Xz,...,Xn):/ / / glxr, X, xn )f (X1, X2, - 0, Xy del
— 00 — 00 — 00

is called the expected value of g(X;,Xa,...,X,).

Let Y = g(X1,Xa,...,X,), and let ii(y) be its PDF. If E|Y| < oo then

EY = /OO yh(y)dy.

— 00

An analog of Theorem 3.2.1 holds. That is,

/ yh(y)dy:/ / / g(X1,X2,..., )f X15X25 445X del

in the sense that if either integral exists so does the other and the two are equal. The result
also holds in the discrete case.
Some special functions of interest are 27 1 %)s H] 1x where kl,kz, k are non-

negative integers, eXi=1 7% , where 11,1,,...,t, are real numbers, and e'2i=1"%  where
i=v—1.
Definition 2. Let X, Xa,...,X, be jointly distributed. If Ee>=1"% exists for |1;| < hj,
j=12,...,n,forsome h; >0,j=1,2,...,n, we write

M(t] , t27 o tn) =FE (ellxl+f2X2+“'+ben) (10)

and call it the MGF of the joint distribution of (X;,X>,...,X,) or, simply, the MGF of
(X1,X2,...,X,).

Definition 3. Let 7,t,,...,t, be real numbers and i = +/—1. Then the CF of
(X1,X2,...,X,) is defined by
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n
$(t,ta s ta) =EQ exp | i) 1X;
j=1

n n
=E{cos | Y X | p+iEQsin [ > 14X (11)
J=1 J=1
As in the univariate case ¢(fy,1,...,1,) always exists.

We will mostly deal with MGF even though the condition that it exist for |1;| < hj,
Jj=1,2,... nrestricts its application considerably. The multivariate MGF (CF) has prop-
erties similar to the univariate MGF discussed earlier. We state some of these without
proof. For notational convenience we restrict ourselves to the bivariate case.

Theorem 4. The MGF M (#,1,) uniquely determines the joint distribution of (X,Y), and
conversely, if the MGF exists it is unique.

Corollary. The MGF M(1,,t,) completely determines the marginal distributions of X and
Y. Indeed,
M(t1,0) = E(e"¥) = Mx(1,), (12)
M(0,1) = E(e"") = My(tp). (13)

Theorem 5. If M(t,,t,) exists, the moments of all orders of (X,Y) exist and may be
obtained from

aernM(tl , 12)

A =E(X"Y"). (14)
or'oty f=1r=0
Thus,
oM (0,0) _ X, oM (0,0) —Ey,
on on
2 2
0*M(0,0) _EX?, 0*M(0,0) — By,
or o3
9*M(0,0)
—— = =EXY
61‘18t2 ( ),
and so on.

A formal definition of moments in the multivariate case will be given in Section 4.5.
Theorem 6. X and Y are independent RVs if and only if
M(ty,t) = M(t;,0)M(0,1,) forall t;,1, € R. (15)

Proof. Let X and Y be independent. Then,
M(t,1t) = E{"XT2Y} = E("¥*)E(e?Y) = M(1,,0)M(0,1,).
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Conversely, if
M(tl 5 t2> = M(tlaO)M(O7 t2)7

then, in the continuous case,

[ et acas - { [ dx} [ [0 dy} ,

// T (x,y) dxdy = // " (xX)f (y) dxdy.

By the uniqueness of the MGF (Theorem 4) we must have

that is,

fley) =fWh(y)  forall (x,y) € Ry.

It follows that X and Y are independent. A similar proof is given in the case where (X,Y)
is of the discrete type.

The MGF technique uses the uniqueness property of Theorem 4. In order to find the
distribution (DF, PDF, or PMF) of Y = g(X;,X;,...,X,) we compute the MGF of Y using
definition. If this MGF is one of the known kind then Y must have this kind of distribution.
Although the technique applies to the case when Y is an m-dimensional RV, 1 <k <n, we
will mostly use it for the m =1 case.

Example 8. Let us first consider a simple case when X is normal PDF

2
fx) = ——e"/? —co<x<—o0.
V2T
Let Y = X?. Then
1 R
My(s) = Ee’X = —/ e2 (12292 gy
v(s) )
1
= , forx<1/2.
V1—2s
It follows (see Section 5.3 and also Example 2.5.7) that Y has a chi-square PDF
e V/2
w(y) = ) ﬁ)v y>0.

Example 9. Suppose X; and X, are independent with common PDF f of Example 8. Let
Y1 = X; — X,. There are three equivalent ways to use MGF technique here. Let Y, = X>.
Then rather than compute

M(s1,sy) = EeS it



FUNCTIONS OF SEVERAL RANDOM VARIABLES 139

it is simpler to recognize that Y; is univariate so

My, (s) = Ee'*17%2)
= (Ee™)(Ee™"%2)

— es2/2€s2/2 _ esz'
It follows that Y has PDF

1
flx)= —e_sz/“, —00 < x < 00.

Nz

Note that My, (s) = M(s,0).
Let Y3 = X + X,. Let us find the joint distribution of Y;and Y3. Indeed

E (es1Y1+szY3> —E (e(s1+.r2)xl _6(31_52))(2)
=F (6(51+52)X1) E <e(sl—sz)X2>

— o1 H92)?/2 p(51=52)*/2 _ o5 52
and it follows that Y| and Y3 are independent RVs with common PDF f defined above.

The following result has many applications as we will see. Example 9 is a special case.

Theorem 7. Let X;,X5,...,X, be independent RVs with respective MGFs M;(s),
i=1,2,...,n. Then the MGF of Y = Z:.’:l a;X; for real numbers a;,a,...,a, is given by

n
My(s) = HM,'((J,’S).
i=1
Proof. If M; exists for |s| < h;, h; > 0, then My exists for |s| < min(hy,...,h,) and

n n
My(s) = Ee' ==X = [ [ Ee'™ = [ [ Mi(ass).
i=1 i=1

Corollary. If X;’s are iid, then the MGF of Y = > X; is given by My(s) = [M(s)]".

Remark 4. The converse of Theorem 7 does not hold. We leave the reader to construct an
example illustrating this fact.

Example 10. Let X|,X,...,X,, be iid RVs with common PMF

n

P{X=k}= <k>pk(1—p)"k, k=0,1,2,...,n1;0<p< 1.
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Then the MGF of X; is given by
M(t) = (1—p+pe)"

It follows that the MGF of S, =X, + X, +-- -+ X, is

m

Ms, (1) = [[(1=p+pe)"

=(1=p+pe)™,

and we see that S,, has the PMF
P{Sm:s}: (mn>ps(1_p)mn_s7 s:Oala27"'7mn-
s

From these examples it is clear that to use this technique effectively one must be able
to recognize the MGF of the function under consideration. In Chapter 5 we will study a
number of commonly occurring probability distributions and derive their MGFs (whenever
they exist). We will have occasion to use Theorem 7 quite frequently.

For integer-valued RVs one can sometimes use PGFs to compute the distribution of
certain functions of a multiple RV.

We emphasize the fact that a CF always exists and analogs of Theorems 4-7 can be
stated in terms of CFs.

PROBLEMS 4.4

1. Let F be a DF and ¢ be a positive real number. Show that
and

are also distribution functions.
2. Let X, Y be iid RVs with common PDF

fx) =

e ™ ifx>0,
0 if x <0.

(a) Find the PDF of RVs X + Y, X — Y, XY, X/Y, min{X,Y}, max{X,Y},
min{X,Y}/max{X,Y}, and X/(X+7).
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(b) Let U =X+Y and V = X — Y. Find the conditional PDF of V, given U = u,
for some fixed u > 0.
(c) Show that U and Z = X/(X + Y) are independent.

3. Let X and Y be independent RV's defined on the space (€2, 8, P). Let X be uniformly
distributed on (—a,a),a > 0, and Y be an RV of the continuous type with density f,
where f is continuous and positive on R. Let F be the DF of Y. If ug € (—a,a) is a
fixed number, show that

f)

Trixer (v luo) = § F(uo+a) —F(uo —a)
0 otherwise,

ifup—a<y<up+a,

where fy x4y (y | uo) is the conditional density function of Y, given X 4-Y = uy.
4. Let X and Y be iid RVs with common PDF

f(x):{l ifo<x<I,

0 otherwise.
Find the PDFs of RVs XY, X /Y, min{X, Y}, max{X, Y}, min{X, Y}/ max{X,Y}.

5. Let X1, X5, X3 be iid RVs with common density function

fx) =

1 ifo<x<1;
0 otherwise.

Show that the PDF of U = X + X, + X3 is given by

%, 0<u<l,
Bu—u?—=, 1<u<?2,
8(u) = (4 3y 2
°u—
) 2<u<3,
2
0, elsewhere.

An extension to the n-variate case holds.
6. Let X and Y be independent RVs with common geometric PMF

P{X=k}=n(1—-m), k=0,1,2,...;0<7 < 1.

Also, let M = max{X,Y}. Find the joint distribution of M and X, the marginal
distribution of M, and the conditional distribution of X, given M.

7. Let X be a nonnegative RV of the continuous type. The integral part, Y, of X is dis-
tributed with PMF P{Y =k} = \e=*/k!,k=0,1,2,...,A > 0; and the fractional
part, Z, of X has PDF f;(z) = 1 if 0 < z < 1, and = 0 otherwise. Find the PDF of
X, assuming that Y and Z are independent.
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10.

11.

12.

13.

14.

15.
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. Let X and Y be independent RVs. If at least one of X and Y is of the continuous

type, show that X 4 Y is also continuous. What if X and Y are not independent?

. Let X and Y be independent integral RVs. Show that

P(t) = Px(t)Py(1),

where P, Px, and Py, respectively, are the PGFs of X+ Y, X, and Y.

Let X and Y be independent nonnegative RV of the continuous type with PDFs f
and g, respectively. Let f(x) = e~ if x > 0, and = 0 if x < 0, and let g be arbitrary.
Show that the MGF M (r) of Y, which is assumed to exist, has the property that the
DF of X/Y is 1 — M(—t).

Let X,Y,Z have the joint PDF

6(1+x+y+z)~* if0<x,0<y0<z,
0 otherwise.

fx,,2) ={

Find the PDFof U=X+Y +Z.
Let X and Y be iid RVs with common PDF

2

Py = (xv/2m)~le=(1/2)00gx)" " x> 0,
0, x<0.

Find the PDF of Z = XY.

Let X and Y be iid RVs with common PDF f defined in Example 8. Find the joint
PDF of U and V in the following cases:

(@ U=vVX2+Y2 V=tan {(X/Y), —(7/2) <V < (7/2).

b) U=(X+Y)/2,V=(X-Y)?/2.

Construct an example to show that even when the MGF of X + Y can be written as
a product of the MGF of X and the MGF of Y, X and Y need not be independent.
Let X1,X5,...,X, be iid with common PDF

flx)= a<x<b, =0 otherwise.
a

Using the distribution function technique show that
(a) The joint PDF of X,y = max(Xi,X>,...,X,), and X(;y = min(X;,X>,...,X,)

is given by
-1 _ y\n—2
u(x,y) = nin (b)fx@ny) , a<y<x<b,
and = 0 otherwise.
(b) The PDF of X, is given by
8(z) = M a<z<b, =0 otherwise
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and that of X(;) by

}’l(b _Z)nfl

W, a<z<b, =0 otherwise.

h(z) =

16. Let X, X, be iid with common Poisson PMF
)\X
P(X;=x) = eﬂj, x=0,1,2,...,i=1,2,
x!

where A > 0 is a constant. Let X () = max(X;,X>) and X}y = min(X;,X). Find
the PMF of X(z).
17. Let X have the binomial PMF

PX=k) = ( Z >pk(1—p)”_k, k=0,1,....n; 0<p< 1.

Let Y be independent of X and YL X Find PMFof U=X+Yand W=X—Y.

4.5 COVARIANCE, CORRELATION AND MOMENTS

Let X and Y be jointly distributed on (£2,8,P). In Section 4.4 we defined Eg(X,Y) for
Borel functions g on R,. Functions of the form g(x,y) = ¥y* where j and k are nonnegative
integers are of interest in probability and statistics.

Definition 1. If £|X/Y¥| < oo for nonnegative integers j and k, we call E(X'Y*) a moment
of order (j+k) of (X,Y) and write

my = E(X'Y"). (1)
Clearly,
H’l]o:EX, no =FEY (2)
I’I’lzo:EXZ, ni :EXY, I’I’l()zZEYz.

Definition 2. If E|(X —EX) (Y — EY)*| < oo for nonnegative integers j and k, we call
E{(X—EXY(Y —EY)*} a central moment of order (j+ k) and write

i = E{(X— EXY (Y —EY)\}. 3)

Clearly,

“)

pio = po1 =0, oo = var(X), o =var(Y),
i1 = E{(X —mi)(Y —mor)}.

We see easily that

(i1 = E(XY) — EX EY. (5)
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Note that if X and Y increase (or decrease) together then (X — EX)(Y — EY) should be pos-
itive, whereas if X decreases while Y increases (and conversely) then the product should be
negative. Hence the average value of (X — EX)(Y — EY), namely y;, provides a measure
of association or joint variation between X and Y.

Definition 3. If E{(X — EX)(Y — EY)} exists, we call it the covariance between X and Y
and write

cov(X,Y) = E{(X — EX)(Y — EY)} = E(XY) — EXEY. (6)

Recall (Theorem 3.2.8) that E{Y — a}?* is minimized when we choose a = EY so that
EY may be interpreted as the best constant predictor of Y. If instead, we choose to predict
Y by a linear function of X, say aX + b, and measure the error in this prediction by E{Y —
aX — b}z, then we should choose a and b to minimize this so-called mean square error.
Clearly, E(Y —aX — b)?* is minimized, for any a, by choosing b = E(Y —aX) = EY — aEX.
With this choice of b, we find a such that

E(Y —aX —b)* = E{(Y — EY) —a(X — EX)}*

2 2 2
=0y —2ap +aoy

is minimum. An easy computation shows that the minimum occurs if we choose

a="11 )

Ox
provided o3 > 0. Moreover,

minE(Y —aX — b)2 = min {0}2, —2ap; +a20§}
a,b a

_ oy — Ky
0%
2
=031 || b ®)
(oxoy)
Let us write

p= 11 . ©)

OxOy

Then (8) shows that predicting Y by a linear function of X reduces the prediction error
from o to 0% (1 — p*). We may therefore think of p as a measure of the linear dependence
between RVs X and Y.

Definition 4. If EX?, EY? exist, we define the correlation coefficient between X and Y as
_ ecov(X,Y) EXY — EXEY
P~ SDX)sD(Y) VEX? — (EX)?\/EY? — (EY)?’

where SD(X) denotes the standard deviation of RV X.

(10)
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We note that for any two real numbers a and b

a*+b?
b| <
|a |— 2 )

so that E|XY| < oo if EX? < oo and EY? < oc.

Definition 5. We say that RVs X and Y are uncorrelated if p = 0, or equivalently,
cov(X,Y) =0.

If X and Y are independent, then from (5) cov(X,Y) =0, and X and Y are uncorrelated.
If, however, p = 0 then X and ¥ may not necessarily be independent.

Example 1. Let U and V be two RVs with common mean and common variance. Let
X=U+VandY=U-V. Then

cov(X,Y) =E(U* - V) —E(U+V)E(U—-V)=0
so that X and Y are uncorrelated but not necessarily independent. See Example 4.4.9.

Let us now study some properties of the correlation coefficient. From the definition we
see that p (and also cov(X,Y)) is symmetric in X and Y.

Theorem 1.
(a) The correlation coefficient p between two RVs X and Y satisfies
pl < 1. (1

(b) The equality |p| = 1 holds if and only if there exist constants a # 0 and b such that
P{laX+b=1}=1.
Proof. From (8) since E(Y —aX —b)* >0, we must have 1 — p* > 0, or equivalently, (11)
holds.
Equality in (11) holds if and only if p?> = 1, or equivalently, E(Y —aX — b)?> = 0 holds.
This implies and is implied by P(Y = aX +b) = 1. Here a # 0.

Remark 1. From (7) and (9) we note that the signs of a and p are the same so if p = 1 then
P(Y =aX+b) where a > 0, and if p = —1 then a < 0.

Theorem 2. Let EX? < 0o, EY? < oo, and let U = aX + b, V = ¢Y +d. Then,

pPx,y = Lpu,v,

where py y and py v, respectively, are the correlation coefficients between X and Y and U
and V.

Proof. The proof is simple and is left as an exercise.



146 MULTIPLE RANDOM VARIABLES

Example 2. Let X,Y be identically distributed with common PMF
1

PX=k}=, k=12 NN>1).
Then
1 (2N +1
EX:EY:NL, EXZZEY2ZM7
2 6
so that
N?—1
X = Y fr .
var(X) = var(Y) B
Also,
1
E(XY) = E{EX2 +EY?—E(X-Y)*}
_ (N+D@N+1) EX-Y)
B 6 2
Thus,
N+1DQ2N+1) EX-Y)? (N+1)?
cov(x.y) = NFDEN+D)  EX-1)?  (N+1)
6 2 4
HN=1) 1
_WEDW=D) T
12
and
(N> ~1)/12—E(X—Y)?/2
X,y = 5
(N2=1)/12
—1_M
N N2—1

If P{X =Y} =1, then p =1, and conversely. If P{Y = N+1—X} =1, then

E(X-Y)?=EQ2X-N—1)?
N+1)(2N+1)_4(N+1)2

(
=4
6 2

+(N+1)2

and it follows that pyy = —1. Conversely, if px y = —1, from Remark 1 it follows that
Y = —aX + b with probability 1 for some a > 0 and some real number b. To find a and b,
we note that EY = —aEX + b so that b = [(N + 1)/2](1 +a). Also EY? = E(b — aX)?,
which yields

(1 —a®)EX? +2abEX — b* = 0.

Substituting for b in terms of a and the values of EX? and EX, we see that ¢®> = 1, so that
a=1.Hence, b = N+ 1, and it follows that Y = N 4+ 1 — X with probability 1.
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Example 3. Let (X,Y) be jointly distributed with density function

x+y, 0<x<l,0<y<]1.
flxy) = .
0, otherwise.

Then

1l
EXIY’”:/ / x'y™ (x4 y)dxdy

/ / I+1 mdxdy“r/ / ! m+ldxdy

(l+2)(m 1) (l+1)(m+2)

where / and m are positive integers. Thus

EX—EY—l

- 12
Exzzlﬂ/z:i

12’

5 49 11
var(X) = var(Y) = 72~ Tad = 142’
1 49 1
COV(X,Y)—g*m—*m7 p—*l/ll

Theorem 3. Let X;,X,...,X, be RVs such that E|X;| < oco,i = 1,2,...,

ai,ay,...,a, be real numbers, and write
S=a1Xi +aXo+---+a,X,.
Then ES exists, and we have

n
ES =Y aEX;.
j=1

Proof. TIf (X1,Xa,...,X,) is of the discrete type, then

ES = arxi, +asxi, +- -+ anX;, ) P{X1 = xi, Xo = Xy, X = x;
1 2 n 1 2 n

i1,02,0050n

—alzxn > PXi=x,..,Xa=x,}

02, sin

4. +anzx, Z P{X;=x;,....Xn=x; }

iyeeyn—1

—aIZx,lP{Xl—x,l}—l— +anZP{X =x;}

in

= alEX1 +---+a,EX,.

147

n. Let

12)
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The existence of ES follows easily by replacing each a; by |a;| and each x;; by |x;;| and
remembering that E|X;| < co,j=1,2,...,n. The case of continuous type (X;,X>,...,X,)

is similarly treated.

Corollary. Take aj =a, =--- =a, = 1 /n. Then

Xi+X+--+ X, 1<
E = - EX;,
()
and if EX| = EX; = --- = EX,, = u, then

Xi+Xo+ X,
E(Mr> _p

n

Theorem 4. Let X;,X>,...,X, be independent RVs such that E|X;| < c0,i = 1,2,...,n.
Then E([]_, X;) exists and

E (ﬁXl) = f[EX,-. (13)
i=1 i=1

Let X and Y be independent, and g;(-) and g,(-) be Borel-measurable functions. Then
we know (Theorem 4.3.3) that g;(X) and g, (Y) are independent. If E{g,(X)}, E{g2(Y)},
and E{g1(X) g2(Y)} exist, it follows from Theorem 4 that

E{e1(X)&:2(Y)} = E{21(X)} E{g2(V)}. (14)

Conversely, if for any Borel sets A; and A, we take g1 (X) = 1if X € A, and = 0 otherwise,
and g>(Y) = 1if Y € A, and = 0 otherwise, then

E{g1(X)g2(Y)} = P{X €A}, Y € A2}

and E{g1(X)} = P{X € A}, E{g2(Y)} = P{Y € A,}. Relation (14) implies that for any
Borel sets A; and A, of real numbers

P{XGAMYEAQ}:P{XEAl}P{YGAQ}.

It follows that X and Y are independent if (14) holds. We have thus proved the following
theorem.

Theorem 5. Two RVs X and Y are independent if and only if for every pair of Borel-
measurable functions g; and g, the relation

E{g1(X)g2(Y)} = E{g1(X)} E{g2(Y)} (15)

holds, provided that the expectations on both sides of (15) exist.
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Theorem 6. Let X;,X,,...,X, be RVs with E|X;]> < oo for i = 1,2,...,n. Let

ai,ap,...,a, be real numbers and write S = Z:’Zl a;X;. Then the variance of S exists and
is given by
var(S) = Zafvar(X,-) —&—ZZaiajcov(Xi,)(j). (16)
i=1 i=1 j=1
iZj

If, in particular, X;,X>, ..., X, are such that cov(X;,X;) =0 fori,j =1,2,...,n,i #j, then
var(S) =Y _a; var(X;). (17)
i=1

Proof. We have

n n 2
var(S) =E {Za,-X,- — ZaiEXi}
i=1 i=1
=EQ Y al(Xi—EX,)*+ ) aaj(X; — EX;)(X; — EX;)
i=1 i

=Y @GEX;—EX)’+> _agE{(X; — EX;)(X; — EX;)}.
i=1 i#j

If the X;’s satisfy
cov(X;,X;) =0 fori,j=1,2,...,n;i%#],
the second term on the right side of (16) vanishes, and we have (17).

Corollary 1. Let X;,X,...,X, be exchangeable RVs with var(X;) = 02, i=1,2,...,n.
Then

n n n
var (Z a,-X,-) =2 Z cll-2 + p02 Z a;a;,
i=1 i=1 i#j
where p is the correlation coefficient between X; and X;, i # j. In particular,

z Xi 0'2 n—1 >
var<zn>—n+ " po-.

i=1

Corollary 2. If X, X>,...,X, are exchangeable and uncorrelated then

n n
var E a; X; 2025 al-z,
i=1 i=1
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and
n 2
X,‘ o
var E — | =—.
(i—l n) n

Theorem 7. Let X|,X»,...,X, be iid RVs with common variance 2. Also, let
ai,a,...,a, bereal numbers such that " a; = 1,and let S =Y, a;X;. Then the variance
of S is least if we choose a; = 1/n,i=1,2,...,n.

Proof. We have
var(S) = o? Zaf7
i=1

which is least if and only if we choose the @;’s so that >_;_, a? is smallest, subject to the
condition Y}, a; = 1. We have

which is minimized for the choice ¢; = 1/n,i=1,2,...,n.
Note that the result holds if we replace independence by the condition that X;’s are
exchangeable and uncorrelated.

Example 4. Suppose that r balls are drawn one at a time without replacement from a bag
containing n white and m black balls. Let S, be the number of black balls drawn.

Let us define RVs X as follows:

X, =1 if the kth ball drawn is black

=0  if the kth ball drawn is white =1L2,...,r
Then
S, =Xi+X+ - +X,.
Also
" n

PXo=1}= " P(X,=0} =

. 18
m-+n m-+n (18)
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Thus EX; = m/(m+n) and

(X0 m m mn
var(Xy) = - = .
YT mdn (m+n)? (m+n)?

To compute cov(X;, Xy ), j # k, note that the RV X;X; = 1 if the jth and the kth balls drawn
are black, and = 0 otherwise. Thus

m m—1

EXX)=P{X=1,X,=1}= _ 19
(/k) {j Sk } m+nm+n—1 (19)
and
cov(X;, Xy) = — m .
(m+n)*(m+n—1)
Thus
: mr
ES, =) EXy=
and
mn mn
S)=r————r(r—1
var(S,) r(m—l—n)2 r(r )(m+n)2(m+n—1)
= o (m+n—r)
 (m4n)2(m+n+1) ’
The reader is asked to satisfy himself that (18) and (19) hold.
Example 5. LetX;,X,,...,X,beindependent, and a;,ay, .. .,a, be real numbers such that

Y a; = 1. Assume that E|X?| < co0,i = 1,2,...,n, and let var(X;) = 02, i = 1,2,...,n.
Write S = >, @;X;. Then var(S) = Y_"_, a?o? = o, say. To find weights a; such that o
1S minimum, we write

22 29 2 2
oc=ajoitaor+-+(l-a1—a—-—a,-1) 0,

and differentiate partially with respect to ay,as,...,a,_1, respectively. We get

do

— =2aq02—2(1—aj—ar— - —ay_;)o> =0,
a1 ajo; —2(1—a;—ay an—1)0,
0
5ai1 :2an_]oﬁ_1 —2(l—ay —a2—~~~—an_1)0320.
It follows that
ajajzzanaﬁ, j=12,....n—1,
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that is, the weights a;, j=1,2,..., n, should be chosen proportional to 1/ ojz. The minimum
value of ¢ is then

where k is given by >, (k/0}) = 1. Thus

1 H

Omin = &= /772y —
Zj:l (1/Uj ) n
where H is the harmonic mean of the ajz.

We conclude this section with some important moment inequalities. We begin with the
simple inequality

la+b|" < c (lal"+[b]"), (20)

where ¢, =1 for0<r<1land=2""!forr>1.Forr=0andr=1, (20)is trivially true.
First note that it is sufficient to prove (20) when 0 < a < b. Let 0 < a < b, and write
x=a/b. Then

(a+b)" _ (1+x)"

a +b" 14+x"

Writing f(x) = (1 +x)"/(1+x"), we see that

flx) = e

EEE

where 0 < x < 1. It follows that f'(x) > 0if r > 1,=0if r =1, and < 0 if r < 1. Thus

Orggglf(x) fO)=1 ifr<t,

while

= ==l i > 1.
()Iél%xlf(x) f(1)=2 ifr>1

Note that |a+b|" < 2"(|a|"+|b|") is trivially true since
la+ b| < max(2|al,2|b]).
An immediate application of (20) is the following result.

Theorem 8. Let X and Y be RVs and r > 0 be a fixed number. If E|X|", E|Y|" are both
finite, so also is E|X + Y|".



COVARIANCE, CORRELATION AND MOMENTS 153
Proof. Leta= X and b =Y in (20). Taking the expectation on both sides, we see that
EIX+7Y|" <c (EX|"+E|Y]"),

where ¢, = 1if0<r<land=2""lifr>I.
Next we establish Holder’s inequality,

P q
oy < P B 1)
P q

where p and g are positive real numbers such that p > 1 and 1/p+ 1/g = 1. Note that for
x > 0 the function w = log x is concave. It follows that for x;, x, > 0

log[tx; 4+ (1 —1)xp] > tlogx; + (1 —1) logx,.
Taking antilogarithms, we get
xﬂx;_’ >t + (1 —1)xs.

Now we choose x; = |x|P,x; = |y|9,t=1/p,1 —t=1/q, wherep >l and 1 /p+1/¢g=1,
to get (21).

Theorem 9. Letp > 1,4 > 1 sothat 1/p+1/g = 1. Then
E|XY| < (E|X|")!/P(E|Y|")"/7. (22)
Proof. By Holder’s inequality, letting x = X{E|X|?} /7,y = Y{E|Y|7}~1/4, we get

XY| < p~![XP{EIX]P} /P HE| Y|}
+q [YEY| Y HEX P

Taking the expectation on both sides leads to (22).
Corollary. Taking p = g = 2, we obtain the Cauchy—Schwarz inequality,
E|XY| < E'?|X|?E'?|Y)?.
The final result of this section is an inequality due to Minkowski.
Theorem 10. Forp > 1,
{EIX+YP}/P <{EIXPY/P+{E|Y]P}/7. (23)
Proof. We have, forp > 1,

X+ Y < X||X+YP 4|y X +rpPl
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Taking expectations and using Holder’s inequality with ¥ replaced by |[X + Y|P~!(p > 1),
we have

EX+YP <{E|X]P}/P{E|X + Y|P~ Da}1/a
+ {E|Y\”}1/”{E\X—&— y|(p—1)q}1/q
= {EXP Y7 4+ (B PY] - (EX ¥ 0Dy e,

Excluding the trivial case in which E|X + Y|’ = 0, and noting that (p — 1)g = p, we have,
after dividing both sides of the last inequality by {E|X + Y[P}!/4,

{EIX+YPYP <{EXPY/P+{E[YP}'/?, p>1.

The case p = 1 being trivial, this establishes (23).

PROBLEMS 4.5

1. Suppose that the RV (X,Y) is uniformly distributed over the region R = {(x,y) :
0 <x <y < 1}. Find the covariance between X and Y.

2. Let (X,Y) have the joint PDF given by

x2+% ifo<x<1,0<y<?2,

0 otherwise.

f(x,)’) = {

Find all moments of order 2.
3. Let (X,Y) be distributed with joint density

1 .
Floy) = 4 g Ho@ =] il <1 pI <1,
0 otherwise.

Find the MGF of (X,Y). Are X, Y independent? If not, find the covariance between
XandY.

4. For a positive RV X with finite first moment show that (1) EvVX < VEX and
(2) E{1/X} > 1 /EX.
5. If X is a nondegenerate RV with finite expectation and such that X > a > 0, then

E{V/X?>—d’} <+/(EX)>—d>.

(Kruskal [56])
6. Show that for x > 0

oo 2 0o oo
(/ te’2/2dt> g/ ef’z/zdt/ e "2 gy,
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10.
11.

12.

13.

and hence that

/ e~ > L4 2)12 e P L

\S)

. Given a PDF f that is nondecreasing in the interval a < x < b, show that for any

s>0

[ sz Eo [

with the inequality reversed if f is nonincreasing.

. Derive the Lyapunov inequality (Theorem 3.4.3)

{EIX|["}Vr <{EIX]}Ys, 1<r<s<oo,

from Holder’s inequality (22).

. Let X be an RV with E|X|" < oo for r > 0. Show that the function logE|X|" is a

convex function of r.

Show with the help of an example that Theorem 9 is not true for p < 1.

Show that the converse of Theorem 8 also holds for independent RVs, that is, if
E|X+7Y|" < oo for some r > 0 and X and Y are independent, then E|X|" < oo,
E|Y|" <oo.

[Hint: Without loss of generality assume that the median of both X and Y is 0.
Show that, for any ¢ > 0, P{|X + Y| >t} > (1/2)P{|X]| > ¢}. Now use the remarks
preceding Lemma 3.2.2 to conclude that E|X|" < c0.]

Let (€2,8,P) be a probability space, and Aj,A,,...,A, be events in 8 such that
P(Up_,Ax) > 0. Show that

"OPA)P=>"_ PA
) Z AAk Zk:l k) Zk:l k.
P(U_ Ax)

1<j<k<n

(Chung and Erdos [14])
[Hint: Let X; be the indicator function of A, k = 1,2,...,n. Use the Cauchy—
Schwarz inequality.]
Let (£2,8,P) be a probability space, and A,B,€ 8 with 0 < PA < 1,0 < PB < 1.
Define p(A, B) by p(A, B) = correlation coefficient between RVs I, and I, where
I4, I, are the indicator functions of A and B, respectively. Express p(A, B) in terms
of PA, PB, and P(AB) and conclude that p(A,B) = 0 if and only if A and B are
independent. What happens if A = B or if A = B“?

(a) Show that

p(A,B) >0« P{A|B} > P(A) < P{B| A} > P(B)
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and
p(A,B) <0< P{A|B} <PA< P{B|A} < PB.
(b) Show that

AB) P(A°B°) — P(AB°) P(A°B)
(PAPA¢-PBPB°)'/?

p(A,B) = il

14. Let X1,X>,...,X, be iid RVs and define

X — Z:’:lxi 2 Z?:l(xi_)_()z.
n ' (n—1)

Suppose that the common distribution is symmetric. Assuming the existence of
moments of appropriate order, show that cov(X,5?) = 0.

15. Let X, Y be iid RVs with common standard normal density

1
flx)= e*xz/z, —00 < x < 00.

V2r

Let U= X+Y and V = X?> + Y. Find the MGF of the random variable (U, V).
Also, find the correlation coefficient between U and V. Are U and V independent?

16. Let X and Y be two discrete RVs:
PiX=x}=pi,  PX=xn}=1-p;
and
P{Y =y} =pa, P{Y =y} =1—p.

Show that X and Y are independent if and only if the correlation coefficient between
X and Y is 0.

17. Let X and Y be dependent RV's with common means 0, variances 1, and correlation
coefficient p. Show that

E{max(X*,Y?)} < 1++/1—p2

18. Let X;,X; be independent normal RVs with density functions

1 1 [(x—p; :
(x) = expq —= , —o<x<ooyi=1,2.
filx) P p{ 2( 01_)}

Also let

Z=X;cos0+X,sinf and W = X,cosf —X;sinf.
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19.

20.

21.

22,

23.

Find the correlation coefficient between Z and W and show that

where p denotes the correlation coefficient between Z and W.

Let (X,X2,...,X,) be an RV such that the correlation coefficient between each
pair X;,X;,i # j, is p. Show that —(n—1)"! <p < 1.

Let X1,Xs, ..., X4, be iid RVs with finite second moment. Let S, = Zf:l X, k=

1,2,...,m+ n. Find the correlation coefficient between S, and S,,+, — S,,, where
n>m.
Let f be the PDF of a positive RV, and write
JM ifx>0,y>0,
glxy)=4q x+y
0 otherwise.

Show that g is a density function in the plane. If the mth moment of f exists for
some positive integer m, find EX". Compute the means and variances of X and Y
and the correlation coefficient between X and Y in terms of moments of f. (Adapted
from Feller [26, p. 100].)

A die is thrown n+ 2 times. After each throw a + sign is recorded for 4, 5, or 6, and
a — sign for 1, 2, or 3, the signs forming an ordered sequence. Each sign, except
the first and the last, is attached to a characteristic RV that assumes the value 1
if both the neighboring signs differ from the one between them and 0 otherwise.
Let X;,X>,...,X, be these characteristic RVs, where X; corresponds to the (i+ 1)st
sign (i =1,2,...,n) in the sequence. Show that

- n - Sn—2
E{ZX,}4 and var{ZX,} T

Let (X,Y) be jointly distributed with PDF f defined by f(x,y) = % inside the
square with corners at the points (0,1),(1,0),(—1,0),(0,—1) in the (x,y)-plane,
and f(x,y) = 0 otherwise. Are X, Y independent? Are they uncorrelated?

4.6 CONDITIONAL EXPECTATION

In Section 4.2 we defined the conditional distribution of an RV X, given Y. We showed that,
if (X,Y) is of the discrete type, the conditional PMF of X, given Y = y;, where P{Y = y;} >
0, is a PMF when considered as a function of the x;’s (for fixed y;). Similarly, if (X,Y) is an
RV of the continuous type with PDF f(x,y) and marginal densities f; and f>, respectively,
then, at every point (x,y) at which f is continuous and at which f>(y) > 0 and is continuous,
a conditional density function of X, given Y, exists and may be defined by

fxy)
f)

fX|Y(x |y) =
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We also showed that fxy(x | y), for fixed y, when considered as a function of x is a PDF
in its own right. Therefore, we can (and do) consider the moments of this conditional
distribution.

Definition 1. Let X and Y be RVs defined on a probability space (€2,8,P), and let & be a
Borel-measurable function. Then the conditional expectation of h(X), given Y, written as
E{h(X) | Y}, is an RV that takes the value E{h(X) | y}, defined by

Zh(x)P{X =x|Y =y} if(X,Y)is of the discrete
X

E{(h(X) |y} = N type and P{Y =y} >0, "
/ h(x)fxjy(x | y)dx if (X, Y) is of the contain-

nous type and f>(y) > 0.
when the RV Y assumes the value y.

Needless to say, a similar definition may be given for the conditional expectation

Itis immediate that E{#(X) | Y} satisfies the usual properties of an expectation provided
we remember that E{A(X) | Y} is not a constant but an RV. The following results are easy
to prove. We assume existence of indicated expectations.

E{c|Y}=c, forany constantc 2)
E{laigi(X) +axga(X)] | Y} = alE{&1(X) | Y} +aaE{2(X) | Y}, &)

for any Borel functions g;, g>.

P(X>0)=1=E{X|Y}>0 )
P(X, >X,) = 1= E{X, | Y} > E{X, | Y}. 5)

The statements in (3), (4), and (5) should be understood to hold with probability 1.
E{X|Y}=EXX), E{Y[X}=E(Y) (©6)

for independent RVs X and Y.
If ¢(X,Y) is a function of X and Y, then

E{¢(X,Y) |y} =E{o(X,y) | v} (7)
E{Y(X)o(X,Y) | X} = p(X)E{o(X,Y) | X} ®)

for any Borel functions ) and ¢.

Again (8) should be understood as holding with probability 1. Relation (7) is useful as
a computational device. See Example 3 below.

The moments of a conditional distribution are defined in the usual manner. Thus, for
r >0, E{X" | Y} defines the rth moment of the conditional distribution. We can define the
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central moments of the conditional distribution and, in particular, the variance. There is
no difficulty in generalizing these concepts for n-dimensional distributions when n > 2.
We leave the reader to furnish the details.

Example 1. An urn contains three red and two green balls. A random sample of two balls
is drawn (a) with replacement and (b) without replacement. Let X = 0 if the first ball drawn
is green, = 1 if the first ball drawn is red, and let Y = O if the second ball drawn is green,
= 1 if the second ball drawn is red.

The joint PMF of (X, Y) is given in the following tables:

(a) With Replacement (b) Without Replacement
X X
v 0 1 v 0 1
4 6 | 2 2 6 | 2
0 35 5|5 0 % 2|5
1 6 9 |3 1 6 6 |3
25 25 |5 20 20 | 5
2 3 2 3
5 05 |1 5 05 |1

The conditional PMFs and the conditional expectations are as follows:

2 2
3 207 3 :O7
@ P{X=x|0}=q7% Ply=yloy=43 7~
5 ) 5 y_la
z :07 z y 13
P{X=x|1}= {g B P{Y=y|1} =47
39 x_lv 59 y 11
3 3
z =0 z =0
E(X|v}=43 E(y[X}=43 "
3 _ 3 .
5 }’—17 5 _17
1 1
4 .X:O, 4 :Oa
(b) P{X=x|0}={;‘ _ P{Y=y|0}={;‘ Y
4 )C—l, 49 yfla
3. x=0, 3 ¥=0,
P{X=x|1} =47V P{Y=y[l}=¢%
2 L, 3 y=1,
3 — 3 _
Ex|ry={1 27 Eyixy={1 7%
1 _ 1
29 yflv 29 =1

Example 2. For the RV (X,Y) considered in Examples 4.2.5 and 4.2.7

11—x2 1+x

= 1
71 x > 0<x<

E{Y[x} = / }’fy\x (v]x)dy =
and

BIX |} = [ e[ nde=3,  0<y<t
0
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Also,

E{X*|y}= ELPR
yp=1/ x dx—3, 0<y<1
o Y

and

var{X |y} = E{X" | y} — [E{X | y}]?

2 2 2
_y Y _ Yy
=3 7 1 O0<y<l.
Theorem 1. Let Eh(X) exist. Then,
Eh(X) = E{E{h(X) | Y}}, ©

Proof. Let (X,Y) be of the discrete type. Then,
E{E{n(X)|Y}} = {Zh(X)P{X =x|Y =y}} P{Y =y}

= Z {Zh(x)P{X =xY :y}}
y X
= Zh(x)z P{X=x,Y=y}
x y
= Eh(X).
The proof in the continuous case is similar.
Theorem 1 is quite useful in computation of Eh(X) in many applications.
Example 3. Let X and Y be independent continuous type RVs with respective PDF f and

g, and DF’s F and G. Then P{X < Y} is of interest in many statistical applications. In view
of Theorem 1

P(X <Y)=Elxcyy =E{E{lixcy}|Y}},

where I, is the indicator function of event A. Now

E{lixeny|Y =y} = E{Ix< |y}
:E<I[X<y]) =F(y)

and it follows that

Pix<v)=E{Fm) = [ " F)e()dy.
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If, in particular, X 4 Y, then
i 1
P{X<Y}= Fy)f ()dy = 5.

More generally,

P{X-Y <z} =E{E{lix_y<y | Y}} =E{F(Y+2)}
= / F(y+z)g(y)dy

— 00

gives the DF of Z = X — Y as computed in corollary to Theorem 4.4.3.
Example 4. Consider the joint PDF

fx,y) =xe™™0H) x>0,y >0, and 0 otherwise
of (X,Y). Then

fx(x) =e™", x>0, and 0 otherwise

fr(y) =

1
m, y >0, and 0 otherwise.
y

Clearly, EY does not exist but

o 1
E{Y |x}= / yxe Pdy = —.
0 X
Theorem 2. If EX? < oo, then
var(X) = var(E{X | Y}) + E(var{X | Y}). (10)
Proof. The right-hand side of (10) equals, by definition,

{E(E{X | Y})? = [E(E{X | YD)} + E(E{X? | Y} - (E{X | Y})?)
={E(E{X | Y})* - (EX)*} + EX* — E(E{X | Y})?
= var(X).
Corollary. If EX?> < oo, then
var(X) > var(E{X | Y}) an

with equality if and only if X is a function of Y.
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Equation (11) follows immediately from (10). The equality in (11) holds if and only if
E(var{X | Y}) =E(X —E{X | Y})*=0,
which holds if and only if with probability 1
X=E{X|Y}. (12)

Example 5. Let X;,X5,... be iid RVs and let N be a positive integer-valued RV. Let
Sy = Zszl X} and suppose that the X’s and N are independent. Then,

E(Sy) = E{E{Sy | N}}.
Now,
E{Sy |N =n} =E{S, | N =n} = nEX,
so that
E(Sy) = E{NEX,} = (EN)(EX,).

Again, we have assumed above and below that all indicated expectations exist. Also,

var(Sy) = var(E{Sy | N}) + E(var{Sy | N}).

First,
var(E{Sy | N}) = var(NEX,) = (EX,)? var(N).
Second,
var{Sy | N = n} = nvar(X;)
)

E(var{Sy | N}) = (EN)var(X;).
It follows that

Var(Sy) = (EX,)*var(N) + (EN)var(X;).

PROBLEMS 4.6

1. Let X be an RV with PDF given by

1 exp{ 1 (x—p)?

fx) =

 oV2r

2 3 }, —0<x <00, —o0 < 1< oo,0>0.
g

Find E{X | a < X < b}, where a and b are constants.
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2. (a) Let (X,Y) be jointly distributed with density

1 —4,—y(14x) ! >0
f(x,y):{ﬂ +x)~te IESEL
0, otherwise.

Find E{Y | X}.
(b) Do the same for the joint density

4
flx,y) = g(X+3y)e‘x‘2y, x,y >0,

=0, otherwise.

3. Let (X,Y) be jointly distributed with bivariate normal density
1

fxy) = ———F—

(v.7) 2wo1004/ 1 — p?

et | (522) - (52) (52)+(52) )

Find E{X | y} and E{Y | x}. (Here, p1, 112 € R,01,0, >0, and |p| < 1.)
4. Find E{Y —E{Y | X}}*.
. Show that E(Y — ¢(X))? is minimized by choosing ¢(X) = E{Y | X}.
6. Let X have PMF

wn

Py(X=x)=Xe/x!, x=0,1,2,...
and suppose that ) is a realization of a RV A with PDF
fN)=e " A>0.
Find E{e™" | X = 1}.
7. Find E(XY) by conditioning on X or Y for the following cases:
(@) f(x,y) =xe*() x>0,y >0, and 0 otherwise.

(b) f(x,y) =2,0<y<x<1,and zero otherwise.

8. Suppose X has uniform PDF f(x) = 1,0 < x < 1, and 0 otherwise. Let Y be chosen
from interval (0,X] according to PDF

1
gy|x)=-, 0<y<ux, andO otherwise
x

Find E{Y* | X} and EY* for any fixed constant k > 0.
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4.7 ORDER STATISTICS AND THEIR DISTRIBUTIONS

Let (X1,X2,...,X,) be an n-dimensional random variable and (x;,x,,...,x,) be an n-tuple
assumed by (X;,X5,...,X,). Arrange (x1,x,,...,x,) in increasing order of magnitude so
that

Xy Sxo) < <X,

where x(jy = min(x;,xz,...,X,), X(2) is the second smallest value in x,x2,...,X,, and so
on, x(;) = max(xi,xa,...,x,). If any two x;, x; are equal, their order does not matter.

Definition 1. The function X(;) of (X;,X>,...,X,) that takes on the value x) in each
possible sequence (xj,x,...,x,) of values assumed by (X;,X,,...,X,) is known as the
kth order statistic or statistic of order k. {X(1y,X(),...,X()} is called the set of order
statistics for (X1,X5,...,X,).

Example 1. Let X, X;, X5 be three RVs of the discrete type. Also, let X, X3 take on values
0, 1, and X, take on values 1,2, 3. Then the RV (X, X5, X3) assumes these triplets of values:
(0,1,0), (0,2,0), (0,3,0), (0,1,1), (0,2,1), (0,3,1), (1,1,0), (1,2,0), (1,3,0), (1,1,1),
(1,2,1), (1,3,1); X(y) takes on values 0, 1; X(,) takes on values 0, 1; and X(3) takes on
values 1, 2, 3.

Theorem 1. Let (X;,X>,...,X,) be an n-dimensional RV. Let X4, 1 <k <n, be the order
statistic of order k. Then X is also an RV.

Statistical considerations such as sufficiency, completeness, invariance, and ancillarity
(Chapter 8) lead to the consideration of order statistics in problems of statistical inference.
Order statistics are particularly useful in nonparametric statistics (Chapter 13) where, for
example, many test procedures are based on ranks of observations. Many of these methods
require the distribution of the ordered observations which we now study.

In the following we assume that X, X5, ..., X, are iid RVs. In the discrete case there is
no magic formula to compute the distribution of any X ;) or any of the joint distributions.
A direct computation is the best course of action.

Example 2. Suppose X,,’s are iid with geometric PMF
=PX=k=pd ' k=1,2,...,0<p<1,g=1-p.
Then for any integers x > 1 and r > 1
P{X(yy =x} = P{X(») <x} —P{X(y <x—1}.
Now

P{X(;y <x} = P{Atleast r of X’s are < x}
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= () o < 01tpt > o

and

It follows that
- n x—1)(n—i n—i i —17i
P{X(y =x} =) :(i)q( DO g - g - [1-¢ ),

x=1,2,.... In particular, let n = r = 2. Then,

P{Xo) =x} =pq Hpg'+2-2¢4""}, x>1
Also for integers x,y > 1 we have

P{X()=xX0)—Xa) =y} =P{Xq) =x,Xp) =x+y}
=P{X; =x,Xo =x+y} + P{X; =x+y,X, =x}
=2pq" " pg 7!

Y

=2pq""* - pq’
and
P{X()=1,X@) — X0y =0} = P{X(1) = X5 = 1} =p.
It follows that X(;) and X5y — X() are independent RVs.

In the following we assume that X;,X>,...,X, are iid RVs of the continuous type with
PDF f. Let {X(1),X(2),...,X(» } be the set of order statistics for X;, X5, ...,X,. Since the
X; are all continuous type RVs, it follows with probability 1 that

X(]) <X(2) < - <X(n).

Theorem 2. The joint PDF of (X(1),X(),...,X(,) is given by

n [T f(ey)s Xy <x@) < <X,

X(1)yX(2)s-+3sX(n)) = : !
g(xyx@ ™) {(), otherwise. W

Proof. The transformation from (X1, X5,...,X,) to (X(1),X(2),...,X(s)) is not one-to-one.
In fact, there are n! possible arrangements of x1, x5, . . ., x,, in increasing order of magnitude.
Thus there are n! inverses to the transformation. For example, one of the n! permutations
might be

Xg <X <X < X3 <0< X, < X2,
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then the corresponding inverse is

X4 =X(1), X1 =X2), Xn—1=X3), X3=X4); - -3Xn =Xn-1),
XZZ.X(H).

The Jacobian of this transformation is the determinant of an n x n identity matrix with rows
rearranged, since each x(;) equals one and only one of x;,xz, .. ., x,. Therefore / = &1 and

8(X(2) s X () X(4) s X(1)5 -+, X(3) s X(n—1) |J|Hf
X(1) <X(2) << X

The same expression holds for each of the n! arrangements.
It follows (see Remark 2) that

g(x(1) %@y %) = > [[fxw)

calln! =1
inverses

{n‘f( W @) f () i Xy <Xy <X

0 otherwise.

Example 3. Let X1,X5,X3,X, be iid RVs with PDF f. The joint PDF of X(;),X(y),
X)X 1s

MO f ) (v4),  y1 <y2 <3 <Vay

g1, y2,y3,y4) = {0, otherwise.

Let us compute the marginal PDF of X(,). We have

2(y2) = 4! // FOOf2)f (v3)f (va) dyr dys dys

—as0a) [ / [ / )| P21 )

s [ { /:[1 — Pl () dvs }f(yl)dyl

=4!f(yz)/_yz %f@l)d)’l
[1—-F(y))?

=4lf(y2) 20

F(y2), »neR.

The procedure for computing the marginal PDF of X(,), the rth-order statistic of
X1,X,...,X, is similar. The following theorem summarizes the result.
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Theorem 3. The marginal PDF of X, is given by

n!

gr(yr) = W[F()’r)]kl[l —Fy)]" (),

where F is the common DF of X;,X,,...,X,.

Proof.

rOr —n'fyr/ / / / /y /OO ﬁf(yi)dyn--~dyr+1dy1--
" iy

:”!f(yr) (n y;n '/)7 / H[fYI dy]
=) g

as asserted.

We now compute the joint PDF of X(; and X(4),1 <j <k <n.

Theorem 4. The joint PDF of X;) and X(;) is given by

n!

Ty
&) = FOp) 1 = FOul 05 () if 3, < i,
0 otherwise.

Proof.

woss=[[ o[ [ f[ [ o

cdygrrdyg—1 - dyjridyr - dy,l

—m/h /”/” /”1* "fmvmwfm>

“dyp—1-- d)/j+1dy1 -dyj_1

”'[1< /yj /y ykk 1—1)1 :

-f(yl)f(yz) o f(y) dyy - -dyj

167

(@)

'dyr—l

3)
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- (n— k)! (r]lc!_j_ 1)! [1 —F(Yk)]n_k[F(yk) —F(yj)]k_j_l

-f(yk)f(yj)%, Vi <k,

as asserted.

In a similar manner we can show that the joint PDF of X(;,...,X(;,),1 <ji1 <j2
< - <Jjr<n,1 <k<n,is given by

n!
e D02 W) = G G T )
P )f ) F(v2) = Fy)P2 !

) [M=F)]"f ()

fory; <y, <--- <y, and = 0 otherwise.

Example 4. Let X1,X>,...,X, be iid RVs with common PDF

1 if0<x<l1,
xX) =
U {O otherwise.
Then,
l’l' r—1 n—r
myr (I=y)"", 0<y <1
8gr(yr) = (1<r<n),
0, otherwise.

The joint distribution of X(;) and X4 is given by

n'

. j*l ) k—i—1 _ n—k
(j—l)!(k—j—l)!(n_k)!yj k=) 7 (1 =y)" ™,
k(v i) = 0<y<m<l,
0, otherwise,

where 1 <j <k <n.
The joint PDF of X(;) and X, is given by

gln(ylaYn):n(n_])(yn_yl)n_2 O<y1<yn<1

and that of the range R, = X(,,) — X(y) by

nn—1Dw"2(1—w), 0<w<l,
g, (W) = (n—=1Dw"*(1—w) '
0, otherwise.
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Example 5. Let X(1),X(2),X(3) be the order statistics of iid RVs X;, X5, X3 with common
PDF

e B x
ﬂ@—{ﬁ C x>0 g,

0, otherwise,

Let Y1 = X(3) — X(2) and Y2 = X(3). We show that ¥} and Y, are independent. The joint
PDF of X(,) and X 3) is given by

3!
_ ,—0Bx Bx By
g23(xay): 1'0'01(1 ¢ )ﬂe Be Y, x<y,

0, otherwise.
The PDF of (Y¥;,Y,) is

Fyi,y) =382 (1 — e P2)e=Prze=On )
_[(318e (1 — e P} {Be M), 0 <y < 00,0 <3y < o0,
B 0, otherwise.

It follows that Y; and Y, are independent.

Finally, we consider the moments, namely, the means, variances, and covariances of
order statistics. Suppose Xi,X>,...,X, are iid RVs with common DF F. Let g be a Borel
function on R such that E|g(X)| < oo, where X has DF F. Then for 1 <r <n

‘/ (n—1) (!r_l) [F)) ™' [ = F()]"~"f (x)x
S”(IZ_D /_O;g(x)V(X)dx 0<F<1)
< 00

and we write

Eg(X(y) = / N g(»)gr(v)dy,

— 00

for r = 1,2,...,n. The converse also holds. Suppose E|g(X(,))| < co for r =1,2,...,n
Then,

o(220) [ el el - P rar < oo

r—=1)J_+
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for r =1,2,...,n and hence

o] {Z () wn —F(x)]"-r} 8l ()

r=1

= n/oo lg(x)|f (x)dx < .

Moreover, it also follows that
> Eg(X(y) = nEg(X).
r=1

As a consequence of the above remarks we note that if E[g(X(,))| = oo for some r, 1 <
r < n, then E|g(X)| = oo and conversely, if E|g(X)| = oo then E|g|X|,)| = oo for some r,
1<r<n.

Example 6. Let X|,X,,...,X, be iid with Pareto PDF f(x) = 1/x%,if x > 1, and = 0
otherwise. Then EX = oco. Now for 1 <r<n

—1\ [*® 11
r—1/) J, X X x
n—1 ! 1 1
_ =l )yl gy
n<r_1>/0 y o (1=y) y

Since the integral on the right side converges for 1 <r <n— 1 and diverges for r > n—k,
we see that EX(,) =coforr=n—k+1,...,n.

PROBLEMS 4.7

1. Let X(1),X(2), ... X(n) be the set of order statistics of independent RVs X1, X5,..., X,

with common PDF
Be=F if x>0,
flx)= .
0 otherwise.

(a) Show that X(,) and X5y — X, are independent for any s > r.
(b) Find the PDF OfX(rJrl) _X(r)~
(c) Let Z; = nX(l),Zg =(n— ])(X(z) _X(l))7 Z3 = (n - 2)<X(3) —X(z)),...,Zn =
(X(n) — X(u—1). Show that (Z,,2,,...,7,) and (X;,X>,...,X,) are identically
distributed.
2. Let X,X>,...,X, be iid from PMF

pr=1/N, k=1,2....N.

Find the marginal distributions of X, (1> X(n)» and their joint PMF.
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3. Let X1,X>,...,X, be iid with a DF

£ly) = yo o if0<y<lI,
Y= 0  otherwise, a>0.

Show that X(;) /X(,y,i = 1,2,...,n—1, and X, are independent.
4. Let X1,Xa,...,X, be iid RVs with common Pareto DF f(x) = ac®/x**!, x > o
where o > 0, o > 0. Show that
(a) X(l) and (X(z)/X(l), . 7X(n)/X(1)) are independent,
(b) X(1) has Pareto (o, na) distribution, and
(©) > (X /X(1)) has PDF
xn—2€—ocx

f(x)zm7 x> 0.

5. Let X1,Xa, ..., X, be iid nonnegative RVs of the continuous type. If £|X| < oo, show
that E|X )| < oo. Write M,, = X(,) = max(X;,X»,...,X,). Show that

EM, = EM,_, +/ F ' ()1l —F(x)]dx, n=2,3,....
0
Find EM,, in each of the following cases:

(a) X; have the common DF

Fx)=1—¢", x>0.
(b) X; have the common DF

Fx)=x,0<x< 1.

6. LetX(1),X(2), - -, X(n) be the order statistics of n independent RVs X1, X5, ..., X, with
common PDF f(x) = 1 if 0 < x < 1, and = 0 otherwise. Show that ¥} = X(;)/X(2),
Y, = X(z) /X(3), R Y(nfl) = X(nfl)/X(n)’ and ¥, = X(n) are independent. Find the
PDFs of Yy, Ys,...,Y,.

7. For the PDF in Problem 4 find EX,.

8. An urn contains N identical marbles numbered 1 through N. From the urn n mar-
bles are drawn and let X, be the largest number drawn. Show that P(X(,y = k) =
=)/ (). k=nn+1,...,N,and EX(,y = n(N+1)/(n+1).

n—1 n
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SOME SPECIAL DISTRIBUTIONS

5.1 INTRODUCTION

In preceding chapters we studied probability distributions in general. In this chapter we
will study some commonly occurring probability distributions and investigate their basic
properties. The results of this chapter will be of considerable use in theoretical as well
as practical applications. We begin with some discrete distributions in Section 5.2 and
follow with some continuous models in Section 5.3. Section 5.4 deals with bivariate and
multivariate normal distributions and in Section 5.5 we discuss the exponential family of
distributions.

5.2 SOME DISCRETE DISTRIBUTIONS

In this section we study some well-known univariate and multivariate discrete distributions
and describe their important properties.

5.2.1 Degenerate Distribution

The simplest distribution is that of an RV X degenerate at point k, that is, P{X =k} =1
and = 0 elsewhere. If we define

0 ifx<O
= ’ 1
£ {1 if x>0, M

An Introduction to Probability and Statistics, Third Edition. Vijay K. Rohatgi and A.K. Md. Ehsanes Saleh.
© 2015 John Wiley & Sons, Inc. Published 2015 by John Wiley & Sons, Inc.



174 SOME SPECIAL DISTRIBUTIONS

the DF of the RV X is e(x—k). Clearly, EX' =k',1=1,2,..., and M(t) = ¢'*. In particular,
var(X) = 0. This property characterizes a degenerate RV. As we shall see, the degenerate
RV plays an important role in the study of limit theorems.

5.2.2 Two-Point Distribution

We say that an RV X has a rwo-point distribution if it takes two values, x; and x,, with
probabilities

P{X=x}=p, P{X=x}=1-p, 0O<p<l.
We may write
X =x1 f[x=x,) + %20 [x=s,] (2)

where I, is the indicator function of A. The DF of X is given by

F(x) =pe(x—x1)+ (1 —p)e(x — x2). 3)
Also
EXF=pxl+(1-p)x, k=12,..., 4)
M(t) =pe™ + (1 —p)e™ for all 7. ®)
In particular,
EX =px; + (1 —p)x, (6)
and
var(X) = p(1 —p)(x; —x;)%. @)

If x; =1, x, =0, we get the important Bernoulli RV:
P{X=1}=p, P{X=0'=1-p, O<p<lL. 8)
For a Bernoulli RV X with parameter p, we write X ~ b(1,p) and have
EX =p, var(X) =p(1—p), M(t)=1+p(e'—1), allr. )

Bernoulli RVs occur in practice, for example, in coin-tossing experiments. Suppose that
P{H} =p,0<p<1,and P{T} = 1 — p. Define RV X so that X(H) = 1 and X(T) = 0.
Then P{X = 1} = p and P{X = 0} = 1 — p. Each repetition of the experiment will be
called a trial. More generally, any nontrivial experiment can be dichotomized to yield a
Bernoulli model. Let (£2,8,P) be the sample space of an experiment, and let A € § with
P(A) =p > 0. Then P(A°) = 1 — p. Each performance of the experiment is a Bernoulli
trial. It will be convenient to call the occurrence of event A a success and the occurrence
of A°, a failure.
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Example 1 (Sabharwal [97]). In a sequence of n Bernoulli trials with constant probability
pof success (S), and 1 —p of failure (F), let ¥,, denote the number of times the combination
SF occurs. To find EY, and var(Y,), let X; represent the event that occurs on the ith trial,
and define RVs

1 ifX;=S8, Xin1 =F, )
f(Xi Xip1) = ' .S i (i=1,2,...,n—1).
0 otherwise.
Then
n—1
Y, = Zf(xi,Xi+1)
i=1
and
EY, = (n—1)p(1-p).
Also,
n—1
EY>=E {Zjﬂ(Xi,XiJrl)} HEQ N F(X X )f (XiXig1)
=1 i#f
= (n—=1)p(1=p)+(n—2)(n=3)p*(1-p)*,
so that

If p=1/2, then

5.2.3 Uniform Distribution on n Points

X is said to have a uniform distribution on n points {x,x,...,x,} if its PMF is of the form
1

PiX=x}=-, i=12,..n (10)
n

Thus we may write

n 1
X= inl[x:x,»] and  F(x) = - e(x—xi),
i=1 i=1
1 n
n
i=1
1 n
EX'==-3"s, 1=12,.., (12)
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and

n

n 2
var(X) = %Zx,z - (’11 in) = %Z(xi —x)° (13)
i=1

i=1

if we write X =", x;/n. Also,

1 n

M(t)==-> €%  forallt. (14)
n
i=1
If, in particular, x; = i, i = 1,2,...,n,
1 H(2n+1
EX:H; ; EX2:%6”+)7 (15)
2
-1

var(X) = " ——. (16)

Example 2. A box contains tickets numbered 1 to N. Let X be the largest number drawn
in n random drawings with replacement.
Then P{X <k} = (k/N)", so that

P{X:k}:i{xgk}fl’n{ngfl}
RORCSS

N
EX=N""Y [k —(k—1)""" = (k—1)"]
1

N”“—Z(k—l)"] :

Also,

:an
1

5.2.4 Binomial Distribution

We say that X has a binomial distribution with parameter p if its PMF is given by

pkzp{xzk}z(']:)pk(l—p)"—k, k=0,1,2,....n; 0<p<1. (17)

Since >y _opx = [p+ (1 —p)]" = 1, the p;’s indeed define a PMF. If X has PMF (17),
we will write X ~ b(n,p). This is consistent with the notation for a Bernoulli RV. We have

n

P =3 ()t -prtete- .
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In Example 3.2.5 we showed that

EX =np,
EX* =n(n—1)p*+np,

and

var(X) = np(1—p) = npq,

where g = 1 —p. Also,

n

M) =3 ()t -pr

k=0
= (q+pe)"  forallz.

The PGF of X ~ b(n,p) is given by P(s) = {1 —p(1 —s)}", |s| < 1.

177

(18)
19)

(20)

21

Binomial distribution can also be considered as the distribution of the sum of n inde-
pendent, identically distributed b(1,p) random variables. If we toss a coin, with constant
probability p of heads and 1 — p of tails, n times, the distribution of the number of heads

is given by (17). Alternatively, if we write

{ 1 if kth toss results in a head,
X =

0 otherwise,

the number of heads in 7 trials is the sum S, = X; + X5 +--- +X,,. Also

P{X; =1} =p, P{Xy=0}=1-p, k=1,2,...

Thus
ES, = ZEX, = np,
1
var(S,) = Zvar(Xl) =np(1—p),
1
and
n
M(t) = [ ] Ee™
i=1
=(q+pe)"

Theorem 1. Let X;(i = 1,2,...,k) be independent RVs with X; ~ b(n;,p). Then S, =

Z:-;l X; has ab(ny +ny+- -+ ny, p) distribution.

Corollary. If X;(i = 1,2,...,k) are iid RVs with common PMF b(n,p), then S; has a

b(nk,p) distribution.
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Actually, the additive property described in Theorem 1 characterizes the binomial dis-
tribution in the following sense. Let X and Y be two independent, nonnegative, finite
integer-valued RVs and let Z = X 4 Y. Then Z is a binomial RV with parameter p if and
only if X and Y are binomial RVs with the same parameter p. The “only if” part is due to
Shanbhag and Basawa [103] and will not be proved here.

Example 3. A fair die is rolled n times. The probability of obtaining exactly one 6 is
n(é)(%)"", the probability of obtaining no 6 is (%)”, and the probability of obtaining at
least one 6 is 1 — (2)".

The number of trials needed for the probability of at least one 6 to be > 1/2 is given

by the smallest integer n such that

so that

Example 4. Here r balls are distributed in 7 cells so that each of n” possible arrangements
has probability n~". We are interested in the probability p; that a specified cell has exactly
kballs (k=0,1,2,...,r). Then the distribution of each ball may be considered as a trial.
A success results if the ball goes to the specified cell (with probability 1/n); otherwise the
trial results in a failure (with probability 1 — 1/n). Let X denote the number of successes
in r trials. Then

r 1 k 1 r—k
Pk:P{X:k}:(k> (n) <l—n> , k=0,1,2,...,n.

5.2.5 Negative Binomial Distribution (Pascal or Waiting Time Distribution)

Let (£2,8,P) be a probability space of a given statistical experiment, and let A € 8§ with
P(A) = p. On any performance of the experiment, if A happens we call it a success, oth-
erwise a failure. Consider a succession of trials of this experiment, and let us compute the
probability of observing exactly r successes, where r > 1 is a fixed integer. If X denotes
the number of failures that precede the rth success, X 4 r is the total number of replica-
tions needed to produce r successes. This will happen if and only if the last trial results in
a success and among the previous (r+ X — 1) trials there are exactly X failures. It follows
by independence that

P{X=x}= (x+;_1)pr(l—p)x, x=0,1,2,.... (22)

Rewriting (22) in the form

—r
P{X_X}_<x>pr(_q)xv x:0,1,2,...; 6]:1—]?, (23)
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we see that

oo

(;’) (~q)'=(1-q)"=p" (24)

x=0

It follows that
> P{X=x}=1
x=0

Definition 1. For a fixed positive integer r > 1 and 0 < p < 1, an RV with PMF given by
(22) is said to have a negative binomial distribution. We will use the notation X ~ NB(r;p)
to denote that X has a negative binomial distribution.

We may write

X:ZXI[x:x] and F(x):Z (]H_;;_l)p’(l —p)e(x—k).
x=0

k=0

For the MGF of X we have

M(1)

i <x+: 1)P’(l —p)re”

x=

0
— 1\x +r—1
r> (T =)
for ge' < 1. (25)

The PGF is given by P(s) = p”"(1 —sq) ", |s| < 1. Also,

EX:ix<x+:_l)prCf

x=0
, (x4
=’y ( B )qx !
x=0
PR
—pq(1—q) " =L, (26)
p
Similarly, we can show that
var(X) = r—z (27
p

If, however, we are interested in the distribution of the number of trials required to get
r successes, we have, writing ¥ = X+,

P{Y =y} = (r_1>p’(l—p)”, y=r,r+1,..., (28)
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EY =EX+r="—,
4 " (29)
var(Y) = var(X) =
P*
and
My(t) = (pe') (1 —qe')™"  forge' < 1. (30)

Let X be ab(n,p) RV, and let Y be the RV defined in (28). If there are r or more successes
in the first n trials, at most 7 trials were required to obtain the first r of these successes.
We have

P{X >r}=P{y <n} (31)
and also
P{X <r}=P{Y >n}. (32)
In the special case when r = 1, the distribution of X is given by
P{X =x}=pq", x=0,1,2,.... (33)

An RV X with PMF (33) is said to have a geometric distribution. Clearly, for the geometric
distribution, we have

M(t) =p(1—qe')™",

q
var(X) = =.
»?

T IR

Example 5 (Banach’s matchbox problem). A mathematician carries one matchbox each
in his right and left pockets. When he wants a match, he selects the left pocket with proba-
bility p and the right pocket with probability 1 —p. Suppose that initially each box contains
N matches. Consider the moment when the mathematician discovers that a box is empty.
At that time the other box may contain 0, 1,2..., N matches. Let us identify success with
the choice of the left pocket. The left-pocket box will be empty at the moment when the
right-pocket box contains exactly r matches if and only if exactly N — r failures precede
the (N + 1)st success. A similar argument applies to the right pocket, and we have

= probability that the mathematician discovers a box empty while

the other contains r matches

(2N =\ v v (2NN N v
_<Nr>p 7t N—r)T P

Example 6. A fair die is rolled repeatedly. Let us compute the probability of event A that a
2 will show up before a 5. Let A; be the event that a 2 shows up on the jth trial G =1,2,...)
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for the first time, and a 5 does not show up on the previous j — 1 trials. Then PA = ZJO;)I PA;,
where PA; = £ (2" Tt follows that

00 ji—1
1 4\’ 1
P(A) = E - (= =—.
j=1
Similarly the probability that a 2 will show up before a 5 or a 6 is 1/3, and so on.

Theorem 2. Let X;,X>,...,X; be independent NB(r;;p) RV’s, i =1,2,... .k, respectively.
Then S, = Zf:] X; is distributed as NB(ri +ra+ -+ ri;p).

Corollary. If X;,X>,...,X; are iid geometric RVs, then Sy is an NB(k;p) RV.

Theorem 3. Let X and Y be independent RVs with PMFs NB(ri;p) and NB(r2;p),
respectively. Then the conditional PMF of X, given X 4+ Y =, is expressed by

(x+r1 71) (t+rz 7x71)
—
x(z+r| -|t-r2—1)x

P{X=xX+Y=1}=

If, in particular, r; = r, = 1, the conditional distribution is uniform on 7+ 1 points.

Proof. By Theorem 2, X +Y is an NB(ry + r2;p) RV. Thus

P{X=x,Y=t—x}
P{X+Y =1}
(4 ) (= () (=)
(’+’1tr271)prl+rz<1 —p)t
x+r—1\ (t+rn—x—1
A Gy r=0,1,2,....

(H—rl-&t-rz—l) ’

P{X=x|X+Y=1}=

If ry = rp, =1, that is, if X and Y are independent geometric RVs, then

1
PX=xX+Y=tt=——=  x=012...5 =012 (35)

Theorem 4 (Chatterji [13]). Let X and Y be iid RVs, and let
P{X=k}=p>0, k=0,1,2,....
If

1
P{X:t|X+Y:t}:P{X:t—1|X+Y:t}:H_—l, >0, (36)

then X and Y are geometric RVs.
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Proof. 'We have

PtPo 1
P{X=tX+Y=t}= = (37
Z;(:opk[’t—k r+1
and
_ 1
P(X=1-1X+Y=1}= PPt _ (38)

Z/t{:opkptfk B t+1
It follows that

Pt _ pP1
Pi—1 Po

and by iteration p, = (p1 /po)'po. Since Y~ p, = 1, we must have (p; /p) < 1. Moreover,

1
l=py—r——,
1—(p1/po)

so that (py/po) = 1 — po, and the proof is complete.

Theorem 5. If X has a geometric distribution, then, for any two nonnegative integers m
and n,

P{X >m+n|X >m} =P{X >n}. (39)
Proof. The proof is left as an exercise.

Remark 1. Theorem 5 says that the geometric distribution has no memory, that is, the
information of no successes in m trials is forgotten in subsequent calculations.

The converse of Theorem 5 is also true.
Theorem 6. Let X be a nonnegative integer-valued RV satisfying
P X>m+1X>m}=P{X>1}
for any nonnegative integer m. Then X must have a geometric distribution.
Proof. Let the PMF of X be written as
P{X =k} =px, k=0,1,2,....

Then

P{X>n} =) p
k=n
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and
P{X>m}= Zpk =dgm, say,
m—+1
P{X>m+1}  gup
P{X>m+1|X>m} = = .
{ | } P{X > m} qm
Thus
dm+1 = dmqo,

where go = P{X > 0} =p; +py+--- = 1 —po. It follows that g; = (1 —po)**!, and hence
Pe = qi—1 — qx = (1= po)¥po, as asserted.

Theorem 7. LetX;,X>,...,X, beindependent geometric RVs with parameters pi,ps, ..., Pn,
respectively. Then Xy = min(Xy,X,...,X,) is also a geometric RV with parameter

n

p=1-T](1-p).

i=1

Proof. The proof is left as an exercise.

Corollary. Tid RVs X, X,...,X, are NB(1;p) if and only if X(1) is a geometric RV with
parameter 1 — (1 —p)™.

Proof. The necessity follows from Theorem 7. For the sufficiency part of the proof let
P{X() <k} =1—-P{X) >k} =1—(1—p)" V.
But
P{X) <k}=1-P{X;>kX,>k,... X, >k}
=1-[1=F®)]",
where F is the common DF of X, X5,...,X,. It follows that
[1=F(k)]=(1-p)"",

so that P{X; >k} = (1 —p)**!, which completes the proof.

5.2.6 Hypergeometric Distribution

A box contains N marbles. Of these, M are drawn at random, marked, and returned to the
box. The contents of the box are then thoroughly mixed. Next, n marbles are drawn at
random from the box, and the marked marbles are counted. If X denotes the number of

marked marbles, then
—1
P{X=x}= <N> (M) (N_M>. (40)
n X n—x
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Since x cannot exceed M or n, we must have
x <min(M,n). 41)
Alsox>0and N —M > n— x, so that

x>max(0,M +n—N). (42)

kz: @ (n5k> N (a:b>

for arbitrary numbers a, b and positive integer n. It follows that

re-n- (1) £

Definition 2. An RV X with PMF given by (47) is called a hypergeometric RV.

Note that

It is easy to check that

n
EX = NM, 43)
, M(M-— nM
EX* = NV )n(n*1)+7, (44)
and
nM

Example 7. A lot consisting of 50 bulbs is inspected by taking at random 10 bulbs and
testing them. If the number of defective bulbs is at most 1, the lot is accepted; otherwise,
it is rejected. If there are, in fact, 10 defective bulbs in the lot, the probability of accepting

the lot is
<10) (40) (40)
1 9 10

30 + SO\ .3487.

10 10
Example 8. Suppose that an urn contains » white and ¢ black balls, b+ ¢ = N. A ball is
drawn at random, and before drawing the next ball, s 4 1 balls of the same color are added
to the urn. The procedure is repeated n times. Let X be the number of white balls drawn

in n draws, X =0,1,2,...,n. We shall find the PMF of X.
First note that the probability of drawing k white balls in successive draws is

(%) ) ()~ [ )
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and the probability of drawing k white balls in the first k draws and then n — k black balls
in the next n — k draws is

r= () ()~ v (vi) )
=

Here p; also gives the probability of drawing k white and n — k black balls in any given
order. It follows that

n
P{X=k}= (k>pk. (47)
An RV X with PMF given by (47) is said to have a Polya distribution. Let us write
Np =b, N(1-p)=c, and Na =s.

Then with g = 1 — p, we have

pix =)= (7Pt lpt(k=Doalglg+a)lg+(n—k-1)a]
k 1(I+a)[l+(n—1)a] :
Let us take s = —1. This means that the ball drawn at each draw is not replaced in the urn
before drawing the next ball. In this case & = —1/N, and we have
P{X =k} = n\ Np(Np—1)---[Np—(k—=1)]c(c=1)-[c—(n—k—1)]
k NN—1)---[N—(n—1)]

(Np) ( Nq )
k n—k
= —- 4
T (48)
n
which is a hypergeometric distribution. Here
max(0,n—Ng) < k < min(n,Np). 49)

Theorem 8. Let X and Y be independent RVs with PMFs b(m, p) and b(n, p), respectively.
Then the conditional distribution of X, given X + Y, is hypergeometric.

5.2.7 Negative Hypergeometric Distribution

Consider the model of Section 5.2.6. A box contains N marbles, M of these are marked (or
say defective) and N — M are unmarked. A sample of size n is taken and let X denote the
number of defective marbles in the sample. If the sample is drawn without replacement
we saw that X has a hypergeometric distribution with PMF (40). If, on the other hand, the
sample is drawn with replacement then X ~ b(n,p) where p = M /N.
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Let Y denote the number of draws needed to draw the rth defective marble. If the draws
are made with replacement then Y has the negative binomial distribution given in (22) with
p =M/N. What if the draws are made without replacement? In that case in order that the
kth draw (k > r) be the rth defective marble drawn, the kth draw must produce a defective
marble, whereas the previous k — 1 draws must produce r — 1 defectives. It follows that

(DO M=

(kfl) N—k+1

P(Y =k) =

fork=r,r+1,...,N. Rewriting we see that

k- 1) (o)

P(Y=k) = <r_1 I

An RV Y with PMF (50) is said to have a negative hypergeometric distribution.

It is easy to see that

=t )N D(V42)
EY—rM+1,EY(Y+1)_ T
and
Var(Y):r<N_M)(N+1)(M+1_r)

(M+1)2(M+2)

Also, if r/N — 0, and k/N — 0 as N — oo, then
k—1\ (N—k\ /(N k—1\ /(M\" M\
/ — ) (1-=
r—1)\M—r M r—1 N N
which is (22).

5.2.8 Poisson Distribution

(50)

Definition 3. An RV X is said to be a Poisson RV with parameter A > 0 if its PMF is

given by

e MK
ko
We first check to see that (51) indeed defines a PMF. We have

ZP{sz}:e )\Zﬁ:e A =1.
k=0 k=0
If X has the PMF given by (51), we will write X ~ P(\). Clearly,

X = kly—y
k=0

P{X=k} = k=0,1,2,....

(S
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and

F(x) = Ze*’\ﬁe(xfk).

k=0
The mean and the variance are given by (see Problem 3.2.9)
EX=), EX*=X+)\, (52)
and
var(X) = . (53)
The MGF of X is given by (see Example 3.3.7)
Ee™ = exp{\(e' — 1)}, (54)
and the PGF by P(s) = e~ (179 |s] < 1.

Theorem 9. Let X;,X,,...,X, be independent Poisson RVs with X; ~ P(\), k =
1,2,...,n. Then S, = X1+ X, + -+ X, isaP(A; + X\ +---+ \,) RV.

The converse of Theorem 9 is also true. Indeed, Raikov [84] showed that if
X1,X>,...,X, are independent and S, = >__, X; has a Poisson distribution, each of the
RVs X1, X5,...,X, has a Poisson distribution.

Example 9. The number of female insects in a given region follows a Poisson distribution
with mean A. The number of eggs laid by each insect is a P(u) RV. We are interested in
the probability distribution of the number of eggs in the region.

Let F be the number of female insects in the given region. Then

e AN
Vi

Let Y be the number of eggs laid by each insect. Then

P{F=f}= £=0,1,2,....

P{Y=y, F=f}=P{F=f}-P{Y=)y|F =/}
e N (fu)’e‘“f

Thus
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The MGF of Y is given by

Z/\fe Zey(fﬂ e
y=0

fefA
- Z Xe T oplfule — 1)}

B {)\eu(e’—l)}f
iy Aziﬂ

= e Mexp{ret“ 1},

Theorem 10. Let X and Y be independent RV's with PMFs P(\;) and P(),), respectively.
Then the conditional distribution of X, given X 4 Y, is binomial.

Proof. For nonnegative integers m and n, m < n, we have
P{X=m, Y=n—m}
P{X+Y =n}
e MY /mbem (AN /(n—m)!)
e~ (Mit2) (X + ) /n!

<”) AT
\m ()\1 =+ )\2)"

(o) () (=)
- m /\1+)\2 )\1+>\2 ’

m=0,1,2,....n,

P{X=m|X+Y=n}=

and the proof is complete.

Remark 2. The converse of this result is also true in the following sense. If X and Y are
independent nonnegative integer-valued RVs such that P{X =k} > 0, P{Y =k} > 0, for
k=0,1,2,..., and the conditional distribution of X, given X + Y, is binomial, both X and
Y are Poisson. This result is due to Chatterji [13]. For the proof see Problem 13.

Theorem 11. If X ~ P(\) and the conditional distribution of Y, given X = x, is b(x,p),
then Y is a P(Ap) RV.

Example 10. (Lamperti and Kruskal [60]). Let N be a nonnegative integer-valued RV.
Independently of each other, N balls are placed either in urn A with probability p (0 < p <
1) or in urn B with probability 1 — p, resulting in N4 balls in urn A and Ny = N — N, balls
in urn B. We will show that the RVs N4 and Np are independent if and only if N has a
Poisson distribution. We have

b
P{Ny=aand Ny =b|N =a+b} = (a—|— )Pa(l -p)’,
a
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where a, b, are integers > 0. Thus

b
P{NAa,NBb}(’Z >p“qu{Nn}, g=1-p, n=ath.

If N has a Poisson () distribution, then

a+Db)! e~ A\ath
( ) a b
pPdq

a'b! (a+b)!

_ <pa)\ae>\/2> (qb/\heA/Z>
al b!

so that N4 and Np are independent.
Conversely, if N4 and N are independent, then

P{NA:(J, NB:b}:

P{N = n}n! = f(a)g(b)

189

for some functions f and g. Clearly, £(0) # 0, g(0) # 0 because P{N4 =0, Ny =0} > 0.
Thus there is a function & such that h(a +b) = f(a)g(b) for all nonnegative integers a, b.

It follows that

h(1) =7 (1)g(0) =£(0)g(1),
h(2) =1 (2)g(0) =f(1)g(1) =f(0)g(2),

and so on. By induction,

We may write, for some «, az, A,

f(a) = aleiaka g(b) = a2€7b)\7
e—)\(a+b)

P{Nzn} :a]azm

so that N is a Poisson RV.

5.2.9 Multinomial Distribution

The binomial distribution is generalized in the following natural fashion. Suppose that an
experiment is repeated n times. Each replication of the experiment terminates in one of £
mutually exclusive and exhaustive events Aj,A, ..., A;. Let p; be the probability that the
experiment terminates in A;, j = 1,2,...,k, and suppose that p; (j = 1,2,...,k) remains

constant for all n replications. We assume that the n replications are independent.
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Let x1,x3,...,x,—1 be nonnegative integers such that x; +x, + - - +x;—; < n. Then the
probability that exactly x; trials terminate in A;, i = 1,2,...,k— 1 and hence that x; =
n— (x1 +xp+ -+ +x,_1) trials terminate in Ay is clearly

n! w
xlx!-- 'pl Py
If (X1,X>,...,Xx) is arandom vector such that X; = x; means that event A; has occurred x;
times, x; = 0,1,2,...,n, the joint PMF of (X;,X>,...,X;) is given by

P{XIZXI,XZ :)Cz,...,Xk :Xk} (55)
n'

k
Xk .
... ifn=> x
.X“)Cz' |p1p2 pk 21: 3]

0 otherwise.

Definition 4. An RV (X;,X,,...,X;_) with joint PMF given by

P{XIZ.XI;XZ :xz,...,inlzxkil} (56)
n pxlpxz pn—xl—m_xk_]
ol (n—x;——x_ ! 2 P
— ifx;+x+--+x0 <n,
0 otherwise

is said to have a multinomial distribution.
For the MGF of (X;,X>,...,Xx—1) we have

M([l fr fy 1) — EeXitnXot i 1Xi—
Sy,

n X1 ..X2 Xk
= E el =1 X IM

X1 !)C2! -xk!
X1,X2,00 Xk —1=0
X+t —1<n

n

- Z X |x2 (Ple )" (p2e™)®

X1,X2, Xk —1=0
xit+x+x—1<n

. (Pk—letk_l )xk—lpzk
= (plell _|_p26fz 4 +Pk—1€tk7' +Pk)n (57)
forall t;,tr,...,ts 1 € R.

Clearly,
M(1,,0,0,...,0) = (p1e" +po+---+pi)" = (1 —p1 +pie")",

which is binomial. Indeed, the marginal PMF of each X;, i = 1,2,...,k — 1, is binomial.
Similarly, the joint MGF of X;, Xj, i,j = 1,2,...,k—1 (i #)), is

M(070,...,O,t,-70,...,O,tj,O,...70) = [p,-e"' +pjet/+(l —pi—pj)]",
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which is the MGF of a trinomial distribution with PMF

_ n! X X X=X _
f(xi,x) = mpl PPy » pe=1-pi—p; (58)

Note that the RVs X}, X5,...,X;— are dependent.
From the MGF of (X;,Xa,...,Xx—1) or directly from the marginal PMFs we can
compute the moments. Thus

EX; = np; and var(X;) = np;(1—pj), j=12.. k-1, (59)
andforj=1,2,....,k—1,and i #,
cov(X, Xj) = E{(Xi — np:)(X; — npj) } = —npipj, (60)

It follows that the correlation coefficient between X; and X; is given by

;s 1/2

irj .. . .
pi=—|——"—"F"— , Lj=1,2,...0k—1 (i#})). (61)
! {(1—17[)(1—171')]

Example 11. Consider the trinomial distribution with PMF

n! n—x—y

P{X:x,Y:y}:mp’fpyzp3 ,

where x, y are nonnegative integers such that x+y < n, and py, p2, p3 > 0 with p; +p> +
p3 = 1. The marginal PMF of X is given by

P{X=x}= (Z)p’f(l—pl)”_x, x=0,1,2,...,n.

It follows that

P{Y =y|X =x}
()
ify=0,1,2,...,n—x,
=y (n—x—y)! \1—p 1—p; Y (62)
0 otherwise,
which is b(n—x,p2/(1 —py)). Thus
P2

E{Y|x}=(n—x . (63)

(V) = (=) 22

Similarly,

P1
l—p2

E{X[y}=(n—y) (64)
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Finally, we note that, if X = (X;,X>,...,X;) and Y = (Y1, Y2,...,Y;) are two indepen-
dent multinomial RVs with common parameter (py,p2,...,pr), thenZ = X+ 7Y is also a
multinomial RV with probabilities (p1,pa,...,px). This follows easily if one employs the
MGEF technique, using (57). Actually this property characterizes the multinomial distri-
bution. If X and Y are k-dimensional, nonnegative, independent random vectors, and if
Z =X+ is amultinomial random vector with parameter (py,ps,...,px), then X and Y
also have multinomial distribution with the same parameter. This result is due to Shanbhag
and Basawa [103] and will not be proved here.

5.2.10 Multivariate Hypergeometric Distribution

Consider an urn containing N items divided into k categories containing ny,ny, ..., n
items, where Z;{:l n; = N. A random sample, without replacement, of size n is taken
from the urn. Let X; = number of items in sample of type i. Then

k
P{X, =x1,X2:x2,~--,Xk=xk}=H(Z{)/(IZ), (65)
j=1 N7

where x; =0, 1,..., min(n,n;) and Zjl;lxj =n.

We say that (X1,X,,...,Xx—1) has multivariate hypergeometric distribution if its joint
PMF is given by (65). It is clear that each X; has a marginal hypergeometric distribution.
Moreover, the conditional distributions are also hypergeometric. Thus

(y (V)
P{Xi =xi|X; =x;} = %7
n—Xj

and
GG

(N—n/-—ng) )
n—Xj—Xg

P{X, :x,-|Xj :.Xj,Xf :xz} =

and so on. It is therefore easy to write down the marginal and conditional means and
variances. We leave the reader to show that

EX;=n "1,
N

ni ( N—n; N—n
e (552 (2.

(X,.X)) N—n (nj>2
COV(4;, j) = — n\— .
N-1

and

5.2.11 Multivariate Negative Binomial Distribution

Consider the setup of Section 5.2.9 where each replication of an experiment terminates
in one of k mutually exclusive and exhaustive events A,As,...,Ax. Let p; = P(4;),
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Jj=1,2,... k. Suppose the experiment is repeated until event A; is observed for the rth
time, » > 1. Then

P(X1=X1,X2:)C2,...7Xk:r)
k—1
xXp+x 4 xo g Fr—1) x;
_ ¢ )pka,»7 (66)
j=1

(T ) =1y
k—1

forx; =0,1,2,... (i=1,2,...k—1), 1 <r<oo,0<p; <1, pi<1 and p, =
- Ef:_ll Dj-

We say that (X,X,,...,Xx—1) has a multivariate negative binomial (or negative
multinomial) distribution if its joint PMF is given by (66).

It is easy to see the marginal PMF of any subset of {X;,X,...,Xx—1} is negative
multinomial. In particular, each X; has a negative binomial distribution.

We will leave the reader to show that

—r

k—1
M(Slvs%"'vskfl):Eezjk;llijj :pl}; I_ZSJPJ ) (67)
j=1
and
rpipj
cov(X;, X)) = 2]. (68)
Pk
PROBLEMS 5.2

1. (a) Letus write

b(k;n,p) = (Z)p’%l —p)"h k=0,1,2,....n.

Show that, as k goes from O to n, b(k; n, p) first increases monotonically and then
decreases monotonically. The greatest value is assumed when k = m, where m
is an integer such that

(n+1p—1l<m<(n+1)p
except that b(m — 1;n,p) = b(m;n,p) when m = (n+ 1)p.
(b) If k > np, then

(k+D(-p)

and if k < np, then

(n—k+1)p

P{X <k} <b(k;n,p) =k
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6.

10.

11.
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. Generalize the result in Theorem 10 to n independent Poisson RVs, that is, if

X1,X,,...,X, are independent RVs with X; ~ P()\;), i = 1,2,...,n, the conditional
distribution of X1,X,...,X,, given Y _._, X; = ¢, is multinomial with parameters 7,

A/ N A D0 A

. Let X1, X, be independent RVs with X; ~ b(n;, 1), i = 1,2. What is the PMF of

X1 —Xo +ny?

. A’ box contains N identical balls numbered 1 through N. Of these balls, n are drawn at

atime. Let X, X>, ..., X, denote the numbers on the n balls drawn. Let S,, = E?:I X;.
Find var(S,).

. From a box containing N identical balls marked 1 through N, M balls are drawn one

after another without replacement. Let X; denote the number on the ith ball drawn,
i=1,2,..., M, 1 <M < N.Let Y =max(X;,Xa,...,Xy). Find the DF and the PMF
of Y. Also find the conditional distribution of X|,X>,...,Xy, given Y =y. Find EY
and var(Y).

Letf(x;r,p),x=0,1,2,..., denote the PMF of an NB(r;p) RV. Show that the terms
f(x;r,p) first increase monotonically and then decrease monotonically. When is the
greatest value assumed?

. Show that the terms

k
Py{X=k = e

ﬁ, k:(),l,2,...,

of the Poisson PMF reach their maxima when k is the largest integer < A and at
(A—1) and X if A is an integer.

. Show that

n\ k n—k —,\)\k
<k)P(1—P) “er g

as n — oo and p — 0, so that np = )\ remains constant.
[Hint: Use Stirling’s approximation, namely, n! &~ /27 n"+t1/2¢=" as n — o0c.]

. A biased coin is tossed indefinitely. Let p (O < p < 1) be the probability of success

(heads). Let Y; denote the length of the first run, and Y>, the length of the second
run. Find the PMFs of Y; and Y, and show that EY, = g/p+p/q, EY, =2. 1If Y,
denotes the length of the nth run, n > 1, what is the PMF of Y,,? Find EY,,.

Show that
() Q)CE)- (e

as N — oo.
Show that

r+k—1\ , X K
< X )P(l—P)—W o

as p — 1 and r — oo in such a way that r(1 — p) = A remains fixed.
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12.

13.

14.
15.

16.

17.

18.

19.
20.

Let X and Y be independent geometric RVs. Show that min (X,Y) and X — Y are
independent.

Let X and Y be independent RVs with PMFs P{X = k} = pi, P{Y = k} = qx,
k=0,1,2,..., where p,qx > 0and >~ pr = > oo qr = 1. Let
t
Pty =0 = ((Jat-a) ™ 0sksr

Then «; = « for all ¢, and

efeﬁ(eﬂ)k 6769/(
Pk = BT qdk = R
where 5 = /(1 — ), and 6 > 0 is arbitrary. (Chatterji [13])
Generalize the result of Example 10 to the case of k urns, k > 3.
Let (X1,Xa,...,Xk—1) have a multinomial distribution with parameters n, py,pa, ...,
Pr—1. Write

k
y— Z (X; —np;)? 7
; npi

i=1

wherepk: 1 — D1 —---—pk,l,anka:n—Xl —---—Xk,l.FindEYandvar(Y).

Let X;, X; be iid RVs with common DF F, having positive mass at 0, 1,2, .... Also,
let U = max(X;,X,) and V = X; — X,. Then

P{U=j, V=0}=P{U=j}P{V=0}

for all j if and only if F' is a geometric distribution. (Srivastava [109])
Let X and Y be mutually independent RVs, taking nonnegative integer values. Then

P{X <n}—P{X+Y <n}=aP{X+Y =n}

holds forn =0,1,2,... and some « > 0 if and only if

l+a \l1+a«a

1 n
P{Y=n}= ( a ) . n=0,12,....

[Hint: Use Problem 3.3.8.] (Puri [83]]

Let X;,X5,... be a sequence of independent b(1,p) RVs with 0 < p < 1. Also, let
Iy = Zf’zl X;, where N is a P(\) RV which is independent of the X;’s. Show that
Zy and N — Zy are independent.

Prove Theorems 5, 7, 8, and 11.
In Example 2 show that
(a)

P(Xgy=k) =pg*2(1+q), k=1.2,....



196 SOME SPECIAL DISTRIBUTIONS

(b)
p
P(X(2)7X(1):k): (1+q) fork=0
2 k
. 4 fork=1,2,....
(1+4q)

5.3 SOME CONTINUOUS DISTRIBUTIONS

In this section we study some most frequently used absolutely continuous distributions and
describe their important properties. Before we introduce specific distributions it should
be remarked that associated with each PDF f there is an index or a parameter 6 (may be
multidimensional) which takes values in an index set ©. For any particular choice of § € ©
we obtain a specific PDF fy from the family of PDFs {fy,6 € ©}.

Let X be an RV with PDF fp(x), where 6 is a real-valued parameter. We say that 6 is
a location parameter and {fy } is a location family if X — 6 has PDF f(x) which does not
depend on 6. The parameter  is said to be a scale parameter and {fy } is a scale family of
PDFs if X /0 has PDF f(x) which is free of 6. If § = (u, o) is two-dimensional, we say that
0 is a location-scale parameter if the PDF of (X — u) /o is free of p and o. In that case
{fo} is known as a location-scale family.

It is easily seen that 6 is a location parameter if and only if fy(x) = f(x —6),
scale parameter if and only fy(x) = (1/6)f(x), and a location-scale parameter if fp(x)
(1/o)f((x—p)/c), o > 0 for some PDF f. The density f is called the standard PDF for
the family {fy,0 € ©}.

A location parameter simply relocates or shifts the graph of PDF f without changing
its shape. A scale parameter stretches (if > 1) or contracts (if 8 < 1) the graph of f.
A location-scale parameter, on the other hand, stretches or contracts the graph of f with
the scale parameter and then shifts the graph to locate at . (see Fig. 1.)

Some PDFs also have a shape parameter. Changing its value alters the shape of the
graph. For the Poisson distribution A is a shape parameter.

For the following PDF

[~

F 1. ,0) = — (x_u>a_l {-(x=p)/B}, x>
X; By = B (o) 3 exp{—(x—p ., X> [

and = 0 otherwise, p is a location, 3, a scale, and «, a shape parameter. The standard
density for this location-scale family is

f(x) = =—x*"le™ x>0

and = 0 otherwise. For the standard PDF f, « is a shape parameter.
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(a)
1.5
1 0=3
0=2
=1
0.5 0=0
0 2 4 6 8 10
(b)

12

173

0

X

Fig. 1 (a) Exponential location family; (b) exponential scale family; (¢) normal location-scale
family; and (d) shape parameter family fy (x) = 0x0 — 1.
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©

-10
()

Fig. 1 (continued).
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5.3.1 Uniform Distribution (Rectangular Distribution)

Definition 1. An RV X is said to have a uniform distribution on the interval [a,b],
—o0 < a < b < ooifits PDF is given by

1

<x<b
fl)={b=a’ =T (M
0, otherwise.
We will write X ~ Ula, b] if X has a uniform distribution on [a, ].
The end point a or b or both may be excluded. Clearly,
| rea=t,
so that (1) indeed defines a PDF. The DF of X is given by
0, x<a,
F(x) = z:z a<x<b, Q)
1, b <x;
a+b . DT — gt o
EX = EX'= ——— k>0 teger; 3
7 kt)b—a) > ( 1s an integer; 3)
b— 2
var(X) = ¢ 1 2"’ : 4)
1
M(t) = el t#0. 5
0= g (@ =) 1# )

Example 1. Let X have PDF given by

Xe ™, 0<x<oo, A>0,
fx) = .
0, otherwise.

Then

0 x<0
F(x)= -
(x) {l—e”‘, x> 0.

Let Y = F(X) = 1 — e~ *X. The PDF of Y is given by

Ae™ M=) los(1-) 0<y<l,

Il

= >l
—_
I
<

0<y<l.
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Let us define fy(y) = 1 at y = 1. Then we see that Y has density function

1, 0O 1
fY(y){ o o=r=l

0, otherwise,

which is the UJ0, 1] distribution. That this is not a mere coincidence is shown in the
following theorem.

Theorem 1 (Probability Integral Transformation). Let X be an RV with a continuous
DF F. Then F(X) has the uniform distribution on [0, 1].

Proof. The proof is left as an exercise.

The reader is asked to consider what happens in the case where F is the DF of a discrete
RV. In the converse direction the following result holds.

Theorem 2. Let F be any df, and let X be a U|0, 1] RV. Then there exists a function A such
that 4(X) has DF F, that is,

P{h(X) <x}=F(x) for all x € (—o0,00). (6)
Proof. If F is the DF of a discrete RV Y, let
P{Y =y} = px, k=1,2,....
Define £ as follows:

yi if0<x<p,
h(x)={ Y2 ifpr <x<pi+po,

Then

P{h(X) =y} =P{0<X <pi}=p1,

P{h(X) :yZ} = P{Pl <X <p +p2} =Dpa,
and, in general,
P{h(X) =y} = pi, k=1,2,....

Thus A(X) is a discrete RV with DF F.
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If F is continuous and strictly increasing F~! is well defined, and we take h(X) =
F~1(X). We have

P{h(X) <x}=P{F'(X) <x}

=P{X<F(x)}
= F(x),
as asserted.
In general, define
F~'(y) =inf{x: F(x) >y}, (7
and let A(X) = F~!(X). Then we have
{F7'0) <ap = {y <F()}. (®)

Indeed, F~!(y) < x implies, that, for every € > 0, y < F(x+¢). Since £ > 0 is arbitrary
and F is continuous on the right, we let ¢ — 0 and conclude that y < F(x). Since y < F(x)
implies F~!(y) < x by definition (7), it follows that (8) holds generally. Thus

P{F7'(X) <x} = P{X < F(x)} = F(x).

Theorem 2 is quite useful in generating samples with the help of the uniform distribu-
tion.

Example 2. Let F be the DF defined by

0, x<0
F(x) = L
I—e™, x>0.

Then the inverse toy =1 —e™*, x > 0,isx = —log(l —y), 0 <y < L. Thus
h(y) = —log(1 —y),
and —log(1 — X) has the required distribution, where X is a U[0, 1] RV.

Theorem 3. Let X be an RV defined on [0, 1]. If P{x < X <y} depends only on y — x for
all 0 <x <y<1,then Xis U[0,1].

Proof. LetP{x <X <y}=f(y—x)thenf(x+y)=P{0<X <x+y}=P{0<X <x}+
P{x <X <x+y}=f(x)+f(y). Note that f is continuous from the right. We have

f(x) =f(x) +/(0),

so that

£(0)=0.
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We will show that f(x) = cx for some constant c. It suffices to prove the result for positive x.
Let m be an integer then

f(mx) =f(x) + - +£(x) = mf (x).

Letting x = n/m, we get

so that
n 1 n
— = — = — 1
f (m) mf(n) mf( )
for positive integers n and m. Letting (1) = ¢, we have proved that
f) =ex

for rational numbers x.

To complete the proof we consider the case where x is a positive irrational number.
Then we can find a decreasing sequence of positive rationals xy,x,, ... such that x, — x.
Since f is right continuous,

F(x) =limf(x,) = lim cx, = cx.

Xadx Xy x

Now, for0 <x <1,

Fx) =P{X <0} +P{0O< X <x}
= F(0)+P{0 < X <x}
=f(x)

= cx, 0<x<I1.

Since F(1) = 1, we must have ¢ = 1, so that

This completes the proof.

5.3.2 Gamma Distribution
The integral

INa)= /ooxaflefxdx )
0

4

converges or diverges according as o > 0 or < 0. For e > 0 the integral in (9) is called the
gamma function. In particular, if « = 1, T'(1) = 1. If & > 1, integration by parts yields

F(a)—(a—l)/ooox”‘zexdx—(oz—l)F(oz—l). (10)
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If a = n is a positive integer, then
IP(n)=(n-1). (11)

Also writing x =y?/2in I’ (%) we see that

1 1 [
I(=z)=—= [ e/ ay.
(2) ﬁ/ '

Now consider the integral / = fooo e/ 2dy. We have

o0 00 (2 2
r :/ / exp{M}dxdy,
o Jo 2

and changing to polar coordinates we get

2w poo 7}02
P= / / rexp(——)dr df = 2.
o Jo 2

It follows that I' () = /7.
Let us write x = y/3, 8 > 0, in the integral in (9). Then

oo L a—1
T(a) = yﬂa eV8 dy, (12)
0

so that

o0 1 71 v
ale=y/B gy =1. (13)
/0 T(a)fe” Y

Since the integrand in (13) is positive for y > 0, it follows that the function

1 a—1,—y/B
Yy e 0<y< oo,
fly) =1 I'(a)s* (14)
0, y<0

defines a PDF for o > 0, 8 > 0.

Definition 2. An RV X with PDF defined by (14) is said to have a gamma distribution
with parameters « and 3. We will write X ~ G(«, ().

Figure 2 gives graphs of some gamma PDFs.
The DF of a G(«, ) RV is given by
0, x<0,

F(x) = 1 /X —-1,-y/8
— [ Yy e dy, x>0.
()8 Jo

15)
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(b)

0.8 |-

Fig.2 Gamma density functions.
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0.04 |-
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Fig.2 (continued).

The MGF of X is easily computed. We have

1 o0
M(I) _ . /(; ex(tfl/ﬁ)xafldx

(@)
(N e 1
_<1—ﬂt) J ) ™ 53
(1B i<k (16)

B
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It follows that

EX =M'(t)|,—0 = af, (17)
EX* =M"(1)|=0 = a(a+ 1), (18)

so that
var(X) = af”. (19)

Indeed, we can compute the moment of order n such that oo +n > 0 directly from the
density. We have

n __ 1 > —Xx a+n—1
EX _W/o e /By dx
_ al(atn)
~7 T
=p"(a+n—1)(a+n—2)--a. (20)

The special case when o = 1 leads to the exponential distribution with parameter 3.
The PDF of an exponentially distributed RV is therefore

{ﬁ_le_x/ﬁ, x>0,

f) = 0, otherwise. @D

Note that we can speak of the exponential distribution on (—o00,0). The PDF of such an
RV is

B BB, x <0,
flx) = {07 x>0, (22)

Clearly, if X ~ G(1,3), we have

EX" =n!p" (23)
EX=p4  and var(X) = (2, (24)
Mit)y=(1-p80)""  fort<p™". (25)

Another special case of importance is when o = n/2, n > 0 (an integer), and 3 = 2.

Definition 3. An RV X is said to have a chi-square distribution (x*-distribution) with n
degrees of freedom where 7 is a positive integer if its PDF is given by

1
—x/2x11/2—1 0<x<
F) =4 T@n/2)272¢ CoUEEE (26)

0, x<0.
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We will write X ~ x?(n) for a x> RV with n degrees of freedom (d.f.). [Note the difference
in the abbreviations of distribution function (DF) and degrees of freedom (d.f.).]

If X ~ x%(n), then

EX =n, var(X) = 2n, 27
2KT[(n/2) + K|
k
EX* = NODRE (28)
and
M) =(1-20)""?  fort< % (29)

Theorem 4. LetX,,X,,...,X, be independent RVs such that X; ~ G(«;, 3),j=1,2,...,n.
Then S, = > ;_, X is a G(3S_, o, 8) RV.

Corollary 1. Let X;,X>,...,X, be iid RVs, each with an exponential distribution with
parameter 3. Then S, is a G(n, 3) RV.

Corollary 2. If X;,X>, ..., X, are independent RVs such that X; ~ x*(r;),j = 1,2,...,n,
then S, is a x*(3_1_, r;) RV.

Theorem 5. Let X ~ U(0,1). Then ¥ = —2log X is *(2).

Corollary. Let X;,X;,...,X, be iid RVs with common distribution U(0,1). Then
=257 | logX; =2log(1/ [T, X:) is x*(2n).

Theorem 6. Let X ~ G(«,3) and Y ~ G(a,3) be independent RVs. Then X + Y and
X/Y are independent.

Corollary. Let X ~ G(ay,3) and Y ~ G(ay,3) be independent RVs. Then X + ¥ and
X/(X +7) are independent.

The converse of Theorem 6 is also true. The result is due to Lukacs [68], and we state
it without proof.

Theorem 7. Let X and Y be two nondegenerate RVs that take only positive values. Sup-

pose that U = X+ Y and V = X /Y are independent. Then X and Y have gamma distribution

with the same parameter 3.

Theorem 8. Let X ~ G(1, (). Then the RV X has “no memory,” that is,
P{X>r+sX>s}=P{X>r}, (30)

for any two positive real numbers r and s.
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Proof. The proof is left as an exercise.
The converse of Theorem 8 is also true in the following sense.

Theorem 9. Let F be a DF such that F(x) =0if x <0, F(x) < 1ifx > 0, and

1—F(x+y)
1—F(y)

Then there exists a constant 5 > 0 such that

=1-F(x) forallx,y>0. 31)

1-F(x)=e¢,  x>0. (32)
Proof. Equation (31) is equivalent to

glx+y) =g(x)+g(y)

if we write g(x) = log{1 — F(x)}. From the proof of Theorem 3 it is clear that the only
right continuous solution is g(x) = cx. Hence F(x) = 1 — e, x > 0. Since F(x) — 1 as
x — 00, it follows that ¢ < 0 and the proof is complete.

Theorem 10. LetX;,X>,...,X, beiid RVs. Then X; ~ G(1,nf3),i=1,2,...,n,if and only
ifX(]) is G(l,ﬂ)

Note that if X;,X,...,X, are independent with X; ~ G(1,;), i = 1,2,...,n, then Xy
isaG 1,1/, 87" ) RV.

The following result describes the relationship between exponential and Poisson RVs.

Theorem 11. Let X;, X5, ... be asequence of iid RVs having common exponential density
with parameter 3 > 0. Let S, = >_;_, X be the nth partial sum, n = 1,2, ..., and suppose
that # > 0. If Y = number of S, € [0,7], then Y is a P(z/3) RV.

Proof. We have

1 o0
P{Y =0} = P{S| >t}:B/ e/ Pax=e"P,

1

so that the assertion holds for ¥ = 0. Let n be a positive integer. Since the X;’s are
nonnegative, S, is nondecreasing, and

P{Y =n}=P{S, <t, Spp1 >t} (33)
Now

P{S, <t} =P{S, <t, Syy1 >t} +P{Suy1 <t} (34)
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It follows that

P{Y =n} =P{S, <t} —P{Sy41 <t}, (35)
and, since S, ~ G(n, 3), we have
t
1
P{Y = n=le=x/8 dx—/ —_X'e "/ Pux
t o I'(n+1)pm+!
t”e’t/ﬁ
T Bl

as asserted.

Theorem 12. If X and Y are independent exponential RVs with parameter 3, then Z =
X/(X+7Y)hasaU(0,1) distribution.

Note that, in view of Theorem 7, Theorem 12 characterizes the exponential distribution
in the following sense. Let X and Y be independent RVs that are nondegenerate and take
only positive values. Suppose that X + Y and X /Y are independent. If X /(X +Y) is U(0, 1),
X and Y both have the exponential distribution with parameter . This follows since, by
Theorem 7, X and Y must have the gamma distribution with parameter 5. Thus X/(X +7)
must have (see Theorem 14) the PDF

o F(al +OZ2) ap—1 ay—1
f(x)—mx (1—x)—", 0<x<1,

and this is the uniform density on (0, 1) if and only if oy = «, = 1. Thus X and Y both
have the G(1, 8) distribution.

Theorem 13. Let X be a P(A\) RV. Then
[~ _
P{X<K}=— / e xK dx (36)
K! J\
expresses the DF of X in terms of an incomplete gamma function.

Proof.

P{X<K} Z {]e_)‘)\’l Ne M
!
j=0

7)\1( —A

and it follows that

as asserted.
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An alternative way of writing (36) is the following:
P{X <K} =P{Y >2A},
where X ~ P(\) and Y ~ x?(2K +2).

5.3.3 Beta Distribution
The integral

1—
B(a,B) /0+ x* N1 —x)Plax (37)

converges for & > 0 and 8 > 0 and is called a beta function. For o < 0 or 5 < 0 the integral
in (37) diverges. It is easy to see that for« > 0and 3 > 0

B(a,B) =B(B,a), (38)
B(aﬁ):/Ooxa_l(l—kx)_”‘_ﬂdx, (39)
0+
and
_ T(@)r(s)
B(B) = Trat 5 (40)
It follows that
)co"l(l—x)ﬁf1
_— 0 1
=" Bla,p) = rTh (1)
0, otherwise,

defines a pdf.

Definition 4. An RV X with PDF given by (41) is said to have a beta distribution with
parameters « and 3, a > 0 and 8 > 0. We will write X ~ B(«, 3) for a beta variable with
density (41).

Figure 3 gives graphs of some beta PDFs.
The DF of a B(«, 8) RV is given by

0, x <0,
X
F(x) = [B(a,ﬂ)]‘l/ Y 1=y tay, 0<x<1, (42)
0+
1, x> 1.
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Fig. 3 Beta density functions.

If n is a positive number, then

1
EX" =

1
/ K1 —x)Plax
0

B(a,3)
_B(nta.f) _T(n+a)(ats) )
B(a, ) Ta)(n+a+p6)’
using (40). In particular,
!
EX=_—— 5 (44)
and
_ af
var(X) = CETECETETE (45)
For the MGF of X ~ B(«, ), we have
_ 1 ! x_ o—1 B—1
M(t) = B(a,ﬁ)/o e xT (1 —x)P " dx (46)



212 SOME SPECIAL DISTRIBUTIONS

Since moments of all order exist, and E|X |j < 1 for all j, we have

M(z):Z;EXJ
=0 '
I T(a+j)I(a+p)
ZF(JH T(a+B+)T (@) “n

Remark 1. Note that in the special case where a = 5 = 1 we get the uniform distribution
on (0,1).

Remark 2. 1f X is a beta RV with parameters « and 3, then 1 — X is a beta variate with
parameters 3 and «. In particular, X is B(«, «) if and only if 1 — X is B(«, ). A special
case is the uniform distribution on (0, 1). If X and 1 — X have the same distribution, it does
not follow that X has to be B(«, «r). All this entails is that the PDF satisfies

fx)=r(1-x), 0<x<l.

Take

1
B(a, 5) +B(S, )

Example 3. Let X be distributed with PDF

f(x){lzx (I-x), 0<x<1,

0, otherwise.

flx) = [x“_l(l—x)ﬁ_l—|—(1—x)0‘_1x’8_1], 0<x<l.

Then X ~ B(3,2) and

o L+3)I(5) 4 (n+2)! 12
= G m+s) z'(n+4)!_(n+4)(n+3)’
EX:E var(X) = 6 _ 1

20’ 52.6 25’
7o(j+2)!4!
MO=3 5 C i

:§o+4>o+3> 'ﬁ’
and

| 05
P{02<X<0.5}= ﬁ/ (x* —x*) dx
0.2

=0.023.
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Theorem 14. Let X and Y be independent G(a, 3) and G(, /3), respectively, RVs. Then
X/(X+7Y)isaB(ar,az) RV.

Let X1,X,...,X, be iid RVs with the uniform distribution on [0, 1]. Let Xy be the
kth-order statistic.

Theorem 15. The RV X(;) has a beta distribution with parameters « =k and S =n—k+1.

Proof. Let X be the number of X;’s that lie in [0, 7]. Then X is b(n, ). We have

P{Xy <t} =P{X =k}

— (n) (1 —1)" .
=%

Also

On integration, we get

P{Xy <1} = H(Z: i) /lek_l(l —x)"*drx,

as asserted.

Remark 3. Note that we have shown that if X is b(n,p), then
n=1\ 7 4 n—k
1-P{X<k}=n r—1 X1 —=x)"""dx, (48)
- 0
which expresses the DF of X in terms of the DF of a B(k,n —k+ 1) RV.

Theorem 16. Let X;,X>,...,X, be independent RVs. Then X;,X>,...,X, are iid B(a, 1)
RVs if and only if X(,) ~ B(an, 1).

5.3.4 Cauchy Distribution

Definition 5. An RV X is said to have a Cauchy distribution with parameters p and 6 if
its PDF is given by

" 1

f(x):;m7

—0o<x<oo, pu>0. 49)
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Fig. 4 Cauchy density function.

We will write X ~ C(u,0) for a Cauchy RV with density (49).

Figure 4 gives graph of a Cauchy PDF.
We first check that (49) in fact defines a PDF. Substituting y = (x — ) /i1, we get

/_oof(x)dx:%/oo dy 2(tan_1y)8°:1.

o1y

The DF of a C(1,0) RV is given by

1 1
F(x)zi—&-;tan_'x, —00 < x < 00. (50)

Theorem 17. Let X be a Cauchy RV with parameters x and 6. The moments of order < 1
exist, but the moments of order > 1 do not exist for the RV X.

Proof. Tt suffices to consider the PDF

1 1
&) =21

2 [ 1
E|X\a:f/ X —— dx,
T Jo 1+x2

—00 < x < 00.
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and letting z = 1/(1 4 x?) in the integral, we get

1
EX|" = 1/ L=a)/2=1(y _ gyl(atD)/2=1 g
T Jo

which converges for v < 1 and diverges for o > 1. This completes the proof of the theorem.

It follows from Theorem 17 that the MGF of a Cauchy RV does not exist. This creates
some manipulative problems. We note, however, that the CF of X ~ C(u,0) is given by

P(t) = e, (51)

Theorem 18. Let X ~ C(u,60;) and Y ~ C(u2,0,) be independent RVs. Then X + Y is a
G(ul + ua, 64 +92) RV.

Proof. For notational convenience we will prove the result in the special case where 1) =
o =1 and 8; = 6, = 0, that is, where X and Y have the common PDF

1 1
f(x):;'l—&—xz’ —00 < x < 0.
The proof in the general case follows along the same lines. If Z = X 4 Y, the PDF of Z is
given by
I [~ 1 1
) = = : dx.
£(2) Wz/_mlﬂz e
Now
1
(1+22)[1+(z—x)?]
B 1 [ 2zx N 2 N 272 —2zx N 2
2244 1+ 1+ 14 (z—x)? 14 (z—x)?
so that
f(Z)—L ! -zlog i +%tan” x4+ tan”' (x— 2) h
‘ w2 2(244) |7 T 14+ (z—x)? .
1 2
ng, —00 < 7 < 00.

It follows that, if X and Y are iid ©(1,0) RVs, then X + Y is a €(2,0) RV. We note that the
result follows effortlessly from (51).

Corollary. Let X;,Xy,...,X, be independent Cauchy RVs, X ~ C(u,0k), k=1,2,...,n.
Then S, = >\ Xx is a C(>_| s, > k) RV.

In particular, if X;,X>,...,X, are iid C(1,0) RVs, n~!S, is also a C(1,0) RV. This is
a remarkable result, the importance of which will become clear in Chapter 7. Actually,
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this property uniquely characterizes the Cauchy distribution. If F is a nondegenerate DF
with the property that n~'S, also has DF F, then F must be a Cauchy distribution (see
Thompson [113, p. 112]).

The proof of the following result is simple.

Theorem 19. Let X be C(u,0). Then A/X, where A is a constant, is a C(|A|/u,0) RV.
Corollary. X is C(1,0) if and only if 1/X is C(1,0).

We emphasize that if X and 1/X have the same PDF on (—o0, 00), it does not follow*
that X is C(1,0), for let X be an RV with PDF
1 .
f(x):Z if x| <1,

X

Then X and 1/X have the same PDF, as can be easily checked.
Theorem 20. Let X be a U(—n/2,7/2) RV. Then Y = tanX is a Cauchy RV.

Many important properties of the Cauchy distribution can be derived from this result
(see Pitman and Williams [80]).

5.3.5 Normal Distribution (the Gaussian Law)

One of the most important distributions in the study of probability and mathematical
statistics is the normal distribution, which we will examine presently.

Definition 6. AnRV X is said to have a standard normal distribution if its PDF is given by

1
px) = Ee—(ﬁ/z)’ —00 < x < 00. (52)

We first check that f defines a PDF. Let

I:/ e 12 dx.

* Menon [73] has shown that we need the condition that both X and 1/X be stable to conclude that
X is Cauchy. A nondegenerate distribution function F is said to be stable if, for two iid RVs X, X»
with common DF F, and given constants a;,a, > 0, we can find o > 0 and 3(a1,a2) such that
the RV

X3 =a NaiX) +aXo — )

again has the same distribution F. Examples are the Cauchy (see the corollary to Theorem 18)
and normal (discussed in Section 5.3.5) distributions.
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Then
—x*/2 —|x|+1
O<e <e , —00 < x < 00,

o0
/ e M gy = 2e,
— 00

and it follows that / exists. We have

Thus [*°_¢(x)dx = 1, as required.
Let us write Y = 0X + i, where o > 0. Then the PDF of Y is given by

w0) = o (1)
1

_ —[(r—n)*/207] _ . -
= e , co<y<oo; 0>0, —oco< <. 53
o y 1 (53)

Definition 7. An RV X is said to have a normal distribution with parameters p (—oo <
1 < o0o) and o(> 0) if its PDF is given by (53).

If X is a normally distributed RV with parameters . and o, we will write X ~ N(u,0?).
In this notation ¢ defined by (53) is the PDF of an N(0, 1) RV. The DF of an N(0,1) RV
will be denoted by ®(x), where

P(x) = \/12?/_)( e/ du. (54)

Clearly, if X ~ N(u,0?), then Z = (X — p) /o ~ N(0, 1). Z is called a standard normal RV.
For the MGF of an N(u,2) RV, we have

00 42 2 2
M(t):;/ exp{ x—&—xL—;M) a }dx

270 J—oo Tl& o _T‘Z
1 e —(x—p—o?t)? ot
= _ t+——rd
o /ooexp{ 752 + put+ > x
202
= exp (ut—i— 02> , (55)

for all real values of 7. Moments of all order exist and may be computed from the MGF.
Thus

EX = M'(1)|i—o = (u+o*)M (1)l =0 = (56)
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and

EX* = M"(1)|i=0 = [M(t)0* + (u+ 0*1)*M(1)) =0
= 0'2 + uz. (57)

Thus
var(X) = 0. (58)
Clearly, the central moments of odd order are all 0. The central moments of even order

are as follows:

1

V2w

:LGzn+l/21-w <n+1>
V27 2

=[(2n—1)(2n—3)---3-1]o*". (59)

oo
E{X —p}" = / X2e=% /2" gy (n is a positive integer)
— 00

As for the absolute moment of order «, for a standard normal RV Z we have

1 e 2
Ezaziz Zaefz/zdz
2 V2T /0

1 oo
_ b ((at1)/2))-1,-3/2
5 /O y Y

T[(a+1)/2)20/2
—

As remarked earlier, the normal distribution is one of the most important distributions
in probability and statistics, and for this reason the standard normal distribution is available
in tabular form. Table ST2 at the end of the book gives the probability P{Z > z} for various
values of z(> 0) in the tail of an N(0, 1) RV. In this book we will write z,, for the value of
Z that satisfies « = P{Z > 7, }, 0 < a < 1.

(60)

Example 4. By Chebychev’s inequality, if E|X|> < oo, EX = p, and var(X) = o2, then
1
P(X 4| > Ko} < 5.

For K =2, we get P{|X — u| > Ko} <0.25, and for K = 3, we have P{|X — | > Ko} <
If X is, in particular, N(u o), then

1
5
PIX— 4 2 Ko} = P(17] 2 K},

where Z is N(0, 1). From Table ST2.

P{z|>1}=0318,  P{|z|>2}=0046, and  P{|Z| >3} =0.002.
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Thus practically all the distribution is concentrated within three standard deviations of
the mean.

Example 5. Let X ~N(3,4). Then

2-3 _X-3
2 2
—P{Z<1}-P{Z<-05}

—0.841 —P{Z > 0.5}
—0.0841 —0.309 = 0.532.

P{2<X<5}:P{ <5;3}:P{—0.5<Z<1}

Theorem 21. (Feller [25, p. 175]). Let Z be a standard normal RV. Then

1 >
P{Z>x} =~ e /2 as x — 00. 61
{Z>x} o (61)
More precisely, for every x > 0
1 2 1 1 1
I oV L -2
e <P{Z>x}< e . 62
V2T (X x3> { } xV 2 (62)
Proof. We have
1 e 2 3 1 1 1
—a8 (1_3\ gy = 22 (_) 3
e e
\/Zw/x ( y4> V= x X ©3)
and
1 R 1 1 251
— [ e/ (1 + ) dy=——e/2=, 64
\/27r/x »? Y % X &)

as can be checked on differentiation. Approximation (61) follows immediately.

Theorem 22. Let X;,X,, ..., X, be independent RVs with X; ~ N(u,0?), k=1,2,...,n.
Then S, = >, Xxis an N(3_}_, pu, D1 0%) RV.

Corollary 3. If X;,X5,...,X, are iid N(u,0?) RVs, then S, is an N(nu,no?) RV and
n='S, is an N(u, 0% /n) RV.

Corollary 4. If X, X,,..., X, are iid N(0,1) RVs, then n~'/2S,, is also an N(0, 1) RV.

We remark that if X1, X», ..., X,, are iid RVs with EX = 0, EX? = 1 such that n~'/2S,, also
has the same distribution for each n = 1,2, ..., that distribution can only be N(0, 1). This
characterization of the normal distribution will become clear when we study the central
limit theorem in Chapter 7.
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Theorem 23. Let X and Y be independent RVs. Then X + Y is normally distributed if and
only if X and Y are both normal.

If X and Y are independent normal RVs, X + Y is normal by Theorem 22. The converse
is due to Cramér [16] and will not be proved here.

Theorem 24. Let X and Y be independent RVs with common N(0, 1) distribution. Then
X +Y and X — Y are independent.

The converse is due to Bernstein [4] and is stated here without proof.

Theorem 25. If X and Y are independent RVs with the same distribution and if Z; = X+Y
and Z, = X — Y are independent, all RVs X, Y, Z;, and Z, are normally distributed.

The following result generalizes Theorem 24.
Theorem 26. If X;,X>,...,X, are independent normal RVs and Z?:] aibvar(X;) =0,
then Ly = ! a;X; and L, =Y.' | bX; are independent. Here ay,a,...,a, and

by,b, ..., b, are fixed (nonzero) real numbers.

Proof. Let var(X;) = o2, and assume without loss of generality that EX; = 0, i =
1,2,...,n. For any real numbers a, B, and ¢

Ee“hFBL) — Eexp {tZ(aai + /Bbi)Xi}

_Hexp{ (oa; + Bbi)*o 2}

22 82 n
=expy —— ao? + - Zb?o? since Zaibiaiz =0
1 i

1

[Toco{“} Tl {0}

i=1

— - EetozuiX; . Ee’ﬁb’x"
IR
= Eexp <ta Za,-X,-) -Eexp (t/)’ Zb,X,)
1 1

— EealLl Ee,BZLZ

Thus we have shown that

M(at,Bt) = M(at,0)M(0, 5t) for all o, 3, 1.

It follows that L; and L, are independent.
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Corollary. If X;, X, are independent N(s1,0%) and N(u2,0°) RVs, then X; — X, and
X + X5 are independent. (This gives Theorem 24.)

Darmois [20] and Skitovitch [106] provided the converse of Theorem 26, which we
state without proof.

Theorem 27. If X;,X5,...,X, are independent RVs, ay,ay,...,a,, bi1,bs,... b, are real
numbers none of which equals 0, and if the linear forms

n

n
L= Zaixia L, = ZbiXi
=1

i=1

are independent, then all the RVs are normally distributed.

Corollary. If X and Y are independent RVs such that X 4+ Y and X — Y are independent,
X,Y, X+Y,and X — Y are all normal.

Yet another result of this type is the following theorem.

Theorem 28. Let X;,X>,...,X, be iid RVs. Then the common distribution is normal if
and only if

S, = ixk and Y, = En:(x,» —n~1s,)?
k=1

i=1
are independent.

In Chapter 6 we will prove the necessity part of this result, which is basic to the theory
of t-tests in statistics (Chapter 10; see also Example 4.4.6). The sufficiency part was proved
by Lukacs [67], and we will not prove it here.

Theorem 29. X ~ N(0,1) = X? ~ x*(1).
Proof. See Example 2.5.7 for the proof.
Corollary 1. If X ~ N(p,0?), the RV Z2 = (X — p)? /0% is x2(1).

Corollary 2. If X;,X»,...,X, are independent RVs and X; ~ N(u,07), k = 1,2,...,n,
then Y74, (X — 1ux)? /o is X*(n).

Theorem 30. Let X and Y be iid N(0,0?) RVs. Then X /Y is €(1,0).
Proof. For the proof see Example 2.5.7.

We remark that the converse of this result does not hold; that is, if Z = X/Y is the
quotient of two iid RVs and Z has a C(1,0) distribution, it does not follow that X and Y
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are normal, for take X and Y to be iid with PDF

V2 1
f(x):7l+7x4’

—00 < Xx < 00.

We leave the reader to verify that Z = X /Y is C(1,0).

5.3.6 Some Other Continuous Distributions

Several other distributions which are related to distributions studied earlier also arise in
practice. We record briefly some of these and their important characteristics. We will use
these distributions infrequently. We say that X has a lognormal distribution if Y = {n X
has a normal distribution. The PDF of X is then

_ 1 (logx — p)?
f(x)xomexp{w}a xzov (65)

and f(x) = 0 for x < 0, where —o0 < 1 < 00, o > 0. In fact for x > 0

P(X<x)=P(nX</Inx)

:P(Ygfnx):P( <
o o

:(I)(ﬁnx—,u)’
1%

where @ is the DF of a N (0, 1) RV which leads to (65). It is easily seen that for n >0

Y—pu - énx—u)

_ +n’c”
EX" = exp ("“ 5 )

(66)
EX = exp (%‘72) , var(X) = exp(2u +20?%) —exp(2u + 0?).
The MGF of X does not exist.
We say that the RV X has a Pareto distribution with parameters 6 > 0 and « > 0 if its
PDF is given by

00&
f(x) = (x—féom, x>0 (67)

and 0 otherwise. Here 6 is scale parameter and « is a shape parameter. It is easy to check
that

9(1
Fx)=PX<x)=1———, x>0
(x) =P(X <x) (F=E 68)
EX=-%a>1, and var(X)

_ af
a1’ ~ (@=2)(a=1)?

for o > 2. The MGF of X does not exist since all moments of X do not.
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Suppose X has a Pareto distribution with parameters 6 and «. Writing ¥ = ¢n(X/6) we
see that Y has PDF
oe’

fY(y):Wa —00 <y <00, (69)

and DF
Fy(y)=1—(1+¢)"%, forally.

The PDF in (69) is known as a logistic distribution. We introduce location and scale param-
eters 1 and o by writing Z = p+ oY, taking o = 1 and then the PDF of Z is easily seen
to be

_ 1 exp{(z—p)/0}
o {1+exp[(z—p)/ol}?

for all real z. This is the PDF of a logistic RV with location—scale parameters p and o. We
leave the reader to check that

Fz(2) :exp{@} {1+exp {@} }—1

2 2

EZ = p, var(Z) = =& (71

f2(2) (70)

My(t) = exp(u)T (1 —ot)T(1+01), 1 < 1.

Pareto distribution is also related to an exponential distribution. Let X have Pareto PDF of
the form

ac®
fX(S) = W, x>0 (72)

and O otherwise. A simple transformation leads to PDF (72) from (67). Then it is easily
seen that ¥ = ¢/n(X /o) has an exponential distribution with mean 1/c. Thus some proper-
ties of exponential distribution which are preserved under monotone transformations can
be derived for Pareto PDF (72) by using the logarithmic transformation.

Some other distributions are related to the gamma distribution. Suppose X ~ G(1, ).
Let Y = X'/, a > 0. Then Y has PDF

fr(y) = <g) y"‘leXp{_;a}v y>0 (73)

and O otherwise. The RV Y is said to have a Weibull distribution. We leave the reader to
show that

a

Fy(y)=1—exp(_/§ ) y>0

EY"=pg/oT (1+2), EY=pgY5T (1+1), (74)

var(Y) = ¥ [T (14+2) -T2 (14 1)].
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The MGF of Y exists only for « > 1 but for o > 1 it does not have a form useful in

applications. The special case o = 2 and 3 = 62 is known as a Rayleigh distribution.
Suppose X has a Weibull distribution with PDF (73). Let Y = ¢n X. Then Y has DF

1
Fy(y) = l—exp{—eay}, —00 <y < 0.

B
Setting 0 = (1/a)fn S and 0 = 1/ we get
Fo)=1-on{ o=} 75
with PDF
09 = Lo [£=2] - [29] |, %

for —oo <y < oo and o > 0. An RV with PDF (76) is called an extreme value distribution
with location—scale parameters # and o. It can be shown that

2. 2

EY =0 —~0, var(Y) = =2, and

77
My(t) = /T (1 +ot),
where v ~ 0.577216 is the Euler constant.

The final distribution we consider is also related to a G(1, ) RV. Let f; be the PDF of
G(1,5) and f, the PDF

1 X
x)=—=exp| =], x<0, =0 otherwise.
70 = 3o (%)

Clearly f is also an exponential PDF defined on (—oc,0). Consider the mixture PDF

Flx) = %[fl () +HE)], —o0 < x< . (78)
Clearly,
f(x):;exp{_;}, —00 < x < 00, (79)

and the PDF f defined in (79) is called a Laplace or double exponential pdf. It is convenient
to introduce a location parameter . and consider instead the PDF

1 P
f(x) = - exp il L) (80)
2 5
where —oo < pu < oo, 8 > 0. It is easy to see that for RV X with PDF (80) we have
EX = p, var(X) = 2/3%, and M(t) = e"[1 — (B1)*] ", (81)

for |1] < 1/8.
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For completeness let us define a mixture PDF (PMF). Let g(x|0) be a PDF and let 4(0)
be a mixing PDF. Then the PDF

) = / ¢(x[6)h(6)do (82)

is called a mixture density function. In case h is a PMF with support set {0;,6,,...,0:},
then (82) reduces to a finite mixture density function

k
flx) = Zg(xlai)h(ei). (83)

The quantities (6;) are called mixing proportions. The PDF (78) is an example with k = 2,
h(01) = h(62) = 1/2, g(x[01) = /1 (x), and g(x]62) = f2(x).

PROBLEMS 5.3

1. Prove Theorem 1.

2. Let X be an RV with PMF p; = P{X = k} given below. If F is the corresponding
DF, find the distribution of F(X), in the following cases:

(@) pr= (Z)Pk(l —p)"fk,kZO,I,Z,...,n;O <p<l.
(b) pr=e MA/K), k=0,1,2,...;A>0.
3. LetY; ~ U[0,1], Y, ~ U[0, V1],...,Y, ~ U[0,Y,_;]. Show that
Yy~ X, Yo~n XiXo, .. Yy ~ X1 Xo - X,
where X1,X,...,X, are iid U[0,1] RVs. If U is the number of Y, Ya,...,Y, in [z, 1],

where 0 < ¢ < 1, show that U has a Poisson distribution with parameter —log?.

4. Let X;,Xa,...,X, be iid U0, 1] RVs. Prove by induction or otherwise that S, =
> i Xk has the PDF

709 = [ln= 017 0 () =i

where e(x) = 1if x> 0,=0if x <O0.
5. (a) Let X be an RV with PMF p; = P(X =x;), j=0,1,2,..., and let F be the DF
of X. Show that

1 o0
EF(X)=5q 1+ >
j=0

2

o0 1 o0
varF(X) = piai—5 | 1= _p | -
=0 j=0

oo
where g1 = Zi:j+1pi~
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13.

14.

15.

16.

17.

18.

19.
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(b) Letp; >0 forj=0,1,....,Nand Y  p; = 1. Show that

(N+2)
EFX) 2 piv )

with equality if and only if p; = 1/(N + 1) for all j.
(Rohatgi [91])

. Prove (a) Theorem 6 and its corollary, and (b) Theorem 10.
. Let X be a nonnegative RV of the continuous type, and let ¥ ~ U(0,X). Also, let

Z =X —Y. Then the RVs Y and Z are independent if and only if X is G(2,1/)\) for
some A > 0. (Lamperti [59])

. Let X and Y be independent RVs with common PDF f(x) = 8~ “ax®~'if 0 < x < 3,

and = 0 otherwise; o > 1. Let U = min(X,Y) and V = max(X,Y). Find the joint
PDF of U and V and the PDF of U + V. Show that U/V and V are independent.

. Prove Theorem 14.
10.
11.
12.

Prove Theorem 8.

Prove Theorems 19 and 20.

Let X1,X>,...,X, be independent RVs with X; ~ C(u;, A;), i = 1,2,...,n. Show that
the RV X =1/ X; ! is also a Cauchy RV with parameters /(A2 + ;%) and
A/ (AN + p?), where

n

Ai i
)\:Zm and N:Zﬁuz.

i=1 "1

Let X;,Xa,...,X, be iid C(1,0) RVs and a; # 0, b;, i = 1,2,...,n, be any real
numbers. Find the distribution of Y, 1/(a:X; + b;).

Suppose that the load of an airplane wing is a random variable X with
N(1000, 14400) distribution. The maximum load that the wing can withstand is an
RV Y, which is N(1260,2500). If X and Y are independent, find the probability that
the load encountered by the wing is less than its critical load.

Let X ~ N(0, 1). Find the PDF of Z = 1/X>. If X and Y are iid N(0, 1), deduce that
U=XY/VX?+Y?is N(0,1/4).

In Problem 15 let X and Y be independent normal RVs with zero means. Show
that U = XY /+/(X?+ Y?) is normal. If, in addition, var(X) = var(Y) show that
V = (X*-Y?)/\/(X2+Y?) is also normal. Moreover, U and V are indepen-
dent. (Shepp [104])
Let X;,X>,X3,X4 be independent N(0, 1). Show that ¥ = X; X, + X3X, has the PDF
fly) = %efm, —00 <y < 00.

Let X ~ N(15,16). Find (a) P{X < 12}, (b) P{10 < X < 17}, (c) P{10< X < 19
| X <17} and (d) P{|X — 15| > 0.5}.

Let X ~ N(—1,9). Find x such that P{X > x} = 0.38. Also find x such that
P{X+1|<x} =04
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20.

21.

22,
23.

24.

25.

26.

27.

Let X be an RV such that log(X — a) is N(u,0?). Show that X has PDF

;ex —M if x a
f(x) =% o(x—a)V2rn p{ 252 } fx>a,

0 ifx<a.

If my,my are the first two moments of this distribution and a3 = p3/ ug/ 2 is the
coefficient of skewness, show that a, u, o are given by

\/mzfm%

a:ml_T7 UzZlOg(1+772),

and

1
w=log(m —a)— 502,

where 7 is the real root of the equation 7> + 31 — a3 = 0.

Let X ~ G(«,B) and let Y ~ U(0,X).

(a) Find the PDF of Y.

(b) Find the conditional PDF of X given Y =y.

(c) Find P(X+Y <2).

Let X and Y be iid N(0, 1) RVs. Find the PDF of X /|Y|. Also, find the PDF of |X|/|Y|.

It is known that X ~ B(a, ) and P(X < 0.2) = 0.22. If o+ 3 = 26, find o and f.
[Hint: Use Table ST1.]

Let X;,X,...,X, be iid N(u,0?) RVs. Find the distribution of

Y, — ZZ:1ka _MZZ:1"
n= ,, /2
(ki k)
Let Fy,Fs,...,F, be n DFs. Show that min[F,(x;),Fa(x2),...,Fu(x,)] is an
n-dimensional DF with marginal DFs F, F,...F,. (Kemp [50])
Let X ~NB(1;p) and Y ~ G(1,1/\). Show that X and Y are related by the equation

P{X <x}=P{Y <[x]} forx > 0, A =log (lip>’

where [x] is the largest integer < x. Equivalently, show that
P{Y € (n,n+ 1]} = Pg{X =n},

where 0 =1 —¢ (Prochaska [82]).

Let 7 be an RV with DF F and write S(f) = 1 — F(t) = P(T > t). The function F is
called the survival (or reliability) function of X (or DF F). The function A(7) = %
is called hazard (or failure-rate) function. For the following PDF find the hazard

function:
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(a) Rayleigh: f(t) = (t/a?) exp{—*/(2a*)}, t > 0.
(b) Lognormal: f(t) = 1/(to/27) exp{—(¢n t — p)?/20?}.
(c) Pareto: f(1) = af*/t**1 ¢t > 6, and = 0 otherwise.
(d) Weibull: f(1) = (o/B)t* L exp(—1*/B), t > 0.
(e) Logistic: f(1) = (1/B)exp{~(t — u)/B}1 + exp{—(t — u)/B}H 2, —o0 <
t < oo.
28. Consider the PDF

O e e R =

and = 0 otherwise. An RV X with PDF f is said to have an inverse Gaussian
distribution with parameters p and ), both positive. Show that

EX = p,var(X) =y’ /A and

1/2
M(t) = Eexp(tX) :exp{i [1— (1_21‘52> ] }

29. Let f be the PDF of a N(u,0%) RV:
(a) For what value of c is the function ¢f", n > 0, a pdf?
(b) Let @ be the DF of Z ~ N(0, 1). Find E{Z®(Z)} and E{Z*®(Z)}.

5.4 BIVARIATE AND MULTIVARIATE NORMAL DISTRIBUTIONS

In this section we introduce the bivariate and multivariate normal distributions and inves-
tigate some of their important properties. We note that bivariate analogs of other PDFs are
known but they are not always uniquely identified. For example, there are several versions
of bivariate exponential PDFs so-called because each has exponential marginals. We will
not encounter any of these bivariate PDFs in this book.

Definition 1. A two-dimensional RV (X, Y) is said to have a bivariate normal distribution
if the joint PDF is of the form
1

2ro1004/ 1 — p?

— 00 <x <00, —0o0 <y < oo,

flxy) = e/, (1)

where oy >0, 0, > 0, |p| < 1, and Q is the positive definite quadratic form

o=t | () (51 () (58] e

Figure 1 gives graphs of bivariate normal PDF for selected values of p.
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Fig.1 (continued).

We first show that (1) indeed defines a joint PDF. In fact, we prove the following result.

Theorem 1. The function defined by (1) and (2) with oy > 0, 05 > 0, |p| < 1 is a joint
PDF. The marginal PDFs of X and Y are, respectively, N(u1,07) and N(j2,03), and p is
the correlation coefficient between X and Y.
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Proof. Let fi(x) = / f(x,y)dy. Note that

1=ty = (12 ) s ()

={yiz[”““%}’”@-mﬂ}:lez) (=)’

It follows that

R S o€ 10 O el G S (G )
fl(X)_m\/ZT p{ 207 }/oo o /T=p2v/2r

where we have written

dy, ()

o
5x=M2+P(2> (= pr). )
a1
The integrand is the PDF of an N(3,,03(1 — p*)) RV, so that

1 1 x,u1>2
X) = —F——eX —= R —00 < x < oQ.
file) = — = p{ 3 (=

[ A s [ e,

and f(x,y) is a joint PDF of two RVs of the continuous type. It also follows that f; is the
marginal PDF of X, so that X is N(x1,07). In a similar manner we can show that Y is

Thus

N(MLO—%)’
Furthermore, we have
fy) | { —(=5.) } 5
7~ o1 2var T 2030 ) )

where /3, is given by (4). It is clear, then, that the conditional PDF fyx(y | x) given by (5)
is also normal, with parameters /3, and o3 (1 — p?). We have

E{Y|x}=ﬁx=m+pj—f<x—m> ©6)
and

var{Y|x} = o3 (1 — p?). (7
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In order to show that p is the correlation coefficient between X and Y, it suffices to
show that cov(X,Y) = po0,. We have from (6)

E(XY) = E{E{XY|X}}
o
ZE{X {Mz-FP;(X—/M)} }
1
o
= [ip2 + &Uf.
01
It follows that
cov(X,Y) = E(XY) — piup = poy0s.
Remark 1. If p?> = 1, then (1) becomes meaningless. But in that case we know
(Theorem 4.5.1) that there exist constants a and b such that P{Y = aX + b} = 1. We
thus have a univariate distribution, which is called the bivariate degenerate (or singular)
normal distribution. The bivariate degenerate normal distribution does not have a PDF
but corresponds to an RV (X,Y) whose marginal distributions are normal or degenerate

and are such that (X,Y) falls on a fixed line with probability 1. It is for this reason that
degenerate distributions are considered as normal distributions with variance 0.

Next we compute the MGF M (t,, ;) of a bivariate normal RV (X, Y). We have, if f(x,)
is the PDF given in (1) and f] is the marginal PDF of X,

M(t),1) = / / TV (x,y) dxdy,

[ e asfenar
> 11X l 2.2 2 g2
= €"fi(x) { exp Effzfz(l*/? )+ M2+P;1(X*M1) dx
1 o0
— exp Lff%r%u — )+ tapia — meul} / ¢/ T () .

— 00

Now

oo 2
o 1 o
/ eI HPR/ IO (x) dx = exp [/u (ﬂ +p0?f2> 50 (’1 —s—ptz(;?) ] |

Therefore,

O’%l%—‘y—d%t%-l-zpal(lell‘g) )

M(t1,t;) = exp <M1t1+uzlz+ >

The following result is an immediate consequence of (8).
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Theorem 2. If (X, Y) has a bivariate normal distribution, X and Y are independent if and
only if p=0.

Remark 2. Tt is quite possible for an RV (X,Y) to have a bivariate density such that the
marginal densities of X and Y are normal and the correlation coefficient is 0, yet X and Y
are not independent. Indeed, if the marginal densities of X and Y are normal, it does not
follow that the joint density of (X,Y) is a bivariate normal. Let

1 1
763 = 3 { gm0~ 20 +9) ©)

1 -1 ) ’
2 .
s e )}
Here f(x,y) is a joint PDF such that both marginal densities are normal, f(x,y) is not
bivariate normal, and X and Y have zero correlation. But X and Y are not independent. We

have

1 2
filx) = e /2, —00 < x < 00,
V2T
1 2
=——e/2 —00 <y < 00,
EXY =0.

Example 1. (Rosenberg [93]). Let f and g be PDFs with corresponding DFs F and G.
Also, let

h(x,y) =f(x)g(»)[1 +a2F(x) = 1)(2G(y) — 1)}, (10)

where |a| < 1 is a constant. It was shown in Example 4.3.1 that % is a bivariate density
function with given marginal densities f and g.
In particular, take f and g to be the PDF of N(0, 1), that is,

flx)=gx) = ! efxz/z, —00 < x < 00, an

and let (X, Y) have the joint PDF A (x,y). We will show that X + Y is not normal except in
the trivial case o = 0, when X and Y are independent.
LetZ=X+Y.Then
EZ =0, var(Z) = var(X) +var(Y) +2cov(X,Y).

It is easy to show (Problem 2) that cov(X,Y) = «/, so that var(Z) = 2[1 + (a/7)]. If Z
is normal, its MGF must be

M, (1) = o N (a/m)] (12)
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Next we compute the MGF of Z directly from the joint PDF (10). We have

My (1) = {7}

—e+a/ /ﬁ () — 1RF(y) — 1 (x)f () dedy
:ef4-a{/iiewnpuo—lynad42.
Now

/OO “[2F (x) — 1]f(x) dx——Z/OO ()dx+et/2

o el
exp{ [+ (v +x)? er]}

oy o,

N\~8

(x*+u? 2tx)}dudx

N 2 2
:ap_A wM1Mi; 1) /4} em{Xt% 02y
I exp{—;[<v+r>2/zl}
:e’/2726’/2/0 NG dv
:efz/z—zefz/zp{z, > k} (13)

where Z; is an N(0,1) RV.
It follows that

2
2 1

M (1) =¢" +a[e’2/2—26’2/2P{Z > }]
1(0) T2

1+a<1—2P{Zl>\%}>2]. (14)

If Z were normally distributed, we must have M,(f) = M;(¢) for all 7 and all |o| < 1,

that is,
; 2
1—1—04(1—2P{Zl>\6}> ] (15)

2
:et

2 2 2
P e(a/w)z —

For av = 0, the equality clearly holds. The expression within the brackets on the right side
2

of (15) is bounded by 1+, whereas the expression e(®/™" is unbounded, so the equality

cannot hold for all 7 and a.

Next we investigate the multivariate normal distribution of dimension n, n > 2. Let M
be an n X n real, symmetric, and positive definite matrix. Let x denote the n x 1 column
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vector of real numbers (xy,x;,...,x,)" and let & denote the column vector (p1, 2, - - -, tin)’,
where p;(i = 1,2,...,n) are real constants.

Theorem 3. The nonnegative function

(x—p)M(x— p)
2

f(x):cexp{— } —00 < x; <00, (16)

i=1,2,....n,

defines the joint PDF of some random vector X = (X, X,,...,X,)’, provided that the
constant ¢ is chosen appropriately. The MGF of X exists and is given by

t'M~ 't
M(t17t27“'atn)exp{t,“+ 2 }7 (17)
where t = (t1,15,...,1,) and t1,1,,. .., 1, are arbitrary real numbers.

Proof. Let

I—C/_O;.../_O;exp{t'x—(X_u)/lzd(x_u)}ilj[ldxi. (18)

Changing the variables of integration to y;,y2,...,y, by writing x; —p; =y;, i = 1,2,...,n,
andy = (y1,y2,...,¥s)’, we have x — u =y and

e} o] / n
_ / Y My
I =cexp(t'n) /_OO . -~/_Ooexp <t y— 2) 'Ul dy;. (19)

Since M is positive definite, it follows that all the n characteristic roots of M, say
my,my,...,my, are positive. Moreover, since M is symmetric there exists an n X n orthog-
onal matrix L such that L' ML is a diagonal matrix with diagonal elements my,ms, ..., m,.
Let us change the variables to z;, 22, . . .,z, by writing y = Lz, where 2’ = (z1,22,...,2,),
and note that the Jacobian of this orthogonal transformation is |L|. Since L'L = I,,, where
I, is an n X n unit matrix, |L| = 1 and we have

e} o] /LIML n
1= cexp(t’,u)/ / exp (t'Lz - ZZ) H dz;. (20)
—o0 —00 2 i—1

If we writte t'L = u = (uj,uz,...,u,) then t'Lz = Y| u;z;. Also L'ML =
diag(my,my,...,m,) so that zZL’'MLz = Y m;z;. The integral in (20) can therefore
be written as
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If follows that

2 n/2 n 2
I= cexp(t’u)Lexp (Z a ) .

(mymy - --m,)'/? = 2mi
Setting t; =1, =--- =1, =0, we see from (18) and (21) that
o0 o0 c(2m)/?
R B eyt

By choosing

<m1m2 .. .nfln)l/2
(27’()”/2

we see that f is a joint PDF of some random vector X, as asserted.
Finally, since

(LML)~ = diag(ml_],mz_l,...,mfl),

we have

n 2
YU —w@M ' Lu=t'Mt.
mi
i=1

Also

M~ = [L'M™'L| = (mymy---m,) !

It follows from (21) and (22) that the MGF of X is given by (17), and we may write

S
{@m)"mt 32

CcC =
This completes the proof of Theorem 3.

Let us write M ™! = (0); j=12,...». Then

2
M(0,0,...,O,l‘,‘,O,...,O) = exp (t,-,ui—kai,-é)

2n

(22)

(23)

is the MGF of X;, i = 1,2,...,n. Thus each X; is N(p;,04), i = 1,2,...,n. For i # j, we

have for the MGF of X; and X;

M(0,0,...,0,1,0,...,0,5,0,...,0)
Uiiti2+20'ijtitj+tj20']j>

= exp (fiui + 4+ )
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This is the MGF of a bivariate normal distribution with means p;, p;, variances oy, 0jj,
and covariance oy;. Thus we see that

K= (s 2y ) (24)
is the mean vector of X' = (Xi,...,X,),
oii = o7 = var(X;), i=1,2,....n, (25)
and
oij = pijoio;, i#j0,j=12,...,n. (26)
The matrix M ~! is called the dispersion (variance-covariance) matrix of the multivariate
normal distribution.

If o;j = 0 for i # j, the matrix M-lisa diagonal matrix, and it follows that the RVs
X1,Xs,...,X, are independent. Thus we have the following analog of Theorem 2.

Theorem 4. The components X|,X5,...,X, of a jointly normally distributed RV X are
independent if and only if the covariances o;; = O forall i #j (i,j = 1,2,...,n).

The following result is stated without proof. The proof is similar to the two-variate case
except that now we consider the quadratic form in n variables: E{>__, ;(X; — y1;)}* > 0.

Theorem 5. The probability that the RVs X, X5, ..., X, with finite variances satisfy at
least one linear relationship is 1 if and only if [M]| = 0.

Accordingly, if |M| = 0 all the probability mass is concentrated on a hyperplane of
dimension < n.

Theorem 6. Let (X1,X>,...,X,) be an n-dimensional RV with a normal distribution. Let
Y1,Ys,.... Y, k <n, be linear functions of X; (j = 1,2,...,n). Then (¥},Y>,...,Y}) also

has a multivariate normal distribution.

Proof. Without loss of generality let us assume that EX; =0,i=1,2,...,n. Let
Yo=Y AyX, p=12..k k<n 27)
j=1
Then EY, =0,p=1,2,... k, and
cov(¥y, Yy) =Y Apgoy, (28)

ij=1

where E(X,XJ) = O'ij,i,j: 1,27...,7’1.
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The MGF of (Y1,Y>,...,Y;) is given by
n n
M*(ll,tz,...,tk) =E{exp |t ZAlj)(j+"'+thAkj)(j
j=1 j=1

Writing u; = 22:1 1Ay, j=1,2,...,n, we have

n
M*(lhlz,...,tk) :E{exp (ZM[X5> }
i=1

1 n
=exp 3 Z Ol by (17)

ij=1

n k
=exp % Z 0jj Z Tt A

ij=1  lLm=I

k n
= exp % Z 1ty ZAliAijij

I,m=1 i,j=1

1
=exp EZtltmcov(Y;,Ym) . (29)

l,m=1

When (17) and (29) are compared, the result follows.

Corollary 1. Every marginal distribution of an n-dimensional normal distribution is
univariate normal. Moreover, any linear function of X;,X5,..., X, is univariate normal.

Corollary 2. If X;,Xa, ..., X, are iid N(u1,0?) and A is an n x n orthogonal transforma-
tion matrix, the components Y1,Y,,...,Y, of Y = AX/, where X = (Xi,...,X,)’, are
independent RVs, each normally distributed with the same variance o>

We have from (27) and (28)

cov(Y,,Y,) ZAptAqu—ll+ZA[’lAq}0-U
i#j

{0 ifp#q,

o* ifp=gq,

since Y1, Apidg = 0and 37| A = 1. Tt follows that

M*(l‘htz,...,[n exp( Zt )

and Corollary 2 follows.
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Theorem 7. Let X = (X;,X>,...,X,)". Then X has an n-dimensional normal distribution
if and only if every linear function of X

X't =1X +6X + -+ 1,X,
has a univariate normal distribution.

Proof.  Suppose that X't is normal for any t. Then the MGF of X't is given by

M(s) =exp <bs + ;azs2> . (30)

Here b = E{X't} = > [t;u = t'p, where g/ = (p1,..., 1), and o* = var(X't) =
var(Y_t:X;) = t'M~'t, where M ~! is the dispersion matrix of X. Thus

1
M(S) = exp (t//J,s—i- 2t/M_1tS2) . 31
Let s =1 then
1
M(1) = exp (t/u + 2t’M“t) ; (32)

and since the MGF is unique, it follows that X has a multivariate normal distribution. The
converse follows from Corollary 1 to Theorem 6.

Many characterization results for the multivariate normal distribution are now available.
We refer the reader to Lukacs and Laha [70, p. 79].

PROBLEMS 54

1. Let (X,Y) have joint PDF

1 8 /x> 31 xy y 4 171
flxy) = Mexf’{w (16_32x+8+9_3y+16)}’
for —oco < x < 00, —00 <y < .
(a) Find the means and variances of X and Y. Also find p.
(b) Find the conditional PDF of Y given X = x and E{Y|x}, var{Y|x}.
(c) Find P{4 <Y <6|X =4}.
2. In Example 1 show that cov(X,Y) = a/.
3. Let (X, Y) be a bivariate normal RV with parameters p1, y2, 07, 03, and p. What is
the distribution of X 4 Y? Compare your result with that of Example 1.
4. Let (X,Y) be a bivariate normal RV with parameters 1, 2, 012, or%, and p, and let
U=aX+b,a#0,and V =cY +d, c # 0. Find the joint distribution of (U, V).



240

10.

11.
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. Let (X, Y) be a bivariate normal RV with parameters y1; = 5, iy = 8, 03 = 16,05 =9,

and p=0.6.Find P{5 <Y <11 | X =2}

. Let X and Y be jointly normal with means 0. Also, let

W =Xcosf+Ysinf, Z=Xcosf —Ysind.

Find 6 such that W and Z are independent.

. Let (X, Y) be a normal RV with parameters 1, p, af, a%, and p. Find a necessary

and sufficient condition for X + Y and X — Y to be independent.

. For a bivariate normal RV with parameters i1, j12, 01,02, and p show that

1 1 _
P(X > py, Y>M2):Z+%tan 1%{)2.

[Hint: The required probability is P((X — y11)/01 >0, (Y — j12) /02 > 0). Change
to polar coordinates and integrate.]

. Show that every variance—covariance matrix is symmetric positive semidefinite and

conversely. If the variance—covariance matrix is not positive definite, then with prob-
ability 1 the random (column) vector X lies in some hyperplane ¢'X = a with
c#0.

Let (X, Y) be a bivariate normal RV with EX = EY = 0, var(X) = var(Y) = 1, and
cov(X,Y) = p. Show that the RV Z = Y /X has a Cauchy distribution.

(a) Show that
1 Yoa?
flx)= (27r)"/2 eXP{—Z}

1+ ﬁ (x,»e_x'?ﬂ)]
1

is a joint PDF on R,,.

(b) Let (X1,X5,...,X,) have PDF f given in (a). Show that the RVs in any proper
subset of {X;,X,,...,X,} containing two or more elements are independent
standard normal RVs.

5.5 EXPONENTIAL FAMILY OF DISTRIBUTIONS

Most of the distributions that we have so far encountered belong to a general family of
distributions that we now study. Let © be an interval on the real line, and let {fp : 0 € ©}
be a family of PDFs (PMFs). Here and in what follows we write x = (x,x,...,x,) unless
otherwise specified.

Definition 1. If there exist real-valued functions Q(#) and D(¢) on © and Borel-
measurable functions T'(x1,x2,...,x,) and S(x1,x2,...,x,) on R, such that

fo(xi,x2,..xa) = exp{Q(0)T(x) + D(6) + S(x)}, (1)

we say that the family {fy,0 € ©} is a one-parameter exponential family.
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Let X,Xs,...,X,, be iid with PMF (PDF) fy. Then the joint distribution of X =
(X4,Xa,...,X,,) is given by

go(x) = H HGXP{Q T(x;)+D(0) +S(xi)}

=exp {Q(@) > T(x;)+mD(0) + ZS(xi)} :
i=1 i=1

where x = (X1,X2,...,Xn), Xj = (Xj1,%2,...,X5), j = 1,2,...,m, and it follows that
{go : 0 € O} is again a one-parameter exponential family.

Example 1. Let X ~ N(po,0?), where 1 is known and o> unknown. Then

1 (x— po)?
oV2r exp{ 202

= exp {— log(ov/2m) — (x_’““’)z}

for(x) =

202
is a one-parameter exponential family with

Q(c%) = —%‘2, T(x) = (x— po)?, S(x) =0, and

D(0?) = —log(o/27).

If X ~ N(p,03), where oy is known but y is unknown, then

1 (x—p) }
X) = expq —
Jul ) 7 /727T p{ 208
2 xR
PN e Ry S i Sy
0'0\/277' 200 o5 203

is a one-parameter exponential family with

1% H
Q(M) 5 ’ D(/J,) = _T‘g7 T('x) =X,
and
2 1
S(x)=— + =~ log(27mad)| .

200 ' 2

Example 2. Let X ~ P(\), A > 0 unknown. Then

X

X
Px{X=x}= e*)‘—' = exp{—A+xlog A —log(x!)},
x!
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and we see that the family of Poisson PMFs with parameter A\ is a one-parameter
exponential family.

Some other important examples of one-parameter exponential families are binomial,
G(a,B) (provided that one of «, f is fixed), B(«,) (provided that one of «, 5 is
fixed), negative binomial, and geometric. The Cauchy family of densities and the uniform
distribution on [0, 0] do not belong to this class.

Theorem 1. Let {fy: 6 € O} be a one-parameter exponential family of PDFs (PMFs)

given in (1). Then the family of distributions of T(X) is also a one-parameter exponential
family of PDFs (PMFs), given by

go(t) = exp{tQ(0) +D(0) +5"(1)}
for suitable S*(z).
Proof. The proof of Theorem 1 is a simple application of the transformation of variables
technique studied in Section 4.4 and is left as an exercise, at least for the cases considered

in Section 4.4. For the general case we refer to Lehmann [64, p. 58].

Let us now consider the k-parameter exponential family, k > 2. Let © C R be a k-
dimensional interval.

Definition 2. If there exist real-valued functions Qy,Q,...,Q, D defined on ©, and
Borel-measurable functions 74,75,..., Ty, S on R, such that

k
fo(x) —eXP{ZQi(O)Ti(X)+D(9)+S(X)}a (2

we say that the family {fp, 8 € ©} is a k-parameter exponential family.
Once again, if X = (X,X>,...,X,,) and X are iid with common distribution (2), the
joint distributions of X form a k-parameter exponential family. An analog of Theorem 1

also holds for the k-parameter exponential family.

Example 3. The most important example of a k-parameter exponential family is N(u, 0%)
when both £ and o are unknown. We have

02(”702)7 62{(M502):_OO<M<00702>0}

and

X2 = 2ux+ ©?
ot = e ()

2 1 2
= exp{ = +£x— > [H+log(27mz)} }

o2
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It follows that fp is a two-parameter exponential family with

1
Ql(e) :_T‘_za Q2(0): %, T](X):Xz, Tz(x) =X,
2
D(0) = —% [52 +log(27r02)} , and S(x)=0.

Other examples are the G(«, 3) and B(«, 3) distributions when both «, 8 are unknown,
and the multinomial distribution. U[«, 5] does not belong to this family, nor does C(«, 3).

Some general properties of exponential families will be studied in Chapter 8, and the
importance of these families will then become evident.

Remark 1. The form in (2) is not unique as easily seen by substituting aQ; for Q; and
(1/a)T; for T;. This, however, is not going to be a problem in statistical considerations.

Remark 2. The integer k in Definition 2 is also not unique since the family {1,Qy,..., Ok}
or{1,Ty,...,T;} may be linearly dependent. In general, k need not be the dimension of ©.

Remark 3. The support {x : fo(x) > 0} does not depend on 6.

Remark 4. In (2), one can change parameters to 1, = Q;(0), i = 1,2,...,k so that

k
fn(x) =exp {Z nTi(x)+D(n) + S(x)} 3)
i=1
where the parameters 17 = (1y,72,...,7) are called natural parameters. Again n; may be

linearly dependent so one of 7; may be eliminated.

PROBLEMS 5.5

1. Show that the following families of distributions are one-parameter exponential
families:

(@) X ~b(n,p).
(b) X ~ G(a,8), (i) if v is known and (ii) if 8 is known.
(¢) X ~B(«,f), (i) if «v is known and (ii) if /3 is known.
(d) X ~ NB(r;p), where r is known, p unknown.

2. Let X ~ C(1,0). Show that the family of distributions of X is not a one-parameter
exponential family.

3. Let X ~ U[0,6], 0 € [0,00). Show that the family of distributions of X is not an
exponential family.

4. Is the family of PDFs

1
Sfolx) = Eefl)‘*e', —00 < x < 00,0 € (—00,00),

an exponential family?
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5. Show that the following families of distributions are two-parameter exponential
families:

(a) X ~ G(a,f3), both o and [ unknown.
(b) X ~ B(a, 3), both v and /3 unknown.

6. Show that the families of distributions U[a, 5] and C(«, 3) do not belong to the
exponential families.

7. Show that the multinomial distributions form an exponential family.



SAMPLE STATISTICS AND THEIR
DISTRIBUTIONS

6.1 INTRODUCTION

In the preceding chapters we discussed fundamental ideas and techniques of probability
theory. In this development we created a mathematical model of a random experiment by
associating with it a sample space in which random events correspond to sets of a certain
o-field. The notion of probability defined on this o-field corresponds to the notion of
uncertainty in the outcome on any performance of the random experiment.

In this chapter we begin the study of some problems of mathematical statistics. The
methods of probability theory learned in preceding chapters will be used extensively in
this study.

Suppose that we seek information about some numerical characteristics of a collection
of elements called a population. For reasons of time or cost we may not wish or be able to
study each individual element of the population. Our object is to draw conclusions about
the unknown population characteristics on the basis of information on some characteristics
of a suitably selected sample. Formally, let X be a random variable which describes the
population under investigation, and let F be the DF of X. There are two possibilities. Either
X has a DF Fy with a known functional form (except perhaps for the parameter ¢, which
may be a vector) or X has a DF F about which we know nothing (except perhaps that F
is, say, absolutely continuous). In the former case let © be the set of possible values of the
unknown parameter 6. Then the job of a statistician is to decide, on the basis of a suitably
selected sample, which member or members of the family {Fy,0 € ©} can represent the
DF of X. Problems of this type are called problems of parametric statistical inference and
will be the subject of investigation in Chapters 8 through 12. The case in which nothing is

An Introduction to Probability and Statistics, Third Edition. Vijay K. Rohatgi and A.K. Md. Ehsanes Saleh.
© 2015 John Wiley & Sons, Inc. Published 2015 by John Wiley & Sons, Inc.
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known about the functional form of the DF F of X is clearly much more difficult. Inference
problems of this type fall into the domain of nonparametric statistics and will be discussed
in Chapter 13.

To be sure, the scope of statistical methods is much wider than the statistical inference
problems discussed in this book. Statisticians, for example, deal with problems of plan-
ning and designing experiments, of collecting information, and of deciding how best the
collected information should be used. However, here we concern ourselves only with the
best methods of making inferences about probability distributions.

In Section 6.2 of this chapter we introduce the notions of (simple) random sample and
sample statistics. In Section 6.3 we study sample moments and their exact distributions. In
Section 6.4 we consider some important distributions that arise in sampling from a normal
population. Sections 6.5 and 6.6 are devoted to the study of sampling from univariate and
bivariate normal distributions.

6.2 RANDOM SAMPLING

Consider a statistical experiment that culminates in outcomes x, which are the values
assumed by an RV X. Let F be the DF of X. In practice, F will not be completely known,
that is, one or more parameters associated with F will be unknown. The job of a statistician
is to estimate these unknown parameters or to test the validity of certain statements about
them. She can obtain n independent observations on X. This means that she observes n
values x1,xz,...,x, assumed by the RV X. Each x; can be regarded as the value assumed
byanRV X;,i=1,2,...,n, where X, X, ..., X, are independent RVs with common DF F.
The observed values (x,x,,...,x,) are then values assumed by (X;,X>,...,X,). The set
{X1,Xs,...,X,} is then a sample of size n taken from a population distribution F. The set
of n values xy,x3,...,x, is called a realization of the sample. Note that the possible values
of the RV (X1, Xz, ...,X,) can be regarded as points in R,;, which may be called the sample
space. In practice one observes not xy,x,,. . .,x, but some function f(x;,xz,...,x,). Then
Sf(x1,x2,...,x,) are values assumed by the RV (X}, X5,....X,).
Let us now formalize these concepts.

Definition 1. Let X be an RV with DF F, and let X1, X5, ...,X, be iid RVs with common
DF F. Then the collection X, X5, ...,X, is known as a random sample of size n from the

DF F or simply as n independent observations on X.

If X1,X,,...,X, is arandom sample from F, their joint DF is given by
F*(x1,2,. %) = [ [ F(x). (1)
i=1

Definition 2. Let X;,X,,...,X, be n independent observations on an RV X, and let
[ Ry — Ry be a Borel-measurable function. Then the RV f(X;,X>,...,X,) is called a
(sample) statistic provided that it is not a function of any unknown parameter(s).

Two of the most commonly used statistics are defined as follows.
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Definition 3. Let X;,X>,...,X, be a random sample from a distribution function F. Then
the statistic

)?:nflsnzzn:& 2)
i=1 n

is called the sample mean, and the statistic

n

— n )
52— Z (Xi—X)2 _ Zi:lXiZ*”X

— 3
1 n—1 n—1 )

is called the sample variance and S is called the sample standard deviation.

Remark 1. Whenever the word “sample” is used subsequently, it will mean “random
sample.”

Remark 2. Sampling from a probability distribution (Definition 1) is sometimes referred
to as sampling from an infinite population since one can obtain samples of any size one
desires even if the population is finite (by sampling with replacement).

Remark 3. In sampling without replacement from a finite population, the independence
condition of Definition 1 is not satisfied. Suppose a sample of size 2 is taken from a finite
population (ay,a,...,ay) without replacement. Let X; be the outcome on the ith draw.
Then P{Xl :a|} = I/N, P{X2 = ap |X1 = a]} = ﬁ, and P{Xz =ap |X1 = az} =0.
Thus the PMF of X, depends on the outcome of the first draw (that is, on the value of X}),
and X, and X, are not independent. Note, however, that

N

PXo=a}= ZP{Xl =aj}P{Xo = a | a;}

1
=) P{Xi=a}P{X, =ar |} = N’
72

and X, 4 X,. A similar argument can be used to show that X;,X5,...,X, all have the same
distribution but they are not independent. In fact, X;,X>,...,X, are exchangeable RVs.
Sampling without replacement from a finite population is often referred to as simple
random sampling.

Remark 4. Tt should be remembered that sample statistics X, S? (and others that we will
define later on) are random variables, while the population parameters /, o2, and so on
are fixed constants that may be unknown.

Remark 5. In (3) we divide by n — 1 rather than n. The reason for this will become clear
in the next section.
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Remark 6. Other frequently occurring examples of statistics are sample order statistics
X(1),X(2);---,X(n) and their functions, as well as sample moments, which will be studied
in the next section.

Example 1. Let X ~ b(1,p), where p is possibly unknown. The DF of X is given by
F(x)=pe(x—1)+ (1 —p)e(x), xeR.

Suppose that five independent observations on X are 0, 1, 1, 1, 0. Then 0, 1, 1, 1,0is a

realization of the sample X, X>,...,Xs. The sample mean is
O+1+14+14+0
= —i_—’_si =0.6,

which is the value assumed by the RV X. The sample variance is

2o 25: (i —%)> _ 2(0.6)>+3(0.4)° _ 0.3,

‘ 5-1 4
i=1

which is the value assumed by the RV §2. Also s = /0.3 = 0.55.

Example 2. Let X ~N(u,0?), where j is known but 2 is unknown. Let X, X, ..., X,, be
a sample from N (4, 02). Then, according to our definition, >, X;/o? is not a statistic.

Suppose that five observations on X are —0.864, 0.561, 2.355, 0.582, —0.774. Then the
sample mean is 0.372, and the sample variance is 1.648.

PROBLEMS 6.2

1. Let X be a b(l,%) RV, and consider all possible random samples of size 3 on X.
Compute X and S? for each of the eight samples, and also compute the PMFs of X
and S°.

2. A fair die is rolled. Let X be the face value that turns up, and X;, X, be two
independent observations on X. Compute the PMF of X.

3. Let X;,X5,...,X, be a sample from some population. Show that

- _(m—=1)S
max |X; — X| <
1<i<n N
unless either all the n observations are equal or exactly n— 1 of the X;’s are equal.
(Samuelson [99])

4. Let xi,x3,...,x, be real numbers, and let x(,) = max{xy,x2,...,X,}, X(1) =
min{xy,xz,...,x,}. Show that for any set of real numbers a;,az,...,a, such that
Z?:l a; = 0 the following inequality holds:

n 1 n

> a2 (¥ —x)) D_lail.

i=1

i=1
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5. For any set of real numbers x;,xs,...,x, show that the fraction of xj,x;,...,x,
included in the interval (X — ks, X+ ks) for k > 1 is at least 1 — 1/k*. Here X is the
mean and s the standard deviation of x’s.

6.3 SAMPLE CHARACTERISTICS AND THEIR DISTRIBUTIONS

Let X;,X5,...,X, be a sample from a population DF F. In this section we consider some
commonly used sample characteristics and their distributions.

Definition 1. Let F(x) =n~! Z]’.'zl g(x—X;). Then nF;(x) is the number of X;’s (1 <
k < n) that are < x. F;(x) is called the sample (or empirical) distribution function.

We note that 0 < F(x) < 1 for all x, and, moreover, that F is right continuous,
nondecreasing, and F;(—o0) =0, F;f(oc0) = 1. Thus F is a DF.
If X(1),X(2),---,X(n is the order statistic for X;,X>,...,X,, then clearly

0 ifx<X(1)
« k.
Fn(x): E 1fX(k)§x<X(k+1) (k:1,2,...,n—1). (1)
1 ifoX(n).

For fixed but otherwise arbitrary x € R, F(x) itself is an RV of the discrete type. The
following result is immediate.

Theorem 1. The RV F}(x) has the probability function

P{F;;(x) = i} = (7) FOV[1—F@P",  j=0,1,....n, 2)
with mean
EF,(x) = F(x) 3)
and variance
var(Fj () = T F R @

Proof. Since e(x—X;),j=1,2,...,n, are iid RVs, each with PMF
P{e(x—X) = 1} = Plx—X; > 0} = F(x)
and
Ple(r—X) = 0} = 1 - F(x),

their sum nF(x) is a b(n,p) RV, where p = F(x). Relations (2), (3), and (4) follow
immediately.



250 SAMPLE STATISTICS AND THEIR DISTRIBUTIONS

We next consider some typical values of the DF F(x), called sample statistics. Since

F(x) has jump points X;, j = 1,2,...,n, it is clear that all moments of F;(x) exist. Let us
write
n
a=n"") Xi 5)
j=1

for the moment of order k about 0. Here a; will be called the sample moment of order k.
In this notation

a :nflsz:X (6)
=1

The sample central moment is defined by

n

be=n""Y (X—a) =n""> (X, -X). (7)
J=1

J=1

Clearly,

—1
by=0 and b2:<” )SZ.
n

As mentioned earlier, we do not call b, the sample variance. S> will be referred to as the
sample variance for reasons that will subsequently become clear. We have

by=a,—al. (®)

For the MGF of DF F(x), we have
n
M*(t):nflzetxf. )
j=1

Similar definitions are made for sample moments of bivariate and multivariate dis-
tributions. For example, if (X;,Y;),(X2,Y,),...,(X,,Y,) is a sample from a bivariate
distribution, we write

X:n*IZx, and ?:n*IZYJ- (10)
for the two sample means, and for the second-order sample central moments we write

by=n"'> (X;—X)*,  bo=n") (-7 (11)
j=1 j=1

bi=n" zn:(xj—y)(Yj—?)-
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Once again we write

n n

Si=m-1)""Y (X=X and S=@n-1)"Y (-7 (12)

j=1 j=1

for the two sample variances, and for the sample covariance we use the quantity

n

Sii=n-1)""> (X -X)(¥;-7). (13)

J=1
In particular, the sample correlation coefficient is defined by

by _ Su
Vbabyy 515

It can be shown (Problem 4) that |R| < 1, the extreme values 1 can occur only when all
sample points (Xi,Y1),...,(X,,Y,) lie on a straight line.

The sample quantiles are defined in a similar manner. Thus, if 0 < p < 1, the sample
quantile of order p, denoted by Z,, is the order statistic X,), where

(14)

{np if np is an integer,
=

[mp+1] if np is not an integer.

As usual, [x] is the largest integer < x. Note that, if np is an integer, we can take any value
between X,y and X(,,)41 as the pth sample quantile. Thus, if p = % and n is even, we

can take any value between X, /2y and X(,,/2) 1, the two middle values, as the median. It
is customary to take the average. Thus the sample median is defined as

X((n11)/2) if n is odd,
Zip=SX X >
/ (n/2) TX((n/2)+1) if n is even.
2
Note that
2 B 2
if n is odd.

Example 1. A random sample of 25 observations is taken from the interval (0,1):

0.50 0.24 0.89 054 0.34 0.89 092 0.17 032 0.80
0.06 021 0.58 0.07 0.56 0.20 0.31 0.17 041 0.38
0.88 0.61 0.35 0.06 0.90
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In order to compute F7s, the first step is to order the observations from smallest to largest.
The ordered sample is

0.06, 0.06, 0.07, 0.17, 0.17, 0.20, 0.21, 0.24, 0.31, 0.32, 0.34,
0.35, 0.38, 0.41, 0.50, 0.54, 0.56, 0.58, 0.61, 0.80, 0.88, 0.89,
0.89, 0.90, 0.92

Then the empirical DF is given by

0, x < 0.06
2/25, 0.06 <x<0.07
3/25, 0.07<x<0.17
Fi(x)={ 5/25, 0.17<x<020 .

24/25, 0.90 <x<0.92
1 x>0.92

)

A plot of F35 is shown in Fig. 1. The sample mean and variance are
¥=0.45, s*>=0.084, ands=0.29.

Also sample median is the 13th observation in the ordered sample, namely, z;, = 0.38,
andif p =0.2 thennp =5 and z9, = 0.17.

0.8 —

0.6 —

0.4 -

0.2 —

0 0.2 0.4 0.6 0.8 1

Fig. 1 Empirical DF for data of Example 1.
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Next we consider the moments of sample characteristics. In the following we write

EX* = my and E(X — pu)* =y for the kth-order population moments. Wherever we use
my. (or 1), it will be assumed to exist. Also, 0% represents the population variance.

Theorem 2. Let X;,X5,...,X, be a sample from a population with DF F'. Then

EX =, (16)
o2
var(X) = ;, (17)
E(x)y = M3 1)mzun +(n (=2’ .
and
R N U AN
(n—1)(n—2)(n—3)u*

+ 3

Proof. In view of Theorems 4.5.3 and 4.5.7, it suffices to prove (18) and (19). We have

3

ixj Zx3 +3) XX+ Y XiXiX,,
j=1

J#k JAkA

and (18) follows. Similarly,

<§l:x,->4= (ZX) ZX3+3ZX2Xk+ > XXX

J#k JF#k#
= Zx“ +4Y XX 43 XIXP+6 > XXX,
J#k J#k i#jFk
+ ) XiXXiX),
A

and (19) follows.

Theorem 3. For the third and fourth central moments of X, we have

%) =18

u(®) = 5 20)
and
_ —1u?
ua(X) = 4 43 na)“z 1)
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Proof. 'We have

and

i=1 i<j
_ e 3(n—1) 5
ST M
Theorem 4. For the moments of b,, we have
(n—1)0?
E(by) = ——"—,
(b2) "
2 2 -2 2 -3 2
var(by) = #4412 _ (114 i 1) | Ha : 1
n n n
(n—=1)(n—2)
E(bs) = s,

and

(n—1)(n* —3n+3) 3(n—1)(2n—3)ﬂ2.

E(b4) = 3 a4+ 3

Proof. 'We have

Now

(22)
(23)

(24)

(25)
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Writing ¥; = X; — 11, we see that EY; = 0, var(Y;) = 02, and EY}' = 4. We have
n 2
nEb: = E (Z Y2 —nY2>
1
n 2 n
_ 4 22 22 4
B PRI DB R IY
=1

i=1 i i

1 202 L Ny
=1 PR AR Bt
i 1
It follows that
2
n?Eb3 = npy +n(n—1)o* — Z[n(n— 1)o* + np]
n
1
+ EBn(n— 1)o* + npy]

— (n—2+’11> pa + (n—2+i> (n—Dp3 (2 =0?).

Therefore,

var(by) = Eb5 — (Eb,)?

as asserted.
Relations (24) and (25) can be proved similarly.

Corollary 1. ES?> = o2,

This is precisely the reason why we call S2, and not b,, the sample variance.

3_
Corollary 2. var(s?) = 24 + ( nl) 3.
n nn—

Remark 1. The results of Theorems 3 to 5 can easily be modified and stated for the case
when the X;’s are exchangeable RVs. Thus (16) holds and (17) has to be modified to

2
_ 1
var(X) = % + 10, (17"

where p is the correlation coefficient between X; and X;. The expressions for (XX;)?
and (Z}(j)“ in the proof of Theorem 3 still hold but both (18) and (19) need appropriate
modification. For example, (18) changes to
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Mt 3(n—1)E(X?Xy) + (n—1)(n —2)E(X;Xi.X))

EX 5 . (18"
n
Let us show how Corollary 1 changes for exchangeable RVs. Clearly,
(n—1)8> = 3 (% — P = (X — )’
i=1
so that
(n—1)ES* = no* —nE(X — p1)?

=no’—{o*+(n—1)po*}.
in view of (17"). It follows that

ES* =c*(1—p).
We note that E(S?> — 02) = —po? and, moreover, from Problem 4.5.19 (or from (17')) we

note that p > —1/(n—1) so that 1 — p <n/(n—1) and hence

0<ES*< " 52
- “n—1

Remark 2. In simple random sampling from a (finite ) population of size N we note that
when n = N, X = u, which is a constant so that (17’) reduces to

o> N-1
0=— 2
N+ N P
so that p = —1/(N — 1). It follows that
- o? n—1 N—n\o?
0=2(1-2=) = (5—1) % 17"
var(X) n N—-1 N—-1/n a7

The factor (N —n)/(N — 1) in (17”) is called the finite population correction factor. As

N — oo, with n fixed, (N —n)/(N — 1) — 1 so that the expression for var(X) in (17")
approaches that in (17).

Remark 3. Inview of (17') if the X;’s are uncorrelated, that is, if p =0, then var (X) = 0 /n,
the SD of X is o/+/n. The SD of X is sometimes called standard error (SE) although if o
is unknown S//n is most commonly referred to as the SE of X.

The following result provides a justification for our definition of sample covariance.

Theorem 5. Let (X;,Y),(X2,Y2),...,(X,,Y,) be a sample from a bivariate population
with variances o7, o3 and covariance po 5. Then,

ES? =07, ES3=03, and ES| = poioy, (26)

where 7, §3, and Sy, are defined in (12) and (13).
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Proof. 1t follows from Corollary 1 to Theorem 4 that ES? = o7 and ES3 = 03. To prove
that ES;; = pojo, we note that X; is independent of X;(i # ) and Y; (i # j). We have

n

(n—1DESy =ES > (X;—X)(Y;,—7)

J=1

Now

A L

1 1
=EXY — —[EXY + (n—1)EXEY] — —[EXY + (n— 1)EXEY)]
n n

1
+ — [nEXY +n(n— 1)EXEY]
n

n—1
= (EXY —EXEY),
n

and it follows that

n—1
n

(n—l)ES11=n< )(EXY—EXEY),
that is,
ES\1 = EXY — EXEY = cov(X,Y) = po,02,

as asserted.

We next turn our attention to the distributions of sample characteristics. Several possi-
bilities exist. If the exact sampling distribution is required, the method of transformation
described in Section 4.4 can be used. Sometimes the technique of MGF or CF can be

applied. Thus, if X, X3, . .., X, is arandom sample from a population distribution for which
the MGF exists, the MGF of the sample mean X is given by
n [ n
M(t) = [T e/ = [m (2] 27
x(1) lj[1 e IR @7

where M is the MGF of the population distribution. If M (7) has one of the known forms,
it is possible to write the PDF of X. Although this method has the obvious drawback
that it applies only to distributions for which all moments exist, we will see in Section 6.5
its effectiveness in the important case of sampling from a normal population where this
condition is satisfied. An analog of (27) holds for CFs without any condition on existence
of moments. Indeed,

n

sxl0 =Y = [s(H)], 28)
=1

where ¢ is the CF of X;.
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Example 2. Let X;,X,,...,X, be a sample from a G(«, 1) distribution. We will compute
the PDF of X. We have

r\1" 1 t
M) =M (D) = <,
x(1) n (1—t/n)en R
so that X is a G(an, 1 /n) variate.

Example 3. Let X;,X,,...,X, be arandom sample from a uniform distribution on (0, 1).

Consider the geometric mean
n 1/n
Y, = (Hx,) .
i=1

We have log ¥, = (1/n) Z:’Zl log X;, so that log Y, is the mean of log X, ...,logX,,.
The common PDF of log Xy, ...,logX, is

£ = {e" ifx < Q,

0  otherwise,

which is the negative exponential distribution with parameter 3 = 1. We see that the MGF
of log Y, is given by

E tlogX;/n __
H ¢ 1-|—t/n)

and the PDF of log Y, is given by

nVl

) =qT(n)
0,

(—x)"le™  —oo<x<0,
otherwise.

It follows that Y,, has PDF

y(=logy)"™!, 0<y<1,

0, otherwise.

Example 4. (Hogben [46]). Let X;,X,...,X, be a random sample from a Bernoulli
distribution with parameter p, 0 < p < 1. Let X be the sample mean and S° the sample
variance. We will find the PMF of $?. Note that S, = Y., X; = >_"_, X7 and that S, is
b(n,p). Since
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S? only assumes values of the form

where [x] is the largest integer < x. Thus
P{S* =1} = P{nS, —S; = i(n—1)}

#{(s-3- -]

=P{S,=1lorS,=n—i}

= <’z)pi(1 -p)" <’Z)p”i(1 -p)’
= (ra-prta-pr e, i<[y).

If n is even, n = 2m, say, where m > 0 is an integer, and i = m, then

In particular, if n = 7, $* = 0, 7, 21, and 2 with probabilities {p"+ (1 —p)},
Tp(1—p){p’ +(1-p)’ b 21p (1- ) {p’ +(1—p)’}, and 35p° (1 —p)*, respectively.

Ifn=6,then S =0, 1, £, and 2 iy with probablhties {p +(1=p)®}, 6p(1 —p){p* +
(1—p)*}, 15p* (1 —p)? {p —|—( p)*}, and 40p3 (1 — p)?, respectively.

We have already considered the distribution of the sample quantiles in Section 4.7 and
the distribution of range X(,) — X() in Example 4.7.4. It can be shown, without much
difficulty, that the distribution of the sample median is given by

1
)

n! r— n—r .
W[F(y)] M=F)"fly) ifr=

where F and f are the population DF and PDF, respectively. If n = 2m and the median is
taken as the average of X,,) and X(,,1), then

() =

_2(2m)! > m—1 m—1
F0)= | @l A FOP Ryl 30)

Example 5. Let X1,X5,...,X, be a random sample from U(0,1). Then the integrand
in (30) is positive for the intersection of the regions 0 <2y —v < 1 and 0 < v < 1. This
gives (v/2) <y < (v+1)/2,y <v,and 0 < v < 1. The shaded area in Fig. 2 gives the
limits on the integral as

1
y<v<2y if0<y§§
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y=v/2

0 12 1 y
Fig.2 {y<0<2y,0<y<1/2;andy<0<1,1/2<y<1}.

and

1
y<v<l ﬁ§<y<L

In particular, if m = 2, the PDF of the median, (X(») +X(3y)/2, is given by

8y2(3 —4y) if0<y< 3,
L) =S8y =9 +6y—1) ifl<y<l,
0 otherwise.

The method of MGF (or CF) introduced in this section is particularly effective in com-
puting distributions of commonly used statistics in sampling from a univariate or bivariate
normal distribution as we shall see in the next two sections. However, when sampling
from nonnormal populations these methods may not be very fruitful in determining the
exact distribution of the statistic under consideration. Often the statistic itself may be too
intractable. Then we have some of other alternatives at our disposal. One may be able to
use the asymptotic distribution of the statistic or one may resort to simulation methods. In
Chapter 7 we study some of these procedures.

PROBLEMS 6.3

1. Let X;,X,,...,X, be random sample from a DF F, and let F}(x) be the sample
distribution function. Find cov(F} (x),F(y)) for fixed real numbers x, y.
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2.

10.

11.

12.

13.
14.

Let F; be the empirical DF of a random sample from DF F. Show that

1
P{|F:(x)—F(x)|22\€/ﬁ}§€2 forall e > 0.

. For the data of Example 6.2.2 compute the sample distribution function.
. (a) Show that the sample correlation coefficient R satisfies |R| < 1 with equality if

and only if all sample points lie on a straight line.
(b) If we write U; = aX;+ b (a # 0) and V; = cY; +d (¢ # 0), what is the sample
correlation coefficient between the U’s and the V’s?

. (a) A sample of size 2 is taken from the PDF f(x) = 1,0 <x < 1, and = 0 otherwise.

Find P(X > 0.9).
(b) A sample of size 2 is taken from b(1,p):
(i) Find P(X <p). (i) Find P(S* > 0.5).

. Let X1, X>,...,X, be arandom sample from N(y,o%). Compute the first four sample

moments of X about the origin and about the mean. Also compute the first four
sample moments of S? about the mean.

. Derive the PDF of the median given in (29) and (30).
. Let Uy),Up),...,U) be the order statistic of a sample size n from U(0,1).

Compute EU ’(‘r) for any 1 <r <n and integer k (> 0). In particular, show that

r(n—r+1)

,
EU() = o] and var(U() = m

+1

Show also that the correlation coefficient between U,y and U(y) for 1 <r <s<nis
given by [r(n—s+1)/s(n—r+1)]'/2.

. Let X, X>,...,X, be nindependent observations on X. Find the sampling distribution

of X, the sample mean, if (a) X ~ P(\), (b) X ~ €(1,0), and (c) X ~ x*(m).

Let X;,X;,...,X, be a random sample from G(a,[). Let us write ¥, =

(X—apB)/B/(a/n),n=1,2,.....

(a) Compute the first four moments of Y, and compare them with the first four
moments of the standard normal distribution.

(b) Compute the coefficients of skewness a3 and of kurtosis a4 for the RVs Y,,. (For
definitions of a3, ay see Problem 3.2.10.)

Let Xi,X;,...,X, be a random sample from U[0,1]. Also let Z, = (X —
0.5)/+/(1/12n). Repeat Problem 10 for the sequence Z,.

Let X1,X>, ..., X, be arandom sample from P(\). Find var(5?), and compare it with
var(X). Note that EX = \ = ES?. [Hint: Use Problem 3.2.9.]

Prove (24) and (25).

Multiple RVs X;,Xo,...,X,, are exchangeable if the n! permutations (X;,,
Xi,,....X;,) have the same n-dimensional distribution. Consider the special case

when X'’s are two dimensional. Find an analog of Theorem 6 for exchangeable
bivariate RVs (X1,Y1),(X2,Y2), ..., (X, ¥y).



262 SAMPLE STATISTICS AND THEIR DISTRIBUTIONS

15. Let X1,X5,...,X, be a random sample from a distribution with finite third moment.
Show that cov(X,S?) = u3/n.

6.4 CHI-SQUARE, ¢-, AND F-DISTRIBUTIONS: EXACT SAMPLING
DISTRIBUTIONS

In this section we investigate certain distributions that arise in sampling from a normal pop-
ulation. Let X1, Xa, ..., X, be a sample from N(zz,0%). Then we know that X ~ N(u, 0% /n).
Also, {/n(X — p)/c}? is x*(1). We will determine the distribution of S? in the next
section. Here we mainly define chi-square, ¢-, and F-distributions and study their prop-
erties. Their importance will become evident in the next section and later in the testing of
statistical hypotheses (Chapter 10).

The first distribution of interest is the chi-square distribution, defined in Chapter 5 as a
special case of the gamma distribution. Let n > 0 be an integer. Then G(n/2,2) is a x*(n)
RV. In view of Theorem 5.3.29 and Corollary 2 to Theorem 5.3.4, the following result
holds.

Theorem 1. Let X;,X;,...,X, be iid RVs, and let S, = >;_, X. Then
@) Sy~ x*(n) & X1 ~x*(1)
and
() X1 ~N(0,1) = > X7 ~*(n).
=1

If X has a chi-square distribution with n d.f., we write X ~ x?(n). We recall that, if
X ~ x*(n), its PDF is given by

xn/2flefx/2 ; 0
f@=42PT@w2) T M
0 if x <0,
the MGF by
—n/2 1
M(t) = (1—-2r1) fort<§, )
and the mean and the variance by
EX =n, var(X) = 2n. 3)

The x?(n) distribution is tabulated for values of n = 1,2,.... Tables usually go up to
n = 30, since for n > 30 it is possible to use normal approximation. In Fig. 1 we plot the
PDF (1) for selected values of n.
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A

0 i .
0 10 20 30 40 50 60 70

Fig.1 Chi-square densities.

We will write X%, ., for the upper « percent point of the x?(n) distribution, that is,

P{x*(n) > x; o} = 4)

Table ST3 at the end of the book gives the values of Xﬁ, o for some selected values of n
and a.

Example 1. Let n =25. Then, from Table ST3,
P{x*(25) < 34.382} = 0.90.

Let us approximate this probability using CLT. We see that Ex*(25) = 25,
var x2(25) = 50, so that

2 - —
P{X2(25)<34.382}:p{x (25)—25 _ 34.382 25}

N
~P{Z <132}
=0.9066.
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Definition 1. Let X;,X>,...,X, be independent normal RVs with EX; = y; and var(X;) =
,i=1,2,...,n. Also, let Y = Y7 X?/o*. The RV Y is said to be a non-central chi-
square Rszth noncentrahtypammeter S w7 /o? and nd.f. We will write ¥ ~ x*(n,6),

where 6 = Y7, p? /o

Although the PDF of a x%(n,8) RV is hard to compute (see Problem 16), its MGF is
easily evaluated. We have

M(t) = E¢' X1/ HEe’XZ/ o
where X; ~ N(u;,0?). Thus

0 1 t2 ;— i2
Ee’xfz/UZ:/ 5 exp{xé_(ng) }dxn
o0 O e g ag

where the integral exists for ¢ < % In the integrand we complete squares, and after some
simple algebra we obtain

2 12 1 tp? 1
Ee%i/7 = 1—2teXp{02(luL2t)}’ 1< 5.
It follows that
M(t) = (1—21)""2exp (1—t2t ng) . < % )
and the MGF of a x*(n,d) RV is therefore
M(t)(12t)"/2exp( 5>, <L, (6)
1-2¢ 2

It is immediate that, if X1, X5, ..., X, are independent, X; ~ x*(n;,8;), i = 1,2,...,k, then

Zl 1X ISX (Zz ln”Zf:l(Si)'

The mean and variance of x?(n,§) are easy to calculate. We have

SUEX? _ Shlvar(X) + (EX)?

EY ==L o

g
=2 +Zl'u’ =n+6

and

var(Y) = var (Z;Xz) o livar X?)

i=1

{ZEX“ Z )]2}

i=1
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1 " n
T {2(304 +60%5; + i) = y_(0? +u$)2}

i=1 i=1

1
= ;(21’!0’4 +40? Z i) = 2n+46.

We next turn our attention to Student’s t-statistic, which arises quite naturally in
sampling from a normal population.

Definition 2. Let X ~ N(0,1) and Y ~ x?(n), and let X and Y be independent. Then the
statistic

X

= (7
VY/n
is said to have a t-distribution with n d.f. and we write T ~ t(n).
Theorem 2. The PDF of T defined in (7) is given by
I[(n+1)/2] 2 —
() = ————~—=(1+t¢ (nt1)/2 — t . 8
Ja(t) r(n/Z)m(+ /n) : 00 <1< 00 ®)

Proof. The proof is left as an exercise.

Remark 1. For n =1, T is a Cauchy RV. We will therefore assume that n > 1. For each
n, we have a different PDF. In Fig. 2 we plot f, () for some selected values of n. Like the

n=40
n=20

-10 -5 0 5 10

Fig.2 Student’s r-densities.
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t(n)

al2 al2

~1(n, a/2) 0 t(n, af2)
Fig. 3

normal distribution, the 7-distribution is important in the theory of statistics and hence is
tabulated (Table ST4).

Remark 2. The PDF f,(¢) is symmetric in #, and f;,(#) — 0 as t — +oo. For large n, the
t-distribution is close to the normal distribution. Indeed, (1 12/n)~("F1)/2 — ¢=1'/2 a5
n — 00. Moreover, as t — oo or t — —o0, the tails of f,, (r) — 0 much more slowly than do
the tails of the N(0, 1) PDF. Thus for small n and large #,

P{|T| > ty} > P{|Z| > 10}, Z ~N(0,1),

that is, there is more probability in the tail of the #-distribution than in the tail of the
standard normal. In what follows we will write 7, , /> for the value (Fig. 3) of T for which

P{|T| > tyapp} =c. ©

In Table ST4 positive values of 7, , are tabulated for some selected values of n and «.
Negative values may be obtained from symmetry, #, 1—o = —4,-

Example 2. Let n = 5. Then from Table ST4, we get 15 9.go5 = 2.571 and 5 9.0s = 2.015.
The corresponding values under the N(0, 1) distribution are zg g5 = 1.96 and 79,05 = 1.65.
For n = 30,

130,0.05 = 1.697 and zps = 1.65.
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Theorem 3. Let X ~ #(n), n > 1. Then EX" exists for r < n. In particular, if r < n is odd,
EX" =0, (10)

and if r < n is even,

o Tl /2T =1)/2]

EX T(1/2)T(n/2)

(1)

Corollary. If n > 2, EX =0 and EX*> = var(X) =n/(n—2).

Remark 3. If in Definition 2 we take X ~ N(u,0?), Y/o? ~ x*(n), and X and ¥
independent,

X
VY/n

is said to have a noncentral t-distribution with parameter (also called noncentrality param-
eter) 0 = /o and d.f. n. Various moments of noncentral ¢-distribution may be computed
by using the fact that expectation of a product of independent RVs is the product of their
expectations.

We leave the reader to show (Problem 3) that, if 7 has a noncentral z-distribution with
n d.f. and noncentrality parameter 9, then

_Tl(n=1)/2] |n
and
n 2 2n n— 2

Definition 3. Let X and Y be independent x> RVs with m and 7 d.f., respectively. The RV

F_X/m

- Y/n (14
is said to have an F-distribution with (m,n) d.f., and we write F ~ F(m,n).
Theorem 4. The PDF of the F-statistic defined in (14) is given by
L[(m+n)/2] (m) (ﬂ )“"/2)*1
= F(m/2)1“}1(1n/27)(mfn)/2 " (15)
8(f) ~(1+;f) : f>0,

0, f=0.
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Proof. The proof is left as an exercise.

Remark 4. 1f X ~ F(m,n), then 1/X ~ F(n,m). If we take m = 1, then F = [¢(n)]?, so that
F(1,n) and #*(n) have the same distribution. It also follows that, if Z is €(1,0) [which is
the same as #(1)], Z% is F(1,1).

Remark 5. As usual, we write F, ,. for the upper « percent point of the F(m,n)
distribution, that is,

P{F(man) > Fm,n,a} = Q. (16)

From Remark 4, we have the following relation:

1

a7

Fm,n,lfa = F
nym,o

It therefore suffices to tabulate values of F that are > 1. This is done in Table ST5, where
values of F,, , o are listed for some selected values of m, n, and «. See Fig. 4 for a plot

of g(f).

Theorem 5. Let X ~ F(m,n). Then, for k > 0, integral,
g)k Dlk+(m/2)]'[(n/2) — k|

EX* = ( for n > 2k. (18)

m

[{(m/2)T(n/2)]

0 1 2 3 4 5 6 7 8
Fig. 4 F densities.
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In particular,

and
_ n*(2m+2n—4)

var(X) = =27 (n—4)’ n>4.

Proof. We have, for a positive integer &,

n

269

19)

(20)

o0 —(m+n m 1
/ epm/a-1 (1+Tf> (m+n)/2 g <T>k+( /2)/ SHD1 (] ek g
0 n 0

21

where we have changed the variable to x = (m/n)f[1+ (m/n)f]~". The integral in the right

side of (21) converges for (n/2) —k > 0 and diverges for (n/2) —k < 0. We have

EXk —

m+n m\™/2 /n (m/2) m n
“twarey () ) A

W) 23
as asserted.

For k =1, we get

EX:Z(n/”;éz_fniz’ n>2.
Also,
n\2 (m/2)[(m/2)+1
5= (3) A "7
:<£>2 mm+2)
m/ (n—2)(n—4)
and

n\2 m(m n\’
var(X) = (E) (nz)(J;2)4) N (nZ)
2n*(m+n—2)

“mn—2rm—4  "7*

Theorem 6. If X ~ F(m,n), then Y = 1/[1 4 (m/n)X] is B(n/2,m/2). Consequently, for

each x > 0,

T R

If in Definition 3 we take X to be a noncentral x> RV with n d.f. and noncentrality

parameter §, we get a noncentral F RV.
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Definition 4. Let X ~ x?(m,6) and Y ~ x?(n), and let X and Y be independent. Then
the RV

X
F = ﬂ (22)
Y/n
is said to have a noncentral F-distribution with noncentrality parameter 4.

It is shown in Problem 2 that if F has a noncentral F-distribution with (m,n) d.f. and
noncentrality parameter 9,

n(m—+9)
EF = ———= 2
m(n—2)’ n=s
and
var(F) = 2—nZ[(7n+5)2+ (n—2)(m+26)] n>4.
m?(n—4)(n—2)? )
PROBLEMS 6.4
1. Let
o LANPYES R A yP
P {r()ze) [, o
Show that
x < "
1—P

2. Let X ~ F(m,n,d). Find EX and var(X).

3. Let T be a noncentral z-statistic with n d.f. and noncentrality parameter ¢. Find ET
and var(T).

4. Let F ~ F(m,n). Then
m \ ! nm
Y:(l —F) NB(f,—>.
+ n 2°2
Deduce that for x > 0

P{ng}lp{yg (1+’:x)_1}.

5. Derive the PDF of an F-statistic with (m,n) d.f.

. Show that the square of a noncentral #-statistic is a noncentral F-statistic.

7. A sample of size 16 showed a variance of 5.76. Find ¢ such that P{|X — u| < ¢} =
0.95, where X is the sample mean and p is the population mean. Assume that the
sample comes from a normal population.

=)
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8. A sample from a normal population produced variance 4.0. Find the size of the
sample if the sample mean deviates from the population mean by no more than 2.0
with a probability of at least 0.95.

9. Let X, X5, X3,X4,X5 be a sample from N(0,4). Find P{E:is:1 X? >5.75}.
10. Let X ~ x%(61). Find P{X > 50}.

11. Let F ~ F(m,n). The random variable Z = 1 log F is known as Fisher’s Z statistic.
Find the PDF of Z.

12. Prove Theorem 1.
13. Prove Theorem 2.
14. Prove Theorem 3.
15. Prove Theorem 4.

16. (a) Letfi,f>,... be PDFs with corresponding MGFs M, M5, ..., respectively. Let «;
(0 < aj < 1) be constants such that 35, ; = 1. Then f = 37" ofj is a PDF
with MGF M = Z] LM

(b) Write the MGF of a x?(n, 6) RV in (6) as

M(1) = i%‘MJ(I)
j=0

where M;(t) = (1 —2¢)~ (/2 is the MGF of a x*(2j +n) RV and o; =
e~9/2(5/2)/ /j!is the PMF of a P(6/2) RV. Conclude that PDF of ¥ ~ x2(n, ) is
the weighted sum of PDFs of x?(2j+n) RVs,j=0,1,2,... with Poisson weights
and hence

_ie—zi/z 5/2 y(2]+n)/2 1 exp( y/2)
= 20/+n)/2 T (Zfzﬂ)

6.5 DISTRIBUTION OF (X, 5?) IN SAMPLING FROM A NORMAL
POPULATION

Let Xi,Xs,...,X, be a sample from N(u,0?), and write X =n"'>",X; and
§?=(n—1)"" 3, (X; — X)* In this section we show that X and S are independent

and derive the distribution of S2. More precisely, we prove the following important result.

Theorem 1. Let X;,X>,...,X, be iid N(u,0%) RVs. Then X and (X; —X,X; — X, ...,
X,, — X) are independent.

Proof. We compute the joint MGF of X and X; — X, X> — X,...,X, — X as follows:

M(t,ty,ta,. .. 1)) = Eexp{tX+1;(X; = X) + (X2 = X) + -+ 1,(X, — X) }

n n
= FEexp {ZI,XZ- — (Zli — [) X}
i=1 i=1



272 SAMPLE STATISTICS AND THEIR DISTRIBUTIONS

n
t t e 1, — 1

:Eexp{ZXi(ti— Lottty )}

i=1 n
n - n

Xi(nt; —nt+t _ _
Hexp{'(’n)} <wheret:n lzljt,)

i—

:Hexp{[+ntl )]-F?i[t-i-n( )]2}

n

=

2 n

—exp{ nt—i—nz +2 3 [H'n(fi_t)]z}

i=1 i=1

2
—exp(uz‘)exp{;2 <nt —|—n22 i —1) >}
i=1
B o’ , 02 < 2
=exp ut+%t exp TZ(t,-ft)

i=1
:Mf(t)Mlef ..... X,,ff(tltha"wtn)

=M(1,0,0,...,00M(0,11,t5,...,1,).
Corollary 1. X and S? are independent.
Corollary 2. (n—1)S?/0?is x*(n—1).

Since

n 2 v _ 2
S E ), n(X ”) ~ (1),

i=1

and X and S? are independent, it follows from

ZR&—MVZH<X—M

E{exp ltzn: (Xl;mz] } :E{exp [tn (XU_M) +(n— l)it] }

S2
t| Eexp [(n— 1)2t} ,
o

that
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that is,
s2 1
1-26)""*=(1-2t)""2E D t< ~
( ) ( ) exp |(n )02 ; <3

and it follows that
$ (-2 !
Eexp |(n—1)—t| = (1-21) ) 1< <.
o 2

By the uniqueness of the MGF it follows that (n — 1)S? /a2 is x?(n— 1).
Corollary 3. The distribution of \/n(X — pu)/Sis t(n—1).

Proof. Since \/n(X — ) /o is N(0,1), and (n — 1)S? /0 ~ x*(n— 1) and since X and S?
are independent,

VA& —p)fo  _ JaE—p)

VIin—1)82/0%/(n—1) §

ist(n—1).

Corollary 4. If X,,Xa,...,X,, are iid N(p11,07) RVSs, Y, Ya, ..., Y, are iid N(p2,03) RVs,
and the two samples are independently taken, (S?/02)/(85/03) is F(m —1,n—1). If, in
particular, oy = oy, then $2 /53 is F(m—1,n—1).

Corollary 5. Let X;,X5,...,X,, and Y}, Y>,...,Y,, respectively, be independent samples
from N(u;,07) and N(p2,03). Then

X—Y— (1 —p2) m+n—2
{[m=1)S3/ot]+[(n—1)S3/a3]}1/2 |\ ot /m+ 03 /n

~tm+n—2).

In particular, if o] = o5, then

XY — (1 — o) mn(m+n—2) o
\/[(m—1)5%+(n—1)5§]\/T tm+n—2).

Corollary 5 follows since

2 52
X—YNN(,U/I—/,LZ,I—F;) and
m—1)S?  (n—1)8?
( 2) 1 ( 2)2NX2(m+n72)
o] 03

and the two statistics are independent.
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Remark 1. The converse of Corollary 1 also holds. See Theorem 5.3.28.

Remark 2. In sampling from a symmetric distribution, X and S? are uncorrelated. See
Problem 4.5.14.

Remark 3. Alternatively, Corollary 1 could have been derived from Corollary 2 to
Theorem 5.4.6 by using the Helmert orthogonal matrix:

1/Vn 1//n vno 1/Vn

—1/V2 1/v2 0 0

—1/V6 —1/V/6 2/\/6 0
A= 0

0
—1/\/ (n—1) —1/\/ (n—1) —1/\/ (n—1) - (n—1)/y/n(n—1)]

For the case of n = 3 this was done in Example 4.4.6. In Problem 7 the reader is asked to
work out the details in the general case.

Remark 4. An analytic approach to the development of the distribution of X and S is as
follows. Assuming without loss of generality that X; is N(0, 1), we have as the joint PDF
of (X1,X2,...,Xy)

1
Sx1,x0,..0,x,) = e exp —fo

:Wexp{_(n—l);—i—nxz}.

Changing the variables to y1,ys, .. .,y, by using the transformation y; = (x; —X) /s, we see
that

Xn:yk =0 and zn:y]% =n—1.
k=1 k=1

It follows that two of the y;’s, say y,—; and y,, are functions of the remaining y;. Thus
either

o+ _a—p
2 ’ Yn = 2 )

Yn—1=

or

_a—p _a+p
yn—l— 2 I yl’l_ 2 9
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where

n—2 n—2 n—2 2
a:—Zyk and fB= 2(n—1)—22yi—<2yk> :
k=1 k=1 k=1

We leave the reader to derive the joint PDF of (¥1,Ys,...,Y, 2, X, §?), using the
result described in Remark 2, and to show that the RVs X, $2, and (Y),Y,,...,Y,_ ) are
independent.

PROBLEMS 6.5

1.

Let X;,X,...,X, be a random sample from N(u,0?) and X and S?, respectively,
be the sample mean and the sample variance. Let X, 11 ~ N(x,0?), and assume
that X1,X>, ..., X,, X,+1 are independent. Find the sampling distribution of [(X,41 —
X)/S]

n/(n+1).

. LetX,X,,...,X,, and Y1, Y,..., Y, be independent random samples from N (11, 0?)

and N(us,0?), respectively. Also, let a, 3 be two fixed real numbers. If X,Y denote
the corresponding sample means, what is the sampling distribution of

a(X =) +B(Y — p2)
wmmsmnl)sw&ﬁ

m+n—2 m n

where $? and 3, respectively, denote the sample variances of the X’s and the ¥’s?

. Let X1,X>,...,X, be a random sample from N(z,0?), and k be a positive integer.

Find E(S?). In particular, find £(S?) and var($?).

. A random sample of 5 is taken from a normal population with mean 2.5 and variance

o? = 36.
(a) Find the probability that the sample variance lies between 30 and 44.

(b) Find the probability that the sample mean lies between 1.3 and 3.5, while the
sample variance lies between 30 and 44.

. The mean life of a sample of 10 light bulbs was observed to be 1327 hours with a

standard deviation of 425 hours. A second sample of 6 bulbs chosen from a different
batch showed a mean life of 1215 hours with a standard deviation of 375 hours. If
the means of the two batches are assumed to be same, how probable is the observed
difference between the two sample means?

. Let $7 and S3 be the sample variances from two independent samples of sizes n; =

5 and ny = 4 from two populations having the same unknown variance o2. Find
(approximately) the probability that S7/S5 < 1/5.2 or > 6.25.

. Let X1,X5,...,X, be a sample from N(u,0?). By using the Helmert orthogonal

transformation defined in Remark 3, show that X and S? are independent.

. Derive the joint PDF of X and S? by using the transformation described in Remark 4.
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6.6 SAMPLING FROM A BIVARIATE NORMAL DISTRIBUTION

Let (X1,Y1),(X2,Y2),...,(Xy,Y,) be a sample from a bivariate normal population with
parameters (i1, fi2, p, 01, 03. Let us write

n
X=n'YX;, Y=n')v,
' i=1
S%:(n_l)_l (Xi_y)za S%:(n—l)_l (Yi_?)zv

i=1 i=1

and

In this section we show that (X, Y) is independent of (52, 5;;,53) and obtain the distribution
of the sample correlation coefficient and regression coefficients (at least in the special case
where p = 0).

Theorem 1. The random vectors (X,Y) and (X; — X, X, — X,..., X, — X, Y1 — Y,

Y»—Y,...,Y, —Y) are independent. The joint distribution of (X,Y) is bivariate normal
with parameters j1, 1o, p, 07 /n, 03 /n.

Proof. The proof follows along the lines of the proof of Theorem 1. The MGF of (X, Y,
X —X,...,X,—X,Y;—Y,....Y,—Y) is given by

*
M :M(M,V,t],[%...,tn,Sl,Sz,...,Sn)

:Eexp{uX—l—vY—i—Zt,(X;—X)—f—Zs(Y;— Y)}

i=1 i=1
e 3 (L -7) 3w (L)
= i
where 7=n"'>"" |7, s=n"'3""_ s:. Therefore,
* . u - v _
M = HEQXP{(*‘HI'—I)X,'-F (*—&-si—s) Y,-}
i=1 n n
n u B v ~
:HGXP{(*‘FE—I)MH-(*—i—s,-—s),uz
i=1 n n

, aRllu/n) 16—+ 2010 (u/n) + 1, =T [(v/m) + 5, 3]
2

+Uﬂ@ﬁ0+&—ﬂ2}
2
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ula? +2po oauv + vzc;'%)

= exp <u1u+qu+
2n

-exp{

n

_
3,
ing

ti—1) +por1on Yy _(ti—1)(si )
i=1

forallrealu, v, 11,15, .., 1y, 51,52, .., Where M, is the MGF of (X,Y) and M, is the MGF
of (X —X,....X, —X,Y1—Y,....Y, — Y). Also, M, is the MGF of a bivariate normal
distribution. This completes the proof.

Corollary. The sample mean vector (X,Y) is independent of the sample variance—

2
51 S11

2
S11 55

covariance matrix in sampling from a bivariate normal population.

Remark 1. The result of Theorem 1 can be generalized to the case of sampling from a
k-variate normal population. We do not propose to do so here.

Remark 2. Unfortunately the method of proof of Theorem 1 does not lead to the distribu-
tion of the variance—covariance matrix. The distribution of (X,Y, S%7S117S§) was found
by Fisher [30] and Romanovsky [92]. The general case is due to Wishart [119], who
determined the distribution of the sample variance—covariance matrix in sampling from
a k-dimensional normal distribution. The distribution is named after him.

We will next compute the distribution of the sample correlation coefficient:

(L& -XR YL, (=72 S
It is convenient to introduce the so-called sample regression coefficient of Y on X
7* }(i__jz Y; -Y S S
Byx = LioXi=X)i=¥) _ Su _ Sy )

Z?:l (Xi 7})2 a S% S

Since we will need only the distribution of R and Byy whenever p = 0, we will make
this simplifying assumption in what follows. The general case is computationally quite
complicated. We refer the reader to Cramér [17] for details.

We note that

> i Yi(Xi —X)

R:
(n<—-1)SlSQ

3)
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and
S YiX —X)
BY X — li—- (4)
| (n—1)S83
Moreover,
B2 S2
R2: Y|X*1 5)
53

In the following we write B = By|x.

Theorem 2. Let (X;,Y)),...,(X,,Y,), n > 2, be a sample from a bivariate normal popu-
lation with parameters EX = yi1, EY = 1, var(X) = o7, var(Y) = 03, and cov(X,Y) = 0.
In other words, let X1, X, ..., X, be iid N(u1,07) RVs, and Y1, Ya, ..., Y, be iid N(uz,03)
RVs, and suppose that the X’s and Y’s are independent. Then the PDF of R is given by

2[701_ DR (- pye-or, _1<r<,
Ai(r) =4 T()Tln-2)/2 ©
0, otherwise;
and the PDF of B is given by
['(n/2) oy !

3+ A
F(;) Ll(n—1)/2] )

Proof.  Without any loss of generality, we assume that j; = pp = 0 and 07 = 05 = 1, for
we can always define

hi(b) = —00 < b < o0. @)

X, — Y, —
iR and Y=~ K2 (8)

a1 g2

l

Now note that the conditional distribution of ¥;, given X;,X5,...,X,, is N(0,1), and Y;,
Ys,...,Y,, given X, X,...,X,, are mutually independent. Let us define the following
orthogonal transformation:

u[:Zc[jyﬁ i=1,2,...,n, )
j=1
where (c,-j)i J=1.2,...,n 1s an orthogonal matrix with the first two rows
! i=1,2 (10)
Clj = —F, =1l,24,...,n,
1] \/ﬁ .]
cy = /A i=1,2,....n. (11)
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It follows from orthogonality that for any i > 2

n n 1 n
> ci= \/’52%7 =V cje=0
j=1 j=1 n j=1

and
n n n n
up = Cifyj Cijr Yy
i=1 i=1 \ j=1 j'=1
n n n
=> > cici | vy
j=1j=1 \i=1
n
_ 2
_'EEIYW'
J=1
Moreover,
up =+/ny
and

uy = b\/Z(x,- —X)?,

where b is a value assumed by RV B. Also Uy, U,,...,U,, given X|, X, .

RVs (being linear combinations of the Y’s). Thus

E{Ui | X1. X, X} = > GE{Y) | X1, X, X, )}

J=1

=0

and

n n
COV{Ui,Uk |X1,X2,...,Xn} = CoVv ZC@,‘Y]‘,ZC@YP |X1,X2,...
j=1

p=1

n n
=Y > cicipeov{¥;, Y, | X1, Xa, .

j=1 p=1
n
= Z cijckj.
j=1
This last equality follows since

cov{Y;, Y, | X1, Xa,.... X, } =

0, j#p,
I, j=p.

279

12)

13)

(14)

15)

.., X,, are normal

(16)
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From orthogonality, we have

0, i#k,

17
1, i=k a7

cov{U;, Uy | X1,X2,.... X} = {
and it follows that the RVs Uy, Us,...,U,, given X|,X>,...,X,, are mutually independent

N(0,1). Now

n

S =y =) yi-ny
=1 i=1
-y i
=1
=Y u. (18)
=2

Thus

v U3 (19)

R* = —; a .
Zi:Z U12 U% + Zi:3 Uz2

Writing U = U? and W = >, U?, we see that the conditional distribution of U, given X,
X2,..., Xy, is x*(1), and that of W, given X1,Xa,...,X,, is x*(n — 2). Moreover U and
W are independent. Since these conditional distributions do not involve the X’s, we see
that U and W are unconditionally independent with x*(1) and x?(n — 2) distributions,
respectively. The joint PDF of U and W is

1 1
y1/2=1p=u/2

W(n72)/27167w/2.
RONG T(n—2)/220- 972

f(uaw) -

Let u+w = z, then u = r>z and w = z(1 — r?). The Jacobian of this transformation is z, so
that the joint PDF of R? and Z is given by

1

n/2—3/2 —z/2(,2\—1/2 1— 2 n/2—2.
TOTm—2)2pe0p° ¢ =)

f*(VZ,Z) _

The marginal PDF of R? is easily computed as

T R Ty B U B ELET Ry

Finally, using Theorem 2.5.4, we get the PDF of R as

Il(n—1)/2] (1— rz)n/zfz

M= 5 Or(-2)/2)



SAMPLING FROM A BIVARIATE NORMAL DISTRIBUTION 281
As for the distribution of B, note that the conditional PDF of U, = v/n — 1 BS|, given X|,
Xa,..., Xy, is N(0,1), so that the conditional PDF of B, given X1,X5,...,X,, is N(0,1/
> (x; —X)?). Let us write A = (n— 1)S?. Then the PDF of RV A is that of a x*(n— 1) RV.
Thus the joint PDF of B and A is given by

h(b, ) = g(b| N (N), 1)

where g(b | \) is N(0,1/)), and hy(A) is x*(n—1). We have

I (b) = /000 h(b,\) d

o0
/21 —X/2(14b%) d\
T“FGHﬂnUﬂL/ ‘

'(n/2) 1
ST (n—1)/2] 1+ —00 < b < o0 (22)

To complete the proof let us write
Xi=m+Xoy and Y;=p+Y 0,
where X ~ N(0,1) and Y;* ~ N(0,1). Then X; ~ N(p1,02), ¥; ~ N(ua,03), and

2 Xi—X)(Y;—Y)

V(X=X (Y- Y
=R, (23)

R =

so that the PDF of R is the same as derived above. Also

oo Y (X=X (YY)
*

of i (X =X )
= 2B, (24)

B=

where the PDF of B* is given by (22). Relations (22) and (24) are used to find the PDF of
B. We leave the reader to carry out these simple details.

Remark 3. In view of (23), namely the invariance of R under translation and (positive)
scale changes, we note that for fixed n the sampling distribution of R, under p = 0, does
not depend on piq, 13,01, and o,. In the general case when p # 0, one can show that for
fixed n the distribution of R depends only on p but not on puy, 2,01, and o, (see, for
example, Cramér [17], p. 398).

Remark 4. Let us change the variable to

T= vn—2. (25)
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7\
1-R*=(1
(1435) -
and the PDF of T is given by
(1) = 1 1 1
P 2Bl 2 ) T+ A =7

which is the PDF of a f-statistic with n — 2 d.f. Thus T defined by (25) has a #(n — 2)
distribution, provided that p = 0. This result facilitates the computation of probabilities
under the PDF of R when p = 0.

Then

(26)

Remark 5. To compute the PDF of Bxjy = R(S1/S>), the so-called sample regression
coefficient of X on Y, all we need to do is to interchange o and o, in (7).

Remark 6. From (7) we can compute the mean and variance of B. For n > 2, clearly
EB =0,

and for n > 3, we can show that

1
n—3"

2

EB? = var(B) = 2
g

1

Similarly, we can use (6) to compute the mean and variance of R. We have, for n > 4,
under p =0,
ER=0

and

PROBLEMS 6.6

1. Let (X,,71),(X2,Y2),...,(X,, Y,) be a random sample from a bivariate normal pop-
ulation with EX =y, EY =y, var(X) = var(Y) = o2, and cov(X,Y) = po?. Let
X,Y denote the corresponding sample means, $7, 53, the corresponding sample vari-
ances, and S, the sample covariance. Write R = 25y, /(S? +53). Show that the PDF

of R is given by
70 = =28 (1 e gy - e <,
vl (45)

(Rastogi [89])
[Hint: Let U= (X+Y)/2 and V = (X —Y)/2, and observe that the random vector
(U, V) is also bivariate normal. In fact, U and V are independent.]
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2. Let X and Y be independent normal RVs. A sample of n = 11 observations on (X, Y)
produces sample correlation coefficient » = 0.40. Find the probability of obtaining
a value of R that exceeds the observed value.

3. Let X, X, be jointly normally distributed with zero means, unit variances, and cor-
relation coefficient p. Let S be a x%(n) RV that is independent of (X;,X>). Then
the joint distribution of ¥} = X,/ \/STn and ¥, = X,/ \/% is known as a central
bivariate t-distribution. Find the joint PDF of (Y;,Y,) and the marginal PDFs of Y,
and Y, respectively.

4. Let (X1,Y1),...,(Xy,Y,) be a sample from a bivariate normal distribution with
parameters EX| = p1, EY; = p, var(X;) = var(Y;) = o2, and cov(X;,Y;) = po?,
i=1,2,...,n. Find the distribution of the statistic

(y—ﬂl) —(?—Mz) )
Vi (XY, =X 4 VP

T(X,Y) = n



BASIC ASYMPTOTICS: LARGE SAMPLE
THEORY

7.1 INTRODUCTION

In Chapter 6 we described some methods of finding exact distributions of sample statistics
and their moments. While these methods are used in some cases such as sampling from a
normal population when the sample statistic of interest is X or S2, often either the statistics
of interest, say T, = T(X{, ..., X,), is either too complicated or its exact distribution is not
simple to work with. In such cases we are interested in the convergence properties of
T,. We want to know what happens when the sample size is large. What is the limiting
distribution of 7,,? When the exact distribution of 7, (and its moments) is unknown or too
complicated we will often use their asymptotic approximations when 7 is large.

In this chapter, we discuss some basic elements of statistical asymptotics. In Section 7.2
we discuss various modes of convergence of a sequence of random variables. In
Sections 7.3 and 7.4 the laws of large numbers are discussed. Section 7.5 deals with
limiting moment generating functions and in Section 7.6 we discuss one of the most fun-
damental theorem of classical statistics called the central limit theorem. In Section 7.7 we
consider some statistical applications of these methods.

The reader may find some parts of this chapter a bit difficult on first reading. Such a
discussion has been indicated with af.

7.2 MODES OF CONVERGENCE

In this section we consider several modes of convergence and investigate their interrela-
tionships. We begin with the weakest mode of convergence.

An Introduction to Probability and Statistics, Third Edition. Vijay K. Rohatgi and A.K. Md. Ehsanes Saleh.
© 2015 John Wiley & Sons, Inc. Published 2015 by John Wiley & Sons, Inc.
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Definition 1. Let {F, } be a sequence of distribution functions. If there exists a DF F such
that, as n — oo,

Fy(x) = F(x) ey

at every point x at which F is continuous, we say that F,, converges in law (or, weakly), to
F, and we write F,, = F.

If {X,} is a sequence of RVs and {F,} is the corresponding sequence of DFs, we say
that X,, converges in distribution (or law) to X if there exists an RV X with DF F' such that

F, % F. We write X, & X.

It must be remembered that it is quite possible for a given sequence DFs to converge
to a function that is not a DF.

Example 1. Consider the sequence of DFs

Folx) = {0, x <n,

1, x>n.

Here F,(x) is the DF of the RV X,, degenerate at x = n. We see that F,(x) converges to a
function F that is identically equal to 0, and hence it is not a DF.

Example 2. Let X|,X>,...,X, be iid RVs with common density function

1
=19 0<x<b, (0<0< ),

0 otherwise.
Let X,y = max(Xy,X>,...,X,). Then the density function of X, is

nxn—]

O<x<b,
Jal(x) = on
0 otherwise,
and the DF of X, is
0 x <0,
Fu(x) = { (x/0)" 0<x<9,
1, x>0.

We see that, as n — oo,

which is a DF. Thus F,, - F.
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Example 3. Let F, be a sequence of DFs defined by

0, x <0,
1
Fn(x): I——, 0<x<n,
n
1, n<x.

Clearly F,, = F, where F is the DF given by

Note that F, is the DF of the RV X,, with PMF

1 1
P{X,=0}=1——-, P{X,=n}=-—,
Ko=0p=1-—  PX,=n}=-

and F is the DF of the RV X degenerate at 0. We have

1
EXK =nt <> =n!
n

where k is a positive integer. Also EX* = 0. So that
EX’; - EX* forany k > 1.

We next give an example to show that weak convergence of distribution functions does
not imply the convergence of corresponding PMF’s or PDF’s.

Example 4. Let {X,} be a sequence of RVs with PMF

1 ifx=2+1/n,
h(x) =P{X, =x} = .
h®) { } {0 otherwise.
Note that none of the f,,’s assigns any probability to the point x = 2. It follows that

fo(x) = f(x) as  n— 0o,

where f(x) = 0 for all x. However, the sequence of DFs {F},} of RVs X,, converges to the
function

1 x>2,

Flx) = {O, x<2,
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at all continuity points of F. Since F is the DF of the RV degenerate at x = 2, F,, = F.

The following result is easy to prove.
Theorem 1. Let X, be a sequence of integer-valued RVs. Also, let f, (k) = P{X,, = k},
k=0,1,2,..., be the PMF of X,,, n = 1,2,..., and f(k) = P{x = k} be the PMF of X.
Then

flx) = f(x)  forallx< X, 5X.
In the continuous case we state the following result of Scheffé [100] without proof.

Theorem 2. Let X,,, n=1,2,..., and X be continuous RVs such that

fo(x) = f(x) for (almost) all x as n — oo.

Here, f,, and f are the PDFs of X, and X, respectively. Then X, Lx.
The following result is easy to establish.

Theorem 3. Let {X,} be a sequence of RVs such that X, L X, and let ¢ be a constant.
Then

(@) X,+c5 X+e,
(b) cX, 5 cX, ¢ #£0.

A slightly stronger concept of convergence is defined by convergence in probability.

Definition 2. Let {X, } be a sequence of RVs defined on some probability space (2,8, P).
We say that the sequence {X,,} converges in probability to the RV X if, for every € > 0.

P{X,—X|>¢e} =0 as n — oo. (2)

We write X, £ x.

Remark 1. We emphasize that the definition says nothing about the convergence of the
RVs X, to the RV X in the sense in which it is understood in real analysis. Thus X, L
X does not imply that, given £ > 0, we can find an N such that |X,, — X| < e for n >
N. Definition 2 speaks only of the convergence of the sequence of probabilities P{|X, —
X|>e} toO.

Example 5. Let {X,,} be a sequence of RVs with PMF

1 1
PX,=1} =~ P{X,=0}=1-.
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Then

1
P{X,=1}=- if0<e<l,
n

ife>1.

P{|X,| > ¢} =

It follows that P{|X,,| > ¢} — 0 as n — oo, and we conclude that X, o.

The following statements can be verified.

L X, Sxex,-x5o
2 X% 55X X, LYy =PX=Y})=1for P{X—Y|>c} <P{X,—X| > 5} +
P{|X,, — Y| > 5}, and it follows that P{|X — Y| > ¢} = 0 for every ¢ > 0.

3. XniX:>X,1—Xm£>Oasn,m—>oo,for

P{|X, — Xp| > ¢} SP{|Xn—X| > %}+P{|Xm—X| > %}

X, Lxv,5yv=x,+v, L x+v.
X, i) X, k constant, = kX, i> kX.
X, Dk=x2 52

P P P
X, —a, Y, — b, a, b constants = X,,Y,, — ab, for

N s

(Xn+Yn)2_(Xn_Yn)2 £> (a+b)2_(a_b)2 _

X,Y, =
4 4

ab.

8. X, B 1=x"51 for

and each of the three terms on the right goes to 0 as n — oo.
9. X, B a, ¥, & b, a, b constants, b £0=X,Y ! Loab—.
10. X, & X, and Y an RV = X, ¥ 55 XY.
Note that ¥ is an RV so that, given § > 0, there exists a k > 0 such that P{|Y| > k}
< 0/2. Thus
P{X,Y —XY|>¢e} =P{|X,— X||Y| >¢e,|Y| >k}
+P{Xy = X[|Y[ > &, [Y] <k}

< %+P{|Xn—X\ > %}
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P P P
11. X, =X, Y, =Y =X,Y, = XY, for
X, —X)(Y,—Y) 5 0.

The result now follows on multiplication, using result 10. It also follows that
X, Hx=x25x2

Theorem 4. Let X, 2> X and g be a continuous function defined on ®. Then g(Xy) L g(X)
as n — 0.

Proof. Since X is an RV, we can, given ¢ > 0, find a constant k = k(¢) such that
€
P{|X| >k} < 5

Also, g is continuous on R, so that g is uniformly continuous on [—k,k]. It follows that
there exists a § = d(e,k) such that

|g(xn) —g(x)| <e
whenever |x| < k and |x, —x| < . Let
A={X| <k},  B={IX,—X[<d},  C={[g(Xs)—g(X)[<e}.
Thenw € ANB = w € C, so that
ANBCC.
It follows that
P{C} < P{A"} + P{B},
that is,
P{lg(X,) —g(X)| = e} < P{|X, — X| = 0} + P{|X| > k} <e
for n > N(e,d,k), where N(g,4,k) is chosen so that

P{|X,—X| > 6} < % for n>N(z,d,k).

P . P . . .
Corollary. X, — ¢, where ¢ is a constant = g(X,,) — g(c), g being a continuous function.

We remark that a more general result than Theorem 4 is true and state it without proof
(see Rao [88, p. 124]): X, L X and g continuous on R = g(X,,) L g(X).

The following two theorems explain the relationship between weak convergence and
convergence in probability.
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Theorem 5. X, Ax =X, Lox.
Proof. Let F, and F, respectively, be the DFs of X,, and X. We have

{w: X(w) <x'} ={w: X,(w) <x,X(w) <X} U{w: X,(w) > x,
X(w) <X} C{X, <x}U{X,>x,X <x'}.

It follows that
F(x') < F,(x)+P{X, > x,X <x'}.
Since X,, — X L 0, we have for x’ < x
P{X, >x,X <X} <P{IX,—X| >x—x'} =0 as  n—oo.
Therefore

F(xX') < lim F,(x), X <x.

n—o0

Similarly, by interchanging X and X,,, and x and x’, we get

lim F,(x) < F(x"), x<x".

n—r 00

Thus, for X’ < x < x”, we have
F(x') <limF,(x) <limF,(x) < F(x").

Since F has only a countable number of discontinuity points, we choose x to be a point of
continuity of F, and letting x | x and x’ T x, we have

F(x)= nlLr&F,l (x)
at all points of continuity of F.
Theorem 6. Let k be a constant. Then

X, Lk=x, 5k

Proof.  The proof is left as an exercise.

Corollary. Let k be a constant. Then

X, Lrex, bk
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Remark 2. We emphasize that we cannot improve the above result by replacing k by an
RV, that is, X, i> X in general does not imply X, i> X, for let X, X;,X; ... be identically
distributed RVs, and let the joint distribution of (X,,,X) be as follows:

X \ X,|/0 1

0 0 1|3

1 3 03
1 1
3 2|1

Clearly, X, = X. But

1
P{|XnX| > 2} = P{X,—X| =1}
= P{X,=0,X=1}+P{X,=1,X =0}
=1-»0.
Hence, X, = X, but X, = X.

Remark 3. Example 3 shows that X, L, X does not imply EX* — EX* for any k > 0, k
integral.

Definition 3. Let {X,,} be a sequence of RVs such that E|X,,|" < oo, for some r > 0. We
say that X,, converges in the rth mean to an RV X if E|X|" < oo and

E|X,—X|"—0 as n— 0o, 3

and we write X,, — X.

Example 6. Let {X,} be a sequence of RVs defined by
1 1
P{X,=0'=1-~, P{X,=1}=-, —1,2,....
H=0j=1-1  PX=}=1, =
Then

1
EX,’=-—=0 as n— 0o,
n

and we see that X, i> X, where RV X is degenerate at 0.

Theorem 7. Let X, = X for some r > 0. Then X, 2> X.

Proof. The proof is left as an exercise.

Example 7. Let {X,} be a sequence of RVs defined by
1 1

P{X,=0}=1——, P{X,=n}=—, r>0, n=1,2,....
n' n'
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Then E|X,|" = 1, so that X,, - 0. We show that X,, 2.

P{X,=n} if e<n
0 if e>n

P{|X,,|>5}:{ }—>Oasn—>oo.

Theorem 8. Let {X,} be a sequence of RVs such that X, 2, X. Then EX, — EX and
EX3 — EX* as n — oo.
Proof. We have
|E(X, —X)| <E|X, —X| <E'?|X,—X]> -0  as n— oo.
To see that EX,% — EX? (see also Theorem 9), we write
EX? = E(X, — X)> + EX> + 2E{X(X, — X)}
and note that
|E{X(X, — X))} < VEX?*E(X,—X)?

by the Cauchy—Schwarz inequality. The result follows on passing to the limits.

We get, in addition, that X, X implies var(X,) — var(X).

Corollary. Let {X,,}, {Y,,} be two sequences of RVs such that X,, 2 X, Y, > Y. Then
E(XnY,) — E(XY) as m,n — oc.

Proof.  The proof is left to the reader.

As a simple consequence of Theorem 8 and its corollary we see that X, 23X , Y >y
together imply cov(X,,, Y,) — cov(X,Y).

Theorem 9. If X, =+ X, then E|X,|” — E|X|".
Proof. Let0 < r < 1. Then
EX,|"=E|X,—X+X|"
so that
E|X,|" — EIX]" < EIX, — X|"
Interchanging X,, and X, we get

E|X|"—E|X,|” <E|X,—X|".
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It follows that
|EIX|"—E|X,|"| <E|X,—X|"—0 as n— oo.

For r > 1, we use Minkowski’s inequality and obtain

[EX |17 < [E1X, — X|']V7 + [E[X]7)"
and

[EIX|'T" < [EIX, — X" + [E|X, 7'/
It follows that

|EV"|X, | —EV"|X|"| <EY"X,—X|" =0  as n— oo.
This completes the proof.
Theorem 10. Let » > 5. Then X, — X = X, — X.
Proof. From Theorem 3.4.3 it follows that for s < r
E|X,—X|' <[E|X,—X|]/" =0  asn— o0

since X, = X.

Remark 4. Clearly the converse to Theorem 10 cannot hold, since E|X|* < oo for s < r
does not imply E|X|" < oco.

Remark 5. Tn view of Theorem 9, it follows that X, = X = E|X,|* — E|X|* for s < r.

Definition 4. T Let {X,} be a sequence of RVs. We say that X,, converges almost surely
(a.s.) to an RV X if and only if

P{w: X,(w) = X(w) asn—oo} =1, (@)
and we write X,, == X or X,, — X with probability 1.
The following result elucidates Definition 4.

Theorem 11. X, > X if and only if lim,,_, o P{sup,,>,, |X, — X| > e} =0 forall e > 0.

Proof. Since X, == X, X, — X =23 0, and it will be sufficient to show the equiva-
lence of

f May be omitted on the first reading.
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(@) X, =25 0and
(b) lim, o0 P{sup,,, |Xi| > e} = 0.

Let us suppose that (a) holds. Let ¢ > 0, and write

An(e):{supXm>s} and C:{lim X,,:O}.

m>n n—o0

Also write B,(¢) = CNA,(e), and note that B,yi(¢) C B,(¢), and the limit set
N>, By(e) = ¢. It follows that

nli)rgoPBn(a) =P { ﬁ B,,(E)} =0.
n=1

Since PC =1, PC¢ = 0, we have

PB,(¢) — P(A,NC) = 1—P(C°UAS)
=1—PC® — PAS + P(C°NAS)
=PA,+P(C°NA;)
=PA,.

It follows that (b) holds.
Conversely, let lim,,_, o, PA, () = 0, and write

D(g):{m X, | >5>o}.
n— 00
Since D(g) C A,(e) forn=1,2,..., it follows that PD(g) = 0. Also,

= {g&xﬂ #0} C O {lirn|X,,| > Ilc}

k=1

so that
= 1
1-PC< PD|-1]=0
<y (y)-o
k=1
and (a) holds.

Remark 6. Thus X, 254 0 means that, for € > 0, n > 0 arbitrary, we can find an ny such
that

P{sup|Xn|>5} <. )

n>ngp

Indeed, we can write, equivalently, that

lim P
no— oo

U (1%l > e}] =0. (6)

n>ng
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Theorem 12. X, =25 X = X, Ix.

Proof. By Remark 6, X, == X implies that, for arbitrary £ > 0, 7 > 0, we can choose an
no = no(e,n) such that

P

(]ﬂn_mggﬁz1_n

n=ny

Clearly,
m{|X,,—X\§5}C{|X,1—X|§5} for n > ny.
n=ngy

It follows that for n > ny

P{X, ~X| SE}ZP[F]{IX,Z—XISS}] > 1,

n=n

that is

P{|X,—X|>¢e} <n for n>ny,
which is the same as saying X, Zox.

That the converse of Theorem 12 does not hold is shown in the following example.

Example 8. For each positive integer n there exist integers m and k (uniquely determined)
such that

n=24m, ~ 0<m<2* k=0,1,2,....
Thus, forn=1,k=0and m =0; forn =5, k =2 and m = 1; and so on. Define RVs X,,,
forn=1,2,...,0on Q=10,1] by
m< m+1

X, (w) = N T

0, otherwise.

Let the probability distribution of X, be given by P{I} = length of the interval I C ().
Thus

1 1
P{Xx, =2 = 5o PXa=0p=1-7
The limit lim,,_, ., X,,(w) does not exist for any w € (2, so that X,, does not converge almost
surely. But

0 if e>2k
P{X,|>e} =P X, >c}=1¢ 1
Xl > e} =P } 7 if 0<e<?2K,
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and we see that

P{|X,| >¢c}—0 as n (and hence k) — oo.

Theorem 13. Let {X,,} be a strictly decreasing sequence of positive RVs, and suppose
that X, = 0. Then X,, 5 0.

Proof.  The proof is left as an exercise.

Example 9. Let {X,} be a sequence of independent RV defined by
1
n 9

P{X,,:O}:l—%7 P{X,=1}= n=12,....
Then

E|X, -0 =E|X,|* = % —0  asn— oo,
so that X, i> 0. Also

P{X, =0 foreverym<n<ng}
a 1 -1
11 (1-) ="
n no

which diverges to 0 as ny — oo for all values of m. Thus X,, does not converge to 0 with
probability 1.

Example 10. Let {X,} be independent defined by

1 1
P{X,=0}=1——, P{X,=n}=—, r>2, n=1.2,....
n" n"
Then
no 1
P{X,=0 f <n<nyt= 1——).
{ orm<n<ny} H( n’>

n—=m

As ng — oo, the infinite product converges to some nonzero quantity, which itself
converges to 1 as m — co. Thus X,, == 0. However, E|X,"=1and X, =0 as n— oo.

Example 11. Let {X,} be a sequence of RVs with P{X, = £1/n} = 1. Then E|X,|" =
1/n" — 0asn— oo and X, — 0. Forj < k, |X;| > |Xy|, so that {|X;| > e} C {|X;| > e}. It
follows that

X > e} = {Ixa| > &}

j=n
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Choosing n > 1 /e, we see that
oo
1
P U1 o) =P > 2 < P{ix) > 1=
Jj=n
and (6) implies that X, 250.

Remark 7. In Theorem 7.4.3 we prove a result which is sometimes useful in proving a.s.
convergence of a sequence of RVs.

Theorem 14. Let {X,,Y,},n=1,2,..., be a sequence of RVs. Then

X, — Y, 50 and ¥V, HY=Xx, 5V
Proof. Let x be a point of continuity of the DF of ¥ and € > 0. Then

P{X, <x}=P{Y, <x+Y,—X,}
=P{Y, <x+Y,—X;;¥,— X, <¢e}
+P{Y, <x+Y,—X,;Y,— X, >¢c}
<P{Y, <x+e}+P{Y,— X, >¢}.

It follows that

lim P{X, <x} < lim P{Y, <x+¢}.
n—oo

n—oo
Similarly

lim P{X, <x}> lim P{Y, <x—¢}.
n—oo

n—oo

Since € > 0 is arbitrary and x is a continuity point of P{Y < x}, we get the result by
letting € — 0.

Corollary. X, Px =X, Lox.

Theorem 15. (Slutsky’s Theorem). Let {X,,Y,}, n=1,2,..., be a sequence of pairs of
RVs, and let ¢ be a constant. Then

(a) X,,£>X, Yn£>6:>Xn+Yn£>X—|—c;
(b) X, = X,
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p XY, 5 cX ifc#£0,
Y,—c= P )
XY, —0 ifc=0;

X,
©) X, 5 X, Ynic:s7"£>X/cifC7é0

n

Proof. (a) X, Lix= X, +c LiXte (Theorem 3). Also, ¥, —c= (Y, +X,) — (X, +¢)
%o.
A simple use of Theorem 14 shows that

X, +Y, 5 Xx+e.

(b) We first consider the case where ¢ = 0. We have, for any fixed number k£ > 0,
P{IX,Y,| > ¢} = P{|X,1Y,1\ > Y] < %} +P{\X,,Y,1| > e |V > %}
< P{|X,| > k}+P{|Y,,| > %}
Since Y, i> 0 and X, i> X, it follows that, for any fixed k > 0,
lim P{|X,Y,| > ¢} < P{|X| > k}.
n—r00

Since k is arbitrary, we can make P{|X| > k} as small as we please by choosing k
large. It follows that

x,Y, 0.

Now, let ¢ # 0. Then
X, Y, —cXy =X, (Y, —¢)

and, since X, L X, Y, LN ¢, Xu(Y, —c) o. Using Theorem 14, we get the result
that

XY, 5 cX.

© Y, Boe and ¢ £0 = v ' & ¢=l 1t follows that X, = X, ¥, 5 ¢ =
X,Y; ' £ ¢=1X, and the proof of the theorem is complete.

As an application of Theorem 15 we present the following example.
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Example 12. Let X;,X;,..., be iid RVs with common law N(0,1). We shall determine
the limiting distribution of the RV

X1+X2+"'+Xn
Xi+ X34+ X2

Wn:\/ﬁ

Let us write

1 X+ X3+ 4 X2
U=—X+Xo4+--+X,) andV, = R Rlhits .Y
N n
Then
Uy
W, =",
n Vn

For the MGF of U, we have

n n
2
My, (1) = HEe’X"/ﬁ = He’ /2
=1 i=1
2
_t
=¢ /2’

so that U, is an N(0, 1) variate (see also Corollary 2 to Theorem 5.3.22). It follows that

U, i> Z, where Z is an N(0, 1) RV. As for V,,, we note that each Xi2 is a chi-square variate
with 1 d.f. Thus

n 1 1/2 n
M = [ _
v (1) H(th/n) S

i=1

— 1 % _’1/2 1< E
N n ’ 2’

which is the MGF of a gamma variate with parameters « = n/2 and 5 = 2/n. Thus the
density function of V,, is given by

1 1

fv.(x) =4 T(n/2) (2/n)"/2

0, otherwise.

K2 lemm /20 < x < oo,

We will show that V, ﬁ) 1. We have, for any € > 0,

v, 2\ 1
P{|V,,—1|>a}§var€(2 L(;)() S0 as nooo
n

We have thus shown that

u Lz and v, 51

It follows by Theorem 15 (c) that W,, = U,/ V, Ly 7, where Z is an N(0,1) RV.
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Later on we will see that the condition that the X;’s be N(0, 1) is not needed. All we
need is that E|X;|?> < oo.

PROBLEMS 7.2

1.

Let X;,X>,... be a sequence of RVs with corresponding DFs given by F,(x) = 0 if
x < —n,=(x+n)/2nif —n <x < n, and = 1 if x > n. Does F, converge to a DF?

. Let X1,X;... beiid N(0,1) RVs. Consider the sequence of RVs {X, }, where X,, =

n '3 X;. Let F, be the DF of X,,, n =1,2,.... Find lim,_, o F,(x). Is this limit
a DF?

. LetX;,X5,... beiid U(0,0) RVs. Let X() = min(X;, X5, -, X, ), and consider the

sequence Y, = nX(1). Does ¥, converge in distribution to some RV Y7 If so, find
the DF of RV Y.

. Let X1,X5,... be iid RVs with common absolutely continuous DF F. Let X,y =

max(X1,Xz,...,X,), and consider the sequence of RVs ¥, = n[1 — F(X(,)]. Find
the limiting DF of V.

. Let X;,X>,. .. be a sequence of iid RVs with common PDF f(x) = et if x>0,

and =0if x < 6. Write X, =n~' > X:.
(a) Show that X, 23 1+6.
(b) Show that min{X;,Xs, -, X, } = 0.

6. Let X;,X,,... be iid U[0,6] RVs. Show that max{X;,X,,...,X,} = 6.
7. Let {X,} be a sequence of RVs such that X, L X, Let a, be a sequence of positive

10.

11.

12.
13.

P
constants such that a, — oo as n — oco. Show that an_IXn — 0.

. Let {X,} be a sequence of RVs such that P{|X,| < k} =1 for all n and some

constant k > 0. Suppose that X,, L, X. Show that X, = X for any r > 0.

. Let X,X,...,X,, be iid N(0, 1) RVs. Define

Xl X3 X2 —1
n:{XZJFXLtJF...JFX"ZH}, V,=X24+X3+---+X>, and

Find the limiting distribution of Z,.

Let {X,} be a sequence of geometric RVs with parameter A/n, n > X\ > 0. Also,

let Z, = X,,/n. Show that Z, = G(1,1/)) as n — 0o (Prochaska [82]).

Let X, be a sequence of RVs such that X, 285, 0, and let ¢, be a sequence of real

numbers such that ¢, — 0 as n — oo. Show that X, + ¢, 25400.

Does convergence almost surely imply convergence of moments?

Let X;,Xp,... be a sequence of iid RVs with common DF F, and write X(,) =

max{X,Xa,...,Xu},n=12,....

(a) For a > 0, lim,_, oo x*P{X; > x} = b > 0. Find the limiting distribution
of (bn)~Y/ “X(n)- Also, find the PDF corresponding to the limiting DF and
compute its moments.
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14.

15.
16.
17.
18.
19.

20.

7.3
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(b) If F satisfies

lim e[l —F(x)] =b>0,

X—» 00

find the limiting DF of X ,,;) —log(bn) and compute the corresponding PDF and
the MGF.

(c) If X; is bounded above by xy with probability 1, and for some o > 0
lim (xo—x)"“[1=F(x)]=b>0,
X—>X0—
find the limiting distribution of (bn)!/ “{X(n) — X0}, the corresponding PDF,
and the moments of the limiting distribution.

(The above remarkable result, due to Gnedenko [36], exhausts all limiting
distributions of X, with suitable norming and centering.)

Let {F,,} be a sequence of DFs that converges weakly to a DF F which is continuous
everywhere. Show that F,,(x) converges to F(x) uniformly.

Prove Theorem 1.

Prove Theorem 6.

Prove Theorem 13.

Prove Corollary 1 to Theorem 8.

Let V be the class of all random variables defined on a probability space with finite
expectations, and for X € V define

o)=L XL
1+[X]|
Show the following:

(@ p(X+Y) < p(X) + p(¥): p(0X) < max(|o], 1)p(X).

(b) d(X,Y) = p(X—7Y) is adistance function on V (assuming that we identify RVs
that are a.s. equal).

(©) limyoed(X,,X) =0 X, 5 X.

For the following sequences of RVs {X,}, investigate convergence in probability

and convergence in rth mean.

(a) X, ~C(1/n,0).

(b) P(X,=¢") =%, PX,=0)=1-1.

WEAK LAW OF LARGE NUMBERS

Let {X,} be a sequence of RVs. Write S, = > ;_, Xx, n = 1,2,.... In this section we
answer the following question in the affirmative: Do there exist sequences of constants A,,
and B, > 0, B, — 0o as n — oo, such that the sequence of RVs B, 1 (S, —A,) converges
in probability to 0 as n — c0?
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Definition 1. Let {X,} be a sequence of RVs, and let S, = ZZZI X, n=1,2,.... We say
that {X, } obeys the weak law of large numbers (WLLN) with respect to the sequence of
constants {B, }, B, > 0, B, T oo, if there exists a sequence of real constants A, such that

_ P . .
B, ! (S, —A,) — 0asn— co. A, are called centering constants and B, norming constants.

Theorem 1. Let {Xn} be a sequence of pairwise uncorrelated RVs with EX; = y; and
var(X;) =o?,i=1,2,.... If >, 07 — oo as n — 0o, we can choose A, = Y _;_, jux and
B, = Z o7, that is,

i=1"i>

z"
as n — oQ.
Zl 11

Proof. We have, by Chebychev’s inequality,

—0 asn — 00.

g er‘l:l a;

Corollary 1. If the X,,’s are identically distributed and pairwise uncorrelated with EX; =

and var(X;) = 0 < oo, we can choose A, = nu and B, = no>.

Corollary 2. In Theorem 1 we can choose B, = n, provided that n=2>_"_ 07 — 0 as
n— oo.

Corollary 3. In Corollary 1, we can take A, = nu and B, = n, since no? /n2 — 0 as
n — oo. Thus, if {X,} are pairwise-uncorrelated identically distributed RVs with finite

. P
variance, S, /n — pu.

Example 1. Let X;,X5, ... be iid RVs with common law b(1,p). Then EX; = p, var(X;) =
p(1 —p), and we have

Sn P
— —p as n — oo.
n

Note that S,,/n is the proportion of successes in # trials. In particular, recall from Section
6.3 that n F}(x) is a b(x, F(x)) RV. It follows that for each x € R,

F:[(x)iF(x) as n — oo.

Hereafter, we shall be interested mainly in the case where B, = n. When we say that
{X,,} obeys the WLLN, this is so with respect to the sequence {n}.

Theorem 2. Let {X,} be any sequence of RVs. Write ¥, =n~'>"}_, X. A necessary and
sufficient condition for the sequence {X,,} to satisfy the weak law of large numbers is that

Y2
E{1+"Yr%}—>0 as n — 0o. (1)
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Proof. For any two positive numbers a, b, a > b > 0, we have

a 1+b
(l—i—a) (b)zl' 2)

LetA = {|Y,| >¢}. Thenw € A = |Y,|> > £2 > 0. Using (2), we see that w € A implies

Y2 14&2

n

1+Y2 g2

n

It follows that

Y2 g2
PA<P >
1+Y2 = 1+4¢2

Y2 /(1+Y7
< E?M by Markov’s inequality
-0 as n — oo.
That is,
P
Y, —0 as n — oo.

Conversely, we will show that for every € > 0

Y2
P{|Y>5}>E{ } g% A3)

1+Y?

We will prove (3) for the case in which Y, is of the continuous type. The discrete case
being similar, we ask the reader to complete the proof. If Y, has PDF f,(y), then

/Oolfy / / )

y[>e |yl<e

gP{Yn|>e}+/i (1 Ty )fn( )dy
2

n

which is (3).

Remark 1. Since condition (1) applies not to the individual variables but to their sum, The-
orem 2 is of limited use. We note, however, that all weak laws of large numbers obtained
as corollaries to Theorem 1 follow easily from Theorem 2 (Problem 6).
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Example 2. Let (X,,Xa,...,X,) be jointly normal with EX; = 0, EX? = 1 for all i, and
cov(X;,X;) = pif [j—i| = 1, and = 0 otherwise. Then S, = >/, X is N(0,0?%), where

o =var(S,) =n+2(n—1)p,

Y2 S2
E n :E n
{HY,%} {n2+sg}

2 X
0’\/2?/ n? +x?
_ / V[n+2(n—1)p]

V2r o m2 4y n42(n—1)p]

2(n—1 2
§n+ (n )p/ yze_y/zdy—>0 asn — oo.
0 \/271'

and

202
e x/Zde

e /2 dy

n2

It follows from Theorem 2 that n~!S, L, 0. We invite the reader to compare this result to
that of Problem 7.5.6.

Example 3. LetX,X,,...beiid C(1,0) RVs. We have seen (corollary to Theorem 5.3.18)
that n='S, ~ €(1,0), so that n~'S, does not converge in probability to 0. It follows that
the WLLN does not hold (see also Problem 10).

Let X, X5,... be an arbitrary sequence of RVs, and let S, = ZZ:l Xi,n=1,2,.... Let
us truncate each X; at ¢ > 0, that is, let

c Xi if |X,| S C
Clo if X >c’
Write
= ZXf,and my, = ZEXf
i=1 i=1
Lemma 1. For any € > 0,
P{IS, —my| > £} < P{IS5—mu| > e} + > P{|Xi| > c}. (4)
k=1
Proof. We have

P{|S, —my| >e} =P{|Sy—m,| >cand |Xi| <c fork=1,2,...,n}

+P{|S, —m,| > ¢ and |X;| > ¢ for at least onek
k=12,...,n
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< P{|S, —my,| > e} + P{|X;| > ¢ for at least one k,

1 <k<n}
< P{|S;—ma| > e} + ) _P{|Xi| > c}.
k=1

Corollary. If X|,X,...,X, are exchangeable, then

P{|S, —my,| > e} < P{|S, —m,| > e} +nP{|X|| > c}. 3)
If, in addition, the RVs X;,X>,...,X, are independent, then

E(X¢ 2

P{|S,lfmn|>€}§u+nP{|X1|>c}. 6)

22
Inequality (6) yields the following important theorem.

Theorem 3. Let {X, } be a sequence of iid RVs with common finite mean p = EX;. Then
—1 P
noS, = u as n — oo.
Proof. Let us take ¢ = n in (6) and replace € by ne; then we have
1
P{|S, —my,| > ne} < n—&_zE(x’;)2 +nP{|X;| > n},

where X7 is X; truncated at n.
First note that E|X;| < oo = nP{|X,| > n} — 0 as n — co. Now (see remarks following
Lemma 3.2.1)

E(X!)? = 2/ xP{|X;| > x}dx
0
A n
) (/ +/ )xP{|X1| > x}dy,
0 A
where A is chosen sufficiently large that
0 .
xP{|X|| >x} < 3 forall x > A, 0 > 0 arbitrary.
Thus
E(X")? < c+5/ dx < c+nd,
A

where c is a constant. It follows that
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and since 4 is arbitrary, (1/ne?)E(X")? can be made arbitrarily small for sufficiently large
n. The proof is now completed by the simple observation that, since EX; = p,

my,
— = as n — oo.
n

We emphasize that in Theorem 3 we require only that £|X; | < oo; nothing is said about
the variance. Theorem 3 is due to Khintchine.

Example 4. Let X;,X5,... be iid RVs with E|X; |k < oo for some positive integer k. Then
n Xk
Z L ExE asn— oo
n
j=1

Thus, if EX} < oo, then Y1 X7 /n L, EX?, and since (XS, X;/n)? Ly (Ex))? it follows
that

) NG AN
—L - <1> L var(Xy).
n n

Example 5. Let X;,X>,... be iid RVs with common PDF

1406
N > 1
fay= 2t =1 5.
0, x <1
Then
EX|=(14+6 ol d
[X| = (1+9) ) x
1+5<
= — <
(5 )
and the law of large numbers holds, that is,
—1 P 1+5
n Sn—>T as n — o0.

PROBLEMS 7.3

1. LetX;,X,, ... be asequence of iid RVs with common uniform distribution on [0, 1].
Also, let Z, = ([T, X,-)l/" be the geometric mean of X1, X5,...,X,, n=1,2,....
Show that Z, i> ¢, where ¢ is some constant. Find c.
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. Let X1,X5,... be iid RVs with finite second moment. Let

2 n
Y= ——— > i,
nn+1) ;l

Show that Y, i> EX;.

. Let X;,X>, ... be a sequence of iid RVs with EX; = p and var(X;) = o2. Let Sy =

Z]I;l X;. Does the sequence Sy obey the WLLN in the sense of Definition 17 If so,
find the centering and the norming constants.

. Let {X,} be a sequence of RVs for which var(X,) < C for all n and p; =

cov(X;,X;) — 0 as |i — j| — oco. Show that the WLLN holds.

. For the following sequences of independent RVs does the WLLN hold?

(a) P{X; =42} =1

(b) P{Xy = +k} = 1/2vk, P{X; =0} = 1 — (1/Vk).
(¢) P{Xp=+25} =1/221 P{X, =0} =1—(1/2%).
(d) P{Xy=+1/k}=1/2.

() P{Xp==+Vk}=1.

. Let X;,Xa,... be a sequence of independent RVs such that var (X;) < oo for

k=1,2,...,and (1/n%) Y }_, var(Xx) — 0 as n — oc. Prove the WLLN, using
Theorem 2.

. Let X,, be a sequence of RVs with common finite variance . Suppose that the

correlation coefficient between X; and X; is < 0 for all i 7 j. Show that the WLLN
holds for the sequence {X,}.

. Let {X,} be a sequence of RVs such that X; is independent of X; for j # k+ 1 or

J # k—1.1If var(Xy) < C for all k, where C is some constant, the WLLN holds
for {X;}.

. For any sequence of RVs {X,,} show that

P _ P
max |[X;| — 0=n"1S, = 0.
1<k<n

LetX;,X5,...beiid €(1,0) RVs. Use Theorem 2 to show that the weak law of large
numbers does not hold. That is, show that

SZ

nQ—:S%%O asn — oo, WhereSn:kzlek,n:I,Z,....

n

Let {X,} be a sequence of iid RVs with P{X,, > 0} = 1. Let S, = 27:1}(1" n=

1,2,.... Suppose {a,} is a sequence of constants such that a, 'S, "5 1. Show that
(@ a, > ococasn—o00 and (b) ayy1/a, — 1.

7.4 STRONG LAW OF LARGE NUMBERST

In this section we obtain a stronger form of the law of large numbers discussed in
Section 7.3. Let X;,X,,... be a sequence of RVs defined on some probability space
(©,8,P).

T This section may be omitted on the first reading.
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Definition 1. We say that the sequence {X,} obeys the strong law of large numbers
(SLLN) with respect to the norming constants { B, } if there exists a sequence of (centering)
constants {A, } such that

B '(S,—A,) X250  asn— 0. (1)
Here B, > 0 and B,, — oo as n — oo.

We will obtain sufficient conditions for a sequence {X,, } to obey the SLLN. In what fol-
lows, we will be interested mainly in the case B, = n. Indeed, when we speak of the SLLN
we will assume that we are speaking of the norming constants B, = n, unless specified
otherwise.

We start with the Borel-Cantelli lemma. Let {A;} be any sequence of events in 8. We
recall that

k=n n=1k=n

We will write A = lim,,_, .oA,. Note that A is the event that infinitely many of the A, occur.
We will sometimes write

PA—P ( im An) — P(A4i0.),

n—oo

where “i.0.” stands for “infinitely often.” In view of Theorem 7.2.11 and Remark 7.2.6 we
have X,, =% 0 if and only if P{|X,| > ¢ i.0.} =0 for all £ > 0.

Theorem 1 (Borel-Cantelli Lemma).

(a) Let {A,} be a sequence of events such that > >~ PA, < co. Then PA = 0.

n=1
(b) If {A,} is an independent sequence of events such that >, PA, = oo, then
PA=1.
Proof.

(@) PA = P(lim,—00 U2, Ak) = limy, oo P(Upe, Ak) < limy, oo > i, PAL = 0.
(b) We have A° ==, (=, A{. so that

oo o
pAc =P li o) = 1 a
(ﬁ?.lo ﬂAk> Jn P (ﬂAk>
k=n k=n
For ny > n, we see that ()=, AS C (1,2, Af, so that

[e'e) no 1o
p () = g2 () = o TTc0-n0,

k=n
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because {A,} is an independent sequence of events. Now we use the elementary

inequality
ny no no
1 —exp fZaj SlfH(lfaj)SZaj, ng>n,1>ao; >0,
j=n j=n j=n

to conclude that

oo no
P <ﬂA,§> < Jlim exp (-kz_:PAk) .

k=n

Since the series Y -, PA, diverges, it follows that PA° =0 or PA = 1.
Corollary. Let {A,} be a sequence of independent events. Then PA is either 0 or 1.

The corollary follows since Z;il PA, either converges or diverges.
As a simple application of the Borel-Cantelli lemma, we obtain a version of the SLLN.

Theorem 2. If X;,X,,... are iid RVs with common mean p and finite fourth moment,
then

P{lim S"u}l.
n—oo n

Proof. 'We have

E{S(X; — )Y =nE(X, —p)* +6 (;) ot < cn’.

By Markov’s inequality

g

n

Z(Xl — )

- (ne)* = (ne)* w2’

>n€}<E{27<xl—u>}4 _o

Therefore,
> P{S,— pun| > ne} < oo,
n=1

and it follows by the Borel-Cantelli lemma that with probability 1 only finitely many of
the events {w: |(S,/n) — | > €} occur, that is, PA. = 0, where

Sn
A = lim sup{’n—u’ >5}.

n— 00
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The sets A, increase, as € — 0, to the w set on which S, /n - pu. Letting € — 0 through a
countable set of values, we have

P{S,::—ILL—HO} :P{LkJAl/k} =0.

Corollary. If X;,X,... are iid RVs such that P{|X,| < K} =1 for all n, where K is a
positive constant, then n~ 'S, == .

Theorem 3. Let X;,X5,... be a sequence of independent RVs. Then

X, 22506 > P{|X,|>e} <oo  foralle > 0.

n=1

Proof. Writing A, = {|X,,| > ¢}, we see that {4, } is a sequence of independent events.
Since X, 223 0, X,, — 0 on a set E¢ with PE = 0. A point w € E¢ belongs only to a finite
number of A,,. It follows that

lim supA, CE,

n—oQ

hence, P(A, i.0.) = 0. By the Borel-Cantelli lemma (Theorem 1(b)) we must have
o2 PA, < co. (Otherwise, | PA, = oo, and then P(A, i.0.) = 1.)
In the other direction, let

1
Ay =limsups | X,| > - ¢,
1/k n_wop{| | k}

and use the argument in the proof of Theorem 2.

Example 1. We take an application of Borel-Cantelli Lemma to prove a.s. convergence.
Let {X,,} have PMF

1 1
PXy=0)=1-—. P(X,=%n)=7_.
Then P(|X,| > ¢) = -L and it follows that
- 1
;P(|Xn|>£)—;n—a<oo fora > 1.

Thus from Borel-Cantelli lemma P(A,, i.0.) = 0, where A, = {|X,| > £}. Now using the
argument in the proof of Theorem 2 we can show that P(X,, /4 0} = 0.

We next prove some important lemmas that we will need subsequently.
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Lemma 1 (Kolmogorov’s Inequality) Let X;,X,...,X, be independent RVs with com-

mon mean 0 and variances o7, k = 1,2,...,n, respectively. Then for any ¢ > 0
n 02
< E —.
P{gkagxnw"l ~ E} T L g? S

1
Proof. LetAg =1,
Ak—{lrgaéc|5|<5} k=1,2,...,n,
<

and

By =A;_ ﬂAi
={I81| <e,...,|Sk—1] <e}n{atleast one of |Si],...,|Sk|is > e}
= {lSll §57~~-7|Sk71| §6,|Sk| >€}.

It follows that
=D B
k=1
and

B C {lSk71| <e, |Sk‘ > E}.

As usual, let us write I, , for the indicator function of the event Bi. Then

E(SuI,)* = E{(S, — Si)Ip, + StIp, }*,
= E{(S, — Sx)*Ip, + SiIp, +2Sc(S, — Si)Ip, }-

Since S, — Sk = X1+ - - +X,, and Si/p, are independent, and EX; = O for all k, it follows
that

E(Sulg,)* = E{(Sy — Si)Ip.}* + E(Stlp,)*
> E(Silp,)* > *PBy.

The last inequality follows from the fact that, in By, |Sx| > . Moreover,

> E(Suls)* = E(Spla;) < E(S;) = Zak
k=1

so that

Zn:o,i >e? iPBk =£?P(AS),
1 1

as asserted.
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Corollary. Take n =1 then
o2
P{X,| >} < —;
which is Chebychev’s inequality.

Lemma 2 (Kronecker Lemma). If Zf’:l X, converges to s (finite) and b, T co, then

by bix — 0.
k=1

Proof. Writing by = 0, ay = by — by_1, and 5,41 = > ;_, X, we have

bizbkxk Zbk k41— Sk)

k=1 ”kl

bi <h Snt1 +Zbk 15k> - *Zbksk

”kl

It therefore suffices to show that b, 1 22:1 agsy — s. Since s, — s, there exists an ny =
no(e) such that

5
s, —s| < 3 for n > ny.

Since b, 1 oo, let n; be an integer > n such that

no

b, Z(bk_bkfl)(sk—s) <% forn > n.
T

Writing

we see that
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and, choosing n > n;, we have

no

> i) )

™ k=1

n

1 €
+— Z (bk_bk—l)i

n k=np+1

\r,,—s|§ <E.

This completes the proof.
Theorem 4. If Y °° varX, < oo, then Y= (X, — EX,) converges almost surely.

Proof. Without loss of generality assume that EX,, = 0. By Kolmogorov’s inequality

1 n
P{lrél%xn|Sm+k —Sul > 6} < = kz_;var(Xm+k).

Letting n — oo we have

P{rgxlxwm% Sm|_8} P{kmax Sk Sm|_5}

Z var(Xg).

:m

It follows that

lim P{maX|Sk—Sm < 5} 1,
k>

m—» 00
and since € > 0 is arbitrary we have
oo
P{ lim ;X, =0p=1.

Consequently, 221 X; converges a.s.

As a corollary we get a version of the SLLN for nonidentically distributed RVs which
subsumes Theorem 2.

Corollary 1. Let {X,} be independent RVs. If

o0
var(Xy
S o Bt

k=1 k

then

Su—ESu a5,
B, '

The corollary follows from Theorem 4 and the Kronecker lemma.
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Corollary 2. Every sequence {X,} of independent RVs with uniformly bounded vari-
ances obeys the SLLN.

If var(X;) < A for all k, and By = k, then

Yol _AZ—<OO
k=1

and it follows that

Sn_ESn a.s.
— —0.
n

Corollary 3 (Borel’s Strong Law of Large Numbers). For a sequence of Bernoulli tri-
als with (constant) probability p of success, the SLLN holds (with B, =n and A, =np).

Since

1
EXy=p, var(Xy)=p(l—p)< T 0<p<l,

the result follows from Corollary 2.

Corollary 4. Let {X,} be iid RVs with common mean y and finite variance 0. Then

Sn
P{lim :p}:l.
n—oo N

Remark 1. Kolmogorov’s SLLN is much stronger than Corollaries 1 and 4 to Theorem 4.
It states that if {X,,} is a sequence of iid RVs then

n1S, L5 = E|X;| < 0,

and then i = EX|. The proof requires more work and will not be given here. We refer the
reader to Billingsley [6], Chung [15], Feller [26], or Laha and Rohatgi [58].

PROBLEMS 7.4

1. For the following sequences of independent RVs does the SLLN hold?
(a) P{X;, =+2¢} =1
(b) P{X; =4k} = 1/2%12, P{X, =0} =1—(1/Vk).
(c) P{X; = £2%} =12+ P{X, =0} =1 —(1/2%).
2. Let X1, X»,. .. be a sequence of independent RVs with Y7 | var(Xy)/k* < oc. Show
that

1
EZVar(Xk) =0 as n — oo.

Does the converse also hold?
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3. For what values of v does the SLLN hold for the sequence

1
P{Xe =4k} =27

4. Let {07} be a sequence of real numbers such that >~ , 07 /k* = co. Show that there
exists a sequence of independent RVs {X; } with var(X;) = o7,k =1,2,..., such that
n~ 'S (Xk — EX) does not converge to 0 almost surely.

[Hint: Let P{Xy = £k} = 07 /2k*, P{X; =0} = 1 — (02 /k?) if o3 /k < 1, and P{X; =
+0} = 4 if oy /k > 1. Apply the Borel-Cantelli lemma to {|X,| > n}.]

5. Let X,, be a sequence of iid RVs with E|X,| = +oc. Show that, for every positive
number A, P{|X,,| > nAio.} =1and P{|S,| <nAio.}=1.
6. Construct an example to show that the converse of Theorem 1(a) does not hold.
7. Investigate a.s. convergence of {X,,} to 0 in each case.
(@) P(X,=e")=1/n?, P(X,=0)=1-—1/n%
(b) P(X,=0)=1—1/n, P(X,==+1)=1/(2n).
(X,,’s are independent in each case.)

7.5 LIMITING MOMENT GENERATING FUNCTIONS

Let X;,X>,... be a sequence of RVs. Let F,, be the DF of X,,, n = 1,2,..., and suppose
that the MGF M,,(¢) of F, exists. What happens to M,,(¢) as n — oo? If it converges, does
it always converge to an MGF?

Example 1. Let {X,} be a sequence of RVs with PMF P{X,, = —n} =1,n=1,2,.... We
have

M,(t) =Ee™ =e™™ =0 asn— oo forallz>0,
M,(t) — +oo forallt <0, and M,(r) -1 atr=0.

Thus
0, >0
M,(t) >M()=4q1, t=0 asn— oco.
oo, t<0

But M(¢) is not an MGF. Note that if F), is the DF of X,, then

0 if —
F.(x)= 1 r< n—>F(x):1 for all x,
1 ifx>-—n

and F is not a DF.
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Next suppose that X,, has MGF M,, and X,, Lox , where X is an RV with MGF M. Does
M, (t) — M(t) as n — oo? The answer to this question is in the negative.

Example 2. (Curtiss [19]). Consider the DF

07 x < —-n,
Fo(x) = S 4cptan™!(nx), —n<x<n,
1 x>n,

)

where ¢, = 1/[2tan~!(n?)]. Clearly, as n — oo,

0, x<0,
1, x>0,

Fo(x) — F(x) = {

at all points of continuity of the DF F. The MGF associated with F, is

n
M,,(t)z/ cpe’ "

,n 1+ n2x2 ,

which exists for all #. The MGF corresponding to F'is M (¢) = 1 for all #. But M,,(¢) -» M (1),
since M,,(1) — oo if  # 0. Indeed

n 3.3
|#]°x n
M, (1) > 0= .
1() /0 Cn 6 1+l X

The following result is a weaker version of the continuity theorem due to Lévy and
Cramér. We refer the reader to Lukacs [69, p. 47], or Curtiss [19], for details of the proof.

Theorem 1 (Continuity Theorem). Let {F, } be a sequence of DFs with corresponding
MGFs {M,}, and suppose that M,,(t) exists for |z] < #o for every n. If there exists a DF
F with corresponding MGF M which exists for |t| < 7 < #o, such that M,,(r) — M(z) as
n — oo for every t € [—t;,1], then F,, = F.

Example 3. Let X,, be an RV with PMF
1 1
P{X,=1}=- and P{X,=0}=1—-.
n n

Then M, (¢) = (1/n)e’' +[1 — (1/n)] exists for all # € R, and M,,(t) — 1 as n — oo for all .
Here M(t) = 1 is the MGF of an RV X degenerate at 0. Thus X, Lx.

Remark 1. The following notation on orders of magnitude is quite useful. We write x,, =
o(ry) if, given € > 0, there exists an N such that |x,/r,| < € for all n > N and x, = O(r,,)



318 BASIC ASYMPTOTICS: LARGE SAMPLE THEORY

if there exists an N and a constant ¢ > 0, such that |x,/r,| < ¢ for all n > N. We write
x, = O(1) to express the fact that x, is bounded for large n, and x,, = o(1) to mean that
X, — 0asn— oo.

This notation is extended to RVs in an obvious manner. Thus
X, = o0,(r,) if, for every € > 0 and § > 0, there exists an N such that P(|X,,/r,| < J) >
1 —¢forn >N, and X,, = O,(r,) if, for € > 0, there exists a ¢ > 0 and an N such that

P(|X,/ra| < ¢) > 1—e. We write X,, = 0, (1) to mean X, 0. This notation can be easily
extended to the case where r,, itself is an RV.

The following lemma is quite useful in applications of Theorem 1.

Lemma 1. Let us write f(x) = o(x), if f(x) /x — 0 as x — 0. We have

1 n
lim {1+a+0(>} =¢ for every real a.
n n

n— oo
Proof. By Taylor’s expansion we have

f(x) =£(0) +xf'(0x)
=f(0)+xf"(0) + {f"(6x) = f'(0)}x,  0<O<L

If f/(x) is continuous at x = 0, then as x — 0
f(x) =£(0) +x'(0) +o(x).
Taking f(x) = log(14x), we have f’(x) = (14x) ™!, which is continuous at x = 0, so that
log(1+x) =x+o(x).

Then for sufficiently large n
a 1 a 1 a 1
nlogy1+—-+o| -] p=n¢—+o|—-|+o|—+o| -
n n n n n n
(+)
=a+no| —
n

=a+o(l).

oz -
n n

Example 4. Let X1,X,,... be iid b(1,p) RVs. Also, let S, = Y| X;, and let M, (1) be the
MGF of S,,. Then

It follows that

as asserted.

M, (t) = (g +pe)' for all r,
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where ¢ = 1 — p. If we let n — oo in such a way that np remains constant at \, say, then,
by Lemma 1,

Mn(t):(l—z—i—ze’) :{14—2(6’—1)} — exp{A(e'—1)} forallz,

which is the MGF of a P(\) RV. Thus, the binomial distribution function approaches the
Poisson df, provided that n — oo in such a way that np = A > 0.

Example 5. Let X ~ P(\). The MGF of X is given by
M(1) = exp{\(e'— 1)} for all ¢.

Let Y = (X — \)/v/\. Then the MGF of Y is given by

t
My(t) = e_’ﬁM <> .
Y( ) \/X
Also,

logMy (1) = —tV A +logM (\}/\)

=/ + )\(e’/ﬁ— 1)

t 2 I
= VA et
o <ﬁ+2)\+3!>\3/2+ >
l2 t3
2T e T

It follows that

2
logMy (1) — 5 as A\ — o0,

so that My (r) — ¢ /% as A — oo, which is the MGF of an N(0, 1) RV.
For more examples see Section 7.6.

Remark 2. As pointed out earlier working with MGFs has the disadvantage that the exis-
tence of MGFs is a very strong condition. Working with CFs which always exist, on the
other hand, permits a much wider application of the continuity theorem. Let ¢, be the CF
of F,. Then F,, = F if and only if ¢, — ¢ as n — 0o on R, where ¢ is continuous at
t = 0. In this case ¢, the limit function, is the CF of the limit DF F.
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Example 6. Let X be a C(0,1) RV. Then its CF is given by

[ t 1 [ sint.
Eexp(itX):f/ costx +.7/ sinix

T ) oo 127 - oo L+
:l/m COMY = ¢
T ) oo 1+x2

since the second integral on the right side vanishes.
Let {X,} be iid RVs with common law £(X) and set ¥, = >, X;/n. Then the CF of
Y, is given by

n n t
©n(t) = Eexp itZXj/n :Hexp{—|n|}
j=1

j=1
= exp(—[t])

for all n. It follows ¢, is the CF of a €(1,0) RV. We could not have derived this result
using MGFs. Also if U, = 37/ X;/n® for a > 1, then

eU,(t) = exp{—|t|/n“_'} —1

as n — oo for all ¢. Since ¢(¢) = 1 is continuous at t = 0, ¢ is the CF of the limit

DF F. Clearly F is the DF of an RV degenerate at 0. Thus > ", X;/n® L5 U, where
P(U=0)=1.

PROBLEMS 7.5

1. Let X ~ NB(r;p). Show that
2pX Ly asp — 0,

where Y ~ x2(2r).

2. LetX,, ~ NB(ry;1 —p,),n=1,2,.... Show that X, L Xas In — 00, pp — 0, in such
a way that r,p, — A\, where X ~ P(\).

3. Let X}, Xz, ... be independent RVs with PMF given by P{X, = +1} = %, n=12....
LetZ, =37 X;/2/. Show that Z, L 7, where Z ~ U[—1,1].

4. Let {X,} be a sequence of RVs with X, ~ G(n,/3) where 5 > 0 is a constant
(independent of ). Find the limiting distribution of X, /n.

5. Let X, ~ x%(n),n=1,2,.... Find the limiting distribution of X,,/n’.

6. Let X1, Xz,. .., X, be jointly normal with EX; = 0, EX? = 1 for all i and cov(X;, X;) =
p, i,j = 1,2,... (i #j). What is the limiting distribution of n~'S,, where S, =
ZZ:] Xi?
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7.6 CENTRAL LIMIT THEOREM

Let X;,X5,... be a sequence of RVs, and let S, = Zzzl, X, n=1,2,.... In Sections 7.3
and 7.4 we investigated the convergence of the sequence of RVs B, !(S, — A,) to
the degenerate RV. In this section we examine the convergence of B, !(S, —A,) to a
nondegenerate RV. Suppose that, for a suitable choice of constants A, and B, > 0, the RVs
B (S, —A,) L, Y. What are the properties of this limit RV Y'? The question as posed is
far too general and is not of much interest unless the RVs X; are suitably restricted. For
example, if we take X; with DF F and X;, X3, . .. to be 0 with probability 1, choosing A, =0
and B,, = 1 leads to F as the limit DF.

We recall (Example 7.5.6) that, if X;,X>,...,X, are iid RVs with common law C(1,0),
then n~'S, is also C(1,0). Again, if X;,X,...,X, are iid N(0,1) RVs then n~Y28, is
also N(0, 1) (Corollary 2 to Theorem 5.3.22). We note thus that for certain sequences of
RVs there exist sequences A, and B, > 0, B, — oo, such that B, (S, —A,) Ly Y. In the
Cauchy case B,, = n, A, =0, and in the normal case B,, = n'/ 2 A, = 0. Moreover, we see
that Cauchy and normal distributions appear as limiting distributions—in these two cases,
because of the reproductive nature of the distributions. Cauchy and normal distributions
are examples of stable distributions.

Definition 1. Let X, X5, be iid nondegenerate RVs with common DF F. Let a;, a, be any
positive constants. We say that F' is stable if there exist constants A and B (depending on
ay, a) such that the RV B~!(a;X; +a,X, — A) also has the DF F.

Let Xi,X>, ... beiid RVs with common DF F. We remark without proof (see Loeve [66,
p- 339]) that only stable distributions occur as limits. To make this statement more precise
we make the following definition.

Definition 2. Let X;,X>,... be iid RVs with common DF F. We say that F belongs to
the domain of attraction of a distribution V if there exist norming constants B, > 0 and
centering constants A, such that, as n — oo,

P{B, (S, —A,) <x} — V(x), ¢))
at all continuity points x of V.

In view of the statement after Definition 1, we see that only stable distributions possess
domains of attraction. From Definition 1 we also note that each stable law belongs to its
own domain of attraction. The study of stable distributions is beyond the scope of this
book. We shall restrict ourselves to seeking conditions under which the limit law V is the
normal distribution. The importance of the normal distribution in statistics is due largely
to the fact that a wide class of distributions F belongs to the domain of attraction of the
normal law. Let us consider some examples.

Example 1. Let X,,X>,...,X, beiid b(1,p) RVs. Let

S, = ZXk, A, =ES, =np, B, = \/Var(S,,) = \/np(l —p).
k=1
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- t
:eXp{—,J(plt_p)} {q+peXp [np(tl_p)] }”7 q=1-p,
{reo(Gm) 7o ()

o]

It follows from Lemma 7.5.1 that

M, (1) e as n — 0o,

and since e’ /2 is the MGF of an N(0, 1) RV, we have by the continuity theorem

S, — 1
P{ "pgx}—>/ ¢2dt forallxeR.
NZZ 2 oo
P

In particular, we note that for each x € R, Ff(x) = F(x) as n — oo and

VnlF, () —F(x)] 1

—Z as n — 09,
F(x)(1—F(x))

where Z is N(0, 1). It is possible to make a probability statement simultaneously for all x.
This is the so-called Glivenko—Cantelli theorem: F (x) converges uniformly to F(x). For
a proof, we refer to Fisz [31, p. 391].

Example 2. LetX,X,,...,X, beiid x*(1) RVs. Then S, ~ x?(n), ES, = n, and var(S,) =
2n. Also let Z, = (S, —n)//2n then

M,(t) = Ee”

n 2\ 2
—exp(—t,/2) (1= =L . 20< V2,
w(5) (- 75) "

fon(of2) B (o2)] e

Using Taylor’s approximation, we get

N3

3

exp <t\/§> = 1+t\/§+t22 <\/§>2+26Xp(9n) <t\/g> ;
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where 0 < 6, < 11/(2/n). It follows that

where

for every fixed 7. We have from Lemma 1 that M,,(1) — ¢"'/% as n — oo for all real t, and
it follows that Z, = Z, where Z is N(0,1).

These examples suggest that if we take iid RV's with finite variance and take A, = ES,,,
B, = +\/var(S,), then B, | (S, —A,) < Z, where Z is N(0, 1). This is the central limit result,
which we now prove. The reader should note that in both Examples 1 and 2 we used more
than just the existence of E|X|*. Indeed, the MGF exists and hence moments of all order
exist. The existence of MGF is not a necessary condition.

Theorem 1 (Lindeberg—Lévy Central Limit Theorem). Let {X,,} be a sequence of iid
RVs with 0 < var(X,) = 02 < co and common mean . Let S, = Z L X,n=12,...
Then for every x € R

S, —np 1 /x in
lim P <xp=lim P = — e du.
n—o0 { ov/n } n—09 {o/\f } V21 ) oo

Proof. The proof we give here assumes that the MGF of X, exists. Without loss of gen-
erality, we also assume that EX,, = 0 and var(X,,) = 1. Let M be the MGF of X,,. Then the
MGEF of S,,/+/n is given by

M, (1) = Eexp(tS,/v/n) = [M(t/v/n)]"

and
M M,(t)=ntnM(t/\/n) = W
_ LG/vn)
I/n

where L(z/+/n) = ¢n M(t/+/n). Clearly L(0) = ¢n(1) = 0, so that as n — oo, the conditions
for L’Hospital’s rule are satisfied. It follows that

!/
lim /n M, () = lim Lt/ym)t
n— 00 n— 00 2/\/ﬁ

and since L’ (0) = EX = 0, we can use L'Hospital’s Rule once again to get

" 2 2
lim /n M, (1) = lim M _C

n—»o0 n— 00 2 2
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using L (0) = var(X) = 1. Thus
My(1) — exp(£/2) = M(1)

where M(t) is the MGT of a N(0,1) RV.

Remark 1. In the proof above we could have used the Taylor series expansion of M to
arrive at the same result.

Remark 2. Even though we proved Theorem 1 for the case when the MGF of X,,’s exists,
we will use the result whenever 0 < EX> = 0% < cc. The use of CFs would have provided
a complete proof of Theorem 1. Let ¢ be the CF of X,,. Assuming again, without loss of
generality, that EX,, = 0, var(X,,) = 1, we can write

Thus the CF of S,,/\/n is

vy =1- 22+ Zop)]

which converges to exp(—#2/2) which is the CF of a N(0, 1) RV. The devil is in the details
of the proof.

The following converse to Theorem 1 holds.

Theorem 2. Let X;,X>, . ..,X, be iid RVs such that n~'/2S, has the same distribution for
every n=1,2,.... Then, if EX; = 0, var(X;) = 1, the distribution of X; must be N(0, 1).

Proof. Let F be the DF of n—/ 2s,. By the central limit theorem,

lim P{n~'/25, < x} = ®(x).

n— 00
Also, P{n~'/2S,, < x} = F(x) for each n. It follows that we must have F(x) = ®(x).
Example 3. Let X,X,... be iid RVs with common PMF
P{X =k} =p(1—p), k=0,1,2,..., O<p<l,g=1-—p.

Then EX = q/p, var(X) = q/p*. By Theorem 1 we see that

N

Example 4. Let X|,X,, ... be iid RVs with common B(«, () distribution. Then

pgx}%q)(x) asn — oo for all x € R.

« af

EX = and var(X) = EFIHCEY R

Ca+p
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By the corollary to Theorem 1, it follows that

Su—nla/(a+B)] L,
Vapn/[(a+p+1)(a+p)]

where Z is N (0, 1).

For nonidentically distributed RVs we state, without proof, the following result due to
Lindeberg.

Theorem 3. Let X, X>,... be independent RVs with DFs Fy,F,..., respectively. Let
EX; = i and var(X;) = o7, and write

n
2 _ 2
85, = E ;.
J=1

If the F}’s are absolutely continuous with PDF f;, assume that the relation

n

lim — Z / (x — 1) Mfe(x)dx = 0 )
=00 § |x— o | >esn
holds for all € > 0. (A similar condition can be stated for the discrete case.) Then

Z;lzlxj - Z;-l:1 Ko

S = - Ly Z ~N(0,1). 3)

Condition (2) is known as the Lindeberg condition.

Feller [24] has shown that condition (2) is necessary as well in the following sense. For
independent RVs {X; } for which (3) holds and

P{f?/?é( | X — EX;| >5\/\m} —0,
SKsn

(2) holds for every € > 0.

Example 5. Let X1,X,,... be independent RV's such that X is U(—ay,ax). Then EX; = 0,
var(Xy) = (1/3)az. Suppose that |a;| < @ and Y} a} — oo as n — oc. Then

1
/xfk dx<fz / azz—akdx

Sn
k=1 |x|>es,

2 n
a var(X,
g—zg P{|Xy| > esn} < — E 22
sy = s = ey

612

=—— =0 as n — oo.
g2s2
“n
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If Z]oo a,% < o0, then sﬁ 1 A?, say, as n — oc. For fixed k, we can find ¢; such that
erA < ai and then P{|Xy| > exs,} > P{|Xi| > exA} > 0. For n > k, we have

szz / xX)dx > 6'<ZP{|X|>aksn}

\x|>£ksn
> e P{|Xe| > exsa}
>0,

so that the Lindeberg condition does not hold. Indeed, if X;,X5,... are independent RVs
such that there exists a constant A with P{|X,| <A} = 1 for all n, the Lindeberg condi-
tion (2) is satisfied if s2 — oo as n — oo. To see this, suppose that 52 — oco. Since the X;’s
are uniformly bounded, so are the RVs X — EXj. It follows that for every € > 0 we can
find an N, such that, for n > N, P{|Xy — EXi| < esn, k=1,2,...,n} = 1. The Lindeberg
condition follows immediately. The converse also holds, for, if limn_,oo s, < oo and the
Lindeberg condition holds, there exists a constant A < oo such that s> — A2 For any fixed
J, we can find an € > 0 such that P{|X; — ;| > €A} > 0. Then, for n 2],

IS [ emrnea

m k=1

[x— | >es),
n
> &> P{IXi— | > s}
k=1
> EP{|X; — | > eA}

>0,

and the Lindeberg condition does not hold. This contradiction shows that 52 — oc is also
a necessary condition that is, for a sequence of uniformly bounded independent RVs, a
necessary and sufficient condition for the central limit theorem to hold is s> — oo as
n— 00.

Example 6. Let X|,X,,... be independent RVs such that oy, = E|X;|>*® < oo for some
§>0and a; + s+ +a, = o(s>7?). Then the Lindeberg condition is satisfied, and the
central limit theorem holds. This result is due to Lyapunov. We have

IS ene

n k=1

x| >es,
1 K™
246

mz/ )
E8n 4=y /oo

D ket
= k21+6 —0 asn — o0.
edsy

A similar argument applies in the discrete case.
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Remark 3. Both the central limit theorem (CLT) and the (weak) law of large numbers
(WLLN) hold for a large class of sequences of RVs {X,}. If the {X,,} are independent
uniformly bounded RVs, that is, if P{|X,| < M} = 1, the WLLN (Theorem 7.3.1) holds;
the CLT holds provided that s2 — oo (Example 5).

If the RVs {X,} are iid, then the CLT is a stronger result than the WLLN in that the
former provides an estimate of the probability P{|S, —nu|/n > £}. Indeed,

Su—nul _ ¢
P{|S, — > =P — > —
{15, —npi > ne} { s S v

~1-P{|Zl <~ v},

where Z is N(0, 1), and the law of large number follows. On the other hand, we note that
the WLLN does not require the existence of a second moment.

Remark 4. 1f {X, } are independent RVs, it is quite possible that the CLT may apply to the
X,,’s, but not the WLLN.

Example 7 (Feller [25, p. 255]). Let {X; } be independent RVs with PMF

1

Then EX; = 0, var(X;) = k**. Also let A > 0, then

n n+1 22+1
2 22 2 (n+1)
= E k"t < X dx =
Sn pr /0 X N1

It follows that, if 0 < A < % sp/n — 0, and by Corollary 2 to Theorem 7.3.1 the WLLN
holds. Now k* < n*, so that the sum 22:1 lek:\> o5 x%,pk; will be nonzero if n* > es, ~

e[n’1/2//(2X+1)]. It follows that, as long as n > (2A 4 1)e 2,

1 n
2 D Hupu=0

" k=1 |xy|>es,

and the Lindeberg condition holds. Thus the CLT holds for A > 0. This means that

/2241 be 2 gy
P{a< n2>\+15n<b}—>/a m .

an /21 g pnAt1/2-1 b =1 /2
P{ <=Z< } %/ dt
V2A+1 n V2A+1 a V2T

and the WLLN cannot hold for A > 1.

Thus
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We conclude this section with some remarks concerning the application of the CLT.
Let X1, X5, ... be iid RVs with common mean p and variance 0. Let us write

~ Sy—np
=T’

and let z;, z be two arbitrary real numbers with z; < z,. If F, is the DF of Z,, then

Z,

lim P{z) <Z, <z} = lim [F,(22) = Fa(21)]

1 /zz 2 0
= — e s
V2T Jz

that is,

1 2
lim P{zjov/n+nu < S, <novn+nu}=— e "% dr. 4
Jm Pt < 8, < oVt = 2o | @

It follows that the RV S, = ZZ:] Xy is asymptotically normally distributed with mean np
and variance no?. Equivalently, the RV n~'S, is asymptotically N (s, 02 /n). This result is
of great importance in statistics.

In Fig. 1 we show the distribution of X in sampling from P(\) and G(1,1). We have
also superimposed, in each case, the graph of the corresponding normal approximation.

How large should n be before we apply approximation (4)? Unfortunately the answer
is not simple. Much depends on the underlying distribution, the corresponding speed of
convergence, and the accuracy one desires. There is a vast amount of literature on the
speed of convergence and error bounds. We will content ourselves with some examples.
The reader is referred to Rohatgi [90] for a detailed discussion.

In the discrete case when the underlying distribution is integer-valued, approximation
(4) is improved by applying the continuity correction. If X is integer-valued, then for
integers xj, X,

Pixi<X<x}=P{x1—1/2<X<x+1/2},

which amounts to making the discrete space of values of X continuous by considering
intervals of length 1 with midpoints at integers.

Example 8. Let X,,Xy,...,X, beiid b(1,p) RVs. Then ES,, = np and var(S,) = np(1 —p)

so (S, —np)/+/np(1 —p) is approximately N(0, 1).
Suppose n = 10, p = 1 /2. Then from binomial tables P(X < 4) =0.3770. Using normal
approximation without continuity correction

4-5
PX<4)=P|z< =P(Z <—-0.63) =0.2643.
x<a=p(zs 2) =rz<-os

Applying continuity correction,

P(X <4)=P(X < 4.5) ~ P(Z < —0.32) = 0.3745.
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(a)
0.8

A

0.6

0.4

0.2

(b)

2 Approximation

Exact density

0 05 1 5 "

Fig. 1 (a) Distribution of X for Poisson RV with mean 3 and normal approximation and (b) distri-
bution of X for exponential RV with mean 1 and normal approximation.
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Next suppose that n = 100, p = 0.1. Then from binomial tables P(X = 7) = 0.0889.
Using normal approximation, without continuity correction

PX=7)=P(6.0<X<80)~P(—-133<Z<—-0.67)
=0.1596

and with continuity correction

P(X=7)=P(65<X<75)~P(-1.17<Z< —0.83)
=0.0823

The rule of thumb is to use continuity correction, and use normal approximation whenever
np(1 —p) > 10, and use Poisson approximation with A = np for p < 0.1, A < 10.

Example 9. Let X;,Xa,... beiid P(\) RVs. Then S, has approximately an N(nA,n\) dis-
tribution for large n. Let n = 64, A = 0.125. Then S,, ~ P(8) and from Poisson distribution
tables P(S, = 10) = 0.099. Using normal approximation

P(S, =10) =P(9.5 < S, < 10.5) ~ P(0.53 < Z < 0.88)
=0.1087.

If n =96, A\ = 0.125, then S,, ~ P(12) and

P(S, =10)=0.105, exact,
=10

P(S, ) = 0.1009, normal approximation.

PROBLEMS 7.6

1. Let {X,} be a sequence of independent RV's with the following distributions. In each
case, does the Lindeberg condition hold?

(@) P{X, =%(1/2")} = 3.
(b) P{X, =+2"""} =1/2""3 P{X, =0} =1—(1/2""?).
(¢) P{X,=+1}=(1-2"")/2, P{X, = £27"} = 1/2"+1,
(d) {X,} is a sequence of independent Poisson RVs with parameter \,,n=1,2,...,
such that >, _; Ay — 00.
(e) P{X,=+2"} = 1.
2. Let X1,X>,... be iid RVs with mean 0, variance 1, and EX,‘»1 < o0. Find the limiting
distribution of
XiXo +X3X4+ -+ X0y 1 X0y

Z,=
Vi Xi+X34---+X3,

3. Let X;,X>,... be iid RVs with mean « and variance o2, and let Y1, Ys,... beiid
RVs with mean 3 (# 0) and variance 72 Find the limiting distribution of Z, =
Vin(X,—a)/Y,, where X, =n"'>" X;and Y, =n"'>"_ V.
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4.

10.

11.

12.

. Use the CLT applied to a Poisson RV to show that lim,_,,ce "> =1

Let X ~ b(n,0). Use the CLT to find n such that Py{X >n/2} > 1 — o In particular,
let « = 0.10 and 0 = 0.45. Calculate n, satisfying P{X > n/2} > 0.90.

. Let X|,X,,... be a sequence of iid RVs with common mean £ and variance 2. Also,

let X =n"'37_ Xy and * = (n—1)"' > (X; — X)*. Show that \/n(X — )/
S 7, where Z ~ N(0,1).

. Let X1,X>,...,X100 be iid RVs with mean 75 and variance 225. Use Chebychev’s

inequality to calculate the probability that the sample mean will not differ from the
population mean by more than 6. Then use the CLT to calculate the same probability
and compare your results.

. Let X1, X, ..., Xj0p be iid P(\) RVs, where A = 0.02. Let S = S;00 = ;2 X;. Use

the central limit result to evaluate P{S > 3} and compare your result to the exact
probability of the event § > 3.

. Let X;,X5,...,Xg; be iid RVs with mean 54 and variance 225. Use Chebychev’s

inequality to find the possible difference between the sample mean and the pop-
ulation mean with a probability of at least 0.75. Also use the CLT to do the
same.

n—1 (ni)*

0 = 1 for

0<t<l,=jifr=1and0ifr> 1.

Let X|,X,,... be asequence of iid RVs with mean £ and variance o2, and assume that

EX} < co. Write V,, = >_/_, (X, — p1)*. Find the centering and norming constants A,,

and B, such that B, ' (V, —A,) Ly 7, where Z is N(0,1).

From an urn containing 10 identical balls numbered 0 through 9, n balls are drawn

with replacement.

(a) What does the law of large numbers tell you about the appearance of 0’s in the
n drawings?

(b) How many drawings must be made in order that, with probability at least 0.95,
the relative frequency of the occurrence of 0’s will be between 0.09 and 0.117?

(c) Use the CLT to find the probability that among the n numbers thus chosen
the number 5 will appear between (n — 3y/n)/10 and (n+ 3/n)/10 times
(inclusive) if (i) n = 25 and (ii) n = 100.

Let X, Xa,..., X, be iid RVs with EX; =0 and EX] = 0> < oco.Let X =Y X;/n,

and for any positive real number ¢ let P, . = P{X > ¢}. Show that

1 —ne?/20”
)

(o
Pne"% e
’ E\/ﬁ\/27‘(

asn — 00.

[Hint: Use (5.3.61).]

7.7 LARGE SAMPLE THEORY

In many applications of probability one needs the distribution of a statistic or some func-
tion of it. The methods of Section 7.3 when applicable lead to the exact distribution of the
statistic under consideration. If not, it may be sufficient to approximate this distribution
provided the sample size is large enough.
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Let {X, } be a sequence of RVs which converges in law to N(p, ). Then {(X,, — ) /o) }
converges in law to N(0, 1), and conversely. We will say alternatively and equivalently
that {X,} is asymptotically normal with mean p and variance 0. More generally, we
say that X, is asymptotically normal with “mean” y,, and “variance” o2, and write X,, is
AN(p,,02), if 0, > 0 and as n — oo.

Xl L0, 1), (1

O—il

Here p, is not necessarily the mean of X,, and 0,%, not necessarily its variance. In this

case we can approximate, for sufficiently large n, P(X, <1t) by P (Z < r;’: ), where Z is
N(0,1).

The most common method to show that X, is AN(,,,02) is the central limit theorem of
Section 6. Thus, according to Theorem 7.6.1 \/n(X,, — 1) i>N(O, 0?) as n — 0o, where
X, is the sample mean of 7 iid RVs with mean y and variance 0. The same result applies

to kth sample moment, provided E|X|* < occ. Thus

n Xk
S " Xé/n is AN (EX",VM()) .
=1 .
In many large sample approximations an application of the CLT along with Slutsky’s
theorem suffices.

Example 1. Let X;,X,,... be iid N(u,0?). Consider the RV

7o VX —p)
n S M
The statistic 7, is well-known for its applications in statistics and in Section 6.5 we deter-
mined its exact distribution. From Example 6.3.4 (n—1)S?/n -, 5% and hence S /o L1
Since \/n(X — 1) /o —Z ~N(0, 1), it follows from Slutsky’s theorem that T, — Z. Thus
for sufficiently large n (n > 30) we can approximate P(7, <) by P(Z <1).

Actually, we do not need X’s to be normally distributed (see Problem 7.6.5).
Often we need to approximate the distribution of g(Y,,) given that Y, is AN(y,0?).
Theorem 1 (Delta Method). Suppose Y, is AN(u,02), with o, — 0 and y a fixed real

number. Let g be a real-valued function which is differentiable at x = p, with g’(u) # 0.
Then

g(¥a) is AN (g(n), [¢'(1)]°07) . )
Proof. We first show that

8(Ya) —s(W)]  (Yu—p) » o 3)

g' (o, On
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Set

g)—g(p) _ 1
h(x) = { X—J1 8 (:u)v X ?é 12
0, X = L.

Then £ is continuous at x = p. Since

Y_
yn_uzan[ " “]40

On

by Problem 7.2.7, ¥, — j1—+0, and it follows from Theorem 7.2.4 that h(Y,) N h(p)=0.
By Slutsky’s theorem, therefore,

That is,

Y, — Y, —
8( )/ gp) N
o8 (1) On

It follows again by Slutsky’s theorem that [g(Y,,) — g(u)]/[g’ ()0, has the same limit
law as (Y, — p)/oy.

Example 2. We know by CLT theorem that ¥, = X is AN(u,0?/n). Suppose g(X) =
X (1 —X) where X is the sample mean in random sampling from a population with mean
w and variance o2. Since g'(u) = 1 —2u # 0 for pu # 1/2, it follows that for p # 1/2,
02 <00, X(1—X)is AN(u(1—p),(1—2p)%0%/n). Thus

_ (X0 =X)—p(l—p) _ y—p(l—p)
PR1-%) <) =p (S St < p2E )

*(=5r)

Q

for large n.

Remark 1. Suppose g in Theorem 1 is differentiable k times, k > 1, atx= g and g (1) =0
for 1 <i<k—1,g® (1) #0. Then a similar argument using Taylor’s theorem shows that

[8(Ya) — g(1)]/ { %g“‘) (u)O’n‘} 7 4)

where Z is a N(0, 1) RV. Thus in Example 2, when pn = 1/2, ¢’(1/2) =0 and g"(1/2) =
—2 #0. It follows that

n[X(1-X) —1/4] -5 —oy3(1)

since Z2 £ 2(1).
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Remark 2. Theorem 1 can be extended to the multivariate case but we will not pursue the
development. We refer the reader to Ferguson [29] or Serfling [102].

Remark 3. Tn general the asymptotic variance [g'(u)]?02 of g(V,) will depend on the
parameter . In problems of inference it will often be desirable to use transformation
g such that the approximate variance var g(Y,) is free of the parameter. Such transforma-
tions are called variance stabilizing transformations. Let us write 0> = o*(11)/n. Then
finding a g such that var g(v,) is free of p is equivalent to finding a g such that

g'(p) =c/o(p)

for all u, where c is a constant independent of y. It follows that

sl =c [ 5. )

o(x)

Example 3. In Example 2, 0?(y) = p(1 — p1). Suppose X, ..., X, are iid b(1,p). Then
o?(p) = p(1 —p) and (5) reduces to

= 2arcsin/x.

) / dx
xX)=c¢ | ——
8 Vx(1—=x)
Since g(0) =0, g(1) =1, ¢ = (2/7), and g(x) = (2/7) arcsin /x.

Remark 4. In Section 6.3 we computed exact moments of some statistics in terms of pop-

ulation parameters. Approximations for moments of g(X) can also be obtained from series
expansions of g. Suppose g is twice differentiable at x = p. Then

Eg(X) =~ g(p) +E(X — p)g' (1) + %g”(u)E (X —p)? (6)
and
E[g(X)—g(p))* = [¢' (W) E(X — p)*, ©)

by dropping remainder terms. The case of most interest is to approximate Eg(X) and

var g(X). In this case, under suitable conditions, one can show that

2

Eg(X) ~ g(p) + %g”(u) ®)
and
v 0'2 / 2
var g(X) ~ 7[5’ ()] ©)

where EX = y and var(X) = o?.
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In Example 2, when X;’s are iid b(1,p), and g(x) =x(1 —x), g'(x) = 1 —2x,¢" (x) = =2

so that
Be(®) ~ EX(1 %) ~ p(1—p) + =(-2)
=p(1 *p)nil
and
varg(®) ~ Py gpp

In this case we can compute Eg(X) and var g(X) exactly. We have

n—1

Eg(X)=EX—EX =p-— (lj(ln_p) +p2> =p(1-p)—

so that (8) is exact. Also since Xlk = X, using Theorem 6.3.4 we have

varg(X) = var(X — X°)
- o o2 ok 2
=varX —2cov(X,X )+ EX —(EX)

:M{(1—2p)2+2p(1_p)} (n—1>2.

n—1 n

Thus the error in approximation (9) is

2p*(1-p)?
Error :M(n—l).

n3

Remark 5. Approximations (6) through (9) do not assert the existence of Eg(X) or Eg(X),

or var g(X) or var g(X).

Remark 6. 1t is possible to extend (6) through (9) to two (or more) variables by using

Taylor series expansion in two (or more) variables.

Finally, we state the following result which gives the asymptotic distribution of the rth
order statistic, 1 < r < n, in sampling from a population with an absolutely continuous DF

F with PDF f. For a proof see Problem 4.

Theorem 2. If X, denotes the rth order statistic of a sample X;,X,...,X, from an

absolutely continuous DF F with PDF f, then

172
Gt} 1o 3157 mnooc

(10)

so that r/n remains fixed, r/n = p, where Z is N(0,1), and 3, is the unique solution of

F(3p) = p (that s, 3, is the population quantile of order p assumed unique).
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Remark 7. The sample quantile of order p, Z,, is

wx (o [f(alp)]zp(ln ?).

where 3, is the corresponding population quantile, and f is the PDF of the population

distribution function. It also follows that Z, N 3p-

PROBLEMS 7.7

1. In sampling from a distribution with mean p and variance o find the asymptotic

distribution of
@X,  ® X  © mFP @ exp®)
both when p # 0 and when p = 0.

2. Let X ~ P(X). Then (X — )\)/\f/\iYN(O, 1). Find a transformation g such that
(g(X) —g(X)) has an asymptotic N(0, ¢) distribution for large 1 where ¢ is a suitable
constant.

3. Let X;,X5,...,X, be a sample from an absolutely continuous DF F with PDF f.
Show that

EX( ~F! ( :_1) and
n
r(n—r+1) 1

(n+1)2(n+2) {f[F~"(r/n+1)]}*>

var(X(,)) =

[Hint: Let Y be an RV with mean p and ¢ be a Borel function such that E¢(Y) exists.
Expand ¢(Y) about the point x by a Taylor series expansion, and use the fact that
FX() = U]

4. Prove Theorem 2. [Hint: For any real p and o (> 0) compute the PDF of
(U¢yy — ) /o and show that the standardized U/, (U(,) — p)/0o, is asymptotically
N(0,1) under the conditions of the theorem.]

5. Let X ~ x*(n). Then (X —n)/v/2n is AN(0,1) and X/n is AN(1,2). Find a
transformation g such that the distribution of g(X) — g(n) is AN(0,¢).

6. Suppose X is G(1,60). Find g such that g(X) — g(6) is AN(0,c).

7. Let X1,Xz,.. ., X, be iid RVs with E|X;|* < co. Let var(X) = o2 and 3, = 4 /0™*:
(a) Show, using the CLT for iid RVs, that \/n(S2 — 02) = N(0, j14 — o).

(b) Find a transformation g such that g(S?) has an asymptotic distribution which

depends on 3, alone but not on o2,



PARAMETRIC POINT ESTIMATION

8.1 INTRODUCTION

In this chapter we study the theory of point estimation. Suppose, for example, that a ran-
dom variable X is known to have a normal distribution N(z, a%), but we do not know one of
the parameters, say p. Suppose further that a sample X;, X5, . .., X, is taken on X. The prob-
lem of point estimation is to pick a (one-dimensional) statistic 7(X;,X>,...,X,) that best
estimates the parameter ;. The numerical value of 7 when the realization is x;,x7,...,X,
is frequently called an estimate of i, while the statistic T is called an estimator of . If
both 11 and % are unknown, we seek a joint statistic T = (U, V) as an estimator of (11,0?).

In Section 8.2 we formally describe the problem of parametric point estimation. Since
the class of all estimators in most problems is too large it is not possible to find the “best”
estimator in this class. One narrows the search somewhat by requiring that the estimators
have some specified desirable properties. We describe some of these and also outline some
criteria for comparing estimators.

Section 8.3 deals, in detail, with some important properties of statistics such as suffi-
ciency, completeness, and ancillarity. We use these properties in later sections to facilitate
our search for optimal estimators. Sufficiency, completeness, and ancillarity also have
applications in other branches of statistical inference such as testing of hypotheses and
nonparametric theory.

In Section 8.4 we investigate the criterion of unbiased estimation and study methods for
obtaining optimal estimators in the class of unbiased estimators. In Section 8.5 we derive
two lower bounds for variance of an unbiased estimator. These bounds can sometimes help
in obtaining the “best” unbiased estimator.

An Introduction to Probability and Statistics, Third Edition. Vijay K. Rohatgi and A.K. Md. Ehsanes Saleh.
© 2015 John Wiley & Sons, Inc. Published 2015 by John Wiley & Sons, Inc.
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In Section 8.6 we describe one of the oldest methods of estimation and in Section 8.7
we study the method of maximum likelihood estimation and its large sample properties.
Section 8.8 is devoted to Bayes and minimax estimation, and Section 8.9 deals with
equivariant estimation.

8.2 PROBLEM OF POINT ESTIMATION

Let X be an RV defined on a probability space (£2,8,P). Suppose that the DF F of X
depends on a certain number of parameters, and suppose further that the functional form of
F is known except perhaps for a finite number of these parameters. Let 8 = (61,0,,...,0;)
be the unknown parameter associated with F.

Definition 1. The set of all admissible values of the parameters of a DF F is called the
parameter space.

Let X = (X1,Xa,...,X,) be an RV with DF Fg, where 6 = (0,,6,,...,0;) is a vector
of unknown parameters, 8 € O. Let ¢ be a real-valued function on O. In this chapter we
investigate the problem of approximating /(8) on the basis of the observed value x of X.

Definition 2. Let X = (X;,X>,...,X,) ~ Pg, 0 € O. A statistic §(X) is said to be a (point)
estimator of ¢ if § : X — ©, where X is the space of values of X.

The problem of point estimation is to find an estimator § for the unknown parametric
function (@) that has some nice properties. The value d(x) of 6(X) for the data x is
called the estimate of 1/(8).

In most problems X;,X>,...,X, are iid RVs with common DF Fy.

Example 1. Let X,,Xa,...,X, beiid G(1,0), where © = {6 > 0} and 6 is to be estimated.
Then X = R and any map & : X — (0, 00) is an estimator of 6. Some typical estimators
of are X =n~' 370 X;and {2/[n(n+1)]} 330, j X;.

Example 2. Let X,,Xa, ..., X, beiid b(1,p) RVs, where p € [0, 1]. Then X is an estimator
of p and so also are 0;(X) = X, 6,(X) = (X; +X,,)/2, and 63(X) = Z};l a;X;, where
0<a <1} a=1

Itis clear that in any given problem of estimation we may have a large, often an infinite,
class of appropriate estimators to choose from. Clearly we would like the estimator ¢ to
be close to ¥(8), and since J is a statistic, the usual measure of closeness |0(X) —1(0)]
is also an RV, we interpret “§ close to ?” to mean “close on the average.” Examples of
such measures of closeness are

Po{|0(X) —(0)] <&} M

for some € > 0, and

El6(X) — v (0)] )
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for some r > 0. Obviously we want (1) to be large whereas (2) to be small. For r = 2, the
quantity defined in (2) is called mean square error and we denote it by

MSEg (6) = Eg{5(X) —(6)}*. 3)

Among all estimators for 1) we would like to choose one say &y such that

Po{[00(X) —9(0)| < e} > Po{|6(X) —9(0)] <<} 4)
for all 4, all € > 0 and all 6. In case of (2) the requirement is to choose y such that
MSEg(dy) < MSEg () &)

for all 9, and all 8 € ©. Estimators satisfying (4) or (5) do not generally exist.
We note that

MSEg () = Eo{6(X) — Eg6(X)}* + {Egd(X) — ()}
= varg §(X) + {b(0,1)}?, (6)

where
b(8,v)) = Egd(X) —1)(0) (7)

is called the bias of §. An estimator that has small MSE has small bias and variance. In
order to control MSE, we need to control both variance and bias.
One approach is to restrict attention to estimators which have zero bias, that is,

Egd(X)=1(0) forall @€ O. (3)

The condition of unbiasedness (8) ensures that, on the average the estimator § has no sys-
tematic error; it neither over-nor underestimates 1 on the average. If we restrict attention
only to the class of unbiased estimators then we need to find an estimator &y in this class
such that dy has the least variance for all 8 € ©. The theory of unbiased estimation is
developed in Section 8.4.

Another approach is to replace |d — ¢|" in (2) by a more general function. Let L(6, )
measure the loss in estimating 1 by §. Assume that L, the loss function, satisfies L(6,9) > 0
for all @ and 0, and L(6,1(0)) = 0 for all 8. Measure average loss by the risk function

R(0,0) = EyL(6,§(X)). 9)
Instead of seeking an estimator which minimizes R the risk uniformly in #, we minimize
/ R(0,6)7(8) d6 (10)
for some weight function 7 on © and minimize
sup R(0,9). (11)
6co

The estimator that minimizes the average risk defined in (10) leads to the Bayes estimator
and the estimator that minimizes (11) leads to the minimax estimator. Bayes and minimax
estimation are discussed in Section 8.8.
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Sometimes there are symmetries in the problem which may be used to restrict attention
only to estimators which also exhibit the same symmetry. Consider, for example, an exper-
iment in which the length of life of a light bulb is measured. Then an estimator obtained
from the measurements expressed in hours and minutes must agree with an estimator
obtained from the measurements expressed in minutes. If X represents measurements in
original units (hours) and Y represents corresponding measurements in transformed units
(minutes) then Y = ¢X (here ¢ = 60). If §(X) is an estimator of the true mean, then we
would expect 6(Y), the estimator of the true mean to correspond to §(X) according to the
relation §(Y) = ¢6(X). That is, §(cX) = ¢d(X), for all ¢ > 0. This is an example of an
equivariant estimator which is the topic under extensive discussion in Section 8.9.

Finally, we consider some large sample properties of estimators. As the sample size
n — 0o, the data x are practically the whole population, and we should expect §(X) to
approach v(0) in some sense. For example, if §(X) = X, 1/(0) = E¢X), and X1, X,...,X,
are iid RVs with finite mean then strong law of large numbers tells us that X — E¢X; with
probability 1. This property of a sequence of estimators is called consistency.

Definition 3. Let X;,X5,... be a sequence of iid RVs with common DF Fy, 6 € ©. A
sequence of point estimators T,,(X1,X>,...,X,) = T, will be called consistent for ¢)(0) if

7,5 »(0) as n — 00
for each fixed 6 € ©.

Remark 1. Recall that T, 2> 1(0) if and only if P{|T, —(0)| > €} — 0 as n — oo for
every € > 0. One can similarly define strong consistency of a sequence of estimators 7, if
T, 225 (6). Sometimes one speaks of consistency in the rth mean when T, = 1(8).

In what follows, “consistency” will mean weak consistency of T, for ¢ (8), that is,
T, 5 1(6).

It is important to remember that consistency is a large sample property. Moreover, we
speak of consistency of a sequence of estimators rather than one point estimator.

Example 3. Let X;,X,,... be iid b(1,p) RVs. Then EX; = p, and it follows by the
WLLN that

n
X:
LiXir,
n
Thus X is consistent for p. Also (> X;+1)/(n+2) L, p, so that a consistent estimator

need not be unique. Indeed, if 7}, Lif p, and ¢, — 0 as n — oo, then T, + ¢, LN p and if
d, — 1 then d,T, ﬁ>p.

Theorem 1. If X;,X, ... are iid RVs with common law £(X), and E|X|? < oo for some
positive integer p, then

nXk
LKL Py for1 <k<p,
n
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and n—! Z'{Xlk is consistent for EX*, 1 < k < p. Moreover, if ¢, is any sequence of con-
stants such that ¢, — 0 as n — oo, then {n~'>"X¥+¢,} is also consistent for EX*,
1 <k <p. Also, if ¢, — 1 as n — oo, then {c,n~" 3 X!} is consistent for EXX. This
is simply a restatement of the WLLN for iid RVs.

Example 4. Let X1,X,, ... beiid N(u,0?) RVs. If $? is the sample variance, we know that
(n—1)8%/0% ~ x*(n—1). Thus E(S? /0*) = 1 and var(5? /o) =2/(n—1). It follows that
var($?) 20*

P{|S*— 0% >¢e} < - :(n—1)52%0 as n — oo.

Thus $? £ 02, Actually, this result holds for any sequence of iid RVs with E|X|? < oo and
can be obtained from Theorem 1.

Example 4 is a particular case of the following theorem.

Theorem 2. If 7, is a sequence of estimators such that ET,, — ¢ (8) and var(T,) — 0 as
n — oo, then T, is consistent for ¢(0).

Proof. We have

P{T, —(0)| > e} < e *E{T, — ET,+ET, —(0)}*
= e *{var(T,) + (ET, —(8))*} = 0 as n — oo.

Other large sample of properties of estimators are asymptotic unbiasedness, asymptotic
normality, and asymptotic efficiency. A sequence of estimators {7} is asymptotically
unbiased for 1(0) if

lim EoT,(X) = (6)

n—o0

for all 8. A consistent sequence of estimators {7, } is said to be consistent asymptotically
normal (CAN) for ¢(0) if T,, ~ AN(¢(0),v(0)/n) forall 8 € ©. If v(0) = 1/1(#), where
1(9) is the Fisher information (Section 8.7), then {7,,} is known as a best asymptotically
normal (BAN) estimator.

Example 5. Let X;,X>,...,X, beiid N(6,1) RVs. Then 7, = > X;/(n+ 1) is asymp-
totically unbiased for # and BAN estimator for 6 with v(0) = 1.

In Section 8.7 we consider large sample properties of maximum likelihood estimators
and in Section 8.5 asymptotic efficiency is introduced.

PROBLEMS 8.2

1. Suppose that T, is a sequence of estimators for parameter 6 that satisfies the condi-

tions of Theorem 2. Then T, 2, 0, that is, T,, is squared error consistent for . If T,
is consistent for 8 and |7, — 0] <A < oo for all § and all (x1,x,,...,x,) € R,, show
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2
that 7,, = 0. If, however, |T,, — 0| < A, < oo, then show that 7,, may not be squared
error consistent for 6.

2. Let X,X,...,X, be a sample from U[0,6],6 € © = (0,00). Let X(,) = max
{X1,X3,...,X,}. Show that X, Ly 0. Write Y, =2X.1Is Y, consistent for §?

3. Let X1,X>,...,X, be iid RVs with EX; = p and E|X;|*> < oo. Show that T(Xj,
Xo,...,X,) =2[n(n+1)]7' YL iX; is a consistent estimator for .

4. Let Xi,X,,...,X, be a sample from U[0,6]. Show that T(X;,Xa,...,X,) =
(TTi, X;)!/" is a consistent estimator for fe~!.

5. In Problem 2 show that T'(X) = X, is asymptotically biased for ¢ and is not BAN.
(Show that n(6 — X)) = G(1,6).)

6. In Problem 5 consider the class of estimators 7(X) = eX(,, ¢ > 0. Show that the
estimator Tp(X) = (n+2)X(,)/(n+ 1) in this class has the least MSE.

7. Let X1, X, ..., X, be iid with PDF f (x) = exp{—(x— )}, x > 6. Consider the class
of estimators 7'(X) = X(;) + b, b € R. Show that the estimator that has the smallest
MSE in this class is given by T(X) = X(;y — 1 /n.

8.3 SUFFICIENCY, COMPLETENESS AND ANCILLARITY

After the completion of any experiment, the job of a statistician is to interpret the data she
has collected and to draw some statistically valid conclusions about the population under
investigation. The raw data by themselves, besides being costly to store, are not suitable
for this purpose. Therefore the statistician would like to condense the data by computing
some statistics from them and to base her analysis on these statistics, provided that there is
“no loss of information” in doing so. In many problems of statistical inference a function
of the observations contains as much information about the unknown parameter as do all
the observed values. The following example illustrates this point.

Example 1. Let X;,X5,...,X, be a sample from N(yu, 1), where p is unknown. Suppose
that we transform variables X, X>,...,X, to Y|,Y>,...,Y, with the help of an orthogo-
nal transformation so that Yy is N(y/npu, 1), Ya,..., Y, are iid N(0,1), and Yy, Y>,..., Y,
are independent. (Take y; = /nX, and, for k = 2,...,n, yp = [(k— D)xx — (x; + -+~ +
Xi—1)]//k(k—1)). To estimate 1 we can use either the observed values of X;,X,,...,X,
or simply the observed value of Y; = \/nX. The RVs Y, Y3, ..., Y, provide no information
about p. Clearly, Y is preferable since one need not keep a record of all the observations;
it suffices to cumulate the observations and compute y;. Any analysis of the data based
on y; is just as effective as any analysis that could be based on x;’s. We note that Y takes
values in R whereas (X;,X>,...,X,) takes values in R,,.

A rigorous definition of the concept involved in the above discussion requires the notion
of a conditional distribution and is beyond the scope of this book. In view of the discussion
of conditional probability distributions in Section 4.2, the following definition will suffice
for our purposes.

Definition 1. Let X = (X;,Xz,...,X,) be a sample from {Fy: 6 € ©}. A statistic T =
T(X) is sufficient for @ or for the family of distributions {Fy: 6 € ©} if and only if the
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conditional distribution of X, given T' = ¢, does not depend on # (except perhaps for a null
set A, Po{T € A} =0 for all §).

Remark 1. The outcome X1, X>,...,X, is always sufficient, but we will exclude this trivial
statistic from consideration. According to Definition 1, if 7 is sufficient for €, we need
only concentrate on 7 since it exhausts all the information that the sample has about 6.
In practice, there will be several sufficient statistics for a family of distributions, and the
question arises as to which of these should be used in a given problem. We will return to
this topic in more detail later in this section.

Example 2. We show that the statistic ¥} in Example 1 is sufficient for ;. By construction
Ya,..., Y, areiid N(0, 1) RVs that are independent of Y;. Hence the conditional distribution
of V5,...,Y,, given Y| = \/71)7 , is the same as the unconditional distribution of (Y3, ...,Y,),
which is multivariate normal with mean (0,0, . ..,0) and dispersion matrix I,_;. Since this
distribution is independent of y, the conditional distribution of (¥;,Y,...,Y,), and hence
(X1,Xa,...,X,), given Y1 = yy, is also independent of 1 and Y; is sufficient.

Example 3. Let X;,X>,...,X, be iid b(1,p) RVs. Intuitively, if a loaded coin is tossed
with probability p of heads n times, it seems unnecessary to know which toss resulted in
a head. To estimate p, it should be sufficient to know the number of heads in # trials. We
show that this is consistent with our definition. Let 7'(X;,X,...,X,) = Y _._, X;. Then

ZX e P{X,=xi,.... Xy, =x,, T =1}
— - )
i=1 (?)pt(l —p)!

if Y"1 x; = 7, and = 0 otherwise. Thus, for ) | x; = 1, we have

pEi(1

(Dpt(1=p)—
1

=07

which is independent of p. It is therefore sufficient to concentrate on Z'f Xi.

P{Xlxl,...,Xn = Xn

P{Xl =X1,.--,Xp :Xn|T:t}:

Example 4. Let X;,X; be iid P(\) RVs. Then X; +X; is sufficient for A, for

P{Xl =x1,X2 =x |X1 +X, = l‘}
P{Xl :xl,Xzzt—xl}
= P{X;+X, =1t}
0 otherwise.

ift=x1+x,x,=0,1,2,...,

Thus, forx; =0,1,2,...,i=1,2,x; +x, =, we have

(1)
P{X1:X17X2:X2|X1+X2:t}: - 9
X 2
which is independent of .

Not every statistic is sufficient.
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Example 5. Let X;,X; be iid P(\) RVs, and consider the statistic 7 = X; + 2X,. We have
P{X,=0,X, =1}

P{X;+2X, =2}

B e MAe )

- P{X;=0,X, =1} +P{X, =2,X, =0}

B e 22 B 1

e 4 (A2/2)e > 14+(N\/2)]

and we see that X; +2X, is not sufficient for \.

P{X;=0X,=1|X,+2X, =2} =

Definition 1 is not a constructive definition since it requires that we first guess a statistic
T and then check to see whether T is sufficient. Moreover, the procedure for checking that
T is sufficient is quite time-consuming. We now give a criterion for determining sufficient
statistics.

Theorem 1 (The Factorization Criterion). Let X;,X5,...,X,, be discrete RVs with PMF
po(x1,%2,...,%,), 0 € ©. Then T(X,,X>,...,X,) is sufficient for 6 if and only if we can
write

pe(xl 3 X2y e e ,Xn) = h(xl 3 X2y e e axn) gG(T(xl 3 X2y e 7xn))ﬂ (1)

where & is a nonnegative function of xj,x,,...,x, only and does not depend on 6, and
go is a nonnegative nonconstant function of ¢ and T(x,x,,...,x,) only. The statistic
T(Xi,...,X,) and parameter § may be multidimensional.

Proof. Let T be sufficient for . Then P{X = x | T = r} is independent of 6, and we
may write
Po{X =x} = Po{X =x,T(X,X,...,X,) = 1}
=P{T=1}P{X=x|T=t},
provided that P{X = x | T = t} is well defined.

For values of x for which Pyp{X = x} = 0 for all 6, let us define h(x;,x2,...,x,) =0,
and for x for which Pp{X = x} > 0 for some 0, we define

h(xi,x2,..., %) =P{Xi =x1,.... X, =x, | T =1}
and

go(T(x1,%2,...,Xy)) = Po{T(x1,...,x,) = 1}.

Thus we see that (1) holds.
Conversely, suppose that (1) holds. Then for fixed #y, we have

P{T=1}= >  Py{X=x}
(x: T(x)=ty)
= Y &(Tx)h(x)
(x: T(x)=ty)

=go(lo) Y h(x).

T(x) =ty
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Suppose that Po{T =1y} > 0 for some 6 > 0. Then

e Pi{X=xT(x) =1} |° B if T(x) # to,
Po{X =x|T =t} = = ia— = m i T(x) = 1o

Thus, if T(x) = 1o, then
Pof{X=x} _ 8o(t0)h(x)
Po{T(x) =10}  80(t0) > r(x)=sy H(X)’

which is free of 0, as asserted. This completes the proof.

Remark 2. Theorem 1 holds also for the continuous case and, indeed, for quite arbitrary
families of distributions. The general proof is beyond the scope of this book, and we refer
the reader to Halmos and Savage [41] or to Lehmann [64, pp. 53—-56]. We will assume that
the result holds for the absolutely continuous case. We leave the reader to write the analog
of (1) and to prove it, at least under the regularity conditions assumed in Theorem 4.4.2.

Remark 3. Theorem 1 (and its analog for the continuous case) holds if 6 is a vector of
parameters and 7 is a multiple RV, and we say that 7 is jointly sufficient for . We empha-
size that, even if 6 is scalar, 7 may be multidimensional (Example 9). If § and T are of
the same dimension, and if 7T is sufficient for 6, it does not follow that the jth component
of T is sufficient for the jth component of § (Example 8). The converse is true under mild
conditions (see Fraser [32, p. 21]).

Remark 4. 1f T is sufficient for #, any one-to-one function of 7 is also sufficient. This
follows from Theorem 1, if U = k(T) is a one-to-one function of T, then ¢ = k~!(u) and
we can write

fo(x) = go(1)h(x) = go (k™" () )h(x) = g5 (u)h(x).

If Ty, T, are two distinct sufficient statistics, then

fo(x) = go(t1)h1(x) = go(t2)h2(x),

and it follows that 77 is a function of 75. It does not follow, however, that every function of
a sufficient statistic is itself sufficient. For example, in sampling from a normal population,
<. . <2 . <. .

X is sufficient for the mean i but X~ is not. Note that X is sufficient for 2.

Remark 5. As a rule, Theorem 1 cannot be used to show that a given statistic 7 is not
sufficient. To do this, one would normally have to use the definition of sufficiency. In
most cases Theorem 1 will lead to a sufficient statistic if it exists.

Remark 6. 1f T(X) is sufficient for {Fy: 0 € O}, then T is sufficient for {Fy: 0 € w},
where w C O. This follows trivially from the definition.
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Example 6. LetX,,Xs,...,X, beiidb(1,p) RVs. Then T = >, X; is sufficient. We have
Pp{Xl = X1 ,X2 =X2y... 7)(n = xn} :pz’llxi(l —p)niz';xi,

and, taking

p i i
h(xy, X2, ... ,x,) =1 and gp(x1,%2,...,%,) = (1 =p)" (l—p) ,
we see that T is sufficient. We note that 71 (X) = (X, Xo + X3+ -+ X,,) and T5(X) =
(X1 + X2,X3,X4 + X5+ --- + X,,) are also sufficient for p although T is preferable to T
or 1.

Example 7. Let X|,X>,...,X, be iid RVs with common PMF

1

p{Xi:k}:N, k=12,....N; i=1,2,...,n.

Then
1
Py{Xi =k, Xo =ky,.... Xy =k, } = N if 1 <ky,...,k, <N,

1 .
= o (L min ki)o(max ki, N),
where ¢(a,b) = 1if b > a, and = 0 if b < a. It follows, by taking gy[max(k,...k,)] =
(I/N")p(maxi<i<,ki,N) and h = (1, mink;), that max(X;,Xa,...,X,) is sufficient for
the family of joint PMFs Py.

Example 8. Let X,,X,...,X, be a sample from N(yu,0?), where both y and o are
unknown. The joint PDF of (X, X,,...,X,) is

_ 1 Z(Xi—ﬂ)z

Juor(x) = (sz)neXp{zgz}
1 XN pin ot
(V27" exp( 202 * o’ 202>'

It follows that the statistic

T(X,,....X,) = <ZXZX?>

is jointly sufficient for the parameter (j,0?). An equivalent sufficient statistic that is
frequently used is 77(Xy,...,X,) = (X,$%). Note that X is not sufficient for u if o
is unknown, and S? is not sufficient for o2 if x is unknown. If, however, o2 is known,
X is sufficient for p. If 1 = p is known, Y7 (X; — po)? is sufficient for o2.
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Example 9. Let X|,X>,...,X, be a sample from PDF

1 0 0
-, XE|—=,=|, 0>0,
fol)=490 { 2 2]
0, otherwise.
The joint PDF of X|,X>,...,X, is given by

1
Jo(x1, 22, %) = EIA(xl,...,xn),

where
0 . 0
A=< (x1,x2,..., %) 3 < minx; < maxx; < 30

It follows that (X(1),X(,)) is sufficient for 6.

‘We note that the order statistic (X(l) ,X(2);- -+, X(n)) is also sufficient. Note also that the
parameter is one-dimensional, the statistics (X(y,X(,)) is two-dimensional, whereas the
order statistic is n-dimensional.

In Example 9 we saw that order statistic is sufficient. This is not a mere coincidence.
In fact, if X = (X,X>,...,X,) are exchangeable then the joint PDF of X is a symmetric
function of its arguments. Thus

So(x1,x2,. .., %0) = fo(X(1),X(2)5 - - -2 X(n)),
and it follows that the order statistic is sufficient for fy.

The concept of sufficiency is frequently used with another concept, called complete-
ness, which we now define.

Definition 2. Let {fs(x),0 € ©} be a family of PDFs (or PMFs). We say that this family
is complete if

Epg(X)=0 forallf € O,
which implies
Po{g(X)=0}=1 forall @ € ©.

Definition 3. A statistic 7(X) is said to be complete if the family of distributions of 7" is
complete.

In Definition 3 X will usually be a multiple RV. The family of distributions of T is
obtained from the family of distributions of X;,X>,...,X, by the usual transformation
technique discussed in Section 4.4.
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Example 10. LetX,,Xa,...,X, beiid b(1,p) RVs. Then T = "' X; is a sufficient statistic.
We show that 7T is also complete, that is, the family of distributions of 7, {b(n,p),0 <
p<1},is complete.

Be(r) =3 e} )p1-py =0 foraipe o)
=0

may be rewritten as

(l—p)"znozg(t)(’;)( P )lzo for all p € (0, 1).

l—p

This is a polynomial in p/(1 — p). Hence the coefficients must vanish, and it follows that
g(t)=0fort=0,1,2,...,n, as required.

Example 11. Let X be N(0,6). Then the family of PDFs {N(0,),6 > 0} is not complete
since EX = 0 and g(x) = x is not identically 0. Note that T(X) = X? is complete, for the
PDF of X? ~ 0x?(1) is given by

efz/ze

ft)= 270t
0, otherwise.

1 (oo}
Eog(T) = \/ﬁ/o gty Ve dr=0  forall§ >0,

, >0,

which holds if and only if [ g(r):='/2¢="/?% dt = 0, and using the uniqueness property
of Laplace transforms, it follows that

g '2=0  forallzt>0,

that is, g(¢) = 0.
The next example illustrates the existence of a sufficient statistic which is not complete.

Example 12. Let X|,X>,...,X, be a sample from N(6,6%). Then T = (31 X;,>_1 X?) is
sufficient for §. However, T is not complete since

n 2 n
Ep 2<ZX,<> —(n—f—l)z:Xi2 =0 for all 9,
1 1

and the function g(x1,...,x,) = 2(>2]x:)* — (n+ 1) Y} x7 is not identically 0.

Example 13. Let X ~ U(0,6), 6 € (0,00). We show that the family of PDFs of X is
complete. We need to show that

0
1
Egg(X):/ gg(x)dx:O for all § >0
0
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if and only if g(x) = O for all x. In general, this result follows from Lebesgue integration
theory. If g is continuous, we differentiate both sides in

0
/ gx)dx=0
0
to get g(¢) =0 for all 6 > 0.
Now let X1, X>,...,X, be iid U(0,6) RVs. Then the PDF of X, is given by

nd" "l 0<x <0,
0, otherwise.

fn(XI9)={

We see by a similar argument that X, is complete, which is the same as saying that
{fu(x|0); 0 > 0} is a complete family of densities. Clearly, X(,) is sufficient.

Example 14. Let X|,X;,...,X, be a sample from PMF
1
0, otherwise.

We first show that the family of PMFs {Py,N > 1} is complete. We have

1
ENg(X):NZg(k):O forall N > 1,

and this happens if and only if g(k) =0, k= 1,2,...,N. Next we consider the family of
PMFs of X(,,y = max(Xi,...,X,). The PMF of X, is given by

o (x—1)
N Nt

Pl(:)(x): x=1,2,...,N.
Also

B =1y
N7 N7

]:0 forall N > 1.

implies g(1) = 0. Again,

Exg(X(w) = g;) +5(2) (1 - 21> =0

so that g(2) =0.

Using an induction argument, we conclude that g(1) = g(2) = -+ = g(N) = 0 and
hence g(x) = 0. It follows that Pl(\;l) is a complete family of distributions, and X, is a
complete sufficient statistic.
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Now suppose that we exclude the value N = ny for some fixed ny > 1 from the family
{Py:N >1}.Letus write P ={Py: N> 1,N # ng}. Then P is not complete. We ask the
reader to show that the class of all functions g such that Epg(X) = 0 for all P € P consists
of functions of the form

0, k=1,2,....n0—1,ng+2,n9+3,...,
g(k): c, k:n();
—C, k:n0—|—1,

where c is a constant, ¢ # 0.

Remark 7. Completeness is a property of a family of distributions. In Remark 6 we saw
that if a statistic is sufficient for a class of distributions it is sufficient for any subclass of
those distributions. Completeness works in the opposite direction. Example 14 shows that
the exclusion of even one member from the family {Py : N > 1} destroys completeness.

The following result covers a large class of probability distributions for which a
complete sufficient statistic exists.

Theorem 2. Let {fy: 8 € ©} be a k-parameter exponential family given by

fo(x) = exp ZQ;(G)T;(x) +D(0)+5(x) ¢, @)

where 0 = (01,0,,...,6;) € ©, an interval in Ry, Ty, T5,..., T, and S are defined on
RH,T = (T17T2,...,Tk), and x = (xl,xz,...7x,,), k <n. Let Q = (Q17Q2,...7Qk), and
suppose that the range of Q contains an open set in R. Then

T= (Tl (X)a TZ(X)a REE) Tk(X))
is a complete sufficient statistic.
Proof. For a complete proof in a general setting we refer the reader to Lehmann [64,
pp. 142—143]. Essentially, the unicity of the Laplace transform is used on the probability
distribution induced by T. We will content ourselves here by proving the result for the

k =1 case when fj is a PMF.
Let us write Q(#) = 0 in (2), and let («, 3) C ©. We wish to show that

Epg(T(X)) =Y _g(t) Po{T(X) =1}

=) g(t)exp{0t+D(0)+5* ()} =0  forall 0 3)

implies that g(z) = 0.
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Let us write xt =xif x >0, =0if x <0, and x~ = —x if x < 0, = 0 if x > 0. Then
g(t) = g™ (t) — g (¢), and both g* and g~ are nonnegative functions. In terms of g™ and
g, (3) is the same as

Z g (1)l S0 = Z g (e S0 )

t

for all 6.
Let 0y € (o, 8) be fixed, and write
+ Oot+S™ (1) Oot+S5*(
o &H(n)e i 8 (ne
pr(n) = Z, ng(t)eGotJrS*(t) and p(1)= Zz g (1)e Oot+S* (1) )

Then both p* and p~ are PMFs, and it follows from (4) that
Z Ppty =2 e p(1) (©)
t
forall 6 € (a— 6y, 3 — b6p). By the uniqueness of MGFs (6) implies that
pH(t)=p (1) for all ¢

and hence that gt (r) = g~ (¢) for all z, which is equivalent to g(¢) = 0 for all 7. Since T is
clearly sufficient (by the factorization criterion), it is proved that 7' is a complete sufficient
statistic.

Example 15. Let X;,X,,...,X, be iid N(uz,0%) RVs where both ;i and o2 are unknown.
We know that the family of distributions of X = (X, ..., X,) is a two-parameter exponen-
tial family with 7(X1,...,X,) = (O_]X:, Y. X?). From Theorem 2 it follows that 7T is a
complete sufficient statistic. Examples 10 and 11 fall in the domain of Theorem 2.

In Example 6, 8, and 9 we have shown that a given family of probability dis-
tributions that admits a nontrivial sufficient statistic usually admits several sufficient
statistics. Clearly we would like to be able to choose the sufficient statistic that results
in the greatest reduction of data collection. We next study the notion of a mini-
mal sufficient statistic. For this purpose it is convenient to introduce the notion of
a sufficient partition. The reader will recall that a partition of a space X is just a
collection of disjoint sets E, such that ) E, = X. Any statistic 7(X;,X>,...,X,)
induces a partition of the space of values of (Xi,X5,...,X,), that is, T induces
a covering of X by a family il of disjoint sets A, = {(x1,x2,...,%,) € X : T(xy,
X2,...,X,) = t}, where t belongs to the range of T. The sets A, are called partition sets.
Conversely, given a partition, any assignment of a number to each set so that no two par-
tition sets have the same number assigned defines a statistic. Clearly this function is not,
in general, unique.

Definition 4. Let {Fy: 6 € O} be a family of DFs, and X = (X,,X>,...,X,) be a
sample from Fy. Let & be a partition of the sample space induced by a statistic
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T =T(X1,Xa2,...,X,). We say that 8l = {A, : 1 is in the range of T'} is a sufficient parti-
tion for 6 (or the family {Fy: 6 € ©}) if the conditional distribution of X, given 7 = 1,
does not depend on € for any A,, provided that the conditional probability is well defined.

Example 16. Let X{,X,,...,X, be iid b(1,p) RVs. The sample space of values of (X,
X,,...,X,) is the set of n-tuples (x;,x2,...,x,), where each x; = 0 or = 1 and consists of
2" points. Let 7(X1,X2,...,X,) = > X;, and consider the partition U = {A¢,Ay,...,A,},
where x € A; if and only if Y| x; =, 0 <j < n. Each A; contains (;’) sample points. The
conditional probability

P{x|Aj} = Z’jﬁ = (7)1 if x €A,

and we see that ${ is a sufficient partition.

Example 17. Let X1,X,,...,X, be iid U[0,0] RVs. Consider the statistic T(X) =
maxi<;<,X;. The space of values of X;,X>,...,X, is the set of points {x:0<x <0,
i=1,2,...,n}. T induces a partition {{ on this set. The sets of this partition are A, = {(x1,
X2, Xy) s max(xy,...,x,) =t} t€[0,0].

We have
fo(x)
fo(x|t)= if  xeA,
f3 () t
where f (1) is the PDF of 7. We have
1/0" 1
o) = o = it xea

/o ppn
It follows that 4l = {A,} defines a sufficient partition.

Remark 8. Clearly a sufficient statistic T for a family of DFs {Fy: 6 € ©} induces a
sufficient partition and, conversely, given a sufficient partition, we can define a sufficient
statistic (not necessarily uniquely) for the family.

Remark 9. Two statistics T}, T, that define the same partition must be in one-to-one cor-
respondence, that is, there exists a function /4 such that 7 = i(T) with a unique inverse,
T, = h='(T}). It follows that if T} is sufficient every one-to-one function of 77 is also
sufficient.

Let £4;, 4, be two partitions of a space X. We say that i1 is a subpartition of LI, if every
partition set in Ll is a union of sets of L[;. We sometimes say also that i, is finer than
3y (8, is coarser than LUy) or that i, is a reduction of 41;. In this case, a statistic 75 that
defines 41, must be a function of any statistic 7 that defines (. Clearly, this function need
not have a unique inverse unless the two partitions have exactly the same partition sets.

Given a family of distributions {Fy: 6 € ©} for which a sufficient partition exists, we
seek to find a sufficient partition 4 that is as coarse as possible, that is, any reduction of [
leads to a partition that is not sufficient.
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Definition 5. A partition 4l is said to be minimal sufficient if

(1) U is a sufficient partition, and
(i1) if Cis any sufficient partition, C is a subpartition of .

The question of the existence of the minimal partition was settled by Lehmann and
Scheffé [65] and, in general, involves measure-theoretic considerations. However, in the
cases that we consider where the sample space is either discrete or a finite-dimensional
Euclidean space and the family of distributions of X is defined by a family of PDFs (PMFs)
{fs,0 € O} such difficulties do not arise. The construction may be described as follows.

Two points x and y in the sample space are said to be likelihood equivalent, and we
write x ~ y, if and only if there exists a k(y,x) # 0 which does not depend on 6 such that
fo(y) = k(y,x)fe(x). We leave the reader to check that “~” is an equivalence relation
(that is, it is reflexive, symmetric, and transitive) and hence “~”" defines a partition of the
sample space. This partition defines the minimal sufficient partition.

Example 18. Consider again Example 16. Then

P

and this ratio is independent of p if and only if
Dxw=) v
1 1

sothatx ~ y if and only if >} x; = " y;. It follows that the partition & = {Ag,Ay,...,A, },
where x € A; if and only if Y| x; = j, introduced in Example 16 is minimal sufficient.

A rigorous proof of the above assertion is beyond the scope of this book. The basic
ideas are outlined in the following theorem.

Theorem 3. The relation “~” defined above induces a minimal sufficient partition.

Proof. If T is a sufficient statistic, we have to show that x ~ y whenever T(x) = T(y).

This will imply that every set of the minimal sufficient partition is a union of sets of the

form A, = {T = t}, proving condition (ii) of Definition 5.
Sufficiency of 7' means that whenever x € A,, then
folx)

fe{X‘TZl}:]%

is free of 6. It follows that if both x and y € A,, then

fulx 1) _ fx)
foly [t)  foly)

is independent of 6, and hence x ~ y.

X EA,
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To prove the sufficiency of the minimal sufficient partition 4, let 7; be an RV that
induces . Then T takes on distinct values over distinct sets of £ but remains constant on
the same set. If x € {7} =1}, then

x| =) = 5 B )

Now

Py{T\ =10} = fo(y)dy  or > foly)

(y:Ti(y)=n) (y:Ti(y)=n)

depending on whether the joint distribution of X is absolutely continuous or discrete. Since
fo(x)/fo(y) is independent of § whenever x ~ y, it follows that the ratio on the right-hand
side of (7) does not depend on 6. Thus T is sufficient.

Definition 6. A statistic that induces the minimal sufficient partition is called a minimal
sufficient statistic.

In view of Theorem 3 a minimal sufficient statistic is a function of every sufficient
statistic. It follows that if 7', and 75 are both minimal sufficient, then both must induce the
same minimal sufficient partition and hence 7 and 7, must be equivalent in the sense that
each must be a function of the other (with probability 1).

How does one show that a statistic 7 is not sufficient for a family of distributions P?
Other than using the definition of sufficiency one can sometimes use a result of Lehmann
and Scheffé [65] according to which if Ty (X) is sufficient for 8, 8 € O, then T»(X) is also
sufficient if and only if T (X) = g(7»(X)) for some Borel-measurable function g and all
X € B, where B is a Borel set with PgB = 1.

Another way to prove T nonsufficient is to show that there exist x for which T'(x) =
T(y) but x and y are not likelihood equivalent. We refer to Sampson and Spencer [98] for
this and other similar results.

The following important result will be proved in the next section.

Theorem 4. A complete sufficient statistic is minimal sufficient.

We emphasize that the converse is not true. A minimal sufficient statistic may not be
complete.

Example 19. Suppose X ~ U(6,0+1). Then X is a minimal sufficient statistic. However,
X is not complete. Take for example g(x) = sin2mx. Then

o+1 1
Eg(X) = / sin2mx dx = / sin2mx dx = 0.
0 0

for all § and it follows that X is not complete.
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If X1,X5,...,X, is asample from U(6,0+ 1), then (X(1), X)) is minimal sufficient for
6 but not complete since

n—1

EoXo = X)) =

for all 6.

Finally, we consider statistics that have distributions free of the parameter(s) 8 and
seem to contain no information about 6. We will see (Example 23) that such statistics can
sometimes provide useful information about 6.

Definition 7. A statistic A(x) is said to be ancillary if its distribution does not depend on
the underlying model parameter 6.

Example 20. Let X;,X5,...,X, be a random sample from N(u,1). Then the statistic
AX) = (n—1)$* =3, (X; — X)? is ancillary since (n— 1)S? ~ x*(n — 1) which is
free of p. Some other ancillary statistics are

X =X, Xy — Xy, Y _ 1% —X].
i=1

Also, X, a complete sufficient statistic (hence minimal sufficient) for y is independent
of A(X).

Example 21. Let X,X,...,X, be a random sample from N(0,02). Then, A(X) = X

follows a N(0,n~ %) and not ancillary with respect to the parameter o>

Example 22. Let X(1),X(2),...,X(,) be the order statistics of a random sample from the
PDF f(x — 0), where 6 € R. Then the statistic A(X) = (X(2) — X(1),... X(n) — X(1)) is

ancillary for 6.

In Example 20 we saw that S> was independent of the minimal sufficient statistic X.
The following result due to Basu shows that it is not a mere coincidence.

Theorem 5. If S(X) is a complete sufficient statistic for 6, then any ancillary statistic
A(X) is independent of S.

Proof. If A is ancillary, then Pg{A(X) < a} is free of ¢ for all a. Consider the conditional
probability g,(s) = P{A(X) < a | S(X) = s}. Clearly

Eg{84(S(X))} = Po{A(X) < a}.
Thus

Eo(ga(S) ~ PIA(X) <a}) =0
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for all §. By completeness of S it follows that
Po{ga(S) —P{A<a} =0} =1,
that is ,
Po{A(X) <a| S(X) = s} = P{A(X) < a},
with probability 1. Hence A and S are independent.

The converse of Basu’s Theorem is not true. A statistic S that is independent of every
ancillary statistic need not be complete (see, for example, Lehmann [62]).

The following example due to R.A. Fisher shows that if there is no sufficient statis-
tic for @, but there exists a reasonable statistic not independent of an ancillary statistic
A(X), then the recovery of information is sometimes helped by the ancillary statistic via
a conditional analysis. Unfortunately, the lack of uniqueness of ancillary statistics creates
problems with this conditional analysis.

Example 23. LetX;,X>,...,X, be arandom sample from an exponential distribution with
mean 6, and let Y1,Y>, ..., Y, be another random sample from an exponential distribution
and mean 1 /6. Assume X’s and ¥’s are independent and consider the problem of estimation
of 6 based on the observations (X1,X>,...,Xu; Y1,Y2,...,Y,). Let S1(x) = >, x; and
Sy(y) = >0, vi. Then (81(X),S,(Y)) is jointly sufficient for 6. It is easily seen that
(S1,S2) is a minimal sufficient statistic for 6.

Consider the statistics

S(X,Y) = (5:(X)/$2(Y))?
and
AX,Y) =5851(X)$:2(Y).

Then the joint PDF of S and A is given by

oo 400 (5 560 ) sy

and it is clear that S and A are not independent. The marginal distribution of A is given by
the PDF

Clx,y) Ay

where C(x,y) is the constant of integration which depends only on x,y, and n but not
on 6. In fact, C(x,y) = 4Ky [2A(x,y)]/[['(n)]?, where Ky is the standard form of a Bessel
function (Watson [116]). Consequently A is ancillary for 6.
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Clearly, the conditional PDF of S given A = a is of the form

sy 1 ("0 )|

The amount of information lost by using S(X,Y) alone is (Tﬂ_l)th part of the total and

this loss of information is gained by the knowledge of the ancillary statistic A(X,Y).
These calculations will be discussed in Example 8.5.9.

PROBLEMS 8.3

1. Find a sufficient statistic in each of the following cases based on a random sample
of size n:
(a) X ~ B(«, ) when (i) « is unknown, 3 known; (ii) §; is unknown, o known; and
(iii) v, B are both unknown.
(b) X ~ G(a, ) when (i) a is unknown, 8 known; (ii) 5 is unknown, « known; and
(iii) v, B are both unknown.
(¢) X ~ Py, n,(x), where

1

PN]J\/Z()C):1\/7271\,17 x:N1+1,N1+2,...,N2,
and Ni,N,(N; < N,) are integers, when (i) N; is known, N, unknown; (i) N,
known, N unknown; and (iii) Ny, N, are both unknown.

(d) X ~ fy(x), where

e if < x < o0,
Jo(x) = .
0 otherwise.
(e) X ~ f(x;pu,0), where
flx ) e { ! (logx )2} x>0
,0) = ————=expy —5 5 - ;
K o p 252 ZX — [

(f) X ~ fy(x), where
fo(x) =Pe{X=x}=c(6)27%, x=0,0+1,....0 >0
and

c(0) =210 210 ).

(g) X ~ Py ,(x), where

Poy(x)=(1—-pp~?,  x=00+1,..., 0<p<l,
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10.

11.
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when (i) p is known, 6 unknown; (ii) p is unknown, ¢ known; and ( iii) p, 0 are
both unknown.

. Let X = (X1,X>,...,X,) be a sample from N(ao,0?), where « is a known real

number. Show that the statistic 7(X) = (31, X;, >, X?) is sufficient for o but
that the family of distributions of 7(X) is not complete.

. Let X1, X, ..., X, be a sample from N(y1,0?). Then X = (X1,Xa,...,X,) is clearly

sufficient for the family N(u,0?), 1 € R,0 > 0. Is the family of distributions of X
complete?

. Let X1,X5,...,X, be a sample from U(6 — %,0 + %), 0 € R. Show that the statistic

T(Xi,...,X,) = (minX;, maxX;) is sufficient for 6 but not complete.

. If T =g(U) and T is sufficient, then so also is U.
. In Example 14 show that the class of all functions g for which Epg(X) = 0 for all

P € P consists of functions of the form

07 k:1,2,...,n0—1,n0+2,n0+3,...,
g<k): ¢ k:n07
—c, k=ny+1,

where c is a constant.

. For the class {Fy,,Fp, } of two DFs where Fp, is N(0,1) and Fy, is C(1,0), find a

sufficient statistic.

. Consider the class of hypergeometric probability distributions {Pp : D =

0,1,2,...,N}, where

Pp{X=x}= <Z>l <D) (N_D>, x=0,1,...,min{n,D}.

X n—x

Show that itis a complete class. f P ={Pp:D=0,1,2,...,N, D #d, d integral 0 <
d <N}, is P complete?

. Is the family of distributions of the order statistic in sampling from a Poisson

distribution complete?

Let (X;,Xs,...,X,) be a random vector of the discrete type. Is the statistic
T(Xy,...,Xn) = (Xy,...,X,_1) sufficient?

Let X;,Xa,...,X, be a random sample from a population with law £(X). Find a
minimal sufficient statistic in each of the following cases:

(a) X ~P(\).

(b) X ~ UI0,0].

(c) X ~NB(L;p).

(d) X ~ Py, where Py{X =k} =1/Nifk=1,2,...,N, and = 0 otherwise.

(e) X ~N(u,0?).

() X~ G(a, B).

(®) X~ B(a,B).

(h) X ~ fy(x), where fp(x) = (2/6%)(8 —x),0 < x < 6.
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12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

84

Let X;,X, be a sample of size 2 from P()\). Show that the statistic X; + aX,, where
« > 1 is an integer, is not sufficient for \.

Let X;,X5,...,X, be a sample from the PDF

2o=¥/20 if x> ()

_ )
fg(x){o ifx<0 6> 0.
Show that >, X? is a minimal sufficient statistic for 6, but >, X; is not sufficient.
Let X1,X>,...,X, be a sample from N(0,02). Show that > ;_, X? is a minimal
sufficient statistic but >, X; is not sufficient for o2.

Let X;,X>,...,X, be a sample from PDF f,, g(x) = Be BU=2) if x > o, and = 0 if
x < «. Find a minimal sufficient statistic for («, 3).

Let T be a minimal sufficient statistic. Show that a necessary condition for a
sufficient statistic U to be complete is that U be minimal.

LetX;,X,...,X, beiid N(x,0?). Show that (X,$?) is independent of each of (X, —
X(1))/S, (X(y —X)/S. and 307 (Xi1 — X;)? /82

Let X;,X>,...,X, be iid N(f, 1). Show that a necessary and sufficient condition for
> aiX;and >, X; to be independent is Y ., a; =0.

Let X;,X>,...,X, be a random sample from fp(x) = exp{—(x—0)}, x > 6. Show
that X(;) is a complete sufficient statistic which is independent of S2.

Let X1,X5,...,X, be iid RVs with common PDF fy(x) = (1/6)exp(—x/0),
x>0, 6 > 0. Show that X must be independent of every scale-invariant statistic
suchas X1 />0 X;.

Let Ty, T, be two statistics with common domain D. Then T} is a function of 75 if
and only if

forallx,ye D, Ti(x)=T(y) = T2(x) =T2(y).

Let S be the support of fy, 6 € © and let T be a statistic such that for some 6,,6, € O,

and x,y € S, x #y, T(x) = T(y) but fp, (x)fo, () # fo, (x)fs, (¥). Then show that T is
not sufficient for 6.

Let X1, Xa, ..., X, beiid N (6, 1). Use the result in Problem 22 to show that (Z'I'X,‘)2
is not sufficient for 6.

(a) If T is complete then show that any one-to-one mapping of 7 is also complete.

(b) Show with the help of an example that a complete statistic is not unique for a
family of distributions.

UNBIASED ESTIMATION

In this section we focus attention on the class of unbiased estimators. We develop a
criterion to check if an unbiased estimator is optimal in this class. Using sufficiency
and completeness, we describe a method of constructing uniformly minimum variance
unbiased estimators.
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Definition 1. Let {Fg, 0 € O}, © C Ry, be a nonempty set of probability distributions.
Let X = (X;,Xa,...,X,) be amultiple RV with DF Fg and sample space X. Let¢): © — R
be a real-valued parametric function. A Borel-measurable function 7' : X — © is said to
be unbiased for v if

EoT(X)=1(0) forallfcoO. (1

Any parametric function v for which there exists a 7 satisfying (1) is called an
estimable function. An estimator that is not unbiased is called biased, and the function
b(T,), defined by

is called the bias of T.

Remark 1. Definition 1, in particular, requires that Eg|T| < oo for all 8 € © and can be
extended to the case when both 1 and T are multidimensional. In most applications we
consider © C Ry, ¥(0) =0, and X;,X,,...,X, are iid RVs.

Example 1. Let X,X>,...,X, be a random sample from some population with finite
mean. Then X is unbiased for the population mean. If the population variance is finite, the
sample variance S? is unbiased for the population variance. In general, if the kth population
moment my, exists, the kth sample moment is unbiased for m.
Note that S is not, in general, unbiased for o. If X, X5, ..., X, are iid N(u,0?) RVs we
know that (n—1)S?/0? is x*(n — 1). Therefore,
1

E(SVn—1/0) = /000 ﬁg(n—l)/zr[(n— 1)/2]
()]
so=o{\Zr @ ()]}

The bias of S is given by

b(S,a):U{ %r(g) [r ("gl)yl—l}.

We note that b(s,0) — 0 as n — oo so that S is asymptotically unbiased for o.

x(nfl)/Zf 1 efx/Z dx

If T is unbiased for 6, g(T) is not, in general, an unbiased estimator of g(6) unless g is
a linear function.

Example 2. Unbiased estimators do not always exist. Consider an RV with PMF b(1,p).
Suppose that we wish to estimate ¢)(p) = p*. Then, in order that 7 be unbiased for p?, we
must have

p*=E,T=pT(1)+(1-p)T(0), 0<p<l,
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that is,

p* =p{T(1)~T(0)} +7(0)

must hold for all p in the interval [0, 1], which is impossible. (If a convergent power series
vanishes in an open interval, each of the coefficients must be 0. See also Problem 1.)

Example 3. Sometimes an unbiased estimator may be absurd. Let X be P()), and
() = e3*. We show that T(X) = (—2)X is unbiased for 1»()\). We have

ExT(X —AZ A* e—AZ (_i'/\)x L ().
x=0 ’

However, T'(x) = (—2)* > Oif xis even, and < 0 if xis odd, which is absurd since ¢)(\) > 0.

Example 4. Let X1,X,...,X, be a sample from P()\). Then X is unbiased for A and so
also is S2, since both the mean and the variance are equal to A. Indeed, oX + (1— 04)52,
0 <« <1, is unbiased for \.

Let 0 be estimable, and let 7' be an unbiased estimator of . Let T} be another unbiased
estimator of 6, different from 7. This means that there exists at least one 0 such that Py {T #
T1} > 0. In this case there exist infinitely many unbiased estimators of 6 of the form
aT+ (1 —a)T), 0 < a < 1. Tt is therefore desirable to find a procedure to differentiate
among these estimators.

Definition 2. Let 6y € © and U(6y) be the class of all unbiased estimators T of 6y such
that Ey, T? < 0. Then T, € U(Hy) is called a locally minimum variance unbiased estimator
(LMVUE) at 6, if

Eg,(To—00)* < Eg, (T — 6,)? 3)
holds for all T € U(6y).

Definition 3. Let U be the set of all unbiased estimators 7 of § € © such that EgT? < 0o
for all # € ©. An estimator 7y € U is called a uniformly minimum variance unbiased
estimator (UMVUE) of 6 if

Eg(To—0)* < Eg(T —0)’ @)
forall § € © and every T € U.

Remark 2. Let ay,ay,...,a, be any set of real numbers with Z?Zl a; = 1. Let
X1,X2,...,X, be independent RVs with common mean p and variances ak, k=1,2,.

Then T = Y ,a;X; is an unbiased estimator of y with variance Y, ,a’o? (see
Theorem 4.5.6). T is called a linear unbiased estimator of . Linear unbiased estimators
of p that have minimum variance (among all linear unbiased estimators) are called best
linear unbiased estimators (BLUES). In Theorem 4.5.6 (Corollary 2) we have shown that,
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if X; are iid RVs with common variance o2, the BLUE of pis X =n~'Y""_ X;. If X; are
independent with common mean g but different variance o7, the BLUE of y is obtained
if we choose g; proportional to 1/ O'iz, then the minimum variance is H/n, where H is the
harmonic mean of o7,...,02 (see Example 4.5.4).

Remark 3. Sometimes the precision of an estimator 7 of parameter 6 is measured by the
so-called mean square error (MSE). We say that an estimator 7 is at least as good as any
other estimator 7 in the sense of the MSE if

Eo(To—0)*> <Eo(T—6)>  forall§ €O. )
In general, a particular estimator will be better than another for some values of  and worse

for others. Definitions 2 and 3 are special cases of this concept if we restrict attention only
to unbiased estimators.

The following result gives a necessary and sufficient condition for an unbiased
estimator to be a UMVUE.

Theorem 1. Let U be the class of all unbiased estimators 7 of a parameter § € © with
EsT? < oo for all 6, and suppose that U is nonempty. Let Uy be the class of all unbiased
estimators v of 0, that is,

Uy = {v:Epv=0,Ep* <00 forall § € ©}.
Then Ty € Uis a UMVUE if and only if
Eg(vIy) =0 for all 8 and all v € U. (6)
Proof. The conditions of the theorem guarantee the existence of Ey(vTy) for all 6 and
v € Up. Suppose that Tp € U is a UMVUE and Eg,(voTy) # O for some 6, and some
vo € Ug. Then Ty + Avg € U for all real \. If EQOV% =0, then Ep,(voTp) = 0 must hold
since Py, {vo = 0} = 1. Let Eg,v3 > 0. Choose \g = —Ey,(Tovo)/Es,v3. Then

Eéo(VoTo)

Ey, (To+ Movo)? = Eg, T2 —
50 (To + Aovo) 0,15 Eon?

< Ep,T3. @)

Since Ty + Agvp € U and Ty € U, it follows from (7) that
varg, (To + Aovo) < varg, (7o), (8)
which is a contradiction. It follows that (6) holds.
Conversely, let (6) hold for some T € U, all § € © and all v € Uy, and let T € U. Then
To— T € Uy, and for every 0

Eo{To(Ty—T)} =0.
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‘We have
EoT? = Eo(TTy) < (EgT3)"/*(EgT?)'/?

by the Cauchy—Schwarz inequality. If Ey Tg =0, then P(Ty = 0) = 1 and there is nothing
to prove. Otherwise

(EyT3)'V* < (EgT")V*
or varg(Ty) < varg(T). Since T is arbitrary, the proof is complete.

Theorem 2. Let U be the nonempty class of unbiased estimators as defined in Theorem 1.
Then there exists at most one UMVUE for 6.

Proof. 1f T and Ty € U are both UMVUEs, then T — T, € Uy and
Eo{To(T—Ty)} =0 forall 0 € ©,
that is, EgTg = Eo(TT,), and it follows that
cov(T,Ty) = varyg(Tp) for all 6.

Since Ty and T are both UMVUEs varg(T) = varg(Ty), and it follows that the correlation
coefficient between T and Ty is 1. This implies that Pp{aT +bTy = 0} = 1 for some a, b
and all § € O. Since T and T are both unbiased for 6, we must have Po{T =T} = 1
for all 6.

Remark 4. Both Theorems 1 and 2 have analogs for LMVUE’s at 6, € ©, 6, fixed.

Theorem 3. If UMVUEs T7; exist for real functions v, i = 1,2, of 6, they also exist for
A; (A real), as well as for ¥; +1),, and are given by AT; and T + T», respectively.

Theorem 4. Let {T,,} be a sequence of UMVUEs and T be a statistic with EgT? < 0o
such that Eg{T, — T}*> — 0 as n — oo for all § € ©. Then T is also the UMVUE.

Proof. That T is unbiased follows from |EgT — 0| < Eg|T —T,| < E(l)/z{T,, —T}?. For all
v € Up, all f, and everyn=1,2,...,

Ea (Tnv) =0
by Theorem 1. Therefore,

Eg(vT) =Eg(vT) — Eg(vT,)
— BT T,)

and

|[Eg(vT)| < (Egv*)'?[Eo(T —T,)?]'/* =0  asn— o0
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for all # and all v € U. Thus

Eo(vT)=0 forallve Uy, allfdecO,
and, by Theorem 1, 7 must be the UMVUE.

Example 5. Let X;,X,,...,X, beiid P(\). Then X is the UMVUE of \. Surely X is unbi-
ased. Let g be an unbiased estimator of 0. Then 7(X) = X + g(X) is unbiased for 0. But
X is complete. It follows that

Exg(X)=0 forall A\ >0=g(x)=0 forx=0,1,2,....
Hence X must be the UMVUE of \.

Example 6. Sometimes an estimator with larger variance may be preferable.

Let X be a G(1,1/3) RV. X is usually taken as a good model to describe the time to
failure of a piece of equipment. Let X, X, ..., X, be a sample of n observations on X. Then
X is unbiased for EX = 1/3 with variance 1/(n3?). (X is actually the UMVUE for 1/3.)
Now consider X,y = min(Xy,Xa,...,X,). Then nX(, is unbiased for 1/ with variance
1/52, and it has a larger variance than X. However, if the length of time is of importance,
nX(,) may be preferable to X, since to observe nX(,) one needs to wait only until the first
piece of equipment fails, whereas to compute X one would have to wait until all the n
observations X1, X>, ..., X, are available.

Theorem 5. If a sample consists of n independent observations X;,X>,...,X, from the
same distribution, the UMVUE, if it exists, is a symmetric function of the X;’s.

Proof. The proof is left as an exercise.

_ The converse of Theorem 5 is not true. If X1,X»,..., X, are iid P()\) RVs, A > 0, both
X and S? are unbiased for 6. But X is the UMVUE, whereas S is not.
We now turn our attention to some methods for finding UMV UE’s.

Theorem 6. (Blackwell [10], Rao [87]). Let {Fy: 6 € ©} be a family of probability DFs
and & be any statistic in U, where U is the (nonempty) class of all unbiased estimators

of 6 with Egh® < oo. Let T be a sufficient statistic for {Fy,0 € ©}. Then the conditional
expectation Eg{h | T} is independent of # and is an unbiased estimator of 6. Moreover,

Eo(E{h|T}—0)* <Eg(h—0)*>  foralldcO. )

The equality in (9) holds if and only if h = E{h | T} (that is, Po{h = E{h | T}} =1
for all 0).

Proof. We have

Eo{E{h|T}} = Egh=0.
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It is therefore sufficient to show that
Eo{E{h|T}}* <E¢h*  forallfc©. (10)
But Egh? = Eg{E{h* | T}}, so that it will be sufficient to show that
[E{h| T} < E{n* | T}. (1D
By the Cauchy—Schwarz inequality
E*{h| T} < E{W* | TYE{1| T},
and (11) follows. The equality holds in (9) if and only if
Eo[E{h| T}]* = Eol?, (12)
that is,
Eg[E{W* | T}~ E*{h|T}] =0,
which is the same as
Eg{var{h|T}} =0.
This happens if and only if var{h | T} = 0, that is, if and only if
E{n*|T}=E*{h|T},
as will be the case if and only if / is a function of T. Thus A = E{h | T} with probability 1.
Theorem 6 is applied along with completeness to yield the following result.
Theorem 7. (Lehmann-Scheffé [65]). If T is a complete sufficient statistic and there exists
an unbiased estimator & of 6, there exists a unique UMVUE of 6, which is given by
Proof. 1f hy,hy € U, then E{h, | T} and E{h, | T} are both unbiased and
Egl[E{h |T}—E{h, | T}] =0, forall § € ©.

Since T is a complete sufficient statistic, it follows that E{h; | T} = E{hy | T}. By
Theorem 6 E{h | T} is the UMVUE.

Remark 5. According to Theorem 6, we should restrict our search to Borel-measurable
functions of a sufficient statistic (whenever it exists). According to Theorem 7, if a com-
plete sufficient statistic T exists, all we need to do is to find a Borel-measurable function
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of T that is unbiased. If a complete sufficient statistic does not exist, an UMV UE may still
exist (see Example 11).

Example 7. Let X,Xa, ..., X, be N(6,1). X; is unbiased for . However, X = n1YX;
is a complete sufficient statistic, so that E{X; | X} is the UMVUE.
We will show that E{X; | X} = X. Let Y = nX. Then Y is N(nf,n), X; is N(0,1), and

. . . . . (11
(X1,7) is a bivariate normal RV with variance covariance matrix . Therefore,
n

cov(Xy,Y)
var(Y)

g ] _Y

E{X\ |y} =EXi + (y—EY)

as asserted.

If we let 1(6) = 62, we can show similarly that X - 1/nis the UMVUE for ) (6). Note
that X — 1 /n may occasionally be negative, so that an UMVUE for 6? is not very sensible
in this case.

Example 8. LetX;,X,,...,X,beiid b(1,p) RVs. Then T =} X; is a complete sufficient
statistic. The UMVUE for p is clearly X. To find the UMVUE for 4 (p) = p(1 —p), we
have E(nT) = n’p, ET?> = np+n(n—1)p?, so that E{nT — T*} = n(n—1)p(1 —p), and it
follows that (nT — T?) /n(n— 1) is the UMVUE for ¢ (p) = p(1 —p).

Example 9. Let X;,X,,...,X, be a sample from N(zu,0?). Then (X,S?) is a complete
sufficient statistic for (11,0?). X is the UMVUE for y, and S? is the UMVUE for 0. Also
k(n)S is the UMVUE for o, where k(n) = /[(n—1)/2]T[(n—1)/2]/T'(n/2). We wish to
find the UMV UE for the pth quantile 3,. We have

p:P{ng,p}:P{Zgz”’_“},
g

where Z is N(0,1). Thus 3, = 0zi—, + p, and the UMVUE is
T(X1,X2,...,X,) = 21-pk(n)S +X.

Example 10. (Stigler [110]). We return to Example 14. We have seen that the family
{PI(\?): N > 1} of PMFs of X(,) = max;<i<,X; is complete and X, is sufficient for
N. Now EX; = (N+1)/2, so that T(X,) = 2X; — | is unbiased for N. It follows from
Theorem 7 that E{T(X1) | X,)} is the UMVUE of N. We have

n—1 __ -1 n—1
ygyl) i =1,2,...,9—1,
yn_ y— n
P{Xi=x1| Xy =y} = e

_ X =Y.
Y =(y—=1)"
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Thus
nfl_( _1)’171 y—1 n—1
y y
E{T(X)) | X( =y} = Za—D+(2y-1
{T(Xy) | Xy =y} T XIZI( )+ ( )yn_(y_l)n
oy -
Y =(y=1)"
is the UMVUE of N.

If we consider the family P instead, we have seen (Example 8.3.14 and Problem 8.3.6)
that P is not complete. The UMVUE for the family {Py : N > 1} is T(X;) = 2X; — 1,
which is not the UMVUE for P. The UMVUE for P is in fact, given by

Tk = U1, k#ny, k#ng+1,
"W Yony,  k=ny, k=ng+1.

The reader is asked to check that 7 has covariance 0 with all unbiased estimators g of 0
that are of the form described in Example 8.3.14 and Problem 8.3.6, and hence Theorem 1
implies that 7} is the UMVUE. Actually 7 (X)) is a complete sufficient statistic for P.
Since E,,, T\ (X1) = no + 1/ng, Ty is not even unbiased for the family {Py : N > 1}. The
minimum variance is given by

vary (T (X1)) it N < ny,

vary(T1(X1)) = vary(T(X))) 7% if N > ng.

The following example shows that UM VUE may exist while minimal sufficient statistic
may not.
Example 11. Let X be an RV with PMF
Po(X = —1) =0 and Pp(X = x) = (1 —0)*¢",

x=0,1,2,..., where 0 < 6 < 1. Let 1)(0) = Pp(X = 0) = (1 —6)>. Then X is clearly
sufficient, in fact minimal sufficient, for 6 but since

EoX = (=1)0+> x(1-0)*0"
x=0
=—0+0(1 —9)2ii9x =0
df = ’

it follows that X is not complete for {Pp : 0 < 6 < 1}. We will use Theorem 1 to check if
a UMVUE for 1(0) exists. Suppose

Eoh(X) = h(—1)0 + i(l —0)%0*h(x) =0
x=0
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forall0 < # < 1. Then, for0 < 6 < 1,
0=0h(—1)+> 0"h(x)=2> 0" h(x)+ Y 60 h(x)
x=0 x=0 x=0
(oo}
=h(0)+> O [A(x+1) = 2h(x) + h(x—1)]
x=0

which is a power series in 6.
It follows that 4(0) = 0, and for x > 1, h(x+ 1) — 2h(x) + h(x— 1) = 0. Thus

h(1) = h(—1), h(2) = 2h(1) — h(0) = 2h(—1),
h(3) = 2h(2) — h(1) = 4h(—1) — h(—1) = 3h(—1),

and so on. Consequently, all unbiased estimators of 0 are of the form h(X) = cX. Clearly,
T(X) =1if X =0, and = 0 otherwise is unbiased for 1/(#). Moreover, for all

E{cX-T(X)}=0
so that 7 is UMVUE of ¢(6).
We conclude this section with a proof of Theorem 8.3.4.
Theorem 8. (Theorem 8.3.4) A complete sufficient statistic is minimal sufficient statistic.

Proof. Let S(X) be a complete sufficient statistic for {fy : € ©} and let T be any statistic
for which Ey|T?| < co. Writing h(S) = E¢{T|S} we see that h is UMVUE of EyT. Let
S1(X) be another sufficient statistic. We show that /(S) is a function of S;. If not, then
h1(S1) = Ep{h(S)|S;} is unbiased for E¢T and by Rao—Blackwell theorem

varg hy (Sy) < varg h(S),

contradicting the fact that i(S) is UMVUE for EyT. It follows that /(S) is a function of S;.
Since h and S are arbitrary, S must be a function of every sufficient statistic and hence,
minimal sufficient.

PROBLEMS 8.4

1. Let X;,X,,...,X,(n > 2) be a sample from b(1,p). Find an unbiased estimator for
b(p) =p*.

2. Let X1,Xa,...,X,(n>2) be a sample from N(y,0?). Find an unbiased estimator for
o”, where p+n > 1. Find a minimum MSE estimator of o”.

3. Let X1, Xs,...,X, be iid N(1,0?) RVs. Find a minimum MSE estimator of the form
aS? for the parameter o>. Compare the variances of the minimum MSE estimator
and the obvious estimator S2.
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4. Let X ~ b(1,6%). Does there exist an unbiased estimator of §?

5. Let X ~ P()). Does there exist an unbiased estimator of 1)(\) = A~!?

6. Let X1, X,,...,X, be a sample from b(1,p), 0 < p < 1, and 0 < s < n be an integer.
Find the UMVUE for (a) ¢)(p) = p® and (b) ¥(p) =p* + (1 —p)" .

7. LetX;,Xa, ..., X, be asample from a population with mean 6 and finite variance, and
T be an estimator of 6 of the form 7'(X;,X>,...,X,) = Z?:] o;X;. If T is an unbiased

estimator of § that has minimum variance and 7” is another linear unbiased estimator
of 0, then

covy(T,T") = vary(T).

8. Let Ty, T be two unbiased estimators having common variance ao?(a > 1), where
o2 is the variance of the UMVUE. Show that the correlation coefficient between T}
and This > 2—a)/a.

9. Let X ~ NB(1;0) and d(0) = Po{X =0}. Let X;,Xs,...,X, be a sample on X. Find

the UMVUE of d(6).
10. This example covers most discrete distributions. Let X, X5, ..., X, be a sample from
PMF
a(x)0*
Po{X=x}= , x=0,1,2,...,
f(8)
where 6 >0, a(x) > 0,f(0) =3 2 ()8, a(0) = 1, and let T = X; + Xo + - - - + X,,.
Write

c(t,n) = Z Hoz(xi).

X15X2 50005 Xy 1=1
n
with E X =1
i=1

Show that T is a complete sufficient statistic for 6 and that the UMV UE for d(#) = 6"
(r > 0 is an integer) is given by

0 ifr<r
Y. (t) =< c(t—r,n)

ift>r.
c(t,n) nr=r

(Roy and Mitra [94])
11. Let X be a hypergeometric RV with PMF

= (3) () ()

where max(0,M +n—N) <x < min(M,n).
(a) Find the UMVUE for M when N is assumed to be known.
(b) Does there exist an unbiased estimator of N (M known)?
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12. Let X;,X5,...,X, be iid G(1,1/)\) RVs A > 0. Find the UMVUE of P\{X; <1y},
where fy > 0 is a fixed real number.

13. Let X1, X, ..., X, be a random sample from P(X). Let (X)) = Y2, cxA* be a para-
metric function. Find the UMVUE for (). In particular, find the UMVUE for
(@ ¥(\) = 1/(1 = X), (b) p(N\) = X* for some fixed integer s > 0, (c) ¥(\) =
Px{X=0}, and (d) (A\) =P {X=0or1}.

14. Let X1,X>,...,X, be a sample from PMF

Pn(x) = x=1,2,...,N.

N7
Let ¢)(N) be some function of N. Find the UMVUE of ¢(N).

15. Let X;,X,,...,X, be a random sample from P()\). Find the UMVUE of ¥(\) =
P{X = k}, where k is a fixed positive integer.

16. Let (X,,Y1),(X2,Y2),...,(X,,Y,) be a sample from a bivariate normal population
with parameters pi1, 2, 02, 03, and p. Assume that 11 = 1 = pu, and it is required
to find an unbiased estimator of . Since a complete sufficient statistic does not exist,
consider the class of all linear unbiased estimators

ala) =aX+(1—a)Y.

(a) Find the variance of fi.
(b) Choose «v = «v to minimize var (/i) and consider the estimator

ﬂ() = Oé()X-F (1 —0[0)?.

Compute var(fig). If oy = 07, the BLUE of u (in the sense of minimum
variance) is

N X+Y
MlZT

irrespective of whether o and p are known or unknown.

(¢) If oy # 0, and p,oq1,0, are unknown, replace these values in ag by their
corresponding estimators. Let

S%—Sll
S%—I—S%—ZS]] '

&=

Show that

fo=Y+(X-Y)a

is an unbiased estimator of .
17. Let X1, X5, ..., X, be iid N(0,1). Let p = ®(x — ), where ® is the DF of a N(0,1)
RV. Show that the UMVUE of p is given by ® ((x —%), /-2 )

1
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18.
19.

20.

21.

22,

23.

24,

25.

26.

Prove Theorem 5.

In Example 10 show that 7} is the UMVUE for N (restricted to the family P), and
compute the minimum variance.

Let (X1,Y1),...,(X,,Y,) be a sample from a bivariate population with finite vari-
ances 0'% and O’%, respectively, and covariance . Show that

1 n—72 o?o3
wr(si) = (= S+ 1)

where ji2, = E[(X — EX)*(Y — EY)?]. It is assumed that appropriate order moments
exist.

Suppose that a random sample is taken on (X,Y) and it is desired to estimate -,
the unknown covariance between X and Y. Suppose that for some reason a set S of
n observations is available on both X and Y, an additional n; — n observations are
available on X but the corresponding Y values are missing, and an additional n, —n
observations of Y are available for which the X values are missing. Let S be the set
of all ny (> n) X values, and S», the set of all n, (> n) Y values, and write

X = Z/‘E&Xf’ V= ZjeSij’ X — Ziein7 Y — ZiesYi.
ny ny n n
Show that
~ niny ~ ~
= Xl—X YI_Y
v n(nny —ny —ny+n) Z( ) )

icS

is an unbiased estimator of . Find the variance of 4, and show that var(%) <
var(Syy), where Sy is the usual unbiased estimator of -y based on the n observations
in S (Boas [11]).

Let X1, X, ...,X, be iid with common PDF fp(x) = exp(—x+6), x > 0. Let x be a
fixed real number. Find the UMVUE of fy(x).

Let X1, X, ..., X, be iid N(p, 1) RVs. Let T(X) = Y7, X;. Show that ¢ (x;7/n,n—
1/n) is UMVUE of ¢(x; i, 1) where ¢(x; 1, 02) is the PDF of a N(z1,0%) RV.

Let Xi,X5,...,X, be iid G(1,0) RVs. Show that the UMVUE of f(x;0) =
(1/0)exp(—x/0), x > 0, is given by h(x|r) the conditional PDF of X; given T'(X) =
St Xi =1, where

h(x|t) = (n—1)(t—x)""%/¢"~! for x < t and = 0 for x > t.

Let X;,X2,...,X, be iid RVs with common PDF fy(x) = 1/(20), |x| < 6, and = 0
elsewhere. Show that 7'(X) = max{—X(;),X(;) } is a complete sufficient statistic for
6. Find the UMVU estimator of §".

Let X;,X5,...,X, be a random sample from PDF

fox) = (1/o)exp{—(x—p)/o}, x> p,0 >0,
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where 0 = (u,0).
() (X(l) Dy (X X(l))) is a complete sufficient statistic for 6.
(b) Show that the UMVUE:s of 1 and o are given by

n n
1

ﬂ:X(l)—mZ(X Xm), 712;)( X))

(c) Find the UMVUE of ¢(p1,0) = E;, o X;.
(d) Show that the UMVUE of Py(X; > 1) is given by

e (X VT
P(Xi >1)= " {(1 27(?9?((1)))} 7

where xT = max(x,0).

8.5 UNBIASED ESTIMATION (CONTINUED): A LOWER BOUND FOR
THE VARIANCE OF AN ESTIMATOR

In this section we consider two inequalities, each of which provides a lower bound for
the variance of an estimator. These inequalities can sometimes be used to show that an
unbiased estimator is the UMVUE. We first consider an inequality due to Fréchet, Cramér,
and Rao (the FCR inequality).

Theorem 1. (Cramér [18], Fréchet [34], Rao [86]). Let © C R be an open interval and
suppose the family {fy : 0 € ©} satisfies the following regularity conditions:

(i) It has common support set S. Thus S = {x : fy(x) > 0} does not depend on 6.
(ii) For x € S and 6 € O, the derivative % log fy(x) exists and is finite.

(iii) For any statistic 7 with Eg|h(X)| < oo for all 6, the operations of integration
(summation) and differentiation with respect to 6 can be interchanged in Egh(X).
That is,

809 h(x)fp(x )dx:/h(x)% 9 (x)dx (1)

whenever the right-hand side of (1) is finite.

Let T(X) be such that varg T(X) < oo for all  and set (0) = EoT(X). If 1(0) =
Ey {% logfg(X)}2 satisfies 0 < I(6) < oo then

varg T(X) >

@
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Proof. Since (iii) holds for 7 = 1, we get

= g %ﬁ) (x)dx

_ / {gglog folx )}fe(x)dx

0
—&{ Fousnx)]. ®
Differentiating ¢ (0) = E¢T(X) and using (1) we get

v [ T(x) - fo(x)dx
= [0 G100 i
= cov <T(X)7 % logfg(X)> ) 4)

Also, in view of (3) we have

o (1ons%)) = { 2 om0 |

and using Cauchy—Schwarz inequality in (4) we get

2

O < varg OO0 { 1o}

which proves (2). Practically the same proof may be given when fy is a PMF by replacing
[ by .

Remark 1. 1If, in particular, 1(0) = 0, then (2) reduces to

varg(T(X)) > 0k ®)

Remark 2. Let X,X,,...,X, be iid RVs with common PDF (PMF) fy(x). Then

I(G):Eg{alogfg} ZE {mogfe )}

— nE, {E)k’gﬁ’(xl)r — nly (),

P 2
where 1,(0) = Ey {%g(xl)} . In this case the inequality (2) reduces to

[ ()

varg(T(X)) > i (0)
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Definition 1. The quantity

[ 0logf(X1))’
11(9)—E0{39 (6)
is called Fisher’s information in X; and
dlog f(X)\*
1,(6) = Ey {Oggg()} — 1\ (6) ™

is known as Fisher information in the random sample X;, X5, ..., X,.

Remark 3. As n gets larger, the lower bound for vary(7(X)) gets smaller. Thus, as the
Fisher information increases, the lower bound decreases and the “best” estimator (one for
which equality holds in (2)) will have smaller variance, consequently more information
about 6.

Remark 4. Regularity condition (i) is unnecessarily restrictive. An examination of the
proof shows that it is only necessary that (ii) and (iii) hold for (2) to hold. Condition (i)
excludes distributions such as fp(x) = (1/6), 0 < x < 0, for which (3) fails to hold. It also
excludes densities such as fy (x) = 1,6 <x < 6+1,0rfy(x) = 2 sin®(x+7),0 <x <0+,
each of which satisfies (iii) for 4 = 1 so that (3) holds but not (1) for all & with Ey|h| < oco.

Remark 5. Sufficient conditions for regularity condition (iii) may be found in most calcu-
lus textbooks. For example if (i) and (ii) hold then (iii) holds provided that for all # with
Eplh| < oo for all § € ©, both Ej {h(X)%} and Ey h(X)af"aig()‘ are contin-
uous functions of #. Regularity conditions (i) to (ii1) are satisfied for a one-parameter
exponential family.

Remark 6. The inequality (2) holds trivially if /(6) = oo (and ’(6) is finite) or if
varg (T(X)) = 0.

Example 1. LetX ~b(n,p); © =(0,1) C R. Here the Fisher Information may be obtained
as follows:

log £, (x) log( >+xlogp+ n—x)log(1—p),
n—
1—

Ologfy(x) _ x _
dp p

and

0log f,(x) 2_ n B
E”< p > 717(1—19)71(1))'

Let ¢)(p) be a function of p and T(X) be an unbiased estimator of ¢)(p). The only condition
that need be checked is differentiability under the summation sign. We have

o) = E,rx) = 3 () T (1 -y

x=0
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which is a polynomial in p and hence can be differentiated with respect to p. For any
unbiased estimator 7(X) of p we have

var, (T(X)) >

p(1-p)= m,

S | =

and since

n? n

X\ _np(l—p) p(1—p)
()

it follows that the variance of the estimator X /n attains the lower bound of the FCR
inequality, and hence 7'(X) has least variance among all unbiased estimators of p. Thus
T(X) is UMVUE for p.

Example 2. Let X ~ P()\). We leave the reader to check that the regularity conditions are
satisfied and

vary(T(X)) > A

Since T(X) = X has variance A, X is the UMVUE of \. Similarly, if we take a sample
of size n from P(\), we can show that

S| >

In()\)zg and vary(T(X,...,X,)) >

and X is the UMVUE.
Let us next consider the problem of unbiased estimation of ¢)(\) = e~ based on a
sample of size 1. The estimator

1 ifX=0
ox)=4 !
0 ifX>1

is unbiased for v/(\) since
ExO(X)=E\[0(X)]>=Py{X=0}=¢"".
Also,
vary (0 (X)) =e M1 —e ™).
To compute the FCR lower bound we have
log fi(x) = xlog A — A —logx!.

This has to be differentiated with respect to e~ >, since we want a lower bound for an
estimator of the parameter e~ *. Let § = ¢~*. Then

1
log fy(x) = xloglog gt logf —logx!,

9 11
g8 f) =xggt g
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and
EQ{;@W)}:;{1+b§91@g;+aog19)2 (log;+(bgé>2>}
—ez’\{l -2+ ;Z(A+)\2)}
)]
so that
varg T (X) > SO

where 6 = ¢~ .

Since e (1 —e™*) > Ae™?* for A > 0, we see that var(§(X)) is greater than the lower
bound obtained from the FCR inequality. We show next that §(X) is the only unbiased
estimator of # and hence is the UMVUE.

If h is any unbiased estimator of 6, it must satisfy Eph(X) = 6. That is, for all A > 0

N A
e :Zh(k)e_ o

Equating coefficients of powers of A we see immediately that #(0) = 1 and (k) = O for
k=1,2,.... It follows that h(X) = 9(X).

The same computation can be carried out when X}, X5, ...,X, is random sample from
P()). We leave the reader to show that the FCR lower bound for any unbiased estimator of
0 =e"*is A\e™*/n. The estimator Y, O(X;)/n is clearly unbiased for e~ with variance
e M1 —e?)/n> (Ae”?)/n. The UMVUE of e~* is given by Ty = (”;—I)Z":‘Xi with
vary (Tp) = e 22 (e — 1) > (Ae™2*) /n for all A > 0.

Corollary. Let X;,X>,...,X, be iid with common PDF fy(x). Suppose the family {fp:

0 € O} satisfies the conditions of Theorem 1. Then equality holds in (2) if and only if, for
allf € 6,

0
T(x) = (0) = k(0) 55 l0g fo(x) ®
for some function k().

Proof. Recall that we derived (2) by an application of Cauchy—Schwatz inequality where
equality holds if and only if (8) holds.

Remark 7. Integrating (8) with respect to 6 we get

log fy(x) = Q(0)T (x) +S(0) + A(x)
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for some functions Q,S, and A. It follows that fy is a one-parameter exponential family
and the statistic 7 is sufficient for 6.

Remark 8. A result that simplifies computations is the following. If fy is twice differen-
tiable and Ey % log fo (X)} can be differentiated under the expectation sign, then

2

1(6) = Eq {859 log fg(X)}2 = —E, {5)92 log fg(X)}. ©)

For the proof of (9), it is straightforward to check that

2 1" (x 2
e =20 { Srog

Taking expectations on both side we get (9).

Example 3. Let X;,X,,...,X, beiid N(u, 1). Then

1 _ )2
log ,(x) = 3 log(2) — T

)
o log fu.(x) = x — p,
2

87/142 logfu(x) =—1.
Hence I(p) =1 and 1,() = n.

We next consider an inequality due to Chapman, Robbins, and Kiefer (the CRK inequal-
ity) that gives a lower bound for the variance of an estimator but does not require regularity
conditions of the Fréchet-Cramér—Rao type.

Theorem 2 (Chapman and Robbins [12], Kiefer [52]). Let © C R and {fp(x) : 0 € ©}
be a class of PDFs (PMFs). Let ¢ be defined on ©, and let T be an unbiased estimator
of 1(6) with EgT? < oo for all § € ©. If § # ¢, assume that fy and f,, are different and
assume further that there exists a ¢ € O such that 6 # ¢ and

8(0) = {fo(x) > 0} D S(p) = {fpo(x) > 0}. (10)
Then

varg(T(X)) > sup [¥(0) =9 (0))? (11)

- {p:S(p)CS(0), p#0} V&I‘o{f@ (X)/f9 (X)}

for all 6 € Q).
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Proof. Since T is unbiased for ¢, E,T(X) = ¢ (¢) for all p € ©. Hence, for ¢ # 6,

/ 7B I f ) e = ) —(0), (12)
$(6) fo(x)

which yields

X fo(X)
= w100 v ()
Thus
[ () — 9 (0)]
vary (T(X)) > varg{f,(X) /fo(X)}’

and the result follows. In the discrete case it is necessary only to replace the integral in the
left side of (12) by a sum. The rest of the proof needs no change.

Remark 9. Inequality (11) holds without any regularity conditions on fp or 1)(0). We will
show that it covers some nonregular cases of the FCR inequality. Sometimes (11) is avail-

able in an alternative form. Let 6 and 6 + §(8 # 0) be any two distinct values in © such
that S(0+0) C S(#), and take () = 0. Write

2
o0 (') 1}

Then (11) can be written as

varg (T(X)) > —

—_— 1
- i%ng]7 (13)

where the infimum is taken over all § # 0 such that S(0+§) C S(6).
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Remark 10. Inequality (11) applies if the parameter space is discrete, but the Fréchet—
Cramér-Rao regularity conditions do not hold in that case.

Example 4. Let X be UJ0,60]. The regularity conditions of FCR inequality do not hold in
this case. Let ¢(6) = 6. If ¢ < 0, then S(p) C S(6). Also,

ol - (-t

G S, o
Var@(T(X)> & (c;:’apge) (9/90) -1 (@:@50){@(9 (p)} 4

Thus

for any unbiased estimator 7'(X) of 0. X is a complete sufficient statistic, and 2X is unbiased
for 0 so that T(X) = 2X is the UMVUE. Also

0> 0?
varg(2X) =4varX = 3 >

Thus the lower bound of 6?/4 of the CRK inequality is not achieved by any unbiased
estimator of 6.

Example 5. Let X have PMF
Py{X=k}={ N’
0, otherwise.

Let © = {N:N > M,M > 1 given}. Take 1)(N) = N. Although the FCR regularity
conditions do not hold, (11) is applicable since, for N AN’ € © C R,

S(N)={1,2,...,N} DS(N') ={1,2,...,N'}  if N <N.

Also, Py and Py are different for N £ N’. Thus

(1) > sup — N
var > sup ————.
N ~n <N vary{Py:/Py}

Now

_ )i ¥=12 NN <N,

Py(x) 0, otherwise,

QSRR
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and

Py (X N
V&I‘N{ v )}=—1>O for N > N'.

It follows that

ary(T(X)) > su (V—N')? sup N'(N —N'")
\¢ — = —N).
M VA NNV T v

Now

k(N —k) . ) N+1
1 fand only if k < — —
(k—l)(N—k+1)> 11T an 0ny1 < 2 5

so that N'(N — N') increases as long as N’ < (N + 1)/2 and decreases if N’ > (N +1)/2.
The maximum is achieved at N' = [N +1)/2] if M < (N+1)/2 and at N' = M if M >
(N +1)/2, where [x] is the largest integer < x. Therefore,

vary(T(X)) > {N;l] {N— [NZ“H M < (N+1)/2

and
vary(T(X)) > M(N—M) if M > (N+1)/2,

Example 6. Let X ~ N(0,0?). Let us compute J (see Remark 9) for § # 0.
2 2n 2 2
_ L) (fes(X)NT =i4—i—fm-—2& LXKl
52 fo(X) 62 | (o +0)> (0+9)? o?
2n 2/ 52
1 o exp DX (67 +200) 1
o+46 (o +4)?

1/ o \” e I
b= (55) B {ew(550) )

52
where ¢ = (62 +206) /(0 +6)>.
Since Y X? /0% ~ x*(n)

E,J— o\ 1 1 for ¢ < 1
T2 \\o+6) (U—20)2 ‘S

Let k = ¢ /o then

2k + k2 1 —2k—k?
= d 1-2¢=—"— —
(kg ™ e

1
:§$ﬂu+mﬂu—%—#rﬂqu

E,J
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Here 1 +k > 0and 1 —2¢ > 0, so that 1 — 2k — k> > 0, implying —v/2 < k+ 1 < v/2 and
alsok> —1.Thus —1 <k <+v2—1 and k # 0. Also,

—n 2\—n/2
lmE,J — lim (14+k)~"(1—2k—k*)~"/? -1
k=0 k=0 k*o?
_2n
o2
by L’Hospital’s rule. We leave the reader to check that this is the FCR lower bound for
var, (T (X)). But the minimum value of E,J is not achieved in the neighborhood of k =0
so that the CRK inequality is sharper than the FCR inequality. Next, we show that for
n =2 we can do better with the CRK inequality. We have

1 1
bl =25 {(1 —2k—k2)(1+k)? 1}
(k+2)?

S R0k —2k—R) ks V2—1, k#£0.

For k = —0.1607 we achieve the lower bound as (E,J)~! = 0.269802, so that
var, (T(X)) > 0.26980% > o2 /4. Finally, we show that this bound is by no means the
best available; it is possible to improve on the Chapman—Robbins—Kiefer bounds too in

some cases. Take
I'(n/2 o " X2
(X0 X Xy) = LD 0 [2a i
Ll(n+1)/2] 2V o

to be an estimate of 0. Now E,T = o and

Er= (r[i(i/?/z])sz{ e }

2 | T[(n+1)/2
so that
L nf T2 N
Vafa<T>—02{z(r[<n+1>/z]) ‘1}'
Forn=2,

4
var, (T) = o [ - 1} =0.273202,
Y

which is > 0.269802, the CRK bound. Note that 7" is the UMVUE.

Remark 11. In general the CRK inequality is as sharp as the FCR inequality. See Chapman
and Robbins [12, pp. 584-585], for details.

We next introduce the concept of efficiency.
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Definition 2. Let 77,7, be two unbiased estimators for a parameter 6. Suppose that
Ey le <00, Ey T22 < co. We define the efficiency of T relative to 7, by

V&I‘g(Tz)
fo(T, | Th) = ———= 14
€ 9( 1 | 2) Varg(Tl) (14)
and say that 7' is more efficient than 75 if
effy(Ty | To) > 1. (15)

It is usual to consider the performance of an unbiased estimator by comparing its
variance with the lower bound given by the FCR inequality.

Definition 3. Assume that the regularity conditions of the FCR inequality are satisfied by
the family of DFs {Fy,0 € ©}, © C R. We say that an unbiased estimator 7 for parameter
6 is most efficient for the family {Fp} if

571
varg(T) = Eg{({ﬂo‘?z(m} ] =1/1,(0). (16)

Definition 4. Let T be the most efficient estimator for the regular family of DFs {Fj,
6 € ©}. Then the efficiency of any unbiased estimator 7 of 6 is defined as

B ~ varg(T) 1
effo(T1) = effo(T1 | T) = varg(Ty)  1,(0)varg(T;)’ {17

Clearly, the efficiency of the most efficient estimator is 1, and the efficiency of any
unbiased estimator 7 is < 1.

Definition 5. We say that an estimator 7 is asymptotically (most) efficient if

lim effy(T)) =1 (18)
n—oo
and 77 is at least asymptotically unbiased in the sense that lim,,_,, E9T; = . Here n is
the sample size.

Remark 12. Definition 3, although in common usage, has many drawbacks. We have
already seen cases in which the regularity conditions are not satisfied and yet UMV UEs
exist. The definition does not cover such cases. Moreover, in many cases where the regu-
larity conditions are satisfied and UMV UEs exist, the UMVUE is not most efficient since
the variance of the best estimator (the UMVUE) does not achieve the lower bound of the
FCR inequality.

Example 7. Let X ~ b(n,p). Then we have seen in Example 1 that X/n is the UMVUE
since its variance achieves the lower bound of the FCR inequality. It follows that X /n is
most efficient.
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Example 8. Let X1,X>,...,X, be iid P(\) RVs and suppose 1/(\) = P5(X = 0) = e,
From Example 2, the UMVUE of ¢ is given by Ty = (”n;')z":' X with

vary(Tp) = e MM —1).
Also I,(\) = n/(Xe™>*). It follows that

(Ae=)/n e 2 /n
e~ (eMn—1) = e (\n) !

eff\(To) =

since ¢ — 1 > x for x > 0. Thus Ty is not most efficient. However, since eff 5 (7) — 1 as
n — 00, Ty is asymptotically efficient.

In view of Remarks 6 and 7, the following result describes the relationship between
most efficient unbiased estimators and UMVUEs.

Theorem 3. A necessary and sufficient condition for an unbiased estimator 7" of v to be
most efficient is that T be sufficient and the relation (8) holds for some function k(9).

Clearly, an estimator T satisfying the conditions of Theorem 3 will be the UMV UE, and
two estimators coincide. We emphasize that we have assumed the regularity conditions of
FCR inequality in making this statement.

Example 9. Let (X,Y) be jointly distributed with PDF

fe(x,y):eXp{— (g+0y)}, x>0,y>0.

For a sample (x,y) of size 1, we have

X

0 o X
—%logfg(x,y) = @(0 +9y) =5 +.

Hence, information for this sample is

X\2 E(X? 2E(XY
1(0):E9(Y—ﬁ> = Eg(Y?) + (‘94)—%
Now
E Y2—2 Ep(X?) =267
9( )_ﬁ7 9( )_
and E(XY)=1,
so that

2 2 2 2

Therefore, amount of Fisher’s Information in a sample of n pairs is é—’z’.
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We return to Example 8.3.23 where X;,X>,...,X, are iid G(1,0) and Yy,Y>,...,Y,
are iid G(1,1/0), and X’s and Y’s are independent. Then (X;,Y;) has common PDF
Jo(x,y) given above. We will compute Fisher’s Information for # in the family of PDFs
of S(X,Y) = (32X;/ > Y:)'/2. Using the PDFs of > X; ~ G(n,6) and 3_Y; ~ G(n,1/6)
and the transformation technique, it is easy to see that S(X,Y) has PDF

2T(2 —n
go(s) = (n)s"(s+9> C s>0.

Thus

It follows that
B Toap? AN
Eg{ =1 = T El1—4(2+2
9{89 oggg(S)} 92 0{ (9+S>

A o o
o 22n+1)J 2 \2n+1
2n
< ﬁ
That is, the information about # in S is smaller than that in the sample.

The Fisher Information in the conditional PDF of S given A = a, where A(X,Y) =
S1(X)S2(Y), can be shown (Problem 12) to equal

Zﬁ K] (261)
92 K0(2a)’

where K and K| are Bessel functions of order O and 1, respectively. Averaging over all val-
ues of A, one can show that the information is 2n/ 6% which is the total Fisher information
in the sample of n pairs (x;,y;)’s.

PROBLEMS 8.5

1. Are the following families of distributions regular in the sense of Fréchet, Cramér,
and Rao? If so, find the lower bound for the variance of an unbiased estimator based
on a sample size n.

(@) fop(x) =07 'e*/? if x > 0, and = 0 otherwise; 6 > 0.
(b) fo(x) =e =9 if § < x < 00, and = 0 otherwise.
©) folx)=0(1-60),x=0,1,2,..;0<0 < I.
d) f(x;0?) = (l/ax/ﬂ)e*xz/z"z, —00 < x < 00; 0% > 0.
2. Find the CRK lower bound for the variance of an unbiased estimator of #, based on
a sample of size n from the PDF of Problem 1(b).

3. Find the CRK bound for the variance of an unbiased estimator of ¢ in sampling from
N(0,1).
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4.

10.
11.

12.

In Problem 1 check to see whether there exists a most efficient estimator in each
case.

. Let X,X>, ..., X, be a sample from a three-point distribution:

1-46 1 0
PX=y}=—F= PX=w}=5, PX=y}=3,

where 0 < 6 < 1. Does the FCR inequality apply in this case? If so, what is the lower
bound for the variance of an unbiased estimator of 6?

. Let X1,X5,...,X, be iid RVs with mean y and finite variance. What is the efficiency

n .

of the unbiased (and consistent) estimator [2/n(n+1)]>"7_, iX; relative to X?

. When does the equality hold in the CRK inequality?
. Let X1, X5, ..., X, be a sample from N(u, 1), and let d(p1) = pi*:

(a) Show that the minimum variance of any estimator of ;%> from the FCR inequality
is 4p% /n:

(b) Show that T(X;,Xs,...,X,) = X - (1/n) is the UMVUE of z* with variance
(4p2 /n+2/n?).

. Let X;,X5,...,X, beiid G(1,1/a) RVs:

(a) Show that the estimator 7(X;,Xa,...,X,) = (n—1)/nX is the UMVUE for «
with variance a/(n —2).

(b) Show that the minimum variance from FCR inequality is o /n.

In Problem 8.4.16 compute the relative efficiency of jiy with respect to ;.

Let X;,Xs,...,X, and Y}, Y,,...,Y,, be independent samples from N(u,o?) and
N(p,03), respectively, where j1,0%,03 are unknown. Let p = 02 /0% and 6 = m/n,
and consider the problem of unbiased estimation of j:

(a) If p is known, show that

fo=aX+(1-a)Y,
where oo = p/(p+6) is the BLUE of . Compute var(fi).
(b) If p is unknown, the unbiased estimator
_ X+40Y
146
is optimum in the neighborhood of p = 1. Find the variance of /.

(c) Compute the efficiency of j relative to fig.

(d) Another unbiased estimator of y is
. pFX+0Y
| = —
0+ pF ’
where F = §5/pS? is an F(m—1,n— 1) RV.

Show that the Fisher Information on 6 based on the PDF

2K01(2a)s P {_a (:) * f) }

where Ky(2a) and K;(2a) are Bessel functions of order

-

for fixed a equals Z% ggzg ,

0 and 1 respectively.
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8.6 SUBSTITUTION PRINCIPLE (METHOD OF MOMENTS)

One of the simplest and oldest methods of estimation is the substitution principle: Let
¥(0), 0 € O be a parametric function to be estimated on the basis of a random sample
X1,Xa,...,X, fromapopulation DF F. Suppose we can write ¢)(6) = h(F) for some known
function A. Then the substitution principle estimator of 1 (0) is h(F}), where F; is the
sample distribution function. Accordingly we estimate j = p(F) by p(F}) = X, m =
ErX* by Z;‘Zl X;/n, and so on. The method of moments is a special case when we need to
estimate some known function of a finite number of unknown moments. Let us suppose
that we are interested in estimating

ezh(m17m27"'7mk)7 (D

where h is some known numerical function and m; is the jth-order moment of the
population distribution that is known to exist for 1 <j <k.

Definition 1. The method of moments consists in estimating 6 by the statistic

T(Xy,....X,)=h (nl i:xi,nfl i:x,?,...,n*l Zxk> . 2)
1 1 1

To make sure that T is a statistic, we will assume that 4 : R; — R is a Borel-measurable
function.

Remark 1. 1t is easy to extend the method to the estimation of joint moments. Thus we
use n~' Y"1 X;Y; to estimate E(XY) and so on.

Remark 2. From the WLLN, n~' > X! L, EXV. Thus, if one is interested in estimating
the population moments, the method of moments leads to consistent and unbiased estima-
tors. Moreover, the method of moments estimators in this case are asymptotically normally
distributed (see Section 7.5).

Again, if one estimates parameters of the type 6 defined in (1) and % is a continuous
function, the estimators T(X;,X5,...,X,) defined in (2) are consistent for 6 (see Prob-
lem 1). Under some mild conditions on A, the estimator 7 is also asymptotically normal
(see Cramér [17, pp. 386-387]).

Example 1. Let X;,X,...,X, be iid RVs with common mean y and variance 2. Then
o = +/(my —m?), and the method of moments estimator for o is given by

¢ (>_X)?
T(Xy,....X,) = ;ZX% -
1

Although T is consistent and asymptotically normal for o, it is not unbiased.

In particular, if X1, X5, ..., X, are iid P(\) RVs, we know that EX; = A and var(X;) = \.
The method of moments leads to using either X or Y_7(X; —X)?/n as an estimator of \.
To avoid this kind of ambiguity we take the estimator involving the lowest-order sample
moment.



SUBSTITUTION PRINCIPLE (METHOD OF MOMENTS)

Example 2. Let X|,X>,...,X, be a sample from

! a<x<b
f=qb=a “=T20
0, otherwise.
Then
b b—a)?
EX = a—; and var(X) = ( 12a)

387

The method of moments leads to estimating EX by X and var(X) by >_7(X; — X)?/n so

that the estimators for a and b, respectively, are

— 3IN(X —X)?
T\ (Xy,..., X)) =X — L
n
and
- 3N N(X; —X)?

Example 3. Let X,X,,...,Xy be iid b(n,p) RVs, where both n and p are unknown. The

method of moments estimators of p and » are given by
X=EX=np

and
|
N ZXZZ = EX? =np(1 —p) +n*p*.
1
Solving for n and p, we get the estimator for p as
(X Xy) = X
1 1y AN 7T2(X17...,XN)’

where T»(Xj,...,Xy) is the estimator for n, given by

_ (X)?

=—— S .
X+X - (S x/N)

(X1, X2, .., XN)

Note that X 25 np, SN X2/N L np(1 — p) + n?p?, so that both Ty and T are consistent

estimators.

Method of moments may lead to absurd estimators. The reader is asked to compute
estimators of & in N(6,6) or N(6,6?) by the method of moments and verify this assertion.
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PROBLEMS 8.6

1. Let X, L a,and Y, L b, where a and b are constants. Let /1 : R, — R be a continuous
function. Show that h(X,,Y,) L, h(a,b).

2. Let X;,X>,. .., X, be asample from G(c, ). Find the method of moments estimator
for («, ).

3. Let X1, X>, ..., X, be asample from N(z,0?). Find the method of moments estimator
for (u,0?).

4. Let X;,X>,...,X, be a sample from B(«, 3). Find the method of moments estimator
for («, B).

5. A random sample of size n is taken from the lognormal PDF

202

f(x;u,a)(a\/ZTr)lxlexp{1(logx,u)2}, x> 0.

Find the method of moments estimators for z and o2.

8.7 MAXIMUM LIKELIHOOD ESTIMATORS

In this section we study a frequently used method of estimation, namely, the method of
maximum likelihood estimation. Consider the following example.

Example 1. Let X ~ b(n,p). One observation on X is available, and it is known that n is

either 2 or 3 and p = % or % Our objective is to estimate the pair (n,p). The following

table gives the probability that X = x for each possible pair (n,p):

x (2,3 (2,5) (3,3 (3,1) Maximum Probability
0o 1 4 1 3 4
4 9 8 27 9
11 4 3 12 1
2 9 8 27 2
1 1 3 6 3
2 3 5 8 7 8
1 1 1
3 0 0 s 5

The last column gives the maximum probability in each row, that is, for each value that
X assumes. If the value x = 1, say, is observed, it is more probable that it came from
the distribution b(2, %) than from any of the other distributions and so on. The following
estimator 1is, therefore, reasonable in that it maximizes the probability of the observed
value:

2,1) ifx=0,
o 2,1 ifx=1,
(ap) ) =13 1

(3,3) ifx=2,

(3,1) ifx=3.
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The principle of maximum likelihood essentially assumes that the sample is represen-
tative of the population and chooses as the estimator that value of the parameter which
maximizes the PDF (PMF) fj (x).

Definition 1. Let (X;,X5,...,X,) be a random vector with PDF (PMF) fy (x1,x2,...,%,),
0 € ©. The function

L(e;xhxb"'axn) :fe(xlvx%"'axn)v (1)
considered as a function of @, is called the likelihood function.

Usually 0 will be a multiple parameter. If X1,X>, ..., X, are iid with PDF (PMF) fy(x),
the likelihood function is

L(O; x1,3,...,x,) = [ [ fo ) 2)
i=1

Let © C Ry and X = (X1, Xp,...,X,).

Definition 2. The principle of maximum likelihood estimation consists of choosing as an
estimator of 0 a 8(X) that maximizes L(€;x;,x,,...,x,), that is, to find a mapping 6 of
R, — Ry that satisfies

L(é;xl,xg,...,x,,) =supL(6; x1,x2,...,%,). 3)
6co

(Constants are not admissible as estimators.)

Ifad satisfying (3) exists, we call it a maximum likelihood estimator (MLE).
It is convenient to work with the logarithm of the likelihood function. Since log is a
monotone function,

logL(é;xl,...,xn) =suplogL(0; xy,...,x,). )
6co

Let © be an open subset of Ry, and suppose that fp(x) is a positive, differentiable
function of @ (that is, the first-order partial derivatives exist in the components of ). If a
supremum 6 exists, it must satisfy the likelihood equations

0 logL(é; XiyeoeyXy)
06

=0, j=12,...k 6=(0,....00. 5)

Any nontrivial root of the likelihood equations (5) is called an MLE in the loose sense.
A parameter value that provides the absolute maximum of the likelihood function is called
an MLE in the strict sense or, simply, an MLE.

Remark 1. If © C R, there may still be many problems. Often the likelihood equa-
tion 0L/060 = 0 has more than one root, or the likelihood function is not differentiable
everywhere in O, or 6 may be a terminal value. Sometimes the likelihood equation
may be quite complicated and difficult to solve explicitly. In that case one may have to
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resort to some numerical procedure to obtain the estimator. Similar remarks apply to the
multiparameter case.

Example 2. Let X;,Xs,...,X, be a sample from N(y,0?), where both y and o are

unknown. Here © = {(y1,0%), —00 < 1 < 00, 0 > 0}. The likelihood function is

1 (xi — p)?
2. _ i
L(p, 0% x1,...,%,) = 70’1(2@”/2 exp {— E Ty

and
logL(y,0%;x) = —gloga2 - glog(Zﬁ) -

The likelihood equations are

1 n
s D (i—p)=0
i=1

and

nl1

1 < )
77+ 7 L i =0.
i=1

Solving the first of these equations for z, we get i = X and, substituting in the second,
6% =>""_,[(X; —X)*/n]. We see that (f1,6?) € © with probability 1. We show that (f1,5?)
maximizes the likelihood function. First note that X maximizes L(j,0?%; x) whatever o
is, since L(1,0%;x) — 0 as |u| — oo, and in that case L(ji,0%; x) — 0 as 0> — 0 or co
whenever 6 € ©, 8 = (j1,62).

Note that 5% is not unbiased for o%. Indeed, E62 = [(n— 1) /n]o?. Butné?/(n—1) = §*
is unbiased, as we already know. Also, /i is unbiased, and both /i and &2 are consistent. In
addition, /1 and 62 are method of moments estimators for z and o2, and (fi,52) is jointly
sufficient.

Finally, note that /i is the MLE of y if o2 is known; but if 1 is known, the MLE of o
is not 62 but >_1(X; — p)?/n.

Example 3. Let X|,X>,...,X, be a sample from PMF

1
PN (k) - N ’
0 otherwise.

k=1,2,...,N,

The likelihood function is
1

L(N; ki ko, k) = { N
0, otherwise.

I <max(ky,...,k,) <N,

Clearly the MLE of N is given by

N(Xl,Xg,...,Xn) = max(Xth,...,X,,),
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if we take any & < N as the MLE, then Pq (k1,ka,... k) = 0; and if we take any B >N
as the MLE, then Py (ki k2, ... ky) = 1/(B)" < 1/(N)" = Py (ki ka, ... . ky).
We see that the MLE N is consistent, sufficient, and complete, but not unbiased.

Example 4. Consider the hypergeometric PMF

(D)
Py=9 ()

0, otherwise.

max(0,n—N+M) <x < min(n,M),

To find the MLE N = N(X) of N consider the ratio

- PN.X) _N—n N-—-M
- Pyi(x) N N—-M-n+x

R(N)

For values of N for which R(N) > 1, Py(x) increases with N, and for values of N for
which R(N) < 1, Py(x) is a decreasing function of N:

M
RN)>1  ifandonlyif N<'&
X

and

M
RN)<1 ifandonlyif N>'".
X

It follows that Py (x) reaches its maximum value where N ~ nM /x. Thus N (X) = [nM /X],
where [x] denotes the largest integer < x.

Example 5. LetX,X,,...,X, beasample from U[f — %, 0+ %} The likelihood function is

1 if6—1 <min(x,....x,)
L(0; x1,%2,. .., X,) = gmax(xl,...,xn)SQJr%,
0 otherwise.

Thus L(6; x) attains its maximum provided that

1 1
G—ESmin(xh...,xn) and 9+§2max(x1,...,x,,),
or when
. 1 1
9<m1n(x|,...,xn)—|—§ and Hzmax(xl,...,xn)—i.

It follows that every statistic 7(X;,X>, .. .,X,) such that

1 1
< < i iT 5
lrg%lxl 5 < T(X1,X2,...,X,) < 1r£l;£nX, + 7 (6)
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is an MLE of 6. Indeed, for0 < o« < 1,

1 .
Ta(Xl PR 7Xn) = 1H§1;a§)§1X’ - 5 —|—0((1 + llgilélnXi - Fgltagle)
lies in interval (6), and hence for each «v, 0 < o < 1, T, (X1, ...,X,) is an MLE of 6. In
particular, if « = %
_ minX; +maxX;

T1/2(X17"'7Xn) 2

is an MLE of 6.

Example 6. Let X ~ b(1,p), p € [1,2]. In this case L(p; x) = p*(1 —p)' =, x=0,1, and
we cannot differentiate L(p; x) to get the MLE of p, since that would lead to p = x, a value

that does not lie in © = [}, 2]. We have

which is maximized if we choose p(x) = § if x =0, and = 3 if x = 1. Thus the MLE of p
is given by

. 2X+1
pX)=——.

Note that E,p(X) = (2p+ 1) /4, so that p is biased. Also, the mean square error for p is

1 1
E,(p(X)—p)* = —E,(2X+1—4p)* = —.
In the sense of the MSE, the MLE is worse than the trivial estimator §(X) = 1, for
Ey(3—p)=(;3-p) < jsforpey .

Example 7. Let X;,X,...,X, be iid b(1,p) RVs, and suppose that p € (0,1). If
(0,0,...,0)((1,1,...,1))is observed, X = 0(X = 1) is the MLE, which is not an admissible
value of p. Hence an MLE does not exist.

Example 8. (Oliver [78]). This example illustrates a distribution for which an MLE is
necessarily an actual observation, but not necessarily any particular observation. Let
X1,Xs,...,X, be a sample from PDF

2x

T OS)CSG,
af

Jo(x) = ga—xj 0<x<a,
aa—10

0, otherwise,
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where o > 0 is a (known) constant. The likelihood function is

L(0; 31, %, .- %) = (i) ()T (Z_);> |

X <0 x>0

where we have assumed that observations are arranged in increasing order of magnitude,
0<x <xp<--<x, <a.Clearly L is continuous in ¢ (even for § = some x;) and
differentiable for values of ¢ between any two x;’s. Thus, for x; < 6 < xj4, we have

L(9)<i>0’a 6)~ "fo,H o—x),

i=1  i=j+1
0logL j n—j ?logL n—j
=—= d == 0.
96 6 aze 960 6 " (a—0p

It follows that any stationary value that exists must be a minimum, so that there can be no
maximum in any range x; < 6 < x;1;. Moreover, there can be no maximum in 0 < 0 < x;
or x, < 0 < «. This follows since, for 0 < 6 < x,

10)=(2) -0 [a-x)
i=1
is a strictly increasing function of 6. By symmetry, L(6) is a strictly decreasing function
of 6 in x,, < # < a.. We conclude that an MLE has to be one of the observations.

In particular, let &« = 5 and n = 3, and suppose that the observations, arranged in
increasing order of magnitude, are 1,2,4. In this case the MLE can be shown to be 0= 1,
which corresponds to the first-order statistic. If the sample values are 2, 3,4, the third-order
statistic is the MLE.

Example 9. Let X{,X,,...,X, be a sample from G(r,1/8); 8 > 0 and r > 0 are both
unknown. The likelihood function is

Bnr " r , ‘
L(B.rs 1,33, o3) = § e e P (AL ) 20,

0, otherwise.

Then

logL(B,r) =nrlog 8 —nlogD(r)+ (r—1) Zlogx, Zx,-,
i=1
ap B

0logL(5,r)
or

logL -
M_H_inzo,
i=1

=nlogfB—n

') |
+ ) logx; =0.
) "%
The first of the likelihood equations yields 3(x;,x,. .., x,) = 7/%, while the second gives

I'(r)
I'(r) 0

n
nlogg —|—Zlogx,- —n
X
i=1
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that is,

I'(r) I
logr— ) =logx — ;Zl:logx,-,

which is to be solved for 7. In this case, the likelihood equation is not easily solvable and
it is necessary to resort to numerical methods, using tables for I (r) /T'(r).

Remark 2. We have seen that MLEs may not be unique, although frequently they are.
Also, they are not necessarily unbiased even if a unique MLE exists. In terms of MSE,
an MLE may be worthless. Moreover, MLEs may not even exist. We have also seen that
MLE:s are functions of sufficient statistics. This is a general result, which we now prove.

Theorem 1. Let T be a sufficient statistic for the family of PDFs (PMFs) {fy : 0 € ©}. If
aunique MLE of 6 exists, then it is a (nonconstant) function of 7. If a MLE of 6 exists but
is not unique, then one can find a MLE that is a function of 7.

Proof. Since T is sufficient, we can write
L(0) = fo(x) = h(x)ge(T (x)),

for all x, all #, and some 4 and 8o- If a unique MLE 0 exists that maximizes L(0), it also
maximizes go(7'(x)) and hence ¢ is a function of 7. If a MLE of ¢ exists but is not unique,
we choose a particular MLE 6 from the set of all MLE’s which is a function of 7.

Example 10. Let X;,X,,...,X, be a random sample from U[0,0 + 1], § € R. Then the
likelihood function is given by

1 n
L(0;x) = (2> Tig— 1<y <y <0+1) (X))

We note that T(X) = (X(1),X(,) is jointly sufficient for § and any 6 satisfying
0—1<xq) <xmu<0+1,
or, equivalently,
Xy —1 <0 <xy)+1
maximizes the likelihood and hence is an MLE for #. Thus, for0 < a < 1,

O = (X — 1)+ (1—a) (X1 +1)

is an MLE of 6. If « is a constant independent pf the X’s, then éa is a function of 7. If,
on the other hand, o depends on the X’s, then 6, may not be a function of 7" alone. For
example

0o = (sin? X)) (X(y) — 1) + (cos? X1) (X(1y + 1)

is an MLE of 6 but not a function of T alone.
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Theorem 2. Suppose that the regularity conditions of the FCR inequality are satisfied and
6 belongs to an open interval on the real line. If an estimator 6 of 6 attains the FCR lower
bound for the variance, the likelihood equation has a unique solution 0 that maximizes the
likelihood.

Proof. If 0 attains the FCR lower bound, we have [see (8.5.8)]

dlog fo(X)

102 — k()] BX)

with probability 1, and the likelihood equation has a unique solution 6 = 6.
Let us write A(6) = [k(6)]~'. Then

azlogfﬂ(x) Y A
so that
9?log fo(X) _
o |,_,~ A0

We need only to show that A(9) > 0.
Recall from (8.5.4) with ¢)(0) = 6 that

Ea{ 100 -0 ZEREN

and substituting T'(X) — 0 = k() alogaifg(x) we get

dlog fy(X) _
That is,
2
A(9) = E{ak’ggg(m} >0

and the proof is complete.

Remark 3. In Theorem 2 we assumed the differentiability of A(#) and the existence of the
second-order partial derivative 9% log fy /0 6?. If the conditions of Theorem 2 are satisfied,
the most efficient estimator is necessarily the MLE. It does not follow, however, that every
MLE is most efficient. For example, in sampling from a normal population, 5> = YXi—
X)?/n is the MLE of o, but it is not most efficient. Since Y (X; — X)?/o? is x*(n— 1),
we see that var(G?) = 2(n — 1)o* /n?, which is not equal to the FCR lower bound, 20 /n.
Note that 52 is not even an unbiased estimator of .

We next consider an important property of MLEs that is not shared by other methods
of estimation. Often the parameter of interest is not § but some function 4(#). If 6 is MLE
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of § what is the MLE of h(0)? If A = h(#) is a one to one function of #, then the inverse
function 2~ '(\) = @ is well defined and we can write the likelihood function as a function
of X\. We have

L*(X;x) = L(h~ ' (A\);x)
so that

supL*(\;x) = supL(h~'(\);x) = sup L(6;%).
A A 0

It follows that the supremum of L* is achieved at A = A(6). Thus /() is the MLE of A(6).
In many applications A\ = A(#) is not one-to-one. It is still tempting to take A = h(0) as
the MLE of \. The following result provides a justification.

Theorem 3 (Zehna [122]). Let {fg: 6 € ©} be a family of PDFs (PMFs), and let L(0) be
the likelihood function. Suppose that © C Ry, k > 1. Let 7 : © — A be a mapping of ©
onto A, where A is an interval in R,(1 < p < k). If 6 is an MLE of 0, then 4(0) is an MLE
of h(0).

Proof. For each \ € A, let us define
0,={0:0€0,n0)=\}
and

M(\;x) = sup L(0;x).
ISSIN

Then M defined on A is called the likelihood function induced by h. If 0 is any MLE of
6, then 0 belongs to one and only one set, © . Since 0ec O, A= h(0) Now

M(\;x) = Bseuel)o L(0;x) > L(6; x)

and \ maximizes M, since

M(X;x) < supM(X\;x) = sup L(6; x) = L(0;x),
AEA 0cO,

5o that M(\; x) = sup, c y M(\; x). It follows that A is an MLE of /(8), where A = h(8).

Example 11. Let X ~ b(1,p), 0 <p <1, and let h(p) = var(X) = p(1 — p). We wish to
find the MLE of /(p). Note that A = [0, }]. The function / is not one-to-one. The MLE of
p based on a sample of size n is p(X,...,X,) = X. Hence the MLE of parameter h(p) is
h(X)=X(1-X).

Example 12. Consider a random sample from G(1, 3). It is required to find the MLE of
in the following manner. A sample of size n is taken, and it is known only thatk, 0 < k <n,
of these observations are < M, where M is a fixed positive number.
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Let p=P{X; <M} =1—e M5 5o that —M/S = log(l —p) and S = M/log[1/
(1 —p)]. Therefore, the MLE of 3 is M/log[l/(1 — p)], where p is the MLE of p. To
compute the MLE of p we have

L(P7 X1, X2, 7-xn) :Pk(l _P)n_k»
so that the MLE of p is p = k/n. Thus the MLE of 3 is

M
log[n/(n—k)]'

Finally we consider some important large-sample properties of MLE’s. In the following
we assume that {fy, 6 € ©} is a family of PDFs (PMFs), where © is an open interval on R.
The conditions listed below are stated when fy is a PDF. Modifications for the case where
Jfo 1s a PMF are obvious and will be left to the reader.

8=

() Ologfy/00,0%logfy/06%, 0 log fy/00° exist for all § € © and every x. Also,

/Oo 3f9(x)d _E 0 log fo(X)

90 x 0 20 =0 forall € ©.

(i) [ Pl je o foraloco.

o 802 )
(i) —o0 < [ aloagie?(x)fg(x) dx<0  forallé.

(iv) There exists a function H(x) such that for all § € ©

d?log fy(x)
003

< H(x) and /jo H(x)fy(x)dx =M(0) < o0.

(v) There exists a function g(#) which is positive and twice differentiable for every
0 € ©, and a function H(x) such that for all §

68—922 [g(e) 0 1;2]‘9} ‘ <H(x) and /_O;H(x)fe(x) dx < oo.

Note that the condition (v) is equivalent to condition (iv) with the added qualification
that g(0) = 1.
We state the following results without proof.

Theorem 4 (Cramér [17]).

(a) Conditions (i), (iii), and (iv) imply that, with probability approaching 1, as n — oo,
the likelihood equation has a consistent solution.

(b) Conditions (i) through (iv) imply that a consistent solution én of the likelihood
equation is asymptotically normal, that is,

o "Wn(b,—0) 5z,
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where Z is N(0,1) and
—1

o lEe{alogj;g(x) }2

On occasions one encounters examples where the conditions of Theorem 4 are not
satisfied and yet a solution of the likelihood equation is consistent and asymptotically
normal.

Example 13 (Kulldorf [57]). Let X ~ N(0,0),60 > 0. Let X1,X2,...,X, be n indepen-
dent observations on X. The solution of the likelihood equation is 6, = Y"1, X? /n. Also,
EX? =0, var(X?) = 262, and

g [ 0losfo(X)\" 1
0 a0 T 207

We note that

0, —=0
and
R "X2 _no L
0, — 0 :0\62"7 = N(0,26%).
Va0, ~0) g 020
However,

Flogfy 1 32
a0 e o
and is not bounded in 0 < # < oco. Thus condition (iv) does not hold.

— 00 asf —0

The following theorem covers such cases also.
Theorem 5 (Kulldorf [57]).

(a) Conditions (i), (iii), and (v) imply that, with probability approaching 1 as n — oo,
the likelihood equation has a solution.

(b) Conditions (i), (ii), (iii), and (v) imply that a consistent solution of the likelihood
equation is asymptotically normal.

Proof of Theorems 4 and 5. For proofs we refer to Cramér [17, p. 500], and Kulldorf [57].

Remark 4. 1t is important to note that the results in Theorems 4 and 5 establish the con-
sistency of some root of the likelihood equation but not necessarily that of the MLE when
the likelihood equation has several roots. Huzurbazar [47] has shown that under certain
conditions the likelihood equation has at most one consistent solution and that the like-
lihood function has a relative maximum for such a solution. Since there may be several
solutions for which the likelihood function has relative maxima, Cramér’s and Huzur-
bazar’s results still do not imply that a solution of the likelihood equation that makes the
likelihood function an absolute maximum is necessarily consistent.
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Wald [115] has shown that under certain conditions the MLE is strongly consistent. It
is important to note that Wald does not make any differentiability assumptions.

In any event, if the MLE is a unique solution of the likelihood equation, we can use
Theorems 4 and 5 to conclude that it is consistent and asymptotically normal. Note that
the asymptotic variance is the same as the lower bound of the FCR inequality.

Example 14. Consider X;,X,,...,X, iid P(A) RVs, A € © = (0, 00). The likelihood equa-
tion has a unique solution, S\(x LyeeesXn) = X, which maximizes the likelihood function. We
leave the reader to check that the conditions of Theorem 4 hold and that MLE X is consis-
tent and asymptotically normal with mean A and variance A/n, a result that is immediate
otherwise.

We leave the reader to check that in Example 13 conditions of Theorem 5 are satisfied.

Remark 5. The invariance and the large sample properties of MLEs permit us to find
MLESs of parametric functions and their limiting distributions. The delta method intro-
duced in Section 7.5 (Theorem 1) comes in handy in these applications. Suppose in
Example 13 we wish to estimate () = 6. By invariance of MLEs, the MLE of 1(6)
is 1(6,) where 6, = 3 X? /n is the MLE of §. Applying Theorem 7.5.1 we see that ¢ (6,)
is AN(0%,80*/n).

In Example 14, suppose we wish to estimate ¢)(\)

I =P, =X Then 1(\) =
e~X is the MLE of ¥()) and, in view of Theorem 7.5.1, v (

(X = >:
A) ~ AN(e ™ Ne™2N /n).

Remark 6. Neither Theorem 4 nor Theorem 5 guarantee asymptotic normality for a unique
MLE. Consider, for example, a random sample from U (0, #]. Then X,,) is the unique MLE

for 6 and in Problem 8.2.5 we asked the reader to show that n(0 — X)) 4 G(1,0).

PROBLEMS 8.7

1. Let X;,X>,...,X, be iid RVs with common PMF (pdf) f(x). Find an MLE for 6 in
each of the following cases:

(@) fo(x) = %e"x_e‘, —00 < x < 00.
() folx) =e* 7 0 <x< .
(©) fo(x) = (0a)x*1e=%" x>0, and o known.
@ fo(x)=0(1—-x)"1,0<x<1,0>1.
2. Find an MLE, if it exists, in each of the following cases:
(a) X ~b(n,0): both nand 6 € [0, 1] are unknown, and one observation is available.
(b) X1,X5,...,X, ~b(1,0),0 [2,4]
(©) X1,Xa,...,X, ~N(0,6%),0 c R.
(d) X1,X5,...,X, is a sample from

1-6 1 0
PiX=y}=—— PX=wn}=35  PX=y}=30<0<1)
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10.

11.
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©) X1, X0, ..., X, ~N(6,6),0 < 0 < .

. Suppose that n observations are taken on an RV X with distribution N(y, 1),

but instead of recording all the observations one notes only whether or not the
observation is less than 0. If {X < 0} occurs m(< n) times, find the MLE of p.

. Let X1,X>,...,X, be arandom sample from PDF

f(x;aﬁ):ﬁ_le_ﬁfl(x_o‘), a<x< oo, —o<a<oo, [>0.

(a) Find the MLE of («, 3).
(b) Find the MLE of P, 3{X; > 1}.

. Let X;,X>,...,X, be a sample from exponential density fp (x) = fe =%, x > 0,6 > 0.

Find the MLE of 6, and show that it is consistent and asymptotically normal.

. For Problem 8.6.5 find the MLE for (p1,02).
. For a sample of size 1 taken from N(u,0?), show that no MLE of (1, 0?) exists.
. For Problem 8.6.5 suppose that we wish to estimate N on the basis of observations

X1,X,..., Xy

(a) Find the UMVUE of N.

(b) Find the MLE of N.

(c) Compare the MSEs of the UMVUE and the MLE.

. LetX;(1=1,2,...,s;j=1,2,...,n) be independent RVs where X;; ~ N(y1;,0%), i =

1,2,...,s. Find MLEs for i1, 2, ..., jts, and 0. Show that the MLE for ¢ is not
consistent as s — oo (n fixed) (Neyman and Scott [77]).

Let (X, Y) have a bivariate normal distribution with parameters i1, 12,0+, 03, and p.
Suppose that n observations are made on the pair (X, Y), and N — n observations on
X that is, N — n observations on Y are missing. Find the MLE’s of 1, uz, 07,03, and
p (Anderson [2]).

[Hint: If f(x,y; j11, 112, 07,03, p) is the joint PDF of (X,Y) write
f(xvy; /leu270127(7%7p) :fl ()C; ﬂlaglz)fY|X(y ‘ BX,O'%(I 7p2))5

where f] is the marginal (normal) PDF of X, and Jy|x 1s the conditional (normal) PDF
of Y, given x with mean

(o) (%)
B = <uz - pm) tp—x
o1 o1

and variance o2 (1 — p?). Maximize the likelihood function first with respect to s
and o7 and then with respect to 1, — p(02/01) 1, poa /o1, and o3 (1 — p?).]

In Problem 5, let & denote the MLE of 6. Find the MLE of w=EX, =1/6 and its
asymptotic distribution.

In Problem 1(d), find the asymptotic distribution of the MLE of 6.
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13. In Problem 2(a), find MLE of d(#) = 6? and its asymptotic distribution.

14. Let X;,X>,...,X, be a random sample from some DF F on the real line. Suppose
we observe xj,xz,...,x, which are all different. Show that the MLE of F'is F};, the
empirical DF of the sample.

15. Let X;,X>, ..., X, be iid N(p, 1). Suppose © = {u > 0}. Find the MLE of p.

16. Let (X;,X5,...,X;—1) have a multinomial distribution with parameters n,py, ...,
DPi—1, 0 < p1,p2y.. ., pi—1 < 1, Zlfflpj < 1, where n is known. Find the MLE of
(plap27 cee 7pk71)-

17. Consider the one parameter exponential density introduced in Section 5.5 in its
natural form with PDF

Jo(x) = exp{nT(x) +D(n) + S(x)}.
(a) Show that the MGF of T(X) is given by
M(t) = exp{D(n) = D(n+1)}

for ¢ in some neighborhood of the origin. Moreover, E,T(X) = —D’(n) and
var(T(X)) = —Dn(n).
(b) If the equation E, T(X) = T'(x) has a solution, it must be the unique MLE of 7.
18. In Problem 1(b) show that the unique MLE of @ is consistent. Is it asymptotically
normal?

8.8 BAYES AND MINIMAX ESTIMATION

In this section we consider the problem of point estimation in a decision-theoretic setting.
We will consider here Bayes and minimax estimation.

Let {fp: 0 € O} be a family of PDFs (PMFs) and X;,X>,...,X, be a sample from this
distribution. Once the sample point (x,x,,...,x,) is observed, the statistician takes an
action on the basis of these data. Let us denote by A the set of all actions or decisions
open to the statistician.

Definition 1. A decision function J is a statistic that takes values in A, that is, § is a
Borel-measurable function that maps R, into A.

If X = x is observed, the statistician takes action 6(X) € A.

Example 1. Let A = {ay,a,}. Then any decision function ¢ partitions the space of values
of (Xi,...,X,), namely, R,, into a set C and its complement C¢, such that if x € C we
take action a;, and if x € C¢ action a; is taken. This is the problem of testing hypotheses,
which we will discuss in Chapter 9.

Example 2. Let A = ©. In this case we face the problem of estimation.
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Another element of decision theory is the specification of a loss function, which
measures the loss incurred when we take a decision.

Definition 2. Let A be an arbitrary space of actions. A nonnegative function L that maps
O x A into R is called a loss function.

The value L(6,a) is the loss to the statistician if he takes action a when 6 is the true
parameter value. If we use the decision function 6(X) and loss function L and 6 is the true
parameter value, then the loss is the RV L(6,(X)). (As always, we will assume that L is
a Borel-measurable function.)

Definition 3. Let D be a class of decision functions that map R, into A, and let L be a
loss function on © x A. The function R defined on © x D by

R(0,0) = EgL(0,0(X)) €))
is known as the risk function associated with § at 6.
Example 3. Let A =0 CR,L(0,a) = |0 —a|>. Then
R(0,8) = EaL(9,6(X)) = Eo{6(X) — 0},

which is just the MSE. If we restrict attention to estimators that are unbiased, the risk is
just the variance of the estimator.

The basic problem of decision theory is the following: Given a space of actions A, and a
loss function (6, a), find a decision function § in D such that the risk R(6, §) is “minimum”
in some sense for all # € ©. We need first to specify some criterion for comparing the
decision functions §.

Definition 4. The principle of minimax is to choose §* € D so that
meaxR(&é*) < mng(Hﬁ) 2)
for all § in D. Such a rule ¢*, if it exists, is called a minimax (decision) rule.

If the problem is one of estimation, that is, if A = ©, we call §* satisfying (2) a minimax
estimator of 0.

Example 4. Let X ~ b(1,p),p € © = {1 1}, and A = {a;,a,}. Let the loss function be
defined as follows.

=

Il
[T N

—_
[N
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The set of decision rules includes four functions: d1,d,,d3, ds, defined by 6, (0) = 1 (1) =
ar; 02(0) = ay, 02(1) = aa; 63(0) = @y, 93(1) = ay; and 64(0) = d4(1) = a,. The risk
function takes the following values

i R(p1,6:)) R(p2,0;) MaxR(p,6;) MinMax R(p,d;)

P1Lp2 i pL.p2
1 1 3 3

7 5 5 5

2 3 3 3
13 5 13
37 3 r
4 4 2 4

Thus the minimax solution is d,(x) = a; if x =0and = a, if x = 1.

The computation of minimax estimators is facilitated by the use of the Bayes estimation
method. So far, we have considered 6 as a fixed constant and fy (x) has represented the PDF
(PMF) of the RV X. In Bayesian estimation we treat 6 as a random variable distributed
according to PDF (PMF) 7(6) on O. Also, 7 is called the a priori distribution. Now f (x | 0)
represents the conditional probability density (or mass) function of RV X, given that § € ©
is held fixed. Since 7 is the distribution of 6, it follows that the joint density (PMF) of 6
and X is given by

f(x,0) =m(0)f (x| 0). 3)

In this framework R(0,9) is the conditional average loss, E{L(6,6(X)) | 6}, given that 0
is held fixed. (Note that we are using the same symbol to denote the RV € and a value
assumed by it.)

Definition 5. The Bayes risk of a decision function ¢ is defined by
R(7,0) = E-R(6,0). “)
If 6 is a continuous RV and X is of the continuous type, then
R(m,9) = /R(G,é)w(@)d@
= //L(G,é(x))f(x | 0)m(0)dxdb

- / / L(0,5(x))f (x.0) dxdf. )
If 6 is discrete with PMF 7 and X is of the discrete type, then
R(m,6) =Y > L(6,6(x))f (x,0). 6)
6 x

Similar expressions may be written in the other two cases.



404 PARAMETRIC POINT ESTIMATION

Definition 6. A decision function §* is known as a Bayes rule (procedure) if it minimizes
the Bayes risk, that is, if

R(m,d%) :i%lfR(ﬂﬁ). (7)
Definition 7. The conditional distribution of RV 6, given X = x, is called the a posteriori
probability distribution of #, given the sample.
Let the joint PDF (PMF) be expressed in the form
f(x70) = g(X)h(9 ‘ X)v (3)

where g denotes the joint marginal density (PMF) of X. The a priori PDF (PMF) 7 (#)
gives the distribution of 6 before the sample is taken, and the a posteriori PDF (PMF)
h(0 | x) gives the distribution of 6 after sampling. In terms of (6 | x) we may write

Rrd) = [ o) { [ 165600019 de} dx ©)

or

R(m,6) =) g(x) {ZL(9,5(X))h(9 | X)}, (10)
x 0

depending on whether f and 7 are both continuous or both discrete. Similar expressions
may be written if only one of f and 7 is discrete.

Theorem 1. Consider the problem of estimation of a parameter § € © C R with respect
to the quadratic loss function L(6,5) = (6 — §)*. A Bayes solution is given by

5(x) =E{0| X =x} (11)
(6(x) defined by (11) is called the Bayes estimator).

Proof. In the continuous case, if 7 is the prior PDF of 6, then

Rr) = [ 609 { [10- 600740 1 x0a0 | ax.

where g is the marginal PDF of X, and 4 is the conditional PDF of 6, given x. The
Bayes rule is a function ¢ that minimizes R(w,d). Minimization of R(w,d) is the same
as minimization of

/[9 —5(x)]*h(8 | x)db,
which is minimum if and only if
d(x) =E{0|x}.

The proof for the remaining cases is similar.



BAYES AND MINIMAX ESTIMATION 405

Remark 1. The argument used in Theorem 1 shows that a Bayes estimator is one which
minimizes E{L(6,6(X)) | X}. Theorem 1 is a special case which says thatif L(0,0(X)) =
[0 — 6(X))? the function

o(x) = /9h(0 | x)do
is the Bayes estimator for 6 with respect to m, the a priori distribution on ©.

Remark 2. Suppose T(X) is sufficient for the parameter 6. Then it is easily seen that the
posterior distribution of 6 given x depends on x only through 7 and it follows that the
Bayes estimator of ¢ is a function of 7.

Example 5. Let X ~ b(n,p) and L(p,6(x)) = [p—6(x)]*>. Let m(p) = 1 for 0 < p < 1 be
the a priori PDF of p. Then

(Mp (1 —p)
h x) =
w1 o (pr(1 = p)yrdp

It follows that

1
Elp |5} = [ phip |y

_x—|—1
T 42

Hence the Bayes estimator is

. X+1
%) = n+2’

The Bayes risk is

R(m,5%) = / 7(p) S 15" (x) — PP x| p) dp

x=0
! X+1 0\’
=/OE{<n+2—p) p}dp
1 1
= |, w1 =p (=207
1
T 6(nt2)

Example 6. Let X ~ N(p, 1), and let the a priori PDF of pbe N (0, 1). Also, let L(,d) =
[ —6(X)]?. Then

W | %) :féx;j)t) _ W(u;f(g L)
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= /f(x,u)du

where

~ (2m) <n+1>/2 b

2
J QXP{ (ﬂ )}dﬂ
_(n+1 1/2 1 N n2x2
- m)n/2 2 %i 2(n+1)

It follows that

and the Bayes estimator is

n

" nx X;
g (X):E{H‘X}:n—i—il:nj—l’

The Bayes risk is

Rr,%) = [ () [16°G0) ~ x| )

. - 2
nX
— [ E
/_ “{n+1 u} m(p)dp

- /Oo (n+1)">(n+ ) () dp

— 00

- 1
Cn+1

The quadratic loss function used in Theorem 1 is but one example of a loss function in
frequent use. Some of many other loss functions that may be used are

B 10— 3(X)P? o 10— 6(X)[\"?

Example 7. LetX1,X>,...,X, beiid N(u,0?) RVs. Itis required to find a Bayes estimator
of 41 of the form 6 (xy, ..., x,) = 6(X), where X =) x;/n, using the loss function L(y,6) =
|t — 6(X)|. From the argument used in the proof of Theorem 1 (or by Remark 1), the Bayes
estimator is one that minimizes the integral [ |p — §(X)|h(y4|X)dp. This will be the case if
we choose d to be the median of the conditional distribution (see Problem 3.2.5).

Let the a priori distribution of 1 be N(0,72). Since X ~N(u, 0% /n), we have

Vi exp{_(u—&f_n(x—uf}

fEp) =

2noT 272 202
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Writing
F—p) =E=0+0—p)° = =023~ 0)(n—0)+ (n—0),

we see that the exponent in f(X, i) is
1 (1 n 2nx—=0)(p—0) n _ .,
~3 {(u—&) <72+02> —T—i—;(x—e) :
It follows that the joint PDF of x and X is bivariate normal with means 6, ¢, variances 72,
72+ (0 /n), and correlation coefficient 7/1/[72 4 (02 /n)]. The marginal of X is N(0, 7% +
(0 /n)), and the conditional distribution of 1, given X, is normal with mean

T T T 0) = 0(a?/n) +x7?
0+\/72+(02/n) \/72+(c72/n)( "= 72+ (0% /n)
and variance
72 B 7202 /n
2 ) = o

(see the proof of Theorem 1). The Bayes estimator is therefore the median of this
conditional distribution, and since the distribution is symmetric about the mean,

0(c%/n) +x72
-ttt

is the Bayes estimator of .

Clearly ¢* is also the Bayes estimator under the quadratic loss function L(u,d) =
[ = 6(X)P%.

Key to the derivation of Bayes estimator is the posteriori distribution, 4(6 | x). The
derivation of the posteriori distribution /(6 | x), however, is a three-step process:

1. Find the joint distribution of X and 8 given by 7(0)f(x | 6).

2. Find the marginal distribution with PDF (PMF) g(x) by integrating (summing) over
0 € Q.

3. Divide the joint PDF (PMF) by g(x).

It is not always easy to go through these steps in practice. It may not be possible to
obtain (6 | x) in a closed form.

Example 8. Let X ~ N(pu, 1) and the prior PDF of 1 be given by

e~ (n=0)

7T(/J‘) = 4[1 + g—(/L—Q)]Z’
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where 6 is a location parameter. Then the joint PDF of X and p is given by

—(p—0)
- —p?2_ ¢ 7
S p) N [1+e 0]
so that the marginal PDF of X is

e~ (=) /2 p—p
8) \/27r/ —(p=0))2 2p-

A closed form for g is not known.

To avoid problem of integration such as that in Example 8, statisticians use the so-called
conjugate prior distributions. Often there is a natural parameter family of distributions
such that the posterior distributions also belong to the same family. These priors make the
computations much easier.

Definition 8. Let X ~ f(x|¢) and 7(0) be the prior distribution on ©. Then 7 is said to be
a conjugate prior family if the corresponding posterior distribution /(6 | x) also belongs
to the same family as 7(6).

Example 9. Consider Example 6 where () is N(0, 1) and A(p | x) is N (n+1 , n}rl) o

that both & and 7 belong to the same family. Hence N(0, 1) is a conjugate prior for p.

Example 10. LetX ~ b(n,p),0< p < 1,and 7(p) be the beta PDF with parameters («, 3).
Then
preti-p)fmt pter'1-p)!

hp|x) = folprrafl(l —p)f-ldp T Bxta,p)

which is also a beta density. Thus the family of beta distributions is a conjugate family of
priors for p.

Conjugate priors are popular because whenever the prior family is parametric the pos-
terior distributions are always computable, /(#|x) being an updated parametric version of
7(6). One no longer needs to go through a computation of g, the marginal PDF (PMF) of
X. Once h(0|x) is known g, if needed, is easily determined from

_ m(0)f(x]6)
g(x) = W

Thus in Example 10, we see easily that g(x) is beta (x+ «, 3), while in Example 6 g is
given by

1 %’
g(x):m {222 n_l}



BAYES AND MINIMAX ESTIMATION 409

Conjugate priors are usually associated with a wide class of sampling distributions,
namely, the exponential family of distributions.

Natural Conjugate Priors

Sampling Prior Posterior
PDF(PMF), f(x|6) m(0) h(0]x)

N(0.0?) NGur) N(ZEEF 52
G(v, ) Gla,p)  Gla+v,p+x)
b(n,p) B(o,B) BlatxB+n—x)
P()\) Gla,B) Gla+x,8+1)
NB(r;p) B(e,8)  Bla+r,B+x)
G(v,1/6) Glo,p) Gla+v,p+x)

Another easy way is to use a noninformative prior 7(6) though one needs some
integration to obtain g(x).

Definition 9. A PDF 7(0) is said to be a noninformative prior if it contains no information
about 6, that is, the distribution does not favor any value of 6 over others.

Example 11. Some simple examples of noninformative priors are w(6) =1, 7(6) = % and
m(0) = /I(0). These may quite often lead to infinite mass and the PDF may be improper
(that is, does not integrate to 1).

Calculation of /(6|x) becomes easier by-passing the calculation of g(x) when f(x|0) is
invariant under a group G of transformations following Fraser’s [33] structural theory.

Let G be a group of Borel-measurable functions on R, onto itself. The group operation
is composition, that is, if g; and g, are mappings from R, onto R,, g>g; is defined by
8281(x) = g2(g1(x)). Also, G is closed under composition and inverse, so that all maps in
G are one-to-one. We define the group G of affine linear transformations ¢ = {a,b} by

gx=a+bx,acR, b>0.

@ ={-5.5}.

and the composition {a,b} and {c,d} € G is given by

{a,b}{c,d}(x) = {a,b}(c+dx) = a+b(c+dx)
= (a+bc)+bdx ={a+bc,bd}(x).

The inverse of {a,b} is

In particular,

{a,b}{a,b}" = {a,b} {—‘b‘;} —{0,1} =e.
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Example 12. Let X ~ N(pu, 1) and let G be the group of translations § = {{b, 1}, —oc0 <
b < oo}. Let Xi,...,X, be a sample from N(y, 1). Then, we may write

Xi:{,u‘71}zi7 i=1,...,n,

where Zi,...,Z, are iid N(0, 1).
It is clear that Z ~ N(0, 1/n) with PDF

n ex { _ EZZ }
2r TP
and there is a one-to-one correspondence between values of {z,1} and {1, 1} given by
{1} ={p, 1}{z,1} = {p+z,1}.

Thus X = p +z with inverse map z = X — . We fix X and consider the variation in 7 as a
function of u. Changing the PDF element of 7 to i1 we get

V& exo{ 227}

as the posterior of  given X with prior 7w(u) = 1.

Example 13. Let X ~ N(0,0?) and consider the scale group § = {{0,c}, ¢ > 0}. Let X,
Xs,...,X, be iid N(0,0?). Write

X;={0,0}Z;, i=12,...,n,
where Z; are iid N(0, 1) RVs. Then the RV nS? = "7 ZZ ~ x*(n) with PDF

1 ns? 2y8-1
F(%) exp{z}(nsz)z .

The values of {0, s} are in one-to-one correspondence with those of {0,0} through

{0,5:} ={0,0}{0,s.},

where nS? = Yo X2, so that s, = os,. Considering the variation in s, as a function of &
for fixed s, we see that ds, = sx‘i%. Changing the PDF element of s, to o we get the PDF

of o as
(5-1)
1 exp _ns)zc nis)% 2
21/21(%) 202 o?

which is the same as the posterior of ¢ given s, with prior (o) = 1 /0.

Example 14. LetX; ...X, be a sample from N(j1,0?) and consider the affine linear group
§={{a,b}, —0o <a < oo,b>0}. Then

X,':{/JJ,O'}Z,', i:1,...,n
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where Z;’s are iid N(0, 1). We know that the joint distribution of (Z,82) is given by

\/Zexp{—”j}dz (1;]) ((n;)szz)"z‘—l

- {_(n —;)sﬁ}d [m—;)sz} |

Further,the values of {z, s,} are in one-to-one correspondence with the values of {u, 0}
through

Fos} = oMz 5} = {u+oz,05)
—# and s, = ﬁ.
o

_ X
= 7=
g

Consider the variation of (Z,s;) as a function of (u,0) for fixed (X, s,). The Jacobian of
the transformation from {z, s;} to {y, o'} is given by

1 _ G-
I o?

J:

Hence, the joint PDF of (u,0) given (X, s,) is given by

B <'1’;><(n501383)”?1
oo () (509),

This is the PDF one obtains if 7(p) = 1 and w(0') = 1 and y and o are independent RV.

The following theorem provides a method for determining minimax estimators.

Theorem 2. Let {fy: 6 € ©} be a family of PDFs (PMFs), and suppose that an estimator
0* of 6 is a Bayes estimator corresponding to an a priori distribution 7 on ©. If the risk
function R(¢,6*) is constant on ©, then * is a minimax estimator for 6.

Proof. Since §* is the Bayes estimator of 6 with constant risk r* (free of ), we have

r* = R(m,8%) = /_  R(9,5%)m(6)d6

zélngD/R(@,é)ﬁ(H)dQ

< sup inf R(A.6) < inf supR(6.0).
< sup inf (’)—51?@223 (6,9)
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Similarly, since r* = R(6,6*) for all § € ©, we have

r* =supR(6,0") > inf supR(6,0).
e ( ) é€Dygeco (6,9)

Together we then have

supR(0,6") = inf supR(6,9),
0cO i€Dygco

which means §* is minimax.

The following examples show how to obtain constant risk estimators and the suitable
prior distribution.

Example 15. (Hodges and Lehmann [43]). Let X ~ b(n,p), 0 < p < 1. We seek a minimax
estimator of p of the form X + 3, using the squared error loss function. We have

R(p.0) = Ef{oX + 3 —p}* = E{a(X —np) + f+ (an—1)p}?
=[(an—1)* —a’nlp® + [a’n+28(an — 1)|p + 5,

which is a quadratic equation in p. To find « and § such that R(p,d) is constant for all
p € O, we set the coefficients of p? and p equal to 0 to get

(an—1)*—a’n=0 and o?n+2B(an—1) =0.

It follows that

1 1
and
1 1
P=airve T Tl

Since 0 < p < 1, we discard the second set of roots for both « and 3, and then the estimator
is of the form

X n 1
V(L) 204 )

It remains to show that 6* is Bayes against some a priori PDF 7.
Consider the natural conjugate priori PDF

5 (x) =

w(p) =B, 8)] ' p" M (1-p)" ", 0<p<1, o, >0.
The a posteriori PDF of p, given x, is expressed by

px—i-a'—l (1 _p)n—x—i-ﬁ”—l
B(x+ao/',n—x+p)

h(p | x) =
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It follows that

Bx+a' +1l,n—x+0")
B(x+a/';n—x+p)

x+ad

T

E{p|x} =

which is the Bayes estimator for a squared error loss. For this to be of the form §*, we
must have
1 1 1 o
= and =

va(l++/n)  ntao/ +p 2(1++yn) nt+a'+p"°

giving o/ = 8 = \/n/2. It follows that the estimator *(x) is minimax with constant risk

1

4(1+4+/n)?

Note that the UMVUE (which is also the MLE) is 6(X) = X/n with risk R(p,d) =
p(1—p)/n. Comparing the two risks (Figs. 1 and 2), we see that

p(l-p) _ 1 1, J1+2yn

if and only if —_ >
PR TR/ if and only i lp 23 2205

R(p,6*) = forall  pel0,1].

so that

R(p.5") < R(p.0)

025

/16 \ R(p, 6%)

0.5 1 p

Fig. 1 Comparison of R(p,d) and R(p,d*),n=1.
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R(p, )
1/64 R(p, 6%)

0 0.5 1 P
Fig.2 Comparison of R(p,d) and R(p,6™),n=9.

in the interval (% —a,, % +ay), where a, — 0 as n — oo. Moreover,

sup, R(p,0) _ 1/4n :n+2\/ﬁ+l—>l as n — 0o

sup, R(p,6*)  1/[4(1++/n)?] n

Clearly, we would prefer the minimax estimator if z is small and would prefer the UMVUE
because of its simplicity if » is large.

Example 16. (Hodges and Lehmann [43]). A lot contains N elements, of which D are
defective. A random sample of size n produces X defectives. We wish to estimate D.

Clearly,
== ()00

D
EpX = n and o} =

nD(N —n)(N —D)
N2(N—1)

Proceeding as in Example 8, we find a linear function of X with constant risk. Indeed,
Ep(aX + 3 —D)* = 8% when

N N an
« an I} > N
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We show that aX + [ is the Bayes estimator corresponding to a priori PMF
LN d d b
P{D =d} = C/ <d>17 (1=p)"=p* ' (1=p)*~"dp,
0

where a,b > 0, and ¢ = T'(a+b)/T'(a)T'(b). First note that ZgzOP{D =d} =1 so that

; (d> F(@)'(b) TL(N+a+b) =1.

The Bayes estimator is given by

51 = = 4D G (Tt TV +b—d)
i OO @+ dr(v b —a)

A little simplification, writing d = (d — a) + a and using

() (=) (G) - G GG

yields
5*(0) = SN (VT +a+ DTN +b—d) .,
0T+ )T (N +b—d)
_ka+b+N a(N —n)
" Ta+b+n  a+b+n’
Now putting
a+b+N a(N —n)
= — d = ——
a+b+n an b a+b+n
and solving for a and b, we get
azi and b:w.
a—1 a—1

Sincea >0, 8 >0, and since b > 0, N > an+ 3. Moreover,a > 1if N >n+1.If N=n+1,
the result is obtained if we give D a binomial distribution with parameter p = % ItN=n,
the result is immediate.

The following theorem which is an extension of Theorem 2 is of considerable help to
prove minimaxity of various estimators.



416 PARAMETRIC POINT ESTIMATION

Theorem 3. Let {7 (¢); k > 1} be a sequence of prior distributions on © and let
{6y} be the corresponding sequence of Bayes estimators with Bayes risks R(my;d;). If
limsup,_, ., R(m; 05 ) = r* and there exists an estimator ¢* for which

supR(0,0%) <r*
€O

then 6* is minimax.
Proof. Suppose 6* is not minimax. Then there exists an estimator & such that

supR(6,6) < supR(6,5*).
0co 0€0

On the other hand, consider the Bayes estimators {d; } corresponding to the priors {m;(6)}.
We obtain

R 57) = [ R(O.67)m(0)ds (12)
< /R(@,S)m(e)dé (13)
< supR(0,9), (14)

0cO

which contradicts supycg R(6,6*) < r*. Hence 6* is minimax.

Example 17. LetX;,...,X, be a sample of size n from N(p, 1). Then, the MLE of y is X
with variance % We show that X is minimax. Let jz ~ N(0,72). Then the Bayes estimator

of puis X ( 112272 ). The Bayes risk of this estimator is R(m,8,2) = 1 ( l'sz ). Now, as 72 — 0o

R(m,0%,) — 1 which is the risk of X. Hence X is minimax.

Definition 10. A decision rule ¢ is inadmissible if there exists a 0* € D such that
R(6,6%) <R(0,0) where the inequality is strict for some 6 € O; otherwise ¢ is admissible.

Theorem 4. If X;,...,X, is a sample from N (6, 1), then X is an admissible estimator of ¢
under square error loss L(0,a) = (6 —a)?.

Proof. Clearly, X ~ N(6, %) Suppose X is not admissible, then there exists another rule
5*(x) such that R(#,5*) < R(6,X) while the inequality is strict for some 6 = 6 (say).
Now, the risk R(6,) is a continuous function of ¢ and hence there exists an € > 0 such
that R(0,6*) < R(0,X) — e for |0 — 0| < e.

Now consider the prior N(0,72). Then the Bayes estimator is 6(X) = X (1 + .. )_1

o3
with risk ,1 (i) Thus,

n \ 1+4+n72

_ 1 1
R(Tf',X) —R(W,(STZ) = ; (H—nq—z> .
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However,

T[R(m,0") = R(m,X)]

— 1 1
=7 [ [R(0,6%)—R(0,X -
[ IR0, - RO.3) ZMexp{ - }de
Oy+e
€ 1

< — ———0% 3 db.

> ,727'(' /90—5 exp{ 27_2 }
We get

0 < 7[R(m,6") —R(m,X)| +7 [R(m,X) — R(7,6,2)]

Qo+

€ 1 T 1
< - expl ——— 62 } do+ —

V 27'[' Oy+e p{ 27—2

The right-hand side goes to — 2

is admissible. Hence X is admissible under squared loss.

n(1+n7?)’

417

r AT — 00. This result leads to a contradiction that §*

Thus we have proved that X is an admissible minimax estimator of the mean of a normal

distribution N(0, 1).

PROBLEMS 8.8

1. It rains quite often in Bowling Green, Ohio. On a rainy day a teacher has essentially
three choices: (1) to take an umbrella and face the possible prospect of carrying it
around in the sunshine; (2) to leave the umbrella at home and perhaps get drenched;
or (3) to just give up the lecture and stay at home. Let © = {6;,0,}, where 6, corre-
sponds to rain, and 65, to no rain. Let A = {ay,a,,a3}, where g; corresponds to the
choice i, i = 1,2, 3. Suppose that the following table gives the losses for the decision

problem:
01 0,
aj 1 2
as 4 0
as 5 5

The teacher has to make a decision on the basis of a weather report that depends on

0 as follows.

0 | 6>
Wi (Rain) 07102
W, (No rain) | 0.3 | 0.8

Find the minimax rule to help the teacher reach a decision.
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10.

11.

8.9
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. Let X;,X5,...,X, be a random sample from P(\). For estimating A, using the

quadratic error loss function, an a priori distribution over O, given by PDF
T(A)=e* ifA>0,
=0 otherwise,
is used:

(a) Find the Bayes estimator for \.

(b) If it is required to estimate ¢(\) = e~ with the same loss function and same a
priori PDF, find the Bayes estimator for ().

. Let X1,X5,...,X, be a sample from b(1,6). Consider the class of decision rules § of

the form & (xy,x2,...,%,) = n! Z?:l X; + «, where « is a constant to be determined.
Find « according to the minimax principle, using the loss function (6 — §)?, where
¢ is an estimator for 6.

. Let §* be a minimax estimator for at () with respect to the squared error loss

function. Show that ad* + b(a, b constants) is a minimax estimator for ay)(6) + b.

. Let X ~ b(n,#), and suppose that the a priori PDF of 6 is U(0,1). Find the Bayes

estimator of 6, using loss function L(#,6) = (6 —6)?/[0(1 — 6)]. Find a minimax
estimator for 6.

. In Example 5 find the Bayes estimator for p?.
. Let X1,Xa,...,X, be arandom sample from G(1,1/)). To estimate ), let the a priori

PDF on A be 7(\) = e~*, A > 0, and let the loss function be squared error. Find the
Bayes estimator of \.

. Let X1,X>,...,X, be iid U(0,6) RVs. Suppose the prior distribution of 6 is a Pareto

PDF 7(0) = 9“%51 for 6 > a, = 0 for < a. Using the quadratic loss function find
the Bayes estimator of 6.

. Let T be the unique Bayes estimator of 6 with respect to the prior density 7. Then

T is admissible.
Let X1, Xa,..., X, be iid with PDF f; (x) = exp{—(x—6)}, x > 6. Take w(0) = ¢~ ?,
6 > 0. Find the Bayes estimator of ¢ under quadratic loss.

For the PDF of Problem 10 consider the estimation of # under quadratic loss. Con-
sider the class of estimators a (X(;)— 1) for all a > 0. Show that X(;) — 1/n is
minimax in this class.

PRINCIPLE OF EQUIVARIANCE

Let P = {Pg : 0 € O} be a family of distributions of some RV X. Let X C R, be sample
space of values of X. In Section 8.8 we saw that the statistical decision theory revolves
around the following four basic elements: the parameter space O, the action space A, the
sample space X, and the loss function L(6,a).

Let G be a group of transformations which map X onto itself. We say that P is invariant
under § if for each g € G and every 6 € O, there is a unique 8’ = g6 € © such that
8(X) ~ Pgg whenever X ~ Pg. Accordingly,

Po{g(X) € A} = Po{X € A} (1)
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for all Borel subsets in X,. We note that the invariance of P under § does not change the
class of distributions we begin with; it only changes the parameter or index 6 to g6. The
group G induces G, a group of transformations g on © onto itself.

Example 1. LetX ~b(n,p),0<p<1.LetG={g,e}, where g(x) =n—x, and e(x) = x.
Then gg—! = e. Clearly, g(X) ~ b(n,1 —p) so that gp = 1 —p and ép = e. The group §
leaves {b(n,p); 0 < p < 1} invariant.

Example 2. Let X1,X>,...,X, be iid N(u,0?) RVs. Consider the affine group of trans-

formations § = {{a,b}, a € R, b > 0} on X. The joint PDF of {a,b}X = (a+ bXj, ...,
a+bX,) is given by

1
f(xl’xz""’x”):WeXp{ szazz —a—bpy) }

and we see that
g(n,0) = (a+po,bo) ={a,b}{u,0}.
Clearly G leaves the family of joint PDFs of X invariant.

In order to apply invariance considerations to a decision problem we need also to ensure
that the loss function is invariant.

Definition 1. A decision problem is said to be invariant under a group § if

(i) P isinvariant under § and

(ii) the loss function L is invariant in the sense that for every g € G and a € A there is
aunique @’ € A such that

L(0,a) = L(g0,d") for all 6.

The @’ € A in Definition 1 is uniquely determined by ¢ and may be denoted by g(a).
One can show that § = {g: g € G} is a group of transformations of A into itself.

Example 3. Consider the estimation of y in sampling from N(u, 1). In Example 8.9.2
we have shown that the normal family is invariant under the location group § =
{{b,1},—00 < b < co}. Consider the quadratic loss function

L(p,a) = (u—a)*.
Then, {b,1}a=b+aand {b,1}{u,1} = {b+ p,1}. Hence,
L({b,1}p,{b,1}a) = L[(b+p) — (b+a)]2 = (M_a)z = L(p,a).

Thus L(u,a) is invariant under G and the problem of estimation of y is invariant under
group G.
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Example 4. Consider the normal family N(0,0?) which is invariant under the scale group
G ={{0,c},c > 0}. Let the loss function be

1
L(o%,a) = ;(02 —a)*.

Now, {0,c}a = ca and {0,c}{0,0%} = {0,c0?} and

L[{0,c}0?,{0,c}a] = 0217@02 —ca)’ = %(02 —a)* =L(c%,a).

Thus, the loss function L(c2,a) is invariant under G = {{0,c},c > 0} and the problem of
estimation of ¢ is invariant.

Example 5. Consider the loss function
L(c?%,a) = % -1 —logi2
o o

for the estimation of o from the normal family N(0, 0?). We show that this loss-function
is invariant under the scale group. Since

{0,c}o* ={0,c0?} and {0,c}{0,a} = {0,ca},

we have
ca ca
L[{0,c}o?,{0 =— —1—log—>
[{0,c}o”,{0,c}d] co? 0g co?
= L(o?,a).

Let us now return to the problem of estimation of a parametric function ¢ : © — R.
For convenience let us take © C R and ¢(§) = 6. Then A =0 and G = G.

Suppose 6 is the mean of PDF fy, § = {{b,1}, b € R}, and {fy} is invariant under
§G. Consider the estimator (X) = X. What we want in an estimator 9* of 6 is that it
changes in the same prescribed way as the data are changed. In our case, since X changes
to {b,1}X = X + b we would like X to transform to {b, 1}X = X + b.

Definition 2. An estimator §(X) of @ is said to be equivariant, under G, if
0(gX) = gd(X) forallge G, 2)
where we have written gX for g(X) for convenience.
Indeed g on S induces g on ©. Thus if X ~ fy, then gX ~ fzg so if §(X) estimates
6 then 6(gX) should estimate gf. The principle of equivariance requires that we restrict

attention to equivariant estimators and select the “best” estimator in this class in a sense
to be described later in this section.
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Example 6. In Example 3, consider the estimators 8 (X) =X, 0,(X) = (X(1) + X)) /2,
and 05(X) = X, « a fixed real number. Then § = {(b, 1), —0o < b < oo} induces § =G
on O and both 9;,0, are equivariant under §. The estimator d3 is not equivariant unless
a = 1. In Example 8.9.1 9(X) = X/n is an equivariant estimator of p.

In Example 6 consider the statistic 9(X) = S2. Note that under the translation group
{b,1}X =X +b and 0({b,1}X) = 9(X). That is, for every g € G, 9(gX) = 9(X). A
statistic 0 is said to be invariant under a group of transformations § if 9(gX) = 9(X) for
all g € G. When § is the translation group, an invariant statistic (function) under G is called
location-invariant. Similarly if G is the scale group, we call 0 scale-invariant and if G is
the location-scale group, we call 9 location-scale invariant. In Example 6 0;(X) = §? is
location-invariant but not equivariant, and 9,(X) and 95(X) are not location-invariant.

A very important property of equivariant estimators is that their risk function is constant
on orbits of 6.

Theorem 1. Suppose 0 is an equivariant estimator of # in a problem which is invariant
under G. Then the risk function of 0 satisfies

R(g0,0) = R(6,0) 3)

forall @ € © and g € G. If, in particular, G is transitive over ©, then R(6,0) is independent
of 6.

Proof. We have ford € © and g€ G

R(0,0(X)) = EpL(0,0(X))
=EygL(g0,80(X)) (Invariance of L)
=EygL(g0,0(g(X)) (Equivariance of ¢)
= EgL(g6,0(X)) (Invariance of {Py})
— R(g6,0(X)).

In the special case when G is transitive over © then for any 01,0, € O, there exists a g € S
such that 6, = g6,. It follows that

R(02,0) =R(g01,0) = R(6,,0)
so that R is independent of 6.
Remark 1. When the risk function of every equivariant estimator is constant, an estimator
(in the class equivariant estimators) which is obtained by minimizing the constant is called
the minimum risk equivariant (MRE) estimator.

Example 7. Let X1,X>,...,X, iid RVs with common PDF

f(x,0) =exp{—(x—0)}, x>0, and =0, ifx <O0.
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Consider the location group G = {{b,1},—0c0 < b < 0o} which induces G on © where
G = G. Clearly G is transitive. Let L(#,0) = (6 — 0)*. Then the problem of estimation of
0 is invariant and according to Theorem 1 the risk of every equivariant estimator is free of
6. The estimator 6y(X) = X(;) — + is equivariant under § since

. 1 1
So({b,1}X) = lréll_lgl(Xi—Fb) —-= b+Xqu)— o= b+ 00(X).
We leave the reader to check that
1 2
R(0,00) = Eg (X(1) - —9) ==
and it will be seen later that 9, is the MRE estimator of 6.

Example 8. In this example we consider sampling from a normal PDF. Let us first con-
sider estimation of y when o = 1. Let G = {{b,1}, —a < b < oo}. Then 9(X) = X is
equivariant under G and it has the smallest risk 1/n. Note that {x,1}~! = {—x, 1} may be
used to designate x on its orbits

(X1} 'x = (x; = %,...,x, —X) = A(x).

Clearly A(x) is invariant under § and A(X) is ancillary to p. By Basu’s theorem A(X)
and X are independent.

Next consider estimation of o with =0 and § = {{0,c},c > 0}. Then §? = > X?
is an equivariant estimator of o%. Note that {0,s,} ! may be used to designate x on its
orbits

-1 X1 Xn
{0,5:} " 'x = (Sx,..., Sx) =A(x).
Again A(x) is invariant under G and A(X) is ancillary to o2. Moreover, S? and A(X) are
independent.
Finally, we consider estimation of (y,0%) when § = {{b,c}, —a < b < 00, ¢ > 0}.
Then (X,52), where S? = > 1(X; — X)? is an equivariant estimator of (u,0?). Also
{x,s5,} ! may be used to designate x on its orbits

(Fos)'x = (X‘_",...,x"_x) —A(x).

Sx Sx

Note that the statistic A(X) defined in each of the three cases considered in Example 8
is constant on its orbits. A statistic A is said to be maximal invariant if
(i) A is invariant, and
(ii) A is maximal, that is, A(x;) = A(x2) = x; = g(x7) for some g € G.

We now derive an explicit expression for MRE estimator for a location parameter. Let
X1,X2,. .., X, be iid with common PDF f (x) =f(x — ), —oo < § < co. Then {fy : € ©}
is invariant under § = {{b, 1}, —0o < b < 0o} and an estimator of ¢ is equivariant if

A, 1}X = 0(X) +b

for all real b.
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Lemma 1. An estimator 0 is equivariant for 6 if and only if

X)) =X +q(X2—X1,.... X, — X1), 4)
for some function q.
Proof. If (4) holds then

O{b,1}x)=b+x1+q(x3—x1,...,%, —x1)
=b+0(x).

Conversely,

O(x) = O0(xy +x1 —x1,X1 +X2 — X1, ..., X1 + X, —X1)

=x1+0(0,x0 —x1,Xx -+, X, —X1),
which is (4) with g(x; —x1,...,x, —x1) = 9(0,x2 — X1, .., %, — X1).
From Theorem 1 the risk function of an equivariant estimator 0 is constant with risk
R(0,0) = R(0,0) = Eo[0(X)])*, forall 6,

where the expectation is with respect to PDF fj(x) = f(x). Consequently, among all
equivariant estimators O for 6, the MRE estimator is 0y satisfying

R(0,00) = mainR(O,a).

Thus we only need to choose the function g in (4).
Let L(6,0) be the loss function. Invariance considerations require that

L(0,0)=L(gh,g0) =L(0+b,0+Db)
for all real b so that L(¢,0) must be some function w of 9 — 6.
LetV;=X,—X,,i=2,...,n, Y = (Y2,...,Y,), and g(y) be the joint PDF of Y under
6 = 0. Let h(x;|y) be the conditional density, under § = 0, of X; given Y = y. Then
R(0,0) = Eo[w(X1 —¢(Y))]
= [{ [ wtn -t vias stvray. ®

Then R(0,0) will be minimized by choosing, for each fixed y, ¢(y) to be that value
of ¢ which minimizes

/w(ufc)h(u|y)du. (6)
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Necessarily ¢ depends on y. In the special case w(d — 0) = (d — 6)?, the integral in (6) is

minimum when c is chosen to be the mean of the conditional distribution. Thus the unique
MRE estimator of 6 is given by

60(x):x1—E9{X1|Y:y}. (7)
This is the so-called Pitman estimator. Let us simplify it a little more by computing
E(){xl —X1 |Y = y}.

First we need to compute h(u|y). When 6 = 0, the joint PDF of X;,Y>,...,Y, is easily
seen to be

FOe)f (1 4y2) - f (x1 +yn)

so the joint PDF of (Y3,...,Y,) is given by

/jo S)f(u+y2)...f(u+y,)du.

It follows that

) — F)f(u+ys)--f(u+yn)
) S F@)f (uty2) - f -y )du

®)

Now let Z = x| — X;. Then the conditional PDF of Z given y is h(x; —z | y). It follows
from (8) that

60(x) = E(){Z|y} = /_OO Zh(X1 —Z)dZ

_ ZH;' Wf(x;—2)dz
f— ] lf xj )dZ .

&)

Remark 2. Since the joint PDF of X;,X,,..., X, is H - Jo(x) = Hj'.l:]f(xj —0), the joint
PDF of 0 and X when 6 has prior 7(0) is 7r( )HJ 1f(x, 6). The joint marginal of X is
= () [Tj=.f(x;—0)db. It follows that the conditional pdf of  given X = x is given by
m(O) 11 f (% —0)
JZoo (O IT= f (i — 6)do

Taking 7(6) = 1, the improper uniform prior on ©, we see from (9) that Jy(x) is the Bayes
estimator of § under squared error loss and prior 7w(6) = 1. Since the risk of 9 is constant,
it follows that Jy is also minimax estimator of 6.
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Remark 3. Suppose S is sufficient for . Then H]’;l fo(x;) = go(s)h(x) so that the Pitman
estimator of ¢ can be rewritten as
I 9H," 1Jo(x;)dd
f_ = i 1fo(x;)d0
I 080(s)h(x)d0
2 ge(s)h(x)do
[ 0g0(s)af
[T ge(s)do

80 (X)

which is a function of s alone.

Examples 7 and 8 (continued). A direct computation using (9) shows that X(;) — 1 /nis the
Pitman MRE estimator of # in Example 7 and X is the MRE estimator of ;1 in Example 8
(when o = 1). The results can be obtained by using sufficiency reduction. In Example 7,
X(1) is the minimal sufficient statistic for 6. Every (translation) equivariant function based
on X(;y must be of the form J.(X) = X(;) + ¢ where c is a real number. Then

R(0,0.) = E¢g{X(1)+c—0}*
:EQ{X(l) — 1/}’1704’(64’ 1/]’1)}2
=R(0,00)+ (c+ 1/n)2 = (l/n)2 +(c+ 1/n)2
which is minimized for ¢ = —1/n. In Example 8, X is the minimal sufficient statistic so

every equivariant function of X must be of the form 9.(X) = X + ¢, where c is a real
constant. Then

— 1
R(1.0.) = Eu(+c—p)’ =+,
which is minimized for ¢ = 0.

Example 9. Let X;,X>,...,X, be iid U(6 —1/2,0 +1/2). Then (X(,),X(,)) is jointly
sufficient for . Clearly,

1 X(1) <0 <X(n)

f(xl_aa-'-7xi1_0):{

0 otherwise

so that Pitman estimator of 6 is given by

X(n)
/ 0do x)
oo(x) = 2 = B Em)

()
[ 2
(1)
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We now consider, briefly, Pitman estimator of a scale parameter. Let X have a joint
PDF

fol) = o (25,

where f is known and o > 0 is a scale parameter. The family {f, : ¢ > 0} remains invariant
under G = {{0,c},c > 0} which induces G = G on ©. Then for estimation of o* loss
function L(c,a) is invariant under these transformations if and only if L(0,a) = w (%).
An estimator 9 of o is equivariant under G if

9({0,¢}X) = fo(X) forall ¢ > 0.

Some simple examples of scale-equivariant estimators of o are the mean deviation
Z'{ |X; — X|/n and the standard deviation \/ Y1 (Xi —X)?/(n—1). We note that the group

G over O is transitive so according to Theorem 1, the risk of any equivariant estimator of
o* is free of o and an MRE estimator minimizes this risk over the class of all equivariant
estimators of o*. Using the loss function L(o,a) = w(a/o*) = (a — o*)?/o? it can be
shown that the MRE estimator of o, also known as the Pitman estimate of o*, is given by

Bo(x) JoS v (vx v )dy
X) = .
0 Jo S v (v v )dy

Just as in the location case one can show that Jy is a function of the minimal suffi-
cient statistic and 0y is the Bayes estimator of o* with improper prior 7(c) = 1/0%**!,
Consequently, dy is minimax.

Example 8 (continued). In Example 8, the Pitman estimator of o* is easily shown to be
k/2
L(*Y) [N~y
MO0y (2)
1

Thus the MRE estimator of ¢ is given by {I‘ (1) / Z';X?/F (2£2) } and that of o by
YIXE/(n+2).

Example 10. Let X;,X,,...,X, beiid U(0,0). The Pitman estimator of 6 is given by

o0
fx(,,) vidv _n+2

W(X) == = Xn)-
fX(n) Vn+ldv n + l
PROBLEMS 8.9
In all problems assume that X;,X>,...,X, is a random sample from the distribution under
consideration.

1. Show that the following statistics are equivariant under translation group:
(a) Median (X;).

(b) (X1 +Xw))/2.
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(¢) Xjupj+1, the quantile of order p, 0 < p < I.
) (X + X1y +- -+ Xuerp)) /(0 =2r).
(e) X+Y, where Y is the mean of a sample of size m, m # n.
2. Show that the following statistics are invariant under location or scale or location-
scale group:
(a) X —median(X;).
®) Xpr1-1 — X
© Yr, |1Xi—X|/n.
() 2 (Xi=X)(Yi—Y)

{S (=X o, (=¥}
a bivariate distribution.

75, where (X1,Y1,..., (X, Y,) is arandom sample from

3. Let the common distribution be G(«,0) where o (> 0) is known and o > 0 is
unknown. Find the MRE estimator of ¢ under loss L(c,a) = (1 —a/o)>.

4. Let the common PDF be the folded normal distribution

\/Zexp{;(xu)z}l[u,o@(x)'

Verify that the best equivariant estimator of p under quadratic loss is given by

exp{—5 (X —X)*}
V2nm {fo‘/ﬁ(x“) —%) \/% exp(—z2/2)dz}

fr=X-

5. LetX ~ U(0,20).
(a) Show that (X(;),X(y)) is jointly sufficient statistic for 6.
(b) Verify whether or not (X(,) — X(;)) is an unbiased estimator of ¢. Find an
ancillary statistic.

(c) Determine the best invariant estimator of ¢ under the loss function L(6,a) =
2
(1-9)"
6. Let

1
fow) = & exp{ |},
Find the Pitman estimator of 6.
7. Letfy(x) = exp{—(x—0)}-[l +exp{—(x—0)}] =2, forx € R, 6 € R. Find the Pitman

estimator of 6.
8. Show that an estimator 0 is (location) equivariant if and only if

9(x) = do(x) + ¢(x),

where 0, is any equivariant estimator and ¢ is an invariant function.
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9. Let X1, X, be iid with PDF

2
folx) == (1 — f) , 0<x <o, and =0 otherwise.
o o

Find, explicitly, the Pitman estimator of 0.
10. Let X;,X>,...,X, be iid with PDF

1
fo(x) = éoxp(—x/ﬂ), x>0, and =0, otherwise.

Find the Pitman estimator of 6.
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NEYMAN-PEARSON THEORY OF
TESTING OF HYPOTHESES

9.1 INTRODUCTION

Let X;,X>,...,X, be arandom sample from a population distribution Fg, 8 € ©, where the
functional form of Fg is known except, perhaps, for the parameter . Thus, for example, the
X;’s may be a random sample from N(6, 1), where 6 € R is not known. In many practical
problems the experimenter is interested in testing the validity of an assertion about the
unknown parameter 6. For example, in a coin-tossing experiment it is of interest to test,
in some sense, whether the (unknown) probability of heads p equals a given number py,
0 < po < 1. Similarly, it is of interest to check the claim of a car manufacturer about
the average mileage per gallon of gasoline achieved by a particular model. A problem of
this type is usually referred to as a problem of testing of hypotheses and is the subject of
discussion in this chapter. We will develop the fundamentals of Neyman—Pearson theory.
In Section 9.2 we introduce the various concepts involved. In Section 9.3 the fundamental
Neyman—Pearson lemma is proved, and Sections 9.4 and 9.5 deal with some basic results
in the testing of composite hypotheses. Section 9.6 deals with locally optimal tests.

9.2 SOME FUNDAMENTAL NOTIONS OF HYPOTHESES TESTING

In Chapter 8 we discussed the problem of point estimation in sampling from a popula-
tion whose distribution is known except for a finite number of unknown parameters. Here
we consider another important problem in statistical inference, the testing of statistical
hypotheses. We begin by considering the following examples.

An Introduction to Probability and Statistics, Third Edition. Vijay K. Rohatgi and A.K. Md. Ehsanes Saleh.
© 2015 John Wiley & Sons, Inc. Published 2015 by John Wiley & Sons, Inc.
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Example 1. In coin-tossing experiments one frequently assumes that the coin is fair,
that is, the probability of getting heads or tails is the same: % How does one test whether
the coin is fair (unbiased) or loaded (biased)? If one is guided by intuition, a reasonable
procedure would be to toss the coin n times and count the number of heads. If the pro-
portion of heads observed does not deviate “too much” from p = 5, one would tend to

conclude that the coin is fair.

1
20

Example 2. 1tis usual for manufacturers to make quantitative assertions about their prod-
ucts. For example, a manufacturer of 12-volt batteries may claim that a certain brand of his
batteries lasts for N hours. How does one go about checking the truth of this assertion? A
reasonable procedure suggests itself: Take a random sample of 7 batteries of the brand in
question and note their length of life under more or less identical conditions. If the average
length of life is “much smaller” than NV, one would tend to doubt the manufacturer’s claim.

To fix ideas, let us define formally the concepts involved. As usual, X = (X1,X,...,X,)
and let X ~ Fyg, 8 € © C R;. It will be assumed that the functional form of Fg is known
except for the parameter 6. Also, we assume that © contains at least two points.

Definition 1. A parametric hypothesis is an assertion about the unknown parameter 6.
It is usually referred to as the null hypothesis, Hy: 8 € ©y C O. The statement H;: 6 €
O = © — Oy is usually referred to as the alternative hypothesis.

Usually the null hypothesis is chosen to correspond to the smaller or simpler subset ©g
of © and is a statement of “no difference,” whereas the alternative represents change.

Definition 2. If ©((©;) contains only one point, we say that ©((0O) is simple; otherwise,
composite. Thus, if a hypothesis is simple, the probability distribution of X is completely
specified under that hypothesis.

Example 3. Let X ~ N(u,0?). If both 1 and o2 are unknown, © = {(p1,0%): —o00 <
@ < oo, a? > 0}. The hypothesis Ho: p < 1o, 0> > 0, where 1 is a known constant, is
a composite null hypothesis. The alternative hypothesis is H; : p > 19, 0> > 0, which is
also composite. Similarly, the null hypothesis z = ji9, 0 > 0 is also composite.

If 02 = a(% is known, the hypothesis Hy: @ = po is a simple hypothesis.

Example 4. Let X,,X,,...,X, beiid b(1,p) RVs. Some hypotheses of interest are p = %,
p < %, p> % or, quite generally, p = po, p < po, p > po, Where pg is a known number,
0<po<l.

The problem of testing of hypotheses may be described as follows: Given the sample
point x = (x1,x2,...,X,), find a decision rule (function) that will lead to a decision to reject
or fail to reject the null hypothesis. In other words, partition the sample space into two
disjoint sets C and C¢ such that, if x € C, we reject Hy, and if x € C¢, we fail to reject Hy.
In the following we will write accept Hy when we fail to reject Hy. We emphasize that when
the sample point x € C¢ and we fail to reject Hy, it does not mean that H, gets our stamp
of approval. It simply means that the sample does not have enough evidence against Hy.
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Definition 3. Let X ~ Fyg, 8 € O. A subset C of R, such that if x € C, then H| is rejected
(with probability 1) and is called the critical region (set):

C={x€R,: Hyis rejected if x € C}.

There are two types of errors that can be made if one uses such a procedure. One may
reject Hy when in fact it is true, called a type I error, or accept Hy when it is false, called a
type 1l error,

True
Hy H,
Hy Correct Type 11 Error
Accept
H; | Type I Error Correct

If C is the critical region of a rule, PgC, 6 € Oy, is a probability of type 1 error, and
PyC*, 8 € Oy, is a probability of type 11 error. 1deally, one would like to find a critical
region for which both these probabilities are 0. This will be the case if we can find a subset
S C R, such that PyS = 1 for every 8 € O and PgS = 0 for every 6 € ©,. Unfortunately,
situations such as this do not arise in practice, although they are conceivable. For example,
letX ~ C(1,60) under Hy and X ~ P(6) under H;. Usually, if a critical region is such that the
probability of type I error is 0, it will be of the form “do not reject Hy”” and the probability
of type II error will then be 1.

The procedure used in practice is to limit the probability of type I error to some pre-
assigned level « (usually 0.01 or 0.05) that is small and to minimize the probability of
type II error. To restate our problem in terms of this requirement, let us formulate these
notions.

Definition 4. Every Borel-measurable mapping ¢ of R, — [0,1] is known as a test
Jfunction.

Some simple examples of test functions are ¢(x) = 1 for all x € R,,, ¢(x) = 0 for all
x € Ry, or p(x) =, 0 << 1, forall x € R,. In fact, Definition 4 includes Definition 3
in the sense that, whenever ¢ is the indicator function of some Borel subset A of R,,, A is
called the critical region (of the test ).

Definition 5. The mapping ¢ is said to be a test of hypothesis Hy : 8 € O against the alter-
natives H; : 8 € ©, with error probability « (also called level of significance or, simply,
level) if

Eg(p(X) <« for all 8 € O. (1)

We shall say, in short, that ¢ is a test for the problem (&, ©,0).
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Let us write 8,(0) = Eg(X). Our objective, in practice, will be to seek a test ¢ for a
given o, 0 < o« < 1, such that

sup B,(0) < a. 2)
96@0

The left-hand side of (2) is usually known as the size of the test . Condition (1) therefore
restricts attention to tests whose size does not exceed a given level of significance «.

The following interpretation may be given to all tests ¢ satisfying 5.,(0) < « for all
6 € Op. To every x € R, we assign a number (%), 0 < ¢(x) < 1, which is the probability
of rejecting Hy that X ~ fp, 6 € O, if x is observed. The restriction 3,,(8) < a for 6 € ©g
then says that, if Hy were true, ¢ rejects it with a probability < o. We will call such a test
a randomized test function. If ¢(x) = I4(x), ¢ will be called a nonrandomized test. If
x € A, we reject Hy with probability 1; and if x € A, this probability is 0. Needless to say,
Ae’B,.

We next turn our attention to the type II error.

Definition 6. Let ¢ be a test function for the problem («,0¢,0;). For every 6 € ©
define

B,(0) = Egp(X) = Po{Reject Hy}. 3)

As a function of 8, 3,,(8) is called the power function of the test ¢. For any 6 € ©4, 5,(0)
is called the power of  against the alternative 6.

In view of Definitions 5 and 6 the problem of testing of hypotheses may now be refor-
mulated. Let X ~ fp, 0 € © C Ry, © = O+ 0. Also, let 0 < o < 1 be given. Given a
sample point x, find a test ¢o(x) such that 5,,(0) < a for @ € Oy, and 3,(6) is a maximum
for0 € ©,.

Definition 7. Let @, be the class of all tests for the problem («, ©, 01). A test ¢y € @,
is said to be a most powerful (MP) test against an alternative 8 € © if

Beo(0) > B,(0)  forall g€ @,. @)

If ©; contains only one point, this definition suffices. If, on the other hand, ©; contains
at least two points, as will usually be the case, we will have an MP test corresponding to
each 0 € O,.

Definition 8. A test ¢y € ®@,, for the problem («v,©¢,©;) is said to be a uniformly most
powerful (UMP) test if

By (0) > B,(0) forall p € ®,, uniformly in 6 € O;. 5)
Thus, if ©¢ and O; are both composite, the problem is to find a UMP test ¢ for the

problem («, ©¢, 0 ). We will see that UMP tests very frequently do not exist, and we will
have to place further restrictions on the class of all tests, ®,,.
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Note that if ;,¢, are two tests and A is a real number, 0 < A < 1, then \p; +
(I —X)¢y is also a test function, and it follows that the class of all test functions ®,, is
convex.

Example 5. LetX;,X,,...,X, beiid N(u, 1) RVs, where £ is unknown but it is known that
w€ O ={po,p1}, po < pu1- Let Hy: X; ~ N(po, 1), Hy: X ~N(p1,1). Both Hy and H;
are simple hypotheses. Intuitively, one would accept Hy if the sample mean X is “closer”
to 1o than to u;; that is to say, one would reject Hy if X > k, and accept Hy otherwise. The

constant k is determined from the level requirements. Note that, under Ho, X ~ N(p0, 1/n),
and, under Hy, X ~ N(u1,1/n). Given 0 < a < 1, we have

v X —po _ k—po
P, {X>k}=P
WMo =P >
= P{Type L error} = «,

so that k = 110 + 2o /+/n. The test, therefore, is (Fig. 1)

1 it %> pio+2a /0,
p(x) = .
0 otherwise.
Here X is known as a fest statistic, and the test ¢ is nonrandomized with critical region
C = {x:X> po+2za/+/n}. Note that in this case the continuity of X (that is, the absolute
continuity of the DF of X)) allows us to achieve any size o, 0 < av < 1.
The power of the test at 1) is given by

_ Za
E,p(X)=P, {X>M0+\/ﬁ}

P{)i/\/”ﬁ1 > (uoul)\/ﬁﬂa}

=P{Z>z,— \/E(Ml — o)},

Ho Ho+7a/V/n X

Fig.1 Rejection region of Hy in Example 5.
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where Z ~ N(0, 1). In particular, E,,, o(X) > « since j; > po. The probability of type II
error is given by

P{Type L error} =1 —E,,, p(X)
=P{Z <zo—Vn( — o)}

Figure 2 gives a graph of the power function (3, () of ¢ for 1 > 0 when iy =0, and
Hy:p> 0.

Example 6. Let X;,X,,X3,X4,Xs, be a sample from b(1,p), where p is unknown and 0 <
p < 1. Consider the simple null hypothesis Hy: X; ~ b(1, %) that is, under Hy, p = %
Then H, : X; ~b(1,p), p # 1/2. A reasonable procedure would be to compute the average
number of 1’s, namely, X = Z? X;/5, and to accept Hy if [X — J| < ¢, where c is to be

determined. Let o« = 0.10. Then we would like to choose ¢ such that the size of our test
is «, that is,

— 1
0.10:Pp_1/2{|X—2|>C},

or

5
5
= pl/z{—kszxi—ﬁk}, (©)
1

0.5

0.05

-1.5 0 1.5

Fig. 2 Power function of ¢ in Example 5.
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where k = 5¢. Now Z?Xi ~ b(5,%) under Hy, so that the PMF of Z?X,- — 3 is given in
the following table.

5 5 5 5

in in—% Ppl/Z{ZXi:in}
1 1 1 1

0 2.5 0.03125

1 —1.5 0.15625

2 —0.5 0.31250

3 0.5 0.31250

4 1.5 0.15625

5 2.5 0.03125

Note that we cannot choose any k to satisfy (6) exactly. It is clear that we have to reject
Hy when k = 2.5, that is, when we observe Y X; = 0 or 5. The resulting size if we use
this test is a = 0.03125 4 0.03125 = 0.0625 < 0.10. A second procedure would be to
reject Hy if k= +1.5 or £2.5 0 X; =0,1,4,5), in which case the resulting size is o =
0.0625 +2(0.15625) = 0.375, which is considerably larger than 0.10. A third alternative,
if we insist on achieving o = 0.10, is to randomize on the boundary. Instead of accepting or
rejecting Hy with probability 1 when > X; = 1 or 4, we reject Hy with probability v where

5 5
0.10=P,_1/» {Zx =0or 5} +YPpei 2 {Zx =1lor 4}.
1 1

Thus

00375

- —0.114
7= 03105 Y

A randomized test of size o = 0.10 is therefore given by

5

1 if Y xi=0ors,
1
5

0.114 if Y xj=1or4,
1
0 otherwise.

p(x) =

The power of this test is

5 5
Eyp(X) P,,{ZX,- 00r5}+0.114P,,{ZX,~ 1 or4},
1 1

where p # % and can be computed for any value of p. Figure 3 gives a graph of 8, (p).
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0.5

0 0.5 1 1.5

Fig. 3 Power function of ¢ in Example 6.

We conclude this section with the following remarks.

Remark 1. The problem of testing of hypotheses may be considered as a special case of the
general decision problem described in Section 8.8. Let A = {ay,a; }, where ag represents
the decision to accept Hy: 6 € ©( and a represents the decision to reject Hy. A decision
function ¢ is a mapping of R, into A. Let us introduce the following loss functions:

1 if
Li(0,a1) = {0 1fz E g? and L;(6,a0) =0 forall 0,

and

0 ifecoO
Ly(0,a0) = {1 ;fe c @(1) and Ly(0,a;) = 0 for all 6.

Then the minimization of EgL,(60,(X)) subject to EgL;(6,6(X)) < « is the hypotheses
testing problem discussed above. We have

EgL(0,6(X)) = Pg{d(X) =ap}, 0 <o,
= Po{Accept Hy | H; true},
and
EgL1(6,6(X)) =Po{0(X)=a1}, 6 €Oy,
= Pg{Reject Hy | 6 € O true}.

Remark 2. In Example 6 we saw that the chosen size « is often unattainable. The choice
of a specific value of « is completely arbitrary and is determined by nonstatistical
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considerations such as the possible consequences of rejecting Hy falsely, and the economic
and practical implications of the decision to reject Hy. An alternative, and somewhat sub-
jective, approach wherever possible is to report the so-called P-value of the observed test
statistic. This is the smallest level o at which the observed sample statistic is significant. In
Example 6, let S = Zle X;. If S = 0is observed, then Py, (S =0) = Py (S =0) =0.03125.
By symmetry, if we reject Hy for § = 0 we should do so also for § = 5 so the probability
of interest is Po(S = 0 or 5) = 0.0625 which is the P-value. If S = 1 is observed and we
decide to reject Hy, then we would do so also for S = 0 because S = 0 is more extreme
than S = 1. By symmetry considerations

P-value = Py(S < 1 orS>4)=2(0.03125+0.15625) = 0.375.

This discussion motivates Definition 9 below. Suppose the appropriate critical region
for testing Hy against H; is one-sided. That is, suppose C is either of the form {7 > ¢, }
or {T < c,}, where T is the test statistic.

Definition 9. The probability of observing under Hj a sample outcome at least as extreme
as the one observed is called the P-value. The smaller the P-value, the more extreme the
outcome and the stronger the evidence against H.

If av is given, then we reject Hy if P < o and do not reject Hy if P > . In the two-sided
case when the critical region is of the form C = {|T(X)| > k}, the one-sided P-value is
doubled to obtain the P-value. If the distribution of T is not symmetric then the P-value
is not well-defined in the two-sided case although many authors recommend doubling the
one-sided P-value.

PROBLEMS 9.2

1. A sample of size 1 is taken from a population distribution P(\). To test Hy: A = 1
against H;: A = 2, consider the nonrandomized test ¢(x) = 1 if x > 3, and = 0 if
x < 3. Find the probabilities of type I and type II errors and the power of the test
against A = 2. If it is required to achieve a size equal to 0.05, how should one modify
the test ©?

2. Let X;,X>,...,X, be a sample from a population with finite mean p and finite vari-
ance 2. Suppose that 1 is not known, but o is known, and it is required to test ;1 = 1o
against /o = 1 (f41 > po). Let n be sufficiently large so that the central limit theorem
holds, and consider the test

O(x1, X2, .., x,) =1 if X > k,
—0 ifx<k

where x =n~"! >-%_, x;. Find k such that the test has (approximately) size . What is
the power of this test at . = p; ? If the probabilities of type I and type II errors are
fixed at a and f3, respectively, find the smallest sample size needed.

3. In Problem 2, if ¢ is not known, find k such that the test  has size a.
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4. Let X1,X5,...,X, be a sample from N(pu,1). For testing p < uo against p > po
consider the test function

1 ifx > po+ 2,
n

2o
vn
Show that the power function of ¢ is a nondecreasing function of ;. What is the size

of the test?

5. A sample of size 1 is taken from an exponential PDF with parameter 6, that is,
X ~ G(1,0). To test Hy: 6 = 1 against H;: 6 > 1, the test to be used is the
nonrandomized test

O(x1,x2,. 0y Xy) =
0 ifx<po+

px)=1 ifx>2,
=0 if x < 2.

Find the size of the test. What is the power function?
6. Let X1,X5,...,X, be a sample from N(0,0?). To test Hy: 0 = o against H; =
o # 0y, it is suggested that the test

1 if Yoa? >cpor Dox? <o,
0 ifc; <Y ¥ <ecy,

O(x1,X2, -y Xn) :{

be used. How will you find ¢; and ¢, such that the size of ¢ is a preassigned number
a, 0 < a < 1?7 What is the power function of this test?

7. Anurn contains 10 marbles, of which M are white and 10 — M are black. To test that
M =5 against the alternative hypothesis that M = 6, one draws 3 marbles from the
urn without replacement. The null hypothesis is rejected if the sample contains 2 or
3 white marbles; otherwise it is accepted. Find the size of the test and its power.

9.3 NEYMAN-PEARSON LEMMA

In this section we prove the fundamental lemma due to Neyman and Pearson [76], which
gives a general method for finding a best (most powerful) test of a simple hypothesis
against a simple alternative. Let {fp,0 € O}, where © = {6y, 0, }, be a family of possible
distributions of X. Also, fp represents the PDF of X if X is a continuous type rv, and the
PMF of X if X is of the discrete type. Let us write fy(x) = fp, (x) and fi (x) = fp, (x) for
convenience.

Theorem 1 (The Neyman—Pearson Fundamental Lemma).

(a) Any test ¢ of the form

1 lffl (X) > kf()(X),
p(x) = q7(x) iffi(x) =kfo(x), (1)
0 if f1(x) < k fo(x),
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for some k > 0 and 0 < y(x) < 1, is most powerful of its size for testing Hy: 6 = 0,
against Hy : 0 = 6. If k = oo, the test

p(x) =1 iffo(x)=0, 2
=0 iffy(x)>0,

is most powerful of size O for testing H, against H.

(b) Given «, 0 <« < 1, there exists a test of form (1) or (2) with v(x) =+ (a constant),
for which Eg,¢(X) = a.

Proof. Let ¢ be a test satisfying (1), and ¢* be any test with Eg,*(X) < Eg,(X). In
the continuous case

/( —kfo(x

f1>kf0 f1<kfo

X)) (fi(x) —kfo(x)) dx

For any x € {fi1(x) > kfp(x)}, p(x) — ¢*(x) ©*(x) > 0, so that the integrand is > 0.
For x € {f1(x) < kfo(x)}, (x) P*(x ) =— ( ) <0, so that the integrand is again > 0.
It follows that

/ (p(x) = " (%)) (i(x) = kfo(x))dx
= Eg,p(X) — Eg, 9" (X) — k(Eg, p(X) — Egy " (X)) 2 0,
which implies
Eg,p(X) = Ep, " (X) = k(Eg,p(X) — Egyp™ (X)) 2 0

since Eg,p*(X) < Eg,(X).
If k = oo, any test ¢* of size 0 must vanish on the set {fy(x) > 0}. We have

Eae(X)~Ene'(X)= [ (1-¢" G dx =0
{fo(x)=0}
The proof for the discrete case requires the usual change of integral by a sum throughout.
To prove (b) we need to restrict ourselves to the case where 0 < « < 1, since the MP

size 0 test is given by (2). Let v(x) =, and let us compute the size of a test of form (1).
We have

Eg,p(X) = Py, {f1(X) > k fo(X)} +7Po, {1(X) =k fo(X)}
= 1Py, {/i(X) <kfo(X)} +7 Po, {i(X) =k fo(X)}.
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Since Py, {fo(X) = 0} = 0, we may rewrite Ep,0(X) as

i H(X) } {fl(X)_ }
Eg,p(X) =1 — Py, {fo(X) <k +Py, X ko 3)
Given 0 < a < 1, we wish to find k and +y such that Ep,(X) = a, that is,
fi(X) }_ {MX) }_ _
i << P (g <4 1o @

Note that

{5 =4

is a DF so that it is a nondecreasing and right continuous function of k. If there exists a kg

such that
X
z%{ﬁ()sm}zl—m

fo(X)
we choose 7 = 0 and k = ky. Otherwise there exists a ky such that
N(X) } {fl (X) }
P <kyp<l—a<P <kog¢, Q)
%{mx> ’ ") =

that is, there is a jump at ko (see Fig. 1). In this case we choose k = kj and

_ Po{iX)/o(X) < kot —(1—a)
Py, {1(X) /fo(X) = ko}-

Since «y given by (6) satisfies (4), and 0 < v < 1, the proof is complete.

(6)

Remark 1. Ttis possible to show (see Problem 6) that the test given by (1) or (2) is unique
(except on a null set), that is, if ¢ is an MP test of size o of Hy against Hy, it must have
form (1) or (2), except perhaps for a set A with Pg,(A) = Py, (A) = 0.

Remark 2. An analysis of proof of part (a) of Theorem 1 shows that test (1) is MP even if
/1 and f; are not necessarily densities.

Theorem 2. If a sufficient statistic 7' exists for the family {fp: 0 € ©}, © = {6y, 0, }, the
Neyman—Pearson MP test is a function of 7.

Proof. The proof of this result is left as an exercise.

Remark 3. 1f the family {fy: 6 € ©} admits a sufficient statistic, one can restrict attention
to tests based on the sufficient statistic, that is, to tests that are functions of the sufficient
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1

Fig. 1
statistic. If  is a test function and 7 is a sufficient statistic, E{p(X) | T} is itself a test
function, 0 < E{x(X) | T} < 1, and

Ep{p(X) | T}H = Egp(X),
so that ¢ and E{¢ | T} have the same power function.
Example 1. Let X be an RV with PMF under H, and H; given by

x \ 1 2 3 4 5 6
fo(x) | 0.01 001 001 001 001 0.95
fi(x) | 0.05 0.04 003 002 001 0.85

Then A\(x) =fi(x)/fo(x) is given by

1 2 3 45 6
Mx)[ 5 4 3 2 1 089

If o = 0.03, for example, then Neyman—Pearson MP size 0.03 test rejects Hy if A(X) > 3,
that is, if X < 3 and has power

Pi(X <3)=0.05+0.04+0.03 =0.12

with P(Type Il error) = 1 —0.12 = 0.88.
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Example 2. Let X ~ N(0,1) under Hy and X ~ €(1,0) under H;. To find an MP size «
test of Hy against H,

X ™ .X'2
Ay A6 _ (/w1142

fo(x)  (1/v2m)e=>/2
[2 /2
TV r 42
Figure 2 gives a graph of A(x) and we note that A has a maximum at x = 0 and two min-
imas atx = £1. Note that A\(0) = 0.7979 and A(+1) = 0.6578 so for k € (0.6578,0.7989),
A(x) = k intersects the graph at four points and the critical region is of the form |X| < k; or
|X| > ky, where k; and k; are solutions of A(x) = k. For k = 0.7979, the critical region is of
2
the form |X| > ko, where kg is the positive solution of e ~%0/2 = 142 so that ko ~ 1.59 with

a=0.1118. For k < 0.6578, a = 1 and for k = 0.6578, the critical region is |X| > 1 with
a = 0.3413. For the traditional level o = 0.05, the critical region is of the form |X| > 1.96.

Example 3. LetX,,X5,...,X, beiid b(1,p) RVs,andlet Hy: p =po, H: p=p1,p1 > po.
The MP size « test of Hj against H| is of the form

Doxi 1— n—y_ x
1, A =2 mp) Tt
e (1= po)r=En
P(x1,%0,. ., Xy) =
7, Alx) =k,
0, Ax) <k,
A
-- A0)=0.7979
L-- A(1)=0.6578
x

Fig.2 Graph of \(x) = (2/7r)1/2e:2%i2/)2).
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where k and  are determined from

EPOQO(X) = Q.

>oxi [— n—y_ x;
w-(3) ()
Po 1 —po
and since p; > pg, A(x) is an increasing function of Y x;. It follows that A(x) > k if and
only if > x; > ky, where k; is some constant. Thus the MP size « test is of the form

Now

Lif > x>k,
px)=<~v if Yoxi=k,
0 otherwise.

Also, k; and v are determined from

@ = EPOSD(X) - PI’O {ZXL > kl } +7PPO {le = kl}
1 1
- n —r n n—
Z <)P6(1P0)" Jr’y( )pg‘(lpo) “
r k

r=k +1

Note that the MP size « test is independent of p; as long as p; > po, that is, it remains an
MP size « test against any p > pg and is therefore a UMP test of p = py against p > po.
In particular, let n =5, pg = %, p1= %, and o = 0.05. Then the MP test is given by

1 Z)Ci >k,
p(x) =97 Xx=k
0 in <k,

where k and 7y are determined from

os=a=3-(0) () () (3)-

It follows that k = 4 and v = 0.122. Thus the MP size o = 0.05 test is to reject p = % in
favor of p = 2 if >/ X; = 5 and reject p = 1 with probability 0.122 if > ] X; = 4.

It is simply a matter of reversing inequalities to see that the MP size « test of Hy: p = pg
against H, : p = p; (p1 < po) is given by

1t Y <k,
p(x) =<~ if Yox=k,
0 if Y >k,

where ~ and k are determined from E, ¢(X) = o
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We note that T(X) = > X; is minimal sufficient for p so that, in view of Remark 3, we
could have considered tests based only on 7. Since T ~ b(n,p),

RO (D -pr

so that an MP Test is of the same form as above but the computation is somewhat simpler.

We remark that in both cases (p; > po,p1 < po) the MP test is quite intuitive. We would
tend to accept the larger probability if a larger number of “successes” showed up, and
the smaller probability if a smaller number of “successes” were observed. See, however,
Example 2.

Ay =140 <rfl>pt‘(l_pl)w (”‘)t(l—lﬂ)"—,

Po 1 —po

Example 4. Let X,,X,...,X, be iid N(u,0?) RVs where both 1 and % are unknown.

We wish to test the null hypothesis Ho : ju = i, 0 = o against the alternative H : j1 = fuy,

02 = 0}. The fundamental lemma leads to the following MP test:

{1 i) >k,
‘p(x)_{o if \(x) < &,

where

(1/00V/2m)" exp{~[32(xi — m)*/203]}
(1/00v/2m)" exp{~[32 (xi — uo)? /203]}

and k is determined from E,, »,¢(X) = o.. We have

2 2
_ M1 Mo Ho 1251
w0 =en{Tu (- 10)en (3515 ) )

Ax) =

If 41 > po, then

n
A(x) >k  ifand only if in >k,

i=1

where £’ is determined from

n
Xi—npo _ k' —nuo
:P X>k/ :P Zl > P

giving k' = z4+/nog + nuo. The case uy < po is treated similarly. If oy is known, the
test determined above is independent of y; as long as 1 > o, and it follows that the
test is UMP against H{ D>, ol = 05. If, however, oy is not known, that is, the null
hypothesis is a composite hypothesis Hj : 11 = po, 0> > 0 to be tested against the alterna-
tives H{': = 1, 0> > 0 (11 > pi0), then the MP test determined above depends on 0.
In other words, an MP test against the alternative py, 0(2) will not be MP against p, 02,
where 07 # 03.
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PROBLEMS 9.3
1. A sample of size 1 is taken from PDF
g(0 —x) if0<x<#6
folwy=q @ e

10.

11.

12.

0 otherwise.

Find an MP test of Hy: 6 = 6 against H; : 0 (6; < 6)).

. Find the Neyman—Pearson size « test of Hy: 6 = 6 against H;: 0 = 6, (0; < )

based on a sample of size 1 from the PDF

Jo(x) =20x+2(1-6)(1 —x), 0<x<1, 6 €10,1].

. Find the Neyman—Pearson size « test of Hy: 8 = 1 against H;: 8 = [3; (> 1) based

on a sample of size 1 from

pxPl 0<x <,
0, otherwise.

f(X;ﬂ)—{

. Find an MP size o test of Hy: X ~ fy(x), where fy(x) = (27) /2™ /2, 0o < x <

00, against Hy : X ~ fi(x) where f (x) =27 'e™ ¥, —00 < x < 00, based on a sample
of size 1.

. For the PDF fj(x) = e~ =9 x>0, find an MP size « test of 6 = 6, against 0 = 0,

(> 6)p), based on a sample of size n.

. If o™ is an MP size « test of Hy: X ~ fy(x) against Hy: X ~ fi(x) show that it has

to be either of form (1) or form (2) (except for a set of x that has probability 0 under
Hy and H)).

. Let ¢* be an MP size « (0 < v < 1) test of Hy against H;, and let k(«v) denote the

value of k in (1). Show that if a; < a, then k(az) < k(o).

. For the family of Neyman—Pearson tests show that the larger the «, the smaller the

B (= P[Type II error]).

. Let 1 — /3 be the power of an MP size « test, where 0 < o < 1. Show that « < 1 —J3

unless Pg, = Py,.
Let « be a real number, 0 < o < 1, and * be an MP size « test of Hy against H|.
Also, let 8 = Ep,¢*(X) < 1. Show that 1 — ¢* is an MP test for testing H, against
Hy at level 1 — .

Let X;,X5,...,X, be a random sample from PDF
0 .
fg()c):—2 if 0<0<x<oo.
X

Find an MP test of 6 = 6 against 6 = 6, (£ 6,).

Let X be an observation in (0, 1). Find an MP size « test of Hy: X ~ f(x) = 4x if
0<x< 31 and=4—4xif § <x<1,against H: X ~f(x) = 1if 0 < x < 1. Find
the power of your test.
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13. In each of the following cases of simple versus simple hypotheses Hy : X ~ fy, H :
X ~ fi, draw a graph of the ratio A(x) = fi (x) /fo(x) and find the form of the Neyman~—
Pearson test:

@) fo(x) = (1/2)exp{—|x+1[}; fi(x) = (1/2) exp{—[x —1[}.

() fo(x) = (1/2)exp{—Ixl}; fi(x) = {1/[x(1+2*)]}.

© folx) = (1/m){1+ (1+x)*} 5 filx) = (1/m){1+ (1 -x)*} "
14. Let X|,X5,...,X, be a random sample with common PDF

1
folx) = 55 exp{—}l/0}, xER, 6>0.

Find a size a MP test for testing Hy : 6 = 0 versus H, : 6 = 0; (> 6)).
15. Let X ~ f;, j =0, 1, where

x 1 2 3 4 5
folx) 1/5 15 1/5 1/5 1/5
filxy 1/6 1/4 1/6 1/4 1/6

(a) Find the form of the MP test of its size.
(b) Find the size and the power of your test for various values of the cutoff point.

(c) Consider now a random sample of size n from f; under Hy or f; under H;. Find
the form of the MP test of its size.

9.4 FAMILIES WITH MONOTONE LIKELIHOOD RATIO

In this section we consider the problem of testing one-sided hypotheses on a single real-
valued parameter. Let {fy,6 € O} be a family of PDFs (PMFs), © C R, and suppose that
we wish to test Hy: 6 < 6, against the alternatives H,: 6 > 6 or its dual, H): 6 > 6,
against H : 6 < 6. In general, it is not possible to find a UMP test for this problem. The
MP test of Hy: 0 < 6y, say, against the alternative 8 = 6; (> 6,) depends on ¢, and cannot
be UMP. Here we consider a special class of distributions that is large enough to include the
one-parameter exponential family, for which a UMP test of a one-sided hypothesis exists.

Definition 1. Let {fy,0 € O} be a family of PDFs (PMFs), 6 C R. We say that {fp} has
a monotone likelihood ratio (MLR) in statistic 7(x) if for 6, < 0,, whenever fp, , fp, are
distinct, the ratio fy, (x) /fp, (x) is a nondecreasing function of 7'(x) for the set of values x
for which at least one of fp, and fp, is > 0.

It is also possible to define families of densities with nonincreasing MLR in T'(x), but
such families can be treated by symmetry.

Example 1. Let X;,X,,...,X, ~ U[0,0], 6 > 0. The joint PDF of X|,...,X, is

1
—, 0 <maxx; <80,
folxy =4 o "=

0, otherwise.
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Let 6, > 6, and consider the ratio

f9z (X) (1/93)1[maxx,»§02]

fel(x) (1/9?)I[maxxi§01]

0 n
= (91> I[maxx,-SGZ]/I[maxx'Se']'
2

Let

Iimaxx;
R(x) = 71[ i<
[maxx; <6]

)1, maxx; €[0,64],
oo, maxy; € [01,0].

Define R(x) = oo if maxx; > 6,. It follows that fp, /fp, is a nondecreasing function of

max <;<, X;, and the family of uniform densities on [0, 6] has an MLR in max;<;<,x;.

Theorem 1. The one-parameter exponential family

folx) = exp{Q(O)T(x) + S(x) + D(6)} ()
where Q(0) is nondecreasing, has an MLR in 7'(x).
Proof. The proof is left as an exercise.

Remark 1. The nondecreasingness of Q(6) can be obtained by a reparametrization, putting
¥ = Q(0), if necessary.

Theorem 1 includes normal, binomial, Poisson, gamma (one parameter fixed), beta
(one parameter fixed), and so on. In Example 1 we have already seen that U[0, 6], which
is not an exponential family, has an MLR.

Example 2. Let X ~ C(1,0). Then

fol) _ 14 (= 0,)
fox) T TH (i 02)?

and we see that C(1,6) does not have an MLR.

— 1 as x — £o0,

Theorem 2. Let X ~ fy, 0 € O, where {fp} has an MLR in T'(x). For testing Hy: 6 < 6
against Hy: 0 > 6, 0y € O, any test of the form

1 if T(x) > to,
p(x)=q7 ifT(x) =1, (2)
1 if T(X) < 1o,
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has a nondecreasing power function and is UMP of its size Eg,(X) = « (provided that
the size is not 0).

Moreover, for every 0 < o < 1 and every ¢, € O, there exists a 1y, —oo < 1y < 00, and
0 < <1 such that the test described in (2) is the UMP size « test of Hj against H.

Proof. Let 6,0, € ©, 6, < 6,. By the fundamental lemma any test of the form
1 k
p(x) = 47(x), A(x)=k, 3)
0 k

where A\(x) = fy, (%) /fy, (x) is MP of its size for testing 6§ = 6, against § = 0,, provided
that 0 < k < oo and if k = oo, the test

if =0
(P(X) _ {07 1 f91 (X) 07 (4)

is MP of size 0. Since fy has an MLR in 7, it follows that any test of form (2) is also of
form (3), provided that Ey, o(X) > 0, that is, provided that its size is > 0. The trivial test
¢’ (x) = « has size « and power «, so that the power of any test (2) is at least «, that is,

E9290(X) > Eezwl(x) =a = Ey, @(X)

It follows that, if #; < 6, and Ep, o(X) > 0, then Ep, o(X) < Eg,p(X), as asserted.

Let 6, = 6y and 6, > 0, as above. We know that (2) is an MP test of its size Eg,0(X)
for testing 6 = 6 against 6 = 6, (6, > 6,), provided that Ep,(X) > 0. Since the power
function of ¢ is nondecreasing,

Epp(X) < Egp(X) = ap for all § < 6. 5)

Since, however, ¢ does not depend on 6, (it depends only on constants k and ), it follows
that ¢ is the UMP size «y test for testing 6 = 6 against 6 > 6y. Thus ¢ is UMP among
the class of tests ¢’ for which

Eg, " (X) < Eg,0(X) = . (©6)

Now the class of tests satisfying (5) is contained in the class of tests satisfying (6)
[there are more restrictions in (5)]. It follows that , which is UMP in the larger class
satisfying (6), must also be UMP in the smaller class satisfying (5). Thus, provided that
ap > 0, ¢ is the UMP size « test for § < 6, against 6 > 6.

We ask the reader to complete the proof of the final part of the theorem, using the
fundamental lemma.
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Remark 2. By interchanging inequalities throughout in Theorem 2, we see that this

theorem also provides a solution of the dual problem H(: 6 > 6, against H: 6 < 6.

Example 3. Let X have the hypergeometric PMF

() (=)
PylX=xt="2 "X/ _0,1,2,...,M.

o)

Pyi{X=x} M+1N-M-n+x
Py{X=x} N-M M+1-x "~

Since

we see that {Py} has an MLR in x(Pyy, /Py, where M, > M, is just a product of such
ratios). It follows that there exists a UMP test of Hy: M < M, against H; : M > M, which

rejects Hy when X is too large, that is, the UMP size « test is given by

1, x>k,
px) =97, x=k,
0, x<k,
where (integer) k and v are determined from
EMo‘)O(X) = .

For the one-parameter exponential family UMP tests exist also for some two-sided

hypotheses of the form
Hy:0<6;o0r0> 92(91 < 92)

We state the following result without proof.

)

Theorem 3. For the one-parameter exponential family (1), there exists a UMP test of the

hypothesis Hy: 6 < 0, 0r 0 > 6, (8, < 6,) against H; : 8; < 6 < 60, that is of the form

1 ife <T(x) <o,
p(x)=q % ifTx)=c, =12 (a<c),
0 ifT(x) <cior >c,

where the ¢’s and the 7’s are given by
E@l@(X) = E@z@(X) =a.

See Lehmann [64, pp. 101-103], for proof.

®)

€))
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Example 4. LetX;,X5,...,X, beiid N(u, 1) RVs. To test Hy: p < g or p > puy (41 > fi0)
against Hy : po < p < 11, the UMP test is given by

1 ifo <Y xi<c,
p(x)=1<v if Dx;=cjorc,
0 if EX,‘<C1 or > ¢,

where we determine ¢y, c; from

OLZPM{C] < in <Cz} :Pm{cl < in <C2}

and y; = 7, = 0. Thus

P

_ X; — _
N c1 — np Z njio - c nuo}

Vi Vi Vi

{c]—n,ul S X —npy <c2—nu1}

I
~

Vi Vi Vi

ci —n,uo cz—nuo}

P zZ<

R vn

where Zis N(0, 1). Given «, n, 1, and p1, we can solve for ¢; and ¢, from the simultaneous

equations
(S (1) Cl —npo
Pl ——"n" | —-P —— | =
( Vi ) ( Vi ) “
C) — N Cp —npy
Pl —r"no | P —— | =
( NG ) ( NG ) “
where ® is the DF of Z.

Remark 3. We caution the reader that UMP tests for testing Hy: 6; < 6 < 6, and
Hj: 6 = 0 for the one-parameter exponential family do not exist. An example will suffice.

Example 5. Let X1,Xs, ..., X, be a sample from N(0, 0?). Since the family of joint PDFs
of X = (Xi,...,X,) has an MLR in 7(X) = Y| X7, it follows that UMP tests exist for
one-sided hypotheses o > 0¢ and o < oy.

Consider now the null hypotheses Hy: o = o against the alternative H; : o # (. We
will show that a UMP test of H, does not exist. For testing o = 0 against o > 0y, a test
of the form

1, x? >
i) = b 2>
0, otherwise
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is UMP, and for testing o = 0y against o < 0y, a test of the form

a(x

):{1 inz<62

0 otherwise

is UMP. If the size is chosen as o, then ¢; = o5z, and ¢ = oG x5 |, Clearly, neither ¢,
nor ¢, is UMP for H against H; : o # 0. The power of any test of Hy for values o > o
cannot exceed that of ¢, and for values of o < 0y it cannot exceed the power of test ¢,.
Hence no test of Hy can be UMP (see Fig. 1).

PROBLEMS 9.4

1. For the following families of PMFs (PDFs) fy(x), 6 € © C R, find a UMP size « test
of Hy: 0 < 6 against H; : 6 > 6, based on a sample of n observations.

@ fo(x) =07 (1-0)""*x=0,1;0<6<1.
(b)fg(x):(l/f)exp{ (x—0)%/2}, —00 < x < 00, —00 < f < 0.
©) fo(x)=e?(0"/x!),x=0,1,2,...;0 > 0.

@) fo(x)=(1/0)e=/ x>0,6>0.

(e) fo(x)=[1/T(O)x’Te=*,x>0,6>0.

) fo(x) =0x"1,0<x<1,0>0.

0 1 2 3

Fig. 1 Power functions of chi-square tests of Hy : 0 = 0 against H;.
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2. Let X;,X5,...,X, be a sample of size n from the PMF

1

Py(¥) =1,  x=12..NNe{l2..}.

(a) Show that the test

1 if max(xy,x2,...,%,) > Ny
O(X1, X2,y X) =

o if max(xy,x2,...,%,) < No

is UMP size « for testing Hy: N < Ny against H;: N > Nj.
(b) Show that

1 if max(xy,x2,...,%,) > No or
P(x1,X2, -y X) = max(xi,x2,...,%,) < a'/"Ny

0 otherwise,

is a UMP size « test of H)j: N = Ny against H{: N # Nj.
3. Let X1,X5,...,X, be a sample of size n from U(0,0), > 0. Show that the test

1 if max(xy,...,x,) > 6y

@1 (X],)Cz, A ,xn) = {

a if max(xy,xa,...,%,) < 60y
is UMP size « for testing Hy: 0 < 6 against Hy: 6 > 6 and that the test

1 if max(xy,...,x,) > 6 or
©2(X1, X2,y Xp) = max(xy,X2,...,%,) < fpa!/"

0 otherwise

is UMP size o for H)): 6 = 6, against H| : 6 # 6.
4. Does the Laplace family of PDFs

1
fg(x)ziexp{—|x—9|}, —00 < x < 00, 0 eR,

possess an MLR?
5. Let X have logistic distribution with PDF

fo(x)=e {14+ 72 xeR.

Does {fp} belong to the exponential family? Does {fy } have MLR?
6. (a) Let fy be the PDF of a N(6,0) RV. Does {fy } have MLR?
(b) Do the same as in (a) if X ~ N(6,6?).
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9.5 UNBIASED AND INVARIANT TESTS

We have seen that, if we restrict ourselves to the class ®,, of all size « tests, there do not
exist UMP tests for many important hypotheses. This suggests that we reduce the class of
tests under consideration by imposing certain restrictions.

Definition 1. A size « test ¢ of Hy: 6 € O against the alternatives H; : § € O is said to
be unbiased if

Epp(X) > « for all # € ©y. (1
It follows that a test ¢ is unbiased if and only if its power function S, (6) satisfies
B,(0) <a for # € O (2)
and
By(0) > for 0 € ©,. 3)

This seems to be a reasonable requirement to place on a test. An unbiased test rejects a
false Hy more often than a true Hj.

Definition 2. Let U, be the class of all unbiased size « tests of Hy. If there exists a test
@ € U, that has maximum power at each 6 € ©,, we call ¢ a UMP unbiased size « test.

Clearly U,, C ®,. If a UMP test exists in &, it is UMP in U,,. This follows by com-
paring the power of the UMP test with that of the trivial test ¢ (x) = «. It is convenient to
introduce another class of tests.

Definition 3. A test ¢ is said to be a-similar on a subset ©* of O if
By(0) =Egp(X) = for € ©F. 4)
A test is said to be similar on a set ©* C © if it is a--similar on ©* for some o, 0 < v < 1.

It is clear that there exists at least one similar test on every ©*, namely, p(x) = a,
0<a<l.

Theorem 1. Let 3,(0) be continuous in 6 for any . If ¢ is an unbiased size « test of
Hy: 0 € ©g against H,: 0 € Oy, it is a-similar on the boundary A = ©,NO,. (Here A is
the closure of set A.)

Proof. Let 0 € A. Then there exists a sequence {6, }, 6, € O, such that §,, — 6. Since
B,(0) is continuous, B, (6,) — B, (0); and since 5,(,) < a, for 6, € Oy, f,(0) < a.
Similarly, there exists a sequence {0, }, 8, € ©, such that 5,(6,) > « (¢ is unbiased) and
¢!, — 0. Thus 5,(0)) — S, (0), and it follows that 5, () > . Hence 3,(0) = a for 6 € A,
and ¢ is a-similar on A.
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Remark 1. Thus, if 5,(0) is continuous in 6 for any ¢, an unbiased size « test of Hy
against H; is also a-similar for the PDFs (PMFs) of A, that is, for {fy,0 € A}. If we can
find an MP similar test of Hy: 6 € A against Hy, and if this test is unbiased size «, then
necessarily it is MP in the smaller class.

Definition 4. A test ¢ that is UMP among all a-similar tests on the boundary A = ©5N©;
is said to be a UMP a-similar test.

Itis frequently easier to find a UMP a-similar test. Moreover, tests that are UMP similar
on the boundary are often UMP unbiased.

Theorem 2. Let the power function of every test ¢ of Hy: 0 € ©¢ against H;: 0 € O be
continuous in 6. Then a UMP a-similar test is UMP unbiased, provided that its size is «
for testing Hy against H;.

Proof. Let ¢ be UMP a-similar. Then Eppo(X) < « for § € ©¢. Comparing its power
with that of the trivial similar test p(x) = a, we see that ¢ is unbiased also. By the
continuity of 5., (6) we see that the class of all unbiased size « tests is a subclass of the
class of all a-similar tests. It follows that ¢ is a UMP unbiased size « test.

Remark 2. The continuity of power function 3,(6) is not always easy to check but
sufficient conditions may be found in most advanced calculus texts. See, for example,
Widder [117, p. 356]. If the family of PDF (PMF) fy is an exponential family then a proof
is given in Lehman [64, p. 59].

Example 1. Let X;,X;,...,X, be a sample from N(u,1). We wish to test Hy: pu <0
against H,: p > 0. Since the family of densities has an MLR in | X;, we can use
Theorem 2 to conclude that a UMP test rejects Hy if Z'l’ X; > c. This test is also UMP
unbiased. Nevertheless we use this example to illustrate the concepts introduced above.

Here ©g = {1 <0},0, ={u>0},and A=0yNO; = {p=0}.Since T(X) =>""_, X;
is sufficient, we focus attention to tests based on 7 alone. Note that 7 ~ N(nu,n) which is
one-parameter exponential. Thus the power function of any test ¢ based on 7' is continuous
in p. It follows that any unbiased size « test of Hy has the property 3, (0) = c of similarity
over A. In order to use Theorem 2, we find a UMP test of H, : yu € A against H;. Let 13 > 0.
By the fundamental lemma an MP test of 1« = 0 against = p; > 0 is given by

2 2

1 if exp{’—n—i(t_'z‘) } >k

(1) = Lem 2
0 otherwise,

1 if 1>k
o if r<k
where k is determined from

a:Po{T>k}:P{Z> jﬁ}



UNBIASED AND INVARIANT TESTS 455

Thus k = \/nz,. Since ¢ is independent of y; as long as ;11 > 0, we see that the test

@(t):{l, 1>+/nza

. b)
0, otherwise,

is UMP a-similar. We need only check that ¢ is of the right size for testing Hy against H.
We have, for 1 <0,

E,p(T) =P, {T > /nz,}
_ T—nu —/n
_P{\/ﬁ > Za fﬂ}

< P{Z > Za};
since —y/np > 0. Here Z is N(0, 1). It follows that
Euo(T) <« for 4 <0,
hence ¢ is UMP unbiased.

Theorem 2 can be used only if it is possible to find a UMP a-similar test. Unfortunately
this requires heavy use of conditional expectation, and we will not pursue the subject any
further. We refer to Lehmann [64, chapters 4 and 5] and Ferguson [28, pp. 224-233] for
further details.

Yet another reduction is obtained if we apply the principle of invariance to hypothesis
testing problems. We recall that a class of distributions is invariant under a group of trans-
formations § if for every g € G and every 8 € © there exists a unique 6’ € © such that
g(X) has distribution Pg:, whenever X ~ Pg. We rewrite 8’ = g6.

In a hypothesis testing problem we need to reformulate the principle of invariance.
First, we need to ensure that under transformations G not only does P = {Pg: 6 € O}
remain invariant but also the problem of testing Hy: 8 € O against H,: 8 € O remain
invariant. Second, since the problem has not changed by application of G, the decision also
must not change.

Definition 5. A group § of transformations on the space of values of X leaves a hypothesis
testing problem invariant if G leaves both {Pg: 6 € O} and {Pgy: 6 € ©,} invariant.

Definition 6. We say that ¢ is invariant under G if
p(g(x)) = p(x) forall x and all g € G.

Definition 7. Let G be a group of transformations on the space of values of the RV X. We
say that a statistic 7(x) is maximal invariant under § if (a) T is invariant; (b) T is maximal,
thatis T(x;) = T(x2) = x; = g(x3) for some g € G.
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Example 2. Let x = (x1,x,,...,X,), and G be the group of translations
g (x)=(x1+c,...,xy+0), —00 < ¢ < 00.

Here the space of values of X is R,,. Consider the statistic

T(x) = Xy — X1, ey Xy — Xp—1)-
Clearly,
T(ge(x)) = (0 — X1y ey Xp —Xp—1) = T(x).
IfT(x)=T(x'), thenx, —x; =x), —x},i=1,2,...,n—1,and we have x; — x, = x, —x,, = ¢

(i=1,2,...,n—1), thatis, g.(x") = (x| +¢,...,x,+¢) =x and T is maximal invariant.
Next consider the group of scale changes

ge(x) = (cxqy..0y0xp), c>0.
Then

0 if all x; = 0,

T(x) " 1/2
X)) =
(xl7...,x") if at least one x; # 0, z= (fo) ,
Z b4

1
is maximal invariant; for
T(g.(x)) =T(cxyy. .. cxy) = T(x),
and if 7(x) = T(x'), then either T(x) = T(x’) = 0 in which case x; =x} =0, or T(x) =
T(x') # 0, in which case x;/z = x/z/, implying x. = (z’ /z)x; = cx;, and T is maximal.
Finally, if we consider the group of translation and scale changes,
g(x) = (ax; +b,...,ax, +b), a>0, —00 < b < o0,

a maximal invariant is

0 if =0,
T(x) = (x]—x’xz—x7...’xnﬁ—x) i£5 40,

wherex=n""'>"1x;and B =n""Y"(x; — %)

Definition 8. Let /,, denote the class of all invariant size « tests of Hy: 0 € © against
H,: 0 € ©,.If there exists a UMP member in /,,, we call the test a UMP invariant test of H,
against H.



UNBIASED AND INVARIANT TESTS 457

The search for UMP invariant tests is greatly facilitated by the use of the following
result.

Theorem 3. Let 7(x) be maximal invariant with respect to G. Then ¢ is invariant under
G if and only if ¢ is a function of 7.

Proof. Let ¢ be invariant. We have to show that 7(x;) = T(x2) = ¢(x1) = ¢(x2). If
T(x;) =T(xy), there is a g € G such that x; = g(x2), so that ¢(x1) = p(g(x2)) = v(x2).
Conversely, if ¢ is a function of T, ¢(x) = h[T(x)], then

and ¢ is invariant.

Remark 3. The use of Theorem 3 is obvious. If a hypothesis testing problem is invariant
under a group G, the principle of invariance restricts attention to invariant tests. According
to Theorem 3, it suffices to restrict attention to test functions that are functions of maximal
invariant 7.

Example 3. Let X1,X,...,X, be a sample from N(yu,0?), where both y and o are
unknown. We wish to test Hy: 0 > gy, —o0 < i < 00, against Hy: 0 < gy, —00 <
p < oo. The family {N(u,0%)} remains invariant under translations x, = x; + c,
—00 < ¢ < 00. Moreover, since var(X + ¢) = var(X), the hypothesis testing problem
remains invariant under the group of translations, that is, both {N(,0?): 02 > 03} and
{N(u,0?): 0® < 0%} remain invariant. The joint sufficient statistic is (X, (X; — X)?),
which is transformed to (X + ¢, (X; — X)?) under translations. A maximal invariant is
3 (X; — X)2. It follows that the class of invariant tests consists of tests that are functions
of > (X; — X)2.

Now Y (X; — X)?/o* ~ x*(n— 1), so that the PDF of Z = >_(X; — X)? is given by

0'7(”71)

_ (n—3)/2 —z/20" 0
f2(2) F[(n—l)/2]2("—‘>/2Z e , z>0.

The family of densities {f,>: 0 > 0} has an MLR in z, and it follows that a UMP test is
to reject Hy: o> > o3 if z < k, that is, a UMP invariant test is given by

1 Y —x)* <k,
SD(X)_{o i (n— %) > &,

where k is determined from the size restriction

a:pgo{Z(Xi—X)2<k}=P{mz_W<k}’

2
90 90
that is,

2.2
k_JOanl,lfa’
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Example 4. Let X have PDF f;(x; —0,...,x, —0) under H; (i =0, 1), —oco < 6 < co. Let
G be the group of translations

g.(x)=(x1+¢,...,x,+¢), —oo<c<oo, n>2.

Clearly, g induces g on ©, where g = 6 + c. The hypothesis testing problem remains
invariant under §. A maximal invariant under G is 7(X) = (X; — X,,..., X1 — X)) =
(Ty,Ts,...,T,—1). The class of invariant tests coincides with the class of tests that are
functions of 7. The PDF of T under H; is independent of # and is given by ffoooﬁ(tl +
Zy...yIn—1+2,2)dz. The problem is thus reduced to testing a simple hypothesis against a
simple alternative. By the fundamental lemma the MP test

" ) = 1 ifA(t) >c,
SD 158025 5tpn—1) — O lf)\(t)<c7

where t = (t1,1,...,t,—1) and

/ fl(tl+za"'7tn—l+z,z)dz
A(t) = 7=

)

/ folti +2,.. . ta1+2,2)dz

is UMP invariant.

A particular case of Example 4 will be, for instance, to test Hy: X ~ N(6,1) against
H,: X ~C(1,0),0 € R. See Problem 1.

Example 5. Suppose (X,Y) has joint PDF

fo(x,y) = Apexp{—Ax—puy}, x>0,y >0,

and = 0 elsewhere, where 8 = (A\,u) , A > 0, p > 0. Consider scale group § =
{{0,c}, ¢ > 0} which leaves {fp} invariant. Suppose we wish to test Hp : i > \ against
Hi : pu < A It is easy to see that G0 = O so that G leaves (a,©y,0) invariant and
T = Y/X is maximal invariant. The PDF of T is given by

Ap

fg(f)zm,

t>0,=0fort<O0.

The family {f] } has MLR in T and hence a UMP invariant test of Hy is of the form

1, t>c(a),
p(t) =17 t=cla),
0, r<c(a),

where

e 1 1—
a:/ 72dt:>c(a):7a.
c(a) (1+t) Q
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PROBLEMS 9.5

1. Totest Hy: X ~N(0,1) against H; : X ~ C(1,0) a sample of size 2 is available on X.
Find a UMP invariant test of Hy against H;.

2. Let X;,X>,...,X, be a sample from P()\). Find a UMP unbiased size « test for
the null hypothesis Hy: A < )\ against alternatives A > )¢ by the methods of this
section.

3. Let X ~ NB(1;0). By the methods of this section find a UMP unbiased size « test
of Hy: 0 > 60y against Hy : 6 < 0.

4. Let X1,X,...,X, iid N(u,0?) RVs. Consider the problem of testing Ho : 1 < 0
against Hy : 4 > 0:

(a) It suffices to restrict attention to sufficient statistic (U, V) where U = X and
V = §%. Show that the problem of testing Hy is invariant under § = {{a, 1},
a € R} and a maximal invariant is 7 = U/\/V.

(b) Show that the distribution of 7" has MLR and a UMP invariant test rejects Hy
when T > c.

5. Let X,X,,...,X, be iid RVs and let Hy be that X; ~ N(6,1), and H; be that the
common PDF is fp(x) = (1/2) exp{—|x — 6|}. Find the form of the UMP invariant
test of Hy against H;.

6. Let X1,X>,...,X, be iid RVs and suppose Hp : X; ~ N(0,1) and H, : X; ~ fi(x) =
exp{—|x[}/2:

(a) Show that the problem of testing Hj against H; is invariant under scale changes
8c(x) = ¢x, ¢ > 0 and a maximal invariant is T(X) = (X1 /X, ..., Xu—1/Xn).

n+1
I+ZY2/ 1+Z|Y|]
i=1

< kwhere Y;=X;/X,,j=1,2,...,n— 1, or equivalently when

(b) Show that the MP invariant test rejects Hy when

1/2

<k.

9.6 LOCALLY MOST POWERFUL TESTS

In the previous section we argued that whenever a UMP test does not exist, we restrict the
class of tests under consideration and then find a UMP test in the subclass. Yet another
approach when no UMP test exists is to restrict the parameter set to a subset of ©;. In
most problems, the parameter values that are close to the null hypothesis are the hardest
to detect. Tests that have good power properties for “local alternatives” may also retain
good power properties for “nonlocal” alternatives.
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Definition 1. Let © C R. Then a test ¢y with power function S, (0) = Egpo(X) is said
to be a locally most powerful (LMP) test of Hy : 0 < 0y against H : 6 > 0y if there exists
a A > 0 such that for any other test ¢ with

B (B0) = i (60) = / ()i (x)dlx M)
By (8) > B,(0) forevery 6 € (6y,6p+ Al. 2)

We assume that the tests under consideration have continuously differentiable power
function at # = 6 and the derivative may be taken under the integral sign. In that case, an
LMP test maximizes

0 0
00 =800, = [etogho] _ ax ®

0=0y

subject to the size constraint (1). A slight extension of the Neyman—Pearson lemma
(Remark 9.3.2) implies that a test satisfying (1) and given by

1 if Zfp(x) , > kfy, (%),
po(x) =17 if gfo(x)| =Koy (), @)
0 if Sfo(x) o < Kfon(x)

will maximize j3/,(6). It is possible that a test that maximizes (3, (f) is not LMP, but if
the test maximizes 3’(6y) and is unique then it must be LMP test (see Kallenberg et al. [49,
p- 290] and Lehmann [64, p. 528]).

Note that for x for which fp,(x) # 0 we can write

D fa(x) ,

Tx)o = %bgfe(x)bo,

and then
1 if Zlogfs(x) , >k
0
po(x) =147 if glogfu(x)| =k, )
0
0 if Zlogfs(x) 0" <k.

Example 1. Let X,X>,...,X, be iid with common normal PDF with mean y and vari-
ance o”. If one of these parameters is unknown while the other is known, the family of
PDFs has MLR and UMP tests exist for one-sided hypotheses for the unknown parameter.
Let us derive the LMP test in each case.
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First consider the case when o2 is known, say o?=1and Hy : w<0,H;:p>0.An
easy computation shows that an LMP test is of the form

which, of course, is the form of the UMP test obtained in Problem 9.4.1 by an application
of Theorem 9.4.2.

Next consider the case when i is known, say =0 and Hy : 0 < 09, H; : 0 > 0p. Using
(5) we see that an LMP test is of the form

- 1t > x>k
o Y a2 <k

which coincides with the UMP test.
In each case the power function is differentiable and the derivatives may be taken inside
the integral sign because the PDF is a one—parameter exponential type PDF.

Example 2. Let X1,X>,...,X, be iid RVs with common PDF

1 1

fo(x) = ;m,

x€eR,

and consider the problem of testing Hy : 6 < 0 against H; : 6§ > 0.

In this case {fy } does not have MLR. A direct computation using the Neyman—Pearson
lemma shows that an MP test of # = 0 against = 60y, 6; > 0 depends on 6; and hence
cannot be MP for testing § = 0 against § = 6,, 6, # 6,. Hence a UMP test of H against
H, does not exist. An LMP test of H, against H is of the form

"L 2
Lty >k
= P I +x;

0 otherwise,

®o(x)

where k is chosen so that the size of ¢y is «. For small # it is hard to compute & but for

large n it is easy to compute k using the central limit theorem. Indeed { ; fxz } are iid RVs

with mean 0 and finite variance (= 3/8) so that k = z,+/n/2 will give an (approximate)
level « test for large n.

The test ¢ is good at detecting small departures from 6 < 0 but it is quite unsatisfactory
in detecting values of # away from 0. In fact, for v < 1/2, 8,,(6) — 0 as § — oo.

This procedure for finding locally best tests has applications in nonparametric statistics.
We refer the reader to Randles and Wolfe [85, section 9.1] for details.
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PROBLEMS 9.6

1. Let X;,X5,...,X, be iid €(1,0) RVs. Show that Ey(1 + X?)~* = (1/7)B(k +
2
1/2,1/2). Hence or otherwise show that E [(lfﬁ] = var ( lfx%) =1/8.
2. Let X|,X5,...,X, be arandom sample from logistic PDF

1 e’
folx) = 2[1+cosh(x—0)]  {l+e0}2

Show that the LMP test of Hy:0=0 against H;:60>0 rejects Hy if ) ., tanh
(%) > k.
3. Let X1,X>, ..., X, be iid RVs with common Laplace PDF

Jo(x) = (1/2) exp{—|x—0]}.

For n > 2 show that UMP size « (0 < o < 1) test of Hy : § < 0 against H; : § > 0
does not exist. Find the form of the LMP test.
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SOME FURTHER RESULTS ON
HYPOTHESES TESTING

10.1 INTRODUCTION

In this chapter we study some commonly used procedures in the theory of testing of
hypotheses. In Section 10.2 we describe the classical procedure for constructing tests
based on likelihood ratios. This method is sufficiently general to apply to multi-parameter
problems and is specially useful in the presence of nuisance parameters. These are
unknown parameters in the model which are of no inferential interest. Most of the normal
theory tests described in Sections 10.3 to 10.5 and those in Chapter 12 can be derived
by using methods of Section 10.2. In Sections 10.3 to 10.5 we list some commonly
used normal theory-based tests. In Section 10.3 we also deal with goodness-of-fit tests.
In Section 10.6 we look at the hypothesis testing problem from a decision-theoretic
viewpoint and describe Bayes and minimax tests.

10.2 GENERALIZED LIKELIHOOD RATIO TESTS

In Chapter 9 we saw that UMP tests do not exist for some problems of hypothesis testing.
It was suggested that we restrict attention to smaller classes of tests and seek UMP tests in
these subclasses or, alternatively, seek tests which are optimal against local alternatives.
Unfortunately, some of the reductions suggested in Chapter 9, such as invariance, do not
apply to all families of distributions.

In this section we consider a classical procedure for constructing tests that has
some intuitive appeal and that frequently, though not necessarily, leads to optimal

An Introduction to Probability and Statistics, Third Edition. Vijay K. Rohatgi and A.K. Md. Ehsanes Saleh.
© 2015 John Wiley & Sons, Inc. Published 2015 by John Wiley & Sons, Inc.
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tests. Also, the procedure leads to tests that have some desirable large-sample
properties.

Recall that for testing Hp : X ~ fp against H} : X ~ f}, Neyman—Pearson MP test is
based on the ratio fi (x) /fo(x). If we interpret the numerator as the best possible explana-
tion of x under H;, and the denominator as the best possible explanation of X under Hj,
then it is reasonable to consider the ratio

r(X) — Sup9€@1 L(e’
SuPgee, L(0;

) _ suppco, folx)
) Supce, folx)

X
X
as a test statistic for testing Hy : @ € O against H, : @ € ©;. Here L(0;x) is the likelihood
function of x. Note that for each x for which the MLEs of 0 under ©; and © exist the
ratio is well defined and free of 8 and can be used as a test statistic. Clearly we should
reject Hy if r(x) > c.

The statistic r is hard to compute; only one of the two supremas in the ratio may be
attained.

Let 8 € © C Ry be a vector of parameters, and let X be a random vector with PDF

(PMF) fp. Consider the problem of testing the null hypothesis Hy: X ~ fg, 0 € ©( against
the alternative H,: X ~ fp, 0 € O.

Definition 1. For testing H, against H;, a test of the form, reject Hy if and only if
A(x) < ¢, where ¢ is some constant, and

sup f@(xlaXZa cee 7xn)
o CISCH)

Supfe('xl7-x2a' .. 7xn) ’
0co

Alx

is called a generalized likelihood ratio (GLR) test.

We leave the reader to show that the statistics \(X) and r(X) lead to the same criterion
for rejecting Hy.

The numerator of the likelihood ratio A is the best explanation of X (in the sense of
maximum likelihood) that the null hypothesis Hy can provide, and the denominator is the
best possible explanation of X. H) is rejected if there is a much better explanation of X
than the best one provided by H.

It is clear that 0 < X\ < 1. The constant c¢ is determined from the size restriction

sup Po{A\(X) <c} =q.

0c0,
If the distribution of \ is continuous (that is, the DF is absolutely continuous), any size «
is attainable. If, however, A(X) is a discrete RV, it may not be possible to find a likelihood
ratio test whose size exactly equals «. This problem arises because of the nonrandomized
nature of the likelihood ratio test and can be handled by randomization. The following
result holds.

Theorem 1. If for given o, 0 < a < 1, nonrandomized Neyman—Pearson and likelihood
ratio tests of a simple hypothesis against a simple alternative exist, they are equivalent.

Proof. The proof is left as an exercise.
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Theorem 2. For testing 8 € O against 8 € Oy, the likelihood ratio test is a function of
every sufficient statistic for 6.

Theorem 2 follows from the factorization theorem for sufficient statistics.

Example 1. Let X ~ b(n,p), and we seek a level « likelihood ratio test of Hy: p < po
against Hy : p > po:

n —Xx
gp<xPWI—M"
)\(x) _ P=DPo

an (it o

0<p<1 \X

Now

suppﬁlfpy’x:(f)x(ﬁ—{yhf

0<p<1 n n

The function p*(1 — p)"~* first increases, then achieves its maximum at p = x/n, and
finally decreases, so that

! y . x
Po(1=po)" if po< -,
supp'(1—p)"" = . e
P<po (f) (1_5) iff < po.
n n n

It follows that
Po(1—po)"™*
M) = &GP 1= (e

1 it £ < po.
n

. X
lfpo < -,
n

Note that A(x) < 1 for npg < x and A(x) = 1 if x < npy, and it follows that A(x) is a
decreasing function of x. Thus A(x) < c if and only if x > ¢/, and the GLR test rejects Hy
ifx>c.

The GLR test is of the type obtained in Section 9.4 for families with an MLR except
for the boundary A(x) = c. In other words, if the size of the test happens to be exactly «,
the likelihood ratio test is a UMP level « test. Since X is a discrete RV, however, to obtain
size o may not be possible. We have

a=supP{X >} =P, {X >}
P<po

If such a ¢’ does not exist, we choose an integer ¢’ such that

Pp{X>c}<a and Py{>c-1}>a

The situation in Example 1 is not unique. For one-parameter exponential family it can
be shown (Birkes [7]) that a GLR test of Hy : § < 0y against H; : 6 > 6, is UMP of its
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size. The result holds also for the dual H], : 6 > 6, and, in fact, for a much wider class of
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one-parameter family of distributions.

The GLR test is specially useful when 6 is a multiparameter and we wish to test
hypothesis concerning one of the parameters. The remaining parameters act as nuisance

parameters.

Example 2. Consider the problem of testing p = 19 against 1 # po in sampling from
N(p,0?), where both ;1 and o2 are unknown. In this case ©g = {(9,0?%): o> > 0} and

O ={(,0%): —o0 < pu<o0,0?>0}. We write 0 = (u,0?):

1 ZY(xi—MO)Z
su X )= su —F €X —_——
Gegofe( ) 023)[(0 277)” p{ 202

= (9'20(X)’

where 63 is the MLE, 63 = (1/n) """, (x; — j19)*. Thus

The MLE of 6 = (11,0%) when both  and o are unknown is (37 x;/n, Y| (x; —X)?/n).

It follows that

Thus

1
supfg(x) e,

00, - (2m /n) /2 {371 (xi — p0)? }

n/2

supfe(x) = sup {1 exp {—W H

6co wo? L(oV2m)" 202

1
= e 2,

@ jmy{ i -39}

Ax) = {M }n/z

{ 1+ [n(x— Mo)zl/ > —%)? }n/z '

The GLR test rejects Hy if

and since \(x) is a decreasing function of n(x — 119)?/ >} n(x; — %)%, we reject H if

that is, if

AMx) <c,

B R >
b

>0 (i —%)?

u
>c,

‘ Vn(x— o)
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where s = (n— 1)~ Y] (x; —X)*. The statistic
X —
(X) = vn( : o)

has a r-distribution with n— 1 d.f. Under Hy: u = po, 1(X) has a central #(n — 1) dis-
tribution, but under H; : 11 # po, 1(X) has a noncentral ¢-distribution with n— 1 d.f. and
noncentrality parameter 0 = (1 — po)/o. We choose ¢” = t,_; 4/, in accordance with
the distribution of #(X) under Hy. Note that the two-sided r-test obtained here is UMP
unbiased. Similarly one can obtain one-sided #-tests also as likelihood ratio tests.

The computations in Example 2 could be slightly simplified by using Theorem 2.
Indeed T(X) = (X, $?) is a minimal sufficient statistic for § and since X and S? are indepen-
dent the hkehhood is the product of the PDFs of X and S?. We note that X ~ N (1,02 /n)

and §? ~ —Xn |- We leave it to the reader to carry out the details.

Example 3. Let X|,X5,...,X,, and Y,Y>,...,Y, be independent random samples from

N(p1,0%) and N(j1,03), respectively. We wish to test the null hypothesis Hy: o2 = o3

against H; : 07 # o3. Here
@:{(M170'127M270-%): _OO<Mi<OOan2>O7i:172}
and
@0:{(.[14170'127#'270%): *OO<,U,I‘<OO,I':1,2,O'12:O'%>O}.

Let @ = (1,02, 12,03). Then the joint PDF is

1 1 &«
fo(x,y) = A NI o EXPY T57 3 (xi — 1 .
(2m)mtm/2g ol 207 ; o3 ;
Also,
2 2o (xi —m)’

n m n
5 log2m — 3 logo? — 5 logoj 207

log fo(x,y) = —

1 ¢ 5
E;(yl M2)~

Differentiating with respect to x; and u,, we obtain the MLEs

=X and [ =

Differentiating with respect to o7 and o2, we obtain the MLEs

%Z ;—X)? and 63 = %Z(y,»—y)z.



468 SOME FURTHER RESULTS ON HYPOTHESES TESTING

If, however, J% = cr% = o2, the MLE of o2 is

o T — 063

m-+n
Thus
o (mtm)/2
sup fe(X,y) = m . n (m-+n)/
060 270/ (m )] 0mm /2 {370 (2 = %)%+ 301 (v —5)? }
and
o= () /2
supfo(x,y) = : my2 2’
0co (27 /m)m/2(2m /n) ”/Z{Z (i — } {Zn }
so that
m m/2 n n/2 {Z }m/Z{Z }n/2
Aoxy) = (m+n) <m+n) {31 (x +>10 }(mﬂ)/z
Now
(=" 0=}
(57 =P+ -y }""*””2
1

T T R e e e Dt e D
Writing

. za"ocix)z;(ml)

YA =332/ (n—1)"

we have

m m/2 n n/2
A p—
=) ()
|

A+ (= 1)/ (= DI} {1+ (= 1)/ (m= D)1/}

We leave the reader to check that A\(x,y) < c is equivalent to f < ¢; or f > ¢,. (Take
logarithms and use properties of convex functions. Alternatively, differentiate log A.)
Under H, the statistic

o I =X/ (1)
Zi0G =T/ 1)
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has an F(m — 1,n— 1) distribution, so that ¢y, ¢, can be selected. It is usual to take

P{F<c}=P{F>c) = %
Under Hy, (03 /0?)F has an F(m — 1,n— 1) distribution.

In Example 3 we can obtain the same GLR test by focusing attention on the joint suf-
ficient statistic (X,Y,S%,S5%) where S% and S? are sample variances of the X’s and the Y’s,
respectively. In order to write down the likelihood function we note that X, Y, S%, S5 are
independent RVs. The distributions X and S% are the same as in Example 2 except that m
is the sample size. Distributions of ¥ and S require appropriate modifications. We leave
the reader to carry out the details. It turns out that the GLR test coincides with the UMP
unbiased test in this case.

In certain situations the GLR test does not perform well. We reproduce here an example
due to Stein and Rubin.

Example 4. Let X be a discrete RV with PMF

; if x = +2,
ProofX=ap =g 1720 4 4y
« ifx=0,
under the null hypothesis Hy: p = 0, and
pc ifx=-2,

1— 1
¢ (—a) if x =41,
Pi{X=x}={1-2\2

1_
a( C) ifx=0,
-«

(I-p)c ifx=2,

under the alternative H,: p € (0,1), where «v and ¢ are constants with

1 «
0 — d e — .
<oz<2 an 2_a<c<a

To test the simple null hypothesis against the composite alternative at the level of
significance «, let us compute the likelihood ratio \. We have

A2) = Po{X=2} /2 «
- osup P{X=2} ¢ 2
0<p<1

since /2 < ¢. Similarly \(—2) = a/(2c). Also




470 SOME FURTHER RESULTS ON HYPOTHESES TESTING

and

The GLR test rejects H if A\(x) < k, where k is to be determined so that the level is a. We
see that

na0 1= -2 -0

provided that a/2¢ < [(1 — ) /(1 —¢)]. But /(2 — &) < ¢ < v implies & < 2¢ — ¢, S0
that @ — ca < 2¢ —2ca, or a(1 — ¢) < 2¢(1 — ), as required. Thus the GLR size « test is
to reject Hy if X = £2. The power of the GLR test is

P,,{/\(X) < 11_‘2‘} =P {X=42}=pc+(l-ple=c<a

for all p € (0, 1). The test is not unbiased and is even worse than the trivial test ¢ (x) = .
Another test that is better than the trivial test is to reject Hy whenever x = 0 (this is
opposite to what the likelihood ratio test says). Then

P(){X = O} =qQ,

1—
P,,{X:O}:cxl—c >« (since ¢ < ),
-«
for all p € (0,1), and the test is unbiased.

We will use the generalized likelihood ratio procedure quite frequently hereafter
because of its simplicity and wide applicability. The exact distribution of the test statistic
under H is generally difficult to obtain (despite what we saw in Examples 1 to 3 above)
and evaluation of power function is also not possible in many problems. Recall, however,
that under certain conditions the asymptotic distribution of the MLE is normal. This result
can be used to prove the following large-sample property of the GLR under Hy, which
solves the problem of computation of the cut-off point ¢ at least when the sample size is
large.

Theorem 3. Under some regularity conditions on fg (x), the random variable —21og A(X)
under H is asymptotically distributed as a chi-square RV with degrees of freedom equal to
the difference between the number of independent parameters in © and the number in ©.

We will not prove this result here; the reader is referred to Wilks [118, p. 419]. The
regularity conditions are essentially the ones associated with Theorem 8.7.4. In Example 2
the number of parameters unspecified under Hy is one (namely, %), and under H; two
parameters are unspecified (1 and o2), so that the asymptotic chi-square distribution will
have 1 d.f. Similarly, in Example 3, the d.f. =4 -3 =1.

Example 5. In Example 2 we showed that, in sampling from a normal population with
unknown mean g and unknown variance o2, the likelihood ratio for testing Hy: 1 = po
against Hy : p1 # po is
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Thus
(X —po)®
—ZIOgA(X):nlog{l—f—nn .
2 (Xi—X)?
Under Hoy, /n(X — po)/o ~ N(0,1) and >7(X; — X)?/o* ~ x*(n — 1). Also

S (Xi—X)?/[(n—1)0?] L 1. 1t follows that if Z ~ N(0, 1) then —2log \(X) has the

same limiting distribution as nlog {1 + nZ_Z ; } Moreover,

22" .

{ 1+ } s exp{Z’}
n—1

and since logarithm is a continuous function we see that

221 }#ZZ.

n—

nlog{lJr

Thus —2log A\(X) LY, where ¥ ~ x2(1). This result is consistent with Theorem 3.

PROBLEMS 10.2

1. Prove Theorems 1 and 2.

2. A random sample of size n is taken from PMF P(X; = x;) = p;, j = 1,2,3,4,0 <
pi <1, Zlepj = 1. Find the form of the GLR testof Hy:p1 =p, =ps =ps=1/4
against Hy :py =pa=p/2,p3=ps=(1—p)/2,0<p < 1.

3. Find the GLR test of Hy: p = py against H,: p # po, based on a sample of size 1
from b(n,p).

4. Let X1,Xz,...,X, be a sample from N(y,0?), where both i and o are unknown.
Find the GLR test of Hy: o = 0 against H,: 0 # 0y.
5. Let X1, X5, ..., X be a sample from PMF

1
PN{X:j}:N, j=1,2,...,N, N > 1is an integer.

(a) Find the GLR test of Hy: N < Ny against H;: N > Nj.

(b) Find the GLR test of Hy: N = Ny against H;: N # Nj.
6. For a sample of size 1 from PDF
2
2
find the GLR test of § = 6 against 6 # 6.

Jox) =25 (0—x),  0<x<9,
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7. Let X1,X,,...,X, be a sample from G(1, §):

(a) Find the GLR test of 5 = 3y against 5 # [3y.
(b) Find the GLR test of 5 < 3y against 3 > .

8. Let (X,Y,),(X2,Y2),...,(X,,Y,) be arandom sample from a bivariate normal pop-
ulation with EX; = pu1, EY; = pip, var(X;) = o2, var(Y;) = 02, and cov(X;, Y;) = po?.
Show that the likelihood ratio test of the null hypothesis Hy: p =0 against H;: p #0
reduces to rejecting Hy if |R| > ¢, where R = 281, /(57 +53), Si1, S5, and S5 being
the sample covariance and the sample variances, respectively. (For the PDF of the
test statistic R, see Problem 7.7.1.)

9. Let X,Xs,...,X, beiid G(1,0) RVsand let Yy, Y,,...,Y, beiid G(1, 1) RVs, where
0 and p are unknown positive real numbers. Assume that the X’s and the Y’s are
independent. Develop an a-level GLR test for testing Hy : 6 = p against Hy : 0 # pu.

10. A die is tossed 60 times in order to test Hy : P{j} = 1/6,j=1,2,...,6 (die is fair)
against H, : P{2} = P{4} = P{6} =2/9, P{1} = P{3} = P{5} = 1/9. Find the
GLR test.

11. Let X1, X5, ..., X, be iid with common PDF fy(x) = exp{—(x—6)}, x > 0, and =0
otherwise. Find the level o GLR test for testing Hy : 6 < 0y against H; : 6 > 0y.

12. Let X;,X>,...,X, be iid RVs with common Pareto PDF fy(x) = /x> for x > 6,
and = 0 elsewhere. Show that the family of joint PDFs has MLR in X(;y and find a
size a test of Hy : 0 = 0y against H : 6 > 6. Show that the GLR test coincides with
the UMP test.

10.3 CHI-SQUARE TESTS

In this section we consider a variety of tests where the test statistic has an exact or a limit-
ing chi-square distribution. Chi-square tests are also used for testing some nonparametric
hypotheses and will be taken up again in Chapter 13.

We begin with tests concerning variances in sampling from a normal population. Let
X1,X,...,X, be iid N(u,0?) RVs where o2 is unknown. We wish to test a hypothesis
of the type o > 03, 0 < 03, or 0 = 0}, where 0y is some given positive number. We
summarize the tests in the following table.

Reject Hy at level « if

H, H, 1 Known 1 Unknown
o2
L o>00 o<oo XV~ <X;51-a%% s* < ﬁngl,lfa
o2
L oo<oy o>a  Min-pPzg.d  £2 -0

2

n 2 2 2 2 % .2
2o (X —p) < Xin1-a/290 § Sn_lxn—l,l—a/Z

M. oc=0¢9 o#o09 or or
2

n 2 2 2 2 9 .2
Zl(xi_ﬂ) ZXn,oz/Zo'O s Zn_lxn—l,a/Z
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Remark 1. All these tests can be derived by the standard likelihood ratio procedure. If
is unknown, tests I and II are UMP unbiased (and UMP invariant). If 4 is known, tests I
and II are UMP (see Example 9.4.5). For tests III we have chosen constants ¢, ¢, so that
each tail has probability «/2. This is the customary procedure, even though it destroys the
unbiasedness property of the tests, at least for small samples.

Example 1. A manufacturer claims that the lifetime of a certain brand of batteries pro-
duced by his factory has a variance of 5000 (hours)?. A sample of size 26 has a variance
of 7200 (hours)?. Assuming that it is reasonable to treat these data as a random sample
from a normal population, let us test the manufacturer’s claim at the o« = 0.02 level. Here
Hy: 0® = 5000 is to be tested against H; : o # 5000. We reject H, if either

5% =7200 < %Xil,pa/z or . U_(%l
We have
o, 5000
T Xa-ll-a2= 55 x 11.524 =2304.8
%Xi_wz sggo 44.314 = 8862.8.
Since s? is neither < 2304.8 nor > 8862.8, we cannot reject the manufacturer’s claim at

level 0.02.

A test based on a chi-square statistic is also used for testing the equality of several
proportions. Let X;,X,,...,X; be independent RVs with X; ~ b(n;,p;), i = 1,2,... k,
k> 2.

Theorem 1. The RV Zl A X —nipi)//nipi(1 — p:) }* converges in distribution to the
x*(k) RV as ny,ny,. nk%oo

Proof. The proof is left as an exercise.

If ny,n,,...,n; are large, we can use Theorem 1 to test Hy: p;y =pr = -+ = pi
against all alternatives. If p is known, we compute

I
=

. Z{m}

andify > X%,a, we reject Hy. In practice p will be unknown. Let p = (py,pa, ..., pr). Then
the likelihood function is

L(p;x1,...,X :ﬁ{( ) pl)n,-x,-}
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so that

log L(p;x Zlog( ) —|—Zx, logp,—i—z —x;)log(1—p;).
The MLE p of p under Hj is therefore given by

Yix Y (ni—x)

P l—p

=0

)

that is,

L X XA
T

Under certain regularity assumptions (see Cramér [17, pp. 426-427]) it can be shown that
the statistic

k

Z _nzp (1)

1 lpli

is asymptotically x?(k — 1). Thus the test rejects Hy: p; = p, = - - = py = p, p unknown,
atlevel aif y; > x7_, .-

It should be remembered that the tests based on Theorem 1 are all large-sample tests and
hence not exact, in contrast to the tests concerning the variance discussed above, which
are all exact tests. In the case k = 1, UMP tests of p > py and p < pg exist and can be
obtained by the MLR method described in Section 9.4. For testing p = py, the usual test
is UMP unbiased.

In the case k = 2, if n; and n, are large, a test based on the normal distribution can be
used instead of Theorem 1. In this case the statistic

Xl/nl Xo/ny

\/p 1—p 1/)’11+1/I’l2)

where p = (X; +X3)/(n1 + ny), is asymptotically N(0, 1) under Hy: p; =p, =p. If pis
known, one uses p instead of p. It is not too difficult to show that 7% is equal to Y, so that
the two tests are equivalent.

For small samples the so-called Fisher—Irwin test is commonly used and is based on
the conditional distribution of X; given T = X; + X;. Let p = [p1(1 — p2)]/[p2(1 — p1)].
Then

(@)

PXit+X=1)= Zt: (?)WI —p)" (tn J)Pz (1=py) =

J=0

(7))

J=
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where
a(ny,ny) = (1=p1)"(1=p2)"{p2/(1 =p2)}'.
It follows that
()pi —p)" (2 )ps (1 —pa)=
a(nl’nZ) Z}:o (Zl) (tn—zj)p,
BROer
im0 () ()0

On the boundary of any of the hypotheses p; = p», p1 < p2, or p; > p» we note that p = 1

so that
() (")

+ )
(")
which is a hypergeometric distribution. For testing Hy : p; < p, this conditional test rejects
if X; < k(1), where k(¢) is the largest integer for which P{X; <k(T)|T =t} < a.. Obvious
modifications yield critical regions for testing p; = p», and p; > p, against corresponding
alternatives.

In applications a wide variety of problems can be reduced to the multinomial distribu-
tion model. We therefore consider the problem of testing the parameters of a multinomial
distribution. Let (X;,X5,...,X;—1) be a sample from a multinomial distribution with
parameters n, pi,pa,...,pPk—1, and let us write Xy = n—X; —--- —Xj_j, and py = 1 —
p1— - —pr—1. The difference between the model of Theorem 1 and the multinomial model
is the independence of the X;’s.

P{X|=x|X\+ X, =1} =

P{X] :x\Xl +X, = t} =

Theorem 2. Let (X;,X5,...,X;—1) be a multinomial RV with parameters n, py,pa, ...,
Pik—1. Then the RV

Ukzzkj{(x""”’f)z} @)

i=1 "pi
is asymptotically distributed as a x?>(k— 1) RV (as n — o).

Proof. For the general proof we refer the reader to Cramér [17, pp. 417-419] or
Ferguson [29, p. 61]. We will consider here the k = 2 case to make the result a little more
plausible. We have

X1 —np)? | (Xa—np2)* Xy —npy)? n [n—X; —n(1—py)]?

U2: + —
np) np; np; n(1—p)
1 1
el
X1 =np1) npy  n(l—pi)
(X, —npy)?

Conpi(1—py)
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It follows from Theorem 1 that U, Ly Y as n — oo, where ¥ ~ X2(1).

To use Theorem 2 to test Hy: p1 =p/,...,px = P}, we need only to compute the quantity
k
=3
1 np;
from the sample; if n is large, we reject Hy if u > X,%fl’oé.

Example 2. A die is rolled 120 times with the following results:

1 2 3 4 5 6
Frequency: 20 30 20 25 15 10

Let us test the hypothesis that the die is fair at level o« = 0.05. The null hypothesis is
Hy: pi= %, i=1,2,...,6, where p; is the probability that the face value is i, 1 <i < 6. By
Theorem 2 we reject Hy if

120(%) X5,0.05
We have
10% 52 52 10%
— — 4+ — 4+ —=12.
=0+ 20 +0+20+20+20 5

Since x5,0.05s = 11.07, we reject Hy. Note that, if we choose cv = 0.025, then x5,0.025 = 12.8,
and we cannot reject at this level.

Theorem 2 has much wider applicability, and we will later study its application to
contingency tables. Here we consider the application of Theorem 2 to testing the null
hypothesis that the DF of an RV X has a specified form.

Theorem 3. Let X;,X5,...,X, be a random sample on X. Also, let Hy: X ~ F, where
the functional form of the DF F is known completely. Consider a collection of disjoint
Borel sets Aj,A,,...,A; that form a partition of the real line. Let P{X € A;} = p;, i =
1,2,...,k, and assume that p; > 0 for each i. Let ¥; = number of X;’sin A;, j = 1,2,...,k,
i=1,2,...,n. Then the joint distribution of (Y1, Y2,...,Yx—1) is multinomial with param-
eters n, p1,p2,. .-, Pk—1- Clearly, Yi=n—-Y — - —Yiandpr=1—p;—- —pi_1.

The proof of Theorem 3 is obvious. One frequently selects Aj,A,,...,A; as disjoint
intervals. Theorem 3 is especially useful when one or more of the parameters associated
with the DF F are unknown. In that case the following result is useful.

Theorem 4. Let Hy: X ~ Fg, where 8 = (6,0,,...,0,) is unknown. Let X;,X,,...,X,
be independent observations on X, and suppose that the MLEs of 6;,6,,...,0, exist and
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are, respectively, él , éz, e ,é,. LetA;,A,,..., A be a collection of disjoint Borel sets that
cover the real line, and let

pi=Py{X €A} >0 i=1,2,...k,

where 6 = (él,...,é,), and Py is the probability distribution associated with Fy. Let
Y1,Y2,..., Y, be the RVs, defined as follows: Y; = number of X,X5,...,X, in A;, i =
1,2,... k.

Then the RV

k

szz{(ﬂn;f?i)z}

n=1
is asymptotically distributed as a x?(k—r—1) RV (as n — o).

The proof of Theorem 4 and some regularity conditions required on Fyg are given in
Rao [88, pp. 391-392].
To test Hy: X ~ F, where F is completely specified, we reject Hy if

: ()’i—”Pi)2 2
U= 4T > X

n
1 Di

provided that n is sufficiently large. If the null hypothesis is Hy: X ~ Fg, where Fg is
known except for the parameter 8, we use Theorem 4 and reject Hy if

k N
(Yi—npi)2 2
T R e 2 O S

i=1 i
where 7 is the number of parameters estimated.

Example 3. The following data were obtained from a table of random numbers of normal
distribution with mean 0 and variance 1.

0.464  0.137 2455 —0.323 —0.068
0.906 —-0.513 —0.525 0.595 0.881
—0.482 1.678 —0.057 —-1.229 —-0.486
—1.787 —0.261 1.237 1.046 —0.508

We want to test the null hypothesis that the DF F from which the data came is normal
with mean 0 and variance 1. Here F is completely specified. Let us choose three intervals
(—00,—0.5], (—0.5,0.5], and (0.5,00). We see that Y, =5, ¥, =8, and Y3 = 7.

Also, if Z is N(0, 1), then p; = 0.3085, p, = 0.3830, and p; = 0.3085. Thus

3 _ap)?
- { (yt npz) }
—1 npi

L
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(5-20x0.3085)  (8-20x0.383)  (7-20x0.3085)’
6.17 7.66 6.17

<1.

Also, X%,0.0s = 5.99, so we cannot reject Hy at level 0.05.

Example 4. In a 72-hour period on a long holiday weekend there was a total of 306 fatal
automobile accidents. The data are as follows:

Number of Fatal Accidents

per Hour Numbers of Hours

Oorl 4
2 10
3 15
4 12
5 12
6 6
7
8

or more 7

Let us test the hypothesis that the number of accidents per hour is a Poisson RV.
Since the mean of the Poisson RV is not given, we estimate it by

A 306
A=x= 22 —405.
S )

Let us now estimate p; = Ps{X =i},i=0,1,2,..., pp = e~ = 0.0143. Note that

Po
Pi{X=x+1} A
Ps{X =x} x4+
so that p;y 1 = [A/(i+ 1)]p;. Thus
p1 = 0.0606, pr = 0.1288, jp3 = 0.1825, jps = 0.1939,
s = 0.1648, ps = 0.1167, p7 = 0.0709, jpg = 1 —0.9325 = 0.0675.

The observed and expected frequencies are as follows:

Oorl 2 3 4 5 6 7 8 or more

Observed Frequency, o; 4 10 15 12 12 6 6 7
Expected Frequency 5.38 9.28 13.14 1396 11.87 841 5.10 4.86
=T2pi=e¢;
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Thus

Since we estimated one parameter, the number of degrees of freedomis k—r—1 =8 —
1 —1=6. From Table ST3, X%,o.os =12.6, and since 2.74 < 12.6, we cannot reject the null
hypothesis.

Remark 2. Any application of Theorem 3 or 4 requires that we choose sets Aj,Az, ..., Ax,
and frequently these are chosen to be disjoint intervals. As a rule of thumb, we choose the
length of each interval in such a way that the probability P{X € A;} under H, is approxi-
mately 1/k. Moreover, it is desirable to have n/k > 5 or, rather, e; > 5 for each i. If any of
the e;’s is < 5, the corresponding interval is pooled with one or more adjoining intervals
to make the cell frequency at least 5. The number of degrees of freedom, if any pooling
is done, is the number of classes after pooling, minus 1, minus the number of parameters
estimated.

Finally, we consider a test of homogeneity of several multinomial distributions. Sup-
pose we have ¢ samples of sizes nj,ny,...,n. from ¢ multinomial distributions. Let the
associated probabilities with the jth population be (pyj,paj,...,ps), where > pi = 1,
Jj=1,2,...,c. Given observations N, i = 1,2,...,r,j=1,2,...,c with Z;=1Nij =n;,j=
1,2,...,cwewishtotest Hy : pjy =p;, forj=1,2,...,¢c,i=1,2,...,r—1. The case c = 1
is covered by Theorem 2. By Theorem 2 for each j

o)

npi

has a limiting y2_, distribution. Since samples are independent, the statistic

rc Z Z l] ”jPz

j=1 i=1 nipi
has a limiting Xz(r—l) distribution. If p;’s are unknown we use the MLEs

[3' Z] INU
i r
Z) 1n]

for p; and we see that the statistic

:zz*’”‘"*

n;pi

has a chi-square distribution with ¢(r— 1) — (r—1) = (¢ —1)(r — 1) d.f. We reject Hy at
(approximate) level « is V. > X%rfl)(cfl) o
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Example 5. A market analyst believes that there is no difference in preferences of televi-
sion viewers among the four Ohio cities of Toledo, Columbus, Cleveland, and Cincinnati.
In order to test this belief, independent random samples of 150, 200, 250, and 200 per-
sons were selected from the four cities and asked, “What type of program do you prefer
most: Mystery, Soap, Comedy, or News Documentary?” The following responses were
recorded.

City
Program Type Toledo Columbus Cleveland Cincinnati
Mystery 50 70 85 60
Soap 45 50 58 40
Comedy 35 50 72 67
News 20 30 35 33
Sample Size 150 200 250 200

Under the null hypothesis that the proportions of viewers who prefer the four types of

programs are the same in each city, the maximum likelihood estimates of p;, i = 1,2,3,4
are given by
. 50+70+385+60 @ 033 pee 35+50+724+67 % — 098
Pr=150+200+250+200 800 o 3T 800 800 7
45+50458+40 193 20+30+35433 118

800 "~ 800 800 800

Here p; = proportion of people who prefer mystery, and so on. The following table
gives the expected frequencies under Hy.

Expected Number of Responses Under H

Program

Type Toledo Columbus Cleveland Cincinnati

Mystery 150x0.33=49.5 200x0.33 =66 250x0.33=282.5 200x0.33 =066
Soap 150x0.24=36  200x0.24=48 250x0.24=60  200x0.24 =48
Comedy 150x0.28=42  200x0.28=56 250x0.28=70  200x0.28 =56
News 150 x0.15=22.5 200x0.15=30 250x0.15=37.5 200x0.15=30

Sample 150 200 250 200
Size
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It follows that

(50 —49.5)? N (45 —36)2 N (35 —-42)2 N (20 —22.5)2
49.5 36 42 22.5

(70—-66)> (50—48)> (50—56)> (30—30)>

T T T 56 T 30
(85 —82.5)? N (58 — 60)> N (72 —70)? N (35—37.5)?

82.5 60 70 37.5

(60—66)> (40—48)> (67—56)> (33—30)>

T T T s T30

=9.37.

Ugq =

Since ¢ = 4 and r = 4, the number of degrees of freedom is (4 —1)(4 —1) =9 and we
note that under H

0.30 < P(Usy > 9.37) < 0.50.

With such a large P-value we can hardly reject Hy. The data do not offer any evidence to
conclude that the proportions in the four cities are different.

PROBLEMS 10.3

1. The standard deviation of capacity for batteries of a standard type is known to be 1.66
ampere-hours. The following capacities (ampere-hours) were recorded for 10 bat-
teries of a new type: 146, 141, 135, 142, 140, 143, 138, 137, 142, 136. Does the
new battery differ from the standard type with respect to variability of capacity

(Natrella [75, p. 4-1])?

2. A manufacturer recorded the cut-off bias (volts) of a sample of 10 tubes as follows:
12.1, 12.3, 11.8, 12.0, 12.4, 12.0, 12.1, 11.9, 12.2, 12.2. The variability of cut-off
bias for tubes of a standard type as measured by the standard deviation is 0.208
volts. Is the variability of the new tube, with respect to cut-off bias less than that of
the standard type (Natrella [75, p. 4-5])?

3. Approximately equal numbers of four different types of meters are in service and
all types are believed to be equally likely to break down. The actual numbers of
breakdowns reported are as follows:

Type of Meter ‘ 1 2 3 4
Number of Breakdowns Reported ‘ 30 40 33 47

Is there evidence to conclude that the chances of failure of the four types are not
equal (Natrella [75, p. 9-4])?

4. Every clinical thermometer is classified into one of four categories, A, B, C, D, on
the basis of inspection and test. From past experience it is known that thermometers
produced by a certain manufacturer are distributed among the four categories in the
following proportions:
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Category ‘ A B C D
Proportion ‘ 0.87 0.09 0.03 0.01

A new lot of 1336 thermometers is submitted by the manufacturer for inspection and
test, and the following distribution into the four categories results:

Category ‘ A B C D
Number of Thermometers Reported ‘ 1188 91 47 10

Does this new lot of thermometers differ from the previous experience with regard
to proportion of thermometers in each category (Natrella [75, p. 9-2])?

5. A computer program is written to generate random numbers, X, uniformly in the
interval 0 < X < 10. From 250 consecutive values the following data are obtained:

X-value \0_1.99 2-399 4599 6799  8-9.99
Frequency | 38 55 54 41 62

Do these data offer any evidence that the program is not written properly?

6. A machine working correctly cuts pieces of wire to a mean length of 10.5 cm with a
standard deviation of 0.15 cm. Sixteen samples of wire were drawn at random from a
production batch and measured with the following results (centimeters): 10.4, 10.6,
10.1, 10.3, 10.2, 10.9, 10.5, 10.8, 10.6, 10.5, 10.7, 10.2, 10.7, 10.3, 10.4, 10.5. Test
the hypothesis that the machine is working correctly.

7. An experiment consists in tossing a coin until the first head shows up. One hun-
dred repetitions of this experiment are performed. The frequency distribution of the
number of trials required for the first head is as follows:

Number of trials ‘ 1 2 3 4 5 or more
Frequency 40 32 15 7 6

Can we conclude that the coin is fair?
8. Fit a binomial distribution to the following data:

X 0 1 2 3 4
Frequency: 8 46 55 40 11

9. Prove Theorem 1.
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10.

11.

12.

13.

14.

Three dice are rolled independently 360 times each with the following results.

Face Value Die 1 Die 2 Die 3

1 50 62 38
2 48 55 60
3 69 61 64
4 45 54 58
5 71 78 73
6 77 50 67

Sample Size 360 360 360

Are all the dice equally loaded? That is, test the hypothesis Hy : pi1 = pin = pi3,
i=1,2,...,6, where p; is the probability of getting an i with die 1, and so on.
Independent random samples of 250 Democrats, 150 Republicans, and 100 Indepen-
dent voters were selected 1 week before a nonpartisan election for mayor of a large
city. Their preference for candidates Albert, Basu, and Chatfield were recorded as
follows.

Party Affiliation
Preference Democrat Republican Independent
Albert 160 70 90
Basu 32 45 25
Chatfield 30 23 15
Undecided 28 12 20
Sample Size 250 150 150

Are the proportions of voters in favor of Albert, Basu, and Chatfield the same within
each political affiliation?

Of 25 income tax returns audited in a small town, 10 were from low- and middle-
income families and 15 from high-income families. Two of the low-income families
and four of the high-income families were found to have underpaid their taxes. Are
the two proportions of families who underpaid taxes the same?

A candidate for a congressional seat checks her progress by taking a random sample
of 20 voters each week. Last week, six reported to be in her favor. This week nine
reported to be in her favor. Is there evidence to suggest that her campaign is working?
Let {Xi1,X21,.., X}y, {X1c,X2¢, ..., X, } be independent multinomial RVs
with parameters (n1,p11,P21,---sPr1)s- -+ (ReyPiesP2cs - - - Pre)  Tespectively. Let
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Xi. =Y. Xjand Y n; = n. Show that the GLR test for testing Hy : pj = pj,
forj=1,2,...,c,i=1,2,...,r—1, where p;’s are unknown against all alternatives
can be based on the statistic

104 +TESTS

In this section we investigate one of the most frequently used types of tests in statistics,
the tests based on a z-statistic. Let X1, Xa, . .., X, be a random sample from N(u,0?), and,
as usual, let us write

X=n"'>X;, S=@m-1)"") (X—X)7
1 1

The tests for usual null hypotheses about the mean can be derived using the GLR method.
In the following table we summarize the results.

Reject Hy at Level «v if

H, H, o? Known 0% Unknown
I < > X >0+ 2 > o+ et
. T =< X = T r=tn—1,a
Hs o 1> o = Ho \/ﬁZ o 7 1,
— o s
1L > < X< —Zla X< — 11—«
W= o < po ,uo+\/ﬁa xf,uo—i—\/ﬁ 1,1
o

N

M. p= X—po| > —=zan B o] > —=t,_
p=po pFpo X uolfﬁz 2 X uoI,\/ﬁ La/2

Remark 1. A test based on a t-statistic is called a ¢-fest. The t-tests in I and II are called
one-tailed tests; the t-test in 111, a two-tailed test.

Remark 2. If o2 is known, tests I and II are UMP and test III is UMP unbiased. If o2 is
unknown, the 7-tests are UMP unbiased and UMP invariant.

Remark 3. If n is large we may use normal tables instead of z-tables. The assumption
of normality may also be dropped because of the central limit theorem. For small sam-
ples care is required in applying the proper test, since the tail probabilities under normal
distribution and #-distribution differ significantly for small n (see Remark 6.4.2).

Example 1. Nine determinations of copper in a certain solution yielded a sample mean of
8.3 percent with a standard deviation of 0.025 percent. Let i be the mean of the population
of such determinations. Let us test Hy: p = 8.42 against H; : p < 8.42 atlevel o = 0.05.
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Heren =9,x=8.3,5=0.025, o =8.42, and 1,1 1 —o = —13,0.05 = —1.860.
Thus

s 0.025
— 11— = 8.42 — ——1.86 = 8.4045.
o + N 1,1 3

We reject Hy since 8.3 < 8.4045.

We next consider the two-sample case. Let X;,X5,...,X,, and Y1,Y>,...,Y, be inde-
pendent random samples from N(jz1,07) and N(pp,03), respectively. Let us write

- _ m - v 1 n '
X=m Zl X, Y=n Zlyl,
Si=m=17"Y X=X S=(=)7 Y (=T

and

o (VS HE-S
P m-+n—2

Sﬁ is sometimes called the pooled sample variance. The following table summarizes the
two sample tests comparing i) and pi:

H, H, Reject Hy at Level «v if
(6 = Known Constant) 0%, 03 Known o1, 03 Unknown, 0| = 0,
L :ulflu2§5 ,LL]*ILL2>§ X—y=> x7y25+tm+n—2,o¢
7 2
o o 1 1
§+za\/ = +-2 Spy/ =+ =
m  n m n
1I. ,ul—ude /1'1_/~L2<6 x—y< i—ygé—tmﬂ,z,a
2 2
o o /11
5—27a 1,2 Spy) —+ =
m n m n
OL gy —pp=6 pm—p#0 [x-y—4> =5 =0 > twsn—2,0/2
ol o3 I 1
2o\ — +— SpA[ =+ =
m n m n

Remark 4. The case of most interest is that in which § = 0. If o}, 03 are unknown and
03 = 03 = 0°, o unknown, then S, is an unbiased estimate of 0. In this case all the
two-sample ¢-tests are UMP unbiased and UMP invariant. Before applying the #-test, one
should first make sure that 07 = 03 = 02, o> unknown. This means applying another test

on the data. We will consider this test in the next section.
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Remark 5. If m+ n is large, we use normal tables; if both m and n are large, we can drop
the assumption of normality, using the CLT.

Remark 6. The problem of equality of means in sampling from several populations will
be considered in Chapter 12.

Remark 7. The two sample problem when o # 05, both unknown, is commonly referred

to as Behrens—Fisher problem. The Welch approximate t-test of Hy : p1; = pip is based on
a random number of d.f. f given by

R N1 S
f= <1+R) m—1+(1+R)2n—1 '

_ S2/m
S3/n

where

and the f-statistic

(X—Y) = (1 — o)
/St /m+S5/n
with f d.f. This approximation has been found to be quite good even for small samples.

The formula for f generally leads to noninteger d.f. Linear interpolation in #-table can be
used to obtain the required percentiles for f d.f.

Example 2. The mean life of a sample of 9 light bulbs was observed to be 1309 hours with
a standard deviation of 420 hours. A second sample of 16 bulbs chosen from a different
batch showed a mean life of 1205 hours with a standard deviation of 390 hours. Let us
test to see whether there is a significant difference between the means of the two batches,
assuming that the population variances are the same (see also Example 10.5.1).

Here Hy: p11 = po, Hy: iy # o, m=9,n=16,x = 1309, s; =420,y = 1205, s, = 390,
and let us take o = 0.05. We have

8(420)2 + 15(390)2
= 23

so that

/1 1 8(420)2 +15(390)2 /1 1
Im+n—2,00/25p " + " = l23,0.025\/ (420) 3 (390) \/9 + 16 = 345.44.

Since [x — 3| = 1309 — 1205| = 104 # 345.44, we cannot reject Hy at level oo = 0.05.

Quite frequently one samples from a bivariate normal population with means i1, pt2,
variances 07,03, and correlation coefficient p, the hypothesis of interest being j1; = p5.
Let (X1,Y1),(X2,Y2),...,(X,,Y,) be a sample from a bivariate normal distribution with
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parameters fi1, [z, 07, 03, and p. Then X; — Y; is N(u1 — p12,02), where 0% = o} +

03 —2poioa. We can therefore treat D= (X;—Y;),j=1,2,...,n, as a sample from a
normal population. Let us write
n n N2
- d; di—d
dziZl ! and sézizl( i—d) .
n n—1

The following table summarizes the resulting tests:

Hy H,
do = Known Constant Reject Hy at Level « if
— Sq
L p—p=do 1 —po < dp deO‘f'ﬁtnfl,lfa
M —p2 <dp p1— pa > do dZdO'i_ﬁtnfLa
— Sq
L. gy — 2 =dp w1 — p2 # do |d —do| > ﬁlnq,a/z

Remark 8. The case of most importance is that in which dy = 0. All the t-tests, based
on D;’s, are UMP unbiased and UMP invariant. If o is known, one can base the test on a
standardized normal RV, but in practice such an assumption is quite unrealistic. If n is large
one can replace #-values by the corresponding critical values under the normal distribution.

Remark 9. Clearly, itis not necessary to assume that (X;,Y1),...,(X,,Y,) is a sample from
a bivariate normal population. It suffices to assume that the differences D; form a sample
from a normal population.

Example 3. Nine adults agreed to test the efficacy of a new diet program. Their weights
(pounds) were measured before and after the program and found to be as follows:

Participant

1 2 3 4 5 6 7 8 9

Before 132 139 126 114 122 132 142 119 126
After 124 141 118 116 114 132 145 123 121

Let us test the null hypothesis that the diet is not effective, Hy: 1) — pp = 0, against the
alternative, H; : pu; — o > 0, that it is effective at level & = 0.01. We compute
- 8—-2+8-2+84+0-3-4+5 18
d= =5 = 25
9 9
55 =126.75, sq=5.17.
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Sa_ 5.17 5.17

thla =0+ —t = — x2.896 =4.99.
N 1o +\/§8,0.01 3 X

do+

Since d # 4.99, we cannot reject hypothesis Hy that the diet is not very effective.

PROBLEMS 10.4

1.

The manufacturer of a certain subcompact car claims that the average mileage of
this model is 30 miles per gallon of regular gasoline. For nine cars of this model
driven in an identical manner, using 1 gallon of regular gasoline, the mean distance
traveled was 26 miles with a standard deviation of 2.8 miles. Test the manufacturer’s
claim if you are willing to reject a true claim no more than twice in 100.

. The nicotine contents of five cigarettes of a certain brand showed a mean of 21.2

milligrams with a standard deviation of 2.05 milligrams. Test the hypothesis that the
average nicotine content of this brand of cigarettes does not exceed 19.7 milligrams.
Use oo = 0.05.

. The additional hours of sleep gained by eight patients in an experiment with a certain

drug were recorded as follows:

Patient \1 2 3 4 5 6 7 8
Hours Gained | 0.7 —1.1 34 08 20 01 -02 30

Assuming that these patients form a random sample from a population of such
patients and that the number of additional hours gained from the drug is a normal
random variable, test the hypothesis that the drug has no effect at level o = 0.10.

. The mean life of a sample of 8 light bulbs was found to be 1432 hours with a standard

deviation of 436 hours. A second sample of 19 bulbs chosen from a different batch
produced a mean life of 1310 hours with a standard deviation of 382 hours. Making
appropriate assumptions, test the hypothesis that the two samples came from the
same population of light bulbs at level o = 0.05.

. A sample of 25 observations has a mean of 57.6 and a variance of 1.8. A further

sample of 20 values has a mean of 55.4 and a variance of 2.5. Test the hypothesis
that the two samples came from the same normal population.

. Two methods were used in a study of the latent heat of fusion of ice. Both method A

and method B were conducted with the specimens cooled to —0.72°C. The following
data represent the change in total heat from —0.72°C to water, 0°C, in calories per
gram of mass:

Method A:  79.98,80.04,80.02, 80.04,80.03, 80.03,80.04,79.97,80.05, 80.03,
80.02,80.00,80.02
Method B:  80.02,79.74,79.98,79.97,79.97,80.03,79.95,79.97
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10.

10.5

Perform a test at level 0.05 to see whether the two methods differ with regard to their
average performance (Natrella [75, p. 3-23]).

. In Problem 6, if it is known from past experience that the standard deviations of the

two methods are o4 = 0.024 and o = 0.033, test the hypothesis that the methods
are same with regard to their average performance at level o = 0.05.

. During World War II bacterial polysaccharides were investigated as blood plasma

extenders. Sixteen samples of hydrolyzed polysaccharides supplied by various man-
ufacturers in order to assess two chemical methods for determining the average
molecular weight yielded the following results:

Method A:  62,700;29, 100; 44, 400; 47, 800; 36, 300; 40, 000; 43,400; 35, 800;
33,900; 44,200; 34,300; 31, 300; 38,400; 47, 100; 42, 100; 42,200
Method B:  56,400;27,500;42,200; 46, 800; 33, 300; 37, 100; 37, 300; 36, 200;
35,200; 38,000; 32,200; 27, 300; 36, 100; 43, 100; 38, 400; 39,900

Perform an appropriate test of the hypothesis that the two averages are the same
against a one-sided alternative that the average of Method A exceeds that of
Method B. Use oo = 0.05. (Natrella [75, p. 3-38]).

. The following grade-point averages were collected over a period of 7 years to

determine whether membership in a fraternity is beneficial or detrimental to grades:

Year

1 2 3 4 5 6 7

Fraternity 24 20 23 21 21 20 20
Nonfraternity 2.4 22 25 24 23 1.8 19

Assuming that the populations were normal, test at the 0.025 level of significance
whether membership in a fraternity is detrimental to grades.

Consider the two sample r-statistic T = (X —Y)/[S,\/1/m+1/n], where S;=
[(m—1)St + (n—1)S5]/(m+n —2). Suppose o # 0. Let m,n — oo such that
m/(m+n) — p. Show that, under p; = pp, T-55 U, where U ~ N(0,7%), where
2 =[(1-p)o} +po3]/[po} + (1 — p)o3]. Thus when m ~n, p~ 1/2 and 7% =~ 1
and T is approximately N(0, 1) as m(~ n) — oo. In this case, a t-test based on 7" will
have approximately the right level.

F-TESTS

The term F-tests refers to tests based on an F-statistic. Let X1, X5,..., X, and Y, Y,,.... Y,

be independent samples from N(pi,0) and N(p2,02), respectively. We recall that
MU (Xi—X) /o7 ~x*(m—1) and > ](Y; —Y)? /03 ~ x*(n— 1) are independent RVs,
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so that the RV

o) - SO

2(n—1) B (ﬁSj
> -

93
oi(m—1) o153
is distributed as F(m— l,n—1).

The following table summarizes the F-tests:

Reject Hy at Level «v if

H, H, 11, o Known w1, 2 Unknown
m 2 2
S xi—p)T om s
L O—% S J% U% > U% ll : B Z *Fm,n,a % Z mel,nfl,oz
2i0i—mw)* T on 53
n 2 2
2ii—m) _n s
I 0'% > J% 0'% < U% y]n : B > *Fn,m,a % > anl,mfl,oz
2 i m)? T m 57
m 2 2
> (xi— ) m
Z*anozZ *1>F_1 -1 2
ML =0 o403 { Sii—m)? ~n " 2 = mtnlal
m
or < ;Fm,n,lfa/Z or < Fm—l,n—l,l—(x/Z

Remark 1. Recall (Remark 6.4.5) that
Fm,n,lfa = {Fn,m,a}il‘

Remark 2. The tests described above can be easily obtained from the likelihood ratio pro-
cedure. Moreover, in the important case where i1, 1o are unknown, tests I and I are UMP
unbiased and UMP invariant. For test III we have chosen equal tails, as is customarily done
for convenience even though the unbiasedness property of the test is thereby destroyed.

Example 1 (Example 10.4.2 continued). In Example 10.4.2 let us test the validity of the
assumption on which the 7-test was based, namely, that the two populations have the
same variance at level 0.05. We compute s7/s5 = (420/390)? = 196/169 = 1.16. Since
Foin-1,a/2=F8,15005 = 3.20, we cannot reject Hy: 01 = 0».

An important application of the F-test involves the case where one is testing the equality
of means of two normal populations under the assumption that the variances are the same,
that is, testing whether the two samples come from the same population. Let X1, X5, ..., X,
and Y1,Y,,...,Y, be independent samples from N(u;,07) and N(pz,03), respectively. If
o7 = o3 but is unknown, the t-test rejects Ho: 1 = pi if |T| > ¢, where c is selected so

that ap = P{|T| > ¢ | 1 = po,01 = 02}, that is, ¢ = t, 4y a,/25,/(1/m+1/n), where

o =D+ (=13

4 m+n—2

)
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s1,5> being the sample variances. If first an F-test is performed to test oy = o5, and then
a r-test to test p; = pp at levels o) and a, respectively, the probability of accepting both
hypotheses when they are true is

P{|T‘ <c,c <F<C2|/1,1 = 2,01 :02};

and if F is independent of T, this probability is (1 — «)(1 — ap). It follows that the
combined test has a significance level &« = 1 — (1 — 1) (1 — ). We see that

a=ata—aa <ata

and o > max(ay,ay). In fact, o will be closer to ay + «;, since for small vy and ap, oy
will be closer to 0.

We show that F is independent of T whenever o = 0,. The statistic V = (X,Y,>_}
(Xi —X)?+ X.](Y: — Y)?) is a complete sufficient statistic for the parameter (y1, (12,
01 =03) (see Theorem 8.3.2). Since the distribution of F does not depend on 11, po,
and 0| = 0y, it follows (Problem 5) that F is independent of V whenever o0 = 0,. But T
is a function of V alone, so that F' must be independent of T also.

In Example 1, the combined test has a significance level of

a=1-1(0.95)(0.95) = 1 —0.9025 = 0.0975.

PROBLEMS 10.5

1. For the data of Problem 10.4.4 is the assumption of equality of variances, on which
the z-test is based, valid?

2. Answer the same question for Problems 10.4.5 and 10.4.6.

3. The performance of each of two different dive bombing methods is measured a dozen
times. The sample variances for the two methods are computed to be 5545 and 4073,
respectively. Do the two methods differ in variability?

4. In Problem 3 does the variability of the first method exceed that of the second
method?

5. Let X = (X1,Xa,...,X,) be a random sample from a distribution with PDF (PMF)
f(x,0),0 € © where © is an interval in R;. Let T(X) be a complete sufficient statistic
for the family {f(x;0): 6 € ©}. If U(X) is a statistic (not a function of 7" alone)
whose distribution does not depend on 6, show that U is independent of 7.

10.6 BAYES AND MINIMAX PROCEDURES

Let X1,X5,...,X, be a sample from a probability distribution with PDF (PMF) fp, 6 € O.
In Section 8.8 we described the general decision problem, namely, once the statistician
observes x, she has a set A of options available. The problem is to find a decision func-
tion d that minimizes the risk R(6,9) = E9L(f,6) in some sense. Thus a minimax solution
requires the minimization of maxR(6,d), while a Bayes solution requires the minimiza-
tion of R(m,d) = ER(0,0), where 7 is the a priori distribution on ©. In Remark 9.2.1
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we considered the problem of hypothesis testing as a special case of the general decision
problem. The set A contains two points, ay and a;; ay corresponds to the acceptance of
Hy: 0 € Op, and a; corresponds to the rejection of Hy. Suppose that the loss function is
defined by

L(f,a0) =a(f) if0ecO;, a(f)>0,
L(0,a,)=b(0) if0e€Oy, b)) >0,
(0,a0)
(0,a1)

. ey
L(0,a0) =0 if 0 € O,
Lg,al =0 1f0€@1
Then
R(0,6(X)) =L(0,a0)Po{0(X) = ao} + L(0,a1)Pp{6(X) = a1 } @)
_ Ja(0)Pe{0(X) =ao} if6cO, 3)
b(O)P{6(X) =a;} if6 €Oy

A minimax solution to the problem of testing Hy: 6 € O against H : 0 € O, where
© = O+ 0Oy, is to find a rule ¢ that minimizes

mgx[a(H)Pg{é(X) =ap}t, bO)Py{d(X)=ai}].

We will consider here only the special case of testing Hy: 6 = 6 against H;: 6 = 0.
In that case we want to find a rule § which minimizes

max[aPy, {6(X) = ap}, bPy,{6(X) =ay}]. )
We will show that the solution is to reject Hy if

f91 (X
f90(x

provided that the constant k is chosen so that

~—

>k, (&)

~—

R(6o,0(X)) = R(61,0(X)), (6)

where ¢ is the rule defined in (5); that is, the minimax rule § is obtained if we choose k
in (5) so that

aPo {6(X) = ap} = bPg, {6(X) = a1}, %)

or, equivalently, we choose k so that

aPy, {;Zg; < k} — bPy, {;g g; > k} : ®)
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Let §* be any other rule. If R(6p,0) < R(6p,0"), then R(6y,0) = R(61,0) <
max[R(60y,0%), R(0;,0%)] and §* cannot be minimax. Thus, R(6y,9) > R(0y,0*), which
means that

Pp,{0"(X) =a1} < Py, {0(X) =a;} = P{Reject Hy | Hy true}. )

By the Neyman—Pearson lemma, rule ¢ is the most powerful of its size, so that its power
must be at least that of 0, that is,

Py {0(X) =a1} > Py, {0"(X) = a1}

so that

Po, {0(X) =ap} < Py, {6"(X)=ap}.
It follows that

aPy, {6(X) = ap} < aPy, {6"(X) =ap}
and hence that

R(0,,d) < R(61,0%). (10)
This means that
max[R(6y,9), R(01,0)] = R(61,0) < R(6,,6™)
and thus
max|[R(0y,d), R(61,0)] < max[R(0y,d%), R(61,0")].

Note that in the discrete case one may need some randomization procedure in order to
achieve equality in (8).

Example 1. LetX;,X;,...,X, beiid N(u, 1) RVs. To test Hy: j = 1o against Hy : = 1
(> po), we should choose k so that (8) is satisfied. This is the same as choosing ¢, and

thus k, so that

aP, {X <c}=bP,{X>c}

or

(< i = (e = e

5

Thus
a®[v/n(c— )] = b{1 —@[Vn(c —po)l},
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where @ is the DF of an N(0,1) RV. This can easily be accomplished with the help of
normal tables once we know a, b, 1, (1, and n.

We next consider the problem of testing Hy: 6 € O against H;: 0 € ©; from a
Bayesian point of view. Let 7(6) be the a priori probability distribution on ©.
Then

R(m.d) =EgR(0, 5(X))
_ S JoR(8,0)m(0)do if 7 is a pdf,
Z@ (7 ym(0)  if 7 is a pmf,
Jo, b(O)T(0)Po{6(X) = ai }do+
_ Jo,a(0)m(0)Po{d(X) =ao}df if misaPDF, an
>0, b(O)m(0)Pa{6(X) = ar }+
Yo, a0)m(0)Pe{d(X) =ao} if 7is a PMF.

The Bayes solution is a decision rule that minimizes R(7,d). In what follows we restrict
our attention to the case where both Hy and H; have exactly one point each, that is,
O = {90}, 0, = {91} Let 7'('(9()) = 7o and 7T(91) =1—m9=m. Then

R(’]T,§) = b’lT()Pgn{(S(X) = al} +am Py, {§(X) = a()}7 (12)
where b(60y) = b, a(0,) = a; (a,b > 0).

Theorem 1. Let X = (X;,X>,...,X,) be an RV of the discrete (continuous) type with
PMF (PDF) fy, e = {90791}. Let 7T(90) = T, 7T(91) =1—my = m be the apriori prob-
ability mass function on ©. A Bayes solution for testing Hy: X ~ fp, against H;: X ~ fp,,
using the loss function (1), is to reject Hy if

f91 (X) > @
Jo,(x) ~ am’

Proof. We wish to find 6 which minimizes

R(7m,0) = bmoPg,{0(X) = a1} +ami Py, {6(X) =aop}.

(13)

Now
R(m,8) =ER(6,0)
=E{E¢{L(0,9)|X}}

so it suffices to minimize {Eg{L(6,0)|X}.
The a posteriori distribution of 6 is given by

R O)(x)
M) = on(®)
TS
WQfGO (X) + 7T1f91 (X)
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T‘—Qfeo (X) e
AT )
mifo, (X) ito =6,
Wﬂf% (X) +’/T]f9| (X) .
Thus
- o bh(e()‘X), 9:90,5(X)=a1,
Eo{L(6,5(X)) X = x} = {ah(el s

It follows that we reject Hy, that is, 6(X) = ay if
bh(bo|x) < ah(6:[x),
which is the case if and only if
brofe, (x) < amify, (x),

as asserted.

Remark 1. In the Neyman—Pearson lemma we fixed Py, {6(X) = a,}, the probability of
rejecting Hy when it is true, and minimized Py, {d(X) = ay }, the probability of accepting
H, when it is false. Here we no longer have a fixed level « for Py, {6(X) = a; }. Instead
we allow it to assume any value as long as R(m,d), defined in (12), is minimum.

Remark 2. 1Tt is easy to generalize Theorem 1 to the case of multiple decisions. Let X be
an RV with PDF (PMF) fp, where 6 can take any of the k values 0;,60,, ... ,0;. The problem
is to observe x and decide which of the ;s is the correct value of 0. Let us write H;: 6 = 6;,
i=1,2,...,k, and assume that 7(6;) = m;, i = 1,2,.. .k, Elf m; = 1, is the prior probability
distribution on © = {6,,0,,...,0;}. Let

L(6:,6) = 1 if § chooses 0;,j # i.
77710 if 6 chooses 6;.

The problem is to find a rule ¢ that minimizes R(7,J). We leave the reader to show that a
Bayes solution is to accept H;: 0 =0, (i=1,2,...,k) if

mifo,(X) > ify,(x) forallj#1ij=1,2,...,k, (15)

where any point lying in more than one such region is assigned to any one of them.

Example 2. LetX,,X5,...,X, beiid N(u, 1) RVs. To test Hy: (1= o against Hy : 1= i
(> po), let us take a = b in the loss function (1). Then Theorem 1 says that the Bayes rule
is one that rejects Hy if

f@l(x
feo(x

~—

0

2
1—71'0

)

~—
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that is,

exp{27(xi—ﬂl)2 ZY(xiz—uo)2}> mo

2 + _]—7'['0,

~  nlpg—p) o
— . > .
eXP{(m o) El X+ —— o

This happens if and only if

n

Z o, 1log[mo/(1 —m0)] | po+m
- z_ + ’
no = o 2

where the logarithm is to the base e. It follows that, if myp = %, the rejection region
consists of

_ Mot
>
)

Example 3. This example illustrates the result described in Remark 2. Let X;,X5,..., X,
be a sample from N(u, 1) and suppose that 1 can take any one of the three values i,
L2, or ps. Let iy < po < ps. Assume, for simplicity, that 77; = 7 = 3. Then we accept
Hi:p=p,i=1,2,3,if

ﬂ'ieXP{—Xn:W}ijexp{ Xn:Xk_uj }

k=1 k=1
foreachj#i,j=1,2,3.

It follows that we accept H; if

2 — 2
(:U’l'_:u’j)x—'_%zov ]:172737(]#07

that is,

- (i = ) (i =+ 1) : e
X(M;’_,Uzj)z#a Jj=1 2737(]751)'
Thus, the acceptance region of H; is given by

1+ o and XSM

x <
) 2

Also, the acceptance region of H; is given by

) _
> — and < ==
X = 2 XS 2 ,
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and that of H3 by

patH and XZM.

x>
=T 2

In particular, if p; =0, py =2, u3 =4, we accept H; if x < 1, H if 1 <x <3, and H;
if x > 3. In this case, boundary points 1 and 3 have zero probability, and it does not matter
where we include them.

PROBLEMS 10.6

1.

In Example 1 let n = 15, py = 4.7, and p; = 5.2, and choose a = b > 0. Find the
minimax test, and compute its power at 4 = 4.7 and 4t = 5.2.

. A sample of five observations is taken on a b(1,6) RV to test Hy: 0 = % against

H]ZQZ%.

(a) Find the most powerful test of size o« = 0.05.

(b) IfL(3,%) =L(3,3) =0,L(3,3) = 1,and L(3,}) =2, find the minimax rule.
(c) If the prior probabilities of § = J and 6 = 3 are 7y = 1 and 7| = , respectively,
find the Bayes rule.

. A sample of size n is to be used from the PDF

fo(x) = 0e™%, x>0,

totest Hy: @ = 1 against H; : § = 2. If the a priori distribution on 6 is 7wy = %, T = %,
and a = b, find the Bayes solution. Find the power of the test at # = 1 and 6 = 2.

. Given two normal densities with variances 1 and with means —1 and 1, respectively,

find the Bayes solution based on a single observation when a = b and (a) my =

1 1 3
T = 35 and(b) T = Z,’/Tl =

. Given three normal densities with variances 1 and with means —1, 0, 1, respec-

tively, find the Bayes solution to the multiple decision problem based on a single

observation when 7 = %, T = %, T = 1.

. For the multiple decision problem described in Remark 2 show that a Bayes solution

istoaccept H;: 0 =06; (i=1,2,....k) if (15) holds.
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CONFIDENCE ESTIMATION

11.1 INTRODUCTION

In many problems of statistical inference the experimenter is interested in constructing
a family of sets that contain the true (unknown) parameter value with a specified (high)
probability. If X, for example, represents the length of life of a piece of equipment, the
experimenter is interested in a lower bound @ for the mean 6 of X. Since 6 = 0(X) will be
a function of the observations, one cannot ensure with probability 1 that (X) < 6. All that
one can do is to choose a number 1 — « that is close to 1 so that Py{0(X) <0} > 1 — « for
all #. Problems of this type are called problems of confidence estimation. In this chapter
we restrict ourselves mostly to the case where © C R and consider the problem of setting
confidence limits for the parameter 6.

In Section 11.2 we introduce the basic ideas of confidence estimation. Section 11.3
deals with various methods of finding confidence intervals, and Section 11.4 deals with
shortest-length confidence intervals. In Section 11.5 we study unbiased and equivariant
confidence intervals.

11.2 SOME FUNDAMENTAL NOTIONS OF CONFIDENCE ESTIMATION

So far we have considered a random variable or some function of it as the basic observable
quantity. Let X be an RV, and a, b, be two given positive real numbers. Then

An Introduction to Probability and Statistics, Third Edition. Vijay K. Rohatgi and A.K. Md. Ehsanes Saleh.
© 2015 John Wiley & Sons, Inc. Published 2015 by John Wiley & Sons, Inc.
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Pla<X<b}=P{la<Xand X <b}

X
:P{X<b<b},
a

and if we know the distribution of X and a,b, we can determine the probability P{a <
X < b}. Consider the interval I(X) = (X,bX/a). This is an interval with end points that
are functions of the RV X, and hence it takes the value (x,bx/a) when X takes the value x.
In other words, 7(X) assumes the value /(x) whenever X assumes the value x. Thus /(X)
is a random quantity and is an example of a random interval. Note that I(X) includes the
value b with a certain fixed probability. For example, if b =1, a = %, and X is U(0,1),
the interval (X,2X) includes point 1 with probability . We note that /(X) is a family
of intervals with associated coverage probability P(I(X) > 1) = 1. It has (random) length
L(I(X)) =2X —X = X. In general the larger the length of the interval the larger the coverage
probability. Let us formalize these notions.

Definition 1. Let Py, 0 € © C Ry, be the set of probability distributions of an RV X. A
family of subsets S(x) of ©, where S(x) depends on the observation x but not on 6, is
called a family of random sets. If, in particular, © C R and S(x) is an interval (6(x),0(x)),
where (x) and 0(x) are functions of x alone (and not ), we call S(X) a random interval
with §(X) and 6(X) as lower and upper bounds, respectively. §(X) may be —oo, and
0(X) may be +oo.

In a wide variety of inference problems one is not interested in estimating the parameter
or testing some hypothesis concerning it. Rather, one wishes to establish a lower or an
upper bound, or both, for the real-valued parameter. For example, if X is the time to failure
of a piece of equipment, one may be interested in a lower bound for the mean of X. If the
RV X measures the toxicity of a drug, the concern is to find an upper bound for the mean.
Similarly, if the RV X measures the nicotine content of a certain brand of cigarettes, one
may be interested in determining an upper and a lower bound for the average nicotine
content of these cigarettes.

In this chapter we are interested in the problem of confidence estimation, namely, that of
finding a family of random sets S(x) for a parameter 6 such that, for a given a, 0 < v < 1
(usually small),

Po{S(X)30}>1—a forall 0 € ©. (1)
We restrict our attention mainly to the case where # € © C R.

Definition 2. Let 0 € © C R and 0 < a < 1. A statistic 6(X) satisfying

Pp{0(X) <0} >1—« for all 0 2)

is called a lower confidence bound for 6 at confidence level 1 — . The quantity

inf Po{6(X) < 6} 3)

is called the confidence coefficient.
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Definition 3. A statistic 8 that minimizes
Pe{0(X) <0’}  foralld' <0 4)

subject to (2) is known as a uniformly most accurate (UMA) lower confidence bound for
0 at confidence level 1 — a.

Remark 1. Suppose X ~ Py and (2) holds. Then the smallest probability of true coverage,
Po{0(X) <0) = Py{[0(X),00) 3 0} is | — cv. Then the probability of false (or incorrect)
coverage is Pg{[0(X),00) 2 0"} = Po{0(X) < 0} for 8’ < 6. According to Definition 3
among the class of all lower confidence bounds satisfying (2), a UMA lower confidence
bound has the smallest probability of false coverage.

Similar definitions are given for an upper confidence bound for # and a UMA upper
confidence bound.

Definition 4. A family of subsets S(x) of © C Ry is said to constitute a family of
confidence sets at confidence level 1 — o if

Po{S(X)30}>1—a forall @ € ©, Q)

that is, the random set S(X) covers the true parameter value 6 with probability > 1 — cv.
A lower confidence bound corresponds to the special case where k = 1 and

S(X) ={0: 0(x) <0 < oo}; (6)
and an upper confidence bound, to the case where
S(x)={0: 0(x) >0 > —oc0c}. (7
If S(x) is of the form
S(x) = (0(x).0(x)) ®)
we will call it a confidence interval at confidence level 1 — «, provided that
Po{0(X)<0<0X)}>1—a for all 0, 9
and the quantity
ir;fPe{Q(X) <0 <0(X)} (10)
will be referred to as the confidence coefficient associated with the random interval.

Remark 2. We write S(X) > 0 to indicate that X, and hence S(X), is random here and
not @ so the probability distribution referred to is that of X.
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Remark 3. When X = x is the realization the confidence interval (set) S(x) is a fixed sub-
set of R;. No probability is attached to S(x) itself since neither € nor S(x) has a probability
distribution. In fact either S(x) covers 6 or it does not and we will never know which since
0 is unknown. One can give a relative frequency interpretation. If (1 — «)-level confidence

sets for @ were computed a large number of times, then a fraction (approximately) 1 — «
of these would contain the true (but unknown) parameter value.

Definition 5. A family of (1 — «)-level confidence sets {S(x)} is said to be a UMA family
of confidence sets at level 1 — «v if

Po{S(X) contains 8’} < Pg{S'(X) contains 6’}
for all @ # 6’ and any (1 — a)-level family of confidence sets S (X).

Example 1. Let X,,X»,...,X, be iid RVs, X; ~ N(u,0?). Consider the interval (X — ¢y,
X+ ¢;). In order for this to be a (1 — «)-level confidence interval, we must have

P X—ci<pu<X+ao}>1l-a,
which is the same as
Plu—c<X<p+c}>1—a.
Thus
X—pu c
Pe—=vVn<——vVn< —=ynp>1-q.
o o o
Since /n(X — 1) /o ~ N(0, 1), we can choose ¢; and ¢; to have equality, namely,
(6] X— % C1
P ——=vVn<——Vn< —=yny=1-aq,
g g g
provided that o is known. There are infinitely many such pairs of values (cy,c;). In

particular, an intuitively reasonable choice is ¢; = —c¢; = ¢, say. In that case

Cy\/n
=Za/2s

o
and the confidence interval is (X — (0/v/n)zq /2, X + (0/+/n)24 2)- The length of this inter-
valis (20 /y/n)z /». Given o and «, we can choose 7 to get a confidence interval of a fixed
length.

If o is not known, we have from

P{—aa<X—p<c}t>1-a
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that

X-— £
S/\/n

and once again we can choose pairs of values (cy,¢;) using a z-distribution with n— 1 d.f.

such that
X —
P{—ng/ﬁ < —Su\/ﬁ< Cl;/ﬁ} —l-a

In particular, if we take c; = —c, = ¢, say, then

Cl\f}>1

¢ S = Ih—1,a/25

and (X — (S/v/n)tu_1,0/2, X+ (S//n)t,_1,a/2),1s a(1 — a)-level confidence interval for .
The length of this interval is (25/+/n)t,_1 « /2, Which is no longer constant. Therefore we
cannot choose n to get a fixed-width confidence interval of level 1 — «. Indeed, the length
of this interval can be quite large if o is large. Its expected length is

2 2 2 T(n/2)
\/ﬁn la/ZES \/ﬁn l,a/2 n_lr[(n_l)/z]oa

which can be made as small as we please by choosing n large enough.

Example 2. In Example 1, suppose that we wish to find a confidence interval for o>
instead when i is unknown. Consider the interval (c15%,¢25%), ¢1,¢2 > 0. We have

P{eiS? <o’ <8t >1—a

P{c1 <Sz<cl} >1—«
2 o2 1 =

Since (n— 1)S% /0% is x*(n— 1), we can choose pairs of values (c,c;) from the tables of
the chi-square distribution. In particular, we can choose ¢, ¢, so that

so that

Then

2
:X _ _ .
o n—1,1—a/2

(n—1)s? (n—1)8?
Xifl,a/Z , Xifl,lfa/Z

Thus
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is a (1 — a)-level confidence interval for o> whenever 4 is unknown. If j is known, then
n

Z (Xifu)z -~ XZ(n).

o2
1

Thus we can base the confidence interval on > (X; — )%, Proceeding similarly, we get a
(1 — av)-level confidence interval as

(za’(x—u)z z*;<x,»—u>2>_

3

2 2
Xn7a/2 Xn,lfa/2

Next suppose that both  and o2 are unknown and that we want a confidence set for
(u,0%). We have from Boole’s inequality

s s -1 5,  (n—1)8
PIX——F—ti 1. 2</~L<X+7tn—l,oz s <0<
{ v g vn '/ Xﬁ—l,az/Z Xﬁ—l,l—ag/z

_ S - S
Z 1 _P{X+ %tnfl,a1/2 S Morx_ﬁtnfl,al/Z ZH’}
—1)8? —1)8?
—P{(Zn oo LS >02}
X

n—1,1—c/2 Xo—1,00/2

:1*041*0[2,

so that the Cartesian product,

- S - S n—18> (n—1)s?
S(X) = <X_ 7tn—1,a1/2>X+ tn—l,a]/Z) X (2 ) ; (2 )
\/?l \/ﬁ anl,az/Z anl,lfaz/Z

is a (1 — a; — a)-level confidence set for (j,07).

11.3 METHODS OF FINDING CONFIDENCE INTERVALS

We now consider some common methods of constructing confidence sets. The most
common of these is the method of pivots.

Definition 1. Let X ~ Pg. A random variable T(X,0) is known as a pivor if the
distribution of 7(X, 6) does not depend on 6.

In many problems, especially in location and scale problems, pivots are easily found.
For example, in sampling from f(x — ), X(,) — 0 is a pivot and so is X — 0. In sam-
pling from (1/0)f(x/0), a scale family, X(,)/o is a pivot and so is X(;)/o, and in
sampling from (1/0)f((x —6)/c), a location-scale family, (X — 0)/S is a pivot, and so
is (X + X1y~ 20)/5.
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If the DF Fy of X; is continuous, then Fp(X;) ~ U0, 1] and, in case of random sampling,
we can take

0) =] Fo(x

or,
—logT(X,0) = ZlogFg

as a pivot. Since Fy(X;) ~ U[0,1], —logFy(X;) ~ G(1,1) and — )7 | logFy(X;) ~
G(n,1). It follows that — >, log Fp(X;) is a pivot.

The following result gives a simple sufficient condition for a pivot to yield a confidence
interval for a real-valued parameter 6.

Theorem 1. Let 7(X, ) be a pivot such that for each 0, T(X,0) is a statistic, and as a
function of 0, T is either strictly increasing or decreasing at each x € R,,. Let A C R be
the range of T, and for every A € A and x € R, let the equation A\ = T(x, ) be solvable.
Then one can construct a confidence interval for 6 at any level.

Proof. Let 0 < a < 1. Then we can choose a pair of numbers \;(c) and A»(«) in A not
necessarily unique, such that

Po{Mi(a) <T(X,0) < ()} > 11—« for all 4. (1)

Since the distribution of 7 is independent of 0, it is clear that A\; and )\, are independent
of 6. Since, moreover, T is monotone in #, we can solve the equations

T(x,0) =\ (@) and T(x,0) = X () (2)
for every x uniquely for . We have
Pp{f(X) <0 <0(X)} >1—a  foralld, 3)

where §(X) < 6(X) are RVs. This completes the proof.

Remark 1. The condition that A = T(x, ) be solvable will be satisfied if, for example, T
is continuous and strictly increasing or decreasing as a function of 6 in ©.

Note that in the continuous case (that is, when the DF of T is continuous) we can find
a confidence interval with equality on the right side of (1). In the discrete case, however,
this is usually not possible.
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Remark 2. Relation (1) is valid even when the assumption of monotonicity of 7' in the
theorem is dropped. In that case inversion of the inequalities may yield a set of intervals
(random set) S(X) in O instead of a confidence interval.

Remark 3. The argument used in Theorem 1 can be extended to cover the multiparameter
case, and the method will determine a confidence set for all the parameters of a distribution.

Example 1. Let X1,X>,...,X, ~ N(u,0?), where o is unknown and we seek a (1 — a)-
level confidence interval for . Let us choose

X —
T(X‘HU/) = T‘u\/ﬁa

where X, S? are the usual sample statistics. The RV T(X, 1) has Student’s z-distribution
with n—1 d.f., which is independent of  and T(X, i), as a function of y is monotone. We
can clearly choose A (), A2(«) (not necessarily uniquely) so that

P{\(o) <TX,p) < (a)}=1-«a for all p.

Solving

we get

WX)=X- S dole),  FX)=X-

NG

and the (1 — a)-level confidence interval is

(X—jﬁ)\g(oz),X—\jﬁ)\l(a)).

In practice, one chooses A\ () = —Aj (@) = 1,1 o /2.
Example 2. Let X1,X>,...,X, be iid with common PDF
fo(x) =exp{—(x—0)}, x>0, and 0 elsewhere.

Then the joint PDF of X is

f(x;0) = exp {in +n9} Iy >0)-
i=1
Clearly, T(X,6) = X(;y — 0 is a pivot. We can choose A (), A2(«) such that
Py {)\1(05) < X(l) —0< )\2(04)} =1—q« forall 0,

which yields (X(1) — A2 (@), X1y — Ai(e)) as a (1 — «)-level confidence interval for 6.
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Remark 4. In Example 1 we chose A\, = —A\; whereas in Example 2 we did
not indicate how to choose the pair (A;,A;) from an infinite set of solutions to
Po{\i(a) < T(X,0) < Xa(c)} = 1— . One choice is the equal-tails confidence interval
which is arrived at by assigning probability «/2 to each tail of the distribution of 7. This
means that we solve

a/2 = Po{T(X,0) < \} = P{T(X,0) > Ay}

In Example 1 symmetry of the distribution leads to the indicated choice. In Example 2,
Y=Xu— 0 has PDF

g(y) =nexp(—ny) fory >0
so we choose (A1, A;) from
Pe{X(l)—9<)\1} :a/Z:Pg{X(l)—0>)\2},

giving A\ (o) = (1/n)fn(a/2) and A\ () = —(1/n)¢n(1 —a/2). Yet another method is to
choose A1, \; in such a way that the resulting confidence interval has smallest length. We
will discuss this method in Section 11.4.

We next consider the method of fest inversion and explore the relationship between a
test of hypothesis for a parameter # and confidence interval for 6. Consider the following
example.

Example 3. Let X1,X,,...,X, be a sample from N(u,03), where o is known. In
Example 11.2.1 we showed that

— 1 - 1
<X - Wza/zao»x‘i‘ \/ﬁza/200>
is a (1 — «)-level confidence interval for u. If we define a test ¢ that rejects a value of
1 = po if and only if pg lies outside this interval, that is, if and only if

n|X — po
% 2 Za)2

then

X —
P#O{\/ﬁ ,LL()| >Z(1/2} :a’

90

and the test  is a size « test of ;1 = po against the alternatives p # puo.

Conversely, a family of a-level tests for the hypothesis p = jp generates a family of
confidence intervals for ;o by simply taking, as the confidence interval for 1, the set of
those p for which one cannot reject pn = pip.

Similarly, we can generate a family of a-level tests from a (1 — av)-level lower (or upper)
confidence bound. Suppose that we start with the (1 — «)-level lower confidence bound
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X — zo(00/+/n) for p. Then, by defining a test p(X) that rejects 1 < o if and only if

po < X —z4(00/+/n), we get an a-level test for a hypothesis of the form p < pu.

Example 1 is a special case of the duality principle proved in Theorem 2 below. In the
following we restrict attention to the case in which the rejection (acceptance) region of
the test is the indicator function of a (Borel-measurable) set, that is, we consider only
nonrandomized tests (and confidence intervals). For notational convenience we write
Hy(6y) for the hypothesis Hy: 6 = 6y and H;(0y) for the alternative hypothesis, which
may be one- or two-sided.

Theorem 2. Let A(6y), 6y € O, denote the region of acceptance of an a-level test of
Hy(6p). For each observation x = (x1,x2,...,x,) let S(x) denote the set

S(x)={0: xcA(0),0 € ©}. “)

Then S(x) is a family of confidence sets for # at confidence level 1 — «. If, moreover,
A(6p) is UMP for the problem (o, Hy(6p),H,(6)), then S(X) minimizes

Po{S(X)>6'} forall 0 € H,(0") 3)
among all (1 — a)-level families of confidence sets. That is, S(X) is UMA.
Proof. 'We have
S(x)>6 if and only x € A(0), (6)
so that
Po{S(X) 30} = Py{X €A(0)} > 1 -0,
as asserted.
If $*(X) is any other family of (1 — a)-level confidence sets, let A*(6) =
{x: §*(x) 3 6}. Then
Po{X € A*(0)} = Po{S*(X) 260} > 1—«
and since A(6y) is UMP for («, Hy(0o),H1(6p)), it follows that
Po{X €A™ (00)} > Po{X € A(0)} for any 0 € H,(6y).
Hence
Po{S*(X) 26y} > Po{X € A(6p)} = Po{S(X) 2 6o}

for all § € H;(6y). This completes the proof.
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Example 4. Let X be an RV of the continuous type with one-parameter exponential PDF,
given by

fo(x) = exp{Q(0)T(x) + ' (x) + D(6)},

where Q(#) is a nondecreasing function of 6. Let Hy: 6 = 6y and H, : 6 < 6. Then the
acceptance region of a UMP size « test of H is of the form

A(o) = {x: T(x) > c(6o)}-
Since, for 8 > 0’
Po{T(X) <c()} = a=Pp{T(X) < c(0)} < P {T(X) < ()},

¢(#) may be chosen to be nondecreasing. (The last inequality follows because the power
of the UMP test is at least «, the size.) We have

S(x)={0: x€A(0)},
so that S(x) is of the form (—o0,c¢~ (T (x))), or (—o0o,c ™! (T(x))], where ¢! is defined by

¢ (1)) = sup{6: c(6) < T(x0)}.

In particular, if X;,X>,...,X, is a sample from

1
—,—x/0 0
o (x) _ 96 , x>0,
0, otherwise,

then T'(x) = Zf: , % and for testing Hy: 6 = 0 against H, : 0 < 6, the UMP acceptance
region is of the form

A(bp) = {x: le' >c(bo)},

where c(f) is the unique solution of

0 n—1
/ 4 e Ydy=1-aq, O<acx<l.
c(60)/0, (n—1)!

The UMA family of (1 — «)-level confidence sets is of the form

S(x)={0:x€A(9)}.

In the case n =1, ¢(6p) = fplog - and S(x) = {O, m} .
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Example 5. Let X;,X,,...,X, be iid U(0,60) RVs. In Problem 9.4.3 we asked the reader
to show that the test

1 X(n) > 0, or X(n) < 0()041/"7

o) = { 0 otherwise

is UMP size « test of 6 = 0 against 6 # 6y. Then
A(eo) = {XI 900[1/" § X(,,) S 90}
and it follows that [x,) ,x(n)ofl/ "] is a (1 — a)-level UMA confidence interval for 6.

The third method we consider is based on Bayesian analysis where we take into account
any prior knowledge that the experimenter has about . This is reflected in the specification
of the prior distribution 7w(6) on ©. Under this setup the claims of probability of coverage
are based not on the distribution of X but on the conditional distribution of 8 given X = x,
the posterior distribution of 6.

Let O be the parameter set, and let the observable RV X have PDF (PMF) fy (x). Sup-
pose that we consider 6 as an RV with distribution 7 () on ©. Then fy (x) can be considered
as the conditional PDF (PMF) of X, given that the RV 6 takes the value 6. Note that we
are using the same symbol for the RV € and the value that it assumes. We can determine
the joint distribution of X and 6, the marginal distribution of X, and also the conditional
distribution of 6, given X = x as usual. Thus the joint distribution is given by

[(x,0) =7 (0)fo(x), ©)

and the marginal distribution of X by

7(0)fp(x if 7 is a PMF,
glx) = { = TONG) )
[7(0)fo(x)do if is a PDF.
The conditional distribution of €, given that x is observed, is given by
7(6)fo(x)
h(f|x)=—"—-2, x) > 0. )
01 =75 8
Given h(f | x), it is easy to find functions /(x),u(x) such that
P{IX) <l <uX)}>1-aq,
where
“n0|x)do
PX)<0<uX)|X=x}= i " (10)
> h(O | x),

depending on whether /4 is a PDF or a PMF.
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Definition 2. An interval (/(x),u(x)) that has probability at least 1 — « of including 6 is
called a (1 — «)-level Bayes interval for 0. Also I(x) and u(x) are called the lower and
upper limits of the interval.

One can similarly define one-sided Bayes intervals or (1 — «)-level lower and upper
Bayes limits.

Remark 5. We note that, under the Bayesian set-up, we can speak of the probability that 6
lies in the interval (/(x),u(x)) with probability 1 — « because / and u are computed based
on the posterior distribution of # given x. In order to emphasize this distinction between
Bayesian and classical analysis, some authors prefer the term credible sets for Bayesian
confidence sets.

Example 6. Let X;,Xs,...,X, beiid N(u, 1), u € R, and let the a priori distribution of p
be N(0, 1). Then from Example 8.8.6 we know that a(y | x) is

N ZYxi’ Ly
n+1 n+1

Thus a (1 — «v)-level Bayesian confidence interval is

nX o Za/2 nx n Za/2
n+1 Vn+1 n+l Vn+l

A (1 — a)-level confidence interval for  (treating p as fixed) is a random interval with

value
,_Za/Z _ Zo¢/2
( N ﬁ)'

Thus the Bayesian interval is somewhat shorter in length. This is to be expected since we
assumed more in the Bayesian case.

Example 7. Let X,,X>,...,X, be iid b(1,p) RVs, and let the prior distribution on
© =(0,1)be U(0,1). A simple computation shows that the posterior PDF of p, given x, is

p~ X1 (1—p)" Xl
h(plx) = B(X)xit1n=3xi+1)’ |
0, otherwise.

O0<p<l

Given a table of incomplete beta integrals and the observed value of Z'{ X;, one can
easily construct a Bayesian confidence interval for p.

Finally, we consider some large sample methods of constructing confidence intervals.
Suppose T(X) ~ AN(6,v(0)/n). Then

T(X)—0 |
\/’;7\)(6‘) —Z,
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where Z ~ N(0, 1). Suppose further that there is a statistic S(X) such that S(X) i>v(6).
Then, by Slutsky’s theorem

and we can obtain an (approximate) (1 — a)-level confidence interval for 6 by inverting
the inequality

_T(X) 0
|f VS(X)

Example 8. LetX;,X,...,X, beiid RVs with finite variance. Also, let EX; = p and EX,2 =
0% + 1%, From the CLT it follows that

< Za )2+

X—p 1
=7
a/yn

where Z ~ N(0, 1). Suppose that we want a (1 — a)-level confidence interval for 1 when

o is not known. Since S &, for large n the quantity [/n(X — p)/S] is approximately
normally distributed with mean 0 and variance 1. Hence, for large n, we can find constants
c1,c; such that

X —
P{C] <S'UI\/IZ<CQ}:1—O[.

In particular, we can choose —c; = ¢ = z4, to give

_ s _ s
(x - ﬁza/Zax + \/ﬁZa/z)
as an approximate (1 — «)-level confidence interval for p.

Recall that if § is the MLE of § and the conditions of Theorem 8.7.4 or 8.7.5 are satisfied
(caution: See Remark 8.7.4), then

Vi(0=0) L N(0, 1)

a

as n — oo,

where
—1
1

10)

0'2:

2
E, { aloga]Z(X) }

Then we can invert the statement
0—0
Py {—Za/z < T\/E< Za/z} >1—«

to give an approximate (1 — «v)-level confidence interval for 6.
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Yet another possible procedure has universal applicability and hence can be used
for large or small samples. Unfortunately, however, this procedure usually yields con-
fidence intervals that are much too large in length. The method employs the well-known
Chebychev inequality (see Section 3.4):

1
P{|X—EX\ <s\/var(X)} >1-5.

If 6 is an estimate of 6 (not necessarily unbiased) with finite variance o2(6), then by

Chebychev’s inequality
PLlO—0 E(0—0)2 >1— —1
\ | <e ( ) 2

It follows that
(és\/E(éQ)z,éJrs\/E(é@)z)

is a [1— (1/£2)]-level confidence interval for #. Under some mild consistency conditions
one can replace the normalizing constant |/ [E(# — §)2], which will be some function A(6)
of 6, by A(6). A

Note that the estimator # need not have a limiting normal law.

Example 9. Let X;,X,,...,X, be iid b(1,p) RVs, and it is required to find a confidence
interval for p. We know that EX = p and

var(Y) — var(X) — p(l _p) )

n n

_ - 1
P{|X—p<5 p(p)}>1—2.
n [

we have

It follows that

Since p(1—p) < 1,

— 1 1
PJX— X 1-—.
{ 2f€<p< +2\[ }> =2

One can now choose ¢ and n or, if n is kept constant at a given number, € to get the
desired level.
Actually the confidence interval obtained above can be improved somewhat. We note

that
- 1— 1
P{|X—p<6 p(p)}>l_2.
n €
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so that
v 2 5217(1*17) 1
Py X—p|" < ——= >1——2.
n €

Now

2
_ €
X —p|* < —p(1=p)

2 2
(1—|—€n)p2— (2X—|—5n>p—|—X2<0.

This last inequality holds if and only if p lies between the two roots of the quadratic

equation
2 2
(1 n g)pz - (2X+ €>p+X2 —0.
n n

X+ (2/n) — \ X+ (/)2 — 41 + (2/n)| X

if and only if

The two roots are

p1=

2[1+ (&2/n)]
X @R X))
1+ (2/n) 2[1+ (e2/n)]
and
2X + (€2 /n) +\/2X+ (e%/n)]? — [1+(62/n)]
= 21+ (2/n)]
X (/) JAR X1 -X) + ()
“11@n) " 211 (22/n)]

It follows that

1
P{p <P<P2}>1*€7-

Note that when n is large

and pprX+e\| —,
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as one should expect in view of the fact that X — p with probability 1 and 4/ [X(1 —X)/n]

estimates \/[p(1 —p)/n]. Alternatively, we could have used the CLT (or large-sample
property of the MLE) to arrive at the same result but with € replaced by z,, /5.

Example 10. Let X;,X,,...,X, be a sample from U(0,0). We seek a confidence interval
for the parameter 6. The estimator =X (n) 18 the MLE of 6, which is also sufficient for 6.
From Example 5, [X(,,) ca~l ”X(,,)] is a (1 — «)-level UMA confidence interval for 6.

Let us now apply the method of Chebychev’s inequality to the same problem. We have

n
Eo X, =
6<(n) n-+1
and
2
Eo(X(p—0)Y=6>—F — .
oK =0 =8 D)
Thus
‘X(n)—9| (n+])(n—|—2) 1
P 1——.
{ g > <gep> 2

Since X, L 0, we replace 6 by X, in the denominator, and, for moderately large ,

Xy —0
P X ~ 61 (n+1)(n+2)<€ >1—i2.
X(n) 2 9

It follows that

n) X (n)

e V2 V2
= Dnr2) NCEDICES)

is a [1 — (1/&2)]-confidence interval for §. Choosing 1 — (1/&%) =1 —a, or e = 1/ /a,
and noting that 1 //[(n+ 1)(n+2)] ~ 1/n for large n, and the fact that with probability 1,
Xy < 0, we can use the approximate confidence interval

1 /2
X(n),X(n) 1+ N

In the examples given above we see that, for a given confidence interval 1 — a, a wide
choice of confidence intervals is available. Clearly, the larger the interval, the better the
chance of trapping a true parameter value. Thus the interval (—oo, +00), which ignores the
data completely will include the real-valued parameter 6 with confidence level 1. How-
ever, the larger the confidence interval, the less meaningful it is. Therefore, for a given

for 6.
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confidence level 1 — «, it is desirable to choose the shortest possible confidence interval.
Since the length 0—0,in general, is a random variable, one can show that a confidence
interval of level 1 — a with uniformly minimum length among all such intervals does not
exist in most cases. The alternative, to minimize Ey (? —0), is also quite unsatisfactory.
In the next section we consider the problem of finding shortest-length confidence interval
based on some suitable statistic.

PROBLEMS 11.3

1.

2.

10.

11.

A sample of size 25 from a normal population with variance 81 produced a mean of
81.2. Find a 0.95 level confidence interval for the mean .

Let X be the mean of a random sample of size n from N(p, 16). Find the smallest
sample size n such that (X — 1,X + 1) is a 0.90 level confidence interval for .

. LetX1,Xs,...,X,,and Yy, Y, ..., Y, be independent random samples from N(j41,02)

and N(up,0?), respectively. Find a confidence interval for y; — j, at confidence
level 1 — e when (a) o is known and (b) o is unknown.

. Two independent samples, each of size 7, from normal populations with common

unknown variance o2 produced sample means 4.8 and 5.4 and sample variances
8.38 and 7.62, respectively. Find a 0.95 level confidence interval for j1; — po, the
difference between the means of samples 1 and 2.

. In Problem 3 suppose that the first population has variance o7 and the second pop-

ulation has variance o3, where both o7, and o3 are known. Find a (1 — «)-level
confidence interval for y1; — pp. What happens if both o7 and ¢ are unknown and
unequal?

. In Problem 5 find a confidence interval for the ratio 03 /o7, both when j1, u» are

known and when i1, 1 are unknown. What happens if either 1 or p; is unknown
but the other is known?

. Let X1, X5,...,X, be asample from a G(1, 3) distribution. Find a confidence interval

for the parameter /3 with confidence level 1 — a.

. (a) Use the large-sample properties of the MLE to construct a (1 — a)-level con-

fidence interval for the parameter 6 in each of the following cases: (i) X,
Xs,...,X, is a sample from G(1,1/0) and (ii)) X;,X5,...,X, is a sample
from P(0).

(b) In part (a) use Chebychev’s inequality to do the same.

. For a sample of size 1 from the population

2
fg(x):ﬁ(e—x), 0<x<b,
find a (1 — «)-level confidence interval for 6.
Let X;,X5,...,X, be a sample from the uniform distribution on N points. Find an

upper (1 — a)-level confidence bound for N, based on max(X,Xz,...,X,).

In Example 10 find the smallest n such that the length of the (1 — «)-level confidence
interval (X(n) , a1/ ”X(,,)) < d, provided it is known that § < a, where a is a known
constant.
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12. Let X and Y be independent RVs with PDFs Ae =¥ (x > 0) and j.e =" (y > 0), respec-
tively. Find a (1 — «)-level confidence region for (A, ) of the form {(\, u): AX +
pY <k}

13. Let X;,X,...,X, be a sample from N(u,0?), where o2 is known. Find a UMA
(1 — a)-level upper confidence bound for .

14. Let X;,X5,...,X, be a sample from a Poisson distribution with unknown param-
eter \. Assuming that A is a value assumed by a G(«,3) RV, find a Bayesian
confidence interval for \.

15. Let X;,X5,...,X, be a sample from a geometric distribution with parameter 6.
Assuming that § has a priori PDF that is given by the density of a B(«, 3) RV, find
a Bayesian confidence interval for 6.

16. Let X;,X,, ..., X, be a sample from N(u, 1), and suppose that the a priori PDF for
wis U(—1,1). Find a Bayesian confidence interval for .

11.4 SHORTEST-LENGTH CONFIDENCE INTERVALS

We have already remarked that we can increase the confidence level by simply taking
a larger-length confidence interval. Indeed, the worthless interval —oo < 6 < oo, which
simply says that 6 is a point on the real line, has confidence level 1. In practice, one would
like to set the level at a given fixed number 1 — o (0 < v < 1) and, if possible, construct an
interval as short in length as possible among all confidence intervals with the same level.
Such an interval is desirable since it is more informative. We have already remarked that
shortest-length confidence intervals do not always exist. In this section we will investigate
the possibility of constructing shortest-length confidence intervals based on simple RVs.
The discussion here is based on Guenther [37]. Theorem 11.3.1 is really the key to the
following discussion.

Let X;,X>,...,X, be a sample from a PDF fy(x), and T(X;,X>,...,X,,0) = Tp be a
pivot for 6. Also, let A\j = A\j(a), A\ = A2(x) be chosen so that

P{)\1<T(9<)\2}':1—Oé7 (D)
and suppose that (1) can be rewritten as
PIX)<0<0X)}=1-a. (2)

For every Ty, A and \, can be chosen in many ways. We would like to choose \; and
A2 so that @ — 6 is minimum. Such an interval is a (1 — c)-level shortest-length confidence
interval based on Tjy. It may be possible, however, to find another RV Ty that may yield
an even shorter interval. Therefore we are not asserting that the procedure, if it succeeds,
will lead to a (1 — a)-level confidence interval that has shortest length among all intervals
of this level. For Ty we use the simplest RV that is a function of a sufficient statistic and 6.

Remark 1. An alternative to minimizing the length of the confidence interval is to
minimize the expected length E»{0(X) — 6(X)}. Unfortunately, this also is quite unsat-
isfactory since, in general, there does not exist a member of the class of all (1 — «)-level
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confidence intervals that minimizes Eg{6(X) — 6(X)} for all §. The procedures applied
in finding the shortest-length confidence interval based on a pivot are also applicable in
finding an interval that minimizes the expected length. We remark here that the restriction
to unbiased confidence intervals is natural if we wish to minimize E5{0(X) —6(x)}. See
Section 11.5 for definitions and further details.

Example 1. Let X1,X>,...,X, be sample from N(y,0?), where o2 is known. Then X is
sufficient for p and take

_X—p
Co/yn

Tu(X)

Then

X—pu - 0 - o
l—a=Pla<> P mept=pPix—pL X-al\.
a {a< . Vn < } { ﬁ<u< a\/ﬁ}

The length of this confidence interval is (o/+/n) (b — a). We wish to minimize L = (o /+/n)
(b — a) such that

b b
@(b)fd)(a):\/%/ e*xz/%zx:/ p(x)dx = 1—a.

Here ¢ and @, respectively, are the PDF and DF of an N(0, 1) RV. Thus

o
da  /n \da

and

giving

dL o V(a) 1].

da — /n | o(b)

The minimum occurs when ¢ (a) = ¢(b), that is, when a = b or a = —b. Since a = b does

not satisfy
b
/ pt)dt=1-a,

we choose a = —b. The shortest confidence interval based on T, is therefore the equals-
tails interval,

[o - — fo—

- o o
<X+Zl—a/2\/ﬁ,x+za/2\/ﬁ> or (X—Za/z\/ﬁ>X+Za/2\/ﬁ>~
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The length of this interval is 2z, /> (¢'/+/n). In this case we can plan our experiment to give
a prescribed confidence level and a prescribed length for the interval. To have level 1 — «
and length < 2d, we choose the smallest n such that

2

o , O
dZZa/z or nZZa/2?~

vn
This can also be interpreted as follows. If we estimate i by X, taking a sample of size
n> zi /2(02 / d2), we are 100(1 — ) percent confident that the error in our estimate is at

most d.

Example 2. In Example 1, suppose that o is unknown. In that case we use

rx) =2 a

as a pivot. T, has Student’s ¢-distribution with n — 1 d.f. Thus

X—pu = S = S
l—a=P —_— =P{X—-b— X—a— ;.
« {a< S \/ﬁ<b} { b\/ﬁ<,u< a\/ﬁ}

‘We wish to minimize

L= (b—a)%

subject to

b
/ fimi()dt=1—-qa,
where f,_1(¢) is the PDF of T},. We have

ar (‘”’ 1) a0 (@ =0,

da  \da ) \n
giving
ar _ |:fn—1(a) _ 1} S
da~ |fioi(b) |V
It follows that the minimum occurs at a = —b (the other solution, a = b, is not admissible).

The shortest-length confidence interval based on T, is the equal-tails interval,

_ S — S
<X_tn—l,a/2\/ﬁaX+tn—l,a/2\/ﬁ> .

The length of this interval is 2#,_ o /»(S/+/n), which, being random, may be arbitrarily
large. Note that the same confidence interval minimizes the expected length of the interval,
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namely, EL = (b —a)c,(0 /+/n), where ¢, is a constant determined from ES = ¢,0 and the
minimum expected length is 21, o ocq(0/+/n).

Example 3. LetX,X,,...,X, beiid N(u, %) RVs. Suppose that j is known and we want
a confidence interval for 2. The obvious choice for a pivot T, is given by

h(Xi—n)?

ng (X) = ) s

which has a chi-square distribution with n d.f. Now

so that

We wish to minimize

subject to

o XX — )

ag

5 <b}:l—047

where f, is the PDF of a chi-square RV with n d.f. We have

and

so that

which vanishes if

dL 1 1db\ <&
e [ X;
da (a2 b? da) Z(

1

—p)?



SHORTEST-LENGTH CONFIDENCE INTERVALS 521

Numerical results giving values of a and b to four significant places of decimals are
available (see Tate and Klett [112]). In practice, the simpler equal-tails interval,

(z::xxi—mz z;’_mxi—u)z)’

)

2 2
Xn,a/Z Xn,lfa/2

may be used.
If 1 is unknown, we use

nﬁxy:Zﬂﬁizﬁzwn—ngf

o2
as a pivot. T,» has a x?(n — 1) distribution. Proceeding as above, we can show that the

shortest-length confidence interval based on T, is ((n — 1)(S2/b), (n — 1)(S?/a)); here a
and b are a solution of

Pla<x*(n—1)<b}=1-a
and
@fy-1(a) = b1 (D),

where f,,_; is the PDF of a x*(n— 1) RV. Numerical solutions due to Tate and Klett [112]
may be used, but, in practice, the simpler equal-tails confidence interval,

(n—18* (n—1)$?
X}%—l,a/vaﬁ—l,l—a/Z

Example 4. LetX|,X,,...,X, be asample from U(0,6). Then X, is sufficient for 6 with
density

is employed.

n—1
h)=n"me. 0<y<6
The RV T = X /6 has PDF
h(t)=n""',  O0<t<l.

Using Ty as pivot, we see that the confidence interval is (X(,)/b,X(,)/a) with length
L=X(u(1/a—1/b). We minimize L subject to

b
/ " ldi=b'—a"=1-a.
a
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Now
(1-a)/"<b<1

and

dL lda 1 att —prtl
X\ —ap T =Xw | ) <0

so that the minimum occurs at b = 1. The shortest interval is therefore (X, X(,)/ al/m.

Note that
1 1 nb 1 1
EL_(a_b>EX(”)_n+1(a_b>’

which is minimized subject to

b'—d"=1-aq,

where b = 1 and a = o'/”. The expected length of the interval that minimizes EL is
[(1/a'/") = 1][n6/(n+ 1)], which is also the expected length of the shortest confidence
interval based on X ).

Note that the length of the interval (X(,), a "X(ny) goes to 0 as n — oo.

For some results on asymptotically shortest-length confidence intervals, we refer the
reader to Wilks [118, pp. 374-376].

PROBLEMS 114

1. Let X;,X,...,X, be a sample from

e =0 ifx >0,
Jo(x) = {

0 otherwise.

Find the shortest-length confidence interval for 6 at level 1 — « based on a sufficient
statistic for 6.

2. Let X;,Xa,...,X, be a sample from G(1,0). Find the shortest-length confidence
interval for 0 at level 1 — o, based on a sufficient statistic for 6.

3. In Problem 11.3.9 how will you find the shortest-length confidence interval for € at
level 1 — v, based on the statistic X/6?

4. Let T(X,0) be a pivot of the form 7'(X, 6) = T; (X)) — 6. Show how one can construct
a confidence interval for # with fixed width d and maximum possible confidence
coefficient. In particular, construct a confidence interval that has fixed width d and
maximum possible confidence coefficient for the mean p of a normal population
with variance 1. Find the smallest size n for which this confidence interval has a
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confidence coefficient > 1 — a. Repeat the above in sampling from an exponential
PDF

fulx)=e"""forx>pandf,(x) =0 for x < p.

(Desu [21])
5. Let X;,X5,...,X, be a random sample from

1exp{—\)c|/t9}, xeR, 6>0.

folx) = 20

Find the shortest-length (1 — «)-level confidence interval for 6, based on the
sufficient statistic Y ., |X;.

6. In Example 4, let R = X(,,) — X(y). Find a (1 — a)-level confidence interval for 6 of
the form (R, R/c). Compare the expected length of this interval to the one computed
in Example 4.

7. Let X1, X, ..., X, be a random sample from a Pareto PDF fy(x) = 6/x%, x > 6, and
= 0 for x < 6. Show that the shortest-length confidence interval for 6 based on X
is (X(ya!/" X (1). (Use /X (1) as a pivot.)

8. Let X1,X5,...,X, be a sample from PDF fy(x) = 1/(6,—6,), 0, <x < 6,, 0, <0,
and = 0 otherwise. Let R = X,y — X(y). Using R/(6, — 0 as a pivot for estimating
6, — 0y, show that the shortest-length confidence interval is of the form (R,R/c),
where c is determined from the level as a solution of ¢"~'{(n—1)c —n} +a =0
(Ferentinos [27]).

11.5 UNBIASED AND EQUIVARIANT CONFIDENCE INTERVALS

In Section 11.3 we studied test inversion as one of the methods of constructing confidence

intervals. We showed that UMP tests lead to UMA confidence intervals. In Chapter 9 we

saw that UMP tests generally do not exist. In such situations we either restrict considera-

tion to smaller subclasses of tests by requiring that the test functions have some desirable

properties, or we restrict the class of alternatives to those near the null parameter values.
In this section will follow a similar approach in constructing confidence intervals.

Definition 1. A family {S(x)} of confidence sets for a parameter 6 is said to be unbiased
at confidence level 1 — av if

Po{S(X) contains 0} > 1 —« (1)
and
Py{S(X) contains §'} < 1—« forall 6,60’ €©, 0+£60. (2)

If S(X) is an interval satisfying (1) and (2), we call it a (1 — «v)-level unbiased confidence
interval. If a family of unbiased confidence sets at level 1 — « is UMA in the class of all
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(1 — a)-level unbiased confidence sets, we call it a UMA unbiased (UMAU) family of
confidence sets at level 1 — «. In other words if $*(x) satisfies (1) and (2) and minimizes

P¢{S(X) contains '}  ford, 0’ €O, 046

among all unbiased families of confidence sets S(X) at level 1 — , then $*(X) isa UMAU
family of confidence sets at level 1 — a.

Remark 1. Definition 1 says that a family S(X) of confidence sets for a parameter 6 is
unbiased at level 1 — «v if the probability of true coverage is at least 1 — « and that of false
coverage is at most 1 — cv. In other words, S(X) traps a true parameter value more often
than it does a false one.

Theorem 1. Let A(fy) be the acceptance region of a UMP unbiased size « test of
Hoy(0y): 0 =0y against H,(6y) : 6 # 6, for each 6. Then S(x) = {0: x € A(0)} isa UMA
unbiased family of confidence sets at level 1 — a.

Proof. To see that S(x) is unbiased we note that, since A(#) is the acceptance region of
an unbiased test,

Py{S(X) contains '} = Po{X € A(#')} <1—a.

We next show that S(X) is UMA. Let S*(x) be any other unbiased (1 — «)-level family
of confidence sets, and write A*(0) = {x: $*(x) contains 6}. Then Pyp{X € A*(0')} =
Po{S*(X) contains §'} < 1— «, and it follows that A*(6) is the acceptance region of an
unbiased size « test. Hence

Py{S*(X) contains §'} = Pp{X € A*(¢)}
>Po{X €A(0)}
= Pp{S(X) contains 6'}.

The inequality follows since A(6) is the acceptance region of a UMP unbiased test. This
completes the proof.
Example 1. Let X;,X,,...,X, be a sample from N(u,0?) where both ;1 and o2 are
unknown. For testing Hy: p = po against Hy : p # pig, it is known (Ferguson [28, p. 232])
that the #-test

L W=l

p(x) = s
0, otherwise,

where X =Y _x;/nand s> = (n— 1)~ Y (x; — x)? is UMP unbiased. We choose ¢ from the
size requirement
> c} R

o [0
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< tn—l,oz/Z}

is the acceptance region of a UMP unbiased size « test of Hy: p1 = pup against Hy : g # 1.
By Theorem 1, it follows that

so that ¢ =1,_; o /2. Thus

Alp) = {X: ‘ \/ﬁ(fs— )

S(x) = {n: x € A())
s s
=X — —F=lhta2 SUSI+—Fh 14
{x 7 La2 S 1 x—&—\/ﬁ 1,/2}
is a UMA unbiased family of confidence sets at level 1 — a.

If the measure of precision of a confidence interval is its expected length, one is natu-
rally led to a consideration of unbiased confidence intervals. Pratt [81] has shown that the
expected length of a confidence interval is the average of false coverage probabilities.
Theorem 2. Let © be an interval on the real line and fy be the PDF of X. Let S(X)

be a fa@ily of (1 — «)-level conidence intervals of finite length, that is, let S(X) =
(6(X),0(X)), and suppose that §(X) — §(X) is (random) finite. Then

/(g(x) —0(x))fo(x)dx = /9/750 Py{S(X) contains ¢} dt’ 3)

for all € ©.

Proof. We have

Thus for all € ©

= /Po{S(X) contains 0’} df’

= / Py{S(X) contains 0"} db’.
0'#6
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Remark 2. 1f S(X) is a family of UMAU (1 — «)-level confidence intervals, the expected
length of S(X) is minimal. This follows since the left-hand side of (3) is the expected
length, if 6 is the true value, of S(X) and Py{S(X) contains ¢’} is minimal [because
S(X) is UMAU]J, by Theorem 1, with respect to all families of 1 — « unbiased confidence
intervals uniformly in (0 # 6).

Since a reasonably complete discussion of UMP unbiased tests (see Section 9.5) is
beyond the scope of this text, the following procedure for determining unbiased confidence
intervals is sometimes quite useful (see Guenther [38]). Let X;,X,...,X, be a sample

from an absolutely continuous DF with PDF fy(x) and suppose that we seek an unbiased
confidence interval for 6. Following the discussion in Section 11.4, suppose that

T(X1,Xa,...,%,,0)=T(X,0) =Ty
is a pivot, and suppose that the statement
P{\i(a) <Tg < (a)}=1—a
can be converted to
Pp{d(X) <0< 0(X)}=1-a.
In order for (0,6) to be unbiased, we must have
P0,0)=Pe{0(X) <0 <0 X)}=1—a if0 =0 4)
and
P0,0)<1—a if 0’ # 0. (5)

If P(#,0") depends only on a function  of 6,6’, we may write

=l—a if0/=0
P ’ 6
(w{<1—a i £0, ©

and it follows that P(-y) has a maximum at 6’ = 6.

Example 2. Let X{,X,,...,X, be iid N(u,0%) RVs, and suppose that we desire an
unbiased confidence interval for o2. Then

—1)8?
T(X,O’z) = (n Z)S =T,
g

has a x?(n — 1) distribution, and we have

SZ
P{/\] <(I’l—1)02</\2}:1—057
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so that

Then

—P&<<&
R DA

where v = 0/ /o? and T, ~ x2(n— 1). Thus

P(y) = P{\1y < T, < M7}

Then

P(l)=1-«
and

P(y) <1—a.
Thus we need A;, A2 such that

P(l)=1-« o
and

dZ(J) o = Aofu—1(A2) = Aifa—1(A1) =0, ®)

where f,— is the PDF of T,. Equations (7) and (8) have been solved numerically for
A1, A2 by several authors (see, for example, Tate and Klett [112]). Having obtained A;, A\,
from (7) and (8), we have as the unbiased (1 — a)-level confidence interval

((n—l)iz,(n—l)i?). €))

Note that in this case the shortest-length confidence interval (based on T, ) derived in
Example 11.4.3, the usual equal-tails confidence interval, and (9) are all different. The
length of the confidence interval (9), however, can be considerably greater than that of the
shortest interval of Example 11.4.3. For large n all three sets of intervals are approximately
the same.

Finally, let us briefly investigate how invariance considerations apply to confidence
estimation. Let X = (X, X5,...,X,) ~fy, 0 € © CR. Let G be a group of transformations
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on X which leaves P = {fy: 0 € ©} invariant. Let S(X) be a (1 — a)-level confidence
set for 6.

Definition 2. Let P be invariant under G and let S(x) be a confidence set for 6. Then S is
equivariant under G, if foreveryx € X, 0 € ©@ and g€ §

S(x) €< S(g(x))>gb. (10)
Example 3. Let X|,X>,...,X, be a sample from PDF

fo(x) =exp{—(x—0)}, x>0

and =0 if x < 0. Let § = {{a,1}: a € R}, where {a,1}x = (x| +a,x2+a,...,x, +a)
and G induces § = G on © = R. The family {fy} remains invariant under G. Consider a
confidence interval of the form

S(x)={0:x—c; <O<I+c}
where ¢, ¢, are constants. Then
SH{a, 1}x)={0:x+a—c; <0 <X+a—c2}.
Clearly,

Sx)20<—=3x+a—c1<O0+a<I+a—c;
<~ S({a,1}x) > g0

and it follows that S(x) is an equivariant confidence interval.

The most useful method of constructing invariant confidence intervals is test inversion.
Inverting the acceptance region of invariant tests often leads to equivariant confidence
intervals under certain conditions. Recall that a group G of transformations leaves a
hypothesis testing problem invariant if G leaves both ©( and O, invariant. For each
Hy : 0 =0y, 0y € O, we have a different group of transformations, Gy,, which leaves the
problem of testing § = 6 invariant. The equivariant confidence interval, on the other hand,
must be equivariant with respect to G, which is a much larger group since § D Gy, for
all 6. The relationship between an equivariant confidence set and invariant tests is more
complicated when the family P has a nuisance parameter 7.

Under certain conditions there is a relationship between equivariant confidence sets
and associated invariant tests. Rather than pursue this relationship, we refer the reader to
Ferguson [28, p. 262]; it is generally easy to check that (10) holds for a given confidence
interval S to show that S is invariant. The following example illustrates this point.
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Example 4. Let X1,X>,...,X, be iid N(u,0?) RVs where both z and o2 are unknown.
In Example 9.5.3 we showed that the test

0 otherwise

1t S =52 <032, |
¢(X)—{ Zl( ) 0X 1,1

is UMP invariant, under translation group for testing Hy : 0> > o2 against H; : 0> < 3.
Then the acceptance region of ¢ is

A(x) = {X : zn:(xi —%)* > 0-(2)X5—1,1—o¢} .

1

Clearly,

x €A(X) — 0'8 < (n— l)sz/xﬁflylfa

and it follows that

S(x)={0*:0% < (n=1)s*/X;_11-a}

is a (1 — a)-level confidence interval (upper confidence bound) for o>. We show that S is
invariant with respect to the scale group. In fact

and

S({O7C}X> = {02 : 02 < Cz(n_ 1>s2/Xi71,17a}

o? < (n=1)s*/xz 110 == S({0,c}x) 5 g0* = {0,c}0?

and it follows that S(x) is an equivariant confidence interval for o2.

PROBLEMS 11.5

1. LetX;,X>, ..., X, be asample from U(0, #). Show that the unbiased confidence inter-

vals for 6 based on the pivot max X;/6 coincides with the shortest-length confidence
interval based on the same pivot.

. Let X;,X>,...,X, be a sample from G(1,0). Find the unbiased confidence interval

for # based on the pivot 2", X;/6.

. Let X1,X>,...,X, be a sample from PDF

Jo(x) =

e =0 ifx>0
0 otherwise.

Find the unbiased confidence interval based on the pivot 2n[min X; — 6].

. Let X1,X5,...,X, be iid N(u,02) RVs where both x and o2 are unknown. Using

the pivot 7}, , = v/n(X — 1) /S show that the shortest-length unbiased (1 — «v)-level
confidence interval for p is the equal-tails interval (X — n—1,a/25/ VX +

tn—l,a/ZS/\/ﬁ)'
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5. Let X1,Xa, ..., X, be iid with PDF f;(x) = 6 /x%, x > 0, and = 0 otherwise. Find the
shortest-length (1 — «)-level unbiased confidence interval for 6 based on the pivot
0/X)-

6. Let X|,X,,...,X, be a random sample from a location family P = {fp(x) =
f(x—0);0 € R}. Show that a confidence interval of the form S(x) = {0 : T(x) —¢; <
0 < T(x) + c2} where T(x) is an equivariant estimate under location group is an
equivariant confidence interval.

7. Let X1,Xo,...,X, be iid RVs with common scale PDF f,(x) = 1f(x/c), o > 0.
Consider the scale group § = {{0,b} : b > 0}. If T(x) is an equivariant estimate
of o, show that a confidence interval of the form

T
x6) = {0 < 1 <}

o
is equivariant.

8. Let X|,X>,...,X, be iid RVs with PDF fy(x) = exp{—(x—0)}, x > 6 and, =0,
otherwise. For testing Hy : 0 = 6 against H; : 6 > 0y, consider the (UMP) test

¢(x) =1, if Xy > 0o — (fn a)/n, =0, otherwise.

Is the acceptance region of this a-level test an equivariant (1 — a)-level confidence
interval (lower bound) for 6 with respect to the location group?

11.6 RESAMPLING: BOOTSTRAP METHOD

In many applications of statistical inference the investigator has a random sample from a
population distribution DF F which may or may not be completely specified. Indeed the
empirical data may not even fit any known distribution. The inference is typically based
on some statistic such as X, S2, a percentile or some much more complicated statistic
such as sample correlation coefficient or odds ratio. For this purpose we need to know the
distribution of the statistic being used and/or its moments. Except for the simple situations
such as those described in Chapter 6 this is not easy. And even if we are able to get a handle
on it, it may be inconvenient to deal with it. Often, when the sample is large enough, one
can resort to asymptotic approximations considered in Chapter 7. Alternatively, one can
use computer-intensive techniques which have become quite popular in the last 25 years
due to the availability of fast home or office laptops and desktops.

Suppose x1,x2, . .., X, is a random sample from a distribution " with unknown param-
eter O(F), and let 6 be an estimate of §(F). What is the bias of 6 and its SE? Resampling
refers to sampling from x;,x,,...,x, and using these samples to estimate the statistical
properties of 0. Jackknife is one such method where one uses subsets of the sample by
excluding one or more observations at a time. For each of these subsamples an estimate 0
of § is computed, and these estimates are then used to investigate the statistical properties
of 4.

The most commonly used resampling method is the bootstrap, introduced by
Efron [22], where one draws random samples of size n, with replacement, from
X1,X2,...,X,. This allows us to generate a large number of bootstrap samples and hence
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bootstrap estimates 0), of 6. This bootstrap distribution of 6), is then used to study the
statistical properties of 0.

Let X}, X},,...,X;,, b=1,2,...,B,beiid RVs with common DF F7;, the empirical DF
corresponding to the sample xi,xo,...,x,. Then (X;,,X},,...,X},) is called a bootstrap
sample. Let 6 be the parameter of interest associated with DF F and suppose we have
chosen 6 to be an estimate of ¢ based on the sample xy,x,,...,x,. For each bootstrap
sample let Oy, b= 1,2,...,B, be the corresponding bootstrap estimate of §. We can now
study the statistical properties of 9 based on the distribution of the 6,, b =1,2,...,B,
values. Let 0* = Zféb /B. Then the variance of 0 is estimated by the bootstrap variance.

p s 1 A )2
vary(0) = var(6)) = ﬁEle (01, —0 ) . (1)

Similarly the bias of 0, b(6) = E() - 0, is estimated by

biasbs(é) -0 —0. (2)

Arranging the values of éb, b=1,2,...,B, in increasing order of magnitude and then
excluding 100c/2 percent smallest and largest values we get a (1 — «)-level confidence
interval for #. This is the so-called percentile confidence interval. One can also use this
confidence interval to test hypotheses concerning 6.

Example 1. For this example we took a random sample of size 20 from a distribution on
(.25, 1.25) with following results.

075 049 114 079 059 1.14 117 042 057 1.05
031 046 0.73 032 081 045 056 042 0.66 0.63

Suppose we wish to estimate the mean 6 of the population distribution. For the sake of
this illustration we use § = ¥ and use the bootstrap to estimate the SE of 6.

We took 1000 random samples, with replacement, of size 20 each from this sample
with the following distribution of 0.

Interval Frequency
0.49-0.56 6
0.53-0.57 29
0.57-0.61 109
0.61-0.65 200
0.65-0.69 234
0.69-0.73 229
0.73-0.77 123
0.77-0.81 59
0.81-0.85 10

0.85-0.89 2
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The bootstrap estimate of @ is 8* =0.677 and that of the variance is 0.061. By excluding

the smallest and the largest twenty-five vales of 0, 95 percent confidence interval for 6

is given by (0.564, 0.793). (We note that X = 0.673 and s> = 0.273 so the SE(X) = .061.)
Figure 1 show the frequency distribution of the bootstrap statistic 6.

It is natural to ask how well does the distribution of the bootstrap statistic 6, approxi-
mate the distribution of é? The bootstrap approximation is often better when applied to the
appropriately centered 6. Thus to estimate population mean 6 bootstrap is applied to the
centered sample mean x — #. The corresponding bootstrapped version will then be X, — X,
where X, is the sample mean of the bth bootstrap sample. Similarly if 6=2 /2 =med(X],
Xs,..., X,) then the bootstrap approximation will be applied to the centered sample median
Zi > —F~1(0.5). The bootstrap version will be then be med(X;,, X,.. .., X};,) —Z />. Sim-
ilarly , in estimation of the distribution of sample variance S, the bootstrap version will
be applied to the ratio S> /o2, where o2 is the variance of the DF F.

We have already considered the percentile method of constructing confidence intervals.
Let us denote the ath percentile of the distribution of 0,,b=1,2....,B, by B, Suppose that
the sampling distribution of 6—0is approximated by the bootstrap distribution of 6, — 6.
Then the probability that 6 — 6 is covered by the interval (B, /> — 0,B,_, 2+ 0) is approx-
imately (I — ). This is called a (1 — a)-level centered bootstrap percentile confidence
interval for 6.

Recall that in sampling from a normal distribution when both mean and the variance
are unknown, a (1 — «v)-level confidence interval for the mean 6 is based on z-statistic and
is given by (X — 1, o /2,X + 4_1,a/2). For nonnormal distributions the bootstrap analog
of the Student’s ¢-statistic is the statistic (§ — 0)/(6/+/n). The bootstrap version is the
statistic Ty = (8, — 0) /SE,, where SEj, is the SE computed from the bootstrap sample
distribution. A(1 — a)-level confidence interval is now easily constructed.

250

/[ \
ol / \

1 N
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In our discussion above we have assumed that F(0) is completely unspecified. What if
we know F except for the parameter 07 In that case we take bootstrap samples from the
distribution F(f).

‘We refer the reader to Efron and Tibshirani [23] for further details.

PROBLEMS 11.6

1. (a) Show that there are (2"’1_1) distinct bootstrap samples of size n. [Hint: Problem
1.4.17.]

(b) What is the probability that a bootstrap sample is identical to the original
samples?

(c) What is the most likely bootstrap sample to be drawn?

(d) What is the mean number of times that x; appears in the bootstrap samples?

2. Let xy, x2,...,x, be a random sample. Then i = X is an estimate of the unknown
mean p. Consider the leave-one-out Jackknife sample. Let ji; be the mean of the
remaining (n — 1) observations when x; is excluded:

(a) Show thatx; =n fi—(n—1)f;.

(b) Now suppose we need to estimate a parameter 6 and choose 6 to be an estimate
from the sample. Imitating the Jackknife procedure for estimating 1+ we note that
0 = nf — (n—1)6;. What is the Jackknife estimate of §? What is the Jackknife
estimate of the bias of f and its variance?

3. Let x1, x2,. .. ,x, be a random sample from N(#,1) and suppose that X is an esthate
of 0. Let X{, X;,....X;; be a bootstrap sample from N(X,1). Show that both X — 6
and X — X have the same N(0,1/n) distribution.

4. Consider the data set
2,5,3,9.
Let x7, x5, X3, x3 be a bootstrap sample from this data set:
(a) Find the probability that the bootstrap mean equals 2.
(b) Find the probability that the maximum value of the bootstrap mean is 9.
(c) Find the probability that the bootstrap sample mean is 4.
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GENERAL LINEAR HYPOTHESIS

12.1 INTRODUCTION

This chapter deals with the general linear hypothesis. In a wide variety of problems the
experimenter is interested in making inferences about a vector parameter. For example,
he may wish to estimate the mean of a multivariate normal or to test some hypotheses
concerning the mean vector. The problem of estimation can be solved, for example, by
resorting to the method of maximum likelihood estimation, discussed in Section 8.7. In this
chapter we restrict ourselves to the so-called linear model problems and concern ourselves
mainly with problems of hypotheses testing.

In Section 12.2 we formally describe the general model and derive a test in complete
generality. In the next four sections we demonstrate the power of this test by solving
four important testing problems. We will need a considerable amount of linear algebra
in Section 12.2.

12.2 GENERAL LINEAR HYPOTHESIS
A wide variety of problems of hypotheses testing can be treated under a general setup. In
this section we state the general problem and derive the test statistic and its distribution.

Consider the following examples.

Example 1. LetY,,Y,,..., Y, beindependent RVs with EY; = p;,i =1,2,... k, and com-
mon variance 2. Also, n; observations are taken on Y;,i = 1,2,...,k, and Zi;l n; = n.

An Introduction to Probability and Statistics, Third Edition. Vijay K. Rohatgi and A.K. Md. Ehsanes Saleh.
© 2015 John Wiley & Sons, Inc. Published 2015 by John Wiley & Sons, Inc.
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It is required to test Hy : p; = pip = -+ = . The case k = 2 has already been treated
in Section 10.4. Problems of this nature arise quite naturally, for example, in agricultural
experiments where one is interested in comparing the average yield when k fertilizers are
available.

Example 2. An experimenter observes the velocity of a particle moving along a line. He

takes observations at given times f,1,...,,. Let 5 be the initial velocity of the particle

and 3, the acceleration; then the velocity at time 7 is given by y = ) + 3,¢+¢, where € is an

RV that is nonobservable (like an error in measurement). In practice, the experimenter does

not know 3, and 3, and has to use the random observations Y;, Y,,...,Y, made at times

t1,t, ..., t,, respectively, to obtain some information about the unknown parameters 31, 3.
A similar example is the case when the relation between y and 7 is governed by

y=Bo+Bit+ Bt +¢,

where ¢ is a mathematical variable, Sy, 31, 5, are unknown parameters, and ¢ is a nonob-
servable RV. The experimenter takes observations Yi,Y5,...,Y, at predetermined values
t1,t,...,t,, respectively, and is interested in testing the hypothesis that the relation is in
fact linear, that is, 5, = 0.

Examples of the type discussed above and their much more complicated variants can
all be treated under a general setup. To fix ideas, let us first make the following definition.

Definition 1. Let Y = (¥1,Y>,...,Y,)’ be a random column vector and X be an n x k
matrix, kK < n, of known constants x;,i = 1,2,...,n; j = 1,2,... k. We say that the
distribution of Y satisfies a linear model if

EY =X, (1)
where 8 = (01,52, ..,0k) is a vector of unknown (scalar) parameters 3y, 53, ..., O Itis
convenient to write

Y =XpB+e, (2

where € = (£1,¢2,...,€,)" is a vector of nonobservable RVs with Ec; =0, j=1,2,...,n.
Relation (2) is known as a linear model. Then general linear hypothesis concerns 3,
namely, that 3 satisfies Hy: H3 = 0, where H is a known r x k matrix with r < k.

In what follows we will assume that ,¢,,...,¢, are independent, normal RVs with

common variance o2 and Eej=0,j=1,2,...,n. Inview of (2),itfollows that Y1,Y>,....Y,
are independent normal RVs with

k
EY,-:lejﬁj and var(Y;) = o2, i=12,...,n. 3)
j=1

We will assume that H is a matrix of full rank r, r < k, and X is a matrix of full rank k < n.
Some remarks are in order.
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Remark 1. Clearly, Y satisfies a linear model if the vector of means EY =(EYj,
EY,,...,EY,) lies in a k-dimensional subspace generated by the linearly independent
column vectors X1,X», ..., Xy of the matrix X. Indeed, (1) states that E'Y is a linear combi-
nation of the known vectors X1, ..., X;. The general linear hypothesis Hy: H3 = 0 states
that the parameters (1, 3,, . .., Bk satisfy r independent homogeneous linear restrictions. It
follows that, under Hy, E'Y lies in a (k— r)-dimensional subspace of the k-space generated
by x1,...,X¢.

Remark 2. The assumption of normality, which is conventional, is made to compute the
likelihood ratio test statistic of Hy and its distribution. If the problem is to estimate 3, no
such assumption is needed. One can use the principle of least squares and estimate 3 by
minimizing the sum of squares,

n

Y el =ee’ =(Y-XB)(Y-XB). (4)

i=1

The minimizing value B (y) is known as a least square estimate of (3. This is not a difficult
problem, and we will not discuss it here in any detail but will mention only that any solution
of the so-called normal equations

X'X3=X'Y (5)

is a least square estimator. If the rank of X is k(< n), then X’X, which has the same rank
as X, is a nonsingular matrix that can be inverted to give a unique least square estimator

B=(X'X)"'X"Y. (6)

If the rank of X is < k, then X'X is singular and the normal equations do not have a
unique solution. One can show, for example, that 3 is unbiased for 3, and if the Y;’s
are uncorrelated with common variance o2, the variance—covariance matrix of the 5;’s is
given by

E{(ﬁ—,@) (B—ﬁ)'} = (X'X) 7. @)

Remark 3. One can similarly compute the so-called restricted least square estimator of 3
by the usual method of Lagrange multipliers. For example, under Hy: H3 = 0 one simply
minimizes (Y — X3)’ (Y —X/3) subject to H3 = 0 to get the restricted least square
estimator B The important point is that, if € is assumed to be a multivariate normal RV
with mean vector 0 and dispersion matrix ¢°I,,, the MLE of 3 is the same as the least
square estimator. In fact, one can show that Bi is the UMVUE of 5;,i = 1,2,...,k, by the
usual methods.

Example 3. Suppose that a random variable Y is linearly related to a mathematical vari-
able x that is not random (see Example 2). Let Y;,Y5,...,Y, be observations made at
different known values x;,x,,...,x, of x. For example, x;,x,,...,x, may represent dif-
ferent levels of fertilizer, and Yi,Y>,...,Y,, respectively, the corresponding yields of
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acrop. Also,e1,e2,...,€, represent unobservable RVs that may be errors of measurements.
Then

Y; = Po+ Bixi +ei, i=12,...,n,

and we wish to test whether 5 = 0, that the fertilizer levels do not affect the yield. Here

1 X1
1 X2

X = :
1 x,

8= (5o, b)), and e=(g1,62,...,&n)""

The hypothesis to be tested is Hy: §; = 0 so that, with H = (0, 1), the null hypothesis can
be written as Hy: H3 = 0. This is a problem of linear regression.
Similarly, we may assume that the regression of ¥ on x is quadratic:

Y = Bo+ Bix+ Box’ +¢,

and we may wish to test that a linear function will be sufficient to describe the relationship,
that is, 8, = 0. Here X is the n x 3 matrix

1 x;

1 x x%
X= NE

1 x, x

BZ(BO;ﬂlvﬁZ)/v 62(617527"'7571)/’

and H is the 1 x 3 matrix (0,0, 1).
In another example of regression, the Y’s can be written as

Y = Bix1 + Boxa + B3x3 + ¢,
and we wish to test the hypothesis that 5; = (5, = [33. In this case, X is the matrix
X1 X12 X13

X211 X2 X23
X:

Xnl  Xp2  Xn3

and H may be chosen to be the 2 x 3 matrix

1 —1
H= 0 .
I -1 0
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Example 4. Another important example of the general linear hypothesis involves the
analysis of variance. We have already derived tests of hypotheses regarding the equal-
ity of the means of two normal populations when the variances are equal. In practice, one
is frequently interested in the equality of several means when the variances are the same,
that is, one has k samples from N(u1,0?),...,N (i, 0?), where o2 is unknown and one
wants to test Hy: j1; = ptp = --- = p (see Example 1). Such a situation is of common
occurrence in agricultural experiments. Suppose that k treatments are applied to experi-
mental units (plots), the ith treatment is applied to n; randomly chosen units, i = 1,2,. ..k,
Zf;l n; = n, and the observation y;; represents some numerical characteristic (yield) of the
Jjth experimental unit under the ith treatment. Suppose also that

YU:/L[+€U, j:1,2,...,}’l; i:1,2,...,k,

where ¢;; are iid N(0,02) RVs. We are interested in testing Ho: pt; = 1o = -+ = ji. We
write

Y =(Yi,Y2, . Y, Yor, Yoo, oo Yoo oo, Yiy Yios oo, Yiw)
ﬁ:

(:U‘lay’zv"'nu’k)/v
1, 0 - 0
0 1, - O
X = :
0 0 - 1,
where 1,, = (1,1,...,1)"is the n;-vector (i = 1,2,...,k), each of whose elements is unity.

Thus X is n x k. We can choose

1 —1 o - 0
1 0 -1 0
H:
1 0 0 -1
so that Hy: py = pp = -+ = puy. is of the form HB = 0. Here His a (k— 1) x k matrix.

The model described in this example is frequently referred to as a one-way analysis of
variance model. This is a very simple example of an analysis of variance model. Note that
the matrix X is of a very special type, namely, the elements of X are either 0 or 1. X is
known as a design matrix.

Returning to our general model
Y =XB+e,

we wish to test the null hypothesis Hy: HB = 0. We will compute the likelihood ratio
test and the distribution of the test statistic. In order to do so, we assume that € has a
multivariate normal distribution with mean vector 0 and variance—covariance matrix o21,,,
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2 jsunknown and I, is the n X n identity matrix. This means that Y has an n-variate

where o
normal distribution with mean X3 and dispersion matrix ¢*I,, for some 3 and some o2,
both unknown. Here the parameter space © is the set of (k+ 1)-tuples (3',0%) = (31, B2,

..., Bx,0?), and the joint PDF of the X’s is given by

fﬁ702(y17y27'~-7yn) (8)
1 1 < ,
- Wexp 552 Z(Yi—ﬁlxil — o — Brxix)
i=1
1

- G o] g (Y X8 (Y-X0)}.

Theorem 1. Consider the linear model
Y =XB+¢,

where X is an n x k matrix ((x;)), i = 1,2,...,n, j = 1,2,...,k, of known constants
and full rank k < n,3 is a vector of unknown parameters 31, (3,,...,5 and € = (g1,&3,
...,€n) is a vector of nonobservable independent normal RVs with common variance o
and mean Ee = 0. The likelihood ratio test for testing the linear hypothesis Hy: HG = 0,
where H is an r x k matrix of full rank r < k, is to reject Hy at level v if F > F,, where
Py,{F > F,} = «, and F is the RV given by

(Y —XB)'(Y — XB3) — (Y — XB) (Y — X3)

F= : -
(Y =XB)(Y -Xp)

. ©)

In (9), B, B are the MLE’s of 3 under © and O, respectively. Moreover, the RV [(n —
k)/r|F has an F-distribution with (r,n — k) d.f. under H,.

Proof. The likelihood ratio test of Hy: HB = 0 is to reject Hy if and only if A(y) < ¢,
where

_ SUPeeeofﬁ,az (y)

) (10)
Supeeefﬁ,UZ(Y)

AY)

B',0%), and Oy = {(B',0%)': HB = 0}. Let § = (8',62)" be the MLE of @’ € ©,
nd = (Z']’, éz)’ be the MLE of 0 under Hy, that is, when H3 = 0. It is easily seen that
he value of 3 that minimizes (y — X3)'(y — X3), and

=g~
I
2~

@®
[
2]
=

2 =n"Yy—XB) (y —XB). (11)

Similarly, 3 is the value of 3 that minimizes (y — X3)' (y — X3) subject to H3 = 0, and

&*=n"Y(y—XB) (y — XB). (12)
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It follows that
6‘2 n/2
Ay) = <22> . (13)
o

The critical region A(y) < c is equivalent to the region {\(y)}~2/" < {c¢} /", which is
of the form

Z > (14)
This may be written as
Y-XB)y-XB) _ (15)
(y —XB)'(y - XB)

or, equivalently, as

(y - XB)(y - XB) - (y = XP) (y ~ XB)
(y=XB)(y - XB)

It remains to determine the distribution of the test statistic. For this purpose it is
convenient to reduce the problem to the canonical form. Let V, be the vector space of
the observation vector Y, V; be the subspace of V,, generated by the column vectors
X1,X2,...,X; of X, and V;_, be the subspace of V; in which EY is postulated to lie
under Hy. We change variables from Y1,Y>,...,Y, to Z,,2,,...,Z,, where Z,,2Z,,...,Z,
are independent normal RVs with common variance o> and means EZ; = 6;,i =1,2,... k,
EZ; =0,i=k~+1,...,n. This is done as follows. Let us choose an orthonormal basis
of k — r column vectors {¢;} for Vy_,, say {@,+1,Q,42,...,04}. We extend this to an
orthonormal basis {a,as,..., 0, a4 1,..., 04} for Vi, and then extend once again to
an orthonormal basis {a, @y, ..., @y, ..., } for V,. This is always possible.

Letz,22,. . .,2, be the coordinates of y relative to the basis {a, @, ..., o, }. Then z; =
aly and z = PY, where P is an orthogonal matrix with ith row o/. Thus EZ; = Ea)Y =
a/X B, and EZ = PX/3. Since X3 € V} (Remark 1), it follows that o/ X3 = 0 for i > k.
Similarly, under Hy, X3 € Vi_, C V}, so that /X3 = 0 for i < r. Let us write w = PX.
Then w4 = wpy2 = -+ = w, =0, and under Hy,w; = wp = --- = w, = 0. Finally, from
Corollary 2 of Theorem 6 it follows that Z,,7,,...,Z, are independent normal RVs with
the same variance o and EZ; = w;, i = 1,2,...,n. We have thus transformed the problem
to the following simpler canonical form:

>ec —1. (16)

Q:  Z are independent N(w;,0%), i=1,2,...,n,
Wil =Wrp2 =+ =w, =0, (17)
H()Z wlzwzz---:w,:Q

Now

(y—XB)(y—XB)=(P'z—Pw)(P'z—Pw) (18)
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The quantity (y — X3)'(y — X3) is minimized if we choose &; = z;, i = 1,2,...,k, so
that

(v —XB)'(y Z zZ. (19)
i=k+1
Under Hy,w; = wy = -+ = w, = 0, so that (y — X3)'(y — X3) will be minimized if
we choose w; =z;,i=r+1,...,k. Thus
(y - XB)'(y — XB) Zz+2z (20)
i=k+1
It follows that
r7Z?
F= z};z:l i .
ik 4

Now Y7, Z?/o* has a x*(n—k) dlstrlbutlon and, under Hoy, Y_;_, Z?/o* has a x*(r)
distribution. Since ) 7, Z? and ), Z7 are independent, we see that [(n—k)/r]F is
distributed as F(r,n — k) under Hy, as asserted. This completes the proof of the theorem.

Remark 4. In practice, one does not need to find a transformation that reduces the problem
to the canonical form. As will be done in the following sections, one simply computes the

estimators 6 and 6 and then computes the test statistic in any of the equivalent forms (14),
(15), or (16) to apply the F-test.

Remark 5. The computation of B , B is greatly facilitated, in view of Remark 3, by using
the principle of least squares. Indeed, this was done in the proof of Theorem 1 when we
reduced the problem of maximum likelihood estimation to that of minimization of sum of

squares (y — XB)'(y — X).

Remark 6. The distribution of the test statistic under H1 is easily determined. We note
that Z;/o ~ N(w;/o,1) fori =1,2,....r,so that }_;_, Z? /o> has a noncentral chi-square
distribution with r d.f. and noncentrahty parameter § = Z::l w?/o?. 1t follows that
[(n—k)/r]F has a noncentral F-distribution with d.f. (r,n — k) and noncentrality param-
eter . Under Hy,6 = 0, so that [(n — k) /r|F has a central F(r,n — k) distribution. Since
S wi=Y""_,(EZ)? it follows from (19) and (20) that if we replace each observation
Y; by its expected value in the numerator of (16), we get 026.

Remark 7. The general linear hypothesis makes use of the assumption of common vari-
ance. For instance, in Example 4, Y;; ~ N(ui,0?), j = 1,2,...,k. Let us suppose that
Y ~ N(pi,0?),i=1,2,... k. Then we need to test that oy = 0 = --- = 0y before we
can apply Theorem 1. The case k = 2 has already been considered in Section 10.3. For the
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case where k > 2 one can show that a UMP unbiased test does not exist. A large-sample
approximation is described in Lehmann [64, pp. 376-377]. It is beyond the scope of this
book to consider the effects of departures from the underlying assumptions. We refer the
reader to Scheffé [101, Chapter 10], for a discussion of this topic.

Remark 8. The general linear model (GLM) is widely used in social sciences where Y
is often referred to as the response (or dependent) variable and X as the explanatory (or
independent) variable. In this language the GLM “predicts” a response variable from a
linear combination of one or more explanatory variables. It should be noted that dependent
and independent in this context do not have the same meaning as in Chapter 4. Moreover,
dependence does not imply causality.

PROBLEMS 12.2

1. Show that any solution of the normal equations (5) minimizes the sum of squares
(Y -XB) (Y -Xp).

2. Show that the least square estimator given in (6) is an unbiased estimator of 3. If the
RVs Y; are uncorrelated with common variance o2, show that the covariance matrix
of the Bi’s is given by (7).

3. Under the assumption that € [in model (2)] has a multivariate normal distribution
with mean 0 and dispersion matrix o2, show that the least square estimators and
the MLE’s of 3 coincide.

4. Prove statements (11) and (12).

5. Determine the expression for the least squares estimator of 3 subject to H3 =0

12.3 REGRESSION ANALYSIS

In this section we study regression analysis, which is a tool to investigate the interrela-
tionship between two or more variables. Typically, in its simplest form a response random
variable Y is hypothesized to be related to one or more explanatory nonrandom vari-
ables x;’s. Regression analysis with a single explanatory RV is known as simple regression
and if, in addition, the relationship is thought to be linear, it is called simple linear regres-
sion (Example 12.2.3). In the case where several explanatory variables X;’s are involved
the regression is referred to as multiple linear regression. Regression analysis is widely
used in forecasting and prediction. Again this is a special case of GLM.

This section is divided into three subsections. The first subsection deals with multiple
linear regression where the RV Y is of the continuous type. In the next two subsections we
study the case when Y is either Bernoulli or a count variable.

12.3.1 Multiple Linear Regression

It is convenient to write GLM in the form

Y =01, +XB+e, ey
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where Y, X, e, and 3 are as in Equation (12.2.1), and 1,, is the column 7 X 1 unit vector
(1,1,...,1). The parameter S, is usually referred to as the intercept whereas 3 is known
as the slope vector with k parameters. The least estimator (LSE) of 8y and 3 are easily

obtained by minimizing.

n

2 .
Z(yl_ﬁo_xfﬁ) , Xi = (xilaxi27'“7xik)/7 1= 172""'7”7

i=1

resulting in k + 1 normal equations

_ - X;
V=Po+Bixi+fxa 4 e = fo+ BX X =) —
i=1
Sk = Z(Xi —X)(x; —X)",S;y = Z(Xi —X)yi
i=1 i=1
S.B=S,
or
B = Sx_xlsxy and B() :y_ﬁ/i
E(B) = fo, E(3) =
and
I 2 (1+n¥S'x nxS;
Cov(By,3) = — ™ -
C n ( nin_xl nSx_x1
An unbiased estimate of o2 is given by
1 - AN/ . .
7= —— (Y= ht,—XB) (Y- fola—XB).
n—k—1

Let us now consider the simple linear regression model
y =Boln+XB+e.

The LSEs of (8, 3)’ is given by

(3)- (&)
) \se

and

@)

3)

“

(&)

(N

®)

&)
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The covariance matrix is given by
3 2 (1 o _nx
Cov (?) =z ( e ) , (10)

where 52 = Y7, (x; —X)
Let us now verify these results using the maximum likelihood method.
Clearly, Yi,Y,,...,Y, are independent normal RVs with EY; = [y + [1x; and
n, and Y is an n-variate normal random vector with mean X3

var(Y;)) = 0%, i=1,2,....n,
and variance o°1,,. The joint PDF of Y is given by

1 1
exp{ 5 22 —Bo— lx,)z}. (an

f(Y;BOaBI,Uz) = Wo-n

It easily follows that the MLE’s for 3y, 31, and o2 are given by

fo= ==l (12)
A T (i —x) (Y, —Y
ﬂ] — Zlfl(n )(7 5 ) (13)
> izt (i —X)
and
1 n
22 A A L\2
=- Yi— Bo— Pixi)”, 14
o n;( Bo— Bixi) 14
wherex=n"'>""_ x.
= (0, 1), so that the model is a special case

If we wish to test Hy: 31 = 0, we take H
of the general linear hypothesis with k = 2, r = 1. Under H, the MLE’s are

A _ " Y;
=7 = 2=l (
and
R 1 <& _
o n;( ) (
Thus
Z?:l(Yi_Y)z_Z?:l(Yi_Y‘FBIX—lei)Z

F=%1 =1 ~
S (Yi =Y+ 31X — fix;)?

5)

16)

A7)
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From Theorem 12.2.1, the statistic [(n —2)/1]F has a central F(1,n — 2) distribution
under Hy. Since F(1,n—2) is the square of a #(n — 2), the likelihood ratio test rejects Hy if

1/2
(n=2)>L (% —%)°
|6 ‘ {Zl I(Y Y“!‘BUC ﬂlx[)z} > Co, (18)

where ¢ is computed from z-tables for n —2 d.f.
For testing Hy: Sy = 0, we choose H = (1,0) so that the model is again a special case
of the general linear hypothesis. In this case

and
(Y; — Bix;)*. (19)

It follows that

_ S (Y= Bix)r = (Yi— YA+ A% — Bix;)?

F= . e — , (20)
lel(Yl -Y B]X—lel)z
and since
2 " xY v Y, —Y)+nxY
G- St Sl 03 -7) on
doim1 X doim1 X
_ B Z?Zl(xi —X)? 4+ nx(Bo + p1X)
Z?:lxiz
5 n,é()f
St e
we can write the numerator of F as
D (Y= Bix) =Y (Y=Y +ix—fix;)’ (22)

i=1 i=1

N
_Z<Y Bixi+Bx—Y+Y— ﬁlx_"ﬁ()xxi>

i=1

_Z(Yi Y+ Bix— Bix)?

i=1

n 2 n
—Z(y ﬁlx—g:ﬁ())“);) +22(ﬂ—51xi+31f—7)
i—1

i=1"
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= 5 Bii
Iy

_ B(%" Ezr'lzl (xi —%)?
Z?:l‘xiz

It follows from Theorem 12.2.1 that the statistic
Bor/n S (i =22/ S0,
VI (=Y 4 BT = Bix)? (n—2)

(23)

has a central #-distribution with n — 2 d.f. under Hy: By = 0. The rejection region is
therefore given by

[Boly/n S (= 02/ S 2
VS (Vi o= Bix?/ (n—2)

> o, (24)

where ¢y is determined from the tables of #(n — 2) distribution for a given level of
significance a.

1 0
For testing Hy: 9 = 1 = 0, we choose H = o 1) so that the model is again a

special case of the general linear hypothesis with » = 2. In this case
521 Z Y? (25)
o l

and

po i Y= i (Vi Y 5’1? —Bixi)?
S (Yi =Y + BiX — fx;)?
Y AR ()
a Yo (Yi— Bo— lei)z
_ n(BO + 3176)2 + 512 S (x —Xx)?
; Z?:](Yi_BO_lei)z .
From Theorem 12.2.1, the statistic [(n —2)/2]F has a central F(2,n—2) distribution under
Hy: By = By =0. It follows that the a-level rejection region for Hy is given by

(26)

n—2
2

F > ¢y, 27)

where F is given by (26), and ¢, is the upper « percent point under the F(2,n — 2)
distribution.
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Remark 1. Tt is quite easy to modify the analysis above to obtain tests of null hypothe-

ses Bo = B4, b1 = B, and (8o, 01) = (B4, 8)’, where [, 3] are given real numbers
(Problem 4).

Remark 2. The confidence intervals for 3y, 51 are also easily obtained. One can show that
a (1 — a)-level confidence interval for f3 is given by

50 ty— 2a/2\/2' lxzz' 1 Y 60_61%)

Somewr
Zl 1x221 1(Y ﬁo_ﬂlxz)
+tﬂ [e3
50 2, /2\/ Zi:l(xl_x)z
and that for f3; is given by
(Yi— i)?

Bi =ty 2a/2\/21 ! ﬁ(’ 'x))z, (29)

Zl Y 6 7ﬂ xl)

61+tn 2a/2\/ ] O(Xl:x)z

Similarly, one can obtain confidence sets for (5y,31)" from the likelihood ratio test of
(Bo, B1) = (B}, B1)". It can be shown that the collection of sets of points ( 3y, 51)’ satisfying

(n—2)[n(Bo — Bo)? +2n%(Bo — Bo) (B1 — B) + >oi_ 22 (Br — 1))
22?;1(”1‘*30*@?@)

(30)
< F2,n—2,a

is a (I — a)-level collection of confidence sets (ellipsoids) for (5o, ;)" centered at

(Bo, 1)’

Remark 3. Sometimes interest lies in constructing a confidence interval on the unknown
linear regression function E{Y | xo} = S + Bixo for a given value of x, or on a value
of Y, given x = xo. We assume that xo is a value of x distinct from xy,x5, ..., x,. Clearly,
Bo + Bixo is the maximum likelihood estimator of (3 + S1xo. This is also the best linear
unbiased estimator. Let us write E{Y | xo} = o+ 31x0. Then

E{Y|x0}:? pix Jrﬁlxo
S (=% (Yi—Y)
S (=X

which is clearly a linear function of normal RVs ;. It follows that E{Y | xo} is also
normally distributed with mean E(Sy + 51x9) = Bo + Si1xo and variance

var{E{Y | xo}} = E{Bo — Bo+ Bixo — Bixo} G

ZY—I—(X()—X)
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var(BO)+x5var(ﬁl)+2x0cov(30,31)
— 2 14_ (X*XO)z

no =% ]

(See Problem 6.) It follows that

Bo+ Bixo — Bo — Bixo
a{(1/n) +[(X —x0)?/ 221z, (ki — %) }1/2

(32)

isN(0,1). But o is not known, so that we cannot use (32) to construct a confidencg intefval
for E{Y | xo}. Since n6%/0?* is a x*(n—2) RV and n6?/0? is independent of 3y + 31xo
(why?), it follows that

Bo+ Bito — Bo — Bixo
m(}{l+n[(f—x0)2/22’:1(xl._3)2]}1/2 (33)

has a #(n — 2) distribution. Thus, a (1 — «)-level confidence interval for Sy + S1xo is
given by

s A ) n |1 (X —x0)?
(50+51x0fn—2,a/2 U\/n_2 [n + m]; (34)
— )2
BO+BIXO+[n2,a/2&\/ n_|! + Sx x0) 2]) .
n _

In a similar manner one can show (Problem 7) that

P . n [n+l (X —x0)?
<ﬂ0+ﬁ1xo— nz,a/za\/n_z [ . + Z?_l(xio—x)z}’ (35)

I . n [n+1 (x —x0)?
[
Bo+ Bixo+ 1, 2,a/20\/n_2 [ P ST (n %)

i=1

is a (1 — a)-level confidence interval for Yy = 5y + B1x0 + €, that is, for the estimated value
Yo of Y at xg.

Remark 4. The simple regression model (2) considered above can be generalized in many
directions. Thus we may consider EY as a polynomial in x of a degree higher than 1, or
we may regard EY as a function of several variables. Some of these generalizations will
be taken up in the problems.

Remark 5. Let (X1,Y1),(X2,Y2),...,(Xy,Y,) be a sample from a bivariate normal popu-
lation with parameters EX = p;, EY = i, var(X) = o7, var(Y) = 03, and cov(X,Y) = p.
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In Section 6.6 we computed the PDF of the sample correlation coefficient R and showed
(Remark 6.6.4) that the statistic

T=Ry = (36)

has a #(n — 2) distribution, provided that p = 0. If we wish to test p = 0, that is, the
independence of two jointly normal RVs, we can base a test on the statistic 7. Essen-
tially, we are testing that the population covariance is 0, which implies that the population
regression coefficients are 0. Thus we are testing, in particular, that 5; = 0. It is there-
fore not surprising that (36) is identical with (18). We emphasize that we derived (36)
for a bivariate normal population, but (18) was derived by taking the X’s as fixed and
the distribution of ¥’s as normal. Note that for a bivariate normal population E{Y | x} =
pa + p(oa/oy)(x— ) is linear, in consistency with our model (1) or (2).

Example 1. Let us assume that the following data satisfy a linear regression model:

Yi = Bo+ Bixi +ei.
x\ 0 1 2 3 4 5
y 0475 1.007 0838 —0.618 1.0378 0.943.

Let us test the null hypothesis that 3; = 0. We have

5
=25 Y (x-%=175 = y=0671,

5
> (6 —X)(yi —¥) = 0.9985,
B =0.0571,  By=y—x=0.5279,

S i o — Bixi)? = 23571,

i=0

and

;—X)?
=0.3106.
51 |\/ 50*51)61)

Since f, 3, a2 = fa,0.005 = 2.776 > 0.3106, we accept Hy at level a = 0.05.
Let us next find a 95 percent confidence interval for E{Y | x = 7}. This is given by (34).
We have

o [ (x—x)? 23571 [6 (1 20.25
- =2. — -4 ===
t"“/z”\/n—z [n TS| =2 e \a\e T 175

= 2.3707,
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Bo+ Bixo = 0.5279 +0.0571 x 7
= 0.9276,

so that the 95 percent confidence interval is (—1.4431,3.2983).
(The data were produced from Table ST6, of random numbers with 4 =0, o = 1, by
letting 8y = 1 and 3 = 0so that E{Y | x} = 3y + (1x = 1, which surely lies in the interval.)

12.3.2 Logistic and Poisson Regression

In the regression model considered above Y is a continuous type RV. However, in a wide
variety of problems Y is either binary or a count variable. Thus in a medical study Y
may be the presence or absence of a disease such as diabetes. How do we modify linear
regression model to apply in this case? The idea here is to choose a function of E(Y) so
that in Section 12.3.1

FIE(Y)) = XB.
This can be accomplished by choosing the function f to be the logarithm of the odds ratio
p
£(p) =log (1 2 ) 37)
where p = P(Y = 1) so that E(Y) = p. It follows that
exp(XP)
=EY)=PY=1)=——"F= 38
p=EM)=Pr=1)= 70 00 39)

so that logistic regression models the logarithm of odds ratio as a linear function of RVs X;.
The term logistic regression derives from the fact that the function ¢*/(1 + ¢*) is known
as the logistic function.

For simplicity we will only consider the simple linear regression model case so that

E(Y;) =m(Bo+ %), i=1,2,...,n, 0 <m;(Bo+ Px;) < L. 39)
Choosing the logistic distribution as

exp(fo + Bx;)
1+exp(Bo+ Bx;)’

letY;,Ys,...,Y, beiid binary RVs taking values O or 1. Then the joint PMFof Y}, Y>,...,Y,
is given by

=m(fo+Bx;) = (40)

L(fo, Blx) = H{w” —m)'
- g(l ) {exp ;yi 1og(1 Zﬁ)} 1)
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and the log likelihood function by

logL(Bo, BIX) =n¥o+ B Y _xiyi— Y _log {1 +exp(Bo+ Bx;)} - (42)

i=1 i=1

It is easy to see that

9bo
alaO;L = me - ZXﬂTi =0. (43)
i=1 i=1

Since the likelihood equations are nonlinear in the parameters, the MLEs of 3y and /3 are
obtained numerically by using Newton—Raphson method.

Let Bo and /5’ be the MLE of 3y and j3, respectively. From section 8.7 we note that the
variance of B is given by

dlogL -
o8 —ny—» m=0,
i=1

var(8) =Y _xim(1—m), (44)
i=1

so that the standard error (SE) of B is its square root. For large n, the so-called Wald
statistic Z = 3 / SE(B) has an approximate N(0,1) distribution under Hy : 3 = 0. Thus we
reject Hy at level avif |z| > z,,. One can use Biza/z SE(B) as a (1 — a)-level confidence
interval for /3.

Yet another choice for testing Hy is to use the LRT statistics —2log\ (see Theorem

10.2.3). Under Hy, —2logA has a chi-square distribution with 1 d.f. Here

A= L0
L(ﬁ()aﬁ‘x)

In (40) we chose the DF of a logistic RV. We could have chosen some other DF such
as ¢(x), the DF of a N(0,1) RV. In that case we have /3y + Sx = ¢(x). The resulting model
is called probit regression.

We finally consider the case when the RV Y is a count of rare events and has Poisson
distribution with parameter A. Clearly, the GLM is not directly applicable. Again we only
consider the linear regression model case. Let Y;,i = 1,2, ...k, be independent P(\;) RVs
where \; = exp(fy + x;/31), so that

(45)

0; = log \i = Bo +x:51.

The log likelihood function is given by

log L(Bo, B13Y1s--+»Yn) = Z {3i0; — e’ —log(y:!) } . (46)
i1
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In order to find the MLEs of 3, and 3; we need to solve the likelihood equations

OlogL -
—_ = P — 0,’ =0
3, ; {vi—0:}
OlogL - B
a5 = 2 ity =0, (47)

i=1

which are nonlinear in 3y and ;. The most common method of obtaining the MLE:s is to
apply the iteratively weighted least squares algorithm.

Once the MLEs of /3y and 3, are computed, one can compute the SEs of the estimates
by using methods of Section 8.7. Using the SE(Bl), for example, one can test hypothesis
concerning (31 or construct (1 — a)-level confidence interval for ;.

For a detailed discussion of Geometric and Poisson regression we refer Agresti [1].
A wide variety of software is available, which can be used to carry out the computations
required.

PROBLEMS 12.3

. Prove statements (12), (13), and (14).
. Prove statements (15) and (16).

. Prove statement (19).

. Obtain tests of null hypotheses 3y = /3,81 = 81, and (8o, 51)" = (84, 8])’, where
By, 81 are given real numbers.

B W N =

wn

. Obtain the confidence intervals for 5y and /3; as given in (28) and (29), respectively.

=)

. Derive the expression for var{E{Y | xo}} as given in (31).

7. Show that the interval given in (35) is a (1 — «)-level confidence interval for Yy =
Bo + B1xo + €, the estimated value of Y at xg.

8. Suppose that the regression of Y on the (mathematical) variable x is a quadratic

Y: = Bo+ Bixi + Box? +ei,

where (3, 81, 3, are unknown parameters, xj,x,,...,x, are known values of x, and
€1,€2,...,&, are unobservable RVs that are assumed to be independently normally
distributed with common mean 0 and common variance o (see Example 12.2.3).
Assume that the coefficient vectors (x%, x5, ... x%), k = 0, 1,2, are linearly indepen-
dent. Write the normal equations for estimating the 3’s and derive the generalized
likelihood ratio test of 5, = 0.

9. Suppose that the Y’s can be written as
Y; = Bixi + Boxio + B3xiz + &,

where x;;, x;, x;3 are three mathematical variables, and &; are iid N(0,1) RVs.
Assuming that the matrix X (see Example 3) is of full rank, write the normal
equations and derive the likelihood ratio test of the null hypothesis Hy: 51 = 5, = [33.
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10.

11.

12.
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The following table gives the weight Y (grams) of a crystal suspended in a saturated
solution against the time suspended 7" (days):

Time7 | 0 1 2 3 4 5 6
Weight Y [ 04 07 1.1 16 19 23 26

(a) Find the linear regression line of Y on 7.

(b) Test the hypothesis that 5y = 0 in the linear regression model Y; = By + 51 T; + ;.
(c) Obtain a 0.95 level confidence interval for (.

Let o; = 7; /(1 — 7;) be the odds ratio corresponding to x;, i = 1,2,...,n. By consid-
ering the ratio 0;11/0;, how will you interpret the value of the slope parameter /3;?

Do the same for parameter (3 in the Poisson regression model by considering the
ratio Ajy1/A;.

12.4 ONE-WAY ANALYSIS OF VARIANCE

In this section we return to the problem of one-way analysis of variance considered in
Examples 12.2.1 and 12.2.4. Consider the model

Yi = pi+ej, j=12,...n; i=1,2,....k, (D

as described in Example 12.2.4. In matrix notation we write

Y =XB+e, 2)

where

Y = (Y11,Y12,- -, Yin, Yo1, Yoo, oo, Yoms oo, Ya, Yias ooy Yiwd) s
16:(,“1’“’27"')“/()/7

1, 0 -~ 0
X=|: o i

0 o --- ]‘ﬂk
E:(611,612,...,61,,],621,622,...,62,,2,...,Ekl,ékz,..‘,{iknk)/.

As in Example 12.2.4, Y is a vector of n-observations (n = 25:1 n;), whose components
Y; are subject to random error &;; ~ N(0,02), 3 is a vector of k unknown parameters,
and X is a design matrix. We wish to find a test of Hy: g = o = --- = i against all
alternatives. We may write Hy in the form H3 = 0, where H is a (k — 1) x k matrix of
rank (k — 1), which can be chosen to be
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1 -1 0 0

1 0 -1 0
H:

1 o o0 --- -1

Let us write p; = pp = --- i = p under Hy. The joint PDF of Y is given by

n/2 k n
1 1
f(Y;ulaMZa"'v,u/ﬁUz): ( ) €xXp _QZZ(yU_MI)z ’ (3)

2mo? :
i=1 j=1
and, under Hy, by
1 n/2 1 k  n 5
fx;p,0%) = (27r 2> expq =55 D> =’ )
i=1 j=l1
It is easy to check that the MLEs are
L Vi
ﬂi:L:yiw i:1727"'ak7 (5)
n;
k n; Y 2
&2: Zl:lZ/:l(yU yl) 7 (6)
n
2 Zl 1 Z i _
p= =Y, (N
and
k n; =2
52— 2oi1 ]:1()’11 y) . )
n
By Theorem 12.2.1, the likelihood ratio test is to reject Hy if
k n; - k n; v
Zi:l Zj:l (Yij - Y)z - Zi:] Zj:l (Yij - Yi~)2 (n —k) SF )
% ; — — = I'0,
Zi:lz;lﬂ(yij_yi-)z k—1

where Fj is the upper « percent point in the F(k — 1,n — k) distribution. Since

n;

ZZYu vy ZZ i~ Y+ Y.~ Y) (10)

i=1 j=1 i=1 j=1

k n; k
= ZZ(Y’Y -Y.) +Z”i(7i- -Y),

i=1 j=I
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we may rewrite (9) as

S (e = V)2 U, .
7.

Yot e (Yy /(n—k)

It is usual to call the sum of squares in the numerator of (11) the between sum of squares
(BSS) and the sum of squares in the denominator of (11) the within sum of squares (WSS).
The results are conveniently displayed in a so-called analysis of variance table in the
following form.

One-Way Analysis of Variance

Source Degrees of Mean Sum
Variation Sum of Squares Freedom of Squares F-Ratio
k
[ — BSS/(k—1)
Between  BSS =) m(¥;.—-7) k—1 BSS/(k—1) WSS/ (n 1)

i=1
k  n;
Within WSS => "> "(v;-7.) n—k WSS/(n—k)
i=1 j=1
Mean ny’ 1

k n;
Total TSS=) "> ¥} n

i=1 j=1

The third row, designated “Mean,” has been included to make the total of the second
column add up to the total sum of squares (TSS), Zf‘ | E o u

Example 1. The lifetimes (in hours) of samples from three different brands of batteries
were recorded with the following results:

Brand
Y1 Y2 Y3
40 60 60
30 40 50
50 55 70
50 65 65
30 75

40

We wish to test whether the three brands have different average lifetimes. We will assume
that the three samples come from normal populations with common (unknown) standard
deviation o.
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From the datan; =5, n, =4, n3 =6, n =15, and

;200

Y1 5 40, Y2

5 4

D =37 =400, > (mi—¥,) =350, > (vu—V;)’ =850.

i=1 i=1

Also, the grand mean is

y=

Thus

_ 220

20
= =

20042204360 780
15

55, yy=— =60,

i=1

=— =52.
15 >

BSS = 5(40 — 52)2 +4(55 — 52)> + 6(60 — 52)2

= 1140,

WSS =400+ 350+ 850 = 1600.

Analysis of Variance

Source SS d.f. MSS F-Ratio
Between 1140 2 570 570/133.33 = 4.28
Within 1600 12 133.33

557

Choosing av = 0.05, we see that Fip = F 12, 0.05 = 3.89. Thus we reject Hy: 11 = pip = i3

at level oo = 0.05.

Example 2. Three sections of the same elementary statistics course were taught by three
instructors. The final grades of students were recorded as follows:

Instructor
I 11 111
95 88 68
33 78 79
48 91 91
76 51 71
89 85 87
82 77 68

(continued)
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Instructor
1 II I
60 31 79
77 62 16
96 35
81

Let us test the hypothesis that the average grades given by the three instructors are the
same at level a = 0.05.

From the data n;y =8, no =10, n3 =9, n =27, y, =70, y, = 74, y; = 066,

S i —1)2=3168, 310 (32— ,)> = 3686, 3, (y3i — ¥3)* = 4898. Also, the grand
mean is

560+740+594 1894

=70.15.
27 27

y pr—
Thus

BSS = 8(0.15)% +10(3.85)* +9(4.15)*
=303.4075

WSS = 3168 + 3686 + 4898
=11,752.

Analysis of Variance

Source SS d.f. MSS F-Ratio

Between 303.41 2 15170 151.70/489.67
Within 11,752.00 24 489.67

We therefore cannot reject the null hypothesis that the average grades given by the three
instructors are the same.

PROBLEMS 124

1. Prove statements (5), (6), (7), and (8).

2. The following are the coded values of the amounts of corn (in bushels per acre)
obtained from four varieties, using unequal number of plots for the different
varieties:

A 2,1,3,2
B: 3,4,2,3,4,2
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C: 6,48
D: 17,6,7,4

Test whether there is a significant difference between the yields of the varieties.

3. A consumer interested in buying a new car has reduced his search to six different
brands: D, F, G, P, V, T. He would like to buy the brand that gives the highest
mileage per gallon of regular gasoline. One of his friends advises him that he should
use some other method of selection, since the average mileages of the six brands are
the same, and offers the following data in support of her assertion.

Distance Traveled (Miles) per Gallon of Gasoline

Brand

Car D F G P \% T
1 42 38 28 32 30 25
2 35 33 32 36 35 32
3 37 28 35 27 25 24
4 37 37 26 30

5 28 30

6 19

Should the consumer accept his friend’s advice?

4. The following data give the ages of entering freshmen in independent random
samples from three different universities.

University
A B C
17 16 21
19 16 23
20 19 22
21 20
18 19

Test the hypothesis that the average ages of entering freshman at these universities
are the same.

5. Five cigarette manufacturers claim that their product has low tar content. Inde-
pendent random samples of cigarettes are taken from each manufacturer and the
following tar levels (in milligrams) are recorded.
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Brand Tar Level (mg)

A 4.2,4.8,4.6,4.0,4.4
B 4.9,48,4.7,5.0,4.9,5.2
C 54,53,54,52,55
D 5.8,5.6,5.5,54,5.6,5.8
E 59,62,6.2,6.8,64,6.3

Can the differences among the sample means be attributed to chance?

6. The quantity of oxygen dissolved in water is used as a measure of water pollution.
Samples are taken at four locations in a lake and the quantity of dissolved oxygen is
recorded as follows (lower reading corresponds to greater pollution):

Location  Quantity of Dissolved Oxygen (%)

A 7.8,64,8.2,69

B 6.7,6.8,7.1,6.9,7.3

C 7.2,7.4,6.9,64,6.5

D 6.0,7.4,6.5,69,7.2,6.8

Do the data indicate a significant difference in the average amount of dissolved
oxygen for the four locations?

12.5 TWO-WAY ANALYSIS OF VARIANCE WITH ONE OBSERVATION
PER CELL

In many practical problems one is interested in investigating the effects of two factors that
influence an outcome. For example, the variety of grain and the type of fertilizer used both
affect the yield of a plot or the score on a standard examination is influenced by the size
of the class and the instructor.

Let us suppose that two factors affect the outcome of an experiment. Suppose also
that one observation is available at each of a number of levels of these two factors. Let
Y;j(i=1,2,...,a;j=1,2,...,b) be the observation when the first factor is at the ith level,
and the second factor at the jth level. Assume that

Yij:u+ai+6j—|—5,-j, i:1,2,...,a; j:172,...,b, (1)

where q; is the effect of the ith level of the first factor, j3; is the effect of the jth level of the
second factor, and ¢;; is the random error, which is assumed to be normally distributed with
mean 0 and variance 0. We will assume that the ¢;’s are independent. It follows that Y;;
are independent normal RVs with means ;. + o; + §; and variance 2. There is no loss of
generality in assuming that Y @, o; = Zjb:l B; =0, for, if p1;; = 1’ + o} + B/, we can write

pi = +a +B)+ (o) —a)+ (B —F)
ZM-I-Ot,'-l-ﬁj
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and Y0 o =0, EJI.’ZI B; = 0. Here we have written @’ and B for the means of
a)’s and Bf ’s, respectively. Thus Y;; may denote the yield from the use of the ith variety of
some grain and the jth type of some fertilizer. The two hypotheses of interest are

Oq:OéZZ“'ZOéu:O and 61262:~~-:ﬂb:0.

The first of these, for example, says that the first factor has no effect on the outcome of
the experiment.

In view of the fact that > oy =0and Y7, =0, g =— 0" 0. By =— 31~ B,
and we can write our model in matrix notation as

Y =XpB+e, 2
where
Y =(Y11.Y12, - Y, Yo, Yoo, oo You, oo Yo, Yao, oo Yap)
ﬁ: (N’aalaab'“7aa713ﬁ17527~“aﬁb71)/7
g = (5117512,---7€lb7521,5227~~-,52};,---75al,5a27~~-,5ab)l7
and

p|oar o o e | B B o Beoa

1 1 0o - 0 1 o --- 0

1 1 0o - 0 0 1 .- 0

1 1 0 0 1

1 1 0 0—-1 -1 —1

1 0 1 0 1 0 0

1 0 1 0 0 1 0
X = .

1 0 1 0 1

1 0 1 0—-1 -1 —1

1] -1 -1 —1 1 0 0

1] -1 -1 —1 0 1 0

1] -1 -1 —1 0 0 1

1] -1 -1 -1 -1 -1 —1
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The vector of unknown parameters (3 is (¢ +b — 1) x 1 and the matrix X is ab X (a +
b —1) (b blocks of a rows each). We leave the reader to check that X is of full rank,
a+b—1.The hypothesis Hy: oy =ap ==, =00rHg: fi=pr=--=0,=0
can easily be put into the form H3 = 0. For example, for Hg we can choose H to be the
(b—1) x (a+b— 1) matrix of full rank b — 1, given by

| ar o aa—1 | B1 P Bp—1

0 0 O 0 1 0 0

0 0 0 0 O 1 0
H =

0 0 0 o 0 O 1

Clearly, the model described above is a special case of the general linear hypothesis, and
we can use Theorem 12.2.1 to test Hg.
To apply Theorem 12.2.1 we need the estimators fi;; and fi;;. It is easily checked that

b
Dict Zj:ﬁ’ij

P =y 3

/:L p—
and
& =Y. =Y, Bi=y,—Y, 4

where y;. = Z;’: 1 Yii/b.¥.; = >"i_, vij/a. Also, under Hg, for example,

=y and &=y, —Y. 5)

In the notation of Theorem 12.2.1, n =ab, k=a+b—1,r=b—1,so that n —k =
ab—a—b+1=(a—1)(b—1),and

b N b Y v v
- Z?:lZj:l(Yij*Yi-Y*ZLIZf:](Yij*Yi-*YJJFY)Z

F ; - (©)
S S (Y=Y =Y+ ¥
Since
a b - a b - B B o B
DW= =33 A=Y=V +Y)+ (Y, -7} ©)
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we may write

b o~ —

B ay l(Y;=Y)

- a b v v v\2
Zi:l Ej:l (Yij =YY+ Y)2

It follows that, under Hg, (@ — 1)F has a central F(b—1,(a—1)(b— 1)) distribution.
The numerator of F in (8) measures the variability between the means ?.j, and the
denominator measures the variability that exists once the effects due to the two factors
have been subtracted.
If H,, is the null hypothesis to be tested, one can show that under H,, the MLEs are

®)

p=y and  B=y;-¥ ©)
As before,n=ab,k=a-+b—1,butr =a—1. Also,

a b v a b v v 74
o Zi:l Zj:l(Yij Y~j)2 - Zi:l Zj:l (Yij —Yi.—Y,+ Y)2

F a b v v V\2
Zi:l j=1(Yij*Yi~*Y-j+Y)

; (10)

which may be rewritten as

_ by i (Vi = Y)?
= b v v L9
Yici 2 (Y=Y =Y+ Y)?
It follows that, under H,, (b — 1)F has a central F(a— 1,(a—1)(b— 1)) distribution. The

numerator of F in (11) measures the variability between the means Y; .
If the data are put into the following form:

(1)

B Levels of Factor 2

« 1 2 b Row Means
Y, Yo, -, Y Y.
Levels 2 Y21 5 Yzz, RN Y2b 72.

of
Factor 1

a Yal, Ya2a Y Yab ?w
ColumnMeans | Y., Y., -, Y, Y

so that the rows represent various levels of factor 1, and the columns, the levels of factor 2,
one can write
a
between sum of squares for rows = bZ(?i. —-Y)?
i=1
= sum of squares for factor 1
=SS;.
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Similarly,

b
between sum of squares for columns = aZ(Y i—Y)?
=1
= sum of squares for factor 2
=SS,.

Itis usual to write error or residual sum of squares (SSE) for the denominator of (8) or (11).
These results are conveniently presented in an analysis of variance table as follows.

Two-Way Analysis of Variance Table with One Observation per Cell

Source of  Sum of Degrees of Mean
Variation ~ Squares Freedom Square F-Ratio
Rows SS; a—1 MS; =SS, /(a—1) MS;/MSE
Columns  SS; b—1 MS, =SS,/(b—1) MS,/MSE
Error SSE (a—1)(b—1) MSE=SSE/(a—1)(b—1)
Mean abY’ 1 aby’
a b a b

Total ZZY; ab ZZY;/ab

i=1 j=1 i=1 j=1

Example 1. The following table gives the yield (pounds per plot) of three varieties of
wheat, obtained with four different kinds of fertilizers.

Variety of Wheat

Fertilizer A B C

8
10

&2 ™ R
A 0 B~ W
N O o0

Let us test the hypothesis of equality in the average yields of the three varieties of wheat
and the null hypothesis that the four fertilizers are equally effective.

In ournotation, b=3,a=4,y,.=6,y,. =7.33,y;.=5.67,y,. =6.33,y.1 =8,y., =4,
y3=7,y=06.33.

Also,

SS; = sum of squares due to fertilizer
=3[(0.33)% + 12+ (0.66)* + 07
=4.67;
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5SS, = sum of squares due to variety of wheat
= 4[(1.67)> +(2.33)> +(0.67)?]
=34.67

4 3
SSE=> " (vj—¥. -+
i=1 j=1
=7.33

The results are shown in the following table:

Analysis of Variance

Source SS d.f. MS F-Ratio
Variety of wheat  34.67 2 17.33 14.2
Fertilizer 4.67 3 1.56 1.28
Error 7.33 6 1.22

Mean 481.33 1 481.33

Total 528.00 12 44.00

Now F3 6,0.05 = 5.14 and F3 6 9.5 = 4.76. Since 14.2 > 5.14, we reject Hg, that there is
equality in the average yield of the three varieties; but, since 1.28 ¥ 4.76, we accept H,,
that the four fertilizers are equally effective.

PROBLEMS 12.5

1. Show that the matrix X for the model defined in (2) is of full rank, a+b — 1.
2. Prove statements (3), (4), (5), and (9).

3. The following data represent the units of production per day turned out by four
different brands of machines used by four machinists:

Machinist

Machine A; A, Az Ay

B 15 14 19 18
B, 17 12 20 16
B3 16 18 16 17
By 16 16 15 15

Test whether the differences in the performances of the machinists are significant
and also whether the differences in the performances of the four brands of machines
are significant. Use o = 0.05.
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4. Students were classified into four ability groups, and three different teaching
methods were employed. The following table gives the mean for four groups:

Teaching Method

Ability Group A B C

1 15 19 14
2 18 17 12
3 22 25 17
4 17 21 19

Test the hypothesis that the teaching methods yield the same results. That is, that the
teaching methods are equally effective.

5. The following table shows the yield (pounds per plot) of four varieties of wheat,
obtained with three different kinds of fertilizers.

Variety of Wheat

Fertilizer A B C D

« 8 3
15} 10
y 8§ 4

Test the hypotheses that the four varieties of wheat yield the same average yield and
that the three fertilizers are equally effective.

12.6 TWO-WAY ANALYSIS OF VARIANCE WITH INTERACTION

The model described in Section 12.5 assumes that the two factors act independently, that
is, are additive. In practice this is an assumption that needs testing. In this section we allow
for the possibility that the two factors might jointly affect the outcome, that is, there might
be so-called interactions. More precisely, if Y;; is the observation in the (i,/)th cell, we
will consider the model

Yij:u+a,~+ﬂj+%j+€i]~, (1)

where a;;(i =1,2,...,a) represent row effects (or effects due to factor 1), 5;(j=1,2,...,b)
represent column effects (or effects due to factor 2), and ;; represent interactions or joint
effects. We will assume that ;; are independently N(0, o). We will further assume that

a b b a
> ai=0=> 8 and > =0 foralli, 7;=0  (2)
i=1 j=1 j=1

i=1

for all j.
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The hypothesis of interest is
Hy: ;=0 for all i,j. 3)

One may also be interested in testing that all a’s are 0 or that all 3’s are 0 in the presence
of interactions ;.
We first note that (2) is not restrictive since we can write

Yij=p'+ i+ B+ + €,
where o, J’ , and fyi’j do not satisfy (2), as
= - = = =
Yi=p'+@ +8 +7 + (i =@ +7. 7))+ (B -8 +7; -7
+ (V=7 =V ) €
and then (2) is satisfied by choosing
p=p +a+8 +7,
ai=a—a +7.—7,
-
Bi=B-B+7;-7,
i == Vi =V

Here
a ., b b
a=a'> o), B=b"'> 8. F=b'D
i= j=1 =1
a a b
=Y T =@ Y
i=1

i=1 j=1

Next note that, unless we replicate, that is, take more than one observation per cell,
there are no degrees of freedom left to estimate the error SS (see Remark 1).

Let Yjj; be the sth observation when the first factor is at the ith level, and the second
factor at the jth level, i = 1,2,...,a,j=1,2,...,b, s =1,2,...,m(> 1). Then the model
becomes as follows:

Levels of Factor 2

Levels of Factor 1 1 2 e b
1 Yo Y121 s Yib1
Yilm  Yi2m  ° Yibm

(continued)
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Levels of Factor 2

Levels of Factor 1 1 2 e b
2 Y211 Y221 T Y2b1
Y2im Y22om tee V2bm
a Yall  Ya21 e Yab1
Yalm Ya2m tee Yabm
Yijs = p+ i+ B+ i+ €ijss “)

i=1,2,...,a,j=1,2,....b, and s = 1,2,...,m, where £;’s are independent N(0,c?).
We assume that Y7 19 = S B =Y % = Y_y—; 75 = 0. Suppose that we wish to

test Hy,: oy = ap = -+ = o, = 0. We leave the reader to check that model (4) is then a
special case of the general linear hypothesis with n = abm, k=ab,r =a—1,andn—k =
ab(m—1).

Let us write

7 = s Y,] = — N
n m

b m m
? _ Zj:l Zs:l Yl‘jf 7 Zl 123_1 us (5)

' mb Y m

Then it can be easily checked that
{,; p=Y,  &=Y.-Y,  f=§=7,-7, ©
Yij = 'y,] = Y,] Y. =Y, +Y

It follows from Theorem 12.2.1 that

o iy 2y = Yy 4 Vi — V) ZZZ(us i) o

2222225 (Yiis = Yig.)?
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Since
ZZZ(YUY ~Y.+Y.—Y)?
=20 D =Y+ > ) (¥,

we can write (7) as

F= ——. 8)

Under H,, the statistic [ab(m — 1)/(a — 1)]F has the central F(a — 1,ab(m — 1)) distribu-
tion, so that the likelihood ratio test rejects H,, if

b(m — by (Y. =Y
abm—1) _mby. ¥i- V7 ©
a=1 35555 Yy —Yy.)?
A similar analysis holds for testing Hg: 81 = 0, = --- = [3.

Next consider the test of hypothesis H. : v;; = 0 for all i,j, that s, that the two factors are
independent and the effects are additive. In this case n = abm, k = ab, r = (a—1)(b—1),
and n—k = ab(m — 1). It can be shown that

p=Y,  &4=Y. -7, andéj:?.j.f?. (10)
Thus
Fe 2220 2 (Yiis = Yie =Y 4+ Y)2 = 57,573 (Vs — r)' an
200 2o (Y = Yy.)?
Now

ZZZ(YUS_E.._Y.,.JV
—ZZZ = Vit Yy — ViV +7)2
—ZZZ =YY D Y (VY=Y 4 ¥),

i J s

so that we may write

Fe 220y Y+Y). 12)

ZZZ(W Yy.)?
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Under H,,, the statistic {(m—1)ab/[(a—1)(b—1)]}F hasthe F((a—1)(b—1),ab(m—1))
distribution. The likelihood ratio test rejects H., if

Let us write

and

(m—1)ab mY_;> (Y. —Yi. =Y +Y)?
(@=DG-1) 35555 (Vg —Yy.)?

> c. (13)

SS| = sum of squares due to factor 1 (row sum of squares)
= me(Y, —?)2,
i=1
SS; = sum of squares due to factor 2 (column sum of squares)
b
= amZ(Y.j. -Y)?,
j=1
SSI = sum of squares due to interaction

a b
= mZZ(YU _?i-- _?/ +?)2,

i=1 j=1

SSE = sum of squares due to error (residual sum of squares)

DD DR

i=1 j=1 s=1

Then we may summarize the above results in the following table.

Two-Way Analysis of Variance Table with Interaction

Source of  Sum of Degrees of Mean
Variation Squares Freedom Square F-Ratio
Rows SS1 a—1 MS1 :SSI/(a—l) MSI/MSE
Columns SS, b—1 MS, =SS,/(b—1) MS,/MSE
Interaction  SSI (a—1)(b—1) MSI=SSI/(a—1)(b—1) MSI/MSE
Error SSE ab(m—1) MSE = SSE/ab(m— 1)
Mean abmX 1 abmX’

a b m a b m
LTI 3 3 i A 333 Vi fam

i=1 j=1 s=1 i=1 j=1 s=1
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Remark 1. Note that, if m = 1, there are no d.f. associated with the SSE. Indeed, SSE =0
if m = 1. Hence, we cannot make tests of hypotheses when m = 1, and for this reason we
assume m > 1.

Example 1. To test the effectiveness of three different teaching methods, three instructors
were randomly assigned 12 students each. The students were then randomly assigned to
the different teaching methods and were taught exactly the same material. At the con-
clusion of the experiment, identical examinations were given to the students with the
following results in regard to grades.

Instructor

Teaching
Method I II I

1 95 60 86
8 90 77
74 80 75
74 70 70
2 90 89 83
80 90 70
92 91 75
82 86 72
3 70 68 74
80 73 86
8 78 91
8 93 &9

From the data the table of means is as follows:

yi]* Vi

82 75 77 78.0
86 &% 75 83.3
80 78 85 81.0

y;. 827 807 79.0 y=808
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Then

SS| = sum of squares due to methods
=bmy (5.—7)’
i=1

=3x4x14.13 =169.56,

SS, = sum of squares due to instructors

b
=am (3;.—y)
j=1

=3x4x6.80=_82.32,

SSI = sum of squares due to interaction

33
=my > (=T =+

i=1 j=I
=4 x140.45 = 561.80,
SSE = residual sum of squares

3 3 4
= ZZZ% —y;.)* = 1830.00.

i=1 j=1 s=1

Analysis of Variance

Source SS d.f. MSS  F-Ratio
Methods 169.56 2 84.78 1.25
Instructors 82.32 2 41.16 0.61
Interactions 561.80 4 140.45 2.07
Error 1830.00 27 67.78

With a = 0.05, we see from the tables that [ 17 9.0s = 3.35 and F4 »7,0.05 = 2.73, so that
we cannot reject any of the three hypotheses that the three methods are equally effective,
that the three instructors are equally effective, and that the interactions are all 0.

PROBLEMS 12.6

1. Prove statement (6).
2. Obtain the likelihood ratio test of the null hypothesis Hg: f; = 3, =--- = /3, =0.
3. Prove statement (10).
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4. Suppose that the following data represent the units of production turned out each day
by three different machinists, each working on the same machine for three different

days:
Machinist
Machine A B (o
By 15,15,17 19,19,16 16,18, 21
B 17,17,17 15,15,15 19,22,22
B; 15,17, 16 18,17,16 18,18, 18
By 18,20,22 15,16,17 17,17,17

Using a 0.05 level of significance, test whether (a) the differences among the machin-
ists are significant, (b) the differences among the machines are significant, and (c)

the interactions are significant.

5. In an experiment to determine whether four different makes of automobiles average
the same gasoline mileage, a random sample of two cars of each make was taken
from each of four cities. Each car was then test run on 5 gallons of gasoline of the
same brand. The following table gives the number of miles traveled.

Automobile Make
Cities A B C D
Cleveland 92.3,104.1 904,103.8 110.2,115.0 120.0,125.4
Detroit 96.2,98.6 91.8,100.4 112.3,111.7 124.1,121.1
San Francisco 90.8, 96.2 90.3,89.1 107.2,103.8 118.4,115.6
Denver 98.5,97.3 96.8,98.8 115.2,110.2 126.2,120.4

Construct the analysis of variance table. Test the hypothesis of no automobile effect,
no city effect, and no interactions. Use o = 0.05.
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NONPARAMETRIC STATISTICAL
INFERENCE

13.1 INTRODUCTION

In all the problems of statistical inference considered so far, we assumed that the distribu-
tion of the random variable being sampled is known except, perhaps, for some parameters.
In practice, however, the functional form of the distribution is seldom, if ever, known.
It is therefore desirable to devise methods that are free of this assumption concerning
distribution. In this chapter we study some procedures that are commonly referred to as
distribution-free or nonparametric methods. The term “distribution-free” refers to the fact
that no assumptions are made about the underlying distribution except that the distribution
function being sampled is absolutely continuous. The term ‘“nonparametric” refers to the
fact that there are no parameters involved in the traditional sense of the term “parameter”
used thus far. To be sure, there is a parameter which indexes the family of absolutely con-
tinuous DFs, but it is not numerical and hence the parameter set cannot be represented as a
subset of R, for any n > 1. The restriction to absolutely continuous distribution functions
is a simplifying assumption that allows us to use the probability integral transformation
(Theorem 5.3.1) and the fact that ties occur with probability 0.

Section 13.2 is devoted to the problem of unbiased (nonparametric) estimation. We
develop the theory of U-statistics since many estimators and test statistics may be viewed
as U-statistics. Sections 13.3 through 13.5 deal with some common hypotheses testing
problems. In Section 13.6 we investigate applications of order statistics in nonparamet-
ric methods. Section 13.7 considers underlying assumptions in some common parametric
problems and the effect of relaxing these assumptions.

An Introduction to Probability and Statistics, Third Edition. Vijay K. Rohatgi and A.K. Md. Ehsanes Saleh.
© 2015 John Wiley & Sons, Inc. Published 2015 by John Wiley & Sons, Inc.
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13.2 U-STATISTICS

In Chapter 6 we encountered several nonparametric estimators. For example, the empir-
ical DF defined in Section 6.3 as an estimator of the population DF is distribution-free,
and so also are the sample moments as estimators of the population moments. These are
examples of what are known as U-statistics which lead to unbiased estimators of popula-
tion characteristics. In this section we study the general theory of U-statistics. Although
the thrust of this investigation is unbiased estimation, many of the U-statistics defined in
this section may be used as test statistics.

Let X;,X>,...,X, be iid RVs with common law £(X), and let P be the class of all pos-
sible distributions of X that consists of the absolutely continuous or discrete distributions,
or subclasses of these.

Definition 1. A statistic T(X) is sufficient for the family of distributions P if the
conditional distribution of X, given 7 = t, is the same whatever the true F € P.

Example 1. LetX;,X,...,X, bearandom sample from an absolutely continuous DF, and
let T = (X(1,...,X(n)) be the order statistic. Then

fx|T=t)=(n)"",
and we see that T is sufficient for the family of absolutely continuous distributions on R.

Definition 2. A family of distributions P is complete if the only unbiased estimator of 0
is the zero function itself, that is,

Eph(X) =0 forall F€ P = h(x)=0
for all x (except for a null set with respect to each F € P).

Definition 3. A statistic 7(X) is said to be complete in relation to a class of distributions
P if the class of induced distributions of 7 is complete.

We have already encountered many examples of complete statistics or complete
families of distributions in Chapter 8.

The following result is stated without proof. For the proof we refer to Fraser [32,
pp- 27-30, 139-142].

Theorem 1. The order statistic (X(1),X(2),...,X(s)) is a complete sufficient statistic
provided that the iid RVs X1, X5, ..., X, are of either the discrete or the continuous type.

Definition 4. A real-valued parameter g(F) is said to be estimable if it has an unbiased
estimator, that is, if there exists a statistic 7(X) such that

ErT(X)=g(F) forall FeP. (1)
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Example 2. If P is the class of all distributions for which the second moment exists, X is
an unbiased estimator of y(F'), the population mean. Similarly, 1, (F) = varg(X) is also
estimable, and an unbiased estimator is $ = Y (X; —X)?/(n— 1). We would like to know
whether X and $? are UMV UEs. Similarly, F(x) and Pr(X; + X, > 0) are estimable for
Feb.

Definition 5. The degree m (m > 1) of an estimable parameter g(F') is the smallest sample
size for which the parameter is estimable, that is, it is the smallest m such that there exists
an unbiased estimator 7'(X;, X5, ...,X,,) with

ErT =g(F) forall F € .

Example 3. The parameter g(F) = Pr{X > c}, where c is a known constant, has degree 1.
Also, pu(F) is estimable with degree 1 (we assume that there is at least one F € P such that
1w(F) #0), and p,(F) is estimable with degree m = 2, since p,(F) cannot be estimated
(unbiasedly) by one observation only. At least two observations are needed. Similarly,
12 (F) has degree 2, and P(X; + X, > 0) also is of degree 2.

Definition 6. An unbiased estimator of a parameter based on the smallest sample size
(equal to degree m) is called a kernel.

Example 4. Clearly X; 1 <i <n is a kernel of u(F); T(X;) = 1, if X; > ¢, and = 0 if
X; < cis a kernel of P(X > c¢). Similarly, T'(X;,X;) = 1 if X; + X; > 0, and =0 otherwise
is a kernel of P(X; +X; > 0), X;X; is a kernel of 1*(F) and X? — X;X; is a kernel of i (F).
Lemma 1. There exists a symmetric kernel for every estimable parameter.

Proof. 1fT(X,Xa,...,X,) is a kernel of g(F), so also is

1
To(X1,Xa o X) = = > T(Xip, Xiyroo X3, )
P

where the summation P is over all m! permutations of {1,2,...,m}.

Example 5. A symmetric kernel for p;(F) is
=3Xi—X;),  Lj=12...n(i#)).

Definition 7. Let g(F) be an estimable parameter of degree m, and let X1,X5,...,X, be a
sample of size n, n > m. Corresponding to any kernel 7(X; ,...,X; ) of g(F), we define a
U-statistic for the sample by

—1
UX1, X, ..., X,) = (”;) S LXK X)), 3)
C

where the summation C is over all (:1) combinations of m integers (iy,i2,...,i,) chosen
from {1,2,...,n}, and T is the symmetric kernel defined in (2).
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Clearly, the U-statistic defined in (3) is symmetric in the X;’s, and

ErU(X) =g(F) for all F.

“)

Moreover, U(X) is a function of the complete sufficient statistic X1y, X@2)s-- - Xy It

follows from Theorem 8.4.6 that it is UMVUE of its expected value.

Example 6. For estimating ;(F), the U-statistic is n= ' | X;. For estimating u»(F),

a symmetric kernel is
To(Xi,,Xi,) =

so that the corresponding U-statistic is

—1
v =(5) X 30—
B n1 1 Z(X,-—)?f

1

=52

Similarly, for estimating y?(F), a symmetric kernel is Ty(X;,,X;,)
corresponding U-statistic is

U(X):(i)ZX, = ) ZXX

2) i<y

%(th Xlz) ’ i1:1a27"'7n(i17éi2)a

= X,']X,'Z, and the

For estimating 4 (F), a symmetric kernel is 7y(X;,, X, ,Xi;) = X;,X;,X;, so that the

corresponding U-statistic is
-1
n
U(X) = (3) Z‘;]{Zx,-xjxk
i<j

= X X;X
n(n—1)(n—2) Z k
t;éﬁﬁk

For estimating F(x) a symmetric kernel is Ij,<, so the corresponding U-statistic is

1 & .
= E;I[Xiﬁx] :Fn (x)

and for estimating P(X > 0) the U-statistic is

1< .
X) = EZI[X[>O] =1 7Fn (0)
i=1
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Finally, for estimating P(X; + X, > 0) the U-statistic is

Z [Xi+X;>0] -

i<j

Theorem 2. The variance of the U-statistic defined in (3) is given by

varU(X) = (,11) > (’Z) (';_ )cu 5)

where
C _COVF{T( irs- Xim)aTS(Xiﬂ""Xim)}

with m, the degree of g(F'), and ¢ is the common number of integers in the sets {iy,...,i,}
and {ji,...,jm}. (For ¢ =0, the two statistics T(X;,,...,X;,) and T(X;,,...,X,) are
independent and have zero covariance.)

Proof. Clearly

var U(X)
- ZZZ S‘ l|7 ) ( )}{T( j]? X/m)ig(F)}}'
Let ¢ be the number of common integers in {i1, i, ...,i, } and { J2+J2,- - jm - Then c takes
values 0,1,...,m and for ¢ = 0, T,(X;,,...,X,,) and Ts(Xj,,...,X,) are independent. It

follows that

var U(X

OO

which is (5). The counting argument from (6) to (7) is as follows: First we select integers
{it, ... im} from {1,2,...,n} in (") ways. Next we select the integers in {ji ... ,j}. This
is done by selecting first the ¢ integers that will be in {iy,...,i,} (hence common to both
sets) and then the m — ¢ integers from n — m integers which will not be {ji,...,j. }. Note
that (y = 0 from independence.

Example 7. Consider the U-statistic estimator X of g(F) = p(F) in Example 6. Here
m=1,T(x) =x, and (; = var(X;) = o so that var(X) = o2 /n.
For the parameter g(F) = ,(F), U(X) = S2. In this case, m = 2, Ty(X;,,X;,) =
(Xl‘] 7X,‘2)2/2 SO
1
varU(X) = @{2(” —2)G+ Gl

where
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and

1 1
G cov{z(Xi, *Xiz)zyi(xi —Xj )2}

where i, # j,. Then

(pa — )

="

and

(X) = var(§?) = 2 )[(”_2)(5404)+u442ra4

which agrees with Corollary 2 to Theorem 6.3.4.

For the parameter g(F) = F(x), varU(X) = F(x)(1 — F(x))/n, and for g(F) =
PF(Xl + X > O)

varU(X) = {4(n—2)¢ +26},

L
n(n—1)
where
G =Pr(X14+X, >0, X; +X3>0) — P2(X; + X, > 0)
and
G =Pp(Xi +X, > 0) — PE(X; + X, > 0)

=Pr(X1+X2 > 0)Pp(X; +X, <0).

Corollary to Theorem 2. Let U be the U-statistic for a symmetric kernel
Ty(X1,Xa,...,Xn). Suppose Ep[Ts(Xy,...,X,n)]* < oc. Then

nli)rgo{nvar UX)} =m?¢. (7N

Proof. Tt is easily shown that 0 < (. < ¢, for I < ¢ < m. It follows from the hypothesis
Cn = var[Ty(X, ..., X,)]* < 0o and (5) that var U(X) < co. Now

(MED ) [n-m)

() G = cl(m—c))? n!(n—2m+c)!§c
_ (m!)? n(n—m)(n—m—l)---(n—2m—|—c—|—1)
cl[(m—e)']? nn—1)---(n—m+1)

n

Ce-
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Now note that the numerator has m — ¢ 4 1 factors involving n, while the denominator has
m such factors so that for ¢ > 1, the ratio involving n goes to 0 as n — oc. For ¢ = 1, this
ratio —1 and

UX) — (m))* =m?
var U(X) WQ—WQ

as n — oo.
Example 8. In Example 7, nvar(X) = o2 and

nvar($%) — 2°¢; = pg — o
as n — oo.

Finally we state, without proof, the following result due to Hoeffding [45], which estab-
lishes the asymptotic normality of a suitably centered and normed U-statistic. For proof
we refer to Lehmann [61, pp. 364-365] or Randles and Wolfe [85, p. 82].

Theorem 3. Let X;,X>,...,X, be a random sample from a DF F and let g(F) be an
estimable parameter of degree m with symmetric kernel T;(X1,Xa,...,X).
If Ep{T(X1,Xz,. .. ,Xm)}2 < oo and U is the U-statistic for g (as defined in (3)), then

V(U(X) — g(F)) = N(0,m?(¢;), provided
Cl = COVF{TX (Xil . ,Xim) ,TS ()(J] . ,)(jm)} > 0.

In view of the corollary to Theorem 2, it follows that (U — g(F)) /r/var(U) —N(0, 1),
provided ¢; > 0.

Example 9 (Example 7 continued). Clearly, /n(X — p1)/c L)N(O, 1) as n — oo since
Cl = 0'2 > 0.

1 -3
For the parameter g(F) = pa(F), varU(X) = var($?) = n{u4—2_104},

¢1 = (pug —0*) /4 > 0 so it follows from Theorem 3 that
Vn(S? = 0?) L N(0, it — o).
The concept of U-statistics can be extended to multiple random samples. We will
restrict ourselves to the case of two samples. Let X;,X>,...,X,, and Y1,Y>,...,Y,, be two

independent random samples from DFs F and G, respectively.

Definition 8. A parameter g(F,G) is estimable of degrees (my,m;,) if m; and m; are the
smallest sample sizes for which there exists a statistic T (X, ..., Xyu,; Y1,..., Y, ) such that

EF7GT(X17...,Xm];Yl,...7Ym2):g(F,G) (8)

forall F,G € P.
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The statistic 7 in Definition 8 is called a kernel of g and a symmetrized version of 7',
T, is called a symmetric kernel of g. Without loss of generality therefore we assume that
the two-sample kernel 7 in (9) is a symmetric kernel.

Definition 9. Let g(F,G), F,G € P be an estimable parameter of degree (m;,m;). Then,
a (two-sample) U-statistic estimate of g is defined by

—1
U(X;Y)=<:1‘l) ( ) DD T Koo Xy YY), ©)

icA jeB

where A and B are collections of all subsets of m; and m, integers chosen without
replacement from the sets {1,2,...,n,} and {1,2,...,n,} respectively.

Example 10. Let X;,X5,...,X,, and Y,Y,,...,Y, be two independent samples
from DFs F and G, respecnvely Let g(F, G) =PX <Y) = [7 F(x)gx)dx =
f_oo P(Y > y)f(y)dy, where f and g are the respective PDFs of F and G. Then

1, ifX;<Y;

0, ifX;>7Y;

is an unbiased estimator of g. Clearly, g has degree (1, 1) and the two-sample U-statistic
is given by

ni 2

U(X;Y) MZZT X;;Y)).

i=1 j=l1
Theorem 4. The variance of the two-sample U-statistic defined in (10) is given by
mp my
nm n; my ny
arU(X;Y) cds 10
w000 =y 33 () (o ) (6) G e 00

where (.4 is the covariance between T(X,-],...,X'

lml

Ye,,.... Yy, ) with exactly ¢ X’s and d ¥’s in common.

;le,...,ij]) and T(Xy,,..., X, ;

my )

Corollary. Suppose Er gT*(X1,..., Xp; Y1,...,Ym,) < ocforall F,G € P.Let N =n; +
ny and suppose ny,n,,N — oo such that n; /N — A, ny/N — 1 — \. Then

2

22 (11)

2
. m
Nh_}n;ONvarU(X;Y) = TlCl,o-i- T

The proofs of Theorem 4 and its corollary parallel those of Theorem 2 and its corollary
and are left to the reader.

Example 11. For the U-statistic in Example 10

Epc;U (XY 2 ZZZZZEFG{TX”Y (kaYf)}
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Now

Er o {T(X5Y)T(Xi;Ye)} = P(X: < Y}, Xi < Yy)

Joo F(x)g(x)dx fori=k, j="1,
[ [1=G)Pf(x)dx fori=k, j#L,
T S P forik, j="¢,
[ffoooF(x)g(x)dx ’ fori#k, j#¢,

where f and g are PDFs of F and G, respectively. Moreover,
o= [ 1= GePds ~ (7,6
and
G [ PXg0B 6P G

It follows that

ar U Y) = o {g(F, G~ (F.G))+ (= i+ (12— )}

In the special case when F = G, g(F,G) = 1/2, (0 = (o1 = 1/3—1/4=1/12, and
varU = (n +ny,+ 1) /[12n1n,).

Finally we state, without proof, the two-sample analog of Theorem 3 which establishes
the asymptotic normality of the two-sample U-statistic defined in (10).

Theorem 5. Let X;,X5,...,X,, and Y},Y>,...,Y,, be independent random samples from
DFs F and G, respectively, and let g(F,G) be an estimable parameter of degree (m,ms).
Let T(X1,...,Xm;Y1,...,Ym,) be a symmetric kernel for g such that ET? < co. Then

Vi Fm {U(X;Y) — g(F,G)} ==+ N(0,0%),

2 2
miCro  m5Qo1
1S n 1

5 o , provided 0 > 0 and 0 < A = limy_ oo (m;/N) = A < 1,

where 02 =
N =n; +ny.

We see that (U — g)/+/var U —N(0, 1), provided o2 > 0.

For the proof of Theorem 5 we refer to Lehmann [61, p. 364], or Randles and Wolfe [85,
p- 92].

Example 11 (Continued). In Example 11 we saw that in the special case when F = G,
C170 = C(),l = 1/12, and varU = (I’ll “+ny + 1)/[12]’11”2] It follows that
UX;Y)—(1/2)

\/(nl +ny+1)/[12n1n;] —NOD.
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PROBLEMS 13.2

1. Let (R,B,Py) be a probability space, and let P = {Py: 0 € O}. Let A be a Borel
subset of R, and consider the parameter d(0) = Py(A). Is d estimable? If so, what is
the degree? Find the UMV UE for d, based on a sample of size n, assuming that P is
the class of all continuous distributions.

2. Let X,X5,...,X,, and Y,,Y>,....Y, be independent random samples from two
absolutely continuous DFs. Find the UMVUEs of (a) E{XY} and (b) var(X+Y).

3. Let (X1,71),(X2,Y2),...,(X,,Y,) be a random sample from an absolutely continu-
ous distribution. Find the UMVUEs of (a) E(XY) and (b) var(X +Y).

4. Let T(X1,Xa,...,X,) be a statistic that is symmetric in the observations. Show that
T can be written as a function of the order statistic. Conversely, if T'(X, Xz, ...,X,)
can be written as a function of the order statistic, 7' is symmetric in the observations.

5. Let X1,X5,...,X, be arandom sample from an absolutely continuous DF F, F € P.
Find U-statistics for g|(F) = p*(F) and g,(F) = u3(F). Find the corresponding
expressions for the variance of the U-statistic in each case.

6. In Example 3, show that u, (F) is not estimable with one observation. That is, show
that the degree of i, (F) where F € P, the class of all distributions with finite second
moment, is 2.

7. Show that forc =1,2,...,m, 0 < (. < (.

8. Let X|,X5,...,X, be arandom sample from an absolutely continuous DF F, F € P.
Let

g(F) ZEF|X1 —X2|.

Find the U-statistic estimator of g(F) and its variance.

13.3 SOME SINGLE-SAMPLE PROBLEMS

Let X1,X,...,X, be arandom sample from a DF F. In Section 13.2 we studied properties
of U-statistics as nonparametric estimators of parameters g(F). In this section we con-
sider some nonparametric tests of hypotheses. Often the test statistic may be viewed as a
function of a U-statistic.

13.3.1 Goodness-of-Fit Problem

The problem of fit is to test the hypothesis that the sample comes from a specified DF
Fy against the alternative that it is from some other DF F, where F(x) # Fy(x) for some
x € R. In Section 10.3 we studied the chi-square test of goodness of fit for testing Hy :
X; ~ Fy. Here we consider the Kolmogorov—Smirnov test of Hy. Since H, concerns the
underlying DF of the X’s, it is natural to compare the U-statistic estimator of g(F) =
F(x) with the specified DF F,, under Hy. The U-statistic for g(F) = F(x) is the empirical
DF F(x).
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Definition 1. Let X;,X>,...,X, be a sample from a DF F, and let F; be a corresponding
empirical DF. The statistic

D, = sup|F} (x) — F(x)| (1)

is called the (two-sided) Kolmogorov—Smirnov statistic. We write
D, = sup|[F; (x) — F(x)] (2)

and

D,

= sup[F(x) — F; (x)] G)

X

and call DM, D, the one-sided Kolmogorov—Smirnov statistic.
Theorem 1. The statistics D, D, , D,‘," are distribution-free for any continuous DF F.

Proof. Clearly, D, = max(D;},D; ). Let X(1) £ X(2) < -+ < X(n) be the order statistics

of X1,X2,...,X,, and define X9y = —00, X(,41) = +0c. Then
F:;()c):i for Xy <x < X1, i=0,1,2,...,n,
n
and we have

N i
D, = max  sup ——F(x)
0<i<ny,. . n

SISy <e<X()

i .
=maxq——_ inf  F(x)
0<i<n (n X <x<X(iy1)

= max {iF(X@)}

0<i<n | n
i
= max{lrglaél {n F(X(i))} 70} .

Since F(X(;)) is the ith-order statistic of a sample from U(0, 1) irrespective of what F is, as
long as it is continuous, we see that the distribution of D;F is independent of F. Similarly,

i — 1
D, :max{max {F(X(i))—l} ,0},
n

1<i<n
and the result follows.

Without loss of generality, therefore, we assume that F is the DF of a U(0, 1) RV.
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Theorem 2. If F' is continuous, then

/v+(l/2n) /v+(3/2n)
1 (1/2n)—v J(3/2n)—v
P{Dn§v+}= v [(2n—1) /2n] 1 m—1 @
2n / Suy,uz,. .,un)~Hdui ifo<v< ,
[(2n—1)/2n]—v ’ 2n

if v <0,

2n—1
1 ifv>
ifv> o

where

n, O<u <---<u,<l1

f(l/l],bt27...,l/tn):{ . , (5)

0, otherwise,
is the joint PDF of the set of order statistics for a sample of size n from U(0, 1).
We will not prove this result here. Let D, , be the upper a-percent point of the distribu-
tion of D, that is, P{D,, > D,  } < a.. The exact distribution of D,, for selected values of n
and « has been tabulated by Miller [74], Owen [79], and Birnbaum [9]. The large-sample

distribution of D,, was derived by Kolmogorov [53], and we state it without proof.

Theorem 3. Let F' be any continuous DF. Then for every z > 0

lim P{D, < w2} = L(z), (6)
where
) =1-23 (~1)le ¥, @)
i=1

Theorem 3 can be used to find d,, such that lim,_,, P{y/nD, < d,} =1 — a. Tables
of d,, for various values of « are also available in Owen [79].

The statistics D and D; have the same distribution because of symmetry, and their
common distribution is given by the following theorem.

Theorem 4. Let F be a continuous DF. Then

if <0,
/ [
P{DZ_SZ}: 1—zJ[(n—1)/n]— 2/n)7z (8)
></ fur,uz,... u Hdu, ifo<z<1,
(1/m)—z
1 ifz>1,

where f is given by (5).
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Proof. 'We leave the reader to prove Theorem 4.

Tables for the critical values D' ,, where P{D;" > D;} |} < a, are also available for
selected values of n and «; see Birnbaum and Tingey [8]. Table ST7 at the end of this
book gives D,ta and D, ., for some selected values of n and .. For large samples Smirnov

[108] showed that

lim P{y/nDf <z} =1-e%, z>0. )

n—oo

In fact, in view of (9), the statistic V,, = 4nD,;L2 has a limiting X2(2) distribution, for
4nD}? < 4z if and only if \/nD;" < z, 7> 0, and the result follows since

lim P{V,<}=1-¢%, >0,
n— 00
so that

lim P{Vngx}:lfe*x/z, x>0,

n—o0

which is the DF of a x*(2) RV.

Example 1. Let o = 0.01, and let us approximate D;,. We have X%,o.m = 9.21. Thus
X, =9.21, yielding

o foar 30,
n,0.01 — 4n - 2\/’71

If, for example, n =9, then D;r,o.m =3.03/6 = 0.50. Of course, the approximation is better
for large n.

The statistic D,, and its one-sided analogs can be used in testing Hy: X ~ F against
H,: X ~ F, where Fy(x) # F(x) for some x.

Definition 2. To test Hy: F(x) = Fy(x) for all x at level v, the Kolmogorov—Smirnov test
rejects Hy if D, > D, . Similarly, it rejects F(x) > Fo(x) forall xif D, > an ., and rejects
F(x) < Fo(x) for all x at level « if D, > D;f .

For large samples we can approximate by using Theorem 3 or (9) to obtain an
approximate a-level test.

Example 2. Let us consider the data in Example 10.3.3, and apply the Kolmogorov—
Smirnov test to determine the goodness of the fit. Rearranging the data in increasing order
of magnitude, we have the following result:
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X Fo(x)  F3(x) i/20—Fo(xq)) Folxay)—(i—1)/20

—1.787 0.0367 % 0.0133 0.0367
—-1.229 0.1093 5 —0.0093 0.0593
—0.525 02998 3 —0.1498 0.1998
—0.513 03050 —0.1050 0.1550
—0.508 0.3050 —0.0550 0.1050
—0486 03121 % —0.0121 0.0621
—0.482 03156 0.0344 0.0156
—0.323 03745 % 0.0255 0.0245
—-0261 03974 5 0.0526 —0.0026
—-0.068 04721 1§ 0.0279 0.0221
—0.057 04761 3 0.0739 —0.0239
0.137 0.5557 33 0.0443 0.0057
0464 06772 3 —0.0272 0.0772
0.595 0.7257 % —0.0257 0.0757
0.881 0.8106 2 —0.0606 0.1106
0.906 0.8186 38 —0.0186 0.0686
1.046 08531 1 —0.0031 0.0531
1237 0.8925 38 0.0075 0.0425
1.678 0.9535 3% —0.0035 0.0535
2455 09931 1 0.0069 0.0431

From Theorem 1,
D3, = 0.1998, D) = 0.0739, and Dyy = max(D5y, Dy,) = 0.1998.

Let us take ov = 0.05. Then D»g .05 = 0.294. Since 0.1998 < 0.294, we accept Hy at the
0.05 level of significance.

It is worthwhile to compare the chi-square test of goodness of fit and the Kolmogorov—
Smirnov test. The latter treats individual observations directly, whereas the former
discretizes the data and sometimes loses information through grouping. Moreover, the
Kolmogorov—Smirnov test is applicable even in the case of very small samples, but the
chi-square test is essentially for large samples.

The chi-square test can be applied when the data are discrete or continuous, but the
Kolmogorov—Smirnov test assumes continuity of the DF. This means that the latter test
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provides a more refined analysis of the data. If the distribution is actually discontinuous,
the Kolmogorov—Smirnov test is conservative in that it favors Hy.

We next turn our attention to some other uses of the Kolmogorov—Smirnov statistic.
Let X;,X>,...,X, be asample from a DF F, and let F, be the sample DF. The estimate F,
of F for large n should be close to F. Indeed,

P{|F;;(x) <2 F(x)}lﬁ_F(x)]} >1- % (10)
and, since F(x)[1 — F(x)] < 1, we have
P{|F:(x)—F(x)|§2\)>ﬁ}21—)\12. (11)

Thus F; can be made close to F with high probability by choosing A and large enough #.
The Kolmogorov—Smirnov statistic enables us to determine the smallest n such that the
error in estimation never exceeds a fixed value € with a large probability 1 — a. Since

P{D,<e}>1-a, (12)

€ =D, o; and, given ¢ and «, we can read n from the tables. For large n, we can use the
asymptotic distribution of D,, and solve d,, = e+/n for n.
We can also form confidence bounds for F. Given « and n, we first find D,, , such that

P{Dn > Dn,a} <a, (13)

which is the same as

P{sup|F;f(x)F(x)| §D,17a} >1—a.

Thus
P{|F;(x)—F(x)| <D, forallx}>1-cq. (14)
Define
L(x) = masx{F; () ~ Dy.,0} (1)
and
U, (x) = min{F; (x) + Dy o, 1} (16)

Then the region between L, (x) and U, (x) can be used as a confidence band for F(x) with
associated confidence coefficient 1 — a.

Example 3. For the data on the standard normal distribution of Example 2, let us form
a 0.90 confidence band for the DF. We have Dy .10 = 0.265. The confidence band is,
therefore, Fi3(x) £0.265 as long as the band is between 0 and 1.
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13.3.2 Problem of Location

Let X1,X5,...,X, be a sample of size n from some unknown DF F. Let p be a positive
real number, 0 < p < 1, and let 3,(F) denote the quantile of order p for the DF F. In the
following analysis we assume that F is absolutely continuous. The problem of location
is to test Hy: 3,(F) = 30, 30 a given number, against one of the alternatives 3,(F) > 3o,
3p < 30, and 3, # 30. The problem of location and symmetry is to test H{: 30.5(F) = 30,
and F is symmetric against Hj : 30.5(F) # (o or F is not symmetric.

We consider two tests of location. First, we describe the sign test.

13.3.2.1 The Sign Test Let X|,X>,...,X, be iid RVs with common PDF f. Consider
the hypothesis testing problem

Hy: 3,(f) =30 against H; : 3,(f) > 30, (17)

where 3,(f) is the quantile of order p of PDF f, 0 < p < 1. Let g(F) = P(X; > 30) =
P(X; — 30 > 0). Then the corresponding U-statistic is given by

nU(X) = R (X),

the number of positive elements in X; — 30, X2 — 30, - - - , X» — 30- Clearly, P(X; = 30) = 0.
Fraser [32, pp. 167—170] has shown that a UMP test of H, against H is given by

I, RT(x)>c,
p(x) =<7, Rf(x)=c, (18)
0, RT(x)<c,

where ¢ and v are chosen from the size restriction

n

n +(x) n—RT(x n ¢ n—c
a= Y (R+(X))(1P)R ) pr= )+v(c>(1p)p : (19)

i=c+1

Note that, under Hy, 3,(f) = 30, so that Py, (X < 30) = p and R"(X) ~ b(n,1 —p). The
same test is UMP for Hy: 3,(f) < 30 against H,: 3,(f) > 30. For the two-sided case,
Fraser [32, p. 171] shows that the two-sided sign test is UMP unbiased.

If, in particular, 3¢ is the median of f, then p = 1/2 under H,. In this case one can also
use the sign test to test Hy: med(X) = 39, F is symmetric.

For large n one can use the normal approximation to binomial to find ¢ and y in (19).

Example 4. Entering college freshmen have taken a particular high school achievement
test for many years, and the upper quartile (p = 0.75) is well established at a score of 195.
A particular high school sent 12 of its graduates to college, where they took the examina-
tion and obtained scores of 203, 168, 187, 235, 197, 163, 214, 233, 179, 185, 197, 216.
Let us test the null hypothesis H that 30.75 < 195 against H : 30.75 > 195 at the oo = 0.05
level.
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We have to find ¢ and ~y such that

SO DG o

From the table of cumulative binomial distribution (Table ST1) forn =12, p = %, we see
that ¢ = 6. Then + is given by

6 6
0.0142+7<162> <i) <i> =0.05.

Thus
0.0358
= =0.89.
0.0402
In our case the number of positive signs, x; — 195,i=1,2,...,12, is 7, so we reject Hy

that the upper quartile is <195.

Example 5. A random sample of size 8 is taken from a normal population with mean 0
and variance 1. The sample values are —0.465, 0.120, —0.238, —0.869, —1.016, 0.417,
0.056, 0.561. Let us test hypothesis Hy: u = —1.0 against H;: p > —1.0. We should
expect to reject Hy since we know that it is false. The number of observations, x; — po =
x; + 1.0, that are > 0 is 7. We have to find ¢ and v such that

8

= ()6) () () -oms
ZS: (?) +7<§) =12.8.

i=c+1

that is,

We see that ¢ = 6 and v = 0.13. Since the number of positive x; — i is > 6, we reject Hy.
Let us now apply the parametric test here. We have

1.434

=—0.179.
8

¥ =
Since o = 1, we reject H if

1 1
x> /L0+%Za =—-1.0+ %164
=—0.42.

Since —0.179 > —0.42, we reject Hy.
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The single-sample sign test described above can easily be modified to apply to sampling
from a bivariate population. Let (X1, Y1), (X2, Y2),. .., (X,,Y,) be a random sample from a
bivariate population. Let Z; = X; — Y;, i = 1,2, ..., n, and assume that Z; has an absolutely
continuous DF. Then one can test hypotheses concerning the order parameters of Z by
using the sign test. A hypothesis of interest here is that Z has a given median 3. Without
loss of generality let 30 = 0. Then Hy: med(Z) = 0, that is, P{Z > 0} = P{Z <0} = 1.
Note that med(Z) is not necessarily equal to med(X) — med(Y), so that Hy is not
that med(X) = med(Y) but that med(Z) = 0. The sign test is UMP against one-sided
alternatives and UMP unbiased against two-sided alternatives.

Example 6. We consider an example due to Hahn and Nelson [40], in which two measur-
ing devices take readings on each of 10 test units. Let X and Y, respectively, be the readings
on a test unit by the first and second measuring devices. Let X = A+¢;, ¥ = A + &y,
where A, €1, €,, respectively, are the contributions to the readings due to the test unit and
to the first and the second measuring devices. Let A, €1, €, be independent with EA = p,
var(A) = 02, Ee; = Egy =0, var(e;) = o7, var(e,) = 03, so that X and Y have common
mean / and variances o7 + o2 and 03 + o2, respectively. Also, the covariance between X
and Y is o2. The data are as follows:

Test unit

1 2 3 4 5 6 7 8 9 10

First device, X 71 108 72 140 61 97 90 127 101 114
Second device, Y 77 105 71 152 8 117 93 130 112 105
Z=X-Y —6 3 1 -8 —-17 -20 -3 -3 11 9

Let us test the hypothesis Hy: med(Z) = 0. The number of Z;’s > 0 is 3. We have

310N /1)
P{number of Z;’s > 01is <3| Hy} = < k) <2>
k=0

=0.172.

Using the two-sided sign test, we cannot reject Hy at level oo = 0.05, since 0.172 > 0.025.
The RVs Z; can be considered to be distributed normally, so that under Hy the common
mean of Z;’s is 0. Using a paired comparison 7-test on the data, we can show that t = —0.88
for 9 d.f., so we cannot reject the hypothesis of equality of means of X and Y at level
a=0.05.

Finally, we consider the Wilcoxon signed-ranks test.
13.3.2.2 The Wilcoxon Signed-Ranks Test The sign test for median and symmetry

loses information since it ignores the magnitude of the difference between the observa-
tions and the hypothesized median. The Wilcoxon signed-ranks test provides an alternative
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test of location (and symmetry) that also takes into account the magnitudes of these
differences.

Let X,X,...,X, be iid RVs with common absolutely continuous DF F, which is sym-
metric about the median 3;/,. The problem is to test Hy: 312 = 30 against the usual
one- or two-sided alternatives. Without loss of generality, we assume that 30 = 0. Then
F(—x) = 1 —F(x) for all x € R. To test Hy: F(0) = J or 3;,, = 0, we first arrange
|X1[,|Xz],...,|X,| in increasing order of magnitude, and assign ranks 1,2,...,n, keeping
track of the original signs of X;. For example, if n =4 and |Xz| < |X4| < |X;| < |X3], the
rank of |X;| is 3, of |Xz| is 1, of |X3| is 4, and of | X4 is 2.

Let
T = the sum of the ranks of positive X;’s, 20)
T~ = the sum of the ranks of negative X;’s.
Then, under H, we expect T and T~ to be the same. Note that
n
_ n(n+1)
TH+T =) i= 21
+ 21 R @
so that 7T and T~ are linearly related and offer equivalent criteria. Let us define
= ! ,i=1.2,...n, 22)
0 ifX; <0

and write R(|X;|) = R for the rank of |X;|. Then T+ = Y7 RZ and T~ =
S (1—=Z)R;". Also,

i=1

n n
TT—T" ==Y R +2) ZRS
i=1 i=1

n
n(n+1)
_ zz;mzi Sl 23)
i=

The statistic 77 (or T7) is known as the Wilcoxon statistic. A large value of TT (or,
equivalently, a small value of 77) means that most of the large deviations from 0 are
positive, and therefore we reject Hy in favor of the alternative, H;: 31/, > 0.

A similar analysis applies to the other two alternatives. We record the results as follows:

Test
H, H, Reject H, if
312=0 312>0 Tt >¢
312=0 312<0 Tt <c

312=0 312#0 Tt <czorTT >c¢y
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We now show how the Wilcoxon signed-ranks test statistic is related to the U-statistic
estimate of g»(F) = Pr(X; +X> > 0). Recall from Example 13.2.6 that the corresponding
U-statistic is

—1
Uz(X) = <;) > Ixaxso- 24)

1<i<j<n

First note that

Z 1x+x>0]*zl[x>0]+ Z Iix,4+x,>0)- (25)

1<i<j<n 1<i<j<n

Next note that for i < j, X(;y +X(j) > 0 if and only if X(;) > 0 and |X(;)| < |X;)|. It follows
that > _, Iix, +x,,>0) 1s the signed-rank of X;). Consequently,

noJ
T+:ZZI[X<f>+Xo>>0] = Z Ix,4+x,>0)

j*l i=1 1<i<j<n

*Zl[x>o+ Z It x>0

1<i<j<n

Uy (X) + ( 2) Uh(X), (26)

where U, is the U-statistic for g1 (F) = Pr(X; > 0).

We next compute the distribution of 7" for small samples. The distribution of T is
tabulated by Kraft and Van Eeden [55, pp. 221-223].

Let

g 1 if the |X;| that has rank iis >0
Y710 otherwise.

Note that 7+ = 0 if all differences have negative signs, and T = n(n—+ 1) /2 if all differ-
ences have positive signs. Here a difference means a difference between the observations
and the postulated value of the median. 7 is completely determined by the indicators Ziiys
so that the sample space can be considered as a set of 2" n-tuples (z1,22,...,2,), where
each z; is 0 or 1. Under Hy, 31,2 = 30 and each arrangement is equally likely. Thus

{number of ways to assign + or — signs to
integers 1,2, ... n so that the sum is ¢}
211

n(1)

= T , say. 27

Py {TT =t} =
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Note that every assignment has a conjugate assignment with plus and minus signs
interchanged so that for this conjugate, 7™ is given by

n

1
S i(1-z) = "("; )_ 3 iz, (28)

1 1

Thus under Hy the distribution of 7 is symmetric about the mean n(n+1) /4.

Example 7. Let us compute the null distribution for n = 3. Eg, 7T =n(n+1)/4 =3, and
T™ takes values from O to n(n+1)/2 = 6:

Ranks Associated with
Value of Tt Positive Differences  n(z)

6 1,2,3 1
5 2,3 1
4 1,3 1
3 1,2;3 2
so that
%a 1=4,5,6,0,1,2,
Puf{Tt =1} ={2 1=3, (29)
0, otherwise.
Similarly, for n = 4, one can show that
Tlsv t=20,1,2,8,9,10,
Py Tt =1} =< 2, 1=3,4,56,7, (30)

0, otherwise.

An alternative procedure would be to use the MGF technique. Under Hy, the RVs iZ(;
are independent and have the PMF

Thus

M(f) = EeT"

e+ 1
—H( 5 ) (31)
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We express M(t) as a sum of terms of the form a;e//2". The PMF of T can then be
determined by inspection. For example, in the case n = 4, we have

mo=T1(5) = (5) (5) (5) (557)

34 4
:}1(€3t+€2t+€t+1)<e + )(e + ) (32)
2 2
A4t 1
;@“+eﬁ+e“+28’+8’+a+1)<e2% > (33)
= (e +e¥ 42" + 2% + 207 + 2% + 267 + ¥ + €' +1). (34)

This method gives us the PMF of TT for n = 2, n = 3, and n = 4 immediately. Quite
simply,

Py, {T" = j} = coefficient of ¢ in the expansion of M(t), j = 0, (35)
I,...,n(n+1)/2.
See Problem 3.3.12 for the PGF of 7.

Example 8. Let us return to the data of Example 5 and test Hy: 3; /o = 4 = —1.0 against
Hy: 31,2 > —1.0. Ranking |x; — 3, | in increasing order of magnitude, we have

0.016 < 0.131 < 0.535 < 0.762 < 1.056 < 1.120 < 1.417 < 1.561
5 4 1 3 7 2 6 8

Thus

1‘1:3, r2:6, r3 :4, l”4:2,

rs=1, re =17, r; =35, rg =38
and
Tt =3+6+44+2+7+5+8=35.

From Table ST10, Hy is rejected at level o = 0.05 if 7+ > 31. Since 35 > 31, we reject Hy.

Remark 1. The Wilcoxon test statistic can also be used to test for symmetry. Let
X1,Xa,...,X, be iid observations on an RV with absolutely continuous DF F. We set the
null hypothesis as

Hy: 312 =30, and DF F is symmetric about 3¢.

The alternative is

Hi: 312 # 30 and F symmetric, or F' asymmetric.

The test is the same since the null distribution of 71 is the same.
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Remark 2. If we have n independent pairs of observations (X;,Y1),(X2,Y2),,..., (X,,Y,)
from a bivariate DF, we form the differences Z; = X; — Y;, i = 1,2,...,n. Assuming that
Z\,7,,...,Z, are (independent) observations from a population of differences with abso-
lutely continuous DF F' that is symmetric with median 3,5, we can use the Wilcoxon
statistic to test Ho: 31 /2 = 30-

We present some examples.
Example 9. For the data of Example 10.3.3 let us apply the Wilcoxon statistic to test
Ho: 312 = 0 and F is symmetric against H;: 3/, # 0 and F symmetric or F not

symmetric.

The absolute values, when arranged in increasing order of magnitude, are as follows:

0.057 < 0.068 < 0.137 < 0.261 < 0.323 < 0.464 < 0.482 < 0.486 < 0.508 < 0.513

13 5 2 17 4 1 11 15 20 7
< 0.525 < 0.595 < 0.881 < 0.906 < 1.046 < 1.229 < 1.237 < 1.678 < 1.787 < 2.455
8 9 10 6 19 14 18 12 16 3
Thus

rp =0, =3, r3=20, =35, rs =2, re=14,
}"7:10, rgzll, }"9:12, r10:13, 1"11:7, r12:18,
rz=1, ru=16, rs=8, re=19, rz=4, rg=17,
ro =15, ryp =9,

and

Tt =6+3+20+14+12+13+18+17+15=118.

From Table ST10 we see that H, cannot be rejected even at level oo = 0.20.

Example 10. Returning to the data of Example 6, we apply the Wilcoxon test to the dif-
ferences Z; = X; — Y;. The differences are —6, 3, 1, —8, —17, —20, —3, —3, —11, 9. To test
Hy: 31/, =0 against H; : 3/, # 0, we rank the absolute values of z; in increasing order to
get

1<3=3=3<6<8<9<11<17<?20
and
TT=1+2+7=10.

Here we have assigned ranks 2, 3, 4 to observations +3, —3, —3. (If we assign rank 4 to
observation 3, then T = 12 without appreciably changing the result.)

From Table ST10, we reject Hy at o = 0.05 if either 77 > 46 or TT < 9. Since T > 9
and < 46, we accept Hy. Note that hypothesis Hy was also accepted by the sign test.



598 NONPARAMETRIC STATISTICAL INFERENCE

For large samples we use the normal approximation. In fact, from (26) we see that

n(T+—ETT) n/?
VT —ETT) B 4+ a(Us — EUS).
() ()
Clearly, U, — EU, 250 and since n/? (5) — 0, the first term — O in probability as
n — 00. By Slutsky’s theorem (Theorem 7.2.15) it follows that

\fﬁ(ﬁ —ETY) and +/n(U,—EU,)
()
have the same limiting distribution. From Theorem 13.2.3 and Example 13.2.7 it follows

that \/n(U, — EU,), and hence (T — ET")y/n/(}), has a limiting normal distribution
with mean 0 and variance

4¢, = 4Pp(X, 4+ X5 > 0,X) + X3 > 0) — 4P3(X, + X, > 0).

Under Hy, the RVs iZ ;) are independent b(1,1/2) so

. nn+1) v (1 (1=, nn+1)2n+1)
Ep,T" = 1 and varg, T" = A ;1 S VR

Also, under Hy, F is continuous and symmetric so

Pr(X1+X,>0)= /_O:OPF(Xl > —x)f (x)dx = %
and
Pr(X1+X,>0,X,+X;3 >0) = /jO [Pr(X) > —x)*f(x)dx = %
Thus 4¢; =4/3 —4/4 = 1/3 so that
L “L5N(0, 1).

Ve

However,

(varg, TH)Y2  [n(n+1)(2n+4)/24]'/2
n 1 - n(n—1) 1 — 1
(2) 3n 2\

as n — oo. Consequently, under H

T+ o AN (n(n—i—l) n(n+1)(2n—|—1)> .

4 24
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Thus, for large enough n we can determine the critical values for a test based on 7+ by
using normal approximation.

As an example, take n = 20. From Table ST10 the P-value associated with t=1401is
0.10. Using normal approximation

140 — 105

Py (TT >140)~P(Z
(T > 140) <> 27.45

> = P(Z > 1.28) = 0.10003

PROBLEMS 13.3

1.

Prove Theorem 4.

2. A random sample of size 16 from a continuous DF on [0, 1] yields the following

10.

11.

12.

134

data: 0.59,0.72,0.47,0.43,0.31, 0.56, 0.22, 0.90, 0.96, 0.78, 0.66, 0.18, 0.73, 0.43,
0.58, 0.11. Test the hypothesis that the sample comes from U0, 1].

. Test the goodness of fit of normality for the data of Problem 10.3.6, using the

Kolmogorov—Smirnov test.

. For the data of Problem 10.3.6 find a 0.95 level confidence band for the distribution

function.

. The following data represent a sample of size 20 from U[0, 1]: 0.277, 0.435, 0.130,

0.143, 0.853, 0.889, 0.294, 0.697, 0.940, 0.648, 0.324, 0.482, 0.540, 0.152, 0.477,
0.667, 0.741, 0.882, 0.885, 0.740. Construct a .90 level confidence band for F(x).

. In Problem 5 test the hypothesis that the distribution is U0, 1]. Take o = 0.05.
. For the data of Example 2 test, by means of the sign test, the null hypothesis

Hy: pp=1.5against Hy: pu# 1.5.

. For the data of Problem 5 test the hypothesis that the quantile of order p = 0.20

is 0.20.

. For the data of Problem 10.4.8 use the sign test to test the hypothesis of no

difference between the two averages.

Use the sign test for the data of Problem 10.4.9 to test the hypothesis of no
difference in grade-point averages.

For the data of Problem 5 apply the signed-rank test to test Hy: 3/, = 0.5 against
H,: 312 75 0.5.

For the data of Problems 10.4.8 and 10.4.9 apply the signed-rank test to the
differences to test Ho: 31/, = 0 against Hy: 31/, # 0.

SOME TWO-SAMPLE PROBLEMS

In this section we consider some two-sample tests. Let X1, X5,...,X,, and Y1,Y>,...,Y, be
independent samples from two absolutely continuous distribution functions Fx and Fvy,
respectively. The problem is to test the null hypothesis Hy: Fx(x) = Fy(x) for all x € R
against the usual one- and two-sided alternatives.
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Tests of Hy depend on the type of alternative specified. We state some of the alternatives
of interest even though we will not consider all of these in this text.

I Location alternative: Fy(x) = Fx(x—0), 6 #0.
IT Scale alternative: Fy(x) = Fx(x/o), o > 0.
[T Lehmann alternative: Fy(x) = 1 — [1 — Fx(x)]?*!, 6 +1 > 0.
IV Stochastic alternative: Fy(x) > Fx(x) for all x, and Fy(x) > Fx(x) for at least one x.
V General alternative: Fy(x) # Fx(x) for some x.

Some comments are in order. Clearly I through IV are special cases of V. Alternatives I
and II show differences in Fx and Fy in location and scale, respectively. Alternative III
states that P(Y > x) = [P(X > x)]°*". In the special case when 6 is an integer it states that
Y has the same distribution as the smallest of the 6§ + 1 of X-variables. A similar alternative
to test that is sometimes used is Fy(x) = [Fx(x)]® for some e > 0 and all x. When « is an
integer, this states that Y is distributed as the largest of the o X-variables. Alternative IV
refers to the relative magnitudes of X’s and Y’s. It states that

P(Y<x)>P(X<x) forallx,
so that
P(Y >x) < P(X > x), (1
for all x. In other words, X’s tend to be larger than the Y’s.

Definition 1. We say that a continuous RV X is stochastically larger than a continuous
RV Y if inequality (1) is satisfied for all x with strict inequality for some x.

A similar interpretation may be given to the one-sided alternative Fx > Fy. In the spe-
cial case where both X and Y are normal RVs with means 1, j, and common variance o2,
Fx = Fy corresponds to p; = pp and Fy > Fy corresponds to pt; < fi3

In this section we consider some common two-sample tests for location (Case I) and
stochastic ordering (Case IV) alternatives. First, note that a test of stochastic ordering
may also be used as a test of less restrictive location alternatives since, for example,
Fx > Fy corresponds to larger Y’s and hence larger location for Y. Second, we note that
the chi-square test of homogeneity described in Section 10.3 can be used to test general
alternatives (Case V) H; : F(x) # G(x) for some x. Briefly, one partitions the real line into

Borel sets Ay,A,,...,A;. Let
pi=P(X;€A;) and pp=P(Y;€A)),

i=1,2,....,k.Under Hy: F = G, p;1 =pn,i=1,2,...,k, which is the problem of testing
equality of two independent multinomial distributions discussed in Section 10.3.

We first consider a simple test of location. This test, based on the sample median of the
combined sample, is a test of the equality of medians of the two DFs. It will tend to accept
Hy : F = G even if the shapes of F and G are different as long as their medians are equal.
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13.4.1 Median Test

The combined sample X,X5,..., X, Y1,Y2,...,Y, is ordered and a sample median is
found. If m + n is odd, the median is the [(m +n+ 1)/2]th value in the ordered arrange-
ment. If m+ n is even, the median is any number between the two middle values. Let V be
the number of observed values of X that are less than or equal to the sample median for the
combined sample. If V is large, it is reasonable to conclude that the actual median of X is
smaller than the median of Y. One therefore rejects Hy: F = Ginfavorof H;: F(x) > G(x)
for all x and F(x) > G(x) for some x if V is too large, that is, if V > c. If, however, the
alternative is F(x) < G(x) for all x and F(x) < G(x) for some x, the median test rejects Hy
ifvV<e.

For the two-sided alternative that F(x) # G(x) for some x, we use the two-sided test.

We next compute the null distribution of the RV V. If m+n = 2p, p a positive integer,
then

Py, {V =v} = Py, {exactly v of the X;’s are < combined median}

ANV 01,2, m,
= (m—i—n) 2)
p
0, otherwise.

Here 0 <V < min(m,p). f m+n=2p+1, p > 0, is an integer, the [(m+n+ 1)/2]th
value is the median in the combined sample, and

Pp,{V = v} = P{exactly v of the X;’s are below the (p+ 1)th value
in the ordered arrangement}

v —y
T =0,1,...,mi
_ <m+n> 9 v )Ly amln(map)v (3)
p
0, otherwise.

Remark 1. Under Hy we expect (m+ n)/2 observations above the median and (m+n)/2
below the median. One can therefore apply the chi-square test with 1 d.f. to test Hj against
the two-sided alternative.

Example 1. The following data represent lifetimes (hours) of batteries for two different
brands:

Brand A: 40 30 40 45 55 30
Brand B: 50 50 45 55 60 40
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The combined ordered sample is 30, 30, 40, 40, 40, 45, 45, 50, 50, 55, 55, 60. Since
m-+n = 3 is even, the median is 45. Thus

v = number of observed values of X that are less than or equal to 45
=5.

Now

5)0), 66
5/\1 6/\0
> = ~ U. .
Py, {V > 5} B + B 0.04
6 6
Since Py, {V > 5} > 0.025, we cannot reject Hy that the two samples come from the same
population.

We now consider two tests of the stochastic alternatives. As mentioned earlier they may
also be used as tests of location.

13.4.2 Kolmogorov—Smirnov Test

LetX,,X,...,X,and Y1,Y,, ..., Y, be independent random samples from continuous DFs
F and G, respectively. Let F, and G, respectively, be the empirical DFs of the X’s and
the Y’s. Recall the F, is the U-statistic for F and G}, that for G. Under Hy: F(x) = G(x)
for all x, we expect a reasonable agreement between the two sample DFs. We define

Dy = sup |F, (x) = G (x)|- @

Then D,, , may be used to test Hy against the two-sided alternative H, : F(x) # G(x) for
some x. The test rejects Hy at level « if

Dm,n > Dm,n,ou (5)

Where PH(] {Dm,n 2 Dm,n,a} S Q.
Similarly, one can define the one-sided statistics

Dy, = sup[F,(x) — Gy (x)] (6)
and
D, , = sup[G, (x) — F,,(x)], (7)

to be used against the one-sided alternatives

G(x) < F(x) forallx and G(x) < F(x) for some x (8)
with rejection region D" > Dt

m,n = “m,n,a
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and

F(x) <G(x) forallx and F(x) < G(x) forsome x

with rejection region D,, , > D,

m,n = “m,n,o°

€))

respectively.

For small samples tables due to Massey [72] are available. In Table ST9, we give the
values of Dy, ,, , and D,J,Zn’a for some selected values of m, n, and «. Table ST8 gives the
corresponding values for the m = n case.

For large samples we use the limiting result due to Smirnov [107]. Let N = mn/(m+n).

Then

1—e 2V A>0
. + < — ) 7
m}llgoop{\/ﬁDmm <A} {0’ <0, (10)
ad 242
—1Ye ¥, A>0,
lim P{VND,,<\}= j:z_:oo( f (11
m,n— 00
0, A <0.

Relations (10) and (11) give the distribution of D,j_’n and D, ,, respectively, under
Hy: F(x) = G(x) for all x € R.

Example 2. Let us apply the test to data from Example 1. Do the two brands differ with
respect to average life?

Let us first apply the Kolmogorov—Smirnov test to test Hy that the population distribu-
tion of length of life for the two brands is the same.

x Fgx) Gelx) [Fg(x)—Gg(x)]
30 ¢ 0 z
0 oF :
CHEE A ;
05 % g
55 1 2 &
60 1 1 0

* * 3
De 6 = sup, |Fg (x) — Gg (x)| = 5

From Table ST8, the critical value for m = n = 6 at level o = 0.05 is Dg6,0.05 = %.
Since Dg 6 # Ds 6,0.05, We accept Hy that the population distribution for the length of life
for the two brands is the same.
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Let us next apply the two-sample #-test. We have x = 40, y = 50, s% =90, s% =50,
sg = 70. Thus

40 —

V70,/L+1
Since t10,0.025 = 2.2281, we accept the hypothesis that the two samples come from the
same (normal) population.

The second test of stochastic ordering alternatives we consider is the Mann—Whitney—
Wilcoxon test which can be viewed as a test based on a U-statistic.

13.4.3 The Mann—Whitney—Wilcoxon Test
Let X1,X5,...,X,, and Y}, Y>,...,Y, be independent samples from two continuous DFs,

F and G, respectively. As in Example 13.2.10, let

1, ifX; <Y
0, ifX;>7Y,

)

T(X;Y)) = {

for i =1,2,. = 1,2,...,n. Recall that T(X;;Y;) is an unbiased estimator of
g(F,G) = Pp G( Y) nd he two sample U-statistic for g is given by U;(X;Y) =
(m,n)=' 570 12 T(X;;Y;). For notational convenience, let us write

U =mnU;(X;Y) Zzﬁ” (12)

i=1 j=l1

Then U is the number of values of X1, X5, ..., X,, that are smaller than each of Y, Y>,...,Y,.
The statistic U is called the Mann—Whitney statistic. An alternative equivalent form using
Wilcoxon scores is the linear rank statistic given by

w=>"0, (13)

where Q; = rank of Y; among the combined m + n observations. Indeed,
Qj =rank of ¥; = (# of X;’s < Y;) + rank of ¥; in Y’s.

Thus

W ZQ, U+ j— v M) (14)
j=1

so that U and W are equivalent test statistics. Hence the name Mann—Whitney—Wilcoxon
Test. We will restrict attention to U as the test statistic.
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Example 3. Let m =4, n =3, and suppose that the combined sample when ordered is as
follows:

Xy < X1 <yz3 <y <xg <y <Xx3.

Then U = 7, since there are three values of x < y;, two values of x < y,, and two values
of x < y3. Also, W=13so U =13-3(4)/2="1.

Note that U = 0 if all the X;’s are larger than all the ¥;’s and U = mn if all the X;’s are
smaller than all the Y;’s, because then there are m X’s < Yy, m X’s < Y>, and so on. Thus
0 < U < mn. If U is large, the values of Y tend to be larger than the values of X (Y is
stochastically larger than X), and this supports the alternative F(x) > G(x) for all x and
F(x) > G(x) for some x. Similarly, if U is small, the ¥ values tend to be smaller than the X
values, and this supports the alternative F(x) < G(x) for all x and F(x) < G(x) for some x.
We summarize these results as follows:

H, H, RejectHo if
F=G F>G UZ>c
F=G F<G U<

F=G F#G U>ciorU<c¢

To compute the critical values we need the null distribution of U. Let

Pmn(t) = Py, {U = u}. (15)

We will set up a difference equation relating p,, , to pju—1,, and py, ,—1. If the observations
are arranged in increasing order of magnitude, the largest value can be either an x value or
ay value. Under Hy, all m+ n values are equally likely, so the probability that the largest
value will be an x value is m/(m -+ n) and that it will be a y value is n/(m+n).

Now, if the largest value is an x, it does not contribute to U, and the remaining m — 1
values of x and n values of y can be arranged to give the observed value U = u with
probability p,,—1 ,(u). If the largest value is a Y, this value is larger than all the m x’s. Thus,
to get U = u, the remaining n — 1 values of Y and m values of x contribute U = u —m. It
follows that

n
m—1l,n m,n— - . 16
e B (u) + P, 1(u—m) (16)

Pmn(u) = o

If m =0, then forn > 1

1 ifu=0
a(u) = ’ 17
Pon(#) {o ifu>0. a7
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If n=0,m > 1, then

1 ifu=0
m = ’ 18
Pmo(1) {o if u>0, (18)
and
Pma(u) =0 ifu<0, m>0, n>0. (19)

For small values of m and n one can easily compute the null PMF of U. Thus, if m =
n =1, then

p1.1(0) = 3, pra(l)=3.

Ifm=1,n=2,then

p12(0) =pia(1) =pi2(2) = 1.
Tables for critical values are available for small values of m and n, m < n. See, for
example, Auble [3] or Mann and Whitney [71]. Table ST11 gives the values of u,, for
which Py, {U > u,} < « for some selected values of m, n, and a.
If m,n are large we can use the asymptotic normality of U. In Example 13.2.11 we
showed that, under H,

U/(mn)—%

V(m+n+1)/(12mn) — 0.

as m,n — oo such that m/(m + n) — constant. The approximation is fairly good for
m,n > 8.

Example 4. Two samples are as follows:

Values of X;: 1,2,3,5,7,9,11,18
Values of Y;: 4,6,8,10,12,13,14,15,19
Thusm=8,n=9,and U=3+4+5+6+7+7+7+7+ 8 = 54. The (exact) p-value

Py, (U > 54) = 0.046, so we reject Hy at (two-tailed) level a = 0.1. Let us apply the
normal approximation. We have

. 8-9
EHOU:7:36, varHO(U):H(8+9—|—1):108,

and

54-36 18
7= = =\3=1.732.
V108 6V3

We note that P(Z > 1.73) = 0.042.
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PROBLEMS 13.4

1. For the data of Example 4 apply the median test.

2. Twelve 4-year-old boys and twelve 4-year-old girls were observed during two

W

15-minute play sessions, and each child’s play during these two periods was scored
as follows for incidence and degree of aggression:

Boys: 86,69,72,65,113,65,118,45,141,104,41,50
Girls: 55,40,22,58,16,7,9,16,26,36,20, 15

Test the hypothesis that there were sex differences in the amount of aggression
shown, using (a) the median test and (b) the Mann-Whitney-Wilcoxon test (Siegel
[105]).

. To compare the variability of two brands of tires, the following mileages (1000

miles) were obtained for eight tires of each kind:

Brand A: 32.1,20.6,17.8,28.4,19.6,21.4,19.9,30.1
Brand B: 19.8,27.6,30.8,27.6,34.1,18.7,16.9,17.9

Test the null hypothesis that the two samples come from the same population, using
the Mann—Whitney—Wilcoxon test.

. Use the data of Problem 2 to apply the Kolmogorov—Smirnov test.
. Apply the Kolmogorov—Smirnov test to the data of Problem 3.
. Yet another test for testing Hy : F' = G against general alternatives is the so-called

runs test. A run is a succession of one or more identical symbols which are pre-
ceeded and followed by a different symbol (or no symbol). The length of a run
is the number of like symbols in a run. The total number of runs, R, in the com-
bined sample of X’s and Y’s when arranged in increasing order can be used as a
test of Hy. Under Hy the X and Y symbols are expected to be well-mixed. A small
value of R supports H; : F # G. A test based on R is appropriate only for two-sided
(general) alternatives. Tables of critical values are available. For large samples, one
2mn  2mn(2mn—m—n)

uses normal approximation: R ~ AN (1 o kD)2 )

(a) Let Ry = # of X-runs, R, = #Y-runs, and R = R + R,. Under Hy, show that

() ()

P(Rl :}’17R2 :rz) =k

")
where k=2ifri =ry, =1lif |1 —r|=1,r=1,2,....mand r, = 1,2,... n.
(b) Show that
m—1 n+1
PHO(R] :r]): (l‘171>( r ) OS]"] Sm

")
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7. Fifteen 3-year-old boys and 15 3-year-old girls were observed during two sessions
of recess in a nursery school. Each child’s play was scored for incidence and degree
of aggression as follows:

Boys: 96 65 74 78 82 121 68 79 111 48 53 92 81 31 40
Girls: 12 47 32 59 83 14 32 15 17 82 21 34 9 15 51

Is there evidence to suggest that there are sex differences in the incidence and amount
of aggression? Use both Mann—Whitney—Wilcoxon and runs tests.

13.5 TESTS OF INDEPENDENCE

Let X and Y be two RVs with joint DF F(x,y), and let F; and F,, respectively, be
the marginal DFs of X and Y. In this section we study some tests of the hypothesis of
independence, namely,

Hy: F(x,y) = Fi(x)F2(y)  forall (x,y) € Ry
against the alternative

Hi: F(x,y) # Fi(x)F2(y) for some (x,y).

If the joint distribution function F is bivariate normal, we know that X and Y are indepen-
dent if and only if the correlation coefficient p = 0. In this case, the test of independence
istotest Hy: p=0.

In the nonparametric situation the most commonly used test of independence is the
chi-square test, which we now study.

13.5.1 Chi-square Test of Independence—Contingency Tables

Let X and Y be two RVs, and suppose that we have n observations on (X,Y). Let us
divide the space of values assumed by X (the real line) into r mutually exclusive inter-
vals Aj,A,,...,A,. Similarly, the space of values of Y is divided into ¢ disjoint intervals
B1,Bs,...,B.. As a rule of thumb, we choose the length of each interval in such a way
that the probability that X(Y) lies in an interval is approximately (1/r)(1/c). Moreover,
it is desirable to have n/r and n/c at least equal to 5. Let X;; denote the number of pairs
(Xe,Ye), k=1,2,...,n, that lie in A; X B;, and let

where i =1,2,...,r,j=1,2,...,c. If each p;; is known, the quantity

Sy [l 2

n
i=1 j=1 Pij
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has approximately a chi-square distribution with rc — 1 d.f., provided that n is large (see
Theorem 10.3.2.). If X and Y are independent, P{(X,Y) € A; x Bj} = P{X € A;}P{Y € B;}.
Let us write p;. = P{X € A;} and p,; = P{Y € B;}. Then under Hy: p; = pi.p.j, i =
1,2,...,r, j = 1,2,...,c. In practice, p; will not be known. We replace p; by their
estimates. Under Hy, we estimate p,. by

X
ﬁi-:%a i:172a"'7ra (3)
and p.; by
X
Z— ji=1,2,....c. 4)
n

Since )i, pj= 1= ") pi, we have estimated only r — 1 +¢ — 1 = r+c — 2 parameters.
It follows (see Theorem 10.3.4) that the RV

u=303 [Srit ®

n
i=1 j=1 plp]

is asymptotically distributed as x> with rc — 1 — (r+c¢—2) = (r—1)(c— 1) d.f., under H.
The null hypothesis is rejected if the computed value of U exceeds X%r— D(e=1),a

It is frequently convenient to list the observed and expected frequencies of the rc events
A; x Bjin an r X c table, called a contingency table, as follows:

Observed Frequencies, O;; Expected Frequencies, Ej;

B, B, B. B, B, - B.

A Xu X2 Xie > Xi; Ay npipa nprpa---npiLp. npi.

Ay Xo X+ Xoe Xy Ay mpap.a mpypacc-hprp.  Np2.
Ar Xrl Xr2 o 'ch EXr/ Ar npy.p.i npy.p.2---nppp.c  Npy.
DX X Xo > X n np.y np.p np. n

Note that the X;;’s in the table are frequencies. Once the category A; x B, is determined
for an observation (X,Y), numerical values of X and Y are irrelevant. Next, we need to
compute the expected frequency table. This is done quite simply by multiplying the row
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and column totals for each pair (i,j) and dividing the product by n. Then we compute the
quantity

(Ej — 0y)*
Ty

and compare it with the tabulated x> value. In this form the test can be applied even to
qualitative data. Ay,A,,...,A, and B}, B,,...,B. represent the two attributes, and the null
hypothesis to be tested is that the attributes A and B are independent.

Example 1. The following are the results for a random sample of 400 employed
individuals:

Annual Income (dollars)

Length of time

(years) with the Less than More than

Same Company 40,000 40,000-75,000 75,000 Total
<5 50 75 25 150
5-10 25 50 25 100
10 or more 25 75 50 150

100 200 100 400

If X denotes the length of service with the same company, and Y, the annual income we
wish to test the hypothesis that X and Y are independent. The expected frequencies are as
follows:

Time (years) Expected Frequencies

with the Same

Company <40,000 40-75,000 >75,000 Total
<5 37.5 75 37.5 150
5-10 25 50 25 100
>10 37.5 75 37.5 150
100 200 100 400
Thus
(1252 0 (1250 (12.5)2 (12.5)2
U= o 04040 0
375 a5 375 T OTOFOF e HO T

= 16.66.

The number of degrees of freedom is (3 —1)(3 — 1) = 4, and x3 05 = 9.488. Since
16.66 > 9.488, we reject Hy at level 0.05 and conclude that length of service with a
company is not independent of annual income.
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13.5.2 Kendall’s Tau
Let (X1,Y1),(X2,Y2),...,(X,,Y,) be a sample from a bivariate population.

Definition 1. For any two pairs (X;,Y;) and (X;,Y;) we say that the relation is perfect
concordance (or agreement) if

X; < Xj whenever ¥; < Y or X; > X; whenever Y; > Y (6)

and that the relation is perfect discordance (or disagreement) if

X; > X; whenever ¥; < Y; or X; < X; whenever Y; > Y;. @)

Writing 7. and 7, for the probability of perfect concordance and of perfect discordance,
respectively, we have

7o = P{(X; ~ X,)(¥; ~ ¥;) > 0} ®)
and
ma = P{(X; = X;)(¥; - Y;) <0}, ©)
and, if the marginal distributions of X and Y are continuous,
me=[P{Yi <Y} —P{X;>Xjand ¥; < Y} }|
+[P{Y; > Y} —P{X;<X;and ¥; > V;}]
=1-my,. (10)
Definition 2. The measure of association between the RVs X and Y defined by
T =1Te—Tg (11)

is known as Kendall’s tau.

If the marginal distributions of X and Y are continuous, we may rewrite (11), in view
of (10), as follows:

’7’:1—27Td227TC—1. (12)

In particular, if X and Y are independent and continuous RVs, then
P{X; <X} =P{Xi > X} = 3,
since then X; — X; is a symmetric RV. Then
e = P{X; < X;}P{Y; < Y;} + P{X; > X;}P{Y; > Y}
— P{X, > X}P{Y, < Y} 4+ P{X, < X}P{Y, > ¥}
= Td,

and it follows that 7 = O for independent continuous RVs.
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Note that, in general, 7 = 0 does not imply independence. However, for the bivariate
normal distribution 7 = 0 if and only if the correlation coefficient p, between X and Y,
is 0, so that 7 = 0 if and only if X and Y are independent (Problem 6).

Let

la (y2_yl)(x2_xl)>o,

. (13)
0, otherwise.

W ((x1,y1), (x2,2)) :{

Then Ev ((X1,Y1), (X2,Y2)) = 7. = (1+7)/2, and we see that 7. is estimable of degree 2,
with symmetric kernel ¢ defined in (13). The corresponding one-sample U-statistic is
given by

—1
U= (3) X .. as

1<i<j<n
Then the corresponding estimator of Kendall’s tau is
T=2U-1 (15)

and is called Kendall’s sample correlation coefficient.

Note that —1 < T < 1. To test Hy that X and Y are independent against H; : X and Y
are dependent, we reject Hy if |T| is large. Under Hy, T = 0, so that the null distribution of
T is symmetric about 0. Thus we reject Hy at level « if the observed value of T, ¢, satisfies
|t| > 142, where P{|T| >t/ | Ho} = a.

For small values of n the null distribution can be directly evaluated. Values for 4 <
n < 10 are tabulated by Kendall [51]. Table ST12 gives the values of S, for which
P{S > S,} < «, where S = (;)T for selected values of n and «.

For a direct evaluation of the null distribution we note that the numerical value of T is
clearly invariant under all order-preserving transformations. It is therefore convenient to
order X and Y values and assign them ranks. If we write the pairs from the smallest to the
largest according to, say, X values, then the number of pairs of values of 1 <i < j <n for
which Y; —Y; > 0 is the number of concordant pairs, P.

Example 2. Let n =4, and let us find the null distribution of 7. There are 4! different
permutations of ranks of Y:

Ranks of X values: 1 2 3 4

Ranks of Y values: a1 a» a3 aa

where (a1,a3,a3,a4) is one of the 24 permutations of 1,2,3,4. Since the distribution is
symmetric about 0, we need only compute one half of the distribution.
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P T  Number of Permutations Py, {T =1t}
0 —1.00 1 =
1 —0.67 3 2
2 —0.33 5 =
3 0.00 6 6

2%

Similarly, for n = 3 the distribution of 7 under Hy is as follows:

P T Number of Permutations Py, {7 =1t}
0 —1.00 1:(3,2,1)
1 —033  2:(2,3,1),(3,1,2)

QD =

Example 3. Two judges rank four essays as follows:

Essay
Judge 1 2 3 4
1,X 3 4 2 1
2,Y 31 4 2

To test H : rankings of the two judges are independent, let us arrange the rankings of the
first judge from 1 to 4. Then we have:

Judge I,X: 1 2 3 4
Judge2,Y: 2 4 3 1

P = number of pairs of rankings for Judge 2 such that for j > i, ¥; — ¥; > 0 = 2 [the pairs
(2,4) and (2,3)], and

t:£71:70.33.

)

18
Pu{|T| > 0.33} = 2 = 0.75,

Since

we cannot reject H.

For large n we can use an extension of Theorem 13.3.3 to bivariate case to conclude
that \/n(U —7.) #N(OAQ), where

G = cov{ (X1, 1), (X2, Y2)) ¥ ((X1,Y1),(X3,13)) }-
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Under H, it can be shown that

3y/n(n—1)

T-55N(0,1).
2(2n+5)

See, for example, Kendall [51], Randles and Wolfe [85], or Gibbons [35]. Approximation
is good for n > 8.

13.5.3 Spearman’s Rank Correlation Coefficient

Let (X1,Y1),(X2,Y2),...,(X,,Y,) be a sample from a bivariate population. In Section 6.3
we defined the sample correlation coefficient by

Y (X = X)(Yi =)

R= — — 1/2°
{Za X=X XL (Y=Y

(16)

where

Y:n_'iX,- and Y:n_'iYi.
i=1 i=1

If the sample values X;,X,,...,X,, and Y;,Y>,...,Y, are each ranked from 1 to n in
increasing order of magnitude separately, and if the X’s and Y’s have continuous DFs, we
get a unique set of rankings. The data will then reduce to n pairs of rankings. Let us write

R; = rank(X;) and S; =rank(Y;)

then R; and S; € {1,2,...,n}. Also,

SoR=Y s =", (a7)
1 1
R:n—li&:¥, §=n—lﬁjsi=%, (18)
1 1
and
an(RfR)z :an(s,-i)z = @ (19)

Substituting in (16), we obtain

_ 23 (Ri—R)(Si =)
B n—n

O 12Y7YRS; 3(n+1)

o2 -1) n—1 "~

R

(20)
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Writing D; = R; — S; = (R; — R) — (S; — S), we have
ZD2 ZR —R) +ZS —5)? 2ZR —R)(S; =9
i=1
n(n®>—1) ZZR —R)(S;—95),

and it follows that

6> "  D?
R=1-—==1"01, 21
n(n*—1) @D

The statistic R defined in (20) and (21) is called Spearman’s rank correlation coefficient
(see also Example 4.5.2).
From (20) we see that

ER = (ZR S ) n”jll)
12 3(n+1)

= E(R:S;) —
nz—1 (RiSi) n—1

(22)

Under Hj, the RVs X and Y are independent, so that the ranks R; and S; are also
independent. It follows that

2
|
Ep, (RiS;) = ERES; = <”Jzr )

and

12 (n+1\? 3n+1l)
EHOR—nZ_l( 5 ) - =0 (23)

Thus we should reject Hy if the absolute value of R is large, that is, reject Hy if
IR| > Ra, (24)

where Py, {|R| > R} < a. To compute R, we need the null distribution of R. For this
purpose it is convenient to assume, without loss of generality, that R; =i,i=1,2,....n
Then D; =i—S;,i=1,2,...,n. Under Hy, X and Y being independent, the n! pairs (i,S;)
of ranks are equally likely. It follows that

Py, {R =r} = (n!)~" x (number of pairs for which R = r) (25)
= say.
n!

Note that —1 < R < 1, and the extreme values can occur only when either the rankings
match, that is, R; = S;, in which case R=1, or R, = n+ 1 — S, in which case R = —1.
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Moreover, one need compute only one half of the distribution, since it is symmetric about 0

(Problem 7).

In the following example we will compute the distribution of R for n = 3 and 4. The
D?, and hence R, for n < 10 has been tabulated by
Kendall [51]. Table ST13 gives the values of R,, for some selected values of n and a.

exact complete distribution of Y},

Example 4. Let us first enumerate the null distribution of R for n = 3. This is done in the

following table:

NONPARAMETRIC STATISTICAL INFERENCE

_1237iss 3(n+1)
S],SQ,S:), lel = nz—l)_ n—1
(1,2,3) 14 1.0
(1,3,2) 13 0.5
(2,1,3) 13 0.5
Thus
L r=10,
2 r= 05
Py{R=r}=3% '
noAR=r} 2. r=-05,
é, r=—1.0.

Similarly, for n = 4 we have the following:

(S17S27S37S4) Zisi r ny PHO{R - I"}
1
1
(1,2,3,4) 30 1 1 3
(1,3,2,4),(2,1,3,4) 3
29 08 3 5
(1,2,4,3)
1
(2,1,4,3) 28 0.6 1 o
1,3,4,2),(1,4,2,3),(2,3,1,4
(7 7 a7)7<777> 27 044 2i4
(3,1,2,4)
2
(1,4,3,2),(3,2,1,4) 26 02 2 52
2
25 0.0 2 %4
The last value is obtained from symmetry.
Example 5. In Example 3, we see that
12x2
x23  3x5 _ 04

T 4x15

3
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Since Py, {|R| > 0.4} = 18/24 = 0.75, we cannot reject Hy at « = 0.05 or v = 0.10.

For large samples it is possible to use a normal approximation. It can be shown (see,
e.g., Fraser [32, pp. 247-248]) that under H,, the RV

Z= <122R,S,- - 3n3> n3/?
i=1

or, equivalently,

Z=Rvn-—1

has approximately a standard normal distribution. The approximation is good for n > 10.

PROBLEMS 13.5

1. A sample of 240 men was classified according to characteristics A and B. Char-
acteristic A was subdivided into four classes A;, A,, Az, and A4, while B was
subdivided into three classes By, By, and B3, with the following result:

A Ay Ay Ay
By |12 25 32 11| 80
B, |17 18 22 23| 80
By |21 17 16 26| 80
50 60 70 60 | 240

Is there evidence to support the theory that A and B are independent?

2. The following data represent the blood types and ethnic groups of a sample of Iraqi
citizens:

Blood Type
Ethnic Group (0] A B AB
Kurd 531 450 293 226
Arab 174 150 133 36
Jew 42 26 26 8
Turkoman 47 49 22 10
Ossetian 50 59 26 15

Is there evidence to conclude that blood type is independent of ethnic group?

3. In a public opinion poll, a random sample of 500 American adults across the coun-
try was asked the following question: “Do you believe that there was a concerted
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effort to cover up the Watergate scandal? Answer yes, no, or no opinion.” The
responses according to political beliefs were as follows:

Political Response
Affiliation Yes No No Opinion
Republican 45 75 30 150
Independent 8 45 20 150
Democrat 140 30 30 200
270 150 80 500

Test the hypothesis that attitude toward the Watergate cover-up is independent of
political party affiliation.

4. A random sample of 100 families in Bowling Green, Ohio, showed the following
distribution of home ownership by family income:

Annual Income (dollars)
Residential Less than  30,000— 50,000

Status 30,000 50,000  or Above
Home Owner 10 15 30
Renter 8 17 20

Is home ownership in Bowling Green independent of family income?

5. In a flower show the judges agreed that five exhibits were outstanding, and these
were numbered arbitrarily from 1 to 5. Three judges each arranged these five
exhibits in order of merit, giving the following rankings:

JudgeA: 5 3 1 2 4
JudgeB: 3 1 5 4 2
JudgeC: 5 2 3 1 4

Compute the average values of Spearman’s rank correlation coefficient R and
Kendall’s sample tau coefficient T from the three possible pairs of rankings.

6. For the bivariate normally distributed RV (X, ¥) show that 7 = 0 if and only if X and
Y are independent. [Hint: Show that 7 = (2/7)sin~' p, where p is the correlation
coefficient between X and Y]

7. Show that the distribution of Spearman’s rank correlation coefficient R is symmet-
ric about 0 under H.

8. In Problem 5 test the null hypothesis that rankings of judge A and judge C are
independent. Use both Kendall’s tau and Spearman’s rank correlation tests.
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9. A random sample of 12 couples showed the following distribution of heights:

Height (in.) Height (in.)
Couple  Husband  Wife Couple  Husband  Wife
1 80 72 7 74 68
2 70 60 8 71 71
3 73 76 9 63 61
4 72 62 10 64 65
5 62 63 11 68 66
6 65 46 12 67 67

(a) Compute 7.
(b) Compute R.

(c) Test the hypothesis that the heights of husband and wife are independent, using
T as well as R. In each case use the normal approximation.

13.6 SOME APPLICATIONS OF ORDER STATISTICS

In this section we consider some applications of order statistics. We are mainly inter-
ested in three applications, namely, tolerance intervals for distributions, coverages, and
confidence interval estimates for quantiles and location parameters.

Definition 1. Let F be a continuous DFE. A tolerance interval for F with tolerance coeffi-
cient v is a random interval such that the probability is 7 that this random interval covers
at least a specific percentage (100p) of the distribution.

Let X1, X, ..., X, be a sample of size n from F, and let X(1),X(2),...,X(,) be the cor-
responding set of order statistics. If the end points of the tolerance interval are two-order
statistics X(,),X(5), r < s, we have

P{P{X() <X <X} 2pt=". (D
Since F is continuous, F(X) is U(0, 1), and we have

P{X( <X <X(} = P{X < Xy} — PIX < X}
=F(X()) = F(X())
= U(x)_U(r)’ @)

where Uy, Uy are the order statistics from U (0,1). Thus (1) reduces to
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The statistic V = U, — Uy, 1 <17 <s < n,is called the coverage of the interval
(X(),X(5))- More precisely, the differences Vi, = F(X 1)) — F(X(x—1)) = Ux) — Uk—1), for
k=1,2,...,n+1, where Uy = —oo and U, ) = 1, are called elementary coverages.
Since the joint PDF of Uy, Uy, ..., Uy, is given by

nl, 0<u <up<---<uy,

0,

UL Ud, ... Uy) =
Flnsaz, ) { otherwise,
the joint PDF of V|, V,,... V, is easily seen to be

nl, v;>0,i=12,....n, > v <1 @
otherwise.

h(vl,Vg, . ,vn) = {O,
Note that £ is symmetric in its arguments. Consequently, V;’s are exchangeable RVs and
the distribution of every sum of r, r < n, of these coverages is the same and, in particular,

it is the distribution of U,y = Z;:l V;, namely,
W (1—u)=r, O<u<l
)=t (1=u) . 5
otherwise.

n(l)

gr(u) = {07

The common distribution of elementary coverages is
gi(w) =n(1—u)""", 0<u<1, =0, otherwise.

Thus EV; =1/(n+1) and }_._, EV; = r/(n+1). This may be interpreted as follows:
The order statistics X(1),X(2), - - ., X(,) partition the area under the PDF in n + 1 parts such

that each part has the same average (expected) area.
The sum of any r successive elementary coverages Viii,Viyi,...,Viy, is called an
r-coverage. Clearly
p
D Vigj=Ugipn — Uy, i+r<n, (6)
j=1
. Since V’s are exchangeable it follows that

and, in particular, Uy — Uy = >, V;
d
U = U =U(s—n )
with PDF
_ n—1 s—r—1 n—s—+r
gsr(u)—n<s_r_1> (1—u) , O<u<l1.
From (3), therefore,
s—r—1 n
> (.)p’(l —p) ®)



SOME APPLICATIONS OF ORDER STATISTICS 621

where the last equality follows from (5.3.48). Given n, p, y it may not always be possible
to find s — r to satisfy (8).

Example 1. Let s =nand r = 1. Then
n—2 n
= (i>p’(1 —p)" =1=p"—mp" ' (1-p).
i=0
Ifp=0.8,n=5,r=1,then
v =1-(0.8)°—5(0.8)*(0.2) = 0.263.

Thus the interval (X(;),X(s)) in this case defines a 26 percent tolerance interval for 0.80
probability under the distribution (of X).

Example 2. Let X|,X;,X3,X4,X5 be asample from a continuous DF F'. Let us find r and s,
r < s, such that (X(,),X(y)) is a 90 percent tolerance interval for 0.50 probability under F.

‘We have
s—r—1 5
1 5 1
90=r > - b= E — | .

It follows that, if we choose s —r = 4, then v = 0.81; and if we choose s —r = 5, then
~ = 0.969. In this case, we must settle for an interval with tolerance coefficient 0.969,
exceeding the desired value 0.90.

In general, given p, 0 < p < 1, it is possible to choose a sufficiently large sample of
size n and a corresponding value of s — r such that with probability > ~ an interval of the
form (X(,y,X(y)) covers at least 100p percent of the distribution. If s — r is specified as a
function of n, one chooses the smallest sample size n.

Example 3. Letp = % and v = 0.75. Suppose that we want to choose the smallest sample
size required such that (X(5),X(,)) covers at least 75 percent of the distribution. Thus we
want the smallest n to satisfy

n—3 n 3 i 1 n—i
0.75 < - - .
=206 6)
i=0
From Table ST1 of binomial distributions we see that n = 14.
We next consider the use of order statistics in constructing confidence intervals for

population quantiles. Let X be an RV with a continuous DF F, 0 < p < 1. Then the quantile
of order p satisfies

F(3p) =p- €))
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Let X;,X>,...,X, be nindependent observations on X. Then the number of X;’s < 3,, is an
RV that has a binomial distribution with parameters n and p. Similarly, the number of X;’s
that are at least 3, has a binomial distribution with parameters n and 1 — p.

Let X(1y,X(2),- -, X(n) be the set of order statistics for the sample. Then

P{X(;y <3p} = P{Atleast r of the X;’s <, }
n n ) L
:Z(i)p’(l—p)" . (10)
Similarly

P{X() > 3p} = P{Atleastn —s+ 1 of the X;’s > 3,}
= P{Atmost s — 1 of the X;’s < 3, }

s—1
n\ ; _
=Z<,—)P’(1—P>” : (11)
i=0
It follows from (10) and (11) that

P{X() S3p < X5} = P{X(5) Z3p} = P{X() > 3p}
=P{X() <3} — 1+ P{X(5) >3}

- g (7)== O (7)pa-pr-n
_ z;f <’:) (1 —py. (12)

It is easy to determine a confidence interval for 3, from (12), once the confidence level is
given. In practice, one determines  and s such that s — r is as small as possible, subject to
the condition that the level is 1 — a.

Example 4. Suppose that we want a confidence interval for the median (p = %), based on
a sample of size 7 with confidence level 0.90. It suffices to find » and s, r < s, such that

g(j) (;)LO.%.

By trial and error, using the probability distribution b(7, %) we see that we can choose
s=7,r=2orr=1,s=06; in either case s — r is minimum (= 5), and the confidence level
is at least 0.92.

Example 5. Let us compute the number of observations required for (X;),X,)) to be a
0.95 level confidence interval for the median, that is, we want to find n such that

P{X(1) <3172 < X(m} > 0.95,
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It suffices to find n such that

It follows from Table ST1 that n = 6.

Finally we consider applications of order statistics to constructing confidence intervals
for alocation parameter. For this purpose we will use the method of test inversion discussed
in Chapter 11. We first consider confidence estimation based on the sign test of location.

Let X;,X>,...,X, be a random sample from a symmetric, continuous DF F(x — ) and
suppose we wish to find a confidence interval for 6. Let RT(X — 0y) = # of X;’s > 6y, be
the sign-test statistic for testing Hy : 6 = 6 against H, : 0 # 0. Clearly, RT (X — 6y) ~
b(n,1/2) under Hy. The sign-test rejects Hy if

min{R" (X —6p), R"(6p—X)} <c (13)
for some integer ¢ to be determined from the level of the test. Let » = ¢ + 1. Then any
value of # is acceptable provided it is greater than the rth smallest observation and smaller
than the rth largest observation, giving as confidence interval

X(,) <h< X(n+17r)- (14)

If we want level 1 — « to be associated with (14), we choose ¢ so that the level of test
(13) is a.

Example 6. The following 12 observations come from a symmetric, continuous DF
F(x—0):

—223,-380, 94, —179, 194,25, — 177, —274, —496, —507, —20, 122.

We wish to obtain a 95% confidence interval for 6. Sign test rejects Hy if R™ (X)>9o0r<2
at level 0.05. Thus

P{3<RT(X—-0) <10} =1-2(0.0193) =0.9614 > 0.95.
It follows that a 95% confidence interval for 6 is given by (X(3),X(10)) or (—380,25).
We next consider the Wilcoxon signed-ranks test of Hy : f = 0y to construct a con-

fidence interval for #. The test statistic in this case is 7T = sum of ranks of positive
(X; — 0)’s in the ordered |X; — 6p|’s. From (13.3.4)

T" = Z I1x,4x,>200]

1<i<j<n

Xi+X;
= number of —; 1> 6.
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Let T = (X; +X;)/2, 1 <i<j<nand order the N = ("+1) T;’s in increasing order of
magnitude

Ty <T@y < <Twy.

Then using the argument that converts (13) to (14) we see that a confidence interval for 6
is given by

T(r) <fh< T(N+17r)- (15)
Critical values c are taken from Table ST10.

Example 7. For the data in Example 6, the Wilcoxon signed-rank test rejects Hy : 0 = 6y
atlevel 0.05if T+ > 64 or T < 14. Thus

P{14 <TH(X —6y) <64} >0.95.

It follows that a 95% confidence interval for 6 is given by [T14), T(64)] = [~336.5, —20].

PROBLEMS 13.6

1. Find the smallest values of n such that the intervals (a) ( (1) (,1)) and
(b) (X(2),X(n—1)) contain the median with probability > 0.90.

2. Find the smallest sample size required such that (X, X(,) covers at least 90 percent
of the distribution with probability > 0.98.

3. Find the relation between n and p such that (X(;y,X(,)) covers at least 100 p percent
of the distribution with probability > 1 — p.

4. Given 7, 9, po, p1 with p; > po, find the smallest n such that
P{F(X(y)) —F(X(»)) > po} >
and
P{F(X()) =F(X()) Z2p1} <.

Find also s —r.
[Hint: Use the normal approximation to the binomial distribution.]

5. In Problem 4 find the smallest n and the associated value of s — r if v =0.95, § =
0.10, p; =0.75, pg = 0.50.
6. Let X1,X>,...,X7 be arandom sample from a continuous DF F. Compute:
(@) P(X(1) <35 <X(7))-
(b) P(X(2) <33 <X(s))-
(©) P(X(3) < 3.8 <X(s))-
7. Let X1,X>,...,X, be iid with common continuous DF F.
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(a) What is the distribution of
F((Xu1) = F(X(y) + F(X(5) = F(X(2))

for2<i<j<n—17?
(b) What is the distribution of [F(X(,)) — F(X2))]/[F (X(n)) — F(X(1))]-

13.7 ROBUSTNESS

Most of the statistical inference problems treated in this book are parametric in nature. We
have assumed that the functional form of the distribution being sampled is known except
for a finite number of parameters. It is to be expected that any estimator or test of hypothe-
sis concerning the unknown parameter constructed on this assumption will perform better
than the corresponding nonparametric procedure, provided that the underlying assump-
tions are satisfied. It is therefore of interest to know how well the parametric optimal tests
or estimators constructed for one population perform when the basic assumptions are mod-
ified. If we can construct tests or estimators that perform well for a variety of distributions,
for example, there would be little point in using the corresponding nonparametric method
unless the assumptions are seriously violated.

In practice, one makes many assumptions in parametric inference, and any one or all
of these may be violated. Thus one seldom has accurate knowledge about the true under-
lying distribution. Similarly, the assumption of mutual independence or even identical
distribution may not hold. Any test or estimator that performs well under modifications of
underlying assumptions is usually referred to as robust.

In this section we will first consider the effect that slight variation in model assump-
tions have on some common parametric estimators and tests of hypotheses. Next we will
consider some corresponding nonparametric competitors and show that they are quite
robust.

13.7.1 Effect of Deviations from Model Assumptions on Some Parametric Proce-
dures

Let us first consider the effect of contamination on sample mean as an estimator of the
population mean.

The most commonly used estimator of the population mean f is the sample mean X.
It has the property of unbiasedness for all populations with finite mean. For many parent
populations (normal, Poisson, Bernoulli, gamma, etc.) it is a complete sufficient statistic
and hence a UMVUE. Moreover, it is consistent and has asymptotic normal distribution
whenever the conditions of the central limit theorem are satisfied. Nevertheless, the sam-
ple mean is affected by extreme observations, and a single observation that is either too
large or too small may make X worthless as an estimator of 1. Suppose, for example, that
X1,Xs,...,X, is a sample from some normal population. Occasionally something happens
to the system, and a wild observation is obtained that is, suppose one is sampling from
N(p,0?), say, 100a percent of the time and from N(p,ko?), where k > 1, (1 — «)100
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percent of the time. Here both 4 and o2 are unknown, and one wishes to estimate . In
this case one is really sampling from the density function

f(x) = afo(x) + (1= a)fi (x), )
where f; is the PDF of N(j,0?), and fi, the PDF of N(u,ko?). Clearly,

X — Z’;Xl
n

@)

is still unbiased for p. If v is nearly 1, there is no problem since the underlying distribution
is nearly N(y1,0?), and X is nearly the UMVUE of 1 with variance 0% /n. If 1 — o is large
(that is, not nearly 0), then, since one is sampling from f, the variance of X is o2 with
probability o and is ko with probability 1 — o, and we have

o+ (1— )i, 3

vary (X) = lva1r(}(1) =—

n n
If k(1 — o) is large, var,(X) is large and we see that even an occasional wild observa-
tion makes X subject to a sizable error. The presence of an occasional observation from
N(u, ko?) is frequently referred to as contamination. The problem is that we do not know,
in practice, the distribution of the wild observations and hence we do not know the PDF f.
It is known that the sample median is a much better estimator than the mean in the pres-
ence of extreme values. In the contamination model discussed above, if we use Z 5, the
sample median of the X;’s, as an estimator of x4 (which is the population median), then for
large n

1 1
E(Zy ) —p)? =var(Z, ) ~ — . 4
( 1/2 ,M) Var( 1/2) 4n [f(ﬂ)]z ( )
(See Theorem 7.5.2 and Remark 7.5.7.) Since
() = afo(p) + (1 —a)fi(n)
o ey ) 1 ( N 1 —a) 1
= — — = « —_— 5
oV 2T oV 2k \/l; oV 2T
we have
o 1
var(Zy ;) ~ (5)

20 {a+[(1—a)/VE]}?

As k — o0, var(Z; ) ~ mo? /(2na?). If there is no contamination, o = 1 and var(Z, ) &
no? /2n. Also,

To?/2na? 1

to2/2n a2’
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which will be close to 1 if « is close to 1. Thus the estimator Z; , will not be greatly
affected by how large k is, that is, how wild the observations are. We have

V;,j(rg(/)z):i[a—i—(l—a)k] {a—k

(1-a)
Vk

2
} — 00 as k — oo.

Indeed, var(X) — 0o as k — oo, whereas var(Z, ;) — mo?/(2na?) as k — co. One can
check that, when kK =9 and o = 0.915, the two variances are (approximately) equal. As
k becomes larger than 9 or o smaller than 0.915, Z, /, becomes a better estimator of 1
than X.

There are other flaws as well. Suppose, for example, that X;,X>,...,X, is a sam-
ple from U(0,6), & > 0. Then both X and T(X) = (X(1) + X(,))/2, where X(y) =
min(Xj,...,X,), X, = max(Xi,...,X,), are unbiased for EX = 6/2. Also, vary(X) =
var(X)/n = 6?/[12n], and one can show that var(T) = 6/[2(n+ 1)(n + 2)]. It follows
that the efficiency of X relative to that of T is

varg(T) 6n

offo(X | T) = varg(X)  (n+1)(n+2)

<1 if n>2.

In fact, effg(X | T) — 0 as n — oo, so that in sampling from a uniform parent X is much
worse than 7', even for moderately large values of n.

Let us next turn our attention to the estimation of standard deviation. Let X;,X5,..., X,
be a sample from N(p,02). Then the MLE of o is

- {3 () 0

i=1

Note that the lower bound for the variance of any unbiased estimator for o is o%/2n.
Although ¢ is not unbiased, the estimator
S, — EF[(n— 1)/2]&: n—1T[(n—1)/2]

2 T(n/2) 2 I'(n/2) M

is unbiased for o. Also,
_ L fn—1(T[n-1)/2]\?
var(Sl)a{ 7 ( T(n/2) >1}
2 1
Zo(k)

Thus the efficiency of S; (relative to the estimator with least variance = o /2n) is

o?/2n 1
= ~ <1
var(Sy) 1+020(2)
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and — 1 as n — oco. For small n, the efficiency of S| is considerably smaller than 1. Thus,
for n =2, eff(S;) = 1/[2(7 —2)] = 0.438 and, for n = 3, eff(S;) = 7/[6(4 — 7)] = 0.61.
Yet another estimator of ¢ is the sample mean deviation

1 & —
==Y [Xi—X|. 9
) n;| | ©)
Note that
71— T
E = X; — =/ =E|X;— u| =0,
{\ED m} 3EW— =
and

[T1 < ™—2
rZ X — = 2, 1
Var{ 2ni;| ; u|} 50 (10)

If n is large enough so that X ~ 11, we see that S3 = /(7/2) S, is nearly unbiased for o
with variance [(7 —2)/2n]o?. The efficiency of Sj is

o?(2n) 1 <1
o[(m—2)/(2n)] w—2
For large n, the efficiency of S relative to S5 is
var(S3) _ [(m—2)/(2n)]0? 24 T—2 o1
var(Sy)  o2/(2n)+0(1/n?) 0(2/n)

Now suppose that there is some contamination. As before, let us suppose that for a
proportion « of the time we sample from N(u, o%) and for a proportion 1 — c of the time we
get a wild observation from N(yu,ko?), k > 1. Assuming that both z and o are unknown,
suppose that we wish to estimate o. In the notation used above, let

fx) = afo(x) + (1 - a)fi (%),

where f; is the PDF of N(u,0?), and f1, the PDF of N(u, ko?). Let us see how even small
contamination can make the maximum likelihood estimate & of o quite useless.

If  is the MLE of 6, and ¢ is a function of 6, then ¢(6) is the MLE of ¢(6). In view
of (7.5.7) we get

1
E(6—0)*~ —E(6>— %)% (11
402
Using Theorem 7.3.5, we see that
4 — 13
E(6* o’ = =2 (12)
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(dropping the other two terms with n? and n® in the denominator), so that

1

E(6—0)* ~ 5 (pa = 13)- (13)
For the density f, we see that
s =30t o+ k(1 —a)] (14)
and
o = o a+k(1—a)]. (15)
It follows that
E{Er—a}zm%{S[a—i—kz(l—a)}—[a+k(1—a)]2}. (16)

If we are interested in the effect of very small contamination, o« ~ 1 and 1 — a =~ 0.
Assuming that k(1 — «) ~ 0, we see that

E{6 -0}~ %;{3[1 +i2(1—a)] -1}

0.2

= [1+3K (1 -a)]. a7

In the normal case, 14 = 30* and p3 = o*, so that from (11)

o2

E{6—0)~ >

Thus we see that the mean square error due to a small contamination is now multiplied by
a factor [1+ 2k*(1 — )]. If, for example, k = 10, & = 0.99, then 1+ 3k*(1 — ) = 3. If
k=10, v =0.98, then 1+ 3k*(1— ) =4, and s0 on.

A quick comparison with S3 shows that, although S; (or even &) is a better estimator of
o than §; if there is no contamination, S3 becomes a much better estimator in the presence
of contamination as k becomes large.

Next we consider the effect of deviation from model assumptions on tests of hypothe-
ses. One of the most commonly used tests in statistics is Student’s #-test for testing the
mean of a normal population when the variance is unknown. Let X}, X5, ..., X, be a sam-
ple from some population with mean y and finite variance 0. As usual, let X denote the
sample mean, and S?, the sample variance. If the population being sampled is normal, the
t-test rejects Ho: p1 = juo against Hy: p1 # puo at level o if [X — pio| > t,—1 o/2(s/+/n). If
n is large, we replace f,_| o> by the corresponding critical value, z, /5, under the stan-
dard normal law. If the sample does not come from a normal population, the statistic
T = [(X — po)/S]+/n is no longer distributed as a #(n — 1) statistic. If, however, n is suf-
ficiently large, we know that 7" has an asymptotic normal distribution irrespective of the
population being sampled, as long as it has a finite variance. Thus, for large n, the distri-
bution of T is independent of the form of the population, and the #-test is stable. The
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same considerations apply to testing the difference between two means when the two
variances are equal. Although we assumed that n is sufficiently large for Slutsky’s result
(Theorem 7.2.15) to hold, empirical investigations have shown that the test based on Stu-
dent’s statistic is robust. Thus a significant value of # may not be interpreted to mean a
departure from normality of the observations. Let us next consider the effect of depar-
ture from independence on the ¢-distribution. Suppose that the observations X;,X>, ..., X,
have a multivariate normal distribution with EX; = p, var(X;) = o2, and p as the common
correlation coefficient between any X; and X;, i # j. Then

2
EX =y and var()?)za—[le(nfl)p], (18)
n
and since X;’s are exchangeable it follows from Remark 6.3.1 that

ES* =o*(1—p). (19)

For large n, the statistic /(X — 110)/S will be asymptotically distributed as N(0, 1 +
np/(1—p)), instead of N(0,1). Under Hy, p = 0 and T? = n(X — 110)*/S? is distributed as
F(1,n—1). Consider the ratio

nE(XX —po)* _ o*[l+(n—1)p] . np
T e (20)

The ratio equals 1 if p = 0 but is > 0 for p > 0 and — oo as p — 1. It follows that a large
value of T is likely to occur when p > 0 and is large, even though p is the true value of
the mean. Thus a significant value of # may be due to departure from independence, and
the effect can be serious.

Next, consider a test of the null hypothesis Hy: o = oy against H, : ¢ # 0. Under the

usual normality assumptions on the observations X|,X5,...,X,, the test statistic used is
n—1)s? " (X —X)?
V:( 2) :szl( 21 ) , (21)
o o

which has a x?(n — 1) distribution under Hy. The usual test is to reject Hy if

n—1)s?
Vo= (072) > Xﬁfl,a/z or Vo< X'%*U*O‘/z' (22)
0

Let us suppose that X;,X>,...,X, are not normal. It follows from Corollary 2 of Theo-
rem 7.3.4 that

3
var($%) = Hy "2

so that

S2 1#4 3—n
S R . 24
var<g2) na4+n(n—1) @)
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Writing 72 = (p4/0*) — 3, we have
s 2
var () -2 + 25)

when the X;’s are not normal, and

2
V&r(S ): 2 (26)

o2 n—1

when the X;’s are normal (7, = 0). Now (n—1)8? = Y""_, (X; — X)? is the sum of n identi-
cally distributed but dependent RVs (X; — X )2,j=1,2,...,n. Using a version of the central
limit theorem for dependent RVs (see, e.g., Cramér [17, p. 365]), it follows that

n—1\ "2 /s
2 2 1)

under Hy, is asymptotically N(0, 1+ (72/2)), and not N(0, 1) as under the normal theory.
As a result the size of the test based on the statistic V, will be different from the stated
level of significance if v, differs greatly from 0. It is clear that the effect of violation
of the normality assumption can be quite serious on inferences about variances, and the
chi-square test is not robust.

In the above discussion we have used somewhat crude calculations to investigate the
behavior of the most commonly used estimators and test statistics when one or more of
the underlying assumptions are violated. Our purpose here was to indicate that some tests
or estimators are robust whereas others are not. The moral is clear: One should check
carefully to see that the underlying assumptions are satisfied before using parametric
procedures.

13.7.2 Some Robust Procedures

Let X;,X>,...,X, be arandom sample from a continuous PDF f(x—#), § € R and assume
that f is symmetric about §. We shall be interested in estimation or tests of hypotheses
concerning 6. Our objective is to find procedures that perform well for several different
types of distributions but do not have to be optimal for any particular distribution. We will
call such procedures robust. We first consider estimation of 6.

The estimators fall under one of the following three types:

1. Estimators that are functions of R = (R,R», ..., R,), where R; is the rank of Xj, are
known as R-estimators. Hodges and Lehmann [44] devised a method of deriving
such estimators from rank tests. These include the sample median X (based on the
sign test) and W = med{(X; +X;)/2, 1 <i <j <n} based on the Wilcoxon signed-
rank test.

2. Estimators of the form 27:1 a;X(;) are called L-estimators, being linear combina-
tions of order statistics. This class includes the median, the mean, and the trimmed
mean obtained by dropping a prespecified proportion of extreme observations.
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3. Maximum likelihood type estimators obtained as solutions to certain equations
> i1 ¥(X;—0) = 0 are called M-estimators. The function (1) = —f (1) /f(r) gives
MLE:s.

Definition 1. Let k = [na] be the largest integer < na where 0 < v < 1/2. Then the
estimator

Y":_Z n— 2k @7

is called a trimmed-mean.

Two extreme examples of trimmed means are the sample mean X (o = 0) and the
median X when all except the central (n odd) or the two central (n even) observations
are excluded.

Example 1. Consider the following sample of size 15 taken from a symmetric
distribution.

097 066 073 0.78 130 0.58 0.79 0.94
052 052 0.83 125 147 096 0.71

Suppose o = 0.10. Then k = [na] = 1 and

_ Z}izx(i)
X0.10 = ﬁ =0.85.

Here x = 0.867, med x; = x(3y = 0.79.
1<j<15

We will limit this discussion to four estimators of location, namely, the sample median,
trimmed mean, sample mean, and Hodges—Lehmann type estimator based on Wilcoxon
signed-rank test. In order to compare the performance of two procedures A and B we will
use a (large sample) measure of relative efficiency due to Pitman. Pitman’s asymptotic
relative efficiency (ARE) of procedure B relative to procedure A is the limit of the ratio
of sample sizes ny /ng, where ny, np are sample sizes needed for procedures A and B to
perform equivalently with respect to a specified criterion. For example, suppose {7},(4)}
and {7, } are two sequences of estimators for ¢(¢) such that

)

T4y ~ AN (¢(9)7

and

n(B)

Suppose further that A and B perform equivalently if their asymptotic variances are the
same, that is,

iy~ AN (400). ).
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Then

n(B) 03(9)'

Clearly, different performance measures may lead to different measures of ARE.

Similarly if procedures A and B lead to two sequences of tests, then ARE is the limiting
ratio of the sample sizes needed by the tests to reach a certain power [, against the same
alternative and at the same limiting level a.

Accordingly, let ¢(B,A) denote the ARE of B relative to A. If e(B,A) = 1/2 say,
then procedure A requires (approximately) half as many observations as procedure B.
We will write er(B,A), whenever necessary to indicate the dependence of ARE on the
underlying DF F.

For detailed discussion of Pitman efficiency we refer to Lehmann [61, pp. 371-380],
Lehmann [63, section 5.2], Serfling [102, chapter 10], Randles and Wolfe [85, chapter 5],
and Zacks [121]. The expressions for AREs of median and the Hodges-Lehmann estima-
tors of location parameter 6 with respect to the sample mean X are

er(X,X) = 407f(0), (28)
00 2
er(W,X) = 1202 { / fz(x)dx] , (29)

where f is the PDF corresponding to F. In order to get eF()}' , W) we use the fact that

~ o ep(f(,f)
€F<X, W) = 78F(W

>

-2 (30)

Bickel [5] showed that
eF(XOUX):77 (31)

where

2 dl—a
7= [ /0 PE()dt + 31 (32)

and 3,, is the unique ath percentile of F. It is clear from (32) that no closed form expression
for er (X, X) is possible for most DFs F.
In the following table we give the AREs for some selected F.
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ARE Computations for Selected F

F e(X,X) e(W,X) e(X,W)
U(—-1/2,1/2) 1/3 1 1/3
N(0,1) 2/mr=0.637 3/7m=0.955 2/3
Logistic, f(x) = e (1+ e"“)_1 72/12 =0.822 1.10 0.748
Double Exponential,
f(x) = (1/2)exp(—|x|) 2 1.5 4/3
¢(0,1) 00 00 4/3

It can be shown that ex(X,X) > 1/3 for all symmetric F, so X is quite inefficient
compared to X for U(—1/2,1/2). Even for normal f, X would require 157 observations
to achieve the same accuracy that X achieves with 100 observations. For heavier tailed
distributions, however, X provides more protection that X.

The values of e(W,)?), on the other hand, are quite high for most F and, in fact,
er(W,X) > 0.864 for all symmetric F. Even for normal F one loses little (4.5%) in using
W instead of X. Thus W is more robust as an estimator of 6.

A look at the values of e(X, W) shows that X is worse than W for distributions with
light-tails but does slightly better than W for heavier-tailed F.

Let us now compare the AREs of X, X, and W. The following AREs for selected
are due to Bickel [5].

ARE Comparisons

a=0.01 a=0.05
F e(Xo,X) e(W,X,) e(Xo,X) e(W,X,)
Uniform 0.96 1.04 0.83 1.20
Normal 0.995 0.96 0.97 0.985
Double Exponential 1.06 1.41 1.21 1.24
Cauchy o0 6.72 o0 2.67

We note that X, performs quite well compared to X. In fact, for normal distribution the
efficiency is quiet close to 1 so there is little loss in using X,,. For heavier-tailed distribu-
tions X, is preferable. For small values of «, it should be noted that X, does not differ
much from X. Nevertheless, X,, is more robust; it cannot do much worse than X but can
do much better. Compared to Hodges—Lehmann estimator, X,, does not perform as well.
It (W) provides better protection against outliers (heavy tails) and gives up little in the
normal case.

Finally we consider testing Hy : 6 = 6, against H; : 8 > 6. Recall that X;,X>,...,X,
are iid with common continuous symmetric DF F(x — 6), 0 € R and PDF f(x—0).
Suppose o7 = Var(X;) < oo. Let S denotes the sign test based on the statis-
tic RY(X) = > | Iix,>0,» W denotes the Wilcoxon signed-rank test based on the
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statistic 77 (X) = 32 < i<j<,[x,+x,>20,]» M denotes the test based on the Z-statistic Z =
Vn((X —60y)/or, and t denotes the student’s #-test based on the statistic /n(X —6)/S,
where S? is the sample variance.

First note that ¢(T, M) = 1. Next we note that ex(S,1) = ex(X,X), ep(W,1) = ep(W,X)
so that AREs are the same as given in (28), (29), and (30) and values of ARE given in the
table for various F' remain the same for corresponding tests.

Similar remarks apply as in the case of estimation of §. Sign test is not as efficient as the
Wilcoxon signed-rank test. But for heavier-tailed distributions such as Cauchy and double
exponential sign test does better than the Wilcoxon signed-rank test.

PROBLEMS 13.7

1. Let (X, Xa,...,X,) be jointly normal with EX; = p1, var(X;) = 02, and cov(X;,X;) =
po?if |i—j| =1, i# j, and = 0 otherwise.

(a) Show that
2
var(X) = z [1 +2p (1 — 1)]
n n

E(S*) =0" <1—2p).

and

n

(b) Show that the z-statistic v/n(X — 1) /S is asymptotically normally distributed with
mean 0 and variance 1 4 2p. Conclude that the significance of ¢ is overestimated
for positive values of p and underestimated for p < 0 in large samples.

(c) For finite n, consider the statistic

Compare the expected values of the numerator and the denominator of 72 and
study the effect of p # 0 to interpret significant ¢ values (Scheffé [101, p. 338].)

2. Let X1, X5, ...,X, be arandom sample from G(«, 3), « > 0, 8 > 0:
(a) Show that

e =3ala+2)/8"

T e

(c) Show that the large sample distribution of (n— 1)S? /o2 is normal.

(b) Show that

(d) Compare the large-sample test of Hy: 0 = 0 based on the asymptotic normality
of (n—1)S?/0? with the large-sample test based on the same statistic when the
observations are taken from a normal population. In particular, take o = 2.
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3. LetX;,Xs,...,X,,and Yy, Y5, ..., Y, be two independent random samples from pop-

ulations with means 11 and 1, and variances o7 and o3, respectively. Let X, Y be
the two sample means, and S%,S% be the two sample variances. Write N = m + n,
R =m/n, and 0 = 0} /03. The usual normal theory test of Hy: f11 — po = & is the
t-test based on the statistic

. X-T—b
=S, (Um o+ Un) 7

where

o (noUSEE-1s
P m-+n—2

Under Hy, the statistic T has a ¢-distribution with N — 2 d.f., provided that 07 = o3.

Show that the asymptotic distribution of 7 in the nonnormal case is
N(0,(0+R)(1+ RO)~") for large m and n. Thus, if R = 1, T is asymptotically
N(0,1) as in the normal theory case assuming equal variances, even though the two
samples come from nonnormal populations with unequal variances. Conclude that
the test is robust in the case of large, equal sample sizes ~ (Scheffé [101, p. 339]).

. Verify the computations in the table above using the expressions of ARE in (28),

(29), and (30).

. Suppose F is a G(a, 3) r.v. Show that

. 3al?(2a)
E(W, X) - 24(04—1)(20¢— 1)2{F(Oé)}4

(Note that F is not symmetric.)

. Suppose F has PDF

['(m)
(1/2)L((m—=1)/2)(1+x2)""

—00 < x < 00,

f6) =

for m > 1. compute e(X,X), e(W,X), and e(X, W). (From Problem 3.2.3, E|X | < 0o
ifk<m—1/2.



FREQUENTLY USED SYMBOLS
AND ABBREVIATIONS

= implies

& implies and is implied by

— converges to

4 increasing, decreasing

7Y nonincreasing, nondecreasing

I(x) gamma function

lim, lim, lim  limit superior, limit inferior, limit

R, R, real line, n-dimensional Euclidean space
B, B, Borel o-field on R, Borel o-field on R,
Iy indicator function of set A

g(x) =1lifx>0,and=0ifx <0

" EX, expected value

m, EX", n > 0 integral

Ba ElX|*, a>0

m E(X — EX)X, k > 0 integral

o = J1», variance

N A first, second, third derivative of f

~ distributed as

= asymptotically (or approximately) equal to
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FREQUENTLY USED SYMBOLS AND ABBREVIATIONS

convergence in law

convergence in probability
convergence almost surely
convergence in rth mean

random variable

distribution function

probability density function
probability mass function
probability generating function
moment generating function
degrees of freedom

best linear unbiased estimate
maximum likelihood estimate
minimum variance unbiased estimate
uniformly most accurate

uniformly minimum variance unbiased estimate
uniformly most accurate unbiased
most powerful

uniformly most powerful

general linear model

infinitely often

independent, identically distributed
standard deviation

standard error

monotone likelihood ratio

mean square error

weak law of large numbers

strong law of large numbers

central limit theorem

sequential probability ratio test
Bernoulli with parameter p
binomial with parameters n,p
negative binomial with parameters r, p
Poisson with parameter A

uniform on [a, b]

gamma with parameters «, [3

beta with parameters «,
chi-square with d.f. n

Cauchy with parameters p,6



FREQUENTLY USED SYMBOLS AND ABBREVIATIONS

N(u,0?)
t(n)
F(m,n)
Za

Xino

In,o
Funa
AN(p1y,07)
GLR
MRE
Inx
exp(X)
LMP
L(x)
b(s,.)

iid

normal with mean p, variance o?

Student’s ¢ with n d.f.
F-distribution with (m,n) d.f.
100(1 — «)th percentile of N(0, 1)
100(1 — a)th percentile of x?(n)
100(1 — «)th percentile of #(n)
100(1 — «)th percentile of F(m,n)
asymptotically normal
generalized likelihood ratio
minimum risk equivariant
logarithm (to base e) of x
exponential

locally most powerful

law or distribution of RV X

bias in estimator §

independent, identically distributed
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Table ST1. Cumulative Binomial Probabilities, > "

x=0

r=0,1,2,...,n—1

STATISTICAL TABLES

(Z)px(l -p)"

p
n r 001 0.05 0.10 0.20 0.25 0.30 0.333 0.40 0.50
2 0 09801 09025 0.8100 0.6400 0.5625 0.4900 0.4444 0.3600 0.2500
109999 09975 0.9900 0.9600 0.9375 0.9100 0.8888 0.8400 0.7500
3 0 09703 0.8574 0.7290 0.5120 0.4219 0.3430 0.2963 0.2160 0.1250
1 09997 09928 09720 0.8960 0.8438 0.7840 0.7407 0.6480  0.5000
2 1.0000 0.9999 0.9990 0.9920 0.9844 0.9730 0.9629 0.9360 0.8750
4 0 09606 0.8145 0.6561 0.4096 03164 0.2401 0.1975 0.1296  0.0625
1 09994 09860 0.9477 0.8192 0.7383 0.6517 0.5926 0.4742 0.3125
2 1.0000 0.9995 0.9963 0.9728 0.9492 09163 0.8889 0.8198  0.6875
3 1.0000 0.9999 0.9984 0.9961 0.9919 0.9877 09734 0.9375
5 0 09510 0.7738 0.5905 0.3277 0.2373 0.1681 0.1317 0.0778 0.0312
1 0990 09774 09185 0.7373 0.6328 0.5283  0.4609 0.3370 0.1874
2 1.0000 0.9988 0.9914 0.9421 0.8965 0.8370 0.7901 0.6826  0.4999
3 0.9999  0.9995 0.9933 09844 09693 09547 09130 0.8124
4 1.0000  1.0000  0.9997 0.9990 0.9977 0.9959 0.9898 0.9686
6 0 09415 0.7351 05314 0.2621 0.1780 0.1176  0.0878  0.0467 0.0156
1 09986 09672 0.8857 0.6553 0.5340 04201 0.3512 0.2333 0.1094
2 1.0000 0.9977 0.9841 0.9011 0.8306 0.7442 0.6804 0.5443 0.3438
3 0.9998  0.9987 0.9830 0.9624 0.9294 0.8999 0.8208 0.6563
4 0.9999  0.9999 0.9984 0.9954 0.9889 0.9822 0.9590 0.8907
5 1.0000  1.0000  0.9999 0.9998 0.9991 0.9987 0.9959 0.9845
7 0 09321 0.6983 04783 0.2097 0.1335 0.0824 0.0585 0.0280 0.0078
1 09980 09556 0.6554 0.5767 0.4450 0.3294 0.2633 0.1586  0.0625
2 1.0000 0.9962 0.8503 0.8520 0.7565 0.6471 0.5706 0.4199 0.2266
3 0.9998 0.9743 0.9667 0.9295 0.8740 0.8267 0.7102  0.5000
4 1.0000  0.9973 0.9953 09872 09712 09547 0.9037 0.7734
5 0.9998  0.9996 0.9987 0.9962 0.9931 0.9812 0.9375
6 1.0000  1.0000  0.9999 0.9998 0.9995 0.9984 0.9922
8§ 0 09227 0.6634 0.4305 0.1678 0.1001 0.0576 0.0390 0.0168 0.0039
1 09973 09427 0.8131 0.5033 0.3671 0.2553 0.1951 0.1064 0.0352
2 09999 0.9942 0.9619 0.7969 0.6786 0.5518 0.4682 0.3154  0.1445
3 1.0000 0.9996 0.9950 0.9437 0.8862 0.8059 0.7413 0.5941 0.3633
4 1.0000  0.9996 0.9896 0.9727 0.9420 09120 0.8263 0.6367
5 1.0000  0.9988 0.9958 0.9887 0.9803 0.9502 0.8555
6 1.0000  0.9996 0.9987 0.9974 0.9915 0.9648
7 1.0000  0.9999 0.9998 0.9993 0.9961
9 0 09135 0.6302 03874 0.1342 0.0751 0.0404 0.0260 0.0101 0.0020
109965 09287 0.7748 0.4362 0.3004 0.1960 0.1431 0.0706  0.0196
209999 0.9916 0.9470 0.7382 0.6007 0.4628 0.3772 0.2318  0.0899
3 1.0000 0.9993 0.9916 09144 0.8343 0.7296 0.6503 0.4826 0.2540
4 0.9999  0.9990 0.9805 0.9511 09011 0.8551 0.7334  0.5001
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0.9044
0.9958
1.0000

0.8954
0.9948
0.9998
1.0000

0.8864
0.9938
0.9998
1.0000
1.0000
1.0000

0.8775
0.9928
0.9997
1.0000

1.0000

0.5987
0.9138
0.9884
0.9989
0.9999
1.0000

0.5688
0.8981
0.9848
0.9984
0.9999
1.0000

0.5404
0.8816
0.9804
0.9978
0.9998
1.0000

0.5134
0.8746
0.9755
0.9969
0.9997
1.0000

0.9998
0.9999
1.0000

0.3487
0.7361
0.9298
0.9872
0.9984
0.9999
1.0000

0.3138
0.6974
0.9104
0.9815
0.9972
0.9997
1.0000

0.2824
0.6590
0.8892
0.9744
0.9957
0.9995
1.0000

0.2542
0.6214
0.8661
0.9659
0.9936
0.9991

0.9970
0.9998
1.0000

0.1074
0.3758
0.6778
0.8791
0.9672
0.9936
0.9991
0.9999
1.0000

0.0859
0.3221
0.6174
0.8389
0.9496
0.9884
0.9981
0.9998
1.0000

0.0687
0.2749
0.5584
0.7946
0.9806
0.9961
0.9994
0.9999
1.0000

0.0550
0.2337
0.5017
0.7473
0.9009
0.9700

0.9900
0.9987
0.9999
1.0000
0.0563
0.2440
0.5256
0.7759
0.9219
0.9803
0.9965
0.9996
1.0000

0.0422
0.1971
0.4552
0.7133
0.8854
0.9657
0.9924
0.9988
0.9999
1.0000

0.0317
0.1584
0.3907
0.6488
0.8424
0.9456
0.9858
0.9972
0.9996

10000

0.0238
0.1267
0.3326
0.5843
0.7940
0.9198

0.9746
0.9956
0.9995
0.9999
0.0282
0.1493
0.3828
0.6496
0.8497
0.9526
0.9894
0.9984
0.9998
1.0000
0.0198
0.1130
0.3128
0.5696
0.7897
0.9218
0.9784
0.9947
0.9994
0.9999
1.0000
0.0139
0.0850
0.2528
0.4925
0.7237
0.8822
0.9614
0.9905
0.9983
0.9998
1.0000

0.0097
0.0637
0.2025
0.4206
0.6543
0.8346

0.9575
0.9916
0.9989
0.9998
0.0173
0.1040
0.2991
0.5592
0.7868
0.9234
0.9803
0.9966
0.9996
0.9999
0.0116
0.0752
0.2341
0.4726
0.7110
0.8779
0.9614
0.9912
0.9986
0.9999
1.0000
0.0077
0.0540
0.1811
0.3931
0.6315
0.8223
0.9336
0.9812
0.9962
0.9995
0.9999
1.0000
0.0052
0.0386
0.1388
0.3224
0.5521
0.7587

0.9006
0.9749
0.9961
0.9996
0.0060
0.0463
0.1672
0.3812
0.6320
0.8327
0.9442
0.9867
0.9973
0.9999
0.0036
0.0320
0.1189
0.2963
0.5328
0.7535
0.9007
0.9707
0.9941
0.9993
1.0000
0.0022
0.0196
0.0835
0.2254
0.4382
0.6652
0.8418
0.9427
0.9848
0.9972
0.9997
1.0000
0.0013
0.0126
0.0579
0.1686
0.3531
0.5744

0.7462
0.9103
0.9806
0.9982
0.0010
0.0108
0.0547
0.1719
0.3770
0.6231
0.8282
0.9454
0.9893
0.9991
0.0005
0.0059
0.0327
0.1133
0.2744
0.5000
0.7256
0.8867
0.9673
0.9941
0.9995
0.0002
0.0032
0.0193
0.0730
0.1939
0.3872
0.6128
0.8062
0.9270
0.9807
0.9968
0.9998
0.0000
0.0017
0.0112
0.0462
0.1334
0.2905
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Table ST1. (Continued)
p
n r0.01 0.05 0.10 0.20 0.25 0.30 0.333 0.40 0.50
6 0.9999 0.9930 0.9757 0.9376 0.8965 0.7712  0.5000
7 1.0000 0.9988 0.9944 09818 0.9654 0.9024 0.7095
8 0.9998  0.9990 0.9960 0.9912 0.9679 0.8666
9 1.0000  0.9999 0.9994 0.9984 0.9922 0.9539
10 1.0000  0.9999 0.9998 0.9987 0.9888
11 1.0000  1.0000 0.9999  0.9983
12 1.0000  0.9999
14 0 0.8687 04877 0.2288 0.0440 0.0178 0.0068 0.0034 0.0008 0.0000
1 09916 0.8470 0.5847 0.1979 0.1010 0.0475 0.0274 0.0081 0.0009
2 09997 09700 0.8416 0.4480 0.2812 0.1608 0.1054 0.0398 0.0065
3 1.0000 0.9958 0.9559 0.6982 0.5214 0.3552 0.2612 0.1243  0.0287
4 0.9996 0.9908 0.8702 0.7416 0.5842 0.4755 0.2793 0.0898
5 1.0000 0.9986 0.9562 0.8884 0.7805 0.6898 0.4859 0.2120
6 0.9998 0.9884 0.9618 0.9067 0.8506 0.6925 0.3953
7 1.0000 0.9976 0.9897 0.9686 0.9424 0.8499 0.6048
8 0.9996 0.9979 0.9917 0.9826 0.9417 0.7880
9 1.0000 0.9997 0.9984 0.9960 0.9825 0.9102
10 1.0000 0.9998 0.9993 0.9961 0.9713
11 1.0000  0.9999 0.9994 0.9936
12 1.0000  0.9999 0.9991
13 0.9999
15 0 0.8601 04633 0.2059 0.0352 0.0134 0.0048 0.0023 0.0005 0.0000
109904 0.8291 0.5491 0.1672 0.0802 0.0353 0.0194 0.0052 0.0005
2 09996 09638 0.8160 0.3980 0.2361 0.1268 0.0794 0.0271 0.0037
3 1.0000 0.9946 09444 0.6482 0.4613 0.2969 0.2092 0.0905 0.0176
4 0.9994 0.9873 0.8358 0.6865 0.5255 0.4041 0.2173 0.0592
5 1.0000 0.9978 0.9390 0.8516 0.7216 0.6184 0.4032 0.1509
6 0.9997 0.9820 0.9434 0.8689 0.7970 0.6098 0.3036
7 1.0000 0.9958 0.9827 0.9500 0.9118 0.7869 0.5000
8 0.9992 0.9958 0.9848 0.9692 0.9050 0.6964
9 0.9999  0.9992 0.9964 0.9915 0.9662 0.8491
10 1.0000  0.9999 0.9993 0.9982 0.9907 0.9408
11 1.0000 0.9999 0.9997 0.9981 0.9824
12 1.0000  1.0000 0.9997  0.9963
13 1.0000  0.9995
14 1.0000

Source: For n = 2 through 10, adapted with permission from E. Parzen, Modern Probability Theory and Its
Applications, John Wiley, New York, 1962. For n = 11 through 15, adapted with permission from Tables of
Cumulative Binomial Probability Distribution, Harvard University Press, Cambridge, M.A., 1955.
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Table ST2. Tail Probability Under Standard Normal Distribution’

651

Z

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.1
2.2
23
2.4
2.5
2.6
2.7
2.8
2.9
3.0

0.5000
0.4602
0.4207
0.3821
0.3446
0.3085
0.2743
0.2420
0.2119
0.1841
0.1587
0.1357
0.1151
0.0968
0.0808
0.0668
0.0548
0.0446
0.0359
0.0287
0.0228
0.0179
0.0139
0.0107
0.0082
0.0062
0.0047
0.0035
0.0026
0.0019
0.0013

0.4960
0.4562
0.4168
0.3783
0.3409
0.3050
0.2709
0.2389
0.2090
0.1814
0.1562
0.1335
0.1131
0.0951
0.0793
0.0655
0.0537
0.0436
0.0351
0.0281
0.0222
0.0174
0.0136
0.0104
0.0080
0.0060
0.0045
0.0034
0.0025
0.0018
0.0013

0.4920
0.4522
0.4129
0.3745
0.3372
0.3015
0.2676
0.2358
0.2061
0.1788
0.1539
0.1314
0.1112
0.0934
0.0778
0.0643
0.0526
0.0427
0.0344
0.0274
0.0217
0.0170
0.0132
0.0102
0.0078
0.0059
0.0044
0.0033
0.0024
0.0018
0.0013

0.4880
0.4483
0.4090
0.3707
0.3336
0.2981
0.2643
0.2327
0.2033
0.1762
0.1515
0.1292
0.1093
0.0918
0.0764
0.0630
0.0516
0.0418
0.0336
0.0268
0.0212
0.0166
0.0129
0.0099
0.0075
0.0057
0.0043
0.0032
0.0023
0.0017
0.0012

0.4840
0.4443
0.4052
0.3669
0.3300
0.2946
0.2611
0.2297
0.2005
0.1736
0.1492
0.1271
0.1075
0.0901
0.0749
0.0618
0.0505
0.0409
0.0329
0.0262
0.0207
0.0162
0.0125
0.0096
0.0073
0.0055
0.0041
0.0031
0.0023
0.0016
0.0012

0.4801
0.4404
0.4013
0.3632
0.3264
0.2912
0.2578
0.2266
0.1977
0.1711
0.1469
0.1251
0.1056
0.0885
0.0735
0.0606
0.0495
0.0401
0.0322
0.0256
0.0202
0.0158
0.0122
0.0094
0.0017
0.0054
0.0040
0.0030
0.0022
0.0016
0.0011

0.4761
0.4364
0.3974
0.3594
0.3228
0.2877
0.2546
0.2231
0.1949
0.1685
0.1446
0.1230
0.1038
0.0869
0.0721
0.0594
0.0485
0.0392
0.0314
0.0250
0.0197
0.0154
0.0119
0.0091
0.0069
0.0052
0.0039
0.0029
0.0021
0.0015
0.0011

0.4721
0.4325
0.3936
0.3557
0.3192
0.2843
0.2514
0.2206
0.1922
0.1660
0.1423
0.1210
0.1020
0.0853
0.0708
0.0582
0.0475
0.0384
0.0307
0.0244
0.0192
0.0150
0.0116
0.0089
0.0068
0.0051
0.0038
0.0028
0.0021
0.0015
0.0011

0.4681
0.4286
0.3897
0.3520
0.3156
0.2810
0.2483
0.2177
0.1984
0.1635
0.1401
0.1190
0.1003
0.0838
0.0694
0.0571
0.0465
0.0375
0.0301
0.0239
0.0188
0.0146
0.0113
0.0087
0.0066
0.0049
0.0037
0.0027
0.0020
0.0014
0.0010

0.4641
0.4247
0.3859
0.3483
0.3121
0.2776
0.2451
0.2148
0.1867
0.1611
0.1379
0.1170
0.0985
0.0823
0.0681
0.0559
0.0455
0.0367
0.0294
0.0233
0.0183
0.0143
0.0110
0.0084
0.0064
0.0048
0.0036
0.0026
0.0019
0.0014
0.0010

Source: Adapted with permission from P. G. Hoel, Introduction to Mathematical Statistics, 4th ed., Wiley,
New York, 1971, p. 391.
“This table gives the probability that the standard normal variable Z will exceed a given positive value z, that is,
P{Z > zo} = . The probabilities for negative values of z are obtained by symmetry.
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Table ST4. Student’s #-Distribution”

o
n 0.10 0.05 0.025 0.01 0.005
1 3.078 6.314 12.706 31.821 63.657
2 1.886 2.920 4.303 6.965 9.925
3 1.638 2.353 3.182 4.541 5.841
4 1.533 2.132 2.776 3.747 4.604
5 1.476 2.015 2.571 3.365 4.032
6 1.440 1.943 2.447 3.143 3.707
7 1.415 1.895 2.365 2.998 3.499
8 1.397 1.860 2.306 2.896 3.355
9 1.383 1.833 2.262 2.821 3.250
10 1.372 1.812 2.228 2.764 3.169
11 1.363 1.796 2.201 2.718 3.106
12 1.356 1.782 2.179 2.681 3.055
13 1.350 1.771 2.160 2.650 3.012
14 1.345 1.761 2.145 2.624 2977
15 1.341 1.753 2.131 2.602 2.947
16 1.337 1.746 2.120 2.583 2.921
17 1.333 1.740 2.110 2.567 2.898
18 1.330 1.734 2.101 2.552 2.878
19 1.328 1.729 2.093 2.539 2.861
20 1.325 1.725 2.086 2.528 2.845
21 1.323 1.721 2.080 2518 2.831
22 1.321 1.717 2.074 2.508 2.819
23 1.319 1.714 2.069 2.500 2.807
24 1.318 1.711 2.064 2.492 2.797
25 1.316 1.708 2.060 2.485 2.787
26 1.315 1.706 2.056 2.479 2779
27 1.314 1.703 2.052 2.473 2.771
28 1.313 1.701 2.048 2.467 2.763
29 1.311 1.699 2.045 2.462 2.756
30 1.310 1.697 2.042 2.457 2.750
40 1.303 1.684 2.021 2.423 2.704
60 1.296 1.671 2.000 2.390 2.660
120 1.289 1.658 1.980 2.358 2.617
00 1.282 1.645 1.960 2.326 2.576

Source: P. G. Hoel, Introduction to Mathematical Statistics, 4th ed., Wiley, New York, 1971, p. 393. Reprinted
by permission of John Wiley & Sons, Inc.

“The first column lists the number of degrees of freedom (n). The headings of the other columns give probabilities
() for ¢ to exceed the entry value. Use symmetry for negative ¢ values.
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Table ST6. Random Normal Numbers, 4 = 0and o =1
1 2 3 4 5 6 7 8 9 10

0464  0.137 2455 —0.323 —0.068 0.290 —0.288 1.298 0.241 —0.957
0.060 —2.526 —0.531 -0.194 0543 —1.558 0.187 —1.190  0.022  0.525
1.486 —0.354 —0.634  0.697 0.926 1.375 0.785 —0.963 —0.853 —1.865
1.022 —0472 1.279 3.521 0.571 —1.851 0.194 1.192 —0.501 —0.273
1.394 —0.555 0.046 0.321 2.945 1.974 —0.258 0412 0439 —-0.035
0906 —0.513 —0.525 0.595 0.881 —0.934 1.579  0.161 —1.885 0.371
1.179 —1.055 0.007  0.769 0.971 0.712 1.090 —-0.631 —-0.255 —0.702
—1.501 —-0488 —0.162 —0.136 1.033 0.203 0.448 0.748 —0.423 —0.432
—-0.690 0.756 —-1.618 —-0.345 —-0.511 -2.051 -0.457 —-0.218 0.857 —0.465
1.372  0.225 0.378 0.761 0.181 —0.736  0.960 —1.530 —-0.260  0.120
—0.482 1.678 —0.057 —1.229 —0.486 0.856 —0.491 —1.983 -2.830 —0.238
—1.376 —0.150 1.356 —0.561 —0.256 —0.212 0.219 0.779 0953 —0.869
—1.010  0.598 —0.918 1.598 0.065 0415 —0.169 0313 —-0973 —-1.016
—0.005 —0.899 0.012 —-0.725 1.147  —0.121 1.096 0481 —1.691 0.417
1.393 1.163 —00911 1.231 —0.199 —0.246 1.239 —-2.574 —0.558 0.056
—1.787 —0.261 1.237 1.046 —0.508 —1.630 —0.146 —-0.392 —0.627 0.561
—0.105 —-0.357 —-1.384 0360 -0.992 -0.116 —1.698 —2.832 —1.108 —2.357
—1.339 1.827 —0.959 0424 0969 —1.141 —1.041 0362 —1.726 1.956
1.041 0.535 0.731 1.377 0.983 —1.330 1.620 —1.040  0.524 —0.281
0.279 —-2.056 0.717 —-0.873 —1.096 —1.396 1.047 0.089 —0.573 0.932
—1.805 —2.008 —1.633 0542 0250 —-0.166  0.032 0.079 0471 —-1.029
—1.186 1.180 1.114  0.882 1.265 —-0.202  0.151 -0.376 —-0.310  0.479
0.658 —1.141 1.151 —-1.210  0.927 0.425 0.290 —0.902  0.610  2.709
—0.439 0358 —1.939 0.891 —0.227 0.602  0.873 —-0.437 -0.220 -0.057
—1399 -0.230 0385 —0.649 —-0.577 0.237 —0.289  0.513 0.738 —0.300

0.199  0.208 —1.083 —0.219 -0.291 1.221 1.119  0.004 —-2.015 —-0.594
0.159  0.272 —-0.313 0.084 —2.828 —0.430 -0.792 —-1.275 —-0.623 —1.047
2273 0.606  0.606 —0.747  0.247 1.291 0.063 —1.793 —0.699 —1.347
0.041 —-0.307  0.121 0.790 —0.584  0.541 0484 —0.986  0.481 0.996
—1.132 -2.098  0.921 0.145 0.446 —1.661 1.045 —1.363 —0.586 —1.023

0768 0079 —1473 0034 —2.127 0.665 0.084 —0.880 —0.579  0.551
0375 —1.658 —0.851 0234 —0.656 0340 —0.086 —0.158 —0.120 0418
—0.513 —0344 0210 —0736 1.041 0008 0427 —0.831 0191 0.074
0292 —0.521 1266 —1206 —0.899 0.110 —0.528 —0.813 0071  0.524
1026 2.990 —0.574 —0491 —1.114 1297 —1433 —1.345 —3.001  0.479
—~1.334 1278 —0.568 —0.109 —0.515 —0.566 2923 0500 0359  0.326
—0287 —0.144 —0254 0574 —0451 —1.181 —1.190 —0.318 —0.094 1.114
0.161 —0.88 —0921 —0.509 1410 —0.518 0.192 —0432 1501  1.068
1346 0.193 —1202 0394 —1.045 0843 0942 1045 0031 0772
1250 —0.199 —0288 1.810 1378 0584 1216 0733 0402  0.226
0.630 —0.537 0.782 0060 0499 —0431 1705 1.164  0.884 —0.298
0375 —1.941 0247 —0491  0.665 —0.135 —0.145 —0.498 0457  1.064
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1 2 3 4 5 6 7 8 9 10
—1.420 0489 —-1.711 —-1.186  0.754 —-0.732 —0.066 1.006 —0.798 0.162
—0.151 —-0.243 —-0430 —-0.762  0.298 1.049 1.810  2.885 —0.768 —0.129
—0.309 0.531 0416 —1.541 1.456 2.040 —-0.124  0.196  0.023 —1.204

0.424 —-0.444  0.593 0993 —-0.106  0.116 0.484 —1.272 1.066 1.097
0.593 0.658 —1.127 —1.407 —-1.579 -—1.616 1.458 1262 0.736 —0.916
0.862 —0.885 —0.142 —-0.504  0.532 1.381 0.022 —0.281 —0.342 1.222
0.235 —0.628 —0.023 —-0.463 —0.899 —0.394 —0.538 1.707 —0.188 —1.153
—0.853 0.402  0.777 0.833 0410 —-0.349 —1.094  0.580 1.395 1.298
Source: From tables of the RAND Corporation, by permission.
Table ST7. Critical Values of the Kolmogorov—Smirnov One-Sample Test Statistic”
One-Sided Test:
a= 010 005 0025 001 0005 o= 0.10  0.05 0.025 0.01 0.005
Two-Sided Test:
a= 020 010 0.05 0.02 0.01 o= 020 010 0.05 0.02 0.01
n=1 0900 0950 0975 0990 0995 n=21 0226 0259 0.287 0321 0.344
2 0684 0.776 0.842 0.900 0.929 22 0221 0.253 0.281 0.314 0.337
3 0565 0.636 0.708 0.785 0.829 23 0.216 0.247 0.275 0307 0.330
4 0493 0565 0.624 0.689 0.734 24 0212 0242 0.269 0.301 0.323
5 0447 0509 0563 0.627 0.669 25 0208 0.238 0.264 0.295 0.317
6 0410 0468 0.519 0.577 0.617 26 0.204 0.233 0.259 0.290 0.311
7 0381 0436 0.483 0.538 0.576 27 0.200 0.229 0.254 0.284 0.305
8 0358 0410 0454 0507 0.542 28 0.197 0.225 0.250 0.279 0.300
9 0339 0387 0430 0480 0.513 29 0.193 0.221 0.246 0.275 0.295

10 0.323 0.369 0.409 0.457 0.489 30 0.190 0.218 0.242 0.270 0.290

11 0308 0352 0.391 0437 0.468 31 0.187 0.214 0.238 0.266 0.285

120296 0338 0.375 0.419 0.449 32 0.184 0.211 0.234 0.262 0.281

13 0285 0.325 0.361 0.404 0432 33 0.182 0.208 0.231 0.258 0.277

14 0.275 0314 0349 0390 0418 34 0.179 0.205 0.227 0.254 0.273

15 0.266 0304 0.338 0.377 0.404 35 0.177 0202 0224 0.251 0.269

16 0.258 0.295 0.327 0.366 0.392 36 0.174 0.199 0.221 0.247 0.265

17 0.250 0.286 0.318 0.355 0.381 37 0.172 0.196 0.218 0.244 0.262

18 0.244 0.279 0.309 0.346 0.371 38 0.170 0.194 0.215 0.241 0.258

19 0.237 0.271 0301 0.337 0.361 39 0.168 0.191 0.213 0.238 0.255

20 0.232 0.265 0.294 0329 0.352 40 0.165 0.189 0.210 0.235 0.252
Approximation  1.07 1.22 136 1.52 1.63
forn > 40 N N N N N

Source: Adapted by permission from Table 1 of Leslie H. Miller, Table of Percentage points of Kolmogrov

statistics, J. Am. Stat. Assoc. 51 (1956), 111-121.

“This table gives the values of D, , and D, q for which a > P{D;} > D;f ,} and & > P{D, > Dy, } for some

selected values of n and a.
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Table ST8. Critical Values of the Kolmogorov—Smirnov Test Statistic for Two Samples of
Equal Size*

One-Sided Test:

o= 0.10 0.05 0.025 0.01 0.005 a= 0.10 0.05 0.025 0.01 0.005
Two-Sided Test:

a= 0.20 0.10 0.05 0.02 0.01 a= 020 0.10 0.05 0.02 0.01

n=3 2/3 2/3 n=20 6/20 7/20 8/20  9/20 10/20

4 3/4 3/4 3/4 21 6/21 7121 8/21 9/21 10/21

5 3/5 3/5 4/5 4/5 4/5 22 7122 8/22 8/22  10/22 10/22

6 3/6 4/6 4/6 5/6 5/6 23 7/23 8/23 9/23  10/23 10/23

7 47 477 5/7 5/7 5/7 24 7124 8/24 9724 1024 11/24

8 4/8 4/8 5/8 5/8 6/8 25 7125 8/25 9/25 1025 11/25

9 4/9 5/9 5/9 6/9 6/9 26 7/26 8/26 9/26 1026 11/26

10 4/10 5/10 6/10  6/10 7/10 27 7127 8/27 9/27 11127 11/27

11 5/11 5/11 6/11 711 7/11 28  8/28 9/28 10/28 11/28 12/28

12 5/12 5/12 6/12  7/12  7/12 29 8/29 9/29 1029 11/29 12/29

13 5/13 6/13 6/13 7/13  8/13 30 8/30  9/30 10/30 11/30 12/30

14 5/14 6/14 7/14  7/14 8/14 31  8/31 9/31 10/31 11/31 12/31

15 5/15 6/15 7/15 8/15 8/15 32 8/32 9/32  10/32  12/32 12/32

16 6/16 6/16 7/16  8/16 9/16 34 8/34 10/34 11/34  12/34 13/34

17 6/17 7/17 7/17 8/17 9/17 36 9/36  10/36  11/36  12/36  13/36

18 6/18 7/18 8/18 9/18 9/18 38 9/38 10/38 11/38 13/38 14/38

19 6/19 7/19 /19 9/19 9/19 40 9/40 10/40 12/40 13/40 14/40

Approximation  1.52 1.73 1.92 215 230
for n > 40: NG N Vvn Vn Vn

Source: Adapted by permission from Tables 2 and 3 of Z. W. Birnbaum and R. A. Hall, Small sample distributions
for multisample statistics of the Smirnov type, Ann. Math. Stat. 31 (1960), 710-720.

“This table gives the values of D, ., and Dy,n,q for which a > P{D,f,, > D;f, .} and o« > P{Dy,y > Dy,n,a }
for some selected values of n and a.
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Table ST9. Critical Values of the Kolmogorov—Smirnov Test Statistic for Two Samples of

Unequal Size*

One-Sided Test: a= 0.10 0.05 0.025 0.01 0.005
Two-Sided Test: a= 020 0.10 0.05 0.02 0.01
N =1 N>=9 17/18
10 9/10
N =2 N> =3 5/6
4 3/4
5 4/5 4/5
6 5/6 5/6
7 517 6/7
8 3/4 7/8 7/8
9 7/9 8/9 8/9
10 7/10 4/5 9/10
Ny =3 N, =4 3/4 3/4
5 2/3 4/5 4/5
6 2/3 2/3 5/6
7 2/3 517 6/7 6/7
8 5/8 3/4 3/4 7/8
9 2/3 2/3 7/9 8/9 8/9
10 3/5 7/10 4/5 9/10 9/10
12 712 2/3 3/4 5/6 11712
Ny =4 Nr=5 3/5 3/4 4/5 4/5
6 712 2/3 3/4 5/6 5/6
7 17728 517 3/4 6/7 6/7
8 5/8 5/8 3/4 7/8 7/8
9 5/9 2/3 3/4 7/9 8/9
10 11/20 13/20 7/10 4/5 4/5
12 7/12 2/3 2/3 3/4 5/6
16 9/16 5/8 11/16 3/4 13/16
Ny =5 N> =6 3/5 2/3 2/3 5/6 5/6
7 471 23/35 57 29/35 6/7
8 11720 5/8 27740 4/5 4/5
9 5/9 3/5 31/45 7/9 4/5
10 172 3/5 7/10 7/10 4/5
15 8/15 3/5 2/3 11/15 11/15
20 172 11720 3/5 7/10 3/4
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Table ST9. (Continued)

One-Sided Test: a= 0.10 0.05 0.025 0.01 0.005
Two-Sided Test: a= 0.20 0.10 0.05 0.02 0.01
Ny =6 No=7 23/42 477 29/42 517 5/6
8 12 7/12 2/3 3/4 3/4
9 172 5/9 2/3 13/18 79
10 172 17/30 19/30 7/10 11/15
12 12 712 712 2/3 3/4
18 4/9 5/9 11/18 2/3 13/18
24 1124 172 7/12 5/8 2/3
Ny =7 N»=8  27/56 33/56 5/8 41/56 3/4
9 31/63 5/9 40/63 517 47/63
10 33/70 39/70 43/70 7/10 5/7
14 377 172 477 9/14 5/7
28 3/7 13/28 15/28 17/28 9/14
Ny =8 N»=9 4/9 13/24 5/8 2/3 3/4
10 19/40 21/40 23/40 27/40 7/10
12 1124 172 712 5/8 2/3
16 7/16 172 9/16 5/8 5/8
32 13/32 7/16 172 9/16 19/32
N =9 N, =10 7/15 172 26/45 2/3 31/45
12 4/9 172 5/9 11/18 2/3
15 19/45 22/45 8/15 3/5 29/45
18 718 4/9 172 5/9 11/18
36 13/36 5/12 17/36 19/36 5/9
N =10 N> =15 2/5 7/15 172 17/30 19/30
20 2/5 9/20 172 11/20 3/5
40 7/20 2/5 920 172
N =12 No=15  23/60 9/20 172 11720 712
16 3/8 7/16 23/48 13/24 712
18 13/36 5/12 17/36 19/36 5/9
20 11730 5/12 7/15 31/60 17/30
N =15 N> =20 7/20 2/5 13/30 29/60 31/60
Ny =16 N> =20  27/80 31/80 17/40 19/40 41/80

Large-sample m+n m+n m+n m+n m+n
ge-sampie 107,/ op [y 36, I g 5y [T g5 [T
approximation mn mn mn mn mn

Source: Adapted by permission from F. J. Massey, Distribution table for the deviation between two sample

cumulatives, Ann. Math. Stat. 23 (1952), 435-441.

“This table gives the values of D;f; , ., and Dy o for which e > P{D,\ , > D;f-, .} and & > P{Dy,n > Din,n,a }

mn,c m,n
for some selected values of Ni = smaller sample size, N, = larger sample size, and a.
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Table ST10. Critical Values of the Wilcoxon Signed-Ranks Test Statistic*

a

n 0.01 0.025 0.05 0.10
3 6 6 6 6
4 10 10 10 9
5 15 15 14 12
6 21 20 18 17
7 27 25 24 22
8 34 32 30 27
9 41 39 36 34
10 49 46 44 40
11 58 55 52 48
12 67 64 60 56
13 78 73 69 64
14 89 84 79 73
15 100 94 89 83
16 112 106 100 93
17 125 118 111 104
18 138 130 123 115
19 152 143 136 127
20 166 157 149 140

Source: Adapted by permission from Table 1 of R. L. McCornack, Extended tables of the Wilcoxon matched
pairs signed-rank statistics, J. Am. Stat. Assoc. 60 (1965), 864-871.

“This table gives values of o for which P{TT >t} < « for selected values of n and «. Critical values in the
lower tail may be obtained by symmetry from the equation #; o, =n(n+1)/2 — 4.
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Table ST11. Critical Values of the Mann—Whitney—Wilcoxon Test Statistic”

n

m « 2 3 4 5 6 7 8 9 10
2 0.01 4 6 8 10 12 14 16 18 20
0.025 4 6 8 10 12 14 15 17 19

0.05 4 6 8 9 11 13 14 16 18

0.10 4 5 7 8 10 12 13 15 16

3 0.01 9 12 15 18 20 20 25 28
0.025 9 12 14 16 19 21 24 26

0.05 8 11 13 15 18 20 22 25

0.10 7 10 12 14 16 18 21 23

4 0.01 16 19 22 26 29 32 36
0.025 15 18 21 24 27 31 34

0.05 14 17 20 23 26 29 32

0.10 12 15 18 21 24 26 29

5 0.01 23 27 31 35 39 43
0.025 22 26 29 33 37 41

0.05 20 24 28 31 35 38

0.10 19 22 26 29 32 36

6 0.01 32 37 41 46 51
0.025 30 35 39 43 48

0.05 28 33 37 41 45

0.10 26 30 34 38 42

7 0.01 42 48 53 58
0.025 40 45 50 55

0.05 37 42 47 52

0.10 35 39 44 48

8 0.01 54 60 66
0.025 50 56 62

0.05 48 53 59

0.10 44 49 55

9 0.01 66 73
0.025 63 69

0.05 59 65

0.10 55 61

10 0.01 80
0.025 76

0.05 72

0.10 67

Source: Adapted by permission from Table 1 of L. R. Verdooren, Extended tables of critical values for Wilcoxon’s
test statistic, Biometrika 50 (1963), 177-186, with the kind permission of Professor E. S. Pearson, the author,
and the Biometrika Trustees.

“This table gives values of uq for which P{U > uq } < o for some selected values of m, n, and a. Critical values
in the lower tail may be obtained by symmetry from the equation uj_ o, = mn — uq.
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Table ST12. Critical Points of Kendall’s Tau Test Statistic®

o

n 0.100 0.050 0.025 0.01
3 3 3 3 3
4 4 4 6 6
5 6 6 8 8
6 7 9 11 11
7 9 11 13 15
8 10 14 16 18
9 12 16 18 22
10 15 19 21 25

Source: Adapted by permission from Table 1, p. 173, of M. G. Kendall, Rank Correlation Methods, 3rd ed.,
Griffin, London, 1962. For values of n > 11, see W. J. Conover, Practical Nonparametric Statistics, John Wiley,
New York, 1971, p. 390.

9This table gives the values of S, for which P{S > So} < «a, where § = (;)T, for some selected values of o
and n. Values in the lower tail may be obtained by symmetry, S1_q = —Sa.

Table ST13. Critical Values of Spearman’s Rank Correlation Statistic”

o

n 0.01 0.025 0.05 0.10
3 1.000 1.000 1.000 1.000
4 1.000 1.000 0.800 0.800
5 0.900 0.900 0.800 0.700
6 0.886 0.829 0.771 0.600
7 0.857 0.750 0.679 0.536
8 0.810 0.714 0.619 0.500
9 0.767 0.667 0.583 0.467

10 0.721 0.636 0.552 0.442

Source: Adapted by permission from Table 2, pp. 174-175, of M. G. Kendall, Rank Correlation Methods, 3rd
ed., Griffin, London, 1962. For values of n > 11, see W. J. Conover, Practical Nonparametric Statistics, John
Wiley, New York, 1971, p. 391.

9This table gives the values of R, for which P{R > R, } < « for some selected values of n and «. Critical
values in the lower tail may be obtained by symmetry, Rj_,, = —Rq.
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Problems 1.3
1. (a) Yes; (b)yes; (c)no. 2.(a) Yes;  (b) no; (c) no.
6.(a)0.9;  (b)0.05;  (c)0.95. 7.1/16. 8.1+ 22 =0.487.

Problems 1.4

s(CY )Y ssme s eekenym
e (TEO/CT) B0
(2o (2)or(4)/(3)
on(3)2(3)/( )@[(1)9 /(3)
(f)[10<4>5—4—9<4)]/( )<g)13( )(:) ( )

o (3)G)G)E ) (D))

An Introduction to Probability and Statistics, Third Edition. Vijay K. Rohatgi and A.K. Md. Ehsanes Saleh.
© 2015 John Wiley & Sons, Inc. Published 2015 by John Wiley & Sons, Inc.
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Problems 1.5
oS- (1 )bv(l—b)]‘f 4.0/

=0
5. Z(//N ”+1/Z(//N : forlargeN 6.n=4
10, r/(r+g) SRETY (a)1/4 b) 1/3 12.0.08
13. (a) 173/480  (b) 108/173; 15/173 14. 0.0872

Problems 1.6

L1/2=p): (1=p)/2=p) 4.p*(1-p)*B=T7p(1-p)]
12. For any two disjoint intervals 11,1, C (a,b), {(I,){(l2) = (b—a)¢(I; N 1), where
£(I') = length of interval I.

8/36 ifn=1
n—2 2 n—2 2 n—2 2
2(%)" TR +2(5%)" TGe) +2(R)T () =2

T(50) Ge) +2(8)" (3 (%)

13. () Pn=

(b) 22/45 )
(©12/36;2(3)" " (55) (1) +2(32)"
forn=2,3,....

Problems 2.2

3. Yes; yes

4. qb;{(l,l,l,l,Z) (1,1,1,2 1) (1,1,2,1,1) (1 2,1,1,1) (2,1,1,1,1)};{(6,6,6,6,6)};
{(6’676’676)7(676767675)7(67676’576)’(6’6757676)7(675767676)’(5)676’6’6)}
5. Yes; (1/4,1/2)U(3/4,1)

Problems 2.3
X 0 1 2 3
P(X=x) 1/8 3/8 3/8 1/8
F(x)=0,x<0,=1/8,0<x<1;=1/2,1<x<2;=5/8,2<x<3;

1.

=1,x>3
3. (a) Yes; (b) yes; (c) yes; yes
Problems 2.4
(1=p)" ' =1 =p)N*',N>n
(b) m; (c) 1/x% (d) e

Yes; Fo(x) =0 x<0, =1—e % —fOxe % forx>0; P(X>1) = 1—Fy(1)
Yes; F(x)=0,x<0;=1-— (1—1-%“)6_)6/9 forx>0
F(x)=¢"/2forx<0,=1—¢"*/2forx>0

(¢), (d), and (f)

Yes; (a)1/2,0<x<1,1/4for2<x<4; (b)1/(20), x| <0,

©xe x>0, () (x—1)/4forl <x<3,and P(X=3)=1/2;

(e) 2xe*x2,x> 0

10. If S(x) = 1— F(x) = P(X > x), then §'(x) = —f(x)

RS ol
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Problems 2.5

2.x41/x

4. 0[1 _exp(_zﬂ,o)} 1 _yz [670 arc cos y _|_6727r0+0 arc cos y] , |y| < 1;
O exp{—0 arctan z}[(1 +22)(1 — e~ 7], z>0

O exp{—m6 — arctan z}[(1+22)(1 —e=97)]71, z< 0
10. fix|(y) =2/3forO<y<1,=1/3for1 <y<2
12.(a) 0,y < 0;F(0) for —1 <y < I,and 1 fory > 1;
(b)=0ify< —b, = F(—b)ify=—b, = F(y)if —=b <y <b, =1ify > b;

©=F@)ify<—b,=F(=b)if -b<y<0,=F()if0<y<b,=F(y).

if y > b.

Problems 3.2

3.EX?” =0 if 2r < 2m— 1 is an odd integer,
= w if 2r < 2m— 1 is an even integer
r(4)r(=)
9. 3p=a(l—v)/v, wherev=(1—p)
10. Binomial: a3 = (¢ —p)/\/npq, as =3+ (1 —6pq)/3npq
Poisson: a3 = A7'/2 ay =3+ 1/

1/k

Problems 3.3

L) e (e —1)/(1—e): () p[l—(gs)"]/[(1—gs)(1 —g"*)], s < 1/q.

6.1 (0s)/1(0); f(0e")/f(0).

Problems 3.4
3. For any 0% > 0 take P(X = x) = LA P(X= —‘7—2) = U;f—;,x;éo.

472 4 2 20'2+x2’ x
5.P(X2:”K"“ K K< \2

Kzazfoz) = pa+Krot—2K204

4
2 242\ Ha—0
P(X? = K20?) = 5T

Problems 4.2

1.No 4.1/6;0. 7. Marginals negative binomial, so also conditionals.
8. h(ylx) = 3 (> +x7)/(* + 27 +y?) /2.

9. X ~B(p1,p2+p3); Y/(1—x)~B(p2,p3).

10. X ~ G(a,1/B), Y ~ G(a+7,1/8), X/y ~ B(,7), ¥ —x ~ G(7,1/B).
14.P(X<7)=1—¢"7 15.1/24; 15/16. 17.1/6.

Problems 4.3
3. No; Yes; No. 10. =1—a/(2b) ifa < b, =b/(2a) ifa > b.
11 A/ (A +p); 172.

Problems 4.4

2. () fyju(viu) = 1/(2u), |v| < u, u>0.

6.PX=x,M=m)=n(l—7)"[1—(1—7)"ifx=m, =7>(1 —m)"+*
ifx<m PM=m)=2r(1—7)"—7(2—m)(1—m)>", m>0.

669
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7 fe(x) = MNe M kL k<x<k+1,k=0,1,2,...
11. fy(u) = 3u? /(1 +u)*, u > 0.

13. (@) Fyv(u,v) = | L] (T2 if u > 0, |v| < /2,
=1—exp[l —u?/(20%)] if u >0, v > 7/2, = 0 elsewhere.

1 2 ,1/2—1,5v/2

(b)f(u,v) = ﬁeiu VF(]/Z)f

Problems 4.5
e 22+] 25+2 o .
2. EXkyt = EHICED R E (R 3. cov(X,Y) = 0; X, Y dependent.

15. My v (u,v) = (1 —2v) Lexp{u?/(1 —2v)} forv<1/2; p(U,V) =0; no.

18. pzw = (03 — 0})sinfcosf//var(Z) var(

21.If U has PDF f, then EX" = EU" /(m+ 1) form > 0; p = 5 — EUY

. EU
2 Svar(U)+3(EU)?"

Problems 4.6
Lop+olf(2) —f(22)]/@(224) — ®(“2#)] where & is the standard normal DF.
2. () 2(1+X). 3. E{X|y} = i +pZt(y—i2). 4. E(var{Y|X}).
6.4/9. 7.(a)l; (b) /4. 8. xk/(k+1); 1/(1+k)%
Problems 4.7
5. (a)(Zl/j)/ﬁ; (b) 2.
j=1

Problems 5.2
5.Fy(y):( Y )/(N ) P(Yzy)z( vl )/( N ) y>M+1, and

M M/ M—1 M) '

PY=M)=1/( Z ). P(x1,. . oxn|Y =) = D=L 0 < <y,

(y=1)nm>
= 1,...,j,x,-7éxj fOI'l?éj
9.P(Y1=x) =qp*+pq, x> 1. P(Y=x) =p’¢" ' +¢p ', x> 1
P(Y, =x) = P(Y, =x) for n odd; = P(Y, = x) for n even.

Problems 5.3

n

2. (a) P{F(x):z;g:o( Z )pk(l—p)”_k} =( )P =pya=01.n

|ai n b;
13. e(z, | i 4

22.X/|¥| ~ €C(1,0); (2/7)(14+22)~1,0< z < 0.
27. (@) t/a? (¢)=0ift <0, =a/tift>0; (d) (/B>
29. (b) 1/(2/7);1/2.
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Problems 5.4

L@um=4mpm=15/4p=-3/4; ON6-5x%); (c)0.3191.

4. BN(apy +b,cpp +d,a*c?, a3, p). 6. tan? 0 = EX?/EY?. 7.0% =03
Problems 6.2

1.LPX=0)=PX=1)=1/8, PX=1/3)=P(X=2/3)=3/8
P($?=0)=1/4,P($?=1/3)=3/4.

27; 1 1.5 2 2.5 3 35 4 4.5 5 5.5 6
‘p(X) 1/36 2/36 3/36 4/36 5/36 6/36 5/36 4/36 3/36 2/36 1/36

Problems 6.3

1. {F(min(x,y)2 —F(x)F(y)}/n.

6. E(S*) = T (n—1)(n+2) -+ (n+2k—3), k> 1.

9.(a) P(X =1t) = e ™ (n\)"/(m)!,t=0,1/n,2/n,...; (b) €(1,0);
() T'(nm/2,2/n). 10.(b) 2/\/an;3+6/(an).

11.0,1,0,E(X, —0.5)*/(144n?). 12.var($?) = 1 (A4 224 ) =) > var(X).

Problems 6.4
2. n(m+5)/[ (n —2)];2n2{(m+5)2+(nf2)(m+22§)}/[m2(n72)2(11—4)].

3.5,/T5CE D (1+62) _(5\/EF§Z,?])) ,n>2.

11. 2m™/*n ”/2(n+me ) (”H"')/ze“’"/B( ,4), —00 < z < 0.

Problems 6.5
Li(n—1) 2.6(m+n—2) 3.(22)'T(551+k)/T(

n—1

7)-
Problems 6.6

(341)
3. (1= p2)]" 1/21+%} " both ~ #(n).
4./n—1T ~t(n—1).

Problems 7.2

1.No. 2.Yes
3.Y, 2 Y~F(y)=0ify<0,=1—e/?ify>0.
4.F(y)=0ify<0,=1—eVify>0.
9.¢(1,0) 12.No
13. (a) exp(—x~%),x > 0; EX* =T(1 —k/a), k < a.

(b) exp(—e ™), —oo <x < oo; M(t) =T (1 —1), < 1.

(¢) exp{—(—x)*}, x < 0; EX* = (= DT (1 +k/a), k > —a.
20. (a) Yes; No  (b) Yes; No.

Problems 7.3

3. Yes; A, =n(n+1)p/2, B, =o+/n(n+1)(2n+1)/6
5.(@)M,(t) - 0asn— oo;no. (b) M,(t) diverges as n — oo
(©) Yes (d)Yes (e) M, — /4 no.
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Problems 7.4
1. (a) No; (b) No. 2. No. 3.Fora < 1/2. 7. (a) Yes; (b) No.

Problems 7.5

4. Degenerate at 5. 5. Degenerate at 0.
6. For p > 0, N(0,,/p), and for p <0, S, /n LI degenerate.

Problems 7.6

1.(b) No; (c) Yes; (d) No.
2.N(0,1). 3.N(0,02/B%). 4.163. 8.0.0926; 1.92

Problems 7.7

1. (a) AN(u?,4p202) for pu # 0, 72/0,% L5\2(1) for 1 =0, 02 = 02 /n.
(b) For p1 # 0, 1/X ~ AN(1/p,02 /u*); for u =0, 0, /X, Ly 1/N(0,1).
(c) For 1 # 0, (n|X| ~ AN(fn|p|, 02 /12); for = 0, fn(|X|/oy) == (n|N(0,1)].
(d) AN(e*, e o?).

2.c=1/2and VX ~ AN(VX, 1/4).

Problems 8.3
2.No. 7.fp,(x)/fo,(x). 9.No. 10.No.

1L.(0) Xy (e) (X.52); (g)(H&H(l—Xﬁ) (0) X((1). X2 - X(ay)-
1 1

Problems 8.4
AV G S
2. (1) o2k (P HEE s
3.8} = 182 var($}) = ()7 22, <var($?)=22;  4.No; 5. No.

6.(a)<nS>/<n>,0§s§t§n,t—z7xi; (b)_<s)/(n)if0§t<s,
t—s 1t 1 t

:2/<n)ift:s,and(n_s)/(n)ifs+1§t§n.
t t—s t

3 ( e )/( e ),I:Ex,-. 11 @) NX/n;  (b) No.

1
12,1 =50, 1— (1—’70 it > to, and 1if 7 < 1.

13. (@) With 1= 310, 30 475 (0) i 1> (©) (1= 1/n);
(@ (1—=1/n)" "1 451,
14. With t = x(,), [")(t) = (1= 1)"p(t = 1)} /[t" = (t—1)"], 1 > 1.

15. With t = E’I’xj’ ( ]i ) (%)k(l _ %)z—k‘
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Problems 8.5

1. (a), (¢), (d) Yes; (b)No. 2.0.64761/n’.
3.n tsup{x?/[e" —1]}. 5.20(1—6)/n
x7#£0

Problems 8.6
2.5 =(n=1)8/(nX), 4 = X/B 3. i=X,6>=(n—1)$*/n.
4. 6=XX-X?)[X2— x]— 2x2/n —(1-X)(X-X)[X2 X"

5. f=m{X /[X7]'/2}, 6% = m{X?/X }. X2 = 3" X2/n.

Problems 8.7
1. (@) med(X;); (b) X(1); () n/ Z?Xj"‘; (d) —n/ > 1 in(1—X;).

2.(@)X/n; (b)6,=1/2ifX<1/2,=Xif 1/2<X <3/4,=3/4if X >3/4;

- 0y, iIfX>0 . = ——

(0)9{ 6. €X<0 where ) = —5 +1/X>+ ()2,

b=—5— X +GPRX=TXi/m

(d)07n v if ny,n3 > 0; = any value in (0,1) if n; = n3 = 0;
nomlelfm 0,13 # 0; no mle if n; # 0,n3 =0;

(e)9——— W1+4x% (HO=X.

3. 0=—-D" (m/n)
4o@a=X,B=21Xi—@)/n; B)A=Pug(Xi>1)=e@ D a<],
=L a>lL.A=1ifa>1,=exp{(a—1)/3}ifa<1.
50=1/X. 6.f1=%nX;/n, &> =31(nX; - j)*/n.

8.(a) N ="y, — 1 (b)X(M)
9. [; = EJ Xi/n=Xi,i=1,2,...,5 6°=3SX(X; —X;)*/(ns).
11.p=X, 13. d(&) (X/n)%.  15. i = max(X,0).
16.1@':}(.,'/1’[,]—1,27 k 1.

Problems 8.8

2. @) (Sx+1)/(n+1);  (b) (%

)EX—H
6. (X+1)(X+n)/[(n+2)(n+3)

3.X. 5.X/n.
8. (a+n)max(a,X(,)/(a+n—1).

)
J

Problems 8.9

673

5.(6) (1+2)[(X0/2) =+ = () =40 /{{n+ D[40 /2)7 0% = (X)) 0]}

10. (X)) T (n+k)/T(n+2k)

Problems 9.2

1.0.019, 0.857. 2 k= po+0z0//n; 1 — ‘I)(Za — o \/ﬁ)
5. exp(—2); exp(—2/6), 6 > 1.
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Problems 9.3

1. ¢(x) = 1if x < Op(1 — /1 — ) = 0 otherwise.

4. p(x) = 1if [|x| — 1| > k. 5. ¢(x) = Lif x4y > ¢ = 0 — tn(a'/™).

11. If 6y < 64, ¢(X) =1 if Xy > 9004_1/", and if 0, < 6y, then qb(x) =1if X(1)
< 90(170[1/")71.

12. p(x) = 1ifx < /a/2or > 1—/a/2.

Problems 9.4

1. (a), (b), (c), (d) have MLR in XX;; (e) and (f) in [} X;
4. Yes. 5. Yes; yes.

Problems 9.5

1. ¢(x1,x2) = 1 if |x; —x2| > ¢, = 0 otherwise, ¢ = ﬁza/z.
2. ¢(x) = 1 if Xx; > k. Choose k from ov = Py, ("1 X; > k).

Problems 9.6
3. ¢(x) = 1 if (no. of x;’s > 0— no. of x;’s < 0) > k.

Problems 10.2

2. Y =#of x;,x; insample, Y <cjorY > c;. 3. X <cjor>c.
4.82> ¢ or < cs. 5.(a) X() > No: (D) X,y > Ny or <c.

6. |X—0y/2| >c. 7. (@X<cior>cy; (bX>c

11.X(]) >0076n(a)1/". 12.X(1) >900¢71/".

Problems 10.3

1. Reject at a« = 0.05. 3. Do not reject Hy : py = p» = p3 = p4 at 0.05 level.
4. Reject Hy at oo = 0.05. 5. Reject at 0.10 but not at 0.05 level.

7. Do not reject Hp at o = 0.05. 8. Do not reject Hy at o = 0.05.

10. U = 15.41. 12. P-value = 0.5447.

Problems 10.4
1.t = —4.3, reject Hy at a = 0.02. 2.t =1.64, do not reject H.
5.t=15.05. 6.Reject Hyat « =0.05. 7. Reject Hy. 8. Reject Hy.

Problems 10.5

1. Do not reject Hy : 01 = 0, at a = 0.10.
3. Do not reject Hy at o = 0.05. 4. Do not reject Hy.

Problems 10.6

2. (a) o(x) = 1if Xx; =5, = 0.12 if Xx; = 4, = 0 otherwise;
(b) Minimax rule rejects Hy if ¥x; =4 or 5, and with probability 1/16 if Xx; = 3;
(c) Bayes rule rejects Hy if 2x; > 2.
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3. Reject Hy if x < (1 — 1/n){n2
B(1)=P(Y <(n—1)n2), 5(2) =P(Z < (n—1){n2), where Y ~ G(n, 1) and
Z~G(n,1/2)

Problems 11.3

L7784, 2n=42 7 (FE 058, .)-
2n,00/2 ’
9. (2X/(2— A1), 2X/(2— X)), A3 — A2 =4(1 — ). 10. [a!/"N].
11.n> /0
[In(14-d/X(n))] .
12. Choose k from oo = (k+ 1)e~ 13. X+za0/\f

14. (BX?/c2,%X? /cy), Wheref Xa(V)dy=1—aand [*yx;(y)dy =n(1—a).

15. Posterior B(n—i—a Sxi+p—n).

16. h(p|x) = /5= exp{—4 (1 —x)*}®(/n(1 —x)) — ®(—+/n(1+x))], where ®
is standard normal DF.

Problems 11.4

L (X)) =X3.0/(2n), X(1))-
2. (2nX/b,2nX /a), choose a,b from f X5, ()du=1—a, and a*x3,(a) = b*x3, (D),
where x2(x) is the PDF of x*(v) RV.
3.(X/(1-b),X/(1—a)), choose a,b from 1 — a = b> —a® and a(1 —a)> = b(1 — b)>.
4.n= [4z%_a/2/d2] +Lin> (1/04)&1(1/04).

Problems 11.5
1. (X(n),ail/nX(,,)).
2. (22X;/ A2, 25X:/ A1), where Ap, Ay are solutions of Aifua (A1) = Xafona (X2) and
P(1)=1-a, f.is x*(v) PDF.
3. (X — X” Xy)- 5. (a"X(1y, X(1)- 8. Yes.

Problems 12.3

(et « n 2
4. Reject Hy) : ao_ao if |60— 0|\/W
\/E(Y Go—ant;)?/(n— 2)

8. Normal equations FoXxt 4 31 26 + 3,22 = Sy, k=0,1,2.

Reject Hy : 3, = O1f{|ﬁz\/\/>}/\/2 Yi— Bo— Bixi — Bax2)} > co, where
B = Yc¢;Y; and ﬁo Y- A% 51 =S —%)(Yi—Y)/S(x; — %)
10. (a) 50 0.28, ﬂl 0.411; (b)t=4.41, reject Hy.

Problems 12.4

2. F=10.8. 3. Reject at o = 0.05 but not at o = 0.01.
4. BSS =28.57, WSS = 26, reject at « = 0.05 but not at 0.01.
5. F =56.45. 6.F=0.87.

Problems 12.5

4. SS Methods = 50, SS Ability = 64.56, ESS = 25.44; reject Hy at o = 0.05, not at 0.01.
5. Fyariety = 24.00.
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Problems 12.6

b 5y
2. Reject Hy if % > c.
4. SS; (machines) = 2.786, d.f. = 3; SSI = 73.476, d.f. = 6;

SS; (machines) = 27.054, d.f. =2; SSE =41.333, d.f. = 24.

5. Cities 322727 422
Auto 3 369594 68.66
Interactions 9 9.28  0.06
Error 16 287.08

Problems 13.2

1. d is estimable of degree 1; (number of x;’s in A) /n.
2. (a) (mn)~'SX;2Y;  (b) ST+S5.
3.(a) SXYi/n; (b)) S(Xi+Yi—X—Y)2/(n—1).

Problems 13.3

3. Do not reject Hy. 7. Reject Hy. 10. Do not reject H at 0.05 level.
11. T* = 133, do not reject Hy.
12. (Second part) T+ =9, do not reject Hy at oo = 0.05.

Problems 13.4

1. Do not reject Hy. 2. (a) Reject;  (b) Reject.
3. U =29, reject Hy. 5.d = 1/4, do not reject Hy.
7.t=313.5,z=23.73, reject; r =10 or 12, do not reject at o = 0.05.

Problems 13.5

1. Reject Hy at o« = 0.05. 4. Do not reject Hy at o« = 0.05.
9.(a)r=1.21; (b)r=0.62; (c)Reject Hy in each case.

Problems 13.6
1.@5; (b)8s. 3.p" 2(n+p—np) <1.

4.n> (z1—4/Po(1 —po) — z1—51/P1(1 —p1))*/(P1 — Po)*.

Problems 13.7

1. (¢) E{n(X — p)*}JES* = 1+2p(1 —2p/n)~!;ratio =1 if p=10, > 1 for p > 0.
2. Chi-square test based on (c) is not robust for departures from normality.
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SUBJECT INDEX

Absolutely continuous df, 47, 49, 53, 135,
335, 336, 576, 590
Actions, 401, 397
Admissible decision rule, 416
Analysis of variance, 539
one-way, 539, 554
table, 555
two-way, 560
two-way with interaction, 566, 570
Ancillary statistic, 355
Assignment of probability, 7, 13
equally likely, 1, 7, 20
on finite sample spaces, 20
random, 13
uniform, 7, 20
Asymptotic distribution,
of rth order-statistic, 335
of sample moments, 328
of sample quantile, 336
Asymptotic relative efficiency(Pitman’s),
632
Asymptotically efficient estimator, 382
Asymptotically normal, 332
Asymptotically normal estimator, 332
best, 341
consistent, 341

Asymptotically unbiased estimator, 341
Atrandom, 1, 16

Banach’s matchbox problem, 180
Bayes,
risk, 403
rule, 28, 403
solution, 404
Behrens-Fisher problem, 486
Welch approximation, 486
Bernoulli random variable, 174
Bernoulli trials, 174
Bertrand’s paradox, 17
Best asymptotically normal estimator, 341
Beta distribution, 210
bivariate, 113
MGE, 212
moments, 211
Beta function, 210
Bias of an estimator, 339, 360
Biased estimator, 359
Binomial coefficient, 79
Binomial distribution, 78, 176
bounds for tail probability, 193
central term, 193
characterization, 178
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Binomial distribution (cont’d)
coefficient of skewness, 82
generalized to multinomial, 190
Kurtosis, 82
mean, 78
MGEF, 177
moments, 78, 82
PGF, 95, 177
relation to negative binomial, 180
tail probability as incomplete beta

function, 213
variance, 78

Blackwell-Rao theorem, 364

Bonferroni’s inequality, 10

Boole’s inequality, 11

Bootstrap,
method, 530
sample, 530

Borel-Cantelli lemma, 309

Borel-measurable functions, of an rv, 55,

69, 117
Buffon’s needle problem, 14

Canonical form, 541
Cauchy distribution, 68, 80, 213
bivariate, 113
characterization, 216
characteristic function, 215, 320
mean does not exist, 215
MGEF does not exist, 215
moments, 214
as ratio of two normal, 221
as stable distribution, 216
Cauchy-Schwarz inequality, 153
Central limit theorem, 321
applications of, 327
Chapman, Robbins and Kiefer inequality,
377
for discrete uniform, 378
for normal, 379
for uniform, 378
Characteristic function, 87
of multiple RVs, 136
properties, 136
Chebychev-Bienayme inequality, 94
Chebychev’s inequality, 94
improvement of, 95
Chi-square distribution, central, 206, 261
MGEF, 207, 262
moments, 207, 262

SUBJECT INDEX

as square of normal, 221
noncentral, 264
MGEF, 264
moments, 264
Chi-square test(s), 472
as a goodness of fit, 476
for homogeneity, 479
for independence, 608
one-tailed, 472
robustness, 631
for testing equality of proportions, 473
for testing parameters of multinomial,
475
for testing variance, 472
two-tailed, 472
Combinatorics, 20
Complete, family of distributions, 347
Complete families, binomial, 348
chi-square, 348
discrete uniform, 358
hypergeometric, 358
uniform, 348
Complete sufficient statistic, 347, 576
for Bernoulli, 348
for exponential family, 350
for normal, 351
for uniform, 349
Concordance, 611
Conditional, DF, 108
distribution, 107
PDF, 109
PME, 108
probability, 26
Conditional expectation, 158
properties of, 158
Confidence, bounds, 500
coefficient, 500
estimation problem, 500
Confidence interval, 499
Bayesian, 511
equivariant, 527
expected length of, 517
general method(s) of construction, 504
level of, 500
length of, 500
percentile, 531
for location parameter, 623
for the parameter of, Bernoulli, 513
discrete uniform, 516
exponential, 509
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normal, 502-503
uniform, 509, 515

for quantile of order p, 621

shortest-length, 516

from tests of hypotheses, 507

UMA family, 502

UMAU family, 524

for normal mean, 524

for normal variance, 526

unbiased, 523

using Chebychev’s inequality, 513

using CLT, 512

using properties of MLE’s, 513
Conjugate prior distribution, 408

natural, 408
Confidence set, 501

for mean and variance of normal,

502

UMA family of, 502

UMAU family of, 524

unbiased, 523
Consistent estimator, 340

asymptotically normal, 341

in rth mean, 340

strong and weak, 340
Contaminated normal, 625
Contingency table, 608
Continuity correction, 328
Continuity theorem, 317
Continuous type distributions, 49
Convergence, a.s., 294

in distribution = weak, 286

in law, 286

of MGFs, 316-317

modes of, 285

of moments, 287

of PDFs, 287

of PMFs, 287-288

in probability, 288

in rth mean, 292
Convolution of DFs, 135
Correlation, 144
Correlation coefficient, 144, 277

properties, 145
Countable additivity, 7
Covariance, 144

sample, 277
Coverage, elementary, 619

r-coverage, 620

probability, 619

681

Credible sets, 511
Critical region, 431

Decision function, 401
Degenerate RV, 173
Degrees of freedom when pooling classes,
479
Delta method, 332
Density function, probability, 49, 104
Design matrix, 539
Diachotomous trials, 174
Discordance, 611
Discrete distributions, 173
Discrete uniform distribution, 175
Dispersion matrix = variance — covariance
matrix, 328
Distribution, conditional, 107
conjugate prior, 408
of a function of an RV, 55
induced, 59
a posteriori, 404
a priori, 403
of sample mean, 257
of sample median, 259
of sample quantile, 167, 336
of sample range, 162, 326
Distribution function, 43
continuity points of a, 43, 50
of a continuous type RV, 49
convolution, 135
decomposition of a, 53
discontinuity points of a, 43
of a discrete type RV, 47
of a function of an RV, 56
of an RV, 43
of multiple RVs, 100, 102
Domain of attraction, 321

Efficiency of an estimate, 382
relative, 382
Empirical DF = sample DF, 249
Equal likelihood, 1
Equivalent RVs, 119
Estimable function, 360
Estimable parameter, 576, 581
degree, 577, 581
kernel, 577, 582
Estimator, 338
equivariant, 340, 420
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Estimator (cont’d)
Hodges-Lehmann, 631
least squares, 537
minimum risk equivariant, 422
Pitman, 424, 426
point, 338
Event, 3
certain, 8
elementary = simple, 3
disjoint = mutually exclusive, 7, 33
independent, 31
null, 3
Exchangeable random variables, 120, 149,
255
Expectation, conditional, 158
properties, 158
Expected value = mean = mathematical
expectation, 68
of a function of RV, 67, 136
of product of RVs, 148
of sum of RVs, 147
Exponential distribution, 206
characterizations, 208
memoryless property of, 207
MGEF, 206
moments, 206
Exponential family, 242
k-parameter, 242
natural parameters of, 243
one-parameter, 240
Extreme value distribution, 224

Factorial moments, 79
Factorization criterion, 344
Finite mixture density function, 225
Finite population correction, 256
Fisher Information, 375
Fisher’s Z-statistic, 270
Fitting of distribution, binomial, 482
geometric, 482
normal, 477
Poisson, 478
Fréchet, Cramér, and Rao inequality, 374
Fréchet, Cramér, and Rao lower bound,
375
binomial, 376
exponential, 385
normal, 385
one-parameter exponential family, 377
Poisson, 375
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F-distribution, central, 267
moments of, 267
noncentral, 269
moments of, 269
F-test(s), 489
of general linear hypothesis, 540
as generalized likelihood ratio test,
540
for testing equality of variances, 440

Gamma distribution, 203
bivariate, 113
characterizations, 207
MGE, 205
moments, 206
relation with Poisson, 208

Gamma function, 202

General linear hypothesis, 536
canonical form, 541
estimation in, 536
GLR test of, 540

General linear model, 536

Generalized Likelihood ratio test, 464
asymptotic distribution, 470
F-test as, 468
for general linear hypothesis, 540
for parameter of, binomial, 465
for simple vs. simple hypothesis, 464

bivariate normal, 471
discrete uniform, 471
exponential, 472
normal, 466

Generating functions, 83
moment, 85
probability, 83

Geometric distribution, 84, 180
characterizations, 182
memoryless property of, 182
MGEF, 180
moments, 180
order statistic, 164
PGF, 84

Glivenko-Cantelli theorem, 322

Goodness-of-fit problem, 584

Hazard(=failure rate) function, 227
Helmert orthogonal matrix, 274
Hodges-Lehmann estimators, 631
Holder’s inequality, 153
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Hypergeometric distribution, 184
bivariate, 113
mean and variance, 184
Hypothesis, tests of, 429
alternative, 430
composite, 430
null, 430
parametric, 430
simple, 430
tests of, 430

Identically distributed RVs, 119
Implication rule, 11
Inadmissible decision rule, 416
Independence and correlation, 145
Independence of events, 115
complete = mutual, 118
pairwise, 118
Independence of RVs, 114-121
complete = mutual, 118
pairwise, 118
Independent, identically distributed rv’s,
119
sequence of, 119
Indicator function, 41
Induced distribution, 59
Infinitely often, 309
Interections, 566
Invariance, of hypothesis testing problem,
455
principle, 455
Invariant,
decision problem, 419
family of distributions, 418
function, 420, 455
location, 421
location-scale, 421
loss function, 420
maximal, 505
scale, 420
statistic, 420
Invariant, class of distributions, 419
estimators, 420
maximal, 422, 455
tests, 455
Inverse Gaussian PDF, 228

Jackknife, 533
Joint, DF, 100-102
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PDF, 104
PMF, 103
Jump, 47, 103
Jump point, of a DF, 47, 103

Kendall’s sample tau, 612
distribution of, 612
generating function, 92
Kendall’s tau coefficient, 611
Kendall’s tau test, 612
Kernel, symmetric, 577, 582
Kolmogorov’s, inequality, 312
strong law of large numbers, 315
Kolmogorov-Smirnov one sample statistic,
584
for confidence bounds of DF, 587
distribution, 585-587
Kolmogorov-Smirnov test, 602
comparison with chi-square test, 588
one-sample, 587
two-sample, 603
Kolmogorov-Smirnov two sample statistic,
601
distribution, 603
Kronecker lemma, 313
Kurtosis, coefficient of, 83

Laplace = double exponential distribution,
91,224
MGF, 87
Least square estimation, 537
principle, 537
restricted, 537
L’Hospital rule, 323
Likelihood,
equal, 1
equation, 389
equivalent, 353
function, 389
Limit, inferior, 11
set, 11
superior, 11
Lindeberg central limit theorem, 325
Lindeberg-Levy CLT, 323
Lindeberg condition, 324
Linear combinations of RVs, 147
mean and variance, 147, 149
Linear dependence, 145
Linear model, 536
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Linear regression model, 538, 543
confidence intervals, 545
estimation, 543
testing of hypotheses, 545-546

Locally most powerful test, 459

Location family, 196

Location-scale family, 196

Logistic distribution, 223

Logistic function, 551

Logistic regression, 550

Lognormal distribution, 88, 222

Loss function, 339, 401

Lower bound for variance, Chapman,
Robbins and Kiefer inequality, 377
Fréchet, Cramér and Rao inequality, 372

Lyapunov condition, 326

Lyapunov inequality, 96

Maclaurin expansion of an mgf, 86
Mann-Whitney statistic, 604
moments, 582
null distribution, 605
Mann-Whitney-Wilcoxon test, 605
Marginal,
DEF, 107
PDF, 106
PMF, 105
Markov’s inequality, 94
Maximal invariant statistic, 422, 455
function of, 457
Maximum likelihood estimation, principle
of, 389
Maximum likelihood estimator, 389
asymptotic normality, 397-398
consistency, 397
as a function of sufficient statistic, 394
invariance property, 396
Maximum likelihood estimation method
applied to, Bernoulli, 392
binomial, 399
bivariate normal, 395
Cauchy, 399
discrete uniform, 390
exponential, 396
gamma, 393
hypergeometric, 391
normal, 390
Poisson, 399
uniform, 391, 394
Mean square error, 339, 362

SUBJECT INDEX

Median, 80, 82
Median test, 600
Memoryless property,
of exponential, 207
of geometric, 182
Method of finding distribution,
CF or MGF, 90, 137
DF, 56, 124
transformations 128
Methods of finding confidence interval
Bayes, 511
for large samples, 511
pivot, 504
test inversion, 507
Method of moments, 386
applied to, beta, 388
binomial, 387
gamma, 388
lognormal, 388
normal, 388
Poisson, 386
uniform, 387
Minimal sufficient statistic, 354
for beta, 358
for gamma, 358
for geometric, 358
for normal, 355
for Poisson, 358
for uniform, 354, 358
Minimax, estimator, 402
principle, 402
solution, 492
Minimax estimation for parameter of,
Bernoulli, 402
binomial, 412
hypergeometric, 414
Minimum mean square error estimator, 339
for variance of normal, 368
Minimum risk equivariant estinator, 421
for location parameter, 424
for scale parameter, 425
Mixing proportions, 225
Minkowski inequality, 153
Mixture density function, 224-225
Moment, about origin, 70
absolute, 70
central, 77
condition, 73
Factorial, 79
of conditional distribution, 158
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of DF, 70
of functions of multiple RVs, 136
inequalities, 93
lemma, 74-75
non-existence of order, 75
of sample covariance, 257
of sample mean, 253
of sample variance, 253-254
Moment generating function, 85
continuity theorem for, 317
differentiation, 86
existence, 87
expansion, 86
limiting, 316
of linear combinations, 139
and moments, 86
of multiple RVs, 136
of sample mean, 256
series expansion, 86
of sum of independent RVs, 139
uniqueness, 86
Monotone likelihood ratio, 446
for hypergeometric, 448
for one-parameter exponential family, 447
UMP test for families with, 447
for uniform, 446
Most efficient estimator, 382
asymptotically, 382
as MLE, 395
Most powerful test, 432
for families with MLR, 446
as a function of sufficient statistic, 440
invariant, 456
Neyman-Pearson, 438
similar, 433
unbiased, 432
uniformly, 432
Multidimentional RV = multiple RV, 99
Multinomial coefficient, 23
Multinomial distribution, 190
MGE, 190
moments, 191
Multiple RV, 99
continuous type, 104
discrete type, 103
functions of, 123
Multiple regression, 543
Multiplication rule, 27
Multivariate hypergeometric distribution,
192
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Multivariate negative binomial
distribution, 193
Multivariate normal, 234
dispersion matrix, 236

Natural parameters, 243
Negative binomial (=Pascal or waiting
time) distribution, 178-179
bivariate, 113
central term, 194
mean and variance, 179
MGEF, 179
Negative hypergeometric distribution, 186
mean and variance, 186
Neyman-Pearson lemma, 438
Neyman-Pearson lemma applied to,
Bernoulli, 442
normal, 444
Noncentral, chi-square distribution, 263
F-distribution, 269
t-distribution, 266
Noncentrality parameter, of chi-square,
263
F-distribution, 269
t-distribution, 266
Noninformative prior, 409
Nonparametric = distribution-free
estimation, 576-577
methods, 576
Nonparametric unbiased estimation, 576
of population mean, 578
of population variance, 578
Normal approximation, to binomial, 328
to Poisson, 330
Normal distribution = Gaussian law,
87,216
bivariate, 228
characteristic function, 87
characterizations, 219, 221, 238
contaminated, 625, 628
folded, 426
as limit of binomial, 321, 328
as limit of chi-square, 322
as limit of Poisson, 330
MGEF, 217
moments, 217-218
multivariate, 234
singular, 232
as stable distribution, 321
standard, 216
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Normal distribution = Gaussian law (cont’d)
tail probability, 219
truncated, 111

Normal equations, 537

Odds, 8
Order statistic, 164
is complete and sufficient, 576
joint PDF, 165
joint marginal PDF, 168
kth, 164
marginal PDF, 167
uses, 619
moments, 169
Ordered samples, 21
Orders of magnitude, o and O notation, 318

Parameter(s), of a distribution, 67,
196, 576
estimable, 576
location, 196
location-scale, 196
order, 79
scale, 196
shape, 196
space, 338
Parametric statistical hypothesis, 430
alternative, 430
composite, 430
null, 430
problem of testing, 430
simple, 430
Parametric statistical inference, 245
Pareto distribution, 82, 222
Partition, 351
coarser, 352
finer, 352
minimal sufficient, 353
reduction of a, 352
sets, 351
sub-, 352
sufficient, 351
Percentile confidence interval, 531
centered percentile confidence interval,
532
Permutation, 21
Pitman estimator, 24
location, 426
scale, 426
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Pitman’s asymptotic relative efficiency, 632

Pivot, 504
Point estimator, 338, 340
Point estimation, problem of, 338
Poisson DF, as incomplete gamma, 209
Poisson distribution, 57, 83, 186
central term, 194
characterizations, 187
coefficient of skewness, 82
kurtosis, 82
as limit of binomial, 194
as limit of negative binomial, 194
mean and variance, 187
MGF, 187
moments, 82
PGF, 187
truncated, 111
Poisson regression, 553
Polya distribution, 185
Pooled sample variance, 485
Population, 245
Population distribution, 246
Posterior probability, 29
Principle of,
equivariance, 420
inclusion-exclusion, 9
invariance, 456
least squares, 537
Probability, 7
addition rule, 9
axioms, 7
conditional, 26
continuity of, 13
countable additivity of, 7
density function, 49
distribution, 42
equally likely assignment, 7, 21
on finite sample spaces, 20
generating function, 83
geometric, 13
integral transformation, 200
mass function, 47
measure, 7
monotone, 8
multiplication rule, 27
posterior and prior, 29
principle of inclusion-exclusion, 9
space, 8
subadditivity, 9
tail, 72
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total, 28

uniform assignment of, 7, 21
Probability integral transformation, 200
Probit regression, 552
Problem,

of location, 590

of location and symmetry, 590

of moments, 88
P-value, 437, 481, 599

Quadratic form, 228
Quantile of order p = (100p)th percentile,
79

Random, 13
Random experiment = statistical
experiment, 3
Random interval, 500
coverage of, 619
Random sample, 13, 246
from a finite population, 13
from a probability distribution, 13, 246
Random sampling, 246
Random set, family of, 500
Random variable(s), 40
bivariate, 103
continuous type, 49, 104
discrete type, 47
degenerate, 48
equivalent, 119
exchangeable 120, 149, 255
functions of a, 55
multiple = multivariate, 99
standardized, 78
symmetric, 69
symmetrized, 121
truncated, 110
uncorrelated, 145
Range, 168
Rank correlation coefficient, 614
Rayleigh distribution, 224
Realization of a sample, 246
Rectangular distribution, 199
Regression, 543
coefficient, 277
linear, 544
logistic, 551
model, 543
multiple, 543
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Poisson, 552
probit, 552
Regularity conditions of FCR inequality,
372
Resampling, 530
Risk function, 339, 402
Robust estimator(s), 631
Robust test(s), 634
Robustness, of chi-square test, 631
of sample mean as an estimator, 628
of sample standard deviation as an
estimator, 628
of Student’s #-test, 629
Robust procedure, defined, 625, 631
Rules of counting, 21-24
Run, 607
Run test, 607

Sample, 245-246
correlation coefficient, 251
covariance, 251
DF, 250
mean, 247
median, 251
distribution of, 260
MGEF, 251
moments, 250-251
ordered, 21
point, 3
quantile of order p, 251, 342
random, 246
regression coefficient, 282
space, 3
statistic(s), 246, 249
standard deviation, 248
standard error, 256
variance, 247
Sampling with and without replacement,
21,247
Sampling from bivariate normal, 276
distribution of sample correlation
coefficient, 277
distribution of sample regression
coefficient, 277
independence of sample mean vector
and dispersion matrix, 277
Sampling from univariate normal, 271
distribution of sample variance, 273
independence of X and S, 273
Scale family, 196



688

Sequence of events, 11
limit inferior, 11
limit set, 11
limit superior, 11
nondecreasing, 12
nonincreasing, 12
Set function, 7
Shortest-length confidence interval(s), 517
for the mean of normal, 518-519
for the parameter of exponential, 523
for the parameter of uniform, 521
for the variance of normal, 519
o-field, 3
choice of, 3
generated by a class = smallest, 40
Sign test, 590
Similar tests, 454
Single-sample problem(s), 584
of fit, 584
of location, 590
and symmetry, 590
Skewness, coefficient of, 82
Slow variation, function of, 76
Slutsky’s theorem, 298

Spearman’s rank correlation coefficient, 614

distribution, 615
Stable distribution, 216, 321
Standard deviation, 77
Standard error, 256
Standardized RV, 78
Statistic of order k, 164
marginal PDF, 167
Stirling’s approximation, 194
Stochastically larger, 600
Strong law of large numbers, 308
Borel’s, 315
Kolmogorov’s, 315
Student’s ¢-distribution, central, 265
bivariate, 282
moments, 267
noncentral, 267
moments, 267
Student’s ¢- statistic, 265
Student’s ¢- test, 484-485
as generalized likelihood ratio test, 467
for paired observations, 486
robustness of, 630
Substitution principle, 386
estimator, 386
Sufficient statistic, 343
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factorization criterion, 344
joint, 345
Sufficient statistic for, Bernoulli, 345
beta, 356
discrete uniform, 346
gamma, 356
lognormal, 357
normal, 346
Poisson, 343
uniform, 346
Support, of a DF, 50, 103
Survival function = reliability function,
227
Symmetric DF or RV, 50, 103
Symmetrization, 121
Symmetrized rv, 121
Symmetry, center of, 73

Tail probabilities, 72
Test(s),
«-similar, 453
chi-square, 470
critical = rejection region, 431
critical function, 431
of hypothesis, 431
F-, 489
invariant, 453
level of significance, 431
locally most powerful, 459
most powerful, 432
nonrandomized, 432
one-tailed, 484
power function, 432
randomized, 432
similar, 453
size, 432
statistic, 433
Student’s ¢, 506
two tailed, 484
unbiased, 484
uniformly most powerful, 432
Testing the hypothesis of, equality of several
normal means, 539
goodness-of- fit, 482, 584
homogeneity, 479
independence, 608
Tests of hypothesis, Bayes, 507
GLR, 463
minimax, 491
Neyman-Pearson, 438
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Tests of location, 590
sign test, 590
Wilcoxon signed-rank, 592
Tolerance coefficient and interval, 619
Total probability rule, 28
Transformation, 55
of continuous type, 58, 124, 128
of discrete type, 58, 135
Helmert, 274
Jacobian of, 128
not one-to-one, 165
one-to-one, 56, 129
Triangular distribution, 52
Trimmed mean, 632
Trinomial distribution, 191
Truncated distribution, 110
Truncated RVs, 110
Truncation, 110
Two-point distribution, 174
Two-sample problems, 599
Types of error in testing hypotheses, 431

Unbiased confidence interval(s), 523
general method of construction, 524
for mean of normal, 524
for parameter of exponential, 529
for parameter of uniform, 529
for variance of normal, 526

Unbiased estimator, 339
best linear, 361
and complete sufficient statistic, 365
LMYV, 361
and sufficient statistic, 364
UMYV, 361

Unbiased estimation for parameter of,
Bernoulli, 365, 364
bivariate normal, 368
discrete uniform, 369
exponential, 369
hypergeometric, 369
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negative binomial, 368
normal, 365
Poisson, 363
Unbiased test, 453
for mean of normal, 454
and similar test, 453
UMP, 453
Uncorrelated RVs, 145
Uniform distribution, 56, 197
characterization, 201
discrete, 72, 175
generating samples, 201
MGEF, 199
moments, 199
statistic of order k, 168, 213
truncated, 111
UMP test(s)
a-similar, 453
invariant, 457
unbiased, 453
U-statistic, 576
for estimating mean and variance, 578
one-sample, 576
two-sample, 581

Variance, 77
properties of, 77
of sum of RVs, 148
Variance stablizing transformations, 333

Weak law of large numbers, 303, 306
centering and norming constants, 303
Weibull distribution, 223
Welch approximate ¢-test, 486
Wilcoxon signed-rank test, 592
Wilcoxon statistic, 593
distribution, 594, 597
generating function, 93
moments, 597
‘Winsorization, 112
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